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Abstract

The reduction of aryl-substituted tropylium cations in deaerated acetonitrile solution at room temperature can be achieved by two methoc
(a) thermal hydride transfer from the heterocyclic compounds 9,10-dihydro-10-methylacridine;, AcdH2,4,6-triphenyl-4H-pyran,
TPPH, top-methoxyphenyl tropylium perchloraté, andp-dimethylaminophenyl tropylium perchlorat®, that affords regioselectively
aryl-substituted cycloheptatrienes and (b) photoinduced electron transfer from, A®RH, 10,18dimethyl-9,9-bisacridane, (AcrH),
or 2,2,4,4,6,6-hexamethyl-4,4bi-(4H-pyran), (TMP}, to 1 and2.

The light-induced reduction was studied with the aid of steady state photolysis and laser flash spectroscopy. A mechanism involving tf
photoionization of (AcrH) is proposed. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction R
The thermal reduction of tropylium ions resulting in the O
formation of bitropyls has been well known for a long time clo;, ~Me™N
[1]. However, so far, the photochemical reduction has not
yet been investigated. The photochemical transformation of
tropylium cations into cycloheptatrienes is of special inter-
est since the two compounds vary significantly in several 1.Rr = oMe (,,, = -0.36 V [26]) (AcrH),

properties such as shape, acceptor strength and color whict?: R =NMe; (g = -0.52 V[26]) (EP,, = 0.19 V [26])
may be useful in order to change the properties of molecules
such as calixarenes [2] containing the tropylium subunit in
response to light.

The compounds studied in this work are presented in g
Chart 1. The potentials (SCE) given in brackets are peak
potentials. [26]

The _salts p-me_thoxyphenyl tro_pyllum perchloratel, TMP), AcrH, TPPH
and p-dimethylaminophenyl tropylium perchloratg, that (P = 0.84 V [26]) (E”,, = 136 V [26]) (P, = 0.78 V [26])
possess different reduction peak potentials [3] served as
model compounds for aryl-substituted tropylium salts and Chart 1. Compounds used in Photoreduction studies.
the compounds 9,10-dihydro-10-methylacridine, AgrH
2,4,6-triphenyl-4H-pyran, TPPH, 10,2@imethyl-9,9-
bisacridane, (AcrH), and 2,2,4,4,6,6-hexamethyl-4,4bi-

| Ph O Ph
Me

(4H-pyran) (TMP) served as electron donors. Acetonitrile
solutions of the reactants were irradiated continuously for
the sake of product analysis; moreover, they were subjected
"+ Corresponding author. to flash photolysis to detect intermediates. The detection of
E-mail address:abraham@chemie.hu-berlin.de (W. Abraham) paramagnetic species by ESR spectroscopy was attempted.

1010-6030/99/$ — see front matter ©1999 Elsevier Science S.A. All rights reserved.
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Regarding the photoreduction of a substituted tropylium triphenyl pyrylium ion, TPP, respectively, were identified.
ion via electron transfer from a donor, two pathways are The bimolecular rate constant of the reaction of Agkidth
feasible depending on whether the tropylium ion or the donor 2 was determined to be 2:7102M~1s~1 by following
is photoexcited. As is illustrated in Scheme 1, both pathways the decay oR by means of UV-VIS spectroscopy.
result in the formation of the cycloheptatrienyl type radical, = The reduction of the tropylium ions is assumed to involve
1°, 2°.These radicals, principally, can undergo the following hydride transfer because intermediate products indicative of
reactions: (i) protonation of the radicals and2*, respec- electron transfer were not detected. Such intermediate prod-
tively, gives the corresponding radical cations. Subsequentucts would beN-methylacridinyl radicals, in the case of
transfer of an electron from the donor molecule D, being in AcrH», or triphenyl pyranyl radicals, in the case of TPPH.
the ground state, results in the formation of the stable cy- The former radicals are expected to couple readily, and thus,

cloheptatriene8 and4; (ii) two radicals of typel® and2°
combine yielding bitropyl5 or 6, the dimers of3 and 4,
respectively.

form the dimer (AcrH), while the latter radicals are rather
stable [4], and therefore, should be detectable by ESR. How-
ever, neither (AcrH) could be observed nor was it possible

Experiments were carried out to study both the thermal to detect the triphenyl pyranyl radicals by ESR measure-
and the photochemical reduction of aryl-substituted tropy- ments. Actually, the occurrence of thermal electron transfer

lium ions and the results are reported below.

