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Enantioseparation on Optically Active Stereoregular
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ABSTRACT: Optically active {R)-(+)-4-(1-(1-naphthylJethylcarbamoyloxy) phenylaceiylene {1) and
{R.R)-(+)-3,5-bis{1-phenylethylcarbamoyloxy) phenylacetylene (2) were prepared and polymer-
ized with a rhodium catalyst in the presence of silica gel having a phenylacetylene residue on sur-
face to obtain chiral stationary phases (CSPs 1 and 2, respectively), for enantioseparation of race-
mates by high-performance liquid chromatography. The homopolymer of 1 {poly-1) which was not
immobilized on silica gel was soluble in tetrahydrofuran and its structure, molecular weight and
chiroptical properties were examined. Poly-1 showed an intense induced CD in the UV-visible region
which may be due to a predominant one-handed helical conformation of the main chain. On the other
hand, homopolymer of 2 was not scluble in common organic solvents. Copolymers of 2 with achiral
phenylacetylenes bearing a siloxy group were soluble in THF. However, they showed a weak in-
duced CD. Several racemates such as Troger base and spiropyran derivatives were resolved on C5Ps
1 and 2, and CSP-1 showed relatively higher chiral recognition ability. The results suggest that the
poly-1 is among the useful polymeric C5Ps and the predominant one-handed helical sense may play
an important role for the enantioseparation. Enantiomers of some racemates were eluted in reversed
elution order on the two CSPs, indicating that the chiral discrimination mechanism of the CSPs may

he different.

Introduction

Many optically active polymers have been pre-
pared and some of them show chiral recognition a-
hilities as chiral stationary phases (CSPs) for high-
performance liquid chromategraphy (HPLC),' al-
though their chiral recognition abilities are usually
not so high except for a few optically active syn-
thetic polymers with a stereoregular structure
such as one-handed helical poly(triphenylmethyl
methacrylate),’ polyacrylamides,® and polyamides.’
Previously, we found that stereoregular, eis-tran-
soidal poly((R)-4(1-phenylethylcarbamoyloxy)
phenylacetylene) {poly-PECPA) prepared by poly-
merization with [Rh{nbd)}Cl], {nbd: norbornadiene)
as a catalyst in tetrahydrofuran (THF) showed an
intense induced CD in the UV-visible region {300~
500 nm), probably due to a predominant one-hand-
ed helix formation of the main chain.®* Moreover,
poly-PECPA showed a high chiral recognition a-

bility as a CSP for HPLC and resolved several race-
mates such as Troger's base derivatives, spiro-
pyran derivatives and racemic alcohols.” The one-
handed helical conformation, induced by the
stereoregular main chain may play an important
role for the chiral recognition because stereoir-
regular polymer having the same chiral carbamoyl
group prepared by a different synthetic route
showed no induced CD and poor resolution ability.’
These findings indicate that other optically active
stereoregular polyacetylenes may alse be applica-
ble to CSPs for HPLC.

In the present study, two optically active
phenylacetylenes (1, 2) having a chiral carba-
moyloxy group at the para or mefa position were
synthesized and polymerized with the rhodium cat-
alyst in the presence of silica gel bearing a phenyla-
cetylene residue on silica surface to obtain chiral
stationary phases (CSPs 1 and 2, respectively), and
their chiral recognition ahilities were evaluated by
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HPLC. Structures and chiroptical properties of
poly-1 prepared by the homopolymerization of 1
and the copolymers of 2 with three achiral phenyl-
acetylenes bearing a bulky siloxy group were also
gated using NMR and CD spectroscopies.

