Generation of aryltropylium ions from the corresponding bitropyls
by electrochemical and photoinduced electron transfer

Dirk Jacobi,” Werner Abraham,** Uwe Pischel,” Lutz Grubert“ and Wolfram Schnabel®

NIMddd

“ Humboldt- University, Institute of Chemistry, D-10115 Berlin, Hessische Str. 1-2, Germany
b Hahn-Meitner-Institut GmbH, Department of Physical Chemistry, D-14109 Berlin,

Glienicker Str. 100, Germany

Received (in Cambridge) 17th September 1998, Accepted 22nd March 1999

The photoinduced electron transfer from aryl-substituted bitropyls bearing 4-methoxyphenyl (1) and 4-(N,N-
dimethylamino)phenyl substituents (2) to N-methylacridinium perchlorate (AcrH*), 2,4,6-triphenylpyrylium
tetrafluoroborate (TPP™), and the p-methoxyphenyltropylium ion (3) was studied with the help of steady state
photolysis and laser flash spectroscopy. Intermediates detected revealed the occurrence of electron transfer. It
affords the formation of radical cations of 1. C—C bond cleavage occurring in the radical cation can compete

with back electron transfer. In this way, compounds 1 and 2 are transformed into the corresponding tropylium
ions (3 and 4). Electrochemically, both processes, 2—4 and 4—2, were performed by altering the current direction,

and several 2—4—2 cycles were achieved.

Introduction

Coupling between single electron transfer, activated electro-
chemically' or stimulated by light,> and bond dissociation is
presently a field of active investigation.® It has been shown that
both 7- and 1- or 3-[p-(dimethylamino)phenyl]cycloheptatriene
are capable of undergoing photoinduced electron transfer to
neutral and cationic electron acceptors.* Generally, the radical
cation formed from an aryl-substituted cycloheptatriene can be
converted into the tropylium ion in a further oxidation step
provided cleavage of one C-H bond in the seven-membered
ring in conjunction with proton release occurs. In the case of
[p-(dimethylamino)phenyl]cycloheptatriene deprotonation of
the radical cation fails because back electron transfer domin-
ates.* In this context it is interesting to compare the behaviour
of aryl-substituted cycloheptatrienes and that of the bitropyls 1
and 2 with respect to consecutive reactions of the radical
cation, i.e. cleavage of the C—H vs. C-C bond.

Compounds of types 1 and 2 can be considered to be dimers
of the corresponding aryl-substituted cycloheptatrienes.
Actually, the electron transfer from bitropyls having aryl-
substituents of different donor strength [p-methoxyphenyl and
p-(dimethylamino)phenyl groups] to the cationic acceptors
N-methylacridinium perchlorate (AcrH"), triphenylpyrylium
tetrafluoroborate (TPP*) and p-methoxyphenyltropylium
perchlorate (3), was studied. Formulae of these compounds are
given in Chart 1. Intermediates were detected with the help
of time-resolved optical absorption spectroscopy and stable
products were identified by steady state photolysis and sub-
sequent high pressure liquid chromatography (HPLC) analysis.

Redox peak potentials, obtained by electrochemical
measurements, served to evaluate the free energy change
accompanying the electron transfer reactions.

Results
Cyclic voltammetry

Cyclic voltammetric measurements showed that the oxidation
peak potentials of the dimers 1 and 2 are very similar to the
oxidation peak potentials of the corresponding cyclo-
heptatrienes reported elsewhere.* This can be seen from Table 1.
Notably, in all cases the oxidation is chemically irreversible and,
therefore, standard potentials cannot be obtained.
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Controlled potential electrolysis

The bitropyls 1 and 2 were oxidised to the tropylium ions 3 and
4 at a constant anode potential. The total conversion of 1 and
2, achieved by a charge consumption of 2 F (F=96.485 C
mol "), resulted in yields of 3 and 4 of 50 and 95%, respectively.
Electrochemically formed 4 was reduced at the cathode and,
thereby, 2 was regenerated in a yield of about 90%. Actually,
several 2—4—2 cycles were realised by altering the current
direction. However, after four redox cycles the yield of 4 was
reduced to 40%.

Photochemistry

Laser flash photolysis. Upon direct laser excitation of 2 in
acetonitrile solution in the absence of an electron acceptor at
e =266 nm a transient absorption spectrum possessing
maxima at 370 nm and 560 nm was observed at the end of the
flash as can be seen from Fig. 1a. The two bands are assigned
to the cycloheptatrienyl type radical 5 (370 nm) and to the
tropylium ion 4 (560 nm). Additional evidence for the form-
ation of an ionic species was obtained by measuring the electric
conductivity of the solution. A photocurrent iy, non-linearly
depending on the absorbed dose per flash D,,,, was generated
during the flash (i,poto % Dyps™™).

