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Abstract The chiral discrimination of different
poly(pyrroles) grafted by chiral side chains was investi-
gated both in the doped and undoped state of the
polymer films. To verify the enantioselective properties
in the doped state, cyclic voltammograms were recorded
in acetonitrile in the presence of the enantiomers
of camphorsulfonic acid and the potentiodynamic
polymerization of the appropriate monomers was
performed using the same chiral electrolytes. The
enantiomericrecognition in the undoped state was in-
vestigated by the application of these modified electrode
surfaces in the enantioselective electroreduction of the
prochiral ketones 4-methyl benzophenone and 2,5-
dimethyl benzophenone. One polymer exhibits a recog-
nition ability in the doped state; the investigation for the
undoped state is in progress. A second polymer does not
show enantioselective properties either in the doped nor
in the undoped state.

Keywords Poly(pyrrole) - Chiral modified
electrodes - Chiral discrimination - Enantioselective
Electrosynthesis

Introduction

From the viewpoint of chiral economy, the use of chiral
chemically modified electrodes in enantioselective elec-
trosynthesis has attracted electrochemists since 1975
[1, 2, 3, 4, 5]. This approach seems to be excellent,
because asymmetric induction can be achieved using
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extremely small amounts of inducing reagent, perma-
nently immobilized at an electrode surface. Moreover,
the use of electrogenerated conducting polymers like
poly(pyrrole) derivatives offers several advantages for
the preparation of modified electrodes. Their electro-
chemical generation leads to direct precipitation on the
electrode surface and allows the preparation of elec-
trodes with a maximum density of chiral centers.

In 1984, Komori and Nonaka [6] reported the kinetic
resolution of racemic 2,2-dimethyl-1-phenyl-1-propanol
using a lead dioxide anode modified by poly-S-valine
grafted onto a poly(pyrrole) film that itself was anchored
at the electrode surface by chemical derivatization. In
this case, 43% of optical pure S-enantiomer was recov-
ered unreacted when the racemate was oxidized to the
ketone. Moutet and co-workers [7] showed in 1998 that
asymmetric induction in electrosynthesis can be achieved
by the use of a carbon felt electrode modified by oxi-
dative electropolymerization of a rhodium(III) complex
catalyst with pyrrole-substituted chiral bipyridyl ligands.
They performed the enantioselective reduction of
prochiral aromatic ketones. The best optical yield (12%)
was achieved for the hydrogenation of acetophenone.
These are the only two examples found the literature
for the application of conducting polymers in
enantioselective electrosynthesis. Furthermore, the first
example describes an application of poly(pyrrole) in the
doped state whereas the second one discussesan appli-
cation in the undoped state.

Our goal is the investigation of chiral discrimination
of poly(pyrroles) grafted by chiral side chains in the
doped as well as in the undoped state. We have recently
reported the preparation of poly(pyrroles) from chiral
monomers 1 and 2 (Fig. 1) via electropolymerization on
Pt sheets and Pt/Rh grids in acetonitrile (AN) in the
presence of various supporting electrolytes, including
their electrochemical as well as their enantioselective
behavior [8, 9, 10, 11].

Concerning the enantioselective behavior, both
polymers (poly-1, poly-2) possess a chiral recognition
ability in the doped as well as in the undoped state. To
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Fig. 1 Chiral pyrrole derivatives 1 [8] and 2 [8]

verify the enantioselective properties in the doped state,
the cyclic voltammograms recorded in AN using opti-
cally active supporting electrolytes, i.e. the enantiomers
of camphor-10-sulfonic acid (CSA) [(S)-(+)-CSA,
(R)-(-)-CSA)] were compared (the so-calledrecognition
effect [12]). Owing to the low differences in current
densities, the investigation of the film-forming abilities
in solution in the presence of the enantiomers of CSA as
supporting electrolyte was more meaningful. In both
cases, electropolymerization was easily achieved in AN
containing (S)-(+)-CSA. However, polymerization was
completely inhibited using the R-enantiomer [9].

