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Abstract

The chiral ruthenocenes Ru(Cpnm)Cp’ (where Cpnm = neomenthylcyclopentadienyl and Cp’ = Cpnm or Cs;Mes) have been
synthesised and oxidised by halogens to the corresponding ruthenium(IV) salts [Ru(Cpnm)Cp'X]X, (where X =Br or I;
Cp' = Cpnm, n = 3; Cp’' = CsMes, n = 1). These ruthenium(IV) compounds all have, to varying degrees, a tendency to revert back
to the ruthenocene(Il) compounds (X, Br > I; Cp’, Cpnm > CsMes). Thus, for [Ru(Cpnm),Br]|Br; this conversion is complete
within two days whereas [Ru(Cpnm),I]I; is stable enough for the X-ray structure to have been determined. The electrochemistry
and preliminary catalytic studies are reported. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Chiral; Ruthenocene; X-ray crystallography; Electrochemistry

1. Introduction

The original definition of a metallocene has nowa-
days been expanded to include compounds of the type
[M{(n>-Cp’),L,I"" (where Cp’ is any type of cyclopen-
tadienyl, indenyl, tetrahydroindenyl, etc. and x = 0-3).
The publication of several texts devoted to metallocenes
signifies an upsurge of interest in this class of com-
pounds [1]. Chiral metallocenes in particular have at-
tracted considerable attention because of their
spectacular success in applications such as stereospecific
polymerisation [2] and stereoselective organic transfor-
mations [3]. However, this interest has focused primar-
ily on organolanthanides, and those of Group 4 and 5
although compounds of Group 6 such as Mo(n’-
C;H;),X, (where X = H or halide) have also been inves-
tigated [4]. Further, although the structural framework
of ferrocene has been greatly exploited [5], very little
attention has been paid to other metallocenes of Group
8. In recent years we have synthesised a number of
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chiral cyclopentadienyl ruthenium complexes [6] and
therefore it was logical for us to extend this to
ruthenocene derivatives to explore their potential in
asymmetric catalysis.

2. Results and discussion
2.1. Synthesis of chiral ruthenocenes

The reactions studied are outlined in Scheme 1. The
parent chiral ruthenocene Ru(n’-Cpnm), (1) was read-
ily synthesised by the reaction of ruthenium trichloride
with neomenthylcyclopentadiene in the presence of
zing; this is analogous to the method reported for the
synthesis of ruthenocene [7]. Compound 1 was isolated
as brown oil that resisted all attempts to crystallise it. It
was characterised by elemental analysis, mass spec-
troscopy and 'H- and "*C-NMR spectroscopy. A sig-
nificant feature of the 'H-NMR spectrum was the
presence of four cyclopentadienyl signals in the region
0 4.35-4.20; similarly, the '*C-NMR spectrum showed
five inequivalent cyclopentadienyl carbons in the region
0 97.4-68.3. Both spectra are consistent with the for-
mation of the desired chiral ruthenocene.

0022-328X/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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Treatment of the parent ruthenocene (1) with
bromine gave a green oil; this green oil was only stable
at room temperature for a limited period reverting
completely back to the parent ruthenocene (1) within
two days. Although satisfactory elemental analysis of
the green oil could not be obtained both mass spec-
troscopy and NMR spectroscopy are consistent with
this being [Ru(Cpnm),Br|Br, (2a) where # is probably 3
as in the analogous cyclopentadienyl complex [§]. In
particular, the 'H- and '*C-NMR spectra showed a
significant shift downfield, relative to the initial rutheni-
um(IT) compound 1, in the cyclopentadienyl signals i.e.
oy to 6.36-6.00 and J. to 118.1-85.6; we found that
such a deshielding of the cyclopentadienyl protons to
be a characteristic feature on going from
ruthenocene(Il) to haloruthenocene(IV). The instability
of 2a mirrors that of the achiral analogue [RuCp,Br]Br;
[8]. In contrast, similar treatment of 1 with iodine
yielded a stable green oil that with care could be
crystallised to give a very dark green or black solid
which correctly analysed for [Ru(Cpnm),I]I; (3a). The
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compound was structurally characterised by X-ray crys-
tallography and the structure is discussed below. The
compound 3a is air-stable and for an ionic rutheniu-
m(IV) complex it is surprisingly soluble in relatively
non-polar solvents such as diethyl ether although we
have often noted that such high solubility is a feature of
neomenthylcyclopentadienyl complexes. Again, the cy-
clopentadienyl signals in the '"H- and "*C-NMR spectra
of 3a showed a significant shift downfield, relative to
the initial ruthenium(IT) compound 1.

Taube et al reported the preparation of the
haloruthenium complexes [RuX(Cp),]PF, (where X =
Br or 1) by the oxidation of an ethereal solution of
ruthenocene using Fe(Ill) in aqueous HX followed by
treatment with NH,PF; which caused the products to
precipitate from solution [9]. In the hope that it would
produce well-defined solids as opposed to the oils we
had isolated above, we treated the chiral ruthenocene 1
in an analogous manner. Treatment of 1 with
FeNH,(SO,), in aqueous HBr, followed by treatment
of the aqueous layer with NH,PF, did not produce a
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precipitate. Analysis of the organic layer using 'H-
NMR spectroscopy showed unreacted ruthenocene 1
and no evidence of the formation of [RuBr-
(Cpnm),]PF,. A similar reaction in HI again failed to
produce a solid precipitate but the "H spectrum of the
product isolated from the organic layer confirmed the
presence of [Rul(Cpnm),]™*.

