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Abstract. The electrochemical oxidation of various substi- posed mechanism the electrochemical oxidation proceeds
tuted aryl cycloheptatrienes and cyclohepta-1,3,5-triene, thalong the radical cation dimerization. The dimer cati®g®) (
parent compound, in acetonitrile is investigated with the aiddecompose under deprotonation into tropylium iérend

of cyclic voltammetry (CV), experiments at the rotating ring starting compound. In the case ofgteimethylaminophe-
disk electrode (RRDE) and controlled potential electrolysis.nyl)-cycloheptatrien@d the deprotonation reaction can com-
1-(p-methoxyphenyl)-cycloheptatrierze, 1- and 3-f-di- pete with the dimerization. The oxidation of the cyclohep-
methylaminophenyl)-cycloheptatrie2d, 3d are converted tatriene compounds is kinetically controlled by the homoge-
by anodic oxidation into the radical cations the main reacneous chemical steps rather than by the initial electron trans-
tion of which is not the deprotonation. According to the pro-fer.

The electrochemical oxidation of hydrocarbons proceeds R

via the radical cation the carbon—hydrogen bonds o R

which are considerably acid. Generally, the deprotonR @ R
tion of such radical cations plays an important role [1].

In contrast to the cycloheptatriene/tropylium couple [2], '
redox systems, which can serve as heterocyclic cc g R
enzyme analogues such as the acridan/acridinium col .

ple and dihydropyridine/pyridinium systems were in-5  ome g 4-Br-CgH,
tensively studied [3]. The electrochemical generatiorc 4-MeO-CgH, h 4

of aryltropylium ions from arylcycloheptatrienes is of ¢ &MeNCeH. 14
special interest because various molecular properties ° °

such as shape, colour and electron acceptor strengt

differ strongly from those of tropylium cations. Accord- AcrH,
ingly, the properties of macrocycles [4] and supramo- N

lecular systems such as rotaxanes and catenanes con- Me

taining cycloheptatriene building blocks [5] are expect-
ed to undergo significant changes in response to the loss

of electrons. _ For the sake of comparison under our conditions the
As part of our research program concerning the phoredox couple 9,10-dihydro-10-methylacridine (AgyH

tochemical generation of tropylium cations [6] the elec-10-methyl-acridinium (Acr#) was included.
trochemical oxidation was carried out to learn about the

behaviour of radical cations produced in the absence of
any electron acceptor. For this purpose experiments witResults
cycloheptatrieneg, 2 and3 containing aryl substitu-
ents of different donor strength and 1,3,5-cyclohep-Cyclic Voltammetry
tatrienela and the methoxy substituted derivativie
were performed. The compourifs-1i were only used
to evaluate the influence of the substituents on the oxiOxidation and reduction potentials of the isomkra
dation peak potentials (see Fig. 1). and3 were investigated by cyclic voltammetric meas-
Compounddd — 3d differ from the other cyclohep- urements. The peak potentials are compiled in Table 1,
tatrienes studied in their basic properties. This may b#hich also contains the reduction peak potentials of the
meaningful regarding the deprotonation of the relategorresponding tropylium ion& Interestingly, the peak
radical cations. potential of compountib is much higher than that of

Peak Potentials
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the unsubstituted compoudd. This can be explained position ofld is substantiated by the plot of the oxida-
by the different conformations of the seven-memberedion peak potentials of various substituted phenyl cy-
ring in these two compounds [7]. Semiempirical calcu-cloheptatrienegs. the substituent propertieg,(values)
lations (PM3) have shown that the HOMO-energy ofwhich is shown in Fig. 1. Because the amino group is
compoundlb is lower (-9.11 eV) than that dfa  primarily oxidised in the case afl the o,*-substituent
(—8.95eV). constant has to be used in this case.

Notably, the oxidation peak potential of compounds
Table 1 Electrochemical datg) of cycloheptatrieness?) ¢ andeis much larger than the oxidation potentials of

and selected tropylium cationi,f) the isomersl. The latter do not differ very much from

Compound EV(SCE)  i/uA (F/motY) ESV (SCE) each other and lie around 0.6 V, a value close to that of
2 - the oxidation potential of &,N-dimethylaminotoluene.

la 1.43 10.8 (1.6) -0.32 The cyclic voltammograms df, 2c, 1d, 2d, 4d and

0 e o7 Ecl)'gé) o0 of 4-N,N-dimethylamino toluene, the model compound

2 111 6.2 (0.93) _ for compoundsl, recorded at the scan rate 1 V/s are

3c 1.20 7.9 (1.18) - shown in Fig. 2(a)—(d), respectively.

1d 0.60 7.1(1.06) -0.52 Apart from the first anodic peak the cyclic voltam-

2d 0.52 7.2 (1.07) mograms presented in Fig. 2 possess one or several ca-

fg g:gg g:g 8:8}3 _0.38 thodic peaks. The peak h'eights of the latter are remark-

1f 1.19 7.5 (1.12) _ ably lower than the anodic peak height.

