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Abstract: We describe the enantiomeric and enantiotopic analysis of the NMR spectra of compounds derived
from the functionalized cone-shaped core, cyclotriveratrylenes (CTV), dissolved in weakly oriented lyotropic
chiral liquid crystals (CLCs) based on organic solutions of poly-y-benzyl-L-glutamate. The CTV core lacks
prostereogenic as well as stereogenic tetrahedral centers. However, depending on the pattern of substitution,
chiral and achiral compounds with different symmetries can be obtained. Thus, symmetrically nonasubstituted
CTVs (Cs; symmetry) are optically active and exhibit enantiomeric isomers, while symmetrically hexasub-
stituted (Cs, symmetry) derivatives are prochiral and possess enantiotopic elements. In the first part we
use 2H and 3C NMR to study two nonasubstituted (—OH or —OCHjz) CTVs, where the ring methylenes are
fully deuterated, and show for the first time that the observation of enantiomeric discrimination of chiral
molecules with a 3-fold symmetry axis is possible in a CLC. It is argued that this discrimination reflects
different orientational ordering of the M and P isomers, rather than specific chiral short-range solvent—
solute interactions that may affect differently the magnetic parameters of the enantiomers or even their
geometry. In the second part we present similar measurements on hexasubstituted CTV with flexible side
groups (—OC(O)CHs; and the, partially deuterated bidentate, —OCH,CH,O—), having on the average Cs,
symmetry. No spectral discrimination of enantiotopic sites was detected for the —OC(O)CHjs derivative.
This is consistent with a recent theoretical work (J. Chem. Phys. 1999, 111, 6890) that indicates that in Cs,
molecules no chiral discrimination between enantiotopic elements, based on ordering, is possible. In contrast,
a clear splitting was observed in the ?H spectra of the enantiotopic deuterons of the side groups in the
tri(dioxyethylene)—CTV. It is argued that this discrimination reflects different ordering characteristics of the
various, rapidly (on the NMR time scale) interconverting conformers of this compound. Assuming two twisted
structures for each of the dioxyethylene side groups, four different conformers are expected, comprising
two sets of enantiomeric pairs with, respectively, C; and C; symmetries. Differential ordering and/or fractional
population imbalance of these enantiomeric pairs leads to the observed spectral discrimination of sites in
the side chains that on average form enantiotopic pairs.

Introduction form is highly flexible and, in solution, it undergoes fast
pseudorotation between its various conformations, leading to
an average nonchiral specfe$he crown form, on the other
hand, is rigid and, depending on the mode of substitution, can
exhibit Cy, C,, Cs, or C3, symmetry. From a stereochemical point
S . onilesot@ Iy of view, the latter two symmetries are of interest with regard to
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Figure 1. Structure of substituted cyclotriveratrylene (CTV) derivatives
in the saddle (a) and in the crown conformation (b).
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Figure 2. Structure of four CTV derivatives investigated in this work: (a)
nonahydroxy- and nonamethoxy-CT\ @nd 2; the two enantiomeric
structure are shown), (b) hexaacetyloxy-CBYWith averageCs, symmetry,
and (c) tri(dioxyethylene)-CTV4) with averageCs, symmetry.

labeled using theM or P descriptor$:® On the other hand,

symmetrically hexasubstituted CTVE4, symmetry; see com-

pound 3 in Figure 2) are prochiral and possess enantiotopic
elements. According to IUPAC nomenclature, enantiotopic
elements are “constitutionally identical atoms or groups in
molecules, which are related by symmetry elements of the
second kind only (mirror plane, inversion center, or rotation-
reflection axis)”. Such elements can in principle be discriminated
by spectroscopic methods, such as NMR, in a chiral environ-
ment. These two classes of CTV derivatives of the crown form,

chiral, short-range solutesolvent interactions that may affect
differently the magnetic parameters (for example, differential
electronic shielding) or even the geometry of the chiral centers
(vibrations). In practice, however, except for very special céses,
the spectral resolution is often too low to exhibit separated
signals for the different enantiomers. An alternative approach
is to employ a chiral liquid crystal as a solvént! In such
solutions, in addition to (the negligible) specific sokiolvent
interactions, orientational ordering of the solute also contributes
to the chiral discrimination. As it turns out, in many situations
it is the dominant discrimination mechanism providing the
doubling of peaks, where the conventional approach of using
isotropic solvents failed. In the present work, we apply this
method by using as solvent a lyotropic liquid crystalline solution
of poly-y-benzyli -glutamate (PBLG) in organic solvents, such
as chloroform (CHG) or dimethylformamide (DMF}%11Under
proper experimental conditions of concentration and tempera-
ture, such solutions form a cholesteric phase with a relatively
long pitch. Under the effect of the strong magnetic field)(
of the NMR spectrometer, the cholesteric pitch in these solutions
unwinds, yielding well-aligned chiral-nematic phases with the
director parallel toB,.22 For comparative purposes, similar
solutions containing racemic (compensated) mixtures of PBLG
and PBDG (polyy-benzylp-glutamate), which are nematic but
not chiral, have also been used. In the following we denote such
solutions as PBG. In these solutions the solute molecules
exchange rapidly between the PBLG and PBDG vicinities,
resulting in identical average magnetic interactions for the two
enantiomerg!13

Solutes dissolved in PBLG or PBG solutions become aligned
and, although this alignment is usually rather srifalf they
often exhibit characteristic NMR features of partially ordered
systems. These features are the extra splittings or shifts due to
anisotropic interactions, such as dipolar couplings, quadrupolar
couplings (for spin 1> 1/2), and chemical shift anisotropies
(CSA) M For our purpose, carbon-13 and deuterium NMR are
particularly useful in this respe&t. The 13C—'H dipolar
interaction over a single bond is on the order of 30 kHz, the
deuterium quadrupole coupling in &a® bond is about 180
kHz, while the*C CSA for aromatic carbons is about 100 ppm
(translated to~10 kHz in commonly used spectrometers). Thus,
even if the orientational order parameter of the solutes is only
about 1072 to 1074, extra splitting and shifts (compared with
NMR in isotropic solvent) may be observed in their high-
resolution NMR spectra. The special chiral discrimination power
of CLC, such as the PBLG solutions, results from selective
effects on the ordering parameter of chiral soldfe3ue to the
large effect of orientational ordering on the NMR spectra
(compared to that induced by specific solute-polymer interac-
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solvents. Such studies are possible because the crown and saddiez

forms of CTV are long-lived and do not interconvert in solution,

even on the time scale of many months at room temperafure.
In principle, any isotropic chiral solvent could lead to NMR

