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LL-proline as chiral solvating agents for carboxylic acids
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Abstract—1H NMR was employed to investigate the chiral recognition ability of two novel LL-proline derived rigid chiral macro-
cyclic dioxopolyamines, (12S)-1,4,7,10-tetraazadicyclo[10.3.0]pentadecane-3,11-dione 1 and (8S,18S)-1,4,10,13,16-pentaazatricy-
clo[16.3.0.04,8]heneicosane-9,17-dione 2, the latter of which is newly synthesized. The crystal structures of the two macrocyclic
compounds were determined by X-ray single crystal structure analysis. The Job plots indicate that compound 1 forms a 1:1
instantaneous complex with (R)- or (S)-mandelic acid while compound 2 forms a 1:2 instantaneous complex with each of the
two guests above. Association constants of compound 1 with (R)- and (S)-mandelic acids were determined by a nonlinear least-
squares fitting method. Both of the macrocycles exhibited good chiral recognition toward the enantiomers of the racemic carboxylic
acids we chose. It was shown that the macrocyclic dioxopolyamine of C2 symmetry had a better enantiomeric discriminating ability
than that of C1 symmetry.
� 2004 Published by Elsevier Ltd.
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1. Introduction

The study of enantiomeric recognition phenomena is of
great value in many fields, such as the resolution of race-
mic mixtures of technically and biologically relevant
compounds; the determination of the enantiomeric com-
position of relevant chiral compounds; the screening of
chiral catalysts, etc. Chiral carboxylic acids are the
structure units of many natural products and drug mole-
cules, which are classes of compounds with high eco-
nomic and scientific potential.1–4 The growing use of
enantiomerically pure chiral carboxylic acids has given
rise to the need for the development of fast and accurate
methodologies for the determination of the enantiomeric
composition of chiral carboxylic acids.5 The use of chiral
solvating agents (CSAs) for 1H NMR spectro-
scopy is one of the most satisfactory and convenient
methods for this, which can rapidly assess the enantio-
meric composition of chiral compounds.6–9 Although a
great number of chiral macrocyclic compounds for enan-
tiomeric recognitions have already been reported,10–26

the macrocycles, which can discriminate between the
enantiomers of chiral carboxylic acids have been rarely
studied.27–30 In our previous work, we have synthesized
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several chiral dioxocyclens derived from natural amino
acids and studied their properties as CSAs.31,32 These
chiral dioxocyclens bear steric hindrance at the stereo-
genic carbon and the dual features of macrocyclic poly-
amines and oligopeptides,33 which can act as both
hydrogen bond acceptors and donors. When the dioxo-
cyclens interact with chiral carboxylic acids, different
interactions of the two enantiomers of the substrate with
the chiral host occur. As a result they exhibit certain chi-
ral recognition abilities to several chiral carboxylic acids.

In general, the more rigid the macrocycle molecule, the
better the enantiomeric recognition.10,34 With this in
mind, LL-proline was chosen as the starting material for
the synthesis of new chiral macrocycles. We have
already reported the efficient synthesis of macrocyclic
dioxopolyamine (12S)-1,4,7,10-tetraazadicyclo[10.3.0]-
pentadecane-3,11-dione 1, which possesses a unique
and rigid pyrrolidinyl group.35 In light of the fact that
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Scheme 1. The synthetic route of compound 2.
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macrocyclic receptors, which possess C2 symmetry, usu-
ally show higher enantioselectivity than those of C1 sym-
metry,10,12 we synthesized another novel LL-proline
derived rigid chiral macrocyclic dioxopolyamine of
C2 symmetry, (8S,18S)-1,4,10,13,16-pentaaza-tricyclo-
[16.3.0.04,8]heneicosane-9,17-dione 2 (Scheme 1). The
crystal structures of compounds 1 and 2 were deter-
mined by X-ray single crystal structure analysis.36 The
abilities of compounds 1 and 2 as CSAs to discriminate
several chiral carboxylic acids were also studied. Both of
the macrocycles exhibited good chiral recognition to-
ward the enantiomers of the racemic carboxylic acids
we chose. It was shown that the macrocyclic dioxopoly-
amine of C2 symmetry had a better enantiomeric dis-
criminating ability than that of C1 symmetry.
Figure 2. ORTEP drawing of the molecular structure of compound 2.

