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Abstract: The resolution of nine sympathomimetic phenethylamine racemates by B-cyclodextrin and heptakis(2,3-di-O-
acetyl)B-cyclodextrin has been investigated by capillary electrophoresis and '"H NMR spectroscopy. The NMR and
capillary electrophoresis results showed that B-cyclodextrin probably formed stronger complexes with the amines than did
heptakis(2,3-di-O-acetyl)B-cyclodextrin but was a poorer chiral discrimination agent in both techniques. The addition of
heptakis(2,3-di-O-acetyl)B-cyclodextrin to the capillary electrophoresis buffer gave baseline resolution of enantiomer
peaks for seven of the compounds studied while B-cyclodextrin resolved only three of the racemates.
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Introduction

Cyclodextrins are well established as reagents
for the chiral discrimination of enantiomers by
HPLC, in both the stationary phase [1, 2] and
mobile phase [3-5], and by NMR spectro-
scopy [6, 7]. More recently, they have been
used to achieve chiral separations with capil-
lary electrophoresis (CE) [8-11]. Cyclo-
dextrins are particularly useful for the sep-
aration of aromatic compounds which form
diastereomeric inclusion complexes with the
oligosaccharide. It is thought that chiral dis-
crimination is brought about by differential
interaction of each enantiomer with the secon-
dary hydroxyl groups (at the 2- and 3-positions
of the glucose monomers) which line the wider
rim of the cyclodextrin cavity. While both
hydrophobic and electrostatic forces are
thought to be responsible for complex for-
mation on the basis of theoretical studies {12],
the exact nature of the enantiomer discriminat-
ing interactions is not well understood. Hydro-
gen bonding has been proposed from mol-
ecular modelling studies of the propranolol-B-
cyclodextrin complex [13] and electrostatic

forces from an examination of solid-state
complex structures [14]. Thus, it is difficult to
say precisely which compounds will be resolved
and such predictions as are available are based
on empirical observations.

As part of an investigation to understand in
more detail the structural requirements for
chiral discrimination, we have synthesized
heptakis(2,3-di-O-acetyl)B-cyclodextrin  and
compared its ability to resolve enantiomers of a
series of sympathomimetic phenethylamines
(Table 1) with that of B-cyclodextrin using
capillary electrophoresis and NMR spectro-
scopy. CE was selected in preference to
reversed-phase HPLC because resolution can
be achieved with smaller quantities of cyclo-
dextrin and because results can be more easily
compared with NMR resolution data owing to
the absence of organic modifier. In addition,
NMR spectroscopy has the potential to give
detailed structural information on the inclusion
complexes by subsequent NOE measurements.
The resolution of some phenethylamines by
CE has been reported previously using f-
cyclodextrin and heptakis(2,6-di-O-methyl)p-
cyclodextrin in the buffer [15-19]. Data for the
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Table 1
Structures of compounds studied

OH R,
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4@—CH—CH—NH——R2
X \ ' 1 2

5 6
Compound Name X R, R,
1 Ephedrine H CH, CH,
2 Oxedrine 4-OH H CH,
3 Oxilofrine (oxyephedrine) 4-OH CH; CH;
4 Norfenefrine 3-OH H H
5 Etilefrine 3-OH H CH,CH,
6 Orciprenaline 3,5-diOH H CH(CH3),.
7 Noradrenaline (norepinephrine) 3,4-diOH H H
8 Isoprenaline 3,4-diOH H CH(CHj;),
9 Salbutamol 3-CH,OH 4-OH H C(CHs3);

chiral discrimination of a wider range of
phenethylamines by B-cyclodextrin and hep-
takis(2,3-di-O-acetyl)p-cyclodextrin are re-
ported here.

Experimental

Synthesis and purification of heptakis(2,3-di-O-
acetyl) B-cyclodextrin

The synthesis was carried out in three stages
using B-cyclodextrin as the starting material
and required selective protection the primary
hydroxyl group, acetylation of the secondary
hydroxyls followed by deprotection and puri-
fication of the final product. The method was
modified from Coleman et al. [20].

