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Preparation and chiral separation performance evaluation of a
high performance liquid chromatography stationary phase
based on a [2+4]-type chiral porous organic cage Pim
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Abstract: Porous organic cages (POCs) represent a class of emerging porous materials assembled
from discrete three-dimensional cage-like molecules via intermolecular interactions. Owing to their
good solubility and unique pore structures, they show great potential in gas adsorption, molecular
recognition, separation, catalysis, and sensing. In this study, a phenolphthalein-based tetraaldehyde
compound was synthesized via the Duff reaction using phenolphthalein as the substrate and tri-
fluoroacetic acid (TFA) combined with hexamethylenetetramine (HMTA) as the formylation reagent.

Subsequently, a [2+4]-type chiral imine POC, Pim (C,,H,N,O,), was constructed by reacting the
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tetraaldehyde precursor with (1R,2R)-(-)-1,2-diaminocyclohexane via imine condensation. The
synthesized Pim was functionalized with alkenyl groups using 5-bromo-1-pentene and then im-
mobilized onto thiol-modified silica via thiol-ene click chemistry to afford a novel chiral stationary
phase (CSP) for high performance liquid chromatography (HPLC). The successful syntheses of
tetraaldehyde compound, Pim, and CSP were characterized by nuclear magnetic resonance (NMR) ,
fourier transform infrared spectroscopy (FT-IR), electrospray ionization mass spectrometry (ESI-
MS) , thermogravimetric analysis (TGA), and elemental analysis (EA). The chiral separation
performance of this CSP was evaluated under both normal-phase (NP) and reversed-phase (RP)
HPLC separation modes. The results demonstrated that the CSP exhibits excellent chiral separation
capabilities in both two separation modes. Under NP-HPLC conditions, ten racemates were resolved,
including five with baseline separation. Under RP-HPLC conditions, nine racemates were resolved,
of which eight achieved baseline separation. Furthermore, this CSP exhibits good chiral separation
complementarity with two widely used commercial columns, Chiralpak AD-H and Chiralcel OD-H,
showing the ability to resolve some chiral compounds that cannot be resolved or are poorly resolved
by the two commercial columns. The effects of analyte injection mass and column temperature on
chiral separation performance of the column were also investigated. Additionally, the prepared HPLC
column exhibits good repeatability and stability. After hundreds of injections, no significant changes
were observed in the retention times and resolutions compared to its initial performance, with
relative standard deviations (RSDs, n=5) of <1.50% and <1.92%, respectively. Meanwhile, after the
column was placed and stored for one month, its separation performance showed no significant
change compared with that at the initial stage of column use, and the RSDs (n=3) of retention time
and resolution were <1.88% and <2.26%, respectively. This study confirms that the chiral POC Pim
is a promising material for HPLC chiral separation, providing significant theoretical and experimental
support for the development of novel POC-based CSPs and holding great significance for expanding
the POC-based CSPs.

Keywords: high performance liquid chromatography (HPLC) ; chiral stationary phase (CSP) ;

enantioseparation; chiral porous organic cage
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JB A A7 BR A R 5 5= - 1- 300 (46 8 >99%) | (3-Fi HE N
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TCI 7~ w] & Aladdin A= b B 03 A BR 2\ 5 A A
(5 pm, [ 300 m¥/g) W [ 75 MM 8 Rk A PR
/3] 5 Chiralpak AD-H {4341 (250 mmx4.6 mm) I
Chiralcel OD-H {5 % £ (250 mmx4.6 mm) g [ £
1 RFEBE ) T PEH ARG R A HPLC 25+ (250
mmx2.1 mm) W [ K% H 5 FIRH A A RA R .
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1.2.1 [2+4]A F ¥ POC Pim # & &,
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o [E 18 K, 38 o A 838 (CHL,CL,-MeOH, 10: 1, {&
TG ) &l Ak AR A JE - My R DU s 61k A9 1.

