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Abstract

Aspects of the chemistry of arene complexes of ruthenium and osmium in zero and +2
oxidation states are reviewed, with emphasis on the formation of isomeric endo- and exo-o­
xylylene complexes of ruthenium(O) and osmiumtu) from 1,2-dimethylarene complexes of
the divalent metals, and on the stoichiometric and catalytic chemistry of a labile naphthalene
complex of ruthenium(O). © 1997 Elsevier Science S.A.

I. Introduction

The organom-tallic chemistry of mononuclear ruthenium and osmium is domi­
nated by compounds in which the metal atoms have the oxidation states
M(O)(d 8

) , M(II)(d 6
) and M(IV)(d 4

) [1,2]. There is nil enormous range of half­
sandwich, lS-electrcu compounds of Ru(H), and to a Jesser extent Os(II), contain­
ing cyclopentadienyl and substituted cyclopentadienyl (commonly CsMes) ligands;
when hail de, hydride, alkyl or 113-allylligands are also present, complexes containing
the tetravalent metal can either be prepared or generated as likely intermediates in
catalytic cycles [3]. In contrast, the somewhat less extensive chemistry of the arene
complexes derives much of its interest from the existence and interconversions of
stable 18-electron compounds of both M(O) and M(lI).

0010-8545/97/$32.00 © 1997 Elsevier Science S.A. All rights reserved.
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This revi- rio focuses 0)) aspects of our past and current research in Canberra on
this topic. Although detailed recent reviews are available [4,5], it is appropriate first
to provide a brief background. Hcxahupto-eseti: complexes of rutheniuml II) of the
type [Ru(11fl-arench]2+ were first made in 1957 by the classic Fischer-Hafner reduc­
jn~ Friedel-Crafts procedure from anhydrous Ruel) [6--8J~ but these are not. conve­
nicllt precursors to the half-sandwich arene complexes. Winkhaus et at. [9] made
the important discovery that 1,3-cyclohexadicllc undergoes dehydrogenation on
reaction with aqueous ethanolic RuCl3 to give the insoluble benzene complex
[RuCI2(Cr,H{))],. and with OsCI3 in the presence of 12 to give [OsI2(C(,H 6 )]1I [10].
They also demonstrated the formation of I: 1 adducts of these compounds with tri­
n-butylphosphinc, and subsequently Zelonka and Baird [11,12] and we [13,14]
showed independently that these should be formulated as monomeric, half-sandwich
complexes containing lu.!xaltapto-bcllzene (1). Other I~3-cyclohexadienes, such as
c-phellandrene and 1,4-cyc1ohexadienes (available from the Birch reduction of
arenes) react similarly with Ruf'l, to give the corresponding [RuCI2(11f'-arcne)h
derivatives (2) [14]. The p-cymene complex, [RuCI2(tl fi-l A-McC6H4CHMe2>]z, is
more soluble in organic solvents than the benzene compound and is a useful precursor
to ether members of the series containing methyl-substituted arenes, such as
[RuCI2(116.C6Mcc,)h [15]. In these compounds, the arene is more resistant to displace­
ment than is the case for the benzene complex.

M=Ru, 0 ..; X=Cl, Dr. I

1

©
I

Ru-Cl
CI~~~ I I~Cl

CI<6;
2

The arene metal dihalides are key starting materials for the formation of a wide
range of conventional neutral and cationic ligand derivatives as well as hydride,
alkyl, allyl, carbene and vinylidene complexes [1,4,5].They are also useful precursors
to homogeneous catalysts for the asymmetric hydrogenation of a range of unsatu­
rated organic compounds [16-20J and for ring-opening metathesis polymerization
[21 ].

Arene-ruthenium(O) and -osmium(O) complexes are alr« readily accessible



M.A. Bennett / Coordination Chemistry Reviews /66 (/997) 225-254 227

from the corresponding divalent metal precursors. It was shown early
that [Ru( n6-C{)H6hF + is reduced by NaBH4 in THF to the 1.3-cyc1o­
hexadiene-rutheniumtfl) complex RU(11()·C/)H6}(1l4.1,3-C6Hs) [22] and that
[Ru(116-C6Mc6h12+ is reduced by Na/NH3 to the ruthenium (0) species
RU(1l6-C6Mc6)(1l4-C6Me6) in which the two arene functions exchange hapticity
rapidly on the NMR time scale at room temperature [8,23]. The arene metal
dihalides are also readily reduced to arene Inctal(O) complexes by heating with
various 1,3-dienes, l.Scyclooctadicne and ethylene in the presence of anhydrous
Na2C03 in ethanol and 2-propanol (Eq, (I» [24-27]. These reactions undoubtedly
proceed via arene ruthenium (II ) hydrido-intermcdiates similarly to the correspond­
ing reductions of the llS-pentamethylcyclopentadienyl dihalides of rhodium(III ) and
iridium( III) to diene complexes of rhodium (I ) and iridium(l) studied by Maitlis
ct al. [28--31]. The reactions are reversible, and, for example, treatment of
Ru(1,('-arene)(114-1 ,5-CBH 12) with Hel regenerates [RuCI2(1l6-arcne)h [32].

*Iu
Ru

cl.....l ~
Cl 2

Na2C031i·PrOH
•

•
ao (1)

2. Formation and reactivity ofo-xylylene complexes of ruthcnium(O)

The enhanced acidity of benzylic protons in r{'-arer.cs coordinated (I) Cr(COh
and Fe(1l5·CsHs) units is well established [33]. We discovered the facile deprotona­
lion of C6Me6 coordinated to rutheniumt ll) accidentally, when we attempted to
prepare the zerovalent metal complex Ru{P(OMchh(T)6_C6Mc6) by potassium­
amalgam reduction of [Ru(ON02){ P(OMeh}2(l1U-C6Me6)]N03 and unexpectedly
obtained small amounts of a solid of apparent formula Ru{P(OMeh}3(C6Me6) . It
soon became clear that the C6Me6 had undergone double deprotonation, probably
induced by traces of KGH. We found that treatment of a series of nitrato
or trifluoroacetato salts [Ru(ON02)Li116·C6Me6)]N03 or [RU(02CCF3)L2
(llu·C(,Me6)]PF6 with a strongbase such as KO·I-Bu or (IVlc3SihNNa in the presence
of an added tertiary phosphine or phosphite gives good yields of exo-tctra­
methyl-o-xylylene complexes of ruthenium(O) (Eq, (2» [34,35]. Other
116- I,2-dimethylarene complexes [RU(02CCF3) Li116-arene)] + react similarly with
base in the presence of L (PMe2Ph, PMePh2) to give the corresponding
exo-ll'*·o-xylylene complexes (Eq, (3) and Table I), but the reaction fails
for the corresponding osmium systems. Deprotonation of coordinated
1,2,3,4-tetramethylbcnzene under these conditions occurs exclusively at the outer
pair of methyl groups to give the 3,4-dimethyl-o-xylyIene complex, whereas
1,2,3,4,5-pentamethylbenzene is deprotonated at both the inner and outer pairs of
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Table I
Formation of RuL3(o-xylylenc} complexes Irom eutionic l1h~ I.~-dimcthylarcllc complexes of ruthenium (II )

