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1. Introduction, Classification, and General
Considerations

Organometallic chemistry, which concerns com-
pounds having metal-carbon bonds, is still expanding
rapidly. The simplest molecules are those which con-
tain just one metal atom, the mononuclear compounds.
The metal may be uniquely attached to a single carbon
atom, the s-complex, and these are classified according
to Table I. Alternatively the metal may be attached
more or less equivalently to two or more carbon atoms,
the w-complex (n® to 7%), which are best known for
transition metals,! although (for example) 55-cyclo-
pentadienyls of several main-group elements are well-
documented.

In this article we are particularly concerned with
binuclear transition-metal complexes in which the two
metal atoms are bridged by one or more hydrocarbyl
or hydrocarbon ligands, or a simple derivative such as
-CFy- or -CH,PR,CH,-. Reference will occasionally
also be made to tri- or oligonuclear transition-metal
complexes, which are examples of metal clusters, but
these will not be discussed extensively. A recent survey
deals with electron-deficient p-alkyl and related u-hy-
drocarbyls of main-group metals.? We shall also not
discuss simple binuclear metal carbonyls or other topics
dealt with in recent reviews (Table II).

In sections I-XI the literature is covered to the end
of 1980. Section XIII (with an appendix, added at the
proof stage, and textual additions elsewhere) and Tables
IVa-XIIla update the available information to the end
of 1982.

Di- or oligonuclear transition-metal complexes having
p-hydrocarbyl or u-hydrocarbon ligands have, for the
majority of types, only become prominent in the very
recent past; others, such as the u-CO dimetallic com-
plexes [Fe,(CO)g] have a longer history. Many of the
compounds have structural interest and often are
among the exotica of organometallic chemistry. They
have significance for theories of (a) bonding, (b) mo-
nonuclear metal hydrocarbyl decomposition pathways,
(c) certain organometallic mechanisms, e.g., fluxionality
of ligand exchange (section XII), and (d) of catalysis,
e.g., in Ziegler-Natta a-olefin polymerization.

As for (d) a recently fashionable view was that ho-
mogeneous catalysis by metal cluster compounds might
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TABLE I. Classification of Mononuclear Organo Transition-Metal o-Complexes

hybridization ref where
of ligating available (or
ligand C Atom examples recent paper)
1. alkyl sp* [Hf(CH,SiMe,),] a, b
[T
2, ylide sp? [Cr{CH,PMe,CH, },] ¢
3. alkenyl sp* [Cr(CPh=CMe,),] d
4, aryl sp? [Lu(C H Me,- 2 ,6).1° a, e
5. carbene sp? [W{C(OMe)Ph}(CO) 1, f
T 1
trans- Rh{CN Ph)CH,CH,NPh} Cl(PEt,),] !
6. acyl sp* [Re(COMe)(CO) ] g
7. iminoacyl sp? [Zr {C( NTolp)Me}Me (n-C,H,),] h
8. alkynyl sp trans- [Pt(C =CPh)Cl(PMe, Ph) ] {
9. ketenide sp Agzc O(p j
10. vinylcarbene sp fc C(CN) }(n-C,H,)CI(PPh,), ] 2
11. carbyne sp trans [W(CPh)(CO),I ] !
12. carbonyl sp [Ni(C0O),] m
13. isonitrile sp [Fe(CNBu-t),] n

@ Davidson, P. J., Lappert, M. F.; Pearce, R, Chem. Rev. 1976, 76, 219. ° Schrock, R. R.; Parshall, G. W. Chem. Rev. 19786,
76, 243. ¢ Schmidbaur, H. Ace. Chem. Res. 1975, 8, 62; Pure Applied Chem. 1978, 50 19. d Cardm C. J.; Cardin, D. J.;
Roy, A.J. Chem. Soc., Chem. Commun. 1978, 899. € Marks, T. J. Prog. Inorg. Chem 1978, 24, 51, fCardm D. J
Cetinkaya, B.; Lappert M. F. Chem. Reuv. 1972 72, 545, Brown F. J. Prog. Inorg. Chem. 1980 27, 1. gWO]CleI A Aduv.
Organomet. Chem 1973, 11, 87. " Lappert, M F.; Milne, C. R. C ; Luong-Thi, N. T. J. Organomet Chem. 1979, 174, C35.
i Cetinkaya, B.; Lappert, M. F., ; McMeeking, J.; Palmer D. E.J Chem Soc., Dalton Trans 1973, 1202. / Blues, E T.,
Bryce-Smith, D Kettlewell, B Roy, M. J. Chem Soc., Chem. Commun,. 1973 921. * King, R. B., Saran, M. S. J, Am
Chem. Soc. 1973 95, 1817, Fxscher E. O, Schubert U. J. Organomet. Chem 1975, 100, 59. m’ Stone, F. G, A,; Abel, E,
W. Quart. Rev. 1970, 24, 498, “Transmon MetalClusters”Johnson B.F. G, Ed,; Wlley New York, 1980. n Treichel, P. M.
Adv. Organomet. Chem. 1973, 11, 21. Bassett, J.-M.; Green, M _; Howard, J. A, K.; Stone, F. G. A.J. Chem. Soc., Dalton
Trans. 1980, 1779.

TABLE II. Recent Reviews Relevant to u-Hydrocarby! or u-Hydrocarbon Binuclear Transition-Metal Complexes

section of

subject/title” this review ref !
bridging phosphorus ylides IT 9
bridging 1,1-alkylidenes (CH,N, as reagent) III 35
dimetallacycles IL I, IV, VI, VIIT «a
bridging 1,1-alkylidenes and 1,1-alkylidynes III, IV b, ¢
organometallic aspects of Fischer-Tropsch chemistry I, Iv, v d
alkali-metal-transition-metal complexes V, X e
Ziegler-Natta catalysis V, X, XII 187
complexes with a bridging unsaturated ligand VI-IX q
bridging n-allyls and n-cyclopentadienyls VIII f
bridging pentalenes VIII g
coordination chemistry of allenes IX h
carbonyl-cobait complexes derived from alkynes IX i
bridging acetylenes in M, and M, complexes IX j
n-C;H,-CH,-C.H,-n-Co, complexes XI k
Fischer-Tropsch reaction XII 205-208, 218,/
olefin metathesis XII 195
metal clusters XII 202, 203, m
bridged hydrocarbyl intermediates in catalysis XII 180, 185, n
1,1-alkylidyne-Co, Clusters s 98
main-group metal organometallic complexes with electron-deficient bridges s 2
complexes with bridging carbonyls s o)
complexes with bridging isonitriles s
carbido cluster complexes s 209

¢ Dyke, A. F; memore S.R.; Knox, S. A. R.; Naish, P. J.; Orpen, A. G.; Riding, G. H.; Taylor, G. E. ACS Symp. Ser.
1981, 155, 259. Ashworth T. V Chetcutl M. J.; Farrugna L.Jd.; Howard 4. A K, Jeffery,J C.; Mills, R. M., Pain, G. N ;
Stone F. G A., Woodward, P. ACS Symp Ser 1981 155, 299 ¢ Stone F. G A. ACS Symp. Ser. 1982 in press
Herrmann Ww. A Aduv. Organomet Chem. 1982, 20, 159 4 Herrmann, W A. Angew. Chem., Int. Ed. Engl. 1982, 21, 117.
€ Jonas, K.; Kruger, C. Adv. Organomet. Chem. 1980, 19, 520, fWerner H. J. Organomet. Chem 1980, 200, 335, Adv.
Organomet. Chem. 1981, 19, 155. ¢ Knox, S. A. R.; Stone, F. G. A. Adv Organomet. Chem. 1974, 7, 321. h Bowden, F.
L.; Giles, R. Coord. Chem. Reuv. 1976, 20, 81 'chkson R S.; Fraser, P. J. Coord. Chem. Reu 1974 12, 323, J King, R
B. Arm N.Y. Acad. Sci. 1977, 295, 135 k Bergman, R. G. Acc Chem Res. 1980, 13, 113. Masters C. Adv. Organomet.
Chem. 1979, 17, 61. '™ Band, E.;Muettertles E. L. Chem. Rev. 1978, 78, 639. Klng, R. B. Progr. Inorg. Chem. 1972, 15,
287. Gladfelter, W.; Geoffroy, G. L. Adv. Organomet. Chem. 1980, I8, 207. Chini, P. J. Organomet. Chem. 1980, 200, 37.
Muetterties, E. L. Ibid. 1980, 200, 117. " Wilke, G. Pure Appl. Chem. 1978, 50, 677. Ugo, R. Catal. Rev. 1975, 11, 225,
2 Colton, R., McCormick, M. J. Coord. Chem. Rev. 1980, 31, 1. P Yamamoto, Y. Coord. Chem. Rev. 1980, 32, 193.
Treichel, P, M. Adv. Organomet. Chem. 1973, 11, 21. 9 Nesmeyanov, A. N,; Rybinskaya, M. I.; Rybin, L. V., Kaganovich,
V. 8. J. Organomet. Chem. 1973, 47, 1. " Entries in this column are intended to indicate the scope of the cited review in so
far as it apertains to the theme of the present article. ® Additional to review but covering closely related material. ! Refer-
ence numbers in this and subsequent Tables refer to bibliography (section XIV),
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not only reveal unusual chemistry and reactivity by
means of cooperative effects, but could also provide
models for well-known although ill-understood hetero-
geneous catalytic systems. Enthusiasm for this cause
is on the wane, largely because it has been difficult to
substantiate all but a handful of claims for such ho-
mogeneous cluster catalysis (i.e., systems in which the
cluster retains its identity), the most important positive
result being the potentially industrially important
conversion of carbon monoxide and hydrogen into
ethylene glycol, e.g., using [Rhy(CO),,].> We shall not
pursue this theme here, since we are mainly concerned
with bimetallic rather than cluster systems. However,
the search for bimetallic catalysts, having two, possibly
different, metal-substrate binding sites is an exciting
prospect. Synthetic problems are considerable and an
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important objective of this Review is to reveal these.
Tables of compounds are a significant feature of this
work and have the following functions: (i) to identify
the known compounds, which for each ligating mode
are listed according to the nature of the central metal(s),
using the Periodic Table as the basis for subdivision;
(ii) to indicate the method of synthesis; (iii) to note
which physical methods have been used in their study;
and (iv) to provide the appropriate references.
Bridged hydrocarbyl or hydrocarbon binuclear com-
plexes may be classified in various ways. We prefer to
adopt a method based on the nature of the ligand rather
than the metals (see Table III). Thus, sections II-XI
relate to various types of thermally robust and generally
well-characterized complexes, whereas section XII
concerns the now quite numerous organometallic re-
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TABLE III. Classification of Bridged Hydrocarbyl or Hydrocarbon Transition-Metal Complexes
bonding
characteristics
section ligand type examples of ligand of bridging C’s examples of complex
II u-vicinal (1,n;n > 2) -CHz'CHzA (sp3)2, 0,0 [Zrz(n'CsHs)4(#'CH:CH1)(ClAlEt3)2]
alkylidene and related ligands ~CF,-CF,-CF (sp®)?, 0,0 [Mn,{x-C,F,)(CO),,]
:'\. [
/Z§> ) sp°, 5%, 0, 0 [Fe,(s-C,H,F,)(n-C,H,),(CO),]
-\ Hy
=
£

111

v

VI

Vi1
VIII

u-geminal {1,1-)
alkylidene

w-geminal (1,1-)
alkylidyne

u-alkyl

u-aryl

u-alkenyl

u-metallocyclopentadienyl

u-alkynyl

u-allyl and related compounds

wu-cyclopentadienyl

w-acetylene

u-hydrocarbyl main-group-
transition-metal

p*-bis(carbene)

u*-bis(carbyne)

RR'R"C

R-C=C-R’

e.g., RRR"'C

e.g., CH,-CH,

=C(Z)C=
“C(Z)C

(Sp2)27 0) o
(sp?)?, 0,0

(sp*),> 0,0

(sp?),0,0,n
(sp*)?

(sp®)*,0,0,0

g, 0

5

(sp*)*, 0,0

(sp*,p), o, 7

(sp*,p)’, 0,7

(sp, p)yo,

(sp’, p)?, o, 7

(sp®)?, 0, 0 (oOr m,m)

(sp’) 0,0

(sp*)?, 0,0
(sp?)? 0,0
(sp)?, 0,0

[F
[c

ez(“'C4H4)(’7'CsHs)z(co)
02(“'CeH4)(dmg)z(PPh3)2

[Fez(“'CHz)(”'co)2(CO)6]

Me

MesSiCHp

[C

i

L

T\Mes

35\CH2\ /C\ 2
NG, Nb
AN N

|
SiMey
0,(4-CR)CO),]

AP
Me

~Cahig)

.
Au-PPhy

[BFa)
Au-PPhy

[Fe,(u-CH=CHBr)(u-Br)(CO),]

(c

S
O)zFe

Fe(CO)s

CHZSiMey

CHpSiMesy

(- CaHig!

~:5,<5]\ /Me\ /: WCs“s)}

]

]

[Fe,{u-C=CPh} (s -PPh,)(CO),]

CHp— CH==CH,

Pt{a
P cac)]

C.H):.l

[(acac) Pt
CH2=CH-CHZ
TOZMe
COMe
) Lo
L(v-CgHsHCO)Fe\—j‘—/—Fe(CO)M-C5H5)}
C7 CHMe
0
[MO{M-C3H5}7(77- 3
{(PPr-1y Pd(PPr-/3)
{tPPr VJPd\Br/ 4(PPr-/3)]

——

{

| e

[«coisCo

{

Q
o

[(v‘csHs) Me,

Tll
ng

o

T

7

CF3

¢=C¢ co
7-CsHs) N
\Rh/ Rh

(n-CsHs)

N/

7 ~CgHg) Me

i(n-05H5)221<C(‘:H2—CH(AIEiz)Z]

[WE(/J.2-CC(,H‘,C-1))(CO)S(BI‘)2]
T -
(Cr, {u*-C(OEt)(CH,C,H,CH,-0)C-

|

(OEH}(CO),]

N
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@ There is considerable difficulty in unambiguously classifying the bridging ligands in a number of complexes. For example,
the three representations (A) (allyl), (B) (alkenyl), and (C) (alkylidene type) are useful in describing various aspects of the
structures, spectroscopic data, and reactions of the complexes [Ru, {u-n*,n*-C(0)CPhCPh}(1-CO)(CO)(n-C,H;),1,**® [Fe,(u-
n',n3-C(COOMe)C(COOMe)CHMe )(u-CO)CO)(n-C,H,),1,'** and [Ru,(u-n',n*-CMeCMeCH, )(u-CO)(CO)(n-C,H;),1,*! and
their analogues. The authors expressed no particular preference for any of (A), (B), or (C). For some complexes our cate-
gorizations have, in consequence, been somewhat arbitrary and readers are cautioned that apparently related species may be

differently located in the tables that follow.

RZ

.

/C

1
R\//c\\ 3.4 AN
ICRR -

M M M M M
A C
actions in which bridged dimetal complexes are believed - C/CP" (THF)4
to be implicated as intermediates. The compounds //\ OMIO—___
considered in sections II-IX are generally homonuclear {C0)3C6—Co(CO)3  {COISMC CM(CO)g
(although in sections II-V we shall cover the special case v CHalo-CeHalCH,
of bridges between a transition metal and aluminum), VI

while section X concerns the particular heteronuclear
complexes in which one of the metals belongs to the d
or f block elements whereas the other is a main-group
metal, often Li or Al (except for those covered in sec-
tions II-V). The bridging ligands discussed in sections
II-1V are polyanionic, e.g., CH,CH;™ or CHy*", or CH®;
those in sections V-VIII are monoanionic, e.g., CHy
(with o—,0— connectivities to each metal), CH=CH,
(o-,7), CH,—C==CH (0—-,7-), or "CH,—CH=CH,
(o-,m). Section IX refers to complexes in which the
bridge is neutral, e.g., CsH, (benzyne) or CH=CH. As
to whether the ligand to metal bonds are described as,
o—,0— or m—m— is largely a matter of taste; our preference
is marginally for the former. Thus, it seems convenient
to describe (u-acetylene)dimetal complexes as di-
metallatetrahedranes, e.g., I for [Coy(i-CoPhy)(CO)g].

Ph Ph
/ C\
--=Co{COl3  (COxCoz-—|-—= ColCO)3

CoTe0ls ScolCols

I I III

Co(CO)3

(CONCHz-- |-==Ca(CO;
cofcors

Phci-

PhCz-—|=-= CcPh
\CO@H

v

The relationship to a trimetalla or tetrametalla ana-
logue, e.g., IT or ITI, then becomes clear, and this focuses
on an interesting challenge—the synthesis of the re-
maining organometallic member of the series, e.g., IV;
two complexes of this type are known: [M(CyPhy)-
(PPhy),]* (M = Ni* or Pt%). The usefulness of de-
scriptions of this type will also become apparent in later
sections, particularly those dealing with bridging al-
kylidynes where identifying u,-CR species as di-
metallocyclopropenes allows a simple understanding in
organic chemical terms of their preparation from mo-
nonuclear complexes (metallaalkynes) and their con-
version to u3-CR complexes. (In adopting this method
we are following the Isolobal Relationships originally
described in 1938% and more recently revived.”) The
more traditional formulation is the =—,7— mode, as in
V. There seems to be, as yet, only isolated examples
of a bridging neutral bis(carbene) ligand, as in VI (M
= Cr or W) % [Mu{u-C(Ph)OC(Ph)-}(n-CsH;),(CO),4] [M
= Mn (X-ray) or Re],® (two other examples are in

Table XIII), or a bridging bis(carbyne) ligand [Mj(u-
p-CCgH,C-)(CO)gBry] [M = Cr or W (X-ray)].%
Alternative or complementary methods (i)~(viii) of
classifying u-hydrocarbyl or u-hydrocarbon polymetallic
complexes are worth noting based on: (i) the number
of metal centers—here we are particularly concerned
with binuclear complexes rather than higher aggregates
or clusters, (ii) homo- or heteronuclear assemblies, (iii)
the number of bridges between the two metal centers,
(iv) the number of metals connected to a bridging lig-
and, (v) homo- or heterobridges, (vi) bonding charac-
teristics, e.g., (¢—,0-), (0—,7-), (7—,7-), electron-precise
or electron-deficient, (vii) the number of carbon atoms
separating the two metal centers, and (viii) bridges
which incorporate atoms other than C. As for (iii),
complexes may have a single-, double-, or triple-ligating
atom, as in VII, VIII, or IX. As for (iv), a bridging

Me
Si >
A
. Cu Cu
£ N
Me_,'éiCij{ /CHZSiMe;g [Yin -CsHsla(pu-MelAlMe; ]
Cu Cu VIII
N,/
CHZS Mes
vl
Me3P. CHz PMes
MesP—Ru——CHa—Ru—PMe;
MesP CH, PMe,

1X

ligand may be shared by two metal centers, e.g., VII-IX,
three metal centers as in II, or four to six metal centers
as in carbido complexes such as [Feg(CO)(u-C)].

II. u-Vicinal (1, n; n = 2) Alkylidenedimetal and
Related Complexes [M—(C<)-M']

A. Stoichlometry, Structures, and Bonding

As evident from Table III the compounds considered
in this section have o-connectivities between each metal
atom and each of two vicinal carbon atoms of a biden-
tate dianionic organic ligand, the two metal-carbon
assemblies being essentially 2-electron 2-center bonds.
Well-characterized compounds are listed in Table IV.
The bidentate hydrocarbyl ligand may have function-
ality, e.g., "CH,C(:0)CH," or the ylides "CH,PR,CH,".
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[CH"D-4)(0D)ed =dy]
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y Hﬂvw poredaad osje + [HOD)CH D-WoqleNT .___ﬁﬁoa:n:wupm_
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The latter are not discussed further here, since excellent
reviews are available,? but an example of a derived
dinuclear complex is compound X, for which there is

€tz
CHy—P—CH,

A’u Ay

CHy— P~—CH
Etp 2
X

crystallographic supporting evidence,!° as there is for
[Tig{[d.-(CHz)2PMe2}2(M'OMe)2(OMe)4],11 and [Cl‘g{ﬂ'
(CH,),PMe,}4].1? Some further binuclear complexes
have the bridging ligands Me,*As(CH;), or Me,Si-
(CH;),. Thus, treatment of [Au(AsMe;)Cl] with 2 mol
ASMe3CH2 furnished [A\l2{[.l-(CH2)2ASMeg}2] with elim-
ination of AsMe; and [AsMe,]CL,10 whereas [Mooju-
OCOCH3)y] with an excess of Mg(CH,SiMes), and PMe,
yielded [Mog{u-(CH,),SiMe,}(CH,SiMeg),(PMejg),];18
X-ray analysis showed that both the CH,SiMe; groups
were attached to one of the molybdenum atoms with
three PMe; groups on the other.!4

It is to be expected that some of the factors which
influence the stability of these compounds are similar
to those governing mononuclear transition-metal hy-
drocarbyls.’® It is not surprising therefore that, for
example, vicinal dialkylidenedimetal complexes having
B-hydrogen atoms are somewhat rare, as 8-hydride
elimination may be a favored decomposition pathway
unless the metal environment is somewhat crowded.
Additionally, the transition state for -elimination is
quite sterically demanding and also requires a readily
available metal coordination site, and this may account
for the existence of compounds such as XI'6 or XII (n
= 3-4).17 The relative abundance of perfluoro bridged

[{Zr(ﬂ'csHs)zggllAlEta)CHz}z]
[{Fe(n'C5H5)(CO)Q}Z(CHQ),;]
XII

compounds (bridging fluorocarbyl dianions) is attrib-
uted in part to the strength of the spC—F bond and
also to the energetic disadvantage of forming a metal—-
fluorine bond, especially for a low-oxidation-state (soft)
metal center as in [{Mn(CO)s}(CFy)3].18 A further
general problem with regard to obtaining stable binu-
clear complexes arises simply because the ligand is
bidentate, and relates to ring—chain equilibria. For
example, whereas a ligand such as XIII may in principle

XIII

bridge two metal centers, it may also act as a chelate,

as in [Zr(ﬂ'C5H5)2(CH206H4CH2'O)].19 As has been
noted, especially for bidentate diphosphines,?® ring
formation is disfavored by increasing the chain length
between two donor sites. The largest dimetal separation
so far reported for an alkylidenedimetal complex is by
10 carbon atoms in [{Rh(L)Cl};(CH,),,] (see Table IV).2!

X-ray crystallographic data are available on six com-
pounds. Figure 1 provides a comparison of corre-
sponding structural features of three related molecules

Holton et al.

Et
(1)
Et
Cp
z'< (2)
\ZSLA Cp
H2 Cl
Et—a| 2404
\
Et Et

Figure 1. A comparison of corresponding structural elements
Of [Zl'(?] C5H5)2{CHZCH(A1Et2)2}CI , (1), [Zrz(n C5H5)4(ﬂ,

CH,CHy)(CIAIEty),], (2), and [Zr(n-CsHp)o{CH;CH(AIERy)of] [CsH],
(8); the cyclopentadlenyl anion of 3 is not shown; and is arranged
symmetrically in the lattice between two neighboring Zr centers.

