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Abstract

The syntheses, structures and chemistry of metal complexes containing the unsaturated carbene Fgpea€RI (n >2) are reviewed.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction tion of nano-devices. Metallacumulenes, with their unusual
electronic structures, pose several problems with respect to
The chemistry of transition metal complexes contain- their reactivity. This review provides an excellent opportu-
ing highly unsaturated conjugated hydrocarbon ligands ity to update part of my earlier account of the chemistry
continues to be of interest, and the sub-set with carbon gf transition metal complexes of allenylidenes and cumu-
chains, @, is of potential significance in the construc- lenylidenes which appeared some 5 years [goAspects
of cumulenylidene chemistry have been included elsewhere
* Tel.: +61 8 8303 5939: fax:-61 8 8303 4358. [2,3]. Other articles in this volume summarise the exten-
E-mail address: michael.bruce@adelaide.edu.au (M.|. Bruce). SiVe Chemistry Of a”eny”denes that haS beel’l deVeIOped by

0010-8545/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.05.007
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various groups during that period, so | shall confine my dence concerning the identity of the kinetic product of
attention to those complexes containing ligands contain- protonation of metal diynyl complexes, although it has

ing four or more carbon atoms in the chaih 6 >2). A

summary of the earlier work is also included.
/R
{LpM}==C(==C),=C
LN

R'

1) nx>2

The G complexes have proved difficult to characterise,
the first isolated example being reported in 24ap al-

been assumed from the nature of the products that the
butatrienylidene has been formed. However, the results
do not preclude initial formation of the ethynylvinylidene
complex which then undergoes a rapid 1,3-proton shift
to form the butatrienylidene. Recently, stepwise migration
of SnPhy groups has been shown to occur in reactions of
SnPRC=CC=CSnPh with a manganese compl&k3] (see
below). However, protonation of the 1,3,5-hexatriynyl com-
plex Rg[(C=C)stol}(NO)(PPR)Cp* occurred by attack at

though unusual dimetallic systems were described in 1999C; to give [Reg(=C=CHC=CC=C(tol)}(NO)(PPh)Cp*]*

[5]. The first example of a mononucleag-@ithenium com-

which did not rearrange furthg¢t4]. This is in accord with

plex was described by Dixneuf and co-workers in 1994 recent calculations on the electrophilicity of long-chain

[6], followed 2 years later by derivatives containing irid-
ium by Werner and co-workef§] and the Group 6 metals
by Roth and Fischel8,9]. A couple of examples of ruthe-

poly-ynyl complexes, which indicate that although charge
alternation along the chain is evident [positive charge on
C(odd), negative charge on C(even)], the magnitude of this

nium cluster complexes containing butatrienylidenes were effect is attenuated after C(f35].

also known[10]. However, several groups have reported

By analogy with the well-known syntheses of allenyli-

chemistry which can reasonably be interpreted as proceedingdene complexes from substituted propargyl alcohols, re-
through reactive butatrienylidene intermediates, beginning actions of 1,3-diynols, or their derivatives, e.g., triflates,
with the pioneering study by Lomprey and Selegue in 1993 give species which undergo either spontaneous or ready de-

[11]. Not surprisingly, given the reactivity of vinylidene and

hydration to form the corresponding pentatetraenylidenes

allenylidene complexes, it has proved challenging to isolate (Scheme 2[6,16]. Longer carbon chains are present in com-
and fully characterise these even more highly unsaturatedpounds obtained from the appropriate triyne derivatives.

derivatives, and applications to synthesis are rare to date.

It may be noted that stabilisation of Group 6 derivatives

Theoretical calculations described below have concludedoccurs with electron-donating substituents, whereas the
that odd-numbered carbon chains are likely to be more sta-other known complexes generally have phenyl end-groups.
ble than the adjacent even-numbered chains, a result that idn situ preparation of the very sensitive parent butatrienyli-

in accord with the experimental observations to daable 1
summarises the complexes reported to December 2003.

2. Syntheses

dene complexes of Group 8 metals is used en route to the
preparation of various more stable adducts. Typical, ML
end-groups are illustrated Plate 1 These include M(CQ)

(M = Cr, Mo, W; octahedral ), Mn(dmpe}Cp (octahedral

d®), trans[RuCI(PP}]* (PP = dppm, dppe, depm; octa-
hedral &), M(PP)CP [M = Fe, PP= dppe, dippe, Cp=

Adaptations of syntheses which are successful for Cp*; M = Ru, PP= (PP)2, {P(OMe}}2, dppe, Cp =
vinylidenes and allenylidenes have proved to be the mostCp; octahedral § and trans-MCI(PPt), (M = Rh, Ir;

fruitful approaches to complexes containing cumulenyli-

dene ligands. Thus, reactions of terminal 1,3-diynes with

square planar).

several metal systems have given reactive intermediates
which appear to be the desired butatrienylidene complexes3. Butatrienylidenes (metallapentatetr aenes)

(Scheme )1 Calculations have shown that there is only a
small energy difference between the speciessCH-C:
and HC=C=C=C: [12]. So far, there has been no evi-

Early attempts to make butatrienylidene complexes were
reported by Lomprey and Seleg{®l], Bruce et al.[17],

ML, + HC=C—C=C—R
l 1,2 H-shift 1,4 H-shift
R
C/
C% ' R
- 1,3-H shift

{LyM}=—=C=C — {M}==C=C=C=—=C

H H

Scheme 1.
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Table 1
Mononuclear cumulenylidene complex€s,,,M}=(C),=CR!R?
ML, R! R2 Colour Yield v(CC) 13C NMR, §(C) Reference
Butatrienylidenes
Mn(dmpe)Cp SnPh  SnPh Green 80 1596, 1548 C(1) 266.5, C(2)130.6, C(3) 124.8[13]
C(4) 140.0
Mn(dmpe)Cpe SnPh  SnPh Green 80 1594, 1552 C(1) 267.5, C(2)131.6, C(3) 121.4[13]
C(4) 139.9
Mn(dmpe)Cp H H C(1) 281.8, C(2)158.7, C(3) 141.0, [13]
C(4) 44.4
Mn(dmpe)Cpe H H C(1) 280.8, C(2)157.9, C(3) 140.2, [13]
C(4) 44.3
Fe(dppe)Ch H Fe(COXCp* Purple 75 1952w, 1882w, C(1) 258.7 J(CP) 36], C(2) 167.4 [5]
1830w [J(CH) 8.1], C(3) 128.3]J(CH)
8.4], C(4) 58.4 J(CH) 180.2]
Fe(dippe)Cp H Fe(CO)Cp* Pink 93 1945 C(1) 260.8J[CP) 34.8], C(2) 170.9 [5]

[J(CH) 5.7], C(3) 133.3 J(CH)
6.0], C(4) 59.0 J(CH) 176.6]

Fe(dppe)Cp Me Fe(CO)Cp* Purple 22 1942w, 1905w,  C(1) 250.5 J(CP) 35], C(2) 149.8, [5]
1892w C(3) 121.6 P(CH) 7], C(4) 69.3
[J(CH) 18]
Fe(dippe)Cp Me Fe(COYCp* Purple 75 1946 C(1) 264.9(CP) 36], C(2) 166.2  [5]

[J(CH) 6.5,3(CP) 2.4], C(3) 131.9
[J(CH) 7], C(4) 73.6 J(CH) 7.8]
trans—IrCI(PPl‘é)g Ph Ph Orange 77 1993 C(1) 255.XQP) 13.7], C(2,3) [4,22]
174.6, 164.1 [both)(CP) 3.6], C(4)
105.9 P(CP) 2.5]
IrCI(CO)(PPE)2 Ph Ph Orange 1987 [4,22]
trans—IrI(PPﬁé)z Ph Ph Orange 91 1992 C(1) 215.XQP) 14.7], C(3) 179.1 [4,22]
[J(CP) 3.6], C(2) 164.4CP) 4.6],
C(4) 109.1 J(CP) 3.0]
h Ph Green 87 1996 C(1) 227.8CP) 12.7], C(3) 173.2 [4,22]
[J(CP) 5.1], C(2) 164.0XCP) 3.1],
C(4) 103.4 J(CP) 2.5]
trans-Ir(N3)(PPL)2 Ph Ph Olive-green 91 1994 C(1) 233.8CP) 14.2], C(3) 174.1 [4,22]
[J(CP) 7.6], C(2) 163.8]CP) 3.6],
C(4) 105.5 J(CP) 2.5]

