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Preparation of a chiral porous organic cage-bonded silica high
performance liquid chromatography stationary phase and
its application to the resolution of chiral compounds

WU Jialei, YU Liqin, WANG Bangjin, XIE Shengming, ZHANG Junhui’, YUAN Liming
(Yunnan Key Laboratory of Modern Separation Analysis and Substance Transformation, College of Chemistry and

Chemical Engineering, Yunnan Normal University, Kunming 650500, China)

Abstract: Porous organic cages (POCs) are a new class of porous materials formed by the assembly
of discrete three-dimensional cage-like molecules through intermolecular forces. They possess good
solubility and well-defined intrinsic molecular cavities, making them an extremely attractive medium
for chromatographic separation. In this study, a chiral porous organic cage (CC3-R, C,H,N,) was
synthesized using 1,3, 5-triformylbenzene and (1R, 2R)-diaminocyclohexane as raw materials, and
it was then reduced by NaBH, to obtain RCC3-R (C,H,,N,,). After post-modification of RCC3-R with
5-bromo-1-pentene to introduce carbon-carbon double-bond functionalized linker arms, it was
successfully bonded to the surface of thiolated silica via thiol-ene click reaction to prepare a chiral

stationary phase (CSP) for high performance liquid chromatography (HPLC). The successful
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synthesis of CC3-R, RCC3-R and CSP was confirmed by various characterization methods such as
nuclear magnetic resonance (NMR) , Fourier-transform infrared spectroscopy (FT-IR) , high
resolution mass spectrometry (HRMS), thermogravimetric analysis (TGA), and elemental analysis
(EA). The enantioseparation performance of the CSP was evaluated by separating various types of
racemic compounds, including alcohols, esters, ketones, aldehydes, amines, and organic acids
in both normal-phase (NP) and reversed-phase (RP) elution modes. The results demonstrate that
the CSP achieved enantioseparation of 18 and 16 racemates in NP and RP modes, respectively.
Among them, 12 racemates achieved baseline separation in NP elution mode, while 7 racemates
achieved baseline separation in RP elution mode. Moreover, the CSP-packed column exhibited good
complementarity in chiral separation with two widely used commercial columns, Chiralcel OD-H
and Chiralpak AD-H, enabling the separation of some racemic compounds that cannot be separated
on these two commercial columns. In NP elution mode, 7 of the 18 tested racemates could not be
enantioseparated on Chiralpak AD-H column, and 4 of the 18 tested racemates could not be en-
antioseparated on Chiralcel OD-H column. In RP elution mode, 8 of the 16 tested racemates could
not be enantioseparated on Chiralpak AD-H column, and 5 of the 16 tested racemates could not
be enantioseparated on Chiralcel OD-H column. The effects of column temperature and injection
mass on chiral separation performance of the RCC3-R column were investigated. In addition, the
RCC3-R column exhibited excellent repeatability and stability. After hundreds of injections, no
significant changes were observed in the retention times and resolution values of the analytes
compared to the initial use of the column, with relative standard deviations (RSDs, n=5) of less
than 0.50% and 1.30%, respectively. Furthermore, the RSDs (n=3) of retention times and resolution
values of the racemates separated on RCC3-R columns prepared in different batches were less than
1.89% and 4.10%, respectively. This study demonstrates that the chiral POC RCC3-R is a potentially
valuable chiral separation material for HPLC. It also holds significant importance for the research
on novel CSPs for HPLC based on chiral POCs.

Key words: high performance liquid chromatography (HPLC) ; chiral separation; chiral station-

ary phase (CSP); porous organic cage (POC)
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Fig.1 Syntheses of CC3-R, RCC3-R and CSP
Compound 1: the compound obtained by introducing C=C bond functionalized linker arms appending to the RCC3-R; AIBN: azobi-

sisobutyronitrile; CSP: chiral stationary phase; CC3-R: a chiral porous organic cage; RCC3-R: the reduced porous organic cage of CC3-R.
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Fig.2 HRMS spectra of (a) CC3-R and (b) RCC3-R
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Fig.3 (a) FT-IR spectra of CC3-R, RCC3-R, SiO,-SH and CSP;(b) TGA curves of Si0,, SiO,-SH and CSP