Arcnc o-Xylylcnc complex Tcr.inry phosphine
------_._-------------- ----- -----

©e:::
------.--.....""~-'-------------------------
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methyl groups to give a mixture of 3.4.5- and 3.4.6-o-xylyk·ne complexes [36].

229

L'. KO+Bu or
NuN(SiMc:dz

~

I
...,Ru"

L' I ""L'
L

(2)

Y=ON02' 02CCF3
L2 =2PMc2Ph. 2Pf\.lePh2• 2P(OMC-13, 2P(OCH2h CMc.

Ph2PCI12CII 2PPh 2• Z·Ph2PCIJ=CHPPh2
L' =PMC2Ph, PMcPh2• P(OMcb, P(OCII2hCMe

L/KO.'.B~ { <I
I

Ru
L/j "'''L

L

(3)

An X-ray study of Ru(PMc2Phh{114-exo-(CH2hC(jH4} ha. shown that the mole­
cule is approximately square pyramidal. if the midpoints of the exocyclic double
bondsare assumed to be the coordination centres. with one PMC2Ph ligand occupying
the axial site and the diene occupying two basal sites [37]. The geometry is very
similar to that of the well-known Fe(COh(11 4

- ] .3..dicne) complexes. (he o-xylyJene
unit being almost planar.

Similar compounds to those in Table 1 have been prepared independently by
Cole..Hamilton and coworkers [37,38]. who have treated RuC12L4

(L = PMeJ~ PMc2Ph, PMePh2, PEt3) with the appropriate o..methylbenzyl-mag..
nesium or, better...lithium reagent; the reaction probably proceeds as shown in
Scheme I. The initially formed, undetected bis(o-mcthylbcnzyl jrutheniumtII j com..
plex is assumed to undergo a a-elimination of o-xylene to give the chelate, o-bonded
xylene -J,2-diyl or K2-o-xylylene complex. In the final step. a ligand L is displaced
by the formal 1,2-double bond of the aromatic ring. It is 0f interest that, under
these conditions, 1,2,3,4-tetramcthylbenzene gives a mixture of the 3,4- and
3,6~dimethyl-u-xylylene complexes, in contrast to the regiospecific formation of the
former by deprotonation of the arene rutheniumf ll ) complex (Table 1).

The formation of exo..o..xylylene complexes by reactions of the type shown in
Eq. (2) and Table 1 is intriguing because, as Gladfelter and coworkers have shown
[39,40], base-promoted deprotonation of dicationic bif;(n6-1,2-dimethylarcnc) com..
plexes of ruthenium( II) affords exclusively endo ·J~;(ylylene complexes of ruthe..
nium(O) (Eq. (4). Similarly, we have found [41] that treatment of the dications
[MLi116-o~C6H4Me2)]2+ (M = Ru, as; L= PMe3l PMezPh) with KO-t-Bu gives only
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6Y
CH2ti (TMEDA)

~ + RuCI 2L4 --...

en,

Scheme I. Formation of RuLJ 111 4-eX,J-o-C/>H
4(CH 2hl from RuCI2L4 (L = PMc", PMc.yh,

PMcPh2• PEt,,).

l2+

KO+Bu..

KO+Bu
~

(4)

(5)

In the X-ray structures of the PMe2Ph compounds, the geometry about the metal
atom is similar to that in the exo~Ru isomer, but the xylylene unit is now markedly
non-planar, being bent away from the metal centre at the terminal carbon atoms of
the coordinated diene. The dihedral angles are 37.00

( Ru) and 39.5°(Os), cf. 33.80

in RU(116·C6Mc6){ 114·elldo-o-(CH2hC6Me4} [39]. This distortion arises from the
usual disrotatory motion ofsubstituents at the carbon termini of IJ-dicne complexes,
which allows better overlap of thediene n-orbitals with the metal orbitals. According
to density functional calculations on the model system Ru(PH3h(o-xylylene), the
exo-isomer is about 60 kJ mol -1 more stable than the entlo-isomer [42]. This accords
with qualitative expectation, because of the two limiting resonance forms 3 and 4,
only that from the exo-isomer (3) allows aromatic stabilization of the six-memb­
ered ring.

Despite the thermodynamic preference, endo- to exo-isomerization is not rapid



M.A. BCI111ell / Coordillcltio/1 Cltcmi...fIT Un;C!I'J !(J6 (1997) 225-254

3

231

4

and. in the case of Ru(PMc2Phh{ 114-elldo-o-C6H4(CH2}z}' requires heating of the
molten compound. Since the e'll/a-isomer dearly cannot be an intermediate in the
formation of exo-Ru(PMe2Phh{114-(CH2hC6H4} in Eq. (3~. we suggested [35] that
rapid dcprotonation of [Ru(02CCF3)(PMe2Phh(116.o-C6H,4Me2)]PF6 gives initially
a coordinatively unsaturated o-xylylcne species, Ru(PMc}'hh{ 114-end(/­
C6HiCH2h}.The electronic unsaturation can be relieved byadditional coordination
to one of the exo-doublc bonds, which could allow the metal fragment to migrate
rapidly from the endo- to the exo..s{'~e;coordination of the added PMe2Ph
then cornoletcs the process (Scheme 2). in contrast with this behaviour, however,
treatment of the bisttrimcthylphosphine) complex [RU(02CCF3)(PMe3h
(l16-o-C()H4M(~2)]PF() with KO-f-Bu in the presence of PMeJ gives exclusively the
elldo-o-xylyJene complex (Eq. (6)). The reason for this difference is not known;
presumably the presumed intermediate Ru(P!\'e3h{114-elldo-C6H4(CH2h} is
attacked rapidly by PMC3 before the endo- to exo-migration occurs.