T

trans-Ir(OH)(PP,),

trans-I(OPh)(PPE),  Ph Ph Olive-green 94 1998 C(1) 229.XQP) 13.7], 167.7, [4,22]
164.6 [bothJ(CP) 3.0], C(4) 103.7
[J(CP) 2.9]

trans-IrMe(PPr"a)z Ph Ph Orange oil 1997 [4,22]

Pentatetraenylidenes

Cr(CO)% NEt CMe=C(NMe,),  Orange 65 2149, 2000 C(1) 175.3; C(2,34LMe 55.8,  [23]
87.3, 94.7, 102.2; C(5), C(NM&
147.0, 154.0

Cr(CO) NMey NMe, Orange 42 2140, 1998 C(1) 174.1; C(2,3,4) 99.5, 95.7, [8]
49.6; C(5) 155.0

W(CO)s NEt, CMe=C(NMey),  Yellow 61 2148, 2001 C(1) 175.2; C(2,3,4)CMe 58.3, [23]
87.4, 93.9, 102.5; C(5), C(NM&
136.4, 146.7

W(CO) NMe, NMe, Orange 36 2140, 1999 C(1) 153.4CW) 102.6]; C(2) [8]

94.6 [J(CW) 25.6]; C(3,4) 99.5,
52.1; C(5) 154.8

W(CO)s NEt, CH=C(NMey), Yellow 5 2161, 2145, 2003 C(1) 170.4; C(2,3,4,5) 56.0, 92.7, [9]
93.8, 142.9, 149.8

Re(NO)(PPB)Cp* Ar¢ Ar¢ Deep blue 79 1993m, 1902m C(1) 256HCP) 10.8], C(5) 133.8 [24]
[J(CP) 11.1]

Re(NO)(PPh)Cp* Ar-CI®  Ar-CI® Dark blue 81 1987m, 1894m [24]

Re(NO)(PPB)Cp* Ar-Br¢  Ar-Br¢ Deep blue 83 1991m, 1896m [24]

trans-RuCl(dppe) Ph Ph Deep blue 70 2024, 1918 C(1) 316.38CP) 14.6]; C(2) [6]

[BF4 salt] 206.7 P(CP) 2.6]; C(3) 167.63

[J(CP) 2.3]; C(4) 160.25JCP) 2];
C(5) 165.44
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ML, R! R2 Colour Yield v(CC) 13C NMR, §(C) Reference
trans-RhCI(PPk), Ph Ph Deep violet oil 58 1962, 1860 C(1) 205.2%0Rh) 67.4,3(CP) [16]
17.8]; C(2) 246.13 J(CRh) 16.5,
J(CP) 6.4)]; C(3) 197.98JCRh)
1.3, J(CP) 3.8]; C(4) 141.41JCP)
_ 3.5]; C(5) 156.07 J(CP) 1.9]
trans-IrCI(PPt;)2 Ph Ph Copper-brown 80 1960, 1856 C(1) 186.3@P) 13.9]; C(2) [7]
245.45 P(CP) 4.0)]; C(3) 133.70
[J(CP) 3.3]; C(4) 209.61JCP)
3.2]; C(5) 161.64 J(CP) 1.5]
ML, + HC==C—(C=C),;—CRR'(OH)
l R R
\c/
~ R
SR -H,0 /
LaM}==(C=C)py=C==C_ - "OH", T » L M=(C=C)y=C_
Y R
< H
Scheme 2.

Winter and Hornung18] and Dixneuf and co-workel[d9]

in a 1,3-migration of the SnBhgroup to give green

who partially characterised their complexes through trapping Mn{=C=C=C=C(SnPh),}(dmpe)C{} (3) in 80% yields.

reactions with nucleophiles, or by conversion to acylvinyli-
dene, acylalkynyl, butenynyl or allenylidene complexes.
Reactions of Mn§8-cycloheptatriene)Cp (R = H,
Me) with PlsSnC=CC=CSnPAh in the presence of dmpe
result in quantitative formation of the corresponding
vinylidenes Mr{=C=C(SnPRk)C=CSnPh}(dmpe)Cf} (2)
(Scheme 3B [13]. The presumed intermediatg?-alkyne
complex could not be detected by NMR. Irradiation of

Deprotection with [NBy]F (tbaf) afforded the parent bu-
tatrienylidenes MrC=C=C=CH,)(dmpe)C§} (4) which
decompose above-5°C, but could be characterised by
NMR spectroscopy at-40°C. All carbons of the @
chain were detected, with the M@ atom resonating &
ca 280.

The reaction between RG=CC(O)Pt}(PPh).Cp and
(CRCO)0 gave RYC=CC(OCOCR)=CMez}(PPh).Cp

these vinylidenes (125W medium-pressure Hg) resulted (6) [11], possibly being formed by interaction of the

0 +
i Z Z
oc.. | .-co . |
hFSANPYS N — M=
/'i"\ MEZP/N{H RP™ 1\
oc PMe PR3
C 2
(@]
M = Cr, Mo, W M = Fe, Ru, Os
(CHZ)n +
@ + PhP
N Cl., .-PPhy Cl._ _.PPri;
M= “M° w2
RsP~— \ |\ P RN
Cl PrI3P
PhaP™ pph,
_(CHZ)n _
M = Fe, Ru, Os M =Ru; n=1,2 M = Rh, Ir

Plate 1.
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C
<" _ @ /C///

PhsSn— C==C——C==C—SnPhs

> Me,P

\
dmpe K/pMe2 SnPh3

H @ SnPhs
thaf ", /
-
\

Scheme 3.

expected butatrienylidene cation [R@=C=C=CMe;)(PPh)2  trans-[RuCI(=C=C=C=CH,)(PP)]* (9; Scheme § again

Cpl* (5) with the trifluoroacetate anion at C(3¢heme 3 on the basis of their subsequent reactions (see bglt8)
Further reaction with a second trifluoroacetate moiety gave ~ While reaction of the ethynyl ketone HE-C(O)CHPh
the vinylidene?. with IrH2CI(PP,) gives IrHCK C=CC(O)CHPR}(PPL,),,

The unsubstituted analogue [RG=C=C=CH,)(PPts)> which readily isomerises in solution to the vinylidene
Cp]* (8) is probably formed by reaction of H&CC=CH IrCI{=C=CHC(O)CHPh}(PPt‘3)2, elimination of HO
with [Ru(thf)(PPh)2Cp]*, prepared in situ from RuCl  could not be achieved by treatment with either acid or base.
(PPR),Cp and AgBR in thf solution[20,21] The cation,  The enol acetate HECC(OACFCPlp gave the correspond-
which has not been isolated, was characterised from its sub-ing alkynyl-hydrido complex, which does not rearrange to
sequent chemistry (see below) and has also been obtained byhe vinylidene. However, reaction of IQIEBI(PP|‘3)2 with
protonation of Ru(&CC=CH)(PPh),Cp. Buta-1,3-diyne enol triflate HGECC(OTf=CPh, and NE§ at —100°C
(usually added<230K) reacts withcissRuCh(PP) (PP gave translrCI(=C=C=C=CPr1g)(PP|‘3)2 (10; Scheme

= dppm, dppe) in CHCI; in the presence of Na[RF (77%) [4,22]. Five-coordinatell is formed in a reversible
to give an intense green solution assumed to containreaction with CO.

{RU} = RU(PPhg)ZCp

CFs
(e} A
__ /7 @rcopo 07O /\
{Rujm—C=C——C —_—
\oy [(Ry=c=c=c=cwe,]*
(%)
_ . -
Me2C C_CF3 CF3
—d o—<
/ CF3COy” /
(Rup=Cc=—=C -~ [Ruy—cCc=c—C o)
\ \
c=o0 CMe,
/
L FoC | ©)

Scheme 4.
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(PP = dppm, dppe)

(~ PPh,

PhoP. |

CI/RU

[ trans-CI{Ru(PP)2}=C=C=C=CH2] *
%)

Scheme 5.
P = PPry
. P
; (i) NEt3 ’
|TH2C|(PPI’I3)2 |__|' = C=—=C=—=CPh
(i) HC=CC(OT)=CPh, C—I=—=C=C=C=CPh;
P
(10)
X" (halide, OH", V co
P oC._ Fl’
X—Ir’'=—=Cc==C==C==cCPh, S lIr==C==C==C==CPh,
/ |
P
(10-X) (11)

Scheme 6.
4. Pentatetraenylidenes (metallahexapentaenes) dition and subsequent ring-opening to give the air-stable
heptapentaenylidened3d M = Cr, W) (Scheme B [23].
The major product is the-trans conformer, but increasing
amounts of thes-cis conformer appear on cooling below

The intermediate anionic diynyl complex obtained from
M(CO)s(thf) (M = Cr, W) and LiICECC=CC(NMe)3 re-

acts with BR to give neutral M=C=C=C=C=C(NMe)>}
(CO)s (12; Scheme Y[8]. The reaction proceeds via anionic
[M{C=CC=CC(NMe)3}(CO)]~ which with BR(OEb)
affords the Cr/W complexes in 36 or 42% vyields.