%1 SiO,-SH CSPHTENHHIE
Table 1 Elemental analysis data of SiO,-SH and CSP

Contents/%

Sample

C N H
Si0,-SH 4.36 <0.05 1.79
CSP 10.02 1.12 2.04
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Table 2 Separation data of racemates on the RCC3-R, Chiralpak AD-H, and Chiralcel OD-H columns in normal phase (NP)

elution mode

RCC3-R Chiralpak AD-H Chiralcel OD-H
Racemate k, e R, k, a R, k, et R,

1-Phenylethylamine 0.90 2.54 5.86" 0.71 1.00 - 0.96 1.19 0.81
4,4’ -Dimethylbenzoin 0.81 2.58 5.19v 5.06 1.10 2.74 1.69 1.36 2.39
3-(Benzyloxy)propane-1,2-diol 3.51 1.86 4.66Y 2.24 1.19 0.70 2.73 1.06 2.12
1,1’-Bi-2-naphthol 3.39 1.56 4.09 7.44 1.03 0.10 3.80 1.11 1.25
4,4’ -Difluorobenzoin 1.37 2.44 4.00" 4.36 1.10 2.09 1.81 1.09 0.93
3-Hydroxy-2-butanone 1.57 1.52 3.06" 1.29 1.00 - 0.84 1.00

1-(4-Chlorophenyl) ethanol 2.61 1.28 2.20" 0.86 1.04 0.49 0.78 1.13 0.65
Methyl mandelate 0.77 1.62 1.93% 1.92 1.08 1.63 1.45 2.04 7.68
1-(3-Bromophenyl) ethanol 1.03 1.45 1.91% 1.04 1.00 - 0.86 1.13 0.71
1-(3-Fluorophenyl) ethanol 0.90 1.40 1.69" 0.83 1.00 - 0.62 1.00

3-Chloro-2-butanone 1.17 1.30 1.62% 0.40 2.31 0.83 0.33 1.97 3.02
2-Methoxy-2-phenylethanol 0.89 1.31 1.53Y 091 1.23 2.70 0.81 1.13 0.69
2,2'-Furoin 1.35 1.23 1.30Y 2.08 1.00 - 3.43 1.26 3.54
Dihydroflavone 1.17 1.23 1.28" 1.45 1.07 1.16 1.55 1.42 3.66
Ibuprofen 0.62 1.42 1.27% 0.71 1.00 - 0.69 1.00

2-Ethylhexanoic acid 1.08 1.30 1.26 0.40 1.41 1.13 0.66 1.00

Ethyl mandelate 1.65 1.23 0.94 1.92 1.08 1.63 1.45 2.04 7.68
1-Phenylethanol 0.91 1.18 0.87% 0.84 1.00 - 0.90 1.22 1.29

The mobile phases employed for resolving each racemate on the RCC3-R column is annotated with superscripts a) or b) to the right

of the corresponding R_ values, where a) denotes n-hexane (n-HEX) -isopropanol (IPA) (90: 10, volume raio) and b) denotes n-HEX-
IPA (95:5, volume raio). All the racemates separated on the Chiralpak AD-H and Chiralcel OD-H columns using n-HEX-IPA (90:10, vol-
ume raio) as mobile phase. Flow rate: 0.1 mL/min for the RCC3-R column, and 0.5 mL/min for Chiralpak AD-H and Chiralcel OD-H col-

umns. k, : retention factor of the first enantiomer; a: separation factor; R : resolution value of a pair of enantiomers;

separated.
AWK, MG E S AWK, BT R
- M EAE R T o 26, Btk 4,47 - H B2 8
A% CSP 1345 1 % 19 43 5 i (R,=5.19) , Tl
2,27 -BRAEE (R,=1.30) W] JC vk 52 B L 28 70 5, i %
B, A5 CSP Z I8 o -m AH HAF FH 76 F 1% 4
BB R A EEMEM ., kR L, CSP 5 X}t
TR 2Z 8] 6 F- M o B L 2 — A S 2 i R, 96 e T
P B A B8 R 22 b 3 R ORRH VR ) DA SR AT A
W BT E L AMEBEASE CSP L4y B £ AR 2%
TR LR 5 RCC3-R Z [ 1 &V Al - M EAEH -
AN, AR -1 A A B A R P A VR DL A
46 3 A AL T R T T A 4 S 3 AR 9 A AR T
2.3 RERBER TINERENITS

J T R 5T % CSP By fiE , LA MeOH-H,0
YE R sh A, % Ho e RP BE A X F 19 F 1 35 0 fig
T AT T H R L A5 R R 78 X Rl vk AR 5K
T ,i% CSP RIS L T 16 Fp AN I HE A (43 145 44 UL
B I S5) Y4 4, ik SE Ak & Wk o 1 I B TR LR

