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istorted cyclic triptycenes: chiral
stationary phases for HPLC†
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A pair of optically active triptycene derivatives ((R,R)- and (S,S)-8) with a distorted cyclic structure were

synthesized via an intramolecular etherification and evaluated as a novel chiral selector for high-

performance liquid chromatography. The (R,R)- and (S,S)-8-based chiral stationary phases (CSPs) were

found to be particularly effective in the resolution of axially chiral biaryl compounds. The importance of

the distorted cyclic structure present in 8 for chiral recognition was demonstrated by comparisons with

the corresponding non-cyclic model compound ((R,R)-9), which did not display enantioselectivity in the

separation of the test racemates.
Enantiodiscrimination is present in all living organisms, and
different enantiomeric compounds oen show different physi-
ological activities in a biological system.1–4 The systematic
investigation of biological properties of individual enantiomers
is essential, particularly in the development of new chiral drugs.
Therefore, the efficient preparation of both enantiopure
isomers and the precise determination of the enantiomeric
excess (ee) of chiral compounds is of ever increasingly impor-
tance.5–9 Direct resolution by high-performance liquid chroma-
tography (HPLC) using a chiral stationary phase (CSP) is
a powerful technique for this purpose as a result of its
simplicity, reproducibility and scalability.10–15 A wide variety of
CSPs consisting of optically active molecules or polymers have
been developed to date.16–19 The complexity and diversity of
chiral pharmaceuticals and related compounds is increasing
daily and correspondingly current methods do not always
provide adequate methods for the separation on CSPs, as
a result the parallel development of novel chiral selectors is
required to meet this expanding diversity.

Triptycene is a paddle-wheel shaped aromatic hydrocarbon
with D3h-symmetry, consisting of three benzene rings in a [2.2.2]
ring structure with two bridgehead carbons.20–25 Although the
unsubstituted triptycene scaffold is achiral, many derivatives
can be inherently chiral depending on the substitution
pattern.26–29 In such cases, the bridgehead carbons in triptycene
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units become asymmetric centers. Recently, chiral triptycenes
showing enantioselective recognition30 and asymmetric cata-
lytic activities31 have been developed. We have reported that
optically active triptycene-based supramolecular systems32 and
polymers33 can be designed as circularly polarized lumines-
cence materials. Considering the unique structural features of
triptycene, including a three-dimensional framework with very
limited conformational freedom, we anticipated that promising
chiral recognition materials can be developed through appro-
priate modication of triptycene.

To create novel functional materials using a chiral triptycene
framework, we designed and synthesized a pair of enantiomeric
chiral selectors ((R,R)- and (S,S)-8, Scheme 1), which have
a cyclic structure distorted by the chirality of triptycene unit.
The chiral recognition abilities of optically active triptycenes
were evaluated as CSPs for HPLC separations. We demonstrate
that a distorted cyclic structure in (R,R)- and (S,S)-8 is particu-
larly important in the efficient enantioseparation of axially
chiral biaryl compounds.

The synthetic route to the target optically active compound 8
is shown in Scheme 1. Key intermediate rac-2,6-diamino-
triptycene (1) was amidated with 2-[2-(2-chloroethoxy)ethoxy]
acetic acid (2), then reacted with mono-protected catechol
derivatives (4a and 4b) to give rac-5, containing two regioisom-
ers differing in the substitution position of the protected
ethynyl group. Because these isomers are converted into an
identical product (rac-7) in the next two reactions, the resulting
regioisomeric mixture was carried forward to the next step
without separation. Aer deprotecting the methoxymethyl
(MOM) ether of rac-5 with HCl, an intramolecular etherication
of rac-6 was conducted under dilute conditions, affording cyclic
compound rac-7 in 78% yield. (R,R)- and (S,S)-7 were success-
fully obtained by resolution of rac-7 with preparative HPLC on
a chiral column (Daicel Chiralpak IG) (Fig. 1A). We conrmed
RSC Adv., 2018, 8, 20483–20487 | 20483
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Scheme 1 Synthesis of optically active triptycene derivatives ((R,R)-
and (S,S)-8) with a distorted cyclic structure.

Fig. 1 Elution profiles of rac-7 (A), (R,R)-7 (B) and (S,S)-7 (C) on Chir-
alpak IG (column, 25 cm � 0.46 cm (i.d.); eluent, hexane/ethyl acetate
(3/2, v/v); flow rate, 0.4 mL min�1; temperature, ca. 20 �C). The
chromatograms depict UV traces recorded at 254 nm. (D) CD and
absorption spectra of the first- (red line) and second-eluted (blue line)
components in chloroform at 25 �C. [7] ¼ 1.0 � 10�4 M.

