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1. Introduction

1.1. General Introduction and Layout: What Is
Covered and What Is Not

The advantages of using two different metals to enhance
some desired property has been recognized by different
cultures dating from around 1500 BC in Europe to much
earlier (as early as 4000 or 4500 BC) in Asia. While the
various independent discoveries of alloying copper and tin
to form bronze remain ill-defined in time, the achievements
are considered a milestone in human history, as they globally
mark the generally accepted transformatiofdofmo sapiens
from the Stone Age to the Bronze Age. The current goal of
synthetic chemists to enhance certain properties by combin-
ing two different metals remains somewhat similar to the
probably serendipitous discoveries of more than four thou-
sand years ago, though the level of sophistication has
improved.

Heterobimetallic complexes form a large subset of bi-
metallic complexes, and their chemistry has been developed
with the idea of exploiting synergistic effects between the
two metal centers. The coordination of hydrocarbyl ligands
and their activation and reactivity toward carbednydrogen
and carbor-carbon bond formation and cleavage has clear
implications for stoichiometric and catalytic chemistry. It has
long been established, for example, that heterogeneous
catalysts, made up of a combination of two or more metals,
often have significantly enhanced catalytic properti€Ehe
driving force behind much research in heterobimetallic
chemistry has been molecular activation, especially activation
that is unique to heterobimetallic compleXé©wing to their
asymmetry, their polarity, and the different electronic and
steric requirements of the two metal centers, heterobimetallic
complexes are usually more reactive than their homobi-
nuclear congeners. Earlyate transition metal combinations,
in particular, are expected to enhance reactivity differences
between the metals and have been subjected to much study,
because chemical reactivity differences in hasdft char-
acter and in coordination number and electronic requirements
are more significant. Many groups have attempted to take
advantage of the oxophilicity of the early metal for oxygen
abstraction reactions or for stabilizing acyl complexes.

This review targets the transformation and reactions of
hydrocarbyl ligands on transition metal heterobimetallic
templates, though some transition metadain group metal
heterometallic bonds on which these transformations take
place are also targeted. It covers carboarbon and carboen
hydrogen bond formation or bond rupture mediated by these
heterobimetallic complexes. When possible, reactions ef-
fected by heterobimetallic species are compared and con-
trasted with those of related homobimetallic species, though
often such data are lacking. Simple hydrocarbyl or alkyl
ligand migrations from one metal to another are not discussed
here, since they do not involve the creation or the breakage
of C—C or C—H bonds. Nor, in most cases, are €, P-H
or Si—H, N—H, or O—H activation reactions included, unless
carbon or hydrogen atoms are transferred to a hydrocarbyl
ligand. The syntheses of heterobimetallic complexes are not
explicitly covered, except when a hydrocarbyl ligand also
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molecular activation and transformations. In addition, in
many cases, proof of the intermediacy of a heterobimetallic
complex in a catalytic cycle is lacking.

1.2. Pertinent Review Articles

Various aspects of the chemistry of heterobimetallic
complexes have been surveyed, and this information is
summarized here. General reviews of heterobimetallic com-
plexes include some early articles by Brtégand by one of
the authors of this articlé.Early—late heterobimetallic
complexes are specifically covered in other reviéd&More
specialized articles on certain heterobimetallics are available,
on Mn—Mo u-(diarylphosphino)cyclopentadienyl species
and on RuZr complexes? Other review articles on
bimetallic complexes that are ligand based and that some-
times include both homo- and heterobimetallic compounds
are accounts on bimetallic silicon chemisttydppm in
binuclear complexe¥, and group 6-group 10 complexes
with sulfur ligand$® and an article on short bite ligands that
support homo- and heterodinuclear compleieswo re-
views exist on metal methylene complexes; one contains
useful information but is now datéd@while a more recent
one focuses op-methylene complexes lacking metahetal
bonds'® Review articles that target hydrocarbyl ligands, often
on di- and polynuclear centers, include dinuclear and
trinuclear allenyl complexe’s,complexes with bridging four-
electron donor unsaturated hydrocarbons, metal-stabilized
cationst®'%and the organometallic chemistry of vinylidenes
and unsaturated carberf@fkeviews that specifically target
hydrocarbon and hydrocarbyl ligands include one that focuses
on binuclear complexes of these spetiesnd another that
covers hydrocarbyl ligands in mixed-metal systéfm$he
rich chemistry of metal carbyne complexes and metadtal
multiple bonds as ligands was presented by Sténe.

1.3. Manuscript Organization

This review starts (section 2) with a discussion of reactions
in which a hydrocarbyl ligand is modified when two
monometallic fragments are brought together to form a
heterobimetallic complex. The four basic reactions, carbon
carbon bond formation and bond breakage, followed by
carbon-hydrogen bond formation and bond breakage, are
discussed in subsections in section 2 since fewer examples
exist. Sections 36 discuss the same reactions in the same
sequential order but on preformed heterobimetallic com-
plexes, with each section devoted to one class of reactions.
Each section is subdivided further, as necessary, depending
on the number and kinds of observed reactions. The way
each section is subdivided depends on the reported reactions
in the literature: bond-forming and bond-breaking reactions
are not always complementary or equally well represented.

undergoes a transformation during such a synthesis. Reac
tions that involve heteropolynuclear molecules (metal clus- When representing the formulas of complexes, clarity is
ters) are omitted. In addition, hydrocarbyl transformations the main objective. The metals in heterobimetallic complexes
on heterobimetallic species in which there is no metaétal are usually given in alphabetical order, and the ligands are
bonding or no other obvious interactions between the two written to show (as much as possible) to which metal they
metals are not discussed comprehensively, though when aare bonded. The metal is given first, followed by neutral
clear, though indirect, activation effect of one metal on the ligands and then anionic ligands, but this order is often not
other is noted, these reactions are mentioned. This topic hadollowed if it is not clear what is bonded to what. If no
never been reviewed this way before, so coverage starts frommetal-metal bond is shown in a particular complex, it is
around 1980 to 2005, though a handful of earlier articles presumably absent, has not been described in the relevant
are also discussed when pertinent to later work. Catalytic publication, or both. The two metals A and B bonded
reactions are not discussed because discussion is focused otogether in a heterobimetallic complex are denoted as “metal
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A—metal B” while the metals in such a complex without an
A—B bond are designated as “metal A/metal B”. Note that
the terms carbene and alkylidene, alkylidyne and carbyne,
vinyl and alkenyl, and vinylidene and alkenylidene are

Ritleng and Chetcuti

carbonyl metalates. This research has also been revi&wed.
In a typical reaction of this type, complexésandld reacted
with [Co(CO)(PPh)]~ to afford [Cp(COM{ u-11,17?-C(CO)-
PhH Co(CO)}(PPh)] (Co—M, M = Mn, Re) complexeda,b

sometimes used interchangeably for convenience, evenin high yields (Scheme 2). An X-ray diffraction study for

though they are not always strictly equivalent.

the Co-Re specieglb established that the PPhgand is

Within a subsection, reactions are often grouped togethertransto the Re-Co bond (Re-Co—P = 161°).2°

based on their similarity, and thus, the order of presentation
is not always chronological.

2. Hydrocarbyl Bond Formation or Cleavage
Accompanied by Heterobimetallic Complex
Formation

2.1. Carbon —Carbon Coupling Reactions
Accompanied by Heterobimetallic Complex
Formation

2.1.1. Carbyne—Carbonyl Coupling

Mononuclear alkylidyne complexes have been used to
prepare a variety of homo- and heterobimetalliecarbyne
complexes by addition of 14 or 16 electron complexes to
the mononuclear alkylidyne complex, in a vast body of work
pioneered by Stone and his group. When similar reactions
are attempted between cationic alkylidyne complexes and
carbonyl metalates, there are, in addition, -€Qambyne
coupling reactions. More than 25 years ago, Stone’s group
discovered that the mononuclear group 7 cationic carbyne
complexes [Cp(OGM=CTol]" (13, M = Mn; 1b, M = Re)
react with the anion [Mn(C@)~ to yield bimetallic species
2a,b, in which a CO ligand has coupled with the carbyne
carbon to give a-ketenyl liganc?* A similar reaction leading
to product2c was almost simultaneously reported by Fischer
and his group, who established the structure of the-Ra
complex by a single-crystal X-ray diffraction study (Scheme
1)_25

Scheme 1. Formation ofu-Ketenyl Complexes by
Carbyne—Carbonyl Coupling

[}
XN
\\Ck
C

2a: M = Mn; M' = Mn; Ar = Tol
2b: M =Re; M'= Mn; Ar = Tol
2c: M =Mn; M'=Re; Ar=Ph
+
“C. _siPhg
/C\

—Fe(CO)3 + -

Ar
/

[CP(OC),M=C-Ar" + [M(CO)s Cp(OC)M

—M(CO),

1a: M = Mn; Ar = Tol
1b: M = Re; Ar = Tol
1c: M= Mn; Ar=Ph

M'=Mn, Re

Et,0/nt

[Cp(OC),W=C~SiPhy] + [Fex(CO)ql
3a

CpW;

The triphenylsilyl carbyne complex [Cp(O8Y=CSiPhy],
3a (which is isoelectronic with the group 7 carbyne
complexedl), undergoes a related reaction with f&&0)).

The product is also a-ketenyl species, but the authors prefer
to regard the compound as existing predominantly in its
acylium resonance form, in accord with the short formatFe
W bond of 2.516(1) &¢ Surprisingly, the SiPhsubstituent

on the carbyne is required: no ketenyl formation is observed
with the Tol-substituted analog [Cp(O8Y=CTol], 3b.
These coupling reactions are shown in Scheme 1.

More recently, these reactions have been followed up and
extended by Chen and his grotfp?® who have explored
the reactions of the cationic carbyne complexes [CpiVI&)
CPh]" (1c, M = Mn; 1d, M = Re) with a wide variety of

Scheme 2. Reactions of Group 7 Carbyne Complexes with
Various Metal Carbonyl Anions

Na[Co(CO);(PPhg)]

or Na[Fe(CO),Cp]
thf /-90 to -45 °C

Cp(OC)M

4a: M = Mn; ML, = Co(CO),(PPhs) (89 %)
4b: M = Re; M'L, = Co(CO),(PPh;) (81 %)
4c: M = Re; M'L, = Fe(CO)Cp (75 %)

Ph
[(PPhy):NIIFeCo(CO)s &

or (PO NIWCO(COK] 00y M
hf /80 10 -45 °C

Ph
Lo

N

+ Cp(OC)M Co(CO)s

M = Mn (4d), Re (4e)
(811037 %)

[CP(OC),M=CPh]* —]

1c:M=Mn
1d:M=Re

Co(CO);

M= Mn, Re
(111057 %)

CO (M= Mn)
thf /-50 to -40 °C / 70 %

H Ph

N

5 (41 %)

/

+ ..

Cp(OC).Re Fe(CO),
(NEt,);[Fe5(CO)gl

thf/-90 to -60 °C

Ph

|
M=Mn _——C
C. ~,

//o +
Fe
(CO)s

Et
s

Cp(OC),Mn

6(39 %)

The reactions of the manganese and rhenium cationic
carbyne complexesc and1d with bimetallic anions almost
invariably give dimetallic products and not metal clusters.
One metal is preferentially incorporated into the bimetallic
complex. Thus the ironcobalt anion [(OC)Co—Fe(CO)]~
reacts withlc and1d to afford compounds with MrCo or
Re—Co bonds, but none with MaFe or Re-Fe bonds. The
same Mn-Co or Re-Co species are also recovered from
reactions of the [[OGLo—W(CO)]~ (Co—W) anion with
cationslc and1d. In each case (except for the reaction of
1d with the cobalt-tungsten anion), the major products are
unsaturated M-Co (M = Mn, Re) carbene complexes. Only
a small quantity of the ketenyl complex is formed initially,
but the unsaturated carbyne complexes add CO to give the
corresponding ketenyl complexdd and4e in high yields
(Scheme 2§

These ketenyl products are similar to those reported by
Stone and Fischer, but there are stronger interactions of the
CO carbon atom of the bridging ketenyl ligand with the
added metal, and the products may also be describgthds
substituted ketene complexes. They are obtained in remark-
ably high yields. Occasionally, there are differences in
reactivity among metals belonging to the same periodic
group. Thus,1d (M = Re) reacts with [Fe(CQEp] to
afford 4c, but 1c (M = Mn) does not (Scheme 2).

Two possible mechanisms are envisaged for these reac-
tions. A CO transfer may take place from a carbene
intermediate of the type [Cp(O@=C(Ar)(M'L,)] to the
carbene carbon. Alternatively, there may be direct CO
transfer from the Mk anionic fragment to the metatarbyne
center.

The reactions of complexds and1d with iron carbonyl
anions do not afford the same ketenyl species. Whes M
Re, the products isolated after workup are the monometallic
rhenium carbene complex [Cp(ORe=C(OEt)(Ph)] and the

u-carbene speciés The same products are isolated irrespec-



Hydrocarbyl Ligand Transformations

tive of whether the anion is [Fe(CgJ, [Fe(CO)]?", or
[Fes(CO)q)? .3 However, the products obtained when
(NEty),[Fex(CO)g] is reacted with the Mn cationic carbyne
include [Mn(CO}Cp], a tetrametallic bicarbene (M+C—
Fe—Fe—C=Mn) species, and the unexpected acyl carbene
species6. The structures of the last two compounds were
established by X-ray diffractiof?. The unusual acyl carbene
ligand [u-CPh—C(O)Et] in 6 interacts with the Fe atom [Fe
Ccoer= 2.134(5) A; Fe-O = 2.004(3) A], and this is borne
out by IR data #(CO) = 1595 cn1? for this ligand’s G=O
group]. The source of the Et group of thecarbene ligand

is not the [NEf]* cation, sinceb is also obtained with the
salt NaFe(CO), with 1c. The likely source of the Et group
is BBry(OEt), which is a byproduct in the synthesis of the
1c32 Scheme 2 summarizes all these reactions.

2.1.2. Carbyne-Alkyl Coupling

The Fischer carbyne [Cp(O@J=CTol], 3b, reacts with
the platinum methyl complexra to give the cationic
alkylidene complex8a, shown in Scheme 3. The reaction
of 3b with the vinylic specie¥b is similar, but the product
9a has am-interaction between the vinylic=€C bond and
the tungsten ator#?.

Scheme 3. Carbyne-Alkyl Coupling To Afford u-Carbene
Complexes

acetone / rt

[Cp(OC),W=CTol] + trans-[Pt(PR3),(acetone)R]* Cp(OC),W

PY(PRg),

3b 7a: R = Me; PR = PEt

7b: R = CH=CHj; PRy = PMe,Ph

8a: R = Me; PR3 = PEt;
9a: R = CH=CHy; PR, = PMe,Ph

When the tungsten alkylidyne compl8k is refluxed with
[Mn(CO)sMe], the product is a MarW complex10awith a
short Mn—W bond of 2.696(1) A, in which an acetyl group
has coupled to the carbyne carbon (Schem# & also
reacts with the group 6 complexes [M(G®leCp] (M =
Mo, W) under photolytic conditions to generate complexes
10band10cthat have a similar coupled organic framework.
However, the acyl oxygen atoms 1®b,c are not bonded to

both metals. These reactions are believed to proceed via
unsaturated acyl intermediates, which then coordinate to the

W=C triple bonds. If so, these reactions are really examples
of acyl-alkylidyne couplings.

Scheme 4. Reactions of a TungsterCarbyne Complex with
Metal —Alkyl Complexes

Tol

c
[Mn(CO)sMe] AN
° Cp(OC)2W4‘7Mn(CO)3
toluene / reflux \ 17
0=C¢!
Me 10a
[Cp(OC),W=C~Tol]
3b Tol
¢
[M(CO)gMeCp] N\
————— Cp(OC),W—|—M(CO).Cp
light petroleum / hv ™S
0—C_ 10b: M = Mo
Me  10c:M=W

The molybdenum and tungsten carbyne compl&kesnd
3c react analogously to alkynes and insert into the-2d
bonds of a series of palladium metallacycles to give the
u-carbene speciekl shown in Scheme 5: a PdV bond is
formed simultaneously. The reactions go through intermedi-
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the Cp group on the group 6 metékFurther research showed
that the products obtained either widh, with 3c, or with

the 1-cyclopentenyl carbyne complexes [Cp(@GFC(1-
cyclopentenyl)] (M= Mo, W), all containy?-arene orp?-
cyclopentenyl group interactions with the group 6 metal in
solution (Scheme 5). Tha-donation allows the group 6
metal atoms, in each case, to attain 18-electron configura-
tions. Evidence for this bonding mode was deduced from
detailed 2D NMR studies®d nuclear Overhauser effect
spectrometry (NOESY), long-range and conventidé@h-

IH inverse correlation, andH—1®3W correlation spectros-
copy) for some of the palladiurtungsten complexes:2®

A number of the products have been characterized structur-
a||y.35,36,38,39

Scheme 5. The Insertion of Alkylidyne Complexes into
Palladium—Carbon Bonds of Palladacycles

/Tol
N CH,Cly /1t / C\
_ V12 M
[CP(OC),M=C—Tol] + N/"d\/ Mea—PI——M(COICP
<, -
3¢: M =Mo Me, cl &
3b:M=W

11ab

e

(2
X

M(CO)Cp

B

C

2
/ éP/

——m(cocp
T

With 3b, 3¢ or
[Cp(OC),M=C—(1-cyclopentenyl)]:

2.1.3. Carbyne—Carbene Coupling

The carbyne complex3b and its methyl analog3d
(Scheme 6) react with Tebbe’s reagdto afford com-
plexes13 with containu-r*(Ti),n2(W)-C(R)=CH, alkenyl
ligands that straddle the two metals. The methylene group
has coupled with the carbyne carbon atom. Compléx3s
contain rare T+W bonds [of length 3.082(2) A fot3h].4°

Scheme 6. Reaction of Tebbe’s Reagent with
Tungsten—Carbyne Complexes

H
H,

C=,."
c L==¢
Cp(OC),W=C-R I T‘/ \AIM hi2-Sequv) -, ocHw TiC
=C-| + i e, -Ti
[Cp(OC), ] P2 7 2 T ouene /00 p(OC) \(b P2
3b: R =Tol cl
3d:R=Me 12 13a: R = Me
13b: R = Tol

2.1.4. Alkyne—Carbonyl Coupling

While the coupling of alkynes with CO has been observed
on heterobimetallic centers (section 3.4.1), this reaction also
takes place when coordinated CO ligands of a metal
carbonyl complex are reacted with a mononuclear alkyne
complex. A demonstration of this reaction is provided by
the ruthenium and osmium ethyne species [M(&&)HC=
CH)] (14b, M = Ru; 14¢ M = Os), which react with [Ru-
(CO)] to give complexed 5 with dimetallacyclopentenone
cores (Scheme 7). However, the reactionldt with [Os-
(CO)] leads to theu-n*,n*-HC=CH species OgCO)s(u-
ntp*-HC=CH)] (no C-C coupling). Product&6 with a M'—
C(O)—C(H)—C(H)—M core similar to those of5are found
when the group 9 complexes [fO)%Cp] (M = Co, Rh)
are reacted with4c Carbon monoxide loss takes place in
these cases. However, with the complex [Ir(gCp], no CO
loss was observed, and thus the bonding mode of the-€(0O)

ates in which the tungsten-bonded carbyne ligand shows aC(H)—C(H) linkage to the Ir¢* in 15) is slightly different

bonding interaction with the palladium atom, prior to the
C—C coupling reactiorf®> Similar reactions were reported

from that of its lighter Co and Rh congenerg,¢? in 16).4
Similar reactions take place with the rhodium phosphine

when a cobalt-based tripodal phosphonate ligand replacedcomplexes [Rh(CO)(P£Cp] (PR, = PMePh, PMeP}) to
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give complexes of typd5*. Later work showed that4a
(M = Fe) and its Ckanalog react similarly with the group
9 complexes [M(COLCp*] (M = Co, Rh, Ir)*3 All these

Ritleng and Chetcuti

obtained. The remarkable 16-electron tungsten side-bonded
ketone compled 9 [WCp(?>-R(C=0)R], shown in Scheme
9, was isolated in moderate yield from this reaction. The

reactions are highly stereospecific, and only one metallacycle“R” group of the ketone is the enol form of a triphenyl-
isomer is obtained in each case. For the iron reactions,tropone ligand, formed by the head-to-tail coupling of three
complexesl7 are obtained. These complexes are structurally PhG=CH groups with a CO group. This portion of the ligand

different from complexed5 and 16 as the acyl groups are
now o-bonded to théron atom and not to the group 9 metal.

binds to the tungsten atom via its enol oxygen. The other
group of the ketone (Ris an alkyl ligand formed by a

A kinetic and mechanistic study of these reactions has beenDiels—Alder addition of Ph&CH to a GMes ligand that

published'*

Scheme 7. Reactions of Group &?-Alkyne Complexes with
Metal Carbonyl Complexes

H
¢
o
M(CO)L,] o
— | [ 15
(0C).M ML,
8 H M = Ru, Os; M'L, = Ru(CO),
%. | ¢ M = Os; M'L,, = ICO)Cp
AME T M = Os; ML, = Rh(PRy)Cp
o c H
8 |
14b: M = Ru IM(CO),Cp] H. 2O~ 0
14¢: M= Os 2&P. (’7 (‘3 16
-co OO e
M=0s; M =Co
M=0Os; M'=Rh
’
g R G
o R
%, | ¢ IM(CO),Cp’] So DN
e co \ |
& | (OC)qFe M(CO)Cp”
¢ R
14a:R=H M= Co, Rh, Ir; R = H, GF;
R=CF,

Another example of alkynecarbonyl coupling accompa-
nied by M—M' bond formation comes from the group of
Werner. The reaction of the rhodium?-phenylacetylene
complex [Rh§?-PhG=CH)(P4-Pr3)Cp] with [Fe(CQO)] af-
fords au-vinylidene species and complé® best represented
as shown in Scheme 8, on the basis of an X-ray diffraction
structural study. This complex contains gfimetalloallyl-
like ligand in which a CO ligand has coupled with the
alkyne#®

Scheme 8. Alkyne-Carbonyl Coupling and Synthesis of an
Iron —Rhodium Complex

CH, & o)
I H /C\C‘&
Ph oo
c c
|
_ & [Fer(CONl PN I\
Cp(i-PrsP)Rh=—I1| CpRh’ Fe(CO); + CpRh: Fe(CO)
C tht /1t AN
4 i-PrgP 8 i-PraP e

18 (31%)

The coupling of alkynes with CO ligands on a preformed
Ni—W platform is discussed later (section 3.4.1). However,
the monometallic precursors to a-NiV complex react with
PhGH in situ to give complicated products that result from
multiple alkyne couplings with CO. While some products
contain no Ni-W bond, these complex organic coupling

has migrated off the nickel atom. Eight new carb@arbon
bonds are formed regiospecifically at78 °C in this
synthesis

Scheme 9. lIsolation of Tungsten Ketone Complexes from the
Reaction of PhG=CH with a Mixture of Nickel and
Tungsten Complexes

Ph

K[W(CO),;Cp] / PhC=CH (4 equiv. i:\(
(CO)sCp] ( ) P Q
toluene /-78 °C to 1t [N O
Ph

<

19

Q  ph
¢
Opp &/W;g

20

INi(CO)ICp*]

K[W(CO)3Cp'] / PhC=CH (excess)

thf/-78 °Cto rt

Another alkyne-CO coupled produ@0was isolated from
the very similar reaction of [Ni(CO)ICp*] with the tungsten
Cp anion [W(CO}Cp]~ as shown in Scheme 9. A ketone
ligand, formed by the coupling of two CO groups with two
phenylacetylene groups, is present2@. One of the CO
groups forms the €0 group of the ketone, while the other
is part of a five-membered ring that ig3-allylically
coordinated to the tungsten atom. CompRix(with a Cp
rather than a Cpigand) may be a precursor 9.4

2.1.5. Alkyne—Alkyne Coupling

A large number of €C coupling reactions on heterobi-
metallic complexes involve alkynes. In many cases, these
reactions take place on a preformed bimetallic alkyne
complex. Reactions in which both starting products are
monometallic are discussed here, even though it is likely
that the coupling reactions take place on an intermediate
heterobimetallic alkyne species and even if, in few cases, a
heterobimetallic alkyne complex is indeed observed.

The HFB units in the monometallic complexes
[M(CF;C=CCR).CICp] (M = Mo, W) adopt bridging
positions when these complexes are reacted with([C0)g]
in a sealed tube to yield the complexes [(@)u-HFB),M-
(CO)Cp] (Co-M, M = Mo, W). The alkynes in these species
(Scheme 10) were induced to couple with each other to give
2laand21bwhen these molecules were treated with 5 atm
of CO at 50°C. In contrast, PEtaddition simply resulted in
PEg-for-CO substitutiorf>*°When treated with [C4CO)],
the PhG=CMe complex [Mo(Ph&CMe),CICp] afforded the

reactions require the presence of both metals and have nevecoupled alkyne product directly. A regiospecific head-to-

been obtained with various combinations of ligands and

tail alkyne coupling reaction has ensued to give the molyb-

single monometallic complexes, and they merit discussion denacyclopentadiene product compl2kc, which is the

here.
When [Ni(CO)ICp*] is reacted with [W(CQELp], the

kinetic isomer of this reaction. When heated in toluene for
24 h,21cisomerized to the thermodynamically more stable

mixture of complexes obtained includes the metallacycles head-to-tail coupled produ2tld.>* (Co—Mo coupled alkyne

and theu-alkyne complexes that are harvested from the
reaction of a Ni-W complex with Ph&CH (section 3.4.1%°

complexe1 are also accessible from the reactions of-Co
Mo species with alkynes. These reactions are discussed later

In addition, smaller quantities of more complex products are in section 3.4.4%%53
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Scheme 10. Alkyne Dimerization Coupled with
Cobalt—Molybdenum or —Tungsten Bond Formation

CF, CF
FSC\C’C/ 3 FSC\Q-——C/ 3
— Z
5 [Coo(CO)e] / /\\ PEts //\\
[M(RC=CR),CIC)) ————— Cp(OCM Co(CO), Cp(EtsP)M Co(CO)L
ELO /rt \\// 60°C \\//
M=Mo, W in a sealed tube N N
R,R'=CF; Fac/ CFy FSC/ CFy
M= Mo; L =CO
[Co,(CO)gl CO (5 atm) M=W:L =PEty
Et,0/50 °
M=Mo toluene / A 1,0 /50 °C
R=Me;R'=Ph

R~ 21a:M=Mo; R, R'=CF;
/\ 21b:M=W; R, R'=CF,
CP(OC)M==N_Co(CO), 216:M =Mo; R = Me; R = Ph

toluene /A/24h

isomerization
\ (21c)

Ph
Ph
Cp(OC),Mo== ago(t)O)2

The tris(alkyne) tungsten carbonyl complex [W(CO)&RC
CR)] reacts with [Ce(CO)] to afford a metallacyclopen-
tadiene, which is part of a CoNV—Co skeleton, but in this
case, a cobaltacyc®? is formed. The coupled product also
contains as-alkyne spanning the other €W bond (Scheme
11). The trimetallic complex formed with hex-3-yne was
structurally characterized by an X-ray stufdy?®

Scheme 11. Alkyne Coupling Accompanied by
Nickel—Molybdenum or Cobalt—Tungsten Bond Formation
R

R
R—A
[Cox(CO) @A« /foo
[W(CO)(RC=CR);] ——  (OC)3Co T—co(co)
-~ / 3
=
N\
R

W
R=Et, Pr R \\
R

C——C,

2

H
/H H
= Ph
HC=CPh (excess) C
(excess) SeT
/

N —Ph
- - — + ..
thi/-78°Ctort [ _,4)\\_,”
Cp,Ni/Nlph 0(CO),Cp

23 (6 %)

[NI(CO)ICp] + [Mo(CO)sCpI

The trimetallic complexX23 somewhat similar to that just
described was observed when the [Mo(gC)]~ anion was
reacted with the nickel complex [Ni(CO)ICp*] at78 °C

in the presence of phenylacetylene and the mixture was

warmed to ambient temperature. The i —Ni trimetallic
chain complex was characterized crystallographicalll.
shows the same tail-to-taiHCPh—CH—CH—CPh-) or-
ganic connectivity that is observed in an-Hgh-coupled
phenylacetylene complékand contains a molybdenacycle
of the type found in complexe21.4"8 (See section 3.4.4
for more alkyne-CO coupling on nicketmolybdenum
bonds).