2. Results and discussion
2.1. Thermal reaction

Both AcrH,, and TPPH are capable of reducihgnd?2,

is unlikely because it is highly endergonic as estimated on
the basis of the reduction peak potentials of the donor and
acceptor compounds listed in Chart 1.

A statistical attack of hydride ion on the substituted tropy-
lium ion would lead to an isomer mixture of 14.3% of the 7-
and 28.6% of each of the 1-, 2- and 3-isomers. But only the
1- and 3-isomers were found. Obviously, the thermodynam-
ically more stable isomers are formed exclusively. Notably,

respectively, at room temperature but only at a slow rate. there are significant differences between TPPH and AcrH
This was evidenced by product analysis with the aid of When TPPH reacts witll or 2, only the corresponding
high pressure liquid chromatography (HPLC) using authen- 1-isomer is formed. In contrast, when Agrieacts withl or
tic samples for calibration. The reaction products expected 2, the 1- and 3-isomers &fand4 are formed in a 1: 1 ratio.

according to Scheme 2, i.e. the aryl-substituted cyclohep-
tatrienes and th&l-methylacridinium ion, Acrd, and the

The reduction ofl by TPPH has been carried out
on a preparative scale (see Section 3) to obtain the
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1-(4-methoxyphenyl)cycloheptatriene which is difficult to AcrH,. Due to the thermal reaction betwe2rand Acrk
be synthesized via photochemical or thermal hydrogen shift (see Scheme 2), always, a small concentration of Acig{
of the corresponding 7-substituted derivative [5]. present in a solution containirggand Acrk indicated by

Concluding this paragraph, it should be pointed out the low optical density at 360 nm (QEhnm< 0.05). Upon
that, to the authors’ best knowledge, the present work pro- excitation of a solution containing $10-3M AcrH, and
vides evidence for the first time for the formation of 1- or 1x 10°3M 2 at 436 nm, the decomposition & and the

3-aryl-substituted cycloheptatriene by hydride transfer. formation of AcrH"™ occur as was evidenced with the help
of HPLC. It turned out that Acri was formed to the same
2.2. Photochemical reactions extent as2 was consumed. Simultaneously, the formation

of the bitropyl6 was proven. Under this condition, the pho-
2.2.1. Photochemical reactions involving monomeric toreaction is "_"bOUt one qrder of magnitude faster than_ the
electron donors thermal reaction. Accordingly, the product of the hydride

2.2.1.1. System Acgf2. TheN-methylacridinyl radicalis ~ ransfer §) was notfound. ,

capable of reducing the tropylium cati@ii]. Therefore, for A feasible reaction mechanism is shown in Scheme 3. Ac-
the photoreduction d, the generation dfi-methylacridinyl ~ €0rding to the oxidation potential of thé-methylacridinyl
radicals via photoinduced electron transfer is desirable. In fadical 0.46V [9]) and the reduction potential d
this connection, the work of Fukuzumi et al. [7] is notewor- _(_0'53\/ [6]), the re_act|(_)n oN-methyIaf:rldmyI rad|cal_2 .
thy. These authors have shown that optically excited elec- 1S weakly endergonic. Since the magnitude of the oxidation

tron acceptors such as [Ru(bplp* sensitize the formation potentials of the acridinyl radical and of the radi@alare
of N-methylacridiny! radicals from Acrbd almost equal, AcrHi ions are likely to react witl2® also.

