Electrocapillary Curves of Ephedrine
and Pseudoephedrine

By LOUIS MALSPEIS, JAMES W. TURNER*, and LEON LACHMAN

Electrocapillary curves at a series of concentrations of the diastereoisomeric
ephedrines in 1 N NaOH and of the corresponding salts in 1 N HClI have been
determined. The electrocapillary maximum (e.c.m.) was shifted to more positive
potentials with an increase in concentration in each instance. Adsorption of the
free bases on mercury was greater than that of the cations. The fractional surface
coverage of the electrode by the cations was found to be highly dependent upon
potential, with maximum coverage occurring at potentials slightly more negative
than the e.c.m. Coverage by the free bases was largely independent of potential
over a wide range of potentials. ‘The Gibbs surface excess of the isomeric ephed-
rinium ions was the same from 0.001 M to 0.2 M. At low coverage for a given
reduced concentration, the surface excess of (—)-ephedrine was greater than that
of (+)-y-ephedrine; whereas at high coverage, the surface excess of the diastereo-
isomers was the same. These results imply that at high surface coverage, orienta-
tion of both isomers at the electrode is the same with planar adsorption of the
aromatic nucleus on the electrode surface and the side chain in solution; at low
surface coverage, the molecules lie flat on the electrode surface. The extra electro-
static work for bringing (+)-y-ephedrine to the surface, compared with (—)-
ephedrine, was interpreted in terms of the conformations of the diastereoisomers
in the bulk of the solution and at the surface. Polarograms exhibited no discrete
catalytic hydrogen wave; however, the limiting currents at potentials preceding
discharge appeared to be catalytic currents. The catalytic current of (—)-ephedrine
was greater than that of (+)-y-ephedrine in borate buffers. A linear dependence
of catalytic current on the concentration of each isomer was observed over a
narrow concentration range.

moments generally differ.

An experimental re-

ELECTROCAPILLARY measurements are the clas-

sical method for studying the adsorption of
ions and molecules at a mercury—solution inter-
face (1, 2). Interpretation of the adsorption of
organic molecules and ions is based largely upon
the well-known effects of large inorganic anions
and quaternary ammonium cations (3). The
electrocapillary maximum (e.c.m.) is shifted to
more mnegative potentials by capillary-active
anions and to more positive potentials by capil-
lary-active cations, reflecting the respective
adsorption on the positive and negative branches
of the electrocapillary curve. Amnalogously, ad-
sorbed organic dipolar molecules orient at the
interface, with the electrocapillary maximum
shifting to positive or negative potentials, de-
pending upon whether the positive or negative
center of the dipole is pointed toward the inter-
face (1).

The purpose of the present investigation is to
determine whether the configurational differences
of diastereoisomers will affect their electro-
capillary characteristics. Diastereoisomers have
the same functional groups and approximately
the same molecular dimensions. Their dipole

Received August 26, 1964, from the College of Pharmacy,
Columbia University, New York, N. Y., and the Research
Department, Ciba Pharmaceutical Co., Summit, N. J.

Accepted for publication October 22, 1964.

Presented to the Scientific Section, A.Pr.A., New York
City meeting, August 1964.

Dr. Louis Malspeis acknowledges the Burroughs-Wellcome
Fund for financial support of the investigation.

* National Science Foundation undergraduate research
participant, 1962-1964.

quirement is that the organic compounds should
be electrochemically inert in the potential range
studied. The compounds chosen for the initial
study are (—)-ephedrine and (+4)-pseudoephed-
rine. These isomers are reported to be electro-
chemically inactive (4).

EXPERIMENTAL

Materials.—A commercial sample of (—)-ephed-
rine hydrochloride and a research sample of (4 )-
pseudoephedrine hydrochloride (Burroughs-Well-
come and Co.) were used in the interfacial tension
measurements in 1 N HCI and in the polarographic
determinations. The free bases of these amines
were used in the interfacial tension measurements in
1 N NaOH.

Reagent grade chemicals were used to prepare the
acid, base, and buffer solutions. Deionized water
passed through a Darco G-60 column was used to
prepare the solutions for the interfacial tension
measurements. No differences in the interfacial
tensions were noted when using solutions prepared
with deionized water, deionized water passed over
activated charcoal, or redistilled conductance water.

