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Abstract—Procedures to prepare cyclodextrins with carboxymethyl groups incorporated selectively at the primary (6-position) or second-
ary (2-position) are described. Complexation properties of the primary and secondary carboxymethylated derivatives of a-, b-, and c-
cyclodextrins are compared to native cyclodextrins and indiscriminately substituted carboxymethylated cyclodextrins, using phenir-
amine, chlorpheniramine, and brompheniramine as substrates. The stoichiometry of association of these substrates with the a-cyclodex-
trins is 1:1, whereas with the c-cyclodextrins, a 2:1 substrate:cyclodextrin complex forms. Data for the b-cyclodextrins suggest that there
is a mix of 1:1 and 2:1 substrate–cyclodextrin complexes. The position of the carboxymethyl groups on the cyclodextrin does not appear
to alter the geometry of substrate–cyclodextrin association. The effectiveness of the carboxymethylated cyclodextrins as chiral NMR dis-
criminating agents is compared with the native cyclodextrins. In all cases, the indiscriminately substituted a-, b-, and c-cyclodextrins are
more effective at enantiodistinction with the cationic substrates than native cyclodextrins or the derivatives with carboxymethyl groups at
the primary or secondary positions. Among a-, b-, and c-indiscriminately substituted cyclodextrins, there was no clearly optimal candi-
date for chiral NMR discrimination studies. The indiscriminately substituted carboxymethyl cyclodextrins are effective water-soluble chi-
ral NMR discrimination reagents for cationic substrates.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclodextrins are cyclic oligosaccharides consisting of var-
ious numbers of DD-glucose subunits connected by glycosidic
ether linkages. The most common are a-, b- and c-cyclodex-
trins, containing six, seven, and eight subunits, respectively.
These basket-like molecules can serve as hosts for smaller
molecules that insert into the cavity of the cyclodextrin.
One of the important applications of this host–guest associ-
ation behavior is enantiodiscrimination, which allows the
separation of enantiomers by gas chromatography, liquid
chromatography, or capillary electrophoresis, as well as
the analytical determination of enantiomeric excess by
NMR spectroscopy. Understanding the factors and mecha-
nisms that drive the associations between cyclodextrins and
their guests is at the heart of improving the methods cur-
rently available for the separation and discrimination of
enantiomeric substances.
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Native and derivatized cyclodextrins can be used to pro-
duce chiral discrimination in NMR spectroscopy.1–20 Sub-
sequent work showed that the small degree of enantiomeric
discrimination, that is often observed in the spectrum of
substrates in the presence of cyclodextrins, can be en-
hanced by coupling a paramagnetic lanthanide ion to the
system.21–23 Covalent attachment of a diethylenetriamine-
pentaacetic acid moiety to the cyclodextrin through an
amide bond provided the lanthanide binding site.

Another strategy for enhancing the discrimination induced
in the NMR spectrum of cationic substrates is to use cyclo-
dextrins with anionic substituent groups.15–18 In particular,
commercially available sulfated or carboxymethylated
derivatives can be used for this purpose.24,25 The sulfate
and carboxymethylate moieties also provide binding sites
for paramagnetic lanthanide ions, and addition of appro-
priate lanthanide ions to the systems often enhances the
enantiomeric discrimination in the NMR spectrum.24,25

Trends in the association of native and carboxymethylated
a-, b-, and c-cyclodextrins with cationic pheniramine 1,
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Figure 2. Cone-shaped representation of a cyclodextrin superimposed
with one DD-glucose subunit. Hydroxyls at the 2- and 3-positions define the
wider secondary side of the molecule, while the 6-position hydroxyl is
situated at the more narrow side.
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chlorpheniramine 2, and brompheniramine 3 (Fig. 1) will be
described in this work. Modified carboxymethylated a-, b-,
and c-cyclodextrins were prepared with selective derivatiza-
tion at the primary or 6-position (a-CDCM-6,
b-CDCM-6, c-CDCM-6) and secondary or 2-position (a-
CDCM-2, b-CDCM-2, c-CDCM-2) (Fig. 2). Derivatives
in which the primary and secondary sides were indiscrimi-
nately carboxymethylated (a-CDCM-Ind, b-CDCM-Ind,
c-CDCM-Ind) were also prepared and characterized.
Aspects of the stoichiometry and geometry of association,
as well as the utility of these reagents for chiral NMR
discrimination, are described.
2. Results and discussion