l+
@-

I
Ru/1 It,,,

L Y
L

L. KO+Bu..
(6)

Thepresence of methyl substituents on the inner diene fragment favours formation
of the exo-o-xylylene isomer, probably owing to steric hindrance to coordination.
Thus, in contrast with the behaviour described in Eq. (5), deprotonation of
[Ru(PMezPhh(1l6-C6Me6)]2+ gives exclusively the exo-tet.ramethyl-o-xylylene com­
plex (Eq. (7»). Deprotonation of [Ru(PMe3h(r,6·C6Mc6>f+ and of
[OsL3(116-C6~1e6)J2+ (L=PMc3, PMe2Ph) gives exclusively the elldo-tetramethyl-o­
xylylene complexes, but these isomerize quantitatively in refluxing toluene to the
corresponding exo-isonlers (Scheme 3). The kinetics of these isomerizations are
being studied by 'H NMR spectroscopy in the range 65 to J10°C [36]. They are
cleanly first-order in complex and are retarded by addition of free tertiary phosphine,
although the osmium systems are complicated by a rapid reaction of the formed
exo-isomer with the tertiary phosphine (Eq. (8». ln this reaction, the
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114-tctramcthyl-o-xylylene is converted into a K2-tetramcthyl-o-xylylene by displace­
ment of the formal double bond of the aromatic ring. For L=PMc2Ph, the reaction
is reversible and the adduct can be detected only by its 1H NMR spectrum: iI'

contrast, for L= PMe3, the reaction is 'irreversible and the adduct has been struct
ally characterized by Xvray crystallography.

KO+Du..
I

Ru
L/I ""'L

L

(7)

+ L

L =PMe2Ph. PMe]
ft

..
L =PMezPh (8)

Our kinetic data point to the existence of two independent routes for endo- to
exo-isomerization in the tetramethyl-o-xylylene complexes of ruthenium(O) and
osmium(O). In one pathway, a tertiary phosphine ligand dissociates to generate a
lo-electron intermediate in which migration can occur, as discussed above and
shown in Scheme 4. However, there is also a pathway that is independent of added
tertiary phosphine, indicating that isomerization can also take place in the original
I8-electron complex. The endo- to exo-migration isclosely related to the haptotropic
rearrangements that occur, for example, in 1,3,5-cycloheptatriene iron tricarbonyl
[43] and in acyclic polyene iron tricarbonyls [44-48], (c.g. Eq. (9», which are slow
on the NMR time scale at room temperature.

'1'\ '\
Fe(COh

(9)

As expected, substitution of methyl groups on the outer diene fragment favours
formation of the endo-o-xylylene complex. Thus, deprotonation of both
1,2-diethylbcnzene complexes [Ru(PMc2Phh(116·o-C6H4Et2)f + or [RU(02CCF3)­

(PMe2Phh(1l6_0-C6H4Et2)]PF6 in the presence of PMe2Ph gives the same
114-endo-dimethyl-o-xyly]ene complex (Scheme 5) [36]; it is nut yet clear whether
this is a kinetic product or whether it is thermodynamically more stable than the
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exo-isomer. Attempts to deprotonate the 1,2-diisopropylbenzcnc complex
[RU(02CCF3)( PMC2Ph}z(116·o-C(J14-i-Pr2)]PF6 with KO-/-Bu/PMc2Ph have been
unsuccessful. In contrast, the complex [Ru(PMe3h(116-indane)]2+ is readily deproto­
nated to give an exo-114-isoindene species, presumably formed via its undetected
£Indo-isomer. On heating, the former loses PMe3 and hydride migrates from the
methylene carbon atom to the metal to give it stable lls-indenyl hydride-complex as
the final product (Scheme 6).

KQ-r-Bu... (~
~

.....Ru....
L L

Qj=
Ru..

L.....~ ""L
L

KQ-I-Bu
...

reflux..
toluene

.
Scheme 3. Successive formation of cndo- and ('.w~isomers of ML3:o-C,McJ(CH2hI.

-L-.--L

Scheme 4. Dissociative pathway for formation of exo- ML~ lo-C(lMc4(CII 2hl from its elldo-precursor.

Like other 1,3-diene complexes of the zerovalent d" metals. the o-xylylene com­
plexes of ruthenium (0) and osmium(0) are readily protonated, a process that occurs
in two steps. Careful treatment of the exo-tetramethyl-o-xylylene complexes with
60% aqueous HPF6 precipitates PF6 salts of f13-benzyl-ruthenium(II) cations 5-7
resulting from addition of a proton to one of the terminal diene carbon atoms
(Eq. (10». The X-ray structures of 6 and 7 have been determined. In 6 the formal
electron-deficiency at the 16-electron Ru( II ) centre is relieved in a now familiar way
by the formation of a three centre, two-electron Ru-H-C bond (an agostic inter-

DO,.

action) [r(Ru-H) 1.92 A, r(C-H) 1.01(5)A, C-H-Ru I07(3f'], similar to those
fc und in [Pet P(OMe)3h(1l3-CsH13)] + [49], Mn(COh(113-C7Hll) [50,51].
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.J <1\ .r....

"

~O·t·BJ.....R,·. ~
L 1 ., I.

I.

KO+B~

........----i

Scheme 5. Dcprotonation of llh-1.2·dicthylhcnzcl1c ruthenium (II ) complexes.

KO-r-Ou..
ru
~

Ru,
1......1 "'H

L

Scheme 6. Dcprotonation of l1fl-indane ruthenium ( If ) complexes.

Ru(PMc2Phh(rrl-C4H7) [52] and [Ru{P(OMe)Ph2b(113.CSH13)] [53]. The structure
of 7 is probably similar, but appears to be an average in which the proton has added
to either of the benzylic carbon atoms.

(10)

L2 =Ph2PCH2CH2PPh2: L' =PMe2Ph (5)
L2 =Z.Ph2PCH=CHPPh2: L' =PMC2Ph (6)
L = L' =PMe2Ph (7)

The 113-benzyl cations are highly fluxional in solution. Three processes have been
proposed [35] to account for the observed behaviour:

( 1) reversible exchange of the agostic methyl protons, probably by reversible
Ru-H bond breaking (Scheme 7);

(2) an 11 J
.-+ 11 1 interconversion of the benzyl group arising from reversible removal

of the formal double bond of the arene ring (Scheme 8);
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(3) reversible C-H bond cleavage of the Ru--H-C interaction via a dicne-hydride
intermediate (Scheme 9).