The enantioselective properties in the undoped state
of the polymer-coated electrode surface were proved by
the application of these electrodes in enantioselective
electrosynthesis, 1.e. by the electroreduction of prochiral
ketones at these modified electrode surfaces.

One could also examine the chiral recognition in the
doped state as well by an application in electrosynthesis,
e.g. electrooxidation of a racemic alcohol. In fact the
polymers are stable over a wide potential range (-3.0 to
+1.1 Vvs. Ag/0.01 M AgNOs;), but the anodic stability
is the limiting factor for an oxidative reaction. In addi-
tion, we believe that a higher asymmetric induction can
be expected for a reduction. In this case the prochiral
compound has to diffuse through the insulating polymer
film in order to react at the negatively charged electrode
surface. The chiral environment forces the substrate in a
definite geometric order, which is reflected by the extent
of the asymmetric induction. On the other hand, during
an oxidation the polymer film is conducting and the
oxidative reaction of the substrate will occur mainly at
the surface of the polymer. Therefore the influence of the
chiral auxiliary on the substrate should be of minor
importance.

The potentiostatically performed electroreduction of
the prochiral aryl ketones 4-methyl benzophenone and
acetophenone at poly-1 and poly-2 in DMF/LiBr in the
presence of phenol as a proton donor led to optically
purities up to 17% or 55% of the corresponding alco-
hols. The enantioselectivity depends on the substrate,
the electrode material, and on the electrolyte used for the
polymerization [10, 11].

We have extended our investigations to further pyr-
role derivatives 3 and 4 (Fig. 2). A mirror image be-
havior of poly-3 compared to that of poly-1 is expected.
We also report the use of poly-4 in the asymmetric
reduction of prochiral benzophenones, i.e. 4-methyl
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Fig. 2 Chiral pyrrole derivatives 3 and 4

benzophenone (5) and 2,5-dimethyl benzophenone (6).
We compare the results with those obtained at poly-2
to investigate whether any influence could be observed
of the carbonyl group in the a-position of the pyrrole
nucleus on the enantioselectivity of the reaction.

The electrochemical behavior of poly-3 and poly-4
will also be presented and compared with poly-1, poly-2,
and polypyrrole (PPy). For comparison purposes, all
electrolyses were performed at bright platinum under the
same conditions.

Experimental

Equipment

'"H NMR spectra were recorded on a Bruker AM 300 MHz in-
strument, using CDCl; as solvent and tetramethylsilane (TMS) as
internal standard. Optical rotation was measured with a Perkin-
Elmer polarimeter M343. TLC was performed on aluminum foil
precoated with silica gel (Merck 60 F,sy).

The electrochemical experiments were performed using a
potentiostat (BANK POS 73) coupled with a Wenking model
VS672 voltage scan function generator (BANK) and a x,y-recorder
PM 8132 (Philips). The film preparations, the electrochemical in-
vestigations, and the electrolyses were performed in a three-com-
partment cell with working volumes of 10 mL for cyclic
voltammetry and of 15 mL (anolyte) and 160 mL (catholyte) for
electrolyses, respectively. The working electrode was a polymer-
coated platinum sheet (1 cm? for cyclic voltammetry and 6 cm? for
electrolysis, respectively) and the counter electrode a bright plati-
num sheet (I cm?). An Ag/0.01 M AgNOj; system was used as a
reference electrode. The anolyte and catholyte compartments were
separated by a fine-pore glass frit G3.