bR A D ik A 1(0.30 g, 0.70
mmol) % f# T 150 mL MeCN 1, B HL(1R,2R)-(-)
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EtOH H ., M XPIMIFW ARG G, 75 N, R T
70 CEIFL RN 24 he W5 RGEEHE =R, @i
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H 3 CSP, ARSI & Bk ik 2 Fios . 1Sl
SCHR[34, 3814 38 19 J7 5 1 4% % 2 Ak A I (SiO,-
SH) . #RJ5 , H 5-¥-1-100 %5 TP Pim #6470 522
fiefe, B B AR -/ N9, 16 100 mL XL 50
I JEE 5 R A U A NaH (0.6 g) #1130 mL JG 7K
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CHCL, I ¥ i & T 0 Tyki bt +E 20 min, il
1o 5 T WO S 2 A 20 mL G A T
Pim (0.62 g,0.53 mmol) () Tt 7K CHCL, % & , 7% i 52
KR4k 22 e 0 Cokis T4t 30 min, i1 A 1.4 mL
S-PR-1-I 0 R R THEZE 60 CHEFERIF 72 he 0
GERE AR R A 30 mL £ 8 Tk, RS AE
HLAH, ¥ F 30 mL CHCL X} /K M HEAT 3 WK & AT,
G I T A AR WA LA o el MR A HILAH oA
Jok MgSO, A7 T4 Ab #1, 4ih 0 , U W HE 78 bR 25 v
F L BT AR [ AR IE & bE R Yk TR BOK, R TE
60 CHZ 40T T4 12 h, BIA5 345 5 ) 68 16 16 1
9 T Pim 4 .

[ FEAE N, 40 R, 15 100 mL 85 B h o A
AR AT 0 SR T RE AR i 9 M Pim (0.5 @) .
Si0,-SH(0.98 g) .AIBN(0.08 g) Fll 50 mL MeOH , 2%
18 T 2 60 CHEFE IR I 3 Ko [ 45 34, il
UE A5 B A [ A = AR OO MeOH. TN iR 1547 22 1k
Ve, ARG AE 100 CHA THEA T4 18 h, 15 5
CSP.

1.2.3 @ 34 B3 5 /2 HPLC 4

FRHU 1.2 g 4 () CSP & T BH#F A 30
mL n-HEX-2-PrOH(90: 10, KR H ) , 38 i i 75 4b 2
it FL 34 5 43 O U R0 P R AR SO . DA [R) G L

OH

OH

[2+4]-type chiral POC Pim (C,4HggNgOg)

1 [2+4]EF 4 POC Pim HI& B
Fig. 1 Synthesis of [2+4]-type chiral porous organic cage (POC) Pim

HMTA : hexamethylenetetramine; TFA: trifluoroacetic acid; EtOH: ethanol; MeCN: acetonitrile.
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P
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Fig.2 Preparation of CSP
Si0,-SH: thiolated silica; AIBN: azobisisobutyronitrile; CSP: chiral stationary phase.
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)R YA A HE RV ) L 72 50 MPa Y 35 JE &5 14 T %
FRAIK W A1 E A HPLC 25 LN . 4535 9% 5 N
5 min Ji7 B RS AT & 25 MPa, {6 R /45 30
min, B 58 56 38 AR A 5 A o R B FE 58 Y 3 A
$% A HPLC 73 #7124, UL n-HEX-2-PrOH(90: 10, {£&
FUE) Ry 0 sl A vk 2 3L 48 7

HPLC il 4 4 : NP-HPLC 73 B8 K, & 1
AN [ 44 T2 L 9 n-HEX-2-PrOH £ 4 % 3 41 ; RP-
HPLC 43 5 5 20 ) 5% F A [8] 1A F2LU L /9 MeOH-H,O0
YE R U 2 A P9 Ah B X R T A 0.1
mL/min, M K 254 nm , B3R5 R 25 C.

2 ZER5iTie
2.1 MEBELSY 1.F 1% Pim 71 CSP WRAE

¥ NMR.FT-IR .ESI-MS .TGA .EA 4575 1 %f
A LR VU AL A 1 FE Pim J CSP #E47 T 3%
fE o Horp UL AW 1 NMR 088 a0 F ']
NMR (500 MHz, CDCl,) §:11.17(s, OH,2H) , 10.22
(s,CHO,4H),8.05(d,ArH,1H),7.95(s,ArH,4H) ,
7.84 (td, ArH, 1H) , 7.69 (td, ArH, 1H) , 7.64 (dt,
ArH, 1H) ; "C NMR (125 MHz, CDCI,) §: 168.37,
163.74,149.82,135.38,132.30,130.59,126.93,125.18,
123.57,88.88,53.29,20.44 (¥ [5] WL K] S1,https://
www.chrom-China.com) ., Pim [ ESI-MS K (/¥ 3)
H,m/z 1 173.525 5 Fll m/z 587.264 7 4b B4R 1E {5 5
3 I N Pim (9 [M+H ] [ M+2H > & 7%, X 5
Pim 43 T 3 C,,H N, O, i H# i i1 2 ([M+H]*=
[C,HNO+H] * , m/z 1173.523 8; [M+2H] *'=
[C,,H N,O,+2H >, m/z 587.265 9) AW & . 7£ Pim
) FT-IR 1% & (& 4a) H,3 423 cm™' kb Y 58 W i 04
JE-OH By 4 PR 50,2 930 em ™ 1 2 857 cm™' 4k A W
Wi 1 R -CH,- #1 -CH- 19 it 45 #i 2l , 1 766 cm™ Fil

