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Communication between the two iron centres in (dithienyl-
ethyne)diyl complex 1 can be finely tuned by reversible ad-
dition to, ligand replacement at and removal from the C=C
moiety in 1 of dicobalt fragments Co,(CO),(PR3)s_,. Perform-
ance analysis reveals that disparate mechanisms are in oper-

ation for the two systems. In the case of the dicobalt adducts,
indirect communication via the dicobalt steppingstone can
be finely tuned by controlling the electronic structure of the
dicobalt unit.

Introduction

Downsizing is one of key issues in modern electronic
science and industry, ' and, as one of effective bottom-up
strategies for this issue, molecular electronics has attracted
increasing attention. If functions of an electronic circuit can
be represented by a combination of molecular components,
one would be able to obtain a circuit miniaturized to a
minimal level. A number of studies have been conducted
toward this goal, and, in organic-based systems, m-conju-
gated systems play central roles as devices carrying elec-
trons and holes.”! Furthermore, combination with metal
fragments renders the systems more sophisticated, thanks
to their unique properties such as redox and magnetic fea-
tures. Organometallic molecular wires consisting of redox-
active metal centres connected by a m-conjugated bridge
have been studied extensively; as a result, many excellent
molecular wires with strongly interacting metal centres (e.g.
polyynediyl complexes) have been developed so far.* In ad-
dition to the most basic component, that is, wires, fine tun-
ing of the electronic communication between two or more
remote redox-active sites is demanded to develop molecular
parts such as switches, resistors and diodes.*! Recently, ef-
ficient ON/OFF-type switches based on photo-, pH- and
ionochromic linkers have been developed by several re-
search groups including our group.571

Herein we describe reversible, fine tuning of the perform-
ance of an acetylene-based diiron molecular wire
(Scheme 1). To achieve the desired functions, the molecule
should be stable in at least three different states that can be
interconverted to each other. We have chosen “coordina-
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tion” to control the communication between the two metal
centres (Scheme 1) and picked up an acetylene-based diiron
molecular wire, 1 (Scheme 2), in which (i) the communica-
tion may be controlled by addition of dicobalt species to
the C=C moiety and (ii) the effects brought about by the
dicobalt fragment can be further finely tuned by introduc-
ing appropriate ligands to it. The present study has also
revealed that different communication mechanisms operate
for 1 and its dicobalt adducts.
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Scheme 1. Reversible, fine tuning of metal-metal interaction.
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Scheme 2. Synthesis of dicobalt adducts of 1.
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Results and Discussion

A diiron complex with the (dithienylethyne)diyl bridge,
[Fe-Th-C=C-Th-Fe] (1) {Fe = Fe(n’>-CsH4R)(dppe); R =
H (a-series), Me (b-series); Th = thiophene-2,5-diyl}, was
prepared by lithiation of bis(thien-2-yl)ethyne followed by
metalation with I-Fe(n’-CsH4R)(CO), and photochemical
ligand substitution with dppe.’] (The b-series derivatives
were prepared in order to avoid the solubility problem.) X-
ray crystallographic analysis of 1b (Figure 1) reveals the co-
planar conformation of the two thiophene rings and an
Fe-+-Fe separation of 12.7 Al Cobalt adducts 2 and 3 were
obtained by reaction of 1 with [Co,(CO)g] and [Co,(CO)s-
(dppm)], respectively, in thf at room temperature.['” Ligand
replacement of 2 with  bidentate  phosphanes
[R'>,PCH,PR’>: R" = Ph(dppm), Me(dmpm)] gave the
mono- (3, 4) and disubstituted (5) products. All complexes
show single sets of NMR spectroscopic signals for the n-
CsH,R ('H) and dppe ligands (*'P) at room temperature,
indicating symmetrical structures for 1-5 and the occur-
rence of fluxional behaviour of the ligands attached to the
Co centres in 3-5.

Figure 1. An ORTEP view of 1b drawn with thermal ellipsoids at
the 30% probability level. Hydrogen atoms are omitted for clarity.