Materials

Monomer 3 was synthesized as outlined [8]. Instead of the ethyl
L-(—)-lactate, the antipodean ethyl p-(+)-lactate was used as the
chiral unit; [«]p>' = +9.6° (CHCl;, ¢ 0.986). Monomer 4 was syn-
thesized based on the literature [13]: starting from 2 [8] the reduc-
tion to 4 was accomplished with NaBH3CN/Znl in dichloroethane.
A mixture of 1.4 g (5 mmol) of 2, 2.4 g (7.5 mmol) Znl, and 2.35 g
(37.5 mmol) NaBH3;CN in 50 mL dichloroethane was heated under
reflux for 4 h, cooled, and 100 mL of cooled NH4C1/10% 6 M HCI
were added. The layers were separated and the organic one was
dried over Na,SO,. After evaporation of the solvent and purifica-
tion by column chromatography on silica gel (eluent hexane/ether
2:1), 20% of 4 was obtained as a colorless oil; [¢]p>! =-23.5°
(CHCl;, ¢ 1.25). "H NMR (CDCl5) d: 8.3 (br, 1H, NH), 6.7 (m, 1H,
Hpyr), 6.6 (m, 1H, Hpyr), 6.1 (m, 1H, Hpyr), 5.1 (dd, 1H, CH), 4.2
(m, 2H, CH,), 2.6 (m, 2H, CH,), 2.5 (m, 2H, CH,), 1.95 (m, 2H,
CH,), 1.5 (d, 3H, CHs;), 1.3 (m, 3H, CHj3). Analysis calculated for
Ci3H19NOy4: C 61.64, H 7.56, N 5.53; found: C 60.36, H 7.80, N
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5.37. 4-Methyl benzophenone was synthesized according to the
literature [14]. 2,5-Dimethyl benzophenone (Aldrich), phenol
(Merck), and AN (Scharlau, HPLC grade) were of commercial
origin. DMF (Riedel de Haén) was dried over CaH,, distilled under
reduced pressure, and stored over 4 A molecular sieve. LiBr
(Fluka) was dried under high vacuum at 150 °C.

Electropolymerization and electrochemical characterization

Monomers 3 and 4 (0.1 M) were electropolymerized potentiody-
namically on a platinum sheet electrode in AN in the presence of
various electrolytes (0.1 M) [LiClO4, Et4NCIO4, BuyNCIlO4
(R)-(-)-CSA, and (S)-(+)-CSA] as outlined [9]. For comparison
purposes, PPy was deposited under the same conditions using
AN/LiClO4 [9]. The electrochemical investigations were carried
out in monomer-free solutions of the same concentration of
supporting electrolytes as the ones used previously [9]. All solu-
tions were degassed by purging with argon for 20 min prior to
electrochemical investigation. To compare the different polymer
films, the deposition process was stopped as soon as a peak
current density of 50 pA cm 2 for the respective polymer oxida-
tion was noted. After polymerization the films were reduced at
—200 mV in case of poly-3 and at —500 mV in case of poly-4 until
the current was negligible. The coated electrodes were rinsed
several times with dry AN to eliminate residual traces of mono-
mer and stored in AN.

Enantioselective properties

The investigation of the enantiomeric recognition in the doped
state was performed by cyclic voltammetry in the presence of the
enantiomers of CSA as described previously [9].

The proof of chiral recognition in the undoped state was real-
ized by the electroreduction of the ketones 5 and 6. The reduction
potentials of 5 and 6 were determined by cyclic voltammetry as
peak potentials vs. Ag/AgNOj; in the same electrolyte as used for
preparative electrolysis (DMF/LiBr) [10, 11]. Thus 30 mmol of 5 or
6 were potentiostatically reduced in DMF/0.5 M LiBr at 2.2 V vs.
Ag/AgNOj; in the presence of phenol (60 mmol) as proton donor as
described previously [10, 11]. The electrolysis was stopped after
2x102 F had been consumed. The optical yield of the reduction
product of 5, phenyl(p-tolyl)methanol (5a), was determined by the
optical rotation of the phthalic monoester [15, 16]. The enantio-
meric excess of the corresponding alcohol of 6, 2,5-dimethylphe-
nyl(phenyl)methanol (6a), was determined by HPLC using a
(R,R)-Whelk-0-1 (Merck) column.

Fig. 3 Recognition effect: a
apoly-3and b poly-1[9]in AN
containing (R)-(-)-CSA or
(S)-(+)-CSA (0.1 M) as

doping agent. Scan rate:

10 mV s!