------ ----

Scheme 7. Reversible exchange of ugostic methyl protons.

-.--- -----

Scheme 8. Reversible trihapto-u: l1umolwl'/o·benzyl intcrconversion.

-----

Scheme 9. Reversible C·H bond cleavage.

The operation of all three processes in the hexamethylbenzyl system enables the
RuL3 fragment to migrate round the six-membered ring.

Reaction of the exo-o-xylylene complexes with an excess of CF3S03H or HPF6

cleaves the initially formed metal-benzyl bond to give dicationic
arene-rutheniumf II) salts, [RuL3(116·1 ,2-dimethylarene)]2 + (Eq, ( 11)). Since these
species are sometimes difficult to prepare directly by reaction of L with
[Ru(02CCF3)L2(116-1,2Mdimethylarene)]+ owing to competing Joss of the coordi­
nated arene, this often represents a convenient alternative route. Moreover, as
discussed above, deprotonation of the dications generally gives an el1do-{}~xy]ylene

complex, so this procedure can be used to convert exo-114~o-xylylene complexes into
their enda-isomers. In contrast to [Ru(PMe2Phh(116':'O-C6H4Mc2)]2+, dications con­
taining four or more methyl groups on the arene, such as
[Ru(PMe2Ph)i116-C6Nle6)]2 +, readily lose the arene in solution. This is the reverse
of the norma] stability trend in arene-ruthenium(II) complexes, and is probably a
consequence of steric crowding in the coordination sphere. Thus, protonation of
the exo..isomers of either Ru(PMe2Phh{C6MeiCH2h} or Ru(PMe2Phh{3,4M
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ChH2Mc2(CH2h: with an excess
[Ru2(p-OTI' )2( P1\ticIPh)()](Or f )2 [36].

or CF3SO.Jf(TfDH)
.

gives

l2+

d-
I

Ru/J lilt,
L L

L

(J 1)

Protonation of the {'Jl(/o-o-xylylcnc complexes gives initially monocations that
have not yet been j ully characterized, but probably contain the 'ls-methyl­
benzyl ligand (Eq, ( 12». The corresponding 11 5-pcntamethylbenzylrutbeniumt II)
cation can be detected a an intermediate in the deprotonation of
[Rut PMc2Phh(11()-CcIMeCJ )]2+ with KO-t-Bu at - 50 "C (Eq, (13 )). Loss of the
second proton occurs when this species is allowed to come to room tcmperat ure in
the presence of KO-I-Bu to give Ru( PMC2Phb {eXO-114-(CH2hC()Me4}~ the expected
(,Il(/o-isomer could not be detected (cf Scheme 3).

a ~Z+

H+ lC(.. (12)I I
.......Ru, /Rul.

L I 'II'L L J ""L
L L

l2t l+
KO-l-Bu- ~ (13)
-50°C

In summary, o-xylylene complexes of ruthcniumttl) and osmium(O) can be gener­
ated by treatment of readily accessible arene complexes of ruthenium (II) and
OSll1iUl11( II) with KO-/wBu under mild conditions. Whether the metal fragment is
coordinated to the cxo- or endo-double bonds in the resulting complex depends on
the metal, the other ligands, and the arene substituents. These results led us
to expect that deprotonation of [RuLi116-C6Me6)f +, where L3 is a tridentate
ligand, should give an fJU/Ow 114-tetramethyl-o-xylyJenc ruthenium(0) complex
RuL3{114_C6Mc4(CH2h} and thus seemed to offer a possible route to rutheniumtu)
complexes containing thioether ligands instead of the usual tertiary phosphines.
When L3 is the tridentate sulphur donor 1,4,7-trithiacyclononane (abbreviated
[9]aneS3)' however, the base reaction takes a different course because the CH2

protons in o-position to sulphur are deprotonaled before the arene methyl protons.
On treatment with KOH, [Ru{[9]aneS3H1l6-C6Mc6)]2+ undergoes two successive
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dcprotonations of this type, which lead to cleavage or C-S bonds as shown in
Scheme 10 [54,55]. The first isolated product contains a tridentate open-chain,
mono-anionic vinyl thioether-thiolate ligand, SCH 2CH2SCH1CH2SCH =CH2,

and the second contains a bidentate vinyl thioether/thiolate ligand
SCH2CH 2SCH =cCH z as well as cthenethiolatc. Only in the final step, when KO­
r-Bu is used as base, is one of the C6Mc6 methyl groups dcprctonated, The resulting
carbanion adds to the vinyl group of SCH2CH1SCH =C1-I 2 to give, after uptake of
one proton, an unusual l1b-arene-thhlethcr-thioJatc ligand (Scheme 10).

KOH/THF..

~ KOHITHF

KO·(·Bu...
THF

Although short-lived in the free state, o-xylylenes readily undergo [4+2]-cyc1oad­
ditions at the exo-doublc bonds, a reaction that has found extensive application in
organic synthesis r56]. The organic chemistry of the metal complexes has proved so
far to be disappointingly limited. The exo-o-xylylene complexes of CO(l1S-CsHs)
and Fe(CO)3 react with CO to give 2-indanone (in the latter case AICl3is required
as a catalyst) (Scheme 11) [57,58], and the bridging 11 1, 111-o-xylylene dicobalt
dicarbonyl complex shown in Eq. (14) readily releases o-xylylene, isolated as
its dimers, on treatment with CO or tertiary phosphines [59]. Cole-Hamilton
and coworkers [60J have shown that o-xylylenc can be liberated from
RuL3{114-exo-(CHzhC6H4} (L= PMC2Ph, PMePhz) by eerie ion oxidation and
trapped with dimethyl acetylenedicarboxylate (Me02CC2C02Me, DMAD) to give
the expected [4+2]cydoadduct (Eq. (I 5». The yield was only 14%, however, and
the corresponding naphthalene and 2,2'-dimethylbibenzyl were also formed; the less
reactive dienophile MeC2C0 2Me failed to give any Diels-Alder adduct. As expected,
the endo-o-xylylenc complexes are more reactive than their exo-isomers. Thus, the
endo-o-xylylene complexes Rut il(;-C6Me6){114-C6MeiCHzh} and M(PMc2Phh­
{114-C6H4(CHz)1} (M = Ru, as) form iron carbonyl adducts by complexation with
the ('xa-double bonds, the two metal-containing fragments being transoid: (Eqs. (16)
and (17» [40,41]; the exo-isomers are unreactive. Either or both of the exo-double
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a Fe(COJ,

Scheme II. Carbonylation of L'Xo-o-xylylcne complexes.

bonds in RU(116-C6Me6){114-C6MeiCH2hl can also be hydrogenated, and the
t'xo-methylene groups arc readily protonated by acid and aJkylated by methyl
triflate (Scheme 12) [40). Although electron-deficient olefins do react with the
endo-o-xylylene complexes RU(116-C6Mc6){ 114-C6Me4(CH2h} and Ru(PMc2Phh
{1l4·Cc,H4(CH2hL the products have not yet been identified.