2.1.6. Alkyl-Carbonyl Coupling

Chemical Reviews, 2007, Vol. 107, No. 3 803

[Fe(COX(PPh)Cp] .28 The product, obtained in a moderate
20% vyield, is complexX4a, which contains a bridging acy!
ligand that iso-bonded to the iron atom via its carbonyl
carbon and linked to the manganese via the acyl oxygen
atom. The mechanism of formation of the product is
discussed in the article. It is noteworthy that the acyl CO
carbon is carbene-like (based on its low-figfC NMR
chemical shift of 319.3 ppm) and mg(CO) stretch was
observed for this group in the IR. The addition of MeLi to
this Fe-Mn acyl leads t@®5 in which one of the manganese-
bonded carbonyl ligands has now been methylated to afford
a second acyl ligand, which ig-bonded to the mangane¥e.
The related reaction of [Fe(C&@PPh)Cp] with [Mo(CO)s-
(Me)Cp] yielded a similar comple24b in which au-acyl
ligand is o-bonded, via the carbon atom, to the iron atom
and interacting, via the oxygen, to the molybdenum. No
M—M' bonds are present in any of these complexes (Scheme
12)5°

Scheme 12. Coupling of Metal-Methyl Complexes with an
Iron —Carbonyl Complex To Generate Acyl Species

Ph,
P
-co Cp(OC)Fe/ ~

[Fe(CO)(PPhy)Cp] + [M(CO)L,Me] ML,

rt

(24a)
Ph, CHgLi /thf /rt

P
Cp(OC)Fe/ \Mn(CO)3
c=0

c=—0ad
/
HaC

24a: ML, = Mn(CO), (20 %)
24b: ML, = Mo(CO),Cp (30 %)

25

When the complex [Ru(CQ)CH,C=CPh)Cp] is reacted

with [Fey(CO)], the major products are the F&u alleny
acyl complex26a(formed in 31% yield) and a BRu cluster.
A diiron allylic acyl species was also isolated. Since the acyl
ligand iso-bonded to the iron atom, the reaction is believed
to involve an alkyl group migration onto the iron atom CO
group (Scheme 13Y.

Scheme 13. Formation of an Allenyt-Acyl Ligand That
Spans an Iron—Ruthenium Bond

HaC P
[Fex(CO)ql C=C,
RU(CO)5(CH,C=CPh)C o+
[Ru(CO,(CH, 1Pl tioecra0n £=0
Cp(OC)RU Fe(CO)s

26a (31 %)

2.1.7. Multiple Carbene—Carbonyl Coupling

Complex27, [Cp,Ta(=CH,)Me], reacts with many metal
binuclear carbonyl complexes to afford new products in
which the alkyl and the methylene group2if have coupled
either with each other or with the CO groups of the metal
carbonyl®® It is believed that all these reactions are initiated

In the classic “CO insertion” reaction, an alkyl ligand by a cycloaddition reaction between the=f@H, group and
migrates from one site onto a neighboring CO group that is a CO ligand of the dinuclear metal carbonyl complex. With
bonded to the same metal. In the reactions discussed in thifCo,(CO)] and with [Fe(CO)), the structures of the
section, the alkyl group migrates onto a CO ligand of another products 28a and 28b (established by X-ray diffraction
metal at the same time as a heterobimetallic complex (with studies) both contain 4€1,0; ligands that bridge three metal
M—M' not necessarily present) is formed. The acyl group centers. These reactions are shown in Scheme 14. However,
that forms often bridges the two metals, and in the reactionsthe reaction oR7 with [Re;(CO),q] yields a different product,
hitherto reported, one of the metallic groups involved in these 29, whose structure was also determined by an X-ray
reactions is a M(CQLp (M = Fe or Ru) group. diffraction study. These reactions all provide new examples

An early example is provided by the reaction of the of transformation processes in which CO ligands are coupled
complex [Mn(CO3Me] and the diphenylphosphido species to each other and to GHyroups: the reaction with [Re
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(CO)q] also cleaves a CO bond and is accompanied by
hydrogen migration reactions. The relative rapidity of these

reactions even at low temperatures “appears to be a direct

result of the interaction of two metal complexes in which
the metal centers have very different electronic properfies.”

Scheme 14. Reactions of a Tantalum Alkylidene with
Bimetallic Carbonyl Complexes

c (CO)gin
P\ O .~
[M2(CO)g..nl Cpron. Ta/ C|3<¢/\M(Co)3
-30°C/3h ne o~ CNg-H
’ i
Cp ohe 28a: M = Co; n = 0 (49 %)
/Ta R 28b:M=Fe:n=1 (47 %)
\,
Cp CHg %
CH
27 OC\“: /é:) 8 C/ ¢
[Rex(CO) 10l . Re. c=
sorn T AL S e
- ~
&£ i \C/ Cp
§ o

29 (62 %)

2.2. Carbon —Carbon Bond Cleavage Reactions
Accompanied by Heterobimetallic Complex
Formation

Reactions in this class are rare, and few examples are

known to us. The reaction of the tungsten ketenyl complex
30a(PR; = PMes) with the indenyt-rhodium synthon [Rh-
(7-CoHy)2(n®-CoH7)] affords the RR-W bridging carbyne
complex [Cp(OCW/(u-C(Tol)]Rh(PMe)(17°-CsHy)], in which

the carbyne ligand is formally double bonded to the tungsten
atom. There is also a simultaneous RMgand migration

(W = Rh). The reaction 080b (PR; = PPh) with [Pt(*-
1,5-cod)] leads to cleavage of the (TolYaCO bond and to
the formation of the PtW u-carbyne complex3la as
depicted in Scheme 15. However, this reaction is quite
sensitive to the nature of the phosphine ligand, and th€C
bond is not broken in the reaction of [Rt{1,5-cod)] with
30a, 30PR; = PMePh), 30d (PMePh), or30e(R = PMe-
Bz).5?

Scheme 15. Reactions of Tungsten Ketenyl Complexes with
Platinum(0) and Rhodium(l) Synthons

1"o|

[Rh(n?-CoHy)(n-CghHy7)] A
2R T L CpOC)W >Rh(PMeg)(n°-CoH)
Tol tht / reflux \C
Cp (30a)
\W C/ 0
- / — Tol
0C7/ ¢ I
RP O
[Pt(n*-cod)]
30a: R = Me Cp(OC)W. —Pt(PPhg),
30b: R = Ph thf /0 °C
(30b) %

31a

Heterobimetallic Ce-Fe complexes with bridging alkenyl
ligands have been isolated from the reaction of JC®)]
with the ®-allyl-like species [(3-CH~~CR=-CO)Fe(COj]
(R = CO,Me or COEY). In the resulting alkenyl speci&,
the ligand iso-bonded to the iron atom and-coordinated
to the cobalt atom (Scheme 16): the €O bond has been
cleaved

When then?-buta-1,3-diyne complex [Ni(PRJ(17>-Me;-
SIC=C—-C=CR)], 33a (R = SiMe;) and the titanocene
alkyne complex [CpTi(772-MesSIC=CSiMe;)] 34a are re-
acted, loss of MgSIC=CSiMe; ensues and the product is
the heterobimetallic diacetylid@5a resulting from formal
C—C bond cleavage of M&IC=C—C=CSiMe&.** The
reaction of33a with the zirconocene comple34b yields

Ritleng and Chetcuti

Scheme 16. Reaction of Iron Complexes with [GECO)g] To
Generate Heterobimetallicu-Alkenyls

R
! H

Hzc('?ﬁc:o [Co,(CO)] N_—g

Fe CHoCl, / 1t H
&, (OC)4Fe Co(CO)

8 32: R = CO,Me (40 %), CO,Et (40 %)

the analogous nickel zirconium compl8%b (Scheme 17).
The long Ni=M distances observed [NiTi = 2.7277(10)

A; Ni--+Zr =2.8295 (13)] suggest that a metahetal bond

is absent; the diamagnetism of these complexes is attributed
to antiferromagnetic interactions between the two metals or
else to electronic coupling via theC=CSiMe; groups. The
product of the reaction of unsymmetrical diyne com3&b

(R = Ph) with 34ais different. A formally Ti(IV)/Ni(0)
mixed diacetylide specie36 is obtained here, in which the
—C=CSiMeg and—C=CPh groups are-bonded to the Ti
and sw-bonded to the nickel atom. The presence of two
different metals seems to be crucial since the reaction of
excess34a with free dialkyne MeSiC=C—C=CSiMe did

not lead to GEC bond rupturé?

Scheme 17. GC Cleavage in Reactions of Nickel(0) Diyne
Complexes with Group 4 Synthons

o SMes

¥
(33a + 34a or 34b) O
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33a:R=SMe; 34a:M=Ti;L =none “Cugive
33b: R = Ph 34b: M= Zr; L= tht " 3

2.3. Carbon —Hydrogen Bond Formation

When a metal hydride reacts with a metal alkyl, a
bimetallic reductive elimination reaction often follows and
an alkane is eliminated; a bimetallic species is formed
simultaneously. Occasionally, a bonded hydrogen atom on
one metal combines with an unsaturated hydrocarbyl ligand
on another, the new organic ligand remains bonded to the
metal, and the products are now heterobimetallic complexes.
Both kinds of coupling reactions are common and are known
for many metal combinations.

2.3.1. Hydrogen—Alkyl Coupling

An early example of alkane elimination and formation of
a bimetallic complex reaction is the reaction of the complex
[ZrMe,Cpy] with [Mo(CO)3HCp], first reported in 1978
which leads to the elimination of GHand to the formation
of the Mo, Zr species37 shown in Scheme 18 (with a
isocarbonyl-OC bridge and no €C bond)%¢7 It is
noteworthy that all CO groups undergo site exchange at room
temperature on th€C NMR time scale. (Further reactions
of 37 are discussed in Scheme 46, section 3.1.2).

Scheme 18. Formation of a Molybdenum/Zirconium
Heterobimetalllic Complex by Reductive Elimination of CH,4

Cp
|
-CH Mo,
[CpoZr(CHz)sl  + [Mo(CO)3HCp] 4 Cp oA co
thf /rt Zr<07 %
~
Cp” N\

Me
37
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The reactions of the methyl iridium complésansir- to the platinum atom and partial olefin loss. It is likely that
(CO)(PTok).Me] with the group 6 hydride complexes an intermediate platinum olefin hydride complex is formed,
[M(CO)sHCp] (M = Mo, W) liberate CH. However, the whose structure is analogous to that of an isolated, closely
bimetallic products are not the expected [(OC)EPIr— related species in which a PRgroup substitutes the olefin
M(CO)Cp] (Ir—M, M = Mo, W) complexes. Instead, a+P ligand’® A reverse-hydrogen elimination reaction then
oxidative addition reaction takes place (Scheme 19) to give follows to give the final ethyl 4238 or cyclooctenyl 43)
complexes38. These species are isomers of the “expected” complexes*
products in which the two metals attain an 18-electron

configuration®® Scheme 22. Additions of an Iron Hydride to Platinum(0)
Olefin Complexes
Scheme 19. Reductive Elimination of CH Followed by a P
P—C Cleavage Reaction P P
[PL-CoHa)e] | |
(Tol)z T (OC)3Fe\ fPt—\
-2 CoHy
trans-{(INCO)P(TollglzMe]  + [M(CO)gHCP] %— [(TolgPYOC)slr M(CO),Cp o p (MeO),8i——0_
Me
Tol (OC)sFe H 42a
38a: M = Mo (66 %)
38b: M = W (42 %) SiioMe), T /\P
. . . a1 [Pt(n*-cod),]
The dimethylzirconium complex [ZrMé;-CsHsPPh),] % (OC)Fe "
reacts with [Ir(CO)(PP})sH] at —78 °C to form a spectro- e L(OMe) ‘2
3

scopically observed bimetallic species in which the phos-
phorus atoms of the-CsH4PPh ligands ligate to the iridium
(Scheme 20). This methyl hydride complex reductively —\inudi :
eliminates an equivalent of GHvhen warmed and forms 2.3.3. Hydrogen—Vinylidene Coupling

the “early-late” Zr—Ir-bonded comple89d.?® Other com- Reactions of platinum hydrides with mononuclear vi-
binations of [ZrMe(5-CsH4PRy),] (R = i-Pr, Cy, or Ph) nylidene (alkenylidene) complexes can, in principle, give rise
complexes with [M(CO)(PPJsH] (M = Rh, Ir), give to eitheru-alkenyl complexes (followingt-hydrogen addi-
complexes39 directly -1 Addition of isopropanol or water  tion to the vinylidene ligand) or ta-carbyne complexes (if

to the Rh-Zr complex39aleads to the liberation of another ~ f-addition takes place). When the tungsten vinylidene
equivalent of CH and yields isopropoxy- or hydroxy- complex mer{(OC)s;(dppe)W=C=CHPh] is reacted with
zirconium complexes respectivélyComplexes89a—c react trans[Pt(PEg).(acetone)H} 7c, the product is the cationic

43

with CO to give acyl species (section 3.171). u-carbene specie$da (Scheme 23). The bridging carbene
is in fact a u-nnp*styryl ligand. The structure of this
Scheme 20. Reductive Elimination of CH and Formation of complex, which is dynamic on the NMR time scale, was
Iridium — and Rhodium—Zirconium Bonded Complexes established by detailed solution NMR studies usit@and
from Monometallic Precursors 2H specifically labeled compounds. This structure is believed
PR, @—PRZ to be adopted in the solid state without solvent of crystal-
o Zon,  * MCO)PPRH w HC,Z,_/\M_pphs lization. However, a single-crystal X-ray diffractic_)n study
Rzpi@ ? : @ﬁé of the solvated solidi4b BF, -CHCl; revealed a different
1< s < P 3981 (83, G (35 ligand coordlna'glon mode, in which the brlqgmg group is
7 | aeer M= R = Ph (39d) Pr (39€) Gy (391) now _best con3|dered_ to be @ntn?-styryl Ilg_and. The
R reaction and geometries of the two structural isomerg4of
HSC“? __pph, -CH, |t are shown in Scheme Z3.
HQCZLr H//"\CO
L —rph, Scheme 23. Reaction of a Cationic Platinum(ll) Hydride
Complex with a Tungsten Alkenylidene
Another example of methane elimination, which also mer-{(OC)s(dppe)W=C=CHPh] + trans-[Pt(PEts)s(acetone)H|(BFy)
involves a zirconium complex, is shown in Scheme 21. When 7c
the alkynyl complex [Ru(PMg,(C=CH)Cp] is reacted with acetone /1t

72 %

[ZrCIMeCp;], the dimetalla-alkyne (or a dimetalladiyne)
complex40 forms, together with the liberation of GH?

H .
Q‘-\c\ H Ph H .

Scheme 21. Formation of a Heterobimetallic Phy J/C\ o Ph, p o]
Dimetalla-alkyne Complex by Reductive Elimination of CH, <PP")W—__,,Pt(PEt3)2 BFy <P}w\—p«paa)2 BF,.CHCl3
Phy C/ }8 Phy C/\%co
<CP7 <<F>7 @ e} o]
-CH, ) ) .
R z _ Ru—C=C— In solution and in the In the solid state,
MeoP e T HGTTNC T touene/130°C/ MegP™" lu c=c fr\l’? solid state (unsolvated) solvated by CHCly
MegP C\H <<£> days in a sealed tube MegP cl 24a 44b
40

: When the complexes [M(C@hHICp] (M = Fe, Ru), [Fe-

2.3.2. Hydrogen—Alkene Coupling (CO)y] and free alkynes are all reacted together, homo- or
The monocoordinated dppm iron hydride spedieshown heterobimetallicu-n*,n2-alkenyl complexe<l5 are formed

in Scheme 22 reacts with the Pt(0) olefin complexesifPt( (Scheme 243 The reaction is regioselective with terminal

C,Hy)3] or [Pt(*-cod)] to afford 42aand43 in which the alkynes, but the isomers obtained depend on the alkyne and

hydrogen has added to an olefinic double bond. The reactionnot on the nature of M. Substituent groups such as Sie

is believed to take place via initial coordination of the dppm Ph on a terminal alkyne RECH might be stabilized by
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m-interactions with the organic backbone, and thus thesewhich then rearranges to an olefin complex via an intermedi-

groups lead to geminal alkenyls, in which the Si\e Ph
groups are on thex-carbon atom of the alkenyl. The
intermediates in this reaction were assumed to be [FefCO)
(7*-RC,R')] complexes of typd 4; such species were indeed
subsequently reported.

Scheme 24. Formation of Bimetallic Alkenyl Complexes
from Metal Hydride Addition to Intermediate Monometallic
Alkyne Complexes

\C¢C\H
[Fea(CO)l + ROZCR —ACO)HCR) OC)M \F (c0)
e, + =CR® —— ]
2 o thf / hexane / rt P(OC) \C/ ¢
6 5
M=Fe; R,R'=Ph,H M=Ru; R,R'=Ph
R=Ph;R'=H R = SiMeg; R' = H
R=H;R'=Bu

2.3.4. Hydrogen—Carbyne Coupling

Reactions of metal carbonyl anions with the group 7
cationic carbyne complexes [Cp(O8)=CPh]" 1 to afford

ate u-vinyl u-hydrido species. The unsaturated RN
complex47 that results from ethylene loss froat is also
observed (Scheme 27).

Scheme 27. Transformation of a Tungsten Ethylidyne
Complex into a (@-C,H4)Rhodium—Tungsten Species

8 8
[Cp(CO),W=CMel], 3d pd
[Rh(CO)(PPhg)gH] ——————~ Cp(OC)W——==Rh(PPhy), + pr\i/Rh(PPhg)g
CHyCly /1t N c
<} HLsen, O
- PPhy 47 (30 %) 2 46 (25 %)
+CO
[Rh(CO)(PPhg),H] o,
3d
H_ Me H_ Me H,
>l -Cco ped H-es=c{
Cp(OC),W =——=—Rh(CO)(PPhy), Cp(OC);W==——="Rn(PPhs), Cp(OC),W. Rh(PPhy),
\H/

2.3.5. Hydrogen—Alkenyl Coupling

The reaction of the electron-rich ruthenium vinyl complex
[Ru(PMey)(CH=CH,)Cp] with [ZrHCICp,] leads to the

ketene or ketenyl complexes have already been discussedormation of complex48, which can be considered to be a
(section 2.1.1, Scheme 2). No carbyrearbonyl coupling  1,2-dimetalla-ethane species (Scheme 28). The structure of
results when the iron carbonyl hydride [Fe(GA) is 48 was established by an X-ray diffraction study. Both
reacted with complexesc or 1d; insteadu-carbene com- structural and NMR spectroscopic evidence suggest that an

plexes are obtained (Scheme 25). In the-FM? complex
[(OC)sFeu-CHPh)MNn(CO)Cp] (Fe-Mn) there is any?-

olefin interaction from the Ph to the iron atom. This is absent

in the Fe-Re complexs since the iron atom is electronically
saturated her€.

Scheme 25. Metal Hydride Addition to Cationic Group 7
Carbynes To Giveu-Carbene Species
" O

(1¢) C: \
" °c Cp(OC)zMn/ \Fe(CO)3
[CP(OC);,M=CPh]* + [Fe(CO)HI thf/-90to -50 W e
1c:M=Mn (1d) el
1d:M = Re L .
Cp(OC),Re Fe(CO),

5

agostic interaction exists between a-B bond a to the
ruthenium atom and the zirconium atdén.

Scheme 28. Formation of a 1,2-Dimetalla-ethane Complex
by Reaction of a Ruthenium Vinyl Complex with a

Zirconium Hydride
@ N Ty
MegP* / AN

Ru H + Zr'.. C Q
MeSP“/ N’ s W C
= | d Zr
MesP H/C C\H ¢ MesP o :H/C(I/ y

48 (71 %)
(89 % purity)

thf /1t

2.3.6. Hydrogen—Alkynyl Coupling
The formal addition of PtH bonds of the cationic

In a series of reactions that historically preceded the above complex7cacross the &C bonds of various alkynyl ligands

example, the tungsten carbyne comp&x [Cp(OCLW=
CTol] reacted withtrans[Pt(PE%).H(acetone)} 7cto afford
a bridgingu-carbene complexb, in which theu-CHTol

in a series of monometallic alkynyl complexes of W, Fe,
Ni, Pd, Pt, and Au afforded the cationje-vinylidene
complexes49. In all these reactions, metainetal bond

ligand is also donating electron density to the tungsten atomformation accompanied the-64 bond formation (Scheme

via one of the aromatic carbertarbon bondZ The reaction

with 7c has been extended to molybdenum and to a variety

of other tungsten carbyne complexes of type O ),M=
CR] (Scheme 26). Complex&swith electron donation from

the ligand R to the group 6 metal are obtained in all cases

except for the methyl comple&b.33

Scheme 26. Formation ofu-Carbene Complexes by Metal
Hydride Insertion across M=C Bonds

R H +
acetone / rt C
Cpt(OC),M PH(PEL,),

8b: M= W; Cp' = HBpzg; R = Me
9b: M =W; Cpt=Cp; R =Tol

9¢: M = Mo; Cpt = HBpz3; R = Tol
9d: M = W; Cp' = HBpz3; R = Ph
9e: M = W; Cp' = HBpz; R = furyl
9f: M = W; Cp' = HBpzg; R = NEt,

[Cpt(OC),M=CR] + trans-[Pt(PEts),(acetone)H]*

W; Cp' = HBpzg; R = Me 7c
W; Cpt =Cp; R = Tol (3b)

Mo; Cp' = HBpzg; R = Tol

W; Cp' = HBpz3; R = Ph

W; Cp' = HBpzg; R = furyl

W; Cp' = HBpz3; R = NEt,

M
M
M
M
M
M

The reaction of the tungsten compl8g, [Cp(OCLW=
Me], with the rhodium hydride [Rh(CO)(PBRBH] surpris-
ingly affords then?-CH,=CH, complex46. The reaction is
believed to proceed via formation of ;aCHMe species,

) 80

Scheme 29. Synthesis of Vinylidene Complexes by P
Addition to Alkynyl Ligands

[L,MC=CR] + trans-[Pt(PEty),(acetone)H]* LM Pt(PEt;),
70 acetone / rt 49

ML, = Pt(PEt3),(C,Me); R = Me
ML, = Pt(PEt3),(C,H); R=H
ML, = Fe(CO),Cp; R = Ph

ML, = Au(PPhg); R = Ph

ML, = W(CO)sCp; R = Ph

ML, = Ni(PEts),(C,Ph); R = Ph
ML, = Pd(PEts)»(C,Ph); R = Ph
ML, = Au(PEt); R = Ph

2.3.7. Hydrogen—st-Allyl Coupling

When the octahedral iron complés is reacted with [Pd-
(7%-C3Hs)(u-Cl)]2, propene is evolved and the irepal-
ladium complex42b shown in Scheme 30 is formed. The
reaction is believed to proceed via the intermediacy of an
iron—palladiumu-dppm intermediate, followed by bimetallic



Hydrocarbyl Ligand Transformations

reductive elimination of propene from what is formally a
Pd(IV) center!

Scheme 30. Reductive Elimination of Propene from the
Reaction of an Iron Hydride with a Palladium s-Allyl
Species

T /\P T /\F|’
[Pd(n°®-C3Hg)(u-Ch)2 (0.5 equiv.)

OC)5F H OC);Fe—H  Pd
(OC)sFe CHCL 10°C ( )36|‘ ’\)

Si(OMe); (MeO),Si cl

a \

o /\P o /\T

(OC)sFe Pd—Cl (OC)sFe Pd
’ - CaHe ’ %“:,w\z

(MeO),Si——0_ sioMe), £ O

Me
42b

2.4. Carbon —Hydrogen Bond Cleavage (C —H
Activation) Accompanied by Heterobimetallic
Complex Formation

2.4.1. Cleavage of Carbon(sp)— and
Carbon(sp?)—Hydrogen Bonds of Coordinated Alkenes
and Alkynes

The addition of 16-electron Pt(0) alkene or alkyne

complexes to a variety of Rh and Ir complexes leads to new

cationic complexes with PtM (M = Rh, Ir) bonds and to
the concomitant activation of an olefinic or acetylenie i@

bond®2-8 The products of this reaction are cationic species

with a bridging hydride and a-7(Pt),5%(M)-alkenyl or
-alkynyl ligand. Examples of alkenyl80 are shown in
Scheme 31.

Scheme 31. G-H Activation of a Platinum-Bonded
n?-Alkene on Reaction with Iridium(l) Species

H +
oM
H/ \C

(RgP)z(OC)Ir\ . — Pt(PR'3),

CHgNO, /1t
trans{Ir(CO)(PR3),(OTh)]  + [PY(PR'3)2(n%-CoHy)]

50 (58 - 79 %)

PRy = PPhg, PMePh,
PR’y = PPhg, 1/, Ph,PCaHePPh,
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Scheme 32. Cyclometalation of a Phenyl Group of a dppm
Ligand Leading to an Iridium —Osmium Complex

thf /rt

- 2, S K
[Os(CO)HI  + [Ir(n dzfm)zcu ©€ I|r . /Ols co
S "

A number of groups have reported the activation of a
coordinatedn°®-cyclopentadienyl group on reaction with
another metallic species, leading to new?,7>-CsHs MM’
hydride species. Examples of this kind of reaction have long
been known.

