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The electron-transfer reactions between N-substituted phenothiazines and 4-acetoxy-2,2,6,6-tetramethyl-1-oxo-
piperidinium hexachloroantimonate (ATPO) in the presence of B-cyclodextrin (5-CD) in an aqueous solution have been
studied. N-phenylphenothiazine (PPT) and N-phenethylphenothiazine (PEPT), included by $-CD, can transfer an electron
to the 5-CD-ATPO complex. However, no electron-transfer reaction between the f-CD-N-benzylphenothiazine (/-
CD-BPT) complex and the #-CD-ATPO complex was observed under the same conditions. It has been suggested that the
electron-transfer reactions were controlled by the conformations of the N-substituted phenothiazines in the cavity of -

CD.

Phenothiazine derivatives are widely used as tranquiling
drugs owing to their sedative and antipsychotic activities."?
Due to their relatively low ionization potentials, they can
be easily oxidized to the corresponding radical cation
intermediates.” It has been reported that the radical cations,
themselves, are also pharmacologically active.” Ruperz® re-
ported that phenothiazine drugs could act as electron donors
in an electron-transfer reaction on the drug receptor site. Re-
cent studies have focused on the formation of phenothlazme
radical cations by different means.®

Oxopiperidinium ions are common one-electron oxidants,
which can efficiently and selectively oxidize some kinds of
organic compounds,™ such as phenothiazine derivatives,
by an electron-transfer mechanism.” Although the electron
transfer between phenothiazines and 4-acetoxy-2,2,6,6-tetra-
methyl-1-oxopiperidinium haxachloroantimonate (ATPO) in
organic solvents has been reported,” electron-transfer in an
aqueous solution is still unknown, since both of the reactants
are insoluble in water, and the resulting radical cations are
unstable in water.

Cyclodextrin (CD), naturally occurring cyclic oligosac-
charide, mostly consist of six, seven and eight D-glucose units
for a-, -, and y-CD, respectively. CD plays an important
role in including various organic molecules due to its hydro-
phobic cavity in aqueous solution. Owing to this property,
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it has been used in molecular vessels for chemical reactions,
recognition sites of enzyme models, dissolving water-insol-
uble chemicals and stabilizing unstable substances.'>'¥ CD
and derivatives have also been used as building blocks of
molecular devices,' especially in switching on and off the
chemical and biochemical activities by chemical means.'®

Recently, much attention has been paid to electron-trans-
fer reactions in supramolecular systems.'”’® In a previous
communication'® we reported on the N-benzylphenothiazine
radical cation generated in the 3-CD cavity by one-electron
oxidation with nitric acid. In the present study, we demon-
strated electron-transfer reactions between ATPO and N-
phenylphenothiazine (PPT), N-benzylphenothiazine (BPT),
and N-phenethylphenothiazine (PEPT) in the presence of 3-
CD in aqueous solution (Chart 1). The electron-transfer
process was influenced by the microenvironment.

Results and Discussion

Electron transfer between N-substituted phenothiazines
and ATPO occurred rapidly upon mixing the electron donor
and acceptor in an acetonitrile solution. The characteristic
absorption bands at around 515 nm were recorded for the N-
substituted phenothiazine radical cations (Fig. 1) (Chart 2).

As Fig. 1 shows, no absorption at 400—550 nm was ob-
served for both PPT and ATPO. A new absorption band at
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Fig. 1.  Absorption spectra of ATPO (a), N-phenyl-

phenothiazine (b), and N- phenylphenothiazine radi-
cal cation (c) generated upon mixing PPT (1.5x1073
mol dm™?) with ATPO (1.5x107* moldm™?) in acetoni-
trile.

515 nm appeared when ATPO was mixed with PPT in ace-
tonitrile. It has been demonstrated that the absorption band
at 515 nm is due to the radical cations of the phenothiazine
derivatives.”® An ESR measurement of the reaction solution
gave a very strong triplet pattern (g = 2.0060, a(N) = 1.60
mT) due to the neutral nitroxide radical resulting from a one-
electron reduction of ATPO by N-substituted phenothiazine.
The ESR signal of the PPT radical cation was shielded by
the strong triplet ESR spectrum of the nitroxide radical.