Therefore, we studied the analogous electron transfer re-However, this reaction, apparently, is unimportant because

action from AcrH to optically excitec? and observed that, 2 radicals readily combine and fort
upon excitation of the tropylium sal (Aexc=578 nm) in
the presence of Acrij only a very slow reaction proceeded. 2.2.1.2. Systems TPPH/1 and TPPH/Zhe system
This can be explained by the very short lifetime of the ex- TPPH/1 was irradiated atyc. =405 nm where mainly TPP
cited tropylium ions [8]. At the applied AcriHconcentra- absorbs. TPP was not added purposely, but it was formed
tions ranging from 5¢ 104 to 5x 10~>M, only a very low to a very small extent by thermal hydride transfer during
amount of the excited state 8fis quenched by Acrpl On the preparation of the solution. The irradiation resulted in
account of the thermal reduction described above, itis, there-the consumption ofl and the simultaneous formation of
fore, senseless to initiate an electron transfer via the excitedTPP" and a mixture of regio-isomers & The products
state of the tropylium cation even by using higher quencher were identified by HPLC. The rate of the consumption of
concentrations. 1 was, under the chosen conditions, about 10 times faster
Optically excited AcrH can also serve as an elec- than that of the dark reaction. Apparently, a mechanism
tron acceptor to generatd-methylacridinyl radicals from  similar to that proposed for the system AcefR applies to
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Fig. 1. Photolysis of the system TPPH/2 in deaerated acetonitrile solutiop.a578 and 405 nm. [TPPH] 2] =7 x 10> M. Optical absorption spectra
recorded after various irradiation times as indicated in the graph.

the system TPPH/1. In other words, (TPP reacts with hibits an absorption band at 510 nm which is attributed to
TPPH. The resulting radical cation deprotonates forming the N-methylacridinyl radical [10]. The assignment of the
the triphenyl pyranyl radicalH,x=—0.51V [6]). The lat- radical is also supported by the finding that the ratio of

ter reducesl (Efed:—0.36 V) in an exergonic reaction. the absorption at 360 nm (Acr{ see below) and 510 nm
Radicalsl® generated in this way combine and fofm (acridinyl radical) is drastically increased in the presence of
Upon irradiation of the system TPPH/2&adx.=578 nm, oxygen due to the reaction of the radical with oxygen. No-

where?2 absorbs the light, the latter was decomposed, andtably, after the irradiation in an oxygen saturated solution,
simultaneously, the TPPion was formed, as was inferred a permanent absorption change at 400 nm was detected in-
from the build-up of an absorption band at 405 nm. However, dicating the formation oN-methylacridone via the reaction

as is illustrated in Fig. 1 also, in this case, the photoreaction of the N-methylacridinyl radical with oxygen [11].

initiated by the excitation o2 is too slow to compete signi- As mentioned above, the spectrum in Fig. 2a possesses an
ficantly with the thermal reduction. To achieve a substantial absorption band at 360 nm which is assigned to the AcrH
reduction of2, the system TPPH/2 was initially irradiated ion. Both the absorption band at 360 nm and that at 510 nm
at Aexc=578 nm and subsequently &fyc=405nm. In this increased almost linearly with the absorbed dose per flash,
way, the TPP ions generated in the first stage and ex- i.e. AOD o Dgpst?, indicating that the photoionization re-
cited in the second stage oxidized TPPH, and TPPias sults from monophotonic excitation. ActHis very likely
formed, apart from TPPR Actually, a mechanism analogous to be formed upon the decomposition of the radical cation
to that proposed for the system TPPH/1 becomes operative(AcrH),™* generated by the photoionization of (AcgH)

here. Reportedly, (AcrH)™* decomposes rapidly [12]. Notably,
The photoreaction accomplished in this way is much faster the formation of charged species during the flash was con-

than the thermal hydride transfer. Accordingly,is not firmed by photoconductivity measurements. Atridns de-