Cp-Co-Co-Cp
IXIc 'c

II \\o 0

+ (14)

a
I

,Ru,
Ph2MeP"""" J "f'PMePh2

PMePh2

DMAD

(15)

c -,
Fe(CO).(NMeJ) I I Fc-(COh

(16).. Ru + Ru· I

*
*l~OCH2
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Fc(COMNMr.3)..

/FC(COh
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L'I "'L
L
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H

I
Ru

Me

I
Ru

*H2 /

;heptane
150°c

I
Ru

*

3. A labile arene-ruthenium(O) complex:
(1l6-naphthalene)(114-1,5-cyclooctadiene)ruthenium(O), Ru(NAP)(COD)

A useful precursor for synthesis and catalysis in zerovalent ruthenium chemistry
is the ]8-electron complex Ru(..,6-I,3,5-CsH lO)(1l4-I,5-CsH 12) or Ru(COD)(COT)~
where COT= 1,3,5-cyclooctatriene (CSH lO) and COD= 1,S-cyclooctadiene (CsH I 2)
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[5,61]. This can be made in ca. 50% yield by reducing hydrated RuCl3 with zinc
dust in the presence of 1,5-cyclooctadicne [62-65]. The COT ligand is labilizcd
under hydrogen, probably because addition of hydrogen generates a labile
In-electron species RU(1l4-1,:1-CsHi2)(114-1,5-CgH12)' Thus, Ru(COD)(COT) reacts
under hydrogen (l atm) with arenes to give RU(116-arene)(114-1,5-CsH12) [32], which
can be readily converted by Hel into [RuCI2(1l6-arene)h. This methodology provides
an alternative route to these complexes that is complementary to that mentioned in
Section 2. It is especially valuable for functionalized arenes, such as acetophenone,
whose dihydroarenc derivatives are not conveniently available by Birch reduction.

Although the benzene and mesitylene complexes of the type
RU(116-arcne}(1l4-1,5-CBHll) catalyse the hydrogenation of monoalkcnes such as
I-pentcnc, l-hexene and cyclohexene at room temperature [66], the ligands in these
complexes ~ .e, in general, not particularly labile, For example, the benzene complex
docs not exchange with fl'l'~ arenes on heating to 97°C, although there is slow
exchange with C6D6 in the presence of acetonitrile at 50°C [67]. The naphthalene
complex RU(116-ClOH8)(n4-1,5-CsH12)[Ru(NAPHCOD)] is, however, much more
labile. This compound was made first from the reaction of Ru(COD)(COT) with
naphthalene under hydrogen in ca. 80% yield [68], but is more conveniently prepared
on a larger scale in ca. 60% yield by sodium naphthalide reduction of the bistacetyla­
cetonato) complex Ru(acach( 1,5-CsH 12) (Scheme 13) [69]. The corresponding reac­
tion of LiClOHs with [RueI2(1,5-C8H12)]" gives only ca. 10-20% yield [70], probably
owing to the insolubility of the polymeric rutheniumtII} complex in the reaction
medium.

o
I

Ru
1\

o ~H' <0>°)
I

Ru

db
Scheme 13. Preparation of Ru(NAP)(COD).

In the presence of acetonitrile (ca. 3 mol per mol of complex), naphthalene is
displaced from Ru(NAP)(COD) by a wide range of arenes, including those bearing
functional groups, to give the corresponding RU(1l6-arene)(114-1,5-CsH12) complexes
(Eq. (18». The reaction usually takes periods of hours to days at room temperature,
being slower for arenes containing three or four methyl groups. Mesitylene reacts
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especially slowly, requiring 4·-5 days at 40-50 "C, and hexamethylbenzene fails to
react. The RU(116-arene)(1l4.J,5-C8H12) complexes are probably formed more rapidly
from Ru(COD){COT)/H2 than from Ru(NAP)(COD)/CH3CN, which is an advan­
tage for complexes of limited thermal stability. On the other hand, olefinic substitu­
ents are hydrogenated to some extent in the presence of Ru(COD)(COT )/H;z,
whereas the Ru(NAP)(COD)/CH3CN system can be used to make the otherw....:
inaccessible llU-styrene complex [69].

<oP
I CH~N

Ru + arene ~ RU(TJ6.arenc)(114-J,S.CIIHIZ) + CIOH 8

db
arene == CflHfI, Cjj H,CH3, C6H 4(CH,h -1,4. Cl\HJ(CH3h~I,2,4,

C6HJ(CH3h~J ,3,5, C6"2(CH3)4-I,2,3,4, C6H 50Me, C6",C',

C6H,CHO, C6HsCN. C6H,CH=CHz• C6H.-I·Me-4·CHz=CMc,

E-C6HsCH=CHC6H" (C6" ,hAs, (2-CH3C6H.hP

(l8)

It is well known that lls-indenyl complexes generally undergo substitution reac­
tions at the metal centre more readily than the corresponding lls.cyclopentadienyls
(the so-called "indenyl effect"). This is thought to be a consequence of the stabiliza­
tion of 113- and lll-indenyl intermediates resulting from the recovery of full aromatic
character in the uncomplexcd six-membered ring [7J-76]. Related to this is the well­
established lability of complexes of naphthalene and of other polycyclic arenes. For
example, thecoordinated arene isdisplaced more easily by CO or tertiary phosphines
from Cr(CO)3(ll6_ClOHs) and Cr(116-CtoH8h than from Cr(COh(1l6-C6H6) and
Cr(n6-C6H6h (77-82]. Similar observations have been made for complexes of the
type [Ir(n6-arene)(1l4-1,5-CsH12)]+ [83,84] and [Ru(115~CsR5)(''16-arel1e)]+ (R=H,
Me) [85]. Extended Huckel MO calculations on ring slippage in
Cr(COh(1l6-C lOHs) and Mn(lls·CsHs)(1l6-C IOHs) suggest that an ,,6_ to 112- path
should be most favourable, without a discrete 114

- intermediate [86], On the other
hand, IR-spectroscopic evidence has been provided for an inte.mediate
Cr(COh(n4·ClOH8)(THF) in the displacement of naphthalene from
Cr(CO)3(llG-ClOHs) by THF [87].