Tm pA/em?

- —-”

(R)~-)-CSA

Results and discussion
Poly-3
Enantioselective properties

In order to verify the enantioselective properties of poly-
3 in the doped state, we compared the cyclic voltam-
mograms recorded in AN using the enantiomers of CSA.
As shown in Fig. 3a, a mirror image behavior for poly-3
compared to poly-1 (Fig. 3b [9]) was observed. This
means higher current densities were noticed in presence
of the R-isomer for poly-3, whereas the antipodean poly-
1 shows higher current densities in the presence of the
S-enantiomer.

Concerning the film-forming ability of monomer 3 in
the presence of the enantiomers of CSA as supporting
electrolyte, as shown in Fig. 4 a mirror image behavior
compared to 1 was observed as well. Electropolymer-
ization of 3 can easily be achieved in AN containing
R-CSA (Fig. 4a). In contrast to 1 (Fig. 4c and d [9]), the
polymerization of 3 is completely inhibited using
the S-enantiomer (Fig. 4b). Compound 3 polymerizes in
the racemic mixture of CSA as well as 1 [9].

In summary, poly-3 exhibits enantioselective proper-
ties in the doped state. The expected mirror image
behavior compared to poly-1 as mentioned in the
Introduction is confirmed. These results emphasize once
again the chiral recognition ability ofthese poly(pyr-
roles) grafted by chiral side chains, as already published
[9]. Investigations concerning the enantioselective be-
havior of poly-3 in the undoped state are in progress.

Electrochemical properties

In order to characterize the redox behavior of the
polymer-coated electrode surfaces, the relationship

b

~

—_—— =

vs Ag/0.01 M AgNO; + 600 mV
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Fig. 4 Electropolymerization of 3 (a and b) and of 1 (cand d) [9]in  pa/cm?2 nAem?| b
AN in the presence of (R)-(-)-CSA/BuyNClO4 or (S)-(+)-CSA/
BuyNClO,. Scan rate: 10 mV s

+ 160 +160
between scan rate and the current response at poly-1
(Fig. 5a) as well as at poly-3 (Fig. 5b) was studied. It is 0 ol
well known that this relationship shows the character-
istics of mass transfer in the electroactive film on the
electrode. As expected for a surface-localized material,
the current values of poly-1 and poly-3 scale linearly -~ 160 -160 -
with sweep rate between 10-90 mV s ! (poly-1) and 10—
100 mV s ' (poly-3), respectively. Although monomers 1 170 500

and 3 have only one distinguishing feature, i.e. the
configuration of the chiral C-atom in the side chain of
the pyrrolic unit, the electrochemical behavior of poly-1
and poly-3 is different as the comparison of the
voltammograms shows (Fig. 5a, b). In contrast to poly-3
(Fig. 5b), higher peak current densities were noticed for
poly-1 when using the same sweep rate (Fig. 5a). This
result is valid independent from the doping agent used
for polymerization.

For clarity the relevant potentials are combined in
Table 1. The data are mean values (deviation: £5 mV)
based on the data derived from multiple experiments.

Owing to the electron withdrawing and steric effects
of the side chain in 1 and 3, the anodic peak potentials
(Epa) of 1 and 3 and also of the corresponding polymers

mVvs Ag/ 0.01 M AgNO4 mVvs Ag/ 0.01 M AgNOq

Fig. 5 Cyclic voltammograms of poly-1
(b) in 0.1 M LiClO4/AN. Scan rate:
10-100 mV s ' (b)