Reproduced, with permission, from: Kaminsky, W.; Kopf, J.; Sinn,
H.; Vollmer, H.-J. Angew. Chem., Int. Ed. Engl. 1976, 15, 629.
Copyright 1976, Verlag Chemie GmbH.
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Figure 2. Structural parameters for trans-[Fe,(n-CsHg)o(u-

CH,)(CO),]. Reproduced, with permission, from: Davis, R. E.
J. Chem. Soc., Chem. Commun. 1968, 1218. Copynght 1968,
Chemical Society, London.

-
L9
———

(-]

[Zr(n-CsH;)o{ CH,CH(AIEt,),}Cl],'8%2 [Zry(n-CsHj)4(u-
CH,CH,){CIAlEtg4},],'® and [Zr(n-CsH;)ofu-CH,CH-
(AlEt,)4}]{CsH;];€ in the first and last of these com-
pounds a "CH,CH? ligand bridges a Zr atom and two
Al atoms, and in the other complex there is a "CH,CH,"
bridge between two Zr atoms. The most interesting
structural feature is that the s-bonded atomic grouping
Zr-CH,-C is invariably characterized by an angle of
only 76° at the CH, group. By contrast X-ray analysis
of three binuclear iron(II) compounds reveals no such
distortions in the trans--CH=CH—CH=CH",%3% or
"CH,(CH,),CH, (n = 1 or 2)'7 bridging units (Figures
2-4). Dynamic NMR measurements on [Zr(n-CsH;)o-
{CH,CH(AIELt,),iCl]] (Figure 1) show that the Cl—=Al
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Figure 3. Schematic representation of the molecular structure
of [Fey(n-CyHjg)ofu-(CH,)3)(CO),). Reproduced, with permission,
from: Pope, L.; Sommerville, P.; Laing, M.; Hindson, K. J.; Moss,
J.R. J. Organomet. Chem. 1976, 112, 309. Copyright 1976, El-
sevier Sequoia SA.
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Figure 4, Schematic representation of the molecular structure
of [Fes(n-CsHg)ofu-CH,) J(CO) ). Reproduced, with permission,
from: Pope, L.; Sommerville, P.; Laing, M.; Hindson, K. J.; Moss,
J. R. J. Organomet. Chem., 1976, 112, 309. Copyright 1976,
Elsevier Sequoia SA.

bond is weak. It would be interesting to compare the
ethylene bridge in [Zry(n-CsHj) fu-CH,;CH}(AIC1Ety),]
with the related bridged species [Zrofu-CH,;CHR}(Cl)¢-
(PEt3)] (R = H or Me) but to date no crystallographic
data are available on the latter complexes.?® The room
temperature 'H NMR spectrum of [Fey(n-CsHg)o(u-
CH)(CO),] shows unexpectedly two sharp singlets at
r 3.76 and 5.05 (relative intensity 2:5), with the former
signal being broadened at ~65 °C;? it was suggested
that the molecule is stereochemically nonrigid leading
to interconversion of C(1) and C(1’) with C(2) and C(2")
(see Figure 2). In each of the complexes [Fey(n-
C;sHs)ofu-(CH,)},,(CO)4] (m = 3, Figure 3 and m = 4,
Figure 4) the iron atoms are joined by simple chains of
o-bonded CH, groups. Bond lengths are similar in both:
Fe-CO 1.75, C-0 1.15, Fe—C(cp) 2.11, Fe~CH, 2.08,
(cp)C—C(cp) 1.41, and CH,—CH, 1.55 A; bond angles at
Fe-CH,~CH, average 114°.'7

B. Synthesis and Chemical Properties

Synthetic procedures may be divided into seven
categories: (a) salt elimination, (b) hydrogen halide
elimination, (¢) dihydrogen elimination, (d) alkane
elimination, (e) insertion of an unsaturated hydrocarbon
into a metal-metal or metal-hydrogen bond, (f) oxi-
dative addition of an o,w-dihalide or an unsaturated
fluorocarbon to a low oxidation-state mononuclear
metal complex, and (g) oxidative addition of a coupled
unsaturated hydro- or fluorocarbon to a low oxida-
tion-state mononuclear metal complex. These are il-
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lustrated in eq 1-7, more detail being provided in Table
Iv.

As for (a), many of the salt eliminations involve a
metalate anion, such as [Mo(n-CsH;)(CO)s]™, [Mn(C-
0);], or [Fe(3-C5H;)(CO),], and an a,w-dihalide, but
of course only a limited number of compounds having
significant metal-centered nucleophilicity exist.?
2Na[Mo(n-CsH;)(CO);] + CIC(O)(CF,);C(O)Cl —

[{Mo(n-C5H;) (CO)3lafu-C(O)(CF2)3CO}] + 2NaCl (1)

2[CoCl(dmg)(PPh,)] + !/,[PhN,},[SO,] —
[Cog(u-CeH,-p)(dmg)o(PPhy),] + 2HCI (2)

2K3[COH(CN)5] + C2F4 -
KG[CO2(M-CF20F2)(CN)10] + H2 (3)

F

2[ReH(CO)s] + — (4)
F F

1
[R|e2(y. -CFCFHCFCFHC)FCF)(CO) 0]

Cl

[(PEt3),Clo2r~———7ZrClp{PEty), + CaHsR —=
e (4a)

[Zrplp=CHaCHR)CIg(PET3) 4]
(R =H or Me)

[Zr(n-C5H5)2Cl(Et)] + (AlEt3)2 g
[Zr(n-CsH;)o{CH,CH(AIEt),}Cl] + 2C,Hg (5)

F

2[Rhacaci{CaH4)] + —
F F

\C C/

\C c/

~
[ha{p_-/ }(QCQC)Z(Cqu)z]
/ \
FoFF

(6)

[Fez(CO)S] + PhCH=C==CH; —=

Ph
CH, CH
e ~
[Feg{p-\Csz [g{j/}(cme]

(7

Complications may involve an intramolecular nucleo-

philic attack on a coordinated acyl group, as in eq 8,7
Na[Mn(CO);] + Br(CH,);Br —

1
[Mn(CO)sMn(COCH,CH,CH,)(CO),] (8)

(possibly via [Mn(CO);—Mi{C(=0)CH,CH,CH,Br}-
(CO)4]), or failure to obtain more than a monosubsti-
tution product, as in eq 9.2 Alternatively, the organic

Na[Mo(»-CsH;)(CO);] + Br(CH,),Br —
[Mo(n-CsH;)(CO)4{(CH,),,Bri] (9)

substrate may be a,w-metalated and this is caused to
react with a metal halide complex, as in the p-LiC¢F,Li
+ 2[Fe(n-C;H;)CO,I] system.”® A further variant in-
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volves a bifunctional substrate such as XIV and Wiirtz
coupling, as in eq 10.%°

(PE1 )
Py 372
=T I0
NiCI(PEts), Ni
(PEt3),
X1V 10)

A rather unusual hydrogen halide elimination in-
volves coordinated ligands, as shown in eq 11.%

[Fe(n-CsH)(CO)o(C.HYIY +

[Fe(r-CsH;) (CO)y(CHy)] ——
[Fey(n-CsHp)ofu-CH,CH=CHCH,CH4}(CO),] (11

A remarkable series of reactions, involving bimole-
cular ethane elimination, leads inter alia to some
crystallographically characterized zirconium(IV) com-
plexes (Figure 1).%2 The starting materials are [Zr(n-
C;H;),Cl,] and (AlEt;), and the first formed product
is [Zr(n-CsH;),CI(Et)], which reacts with more tri-
ethylalane to yield the three compounds of Figure 1; one
of these, [Zr(n-CsH;){CH,CH(AlEL,),}Cl], is converted
into [Zryo(n-CsH;) 4(u-CH,CH,)Cly] upon treatment with
tetrahydrofuran, whereby AlEt,.(THF) is eliminated.
It appears that the 8-hydrogen atoms of [Zr(y-CsH;),-
(CH,CH,)Cl] are sufficiently acidic to cleave the Al-Et
bond of triethylalane, and this is borne out by labeling
experiments; thus, use of [Al{CH,CDj3);], or [Al(CD,C-
H,),], afforded CD3sCH,D or CH;CHD,, respectively.
Detailed kinetic studies of these reactions, including the
determination of kinetic isotope effects, have been
carried out.® Corresponding binuclear titanium com-
pounds were insufficiently stable to be characterized.??

There are relatively few data concerning the chemical
behavior of the alkylidenedimetal complexes. However,
the Zr/Al complexes were studied in part in connection
with their potential as soluble Ziegler—Natta polymer-
ization catalysts. The complex [Zr{n-C;H;),{CH,CH-
(AlEty)o}][CsH;] (Figure 1) is soluble in hydrocarbons
and inserts «-olefins or 1,3-dienes but the products have
not yet been characterized.’® The chlorine-containing
complexes [Zr(n-CsH;)o{CH,CH(AIELt,)o}Cl] and [Zr,(x-
CsHs)4(u-CH,CH,)(ClAlEt;),] react with these unsatu-
rated hydrocarbons upon addition of excess (AlEt;),,
and especially on addition of the triethylalane and
water; dechlorination takes place, presumably with
formation of aluminoxanes, to give very active homo-
geneous catalysts for the polymerization of a-olefins,
particularly of ethylene.

II1. u-Geminal (1,1-) Alkylidenedimetal
Complexes, [M~(C <)-M']

A. Stoichiometry, Structures, and Bonding

Like the u-vicinal alkylidenedimetal complexes, the
bimetalic compounds considered in this section have
o-connectivities between each metal atom and bridging
CH,* group(s), or substituted methylene group(s), and
are electron precise, i.e., there are 2-electron 2-center
bonds (see Table III); the relevant structural unit is that
shown in XV. Well-documented compounds aré listed

"
M/ ~ e

XV

Holton et al.

CMeq
f” 1133(2)
H, 0
\C “r40(2)

L 30(2) g
’ /1§5'8(§’)\1 4@
(c o)kw ~ 218700 ~W(Co),

Figure 5. Selected parameters and schematic representation of
the molecular structure of {Wy(u-CHCH==CMe,)(CO)g].#®

-y

RN

C(13]

Cﬁ?) CHL\
cisl v 1i
H{S2}
Mn 2] s

= c(s) 4 cuo)
1 * o l
s . . '”‘(2‘ f > Cleh
= S jelvd)
= ¢ . C[Bl /v - Qi

ey J s / o)

ool

Figure 6. Schematic representation of the molecular structure
of [Ml’lz(?’] C5H4Me)2(ﬂ CHZ)(CO)A Mn-Mn 2.779 (1) A Mn—C(5)
2013 (5) &, Mn(1)-C(5)-Mn(2) 87.3 (2)°, H(51)-C(5)~ H(52) 92

(8)°, C(5)- Mn(2)—Mn(1) 46.4 (1)°. Reproduced, with permission,
from: Creswick, M.; Bernal, L.; Herrmann, W. A. J. Organomet.
Chem. 1979, 172, C39 Copyright 1979; Elsevier Sequoia SA.

in Table V. Complexes of this type are sometimes
referred to as having “bridging carbene” ligands.
However, we shall not use this classification and reserve
the term carbene-metal complex® to one in which the
three coordinate ligating carbon atom is sp>hybridized.
The ligand may be found in mononuclear species, as in
[W{C(OMe)Ph}(CO);], or as a metallacarbene as in the
dinuclear complex [Nb,(CH,SiMe;) (u-CSiMes),] (see
section IV); for this reason such compounds are almost
unique to the transition metals, double bonding to
main-group metalloids being confined to those (P, As,
or S) which form ylides.

The “bridging carbene” nomenclature is useful, nev-
ertheless, in drawing attention to their isoelectronic
relationship to “bridging carbonyls”. This is significant
and probably accounts for the fact that many of the
known u-geminal alkylidenedimetal complexes (a)
contain carbonyl coligands, (b) alternatively or addi-
tionally have tertiary phosphine ligands, (c) are found
in low metal oxidation state complexes, and (d) are
often conveniently prepared using a diazoalkane (as a
carbenoid) and a carbonylmetal complex as starting
materials. Items (a) to (c¢) are reasonably rationalized
in terms of the preference for binding of the soft CO,
CRR/, or PR ligands to a soft metal center. The
importance of point (d) is emphasized by the existence
of a substantial review devoted in large part to this
topic.® Like the many carbonyl-metal complexes, the
u-CRR/-dimetal complexes are generally rather stable
and air-insensitive, which may account for the large
amount of structural data now available (on more than
25 compounds, see Figures 5-32). The simplest type
of compound which may be classified as a 1,1-alkyli-
denedimetal complex has a single CH,, bridge, the first
example of which was [Mngy(n-C;H,Me),(u-CH,)(CO),],
Figure 6, obtained in 1975, from {Mn(y-C;HMe)-
(CO)o(THF)] and diazomethane.?® A quite different
type of complex has a CH, bridge between an early
transition metal in high oxidation state and aluminium,
as in [TiAlfu-CHy}(n-CsH;):Me,(1-CD), (XXII1),373 and
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Figure 7. Schematic drawing of the molecular structure of
[Mnyfu-C(CHPh)}(n-CsH;)5(CO)4). Reproduced, with permission,
from: Nesmeyanov, A. N.; Aleksandrov, G. G.; Antonova, A. B.;
Anisimov, K. N.; Kolobova, N. E.; Struchkov, Yu. T. J. Organomet
Chem. 1976, 110, C36. Copyright 1976, Elsevier Sequoia SA.

CHa
i1 1.308(8)

19796) sgm 19yI(e)
(n-Ce He)C OYMn Tw;%:ﬁ)Mn(co)z(n-CsHs)

Figure 8. Schematic representation of the molecular structure
of [Mnolu-C(CH)}(n-C5H;)5(CO),].5! There is an 11° twist of the
CCH, ligand about the double bond. The two n-CsHj; ligands are
trans to one another.

p-Me Hk-cb\ /O Me
30(4)

C
'1&1%72/\2 ( )
CO), Re 22 Re(CO)y
( )k € ~ /

Me 07 "C HyMe-p

Figure 9. Schematic representation of the molecular structure
of [Reyju-C(OMe)CeH Me}o(CO)g).5°

[TaAl{u-CHo}(n-C5sH;)Me,], (XXIV).3® The u-CH,
chemical shifts are at 1.51 7 (*H) and 188 ppm (**C) (or
0.90 7 and 204 ppm for the analogue having u-CHjq
rather than u-Cl) for the former,®” and 2.32 r and 177
ppm for the latter.?® The AlMe; moiety may be con-
sidered as inhibiting “the catastrophic decomposition
of [{Ti(n-CsH;5)sCHjls] and dictates the abstraction of
hydrogen from methyl rather than cyclopentadienyl
groups.?’

As elsewhere in this Review, trinuclear complexes are
excluded: the majority of these are triangular, e.g., the
seminal compound XVI,* but a rare chain cation
XVII* has also been structurally characterized. Com-

(80)4
S,
o~
CH /! CH CH. 2
2: 2: 2
SN, TN
CO)10 0s(CO)
(CO)y S\H/ H 3 [(Me::,PuRu\CH /Ru\ /RU(PMQ3)4}
Z CHg

XV1 XVII
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Ot
O=0

Figure 10. Schematic representation of the molecular structure
of [Feg{u-C(OEt)CgH3(OMe),-2,6/(CO);]. Reproduced, with
permission, from: Fischer, E. O.; Winkler, E.; Huttner, G.; Regler,
G.; Angew. Chem., Int. Ed. Engl. 1972, 11, 238. Copyright 1972,
Verlag Chemie GmbH. (See also Huttner, G.; Regler, G. Chem.
Ber. 1972, 105, 2726.) The molecule appears to be two electrons
short of satisfying EAN requirements, and thus an Fe(1)—Fe(2)
dative bond is suggested.

Ph\ P Ph
C
11 33¢)

\,71% bE(') 118(2)

4!
(coFe ey Fe(co),

Figure 11. Selected parameters and schematic representation
of the molecular structure of [Fey(u-C—=CPh,)(C0)g].5

CHa

(cO)Fe <————“'5 WL\ FelcO)
N
§

Figure 12. Schematic representation of the molecular structure
of [Fey(u-CH,){(u-CO),(CO)g] {“isostructural” with [Fe,(CO)gl}%"
u-CH, and (u-CO)’s disordered.

Figure 13. Schematic representation of the molecular structure
of cis-[Fey(CO)y(u-CO) (u-CHMe)(n-CsHs)o]. Bond lengths: Fe-Fe’
2.520 (1), Fe-C(1) 1.986 (3), Fe—C(3) 1.747 (3), Fe—C(4) 1.902 (3),
C(1)-C(2) 1.513 (8), C(3)-0(3) 1.151 (4), C(4)-0(4) 1.183 (5) A.
Angles: Fe—C(1)-Fe’ 78.8 (1), Fe-C(4)-Fe’ 83.0 (1), H(1)-C(1)-C(2)
112 (2.5)°. Reproduced, with permission, from: Dyke, A. F.; Knox,
S. A. R; Naish, P. J; Orpen, A. G. J. Chem. Soc., Chem. Commun.
1980, 441. Copyright 1980, The Chemical Society, London.

pound XVT is of interest for (a) its mode of preparation,
insertion of CH, (from CH,N,) into [Osg(u-H)o(CO);0l;
(b) the neutron diffraction results; (c¢) its conversion to
a u-CHj; isomer; and (d) its conversion into a u-CH
complex (see section IVA).

As evident from the illustrated structural data of
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Figures 5-32, for some u-alkylidenedimetal complexes
there is a single CRR’ bridge, whereas for others there
is an additional CRR’ bridge, a u-CO, or other con-
nectivity. For the first type, extended Huckel MO
calculations suggest a dimetallacyclopropane structure
XVIII with significant MM’ bonding and a relatively
high electron density at the bridgehead carbon.*?
Consistent with this description are the protonation
reactions (section IIIC) and ®C NMR data;* e.g., the
carbon-13 chemical shift for u-CH, in [Mny(u-CHy)(n-
C;H,Me),(CO),] is at 150 ppm and is generally found
in the range 100-200 ppm for related u-CRR’ com-
plexes, in contrast to the 240-440 ppm for terminal
RR’/C=metal complexes.>* However, as stated earlier,
such comparison is unrealistic, because hybridization
in XVIII approximates to sp® whereas in RR’C=metal
complexes Coyy, is sp? In [Cogfu-CHy}(n-CsHp)o(u-CO)], %
[Coofu-CPhy)(n-CsHs),(u-CO)1,* or [Rhyfu-CHyj(n-
C:;Me;),(u-C0)]* a metal-metal double bond has been
proposed, on the basis of analogy with [Co,(n-CsHj) -
(u-CO),] and the EAN rule, whence such compounds
might be described as dimetallacyclopropenes.

The x-CRR’ ligand may be semibridging rather than
symmetrical, as in [CrPt{u-C(CO,Me)Ph}(CO),(PMes);],
Figure 31; this is a further parallel with a x-CO ligand.
Another example is [Feyfu-CHo}(u-CO)4(CO)g], which
has a solid state geometry (Figure 12) isostructural with
[Fey(CO)gl;*" although in solution the IR spectrum
shows only terminal CO’s, hence probably the structure
is of the isomer [Fey{u-CH}(CO)g]. In contrast with
[Rhg([t'CH2) (7]'05H5)2(CO)2] ,35 some analogues [ha(ﬂ-
CRR/)(n-CsMe;),(CO),), readily decarbonylate to yield
the carbonyl-bridged complex [Rhy(u-CRR’) (u-CO)(n-
CsMes),].

For complexes of the type XVIII, it has been noted
that (a) the M-M’ distance is similar to that of the
(u-CO), analogue, and (b) the internal angle « is far less
sensitive than the external angle 3 to changes in the
variables M, M/, R, and R":%%2 e.g., o = 81.7 (1)° and
B = 1159 (4)° in [Mnyu-CHy(n-CsH,Me),(CO),],*s
(Figure 6), but a = 86.9 (2)° and 8 = 92 (2)° in [Rhy-
{ﬂ'CHZ}(ﬂ'C5H5)2(CO)2],48c (Figul‘e 27).

B. Synthesis
The first compound having a u-alkylidene type

structure, [Coyfu-COC(0)CH=CH}(u-CO)(CO)], Fig-
ure 24, a y-lactone-derived complex, was prepared in
195952 from [Co,(u-HCCH)(CO)g] and CO but not
recognized as such until 1967;5% the first u-vinylide-
nedimetal complex was [Fey(u-C=CPh,)(CO),], Figure
11, obtained by a deoxygenation of diphenylketene, (eq
12).5 This may be regarded as a carbene insertion

2[Fe(CO)s] + Ph,C—C—0 ——

[Fe,fu-C—CPh,}(CO)q] (12)

reaction (if it is assumed that the first formed binuclear
complex is [Fe,(CO)gl) into a metal-metal bond, in this
case of a vinylidenecarbene Ph,C=C:. As mentioned
in section IITIA,, diazoalkanes provide an alternative
source of carbene,® as in eq 13 (dppe =
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Figure 14. Schematic representation of the molecular structure
of a (u-methylidyne)(u-cyclohexa-n*-diene)diiron(0) complex

[Fez(u-CH)(u-nZ,nﬁ-QHCH=CHCH=CH(_L‘H2)(CO)G]. Repro-
duced, with permission, from: Aumann, R.; Wérmann, H.; Kriiger,

C. Angew. Chem., Int. Ed. Engl. 1976, 15, 609. Copyright 1976,
Verlag Chemie GmbH.

Figure 15. ORTEP drawing of cis-[Fe{u-C=C(CN),}(»-CsHj)o-
(#-C0O)(CO),]. Reproduced, with permission, from: Kirchner,
R. M.; Ibers, J. A. J. Organomet. Chem. 1974, 82, 243. Copyright
1979, Elsevier Sequoia SA.

Ph,PCH,CH,PPh,),% and 14;% for the latter, when the
[Pt,Cly(u-dppe)s] + CH,Ny, —
[Pto{u-CH,jCly(u-dppe),] (13)
2[Co(n-CsH)(CO),] + N,CHCO,Et —
[Coofu-CH(CO,Et)}(n-CsHj;)o(CO),] (14)
reaction was carried out in THF at —90 °C an inter-
mediate XIX was isolated which undergoes dynamic

R
Q

¢
0~ ScH

/ \
[(ﬂ'CsHs)CO CO(C5H5-7;)]
\\C(/

0
XIX

behavior in solution via pairwise scrambling (}3C
NMR)*® yielding [Copfu-CH(CO,Et)}(7-C5Hj)5(CO),] by
an intramolecular first-order process. This shows that
the designation “carbene insertion reaction” should be
regarded as a convenient formalism rather than a

O,

O
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{2y

Figure 16. oRTEP drawing of the molecule [Ruy(u-CHy)3(PMey)g).
Reproduced, with permission, from: Hursthouse, M. B.; Jones,
R. A,; Malik, K. M. A.; Wilkinson, G. J. Am. Chem Soc. 1979,
101, 4128. Average Ru-~C and Ru-P distances are 2.107 and 2.336
A, respectively, Ru-Ru = 2.650 (1) A, and RuCRu angle ~ 78°.

