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Abstract

Aspects of the chemisiry of arene complexes of ruthenium and osmium in zero and 12
oxidation states are reviewed, with emphusis on the formation of someric eade- and exo-o-
xylylene complexes of ruthenium{Q} and asmium¢(t) from 1.2-dimethylurene compleses of
the divaient metals, and on the stoichiometric and catalytic chemistry of & labile naphihalene
complex of ruthemwm{ 0. 2 1997 Elsevier Science $.AL

1. Introduction

The organometallic chemistry of mononuclear ruthenium and osmium 1s domi-
nated by compounds 1 which the metal atoms have the oxidation states
My d™ MI1){d® and M{IV 3d¥) [1.2]. There is an enormous range of half-
sundwich, 1B-electron compounds of Ru{ 1}, and to a lesser exteat Os{11). contain-
ing cyclopentadienyl and substituted cyclopentadienyl (commonly CiMe;) ligands:
when halide. hydride. alkyl or n'-allyl ligands are also present. complexes containing
the tetravalent metal can either be prepared or generated as likely intermediates in
catalytic evcles [3]. In contrast, the somewhat less extensive chemistry of the arene
complexes dernes much of its interest from the existence and inlerconversions of
stable 1R-ciectron compounds of both M{0) and M{I1}.

BOTO-NA597 S320000 1997 Fisevier Science S Al rights reserved.
P SOOTO-R335 87246



24 A Bennerr D Conrdivtationt Chentiaey Reveon s JA6 ¢ 997 225 25y

This review focuses on aspects of our past and current research in Canberra on
this topic. Although detailed recent reviews are available [4.3]. it is appropriate first
to provide a brief background. Hexahupto-arene complexes of ruthenium{11) of the
type [Ru{n -arenc),]” " were first made in 1957 by the classic Fischer Hafner reduc-
g Friedel -Crafts procedure from anhiydrous RuCl, [6 8], but these are not conve-
nient precursors to the half-sandwich arene complexes. Winkhaus et al. [9] made
the important discovery that [ 3-cyclohexadiene undergoes dehydrogenation on
reaction with agueouns ethanolic RuCl, to give the insoluble benzene complex
[RuCl#C H,Y, and with OsCly in the presence of |, to give [Osl.(C HyY, [10].
They also demonstrated the lformation of 11 adducts of these compounds with tri-
a-butylphosphine. and subsequently Zelonka and Baird [11.12] and we [13.14]
showed independently that these should be lermulated as monomeric, halt-sandwich
complexes containing fexafrapto-benzene {1). Other 1.3-cyclohexadienes, such as
~-phellandrene und 1 d-cyclohexadienes {avatlable from the Birch reduction of
arenes) react similarly with RuCl, 10 give the corresponding [RuClynarenc)):
derivatives (2} [H]. The p-cymene complex. [RuCl(n"1.4-McC H,CHMe ). s
more seluble i organic selvents than the benzene compound and is i usetul precursor
to other members of the series containing methyl-substituted arenes. such as
IRuUCL{n™C Me,)]s [157. In these compouads, the arene is more resistant to disphice-
ment than is the case for the benzene complex.

&

|
M
Xk
X

M=Ru s X=CLBr!

The arenc metal dihalides are key starting materials for the tormation of a wide
range of conventional neutral and cationic ligand dertvatives as well as hydride,
atkyl. allyl. carbene and vinylidene complexes [1,4,5]. They are also useful precursors
to homogencous catalysts for the asymmetric hydrogenation of a range of unsatu-
rated organic compounds [16 201 and for nng-opening metathesis polymerization
|2t].

Arene ruthenium{0) und  osmmum{{}} complexes are also readily accessible
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from the corresponding  divalent metal precursors. It was shown early
that [Ru(n®CH.nP' is reduced by NaBH, in THF to the 1,3-cyclo-
hexadiene--ruthentum{0) complex Ru(n®C,H.Hn*-1.3-CeHy) {221 and  that
[Ru(n®C,Me,),}?' is reduced by Nua/NH, to the ruthenium(0} species
Ru(n®C Me(n-C,Me,) in which the two arene functions exchange hapticity
raptdly on the NMR time scale at room temperature {8.23]. The arene metal
dihalides are also readily reduced to arenc metat{(}) complexes by heating with
various 1.3-dicnes, 1.3-cyclooctadiene and ethylene in the presence of anhydrous
Na,CO;y in ethanol and 2-propanol (Eq. (1)) {24 27]. These reactions undoubtedly
proceed viz arene ruthemium {11} hydrido-intermediates similarly to the correspond-
ing reductions of the n-pentamethyleyclepentadienyl dihalides of chodium (111} and
iridium( 11} to diene complexes of rhodium{1) and iridium({I} studied by Maitlis
et al. [28 31|. The reactions arc reversible. and, for example, treatment of
Ru{n’-arene}{n*-1.5-CyH,,} with HCl regenerates [RuClyn®arene)]; [321.

NaaCOW-PrOH

| u
Ru
a”d A
<l 2

HCl 1 i (1}

2. Formation and reactivity of ¢-xylylene complexes of rutheniom(0)

The enhanced acidity of benzylic protons in p-arenes coordinated 1o Cr{CO},
and Fe(™-C.H,) units is well established [33]. We discovered the facite deprotona-
tion of C Me, coordinated to ruthentum{II) accidentally. when we atiempted to
prepure the zerovalemt metal complex Ru{P{OMe},),(n"C.Me,} by potassium-
anuilgam reduction of [Ru{ONO ! P{OMe}1L(0"-C Me, J)NO, and unexpectedly
obtamed small amounts of a solid of apparent formula RufP{OMe),! (C Me,). I
soon became clear that the C Me, had undergone double deprotonation. probably
induced by traces of KOIH. We found that freatment of a series of nitrato
or triffucroacetato  salts [RUONOLAR-C Me, )]NO, or [Ru{O,CCF,)L,
(M -CMe P, with a strong base such as KO-#-Bu or { Me,S1),NNa in the presence
of an added tertiary phosphine or phosphite gives good yields of exo-tetra-
methyl-o-xylylene  complexes  of  ruthenium(6)  (Eq. (2))  [34.35].  Other
n®-1.2-dimethylarene complexes [Ru(O,CCF)Ly(n%arcnedl” react similarly with
base in the presence of L (PMe,Ph. PMcPh,) to give the corresponding
exe-nr-o-xylylene  complexes {Eq.(3) and Table 1), but the reaction [ails
for the corresponding  osmium  systems.  Deprotonation  of  coordinated
.23 4-tetramethylbenzene under these conditions oceurs exclusively at the outer
pair of mcthyl groups Lo give the 3d-dimethybo-xylylene complex. whereas
1.2.2.4.5-pentamethylbenzene is deprotonated at both the mner and outer pairs of
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Formation of RoL.{e-xy Ivlenc) complexes Crom catienie 01, 2-dimethylarene complexes of mthunum( 10)

Arene = Nyiviene mmplc.\ Tertiry phnsphmc
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PMe.Ph

Rl
TH

@) Ci

PAle.Ph. PhicPh.