Interfacial Tensions.—The conditions suggested
by Breiter and Delahay (5) were used to determine
interfacial tensions. The capillary was standardized
with 1 N HCl, in which the mercury-solution inter-
facial tension is 422.6 dynes/cm. at —0.542 v. versus
S.C.E. (6). Interfacial tensions were calculated
from drop-time values with the equations of Cor-
busier and Gierst (7). The electrocapillary data for
1 N HCI agreed generally with those reported by
Conway et al. (6).
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Fig. 1.—Electrocapillary curves for (— )-ephedrine
and (4 )-y-ephedrine at different molar concen-
trations in 1 N NaOH. The curve at 0.1 M con-
centration is for (—)-ephedrine alone. Key:
A, 0; B, 0.0005 N; C, 0.001 N; D, 0.002 N; E,
0.005 N; F,0.01 N; G,0.1N.

A jacketed H-type cell containing a saturated
calomel reference electrode separated from the solu-
tion compartment by a potassium chloride-agar plug
and a sintered-glass disk was employed. The cell
was thermostated at 25 =+ 0.1°. A corrected
mercury head of 96.0 cm. was maintained by re-
placing mercury after each determination. A
Rubicon model 2730 potentiometer was used to
measure applied voltages. Oxygen was removed
from the solution by bubbling nitrogen through it for
20 min. The nitrogen used for deaerating the solu-
tions was bubbled first through 1 N HCl in measure-
ments of the acidic solutions. Since traces of oxy-
gen affected the drop-time values, the solutions were
deaerated between measurements at different po-
tentials. During measurements, water from the
constant-temperature bath was not circulated
through the cell jacket to avoid vibrations.

Polarographic = Determinations.—The polaro-
graphic measurements were made with a Leeds and
Northrup Electro Chemograph, type E; the elec-
trolysis vessel was the H-cell described above. The
temperature was maintained at 25 == 0.1°. The
dropping mercury electrode had values of m*/#'/e of
4,990 mg.”/s sec.~/ open circuit and 3.093 mg.”/?
sec.™/2 at ~1.95 v. versus S.C.E. in borate buffer at
a corrected mercury head of 96.0 em. The initial
potential of the polarogram was calibrated with the
Rubicon potentiometer.

RESULTS AND DISCUSSION

Electrocapillary Curves.—Representative electro-
capillary curves for (—)-ephedrine and (-)-¥-
ephedrine in 1 ¥ NaOH are shown in Fig. 1. The
concentration range studied was from 0.2 m to
0.1 M. The solubility of y-ephedrine in 1 N NaOH
is considerably less than that of ephedrine, and the
experimental points at the 0.1 N solution refer to
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ephedrine only. Experimental values were deter-
mined at 50 mv. intervals; each value is the
mean of five separate determinations. The precision
of the interfacial tension values is +=0.25%,. Within
the experimental error, the interfacial tension values
for solutions of both diastereoisomers at the same
molar concentrations were the same at all potentials.
As the molar concentration is increased, the electro-
capillary maximum of the curves is shifted toward
positive potentials. On the positive branch, the
curves diverge, adsorption increasing with concen-
tration. On the negative branch, the top part of
the curve becomes flatter with increasing concentra-
tion, and the curve coincides somewhat sharply at
negative potentials with the electrocapillary curve of
the base solution. The desorption potential be-
comes more negative with increasing concentration.

Representative electrocapillary curves for solu-
tions of the hydrochlorides of (—)-ephedrine and
(+)-¢-ephedrine in 1 N HCl are shown in Fig. 2.
The concentration range studied was from 2 mM to
0.2 M. Interfacial tension values for both salts
were again identical within the experimental error
for the same molar concentrations and potentials.
The shape of these curves is similar to those observed
by Conway et al. (6) for the adsorption of quinine on
mercury in aqueous HCl solutions.

The e.c.m. is shifted to positive potentials with
increasing concentration. On the positive branch,
the curves appear to converge with increasing posi-
tive potential. Adsorption is substantially greater
on the negative branch, where the electrocapillary
curves diverge.

The approximate values of the potentials of the
electrocapillary maxima relative to the S.C.E. are
given in Table I.