Formal insertion of the electron-rich alkyne MeCNEt
into the C(4¥C(5) double bond of M=C=C=C=C=C
(NMep)2}(CO) (M = Cr, W) occurs by initial cycload-

(M = Cr, W)

[ c=c—c=c—cMey)s] ~

l (OC)sM(thf)

[{(OC)sM}—CEC—CEC—C (NMez)g]

l BF3(OEt)
NMe,
{(0C)sM}== C=C=—=C=C=—=C

NMe,
(12)

Scheme 7.

280 K until at 233K, a 1/3 mixture results.

NMe,
{(OC)5M}=C=C:C:C:C

NMe,

J MeC ==CNEt,

ll\lEt2

{(OC)SM}=c=c=c=C/ C\
N

C—Me

L MeoN NMe,
NEt,
{(OC)sM}=—=C=Cc=—=C=C=—=C NMe,
\C=C
(13) Me NMe,
Scheme 8.
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(X = H,Cl, Br X——C==C—C==C——CPh,(0SiMe3)
X = H, thf/ NEts/ NaPFg
{Cp*(Ph3P)(NO)Re}—C==C—C=C——H X = SnMez, CHCl,/ NaPFg
o]
() LiBu a4 (Rujcl
X X
(i) CH{Ru}—— C==C— C==C—CPh,(OSiMes)
X [CPha]*
MeO\
{Cp*(Ph3P)(NO)Re}— C=C—C=C—C .
[CI{Ru}=C=C=C=C=CPh2]
O {Ru} = trans-RuCl(dppe), (16),
RuCI(PMe3z)(n-CgMeg) (17)
(14) X
Scheme 10.
L BF3(OEty)
~ . This disadvantage has been overcome in some instances by

protection of the OH group, e.g. as OSiMeuring the ini-
tial stages of the synthedig5].

The first isolated example was deep bteens-[RuCI(=C
=C=C=C=CPh)(dppe}»]PFs (16), obtained by reaction of
[CPhg]™ with the diynyl complex fromcis-RuCh(dppe)
and HG=CC=CCPh(OSiMe3) in the presence of both
NaPF and NEg (Scheme 1P[6].

More stable complexes were obtained by using aryl
- groups containing electron-donating substituents, such
as blue [RuC{=C=C=C=C=C(CgHsNMey-4);}(PMe3)-
(m-CsMeg)]* (17) which is stable in MeOH26].

The Group 9 hydrido—diynyl complexes RnHO=CC=
CCP&(OSiMeg)}(PPrg)g and IrC{C=CC=CCPh(OH)}-

{Cp*(Ph3P)(NO)Re}=—=C=—=C=C=—=C=—=C

X
X
(15

Scheme 9.

Lithiation (LiBu) of Re(C=CC=CH)(NO)(PPh)Cp* and
reaction with fluorenone, followed by methylation, afforded
the diynyl RgC=CC=CCAr(OMe)}(NO)(PPh)Cp*

(PPL), have been obtained fror{RhCI(PPE),}, and
HC=CC=CPh(OSiMe3) or |I’C|(COE)(PPi§)2 (coe= cyclo-
octene) and HECC=CPh(OH), respectively, via inter-

(14; CArz = 9-fluorenylidene) $cheme P [24]. Analo-  mediaten?-alkyne derivativesl8. Reaction of H&ECC=
gous complexes were formed with 2,7-dihalofluorenones CCPh(OH) with |rHZC|(pp|i3)2 also gives the dark red
(X =Cl, Br). The dark blue cationic cumulenylidenes hydrido(diynyl) complex. Subsequent reactions withT'f
[Re(=C=C=C=C=CAr2)(NO)(PPR)Cp‘]™ (15) precip-  and NE at low temperatures gaveans-MCI(=C=C=C=
itated from reactions of the diynyls with BEOEb) C:cprh)(pp'is)z (19; M = Rh, Ir) (Scheme 1} [16,27]

at —45°C. These complexes are reactive towards OXy- The rhodium complex forms a deep violet viscous oil.
gen and decompose just above RT. Their IR spec- The copper-brown solid iridium complex is strongly

tra_contain twov(CCC) absorptions at 1993-1987 and gplvato-chromic[7], the colours of its solutions ranging
1902-1894 le, while the l3C NMR SpeCtrum contain from ye”OW through rose to violet.

down-field resonances &t256.9 with J(CP) 10.8 Hz and
176.2, assigned to the Re—-C and Ar-C carbons, respec-
tively.

Pentatetraenylidene complexes are often obtained from5. Hexapentaenylidenes
reactions between 1,3-diynols and metal complexes or re-
lated chemistry. Care has to be taken, however, to ensure Protonation of R C=C)stol}(NO)(PPk)Cp* occurs at
that solvents with little or no nucleophilic power are used, C(2) to give the corresponding vinylidene [R&EC=CH[C=
otherwise addition of solvent molecules such as alcohols, CC=C(tol)])}(NO)(PPR)Cp*]* rather than the desired
amines, etc., results in formation of substituted vinylidenes. hexapentaenylidene complgb].
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; P
{RhCI(PPr3)sl;  o==c—C==CPh,(OSiMes) . CH
or > CI—/M----|||
IrH,CI(PPris), p C\
A\
AN
as) CPh,(OSiMes)

/P H
Ccl—M=c=—=c¢C H b
% \ | |
P \\ ~—— ClI—M—C==C——C==C—CPh,(0SiMe3)
C, P
Cth(OSiMeg)
(i) THO
(i) NEts ‘ Py
P Ho b
. (i) TF,O |-
Cl—M—C=C=—=C=—=C=CPh, <=————— (C|l—M—C==C—C==C— CPh,(OSiMe3)
(i) NEts /l
P P py
(19; M = Rh, Ir)
Scheme 11.
6. Heptahexaenylidenes mixture of W{=C=C=C=C=C(NMe;)CH=C(NMe2),}(CO)s

(20) and W{=C(C=CSiMe3)CBU~C=C=C(NMey)2}(CO)s
Extension of the synthetic approach outlined above (21), probably formed by addition of NHMseto (undetec-
(Scheme Yto the reaction between SiMEC=C)3C(NMe2)3 ted) W{=C=C=C=C=C=C=C(NMe2)2}(CO) (Scheme 1p
with LiBu, followed by addition of W(CO(thf), gave only a [9,23]

Megsi — (C = C)g - C(NMez)g
(i) LiBu

(i) W(CO)s(thf)
(i) BF3(OEL)

{(OC)sW}=——=C=—=C=—=C=C=C=—=C=C(NMe,),

C/SlMe3
NMe;, C///
{(OC)sW}==C==C==C=C==C + {(OC)5W}=C/
C==C(NMe,), C=C=C=C(NMe,),
(20) Me Bu 1)

Scheme 12.
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7. Spectroscopic properties with the mesomeric equilibrium leading to a significant

increase in the C—N bond ordf].
7.1. Infra-red spectra

Characteristicv(CCC) absorptions for cumulated=C 8. Non-linear optical (NLO) properties
double bonds appear in the range 1800—-2100%Table 1),

two bands being found for the &TC=C=C=CR, complexes. The Group 6 complexes are very effective chromophores
_ for NLO activity and show enhanced values foithe first
7.2. Electronic spectra molecular hyperpolarisability) as the chain-length increases

[23]. While addition of a conjugated<C double bond only

The intense_colours of many of these complexes can slightly enhances NLO response, an extra cumulate@ C
be related to intervalence charge-transfer (IVCT) bands y,uble bond results in up to a four-fold increase in the
between 500-600 nm as expected from contributions from 5 e of B.

various canonical forms (see beloyg3]. The tungsten

cumulenylidenes show bathochromic shifts of the MLCT

bands and increasing solvatochromism as the chain length-9, Electrochemistry

ens, e.gAv(PhMe-dmf)= 3980/3580 cm? for Cr/W [8].