1g 1.41 7.1 (1.06) - The cyclic voltammograms recorded both with

1h 1.54 5.1(0.76) - 2¢, 1d and the other arylcycloheptatrienes indicate that

1 1.80 7.1 (1.06) -

the electrochemical oxidation of these compounds is
3 peak potentials and the peak curreijsviere measured in ace- chemically irreversible. By contrast the cyclic voltam-
tonitrile solution (16°M) calibralted\/s the ferrocene/ferrocenium mogram ofd approaches a quasi-reversible behaviour,
couple (0.31V, 6.7iA = 1F mot) a feature becoming even more evident by increasing the

A priori, 1c—1i contain two electroactive groups, the scan rate up to 10 V/s. Typical results are presented in
aryl and the cycloheptatrienyl moiety. A comparison ofFig. 2e where cyclic voltammograms recorded with
the oxidation potentials ofc (1.2 V) with that of compoundd at various scan rates are shown.
4-methylanisole (1.5 V) antla (1.4 V) indicates that Irreversibility observed in most cases implies that here
the oxidation ofl.c cannot be attributed to separated electhe products formed primarily at the electrode surface
trophores. A different situation is encountered in theundergo fast consecutive reactions. Reversibility ob-
cases of the cycloheptatriefhd. Here, theN,N-dime-  served in the case @fl, on the other hand, indicates
thyl aniline moiety is oxidised. Semiempirical calcula- that the oxidation product @d, i.e. the radical cation,
tions (PM3) of 1e, 1c and1d indicate that the HOMO must be rather long-livedeg. the lifetime must be much
of the first compound is localised within the seven-memionger than that of the radical cations formed in the cas-
bered ring, distributed between the aryl substituent ands of the isomersd and3d. Whereas the cyclic vol-
the cycloheptatriene ring ific, and localised in the tammograms ofid, 2d and3d exhibit chemical irre-
p-dimethylaminophenyl residue @é. The exceptional versibility of the oxidation process that KfN-dime-

2.0 thyl-p-toluidine E,2= 0.6 V), the model substance, dem-

' onstrates reversibility. Therefore, it can be concluded
that the observed irreversibility is due to the cyclohep-
tatriene ring.

According to Geske [2] the electrolysis of cyclohep-
ta-1,3,5-triene, the parent of the compountamily,
results in the formation of the tropylium ion. The pro-
posed mechanism assumes two oxidation steps. In the
first one the starting compound is converted into a rad-
ical cation which readily releases a proton thus forming
the cycloheptatrienyl radical which has a lower oxida-
o 12 w08 04 00 o2 o5 12 tion potential, and is readily oxidised at the anode (ECE-

o, mechanism).
Fig. 1 Plot of the oxidation peak potentials (cyclic voltam- N the case of the compound Agriihich is similar
mograms measured in-BM acetonitrile solution) of substi- to cycloheptatriene the deprotonation of the radical cat-
tuted phenylcycloheptatrienes theg,-constants of the sub- ion is clearly indicated. The cyclic voltammogram of
stituents {d*: g,*-substituent constant used). AcrH, is depicted in Fig. 3.
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Fig. 3 Cyclic voltammograms of AcriHplatinum disk elec-
] i ©) trode (1 mm diameter )) recorded in ¥,Bu,NPF,—~CH,CN
solution; concentration: 1.0 x FOM. a) scan rate 50 V4
I“ uA 1d b) scan rate 1§, c) addition of 163M pyridine.
The oxidation peak at 0.8 V approaches a chemically

E,2=0.62V
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Fig. 2 Cyclic voltammograms recorded in O, Bu,;NPF;-

CH,CN solution.

a) Compound4aand4a, b) compound@c and4c, c) com-
poundld, d) compound2d, 4d and 4-N,N-dimethylami-
no)-toluene; concentration: 1.0 x-30, scan rate: 1V-$

platinum disk electrode (1 mm diameter). 2): at various
scan rates.
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reversible behaviour under our conditions (carefully
dried acetonitrile) even at the relatively low scan rate of
50 V/s. An analogues behaviour was observed by Fuku-
zumiet al only at 2000 V/s [8].

The peak height of the wave at 1V/s scan rate dem-
onstrating chemical irreversibility corresponds to
1F/mol according to the ferrocene/ferrocenium couple.
This finding can be explained by assuming the deproto-
nation of the radical cation AcgH and the uptake of
the proton by another molecule of Acrfihis was con-
firmed by experiments in the presence of pyridine (see
below).

The two reduction peaks seen in Fig. 3 can be as-
signed to the proton (about 0 V) and A¢rEH0.5 V
[9]), respectively, which is formed upon the two elec-
tron oxidation of AcrH.

We investigated the electrochemical oxidation of the
compoundsla, 1¢, 2¢, 2d, 3d andlein more details.
The results presented are strongly different to those de-
scribed for AcrH and not in accordance with the ECE-
mechanism.