B-cyclodextrin (a gift from the Consortium
fiir Elektrochemische Industrie) was dried at
0.1 mm Hg and 100°C for 48 h. Pyridine was
dried over and distilled from CaH,; dichloro-
methane was distilled over CaCl,; boron tri-
fluoride etherate complex was distilled before
use.  Chlorodimethyl-1,1,2-trimethylpropyl-
silane (Merck) was used without further puri-
fication. TLC was performed on silica gel
(F.s4, Merck) and detected by spraying with
H,S0,. Silica gel 60 (Merck No. 7734) was
used for column chromatography and
reversed-phase chromatography was carried
out with a LiChroprep RP-18 column (Merck
No. 10625). Melting points were determined
with a Biichi apparatus (Flawil, Switzerland)
and uncorrected values are reported.

Heptakis(6-O-dimethylsilyl-1,1,2-trimethyl-
propyl)B-cyclodextrin (10). Chlorodimethyl-1,
1,2-trimethylpropylsilane  (10.0 ml, 51 mM)
was added dropwise to a solution of anhydrous

B-cyclodextrin (5.0 g, 4.4 mM) in dry pyridine
(150 ml) at 0°C. The mixture was stirred at 0°C
for 3h, warmed to room temperature and
allowed to stand for 35-40 h. The reaction was
monitored by TLC using butanone—1-butanol-
water (7:1:1, v/iviv; R 0.5). The pyridine was
evaporated in vacuo and traces of solvent
removed by co-evaporation with toluene
(30 ml). The residue was crystallized from
methanol-dichloromethane to give a product
(6.8 g; 79%) with minor impurities. RP-18
chromatography of the product (methanol-
dichloromethane, 7:3 v/v) gave pure 10 with
analytical data identical to that previously
reported [21].

Heptakis(2,3-di-O-acetyl-6-O-dimethylsilyl-
1,1,2-trimethylpropyl)B-cyclodextrin (11). A
solution of 10 (3.0 g; 1.41 mM) in acetic
anhydride (30 ml) and pyridine (40 ml) was
stirred for 4 h at 100°C and then evaporated in
vacuo. Traces of solvents were removed by co-
evaporation with toluene (10 ml). Column
chromatography (ethyl acetate—petrol ether;
7:3, viv) of the residue afforded pure 11 (2.41
g '; 63%) with analytical data identical to
those previously reported [21].

Heptakis(2,3-di-O-acetyl)B-cyclodextrin. A
solution of 11 (0.5 g, 0.184 mM) and boron
trifluoride etherate complex (0.4 ml, 3.35
mM) in dichloromethane was stirred at room
temperature overnight. It was then diluted
with dichloromethane (50 ml) and poured into
iced water. The organic layer was separated,
washed with water (1 X 15 ml), saturated
aqueous NaHCO; (1 x 15 ml) and again with
water (1 x 15 ml), then dried over Na,SO, and
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evaporated. Column chromatography of the
residue with an eluent of ethyl acetate—meth-
anol (85:15, v/v) gave heptakis(2,3-di-O-
acetyl)B-cyclodextrin (0.27 g, 87% yield).
Analytical data for the product were identical
with those already reported [21].

Capillary electrophoresis (CE)

Work was carried out on a BIORAD HPE
CE system, using a Biorad coated-capillary of
internal diameter 25 pm and a total length of
20 cm. Samples were loaded by electro-
migration and separated at room temperature
using a constant current of 12 pA. Data were
recorded at the analyte A, value with the
Biorad 800 HRLC system, version 2.30.
Samples of compounds 1-9 were prepared by
dissolution in acetonitrile—potassium dihydro-
gen phosphate (0.1 M, pH 3.0) (10:90, v/v) at
about 0.5 mg ml~'. Buffers at pH 3-6 for CE
were all prepared from potassium dihydrogen
phosphate at 0.1 M using freshly distilled and
filtered water, and adjusted with orthophos-
phoric acid or 1 M sodium hydroxide. The
buffer at pH 7.5 was a 50:50 mixture of 0.1 M
potassium dihydrogen phosphate and 0.1 M
dipotassium hydrogen phosphate, adjusted
with 1 M sodium hydroxide. All samples and
buffers were filtered through a 0.2 pm cellu-
lose nitrate filter (Whatman, Maidstone, UK)
and centrifuged for 5 min before use.

