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Abstract:

The insulating role of the bicyclo[?2,2,2]octane fragnent has
been theoretically wevaluated by conmparing the electronic
coupling paraneter (Vap) in 1,4-bis(ferrocenyl)benzene (1) and
1,4-bis(ferrocenyl)bicyclo[2,2,2] octane (2). The geonetries
were optimzed by DFT and an Extended Huckel cal culation was
performed to evaluate V,, by the dinmer splitting nethod. The
calculations showed a 12-fold decrease of the electronic
coupling from60 neV for 1 to 5 neV for 2.

The second part describes the synthesis of two potential
nol ecul ar not or s with one i ncorporating t he
bi cyclo[ 2,2, 2] octane insulating fragnment. These nolecules are
based on a ruthenium conplex bearing a tripodal stator
functionalized to be anchored onto surfaces. The ferrocenyl
el ectroactive groups and the cyclopentadienyl (Cp) rotor are
connected via a p-phenylene spacer (5 or via a spacer
i ncorporating an insulating bicyclo[2,2,2]octane noiety (6).

Résune:

Le rdéle isolant du fragnent bicyclo[2,2,2]octane a été éval ué

t héori quenent en conpar ant l e par anetre de coupl age
él ectroni que (Vap) dans le 1,4-bis(ferrocényl)benzéne (1) et le
1, 4-bi s(ferrocényl)bicyclo[2,2,2]octane (2). Les géonétries

ont été optimsées par DFT et des calculs Huckel étendu ont
été réalisés pour évaluer le Vu par |a méthode de |'écl at enent
du dinmere. Les calculs ont nontré une dimnution d un facteur
12 du coupl age él ectroni que de 60 neV pour 1 a 5 neV pour 2.

La deuxi éne partie de |'article décrit |a synthése de deux
noteurs nol éculaires potentiels dont un incorporant Ile
fragnment isolant bicyclo[2,2,2]octane. Ces nolécules sont
constituées d' un conpl exe de ruthénium avec un stator tripoda
fonctionnali sé pour s'accrocher a une surface. Les groupenents
él ectroactifs ferrocényl es sont connect és au r ot or
cycl opent adi ényle (Cp) via un espaceur p-phényléene (5) ou via



un espaceur i ncor por ant un f ragnment i sol ant
bi cycl o[ 2, 2, 2] oct ane (6).

| nt roducti on

In the field of nanosciences, a growing interest has appeared
in the design and synthesis of nolecular machines.! A
nol ecul ar machine can be defined as a device that perforns a
controlled work wunder a specific stimulation. Anbng those,
nol ecul ar notors present a real challenge in the control of
motion at a nolecular level. A nolecular rotary notor!? is a
machi ne that consumes energy to perform a unidirectional 360°
rotation in a repetitive way. Such notors already exist in
Nature |ike, for exanple, ATP synthase.!® However, anong the
| arge nunber of synthetic nolecular rotors described,!* only a

few of them fulfill the conditions to becone a potential
notor. Indeed, in order to recover the work produced by the
rotation of the nmotor, its structure should be as rigid as

possi ble and with a m ni rum of degrees of freedom

Recently, we have presented the concept of an electrically-
fuelled single nmolecular rotary motor.!® This concept is based
on the transport of electrons between two electrodes by
el ectroactive groups attached to a central rotatable core. The
notor is based on a ruthenium conplex with a piano stool

geonetry bearing two different |igands which would act as a
r ot or and a stator. The stator 'S a tri podal
hydrotris(i ndazolyl)borate Iigand functionalized by ester
groups neant to interact strongly with the oxide surfaces
comonl y used in AFM experinents. The rotor IS a
cycl opentadi enyl (Cp) ligand connected to five electroactive

groups (EG by linear and rigid arnms. The final goal is to
study a single nolecule positioned between the two el ectrodes
of a nanojunction. The electroactive group near the anode is
supposed to be oxidized and then pushed back, by electrostatic
repul sion, towards the cathode where it would be reduced
(Figure 1, top). The rotation of the rotor would place another
el ectroactive group near the anode and a new cycle would
occur.

Fi gure 1.

In this case the rotation has to conpete with the undesired
intramol ecular electron transfer between the electroactive
groups (Figure 1, bottom. The rotation, a fifth of a turn in
the case of a G-symetric rotor, has to be as fast as possible
to mnimze the conpeting intranolecular electron transfer
between two el ectroactive units otherwi se the electrons could
travel through the carbon skeleton wthout rotation of the
whol e rotor. W have already described the incorporation of a
trans-plati num spacer in the arns to insulate the
el ectroactive  groups.!® 7 However , experi ment al and



t heoretical studies have shown that the trans-plati num conpl ex
was a noderate insulator which reduced the el ectronic coupling
by a factor of 3 only, conpared to a fully conjugated spacer

This could be due to the influence of the platinumd orbitals.

A rigid and linear organic spacer wth saturated carbons
should act as a better insulator and m ght be nore robust for
a study by near field mcroscopy. The well known 1,4-

di substituted bicyclo[2,2,2]octane is a good candidate,!®
having a rigid saturated backbone to mamintain the linearity
and rigidity of the arns

In the first part of this paper, we present a theoretical
study on bisferrocenyl nodel conmpounds!® to evaluate the
insulating character of the bicyclo[2,2,2]octane fragnent. In
a second part, we report the synthesis of tw star-shaped
nmol ecul es which can potentially act as nolecular notors since
they incorporate ester groups to anchor the nolecules onto

oxi de  surfaces. These notors bear ferrocene term nal
el ectroactive groups linked to the central Cp by either a p-
phenyl ene spacer in conplex 5 or a spacer containing

bi cycl o[ 2, 2, 2] octane insul ating fragnents in conplex 6.
Resul ts and Di scussion

| nvesti gati on of t he i nsul ating role of t he
bi cycl o[ 2, 2, 2] oct ane fragnent

The influence of a bicyclo[2,2,2]octane fragnent on the
el ectroni ¢ communi cati on between two netallic centres has been
studied by conparing the electronic coupling paranmeter in
binmetallic conplexes with a conjugated p-phenylene bridging
ligand (1) and a bicyclo[2,2,2]octane ligand (2) (Figure 2).
In these two conpounds the distance between the two iron atons
(8.26 A and 8.22 A for 1 and 2 respectively) is alnobst the
sane and enables to focus on the pure influence of the
skel eton on the el ectroni c conmuni cati on.

Fi gure 2.

The geonetry of 1 and 2 (Figure 3) has been optim zed by DFT
starting from a geonetry built up from X-ray structures for
the ferrocenyl noieties and an optimzed nolecular nechanics
geonetry for the bridging ligand. The calculations were
performed using the GAMESS ! software with a hybrid functional
(B3LYP) and a 6-31G basis set for all the atonms. A conforner
with the starting syn geonetry for the ferrocenyl noieties has
been chosen to get a plane of symetry between the two
netallic centres in order to be able to wuse the diner
splitting method!* to evaluate the el ectronic coupling
paraneter (Va). The optinmized structures are presented in
Figure 3. In both cases, the two Cp cycles covalently |inked
to the bridge are al nost coplanar (torsion angle 0.6° and 0.8°



in 1 and 2 respectively). In the optimzed geonetry of 1 the
phenyl group is not coplanar with the Cp rings (torsion angle
of 10°) due to steric hindrance between the hydrogen atons of
the rings. Besides, the average Fe-C distances wthin the
ferrocenes in the optimzed structures (2.054 A) are sinmilar
to the X-ray val ues (2.045 A).