Interestingly, the same phenomena were observed upon
mixing ATPO with PPT and PEPT in the 5-CD aqueous so-
lutions. When the f-CD-ATPO aqueous solution was added
to the S-CD-PPT and -CD-PEPT aqueous solutions, re-
spectively, the resulting solutions became pink immediately
after shaking. The characteristic absorption at 515 nm from
N-substituted phenothiazine radical cations (Fig. 2) and a
very strong triplet ESR spectrum of nitroxide radical were
observed. Strangely, for S-CD-BPT, neither the characteris-
tic absorption band of the BPT radical cation nor the triplet
ESR spectrum of the nitroxide radical was observed upon
mixing £-CD-BPT with £-CD-ATPO in an aqueous solu-
tion under the same conditions (Fig. 3).

It is worth noting that the phenothiazine derivatives can be
included by B-CD. The binding constants (K,)?" for the in-
clusion of -CD with PPT, BPT, and PEPT were determined
to be 126, 312, and 211 dm> mol~!, respectively. This in-
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Fig. 2. Absorption spectra of N-phenylphenothiazine radical
cation generated by one-electron oxidation of §-CD-PPT
(1.5x10™% moldm™®) with B-CD-ATPO (1.5x1073
mol dm ~?) in aqueous solution.
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Fig. 3. Absorption spectra recorded upon mixing 5-CD-BPT
complex and S-CD-ATPO complex in aqueous solution
under the same conditions as in Fig. 2.

dicated that the 1:1 complexes of phenothiazines and f3-
CD were formed, and that the 5-CD-BPT is the most stable
among the three complexes.

Otagiri?® reported that the phenothiazine moiety was
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Scheme 1.

partly included in the $-CD cavity and the N-substituent
located outside of the [-CD cavity for the fB-CD-N-
alkylphenothiazine complexes. A molecular-dynamics
calculation®” showed that half of phenothiazine was embed-
ded in the -CD cavity, and the other half with a substituent
was located outside. In this work, the -CD-phenothiazine
derivatives are electron donors, and 5-CD-ATPO is an elec-
tron acceptor. It is expected that the donor complex trans-
fers one electron to the acceptor complex by face-to-face
association,?® which is favorable for an interaction between
the donor and the acceptor (Scheme 1). Other association
forms, such as tail-to-tail and shoulder-by-shoulder, are unfa-
vorable to the electron-transfer process, because of the steric
hindrance of the S-CD wall.

For the -CD-PPT complex, there is only one confor-
mation in which the phenyl group points to outside the /-
CD cavity. When the S-CD-PPT complex approached the
B-CD-ATPO complex via face-to-face, the electron-trans-
fer reaction occurred readily. In the §-CD-PEPT complex,
because of the rotation of the CH,—CH, bond of the phen-
ethyl group and the N-CH, bond, one possible conforma-
tion of PEPT in the 5-CD-PEPT complex is that the phenyl
group is stretching out into the solvent. This conformation
is also favorable for electron-transfer between 5-CD-PEPT
and -CD-ATPO by face-to-face association. While in the
[-CD-BPT complex the rotation of the N-CH,Ph bond is
restricted by the 3-CD wall, the heterocycle of phenothi-
azine, the oxidation center, is just under the shielding of the
benzy! group and the S-CD wall; thus, the electron-transfer
pathway is blocked. The conformation of BPT in the S-CD
cavity is illustrated in Newman projection (Scheme 2). The
results obtained from a molecular-dynamics calculation®V
with GROMOSS87 on the §-CD-PPT, -CD-PEPT, and f3-
CD-BPT complexes are in agreement with the analysis men-
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Scheme 2.

tioned above.