Chart 1

Scheme 2 Immobilization of (R,R)- and (S,S)-8 onto A-silica.
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that the two fractionated components had enantiomeric rela-
tionships with each other by circular dichroism (CD) spectros-
copy (Fig. 1D) and that they are pure with ee values > 96%
(Fig. 1B and C). The absolute congurations of the rst- and
second-eluted components in Fig. 1A were assigned as 9R,10R
and 9S,10S, respectively. This assignment is based on the
comparison of the CD spectral patterns of optically active 1,
prepared from the rst-eluted components in Fig. 1A and a re-
ported triptycene derivative with a 9R,10R conguration ((R,R)-
1a in Fig. S1, ESI†).34 The subsequent deprotection of the trii-
sopropylsilyl group of (R,R)- or (S,S)-7 gave the corresponding
optically active 8 bearing an ethynyl cross-linkable group. As
expected, the resulting 8 maintained a high enantiopurity of
>96% ee (Fig. S2, ESI†). We also prepared a corresponding non-
cyclic compound ((R,R)-9, Chart 1) bearing diethylene glycol
20484 | RSC Adv., 2018, 8, 20483–20487
moieties for comparative studies (Scheme S1C and Fig. S3,
ESI†).

Scheme 2 outlines the immobilization scheme on silica. The
Huisgen 1,3-dipolar cycloaddition reaction between the azide-
functionalized silica gel (A-silica) and the ethynyl group of 8
or 9 was affected using copper(I) iodide as the catalyst in
a mixture of N,N-dimethylformamide and triethylamine.35 This
afforded a chiral packing material containing a triptycene
derivative immobilized onto the silica surface through the 1,2,3-
triazole linker. The presence of triptycene derivatives immobi-
lized on the silica gel was conrmed by infrared spectroscopy
(Fig. S4–6, ESI†), and their contents in the modied silica gel
were determined to be approximately 7 wt% by thermogravi-
metric analysis, from which the number of chiral selectors per
unit weight of the modied silica gel was calculated to be ca. 6
� 1019 g�1. Based on the crystal structure of an analogue of 8 (80,
Chart 1), which did not contain an ethynyl group, the area
occupied per single chiral selector is estimated to be ca. 1.5 �
10�18 m2 (Fig. S7A, ESI†). Thus, the area covered with chiral
selectors per unit weight of the modied silica gel was deter-
mined to be ca. 90 m2 g�1 (Fig. S7B, ESI†). Considering that the
specic surface area of the silica gel used is ca. 100 m2 g�1, most
of the silica surface is covered with the chiral selectors. This
reasoning is predicated on the assumption that the chiral
selectors are immobilized onto the silica surface as a mono-
layer. To investigate the chiral recognition ability as a CSP for
This journal is © The Royal Society of Chemistry 2018
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Chart 2

Table 1 Resolutions of racemates on the triptycene-based CSPsa

CSP (R,R)-8 (S,S)-8 (R,R)-9

Racemate k1 a k1 a k1 a

10 1.54 (S) 1.14 1.40 (R) 1.13 1.14 1.00
11a 5.82 (S) 1.09 5.87 (R) 1.08 4.87 1.00
11b 7.49 (S) 1.14 7.24 (R) 1.11 6.74 1.00
11c 8.09 1.00 7.48 1.00 6.56 1.00
11d 1.27 1.00 1.22 1.00 0.71 1.00
11e 9.66 1.00 9.48 1.00 7.22 1.00

a Column: 25 cm � 0.20 cm (i.d.). Eluent: hexane/ethanol (97/3, v/v).
Flow rate: 0.20 mL min�1. Temperature: 20 �C. The characters in
parentheses represent the absolute conguration of the rst-eluted
enantiomer.

Fig. 3 X-ray crystal structure of 80 represented by a stick model. The
hydrogen bonds are indicated by purple dashed lines.
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HPLC, the resultant materials were packed into stainless-steel
columns using the slurry method.36 Their resolution abilities
for six racemic compounds (10 and 11a–e, Chart 2) were eval-
uated using a hexane/ethanol mixture as an eluent. The reso-
lution results are summarized in Table 1, and Fig. 2A shows the
representative chromatograms for the resolution of rac-10 on
the (R,R)-8-based CSP, in which the enantiomers were eluted at
retention times of t1 and t2. The hold-up time (t0) was estimated
to be 6.43 min and the retention factors, k1 [¼ (t1 � t0)/t0] and k2
[¼ (t2 � t0)/t0], were calculated to be 1.54 and 1.76, respectively,
leading to a separation factor a (¼ k2/k1) of 1.14.

The (R,R)-8-based CSP displayed an efficient chiral recogni-
tion ability toward axially chiral biaryl compounds (10, 11a and
11b; Fig. 2). In all cases, the (S)-isomers eluted rst, followed by
the (R)-isomers, indicating that the (R,R)-8-based CSP interacts
preferentially with the (R)-isomers rather than the correspond-
ing antipodes. Conversely, 11d and 11e, which did not have
Fig. 2 Chromatograms for the resolution of 10 (A), 11a (B) and 11b (C) on
hexane/2-propanol (97/3, v/v); flow rate, 0.2 mL min�1; temperature, 20
recorded at 254 nm, respectively.

