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Influence of Cyclopentadienyl Ring-Tilt on Electron-Transfer
Reactions: Redox-Induced Reactivity of Strained [2] and

[3]Ruthenocenophanes
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/Abstract: In contrast to ruthenocene [Ru(n*-CiHs),] and di-
methylruthenocene [Ru(n’-CsH,Me),] (7), chemical oxidation
of highly strained, ring-tilted [2]ruthenocenophane [Ru(n’-
CsH,),(CH,),] (5) and slightly strained [3]ruthenocenophane
[Ru(m*-CsH,),(CH,);] (6) with cationic oxidants containing the
non-coordinating [B(C¢Fs),~ anion was found to afford
stable and isolable metal-metal bonded dicationic dimer
salts  [Ru(m®-CsH,),(CH,),1,[B(CFs)al, (8) and  [Ru(’-CsH,),-
(CH,);1,[B(C4F5)a), (17), respectively. Cyclic voltammetry and
DFT studies indicated that the oxidation potential, propensi-
ty for dimerization, and strength of the resulting Ru—Ru

bond is strongly dependent on the degree of tilt present in
5 and 6 and thereby degree of exposure of the Ru center.
Cleavage of the Ru—Ru bond in 8 was achieved through re-
action with the radical source [(CH;),NC(S)S—SC(S)N(CH,),]
(thiram), affording unusual dimer [(CH,),NCS,Ru(n®*-CsH,)(n*
CsH)GH,LIB(C4Fs),], (9) through a haptotropic w’-n’ ring-
slippage followed by an apparent [2+2] cyclodimerization
of the cyclopentadienyl ligand. Analogs of possible inter-
mediates in the reaction pathway [CgHsERu(n’-CsH,),CoH.l
[B(C4F5)] [E=S (15) or Se (16)] were synthesized through re-
action of 8 with C;H;E—ECH; (E=S or Se). D

Introduction

Strained [n]metallocenophanes 1, and their analogues con-

taining other m-hydrocarbon ligands,”” are a class of organo-
metallic molecules that have received widespread attention
due to their interesting structures and reactivity. Distortion of
the normally parallel cyclopentadienyl (Cp) rings (or their m-co-
ordinated counterparts) to a tilted orientation (as defined by
a) (Figure 1) occurs when the ansa linkage is sufficiently short
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(n<2). For [nImetallocenophanes containing more than four d
electrons, significant tilt angles (a=14-33°), are associated
with high-energy, distorted structures,” where the inherent
ring-strain can be employed as a thermodynamic driving force
for ring-opening reactions.”

Figure 1. Structural metrics of [n]metallocenophanes.

Significantly, the release of ring-strain in [n]metalloceno-
phanes 1 can be exploited in the preparation of polymetallo-
cenes 2 (Figure 2), incorporating metallocene units in the
main-chain, via ring-opening polymerization (ROP) reactions.”!
The most extensively studied system involves strained sila[1]-
ferrocenophanes (1, M=Fe, E,R,=SiRR’), which afford polyfer-
rocenylsilanes (2, M=Fe, E,R,=SiRR’) upon ROP. The interest-
ing properties of these metallopolymers, which complement
those of their all-organic counterparts, has resulted in their use
in a diverse range of applications, including as catalyst and
magnetic ceramic precursors,”” etch resists,” the redox-active
component of photonic crystal displays,® redox-active films,
microcapsules and microspheres,” and self-assembled, nano-
structured materials."”

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Polymetallocene 2, ring-slipped [nlmetallocenophane 3 and [1]fer-
rocenophanium ion 47,

The relative ease of synthesis and propensity for ring-open-
ing reactions of sila[1]ferrocenophanes has made them the
focus for the majority of [nlmetallocenophane research. How-
ever, through variation of the incorporated metal atom,"” and
bridging moiety (E,R,), a wide range of other [n]metalloceno-
phanes has also been prepared."™2d The known reactivity
modes of [nlmetallocenophanes involve a variety of bond-
cleavage pathways whose nature and location is thus dictated
by the identity of the metal and bridging moiety. For example,
cleavage of the polarized C,,,—E bond in sila[1]ferroceno-
phanes, with initiation of ROP, can be induced via the addition
of anionic reagents such as nBuLi,"? or transition-metal cata-
lysts.'®) Oxidative-insertion of metal fragments into this bond
has also been demonstrated."” Cleavage of the E—E bridge
bond in [2]metallocenophanes has been implicated in ring-
opening reactions, including homolytic bridge cleavage™ and
insertion of main group elements or metal fragments.''®

In contrast, UV irradiation of [nlferrocenophanes results in
a selective weakening of the M—Cp bond and a selective cleav-
age in the presence of suitable initiators (such as Na[CsH;]) en-
ables ROP under mild conditions."” Haptotropic n°-n' ring-
slippage of the Cp rings has been reported for several [1]- and
[2Imetallocenophanes through the addition of phosphine
donors (usually under UV irradiation) to afford species such as
3 (Figure 2)."® Furthermore, recent investigations illustrated
how changes in the redox state of [n]metallocenophanes can
alter their ansa structure and electron distribution, as observed
through the synthesis and reactivity of a [1]ferrocenophanium
ion 4T (Figure 2).'" In addition, several other reactivity modes
for strained [nlmetallocenophanes that involve reactivity at the
metal centre have been identified.!"¢2"

