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Abstract: The electro- and spectroelec-
trochemical properties of dithienylhex-
ahydro- and dithienyhexafluorocyclo-
pentenes are reported. The large effect
of variation in the central cyclopentene
moieties on the redox properties of the
dithienylcyclopentenes is in striking
contrast to the minor effect on their
photochemical properties. The elec-
tronic properties of the oxidised com-
pounds in the +1 and 42 oxidation

clopentene unit and on the nature of
the substituents at C5 of the thienyl
rings. For the hexahydrocyclopentene-
based compounds oxidative ring clo-
sure of the ring-open form is observed,
while for the hexafluorocyclopentene-
based compounds oxidative ring open-
ing of the ring-closed form is observed.
However, the introduction of electroac-
tive groups such as methoxyphenyl
allows oxidative ring closure to occur

effect of electrolyte, solvent and tem-
perature on the spectroelectrochemical
properties were examined, and the
switching process was found to be sen-
sitive to the donor properties of the
solvent/electrolyte system employed. In
addition, thermally activated reversible
isomerisation of the dicationic closed
form was observed. The driving force
for electrochemical ring opening and
closure appears to be dependent on the

state are reported, and the possibility
of electrochemical cyclisation and cy-
cloreversion were explored by UV/Vis
spectroelectrochemistry. The efficiency
of electrochemical switching is found
to be dependent both on the central cy-

Introduction

Molecules capable of reversible change via external stimuli,
preferably in a unidirectional multistate cycle, are receiving
continuing attention in the development of molecular devi-
ces and as molecular memory materials.! A key prerequi-
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relative stabilisation of the dicationic
ring-open and ring-closed states. This
study provides insight into the factors
which determine the direction of cycli-
sation.

electro-

site for effective development of such materials is, however,
addressability, that is, the ability to detect each state inde-
pendently of the switching process. Photo- and electrochro-
mic compounds and materials offer distinct advantages in
this regard, not only due to the wide range of spectroscopic
and electrochemical techniques available to address (read
out) these systems, but also in the close relationship be-
tween photophysical and redox processes.™

Photochromic materials based on diarylethenes and spiro-
pyrans have received considerable attention over the last
few years with regard to their rich photochemical behaviour.
In addition, the use of external stimuli such as pH change
and binding of transition metal ions to control the photo-
reactivity of both diarylethene and indophenylethenes has
been demonstrated.®’! Many of these studies have utilised
the inherent difference in conformational flexibility and de-
pendence on excitation wavelength of the photoreactivity
with considerable success;* for example, their photochrom-
ism has been adapted to drive changes in bulk material
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properties (e.g., gelation properties,” liquid-crystal phase
changes®). The photochromic process is quite robust with
regard to the environment, and indeed several studies have
demonstrated the application of dithienylethene- and spi-
ropyran-based® compounds in modified electrode devices.
Recently, we demonstrated one-way optoelectronic switch-
ing of dithienylethenes on gold using breakjunction techni-
ques.”! The use of redox-active groups covalently attached
to the dithienylethenes has been examined in an effort to
marry the electronic and redox properties in multicompo-
nent systems,'”!!l but only in a few examples have the elec-
trochemical properties been explored.? Only recently, the
redox chemistry of dithienylethenes has received attention
in reports of electrochemical ring opening and closing. "1

To date, relatively few studies
dealing with specific examples
of electrochemically driven
ring-opening and ring-closing
reactions have been repor-
ted."™! Earlier, we reported
the synthesis and characterisa-
tion of a series of (dithienyl)cy-
clopentenes in which the well-
known hexafluorocyclopentene
moiety is replaced by hexahy-
drocyclopentene,™ with only a
modest effect on the photo-
chemical properties of the
switches. In the present contri-
bution, both the hexafluoro (F)
and the recently developed hex-
ahydro switches (H) are em-
ployed to investigate the potential for manipulation of elec-
tronic, photochemical and redox properties of this distinct
class of photochromic materials (i.e., the dithienylcyclopen-
tenes). The bridging cyclopentene groups are themselves
redox-inactive, but they represent extremes: the hexafluoro-
cyclopentene group is electron-withdrawing and thereby de-
creases the electron density on the central alkene group,
while the electron-donating hexahydrocyclopentene increas-
es the electron density on the same group. Phenyl groups
are employed at the C5 position of the thienyl (i.e., 1H and
1F) rings to minimise interference by reactions other than
ring-opening and -closure, such as cationic polymerisation.['”]
Both 1H and 1F exhibit excellent photochemically driven
switching properties that allow reversible formation of a
closed (bis(trans-butadiene) structure, 1He/1Fc¢) and open
(1,2-bis(thiophene)ethene structure, 1Ho/1Fo) forms by UV
and visible light, respectively. The methoxy groups in the
para positions of the phenyl rings in 2H and 2F add an
extra dimension of complexity to the electrochemical prop-
erties!"®! through both their inherent redox activity and their
electron-donating properties. Hence, they are employed to
explore the role of peripheral redox groups in the electro-
chemical processes of the dithienylethene switches, and to
counter the electron-withdrawing properties of the hexa-
fluorocyclopentene group. A detailed examination of the in-
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fluence of solvent, electrolyte and temperature on the elec-
trochemical reactivity is presented to gain a better mecha-
nistic understanding of these processes. Ultimately, by un-
ravelling the fundamental processes which govern electro-
chemical switching, rational design of photo- and
electroactive compounds may be achieved for application in
the emerging field of photonic devices.

Results and Discussion
Compounds 1H, 2H, 1F and 2F (Scheme 1) were prepared

according to procedures reported earlier.'¥! The electronic
and photochemical behaviour of the four compounds in

HelFs

uv

Vis

1Hc/1Fe

HelFs

2Hc/2Fc OMe

Scheme 1. Dithienylcyclopentene switches examined in the present report: suffix o denotes open form, ¢ de-
notes closed form; H and F denote hexahydrocyclopentene and hexafluorocyclopentene, respectively.

their open and closed forms are discussed briefly in the con-
text of the relationship between structure and electronic
properties. The redox properties of 1H/2H and 1F/2F are
explored in detail to elucidate the parameters which deter-
mine their electrochemical behaviour. The properties of 1F
and 2F are compared to those of 1H and 2H, and the fac-
tors responsible for the contrasting behaviour of these com-
pounds towards oxidative ring opening/closing are discussed.