According to the ECE-mechanism the formatiod of
at the anode should be detectable by the reduction peak
of these cations. Indeed, the reduction peak between
—0.2 V and —0.3 V observed witlaand2c (Fig. 2) is
attributed to the corresponding tropylium ions since the
reduction peak in the cyclic voltammogram of néat
and4c is located at this potential. The cyclic voltam-
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mogram of the isome2d also possesses a reduction tial more positive than that of the tropylium ion. In the

peak at —0.5 V which is assignedd (see Fig. 2(e)). case ofLathis reduction peak is assigned to a proton as

Notably, the height of the cathodic peaks is much lowets confirmed by measurements at the rotating glassy-

than the half of the oxidation peaks. carbon ring disc electrode. Besides protons further re-
Surprisingly, the isomeric compouBd does not ex- duction peaks were detected in the cas2cpd and

hibit the reduction wave afd (Fig. 4 a). The tropylium  3d indicating the formation of not yet identified prod-

cation4d, provided it will be formed, can also be de- ucts. Therefore the question arises how this unknown

tected by its reversible oxidation peak of the dimethyl-products are connected with the formatior of

amino group E,, = 1.07 V; see Fig. 4a). The cyclic

voltammograms of compourddi were measured at var- Cyclic Voltammetry in the Presence of a Base

ious concentrations and scan rates, respectively. It turnegl. .,

out that at higher concentrations and at the lower scan - L _
rate the formation ofid becomes visible by the oxida- "' the presence of pyridine the oxidation peak height is

tion peak at 1.1 V as it is depicted in Fig. 4. This indi-doubled (see Fig. 3). At the same time a shift of the

cates that the formation of the two electron oxidationPOt€ntial occurs. A shift is expected if protons were re-
eased and subsequently scavenged by pyridine. The

ifieight of the reduction peak assigned to Acigialso
doubled. According to the EC-DISP1-mechanism of this
oxidation process [3, 10] pyridine displaces AgiHl
supporting the deprotonation of the radical cation and
jprevents the protonation of starting material.

result corresponds to a rather slow formatiodaf
Furthermore, the cyclic voltammograms I& 2c,
1d, 2d and3d, respectively, (see Fig. 2a, Fig. 2b, Fig.
2c, Fig. 2d and 4a) contain reduction peaks at a pote
Cycloheptatrienes

It was checked whether the anodic peak potential and
the peak height of cycloheptatrienes compiled in chart
a) 1 undergo changes when pyridine is present in the solu-
tion at a concentration of 40w, i.e. at a concentration
exceeding that of the cycloheptatriene compounds by a
factor of 10. It turned out that apart fr@d this is not

the case.
2d
EIV [SCE] The behaviour o2d partly resembles an ECE-mecha-

nism. Upon addition of pyridine the reduction peak of
the radical cation is decreased (see Fig. 5). The oxida-
_ tion peak increases at the same extent as the reduction
A b) peak becomes smaller. The reduction pea isfin-

-1.2 0.3 18

56.0
40.0

24.0

rTTr1r1r1r1rr1rr1il

8.0 B
9.6
-8.0 E/V [SCE]
1 1 L 1 1 —
1.2 0.3 18
6.4
175.0  ilpA 3d 0 3.2
1250 -
75.0 4 0.0+
B 3 -
250 2
- 1 3.2
-250 | a, b E/V [SCE]
1 L& q 1 1 1 1 I — | | | 1 1 l 1 | | |
1.2 0.3 1.8 -1.5 0.0 15

Fig. 4 Cyclic voltammograms o8d recorded in O, Fig. 5 Cyclic voltammograms (platinum electrode; 1 mm,
Bu,NPF,—CH,CN solution. a) compoundsl and4d, con-  scan rate 1V-8) of 2d (10-3m) observed upon addition of
centration = 18 M, b) [3d] =10-2m; 1: 1V s1,2: 0.5V si, pyridine. 1: without pyridine; 2: [pyridine] = 18w; 3: [pyri-
c) scan rate 0.5 V-5 1: [2d] = 5 x 103m, 2: [2d] = dine] = 2.5 x 16 m; 4: [pyridine] =5 x 163M; 5: [pyridine]
1 x102m, 3:[2d] =5 x 102Mm, 4: [2d] =5 x 102mMm. =102Mm.
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creased upon addition of the base. But, even at a teffable 3). The peak current is less increased as calculat-
fold excess of pyridine the peak height attributed to thed for higher scan rates. This can be explained by as-

radical cation is only increased by 50% suming a follow-up reaction of an intermediate product
formed by the radical cation reaction. Obviously, the
Peak Heights rate constant of this reaction yielding oxidizable prod-

Provided the ECE-mechanism is valid a two-electrort‘Cts is in the range of the scan rate of cyclic voltamme-

oxidation of all cycloheptatriene derivatives would be ry.