It is known that ruthenocenes are reversibly proto-
nated by strong acids [10,11] and we were curious to see
if they could also be methylated by reaction with Me™.
Therefore 1 was reacted with Me;OBF, in diethyl ether
to give, after work up an unstable brown oil 4 which on
standing quickly reverted to the ruthenium(II) com-
pound 1. However, the initial '"H- and '*C-NMR spec-
tra of 4 suggested that this was indeed
[RuMe(Cpnm),][BF,]. Thus, the spectra of 4 showed
the characteristic downfield shifts in the cyclopentadi-
enyl resonances that we associate with the formation of
a ruthenium(IV) compound Section 4. Unfortunately,
because the neomenthyl signals obscure the region
where a methyl signal might be expected, direct evi-
dence for a methyl group could not be obtained and so
the exact nature of 4 must remain speculative.

We [12] and others [13] have demonstrated the stabil-
ising effect of the strongly electron-donating peralkyl-
cyclopentadienyl ligands upon ruthenium(IV)
compounds. Frustrated by the instability of the above
ruthenium(IV) compounds, we therefore turned our
attention to the synthesis of ruthenocene compounds
containing a stabilising CsMes ligand together with a
chiral neomenthylcyclopentadienyl ligand. Our initial
synthesis involved the reaction of sodium neomenthyl-
cyclopentadienide with RuCI(COD)(1°-CsMes) and
was based on the work of Singleton et al [11] who
prepared a number of mixed achiral ruthenocenes. This
method did indeed yield the desired Ru(n?-
C;Me;)(Cpnm) (5), however, we subsequently found
that this compound could be prepared in a higher yield
and more conveniently by the reaction of sodium neo-
menthylcyclopentadienide  with [RuCly(n*-CsMes)],.
The product was isolated as an air-stable yellow oil.

Reaction of the ruthenocene 5 with bromine gave
[RuBr(n3-CsMes)(Cpnm)|Br (6) isolated as a green
solid. Compared to the ruthenium(II) starting complex
5, the '"H-NMR spectrum (CDCl;) of 6 showed a shift
downfield in the cyclopentadienyl signals of nmcp from
0 4.35-4.20 to ¢ 5.92-5.61 and a shift in the Cp* signal
from ¢ 1.8 to 2.23, consistent with the formation of the
desired haloruthenocene(IV) species. We note that for
the corresponding [RuBr(n’-CsMes),|Br, the Cp* signal
shows a shift of 0.32 p.p.m. downfield relative to
[Ru(n’-CsMes),] [11].

Unlike the bromoruthenocene [RuBr(Cpnm),]Br,
which was unstable in the solid state, [RuBr(n’-
CsMe,)(Cpnm)]|Br was found to be stable demonstrat-
ing the ability of the pentamethylcyclopentadienyl

ligand to stabilise the electron-deficient ruthenium cen-
tre. Despite this it was noted that in CDCl; at room
temperature both [RuBr(n’-Cs;Mes)(Cpnm)]Br and the
related [RuBr(n3-CsMes),|Br slowly underwent reduc-
tive elimination to give, respectively, the corresponding
ruthenium(IT) compounds 5 and Ru(n’-CsMe;),; al-
though [RuBr(n°-CsMe;),]Br was the more stable, this
reductive elimination was complete in 12 days.

The corresponding iodoruthenocene(IV) complex
[Rul(m’-CsMes)(Cpnm)]I; (7) was isolated as a stable
purple solid from the reaction of Ru(n3-CsMe;)(Cpnm)
with iodine. The 'H spectrum of 7 compared to that of
the parent complex 5 showed a characteristic shift
downfield in the four cyclopentadienyl signals of Cpnm
to 6 6.07-5.29 and a shift in the Cp* signal to J 2.43.

2.2. Exploring the catalytic potential

Titanocenes of the type TiCp,X, are well known
Lewis acids and Bosnich and co-workers have isolated
active species of the type [Ti(n>-CsMes),(OH,),]**, as
well as chiral analogues [14]. Although the 18-electron
complex [Rul(Cpnm),]* is not a Lewis acid, one would
anticipate that if one could generate analogous solvent
species of the type [Ru(solv)(Cpnm),]**, then these too
would act as chiral Lewis acids. With this in mind we
reacted [Rul(Cpnm),]I; with two equivalents of silver
tetrafluoroborate in dichloromethane containing aceto-
nitrile. We were unable to obtain any evidence for the
formation of the desired [Ru(NCMe)(Cpnm),] [BF,],
and the "TH-NMR spectrum of the product was consis-
tent with reduction to Ru(Cpnm), having taken place.