Surface Excess.—The methods for characterizing
the adsorption of neutral organic molecules on elec-
trodes have been summarized by Breiter and
Delahay (5). Application of the Gibbs equation to
electrocapillary data affords the surface excess,
T, of adsorbate; thus, for an uncharged adsorbate at
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Fig. 2.—Electrocapillary curves for ( — )-ephedrin-
ium and (- )-y-ephedrinium chlorides at different
molar concentrations in 1 N HCL Top: A, 0;
B, 0.005 N; C, 0.025 N. Bottom: D, 0.05 N;
E,0.01 N; F,0.1 N; G,02 N.
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TABLE 1.—POTENTIALS OF THE ELECTROCAPILLARY
Maxima oF ( —)-EPHEDRINE AND (4 )-J-EPHEDRINE
i 1 N HCl anp 1 N NaOH RELATIVE TO THE

S.C.E.
1N HCL — 1N NaOH
Conen. —Eocm. Conen, — Ee.om.,
0 0.55 0 0.48
0.001 0.53 0.0002 0.40
0.005 0.50 0.0005 0.38
0.01 Q.50 0.001 0.33
0.025 0.45 0.002 0.28
0.05 0.45 0.005 0.28
0.1 0.40 0.01 0.30
0.2 0.40 0.1° 0.28

¢ Value is for (—)-ephedrine alone.
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Fig. 3.—Interfacial tension vs. log molar con-
centration of the diastereoisomeric ephedrines in

1 N NaOH at constant potential. (Potentials stated
on figure.)
a given temperature I' = —[(a¢/RTXdv/da)lv.r.p

where « is the interfacial tension at applied potential
V, a is the activity of the adsorbate, T is the surface
excess of adsorbate per unit area, and us is the chem-
ical potential of the base solution.

The dependence of the interfacial tension on the
molar concentrations of the alkaloids in alkaline and
acidic solutions at various potentials are given in
Figs. 3and 4. Surface excess values were calculated
from these curves. The curves of the alkaline solu-
tions are similar to those reported for z-amyl alcohol
in aqueous acid solutions (5, 8) and various amines
in aqueous alkaline solutions (9).

Any inference relating the surface excess of an
organic molecule to its structure depends upon the
assumption made regarding the activity coefficient
of the adsorbate. Conway et al. (6) have observed
that the activity coefficients of certain alkaloids vary
considerably with concentration. They have shown
that neglect of the activity coefficients has pro-
nounced effects on the adsorption isotherms of
quinine and narcotine in acidic solution, and they
have proposed an empirical method for calculating
the coefficients. Blomgren and Bockris (10) have
interpreted deviations from the Langmuir isotherm
for aniline in 0.1 N HCI to be due to coulombic re-
pulsion between adsorbed cations.

Little information is available regarding activity
coefficients of neutral molecules. It is sometimes
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assumed that the activity coefficient of the neutral
molecule in an electrolyte solution of constant
chemical potential is unity and invariant over the
concentration range (5). More often, it is assumed
that Traube’s rule is followed, and the adsorption
isotherm is considered to be the dependence of
I' on the reduced concentration C/C, where
Co is the solubility of the adsorbate in the
base solution (8, 11). Comparisons based upon
the latter assumption have been criticized (12).
Nevertheless, the preponderance of available data
indicates that the latter assumption is appropriate
for qualitative comparisons of adsorption behavior
for compounds of similar structure having different
solubilities in the base solution when values of C/(p
are less than 0.8.

The present results are interpreted on the assump-
tion that the reduced concentration approximates
the adsorbate activity. The order of magnitude of
the solubilities of the isomeric ephedrinium chlorides
is the same. As a first approximation in the absence
of activity coefficients, the activities of the saltsin 1
N HCI! are considered constant over the concentra-
tion range studied. Accordingly, the values of T of
the isomeric ephedrinium ions are the same at a
given concentration and temperature. On the
other hand, the solubility of (+ )-y-ephedrine in 1 NV
NaOH is substantially less than that of (-)-
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Fig. 4 —Interfacial tension vs. log molar concen-
tration of the diastereoisomeric ephedrinium ions
in 1 N HCl at constant potential. (Potentials
stated on figure.)



4~V {dynes e}

©0.00 6.00 c/co Y] X

Fig. 5—Variations of interfacial tension decrease
with log reduced concentrations of (—)-ephedrine
( @ )and (4 )-¢-ephedrine ( O ) at constant potentials.
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Fig. 6.—Surface excess as a function of the
reduced concentrations of (—)-ephedrine (®) and
(-+)-y-ephedrine (O )in 1 N NaOH ate.c.m.

ephedrine, so that the solution activity of the
former compound is higher for the same molar
concentration.