expected especially in the presence of a base such S‘The experiments described above clearly show that

pyridine. In the absence of pyridine in each case much'® chemically irreversible oxidative electrochemistry

less than 2F mo! were transferred as shown by com- Is caused by reactions of the radical cations which do

paring the peak height with that of the ferrocene/ferroMainly not lead to the cycloheptatrienyl radicals, at least
n the case of the aryl cycloheptatrienes. From the con-

nium couple (see Table 1). An exception is represen : ; .
cenu ple ( ) b b centration dependent cyclic voltammograms obtained

ed bylawhich was oxidised by consuming 1.6 F&ol ; . . .
The presence of pyridine has no influence on the peaggr;j’r?cl(gégéd‘l) a bimolecular follow-up reaction can

height. As mentioned above only in the cas@dthe
peak height is slightly increased. On the other side, als . : : .
at high scan rates irreversible cyclic voltammogr:’;lmsﬁot"’mng'ng'DISk Electrode (RRDE) Experiments
are obtained. Such behaviour is expected if a rapid fofo get further insight into these bimolecular follow-up
low-up reaction of the radical cation takes place. Deteactions of the radical cations and the nature of the
protonation cannot be involved in this fast reaction beunknown products detected by means of cyclic voltam-
cause in this case a two electron oxidation should beetry we employed the RRDE to study the behaviour
observed. of 1a, 1c, 2¢, 2d and3d, respectively. Glassy-carbon-
Moreover, the peak current (and the transferred chargelectrodes were used in order to shift the reduction po-
by comparing with the ferrocene/ferrocenium coupletential of protons to values more negative than of those
under the same conditions) measuredlipricandle the tropylium ions thus separating reduction peaks of
at the rotating platinum disk electrode depends on thintermediates, productsand protons, respectively. It
rotation speed as it is shown in Table 2. These experiurned out that only in the caseanf 2d and3d besides
ments indicate an approach to a two-electron oxidatiothe tropylium ions and protons additional reducible prod-
process only at the low rotation speed. Accordingly, theicts were detected at around 0 V (Fig. 6).
peak current of the cyclic voltammogram of compound RRDE-experiments at different concentrations and
la andlc depends on the scan rate in a manner thabtation speeds, respectively, could only be carried out
does not fulfil the Randles-Sevcik-equation [11] (seeusing2d and3d because electrode-coverage occurs in
the case of the compounds

Table 2 Number of transferred charges measured in ace3-(p-Dimethylaminophenyl)-cyclohepta-1,3,5-tri@ae
tonitrile solution (16* M) at the rotating platinum disk elec- i ) .
trode (calibrated with the ferrocene/ferrocenium couple)n Fig. 7 the ring current voltammogramg{ = f (E;,g)

(w= rotation speed) recorded at3d] = 104 M, 103m and 5x16°M and at

F mot™ three rotation speeds of the RRDE are depicted. The
wlst 1a 1c 1e ring potential is scanned from — 1.0 V to 0.5 V (SCE).
3 20 16 s Without any potential at t_he d_lsk electr_ode the voltam-
314 16 12 11 mogram of compoun8d in this range is recorded at

Table 3 Limiting peak currentiéa) of laandlcin dependence on the scan nate
comparison to ferrocene £ 10M)

ferrocene la 1c
viVs™ i @A IiVY2ex 10°3[7] i ¥uA IWY2c x 103[7] F/mol 3 i LA F/mol 8
1 6.70 6.7 10.78 10.8 1.61 6.26 0.93
2 9.49 6.7 15.00 10.6 1.58 8.48 0.89
5 14.67 6.6 22.01 9.9 1.50 12.57 0.86
10 20.79 6.5 30.93 9.8 1.49 16.95 0.82
20 28.89 6.5 41.25 9.2 1.43 23.69 0.82
50 45.34 6.5 58.82 8.3 1.30 37.22 0.82

8 according to 1F/mol of the ferrocene/ferrocenium couple
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may be formediia the ECE-mechanism. Notably, no
4d but a reduction wave of the intermediate product at
0.2 V is monitored in the concentration range between
intermediate 5x 104M and 2,5 x 18 M (Fig. 7b). Only at concen-
product trations > 2,5x1 M the reduction wave assigned to
4d is indicated (Fig. 7c).

l Icath.

intermediate
product

intermediate
product

Trt+e

a) b)
: CHT -e i CHT -e
H*+e [ lanod. [ anod:
0 o

-

l Icalh.