We have recently reported that the iodide ligand of
the complex [Rul(dppe)Cpnm] can be alkylated by
CF;SO;R (R =Me or Et) and that the resultant alkyl
iodide complex [Ru(IR)(dppe)Cpnm]*CF;SO; can be
used as an enantioselective alkylating agent [15]. Mind-
ful of the fact that alkyl halide complexes of Ir(III) such
as [IrH,(IMe),(PPh;),]SbF, have been isolated [16], we
wondered if the corresponding ruthenium(IV) com-
plexes could be synthesised. With this in mind we
treated [Rul(n’-CsMe;)(Cpnm)]I; dissolved in CD,Cl,
under nitrogen with 2.2 equivalents of methyl tri-
flate and monitored the 'H-NMR spectrum of the
reaction mixture in the hope of obtaining evidence
for the formation of [Ru(IMe)(n°-CsMes)(Cpnm)]*™*.
In CD,Cl,, free iodomethane has a chemical shift
of 0 2.16 and it is typical for halocarbon resonances
to shift downfield upon coordination [17], for e-
xample, the Mel complexes [Ru(IMe)(CO),(n°-
C;H,)PF,, [Ru(IMe)(CO)(PPh;)(n’>-CsH;)|PF, and
[Ru(IMe)(CO),(n>-CsMes)]PF, show a change in shift
relative to methyl iodide [Ad(Mel)] of +0.52, +0.23
and + 0.45 p.p.m., respectively. Unfortunately, in our
case even after five days there were no new signals
downfield of ¢ 2.16 indicative of a coordinated
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Table 1
Redox potentials for selected Ru'' and Ru'Y sandwich complexes ?

Compound Solvent  E,, (V) E,. (V)

[Ru(Cpnm),] (1)
[Ru(Cpnm)(Cp*)] (5)
[Ru(Cp*),] CH,Cl, +0.31

[Ru(Cpnm),I]I; (3a) CH;CN  +0.34 +0.09
[RuBr(Cpnm)(Cp*)]Br (6) CH,CN  +0.21° +133 —0.52

CH,Cl, +0091
CH,Cl, +0.60

4 Referenced to Ag/Ag™ (see Section 4 for corresponding fer-
rocene/ferrocenium E values); E,,, anodic peak potential; E., ca-
thodic peak potential.

® Disappears on scanning anodically from 0.0 V or at scan rate of
20 mV s~ .

Fig. 1. Cyclic voltammogram of [RuBr(Cpnm)(Cp*)]Br (6) in CH;CN
at a scan rate of 100 mV s—!. The potential scale is referenced to
Ag/Ag™ (see Section 4). The scan started at + 1.70 V.

iodomethane. It would therefore appear that since the
iodomethane is a weak electron donor it is unable to
stabilise the electron deficient ruthenium(IV) centre
bearing a + 2 charge.

2.3. Electrochemical studies

We have investigated the electrochemical behaviour
of several of these complexes and our results are sum-
marized in Table 1. The cyclic voltammetry of
[Ru(Cpnm),] (1) and [Ru(Cpnm)(Cp*)] (5) in
dichloromethane (containing 0.1 M ["Bu,N][PF(]) at a
platinum disk electrode shows that both compounds,
like the parent [Ru(Cp),] [18], undergo an irreversible,
single-step two-electron oxidation. The number of elec-
trons involved in the oxidation was estimated from the
current response of the sample compared with that of
an equimolar concentration of [Ru(Cp*),], in which a
reversible one-electron redox process has been well
established [19]. As might be expected from the electron
donating ability of the Cp* ligand, we find that
[Ru(Cpnm),] (1) is oxidised at higher potential (is
harder to oxidize) than [Ru(Cpnm)(Cp*)] (5), and both
are oxidized at higher potential than [Ru(Cp*),]. It has
been proposed [20] that in the latter compound, which

displays reversible one-electron redox behaviour, the
steric congestion provided by the two Cp* ligands
mitigates against any nucleophilic attack or dimeriza-
tion which might give rise to the irreversible redox
behaviour observed in other ruthenocene derivatives at
a platinum electrode [18]. Clearly our own compounds
1 and 5 are not sterically crowded enough to fall into
this category and behave more like the parent, unsub-
stituted [Ru(Cp),].

Two of the ruthenium(IV) salts were examined at a
platinum electrode in acetonitrile solution (0.1 M in
["BuyN][CIO,]). The 15 salt of [Ru(Cpnm),I]* (3a) of-
fered only broad, ill-resolved peaks, indicating that
some reduction and a possibly related oxidation was
occurring (see Table 1), but the voltammograms were
not amenable to further interpretation. The Cp*-con-
taining complex [RuBr(Cpnm)(Cp*)|Br (6), on the
other hand, showed a well-formed irreversible reduction
peak at —0.52 V (see Fig. 1). On switching the scan
direction a smaller anodic peak near + 0.21 V indicated
oxidation of the product of some chemical reaction
(possibly elimination of bromide) following the initial
reduction of the sample. This anodic peak is not ob-
served if the scan is run anodically from 0.0 V, ie. if
initial reduction of the sample does not occur. In
addition, this peak disappears when the voltammogram
is run at a slower scan rate (20 mV s '), indicating that
the species being oxidized is a transient one. This
complex also shows an oxidation peak at relatively high
potential (+ 1.33 V) which does not derive from the
product(s) of the reduction (the peak remains unaltered
when the scan is run anodically from 0.0 V); the origin
of this peak is not known at present. The data do
confirm, however, that the Ru' complex containing
two Cpnm groups (3a) undergoes reduction more read-
ily than that containing both Cpnm and Cp* groups
(6), as might be expected from the presence of the
electron-rich Cp* group; this corroborates the observa-
tions already made in studying the synthesis and reac-
tions of these complexes.

