Downloaded by NAT LIB UKRAINE on July 5, 2009
Published on April 27, 2004 on http://pubs.acs.org | doi: 10.1021/om0498091

Organometallics 2004, 23, 2519—-2521 2519

Di- and Trivalent Ruthenium Complexes of Chelating,
Anionic N-Heterocyclic Carbenes

Polly L. Arnold* and Andrew C. Scarisbrick

School of Chemistry, The University of Nottingham, University Park,
Nottingham NG7 2RD, U.K.

Received March 16, 2004

Summary: The reactions of a range of Ru(ll) complexes
with the anionic alkoxy di-N-heterocyclic carbenes
M[OCPh(CH2{1-C[NCHCHNBU'})2] (ML; M = Ag, TI)
yield a mixed carbene—imidazolium complex of ruthe-
nium(l1), [Ru(p-cymene)[OCPh(CH{ 1-CINCHCHNBU!]})-
(CH2{1-CH[NCHCHNBU'} Ch)]ClI, and the first trivalent
ruthenium N-heterocyclic carbene complex, [RuCl,(PPhg)-
(L)], in this case stabilized by the two bound carbene
groups.

The N-heterocyclic carbene (NHC) has earned a
special place in the design of organometallic homoge-
neous catalysts in recent years. It is now used widely
as a strongly basic alternative to phosphanes and other
supporting ligands in homogeneous ruthenium-based
catalytic systems for olefin metathesis, hydrogenation,
and atom transfer radical polymerization (ATRP) and
cycloisomerization,! while some ruthenium NHC com-
plexes exhibit remarkable C—H and C—C bond activa-
tion chemistry.? To tune the reactivity of NHC deriva-
tives, a range of N-alkyl modified carbenes have been
reported which incorporate either chiral or additional
donor functional groups.2 We have prepared ligands that
combine this strong, neutral o-donor NHC group with
an adjacent anionic group, the simplest of which, due
to its symmetry, is an alkoxide with two pendant
N-heterocyclic functional groups L, [O"CPh(CHx{1-
C[NCHCHNBU}),].* As part of a study of the ap-
plicability of this ligand in homogeneous catalysis, we
have explored the chemistry of a range of coordination
complexes of ruthenium, with the aim of determining
the extent to which the additional alkoxide group
increases the thermal stability of Ru—NHC adducts and
allows the stabilization of more electron deficient,
reactive metal centers.> The ruthenium(lll) carbene
fragment is of interest due to the involvement of the
Ru(11)/Ru(l11) couple in the mechanism of ruthenium
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complex catalyzed ATRP (atom transfer radical polym-
erization) catalysis and the implication of the Ru(lll)
carbene in Gif systems for the selective, catalytic
oxidation of alkanes.® Recently, a multistep synthesis
of a 1,1-binaphthol-derived aryloxy carbene has been
used to make enantio- and diastereoselective ruthenium-
based olefin metathesis catalysts. The scarcity, but
potential utility, of chelating bis-carbenes in ruthenium-
catalyzed reactions has also been highlighted recently.”
The ligand L combines these features—an alcohol func-
tional group and two strongly o-basic NHC groups—and
is made in a one-pot reaction. Herein, we report the
reactions of silver and thallium(l) alkoxide salts of this
ligand to form a stable Ru(ll) complex and the first
trivalent ruthenium carbene complex.

Treatment of a dichloromethane solution of [Ru(p-
cymene)Cly], with stoichiometric [AgL] at room tem-
perature affords a precipitate of silver chloride and a
dark red-brown solution, from which a red-brown mi-
crocrystalline solid may be isolated after addition of
hexanes (eq 1). This complex still contains the coordi-
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nated arene and initially contains one free and one
bound NHC group of the ligand L. However, the
pendant NHC group is strongly basic and picks up the
elements of HCI to afford the imidazolium salt of the
carbene complex; the red-brown microcrystalline com-
plex [Ru{HL}(p-cymene)CI]CI (1) is isolated in an
overall yield of 79%.17 The analogous reaction of [Ru-
(p-cymene)Cly], with the thallium analogue [TIL],*® also
affords 1, after removal of TICI and recrystallization
from dichloromethane. The reaction between [Ru(p-
cymene)Cl;]; and [AgL] in thf affords the same complex,
showing that the chlorinated solvent is not necessary
to provide the halogen counterion for the unbound NHC
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group. The yield of the reaction carried out in thf is
lower, 52%, so in the absence of chlorinated solvent the
ruthenium dichloride starting material is a sacrificial
chloride source, providing slightly more than one molar
equivalent of chloride. In this reaction, the protonation
of the pendant NHC group is too rapid to allow any
heating of the solution which could effect the substitu-
tion of the arene by the pendant NHC group.”™

The bound carbene is identified in the 3C NMR
spectrum at the characteristically high-frequency shift
of 172.1 ppm. However, the spectrum also shows a
resonance at 146.3 ppm, characteristic of an imidazo-
lium CH carbon. The 'H NMR spectrum shows a singlet
at 9.95 ppm, corresponding to one imidazolium proton
in the product, and a doublet resonance for each of the
backbone CH, protons of the ligand, according to the
asymmetry of the ligand. Electrospray mass spectrom-
etry shows an ion with m/z 651, corresponding to [Ru-
(C1oH12){HL}CI]*, indicating that one of the imidazol-
2-ylidene groups has been reprotonated.