The well-known redox properties of ferrocenes, with readily
accessible and stable redox states (Fe'/Fe"), has resulted in
their employment as a standard reference for electrochemical
studies,”" as well as many other applications.®*>?? The redox
properties of strained [n]ferrocenophanes!’“%! have also been
studied and, except in the case of highly strained examples,
are similar to those observed for their unstrained ana-
logues.*'”® |nvestigations into the redox chemistry of ruthe-
nocenes, in the presence of electrolytes containing weakly-co-
ordinating anions, have revealed behavior that is more com-
plex than that of simple ferrocene derivatives, with evidence of
further reactivity occurring upon oxidation.”” To date the elec-
trochemical properties of strained ruthenocenophanes are un-
explored, apart from the case of the slightly strained, sterically-
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congested, electron-rich permethylated [3]ruthenocenophane
[Ru(n*-CsMe,),(CH,);]. This species was found to undergo a re-
versible one-electron oxidation in CH,Cl,, but afforded the Ru"
solvent adduct via a two-electron oxidation, when cyclic vol-
tammetry was conducted in MeCN (Scheme 1).2%9

2®
/ - 28 +MeCN 7 o
Ru S MeCN—Ru 2[PFq]
= +e,-MeCN ~
[NBu,][PFe]

Scheme 1. Redox-induced reaction of octamethyl dicarba[2]ruthenoceno-
phane with MeCN.

In this paper we report full detailed studies of the redox
chemistry of highly strained [2]ruthenocenophane 5, slightly
strained [3]ruthenocenophane 6, and the unstrained analog di-
methylruthenocene 7 (Figure 3) and describe the formation of
novel dimerization products with Ru—Ru bonds for the former
two species.”” We also include electrochemical and computa-
tional investigations into the effect of tilt on both the oxida-
tion potential and propensity for dimerization. Furthermore,
our studies reveal an additional unprecedented reactivity
mode for [nlmetallocenophanes, namely n’-n® haptotropic
ring-slippage and dimerization of the Cp ring with C—C bond

formation.
/ / ;
Ru Ru Ru
5 6 7

Figure 3. Dicarba[2]ruthenocenophane 5, tricarba[3]ruthenocenophane 6
and dimethylruthenocene 7.

Results and Discussion
Electrochemical Studies of [2]Ruthenocenophane 5

Synthesis and characterization of dicarba[2]ruthenocenopha-
nium dimer 8

The redox properties of dicarba[2]ruthenocenophane 5 [a=
29.6(5)°, C—C bridge = 1.549(9) A], prepared utilizing a previous-
ly published “fly-trap” procedure involving the reaction of Li,-
[(CsH,),(C,H)1 with RuClL(DMSO),M® were investigated using
cyclic voltammetry (CV) in the presence of the weakly-coordi-
nating supporting electrolyte [nBu,N][B(C4F5),1.*® Under identi-
cal conditions, CV studies of unstrained analogue ruthenocene,
[Ru(n®-CsHs),] (RuCp,), displayed a reversible oxidation wave
(E,;,=0.41V vs FcH, where FcH=FeCp,”") corresponding to
the formation of the ruthenocenium ion, [RuCp,]".?*' In situ
voltammetry and NMR spectroscopy demonstrated that this
cation exists in equilibrium with the metal-metal bonded
dimer dication, [Ru,Cp,1**.** In contrast, CV scans of 5 [scan
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Figure 4. Cyclic voltamogram of a CH,CI, solution of 5 (ca. 1 mm analyte,
0.05 M [nBu,NI[B(C4Fs),], scan rate=0.2 Vs™').

rate (1) = 0.2 Vs~'] show that it undergoes an irreversible one-
electron oxidation (Figure 4, £,,=0.05 V vs FcH) giving a single
electroactive product having an irreversible reduction at E, =
—0.33 V vs FcH (Figure 4). Bulk anodic electrolysis (E,,, =0.4 V)
confirmed the one-electron oxidation of 5, its exclusive conver-
sion to a single product, and the subsequent quantitative re-
duction of that product (E,,,=—0.7 V) back to 5. These obser-
vations, in concert with the literature precedent for the dimeri-
zation of ruthenocene, suggested that the metal—-metal
bonded dicarba[2]ruthenocenophanium dimer dication 8 is the
product afforded upon oxidation of 5.

Although the irreversibility of the oxidation precludes a pre-
cise determination of the half-cell potential (F,,) for the 5%
couple, a value of approximately 0V vs FcH is a reasonable es-
timate. In contrast to the highly concentration and tempera-
ture-dependent voltammetry of ruthenocene,***? the redox
properties of 5 vary little with changes in the medium. Chemi-
cal reversibility of the 5”* couple was not observed even at
relatively low analyte concentrations (e.g., 107*m), suggesting
formation of a dimer dication that is thermodynamically more
highly favoured than in the case of the ruthenocenium ion.

Chemical oxidation of dicarba[2]ruthenocenophane 5 was
conducted to further characterize the product identified
through the electrochemical studies. To this end, reaction of
a stoichiometric quantity of acetylferrocenium tetra(pentafluor-
ophenyl)borate [FcCOCH,][B(C4Fs),1,%" with dicarba[2]rutheno-
cenophane 5 (in CH,Cl,) resulted in the immediate generation
of a dark green precipitate (Scheme 2). Following filtration and
removal of residual solvent in vacuo, dication 8 was isolated as
a dark, microcrystalline, green
solid (74 % yield).””

Dimer 8 was analysed by 'H o
NMR and "C spectroscopy
which observed resonances as-
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trum  [Anax  (CH3NO,) (e/M'em™)=462 (1172) and 642
(612) nm],”® in good agreement with the electronic spectra re-
ported for other diruthenium complexes containing Ru,”
cores.™ In contrast, the spectrum obtained for dicarba[2]ru-
thenocenophane 5 (Figure S2) displays no observable maxima
over the same energy range.

