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Abstract: We describe several two-dimensional NMR experiments to facilitate the analysis of overcrowded
proton-decoupled deuterium spectra of chiral molecules oriented impbinrzyl+-glutamate liquid crystalline
solutions. These 2D NMR experiments allow the correlation between the components of each quadrupolar
doublet in the deuterium spectra and then their assignment on the basis of chemical shift. The 2D pulse sequences
proposed in this work were developed using the Cartesian spin-operator formalism forsgimuclei with

a small quadrupolar moment, such as deuterons in high magnetic field. The features and analytical potentialities
of each pulse sequence are discussed and compared. lllustrative applications of these sequences in natural
abundance deuterium NMR spectroscopy using a 9.4 T magnetic field and standard NMR equipment are reported
and examined. With this technique, it is demonstrated that quantitative measurements are possible within a

precision of 10%.

Introduction

Over the past decade, there has been a considerable effort i

the development of new NMR tools allowing the enantiomeric
analysis of chiral organic molecul&3This challenge is mainly

stimulated by the increasing interest in enantioselective reactions

in the (bio)chemistry and quality control testing for chiral active
ingredients in the pharmaceutical industry. Among the more
recent and promising NMR methods, the use of a lyotropic chiral
liquid crystal (organic solutions of poly-benzyli-glutamate,
PBLG) to discriminate enantiomers through deuterium, proton,
carbon-13, or fluorine-19 has been developed in our laborzitéry.
This NMR method was shown convincingly to be suitable for
a large variety of chiral materials, including compounds which
are chiral by virtue of isotopic substitution and known to be
very difficult to analyze with other analytical techniques.

In a recent work, we reported the first cases of visualization
of chiral molecules oriented in PBLG using proton-decoupled
natural abundance deuterium NMR (NAD-NMR) spectroscopy.
Despite the low deuterium sensitivity (1.4510~6 with respect

n

to the proton), we showed the feasibility of this method using
routine magnetic field strengths (5.87 T), a conventional high-
resolution spectrometer, and a single-pulse sequence. In NAD-
NMR, the scalar ;) and dipolar Dj) couplings between two
rare atoms are basically avoided (only about 2 molecules in
18 can yield it), and hence the spectra consist of a superposition
of independent quadrupolar doublets corresponding to the
different isotopomers in the mixture (isotopic filtérfhe major
interest of working with NAD-NMR is that all possible
deuterated sites in the molecule can be simultaneously probed
with no isotopic enrichment, thus increasing the probability of
observing a chiral discrimination. However, the use of NAD-
NMR can be a drastic disadvantage for large chiral molecules
when the excessive overlapping of peaks yields undecipherable,
overcrowded spectra. To resolve this limitation and enhance
the analysis of NAD spectra, the use of two-dimensional
autocorrelation deuterium NMR experiments is needed and
provides a spectroscopic separation of all deuterated components
of the mixture? From the separated simple subspectra, we can
then unambiguously identify all sets of quadrupolar doublets

* To whom correspondence should be addressed. E-mail: philesot@ and directly measure their splittings. Despite the low sensitivity
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of deuterium nuclei, a short calculation actually indicates that
2D NAD-NMR experiments have sensitivities comparable with
those of carbon-13 2D INADEQUATE experiments, thus
showing that they may be feasible in practice.

The application field of these 2D autocorrelation NMR
experiments can actually be successfully extended to perdeu-
terated molecules oriented in PBLG, because %He-2H
splittings @; + 2D;) are generally too small (12 Hz) to be
measured in labeled materials. Except for some particular cases
(methyl groups, for example) where they may be eventually
observed, the scalar and dipolar couplings only contribute to

(9) Merlet, D.; Ancian, B.; Smadja, W.; Courtieu, J.; Lesot,Ghem.
Commun.1998 2301.

10.1021/ja9837699 CCC: $18.00 © 1999 American Chemical Society
Published on Web 05/25/1999



5250 J. Am. Chem. Soc., Vol. 121, No. 22, 1999 Merlet et al.

the line width of the peaks. This situation results in the weakness In the first part of this paper, we present and discuss several
of scalar couplings~42 times less thady—n couplings) and 2D experiments, leading to an improvement in the analysis of
the weak degree of molecular orientation in PBLG (order the overcrowdedH spectrum of molecules embedded in the
parameter in the T6—10"3range), yielding very small residual PBLG phase. These sequences were developed using the
dipolar couplings with a negative or positive signl2 There- Cartesian spin-operator formalism for an isolated dpin 1
fore, the?H spectra of perdeuterated molecules as well as NAD nucleus with a small quadrupolar moment, such as deuterons
spectra consist of a superposition of individual quadrupolar in high magnetic field”18To illustrate the potentialities of these
doublets, thus suggesting that the overcrowded spectra analysi®D experiments, we investigate the case of perdeuterated
can be resolved in the same way. 1-pentanol. This section is concluded with a brief discussion
The assignment of quadrupolar doublets in large oriented of the features and efficiency of the sequences presented. In
molecules through deuterium NMR was pioneered by Emsley the second part, we focus on 2D natural abund&rice{ 1H}
and Turner in the case of a perdeuterated liquid crystal molecule.NMR spectroscopy through the investigation of racemic and
For this purpose, the use of a two-pulse sequent)f— enriched mixtures of chiral compounds dissolved in the PBLG
t1/2—(7/2)po—t2/2—acqtz)yr, was proposed 14 However, the  CHCI; chiral nematic (N*) phase. We demonstrate that quantita-

analysis and the assignment of quadupolar doublets in the 2Dtive measurements of enantiomeric excess (ee) are possible
spectrum is possible only when the deuterons are significantly within a reasonable precision.

dipolar coupled to each other in the perdeuterated molecule.
This sequence is, therefore, poorly adapted for perdeuteratedBaCk round
chiral molecules dissolved in PBLG because the intensity of g

correlation peaks reflects the amplitude of thie-2H splittings, Some Aspects of Deuterium NMR Spectroscopy in the
which are very weak in this medium. Furthermore, in NAD- PBLG N* Phase. The proton-decoupled deuterium NMR
NMR, the 2H—2H splittings do not exist, leading to the spectrum of a molecule containing a single deuteron (5pin
nonapplicability of this sequence. In another approach, Vega 1) and dissolved in liquid crystalline solutions consists of a
et al. have investigated the 2D deuterium NMR exchange quadrupo|ar doublet separated byQ = S/Z(echka/h)ijD:
spectroscopy in liquid crystalline solutions by using the general where £2Qqc_p/h) is the quadrupole coupling constant (QCC)
pulse sequencem(2)s1—t1—(0)p2—Tm—(0)g3—acqtz)er.>> Al- and S _p is the order parameter along the-D axisl® In an
though the resulting 2D spectra have a COSY-like appearance griented chiral medium such as PBLG, two enantiomers are
the cross-peaks appearing between the two components of eaclenerally differently ordered, and we may then expect to observe
quadrupole doublet reflect the connectivity between exchanging 1, different quadrupolar doubletay? andAvS, centered at
spectral lines only. Finally, in a very recent work, Emsley and ho same chemical shift. Note here that the chemical shift