(a) and of poly-3
1090 mV s! (a) and

(poly-1 and poly-3) are shifted anodically compared to
pyrrole or PPy, respectively (Table 1). A surprising
feature is that in contrast to poly-1 the shift of the E,,
and also of the cathodic peak potential (E,.) of poly-3
goes on for about 100 mV. Consequently, the potential
E measured midway between the cathodic and anodic
peak potentials, E = (E,, + E,)/2, of poly-3 is shifted
to a more positive value compared to poly-1 (Table 1).
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Table 1 Cyclic voltammetric Pt 1
data for pyrrole [9], 1 [9], and monomer polymer
3: monomer concentration AN/LiClOy E E E AE E
0.1 M in 0.1 M LiClIO,/AN [\}’i‘ \*,’a \;” v
and for the appropriate poly- [V] [V] V] [V]
mers PPy [9], poly-1 [9], and / \
poly-3 in 0.1 M LiCIO4/AN; [9]
scan rate 10 mV s'; E vs. pyrrole N 0.93 -038 | -0.71 033 | -054
Ag/0.01 M AgNO; H - . . - -
I\
N
{ [9]
" 1.2 +0.20 | +0.13 | 0.07 | +0.18
N .
W Do
O CHg
4\
N
3
" 1.2 +0.30 | +0.23 | 0.07 | +0.26
) N
HO' H
CH; O

An enhanced redox reversibility for poly-1 and poly-3
for the electrochemical redox switching was obtained
(AE=70 mV, Table 1) compared to PPy. In contrast to
pyrrole, monomers 1 and 3 are not soluble in water.
Thus, we conclude that the polymer matrix has a more
lipophilic character than PPy owing to the substitution
[9], which leads to better solvation by the organic sol-
vent. Because of this, the ionic conductivity in the
polymer increases and this leads to an enhanced redox
reversibility for poly-1 and poly-3.

Not only a distinction between the electrochemical
properties of poly-1 and poly-3 is established, but also
the polymerization process of 1 and 3 is different. The
potentiodynamic experiment in particular provides use-
ful information on the growth rate of conducting poly-
mers. The increasing current densitieswith each cycle are
a direct measure of the increasing surface of a redox-
active polymer [17]. In both cases, a polymeric film was
obtained using a potential range from —0.17 to +0.75 V
vs. Ag/0.01 M AgNOs at a scan rate of 10 mV s '. In-
dependent from the doping agent, poly-1 grows linearly
in time as calculated from the peak current density of the
respective polymer oxidation. In the case of poly-3, in-
creasing current densities are observed from the 20th
cycle onwards; then the current densities increase lin-
early with time. Compared with PPy, which also grows
linearly in time, the increase of the current densities of
PPy is considerably lower than that of its derivative
poly-1, but higher than that of poly-3. This is surprising,
because we use the same potential range for the poly-
merization of both monomers and also both pyrrole
derivatives (1 and 3) possess the same E,,, i.e. 1.2 V vs.
Ag/0.01 M AgNOj3 in AN/LiClO,4 (Table 1). It is com-
mon knowledge that faster polymerization is supported
by a high formation potential for polymers [13].

Based on the results mentioned above, we conclude
that the configuration in the side chain of the pyrrolic

unit, i.e. the configuration of the chiral C-atom,seems to
have a profound effect on the structure of the polymer
film, as reflected by the electrochemical and the enan-
tioselective behavior. However, this result is highly un-
usual, because chiral compounds are normally
indistinguishable with respect to their behavior towards
achiral compounds or measurements. Similar behavior
was reported in 1994 by Lamy and co-workers [18, 19,
20]. They suggested that unmodified polycrystalline and
single-crystal platinum electrodes are ““able to recognize
the absolute configuration” of 2,3-butanediol molecules.
Investigations carried out by Kuhn and Anson [21]
have shown that the presence of an adsorbing poison in
one of the two enantiomers could be responsible for
behavior like this.

Monomers 1 and 3 show identical values for the optical
rotation (in opposite directions). Therefore we do not
really understand these results; we are trying to find ex-
planations for this unexpected behavior. However, steric
and electronic effects of the substituents in the side chain
of five-membered heterocycles on electropolymerization
and also on electrochemical properties of the polymer
films have been extensively discussed in the literature [22,
23]. The influence of the supporting electrolyte used for
the polymerization not only on the structure of the
polymer (morphology) [24] but also on the permeability,
conductivity, electroactivity, processibility, and mechan-
ical strength of PPy films is known in the literature as well
[25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36].