In addition to providing a common oxidative route to
metal chlorides, the abstraction of a chloride from
chlorinated solvents is also found for simple N,N’'-dialkyl
carbenes. These can react with CCl, and C,H,Cl, to
substitute the 4,5-imidazole hydrogen atoms with chlo-
rides and the 2-position with chloride or dichloromethyl
groups.g The formation of 1 occurs in highest yield in
dichloromethane with no evidence of chlorination of the
NHC ring. Characterized ruthenium alkoxide complexes
are rare; the only previously reported alkoxide-contain-
ing N-heterocyclic carbene complex is a tert-butoxide
analogue of Grubbs’ second-generation metathesis cata-
lyst, [Ru(OBuY)2CH;[1-C[NCHCHNMes])-
Clz(PCys)2(=CHPh)].?

The fact that this complex reprotonates the imidazo-
lium group in preference to the alkoxide contrasts with
the recent report of a Ru(ll) complex of the bidentate
carbene alcohol [Ru(HOCH,CH5[1-C[NCHCHNMes])-
Cly(py)2(=CHPhH)], which was not deprotonated to the
alkoxide but instead formed a complex in which the
alcohol displaces one chloride anion from the inner coor-
dination sphere.1® The isolation of 1 shows that the alk-
oxide group is a most suitable ligand for Ru(ll) in these
systems, provided a suitable precursor is available.

The use of ruthenium NHC complexes as homoge-
neous catalysts in imidazolium-based ionic liquid media
has attracted much attention recently, as imidazolium
salts have been shown to be capable of acting both as
solvent and ligand precursors for a dissolved ruthenium
complex: for example, in diene and enyne metathesis
catalysis.!! We find that 1 is as soluble in the ionic liquid
[BMIM]PFs (BMIM = n-butylmethylimidazolium cat-
ion) as it is in toluene but dissolves completely into the
ionic liquid layer when treated with a 1:1 mixture of
toluene and [BMIM]PFs.

As an alternative route to a ruthenium alkoxide
complex with two bound NHC groups, Ru(ll) precursors
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with other ancillary ligands were addressed. No trac-
table products could be isolated from the reaction of the
solvate [RuCly(DMSO)4] with uninegative metal salts
of L. We also note that Grubb’s “first generation” olefin
metathesis promoter, [RuCl,(PCys),(=CHPh)], does not
react with [AgL].*®

However, the reaction between [RuCl,(PPh3)s] and 1
equiv of [AgL] in dichloromethane at 20 °C affords a
dark, heavy precipitate and a dark green-brown (dich-
roic) solution. Recrystallization of the filtrate from
dichloromethane/hexanes affords a microcrystalline
green-brown complex characterized as the trivalent [Ru-
{L}CIx(PPh3)] (2) in 67% vyield (eq 2).2° The eliminated
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dark precipitate, assumed to be silver metal, gives a
negative test for halide (titration with silver nitrate),
confirming this. Electrospray mass spectrometry of 2
shows a molecular fragment with an m/z value of 775,
corresponding to [Ru{L}PPhsCl,]". The broadened 'H
NMR spectrum indicates a paramagnetic product.

To the best of our knowledge, this is the first trivalent
ruthenium complex of an N-heterocyclic carbene, the
higher oxidation state being stabilized in part by the
hard alkoxide group and by the two NHC groups, which
are most suitable for the stabilization of electron-
deficient metals.??

The solution magnetic moment of 2 (Evans’ method)
is 2.2 ug, in the range observed for low-spin d® Ru(l11)
complexes.’® An EPR spectrum of 2 shows the electron
centered at ruthenium(lll), and the rhombicity of the
spectra indicate the asymmetry of the electronic envi-
ronment at the 2T, ruthenium(111) metal center, with
approximate g values g1 = 2.50, g2 = 2.16, and g3z =
1.89 measured, and evidence of hyperfine coupling to
one 3P | = 1/, nucleus in the g11 (A1 = 189 G) and gs3
(Asz = 44 G) regions.

It is notable that the oxidation of Ru(ll) to Ru(lll) by
[AgL] only occurs for the phosphine-substituted system
2 and not for the p-cymene adduct under the same
reaction conditions.?! The oxidation potential of [AgL]
is markedly lower than that of simple silver salts but
clearly high enough to explain the oxidation to form 2.
A cyclic voltammogram of [AgL] in dichloromethane
shows an oxidation at +0.404 V and in thf shows an
oxidation at +0.107 V.1* The Ag™ couple is +0.65 V in
CH,Cl, and +0.41 V in thf.1> The E°, value for the bis-
(carbene) complex 2 in thf is —0.036 V; this is also
remarkably low, compared with other Ru(lll) organo-
metallic complexes and the monodentate NHC adducts
[Ru(p-cymene)CIl,(NHC)] (E°w in the range 0.61—0.67
V),¢ confirming the strongly stabilizing effect of the two
Lewis basic NHC groups on the higher oxidation state.

AgL + RuCh(PPhy);
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Unfortunately, raising the potential in this solvent/
electrolyte system results in stripping at the electrode
at +0.224 V; thus, we were unable to identify any Ru-
(IV) chemistry in this solvent/electrolyte system.

The oxidation potential for the Ru(ll) center in the
precursor [Ru(p-cymene)Cls], is +0.48 V (measured in
thf);16 this is too high to be oxidized by [AgL]. If during
the reaction to form 1 the second NHC group never
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coordinates, the higher oxidation potential of the Ru-
(IHD/Ru(l1) couple in that system prevents it from being
oxidized by [AgL].

In conclusion, the strongly electron-donating, triden-
tate bis(carbene) alkoxide ligand [O~CPh(CHy{1-
C[NCHCHNBU}),] effectively stabilizes new complexes
of Ru(ll) and Ru(lll); a mixed carbene—imidazolium
complex has been isolated in which the oxygen ligand
binds in preference to chloride and can be made from
silver(l) or thallium(l) alkoxy carbene precursors. The
two carbene donors that stabilize the silver alkoxide
carbene transfer reagent, rendering it a poor oxidant,
also allow easy access to the first trivalent ruthenium
N-heterocyclic carbene complex.
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