CHTH* +e

CHTH* + e

E/V [SCE] E/V [SCE] E/V [SCE]
_— _— _—
05 00 05 05 00 05 05 00 05 1.0

Fig. 6 RRDE-voltammograms dc, 2d and3d (104M) in
0,1 Bu,NPF;—CH;CN solution, rotation speed =
104.7 st

E/V [SCE] E/V [SCE]

the ring electrode (Fig. 7, curves 0). If the disk potel

tial is maintained at a constant potential of 0.8 V th

oxidation of3d will take place at this electrode. Oxida- P i s e
tion products are transferred to the ring electrode due g4 ¢ [2d) +2 e o+ e [2d)?+ 2

the rotation of the RRDE and are reduced there. s 0o P Y 00 05

At [3d] = 104 ™ (Fig. 7a) even the radical cation of

3d is visible.4d detected by the small wave at —0.4 V Fig. 8 2dRRDE voltammograms in OviBu,;NPF,—CH;CN
solution (glassy-carbon electrodes)

a) [2d] = 103M; b) [2d] = 104M. 0: E4 =0V, 1:E;=0.8 YV,
w=104.7s!, 2:E4= 0.8 V,w=209.4 sL.

1-(p-Dimethylaminophenyl)-cyclohepta-1,3,5-tric2e

In the RRDE-voltammogram d¢fd (see Fig. 8) three
reduction waves can be assigned to the radical cation,
the intermediate produetd and the protonate2t, re-
spectively (it was proven that protonatdiexhibits a
reduction wave at this potential). In the case of the
1-isomer of compound the formation o#id via depro-
tonation of the longer living radical cation2d (ECE-
mechanism) is able to compete with the formation of
the intermediate product.

It is seen from Fig. 8 and Table 4 that the limiting
current attributed to the radical cationauf decreases

[CHTP* +e 1 [CHTP +e

Tre+e at increasing concentration 2dl due to deprotonation
Tre of the radical cation bgd which acts as the base. The
SIS SI7IECS EVECE concentration of the intermediate product raises at the
05 00 05 05 00 05 05 00 05 higher concentration &fd confirming the bimolecular

formation of this intermediate. Despite of variable con-
centration ratios of the radical cation and the intermedi-
ate product the portion dfd is nearly constant.

Fig. 7 3dRRDE-voltammograms in Oy1Bu,NPF;—~CH,CN
solution (glassy-carbon-electrodes)
a) [3d] = 1 x 164M; b) [3d] = 10-3M; c) [3d] = 102 Mm.

0:E,=0V, 1E,= 0.8 V,w= 1047 st 2: E, = 0.8 V,w= For compound2d the collection efficiency [12]
209.4 s, 3:E4 = 0.8 V,w= 418.9 s, 4: voltammogram at  N«=[i/ig] (i; andiy: currents measured at the ring and
the ring electrode upon addition 4d the disk, respectivelyyas measured. It turned out (see
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Table 4 Limiting currents of the waves dfd and the intermediate product (IP) observedfbat the RRDE (glassy-carbon).
. - H a)
[2d)  ws? s HA LidMA P TV S P oo +/A Loy
10-3Mm i i i
disc disc disc
1,00 104.7 230 21.5 0.093 17.0 0,076 16.50 0,072
209.4 316 28.0 0.089 21.0 0,066 30.50 0,097
0,75 104.7 173 15.8 0.091 11.75 0,068 13.75 0,079
209.4 240 22.0 0.092 14.0 0,058 25.75 0,107
0,5 104.7 122 12.0 0.098 7.0 0,060 9.00 0,082
209.4 172 15.5 0.090 8.0 0,049 17.75 0,112
0,25 104.7 57 55 0.096 2.9 0,051 5.70 0,100
209.4 77 7.0 0.091 3.2 0,042 10.40 0,135
0,1 104.7 22 2.9 0.129 0.5 0,023 2.40 0,109
209.4 30 3.1 0.102 0.7 0,018 4.60 0,153
0,075 104.7 16 1.8 0.112 0.3 0,019 2.00 0,125
209.4 22 1.9 0.086 0.25 0,015 3.80 0,173

3 normalized currents which are proportional to the concentration of the species

Table 5 Collection efficiencyN, d measured witl2d at the RRDE [ring potenti&#z= 0.2 V
(SCE); disc potentidty = f(t) = 0.2... 0.8 V]

Rotation ratew/s? 1.0 x 16*M 5.0 x 164M 1.0 x 103M

104.7 0.0527 0.0699 0.1081
209.4 0.0714 0.0880 0.1261
314.2 0.0800 0.1014 0.1411
418.9 0.0892 0.1117 0.1525
523.6 0.0950 0.1233 0.1624

3 calibrated with the ferrocene/ferrocenium couplg% 0.2600; theoryN = 0.2629 [12]

Table 5) thailN, depends both on the concentration ofthe concentration dd is non-linear as expected for a
2d and the rotation rate of the electrode. This behaveimerisation mechanism (see Fig. 9) [13].

iour is usually observed if a chemical bimolecular fol-

low-up reaction is consuming the product of the elecRRDE in the Presence of a Base

trochemical reaction at the disc electrode forming a SpeS-(p-Dimethylaminophenyl)-cyclohepta—l 3 5-tridde

cies which is not electroactive at the ring [12]. Thus, it c
is confirmed, that the lifetime of the radical cation !N the presence of pyridinéd was formed also at

formed from2d at the electrode surface is concentra-10>M of 3d (see Fig. 10a). The higher the pyridine

tion dependent. This dependence of the concentratiofPncentration the higher is the wave attributeddo
of the radical cation (measured as limiting current) orf\ the same time a reaction between pyridine and the

intermediate product takes place (which is reduced at
ES = -1.3 V according to CV) thus diminishing the
wave of the intermediate product without an equivalent
increase of the wave dfd. By replacing pyridine by
2,6-dit-butyl-4-methyl-pyridine this reaction is prevent-
ed.