NMR spectroscopy

For the measurement of cyclodextrin-
induced shifts, sufficient quantities of com-
pounds 1-9 with and without the appropriate
cyclodextrin were dissolved in deuterated
0.1 M phosphate buffer equivalent topH 4.5, to
give 12 mmol concentrations of each. Spectra
were obtained on a Jeol EX400 FT NMR
spectrometer operating at 399.05 MHz for 'H.
Sixty-four scans with a frequency range of 5000
Hz were collected into 32K data points giving a
digital resolution of 0.31 Hz/pt. An appro-
priate Gaussian function was applied before
Fourier transformation to enhance spectral
resolution. The temperature was controlled at
30 £ 1°C and the residual protonated water
signal was suppressed using homo-gated secon-
dary irradiation (decoupler off during data
acquisition). Inverse 'H-'*C correlation
spectroscopy with the HMQC pulse sequence
[22] on a 12 mmol solution of etilefrine HCI
used a final data matrix of 512 X 512 real data
points. Frequency widths of 5000 Hz ('H) and
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30120.5 Hz (**C) gave row and column reso-
lutions of 9.77 and 58.8 Hz, respectively.
Sixteen scans were accumulated per slice.

The '"H NMR experiments for the Job plots
and measurement of complex formation con-
stants with etilefrine HCI were performed on a
Varian XL 300 FT NMR spectrometer operat-
ing at 299.956 MHz with a sample temperature
of 26°C. Five solutions in deuterated 0.1 M
phosphate buffer pH 4.5 having molar ratios
(etilefrine HCl:cyclodextrin) of 0.5:1, 0.75:1,
1:1, 1.25:1 and 1.5:1 were prepared for the Job
plots. Four similar solutions with molar ratios
1:2.33, 1:3.0, 1:4.0 and 1:5.7 were used to
determine the formation constant of the com-
plex between etilefrine HCl and heptakis(2,3-
di-O-acetyl)B-cyclodextrin.

B-cyclodextrin  and  heptakis(2,3-di-O-
acetyl)B-cyclodextrin were dried in vacuo over
P,O,o before use and all chemical shifts were
referenced to the HDO signal at 4.65 ppm.

Results

Capillary electrophoresis

The migration times for all nine compounds
using 0.1 M phosphate buffer pH 3.0 are
shown in Table 2, which also gives the
migration times (¢,,) and resolution values (R;)
measured in the presence of B-cyclodextrin or
heptakis(2,3-di-O-acetyl)B-cyclodextrin.

The migration times in Table 2 correspond
to electrophoretic mobilities ranging from 0.58
X 107* (tm = 13.84 min) to 1.72 X 107* (¢,, =
5.39 min) cm® s”! V™! which were calculated
according to equation 1 [23]:

IL/Ve, (D
where p,pp, Mep and p, are the apparent,
electrophoretic and endo-osmotic mobilities,
respectively (cm? s™! V7!), [ is the length
(17.2 cm) of the capillary to the detector, L is
its total length (20 cm) and V is the voltage
(5700V) across it. In an attempt to measure p.,
under the experimental conditions used, no
response was obtained when using acetone as a
neutral marker during a time of 90 min over a
column distance of 2.8 cm. This indicates that
Meo must be less than 1.8 X 1076 cm?s™! V7!
which is lower in comparison to a previous
report [23] where the effect of ., was dis-
counted at 0.04 X 107 cm? s™! V™!, Thus the
effect of endo-osmotic flow can be ignored so

that pep = Rapp.

Happ = Hep + Peo
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Table 2

S.K. BRANCH et al.

CE migration times and resolution values (R,) for some phenethylamines in 0.1 M phosphate buffer pH 3.0 with and
without 12 mmol B-cyclodextrin or heptakis(2,3-di-O-acetyl)B-cyclodextrin

Buffer with B-cyclodextrin

Buffer with heptakis(2,3-di-O-acetyl)B-cyclodextrin

Buffer alone

Compound tm tnts tm2 R, [ S R,
1 5.39 9.98 0 6.66, 6.87 1.25
2 8.98 10.91 0 7.55,7.93 1.62
3 6.09 12.33, 12.71 1.16 6.32,7.97 1.74
4 8.36 11.95 0 7.43, 7.65 1.31
5 9.49 10.95, 11.11 0.47 8.84, 9.82 4.28
6 7.12 12.61, 12.94 0.89 9.22,9.48 1.32
7 9.39 11.80 0 7.55 0
8 11.10 13.84 0 9.24 0
9 12.18 12.74 0 9.27,9.45 0.85
10.92
1625 1 1625
A} 8.84
9.82
1230 12.50—
I @O
:
£ £
& g
E: 2
475 8.75—
m@% At 10'50 e uln‘o —t uJ.sT —— u‘oo sm:so—"_'*;%mi' — 9.Iso A EFE — wlso
Minutes Minutes
(a) (b)
Figure 1

Electropherograms of etilefrine HCI (5) in 0.1 M phosphate buffer pH 3.0 in the presence of (a) -cyclodextrin and (b)

heptakis(2,3-di-O-acetyl)B-cyclodextrin.

