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SUMMARY

A fundamentally new method is described for the separation of the dimeric
indole alkaloids vincristine and vinblastine from monomeric indole alkaloid impu-
rities. This method uses an RP-18 high-performance liquid chromatography column
with a methanol-water mobile phase containing an inorganic acid and an unusually
low concentration of inorganic buffer. By keeping the buffer concentration low, the
elution of all indole alkaloids is retarded, but the dimeric ones are retarded more
than the monomeric ones. A theoretical model developed to explain this behavior
postulates that the anions of the buffer solubilize the protonated indole alkaloids by
pairing with them. Lowering the buffer concentration reduces the availability of pair-
ing ions and thus decreases the mobile phase affinity of protonated alkaloids, par-
ticularly those having a 2+ charge. A similar approach may be applicable in other
situations where ionogenic organic compounds having a particular valence must be
separated from related compounds having different valences, or from non-ionogenic
compounds.

INTRODUCTION

For either analysis or preparation of the anti-cancer agents vincristine and
vinblastine, these dimeric indole alkaloids must be separated from the more than 90
monomeric indole alkaloids that accompany them in Catharanthus roseus leaf ex-
tracts. Some of these monomeric impurities are present at concentrations 100-fold
higher than either vincristine or vinblastine. Most are very similar to vincristine and
vinblastine in terms of both alkalinity and content of polar groups (Fig. 1) and
therefore can not be distinctly separated from them by the standard liquid chro-
matographic (LC) techniques, which use reversed-phase!~3, silica®. or alumina’-®
packings.

This paper describes a reversed-phase high-peformance liquid chromatography
(HPLC) technique that provides a clean separation of dimeric indole alkaloids from
monomeric indole alkaloids. Vincristine and vinblastine, though minor components
of C. roseus leaf extracts, are major components of the dimeric fraction and can
therefore be isolated from this fraction by the standard LC techniques. The technique
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Fig. 1. Chemical structures of five monomeric and two dimeric indole alkaloids.

uses an acidic methanol-water mobile phase having a very low buffer concentration.
The low buffer level retards the elution of all indole alkaloids, but particularly the
dimeric ones. Extensive tailing of the individual peaks occurs, but this does not in-
terfere with the isolation of dimeric indole alkaloids as a group.

This approach represents an alternative to size-exclusion chromatography for
the separation of dimeric indole alkaloids from monomeric indole alkaloids?.

EXPERIMENTAL

A Perkin-Elmer Series 2 HPLC system equipped with a Rheodyne 7105 injec-
tor was used. Two 25 cm x 4.6 mm 1.D. EM Hibar II columns were used, one
containing 10-um LiChrosorb RP-18 particles and the other containing 10-um Li-
Chrospher SI-100 particles. Detection was performed with a Perkin-Elmer LC-85
variable-wavelength spectrophotometric detector set at 222 nm and a Kratos FS970
LC Fluorimeter set at 226 nm excitation and using a 340-nm cut-off filter.

Ajmalicine, vincristine, and vinblastine were obtained from Sigma. Serpentine
tartrate was kindly provided by J. Berlin of the Gesellschaft fiir Biotechnologische
Forschung mbH (Braunschweig, F.R.G.). Lochnerine, vindoline, and catharanthine
were kindly provided by G. Cullinan and W. R. Fields of Eli Lilly (Indianapolis, IN,
U.S.A).

Mobile phase solvents were prepared using spectrophotometric grade meth-
anol, water (distilled and deionized), dipotassium hydrogen phosphate, potassium
dihydrogen phosphate, orthophosphoric acid, potassium acetate, acetic acid, am-
monium dihydrogen phosphate, and sulfuric acid. Concentrations are expressed rel-
ative to final volume rather than relative to volume of water. Flow-rate was at 3
ml/min,
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Fig. 2. Influence of mobile phase KH,PO, concentration on retention of lochnerine, ajmalicine, serpentine,
vincristine, and vinblastine by RP-18 packing. Mobile phase consists of phosphoric acid at 3.0 mAf in
methanol-water (85:15) with KH,PO, at specified concentrations.