Fi gure 3.

The experimental electronic comunication in a dinetallic
conplex can be obtained by nonitoring the intervalence
transition in the Fe''-Fe''' nm xed-val ence species generated at
the half oxidation of the conplex. The electronic coupling
paranmeter can thus be determned experinmentally from the
paraneters of the intervalence transition band by the Hush
formula. However, the electronic coupling paraneter can also
be theoretically determined from the cal culation of nolecular
orbitals by the dimer splitting nethod.[' The diferrocenyl
conplex can be formally deconposed into a free ligand of the
bi s(cycl opentadiene) type and two iron atons. The nmain
interaction between the netals orbitals and the bridging
ligand arises from the 3dx?-y? orbitals which can overlap with
2pz orbitals of p symmetry of the bridging ligand (Figure 4).
This interaction between the orbitals of the ligand and the
iron orbitals lifts the degeneracy of the nolecular orbitals
based on the 3dx*y? iron orbitals. In the case of conplexes
bearing a symmetry elenent, such as here a plane of symetry,

the system is reduced to two levels. In the m xed-val ence
conplex there is an electron hole in these two nolecular
orbitals (symmetrical and antisymmetrical). The energy

di fference between these two M3s corresponds to 2 Vg
Fi gure 4.

Since the DFT nethod tends to underestimate the energy gap
between the different orbitals, in particular the HOMO LUMO
gap, [*?' we have estimated Vi, from Extended Hickel orbitals. An
extended Hickel calculation has been performed on the DFT-
optim zed geonetry with the HyperChem Professional 6 program
package, [*¥ using paraneters optimized for iron. Vi was
determined from the energy difference between the significant
symetrical and antisynmetrical orbitals based on the 3dx?-y?
orbitals of the iron atons (Figure 5). Considering the Hickel
paranmeter for the iron 3d orbital to be -11 eV, the electronic
coupling paraneter Vu for conplex 1 (wth a phenyl spacer
between the two ferrocenyl groups) is 60 nmeV, which
corresponds to a noderately coupled system This value is
slightly higher than the published experinmental electronic

coupling par anet er (43 meV) obt ai ned by a
spectroel ectrochem cal study.!* The same calculations for
conpound 2 gave a Va value equal to 5 neV, i.e. it is a nuch



| ess coupled system In both cases the highest energy orbita
is antisymretrical and the lowest is symetrical with respect
to the plane of symmetry. Thus, for a given Fe-Fe distance,
the insertion of bicyclo[2,2,2]octane |inker conpared to a
conjugated phenyl linker results in a 12-fold decrease in the
el ectroni c coupling, which denonstrates the insulating role of
the bicyclo[2,2,2]octane noiety. This result quantifies the
insulating role of the bicyclo[2,2,2]octane fragnent and
confirns t he phot ochem cal st udi es avai |l abl e in the
literature.!’™ This property can be easily interpreted in terms

of pure s character of the saturated backbone of the
bi cycl o 2, 2, 2] oct ane.

Fi gure 5.

The Va, value depends on the paraneters used for the extended
Hickel <calculation, in particular the energy of the iron 3d
orbitals. To validate our calculations, the energy of the 3d
orbitals of the free iron was varied from -10.5 to -11.5 eV,
which greatly influences the absolute V., value but does not
alter t he observed trend: t he val ue for t he
bi cycl o[ 2, 2, 2] octane conmpound is always nuch |ower than for
t he phenyl containing conpound (see Supplenentary Information
for details).

Thus, these calculations clearly show the insulating role of
the rigid and |inear bicyclo[2,2,2]octane spacer. Conpared to
a conjugated p-phenylene linker, the bicyclo[2,2,2]octane
decreases the electronic coupling paranmeter by one order of
magni tude, which is exactly what is required for our objective
to mnimze electronic comunication between the el ectroactive
groups of our target nol ecul ar notors.

Synt hesi s of the nol ecular notors

The synthesis of the notors was based on a nodul ar strategy,
the key step being the coupling between the pentabrom nated
rut henium conplex 3 and a selected arm (Schene 1). The X-ray
structure of conplex 3 clearly showed the coordination of both
ligands with the tripodal substituted tris(indazolyl)borate
ligand (Tp*®) binding in a facial tripodal node (i.e. k°-
N,N,N), inline with the 'HNVR data. The average ruthenium
nitrogen distance is 2.16 A which is larger conpared to the
di stance of 2.11 A neasured in the unsubstituted Cp anal ogous
conpl ex. [*® This can be due to the steric hindrance of the five
phenyl substituents on the Cp ring. This steric hindrance is
al so reflected by the Cp-ruthenium distance which is 1.82 Ain
3 and 1.78 A in the non-substituted Cp anal ogous conplex. The
conplex has a piano stool structure wth the pheny

substituents fitting in the vacant spaces of the tripodal
ligand. It nust also be noted that the ester groups are
particularly well-oriented to bind sinultaneously to a



surface. Mor eover , due to symmetry considerations, t he
superinposition of a tripodal ligand bearing a G axis and a
pent a-substituted Cp of G symmetry causes differentiation, in
the solid state, of the five p-bronophenyl rings connected to
the Op. It is not possible to have a symmetrical structure,
and as shown on the X-ray structure (Figure 6) there are three
types of phenyl rings considering the dihedral angle between
t he plane of the phenyl ring and the plane of the cp ring. The
two phenyl rings |ocated above the indazole have to be tilted
at 40° and 44° due to steric hindrance with the tripodal
ligand. The phenyl group located in the gap between the
i ndazoles is alnost perpendicular (87°) whereas the two
remai ning phenyl rings are tilted of by an internediate angle
(63° and 68°).