Electronic properties: The electronic properties of the four
compounds in their open (0) and closed (c) states are pre-
sented in Table 1. Comparison of the electron-rich hexahy-
drocyclopentene-based compounds (1Ho/1He and 2Ho/
2Hc) with the electron-deficient hexafluorocyclopentene-
based compounds (1Fo/1Fc¢ and 2Fo/2F¢) shows a batho-
chromic shift in the lowest energy absorption bands in both
the open and closed forms (Figure 1). The changes in energy
observed for higher energy absorption bands of the closed
forms are equally pronounced. The methoxyphenyl-substi-
tuted compounds 2H and 2F (Scheme 1) show, in the closed
state, an additional intense absorption at 303 (2Hc) and
344 nm (2Fc) (and 284 nm in 2Ho), which is assigned tenta-
tively to the methoxyphenyl group. The large bathochromic
shift in this band observed in the closed form (2Hec versus
2Fc) is not as pronounced in the open form (2Ho versus
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Table 1. Electronic and redox properties of 1H/1F and 2H/2F in open and closed forms.!! Redox properties: Electro-
ADS. A [nm] E,.[V]vs SCE AE [mV] (c/c*/c**) chemical data for 1H/2H
(e [10°em™'m71]) (E,, where irr) (Figure 2) and 1F2F
Open form (Figure 3), in open and closed
1Ho 278 (18), 303 (sh) 1.16 (irr), —2.53 (irr) states, are presented in
1Fo 285 (33) 1.59 (irr), —1.75 (irr) T [18]
able 1.1'*) The hexahydro- and
2Ho 284 (28), 308 (sh) 0.99 (irr) Y ;
2Fo 296 (38) 1.2 (irr), —1.7 (irr) hexafluorocyclopentene  units
Closed form represent extreme limits in
1Hc 267 (15), 349 (5.2), 360 (6.4) 527 (8.8) 0.67, 0.43, —1.74 (irr), —2.03 (irr) 240 terms of the electronic proper-
1Fc 308 (22), 366 (8.8), 380 (9.1) 588 (12) 0385 (qr), ~1.13 (ar) ‘ <50 fies of the bridging cyclopen-
2He 237 (14), 303 (24), 345 (9.5) 519 (13) 0.45, 0.32, —1.84 (irr), —2.16 (irr) 130 unit. and hence sienificant
2Fec 344 (25), 376 (sh) 593 (18) 0.67, —1.16 (qr), —1.46 (irr) <20 '€ > a 1gnili
differences in the redox proper-

[a] sh=shoulder, irr=irreversible, qr=quasireversible (see ref. [18] for definitions used in present work); ties of the two sets of dithienyl-

AE =separation of the first and second oxidation processes in closed state (c/c*/c’*). Electronic spectra were
recorded in CH;CN. Redox measurements were carried out in 0.1 TBAP/CH;CN.
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Figure 1. UV/Vis absorption spectra of 1H, 1F, 2H and 2F (a: open
form, b: closed form) in CH;CN.

2Fo), and this suggests that the influence of the hexafluori-
nated group on the methoxyphenyl moiety is minor in the
open form. This difference is rationalised on the basis of
loss of conjugation of the thienyl ring with the bridging cy-
clopentene in the more flexible open state,!”l while the
minor bathochromic shift (2Ho versus 2Fo) is attributed to
inductive effects.

ethene compounds are expect-
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Figure 2. Cyclic voltammetry of 1Hc (a) and 2He (b) in CH;CN (0.1m
TBAP) at 0.1 Vs™'. (For 2He only the first reduction is shown due to
pacification of the electrode on the second reduction).

ed. For the phenyl-substituted compounds 1H/1F very large
anodic shifts in both the oxidation (ca. 420-430 mV) and re-
duction (ca. 670-780 mV) processes are observed (1F vs
1H, see Table 1); this indicates that the hexafluoro substitu-
tion stabilises the LUMO (i.e., the first reduction process)
to a greater extent than the HOMO (i.e., the first oxidation
process). The smaller HOMO-LUMO gap measured elec-
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Figure 3. Cyclic voltammetry of 1Fc (a) at 0.5 and 5Vs™' and 2Fe¢ at
0.1 Vs™' (b) in CH;CN (0.1m TBAP).

trochemically suggests that overall a reduction in the
HOMO-LUMO gap should be observed for 1F compared
with 1H. In the electronic spectra this is seen as a batho-
chromic shift in the lowest absorption band (vide supra).
For the closed methoxyphenyl-based compounds 2He/2Fe
an almost identical situation is observed, but in the open
forms, 2Ho/2Fo, a more complex electrochemical behaviour
is present (vide infra), due to the non-innocent nature of the
methoxyphenyl group. In the first instance it is apparent
that the electron-withdrawing properties of the hexafluoro-
cyclopentene unit are effectively compensated by the intro-
duction of the methoxyphenyl moiety. However, the absence
of such a compensatory effect of the methoxyphenyl group
in the closed form suggests that more complex electrochemi-
cal behaviour is present. Overall, however, it is clear that
the redox properties (in terms of redox potentials) are very
sensitive to, and hence tuneable by, modification of both the
bridging cyclopentene unit and substitution at the C5 posi-
tion.

Electrochemical properties in the closed state: The closed
states were prepared readily by UV irradiation at A=
313 nm to yield a photostationary state (PSS) containing the
closed forms in greater than 98% purity (determined by
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© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

"H NMR spectroscopy). Overall, in the closed state, the di-
thienylethenes show destabilisation of the HOMO, and
hence less anodic redox potentials, than in the open state.
For 1Hc and 2Hc two fully reversible oxidation processes
are observed between 0.0 and 1.0 V (vs SCE), assigned to
two one-electron oxidation steps (Figure 2). Similarly, two
irreversible reduction steps are observed between —1.5 and
—22V (vs SCE). The separation between the first and
second oxidation processes indicates that the monocationic
species is stable both chemically™ and with regard to dis-
proportionation (1/K,, vide infra).?!

For 1Fc, a quasireversible oxidation is observed at 0.85 V
(Figure 3) and a quasireversible reduction at —1.13 V. At
high scan rates (>2 Vs™), two oxidation processes are parti-
ally resolved (30<AE<50mV) and two reduction waves
are observed on the return cycle. The scan-rate dependence
of the reversibility suggests that the oxidation processes are
electrochemically reversible and that the irreversibility ob-
served at low scan rates is due to a moderately slow (10~° to
107%s7") subsequent chemical reaction (an EC mecha-
nism).?Y) This is in agreement with results obtained from
spectroelectrochemistry (vide infra). For 2Fe the reversibili-
ty of the oxidation is considerably improved, and the obser-
vation of two quasireversible reductions also indicates a
more complex electrochemical behaviour than for 1Fe. The
separation of the first and second oxidation processes (AFE)
is less than the resolution limit for both cyclic and differen-
tial pulse voltammetry (<30 mYV). The reduction in AE
from 1Fc to 2Fc is in agreement with that observed for 1He
to 2Hec. Together with the reduction in AE observed be-
tween 1He and 1Fec, this indicates that the two thienyl units
(or more specifically the two trans-butadiene units) do not
form an extended conjugated system over the entire dithie-
nylethene but are predominantly localised on each thienyl
ring (vide infra). For both 2Hc and 2Fe¢, however, the simi-
larity of the redox properties and potentials with those of
the phenyl-substituted compounds 1He and 1Fe, provide
strong evidence that the electrochemical processes observed
are governed primarily by the dithienylethene core and not
the methoxyphenyl substituents. The first reduction process
for 2Fc is assigned to reduction of the dithienylethene core
on the basis of its similarity to that observed for 1Fe¢, whilst
the second is assigned tentatively to a reduction process in-
volving the methoxyphenyl units.

Overall, it is apparent that the stability and reversibility
of the oxidised compounds can be affected quite profoundly
by C5 substitution, even though substitution in the C5 posi-
tion of the thienyl ring results in relatively minor changes in
the redox potentials of the closed dithienylcyclopentenes in
comparison to substitution of the hexahydrocyclopentene
group (H) for the hexafluorocyclopentene group (F).