The structure of 8 was confirmed by single crystal X-ray dif-
fraction (Figure 5). Dimer 8 demonstrates unprecedented
metal-metal bonding between [nlmetallocenophane units and
the structure contains one of the few known examples of an
unbridged Ru"-Ru" bond,®” although a crystallographically
characterized osmocenium dimer dication has been previously
reported.*" The Ru—Ru bond length for 8 is 2.969(7) A, a signifi-
cant increase from the average Ru—Ru bond lengths reported
for both diruthenium paddlewheel complexes containing sup-
porting co-ligands and involving a number of oxidation states
(2.235-2.599 A),®? and also in ligand-unsupported Ru'-Ru'
complexes (2.677-2.904 R).2¥ However, the bond is compara-
ble in length to a ligand-supported [1.1]ruthenocenophane di-
cation [2.953(1) A].B Interestingly, in the latter case, the close
spatial proximity at which the metals were held together in
the neutral, bimetallic precursor appears to facilitate Ru"—Ru"
bond formation. This type of effect cannot be operative in the
formation of dimer 8, which supports the hypothesis that the
tilted structure of dicarba[2]ruthenocenophane 5, and more
exposed Ru center, significantly favours dimer formation. The
a angles between the two sets of Cp rings are 48.18(18) and
41.83(10)° for each metallocenophane unit respectively.** The
significant increase in this value from the dicarba[2]ruthenoce-
nophane precursor 5 [a=29.6(5)°],""® presumably reflects the
increased tilt required to accommodate Ru—Ru bond forma-
tion.

Further Reactivity of Dicarba[2]ruthenocenophanium Dimer
(8)

Reaction with thiram, Me,NC(S)S—SC(S)NMe,

We postulated that the Ru—Ru bond in dimer 8 (Ru—Ru=
2.969 A) might undergo facile homolytic cleavage, potentially
through addition of a stable radical species, and thus facilitate
novel reactivity modes at the Ru metal center. Furthermore,
the literature precedent for reactivity of disulfides with Ru
complexes makes this class of compounds ideal candidates for
reactions with dimer 8.5” We therefore investigated the reac-
tivity of 8 with dimethylcarbamothioylsulfanyl N,N-dimethylcar-
bamodithioate (thiram). A solution of thiram in CD;NO, was

signed to both the 1°-CiH, rings Ru
and (CH,), bridge (see Support-
ing Information for details). Visi-
ble spectroscopic studies of 8
(Figure S1) displayed two ab-
sorption maxima in the spec-
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Scheme 2. Synthesis of dimer 8 via chemical oxidation of dicarba[2]ruthenocenophane 5.
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Figure 5. a) Solid-state structure of dication of 8. b) Different orientation of the solid-
state structure of 8 to illustrate 90° offset of metallocene units.®® Thermal ellipsoids
shown at 50% probability level. Hydrogen atoms, solvent molecules, and counter ions
have been omitted for clarity. Selected bond lengths [A] and angles [°]: Ru1—Ru2
2.969(7), C1—-C11 1.487(7), C6—C12 1.553(7), C11-C12 1.499(8): C2—C1—C11 125.2(3), C5—
C1-C11 126.5(4), C1—-C11—C12 108.5(4), C11-C12—C6 112.7(4), C7—C6—C12 125.8(4), C10—

C6—C12 126.8(3).

added to a solution of 8 (also in CD;NO,) and stirred
for 16 h affording a red-brown solution. 'H NMR
spectroscopic analysis in situ indicated complete con-
sumption of the starting material. Upon work up,
a yellow crystalline solid was obtained in poor isolat-
ed yield (7%) which, when analyzed, was identified
as the unusual and unexpected dimeric species 9
(Scheme 3). Cleavage of the Ru—Ru bond in 8, with
formation of a cyclobutane ring between Cp rings in
an 1’ coordination mode, is involved in the formation
of 9. Although the product is
formed in a very poor isolated
yield, 'H NMR spectroscopic
analysis of the reaction solution
indicated 33% conversion to 9,
suggestive that difficulty in the
crystallisation of this species dra-
matically reduces the amount of
isolable product.

Species 9 was characterized
by "H NMR spectroscopic analy-
sis (in CDsNO,) and displayed
a doublet of doublets of dou-
blets at §=6.13, assigned to the
central allylic proton and two
multiplets at 6=5.90-5.89 and
5.77-5.75 assigned to the other
two allyl protons. Multiplets at
0=5.26-5.24 and 4.47 were as-
signed to the o and [-protons
of the 1’-CsH, rings. A doublet
of doublets at 6=4.99 was as-
signed to the cyclobutane

proton, and two overlapping singlets at 6 =3.17 assigned to
the CH; groups. Finally, two doublets of doublets of doublets
at 0=2.71 and 2.22 and two multiplets at 2.14-2.08 and 2.01-

Chem. Eur. J. 2014, 20, 1-13 www.chemeurj.org
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1.95 were assigned to the protons of the C,H, bridge.
BC{'"H} NMR spectroscopic and elemental analyses
were conducted and also found to be consistent
with the structural assignment. Definitive characteri-
zation of 9 was obtained through X-ray crystallo-
graphic analysis of a single yellow crystal, grown
from a slowly cooled solution of CH;NO./diethyl
ether (Figure 6).

Species 9 represents one of the few examples of
a structurally characterized organometallic complex
containing an mn’-coordinated  cyclopentadienyl
ligand.®¥ The shift from the 1° to the n?’*-allyl coordi-
nation mode results in folding of the internal Cp ring,
a feature consistent with other organometallic com-
plexes of this type.’” The degree of ring folding of
the Cp ring in 1 bound organometallic complexes is
defined by w, the angle between the planes formed
by the allylic and olefinic ring fragments (see Fig-
ure S3 for details),*”’ and is considerably greater in 9

— 2®
9 $ | Rul S‘>—N/
\NJLS'SYN\ ‘IU\S’ \

|

2° S 7 2
MeNO,, 25 °C, 16 h \ s
N—< “Ru
/ s
X = B(CgFs)g
9

Scheme 3. Reaction of dimer 9 with thiram.