Similar observations were made upon excitation of 2 at
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Table 1 Oxidation peak potentials of the bitropyls 1 and 2 and of the corresponding arylcycloheptatrienes, estimated oxidation potential of 2,
estimated oxidation potentials of the radicals 5 and 6 (vs. SCE) and the free enthalpy of the electron transfer to AcrH* (initial electron transfer:
AGg*; second electron transfer AGgr)

Aryl bitropyl Aryl cycloheptatriene (3-isomer) Radical® AGgr*<leV AGg eV
R =0Me (1) LI5SV 1.2V (6) —0.37V -1.1 0.1
R =N(Me), (2) 0.53V (0.07 V)* 0.55V (5) —0.53Vv -1.6 -0.07

“Derived from the measured peak potential with the aid of E,(2) — E°(2)= RT[0.783 — Un(RTk/nFv)|/nF,"> where k is the rate constant
of the decomposition of 2*°, and v is the sweep rate in V s™!, F=96495 C mol ! and n=1. With k=3 x 107 s™! one obtains E° (2)=0.7 V as
the lowest limiting value (E, — E°, < —0.15 V). ® The oxidation potential £°,,*9 of the radicals is assumed to be equal to the reduction potential of
the corresponding tropylium ions. These reduction potentials can be calculated with the aid of the peak potentials* and the known radical
dimerization rate constant k of 5 and 6'* according to E,(4) — E°4(4) = RT[In(kc,*RT/nFv) — 3.12)/3F,"* where k=2 x 10° dm® mol™" 57", ¢,*
3 or 4)=1 mmol dm3, F=96495 C mol™! and n=1. Calculated with E°,, (ActH*)=—0.46 V' and E(AcrH")=2.8 eV." AGg; = E®.4

(AcrH*) — E° 69,
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Fig. 1 Transient absorption spectra observed upon laser-flash pho-
tolysis of 2 (0.038 mmol dm®) in deaerated acetonitrile solution at
Aine = 266 nm (a) and A, = 347 nm (b). Inset 1b: kinetic trace referring
to changes in the optical absorption at 2 =370 nm and plot according
to the second order decay.

Aine = 347 nm. As can be seen from Fig. 1b the band around 560
nm contributes much less to the absorption spectrum than in
the case of excitation at A,,. = 266 nm indicating a lower yield of
the tropylium ion at A, =347 nm. Fig. 1b contains insets
referring to the decay of the absorption at A, =370 nm. The
plot of the reciprocal optical density vs. time yields a straight
line demonstrating that the decay follows second order kinetics.
A possible mechanism for the formation of the two inter-
mediates is depicted in Scheme 1.

In another experiment an acetonitrile solution containing 2
and AerH* both at a concentration of 0.04 mmol dm > was
irradiated with 347 nm flashes. In this case the incident light
was absorbed by both compounds in equal amounts. As can be
seen from Fig. 2a a transient absorption spectrum with maxima
at 370, 510 and 560 nm was formed during the flash.

1242 J. Chem. Soc., Perkin Trans. 2, 1999, 1241-1248

A hv (266 nm, 347 nm)

Ar

Ar = p-MeN-CgHa J

- ©

cycloheptatrienyl radical
Scheme 1

Whereas the bands at 370 and 560 nm are assigned to the
cycloheptatrienyl type radical and the tropylium ion,
respectively, that at 510 nm is attributed to the intermediates
arising from the reaction of excited AcrH*. Reportedly, the
N-methylacridinyl radical (AcrH") has an absorption maximum
at 510 nm.’ Regarding the band at 560 nm it is seen from Fig. 2
that one portion is formed during the flash and a second, not
insignificant, portion of the absorption builds up after the
flash. It will be shown below in the Discussion section that
the build-up of the second portion reflects the formation of
the tropylium ion via the reaction of the cycloheptatrienyl type
radical with AcrH*.

Steady-state photolysis. When acetonitrile solutions contain-
ing 1 or 2 and AcrH*, TPP™ or 3 were continuously irradiated
with UV light electron transfer was evidenced in each case by
the detection of the stable tropylium ion. However, quite differ-
ent yields of the tropylium salts were found as can be seen from
the following subsections dealing with the experiments per-
formed with the various systems. In some cases the presence of
0, is a prerequisite of the formation of the tropylium ion.

System AcrH*/1 (3,3'-isomer). Upon irradiation of the
system 1/AcrH* at 4;,. =365 nm (only AcrH* absorbs light at
this wavelength) in deaerated acetonitrile solution containing
tetrafluoroboric acid (0.01-1 mol dm %) 1 was consumed and
the tropylium salt 3 was formed. Notably, only about 50% of
the consumed 1 was converted into 3. The course of the
reaction was followed spectroscopically and with the aid of
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Fig. 2 Laser-flash photolysis of the system AcrH*/2 in deaerated

acetonitrile solution at A;,. = 347 nm. [AcrH"] = [2] = 0.04 mmol dm 3.