CO'VEV)CEE%SR h?vedlntrO(_juced a rllev_v 2D e;](_pﬁrlmenti referrﬁd to anisotropy difference between two enantiomers is generally too
as » fordeuterium correlation, which correlates the g5 14 he measured in tiel—{'H} spectra, due to both the

carbon-13 spectrum W_ith the deuterium spectrum and E_’IHOW? small chemical shift anisotropy (CSA) of deuterium and the
measurement and assignment of the quadrupolar couplings iNyeak degree of ordering in PBL&: In fact, the efficiency of

grlented I%beled mat(far:?’ré.Th:; (Ija_st ﬁagﬁ)&gmem ;:annot, the chiral discrimination byH—{*H} NMR in PBLG depends
OWever, be successiully applied in ) SPECIrOSCORY, - o oth the ability of two enantiomers to interact differently

due to the extremely low probability in finding a deuterium _ . . ; - - .
with the polypeptide, which produces a differential ordering
coupled to a carbon-13 nucleus (only about 1 molecule fn 10 effect (DOE), and the relatively large magnitude of the

can yield it). . ) deuterium QCC #£170 kHz)#10 In other words, a small
To resolve specifically the analysis of NAD specira as well difference in the orientations of tHe and Sisomers can give
as the deL_Jterlum spectra of pelgr perdeuterated molecules a sufficiently large difference in their quadrupolar splitting
dissolved in PBLG, we propose applying a new class of 2D (AvE — AvZ), which allows us to visualize each of them in the
experiments, referred to as QUOSY, fguadrupoleordered Q Qp ; . ) -
spectrum and leads to the enantiomeric analysis of the mix-

spectroscop.l? The basic idea of the QUOSY experiments is 248 T o
to obtain a 2D contour plot which enables us to correlate the tsl;rrr?blyi(':it;rhls method, therefore, offers both efficiency and

components of each quadrupolar doublet on the proton-
decoupled deuterium spectfdd{1H}). These 2D experiments For deuterium NMR in natural abundance and in perdeuter-
make it possible to separate all quadrupolar doublets and thenated molecules, the spectral analysis in PBLG is more complex,
to assign each of them on the basis of chemical shift analysisSince in both cases the deuterium spectra consist of a superposi-
by comparingH and*H chemical shifts recorded in the isotropic ~ tion of quadrupolar doublets. Thus, for a racemic mixture of
phase®10 In this work, three different types of 2D NMR  enantiomers possessing nonequivalent deuterons, we can
spectroscopy, using the basic pulse sequences, were explore@xpect 2 doublets (4 peaks) to be observed in tAl—{*H}
and proposed: 2D double-quantum experiments, 2D echospectrum, assuming that all deuterated sites are discriminated
experiments, and 2D COSY-like experiments. and disregarding possible line overlaps or null quadrupolar
10 Emslov. 3 W Lindon. 3. GNMR Soect Usina Diauid splittings. This evaluation can be, however, reducedne-21
Cr)SStaZI Snc:fe?t/’s P.ergé’mo"r]l Igrne:ss; Oxford, 1%e7C5TOSC0py Sin9 HAHE doublets for molecules possessing #®D or —ND group,
(11) Lesot, P.; Gounelle, Y.; Merlet, D.; Loewenstein, A.; Courtieu, J. because no chiral discrimination was (until now) observed for

J. Phys. Chem1995 99, 14871. o such as groups, due to the fast exchange of their deuteron.

Co(ulrfi)eteﬁﬁ’]t.' Fﬁ’h&gegﬁgm?'jggggti'giT5'7';§.J°k'saa”* J.; Emsley, J. W.i' Einally, in NAD-NMR, the doublet number originating from
(13) E'ms|ey, J.W.: Turner, D. IChem. Phys. Lettl981, 82, 447 organic cosolvent must be also accounted®for.

Emsley. 3 W, B Reldel: Dordrecht, 1065, p 308, - ¥&S Another reason for interest in the PBLG liquid crystalline
(15) Boeffel, C.: Luz, Z.: Poupko, R: Vegé’ A.13r. J. Chem.1988 phase is its ability to discriminate the enantiotopic nuclei in

28, 283.
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prochiral groups$:1°2°Thus, two enantiotopic deuterons in a dimensions. The spectral digitization was 519 1024 ¢;) data
prochiral methylene group become magnetically nonequivalent, points. Unless otherwise specified, the number of free induction decays
enabling us to distinguish between them through their{ 1H} added for eaclt, increment is 16. Except for the 2D phase-sensitive
NMR spectrun?8 The ReandSifaces are actually discriminated ~ €XPeriment, the 2D contour plots are presented in magnitude mode.
by a difference in the bond order parameter of eaelDQxis, Unshlfted sine beII_fllterlng in both dlmensmn_s prior to the double
Seo, and hence itis possible to discriminate betwpenR and F_ourle'r transformatlon was used. Other experimental parameters are
pro-S deuterons:1912 Consequently, the number of expected given in the figure captions.

quadrupolar doublets is therefore equal to the number of
nonequivalent deuterons, to which we must add a doublet for

each enantiotopic deuteron in the molecules. Finally, due tothe 14 justrate the various 2D experiments described in this

nonequivalence between two diastereotopic nuclei, two dia- o4 \we have studied the case of the perdeuterated 1-pentanol
stereotopic deuteronsin a m_ethylene group of a chiral molecule jissoved in the PBLGCHCI; phase. This prochiral compound
will Ie_ad to four (_Jlou_blgts in the PBLG phase (when t_he of Cs symmetry possesses one methyl group and four prochiral
enantiomers are discriminated and without peak overlapping), methyiene groups, yielding nine nonequivalent deuterons. Apart
corresponding to theRpro-R), (R,_pro—S, (Spro-R), a_nd Spro- from the methyl group doublet, which can be easily identified
S deuterons Of. theR and S ISOmETs, res_pectwely. Such (the most intense signals), the analysis of the spectrum based
molecules, bearing a .classm:_al asymmetric _carbon and @Msolely on the chemical shifts does not permit unambiguous
asymmetric parbon by virtue of isotopic substitution, are referred assignment of each quadrupolar doublet in the spectrum and
to as ‘semi-isotopit diastereoisomers. requires 2D experiments to be used. Note that, in this example,
) _ the CDy signal is not a single quadrupolar doublet but yields
Experimental Section an unresolved structure, due to an exceptionally |&ye2H
dipolar coupling between deuterons of the methyl gr8up.
were prepared using 100 mg of PBLG with BF534, MW= 120 000 However, this situation will never be encountered in NAD-NMR

(purchased from Sigma), 100 mg of solute, and 350 mg of chloroform. SPECLrOSCOPY. . .