A4 Bemieit Courdmation Chepasare Reviews [o6 7 1947, 225 28 M

methyl groups Lo give a mixiure of 3.4.3- and 3.4.6-0-xylylene complexes [36].

2t

i KO-t-Bu or

MeaiviSiMeq;
I
Ru Rn )
#, £ —
L/lf "y ol (s {
. [N

¥ = ONOy thCCF;

L, =+ 2PMealh, 2PMePhy, 2P(OMch. IPOCH 10 Me,
PP T1,C1,PPhy, Z-Ph,PCH-CHPPh,

B - PMuPh, PMePh-, P{OMel,, PIOCH; 1M

-

LK -t-Buy
——rerfi

t3)
/1 ey — /Ru'yﬁ‘
- OO, L l[ L

L = PMu;Ph

An X-ray study of Rut PMce,Phiin-eve-{CH,)C ;) has shown that ihe mole-
cule iy approximately square pyramidal. i the midpoints of the exocyelic double
bonds are assumed 16 be the coordination centres. with one PMe,Ph ligand oceupying
the axial site and the dicne oceupying two basal sites [37]. The geometry s very
similar to that of the well-known Fe(CO)(n'-1.3-diene} complexes, the o-xylvlene
unit being almost planar.

Similar compounds to those in Table I have been preparcd independently by
Cole-Hamilton  and  coworkers  [37.38].  who  have  wreated  RuCl1,
{L=PMe¢,. PMe,Ph. PMcPh,. PEt} with the appropriate o-methylbenzyl-may-
nesium or, better, -lithium reagent: the reaction probably proceeds as shown in
Scheme i. The initially formed. undetected bis{o-methylbenzyl yrutheniumi H ) com-
plex is assumed to undergo a d-elimination of e-xylene to give the chelate, o-bonded
xylene -1.2-diyl or £%o-xylylenc complex. [n the final step, a ligand L s displaced
by the formal 1.2-double bond of the aromatic ring. It 15 of interest that, under
these conditions. 1.2.3 4-tetramethylbensene gives @ mixture of the 34- and
3.6-dimethyl-o-xvlviene complexes. in contrast to the regiospecitic formation of the
former by deprotonation of the arene ruthemium{ [Ty complex (Table 1

The formation of exo-o-xylvlene compleses by reactions ol the type shown in
Eq. (23 and Table | is intriguing becavse. as Cladfelier and coworkers have shown
[39,40]. base-promoted deprotonation of dieationic bis{n"-1.2-dimethylarene) com-
plexes of ruthenium{ 11} affords exclusively endo-o-xylylene complexes of ruthe-
pium(0) (Fq. (4). Similarly, we have fouad [41] that treatment of the dicauions
[MLy(R"o-C HyMe ] (M = Ru. Os: [ =PMe,, PMe,Ph) with KO-7-Bu gives only
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CH,LH{TMEDA) £H,; Y Rul,
@( + RuChL, —= @I
CHy /,

CH.

oL,

CHs Cti3 -L

—_— !Ru]'_.,, — — KuL; -a— —=Rul
CH;

Seheme 1. Formotion  of  Rulydn®™exe-o-ClHCHL,Y from ReCLb, (L. PMe, PMePh
PMePh,. PELL).

endo-n*-isomers of ML;lo-C HACH, )}, no exe-1somers being detected (Ey. {5)).
—r»

‘ Ei{)>-i-Bu { 4]

Ru — Ru

—12'

K{)-i-Bu
| 1 {3)
M M,
e Y Ty Y
L C

M = Ru, Os: L = PMey, PMcPh

in the X-ray structures of the PMe,Ph compounds, the geometry about the metal
atom is similar to that mn the ¢xe-Ru somer, 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 37.64°(Ru) and 39.5 (Os). ¢f. 33.8
in Ru(n®C Me,}intendo-o+CH,3,C,Me,! [39]. This distortion arises {iom the
usual disrotatory motion of substitucnts at the carbon termini of 1.3-diene coraplexes.
which allows better overlap of the diene n-orbitals with the metal orbitals. Accordmg
10 density functional calculations on the model system Ru{PH,) (o-xylylene). the
exp-isomer is about 60 k] mol ! more stable than the endo-isemer [42]. This accords
with qualitative expectation. because of the two himiting resonance Torms 3 and 4,
only that from (he exe-isomer (3) allows aromatic stabilization of the six-memb-
crcd ring.

Despite the thermodynamic prelerence. cudo- 1o exe-1somerization s not rapid
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and, in the case of Ru(PMe,Phyynt-endo-o-C H{CH,).1 . requires heating of the
molten compound. Since the endo-somer clearly cannot be an intermediate in the
formation of exo-Ru{ PMe.Phl; in'-(CH.),C o H, ! in Eq. (3). we suggested [35] that
rapid deprotonation of [RutO.CCEF ;) (PMc.Phi(n®o-C HyMe 3 PE, gives mitially
a  coordinatively  unsaturated  e-xylylene  species. Ru{PMe,Pho, i ntendo-
CL H{CH ), The electronic unsaturation can be relieved by additional coordination
to one of the cva-double bonds, which could aliow the metal {Tagment to migrate
rapidiy from (he endo- to the eve-siie; coordination ol the added PMe,Ph
then completes the process (Scheme 2). In contrast with this behaviour. however.
treatmient  of  the  bis{trimethylphosphiney  complex [Ru(O,CCF 1 PMe,),
(n"-o-C,H,Mc.}]PF, with KO-t-Bu in the presence of PMe; gives exclusively the
encdo-o-xylylene complex (Eq. {6)). The reason for this difference is not known:
presumably  the  presumed  intermediaic Ru(PMey), | nt-endo-C H{CH )L s
attacked rapidiy by PMe, before the ende- 1o exo-migration occurs.