Figure 6

The versatility of the palladiumcatalysed CC bond formation
offers a great choice of coupling reactions. The linearity
required in our design inplies the use a sp?sp or sp?%sp?
coupling. Previously, we had coupled 3 with al kyne-term nated
arnms but the presence of triple bonds could be a drawback in
view of the future deposition onto surfaces as shown by
prelimnary experinments. A Suzuki coupling reaction between an
aryl boronic acid and 3 could be a good alternative and should
al so increase the rigidity of the arm as biaryl conmpounds are
known to be nore rigid than al kynes. [

Schene 1.
Synthesis of the nodel conplex (4)

The five bromnes in 3 are strongly deactivated towards the
oxidative addition step of the palladium catalyst by the
connection to a formal anionic entity (Cp), as shown
previously.!®™ The Buchwald universal catalyst (2-(2',6 -
di met hoxybi phenyl) di cycl ohexyl phosphi ne in presence of
pal | adi um acetate) was thus tested, as it was described to be
a very efficient Suzuki coupling catalyst for deactivated
substrates.['® Since the bicyclo[2,2,2]octane containing
fragnment 14 requires 8 steps to be synthesized, the coupling
reaction conditions were optimzed wth 4-tert-butyl phenyl
boronic acidl'®. Since a tert-butyl group is sterically and
electronically very simlar to a bicyclo[2, 2, 2]octane, the
tert-butyl substituted phenylboronic acid should be a good
nodel for the optimzation of the reaction before using
conpound 14. For the same reasons of simlar steric and
el ectronic properties, the resulting coupling product is also
a good nodel to evaluate the oxidation potential of the
rut henium centre. Therefore, the ruthenium conplex 3 was
heated overnight in toluene with 20 equivalents of 4-tert-



but yl phenyl boronic acid in the presence of palladium acetate
(0.3 eq.) and the Buchwald phosphine (0.6 eq.). NVR show ng
that the reaction was not conplete, another 20 equival ents of
boronic acid and catalyst were added and the mxture was
heat ed anot her ni ght . After purification by col um
chromat ography the product of quintuple coupling 4 was
obtained in a 25 % yield (corresponding to 75% per coupling
reaction). The product was characterized by mass spectronetry
and 'H-NVR with an integration of 45 for the protons of the
tert-butyl groups and 3 for the H, protons of the tripoda
I i gand.

Synthesis of the nolecular nmotor with p-phenyl ene conjugated
el ectroactive groups (5)

To study the electrochem cal behaviour of <closely connected
ferrocenyl groups, a ruthenium conplex with short p-phenyl ene
spacers between the ruthenium core and the ferrocenyl

el ectroactive groups has been designed. A quintuple Suzuki

coupling reaction between the ruthenium precursor 3 and
ferrocene boronic acid (Scheme 1) was undertaken and vyielded
the resulting ruthenium conplex 5, simlarly to the procedure
used to obtain 4. The coupling was achieved by reacting 3 with
two tinmes 20 equivalents of ferrocene boronic acid with the
Buchwal d wuniversal catalyst. After purification by columm
chromat ography, the potential notor 5 was isolated in 32%
yield (corresponding to 79% per coupling reaction). The
presence of the ferrocenyl noieties was confirmed by MALDI - TOF
spectrometry and *H NVR which shows clearly an integration of

45 protons for the ferrocenyl protons and 20 for the AA BB

pattern of the phenyl protons.

Synt hesi s of the bicyclo[2, 2, 2] octane precursor (15)

The synthesis of the functionalized arm (15) (Schene 3) was
adapted from a procedure described by Zi nmerman. 29 The bicyclo
[2,2,2] octane ring was obtained via the key internediate 1, 4-
bi s( 4- bronophenyl ) bi cycl o[ 2, 2, 2] octane (13) (Schene 2). The
doubl e addition of acrylonitrile on 3-phenyl propan-2-one under
basic conditions yielded, after recrystallisation, 3-acetyl-
1, 5- di cyano- 3- phenyl - pentane (7).[2Y Hydrolysis of the nitrile
functions was perfornmed under aqueous basic conditions to
obtain the diacid 8 in 72% vyield.[?2Y The formation of the
cycl ohexanone ring was achieved by heating 8 in acetic
anhydride to form a cyclic anhydride internediate which was
further thernolyzed at 250°C to yield the functionalized
cycl ohexanone 9 after distillation. The ket ol i sation
reacti onl?? between the acetyl enolate noiety and the ketone of
the cycl ohexanone ring was used as a key step to build the
bi cycl o[ 2, 2, 2] oct ane ring. Af ter purification by
recrystallisation, 10 was obtained in a 73% yield. The



remai ni ng carbonyl roup was reduced under nodified Wlf-
Ki shner conditions.[?®l 10 was first heated at reflux during 5
hours in hydrazine to form the hydrazone. Potassi um hydroxide
and diethylene glycol were then added and the mxture was
heated at 220°C until the end of the gaseous evolution to give
11 after purification in a 62% yield. A Friedel-Craft
al kylation of 11 on benzene in the presence of sulfuric acid
yielded 12 after purification by colum chromatography in a
33% vyield.[? Bromnation of 12 in the para positions was
achieved by heating 12 in carbon tetrachloride in the presence
of bromine with a catalytic amunt of iron powder.[? After
purification by colum chromatography, 13 was obtained in 65%
yi el d. Thus, after 8 steps, the bicyclo[2,2,2]octane
contai ning building block 13 was obtained in gram scale with a
2.4% overall yield (corresponding to an average yield of 62%
per step).

Schene 2.

The symmretric bicyclo[2,2,2]octane fragnment (13) with two p-
br omophenyl substituents can be used to introduce stepw se the
ferrocenyl noiety and a boronic ester for the coupling to the
ruthenium core 3. First the ferrocenes were introduced via a
Suzuki coupling reaction between 13 and ferroceneboronic acid
using the Buchwald wuniversal catalyst (Scheme 2).0% A
statistical mxture of a symetric (bis(ferrocenyl)) and
di ssymmetric (14) coupling product was obtained. After
separation by columm chromat ography, the dissymetric coupling
product 14 was obtained in a 31% yield. Single crystals
suitable for X-ray diffraction were grown by slow diffusion of
nmet hanol into a solution of 14 in dichloronethane. The X-ray
structure (Figure 7) showed the alnost perfect linearity of
the 1,4 positions of the disubstituted 1, 4-biyclo[?2,2,2]octane
with an angle of 179° between the two bonds connected to the
bi ycl ooct ane fragment.

Fi gure 7

The remaining bromne can be easily converted to the
corresponding boronic pinacol ester by wusing the Myaura
met hodol ogy.[?®) 14 was heated in DMF with Pdd ,(dppf) and
bi s(pi nacol at o) di boron to give 15 after purification by colum
chromat ography in a 66%yield (Schene 3).

Synthesis of the nolecular mtor wth bicyclof?2,2,2]octane-
i nsul ated el ectroactive groups (6)

The functionalized arm 15 was coupled via a palladium
catal yzed coupling reaction with the pentabrom nated rutheni um
conplex (3). As previously, the synthesis of the nvolecular
nmotor 6 was achieved by a quintuple Suzuki coupling reaction



between the Dboronic ester 15 and 3 wusing the Buchwald
uni ver sal cat al yst. After purification by col um
chr omat ogr aphy, 6 was obtained in a 29% yield corresponding to
78% per coupling. The conplex was fully characterized by NWR
and nmass spectronetry. Again an integration of 45 protons for
the signals of the ferrocene units was obtained and a broad
singlet integrating for 60 protons of the bicyclo[?2,2,2]octane
moi ety was observed in H-NVR The presence of the five arns
was al so confirmed by MALDI - TOF spectronetry.