Since identical values of (dv/dInC)v r,u, were ob-
served for the diastereoisomers, it follows that the
dependence of the decrease in interfacial tension, vy, —
v, on reduced concentration, C/C,, at a given po-
tential and temperature is greater for ( — )-ephedrine
than (+)-y-ephedrine. Typical plots at Ee....,, and
at more positive and negative potentials are shown
in Fig. 5. The linear dependence of vy, — v on log
C/C, above a given value of C/Cj is evidence that a
Gibbs monolayer has formed.

The surface excess-log concentration curves of the
isomeric ephedrinium ions in 1 N HCl were found to
possess a maximum in the vicinity of the e.c.m. and
at more negative and positive potentials, resembling
curves reported for anilinein 0.1 N HCL1(10). Thus,
the assumption that the activity coefficients of the
ions is constant over the concentration range studied
is incorrect.

In alkaline solution, the dependence of surface
excess on the log reduced concentration of the amines
at constant potential exhibited saturation charac-
teristics at the e.c.m. {Fig. 6) and over a wide range
of potentials. Scattering of points increased with
departure of potential from the e.c.m.

Following the suggestions of Breiter and Delahay
(5), the dependence of the fractional surface coverage,
8 = T'/T',ex. on potential for adsorption of the iso-
meric ions and amines was determined (Fig. 7). In
acidic solution, maximum surface coverage appears
to occur on the negative branch of the electrocapil-
lary curve. The coverage is highly dependent on
potential with pronounced desorption of the cations
occurring with increasing or decreasing potential.
Pronounced adsorption of cations occurs on the nega-
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tive branch of the electrocapillary curve. In
alkaline solution, the surface excess is largely inde-
pendent of potential over a wide range of potentials.
Maximum coverage is in the neighborhood of the
e.c.m. The high surface coverage on the positive
branch suggests that the aromatic nucleus and
probably the amino electrons are involved in the
adsorption process. The high surface coverage on
the negative branch indicates that the electrode—
dipole interaction more than offsets the tendency to
desorb the phenyl and amino groups.

Orientation at the Electrode-Solution Interface.—
The adsorption isotherms (Fig. 6) based on the re-
duced concentrations of the isomeric amines indicates
that a quasicompact monolayer is formed by (—)-
ephedrine at a lower C/C; than by (+)-y-ephedrine.
Once a compact monolayer is formed, the T«
of the two compounds remains sensibly the same
with increasing C/Co, an indication of a similar
orientation of the isomers in the monolayer. Using
the projected molecular area from Fisher-Taylor-
Hirschfelder models to calculate I'y.x. for various
orientations of the isomers in the monolayer (Table
IT), the observed T'max. agrees with either the model
in which the benzene ring lies flat on the surface and
the remainder of the molecule projects into the solu-
tion or the similar model in which the flat benzene
ring and adjacent carbinol are on the surface and
the remainder of side chain is in the solution.
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Fig. 7.—Surface coverage as a function of po-
tential for the diastereoisomeric ephedrinium ions
0.2 Min 1 N HCI (@) and for the (— )-y-ephedrine
(().1 )M and (+)-¢-ephedrine 0.01 M in 1 N NaOH

O).

TABLE II.—ORIENTATION IN MONOLAYER AT
ELECTRODE SURFACE

Tmax. X 1019,
Orientation mole cm, !
Calcd.
Phenyl perpendicular; side
chain in solution 8.2
Phenyl flat on surface; side
chain in solution 3.8
Phenyl flat + carbinol on sur-
face 3.3
Phenyl flat 4+ side chain on
surface 2.2
Observed
3.6
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Thus, the effects of configurational differences on
the adsorbability of diastereoisomers are observable
only at C/C, values below that needed for quasi-
compact monolayer formation. In this region of the
isotherm, the adsorbability of the molecules is in-
fluenced substantially by electrode-molecular dipole
interactions. At low concentrations, it is likely that
the entire molecule lies flat on the surface, and with
increasing concentration, the polar moiety is de-
sorbed as the monolayer is formed.