—| +
@' L. KO-t-Bu
i

| i (6)
Bu, Ru,
L/!l "y L/II )

Y - 0,CCF,; L - PA,

The prescenee of methy! substituents on the inner diene fragment favours formation
of the exo-o-xylylene 1somer, prebably owing to steric hindrance (o coordination.
Thus, mn contrast with the behaviour described 1n Eq. (5}, deprotonation of
[Ru(PMe,Ph)in®-C,Me,)” " gives exclusively the exo-tetramethyl-o-xylylene com-
plex  (FEg. (7). Deprotonation  of  [Ru{PMe,)n"C Me,))""  and  of
(OsL ™ CuMe "' (L= PMe,, PMce,Ph) gives exclusively the endo-tetramethyl-o-
xylylene complexes. but these isomerize gquantitatively in refluxing toluene to the
corresponding eve-isomers {Scheme 3). The kinetics of these jsomerizations are
being studied by "TH NMR spectroscopy in the range 65 to 110 'C [36]. They are
cleanly first-order in complex and are retarded by addition of free tertiary phosphine,
aithough the osmium systems are complicated by a rapid reaction of the formed
exo-isomer  with  the  tertiary  phosphine {Eq. (83, In  this reaction. the
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ni-tetramethyl-o-xylylene is converted into a x*-tetramethyl-o-xylylene by displace-
ment of the lormal double bond of the aromatic ring. For L= PMe,Ph, the reaction
is reversible and the adduct can be detected only by its '"H NMR spectrum; in
contrast. for L .= PMe,. the reaction 1s rreversible and the adduct has been structur-
ally characterized by X-ray crystallography,

-I'p

K(-1-Bu
i
| (7
Hu, Ru
Rl B! it
L L
L = PMeaPh
1
1. = PMe;Ph, "Mey ; H
t Osy ’
+ . —_— \ p
i 1. = P¥eaPh } L {8)
O
L
L.

Our kinetic data point to the existence of two independent routes for ¢ido- to
evo-isomerization in the tetramethyl-o-xylylene complexes of rutheniumit0) and
osmium{{). In one pathway, a tertary phosphine hgand dissociates 1o generate a
16-clectron intermediate i which mugration can occur. as discussed above and
shown m Scheme 4, However, there is also a pathway that is independent of added
tertiary phosphine. indicating that somerization can also take place in the original
18-electran complex. The endo- to exe-migration s closely refated 1o the hapiotropic
rearrangements that oceur. for example, in 1.3.5-eyveloheptatniene ron tricarbonyl
[42] and in acvelic polyene iron tricarbonyis [44 48] fe.g. Eq. 9. which are slow
on the NMR time scale at room temperature,

/1

Fe{U0h

{9

As expected, substitution of methyl groups on the outer diene fragment favours
formation of the endo-o-xylylene complex. Thus, deprotonation ol both
[ .2-diethylbenzene complexes [Ru(PMe,Ph)(n"o-CHLIEGTF ™ or [Ru{O.CCF)y)-
(PMe,Phyin®-a-C HEGHPE, i the presence of PMe,Ph gives the same
N -endo-dimethyl-o-xylvlene complex (Schenwe 53 [36]: it is not vet clear whether
this is 2 kinctic product or whether it is thermodynamically more stable than the



[
o

A A4 Bewnenn Coordination Cheniisiey Revicws 166 7 fR97. 2358 254

exo-isomer.  Attempts 1o deprotonate  the  1.2-dusopropylbenzene  complex
[Ru{Q,CCF 4 PMe,Phiyi n"-0-C H,--P123}| PEF, with KO-r-Bu/PMe,Ph have been
unsuceessful In contrast. the complex [Ru{ PMe,}(n-indane)]® ~ is readily deproto-
nated o give an exo-n*-isoindene specics. presumably formed via its undetected
endo-isomer. On heating, the former loses PMe, and hydride nugrates from the
methylene carbon atom to the metal to give a stable n’-indenyl hydrido-complex as

the final product {Scheme 6).
L i
R‘u

ey Bt%
L

/Ru"»
i7 4 TOCCF,
)

Schiente 20 Possible mechimsm of Tormadion of Rual,in e v O JL1CH

—I'Zo
K{}1-Bn reflux
—— —_—
| tolJene

M [ 4]
g, M,
L/l %i‘ i./l i 1 /“ "y
L L L ’

M= Ry, 1= Phicy. M= s, L= PMes, PMe,Ph

Scheme 3, Sugeessive Tormation of endo- and evo-tsamers of MU o-C Mo tClliL 1L

4 L
— —-
L |
M, M
I/J . i/j %I.

L T

Schemwe 4 Dissociaing pathway Tor formasion of cvos MLy e-C Me 0O 10 Trom 1 cado-precorsor.

Like other 1,3-diene complexes of the zerovalent ¢% metais. the o-xyvlylene com-
plexes of ruthenium{4) and osmium(9) are readily protonated. # process that occurs
1t wwo steps. Carelul treatment of the exe-tetramethyl-o-xylvlene complexes with
60% aqueous HPF, precipitates PE, salts of n¥-benzyl-ruthenium1l) cations & 7
resulting from addition of a proton 1o one of the termingl dience carban atoms
{Eq. 010y, The Xoray structures of 6 and 7 have been determined. In 6 the formal
electron-deticiency at the 16-electvon Rufll) centre is relieved in o now tamiliar way
by the formation of a threc-centie. two-clectron Ru H C bond {an agnstic inter-
action) [F{Ru H) 1.92A. A(C Hy LOKSYA, C B Ra 107(3) |. simifar 1o those
found i [FefPOMe n~CeHsH o 491 Mn(COan™-C-1,1 [ML51].
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1‘)»

/IR‘U%, | W‘: /

A .
Sy

N K{-r-Bu R[
L= e L
L

@

I

/Ru,_J
L7 4 0.C0F,
i

Scheme 50 DPeprotonation of 01 2-diethy lbenzene rinhenium (10 compleses.

o0 . 0D . (o

e

|
Ru Ru
Hu !./,‘ . L/l “u
1. i.