-: could not be

R G Z RS AL TN S50 HHE A 1B 4y S
G F 3R 3AE 6, fEXEP B MG A
TR T R Sy L SR R A -1, 2- ORI AR
2t A1 e R (R=6.51) | i % 2% 4h 11 Tié 1 (R,=
2.88)% 1) R A B , % W% CSP 7 RP-HPLC
W B A B 0 TR BE 01 . FEBX CSP #4501y
17 FAME TR, A 8 Bl #E Chiralpak AD-H 4 1%
FE b JCvESEBLHR 4, 5 Fi7E Chiralcel OD-H 3% 4%
LTk IR Ay (£ 3), JF H &8 4 Ak 3 e AR 7E
RCC3-R FHAE L ARAS T b Ae PFP A b A b B & i
R H, 7R T4 0 X WA 43 B o o an, e Ak
Wi 2. g AN e 1 fE RCC3-R T-HEAE E¥R 439 R ME
3 1.84, 1 7 Chiralpak AD-H 43 4% 4% 70 19 R,
H R 1.63;5 52 -1,2- KL L Be SN IH e AR L 1-(3-
TR ) BN HEAR (4,47 - F % B A A e 1k
N 2- WA L -2- 08 £ B A B AR 7E RCC3-R T #E
YRR RAEASY WA 6.51.1.45.1.33 F1 0.98, 1fij iX
4 Fh AN BE /K #F Chiralcel OD-H & 3% 4% I 9§ 4 1



RER A TR FUAT LI B 5 I o AR €0 38 [T 5 R ) o 2 B T T

- 1321 -

55 12 18] P> FrEA S
a. 1-Phenylethylamine b. 4,4'-Dimethylbenzoin 10004 ¢. 3-(Benzyloxy)propane-
600+ 300 :
R 1,2-diol
S
800{ R S
7 % %
2400 22001 < 6001
2 oy 2
8 5 £ 4004
£ 200 =100 =
200
o , : o= T = Oprry Mo
10 15 20 25 5 10 15 20 25 3 20 30 40 50 60
750 : :
e. 4,4"-Difluorobenzoin f. 3-Hydroxy-2-butanone 6001 & 1-(4-Chlorophenyl)
600 R S 800 etharlleol K
> > > 450
E4s0 2 600 E
> > >
£ = =300
g 3001 g 400 %
= £ -
150 200 1
01 0 01
10 20 30 40 10 20 30 20 25 30 3
i. 1-(3-Bromophenyl) j- 1-(3-Fluorophenyl) k. 3-Chloro-2-butanone
4001 ethanol R S 8001 ethanol s 800
2300 = a0, Z 600
2 z z
Z 2001 Z 4001 2 4001
Q Q Q
k= £ £
100 2001 200+
01 01 : 04
5 10 15 20 25 5 10 15 20 25 k] 10 15 20 2
00 m. 2,2-Furoin n. Dihydroflavone = o. Ibuprofen
400 N 2501 RS
o 450 N R o
= g 300 = 200
23001 B 2150/
3 520 100/
= = =
150 100 501
0 : , ‘ : 0 : ‘ ; 01 ‘ ‘
5 10 15 20 25 30 5 100 15 20 25 5 10 15 20
t/ min
4001 q. Ethyl mandelate r. 1-Phenylethanol
N R, \S
R 800
> 300 >
£ E600]
2200/ 3
5 5 400
E 100 E
200
0 0l
100 15 20 25 30 10 15 20
¢/ min t/ min

E4 NPHEBREXTIMNEEEERCCIRELHNEILZE

Fig. 4 Chromatograms of racemates on the RCC3-R column in NP elution mode
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Fig. 5

(a)CCIRAFHEMTEBARE (D) —NMAFANTER

(a) Structural diagrams of the CC3-R molecule and (b) one of its pore windows

The yellow sphere represents the internal cavity. One of the approximately triangular pore windows with the dimension of about 0.92 nm.
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Table 3 Separation data of racemates on the RCC3-R, Chiralpak AD-H, and Chiralcel OD-H columns in reversed-phase