Schene 3.
El ectrochem stry

Cyclic voltametry (Figure 8) of the nolecular notors 5 and 6
showed two reversible oxidation waves corresponding to the
successive oxidation of the irons and the ruthenium centres.
The 5:1 ratio between these two waves is consistent with the
ratio between the iron and ruthenium atons in both nol ecul es.
In complexes 5 and 6, the five iron centres are first
reversibly oxidized simultaneously at a potential of 0.47
V/ SCE and 0.42 V/SCE respectively (Table 1). In conplex 6, the
iron oxidation potential is conparable to the one in the
ferrocene-functionalized building block 14 (0.44 V/ SCE)
showing that the bicyclo[2,2,2]octane spacer enables a good
spatial and electronic insulation of the el ectroactive groups.
However, the oxidation potential in conplex 5 is slightly
hi gher conmpared to 6. This is probably due to a spatial
proximty and maybe sone electronic interactions between the
ferrocenyl groups. It mnmust be noted this potential is simlar
to hexa(ferrocenyl phenyl)benzenel?® (0.47 V/SCE) where the six
ferrocenyls groups are connected via a p-phenyl ene spacer to a
central benzene core.

Fi gure 8.

In conplex 6, the ruthenium is reversibly oxidized at a
potential of 0.76 V/SCE, very close to the one in the nodel
ruthenium conplex 4 (0.77 V/SCE), showing the absence of
influence of the ferrocenium centres on the oxidation of the
ruthenium centre. On the other hand, in 5, +the oxidation
potential of the ruthenium is shifted at 0.89 V/SCE by the
conbi ned el ectronic and strongly di st ance dependant
el ectrostatic effects of t he nei ghbouri ng ferroceni um
fragnents. This effect is also outlined by a larger difference
in the oxidation potentials of the iron and the ruthenium
centres in 5 (D=0.42 V) than in 6 (D=0.34 V). In sunmary the
fact that the redox potentials of 6 (0.42 and 0.76) are very
close to the potentials of the nononetallics nodels (0.44 and
0.77) confirnms experinmentally that the bicyclo[2,2,2]octane is
an efficient insulating spacer.



Tabl e 1.
Concl usi on

A theoretical approach conbining a DFT geonetry optim zation
and extended Hickel calculations on two bis-ferrocenyl nodel
conpounds allowed to estimate the electronic comrunication
par aneter V,, between ferrocene units. A 12-fold attenuation of
the Vi was observed in the presence of a bicyclof?2,2,2]octane
spacer conpared to a conjugated p-phenylene spacer. This
clearly shows the insulating role of the bicyclo[2,2,2]octane
fragment .

On the basis of these results, we have synthesized two
nol ecul ar notors incorporating ester anchoring groups on the
tris(indazolyl)borate part (stator) to be anchored onto
surfaces. In the first ruthenium conplex, the ferrocenyl
el ectroactive groups and the cyclopentadienyl (Cp) rotor are
connected via a conjugated p-phenylene spacer. The second
conpl ex bears a bicyclo[2,2,2] octane insulating noiety in the
rotor, and thus fulfills all the requirements for an
electrically driven nolecular notor. By conparison to the
notor incorporating trans-bisacetylide platinun(ll) insulating
groups,!® the insulation of the electroactive groups is nore
efficient and the absence of triple bonds in the backbone
gives rise to a nore rigid structure which should be nore
stabl e towards the deposition process. Wrk is now underway to
anchor these nolecules on an oxide surface in view of
addressing them as single nolecules wth tw netallic
nanoel ectrodes. The denonstration of a controlled rotary
nmovenment will then need further experinental developnments by
physi cal methods such as scanning probe mcroscopies or the
analysis of the tine dependence of the current in a two-
el ectrode configuration.

Experimental Section
Conmput ati onal details

Cal cul ations were performed with the GAVESS!!® (General Atonic
and Ml ecular Electronic Structure Systen) software. Conplete
geonetry optimzations were carried out wusing the density
functional theory nethod with the conventional Becke-3-Lee-
Yang- Parr (B3LYP) exchange-correlation functional. 6-31G and
6-31G* basis set were used for all the atonms. The 6-31G basis
set gave an optim zed geonetry for the ferrocenyl noiety with
a better correlation with X-ray data for the Fe-C distance.
Al so see the Supporting Information for the nol ecul ar nodeling
coordinates of 1 and 2, the paraneters used 1in the
calculations for the atons C, H and Fe, energy of the orbitals

10



and Vu, of 1 and 2 as a function of the energy of the iron 3d
orbitals.

Synt hesi s

Al comercially avail able chem cals were of reagent grade and
were used wi thout further purification. Ferroceneboronic acid,
acrylonitrile and phenylacetone were purchased from Al drich.
Br ono h°>-1, 2, 3, 4, 5- pent a- ( p- br onophenyl ) cycl opent adi enyl
di car bonyl rut heniun(11), 8 pot assi um hydrotri s[ 6-
(et hoxycar bonyl )i ndazol - 1-yl ] boratel'® and 4-tert-butyl phenyl
bor oni c aci d was prepared according to literature
procedures. Toluene was dried over CaH, and THF over sodium
with benzophenone. Al reactions were carried out using
standard Schl enk techniques under an argon atnosphere. Flash
colum chromatography was carried out on silica gel 230-400
mesh from SDS. NWVR Spectra were recorded on Bruker AM 250,
Avance 300 or Avance 500 spectroneters and full assignnments
were achieved using COSY, ROESY, HMBC and HMJX nethods.
Chenical shifts are defined with respect to TMS = 0 ppm for *'H
and ®C NWR spectra and were neasured relative to residual
sol vent peaks. The follow ng abbreviations have been used to
describe the signals: s for singlet; d for doublet; t for
triplet; g for quadruplet; m for nultiplet. The nunbering
schene is given in schenmes 1 and 3 (vide supra).

UV-Vi si bl e-Near Infra-Red spectra were recorded on a Shinmadzu
UV-3100 spectroneter. FAB and DC nmass spectronetry was
performed wusing a Nermag R10-10. Cyclic voltametry was
performed with an AUTOLAB PGSTAT 100 potentiostat using a Pt
disc (1mm dianmeter) as working electrode and a Pt counter
el ectrode. The reference electrode used was the saturated
cal onel el ectrode (SCE)

h>-1, 2, 3, 4, 5- pent a- (4- bronophenyl ) cycl opent adi enyl hydrotris
[ 6- (et hoxycar bonyl ) indazol -1-yl]borate rutheniun(ll) (3)

Br ono h°>-1, 2, 3, 4, 5- pent a- ( p- br onophenyl ) cycl opent adi enyl

di carbonyl rutheniun(ll) (55 ng, 0.05 mmol, l1leq) and potassi um
hydrotri s[ 6- (et hoxycar bonyl )i ndazol -1-yl ]borate (62 ngy, 0.1
mol, 2eq) were heated in a sealed tube at 150 °C under
m crowave irradiation during 10 mnutes in a mxture of 2 nmi

of acetonitrile and 1 m of DW. The crude reaction mxture
was evaporated under vacuum The product was adsorbed on
silica and purified by col um chr omat ogr aphy (S G

di chl oromet hane) to give a yellow solid (15 nmg, 19%. *'H NMR

(250 MHz, CD,A,) d8.76 (s, 3H, Hy), 7.95 (s, 3H, H), 7.68 (d,

3H J = 8.5 Hz, H), 7.45 (d, 3H, J = 8.5 Hz, H), 7.21 (s
broad, 20H, H..), 4.47 (g, 6H, J = 7.1 Hz, CHy), 1.48 (t, 9H, J
= 7.1 Hz, CHy); C NWR (63 MHz, CD,O,) d 166.81; 143.22;