2.1. Synthesis and characterization

Preparation of the indiscriminate and secondary-substi-
tuted cyclodextrins was achieved by following established
procedures. Native a-, b-, or c-cyclodextrins were reacted
with sodium iodoacetate in aqueous sodium hydroxide
solution at room temperature to yield the indiscriminately
carboxymethylated cyclodextrins. Indiscriminate carboxy-
methylation refers to derivatives with the carboxymethyl
groups at the 2-, 3-, and 6-positions, although prior work
has shown that the 2-position tends to have the highest
extent of substitution.26 The 2-position hydroxyls were
readily and selectively functionalized with carboxymethyl
groups via sodium hydride and sodium iodoacetate at
room temperature in DMF.27 Increasing the reaction time
or temperature generally led to an increase in the degree of
substitution (DS) for both the indiscriminate and second-
ary derivatives. It was found that broadening of the carb-
oxymethyl and cyclodextrin resonances in the proton
NMR spectra was greatly intensified at higher DS because
of the large number of different derivatives in the mixture.
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Figure 1. Structures of the cationic pheniramine substrates.
A synthetic route to the selective primary carboxymethyl-
ation of a-, b-, and c-CD was established. It has been shown
that bases, such as pyridine or imidazole, activate the pri-
mary hydroxyl groups of cyclodextrins, rendering them
open to electrophillic attack.28 Reactions using chloroacetic
acid and sodium iodoacetate as electrophiles were explored,
and it became apparent that the cleanest reactions were ob-
tained with sodium iodoacetate. Pyridine proved to be the
best activating agent, provided it was used stoichiometri-
cally in DMF and not neat, as had been reported for other
6-position syntheses. The use of a minimum volume of
DMF as a solvent appeared to increase the solubility of
the reagents dramatically. The reaction of cyclodextrin
and sodium iodoacetate in the presence of pyridine in
DMF did not go forward at room temperature. Heating
to 80 �C for at least 24 h was necessary, and was accompa-
nied by a characteristic change from clear colorless to clou-
dy red-brown. The excess pyridine/pyridinium proved very
difficult to remove, even with the use of size exclusion chro-
matography. The best reduction in NMR-visible impurities
was achieved through successive washes with acetone.

NMR spectroscopy was relied upon for the characteriza-
tion of the carboxymethylated cyclodextrins. 1H NMR in
deuterium oxide clearly showed the methylene resonances
of the carboxymethyl groups as broadened singlets between
4.0 and 4.4 ppm. The cyclodextrin H1 resonance around
5.1 ppm splits into two more broad signals. 13C NMR spec-
tra were essential in confirming the carboxymethylation, as
a diagnostic peak arising from the carboxylate carbon ap-
pears around 179 ppm in all of the carboxymethylated spe-
cies. Other changes in the carbon spectrum depended upon
the position of the carboxymethyl group. For CDCM-Ind,
the resonances were severely broadened. CDCM-2 gives
rise to an additional C2 resonance at approximately
70 ppm, indicating the addition of a carboxymethyl group
at the 2-position, and a new peak at 62 ppm that was iden-
tified as the methylene carbon of the carboxymethyl group.
Addition of Yb(III)nitrate to the sample caused severe
broadening of the carbon signals at 62 and 179 ppm, con-
firming their assignment as those of the carboxymethyl
group. CDCM-6 did not show an additional peak at
70 ppm, though it did give rise to a new signal at about
62 ppm, which was attributed to the methylene protons
of the carboxymethyl groups.

In all cases, the DS was not completely uniform, meaning
that a mixture of cyclodextrins with varying degrees of car-
boxymethylation was obtained. The average degree of sub-



Figure 3. MALDI-MS data from c-CDCM-2 and c-CDCM-6 with
evidence for carboxymethylation labelled.
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stitution is easily calculated from the integration of the
NMR spectrum. The highest DS achieved for the
CDCM-6 derivatives was 2. The CDCM-2 and CDCM-
Ind derivatives were more highly carboxymethylated, with
typical DS values of 4 and 8, respectively. An NMR spec-
troscopic method was also used to determine the waters of
hydration of the CDCM-Ind derivatives. Values of 8, 11,
and 9 were obtained for batches of the a-, b-, and c-
CDCM-Ind, respectively.

MALDI-MS could be used to determine the highest DS
present for a particular sample. However, due to the facile
fragmentation of the carboxymethylated cyclodextrin sam-
ples, MALDI-MS was unable to provide information
about the relative abundance of cyclodextrins with varying
DS. MS–MS experiments were employed to demonstrate
this fragmentation phenomenon. The MALDI-MS data
were able to provide an indication of the highest degree
of carboxymethylation present (Fig. 3).

2.2. Stoichiometry

The stoichiometry of the association between a-, b- and c-
cyclodextrins and substrates (+)-2 and (+)-3 was deter-
mined by Job’s method,29–31 and found to be dependent
upon the size of the cyclodextrin. However, the stoichio-
metry of the association of 2 and 3 with a-, b-, and c-cyclo-
dextrins was independent of the substitution pattern of
carboxymethyl groups. Job plots of the a-CDs with 2
and 3 clearly indicate the formation of a 1:1 complex
(Fig. 4a), as evidenced by the peak at 0.5. The c-CDs
clearly associate with the substrates in a 1:2 ratio of host-
to-guest (Fig. 4b), as evidenced by the peak at about
0.66. The peaks with the largest Dd values were used in con-
structing the Job plots, and are indicated in Figure 4. Job
plots for b-CD were more difficult to interpret, and based
on various spectral phenomena and a prior report,32 we
believe that the complicated Job plots are the result of a
mixture of 1:1 and 1:2 complexes.