The components of the mixture were weighed into a 5-mm-o.d. NMR ~ The 2D Double-Quantum Experiments. As previously

tube which was sealed to prevent solvent evaporation. For efficient pointed out, the deuterium NMR spectra in PBLG consist mainly
dissolution and mixing, the NMR samples were centrifuged back and of a superposition of deuterium subspectra. A solution to
forth until an optically homogeneous birefringent phase was obtained. separate these subspectra can be achieved by two-dimensional
It can be noted that the use of CH®@r NAD-NMR applications is double-quantum (DQ) NMR spectroscoffy?’ Originally de-
advantageous for various reasons. First, it dissolves a wide range Ofveloped for carbon-13 NMR and then for proton NMR, this
organic compounds and generally provides slightly viscous liquid approach can be extended to deuterium NMR if we generate

crystalline phases, producing long apparent transversal relaxation times, L . -
and hence a good spectral resolution. The line widths of solutes and select the magnetization cqmponer\ts which proceegzgla the
coherence of order twgp(= 2) in a spinl = 1 nucleus’®

measured on théH—{'H} spectra are usually-38 Hz. Second, it . ’ ; ) . - .

contains a single deuterated isotopomer, giving rise to a single additional TNiS approach is, therefore, identical to that involved in a dilute

quadrupolar doublet in the NAD spectriniThird, the number of  coupled spin system of two carbon-13 nuclei, with the important

deuterons per unit volume is not excessively large relative to those of advantage in deuterium NMR that each deuteron in the sample

the chiral solutes, thus minimizing the digitization problems associated will participate in the double-quantum spectréfn.

with the dynamic range of the analog-to-digital converter (ABC). For the excitation and the detection of double-quantum
NMR Spectroscopy.The proton-decoupled deuterium experiments  coherence of spih= 1, the classical pulse sequenag),;—

were performed on a Bruker DRX 400 high-resolution spectrometer T—()g2—1— (/2)j1—t1— () pa—acqt)sr can be used. The se-

equipped with a 5-mm-diameter inverse multinuclear probe operating , o ce s identical to that used in any standard two-dimensional

at 61.4 MHz for deuterium. The NMR tubes were not spun along the D xperiment. and the ph ling was not modified for
magnetic field, and the temperature was controlled by the Bruker BVT Q éxperime ’ a ep aselz cycling was not mo . edto
spinl = 1 nuclei. Devoted to spinls= 1, we renamed this 2D

3000 temperature unit. Before the NMR spectra were measured, the . >
sample was kept for about 0.5 h in the magnetic field in order to achieve €XPeriment as Q-DQ, fauadrupoledoubleguantum. Applying

a good thermal equilibration. The temperature of all samples was the Cartesian spin-operator formalism, we have determined the
regulated carefully at 2988 0.1 K in order to keep a good long-term  expression of the signal of one sdir= 1 nucleus during the
thermal stability. The field-frequency lock was not used, but the field acquisition periodtg).1”-18 Disregarding all relaxation terms and
stability of our spectrometer is good enough to allow for a long time phase factors, the expressi§(ty,t;) obtained after one scan,

accumulation without significant line broadening. The deuterium spectra gssuming that all phases were set alongcthgis in the rotating
were recorded with digital filtering and oversampling, thus enhancing fame . is

the dynamic range of the AD&:2* A 90° deuterium pulse of 20.bs

was used. In all spectra, the protons were broad-band decoupled using P ) o

the WALTZ-16 composite pulse sequence in order to remove the Sty,t;) = A{(/, sin(20) sin(4rvty) + i sin(a) cos(4uvty)) x

proton—deuterium scalar and dipolar couplirgs. expli(27y — AVt — expli(2ay + AVt 1
All 2D NMR experiments presented in the following section were (expi( Q) d PI( Q) At (D)

recorded using 1-s repetition time and 600-Hz spectral width in both

Results and Discussions

Sample Preparation. All NMR samples investigated in this work

wherea is the reading pulse angle. This expression shows that,

(19) Czarniecka, K.; Samulski, E. Mol. Cryst. Lig. Cryst.1981, 63,

205. (26) Ernst, R. R.; Bodenhausen, G.; Wokaun Phinciples of Nuclear

(20) Merlet, D.; Loewenstein, A.; Smadja, W.; Courtieu, J.; Lesod.P. Magnetic Resonance in One and Two Dimensi@tarendon Press: Oxford,
Am. Chem. Sod998 120, 963. 1987.

(21) Freeman, RA Handbook of Nuclear Magnetic Resonan2ed ed., (27) Gochin, M.; Pines, A.; Rosen, M. E.; Rucker, S. P.; Shimidt, C.
A. W. Longman Ltd.: Essex, 1997; p 258. Mol. Phys.199Q 69, 671.

(22) Delsuc, M. A.; Lallemand, J. YJ. Magn. Reson1986 60, 504. (28) Wagner, G.; Zuiderweg, E. R. Biochem. Biophys. Res. Commun.

(23) Vold, R. R.; Vold, R. L.J. Magn. Reson1986 70, 144. 1983 113 854.

(24) Belguise, AAnalusis Mag.1995 23, 57. (29) Otting, G.; Witrich, K. J. Magn. Reson1986 66, 359.

(25) Shaka, A. J.; Keeler, J.; Freeman, R.Magn. Reson1983 53, (30) Bax, A.Two-dimensional Nuclear Magnetic Resonance in Liguids

335. Delft University Press: Dordrecht, Holland, 1984.
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* 1 CD; (o) Table 1. Four-Step Phase Cycles of the 2D Echo and COSY-like
DDDD ®:CD; (B Experiment3
P 0:°0 2D echo experiments 2D COSY-like experiments
OXP u:CD; (9
DDDDDD ¥ :CD;(8) a=90° o= 180 o= 90° o= 180

(0-resolved)  (Q-resolved) (Q-COSY P) (Q-COSsY)
D P2 G P P2 p P P2 pr 1 P2 P

X X X X X X X X X X X X
L 0.0 X y X X y —Xx X y X X y —X
X —X X X —X X X —X X X —X X
€ R X -y X X -y —X X -y X X -y —X
5 — ’ F2.0
v A ppm 2The full phase cycling (16-steps cycle) is obtained by applying
B L 40 the CYCLOPS incrementation of all the pulse and receiver phases.
. prochiral discrimination (57.5 Hz) for the two deuterons of the
6.0 ) o
, o-methylene group. Because the chemical shift differences are
h S e doubled in the double-quantum spectrum, we are able to separate
60 40 20 00 20 the signal between thé& andy-methylene groups.
_ ppm _ ) Disregarding the apodization effect, we can observe some
Figure 1. 2D Q-DQ spectrum of 1-pentandk, obtained withr = differences in line intensity between the 1D single-quantum