The displacement of naphthalene from Ru(NAP)(COD) by benzene and other
arenes is first-order incomplex and approximately first-order in acetonitrile provided
the ratio [CH3Cl'IJ/[Ru(NAP)(COD)] does not exceed ca. 3. The kinetic data are
consistent with the reversible formation of an n4-naphthalene complex that is stabi­
lized by coordination of acetonitrile (Eq, ( 19», i.e. acetonitrile assists the first step
in the displacement of naphthalene by the entering arene. Other potential donors
such as THF and ketones do not promote the displacement of naphthalene from
Ru(NAP)(COD), although they do catalyse arenc exchange in Cr(COh(1l6-arene)
complexes [88].
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B

Ru-C'i) 2.221(2)

Ru-C(3) 2.267.(3)

Ru-C(5) 2.346(3)

Ru-C(2) 2.276(3)

Ru-C(4) 2.205(3)

Ru-C(10) 2.338(2)

Fig. I. Metal-carbon bond lengths to l1exulwpto-naphtha!cnc in Ru(NAP)(COD} [70].

<dO)
I

Ru

Db

~[, /i~J
cn~cN I
---~. Ru--NCMc

/\

vb
(19)

The tendency .oward tetl'a/wpto-r:oordination is already evident in the ground
state structure of Ru(NAPHCOD) [70]. The bound six-membered ring is distinctly
non-planar (Fig. J); the dihedral angle between the planes C( I )-C( 2)-C(3)-C(4)
and C( 1)--C( 4)--C( 5)-C( 10) is about 8° and carbon atoms C( 1)-C(4) are signifi-

o

cantIy closer to the metal atom (average Ru-C 2.241 A) than are carbon atoms
C(5) and C(10) (average Ru--C 2.342 A). Similar effects have been observed for
other 116-naphthalenc complexes, including Cr(COh(rlfJ-C JOH8) [89].11 seems reason­
able to suppose that the more weakly bound carbon atoms will be readily displaced
by a ligand such as acetonitrile. Moreover, in the presence of acetonitrile, naphtha­
lene is displaced from Ru(NAP)(COD) by I,3-diencs such as 2,3-dimethylbJtadiene,
3-methyl-1 J-pcntadiene and isoprene to give labile but isolable complexes of the
type Ru( NCl\1e)(1l4-1,3 dieJlcJ( n4-1 ,5-C8H12), which are direct analogues r.f the
intermediate proposed in Eq. (19). The coordinated acetonitrile exchanges rapidly
with free acetonitrile and is easily replaced by CO, other nitriles (t-BuCN, PhCN),
isonitriles (t-BuNC) and Group 15 donors [PPh3, PEt3_ P-Il-Bu3, P(OMchJ to give

<dO)
I

Ru

Db
..

MeCN

L--..

L = t-BuCN, PhCN. co. t-BI'NC.

PPh], PEtj, P-r.-Bul. P(O\ich

Scheme 14. Reaction of Ru(NAP)(COD) with 2,3-dimcthylbuladicnc.
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thermally more stable derivatives Ru(L)(1,~ .. IJ-diene)(1l4_],5-C8H12) (Scheme 14)
[90]. Like the o-xylylcne complexes discussed in Section 2 and the closely related
ML.l'14

• L3-dienc) (M =Fe, Ru) complexes, these compounds readily form agostic
mono-protcnated derivatives on treatment with 60% aqueous HPF6 (Eq. (20».

PEt) T
y i

C':-8 H' ,,:.,1 --0
~RlI,I . ---+.'! ~r'D (20)

H

H

Ligands l~" -it are stronger x-acceptors than ucctonitrilc, such as tertiary phos­
phines, phospiutes and isocyanides, react at low temperature with Ru(NAP)(COD)
to give isolable te'ralwpto-napJllhalenc co.nplcxes Ru(L)(1l4.CIOHI:l)(11~-J,5-C8H12)

[L= P(OMeh, PMc3, PEt3, I-BuNe], several of which have been characterized by
X-ray crystallography [9J]. The structure of the PM\"3 derivative is shown in Fig. 2.
The ~14-naphthalene ligand 'jh ows the non-planarity expected for an 114

- J,3­
cyclic diene, the hinge nnglc between the planes CO )-C( 2)-C( 3)-C( ~)
and C(1 )--C(4)-C(5)-C(lOj being 41°, similar to those observed for the 11"'·
arenes in RU(116-C6Me6)(t,4.CeJAc6) [92], RU(TJ6.C6Mc6)(114-CwMc8) [93] and

Cl7A

CI3A

Fig. 2. X-ray structure of Ru(PMcJ)( rrt-cIOHij)(114-1 ,S-CsH 12) (hydrogel) atoms omitted for clarity). The
hinge angle of 11 4-naphthalene is 41 ".
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FC(ll('-ChMc(J (q4·Ctol-IH) [94]. The coordination geometry can be described as
approximately square pyramidal, '"ith the midpoints of the double bonds of
114-naphthalcnc and 1.5-COD occupying the basal sites and the added ligand in the
apical r;'jk. The ruthcnium(O) complexes Ru{P(OMchHI-411-IJ.5-CHH1o)­
(1l4~ L5-CHH 12) [95], Ru(L){ 1-41,-CHHH \( L2.5l111-CgIIH) (L = CO. /·BuNC. PMc~l