NMR spectral data provide further evidence for the pro-
posed stoichiometries. In the case of the b-CDs, 1H
NMR spectra of CD:substrate mixtures approaching 1:1
in molar concentration exhibit a distinct broadening that
is not seen in the spectra of either the a- or c-CDs under
the same conditions. This indicates that the exchange of
substrate in the b-cyclodextrin cavity slows to an interme-
diate rate at a 1:1 ratio, but is fast at all other concentration
ratios. The H2 and H3 proton resonances of 1, 2, and 3 shift
to higher frequency in the presence of the a-CDs, to lower
frequency with the c-CDs, and exhibit small shifts with the
b-CDs (Fig. 5). It is reasoned that the H2 and H3 protons
of 1, 2, and 3 are deshielded when they enter the cavity
of the cyclodextrin, as is clearly demonstrated for the 1:1
complex with the a-CDs. The shift to a lower frequency
of the H2 and H3 resonances of 1, 2, and 3 with the c-
CDs is reasonable since the two substrate aromatic rings
in the cavity are expected to shield each other. The small
shifts of the H2 and H3 resonances of 1, 2, and 3 in the pres-
ence of the b-CDs are likely accounted for by the presence
of 1:1 (deshielded) and 2:1 (shielded) complexes countering
each other. Further evidence for a 2:1 substrate-to-c-CD
complex is observed for a series of spectra taken with
increasing concentrations of the c-CD species. The shifts
in the 1H NMR spectra of 1, 2, and 3 (10 mM) increase
until the concentration of the c-CD species is raised to
5 mM and then level off at higher concentrations of the
c-CD. In contrast, for the a- and b-derivatives, the shifts
only begin to level off when cyclodextrin concentrations
of 10 mM are reached.

Even though the complexes of the substrates with the c-
CDs have a 2:1 stoichiometry, the exchange of substrate
molecules within the cavity is fast at all concentration
ratios studied. Distinct resonances are never observed for a
bound and unbound form of the substrate. The resonances
of 1–3 never broadened at any of the concentration ratios
studied with the c-CDs. Analysis of 2 and 3 enriched in
one enantiomer showed the expected enrichment of one
resonance of those that exhibited enantiomeric discrimina-
tion, which is also indicative of fast exchange conditions.
The spectrum of a single enantiomer of 2 and 3 showed
only one set of substrate resonances at all concentrations
of the c-CDs.

Scatchard plots were used in an attempt to determine the
association constants for (+)-2 and (+)-3 with certain of
the cyclodextrins. Values could be determined for com-
plexes of the a-CDs with 2 and 3, but very poor data were
obtained for the b- and c-CDs because of the presence of
the 2:1 complexes, rendering the Scatchard method unsuit-
able for such a determination.32–36 The association con-
stants of the cationic (+)-2 and (+)-3 with a-CDCM-Ind



Figure 4. (a) Job plot of a-CDCM-Ind with (+)-chlorpheniramine
maleate; (b) Job plot of c-CDCM-Ind with (+)-brompheniramine maleate.
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Figure 5. 1H NMR (400 MHz, D2O) of (a) 10 mM chlorpheniramine with
(b) 10 mM native a-CD; (c) 10 mM native b-CD; and (d) 10 mM native
c-CD.

1202 C. F. Dignam et al. / Tetrahedron: Asymmetry 17 (2006) 1199–1208
were much larger (ca. 650 M�1) than with the native a-CD
(ca. 30 M�1), indicating the importance of ion pair associ-
ation between the cationic moiety of the substrate and the
anionic carboxymethyl group.

2.3. Geometry of association

Shifts of the cyclodextrin resonances can be used as diag-
nostic signals to analyze the geometry of association be-
tween a substrate and the cyclodextrin. Aromatic guest
molecules that enter the cavity of the cyclodextrin induce
shifts to lower frequencies in the resonances of the internal
H3 and H5 protons. Since the H3 proton is located nearer
to the secondary face and the H5 proton is located nearer
to the primary face of the cyclodextrin, monitoring shifts
in these resonances can indicate the opening through which
the substrate enters and the depth of the insertion into the
cavity. The magnitude of the shifts of the internal cyclodex-
trin protons can also indicate how complementary the fit is
for a substrate in the cavity. A loose fit of a substrate into
the cavity will cause smaller shielding than one in which the
ring size and cavity size are more evenly matched. ROESY
experiments indicate protons of the substrate and cyclodex-
trin that are in close spatial proximity, and can be used to
give a more complete picture of the geometry of association
between the cyclodextrin and substrate.

A 1:1 mixture of a-CD with 2 and 3 exhibits shielding of the
internal H3 proton (ca. 0.2 ppm) and a slight deshielding of
H5 (ca. 0.05 ppm). A mixture of a-CD with 1 exhibits
shielding (ca. 0.1 ppm) of H3 and no shift in H5. ROESY
spectra were obtained for mixtures of 10 mM of 2 with
native a-CD at both 4 mM and 30 mM, and no interaction
was detected between any of the pyridyl protons and the
cyclodextrin protons. In contrast, ROESY interactions
are observed between the protons on the aromatic ring
and the protons on the interior of a-CD. The data indicate
that the aromatic ring of 1, 2, and 3 inserts into the cavity of
the a-CDs rather than the pyridyl ring. In all likelihood, the
nitrogen atom of the pyridyl ring is involved in hydrogen-
bonding with the hydroxyl groups at the face of the cyclo-
dextrin. The data further suggest that the H3 proton of 2
inserts deeply into the cavity, and interacts with both the
H3 and H5 protons of a-CD, whereas the H2 proton of
the substrate inserts only far enough to interact with H3

of the CD. A schematic drawing of the geometry of associ-
ation of 1, 2, and 3 with the a-CDs is shown in Figure 6. The
spatial proximity of the aromatic ring of the substrate and
H3 of the cyclodextrin results in shielding and the shift to
lower frequency. Presumably, the spatial proximity between
the halogen in 2 and 3 and H5 of the a-CD causes deshiel-
ding and accounts for the small shift to higher frequency
of the H5 resonance (Fig. 6). The deshielding of H5 of the
cyclodextrin is more pronounced for 3 than 2, presumably
because the larger bromine atom is closer to H5.