spectral discrimination of enantiomeric solutes through specific
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tions), even small differences in the ordering of corresponding axes frame of the ordering tens8rThus, enantiotopic sites in
chiral elements may result in sufficient spectral discrimination such molecules will, in general, exhibit resolved NMR signals
to be observed in particular using deuterium NMR. This is in CLC solutions, purely by ordering, even in the absence of
manifested in doubling (or partial doubling) of the NMR spectra specific chiral, short-range solutsolvent interactions. Similar
of the chiral solutes in comparison with those recorded in a situations apply to molecules with, S, or Dog Symmetry20-23
corresponding racemic PBG solution. In contrast, in molecules witlCs, symmetry (or other point
The discrimination effect can be divided into two categories. groups withCs or higher order symmetry axes) the ordering
The first one concerns optically active compounds. In this case tensor is axially symmetric with the unique principal direction
the two enantiomers will in general have slightly different (2) parallel to the moleculaCs (or Cy,, n > 3) axis. Thus, even
orientational order parameters resulting, in favorable situations, though the effective symmetry of such a molecule, when
in doubling of the NMR spectrum due to the two optical isomers. dissolved in a CLC, reduces ©s (or Cy), the orientational
In the first part of the Results and Discussion, we examine the ordering tensor remains axially symmetric witlstill parallel
case of nonasubstituted CTV derivativé€s Gymmetry) with to the unique axis. Consequently, on the basis of ordering
side chains R= OH and OCH (compoundsl and?2 in Figure considerations alone, enantiotopic sites in such molecules will
2). Both compounds were deuterated in the ring methylenes andnot become nonequivalent in CLC solutions. Regarding dis-
as spectroscopy tools we use proton-decoupled deuterium anctrimination due to specific chiral, short-range sotuselvent
carbon-13 NMR {H—{*H} and13C—{H}).10.1617The NMR interactions as unlikely, we therefore expect no discrimination
spectra of theM and P isomers in PBLG/DMF solutions are  in the NMR spectra of such sites in chiral liquid crystalline
indeed well-resolved, while no such discrimination is observed solutions. In the second part of the Results and Discussion we
in chiral isotropic solvents. We argue that this chiral discrimina- test this conclusion by studying two examples of hexasubstituted
tion is due to selective ordering rather than specific, short-range CTV derivatives, i.e. hexaacetyloxy-CTV (compou8dand
chiral solute-solvent interactions such those that can differently tri(dioxyethylene)-CTV (compound4, 10% deuterated in the
affect the magnetic parameters of two enantiomers in chiral ethylene groups). In both compounds the side chains are highly
isotropic solvents. flexible, rapidly (NMR wise) interconverting between different
The second category of chiral discrimination relates to conformations, leading to an avera@g, symmetry. Indeed,
prochiral molecule$®? In this case the stereochemical dis- no discrimination was found between the enantiotopic sites of
crimination concerns enantiotopic elements and is brought aboutcompound 3 in the PBLG solutions. However, somewhat
by reducing the symmetry of the orientational distribution unexpectedly, well-resolved signals were observed for the
function (eliminating symmetry elements of the second kind) enantiotopic ethylene deuterons in the dioxyethylene side groups
compared to their symmetries in achiral solvei§tsThis of compound4. We argue that this discrimination reflects
reduction in symmetry may, depending on the original molecular selective ordering of the various (chiral) conformers in the
symmetry, partially lift the restrictions on the orientation of the oriented PBLG system.
principal coordinate system of the ordering tensors in the
molecular frame. This, in turn, will cause enantiotopic elements
to become nonequivalent in the CLC solution, resulting in  Synthesis The synthesis of isotopically normal nonahydroxy-,
doubling of their NMR spectra. In a recent paper a compre- nonamet_hoxy- an(_j hexaacetyloxycyclotnveratrylerieg_,(and3) was
hensive theoretical analysis of this effect was given, including as described earliér. Compoundsl and 2 deu_terated in the crown-
. ) . ring methylenes were prepared as reported in ref 1. Compduvats
a full Class'f'cat_'on of all molecular point groups _'nt_o those prepared both in the normal form as well as statistically deuterated
whose symmetries are, or are not, affected by a uniaxial €LC. (_109,) in the dioxyethylene side groups. The latter was prepared
Thus, for example, the principal directions of the ordering tensor according to the five-step reaction shown in Scheme 1. The normal
in molecules withC,, symmetry are fixed to lie along the2C ~ compound was obtained by trimerization of normal 1,4-benzodioxane-
(2) axis and perpendicular to the two mirror plangsy). The 6-methanol, which was prepared by reduction of the commercially
effective symmetry of such molecules in a CLC reduce€#o available 1,4-benzodioxane-6-carboxaldehyde (Aldrich). In the follow-
and only thez-direction of the ordering tensor remains fixed ing we describe the synthetic steps leading to the deuterated compound
(parallel to theC; axis), while thex andy axes are undetermined 4
by any symmetry consideration. Pairs of enantiotopic sites in
such molecules become nonequivalent in CLC solutions,
because they are not symmetry related anymore in the principal

Experimental Section

1,2-Ethanediol (~10% Deuterated). A solution of 65 g of diethyl-
oxalate (Aldrich) in 100 mL of dry ether was slowly added to a slurry

of LiAIH 4 (18 g) and LIAID, (2 g) in 1300 mL of ether. The mixture
was refluxed for 3 h, followed by hydrolysis with water containing
(16) (a) Meddour, A.; Canet, I.; Loewenstein, A/;dheg J. M.; Courtieu, J. 10% deuterium and satL.Jrated.With 488, The slurry Wa.s filtered, .
J. Am Chem Soc 1995 116, 9652. (b) Canet, |.; Courtieu, J.; Loewenstein, ~and the residue was boiled with 300 mL of THF and filtered. This

() ﬁ’s ot P Moret B, Meatour. A- Lomwenstem. A: Couttidband process was repeated twice. The filter cake was then treated with H
Trans 1995 91, 1371. (b) Meddour, A.; BerdaguP.: Hedli, A.; Courtieh/, SQ, (2 N) for complete hydrolysis, and then extracted again with THF.
a8 JEI LleSAOtl'_ P\./]\./'iAm ghﬁrr? Ss?tc 199% 11'9't450f20 c doh The combined filtrates were evaporated under vacuum and the oily
iel, A. L.; Wilen, A. H. InStereochemistry of Organic Compoundshn ; g ftillati ; . ;
Wiley and Sons: New York, 1994. residue purified by vacuum distillation to yield 24.0 g of 1,2-ethanediol
(19) (a) Fujita, SJ. Am Chem Soc 199Q 112, 3390. (b) Fuijita, STetrahedron (~10% deuterated).
é‘ﬁgll i7_, fnli's%v)vFﬁ"-tas’ igggtrgge%%rﬁgggrﬁagggég [lggSBOQigK-(s)-: 1,2-Dibromoethane(~10% Deuterated). The 24.0 g of the above
Mislow, K, Siegel, JJ. Am Chem Soc 1984 106, 3319. () Hirschmann,  dlycol and 5.3 g of red phosphorus were heated and stirred at@40
H.; Hanson, K. RTetrahedronl974 30, 3649. (g) Prelog, V.; Helmchen, - - -
G. Hely. Chim. Actal972 55, 2581. (h) Hanson, K. Rl. Am Chem Soc (21) Merlet, D.; Emsley, J. W, Joklsaan_, J.; KasklPJ(_:.C.P.ZOOJ, 3, 4918.
1966 88, 2731. (i) Mislow, K. Raban, M. IrnTopics in Stereochemistry (22) Merlet, D.; Loewenstein, A.; Smadja, W.; Courtieu, J.; Lesot).PAm.
1967 1, 1. (j) Hanson, K. RJ. Am. Chem. Sod.966 88, 2731. Chem. Soc1998 120, 963.
(20) Merlet, D.; Emsley, J. W.; Lesot, P.; Courtieu,JJ.Chem Phys 1999 (23) Aroulanda, C.; Merlet, D.; Courtieu, J.; Lesot,J?Am. Chem. So2001,
111, 6890. 123 12059.
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Table 1. Compositions of Liquid-Crystalline NMR Samples Investigated
solute sample polymer DP? (PBLG/PBDG) cosolvent solute/mg® polymer/mg® cosolvent/mg® % of polymer by wt

1€ 1 PBLG 562 DMF 3.6 129.2 301.0 29.8

2¢ 2 PBLG 562 DMF 4.2 129.9 29.8

1€ 3 PBG 562/914 DMF 3.4 65.4/65.4 306.0 29.7

2 4 PBG 562/914 DMF 4.2 66.2/66.2 313.6 29.4

3 5 PBLG 562 CHA 25.0 100.1 475.1 16.7

4 6 PBLG 562 CHdG 5.4 102.0 450.1 18.3

4 6 PBG 562/914 CHGI 5.4 51.2/51.2 450.3 18.3

aDP: degree of polymerizatiod.The accuracy of the weights i80.5 mg.¢ The solutesl and2 are dideuterated on the three methylene bridg@s.
eliminate residual solid particles, 12.0 mg of soldthave been dissolved il g of CHCI; and then filtered; 450 mg of this solution was added to the

polymer.
Scheme 1. Synthesis of Tri(dioxyethylene-2,2,3,3-d,)-CTV
O—CH2—CHjs .
O§C/ LiAID, 10 % statist. deuterated
HO— CH,—CH,—OH
p*/HY (10%)
/C\
o O—CH,—CHj

(]
HO IR
:@’ O— CHz—CHy
| HO

lo) C
[ jij To-CH=cty ~¢———— Br—CH,—CH—Br
—
le) 10% deut.