[96] and Ru{ P(OMeh}(E.E-Me01CCH =CHCH =CHC02Meh [97] show similar
geometries. The complexes arc unstable in solution and, in SO)11e cases, form binuclear
complexes (114-1 ,5~C8H 12)Rll(~l-1 t,n4-Cllll-lH)Ru( L)(rrl .•i .5-CMH 12) [L= P(OMeh.
PEt3] in which an additional Ru(COD) unit is attached to the second ring of the
naphthalene, the two metal centres being mutually trans [98). Complexes of this
type can also be isolated by careful treatment of Ru( NAP)(COD) with slightly less
than one equivalent of L. Fig. 3 shows the X-ray structure of the derivative with
L=PEt); the conformation of the naphthalene ligand is almost identical to that in
the mononuclear complexes, Treatment of Ru(NAPHeOD) with an excess of Group
15 donor ligands or isocyanidcs gives RuL3(1l4- I,5·CHH 12)'

The 114-naphthalenc in the Ru( L)( 'l4_C lOHHH114- I,5-CxH12) COJ1lpJ.cY..cs is very
labile. For example, it is replaced at room temperature by ]J-dicncs. thus providing
an alternative route to the compounds shown in Scheme ]4. Aromatic compounds
such as styrene, methyl cinnamate and 2-vinylntlphthalcnc also react to give
~'14-diene complexes 8-10 in which one formal double bond of the ring is attached
to ruthenium [98]. Similar complexes 11 and 12 arc formed by acyclic (X,B-ul1satl!-

Fig. 3. X·ray structure or (11-l-1.5-CliB 12)Ru(~1·111\ 11 4·c10 1-1 Il)Ru(PEtJ(ll-l·S.CIlH d (hydrogen atoms
omitted for clarity). The hinge angle or 114.naphthalcnc is ~9·'.
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rated ketones and u'dchydcs, such as Irolls-chalcone .md mcsiiyl oxide, and by
aromatic ketones, such as )-naphthonc (13). Even dimethyl fumarate forms an
11 4

- complex (14) with Rul P(OMch l( 11~- L5-CHH 12) in which one of thc ester C~O
groups is side-bonded to the metal atom (99]. The Ru( L)( L5·CHI-)12) fragment
clearly has a high affinity for conjugated systems and. to an even greater extent than
its dose Jdative Fc(COh, is capable of overcoming the aromaticity of a benzene
ring [IO()-IO~],

8

10

o
Ph~

\
Ph

..... P(OMch
Ru

db
11

Although the displacement of naphthalene from Ru( NAP)(COD) by most arenes
requires the assistance of acetonitrile, this is not the case for olefinic ligands such as
cycloheptatrienc, styreneand 'rans-stilbene. Moreover. styrene catalyses the displace­
ment of naphthalene by benzene []04]. It seems likely that the ability of styrene to
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14

act as an 11 2- and 11 4-donor to ruthenium! 0) may help to generate 114
- and

112.nap~lthalene intermediates, as shown in Scheme 15.
Butadiene also reacts rapidly with Ru(NAP)(COD) in benzene, hexane or THF

to give brown, thermally labile crystals of formula Ru(C4H6h{COD), which, accord­
ing to the IH and 13C NMR spectra, may be a ruthenium(O) complex containing
1,3,7-octatrienc, a linear dimer of butadiene [104]. The same compound is formed,
though less rapidly, by treatment of the isolated acetonitrile complex,
Ru(NCMe)(114-C4H())(114-I,S-CsH12)' with butadiene (Scheme 16). Isoprene reacts
more slowly than butadiene to generate the corresponding 3,7-dimcthyl­
1,3,7-octatriene complex as a brown oil. 2,3-Dimethylbutadicne is unreactive, but
treatment of its acetonitrile complex Ru(NCMe)(l14-2,3-C4H4Mez)(n4-1,5-CsH12)
with butadiene yields the coupled product containing 2,3-dimethyl-l,3.7-octatriene
(Scheme 17). This stoichiometric coupling depends on the lability of acetonitrile,
since there is no reaction between butadiene and the trimethylphosphite complex
Ru{P(OMehHn4-2,3-C"H4Mez)(114-1,5-CsH12)' Although many systems are capa­
ble of catalysing the linear dimerization and oligomerization of 1,3-dienes [105,106],
intermediates have rarely been isolated. Further study of the ruthenium(O) systems
may provide insight into the mechanism of these C-C coupling reactions.

There has been considerable recent interest in the use of organoruthenium(O) and
organoruthenium( II) complexes to catalyse C-C coupling reactions [107-1 ]2] and
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(05°)
I PhCH=CH 2
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I

Ru
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\P1ICII=ClIl

<.) >
I ..~........ ~.

Ru ........
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."

.'

j I

©-I
I

Ru

Scheme 15. Reaction or Ru(NAPHeOD, with styrene,

the lability of Ru(NAP)(COD) suggests that this complex could also be a useful
catalyst for this and other types of reaction of interest in organic chemistry. In the
presence of acetonitrile at 20°C. Ru(NAP)(COD) is an active catalyst for olefin
isomerization. For example, 1,5-cyclooctadiene is converted into I,3~cycJooctadiene
and I-hexene into a mixture of £- and Z-2-hexenes [I J3], and at 65"C allyl ethers
and acetals are converted into the corresponding vinyl derivatives [114]. Terminal
and internal olefins are readily hydrogenated in the presence of
Ru( NAPHCOD)/CH3CN [69]. In the presence of acetonitrile at 140°C in THF or
N-mcthyl-2-pyrrolidinone, Ru(NAP)(COD) selectively catalyses tail-to-tail dimer­
ization of methyl acrylate (CH2=CHC02Me) to Zdimcthyl-f-hcxenedioate
(Me02CCH =CHCH2CH2C02Me) [! 15J. In all these reactions, monocyclic arene­
ruthenium(O) complexes, such as Ru(r{-p-cymene)(ll4. ] ,5-CgHI2) , are inactive or
much less active, and the presence of acetonitrile is essential for catalytic activity.
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(0)°)
I 11\

Ru

Scheme 16. Coupling of butadiene units promoted by RutNAPHCOD),

Scheme 17. Coupling of 2.3-dimclhylbutadicne and butadiene promoted by Ru(NAIlHeOD).

In the acrylate dimerization, the acetonitriJe does not fulfil its usual function of
assisting displacement of naphthalene. since methyl acrylate does this in the absence
of acetonitrile, even at - 30°C. The acetonitrile may serve in this case rather to
promote the reductive coupling and elimination of the acrylate units on ruthenium.
Like Ru(COD)(COT) [1 1),112], Ru(NAP)(COD) catalyses the codimerization of
diphenylacctylene with methyl acrylate to give methyl (2E,4Z)-4.5-di­
phcnyl-Zvl-pentadienoute, PhCH =C(Ph)-CH :=CHCOzMe, and thecodimcrizution
of isoprene with methyl acrylate in the presence of N~methylpiperidine, though the
products in the latter reaction have not yet been conclusively identified [116].