Figure 6. Solid-state structure of the dication of 9. Thermal elipsoids at 50% probability level. Hydrogen atoms,
solvent molecules and counter ions omitted for clarity. Selected bond lengths [A] and angles [°]: Ru1-S1
2.3892(7), Ru1-S2 2.3930(7), C6—C12 1.498(3), C1—C11 1.534(3), C11—C12 1.535(4), C1—C2 1.569(3), C1—C2 1.593(3),
C2—C3 1.511(3), C3—C4 1.423(3), C4—C5 1.418(3): C1—C2—C1 90.07(16), C2—C1—C2 89.93(16), C6—C12—C11 114.4(2),
C1-C11—C12 112.73(19), C3—C4—C5 104.6(2), C8—C9—C10 109.3(2).

than in other analogous complexes (17.4-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The significant value for w in [ S ®
9 is reflected in the bond /N\H/LS_/(S‘AN/ I
lengths between the Ru and the Ru Ry 2|B(Cer)4l@ S ' 5| N S—RuM™ IB(Cst)ale
folded Cp ring carbons, in which e \g/
the Ru—allyl bonds are consider- -
ably shorter (Ru—C(3)/(4)/(5)= 8 10
2.117-2.240 A) than the Ru—C(1) - —20
and Ru—C(2) bond lengths s l
R (IV) / @
(3.053-3.062 A). The bond angles Rul >_N\
ly, s 2+2]

D

around the cyclobutane ring are

as expected for such species s

o .. . N%’ SRuv)
(89.9-90.1°). It is interesting to , ~S/g
note the relative regiochemistry L
of the dicarba spacers, which lie 9

in a 1,3- arrangement about the

S o N S )
2[B(CeFs)s| ~ <—Cycloaddition /N<‘ >Ru(IV) [B(CoFe)]®
S

1"

Scheme 4. Postulated mechanism of formation of dimer 9 via intermediates 10 and 11.

cyclobutane ring.

Due to the increased strength
of M—Cp bonds relative to those
for other m-conjugated ligands containing a C; ring (e.g., Ind=
indenyl, Flu=Fluorenyl),*? haptotropic 1’ to n?® shifts of the Cp
ligand are extremely rare. Despite being proposed as a mecha-
nistic step in a range of organometallic reactions,*® this haptic-
ity transformation has only actually been detected in solu-
tion,"*¥ or implied from X-ray crystallographic analysis of the re-
sulting 1*-Cp bound product, on a handful of occasions.*" In
contrast, examples in the literature of n*-n* haptotropic shifts
in organometallic complexes containing Cp ligands fused to
larger m-conjugated ring systems (e.g., Ind, Flu) are much more
common, forming the basis of the “indenyl effect”, whereby
the kinetics of associative ligand substitution reactions are no-
ticeably increased for complexes with these ligands, relative to
their Cp analogues.**!

We postulate a mechanism of formation for 9 (Scheme 4) in
which homolytic cleavage of both Ru—Ru and S—S bonds facili-
tate the coordination of the dithiocarbamate with consequent
oxidation of the Ru" metal center affording intermediate 10.
Intramolecular coordination of the thiocarbamate group (C=S)
might then induce the n’-n? haptotropic shift of the Cp
ring,“? to maintain the 18-electron count of the metal to
thereby afford transient intermediate 11. Formation of 9 could
then be facilitated through a 2+ 2 cycloaddition of the alkene
moeity in the folded n’-Cp ring of 11.

The structure of 9, with the dicarba bridges coordinated in
a 1,3-arrangement about the cyclobutane ring, is consistent
with previously reported 242
cycloadditions, where the head-
to-tail regioisomer is favoured
when employing an electron
rich arene.”” Thus, the electron
donating dicarba bridge in inter-
mediate 11 may stabilize
a formal positive charge in the
alternative resonance form (Fig-
ure S4), from which the 1,3-
product is afforded. In addition,
stereoselective dimerization to
form 9 affords the exo diastereo-

.Ru Ru..,
oc” ‘ \Br Br/ “\ ‘o
oC CcO

12
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AgOTf, 180 °C @@@ X -
(-AgBr) Ru Ru

mer, presumably to minimise steric interactions. However,
given the moderate (33%) conversion to 9, the potential for-
mation of the different regioisomers and diastereoisomers of 9
cannot be excluded.”®

Cycloaddition reactions involving metal-coordinated mt-sys-
tems are relatively unexplored, with the majority of examples
employing metal-coordinated allyl groups in cycloaddition re-
actions to form larger mt-ring systems.“? Most significant to our
observations, diruthenium species 12 undergoes a reaction
with anthracene following bromide abstraction with AgOTf. In
addition to the expected coordination product 13, tetramer 14
is also afforded through dimerization based on the internal C¢-
ring (Scheme 5).5% The authors also postulated that species 13
is, in fact, an intermediate in the formation of 14.

Reactivity of dimer 8 with PhE—EPh (E=S or Se)

To provide some support for the proposed mechanism of for-
mation of unusual dimer 9 we attempted to synthesize ana-
logues of the postulated reaction intermediate 10 (see
Scheme 3) by using a source of organothio radicals that were
incapable of chelation to the Ru centre. To this end, to a solu-
tion of dimer 8 (in CD;NO,) was added a solution of phenyl di-
sulfide (also in CD;NO,). Over the 4-day reaction the dark
green solution gradually turned dark brown, and in situ 'H
NMR spectroscopic analysis indicated complete conversion to

* — 40

20 &&@ 401f°
Ru Ru
o
R RO 2010°,

s Qﬁi‘@

Scheme 5. Dimerization of anthracene upon coordination to dimer 12.5%
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Scheme 6. Synthesis of 15 and 16.

a new product. Upon work up and recrystallization, species 15
was obtained in good yield (76 %) (Scheme 6).