2.4. Crystal structure of compound 3a

The structure and atom numbering of iodobis(neo-
menthylcyclopentadienyl)ruthenium triiodide can be
seen in Fig. 2, with selected bond lengths and bond
angles in Table 2. The ruthenium is bonded in a
classical pentahapto manner to two cyclopentadienyl
rings, with C-C,, for ring one 1.412(19) A and ring two
1.421(19) A, which is comparable to that in other
cyclopentadienylruthenium(IV) compounds [8,21]. It
can be seen that one of the C—C bond distances in each
cyclopentadienyl ligand, opposite to the carbon carry-
ing the neomenthyl group, is noticeably shorter than
the rest of the C-C bonds; we have observed this
previously in other neomenthylcyclopentadienyl com-
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pounds [22]. The cyclopentadienyl rings are virtually
planar (RMS deviation for ring one of 0.006 A and that
of ring two 0.008 A) with Cent-Ru distances of 1.872
and 1.857 A, respectively. The average Ru—-C bond
lengths, Ru-C,, 2.220(11) and 2.228(10) A for rings one
and two, whereas that in ruthenocene is 2.186 4+ 0.02 A
[23]. One might have expected a decrease in the metal-
carbon distance on going from Ru(Il) to Ru(IV) but
presumably steric interaction between the ring carbons
and the iodine prevent any such shortening. Alterna-
tively, it has been proposed that the greater distance
found in the ruthenium(IV) ruthenocenes is due to the
removal of bonding e,, electrons on going from Ru(II)
to Ru(IV) [21]. The Ru—C bond lengths are also com-
parable to those found in other cationic ruthenium(IV)
structures such as [Ru(Cp),I]* [8] and [Ru(Cs-

C29)

Ci14)

C(15)

Fig. 2. The molecular structure of 3a showing the atomic numbering
scheme.

Table 2 .
Selected bond lengths (A) and angles (°) for compound 3a

Ru I 2.732(2)
12)-1(3) 3.0053)  IQ2)-I@) 2.825(3)

Ru-C(1) 2.268(9)  Ru-C(16) 2.266(9)

Ru-C(2) 2.164(11)  Ru-C(17) 2.272(12)
Ru-C(3) 2.203(12) Ru-C(18) 2.207(12)
Ru-C(4) 2212(12)  Ru-C(19) 2.188(11)
Ru-C(5) 2.254(12)  Ru-C(20) 2.207(12)
C(1)-C(2) 1.424(19)  C(16)-C(17) 1.427(18)
C(2)-C(3) 1.43921)  C(17)-C(18) 1.436(16)
C(3)-C(4) 1.35021)  C(18)-C(19) 1.436(22)
C(4)-C(5) 1.437(22)  C(19)-C(20) 1.366(17)
C(5)-C(1) 1.408(15)  C(20)-C(16) 1.440(20)

Ru—Cent (ring 1) 1.872

1(3)-1(2)-1(4) 177.8(1)
Cent(1)-Ru-I(1) 106.2

Ru-Cent (ring 2) 1.857

Cent(1)-Ru—Cent(2) 149.2
Cent(2)-Ru-I(1) 104.5

Me;),Br] T[24]. Although the cyclopentadienyl rings are
not parallel, they can be regarded as being in an
eclipsed conformation as found for similar
ruthenocenes [8,24].

The cyclopentadienyl rings are positioned axially on
the neomenthyl groups which are arranged as far apart
as possible on either side of the molecule, with the
isopropyl groups being as far apart as possible from the
metal centre. The neomenthyl groups are in the ex-
pected chair conformation with equatorial alkyl sub-
stituents. Both of the neomenthyl groups adopt a
regular rather than a twisted chair, as can be seen by
the RMS deviation of the four atom plane of neomen-
thyl group one 0.006 A (C8 and Cl1 deviate by —
0.676 and 0.673 A, respectively), and of neomenthyl
group two 0.017 A (C23 and C26 deviate by 0.588 and
—0.633 A, respectively). The configuration at the chiral
centres of the neomenthyl ligands can be assigned as
being ‘S’ for C6 and C21, ‘R’ for C8 and C23 and “S”
for C11 and C26 in accordance with previously re-
ported structures [23]. Atom C6 of the neomenthyl
group attached the cyclopentadienyl ring was found to
deviate from the plane of the ring by 0.057 A in a
direction towards the ruthenium, whereas C21 of the
other neomenthyl group deviates by 0.059 Ain a
direction away from the metal centre.