2. Results and discussion

The molecular structures of compounds 1 and 2 are
shown in Figures 1 and 2. Conventional macrocyclic
polyamines have somewhat large conformational flexi-
bilities. In this case, both compounds 1 and 2 have pyr-
Figure 1. ORTEP drawing of the molecular structure of compound 1

(the molecule of H2O is omitted for clarity).
rolidinyl groups, resulting in the enhancement of the
structural rigidity, so as to stabilize the macrocyclic con-
formation. It can be seen that compound 2 of C2 sym-
metry has two identical macrocyclic planes, meaning
that no matter from which plane the guest interacts with
the macrocycle, the enantiomeric discriminating ability
remains the same.10

We utilized 1H NMR spectroscopy to investigate the
chiral recognition ability of compounds 1 and 2, while
the racemates of mandelic acid and some of its deriva-
tives, dibenzoyltartaric acid and naproxen were chosen
as guests. In the presence of compounds 1 and 2, all
the proton signals of the guests were shifted. The Dd
value is the change of chemical shifts. The methine
proton signals of mandelic acid and some of its deriva-
tives were shifted upfield by about 0.12–0.32ppm; the
methine proton signals of dibenzoyltartaric acid shifted
upfield by 0.33–0.41ppm, while the methine proton
signals of naproxen shifted upfield by only 0.109 and
0.052ppm. Among all the guest molecules, only naproxen
does not possess an oxygen function at the o-position of
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the carbonyl group. This oxygen function may play a
crucial role for a scaffold of hydrogen bonding with
NH or N on host molecules. The chemical shift changes
mean that the interactions between the CSAs and the
guests occurred, while the host–guest complexes formed
from the CSAs and the guests, had different complexa-
tion induced shifts (CISs). As a whole, the Dd values
for all the guests above were greater in the presence of
compound 2 than those in the presence of compound 1.

It was most important that all the single peaks of the
methine protons of all the guests (except naproxen)
and those of the a-methoxy group of a-methoxyphenyl-
acetic acid were split into two single peaks in the pres-
ence of compounds 1 and 2, due to the different
interactions of the two enantiomers of the guests with
the CSA. The nonequivalence (DDd) is the difference
of the chemical shifts of corresponding protons of two
enantiomeric guests in the presence of the CSA. From
Table 1, it is obvious that compound 2 exhibits a better
enantiomeric discriminating ability to the chiral carb-
oxylic acids than compound 1. This may be due to the
larger ring structure and the C2 symmetry of compound
2. The largest DDd value (18.9Hz) of the methine proton
was observed when dibenzoyltartaric acid served as the
guest (Fig. 3). This showed that compound 2 had the
Table 1. Chemical shift changes (Dd) and nonequivalences (DDd) of the meth

(300MHz) of guests in the presence of compounds 1 and 2 in CDCl3 at 25 �

Guests Dd

Ratio (CSA:guest) 1

(1:1) (

COOH

OH

*
Mandelic acid

–CH �0.181 �
�0.190 �

COOH

OCH3

*
a-Methoxyphenylacetic acid

–CH �0.119 �
�0.129 �

–OCH3 �0.120 �
�

COOH

OH

*
H3CO

4-Methoxymandelic acid

–CH �0.268 �
�0.288 �

COOH

OH

*
Cl

4-Chloromandelic acid

–CH �0.269 �
�0.281 �

O
H

COOH
HOOC

H
O

*
*

Ph

O

O

Ph

Dibenzoyltartaric acid

–CH �0.333 �
�0.377 �

COOH

CH3

*
H3CO

Naproxen

–CH �0.109

–CH3 �0.068 �
�

�0.068 �
�

a Determination not possible.
best enantiomer discriminating ability to dibenzoyltar-
taric acid when compared to the other guests we chose.
As with naproxen, only 2.4Hz nonequivalence of the a-
methyl appeared in the presence of compound 2 (Fig. 4).
From the results of the chiral discrimination in the dif-
ferent molar ratios for compound 2, it was generally
found that a molar ratio of 1:2 for compound 2 with
guests resulted in a greater nonequivalence in chemical
shift (Table 1).