10% deut.

o
(0]
I

10% deut.

LiAlH, % dev
H* o O
[OIj/CHeoH cyclisation .
_
A~ N
o
Co o

10% deut.

10% deut. 10% deut.

while dropwise adding 20.0 g of bromine. The reaction mixture was
kept at this temperature for another hour and then cooled to room
temperature. The reaction mixture was diluted with water and ether,

CDCI/TMS: aromatic singlet ai = 6.81 ppm; crown-ring methylenes;
two doublets (AX spin system) at= 4.52 and 3.46 ppmal = 13.8

Hz; hydrogens in the dioxyethylene side chain, a symmetrical multiplet
ato = 4.13 ppm.)

As indicated above, isotopically normal tri(dioxyethylene)-CTV was
prepared by trimerization of normal 1,4-benzodioxane-6-methanol,
which was obtained by reduction of the commercially available 1,4-
benzodioxane-6-carboxaldehyde. The procedure was as follows: 10 g
of the latter dissolved in dry ether (200 mL) was slowly added under
stirring to a slurry 3 g of LiIAIH 4 in ether at room temperature. The
mixture was refluxed overnight and then hydrolyzed withOH
acidified, and separated by repeated extractions. The ether extracts were
dried and the solvent finally removed, resultimg8 g of acolorless
oil (TLC: one spot, no traces of the aldehyde, silicaCH). This
product was then trimerized using the same procedure described for
the synthesis of the tri(dioxyethylene)-CT¥10% deuterated).

Sample Preparation.The various liquid-crystalline NMR samples
investigated in this work were prepared using a standard procedure
described elsewhef®.Note that all homopolymers used are com-
mercially available from Sigma and all 5 mm o.d. NMR tubes were
sealed to avoid solvent evaporation and centrifuged back and forth until
an optically homogeneous birefringent phase was obtained. The exact
composition of each oriented NMR sample (sampte/Lis shown in
Table 1. Except for compourg] the amount of CTV derivatives used

in the oriented sample studied does not exceed 1% in weight due to

the solid residues were filtered, the ether layer was separated, and théhe rather low solubility of this kind of solute in organic solutions of

solvent was evaporated. After distillation, 23 g of the 1,2-dibromoethane
(~10% deuterated) was obtained.

1,4-Benzodioxane-6-carboxylic Acid Ethyl Ester(~10% Deuter-
ated). To 11.5 g of 3,4-dihydroxybenzoic acid ethyl ester (Aldrich) in
60 mL of ethanol (95%) was added 9.2 g of solid KOH while being

PBLG. For the PBLG/DMF system, it was necessary to heat the mixture
slightly in order to dissolve the polypeptide during sample preparation
more easilyt?

NMR Spectroscopy. Deuterium and carbon-13 NMR spectra in
oriented solvents were collected at 9.4 T on a high-resolution Bruker

stirred. The mixture was slowly heated while 23 g of the 1,2-dibromo- DPRX 400 spectrometer equipped with a standard variable-temperature
ethane £-10% deuterated) was dropwise added and the mixture refluxed UNit (BVT 3000) and using either a selective deuterium probe operating
for 6 h. The hot mixture was filtered, the residue was boiled with ethanol &t 61.4 MHz for deuterium or inverse multinuclear probe (BBI)

and filtered again, and the combined filtrates were evaporated. An oil OP€rating at 100.13 MHz for carbon-13. The proton-decoupled deute-

was obtained that was subject to column chromatography (silica, CH
CH./n-hexane 8/2) to yield 4.7 g of pure (one spot on TLC) 1,4-ben-
zodioxan-6-carboxylic acid ethyl ester~10% deuterated in the
dioxyethylene side chains).

1,4-Benzodioxane-6-methano{~10% Deuterated). A solution of
4.5 g of the above ester in 50 mL of dry ether was slowly added to a
slurry of 1 g of LIAIH 4 in 200 mL of ether. After refluxing fo2 h the
compound was hydrolyzed using 10%S®0,. After the usual workup,
3.2 g of 1,4-benzodioxane-6-methanell(0% deuterated) was isolated
(TLC: one spot, silica/CECLy).

Tri(dioxyethylene)-CTV (~10% Deuterated)A 3 g portion of the
above compound was heated and stirred with 60 mL of 10%C4
for 6 h. The resulting solid was filtered, washed with water, and dried
under vacuum. The solid was trituriated with 80 mL of benzene
overnight and isolated. The mass spectrum'&hNMR were consistent

rium and carbon-13 spectra were recorded withs8pulse duration
(90° pulse) and 6us pulse duration (ca. 7)) respectively. Fof*C—

{1H} and?H—{*H} experiments, the protons were decoupled using the
broadband composite pulse sequence WALTZ-16. For the carbon-13
spectra, proton irradiation was applied during the relaxation delay period
so as to benefit from the nuclear Overhauser effect. Other experimental
NMR parameters or details are given in the legend of the figures.

Results and Discussion

Chiral Discrimination of Enantiomers in Nonasubstituted
CTV with Cz Symmetry. In this subsection we discuss the
NMR spectra of compoundsand?2 (perdeuterated in the ring
methylene; see Figure 2) dissolved in PBLG solutions. Both
derivatives are chiraldz symmetry) and thus, as synthesized,

with the desired product and showed approximately 10% statistical they consist of a racemic mixture of two enantiomeévisand

deuteration in the dioxyethylene side chain$d NMR, 500 MHz,

10074 J. AM. CHEM. SOC. = VOL. 124, NO. 34, 2002
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TBCN-(OH) 9 TBCN-(OMe)9 larger than usually observed for proton-decoupled deuterons in
@ e ® lyotropic PBG solutions. We attribute the extra broadening to
unresolved geminal D-D°“ dipolar interactions. The full
quadrupolar splittingsAviQ, of these doublets are directly
related to the orientational order parame®y,of the molecular

Cs-symmetry axis by

out
— AvQ

PBG

U

©)

3cosf — 1) )

i 3
AVIQ = ESZZQC—D( 2

wheref' is the angle between the-D' bond direction and the
(d) 500 Hz molecular C3 axis, andQc-p is the deuterium quadrupole
coupling constanQc-p = €2qQ/h. For aliphatic deuterons this
constant is~170 kHz. In eq 1 the quadrupolar coupling tensor
is assumed to be axially symmetric with the unique axis parallel

PBLO .. to the C-D bond direction. The anglg® andp° for the inner

y il L and outer deuterons were estimated earlier from X-ray and NMR

: , . . i : measurements, in various substituted CTV derivatives to be
10000 9% 1owo 10000 e +1000.0 approximately 38 and 66, respectively: Hence, from eq 1,

Figure 3. 61.4 MHz2H—{H} spectrum of the hexadeuterated nonahy- We can identify the larger and smaller splittings with' Bnd
droxy-CTV (left) and hexadeuterated nonamethoxy-CTV (right), at 310 K DU respectively as shown in Figure 3. Moreover, it follows

in the achiral PBG/DMF phase (a and b) and in the chiral PBLG/DMF in out ; : ;
phase (c and d). The spectra c, d, a, and b (samples 1, 3, 2, and 4 in TabIéhatAVQ andAvQ have opposite signs, but on the basis of the

1) were recorded by adding 21000, 7200, 30000, and 5200, scans,deuterium NMR spectra shown in this figure alone, we cannot
respectively. For all spectra, zero-filling to 32K data points was used to decide which is positive and which is negative. In the next

increase the digital resolution, and a Gaussian filtering was also applied to section we show (on the basis of the proton-cou;%FéIiNMR
improve the spectral appearance. Peaks marked with solid circles are

tentatively assigned to the saddle conformer. The natural abundanceSPE€Ctrum) that the sign df,, for compound3 dissolved in
deuterium signals of DMF are labeled by asterisks. PBLG/CHCE is negative, indicating that it prefers to align with

its Cz axis perpendicular to the director of the liquid-crystalline
we tried to see whether any chiral discrimination is observed phase. It is safe to assume that the same preference applies also
in their NMR spectra when dissolved in isotropic chiral solvents. tg other CTV derivatives dissolved in such solvents. Thus,