In order to clarify the electron-transfer reaction mech-
anism, an inhibition experiment has been carried out.
Adamantanone was added as an inhibitor to the S-CD-N-
substituted phenothiazine solutions. Since the binding con-
stant for the inclusion of B-CD with adamantanone (5x 10°
dm® mol=1)*" is much larger than the K, values for the S-
CD-phenothiazine derivatives complexes, the adamantanone
preferentially binds with S-CD in the competition, and the
phenothiazine derivatives are ruled out the £-CD cavities
(Chart 3). In this case, no characteristic absorption of the
radical cations of phenothiazine derivatives was observed.
This finding indicates that the electron-transfer reactions oc-
curred between the £-CD complexed donor and acceptor in
an aqueous solution, not between the free donor and acceptor
as the behavior in an organic solution. In fact, N-substituted
phenothiazines and ATPO are not soluble in water.

It is clear that the electron-transfer reaction between [3-
CD-BPT and £-CD-ATPO is controlled by the conformation
of BPT in the £-CD cavity in which the oxidation center is
surrounded by a #-CD wall and covered by a benzyl group. If
this is true, we may predict that the electron-transfer reaction
will take place if the strong restriction to BPT in the complex
is removed or the 3-CD-ATPO is replaced by a small oxidant
which can squeeze in the f-CD-BPT complex. According
to this idea, two more experiments were designed.

Firstly, 5-CD was replaced by y-CD, which has a bigger
cavity (8.3 A) than that of B-CD (6.5 A).!V The K, value
for the inclusion of y-CD with BPT is ca. 620 dm’ mol~!.
Interestingly, when a y-CD-BPT aqueous solution was mixed
witha -CD-ATPO aqueous solution, the color turned to pink
after shaking, and the absorption band at 515 nm showed
that the BPT radical cation was generated. Electron-transfer
certainly occurred. Since in the y-CD-BPT complex, the big
cyclodextrin cavity makes the rotation of the N-CH,Ph bond
to occur freely, the oxidation center consequently opens to
the acceptor; thus, the steric hindrance was reduced when y-
CD-BPT was attacked by £-CD-ATPO (Scheme 3).

Secondly, f-CD-ATPO was replaced by nitric acid, a small
oxidant. When the concentrated nitric acid (65%) was added
into the S-CD-BPT aqueous solution with shaking, the so-
lution turned pink, and then slowly became darker, the ab-
sorption band at 515 nm was observed. In addition, the ESR
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Fig. 4. ESR spectrum of BPT radical cation generated by
one-electron oxidation of BPT with nitric acid in -CD
aqueous solution at room temperature. The ESR parameters
were assigned as: g = 2.0052; a = 0.710 (N), 0.384 (5-H),
0.093 (H-1, H-2), 0.201 (H-3) mT, which is in agreement
with the literature.” '
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spectrum was recorded for the BPT radical cation (Fig. 4).
As expected, electron transfer occurred between -CD-BPT
and nitric acid. It is rationalized that nitric acid with a small
volume can enter into the £-CD cavity of the S-CD-BPT
complex to oxidize BPT to the corresponding radical cation
(Scheme 4). This idea was also supported by an inhibition
experiment. When the inhibitor adamantanone was added
into a B-CD-BPT aqueous solution, no absorption at 515 nm
and ESR signals of the BPT radical cation were observed
upon mixing with nitric acid under the same conditions.

Conclusions

In summary, the electron-transfer reactions between
the -CD-N-substituted phenothiazine derivatives and f3-
CD-ATPO were significantly influenced by the conforma-
tions of the phenothiazine derivatives restricted by the 5-CD

Electron Transfer Influenced by 3-CD

cavity. No electron-transfer reaction occurred between (-
CD-BPT and f-CD-ATPO for the special conformation of
BPT in the f-CD-BPT complex in which the oxidation center
was shielded by the 3-CD wall and the substituent. How-
ever, the electron-transfer reactions between y-CD-BPT and
[3-CD-ATPO as well as between S-CD-BPT and nitric acid
occurred. In the inclusion complexes of S-CD with N-sub-
stituted phenothiazine, in which the substituent is Ph(CH,),,
when 7 is O electron-transfer reaction takes place, when 7 is
1 the electron transfer-reaction cannot take place, however,
when 7 is 2 the electron-transfer reaction takes place again.
Thus, we wish that knowledge concerning this interesting
electron-transfer reaction would have further applications to
molecular devices, such as molecular switchers.