The geometry displayed in Figure 6 appears to be adopted
for all of the a-CDs, regardless of the position of the carb-
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oxymethyl groups. It might be expected that the a-CDCM-
6 would attract the positively charged pheniramine sub-
strates through the primary side opening, so as to allow
ion pairing with the anionic carboxymethylate group. Since
the H3 and H5 resonances of the a-CD and a-CDCM-6 ex-
hibit identical trends in the presence of 1, 2, and 3, it can be
concluded that these substrates associate through the sec-
ondary side of the cyclodextrin only and that the position
of the carboxymethyl group does not alter the geometry
of association adopted between the substrates and the
a-CDs. The association constants of 2 and 3 with a-
CDCM-6 is similar in magnitude to that with native
a-CD, which also agrees with the association at the second-
ary side of the cavity.

Both the H3 (ca. 0.17 ppm) and H5 (ca. 0.12 ppm) reso-
nances of the b-CDs exhibit substantial shielding upon
association with 1, 2, and 3 at 1:1 ratios, indicating that
the aromatic ring inserts more deeply into the cavity than
with the a-CDs. ROESY data further supports this asser-
tion because, unlike with the a-CDs where there was no
detected interaction between H2 of 2 and the internal H5

of the cyclodextrin, interactions are detected between the
internal H3 and H5 protons of b-CD and the H2 and H3

protons of the aromatic ring of 2. Similar to the findings
with the a-CDs, there is no evidence for an alteration in
the association geometry of the substrate with b-CDCM-
6 because the 1H NMR spectra of native b-CD and b-
CDCM-6 with 1, 2, and 3 are essentially identical.

Possible configurations of two substrate molecules inside
the c-CD cavity are illustrated in Figure 7. In one configu-
ration (Fig. 7b), both substrates enter the cavity from the
same side. This geometry would seem unlikely based upon
the steric considerations as well as the repulsive forces be-
tween the two halogen atoms. An alternative configuration
(Fig. 7a) in which one substrate enters from the primary
side and the other enters from the secondary side seems
more likely, and is supported by NMR shift and prelimin-
ary ROESY data. The H3 (ca. 0.1 ppm) and H5 (ca.
0.1 ppm) resonances of the c-CDs exhibit upfield shifts in
the presence of 1, 2, and 3 at 1:1 ratios, although they were
not as large as those with b-CD. The smaller shift of the
internal c-CD proton resonances relative to those with b-
CD likely reflects a looser fit of the substrate in the cavity,
even though it forms a 2:1 complex with the c-CD. Similar
to the b-CD, ROESY data show clear interactions between
the H2 and H3 protons of 2 and the H3 and H5 protons of
the c-CD. Interestingly, a weak interaction between the H6
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Figure 6. Schematic drawing of the geometry of association of (a) 2; (b) 3; an
proton of the c-CD (primary side of molecule, Fig. 2) and
the H03 and H05 pyridyl protons appears to show up in the
ROESY spectrum, which is suggestive of the configuration
in Figure 7a. As with the a- and b-CDs, the association
geometry for 1, 2, and 3 appears to be the same with c-
CD, c-CDCM-6, c-CDCM-2 and c-CDCM-Ind, although
the shifts of the substrate resonances are smaller with the
native c-CD than with the carboxymethyl derivatives.
Given the geometry shown in Figure 7a, carboxymethylation
at the primary or secondary side would stabilize the associ-
ation of cationic substrates. One other observation, which
is consistent with the geometry shown in Figure 7a is that
the upfield shift of the H3 resonances of 1, 2, and 3 with the
c-CDs is larger than that of the H2 resonance. The align-
ment of two aromatic rings in the c-CD cavity is expected
to cause more shielding of the H3 proton of 1, 2, and 3.
Further efforts to characterize the 2:1 substrate–c-CD com-
plexes either through crystallographic data or additional
ROESY data are underway, and the proposed geometry
of the complexes shown in Figure 7a must still be consid-
ered tentative.

2.4. Substrate resonances

The effect of a-CD, b-CD, and c-CD and each of their car-
boxymethylated derivatives in causing shifts and enantio-
meric discrimination in the 1H NMR spectra of 1, 2, and
3 was examined. Figures 8–10 provide a representative
comparison of the effects of the different cyclodextrins on
the aromatic portion of the 1H NMR spectrum of 2. The
effect of the presence of the anionic carboxymethyl groups
on the secondary face of the a-CD has pronounced effects
on the extent of enantiomeric discrimination in the spec-
trum. The addition of a-CD and a-CDCM-6 causes almost
no discernible enantiomeric discrimination in the 1H NMR
spectrum of 2 (Fig. 8). The addition of a-CDCM-2 causes a
slight enantiomeric discrimination of the H03 and H04 reso-
nances. The addition of the highly substituted a-CDCM-
Ind causes baseline discrimination of the H04 and H03 reso-
nances and partial discrimination of the methine resonance
of the aliphatic group. Even though the resonances of the
protons on the aromatic ring of 2 show the larger shifts
in the presence of the a-CDs, the substantial enantiomeric
discrimination of the H03 and H04 resonances on the pyridyl
ring demonstrates the significance of the association of this
ring with the chiral sites on the secondary face.