To that end, we used solutions of compounih the enantio- assuming a negative sign f&; of compoundsl and2 in the
merically pure solvent 3-methyl-2-butanol with 10% acetone, pBG/DMF solutions, it follows thavg) is negative and\vy"

as well as in a chloroform solution of an optically pure chiral- g positive, as indicated in Table 2. Using the above quoted

lanthanide shift reagefitNo extra splitting was observed inthe ,51e forQc_p, we can use the values N”io to calculate the

proton and carbon-13 spectra in both these solvents. molecular order parametetS,, of the solutes in these racemic

For the measurgments in the CLC solutionsf we used proton- g tions. The average values (ovef Bnd D) obtained at
decoupled deuterium and carbon-13 NMR in two solvents, 319 k are —0.030 and—0.019 for compoundsl and 2

PBLG/CHCE (18%) and PBLG/DMF (29.8%). No discrimina-
tion was observed in the chloroform solutions, but both
compounds exhibited clear chiral discrimination in the proton-
decoupled deuterium and carbon-13 spectra in the DMF
solutions (samples 1 and 2 in Table 1). For comparison, we
also performed measurements in PBG/DMF solutions for which
no chiral differentiation is expected. These samples contain a

racemic mixture of PBLG and PBDG with the same total : . : L
. - . . the ring methylenes is less shielded than the outer ones. Within
concentration of the polymer as in the chiral PBLG solutions the experimental errors due to the line width and considering a

(samples 3 and 4 of Table 1). Examples of the deuterium spectra, Xper : u ine wi . \aening
small solvent effect induced by the phase, the shift observed in

recorded at 310 K, in both the racemic and chiral solvents are CLCi allv identical h d'in hiah luti
shown in Figure 3. is essentially identical to that measured in high-resolution

We first discuss the top traces in the figure, which correspond proton NMR in isotropic solvents (e.g., CHI

to the racemic solution. Each spectrum consists of two intense  Referring next to the spectra in the PBLG/DMF solutions
quadrupolar doublets ascribed to the diastereotopic inner and(Pottom traces in Figure 3), we note that each of the doublets
outer deuterons, which we label"and D*"tin Figure 2. This splits into two, corresponding to the two enantiomers, which
result is fully consistent with that recorded in nonchiral, become inequivalentin a chiral environment. The splittings are
thermotropic nematic solventsSome weak peaks at the center  small but quite apparent and reflect the chiral discrimination
region of the spectra are assigned to natural abundance deuterongower of the CLC solvent with respect to the CTV enantiomers.
of the DMF solvent (namely three quadrupolar doublets centered The degree of discrimination can be quantified using the
on three distinct chemical shifts) and, for compounalso to “differential ordering effect” (DOE) parameter. For an axially
a small amount of the saddle isomer, as indicated in the captionsymmetric molecule for which the signs oﬁ(‘Q)M and (Av'Q)P

of the figure. The width of the lines~30 Hz) is somewhat are identical and assuming that the chiral discrimination is

respectively. These values are quite large for PBG solutions
and reflect the strong tendency of the CTV core to align in such
solvents. A close examination of the spectra in the racemic
solvent shows that the centers of the quadrupolar doublets, due
to D" and D"t do not exactly coincide. Rather, the center of
the D" doublet is slightly shifted £0.58 ppm) to low field
compared to that of @, indicating that the inner hydrogen of
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Table 2. Quadrupolar Splittings in Hz Associated with D" and DUt in the Compounds 1-ds and 2-ds in the PBLG/DMF and PBG/DMF
Phase

inner deuterons outer deuterons
solute sample solvent Avy " PIHz DOE/% Avy*PIHz DOE/%
1 1 PBLG/DMF —2928+ 19 3.0+15 +2030+ 15 29+1.4
—3018+ 19 +2090+ 15
3 PBG/DMF —3076+ 35 0.0 +2131+ 30 0.0
(—2973.1% (+2059.8%
2 2 PBLG/DMF —1678+ 14 177+ 1.6 +1188+ 11 18.1+1.8
—2005+ 16 +1425+ 12
4 PBG/DMF —1916+ 15 0.0 +1359+ 11 0.0
(—1841y (+1306%

aThe values in parentheses correspond to the average of quadrupolar splittings measured in the PBLG/DMF phase.

entirely due to ordering, the expression for the DOE is isomer increases by the same amount as its decrease for the
other. This is expected on the basis of similar observation in
other chiral systems, but it is not required by any symmetry
00 considerations.
Encouraged by the positive results (enantioselectivity) of the
deuterium spectra, we looked for chiral discrimination in the
x 100 2 13C—{1H} NMR of compoundsl and 2.1917 For this nucleus
the useful order-dependent interaction is the CSA, which is
particularly large for doubly and triply bonded, as well as
The results are 2.9% and 18.1% for compourddand 2, aromatic, carbons. In practice, the spectral enantiodiscrimination
respectively (see Table 2). The figures can safely be compared,s manifested by peak doubling in CLC solution as in the
since they are derived from spectra taken under the samedeuterium spectra. If we assume that the discrimination is
experimental conditions (solvent, concentration, temperature). entirely due to the orientational dependent anisotropic part of
It is noteworthy that the DOE parameter fbiis considerably  the chemical shift tensors, a line splitting betweenhandP
smaller than that foR, even though the quadrupole splittings enantiomers of
in the latter are smaller. This indicates that the factors determin-
er:g the chiral discrimination gnd the ordering are nqt necessarily |ViM _ ViP| = 1,0 mS‘)M —(© ni59p| 3)
e same. The smaller DOE in CR\OH compared with CTVW
OCH; seems surprising at first glance. In fact, similar relations . P . . . .
were found earlier for chiral solutes such as ethers or esters,'s. expected, \{vheréamsols the anlsqtroplc chemical shift for a
compared to their hydroxy analogues in PBLG/DMF, while the fglven carboni (see below) and is the carbon-13 Larmor
opposite relations were found in PBLG/CHQ@Ir PBLG/CH- requency.
Cl, solutions?* The effect could be explained in terms of For the meqsurements we useq sar.nplt.esll ?”d 2 (PBLG/
molecular affinity. In the present case we may argue that the DMF)’. for which the enantiomeric dlscr|m|r_1at|on n the
stronger affinity between the (achiral) DMF solvent and the polar deuterium spectra was apparent. No spectral dlﬁgrentlatlon was
CTV—OH solute, compared with that of CF\OCHs, reduces found for com_pound, but_ very pronounced doubling of some
the affinity of the former with the chiral polypeptide, thus of the aromatic carbon signals was observed for comp&uind

decreasing its DOE in comparison with that of the nonhydroxylic Examples of specira for this compound are shown in F|gur.e 4.
CTV derivative. The upper and lower traces were recorded at 310 K in a

PBLG/DMF solution (sample 2) and at room temperature in
chloroform, respectively. Only the spectral range-11@0 ppm,
including four (out of the six) aromatic peak, is shown. The
strong background signal in the 12535 ppm range of the CLC
solution is due to the natural abundance aromatic carbon-13 in
the flexible side chains of the PBLG molecdle?®> Some
impurity lines are also observed. The signals of the CTV solute