Both Mn—Mo- and Mn—Re-bonded complexes are ob-
tained from the reaction of [GMoH;] or [Cp,ReH] with
[Mn(CO)sMe]. The entropically favored elimination of GH
drives these reactio¥$.The reaction of the iron methyl
species [FeMe(CQEp] with in situ generated [NbGHl]
proceeds similarly. There is bimetallic reductive elimination
of CH, and the formation of [CINb(H) u-1*(Nb),>(Fe)-
CsHa} Fe(CO)), 53 (Scheme 33). The presumed intermediate
contains a Nb-CH; bond?®8

Scheme 33. Reaction of a Metallocene Hydride with a Metal
Alkyl Leads to a Heterobimetallic Complex with an
n1n5-u-CsH, Ligand

H i) NEt,
o Nb/ \D/H ii) [Fe(CO),MeCp] CouN l\=e
P2 \H/D\H toluene /50 °C P \ /\%
53
o
H #
oy >
FeMe(CO),C s
[CpsNbHI* _ [FeMe(COICAl CpoNE Fe
B §

The reactions of [CMH;] (M = Mo, W) with Ir(lll)
octahedral cationic species also lead te-HC activation
reactions. The iridium species [ti6-L),(cis-Hy)(trans
PRy)]* (L = C:HsOH, PR, = PEt, PMePh, PPh;8 L =
Me,CO, PR = PPh)% have all been reacted with either
one or both of these metallocene dihydrides. The products

Related reactions, which give products very similar to those are trihydrido heterobimetallic complex&g in which one

shown in this scheme are summarized in eqs 1 afff2.

[Cp*M(OTH) ,(PMey)] + [Pt(PPR),(17-CH,)l =
[Cp*(Me;P)M(u-H){ -1 (PY),57(M)-CH=CH_} Pt
(PPh),]2*(OTH ™, (M—Pt) (M=Rh,1Ir) (1)

[Cp*M(OTf) (PMey)] + [Pt(PPh),(7>-HC=CPh)]—
[Cp*(Me3P)M(u-H){ u-17'(PY).1°(M)-C=CPH Pt
(PPh;)Z]ZJ’(OTf)_2 (M—Pt) (M=Rh,Ir) (2)
2.4.2. Cleavage of Carbon(sp?)—Hydrogen Bonds of
Phenyl and Cyclopentadieny! Groups

The reaction of [Os(CQM]~ with [Ir(%?>-dppm}Cl] 51
resulted in the formation of a heterobimetallic hydride
complex52, which contains an #Os bond and a cyclo-

of the group 6 metal's cyclopentadienyl groups has been
transformed into a«-n%,15-CsHy4 ligand and in which two
hydrido ligands are bridging. Interestingly, the reaction
follows a different pathway with the analogous Rh species
[Rh(cis-Me,CO),(cis-Hy)(transPPh),], and no C-H activa-
tion is observed here (Scheme 3%).

2.4.3. Cleavage of Carbon(sp®)-Hydrogen Bonds

As might be expected, these reactions are less common
and require more-reactive metals. The examples listed below
have the formation of an early (group-Sate (group 9 or
10) heterobimetallic species in conjunction with the i€
activation reaction in common.

The sp-hybridized C-H bond of then*-methylcyclopen-
tadiene is cleaved when the complex [FeCsHsMe)(CO)-
(p*-dppm)] is reacted with [Ris-CI)(CO),],.°* The product
55 contains any>-methylcyclopentadienyl (&1;Me) ligand

metalated dppm phenyl ring. Its structure is shown in Scheme (Scheme 35) and a now bridging dppm ligand. The proposed

3286

reaction mechanism invokes dppm attack on the rhodium
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Scheme 34. Reactions of Group 6 Metallocene Dihydrides When the anionic niobium complex [gib(PPh),] Li*
with Rhodium(lll) and Iridium(lll) Cations was reacted with [Ria¢Cl)(cod)k, the product was a
oR, §urprising_ Nb-Rh complex57 that cont'ains an ethylene
Lo, | wH " e \ ligand#?-linked to the rhodium atom. This unusual product,
(Coatbl -+ | AN | PP /"W:”‘/‘"Mﬁ whose structure was established crystallographically, could
PRs ReP only be isolated when the reaction solvent wasOEtand
M=w LaBOH o oatorn 54 hence, the @, is believed to originate from this solvent
oW L:Me C;’ ¢ : (Scheme 37j! It is likely that many uncharacterized
’ PR = PPhy “decomposition” products in organometallic chemistry con-
tain products resulting from -€H activation reactions with
ppt? detoreor prp /H\% the solvent, but such products are rarely characterized.
[CpaMH;] + L/th\H (PFg) ——— /Rh\ /M
PPhy PheP H & Scheme 37. Activation of EfO and Formation of a

g ey
MeMoW  L=MeCO Heterobimetallic n?-Ethene Complex

Ph,

; P.
center, electron-transfer reactions, and metaétal bond [CpoNB(PPhy) I~ + 1/ [Rh(n*CgH12)(B-Chla M» szNb<—>Rh<—ﬁH2
formation as the last step. WLt B O
57 2

Scheme 35. G-H Activation of an Olefinic .
Methylcyclopentadiene Hydrogen Atom Leading to an 3. Carbon—Carbon Bond Formation on Preformed
7°-CsH4Me Heterobimetallic Complex Heterobimetallic Frameworks

H,, _Me Me

@ @\ g ¢ 3.1. Alkyl —Carbonyl (“CO Insertion”),

- [Rh(CO)4 — i — i i
AP O e (A Isocyanide, and —Cyanide Coupling
P<>P These reactions are often alkyl group migrations onto a
55 CO ligand (“CO insertion reactions”). The alkyl group is

sometimes provided externally (frequently as a masked
Activation of the sp-hybridized C-H bond in the complex  carbanion in the form of a lithium alkyl). Subsequent
[Cp.Ta(=CH,)Me], 27, is seen together with metametal electrophilic addition to acyl groups frequently leads to
bond formation when the tantalum alkyélkylidene species  Fischer carbene complexes. While there are fewer examples
is reacted with various group 9 complexes (Scheme 36) towith heterobimetallic complexes than there are in mono-
give product$6.%2-%4 With rhodium complexes, the terminal  metallic chemistry, this section is still relatively large. It is
CH; group becomes a bridging ligand and the{@bup of  conveniently divided in two parts, depending on whether
27is transformed into a-CH, group by the abstraction of  carbon monoxide is precoordinated onto a heterobimetallic
one hydrogen atom with the base LiN(Sij)le’> Base  complex as a carbonyl ligand or whether it is introduced as
addition is unnecessary when the complex [Ir(&@)CoH-)] a free CO ligand. No mechanistic classification is implied
is used (the indenyl ligand becomes the hydrogen acceptorpy this subdivision, and the reactions are in most cases
herej® or when27is reacted with [Cof-C,H,).Cp]-*? Ethene  probably mechanistically similar since they are frequently

is liberated in the reaction with the cobalt complex. induced by an added nucleophile (CO or a general ligand,
o L). In this particular section, the term alkyl is used in a very
Scheme 36. Methyl Group C-H Activation and p-CH> general sense and includes alkenyl and alkynyl groups. Note

Formation Following the Reaction of [Cp,Ta(=CH;)Me]

, ! o . that various hydrocarbylcarbonyl ligand couplings on
with Cobalt, Rhodium, '”d'umH’ and Palladium Complexes different monometallic fragments have already been dis-
1/ [Rh(u-CI)(CO)2l, 2

N P cussed (sections 2.1.1, 2.1.4, 2.1.6, and 2.1.7).
[ Unsveg, | CPTE AM There are many examples of alkyl migration reactions on
o, s68: ML, - (GO, heterobimetallic frameworks induced by added CO ligands.
oot — 56b: Ml = Rh(CO)PPhg In addition, many transition metal combinations are repre-
o ol oatloscrl Hy 00 H, sented. In most cases, the two metal centers are anchored
o [Paln’-CHCp] ot S, _POM O AN together by ligands, frequently of the 1,2-bis(diarylphos-
o base \32/ CHeCR 145 \EQ/ “p(oMe), phine)alkane type, that stabilize the bimetallic system.
oML, =Cocy ot Migratory insertion reactions generate acyl complexes that
S6e: ML, = PdCp areo-bonded via the carbonyl carbon atom to one metal. If

a second metal can also bond to the acyl group through the
The reaction oR7 with [Pd(;73-CsH3)Cp] evolves propene  oxygen atom of the RCO group, the acyl will be stabilized.
and affords a similar bigtCH,) speciesb6e in which the Many bimetallic acyls, especially those formed with an
methylene ligands straddle the P&la bond®>*¢ The pro- oxophilic early transition metal, show this kind of interaction
posed mechanism is similar to that of the-Tra reactiorf® with the oxygen atom of the-(O,C)-acyl-bonded to the early
The palladium-bonded Cp ligand &6eis readily displaced  transition metal. Recently, examples of this bonding mode
to give a Ta-PdL, species (L= PR ligands) and a free  with late transition metals have also been observed.

Cp~ anion; in CHCl,, the molecule CpCKLCp is obtained. Some examples of alkylisocyanide coupling reactions
When56eis treated with P(OMg)in CH;CN, the Cp anion (isocyanide insertion reactions) are known, but they are much
that is formed activates acetonitrile to give compke&f less common than alkylcarbonyl coupling reactions. As in

(Scheme 36). The reaction leading to a-@Gmion has been  mononuclear chemistry, isocyanide ligands show a larger
investigated mechanistical#j. propensity toward multiple insertions. Alkytyanide cou-
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pling remains quite rare, and only a handful of examples Scheme 40. Acyl and Fischer Carbene Formation in a

are known. Heterobimetallic Complex
(o] R

3.1.1. Alkyl-Carbonyl Coupling without External CO /th\ AL | /E”Z\ W
Addition (00)ME- N L, ——— H\C/'\r\P —M,

Early examples of these reactions were those of the br. o g P
alkylrhenium-tungsten complexe&8a and 58b, which 00 M = Mot Wi~ oy 61
contain u—phosphidq I[gands that anchor the two metals 60c: M = W; ML, = P(PCyz)s (MesO)BF, | acetone /1t
together, with alkyllithium reagents. The reaction led to a
mixture of anioni.c a_cyl stereoispmers, in which the new acyl 2 e
groups are in &isoid or transoid conformation relative to M = W: ML, = tH(CO)(PPhy): R = Me, Ph \ P 2\
the alkyl groups on the rhenium atom (Scheme 938). MZ%‘-’W&;;(‘%‘;V??RR:pZ“ l\r\ ML,
(Another example of acyl formation was referred to earlier o . e é g Pn

in Scheme 1258

- : ; - The rhenium-tungsten complex [(OGRe(u-PPh)W-
Scheme 38. Formation of a Bimetallic Acyl by Nucleophilic . . )
Attack on a Coordinated CO Group yiby P (CO)] (Re—W), in which there is a weak doneacceptor

bond of 3.111(1) A, reacts with LiHBE&t—78°C (Scheme

/E"< AL ”\‘?/P"(?/ w %\§/Ph<|8/R—‘ 41) to give a spectroscopically observed rhenium-bonded
N e = (. /le\ NS /F‘le\co formyl anion. However, this complex decarbonylates on
Ph, g Phog 6§ Preg heating and affords a rhenium terminal hydride spetfes.
58a: R =Me R,R'=Me
58b: R = Et R=Et;R'=Ph

Scheme 41. Formation of a Thermally Unstable Formyl

Simply heating the ethyl comple&8b (Scheme 38) on Complex by Hydride Attack on a Coordinated CO Ligand

its own in toluene leads to two different products: a Phe Ph W
ﬂ-hydrid_e elimination r_eacti_on af_fords a hydride complex 00w \Re(CO)4 UHBE’SO e \ 5(CO)
58¢, while an ethyl migration yields acyl complex8d ‘h”zgf’ ¢ }L
(Scheme 39) in slightly lower yield. Whes8b is heated in ’
toluene with PP§) the acyl specieS8d was again obtained, <78 °C | LiHBEty Phy ) oG
but theggs—tnphenylphosphme hydride compl&@ was also " w/P\ne(co;‘
formed? (00 (GO co
/C%
Scheme 39. Thermally Induced Ethyl Group Migration on a oo
Rhenium—Tungsten Complex The Rh-Zr species39b and 39¢ shown in Scheme 42
Ph, Pn, & ?é undergo formal intramolecular CO insertion into their-Rh
toluene /a (oc)‘\,v<_>ﬂe(co)a.4 . <00)4w< >|< e Me bonds and chlorine atom abstraction (from the solvent)
B B é o to give complexes$?2 in which there areu-O(Zr),C(Rh)-
Ph, 58c (30%) 58d (22 %) CHsCOligands. The structures of complex@a (R = i-Pr)
AN | and62b (R = Cy) were both determine@.

(00) WS —Re(CO)Et

Ph,

Scheme 42. Bridging Acyl Formation in

58b Phy . . .
PPh P _pen, Rhodium—2Zirconium Alkyl Complexes
H_E‘IA. (00)4w< /R‘e< + 58d (25 %) Q— Q'
loluene p CO PR2
Phe g CH,Cl, / 1t \ _al
59 (45 %) HsC' Zr OC nh PPhy Cl—12Zr; O .
@— é PR2

Reactions of the iridiumtungsten complex0a shown

in Scheme 40, with methyl- or phenyllithium give group 6 by Z:ZEJ;’;
metal-bonded anionic acyl speci&él which can be isolated P

in high yields &90%)%-1%°The acyl can be alkylated with e ‘C”Zc'z
Me;O'"BF,~ to give the corresponding Fischer carbene PR, ’ PR, |*
complexes. The carbene ligand is not bridging but is @—\Rh o @—\
terminally bonded to tungsten, as was established by a single- é; - éo
crystal X-ray diffraction study for the phenyl(methoxy)- D, F’F*z

tungsten-iridium specie$?1° The Pt-Mo and —W com-

plexes60b and 60c behave similarly with phenyllithium Alkyl groups in which there are agostic bridging interac-
(Scheme 40¥°1192The latter examples contrast sharply with tions to a second metal have been shown to undergo formal
the behavior of ArLi species with eithetif-M(CO)4L,] (M CO insertions. The substituted benzyl ligand in the-Ré

= Cr, Mo, W) or [(OCYW(u-PPh),ZrCp,], where no complex63ais transformed into a(O,C)-acyl ligand by
reaction is observed in each case. The acyl complexaddition of P(OMe). The phosphite ligand formally replaces
stereochemistry is different from that “expected” and, a tungsten carbonyl that now presumably forms part of the
according to a Hokel MO study, stems from the higher acyl ligand (Scheme 43). The structure of thacyl species
electron density present in the equatorial CO groups in the 64 was determined by an X-ray diffraction study. A-Re&/
Mo—Pt or W—Pt species. The results provide “an unusually bond of 3.155(1) A is preseft4 105

clear illustration of the way in which cooperativity...can Bridging u(O,C)-acyl complexes have been isolated as the
occur,™01.102 end result of a low-temperature protonation of cationic-Rh
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Scheme 43. A P(OMeyInduced Benzylic Group Migration
To Afford a p-Acyl Ligand

accompanied by CO loss, and finally, addition of CO and
migration of the methyl group onto a carbonyl ligaii#l.

Tol Tol—CH,
H\C/—H z::c\) Scheme 45. An S@Induced Migratory CO Insertion on an
OOpRe——wico), —OMekercess W(CO),P(OMe)s Iridium —Rhodium Framework
| \60/‘ CH,Cl, /1t “éc/\ o~ o~
P P P P P P + P P *
S 63 ST eaEs%) %, | —‘ . O\\C | %, | —‘
N OC—Rh——Ir—CH m HS Rh<?7”|r\c
Ru or Rh—-Osu-CH, complexes. These late transition metals 5 & F|, o F|, 3 ||, °
are not generally considered to be oxophilic, but nevertheless, ~_ o~
examples of the oxygen atom of the acyl being bonded to m 7
Rh, to Ru, and to Os are described in the two papers 50, | -60°C o
discussed here. *
Treatment of cation5a,bwith CR:SO;H at —78 °C led P P
to dicationicu-CHs; species6. The methyl groups in each %, F" % F\’ "‘ i, T N T W
complex areo-bonded to the group 8 metals and undergo ;Rh ;Ir—SOZ ZOC% : ”“Rn<‘?§u\c
an agostic G-H interaction with the rhodium. When these & FL HoC 'L F|, 3 ||, °
dications are warmed te40 °C, the methyl group migrates ~ NS

completely onto the rhodium atom to gig&. The Rh-Ru

complex67ais transformed into a-acyl specie$8aat 0 The reaction of a metal carbonyl hydride with an alkene
°C, while the CESO;~ ligand simultaneously coordinates may generate an acyl. These species probably arise through
to the rhodium atom. In this complex, the acyl O-atom is initial addition of the alkene to the hydride to give a metal
bonded to ruthenium and the acyl carbon is rhodium-bonded. alkyl intermediate, which then migrates onto a neighboring
The Rh--Ru distance of 3.3992(4) A is a nonbonded coordinated CO ligand. These are key steps of the hydro-

distance. Finallyy-acyl 68areversibly decarbonylates to give

a new metatmetal-bonded [RhRu = 2.6953(4)]u-acyl
specie9awith no bridging CO groups and with the same
acyl-to-metal bonds (©6Ru, C—Rh)1% The Rh-Os cation
65b behaves similarly to the RhFRu system65a The
principal differences are (i) the need for a somewhat higher
temperature for acyl formation and (ii) the decarbonylation
of 68b to 69b is not reversiblé®” These complex transfor-
mations are detailed in Scheme 44.

Scheme 44. Formation ofu-(O,C) Acyl Complexes Spanning
Rhodium—Ruthenium and —Osmium Bonds

P/HZ\P —I P p P —‘2* P e —‘b
L | /C\AL/CO CF3SOgH R|h BN | _cO Hsc_Jh_,»QC\'\L/CO
o7 Yo Ze T e e e 0T T [T Y
p. 9 p (65a,b) P p O P P
\/ \/
65a:M=Ru;noL 66a: M =Ru 67a,b
65b: M=0s;no L 66b: M =Os
M=Ru; L =PMe;
CF4SOH | (M =Ru; CF3SOgH /20 °C 0°C (67a)
¢ = -CO 25 °C (67b)
L7 | L=Pwey) Na) o
b /\P _| . b /\P _‘ . b /\P _‘*
R‘h/o=<Fl| -0 F|ih _o\r\L/ co _ co Flzh —O\"L/CO
& | ’u\orf o7 | [Ng vt 71N N
P P P P (68a only) P p ©

70 69a,b 68a,b

formylation reaction.

When the Mr-Mo hydride species [(OGMn(u-PPh)(u-
H)Mo(CO)%Cp] (Mn—Mo) 73 reacts with a variety of alkenes
under photolytic conditions, the products argO,C)-acyl
species/4 that are O-bonded to the Mn and C-bonded to
the Mo atoms. They contain MriMo bonds. However, when
74 are treated with CO, the MrAMo bond cleaves and the
acyl ligand flips to become C-bonded to Mn and O-bonded
to Mo. Both reactions are readily reversible under the
conditions outlined in Scheme 46. Representative structures
of 74 and 75 were obtained by X-ray diffractiof??

Scheme 46. Reversible Formation and Alternative Binding
Modes of Manganese-Molybdenum g-Acyl Complexes

Ph, Ph,
hv /18 °C / R,C=CR,

Cp(OC);Mo———Mn(CO0); =——— = Cp(OC);M0———Mn(CO)3
N, CeHg /45 °C /N, _
H Cc=0
e
R
73 74
R,C=CRjy: ethene, propene, but-1-ene,
cis-but-2-ene, trans-but-2-ene N, /18°C || CO (1 bar)/18°C
cyclohexene
R'=Et, Pr, Bu, Cy Phy
P
Cp(OC),Mo’ Mn(CO
P(OC),l N n(CO),
0=C_

R
75

When the same reaction sequence is attempted on the

rhodium-bonded PMgadduct of65a, the first acyl product
isolated, after loss of PMés 70, which is an isomer 069a
In complex 70, the u-CH;C(O) ligand is O-bonded to the
rhodium and C-bonded to the ruthenium. However this
isomer converts t@9awithin a few hours (Scheme 44%
The iridium-bonded methyl group in the dppm-bridged
cationic complex [(OC)R-dppm}Ir(CH3)(CO)]* (Rh—
Ir, 71) undergoes a migration to form a rhodium-bonded
acetyl ligand when treated with $OThe u-SO,-bridged
cation [(MeC(O)Rhg-dppm}(u-SOy)Ir(CO),] " 72 (Scheme
45) is formed. The metalmetal bond is retained. A
mechanism was proposed, based on spectroscopically ob
served low-temperature intermediates in this reaction. It
involves the initial formation of a terminal (Ir-bonded) 5O
ligand, followed by a methyl migration to the rhodium atom

Reactions of the mixed-metal complexes [(GNI(u-
PPh),RhH(CO)PPH (Rh—M, M = Cr, Mo, W) 76 were
investigated with phospha-alkenes, REH,),CH=CH, (n
= 1, 2). These ligands were chosen to chelate, and thus
stabilize, organometallic species that mimic or represent
intermediates in the catalytic hydroformylation reaction. The
reaction products were, in general, two acyl specigsgnd
78, whose yields were quite sensitive to the nature of M
and to the length of the phosphine chain,The products
and their yields as a function of the metal and the phosphine
ligand are summarized in Scheme 4.

3.1.2. Alkyl-Carbony! Coupling with External CO Addition

A long known example of alkytCO (external) coupling
is shown in Scheme 48. The molybdenum/zirconium
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Scheme 47. Formation of Acyl Complexes as a Function of Scheme 49. CO Insertion into the Zirconium-Carbon Bond
the Phosphaalkene and the Metal in of a Ruthenium/Zirconium Dimetalla-ethene Complex
[(OC)sM(p-PPhy),RhH(CO)PPhg] (Rh—M, M = Cr, Mo, W) &>
Complexes
Ru R
Phy MesP /N _ o ‘
oM P\Rh/jCO o @:: e \?\z’;
4 + ! ] T
\P/ “PPh H,0” M MeaP“‘/R“\CZC/R % CO (1 bar) R=H:75% O/;I/ ﬁ
Phe Megf O thfor GH,Cly /1t~ R =Me:80%
76 th=2) ry |
CeHs | reflux (n = 1) CHa a <q>7
o~ B00: 1 = AU R
R =Ne AN
S [ Yo
(00) M/ \Rh/ \(CHa)n + (OC) M SN2 o H $~z-
NG No—cid TGN o/ j@
/ \ Co Cl
Phy ¢ CHs Ph,
: | = | ' o casionally bind to acyl oxygen atoms, the acyl ligands that
1] Mo | 26% 26 % are produced in these reactions are terminally bonded via
Tpw 27 % 18% their RC(=0)— carbon atom and the acyl oxygen atom is
2 Cr 34 % 1% . . .
2| Mo - 81% not involved in bonding to any metal.
2] w 78% - The reaction of the RhRe cation8lawith CO converts
. . the rhodium-bonded methyl group into a rhodium-bonded
methyl complex37 reacts with CO to give ther-acetyl acetyl group and generates the acyl caB@{(Scheme 50).

product 79, which is carbon- and oxygen-bonded to the The reaction with the analogousiRe cation81b proceeds
oxophilic zirconium (as established by a subsequent single-somewhat differently, as the CO addition product is a simple
crystal X-ray diffraction studyj? The metals in79 are not CO adduct 83) and not the corresponding acyl cation. All
directly bonded but are held together by a linea€O that five CO ligands in83 are terminal. The kRe acyl cation

is O-coordinated to the zirconium atom. Labeling experi- 84 can be obtained under slight CO pressure, &uts in
ments with!3CO-enriched37 unambiguously establish that  equilibrium with the alkyl catiorB3, and it decarbonylates
the CO group in ther-CHsCO group arises from the added rapidly under an argon purdé

COS58 The reaction is not readily reversible (yielesi%).