1. = Pye,

Scheme 6 Deprotoiation of n"-tudane rotheniuom {11 completws.

Ru{ PMc,Ph)-C 1. [52] and [Ru | P{OMCcIPh, | o713-CyH, 33 53] The suucture
of 7 1s probably simular, but appears to be an average in which the proton has added
1o cither ol the benzylic carbon atoms.

{10

L = PPCH,CILPPhy, L . PMerPh  (3)
Ly = Z-Ph,PCH=CHPPhy L' = PMe:Ph  16)
L= L' = PMePh  (7)
The n'-benzyl cations are highly fluxional in seolution. Three processes have been
proposed [35] to account for the observed behaviour:
¢ 1) reversible exchange of the agostic methy! protons. probably by reversible
Ru H bhond breakmg {Schome 7):
{2)an 0+ q' interconversion of the benzyl group arising from reversible removal
ot the formal double bond of the arene ring {Scheme 8):
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(3} reversible C-H bond cleavage of the Ru H € interaction via a diene-hydride
mtermediate (Scheme 9).

vom? n M
N \
S S
! | —_— ! _
IRl (R

[Ru)" = [Ruly)”

Scheme 7. Roverstble eschange of apostc methyl protons,

H — —_—
jii&:“‘“m]‘ :@:/lhl‘

[Rul® = [Rubg)”

Sehere 8 Reversible prfiapro-to praitapio-bongyl imlerconsersion,

. L il —

[Ru)” = [Ral,]"
Scheme ¥ Reversible C-H bond cleas age.

The operation of alt three processes in the hexamethylbensyl systemy cnables the
Rul, fragment to migrate round the six-membered ring.

Reaction of the exo-o-xylylene complexes wath an excess of CF,S0,H o HPE,
cleaves  the imitially  formed metul benzyl  bond  to zive  dicationic
arene ruthenium(il} salts. [Rulain®™1.2-dimethylarene))® " (Eg. {11)). Since these
species are sometimes  difficult to prepare directly by reaction of L with
[Ru{Q,CCF,) LA 1.2-dimethylarenc)] " owing Lo competing loss of the coorndi-
nated arene, this often represents a convenient alternative route. Morcover, as
discussed abonve, deprotonation of the dications generally gives an endo-o-xylylene
complex. so this procedure can be used 1o convert exo-n™-e-xylylene complexes inte
their endo-isomiers. [n contrast to [Ru( PMe,Phi,ino-C,H Me)|" . dications con-
taining  four or  more  methyl  groups  on the  arene. such s
[Ru¢ PMe,Ph) {n®-C Me ] . readily lose the arene in solution. This is the reverse
of the normal stability trend n arene ruthenivm¢ 1) complexes, and s probably o
consequence of sterie crowding in the coordination sphere. Thus. protonation of
the eve-isomers of cither Ru¢PMe,Phi 1O Me {CH,)or or RudPMe.Phyy g
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CHMes,(CH L)L with ian CxeeN of CF.SOH(TIOH) gives
[Ru-{p-OT PMe, PR JOTT ), [36].

il
- (11

I |
Ru, Ru,
1_/If K 4™

i,

Protonation ol the endo-o-xylylene complexes gives initially monocations that
have not yet been ully characterized. but probubly contain the 1 -methyl-
benzyl hzand (Eq. €123, The corresponding n'-pentamethylbenzyirutheniumi( 113
cation can - be  detected  as an intermedisic in the  deprotonmiion  of
[RulPMe:Phy (o CoMed? " with KO--Bu a1 =350 ¢ {Eq. (131, Losy of the
secomd praton cccurs when this species is allowed 0 come te room tempeiature 1n
the presence of KO-1-Bu to give Rut PMe,Phiy fevo- /- CHL RO, Me, 12 the expected
endo-tomer could not be deiected (of. Sclieme 3).

sQEed

| !

By, Ry
Rl S ™
L. i
T h
KO-t-Bu i3
—r——
| A0°C | 4
/Ru% Ru%
L d R Bt
L L

In summary. o-xyIylene complexes of ruthenium{0) and osmium($} can be gener-
ated by wreatment of readily accessible arene complexes of rutheniumi11) and
asmiuni¢ 1) with KO-r-Bu under mild conditions, Whether the metal fragment is
coordinated o the vae- or ade-double bunds in the resulting complex depends an
the metal. the other ligands, and the arene substiluents. These results led us
o expect that deprotonation of [RuLn"CMe)]* . where L; is a tnidentate
ligand. shouid pive an endo-ntetramethyl-o-xylvlene  ruthenium{{) complex
Rul ;1 n?-C Me dCH.),! and thus seemed to offer a possible route to ruthenium{ )
complexes contaming thicether ligands insticad of the usual tertiary phosphines,
When Loy the uridentate sulphur donor 4. 7-trithineyclononane (abbreviated
[FaneS;). bowever. the base reaction takes a different course because the CH,
protons in ¥-position to sulphur are deprotonated before the arene methy] protons.
On vreatmen with KOFL FRUi[9JaneS (1{n"-C Meg T undergoes iwe successive
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deprotonations of this type, which lead to cleavage of C 8 bonds as shown n
Scheme [0 [54.55]. The first isolated product contains a trideatate oper-chain.
mono-anionic  vinyl  thioether-thiolste  Ugand, SCH.CH,SCH.CH.SCH - CH...
and  the second  contams  a bidemtate wvinyl  thioether thiolate  higand
SCHLCH.SCH - CH. as well as ethenethiolate, Only in the final step. when KO-
1-Bu is used as base. is one of the C Mg, methyl groups deprotonated. The resulting
carbanion adds to the vinyt group of SCHLCHL,SCH CH, (o give, alter uptake of
oneg proton, an unusual n"-arene-thioether-thiolate ligand (Scheme 10,

