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a b s t r a c t

A biologically active benzophenanthridine alkaloid, 6-methoxydihydrosanguinarine (MS), was isolated
from Hylomecon plants. Although enantiomers of MS can be separated by chiral HPLC, its isomers rapidly
form a racemic mixture in methanol. The rate constants for the racemization of MS enantiomers were
9.20 × 10−4 s−1 and 9.95 × 10−4 s−1 for (+)-MS and (−)-MS, respectively, as determined by dynamic HPLC
and chiral chromatography. This unusually rapid racemization may originate from the formation of a
stable iminium ion intermediate, sanguinarine. Therefore, the variety of biological activities exhibited by
MS may be attributable to a combination of (+)-MS, (−)-MS, and sanguinarine.
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. Introduction

The biologically active benzophenanthridine alkaloid 6-
ethoxydihydrosanguinarine (MS) has been isolated from several
ild plants, including Corydalis tashiroi [1], Hypecoum leptocarpum

2], Fumaria vaillantii [3], Fumaria indica [4], and Chelidonium majus
5]. It has shown potential as a chemotherapeutic agent [6,7], nema-
ocide [8,9], acetylcholinesterase inhibitor, and cytotoxic agent
gainst human cancer cell lines [10]. Recently, MS isolated from
ylomecon hylomeconoides and H. vernale was analyzed by HPLC

11]. H. hylomeconoides and H. vernale, the only two Hylome-
on species growing wild in Korea [12], produce many different
enzophenanthridine alkaloids, which exhibit a variety of phar-
acological effects.
MS contains a single chiral carbon (Fig. 1), and thus two

nantiomers are available. Although unknown, the extent of bio-
ogical activity is expected to be different for each enantiomer.

fforts to determine the biological activities of isolated MS enan-
iomers have been confounded by rapid racemization in methanol
olution. Knowledge of the interconversion rates between these
nantiomers is important for clearly defining the structural char-
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acteristics of MS and for establishing its effective utilization. Rate
constants for the interconversion of stereoisomers have typi-
cally been determined by chromatographic methods such as HPLC
[13–16], GC [17–20], CEC [21], or CE [22,23] with the use of
approximation functions [24] or computer simulation programs
[25–27]. Trapp et al. reviewed the dynamic chromatography and
the stopped-flow chromatographic techniques for the determi-
nation of enantiomerization and isomerization barriers [28]. In
the present study, the interconversion of MS enantiomers during
dynamic HPLC and the racemization of MS in methanol solution
were evaluated.

2. Experimental

2.1. Preparation of (±)-MS and its enantiomers

Racemic MS was isolated from the roots of H. hylomeconoides as
reported previously [10] and was identified by 1H NMR, 13C NMR,
and mass spectrometry. The purity as confirmed by HPLC was more
than 99.5%. Isolated racemic MS was chromatographed on a Chiral-
cel OD column (4.6 mm × 150 mm, Daicel Chemical Industries Ltd.,

Tokyo, Japan) with isopropanol–n-hexane (5:95, v/v) as the mobile
phase and the individual enantiomers were separately collected in
an ice bath. Solid (+)-MS and (−)-MS were prepared by evaporating
the solvent under a nitrogen stream in an ice bath, and the isolated
enantiomers were stored at −70 ◦C.
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Fig. 1. The structure of 6-methoxydihydrosanguinarine (MS).

.2. Chromatography

The chromatographic system for chiral analysis consisted of
n HPLC Pump 64 (Knauer, Germany), a variable-wavelength
V monitor (Model 655A; Hitachi Co., Japan), and a Chromato-

ntegrator D-2500 (Hitachi Co.). The enantiomers of MS was
eparated using two different chromatographic systems. A Chiral-
el OJ column (4.6 mm × 150 mm, Daicel Chem.) with methanol as
he mobile phase was used for the measurement of interconver-
ion during chromatographic process of racemic MS. A Chiralcel
D column (4.6 mm × 250 mm, Daicel Chem.) with isopropanol–n-
exane–diethylamine (20:80:0.1, v/v/v) as the mobile phase was
sed for the determination of each enantiomers from a pure or
artially racemized MS to measure the racemization constant. The
eparation process was performed at room temperature (25 ◦C)
r at 0 ◦C by immersing the column in an ice bath. The flow rate
as 1.0 ml/min and the effluent was monitored by measuring the

ptical absorbance at 320 nm.