rhe : 1522 cm! -
34\23 cm : Pim s /"1461 cm

Si02-SH

Transmittance / %

LN B
TN 1364 cm

1 1 1766 cm™ 1636 cm™!
LEEZER RN RN AL T B P R
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

2930 cm’

4
Fig. 4

Weight / %

1 636 e 4b 19 W I U 43 531 > -C=0 HI-C=N-1¥) fif 4
PRI 15221 461 F1 1 364 cm ™' b AR H
ZRAE S ke, oAb, Pim 59 "H NMR 3% & (0 jf &
S2) B Ha b 5 STk — 2. IR R G RAESE RAIE S
Pim )5 o

8 4 1173.5255
[M+H]
6 |587.2647
3 [M+2H]**
>
£ 4
5
=
2 A
0 s TN y m‘ i ""‘.“ il b
600 800 1000 1200

mlz
3 Pim &) ESI-MS
Fig.3 ESI-MS spectrum of Pim

Pim . SiO,-SH #il CSP (¥ FT-IR J& i %} kb & 4n
K da i . IWE ] Mg F], 5 Si0,-SH # L,
CSP 7£ 1766.1 636.1 5221 461 Fl 1364 cm™ 4k i}
TR B R AR I i, O HAE 2 930 em ' Fl 2 857
e A IR g A A L R I Pim € R ) A AE
SiO,-SH |-, Hi Pim.SiO,-SH #l CSP 1) TGA %} It
Mk nT LI (1K 4b) ,CSP Wy Rk B Fm T
SiO,-SH, iX J& i F CSP [ # & A HL4 4> Pim Ay
ORI, W R 1R R TS R Bos CSP
C.H M N3 MICREMEEYY & T Si0,-SH, iX
S gk B R S T Pim % T 8 G 7E SiO,-SH . AR
P i A R A AR B S OSP LA
oA 0.41 pmol/m’. R T I &2 % CSP 3 7t il & 1Y
Pim (9K %%, DL n-HEX-2-PrOH(90: 10, {K L It)

100 Sio,

954

90 4

85

80

0 100 200 300 400 500 600 700 800

Temperature / °C

(a)Pim~Si02—SH FCSPHYFT-IR B ; (b)SiOrSiOZ—SH F1CSPHITGA B
(a)FT-IR spectra of Pim, SiO,-SH and CSP; (b) TGA curves of SiO,, SiO,-SH and CSP
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i s AR NP-HPLC 43 B80T, AR 4 B
I A5 B 6 B K 14 200 Be/m; L MeOH-H,O
(80:20, & L) >4 ¥iit 2l #H 1Y) RP-HPLC 43 2 155 5
L ZE R A b A B S B AR B 15 500
He/m .,