(A" — (Av)”
X |— | X
(A" + (Avg)”
y S - (8)"
S +(8)°

DOE =

It is interesting to note that for both compounds, within the
experimental accuracy (line width), the DOE values férdnd
Deut are essentially identical, differing by less than 3%. This
fact lends support to the conclusion that the chiral discrimination
is predominantly due to differential orderidglf, instead, it
where due to selective, chiral short-range sohdelvent
interaction on, for example, the quadrupolar coupling, the inner

and outer deuterons would be expected to exhibit completely are quite wearI:, due to its low solubility (at,’l"”t qne V‘,'?ight
different degrees of enantioselectivity. Thus, we conclude that percent), but they are apparent and can readily be identified by

the discrimination is brought about by small but different comparison with those in the chloroform solution. The labeling
changes inS,, of the two isomers in the chiral solvent. This of these peaks is according to the numbering system of Figure
conclusion also allows us to identify the outer doublets Bf D 2. Their assignment is tentative and is based on additive rules

and D with one enantiomer and likewise the two inner for benzene sut_)stituen%%.'l'he assignment of the-€H carbqn
doublets with the other enantiomer. It is noteworthy that the (C-5) was confirmed by the appearance of a doublet in the

average splitting of the corresponding quadrupolar doublets forundelcogpk?k()j ?3'13 s”pec'i.ru.m of tfhe chlor(éform solution. Well-d
a given deuteron is almost identical to its splitting in the racemic "€S©Ived, albeit small, splittings of 6, 8, and 13 Hz are measure

solution. This indicates that in the chiral soluti&y for one

(25) Mirau, P. A.; Bovey, F. AJ. Am. Chem. Sod986 108 5130.
(26) Kalinowski, H. A.; Berger, S.; Braun. S. {Parbon-13 NMR Spectroscapy
(24) Unpublished results. Wiley: New York, 1988.
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13.0Hz L, Ok, = 0, andal andf' are the azimuthal and polar angles
of the molecular symmetry axi€g) in the PAS. For aromatic
Aromatic signals carbons, the direction (most shielded) is usually normal to
of PBLG . . N
o the molecular plane. Moreover, its value is often quite different
from the in-plane components, whil&,, and o, are often
quite close in magnitud®. For a rough estimate of the order-
dependent chemical shifts of the aromatic carbons, we can
therefore assume that the tensor is approximately axially
symmetric ¢, = O, = —0.J2), so that

(@ 6oHz 8.0 Hz

Impurities \
4 No chiral
discrimination

- o= Z5. 02905 =) ©)

) c2 CS C1 c3 _ . . .
where Ad' = [0y — (05, + Oyp)/2]. For the CTV core, the
anglep is about 48,1 while the Ad' values depend somewhat
on the substituents, ranging from abett50 ppm for the €H
atoms, through ca-130 ppm for the ternary (€C) atoms to
ca.—80 ppm for oxygen-substituted @) carbong? Taking

l the S;; value from the deuterium results yields, respectively,
c2  CS C1 c3 0.9, 0.8, and 0.6 ppm fab..., of the three types of carbons,

T

1400 1300 120.0 110.0 respectively. _

ppm This corresponds to overall shifts of 960 Hz (for a
Figure 4. 100.6 MHz3C—{'H} signals of the aromatic C-1, C-2, C-3,  spectrometer frequency of 100 MHz) compared with their
and C-5 carbons of the hexadeuterated nonamethoxy-CTV (sample 2) atrespective isotropic values. Finally, assuming that the chiral
310 K in the PBLG/DMF phase (a) and at room temperature in an isotropic discriminati It tirely f deri th
solution of CHC4 (b). Signals of carbons C-4 and C-6 located at around ISCrimination results enurely from ordering, we can use the
152 ppm are not shown, because they do not exhibit enantiomeric DOE value determined from the deuterium spectra (18%) to
discrimination. Spectra a and b were recorded by adding 27 000 and 10 000calculate chiral discriminations of about 16 Hz for the1g&
scans, respectively. For both a recycle delay of 1.8 s was used. No filtering carbons, 14 Hz for the ternary carbons, and 11 Hz for th€©C
was employed. The peak assignment corresponds to the numbering system Y
shown in Figure 2. carbons. Considering the crudeness of the approximation made,

the comparison with the experimental results (Figure 4) is not

for carbons 2, 3, and 5, but none are measured for the otherunsatisfactory. The order of magnitude agreement, in fact,
aromatic carbons. The chemical shift differences evidently strongly supports the conclusion that the chemical shift dis-
reflect the discrimination of the CTWOCH; enantiomers in crimination in the PBLG solution is driven by differential
the chiral liquid-crystalline solvent. An exact analysis of the ordering. Also, the lack of chiral discrimination in the carbon-
chemical shifts is not as straightforward as for the quadrupolar 13 spectrum of sample 1 (compouddl is not surprising. A
splittings in the deuterium spectra. This is because the carbon-similar order of magnitude calculation predicts a maximum
13 results are quite sensitive to the CSA parameters (principal splitting (for the G-H carbon) of~3 Hz, which is well within
values and principal directions). While the principal values of the experimental line width (68 Hz). On the other hand, the
the chemical shift tensors can often readily be obtained from discussion above also shows that the application of carbon-13
magic angle spinning (MAS) measuremefitshe accurate NMR for quantitative analysis of the discrimination, for
determination of the principal axis system (PAS) in the example, determining the degree of selective ordering, is more
molecular frame is more involved and as a rule requires single- subtle than for deuterium, because it requires an exact knowl-
crystal measurements as a function of the magnetic field edge of the chemical shift tensors, which are in general not
orientation. We shall therefore reverse the procedure and attempsimply related to the molecular structure.
to calculate the expected enantiomeric discrimination in the  Spectral Discrimination of Enantiotopic Elements in
carbon-13 spectra from the earlier analysis of the deuterium Hexasubstituted CTV with Cs, Symmetry. In this section we
results and crude estimates of the CSA for the aromatic carbonsexplore possible spectral discrimination of enantiotopic elements
For a solute molecule with@s (or higher) symmetry axig} aniso of hexasubstituted CTV witiCs, symmetry in PBLG liquid-

is given by® crystalline solutions. These molecules possess equivalent groups
) of atoms related only by the mirror planes in the molecule
S5 :SZZ[Z( i _1-(6i + 4 b))(3 cogﬂ' - l) + (enantiotopic elements), for example, the pairs of aromatic
aniso 3 b 2 carbons 1/6, 2/5, and 3/4, or groups linked to these atoms (see

Figure 2). These pairs become nonequivalent in chiral circum-
stances and in principle should be distinguished in NMR
spectroscopy using chiral solverfsHowever, as indicated in

50— 0,)(sir? f)cos Zx‘] @

where d%,, Oy, and o, are the principal components of the the Introduction, specific chiral, short-range sotuselvent
carbon-13 anlsotroplc chemical shift tensors in their respective interactions are usually too weak to exhibit a measurable
principal axis system (PABwith d;, > d, > Oy, and oy, + enantiotopic discrimination, while discrimination by orienta-
(27) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021. (29) Duncan T. M. IrPrincipal Components of the Chemical Shifts Tensors. A
(28) Snyder, L. CJ. Chem. Phys1965 43, 4041. Compilation 2nd ed.; Farragut Press: Madisson, 1977.
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o related to the aromatic-€H carbons (carbons 2/5) of compound
(@ (b) I . .
3. Trace a, exhibiting a doublet of triplets, is a undecoupled
carbon-13 spectrum recorded in a CbhGblution at room
temperature. The larger doublet splitting is due to scalar coupling
with the adjacent prototJc—y = +160 Hz, where the positive
sign is the commonly accepted sign fde—4.1726 The smaller

_J60x1Hz 7__;9_33:_3&!31 splitting is due to scalar interaction with the nearby ring
1260 1240 200 00  -200 methylene3Jc—+ = 6.0 Hz. Spectrum b is a natural abundance
ppm G ppm deuterium spectrum of compouBdissolved in PBLG/CHGI

/ N (sample 5) at 300 R? The outer doublet (open circles)
- — corresponds to the aromatic—® deuteron and exhibits a
R BT R splitting of |Avg °| = 1930+ 30 Hz. The other doublets in
the spectrum are due to natural abundant deuterons in the side
chain methyls (solid circles) and the chloroform solvent
©) d) (e) (asterisks). From the structure of the CTV (crown) core (Figure
2) it follows that the aromatic €D bonds are perpendicular to
the moleculaiC; axis (3P = 90°). We can thus use eq 1 to
100 Hz 100 Hz 100 Hz calculate the magnitude of the order parameter, yielding
IS,/ = 0.015. The more interesting spectrum is that shown in
part c. It is the proton-coupled carbon-13 spectrum of carbons
2/5 in the same PBLG/CHg#bolution (sample 5) and recorded
6o o a0 12s0. 6o 1240 at the same temperature (300 K) as the _deuterium spectrum of
ppm ppm ppm b. The structure of this spectrum can be interpreted in terms of