Electron densities at the Fe and Co centres are estimated
by CV and IR spectroscopic measurements. Two Fe-centred
redox waves appear in the range —1200 to -400 mV
(Table 1).'"1 Attachment of the Co,(CO)q fragment to 1a
causes slight anodic shifts of E,,"! and E;,F** (the first
and second redox potential for the iron centres, respec-
tively), whereas ligand replacement of the resultant adduct
2a by the electron-donating diphosphane ligands causes sig-
nificant cathodic shifts of E;,"¢! and E;,,F*? (increasing or-
der of the electron densities at the Fe centres: 2a < 3a <
4a < 5a) in accord with the increasing order of the electron
densities at the dicobalt centres estimated on the basis of

Table 1. Electrochemical and NIR data for complexes 1a-5a.[¢l

the shifts of the CO vibrations to lower energies [vco (KBr):
2067, 2033, 2001 (2a), 2009, 1984, 1957 (3a), 2001, 1972,
1945 (4a), 1898 (5a) cm '] as well as the cathodic shifts of
the Co-centred redox processes (E;,°°).

Communication performance of the obtained complexes
is evaluated on the basis of IVCT bands (MMCT appearing
in the near IR region) of Ile-oxidized monocationic spe-
cies.'?! In particular, the V,;, coupling value, which is de-
rived from the spectral parameters of the IVCT bands, rep-
resents the extent of electronic interaction between the two
redox-active metal centres.'>*! A high-performance organo-
metallic molecular wire shows a large V,;, value associated
with an intense, sharp IVCT band (with a large ¢, and a
small v,,%P).['?4 Prior to the determination of the V,,
value, it is essential to classify the compound into one of
three classes (Robin—Day Classes I-III), because different
equations are applied to obtain the V,, value (see footnotes
[c,d] of Table 1); two V,;, values for Class II and III com-
pounds are shown in Table 1.I'31 For the Robin-Day classi-
fication, solvent dependency and half-height width of the
IVCT band are critical factors.'>! For a high-performance
Class IIT compound, (1) the absorption maximum (V) of
the IVCT band is little affected by the solvent polarity, and
(2) the half-height width thereof (v;,°*P) is narrower than
the value predicted on the basis of the Hush theory
(v1,°). Comparison of the performances of compounds
belonging to different classes should be made with care by
taking into account the above-mentioned factors. Monoca-
tionic complexes 1a*, 3a™, 4a* and 5a* were obtained by
chemical le-oxidation of the corresponding neutral com-
plexes with 1 equiv. of [FeCp,][PFg], whereas the thermody-
namically less stable 2a*™ was generated in situ by compro-
portionation of the isolable neutral (2a) and dicationic spe-
cies (2a%*).[8

Complex 1a* shows intense NIR bands in the region
3000-8000 cm™' (Figure 2a), which are attributed to the Fe-
to-Fe IVCT bands, as noted for the related Fe(n3-
CsRs)(dppe) complexes.[?®14 These NIR bands have been
successfully deconvoluted into three Gaussian curves, of
which the most intense, lowest energy band (band I; vy, =
4240 cm™') is used for the determination of V,[314 Be-
cause (1) vya of this IVCT band is little affected by the
solvent polarity (less than 100 cm1)[®:12¢:151 and (2) the half-
height width of this band (v;,™P = 1220 cm™) is signifi-

Complex  E;pf' /mV  Epf mV  E RS mV AECT2 mV o oy fom™t g Mem™ v P om0 Pl jopyt g ot M) oy
la -620 -432 - - 4240 22320 1220 3130 551 2120
2a 595 -483 >400 [© >883 7650 1900 2646 4204 550 3825
3a 736 571 21 592 8295 5120 3562 4371 1091 4148
4a 755 -567 -112 455 7660 5380 3086 4206 1000 3830
5a -1039 681 =312 369 6060 10660 2550 3741 1138 3030