Negative solvatochromism (where UV-vighax move to The allenylidene and pentatetraenylidene complexes con-
shorter wavelengths as the solvent polarity increases) hagainingtrans-RuCl(dppe) fragments undergo two 1-e reduc-
been related to chain length and conformational effects. Astions (CV) although the products have not yet been isolated
the carbon chain lengthens, the energy of the LUMO is [28]; reduction is easier for odd-numbered than for even-
lowered with increasing separation of the charge centres.numbered chains. Generally, the 18-e Ru(ll) configuration is
There is a corresponding bathochromic shift of the MLCT preserved, with addition of the electron to the carbon chain.

absorption and an increase in solvato-chromism. CV studies showed partially reversible oxidations at
1 E1/2 +0.49,+1.06,4-0.86 V for trans-RhCH=C(=C), Php}
7.3. 7°C NMR spectra (PPL)2 (n=0, 1, 2, respectively) and irreversible processes

, 13 , ) at+1.23,+1.37,+1.31V, respectively (values versus NHE).
Table lalso summarises the’C NMR chemical shifts — £or n — 4, the first processEy,» +0.90V) is irreversible
for the cumulenylidene ligands, together with coupling con- [29]. Corresponding electrochemical ligand parameEars

stants if appropriate. There is a marked dependence on th%o] were determined as0.51,+0.83,4+0.71forn=0, 1, 2.
nature of the ML, fragment, with chemical shift%C(1)) > ’ ’ T

3(C(2)) >5(C(3)) for complexes with Fe@)Cp, Ru(LxCp,
Ru(dppe/my groups,3(C(1)) >5(C(3)) >48(C(2)) for com- 10, Structures
plexes with M(CO3, Mn(CO)%LCp, RuClI(L)-arene) and
Rh(L)Cp fragments, and(C(2)) > 5(C(1)) > §(C(3)) for Relatively few structural details are available for com-
some RhCI(PPQ)z complexes. plexes of this type, and the dimensions of the M-C
The characteristic pronounced low-field shift of C(1) chain show a pronounced dependence on the terminal sub-
[6(C(1)) ~250-300 ppm], first recognised for vinylidene stituents Table 9. In contrast, differences in C—C distances
complexes, is also found in these spectra and has been assvere much less pronounced in ttrans-RuCl(dppe) and
cribed to both diamagnetic [electron density on C(1), the trans-IrCI(PPl‘é)g complexes. In both types, however, the
most electron-deficient at lowest field] and paramagnetic carbon chain is essentially linear, the maximum deviation
effects (HOMO-LUMO gap). Some dependence on the at the carbon atoms being 6.5
extent of the mesomeric equilibrium has also been noted, The six possible resonance forfasF (Scheme 1Bhave
together with influences from the terminal substituents (Ph been considered for Group 6 complexes containing the
versus NMe). :C=C=C=C=C(NMey), ligand, the two ylidic ones being
In NMey derivatives of the Group 6 metal complexes, most important[8]. The short-long-short-long pattern of
there is evidence for restricted rotation about the €)(sg C—C bond lengths in M{C=C=C=C=CR!R?)(CO) [M
bond, replacement by Ph resulting in a lower rotational = Cr, Rt = NEt,, R2 = CMe=C(NMey),; M =W, R!
barrier [8]. For W{=C=C=C=C=C(NMey)2}(CO) (12, = R? = NMey], is rationalised by a strong interaction
M =W) two NMe, singlets are found, which coa- between the NMg groups and the metal centre. Substan-
lesce at—83°C (AG’ﬁtot = 40kJImol?1), indicating that tial contributions from tautomer€—E are indicated by the
the G ligand is a betterm acceptor than the analo- X-ray structure [C(10)-N 1.338(5) >C(8)-N 1.348(6) A in
gous vinylidene (non-fluxional at RT). Similarly with the allenylidene], which shows that the amino N is almost

W{=C=C=C=C=C(NMez)CH=C(NMe,),}(CO)s, AG#, = planar € 359.2). There is a marked alternation in C-C
43, 47 (equlibration of the terminal NMegroups) and bond lengths.
53kJmot! (rotation about the GNMe, bond). For R= Similarly, the ground state of #C=C=C=C=C(NMey)

Me, AG* = 64kJImot L. Again, the results are consistent CMe=C(NMey), (21) is best considered as involving the
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% cumulene G) but dominated by the dipolar mesomeétsJ
k5] 8 (Scheme 14[23]. The structural determination shows strong
e g; Smoe = alternation of the C-C bond lengths and sie@-N bond
. lengths.
) 8%/\ 5 In Mn{=C=C=C=C(SnPh),}(dmpe)Cp, some devia-
i o‘mo’§ g 9 tions from linearity are found in the {hains [angles at C
Nt ST e a9 170.6-175.5(5), with Mn=C [1.769(4) A] and &C bond
lengths consistent with the cumulenic formulatigi].
© However, the terminal ©C bond is longer, at 1.316(5) A
,;i o5 as also found intrans-IrCI(=C=C=C=CPh)(PPL). (see
o} S 5 below).
D 5 o € The structure of the ruthenium complex f&=CC(OC
© 3%,3,20’ % OCR3)=CMey }(PPh)2Cp (6) is variously interpreted as
% D §§; ) S the butatrienylidene “trapped” by the tfa anion, or as the
s 98 893 B8° product of nucleophilic addition of the anion to C(3) of the
S| dd o o 49 cumulene ligand11]. Either way, the subsequent chem-
_ istry of this species is consistent with the intermediacy
\f?’ of the unsaturated carbene complex. The relative stabil-
e z ity of [RuCH{=C=C=C=C=C(CsHsNMes-4),;}(PMe&3)(m-
fﬁ S £ a CeMeg)]™ is ascribed to mesomeric contributions from
g § E g g % three tautomeric forms involving the Nidgroup[26].
sl 22 5 N The iridium complextrans-IrCl(=C=C=C=CPh,)(PP¥,)>
Q I5 582 <2 contains an almost linear IgCchain, with an IFC(1)
S N 'i E 3 § § i,i: distance [1.816(1) A] shorter than that found in the anal-
ogous allenylidenerans-IrF(=C=C=CPh)(PPL), [1.853
D (19) A] or pentatetraene [1.834(5)A]. While the internal
b 5 C=C bonds are experimentally identical [1.283, 1.275(8) A],
% s g the C(3FC(4)Ph separation is longer [1.339(8) A#,22].
a § g o © Solvent-induced spectral changes found foans-IrCI(=
o |2 g & & R C=C=C=C=CPh)(PPL,), indicate contributions from the
T % 6o ) (DR & zwitterionic mesomer.
1L €8 28% do
z|d N N YN W
C|0| dd do4 <4
| - 11. Electronic properties
3l ©
Tla §§ ;:’Z - B Comparison of cumulenylidene complexes shows that
219 015 T § W(CO}s is a betterr acceptor than (OGWC; [8]. Length-
£ ,;lé‘ s ening the chain from €to Cs lowers the energy of the
2|8 8 5§§ 3= LUMO and increases th&+/3— separation. The extra,C
sl =3 S 3 3g unit is considered to have only a marginal effect on the
B bonding compared with the corresponding vinylidene.
= § The relativer-accepting powers of several ligands at-
% = tached taranerCI(PPﬂé)g(M = Rh, Ir) centres have been
5 o1 probed extensively through spectroscopic and electrochem-
N g - % g e = ical studieg29]. Structural (M—C distances) and computa-
g a2 e oza o tional studies (below) are also consistent with the series of
T < s increasingm-acceptor ability
%“’: w| G L=eg : CPh, <: C=C=CPh, ~: C=C=C=C=CPh
g - <: C=CPh < CO
5 28 £ 3
3 g5 2 sS=d
T =ikt %/Q S8z 12. Theory
~8| |E83 586%43
o2l 8§58 85 % [l The electronic structures of several metal complexes con-
S31s13 & taining unsaturated carbenes have been probed using DFT
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Me,N Me,N
C=C=C=C={C= M(CO)5} - C—=C=—=C=—= C={C+— M'(CO)S}
MeoN MesN
[ GV ‘ (B8)
M82N MezN
//c—csc—csc— M(CO)s} <> c=C=C*—C=cC——{M(CO)s}
Me2N+ MesN
[ ©) I (D)
Me,N* Me,N
C—C=C——C==FC—— M(CO)s} -~ ct—c=c—cCc=c——{M(CO)s}
Me,N Me;,N
(B) (F)
Scheme 13.
/NEIZ /NEtZ
{(0C)sM}=Cc=cCc=Cc=cC=CcC NMe, <> {(OC)sM}—C=C—C=C—C N*Me,
/ N\ 7
C=cC c—cC
me’ N me’ \NM
NMe: e
©) 2 H) 2
//N*Etz /NEtz
{(OC)SM'}—CEC—CEC—C\ NMe, <—>{(OC)5M'}—CEC—CEC—C\\ NMe,
/
C=cC c—C
/ \ / Y
Me NMe, Me N*Me,
0] @
Scheme 14.