1-(p-Dimethylaminophenyl)-cyclohepta-1,3,5-tri@de
Upon addition of pyridine the wave assigned to the in-

termediate product is decreased (see Fig. 10b). At the
y = 16,823x°%" same time the reduction wave attributed4tbis in-

35

y = 31,57x%°%%

R*=0,9989

i CHT* JHA )

T R'= 09973 creased indicating the formation4d via the interme-
diate product supported by the base.
°T Co X 10%/mol dm? . .
SN Controlled Potential Electrolysis
0 t t t t t {
0 0.2 0.4 0.6 0.8 1 1.2 The electrochemical oxidation €, 1d, 2d, 3d andle

Fig. 9 Dependence of the limiting current of the radical cat-respectively, was attempted at a (constant) anode po-

ion of 2d on the concentration @l at different rotation speeds tential being slightly more positive than the oxidation
of the RRDE: 1w= 104.7 s!, 2: w= 209.4 st peak potential. In the case bf andle a total charge
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—0.4 V but no peak at the potential 4 (—0.52 V).
The reaction product which could not be isolated and
identified, absorbs light around 420 nm. Interestingly,
4d was formed to some extent (about 15%) upon heat-
ing the electrolysis solution dfd to 60 °C (after the
electrolysis at room temperature).

Discussion

According to the results of the electrolysis compound
1dis the exception of the rule because only a very small
yield of 4d was obtained in contrast to its isom2ds
and3d. This finding emphasizes that the radical cation
within the seven membered ring is the prerequisite of
the tropylium ion formation by electrochemical oxida-

E/V [SCE]

EviscA tion. Both the conjugated isome2d and3d and the

-0.5 0.0 05 0.5 0.0 05 other compounds fulfil this criterion.
, , Obviously, the deprotonation reaction of the radical
Fig. 10 RRDE voltammograms okd and3d in 0,M  ¢atigns of arylcycloheptatrienes (reaction (2)) plays only
Bu,;NPF;-CH,CN solution (glassy-carbon electrodes) upon 5 mingr role. According to the RRDE-experiments the

addition of pyridinew= 104.7 s'3) [2d] = 10-3m; 1: [2d] = : i i
103w, [pyridine] = 10%m, 2 [2d] = 103w, 3: [pyridine] = first electron transfer occurring at the anode is followed

5 x 163M; b) 1: Bd] = 103m; 2: [3d] = 103w, [pyridine] =  PY @ homogeneous, bimolecular reaction leading to an
10-3m, 3:'[3d] = 103M, [pyr,idine] =5x 1@3'M, 4: [3d] = intermediate product which is reduced at a more posi-
10-3m, [pyridine] = 162m. tive potential than the corresponding tropylium cation.

A dimerisation reaction can be assumed according to
Table 6 Yields of tropylium salts by electrolysis of the cor- the results obtained \_N'th Compf’um and3d. The
responding cycloheptatrienes using a constant anode potefither arylcycloheptatrienes considered here may behave
tial (E,) in the same way according to the finding that in all cas-
es only 1F is transferred at the electrode. The linear de-

] 0,
Compound i vield/% pendency of the peak potentials of these compounds on
1c 1.2 84 the substituent constaa, supports the assumption of
1d 0.7 15 : - .
d 07 849) only one mechanism valid also in the case of the other
3d 0.7 809) (965)) arylcycloheptatrienes. In the case of the parent com-
le 1.5 73 poundlathe mechanism of the oxidation process might

2) addition of pyridine,”) addition of 2,6-di-butyl-4-methylpyrid-  differ from that of the other compounds. _
ine The exponent of the non-linear dependence of the lim-

iting peak current (related to the concentration of the
consumption of 2F mot resulted in the conversion of radical cation) of compourt on the concentration of
the cycloheptatrienes into the corresponding tropyliunpd (Fig. 9) was determined to be 0.8. Assuming a DIM1
ion with high yields (see Table 6). and a DIM2 (DISP) mechanism, respectively, of the
Also 2d and3d were converted into the correspond- himolecular reaction of the radical cation this exponent
ing tropylium ion, but in these cases the reaction camg expected to be 0.66 [13]. The difference obtained may
to an end at a conversion of about 50%. be attributed to the competition of the ECE-mechanism
Pyridine at a concentration of £ exerted a pro-  and the disproportionation discussed below. Reaction
nounced influence on the yield 4l during the elec-  (7) yields back the starting material.
trolysis of2d and3d. Total conversion a2d or 3d into
4d was achieved with a charge consumption of
2F mottlin the presence of pyridine, which gives rise CHT ~C,.  CHT+ D
to the assumption that pyridine scavenges protons that
otherwise add t@d or 3d and prevent their oxidation. «
Noticeably,1d behaved differently: the reaction lev- CHT+ ™ | CHT + H* (2)
eled off at about 50% conversion in the absence of py-
ridine but the corresponding tropylium ion was not
formed. This finding conforms to the cyclic voltammo- Regarding the mechanism of the formatiod via a
gram (Fig. 2c) which contains a reduction peak abimolecular reaction of the radical cation two different