[a] The CV data are for the neutral species, and the NIR spectroscopic data are for the corresponding monocationic species. Conditions
for electrochemical measurements: [complex] = = 1.0 X 103 M, [NBuyPF¢] = 0.1 M at 293 K, scan rate = 100 mV/sec. E,,, values are
referenced against the FeCp,/[FeCp,]* couple. E,;, !, E,,"? and E,,° are the first and second redox potentials for the iron centres
and the redox potential for the dicobalt centre, respectively. AEC®'Fe? is the difference between E,,“° and E,,,"%. [b] v;,%d (in cm ') =
(2310°V0) "2 [c] Vap" (estimated as a Class II compound) = 2.06 X 102 (Vynax =*maxV12"P) 27! (r: M-+-M distance).) [d] V,,""! (esti-
mated as a Class III compound) = (1/2)*Vyax =. [€] The E;,»,° process overlaps with the Fe!'"-Fe!'//Fe'"'_Fe!V process.
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cantly narrower than the predicted value (v, =
3130 cm™),l13 it is concluded that complex 1a* falls in the
Robin—-Day Class III (fully delocalized system) with an 7,
value of 2120 cm !, and thus the two metal centres therein
strongly interact with each other.
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Figure 2. (a) NIR spectrum for 1a* and its deconvoluted Gaussian
curves and (b) NIR spectra for 2a*—6a™ (observed in CH,Cl,).

Cobalt adducts 2a™-5a™ exhibit IVCT bands that are re-
markably different from those of 1a* (Figure 2b; the ab-
sorptions at greater than 10000 cm~' are LMCT bands), be-
cause of the different IVCT mechanisms (see below). For
example, the IVCT bands for 2a*-5a* are considerably
weaker than those of la*, and the absorption maxima
(Vmax) are shifted to higher energies. The order of the sol-
vent dependency is determined to be as follows: 3a* > 4a*
> 5a*%] (2a* can not be examined because of its low sta-
bility).

Compound 5a* has been assigned to Class IIB, although
the little solvent dependency and the half-height width
(v1,°*P) of the IVCT band narrower than v, suggest its
assignment to Class III. One debatable point is the con-
siderably large v,,,°*P value (2550 cm™") compared to those
of typical Class III compounds (e.g. 1a*: 1220 cm™'). Re-
cently, this type of compounds has been categorized into
the subclass “Class IIB”, as discussed by Brunschwig et
al.,['?%] that is, the electronic coupling is underestimated by
the Hush treatment (V,,'") and overestimated by the Class
III treatment (V,,/).114al

The solvent-dependent species 2a*—4a™ belong to Class
II (Table 1). Complex 2a™ shows the smallest V™" value
(550 cm ). Although the V! values for 3a* (1091 cm 1)
4a* (1000 cm ') and 5a* (1138 cm™!) are comparable, a mo-
notonous increase of &,,, and a monotonous decrease of
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v125*P are noted for the series 2a*—5a* with the only excep-
tion of v;,**P of 2a*. Because high performance is associ-
ated with an intense, sharp IVCT band (with a large &,
and a small v,°*P) leading to a large V,, value, the two
factors (en,.¢ and v;,°*P) are also considered to be criteria
for the classification. The monotonous changes of &,,,, and
v125*P and the Class III performance of 1a™ discussed above
(with by far the largest ¢.,,, and smallest v;,**P values) re-
veal the order of the wire-like performance as follows: 1a*
(Class III) >> 5a* (Class IIB) > 4a™ > 3a* > 2a* (Class
ITA). This order turns out to be consistent with that esti-
mated on the basis of the ESR parameters for la*—
5a™ 11617 and can furthermore be correlated to the increas-
ing order of the electron densities at the Co centres dis-
cussed above.

Thus, the communication between the two iron centres
can be controlled by coordination of the dicobalt species to
the C=C moiety in 1 and can be further tuned by introduc-
tion of a phosphane ligand with the appropriate electron-
donating ability.

The attached dicobalt fragments in 2-5 can be removed
upon treatment with NBuyF or O<-NMes (Scheme 2).2%
Thus, the dicobalt fragment can be attached to and re-
moved from 1 in a reversible manner. In other words, the
wire-like performance of the organometallic molecular wire
1 can be controlled by addition, ligand substitution and re-
moval of the dicobalt unit.