As with the a-CD series, b-CD and b-CDCM-6 cause
almost no discernible enantiomeric discrimination in the
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1H NMR spectrum of 2, whereas b-CDCM-2 causes partial
discrimination of the H04 and H06 resonances, and b-
CDCM-Ind causes baseline enantiomeric discrimination
of the H04 and H06 resonances (Fig. 9).

The c-CDs produce far less discrimination of the pyridyl
resonances than the a- and b-CD series, but rather large
shifts and discrimination of the H2 and H3 resonances
(Fig. 10). The different enantiodiscriminating behavior of
the c-CDs relative to the a- and b-CDs likely reflects the
differences caused by the 2:1 complexes with the c-CDs.
The c-CDCM-6 causes partial enantiomeric discrimination
of H3. The c-CDCM-2 is more effective and causes partial
enantiomeric discrimination of H2, H3, and H04. The dis-
crimination is greatest with c-CDCM-Ind, which in addi-
tion to causing partial enantiomeric discrimination of H2

and H04, is unique in causing baseline discrimination of
the H3 resonance.
7.47.67.88.08.28.4 ppm
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Figure 8. 1H NMR (400 MHz, D2O) of (a) 10 mM chlorpheniramine with
10 mM (b) a-CD, (c) a-CDCM-Ind, (d) a-CDCM-2, and (e) a-CDCM-6.
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(a) 

Figure 9. 1H NMR (400 MHz, D2O) of (a) 10 mM chlorpheniramine with
10 mM (b) b-CD, (c) b-CDCM-Ind, (d) b-CDCM-2, and (e) b-CDCM-6.
Impurities are marked by ‘x’.
Enantiomeric discrimination in the 1H NMR spectra of 1,
2, and 3 (10 mM) with the various CDs (10 mM) are pro-
vided in Table 1. Data are only provided for those protons
that had distinct resonances in the spectrum. There are
likely instances when a resonance did exhibit enantiomeric
discrimination that was obscured by its overlapping with
other resonances in the spectrum. The general effectiveness
of the highly anionic indiscriminately substituted cyclodex-
trins at causing enantiomeric discrimination relative to the
native and selective primary and secondary derivatives is
apparent, although none of the a-, b- and c-CDCM-Ind
derivatives are consistently the most effective.

For example, the b-CDCM-Ind is unique in causing base-
line discrimination of the H06 resonance of 1, 2, and 3,
whereas the a-CDCM-Ind is unique in causing baseline dis-
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with 10 mM (b) c-CD, (c) c-CDCM-Ind, (d) c-CDCM-2 and (e) c-
CDCM-6. Impurities are marked by ‘x’.
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crimination of the H03 resonance of 1, 2, and 3. Both the a-
and b-CDCM-Ind cause baseline discrimination of the H04
resonance of 1, 2, and 3. The c-CDCM-Ind is unique in
causing baseline discrimination of the H3 resonance of 2
and 3.

The cyclodextrins also have different effects on the reso-
nances of the aliphatic groups of 1, 2, and 3. The diastereo-
topic hydrogen atoms of the methylene group a to the
nitrogen atom are not resolved in the 1H NMR spectra
of all three substrates, and appear as a triplet at about
3.1 ppm. The resonances of the diastereotopic hydrogen
atoms on the methylene group b to the nitrogen atom are
resolved, and two complex multiplets centered at about
2.5 and 2.7 ppm appear in the spectrum. For 1, the addi-
tion of various a-CDs produces no significant changes in
the resonances of the aliphatic group. The b-CDs cause a
substantial resolution of the diastereotopic hydrogen
atoms of the a-methylene group and enhance the diastereo-
topic resolution of the b-methylene group. Finally, the
addition of the c-CDs causes no significant changes to
the resonances of the a-methylene group and only a slight
improvement in the resolution of the b-methylene hydro-
gen resonances. These data suggest that the complex of 1
with the b-CDs constrains the motion of the aliphatic chain
more so than the a- or c-CDs, thereby accounting for the
greater resolution of the diastereotopic hydrogen atoms.

The behavior of the resonances of the diastereotopic
hydrogen atoms of the aliphatic groups of 2 and 3 shows
a different trend than that observed for 1. For example,
the addition of a-CDs to 2 and 3 causes substantial resolu-
tion of the diastereotopic a-methylene hydrogen reso-
nances but diminishes the resolution of the diastereotopic
b-methylene resonances. The b-CDs and c-CDs cause
enhancements in the resolution of both sets of diastereo-
topic methylene resonances, although the extent was great-
er with the b-CDs. Obviously, there are a variety of subtle
and different interactions of these cationic aliphatic substi-
tuent groups with the carboxymethyl and hydroxyl groups
of the different sized cyclodextrins. In all cases, the reso-
nances were too complex to reliably use them in analyzing
for the presence of enantiomeric discrimination.
3. Conclusions