It is instructive to estimate the extra work needed
to bring the (4 )-y-ephedrine molecule to the inner
double layer at the electrode surface. In1 N NaOH
the diffuse double layer is more narrow than the
Helmbholtz layer (3), and the concentration of mole-
cules at the Helmholtz layer is expressed by the
relation

7 W, 0 + We
Cs = C' exp ( BT )
where C’ is the reduced concentration in the bulk of
the solution, W, is the nonelectrostatic work, and
W. is the electrostatic work. If the total work is
denoted by W = W, + W,, the extra work needed to
bring (+ )-y-ephedrine to the surface, compared to
that of ( — )-ephedrine, is given by Wy — Wg. Fol-
lowing the method of Langmuir (13), C, = T'/s,
where 8 is the thickness of the double layer. Thus
W=RTInC'/C, = RTIn (8C’/u) so that

W¢ — We 22 RT In (8C'y/T4)/(8C's/Tx)

and

Wy — Wg =2 RT In 6.2 =2 1076 cal./mole

The orientation of the molecules at the electrode
surface at low surface coverage must be interpreted
in terms of the calculated extra work. Vleck (14)
has proposed that the electrostatic work needed to
bring an ion from the bulk of the solution into an
inhomogeneous field is the sum of the charge and
dipole interactions. At the electrode surface, the
total work is largely electrostatic work because of the
high strength of the electrode field. Since the mole-
cules in alkaline solution are uncharged, the extra
work must be largely the work of orienting the
dipoles to minimize the energy of the system. Itis
necessary, therefore, to consider the probable con-
formations of the molecules in the bulk of the solu-
tion and at the electrode surface. In the bulk of the
solution, the probable conformations of the neutral
molecules (15) are shown in Fig. 8. The thermo-
dynamically more stable isomer is {4 )-¢-ephedrine,
due largely to the smaller nonbonded interactions
and to a lesser extent due to the intramolecular
hydrogen bonding. At the electrode surface, the
orientation of the molecules with the phenyl group
adsorbed on the surface and the remainder of the
molecules in the solution side of the double layer is
the model of adsorpton in the monolayer. This
model predicts no difference in surface excess be-
tween the diastereoisomers at low surface coverage
and is considered unlikely when the concentration is
less than that required for monolayer formation.

At low surface coverage, two possible conforma-
tions at the interface are considered at the electro-
capillary maximum and more negative potentials.
In the first case, both the C—O and the C—N
dipoles are oriented so that the positive ends are
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Fig. 8 —Probable conformations of the neutral mole-
cules.

pointed toward the mercury. The energy required
in going from the probable conformations in the bulk
to these conformations at the surface is greater for
(—)-ephedrine than it is for (+ )-y-ephedrine, which
is contrary to the experimental results. In the
second case, the secondary amino group is oriented
toward the mercury, and the C—O dipole is oriented
with the positive side toward the electrode (Fig. 8).
It can be argued that this orientation is not correct
on the grounds that the negatively charged electrode
should repel the negative end of the C—N dipole,
and hydration of the amino group should favor
orientation away from the electrode. Both of these
arguments were used by Gierst (9) in predicting the
orientation of pyridine derivatives at the mercury—
solution interface. Similarly, Blomgren et al. (16)
deduced from electrocapillary characteristics of
aliphatic amines that the molecules are oriented at
the electrode-solution interface with the hydrocar-
bon chain perpendicular to the surface and the
amino group in solution. On the other hand, the
interaction of the amino group of aliphatic amines
with a metal interface has been cited often in the
literature (17-20). The second surface conforma-
tion of the diastereoisomeric ephedrines is in accord
with the latter evidence. Moreover, the C—O
dipole is larger than the C—N dipole, so that this
orientation should cause the observed positive shift
of the electrocapillary maximum. These conforma-
tions at the surface are consistent with the experi-
mental results for low surface coverage inasmuch as
the energy required in going from the probable bulk
conformations is greater for (4 )-y-ephedrine. If
the net difference in the free energy change, 8( AG®),
is attributed to the electrostatic work of conformer
rotation

8AG°) = (g} — mi") —
(25" — &%) &2 1 Kcal./mole

where aj°and gg° are the respective standard electro-
chemical potentials of (4 )-y-ephedrine and (—)-
ephedrine in the adsorbed state, and a}* and ag" are
the respective standard electrochemical potentials
in solution.