Poly-4

Enantioselective properties

Poly-4 was produced to investigate the effects of the
substituents in the side chain, i.e. the influence of the



carbonyl group in the a-position of the pyrrole nucleus,
on the electrochemical and especially on the enantiose-
lective properties of the resulting polymer. The
current-voltage curves recorded in the presence of the
enantiomers of CSA do not exhibit any differences.
Additionally, polymerization of monomer 4 is possible
in AN in the presence of (R)-(—)-CSA and (S)-(+)-CSA.
This observation validates the concept of chiral recog-
nition, known as the three-point rule [37]. This rule was
formulated for chiral recognition relevant to liquid
chromatographic separation of enantiomers. It means
(restated in a slightly modified form for clarity) that
recognition requires a minimum of three simultaneous
interactions between a chiral auxiliary and at least one
of the enantiomers, with at least one of these interactions
being stereochemically dependent. Dalgleish [38] noted
that derivatization of an amino or carboxyl function or
the replacement of an aromatic side chain by an ali-
phatic group resulted in the loss of separation of
enantiomers. He concluded that three simultaneous
binding interactions are necessary for enantioselective
discrimination. This can be transmitted to our systems.
In the case of poly-4 the carbonyl function in the side
chain of poly-2 was replaced by a CH, group. We as-
sume that one possible selective intermolecular interac-
tion, i.e. a m-donor-acceptor interaction or hydrogen
bonding, as well as a steric interaction between the
polymer and the doping agent in the transition state,
might be missing, which is reflected by a negative rec-
ognition effect.

The recognition ability in the undoped state was
proved by the application of poly-4 in the enantiose-
lective electroreduction of the prochiral ketones 5 and 6
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to the corresponding alcohols 5a and 6a. The electro-
lyses were carried out at —2.2 V vs. Ag/0.01 AgNO3;. The
correlation of the electrolyte used for polymerization of
4 and the enantioselectivity of the reduction was exam-
ined compared to 2 (influence of the carbonyl group in
the a-position). In all cases the absolute configuration
of the major enantiomer was determined to be R, based
on the sign of its optical rotation. The results are mean
values (deviation: £2%) based on the data derived from
at least three individual experiments. In all experiments
the temperature of its reaction media never exceeded
30 °C.

By comparison of the results obtained at poly-2 and
poly-4 for the reductive conversion of 5 (Table 2), two
points are remarkable. In the case of poly-4 the ab-
sence of the carbonyl group in the a-position of the
pyrrole nucleus leads to a decrease of the optical yield
of about 60% compared to poly-2 (compare runs 1-3
[11] and runs 4-6). Furthermore, in contrast to poly-2,
no influence of the electrolyte used for the polymer-
ization can be noticed. For subsequent investigations
of the influence of the carbonyl group on the enanti-
oselectivity of the reaction, the electroreduction of
another prochiral ketone was performed. For the
electroreduction of 6, a higher optical yield of the re-
sulting alcohol was expected compared to the reduction
of 5 because in the case of 6 one of the aromatic rings
of the prochiral center has a CH; group close to the
prochiral center. As can be plainly seen in Table 3,
independent from the supporting electrolyte used for
the polymerization, an optical yield of only 2% was
obtained. The investigations using poly-2 for the elec-

Table 2 Stereoselective electro-
reduction of 5 in 0.1 M LiBr/
DMF at 2.2 V vs. Ag/0.01 M
AgNOj; at poly-2, poly-4, and
platinum, depending on the
electrolyte used for the poly-
merization