The 1H NMR spectra of compounds 1 and 2 with (R)-
and (S)-mandelic acids in a variety of ratios in CDCl3
at a constant total concentration of 5.0 · 10�3M were
obtained. It was found that the methine proton signal
of (R)- and (S)-mandelic acids at d 5.236 underwent
an upfield shift when treated with compound 1 or com-
pound 2. Figures 5 and 6 are Job plots of DdX (the prod-
uct of the chemical shift change and the molar fraction)
versus the molar fraction (X) of (R)- or (S)-mandelic
acid in the mixture.27,37 For compound 1, a minimum
was observed when compound 1 versus (R)- or (S)-man-
delic acid was 1:1 (X = 0.5), which indicates that the host
forms a 1:1 instantaneous complex with (R)- or (S)-man-
delic acid under these conditions. It is obvious that the
chemical shift changes of (S)-mandelic acid were greater
than those of (R)-mandelic acid in the presence of
ine, the a-methoxy and the a-methyl protons in the 1H NMR spectra

C

(ppm) DDd (Hz)

2 1 2

1:1) (1:2) (1:1) (1:1) (1:2)

0.225 �0.222 2.7 9.6 13.2

0.257 �0.266

0.141 �0.170 3.9 7.5 7.2

0.166 �0.194

0.066 �0.090 –– 9.6 9.3

0.098 �0.121

0.292 �0.287 6.0 6.9 10.5

0.315 �0.322

0.303 �0.286 3.6 6.6 10.5

0.325 �0.321

0.349 a 13.2 18.9 a

0.412

0.042 �0.052 –– –– ––

0.019 �0.026 –– 2.7 2.4

0.028 �0.034

0.019 �0.026 –– 2.7 2.4

0.028 �0.034



Figure 3. 1H NMR spectra of dibenzoyltartaric acid and equimolar mixtures (10mM each) of dibenzoyltartaric acid/compound 2.

(a) DD-(+)-Dibenzoyltartaric acid and compound 2; (b) LL-(�)-dibenzoyltartaric acid and compound 2; (c) (±)-dibenzoyltartaric acid and compound

2; (d) (±)-dibenzoyltartaric acid without compound 2.

Figure 4. (a) Resonance for the a-methoxy groups of a-methoxyphen-

ylacetic acid; (b) resonance for the a-methoxy groups of a-methoxy-

phenylacetic acid in the presence of compound 2; (c) resonance for the

a-methyl groups of naproxen; (d) resonance for the a-methyl groups of

naproxen in the presence of compound 2.
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Figure 5. Job plots of compound 1 with (R)- and (S)-mandelic acids

[X = molar fraction of the acid, Dd = chemical shift change of the

methine of (R)- and (S)-mandelic acids].
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Figure 6. Job plots of compound 2 with (R)- and (S)-mandelic acids

[X = molar fraction of the acid, Dd = chemical shift change of the

methine of (R)- and (S)-mandelic acids].
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compound 1. As with compound 2, a minimum ap-
peared when compound 2 versus (R)- or (S)-mandelic
acid was 1:2 (X = 0.67), indicating that the host formed
a 1:2 instantaneous complex with (R)- or (S)-mandelic
acid under the conditions. It can be seen that the chem-
ical shift changes of (R)-mandelic acid were greater than
those of (S)-mandelic acid in the presence of compound
2.

We also intended to draw the Job plots for dibenzoyltar-
taric acid with compounds 1 and 2 in CDCl3 (total
concentration of 5.0 · 10�3M, molar fraction of dib-
enzoyltartaric acid varying from 0.1 to 0.9). The 1H
NMR spectra showed that the single peak of the me-
thine protons of the LL- and DD-forms exhibited a gradual
upfield shift with increasing concentration of the guest
until the molar fraction equalled to 0.5. When the con-
centration of the guest sequentially increased, we found
that the solution turned turbid (X P 0.6), and white
floc appeared in the solution (X = 0.8). Hence a molar
ratio of host/guest was chosen as 1:1 when dibenzoyltar-
taric acid was the guest during the discrimination.

In order to assess further the discriminating abilities of
compounds 1 and 2, we made titration curves of com-
pounds 1 and 2 with (R)- and (S)-mandelic acids (Figs.
7 and 8).37–40 The conventionally observed target was
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Figure 8. 1H NMR titration curves of compound 2 with (R)- and