This 8(AG®°) value is not consistent with the cal-
culations of Everett and Hyne (21) for free energy
changes accompanying the rotation of the isomeric
ephedrines. They found that in going from the 0°
conformation (OH and CH3;NH groups eclipsed) of
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both isomers to the most stable conformations in
solution, the most stable conformation of (—)-
ephedrine relative to its 0° conformer is more stable
by 225 cal./mole than the most stable conformer of
(+)-y-ephedrine relative to its 0° conformer.
The rotations from the eclipsed conformations are
60° for (+ )-y-ephedrine and 180° for ( — )-ephedrine.
From this value of 8(AG®), the predicted energy
barrier to internal rotation for either isomer is
approximately 500 cal./mole, a value which is less
than the equipartition value at ordinary tempera-
ture (600 cal./mole), representing a negligible barrier
to rotation. The magnitude of the internal rotation
barrier in ethane is 2.7-3.0 Kcal./mole (22). Eyring
and co-workers (23) have calculated that the non-

H

HO-

OH
-NH, CHy N, CHy’
+ +

A Gty O
IN THE SOLUTION PHASE

{+)-¥ - EPHEDRINIUM 108 {=)-EPHEDRINIUM 10N

i I

CHs CoMs CeH H
i, CHy OH
W

CHy

HO" NHp CHa
+

mooB-Oamrm

H
AT THE ELECTRODE - SOLUTION INTERFACE

Fig. 9.—Probable conformations of the ions.

bonded H---H interaction in ethane affords a
barrier of 2.88 Kcal./mole and suggest that this
interaction is responsible for the rotation barrier.
The isomeric ephedrines may be viewed as substituted
ethanes with bulky groups on each carbon; a
priori, the internal rotation barrier should be at
least several kilocalories per mole.

No rotation is predicted (Fig. 8) for the transfer
of (—)-ephedrine from the bulk solution to the elec-
trode surface, whereas a 120° rotation is predicted for
(- )-y-ephedrine. As a first approximation, the
internal rotation barriers can be taken to be two or
three times the barrier to the 120° rotation. Ac-
cordingly, the estimated 6(AG°) value of 1 Kcal./
mole is of a reasonable order of magnitude.

The similar adsorption characteristics of the (—)-
ephedrinium and (4 )-y-ephedrinium ions in 1 N
HCI can be interpreted in the same general fashion.
With both ions, the contribution of the charge inter-
action to the electrostatic work should be the same.
The most probable conformations of both ions in
the bulk of the solution are those in which the CHj-
NH;* and OH groups are eclipsed as shown in Fig.
9 (21). At the electrocapillary maximum and at
the negatively charged electrode surface, the CHj-
NH,* group will be pointed toward the electrode,
and the negative end of the C—O dipole will be re-
pelled (Fig. 8). The work needed for the rotation
processes in going from the bulk of the solution to the
electrode surface is approximately the same for both
isomers. Since the electrostatic work of both ions
is approximately the same, there is no difference in
surface excess.

Catalytic Hydrogen Evolution.—An extensive
study of catalytic hydrogen evolution in solutions of
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alkaloids was made by Kirkpatrick. He reported
that ephedrine is polarographically inactive (4), and
this observation has been cited in the literature (24).
However, most nitrogenous compounds which cause
catalytic hydrogen waves are adsorbed at the elec-
trode surface (25). Since the adsorption of the
diastereoisomeric ephedrines on mercury was found
to occur, a renewed search for catalytic hydrogen
evolution by these alkaloids was undertaken.

The mechanism proposed by Mairanovskii (25),
describing catalytic hydrogen evolution in solutions
of organic bases, is represented in outline by

&
B +DH+Z—>-BH++D
]

BH* 4 ¢~ — BH

ka
2BH —+ 2B + H

in which B is the éatalytic base, DH* is a proton
donor, and BH is a free radical. It is evident that
catalytic hydrogen evolution will only occur in
solutions in which the catalytic base, B, and its
conjugate acid, BH™, are in equilibrium. The dis-
sociation constant of a 0.01 M ( — )-ephedrinium and
(4 )-y-ephedrinium ions in solution of ionic strength
0.10 were reported to be 9.71 and 9.89, respectively,
at 20° (21). Accordingly, polarograms of the dia-
stereoisomers in borate buffer solutions were exam-
ined.

CURRENT, A

-L6 -1.7 -i.8 -l.9 -2.0 =21
VOLTS vs. S.CE.