1.45 ms; 64 free induction decays were added for g¢aatcrement.
The five slices parallel to thE; axis illustrate the five double-quantum
transitions observed in the, axis.

spectrum and thE, projection of the 2D spectrum. This effect
originates in the dependence of the double-quantum coherence
on ther timing. Thus, for smaller (larger) values of the

after a double Fourier transformation, the chemical shif)s (  strongest (smaller) quadrupolar doublets appear with greater
and the deuterium quadrupolar doublets/§) corresponding intensity. Consequently, the choice oftiming may reveal a

to the single-quantum coherences appear infthdimension, serious challenge to the success of the experiment. One solution
while the double-quantum coherence associated with eachto avoid this effect involves the repetition of the experiment
deuterium nucleus appears at id the F; domain. From the  for different values ofz, to vary and average the relative
calculation, we found that the amount of double-quantum intensities of the different subspectra. However, this procedure
coherence created for one single sgin= 1 nucleus is is very time-consuming and could not be reasonably applied in
proportional to sin(2Avqr). Consequently, the condition for  NAD-NMR, for which the sensitivity and the experiment time
optimum transfer into double-quantum coherence is obtained are two crucial problems. Therefore, although the Q-DQ
with the delayr = (2n + 1)/(4Avq), wheren is an integerif = experiment can be successfully applied to simplify the analysis
0,1, 2, ..). Finally, thex read pulsed = 90°, 12C°, or 135) of deuterium spectra, the condition for optimum transfer into

depends on the phase cycling employed and makes it possiblejouble-quantum coherence actually restricts its use for quantita-
to either optimize the double-quantum coherence or suppresstive measurements of enantiomeric excess.

the quadrature images in tikg axis31-33

For our purpose, we have used the previous four-pulse
sequence with an read pulse= 90° and a phase cycle using
45° phase shiftd43% The preparation time was set to 1.45
ms, corresponding approximately to the average value of residual
quadrupolar splittings in the 1D spectrum. The 2D Q-DQ
spectrum of 1-pentandal;, displayed in magnitude mode is
reported Figure 1. Note that 2D Q-DQ spectra with peaks phased
in pure absorption in both dimensions can be obtained using
methods described in the literat#e’ but we have not applied
them in the present work. As expected, each subspectrum
straddles the skew diagonal of slope 2, each of them being
located at twice their Larmor frequencyjdn the F; (double-
quantum) dimension. The five slices parallel to Faexis drawn

The 2D Echo Experiments.To avoid the intrinsic incon-
veniences of the Q-DQ experiment, we have, in a second
approach, used 2D echo experiments. One type of echo
experiment, referred to as the solid echo or quadrupolar echo
(QE), consists of refocusing the quadrupolar interaction, by
using the following pulse sequencen/2)y—t—(n/2)go—7—
acqfz)sr- 384 In partially aligned systems, the quadrupolar
modulation provides the basis of the two-dimensional QE
experiments, such as that proposed by Emsley and Turner and
using the following pulse sequencer/2)y—t1/2—(w/2)p2—ta/
2—acq),r-t>141n this particular experiment, the pulse sequence
refocuses the quadrupolar couplings while the phase cycling is
designed to suppress the chemical shifts after two scans, which

in the 2D contour plot permit unambiguous identification of enable th? deutenu_m d'PO'ar couplings _to be s_peC|f|c§1IIy
the respective components of each quadrupolar doublet, then®2Served in the~; dimension. Although this experiment is
assignment of each of them on the basis of chemical shifts. Thus,PC0"y adapted to the analysis of molecules oriented in the
the subspectra associated with theand f-methylene groups ~ PBLG. as pointed out in the introduction, it may be simply
clearly show two different doublets corresponding toihe R adapted for our purpose. Thus, by adding instead of subtracting

and pro-S deuterons in each of these groups. Note the strong the two _first scans, it is pqssible to restore Fhe chemical_ shift
modulation during thé; period. We named this 2D deuterium

lgé%l)zgi\ie;t;:au,D.;Delsuc, M. A Lallemand, J.Magn. Reson. Chem.  NMR experiment the 8-resolved” experiment. The phase

(32) Mareci, T. H.: Freeman, R. Magn. Reson1982 48, 158. cycling of the sequence is reported in Table 1. Disregarding all
(33) Mareci, T. H.; Freeman, R. Magn. Reson1983 51, 531.
(34) Bax, A.; Freeman, R.; Frenkiel, T. A.; Levitt, M. H. Magn. Reson. (38) Solomon, I.Phys. Re. 1958 110, 61.
1981 43, 478. (39) Davis, J. H.; Jeffrey, K. R.; Bloom, M.; Valic, M. I.; Higgs, T. P.
(35) For the 2D Q-DQ and Q-resolved experiments, the standard double- Chem. Phys. Lettl976 42, 390.
guantum pulse program addRESOLVED pulse programs provided with (40) Vold, R. R.; Vold, R. L. InNuclear Magnetic Resonance of Liquid
the spectrometer’s software package were used, respectively. Crystals Emsley, J. W., Ed.; Reidel: Dordrecht, 1985.
(36) Dalvit, C.; Bdlen, J. M.J. Magn Reson. Ser. B996 111, 76. (41) Furo, |.; Halle, B.J. Magn. Reson1992 98, 388 and references

(37) Bourdonneau, M.; Ancian, Bl.. Magn. Reson1998 132, 316. therein.
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(a) presented in Figure 2a, four slices parallel to aeaxis could
be drawn. Contrary to the Q-DQ experiment, in which the
chemical shift differences are doubled on Eheaxis, we could
not distinguish between thie andy-methylene groups. Finally,
we can observe some additional peaks in Eieprojection.

~ These resonances originate from further correlation peaks of
Lo weak intensity in the 2D spectrum (not presented on the 2D
contour plot), which actually reveals deuterons that are dipolar
- L 0o and scalar coupled, as in the experiment of Emsley and Turner.
E. . Note that the intensity of correlation peaks reflects the amplitude
18 =— T - ppm of the2H—2H splittings, and these will not be observed in NAD-
o

B r 20 NMR spectroscopy.