J. Prakt. Cheml999 341, No. 7 627



FULL PAPER L. Grubertet al

mechanisms may generally be discussed [10]: secpnd oxidatior) peak which can be expected at a slight-
(A) Radical-substrate-coupling (RSC or DIM2) gepJgZer potential than the first one [16] was not ob-
" K, . Mainly process (6),e. the formation of the dication,
CHT™ + CHT - (CHT), (3) are likely to be responsible for the irreversibility of the
electrode reaction. The formation of this dicatioa

(CHT),;*+ CHT* __, CHT+ (CHT),>* (3.1) reaction (3.1) can not completely be excluded. But at

K high electrolyte concentrations reaction (6) is more plau-
(CHT),* 2 (CHT)y +H* 4) sigle than reéction (3) [17]. Therefore, trge)RSC-mepcha-

_ nism seems to be rather implausible.
(CHT), 8. CHT +Tr () The dication can be redlljoced yielding the observed
reduction wave more positive than the reduction wave

(B) Radical-radical-coupling (RRC or DIM1) of 4.

The second electron transfer leading to the tropylium
2 CHT* ki, (CHT),2* (6) ion does not occur at the electrode surface but by proc-

ess (7)i.e. by disproportionation yielding back the start-
A priori, the formation of the tropylium ion is possi- ing material besides the cation and the proton. This re-
ble on different ways (reactions (7) — (11). action is initiated by a slow deprotonation (compared
with the scan rate used in cyclic voltammetry) of the

5 ks dication. Therefore, pyridine has an influenpe only on
(CHT)Z - == T+ HT A+ CHT ) the formation of the cation formed from the intermedi-
) K ate dication. According to the authors knowledge so far
(CHT), —o— [CHT], + 21" 8) such disproportionation reaction of a dication was not
CHT] —2¢  oTp ©) described. In other systems the deprotonation of the di-
[ 2 - cation [17] or the reaction with nucleophiles lead to sta-
. . ble products [14].
(CHT)? —— CHT + CHT? (10) Reactions (8) and (9) as an alternative formation se-
quence are unlikely because the formation of the known
2 E—— . -
CHT= e+ H (11) dimers [CHT}, [6] was not observed during the elec-
trolysis described below.
(CHT = cycloheptatriene derivative; Te tropylium The intermediate dication could not be detected when
cation) studying compounda. The absence of the dication is

A clear differentiation between the two dimerization in accordance with the finding that in this case the high-
mechanisms is generally difficult [14] and not possibleest charge transfer rate was observed at the anode.
in our case because the kinetic analysis is disturbed by Different results obtained with the investigated cy-
complicated succeeding and competing reactions.  cloheptatrienes may be attributed to different rate con-
A reversibility of the reaction (6) monitored with other stants of the reaction sequence, which depend on the
radical cations [15] was not observed in the casgdof nature of the compound:
which is approaching a quasi-reversible behaviour at Inthe case ofak; seems to be relatively high. Thus,
the higher scan rates (see Fig. 2e). The formation of theycloheptatriene is formed at the anode causing an in-
tropylium ionsvia the monomeric dication [reactions creased height of the oxidation peak. The intermediate
(10) and (11)] is rather unlikely because the intermedidimeric dication is very unstable thus not allowing to
ate species are detected even in the presence of pyrioe detected within the time scale investigated here.
ine. Aryl substituents at the seven-membered ring stabi-
The dimeric, distonic radical cation formed in reac-lize these intermediates which are detected in the case
tion (3) might be a candidate for a reducible intermedi-of 2¢, 2d and3d.
ate. But, according to mechanism (A) only 0.5 Fthol = Compound2d is the only cycloheptatriene deriva-
would be consumed to form this radical cation. As ittive which approaches a quasi-reversible cyclic voltam-
has been shown above the peak current of the first oxmogram at high scan rates. In this clagis small and
dation step corresponds to at least 1 F-iékccording  in the range of the deprotonation rate condtarfthere-
to the collection efficiency found in the RRDE-experi- fore, competition between dimerization and deprotona-
ment carried out witt8d the intermediate product is tion is observed. Pyridine deprotonates both the radical
formed with quantitative yield consuming 1F/mol at cation of2d and the intermediate dimeric dication. Both
the disc-electrode. Furthermore, according}dhe sec- reactions increase the concentration of oxidizable ma-
ond electron must be abstracted at the anode. Such terial at the anode€@ and2d’) thus increasing the peak
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height in the cyclic voltammogram 2d.

