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Abstract

Six chiral polysiloxanes were prepared by block condensation of 3-(dichloromethylsilyl)-2-methylpropionic acid
272" 2'-trifluoroethyl ester with disodium tetramethyldisiloxanel-,3-diolate and subsequent nucleophilic displace-
ment with chiral amines. The polysiloxanes were coated on to capillaries and the capillary columns were used for
the gas chromatographic separation of pharmaceutical enantiomers. The columns showed sufficient enantio-
selectivity and thermal stability to separate various pharmaceuticals into enantiomeric pairs within a reasonable
time. (S)-Valine-(R)-1-(a-naphthylethyl)amide-modified polysiloxane showed better enantioselectivity, and (5)-
valine-(d)-menthylamide-modified polysiloxane gave a higher coating efficiency than the other phases.

1. Introduction

Chiral stationary phases in gas chromatog-
raphy (GC) afford enantiomer separations with a
mechanism due to solute—solvent enantioselec-
tive hydrogen bonding interactions; they are still
indispensable for the separation of amino acid
and amine enantiomers. Since the first successful
report of this type of phase by Gil-Av et al. [1],
significant developments in increasing the ther-
mal stability and enantioselectivity of the phases
have made [2-6]. In 1977, Chirasil-Val, a chiral
polysiloxane with (§)-valine-tert.-butylamide an-
chored to carboxypropyl-modified dimethylpoly-
siloxane was reported [7]. Since then, polysilox-
anes have received increasing attention as suit-
able liquid matrices for anchoring and dispersing
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chiral moieties [8-11]. The Chirasil-Val capillary
column can be obtained commercially. Polysilox-
anes with different chiral moieties have also been
reported [12-14].

In previous papers [15,16], we described a
novel method for the synthesis of functionalized
polysiloxanes by block condensation followed by
nucleophilic displacement of active ester groups
for chiral amines such as (§)-valine-tert.-
butylamide or (S)-a-naphthylethylamine in the
presence of imidazole. The method was found to
yield chiral polysiloxanes with high thermal
stability and enantioselectivity.

In this paper, we report on the synthesis of
various types of chiral polysiloxanes by nu-
cleophilic displacement introduction of chiral
amines to functionalized polysiloxanes prepared
by block condensation, and their application to
the enantiomer separation of pharmaceuticals.
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The GC enantiomer separation of pharmaceu-
ticals on a conventional-type Chirasil-Val capil-
lary column has been described [17]. For phar-
maceuticals, one enantiomer is usually more
effective than the other. In a few instances the
less effective enantiomer even has toxic prop-
erties. Therefore, we tried to develop a fast and
inexpensive analytical method for the separation
of pharmaceutical enantiomers by capillary GC
with chiral polysiloxane stationary phases pre-
pared by rigorously regulated processes.

2. Experimental
2.1. Materials

(S)-a-Naphthylethylamine,  (R)-a-naphthyl-
ethylamine, N-terz.-butoxycarbonyl (BOC)-(S)-
valine, dicyclohexylcarbodiimide (DCC) and
imidazole were obtained from Wako (Osaka,
Japan), /-menthol, d-menthol and pentafluoro-
propionic anhydride (PFPA) from Tokyo Kasei
Organic Chemicals (Tokyo, Japan) and pharma-
ceuticals from Aldrich (Milwaukee, WI, USA).
All solvents were obtained from Wako and were
distilled once before use.

2.2. Synthesis

Trifluoroethyl ester-functionalized polysiloxane

The polysiloxane was prepared according to
the literature [16] by block condensation of 3-
(dichloromethylsilyl)-2-methylpropionic acid
27,2".2'-trifluoroethyl  ester with  disodium
tetramethyldisiloxane-1,3-diolate by use of di-
chlorodimethylsilane as a diluent to adjust the
ratio of functionalized ester to unsubstituted
dimethylsiloxane units to at least 1:2, with an
average of 1:4.

d- and l-menthylamine

As d- and /-menthylamine were not available
commercially, we prepared them for the corre-
sponding menthols. First, 1.5 M H,SO, (600 ml)
was placed in a round-bottomed flask and
K,Cr,O, (11.8 g, 0.4 mol) was added with
stirring at room temperature. Menthol was slow-

ly added to the solution in three or four portions.
The solution was heated at 60°C for 1 h and then
cooled. The oxidized product of menthone was
extracted with 600 ml of diethyl ether. The ether
layer was washed three times with 200 ml of 5%
NaOH and three times with 200 ml of water,
successively, followed by drying over anhydrous
Na,SO,. After filtration from Na,SO,, the
ethereal solution was condensed to about 100 ml
on a Rotavapor and then distilled under reduced
pressure to yield 72 g (0.47 mol) of menthone
(b.p. 88-92°C/17 mmHg; yield 80%).