Complex79 reacts with protic sources ¢ or CRCO,H) Scher_ne 50. Diffe_rgnt Reactivi_ties of I_sostruqtural
to give acetaldehyde. Rhodium— and Iridium —Rhenium Cations with CO
. ) ) p— Sp " p— p W
Scheme 48. CO Insertion into a Molybdenum/Zirconium | & | co co o | 8 | ¢
Methyl Complex HiC—M<——Re_ —————— R ——=Re_
|\8/ | ~co CHClL /1ty o | \8/ | oo
?p Cp, /C . PP @®12) PO P
C _Mo-., CO (1 bar) ~—0=C=Mo. 81a: M = Rh
iz~—o¢c/ \(i:o “omene Cp/?;o v co 81b: M = Ir 82
" Me Me/C ° CH,Cly / 1t
37 79 (67 %) (81b)

Another example with the metal zirconium now associated P~ Sp W P~ p W
with ruthenium is seen in the dimetalla-ethene complexes CH| _c© | _col cousban O\\CJ P F(|/C°
80aand80b. These complexes, in which there is an agostic prod |r = | o AT-CO  nCp” |r g f\Co
interaction between the-€H groupa to the ruthenium atom P " P "
toward the zirconium, react with CO to give thg-acyl 83 8

insertion products (Scheme 49). The structure of these

species, characterized by X-ray diffraction, has considerable Many acyl complexes form reversibly, and this is the case
contributions from the zwitterionic form shown in the scheme when the big¢-dppm) Rh-Ir complex 71 is reacted with
and two others (not shown). Evidence for these zwitterionic CO to give85 (Scheme 51); the reaction of the &malog of
contributions is manifested in structural data and spectro- 71 proceeds similarly!?

scopically. For example in the IR spectrum of the=RH N o _

complex, ¥(COeyi = 1443 cmi?, and in the3C NMR Scheme 51. Addition of CO to an Iridium—Rhodium

spectrum of this species, the ruthenium-bonded carbon atomComplex To Generate an Acetyl Species

which now has carbenoid character, appeaf$@t= 246.5 P~ Sp W P~ Sp W
ppm?2 | %] +CO | % | o
. . . 0OC—Rh IF—CH; ==———=  OC—Rh r—c
Cowie and his co-workers have published a vast body of | & -co | ¢ Toms
work, which is ongoing, on the reactions of heterobimetallic PP P "
complexes with small organic molecules, and not surpris- 7 85

ingly, “CO insertion” reactions have been observed fre-

quently. The reported examples contain two common pa- The reaction of BzMgCl with the MeRh complex86
rameters: (1) a heavier group 9 metal (Rh or Ir) as one of (Scheme 52) gives a 1.8:1 mixture of the benzyl complex
the two metals in the heterobimetallic complex and (2) 87 and the corresponding ac8B. The alkyl or acyl group
u-dppm ligands that lock the two metals together. Occasion- in each case is bonded to rhodium. Both the alkylation and
ally there are differences in reactivity between-RW and acylation require CO (no alkylation products are obtained
Ir—M complexes. While even non-oxophilic metals oc- in its absence), and pentacarbonyl species are likely inter-
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mediates. The reaction is specific to BzMgCl as only metal Scheme 55. Acyl Formation from a Tin-Platinum Hydride,
alkyls (no acyls) are obtained with other Grignards, RMgX, Pentene, and Carbon Monoxide

where R= Vinylv a”ylv Me! or Ph:'LlS CIsSn\ /PPha pent-1-ene / CO (1.5 bar) CISSn\ /PPh3
P —_— - P nCH,,
Scheme 52. Formation of an Acyl and a Benzyl Complex P’ H 751085°C P’ 0
under Mild CO Pressure 95 9% 5
P p P >p P p
/J.(?‘;N!of" W Bz_Ahf.”_;Joiw . Cﬁc_lhg%_;,v!oicc’ ~ Many ex_amples of alkyl migration reactions are ob_served
o l & l Co ofto F[ L l & [ Teo in bimetallic Fe-M systems (M= usually Pd, sometimes
7 7 et Ni, Pt). These reactions take advantage of hemilabigi-
e (OMe); groups, which are bonded via their silicon atoms to

18:1

the iron and via one of the methoxy oxygen atoms to the
In general, it is more difficult to carry out “CO insertions” ~9roup 10 metal atom. These reversible interactions protect
with alkenyl ligands. Nevertheless, the RBs o-bonded the electronically unsaturated group 10 metal when necessary.
propenyl complex89a does undergo a CO insertion when ~_ The Fe-Pd and Fe-Pt systems12 (Scheme 56) add on
reacted with CO. Protonation of the resultant acyl species CO in a series of migratory insertion reactions to give
90 with HBF,Me,O yields a cationic bridging hydride Palladium- or platinum-bonded acetyl complex@&™ 1"
complex91, which in turn may be further protonated to the Multiple insertions of CO and alkenes such as norbornadiene
hydroxycarbene dicatio®2 This series of reactions is shown ensue if these ligands are subsequently added to th®&e

in Scheme 5314 system (section 3.5.2). For theFBt system, intermediates
could be spectroscopically characterized, but no multiple
Scheme 53. Formation of a Rhodium-Osmium Acyl and Its insertions were observed. Instead, two acyl compleQ&s (
Conversion to a Hydroxycarbene Dication and 98) were accessible as a function of the CO pressure
H p—p p—"p (Scheme 56§* Addition of t-BuNC to the Fe-Pt alkyl
WG | G| co o | %] complex led to simple addition of the isocyanide (and not
MéC_R\h“‘ 5:/O|S—CO T H :C/C_ ‘h' CP/OIS‘CO to formal isocyanide insertion). A FePt acyl does form
P e % P P whenﬁfhis species is treated with CO, but the reaction is very
89a e slow.
HBF,.Me,O . . .
\ Scheme 56. Migratory Insertion on Iron—Group 10 Metal
o~ T* o~ _‘ Frameworks
X X
Ho\c R|h 'QC\o| HEFy Me.0 o\\C |"'QC\0| co T/ \T " \T o T/\T o
= S _— — S +
H/C:C/ | a7 | \Co :C:C/ | ~y | \Co (OC)qFe M—R 2. (0C)Fe M—C//\ 40_2 (OC)gFT F;t—C//\
\, R R
H Me P~ _ P H Me P~ _-P (MeO),St of\ (MeO),Si of\ (M=PL (MeO)sSi &
92 91 Ve Ve 0
42c:  M=Ni;R=Me; X=CH, 97a-1 98a-c
. 42d,e: M= Pd; R=Me; X =CHy, NH
Acyl complexes that are formed via alkytarbonyl 42a,,9:M = Pt R = Et, Me, nbn; X = CHe
coupling are sometimes not isolated but are observed as
intermediates. The reaction of the A-frame complex [RhMe- §2a19) o p
(u-CO)(u-dppmplrMe] (Ir—Rh) 93 with CO leads to the (OC)Fo ,lt_R
absorption of three molar equivalents of CO per mole of eorh é

complex. This reaction, shown in Scheme 54, generates an
intermediate acetyl species that undergoes reductive elimina-
tion with C—C coupling to give acetone. This intermediate
was not clearly identified, but the single acyl carbonyl
resonance observed in thi€ NMR spectrum did not show
rhodium coupling, strongly suggesting that the acyl is iridium
bonded. The final metallic product 84a''>

This reaction has been extended to related systems. It is
observed when the-dppm ligand in the FePd system is
replaced by a-Ph,P—NH—PPh group'® Migratory inser-

tion reaction to give FeNi(COMe) species is also seen when

a nickel atom replaces the palladium or platinum in the-Fe

Ni equivalents of42 (Scheme 56)*° The hemilabile tri-

Scheme 54. Generation of Acetone via an Intermediate alkoxysilyl groups are not always required: the-fRd
Iridium —C(O)Me Species complex [(OC)Fe(-dppm)PdCI(Me)] (Fe-Pd) forms the
op N Pd-bonded acetyl specie; [(OEgu-dppm)PdCI(COMe)]
=N © X 0 (Fe—Pd) when treated with C&? _ _
HGC/F*"‘—'\'\CHS o005/ 20°C OC—T"’ ;"CO oty When a Si(OSiMg2R (R = Me, 42h; R = OSiMe;, 42i)
PP P group replaces the Si(OMggyroup in the Fe-Pd systems
9 \_/ s4a shown in Scheme 56, the reaction proceeds further and the
via an intermediate Ir-C(O)Me species final products of the migratory insertions are thaesiloxy-

carbene complexe®9 (Scheme 57). Labeling experiments

Migratory CO insertion reactions have also been observedwith 3CO indicate that the label is incorporated into the
in complexes with platinumtin bonds. The platinumtin carbenoid carbon as well as onto the Pd-bonded CO group.
hydride complex95 undergoes an olefin insertion (i.e., a The contrasting behavior between the Si(OMaa)d the Si-
reverse-hydrogen elimination), followed by a CO insertion (OSiMe&;),R derivatives may be assigned to the more
reaction when treated with pent-1-ene and CO (1.5 bar). Theelectropositive character of the central silicon atom in the
product is the acyl comple86 trans-[(PhsPLPt(COGH11)— case of complexe42h and42i as OSiMg substituents are
SnCk] as shown in Scheme 558 less electron donating than OMe groupsThus, u-siloxy-
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carbenes of type99 are obtained from Si(OMe)acyl
complexes97 when stronger donor ligands (REir even
PPh) are added!®

Scheme 57. Migratory Insertion Reactions Leading to
p-Siloxycarbenes on Iron-Palladium Systems

b /\P e /\P
(OC)5F+ | P|d M o (OC)5F+ | P|d co
€ —Me I —— e —
¢ hexane /1t ¢ \C yd
oS0 07 “Me
Me3SiO H/ \SiM93 S{
MesSIO™ / 0osie,
42h:R=Me R
42i: R =0SiMe, 99a,b
X X
P/ \P b - \P
(OC)3F | P|d C//O PR (OC)5F | P|d PR
e — _— e —
i / “Me CHeClp/rt s \c L 8
(MeO),Si o, 07 “Me
Me /
(MeO);Si
97b: X = CH,
97¢: X = NH 99¢,d: X = CH,; PRy = PEts, PPh,

99e: X = NH; PRg = PPhg

The observations of Braunstein and co-workers concerning
the lower reactivity of M-Pt versus M-Pd systems (and
thus greater stability of intermediates for the- it systems)
are paralleled by Komiya and his group who, in a series of
papers, studied the reactivity of palladium and platinum
heterobimetallic complexes. The addition of CO to the-Co
Pd complex [(OC)o—Pd(Me)(dppe)]100ain benzene at
ambient temperature afforded the corresponding acyl
[(OC)sCo—Pd(COMe)(dppe)10lain high yield (85%). This
complex liberates the amide MeC(O)NHt low yield when
treated with excess diethylamiff@ Time—yield curves show
that the reaction of the corresponding-€ft complex100b
is much slower and that of the monometallic [Pd(dppe)(Me)-
(CI)] is even slower (initial rates-1/80 that of the Ce-Pd
species100g. Monometallic [Pt(dppe)(Me)(CI)] does not
even react, indicating that CO insertion is enhanced when
the Co(CO) group is attached to the methylpalladium or
-platinum group-?2123

The reaction has been extended to other [({0G)-Pd-
(Me)L,] complexesl100 (L, = tmeda, bipy, phen¥* The
mechanism of these reactions was studied by analyzing th
fast reaction rates, by '8CO labeling study, and by hybrid
density function calculations (B3LYP) on the model complex
[(OC)4,Co—Pd(Me)(HPGH,PH,)].1>2 These results (Scheme
58) collectively suggest that methyl group migration from
the palladium to the cobalt takes place, followed by a methyl
migration onto a Co-bonded CO ligand followed by an acyl
migration from the cobalt atom onto the palladidiffr.!?*

Scheme 58. Migratory Insertion Reactions on
Cobalt—Palladium and —Platinum Systems

L o L %
| @ oy [ O © et 6 equiv) 2
—Mz Co, — L—M: Co, —_—
|7y an CgHg /1t | " Yo, CeDs/50°C/24h HaC™ "NEty
wm & c & © (101a) 15%
° 07 “CH, °

100a: M = Pd; L-L = dppe
100b: M = Pt; L-L = dppe
100c: M = Pd; L-L = tmeda
100d: M = Pd; L-L = bpy
100e: M = Pd; L-L = phen

101a-e

Reaction path: (spectators ligands are omitted for clarity)

_0

CHy HiCo HeC. 20

I HeC  CO
Pd—Co — Pd—=Co

co
|
Pd—Co

— Pd—Co —

Similar migratory insertion reactions have been observed
in palladium-molybdenum and-tungsten systems, but the
reaction is much less efficient. When the-fdo complex

[S)
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[Cp(OCxMo—PdMe(dppe)] (Me-Pd,1001) was treated with
CO, a mixture consisting of the bimetallic acyl [Cp-
(OCxMo—Pd(COMe)(dppe)] (Me-Pd)101fand its reduc-
tive elimination product [Mo(CQMeCp] was obtained in
approximately a 1:1 ratio. However, the analogous R
complex100gdid not afford the corresponding acyl complex
and only gave [W(CQMeCp]. A theoretical study suggested
that the more electron-rich tungsten fragment strengthens the
CO bonds significantly through back-donation and cannot
stabilize the P&¢W bond; the outcome is simple alkyl
transfer to the tungsten atom, followed by reductive elimina-
tion (Scheme 5922123

Scheme 59. Migratory Insertion Reactions on Mixed-Metal
Frameworks with Chelating Ligands on Palladium or
Platinum

B Mcoxe B2 Micone
P, 3CP P. :Cp
\Pd/ CO (1 bar) \Pd/ M(COLMeCr]
_— CHy + 3MeCp]
CeHg /1t
P/ \CHa sHe P/ \C/
Ph, Ph, [f
100f: M =Mo ° J
100g: M= W Y
101f : [Mo(CO);MeCp] =11
101g’: [W(CO)sMeCp] =0:1
Et
NSOM oc Mo(CO)sCp
[ \Pt/ ©O (1 bar) \Pt
— = EN
CeHe /1t
o Non, s VN N

(100h) Ph,

100h: ML, = Mo(CO),Cp
100i: ML, = Co(CO),

102

CeDg/30°C/24h CoDg /70 °C /1 day

CO (1 bar) )
(100i)
Et,
OC\ /Co(CO),, # N\ /MLn
Pt Pt
EtzN\/\P/ Nen [P/ \C/CH“
Ph, 3 Ph,

Il
(0]

101h: ML, = Mo(CO)5Cp (3:2 ratio)
101i: ML, = Co(CO), (100%)

The alkyl complex100h, formed by formal replacement
of the Pd(dppe) unit i100f by a Pt(EsNC,H4PPh) group,
could be induced to form the acetyl compl&d1h (Scheme
59). This acyl exists in equilibrium with the phosphorus-
bonded monodentate /AC,H,PPh alkyl speciesl02 the
two species are present in a 3:2 ratio aP@0 The analogous
complex100i [(OC),Co—Pt(ELNC,H,PPh)Me] affords the
corresponding acyl0l1li much more quickly. The reaction
goes to completion via an alkyl carbonyl intermediate that
is structurally similar to102125

Many bimetallic migratory insertion reactions have been
reported in which one of the two metals is zirconium. The
oxophilic metal is able to stablilze the resulting acyl by
O-coordination. The reaction of the Rdr complex103with
CO at 55°C and 1 atm pressure affords an acyl complex
104 (Scheme 60) that is best considered to be an oxycarbene
complex. The structure 0f04 was determined by X-ray
diffraction, and this revealed that the Rér bond was
retained. Evidence that supports a carbene description of this
species comes from IR spectroscopfJO.cy) = 1380 cn?]
and from the very low field chemical shift of the acyl CO in
the3C NMR spectrum{ = 279 ppm). The carbene is ligated
to the zirconium via its oxygen atofft126

The tin—methylzirconocene compleb05reacts with CO
under pressure (50 bar) to afford the C,0O-coordinated acetyl
106 shown in Scheme 61, whose structure was established
crystallographically. The SaZr bond is retained in the
product, but there are no aeytin interactions?’



814 Chemical Reviews, 2007, Vol. 107, No. 3

Scheme 60. The Reaction of a RutheniumZirconium
Complex with CO Leads to an Oxycarbene

C
c /" TcH
™ \% o——c 2
zl -/ CO (1 bar)
CP“"/ ' T{.,,, toluene / 55 °C Cp““) \ \0
Cp § %)

103 104 (80 A)

Scheme 61. The Reaction of a TirZirconium Complex
with CO

l\llle l\llle
.Si .S
T N Maaai VAR
MezT ?Mez TlMez Mezsll ?Mez TlMe2
—N N CO (50 bar) N N
TR o) ————— T°'N"~§ " Tol
Tol® Sn toluene /50 °C  Tol' Sn
9
CHg \\c
7 Zi"" T CH,
N N
Cp Cp Cp/ Cp

106 (59 %)

The Rh-W fulvalene-bridged heterobimetallic specie®’
shown in Scheme 62 forms the acetyl compl98 when
treated with CO. The reaction is reversible, and the acyl
decarbonylates and is reconverted to the methyl sp&6iés
when heated. The structure of the acyl spedié8 was
determined crystallographically. A3CO labeling study

Ritleng and Chetcuti

Scheme 63. Reversible Ring CO Insertion into a Mog
Metallacycle Leads to Acyl Formation and Ring Flip To
Give a FeG, Ring

R\ /R' R\ //0
<C c—¢C
/ +CO /]2 \
Cp(OC);Md SFe(CO); ==————= Cp(OC)MoZ *Fe(CO)s
\C/ N, purge / - CO \ /
I Cc—~C
% \
Tol R Tol
109a:R,R'=H 110a-c
109b: R=Et;R'=H
109c: R, R'=Et

is still a molybdenacycle (a ring flip to form a molybdena-
cycle from an initial nickelacycle occurs at an earlier
stage).3!

Scheme 64. [BHE{]— Induces a CO Migratory Insertion
into a MoC3; Metallacycle and Generates a Five-Membered

Ring
Me ome |*
‘/E& e LiBHEt,
| —/—NO,
cp~ Me EE) \Co CH,Cl, /-78 °C

111a

112 (56 %)

3.1.4. Alkyl~Isocyanide and —Cyanide Coupling

Fewer examples of these reactions have been reported than
for CO insertion reactions. Many complexes that insert RNC

established that the migratory insertion involves a coordinatedligands also insert CO ligands. One major difference between

CO ligand?*?®

Scheme 62. The Reaction of a RhodiumTungsten
Fulvalene Bridged Complex with CO

\ ) D 145G /0O (1 ban)
W Rh. D — W- R
CC/(\: "Co E}I—ICO toluene / reflux OC/\ o \C %
: § 0 b
° HaC

108

The iron—tungsten anion [Me(CQlre—W(CO)]~ (Fe—
W, Me cis to Fe=W bond) reacts with CO to form the
anionic iron acyl [Fe(CQJCOMe)l". This species, rather
than a heterobimetallic complex, is obtained quickly and
quantitatively. The migratory insertion can also be induced
by adding excess PRhand leads to the acyl [Fe(C&PPh)-
(COMe) .1

3.1.3. Couplings of Metallacyclic Groups with Carbonyl
Ligands

A few examples of CO insertion into a metallacycle are
known. The Fe-Mo metallacyclic complexe$09, which can
be considered to contain molybdenacyclobutadienyl ligands
bonded to iron, shown in Scheme 63, undergo CO addition
when the complexes are exposed to an atmosphere of carbo
monoxide. Ring expansion reactions to give five-membered
ferracyclopentenone specig$0follow. However, the rings
now contain iron and not molybdenum, so the ring expansion
reactions are accompanied by ring flips. The reactions may
be reversed when the products are exposed,t&N

A similar “CO insertion” reaction is seen with the Ni
Mo metallacyclellla(Scheme 643! but this ring expan-
sion reaction is induced by addition of the nucleophile
HBEt;~ to the mixed-metal metallacycle and not by CO
addition. Unlike the Fe Mo example just cited, the new five-
membered ring complek12, characterized spectroscopically,

alkyl migratory insertion reactions onto isocyanide ligands
and onto carbonyl ligands is that with isocyanide ligands,
multiple insertions are frequently observed. Most known
examples of multiple isocyanide insertions come from the
reactions of monometallic alkyls, but examples are known
in heterobinuclear chemistry. Some initial examples come
from complexes without metaimetal bonds but in which
the metals are bridged by various Bands.

The ruthenium/zirconium dimetalla-alkyne complég
reacts witht-BUNC to give thep?-iminoacyl complex113
This reaction is interesting as the insertion of isocyanides
(and of carbon monoxide) into MC alkynyl bonds is rarely
observed. IR and NMR data suggest that the zwitterionic
resonance form1(13b) shown in Scheme 65 is a moderate
contributor to the structur?

Scheme 65. Addition oft-BuNC to a Ruthenium/Zirconium
Dimetalla-alkyne Complex

'Bu
v
RUCCCN

MesP"" [
MegP zr/C'
@ 113a % ﬁ
'BuNC
Ru C= C—-Zr —_—
MegP" W neat/rt
n esF’ 59% yield By

Ri=Cc=Cc=C—N
vesP | -\z'//m
r

N

A similar reaction, described in the same article as in the
previous paragraph, occurs when the dimetalla-alkane com-
plex 48 (which contains an agostic interaction) is dissolved
in neatt-BuNC. The n%iminoacyl productl14 is solely
obtained under these reaction conditions. However, if a lower
concentration of isocyanide is us¢hglimination competes
with isocyanide insertion, as shown in Scheme-86.

113b
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Scheme 66. Addition oft-BuNC to a Ruthenium/Zirconium
Dimetalla-alkane Complex

?HH

MeaP/\/\

Me,P / //y

HH

/
1]
R oo e ,u\ 4R
neat/rt Me,P ”
{4 N jﬁ)

114 (77 %)

with a 'BuNC
solution
& 'BUNC (1 2 equiv.) \
-Ru
MegP"" /N T CeDeint ”/
C= C /
MesP H/

Related complexeB0 also insert both MeNC andBuNC
to give n?>iminoacyl specied15 as shown in Scheme 67.
The reaction o80awith t-BuNC proceeds via the formation
of a kinetic isomer (not shown), which transforms, following
first-order reaction kinetics, into the final thermodynamic
productl15a Evaluation of the spectroscopic and structural
data of then?iminoacyl complexesl15 show that the
zwitterionic resonance contribution shown in the scheme is
important for complexe$15a,b,d but not for complex 15¢

Scheme 67. Formation ofp?-Iminoacyl Complexes from
Isocyanide Addition to Ruthenium/Zirconium

Dimetalla-alkene Complexes

-Ru R
Me&P P/ o= c\ R
== MY
115a:R=H; R'='Bu 2t——Cl
u R ! 115b: R = H: R'= Me
MegP™ s BuNC or MeNC H %
v { c=c_ 115¢: R = Me; R = 'Bu ﬂ

neat / rt

115d: R, R' = Me j

/297

80a: R =
80b:R=Me <q>7
®
w-Ru R
MesP™ /e — c/ R
MegP 7

" 6\/ cl

Zr—

K

Complex71undergoes a migratory insertion reaction with
CO, which was discussed earlier (Scheme 32)t also
reacts witht-BuNC, as shown in Scheme 68. There is no
metak-metal bond in the final produdtl6, and both metals
are in a 16-electron configuratiéff

115a, b, d

Scheme 68. Alkyl Migration onto an Isocyanide Ligand in a
Rhodium—Iridium Complex

P/\P . P/\P .
N |
— \Ir—CH _BNe | AN
OC—Rn /‘ CH,Cl, / 1t oC/| |\
PP PP
7 116
BuNC | -40 °C 20 °C
P/\P —‘+ P/\P —‘+
oc,, |®Nc_| 0°C | Bone |
~ ~
Rh Ir—CHs C—Rh——>Ir—CH,
gis el
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Many Fe-M (M = group 10 metal) complexes of type
42, previously presented in Schemes 56 and 57, undergo
isocyanide “insertion” reactions. In many cases, the products
are analogous to those obtained in the corresponding CO
reactions. For example, the +B8li complex 42c formally
insertst-BUNC into the Ni-Me bond to givel17aas shown
in Scheme 69° A 4-Si(OR) group is not always necessary
as the related complex [(OFeu-PrPNHPPh)PdCIMe]
(Fe—Pd) forms the Pd-bonded species [(GR&(u-Ph-
PNHPPR)-PdCKC(NR)Me}] (Fe—Pd) when treated with
RNC (R= Bz, 2,4-MeC¢H3).12°

Scheme 69. Isocyanide Insertion into an Iror-Nickel
Methyl Complex
o Np " p
|4 'BUNC | NBu
(OC)sFe /Nl—Me Gl (OC)sFe | e
(MeO),Si——0,_ (MeO),Si G
Me 'Bu

42c 117a

The Fe-Pd complexd2d (Scheme 56) undergoes multiple
isocyanide insertions with various isocyanide ligands. De-
pending on the nature of the R group in RNC and the molar
excess of ligand added, single {Rt-Bu, 117 2-MeOGH,),
double (R= 2,4-MeC¢H3), or triple (R = 2-MeOGH,)
isocyanide insertions have been observed. These interesting
reactions are summarized in Scheme'%70.

Scheme 70. Single and Multiple RNC Insertions into a
Palladium—Methyl Bond on an Iron —Palladium Framework

P /\P P /\P
| | NR | | NR
/y /7
(OC)aFe\ Pd— (OC)gFe F’Id—C\
Me
(MeO),Si—— (Me0)38| Q
1 equiv. 2 equiv. R
a ed 117b
c= N C=N-Bu
(OC)sFe Pd—Me
(MeO)ZS|—O
/e-quw SeqN /\
T |
'
(OC)sFe pd—C (OC), Fe Pd—fC
3 \C’NR 3! =
e
(MeO),Si——0_  wd (MeO),Si——0_

Me Me

Multiple isocyanide insertions have also been observed
in dipalladium and palladium/platinum dialkynyl complexes.
The mixed Pd/Pt complexdd 8(R = Et) react with 2 molar
equiv of various aryl isocyanides in refluxing thf to afford
complexesl19in which two aryl isocyanides have regiospe-
cifically inserted into the palladium alkynyl boriéf At room
temperature or in refluxing dichloromethane, simple isocya-
nide-for-chloride substutution occurs. This contrasts to the
equivalent reaction on the Pd/Pd dialkynyl complex, which
undergoes insertion at room temperatt#fe3>

When a large excess of aryl isocyanide is present,
complexedl18readily undergo multiple insertions. Thus with
10 molar equiv of ArNC, complexe$19 with an average
value ofn = 10 can be isolated. The system is believed to
be an example of living polymerization as various experi-
ments are in accord with this observation. Thus, large
numbers of isocyanide ligands can be inserted sequentially
to give high molecular weight polymers. Block copolymers
can be isolated by adding molar equiv of one aryl
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isocyanide (ArNC) followed byn molar equiv of a second
one (ArNC). These results are summarized in Schem&%1.

Scheme 71. Multiple Aryl Isocyanide Insertions into a
Palladium—Alkynyl Bond of a Palladium/Platinum Dialkynyl
Complex

PR3 PR3

| | n ArNC
Cl—Pt—C=C—Pd—Cl

—F—F Cl— F't—C C Pd Cl
| thf / reflux
PR3 NAr PRS

PR
° 118
n=2; R=Et; Ar=Ph, Tol, 4-NO,CgH,
1)nArNC R=Et n=10; R=Et;Ar=Ph
2) m ArNC n=100; R = Et; Ar = Ph, Tol, 4-NO,CeH,,
4-"BUCGH,, 4-CgH47CgH,
PEts F‘Ets n=100; R ="Bu; Ar= Ph
cl— Pt c=c F‘d cl
PEt3 NAr NAr PEt3
= Ph; Ar' = Tol

When t-BuNC and MgNO were added to the cationic
metallacyclellla (shown previously in Scheme 64), the

expected CO substitution product shown in Scheme 72 wasPhe-. | .

the major (but not isolated) product. Another prodd&0,
formed in lower yield, resulted from the insertionteBuNC
into a Mo—C bond of the molybdenacycle ring. This product,
which was characterized by an X-ray diffraction study, also
contains a Me=O bond, and the modified organic group is
still ligated to both metals. The NtMo interaction is too
long to be considered a single bond {NMo = 3.0625(9)

Ritleng and Chetcuti

A rare example of a cyanide insertion reaction has been
reported on a heterobimetallic template. When the-Re
pentahydride complex [(RR)(OC)HRefi-H);RuH(PPh).]
(Scheme 74) is reacted with excess benzonitrile, the ligand
formally inserts into one of the-H—M bonds and affords
complex123 which contains a bridging benzylideneimido
ligand. This complex is an unsaturated 32-electron species,
but the Re-Ru bond of 2.654(1) A is not particularly short.
The second PhCN group ih23 has replaced two hydride
ligands. The reaction follows a different pathway with
acetonitrile: there is no nitrile insertion, and the acetonitrile
ligand simply coordinates to the ruthenium atom in complex
124_137

Scheme 74. Nitrile Insertion into a Rhodium—Ruthenium
Polyhydride Complex

PhCN (excess)
thf /rt

PPhg PPhg

He./ \PPhy

_Ru’
H/ |QH7 \
[}
[¢]

MeCN /1t

\\\\\\\

124 (80 %)

A], but the metals are close enough that there may be some3.1.5 Other Hydrocarbyl Group Couplings with Carbonyl

bonding electron density between them. Presumably;- Me
NO acts as the oxidant in this reaction and delivers the oxo
group to the molybdenum atohft

Scheme 72. Oxidative Insertion oft-BuNC into a
Molybdenum—Carbon Bond
Me, Me,

OMe [+ OMe |+
! ‘/E( o 1BUNC / MesNO ! ‘/E( P
/Nﬁe ——Mo, _ Ni==/——Mo,
- 1 \
Cp % Co Co

CH,Cl, / reflux Cp'/ Me
[}
N
1

111a major

The Pd-Pt complex [(EfP)Pdf-SiPhH),Pt(PES),] (Pd—
Pt) 121 contains agostic-like SiH—M interactions to both

Groups

This section covers the coupling reactions ef@ groups
with alkyl (in the most general sense of the term) ligands.
Examples of ketone and carbon dioxide couplings with alkyl
ligands are presented.