(S)-mandelic acids.
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Figure 7. 1H NMR titration curves of compound 1 with (R)- and (S)-

mandelic acids.
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the peaks of the protons in the 1H NMR spectra, which
were simple, did not overlap with peaks of other protons
and had obvious chemical shift changes in the course of
the host–guest interaction. The protons of compounds
1 and 2 could not be used as the observed targets because
of the complexity of their peaks in 1HNMR spectra. As a
result we only chose the methine proton of the guest
as the observed target. The association constants of
compound 1 with (R)- and (S)-mandelic acids were
determined from the titration curves by a nonlinear
least-squares fitting method (Table 2). From Table 2, it
was seen that the (S)-enantiomer was more strongly
bound to compound 1 than the (R)-enantiomer. As
Table 2. Association constants Ka of the host–guest complexes of

compound 1 with (R)- and (S)-mandelic acid

Ka Ka(R)/Ka(S)

(R)-Mandelic

acid

(S)-Mandelic

acid

Compound 1a 997 ± 17% 1346 ± 18% 0.74

a A nonlinear least-squares fitting method.40
with compound 2, which formed 1:2 complexes with
(R)- or (S)-mandelic acid, the titration curves of com-
pound 2 with (R)- and (S)-mandelic acids were neither
in agreement with the nonlinear least-squares fitting
method of the 1:1 complex, nor with that of the 1:2 com-
plex of host and guest, which demanded first forming the
1:1 complex, then forming the 1:2 complex over the
course of making the titration curve. Hence the associa-
tion constants of compound 2with (R)- and (S)-mandelic
acids could not be calculated by a nonlinear least-squares
fitting method. From the titration curves of compounds 1
and 2with (R)- and (S)-mandelic acids, we found that the
chemical shift changes of (R)-mandelic acid were always
greater than ones of the (S)-mandelic acid in the presence
of compound 2. On the contrary, the chemical shift
changes of (S)-mandelic acid were greater than those of
(R)-mandelic acid in the presence of compound 1.

It is known that the solubility of CSAs is crucial to their
applied ranges. To find CSAs showing an applicability
toward a wide range of substrates remains a challenge.9

Compounds 1 and 2 are amphiphilic, making it possible
for them to be used as the CSA in many solvents, such
as methanol, ethanol, acetonitrile, chloroform, ethyl
acetate, etc. We mixed equimolar amounts of racemic
tartaric acid and compound 2 (the concentrations were
normally 10mM) in CD3OD at 25 �C, and found that
compound 2 also exhibited an enantiomeric discriminat-
ing ability to racemic tartaric acid. The DDd value of the
methine proton was 3.6Hz.
3. Conclusion

In conclusion, two novel rigid chiral macrocyclic dioxo-
polyamines derived from LL-proline, which have proven
to be effective chiral NMR solvating agents for chiral
carboxylic acids. In particular, compound 2 with C2

symmetry has a better enantiomeric discriminating
ability than compound 1 with C1 symmetry, indicating
that the symmetry of macrocycle plays an important
role in enantiomeric recognition. Compounds 1 and 2
are also amphiphiles and can be used in many solvents,
making them possible candidates for further application
as the CSAs.
4. Experimental

4.1. General methods

IR spectra were obtained on a Nicolet 170SX FT-IR
spectrometer as KBr pellets. NMR spectra were carried
out on a Mercury-VX300 spectrometer (1H at 300MHz
and 13C at 75MHz). Mass spectra were recorded on a
VJ-ZAB-3F-Mass spectrometer using the FAB tech-
nique. The elemental analysis was performed on a
Carlo-Erba elemental analyzer (Model 1106). Optical
rotations were measured with a Perkin–Elmer Model
341LC polarimeter using the sodium D line at 589nm.

LL-Proline was purchased from Chemical Reagents Com-
pany, China National Medicines Group. Diethylenetri-
amine was commercially available and distilled before
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use. Reactions were carried out under an atmosphere of
dry nitrogen, and the solvents (methanol and acetoni-
trile) were analytical and thoroughly dried.

4.2. Preparation of (8S,18S)-1,4,10,13,16-Pentaaza-tri-
cyclo[16.3.0.04,8]heneicosane-9,17-dione

LL-Proline (11.5g, 0.1mol) was first converted to the
LL-proline methyl ester as described.41 Then 8.65g
(0.046mol) 1,2-dibromoethane and the LL-proline methyl
ester were added to a suspension of anhydrous K2CO3