Menthone (30 g, 0.19 mol) and hydroxylamine
hydrochloride (21 g, 0.3 mol) were dissolved in
84 ml of ethanol-water (5:1, v/v) and cooled in
an ice-bath with stirring. After addition of
ground NaOH (38 g), the solution was refluxed
for about 1 h. The solution was cooled to room
temperature and poured into 1.8 M- HCI (800
ml). A white precipitate formed, which was
filtered off. The solution was evaporated almost
to dryness on a Rotavapor and the residue was
recrystallized from methanol. After drying the
crystal over P,O; under vacuum, 24 g of men-
thoneoxime were obtained (yield 75%).

Next, 200 ml of freshly distilled ethanol and
menthone oxime (15 g) were placed in a round-
bottomed flask equipped with a reflux con-
denser. The ethanol solution was heated until it
began to boil, the heating was stopped instanta-
neously, and 25 g of sodium (1.1 mol) were
added immediately. Soon after completion of the
reaction of the sodium, the solution was cooled
to room temperature, 250 ml of water were
added and the mixture was distilled. The dis-
tillates were poured into 600 ml of 6 M HCIL.
After the reaction mixture had almost distilled
off, about 150 m of water were added and the
distillation was continued for complete azeo-
tropic distillation of the required compound. The
distillate of HCI solution was evaporated on a
Rotavapor to remove HCI, water, alcohol and
unchanged menthone oxime. A white precipitate
of menthylamine hydrochloride salt was ob-
tained, which was transferred into a round-bot-
tomed flask (100-ml volume) fitted with a reflux
condenser. KOH (40%) (50 ml) was added and
the mixture was refluxed for about 1 h to isolate
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free d- or /-menthylamine. At room tempera-
ture, the solution was transferred into a separat-
ing funnel, 100 ml of diethyl ether were added to
extract menthylamine and the lower aqueous
layer was discarded. About 50 ml of saturated
KOH were added to the ethereal solution and
the lower aqueous layer was discarded. After
repeating this procedure three times, anhydrous
Na,SO, was added to dry the ethereal solution.
The Na,SO, was removed by filtration and the
solution was distilled twice (b.p. 94-94.5°C) to
yield 12 g of menthylamine (yield 77%). 'H
NMR (270 MHz, CHCl,); 8 (ppm) = 2.45-2.53
(m, 1H), 2.04-2.12 (m, 1H), 0.86-0.92 (q, 6H),
0.74-0.77 (d, 3H).

(S)-Valine-tert.-butylamide. (S)-valine-(S)-1-(a-

naphthylethyl)amide, (S)-valine-(R)-1-(a-naph-

thylethyl)amide, (S)-valine-(l)-menthylamide

and (S)-valine-(d)-menthylamide
(§)-Valine-fert.-butylamide was prepared as

described previously [16]. The other (§)-val-

ineamides were prepared in a similar manner.

Chiral polysiloxanes

Chiral polysiloxanes were synthesized almost
according to the previously published procedure
[16]. The polysiloxanes were prepared by nu-
cleophilic displacement of trifluoroethyl ester-
functionalized polysiloxane for chiral amines in
the presence of imidazole. Imidazole works as an
accelerating catalyst of the reaction rate. For
example, trifluoroethyl ester-functionalized poly-
siloxane (200 mg), (S)-valine-d-menthylamide
(120 mg, 0.47 mmol) and imidazole (30 mg, 0.44
mmol) were dissolved in 50 u1 of freshly distilled
dioxane and placed in a Pyrex test-tube (100 x 13
mm) equipped with a Teflon-lined screw-cap and
small magnetic stirrer. Dry argon was slowly
bubbled through the solution for 10 min at room
temperature to remove dissolved oxygen. The
tube was capped tightly and heated at 120°C for
24 h with continuous stirring. The tube was
cooled and 3 ml of dichloromethane were added.
The solution was washed with 1 M HCI and
three times with water and dried over anhydrous
Na,SO,. After removal of the Na,SO, by cen-
trifugation, the solvent was evaporated on a

Rotavapor and the residue was redissolved in a 5
ml of n-hexane. The solution was cooled in ice
and centrifuged again to remove undissolved
material. The supernatent was brought to dry-
ness under high vacuum (below 2 mmHg) on a
water-bath at 90°C for 1 h. A colourless, trans-
parent, viscous, oily liquid was obtained in a
yield of 245 mg (95%).