Experimental

Instrumentation.  The absorption spectra were recorded on a
Shimadzu UV-2100 spectrophotometer. Elemental analyses were
performed on a PE240-C instrument. Melting points were taken
on an X4 melting-point apparatus, and the temperature was uncor-
rected. The 'HNMR spectra were taken with a Bruker DMX-500
spectrometer. ESR spectra were recorded with a Bruker ER-200
spectrometer at room temperature.

Chemicals. B-CD was commercially obtained and recrys-
tallized twice from distilled water, and was desiccated in vacuum
at 90 °C for 24 h before use. y-CD was purchased from Sigma,
and was used directly. The phenothiazine used for synthesis of its
derivatives was obtained from a commercial source without further
purification. N-Phenylphenothiazine, N-benzylphenothiazine, and
N-phenethylphenothiazine were synthesized according to a litera-
ture procedure.?? 4-Acetoxy-2,2,6,6-tetramethyl-1-oxopiperidinium
hexachloroantimonate was synthesized according to a previous
report.” '

N-phenylphenothiazine. Mp 94—94.5 °C (Lit,”® 94.5 °C).
Found: C,78.32; H,4.77; N, 5.10%. Cacld for C;sH;3NS: C, 78.51;
H, 4.76; N, 5.09%. 'HNMR (500 MHz, DMSO-ds) 6 = 6.61—
6.80 (m, 8H), 7.45 (m, SH).

N-Benzylphenothiazine. Mp 90-—91 °C (Lit,?¥ 90--91 °C).
Found: C,78.63; H,5.23; N, 4.82%. Cacld for C;oH;5NS: C, 78.85;
H, 5.22; N, 4.84%. '"HNMR (500 MHz, DMSO-ds) & = 5.06 (s,
2H), 6.40—7.12 (m, 8H), 7.30 (s, SH).

N-Phenethylphenothiazine.  Mp 72—73 °C (Lit,*” 72—73
°C). Found: C, 79.40; H, 5.67; N, 4.63%. Cacld for C»H7NS:
C, 79.16; H, 5.65; N, 4.62%. 'HNMR (500 MHz, DMSO-ds)
d =3.14 (t, 2H), 4.12 (t, 2H), 6.96—7.26 (m, 8H), 7.36 (m, 5H).

4-Acetoxy-2,2,6,6-tetramethyl-1-oxopiperidinium Hexachlo-
roantimonate. Mp 144—145 °C (Lit,?” 144— 145 °C). Found:
C,23.98; H,3.64; N, 2.57%. Cacld for C;1H20ClsNO3Sb: C, 24.07;
H, 3.63; N, 2.55%.

Preparation of f-CD-ATPO Complex Solution. ATPO
(41.3 mg, 7.5x107? mmol) was dissolved in dichloromethane,
and then mixed with 50 ml of B-CD aqueous solution (2.0x 1073
moldm™?). The resulting solution was stirred until the dichloro-
methane evaporated completely. A clear f-CD-ATPO complex
solution containing ATPO 1.5x 1073 mol dm ™ was obtained.

Preparation of Cyclodextrin-Phenothiazine Derivatives So-
lutions.  As described above, aqueous solutions of phenothiazine
derivatives (1.5x107> moldm™?) containing 8-CD (2.0x107?
moldm™3) and 1.5%107> moldm™ of y-CD-BPT aqueous so-
lutions were prepared, respectively. The resulting solutions were
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stirred for 3 h.
All of the solutions were degassed with argon by bubbling before
measurements.

This work was supported by the National Natural Science
Foundation of China.
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