Figure 17. ORTEP dl'aWing of the [RuZ(LL'CHz)Q(M'CHs)(PMeg)G]+
cation. Reproduced, with permission, from: Hursthouse, M. B.;
Jones, R. A.; Malik, K. M. A,; Wilkinson, G. J. Am. Chem. Soc.
1979, 101, 4128. A u-CH, in C, axis and second CH, and CHj
disordered.

statement of mechanistic significance. From the
[Mny(CO);;]-CH,N, system, [(OC);MnNN(=CH,)-

Mn(CO)(CO),] was isolated.®? An N-alkyl-N-nitroso-
urea HoNCON(NO)Me has also been used as a con-

venient methylene-transfer reagent, converting [Rh,-
Egg)5l]{§522(”'co)(co)2] into [Rhy{u-CH,}(n-CsHjs),-
2 .

A further carbene insertion reaction is shown in eq
15, the carbenoid being Ph,C=C==0;% the Rh(I)
7, [{Rh(CO),CI )] + PhyC==C==0 —

(177 [{RA & ~CPh)(COIC1},] e [Rhp(u-CPh) (1-COICI 02 ]

{see Figure 25)
NaCgHe

-C0,
Ya[Rha(u=CPhy)(n=-CgHs) (x-CO)} = Vo [Rha{p=CPhy)(n-CeHgla]

(see Figure 26)
(15)

reagent may have a dual role, as a decarbonylating

Holton et al.

Figure 18, ORTEP drawing of the [Ruy(u-CH,)o(PMeg)g)?** cation.
Reproduced, with permission, from: Hursthouse, M. B.; Jones,
R. A,; Malik, K. M. A.; Wilkinson, G. J. Am. Chem. Soc. 1979,

101, 4128. Planar C-Ru-C-Ru with mean Ru-C 2.071 (5) A.

Figure 19. ORTEP drawing of the molecule [Ruy(u-CCH,)(»n-
CsH;)5(CO)o(1-CO)]. Reproduced, with permission, from: Davies,
D. L.; Dyke, A. F.; Endesfelder, A.; Knox, S. A. R.; Naish, P. J.;
Orpen, A. G.; Plaas, D.; Taylor, G. E. J. Organomet. Chem. 1980,
198, C43. Copyright 1980, Elsevier Sequoia SA. For comparison
with the protonated u-CMe complex, see Figure 40.

Figure 20. ORTEP drawing of the molecule [Coy(u-CH,)(5-
C;Me;),(u-CO)). Reproduced, with permission, from: Halbert,
T. R.; Leonowicz, M. E.; Maydonovitch, D. J. J. Am. Chem. Soc.
1980, 7102, 5101. A double CoCo bond is suggested.
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H az4t1)
> COEt
195 SANG
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(1-CsH)C0) co "S2L49 ¢o(co)(csHs-9)
Figure 21. Schematic representation of the molecular structure
of trans-[Cogfu-CH(CO,Et)}(n-CsHg)o(CO),].48%
2,07 n'CSt{“C 58 C’?.m
I e
C

Figure 22. Schematic representation of the molecular structure

of [Cog(u-CCI,){u-COC(0)C(n-CsH,,) CH}(CO)¢l;% each Co atom
is pseudooctahedral, the Co,(CO)g group is markedly asymmetric,
and the plane of the lactone ring is perpendicular to CI,.

Figure 23. ORTEP drawing of the molecule [Cogfu-C(Ph)N-
(Ph)C(Ph)N-)}(Ph)}(u-CO)(CO),(PMe,Ph)] (the 4Ph groups of
the bridging ligand are not shown). Reproduced, with permission,
from: Adams, R. D.; Chodosh, D. F.; Golembski, N. M. J. Or-
ganomet. Chem. 1977, 139, C39. Copyright 1977, Elsevier Sequoia
SA.

agent thus generating Ph,C:, and as substrate.

Other variants of reactions which may be viewed as
carbene insertions are (a) that between [Fe(CO);] and
CF,Br, with UV irradiation to afford [Fey{u-CFsls (u-
CO)(CO)g], (b) [Coyfu-CFy}5(CO)g] from [Coy(CO)s],
(c) the formation of [Coy{u-CF(CF3)}(u-CO)(CO)¢] from
[Co,(CO)g) and CyF, (via [Conlu-CF,CFo}(u-CO)(CO),],%
and (d) the preparation of [Pty{u-CR(CF3)}(COD),] (e.g.,
R = CF,) from [Pt(COD),] and CF;CF=CF,.%

o
[Pt3(CNBu-7)g] + /A\ —_—
Ph Ph
[Pta{p 2~ (PhCHCONCNBuU -#1,]
2[Fe(COIs] + [B L

(see Figure 28)
(16)
5 21
[Feg(p-CH)UL-172,172-CLHCH=CHCH=CH?Hz)(CO)GJ

(17)
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Figure 24. Schematic representation of the molecular structure

of [Cogfu-COC(:0)CH:CH}(u-CO)(CO)g], showing interatomic
distances (A). Reproduced, with permission, from: Mills, O. S.;
Robinson, G. Inorg. Chim. Acta 1967, 1, 61. Copyright 1967,
Elsevier Sequoia SA. The p-alkylidene ligand is a y-lactone
derivative. The structure is similar to that of [Cos(u-CO)x(CO)gl.

Figure 25. ORTEP drawing of the molecular structure of [Rh,-
(u-CPhy)o(u-CO)Cl,(NCsHj),l; only the nitrogen atoms of the
pyridine rings are included for clarity. Reproduced, with per-
mission, from: Yamamoto, T.; Garber, A. R.; Wilkinson, J. R.;
Boss, C. R.; Streib, W. E.; Todd, L. J. J. Chem. Soc., Chem.
Commun. 1974, 354. Copyright 1974, Chemical Society, London.
The RhRh distance is 2.51 A; this is a preliminary structure.

-i{s)

Ph(
Phy 25 Ph
¢ (A

)

11:.1st3(6)
% riva

(n-CsHs)Rh ?i_s\mm RN '

S~ h{n- Cs Hg)

—
19950) C F49.403)

Figure 26. Schematic representation of the molecular structure
of [Rhoju-CPhy)s(n-CsHy)o(-C0)1.57 The molecule has C, sym-
metry, the two CsH; rings are staggered about the RhRh bond,
and the two Ph rings are roughly orthogonal, the dihedral angle
being 85.3°. The C, axis passes through u-CO and is perpendicular
to the Rh—Rh bond.

115:3(4)
el )
A_I\ C
FN
9 CsHs, LN _co
o e T R cgugy

Figure 27. Schematic representation of the molecular structure
Of trans-[Rhg(u-CHQ)(n-C5H5)2(CO)2].58

A second type of reaction leading to (u-1,1-alkylid-
ene)dimetal complexes is that of metal-promoted
ring-opening, but this has had only limited application,
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um
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Figure 28. The molecular structure of [Ptyju,-(PhC),CO}-
(CNBu-t),]; the two phenyl groups at C(1) and C(3) are omitted
for clarity. Reproduced, with permission, from: Carrol, W. E;
Green, M.; Howard, J. A. K.,; Pfeffer, M.; Stone, F. G. A. Angew.
Chem., Int. Ed. Engl. 1977, 11, 793. Copyright 1977, Verlag
Chemie GmbH.

Phg

o) "Ia=</ U(CSHS ')>2
9o(2) ph:zwﬁ(z)

Figure 29. Schematic representation of the molecular structure
of [Ugf(u-CH)PPhoCH,)s(n-C5H5),].5° The molecule crystallizes
as the OEt, adduct, CH,-U-CH 130(1)°, P-CH-U 142(2)°; each
U atom is approximately tetrahedral, and each U atom may be
regarded as quasi-nine-coordinate.

Figure 30. Schematic representation of the molecular structure
of [Fegu-n',n3-C(COOMe)C(COOMe)CHMe}(1-CO)(n-CsHj)s].
Bond lengths: Fe~Fe, 2.540 (2); Fe~C(1), 1.969 (12); Fe-C(2), 2.042
(12); Fe—C(3), 2.111 (13) A. Angle C(1)-C(2)-C(3), 119.3(1.1)°.195

0(2)
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Figure 31. The molecular geometry of [CrPt{u-C(CO,Me)-
Ph}(CO) ((PMes)s], including the atomic numbering scheme. Bond
lengths: Cr-Pt, 2.646 (7); Cr-C(5), 2.27 (4); Pt~C(5), 1.98 (4);
Pt-C(1), 2.19 (4) Cr—C(1), 1.75 (5); C(1)-0(1), 1.31 (5)1& Angles:
Cr-C(1)-0(1), 157 (4); Cr-C(1)-Pt, 84 (2)°. Reproduced, with
permission, from: Howard, J. A. K.; Jeffery, J. C.; Laguna, M.;
Navarro, R.; Stone, F. G. A. J. Chem. Soc., Chem. Commun. 1979,
1170. Copyright 1979, The Chemical Society, London. The
C(CO,Me)Ph ligand asymmetrically bridges the Cr-Pt bond.

Holton et al.

eq 1657 and 1788 The former may require an inter-
mediate platinacyclobutenone (XX), a type known for

Fe(CO)s
Ph Ph
0. ©
L
~ —
L/P¢ C=0
XX1
XX

stronger o-donor ligands (L) than ¢-BuNC, and inser-
tion of a further Pt(0) moiety into the C=C bond
thereof. The latter may arise by reaction of [Fe-
(Cngo'nz)(C0)4] and XXI.

An important and rather general method of forming
(u-1,1-alkylidene)dimetal complexes has analogy with
the cyclopropanation reaction involving an olefin and
a carbene. Thus, a carbene-metal complex may be

transformed into a dimetallacyclopropane [L,,M-

(C<)-M'L,], by insertion of a low-oxidation-state metal
fragment M'L, into the M=C bond. We may, there-
fore, designate this a dimetallacyclopropanation, and
it has wide generality. The carbene-metal complex has
been of type [M{C(OR")R}(CO);] (M = Cr, Mo, or W)
or [Mn(n-C;H;){C(OR)R}(CO),]™ and the metallo-
carbene analogue a Ni(0), Pd(0), or Pt(0) species. An
example is in eq 18.5° However, a more complicated

1. [Pt{COD),}, (-C,Hy)
2. 2PMe,

[W{u-C(OMe)Ph}(CO);Pt(PMey),] (18)

reaction has also been observed, wherein a carbene
transfer reaction from one metal center onto another
occurs, as in eq 19 (M = Cr or W)."l'  There are a

[W{C(OMe)Ph}(CO)s]

[M{CIOMe)PR)(COIs] + 2[Ptin-CoHalsPBu-7,Me)] —=

Ph
O
(MeBu-7,PIP1Z— Pt (PBuy-7;Me)
OC) fac0
(CO)
‘ (19)

number of variants of salt elimination, as exemplified
by eq 20,7 21,73, 22,5° 23,3 and 24.4" The coupling of
2Na[Fe(n-CsH;)(CO),] + CLLC=C(CN),—
[Feg{u-C=C(CN)}(n-CsHs),(u-CO)(CO),] + 2N(aC)l
20
2Na[Co(CO),] + 2CIC(Ph)=NPh —
[Coz{u-(]J(Ph)N(Ph)C(Ph)(1}1)(Ph)}(/.z-CO)(CO)S] +

2NaCl (21)

2[U(»-CzH;)sCl] + 2Li(CH,),PPh, —
[Us{(u-CH)PPhyCHols(n-CsHy) ] + 2LiCI +
2CsH, (see Figure 29) (22)

2CoCl, + 2LiCH,CHO + 2Li[C;Me;] —
[Cog(u-CHy)(n-CsMes)o(u-CO)] + 4LiCl (23)

Naz[FGQ(CO)B] + CH212 -
[Fez(u-CH,) (u-CO)5(CO)¢] + 2Nal (24)

the imidoyl fragments to yield the product of Figure 23
(eq 21) has precedent in a nonbridging context (eq 25).7

1/,[{Rh(CO),Cll,] + 2CIC(Ph)=NPh —
[RhCL{C(Ph)N(Ph)C(Ph)N(Ph)}(CO)] (25)
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Figure 32. Molecular structure of [W{u-C(OMe)Ph}(CO);Pt-
(PMe;),]. reproduced, with permission, from: Ashworth, T. V.;
Howard, J. A. K; Laguna, M.; Stone, F. G. A. J. Chem Soc., Dalton
Trans. 1980, 1593. Copyright 1980, The Chemical Society,
London.

Figure 33. Schematic representation of the molecular structure
of [Nbyfu-C(SiMes)},(CH,SiMe,),]. Reproduced, with permission,
from: Hugq, F.; Mowat, W.; Skapski, A. C.; Wilkinson, G. J. Chem.
Soc., Chem. Commun. 1971, 1477. Copyright 1971, The Chemical
Society, London. Bond lengths (A): NbC, 1.995 (9); Nb’C, 1.954
(9); Nb—CH,, 2.160 (9) (av.); Nb...NV, 2.897 (2); C...C’, 2.684 (13).
Angles (°): CNbC’, 85.6 (4); NbCNb’, 94.4 (4); NbCSi, 119.8 (6);
NbL’CSi, 142.4 (5). C is ca. 0.2 A out of the NbNb’ Si plane.

The reaction according to eq 23 is particularly inter-
esting;® it seems likely that both the bridging CH, and
CO groups of the compound represented in Figure 20
arise from the enolate of acetaldehyde.

An intriguing stepwise sequential methylation and
a-hydride elimination, involving methane loss from an
intermediate such as (XXIIa) or (XXIIb), may account

Me

L~

H
CHy Me | _CHz
\Ru \Ru/ \Ru

XXIIa XXIIb

for the formation of the (u-CHj);—diruthenium complex
(Figure 16) by the reaction according to eq 26.7 The

[RU30(O2CM3)6] [MeCOQ] + 2MgMeZ +
PMe; (excess) —
[RU2(M'CH2)3(PM93)6] + cis-[RuMez(PMeg)d (26)

triply bridged complex reacts with 2 equiv of fluoroboric
acid with methane elimination to generate [Rufu-
CH,}.(PMe,),][BF],."5 The reverse type of reaction,
the conversion of a u-CHy-u-H-Rh, into a MeRhRh
complex has been demonstrated (see eq 42, section
IIIC);" and the tautomerism [Osy(u-CH,)(u-H)o(CO)40]
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= [Oss(u-Me)(u-H)(CO)] has already been men-
tioned.”®

Reaction according to eq 26 probably involves a (u-
methyl)dimetal precursor and this is just one of a
number of syntheses in which the nature of the bridge
between two metal centers is modified so as to trans-
form to an (u-alkylidene)dimetal complex. Notable
examples of such bridge modifications are the sequen-
tial protonation and hydride addition of eq 27 [M =

H?___C{‘
7+ CsHsIM—|zM(CsHs-n) LILS
/¢
oc 6 ,
0
H +
C==CH,
e Na[BHg]
(n-CsHsIM M(CsHg-n)] —
[tn ssl\c/l sHsn)]
co 0 co
H CH
N 2
N N
[(CONn-CsHsIM M(CsHg-n)(CO) + [(n-CgHgIM M(CsHg"1]
\C/ \C/'
0 = 0 co
XXV (27)
"\
C==CH
PhMe
(n-CsHs ) Ru ERu(CsHs ) | srmee
\C/C/
6 0
CH,
| ¢
/C\ H(BF,]
4
{n -CsHs)Ru Ru(CgHg-7)| —=
| \C/
¢ o]
o]
_ + H CH
eHs N 3
7N\ Na[BH4) N\
(1;-C5H5)RU\T/RU(C5H5-1,) (-q-CsHs)Ru\C/Ru(CsHs-'q)
oc 0 ¢o oc 6 co
- (28)
r Ph Ph
oc \c—c/\ A
N, (o
/Ru\ RI + i —-
7-CsHg ¢TI
0 CsHs -7
L
LCH,
2.\
C==cH, HIBF, )
{7 -C5Hg ) (CO)aRU——Ru(CO)a(n-CsHg) | —
M CH
e\c/ 2
-]
[(n'C5H5)(C0)RU< —Ru(COM7-CsHs](BFa)) NolBHy!
C
o)
Me Me
N
C
(11-C5H5)(CO)Ru\C/Ru(CO)(n-C5H5)
0

(29)

Fe or Ru],” the hydride additions of eq 28% and to the
{o,7-C(Me)=CH,} bridge of [Ruyju-C(Me)=CH,}(5-
C5H:)o(u-CO)(CO),)+ B! the proton addition of eq 29,7
the methoxide addition of eq 30 (M = Mn or Re),* the
phosphite addition of eq 31 (R = Me or Et),%2 and the



154 Chemical Reviews, 1983, Vol. 83, No. 2

+ OMe

|

f gl
[{CO5(7 - CgHe) M{u- C(OMe ) CgHgMe -5 Y P1{PMes), ]

]+

1
[(CO) (7 - CsH5)M (- CCeHaMe ) (u-CO)PHPMesy),

(30)
H
C Me
i ~
E< >C\ + P(OR)y —=
{COIsW wicoy, Me
H (l.—_—CMe2
\C/
7N
[(COIsW WICO)4 { PIOR 15 )]
3
(31)

1,2 shift of a bridging acetylene, eq 32 (also for a MnRe

[Mn(n-PhC=CH)(n-C,H,)(CO),] + [Mn(n-C,H,)(CO),

(THF)] = [Mn,(u-CCHPh)(n-C H;),(CO),] (32)
n-CsHyy
¢—-CO
4
o<
[(CO)5C0\C/C0(CO)3 + IC=(C1 —=
)

[Coglpu~CCI2) {#-COCIOIC{n-CgH)))CHI(CO)
(33)

analogue),3 or a-haloacetylene (a presumed interme-
diate) as exemplified by eq 33.58 A reaction similar to
that of eq 32 has also been carried out with acetylene
itself.?! A related reaction is that between [Mn{C=C-
(R)R'}(5-CsHs)(CO),) and [Mn(5-CsHs)(CO)o(OEL,)] to
yield [Mng{u-C=C(R)R'](#-CsH;)5(CO)4] (R = H, R’ =
CO,;Me?® or R’ = Ph®) or a bridging allenedimetal
complex, e.g., [an{u-C=C=CR(R’)}(n-C5H5)2(CO)4].86
The remarkable sequential alkylation and protona-
tion of a carbene—tungsten complex of eq 34 may have
1.LiMe, -40 °C, E430
2 CFyCOH

[Wo{p-CHCH==CMe, O]

2{W{CiOMe)Me) (CO}s ]

CH (34)
2 H+
wi=< —= [(W]==C==CH;
OMe
2[ wW{C(OMe)Me) (CO}s5]
Me— + Me
[W]_f A [w]=c<
MeOMe Me
[W]l=C~—CH,
(W5 {u-CHCH==CMe,)(COlg] =— |~
[w]—CMe,
(35)

a bearing on certain olefin dismutation reactions;®
various H-labeling experiments are consistent with the
reaction pathway of eq 35. A somewhat related reaction
(eq 36) had been described earlier;®® similarly, [Reo{u-

1.Li[CeHyz(OMe)-2.6], THF
2.[0Ets][BF,]
[Feofu-C(OEt)CeH3(0OMe),-2,6}(CO),] (36)

C(OMe)Ar},(CO)gl (Ar = Ph or CgH Me-p) was ob-
tained from [Re,(CO),] and successive treatment with
2LiAr and 2[OMe;]{BF,].%°

2[Fe(CO);]

Holton et al.

An interesting u-vinylidene—u-alkylidyne exchange
reaction is in eq 58 (see section IVB). The transfor-
mation of [Fey(n-C;Hg)o(CO)4] into [Feofu-CCHyl(n-
C5H;),(u-CO)(CO),] by treatment successively with
LiMe and CF3COOH may involve water elimination
from a C(OH)Me group.®

The interesting methylene-bridged compounds
XXII* and XXIV?® may be regarded as transition-

CH CHAIMes
(n -CgHg )T AlMe, (n-CsHslaTa
\Ci/ \Me
XXIIE XXIV

metal ylide complexes stabilized by coordination of the
ylide carbon to an aluminum Lewis acid site. An
analogue of the former compound, [TiAl(u-CH,)(n-
C;H;),Cl;Me], was made by methane elimination from
[Ti(n-CsH;),Cly] and 1/,(AlMes),.? Using an equimolar
proportion of (AlMes), yielded XXIII,*” which was also
accessible from [Ti(n-CsH;),Me,] and !/,(AlCIMey),, or

from the metallacycle [Ti{CH,CH(CH,Bu-t)CH,(»-
CsHs)o] by reaction with !/,(AlCIMe,); at —40 °C.%
Reaction between [Ti(y-CsH;):Me,] and !/,(AlMe;),
gave a compound formulated as XXIII but with u-CH,4
in place of u-C137 Similar compounds having TiCH,Zn
units were believed to form when ZnMe, was used in
place of '/,(AlMe;),. Reaction of [Ta(CH,)(CH,)(n-
CsHj),) and !/5(AlMeg)s, or [Ta(CHy)y(n-C;Hs),] and
1/,(AlMeg), gave compound XXIV;* in the latter re-
action [Ta(n-CsHjs),Me,][AlMe,] may have been an in-
termediate.

C. Chemical Properties

Complexes which possess a CH, group bridging two
bonded transition-metal atoms are of interest, inter alia,
because of their possible relationship to methylene
groups on metal surfaces in heterogeneous reactions. In
this context some of the reactions outlined below may
serve as models for elementary steps in certain heter-
ogeneous catalytic reactions of olefins. We distinguish
two principal types of behavior: those in which the
bridging alkylidene group is implicated and others in
which it maintains its integrity.

