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A photoswitchable molecular wire with the dithienylethene (DTE)
linker, (dppe)(n°-CsMes)Fe—C=C-DTE-C=C-Fe(1°-CsMes)(dppe)t
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A redox-active diiron complex with the diethynylated dithienyl-
ethene (DTE) linker, (dppe)(n’>-CsMes)Fe-C=C-DTE-C=C-
Fe(n’-CsMes)(dppe), shows photochromic behaviour, which
switches on and off the communication performance between
the two metal centres.

Molecular electronics are regarded as one of the promising ways
for miniaturization of electronic circuits leading to highly
integrated electronic systems."* In order to build up a molecular
circuit many molecular components such as wires, switches and
transistors are needed to be developed and combined. As a result
of extensive studies, various types of molecular wires have been
developed so far. In particular, organometallic molecular wires
consisting of a m-conjugated system bridging the redox active metal
centres (e.g. polyynediyldimetal complexes, M—(C=C),~M) turn
out to be highly efficient (Scheme 1).>° Although molecular
switching systems have also been studied to a considerable extent,®
examples of switching of the conducting and non-conducting states
of molecular wires by stimuli are still rare. Herein we report a
photoswitchable molecular wire containing the photochromic
dithienylethene (DTE) unit;” the communication between the
metal centres can be switched on and off by UV/visible light
irradiation.
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Scheme 1

The diiron complex 2 consisting of the diethynylated DTE
spacer and the redox active Fe(n’-CsMes)(dppe) termini (abbre-
viated as Fe throughout this paper) was prepared by reaction of
the corresponding terminal diacetylene 1 with FeCl/KPF4 in a
THF-MeOH solvent mixture followed by KOBu'-treatment,
according to the conventional synthetic procedure via the cationic
vinylidene intermediate established by Paul and Lapinte*
(Scheme 2). Incorporation of the Fe fragments into the red
product 2 and its symmetrical structure were supported by the
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1 Electronic supplementary information (ESI) available: Details of the
X-ray crystallography of 2:CH,Cl, and DPV traces for 2 and 3. See DOI:
10.1039/b614748h

NMR features (e.g. single resonances for the thienyl parts and the
ancillary n>-CsMes and dppe ligands),} and the open-structure
was confirmed by (1) the spectroscopic features for the DTE
moiety similar to those of the precursor 1, (2) the lack of a visible
absorption band characteristic of the closed form,” and (3) X-ray
crystallography (Fig. 1).§ The acetylenic parts attached to the DTE
core are o-bonded to the iron fragments of the three-legged piano-
stool structure, and the bridging m-conjugated system spans the
two iron centres separated by 15.22 A. The structural parameters
for the Fe and DTE parts are comparable to those of the
previously reported relevant compounds.*’ The two thiophene
rings are arranged in an antiparallel fashion suitable for the
photochemical ring closing process.’

When a THF solution of 2 was irradiated by a UV lamp,{ a
visible absorption band appeared at 774 nm, and the mixture
reached a photostationary state after ca. 1 h (see the bottom-left
figure in Scheme 2). On the basis of (1) the appearance of the
visible band and (2) the deshielded "H NMR signals for the methyl
groups attached to the thiophene rings characteristic of the closed
form (5y(Me) 2.42 (¢f. dy(Me) 1.94 (2)),” it was concluded that the
UV-irradiation caused the ring closure of 2 giving the closed green
isomer 3,7 which was isolated by fractional recrystallization. The
isomer ratio at the UV-photostationary state was determined to be
2:3=1:3 on the basis of the intensity ratio of the Me signals (‘"H
NMR) for the two isomers. The attachment of the Fe groups
improved the efficiency of the photochromic process compared to
the starting alkyne 1, which was left unchanged even after
prolonged UV irradiation. On the other hand, irradiation of an
equilibrated mixture of the isomers with visible lightY caused a
significant decrease of the visible absorption at 774 nm after ca. 3 h
(7% compared to the UV-photostationary state) to regenerate the
open isomer 2, and thus the diiron-DTE complex 2 turned out to
undergo photochromic behaviour via the reversible photochemical
ring closure-opening processes (2 <> 3). The cycle can be repeated
without noticeable deterioration.