The Ru-I and the two Ru—Cent vectors are co-pla-
nar, their mutual angles totalling to 359.5°. The dihe-
dral angle between the two cyclopentadienyl rings is
35.3° and can be compared with the analogous
[Ru(Cp),I]* where the angle is 32.2° [8]. This indicates
that the rings are arranged symmetrically in such a way
that they are tilted so that the iodine points out sym-
metrically from an ‘open cup’ type of arrangement
figure (Fig. 2). The bond distance for the Ru-I of 2.732
2) A which is exactly the same as that in [Ru(Cp),I]*
of 2.732 A [8].

Finally the triiodide anion is expected to be linear
but there is a slight deviation from linearity 13-12-14 =
177.8(1)°, this could be due to the packing arrangement
for the ions within the lattice. The average bond dis-
tance for the triiodide is 2.915 A, comparable to the
2.92540.003 A reported for the analogous
[Ru(Cp),I]L.

3. Conclusions

Although these chiral ruthenocenes can be readily
prepared and also oxidised by halogens to the corre-
sponding ruthenium(IV) compounds, the rutheniu-
m(IV) compounds all have, to varying degrees, a
tendency to revert back to the ruthenocene(Il) com-
pounds (X, Br>1I; Cp, Cpnm > CsMes); similarly,
[RuMe(Cpnm),][BF,] proved unstable. It is pertinent to
note that prior to this study only two types of
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ruthenocene(IV) species containing a ligand other than
a halogen attached to the ruthenium centre have been
reported [25] i.e. [Ru{SC(NH,),}(n>-CsR;),][PF¢], and
[RuH(n>-CsR5),]" (R=H or Me) and these too per-
sisted only for a few days, decomposing in the solid
state even under a nitrogen atmosphere. Thus, we con-
clude that applications of chiral ruthenocenes, in partic-
ular ruthenium(IV) compounds, in enantioselective
synthesis will be extremely limited by the instability of
these compounds.

4. Experimental

Neomenthylcyclopentadiene [26], RuCl(COD)(n°’-
CsMes) [27], [RuCly(n’>-CsMes)],, [Ru(n>-CsMes;),] [28]
and [RuBr(n>-CsMe;),]Br [11] were prepared by litera-
ture methods.

4.1. Ru(Cpnm), (1)

A mixture of ruthenium trichloride (1.08 g, 4.13
mmol), zinc dust (1.0 g, 15.3 mmol) and neomenthylcy-
clopentadiene (2.6 g, 12.78 mmol) was heated under
reflux in ethanol (30 ml) for 24 h. On cooling, the
solvent was removed in vacuo and the residue extracted
into diethyl ether (3 x 50 ml). The solution was filtered
through a plug of Celite to remove zinc dust and the
solvent concentrated to give Ru(Cpnm), as a brown oil
(2.52 g, 89%). Anal. Found: C, 71.5; H, 9.2. Calc. for
C;oHyeRu: C, 71.0; H, 9.1%. 64 (CDCl;) 4.35 (2 H, m,
CsH,), 427 2 H, m, C;H,), 4.24 2 H, m, C;H,), 4.19
(2 H, m, CsH,), 2.38 (2 H, br s, neomenthyl), 1.66-0.53
(36 H, m, neomenthyl) including 0.68-0.64 (12 H,
overlapping doublets, J (HH) 7 Hz, neomenthyl CH,),
0.53 (6 H, d, J (HH) 6 Hz, ncomenthyl CH;); dc
(CDCl,): 97.4 (2 C, s, ipso C of CsHy), 749 (2 C, s,
CsH,), 72.9 (2 C, s, CsHy), 70.1 (2 C, s, CsH,), 68.3 (2
C, s, CsH,), 47.6, 36.2, 29.9, 27.6 (8 C, s, neomenthyl
CH), 46.5, 36.3, 24.8 (6 C, s, neomenthyl CH,) and
23.0, 21.9, 214 (6 C, s, necomenthyl CH;); m/z 508
[M*], a much smaller peak was observed at m/e =
1013, consistent with the formation of the dimeric
complex, [Ru(CsH;nm),)..

4.2. [RuBr(Cpnm),]Br; (2a)

A solution of bromine (0.5 g, 3.13 mmol) in
dichloromethane (20 ml) was added dropwise to a
stirred solution of Ru(Cpnm), (0.5 g, 0.99 mmol) in
dichloromethane (100 ml) at r.t. and the resultant solu-
tion stirred for 36 h. The solvent was removed in vacuo
and the residue extracted into diethyl ether (3 x 25 ml).
The solution was filtered through a column of Celite
and the solvent removed under reduced pressure to give
[RuBr(Cpnm),|Br; as a green oil (0.7 g, 86%). Jy

(CDCl,) 6.36 (4 H, br s, CsH,), 6.12 (2 H, br s, CsH,),
6.00 (2 H, br s, CsH,), 3.19 (2 H, br s, neomenthyl),
1.90-0.82 (36 H, m, neomenthyl); 6~ (CDCl;) 118.1 (2
C, s, ipso C of CsH,), 106.6 (2 C, s, CsH,), 96.2 (2 C,
s, CsH,), 87.6 2 C, s, CsH,), 85.6 (2 C, s, CsH,), 48.2,
35.3, 29.8, 27.8 (8 C, s, neomenthyl CH), 42.8, 35.0,
24.4 (6 C, s, neomenthyl CH,), 22.9, 22.2, 20.9 (6 C, s,
neomenthyl CHj;).