Experimental

Materials. THF was dried over sodium ben-
zophenone ketyl and distilled onto LiAlH, under m-
trogen. Triethylamine was distilled and dried over
KOH pellets under a nitrogen atmosphere. These sol-
vents were distilled under high vacuum just before
use. Toluene and benzene were distilled from so-
dium henzophenone kety! under nitrogen. Pyridine
was distilled and dried over KOH pellets under ni-
trogen. Bis(triphenylphosphine)palladium dichloride,
and bisl(norbornadiene)rhodium(I)  chloridel {([Rh
(nbd)Cll.) were purchased from Aldrich. Tetra-
butylammonium fluoride (1.0 M in THF) and (R)-
(-)-1-(1-naphthyDethyl isocyanate were obtained
from Tokyo Kasei (Japan). Triphenylphosphine and
copper(]) iodide were from Kishida (Osaka, Japan).
3-Isocyanatopropyltriethoxysilane  was purchased
from Lancaster (England). (R)-(+)-1-Phenylethyl
isocyanate was prepared from {R)-1-phenylethy-
lamine (Tokyo Kasei) by the conventional method
using triphosgene.” 4-Hydroxyphenyl acetylene and
(R)-4-{1-(1-naphthylethylcarbamoyloxy)phenyl-
acetylene (1) and monomers 3~5 were prepared by
the previously reported method® (Trimethylsilyl)
acetylene and macroporous silica gel (Daisogel, SI-
1000; 7pm particle size and 100nm pore) were
kindly supplied by Shinetsu Chemical (Tokyo, Japan)
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and Daiso (Osaka, Japan), respectively.

(R.R)-(+)-3,5-Bis(1-phenylethylcarbamoyloxy}
phenylacetylene (2) was prepared as outlined in
Scheme 1, in a similar way for the synthesis of 1.

3,5-Bis(#-butyldimethylsiloxy)benzaldehyde®  was
prepared from the corresponding benzyl alcohol fol-
lowed by an oxidation with pyridinium dichromate."
The formyl group was converted to the ethynyl
group according to the Corey's method.” 3,5-Bis(f-
butyldimethylsiloxy)'phenylacetylene thus obtain-
ed was treated with tetrabutylammonium fluoride
(1.0 M iz THF) to remove t-butyldimethylsilyl
groups. The resulting phenol derivative was al-
lowed to react with (B)-(+)-1-phenylethyl iso-
cyanate in the presence of a catalytic amount of
dry pyridine. The crude slightly yellow solid was
purified by chromatography on silica gel using eth-
er as the eluent, followed by recrystallization from
ether-benzene (1/1) to give colorless crystals in
20% vield, mp 153~157 °C; [a]lD®+141.7° (THF, c=
1.01g dlLY). IR (KBr) : 3340 (vNH), 3296 (v=CH),
1715 (v C=0); 'H NMR {(CDC1,) : 61.56 (4, CH,,
61D, 3.06 (s, =CH, 1H), 4.89 (m, NHCH. 2H}, 5.30
{d, NH, 21D, 7.0~7.4 (m, aromatic, 13H). Anal
Caled for CuHaN.0::C, 72,88 H, 5.65; N, 6.54.
Found : C, 72.81: H, 5.90; N, 6.42.

Preparation of CSPs. Packing materials (C5Ps 1
and 2) were prepared by polymerization of 1 and 2,
respectively, with the rhodium catalyst in the pres-
ence of macroporous silica gel hearing a phenyl-
acetylene residue on silica surface. A typical pro-
cedure for the preparation of CSP-1 is described
pelow and the outline is shown 1n Scheme 1L

4-Hydroxyphenylacetylene (3.9 g, 33 mmol} was
allowed to react with 3-isocyanatopropyl-triethoxy -
silane (9.0 mL, 36 mmol) in the presence of a cat-
alytic amount of dry pyridine (0.5 mL) at room
temperature for 22h to give 3-{4-ethynyphenyl-
carbamoyl)propyltriethoxysilane in quantitative
vield. Silica gel (5.02 g) which had been thoroughly
dried in vacue at 100°C was dispersed in dry ben-
zene {60 mL) and pyridine (0.5 mL). To this 3-(4-
ethynyphenylcarbamoyi)propyltriethoxysilane (4.5
mL)} was added and the mixture was left at 80 °C,
overnight under nitrogen. After 20 h, the suspend-
ed silica gel was collected by filtration, washed
with methanol, and dried in vacuo at 50°C for 3h
{5.09g). The silica gel (4.0 g} was then dispersed
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Scheme L. Synthesis of (RR)-2.
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in dry THF (20 mL) containing 1 (3.2 g, 0.2 mmol).
Polymerization was initiated by adding a THF
solution of [Rh{nbd)C1]; (0.098 mmol} into the mix-
ture at 30 °C. After 1 h, the silica gel-bonded poly-1
(CSP-1) thus obtained was recovered by filtration,
washed with THF in several times, and dried in va-
cuo at 50°C for 2h. Judging form the weight of
the recovered silica gel, the amount of poly-1 hond-
ed to silica gel was estimated to be 0.45g (14%
vield}. Poly-1 which was not immobilized to the sil-
ica gel was soluble in THF and it was recovered
by precipitation into a large amount of methanol,
collected by centrifugation, and dried in vacuo at 50
°C for 3h (2.4 g, 75% vield). The CSP-1 obtained
was packed into a stainless steel tube (25 cm>0.46
c¢m i.d.) by the conventional high-pressure slurry-
packing procedure using a model CCP-085 Econo
packer pump (Chemco}."”