2+ -
B 1
| KOHTHE i
Ru ——
SJ\I Cis / “‘s
KOH!TH!
| ‘ KO +-Bu E |
5 Tm / u\

P

{_$

Sclivme W Fragmentative of [Y]anes; coordinatad 1o fRui{n™-C M, )|

s"’\

Although shori-lived in the Itee state. e-xylvlenes readily undergo 4+ 2J-cyeload-
ditivus at the cve-deuble bonds, a reaction that has found extensive application in
orguanic synthesis [ 56]. The organic chemistry of the metal complexes has proved so
far to be disappointingly hnnted. The exo-e-xylylene complexes of Coin™CHy)
and Fe{COy, react with CO to give 2-indanone {in the latter case ACL; is reguired
as a catalyst) {Scheme 113 {37.38), and the bridging w'. n'-o-xylviene dicobalt
dicarbonyl complex shown m Eq. €14 readily releases e-xvlvlene. soluted as
its dimers. on treatment with OO or tertiary phosphines [39]. Cole-Hamiiton
and  coworkers  [68] have shown that o-xvlvlene can be liberated  from
Rul.yin®*evo{CHL,CH L (L =PMe,Ph. PMePh,) by ceric ion oxidation and
trapped with dimethyvl acetylenedicarboxy late (MeGLCC.COMe, DMADY 0 give
the expected [4 + 2eycloadduct (Eq. ¢ 153y, The yield was only 14%. however, and
the corresponding naphthalene and 2.2 -dimcthylbibenzyi were afso formed: the less
reactive dienophile MeC,C0LMe [ailed to give any Dicls Alder adduet. As expected,
the endo-o-xylvlene complexes are more reactive than their eve-isomers. Thus, the
cirdo-o-xylviene complexes Run™C Me g in®-C o Me(CEHL)! and M{PMe,Ph) -
SCLHLCH D, (M =R Os) form iron carbonyl adducts by camplexation with
the exe-double bonds, the two metal-containing fragments being transoid: { Egs. (16)
and {171 [40.41]: the exo-1somers are unreactive. Either or both of the vyo-double
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Fef0),

§S

Scheme |1, Carbonviation of exe-o-xylvlene complexes.

bonds i Ru(n"-CMe 3 in™-CMe (CH,),! ean also be hydrogenated, and the
exo-methylene groups are readily protonated by acid and aikylated by methyl
triflate (Scheme 12) {40]. Although electran-deficient olefins do react with the
endo-e-xylylene complexes Ru(n®C Me )i q-CoMedCHL).!t and Ru(PMe,Ph),
fn-C HCH L8, the products have not yet been identified.

CO or PR, O‘
+ i 14}
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COMe COyne
pthep/j “PMePh, {15)
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1‘1
e



M A Bemmert Cooveliiatfent Chenrisiey Rovicws 466 ¢ 1997, 225 254 23

FeiCoy,

FetCONINMe ;)
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M = Ru, On: L = PMe;Ph

B Me
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CH,
| |
Ru * Ru

%} HyPdIC .
b agre ”/
teluene heprane
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-
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10c

lcn,so,m

—|2+

ol

Scheme 12, Reactions of Rutn®™C Me, binTendi-C Me (Ol

3. A labile arene—ruthenium{ () complex:
(n®*-naphthalene){11*-1,5-cyclooctadiene)ruthenium{H3, Ru{NAP}COD)

A useful precursor for synthests and catalysis in zerovalent ruthenium chemistry
is the 18-electron complex Ru¢n®™1.3.5-CyH,){n*1,5-CuH,5) or Ru{CODRHCOT).
where COT = [.3,5-cyvelooctatriene (CqH () and COD =1, 5-cyclooctadiene (C H, ;)
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15.61]. This can be made n ca. 3% vield by reducing hyvdriated RuCl, with zine
dust in the presence of [S-cyelooctadiene [62-65]. The COT ligand 15 labilized
under hydrogen. probabiy because addition of hvdrogen gencrates a  labile
16-¢lectron species Rutn*-1.3-CoH M %1.5-CyH 23, Thus, Ru(CODKCOT ) reacts
under hydrogen (| atm) with arencs to give Ru(n®areneHn*1.5-Cyll,,3 [32]. which
can be readily converted by HCl inta [RuCh{n"-arene)];. This methodology provides
an alternative route to these complexes that s complementary to that mentioned in
Section 2. It 1s especially valoable for Tunctionalized arenes, such as acctophenone.
whose dihvdroarene derivatives are not conveniently available by Birch reduction.

Although  the  benzene  uand  mesitylene complexes  of  the  tvpe
Ru{n®arene}(n?-1.5-CyH ) catalyse the hydrogenation of monoalkenes such as
1-pentene. -hexene and cyclohexene at room temperature |66]. the ligands in these
complexes are. i general. not particularly labile. For example. the benzene complex
does notl exchange with free arenes on heating 1o 97 €, although there s slow
exchange with [0, in the presence of accetonitrile at 30 O [67]. The naphthalene
complex Ruiy"-C H(n - 1.5-CoHG ) Rut NAPHOOD)] s, however, much prore
libile. This compound was made first from the reaction of Ru{CODYCOT ) with
naphthalene under hydrogen inca, 80% yicld |68], but is more conveniently prepared
on a larger scale in ca. 609 yield by sodium naphthalide reduction of the histaceiyla-
cetonato) complex Rufacac)st L5-CyH 53 (Scheme 13)[69]. The corresponding reac-
tion of 1iC  H, with [RuCT4 1.5-C,H |, gives only ca. 18 20% vield [70]. probably
owing to the insolubility of the polymeric rethenium¢ [I} complex i the reaction
medium.

R
O, THF =

I~ o
Ru
| — \‘\O
()J
Scheme 13 Prepanation of Ruid NAB{OD),

in the presence of acetonitaie {ca. Imel per mol of complex), naphthalene is
displaced from Ru{ NAPHCOD) by « wide range of arenes, including those bearing
functional groups. o give the carresponding Ru(n®arene}{n*-1.5-CgH,5) complexes
{Eq- (183, The reaction usually takes periods of hours to days at room temperature,
being slower for arencs containing three or four methyl groups. Mesitvlene reacts
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especially slowly, requinng 4 5 days at 40 30 C, und hexamethylbenzene fails to
react. The Ru{n™arenejin*-1,5-C,H 5} complexes are probably formed more rapidly
from Ru(CODXMCOT Y H, than from Ru{NAPYCOD)YCH;CN, which is an advan-
tage for complexes of limited thermal stability. On the other hand, olefinic substitu-
cnts are hydrogenated to some extent m the presence of Ru{CODHCOT ) H.,.
whereas the Ru¢NAPHCODYCHLCN system can be used to make the otherwise
inuceessible n®-styrene complex {69).