Another type of echo experiment, usually referred to as-spin
echo, consists of refocusing the chemical shift interactioft.
The idea is to obtain, after two Fourier transformations, the

I 4.0

F 6.0

. ‘ : : : resonance frequencies and quadrupolar splitting constants of
60 40 20 00 20 each deuteron separately on two distinct frequency axis.
o Although this experiment is similar to the 2D-resolved
spectroscopy used for splin= 1/, nuclei, in our case the echoes
(b) are modulated by the quadrupolar couplings. This 2D experi-
ment, referred to as a “Q-resolved” experiment, is achieved using
the classical pulse sequeneg#?),1—t1/2— () so—t1/2—acqtz) or-
The phase cycling of the Q-resolved sequence is identical to
that of the standardtresolved experiment, as given in the Table

135 Disregarding all relaxation terms and phase factors, the
2000 expression of the signal during the acquisition period, after one
single scan, is
’ % L-100.0
) ’ Sty.ty) = A{expli(rAv)t] expli(2ry + mAvo)t)] +
T [ 00Re expl-i(mAvt,] expli(2mv — TAvOL]} (3)
. v F 100.0
From the expression fdgty,t;), we can see that the chemical
F 2000 shifts are refocused in the domain, while the chemical shifts
. . , , ' and the quadrupolar splittings evolve durtaglhe development
60 40 2;;"1 00 -20 of the sequence using the Cartesian spin-operator formalism

shows that, during th period, only single-quantum coherences
Figure 2. (a) 2D o-resolved and (b) 2D Q-resolved spectra of gre different from zerd’18 In other words, it means that all
1-pentanoldy, in the PBLG-CDCl; phase. the initial longitudinal magnetization is converted into observ-
ble magnetization during acquisition, thus driving to maximum
ensitivity. Such a feature is obviously highly valuable for
applications in NAD-NMR. As with thed-resolved, this
. experiment is based on the phase modulation in e
Styty) = A{expli(2zv)t,] expli(2rv + zAvg)t] + dimension, and the 2D spectrum should be displayed in the
expli(2mv)t)] expli(2ry — Av)t))} (2) magnitude mode so as to cancel out the phase-twist line shapes.
The 2D Q-resolved spectrum of the 1-pentadglis reported
The expression for the signal during acquisition shows that only in Figure 2b. After a double Fourier transformation, the
the chemical shift of each deuteron evolves dutingifter a quadrupolar doublets are centered on the frequéncy 0 Hz
double Fourier transformation, the chemical shifts and the and actually lie on the anticlockwise 48iagonals. The four
deuterium quadrupolar splittings, corresponding to the single- slices drawn in the 2D contour plot enable us to identify the
quantum deuterium spectrum, appear infibeimension, while  different components of quadrupolar splittings in the spectrum.

relaxation terms and phase factors, the expression for the signa
during the acquisition period,j, after two scans, is

the chemical shifts of each deuteron appeaw ah the F; As with the 2D J-resolved, an interesting aspect of the 2D
domain. Note that the peaks in the dimension aré>-peaks, Q-resolved experiment is the possibility of producing a deute-
and consequently the spectrum should be reversEgtmobtain rium chemical shift spectrum by projecting cross sections along
the correct chemical shift of each quadrupolar doublet. Becausethese 48 diagonals onto the&, axis?¢*°This allows separation
the experiment is based on a phase modulation duyitefter of thev andAvq information and, consequently, determination

a single scan), the 2D contour plot should be displayed in of the chemical shifts of affH resonances directly as for the
magnitude mode to avoid the so-called “phase-twist” line o-resolved spectrum. After the tilting process, the 2D spectrum
shape® The 2D S-resolved spectrum of 1-pentandl, is can be symmetrized with respect to fhge= 0 axis in order to
reported in Figure 2a. As expected, all quadrupolar doublets eliminate the undesirable artifacts.

straddle the skew diagonal of slope 1, each of them being now The 2D COSY-like Experiments.Two-dimensional COSY-
located at their Larmor frequency)(in the F; dimension. The like experiments can be applied to establish the respective
analy_S|s of Fhe 2D spectrum is identical to tha_t in the_ 2D Q-DQ (42) Hahn, E. LPhys. Re. 1950 50, 580,

experiment; however, in this case, the chemical shift oftall (43) Carr, H. Y.; Purcell, E. MPhys. Re. 1954 94, 630.

resonances is determined directly. In the 2D contour plot (44) Meiboom, S.; Gill, DRev. Sci. Instrum.1958 29, 688.
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components of each deuterium quadrupolar. The basic idea of
these experiments is to obtain a 2D contour plot in which the
correlation peaks appear along the maifi dlagonal, as in a
classical 2D COSY spectrum. For this purpose, we propose
applying two new sequences deriving from the 2D COSY
experiment: the Q-COSY P and Q-COSY sequences. Consider-
ing the formal analogy between tlaesolved and Q-resolved
experiments, we may expect a priori to correlate the components
of each quadrupolar doublet using the well-known COSY pulse
sequences/2)y1—t1—(/2)—acqz)s. This statement is, how-
ever, wrong in the case of the conventional phase-cycled COSY
experiment for a spim = 1 nucleus, because the cross-peaks
are suppressed after two scans and only the diagonal piaks (
peaks) are visible in the 2D spectridfin fact, this undesirable
situation can be avoided by shifting the phase of the receiver
by 18C, which eliminates the result of the first two phase-
cycling steps. Disregarding all relaxation terms and phase
factors, the expression of the signal during theeriod after

two scanss

(@)

AN
A .
. g o
. .
b
. .
.
~r

60 40 20 00
ppm

N, a
N . l"' -
. - .
/s "N
T

60 40 20 00 20
ppm

Figure 3. (a) Symmetrized 2D Q-COSY and (b) 2D Q-COSY Ph
spectra of 1-pentanolg The Q-COSY Ph spectrum was recorded with
eight scans for both echo and antiecho data sets (i.e., 16 scans for each
t; increment) prior to the complex Fourier transformed according to
the eche-antiecho mode. Note the enhancement of the resolution in
the phase-sensitive spectrum.

F-2.0

r 0.0

L 20 PPM

r 4.0

F 6.0

Styty) = A{expli(2mv — mAvty] expli(2ry + mAv )t
+ expli(21v + wAv)ty] expli(2ry — TAv L]} (4)

In this experiment, the diagonal peaks are actually eliminated,
and only the cross-peaks correlating the components of each
quadrupolar doubletRtpeaks) appear in the spectrum after a
double Fourier transform. As thie-peaks have been selected
by the phase cycling, the spectrum in fhedimension should

be reversed to obtain correlations along the main diagonal, as
in the classical COSY spectra. This first COSY-like experiment
is denoted as “Q-COSW”, where P refers to the type of
correlation peaks, and its phase cycling is given in Table 1.