The significantly different features of the IVCT bands
observed for la* and 2a*-5a* suggest disparate mecha-
nisms operating for the two systems. The IVCT band for
1a™ arises from the Fe-to-Fe MMCT, because 1a™ contains
the two iron centres as the unique redox-active sites. On
the other hand, two pathways are feasible for the dicobalt
adducts 2a*—5a™, that is, the direct Fe-Fe MMCT as ob-
served for 1a* and the indirect Fe-Co-Fe MMCT, where
the dicobalt unit works like a steppingstone. Of the two
mechanisms, it turns out that the latter process is at work
for 2a*—5a*, because monocationic species [(p-nZ:n>-Fe—
Th-C=C-Th-H)Co,(CO)4(dppm)] (6a), a monoiron deriv-
ative of 3a, for which direct Fe—Fe transition is not feasible
but Fe—Co transition is feasible, has a NIR absorption band
that is close in shape to that of 3a™ (Figure 2b). It should
be also noted that (1) &ya, of the monoiron species 6a* is
about half of that of the diiron species 3a* (Figure 2b) and
(2) the transition is characterized as an IVCT band as re-
vealed by the linear relationship between vy, and (1/n? —
1/DJ?) observed in solvents with different polarities (n and
D, are denoted by the optical and statistical dielectric con-
stants of the solvent).[8-21]

Electron transfer process of dinuclear species has been
interpreted in terms of the diagram involving two overlap-
ping potential energy curves.*?l A simplified diagram for a
Class II dinuclear species is shown in Scheme 3a. Photo-
chemical excitation of the ground state A by absorption of
the IVCT transition energy (vivcr) and subsequent thermal
relaxation following the potential curve finally lead to B to
accomplish the electron transfer between the two iron
centres. For the three-component dicobalt adducts 2-5,
3573
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electron transfer can be explained by the potential energy
curve diagrams shown in Scheme 3b.2%1 The IVCT transi-
tion from the ground state C followed by thermal relaxation
in a manner similar to the dinuclear system leads to the
intermediary state D. Subsequent thermally induced elec-
tronic transition from the other iron centre to the dicobalt
unit leads to the other ground state E to accomplish the
electron transfer between the two iron centres via the dico-
balt unit. In this context, the energy gap (AE) is a key factor
for the determination of V,;, because a diminution of AE
brings about an increase in the electronic coupling V,,. AE
can be experimentally estimated by the CV data, that is, AE
is equivalent to the difference of the redox potentials for
the iron and cobalt centres (AECF¢2) 241 As summarized
in Table 1, the order of the AEC®F¢2 values are 2a > 3a >
4a > 5a. Thus a compound with a small AECF2 yalue
gives a large V,, value (5a > 4a > 3a > 2a), in accord with
the experimental results described above. As a result of
these electronic effects, the communication performance
(Vap) of the dicobalt adducts can be finely tuned by choos-
ing a ligand with appropriate electron-donating ability. AE
can be correlated to the densities at the dicobalt unit, which
can be estimated by E;,%° and v¢p as discussed above; in
other words, an electron-donating ligand induces better
communication between the two metal centres.

(@) (b)

Vivet

A B
s
Fe-Fe** Fe*-Fe

A
Fe-Co,-Fe**

Fe**-Co,-Fe

Scheme 3. Energy diagrams for (a) di- and (b) tricomponent sys-
tems of Class II. V,: electronic coupling; viyer: IVCT transition
energy; AE: energy gap between the Fe and Co centres; AG: ther-
mal electron-transfer barrier.

Conclusions

We have succeeded in fine tuning the communication be-
tween the two metal centres in the organometallic molecu-
lar wire 1 by attachment and removal of an appropriate
dicobalt fragment (Scheme 1). It is notable that: (1) the
wire-like performance of the derivatives varies in the range
from Robin—Day Class ITA (2) to Class III (1); and (2) 1
and the cobalt adducts 2-5 can be interconverted in a re-
versible and facile manner. In the case of the dicobalt ad-
ducts, the indirect communication via the dicobalt step-
pingstone can be finely tuned by controlling the electronic
structure of the dicobalt unit.

CCDC-775289 (1b) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
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The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Full synthetic and spectroscopic details of 1-5.
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