formed in this case. cay in a second-order reaction (see inset of Fig. 2a) with

a bimolecular rate constakb=1.3x 10°M~1s1. Since
2.2.2. Photochemical reactions involving dimeric electron Solvated electrons formed in acetonitrile solution are very

donors short-lived, it seems that the bimolecular decay of AtrH
2.2.2.1. System (Acriip involves a reaction with another anionic species, i.e. with
monomeric and/or dimeric radical anions of acetonitrile. But
2.2.2.1.1. Laser flash experiments in the absen@ ofn these species absorb light in the wavelength range between
order to estimate the role of (Acrkl)n the photoreduction 500 and 1500 nm only weakly [13] and were, therefore, not
of 2, the behavior of excited (Acrk)has to be studied. detectable in this work.
Upon direct excitation of (AcrH) with 347 nm laser When the experiments were performed in methanol solu-

flashes, N-methylacridinyl radicals are formed. This is tion, the transient absorption of the solvated electron around
concluded from the transient absorption spectrum shown 630 nm [14] (see Fig. 3) was observed apart from the ab-
in Fig. 2a recorded at the end of the 20ns flash. It ex- sorption of the radical and the cation.
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Fig. 2. (a) Transient absorption spectrum observed upon laser-flash photolysis of {/&t#) 10-4 M) in deaerated acetonitrile solution &ghe =347 nm.
Insets: second-order plots of the decay at 360 and 510nm. (b) Kinetic traces at 360 nm observed after the flash phetelig tm) of (AcrH)
(1.4x 10~* M) in deaerated acetonitrile solution: 1, withajt2, in the presence d (105 M).

According to the kinetic scheme represented by AcrH* 4 e’2 AcrHe (3)
Egs. (1)-(3), the decay of the acridinyl radicals by the
dimerization reaction (2) is superimposed by the formation
of the N-methyl acridinyl radical by the reaction of ActH
with the equivalent of an electron (Eq. (3)).

Immediately after the flash, three species are formed, the
concentrations of which are equal: [ActH=[AcrH®]=
[electron equivalent]. Accordingly, the decay of Ac¢rH

(AcrH)3* — AcrH™ + AcrH ()  follows Eq. (4):
—d[AcrH®
2AcrH°ﬁ>(AcrH)z 2) ¥ — 2k1[AcrH .]2 — ko[AcrH +]2 @)

dr



80 D. Jacobi et al./Journal of Photochemistry and Photobiology A: Chemistry 128 (1999) 75-83

T T T T T T T T T 1
0,054
0,15 - -
0,04+
5
IS
<
0,03
A 0,10 4 0,024 1 T
o
< 400 450 500 550 600 650 700
wavelength / nm
0,05 -
w0 t—or-————"+r--—b
350 400 450 500 550 600 650

wavelength/nm

Fig. 3. Laser-flash photolysis of (Acrbljn deaerated methanol solutionjag: =347 nm. Transient absorption spectrum recorded at the end of the 20ns
flash.

Egs. (3) and (4) were fitted [15] to the second-order decay of ion and of theN-methylacridinyl radical at 360 and 510 nm,

the kinetic trace measured at 510 nm (see inset in Fig. 2a).respectively. Kinetic traces recorded at 360 nm are shown in

Using a molar extinction coefficient=44000M1dm=1 Fig. 2h. It is seen that, in the presencepthe decay rate is

of the unsubstituted acridinyl radical [16] and the separately slower than in its absence. £sand AcrH" compete for the

measured rate constant of the decay of Atifdee above), a  reaction with solvated electrons, the decay rate of Acisi

bimolecular rate constant of the radical dimerization reaction reduced. On the other hand, the absorptior2 at 560 nm

2k1=2.7x 10°M~1s~1 was obtained. This value is in an is bleached and the bleaching is faster than the decay of

excellent agreement with that one reported by Hammond AcrH™. Consequently, it is assumed ti2it reduced by re-

et al. [10]. action with both solvated electrons and/or radical anions of
In order to find out whether excited singlet or triplet solvent molecules and acridinyl radicals. Due to the strong

states are involved in the photoionization of (AcsH} was bleaching in the wavelength range from 500 to 600 nm, the

checked whether the transient absorption spectrum under-decay of the acridinyl radicals in the presenceafannot

goes changes when 1,3-cyclohexadiene {10) is present be analyzed.