Electrochemical properties in the open state: As has been
reported previously for related compounds,>!*'23 in the
open state all of the compounds examined exhibit an irre-
versible oxidation process at more anodic potentials than in
the closed state. As with the dithienylhexahydrocyclopen-
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Figure 4. Oxidative conversion of 1Ho to 1Hec (50 cycles, a), and 2Ho to
2Hc (b), by repetitive cyclic voltammetry at 0.5 Vs in 0.1m TBAP/
CH;CN. Initial scan direction is cathodic and starting point is 0 V versus
SCE.

tenes in the closed state (i.e., 1He and 2Hc), in the open
state a cathodic shift (150 mV) is observed on introduction
of the methoxyl group, which reflects its electron-donating
properties. In contrast to the closed forms, the open form
shows a single irreversible two-electron® redox process at
anodic potentials, typical of thiophene oxidation chemis-
try.'®) For both 1Ho and 2Ho oxidation is completely irre-
versible.”! Indeed with a Pt microelectrode (10 um), no re-
versibility in the oxidation of the open form 1Ho was ob-
served at scan rates up to 1000 V™', which places the rate
of the ring-closure reaction at greater than 10*s™'. However,
in the return cycle two new reduction processes are ob-
served at potentials coincident with those of the closed
forms. Repetitive cycling at higher scan rates results in a sig-
nificant buildup of the closed form (1Ho—1Hc and 2Ho—
2Hoc) in the diffusion layer of the electrode (Figure 4).7+>13

For 1Fo and 2Fo a more complex situation is observed.
In contrast to 1Ho, repetitive cycling of 1Fo leads to a new
irreversible reduction process at 0.3V (assigned to 1Fx,
vide infra), which itself results in a new oxidation process at
about 0.9 V (coincident with the oxidation process observed
for 1Fc). The difference in reduction potential between 1Fx
(Figure 5) and 1Hx (see Figure 7b) of about 500 mV is in
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Figure 5. Cyclic voltammetry of 1Fc/1Fo (a) and 2F¢/2Fo (b) at 0.5 Vs~
(0.01m TBAP in CH;CN). Initial scan direction is cathodic and starting
point is 0.0 V versus SCE.

agreement with the difference in potential observed be-
tween 1Fo and 1Ho (ca. 430 mV).

For 2Fo an irreversible oxidation process at 1.2V is ob-
served, but in contrast to 1Fo, for 2Fo direct ring closure is
observed on oxidation of the open state (Figure5). As in
the case of 2Fec, replacement of the phenyl rings by
methoxyphenyl groups results in a cathodic shift (ca.
400 mV, 1Fo to 2Fo) in the first oxidation process, but the
first reduction process (at —1.75V) is virtually unaffected
(compared to 1Fo). This remarkable difference in electro-
chemical behaviour between 1Fo and 2Fo, together with the
large difference in oxidation potential (400 mV), suggests
that in contrast to 2Ho, for 2Fo the oxidation process in-
volves the methoxyphenyl unit and not the dithienylethene
unit (vide supra).

Overall, it may be concluded that whereas the hexahydro-
cyclopentene-based compounds 1H/2H undergo ring clo-
sure on oxidation of the ring-open form, the hexafluorocy-
clopentene-based compound 1F is unreactive towards ring
closure. In contrast, ring opening on oxidation of the ring-
closed form 1Fc is observed (see Figure 5 and below). Thus,
the driving force for electrochemical ring opening and clo-
sure appears to be controllable.

Chem. Eur. J. 2005, 11, 6414 —6429
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To exploit this “tunability” in the direction of the reac-
tion, the underlying driving force for ring opening and clos-
ing must first be understood. Assuming that the two thienyl
rings of the open form (and by analogy the two trans-buta-
diene systems of the closed form) behave as independent
redox units, then it is possible that the most important
factor is the relative stabilisation of the cation located on
the thiophene heterocycle (i.e., in the open form) compared
with the cation located on the extended trans-butadiene
(i.e., in the closed form). To a first approximation the cyclic
cation would be expected to be the most stable state, and
hence the natural direction of electrochemical switching is
from the closed to the open form. However, in the hexahy-
drocyclopentene-based compounds, sufficient delocalisation
of the positive charge of the cation over the entire dithienyl-
ethene group occurs, renders the closed cation the most
stable state and hence allows ring closure. A further consid-
eration is the role of substituents at C5 of the thienyl rings.
The reversal of reactivity towards ring closure observed in
1Ho (compared with 1Fo) is achieved also by introduction
of electroactive groups such as the methoxyphenyl unit
(2F).” Although the role the peripheral redox groups play
in ring closure is not certain at this stage, it is possible that
ring closure occurs by an intramolecular electron-transfer
process subsequent to oxidation of 2Fe (Scheme 2).

hv

[0x] [0x] h
followed by followed by
[red] [red]

F

DA 6

1/2He R 1Fc
1R=H
2R=0OMe
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Solvent and electrolyte dependence of the electronic and
redox properties of 1Ho/1Hec: The effect of solvent and the
nature of the electrolyte on reaction rates, in particular in
systems exhibiting chemical reactions subsequent to electro-
chemical processes, is well established.” The solvent de-
pendence of the electronic and redox chemistry of 1H was
examined in detail to explore the role solvent and other en-
vironmental factors play in determining the chemical proc-
esses which the oxidised open and closed states undergo.
The influence of solvent on the absorption spectra of 1Ho
and 1Hc, although modest, is apparent (see Supporting In-
formation, Figure S2). For 1He, a distinct perturbation of
the band shape with changing polarity of the solvent and a
bathochromic shift in the bands both at 4,,,,~350 nm and at
Amax =525 nm (10 nm, 450 cm ™) is observed with decreasing
solvent polarity. The absence of a pronounced solvatochro-
mic behaviour suggests the lowest energy absorption in 1He
is predominantly mst* in nature and has little, if any, charge-
transfer character.

The solvent dependence of the redox properties of 1Ho
and 1Hc is presented in Table 2. Although the first oxida-
tion process of both 1Ho and 1Hc is predominantly solvent-
independent (1Ho 1.12+0.06 V, 1Hc 0.41+0.07 V), the
separation AE between the first and second oxidation steps
of 1Hec is very sensitive to both solvent and electrolyte. The

>14V

Intramolecular
hv ’ electron transfer

and ring closure

Scheme 2. Tuning of direction of electro- and photochemical ring-opening/closing. For 1H/2H oxidative (followed by reduction) ring-closure is observed,
whereas for 1F, oxidative (followed by reduction) ring-opening is observed. Proposed mechanism for ring-closure during the oxidation of 2Fo.

To investigate the mechanism and driving forces behind
electrochemical switching in dithienylethene-based systems,
a better understanding of the species formed on oxidation
and their relative stabilities is required. In addition, applica-
tion of this class of compound in molecular devices and
functional materials requires that the role of environment in
their electrochemical behaviour also be understood. In the
following sections, the role of solvent, electrolyte and tem-
perature in controlling the cyclisation/cycloreversion of the
dithienylcyclopentenes are explored in an effort to answer
some of the questions raised above.