4.3. [Rul(Cpnm),]l; (3a)

To a solution of [Ru(Cpnm),] (3.81 g, 7.5 mmol) in
dichloromethane (100 ml) at r.t., a solution of iodine
(0.5 g, 3.13 mmol) in dichloromethane (20 ml) was
added dropwise and the mixture stirred for 24 h. The
solvent was removed in vacuo and the residue extracted
into diethyl ether (3 x 25 ml). The solution was filtered
through a column of Celite and concentrated. Excess
iodine was extracted into small volumes of carbon
tetrachloride and the residue was thoroughly dried to
give the product as dark green oil. Repeated fractional
crystallization of the crude product from CHCl;-n-hex-
ane afforded black air-stable long needles of the desired
product: yield 5.23 g (69%). M.p. 136°C. (Anal. Found:
C, 35.8; H, 4.7; 1, 48.6. Calc. for C;,H (I,Ru: C, 35.5;
H, 4.6; 1, 50.0%). J;; (CDCly) 6.51 (2 H, br s, CsH,),
6.44 (2 H, brs, C;H,), 6.10 (2 H, br s, CsH,), 5.79 (2 H,
br s, CsH,), 3.14 (2 H, br s, neomenthyl), 1.83-0.72 (36
H, m, neomenthyl). J- (CDCl;) 114.2 (2 C, s, ipso C of
Cp), 99.3 (2 C, s, CsHy), 94.6 (2 C, s, CsH,y), 86.8 (2 C,
s, CsH,), 84.4 (2 C, s, CsH,), 47.8, 35.8, 29.9, 27.9 (8 C,
s, neomenthyl CH), 44.2, 34.8, 24.4 (6 C, s, neomenthyl
CH,) 229, 22.7, 209 (6 C, s, neomenthyl CH,);
FABMS m/z 508 [M —1].

4.4. Attempted preparation of [RuBr(Cpnm),JPF (2b)

A solution of FeNH4(SO,), (7 g, 26.3 mmol) in HBr
(25 ml of 3 M solution) was added dropwise to a stirred
solution of [Ru(Cpnm),] (1.2 g, 2.4 mmol) in diethyl
ether (50 ml) at r.t. The resulting solution was stirred
vigorously for 48 h. The organic phase was separated,
dried over anhydrous sodium sulphate, filtered and the
solvent removed in vacuo. 'H-NMR analysis confirmed
the brown oily residue was starting material. The
aqueous phase was washed with toluene (2 x 25 ml)
followed by diethyl ether (2 x25 ml). An aqueous
solution of NH,PF, (7 g, 26.3 mmol) was added and
the solution stored in the freezer overnight to aid
precipitation of the PF, salt. However no precipitate of
the desired complex formed.

4.5. Attempted preparation of [Rul(Cpnm),]PF, (3b)

To a stirred solution of [Ru(Cpnm),] (0.5 g, 1 mmol)
in diethyl ether (15 ml) at r.t., a solution of
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FeNH,(SO,), (1.86 g, 6.9 mmol) in HI (12 ml of 1 M
solution) was added dropwise. The resulting solution
was stirred vigorously for 48 h. The organic phase was
separated, dried over anhydrous sodium sulphate,
filtered and the solvent removed in vacuo. 'H-NMR
analysis confirmed the green residue to be that of the
tritodide salt (0.6 g, 60%). The aqueous phase was
washed with toluene (2 x 25 ml) followed by diethyl
ether (2 x 25 ml). An aqueous solution of NH,PF, (2 g,
6.9 mmol) was added to the aqueous phase and the
solution was stored in the freezer overnight to aid
precipitation of the PF, salt. However no precipitate of
the desired complex formed.

4.6. Reaction of [Ru(Cpnm),] with [Me;O][BF,]

A solution of [Ru(Cpnm),] (1.0 g, 1.97 mmol) and
Me,OBF, (0.78 g, 5.27 mmol) in diethyl ether (20 ml)
was stirred at r.t. for 24 h. The solvent was removed in
vacuo, the crude product extracted into dichloro-
methane (50 ml) and filtered through a plug of Celite.
Removal of the solvent in vacuo gave the crude product
as a brown oil (0.82 g, 68%). d; (CDCl5) 6.03 (4 H, br
s, CsH,), 5.84 (2 H, br s, C;H,), 5.54 (2 H, br s, CsH,),
3.01 (2 H, br s, neomenthyl), 1.83-0.77 (36 H, m,
neomenthyl); - (CDCl;) 123.0 (2 C, s, ipso C of C;H,),
106.4 (2 C, s, CsHy), 96.6 (2 C, s, CsHy), 86.7 (2 C, s,
CsH,), 86.5 (2 C, s, CsH,), 48.2, 35.1, 29.6, 279 (8§ C, s,
neomenthyl CH), 41.5, 35.0, 24.5 (6 C, s, neomenthyl
CH,), 22.7, 22.0, 20.9 (6 C, s, neomenthyl CHj).