Another possible solution to obtain both the cancellation of
diagonal peaks and the observation of cross-peaks consists of
replacing ther/2 read pulse of the Q-COSWF sequence by a
7 pulse. The new pulse sequence that we now denoted as “Q-
COSY" is, therefore, #/2),—t1—(7)s2—acqtz)sr. The phase
cycling is given in Table 1. Disregarding all relaxation terms
and phase factors, the expression of the signal dugirdter
one single scan is

2.0

0.0

ppm

2.0

4.0

6.0

Styty) = Alexp[-i(2rv + mAvR)t] expli(2mv — mAv )t
+ exp[~i(2mv — mAvty] expli(27v + 7AVL]} (5) It can be noted that the COSY-like spectra can be sym-
metrized with respect to the diagonal to remove some spurious
) ; ; signals and then tilted along tte as inJ-spectra, also giving
Contrary to the Q-COSY experiment, the diagonal peaks a deuterium chemical shift spectrum in thgdimension?® This

cancel out after a single scan, and only thétype” cross- data manipulation is actually advantageous in our case because
peaks are observed in the 2D spectrum. Consequently, it is not P y 9

necessary to reverse the spectrum inkheimension as in the 'fi)lrt]-(illﬁl g?ﬁfupgz kZO?Jrgleigsaecr;L;Tl thli?leZB Sp:f;rll:a rlnt'oAét}zr the
Q-COSYP spectra. Furthermore, as in the Q-resolved experi- ! 4 P y PP

: . axis and lead to slices located at the frequeBeyin the F,
ment, only single-quantum coherences are different from zero _". . . . .
. L - L axis, with respect to their true values (measuredrip This
during the acquisition after a single scan, thus driving to

. o . : . scaling factor is a consequence of the projection cross section
maximum sensitivity. This 2D experiment actually is more theorem applied to a spectrum in which the chemical shifts were
sensitive, by a factor of 2, than the Q-COFYexperiment. PP P

This feature of the Q-COSY sequence is a major advantage fornOt refocused in thé, dimensiort.24%Skew projection of the

observing molecules through NAD-NMR spectroscopy as original spectrum on thé&, axis allows us to scale both the
already mentionned. However like the or Q-resolved experi- quadrupolar splittings and the chemical shifts by an arbitrary

ments, the Q-COSY and Q-COSY experiments are based on factor. In our case, the scaling factors of the quadrupolar

! e . . splittings ) and the chemical shift$s) obtained with the skew
phase-modulation in th&; dimension, and the 2D spectrum projection on theF axis are respectively given by

should be displayed in the magnitude mode. In Figure 3a, the

2D Q-COSY spectrum of the 1-pentardi in PBLG is

reported. As expected, all quadrupolar doublets are distributed

along the main 45diagonal of the 2D contour plot, which
enables separation of all quadrupolar doublets.

(45) The tilting process can be achieved by using the computational
algorithm developed for the)-RESOLVED experiments and usually
implemented in the NMR software.

(46) Nagayama, K.; Bachmann, P.;"tiioh, K.; Ernst, R. RJ. Magn.

Reson.1978 31, 133.
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fo=1— cot(p) and fy=1+ cotlp) (6)
where the angle defines the direction of the skew projection
on to theF; axis, which is usually referred to in the context of
2D J-spectr&* Thus, ¢ = m/4 (i.e., the classical tilting
procedure) leads tfy = 0 andfs = 2, while ¢ = —n/4, leads

to fo = 2 andfs, = 0, which corresponds to the doubling of

qguadrupolar splittings and the elimination of the chemical shifts
in the F, axis. The 2D spectrum after the conventional tilting

J. Am. Chem. Soc., Vol. 121, No. 22, 19285

Table 2. Four-Step Phase Cycle of the Q-COSY Ph Experinfents
odd experiment

even experiment

1 ¢ ér i @2 ér

X X X X —X
X y —X X y —X
X —X X X —X —x
X -y —X X -y —X

a2The full phase cycling (16-steps cycle) is obtained by applying
the CYCLOPS incrementation of all the pulse and receiver pHdses.

procedure and their analysis is therefore formally comparable each odd and even experiment, the detection pulse anigiel5® and
to that obtained on 2D Q-DQ spectra, except for the inversion 135, respectively.

of theF, andF; axes. Compared with the nontilted 2D spectrum,

we gain a potential enhancement of the visibility of cross Vvery similar to the classical 2D COSY experiment. After two
sections in the 2D spectrum and the ability to display each of complex Fourier transformations using the echatiecho mode,
them separately. Moreover, no severe distortions around the basave obtain a 2D contour plot where all peaks can be phased in

of the peaks were observedki dimension. Two examples of

pure absorption in both dimensions. We denoted this sequence

symmetrized and tilted Q-COSY spectra will be presented and as “Q-COSY Ph”. The phase cycling is given in Table 2. The

discussed in the last section of this paper.

major interest of this sequence is the enhancement of the

One limitation of the Q-COSY sequences is that the 2D resolution compared with the magnitude mode, as shown on
contour plot should be displayed in the magnitude mode to the 2D phased spectrum presented in Figure 3b. As the
remove the phase-twist line shapes, which reduce both theresolution is comparable with that of the 1D spectrum, we can

spectral resolution and the S/N raffolt was, therefore, of

observe the quadrupolar doublets of fhey-, andd-methylene

interest to improve the basic 2D Q-COSY experiment, which groups more distin.ctly. Although the resolution attainable is
gives spectra with peaks phased in pure absorption in bothhigher than the equivalent magnitude mode spectrum, the global
dimensions. No simple solutions directly derived from the S/N ratio compared with the Q-COSY experiment is, however,

Q-COSY or the Q-COSYP pulse sequence actually were

reduced by a factor of'Z (see Table 3). Actually, the resolution

obtained. The main reason is that these two sequences producénhancement obtained with pure absorption phase peaks (S/N
a phase modulation signal after a single scan, while an amplitudeincreased by a factor of2) does not permit compensating the
modulation is necessary to perform a phase-sensitive experimentlower sensitivity (factor of 2) of the Q-COSY Ph pulse sequence
In our case, this amplitude modulation can be created if we compared with the Q-COSY sequence (in terms of signal

enable discrimination between the signalf and P-peaks.

amplitude prior to the FT). In conclusion, although the Q-COSY

For this purpose, we record the signal resulting from the pulse Ph experiment is more interesting than the Q-COSY in terms

sequencesn(2)yx—t1—(a)xy-acqtz)x—x (0dd experiment) and
(702)yx—t1— ()xy—acqt)-x—x (even experiment), where is
set tosr/4 and 3t/4 successively in both sequences for egch

of resolution, the phase-sensitive experiment is less adapted for
NAD-NMR applications.
To compare and discuss the analytical potentialities of these

increment. The resulting signal from these experiments is then experiments, we have reported their respective NMR features

Fourier transformed using the echantiecho modé7-48 Note
that, if the read pulse angle was oniy4 or 37/4, theN- and

in Table 3. Each of these experiments possesses both advantages
and inconveniences in terms of resolution, sensitivity, and data

P-peak types would be obtained with different intensities, which presentation, and the choice of the sequence to be used depends

could produce some unwanted artifacts in the 2D spectfum.