Transient optical absorption spectra recorded at the end of the 20 ns

flash. Insets: kinetic traces referring to changes in the optical absorption
at A=370 nm and 4 = 560 nm.
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Fig. 3 Photolysis of the system AcrH*/1 (3,3’-isomer) in deaerated
acetonitrile solution containing HBF, (9 mmol dm®) at 4;,. = 365 nm.
[1] = 0.075 mmol dm3; [AerH*] = 0.13 mmol dm 3. Optical absorption
spectra recorded after various irradiation times (min) as indicated in the
graph.

HPLC. UV-VIS spectra recorded after various irradiation times
are presented in Fig. 3, where it is seen that the absorption band
of the tropylium ion around 435 nm increases with irradiation
time and that the absorption of 1 around 300 nm decreases
simultaneously.

Notably, the yield of the tropylium ion does not depend on
the acid concentration (0.01-1 mol dm™%) but tropylium salt is
not formed at all in the absence of acid. Since the absorption
due to AcrH* in the range 325 to 375 nm is not altered signif-
icantly it is concluded that AcrH* is not consumed but acts as
a photocatalyst. Therefore, the question arises of how AcrH*
is regenerated. Regarding the mechanism discussed below it
is noted that 9,10-dihydro-10-methylacridine, AcrH,, was not
detected.

In another experiment it was found that AcrH, is able to
reduce 3 by hydride transfer yielding 1- and 3-(4-methoxy-
phenyl)cycloheptatriene and AcrH™*. In order to elucidate the
fate of acridinyl radicals which should be formed primarily by
electron transfer from 1 to AcrH* the latter were generated
from (AcrH), as will be described in the next section.

System (AcrH),/HBF,. (AcrH), is readily decomposed upon
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Fig. 4 Irradiation of a deaerated acetonitrile solution containing
(AcrH), (0.05 mmol dm™*) and HBF, (10 mmol dm3) at 4;,. = 254 nm.
UV-VIS spectra recorded after various irradiation times (min) as indi-
cated in the graph.

direct excitation at 4;,. = 254 nm in deaerated acetonitrile solu-
tion containing HBF, (0.01 mol dm™%). Periodic recording of
the UV-VIS spectrum of the irradiated solution revealed the
steady state formation of the absorption band of AcrH* at 360
nm and the disappearance of the absorption band of (AcrH), at
290 nm (see Fig. 4). According to the HPLC analysis AcrH, and
AcrH" are formed in the ratio 1:1.

When a solution primarily irradiated for 2 min at 4, =254
nm was subsequently irradiated at J;,. = 365 nm, where AcrH*
is excited, (AcrH), continued to be decomposed. This decom-
position is attributed to the reaction of excited AerH* with
(AcrH),. In this respect it is remarkable that the two-electron
oxidation of (AcrH), by electron acceptors such as oxygen or
the trityl cation also leads to AerH™.%7

System AcrH*[2 (isomer mixture). The system AcrH*/2 was
irradiated at A, =405 nm, where about 95% of the incident
light is absorbed by AcrH*. The irradiation resulted in the
formation of 4. Actually, AcrH* was consumed to the same
extent as 4 was formed. The yield of 4 turned out to depend
strongly on the concentration of AerH™. It varied from 15% at
the concentration ratio [AerH*]/[2] =1 ([AcrH*]=0.01 mmol
dm™?) to 57% at [AcrH*]/[2] = 1000 ([AcrH*] = 10 mmol dm®).

System (AcrH),/4. As will be discussed below (see Scheme 3),
apart from 4, 10,10'-dimethyl-9,9’-biacridine, (AcrH),, might
also be formed upon irradiation of the system AerH*/2, but it
was only detectable at a yield of 20%. In order to find out
whether (AcrH), is decomposed a deaerated acetonitrile solu-
tion containing (AcrH), (0.5 mmol dm™3) and 4 (0. mmol
dm™®) was irradiated at A;,, = 254 nm where mainly (AcrH), is
excited. It turned out that 2 and AcrH* were formed whereas
the concentration of (AcrH), decreased.

System TPP*I2. Irradiation of the system TPP*/2 in air-
equilibrated acetonitrile solution at A, =405 nm, where the
light is exclusively absorbed by TPP*, resulted in the formation
of 4. As can be seen from Fig. 5, where UV-VIS spectra
recorded after various irradiation times are presented, the
absorption band of 4 around 560 nm grew rapidly with increas-
ing irradiation time and the absorption band of TPP* around
400 nm was simultaneously depleted indicating that 4 is formed
at the same rate as TPP* is consumed.

Under appropriate conditions @(4), the quantum yield of the
formation of 4, is rather high. For example, &(4)=0.2 was
found at [2] = 0.02 mmol dm~* and [TPP*] = 0.04 mmol dm 3.