or other methods. For the series{€(C=),,CH,}(CO)s [31] have been compared using DFT calculations, which show
and specifically fortrans-[RuCl(=C=C=C=CHy,)(PHz)4]™ that while the HOMOs themselves are similar for both
[32,33], the HOMO and LUMO are largely composed of or- molecules, ther(H-Cs—H) ando(Sn—G-Sn) orbitals differ
bitals from the metal fragments and either the occupied or substantially in energy. The latter makes a bonding interac-
unoccupiedr orbitals of the G fragment. The formeris or-  tion with a w-type orbital of the @ chain while the CH
thogonal and the latter parallel, to the plane of the terminal interaction repels ther orbitals. These calculations also
CHy group. Comparison of the Cr and Ru systems shows enabled the observed distortions in the C-C-Sn systems
that the GH ligand is insensitive to the nature of the L [angles 112.0, 122.6(3)for R = SnMe;, H, respectively],
fragment. The HOMO is found mainly on the metal centre to be rationalised.
and C(2) and C(4) (ca. 39, 16 and 19% for Cr, 30, 16 and  The electronic structures tfans-[RuCI(C,Hz)(PHsz)a]*
20% for Ru), whereas the LUMO is predominantly on C(1) (n= 1-8), which are models for several isolated complexes
and C(3) (>70%), with only 13 and 17% on Cr and Ru, re- in the seriegrans-[RuX(C,Rz)(dppe}]* (X = CI, CCPh;
spectively. These results indicate that nucleophilic addition R = Me, Ph;n = 3, 5) and their 1-e reduced products, have
is orbitally controlled, with no selectivity between C(1) and been studied by DFT metho{2,33] In general, the Ru-C
C(3), suggesting that the experimentally observed attack atdistances increase with increasingbeing longer for odd
C(3) is sterically controlled. n than for evem: the asymptotic Ru-C distance is 1.92 A,
A notable feature of the butatrienylidene-manganesei.e. an R&C double bond. Similarly, as n increases, the
complexes described above is the pronounced stability HOMO/LUMO gap decreases, with increasing localisation
of the bis-SnPfsubstituted derivative§l3]. The model on the carbon chain. The HOMO is an anti-bonding combi-
compounds MIfC=C=C=CRy)(PHz)>Cp (R= SnMe;, H) nation of the HOMOs of the carbon chain and metal-ligand
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fragments. Odah systems are thermodynamically more sta-
ble than those with even

13. Reactivity

Analysis of reactivity in terms of orbital control and

charge distribution suggest that the former directs nucle-

ophilic attack to C(odd), although charge control disfavours
C(1), in agreement with experiment which shows nucle-
ophilic attack to occur at C(3) and C(5). Steric protection
of C(1) by bulky PR ligands is also a factor. Electrophilic
attack should occur at C(even) (orbital control) except for
the terminal CH group, but charge control disfavours the
distal carbon. Experimentally, protonation is found to occur
at C(2).

The structures of products obtained by addition of two

M.1. Bruce/ Coordination Chemistry Reviews 248 (2004) 1603-1625

larly in tertiary phosphine-containing complexes, significant
steric protection is afforded to C(1) and C(2), so that reac-
tions occur at the outer carbons.

In complexes{L,,M}(C=C),R, the alternation in reac-
tivity is most pronounced if R is an electron-withdrawing
group. If reactions are under charge control, C(2) is sig-
nificantly more reactive than C(4), i.e. protonation of
Ru(C=CC=CH)(PPR)>Cp would be expected to occur at
C(2), so that the experimental observation of addition at C(4)
is surprising. However, this course may be determined by
the bulk of the ligands attached to Ru [the Ph groups of the
PPh ligands provide a degree of steric protection extending
over C(1) and C(2)]. Alternatively, initial addition to C(2)
may occur, followed by subsequent (fast) rearrangement.
With M(CO),,Cp complexes, the alternation in reactivity is
attenuated, with a net decrease of 30% between analogous

electrons to these systems can be expressed by severdlO and PH derivatives. The oxidatively-induced structural

canonical formulas, some of which involve C{ypr ter-
minal C(sp) atoms, which would be expected to result

in some bending of the carbon chain in the mono-anion.

Calculations gave a bent chain only for= 2 only [with

reorganisations to cumulenes are predicted to proceed best
with C4 chains[15].

Anionic nucleophiles (hard bases; XMeO~, Me;N™)
generally react with the HOMO on C(1) in allenylidene com-

Ru-C(1)-C(2) 149. Calculated changes in bond lengths plexes to give anionic intermediates which can be protonated

include lengthening of the Ru—C(l) bond (but decreasing to vinylcarbenes. Neutral molecules (soft bases, high-energy

with n) and shortening of some C—C bonds, especially lone pairs) add to the LUMO on C(3) to give substituted

C(1)-C(2). For the anions, ready phosphine dissociation is alkynyl complexes. Where carbon nucleophiles are used, a

predicted together with short C(1)-C(2) bonds and signifi- variety of reaction pathways are followed which depend not

cant bending at C(2). only on the nucleophile but also on the ligands present on
Early studies using extended Hiickel methods revealed thethe metal centre.

alternating electron-poor/electron-rich character of the car- In the RuCI(PMg)(n-CsMeg) system (ML, in Scheme

bons with C(1) being the most electrophi[ig4,35] Later, 15), both isomers have been isolated from the interaction

density functional studies have quantified this feature, show- with MeOH, further reaction with water resulting in forma-

ing a rapid attenuation of the effect as the chain length in- tion of the chelate comple£7 mentioned below.

creases beyond four carbons. However, the electrophilicity

of the inner C(1) and C(3) atoms increases with increasing 14, Butatrienylidenes

chain length.

The pattern of alternating electron densities results in
nucleophilic attack occurring at C(1), C(3),. and elec-
trophilic attack at C(2), C(4),.. (Scheme 1p The latter

As expected, electrophiles generally react at C(2) or C(4)
and nucleophiles at C(1) or C(3). Elsewhere, the utility
of allenylidenes as precursors of a variety of metal-bound

can occur to give carbyne complexes. Alternatively, allenyl heterocycles by reaction with difunctional or unsaturated
derivatives can be formed by attack at the M—C(1) bond. nucleophiles has been repor{@6]. Extension to analogous
The bipolar character enables cyclisation (cycloaddition) re- reactions of butatrienylidenes, while presently somewhat
actions to be carried out, e.g., with molecules containing an limited in scope, has shown that these derivatives can also
acidic H and nucleophilic centres. Experimentally, particu- act as sources of unusual compounds. Difunctional protic

HC==C——C==CR,(OH)

{LmM}——X > {LM}=—=C=—=C==C==C==CR,
NuH
Nu Nu
{LoM}=—=Cc=cCc==cC {LmMT}==C,
HC=CR2 HC=C=C=CR2

Scheme 15.
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+
{Cp(Pth)zRu}=C=C=C=CH2]
—_—

HO—H
CHj | + Me
-H* - /
{Cp(Pth)zRU}=C:C:C e {Cp(Ph3P)2RU}_C=C_C\\
OH (@]
(22) (23)
Scheme 16.
HC=CHC6H4RI
H /
{Ru}==Cq&=Cp=Cy —> [Ruy—C=cC—C
Ph \
N N
CeHaR RCeHa

(24) R = H, 4-Me, 3- or 4-NO,, 4-CO,Et;
R' = H, 4-Me, 4-OMe, 4-CO,Me, benzo

R /—

\
N
\ / < \
HC—FPh
{Ru}=ca=cﬁ=cy=cﬁH2I {Ru} = Ru(PPh3),Cp

HC—Ar

/ N\ _ [/

R N\—
N H CgH4R' CgH4R'

N F (5 \<

{Ru}=—=Cq&—Cz==C, N ——> {Ru}—C,=Cg N

(25) R = H, 4-Me, 4-OMe, 3,5-Cl,, benzo;
R' = H, 3- or 4-NO,, 4-CO,Me

Scheme 17.
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CH, |+

+  NRR 4
CKRu(PP)}=—=C=C==C==CH, RS CKRu(PP)}—&/C=C——C
NRyR'
%) (26)
Scheme 18.

nucleophiles may cycloadd to give five-membered rings with FcCH,™ carbonium ior{44].
pendant groups, often with accompanying hetero-Cope or
Claisen-typd3,3]-sigmatropic rearrangements (see below). NMe, +

In the initial account of the chemistry of R C=CH)

CH{Ru(dppm),}=—=C=C=C

(PPh)2Cp, protonation to form the butatrienylidene no—GH
cation is described, but isolation was hampered by the 2 \2
ready reaction of the latter with even traces of water Fc

to give RYC=CC(O)Me}(PPh)2Cp (22) (Scheme 1B
Addition of water to C(3) and C(4) gives the hydroxy

@7

In contrast, secondary amines (NpRr NHRR’) give

(methyl)allenylidene23 which is then deprotonatdd7].