Figure 5. Series of NMR spectra associated with the aromati¢ti@arbon the following three-spin systemi3C—1Ha+Ha' (see drawing
(2/5) of compound, recorded at 300 K. (a) 100.6 MHZC—{H} spectrum in Eigure 5). where the €Ha pair belongs to one benzene rin
(2900 scans) in CDGI The large doublet originates from the scalar dg t ),th by ri A pA t% ti Ivsis of th'g
couplingstJc—n, while the triplet structure is due to scalar couplings with and Hv 9 € nearby r|r)g. quantita 'V_e ana ){SIS o 1S
the nearby methylene protoddc_p. (b) 61.4 MHz2H—{H} signals at spectrum in terms of the dipolar and scalar interactions between

natulratl)albléndar;lce (160 ﬁOO iﬁanS) indPBL?/Qic-‘fUhglchloroform Signa_lsh ) the three nuclei allows us to determine both the magnitude and
are labeled with asterisks. The quadrupolar doublet associated with the ;

deuterons of the methyl and aromatic groups are labeled by solid and openSIgn of th_e mOIe_CL“ér order _paramethz.
circles, respectively. No signals are observed for the deuterons of the ring  The spin Hamiltonian of this three-spin system for a molecule

methylenes. (c) 100.6 MHZC—{H} (30 000 scans) in the PBLG/CHLI that dissolves in a nematic solvent is

phase. An exponential filtering (LB= 4 Hz) was applied to reduce the

spectral noise. (d) Simulated proton-coupled carbon-13 spectrum obtained B X .

with the spectal data reported in the text. The spectrum is displayed using 7 = _V|_305z — VLH(IQ + I’ZA) + (1JC_H — 2DC_H)SZI’§ -
a line width of 2 Hz. (e) Same as d, calculated with a line width of 25 Hz.
. . . 20, MY = L0Ar 1 A8y ()
tional order is not possible for molecules witl, symmetry?° H=H'z'z gV = -+

The latter law applies to rigid molecules with fixed symmetry.

The question posed here, however, is whether it also applies towhere the first two terms correspond to the Zeeman energies
“flexible” molecules, namely molecules undergoing rapid in- of the carbon-13 and hydrogen nuclei, respectively, and the next
terconversion between several, not necessarily symmetric,two terms are the €Hp and Hi—Ha' interactions. We have
conformations, even though their ensemble average f@&s a  neglected long-range scalar and dipolar couplings (over more
symmetry. The question is relevant to the substituted CTV than a single bond). Recalling the 3-fold molecular symmetry
derivative, since although the core is rigid, the substituents areof CTV and that the dipolar tensor is axially symmetric, the
usually flexible. We have studied two hexasubstituted CTV dipolar couplings in eq 7 are given by an expression similar to
compounds with (averag€ys, symmetry, hexaacetyloxy-CTV ~ eq 1,

(compound 3) and tri(dioxyethylene)-CTV (compound),

partially deuterated te-10% in the dioxyethylene groups. No KM,N{3 cod ﬂM—N -1
chiral discrimination was detected in the proton-decoupled Dy—n = 23 \ 2 (7)
deuterium and carbon-13 (both in natural abundance) of a M-N

solution of compound in a PBLG/CHC} solution. However, ] ) ) )
a clear spectral enantiodistinction was observed for the enan-Whererv- is the M to N distance (in A)p¥~N is the angle
tiotopic deuterons in the ethylene groups of the dioxanne chain P&tween théy direction and the moleculds axis, andKy

in compoundé. In section 11(a) we discuss this effect in terms IS @ constant proportional to the magnetic dipoles of the M and
of differential ordering of the various conformers of this N nuclei,Kc_y = 30188 Hz. R andKy = 120 060 Hz R
compound. Before doing so, however, we briefly describe the Since s ™ is the same for both pairs of interacting nuclei
spectra obtained for compouBdn the lyotropic PBLG/CHG (BM™N = 90), it follows that both interactions have the same
solution. As mentioned earlier, this allowed us to determine the Sign- The Hamiltonian in eq 6 can be solved analytically. For
magnitude and sign of the order parameter of this solute in the tN€ carbon-13 spectrum it yields a symmetric five-line spec-
PBLG mesophase.

_ (30) (a) Lesot, P.; Merlet, D.; Loewenstein, A.; Courtieu,Tétrahedron:
NM_R Spectra and Order Param_eter of HexaacetleXy Asymmetryl998 9, 1871. (b) Merlet, D.; Loewenstein, A.; Smadja, W.;
CTV in PBLG/CHCI 3. In Figure 5 is shown a set of spectra Courtieu, J.; Lesot, Rl. Am Chem Soc 1998 120, 963.
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trum centered aroundfc, featuring (a) an inner doublet at

+1/2( -4 — 2Dc-n), each with the relative intensity 1, (b) RCH, CH,R
an outer doublet located #t1/2[(\Jc—1 — 2Dc—n)? + 4DZ_] 2,

each with the relative intensity 1Jc-y — 2Dc-p)% R twist

[(Me-y — 2Dc-w)? + 4D?_,] (smaller than 1), and (c) a

central singlet with relative intensity O§,_/[(Mc-n — A;]e;gege

2Dc-p)? + 4Dﬁ_H]. Despite the poor resolution, the main
features of the expected spectrum can readily be recognized in
trace c of Figure 5. To facilitate the analysis, we first estimate
the magnitude of thédc—y from the measured quadrupolar
splitting of the corresponding-€D deuteron (trace b of Figure

5). From egs 1 and 7 it follows that for the aromatie-i8/ A RCH»  CH2R

C—D fragment the ratuAvQ P/Dc_y is fixed by the quadru-

polar and dipolar constants at (mD/(KC H/rC ) ~ 1231 L twist

Thus, from the measureinv P| (1930 Hz), |Dc-n| is / /
estimated to be about 170 Hz. Referring next to trace c, we can Average

readily recognize the two (unresolved) doublets (a and b) and plane

the center peak (c). From the splitting of the inner doublet we e 5 Schematic representation of twisted dioxyethylenebenzene
calculate|*Jc—y — 2Dc-n| ~ +150 Hz. Since we know that  fragments of compound The right twist (a) and a left twist (b) are shown.
Jc-n = +160, Dc—y must be ca+150 Hz. The alternative

solution of |Dc—n| ~ 0 Hz is ruled out by a comparison with RRR and LLL comprising an enantiomeric pair (which will be
|Avg‘D|. From this value oDc—, usingrc-p = 1.09 A, we denoted arbitrarilyM andP) and likewise RLL and LRR. In a
obtainS,; ~ —0.013. Thus, both dipolar coupling®c—y and nonchiral liquid-crystalline solution there is no discrimination
Dh-n as well are positive, whil&,; is negative. This means between enantiomeric pairs. TMeandP conformers have the
that the molecula€s-symmetry axis of compoungl prefers to same fractional population, the same order parameter, and, from
be aligned perpendicular, rather than parallel, to the director in the NMR point of view, the same magnetic parameters for
the PBLG/CHC} phase. We assume that the same applies to corresponding nuclei. Moreover, the fast interconversion be-
the other CTV derivatives in the lyotropic PBLG solutions. tween the various conformations results in an averGge
Finally a best-fit analysis was carried out on the experimental Symmetry. This statement applies, in fact, to each class of
spectrum, yieldindc-y = +159+ 2 Hz andDy—y = +49 + conformers Cz andC;) separately. Hence, sites in the molecule

1 Hz. The calculated best-fit spectrum, using an effective line that are related by the avera@g, symmetry are chemically
width of 25 Hz, is shown in trace e of Figure 5. When the same €equivalent (as in isotropic medium), but if they are related by
parameters are used with a line width of only 2 Hz, the reflection, they are also enantiotopic. In a chiral liquid-crystalline
calculated spectrum shown in d is obtained. We believe that atsolvent the chemical equivalence of such sites is not preserved.
least some of the broadening is due to dipolar interaction with This is because, in principle, neither the fractional population

remote protons in the molecule. Using the final redddt nor the ordering of thé andP enantiomeric conformers need

and eq 7, we obtaif,,;= —0.0146, which is essentially identical t0 be the same, nor even the magnetic parameters of their
to the absolute value calculated above frmg‘D (1S4 = corresponding nuclei. These effects may lead to chiral spectro-
0.015). scopic discrimination of enantiotopic sites, as we have indeed

Deuterium NMR Spectra and Order Parameter of Tri- observed in the case of compouAdcmbedded in the PBLG

(dioxyethylene)-CTV in PBLG/CHCI,. Tri(dioxyethylene)- ~ Solvent.