mainly on the type and the quantity of organic compounds

Disregarding all relaxation terms and phase factors, the expres-investigated. In this context, there is no doubt that the Q-COSY
sion of theN-peaks signal obtained for the odd experiments and Q-resolved experiments are the most adapted 2D techniques

after four scans (2+ 2) is

Sty.ty) = 2A{exp[—i(2v + wAv)ty] expli(2rv +
TAvIL,] + exp[=i(2mv — wAvty] expli(2v —
TAVQt] + exp[-i(2zy — mAv)t, expli(2zv +
TAVRt] + exp[-i(2rv + TAv )] expli(2Ty —

aAve)t]} (7)

In the same way, the expression of t@eaks signal obtained

for the even experiments after four scansK2) is

Styty) = 2A{expli(2mv + wAv)ty] expli(2ry +
TAvR] + expli(2ry — TAv)t] expli(2Ty —
TAvL,] + expli(2ty — wAvty] expli(2Tv +
TAvR)t] + expli(2rv + mAv)ty] expli(2zy —

TAvR)t]} (8)

Contrary to the Q-COSY and Q-COSY experiments, the

to applications in NAD-NMR or when the problem of sensitivity

is crucial. On the other hand, the Q-COSY Ph experiments is
the most efficient 2D approach when deuterated chiral materials
are studied, since in this case the problem of spectral resolution
is more important than that of the sensitivity.

lllustrative Examples in NAD-NMR

To explore and illustrate their potentialities in the field of
the enantiomeric analysis, we present in this last section some
applications of QUOSY experiments in NAD-NMR. We have
previously pointed out that the Q-resolved and the Q-COSY
experiments are the most convenient 2D experiments to analyze
NAD spectra, and we limit the number of illustrative applica-
tions to these experiments.

Analysis of the &)-1-Pentyn-3-ol through NAD-NMR. As
the first example, we investigate the case of 1-pentyn-3-ol in
racemic mixture dissolved in the PBI&CHCI; phase. This
chiral compound is interesting because it contains two dia-

(47) Davis, A. L.; Keeler, J.; Laue, E. D.; Moskau, D.Magn. Reson.
1992 98, 207.
(48) Ancian, B.; Bourgeois, |.; Dauphin, J. F.; ShawJAMagn. Resan

diagonal peaks and the cross-peaks are both observed in thggg7 125 348
2D spectrum, and consequently the presentation of data is now (49) Keeler, J.; Neuhaus, D. Magn. Resonl985 63, 454.
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Table 3. Comparative Table of Different 2D Autocorrelation Deuterium NMR Experiments
experiment features Q-DQ J-resolved Q-resolved Q-COSY P Q-COosy -@DSY Ph
o pulse angle 99 12C, 0r 135 90 18C 90° 18C 45° and 138
minimum step number of the 8 2 1 2 1 (2+2)
phase cycling
total step number of the phase cycling 32 or 64 16 16 16 16 +16)
number of quantums involved 2Q 1Q 1Q 1Q 1Q 1Q
phase-sensitive mode possible no no no no yes
refocalization period yes no no no no no
reverse inF; no yes no yes no no
diagonal peaks no no no no no yes
symmetrization procedure no no yes (after tilt) yes yes yes
tilt procedure no no yes yes yes no
axis parallel to the cross sections F2 F2 F, (after tilt) F, (after tilt) F, (after tilt)
in the 2D spectra
normalized sensitivity c 1 2 1 2 202
main characteristic of the sequence not quantitive low sensitivity maximum low sensitivity maximum maximum
sensitivity sensitivity resolution

adapted to NA

adapted to NA

2 The sensitivity of thed-resolved experiment is used as referefide¢A: 2H—{*H} NMR in natural abundancé.The sensitivity of the experiment

dependents on botth andz parameters.

stereotopic nuclei associated with deuterons of the methylene
group (case o$emi-isotopiaiasteoreisomers). For this group,
four quadrupolar doublets centered on the same chemical shift
are expected to be seen in the NAD-NMR spectrum, as already
discussed. Consequently, we may a priori observe a maximum
of 11 quadrupolar doublets, corresponding to 10 different chiral
isotopomers and the solvent, but disregarding-t@D signal.

A first analysis of this 1D NAD spectrum, recorded using
60° pulses, 0.5 s recycling delay, and 150 000 scans with 1K
data points, enabled us to identify easily the two components
of the CHC} cosolvent. The quadrupolar splitting measured in
the spectrum is 495 Hz. This value is typical for the sample
concentration and the DP of PBLG used and facilitates both its
identification and its assignment in the spectiiMote here
that signals from PBLG itself do not appear in the NAD spectra,
because of their large line widths compared to those of the solute
and organic cosolvent. Apart from the solvent signals, the
analysis of other peaks is, however, nontrivial, requiring the
help of the 2D experiments.

The 2D NAD Q-COSY spectrum ofH)-1-pentyn-3-ol is
presented in Figure 4. The 2D spectrum was acquired using
0.5 s repetition time and 2000 Hz of spectral width in both
dimensions. A total of 448 transients were accumulated for each
t; increment, leading to a total of 114 688 scans and a total
acquisition time of 18 h. The data matrix of 256)(x 1024
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(tz) data points was weighted with 1 and 2 Hz exponential line riq e 4. Tilted 2D spectrum of NAD Q-COSY experiment obtained
broadening int; andt,, respectively, and zero-filled to 1024 for (4)-1-pentyn-3-ol in 18 h. The spectrum was symmetrized prior to
(t) x 1024 ¢;) prior to 2D Fourier transformation. The 2D performing the tilting procedure. Note that all isotopomers of the
contour plot is shown after the tilting procedure, and the different mixture are clearly visualized.

deuterium subspectra are displayed above the 2D contour plot.

As described previously, the chemical shifts of each deuteron group which is not discriminated, hence the strong degradation
appeared in thE, dimension with a scaling factor of 2 compared of S/N observed on the corresponding trace. For the same
with those in theF; dimension. From each of them, we can reason, we can see on the subspectra that the intensity of the
observe the signals of the corresponding isotopomers in theCDCI; doublet is very close to that of the methyl group. In this
mixture. Thus, the analysis of traces shows that the enantiomerscase, the percentage of deuterated isotopomers of chloroform
are clearly discriminated on the methylene signals (four is comparable with that found for isotopomers associated with
doublets), the chiral center, and the acetylenic group (two the methyl group when no discrimination occurs. It may also
doublets), while the deuteron signals of the methyl group be noted that the S/N ratio for the deuterium signal of the chiral
(CDHy) show no discrimination. Finally, the least shielded trace, center is 10 and that of the acetylenic group is around 6, while
located at 7.3 ppm, corresponds to the chloroform signal. We both groups are discriminated and the number of deuterons
can observe strong differences of the S/N ratios for each trace.contributing to the peaks are equivalent. This difference in the
This situation reflects both the number of equivalent isotopomers S/N ratios is due to the fact that, in ordered media, the line
(for a given signal) and the fact that signals are or are not widths increase with the magnitude of the quadrupolar splittings,
discriminated. Thus, the two doublets of the deuteron on the leading to the reduction of line intensity compared with signals
chiral center are 6 times less intense than the signal of the methylof same integral.
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To compare the potential of the Q-COSY and Q-resolved Q
experiments, we have recorded the 2D natural abundhee il
{H} Q-resolved experiment of#)-1-pentyn-3-ol. The 2D
spectrum was acquired with the same NMR conditions as
described for the 2D Q-COSY experiment. The analysis of each “—
trace mainly shows the same result as the Q-COSY experiment. S
However, the S/N ratio is lower than for the Q-COSY, as can