| CHLCN \ .
Ru + aiene —  Ru{n -areneln -1.5-CaHl + CpHg

/

sz\j (18)

atene = CgHg CoHCHy, CeHWdCH by Ld, CoH(CH 5-1,2.4,
C HalCH;3-1.3.5, CoH{CH 11,234, CoH,0Me, CoH,CI,
CHTHO, CeHUN, CuHL CH=CH,. CgHy 1. Me-4-CH,=CMe,
E-CHCH=CHEC Hs, (CeHsh s, {2-CHCH LP

[t is well known that n’-indenyl complexes generally undergo substitution reac-
tions at the metal centre more readily than the corresponding n®-cyclopentadienyls
{the so-called “indenyl effect™). This is thought 1o be a consequence of the stabiliza-
tion of n*- and 1i-indeny! intermediates resulting from the recovery of full aromatic
character in the uncomplexed six-membered ring [71 76]. Related to this is the well-
established lability of complexes of naphthalene and of other polyeyche arencs. For
example. the coordinated arene is displaced more easily by CO or tertiary phosphines
from CriCO.L(n*C,eH,} and Crin®-C i) than frem CriCO)n°-C, H,) and
Crin®C,H)a [77-82]. Similar ebservations have been made for complexes of the
type [Ir{n™arenen*1.5-CyH ;501" [82.84) and [Ru(n®-C:R:}(n-arene)]” {R=H,
Me) [85]). Extended Hiwckel MO caleulations on  ring  slippage  in
Cr{€CONN°-CioHy and Mn(n®C.HO(n®-C,,Hy) suggest that an n® to - path
should be most favourable, without a discrete n'- intermediate [86]. On the other
hand. IR-spectroscopic  evidence has  been provided for an  intermediate
Cr{CORM*CH(THEY  in the  displacement  of  naphthalene  from
CriCO),(nC,yHy) by THY |87].

The displacement ot naphthalene from Rui{NAPHCOD) by benzene and other
arenes Is Hrst-order in complex and approximately first-order in acetonitrile provided
the ratio [CHONT{Ru{NAPYCOD) does not exceed ca. 3. The kinetic data are
consistent with the reversible formation of an n-naphthalene complex that is stabi-
lized by coordmation of acetonitrile {Eq. (19)). i.e. acetonitrile assists the Orst step
in the displucement of naphthalene by the entering arene. Other potential donors
such as THE and ketones do not promote the displacement of naphthalene from
Ru{ NAPKCOD}. although they do catalyse arene exchange in CriC Q) n-urene)
complexes [R8].
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Ru-Cyly 2.221(2) Ru-C{2y 2.276({3)
Ru-C{3) 2.262(%) Ru-Ci{4) 2.235(3)
Ru-C{5} 2.346(3; Ru-C{10) 2.338(2)

(19}

The tendency towuard retrefiupro-coordination is already evident in the ground
state structure of Ru{NAPHCOD) [70]. The bound six-membered ring is distinetly
non-planar { Fig. 1); the dihedral angle between the planes C{1) C{2} Ct3) Cidy
and CDy Cidy Ce53-C(18) 1s about 8 and carbon atoms C{1)-C(4} are signifi-
cantly closer o the metal atom {average Ru ¢ 2.24] A} than are carbon atoms
Ci5) and C{i0y {average Ru € 2,342 A). Similar effects have been ohserved for
other n"-naphthalene complexes. includimg CriCOY S n"-C o Hy) [89]. It seems reason-
able Lo suppose that the more weakiy bound carbon atoms will be readily displaced
by a hgand such as acetonitnile. Moreover. m the presence of acctonitrile. naphtha-
lene is displaced from Ru{ NAPHCOD) by 1.3-dienes such as 2 3-dimethylbutadiene.
3-methyl-1.3-pentadiene and isoprene w give labile but solable complexes ol the
tvpe Ru{ NCMeyn-13-dieney{n-1.5-C.J1, ;. which are direct analopues of the
mtermediate proposed in Eq. (19}, The coordinuted acetonitrile exchanges rapidly
with free acetonitrile and is easily replaced by CO. other nitriles (--BuCN. PhOUN 3,
sonitriles (~BuNC ¥ and Group 15 donors |PPh,, PEL, P-r-Bu, PEOMe} ] to give

NCMe L
Rl u B— Ju/ IIB _l_.. Rlu/ q:)
/ \ MeCN T T | \ﬁ/ - I 3

£, = +BuCN, PhCN, CO, +-BuNC,
PPhy, PE1;, Por-Buy. P(OMe),

Senaenw B4 Reacton of RudNAPHOOD) with 2 3-dimathvibhutwlicoe,
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thermally more stable derivatives Ru{L)(n*-1.3-diene}{n*1,5-C4H ;) (Scheme 14)
[90]. Like the e-xylylenc complexes discussed in Section 2 and the closely related
ML,{n*1.3-dicne) { M = Fe. Ruj complexes. these compounds readily form agostic
mono-protonated derivatives on treatment with 60% aqucous HPF, {Eq. {204},

pe !

Ligands that are stronger m-aeceptors than acctonmitrile, such as tertiary phos-
phings, phosphites und isocyanides, react at low temperature with Ru(NAPYCOD)
to give isolable terrafapro-naphthaiene complexes Rut LY n*-C, o Hadén - 1.5-C4H, 53
[ P{OMej}y, PMe;, PEL,. -BuNC, several of which have been characterized by
X-ray crystallography [91]. The structure of the PMe, derivative is shown in Fig. 2.
The 'naphthalene ligand shows the non-planarity expected for an nt-1.3-
evelic diene. the hinge angle between the planes C(1)y C(2) C(3) Cidy
and C{1y C4)y C(5)y CLI9) being 41 . similar to those observed for the n'*-
arenes in Ru{n™C Me 1n*-CoMe) [92]. Ruin®C Me yn*-C,Me,) [93] and

| o 212N

H
—_—

Rlu"'"— I
~ 20)

Fig. 2 Xoray structure of Rt PMoog'-C L tn - 1.5-Cub 1 i hydrogen atoms omitted Tor dlarity), The
hinge angle ol g -naphithalene n 41