Chem. Eur. J. 2005, 11, 6414 -6429
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relationship between AE for the closed forms and solvent
acceptor number and dielectric constant (or polarity) was
explored, but no clear relationship was observed (see Sup-
porting Information, Table S1).””! In contrast a relatively
good correlation (R*=0.92) was observed between AE and
the Guttmann solvent donor number (Figure 6); AE de-
creases with increasing solvent donor strength.”” The rela-
tionship between solvent donor number and AE indicates
that a significant degree of stabilisation of the monocation
1Hc" is achieved through solvation. As the solvent donor
strength decreases, the electron density on the closed form
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Table 2. Solvent dependence of electrochemical properties of 1H.

AE DN
[mV] (solvent)

Open form Closed form

Solvent™  E,, [V]vs SCE (all E,, [V] vs SCE (E,,
processes are irr) where irr)
CH,OH" 1.09 0.51 (irr) 0.38 70 19

C,H.OH 1.09
(CH,),SO 1.14

0.56 (irr) 045 (irr) 110 20
0.63 (irr) 0.515 (irr) 115  29.8

DMF 115 0.62 (irr) 046 (irr) 160  26.6
THF 133 0.82 (irr) 0.61 170 20
(CH,),CO 1.13 0.69 (irr) 0.47 190 17.0
CH,CN 116 0.67 0.43 240 141
CHCL,  1.18 0.73 (irr) 046 (qr) 200 <10
PhNO,  1.11 0.68 (qr) 034(qr) 305 44
CH,NO, 1.08 0.58 031 210 2.7
CH,Cl,  1.10 0.68 034 360 0
E,O  1.18 0.86 (irr) 0.345 490 192
THF fe 0.86 (irr) 0.50 320 20

[a] Unless stated otherwise, measured at 298 K, 0.1m TBAP supporting
electrode, scan rate 100 mVs~'. [b] Guttman donor numbers (DN) are
for pure solvents. The effect of the high concentrations (0.1 M) of electro-
lyte, although nonnegligible, is assumed to be constant throughout the
series of solvents. [c]0.1M NaClO, supporting electrolyte. [d] 0.1m
NaBATF, [e] not measured.
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1004 EtOH
MeOH
*
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Gutmann solvent Donor Number (DN)

Figure 6. Solvent dependence of AE for 1He [E,,(1Het/1HE)—E ),
(1He¢/1He')] in 0.1 TBAP/solvent at 0.1 Vs™'. For MeOH and EtOH
0.1m NaClO, was employed as supporting electrolyte. For CHCl; the DN
is estimated as <10, but trace impurities may raise the DN of the solvent
and hence bring the value of AE into alignment. See Table 2 for data.

of the dithienylethene increases, which renders the second
oxidation step more difficult and moves it to more anodic
potentials.

The value of AE obtained in diethyl ether solution is sig-
nificantly higher than expected (i.e., by comparison with
THF, Table 2). This, initially surprising, result is due to the
use of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (NaBArF) in place of Bu,NPF; (TBAP) as support-
ing electrolyte.” Although anions such as PF~ are general-
ly accepted as being innocent with regard to their coordina-
tion properties, they are nevertheless stronger electron
donors than the solvents employed. The larger BArF~ anion
is a much weaker electron donor than more compact anions
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(e.g., PF,7), and hence its ability to stabilise the monocation
(1Hc*) would be expected to be much lower, so that an in-
crease in AE results.” To test this hypothesis the effect of
NaBATrF (instead of TBAP) was examined. Indeed, in THF
the dependence of AE on the electrolyte is striking
(A(AE)=47%).”! Correction of the value obtained in di-
ethyl ether® (AE=490 mV) for the electrostatic contribu-
tion of the electrolyte results in a value of AE=260mV,
which is consistent with data obtained with TBAP. The in-
creased values obtained with BArF~ reflect its poorer donor
properties compared with PF¢~. The importance of the elec-
trolyte is demonstrated further by the fact that in protic sol-
vents (i.e., MeOH and EtOH), values for AE lower than ex-
pected are obtained. Again the use of NaClO, as supporting
electrolyte is a possible contributing factor to the lower
value of AE. The effect appears to be restricted to the
anionic component of the electrolyte, as in CH;CN using
KPF; instead of TBAP has no observable effect on the oxi-
dation chemistry. This sensitivity to the electrolyte indicates
that stabilisation by the electrolyte anion (ClO,”, PF¢~ or
BATrF"™) through ion pairing is more important than stabili-
sation through the solvent donor properties. Delocalisation
of the SOMO over the entire conjugated system is encour-
aged by the use of poorer donor environments and leads to
an increase in the relative potential of the second oxidation
step. Overall the dependence of AE on solvent and electro-
lyte indicates that the first oxidation step (1Hec to 1He") is
not delocalised over the entire conjugated system but is lo-
calised on a single thienyl ring.

It is clear from Figure 6 that both solvent and electrolyte
play a crucial role in stabilisation of the monocation 1He™.
In addition, the reversibility of the first and second oxida-
tion processes (i.e., the chemical stability of the mono- and
dications 1He* and 1Hc?™ is very dependent on the solvent
employed. The stability of these species is essential if elec-
trochemical ring closure of the open form 1Ho is to be ob-
served.

Solvent dependence of electrochemical reversibility for
switching of 1Ho to 1Hc: The effect of the solvent on the
stability of the mono- and dications of the closed forms and
the switching processes was examined for 1H. In strong
donor solvents neither process is reversible; the first oxida-
tion step results in rapid decomposition (only the first oxida-
tion process is observable at scan rates <100 mVs™). In
weaker donor solvents such as acetone, the first oxidation
process of the closed form becomes fully reversible (vide
supra). Nevertheless a pronounced dependence on scan rate
of the reversibility of the second redox process (with im-
proved reversibility at higher scan rates) is observed in sev-
eral weaker donor solvents, and formation of a stabilised
cationic species is observed (vide infra). These observations
indicate that several factors influence the electrochemical
stability of these systems.

Figure 7 shows cyclic voltammograms of 1He (a) and
1Ho (b) in diethyl ether. As for 1Ho in acetonitrile, an irre-
versible oxidation process is observed at about 1.18 V (vs

Chem. Eur. J. 2005, 11, 6414 —6429
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Figure 7. Repetitive cyclic voltammetry of a) 1He and b) 1Ho in diethyl
ether (0.1m NaBATrF) at 298 K and 1 Vs™'.

SCE). However, only negligible amounts of 1He?** are ob-
served on the return scan. Instead a reduction process at
—0.1 V is observed, which is attributed to an additional spe-
cies (1Hx). This new species is cationic and is formed by re-
versible chemical rearrangement of 1He?* (vide infra). The
reduction process observed on the return cycle (at —0.1 V)
is itself irreversible and results in two new oxidation proc-
esses being observed on the second scan at potentials coinci-
dent with those of the closed form (1Hc), as for 1Fo in
CH;CN (see Figure 3).