A schematic diagram of the synthesis of the
chiral polysiloxane is shown in Fig. 1. A repre-
sentative Fourier transform (FT) IR spectrum of
the chiral polysiloxane prepared from ($)-valine-
(R)-1-(a-naphthylethyl)amide is shown in Fig. 2.

2.3. Column preparation

Pyrex glass capillaries (0.25 mm 1.D.) were
leached with 6 M- HCI, dehydrated at 300°C
under vacuum and silylated with diphenyltetra-
methyldisilazane at 420°C [18]. The capillaries
were coated with 0.25% solutions of the chiral
polysiloxane stationary phases in n-pentane—di-
chloromethane (2:1, v/v) by means of a static
method.

2.4. Apparatus

Measurements were performed on a Shimadzu
(Kyoto, Japan) Model 9AM gas chromatograph
with flame ionization detection in the split mode.
A Shimadzu C-R7A data processor was used for
the determination of retention times, separation
factors and resolution. The carrier gas was
helium. The columns were first conditioned by
programming from 60 to 230°C at 4°C/min and
holding at 230°C for 3 h, after which they were
ready for use.

2.5. Sample derivatization

The pharmaceuticals used were synephrine,
penicillamine, octopamine, metanephrine, iso-
proterenol, norepinephrine, f-3,4-dihydroxy-
phenylalanine (DOPA) and propranolol. These
samples were acylated with PFPA prior to GC
injection, except penicillamine and DOPA,
which were esterified with 2-propanol before
acylation.
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Fig. 1. Scheme of the synthesis of (§)-valine-d-menthylamide-linked polysiloxane.
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Fig. 2. FT-IR spectrum of ($)-valine-(R)-1-(a-naphthyleth-
yl)amide-linked polysiloxanc.

3. Results and discussion

Nucleophilic displacement of trifluoroethyl
ester groups with chiral compounds was found to
be efficient for the introduction of various types
of chiral amines. The trifluoroethyl group linked
to the polysiloxane chain is completely displaced
with chiral amines with a molar ratio of only
10-20% excess of amines, as shown in Fig. 2;
this is particularly important when precious chi-
ral amines are employed. The chiral polysilox-
anes are stable for use at least up to 210°C with
continuous operation. The enantioselectivities of
the six chiral stationary phases were characteris-

tic and it was possible to separate the pharma-
ceutical enantiomers.
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Table 1

GC separation factors and resolutions for N.O.S-pentaflucropropionyl derivatives of pharmaceutical enantiomers on chiral
polysiloxanes with various selectors coated on 20 m x 0.25 mm [.D. glass capillaries

Selector Pharmaceutical

Synephrine Penicillamine” Octopamine Metanephrine Isoproterenol Norepinephrine DOPA”

(140°CH* (160°C)* (160°C)" (160°C)" (160°C)" (180°C)* (180°C)*

(8)-Val-amides

-tert.-Butyl 1.OT1(0.60) 1.000 1.O43(2.50) 1.025¢1.34)  1.024¢1.32)°  1.024(1.32) 1.079(3.78)

-(§)-1-(a-Naphthylethyl) 1.000 1.139(6.27) 1.026(1.28) 1.000 1.000 1.000 1.114(5.06)

-(R)-1-(a-Naphthylethyl) 1.053(2.72) 1.337(9.76)°  1.200(9.15) 1.016(0.81)  1.000 1.097(4.58) 1.050(2.47)

-[-Menthyl LO16(1.03) 1.172(8.20)°  1.082(5.00) 1.000 1.000 1.049(2.89) 1.036(2.09)

-d-Menthyl 1.000 1.195(9.02) 1.034(2.08) 1.026(1.52)  1.000 1.000 1.113(6.10)
Monoamide

($)-1-(a-Naphthylethyl)  1.000 1.089(2.94) 1.035(1.73)  1.0140.68)  1.000 1.000 1.031(1.41)

The highest separation factor and resolution ot cach compound are in italics. For cach enantiomeric pair, the d-cnantiomer eluted
faster. Data in parentheses are resolutions. calculated with the cquation [19] R = LI8(tg, = 1o (W, 5, + W,y ,), where
R =resolution, ¢, =retention time of the first-cluted enantiomer. 1, = retention time of the second-cluted enantiomer,
W, ., =peak width at half-height of the first-cluted enantiomer and W, ., = pecak width at half-height of the second-eluted
enantiomer.

* Column temperature.

" Isopropyl ester.

“ Reversal of elution order of enantiomers.