be clearly seen on the subspectrum corresponding with the — o
acetylenic group. This degradation of the S/N ratio for the o
weaker peaks most probably originates in a nonperfect 180 )
deuterium pulse in the Q-resolved sequence, while this un- ' \ /
desirable situation was not observed for the Q-COSY. When

the refocusing pulse flip angle actually differs slightly from 180 H n H ‘

we have checked that the spiacho amplitude is not maximum HX, 7 ’

after the second,/2 period and leads to a noticeable loss of H OH
observable magnetizatiéh>1 For the Q-COSY sequence, this (e = 50%)
misadjustment is less important than in the Q-resolved because

the 180 pulse is not a refocusing pulse but a read pulse. In

this case, a nonideal 18(ulse flip mainly generates on-

diagonal peaks in the 2D spectrum. We have also remarked § -

cDCly
c-b
CDH

F-10.0

[ 0.0 ppm

YRR

small intensity distortions with offset. This can be understood
in terms of offset effects and may possibly be circumvented
using a composite pulsé. L 100

Measurements of Enantiomeric Excess Using Q-Cosy i - ’

Experiments. The final goal of this work is to demonstrate that ‘ i ,
measurements of enantiomeric excesses are possible using 2D 7550 25 00

QUOSY experiments. For this purpose, we have recorded the ppm

2D NAD Q-COSY spectrum of 3-butyn-2-ol enriched in Figure 5. Tilted 2D contour plot of NAD Q-COSY spectrum of
S-enantiomer (ee= 50%). The repetition time was 0.5 s, and 3-butyn-2-ol mixture enriched iB-enantiomer (ee= 50%). The total
the spectral width was of 2200 Hz in both dimensions. The 2D number of scans is 245 760, and the e.xperimental time is 34 hEThe
data matrix was acquired using 384) (x 1024 (,) data points traces after tilting of the 2D data matrix are presented.

and zero-filled 1024 t{) x 1024 ¢,) prior to 2D Fourier ) ) .
transformation. Six hundred forty transients were added per FID, = 10%. while the expected value was 50%. This experimental

leading to a total of 245 760 scans and an experiment time of result shows that measurements of enantiomeric excess are
34 h. No filtering windows were applied. The tilted 2D contour POSSible through 2D NAD-NMR in PBLG within an accuracy

plot and the traces for each subspectrum are shown in Figure®f £10% for reasonable signal-to-noise ratios. Such measure-
5 ments provide, therefore, a very valuable estimation of the

enantiomeric excess in the mixture without isotopic enrichment
and using a reasonable quantity of chiral mixture. Besides, this
technique allows determination of the best site for chiral
discrimination in the molecule and, subsequently, choice of the
most adequate synthetic strategy for an eventual introduction
of a deuteron in the molecule.

The analysis of each trace shows an enantiomeric discrimina-
tion for the deuterons on the methyl group and on the chiral
center of the molecule. Actually, the signal of the acetylenic
group is also discriminated; however, the bad S/N ratio for the
S-enantiomer doublet does not permit us to see its signal clearly
from noise, as shown in the trace extracted from the 2D
spectrum. Note here that the amountSxnantiomer is 3.5« Conclusions

1074 mol, i.e., 5.3x 1078 mol for the corresponding deuterated . .
In natural abundance as well as in perdeuterated materials,

isotopomer. This situation perfectly illustrates the benefit of th ton-d led deuteri tra of lecule dissolved
NAD-NMR spectroscopy, with which we can simultaneously '€ Proton-cdecoupled deuterium spectra ot a molecule dissolve
in PBLG liquid crystalline solutions consist of a superposition

probe all possible deuterated sites of the molecule and, therefore, , . o ; :
determine the most suitable site in the molecule for the of independent quadrupolar doublet§. o s!mpllfythelranalyslls,
measurement of enantiomeric excess. The choice of site depend N tha_ve dﬁ\'\//lell?oped s_everatll twc;—dmgr;smnal ?Jlg(g:? rrelli?_tu;]n
on both the S/N ratio and the difference in quadrupolar splittings. euker_ltum ib| teXpe“T?n;‘]’ rte erred to as ? f ,dw ICI
Obviously, the best sites for chiral discrimination would always ma ; ItpOISSIth? otcc;rre ate he Wo kc]:omp(iﬂen. sto qlia fniﬁo ar
be those groups which possesses the largest number of magnetfjou ets. 1n is study, we have shown the interest of these
cally equivalent spins that contribute to a given doublet and sequences in the analy5|s of_p_o_ly- and perdeutera_ted_ molecules
the strongest difference of quadrupolar splittings. In this and demonstrated their feasibility and their potential in natural
example, the signal from the methyl offers the best site for abungance dguterlum NMR spectroscopy, thus proposing a
guantitative measurements. Thus, S/N ratios for the signal of pract.u.:al .SOlu“(.)n to DO.E measurements in PBLG without site-
theR-andS-enantiomers calculated are 37 and 80, respectively Specific_isotopic Iabeh_ng. T_hese resu_lts also show that .the
with a difference in quadrupolar splittinga? — AvS) equal measurement of enantiomeric excess in 2D NAD-NMR using
q p plittingaxqg o €d

to 70.1 Hz. The measured enantiomeric excess obtained by & 9-4 T field and standard NMR equipment is possible within

0 - .
simple peak integration of methyl group signals in the corre- an accuracy of 10%, thus already providing a good evaluation

sponding trace (averaged value on a series of integration) is 55Of the ee. Itis clear that, by using a very high magnetic field
P 9 9 9 NMR spectrometer (17.6 T), it will be possible to record the

(50) Bodenhausen, G.; Turner, D. L. Magn Reson198Q 41, 200. spectra with shorter experimental times and to determine the
(51) Freeman, R.; Keeler, J. Magn Reson1981, 43, 484, enantiomeric excess with a higher and satisfactory precfsidn.
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In conclusion, the combination of QUOSY experiments and the ~ Acknowledgment. We wish to acknowledge helpful dis-
NAD-NMR spectroscopy provides, therefore, a novel and cussions with Dr. W. Smadja (University of Paris-Sud, Orsay)
interesting analytical method. We believe that the approach mayand Prof. J. W. Emsley (University of Southampton).

be a methodology of choice soon in the field of enantiomeric

analysis.
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