Later studies showed that cycloaddition of aromatic
imines gives two types of products, either l-azabuta-
1,3-dienes %Z4) or 4-ethynylquinolines 25) (Scheme 1y
[37,38] These reactions proceed either by attackpatthe
imine carbon, followed by bond formation between &hd
the ortho carbon of theN-aryl group, or by cyclo-addition

of C,=C; to the N=CH group, followed by ring-opening. A ) :
benzoh]quinoline complex was obtained from PhEN(2- a;frarég%n:ent.N,:;I [élle t:]éllz—éfél\l\/;lq—il—gydro;gbefzy!amlne
Ci10H7), whereas the azabutadienyl analogue was formed 2110rd€ rans-[RuCl{ e(NEp)}(PP)]™ via an

with PhNFCH(1-CyoH7). Some preference for quinoline intermediate ammonio complex.

formation is evident with the more electron-rich metal cen- . AIIIyI-stL_Jbst|t2ugted h?pgo“c dnucleohprllles gdd o gwte
tres, whereas azabutadienes are formed with AHSAF vinyl-cations which undergo hetero-Cope (or hetero-

(Ar = 4-RGsHa, R = Me, OMe). Claisen) rearrangements to form allenylider@® The

Protonation (HBE.OEt) of transRuCI(C=CC=CSi rbestultlng clatlon:c co(rjntp;:exes show _strt:lcturﬁz mtern;r?dlatte
Mes)(dppe} afforded the acylvinylidenérans-[RuCl{=C= etween alkynyls and the mesomeric allenylidenes, the sta-

CHC(O)Me}(dppey]t, most likely by addition of water bility of the former being enhanced by increasing donor
to the intermediate butatrienylidetr@ns-[RuCIl(=C=C=C= power of the hetero-atonsgheme 2[32,43,46] A range

¥ [20_ . — e of substituents is tolerated, but intermedia28swere only
gfé)ﬁdg’(‘;eg)]ﬁpfg 4}D}PRiagggl;]s O;;?;[inﬁ]l( ;S \C/:a ri- isolated with propargyl and tetrahydropyridyl amines. On
ety sz amines oc’cur by_ regios’elective addition tg, C heating, the former smoothly isomerised to the allenylidene,

C . : but the products from the latter were not identified.
which is favourable both sterically and electronically. . . L . :
Thus, NE§ or benzylamines NMgCH.Ar) (Ar = Ph, Diallyl sulfide reacts in similar fashion to givél [46].

directly trans-[RuCH{=C=C=CMe(NRR’)}(PP)]* (28),

the (undetected) intermediate alkynytans-[RuCKC=CC
(NHRR’)=CH2}(PP)]* undergoing fast proton migration

to the terminal CH group GScheme 1P [45]. A range

of open chain and heterocyclic amines was used. Hin-
dered rotation about the C(3)-N bond is found in the
products, but no rearrangements analogous to the Cope re-

CsH4sOMe-3) give the cationic alkynyl derivative26 — me s
(Scheme 18[18,42] On heating (85C), the latter give 2\\
only intractable mixtures. Similar addition of EtSH gave CH
trans-[RuUCl{=C=C=CMe(SEt}(PP)]" by H migration to S—CH,
the termina=CHy group[43]. CH{Ru(PP))==C=C=C(,

With FcCHNMe,, allenylidenetrans-[RuC{=C=C=C 15— cH
(NMe2)CH,CHaFc}(dppm)]* (27) was obtained, being 2 2
formed by rearrangement of first-formeéxdns-[RuCl{C= //CH
CC(NMeCHzFc)y-CHp }(dppm)p] ™ (also isolated as a L HC ]
minor product) by migration of the resonance-stabilised @1

XR,] +
[CI{Ru(PP)}=C=C=C=CH2]+ XHR | cruPP))=c=c=(
\Me

XHR, = NHRj, SHR

Scheme 19.
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+
CHRu(PP);}=——=C=—=C==C==CH,
B RE H.C |+
J 7\
CHRu(PP);}—C=C—¢C CH
+ Hzc_CHZ
R,E—CH,
CHRU(PP),}— C==C c/:/ (\CH —
U _— el _—
2 \\ Vi
CH, CH,
b E.R HoC
(29) CKRu(PP),}=—=C=—=C=—=C CH
H2C_CH2
(30)
Scheme 20.

Addition of dimethylaminomethyl-substituted-, S- and
Se-heterocycles results in the formation of allenylidenes con-
taining 2-methylene-2,3-dihydro heterocyclic substituents
(32) (Scheme 21 [36]. The initial 2-ammoniobutenynyl
derivative slowly transforms (days) at RT into the dimethy-
lamino-allenylidene containing the heterocyclic substituent.

+
Ci{Ru(PP),}=—=C=—=C=—=C==CH,

©)

E

Me,N*—CH,
/</ (

\
CHRU(PP)}— C=C—C C—
2. // E

+
M€/2N H2C\
CHRU(PP)}=—=C=C=—=C %

\ ~E
H,C
/
(32)

E=0SSe R=H
E = O, R = CHOH

R

Scheme 21.

Examples with dihydro-furan, -thiophene and -selenophene
groups were obtained.

Further isomerization by 1,3-proton shift forms the cor-
responding furan or thiophene, a reaction which is quan-
titatively catalysed by strong acids (HBEtO). In the
presence of an excess of HBRhe thiophene is protonated
to a dicationic iminium-vinylidene (or aminovinylcarbene)
(33) (Scheme 2p

Protonation of yellowtrans-RuCI(C=CC=CPh)(dppe)
(HOTfin CH2Cly) results in immediate formation of a bright
red colour, which changes to green within seconds as the
keto-vinylidene cationtrans-[RuCl{=C=CHC(O)CHPh}
(dpped]™ (34) formed. This could be deprotonated to
trans-[RUC{C=CC(O)CH:Ph}(dppe} (35) (Scheme 28
[19]. In the presence of MeOH, addition across the
C(3FC(4) double bond of the butatrienylidene afforded
methoxyallenylidene 36), which was deprotonated to
trans RUCH C=CC(OMe}CHPh}(dppe) (37).

Me,N*

/ Me
CI{Ru(PP)z}—CEC—C\
S
H,C /
/
‘ ‘H+
M
Me,N e[ S 2
C /
_ 7
CI{RU(PP)2}=C—C\ H,
H
(33)
Scheme 22.
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H T+
/
CK{Ru(dppe),}=—C=—=C=—7=C=—7=C
Ph
lMeOH
OMe +
CKRu(dppe),}=——=C=—=C
H2C_Ph
(36)
l NEtz / CH,Cl,
OMe
CHRu(dppe),}—C=C—=C
\
/C—H
Ph

(37

1618
HOTf
Cl{Ru(dppe)}——C=C——C=CPh ——>
H +
/
CH{Ru(dppe),}=—=C=—=C
C—CH,Ph
/
o)
(34)
L dbu / CH2C|2
CH,Ph
Cl{Ru(dppe),}——C=C—=C
N\
o]
(35)
Scheme 23.
Metathetical reactions oftrans-IrClI(=C=C=C=CPlp)

(PPL)2 (10) with 1=, OH™, N3~ (X™) give deep coloured
trans—IrX(=C=C=C=CPI"E)(PP|‘3)2, further transformation
of the hydroxo complex to the phenoxide occuring with
phenol in benzene solutios¢heme 2)4[4,22]. In MeOH,
the hydroxo complex formed the butatrienyl derivative
IrH2(CH=C=C=CPIp)(CO)(PPL) (38).