The performance of the two isomeric forms as molecular wire
was evaluated by the electrochemical method.*|| An efficient
molecular wire with two redox active termini shows two separated
reversible redox waves, and from the separation of the two redox
processes (AE) the comproportionation constant for the mixed
valence species (Kc) can be obtained. K¢, regarded as a measure
for the performance of molecular wires, is an equilibrium constant
for the mixed valence species with respect to the two non-mixed
valence species (in the present case, Fe(i1)-Fe(11) + Fe(iir)-Fe(IIr)
<> 2 Fe(m)-Fe(m)). In the le-oxidized form of an efficient
molecular wire the unpaired electron delocalizes widely over the
n-conjugated system extended to the metal termini to give a larger
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Kc value. The open form 2 showed a broad redox wave (Scheme 2)
and, on the basis of the result of simulation, the separation of the
two redox processes was estimated to be at most 65 mV, in other
words, K¢ is less than 13. Thus the CV measurement of the open
isomer 2 indicated virtually no communication between the two
iron centres. On the other hand, the closed isomer 3 exhibited two
clearly separated reversible redox waves with AE = 160 mV
(Scheme 2), which were also confirmed by a DPV measurement
(included in ESIT) as well as simulation. The possibility that one of
the two redox waves of 3 might be due to the organic bridging part
can be eliminated by comparison with the closed isomer of the
related thiophene-fused DTE compound reported by Irie and co-
workers.® The redox waves observed for this compound (Eoyq >
+0.28 V) appear in the region much more positive than those for 3,
and the substantial difference (>0.7 V) clearly indicates that the
redox processes of 3 shown in Scheme 2 are metal-based. From the
AE value, the K¢ value for the closed isomer 3 with a 12 carbon
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Fig. 1 An ORTEDP plot for 2 drawn with thermal ellipsoids at the 30%
probability level. Selected bond lengths (A): Fel-C17 1.896(4), Fe2-C27
1.877(4), SI-C11 1.726(4), SI-C14 1.742(4), S2-C21 1.739(5), S2-C24
1.747(5), C1-C2 1.354(5), C1-C12 1.474(5), C2-C22 1.471(6), C11-C12
1.380(6), C11-C15 1.497(6), C12-C13 1.425(6), C13-C14 1.379(6), C14-
Cl16 1.424(5), C16-C17 1.210(5), C21-C22 1.372(7), C21-C25 1.511(7),
C22-C23 1.433(6), C23-C24 1.364(6), C24-C26 1.416(6), C26-C27
1.227(6), C11---C21 3.644(6).

atom bridge was determined to be 510, being significantly larger
than those of the open form 2 and related diiron complexes
containing a long carbon atom bridge.* Because it is known that
the two isomers can be interconverted with least motions,’ the
changes of the reorganization associated with the photochromic
processes and the solvation should be minimal for the present case
and, therefore, the change of the K¢ values should reflect the
performance as molecular wire of the two isomers.

It is also found that (1) 2e-oxidized species 22*(PF¢ ), and
3**(PFs ), exhibit photochromic behaviour and (2) 3**(PFs ),
undergoes thermal ring opening (Scheme 3), while redox-promoted
chromic behaviour of DTE derivatives has precedents.’

In conclusion, we report that the communication property of the
organometallic molecular wire with the photochromic DTE linker
(2/3) can be switched on and off in a reversible manner by UV and
visible light irradiation: 2 (OFF) <> 3 (ON). The open form 2 is
virtually an insulator (K¢ < 13), and the ratio of the communica-
tion performance of the ON and OFF states, Ko(ON; 3)/K-(OFF;
2), is as large as 39. The ON/OFF ratio is much larger than
previously reported wire-like compounds,'® while performance of
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the chromic behaviour is yet to be improved. The large difference
in the K¢ values for the two isomeric forms should be ascribed to
the different conjugation patterns of the bridging parts. The open
form 2 contains cross-conjugation at the thiophene—perfluorocy-
clopentene junctions, whereas the closed form 3 contains the fully
n-conjugated system, through which the two iron centres can
communicate effectively, as is also indicated by the significant
lower energy shift of the w(C=C) vibration (2039 cm™' (2) —
1986 cm ! (3)) as well as the shift of the first redox potential
(—580 mV (2) — —671 mV (3)).
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(40H, m, Ph), 6.15 (2H, s, thiophene), 2.70-2.40 (m, PCH,), 2.42 (6H, s, Me
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added to the mixture and the potentials were calibrated with respect to the
Fc/Ec™ redox couple. Data: for 2: Eyp' = —580 mV, Eyp° = —515 mV; for
3: El/zl = —671 mV, E1/22 = —511 mV.