CSP-2 was prepared in the same way for CSP-1
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by polymerization of 2 (0.60 g} at 30 °C for 3 h using
the rhodium catalyst in the mixture of THF (4.3
mL) and triethylamine (2.1 mL) in which the func
tionalized silica gel (1.7 g) had been dispersed. The
amount of poly-2 on the silica gel was estimated to
be 0.43 g by weight (72% yield). However, homo-
polymer of 2 (poly-2) was not soluble in common
organic solvents including THF and triethylamine,
and therefore, the homopolymer might precipitate
during the polymerization reaction. No polymeric
products were recovered from the solvents used
for the polymerization of 2. This means that the
CSP-2 may also contain the unimmobilized homo-
polymer of 2. The CSP-2 was packed into a stain-
tess steel tube (12,5 cmx 0.4 cm 1.d.).

Since poly-1 was soluble in THF, CSP-3 derived
from the soluble poly-1 (0.60g) can be prepared
by coating the polymer on silica gel (3.0g) which
had been treated with a large excess of (3-amino-
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Scheme II. Preparation of CSP-1.

Eto._

Ho-@—z + eExo—si\/\,NCO ~pyridne

CEt
= . =~ 1/ NHCOZ =
s benzene/pyndme e SN
/
Silica gel
—(C:CHHC:CH—)—"-‘ —{C=CH-}——
. n
(Rh(nbd)Cl] / THF @
-1/30°C/1h
o o /0 ] i b
'Sl s EIH r;IH
7 CHy—CH CHy—CH
csp1 LI CY) Poly-t

EiO\ HCO _O;
Et0— 5l NHCO; —
et0” ViV

propyl)triethoxysilane as described previously."
The packing material (CSP-3) was packed into a
stainless steel tube (25 cmx0.46 ¢m i.d.).

The plate numbers of the CSPs 1, 2, and 3 were
5500, 1800, and 5900, respectively, for benzene
with hexane-2-propanol (90/10) as the eluent at a
flow rate of 0.5 mL/min. 1,3,5-Tri-tert-butylben-
zene was used as a non-retained compound for es-
timating the dead time (f.).

Polymerization. Polymerization was carried out
in a dry glass ampoule, in a dry mitrogen atmos-
phere using [Rh(nbd)Cl]. as a catalyst, according
to the previously reported method.®

Apparatus. NMR spectra were measured on a
Varian VXR-5008 {500 MHz for *H) spectrometer
using TMS as the internal standard. IR spectra
were measured on a JASCO Fourier transform IR-
7000 spectrometer as a KBr pellet. UV spectra
were recorded on a Jasco ]-720 L spectrometer in
THF solution in a 0.05 cm quartz cell. Circular di-
chroism (CD) spectra were taken on a JASCO J-720
L apparatus with a 0.05 cm optical cell at ambient
temperature. Gel permeation chromatography
(GPC) was performed using a Jasco Trirotar-II lig-
uid chromatography equipped with a UV-visible
deetection (254 nm; Jasco 875-UV). GPC columns,
Shodex A-80M (50 c¢m) and Tosoh TSK-G3000H
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(50 cm) were connected in series and THEF was
used as the eluent at a flow rate of 1.0 mL/min.
The molecular weight calibration curve was ob-
tained with polystyrene standards (Tosoh). Enan-
tioseparation was performed on a JASCO PU-980
chromatograph equipped with a UV (JASCO 875-
UV) and a detector polarimetric (JASCO DIP-
181C) detector at room
methanol, methanol-H:) or hexane-2-propanol mix-
ture as the eluents at a flow-rate of 0.5 mL/min. A
solution of a racemate was injected into the chro-
matographic system with a Rheodyne Model 7125
injector.