Methylation at the iridium centre occurs in the re-
action betweenlO and LiMe to give the very unsta-
ble IrMe(=C=C=C=CPh)(PPL),, which with CO gives
trans-Ir {C(=CPhp)C=CMe}(CO)(PPL), (39) by mi-
gratory insertion of the carbene into the Ir-Me bond.
Similarly, insertion into the Ir—h bond gives initially
trans-Ir { C=CC(N3)=CPhy}(CO)(PPk) (40) which rear-
ranges slowly in benzene to give the butatrietydns-
Ir{C(N3)=C=C=CPp}(CO)(PPk)2 (41) [22]. The reaction
with CRRCOzH gives the vinylvinylidenetrans-IrCI{=C=
CHC(tfa)=CPhg}(PP|13)2 (42), i.e. addition of HX to the

Treatment oftrans-[RuCl(=C=C=C=C=CPlp)(dppm}] ™
(9) or [RUCI(=C=C=C=C=CPh)(PMe3)(m-CsMeg)]* (17)
with alcohols or secondary amines in the presence of HBF
resulted in addition of the nucleophilic solvent across the
C(3FC(4) double bond to givé4. In dichloromethane, elec-
trophilic cyclisation of C(3) with one of the Ph groups oc-
curred to give45 (Scheme 25[6,47]. The same complexes
were isolated from reactions betwess-RuCh(dppm} and
HC=CC=CCPh(0OSiMe3), carried out in the presence of
NaPFg, either in MeOH or NHE{, or in dichloromethane,
respectively.

The previously unknown, highly reactive cumulene
1,1-diphenylhexapentaene can be trapped as its rhodium
complex @6) in the reaction between diazomethane 48d
(M = Rh) (Scheme 25[16]. A 1:1 mixture of then?(1,2)
andm?2(2,3) isomers was formed.

CB=Cy bond, rather than the expected nucleophilic attack 16. Reactions implicating cumulenlidene complexes

at Ca. This contrasts with Ru complexes, which add HX
at the G=C3 bond. With HCI, oxidative addition td0
occurs to give butadienyl Irg{CH=CHCCFCPh)(PP¥,)>
(43), possibly via the vinylidendrans-IrCI(=C=CHCCF
CPh)(PPY)>.

15. Pentatetraenylidenes

The Group 6 complexe$2 show pronounced reactivity
at C,, such as the rapid quantitative addition of NHMe
to give M{=C=C=C(NMey)CH=C(NMe,),}(CO) (13)
(above,Scheme B[8].

As mentioned above, the reactivity of cumulenylidene
complexes with even weakly nucleophilic solvents often
results in transformations to complexes containing sub-
stituents with less unsaturation. The reaction between FeCl
(dppe)Cff and HC=CC=CSiMe; in MeOH affords al-
lenylidene [F§=C=C=CMe(OMe)}(dppe)Cp]* by addi-
tion of MeOH to a presumed butatrienylidene intermediate
[48].

Initial attempts to produce a pentatetraenylidene com-
plex by the reaction between Ry(FPMes3)(n-CsMeg) and
HC=CC=CCPh(OH) in methanol afforded the chelate
complex47 (Scheme 2y[25,49] Formation of this deriva-
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cl 1 T P
‘\Il o oc—Ir—cH
C|/'r \\ P Il-i \C
P CH \c
cic (38) \Cth
MeOH
43) CPhy HCl (X = OH)
/P ,P
C|—7|r' C=—=CH x—/n’ C=—=C=—=C=—=CPh,
=)
Cc==cCPh, P T
0 X
CF3COy”
C—CF3 P
o// CI—/Ir' C==C==C==CPh,
P
42) (10)
CO_ LiMe
(X=Ng) (X=cl
P N3
co—I l c=c—cC P
— W—Cc=c—
/ \ Me—Ir'==C==C==C==CPh,
P CPh, &
(40)
CMe
4
P /N3 P c
oc—ii—¢ co—Ir—c¢C
/ \ /
P P
c\ CPh,
\c (39)
(41) CPh;
Scheme 24.

tive is considered to occur by attack of MeOH at C(1) and
water at C(3), followed by ketonisation of the resulting
enol.

While the reaction of RuGK(PPhCH2CHz)3N} with
HC=CCPRh(OH) affords the expected allenylidene com-
plex, a similar reaction with HECC=CCPh(OH) gave
an allenylidene, namely [Ru¢GkC=C=C(OMe)CH-CPh}
{(PPRCH,CH,)3N}]*, possibly formed by addition of
MeOH at C(3) and C(4) of the intermediate pentatetraenyli-
dene derivative [RuCKC=C=C=C=CPh){(PPhCH2CH>)3
N}]* [50].

Oxidation of trans-RuCI(C=CC=CSiMe3)(dppe} gave
a mono-cation which has a structure containing a significant

contribution from the cumulenic form{Ru}=C=C=C=C
SiMes]™, while the parent butadiynyl is highly reactive.
Chemical oxidation ([FeCJ*t, one-half equivalent) af-
forded the dark purple cyclobutenylidene cati8) proba-
bly via a [2+ 2]-cycloaddition of the butatrienylidene with
the diynyl complex[51]. A related intermediate has been
postulated to add to allenylidene complexes to give binuclear
complexed9 containing a seven-carbon bridggcheme 28
[51]. Related chemistry has been found in the Ru
(dppe)Cy series, reactions of RUEECC=CSiMes)(dppe)
Cp* affording a mixture of substituted cyclobutenylidenes
and ethynylvinyl-allenylidenes analogous #8 and 49
[52].
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{Ru} = Ru(PP);, Ru(PMe3z)(n-Ce¢Meg)

Y = OR, NR;

[ cRuy=c=c=c=c==cph, | *

HBF4/ YH

C{Ru}=—=c=Cc=¢C

HBF,4 / CH,Cl,

Y + +

HC==CPh,

CK{Ru(dppm),}=—C=—=C=—7=C

(44) =
L Ph |
(45)
Scheme 25.
CH,
PPriy PrigP C//
.7 CH,N, it
Cl—Rh=C==C==C==C==CPh, ——%2—»  c—=Rh---- ||
i / C
PrisP PrigP \
C
(19) N\
2\
(6) CPh,

{(n-CeMeg)(PMe3)RuU}Cl,

(47)

17. Binuclear butatrienylidenes

An alternative type of complex

Scheme 26.

HC==CC=CCPh,(OH)

NaPFg / MeOH

OMe
/ OMe +
/C |
(n-CeMeg)(PMeg)Ru N\ H,0 _
O\C/ at C(3) c|;=c=c=cph2

\ H
C==CPh,

- H -

Scheme 27.

50 quantitatively. The methyl-substituted complexes
[{Cp*(PP)F§=C=C=C=CMe{Fe(COX»Cp*}]OTf (52) ob-
has been obtained tained from similar reactions with methyl triflate were

by protonation (HBE.OEb) of the diyndiyl complexes  somewhat more stable, but all complexes are light and
{Cp*(PP)F@ C=CC=C{Fe(COX»Cp*} (50; PP = dppe, air-sensitive purple solids.

dippe) to give the novel butatrienylidendp*(PP)Fg=C= Addition of the electrophile to the carbon bearing the
C=C=CH{Fe(COXCp*}]BF4 (51) containing a metal-ligand  Fe(CO»Cp* group was confirmed by tHéC NMR spectra,
fragment at each end of the,Cchain Scheme 2p in which this carbon showed a larggCH) coupling (ca.

[5]. Deprotonation of51 occurs with

dbu to give back 180Hz). The anticipated down-field shift of the other Fe-
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H

/° /N '
Cl{(dppe)zRu}—CEC—C/ \C=C=C={Ru(dppe)2}C| ~—— Cl{(dppe),Ru}=—=C=—=C==C \C—CEC—{Ru(dppe)z}CI
\C/ \c/
Ho Ha
(48)
’ [FeCp2]*
Cl{(dppe);Ru}—C=C—C=C—R
j [CKRu(dppe),}=C=C=CMe,]*
Me Me Me Me +
I I I I
NN - AN 7N
. Z° Ic c\C . ~C cl: Cko
Cidppe)oRuy” H N (Ru(dppe)sic Cl{(dppe);Ru} H N Ru(dppe)aic

(49)

Scheme 28.

bonded carbon to ca.260 [showing)(CP) ca. 35Hz]isalso  deprotonation (either chemically or by further electro-
characteristic of this formulation. The IR spectra contained chemical oxidation) $cheme 30 The redox properties of
V(CCC) absorptions ata 1950 cnT?!. Similar features were  [{Cp*(PP)F&=C=C=C=CH{Fe(CO}Cp*}]* involve two
found in the spectra of the methylated complexes. Further processes at1.13 (irrev.) and+0.40V (rev.) (for51-dppe)
evidence is found in the Mdssbauer spectra which showand at—0.88 (irrev.) and+0.35V (rev.) (for 51-dippe)

parameters similar to those found for FeMe(@Cyp* and
[Fe{=C=C=CMe(OMe)}(dppe)Cp]™.