Similar behaviour was obtained for the closed form 1He
(Figure 7). Oxidation processes observed at 0.345 and 0.86 V
(vs SCE) are assigned to the formation of the mono- (1He*
) and dicationic (1Hc?>*) forms, respectively (vide supra).
The first oxidation process is fully reversible, but the second
oxidation process is irreversible and yields a reduction pro-
cess at —0.1 V (as observed for 1Ho) on the return cycle.
Similar behaviour is observed in acetone, THF, dichlorome-
thane and CHCI;, albeit with increasing reversibility of the
second oxidation process of the closed form with increasing
solvent donor strength. This solvent dependence highlights

FULL PAPER

the role of solvent in the stabilisation of 1He** and 1He™.
In every case, at higher scan rates reversibility of the redox
chemistry of 1He is improved, and this confirms that the
formation of 1Hx occurs by an electrochemical-chemical
(EC) mechanism and that the transformation is not directly
coupled to the electron-transfer process itself (Figure 8).
Clearly, for 1He, both the first and second oxidation proc-
esses are electrochemically reversible, and the formation of
the oxidation product (1Hx, observed at —0.1 V) is due to a
subsequent chemical reaction (presumably a reversible in-
tramolecular reaction given its chemical reversibility), that
is, the process has an EC mechanism®! (vide infra). Hence,
overall, the conversion of 1Ho to 1He may be viewed as an
ECEC mechanism in diethyl ether. A broad overview of the
mechanisms discussed in this section is presented in
Figure 8.

Overview of redox processes: It is clear from cyclic voltam-
metry (vide supra) that 1Ho yields the dication 1Hc?* and/
or 1Hx on oxidation, with a clear solvent dependence for
the formation of either species. Both 1H¢** and 1Hx are
also formed by oxidation of the closed form above the
second oxidation process (e.g.,> 0.7 V). For 1He an inter-
mediate species (monocation 1He%) is formed between the
first and second oxidation processes (ca. 0.4 to ca. 0.6 V, see
Table 1). For 1F¢, although the first oxidation process is
electrochemically reversible, the irreversibility of the second
oxidation process (which occurs at almost the same poten-
tial) renders the oxidation irreversible overall (Figure 3). In
contrast, for 2Fc fully reversible oxidation processes were
observed, and 2Fo undergoes electrochemical ring closure
to form 2Fe. To gain deeper insight into the electrochemical
processes observed by cyclic voltammetry, the spectroscopic
properties of the various oxidation products were investigat-
ed by spectroelectrochemistry.

Spectroelectrochemistry: Spectroelectrochemistry is a pow-
erful tool in the elucidation of redox processes and the iden-
tification of oxidation products.*! It is surprising then that
this technique has not been applied to dithienylcyclopen-
tene-based electrochromic com-
pounds, with the exception of
one isolated example.'™ It is

116V 118V
-2e -2¢f clear from cyclic voltammetry
| e - / , | o - } , that oxidation of 1Ho, 2Ho or
MHo — = 1Ho" ————— 1Ho* 1H 1Ho* + .
© © 1Ho 2Fo leads to ring closure to
hv hv ~<—isomerisation —»| hv hv ~=—isomerisation —» 2+ 2+ 2+
> 400 nm | 313 nm 2400 rm 1 313 nm form 1Hc™", 2He or 2Fc™".
e . However, for 1Fo ring closure
+ 2+
1Hc 1Hc 1He 1Hc .
T e +e +e is not observed, presumably
043V 087V ‘ 035V 086V due to the irreversible nature of
| , e < the oxidation of 1Fe to 1F¢**.
+2e slow isomerisation +2e ast isomerisation . .
010V 010V To establish the. ult}mate prod-
a) in CH,CN b) in EL,O ucts of these oxidation process-

Figure 8. Schematic diagram of electrochemical processes observed for 1Ho/1Hc in a) CH;CN (0.1m TBAP)

es spectroelectrochemical char-
acterisation of all four com-

and b) diethyl ether (0.1 NaBATrF). Arrows indicate chemical reversibility only. The rate of isomerisation is

relative to electrochemical scanning rate (0.1 Vs™'). The point of ring closure (i.e., via 1Ho* or 1Ho?*) is dis-

cussed further in the text (vide infra).
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pounds in both open and closed
states was carried out.
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Table 3. Electronic properties of 1He™*/o and 2He" /o (m=0, 1, 2, from Figures 9 and 10) and 1Hx (from

Figure 10) in CH;CN (0.1 TBAP) 12

Spectroelectrochemical proper-

ties of 1Ho/I1Hc: For 1Hc the
large separation between the

first and second oxidation steps
allows generation of both the
monocationic  (1He*)  and
dicationic (1He?") species (see

Table 3). Oxidation at 0.55V
(i.e., at a potential intermediate
between the first and second
oxidation processes of 1Hc) results in depletion of the ab-
sorption of 1Hec (at ca. 530 nm) with a concomitant forma-
tion of strong absorption bands at about 750 nm and
>1100 nm and sharp transitions at 387 and 447 nm (possibly
formally spin forbidden transitions, as indicated by their
narrow peak shape). Complete recovery of the original spec-
trum of 1He is observed on subsequent reduction at 0.0 V.
The low-energy absorption bands and the narrow transitions
at higher energy support the assignment of the spectrum as
that of the monocation 1He*.F? Oxidation of 1He (or
1Hc") at 0.9 V resulted in the formation of 1THe** (A=
390, 537 nm) at 273 K. At higher temperatures, (e.g., 298 K)
1Hc** was unstable, and the absorptions at 390 and 537 nm
decreased, while new bands appeared at 685, 425 and
403 nm (1Hx). The species formed is cationic®! and can be
reduced to the closed form 1Hec at —0.2 V versus SCE. The
species is assigned as the same species 1Hx observed by

On oxidation of 1Ho at 1.3V (at 273 K), a marked de-
crease in the absorption intensity around 280 nm is ob-
served, accompanied by the appearance of new bands at 390
and 537 nm (1Hc**). In addition, bands assignable to 1He™*
and 1Hx (vide supra) are also present, but reach only very
low pseudo-steady-state concentration prior to complete ox-
idation of 1He. Reduction of the oxidised sample (i.e., 1Ho
electrolysed at 1.3 V) at 0.0 V results in a decrease in the ab-
sorption intensity at 554 nm, together with an almost com-
plete loss of the absorption bands at 396 and 428 nm and a
transient increase in the absorption at 750 nm (assigned to
1Hc"). The transient formation of 1He* during reduction
of 1Hc?* is not unexpected. The reduction of 1He** to 1He
is not a concerted two-electron transfer but occurs in two
single-electron reduction steps. Partial recovery of the ab-
sorption intensity around 280 nm also occurs, but a strong
absorption at about 530 nm remains (Figure 9¢). As expect-
ed, no change in the absorption at 685 nm (1HX) is observed
until reduction at —0.2 V is carried out (1Hx is most likely
formed via 1Hc?*, vide supra). Reduction at —0.2 V results
in depletion of 1Hx (i.e., bands at 685 and 425 nm), further
recovery of the 280 nm absorption and a small increase in
the absorption at 530 nm. The absorption spectrum (in the

ADs. Ay [nm] Abs. Ay [nm] (¢)
1Ho 278, 303 (sh) 2Ho 284, 308 (sh)
1Hc 267, 287 (sh), 349, 360, 527 2Hc 237, 273 (sh), 303, 345, 519
1Hc* 387, 447, 753, 838(sh), >1100 2Hc* 392, 444, 528, 757, 846, 1043
1H 390, 537 2HC 387, 435, 546, 582
1Hx 406 (sh), 427, 674
[a] sh=shoulder.
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Figure 9. a) Oxidation of 1He to 1Hct at 0.55 V, b) oxidation of 1Ho to

1He?* at 1.3 V and c) subsequent reduction to 1He at 0 V and 273 K in
0.1m TBAP/CH;CN.
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visible region, 4,,,, =530 nm) is identical to that of 1Hec, that
is, ring closure occurred during the oxidation and subse-
quent reduction process.