The complex80a incorporates C@when exposed to 1
bar of this gas to give thg*-bonded carboxylate complex
125 Spectroscopic evidence exists that there is a modest
contribution of the zwitterionic resonance structd25cto
the two other hybridd25aand125b, as shown in Scheme
75132 The related comple®8 reacts with benzophenone to
give 126. f-Elimination from48 competes with the reaction
that leads tdl26to give a 5:2 mixture of the latter and the

the Pd and the Pt atoms. This Complex reacts in an unusuak,my||c Spec|es [RU(PM;Qz(CH CHZ)Cp] These two sepa-

way with t-BuNC: this ligand is believed to insert into a
Si—Pd bond. Hydrogen transfer reactions follow, and after
the elimination of [(E4P)¢-BuNC)Pt-SiPh).Ptt-BuNC)-
(PEg)] and of uncharacterized palladium isocyanide com-
plexes, the platinacycle speci&g2 shown in Scheme 73
was isolated. This molecule was characterized by X-ray
diffraction, and the presumed reaction scheme is outlined
here!3®

Scheme 73. Insertion oft-BuNC into a Palladium—Silicon
Bond and Subsequent Reactions
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~ /
EtP Si\(\: B | f B | |
Ph,Si N Ph,Si N
Ph, N —'Bu 2 '\C/ ~igy 12 I\C/ ~tgy
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rate reactions are treated for convenience in the same

Scheme 75. Addition Reactions of &0 Bonds to
Ruthenium/Zirconium Complexes
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scheme. Note that neith&5nor 126 could be structurally
characterized®?

3.2. Carbyne —Ligand Coupling

3.2.1. Carbyne—Carbyne Coupling

The reactions of the cobattungsten alkylidyne complexes
127 with the Fischer carbyne complex8&b, 3d, or [Cp*-
(OCRLW=CTol], 3e (Scheme 76), yield heterobimetallic

Scheme 76. Carbyne Carbyne Coupling Reactions
Resulting in Heterobimetallic Complexes

R\ //O
& & R . 0§
(0C) Co—w/=C—R (CPM(O0W=C-R) Yol + Gpf(OC) w/ / ~Co(CO),
o = T _wieoa / W —/— 3
AN weod (OC)QW/\\CO(CO)S S

§ %

127a:R =Tol

|
R

3b:Cpf=Cp;R'=Tol  128a: Cp'=Cp; R, R'=Tol 129 (only seen for Cp' =

127a 3d:Cpt=Cp;R'=Me  128b: Cp'=Cp; R=Tol; R' = Me Cp, Cp*; R = Tol)
127a 3e:Cpf=Cp*;R'=Tol 128¢c: Cp'=Cp"; R, R'=Tol

127b: R = Me 3b 128b

127b 3d 128d: Cp' = Cp; R, R'= Me
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Scheme 77. Nucleophilic Attack on the Alkylidyne Carbon
Atom of Cationic u-Carbyne Complexes To Give
p-Alkylidene Species

Ph +
. W ol Ph\C ol
olLl
Z2RN _—
(OC)SCr/ PH(PMe;), (OC)scr/ PPMes),
130a 131a
Tol +
i R\C ol
2N i iC=CBu!
(0C),W / PY(CO) LiMe or LiC=CBu' or MgCp, (©OC)W / AN PHCO)
| tht /nt \ |
P P P P
~_ ~_
132 133a:R=Me
133b: R = C,Bu!
(133¢) 133¢c:R=Cp
o /Tol “co
0 pco)
PP

134

selectride, K[BH(CHMeEt)] ™, to give the neutral alkenyl

species in which the carbyne carbon atoms have coupled withcomplex136a143-144

each other, or with a CO ligand. Two cobattingsten
heterobimetallic complexes are obtaingdRC=CR species
128 (for all combinations of127 and 3 attempted) and
complexesl29 (formed in the reactions of27awith 3b
and3eonly), in which there are bridging CTelCO—CTol
groups as summarized in the schetife.

3.2.2. Carbyne—Alkyl Coupling

These coupling reactions take place either by nucleophilic

addition of R or by the electrophilic addition of Rto the

carbyne carbon atom af-carbyne complexes. When the

electrophilic alkyl group additions are successfut, &tidi-

tions are also attempted. However, these protonation reac-
tions lead to G-H bond formation, and they are discussed

later in section 5.1.1.
3.2.2.1. Nucleophilic (Carbanion) Addition to Carbynes.
An early example of €C bond formation via carbanion

Scheme 78. Electrophilic Attack on the Alkylidyne Carbon
Atom of Cationic u-Carbynes
o |

R
|

v

e
7 CF3S0;Me c
Cp(OC)W. SPt(PMeg)y ——— N
POOW— o2 CH,Cl CPOOIW—PI(Pes),
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31b: R =Tol (¢]
31c: R=Me 9g
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(ate) | CreCh
* H
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yos=c K[BH(CHMeER)3] / th woo=c
CP(OC),W. Pt(PMe, - Cp(OC)W. “Pt(PMe,
p(OC),! % (PMes), HBF, / Et,0 p(OC) - (PMes),
H %
135 136a

attack on a cationic carbyne complex was observed with the 3 2 3 Carbyne-Carbony! Coupling

Cr—Pt species [(OGLr(u-CPh)Pt(PMg),]* (Cr—Pt,1303).
Addition of tolyllithium yielded the neutrak-diaryl alkyli-
dene complex [(OGEH{ u-C(Ph)(Tol} Pt(PMe).] (Cr—Pt,
1319.1%

A possible example of this kind of reaction was reported

long ago by Stone and co-workers. When the platinrum
chromium and-tungsten cationic carbyne complex&0b—d

Cationic Pt-W carbyne complexes behave similarly. The Shown in Scheme 79 were reacted with methoxide or

cation [(OC)W(u-dppm)i-CTol)Pt(CO)J" (Pt—=W, 132
reacts with MeLi,t-BuC=CLi, or MgCp, to give u-alkyli-
dene complexe$33 A Pt—W derivative with au-C(Tol)-

others; in this compleX34, the Cp group isj>-bonded to
the tungsten atom via an olefinic=€C bond, as shown in
Scheme 7740

3.2.2.2. Electrophilic (Carbocation) Addition to Car-

ethoxide anions, the products were bimetallic complé&ad¥s
which contained bridging C(Ar)(C£R) carbene ligands (Ar
= Ph, Tol; R= Me, Et). These products are consistent with

CO transfer to th@-CAr ligands and alkoxide attack on the

carbyne-bonded CO ligand. However it is possible that there

is initial alkoxide attack on a metal-bonded CO ligand,
followed by migration of the ester group to theCAr carbon

bynes. Platinum-tungsten carbyne complexes react with &tom. The structures of the starting comple2&§, unlike

electrophilic alkyls. The addition of Meas methyl triflate
to [((MesP)Ptu-CTol)W(COXCp] (Pt=W, 31b) led to the
u-alkylidene compleX@g shown in Scheme 78, in which the
electron deficiency at the tungsten center is relievedby
coordination from the tolyl ring*-14?(Olefinic »?-coordina-
tion has also been observed on other electron-deficien\Pt
complexes as shown in Schemes 3 and®?#¥9This olefinic
interaction cannot happen when the ethylidyne complx

is alkylated with methyl triflate, so the product instead is

the cationicu-alkenylu-hydrido complext35(Scheme 78).

The hydride ligand irL35can be abstracted with potassium

those of some of the products, have not been established by

X-ray crystallography39.145

Scheme 79. Reactions That May Involve CarbyneCarbonyl
Coupling on a Heterobimetallic Center

R
?’ —‘ Ar__COR
c c
// \ RONa / \

(Me3P)(OC),M Pt(PMes), t (MesP)(OC)sM\ —Pt(PMe;),

130b: M = Cr; Ar = Ph :

130c: M = Cr: Ar = Tol w7 O

130d: M = W: Ar = Ph M= Cr; Ar = Ph; R =Me (55 %), Et (37 %)

M= Cr. Ar = Tol; R = Me (35 %)
M= W Ar = Ph; R =Me (19 %), Et (15 %)
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When the u-carbyne complex138a (Scheme 80) is

Ritleng and Chetcuti

The products of a single methylene addition are alkenyl

exposed to @ an unusual coupling reaction ensues between complexes, but multiple methylene insertions are sometimes
the carbyne carbon, a CO ligand, and an oxygen atom. Theobserved.

structure of the produdt39, obtained in 85% yield, is shown
in the scheméa?®

Scheme 80. Carbyne CO—Oxygen Coupling in an
Iron —Molybdenum u-Carbyne Complex

Tol Tol /0
¢ O o—¢
// \ Et,O / "~
Cp(OC),Mo Fe(CO), Cp(OC),Mo——/—Fe(CO)3
\ /
138a 0

139 (85 %)

The unsaturated MeW carborane complexdst0Oshown
in Scheme 81 contain a formal MaV double bond, a
u-C(tolyl) ligand, and an agostic-like-BH interaction from

the tungsten-bonded carborane bridging to the molybdenum

atom. Complexedsl40 undergo a phosphine-induced CO
insertion reaction when treated with BPh It is proposed

that this ligand oxidatively adds to the dimetal center forming
u-PPh andu-H groups. The hydrogen then adds onto the

Early examples of this type of reaction were provided by
the reactions ofi-carbyne species with compleb?. Both
the Ti-W complex144 and the PtW complexes31b and
3lcreact with12.1%° These reactions (Scheme 83) yield the
heterobimetallic alkenyl complexel3b, 136b, and 1363
respectively; in each case, thent,s>-CR=CH, is ligated
to both metals via the CR carbon atom and to the tungsten
atom via the CH carbon aton{®

Scheme 83. Reactions gi-Carbyne Complexes with
Tebbe’s Reagent To Giveu-Alkenyl Species

R H
| Hy C=—_
. /C toluene / thf /1t W ¢
Cp(OC),W ML, szTi\ _AiMe; CPOCIWS——ML,
cl ©
144: ML, = TiCpy; R = Tol 12 13b: ML, = TiCpy; R = Tol

31b: ML, = Pt(PMe)3; R = Tol
31c: ML, = Pt(PMe);; R = Me

136b: ML, = Pt(PMe),; R = Tol
136a: ML, = Pt(PMe);; R = Me

Methylene addition can be induced by diazomethane.

ketenyl intermediate. The final isolated products are the \yhen CHN, is added to the irormolybdenumu-alkylidyne

protonatedqu-ketenyl complexe441 shown in the scheme;

the structure of one of these complexes was established vi

X-ray diffraction4”

Scheme 81. Formation of Protonatege-Ketenyl Derivatives
by PPh,H Addition to Unsaturated Mo=W Carbyne
PHPh,

Complexes
HO Tol
/ \
W————Mo(n-C;H;) CH4Clp/rt \ \wé Mo(n7-C;Hs)

~
/
P
& I . (5: Ph,
Tol All undesignated carborane
vertices represent BH groups

m/‘
!
~

140a:R=H
140b: R = Me

141a: R =H (50 %)
141b: R = Me (44 %)

A ketenyl complex is also formed when the €@/
u-alkylidyne complext42shown in Scheme 82 is maintained

in solution!*® The tungsten-bonded hydroxy group is trans-
formed into an oxo group, and a hydrogen migration ensues

onto au-PPh group to give a Co-bonded P#h ligand.

Simultaneously, there is a coupling reaction between the

u-CTol group and a carbonyl ligand to give compl&43
The structures 0142 and 143 were established by single-
crystal X-ray diffraction studies; surprisingly the two com-
plexes have practically the same-©&/ bond lengths despite
the formal difference in bond multiplicities [2.594(1) and
2.584(1) A, respectively, for the initial and final products].

Scheme 82. Carbyne Carbonyl Coupling on a
Cobalt—Tungsten Framework

Tol Tol

(|3 (o) }3/00
Cp\w// \C /C in solution CP\W/ \ / _‘\CO
0 Co,
Ho” \}/P/ \co 1oh/20°c 7 \P/ PPhyH
Ph, Ph, Ph,
142 143

3.2.4. Carbyne—Carbene Coupling

. complexesl38 alkenyl complexes may be obtained. Other
Froducts can be isolated if reaction conditions are carefully

controlled. Thus, room temperature addition of excesgNGH
to 138ayielded theu-alkenyl u-CH, complex [(OC)Fe(u-
7L7>-CToF=CH,)(u-CH;)Mo(CO)Cp] (Fe-Mo, 1453, which

is a product of sequential GHaddition, in high vyield
(87%) 146 The same reaction carried out-a#0 °C afforded
the molybdenacycle complex09d almost quantitatively
(Scheme 84). It is speculated that compl®9dforms from
initial CH, addition, which induces CTelCO coupling. This

is followed by a CH—(CO—CTol) coupling reaction, a
hydrogen transfer reaction, and finally O-alkylation of the
resulting CH-COH—CTol group by another CHmoiety to
give 109d The final oxygen alkylation does not take place
when the PMesubstituted compleX38b is reacted with
CH,N,.150

Scheme 84. Multiple CH Addition to Iron —Molybdenum

p-Alkylidyne Complexes

H

Tol T
C CH,N, (excess) C/\\ “H
/ \ —_—
Cp(OC),Mo Fe(CO)sL Et,O /1t CP(OC)zMO\ — Fe(CO)s
138a: L = CO (138a) C
138b: L = PMe, Hy

145a (87 %)

Et,0/-40 °C (138a)
CH,N, (excess) or
Et,0/0°C (138b)

T0|\ /OR
C—C
N

Cp(OC)zMo\C/}Fe(CO)zL

|
H

109d: L = CO; R = Me (90 %)
109e: L = PMeg; R = H (73 %)

Mechanistic information was gleaned from isotopic studies
using specifically labeleéH and**C reagents. By using the
labeled complex [(&C)4Fe(u-CTol)Mo(*3CO)Cp] (Fe-Mo,
138a13Cy) it was shown that theC(OMe) group of the
metallacycle productl09d comes from the bonded CO

To date, the only examples of these reactions stem fromligands. Dideuterodiazomethane afforded [(gF&)u-1%1%
Stone’s group; the carbene (or strictly alkylidene) in question CTol=CD,)(u-CD;)Mo(CO)Cp] (Fe—Mo, 145a4,) or the
is CH,, and it is chemically bonded either as Tebbe’s reagent, metallacycle109d-d,, in which there is a CBC(OCD;)—

[Cp2Ti(u-CHy)(u-Cl)AlMey], 12, or as diazomethane, GN,.

CTol group?®®
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The iron—tungsten versions of complex&88are unstable.  connectivity for the W-CoCp* complexes (see complex

However the unsaturated Cp* irotmicarbonyl complex 149¢ and a C(Tol}-C(H)—C(R) linkage in W~Rh(7®>-CgH-)

[(OC)sFeu-CTol)W(COXCp*] (Fe—W, 1469 has greater  systems (see complexd9i).

stability, and diazomethane reactions have been investigated

with this species. Single or double @ldddition products  Scheme 86. Coupling Reactions of Carbynes and Alkynes on

are observed, and they are accompanied by proton migrationTungsten—Cobalt and —Rhodium Templates

reactions on the alkenyl urfit}152Excess CHN, addition T R
. Tol C—=C

to 146aat low temperature in the presence of a copper(l) L RoGR AN
chloride catalyst led to formation of [(O§)e-7*,n>-CTol= croow wcon, enera PO /;ML"
CHy)(u-CHz)W(CO)Cp*] (Fe—W) 145b, which is closely ° " - i
related to the isostructural MoCp analbgba(Scheme 84).

ot 148a: ML, = CoCp* 149a: ML, = CoCp*; R, R'= Me (42 %)
However slow room temperature addition of a molar  1sgb: i, - Ance: 148b: ML, = CoCp*: R R’ = Ph (27 %)
equivalent of CHN, yielded primarily the monoaddition 148c: MLy = Rh(n®Cofty) e, MLr= oo B Aot
product147, together with smaller quantities d#45b and 1491: ML::RhC%"; R,R'=Ph (28 %)
its regioisomer145¢ both of which result from double o ML RSO R, R Ph (3396
methylene addition t@é46a Thetransstereochemistry found 1491 MLy = Rh(n-CoHy); R = H; R = Ph (63 %)

149 ML, = Rh(n®-CgHy); R = Me; R' = Ph (98 %)

in the alkenyl protons ol45cand 147 was established by
IH NMR spectroscopy and is the result of proton migration

reactions. Scheme 85 summarizes these transformatidhs. The reaction of Ph&€CPh with the W-RhCp* 148b
species requires somewhat forceful conditions (refluxing
Scheme 85. Alkylidyne-Methylene Coupling Reactions on tolsuene, up to 5 daysy> However, reactions with the Rh-
an Iron—Tungsten Framework (n —'C9H7) complex;480are more rapid. Th|s dlffergnce is
Tol H attributed to the “indenyl effect”, the facile creation of a
L o\ = vacant coordination site by®5- to #3-ring slippage of the
CH,N,, (excess) / Cu,Cl, cat. C H . L .
(00N Fe(cO), E,0/20°C —— Fo(CO) indenyl ligand. In some cases, the rhodium complexes also
1462 o afford trimetallic RAW us-tolylidyne clusters. Monometallic
"5;';0 . Rh species such as cyclopentadienone complexes are formed
CusCl, cat. . ©0%) with more prolonged reaction times. Evidence suggests that
O S | FlO1-20%C complexes149 are not formed by cluster fragmentation
reactions.
H. 1o H. ST The iron—molybdenunu-alkylidyne complexe438react
= /C¢C\H with acetylenes, but the products of these reactions are very
Cp*(OC)W—Fe(CO)s + 145b + Cp*(OC)W—Fe(CO)s alkyne dependent (Scheme 87). In some cases, the organic
N N . L . o
g i ligands are similar to those found in complexXe®. This is
147 (50 %) N 145¢ the case when diphenylacetylene reacts with comp&8a

145b:145¢=2:3

to give 109f, Scheme 87°615"Hex-3-yne gives the similar

speciesl09¢ but a byproduct of the reactiof50, contains
. an alkyne-CO—carbyne linkage and can be considered to
3.2.5. Carbyne—Alkyne Coupling be a ferracyclopentenone complex, that is, an isomei6t
This class of reactions is richly represented. Almost all (see Scheme 63j2***Terminal alkynes afford ferracyclo-
examples come from the group of Stone and co-workers. pentenone  species of typell0 with alkyli-
Most alkyne-alkylidyne couplings take place on a hetero- dyne-alkyne-CO rather than alkyneCO—alkylidyne link-
bimetallic complex in which at least one metal is Mo or W. ages. Both classes of complex&89 molybdenacyclobuta-
The reactions are often accompanied by additional or dienyl, or ferracyclopentenone specie) are obtained with
concurrent CG-C(R) and CG-alkyne coupling reactions and ~ ethyne or but-1-yne. These can be interconverted by adding
usually proceed in relatively high yield and in high ste- CO to the dienyl complex (see Scheme 63) or by subjecting
reospecificity. In most cases, further reactions, usually the enone species to a nitrogen putie.
protonations, have been carried out on the products. These More complex products are obtained when 2-butyne is
protonation reactions are discussed underHCformation reacted with complet38a Productsl51 contain molybde-
reactions (section 5.1). num-substituted “trimethylenemethane” moieties and exist
The alkylidyne carbon atoms in the tungstarobalt and as a 3:2 mixture of isomers in solution. There are ne-Fe
—rhodiumu-methyltolylidyne complexe&48react with free Mo bonds in these species as attested by the X-ray crystal
alkynes to give complexet9, which contairu-72,13-C(R)— structure of one of the isomers (FeéMlo = 4.027 A)156.157
C(R)—C(R") ligands, analogous to those observed in Isomeric mixturel51 undergoes a formal CO insertion to
complexes109 and 110. In complexesl49, these ligands  give a new 1:1 mixture of the molybdenum acyl trimethyl-
are allylically bonded to the group 9 metal (Scheme enemethane produci$2 shown in Scheme 8%’
86) 141153155 The 13C NMR chemical shifts for these three In contrast, the reaction product of but-2-yne witB8b
carbon atoms all fall in the range 6= 90—120 ppm. This is a G fragment153ligated to both metals. This fragment
indicates that they have no carbyne character. The productds derived from the tolylmethylidyne group, a 2-butyne
can alternatively be regarded as substituted tungstacyclo-molecule, and a CO ligand. A metainetal bond is
butadiene rings interacting with a CoCp*, RhCp*, or Rh- present>®157 All these spectacular transformations and
(7°>-CoH,) fragment. Viewed this way, the products are couplings are summarized in the very busy Scheme 87.
isolobally analogous to the well-known [M{-C4R4)(7°- The reaction of the FeWCp* complex 146a with
CsRs)] complexes (M= Co, Rh). Terminal alkynes give diphenylacetylene yielded complé%4a which is the WCp*
highly regiospecific products that have a C(Faf(R)—C(H) equivalent of the MoCp specié@99f. An alkyne-CO—CTol
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. x Coupli i erracyclopentenone speci ent-2-yne vyielded a
Scheme 87. Complex Coupling Reactions of f I t esl0 Pent-2 lded
Iron —Molybdenum p-Carbyne Complexes with Alkynes mixture of isomersl57cand 157d, when the alkyne was
P reacted with127a These isomers differ in the linkage of
hC=CPh /1t e alkyne to the other organic fragment. However only one
PhC=CP AN the alkyne to the oth f t.H I
Tohtperoleum PO Fe‘°°’3 isomer, 157f, was obtained in the reaction dR27b with
Tol PhG=CMe!*° The metallacycle458 (structurally similar to
1091 (quantitative) metallacyclesl09 149 and154) are obtained regiospecifi-
U B m cally with the unsymmetrical alkyne MQSiMGg.lGO Com-
PR F =8 plexes158a and 158b undergo reversible CO addition to
EtC=CEt /10 °C OC)M ~recon + Cp(OC)Mo/é/CQ'\Fe(CO) . h bal | dditi d d
premm——S P N give the cobaltacyclopentenone addition proddéggan
(1382) 1 % 157h respectively, as shown in Scheme 89. This CO
109 (50 %) 150 (30 %) insertion reaction, which is believed to occur in the last step
mechanistically, seems to be favored when the end carbon
o P Fod” of the G unit carries an alkyl substituent.
¢ JRoCH/ 1 00) Mo—\/>|=e(00) + Cp(OC)Mo/ﬁ -0 ‘\Fe(CO)
oo —recors| e NG Coo N Scheme 89. Reactions of [(OGF0—W(CO)=CR] (R = Me,
138a: L =CO (138a) '}'ol N, purge H Yol TOI) Complexes with AIkynes
1380:1. = PMley ‘R=H (20 %) : 110a:R=H (75 %) R M
100 R = Pt (3070 110b: R = Et (60 %) R - Me NV
HoTo N
Me~¢ (OC)C —/>W(CO) + (00)sCo *W(CO)
MeC=CMe / rt /\/C/\ ¢ O\C/ ¢ ¢ \ / ¢
light petroleum CP(OC)MOLH\C—/FE(CO)E(PMEG) | _C—C
(138b) \é/\é) Sikes \eowm # o “SiMes
153(40 %) “|"°‘C°’3°° BRI O IRRIW
\ T
H H
Cp(OC)zMO/ \ c—c( Ve c \ MeC=CSiMeg | light petroleum
MeC=CMe /1t F:M: \\/ M co (3 ban 1t oc F// CC
" light petroleum light petrol c A a
(138a) CF Co e C/ et %\ ¢ RC=CR" CiT/
151 (95 %; 3 : 2 ratio) 152 (72 %: 1 : 1 ratio) (OC)4Co /W\EC—H light p:troleum (00)300\ |\/W(CO)4
. . . . § % L£—C,
coupled compled55is obtained with but-2-yne. The organic 127a: R = Tol o R
linkage in metallacyclic comple55 is similar to what is 1271 R = Me 17 ReToiRR=Meli%)
i i i ) 157¢,d: R = Tol: R' = Me/Et; R" = EtMe (39 %
founc_i in complext50, described in Sch_eme 87,_but c_omplex oh oGP ,,gh,pg‘g:;,m I 1870 R = Tol '~ Molet i~ e (39 %)
150 is a ferracyclopentenone species, whil®5 is a 157f. R =Me; R'=Me; R" = Ph (40 %)
tungstacyclopentenone. Another more complex prodiss,
is derived from the coupling of 2 equiv of the alkyne with Tol P e /T°'
the alkylidyne carbon, followed by H-shift reactions. These / /
reactions are all collected in Scheme88. (00)300 /W<°°>4 N /W(C°)4
|
Scheme 88. Reactions of an Unsaturated IronTungsten e
p-Carbyne Complex with Acetylenes & ~ v J
TO' Ph\C_C/ P 69 % (2: 1 ratio)
™~
aN e Ccp(0C w/—/>r= co . . .
CPHOC) W —=Fe(CO);  CH,Cl,/nt P (OW/Z=Fe(COk Indeed, no cobaltacyclopentenone species are obtained in
C
146a I the reaction ofLl27awith PhG=CPh. An isomeric mixture
MeG=cMe | E4,0/0°C 154a (~ quantitative) of the co_baltacy%Iobuta(ﬁene speci@§8c and 158d is
(excess) obtained instea#f® One isomer has a CTelCPh-CPh
o linkage, while the other has a CPETol—CPh connectivity.
TO'\C_C//O Ho & ol This remarkable result demonstrates that the alkyne has been
AN /C/ ﬁ cleaved into its constituent CPh fragments in this reaction.
Cp*(00)W, Fe(CO);  + Cp*Wi\/ /Fe(CO)a The migratory CO insertion reaction can also be induced by
e S adding PPhto the four-membered metallacycfé.
Me Me Me The Mo—W complex [Cp(OCIMo—W(CO)=CTol] 159
155 (58 %) 156 (7 %) also exhibits a rich alkyne chemistry. The addition of but-

2-yne to 159 at ambient temperature gaud&0, a product

Alkyne coupling reactions with carbyne ligands can also that results from alkylidynealkyne—CO coupling, together
take place if the dimetallic system contains a terminal with H-shift reactions and multiple bond migrations (Scheme
carbyne ligand. Such reactions were attempted on complexe®0). All the tungsten-bonded CO ligands are still present.
[L,M—=W(CO),=CR] [ML, = Co(CO), or Mo(COXCp] in However the same reaction takes a different turn when
which the carbyne is ligated solely to the tungsten atom. conducted in refluxing thf. Produd61is now a substituted

The [(OC)Co—W(CO),=CR] (R = Me, Tol) systems molybdenacyclobutadiene ligand coordinated to a tungsten
12759180 react with disubstituted alkynes to give cobalta- atom (similar to complexe$58). In this new complex, all
cyclopentenone complex&§7that arep®-coordinated tothe  but one of the tungsten-bonded CO ligands have been
tungsten atom. The coupling is regiospecific (alkylidyne replaced, and even the last remaining one may be displaced
carborr-alkyne-CO) and is the same as is found in the by the addition of PMg When heated with but-2-yn&60
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is converted td 61; this shows that the H-migration reactions
leading to complexXL60 are easily reversed. Botbt60 and
161 retain Mo—W bonds [of 3.131(1) and 2.971(1) A,
respectively]:s?