in the solution. Actually, the triplet energy of (Acrpl)s

not known, but it should be close to that of AgriET ca. 2.2.2.1.3. Steady state photolysis

286 kJmot? [17]). Therefore, 1,3-cyclohexadiene should

be a suitable triplet quencher in this case, sinceEitsis 2.2.2.1.3.1. Excitation at 280 nffihe irradiation of (AcrH)

equal to 222kJmof* [18]. However, quenching was not in the presence o2 generated Acrf ions and dimers,

Observed, and therefore, it is concluded that the phOtOion— both being formed at equa| y|e|ds These findings are in ac-

ization occurs from the excited singlet state. cordance with the results obtained by the flash photolysis
The quantum vyields of ion formation a®(ion)=0.25  experiments (see Section 2.2.2.1.2), which revealed the for-

and ®(ion) =0.30 in acetonitrile and methanol solution, mation of the AcrH ion and theN-methylacridinyl radical.

respectively. 6 is thought to be the product of the combination of t#%

radicals. The latter are formed by reaction2fons with

2.2.2.1.2. Laser flash experiments in the presence of 2.N-methylacridinyl radicals or anionic species, i.e. solvated

Upon irradiation of an acetonitrile solution containing both €electrons and/or radical anions of the solvent.

(AcrH)2 and 2 with 347 nm laser flashes, the light was

mainly absorbed by (AcrH) The transient absorption spec- 2.2.2.1.3.2. Excitation at 280 and 405 nin this case, an

trum formed during the flash is very similar to that observed acetonitrile solution containing (Acrkl)and 2 was briefly

in the absence d, i.e. it exhibits the bands of the AcfH irradiated at 280 nm to generate a small amount of AcrH
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Fig. 4. Photolysis of the system (Acr in deaerated acetonitrile solution ([(AceF5 x 103 M); [2]=10"4M) at Ainc = 280 nm and\ine =405 nm,
respectively. Optical absorption spectra recorded after various irradiation times as indicated in the graph.

Subsequently, the irradiation was continued at 405nm. As (AerH), hv (280 nm) [Acrm,]"
can be seen from Fig. 4, the optical absorption bands of e

compound? that peaked at 275 and 560 nm decreased with 1
increasing irradiation time, and simultaneously, the absorp-

tion bands of AcrH that peaked at 260 and 360 nm were AcrH® © AcrH®
formed.

A reaction mechanism explaining why the consumption
of 2 is correlated to the formation of AcrHis proposed in
Scheme 4.

The important process in this mechanism is the reaction
of the electronically excited ion (AcrA)* with (AcrH) , that
produces the radical cation [(Acrp])®. The spontaneous
decomposition of the latter results in the formation of the
N-methylacridinyl radical and the AcrHion. The acridinyl
radical reacts witl2 and the coupling of radical?® gener- \—/
ated in this way leads to the formation &@fAnother minor
reaction route ending up in the formation ®&fconsists of ) [CH3CN]—° ‘22 /
the reaction of anionic species such as fCN]~*, formed
by photoionization, wittP.

It is interesting to note that the irradiation of an acetoni-
trile solution containing Acrk (5.5x 10~° M) and (AcrH)

(1.0x 10~4M) at 405 nm in the absence of an oxidant such

as?2 did not cause the decomposition of the reactants. This

indicates thatN-methylacridinyl radicals generated by the

decomposition of [(AcrH)]™* combine thus regenerating AcrH® + [CH;CN] -
(AcrH)».

hv (405 nm)

[(AcrH)zlﬂ + AcrH®

(AcrH), + AcrH®

AcrH®

Scheme 4.