Conclusion

In the case of the other cycloheptatriene compounds the
dimerization seems to be much faster than the deprotd- This paper demonstrates that the electrochemical oxi-

nation of the primarily formed radical cation.

dation of aryl-substituted cycloheptatrienes proceeds

The different rate constants may be attributed to th@referably by a RRC-mechanism. The process is gov-
different structure of (CHT3* (see Scheme 1 for hypo- erned by the chemical nature and the position of the
thetical dimers). Quantum mechanical calculationsaryl substituent.

(PM3) have shown that such dimers indeed have eneg. At the electrode only one electron is transferred.

gy minima.
(1a),"
(o)
(2d),™ ®
Me;N NMe, Me,N @Mez

L e
0O T OO0
O

Me_N NMe,

Scheme 1

Dimerization of the radical cations and disproportiona-
tion of the dimeric dication yielding the tropylium salt
and the starting material are postulated.

3. Electrolysis of aryl substituted cycloheptatrienes af-
fords the corresponding tropylium cations with high
yields. In the case gkdimethylaminophenyl-cyclohep-
tatriene only the 1- and 3-isomers are effectively oxi-
dised. Thep-dimethylaminophenyl substituent in the 7-
position of the seven-membered ring hinders the elec-
trochemical oxidation to the tropylium salt.

This work was supported by the Fonds der Chemischen In-
dustrie.

Experimental

Rapid scan (1 to 50 ¥} cyclic voltammetry was performed
using a PG 285 IEC (HEKA Elektronik) potentiostat and an
EG&G cell having a planar platinum working electrode=(
1 mm) combined with the program "Electrochemistry. IBM
V 3.1". A saturated calomel reference electrode (in a luggin
capillary with diaphragm) was employed. Acetonitrile (HPLC
grade) was obtained from Riedel de Haen and purified and
carefully dried according to standard procedures. Tetrabutyl-
ammonium hexafluorophosphate (1, Fluka, dried at
110 °C) was used as supporting electrolyte. Oxygen was re-
moved by argon purging.

For the ring-disk experiments a teflon-platinum ring-disk

The disproportionation reaction is supported by de<lectrodef; = 2.300 cmy, = 2.425 cmys = 2.725 cm, Y=
protonation of the dication. Therefore, the addition 0f0.2600 (calibrated with ferrocene and diphenylpicrylhydra-
pyridine leads to an increase of the concentration of théY))] or a teflon-glassy-carbon-ring-disc-electrodg=(

tropylium ion as it was demonstrated with compound
2d and3d (see Fig. 10). In the absence of pyridine com
pound3d plays the role of the base (see Fig. 4 and com

pare Fig. 7b and 7c).

.850 cmyr, = 3.125 cmy4 = 3.975 cm, Iy = 0.3980) was
used. The electrodes were operated by an electrode rotator

Model 636 (Princeton Applied Research) combined with a
double-potentiostat PG 287 (Heka Elektronik). In order to
obtainNy values, the disk current was varied stepwise be-

Pyridine scavenges protons released according to réyeen zero and the limiting current of the first anodic wave.

action (7) and thus prevents the protonatio@dand

3d.

The protonated speci@dH*, 3dH* are not convert-
ible into 4d at the potential appropriate for the oxida-
tion of 2d and3d. The protonate@d has an oxidation
peak potential of 1.6 V and can be reduced releasin

the proton at —0.6 V (platinum electrode).

The different findings of the cyclic voltammetry and

The ring electrode was maintained at a controlled potential
of 0.35 V (SCE) so that no ring current was obtained with the
disk current being zero.

Electrochemistry was carried out by using the PG 285 po-
tentiostat connected to a nitrogen-purged three-electrode-cell
itted vs a SCE with a platinum gauze working electrode and

platinum auxiliary electrode, the latter separated from the
working electrode by a porous-glass disk. 100 mmbheére
added to 50 ml solution of Oultetraethyl ammonium per-

the coulometry regarding the transferred charges mughorate. Electrolysis was performed at a constant potential
be explained by the different time scales of the twoand was terminated when the initial current (15—20 mA) was

methods.

J. Prakt. Cheni999 341, No. 7

lowered to 0.75 mA. Yields of the tropylium salts were deter-
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mined by HPLC by calibrating of the peak areas with the[11]
help of samples of known concentration. Absorption spectra
were recorded on a Shimadzu UV-2101 PC spectrophotomélz]
ter. 1a (Merck) was purified by repeated rectification. The [13]
cycloheptatrienegb —1g[18] and3d [19],2d [20], 3c[21],
2e [22] and3e [22] and the tropylium perchlorates[18] [14]
were synthesised as described in the literature and were pu-
rified by recrystallizationlh [23] andl1i [20] were available
according to standard procedures.

[15]

[16]
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