Scheme 90. Addition of But-2-yne to a
Molybdenum—Tungsten Terminal Carbyne Complex

Tol\ /)
C—C

Me

%\ /(9 MeC=CMe (excess) \/\\ ,
M W=C-Tol ———— Cp(OC),M = W(CO)(12-MeC,M
CpOBIMoT =G th / reflux P(OCI Mo/ W(CO)(n*-MeC,Me),
§ % :

Me

159 161 (70 %)

MeC=CMe
(excess)

MeC=CMe thi /it
(excess)

thf / relux

Cp(OC),Mo
C/CH\

/7

[¢]

Me

160 (70 %)

Organic frameworks similar to those found in complexes
158c and 158d (Scheme 89) are obtained in a cluster
degradation reaction. The ¥ clusterl62reacts with Ph&
CPh to afford the isomer$54b and 154c (Scheme 91). In
154¢ the G=C bond has been formally cleaved to afford a
u-n?n3-CPh-CTol-CPh ligand that spans the two metals
as found in158d 153154

Scheme 91. Alkyne GC Scission on a Trimetal Center by
Formal Insertion of a u-Carbyne into the C=C Bond

Tol Ph Ph Tol

Tol N \C—C/
(OC);F /C\W (CO)C| =CPh Cp(OC; W/:/>\F (CO); +Cp(OC W/:/>\F CO;
(00)s e\\F]e/( I e 807 CPOOM P00 + OO FelcO)
& (Coy i i
Ph Ph

162

154b 154¢c

28 % (2 : 1 ratio)

3.2.6. Carbyne—Alkene Coupling

This remains a rare reaction. The only reported example
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Scheme 93. Elimination of an Iron Acyl from a Mixed
Iron —Manganeseu-Carbene Species on CO Addition

3N © N +  [Mn(CO)Cp]
% | Q n
c thf /-40 to 10°C P \ o=P
=cZ \
Cp(OC)Mn Fe(CO)s F&(CO),

164 (46 %)

Another example of a carbenearbonyl coupling is
provided by an earlylate transition metal combination. The
methylene-bridged complexek65 [Cp,Ti(u-CH,)(u-Cl)-
PtMeL] (Ti—Pt; L = PMe&Ph or PMeP}) react reversibly
with more phosphine ligands to give the (pkosphine)
species [CpTi(Cl)(u-CHz)PtMeLy], speciesl66. These spe-
cies, which no longer contain a-fPt bond, are in equilib-
rium with the monophosphine complexeg5and free ligand.
The equilibrium mixture exhibits reactivity with CO toward
CO insertion (even at-50 °C) to give u-(C,0)-ketene
complexesl67in high yield and selectivity. The highly air-
sensitive complexe467 were not isolated pure but were
unambiguously characterized spectroscopically (Scheme 94).
The pure monophosphine complex&85 and theiru-Me
derivatives [CpTi(u-CH,)(u-Me)PtMe(L)] are inert to CO
insertionits

Scheme 94. Addition of CO to gu-Methylene Species Leads
to Ketene Complex Formation

165a: PRy = PMe,Ph
165b: PRy = PMePh,

166a,b

CO (1 bar) | toluene /-50 °C

H
ks
o—¢C
Cp Ti/ \p./ Me
2
o RPN
cl PRs

3.3.2. Carbene—Carbene Coupling

appears to be that between vinyldiphenylphosphine and the These reactions are relatively recent and so far have been

iron—molybenum and-tungsteru-carbyne complexes38a
and146a'®? A coupling reaction ensues between the vinyl
and theu-CTol groups to form a P#—CH—CH,—CTol

restricted to heterobimetallic complexes formed between
group 8 and group 9 metals. Bridging dppm ligands help
anchor the two metals together. All cases to date involve

fragment, which bridges the dimetal center in the products methylene couplings, and multiple Glddditions are often

163 (Scheme 92).

Scheme 92. A Carbyne-Alkene Coupling Reaction between
a u-CTol Group and PPhy(CH=CH))

‘{°| HC\_CHPPh2
— CH= i 2
//c\ Ph,P—CH=CH, (1 equiv.) CpT(OC)2M<|7Fe(CO)3
Cpf(0C),M Fe(CO), n C

|
138a: M =Mo; Cpf =Cp;n=4 Tol

:M=W;Cpt=Cp*;n=
146a Cp=Cp%in=3 163a: M = Mo; Cp! = Cp (77 %)

163b: M = W; Cp' = Cp* (83 %)

3.3. Carbene — and Vinylidene —Ligand Coupling

3.3.1. Carbene—Carbonyl Coupling
When the Fe-Mn u-carbene complex shown in Scheme

observed.

The first reaction of this type was reported on a cationic
rhodium—osmium framework. The products of the reaction
of complex168(Scheme 95) with diazomethane are critically
dependent on the reaction conditidfs!5>At —78 °C, single
methylene addition is observed to form theCH, species,
65b. Complex 65b, (and also168 add on three more
equivalents of ChN, at —60 °C to give a bimetallic
osmacyclopentane speci&89 in which there is an agostic
C—H interaction to the rhodium atom. Bott68 and 65b
react with excess Cill, at 20 °C to afford thez!-allyl
rhodium—osmium specie470in which a net total of four
CH; units have been added. These reactions have been
subjected to a mechanistic analysis by using isotopically
labeled65b-**C; and65b-d, made from isotopically labeled

93 (see also Scheme 25) was treated with CO, the mono-CH;N,.

metallic iron ketenyl compleg64was isolated. The Ph group
of the organic ligand igj>-coordinated to the iron atom in
both the starting heterobimetallic species died.””

Complexesl169 and 170 do not interconvert; they are
apparently formed via different pathways. Both complexes
react with molecular hydrogen to give the dihydride species
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Scheme 95. Methylene Coupling Reactions on a
Rhodium—0Osmium Platform

+CO/-H,
{
CH,N H. C CH,
OC—FRh >o|s—co 0 HC/Cz—Rh<—>Os: e
J, &l i ,L & lco
~_" CH, ~_ H,
168 CHN, 170 'CF:;‘H
20°C - Lshe b /\P .
CH,N, | 78 °C | M | /oo—‘
CH,N, OC—T\H/OF\
60 °C b b %
P/H\P 1 ,,/H\\P’gz\ 1 "
2
|/C\ | _co CHaN, | Hi_c\/l _CH, / 17a
/Rh\ /Os\ ‘W /Rh‘ /Os\—C - Cy4Hyo
T[T [T o7 | N
PP P
65b 169
MegNO | - CO
P
2 < 2
c ol CHN, H,C™
_A——=0s"° P OC—Rh= >0s—co
&7 | [N ° | |
P P\/P
172b 173

171aand eithen-butane (froml69 or a mixture of propene
and methane (fron170). Complex17laregenerated68
when treated with C@%® Complex65b can be decarbon-
ylated with MgNO to give theu-CH; tricarbonyl Rh-Os
complex172h, which in turn reacts with ChN, to give the
ethylene comple73 there is no further Ckiincorporation
(Scheme 95)%°

The Ir—Ru analog of65 may also be reacted with Me

Ritleng and Chetcuti

Scheme 96. Formal Alkyne Insertion into the C-H Bond of
a u-CHTol Alkylidene Complex

+ +
\@\ Me\ /Me
H MeC=CMe C=C_

e = Ly c
AN CH,Cl, /0 10 25 °C yd
P —Co(CO)Cp* P —CoCp*
Cp(OC)W. Co(CO)C Cp(OC)W. CoC
Nn Na”
CO %
174a 175 (90 %)

are 3-bonded either to the iron atom or to the ruthenium
atom are obtained, since the differences between the two
group 8 metal centers are much smaller than between metals
from different periodic group¥%17t

Scheme 97. CarbeneAlkyne Coupling on an
Iron —Ruthenium Framework

o R\ /R R\ /R N
H\ _R F!\ /C:C\ /C=C\ _R
C. c 1 H H C.
Cp(OC)Fe Ru(CO)Cp RC=CR! Cp(OC)Fe: \RuCp + CpFe/ Ru(CO)Cp
\C P \C P \C P
[¢] [e] [¢]
176a:R=H 177 178

176b: R = Me

The nickel-tungstenu-methylene complex [Cp*Ni(-
CHy)(u-CO)W(COYCp] (Ni—W) 179reacts with but-2-yne
to give the metalloallyl species80in which the alkyne has
formally inserted into the Nt CH, bond!’? Phenylacetylene
induces CH—CO—PhGH coupling when reacted with79
and affords a tungstenacycle compl&&1 with the regio-
and stereospecific connectivity YWCH,—CO—CH=CPh.
This ligand isw-coordinated to the Cp*Ni unit via the CH
CPh double bond (Scheme 98j.

Scheme 98. Reactions of a NickelTungsten Methylene

NO and then with diazomethane to give the iridium-bonded Complex with Some Alkynes

n-CoHs complex [Ir(CO)g-CoHa)(u-CHy) (u-dppmiRu-
(COX]" (Ir—Ru) 1" However in the absence of MeO, there
are no multiple CHcoupling reactions here, nor in the Rh
Ru systent®®and potential reasons for this are discus'$éd.

These fascinating reactions and the interconversions of many Q

of these complexes are collected in Schem@%935”

3.3.3. Carbene—-Alkyne Coupling
Most reactions have been carried out with “midéllate”

and with “late-late” transition metal combinations. The usual

products of alkyne additions ta-carbene or alkylidene

complexes are metalloallyl complexes or vinyl carbene
complexes depending on how the organic framework bonds
to the dimetal center. (Note that when the vinyl carbene is
n3-coordinated, it is not always easy to distinguish the two
limiting forms). Dimetallacyclopentene species have also

been observed. In many alkyneethylene coupling reac-
tions reported for “late- late” bimetallic centers, the metal
metal link is fortified byu-dppm ligands. These reactions
are necessarily accompanied by Kl or C—H bond cleavage
reactions as the alkene “inserts” into a8 or C—M bond.
An early illustrative example of carberalkyne coupling
is that of the cationic CoW u-carbene complext74a

(Scheme 96) with but-2-yne. The alkyne formally inserts into

the C-H bond of the carbene and affords thealkenyl

complex175. The reaction is regio- and stereospecific, and

the two Me groups are mutuallyis.141:169

Similar products are obtained from reactions of alkynes

with the Fe-Ru complexed76aand176h but the reactions

Me- s =8=CH,
MeC=CMe / \ _Cp
——— Ni——W
hexane / rt Cp‘/ \C/ \Co
Hy o}
-G, C| 180 (50 %,
N '//\\w P (50 %)
_Ni -
Cp \
. % ° o
179 \ Cp
PhC=CH —~C S
—— ¢ —Ni—/—W=—Cco
hexane /rt P H/C\ / \CO
c—CH.
'

181(60 %)

Regioselective alkyne insertions into a rhodidrathe-
nium u-CH, moiety lead to G and G-bridged fragments.
Both the saturated cationic speci&sa and its unsaturated
congenerl72areact with a variety of alkynes to give the
regiospecific dimetallacyclopentene specig&?2 shown in
Scheme 99, which result from formal alkyne insertion into
the Rh-CH, bond. The structure of complex82c was
established by a single-crystal X-ray diffraction study. The
regiochemistry of unsymmetrical alkyne addut&2d and
182e was established unambiguously by using 2D-NMR
spectroscopy. The larger alkyne substituent was always found
to be adjacent to the GHyroupi’

Finally, the terminal alkyne propargyl alcohol reacts with
the unsaturated catiod72a to give a double insertion
product. The stepwise coupling of 2 mol of the alkyne in a
head-to-tail manner with the methylene group afforded the

are less regioselective, as shown in Scheme 97, and thesix-membered rhodacycle speci&#83 This complex was

alkynes formally insert into the Feor Ru—C bond of the
carbene. Isomer$77and178in which the organic groups

stable to mild heating or mild oxidation and was character-
ized by X-ray diffraction-™
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Scheme 99. Reactions of RhodiumRuthenium Methylene
Complexes with Alkynes

P/H\P —‘+ PR/R'\P —|*
2
| _C_ | _cO RC=CR' | 7/\|
R_ZRu_, — o T RuCo
7| g7 | T ’ e S o
P\/P P\/P
65a 182a: R, R’ = CO,Me (86 %)
RC=CR' 182b: R, R' = CO,E! (75 %)
Cc=C 182c: R, R’ = CF, (53 %)
182d: R = Me; R’ = CH(OE), (60 %)
MesNO | - CO 182e: R = Me; R' = CH,0H (86 %)
R .
o ) |
H. B 2
| ¢ | co HC=CCH,OH S{"@CR
_Rn Ru_ s _Rn Ru_
oy ||3 ||3 (o8 ) & Co
183 (84 %)
172a (u-dppm groups omited

for clarity; R = CH,OH)

The results of alkyne additions to closely relaje€H,

Rh—0Os systems are identical to those observed with the Rh
Ru systems. When the RIDs cation172bis treated with

DMAD or HFB, the alkynes also insert into the REH,
bond yielding complexe$%82fand182gin which the Rh-
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rhodium atom (see compleb69, Scheme 95 for a osmacy-
clopentine analog of188). This species slowly rearranges

to the (nonbridging) osmacyclopentene spedi&8 whose
structure was determined by X-ray diffraction. Detailed
labeling studies have established the sequence and regio-
chemistry of the methylene additions and have provided
valuable mechanistic informatidf17>

Scheme 101. Methylene Insertion into MetatCarbon Bonds
of Osmium—Rhodium g-Alkyne Complexes

c=C, cl = c c
_R——0s—CO ;2:; R 05— R \105‘\/ R
7 N - L ET o EO ST g T
\/ \/
185 186 187
(R = CO,Me) CHaN, CHoN,
22°C 22°C
P/\\P,gz —|+ P/\P "‘
| H= TcR | S|
RhZ——0s—C” weeks o oc—RN 08
£ | e | N, R 22°C - Z R
I [
~_—
188 189

3.3.4. Carbene—Alkene and —Allene Coupling
Carbene-alkene and-allene coupling reactions are less

Os bonds are maintained (Scheme 100). However, furtherreported than carberelkyne couplings, but they are also
addition of diazomethane converts the DMAD dimetallacy- known. Allene formally inserts into the WCH, bond of

clopentene cation into a bridging rhodacyclopentene cation the u-CH, complex179to give complexL90Q, a rare example

184 with concomitant OsRh bond rupture and €H

of a u-trimethylene-methane (TMM) species, as shown in

activation of the Os-bonded methylene group by the rhodium Scheme 102. The structure t0was confirmed by a single-

atom17®

Scheme 100. Reactions of Alkynes with a-CH,
Osmium—Rhodium Complex and Subsequent Additions of
CH:2N,

| ) T —‘+ Tﬁ\P —‘+
2
_C_! _co RC=CR Z B
T P o o e e
% -co * %
P " PP
172b 182f: R = CO,Me (84 %)

182g: R = CF, (82 %)

CHaN, | oy

(70fy | CHeClo /1

184 (86 %)
(R = CO,Me)

crystal X-ray diffraction study’® The question as to whether
the allene inserts into the YWCH, bond is moot, because
the molecule is fluxional at room temperature and effectively
rotates in a helicopter-like motion, while remaining attached
to its heterometallic skeleton. The fluxional behaviod 8D
has been the subject of a theoretical sttidy.

Scheme 102. Insertion of Allene into a«-CH, Group of a
Nickel—Tungsten Bond To Afford a g-Trimethylenemethane

Complex
2 —
Cp/m \\Co hexane /1t Cp'/”'\\// ’
& %

%

179 190 (74 %)

A more recent example of methylenellene coupling is
seen in the ReRh complex172aand its Os-Rh analog
172h Both species react with allene to gixeTMM species
191(Scheme 103). In contrast with the bridging TMM ligand
observed in190 (Scheme 102)7° the ligands in 191

The coupling of alkynes with methylene groups has been complexes are not dynamic. By use'&E-enriched samples

attempted on the same ©Rh metal framework but in

reverse order, that is, by the addition of @H to a
preformedu-alkyne complex. The parallel-bridgedalkyne
complex [(CO)Rhg-1%7-DMAD)(u-dppmpOs(CO)]+ (Os—
Rh) 185 formally inserts CHN, into the Rr-DMAD bond

at—80°C to yield complext86.17° This complex resembles

182 but the olefinic G=C bond isp to the rhodium inl86
and isa to this metal in complexe$82

of methylene complexekr2, it was shown that for botth91a
and191b, the cumulene inserts into the REH, bonds of
each specie¥’

The reactions ol 72aand172bdiffer with 1,1-dimethyl-
allene. At low temperature, the free ligand inserts into the
Rh—CH, bond of the RR-Os complex172b to afford a
dimetallacyclopentane compled®2 (a saturated analog of
complex186). This complex ejects 2-methyl-2,4-pentadiene

At room temperature, this insertion product becomes the at room temperature. However witf2al,1-dimethylallene

minor component of an equilibrium mixture that favors the
u-CH, terminal alkyne specie$87 shown in Scheme 101.

Room temperature addition of more ¥4 to this equilib-

rium mixture or to compleX85gives the osmacyclopentene
speciesl88in which there is an agostic interaction with the

couples not just with the methylene group but simultaneously
with a CO ligand to give complex93 whose structure was
determined crystallographically?

The Rh-Os cationl72balso reacts with ethene at ambient
temperature to form free propene and #teC,H,4 species
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Scheme 103. Reactions of RhodiumRuthenium and 3.4. A|kyne —Ligand Coup|ing
—Osmium u-Methylene Complexes with Ethylene and
Cumulenes 3.4.1. Alkyne—Carbonyl Coupling
P e ] ! Many monometallic metal carbonyl complexes react with
J(_\JS_CO alkynes to afford a plethora of complexes. Some of these
| E [N contain products that result from single or multiple carbenyl
20°C ~_-F alkyne coupling reactions. Such reactions have been less
o P W he investigated for heterobimetallic carbonyl species, but among
Hzc”\R| /C\OL/co Cz"h\ those reactions that have been studied, similar coupling
& | [ Yoo P products are often observed. Metallacyclobutenone or di-
~_F F|’H c//CH;" W metallacyclopentenone species are common outcomes of such
0C—Rh——30s—C0  + reactions.
CoHy/-80°C | (172b) ] Fl, ol FL Alkynes react with the group 6 metahickel complexes
PN CaHa /20 fm \m/ 199 to afford a mixture of both metallatetrahedrane-type
F|’ H, F" W e u-alkyne complexe200and lesser quantities of metallacyclic
/Rh/C\M/CO A . specie201 (when M= W) in which a nickelacyclobutenone
& l .|=\°° = 72a) )/\ . ring is present (Scheme 105§:¥¥Unsymmetric alkynes give
17}M/=Ru P\C“z a_mixt_ure of.isqmeric nigkelacyclobutenone spe@@sthat
172b: M= Os Me 0=C=CH, P@\/—TCCO differ in their linkage with the CO moiety (CeCR=CR/
VoGeoH Joe I~ or CO-CR=CR). In each case, the forma=C bond in
o |02 (172b) P 191ap G the ring isst-coordinated to the group 6 metal. Other terminal
/E%/\T -‘ alkynes such as HECCMe,(OMe) also afford mixtures of
PWAP } . 0s—cO  — >=E complexes200 and 201 (and not of type203 as reported
>=<_R|h/°_:°\nlu_oo & F', ,|, % earlierf® when reacted with the saturated species [Cp(OC)-
| 7 \m/ Ni—M(CO);Cp] 199 (Ni—M, M = Mo, W).
P\/P
108 Scheme 105. Reactions of Group 6 MetalNickel Complexes
with Alkynes
173 (Scheme 103; see also Scheme 95)—-80 °C, under e @ ) A
an ethene atmosphere, arC,H, addition product can be \Nig"_\M/C" o ~7co N o
observed, that rearranges1@3 at room temperature, with o ¥ % R\Cﬁc’ Oﬂ oot
propene evolution, as shown in Scheme 103. The reaction 199 RC=CR /N{Q\M/C"* + /Niia/ g
presumably proceeds via a Rbs—(CHy,); five-membered % o e g o ‘8\00
ring intermediate194 (a saturated analog of complex g, nce—y—cpr 200 201
186).165.166 63/8/
202a: M = Mo; Cp' = Cp Cp* =Cp, Cp*
3.3.5. Vinylidene—Alkyl Coupling o R, = vatous comtinatlons

The parallel-bridged alkyne complex [(Of®)n(u-HC=

; o Complexes201 all loose CO when heated (or in a mass
CCOMe)-dppm}Rh(CO)] obtained at-40 °C rearranges : S
to an isomeric mixture ai-vinylidene complexe495 This spectrometer) to give0a However, a kinetic study shows

isomeric mixture and its decarbonylated andl8§ (in which that CO loss from metallacycles is not the primary pathway

. ; . to the synthesis of the-alkyne complexe&®?
the ketone carb())nyl lI)lga;]nd 'Sh ?Isod th)k:d'na;e? ;E|O the The erIacement o?a C)p/) ligand Ilc))n the nickel atom by a
manganese atom) are both methylated with methyltriflate as ~ .« ; : : ; ;
shown in Scheme 104. Depending on the reaction conditionsCp ligand allows the isolation of the highly reactive

. e unsaturated complexe®02, which can be considered to
and on the starting vinylidene comple95 or 196), two contain nicke-molybdenum or-tungsten double bond&

alkenyl complexes that are stable at room temperature MayTpese species react with disubstituted alkynes to give the
be isolated: the rhodium-bonded terminal alkenyl complex nickelacyclobutenone produc®01 with NiCp* groups.

197aand the bridging alkenyl complek9817® However complexeg01 are stabilized by the Cp* ligand,
and they now form the major reaction products. These
Scheme 104. Synthesis of Alkenyl Complexes on a complexes are still decarbonylated when heated to give the
Manganese-Rhodium Framework corresponding:-alkyne specie200 (Scheme 105331
o Np e w N W The reaction of Ph&CH with 202cyields two metalla-
a1 S o, LB S AL N R cycles and the corresponding dimetallatetrahedrane complex
I N RTar  CVl  N of type 200 The metallacycles are a nickelacyclobutenone
P oo PN PoRzser species201 (with a Ni—CO—CH=CPh ring linkage) and
1960 = H; Y = C{OMo " 197 108 complex 203 in which there is a NFCO—CPh=CH—M
190 A= ClOMei =1 o oz ] dimetallacyclopentenone ring (Scheme 1tf6similar to
+co | /et T oo = those found in complexeks—17 (Scheme 7). The reactions
X of PhG=CH with 202aand 202b yield complexes of type
. TQT O orsome QC\T/OC\\T /dj ’,’QT COT 200and203 exclusively. [More complex reaction products
F]hscgln;o oo /40 Me,le'\C(l";O WOC_T»“A?T"/‘/O that are obtained in minor yields when phenylacetylene is
P H P T p\H;T'»C\Me p\Hj—pc\Me added to a mixture of [Cp*Ni(CO)I] and [W(C@Fp]~ have

196 already been discussed in Scheme 9 (section 241:44)]
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Scheme 106. Reactions of Terminal Alkyne Complexes with
Unsaturated Nickel-Molybdenum and —Tungsten
Complexes

H /Ph
\C’7C oot
I cp
Ni= /M\
o T %
200
||3h
o C. H
* ) PhC=CH Se >Nc¢” T
cp—Ni——mM—Cpl —————1—— cpt lajor product
P Nl P CH,Cl, /78 °Clont rlu ,LI/ P
& 8 Cp"/ \\CO
202a: M = Mo; Cpt = Cp 203 %
202b: M =W; Cpt =Cp H
202c: M= W; Cpt =Cp' oﬂ
cpt
- ;h\ e Only observed with
N

202c in minor yields

Alkyne—carbonyl coupling is also observed when alkynes
are irradiated with the iroaruthenium cyclopentadienyl
complex204a Incidentally, these systems are isoelectronic
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Scheme 108. Alkyne-Carbonyl Coupling on Iron —Platinum
Bonds Leading to Dimetallacyclopentenones

©0) . i"F‘P“ R oo F‘ IL PP
e - o ;
e TP R 200 2 | | (PPhg)
° éc\ /C\H
207 o) ¢
H
CHyCl, /20 °C 208a (77 %)
OC),Fe Pt(PPh, OC),Fe Pt(PPh.
(OC), \ ‘ ( 3) CoHg /2721 (OC), ‘ ( 3)
0//C\C/C\H OéC\C/C\R
' I
R H

208d: R = Me (70 %)
208e: R = Tol (80 %)

208b: R = Me (71 %)
208c: R = Tol (68 %)

temperature, and simple alkyne coordination is observed at
69 °C. This complex provides an unusual example of a

with complexesl99 whose alkyne chemistry has just been heterobimetallic complex exhibiting less reactivity than its
discussed. In general, dimetallacyclopentenone complexedlomobinuclear congeners because the correspondiranée

205 are obtained, with a FecCO—CR—CR —Ru linkage
(Scheme 107), similar to what is found in complexes
203170171 Thermolysis of the DMAD metallacycle leads to
decarbonylation and generates the parallel-bopdatkyne
Fe—Ru complex206. The geometry oR06 contrasts with
the dimetallatetrahedrane (perpendicujalkyne species
200 obtained from thermolysis of the NMo and Ni-W
metallacycle01(Scheme 105)8131.18The related RuCp*
complex204breacts similarly with the alkynes HECH and
DMAD (Scheme 107). Alkyne-alkyne coupling also takes
place with HGECCMe&,OH (Scheme 1204

Scheme 107. Alkyne-Carbonyl Coupling on
Iron —Ruthenium Bonds Leading to
Dimetallacyclopentenones

R
¢
8 OQC/ \C/R.
Cp(OC)F: Zli (co)cpt RO=CR C FI (co)cpt
P! € Ru pFe Ru
\C/ P Thv/toluene \C/ P
o) o]
204a: Cpt =Cp 205a: Cpt =Cp;R,R'=H
204b: Cp' = Cp* (205d) 205b: Cp' = Cp; R, R' = Me
205¢: Cpt =Cp; R, R'=Ph
o /A 205d: Cpt = Cp; R, R'= CO,Me
joluene
205e: Cpt = Cp; R = Me; R'=H
MeOC fFO:Me 205f: Cpt=Cp:R=Ph; R'=H
/C:C\ 205g: Cpt =Cp*; R,R'=H
. Cnt — Op*- i
Cp(OC)Fé Ru(CO)Cp 205h: Cp' =Cp*; R, R' = CO,Me
\ /
c
0

206

Similar dimetallacyclopentenone rings found in complexes
208were obtained in high yields when the-Fet complex
207 was reacted with ethyne, propyne, or tolylacetylene
(Scheme 108). The FePt bond distance barely changes
during the course of this reaction [2.579(4) A for the starting
complex and 2.597(4) A for the final product in the case of
the ethyne reactiord>8For asymmetric alkynes, the kinetic
product (PtCR—CH—CO—Fe linkage) slowly isomerizes
to the more thermodynamically stable final product-{Pt
CH—CR—-CO—Fe linkage) when heated in benzene. Reac-
tions with other dppm-type ligands, such as,PhC-
(=CH,)—PPh, are also described®

The iron—rutheniuma-diimine complex209ashown in
Scheme 109%does notreact with MeG=CNEt at room

Ru, complexes both react (differently) with this alkyne at
room temperaturé’ The closely related asymmetric iren
rutheniuma-diimine complex209b (Scheme 109) does react
with the alkynes DMAD and HECCO,Me under these
conditions to give the alkyreCO coupled product210.88

Scheme 109. Alkyne-Carbonyl Coupling on an Asymmetric
Iron —Ruthenium a-Diimine Complex
!
Pr_ _-C _ H

N \ MeC=CNEt,
\N/7 Fe(CO)3 hexane / rt

]

iPr
209a

No reaction

(OC)3R11|

\ .
= | /C§N/'Pr
X C H o)
AN AR C \ /C
;\l C\ RC=CR / \\N//R\u Fe(CO)s
(OC)3Ru /—Fe(CO)S hexane / rt _
\,il/ (5; /C\/C§O

ipr |

209b 210a: R, R' = CO,Me (85 %)

210b: R = CO,Me; R' = H (50 %)

Molybdenum-platinum complexes in which an asym-
metric bidentate ligand is coordinated to the platinum atom
(100h and 100j) react with DMAD and with its diethoxy
analog EtQCC=CCO,Et with rupture of the Me-Pt bond
and the formation of platinacyclobutenone comple2#$,
which arer-coordinated to the molybdenum atom (Scheme
110). However, this reaction requires a strongly electron-
withdrawing alkyne and does not work with phenyl-,
diphenyl-, or even ethylcarbomethoxyacetylene. Furthermore,
no reaction is observed with the monometallic platinum
complex [Pt(EANC,H,PPRh)(Me)CI] or even with Mo-Pt
species on which a dppe, tmeda, or Mg8{PPh has
replaced the ligands shown in complexE30h and 100j.