140.77; 135.10; 131.82; 130.92; 129.30; 125.35; 122.24;

121.26; 119.86; 113.97; 88.05; 61.38; 14.31; Ms: (APCl) 1522

[M".
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h>-1, 2, 3, 4, 5-penta- (4- (4 -tert-butyl phenyl) phenyl )
cycl opent adi enyl hydrotris [6-(ethoxy-carbonyl) indazol-1-yl]
borate rutheniun(ll) (4)

In a Schl enk t ube, h°-1, 2, 3, 4, 5- pent a- (4- br omophenyl )
cycl opent adi enyl hydrotris [6-(ethoxycarbonyl) indazol-1-yl]
borate ruthenium(Il) (20 ng, 13.2 wunol, 1 eq.), 4-tert-
but yl phenyl boronic acid (47 nmg, 264 pnol, 20 eq), palladium
acetate (1 nmgy, 4.5 wpwpml, 0.3 eq.), 2-(2',6 -dinmethoxy
bi phenyl ) di cycl ohexyl phosphine (3 ng, 7.3 pml, 0.6 eq.) and
anhydrous K;POy (28 ng, 0.132 mmol, 10 eq.) were placed under
argon. Freshly distilled toluene (1 nm) was added and the
m xture was heated at 100°C overnight. After cooling down
addi tional 4-tert-butyl phenyl boronic acid (47 nmg, 264 upnol, 20
eq), palladium acetate (1 ng, 4.5 pmol, 0.3 eq.), 2-(2',6 -
di met hoxy bi phenyl)di cycl ohexyl phosphine (3 ng, 7.3 pnmol, 0.5
eq.) and anhydrous KsPO; (28 ngy, 0.132 mmol, 10 eq.) were added
and the mxture was heated at 100°C overnight. The crude
reaction mxture was evaporated under vacuum The product was
purified by colum chromatography (Si0: CHC ;) to give 4 as a
yellow solid (6 nmy, 25%. 'H-NMR (500 MHz, CD,Cl,) d: 8.80 (s,
3H, Hy), 7.65 (s, 3H H), 7.65 (d, 3H, J = 8.5Hz, H), 7.55
(d, 10H, J = 8.5 Hz, H), 7.47 (d, 10H, J = 8.5 Hz, Hs), 7.40
(m 13H, H H), 7.35 (d, 10H, J = 8.5 Hz, H), 4.47 (g, 6H, J
= 7.1Hz, OCH;), 1.48 (t, 9H, J = 7.1 Hz, CHg), 1.30 (s, 45H,
CHs 'Bu); °C NWR (126 MHz, CD,Cl,) d 166.97; 150.64; 143.18;
141. 01; 139. 76; 137. 17; 134. 20; 132. 45; 128. 82; 126. 40;
125.78; 125.70; 125.49; 120.92; 119.81; 113.91; 88.97; 61.29;
34.46; 31.09; 14.33; W/Vis (CHA2) lmx / nm (e / nol i L. cm?)
269 (97 000); 343 (26 000); 366 (22 000); Ms: (FAB) 1787 [MT;
High Resolution LSI Calculated [M™ 1787.7936 (CiisHi13BNsQsRu)
Found: 1787.7908 (100% [M+),C\/ (CH2C| 2, nBU4NPF6,), E Ru(I1)-Ru(l11)
(VISCE): +0.77 rev (Sweep rate: 100 nV.s™%).

h>-1, 2, 3, 4, 5-pent a- (4- (f errocenyl ) phenyl) cycl opent adi enyl
hydrotris [ 6- (et hoxycar bonyl) i ndazol -1-yl ] bor at e
rut heniun(l1) (5)

In a Schl enk t ube, h°>-1, 2, 3, 4, 5- pent a- (4- br omophenyl )
cycl opent adi enyl hydrotris [6-(ethoxycarbonyl) indazol-1-yl]
bor at e rut heniunm(11) (35 ny, 0. 023 nmol , 1 eq.),
ferroceneboronic acid (106 ng, 0.46 mol, 20 eq.), palladium
acetate (2.6 nmg, 12 wpmol, 0.5 eq.), 2-(2,6 -dinmethoxy
bi phenyl ) di cycl ohexyl phosphine (9.5 ng, 23 pml, 1 eqg.) and
anhydrous Ks;PO, (49 ng, 0.23 mml, 10 eq.) were placed under
argon. Freshly distilled toluene (2 nm) was added and the
m xture was heated at 100°C overnight. After cooling down
additional ferroceneboronic acid (106 ng, 0.46 nmmol, 20 eq.),
pal | adium acetate (2.6 ng, 12 pmol, 0.5 eq.), 2-(2',6 -
di met hoxy bi phenyl ) di cycl ohexyl phosphine (9.5 ng, 23 pmol, 1
eq.) and anhydrous KsPO; (49 ngy, 0.23 mmol, 10 eq.) were added

12



and the mxture was heated at 100°C overnight. The crude
reaction mxture was evaporated under vacuum The product was
purified by colum chromatography (SiQ: CHCO,) to give 5 as

an orange solid (15 nmgy, 32%. 'H NVR (500 MHz, CD,C,) d 8.80

(s, 3H Hy), 8.25 (s, 3H H), 7.64 (d, 3H J = 8.5 Hz, H),
7.45 (d, 3H, J = 8.5 Hz, H,), 7.35 (d, 10H, J = 8.5 Hz, H),
7.22 (d, 10H, J = 8.5 Hz, H), 4.55 (t, 10H, J = 1.8 Hz, Hh),
4.46 (q, 6H J = 7.1 Hz, OCH), 4.25 (t, 10H J = 1.8 Hz, Hy),

3.94 (s, 25H, Cp), 1.47 (t, 9H, J = 7.1 Hz, CHs); °C NWR (126
MHz, CD,d,) d 166.95; 143.18; 140.55; 138.63; 133.49; 131.51;
128.75; 125.49; 124.83; 120.98; 119.72; 113.94; 88.55; 84.18;
69.87; 69.30; 66.42; 61.29; 14.32; W/Vis (CHO ) lmx / nm(e/
mol . L.cm?) 285 (99 000); 340 (54 000); 362 (49 000); WM&
(MALDI - TOF) 2046 [M*; High Resolution LSI Calculated [M™:
2046. 3040 (CiisHesBFesNsQsRu)  Found: 2046.3023 (100% [M); CV
(CH2C| 2, nBU4NPF6,), EFe(II)-Fe(III) (V/SCE) +0. 47 rev, (5 e) . E
Ra(11)-ru(i11) (V/SCE): 0.89 rev (1 e) (Sweep rate: 100 nV.s™').

h°>-1, 2, 3, 4, 5- pent a[ 4- [ 4-f err ocenyl phenyl ) - 4- pheny! -

bi cycl o[ 2, 2, 2] octane] phenyl] cycl opent adi enyl hydrotri s[ 6-
(et hoxycar bonyl ) indazol-1-yl]borate rutheniun(ll) (6)