1 J. Jortner and M. Ratner, Molecular Electronics, Blackwell Science,
Oxford, 1997; A. Aviram and M. Ratner, Ann. NY Acad. Sci., 1998,
852; M. Ratner, Nature, 2000, 404, 137; J. M. Tour, Acc. Chem. Res.,
2000, 33, 791; K. W. Hipps, Science, 2001, 284, 536; D. Cahen and

o

10

G. Hodes, Adv. Mater., 2002, 14, 789; R. L. Caroll and C. B. Gorman,
Angew. Chem., Int. Ed., 2002, 41, 4378; N. Robertson and G. A.
McGowan, Chem. Soc. Rev., 2003, 32, 96; Molecular Nanoelectronics,
eds. M. A. Reed and T. Lee, American Scientific Publishers, Stevenson
Ranch, CA, 2003; A. H. Flood, J. F. Stoddart, D. W. Steuerman and
J. R. Heath, Science, 2004, 306, 2055; K. Norgaard and T. Bjernholm,
Chem. Commun., 2005, 1812.

P. J. Low, Dalton Trans., 2005, 2821; A. C. Benniston, Chem. Soc. Rev.,
2004, 33, 573.

P. F. H. Schwab, M. D. Levin and J. Michl, Chem. Rev., 1999, 99, 1863;
P. F. H. Schwab, J. R. Smith and J. Michl, Chem. Rev., 2005, 105, 1197;
M. L. Bruce and P. J. Low, Adv. Organomet. Chem., 2004, 50, 231;
Q. L. Zheng and J. A. Gladysz, J. Am. Chem. Soc., 2005, 127, 10508;
D. Touchard and P. H. Dixneuf, Coord. Chem. Rev., 1998, 178-180,
409.

F. Paul and C. Lapinte, Coord. Chem. Rev., 1998, 178, 431.

For our recent work on molecular wires, see: M. Akita, Y. Tanaka,
C. Naitoh, T. Ozawa, N. Hayashi, M. Takeshita, A. Inagaki and
M.-C. Chung, Organometallics, 2006, 25, 5261.

For recent examples: (@) S. Fraysse, C. Coudret and J.-P. Launay, Eur.
J. Inorg. Chem., 2000, 1581; (b) E. H. van Dijk, D. J. T. Myles, M. H. van
der Veen and J. C. Hummelen, Org. Lett., 2006, 8, 2333; see also: (c)
A. Fernandez-Acebes and J.-M Lehn, Chem. Eur. J., 1999, 3285; (d)
Molecular Switches, ed. B. L. Feringa, Wiley-VCH, Weinheim, 2001.
M. Irie, Chem. Rev., 2000, 100, 1685; M. Irie and K. Uchida, Buil.
Chem. Soc. Jpn., 1998, 71, 985; see also: G. H. Brown, Photochromism,
Wiley-Interscience, New York, 1971; H. Bouas-Laurent and H. Diir,
Pure Appl. Chem., 2001, 73, 639; P. Bamfield, Chromic Phenomena,
Technological Applications of Color Chemistry, RSC, Cambridge, 2001;
H. Dirr and H. Bouas-Laurent, Photochromism: Molecules and
Systems, Elsevier, Amsterdam, 2003.

Y. Moriyama, K. Matsuda, N. Tanifuji, S. Irie and M. Irie, Org. Lett.,
2005, 7, 3315.

Treatment of 2 and 3 with 2 equivalents of [Fe(n’-CsHs),]PF afforded
the corresponding 2e-oxidized dicationic species, 2**(PFs ), (green
powder) and 3**(PFy ), (dark purple powder), respectively. 3 (PFs ),
was converted into 22*(PFg ), over the course of 6 h as revealed by 3p
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For the related diruthenium complex with the same linker, which was
c-bonded to the phenyl group in the cyclometalated Ru(bipy).(pp)
fragments (pp = phenylpyridine),*" [(bipy),Ru(pp-C=C-DTE-C=C—
pp)Ru(bipy),](PFs),, the switching could not be detected by the
electrochemical method [K(closed)/Kc(open) = 12/11 = 1.1] but by
the electronic coupling (V,, = 0.025 eV) obtained by analysis of the
intervalence charge transfer band.
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