Among the native, CDCM-6, CDCM-2, and CDCM-Ind
derivatives, the best enantiomeric discrimination was
always observed with the most highly anionic, indiscrimi-
nately carboxymethylated cyclodextrins. CDCM-2 deriva-
tives were more similar to CDCM-Ind in their ability to
cause discrimination in the NMR spectra of pheniramine
type substrates. CDCM-6 derivatives were most similar
to the native cyclodextrins in their effect on the NMR
spectra of the substrates. Incorporation of the carboxy-
methyl groups on the primary face did not appear to alter
the association of pheniramine-type substrates with the
cyclodextrins. Data indicate that these substrates form
2:1 complexes with the c-CDs, 1:1 with the a-CDs, and a
mixture of 2:1 and 1:1 with the b-CDs. No particular
CDCM-Ind derivative was most effective at causing enan-
tiomeric discrimination for all of the substrates. Evaluating
all three of the CDCM-Ind compounds, is therefore,
warranted for applications with other substrates.
4. Experimental

4.1. Reagents

All reagents were obtained from major commercial suppli-
ers. The a-, b-, and c-cyclodextrins were dried in an Abder-
holden using phosphorus pentoxide as the drying agent and
1-butanol as the solvent.

4.2. Instrumentation

All 1H (32 scans) and 13C spectra (1024 scans) were col-
lected on a Bruker Avance 400 MHz NMR spectrometer.
Samples were run in D2O at ambient probe temperature,
and 1H NMR spectra were calibrated using the HOD peak
at 4.79 ppm. The 13C NMR spectra were calibrated with a
small quantity of internal methanol as a standard. When
necessary, assignments were confirmed using 2D-COSY
spectra. ROESY spectra were obtained using the standard
parameters incorporated into the Bruker software with a
mixing time of 200 ms. Mass spectra were collected on an
IonSpec (Irvine, CA) HiRes MALDI-FTMS equipped with
a 4.7 T magnet.

4.3. Preparation of the indiscriminately substituted
cyclodextrins

4.3.1. a-CDCM-Ind. a-Cyclodextrin (5.0 g, 5.14 mmol)
was diluted with 70 mL of distilled water and stirred, while
NaOH (4.93 g, 123.3 mmol) dissolved in 300 mL distilled



Table 1. Enantiomeric discrimination in ppm in the 1H NMR spectrum (400 MHz) of 1, 2, and 3 with different cyclodextrin derivatives (* indicates
baseline discrimination of the resonance)

1 CH H4 H03 H04 H06

a-CDCM-2 0.010 — 0.010 0.019 —
a-CDCM-Ind 0.039 — 0.075* 0.080* 0.014

b-CDCM-6 — — 0.010 — —
b-CDCM-2 — — — 0.010 0.008
b-CDCM-Ind — — — 0.075* 0.042*

c-CD — 0.019 — — —
c-CDCM-6 — 0.019 — — —
c-CDCM-2 — 0.008 — 0.005 —
c-CDCM-Ind — 0.018 0.008 0.028 0.013

2 CH H2 H3 H03 H04 H06

a-CDCM-6 — — — — 0.007 —
a-CDCM-2 — — — 0.019 0.019 —
a-CDCM-Ind 0.022 — — 0.075* 0.075* —

b-CD — — — — 0.009 —
b-CDCM-2 — — — — 0.016 0.010
b-CDCM-Ind — — — — 0.074* 0.048*

c-CD 0.030 0.011 0.014 — — —
c-CDCM-6 0.020 0.021 — — — —
c-CDCM-2 — 0.016 0.018 — 0.018 —
c-CDCM-Ind — 0.013 0.041* — 0.032 —

3 CH H2 H3 H03 H04 H06

a-CD — — — — 0.006 —
a-CDCM-2 — — — 0.018 0.020 —
a-CDCM-Ind 0.021 — 0.020 0.069* 0.069* 0.010

b-CD — 0.018 0.009 0.012 0.012 —
b-CDCM-6 0.008 0.015 0.007 — 0.010 0.009
b-CDCM-2 — 0.021 0.008 0.017 0.020 0.009
b-CDCM-Ind — 0.034 0.016 0.021 0.074* 0.047*

c-CD 0.020 — — — — —
c-CDCM-6 0.020 — — — — —
c-CDCM-2 — 0.023 — 0.017 0.008 —
c-CDCM-Ind — 0.030 0.040* 0.021 0.020 —
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H2O was added. Sodium iodoacetate (25.6 g, 123.3 mmol)
was added as a solid, and the mixture was stirred at room
temperature for 18–24 h. Methanol was added to precipi-
tate a white solid, which was washed with acetone and
dried. 1H NMR (D2O): d = 5.3 and 5.1 ppm (2s, br, H1);
4.4–4.05, CH2COONa; 4.05–3.8 (m, H3,5,6); 3.65–3.47 (m,
H4); 3.5–3.4 (m, br, H2). 13C NMR (D2O): 178–179 ppm
(COONa); 102, 100, 82, 80, 73–70 (m, br), 61.

4.3.2. b-CDCM-Ind. b-Cyclodextrin (1.0 g, 2.2 mmol)
was suspended in 30 mL of distilled water and stirred, while
NaOH (0.99 g, 25 mmol) and sodium iodoacetate (5.13 g,
25 mmol) were added as solids. The mixture was stirred
at room temperature overnight, then reduced in volume
by rotary evaporation. Acetone (30 mL), followed by
methanol (10 mL) was added to precipitate the product.
The sticky white solid was collected by filtration and stirred
in acetone for 36 h to yield a more free-flowing white solid
that was collected by filtration and stored in a vacuum
dessicator. 1H NMR (D2O): d = 5.3 and 5.1 ppm (2s, br,
H1); 4.4–4.05, CH2COONa; 4.0–3.85 (m, H3,5,6); 3.5–3.47
(m, H4); 3.5–3.4 (m, br, H2). 13C NMR (D2O): 180 ppm
(COONa); 165, 102, 82, 73–70 (m, br), 60, 50.