R, values were determined using equation 2:

)

where R, Ry, and wy,, wy, are the migration
times and baseline peak-widths, respectively,
of the two enantiomers. Typical electrophero-
grams are shown in Fig. 1.

B-cyclodextrin increased the migration times
for all compounds relative to the uncomplexed
drug whereas heptakis(2,3-di-O-acetyl)B-cyclo-
dextrin caused a decrease in migration except
for three compounds (1, 3 and 6). The increase
in migration times for these three compounds
with the derivatized cyclodextrin was less than

R = 2 (R — Ry)/(Wpy + W)

that observed with B-cyclodextrin and thus
permitted more rapid analysis. B-cyclodextrin
resolved only three compounds (3, 5 and 6)
and the acetylated cyclodextrin increased the
resolution of all racemates compared to the
underivatized oligosaccharide except for com-
pounds 7 and 8 which were not resolved by
either cyclodextrin. Individual enantiomers of
the compounds were not available so the
elution order of the R- and S-isomers is not
known.

The effect of buffer pH on migration times
and resolution was fully investigated for all
compounds in the presence of heptakis(2,3-di-
O-acetyl)B-cyclodextrin. Migration times at
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Table 3
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Effect of pH on CE migration times for some phenethylamines in phosphate buffer (0.1 M,
pH 3.0) in the presence of heptakis(2,3-di-O-acetyl)B-cyclodextrin

Compound pH 3.0 pH 4.5 pH 6.0 pH 7.5
1 6.66, 6.87 7.18,7.34 8.04, 8.24 12.77,13.17
2 7.55,7.93 7.70, 7.97 10.30, 10.66 14.40, 14.81
3 7.97, 8.32 8.12, 8.47 9.13, 9.48 15.94, 16.65
4 7.43, 7.56 7.19, 7.30 9.06, 9.23 15.00, 15.34
5 8.84, 9.82 8.62,9.26 10.40, 11.10 16.93, 18.42
6 9.22,9.48 9.73, 10.00 11.20, 11.49 19.12, 19.54
7 7.55 7.71 10.08 18.81
8 9.24 9.53 13.96 20.82
9 9.27,9.45 9.97, 10.10 13.03, 13.22 16.41
5 -‘~
45 -L o
4 + —0—— Ephedrine
—+— Oxedrine
35 +
—o— Oxilofrine
c 3 T ———— Norphenylephrine
% 25 4 —— Etilefrine
§ [ ——— Orciprenaline
T \ —0— Norepinephrine
1.5 —X—— |soprenaline
1+ ——*— Salbutamol

0.5 —%

0 . - Il

T 1
pH 4.5
pH

Figure 2

Influence of pH on resolution (R,) of various racemic phenethylamines by CE in 100 mM phosphate buffer pH 3.0 in the

presence of 12 mmol heptakis(2,3-di-O-acetyl)B-cyclodextrin.

pH 3.0, 4.5, 6.0 and 7.5 are given in Table 3
while Fig. 2 shows the effect of pH on
resolution. Generally, as the pH was raised
migration times increased and resolution
decreased, although with etilefrine (5) the
resolution showed a minimum at pH 6.0.

The effect of adding 5, 10, 15 and 20% v/v
acetonitrile to the 0.1 M phosphate buffer at
pH 3.0 was investigated for three compounds
(1, 3 and 6) to enable comparison with HPLC
data (not reported here). Migration decreased
to a minimum at 15% v/v and then increased
again at 20% v/v. Resolution decreased with
increasing concentration of the organic modi-
fier and was accompanied by deterioration of
peak shape.

NMR spectroscopy
The 'H NMR spectra of 1-9 were assigned
by inspection and, in the case of etilefrine HCl,

the two aromatic doublets (H4' and H6') were
distinguished with the aid of a 2D proton-
detected 'H->C chemical shift correlation
spectrum and substituent increment tables.
The assignments are shown in Table 4 while
Tables 5 and 6 show the change in chemical
shift (A3) observed on complexation with the
two cyclodextrins and the separation between
signals arising from the individual enantiomers
(I3gr-3s|). As representative spectra, Fig. 3
shows the NMR spectra of uncomplexed etile-
frine and the corresponding signals in the
presence of B-cyclodextrin and heptakis(2,3-di-
O-acetyl)B-cyclodextrin. Separated signals
have not yet been attributed to their respective
isomers. for any of the compounds.