Protonation may involve attack at the u-CH, group,
as in eq 37,*57 at the 8-atom of a u-vinylidene [e.g., eq

+

[Ruz(ﬂ'CH2)3(PMe3)G] __}{4_—’

LiMe H*(.CH,)
[Rug(u-CHa)a(u-CHg) (PMey)e] ¥ ———

[Ruy(u-CH,)o(PMeg)g]®* (37)

[Rug(4-CCHy) (n-CsH)o(u-CO) (CO);] —r
[Ruy(u-CCHy)(n-CHg)o(u-COY(CO) 4] (38)

[Mnyfu-CCHR}(7-C5Hy)3(CO) ] ——
[Mn,(u-CCH,R) (n-CsHy)5(CO),]* (39)

[Rhfu-CH(-CsHy)5(CO)al 7=
[Rhyfu-CHo}(n-C5Hs)o(CO)o(u-H)]* (40)

[Ptylus-(PhC),COI(CNBu-t),] —
[Ptylus-(PhC),COH}(CNBu-t),]* (41)
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38 (M = Fe® or Ru®) or 39 (R = H or Me)®'], or at the
metal centers [e.g., eq 407792%], or at a remote site as
in eq 41.8 The u-CH,-u-H dirhodium cation XXV of
eq 42 is unstable and if X = Cl or Br rearranges irre-

fé S
Rr—(rny @ —fn X <=

(OMe ) H
XXV
/CH\3 * ) )|< H3]
(R —(Rh)| Xx* T—g—= [(Rh)—(RN)

{not detectable)

XXVI
&\i:*‘. -CHg,-Hp (42)
+

C/'Rh(n-csHs)

(n- C5H5)Rh ------ Rh('r] CsHs) X
e

XXVII

versibly into a methyldirhodium halide, XXVI" or if
H = OOCCF; or SO,CF; into a Rh; cluster XX VII %
as depicted in eq 42 {Rh} = [Rh (3-C;H;)(CO)]. A
protonation of a singly bridged alkylidene (eq 43) has

.
Ne "N
PN o s (43)
LaM——ML,| — |L,M——ML,

[OMe3](BF4)

| |
[(CONaln=CsH 5IMn (- C{OMe)CcHaMe-p) PH{ PMes), ]

I ]
[(COz(n-CsHsIM - C(CeH Me -p)) Pt (PMeg), ]
(44)

not apparently yet been reported; however, a related
electrophilic methylation shows that a cationic alkyl-
dimetal cation may suffer elimination to yield a bridging
alkylidynedimetal cation, as in eq 44.* There is, of
course, a close analogy with the conversion of an (alk-
oxycarbene)nickel complex into a carbyne-nickel cat-
ion.% A p-vinylidene/u-alkylidyne exchange reaction
is shown in eq 58 (section IVB).

Deprotonation of cationic complexes has been ob-
served, cf. reverse of eq 37* and 4077929 using LiMe
or NaOMe; with the former reagent, methylation (re-
verse of eq 37) has also been noted.

An interesting hydrogenolysis results from the reac-
tion of [Fe,(u-CH,)(1-C0),(CO)g] with dihydrogen (200
psi) in benzene at 60 °C when methane (81%), acet-
aldehyde (5%), and [Fe3(CO);,] are formed.*” As the

" reaction rate decreases, although the organic products
are unaltered {[Fe(CO);] is the coproduct}, when the
reaction is carried out in the presence of CO (400 psi),
it is likely that there is initial CO loss, as in eq 45;

" T
CHz \| cte
N
[(co>3t=e/ \Fe(CO)q] — [ (COIsFE——Fe(COly| —

{ T THB }
(CO)aFe——Fel(CO)q (45)

formation of CH;CHO may result from CO insertion
into the Fe~CHj; bond, the organic products resulting
from a final 1,3-hydrogen shift.
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Carbonylation of [Ruy(u-CHy)3(PMe;)g] takes place
upon reaction with CO (5 atm) at 60 °C in benzene or
toluene to yield trans-[Ru(CO);(PMes),], but methane
was not detected.*l®

Carbene transfer from [Fe,(u-CH,)(u-C0)5(CO)¢] to
an olefin (olefin homologation) was observed.*” Thus,
C,H, (400 psi in CgHj at 55 °C) gave C;Hy (>90%) and
C;Hg gave mainly isobutene but also n-C,Hg; sequential
metallocyclic intermediates, such as a [Fey{u-(CHy)s)-
(CO);] and [Fe,(u-CH,CH=CH,)(CO);H] for the C,H,
reaction, may be involved. Some of these complexes are
hydrogenation catalysts, e.g., [Ruy(u-CH,),-
(PMeg)g]?* 417 and [Fey(u-CHy) (u-C0),(CO)q];*" as for
the latter, reaction with C,H, and H, gave CH, (66%),
CaHg (6%), and CzHe (Ca. 600%)-

Treatment with a neutral ligand may result in simple
ligand displacement, as in the replacement of CO by
PPh; in [(OC);M{u-C(OMe)PhjPt(PMe,);] (M = Cr or
W),® or change the nature of the bridging ligand, as
in eq 46* or 47,%%2 [which exemplifies insertion of an

H
H Ly l
N NP N
/ \ —co C CMez
{COYaW W(CO)s —  |(CO)sW wico), | (46)
H M
Ne” ¢
PN RC==CR
[(‘q'C5H5)(OC)M\8/M(CO)(ﬂ'C5H5)] T M= Feor Fe
R c/R
/I\CHM
(7 - CsHs) (OCIME= \M(/-C : ) (47)
n -CsHs T Min ~CsHs

[Mnaiu-C==CHPh){n-CsHg)a(COl4] + 2PPhs —=
{[MnIC=CHPh){n-CsHs)(CONPPh3)] + [Mn(7-CsHs)(COY2(PPh3)] (48)

alkyne (M = Feor Ru,R =H or COOMe)], or eq 482
(where fragmentation to mononuclear species has oc-
curred). Reactions of the latter type may be implicated
in olefin metathesis (see section XIIE). Sublimation
of [Rhy(u-CPhy)(7-C;Mes),(CO),] gave [Rhy(u-CPhy)-
(u-CO)(n-CsMeg),]. 45

Finally, we come to the reactions of [TiAl(u-CH,) (-
CsH;)oMey(u-Cl)], XXIII, and [TaAl(u-CH,)(n-
CsHs)oMe,], XXIV. The only reaction recorded for the
latter is the bridge splitting with NMe; to yield [Ta-
(CHz)(CH3)(ﬂ'C5H5)2] and AlMe3.NMe3.39 Compound
XXIII undergoes Me/Y exchange reactions with /,-
(AlY3), to yield [TiAl(u-CH,)(n-CsH;), Yo(u-Cl)] (Y =
Cl, CDg, or CH,CMey);*" a process which may involve
the intermediate XXVIII, the formation of which is

(n=CsHg)aTi==CH,
C|A|Me2
XXVIII

enhanced by addition of a base such as NMe;. This
postulate also accounts for the ability of compounds
XXIII to undergo olefin homologation or act as olefin
methathesis catalysts. Thus, XXIII reacts under am-
bient conditions in PhMe with (i) C,H,, to yield C;Hg
(32% in 18 h); (ii) C3Hg, to give i-C,Hg (59%) and a
trace of methylcyclopropane; (iii) i-C,Hjg, to give 1,2-
dimethylcyclopropane (2% with another C;H,g), pro-
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Figure 34. ORTEP drawing of the molecular structure of [Wofu-
C(SiMey)}o(CH,SiMe;),]. Reproduced, with permission, from:
Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Murillo, C. A.
Inorg. Chem. 1978, 17, 696. Bond lengths (A): WW, 2.549 (2);
W(1)C(1), 1.85 (3); W(1)C(1’), 1.97 (2); W(1)C(5), 2.13 (3); W-
(1)C(9), 2.05 (3). Angles (°): WC(1)W, 84 (1); C(1)W(1)C(1), 96
(1); W(1C(1)8Si, 146 (2); W(1)C(1)Si, 130 (2).

vided that NMes or THF is present; and (iv) C,D,, to
give CD,CH=CH, (1.4 parts) + CH,DCD=CD, (1
part). A dg analogue of XXIII, [TiAl(u-CH,)(n-
CsH;),(CD)4)o(u-Cl)1, similarly reacts with C,H, to yield
C;Hg. These results show that sequential intermediates
in these olefin reactions are XX VIII and XXIX (shown

(n-CsHs)pTi—CH,
C‘——-A|MEZ

XXIX

for the C,D, reaction, which can undergo 8-hydrogen
transfer to either of the two metal-bound CH, or CD,
groups). These experiments were extended to show that
(i) XXIII + ¥CHy;=~CMe, equilibrate in ca. 30 h in C¢Dq
at 52 °C with [TiAl(u-13CH,)(-C;H;);Meo(u-Cl)] and
i-C4Hg, and (ii) XXIII catalyzes the 3CH,/!?CH, ex-

change between 3CH,—~CMe, and 2)CH,==C(CH,);.38
Similarly, in the systems XXIII-CD,=CMe, and
[TiAl(u-CDy) (n-C5H;)o(CDg)o(u-Cl) -CH;~CMe,, ex-
change was limited to the hydrogens of the u-CH, or
u-CD, group and the a-CH, or -CD, groups of the olefin.
Thus compound XXIII is an olefin metathesis catalyst
and an experiment relevant to the mechanism is its
reaction with t-BuCH,CH==CH, in presence of pyridine
(or 4-vinylpyridine—styrene copolymer) to yield the
metallacycle [Ti{CH,CH(CH,Bu-t)CH,}(n-C5H;),].%2°
Compound XXIII acts as a Wittig reagent, converting
cyclohexanone into methylenecyclohexane,®” ethyl

acetate into ethyl isopropenyl ether, or esters (generally)
or lactones® into vinyl ethers. With PhC=CPh, the

titanacyclobutene [Ti(CH,CPhCPh){(-CsH;),] is
formed.%®

1V. u-Geminal (1,1-) Alkylldynedimetal
Complexes, [M-(C-)-M']

A. Stoichiometry, Structures, and Bonding

The complexes considered in this section have o-
connectivities between each metal atom and the
bridging CH group(s) or substituted methyne group(s),

Holton et al.

136.5(4)
M93
Si
arow o€ ~
S

§ N
(MessiCHg)z R}{“—W} Re(CHSiMes )y
‘)

% C
Si
Me,

@3-0(3)

Figure 35. Schematic representation of the molecular structure
of [Reg{u-C(SiMes)}(CH,SiMes),].1® Unlike for the isoleptic Nb
(Figure 33) or W (Figure 34) compounds, the bridging is sym-
metrical. The average Re—~CH, length is 2.076 (8) A.

and may formally be regarded as triply anionic, i.e.,
CH?*. Such compounds are sometimes said to have
“bridging carbyne” ligands which is possibly useful in
that certain of the synthetic methods are similar to
those employed for a terminally bonded carbyne-metal
complex such as trans-[W(CPh)(CO) I]; however, we
shall not adopt this classification and indeed prefer to
regard the compounds as carbene—metal complexes
since the bridging carbon atom is approximately sp?
hybridized, as shown in the basic structural unit XXX.

R

C
M/ \M'

XXX

The first alkylidynedimetal complex to have been de-
scribed was in 1971,% XXXI (M = Nb or Ta), and

(COl5
H/OIS\H Mes
!
AN :
N , 7N .
(CO)3OS\H/OS(CO)3 (Me3S|CH2)ZM\C/M(CHZS|Me3)2
Si
XXXII Me;
XXXI
(CO)g
Os
CH3
(CO)3OS\T/05(CO)3
XXXIII

well-characterized compounds are listed in Table VI.
Trinuclear compounds are once more excluded, but
complex XXXII is particularly interesting, not least
because of its synthesis from an equilibrium mixture
of the tautomers (XXXIII and XVI), by heating in
xylene at 110 °C.*” The archetypal tetrahedral cluster
is that of the [Coz(u-CX)(CO),] family, cf. I1.8 Com-
plexes such as XXXI, as well as similar (u-alkyli-
dyne)dimetal complexes, may serve as models for a
binuclear decomposition pathway of metal alkyls;!® this
is illustrated by the synthesis of XXXI from Mg-
(CH,SiMe;)Cl + MCl;. The terminally bonded alkyl-
idenemetal complexes are, of course, often made by a
similar reaction, e.g., [Ta(CHCMe;)(CH,CMes),] from
TaCl; and LiCH,CMe,.»®

X-ray diffraction data are now available on a signif-
icant number of compounds, see Figures 33-44. In
some complexes, the nature of the bridging is unsym-
metrical, as in XXXIV, whereas in others the bridging
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carbon atom is equidistant from the two metal centers,
as in XXX. For the former, structure XXXIV provides
an adequate account of the bonding, whereas for the
latter a valence bond description requires contributions
from three principal canonical forms XXXIVa <
XXXIVb < XXXV.#® In complexes XXXI the

ok
N W w M7 w W
XXXIVa XXXIVh XXXIV XXXV

Ly . . . 3
MCMOC ring has been described as quasiaromatic,?:1%

in order to account for the observed diamagnetism; a
dimetallacyclobuta-1,3-diene formalism, XXXVI (M =

| Y.

~CsH
NSNS
SN AN
| oC s CsHs-n
XXXVI XXXVII

Nb or Ta), is an alternative statement, and leaves the
metal in the d° configuration (see also ref 104). A
consequence of the above resonance proposal is that the
bridging carbon should be electrophilic. This is borne
out by the hydride and methoxide addition, eq 28 and
30, and by the extremely shielded bridging carbon at-
oms. The outstanding example is the 448.27 ppm
carbon-13 NMR chemical shift in XXXVII;1% the
cationic nature of the complex may make its own con-
tribution. This value may be compared with 406 in the
Nb and Ta complexes XXXI, 354 in the isoleptic W
analogue (Figure 34),'% 336.5 in the WPt complex of
Figure 42,9 and 201.2 ppm in [Rey(u-CPh)(u-Br)-
(CO),).18

The isoleptic series of complexes [Mofu-C(SiMej)},-
(CH;SiMe,),] (M = Nb,% Ta,? W,19 or Rel®) is par-
ticularly interesting because of the available structural
data (Figures 33-35). The presence of M-M(W) and
M=M(Re) and absence of a metal bond (Nb, Ta) is
reflected not only in the MM lengths, but also in a
contraction of the MCM angle for W or Re. It is curious
that only in the rhenium complex is the bridge sym-
metrically situated. The complexes formulated as
[Mofu-C(CMey)}o(CH,CMey)s] (M = Mo or W) have a

similar MCMC ring.!® Another complex in which there
may well be a metal-metal double bond is [CrW{u-C-
(CeH,Me-p)}(n-CsHs) (1-CeMeg) (CO, Figure 41.'* The
compounds [Fe,{u-C(OR)},(CO)s(SiMe;),] (R = SiMe;
or H) may have structures XXXIX, but alternatives XL

R
0
C

) VAN ‘
Me3SI(CO)3Fe\C_/Fe(CO)3SIMez’

. Z I\ )
Me3$|(C0)3Fe\(|:/Fe(CO)3SuMe3
0
R

XL
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Me
N

/
B9 PF2

('ébHQME'D io7(2)
/A9* O
R ,l(%/jc

) Bha,rv"h \Br

Figure 36. Schematic representation of the molecular structure
of [Wlu-C(CeH Me-p)}Bry(CO)yiu-(PF,);NMel,].1

Etg
N
c

~ N
(CO)gFe\—"—"-’(—” Fe(CO)y
e

o
N
Etg

Figure 37. Schematic representation of the molecular structure
of [Fegfu-C(NEt,)}5(C0O)e].2 Bond lengths (A): FeC, (av), 1.903
(4); CyN (av), 1.282 (4); Bond angles (°): FeC,Fe’, 81.3 (2);
CpFe’,C'y, 73.2 (2). FeFe bond is considered to be bent. The short
CN distance indicates considerable double bond character.

were considered.!'> The AIR; adducts of (bridged-
carbonyl)dimetal complexes, e.g., [Feyfu-C(OAIR;)}y(4-
CsH;),(CO),],113114 are somewhat related.

B. Synthesis

We shall consider synthetic processes in a similar
sequence to those discussed in section IIIB for (u-al-
kylidene)dimetal complexes.

Reactions which might be regarded as carbyne in-
sertions are shown in eq 4915 and 50 (R = Et or Bu®);1%®

boiling #-CgHig

2[FelCOIs] + E1NC==CNEt — =ormr o

FelCO)s
'3572 BN |LNEL,
7N
NE13
NEta NEts
XLI
XLII

2[MnBr(CO}s] + 2HgINC(COzR}]p; —=
[Mnz { u-C{CO,R))2(C0ON] + HgBrp +

Mn(CO).;(HgBr)]

H -+
[Mn{CO)(HgBr)) [(Rozc)c=_-C(cozR)

(50)
the latter may alternatively be viewed as a carbyne
transfer from Hg to Mn. The (u-alkylidyne)diiron
complex XLI is authenticated by an X-ray study;1?? it
was obtained in a low yield from reaction 49, XLII being
the principal product.

Metal-promoted ring opening is exemplified by the
organoferrate(0) reactions of epoxides, as in eq 51,19
postulated to proceed by the sequence of eq 52 {Fp =
Fe(n-05H5)(CO)2}.

The reaction of a carbynemetal complex with a low-
oxidation-state metal fragment may be termed di-
metallacyclopropenation. It was first demonstrated for
the process shown in eq 53 (L, = (»-C;H;)(CO), or
(0C)Br, R = Me or Ph].1*7 Further examples relate
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0
- ﬁ 125°C, 5h
2 AlBFaI

1
[Fea{u-CICCHCHCHRCH2) Y- CONn-CsHs)alCOYL1[BF,]
XLIIT

6]
=
0
C

2Li[Fe(n-CgHs)(C
(51)

(52)
in-CsHs ) (COIFe—7Fp
\C
w2 —

(n-CsH5){CO) Fe—lC

Oti

N
(n-CsHs) (CO)Fe/ FelCOMn-CsHs)| —

C
“I
oL

Q
C

+

~N H
Fe(CONn-CsHg)f ——=
— 7-CsHs

~
Lio oL

C

/
(n-CsHg)CO)F
{tn-CsHs e\/

O
XLIII

(n-CsHs)(CO)Fe/
C

Fe(CON7-CsHs)]

[W{C(CeHaMe-p)YLa] ~+ [Pt(n-CoHa)(PMesRIp] —=

CgHaMe-p
l (53)
L,,W/ \Pr(PMezPh)z

to the moieties ML, = Mn(»-C;H,Me)(CO),, Re(n-
CsH;)(CO)g, Cr(n-CeMeg)(CO),, Co(n-C5H;) (u-CO), and
Rh(n-indenyl)(CO) in place of Pt(PR;), and were gen-
erated from [W{C(C¢H Me-p)}(n-CsH;)(CO),] and [M-
(CO)L,,] by photolysis or (for the Rh compound) a
thermal reaction.!!! The Os-coinage metal clusters
XLIV (MX = Cul, AgCl, or AuCl) were similarly made

from [Os{C(C¢H Me-p)CO)(CH(PPh;),] and Cul, AgCl
or Ag[ClO4]-LiCl, or [AuCIl(PPhy)], respectively.}!?
A single, but incompletely established (see XXXIX
or XL, R = SiMey) salt elimination reaction exists and
involves a crucial migration of an SiMez group from
metal to oxygen of a coordinated carbonyl group (eq
54);!12 reaction with dry HCl afforded the analogue with
R = H, which was reconverted to its progenitor by

Hoiton et al.
2Nap[Fe(CO)4] + 4Me3Sil —= 4Nal +
R
0
N
Me;Sn(CO)3Fe\ —Fe(CO)3SiMes
O
R
XXXIX (54)
RO
\C
™~
or Me3Si(CO)3Fe\I/Fe(CO)3S|Me3
\OR
XL

treatment with MegSiCl/NEt,.

Sequential alkylation and a-hydride abstraction is
the route for the synthesis of the isoleptic complexes
[le# -C(SiMey)},(CH,SiMe;),] M = Nb, Ta, W, or Re):
using NbCl; or TaCl; and Mg(CH281Me3)Cl 103 WCl,
and Mg(CH,SiMe;), in THF (in petroleum [WZ-
(CH,SiMejy)q] was obtained),'® or Mg(CH,SiMe,)Cl,118
or [ReCl(THF),] and Mg(CH,SiMe;)C1 (only a trace
yield was obtained, the principal product being [Re,-
(CH,SiMe;)g(u-Ny)]).1%° Similarly, compounds formu-
lated as [M,{u-C(CMe;)},(CH,CMe;)g] (M = Mo or W)
were obtained, together with [M,(CH,CMe,);], from
MoCl; or WCl; and Li(CH,CMe).11

We now come to syntheses in which the starting
material already has a bridge, between the two metal
atoms, which becomes transformed into an alkylidyne
bridge. 8-Protonation of a (u-vinylidene)dimetal com-
plex to yield [My(u-CMe)(7-C5Hj)4(u-CO)(CO),]* has
already been noted (eq 38);8%% see also eq 39 for
[Mny(-CCH3R) (7-C5H;)5(CO),]* (R = H or Me).**
B-Protonation of a u-CNMe group is featured in eq
55.11% o-Methoxide elimination from a (u-methoxy-

[Fesfu-CNMe}(n-C5Hj)2(4-CO)(CO),] + HY —
[Feolu-C(NHMe)}(n-C5Hy)o(u-CO)(CO),]* (55)

alkylidene)dimetal complex is demonstrated in eq 561%
and 57 (M = Mn or Re, R = Me or Ph).* The other

[Resiu-C(OMe)Ph}(CO)q] + AlLBrg —
[Rey{u-CPh}(u-Br)(CO)g] + CO + ALBr;OMe (56)

[MP1{ u-C(OMe)CgHaMe - p){n-CsH5)(CO)o(PMe,R)] +
CeHaMe-p * (87)

PN
[OMe3][BFs] — | (COl(n - CsHsIM—P1(PMeR), | + OMe,

example is (u-alkylidyne) exchange (eq 58),%' the fa-
[Mny{u-CEt}(n-CsHs)5(CO)][SO;CF;] +

[Mng{u-C=CH,}(n-C;H5;),(CO),]
[Mny{u-C=CHMe}(n-C5H;)o(CO),] +
[Mnyfu-CMe}(n-C5Hg)o(CO),1 [SOsCF3] (58)

cility of which is in part attributable to the acidity of

the 8-hydrogens in the alkylidynedimetal cations.
The reaction of the terminal carbyne—metal complex

and the chelating ligand MeN(PF,), (eq 59)'°! may be

hv,CH,Cl,

[WBr{C(C¢H,Me-p)}(CO),] + MeN(PF,),
[Wz(M'BI‘)Brzf#'C(CGH4M9'P)}{H'M6N(PF2)2}2(0(())5%
5
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Figure 38. ORTEP drawing of the cation cis-[Fe,{u-C(NHMe)}-
(1-CsHg)g(u-CO)(CO),]*. Reproduced, with permission, from:
Willis, S.; Manning, A. R.; Stephens, F. S. J. Chem. Soc., Dalton
Trans. 1979, 23. Copyright 1979, The Chemical Society, London.
Bond lengths (A): FeFe/, 2.521 (1); FeC(T), 1.78; FeC(B2), 1.87;
FeC(B1), 1.95; C(B2)N, 1.28 (1). Bond angles (°): FeC(B2)Fe’,
84.6 (4).

Figure 39. Schematic representation of the molecular structure
of [Rey(u-CPh) (u-Br)}(CO)s]. Reproduced, with permission, from:
Fischer, E. O., Huttner, G.; Lindner, T. L.; Frank, A.; Kreissl, F.
R. Angew. Chem., Int. Ed. Engl. 1976, 15, 231. Copyright 1976,
Verlag Chemie GmbH. Bond lengths (pm): ReC, 214.4 (4.1);
ReBr, 265.2 (05). The Ph ring is twisted 72° about the almost
planar Re,(u-Br)(u-C)(CO), moiety.