4.3.3. c-CDCM-Ind. c-Cyclodextrin (0.50 g, 0.385 mmol)
was placed in a 100 mL rbf and dissolved in 6 mL distilled
water. NaOH (0.493 g, 12.32 mmol) was dissolved in
20 mL distilled water and added to the cyclodextrin solu-
tion all at once. Sodium iodoacetate (2.56 g, 12.32 mmol)
was then added as a solid to the reaction flask and stirred
for 18 h at room temperature. The solvent was reduced to
20 mL by rotary evaporation. Methanol was added
(45 mL) to precipitate out the product, which was collected
by filtration on a glass frit and placed in a vacuum dessica-
tor to dry. A quantitative yield was obtained. 1H NMR
(D2O): d = 5.4–5.1 ppm (s, br, H1); 4.4–4.0, CH2COONa;
4.0–3.5 (br, H3,5,6,2,4). 13C NMR (D2O): 180 ppm (COO-
Na); 165, 102, 82, 73–70 (m, br), 60, 50. 13C NMR
(D2O): 180 ppm (COONa); 165, 102, 82, 73–70 (m, br),
60, 50.
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4.4. Preparation of 2-position carboxymethylated
cyclodextrins

4.4.1. a-CDCM-2. Dry a-cyclodextrin (1.0 g, 0.88 mmol)
was diluted with anyhydrous DMF (20 mL) and degassed
thoroughly. Sodium hydride (60% dispersion in mineral
oil, 0.58 g, 14.5 mmol) was added to the mixture as a solid
under a positive pressure of N2, and stirred for 48 h while it
formed a gel. Sodium iodoacetate (1.25 g, 6 mmol) was
added as a solid and stirring was continued for an addi-
tional 48 h. The reaction mixture was filtered on a glass frit,
and then washed with acetone for 24 h. Filtration yielded a
white powder in quantitative yield. 1H NMR (D2O):
d = 5.03 ppm (d, H1); 4.3–4.1 (various peaks, CH2COO-
Na); 4.02–3.85 (m, H3,5,6); 3.65–3.55 (m, H2/H4). 13C
NMR (D2O): 180 ppm (COONa); 104, 84, 80, 76, 74, 67,
64, 63, 62.

4.4.2. b-CDCM-2. Dry b-cyclodextrin (2.5 g, 2.2 mmol)
was diluted with 100 mL of anhydrous DMF and degassed
thoroughly. Sodium hydride (60% dispersion in mineral oil,
0.66 g, 3.2 mmol) was added under a positive pressure of
N2, and the mixture stirred for 24 h. Sodium iodoacetate
(3.53 g, 17 mmol) was added to the gel-like mixture and
the cloudy, yellow-tinted solution stirred for an additional
24 h at room temperature. The solvent was removed by
rotary evaporation, and the resulting white residue was
washed with acetone and then filtered through a glass frit
to yield a white solid that was stored in a vacuum dessica-
tor. 1H NMR (D2O): d = 5.25 and 5.15 ppm (2s, H1); 4.45
(s, CH2COONa); 4.0–3.8 (m, H3,5,6); 3.6–3.4 (m, H2/H4).
13C NMR (D2O): 180 ppm (COONa); 104, 84, 80, 76, 74,
67, 64, 63, 62.

4.4.3. c-CDCM-2. Anhydrous DMF (30 mL) was added
to a 100 mL three-neck rbf containing dried c-cyclodextrin
(1.0 g, 0.77 mmol). The flask was degassed and sodium hy-
dride (60% dispersion in mineral oil, 0.26 g, 6.4 mmol) was
added at once under positive pressure of N2. The reaction
was stirred for 24 h at room temperature, forming a white
gel. Sodium iodoacetate (1.35 g, 6.4 mmol) was then added
under a positive pressure of N2. The solution turned yel-
lowish and stirring was continued for an additional 24 h.
The solvent was reduced by rotary evaporation, and a vol-
ume of acetone sufficient enough to produce precipitation
of the product as a white solid was added. To loosen the
product, the acetone mixture was stirred for 3 h after which
the product was collected on a glass frit and then dried in a
vacuum dessicator. A quantitative yield was obtained. 1H
NMR (D2O): d = 5.4 ppm (br, H1); 4.6–4.1 (s, CH2COO-
Na); 4.0–3.8 (m, H3,5,6); 3.6–3.4 (m, H2/H4). 13C NMR
(D2O): 180 ppm (COONa); 104, 84, 80, 76, 74, 67, 64, 63,
62.