This journal is © The Royal Society of Chemistry 2018
a substituent at the para-position of the phenyl ring, were not
resolved on the (R,R)-8-based CSP. It appears that the para-
substituted nitro and cyano groups in 10, 11a and 11b act as key
interaction sites with (R,R)-8. The k1 values for 10, 11a and 11b
gradually decreased with an increase in the eluent polarity
accompanied by an increase in the ethanol content (Table S1,
ESI†), and electrostatic interactions, including hydrogen
bonding with the amide groups and dipole–dipole interaction
with the ether groups, appear to have a dominant role in the
chiral recognition on (R,R)-8. When the NMR spectrum of (R,R)-
8 in CDCl3 (30 mM) was measured in the presence of an equi-
molar amount of rac-10 (Fig. S8, ESI†), the methylene proton
resonances (ca. 3.5–3.9 ppm) derived from the ethylene glycol
residues were slightly shied to downeld compared with those
of pure (R,R)-8. Alternatively, no clear difference was observed in
the NH resonance region around 8.7 ppm. These observations
indicate that the ether groups arranged along the distorted
cyclic structure in (R,R)-8 may be more important enantiodis-
crimination sites than the amide groups. Fig. 3 displays the X-
ray crystal structure of 80 (Chart 1).37 The X-ray crystallo-
graphic analysis revealed that the NH hydrogens are interacting
with the ether oxygens through intramolecular hydrogen
bonding. This suggests a minimal contribution of the NH group
in (R,R)-8 to the molecular recognition. Our understanding of
the basis for separation is limited at present. The exact chiral
discrimination mechanism for (R,R)-8 will require additional
investigations, including 2D NMR and computational simula-
tion studies, which are ongoing. No resolution was observed for
the (R,R)-8-based CSP (column dimensions, 25� 0.20 cm (i.d.); eluent,
�C). The lower and upper chromatograms depict the UV and CD traces

RSC Adv., 2018, 8, 20483–20487 | 20485
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racemic 11c, which has a exible methylene spacer between the
ester and nitrophenyl groups, with a (R,R)-8-based CSP. Here the
increased conformational freedom of the analyte probably
makes it difficult for (R,R)-8 to discriminate between the
chirality of (R)- and (S)-11c. We also observed that resolution
with the CSP is dependent on the column temperature, with
more efficient resolutions being achieved at lower temperatures
(Table S2 and Fig. S9, ESI†). Particularly, the enantiomers of 10
were almost completely resolved at 0 �C, with an a value of 1.17
(Fig. S9A, ESI†). Fig. S10† shows the CD spectra of (R,R)-8
measured in chloroform at various temperatures suggesting
that the molecular conformations change. (R,R)-8 displayed
more intense cotton effects at lower temperatures, consistent
with the suppression of thermal uctuations. Consistent with
this CD analysis, the temperature-dependent resolution ability
of the (R,R)-8-based CSP is likely the result of structural varia-
tions in the chiral selector. As expected based on the enantio-
meric relationship, the (S,S)-8-based CSP showed virtually
identical resolution ability to (R,R)-8-based CSP, except for the
elution order (Table 1 and S3, ESI†). In sharp contrast to these
results, the non-cyclic (R,R)-9-based CSP did not show any
recognition ability for the racemates studied (Table 1 and S4,
ESI†), even though the k1 values were comparable to those of the
(R,R)-8-based CSP. These results demonstrate that the asym-
metric orientation of the ether groups within the distorted
cyclic structure plays a critical role in the resolution of 10, 11a
and 11b (to observe the conformation clearly see Movie S1,
ESI†). As was the case with the previously reported chiral
macrocyclic receptors,38–40 a favorable enantiodiscrimination
site is afforded to 8 through the cyclic formation and hence the
performance of this motif is an important lead for future CSP
development.

In summary, we have demonstrated new triptycene-based
CSPs, which display apparent chiral recognition abilities
toward a series of axially chiral biaryl compounds. A compara-
tive study using a non-cyclic model compound ((R,R)-9) revealed
that the cyclic structure of (R,R)-8 is critical for discriminating
chiral compounds. Further investigations to elucidate the chiral
recognition mechanism of a triptycene-based CSP and to create
improved materials for chiral resolution are in progress.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the Japan Society for the Promotion
of Science (JSPS) Program for Advancing Strategic International
Networks to Accelerate the Circulation of Talented Researchers
(R2702) and the Grants-in-Aid for Scientic Research (C), Grant
No. 17K05875. Work at MIT was supported in part by the
National Science Foundation, DMR-1410718. The authors thank
Prof. Shigehisa Akine and Dr Yoko Sakata (Kanazawa Univer-
sity) for the single crystal X-ray structure analysis.
20486 | RSC Adv., 2018, 8, 20483–20487
Notes and references
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