femperature using

Results and Discussion

Preparation of CSPs and Structure of the Poly-
mers. The optically active polyphenylacetylenes
bonded to silica gels were successfully prepared by
the polymerization of 1 and 2, catalyzed by the rho-
dium catalyst, which is well known to be effective
for the polymerization of mono-substituted phenyl-
acetylenes to afford high molecular weight, stereo-
regular, cis-transoidal polyphenylacetylenes," using
a functionalized silica gel bearing a phenylacetylene
residue on silica surface as shown in Scheme IL
The immobilization of polyphenylacetylenes on sil-
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ica strface was confirmed from the IR spectrai two
peaks due to the carbamoyl and phenyl groups
were observed for all CSPs at around 1710 and 1620
cm?, respectively. The contents of the polymers of
the CSPs 1 and 2 estimated by weight change were
11 and 25 wt % to silica gel, respectively. The CSP-2
contained a larger amount of polymer than CSP-1
probably because the CSP-2 contained the homo-
polymer of 2 precipitated during the polymerization
because poly-2 is insoluble in common organic sol-
vents.

The homopolymer of 1 {poly-1) which was not
immobilized on silica gel was completely soluble in
THF and partially soluble in chloroform and its
structure, molecular weight and chireptical prop-
erties could be examined. However, poly-1 pre-
pared with the same rhodium catalyst in THF in
the absence of silica ge] was partially soluble in
THF and full characterization of the polymer could
not be made.® Poly-1 had a high molecular weight
(M.=e¢a. 1x10° estimated by gel permeation chro-
matography using polystyrene standards). The UV-
visible and 'H NMR spectra of the polymer (poly-1)
obtained indicated that the polymer had a con-
jugated polyene structure and an almost complete
cis-transoidal conformation, respectively. Poly-1
showed a sharp proton resonance centered at
around 5.8 ppm. This can be assigned to the cis-
transoidal main chain's olefinic protons and the cis
content was estimated to be approximately 100%
by the integral ratio of the olefinic proton reso-
nance and the other aromatic proton resonances
based on the literature method for polyphenyl-
acetylene.

Poly-1 showed an mtense induced CD in the UV-
visible region in THF (Figure 1) which may be due
to a predominant one-handed helical conformation of
the main chain as previously reported for other opt-
ically active polyacetylene derivatives®™"® The CD
pattern was similar to those of the induced CD of
the cis-transoidal poly((4-carboxyphenyDacetylene)
with optically active amines,” poly((4-dihydroxy-
borophenylacetylene) with sugars or optically ac-
tive diols,” and poly(4-(N,N-diisopropytaminomethyl)
phenylacetylene) with optically active acids.”” There
are at least two Cotton effects with the exciton-type
splittings” in the CD spectrum. However, the as-
signments of the Cotton effects have not yet been
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Figure 1. CD spectra of poly-1 (1.0mg/mL} in THF at
room temperatare.

done.

Monomer 2 is 2 new compound and was poly-
merized and copolymerized with three optically
inactive comonomers bearing a bulky substituent, 4-
(t-butylimethylsiloxy)phenylacetylene (3}, 3-(¢
butyldimethylsiloxy)phenylacetylene (4), and 4-(¢-
butyldiphenylsiloxy)phenylacetylene (5) with the
rhodium catalyst. The results of the polymer-
ization and copolymerization are summarized in
Table 1.

GHa CHa
4-O"§i'-—t-Bu 3-O—§'r-“t-Bu 4-0—§r—1-Bu
CHs CH,

3 4
5

The polymerization of 2 was carried out in anhy-
drous THF and a mixture of THF and triethyl-
amine at 30 °C. In the solvents, the polymerization
proceeded rapidly and a vellow coloured polymer
precipitated within a few minutes and the homo-
polymers (poly-2} obtained were not soluble in
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Table 1. Polymerization of 2 and Copolymerization
with Phenylacetylene Derivatives (M,) with
[Rh(ubd)Cl], in THF at 30°C for 5h’

run M, polymer
yield(%)" M Jmol®)”  M* 0"
1 — 28 0 :
2 — a2 0 ‘
3 3 37 19 73
4 4 50 15 99
5 5 40 15 34

92+M,1=0.5M, |Rh]=5 mM, | 2}/{M,}=9.
"Methanol in soluble fraction.