Species 15 was characterized by 'H NMR, which displayed
broad multiplets at 6 =7.43-7.41 and 7.17-7.14, assigned to
the phenyl protons, two multiplets at 6.69-6.68 and 5.58 as-
signed to the Cp protons and a singlet at 3.31 ppm assigned
to the CH, backbone. *C NMR spectroscopic and elemental
analyses were also conducted and were found to be consistent
with the assigned structure of 15. Further confirmation of the
structure of 15 was obtained through X-ray crystallographic
analysis of a single crystal formed through slow cooling a satu-
rated solution of 15 in CH,Cl,/hexane (Figure 7).

The a angle for species 15 was found to be 38.77°, an in-
crease from the angle in precursor 5 [a=29.6(5)°], but a de-
crease compared to that observed in dimer 8 [a = 48.18(18)°,
48.83(10)°], suggesting that the steric strain associated with
the formation of the Ru—Ru bond in 8 increases the
tilt angle. The Ru—S bond length (24107 A) in 15 is
similar to that in related species,”” and the phenyl
ring is positioned about 90° with respect to the di-
carba-bridge C—C bond, presumably to minimize
steric repulsion with the Cp rings.

A similar reactivity pathway to that affording 15
was also observed upon treatment of 8 with phenyl
diselenide. The analogous species 16 (Scheme 6) was
isolated as a red/brown crystalline solid in a moderate
yield (53 %). The product was analyzed by 'H and *C
NMR spectroscopic and elemental analyses, which
were consistent with the assigned structure. Crystals
suitable for X-ray diffraction analysis were obtained
through slow cooling a solution of CH,Cl,/hexane
(Figure 8). The alpha angle in 16 was shown to be
40.1°, a slight increase compared to that in 15 and
the Ru—Se bond length of 2.5751(5) A was found to
be similar to other species containing a Ru—Se
bond.®’d

Next, our attention turned to whether the unusual
1° to 1’ slippage of the Cp ligand could be induced
in intermediate 15, a process we propose to be ach-
ieved by chelation in the case of intermediate 10
(Scheme 4). Typically, ring-slippages of this nature are
induced through the addition of a two electron
donor, or by reduction of the metal, in both cases
forcing the Cp ligand into the lower coordination
mode to preserve the 18-electron count at the metal
center®® Several attempts to add two electron
donors, including CO and MeCN which are known to
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induce 1’-1® haptotropic trans-

® formations in organometallics

complexes containing coordinat-

ed m-C, ring systems,%84144 re-

sulted in no observable reaction

S with 15. However, reaction of 15

with excess PMe; afforded

a single new phosphorus-con-

taining product, as observed by

in situ *'P NMR spectroscopy

[0 =24.0 ppm]. Although, '"H NMR spectroscopic analysis indi-

cated the formation of a new product(s), it also suggested that
a n°-1’ haptotropic transformation had not taken place.”?

The reaction of 15 with N-heterocyclic carbene 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene (IPr) resulted in further re-
activity as demonstrated by in situ 'H NMR spectroscopic anal-
ysis. The spectrum, similar to that obtained for 9, displayed
multiple signals assigned to Cp protons, and is consistent with
a species of lower symmetry, formed after a potential hapticity
shift and dimerization of the Cp ligand (see S9 for details). Un-
fortunately, attempts to grow single crystals for X-ray crystallo-
graphic analysis from the products of both this reaction, and
the reaction of 15 with PMe;, were unsuccessful.

The isolation of 15 and 16, which are analogues to the pro-
posed reaction intermediate 10, provides evidence to support
the first step in the postulated mechanism for the formation

Figure 7. a) Solid-state structure of cation of 15. b) Different orientation of the solid-state
structure of 15. Thermal elipsoids at 50% probability level. Hydrogen atoms and counter
anions omitted for clarity. Selected bond lengths [A] and angles [°]: Ru1-S1 2.4107(12),
C1-C11 1.507(7), C6—C12 1.517(7), C11—-C12 1.529(8), S1—C13 1.763(5): Ru1-S1-C13
109.04(16), C1—C11—-C12 108.9(5), C6—C12—C11 109.6(4).

Figure 8. a) Solid-state structure of cation of 16. b) Different orientation of the solid-state
structure of 16. Thermal elipsoids at 50 % probability level. Hydrogen atoms and counter
anions omitted for clarity. Selected bond lengths [A] and angles [°]: Ru1-Se1 2.5751(5),
C1-C11 1.501(6), C6—C12 1.505(6), C11—C12 1.516(7), Se1—C13 1.915(4): Ru1—-Se1—-C13
105.07(11), C1—C11—C12 108.8(3), C6—C12—C11 109.7(4).
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for 9 (Scheme 4). However, the inability to isolate a product
containing an n’*-coordinated Cp ring from the addition of a 2-
electron donor to 15 means that no definitive evidence to sup-
port the presence of intermediate 11 in the proposed reaction
pathway could be obtained.

Electrochemical Properties of Tricarba[3]ruthenocenophane
6 and Dimethylruthenocene 7

The contrasting redox behaviour observed for dicarba[2]ruthe-
nocenophane 5 relative to that reported for unstrained ruthe-
nocene, prompted further investigations into the effect of tilt
on the redox properties of ruthenocene-containing species. To
this end, electrochemical studies of less tilted tricarba[3]ruthe-
nocenophane 6 (a=14.8°) and unstrained dimethylrutheno-
cene 7 (a=0°) were also conducted (Figure 3). The latter spe-
cies, bearing similar Cp ring substituents to 5, can be regarded
as an untilted, acyclic analogue to 5 and 6, allowing the effects
of tilt alone on the redox properties to be assessed.