In a Schl enk t ube, h°>-1, 2, 3, 4, 5- pent a- ( 4- br omophenyl )
cycl opent adi enyl hydrotris [6-(ethoxycarbonyl) indazol-1-yl]
borate ruthenium(Il) (25 ng, 0.016 nmml, 1 eq.), 4-[(4-

ferrocenyl phenyl ) bi cycl o[ 2. 2. 2] oct ane] phenyl bor oni c pi nacol
ester 15 (75 ng, 0.13 nmmol, 8 eq.), palladiumacetate (1.8 ng,
8 pnol 0.5 eq.), 2-(2,6 -di met hoxy

bi phenyl ) di cycl ohexyl phosphine (6.8 ng, 16 upml, 1 eq.) and
anhydrous KsPO, (35 ng, 0.16 mmol, 10 eq.) were placed under
argon. Freshly distilled toluene (1.5 m) and degassed water
(100 pl) were added and the mxture was heated at 100°C
over ni ght . After cool i ng down, addi ti onal 4-1(4-
ferrocenyl phenyl) bicyclo[2.2.2]octane] phenylboronic pinacol
ester (75 ng, 0.13 mmol, 8 eq.), palladium acetate (1.8 ng, 8
pnol | 0.5 eq.), 2-(2,6 -di met hoxy
bi phenyl ) di cycl ohexyl phosphine (6.8 ng, 16 pml, 1 eq.) and
anhydrous Ks;PQ, (35 ng, 0.16 mmol, 10 eq.) were added and the
m xture was heated at 100°C overnight. The crude reaction
m xture was evaporated under vacuum The product was purified
by columm chromatography (SiG: CHC,) to give 6 as an orange
solid (16 ng, 29%. 'H NWVR (500 MHz, CD,C,) d 8.81 (s, 3H,
H), 8.20 (s, 3H H), 7.66 (d, 3H J 8.5 Hz, H), 7.57 (d,
10H, J = 8.4 Hz, H), 7.50 (d, 10H, J 8.5 Hz, Hy), 7.44-7.37
(m 33H H H H H), 7.28 (d, 10H, J 8.5 Hz, Hg), 4.60 (t,
10H, J = 1.8 Hz, H), 4.48 (q, 6H, J = 7.1 Hz, OCHy), 4.28 (t,
10H, J = 1.8 Hz, Hg), 4.03 (s, 25H, Cp), 1.98 (s, 60H, CH
bicyclo), 1.49 (t, 9H J = 7.1 Hz, CHs): *C NWR (126 Mz,
CD,d,) d 166.97; 149.52; 147.68; 143.19; 141.03; 139.74;
137.31; 136.31; 134.22; 132.48; 128.84; 126.46; 126.07

125.97; 125.72; 125.50; 120.94; 119.83; 113.91; 88.99; 85.70;
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68.52; 68.76; 66.48; 61.30;, 34.92; 34.83; 32.83; 32.77; 14. 34,

W/Vis (CHCO3,) lmx / nm (e / mol ' L.cm') 277 (205 000); 342
(44 000); 368 (31 000); Ms: (MALDI-TOF) 3348 [M™; HR MALDI - TOF
Calculated [M™ 3348.096 (CysHiesBFesNsQsRu) Found: 3348.061
(100%[M+), cv (CHzCI 2, nBU4NPF6,), E Fe(11)-Fe(l11) (V/SCE) +0. 42
rev, (5 €e) ; Eriin)y-ruiiy (VSCE): 0.76 rev (1 e) (Sweep rate:
100 nVv. s ).

3-acetyl -1, 5-di cyano- 3- phenyl - pent ane (7)

In a two-neck flask, acrylonitrile (33 m, 0.5 nol, 2 eq.) was
added dropw se under vigorous stirring to a solution of
phenyl acetone (33 ml, 0.25 nol, 1 eq.) and ‘tritonB (2.63 n,
0.015 mol) in tert-butanol (64 m) at a tenperature kept
between 20 and 25°C. After the end of the addition, the
m xture was stirred for one additional hour. After filtration
and washings wth mnmethanol, a white solid was obtained.
Recrystallization in ethanol yielded 7 as a white solid (45.79
g, 76%. 'H NMR (250 MHz, CD,Cl,) d: 7.44-7.37 (m 3H, Ph),
7.18-7.14 (m 2H, Ph), 2.43-2.23 (m 4H, CHCN), 2.19-2.01 (m
4H, CHy), 1.94 (s, 3H, Me); MS: (DCl/NH) 258 [ MrNH] .

3-acetyl - 3-phenyl - 1, 5- pent anedi car boxylic acid (8)

In a round-bottom flask, 7 (45.79 g, 0.190 nol, 1 eq.) was
heated at reflux overnight in water (210 mM) with KOH (21 ¢

0.526 nol, 2.75 eq.). Activated charcoal was added and the
m xture was filtered over celite. The filtrate was acidified
with concentred hydr ochl ori c acid to yield a  white
precipitate. The product was recrystallized in water to give 8
as a white solid (38.50 g, 72%. 'H NVR (250 MHz, acetone d°
d: 7.47-7.40 (m 2H, Ph), 7.36-7.28 (m 3H, Ph), 2.36-2.28 (m
4H, CH,COOH), 2.11-2.03 (m 2H, CH), 1.89 (s, 3H M); M
(DCl/ NH) 277 [MH .

4- acetyl - 4- phenyl cycl ohexanone (9)

In a round-bottom flask, 8 (38.50 g, 0.138 nol, 1 eqg.) and
pot assi um acetate (0.38 g, 3.84 mol, 2.8% were heated at
reflux in acetic anhydride (71 m, 1.39 nol, 5 eq.) during 2
hours. The acetic acid formed was distilled under reduced
pressure, and then the m xture was heated at 250°C to distill
t he cycl ohexanone. After recrystallization in hexane 9 was
obtained as a white solid (13.43 g, 45%. 'H NWVR (250 Mz,
CD,d,) d: 7.41-7.34 (m 5H, Ph), 2.49-2.32 (m 8H, CH,), 1.97
(s, 3H, CHs); MS: (DCI/NHs) 234 [ MENHi] ¥, 251 [ MENH] ™.

1- hydr oxy- 4- phenyl bi cycl o[ 2. 2. 2] oct an- 3-one (10)

In a round bottom flask, 9 (10.63 g, 0.049 nol, 1 eqg.) was
added to a solution of potassium hydroxyde (11.8 g, 0.211 nol,
4.3 eq.) in absolute ethanol (52 m). The mxture was stirred
at room tenperature overnight. Water was added (150 m) and
the precipitate was filtered and washed with water. After
drying under vacuum 10 was obtained as a white solid was
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obtained (7.77 g, 73%. 'H NV\R (250 MHz, CD.C,) d: 7.36-7.16
(m 5H, Ph), 2.56-2.55 (m 2H, CH-CO, 2.27-1.85 (m 8H, CH
bicyclo), 1.67 (s, 1H OH); WMS: (DC/NH) 234 [M:NH]*, 251
[ MENzH7] ™.