Formation and properties of 1 Hx: The formation of 1Hx di-
rectly from 1He™ is improbable, as the rate of conversion is
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quite modest when oxidation is carried out at 0.55 V. This
conclusion is supported by the fact that at lower tempera-
ture the formation of 1Hx is suppressed effectively and also
by the fact that in diethyl ether the 1H¢/1He™ redox couple
is fully reversible (Figure 7). At 298 K, oxidation at 0.9 V re-
sults in very rapid formation of 1Hx and transient formation
of 1Het with no spectral evidence for the formation of
1Hc**. It is probable then that formation of 1He*" results
in reversible rearrangement to the more stable species 1Hx.
Reduction of 1Hx at —0.2 V results in reformation of the
spectrum of 1He (Figure 10). Hence, it can be concluded

1Hx

(AU)

Abs

400 500 600 700

wavelength (nm)

Figure 10. Reduction of 1Hx (generated by oxidation of 1He at 0.9 V) to
1Hc at —0.2 Vat 298 K in 0.1 m TBAP/CH,CN.

that the disproportionation of 1He" [i.e., 2He"=1Hc** +
1Hc, see Eq. (1) below], although thermodynamically un-
favourable, is driven by the rapid conversion of 1Hc** to
1Hx. The isosbestic points observed on reduction of 1Hx to
1Hc suggests the chemical reaction which follows reduction
is rapid with no long-lived intermediates.

The rapid conversion of 1Hx to 1Hec on reduction indi-
cates that the formation of 1Hx occurs with retention of
structure (i.e., it involves an intramolecular rearrangement).
The molecular structure of 1Hx is, at present, unknown, but
its intense visible absorption spectrum, very low oxidation
potential and insolubility in hexane confirm that it is a cat-
ionic species. In addition, its rapid formation from 1He?" in-
dicates that 1Hx is a dication. The strong temperature and
electrolyte dependence, together with the absence of a con-
centration or O, dependence, of the formation of 1Hx indi-
cates that the conversion of 1Hc?* to 1Hx is an intramolec-
ular process.

Selective oxidation by chemical oxidants has been em-
ployed previously to induce electrochemical ring opening.['’]
The use of selective oxidants in achieving ring closure was
also explored. The monocation 1He* could be prepared by
selective oxidation with ferrocenium hexafluorophosphate
(0.39V vs SCE) in several solvents (see Figure S3 in the
Supporting Information).'” The absorption spectrum of the
monocation is largely solvent-independent (752-760 nm),
but the lowest energy absorption feature (>1100nm) is

Chem. Eur. J. 2005, 11, 6414 -6429
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beyond the range of the instrument. Similarly, chemical oxi-
dation with the stronger oxidant Ce! (ca. 0.9 V vs SCE),”)
at 298 K results in oxidation of 1He and 1Hec to 1Hx. Spec-
tral features of both 1He* and 1Hc** could be observed
during the oxidation process. It is clear that electrochemical
ring closure by chemical oxidation is possible, however it is
difficult to control, and the formation of 1Hx, (which re-
quires subsequent reduction to form 1He, Figure 7 and 10
highlight the complexity of the cyclisation/cycloreversion
processes observed for this class of compound (Figure 8).

Spectroelectrochemical  properties of 2Ho/2Hc: The
methoxyphenyl-based compounds (2H) exhibited electro-
chemical ring closure of 2Ho and reversible oxidation of
2Hc to 2He* and 2He**. For 2H similar spectroelectro-
chemical behaviour to that of 1H was observed (Figure 9).
Bulk oxidation of 2Ho (at 1.0 V) leads to the formation of
intense bands in the visible region, which show more struc-
ture than that observed for 1Ho (Figure 11). Formation of

a) 1.

0
@

0.

0.

wavelength (nm)

b) 20"

1.0

0.8
o 0.6
<

. ==
600 800 1000

wavelength (nm)

T
400

Figure 11. Oxidation of 2Ho to 2Hc?*(a) at 1.3 V and subsequent reduc-
tion to 2He™ at (b) 0.35 V at 273 K in 0.1 KPFy/CH,;CN.

2Hec*t (ca. 50%) was also observed during oxidation, with
complete disappearance of features assigned to 2He? to-
wards the end of the oxidation process resulting in 2He**
(Figure 11). No evidence for the formation of a species
equivalent to 1Hx in significant amounts was observed,
however. This is possibly due to the stabilising effect of the
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methoxyphenyl groups on cation 2He" and dication 2He?™.
Reduction of 2He?* did not occur, except below 0.45 V (as
expected), and at 0.35 V complete conversion to monocation
2Hc* was observed. Subsequent reduction at 0.0 V leads to
complete loss of the spectral features assigned to 2He™* and
the formation of a spectrum similar®™! to that of 2He gener-
ated photochemically from 2Ho (Figure 12). The differences

a)
0-99 2He
0.6+
0
2
0.3
0.0 ; . -
300 600 900
wavelength (nm)
b) — — electrogenerated
photogenerated
0.
o 0.
G
0.
0. Trm ==

T T T T T
300 400 500 600 700
wavelength (nm)

Figure 12. Reduction of 2Hc* to 2He (a) at 0 V at 273 K in 0.1m KPFy/
CH;CN and overlay of spectra of photochemically generated closed form
with electrochemically generated compound (b).

between the spectrum generated electrochemically and that
generated photochemically are attributable to minor
(<10%) degradation under electrochemical conditions.

Spectroelectrochemical properties of 1Fo/I Fc: In contrast to
1Ho and 2Ho, electrochemical ring closure was not ob-
served by cyclic voltammetry for 1Fo. Moreover, oxidation
of 1Fe resulted in very rapid subsequent chemical reactions,
and hence an effectively irreversible oxidation process was
observed at slow scan rates. To investigate further the prod-
ucts of both these oxidation processes, spectroelectrochemi-
cal studies were carried out on 1Fo and 1Fc. For 1F, effi-
cient and quantitative electrochemical ring opening of 1Fe¢
to 1Fo was observed on controlled potential electrolysis at
1.0 V (vs SCE, Figure 13). No evidence for additional bands
in the visible region was obtained during the course of the
oxidation process, but the conversion of 1Fc to 1Fo (via
1Fc**) is clearly not immediate on oxidation (as evidenced
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Figure 13. Oxidation of 1Fc (a) at 1.0 V and 1Fo (b) at 1.4 V at 273 K in
0.1M TBAP/CH,CN.

by the slower formation of the open form compared with
the rate of loss of the closed form). As expected from cyclic
voltammetry, oxidation of 1Fo resulted in irreversible oxida-
tion with a significant modification of the absorption spec-
trum in the UV region, that is, degradation. Although oxida-
tion of 1Fo did not lead to ring closure, regeneration of 1Fc
was possible by UV irradiation (1=313 nm). Subsequent
ring opening by oxidation and photochemical ring closure
were achieved (at 298 K) with less than 10% degradation
per cycle (possibly due to formation of reactive species such
as NH, during the electrochemical oxidation).” Recently,
Zhou et al.™®¥ showed that electrochemical ring opening of
hexafluorocyclopentene-based compounds in which the sub-
stituent at C5 of the thienyl ring is H or -CH(COCH,)-
(CO,CH,)™ is a general feature of this class of compound.
For compounds which incorporate electroactive groups, ring
opening was reported to occur.>?