trochemical reduction of 6 are in progress. The
Reductive conversion of 5
conducting current
run Polymer / electrode agent used for yield op
polymerization [Yo] [%o]
alcohol
(o]
1[11] R o B pomen, LiClOy4 80 17
/ \ HyC o
2[11] . Et,NCIO, 66 13
H n
poly-2
3[11] Bu,NCIO, 43 8
(o}
4 i oonon, LiClOy4 55 5
5 / _.\ e Et,NCIO, 52 5
poly-4
6 Bu4NClO4 66 5
7[11] platinum 53 0
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Table 3 Stereoselective . P
electroreduction of 6 in 0.1 M Reductive conversion 0f§
LiBr/DMF at 2.2 V vs. conducting | current
Ag/0.01 M AgNO; at poly-4 run polymer /electrode agent used for | yield | op
and platinum, depending on 1 . . o o,
the electrolyte used for the polymerization [%o] [%0]
polymerization alcohol
o
8 o f pcHoH, LiClO4 58 2
9 / . e Et;NCIO, 50 2
poly-4
10 BU4NC104 50 2
11 platinum 75 0

reduction of 5 and 6 at bright platinum proceeds
without stereoselectivity, as expected.

In conclusion, the enantioselective recognition of
poly-4 in the undoped state is similar to that in the
doped state. It is obvious that the carbonyl group in
the o-position of the pyrrole nucleus seems to be
necessary to stabilize the interactions in the transition
state between the chiral-modified electrode surface and
the ketone. In case of the electroreduction of 5, this
causes a higher optical yield for the resulting alcohol
at the polymer electrode possessing a carbonyl group
in this position (poly-2). The influence of the electro-
lyte used for polymerization on the stereoselectivity of
the reaction observed at poly-2 might be caused by the
formation of pores of different sizes due to the dif-
ferent sizes of the electrolyte cations (Li" <Et,N" <
Bu,N ). We assume that the smaller are the pores in
the polymer matrix, the closer the interaction will be
between the chiral environment and the prochiral
ketone [11].

Electrochemical properties

By comparison of the characteristic electrochemical pa-
rameter for poly-4 with the ones for poly-2 and PPy
(listed in Table 4), a clear trend becomes apparent. The
introduction of a side chain (poly-4) and moreover
the introduction of a carbonyl group in the a-position of
the side chain (poly-2) leads to an anodic shift (due to
the electronic and steric effects of the side chain [9]) of
the electrochemical parameter. However, in the case
of poly-4, only a slight anodic shift was observed
compared to poly-2.

This now has serious consequences. It is generally
known that autoxidation of PPy proceeds very fast in
the undoped state owing to its low oxidation potential
(Epa=-0.38 V vs. Ag/AgNO;). This is also given for
poly-4 (E,,=-0.23 V vs. Ag/AgNO3), proven by its
long-term stability under redox cycling. In this case the
peak current densities decrease rapidly with each cycle
(to 50% after 40 cycles). It should be noted that the

Table 4 Cyclic voltammetric Pt 1
data for pyrrole [9], 2 [9], and monomer polymer
4 (monomer concentration AN/LiClO, Epa Epa Epc AE E

and for the appropriate

polymers PPy [9], poly-2 [9], / \
and poly-4 in 0.1 M Li- pyrrole
ClO4/AN; scan rate 10 mV st

(9]
0.93 -038 | -071 | 033 | -054

E vs. Ag/0.01 M AgNO;

N

H
[9)

2 o)
o, H OCH;CH,
/ \ / < [9] 1.1 +0.54 | +047 | 0.07 +0.5
HsC 0
N

o
4 o H OCH3CH,
/ < 0.82 -023 | -03 0.07 | -0.27
/ \ HaC o
N




solutions for the cyclic voltammetric experiments were
purgedwith argon. Thus long-term damage may arise
after the electrodeposition process. Now after electro-
polymerization the polymer films were reduced, rinsed
with AN, and stored in AN, but the AN was not de-
gassed with argon. So oxidation by atmospheric oxygen
of the polymer film in the undoped state may be as-
sumed. This was checked in an experiment. All solutions
were degassed with argon and all investigations were
performed under an argon atmosphere. Under this
condition, poly-4 exhibits a good long-term stability.
However, poly-2 (also poly-1 and poly-3) exhibits high
electrochemical stability under redox cycling. Several
tens of voltammetric cycles can be performed without
any loss of electroactivity.