‘Estimated by "H NMR.

Netermined by GPC (polystyrene standards).
“Insoluble in common organic solvents.

in THF/ELN=4/1 (v/v).

“Polymerization time, 6 h.

common organic solvents including THF, triethyl-
amine. acetone, DMF, DMSO, and pyridine and the
molecular and con-
formation of poly-2 could not be examined. There-
fore, the copotymerization of 2 with comonomers
3~5 with bulky substituents was conducted n
THF. The feed molar ratic of a comonomer to 2
was fixed at nine in all cases (Table 1).

Copolymers obtained were soluble in THF and
chloroform and were found to have a high molec-
ular weight (=107, Stereoregularity of the ob-
tained copolymers was examined by 'H NMR.
Rather broad olefinic proton resonances were oh-

weight, stereoregularity,

served for the copolymers. However, most copoly-
mers had a high cis-transoidal structure based on
the literature."

Previously, we reported that poly-PECPA and
the copolymers with 3-5 showed an induced CD mn
the UV-visible region similarly to poly-1 as shown
in Figure 1 depending on the position of sub-
stituents and bulkiness of the achiral comonomers.”
The main chain of the polymers seems to be chiral,
probably based on a predominant one-handed hel-
ical sense. The magnitude of the CD of the co-
polymers increased with an increase in the bulk-
iness of the substituents of the comonomers. The
copolymer with a substituent at the mefa position
(4) and homopolymer of (R)-(+)-3-(1-phenylethyl-
carbamoyloxy)phenylacetylene (6) bearing a chiral
residue at the mela position exhibited a very weak
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induced CD in the UV-visible region' A dis-
synmetric substitution at the meta position on the
phenyl groups probably cannot induce a steric fac-
tor which is required to maintain a helical struc-
ture. The monomer 2 has a symmetric substitution
at both the mefa position, and its homopolymer and
copolymer were expected to show an intense in-
duced CD. However, the homopolymer was not
soluble in common corganic solvents and the co-
polymers of 2 with 3 and 5 which were soluble in
THF showed a very weak Cotton effect; molar el-
lipticities ([81x 10" (degree cm’dmol”) and A (nm))
of the second Cotton for the copolymers of 2 with 3
and 5 were -2.6 (375) and -0.3 (380), respectively.
The chiral substituents at the meta position seem
to be unfavorable for the induction of a helical con-
formation in the copolymerization, though no in-
formation is available about the conformation of
poly-2 because of solubility.

Chromatographic Enantioseparation. Figure 2
shows a chromatogram of the resolution of ra-
cemic spiropyran derivative (12) on CSP-1, The
enantiomers eluted at retention times of 4 and £
showing complete base-line separation. Capacity
factors, k' [=(t-t.)/t] and k' [=(t-i}/h], were
1.48 and 2.13, respectively and separation factor
o [=k.'/k:'} was found to be 1.44.

The results of the enantioseparation of nine race-
mates (Figure 3) bearing various functional groups,
4-(1-phenylethylcarbamoyloxy }phenylacetylene (7),
Triger's base (8) and its derivatives (9.10), spiro-
pyran derivatives (11-13), phenyl vinyl sulfoxide
(14), and trans-stilbene oxide (15) on the three
phases are shown in Table Il For comparison, the
resolution results on the coated-type poly({(R)-4-(1-
phenylethylcarbamoyloxy )phenylacetylene) (poly-
PECPA; M.=2.5x10") phase, which was prepared
by physical adsorption of poly-PECPA on amino-

Korea Polym. J., Vol. 4, No. 2, 1996



Enantioseparation on Polyphenylacetylene Derivatives

functionalized silica gel” are also shown. The re-
sults indicate that the chiral discrimination abilities
of the CSPs prepared in the present study was low-
er thar those of the poly-PECPA phase. However,
the CSP-1 derived from poly-1 can separate race-
mates such as Troger base (8) and its derivatives
(9,10) and spiropyran derivatives (11-13), while
the CSP-2 resolved 9, 11, and 15. The one-handed

T | I
15 20 25  time / min

Figure 2. Separation of (£)-12 on CSP-1. Eluent; me-
thanol, flow rate; 0.5 mL/min.