Me

aC £
oc. \ﬁin.@’{rq 0
Ry ~_21a0_ py
s ,\/lub)%@

AN
n- C5H5 O’J(_,} (O: » CSHS-O

Figure 40. Schematic representation of the molecular structure
of the cation in [Ruy(u-CMe)(n-C5Hjs),(u-CONCO),][BF,].% It
is of interrest to compare this with that of the deprotonated
u-CCH, complex of Figure 19.

a further example of a dimetallacyclopropenation. The
pathway for eq 60 may involve an intermediate, [Fe-

1.Li[Fe(y-CsHg)(CO)]
[Fe(r-CsHy) (CH;Ph)(CO);] ———

[Feolu-C(CH,Ph)}(5-CsHs) 5 (u-CO)(CO),]™ (60)
(n-CsH5)(COCH,Ph)CO).10

C. Chemical Properties

We have already noted (section IIIB) that nucleo-
philic addition at the bridging carbon atom of a (u-
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R c2n
D

Figure 41. ORTEP drawing of the molecular structure of [CrW-
{u-C(C¢H Me-p)}(n-CsH;) (7-C¢Meg) (CO),].  Reproduced, with
permission, from: Chetcuti, M. J.; Green, M.; Jeffery, J. C.; Stone,
F. G. A.; Wilson, A. A. J. Chem. Soc., Chem. Commun. 1980, 948,
Copyright 1980, The Chemical Society, London. Bond lengths
(A): CrW, 2.941 (1); CrC, 1.928 (6); WC, 2.025 (6); CrC(3), 1.840
(6); WC(3), 2.69 (1). Angles (°): CrCW, 96.1 (3); CCrW, 43.2 (2);
ngé3)O(3), 163 (1). The CW separation corresponds to a double
ond.

C(233) c(z3z) 9B

C(133)

caaéz;f(g‘)/&()
~ (131

ca3e) Cin
C(12)

Figure 42. Schematic representation of the molecular structure
of [WPt{u-C(CeH Me-p)}(n-CsHs) (CO)y(PMe,Ph),). Reproduced,
with permission, from: Ashworth, T. V.; Howard, J. A. K,; Stone,
F. G. A. J. Chem. Soc., Dalton Trans. 1980, 1609. Copyright 1980,
The Chemical Society, London. WPt, 2.751 (1) A; WC(001), 1.967
(6) A, PtC(001), 1.997 (9) A; the p-tolyl ring is inclined at 88.1°

to the W-Pt-C plane.

alkylidyne)dimetal complex may provide a route to a
(u-alkylidene)dimetal analogue. Thus, there is simple
methoxide addition as in eq 30, although this may be
accompanied by a CO migration, cf., eq 61; PMe;

[CrPt{u-CPh}(CO),(PMey)s]* + OMe™ —
[CrPt{u-C(CO,Me)Ph}(CO),(PMey);] (61)

addition as in eq 83 (section X1I);% and hydride addi-
tion (see final step of eq 28).%° The acidity of the 8-
hydrogen atoms of a (u-alkylidyne)dimetal complex is
shown by the ready bridge exchange in [Mn{u-C-
(CH3R)}(n-CsH5)5(CO),]* (R = H or Me) with CF,CO,"
or with a u-vinylidene analogue, see eq 58.°!

The (u-alkylidyne)dimetal complexes are often robust
for low oxidation states of metals. However, the iso-
leptic series [M{u-C(SiMey)}o(CH,SiMej),] (M = Nb,19



180 Chemical Reviews, 1983, Vol. 83, No. 2

')C(m

A

Figure 43. ORTEP drawing of the molecular geometry of the cation
[MnPt{u-C(C¢H Me-p)}(n-CsHs) (CO)o(PMe,),]*.  Reproduced,
with permission, from: Howard, J. A. K,; Jeffery, . C.; Laguna,
M.; Navarro, R. Stone, F. G. A. J. Chem. Soc., Chem. Commun.
1979, 1170. Copyright 1979, The Chemical Society, London. The
MnC bond was regarded as Mn==C. The plane of the tolyl group
is inclined 43° to the Mn(u-C)Pt plane.

Cl-0s-Ag  97-29(3°
Cl-0s-CO 107-612°

C0-0s-C  1044(2°

Figure 44. Schematic representation of the molecular structure
of [OsAg|u-C(CeH Me-p)}(CO){(u-C1)(C)(PPh;),]. Reproduced,
with permission, from: Clark, G. R.; Cochrane, C. M.; Roper, W.
R.; Wright, L. J. J. Organomet. Chem. 1980, 199, C35. Copyright
1980, Elsevier Sequoia SA.

Ta,19 W, or Re'®) are air- and moisture-sensitive,
as is the bis(u-siloxyalkylidyne)diiron complex
XXXIX.112 The latter reacts with hydrogen chloride
and the derived (p-hydroxyalkylidyne)diiron compound
is resilylated to the starting material by treatment with
Me;SiCl and NEt;.

A metal fragmentation has been observed, involving
transformation of [Fey{u-C(NEt,)},(CO)¢] into tetra-
kis(diethylamino)cyclopentadienone-tricarbonyliron
complex (XLII) (see eq 49).1*° The complex XLIV (MX
= Iislg701) with perchloric acid reacted according to eq
62.

[OsAg{u-C(CgH Me-p)}(CO) (CD5(PPhy),] + HCIO,
— [0s{C(CsH,Me-p)H}(CO)(C1)C104(PPhs),] + AgCl
(62)

V. (u-Hydrocarbyl)dimetal and Related
Electron-Deficlent Complexes, [M(R or Ar)M']

A. Stoichiometry, Structures, and Bonding

The existence of electron-deficient alkyl-bridging of
main-group metals has long been known.!> Prominent

Holton et al.

Figure 45. ORTEP drawing of the molecule [Yo(u-CHy)y(n-CsHs)4l;
the Yb analogue is isostructural. Reproduced, with permission,
from: Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.;
Atwood, J. L.; Hunter, W. E. J. Chem. Soc., Dalton Trans. 1979,
54, Copyright 1979, The Chemical Society, London. Bond lengths
(&) (Yb in parentheses): YC(Cp), 2.655 (18) {2.613 (13)]; Y-CH,
2.545 (11) [2.511 (85)); C(A1H(11), 0.93; C(11)H(12), 0.86; C-
(11)H(13), 1.15. Bond angles (°): YCY’, 87.7 (3) [86.6 (3)];
MeYMe’, 92.3 (3) [93.4 (4)]; HA1)C(11H(12), 111; H(11)C-
(11)H(13), 95; H(12)C(11)H(13), 118.

Figure 46. ORTEP drawing of the molecule [YbAl(u-CHg),(n-
CsH;);Me;]. Reproduced, with permission, from: Holton, J.;
Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood, J. L.;
Hunter, W. E. J. Chem. Soc., Dalton Trans. 1979, 45. Copyright
1979, The Chemical Society, London. Bond lengths (4): YbC(Cp),
2.61 (3); YbC,, 2.59 (3); AIC,, 2.18 (5); AIC,, 2.00 (1). Bond angles
(°): YbCAL, 78.9 (1.6); C(12)YbC(11), 87.1 (6); C(11)AIC(12), 113.8.
The yttrium compound, [YAl(u-CHj),(n-CsHs)sMes], is iso-
structural, the averaf bridging bond distances being 2.10 (2) A
for (‘il}%ealrslod 2.58 (3) A for CY; the Y...Al separation being 3.056
(6) A1

o 564
oant H z SiME3
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Me4Si S Je,
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I&)Cr 2-1007(s) cr <

P S e\
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H
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tge0(2) o ete)

Figure 47. Schematic representation of the molecular structure
of [Cra(u-CH,SiMes),(CH,SiMeg),(PMe;),].1% Bond angles (av)

°): PCrCr, 108.3; C,CrCr’; 61.7; C,CrP, 167.1; C,CrC’,, 85.1;
CCrCr, 125.1; C,CrP, 94.9; CCrP, 88.5; C,CrC, 169.4. The two
bridging groups are in a cis configuration; the chromium atoms
are believed to be joined by a quadruple bond.

illustrations include (LiMe),, in which each methyl
group is equivalently linked to three metal atoms, XLV,
and (AlMe,),, in which the bridging is of the type shown
in XLVI. The first examples of alkyl-bridged transi-
tion-metal complexes were obtained in 1966, but their
structural identification awaited later spectroscopic'®
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N., PN
H —CHy—M
CH3 M\CHS/M M—CHgy
M XLVII
XLVI
XLV

and eventually (1978) X-ray'?! studies (Figure 52). The
first case of a single alkyl bridge, as in XLVII, was
provided by [{Cu(CH,SiMej)},]*2#'% (VII). For binu-
clear metal complexes, bridges of type XLVI have re-
ceived X-ray verification: Y and Yb (Figure 45),12412
Cr (Figure 47),1% Mn (Figure 51),1261%" and Ni (Figure
52).12! In [Yq(u-CHg)s(n-C5Hs),), the carbon-13 chemical
shift of the bridging methyl ligand is at 23.0 ppm,'?* J
(#Y-C'H; = 3.6 Hz and J (¥Y-13CH,) = 25.0 Hz.
Related to the dimeric metallocene methyls of Y and
Yb are the tetramethylaluminates [MAl(u-CHg)s(y-
CsH;)o(CHy),] (Figure 46).128:128.130
It is interesting that the degree of molecular aggre-
gation of dialkylmanganese [(MnR,},], is strongly de-
pendent on the nature of the alkyl group, being the
dimer for R = CH,CMe,Ph (neophyl) (Figure 51), tet-
ramer for R = CH,CMe; (neopentyl, XLVIII), or
R R R

SN, N, SN
R—Mn Mn Mn Mn—R

\R/ \R/ ~N R/

XLVIII

polymer for R = CH;SiMe; (Figure 50).1%1%" The fro-
zen solution ESR spectrum indicates high spin Mn?*.
The unit XLVII has also been established for XLIX!3!

\ //PEsz’h-l

+
re \ i Au(PPh3)
Me
\l/ \ —Me ‘:@<A‘U(F‘Ph5)

PEt,Ph LIII
XLIX
M H
H
H\L/H H—(|2/ CHs
N \Y/ \Y/ \Y/ \M/ : \M/
A O N AN 2N
c —H cl
T H/T
H H LII
L LI

and may well be present in [Re;Meg],13%13 [Res-
(CH,)o(PEt,Ph);3],”* and [Reg(u-CHg)e(CHg)g(n-
0,CMe),].132133 A methyl bridge is confirmed by X-ray
analysis of a salt containing the cation [Ru,y(u-CH,),-
(u-CHg)(PMey)g]™ (Figure 17).”® Reference has already
been made to [Ruy(u-CH3)(n-CsH;)o(u-CO)(CO),]™ (eq
28),80 [Os;(u-CH,)(u-H)(CO)yp] (XXXIID),® and
[TiAl(u-CH,) (u-CHj) (-C5Hjs) s Me,]. ¥

For [Yo(u-CHjg)y(n-C5Hj;),], X-ray diffraction located
the bridge hydrogen atoms (Figure 45) and confirmed
the symmetrical arrangements (L),!2¢ rather than the
alternative LI which had at one time been considered
for (AlMe;),. Bridge hydrogen atoms were also iden-
tified in [Crz(ﬂ‘CstiMe{;)Z(CstiMe3)2(PMe3)2] (Fig-
ure 47).1% A mixed u-Me-u-Cl bridge (LII has been
considered for the wunstable [TiAl(n-
CsH;),Me;Cl],124184135 the yttrium analogue,'?* [Ni(n-
allyl){MgMe,C1(OEt,)}],'® and some tetranuclear Ru,M,
(M = Zn or Mg) complexes.!® The o-(dimethyl-
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Figure 48. Schematic drawing of the molecular structure of
[Mnofu-C{Tol-p)=CO}(n-CsH;){(CO)g]. Reproduced, with per-
mission, from: Martin-Gil, J.; Howard, J. A. K.; Navarro, R.;
Stone, F. G. A. J. Chem. Soc., Chem. Commun. 1979, 1168.
Copyright 1979, The Chemical Society, London. Bond lengths
(A): MnMr’, 2.735 (1); Mn(1)C(01) = Mn(2)C(01), 2.128 (4);
C(01)C(1), 1.326 (8); C(1)O(1), 1.167 (5). These data suggest a
symmetrically sited u-ketene bridge rather than an ylide bridge
(i.e., the CO bond of the bridge is C==0 rather than "C=0%). The
corresponding MnRe complex in which Re replaces Mn(1) and
Ph replaces p-Tol has been characterized by E. O. Fischer et al.
(cited by Martin-Gil et al.).

Figure 49. ORTEP drawing of the molecular structure of [Mn,-
(u-CH2C6H4NMe2-o)2(CH2CGH4NMe2-o)2]. Reproduced, with
permission, from: Manzer, L. E.; Guggenberger, L. J. J. Orga-
nomet. Chem. 1977, 139, C34. Copyrlght 1977, Elsevier Sequoia
SA. Additional parameters: MnMn’, 2.810 (3) A; Mn(C(1) or
C(2),av)Mn’, 74.4°; C(2)MnC(1)(av), 105. 6°; Mn(l)C(2)Mn(2)C(1)
planar to 0.02 A,

amino)benzyl ligand R~ was first introduced for the
paramagnetic CrR,; and MnR,; for the latter, the mo-
lecular structure in Figure 49 shows that the nitrogen
atom is also involved in bonding.'¥” The X-ray crystal
structures of two further binuclear complexes are
noteworthy. That shown in Figure 53 for a (u-
ferrocenyl)digold(I) cation,'3%1% might be the prototype
for a wider series of u-aryl complexes; LIII resembles
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Figure 50. Schematic representation of the molecular structure
[{Mn(u-CH,SiMey),},]. Reproduced, with permission, from:
Andersen, R. A.; Carmona-Guzman, E.; Gibson, J. F.; Wilkinson,
G. J. Chem. Soc., Dalton Trans. 1976, 2204. Copyright 1976, The
Chemical Society, London. (Citing X-ray data of Hursthouse,
M. B. and Raithby, P. R..) No details for this polymer.

Figure 51. Schematic representation of the molecular structure
of [Mny(u-CH,CMe,Ph),(CH,CMe,Ph);]. Reproduced, with
permission, from: Andersen, R. A.; Carmona-Guzman, E.; Gibson,
dJ. F.; Wilkinson, G. J. Chem. Soc., Dalton Trans. 1976, 2204.
Copyright 1976, The Chemical Society, London. (Citing X-ray
data of Hursthouse, M. B.; Raithby, P. R..) The MnC(1) and
MnC(2) lengths of ca. 2.7 A indicate some n*-interaction of Ph
rings with Mn; the ortho-H has close contact to Mn. MnMn’ of
2.719 A indicates negligible metal-metal interaction.

a Wheland intermediate in electrophilic aromatic sub-
stitution, and is established (X-ray) for the trinuclear

complex LIV,1 and for [Fe,fu-C(CHO)(PPhyl(n-Ce-

PPh

Ph P/Pl'\Ph
2/ \&

P{T——Pt
~ 807 TN

PhyP PPhy

LIV
H,)(CO)¢] (Figure 59).*! For these complexes the plane

of the aryl ring is perpendicular to that of the MCM
triangle. Two chelating ortho substituents in "C¢H;-
(OMe),-2,6 force the two entities to become coplanar
giving the unusual planar five-coordinate carbon atom
in the complex of Figure 62, [V,{u-CeHz(OMe),-2,6),].142
Aryl bridging by the ligand "C¢H,CH,NMe,-o (Ar) (in
which nitrogen donation is also implicated) is confirmed

Holton et al.

Figure 52. Schematic representation of the molecular structure
of [Niy(u-CHg)s(n-C3Hs;Mey-1,3)5]. Reproduced, with permission,
from: Kruger, C.; Sekutowski, J. C.; Berke, H.; Hoffmann, R. Z.
Naturforsch. B: Anorg. Chem., Org. Chem. 1978, 33, 1110.
Copyright 1978, Verlag der Zeitschrift far Naturforschung. The
molecule is folded about its center, the two n3-CsH, lying cis with
respect to NiN{i/, but trans to the two mutually cis-u-Me bridges.
Each Ni atom is in approximately square planar environment;
the two NiMe, planes are at 117.5° with respect to one another.

Figure 53. Schematic drawing of the molecular structure of the
cation [Auy{u-(1-CsH)Fe(n-CsHg)(PPhs),]*. Reproduced, with
permission, from: Nesmeyanov, A. N.; Perevalova, E. G,
Grandberg, K. 1.; Lemenovskii, D. A; Baukova, Y. V.; Afanassova,
0. B. J. Organomet. Chem. 1974, 65, 131. Copyright 1974, Elsevier
Sequoia SA. See also: Andrianov, V. G.; Struchkov, Yu. T,;
Rossinskaya, E. R. J. Chem. Soc., Chem. Commun. 1973, 338. In
the tri-p-tolylphosphine analogue, **P NMR data show that the
two Au(PAr;) units are equivalent, whereas the Au(PPhg) groups
are inequivalent not only in the crystal but also in solution.

for [{CuAr},],1431# and is likely in various other aryl-
copper(I),*¢ and arylsilver(I) complexes (often trimers
in benzene solution).'* Similar bridging may be found
in [{Se(n-CsHy)o(C=CPh)};].1¥” The structure illustrated
in Figure 48 shows a bridging ketenide ligand, u-C-
(Tol-p)=C==0.%% The ketenide carbonyl bond was also
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Figure 54. Schematic representation of the molecular structure
of [Fe{u-CHC(Ph)NEt}(CO)¢(u-PhoP)].1%8  The coordination
geometry about the bridging C atom is approximately tetrahedral,
whereas about the adjacent C atom and the N atom, it is planar.
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Figure 55. Schematic representation of the molecular structure

of [Feyju-CC(Ph)PCy,H}(CO)e{u-PhyP)].2%% The coordination

geometry about the bridging C atom approximates to trigonal

planes.
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Figure 56. Schematic representation of the molecular structure
of [Fey{u-C(Ph)C[P(OEt),]}(CO)q(u-PPh,)].16!
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Figure 57. Schematic representation of the molecular structure
of [Fegfu-C(Ph)C[CN(Me)(CH;);NMe]}(CO)q(x-PPh,)].1

identified by a CO stretching band at 1850 cmm™ and a
carbon-13 NMR chemical shift at 162.4 ppm; thus, an
alternative formulation as a bridging ylide is less at-
tractive.

The Zr' complex [{Zr(y-CsH;)oMe}o] is not well-
characterized.'¥® The titanium analogue is certainly
exceedingly unstable,'?* although a monoetherate is
somewhat more robust.’® There is evidence for a n-
butyl bridge in [{Y(»-C;H,Me),Bu®},] from NMR
spectroscopy. 5!

For tetramethylaluminates of formula [MAl(u-
CHy)o(n-CsH,R)o(CHg),] (M = Sc,1 28 Y,128.182 4,128 Dy,
Ho, Er, Tm, Yb, or Ti,!52) there are a number of in-
teresting features. IR bands at 1250 and 1235 cm™ arise
from vibrations associated with bridging methyl groups,
cf., 1368 and 1195 cm™ in the corresponding [M,(u-
CHy)y(n-CsHj5),].1%* The Sc compound (R = H) is non-
fluxional at ambient temperatures, there being distinct

Chemical Reviews, 1983, Vol. 83, No. 2 163

Figure 58. Schematic representation of the molecular structure
of [Tayu-CH(PMey)i(n-CsMe Et),Cl,(H) (1-0)]. Reproduced, with
permission, from: Belmonte, P.; Schrock, R. R.; Churchill, M.
R.; Young, W. J. J. Am. Chem. Soc. 1980, 102, 2858. The terminal
hydride ligand on Ta(2) is shown in its deduced position. The
coordination environment about Ta(1) is of the “four legged piano
stool type” with equivalent Cp—Ta(1)-L angles (mean 105°). The
Ta(1)-Ta(2) distance is 2.992 (1) A. The mean P-Me distance
is 1.84 A and the MegPCH moiety is regarded as a phosphonium
ylide.

Ph/,hﬁ pMes

1) c,|\q:.,3

2
(co)w \—_g °/Re(CO)4

0

Figure 59. Schematic representation of the molecular structure
of [WRe{u-C(Ph)PMes}(u-CO)(CO),].8° The Re and W atoms
cannot be distinguished; however, the assignment is preferred
based on M-C bond lengths.

Figure 60. Valence bond representation of the molecular

structure of [Feyfu-C(CHO)PPhyj(u-C¢H,)(CO);). Reproduced,
with permission, from: Churchill, M. R.; Rotella, F. J. Inorg.
Chem. 1978, 17, 2614, There are two crystallographically inde-
pendent molecules within the asymmetric unit. Bond lengths (&):
FeFe’, 2.471 (1) and 2.466 (1); Fe—C¢H,, 2.001 (6) and 2.159 (5)
for molecule 1 and 1.986 (6) and 2.185 (6) for molecule 2; Fe-C-
CHO, 2.037 (6) and 2.047 (6) for molecule 1 and 2.036 (6) and 2.052
(6) for molecule 2. The CgH, ring resembles a Meisenheimer
intermediate as found in nucleophilic aromatic substitution.

Ph

'»"&\ c Jf\Mss(s)
z

NEZ

Figure 61. Schematic representation of the molecular structure
of [Fegfu-CHy-CPh-N(Me)}(CO)¢(u-PPhy)].1%8

NMR signals for both bridging and terminal methyl
groups, but at +100 °C these environments become
coincident. For the Y analogue rapid site exchange is
already apparent at +40 °C and AG*3.x for site ex-
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Figure 62. Schematic representation of the molecular structure
of [Fegfu-C(Ph)0},(CO)gl.!™ Bond lengths (A): FeFe’, 2.568 (2);
Fe(2)C(5), 1.945 (6); Fe(1)O(5), 1.967 (5); C(5)0(5), 1. 262 (8). Bond
angles (°): Fe(1)O(5)C(5), 104.5 (5); Fe(2)C(5)0(5), 114.6 (5);
Fe(2)C(5)C(Ph), 131.1 (4); O(5)C(5)C(Ph), 114.3 (6).

change is 15.9 kcal mol™!. At —45 °C the bridge methyls
are identified by their coupling, J (¥Y-C'H,) = 5.0
Hz,'%? and J (¥Y-13CH;) = 12.2 Hz.'2® It is convenient
that yttrium is naturally monoisotopic with nuclear spin

=1/, Redetermination of bridge-terminal exchange
activation energies for the series [YAl(u-CHg)o(n-
CsH,R),(CHj),] led to the following AG* values [keal
moll, at the coalescence temperature (K) in par-
entheses]: R = H, 14.2 (287); R = Me, 13.8 (277); R =
Et, 16.2 (325); R = Pr-i, 16.4 (329); R = Bu-t, 16.7 (335);
and R = SiMe;, 17.3 (345).1%

The tetraethylaluminates [M’Al(u-C,Hg)o(n-CsHs),-
(C;H;);] (M’ = Se, Y, or Ho) are significantly less
thermally stable than their methyl homologues,'? which
are sublimable. The titanium compound, [TiAl(u-
CH3)o(n-CsHg)o(CHa)sl, .y 1.977, is markedly less ro-
bust,'5? but is stabilized by addition of (AlMe;),, prob-
ably because decomposition involves initial dissociation
into the labile [{Tl(n-C5H5) (CHg)}g] and (AlMes), (see
eq 71).12 The progressive increase in covalent character
from left to right in the lanthanoid series is manifested
in the tetramethylaluminates by the low solubility in
hydrocarbons such as toluene of the lighter (Sm or Gd)
rather than the heavier (Dy-Yb) complexes [MAl(u-
CHj)g(n-CsHj;)o(CHy),].