Alkynes undergo stoichiometric cycle: rimerization on reaction with
Ru(NAP)(COD) in THF at room temperature, thus providing another useful route
into RU(1l6-arenc){1l4~I,5-C8H12) complexes (Scheme 18) [117,118]. For example,
3-hexyne and cyclooctyne give the 116-hexaethylbcnzene and tristcyclooctenolben­
zene complexes respectively. whereas terminal alkynes give inseparable mixtures of
the 116-1 ,3,5-arene and ,,6-1 ,2,4-arene complexes. The proportions of the isomers are
ca. 7:3 from aliphatic acetylenes and 1:4 from phenylacetylene, indicating the impor­
tance of electronic effects in the reaction pathway. These reactions are related to the
reported formation of bis(arene)ruthenium(O) complexes by UV irradiation of
RU(1l6-C6H6)(114-1,3~C6H8) with disubstituted alkynes (Scheme 19)[119]. Treatment
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of RU{tlh-arcnc)(114-1.5-CsHll} larcnc=C6Et6, C6(CHH 12h] with Hel gives the cor­
responding dichlororuthcniumt II) dimers, which, unlike [R nCI2(r{'·C6 Mc{))h. arc
not accessible by fusion of the free arcncs with [RuCl1( p-l:ymenc)]z. presumably
because the arcnes arc too hindered sterically,

R R

R~R R:: Me. a, Ph.
i i

RC=CR R I R CH2(CH2)4CH2

<9>0) F
Ru

C)I I
I

Ru

C) R R R

~
R-\Q ~I R I R

Ru + Ru
TMF

C) C)
R=n-Bu, CH2CHMeEt, Ph

Scheme 18. Alkync cyclotrimcrization promoted by Ru(NAP)(C(JD).

\MeC'CM~
h"

An interesting feature of the hexaethylbenzenc complexes is the conformation
adopted by the ethyl groups. The general problems of conformational preferences
and dynamic processes in sterically crowded arenecomplexes have attracted consider­
able attention, mainly in the case of the readily accessible Cr(COh complexes [120].
The conformations observed in the ruthenium complexes are summarized in Fig. 4
and Table 2. In crystalline Ru(rt-C6Et6)(1l4·L5-CgHl.2)' the lA-ethyl groups point
towards the metal atom (proximal), while the 2,3,5,6-ethyl groups point away from
it (distal) [conformation (c) in Fig. 4]; the aromatic carbon atoms bearing the distal
groups eclipse the olefinic carbon atoms of COD, an arrangement that presumably
minimizes steric interactions with the proximal groups. In solution at room temper­
a~ '.I1'e, all the ethyl groups are equiva!ent on the NMR time scale owing to rapid
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(a) all distal (b) 1,3,5·proximal-2,4,6-distal

(c) 1,4-proximal-2.3,5,6-distal (d) l,3-proxintal-2.4,5,G-distal

Fig. 4. Conformations of ethyl groups observed in hcxacthylbcnz,n. ruthenium complexes,

Table2
Conformutions of ethyl groups ill crystalline R1I .C"Et" complexes"

Entry

I
2
3
4
5
6
7

II Sec Fig. 4.

Complex

Ru(llc'-C"Et r,)( 1l4-1.5~CHII 12)

[RuC12( 'lh.Cc,Eth)]z
[R1I2C1.,( 11(1-ChEtf,)~J PFe.
RuCl z( L)( rt-Cc,Etr,) (L =PMc". PPh.,)
RuCI 2( L)(llh·C"Et{,) (L =CO, I-BuNC I
Ru112 ( PMc.d( 11h·Ch Eth )

RuCJ<CII.\)( PMc.,)( It'Cr,Et!»

1.4-Pl'oxinwl-2J,S,6-distal (I:)

All distal (.1)

1.3.5-I)roximal 2,4,6-distal (b)

All distal (a)
IJ,S-Pl'oxin~al 2.4.6-distnl (b)

IJ-Pl'Oxilllal· 2,4.5,6·distal (d)

All distal (<I)1.3-Proximal 2.4.5,(l-distal (d)

rotation about the ethyl C--C bonds, but at - 1ooe they appear as two set: of
signals in a 2:1 ratio, consistent with the solid-state structure [11R J. In
[RuCI2{1l6-ChEth)h and its derived salt [Rl1i~l-CI b( 11(I-ChEt6hlPFb~ the ethyl groups
adopt different conformations, viz. all distal. (a), in the former, alternating
proximal/distal, (b), in the latter. However, in CH2Cl1 solution at -! 00 ('C~ both
compounds show a I:1 ratio of ethyl resonances consistent with (b). Clearly,
the various conformations differ little in energy, so for a given complex they may
also differ between solid and solution; however, it is also possible that
[RueI2{116-C(IEteJb exists predominantly as an ion-pair. [Ru2{p-CI h­
(r{'-C6E16hl+CI-, in CH 2CI2.

Comparison of entry 4 with entries 5 and 6 in Table 2 shows, as expected, that
conformation (b) having three proximal groups is favoured by (he presence of
smaller ligands (H smaller than CI; CO and {-BuNe smaller than PMe3~ PPh3) . The
small difference in the energies of the various conformations is also illustrated by
the fact that the unit cell of RuCl{CH3){ PMC3)(n6·ChEt6) (entry 7), contains two
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molecules with the all-distal conformation (a) and two unolccules with the
L3-pl'oximal-2A.5.6-distal conformation (d). In general. the only dynamic process
observed in the variable temperature NMR spectra of the hexaethylbenzene-ruthe­
Ilium compounds is rotation about the C-C bonds of the ethyl groups. However,
in the case of RuCI2(CO)(1l6-Ch Et,,). it appears that a lower energy process can also
be frozen out. presumably rotation of the arene about the rrctal-ring axis. At
- J00 "C four sets of aromatic carbon resonances in a J:2:2: I ratio are observed,
consistent with a L3.5-proximal-2,4,6-distal arrangement (15) which is frozen into
an eclipsed conformation relative to the tripod of ligands beneath the ruthenium
atom.

15
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