Actually, the yield of 4 depends on the concentration ratio
[TPP*]/[2] as can be seen from Table 2, where the fraction of
2 converted into 4 is given as a percentage of totally consumed 2.
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Table 2 Yield of 4 formed in the photolysis of the system TPP*/2 at A,,. =405 nm

1,2 1,2’ 1,2 2,2' 2,3' 3,3 mixture of isomers
[TPP*)/10° M 1.3 5.6 8.4 6.6 8.7 8.6 5.7
[21/10°M 2.1 2.1 2.1 2.6 34 3.8 2.7
4 Yield (%) 53 74 74 56 68 62 93
4 1 T 1 T T 4
3
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Fig. 5 Photolysis of the system TPP*/2 (1,2'-isomer) in deaerated

acetonitrile solution at Ay, =405 nm. [TPP*]=0.085 mmol dm?

[2]=0.038 mmol dm* Optical absorption spectra recorded after
various irradiation times as indicated in the graph.

The yield of 4 varies from 50 to 90%, and it seems that it also
depends on the nature of the isomer of 2.

Notably, 4 was not formed in the absence of O,, although 2
also undergoes photochemical alterations in this case. This was
inferred from the fact that upon irradiation of a solution con-
taining neat 2,3-isomer of 2 and TPP* a mixture of isomers of
2 was formed. A reaction mechanism dealing with this effect
will be proposed in the Discussion section.

System 3/2. Compound 3 has an absorption maximum at
435 nm and the isomer mixture of 2 has absorption maxima
between 290 and 350 nm. Upon irradiation at A, =436 nm
only 3 was excited. Compound 2 was consumed and 1 and 4
were formed, as was inferred from HPLC and absorption spec-
troscopy, respectively. As can be seen from Fig. 6a the band of 4
at 560 nm grew steadily with increasing time of irradiation. The
HPLC studies revealed that only 19% of the consumed 2 was
converted into 4.

When, in another experiment, the system 3/2 was irradiated
at A, =313 nm, where mainly 2 is excited, 46% of the con-
sumed 2 was converted into 4 (Fig. 6b). The oxidation of 2 by
3 was enhanced by TPP*. Irradiation at /. =365 nm, the
absorption maximum of the system TPP*, caused the rapid
formation of 4 as can be seen from Fig. 7. At the end of the
irradiation 4 was formed in a yield of 80%. Compound 3 was
consumed to the same extent that 4 was formed. On the other
hand, the intensity of the TPP* band at 365 nm did not
decrease simultaneously with the increase in the absorption
band of the tropylium ion at 560 nm indicating that TPP™ is
not consumed. The band at 410 nm is the superposition of the
absorption bands of TPP* (A, = 405 nm) and of 3 (A, = 436
nm) and the (rather small) depletion of the optical density at
365 and 410 nm is attributed to the diminished contributions of
the absorption of 3 due to its consumption.

Discussion
Electrochemistry

It is known that the electrochemical oxidation of bitropyl, the
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Fig. 6 Photolysis of the system 3/2 (isomer mixture) in deaerated
acetonitrile solution at A, = 436 nm (a) and A,,. = 313 nm (b). [3] = 0.15

mmol dm™3; [2]:0.04m mmol dm™® Optical absorption spectra

recorded after various irradiation times as indicated in the graph.

parent compound of 1 and 2, results in the formation of
tropylium ions.* However, the yield of tropylium salt has not
yet been reported. In the electrolysis experiments performed
with 1 and 2 during the present work it was found that the
yields of 3 and 4 differ considerably. Regarding the mechanism
it is assumed that the fast C—C bond cleavage within the prim-
arily formed radical cations of 1 and 2 leads to the formation
of the tropylium ion and the cycloheptatrienyl type radical.
When the latter is oxidised at the electrode an additional tro-
pylium ion is formed (see Scheme 2). The observed chemical
irreversibility can be attributed to this follow up reaction.

The rather low tropylium ion yield in the case of 1 is thought
to be due to side reactions of the radical 6 that have not yet
been visualised. On the other hand, side reactions appear to be
less important in the case of 2, which is almost quantitatively
converted into the tropylium ion.

Photochemistry

Direct excitation of 2. Direct excitation of 2 with a flash at
Aine = 266 nm yields, at the end of the flash, both the tropylium
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Fig. 7 Photolysis of the system 3/2 (isomer mixture) in deaerated
acetonitrile solution at 4, = 365 nm using TPP* as sensitiser. [3] = 0.12
mmol dm3; [2] = 0.015 mmol dm™3; [TPP*] = 0.05 mmol dm . Optical
absorption spectra recorded after various irradiation times as indicated
in the graph.
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ion 4 and the cycloheptatrienyl type radical 5. As is depicted in
Scheme 1 the formation of 4 requires a precursor: the radical
cation 2*°, generated by photoionization. Since the latter was
not observed at the time resolution of the detection set-up used
in this work its lifetime must be rather short, i.e. shorter than
about 30 ns (k > 3.3 x 107 s™!). In other words homolytic C-C
bond cleavage in the radical cation 2** leading to 4 and the
radical 5 is a rather fast process. Deprotonation of the radical
cation yielding 2° was not observed. Such selective cleavage of
the C—C bond of radical cations was also found in the case of
(AcrH),” and 2-methyl-1,1,2-triphenylpropane.’