All the compounds show evidence of in-
clusion by B-cyclodextrin with substantial
changes in chemical shift (except 9) caused by
the presence of the oligosaccharide. A8 was of



S.K. BRANCH et al.

1512

*p 91qe L ui Snip paxajdwosun ay3 JO YIYs [EdIUIYD Y}
03 [Sg-¥g| jiey Funoenqns 10 Juppe 4q paureIqo 3q UL ISWONURUS (OB IO} HIYS [ed1Wayd [enide dy[, "d[qissod jou sem sisA[eUe |[] JBY) SO1EDIPUI YSU)SE
ue pue Sunds [eudis ou sojedtpur sasauared ur ysep v 'sesoqpuored ui [Se-Ye| yum usAlF st SISWONUEBUD YI0q 0 PIys [ea1waYd ul d3ueyo aTersae YL

(—) s00°0—
— Aﬁlvv 900°0 g (5 geo0-  (—) 8000 (—) 1000 (—) Lo00- — () 0000°HD (—) 0000 6
—) 110°6 *HO
(—) 2100 *HD (—) vz0'0
- (—) L00°0 HO M,\W 1s0°0— () L00°0 =) 6l00 (—) 8z0'0- - — (—) 1000 8
—) 140°0—
- A ) o ) ve00— () w00- (=) zioo- () 170°0— - — (—) 810'0— L
800°0) £20°0 *HO
(—) 1200 *HO (—) 8900
— ‘ Tvv :o.o,.:u (—)1L000- () €00'0— (900°0) 150°0~ —  (S00°0) §¥0°0~ —  (900°0) 1S0°0— 9
010°0) 910°0 *HO
— +°HO « () so00 (—) Lzo'0—  (500°0) £50°0— (+) z€0'0— —  (500°0) s10°0— s
(600°0) P00~
— ~— (€100) vz0'0— () 0000 () €200 (€00°0) OVO'0— () Leoo- - (=) €100~ v
(£00'0) $10°0—  (Z00°0) ZS0'0 *HO  (£10°0) 0010~  (—) 9800 {(500°0) 010°0—  (S00°0) 8S0'0O— —  (s00°0) 8s0°0—  (S00°0) 010°0— €
— (—) 010°0 *HO () Leoo~  (—) 8000 (—) 0000 () veoo- — (—) vzo0- (—) 0000 z
(—) Lzo0— (=) 9100 *HO (810°0) 960°0—  (—) TLOO (.)zo00- 1
tHO-T 2| H IH SH SH +H £H ZH  punodwo)
uLnxapo[dAa-g £q paonput saunuejfylouayd snotrea jo endads YN H, Ul (QV) Sa3ueyd yuys [(ed1uny)
S Jqel
—  0Ig'1,nd 8TI'E LOT'E 8y SoT'L 7889 —  £65'v THO SLT'L 6
T 1 EHD
0971 *HD
—  LO¥'EHD SYI'€ 961°€ 118y 68L9 8.8°9 — — $98'9 8
— — ¥60°€ 907°€ 86L'Y 68L°9 8989 — — 9.8°9 L
1SZ'1 *HD
8ST'1 *HD
— LOFEHD €EL°E YOT'E ves'y w9 — L1€9 — w9 9
€ITTHD
— LOETHD L61'E 6¥T'€ 906 106°9 ¥ST'L 7189 — Lv8'9 S
— — $80°€ LLT'E S88'v 8169 LeL 9789 — 198°9 v
8L0'1  9L9°T*HO 9I'e 1S6'% L1TL 1.8°9 — 1L8°9 LITL €
—  €69°T°HD LOT'E 0£T'E Y06’y SYe'L 2989 - 7989 SYC'L 4
90T 669°THD 9LY'E 090°S — — — — SSE'L I
HO-T 2 H H 9H SH JH £H «CH punodwo)

saurwelAyiausyd snolea jo syuswugisse YN H,

¥ 3lqBL



513

CHIRAL DISCRIMINATION O] PHENETHYLAMINES

p opqe L wt drp paxspducsum 2y po gus manwnags o _mmlaﬂ Jrmy Funsripgng
20 Suippe AQ pOUIEIQU 2] LD IOWONEEUD 4ows JOF JINS [EMWAYD Tenk 3UL], 'de(la40 S0UEUOsa) o1 Bnp #Issod 10U Sem SISAIEUE |IN JEYL 53BIIPUN HSLIFSE
um pue Funujds [eusis ou swmapul sas sy uzaed Uf gseEp o osasoyuared un 1Sg—tgt ynm UDALT 1 SIPUOIURUD Y10¢) ) YIS (B ol afuey afRInar sy