RESULTS

The effect of mobile phase KH,PO, concentration on the capacity factors of
several indole alkaloids is shown in Fig. 2. As KH,PO, concentration is lowered
from 2.0 mM to 0.47 mM, the capacity factor (defined in the table of nomenclature)

TABLE 1

INFLUENCE OF MOBILE PHASE KH,P0O, CONCENTRATION ON RETENTION OF FIVE
MONOMERIC INDOLE ALKALOIDS AND TWO DIMERIC INDOLE ALKALOIDS BY RP-18
PACKING

Mobile phase contains specified concentrations of phosphoric acid and KH,PO, in methanol-water
(85:15).

Alkaloid Capacity factor, k' Ak
A In [KH,PO,]

[KH;PO4] = 200 mM [KH,POL] = 047 mM

[H3PO,] = 3.0 mM [HsPOL] = 3.0 mM
Lochnerine 2.05 6.6 -0.81
Ajmalicine 3.48 11.0 —0.80
Catharanthine 3.59 11.3 —0.79
Vindoline 3.68 11.1 —0.76
Serpentine 6.17 19.5 —0.80
Vincristine 2.96 28.1 —1.55

Vinblastine 4.28 47.4 —1.66
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TABLE II

INFLUENCE OF MOBILE PHASE NH H,PO, CONCENTRATION ON RETENTION OF THREE
MONOMERIC INDOLE ALKALOIDS AND ONE DIMERIC INDOLE ALKALOIDS BY RP-18
PACKING

Mobile phase contains specified concentrations of phosphoric acid and NH4H,PO, in methanol-water
(85:15).

Alkaloid Capacity factor, &' Alnk
Aln [NH4H2PO4]

[NH4H2PO4] = 2.00 mM [NH4H2P04] = 0.80 mM

[H3PO4] = 0.60 mM [H3PO,] = 0.36 mM
Lochnerine 3.38 7.57 —0.88
Ajmalicine 6.04 1345 —0.87
Catharanthine 6.64 14.94 —0.89
Vincristine 4.54 16.59 —1.41

increases by a factor of 9 or more for dimeric indole alkaloids but only by a factor
of 3 for monomeric indole alkaloids (Table I). Similar behavior is seen when am-
monium dihydrogen phosphate is substituted for KH,PO, (Table II).

The effect of KH,PO, concentration is not simply due to its influence on mo-
bile phase pH. The pH is governed by the ratio of phosphoric acid activity and
KH,POQ, activity and thus responds to changes in the concentrations of either of
these solutes. While lowering the KH,PO, concentration retards elution of ajmalicine
and lochnerine (Fig. 2), raising the phosphoric acid concentration does not (Fig. 3).
Switching to an éxtremely acidic mobile phase [150 mAM sulfuric acid in methanol-
water (85:15)] actually accelerates the elution of indole alkaloids; capacity factors of
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Fig. 3. Influence of mobile phase phosphoric acid concentration on retention of lochnerine, ajmalicine,
vindoline, vincristine, and vinblastine by RP-18 packing. Mobile phase consists of KH,PO, at 0.70 mM
in methanol-water (85:15) with phosphoric acid at specified concentrations.
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Fig. 4. Influence of mobile phase KH,PO, or K,;HPO, concentration on retention of ajmalicine and
vincristine by RP-18 packing. Mobile phase consists of methanol-water (70:30) containing KH,PO, or
K;HPO, at specified concentrations.

all seven indole alkaloids listed in Table I were reduced to less than 2.0 by this mobile
phase.

Instead, the effect of KH,PO, concentration appears to be associated with its
role in providing anions that can pair with alkaloid cations. The phosphoric acid
concentration has little effect on anion concentration since it is only stightly disso-
ciated at the low dielectric constant of methanol-water (85:15). KH,PQ,, however,
is probably fully dissociated into K* and H,PO,~ ions.

The influence of anion concentration on alkaloid retention depends on the
alkaloids being in their protonated forms. This is evident in Fig, 4. When the mobile
phase contains K,HPO, rather than KH,PO,, ajmalicine is primarily in the non-
protonated form, since the HPOZ ™ ion is more basic (pK, = 7.2) than ajmalicine
(pK. = 6.3). Consequently ajmalicine retention is unaffected by the mobile phase
anion concentration. Vincristine, which has one site that is more alkaline (pK, =

TABLE II1

INFLUENCE OF MOBILE PHASE POTASSIUM ACETATE CONCENTRATION ON RETEN-
TION OF THREE MONOMERIC INDOLE ALKALOIDS AND TWO DIMERIC INDOLE AL-
KALOIDS BY RP-18 PACKING

Mobile phase contains specified concentrations of acetic acid and potassium acetate in methanol-water
(85:15).