Principally, cycloheptatrienyl type radicals can be generated
also by homolytic C—C bond cleavage in electronically excited
bitropyls, i.e. ionization can compete with homolytic C—C bond
cleavage which exclusively yields 5. In this respect it is notable
that photo-induced homolytic cleavage of C-C bonds was
observed upon continuous irradiation of bitropyls substituted
with fert-butyl groups at low incident light intensity."

The non-linear dose dependence of the photocurrent
observed at A, =266 nm suggests that photoionization is in
part due to a biphotonic effect. Provided biphotonic photo-
ionization is not operative at 4, = 347 nm the radical ion yield,
and consequently the tropylium ion yield, is expected to be
lower than that at A, =266 nm. This corresponds with the
conclusion drawn by comparing the transient absorption
spectra obtained at A,.= 266 nm and at A, =347 nm (vide
Fig. 1a and 1b, respectively): the ratio OD;,,/ODs, is much
larger at A;,,. = 266 nm than at 4. = 347 nm.

FElectron transfer from 2 to excited AcrH™*

The flash photolysis experiments give evidence for the form-

ation of AcrH’, 4 and 5. The mechanism postulated in this case
is presented in Scheme 3. The thermodynamic driving force for
electron transfer from 2 to [AcrH*]* can be evaluated with the
aid of the Rehm—Weller equation [eqn. (1)], where E°.,(AcrH™)

—AG = E° y(ActH*) — E°,(2) + EAcrHY) (1)

is the standard reduction potential of AcrH*, E° (2) is the
standard oxidation potential of 2 and E(AcrH") is the energy
of the excited state of AcrH*.!! Accordingly, the electron trans-
fer from 2 to [AcrH*]* is highly exergonic (see Table 1).

Interestingly, 4 is formed rapidly (during the 20 ns flash), very
likely via C—~C bond cleavage in 2*" and, additionally, after the
flash, presumably, by the reaction of AcrH* with 5. This
process should be only weakly exergonic according to the
oxidation potential of the donor 5 (see Table 1). On the basis
of this approximation the observed dependence of the yield
of 4 on the acceptor concentration [AcrH*] becomes com-
prehensible.

As indicated in Scheme 3 a possible deactivation route of the
acridinyl radicals formed during the electron transfer concerns
the dimerization to 10,10’-dimethyl-9,9'-biacridine, (AcrH),.
The rather low yield of the latter might be explained by taking
into account that the (experimentally evidenced) reaction of
(AcrH), with [AcrH*]* occurs. This process which is also
depicted in Scheme 3 results in the formation of 2 and proceeds
in the following way: (AcrH), reacts with [AcrH*]* producing
AcrH' and (AcrH),*". The latter decomposes forming AerH*
and AcrH'. AcrH’ can principally react with 4 forming AcrH*
and 5. However, this reaction is not very likely to occur because
of its estimated free energy change (AG=0.07 eV, Table 1).
Finally, two radicals of type 5 can combine and form 2. Some
of the radicals regenerated in this way may undergo side
reactions such as hetero-coupling thus lowering the yields of
4 and (AcrH),.

Electron transfer from 1 to excited AcrH*. Interestingly, 3 is
formed as a final product only if protons are present in the
solution. A mechanism explaining this phenomenon is pre-
sented in Scheme 4. The electron transfer from 1 to [AcrH*]*
results in the formation of the acridinyl radical AcrH™ and the
radical cation 1*". The reduction potential of 3 (—0.36 V)* is
more positive than the oxidation potential of AcrH™ (—0.46 V).
From these values —AG = 0.1 eV is estimated. Therefore, AcrH"
and 3 are likely to undergo electron transfer. 6 and AcrH" are
formed by the reaction of 3 with AcrH" and, subsequently, 1
(i.e. a mixture of its isomers) might be regenerated by the com-
bination of two radicals of type 6. In the presence of protons
the acridinyl radical is protonated'” and the reduction of 3 is
prevented. The protonated acridinyl radical (i.e. the radical
cation of dihydroacridine) is known to disproportionate yield-
ing AcrH* and AcrH,."®

The formation of AcrH, could not be observed because it
reacts with 3 by hydride transfer yielding (4-methoxy-
phenyl)cycloheptatriene and AerH*." Since 3 is consumed and
AcrH* is formed in this reaction it becomes comprehensible
why at the photolysis of the system AcerH*/1 the yield of 3 is
only 50% and why AcrH* is not consumed. (4-Methoxy-
phenyl)cycloheptatriene could be detected in small quantities
with the help of HPLC. Independent experiments have con-
firmed that the irradiation of a mixture of 3, AcrH, and (4-
methoxyphenyl)cycloheptatriene leads to the decomposition of
the cycloheptatriene derivative.