(20.7g, 0.15mol) in 200mL CH3CN and stirred at
50 �C for two days in N2. The precipitate was filtered
off and the filtrate evaporated and then fractionated
under reduced pressure to give a pale yellow oil 1,2-
bis[(2S)-2-carbomethoxy-1-pyrrolidinyl]ethane 3, bp:
138–140 �C (1mm); yield 7.18g (55% based on 1,2-
dibromoethane); ½a�20D ¼ �138:0 (c 4.0, H2O); 1H NMR
(300MHz, CDCl3): d = 3.72 (s, 6H, 2OCH3), 3.14–3.23
(m, 4H, 2NCHCO, 2NCHH), 2.83–2.87 (m, 2H,
2NCHH), 2.57–2.61 (m, 2H, 2NCHH), 2.38–2.43 (m,
2H, 2NCHH), 2.09–2.14 (m, 2H, 2CH2CHHCH2),
1.79–1.97 (m, 6H, 2CH2, 2CH2CHHCH2).

Intermediate 3 (7.18g, 0.025mol) dissolved in 50mL
absolute MeOH was added to a solution of diethylene-
triamine (2.57g, 0.025mol) in 150mL absolute MeOH
and stirred at 50 �C in nitrogen atmosphere for 10days.
The solvent was then evaporated and the white needle
product obtained by recrystallization from CH3CN.
The yield reached was up to 35%. mp: 278–280 �C.
½a�20D ¼ �234:8 (c, 1.0, MeOH). 1H NMR (300MHz,
CDCl3): d = 7.66 (br, 2H, 2CONH), 3.60–3.75 (dtd,
2H, 4J = 3.3Hz, 3J = 7.3Hz, 2J = 14.6Hz, 2CHHN
HCO), 3.13–3.18 (t, 2H, 3J = 7.2Hz, 2NCHH), 3.04–
3.09 (m, 4H, 2CHHNHCO, 2NCHCO), 2.79–2.88 (m,
6H, 2NCHH, 4NHCHH), 2.46–2.56 (m, 2H, 2NCHH),
2.13–2.28 (m, 4H, 2NCHH, 2CHHCH), 1.77–1.86 (m,
7H, 2CH2CH2CH2, 2CHHCH, CH2NHCH2).

13C
NMR (75MHz, CDCl3): d 174.455, 68.678, 55.830,
53.847, 48.612, 38.777, 29.815, 24.395. MS: m/z 324
(M+ + 1, 100%). Anal. Calcd (%) for C16H29N5O2: C,
59.42; N, 21.65; H, 9.04. Found (%): C, 59.17; N,
21.78; H, 9.53. IR (KBr): m 3292 (m, NH), (2966 (w),
2915 (w), 2855 (w), 2806 (w), CH), 1654 (s, C@O),
1524 (m, C–N).

4.3. NMR shift experiments

NMR shift experiments were performed on a Mercury-
VX300 spectrometer at 25 �C. Samples for analysis were
prepared by mixing equimolar amounts of compounds 1
and 2 with the guest (the concentrations were normally
10mM), and by mixing compound 2 (the concentrations
were normally 10mM) and the guest together, with
molar ratio of 1:2 for mandelic acid, some of its deriva-
tives and naproxen in CDCl3.

4.4. Evaluation of the stoichiometry of the host–guest
complex (Job plots)

The stoichiometry of the host–guest complex was deter-
mined according to Job�s method of continuous varia-
tions. Equimolar amounts of host and guest
compound were dissolved in CDCl3. These solutions
were distributed among nine NMR tubes in such a
way that the molar fractions X of host and guest in
the resulting solutions increased (or decreased) from
0.1 to 0.9 (and vice versa). The complexation induced
shifts were multiplied by X and plotted against X itself
(Job plot).

4.5. NMR host–guest titrations

The guest compound was dissolved in an appropriate
amount of solvent and the resulting solution evenly dis-
tributed among 10 NMR tubes. The first NMR tube was
sealed without any host. The host compound was also
dissolved in the appropriate amount of solvent and
added in increasing amounts to the NMR tubes, so that
solutions with the following relative amounts (equiv) of
host versus guest compound (concentration was
5.0 · 10�3M) were obtained: 0, 0.25, 0.50, 0.75, 1.00,
1.25, 1.50, 2.00, 3.00, 5.00. Ka was calculated by a non-
linear least-squares fitting method for compound 1 from
the observed Dd values and the respective host and guest
concentrations.

A representative example is given below: compound 1
versus (S)-mandelic acid in CDCl3. Weighed amounts:
compound 1: 30.00mg in 1mL; (S)-mandelic acid:
4.75mg in 5mL. Ka(S) [M

�1] = 1346 ± 18%.
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