The complex [Cry(u-CH,SiMe;)o(CH,SiMe;)o(PMes),)
has an interesting geometry (Figure 47).125 The short
CrCr distance is consistent with a quadruple bond, the
two bridges are in a cis configuration and there is slight
asymmetry in the bridge, probably because of a close
bridge, a-H......Cr contact. An MO description in terms
of d orbital overlap integrals concludes that the M=M
system is bent, with two cis electron-deficient bridges.
Bridge-bonding in similar terms: two-electron three-
center bonding was first introduced in the context of
[{Cu(CH,SiMe,)},],!® and the lanthanoid methyls'?* and
tetramethylaluminates.'?® Simple MO calculations were
carried out in the context of [Niy(u-CHj)o(n-
C;H3Me,-1,3)5].1% The model chosen was again of 2-
electron 3-center bridges and the qualitative conclusions
were that for such compounds to be stable the acceptor
orbitals on the metal must be well separated from any
filled d orbitals; any departure from the strong o-donor
character of the "CHj ligand to isoelectronic analogues
such as NMe; (or strictly NH;) is unlikely to give stable
compounds. General discussions of electron-deficient
bonding are found in ref 104, 154, 155, and 156.

B. Synthesis

The protonation of a u-CH, bridge has already been
mentioned, (eq 28% and 37);*%™ in this fashion cationic
u-CHj3-Ru, complexes were obtained.

A salt elimination procedure is rather general and is
exemplified in eq 63,22 64 (R = CH,CMe,,
CH,CMe,Ph, or CH,SiMe;; MgR, has also been
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used),'? 65,76 and 66 (M = Sc,!2® Y,152 Gd,128 Dy, Ho,
Er, Tm, or Yb or Ti;'52 Mg(AlMe,), was also employed).

Cul + Li(CH,SiMey) — !/,[{Cu(CH,SiMe,)},] + Lil
(63)

MnCl, + 2Mg(R)Cl — (1/n)[(MnR,),] + MgCl,
(64)

[Cry(0,CMe),] + 2Mg(CH,SiMe;), + 2PMe; —
[Cl'([l.'CstiMea)g(CHgsiMe:;)z(PMe;;)z] +
2Mg(0,CMe), (65)

!/2[{M(n-CsHy):Cll,] + Li[AlMe,] >
[MAI(u-CHa)(n-C5Hy)5(CH,);] + LiCl (66)

Similar reactions have been used to obtain (i) Cr(C-
H,Ar), and [Mn,(u-CH,Ar),(CH,Ar),] (Ar = o-
CeH NMe,) from 2Li(CH,Ar) and CrCl, or Mnl,,'37 and
(i1) CuAr/,*® AgAr’ 8 CrAr’,, 13" and MnAr’,'%" (Ar’ =
0-C¢H,CH,;NMe,) and various other copper(I)!*® and
silver(I)!*€ aryls. A slightly more complicated variant
is in eq 67'% and is an interesting contrast with eq 66.

[{Y(n-CsH;5)5Clls] + 2Li[InMe,] —
[Y2(I~L'CH3)2(T]'C5H5)4] + ZInMe3 + 2LiCl (67)

A salt elimination route was also employed to obtain
the bridging ketenide of eq 68 (M = Mn or Re),137157

[M{C(C¢H Me-p)}(n-CsH;)(CO),][BF,] +
[N(PPhj),} [Mn(CO);] —
[MMn{u-C(CgH,Me-p)=CO}(n-C;H;)(CO)q] +
[N(PPh;),}(BF,] (68)

although there is an accompanying CO transfer from
one metal to another.

A hydrocarbon elimination pathway was employed
to obtain a series of (u-aryl)digold(I) cations and vinyl
or ferrocenyl analogues [eq 69; R = Ph, p-tolyl, CH=

9[Au(PPhy)R] + H[BF,] —
[Aug(u-R)(PPhy),] [BF] + RH (89)

CHQ, C5H5F€C5H4, C5H5FeC5H3X (X = Cl, OMe, or
CH,NMe)];!* the salt [Au(PPh,)][BF,] was believed
to be an intermediate. Thus, the complexes were also
accessible by the following alternative salt elimination
procedures: [Au(Cl)PPhs] + Ag[BF,] or [Au(PPhy)R]
+ Z[BF,} (Z = ferrocenyl, NO,, or CH;CO). Some of
the complexes were also obtained by ligand exchange
from [Au(Me)PPh;)] and a diferrocenylmercury(II) or
Bi(C¢H Me-p); (see eq 77).

The tetramethylaluminates have provided a source
of bridging methyls by the nucleophilic bridge-splitting
reaction of eq 70 (M = Y, Ho, Er, Tm, or Yb).1# The

2[M(p-CHy),(n-CsHs),AlMe,] + 2CsHs;N(py) —
[My(u-CHy),(n-CsHs),] + 2AIMes.py (70)

success of the procedure depends on the metal center
being a stronger Lewis acid site than Al; thus the re-
action is unsuitable for M = Sc (see eq 73).

Lewis acid addition to a bridging methyldimetal
complex may lead to a new bridged complex. The
clearest sample is that of eq 71 (M = Y).!?* Thisisa

[My(u-CHj)o(n-CsHpg) ] + AlyMeg —
2[MAl(u-CHj)o(n-C5sHg)o(CHg)o) (71)

promising method of stabilizing labile bridging methyls,
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as of Tilll, and has been used for [NiAl(u-CHs)s(n-
C;H;)o(CHj),],%° and [TiAl(n-CgH;)o(CHjy)sCl] from
[{Ti(n-C5Hs).Cl},] and (AlMey),,'*® a procedure which
fails with the yttrium analogue (see eq 80).

Metathetical exchange reactions of the type shown
in eq 7215 may have some potential.

2[YAI([.L-CH3)2(n'C5H4SiMeg)2(CH3)2] +
Aly,(C¢HMe-p)s — Al,Me,(CeH Me-p), +
[YAl(u-C¢H Me-p),(n-CsH SiMes)(CHj)o] (72)

C. Chemical Properties

Reactions already described in section IVB refer to
metathetical exchange (eq 72),'%® and nucleophilic
bridge-splitting. As for the latter, for a tetramethyl-
aluminate as substrate, this may give rise to a homo-
dimetallic di-u-methyl complex as in the eq 70 or al-
ternatively, as for a Sc complex, to (AlMeg)s-elimination
(eq 73).12* Clearly, the relative Lewis acidities of a

2[Sc(u-CHy)y(n-C5H;),A1(CHy),] + 2CsH N —
2[SC(W'C5HI§)\2I(CH3)(IDY)] + Al,Meg (73)

series of group III metal centers in complexes [MAl(u-
CH;),(n-C;H;),(CHy),] increase in the sequence Y =~ Lin
< Al < Sc. In this context it is noteworthy that whereas
the Sc complex LV is isolable, the Y analogue, obtained
as a solution species according to eq 74, dissociates into

[Yy(u-CHy)o(n-CsHs),] + 2CsHN =
2[Y(n-CsH;)o(CHy) (py)] (74)

its factors upon removal of volatiles; a similar bridge-
splitting reaction as that of eq 74 may be effected by
use of other hard donors such as amines, THF, or tri-
phenylphosphine oxide, but less readily with soft donors
such as PPh; or PEt,;. Other examples of nucleophilic
bridge-splitting relate to the reactions of [(MnR,),] (R
= CHszea) with MezN(CHz)zNMez(TMEDA} or
neopentyllithium to yield [MnR,(TMEDA)] or Li,-
[MnR,], respectively.'?® Alternatively, the nucleophile
may act as a base and effect deprotonation, cf., [Ru,-
(u-CHy)o(u-CH3)(PMes)e]t which with LiMe yields
[Rug(u-CHy)3(PMeg)g] (see eq 37).4

A further manifestation of nucleophilic bridge-
splitting is shown in eq 75, in which the nucleophile
(:Nu) is PPh;, CI, I, or morpholine.!®® Reactions of

[Auy(u-CeH Me-p) (PPh;),]* + :Nu —
[Au(PPhg)(Nu)]* + [Au(PPh)(CsHMe-p)] (75)

this type were extended (eq 76), whence the following
donor strength series [relative to Au(PPh;)*] was de-

[Au(PPhy)Z]* + Z' — [Au(PPhy)Z']* + Z (76)

rived [Au(Ph)(PH,)] < [Au(CeH,Me-p)(PPhs)] < O(C-
H,CH,),NH < [Fe(n-CsHs){n-CsH5(1-Cl)(1-AuPPh;)}]
< [Fe(n-CsHy){n-C;H,(1-OMe)(2-AuPPhy)}] ~ [Fe(n-
CsHp) (7-CsHAu(PPhy)}] < [Fe(n-CsH;){n-C5Hj(1-
CH2NM92)(2'AUPPh3)}] < [Fe(ﬂ'C5H5){7]'C5H4SAU'
(PPhs)}] ~ PPh, < CI < I~

Another example [cf. eq 72] of metathetical exchange
is illustrated in eq 77.138
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2[Au,y(u-CgH Me-p)(PPhy),]* + Hg[C;H,Fe(CsHy)],
— 2[Aug{u-(CsH,)Fe(y-CsHy)}(PPhy),] * +
Hg(C¢H Me-p), (77)

Equation 77 might alternatively be viewed as a re-
action with an electrophile and a number of others (eq
78-80) are noteworthy.!?* Failure to isolate the mix-

[Y2(u-CHy)o(n-C5Hsz),] + Al(CH3),Cl, —
2[YAl(n-CsH;)o(u-Cl),(CHy),] (78)

[Yo(u-CHg)a(n-CsHs)y] + Al(CHy)g —
2[YAl(u-CHy)o(n-CsHp)2(CHy),] (79)

[Yo(u-CHj)o(n-CsHs)4] + Aly(CHy),Cl, —
2{YAl(u-CHg)(n-CsHy)o(u-C1)(CHg)p] —
not isolated
[Yz(ﬂ'csllzl\f})f(ﬂ'cnz] + Aly,(CH,)e (80)

ed-bridge intermediate of eq 80 is probably due to the
insolubility in solvent toluene of one of the ultimate
products, LVI. Another example is the observation of
rapid scrambling (by NMR) between [Y,(u-CHg)o(n-
C;H,Me),] and [Y,(u-CiHg-n)s(n-CsHjy),J;!%! this is
suggestive of a dimer = 2 monomer equilibrium, which
would also neatly account for pathways of reactions
according to eq 78-80.

Yttrium or erbium complexes [My(u-CHj)o(n-
C;H,R),] (R = H, Me, or SiMe;) are active homoge-
neous ethylene polymerization catalysts;'*! whereas the
corresponding tetramethylaluminates or analogues
[M/Al(ﬂ.-CH:;)2(17'C5H4R)2(CH3)2] (M’ = Y, EI‘, HO, or
Yb) exhibit a threshold effect (e.g., they are inactive at
75 °C and 5 bar, but effective at >95 °C and 33 bar),
which is lessened by the presence of air or Lewis base.
It is possible that the active species in both cases is the
dimetallic homonuclear complex, possibly as the mo-
nomer. Catalyst deactivation involves abstraction of
hydrogen from a n-C;H,R™ ligand, e.g., eq 81, which is

[Yy{u-CHy(CH,),Me}y(n-CsH Me)] —
[Y;(u-CsHsMe-1,0)2(n-CsH Me),] + QMG(CHz),EMi
81

eliminated by use of the peralkylated ligand 75-
C;Me,Et~. Another example of a bridging alkyl di-
metallic complex in catalysis is [Mn(u-CH;CMe,Ph),-
(CH,CMe,Ph),] in the cyclotrimerization of an acety-
lene C;R, (R = Me or Ph).12%6

VI. (u-Alkenyl)dimetal and Related
Complexes, Including
Metallacyclopentadienylmetal Complexes
(Tables VIII and VIIIa)

As discussed in section I, space limitations make it
impracticable to describe the chemistry of the title
compounds. However Tables VIII and VIIIa provide
a summary of the available complexes and some rele-
vant data.

ViI. (u-Alkynyl)dimetal Complexes (Tables IX
and IXa)

As discussed in section I, space limitations make it
impracticable to describe the chemistry of the title
compounds. However Tables IX and IXa provide a
Zummary of the available complexes and some relevant

ata.
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Figure 63. An ORTEP drawing of the molecule [Vju-CgHs-
(OMe),-2,6};]. Reproduced, with permission, from: Cotton, F.
A.; Millar, M. J. Am. Chem. Soc. 1977, 99, 7886. The VV distance
of 2.200 (2) A is consistent with a triple bond. The molecule has
C,y, symmetry, with rings 3 and 4 acting as bidentate and rings
1 and 2 as tridentate (20’s and 1C) ligands.

VIII. (u-Allyl)dimetal Complexes (Tables X
and Xa)

As discussed in section I, space limitations make it
impracticable to describe the chemistry of the title
compounds. However Tables X and Xa provide a
summary of the available complexes and some relevant
data.

IX. (u-Acetylene )dimetal and Related
Complexes (Table XI)

As discussed in section I, space limitations make it
impracticable to describe the chemistry of the title
compounds. However Table XI provides a summary
of the available complexes and some relevant data.

X. u-Hydrocarbyl-Main-group
Metal -Transition -Metal Complexes (Tables XII
and XIla)

As discussed in section I, space limitations make it
impracticable to describe the chemistry of the title
compounds. However Tables XII and XIla provide a
summary of the available complexes and some relevant
data.

XI. Miscellaneous -Hydrocarbyl- or
w-Hydrocarbon-Dimetal Complexes

Binuclear u-hydrocarbyl or u-hydrocarbon complexes
which do not fit into any of the categories of Sections
II-X are listed in Table XIII. As to discussion, we
confine ourselves to just two categories of complex
having monohapto connectivities to each of the metal
atoms. In the first there is either a single carbon bridge
with u-CRR’? (Figures 54, 58, 59, and 60) or
u-C(:CRR")%* (Figure 55), or a two-carbon bridge with
u-C(R)=C(R")?* (Figures 56 and 57); these classifica-

Holton et al.

Figure 64. Schematic representation of the molecular structure
of [M{u-O(Me)CsH3(OMe)-0},] (M = Cr or Mo). Reproduced, with
permission, from: Cotton, F. A.; Koch, S.; Millar, M. J. Am. Chem.
Soc. 1977, 99, 7372. The exceedingly short MM distances, 1.847
(1) (M = Cr) and 2.064 (1) A (M = Mo), are consistent with
quadruple bonds. The molecules have C,, symmetry, with each
ligand bidentate.

SCHEME I
+
Nu\ /Ph N C/ph
C=C- Nu = NEtH, H_
worm CgHg
(CO)3Fe——Fe(CO)3 ~——2— (CO)sFe /Fe(CO)3
PPh, PPh,

LXIII, Nu = NEt,H
LIX, Nu = P(OEt),

me
LX, Nu= [Njc:

Me

LXI, Nu = NEt,H
LXII, Nu= P(C,H,,),H

Nu = P(CHy, 1oH

‘N gt
T ‘ RR N\c _Ph
Ph -
C//c Nu = NRR'H /Hé
(CO)3FeT——Fe(CO3 _ (CO)3Fe——Fe(CO)y
PPHy PPhy
LVII LXIII (if R = Et = R')
g" ml:isn,csns +
MeNZ CH, LXI(if R=Et+R')

|
(CO)sFe——Fe(CO)
¥ eph 3

2
LXIV

tions are gross oversimplifications, since inspection of
Figures 54-61 reveals that each of the molecules in
questions is zwitterionic. In the second class are more
straightforward molecules exemplified by Figures 6164,
in which an alky! ligand attached to one metal atom has
a - or y-heteroatom (N or O) which binds either co-
valently (Figures 61 or 62) or coordinatively to the
second metal atom.

The series of compounds of Figures 54 (LXIII), 55
(LXII), 56 (LIX), 57 (LX), and 61 (LXIV) is derived
from the u-(o-,m-alkynyl)diiron compound LVII either
by reaction of a C-, N-, or P-centered nucleophile or a
subsequent isomerization, as illustrated in Scheme
[.15%-162 Compounds LVIII and LIX may be described
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as ammonium or phosphonium betaines; the corre-
sponding carbonium betaine LX is obtained by using
the electron-rich olefin LXV as the carbenoid.162

Me Me H H
N N |
/C=C\ (p-CsMeqEt)Ta—C——Ta(CsMeqEt-n)
N N Cla 0 Clp
Me Me
LXV LXVII

The tantalum complex of Figure 58 (LXVI) was ob-
tained according to eq 82.1% A bridging formyldi-

[Ta(7-CsMe,Et)(CH,CMe;)Cl,] + H, —

i) CO
[Tay(n-CsMe,Bt),CLH] —
minor product (5%) @ FMes
[Taz{#-CH(PMes)}(nL-)(gi/l}ile(;Et)zCh(H)(M-O)] (82)

Ta-H by a 'H signal at 10.0 4.
The compound of Figure 59 was prepared as shown

in eq 83,%0 and that of Figure 60 by the procedure of eq
84,164

[WRe{u-CPh}(CO)g] + PMe; —
[WRe{u-CPh(PMe;)}(u-CO)(CO)s] (83)

[Fe3(C0)12] + (Megsn)2C=PPh3 —

1
[Feo{u-C(CHO)PPhy)(u-CeHy (CO)g] + CO +
[Fe(CO),(SnMeg),] (84)

Treatment of pentacarbonyliron(0) according to eq
85 yielded the complex of Figure 61.165

1.LiPh
[Fe(CO)s] RN [Feofu-C(Ph)0},(CO)g] (85)

(u-o-Methoxyaryl)dimetal complexes of the type
shown in Figures 63 and 64 were first reported in 1964
(the Cr compound);!%® a structure was proposed for a
compound in 197642168 and X-ray data appeared in
1977.14218 The V complex in Figure 63 is unusual in
possessing a bridging aryl group coplanar with (rather
than the more usual perpendicular to) the M-M
bond.1*4!"l  Apart from these 0,0-dimethoxyphenyl
complexes of V, Cr, and Mo, the related o0-anisylmetal
derivatives [Moz(ﬂ'CGH4OMe'O)4], [MOz(/.L'CGH4OMe'
0)4(PMej),], and [Rey(u-C¢H,OMe),] have also been
described.!”® They were prepared from Mg-
(C¢H,OMe-0); and [Moy(u-O,CMe)y], in absence or
presence of PMe; or [Re,(u-0,CMe),Cly]. NMR spectra
suggested similar types of structures to those of Figure
64, i.e., no u-aryl bonding.

In Table XIII are found three examples of dimetallic
complexes in which bridging involves a u?-bis(carbene),
a bridging bis(carbyne).

XI1. Organometallic Reactions Involving
( u-Hydrocarbyl)dimetal Intermediates

In the preceding sections of this Review we have been
concerned with the chemistry of stable, discrete u-hy-
drocarbyl- or u-hydrocarbon—dimetal complexes. We
now consider the part played by transient species. Our
survey, of necessity selective, covers aspects of the role
of bridged intermediates in stoichiometric reactions and
in catalysis.

Some examples have already been encountered, e.g.,
p-alkylidene intermediates in olefin metathesis (section
ITI) and u-alkyl species in polymerization (section V).
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A. Hydrocarbyl Transfer between Metal Centers

Hydrocarbyl transfer between metals, both transi-
tion-metal-transition-metal and transition-metal-
main-group metal represents the most widespread and
general example of processes in which the reactive in-
termediates contain bridges. Examples include (a)
R/halogen exchange as in the preparation of metal
alkyls, (b) methyl-transfer reactions in natural systems
mediated by methylcobalamin (as in the As and Hg
cycles), and (c) catalyst activation in Ziegler-Natta
systems (see section XIIC).

Two pathways can be identified. The first, and more
general, involves pairwise exchange of groups between
metals with formation of a (formally) electron-deficient
bridge in LXVIII (eq 86). The second concerns

R
e N N .
L,MR + LyM'Xx = {L,M\X/M L,:| =
LXVIII (86)

LyMR + LyMX

transfer of a single hydrocarbyl entity (eq 87). Ineq

1223 Vg g o
L,MCRR™R™ + L\,M' &= |L,Men Cosoes ML, | =

(87)
LXIX

" apaplnled
LyMCRRR™ + LM

86 X is either a halide (or another inorganic ion) or a
hydrocarbyl group. The two cases are considered sep-
arately.

The case where X = hydrocarbyl is the most
straightforward and is exemplified by degenerate alkyl
exchange as in: [Co(n-CsHz)Meo(PR;3)] and its CD;-1a-
beled analogue,'” cis-[AulMe,(PPh,)] and [AuMe-
(PPhy)],"® [Yy(n-CsH,R)R’5] and [Y4(3-C;H,R) R”,),'!
[YAl(u-Me)y(n-CsH,R),Me,y] and ALR/,'™ and [U(x-
C:;H;)sR] and AL,R’;.!"> For certain early transition-
metal complexes ML,R the stable state is the dimer
LXVIII (i.e., LM = L,M’, and X = Me = R) for which
there are several fully characterized complexes (e.g.,
Figure 45) with only transient existence of the monom-
eric entities, whereas for the majority of late transition
metals the bridged structures represent an unstable
intermediate or transition state for ligand transfer be-
tween stable mononuclear metal complexes.

Alkyl exchanges between [TiMe,] and Al,Meg or
Aly,(CDy)q are known, and probably have direct rele-
vance to mechanisms in Ziegler-Natta catalysts, but
little is known of the transition state for exchange.!”®
In these cases the possible formation of the ion pair
[TiMe;][AlMe4] complicates the picture.

R/halogen exchange provides the most general pro-
cedure for the synthesis of transition-metal alkyls and
related hydrocarbyls [L’,M'R in eq 86, X = halogen].
The alkylating agent L, MR is most usually LiR, a
Grignard reagent, or an organoaluminum compound.'”’
Such reactions may also give rise to (u-hydrocarbyl)-
dimetal complexes (see sections V and X or alterna-
tively, Table XII).