1- hydr oxy- 4- phenyl bi cycl o[ 2. 2. 2] oct ane (11)

In a round-bottom flask, 10 (7.77 g, 0.036 nmol, 1 eq) was
heated at reflux in hydrazine hydrate (45 m) during 5 hours.
After the mxture was cooled, potassium hydroxide (10.1 g,
0.18 nol) and diethyleneglycol (63 mnm) were added. The
apparatus was set up for distillation and the tenperature was
set at 160°C during 1 hour, then the tenperature was raised to
220°C where it was maintained until the end of the nitrogen
evolution. The reaction mxture was cooled down and poured
into water (300 nl), extracted with ether, washed wth
hydrochloric acid (1M and dried over nmagnesium sulfate.
Crystallization from cycl ohexane gave 11 as a white solid
(4.57 g, 62%. 'H NV\R (250 MHz, CD,d,) d: 7.33-7.26 (m B5H,
Ph), 2.00-1.94 (m 6H, CH bicyclo), 1.77-1.72 (m ©6H CH
bicyclo), 1.43 (s, 1H OH); MS: (FAB) 202 [M".

1, 4- di phenyl bi cycl o[ 2. 2. 2] oct ane (12)

To a stirred solution of 11 in a round bottom flask, (4.58 g,
0.23 mol, 1 eq.) in benzene (530 m) concentred sulfuric acid
(5.3 mM) was added under argon. The mxture was heated at
reflux during 4 hours. After cooling the mxture was poured
into water (500 m) and extracted wth dichloronethane.
Purification by columm chromat ography (SiG: hexane/ CHO , 5%
afforded 12 as a white solid (2.0 g, 33%. 'H NWVR (300 Mz,
CD,A,) d: 7.41-7.37 (m 4H, H), 7.34-7.29 (m 4H Hp, 7.21-
7.16 (m 2H, H), 1.98 (s, 12H, CH, bicyclo); ¥C NWVR (76 Mz,
CD,d ;) d 150.08; 128.12; 125.59; 35.04; 32.84; M. (DCl/NH)
262 [M".

1, 4-di - (4- bronophenyl ) bi cycl o[ 2. 2. 2] oct ane (13)

To a solution of 1,4-diphenylbicyclo[2.2.2]octane 12 (2.0 g,
7.6 mol, 1 eqg.) in a round bottom flask and iron powder (87
ng, 1.56 mmol, 0.2 eq.) in Cd,4 (100 mM) was added a sol ution
of Br, (0.78 m, 15.2 nol, 2 eq.) in CO,4 (67 mM). The m xture
was heated at reflux during 3 hours. After cooling, the
m xture was poured into an aqueous 1% solution of NaBH; (250
m). The product was extracted wth dichloronmethane and the
organi ¢ phases washed with water and dried over MSQO,. The
pr oduct was purified by colum chromatography (S O:
hexane/ CH,Cl , 10% to give 13 as a white solid (2.08 g, 65%.
'H NV\R (300 MHz, CD,A,) d: 7.43 (d, 4H, J = 8.5Hz, Hiom), 7.25
(d, 4H J = 8.5Hz, Hiom, 1.93 (s, 12H, CH, bicyclo); ¥*C NWR
(76 MHz, CD,CA,) d 149.01; 131.09; 127.60; 119.32; 34.92;
32.62; Ms: (DCI/NH) 420 [M™.
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1- (4- bronmophenyl ) - 4- (4-ferrocenyl phenyl ) bi cycl o[ 2. 2. 2] oct ane
(14)

In a Schlenk tube, 1,4-di-(4-bronophenyl)bicyclo[?2.2.2]octane
(230 ng, 0.54 mmol, 1 eq), ferroceneboronic acid (126 ngy, 0.54
mmol, 1 eq), palladiumacetate (1.2 ng, 5 punol, 1%, 2-(2',6 -
di met hoxybi phenyl ) di cycl ohexyl phosphine (4.5 ng, 10 pnol, 2%
and anhydrous KsPO, (232 ng, 1.1 mmol, 2 eq) were placed under
argon. Freshly distilled toluene (4 nm) was added and the
m xture was heated at 100°C overnight. The crude reaction
m xture was evaporated under vacuum The product was purified
by colum chromatography (SiG: Cyclohexane/CHCO, 0-109% to
give in the first fraction a white solid corresponding to
unreacted 13 (70 ng), then in the second fraction the
di ssymmetric product 14 as an orange solid (90 ny, 31% and
finally the symetric bis(ferrocenyl) product as an orange
solid (45 ng, 13%. 'H NWVR (300 MHz, CD,C,) d 7.43 (m 4H),
7.28 (m 4H), 4.62 (t, 2H, J = 1.9 Hz, subs Cp), 4.29 (t, 2H
J = 1.9 Hz, subs Cp), 4.04 (s, 5H Cp), 1.97 (s, 12H, CH
bicyclo); ¥C NWR (76 Mz, CD,C,) d 149.29; 147.52; 136.38;
131.06; 127.65; 125.99; 125.50; 119.25; 85.70; 69.54; 68.80;
66.50; 34.98; 34.79; 32.77; 32.69; MS: (DCI/NH) 526 [MH T
High Resolution LSI Calculated [M™: 524.0802 (CgoHoBrFe)
Found: 524.0801 (100% [M+H]*); CV (CHC ,, "BusNPFg, ), E Fre(i1)-
Feci11y (VI SCE): +0.44 rev (Sweep rate: 100 nV.s™).

4-[ (4-ferrocenyl phenyl)bi cycl o 2. 2. 2] oct ane] phenyl bor oni c

pi nacol ester (15)

In a Schl enk t ube, 1- (4- br omophenyl ) - 4- ( 4-
ferrocenyl phenyl ) bi cycl o[ 2. 2. 2]octane (90 ng, 0.17 mol, 1
eq), bis(pinacolato) diboron (43 ng, 0.17 mol, 1 eq),
pot assi um acetate (50 ng, 0.51 mml, 3 eq) and dry DMF (2 m)
wer e degassed under argon during 20 min. Pdd ;(dppf) was added
and the mxture was heated at 80°C overnight. The crude
reaction m xture was evaporated under vacuum and then purified
by col um chromat ography (Si OQ:: Cycl ohexane/ CH,Cl , 50% to give
15 as an orange solid (65 ng, 66%. 'H NVR (300 MHz, CD,d,) d
7.70 (d, 2H, J = 8.4 Hz), 7.42 (d, 2H, J = 8.6 Hz), 7.39 (d,
2H, J = 8.4 Hz), 7.29 (d, 2H J 8.6 Hz), 4.62 (t, 2H, J =
1.9 Hz, subs Cp), 4.29 (t, 2H, J 1.9 Hz, subs Cp), 4.04 (s,

5H, Cp), 1.98 (s, 12H, CH, bicyclo), 1.32 (s, 12H CHy); C
NVR: (76 MHz, CD,d,) d 153.38; 147.66; 136.25; 134.52; 125.92;

125.45; 124.98; 85.74; 83.62; 69.50; 68.73; 66.44; 35.24;
34.79; 32.69; 32.65; 24.65;, M. (DCI/NH) 573 [MH ', 590
[ MEFNH] *, 607 [M¢N:H;]*; High Resolution LSl Calculated [M*

572. 2549 (CgsHiBFe®) Found: 572.2534 (100%[M ™).