The bidentate ligand coordinated to the platinum atom must
be capable of generating a vacant coordination?&ite.

3.4.2. Alkyne—Acyl Coupling

Few examples of these coupling reations have been
reported. However, the FePt u-dppm complex97d, in
which there is a Pt-bonded acyl group, does react with
DMAD. The alkyne inserts into the PLC(O)CH; bond to
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Scheme 110. Platinacyclobutenone Formation Following the
Reaction of a Molybdenum—Platinum Complex with
Electron-Withdrawing Alkynes

0.
L\ /M°(CO)”Cp RC=CR L\ﬂn &
/ \ thf/ 20 °C
Ph2

100h: L = NEt,
100j: L = CH=CH,

211a: L = NEt,: R = CO,Me (71 %)
211b: L = CH=CH,; R = CO,Me (65 %)
211c: L = NEt,; R = CO,Et (71 %)

give the Pt-bonded terminal alkenyl compk2a(Scheme
111). Terminal alkynes such as PECH, n-BuC=CH, or
t-BUuC=CH afford u-vinylidene complexes as the final

Ritleng and Chetcuti

Scheme 113. Alkyne Insertion into the Zirconium-Carbon
o-Bond of a Sterically Strained Early—Late Heterobimetallic
Complex

R
¢
#
7
Ru(CO),Cp H\? \/Q
I RC=CR'
CpoZr. sow CppZr Ru — CpuZr Ru
Ru(CO),Cp § ) & Co
214 215 216a:R=R'=Me
216b: R=H; R'='Bu

to the coupling of just two alkynes, and more complex alkyne
oligomerizations can take place. Two alkynes may couple
in a head-to-tail fashion or symmetrically (head-to-head or
tail-to-tail). The products can be considered to be metalla-

products, but the reactions proceed via spectroscopicallycyclopentadiene complexes. There are also rare, more
observed alkenyl intermediates whose structures are surmiseg¢omplex couplings of two alkynes in which both—C

to be similar to those of the structurally characterized DMAD
complext®®

Scheme 111. Alkyne Insertion into the Platinum-Acyl Bond
of an Iron —Platinum Complex

P /\P b /\F‘ o
| | 2 Me0,co=CCOMe | 7o2ve
(OC)sFe p—C —— T F 7 (OC)Fe Pt—C__COM
¢ e CHACly /1t : e oRe
(MeO),Si——0,_ (MeORSI——0_  Fye

Me Me

97d 212a (78 %)

3.4.3. Alkyne—=Alkyl Coupling

This reaction is rare on a heterobimetallic center, but it
has been observed with the alkyne DMAD. This alkyne
inserts into the k-Me bond of the Rk Ir cation 71 shown
in Scheme 112 to give the alkenyl comp@k3 The related
u-CH, diiridium hydride reacts similarly but a (parallel)
bridged DMAD hydride complex is a byprodutet.

Scheme 112. Alkyne Insertion into an Iridium—Methyl
Bond of an Iridium —Rhodium Complex

T/OC\F\, “+ T/\T HiC, “+
- C CO,Me
MeO,CC=CCO,Me 2
OC—Rh >|r—c:H3 #— 0C—Rh— >r—C
! & Fl’ 2Cla /1t F|’ o° F[ CO,Me
\/ \/

7 213 (75 %)

The early-late trimetallic chain complex Ggr{Ru-
(CO)XCp}2 214 undergoes a slow intramolecular—€l
activation reaction to give the reactive specd%, which
is not isolable. A tilt angle of 34was found in the isolated
and structurally characterized Ridr(CO) species [(OGRu-
(u-n°(RU),n*(Zr)-CsH4)Zr(CO)Cp] (Ru—2r),*° and in215,
the Zr—C o-bond is also likely to be out of the plane of the
CsH,4 ring. This significant angle strain explains the high
reactivity of the ZrC o-bond in 215 toward insertion
reactions'® The complex inserts both Me&€CMe and
t-BuC=CH into its Zr—C bond (the latter regioselectively)
to form less sterically strained bimetallic complex2k6
(Scheme 1130192

3.4.4. Alkyne—Alkyne Coupling

Alkyne coupling reactions on metals are very well-known
and monometallic, homobimetallic, and heterobimetallic

cleavage and €C formation reactions occur. Three-alkyne
couplings frequently give rise to “fly over’-type complexes.
Alkyne—alkyne coupling reactions that arise from the
reaction of two monometallic species have been discussed
previously (section 2.1.5).

When asymmetric alkynes dimerize, their couplings are
often highly stereospecific, especially when terminal alkynes
are involved, owing to the large steric difference between
the two ends of the alkyne. This is seen when the Rk
phosphido-bridged compleX17 is treated with Ph&CH.
The head-to-head alkyne coupled product obtai2é@, is
a Rh-CPh-CH—CH-CPh rhodacycle that isz-(37*)-
coordinated to the iron (Scheme 1%23).

Scheme 114. Head-to-Head Coupling of Alkynes on an
Iron —Rhodium Framework

Pho /7
q-: PhC=CH (excess) H\C \/
(cod Rh< Fe(CO, e —— III== Rh=\—Fe(CO,
IR s (GO thf / reflux o \ Fe(C0%
P\ ph” /P Ph
!-Bu t-Bu t-Bu t-Bu

217 218 (70 %)

The alkynes shown in Scheme 115 react with cobalt
molybdenum and-tungsten complexe®19aand219bin
refluxing toluene to give metallacyclopentadienyl complexes
21in which the group 6 metal forms part of the metallacycle.
Massive decomposition ensues when more forceful condi-
tions are used. However, under milder conditions, perpen-
dicularly coordinatedu-alkyne complexesl28 may be
isolated, which themselves add on a molar equivalent of
alkyne to give metallacycle®l. Dissymmetric alkynes give
only one metallacycle isomer of ty@. An X-ray analysis
of the bigdiphenylacetylene) compleXle (ML, = CpMo-
(CO)y; R* = R? Ph) (Scheme 115) shows that the
molybdenum-carbono-bonds in the metallacycle ring are
equal. All C-C ring distances are also equivalent in the
metallacycle, and a CeMo bond is preserit

These results were independently confirmed with the
reaction of comple19cwith excess Ph&CH, which gave
complexe1f (ML, = CPW(CO),; R! = H; R> = Ph) and
128e (ML, = CPW(CO); L = CO; Rt = H; R2 = Ph).
Small quantities of the fly over compl@QOformed by head-
to-tail coupling of three alkynes (as shown in Scheme 115)
were also isolated in this reaction, and its structure was
established spectroscopicalfyThe head-to-head coupled
product21f has the same linkage as is seen in the- Rk

examples of this kind of reaction are well represented. Thesecomplex218’ and does not react with more phenylacetylene
reactions can be complex, and frequently, in addition to to give the fly over complex.

alkyne—alkyne coupling, alkynecarbonyl coupling is ob-

The bis(triphenylphosphine)-substituted compl2k9d

served. Furthermore, the reaction is not necessarily limited afforded the Ce-Mo u-PhG=CH complex128f (ML, =
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Scheme 115. Alkyne Coupling on CobalMolybdenum and Scheme 116. Alkyne-Phosphinoalkyne Coupling Reactions
—Tungsten Bonds on Cobalt—Molybdenum and —Tungsten Bonds
R Ph
< j PhP /. CO,Me
\ Q‘;\ /é) 219a:M=Mo; L=CO;R=H Ph,PC=CPh \\\%
M———4— 219:M=W; L=CO;R=H Mo A CPIOCMO==\Co(CO),
AN |° 219c:M=W; L=CO;R=Me (1200) COMe
c 219d: M = Mo; L=PPhy; R=H 221a (33 %)
o]
1 Re N R?
R', R2=H, Ph, CO,Me C—ac’ e /
16=CR2 | R' =H; R2=CO,Me = Ph,PC=C'B|
RIC=CR R',R2=Ph 2 Cp(OC)ZM/\ 0(CO)3 to?uene/Au Cp(OC)Mo —Co(CO)z + Cp(CbMO— —Co(CO)z
128g: M = Mo; R', R2 = CO,Me (128h)
(219c) 128h: M= Mo; R" = H; R? = Bu 221b (11 /) 22024 /’
(R'=H; R2=Ph) 128i: M=W;R'=H; R2='Bu Ph PPh,
1 PhoPe /. Phe/ H
™\ R Ph Pcsoen_ \{i\/g—‘c co), + wiﬁo co
/ AN oenes s~ CPOO) o(CO) + CHOO), o(CO),
Co(CO) L LoM —CO(CO)Z < \CO(CO)z BT e o7 2gs%
221d:M =W (7 %)
128 w Ph
Ph.
ML, = CpMo(CO),; L = CO P N
ML, = CpMo(CO)y; L = PPhg (21f: ML, = Cp'W(CO)y; o

X
1_H-R2= + Cp(OC)W==NCo(CO)
ML, = CpW(CO),; L =CO R'=H; R? = Ph) p(00) Solcok

ML, = Cp'W(CO)y; L=CO 2020 41 %)
CpMo(CO); L = PPh; R = H; R? = Ph) An intermedi- The other complexe£25 (obtained on Ce-Mo and Co-W
ate complex in which the PRligand was still coordinated  frameworks), contain new-hydrocarbyl ligands in which
on to the cobalt atom was isolated. The-@do distance in PPh andt-BuC=C fragments have added to the two DMAD
128fof 2.698(1) A% is marginally longer than the value of ~acetylenic carbon atoms. X-ray diffraction studies were
2.6761(1) A seen in the linked diphenylacetylene complex performed on an example of each class of compiéx.
21e% Scheme 115 summarizes these related reactions.

The coupling of diphenylphosphino-alkynes with other Scheme 117. Cleavage of a Phosphinoalkyne and Coupling
alkynes has also been carried out on these popular grougPf the Fragments with DMAD on Cobalt—Molybdenum and

6—group 9 frameworks. Complexe28g and 128h react | ungsten Frameworks o

with PhPC=CR (R = Ph, t-Bu) but do not always give MeOC  coMe o B

simple alkyne-coupled products, and carbhosphorus e esd™™ enponcen =% ‘O

bond cleavage is a common theme of these reactféishe p(00) M//\\CO(CO) “owene A CPOOIM Go(CO)e + CPOOWT }‘00(00)2

u-DMAD complex 128gcouples regiospecifically with Bh ’ ) Ph,PC-C'BU Pry O

PC=CPh to afford the molybdenacyclopentadienyl species 128g: M= Mo 223a: M= Mo (20 %) 22a (13 %)

2213 which is similar to complexe&1 but in which there 1= M= e

is additional phosphorus coordination to the molybdenum Lomeog

atom. The reaction 0128h with PhhbPC=Ct-Bu similarly R

yields 221b, but a phosphine oxide produ@22a that . Cp(ocw/\\ _peh

probably results from fortuitous oxygen is also isolated. o,

X-ray diffraction studies of most of these molybdenacyclo- T2 Mo W (100

pentadienyl species were undertaken, and it was shown that

they all contain normal CeMo bonds of around 2.76& Complex 224a undergoes a remarkable reaction with

0.02 A% excess Ph&CH to generat®26, which contains a carbene
The reactions of28hand128iwith PhhPC=CPh differ. ~ and a 1,3,4-triphenyl-cyclopentadienyl ligand, derived from

The Co-Mo complex 128h gave only221c!% However, the trimerization and bond-cleavage reactions of threesPhC

complex128iafforded three tungstenacyclic produg1d CH units (Scheme 118). Compl@26was obtained in 46%
21g and222b), with structures shown in Scheme 1%#6In yield, and its structure was established by X-ray diffractfdn.
each case, there is alkynphosphinoalkyne coupling, and
all three molecules have a WC-t-Bu—CH-— linkage.
However regio isomers with a WC-t-Bu—CH—CPh—

Scheme 118. Carbene and Cyclopentadienyl Ligand
Formation from PhC=CH on a Cobalt—Tungsten Center

C(PPh) and a W-C-t-Bu—CH—C(PPh)—CPh connectivity OMe poMe

are both obtained (in a 1:4 ratio). The third prod222bis ~__c=CBu MeOL~ c%C\ /Bu

a phosphine oxide complex similar 22a ] /\C PhC=CH (excess) HC\ //\\ Ph__ph
Reactions that involve:-DMAD complexes can yield PN ™0% ™ ienera o N

more complex products because the DMAD ligand contains Py 02 P,

ester functionalities, which can also ligate to metals. This is 224a 226 (46%)

observed in reactions of the DMAD complexesi@8g(M

= Mo) and128j (M = W) with PhhbPC=C-t-Bu. Complexes The mixed Fe-Ru diisopropylimmine-bridged complex
are obtained in which the alkyne simply coordinates to the 209aand its Fe and Ry analogs (Scheme 119) all react
cobalt atom 223); another reaction pathway cleaves the with alkynes. In some case&09a is, surprisingly, less
PhP—C bond of the phosphinoalkyne and generates the reactive than its homobinuclear congeners (see section 3.4.1,
specie224aand 225 shown in Scheme 117. One product, Scheme 109819 The Ry complex adds on an ethyne
224a (M = W only), results from phosphinoalkyne—& molecule to give a parallel bridgedethyne complex, but it
bond cleavage andBuC=C—alkyne coupling: one of the  does undergo an alkyrémmine coupling with H&ECCO,-
ester CO groups of the DMAD ligates to the group 6 metal. Me (section 3.4.6, Scheme 128). The corresponding diiron
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species and209g in contrast, dimerize ethyne to give, Scheme 121. But-2-yne Dimerization on a Group -6Group
respectively, the irorferracyclopentadienyl speci€27a 6 Carborane pu-Carbyne Complex

and its Fe-Ru analog227b—227d'%° However HGECCO;-

Me affords au-alkyne species witt209a similar to that

obtained in the corresponding diruthenium reaction with - N -
. . e
ethyne; no alkyne coupling is observed (see Scheme 128 for N B—n MeC=CMe (excess) — — /
a similar reaction with DMAD). RegioisomeB27eand227f MeC By \RA oy enel1007G //‘\\
are harvested from the reaction of the diiron complex at high \ —MoCrit) CMe
temperature' & ‘{'ol All undesignated carborane \\|// Me
vertices represent BH groups. - C7 )
Scheme 119. Alkyne Couplings on Group 8Group 8 1400 29(20%)
Metal—Metal-Bonded Systems
)H\r at higher temperature and affords the rhenacyclopentadienyl
HO=CH (Ru N/\/ 232in which two DMAD molecules have coupled together,
—-( 2 4N%M Ikyne-alk I :
orvccnne g e ueis as shown in Scheme 12%
H/R/ \R/H .
M. M= Ru: R = Scheme 122. Coupling of Two DMAD Molecules on an
M 2 R < e = COMe Iron —Rhenium Template
y e
Pr\T/ \C<H P \)i Cp(OC),Fe——Re(CO) 1 MeshO Meozo\c c/c>°
| HOCH _ r L p(OC),Fe——Re(CO)s ——————— —
(OC)sM—/—M'(CO). M= *M(CO) + (OC)3R —F j 2. MeO,CC=CCO,M: \
¢ \’il// 3 (209a or Fey) 2 ars e A h 230 a eqeuivz. ) CH3CN7 ne Cp(OC)ZFe/ %0)4
Pr Pr 'Pr 231 (78 %)
Fe,: M, M'=Fe 227a: M, M' = Fe 227d
Ru;: MM'=Ru 227b:M=Fe; M'=Ru
209a: M=Ru, M'=Fe 227¢: M =Ru; M' = Fe
HR MeO,CC=CCO,Me (excess) | heptane / reflux
‘Pr
RH
HC=CR /A > CO,Me
(Fep) (O0Fes j MeO,C~_/ CO,Me
2 \/
. (OC)4Re! — FeCp
Frigi ﬁ?ﬁ’ﬁecgzm'; 'CO,Me

232 (59 %)
Coupling of two alkynes has been observed on other Fe . .

Ru frameworks. The fluxional comple304b reacted with ~ 3-4-5. Alkyne=Vinyl Coupling

HC=CCMe,OH to give the ferracyclopentadienyl complex  Alkynes are reactive enough to insert into alkenyletal

228and the dimetallacyclopentenone comp?@b6i (Scheme  bonds on an irortungsten bimetallic template. The alkenyl

120). No other alkynealkyne or alkyne-CO coupled  complex233reacts in this manner with hex-3-yne to give a

species were observét. mixture of234aand the unstable speci235(Scheme 123),
] which were separable by column chromatography. The two
Scheme 120. More Alkyne Coupling on a Group &Group 8 products are quite different, but in each case, the alkyne has
Metal —Metal-Bonded System formally inserted into the ironalkenyl o-bond. But-2-yne
H gHeeon only affords the ferracycle produ284hb2°? (Note that233
PN Ho-camecn  HOMe0~ <|>/ \T is related to147 the alkenyl isz-bonded to the tungsten
onoore— —Rucocy — & cpooyFe Norucr * CDFG\C —Ru(co)cH" atom in233 but to the iron in147).
[e] o
204b 228 (23%) 2051 (18 %) Scheme 123. Insertion of Alkynes into the Iron-Carbon
o-Bond of a u-Alkenyl Iron —Tungsten Complex
Frequently,u-carbyne complexes react with alkynes to Tol
undergo carbynealkyne coupling. However, when the&- T R H\C¢c/\
Me, carboraneu-carbyne complext40c (Scheme 121) is o= R A - c( "
reacted with excess but-2- -yne, alkyne dimerization occurs; . Fe/ \W(co)ch (OC)FS \;&/‘f,'v(co,cp + OnF W(Co,ch
the resulting GMe; unit in 229is symmetrically bonded to g B0/ \g Tol
both metals. The MeW distance of 2.922(1) A in the 203 234a: R = Et (24 %) 235

complex indicates that a single metahetal bond is present. 2oabiR=Ne (27%)

At low temperature, a tungsten-bonded but-2-yne intermedi- .
ate may bg isolateto 9 y 3.4.6. Alkyne—Alkene Coupling

In most cases, when alkynes dimerize on metals, a The PausorKhand reaction is a synthetically useful
metallacyclopentadienyl complex is obtained. However, organometallic-induced coupling of an alkene with an alkyne
polyfunctional alkynes such as DMAD have other coordinat- and a carbonyl ligand to give 2-cyclopentenones. Most
ing possibilities than just the alkynesystem, and this can  heterobimetallic examples of alkenalkyne couplings in-
affect the outcome of the reaction. When the-Re complex volve PausofrKhand chemistry. The classic Pausdthand
230is reacted with DMAD, the initial produ@31 contains reaction is carried out on a dicobalt template, but this reaction
a single bridging DMAD unit that ig-coordinated to both  has recently been extended to cobattolybdenum systems.
metals and in addition is coordinated to the rhenium atom The PausonKhand reaction of both norbornene and nor-
via one of the oxygen atoms of the ligand. The-fRe bond bornadiene mediated by cobatholybdenunu-alkyne com-
no longer exists. Complef31 reacts further with DMAD plexes of the typel28 gave the free tricyclic enone&36
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(Scheme 12432 The reported yields are higher than those
in the dicobalt system. When chiral unsymmetrical alkynes

such as menthyl propargyl ether are used, a diastereomeric

mixture of Co-Mo u-alkyne complexes are obtained that
may be separated chromatographically. The use of a di-
astereochemically pure €dvo complex gave rise to a
diastereochemically pure organic product with no sign of
the other isomer, in effect giving the asymmetric Pauson
Khand reaction. High levels of stereocontrol can be obtained
by taking advantage of the chirality of the dimetal core, in
what can be termed an enantiospecific Paudtimand
reaction?03.204

Scheme 124. PausonKhand Reactions on a
Cobalt—Molybdenum Template

Lb (B aun) Lbi}

toluene / 70 °C
236

R', R2 = Ph, Me
R'=Ph, Bu; R2=H

R! R2
\C\‘C/
//\\

Cp(OC),M Co(CO)s

Exofused cyclopentenone adducts are obtained almost
exclusively when this reaction is attempted in the dicobalt
system. However the cobaltnolybdenumN-(2-alkynoyl)
derivatives of chiral oxazolidinones or sultams of geometry
128“show an unprecedented reversal of this stereoselectivity
in their reactions with norbornadiene predominantly giving
rise to endaefused dicyclopentadieone produc@87 in a
totally regioselective fashior?® Cobalt-tungsten systems
behaved similarly, givingxofused adducts with “classical”
alkynes andendofused adducts with thé-(2-alkynoyl)
derivatives. Yields are superior to the €blo systems in
most cases (Scheme 125).

Scheme 125. Regioselective Ring Fusion Reactions on
Cobalt—Molybdenum and —Tungsten Templates

Me
N\

o)
o} C>\\xo Kb (10 equiv.)

N
//\\
toluene /90 °C

Cp(OC),M Co(CO)3

128

M = Mo, W
X = chiral sultams or oxazolidinones

Enantioselective heterobimetallic Paus¢thand reactions
have been reported on a €Mo framework by using the
chiral-substituted cyclopentadienyl ligands on the molybde-
num atoms of the complexe$28k and 128l shown in

Scheme 126. Both (separated) diastereomers yield organic

enones in at least 95% enatiomeric excéss.

An alkene-alkyne coupling reaction that is not of the
Pausor-Khand kind has been reported (Scheme 127). The
u-HFB cobalt-ruthenium complexX238 reacted with 1,1-
dimethylallene to give239. The organic ligand in239,
formed by coupling the central carbon atom of the allene
moiety with the alkyne, isA)n*ligated to the cobalt and
forms twoo-bonds to the ruthenium atom. The structure of
239reveals a CoRu single bond of 2.6717(17) &8
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Scheme 126. Enantioselective Pausethand Chemistry on
a Cobalt—Molybdenum Framework

75 %, ee = 100 % 60 %, ee>95 %

Me H

H

5 L
Cpt= Me o)
[¢] Me

Me

Scheme 127. DimethylalleneAlkyne Coupling on a
Cobalt—Ruthenium Bond

FsC CF,
FaCy CFs N ikl
3 C=—(C
Me,C=C=CH.
(OC)sRu//\ oCp* z 2 (OC)sRu -CoCp*
hexane / rt ¢
O Me/(/:/ ScH,

238 Me

239 (32 %)

relative yields of these species depend on whether the
reaction was produced in the presence of UV ligiti can

be the major reaction product under UV irradiati§hThe
DMAD in this complex can be considered to have inserted
into the Fe-C bond of the diazadiene as is apparent from
its structure.

Scheme 128. Alkyne-Diazadiene Coupling on an
Iron —Ruthenium Template

H
R

Pr ¢CI:\ _H 'P' % RC\ ipr
c \\ Y
(00), Al / \M(CO) roon =N //\F (CO)s + (00) i o)
u — e u— el
3 \N/ ®  hexane /1t x| s ° \N/ 2
| (209a) “,‘ )
iPr ipr ipr
M = Fe (209a), Ru HOGH 240: R = CO,Me 241:R = CO,Me
HCE=CR \ (M= Ru) (209a) octane /90 °C
y o A
T.
RC-_ C\ i \Né ~¢
L N’ r VAN
( (OC)3M\ 7—M/(CO); +... (see Scheme 110)
(OC)Rus— >Fau(00)2 'Pr'\N\(\;H )
| % //C\\CH
iPr o 5%
R =CO,Me 242a:M =Ru; M =Fe

242b: M =Fe; M =Ru

The alkyne H&CCO,Me affords a parallelu-alkyne
species with209a (see Scheme 119); however, this alkyne
reacts with its diruthenium analog to give theRguivalent

Coupling reactions between ligated diazadienes and alkynesof 241, but in contrast to FeRu specie®241, which contains

have been seen in some ireruthenium complexes. In
complex 209a shown in Scheme 128, only one of the
diazadiene &N carbon atoms is bonded to a metal (iron).
This complex reacts with DMAD to give two products, a
simple alkyne addu@40and the more comple241, which
results from a diazadiereDMAD coupling reaction. The

only terminal CO ligands, one of the CO ligands in the,Ru
complex is bridging?®® This suggests a different electron
distribution in the otherwise similar complexes. Ethyne gave
primarily ethyne-ethyne coupled products wigtd9a(Scheme
119), but trace amounts-6%) of the diazadieneethyne-
carbonyl coupled produ@42 could be isolated?:1%°
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3.5. Alkene —Ligand Coupling

3.5.1. Alkene—Carbonyl Coupling
Direct alkene-carbonyl coupling (as opposed to alkene

acyl coupling) is rare on bimetallic frameworks. An example

is the reaction of allene with CO on an-+Bt framework in
the compoun@07to give complex243in which the allene
has linked up with the carbonyl ligand to give a C{QH,—
C(=CHy)— grouping that bridges the Fdét bond. This
reaction is shown in Scheme 129.

Scheme 129. Coupling of Allene and Coordinated CO on an
Iron —Platinum Framework

p p p Np
H,C=C=CH, (excess) _ ‘ .—|,.