Chromatographic data obtained for seven obtained with six chiral polysiloxane stationary
pharmaceutical enantiomers are given in Table phases are given in italics. DOPA enantiomers
1. The highest separation factors and resolution could be separated completely on all chiral

polysiloxanes. Similarly, penicillamine showed
complete separation on all phases except (§)-

Penicillamine

DOPA
Metanephrine
X Norepinephrine
Octopamine
h l Isoproterenot "/M‘

r T - T 7T . — i

0 5 10 15 min
Fig. 3. GC enamiomer separation of pharmaceuticals. Col- 0 g 1b min
umn, glass capillary (20 m x 0.25 mm [.D.) coated with
(8)-valine-tert.-butylamide-functionalized polysiloxane Fig. 4. GC enantiomer separation of pharmaceuticals. Col-
(Chirasil-Val); column temperature. 120°C for 2 min. then umn. Chirasil-Val; column temperature, 150°C for 2 min,
increased at 3°C/min to 130°C, 5°C/min to 150°C and 10°C/ then increased at 2°C/min to 170°C and 4°C/min to 200°C.

min to 170°C. For more details. sec text. For other conditions. see Fig. 3 and text.
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DOPA

(T

0 5 10 min

Fig. 5. GC enantiomer separation of pharmaceuticals. Col-
umn, glass capillary (20 m x 0.25 mm 1.D.) coated with
(§)-valine-(R)-1-(a-naphthylethyl)amide-linked polysiloxane;
column temperature, 160°C for 2 min, then increased at
3°C/min to 170°C and 6°C/min to 190°C.

valine-tert.-butylamide-anchored  polysiloxane
(Chirasil-Val). However, Chirasil-Val could sepa-
rate penicillamine enantiomers completely at a
lower column temperature, as shown in Fig. 3.
The enantioselectivity of Chirasil-Val was not
very high towards these pharmaceuticals, but all
of them could be separated into enantiomeric
pairs (Fig. 4) Overall, (§)-valine-(R)-1-(a-
naphthylethyl)amide-linked polysiloxane offered
the highest separation factors. Figs. 5 and 6 show
typical chromatograms.

The enantioselectivities of the polysiloxanes
functionalized with (§)-valine-/-menthylamide

Table 2

Penicillamine DOPA

Ll

0 2 4 6 8 min

Fig. 6. GC enantiomer separation of pharmaceuticals. Col-
umn, glass capillary (20 m x 0.25 mm 1.D.) coated with
(S)-valine-/-menthylamide-linked polysiloxane; column tem-
perature, 160°C for 2 min, then increased at 3°C/min to
180°C.

and (§)-valine-d-menthylamide were unexpec-
tedly low. However, the capillary columns
coated with these chiral polysiloxanes showed
fairly high column efficiencies, which may be due
to their low polarities. The highest separation
factors coincide with the highest resolutions,
except for DOPA, which showed the highest
resolution on (§)-valine-d-menthylamide-linked
polysiloxane.

Table 2 represents the coating efficiencies of
the capillary columns with different types of
chiral polysiloxanes. The efficiencies obtained
from the capillaries coated with (§)-valine-d-

Efficiencies of the capillary columns coated with polysiloxanes with different selector groups

Selector Capillary Film HETP Coating
1.D. thickness for methyl efficiency
(mm) (pm) n-decanoate (%)
at 80°C (mm)
(8)-Valine-terr.-butylamide 0.25 0.14 0.30 74
(8)-Valine-(S)-1-

-(a-naphthylethyl)amide 0.25 0.14 0.37 60
($)-a-Naphthylethylamine 0.25 0.14 0.43 52
(S)-Valine-d-menthylamide 0.25 0.14 0.25 89
(S)-Valine-d-menthylamide 0.15 0.11 0.14 94

The capillaries were all made of Pyrex glass and deactivated as described in the text. Carrier gas, helium; linear gas velocity, 32 cm/s.
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Propranotol

0 10 20 min

Fig. 7. GC enantiomer separation of propranolol. Column,
glass capillary (10 m x 0.15 mm [.D.) coated with (S)-valine-

d-menthylamide-linked polysiloxane; column temperature,
180°C isothermal.

menthylamide-functionalized polysiloxane were
found to be the highest. This phase is particu-
larly useful for the separation of the less volatile
propranolol enantiomers (Fig. 7).

4. Conclusions

Chiral polysiloxane stationary phases for capil-
lary GC prepared by block condensation and
nucleophilic displacement are applicable to the
preparation of chiral polysiloxanes with a wide
variety of selectors. The phases were found to be
efficient for the separation of pharmaceutical
enantiomers of the amino acid and amino al-
cohol types. This method for the preparation of
functional polysiloxanes is considered to be use-
ful in other areas of research.
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