— IS S0, nd (] 7800~
(B00°0) S20°0 Y110

(8600 5200 'HD —1gion

= 9T00) AN HD (—) £o0'n

=l smn-

— (1 gion
{50000 $50°0 FHD

(=) 4Z0v H> (ZEau) 200

—  (©100) 6E0°0 HD  (FDD0) OLD'Q
(FEQ"Q) FEN°0 CELD

- +HD N

{10'0) S00'0 -

- — 1L era
(g0

[—) o0 fh1a EHD  {LEnn) 2R00-

=) wou-

—  (L00) TT00 HD ¢ 100

(=) 10t {970l Lo S (RE0T) 05070

*HaT o ZH

() t1on—

) Toe-

() sz
(L900) 1200
Wit 8100
(gE10) 290D
{BT0°0) OE0'D
{ukGa) e

IH

(=} omgn [—) 200w
(€D 9000 (Enbn} FLai-

(—1 po00- [—) azp0

{—1 so0°0- -

(810°0) sz0'0 (010°0) 61070

"

(0I°0) L2 0 (—} b00-

fizossd sgaa (8I0°0) D100-
(onn'n) €170 (E00° D} 20071

MH =H

— (=00 *H)
C300rod 110°0 -
(o0 013 0070 -
(900 v} 100°0- —
— e plo-
= (00N LD -
Ly
I

(=] 1200

=)z

(—1s000-

(=) sqaa-
(500°0) 11O

—) &0
{1zam) agan

(en0al 5100

ZH

T
1

1:::»::..6

uInERpopAd-g (JAee-Q-1p-¢ 2iayaday Lq ponpin ssunopimauad snotiea Jo 1nasds YN H, U1 (09} S23maa yigs peanayy

9],



1514

{c)

Ll
e

S.K. BRANCH et al.

T
rk

‘][IIll[IIITI’TIIIIIIIIIIIII,I[II

73 72 71 70 6.9 6.8

Figure 3
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The NMR signals for the aromatic protons, Hi and CH; (R,) group of etilefrine HC! (5) in (a) the absence of
cyclodextrin, (b) the presence of B-cyclodextrin and (c) the presence of heptakis(2,3-di-O-acetyl)B-cyclodextrin. CD
indicates cyclodextrin signals and EtAc arises from ethyl acetate impurity.

the same order for all signals, except H1 in
those compounds lacking a methyl group at
C2, which showed very small changes in
chemical shift. In 1 and 3 with the additional
side-chain methyl group, H1 had the largest A
value in the molecule. A contrasting pattern of
A3 values was observed on the addition of
heptakis(2,3-di-O-acetyl)B-cyclodextrin. In
this case, the largest values of Ad were ob-
served for HI1, although it could not be
measured in all cases because the shifted signal
was obscured by cyclodextrin peaks. The other
signals were shifted to a lesser extent than
when B-cyclodextrin was added and the
direction of the shift differed in some cases.
The aromatic signals showed a different
pattern of shifts in most compounds, e.g. in 2
and 3 with a para-hydroxy group, the ortho-
protons had the smaller shift with B-cyclo-
dextrin but the larger shift with the acetylated
cyclodextrin.

Chiral discrimination was much higher with
heptakis(2,3-di-O-acetyl)B-cyclodextrin: all
compounds had at least one signal that was
split when this cyclodextrin was added
(although the H1 signal in compound 7 is
obscured, it is assumed to be split). The H1
signal had the highest |33z-8g| values in the
molecule in the instances where it was not
obscured by CD signals and could be
measured.

A Job (continuous variation) plot {24, 25]
was used to determine the stoichiometry of

each CD complex in the case of etilefrine HCl
(Fig. 4). Selected data for guest or host are
shown but other signals reflect the same
pattern with a peak at 0.5 showing that a 1:1

(b) 20 ‘\

19+ ./l\.

&(Hz) * [CD]/[CDJ+{Et.]