. Results and discussion

.1. Chiral separation of MS enantiomers

Racemic MS was separated into its enantiomers on chiral sta-
ionary phases such as Chiralcel AD and OJ. The elution order
rom the Chiralcel AD column was (+)-MS followed by (−)-MS and
as reversed with the OJ column (Fig. 2). The separation factors

�) for the AD and OJ columns were 1.38 and 2.35, respectively,
howing baseline separation. Fig. 2a shows that each enantiomer
epresented 50% of the total peak area of the chromatogram on
hiralcel AD with isopropanol–n-hexane–diethylamine as mobile
hase, indicating negligible interconversion of enantiomers during
hromatography. During enantiomer separation on the OJ column
ith methanol as mobile phase, a plateau was observed between

he two peaks (Fig. 2b); this might have been the result of a slow
nterconversion of (+)-MS to (−)-MS and vice versa. Presumably,
he interconversion occurred on the OJ stationary phase and in

ethanol during separation. The plateau was eliminated with a
eduction of the separation temperature (Fig. 2c). On the Chiral-
el OJ with methanol at 0 ◦C, the peak areas of (+)- and (−)-MS
ere 42% and 38%, respectively, of the total peak area of the chro-
atogram, indicating that about 20% of the MS was converted to

ts opposing enantiomer during separation (Fig. 2c). The conversion
ate increased to 72% when the temperature was increased to 25 ◦C
Fig. 2b).

.2. Interconversion constants of MS enantiomers
During the HPLC separation of MS, a plateau was observed
etween the two enantiomer peaks, because the stationary and
obile phases acted as a medium for interconversion. A com-

uter simulation of the experimentally observed elution profile was
Fig. 2. Chromatograms showing the separation of racemic MS on Chiralcel AD with
an isopropanol–n-hexane–diethylamine (20:80:0.1, v/v/v) mobile phase at 25 ◦C (a)
and on Chiralcel OJ with methanol at 25 ◦C (b) and 0 ◦C (c).

created to obtain overall rate constants for this racemization pro-
cess during chromatography. The rate constants represent average
values of the contributions from processes occurring in both the
mobile and stationary phases. Trapp and Schurig [24] suggested an
approximation method without computer simulation, described by
Eq. (1), to calculate the interconversion rates of racemic mixtures
from chromatographic parameters in dynamic chromatography.

kaprx
1 = − 1

t1
ln D − 1

t1
ln

(
D + c0

1
hp − ev1

�1
√

2�
+ c0

2
hpe4v2 − ev2

�2
√

2�

)
(1)

where

hp = c(t̄)
c(t)

, � = wh/2.355, v = −�t2

8�
,

D = (c0
1 + c0

2)
�t

(
1 − hp

(
0.5 + 1√

2�N

))

where kaprx
1 : approximated forward reaction rate constant of enan-

tiomerization; t1: retention time of 1st eluted enantiomer; wh:
width of peak at half-height; c(t): height of 1st peak; c(t̄): height
of plateau; c0: initial concentration of enantiomers; N: number of
theoretical plates.

This equation was applied to the chromatograms in Fig. 2b and
c. The parameters obtained from Fig. 2b (25 ◦C) were t1 = 8.45 min,
t2 = 17.3 min, hp = 22.1%, wh1 = 0.333 min, wh2 = 0.889 min,
and N = 3566; those from Fig. 2c (0 ◦C) were t1 = 10.14 min,
t2 = 32.48 min, hp = 2.37%, wh1 = 0.80 min, wh2 = 3.04 min, and
N = 890. The calculated approximate forward reaction rate con-
stants of racemization for MS on Chiralcel OJ stationary phase with
methanol at 25 ◦C and 0 ◦C, as calculated by Eq. (1) with the above
parameters, were 2.79 × 10−3 s−1 and 4.50 × 10−4 s−1, respec-
tively. The rate constant at 25 ◦C was approximately six times the
rate constant at 0 ◦C. This agrees with the observation that MS
enantiomers racemize rapidly at or above room temperature.
3.3. Racemization of MS enantiomers in methanol