CTV (compound4) consists of the rigid CTV core to which In Figure 7 are shown deuterium NMR spectra of solutions
three dioxyethylene bridges are symmetrically linked. The Of tri(dioxyethylene)-CTV enriched to 10% deuterium in the
dioxyethylene bridges can acquire two states, corresponding toethylene side groups (compoudy] recorded at 300 K in achiral

a right twist and a left twist, as displayed in Figure 6, which PBG/CHCE (top) and chiral PBLG/CHGI(bottom) solutions

we label hereafter R and L, respectively. From the high- (samples 6 and 7, respectively). We first discuss the spectrum
resolution NMR spectra of this compound we know that these observed in the racemic solution, which exhibits three quadru-
states rapidly interconvert, so that hydrogens A ancu& on polar doublets. The more intense one, centered at 6.5 ppm
average equivalent and likewise hydrogens B ahd\hen all (labeled by asterisks), is due to the natural abundant deuterons
possible twisted states are considered, four types of conformerdn the chloroform solvent. The two weaker doublets (open and
for the tri(dioxyethylene)-CTV molecules are obtained. Two of solid circles), centered at 3.5 ppm are ascribed to theA(A
them, labeled RRR and LLL, hav@; symmetry, where the  and B(B) deuterons in the enriched dioxyethylene groups (see
triplets of letters indicate the twist of the dioxyethylene groups Figure 6). This spectrum is consistent with the aver@ge
sequentially around the CTV core. The two other conformers Symmetry of the compound, according to which sites A ahd A
are RLL and LRR withC; symmetry. The latter two are are equivalent, and likewise B and.B

structurally 3-fold degenerate, RLL, LRL and LLR, and To quantitatively analyze the spectrum in the racemic solution
similarly, LRR, RLR, and RRL. Each conformer is chiral with it is sufficient to consider the average over a single pair of R
and L conformations and assume an ove@|l symmetry for

(31) Sarfati, M.; Courtieu, J.; Lesot, Ehem Commun 200Q 1113. the tri(dioxyethylene)-CTV molecule. Thus, the average quad-
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* *
|AvQ| =793+7Hz

(b) |Avg|=14:3 Hz

[e[e]

* x
|AvS|=888+6 Hz
817 +6Hz
|Avg|=40+5 Hz
(a) 10:5Hz
i8]

ppm 10.0 0.0

Figure 7. 61.4 MHz2H—{H} spectra of compound, with statistically

(~10%) deuterated dioxyethylene side chains, recorded at 300 K. (a) In

the chiral solvent PBLG/CHGI (b) In the achiral solvent PBG/CHEIThe

Table 3. Geometrical Parameters Related to the C—D Bonds in
the Oxyethylene Side Groups, in the R and L Conformations of
Compound 42

C-D bond A A B B'
OR(i)2 74.7 8.59 171.4 104.9
@R() —34.9 ~86.5 83.1 34.8
0(i) 8.59 74.7 104.9 171.4
@-() 86.5 34.9 —34.8 -83.1
BR() 110.3 44.2 ©)137.9 136.8
FR(G) —0.3197 0.2709 0.3112 0.2984

aAll angles are in degree$.andg are the polar and azimuthal angles
of the indicated €D bonds in the frame of the dioxyethylenebenzene
fragment (Figure 6). In this frame,is perpendicular to the benzene plane,
bis in the direction linking the two aromatic-€H bonds, anch completes
the frame to a right-handed system (Figure/2)s the angle between the
indicated C-D bond and the molecula®z axis andF is the second-order
Legendre function (eq 9). In the calculation of thevalues, an angle of
43° betweenCz andZ was assumed. Only values for the R conformation
are given. Those for the L conformation are related to the latter by
B-(A) = BR(A) and B-(A") = BR(A) and similar relations apply for the
B and B deuterons® The sign ¢) indicates that the angle refers to an
axial C—D bond, pointing downward and inside the CTV core.

functional theory) prograrft The angular orientations of the
ethylene C-D bonds,6 and ¢ in these fragments are sum-
marized in Table 3. Note that the calculations do not yield a
perfect symmetric twist, but the deviations are minute. Perfect
symmetry would require th&"(A,A") = 180¢° — 0"(B',B) and
e"(AA") = —¢"(B',B). Using these results, the anglg¥i)
between the €D bond directions and the molecul@g axis

spectra a and b were recorded by adding 20000 and 10000 scanswere computed assuming that the latter is inclined by 3

respectively. For both spectra, zero-filling to 32K data points was used to
increase the digital resolution and a Gaussian filtering was applied to
improve the spectral appearance. The quadrupolar doublets associated witl
(A and A) and (B and B) deuterons are labeled with open and solid circles,

the benzene ring normal (c in Figure 2The results for the

yyarious3"(i) values and correspondirig(i) functions are also

given in Table 3. Only thes"(i) values for then = R

respectively. Peaks with asterisks correspond to the natural abundancegonformation are included. Those for the L conformation are

deuterium signals of chloroform.

rupole splittings of the A (or B) deuterons can be writteffé%
3\ i .
Avg= Zf”%(é)oé'lDF"o) (8)
n

where

-
£%) _3codp(i)— 1 ©)
2

In these equations the indaxJabels the deuterons A and A
(or B and B), the summation index;, indicates whether the
twist of the dioxyethylene bridge is R or I is the fractional
population of the two twists, anf"(i) the angle between the
C; axis and the €D bond direction of théth deuteron in the
nth conformer. In eq 8 we included the possibility thgé—p

related to the former, bg-(A) = SR(A"), S~(A") = BR(A) and
a similar relation exists for the B and Beuterons.

For the calculations it is sufficient to consider the enantio-
meric pair, RRR (say) and LLL (P), both of which haveCs;
symmetry. Identical conclusions would be reached if Ge
isomers were included in the analysis, since the average over
RLL, LRL, and LLR also corresponds t63 symmetry and
likewise the average over LRR, RLR, and RRL. Considering
first the results for the PBG solution, where the and P
conformation have the same orderirgl(= S, = S,), the
same fractional populationf!(= f° = 1/2) and using the entries
from Table 3, we obtain from eq 9

Avg "= AvdT=127.55, JF"(A) + F"(A")]
= —6.225,,(in kHz) (102)

and

may, in principle, depend on the deuterium site (A or B) and
conformation (R or L), hence the superscmif). On the basis

of the discussion above we consider this effect too small to be
of importance here, and in the following we will drop the
superscript and use the quadrupolar coupling constant at 170
kHz for all deuterons. To proceed we need to estimatgftig
values. This we have done in two steps. First, we calculated
the geometry of the twisted dioxyethylene-benzene fragments
(R and L of Figure 6) using the Gaussian 98 DFT (density

AvgT= Avd "= 1275, [FV(B) + F'(B")]

= +77.75,,(in kHz) (10b)

This result immediately allows us to identify the doublets
with the larger and smaller splittings (solid and open circles in
Figure 7) with the deuterons A(fand B(B), respectively. To
proceed we use eq 10b fmvéBD. The corresponding equation
for Avg‘mis quite unreliable, since the numerical coefficient in

it results as a small differences between similarly large numbers

(32) Emsley, J. W.; Luckhurst, G. R.; Stockley, C.FRoc. R. Soc. London A
1982 381, 117.
(33) Emsley, J. W.; Luckhurst, G. Riol. Phys.198Q 41, 19.