%1 Si0,-SH# CSPKITE N HHME
Table 1 Elemental analysis data of SiO,-SH and CSP

Contents/%
Sample
C H N
Si0,-SH 4.791 0.305 <0.05%
CSP 18.458 1.941 1.920

2.2 Pim #7E NP-HPLC #3 F3t5ME KBTS
N T PEAG ] 45 89 Pim #E7E NP-HPLC 43 2 4
3R % AR 3% 3 M BE |, LA n-HEX-2-PrOH(90: 10,
TRBLLL ) N it sh AR, X 5 B e TR R R B W
FEN 1 Z B AMEBERHEAT TR0 5550 . 25 R 8w,
TRy B R R, Pim A X 10 Bl 40 BE AR (43 745
¥ UL S3) BAT B A i F MR A AR B AR PR
Sy A& S R AR OG0 s v BETE A S 500
Fo, MBS AR 2 AT, X 10 Fl AN E R 4-
- LA RAL R 20 PR 2R L B R
4-F L TR SE I EEGX S AR B T LR B (A
R>1.5). ™ & it il £ 09 CSP YW 76 i (8, 13k
BEHF A3 1 10 Fh A0 T8 BE 4 7 195 R i R O T M AR
(Chiralpak AD-H #£ #l Chiralcel OD-H #¥) I 47
TR, 3 B i A XS IX 10 BN IS e R TR 4 19
XiF Bt 3 RO 51 T 3 2, R Ll AL B S4.
k Pim #E R 42 (2.1 mm) 5 Chiralpak AD-H £
=2

F1 Chiralcel OD-H /) N 1% (4.6 mm) A [A], i DL E
AT A P A O 3 0 AN R[] 22 2R B AT A 5 0 1
W, MR 4 SR &% B, Chiralpak AD-H G i Hf
g7 4-Fi-o- TR i 1-R R -1 BE A 1- (404 5L )
LK 3 FPAMEHER B AT1HE Pim A _E ] A5
41 ; Chiralcel OD-H A K BE X ALK M5 1- 8 JE-1-
S P RT 1-(4-980 2R 2k ) O WEIX 3 i AT e 44k S B AR
4% 00 Pim AE AT 433X 3 PPN e . 55 4h, — 1t
SN AR AE Pim #E B4R 4009 R (A & T HAE Chi-
ralpak AD-H # 5§ Chiralcel OD-H # [ #74 fY R,
B B, HAR I R bkiR LW & B A 4-H
R TOREHEEAE Pim A LR RS T EANFE
Chiralpak AD-H # 4553 (9 R {H ; 4- % -o- T B R
JHig 2P AR -2- R B 2 D RN 4- TP TR
HEEAE Pim AF _E4F 20 (0 R, fH 5 T & 114E Chiral-
cel OD-H # L4710 R(H . £¢ L4153 FH Pim
FER TR 20 P e 5 X PRI o A B R AP0
AR, BEHR 433 P A AN BE AR 43 AR A AR A
PR — S0 TP B, B TEALE R A
2.3 Pim #7# RP-HPLC #X T 5MEIEERIIF S
DL - K (MeOH-H,0) 1 4 i sh A, T AT AT
#r T Pim FE:7E RP-HPLC 43 B #5120 19 F M P54
ik, SLH S5 R R W, Pim A 78 RP-HPLC 43 5 #51 5
XL FEEE S S S AR A E A Y E AR
FEALHY 9 Fh AN IE IE A (43 25 40 DL BT 1] S5) B AL 4r
M F PR s R . B 3 T A B R AT 6 Y
% R, 3X 9 AR BEMR A 8 A AE Pim AT -
RAFT L E . @H G T, Chiralpak AD-H fll

7£ NP-HPLC %> E # X T M4 MK 7£ Pim . Chiralpak AD-H # Chiralcel OD-H #F &% & 48

Table 2 Separation data of racemates on the Pim, Chiralpak AD-H, and Chiralcel OD-H columns under NP-HPLC

Pim Chiralpak AD-H Chiralcel OD-H
Racemate

k, @ R, k, o R, k, @ R,
4-Fluoro-a-methylbenzylamine 0.75 1.53 2.64 1.62 1.00 - 0.93 1.13 0.73
Styrene oxide 0.63 1.52 2.48 0.41 1.10 0.50 0.64 1.00 -
Ethyl mandelate 1.26 1.34 1.95 1.92 1.08 1.63 1.45 2.04 7.68
1-Phenyl-1-pentanol 0.17 1.57 1.12 0.78 1.00 - 0.74 1.00 -
2-Methoxy-2-phenylethanol 0.43 1.30 1.14 0.91 1.23 2.70 0.81 1.13 0.69
Benzoin 1.38 3.45 10.35 4.54 1.34 6.35 2.52 1.58 6.53
4-Methylbenzhydrol 1.27 1.46 2.44 1.66 1.11 1.48 1.74 1.14 1.27
1-(4-Fluorophenyl) ethanol 1.08 1.17 0.96 0.83 1.00 - 0.74 1.00 -
Benzoin ethyl ether 0.53 1.20 0.92 0.82 1.17 2.31 0.39 1.17 1.52
Troger’s base 2.90 1.07 0.53 0.66 1.83 6.99 1.07 1.26 1.71