Electron transfer from 2 to excited TPP*. The reaction mech-
anism illustrated in Scheme 5 is based on the occurrence of
electron transfer from 2 to 3(TPP*)*, triplet excited TPP*. This
reaction results in the formation of the radical cation 2*°
and the triphenylpyrylium radical, TPP". Species 2*" rapidly
undergoes C-C bond cleavage yielding 4 and the corresponding
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radical 5. This is revealed by laser flash photolysis experiments
with 2 in the absence of any other compound at 4, =266 nm
(see Fig. 1a), where 2** was formed by photoionization. Simul-
taneously with the laser flash the absorption of 4 at 560 nm
appeared. The high value of the quantum yield @(4)=0.2
found in the case of system TPP*/2 at a relatively low concen-
tration of 2 supports the assumption that the electron transfer
involves the long-lived triplet state of TPP™*.

The radical TPP" is persistent,® and, therefore, homo- and
hetero-coupling reactions are unlikely. We could show that
electrochemically produced TPP® radicals are capable of
reducing 4. However, in air-equilibrated neutral acetonitrile
solution O, scavenges TPP" radicals and thus the reduction of 4
by TPP" is prevented.? This explains why in the absence of O,
the tropylium salt is not formed. Nevertheless, it cannot be
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assumed that under these conditions 2 is photostable. This is
inferred from the photo-isomerization occurring upon the
irradiation of TPP™ in the presence of neat 2. When a bitropyl-
isomer of 2 was irradiated in the absence of O, other isomers
were formed. This is due to the fact that each 2 isomer is formed
with equal probability when two 5 radicals combine.

Notably, electrochemical studies also revealed that in
acetonitrile solution TPP® radicals react with O,, a reaction
causing the decomposition of TPP*.?

Electron transfer from 2 to excited 3. This system was pho-
tolyzed under different irradiation conditions. Irradiation at
e =436 nm excites the (p-methoxyphenyl)tropylium ion 3
which acts as an acceptor. In other words electron transfer
from 2 to 3* occurs and 4 is formed apart from 6 and 5. This
mechanism is depicted in Scheme 6 which also shows that the
self reaction of 6 yields 1, a final product detected by HPLC.
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Ar = p-MesN-CgHgy, Ar' = p-MeO-CgHy
Scheme 6

Notably, the yield of 4 is expected to be increased via the
oxidation of radical 5 by 3. The occurrence of this reaction is
feasible since the oxidation potential of the radical 5 [assumed
to be equal to the reduction potential of 4 (—0.53 V)] is more
negative than the reduction peak potential of 3 (—0.36 V*).
Regarding the relatively low rate of the formation of 4 found in
this case it is noteworthy that the lifetime of 3* is shorter than
1 ns.?® Therefore, at the applied concentration of 5x 107*
mol dm* 2 quenches only a very small portion of excited 3.

Irradiation at ;. =313 nm predominantly excites 2. The
subsequently occurring C-C bond cleavage generates two
radicals 5 which will be oxidised by 3 in its ground state as is
depicted in Scheme 7. This reaction sequence is much faster

ArAr
2

Ar = p-MeyN-CgHy

A
313nm
Ar Ar
2
23
) +26
5 4

26 — 1
Scheme 7

than that via the excited state of 3. Oxidation of 5§ by 3 yields 4
and 6. Regarding the fate of 6 it is likely that a self reaction
resulting in the formation of 1 takes place. This reaction is also
contained in Scheme 7.

Conclusions

1. This work demonstrates that the favoured deactivation
pathway of radical cations of aryl bitropyls 1 and 2 generated
electrochemically or photochemically, either by direct excit-
ation or by photoinduced electron transfer, consists in a C—C
bond cleavage yielding cycloheptatrienyl type radicals and
tropylium cations. The C-C bond cleavage is faster than the
back electron transfer. Experiments with mixtures of the
regioisomers of the bitropyls yielded results similar to those
obtained with the neat isomers.

2. Long wavelength (313 nm) excitation of bitropyl 2 causes
the homolytic cleavage of the central bond thus yielding
cycloheptatrienyl type radicals. These radicals can be oxidised
by electron acceptors such as TPP* in the presence of oxygen
or by aryltropylium cations having a suitable oxidation
potential.

3. An electrochemically initiated redox cycle involving the
aryl-substituted bitropyl 2 and the corresponding tropylium ion
was established. This cycle opens up the possibility of an
electrochemical switch. However, for a practical application

of this switch undesired side reactions still have to be over-
come. In this respect further studies concerning the importance
of the aryl substituents at the seven-membered rings are
desirable.

Experimental
Instrumentation

Absorption spectra were recorded on a Shimadzu UV-2101 PC
spectrophotometer and NMR spectra were recorded on a
Bruker instrument (DPX 300).