4.7. [Ru(n>-CsMes)(Cpnm)] (5)

(i) Sodium hydride (0.14 g, 3 mmol) was washed in
hexane (30 ml) and the solvent cannulaed into a sepa-
rate flask. Tetrahydrofuran (15 ml) was added to the
flask containing sodium hydride and neomenthylcy-
clopentadiene (0.15 g, 0.7 mmol) was added dropwise
with stirring. After the addition was complete, stirring
was continued for 3 h during which time there was a
colour change from colourless to orange. To the result-
ing solution, RuCl(COD)(n>-CsMes) (0.2 g, 0.5 mmol)
in tetrahydrofuran (10 ml) was added dropwise and
stirring was continued at r.t. for a further 16 h. The
solvent was removed in vacuo and the product ex-
tracted into diethyl ether. Removal of the solvent gave
[Ru(n’-CsMes)(Cpnm)] as a yellow oil (0.22 g, 38%).

(i) Neomenthylcyclopentadienylsodium was pre-
pared as above by the dropwise addition of neomen-
thylcyclopentadiene (2.38 g, 11.7 mmol) to a stirred
solution of sodium hydride (0.28 g, 11.7 mmol) in
tetrahydrofuran (30 ml) at r.t. [RuCly(n°-CsMes)], (0.85
g, 2.6 mmol) was added and the resulting solution
heated under reflux for 16 h. On cooling, the solvent
was removed in vacuo. The crude product was purified
by chromatography on silica eluting with petroleum

ether to give Ru(n’>-CsMes)(Cpnm) as a yellow band.
Removal of the solvent under reduced pressure gave
Ru(n’-CsMe;s)(Cpnm) as a yellow oil (0.84 g, 69%).
(Anal. Found: C, 68.1; H, 8.8; M* 440. C,sH;3Ru
requires C, 68.3; H, 8.7) éy (CDCl;) 4.22 (1 H, m,
CsH,), 4.05 (1 H, m, CsH,), 3.96 (1 H, m, CsH,), 3.88
(1 H, m, CsH,), 2.54 (1 H, br s, neomenthyl), 1.90 (15
H, s, CsMe;s), 1.70-0.65 (18 H, m, neomenthyl) includ-
ing 0.84 (3 H, d, J (HH) 6 Hz, CH; of nm), 0.80 (3 H,
d, J (HH) 6 Hz, CH; of nm), 0.65 (3 H, d, J (HH) 6
Hz, CH; of nm); J- (CDCl;) 94.6 (1 C, s, ipso C of
CsH,), 84.5 (5 C, s, CsMes), 749 (1 C, s, CsHy), 73.7 (1
C, s, CsHy), 72.0 (1 C, s, CsHy), 71.3 (1 C, s, CsH,),
49.0, 35.5, 29.3, 28.3 (4 C, s, CH of nm), 41.9, 36.1,
24.1 (CH, of nm), 23.2, 22.2, 20.7 (CH; of nm), 12.1 (5
C, s, CsMe;).

4.8. [RuBr(n>-CsMes)(Cpnm)]Br (6)

A solution of bromine (0.6 g, 3.1 mmol) in petroleum
ether (1 ml) was added dropwise with stirring to a
solution of [Ru(n’-CsMes)(Cpnm)] (0.84 g, 3.1 mmol)
in petroleum ether (2 ml). An immediate precipitation
of an oily green residue was observed. The solution was
left to stir for 2 h to ensure the reaction was complete.
The solvent was decanted and the crude product recrys-
tallised from dichloromethane—petroleum ether. Filtra-
tion gave the product as a green powder that was
thoroughly dried in vacuo (0.58 g, 59%). (Anal. Found:
C, 49.8; H, 6.4; Br, 28.0. C,sH;3Br,Ru requires C, 50.1;
H, 6.4; Br, 26.7) 6 (CDCl;) 5.92 (1 H, br s, CsH,),
5.86 (1 H, brs, CsH,), 5.76 (1 H, br s, CsH,), 5.61 (1 H,
br s, CsH,), 3.10 (1 H, br s, neomenthyl), 2.23 (15 H, s,
CsMe;), 1.97-0.77 (18 H, m, neomenthyl); J- (CDCl,):
113.3 (1 C, s, ipso C of CsHy), 107.8 (5 C, s, CsMes),
107.3 (1 C, s, CsHy), 98.6 (1 C, s, CsH,), 90.1 (1 C, s,
CsH,), 88.7 (1 C, s, CsH,), 48.0, 34.8, 29.7, 27.9 (4 C, s,
neomenthyl CH), 41.9, 35.1, 24.1 (3 C, s, neomenthyl
CH,), 22.8, 22.2, 20.8 (3 C, s, neomenthyl CHj;), 13.4 (5
C, s, CsMes); m/z 440 [M — Br].