Electrochemical studies of tricarba[3]ruthenocenophane 6 and
the synthesis and characterization of tricarba[3]ruthenoceno-
phanium dimer 17

Species 6, which has previously been synthesized through re-
duction of a [3]ruthecenophan-1-one precursor,”® and crystal-
lographically characterized,*" was prepared in this instance
through a similar procedure to that employed for 5." Thus,
RuCl,(DMSO), and Li,[(1’-CsH,),(CH,);] were combined in THF
at —78°C. Upon work up, species 6 was afforded as a pale
yellow crystalline solid in low yield (22%). 'H NMR spectroscop-
ic analysis was conducted and found to be consistent with the
data reported previously for this species.”

With compound 6 in hand, we investigated its electrochemi-
cal properties. Similar to 5, CV scans of 6 (1=0.2Vs™', CH,Cl,)
showed that it undergoes a one electron oxidation to afford
a single electroactive product (Figure 9) although at a higher
potential (by ca. 280 mV) than
for [2]ruthenocenophane 5. The
oxidation was found to be an
electrochemically irreversible pro-
cess under standard electro-
chemical conditions (1 mm ana-
lyte, v=0.2Vs™"), and dimeriza-
tion of the monocation and for-
mation of the dicationic dimer
17 occurs rapidly. However, in
contrast to 5, which displays
temperature and concentration
independent electrochemical
properties, an electrochemically
reversible oxidation of species 6
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temperatures (—20°C) as, in contrast to 5%, more complex
electrochemical behaviour is observed when the cyclic voltam-
metric analysis was conducted at ambient temperatures. Thus,
further reactivity of monocation 6% and the formation of un-
identified byproducts in addition to 17 occurs.® These obser-
vations, in concert with the reported electrochemically reversi-
ble behavior of cation 6™ at fast scan rates, are consistent with
a rate of dimerization for this species that is slower than for 6*
, and a sufficiently long lifetime in solution to facilitate reactivi-
ty pathways other than dimerization.

Bulk chemical oxidation of 6 was conducted in order to iso-
late dimer 17. The contrasting oxidation potentials for the two
species was considered when selecting a suitable oxidant.
Thus, for species 6 (E;;=0.28V vs FcH, E,,=0.34V vs FcH),
which oxidizes at a higher potential than 5 (E,,=0.05V vs
FcH), acetylferrocenium tetra(pentafluorophenyl)borate (0.27 V
vs FcH), employed in the formation of 8, is not sufficiently oxi-
dizing. We therefore turned our attention to tris(4-bromophe-
nyl)aminium tetra(pentafluorophenyl)borate [N(CgH,Br);]
[B(C4Fs)al, (0.7 V vs FcH).?" Upon addition of a stoichiometric
amount of [N(C¢H,Br);l[B(CeF5),] to a solution of 6 (CH,CI,
—20°C), a brown precipitate was afforded (yield=39%).>® 'H
NMR spectroscopic analysis revealed downfield signals for the
protons environments in species 17 relative to neutral precur-
sor 6, consistent with the observations made for dimer 8. Thus,
two triplets at d=5.35 and 5.15 were assigned to the o- and
B-Cp protons, a multiplet at 2.13-2.12 assigned to the protons
on carbons 1 and 3 of the tricarba bridge, and a multiplet at
1.97-1.92 ppm assigned to the protons of the central bridging
carbon (Figure S5). *C NMR spectroscopic and elemental anal-
yses were also conducted and found to be consistent with the
assigned structure (see Supporting Information for details). UV/
Vis spectroscopic analysis of 17 (Figure S6) displayed two ab-
sorptions [A,., (CH;NO,) (e/mMm~'cm™')=400 (7480) and 608
(1500) nm] similar to those for both dimer 8 and the other di-
ruthenium species containing Ru,"” cores.” Finally, the obser-
vation that bulk chemical reduction of 17 (at —20°C) reaffords

(E,,=0.28 V vs FcH) to monocat-
ion 67 was observed at higher
scan rates (v=5Vs™").
Interestingly, cation 6% ap-
pears only stable at reduced

0.8 0.6 0.4

rate=02Vs~', —20°C).
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Figure 9. Cyclic voltammogram of a CH,Cl, solution of 6 (ca. 1 mm analyte, 0.05 M [nBu,N][B(C¢Fs),], scan
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species 6 (see Supporting Information for details), consistent
with the observations for 8, strongly supports the conclusion
that dimer 17 is formed upon oxidation. Unfortunately at-
tempts to grow crystals of 17 suitable for X-ray crystallograph-
ic analysis were unsuccessful.””

Electrochemical studies of dimethylruthenocene 7

Next our attention turned to the investigation of the electro-
chemical properties of dimethylruthenocene 7 as a direct, un-
strained analog of 5. Cyclic voltammetric studies (v=0.2Vs™")
of this species displayed contrasting electrochemical behaviour
to that observed for ruthenocenophanes 5 and 6 (Figure 10).

Similar to the case for ruthenocene, ¥ the cyclic voltammo-
gram obtained for 7 had a quasi-Nerstian shape (E,,=0.44V
vs FcH) and a new reduction peak appeared at a lower poten-
tial than expected for the reduction of cation 7*. However, the
position of the peak is significantly more negative (E, .=
—1.37 V vs FcH) than expected for the reduction of a dicationic
dimer. Furthermore, the peak is more prominent at slower
scan rates, which is inconsistent with both the formation of
a dimer and the electrochemical properties of ruthenocene. In
situ '"H NMR spectroscopic analysis did not allow for identifica-
tion of the product.®®

To investigate further, chemical oxidation of 7 was conduct-
ed utilizing the same aminium oxidant as employed in the for-
mation of dimer 17. To this end, a stoichiometric amount of
[N(C4H,Br);1[B(C4F5),] was added to a solution of 7 (CH,Cl,
25°C). No precipitate was formed and the dark blue solution
gradually turned black over the course of the 16 h reaction.
Upon work up, a black crystalline product was afforded in near
quantitative yield (96%) and was identified, upon analysis, as
[Ru(m®>-CsH,Me),Br1[B(C4Fs).] (18) (Scheme 7).