Spectroelectrochemistry of 2Fc¢/2Fo: Cyclic voltammetry
shows that the redox properties of 2F are in marked con-
trast to those of 1F. Clearly, in the closed form the oxidation
process is localised on the dithienylcyclopentene unit, but in
the open form the low redox potential and clearly opposite
redox behaviour to 1Fo supports assignment of the oxida-
tion process at 1.2 V as being methoxyphenyl-based. In con-
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trast to the hexahydrocyclopentene-based compounds 1H/
2H, more complex spectroelectrochemical behaviour (Fig-
ures 14 and 15) is observed for methoxyphenyl-based 2F.

a) 0.

Abs
o
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wavelength (nm)

Abs

T T T T ' |
300 400 500 600 700 800
wavelength (nm)

Figure 14. Oxidation of 2Fo at 1.4 V to 2F¢** (a) followed by reduction
of the oxidation product at 0 V to 2Fc (b).

Oxidation of 2Fo at 1.4 V results in a decrease in absorb-
ance at 295 nm and increase in absorbance in the visible
region (Figure 14a). The growing in of the band at 500 nm is
preceded by the initial formation of two bands at 422 and
530 nm (the intermediate spectrum resembles that obtained
for 2Fc on oxidation, vide infra). Reduction at 0.0 V result-
ed in only minor changes at 295 nm, but the absorption
maximum at 500 nm undergoes a decrease in intensity and a
red shift to 575 nm, and the increase in absorbance at
350 nm is similar to that observed for 2Fc. The absence of
clear isosbestic points indicates that several species are in-
volved in the redox processes.

For the closed form 2Fc, oxidation at 1.0 V results in the
appearance of a weak absorption band at about 750 nm and
a blue shift in the visible absorption spectrum, from 595 to
559 initially, followed by a further blue shift to 525 nm and
the appearance of a new band at 430 nm. In the near-UV
region a collapse in the absorption band of 2Fc at 350 nm is
observed. Formation of the monocation 2Fe* is not practi-
cal due to the absence of significant separation of the first
and second oxidation steps. Nevertheless, previous studies
on both organic and inorganic systems have shown that it is
possible to form the monocation in appreciable amounts."”)
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Figure 15. Oxidation of 2Fc at 1.0 V to 2F¢** (a) followed by reduction
of the oxidation product at 0 V to 2Fc (b). Overlay of initial, oxidised
and final spectra and spectra observed during oxidation (c).

Subsequent reduction at 0.0 V resulted in partial reforma-
tion of the spectrum of 2Fc¢ (60%) and a small increase in
absorption at 305 nm. The lack of evidence for increased ab-
sorption at 285 nm suggests ring opening does not occur. It
is possible that during the oxidation process “deprotection”
of the methoxyl groups occurs, but this is unlikely given that
the absorption features are distinctly different to those re-
ported by Lehn etal. for the demethylated compound.?
Possibly, the lack of a clear isosbestic point at any stage
during the oxidation and subsequent reduction of 2Fc is due
to formation of the monocation.””
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Localisation of the HOMO: methoxyphenyl versus thienyl,
and the driving force for ring closure: The driving force for
ring opening/closing in the dithienylcyclopentene com-
pounds may be rationalised (at least to a first approxima-
tion) by consideration of the relative frontier orbital ener-
gies and the effect of varying the bridgehead (the cyclopen-
tene unit) and the C5 substituents.*! The oxidation poten-
tial for the methoxyphenyl unit is typically about 1.2-1.5V
versus SCE,* and hence for 2H the low redox potentials
(Table 1) of both the open and closed forms and the close
similarity in behaviour of 2H and 1H suggest that the redox
chemistry does not involve oxidation of the methoxyphenyl
unit. It is clear from both electrochemical and spectroelec-
trochemical studies that for 1H and 2H the redox properties
are dominated by the dithienylethene unit. In the case of
2H the effect of the methoxyphenyl unit is predominantly
that of an electrochemically innocent electron-donating
group. The differences observed in the electrochemical
properties of 1H and 2H (i.e., the lower value of AE and
species 2Hx is not observed) can be rationalised on the
basis of increased stabilisation of the mono- and dications
by the methoxyphenyl group. Similarly, for 2 Fe, the first oxi-
dation process is sufficiently cathodic relative to the expect-
ed methoxyphenyl oxidation that the oxidation process at
0.67 V can be assigned with confidence to the dithienyl-
ethene unit itself. In the case of 2Fo, however, assignment
of the first oxidation process is more difficult. The oxidation
potential of 1.2V for 2Fo is shifted considerably less anodi-
cally from that observed for 2Heo (200 mV) than would be
expected by comparison with 1Ho/1Fo (420 mV).

The similar spectroelectrochemical behaviour of 1H and
2H in both open and closed forms and the marked dissimi-
larity in behaviour of 1F and 2F suggests that the electro-
chemical properties of hexahydrocyclopentene compound
2H are largely due to the dithienylethene unit, whereas in
the hexafluorocyclopentene-based 2F the electrochemical
properties involve extensive mixing between the dithienyle-
thene unit and the peripheral methoxyphenyl groups.

Comproportionation constant, AE and charge localisation in
the monocationic form 1Hc™": The comproportionation con-
stant K. is a measure of the stability of the monocation
1He™" with respect to disproportionation into neutral species
1He and dication 1He** [Egs. (1)—(3), Sw.=dithienylcyclo-
pentene].” The parameter of interest is the separation AE
between the two thienyl-based oxidation processes. This sep-
aration is related to the stability of the monocation.?”

Sw, + Sw>" = 2Sw 1)
Ko = [Sw/[Swc][Sw; '] (2)
K. = exp(AE/25.69) (3)

The value of K. and the separation between the first and
second redox process for the closed dithienylethene raises a
central issue: what is the nature of the redox chemistry of
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the switches. In the open form, two thienyl units are present
and they are undoubtedly not coplanar to any significant
extent. In the absence of any effective orbital overlap medi-
ated by the alkene orbitals of the cyclopentene ring, each
thienyl ring can be treated as a separate electrochemical
entity. Hence, the oxidation and reduction of each ring may
potentially occur as two independent electron-transfer proc-
esses. For the closed switch a different situation arises due
to the change in the nature of the thienyl rings, the two
trans-butadiene components of the closed form and the co-
planarity of the three rings. In contrast to the open form,
the question arises whether the closed form can be treated
as a single redox entity or remains as two independent units.
To answer this question two issues must be considered. First-
ly, what is the extent of delocalisation of the HOMO and
LUMO in the closed form. Secondly, if the closed form is
composed of two “independent” redox-active units, to what
proportion do electrostatic interactions contribute to the
comproportionation constant K..

The electrostatic interaction between the redox units can
potentially be estimated by examination of the open forms
of the dithienylethene compounds. The absence of separa-
tion between the first and second redox processes in the
open form suggests that electrostatic contributions are mini-
mal. However, the absence of separation can be rationalised
also by considering the possibility that ring closure occurs
after the first oxidation process of 1Ho. If the first oxidation
step (1Ho to 1Ho") leads instantaneously to the closed
monocation 1He*, then the monocation will immediately be
oxidised to the dication 1He** (Figure 4). That this occurs is
supported, to some extent, by the observation of significant
amounts of the monocations 1He* and 2He™ prior to obser-
vation of the dications 1He** and 2He** in spectroelectro-
chemical studies on the open forms (Figures 9 and 11). The
very small separation between the first and second oxidation
processes of 1Fc and 2Fc indicate that in the present sys-
tems the electrostatic contribution to K, is at most very
small (<30 mV).