Electrochemistry

Cyclic voltammograms of 1, 2 and 4 were measured in
acetonitrile solution (1 mmol dm™?) using tetrabutylammonium
hexafluorophosphate as supporting electrolyte at a scan rate of
1 V57!, Electrochemical experiments were carried out using the
PG 285 potentiostat connected to a nitrogen-purged three-
electrode-cell fitted vs. a SCE with a platinum working electrode
and a platinum auxiliary electrode. The latter was separated
from the working electrode by a porous glass disk. 100 mmol of
1 or 2 were added to 50 ml of an acetonitrile solution of tetra-
ethylammonium perchlorate (100 mmol dm ). Electrolysis was
performed at constant potential (1: —1.4 V; 2: —0.9 V). It was
terminated when the current (initially 5-20 mA) had lowered to
0.75 mA. Also here tetrabutylammonium hexafluorophosphate
was used as supporting electrolyte.

Irradiations

Steady state photolysis experiments were carried out with
acetonitrile solutions using a 500 W high pressure mercury
lamp operated in conjunction with a metal interference filter
(Carl Zeiss Jena) or a monochromator (Oriel, model 77200).
Additional irradiations were performed in a Rayonet photo-
reactor. The solutions were irradiated in 1 cm quartz cuvettes.
The absorbed irradiation dose was determined with the aid of
the ferric oxalate actinometer. Laser flash photolysis was
carried out with the aid of a ruby laser (Korad, Model K1 QS2,
A =347 nm, flash duration 20 ns) and a Nd/YAG laser (J. K.
Lasers, /=266 nm, flash duration 20 ns). If desired the
acetonitrile solutions were de-aerated by argon bubbling
prior to irradiation. Solutions containing tetrafluoroboric acid
(0.5-50 mmol dm?) were prepared using aqueous HBF, (50%).

Product analysis

High pressure liquid chromatography, HPLC, and optical
absorption spectroscopy were used to determine the concen-
tration of reaction partners.

HPLC analysis was performed using RP 18 columns and a
diode array detector (Shimadzu SPD-M10A). The mobile
phase consisted of an acetonitrile-water mixture (80:20, vol/
vol) containing a buffer system (triethylamine-H,PO,) set to
pH=2.7. To separate enantiomers of 2 an OD-H-column
(Daicel) was used. A preparative HPLC set-up (Knauer, Berlin)
was used to purify the bitropyls. Tropylium salt yields were
determined by analytical HPLC on the basis of a calibration
with probes of known concentration. The latter was obtained
by measuring the optical absorption of 3 at 435 nm (& = 22 500
dm® mol™ cm™) and that of 4 at 567 nm (¢=46 840 dm?®
mol ! cm™?). The rate constant of tropylium salt formation was
calculated by the tangent method from conversion vs. the time
of irradiation plots.

Materials

Solvent and reactants. Acetonitrile (HPLC grade) was
obtained from Riedel de Hiaen. Commercially available tri-
phenylpyrylium tetrafluoroborate (TPP*) was purified by
recrystallization. Acridinium perchlorate (AerH*),** 10,10'-
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dimethyl-9,9’-biacridine [(AerH),]* and AcrH, ¢ were prepared
according to procedures described in the literature.

Bitropyls. The bitropyls 1 and 2 were synthesised as reported
in the literature via the reduction of the corresponding
tropylium salts?” with Cr(i) under argon atmosphere® or by
electrolysis at controlled potential. A mixture of regio-isomers
of 1 or 2 resulted. In the case of 1 the 3,3’-isomer could be
separated and purified by recrystallization.* In the case of 2
individual isomers were separated from the mixture containing
1,2'-, 2,3'-, 2,2'- and 3,3'-isomers with the aid of preparative
high pressure chromatography (HPLC). The 1,1’-isomer was
not formed. Apart from meso-compounds, each isomer consists
of stereoisomers which were separated by HPLC using chiral
phases and detected by their optical activity.

The synthesis was performed in the following way: 9 g Zn
dust and 9 g (34 mmol) CrCl; were dissolved under argon in 80
ml aqueous HCI (5 M). The solution was filtered and trans-
ferred into a three-necked flask. Subsequently, a solution of 3
or 4 (6.7 mmol) in 150 ml HCI (2 M) was added dropwise. After
stirring for one hour under argon 150 ml of tert-butyl methyl
ether were added. Upon cooling with ice the mixture was
neutralised by the addition of NaOH. After separation of the
organic layer from the aqueous phase the latter was extracted
with tert-butyl methyl ether. The combined organic extracts
were dried and the solvent was evaporated under reduced
pressure. The solid residue consisted of the regio-isomers of the
substituted bitropyl.