[CO/TCDI+{EL ]
{a) 15

§(Hz) * [Et.}/[Et ]+[CD]

05 L n n . L

[E ]/[E¢.]+[CO]

Figure 4

Representative Job plots for complexation between etile-
frine HCI (5) and (a) B-cyclodextrin (H1 resonance) and
(b) heptakis(2,3-di-O-acetyl)B-cyclodextrin (cyclodextrin
H3 resonance).
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complex is formed with both CDs. It is
assumed that the other compounds in the series
also form complexes with this stoichiometry
due to their structural similarity and the lack of
second aromatic rings in the molecules.

Discussion

Capillary electrophoresis

CE has been used in previous studies to
resolve enantiomers of phenethylamines.
Fanali has described the enantiomeric sep-
aration of ephedrine, norephedrine, epine-
phrine (adrenaline), norepinephrine (nor-
adrenaline) and isoproterenol (isoprenaline)
[15], and terbutaline [17] using a coated capil-
lary and a low pH buffer containing heprakis-
(2,6-di-O-methyl)B-cyclodextrin., B-cyclo-
dextrin and  heptakis(2,3,6-tri-O-methyl)p-
cyclodextrin were also investigated but,
although they increased the migration times of
the compounds, they did not cause chiral
discrimination except in the case of terbutal-
ine, Ephedrine and related compounds were
used for comparison purposes in the chiral
separation of some basic drugs by cyclodextrin-
maodified CE with a fused silica column. Non-
alkylated cyclodextrins did not cause dis-
crimination but it was achieved using heptakis-
(2,6-di-O-methyl)B-cyclodextrin _ [19]. Hep-
takis(2,6-di-Q-methyl) B-cyclodextrin, added
to the buffer, has also been used to determine
the enantiomeric ratio of epinephrine in a
pharmaceutical formulation by CE with an
uncoated fused capillary [18].

The phenethylamines discussed have amine
pK, values in the range 8.6-9.3, and thus
under the conditions used here-for CE, they
are expected to be fully ionized and migrate to
the cathode. B-cyclodextrin caused an increase
in migration time consistent with complexation
reducing the mobility of the drug (Table 2).
Heptakis(2,3-di-O-acetyl)B-cyclodextrin  com-
plexes migrated more quickly than B-cyclo-
dextrin complexes with all the phenethyl-
amines studied, which could perhaps be
explained by acetylation preventing the
formation of complex dimers or by the for-
mation constants being smailer for the deriv-
atized cyclodextrin. Unexpectedly, however,
heptakis(2,3-di-O-acetyl)B-cyclodextrin  also
caused a decrease in migration times relative to
the uncomplexed molecule for six of the nine
compounds which is difficult to explain.
Although migration times were faster with the
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derivatized cyclodextrin, seven of the nine
compounds were resolved compared with only
three for B-cyclodextrin.

Overall, increasing pH caused an increase in -
migration - times as would be expected by
increasing the proportion of neutral phenethyl-
amine species in the buffer. Addition of up to
15% acetonnitrile to the buffer in the presence
of B-cyclodextrin decreased mobility for the
three compounds tested (1, 3 and 6) perhaps by
adsorption of the organic modifier onto the
oligosaccharide. It was not added to the buffer
in the final conditions chosen because it
lengthened analysis time and gave poorer
resolution and peak shape.

On the basis of plots of migration times vs
cyclodextrin  concentration, Fanali [15]
suggested that ephedrine and norephedrine,
with unsubstituted phenyl rings, fit into the
oligosaccharide cavity better while the.cate-
cholamine enantiomers show greater chiral
discrimination. There is no evidence in the CE
or NMR studies reported here (see later) to
support this assertion as ephedrine does not
show atypical behaviour with either
technique.

NMR spectroscopy

The two cyclodextrins have different overall
effects on the NMR spectra of the phenethyl-
amines as shown by chemical shift changes and
signal splitting arising from diastereomeric
complexation with -the enantiomeric guest
molecules. Both cyclodextrins demonstrate
inclusion of phenethylamines but B-cyclo-
dextrin discriminates poorly between enantio-
mers and heptakis(2,3-di-O-acetyl)B-cyclo-
dextrin on the whole resolves enantiomers
extremely well.