Mobile phase: n-HEX-2-PrOH (90: 10, volume ratio) for the three columns. Flow rates: 0.1 mL/min for the Pim column, and 0.5

mL/min for Chiralpak AD-H and Chiralcel OD-H columns. NP-HPLC: normal-phase high performance liquid chromatography; k, : reten-

tion factor of the first enantiomer; «: separation factor; R : resolution value; -: no separation.
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Fig.5 Chromatograms of racemates on the Pim column under NP-HPLC
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Table 3 Separation data of racemates on the Pim, Chiralpak AD-H, and Chiralcel OD-H columns under RP-HPLC

Pim Chiralpak AD-H Chiralcel OD-H
Racemate

k, e R, k, et R, k, o R,
4,4’ -Dimethylbenzoin 0.99 1.66 2.87 5.06 1.10 2.74 1.69 1.36 2.39
1-(4-Fluorophenyl) ethanol 0.57 1.35 1.36 0.83 1.00 - 0.74 1.00 -
1-Phenyl-1-pentanol 0.82 1.57 2.90 0.78 1.00 - 0.74 1.00 -
1-Phenylethanol 0.60 1.40 1.79 0.84 1.00 - 0.90 1.22 1.29
Zopiclone 0.90 2.73 9.46 1.71 1.00 - 2.09 1.00 -
4-Chlorobenzhydrol 0.59 1.38 1.77 1.65 1.14 2.01 2.05 1.00 -
Styrene oxide 1.19 1.40 2.60 0.41 1.10 0.50 0.64 1.00 -
2-Methoxy-2-phenylethanol 1.71 1.26 2.41 0.91 1.23 2.70 0.81 1.13 0.69
Benzoin 0.83 1.49 1.91 4.54 1.34 6.35 2.52 1.58 6.53

Mobile phases: MeOH-H,O (80:20, volume ratio) for Pim column; n-HEX-IPA (90: 10, volume ratio) for Chiralpak AD-H and Chi-
ralcel OD-H columns. Flow rates: 0.1 mL/min for the Pim column, and 0.5 mL/min for Chiralpak AD-H and Chiralcel OD-H columns. RP:

reversed-phase.
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Fig. 6 Chromatograms of racemates on the Pim column under RP-HPLC
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Fig. 7 Effect of column temperature on the chiral separation performance of Pim column

a. enantioseparation of 4-fluoro-a-methylbenzylamine under NP-HPLC at different column temperatures. Other chromatographic con-

ditions are the same as those in Table 2. b. van’t Hoff plots of 4-fluoro-a-methylbenzylamine; c. enantioseparation of benzoin under RP-

HPLC at different column temperatures. Other chromatographic conditions are the same as those in Table 3; d. van’t Hoff plots of benzoin.

%4 NP-HPLC THiH 4-F-o-BEHFPEMRP-HPLC T4 REFTWHR NZHE

Table 4 Thermodynamic values for the resolution of 4-fluoro-a-methylbenzylamine under NP-HPLC and benzoin under RP-

HPLC
Analyte AH/(kJ/mol) AS/(J/(mol-K)) AG/(kJ/mol) R?
D-4-Fluoro-a-methylbenzylamine -14.77+0.33 -45.94+1.10 -1.08+0.33 0.9980
L-4-Fluoro-a-methylbenzylamine -14.96+0.33 -42.89+1.10 -2.17+£0.33 0.9980
R-Benzoin -8.58+0.22 -24.24+0.71 -1.35+0.22 0.9975
S-Benzoin -10.38+0.19 -27.07+0.63 -2.31+0.19 0.9987
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Fig. 8 Effect of injection mass on the chiral separation performance of Pim column
a, b. enantioseparation of 4-fluoro-a-methylbenzylamine under NP-HPLC with different injection masses. Other chromatographic con-
ditions are the same as those in Table 2. ¢, d. enantioseparation of benzoin under RP-HPLC with different injection masses. Other chro-

matographic conditions are the same as those in Table 3.
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Fig. 9 Repeatability and stability of Pim column
For enantioseparation of 4-fluoro- a -methylbenzylamine under NP-HPLC, chromatographic conditions are the same as those in
Table 2. For enantioseparation of benzoin under RP-HPLC, chromatographic conditions are the same as those in Table 3.
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