The isolated MS enantiomer racemized so rapidly in methanol
at room temperature that determination of the rate constant for
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Fig. 3. Racemization profiles for MS enantiomers in methanol. MS enantiomers were
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[32], although aminal type 2-hydroxypiperidine exists in equilib-
rium with 1-piperdeine in aqueous solution. Thus enantiomers of
2-alkoxypiperidine can be separated without racemization at room
temperature. However, the rapid racemization of MS may be the
issolved in methanol and allowed to sit for (a) 1 min, (b) 2 min, and (c) 15 min in
n ice bath (0 ◦C) before injection onto the HPLC column. The enantiomers were
nalyzed by chiral HPLC on Chiralcel AD with a mobile phase of isopropanol–n-
exane–diethylamine (20:80:0.1, v/v/v) at room temperature.

acemization was not possible. To determine the rate constant
f racemization, each enantiomer was dissolved in ice-cooled
ethanol and transferred to an ice bath. This point was assigned

ime = 0 min, although racemization was already in progress. How-
ver, racemization was assumed to have stopped during HPLC
njection and during the time required to separate the enantiomers

n the column. HPLC injections of (+)-MS at known times yielded
hromatograms with gradually decreasing proportions of (+)-MS
nd increasing proportions (−)-MS (Fig. 3, left panel). Analogous
xperiments were performed with isolated (−)-MS (Fig. 3, right
anel). The racemization constant was calculated from the slope of
Fig. 4. Log[�A/(A+ + A−)] as a function of time for (+)-MS (open circle) and (−)-MS
(closed circle) in an ice bath.

the semi-log plot of these data according to the equation [15,29]:
2kt/2.3 = log[�A/(A+ + A−)], where A+ and A− are the peak areas
corresponding to (+)-MS and (−)-MS, respectively; k is the intercon-
version constant; and 2k is the racemization constant [30]. The plots
showed a linear relationship in both cases, with correlation con-
stants of R2 = 0.838 and 0.970 for (+)- and (−)-MS, respectively. The
rate constants of racemization (2k), as calculated from the slopes of
the lines in Fig. 4, were 9.20 × 10−4 s−1 and 9.95 × 10−4 s−1 for (+)-
and (−)-MS, respectively.

3.4. Mechanism for racemization of MS enantiomers via
sanguinarine

The racemization of MS can be explained in terms of the equi-
librium between MS and the sanguinarine methoxide ion pair. In
methanol, the methoxide of MS dissociates to produce the san-
guinarine methoxide ion pair, as shown in Fig. 5. The sanguinarine
component contains a planar iminium ion, and methanol may add
to either side of the iminium group, thereby forming a racemic
mixture of MS. This type of rapid racemization is unusual com-
pared with other 2-alkoxypiperidines [31]. 2-Methoxypiperidine
hydrochloride (needles, melting point 94–96 ◦C) has been known
to be very stable and could be isolated as a crystallized form in ether
Fig. 5. The proposed mechanism of MS racemization.
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esult of the relatively high stability of the iminium ion owing to
ts incorporation into the aromatic structure of sanguinarine.

. Conclusions

Despite their separation by chiral HPLC techniques, enantiomers
f MS rapidly formed a racemic mixture in methanol. The rate
onstants of racemization were calculated as 9.20 × 10−4 s−1 and
.95 × 10−4 s−1 for (+)-MS and (−)-MS, respectively. This unusu-
lly rapid racemization relative to that of other 2-alkoxypiperidines
robably originates from the high stability of the iminium ion inter-
ediate. Therefore, the various observed biological activities of
S may be attributable to a combination of (+)-MS, (−)-MS, and

anguinarine, which all appear during the racemization process of
S.
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