= O £ L
oo Q) vl

s
15 0

SeLE

13

Q

i

-
14

Figure 3. Structures of racemates 7-15.

helical conformation induced by the stereoregular
main chain of the polyphenylacetylenes may play
an important role for the chiral recognition, be-
cause stereoirregular poly((R)-4-(1-phenylethyl-
carbamoyloxy)phenylacetylene) having the same
chiral carbamoyl group prepared by a different syn-
thetic route showed no induced CD and poor reso-
Jution ability as we reported previously.’

The CSP-2 showed lower chiral recognition than
the CSP-1 and the elution order of the enantiomers
of 10, 11, 14, and 15 on the two phases were re-
versed, whereas on CSPs 1, 3, and poly-PECPA
such a reversed elution order was not observed ex-
cept for the resolution of 12 on the CSP-1 and poly-
PECPA. This may suggest that poly-1 has a helical
structure similar to that of poly-PECPA. The rea-
son of the difference in chiral recognition ability of
two phases (CSPs 1 and 2} is not clear at present.
but may partly be due to the steric effect of the
two 1-(phenylethyl)carbamoyl group at the meta
position of the poly-2.

Small differences were observed in chiral re-
cognition ability between the two phases CSPs 1
and 3, indicating that the immohilized poly-1 on sil-
ica surface may have a similar predominant one-
handed helical structure to that of the homo-
polymer of 1, irrespective of the immobilization
methods.

The advantages of the present methods for im-

Table IL Resolution Resuits of Racemates 7-15 on CSPs 1-3 and Poly-PECPA

racemate  eluent® CSP-1 CSp-2 CsP-3 poly-PECPA’

B a g’ o B o B @

7 A 2.52(-) ca- 1 4.07 1.0 461 ) 1.08
8 A 0.37(+) ca. 1 0.18(+) ca. 1 0.42 1.0 0.63(+) 1.26
B 0.27(+) 1.28 0.26(+) ca. 1 0.39(+) 1.31 (.14(+) 1.50

9 B 1.21{+) 1.20 0.67(+) 1.12 1.90{+} 1.23 0.80(+) 1.20
10 B 1.19(-) 1.39 .32(+) ca. 1 d 0.81 1.59
11 B 0.40(+) 1.22 0.20(-) 1.29 0.54(+) 1.22 (124(+) 1.31
12 B 1.48( ) 1.44 0.70 1.0 2.29(-) 141 1.00(+) 1.36
13 D 1.42(+) 1.07 1.50(+) 1.07 0.91(+) 1.13
14 A 2.64(-) 1.06 3.88(+) ca. 1° 3.95(-) 1.05 3.75(-) 1.04
15 C 0.46(-) ca. 1 0.52(+) 1.1 0.61(-) 1.08 1.21{-) 1.14

“Fluent; hexane-2-propanck(®)/10) (A), methanol (B), hexane {C), methanal-H,0 (90/10) (I, Flow rate; (.5 mL/nin.
*Optical rotation of the first-eluted enantiomer is shown in the parentheses.

‘Data cited from ref. 7.

“Not eluted.

‘Eluent; hexane-2-proparol {99/1).
Flow rate; (.25 mL/min.
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mobilization of polyacetylenes on silica gel com-
pared with the previous coating method are: (1}
the immobilization of polyphenylacetylenes being
insoluble in usual organic solvents to silica gel can
be made possible through a chemical bonding by
the polymerization method using silica gel having a
phenylacetylene residue on silica surface, and (2)
the chemically bonded-type CSPs prepared in this
work can be used with the polar solvents such as
THF and chloroform which cannot be used for the
coated-type CSPs because of solubility. Enan-
tioselectivity of the CSP-1 will be influenced on
mobile phase components such as THF and chloro-
form, and this work is in progress.
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