Mechanistic studies of R/halogen or NOj exchange
between transition metals provide the best examples.
Methyl transfers between the metal centers Pt!l, Pd!,
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Aul, and Au',18 Pt! and PdT, 17 and Au! and Aulll,17
have all been interpreted in terms of transition states
or intermediates of type LXVIII, e.g., eq 88. In the
example of eq 88 the kinetic product cis-[PtCl{(Me)-
(PMe,Ph),] subsequently rearranges to the more stable
trans isomer; the exchange is catalyzed by the u-Cl,-
bridged complex [Pt,Cl,(PMe,Ph),].1"8

There is some evidence for the formation of stable
(u-R-u-Clydimetal complexes of the type LXVIII (eq

cis- [PtMez(PMe,Ph)y] + cis-[PtCia(PMeyPh)y] —=

PMezPh Cl

I I I
/ \
] pP—P Pt —p P —_— 88

hMez ]?\ v t Mez h ( )

Me PMe,Ph

2cis-[P1CI{Me)(PMe,Ph),]

86), as in [UAl(u-Et)(u-Cl)(n-C5H;)3Et,] {from [U(n-
CsH;);Cl] and ALEtg},'" and [TiAl(u-Me)(u-Cl)(n-
CsH;):Me,].1%2 We note too the existence of the related
complex [TiAl(u-CH,)(u-Cl)(n-CsH;):Me,]. %
R/halogen exchange is also involved in transition-
metal-mediated and -catalyzed cross-coupling reactions,
a method of increasing versatility for the formation of
carbon—-carbon bonds (eq 89; R, R’ are hydrocarbyl
groups, M is the metal of the alkylating agent, and M’
the catalyst).}®® Examples are (i) the nickel-catalyzed

"
RX + R'M ——% RR’ + MX (89)

cross-coupling of an alkyl- or alkenyllithium compound
or Grignard reagent with an aryl or alkenyl halide, and
(ii) the nickel- or copper-promoted biaryl synthesis via
the Ullmann reaction. Recent developments have ex-
tended the range of the metal M in the cross-coupling
reaction to include boron, aluminum, and zirconium.!8!

The facility for alkyl transfer between metals enables
the synthetic organic chemist to exploit sequentiaily the
best features of a number of metal components, either
as reagent or catalyst. In the zirconium-nickel system,
for example, the stereospecific cis insertion of an
acetylene into the Zr-H bond of [{Zr(»-C;H;),HC1,] to
give the (E)-alkenylzirconocene chloride is coupled with
the ability of nickel to effect catalytic coupling with an
aryl halide, thereby providing a selective, high-yield
synthesis of arylalkenes, e.g., eq 90,18t

Eroc=scH L CstslerCiln] E?o>c=c<H -
H 2¢(n-CsHg)oCt
Eto\C=C/H
H/ \Ph

(99%) (90)

The nickel-catalyzed coupling reaction is mechanis-
tically the most thoroughly researched.!® Of the several
possibilities, the preferred pathway is shown in eq 91-93

NilBr + ArBr — ArNil'Br, (91)
AI‘NiHIBTQ + RM — ArNillRBr + MBr (92)
ArNillRBr — NilBr + ArR (93)

where the hydrocarbyl-transfer step, eq 92, is presumed
to proceed via a four-center transition state of type
LXVIIL 182

Holton et al.

A similar sequence of events is also involved in the
nickel-promoted biaryl synthesis.!® Model studies have
demonstrated the occurrence of an aryl-transfer reac-
tion between two nickel species, eq 94, analogous to eq

ArNilIX, + ArNiTX — NillX, + Ar,NiTIX (94)

92. Both mono- LXX and di- LXXI bridged interme-
diates were considered.

X Ar Ar
N\, 1.7

™~ 'm/Ar\Ni“/Ar NESN
NN,

Ni
/ \
X \L L/ X

LXX LXXI

The well-known propensity for organocopper or or-
ganocuprate complexes to form aggregates in solution
(mainly tetra- or hexanuclear) with the formation of
hydrocarbyl bridges suggests that bridged intermediates
are implicated in syntheses involving such complex-
es, 180,184

Single alkyl-transfer reactions, eq 87, play an im-
portant role in natural systems. Methyl migration from
methylcobalamin to a mercury or arsenic substrate
provides a major pathway in the biological Hg or As
cycles. The extreme toxicity of HgMe, or methyl-
mercuric complexes, coupling with the all-too-frequent
occurrence of these metals as pollutants in aquatic en-
vironments, has provided a stimulus for mechanistic
studies.!8

B. Fluxional Processes

Bridged intermediates make a contribution to flux-
ional processes in di- or polynuclear metal hydrocarbyls,
although a detailed discussion is outside our scope.
Some recent illustrative examples for dinuclear species
include (i) bridge-terminal exchange processes in
[YAl(u-R)o(n-CsH;5)oR5) and related species, which show
similarities to related exchange processes in Al,R,!58
and (ii) intramolecular exchange of Zr, and Zrg with
respect to their binding to either O or C of u-"O-"CHR
in [Zry(n-CsH;)Cly(u-OCHR)]; this exchange which
proceeds with inversion of configuration of C(1) and
retention of configuration at Zr is consistent with the
intermediate or transition state LXXII.18

T CsHs =m)
N /T“\’Zr/( sMs 7
]
o/l ~
¢ cl
LXXII

(C5H5'T])

C. Olefin Polymerization

Hydrocarbyl bridges may be implicated in various
reaction steps (identified below for Ziegler—Natta sys-
tems) in an active a-olefin polymerization catalyst; some
of these steps are beneficial, others notably less so.

In catalyst activation, simple R/halogen exchange
between the transition-metal salt and the cocatalyst
generates a transition-metal alkyl that can initiate chain
growth via sequential coordination and insertion of
monomer. There is general agreement that chain
growth takes place at a transition-metal-carbon (alkyl)
bond and, in support of this, there are now several
well-characterized complexes, e.g., [My(u-Me)o(n-CsH),]

(M = Y or a lanthanoid),!*! [Ni(OCPhCHPPh,)Ph-
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(PPh;)],'8 and [Ni(n-C;H;){P(NSiMe;),C3HzN-
(SiMey)}],'® containing metal-carbon bonds that form
active catalysts in the absence of a cocatalyst.

Two, more controversial, roles are direct participa-
tion in the chain propagating step and stabilization
of active centers. For the former, we refer to situations
in which the active center contains the growing polymer
chain bridging two, or perhaps more, metal atoms; in-
sertion of olefin occurs with generation of a new bridged
species. For the latter, we envisage a situation in which
growing centers are stabilized via formation of bridged
species (eq 95; R = growing polymer chain). If the

PN =~ A
\/M:MX+MR"——"M —_

>=

M—C—C—~R — pt¢

(95)

bridge is labile, it can break readily generating a vacant
coordination site which is then available for binding and
subsequent insertion of monomer. The formation of the
bridged species can give enhanced catalyst stability by
blocking hydrogen transfer via a- or $-elimination,
processes requiring a free coordination position. These
views are supported by (i) the improved stability of
many active polymerization catalysts in the presence
of excess cocatalyst, particularly alkylaluminium chlo-
rides,'® suggesting that stabilization is via u-halogen-
u-alkyl bridging, (ii) the enhancement of stability ob-
served on addition of excess Al;Meg to [TiAl(u-Me),-
(n-CsHj;),Me,];15% and (iii) the formation of homoge-
neous catalysts for the polymerization of ethylene from
the homonuclear methyl-bridged [My(u-Me)o(n-CsHj;) 4]
and, under slightly more forcing conditions, the heter-
onuclear [MAl(u-Me)o(9-CsHg)oMe,] (M = Y or a lan-
thanoid).!® As for (iii), the former corresponds to a
cocatalyst-free system while the latter incorporates
AlMe; as the bound cocatalyst. There was no spec-
troscopic evidence for the presence of mononuclear
species, either free [M(n-CsH;),R] or its olefin complex,
in active polymerizing solutions. This implies either
that direct insertion takes place into the alkyl bridge
or that the concentration of active species is small, with
dissociation to monomer the rate-determining step.!%2

The transfer of the growing polymer chain from
transition metal to aluminum, presumably in a similar
manner, is a common side reaction with polymerization
catalysts that complicate active-site counting studies.

A well-documented catalyst-aging process (chain
termination) is depicted in eq 96. For titanium-based

Ny
— LM M'L)y + C—C—H —=

ML, + M'L) + CyHq
(96)

catalysts, operation of this pathway can lead to serious
catalyst deactivation by formation of inactive Tilll
centers from active TilV.1¥2 Reaction occurs less rapidly
with Zr and a well-characterized series of intermediates
can be isolated (cf. section V).

With [Y,(n-CsHs)(u-Me),] a deactivation pathway
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SCHEME I1

/\\ ch.mzcoﬂi
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SCHEME III
Me Me

has been identified which involves abstraction of a cy-
clopentadienyl hydrogen by the alkyl group with for-
mation of alkane and the inactive [Y,(n-C;H;)o(u-
7',m°-CsHy),]. Complete substitution of the ring, as in
Cs;Me,Et, precludes this path and gives long-lived cat-
alysts.!%!

D. Oligomerization

The structures LXXIII, LXXIV, and LXXV have
been linked respectively with intermediates in the

Ar

LyTi—Til s X = PderePd =X

LXXIII LXXIV

LXXV

disproportionation of ethylene to ethane and butadiene
catalyzed by cyclopentadienyltitanium complexes,!®
palladium-catalyzed selective dimerization of ethylene
to but-1-ene,® and palladium-catalyzed trimerization
of butadiene to acyclic dodecatetraene isomers.%2
When dinuclear chromium and molybdenum complexes
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SCHEME IV

0 @
— W—W(COly —=
(CO)g

(COIsW—WI(CO),

(CONW W(CO)q — (COW—W(COQ)q, ——— polymer
SCHEME V
AN
N
— AN

(COIsW—W(CO)4 (COIsW—W(CO)y —=

N

(CO)sW—W(CO}y —= (COIgW—WI(CO)y  —=-= polymer
are used as models a series of reaction steps in the
linking of acetylene molecules have been identified
(Scheme I1,'°% and III'®*) that may have relevance to
acetylene polymerization and oligomerization to cyclo-
octatetraene. (See also ref 256, 266, and 267).

E. Olefin Metathesis

There now seems little doubt that the chain propa-
gating entities in olefin metathesis are carbene-metal
complexes and metallocyclobutanes.!® Less certain are
details of their structures. Recent reports have drawn
attention to (u-alkylidene)- and (u-alkyl)dimetal species
as active intermediates and have drawn attention to the
similarities in mechanism for both olefin metathesis and
alkyne polymerization.

Some novel (u-alkylidene)ditungsten complexes (cf.
section III) are active as catalysts for the metathetical
ring-opening polymerization of cycloolefins (Scheme IV)
and polymerization of alkynes (Scheme V).196197
Parallel chemistry is shown by (u-alkylidene)diiron and
-diruthenium complexes in their reactions with alk-
ynes, !9

The active species may also be heteronuclear with
alkylidene bridges between a transition metal and a
main-group metal. [TiAl(u-CHy)(u-C1)(n-CsHs)y(CHa)s]
is unusual in forming a titanium-based catalyst.®® It has
been suggested that the propagating center in the
catalyst [WOCL,]/SnMe, has the structure [Cl;W(O)-
CH,SnMe;].1% As in polymerization, these proposals
draw attention to one of the roles of the cocatalyst in
stabilizing the active transition-metal center, via the
formation of alkylidene or alkyl bridges. The formation
of active centers in homogeneous catalysts, e.g.,
WClg/Al,Rg, has been interpreted in terms of sequential
R/halogen exchange and generation of the carbene—
metal complex via a-elimination assisted by bridging
between the transition-metal and the main-group-metal
cocatalyst.2® In this context, attention has been drawn
to the ready pathway for a-elimination offered by di-
and polynuclear aggregates. a-Elimination between two
metals and B-elimination at a single metal site are
formally analogous, compare LXXVI and LXXVII.2%

M—M M---H
RCH—A RCH—CHR'
LXXVI LXXVII

Holton et al.

F. Metal Clusters and Relevance to
Heterogeneous Catalysis

Our main concern has been with hydrocarbyl bridges
in dinuclear metal complexes. In this, the last section,
we touch briefly on the roles of hydrocarbyl bridges in
tri- and polynuclear metal aggregates by way of refer-
ence to catalysis by metal clusters and heterogeneous
catalysts.?%202 Ensembles of metal atoms offer special
opportunities for the stabilization of coordinatively
unsaturated intermediates via bonding to two, three,
or possibly more metal atoms. Thus we may expect to
find chemistry not shown with mono- or even dinuclear
metal complexes.

A priori there is no reason why involvement of poly-
nuclear hydrocarbyl-bridged intermediates in catalysis
is essential. Mechanistic studies of several of the now
many homogeneous catalyzed industrial processes re-
veal no role for such species. There are, however, areas
in which catalysis by discrete mononuclear complexes
is unable to match that of heterogeneous catalysts.
These include skeletal rearrangements and dehydro-
cyclizations of aliphatic hydrocarbons (which feature
prominently in catalytic re-forming for the production
of gasoline and aromatic hydrocarbons), and the con-
version of synthesis gas (mixtures of carbon oxides and
hydrogen) to hydrocarbons, collectively termed the
Fischer-Tropsch Reaction.?* For the former, it is
possible to reconcile the disparity by virtue of the fact
that the temperatures employed (ca. 500 °C) lie well
above those considered as the typical range of stability
for coordination complexes. The Fischer—Tropsch re-
action is perhaps a good example of a process in which
bridged-intermediates play key roles on the reaction
pathway, a view that has received some support from
very recent mechanistic studies.

Three separate and quite different mechanistic pro-
posals have received the most consideration. There is
as yet no consensus of agreement on which is the best
description, and, indeed, it may well be that different
mechanisms are operative with the same catalyst under
different conditions. The first, suggested by Fischer
and Tropsch in 1926,2% outlined in eq 97 (bonding

¢ CH CHs
Lo Lo I m [
CH3 CH, CH3CH, ;
:J:_—__"l_—: — _-:J-:.—. e €1C (91)
H H H
2 9 "N N "o’
Ll 1 Q. me LI =
H3C\C/OH
:J;L_—_ —= eftc (98)
0]
¢ CHy CH CH
[ e ] e D e [
----------- “H0  To--- ==
CHy C CH3CO
______ — e — e (99)

details omitted), involves metal-bound carbide, alkyl-
idene (and possibly alkylidyne), and alkyl intermedi-
ates. A second mechanism, eq 98,2% involves metal-
bound hydroxycarbenes as the key species, while the
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third, and most recent, eq 99,2%7 refers to alkylidene-,
alkyl-, and acylmetal species.

In the Fischer and Tropsch mechanism a multime-
tallic site is required for dissociative adsorption of
carbon monoxide to give the initial surface-carbide
species; and in all three mechanisms stabilization of, in
particular, the alkylidene intermediates is provided via
bonding to two or more metal atoms. Some recent
observations are pertinent.

(i) The incorporation of a preformed surface-carbide
layer on heterogeneous catalysts into the hydrocarbon
products has been established by 3C labeling.?® Par-
allel studies with metal carbido clusters as models had,
until recently, been much less useful.?®® The majority
of carbide clusters are characterized in having the
carbon atom totally encapsulated by metal atoms; in
consequence the carbon is unreactive. The rarer ex-
amples which incorporate the carbon in a more exposed
position at one of the metal faces have a better devel-
oped chemistry. The carbon in [Fe;C(H)(CO),4]™ can
be transformed via treatment with HCI to give a pu4-
alkylidyne, eq 100 an interesting feature is the Fe-H

H—c¢
- -+
[FesC{H)(CO)q) —2= (CO)3Fe=|Fe—TFe(CO)s
\\ I(CO)
Fe (100)
(€O

interaction (X-ray).?’® Removal, via oxidation with

tropylium bromide, of one apex from [FegC(CO);4]%

gives an unstable face-centered Fe;-carbide cluster that

undergoes reaction with carbon monoxide and methanol

at the carbide carbon to give a u,~-CCOOMe group, eq

101; further reaction with hydrogen gives methyl ace-
(O3

/Fe

[FesClCONelT  — <co>sre\\\c corme2t
e — —
srhe (CO)3Fe//

(€00
(cory )
CO)3Fe
—CO,Me
l:CO)3Fe7\ 2 ] (101)
(COs

tate, 211

(ii) Studies of the reaction of CH,;N,, CO, and H,,
including work with '3C labels, over a supported cobalt
catalyst have provided good evidence for the pathway
of eq 97, and have drawn attention to the key role of
the surface-CH, species.?!? (See ref 219 for an alter-
native view).

(iii) Recent work with some dinuclear u-alkylidene
species has also been revealing. (u-Methylene)diiron
and -dicobalt complexes, [Fey(u-CH,)(CO)g]*" and
[Coy(u-CHo)(n- CsHs)g(CO)2]213 react with ethylene un-
der mild conditions to give propylene as the major
product. The most plausible pathway is via a u-(CH,)4
intermediate (eq 102, ligands omitted for clarity).

CH,
ey CHZfCH
R Yl
M CoHa \M — MM ——
Hzc
¥
H — CaHeg
N M—w

(102)
In related studies of the decomposition of [Zr(n-
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C5H5)2(CH2)PMePh2] to CH4, C2H4, and C2H6, spec-
troscopic evidence (33C NMR) was obtained for a (u-
methylene)dizirconium intermediate.?4

(iv) Sequential addition of H* (as [HBF,]) and H- (as
Na[BH,)) to the diruthenium complex LXXVIII has
afforded the u-alkylidene LXXIX and provides some
suppgllét for a CO insertion/reduction pathway (eq
103).

I\IAe r\l/!e
Me\ /c Me C
% cAR Ne=o0 \../ xcH,
N\ / C\
@R Ru@ 2 e @ Ru
LXXVIII LXXIX
Me
e l
OC \ // \/CH2
—Ru

@/\/@ (103)

(v) The p-CHy-u-H — u-CHj tautomerism is well-
established in the Os;-cluster system (see XVI),’® and
in some dinuclear rhodium and iridium complexes there
is an interesting conversion of (u-CHj) into u-CH, +
CH, (eq 104).216

e CH2
N s
|Ecoo)M/M M(COD)jI — {COD)M \M(COD):| + CHa

N,
(104)

Me

It is widely held that metal cluster complexes bear
close resemblances to heterogeneous catalysts. In
principle it should be possible to overcome the multisite
nature, and hence lack of selectivity, of heterogeneous
catalysts by the designed synthesis of appropriate
cluster species.??2 The considerable promise of this
approach has been slow to emerge; to date there are
very few well-authenticated examples of catalysis by
clusters.2® One of these is the catalysis of H/D ex-
change in alkylamines by [Ru3(CO);5], [Rhg(CO)yg], or
a related group VIII metal cluster carbonyl.?l” The
intermediacy of the u,-alkylidene- and us-alkylidyne-
cluster species LXXX and LXXXI was proposed to

NR'>
o

RzN CHZ R
/ \Y
|\77H I\ /I
LXXX LXXXI

account for the strong preference for §-substitution in
the products. Close parallels were also found in the
substitution patterns with both the cluster species and
palladium black providing a firm link between homo-
geneous clusters and heterogeneous metal catalysts.

XIII. A Brief Survey of Recent Literature

A. 1981-mid 1982

Interest in the chemistry of u-hydrocarbyl species has
intensified since the completion (literature to end of
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248

=NCN; (COOMe),; Ph,; Ph, py;
C,H,(CO),-0; CH=CHCH=CH

R,R' = Hz; H, Me; H, CF3; H, Et;H COOEt; H,
C(COOFE)

[Rh,(x-CO),(n-C;Me;), 1 + RR'CN,

[Rh,(u-CRR")(CO),(n-C;Mey), |

248
249
250

indenyl; X-ray (trans)
H,; H, Me; H, Ph; Ph,. (u-CRR')(z-NO)-

7
I

C,H
R.R

=CH

[Rh,(u-CPh,)(u-CO)(n-C,Me,),] + CH,N,
[Rh,(u-NO)(u-CO)(n-C.Me,),1[BF, | + RR'CN,

[Rh(CO)(C,H,)(n-C,H,)] + HC

CH2 )(CO)z(n 'CyH7 )2 ]

[Rh.(u-CRR'){u-NO)(n-C.Me ), ] [BF, |

[Rh,(u-CH, )(1-CPh, )(u-CO )(n-C,Me,), ]

[Rh,(u-C

(1-CO) intermediate not isolated—readily

decarbonylates
X-ray, unsymmetrical bridge

251

[Ir,Cl,(cod),] + MeLi

[Irz(“ 'CHz)z(COd)z ]

225

Cl, Br, or I; + HBF, (u-CH,) —

H or Me; X
terminal Pd-Me; I displaced by pyridine or

R=
MeCN
X =Me, L

[Pd,(dppm),] + CHRX,

[sz(ﬂ -CHR ) (" ‘dppm)zxz ]

252

Me or Cl, L =

CO or PMe,Ph; X =

[Pt,(u-dppm)H(L)][PF,] + CH,N,

[Pt,(u-CH,)(u-dppm), X(L) ] [PF,]

253

Cl (Xray), Br,or I

CH,PPh,
X =

[Au,(u-CH,PMe,CH,),] + CH,X,

[Au,(u-CH,)(u-CH,PMe,CH,),X, |

Holton et al.

1980) of sections I-X of our manuscript. A particular
feature has been the rapid growth in publications
dealing with u-alkylidene (carbene) complexes (section
III) which are widely considered to be models for u-
methylene and related dimetallic intermediates which
may feature in Fischer-Tropsch catalysis.?!®

This section, added in August 1982, provides an ac-
count of additional material published to mid-1982.
The text highlights these recent advances while a more
comprehensive summary of new complexes is provided
by way of supplementary tables (IVa-Xa, XIIa, and
XIIIa). There is now a wealth of structural information
on (u-alkylidene)dimetal species; X-ray data are

- available for 17 new complexes (details in Table Va).

Some recent results fully confirm earlier MO calcula-
tions on the alkylidene bridge; the detailed electron-
density map from an X-ray analysis?®? and the He(I)
photoelectron spectrum?®3 of [Mny(u-CH,)(CO),(n-
CsH;),] showed that high electron density is located in
the region of the bridge carbon and not along the Mn-
Mn vector.