The product was fully characterized by NMR spectroscopy,
which displayed downfield resonances relative to those for 7.
Thus, two triplets at 0 =5.73 and 5.63 were assigned to the Cp
protons and a singlet at 2.35 ppm was assigned to the methyl
groups. *CNMR spectroscopic analysis was conducted and
found to be consistent with the assigned structure. Full struc-
tural confirmation of the product was obtained through X-ray
crystallographic analysis of a single crystal of 18, grown
through slow cooling a CH,Cl,/hexane solution (Figure 11).
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Scheme 7. Oxidation of 7 with [N(CgH,Br);1[B(C4Fs).].

Figure 11. Solid-state structure of cation of 18. Thermal elipsoids at 50 %
probability level. Hydrogen atoms and counter anion omitted for clarity. Se-
lected bond lengths [A] and angles [°): Ru1—Br1 2.5469(6), C1—C6 1.472(5),
Ru1-C5 2.198(3), Ru1-C2 2.200(3), Ru1—-C3 2.254(3), Ru1-C4 2.221(3), Ru1—
C1 2.244(3): Ru1-C1-C6 127.0(2).

The two Cp rings in 18 are tilted away from the Ru—Br bond
and the methyl substituents are positioned in a pseudo trans
configuration, presumably to reduce steric interactions. The Cp
rings adopt an almost eclipsed arrangement. We postulate
that upon oxidation, strongly electrophilic cation 7% is prone
to undergo reactions that allow the reattainment of an 18 elec-
tron configuration, and that bromide abstraction from the by-
product [N(C4H,Br);], is apparently the preferred reaction path-
way, rather than dimerization. Further attempts to oxidize 7
with other oxidants such as Ag[B(C¢Fs),] also failed to result in
the successful isolation of either the dimer dication or the new
oxidation product formed from the electrochemical studies.®

Computational Investigations into the Effect of Ring-Tilt on
Oxidation Potential and Dimerization Propensity

To provide further insight into the effect of Cp ring tilt on the
propensity for dimerization of oxidized ruthenocene
containing species, computational studies were con-

10 pA

ducted using the B3LYP density functional, including
dispersion corrections (see Supporting Information
for details). The geometry optimized structure of 8
was in good agreement with the structure deter-
mined from X-ray crystallography (see S21). Reported
energies are based on single-point calculations with
a larger basis set and a continuum solvent model.
The singly occupied molecular orbitals (SOMOs) for

0.8 0.3 0.2 -0.7 1.2
Volt vs. FcH

Figure 10. Cyclic voltammogram of a CH,Cl, solution of 7 (ca. 1 mm analyte, 0.05 M

[nBu,N1[B(C4Fs),], scan rate=0.5Vs~', —20°C).
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the hypothetical monocarba[1]ruthenocenophanium
cation 197, dicarba[2]ruthenocenophanium 5%, the
tricarba[2]ruthenocenophanium cation 6% and the
parent ruthenocenium cation (RuCp,™) differ sub-
stantially (Figure 12). Crucially, the SOMO orbitals for
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19, 57 and 6™, which have significant d character, protrude
from the exposed Ru metal center, facilitating Ru—Ru bond for-
mation. Calculations also suggest that the standard free
energy (at 298 K) for dissociation of the dimeric structure in-
creases with higher tilt angle a (Figure 12).°” Experimentally,
the equilibrium constant for the reversible dimerization of
RuCp, " in CH,Cl, was estimated to be 9x10* m~" at 243 K,
corresponding to a dissociation free energy of 5.5 kcalmol™" at
that temperature. Given the different solvent, and the many re-
maining sources of errors in the computational method, this is
in fair agreement with the calculated value of 7.3 kcalmol™" at
298 K, and the greater calculated free energy of dissociation
for the dimer of 5% (8) is consistent with its irreversible forma-
tion.

Calculations correctly predict that the one-electron oxidation
of 6 (0.50V vs FcH), 5 (0.25V vs FcH), and hypothetical 19
(—0.09 V vs FcH) will be more facile than that of RuCp, (0.79 V
vs FcH). In addition, the difference in oxidation potentials be-
tween the Ru and Fe congeners decreases with increasing tilt
angle a, and thus are larger in the metallocenes (AE =
0.79V) than for the tricarba (AE=0.59V), dicarba
(AEacy=0.18V) and hypothetical monocarba (AE 4=
—0.6 V) metallocenophanes (See Table 52).°"

The E,,, value for 5, which cannot be measured directly due
to the electrochemical irreversibility of its oxidation, can be es-
timated (ca. E;,=0.00 V vs FcH) from the experimental anionic
peak potential obtained (E,,=0.05V vs FcH). The differences
between calculated (calcd) and experimental (exptl) E,, values
for both species 6 (E;caicay—Eiey=0.22V) and RuCp,
(Eqa(catedy—En/aexpy = 025 V), are consistent with the electrochemi-
cal value estimated for 5 (E;/ycaicq)—Ei/estimatesy =0-25 V) (see
Figure 12).

The effect of tilt upon the energies of neutral and oxidized
metallocenes was also investigated. In the case of the iron
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compounds FeCp, and oxidized FeCp,*, the energy increased
markedly upon tilting. However the energy difference between
the two species did not change greatly upon increasing
a angle (Figure S8)? until very large values (a>25°). This is
consistent with electrochemical studies of ferrocenophanes,
which show that their redox potential is similar to that of ferro-
cene.”"7d RuCp, likewise has a marked preference for the
non-bent structure with @ =0°. In contrast, RuCp,* barely in-
creases in energy upon tilting, until a > 20°, so that the cation
lies lower in energy relative to the neutral species as the angle
increases (Figure S9). These results are consistent with the ob-
served reduction in oxidation potential for ruthenocene con-
taining species as a function of tilt.