Separation of 2 isomers

A mixture of isomers is obtained according to the procedure
described above. The isomers were roughly separated from the
mixture by fractional recrystallization from methanol. Whereas
the 3,3’-isomer is insoluble in methanol, the 2,2’-isomer and the
2,3'-isomer crystallise from the solution, and the 1,2'-isomer is
obtained by evaporation of the solvent. The fractions were
purified by preparative HPLC with the aid of a RP-18 column.
The eluant was methanol-water at a vol/vol ratio of 93:7 in the
cases of the 2,2'-, 3,3'- and 2,3'-isomers and of 85:15 in the
case of the 1,2’-isomer.

Characterisation of 2 isomers

1,2'-Bis[4-(dimethylamino)phenyl]bi(cyclohepta-2,4,6-trien-

1,1’-yl). The 1,2'-isomer was a racemic mixture of two enantio-
mers that were separated at the chiral phase (eluent n-hexane—i-
PrOH, 98:2, vol/vol), 1st fraction (+)-enantiomer; 2nd fraction
(—)-enantiomer. Yield 80 mg (8%), mp 68 °C (Found: C, 85.48;
H, 7.73; N, 6.38. Calc. for C;,H;,N,: C, 85.67, H, 7.67; N,
6.66%); Amax(MeCN)/nm (log ¢): 283 (4.51), 350 (sh) (4.21);
0y (CDCL) 2.97 (1 H, m, 7-H), 2.91 (6 H, s, M¢e,N), 2.97 (6 H, s,
Me,N), 3.91 (1 H, t, 7-H), 5.37 (2 H, m, 1-H, 6-H), 5.63 (1 H, t,
6-H), 6.12 (1 H, m, 5-H), 6.32 (2 H, m, 2-H, 5-H), 6.45 (2 H, m,
3-H, 4-H), 6.5 (2 H, m, 3-H, 4-H), 6.68 (2 H, d, Ar), 6.71 2 H,
d, Ar), 7.06 2 H, d, Ar), 7.46 (2 H, d, Ar).

2,2’-Bis[4-(dimethylamino)phenyl]bi(cyclohepta-2,4,6-trien-

1,1’-yl). The 2,2'-isomer was a racemic mixture of two enantio-
mers that were separated at the chiral phase (eluent n-hexane-i-
PrOH, 98:2, vol/vol), Ist fraction (—)-enantiomer; 2nd fraction
(+)-enantiomer. Yield 260 mg (26%), mp 180 °C (Found: C,
85.37; H, 7.28; N, 6.45. Calc. for C;yH;,N,: C, 85.67; H, 7.67; N,
6.66%); Amax(MeCN)/nm (log ¢): 282 (4.53); dy (CDCly) 2.08
(2 H, brs, 7-H), 2.89 (12 H, s, Me,N), 5.43 (4 H, m, 1-H, 6-H),
6.23 (2 H, m, 5-H), 6.65 (4H, d, Ar), 6.78 (2 H, m, 4-H), 6.91
(2H,d, 3-H), 7.24 (4 H, d, Ar).

2,3'-Bis[4-(dimethylamino)phenyl]bi(cyclohepta-2,4,6-trien-
1,1’-yl). Yield 200 mg (20%), mp 82 °C (Found: C, 85.29; H,
7.48; N, 6.56. Calc. for C;)H;,N,: C, 85.67; H, 7.67; N, 6.66%);
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Jma MeCN)/nm (log ¢): 287 (4.54), 325 (sh); J (CDCILy) 2.11
(1 H, m, 7-H), 2.20 (1 H, m, 7-H), 2.96 (6 H, s, Me,N), 2.99 (6
H, s, Me,N), 5.47 (4 H, m, 1-H, 6-H), 6.36 (2 H, m, 5-H, 5'-H),
6.46 (1 H, d, 2'-H), 6.71 (2 H, d, Ar), 6.76 (2 H, d, Ar), 6.8; 7.0
(3 H, m, 3-H, 4-H, 4'-H), 7.31 2 H, d, Ar), 7.43 2 H, d, Ar).

3,3’-Bis[4-(dimethylamino)phenyl]bi(cyclohepta-2,4,6-trien-

1,1’-yl). The 3,3’-isomer was a racemic mixture of two enantio-
mers that were separated at the chiral phase (eluent n-hexane-i-
PrOH 95:5, vol/vol), 1st fraction (—)-enantiomer; 2nd fraction
(+)-enantiomer. Yield 190 mg (19%), mp 168 °C (Found: C,
85.29; H, 7.54; N, 6.36. Calc. for C;,H;,N,: C, 85.67; H, 7.67; N,
6.66%); Amax(MeCN)/nm (log ¢): 321 (4.48), 255 (4.34);
oy (CDCly) 2.09 (2 H, br s, 7-H), 2.92 (12 H, s, Me,N), 5.32,
5.43 (4 H, m, 2-H, 6-H), 6.30 (2 H, m, 5-H), 6.38 (2 H, d, 2-H),
6.69 (4H, d, Ar), 6.92 (2 H, d,4-H), 7.4 (4 H, d, Ar).
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