The reactions of diazo compounds with unsaturated
dimetal species continues to be a very popular and
general route to (u-alkylidene)dimetal complexes (cf.
Table Va). In some cases reactions can take an unusual
course. Treatment of [Fe,(u-NO)o(n-CsHg)o] or [Rhy-
(CO),(n-CsMejy),] with diazocyclopentadiene gave the
u-cyclopentadienylidene complexes, [Fey(u-CzH,)-
(NO)y(n-CsHj)q] or [Rhy(u-CsH)(CO)a(n-CsMeg),], but
with [Moy(CO),(n-CsH;),] rearrangement and ligand
loss gave the more common 7',n*-bonding mode of the
C;H, group in [Moy(u-7",75-CsH)(CO)3(n-C5Hs)o). 27 In
the reaction of [Rhy(CO)y(n-CsMes),] with a diazoalkane
R!COC(R?)N, intramolecular cycloaddition via attack
of the keto oxygen at CO afforded a series of u-alkenyl
complexes LXXXIII, (eq 105, R! = R? = Me, Ph,

[Rh,(COlz(n ~CsMesg)z] + R'COCIREIN —=

0
\ _R'
OC‘/R\ZC/C

(n -CsMeg)Rh Rh{n-CsMes)| —=

co

LXXXII
0

2. __R'
Otc/R\c/C/

N
(‘n-C5Me5)Rh\—/-Rh(-q -CsMes)
c
0

LXXXIII (105)
C¢H,OMe-p, or COOEt; R! = Me, R? = Ph; X-ray data
are available for R! = R? = Ph).?*3 Only with nonnu-
cleophilic keto groups [R! = R? = COOAIR?, R® =
alkyl], less electrophilic carbonyl groups (Co in place
of Rh), or with cyclic diazo compounds [R!, R? =
CeH,(CO)4-0] were the expected pu-alkylidene complexes
LXXXII obtained. Another diazoalkane reaction, eq
106, R = CgH,Me-p), is of interest in part because it

[Moy(u-CR,)(CO)4(n-C5H;)g] + Ro:CNy —
[(n-CsH5)(0C)sMoMo(CR)}(NCR,)(n-CsHj)] (106)

demonstrates a bridged-to-terminal alkylidene con-
version.2®
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TABLE VIa, u-Geminal (1,1-) Alkylidynedimetal Complexes
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compound preparation comments ref
[MnPt(u-CSMe)(CO),(PMe,Ph),(n-C.H,)}[BF,] [MnPt(u-C8)(CO),(PMe,Ph),(n-C,H,)] + 254
Me
[Fe,(u-CH)(n-CO)(CO),(n-C,H,),](PF,] [F[epz(uCHﬁ%‘(u-CO)(CO) 2(n-C;Hy), 1 + 234
[Ru,(u-CMe)(u-CMe,)(CO),(n-C,H,),][BF,) [Rul(u-CMe:)(p-CO)(CO),(n-CSHS)Z] + mixed alkylidene- 240
(i) MelLi, (ii) H{BF,] alkylidyne complex
[(n-CsH,)(CO),M(u-CR)W(CO),(n-C;H,),] [W(CR)(CO),(n-C;H,)] + M° M = Ni, Pd, or Pt, 255
) R = C,H Me-p,
(X-ray, M = Ni, Pt)
TABLE VIIa. u-Alkyl or Aryl Electron-Deficient Dimetal Complexes
compound preparation comments ref
[Fe,(u-Me)(u-CO)(u-dppm), [Fe,(u-CH,}(u-CO)(1-dppm),(n-C,H,), ] + X- ray shows H-Fe interaction 235
. H[PF
(n-C;Hy), ][PF,] [PF] N Wik (Figures 65)
Fe —Fe

[Fe,(u-Me)(u CO)(CO),(n-C,H,),]X

Some new routes to u-alkylidene complexes include: -

(a) Alkylidene transfer from alkylidenephosphoranes
which succeeded with, e.g., [Fe,(CO) (n-C5H;)4]1%% and
[RU2(M'CPhCPhCO) ([-L'CO) (CO) (77'C5H5)2]241 but failed
with [Mn(CO)4(n-CsH;)].2* The wide range of phos-
phorus ylides available suggests that this route is likely
to receive wider attention. (b) A novel double oxidative
addition of a dihaloalkane with a low-oxidation-state
complex [MyL,] M =Pd,n=3,L =dppm;or M =
Au, n = 2, L = CH,PMe,CH,) gave [Pd,(u-CHR)(u-
L);X,] (R = H or Me; X = Cl, Br, or )22 or [Auy(u-
CH,) (u-L)X,] (X = Cl, Br, or I).%® (c) Under conditions
typical for phase-transfer catalysis the cyclopropanes

CCL,CHPhCHR (R = H or Ph) reacted smoothly with
in situ generated [Fe(CO),(n-CsH;)]™ to give the vi-
nylidenediiron complexes [Fey(u-C=CPhCH,R)(u-
CO)(CO),(1-C5H;),].%"* With preformed Na[Fe(CO),-
(n-CsHjp)] in THF the u-alkylidene was not produced;
instead the appropriate chloro(phenyl)cyclopropane was
obtained.

An unusual oxidative addition reaction of CI, to
[Fe(TPP)] has given the first structurally characterized
(u-carbido)dimetal complex [{Fe(TPP)},C] (TPP =
5,10,15,20-tetraphenylporphyrin),?®® a species antici-
pated by MO calculations.?® The short Fe—C distance
(1.675 A) and linear Fe,C linkage is indicative of the
predicted bis-u-alkylidene bonding, i.e., Fe==C="Fe.

The high yield synthesis of the first heavy metal-

substituted alkylidene, Hg{[Rho{u-C(COOEt)}(u-CO),-
(n-C;Meg)y}ls, where the mercury is bonded to two
bridging alkylidenes, is of interest as a potential starting
material for the synthesis of hitherto inaccessible com-
plexes.?#

As information on singly bridging alkylidenes has
consolidated, attention has turned increasingly to the
synthesis and reactions of doubly bridged species,
particularly those containing mixed alkylidenes, see,
e.g., ref 240, 242, and 248. For example, the synthesis
of the bis(u-alkylidene)dimetal complex LXXXV pro-
ceeded via a novel isolable mixed (u-alkylidene)(u-al-
kylidyne)dimetal cation LXXXIV (eq 107).240
LXXXYV shows significant differences over its singly
bridged counterparts in reactions with acetylene. For
LXXXYV both alkylidenes are expelled giving the (u-
acetylene)dimetal complex [Ruy(u-HCCH)(u-CO)(n-

[Fez(“'CHz)(“'CO)(CO)z(n'CsHs)z] + HX

X =CF,S0, or BF,,
spectroscopic evidence for 234
Fe-H interaction as above

O
{(n-CsHs) (n-CgHs)
7 55\ \R/'I sHs Line
/ c eo
Me
Me
- l co
n C"H")\Ru/+\ﬂ s Na[BH,]
S ONaS
oc c (n-CsHs)
Me/ \Me
LXXXIV
H
{n -CsHs) Me\c/
n-vels NpuZ N A0
\ e \
ocC / \ (‘q'CgHs)
LXXXV (107)

CsHj),], whereas [Ruy(u-CHMe)(u-CO)(CO)y(1-CsHs),]
gives an “insertion” product.'® Heating to 200 °C also
effects coupling of the two alkylidene groups to give
Me,C=CHMe (70%).24°

The bridging methylenes in [Rhy(u-CH,),Me,(n-
CsMe;),], (LXXXVI), are exceptionally robust.245:246
They remain intact during Me/Cl exchange with HC1
to produce [Rhy(u-CH,)5Cly(n-CsMes),] and this in turn
undergoes further Cl/X exchange with NaX (X = Br,
I, N3, or SCN) or Cl/Et exchange with Al,Ets.24¢ Py-
rolysis of LXXXVTI at 350 °C gave methane (48%),
ethylene (20%), ethane (2%), and propylene (30%).%4%
Production of methane and propylene is thought to
arise as shown in eq 108, a sequence which may closely

1] M Me H
N | T | | cHme
M——M —= M—l—_M — —M=—  —
chy” CHy CH

CHq4 + C3Hg

resemble reaction pathways in Fischer—Tropsch cata-
lysis. The more ready decomposition of the cis over the
trans isomer presumably reflects a preferred arrange-
ment of the methylenes and methyl groups in the
transition state. The original low-yield synthesis of
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Binuclear Transition-Metal Complexes

LXXXVI from [RhyCl(7-CsMes),] and Al,Meg, accom-
plished by the somewhat hazardous procedure of ex-
posure to air at a defined point in the reaction sequence,
is much improved if a hydrogen acceptor (acetone) is
added to the heterobimetallic intermediate, [(»-
C;Me;) RhMe,(u-Me)AIMeCIL] (L = e.g., AlMe,Cl).24>

Protonation of a singly bridging alkylidene to give a
stable (u-alkyl)dimetal cationic complex has now been
demonstrated with both homonuclear, (eq 109, L, =

[Fey(u-CHy) (4-CO) (n-CsHg)oLo] ——
LXXXVII
[Fey(u-Me) (u-CO)(1-CsHy) L]+ (109)
LXXXVIII

(C0O),%* or u-dppm?®), and heteronuclear dimetal
complexes (eq 110, ML, = Co(CO)(n-CsMe;) or Pt-
(PMes),).23° For the homonuclear diiron complex
LXXXVIII (L. = CO) NMR data were strongly sup-
portive of a solution structure with an Fe-C~H inter-

CgHaMe—p

¢ H([BF,4]

Me
o

C
z \MLn][BFd

PN
{{(n-CsHs)(OC)W ML, ]

[(17 - C5H5)(0C)2w
LXXXIX

(110)

action rather than the better known symmetrical bridge,
as in L. Unlike [Oss(x-Me)(u-H)(CO),0}, which also
shows evidence of an Os—C-H interaction in solution
but exists in the solid state exclusively as the methy-
lene-bridged [Os;(u-CHy)(u-H)o(CO)40), a single crystal
X-ray study?®?® of (LXXXVIII, L, = u-dppm) (Figure
65) revealed that the asymmetric methyl bridge is re-
tained in the solid state. The methyl is attached to one
iron by an Fe~C o¢-bond and to the other via an n*>-C-H
interaction, cf. [Fe,(u-CH)(u-H)(CO),,]?'* which has a
similar Fe-C-H structure. It is thus a good repre-
sentation of a possible intermediate along the pathway
for a-elimination at a dimetal center or the reverse
process, the formation of methyl groups from methylene
and hydrido ligands. Hydride removal from LXXXVII
(L. = CO) with [Ph3C][PFg] provided [Fe,(u-CH)(u-
CO)(CO)y(n-CsHs),1[PF¢l, the first example of the sim-
plest u-alkylidyne (u-CH).?** The alkylidyne carbon
shows the lowest downfield shift in the 3C NMR of any
known diamagnetic complex (5, 490.2 ppm).

Structural data (X-ray) are available for the hetero-
nuclear complex LXXXIX [ML, = Pt(PMey),], show-
ing a not unprecedented u-n',n’-coordination of the
alkylidene.? Whereas LXXXIX [ML, = Co(CO)(y-
C;Me;)] is readily deprotonated by K[BH(CHMEeEt);],
LXXXIX [ML, = Pt(PMej),] gives a stable, neutral
(u-CHCgH Me-p)(u-H) complex which, unlike the cat-
ionic [Rhy(u-CHy) (u-H)(CO)y(n-CsH;)o] *,72 shows no
tendency to isomerize to a u-methyl species.

Some differences are beginning to emerge in the re-
actions of bridging alkylidenes and alkylidynes with
alkenes or alkynes, steps of considerable importance in
metathesis and ring-opening polymerization of olefins
and in alkyne polymerization. Whereas a number of
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homonuclear u-alkylidene complexes of W,1%229234 Fg 198
and Ru'® react readily with alkynes to afford the
“products of insertion”, XC, (eq 111, path a), the het-

N N ~.7
C C [
" \": | R‘cb.ecn‘ M/ \M R3c:=—cn‘
XCI
R4
3 | 1
N Ot
N |
M 2
R
XC (111)

eronuclear LXXXIX [ML, = Co(CO)(n-CsMe;)] gives
the “product of addition”, [(3-CsH;) (OC)W{u-n',4%-C-
(C¢H Me-p)CMeCHMe}(u-CO)Co(n-CsMe;) 1 [BF,]
(XCI, eq 111, path b) with but-2-yne.??® A (u-alkyli-
dyne)diruthenium complex also gives the “product of
addition” in reactions with alkenes (eq 112, R = H or

h,Ae
OC\RUK'E*\RU/CO RCH==CHy
% *
(n-C5H5)/ 8 \(n-CsHs)
|
Me C
NN
OC\R /C\F\’,/ CHa
yr——hu
SN N
(n-CsHs) g (n=CgHs)
R (112)
N e
[(n-CgHs) (OC)2W ColCO)(n-CsMeg)] —e-=CMe
R\c
\><Me
TN
[(n—C5H5)(OC)2W<-|—/-CO(‘q -CgMeg)] L8l
i
Me
XCIII
H Me
Nee”

Me/ \ /R
<
[(n -C5H5)(0C)w\——c/Co(n -CsMes)]BF4
o}

XCII
(113)

Me).215

An alternative synthesis of a complex of type XCII
involves the sequence of eq 113 (R = CgH Me-p),?
suggesting the possibility that an intermediate of the
type XCIII is involved in both “insertion” and
“addition” (eq 111), the precise course of the reaction
depending on a delicate balance between simple rear-
rangement (insertion) and rearrangement with a 1,3-
hydrogen transfer (addition).

Two (u-alkenyl)dirhodium complexes [Rhy(u-CR=
CH,)(u-CO)(CO)(4-CyH7),][BF,], XCIV (CgH, = inde-
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TABLE 1Xa (u-Alkynyl)dimetal Complexes

Holton et al.

compound preparation comments ref
[W.(4-n'.n2-C=CPh)(PhC=CH)(CH)(CO),- [W(C=CPh)(CO),(n-C.H,)] + X-ray 263
(n‘csHs)z][BFb»] H[BF4]
[Fe,(u-C=CPh)(u-PPh,)(CO) (CNBu-t),] [Fe,(u-C=CPh)(u-PPh,)(CO),] + X-ray; monosubstitution 281
t-BuNC product also obtained
R
/CHQ\ R l 0 O\C—C/R
Ph P PPh ST | &
2 2 [ b
0 XCV XCV1
C R T
1 2 R b 0 NP
-C_H_)Fe Fe -C_H cE™ _— c =0
(1-C4Hs) (7-C58s) AN N
1
c XCVII
H1 / | \H . . i
" An interesting new synthetic approach to

Figure 65. Schematic representation of the molecular structure
(one of the two crystallographically independent cations) of
[Fey(u-Me) (u-CO) (u-dppm)-(n-CsHy),]*. Bond lengths: Fe-Fe,
2.544 (1); Fe(1)-C(1), 2.108 (3); Fe(2)-C(1), 2.008 (4); Fe(1)-H(1),
1.64 (4); C(1)-H(1), 1.06 (4) A Angles, Fe(1)-C(1)-Fe(2), 76.3
(1); Fe(1)-H(1)-C(1), 101 (3)°. All hydrogens were located.?®®

nyl), have been obtained by closely related reactions.
Protonation of the bridged vinylidene complex [Rh,-
(n-C=CHy)(CO)4(n-CoH-),] gave XCIV (R = H) and not
the alternative bridged alkylidyne (u-CMe) as previ-
ously observed for Mn (eq 39)°! and Ru (eq 38).%0%°
Protonation of the bridged allene—-dimetal complex
[Rhy(u-C3H,)(CO)o(n-CgH7)yl gave the bridged me-
thylvinyl XCIV (R = Me);?! deuteration showed ex-
clusive addition to the terminal methylene group(s) thus
excluding a pathway involving a bridging allyl species
(cf. ref 285).

Cobalt readily exchanges bridging methylene and
terminal cyclopentadienyl groups. The heteronuclear
[CoRh(u-CH,)(CO)5(n-CsH;),] and homonuclear [Rhy-
(u-CH,)(CO)y(n-C5H;),] were obtained by interaction
of [Coy(u-CHy)(CO)4(n-CsHs),] and [Rhy(CO)4(n-
C;H;),],21® while the Co! and Co™ species [Co(n-
C5H5) (PPh3)2] and [CO(T]-C5H4ME)M92(PPh3)] ex-
changed cyclopentadienyl groups, most plausibly via a
symmetrically bridged intermediate of the type well-
known with palladium,?®’ (cf. ref 285). Bridging me-
thylenes can be incorporated into oxygenated products
in high yield;?® [Fe,(u-CH,)(CO)g] reacted with alcohols
(ROH) at 105 °C, or at 20 °C in the presence of phos-
phines, phosphites, or AlBr; to give alkyl acetates,
H-CH,COOR (R = Me or Et).

The importance of single crystal X-ray diffraction
studies in the resolution of structural ambiguities with
bridging ligands is shown with u-C(R)C(R)CO, obtained
from RC=CR and CO and a possible intermediate in
the metal-catalyzed carbonylation of alkynes. Isomeric
forms XCV occur in [Rhg{u-C(CF3)C(CF3)CONCO)5(n-
CsH;),1,252 XCVI [Wyfu-C(COOMe)C(COOMe)CO}-
(CO)4(n-CsH5)5],%® and XCVII is found in [Ruy(u-
CPhCPhCO)(u-CO)XCO)q(n-C5Hs)2].2° The lability of
the u-CPhCPhCO ligand has been exploited with the
Ru complex which was found to be a very convenient
starting material for the synthesis of other u-hydro-
carbyl, in particular u-alkylidene, complexes.?!

u-"CH,CH, -bridged dimetallic complexes (section II)
is by nucleophilic attack of a carbonylmetallate anion
on a 1-C,H,~metal cationic complex;?®* an example is
shown in eq 114.

[W(n'C2H4)(CO)3(77'CsH5)][BF4] +
Na[W(CO);3(»-C;H5)] —
[{W(CO)3(n-CsHs)}o(u-CH,CH,)] + Na[BF,] (114)

B. Mid 1982 to End of 1982 (Added in Proof)

Since this article was submitted for publication a
number of relevant papers have appeared. This short
addendum completes the literature coverage to the end
of 1982,

The osmium complexes [Os,{u-(CH,),}(CO)s] (n =1,
2, or 3) were prepared by reaction of Nay[Os,(CO)g] with
the corresponding a,w-disubstituted alkane.?®> The
synthesis and structure of [Pty(u-CH,C;H,CH,-0)(u-
Ph,PCH,PPh,)Me Br,] have been reported,? and a
further example of a bridging bis(carbene) ligand (see

also Table XIII) in [Ruy(u-C=CHCCH;CMe;,-

CH,CCH),(n-CsH;)o(PPh3),}[PFs], has now been de-

scribed.?4
Numerous novel complexes containing a u-geminal

1,1-alkylidene ligand have been reported: [My(u-

CHSiMe,NSiMe;){N(SiMes)o},] (M = Zr or Hf);**
[Moy(u-CHy) (u-CH;,Ny) (n-CsMeg)2(CO) ];2%¢  [N-
(PPhy),] [W(u-CHCH,Me-p) (1-CsH) (CO), 1% [WAu-
(u-CHC4H Me-p) (n-CsH;) (CO)o(PPh;) 1?7 [FeMn(u-
CH,)(CO)5(u-CO)(n-C5Hs)] (two crystallographic forms
identified);?*® [FeCofu-C(SMe)y}(n-CO)(C0O),);**° [Rh,-
(1,u-CHCMe,CHCO) (7-CsMe;s)5(u-C0)1;3% [Rhy(u-
CHQ)(}L-CF3CECCF3)(PhQPCHzPPhg)QClg],301 and

[Ma{u-CCH,(CHy)3CHy}(n-CsMes)o(u-CO)y], the first
example of a saturated carbocyclic alkylidene bridge (M
= Co or Rh).3%2 Reaction of sulfur dioxide with [Rh,-
(¢-CHy) (n-CsMeg)o(u-CO),) leads to insertion and ring
expansion affording a u-CH,SO, bridged structure;3®
similarly diphenylacetylene inserts into the iridium-
methylene-bridged complex to yield [Iry(u-CPhCPh=
CH,)(u-CH,)(n-CgH;0)0].%* The cyclooctadiene ligand
in [WPt(u-C(OMe)C¢H Me-p)(CO);5(n-CgH;o)] is dis-
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Binuclear Transition-Metal Complexes

placed by phosphines or diphosphines; in contrast, re-
action with CO or CNBu-t (L) affords the cluster com-
plex [Ptg{u-C(OMe)CgH Me-p}sL3].3%

The cationic methylidyne complex [Fey(u-CH)(z-
CH)(n-C5H;)5(u-CO)(CO),][PF¢] has been prepared by
hydride abstraction from the methylene-bridged com-
plex using [Ph;C][PF¢].3% Alkenes insert into the C-H
bond of the bridging methylidyne to yield a variety of
alkylidene-bridged complexes whereas reaction with CO
affords the acylium complex [Fe,(u-CHO)(n-CsHs)o(u-
CO)(CO),][PFg].37

The alkenyl-bridged compound [Moy(u-CH=
CHPh)(5-CsH;),(0)(CO)(u-PPh,)] is obtained as a by-
product from the reaction of PhyP=CH, with [Moy(y-
C;H:);(CO),] and has been characterized by X-ray
analysis.?® Passing [Ru(n-CsH;)(7-CsH;)(CO)] down
a deactivated silica gel column provides easy access to
[Ruy(u-CHCH=CH,)(n-C;H;)5(CO) (4-CO)};** com-
plexes of this type were previously prepared by the
reaction of a u-alkylidene species with an alkene. A
simple preparation of alkenyl-bridged rhenium com-
plexes has been reported; the UV irradiation of [Re,-
(CO)y4] in the presence of a terminal alkene results in
the formation of [Re,(u-CH=CHR)(u-H)}(CO)g] (R =
H, Me, Et, or n-C,H,).310

Reaction of [Ruy(u-CyPh,)(n-CsHs)o(u-CO)] with
diazomethane leads to the incorporation of two meth-
ylene units: one bridging the two metal atoms, and the
second reacting with the alkyne to yield [Ru,(u-
CH,)(u-CPhCPh=CH,)(n-C;H;),(CO)], which upon
heating isomerizes to afford [Ru,(u-
CPhCPhCHCMe)(n-C5H;)(u-CO)(CO)] via C-C bond
formation.3!!

Both [Pdy(u-CsH;)o(PPr-ig),] and [Pdy(u-CsHj)(u-
C3H)(PPr-i3),] react with a carboxylic acid or a thiol
by displacement of a cyclopentadienyl ligand to yield
[PdQ(M'C5H5) (#-OCOR)(PPI‘-I3)2] and [Pd2(#‘03H4)(,u-
OCOR)(PPr-i3),], respectively or the corresponding
u-SR analogues.?'? Further reaction of the Pd,-
carboxylato-bridged complex with Na[M(z-C;H;)(CO),]
(M = Cr, Mo, or W) gives the cluster complex [Pd,(u-
L)(PPr-ig)o(u-CO)sM(n-C;H;)] (L = CsH; or C3Hy).

The reaction of (cyclobutadiene)tricarbonyliron with
[M(5-C;H;)(CO),] gives the ferrametallocene [{n-Fe-

(CH);CH(CO)3iM(-C;H;)] [M = Co or Rh (X-ray)]:
the analogous benzoferrametallocenes were prepared
from benzocyclobutadienetricarbonyliron (M = Co,
X-ray).313
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