44 Af A HBennert Conrdination Chemaster Revtons [od o2 fy7, 128 234

Fe(n"-C.Me )t -C o Hy) [92]. The coordination geomeiry can be described as
approximately squure pyramidal. with the midpoints of the double bonds of
n -naphthalene and 1.53-COID occupying the basal sites und the added ligund in the
apicat  site. The rutheniumi0} complexes RufP{OMeyi(1-413-1.3.5-C 1,,0-
(-1.5-CyH 1) [95] Rut Ll -4n-CgH 0 1.2.5,603-CyHyy (L —CO, -BulNC. PMg,)
(961 and RufP(OMey HEE-McO,CCH - CHCH - CHCO,Me), {97] show similar
geometries. The complexes ure unstable iy solution and. in some cases, form binuclear
complexes - L5-CH R utpn 0 -C HORu( Lyn*1.5-C ,H ) [L = P{OMey,,
PEt,] i1 which an additional RuéCODy prit is attached (o the second ring of the
naphthalene. the two metal centres being mutually gans [98]. Complexes of this
type can also be isolated by careful wreatment of Ru{NAPICOD) with shghtly less
than onc equivalent of L. Fig. 3 shows the X-ray structure of the derivative with
[. = PEt,: the conformation of the naphthalene hgand s almost dentical to that in
the menonuclesr complexes. Treatment of RuiNAPKCOD) with an excess of Group
15 donor ligands or isocyanides gives Rul. (n*-1,5-C H,.).

The ni-naphthalene in the Ru{Litn*-C Ho(n*-1.5-C H, ) complexes is very
labile. For example, 1t s replaced al room temperature by 1.3-dicnes. thus providing
an alternative route to the compounds shown in Scheme 14, Aromatic compounds
such as styrene, methyl cinnamate and 2-vinyinaphthalene also react 1w give
n'-diene complexes 8 10 in which one formal double boud of the ring is tached
to ruthenium [98]. Similar complexes 11 and 12 are formed by acvelic «.B-unsatu-

Fig. 3 Keray structure of (% 1L3-CH oRuGe-n"0p -0 G HBRu PER (P -53-CH 21 (hydrogen atoms
wmitied for curityn The hinge angle of p'-naphthaicne is 30
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rated ketones and aldehydes. such as rrans-chalcone and mesityl oxide, and by
aromatic ketones, such as 2-naphthone (13). Even dimethyl fumarate Jorms an
it complex (14) with RuP(OMel Hn'-1.5-C,H 5 in which one of the ester € O
groups is side-bonded 1o the mets]l wtom [99]. The Rugl){ 15300, ¥ lragment
clearly has a high allinity for conjugated systems and. 1o an oven greader extent than
its close relative FeiCO,. s capable of overcoming the aromaticily of o benzene

ring [1040 103
U\ L PFts
R

i/\EI

8

~.
[

9: L = PiOMer;, PMe,

PEL,

&

i

Ph
\R L P{OMe),

Eb,

11

Although the displacement of nuphthalene from Ru(NAPHCOD) by most arenes
requires the assistance of acetonitrile. this s not the case for olefinic ligands such as
cycloheptatriene, styrene and rrens-stilbene. Moreover. styrene catalyses the displace-
ment of nuphthalene by benzene [144]. It scems likely that the ability of styrene to
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LPOMe),
|-

/

G\:)

act as an n'- and n*-donor to ruthenfum(0} may help to generate - and
n -naphthalene intermediates. as shown in Scheme 15,

Butadicene also reacts rapidly with Ru{ NAPYCOD) in benzene. hexane or THF
to give brown, thermally labile erystals of tormuia Ru(C, H,),(COD), which. accord-
mg to the "1 and C NMR spectra, may be a ruthenium({0) complex containing
b 3. 7-octatriene. a linear dimer of butudiene [104]. The same compeund is formed.
though less rapidly. by treatment of the molated  acetonitrile  complex,
Ru{ NCMceHn-C H 0" 1.5-CeH ) with butadiene (Scheme 16). Isoprene yeacts
more  slowly  than butadiene to gencrate the corresponding 3 7-dimcethyl-
L3 7-octatriene complex as a brown ol 2.3-Dimethylbutadiene is unreactive. but
treatment of 115 acetonitrile complex Ru{ NCMen-2.3-C H Me,dn'-1.5-C H, )
with butadiene yields the coupled product containing 2.3-dimethyl-1.3. T-octatriene
{Scheme 173 This stowchiometrie coupling depends on the lability of acetonitrile.
since there 1s no reaction between butadiene and the trimeihyiphosphite complex
Ru{POMer - 23-C 1 Men-1,5-CH b3 Although many systems wre canu-
ble of cutalysing the near dimerization and oligomerization of 1 3-dienes [ 105, 106].
mtermediates have rarely been isolated. Further study of the rutheniumt 0y systems
may provide insight into the mechanism of these C C coupling reactions.

There hus been considerable recent mterestin the use of organoruthenium( (3 and
organoruthenium (1) complexes to catalyse C C coupling reactions [107 112] and
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g’_‘: I
i

Scheme F3 Reactan ar RoeN AP HOOD Y with stvrene

the lability of Ru(NAP)(COD) suggests that this complex could alse be i uselul
catalyst lor this and other types of reaction of interest in organic chemistry. In (he
presence of acetonttrile al 20 C. Ru{NAPHCOD) s an aclive catalyst Tor oletin
isomerization, For exaniple. L3-cyclooectadiene is converied into 1.3-cyvelooctadiene
and |-hexene into a mixture of E- and Z-2-hexenes [113). and a1 63 O allyl cthers
and acetals are converted inte the corresponding vinyl derivatives [114]. Terminal
and internal  olefins are  readily  hvdrogenated  in the  prosence of
RufNAPHCODYCHON [89]. In the presence of acetonitrtle it 140 C in THE or
N-methyl-2-pyrrolidinone. Rut NAPYWCOD) selectively catalyses tatl-to-tnl dimer-
izatton ol methyl acrylate (CH, - CHCOMe) 10 Z-dimethyl-2-hexencedivale
(MeGCCH - CHCOHLCHCOMe) [115]. 1n all these reactions, monoeyelic arene

ruthenium () complexes. such as Ruin®p-cymene)(n*-1.5-C H, L3 are inactive or
much less active. and the presence of acctonitrile is essential for catatytic activity,
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Scheme 16, € oupling of butadiens units promoted by Ru{ NAPHTOD).