Changes in chemical shift provide evidence
of inclusion by both oligosaccharides, although
the A3 values for compound 9 are small or
insignificant on complexation with hepiakis-
(2,3-di-O-acetyl)B-cyclodextrin. The presence
of B-cyclodextrin tends to cause larger shifts in
the aromatic region compared to heptakis(2,3-
di-O-acetyl)B-cyclodextrin and causes little or
no splitting of the signals. On the other hand,
heptakis(2,3-di-O-acetyl)B-cyclodextrin  splits
aromatic signals in several compounds, most
notably in 3, 4 and 5. It is interesting to note
that 3 and 5 have the highest values of R, in
CE.

Mainly upfield shifts (negative A3 values)
were observed in the aromatic region of the
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phenethylamine spectra on complexation with
either cyclodextrin and are consistent with
inclusion of this part of the molecule in the
hydrophobic cavity of the macromolecule.
Downfield shifts in the H6' signal of some N-
(2’,4'-dinitrophenyl)amino  acids, together
with circular dichroism data, have been inter-
preted as arising from inclusion complexes
where the guest molecule is tilted in the
cyclodextrin cavity [7], and are consistent with
theoretical calculations on the alignment of
guest and host dipole moments [26]. Notable
downfield shifts occur for individual aromatic
resonances of some phenethylamines and may
be indicative of such tilting, for example, the
Hé6’ resonance is shifted downfield on com-
plexation with B-cyclodextrin in compound 4
while other signals move upfield. In the
presence of heptakis(2,3-di-O-acetyl)B-cyclo-
dextrin, the H6’ signal for compounds 4, § and
8 shifts downfield to a greater extent than other
aromatic signals.

Side-chain interactions with the cyclodextrin
(presumably at its surface) are apparently also
important for complexation, although depen-
dant on derivatization, and the alkyl A8 values
are larger than for the aromatic signals. The
signals of H2 and R, are significantly shifted in
the presence of either cyclodextrin, and often
have large values of |3g—35|. However, the H1
resonance is significantly shifted only by hep-
takis(2,3-di-O-acetyl)p-cyclodextrin for com-
pounds without a methyl group at C2. Hep-
takis(2,3-di-O-acetyl)B-cyclodextrin gives a
large splitting of the H1 resonance in those
compounds where the signal is not obscured
but in the presence of B-cyclodextrin no
doubling is observed. These results could be
explained by different hydrogen bonding inter-
actions between each cyclodextrin and the
guest side-chain. Both hydroxyl and acetyl
groups on the cyclodextrin rim could act as
hydrogen bond acceptors for the amine NH
thus causing chemical shift changes in the guest
(although of variable direction) with both
cyclodextrins. The downfield shifts of the H1
resonance noted with the derivatized cyclo-
dextrin may be due to hydrogen bonding
between the guest hydroxyl group at C1 and
the carbonyl oxygen of the macrocyclic acetyl
groups. Presumably the structure of the in-
clusion complex with B-cyclodextrin does not
have the correct geometry for a similar inter-
action with the secondary hydroxyl groups of
this oligosaccharide.

S.K. BRANCH et al.

In the presence of B-cyclodextrin, com-
pounds 1 and 3 with the 2-Me group also show
a large shift of the H1 resonance which could
be explained by the side-chain methyl group
forcing a conformational rearrangement such
that a hydrogen bond can be accommodated.
Comparison of the CE data for compounds 2
and 3, which differ only by the 2-Me group in
3, shows that the methyl group is required for
resolution by B-cyclodextrin. Although 1 also
has the 2-Me group, it is not resolved and this
may be caused by the lack of aromatic
substituents.

Differences in hydrogen bonding patterns
could also explain why heptakis(2,3-di-O-
acetyl)p-cyclodextrin is better than the un-
derivatized cyclodextrin at discriminating
between phenethylamine enantiomers, as
shown by the generally larger values of |3g—3g|
obtained with the former oligosaccharide.
Further NMR and molecular modelling studies
are planned to investigate the structures of the
phenethylamine—cyclodextrin complexes.

In general, on the basis of the aromatic Ad
values, the NMR results show that B-cyclo-
dextrin probably forms stronger complexes
with the phenethylamines than does heptakis-
(2,3-di-O-acetyl)B-cyclodextrin. Attempts to
measure the formation constants of the com-
plexes by NMR spectroscopy have not yet been
successful owing to limited solubility of the
cyclodextrin. Heptakis(2,3-di-O-acetyl)-
cyclodextrin is a better chiral discrimination
agent and this is reflected in the CE studies.
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