Because of the instability of poly-4 in the undoped
state as mentioned above, we assume that the micro-
structure and the “porosity” of the polypyrrole film
might be changed during electrolysis. Consequently, no
influence of the electrolyte can be observed, as the results
in Tables 2 and 3 show. The consequence of the insta-
bility of poly-4 in the undoped state for chiral economy
is that the modified electrodes are not reusable, in con-
trast to poly-2 as well as poly-1. These latter electrodes
were both reusable without any effects on the current
yield and on the stereoselectivity of the reaction.

From Table 4 it is also visible that the redox revers-
ibility of poly-2 and poly-4 (AE=70 mV) is enhanced
compared to PPy, owing to substitution as mentioned
above for poly-1 and poly-3. In addition to the expla-
nation given for poly-1 and poly-3, the pendant ether

Fig. 6 Plot of iy, vs. v (scan rate: 10-100 mV s 1) for poly-2 (a) and
for poly-4 (b) in AN containing various electrolytes. Cyclic
voltammograms of poly-4 in 0.1 M LiCIO4/AN (¢), 0.1 M
EtyNCIO4/AN (d), and 0.1 M BuyNCIO4/AN (e); scan rate:
10-100 mV s
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and ester chains in poly-2 and poly-4, known for their
cation-solvating properties, lead to a higher mobility of
the electrolyte in the polymer matrix [39].

Additionally, owing to the substitution, the polymer
backbone of poly-2 and poly-4 becomes more lipophilic.
Thus, both monomers are insoluble in water. This leads
in case of poly-2 to increasing electroactivity in the
presence of BusN™ compared to the electroactivity in
the presence of more hydrophilic cations, e.g. Li " and
Et,N ", as emphasized in Fig. 6a. However, in the case
of poly-4 the highest electroactivity was observed in the
presence of Li~ followed by EtsN" and Buy,N~
(Fig. 6b). This leads to the assumption that the polymer
matrix in the case of poly-4 is more lipophilic than in the
case of PPy but not as lipophilic as in the case of poly-2.

However, in case of poly-4 the peak potentials of the
anodic process shift to more anodic values and the ones
of the cathodic process to more negative values with
increasing scan rate, resulting in an increase of AE
[AE=150 mV (LiClOy4), 100 mV (Et4NCIOQy), 250 mV
(BuyNClO,) at 100 mV s '], as shown in Fig. 6c—e. This
experimental evidence reflects again the instability of
poly-4 caused by the low oxidation potential compared
to poly-2. In summary, the electrochemical behavior of
poly-4 is more similar to that of PPy than to poly-2.

Conclusion

The influence of the substituents on the chiral discrimi-
nation of poly-3 and poly-4 in the doped as well as in the
undoped state was investigated. Poly-3 exhibits a rec-
ognition ability in the doped state; the investigation of
the undoped state is in progress. Poly-4 does not show
enantioselective properties either in the doped or in the
undoped state. In case of poly-3, an influence of the
configuration of the chiral C-atom in the side chain of

— Buy,NCl1O, LiClO,
§ 800 ? 1500
= § 1000 EtJ-\CIOJ
& 400 L
z " Bu,NCIO,
0 0
0 50 100
a b vimV/s]
5 wAlem?
wAlem-
7 nAlcm?
+1200} \‘/ + 500 I
+ 200 - /\/
0 0
0 -
L =
\ = -200
- 1200} 500 | - [»
- 600 + 800 - 600 + 800 -600 + 800
c mV vs Ag/0.01 M AgNO4 d mV vs Ag/0.01 M AgNO5 e mV vs Ag/0.01 M AgNO4
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the pyrrole nucleus on the structure of the polymer film,
as reflected by the enantioselective and electrochemical
behavior, is proposed. In the case of poly-4, we conclude
that the absence of the carbonyl group in the a-position
of the pyrrole nucleus leads to a decrease of the elec-
trochemical stability and of the chiral recognition.
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