Analysis of the variation in orbital energies with a for FeCp,
(Figure S10) and RuCp, (Figure S11) provided further insight
into the experimental observations. For FeCp, our calculations,
which are in good agreement with previously reported studies
into bent metallocenes,” describe the mixing of one of the oc-
cupied e," orbitals with the a;’ orbital, affording two orbitals of
the same symmetry. The upper of these two orbitals (4a,=
HOMO) is raised slightly in energy upon tilting (AE=ca.
39.4 kJmol™' at a =30°). Qualitatively similar results are report-
ed for RuCp,, however in this case, the 4a, orbital is raised sig-
nificantly in energy upon distortion of the metallocene to even
modest tilt angles (AE=ca. 99.8 kimol™" at a=30°). These dif-
ferences can be used as a rationale for the observed electro-
chemical properties, and thus facile removal of an electron
from the 4a, HOMO in tilted ruthenocenophanes is achieved
relative to their Fe analogues.

Conclusion

In summary, the redox properties of ruthenocenophanes have
been studied, representing a rare investigation into the elec-

&
Species 19+ 6* ruthenocenium
a 50.62 29.6(5) 14.8(2) 0
Dissociation energy 20.79 18.81 13.13 7.30
/ keal mol!
Oxidation potential - 0.004 0.28 0.54
(Ey) / V vs. FcH®
Oxidation potential -0.09 0.25 0.50 0.79

!V vs. FcH¢

Figure 12. SOMO representations, structural and electrochemical data for 19, 5%, 6% and ruthenocenium. Isodensity value =0.03 (see Supporting Informa-
tion for computational details). a) Angle taken from calculated optimized structure. B) From electrochemical measurements. c) From calculations. d) E,, esti-

mated from experimental E,, value.
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tron-transfer chemistry of non-iron metallocenophanes. Unlike
the analogous metallocenophanes of Fe and Co, which under-
go reversible one-electron oxidations, removal of an electron
from dicarba[2]ruthenocenophane 5 afforded dicationic dimer
8 through metal-metal bond formation. To the best of our
knowledge, this is the first example of metal-metal bond for-
mation between strained [n]metallocenophanes, resulting in
one of the few examples of a ligand-unsupported Ru"—Ru"
bond. The reactivity of dimer 8 has been explored and,
through the reaction with thiram, unusual dimer 9 has been
isolated. The formation of dimer 9 from 8 provides a rare ex-
ample of a crystallographically characterized product from
a -1’ haptotropic ring slip of a cyclopentadienyl ligand, with
an apparent 2+2 dimerization of the resulting alkene. Species
15 and 16, analogues of intermediate 10 in the postulated
mechanism of formation of 9, were synthesized from the reac-
tion of 8 with dichalcogenides PhE—EPh (E=S, Se).

The redox properties of less strained tricarba[3]ruthenoceno-
phane 6 were also investigated and found to show some simi-
larities to those of 5, with Ru—Ru bond formation affording
dimer 17 upon oxidation. However, evidence supporting
a lower propensity for dimerization of less tilted cation 6* was
also detected, including electrochemical reversibility under cer-
tain conditions and the further reactivity modes of 6* reported
at ambient temperatures.

In line with these observations, computational studies re-
vealed that the propensity for dimerization of ruthenoceno-
phanes increases with increasing tilt angle and also provided
an explanation for the lower oxidation potential for [2]rutheno-
cenophane 5 relative to [3]Jruthenocenophane 6, and other
less tilted analogues.

Future work in this area will investigate the influence of
ring-tilt on the redox chemistry of other metallocenophanes
and related species, in addition to investigations of the unusu-
al ’-1’ haptotropic ring slip and other reactivity modes at the
Ru metal center.
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refinement of 17 impossible and, for this reason, the full structure and
analysis have not been included in the manuscript.

The complexity of the spectrum obtained from in situ '"H NMR spectro-
scopic analysis of the oxidation of 7, indicated that multiple products
had been formed, presumably through decomposition of highly elec-
trophilic 77.

Treatment of 7 with Ag[B(C4H;(CF;),),] resulted in Ag metal precipita-
tion from solution. However, in situ '"H NMR spectroscopic analysis of
the reaction did not show signals that could be assigned to any of the
proton environments in 7 (or product(s) thereof), potentially due to the
formation of a paramagnetic byproduct(s). Despite several attempts, no
oxidation product could be crystallized.

Three potential structures for dimer 17 were found. The structures vary
through the position of the central carbons of the tricarba bridges. Cal-
culations for dimer 17b afforded the greatest Ru—Ru bond enthalpy,
and therefore this data is used as representative for dimer 17. See Fig-
ure S7 in the Supporting Information for more details.
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Calculations were performed employing the coordinates obtained for
the geometry optimized structures of untilted FeCp, and RuCp,, respec-
tively (a=0°). These structures were then tilted by the required
o angle, the Cpentroic—M—CPeentroia PONd angle was constrained, and the
calculations were performed. In addition, the same geometry optimized
structures were employed as starting coordinates for the calculations
for oxidized species FeCp,* and RuCp, ™.

Two total energies were calculated for the oxidized species FeCp,* and
RuCp,* as a function of a, corresponding to removal of an electron
from either the 4a, or 2b, orbitals (derived from e, upon tilting) (see
Figures S9 and S10). As oxidation will likely remove an electron from
the higher energy 4a' orbital, these results are used for comparison.
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bond upon addition of radical sources,

facilitating new reactivity modes includ-
ing reactivity at the metal centre and an
unusual n°-1?® haptrotropic Cp ring slip.

Strained ruthenocenophanes undergo
dimerization following electron loss to
form stable and isolable dicationic
dimer complexes. These species under-
go homolytic cleavage of the Ru—Ru
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