The G complex contains both electron-donating and
electron-withdrawing end-groups, resulting in some po-
larisation of the carbon chain. This is reflected in the
site of addition of the electrophile. Since it is consid-
ered that the oxidised comple®(* acts as a molecu-
lar wire, with electronic transmission occurring between
the electron-rich and electron-poor ends of the dbain,
addition of the electrophile to give5]]* switches off

the electronic exchange, a process which is reversed by

PP = dppe, dippe

{Cp*(PP)Fe}—— C=C——C=C——{Fe(C0),Cp*}
(50)
+
-H E*
(dbuy)
E +
{Cp*(PP)Fe}=—=C=—=C=—=C=—C
{Fe(CO)Cp*}

E = H(51), Me (52)

Scheme 29.

[4]. The methylated comple®%2-dppe shows a wave at
—1.13V, and reversible processes-a0.40 and+0.28V

are found for the dppe and dippe complexes, respectively.
The radical dications apparently decompose in50]{

by loss of a proton§cheme 2B The UV-vis spectra of
[{Cp*(PP)Fg=C=C=C=CH{Fe(CO»Cp*}]™ contain an
absorption at 520-550 nm which is assigned to charge trans-
fer from an orbital on the Fe(dppe)Cfragment. Rapid de-
composition in solution gives a new, presently unassigned,
absorption between 800 and 900 fsh.

In the ruthenium series, protonation of the diyndiyl com-
plex gives only the bis(vinylidene) from which it was origi-
nally obtained. Characterisation of the monoprotonated com-
plex has not yet been possible. However, in the case of
the mixed Fe—Ru derivativéCp*(dppe)Fé C=CC=C{Ru
(PPHh)2Cp}, a purple solid is formed. NMR studies show
that solutions contain two species, one of which is fluxional.
More detailed studies are necessary, but one interpretation
is that rapid shuttling of the proton between the Fe—C and
Ru—C termini of the @ chain occurg53].

Attempts to make € chains with Group 8 metal-ligand
end-groups by using reactions analogous to those which
afford mononuclear pentatetraenylidene complexes gave
instead compounds containing asHC ligand bridging
two metal centres. Thus, spontaneous dehydration of
CH(OH)(C=CH); in reactions with [M(PP)C{p* [M = Fe,
PP= dppe, Cp= Cp*; M = Ru, PP= (PPh),, Cg = Cp;

PP = dppe, Cp = Cp*; M = Os, PP= dppe, Cp = Cp]
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H + H*
{Cp*(PP)Fe}=C=C=C=C/ : {Cp*(PP)Fe}— C=C—C=C—{Fe(CO),Cp*}
{Fe(C0),Cp*} +H*
(50)
(51)
-e +e e
/ . 2 *
{Cp*(PP)Fe}=C=C=C=C A > {Cp*(PP)Fe}— C=C—C=C—{Fe(CO),Cp*}
{Fe(CO),Cp*}
([501%)
Scheme 30.
() AgBF H 2+
4 ;A \
MCI(PP)Cp' - L=C={M(PP)Cp?}
||'| {Cp'(PP)M}=C=C=C\
(i) HC=C—C—C=CH H
OH
(53)
+
{Cr(PPIM} ~M(PP)Cp?} * {Cp'(PP)M}\ ~{M(PP)Cp}
N Z° -~ Cs 2°
N Cc. .C CQ _C
C C
H H
(54)

M(PP)Cp' = Fe(dppe)Cp*, Ru(PPh3),Cp, Ru(dppe)Cp*, Os(dppe)Cp

Scheme 31.

gave initially [{L,,M}=C=C=CHCH=C={ML,,}]>t (53)
which could be deprotonated to forrL],,M }=C=C=CHC
=C{ML,}]" (54) on basic alumina Ycheme 31
[54-56]

18. Role of cumulenylidenes in bimetallic systems

While many examples of binuclear allenylidene deriva-
tives have been described, we are not aware of any contain-
ing higher cumulenylidene ligands. Complexes containing
carbon chains end-capped by various metal-ligand combi-
nations continue to attract great inter¢s?]. Of interest
in the present context are the various electronic arrange-
ments which have been described. For even-numbered car-
bon chains, structures based on metal-alkynyl, -carbene or
-carbyne connections can be written, examples being known
for all three formulation& —M (Plate 3. For odd-numbered
carbon chains, the symmetrical bis(alkynyl) formulation is
not an option, at least one metal centre necessarily be-
ing attached via an M—C multiple bond. Two representa-
tions can be written, involving either alkynyl-carbynid)(
or bis(carbene)®) arrangements. Again, examples of each
have been described.

Even-numbered carbon chains

{LmM}— (C=C)y—{MLp}

(K)

{LmM}=(C=C)y=—={MLp}
(L)

{LnM}=(C—C)n={MLn}

(M)

Odd-numbered carbon chains

{LnM}— (C=C)h— C={M'L"y}

(N)

{LnM}==(C=C)y=C=—={ML"}

©)

Plate 2.
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Consideration of the various mesomeric forms which as the first structurally characterised butatrienylidene com-
are then possible shows that cumulenylidene formula- plex. Subsequent reaction with CO gavesRus-CCCCH)
tions are important contributors, particularly when there (w-SMep(u-PPh)2(CO)1 (58). The G ligand interacts
is the opportunity for some polarisation of heterometal- with either four or five Ru atoms, respectively, %7 and
lic M—C,—M’ chains. Such changes can also be achieved58, the former being electron-rich (80 cluster valence elec-
by redox reactions, a well-known example being the bin- trons) which results in an expansion of the cluster (Ru—-Ru
uclear complexes containing4Qigands end-capped by separations 2.942-3.070 A&7, 2.830-2.943 A ir68) [10].

? ch\

¢ Ru(CO
\C/ e \ / u(CO)s

[Ru [R ] I
pth/\ / Pth
[RU]

[Ru]— A —[Ru] SMe

PhaR thp\ / /

MeS SMe
TRy

[Rul = Ru(CO), SMe

R = SiMes (56), BU', H (57) (58)

Group 7 or Group 8 M}, combinations, which have The reaction between B(CO);> and {Fe(CO»Cp*}2
been shown to lose up to four electrons during electro- (,,-C=CC=C) has giver9, in which the carbon chain ap-
chemical experiments. Although all five oxidation states pears to be intermediate between the cumub9aeand the
have not yet been isolated, structural studies of the serieszwitterionic formulation59b, and60, for which the cumu-
[{Ru(dppe)Cp}2(n-C)]™" (n = 0-2) show a continual |enic structure has been determiriéd]. Mixed Fe—Ru ana-
trend towards the dimetalla-cumulene form in the dication |ogues have been prepared frdi@p*(OC)Fe} C=CC=C
(Scheme 3p[58]. {Ru(COYCp*}.

Similarly, the G and G complexes obtained by re-
actions of Li(G=C),Re(NO)(PPB)Cp* (n =1, 2) with

Mn(CO)(m-CsXs) (X = ClI, Br), followed by treatment (Co f;%o)op*

with [OMe3]*t and BR, have properties (IR, structural) / \

consistent with cumulenic formulations suchStsfor the \ = co

bridging ligands[59,60]. A recent review has summarised \ /

the chemistry of these complexes in more detail than is (CO)SRu Fe

possible herg57]. (CO)Cp*
(59a)

[(n-CsCl5)(OC),Mn} == C(==C),==C==={Re(NO)(PPh3)Cp")]*

(55)n=1,2 I

(oo (CO)Cp*

- o—c_c———c(Fe\co
\ \/

19. Cluster complexes

The chemistry of cluster complexes containing al- (CO)SRU—RU(CO)a (CeO)Cp
lenylidene ligands is now being developed extensively, (59b)
but few examples of compounds containing longer car-
bon chains are known. These were obtained from reac- (CO)Cp*
tions of Ru(Co)(p-SMek(p-PP)2(CO)1, which con- /Fe\ Fe(CO),Cp*
tains an exposed Lligand [61] with C»(SiMe3),. Partial C=—C=—C=—C=—
proto-desilylation, isomerization to the vinylidene and addi- \\ / H(0C)s. \
tion to the G fragment afforded Ri{u4-CCCCH(SiMe)} 4 i Ru LS C==C—Fe(CO.Cp"
(n3-SMe)(-SMe)(u-PPh)>(CO)p (56) as a mixture of (CO)Cp* (oo)shu/ d
two isomers. Further desilylation (KOH/MeOH) gave N

RuUs(p.4-CCCCH)(3-SMe) (u-SMe) u-PPIp)2(CO)o (57) (60)
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