2.2.2.1.4. ESR spectroscopic evidence for radital The

ESR spectrum shown in Fig. 5 was recorded upon the ir- The same spectrum was also obtained by photo-induced
radiation of a solution containing and tert-butylbenzene  electron transfer from (AcrH) to 2 in dioxane/HFIP

in 1,1,1,3,3,3-hexafluoropropane-2-ol HFIP (80/20 =v/v) in (80/20=v/v). The recorded spectrum is identical to the
the cavity of the ESR spectrometer with white light emitted spectrum of radica?® simulated on the basis of the hyper-
by a high pressure mercury—xenon lamp. fine coupling constants given in the caption of Fig. 5.
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Fig. 5. (a) ESR-spectrum of the radic& (g=2.0039) generated
by the photolysis of2 in the presence ot-butylbenzene. (b) Sim-
ulated ESR-spectrum of°® using the hfs-parametersay =1.43mT;
8,=0.718 mT; ap =0.223mT; a,,=0.201mT (no significant coupling

with N is assumed).

2.2.2.1.5. System (TMF2 This system exhibits a behav-
ior quite similar to that of the system (Acrbd®, i.e. continu-
ous irradiation of an acetonitrile solution containing (TMP)
and2 at Aexc=280 nm results in the formation éfand the
2,4,6-trimethyl pyrylium ion. A feasible reaction mechanism
is presented in Scheme 5.

2.3. Conclusions

1. Aryltropylium cations are transformed into 1-aryl-1,3,5-
cycloheptatrienes by thermal hydride transfer using
10-methyl-9,9-dihydroacridine or 2,4,6-triphenyl-4H-
pyran as hydride donors.

2. Aryl tropylium ions, being in an electronically excited

state, are reduced by electron transfer from dihydroacri-

D. Jacobi et al./Journal of Photochemistry and Photobiology A: Chemistry 128 (1999) 75-83

dine or 4-H-pyran compounds. The reduction results in
the formation of aryl-substituted bitropyls.

3. Aryl tropylium ions, being in the ground state, are re-
duced by suitable radicals such as the 10-methylacridinyl
radical or the triphenyl pyranyl radical which are gen-
erated by direct photolysis of 10,2@imethyl-9,9-
biacridine or 2,24,4,6,6-hexamethyl-bi-(4H-pyran) or
by the reaction of these compounds with electronically
excited N-methyl acridinium or triphenyl pyrylium
ions.

3. Experimental section

General: UV-VIS: Shimadzu UV-2101 PC spectropho-
tometer. -NMR: Bruker DPX 300 (300 MHz).

Steady state photolysis experiments were carried out
in acetonitrile solution deaerated by argon bubbling at a
substrate concentration ranging fronk30~4 to 1073 M
(1 or 2) and hydride donor concentrations ranging from
5x 10* to 5x 10~3M of AcrH, or TPPH, respectively
The two electron donors were applied in concentrations
of [(AcrH)2]=1.5x 1074 M and [(TMP)]=5 x 1074 M in
the photoreduction o2 (1 x 10-4M). The solutions were
irradiated in 1 cm quartz cuvettes using a 500 W high pres-
sure mercury lamp, operated in conjunction with a metal
interference filter (Carl Zeiss Jena) or an Oriel monochro-
mator (model 77200), or in quartz tubes using a Rayonet
photoreactor. Laser flash photolysis was realized with the
aid of a ruby laser (Korad Model K1 QS2=347 nm, flash
duration 20 ns).

Photoionization experiments: deaerated acetonitrile solu-
tions of (AcrH) (2.2x 10~*M) were excited with the aid
of the ruby laser.

ESR experiments: the generation of radicals was car-
ried out by irradiation of the deaerated solutions placed in
a quartz tube within the cavity of the ESR-spectrometer
(ERS-300, ZWG) with the unfiltered light of a 800 W

TMP*, hv, (280 nm)

-2°

X
2° o+ !@/
(6]

2, hv, (280 nm)
—_—

Scheme 5.
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