HCMe

T Jufg LAY
™

Schemie 17, Couplimg of 2 2dimeihylbutadiene and butadicne promioted by Rud NAP O

|“‘*---~x/ e
I

In the acrylate dimerization, the acctonitriie does not Telfil 1ts usual function of
assisting displacement of naphthalene, since methyl acerylate does this in the absceoce
of acetonitnle, even at —30 C. The acetonitrile may serve in this case rather 1o
promote the reductive coupling and elimination of the acrylate units on ruthenium,
Like Ru(CODCOT) {111.112]. RutNAPHCOD) catalyses the codimerization of
diphenylacetylene  with  methyl  acrylate  to gnve  methyl (2E47)-4.5-di-
phenyl-2.4-pentadicnoate. PhCH  Ci(Phy CH  CHCO.Me. and the codimernization
ol isoprene with methyl acrylate in the presence of N-methylpipendine. though the
products in the latler reaction have not yet been conclusively identified {116].
Alkynes  undergo  stoichiometric  cyclotrimerization  on reuction  with
Ru{ NAP){COD) in THF at room temperature. thus providing another usciul route
into Rufn-arene)(n?-1.5-C,H,,) complexcs (Scheme 18) [117.118]. For cxample,
I-hexyne and coyvelooctyne give the n*-hexacthylbenzene and tristeveloocteno)ben-
zene complexes respectively, whereas terminal alkynes give inseparable mixtures of
the 1°- 1.2, 3-arene and n®-1.2.4-arene complexes. The proportions of the isomers are
ci. 7:3 from aliphatic ucetylenes 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 bisturene)ruthemum(0} complexes by UV irradintion of
Ru(n®-C.H)tn*1.3-C,Hy) with disubstituted alkynes (Scheme 193{119]. Treatment
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of Ru{n®arene}{n*-1.5-C4H, ;) [arene =C Fi. C(CeH,,);5] with HCL gives the cor-
responding dichlororuthenium (11} dimers, which, unlike [RuCly{n"-C,Mey}],. are
not accessible by fusion of the free arcnes with [RuCly{ p-cymene)],. presumably
because the arenes are too hindered sterically.

R R

R = Mc. Et, Ph,
1
RC=CR CHy(CH1),CH)

fﬁo
||1E©©
OO

R = n-Bu, CH,CHMeEL Ph

TH

Schemwe 18 Alkyne cvelotnmenzation promoted by Rut NAPYWCOD).

RCEZCR
@ /—. Roin® CHeHn' CoRe) (R = Ph, OO Me)

Ru

B N\, McCSCMe R ‘
Ruin™-CoMegdn -CeMe,)
hu

Scheme 190 Alkyne eyclotrimerization promoted by Ru(n®C H 1in™-1.3-C H,).

An interesting feature of the hexacthylbenzene complexes is the conformation
adopted by the cthyl groups. The general problems of conformational preferences
and dynamic processes in sterically crowded arene complexes have attracted consider-
able attention. mainly in the case of the readily accessible Cr{CQ}; complexes [120].
The cordormations observed in the ruthenium complexes are summarized in Fig. 4
and Table 2. [n crystalline Rutn”-C Et,){n*1.5-C4H,.), the §4-ethyl groups point
towards the metal atom (proximal ). while the 2,3.5.6-ethyl groups point away from
it {distal) [conformution {¢} in Fig. 4]: the aromatic carbon atoms bearing the distal
groups eclipse the olefinic carbon utoms of COD, an arrangement that presumably
minimizes steric interactions with the proximal groups. In solution at room temper-
ature, all the cthyl groups are cquivalent on the NMR time scule owing to rapid
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Ru

(a2t all distal [Ks3] 1.3.5-proximal-2,4,6-distal
:/\< ] é |
Eu Fu

{ch | 4-proximal-2,3,5 6-distal id) 1.3-proximai-2,4.5.6-distal

Fig, 4. Conlormations of cthyl graups observed in hesaethylbensene ruthenivm compleses,

Table 2

Canlormations of etlnd groops i orvstalline Ro O B, compleses!

Fniry Camplex Conformation

1 Ruin™C Bl 1,50 H LA-Prosimal 235 6-distad 1¢)
2 [RuChon™C B Al distat @

R RSO IRT s Gy SYPRN | 2 S L35-Praxmal 24.6-distal (b
4 RuChiiam™C kol PMe, PPhy Adl distad (o

s Ru€ il Bl OO BuNO) LA5-Proximadl 24.6-diswal (b
[§} Rub Lo P i ™-CLI,) 13-Provumal 2.4 5 6-distal d

7 Rud HCH L H PV -0 E L) Al distad (a3 Provimal 2405 Sdisiad 1)

*See Fie 4,

rotation about the ethyl C C bonds, but at H0 C they appear as two sets of
stgnaks inoa 200 ratio. consistent with  the solidstate structure [118]. In
[RuCT(n"-CoEt, )], and its derived salt [Ruy(p-Cl 3 0"-C Et L] PE,. the ethyl groups
adopt dilterent conformations. viz. all distall a). in the former, alicrnating
proximal‘distal. {b}, m the jatier. However. in CHLCILL solution at - 104 C, both
compounds show a '] vatio of ethyl resonances consistent with (b Cleariy,
the various conformations ditfer little in cnergy. so for a given complex they may
also differ between solid and  solution: however. it s also  possible  that
[RuClLyn"-C Bt M. exists predominantly  as  an jon-pair,  [Rugp-Ci,-
(n"-C.Et, ) Clom CHCL.

Comparison of entry 4 with entries 5 and 6 in Table 2 shows. as expected. that
conformation (k) having three proximal groups is fuvoured by the presence of
smaller ligands ( H smalier than Cl; CO and ~-BuNC smalier than PMe;. PPh,). The
small dilference in the energics of the various conformations is also tfilustrated by
the fuct that the unit cell of RuCIHiCH 9 PMe(n"-C EL) fentry 7). contains twa
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moiecules with the all-distal conformation (a) and two molecules with the
1.3-proximal 2,4.5.6-distal conformation {d ). In general. the only dynamic process
observed in the variable temperature NMR spectra of the hexaethylbenzene-ruthe-
nium compounds Is rotation about the € C bonds of the ethyl groups. However,

consistent with a 13.5-proximal 2.4.6-distal arrangement {15} which 1s frozen mlo
an eclipsed conformation relative to the tripod of hgands beneath the ruthemium
alom.

ClenR g
~Co

Cl

15
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