Alkaloid Capacity factor, k' Alnk
A ln [CH,COOK]
[CH;COOK] = 100 mM [CH;COOK] = 0.60 mM
[CH;COOH] = 1.0mM  [CHsCOOH] = 1.0 mM
Ajmalicine 3.62 6.20 —1.05
Catharanthine 5.94 9.54 —0.93
Vindoline 1.68 2.30 —0.62
Vincristine 3.57 6.03 —1.03
Vinblastine 5.09 8.70 —1.05
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7.4) than ajmalicine, is partially protonated in the presence of HPO,2~, so its retention
is somewhat affected by anion concentration.

The reason that mobile phase anion concentration affects dimeric indole al-
kaloids differently than monomeric indole alkaloids is that in the presence of phos-
phoric acid alkaloids of the former group are protonated at two locations and thus
form divalent cations. When acetic acid (pK, = 4.75) is substituted for phosphoric
acid (pK, = 2.1), vincristine behaves similarly to ajmalicine (Table III). In the pres-
ence of acetic acid, the less alkaline site (pK, = 5.0) on the vincristine molecule
apparently has a low degree of protonation. Vinblastine, vincristine, and vindoline
(pK, = 5.5) apparently are not fully protonated even by phosphoric acid until the
acid concentration reaches roughly 3.0 mM (Fig. 3).

To investigate whether the silica support material of the RP-18 packing plays
a role, a non-derivatized silica packing was substituted. Although this gave much
lower capacity factors, the effect of anion concentration was similar (Table IV).

THEORETICAL MODEL

The observed behavior can be explained by postulating that the alkaloid ions
in the mobile phase are predominantly in the form of ion pairs whereas those at the
surface are predominantly unpaired. Under such conditions a decrease in the con-
centration of the pairing ion causes the partitioning to shift away from dissolved ion
pairs and toward adsorbed ions.

The partitioning can be expressed quantitatively by

Ve [H.B*']

o=t
Ve [HB** - ZA |

(D
where k' is the capacity factor, V,/V,, is the volume ratio of the stationary (s) and

TABLE 1V

INFLUENCE OF MOBILE PHASE KH,PO, CONCENTRATION ON RETENTION OF FIVE
MONOMERIC INDOLE ALKALOIDS AND TWO DIMERIC INDOLE ALKALOIDS BY SILICA
PACKING

Mobile phase contains specified concentrations of phosphoric acid and KH,PO, in methanol-water
(85:15).

Alkaloid Capacity factor, k' Aink
An [KH2P04]

[KH,PO,.] = 1.00 mM [KHPO,] = 0.20 mM

[H3PO4] = 0.3 mM [HyPOL] = 0.3 mM
Lochnerine 1.85 4.64 —0.57
Ajmalicine 1.97 5.10 —0.59
Catharanthine 1.98 4.97 —0.57
Vindoline 1.73 4.75 —0.63
Serpentine 2.53 6.12 —0.55
Vincristine 1.97 7.92 —0.86

Vinblastine 2.27 12.72 —1.07
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mobile (m) phases, [H,B**), is the surface phase concentration of an unpaired z-
valent alkaloid ion, and [H,B** - zA7],, is the mobile phase concentration of the same
ion paired with z monovalent A~ ions.

In order to predict the effect of the A~ concentration [A7],, on k’, the thermo-
dynamic relationships linking [H,B* ], to [H.B** - zA™],, must be used. These relation-
ships are

K1
(H.B** - zA ) 2 (H.B* )y + 2(A ) @
and
K,
(H.B*")m =2 (H.B*™), 3

which can be expressed as

1 y(HB ) - [HB o - (A )l - [A T
K YW(H.B** - zA7),,

[H.B** - z2A" ], = 4)

and

y(H:B* ")y - [H.B* "]y
y(H:B*")

[H:B*"], = K, %)

where k; and K, are equilibrium constants, y(H,B** - zA™), y(H.B**) and y(A") are
the activity coefficients of the paired alkaloid ion, the unpaired form of the alkaloid
ion and the paired ion, respectively. Substitution of eqn. 4 and 5 into eqn. 1 gives

VsKle ’)’(HZBZ+ - ZAw)m
k= 6
Vi p(H:B* )5 - (WA m}* - [ATT ©

Since a linear relationship between In £” and In [A~],, has been observed (Fig. 1), eqn.
6 is more conveniently expressed in logarithmic form:

VK1K;

Ink' = ln{ y(H,B** ‘zA_)m} +

m

— InyHB* )y — zIn YA ) — zIn [A7 ] N

The first term on the right-hand side of eqn. 7 consists of variables that are all only
weakly dependent on [A7],, as discussed by Horvath et al.°. Therefore

dln k' é In y(H,B*™), dln y(A7)y )
r - -z -
Oln[A7]n Oln [A7]n 0In[A7 ]y :

The second term on the right-hand side of eqn. 8 can be estimated using the
Debye-Huckel law!©:
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InYA )m = — 258 - [A71%5 - ent® o)

where [A7], is expressed in mM and g, is the dielectric constant. Using ¢, = 32.7
(pure methanol) gives

In 9(A ) = — 0.138 - [AT1%° (10)
which leads to

0In A )

- _ C[A —10.5
G0 Al 0.069 - [A 7 1% (11)

The first term on the right-hand side of eqn. 8 can also be estimated using the
Debye—Huckel relationship:

In p(H,B**), = — 258 - 22 - [AT]%5 - & 13 (12)

Although this activity coefficient applies at the interface, the pertinent ionic strength
is that of the mobile phase [A~],, because the Debye length!® at [A7] = 1 mM is 62 A,
which is far greater than the thickness of either the surface layer or the silica support
material’!. The dielectric constant g will be influenced by the C,4 chains and the
silica support, but a reasonable approximation is again that of pure methanol. Thus

¢ In y(H,B*"),

= —_— . 2 . - 0'5
AL 0.069 - z* - [A" Iy (13)

Substitution of eqns. 11 and 13 into eqn. 8 gives

dIn k'
————— = — z + 0,069 - (z* + z) - [AT]%3 14
P (AL z (z* + 2) - [A7] (14)

which in the vicinity of {A7],, = 1.0 mM becomes

Olnk’

— &~ — z + 0.069 - (22 + 15

In[A |m Z @ +2) (152)
~ —086forz =1 (15b)
~ — 1.66forz = 2 (15¢)

The agreement with data in Tables I and II is excellent.

The assumption on which this model is based (that paired ions predominate
in the mobile phase while unpaired ions predominate in the surface phase was chosen
strictly because it fits the data. If instead we had assumed that unpaired ions were
predominant in the mobile phase and paired ions were predominant at the surface,
the predicted values of (4 In k")/(¢ In [A],) would have been positive. Alternatively,
if we had assumed that either unpaired ions were predominant in both phases or
paired ions were predominant in both phases, the predicted values of (0 In k")}/(¢ In
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[A7]m) would have been of much smaller absolute value than those listed in Tables
1-4.

This model is supported by: (1) the known tendency of ions to pair in liquids
having dielectric constants substantially lower than that of water, and (2) the known
protophilic nature of silica. Protonated alkaloid ions may be stabilized at the surface
simply by their proximity to the silica support material (which will be well within one
Debye length of them) while in the mobile phase they may require pairing with
protophilic ions such as H,PO,~ or CH3;COO™ for stability. Adsorption of alkaloid
ions may be accompanied by release of protons from silicic acid groups and thus
may be a form of ion exchange.

DISCUSSION

A mobile phase consisting of methanol-water (85:15) with 3 mM phosphoric
acid and KH,PO, at 0.5 mM will elute the dimeric indole alkaloids from an RP-18
packing substantially later than the monomeric indole alkaloids. If C. roseus leaf
extracts are injected, the monomeric indole alkaloids will be eluted first leaving only
the dimeric indole alkaloids, including vincristine and vinblastine, on the column.
The dimeric fraction can then be eluted quickly by increasing either the KH,PO,
concentration or the pH of the mobile phase. Vincristine and vinblastine can be
isolated from this fraction by any of the standard LC techniques! 8. Alternatively the
leaf extracts can be subjected first to one of the standard techniques to obtain impure
vincristine and vinblastine fractions that can then each be purified using the approach
described here.

The use of low buffer strength appears to be a novel approach that may be
applied in other cases where ionogenic organic compounds having a particular val-
ence must be separated from similar compounds having different valences, or from
non-ionogenic compounds. The critical characteristics of the mobile phase appear to
be the high proportion of organic solvent, the presence of an inorganic acid (or base
if the organicions to be separated are anions), and the low concentration of inorganic
counterions.
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