(34) Gaussian 98Revision A.7; Gaussian Inc., Pittsburgh, PA, 1998.
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and is therefore subject to a very large uncertainty. Thus, taking enantiomers of compoundsand?2 (see DOE values in Table
|AveT = 793 Hz yields|S4 ~ 0.010, where, based on the 2). We cannot rule out, however, the possibility that the
earlier results, the sign is most likely negative. discrimination is due to imbalance in the population of e

We next discuss the spectrum of tri(dioxyethylene)-CTV in and P enantiomers or to a combined effect of the latter and
the chiral solvent (bottom trace in Figure 7), where both the selective ordering. The mechanism discussed above can only
AA’" and B,B enantiotopic deuterons exhibit chiral discrimina- affect the flexible part of the molecule. In the approximation
tion with Avga“= Avd™and Ave~= AvE" Although this  used to derive eq 12, the geometrical factor vanishes for atoms
discrimination is not forbidden by symmetry, its origin is in the rigid part of the molecule, and therefore, no discrimination
puzzling. To discuss the mechanism of this discrimination and based on this mechanism is expected in the NMR spectra of
estimate its extent, we use again eq 9. Here too it is sufficient huclei from this part. In principle, other mechanisms could lead

to consider the enantiomeric conformer pair RRE and LLL to discrimination of enantiotopic elements. For example, the
(P). Thus, the difference in the quadrupolar splittings between twisted side chains can induce magnetic nonequivalence of the
deuterons A and Acan be written as substituted aromatic carbons (3,6) that could lead to NMR
spectroscopic discriminations.
AAV%‘AE: Avg\m— Avgm Finally, the question may be asked, why was there no
" " b b discrimination observed in the carbon-13 and deuterium spectra
= (3/2{[f"'SQc_oF" + f"S,Qc_oF (A)] — of hexaacetyloxy-CTV (compoun@) in the chiral solvent

M Mo b . PBLG/CHCE (sample 5). After all, here too the side chains are
[0"'SQc_oF"(A) + fPSQc oF (AN} (11) flexible and can lead to many, including chiral, conformations.
We believe that the effect certainly exists, but it is simply too

- B-B'O_ A, BO B0 ) ’
and similarly forAAvg = "= Avg — Avg . Fromeq 11the  gsmall to be experimentally observed. As we saw in the
discrimination can result from a selective effect on the fractional giscussion above, the spectral discrimination reflects small
population = 7) and/or the orderingg; = S,). In princi- differences in the ordering and/or the population distribution

solute-solvent interactional effects on the magnetic and geo- 4 |arge number of conformers is involved in the averaging.
metrical parametersQc—p andp"™), but as before, we reject

this possibility as unlikely. By symmetry we s&¥f(A) = SP(A"), Summary and Conclusions
BM(A") = BP(A) (see Figure 6 and Table 3). Equation 11 thus

becomes In the present work we extend earlier studies of chiral

discrimination, by NMR spectroscopy, in the lyotropic chiral
AAYP AT nematic mesophases of PBLG to solutes derived from the crown
Q y b M " ) form of CTV. This core does not possess stereogenic tetrahedral
255¢"S), — fPS)[FM(A) — F'(A")] (in kHz) (12) centers, but depending on the substitution pattern, its derivatives

can be chiral, prochiral, or achiral. In the present work we

with a similar equation forAvg " Substituting theF"(i) concentrated on two types of substituted CTV derivatives having
values from Table 3 yields Cz andCs, symmetries. In the first part of the paper we discuss
, the (proton decoupled) deuterium and carbon-13 NMR spectra
B-ATD_ M PPy 1
AAvg " "= 4150 S — 7S (inkHz) (13a) of nonasubstituted CTV derivatives wi@ symmetry. Depend-

ing on the nature of the cosolvent, in particular its polarity, very
significant chiral discrimination could be obtained, demonstrat-
ing the power of the method for studies of such chiral

compounds and its potential for analytical application to these
systems.

In the second part of the paper we discuss substituted CTV
with flexible side chains having on avera@e, symmetry. In

AAYEBT . . but thi lusion d q solution these compounds consist of mixtures of rapidly (NMR
VQ ave opposite signs, but this conclusion depends , isqy interconverting conformers, with in general lower sym-

. i  Cpro o
very delicately O(;] thehdlﬁerenpdijv(B)f Fh(BI )l which is metries tharCs, including chiral enantiomeric pairs. Nonstatis-

mlnuEre (k:)(l)mspa::e tﬁ.t € magnitude o cac he emelnt §ep§Latﬁ Yical distribution or selective ordering of these enantiomeric
(see Table 3). For this reason we continue the analysis with t €conformers may result in spectral discrimination of some sites,

less vulnerable eq 13a .fm_”g\. AD-.ASS“m'”g that the domi-  \hich on the average are enantiotopic. It is important to point
nant effect on the discrimination is due to selective ordering, ot that, based on population or ordering selectivity alone, only
rather than an imbalance in the population ,d'St”bUt'Eﬁ(‘f sites in the flexible part of the molecule can be spectrally
s, M = f* = 1/2), eq 13a becomdaAvy " = 75/(S)] - discriminated. No discrimination of enantiotopic elements in
)| (in kHz). The two quadrupolar doublets of the A andl A the rigid part is possible by this mechanism alone. The question
deuterons in Figure 7 have splittings of 40 and 10 Hz. If both of whether the discrimination observed in the flexible part is
splittings have the same sigAvg' "/ = 30 Hz, while if predominantly due to selective ordering and/or deviation from
their sign is oppositq,AAvg\_Aq = 50 Hz. Substituting these  statistical population distribution of enantiomeric isomers
values (with|S,4 = 0.011, calculated from the average of B remains open. On the basis of comparison with the results for
and B splittings) yields|($"Z - SZ)/SZZ] = 0.037 and 0.060, the Cz compound in the first part of the paper, it appears that
respectively. Both values are on the order found for the the former mechanism dominates the discrimination. If indeed

and
AAvg B= £3.26("S), — ") (inkHz)  (13b)

where the sign is undetermined because we did not commit
ourselves to the absolute configuration of tive and P

enantiomers. The calculations suggest tiatvd " and
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this is so, the example discussed in the second part of the papethe possibility to differentiate between them. The first class
is the first direct observation of conformation dependent ordering contains all nonplanar rigid derivatives Gf, C,,, S, andDyqy

in a CLC. Until now the arguments of an orientatien  symmetry. Typical examples of enantiotopic distinction for this
conformation dependence have been invoked to explain somemolecular class can be found in refs 20, 21, and 23. The second
unexpected deviations between theoretical and experimentalone contains all flexible derivatives exhibiting one of these
results (after fastidious calculations involving various elaborated symmetries on average on the NMR time such as benzyl alcohol
models)?*37but to the best of our knowledge, a direct exper- oy ethyl alcohol reported in refs 22 and 23. The third and the
imental evidence has not been reported so far. Conclusively, |55t one contain all flexible molecules (such as compodnd
NMR i_n PBLG squ'Fions §hould providg an intere§ting tool for ot which the average symmetry differs fro8y, Cy, S, and
investigating the orientatienconformation correlation inflex- 5.yt exhibit a sufficiently large differential ordering for their

ible molecules. . ) . . enantiomeric conformers in the course of their stereochemical
Contrary to simple stereochemical considerations, we have dynamic

shown that all elements (nuclei, groups, internuclear directions) . ) . o
The next step of this work will consist of quantifying the

defined as enantiotopic, according to the symmetry or substitu- ) . .
molecular orientational ordering dependence on molecular

tion criteria customary employed as a t¥st) cannot be k) : _
experimentally differentiated using NMR in a CLC system as conformation in the case of two flexible enantiomers embedded

far as selective ordering is only concerned. From an NMR in N & chiral oriented solvent. This research is currently underway.

CLC point of view, it now becomes possible to divide solutes

exhibiting enantiotopic elements in three classes according to Acknowledgment. This work was partly supported by the
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