(RP) elution mode

RCC3-R Chiralpak AD-H Chiralcel OD-H
Racemate

k, el R, k, a R, k, a R,
trans-Stilbene oxide 0.36 5.96 6.51" 0.66 2.78 9.54 0.83 1.95 4.38
Ibuprofen 0.37 2.87 2.88Y 0.71 1.00 - 0.69 1.00 -
Propylene oxide 0.42 2.32 2.66Y 0.53 1.00 - 0.65 1.00 -
2,2,2-Trifluoro-1-(9-anthryl) ethanol 3.60 1.52 2.47" 1.76 1.52 3.30 1.97 3.10 11.10
Ethyl mandelate 0.51 1.97 1.84" 1.92 1.08 1.63 1.45 2.04 7.68
Omeprazole 1.17 1.45 1.52 4.53 1.26 2.53 6.84 1.30 2.77
1-(3-Bromophenyl) ethanol 0.67 1.64 1.53" 1.04 1.00 - 0.86 1.13 0.71
B-Butyrolactone 0.36 1.71 1.37% 0.57 1.00 - 0.65 1.00 -
4,4’ -Difluorobenzoin 0.32 2.07 1.33% 4.36 1.10 2.09 1.81 1.09 0.93
1,2-Diphenyl-1,2-ethanediol 0.63 1.48 1.29” 0.36 1.00 - 2.61 1.00 -
4,4’ -Dimethoxybenzoin 0.81 1.55 1.19" 4.84 1.71 4.91 5.67 1.12 1.86
2-Methoxy-2-phenylethanol 0.46 1.54 0.98" 0.91 1.23 2.70 0.81 1.13 0.69
2-Phenylcyclohexanone 0.65 1.34 0.77% 0.89 1.00 - 1.23 1.15 1.22
2-Methylpentanal 0.48 1.38 0.76" 0.47 1.00 - 0.44 1.00 -
3-(Benzyloxy)propane-1,2-diol 0.46 1.64 0.63" 2.24 1.19 0.70 2.73 1.06 2.12
1-Phenyl-1,2-ethanediol 0.51 1.31 0.52% 2.18 1.00 - 1.72 1.11 0.93

The mobile phases employed for resolving each racemate on the RCC3-R column is annotated with superscripts a) or b) to the right
of the corresponding R_ values, where a) denotes MeOH-H,0 (80:20, volume raio) and b) denotes MeOH-H,0 (70:30, volume raio). All
the racemates separated on the Chiralpak AD-H and Chiralcel OD-H columns using n-HEX-IPA (90: 10, volume raio) as mobile phase.
Flow rate: 0.1 mL/min for the RCC3-R column, and 0.5 mL/min for Chiralpak AD-H and Chiralcel OD-H columns.
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Fig. 6 Chromatograms of racemates on the RCC3-R column in RP elution mode
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Fig. 7 Effect of column temperature on the enantioseparation performance of the RCC3-R column

Racemic dihydroflavone was separated under NP-HPLC, and other chromatographic conditions were the same as those in Table 2. Ra-

cemic 1, 2-diphenyl-1, 2-ethanediol was separated under RP-HPLC, and other chromatographic conditions were the same as those in

Table 3.
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Table 4 Thermodynamic values for the resolution of race-
mic dihydroflavone in NP-HPLC and racemic 1, 2-
diphenyl-1,2-ethanediol in RP-HPLC

Analvt AH/ AS/ AG/
nalyte

y (kJ/mol)  (J/(mol-K) (kJ/mol)
R-Dihydroflavone -6.79+£0.12 -10.25+0.40 -3.74+0.12
S-Dihydroflavone -8.10+£0.12 -12.98+0.38 -4.23+0.12
R-1, 2-Diphenyl-1, 2-eth- —11.50£0.22 -31.94+£0.71 -1.98+0.22
anediol
S-1, 2-Diphenyl-1, 2-eth- -9.45+0.08 -19.27+0.23 -3.71+0.08

anediol
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Fig. 8 Effect of injection mass on the enantioseparation performance of the RCC3-R column

Racemic dihydroflavone was separated under NP-HPLC, and other chromatographic conditions were the same as those in Table 2. Racemic

1,2-diphenyl-1,2-ethanediol was separated under RP-HPLC, and other chromatographic conditions were the same as those in Table 3.
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Fig. 9 Injection repeatability of the RCC3-R column
Racemic dihydroflavone was separated under NP-HPLC, and other chromatographic conditions were the same as those in Table 2. Ra-

cemic 1, 2-diphenyl-1, 2-ethanediol was separated under RP-HPLC, and other chromatographic conditions were the same as those in

Table 3.
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