Fig. 10.—Polarograms of (—)-ephedrine (1) and
(+)-y-ephedrine (2) in borate buffer (0.05 M
NaBO,; 0.109 M H;BO;) (3) at pH 8.76 and ionic
itreglgﬁ}h of 0.058. Alkaloid concentration 8 X

03 M.

Fig. 11.—Dependence of the
limiting catalytic hydrogen cur-
rent on ( —)-ephedrine (E) and
(+)-y-ephedrine (¢¥) concentra-
tions in borate buffer solutions
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2 with pH 8.76 and ionic strength
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Typical polarograms are shown in Fig. 10. The
polarograms exhibit no discrete hydrogen waves;
however, the limiting current at potentials preceding
discharge appear to be catalytic currents. The
catalytic current of ephedrine is greater than that of
y-ephedrine.

The catalytic current at a given potential is
taken as the difference between the limiting current
of the buffer solution of the alkaloid and the limit-
ing current of the buffer solution alone. The de-
pendence of the catalytic current at —1.95 v. versus
S.C.E. on the total alkaloid concentration was
examined at pH 8.76 in borate buffers with [HsBO;]
= 0.1 M. The catalytic current varied linearly with
concentration between 5 X 103 M and 1 X 102 4/
for ephedrine and between 7 X 1073 M and 1 X 102
M for y-ephedrine (Fig. 11). The leveling of cata-
lytic current with decreasing concentration is a
well-known observation (25). The linear depend-
ence of catalytic current on concentration in this
concentration range suggests that the third step of
Mairanovskii’s mechanism is not current limiting.
It is probable, therefore, that the catalytic current
depends upon the first step, 7.e., the rate of protona-
tion of the basic form of the catalyst. From the
known dissociation constants (21), it is estimated
that the concentration of the free base of ephedrine
is approximately 1.5-fold greater than that of -
ephedrine at pH 8.76. The observed limiting cata-
lytic current at —1.95 v. versus S.C.E. for ephedrine
is approximately threefold greater than that of y-
ephedrine.

If it is assumed that at this extreme negative
potential the diasterecisomers are not adsorbed on
the electrode surface, the rate of protonation pre-
ceding electron transfer of ephedrine is greater than
that of y-ephedrine. Analogous to the kinetic cur-
rents in the reduction of the diastereoisomeric N-
nitroscephedrines (15), the rate of protonation is
expected to be greater with that isomer in which
there is a lesser degree of intramolecular hydrogen
bonding. The greater degree of intramolecular
hydrogen bonding in (4 )-y-ephedrine is well estab-
lished (15).

Interpretation of these results depends upon
whether the catalytic current has true &ulk char-
acter, with protonation occurring only in the re-
action layer near the electrode, or whether it has
both bulk and surface character, with protonation of
catalyst adsorbed on the electrode surface causing
the surface component of the current (25). Con-
sideration of the desorption potentials of the amines
(Figs. 1 and 2) leads to the conclusion that the cata-
lytic current possesses no surface character since it is
occurring at potentials more negative by about 0.65
v. However, this conclusion is open to serious ques-
tion. The fractional surface coverage which will
give the catalytic current partial surface character
is extremely small; certainly it is less than can be
determined by electrocapillary or differential capac-
ity measurements. The electrocapillary curves
(Fig. 2) show that the desorption occurs at more
negative potentials with an increase in concentration.
At potentials more negative than the electrocapillary
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maximum, a plot of the variation of surface excess
with log concentrations shows that the desorption
occurs somewhat sharply, an observation which is
similar to that made by Gierst (9) for the adsorption
of pyridine derivatives on mercury in alkaline
medium. Frumkin (26) has attributed both the
desorption of neutral organic molecules and large
organic cations at negative potentials to the energy
gain, a result of the capacitance increase with de-
sorption. He reported that the desorption potential
of the tetrabutyl-ammonium ion is sharply defined
and becomes more negative with increasing concen-
tration, generally in accord with the present observa-
tions. Frumkin (26, 27) calculated that the adsorp-
tion isotherm of the tetrabutyl-ammonium ion ex-
hibits an S shape at very negative potentials. Thus,
for a given concentration of organic molecule at
potentials negative to the desorption peak of the
capacitance-polarization curve, extremely low frac-
tional surface coverage may occur. Thus, it is
possible that the higher catalytic current for (—)-
ephedrine may, to some extent, be due to its greater
adsorbability.
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