The decrease in K, on going from 1He to 1Fe (and simi-
larly from 2He to 2Fc) and the reduction observed on intro-
duction of the electron-donating methoxyl substituent sup-
port the assignment of the oxidation of the closed form as
involving two weakly coupled redox active units (Type II in
the classification of Robin and Day®), each centered on a
thienyl ring (or more specifically on a thio-trans-butadiene
system, the localised model, see Figure 16). If this is indeed
the case then the decrease in K, by the introduction of the
perfluorocyclopentene group (and also the electron-donat-
ing methoxyphenyl groups) suggests that the mechanism for
interaction between the thio-frans-butadiene units is a
HOMO-mediated superexchange process (see Scheme 3).

Electrochemical ring-opening versus ring-closing: The driv-
ing force for electrochemical ring opening and closing ob-
served in 1H, 1F, 2H and 2F can be rationalised on the
basis of the nature of the oxidation process. In the oxidised
forms either a cyclic thiophene-based monocation or an acy-
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PhOMe

Figure 16. Schematic diagram illustrating effect of cyclopentene unit and
CS substitution on relative frontier orbital energies. The double arrows
indicate relative stabilisation/destabilisation of the molecular orbitals.

clic trans-butadiene moiety can form. The driving force
behind the ring opening/closing reactions can be considered
in terms of the extent of delocalisation of the positive
charge in the oxidised forms. For 1Fe¢ oxidation results in
ring-opening to 1Fo. The hexafluorocyclopentene ring
would be expected to be very poor in facilitating delocalisa-
tion of charge over both rings or facilitating rapid electron
transfer between the thiophene moieties, so that ring open-
ing with localisation of the charge on the thiophene rings re-
sults. For 1H the reverse situation is apparent. The hexahy-
drocyclopentene unit is better at facilitating communication
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between the two thiophene units, and hence stabilisation of
the mono- and dications of the closed form would be ex-
pected. The observation of 1He™, albeit at a low concentra-
tion, is significant and suggests ring closure occurs through
formation of 1He* leading to 1Hec*, which is oxidised to
1H.

Conclusion

A key feature of both the dithienylhexafluoro- and dithi-
enylhexahydrocyclopentenes is their propensity to undergo
ring-closure and ring-opening photochemically. Electro-
chemically driven ring-opening and ring-closing has received
much less mechanistic attention. In contrast to the photo-
chemical (excited state) processes, the mechanism and fac-
tors that influence oxidative ring-opening/closing of the di-
thienylcyclopentene systems had not been investigated in
detail. In the present study, it has been established that the
efficiency of electrochemically driven processes and the di-
rection of the oxidatively driven switching is dependent on
the nature of the cyclopentene unit and the solvent em-
ployed. The driving force for ring closure appears to be the
stabilisation achieved by the mono- and/or dication of the
open form in converting to the ring-closed form. Spectroe-
lectrochemistry of 1Ho reveals that both the open and
closed switches form the same oxidation product, and this
indicates that ring closure on oxidation is quite fast (i.e.,
faster than the electrochemical
timescale). In the case of 2Fo,
the involvement of the methox-
yphenyl group in electrochemi-
cal ring closure is apparent
from cyclic voltammetry, but
from spectroelectrochemistry it
is clear that the process is not
direct and involves initial oxida-
tion of the methoxyphenyl
groups followed by an intramo-
lecular process. This opens the
exciting possibility of using in-
tramolecular electron transfer
to achieve switching in direc-
tions other than would be pre-
ferred by the central dithienyl-
ethene core (e.g., the different
directions of switching between
1F and 2F).

We have presented a detailed
examination of various aspects
of the electronic and redox
properties of dithienylethene-

e.g. 1Ho*

isomerisation

localised

e.g. 1Hc*

+ne’ /A \

e.g. 1Hx

Scheme 3. General scheme for electrochemical processes observed in dithienylethene based systems (the struc-

ture shown for 1HXx is for illustrative purposes only).
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isomerisation based switches. The effect of
solvent, temperature and bridg-
ing cyclopentene unit on both
the electronic and redox prop-

erties was explored. Important-
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ly, from the results presented, it is clear that the mechanism
of electrochemical ring opening and ring closure is not
simple and involves the balancing of both the medium and
molecular structure. The information obtained here provides
a solid basis to understand the intrinsic properties of the di-
thienylethene cores. This insight is essential for enabling ra-
tional design of more complex electrochemically responsive
systems and predicting their behaviour in various environ-
ments (e.g., solvent, electrolyte, etc.). In a further report,
the effects of substitution of the phenyl moiety and the in-
troduction of asymmetry will be explored.

Experimental Section

For all spectroscopic measurements Uvasol-grade solvents (Merck) were
employed. All reagents employed in synthetic procedures were of re-
agent grade or better and used as received unless otherwise stated. Com-
pounds 1H, 2H, 1F and 2F' and ferrocenium hexafluorophosphate!"”!
were prepared by previously reported procedures. UV/Vis absorption
spectra (accuracy +2 nm) were recorded on a Hewlett-Packard UV/Vis
8453 spectrometer. Electrochemical measurements were carried out on a
Model 630B Electrochemical Workstation (CHInstruments). Analyte
concentrations were typically 0.5-1 mM in anhydrous acetonitrile contain-
ing 0.1 M TBAP or 0.1 NaBArF!*! (except where stated otherwise in the
text). Unless otherwise stated, a Teflon-shrouded glassy carbon working
electrode or 10 um diameter platinum microelectrode (CHInstruments),
a Pt wire auxiliary electrode and SCE or nonaqueous Ag/Ag* ion refer-
ence electrode were employed. Reference electrodes were calibrated
with 0.1 mm solutions of ferrocene (0.38 V versus SCE in 0.1m TBAP/
CH;CN). Solutions for reduction measurements were deoxygenated by
purging with dry N, gas (presaturated with solvent) prior to the measure-
ment. Cyclic voltammograms were obtained at sweep rates of between
10mVs™' and 50 Vs™'; differential pulse voltammetry (DPV) experi-
ments were performed with a scan rate of 20 mVs™', a pulse height of
75 mV and a duration of 40 ms. For reversible processes the half-wave po-
tential values are reported; identical values were obtained from DPV and
CV measurements. Redox potentials are +10 mV. Spectroelectrochemis-
try was carried out with a custom-made OTTLE setup comprising a plati-
num gauze mesh working electrode (52 mesh, 0.1 mm wire diameter, Al-
drich) a custom-made quartz cuvette with 2 mm path length (Chandos In-
tercontinental, UK) equipped with a solvent reservoir holding the refer-
ence electrode and a platinum gauze counterelectrode (separated from
the main solution by a ceramic frit) or in a SPECAC OTTLE cell
(0.5 mm path length). Measurements were made at 0°C with a Quantum
Northwest Peltier-cooled cell holder, modified for the UV/Vis spectrome-
ter.
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