4.9. [Rul(n>-CsMe s )(Cpnm)]I; (7)

To a solution of [Ru(n*-CsMes)(Cpnm)] (0.4 g, 0.9
mmol) in petroleum ether (1 ml), a solution of iodine
(046 g, 3.6 mmol) in the minimum amount of
petroleum ether was added dropwise with stirring. An
immediate precipitation was observed and the solution
was left to stir for 2 h to ensure the reaction was
complete. The precipitate was collected by filtration and
purified by recrystallisation from dichloromethane—
petroleum ether to give [Rul(n’-CsMe;s)(Cpnm)]l; as a
purple powder which was thoroughly dried in vacuo
(0.42 g, 49%). (Anal. Found: C, 31.3; H, 4.1; I, 53.5;
M™* 948. C,sHyI,Ru requires C, 31.7; H, 4.0; I, 53.6;
oy (CDClLy) 6.07 (1 H, br s, CsHy), 595 (1 H, br s,
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CsH,), 5.38 (1 H, br s, CsH,), 5.29 (1 H, br s, CsH,),
3.16 (br s, 1 H, neomenthyl), 1.91-0.79 (18 H, m,
neomenthyl) including 0.97 3 H, d, J (HH) 6 Hz,
neomenthyl CHs), 0.82 (3 H, d, / (HH) 6 Hz, neomen-
thyl CH;), 0.80 (3 H, d, J (HH) 6 Hz, neomenthyl
CH,); o (CDCl,) 110.0 (1 C, s, ipso C of CsH,), 105.7
(5 C, s, CsMes), 101.0 (1 C, s, CsHy), 963 (1 C, s,
CsH,), 88.0 (1 C, s, CsH,), 86.0 (1 C, s, CsH,), 47.9,
35.4, 29.9, 28.3 (4 C, s, neomenthyl CH), 42.3, 35.0,
24.1 (3 C, s, neomenthyl CH,), 22.9, 22.4, 20.7 (3 C, s,
neomenthyl CH,), 14.8 (5 C, s, CsMes); m/z 440 [M — 1]

5. Electrochemistry

Cyclic voltammetry was performed at room tempera-
ture on a BAS 100B Electrochemical Analyser using a
three-electrode system comprising a platinum disk
working electrode, a platinum wire auxiliary electrode
and a Ag/Ag™ reference electrode (0.01 M AgNO; and
0.1 M [Bu,N][CIO,] in acetonitrile). The reported E
values (Table 1) are with reference to this electrode.
Measurements made on acetonitrile solutions were 1-2
mM in sample and 0.1 M in ["Bu,N][ClO,]. Under these
conditions the ferrocene/ferrocenium couple, which was
used as a reference, had an E value of 0.09 V. When
dichloromethane was used as a solvent (0.1 M in
[Bu,N][PF,]) the Fc/Fc* couple was recorded at E =
0.22 V. All solutions were purged with argon and
voltammograms were recorded under a blanket of ar-
gon. Unless otherwise stated, the scan rate used was

always 100 mV s~ L.

5.1. X-ray crystallography

A suitable rectangular crystal (0.192 x 0.346 x 0.125
mm) was grown from dichloromethane—diethyl ether at
room temperature. Room temperature X-ray data were
collected in the range 6.5 <20 <45° on a two-circle
Stoe diffractometer by the omega scan method. The
2490 independent reflections (of 3455 measured) for
which |F|/o(|F|) > 3.0 were corrected for Lorentz and
polarisation effects, and for absorption by Gaussian
methods (minimum and maximum transmission coeffi-
cients 0.201 and 0.430). The structure was solved by
heavy atom Patterson methods and refined by blocked
cascade least squares methods. Hydrogen atoms were
included in calculated positions and refined in riding
mode. Refinement converged at a final R =0.0428
(Rw=0.0452, 315 parameters) with allowance for the
thermal anisotropy of all non-hydrogen atoms. Mini-
mum and maximum final electron density — 0.779 and
0.796 ¢ A~3. A weighting scheme w~'=g(F)+
0.00075(F)*> was used in the latter stages of refinement.
Complex scattering factors were taken from reference

[29] and from the program package SHELXTL [30] as
implemented on the Data General DG30 computer.

5.2. Crystal data for complex 3a

C oHyl,Ru, M, =1015.39, monoclinic, space group
P2, (C% No. 4), a=14.318(96), b=10.300(61), ¢ =
13.103(88) A, = 67.859(42)°, V' =1789.2(20) A3, Z =
2, Doy = 1.884 g cm =3, Mo-K,, radiation (= 0.71069
A), u(Mo-K,) = 38.6 cm !, F(000) = 964.

6. Supplementary material

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 144231 for compound 3a.
Copies of this information may be obtained free of
charge from The Director, CCDC, 12, Union Road,
Cambridge CB2 1EZ (fax: + 44-1223-336033; e-mail:
deposit@ccdc.cam.ac.uk  or www: http://www.ccdc.
cam.ac.uk.
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