X-ray crystall ographic study

Cryst al Dat a for h°>-1, 2, 3, 4, 5- pent a- (4- br omophenyl )
cycl opent adi enyl hydrotris [ 6- (et hoxycar bonyl) i ndazol - 1-
yl ] borate rutheniunm(ll) (3)
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Yellow prismatic crystals suitable for X-ray analysis were
obt ai ned by dissolution of the conpound in dichloronethane and
slow liquid diffusion of nethanol. Gs7Hs2BBrsNsGsCl4RU: M
1690. 40, Triclinic, space group P-1, a(A) = 11.8455(7), b(A
13.234(2), c(A = 25.192(2), a = 75.882(7), b = 84.952(6), g =
63.888(7), V(A®) = 3438.4(5), Z = 2, rcac = 1.6290(3) g.cm?
mMPMoK,?(nmi') = 3.343. Data were collected on a Nonius Kappa
CCD diffractoneter using MK, graphite nonochromated radiation
(I = 0.71073 A) at 298 K. 4510 reflections having |1>2s(1) were

used for structure determnation (6.02°<q?<28.00°). For all
conput ati ons the Bruker nmaXus software package was used. Final
results: R(F) = 0.088, RMF) = 0.131, GoF = 1.011.

Crystal Dat a for 1- (4- br omophenyl ) - 4- (4-
f errocenyl phenyl ) bi cycl o[ 2. 2. 2] oct ane (14)

Orange prismatic crystals suitable for X-ray analysis were
obt ai ned by sl ow evaporation of a solution of the conplex in a
1:1 pentane-net hanol m xture. CsoH9Br Fe: M = 1050. 56,
Triclinic, space group P-1, a(A) = 11.1034(6), b(A =
11.7933(4), c(A) = 19.1249(14), a = 77.435(5), b = 79.063(7), ¢
= 71.404(5), V(A® = 2297.0(2), Z = 4, rcac = 1.5190(1) g.cm?
mMPMoK,?(nmit) = 2.412. Data were collected on a Nonius Kappa
CCD diffractoneter using MK, graphite nonochromated radiation
(I = 0.71073 A at 200 K. 5144 reflections having |>3s(l) were
used for structure determnation (0.00°<q?<30.00°). For all
conput ati ons the Bruker nmaXus software package was used. Final
results : R(F) = 0.048, Ry(F) = 0.088, GoF = 0.749.

CCDC 630858 (3) and 631360 (14) contain t he
suppl ement arycrystal | ographic data for this paper. These data
can be obt ai ned free of char ge from t he
Canbri dgeCryst al | ographic Dat a Centre Vi a
wwwv. ccdc. cam ac. uk/ data_request/cif.
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Figure 1. Desired behaviour (top): electron transport with the
rotation of the rotor. Undesired behaviour (bottom): electron
transport via intramolecular electron transfers wthout
rotation.

Figure 2. Mddel dinuclear conplexes wused to study the
el ectronic influence of the bicyclo[2,2,2]octane fragnent.

Figure 3. DFT-optim zed geonetries of 1 (above) and 2 (bel ow).

Figure 4. Overlap between the iron 3d orbitals and the 2p;
orbitals of the bridge.

Figure 5. Symmetrical and antisymetrical nolecular orbitals
based on the dx?y? iron orbitals of conplex 1 (left) and 2
(right) involved in the electronic coupling (wth an orbital
contour val ue of 0.05).

Figure 6 Thermal ellipsoid diagram (ORTEP) of 3, top view
(left) and side view (right). The ellipsoids are drawn at the
50% probability level, the nolecules of co-crystallizing
solvent (MeOH) and hydrogen atoms have been omtted for
clarity.

Figure 7 Thermal ellipsoid diagram (ORTEP) of 14. The
ellipsoids are drawn at the 50% probability Ilevel and
hydr ogens have been omitted for clarity.

Figure 8. Cyclic voltammograns of 5 (dotted) and 6 (plain)
(CHA ,, "BusNPFs, Pt working and counter electrode). Al waves

were reversible. The sweep rate was 100 mV. s .
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Schenme 1. Synthesis of the nodel conmplex 4 and the nol ecul ar
nmotor 5: (a) 4-tert-butyl phenyl boronic acid, Pd(OAc),, 2-
(2,6’ -di met hoxybi phenyl ) di cycl ohexyl phosphi ne, KsPQy,
tol uene, 100°C, overnight, 25% (b) ferrocene boronic acid,
Pd( OAc) », 2-(2', 6 -di net hoxybi phenyl) di cycl ohexyl phosphi ne,
KsPQy, toluene, 100°C, overnight, 32%

Schenme 2. Synthesis of the bicyclo[2,2,2]octane precursor 14:
(a) acrylonitrile, ‘triton B, 'BuCH, 20°C, 1 hour, 76% (b)
KOH, HO reflux, overnight, 72% (c) AcOK, Ac.O reflux, 2
hours, then distillation at 250°C, 45% (d) KOH, EtCH, 20°C,
overnight, 73% (e) hydrazine, reflux, 5 hours, then KOH,
di et hyl ene glycol, 220°C, 62% (f) conc HSQO,, benzene, reflux,
4 hours, 33% (g) Br,, Fe, COy4, reflux, 3 hours, 65% (h)
ferrocene boronic acid, Pd(OAc),, 2-(2',6 -dinmethoxybiphenyl)
di cycl ohexyl phosphi ne, KsPQy, toluene, 100°C, overnight, 31%

Schenme 3. Synthesis  of the nol ecul ar not or 6: (a)
bi s( pi nacol at o) di bor on, PdCl »(dppf), Ac K, DIVF, 80°C,
overnight, 66% (b) 3, Pd(OAc)., 2-(2',6 -dinethoxybiphenyl)
di cycl ohexyl phosphi ne, KsPQy, t ol uene (1% HO, 100°C,
overni ght, 29%

Table 1. Oxidation potentials of iron and ruthenium in V/ SCE
(CHA ,, "BusNPFs 0.1 M Pt working and counter el ectrode).

4 5 6 14

Eyo(0x) Fe''/Fe''’ - 0.47 0.42 0.44
Eyo(0x) Ru''/Ru'' 0.77 0.89 0.76 -

Tabl e of Contents

The insulating role of 1,4-disubstituted bicyclo[2,2,2]octane
has been examned in a theoretical study on bis-ferrocenyl
nodel conpounds. Two prototypes of electron-fuelled nolecul ar
not ors have been synthesized, incorporating either conjugated
or insulating spacers between the <central <core and the
ferrocene term nal el ectroactive groups.

Keywor ds:

bi cycl o[ 2, 2, 2] oct ane, hal f - sandwi ched conpl exes, Mol ecul ar
Mot or, M xed-val ent conpounds, Ruthenium
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