4.5. Preparation of 6-position carboxymethylated
cyclodextrins

4.5.1. a-CDCM-6. Dry a-cyclodextrin (1.0 g, 0.88 mmol)
was diluted with anyhydrous DMF (15 mL). Anhydrous
pyridine (0.90 mL, 11 mmol) was syringed into the solu-
tion, followed by sodium iodoacetate (1.25 g, 5.6 mmol).
The reaction was stirred at 80–90 �C for 48 h. The solvent
was reduced in volume by rotary evaporation. The brown
sticky residue was stirred in acetone for 48 h and then the
resulting brown powder was filtered by vacuum filtration.
1H NMR (D2O): d = 5.1–5.0 ppm, (d, H1), 4.6–4.3 (various
peaks, CH2COONa); 4.1–3.8 (m, H3,5,6); 3.7–3.5 (m, H2/
H4). 13C NMR (D2O): 180 ppm (COONa); 103, 82, 74,
73, 72, 62, 61.

4.5.2. b-CDCM-6. Dry b-cyclodextrin (2.5 g, 2.2 mmol)
was diluted with anhydrous DMF (100 mL) and degassed
thoroughly. Anhydrous pyridine was added via a syringe
(2.3 g, 30 mmol), followed by the addition of sodium
iodoacetate (3.53 g, 17 mmol). The mixture was stirred at
90 �C for 24 h. The solvent was reduced by rotary evapora-
tion, and then the sticky brownish solid was washed with
acetone until it was free-flowing and suitable for filtration
on a glass frit. The yellowish brown product was collected.
Size exclusion chromatography with P-2 Biogel was used to
purify the crude product, employing a 0.05 M ammonium
bicarbonate buffer as the mobile phase. Yield 29%. 1H
NMR (D2O): d = 5.1 ppm (s, H1), 4.45 (s, CH2COONa);
4.0–3.8 (m, H3,5,6); 3.7–3.5 (m, H2/H4). 13C NMR (D2O):
180 ppm (COONa); 104, 82, 78, 77, 76, 62, 60.

4.5.3. c-CDCM-6. Dried c-cyclodextrin (1.0 g,
0.771 mmol) was placed in a 50 mL rbf and dissolved under
N2 in 15 mL anhydrous DMF. Anhydrous pyridine
(0.75 mL, 9.25 mmol) was added via a syringe. After
5 min, sodium iodoacetate (0.802 g, 0.386 mmol) was
added as a solid under positive pressure of N2. After thor-
ough degassing, the reaction was heated to 90 �C for 24 h.
The solvent was removed by rotary evaporation and ace-
tone was added to the flask to loosen the sticky brown
solid, and the acetone mixture was stirred overnight. The
product was collected by vacuum filtration and dried in a
vacuum dessicator. The crude product was purified by ste-
ric exclusion chromatography on P-2 Biogel in a 0.05 M
ammonium bicarbonate buffer. Yield 34%. 1H NMR
(D2O): d = 5.1–5.0 ppm (d, H1), 4.6–4.3 (various peaks,
CH2COONa); 4.1–3.8 (m, H3,5,6); 3.7–3.5 (m, H2/H4).
13C NMR (D2O): 180 ppm (COONa); 103, 82, 74, 73, 72,
62, 61.

4.6. NMR spectra for chiral discrimination studies

Solutions of the chiral substrates (10 mM) in D2O were
prepared and enriched with one of the enantiomers when
available. An appropriate weight of the cyclodextrin was
added to a 600 ll sample in the NMR tube to obtain the
desired concentration.

4.7. Determination of stoichiometry and association
constants

Stoichiometries of complexes with the cyclodextrins were
determined using Job’s method.29–31 The concentration of
the cyclodextrin and substrate were continuously varied
throughout the series, while maintaining a total concentra-
tion of 20 mM. Association constants were determined
using the Foster–Fyfe adaptation of the Scatchard meth-
od.33–36 This method was carried out by performing a series
of infinite dilutions of the cyclodextrin, while maintaining



1208 C. F. Dignam et al. / Tetrahedron: Asymmetry 17 (2006) 1199–1208
the concentration of the substrate at 2 mM. A 100 mM
stock solution of the cyclodextrin was diluted with a
2 mM solution of the substrate to obtain cyclodextrin con-
centrations ranging from 50 to 1 mM.

4.8. Preparation of sample for mass spectrometry analysis

The mass spectra for the 2-CDCM and Ind-CDCM deriv-
atives were obtained in a matrix of dihydroxybenzoic acid
and sodium acetate in water–methanol. The spectrum for
6-CDCM was run in a less acidic 6-aza-2-thiothymine
(ATT) matrix in acetone/water. MS–MS was used to con-
firm that fragments arose from the parent cyclodextrin
compound.

4.9. Determination of waters of hydration of the cyclodextrin
derivatives

The 1H NMR spectrum of a 1 mL sample of anhydrous
deuterated dimethyl sulfoxide (DMSO) with tetramethylsi-
lane (0.1% v/v) was obtained, and the integrated area of the
residual water resonance was compared to that of the TMS
resonance. A quantitative amount of sample (usually about
25 mg) was then added to the NMR solvent, shaken, and
centrifuged. The supernatant, which contained waters of
hydration from the cyclodextrin, was removed and the
increase in area of the water peak relative to that of TMS
was determined. By appropriate calculations, the moles
of water in the NMR tube and then the stoichiometry in
the cyclodextrin could be determined. A comparison of
the area of the resonance for the residual hydrogen atoms
of the DMSO also served as a check on the calculations.
The applicability of the method was confirmed by the anal-
ysis of a commercial b-cyclodextrin with known number of
waters of hydration.
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