(OC)3Fe\C /Pt(PPha) M 120 °C (OC)sfF c‘ r|.(PPh3)
© c c

207 o7 o e,

Hp
243 (35%)

In the presence of PRhthe “early-late” anionic sulfido
complex [(OC)Rh(u-SyZrCp*;]~ 244 initiates the carbo-

nylation of ethylene at high pressure to give acrolein, as
shown in Scheme 130. Addition of triethylorthoformate
generates 3,3-diethoxyprop-1-ene in what is now a catalytic 135

reaction?10

Scheme 130. Coupling of Ethylene and CO To Give
Acrolein, Mediated by a Rhodium/Zirconium System

244 (0.01 mmol) / PPhg (0.05 mmol) H
~ + CO ° /\ﬂ/
hexane / 140 °C (o}
10 bar 10 bar
40 % /244
S 0]
RN _C
244: (AsPhy) | Cp,*Zr Rh
4, [ 2 \S/ \CO

3.5.2. Alkene—Acyl Coupling

Some acyt-alkene coupling reactions are known. These

usually have been observed on an-Ral framework, but
recent examples on a relatedéi system have been noted.
When theu-dppm iron—palladium complex97b, which

contains a Pd-bonded acetyl, is treated with norbornadiene,

the ligand inserts into the PAC(O)CH; bond to give the
coupled compleX45bthat is now bonded to the palladium

Ritleng and Chetcuti

Scheme 131. AcytAlkene Coupling Reactions on
Iron —Nickel and —Palladium Frameworks

b /\P b /\P
(OC):F .ln //o nbd ©0) E‘ "“d
(MeO),Si——0,_ (MeO)sSi 0=¢,

M
97a:M=Ni = 245b Me
97b: M = Pd
nbd ‘ M= Ni l co

o N J nbd
OC)qFe Ni
(OC)q I o /\p
(MeO),Si o Clome | \

2452 Me (OC);;Fel P‘d

“ (MeO),Si 0=¢
Q

c

b /\P X

| | Me ™,
(OC)SFe\ fNi 246 (n=1,2)

(MeO)ZSi—o\O"*C\
Me Me

112) inserts both ethene and propene (regioselectively) into
its Zr—C bond to give complexe®47 as shown in Scheme
An X-ray diffraction study was undertaken of the
ethylene addition produ@47a and this confirmed that a
Ru—Zr bond of 3.064(1) A was preseH!o2

Scheme 132. Alkene Insertion into a Zirconium-Carbon
o-Bond of a Sterically Strained Early—Late Heterobimetallic
Complex

Au(COlCe H,C=CHR
,C=
CpoZr. CpoZr I;{u' E— R
Ru(CO),Cp fe N
214 215 I
= CpyZr Ru
§%
C
Cp&_ @ H,C=CH, 247a:R=H
o Ru 247b: R = Me
/ P - CyHg
585

The related species [Cp(ORu—ZrEtCp] (Ru—2Zr) also

reacts with ethylene and liberates ethane to give the same

. . . 10
atom via the acyl oxygen atom as well as via a norbornadieneComplex247a

carbon. The whole sequence of insertions into the-®d

The azadiene iroaruthenium complex248a shown in

bond, starting with carbon monoxide insertion followed by Scheme 133 slowly undergoes an unusual reaction with
norbornadiene, may be repeated at least two more times td-BUCH=CH,. The olefin couples with the phenyl-bonded

give product246 (Scheme 131). The reaction is promoted Ccarbon atom of the ligand and thehydride to form the new

by the hemilabile Si(OMe)ligand, which reversibly forms

aza-allylic complex249 and a now saturated CPh carbon

a (MeOYSiOMe — Pd bond and generates a vacant atom. A mechanism for this reaction is propo$€d.

coordination site when needé&d.Similar insertion reactions
are observed with ethylene or with methylacrygtand with
7-oxanorbornene or norbornefié.The crystal structure of

the 7-oxanorbornene insertion product was determined via
an X-ray diffraction study!! Insertions are also observed

with the Fe-Ni complex 97a In this case however, a
methoxy oxygen atom from a bridging Si(OMe)gand

competes with the acyl oxygen in coordinating to the nickel

atom?1°

3.5.3. Alkene—Alkyl Coupling
This reaction is similar to acylalkene coupling on metal

Scheme 133.t-Butylethylene—Azadienyl Ligand Coupling on
an Iron —Ruthenium Template

iPr
\

iPr 4 N
N~ t+Bu / N
(oc)aﬂﬁg\\—je(co)z = ey (OC)SRUQ_Fe(CO)s
heptane / 100 °C g

Hph 2
PR CH,CH,t-Bu

248a 249 (70 %)

3.5.4. Alkene—Alkene Coupling

This reaction has not been commonly observed and known
examples come from one of the author’'s own results. When

acyl bonds. It is not commonly reported. The reactive speciesthe bimetallic unsaturated comple302g which may be

215formed from the trimetallic chain compléx4 (Scheme

considered to contain a f&iMo double bond, is refluxed in
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thf with methyl acrylate, (Cl=CHCGO:Me), a C-C coupling The early-late iridium—zirconium complexX253a[Cp*Ir-
reaction of the olefin ensues. Compl2%0, which contains (u-H)(u-N-t-Bu)Zr(O+4-Bu)Cpy] (no Ir—Zr bond) reacts with
a molybdenum atom that ig*-coordinated to a MegC— methyl triflate to give (free) methylcyclopentadiene and the

CH-—-CH-—=CH-CH,—CO,Me ligand, is obtained, as shown structurally characterized comple&364 shown in Scheme
in Scheme 134. The ligand forms by effective head-to-head 136. This reaction is surprising since there are other reactive
coupling of the olefin together with a simultaneous-i& ligands present in the initial molecule but they are untouched.
activation and a 1,2-H migration reaction. The alkenes have The lower electron density on the zirconium atom that results
not strictly dimerized, since the new coupled ligand contains from Cp ligand loss is somewhat compensated by increased
one hydrogen atom less than two methyl acrylate moiétfes. electron donation from the-imido ligand. Thus, the Z&N

bond is observably shorter in the prod&%4 than in a

Unsaturated Nickel—Molybdenum Complex group); the reverse is true for the-N bond lengtt?8
Cp
oo Nlo ,,,,, co Scheme 136. Elimination of MeGHs from an Iridium/

N H,C=CHCO,Me (excess) o | Hu Zirconium Bis-cyclopentadienyl Complex on Addition of
Cp'_Ni‘iT/'}no-Cp thf / reflux MeOAMKOMe i MeOSO,CF3

& & (0] 'Bu Bu

202a 250 (20 %) BuO | T

NG A MeOTf NG L
The solid-state structure &f50 was determined unam- PN Toenern FIN, S et

biguously by an X-ray diffraction study, which revealed that 253a 'BUO gy
the ligand isexobonded to the Mo(CQLp fragment.
HoweverH and 3C NMR spectroscopy antH—'H and An unusual reaction between the allenyl compib&a

13C—1H 2D NMR correlation spectroscopy indicate that in and tolylsulfonyl isocyanate led to the formal insertion of
solution exo and endoisomers coexist in equilibrium in a  the organic ligand into one of the two— bonds of the
5:2 ratio. No coupled products were ever observed when theallenyl ligand in complex256. Another product257, was
molybdenum or nickel dimers were reacted with methyl isolated, which resulted from the cycloaddition of the ligand
acrylate, indicating that a mixed-metal system is required to the allenyl group. Produc256and257were obtained in
for this coupling reactiof!®214 a 5:1 ratio. The structures of both species are shown in
Allene trimerizes on the nickelmolybdenum framework ~ Scheme 137. When the two platinum-bonded fkfands
present in the compleg99ato give theu-,°1,biallylic are replaced with other groups (e.g.P{CH,)sPPh or 2
CgH1» dianionic ligand, shown in Scheme 135, that straddles t-BuNC], only cycloaddition products similar t857 are
the two metals in comple2512%5 Two new carbor-carbon observed?®®
bonds are formed in this oligomerization reaction. This ] ] ]
reaction contrasts with that of allene with two related Scheme 137. Coupling of an Isocyanate Ligand with an
homobimetallic dimers: the dinickel complex [N{CO)- Allenyl Group on a Platinum —Ruthenium Framework

Cplz (Ni—Ni) reacts very slowly to give a related complex Q}; A o
252, in which two allenes have coupled to give the biallylic Tosyl—y” Nem
w-1n2m%-2,2-CeHg ligand. As in251, there is no metatmetal HCP(OC)RU/ \Pt(PPh)
bond present!® In contrast, the unsaturated dimolybdenum on . e
complex [Mo(CO)Cp]. (Mo=Mo) adds on a single allene e ToISO,NCO (excess) 2% (f“ ?)
to give the u-n?n?m-allene complex shown in the /N toluene /78 °C to t
scheme6.217 Cp(OC)Ru Pt(PPhg), 0
: 255a Tosvl\N/C\CH
2

Scheme 135. Reactions of Allene with NickelMolybdenum Ph/\czc/
and with Related Dinickel and Dimolybdenum Complexes CP(OC)RU/ \H(Pphs)z

QD\N"_,%\M /Cp' H,C=C=CH, (excess) |>—<_<< " /Cp' 257 (11 %)

i o U —— ' —Mo_ L. . . .
o’ Ty % hexanes /1t i &% The bridging cycloheptatrienyl ligand in complex2s8
199a Ce 251 © undergoes nucleophilic attack with aryllithium reagents and

° then electrophilic attack, with ED*BF,~, to give the ring-
PN H,G=C=CH, (excess) /K P opened conjugated:-octatetraene complexes shown in
Ni Ni Ni Ni
/
>

cp N i hexanes / rt o Scheme 138. The structures of some examples of these
o - complexes were established by single-crystal X-ray diffrac-
9 tion studieg?0:221
e A
Cp——Mo/iMo-—Cp _MeC=C=CH, (excess) h‘,,o/\/\,v,q/cp Scheme 138. Cycloheptatrienyl Ring Opening and
-/ toluene /rt oo % { Formation of an Octatetraene Complex on Group 7Iron
¥ % §%
Complexes
. OEt
3.6. Other Miscellaneous Carbon —Carbon - N _
Couphng @ 1,gr|5_itéziglii(\§.)/Etgo \/\ — Ar
5510 -
This section covers a wide range of different and often (oo)SN{/ Fecon 2 EOBR /HOI0c o oo
uniqgue C-C coupling reactions that are characterized by 258a: M = Mn M < M. Re: Ar < Ph

unsaturation in at least one of the two fragments that are ~ 2**"="° M = Min, Re; Ar = o-MeCehly
M =Mn, Re; Ar = m-MeCgH,

coupling together. M = Mn, Re; Ar = Tol
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Aldol coupling of ketones has been observed on unsup- of the unsaturated bridging ligand and to the formation of a
ported ironr-zirconium-bonded complexes. Acetone, cyclo- methylated derivative of a-dppm ligand in comple®63224
pentanone, and cyclohexanone all undergo aldol coupling g heme 142. CarborCarbon Bond Formation by
when these-H-containing ketones are treated with the ifon  \jethylation with Methyltriflate on an Osmium —Rhodium
zirconium complexX259a(Scheme 139). The coupled aldols  Framework
are ligated to the zirconium atom via both oxygen atoms in

H
the product260. They thus form stable six-membered rings /\ H)\Me W
that are analogous to those found in acetylacetonate com- '|’ % T F|’ % T
plexes??? 0C—Rh——0s—c0 —X1'__ 5G—Ah——~0s—CO
| d:/l CH.Cl, /rt | d:/|
Scheme 139. Aldol Coupling of Ketones withu-Hydrogen S~ A~
Atoms on an Early—Late Heterobimetallic Framework 262 263 (65 %)
T The alkynyl-bridged cationic comple864reacts with allyl
MesS 7~ Sive, chloride or _br0m|_de to give a subsUtutqd-vmyhdgne
| TMe2 | complex265in which the allyl group has coupled with the
o gmﬁk Ng alkynyl ligand (Scheme 143). The reaction progresses
A | @eauiv) R O/Z’\O sequentially and intermediates have been observed at low
VesS: ““VC\s.Me / M temperature. In|t|a172-coord|nat|_on pf the ajl_yl group takes
| ghez T toluene / rt place at—80 °C, followed by oxidative addition of the allyl
TR L 260a and the halide groups at50 °C. Final transformation to
B Z|’ the vinylidene complexe65 takes place at 20C 225
oc"yFe\ toluene / 1t I S_cljeme 143. _AIkynyI—AIIyI Coupling on an
g oo o Mezsi\\\é‘i’{ﬁeg\TiMez Iridium —Rhodium Framework
2 equiv. 1
259: R = 2,3,4-FsCatly ﬁn( ) f?ﬁ.'f}z Ng TQT -‘ . T@T CHZX—‘*
N Rh/\c\lr\ HeOZCHORX Rh,{/QC\Irfm
§7 & [ w7 e
------- ) P\/P P\/P
264
n H,C=CHCH,X
2600:n-1 H,C=CHCH,X | 20 °C -50°C
The metal-mediated WagneMeerwein rearrangement of - Bhp W p— Np 1
a dimetal bonded carbocation has been observed. The bornyl- i | I'i“/CsC\l o~
. h Ir OC—Rh I
type cation bonded to a cobalnolybdenum u-alkyne, x/|\c/|\co 20°C |~ e
whose framework is of typ&28 undergoes this rearrange- P\O/P PP
ment to give a fenchyl-type cation (Scheme 1209). 265a: X = Cl
265b: X = Br
Scheme 140. WagnerMeerwein Rearrangement on a The u-acetyl group that connects the zirconium and
Cobalt—Molybdenum Bond rhodium centers in comple®66 (Scheme 144) is linked to
the oxophilic zirconium atom via its oxygen atom. When
jg 4b< treated with CHI, acetone and the bjg{halo) complex267
g I Metal-mediated . are formed in a heterobimetallic reductive-C coupling
\\Mo(CO)ZCp Wagner-Meerwein rearrangement \\Mo(CO)QCp reaction. The initia,u-acetyl Complex may also be protonaIEd
(ocw\/\c/ (00>300\/\C/ with HCI. The intermediate rhodium-bonded hydride species
Ve Ve that was observed in thetH NMR spectrum reductively

eliminates acetaldehyde (see Scheme 172). It is noteworthy
that none of these earhate heterobimetallic complexes

The nucleophilic attack of MeLi on a carbonyl complex contain metal-metal bonds, and the comment is made that

normally leads to an acyl anion. Protonation of this species _ ¥ .
followed by hydroxide-ion loss could lead to a metal carbyne this system “appropriately models a heterogeneous Rh/ZrO

. | ooy 0207
complex. When this reaction sequence is attemped on themterface while avoiding intimate Rh/Zr contact!
Fe—Ru complex204a this is indeed observed (Scheme 141). Scheme 144. Methylation of au-Acetyl Ligand of a

The resulting red cationic carbyne compl2gl was not Rhodium/Zirconium Complex

isolatedt70-171 o0 e o
N ' PN CHgl | o o
Scheme 141. Nucleophilic Attack on a Carbonyl Ligand OC—Rh>=O,ZGC‘ oo, 0ROt PN
Followed by Protonation To Give au-Carbyne Complex thl O/ thl ! o/ 89 %
. ~_ ~_
0 '\I/Ie 266 267a (85 %)
PN 1. MeLi P
CPOORE MO e p,0  CPIOORST Ruicos 4. Carbon—Carbon Bond Cleavage on Preformed
© 2040 S 2 Heterobimetallic Frameworks

Reported reactions of this type most commonly involve
Treatment of the osmiumrhodium complex262 shown the scission of a €CO bond in entropy-driven reactions
in Scheme 142 with methyltriflate leads to the methylation that liberate free carbon monoxide. Many of these reactions
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are decarbonylation reactions of metallacyclic species, and The PhG=CPh group in the dimetallacycle compl2@5c

these are considered together in section 4.1. Other decarbois smoothly substituted with Me€CMe to give free

nylation reactions are classed in section 4.2. [For examplesdiphenylacetylene and a new metallacy@e5b, which

of decarbonylations that occur during protonation reactions, contains a but-2-yne fragment, by simply heat2@pcin

see section 5.1.9]. toluene with excess but-2-yne (Scheme 147]See ref 186
for a related reaction).

4.1. Carbon —Carbon Bond Cleavage by

Metallacyclic Complex Decarbonylation Scheme 147. Substitution of a Ph&CPh by a MeC=CMe

. ... Group in a Metallacyclic Species
The metallacycles that are formed by coupling of CO with P y P

alkynes or with other organic groups often decarbonylate ¢ i
on heating, and this is a common decomposition pathway
for these species. Typical examples, from one of the authors’ CpFe

MeC=CMe (excess)

Ru(CO)Cp Ru(CO)Cp
own results, are the general decarbonylation reactions of \8/ toluene /4 \8/
group 6 nickelacycle complexeX)1 to give theu-alkyne 205¢ 205b

complexes200, which have a dimetallatetrahedrane geom-

etry, and free CO (Scheme 145). These entropy-driven The decarbonylation of the molybdenum platinacyclobuten-
reactions take place on heating and are facne. Thg Masspne complex211ashown in Scheme 148 also involves a
spectra of metallacyclez01show the parention as a minor - group migration. Whe11ais allowed to stand in acetone-
peak: predominant peaks are those W|th|_n/az ratio that ds at 50 °C for 2 days, it undergoes a decarbonylation
correspond to thei-alkyne complexes, which result from  yeaction that is accompanied by a methyl group migration.
decarbonylation of these metallacycles (see also section 3.4.17ne final product is a-C(CO:Me)=C(CO,Me)Me alkenyl
Scheme 105)>131:1%0 complex269awhose structure was determined by an X-ray
diffraction study. This complex adds CO reversibly. How-
ever,211ais not reformed, but instea2i70is obtained. In
this species, the IC;H,PPh ligand is monodentate with

Scheme 145. Thermal Decarbonylation of Alkyne-Carbonyl
Coupled Metallacycles

R R' . .
o) "\ / the NE& group no longer coordinated to the platinum at§fn.
Lo ot A P et
_Ni M e N>y . .
cp* \ e -co ot \c‘F/ \CO S(_;henje 148. D_ecarbonylatlon Accompanied by a Methyl
201 3 200 Migration Reaction
M = Mo, W; Cp* = Cp, Cp*; Cp' = Cp, Cp' O, R N /c/R
R, R' = various combinations of H, Me, Et, Ph ﬁ'i ﬂ;\ /(9 acetone-d ﬁ‘i /C/\\\Mi 0
. X P/T\C/Mo\cp 50 °C /2 days I \C/Mo\C
The thermal decomposition of the dimetallacyclopentenone  h. ¢, 6 P, G P
complex205d, formed by CG-DMAD coupling (section 2MaR=0OMe 0O (rban)/n D acelone-do/ $0°C
3.4.1, Scheme 107) afforded the parallel-bondddMAD Rie=d.

C
Oc\ / \M MiCO
0

complex206.17%171 However the similar decomposition of ;
the CpFe-RuCp* analog205h led not to an alkyne but to \Agg \g/ “op

the u-vinylidene complex268a(Scheme 146384 Decarbo- 270

nylation and methylcarboxylate group migration occur

concurrently, according to the proposed mechanism, via an4.2. Carbon —Carbon Bond Cleavage by Other

EtN

intermediateu-DMAD complex. Decarbonylation Reactions
Scheme 146. Thermal Decarbonyation of Dimetallacycles on Diphenylcyclopropenone is decarbonylated when it reacts
an Iron —Ruthenium Platform with the cobalt-tungsten comple219b. The product is the
MeO,G COMe u-PhG=CPh complext28m, shown in Scheme 149, which
c—d is believed to form by ring opening of the organic ligand
R [ 205a) OPIOOFE- /\Hu(co)cp and c_oordination of the resulting CPEPh—CO group onto
OO R g the dimetal center, followed by decarbonylatigh.
| | 206
Cp'Ee\c/':""co)Cpr toluene / reflux MeO,C_COaMe Scheme 149. Decarbonylation of Diphenylcyclopropenone on
e} G a Cobalt—Tungsten Framework
205¢: Cpf =Cp; R=Ph
205d: Cp' = Cp; R = CO,Me . GO0 Ruco)cy f:') -3¢0 Ph Ph
205h: Cpt = Cp*; R = CO,Me (205h) o [(OC),Co-W(CO)CP] + A\ - - /070
é c=-=c_ light petroleum / reflux \\
(205¢) PhsP=CHR' 268a 219 Pn” Ph PO ColCO%s

_PhC=CPh _toluene / reflux

H\ /R'
® ¢ The bridging organic ligand that spans the irgriatinum
AR o bond in243shown in Scheme 150 is formed by the coupling
0 of allene with a carbonyl ligand (see Scheme 129). When
1760: R 2 Me refluxed in benzene, this molecule eliminates CO and forms

the allene comple®71 of unusual geometry. The ligand is
The related Fe Ru metallacycl05cmay be transformed  #3-coordinated to the iron atom but is also linked, via its
into u-CHR (R= H, Me) complexed76aand176bwhen central carbon atom, to the platinum. The structure of the
treated with the Wittig reagents f#+~=CHR (R= H, Me). closely related methyl-substituted allene complex was es-
Diphenylacetylene and CO are liberafé@i’* tablished by single-crystal X-ray diffractich?
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Scheme 150. Thermal Decarbonylation of an AlleneCO
Coupled Product

T/\T P/\P
CH,
(OC);Fe Pi(PPhy) _Cotts /reflux LA rl,PPh)
‘ 2t ‘\\ /r \ 3.
c c | / ©
O/ \C/ %CHQ H,C

Hz

243 271

The Fe-Ru-bonded complek6a(Scheme 13 and Scheme
151) affords a mixture of di- and trimetallic products when
reacted with [Pt(PPJ(r-CoHs)]. The trimetallic products
272and273contain Ru-Fe—Pt linkages:272is an allenyl
species, whil®73is au-dimetalloallyl complex, coordinated
to a third metal. In these two molecules, the €O bond
originally present has been ruptured. The third prod2egh,
is a PPl-substituted analog d?6a228

Scheme 151. Decarbonylation and Subsequent Reaction of
an Unsaturated Hydrocarbyl Ligand Straddling an
Iron —Ruthenium Bond with a Platinum(0) Complex
PPh.
L
Ph\c/
Cp(OC)Ru— || ==Fe(CO);

%
HC”

—

272 (25 %)

PPhs

Ph Hy | _PPhy

Cnn

¢ |
Cp(OC)Ru/g\"\‘CH—Z/Fe(CO)Z

273 (19 %) o

H,C.
N,
C—C\
Cc=

[P(PPhg),(n-C2Hy)]
thf/0°Ctort

Cp(OC)Ru Fe(CO)3

26a

HoCe Ph

/
So=c¢
c=0
/
Fe(CO)a(PPhg)
26b (19 %)

— Cp(OC)Ru

The thermolysis of the iroaruthenium 2-pyridylimine
propenone comple®10a(Scheme 152) led to a rearrange-
ment of the imine ligand and to the cleavage of the alkyne
C(O) bond to give the:-alkenyl complex274a shown in

C
the scheme. The diimmine ligand rearrangement involves a Cp(OC)QWQMLn

H-transfer reaction from the N-bonded isopropyl carbon atom
to what becomes the terminal vinyl carbon. The unsymmetric
propenone specie210b afforded a mixture of alkenyl
complexes274b and274¢188

Scheme 152. Decarbonylation and Rearrangement of a
Diimine —Propenone Iron—Ruthenium Complex

“
X H

N eo A
toluene
[ \—Ri Fe(CO)s (OC)ZRu-g/—Fe(CO)a
&/\ 100- 110 °C N-oR)
= I N
H/Cvc§o Me—G O R
C H

| Me

210a: R, R' = CO,Me
210b: R = CO,Me; R' = H

274a: R, R' = CO,Me
274b: R = CO,Me; R' = H
274¢: R = H; R' = CO,Me

5. Carbon—Hydrogen Bond Coupling on
Preformed Heterobimetallic Frameworks

5.1. Protonation (H * Addition) Reactions

5.1.1. Proton Addition to Carbynes
Protonation of the alkylidyne carbon atom affordalkyli-

Ritleng and Chetcuti

alkene species. Many examples of this reaction come from
the group of Stone and co-workers. An early report is the
protonation of the platinumtungsten complex3lc The
products obtained are a function of the acid used (Scheme
153). With trifluoroacetic acid, a neutrak-alkylidene
complex 275 is obtained, in which the TFA group is
coordinated to the tungsten atom. In contrast, HBEO
afforded the cationigj-C,H, complex 276 (which is iso-
electronic to the PtRh 5-C,H, species46).143144

Scheme 153. Protonation of -CMe Ligand That Spans a
Platinum—Tungsten Bond

CFCOH (OC)W. PMes)
P! —Pt(PMe
" Et,0/-20 °C (A v
I CFsCO, ©
& 275 (76 %)
Cp(OC)w\%_ —PH(PMe;),
.
31c (9 —‘
HBF, Et,0
CpW———=Pt(PMe3),
thf /1t yANES
HCeon, ©

276 (93 %)

The protonation of thg-CTol ligands present in a variety
of heterobimetallig:-carbyne complexes with WM bonds
(M = Cr, Co, Rh, Pt) has been achieved with HEF,O.
In products9, 174, or 278 the u-CHTol ligand formed is
n-coordinated to the tungsten atom in what can be consid-
ered to be ar-allylic bonding mode (Scheme 15%)141.142
The reactions proceed in high yield and are reversible in
some cases when hydridic sources are adtt€diccasionally,
there is rotation of the Tol group about thg,Gens—Tol bond
at room temperature on thél NMR time scale. This can
be arrested at low temperature.

Scheme 154. Protonation of:-CTol Moieties Affords
p-ntn3-CHTol Alkylidene Ligands

T |
HBF, Et,0 C/H w

CH,Cl, or Et,0

Tol

Cp(OC)W,

oML,

%
ML, = Pt(PMeg), (90 %)
9i: ML, = Pt(PMe,Ph), (81 %)
9j: ML, = Pt(PMePh,), (87 %)
174a: ML, = Co(CO)Cp* (92 %)
174b: ML, = Rh(PMeg)(n®-CoH5) (100 %)
278: ML, = Cr(CO)(NO)Cp (40 %)

31b: ML, = Pt(PMey),
31d: ML, = Pt(PMe,Ph),

31e: ML, = Pt(PMePh,),

148a: ML, = Co(CO)Cp*

148d: ML, = Rh(PMeg)(n®-CoHy)
277: ML, = Cr(CO)(NO)Cp

9h:

Protonation can also be achieved indirectly via oxidative
addition of P-H bonds of PP§H ligands and transfer of the
hydrogen to the alkylidyne carbon atom. This reaction affords
two different products that depend on the nature of the
alkylidyne ligand (Scheme 155). When theethylidyne
complex146b is heated, loss of £, takes place via the
presumed formation and decomposition of xaCHMe
alkylidene complex to givR79. However, thermolysis of
the analogoug:-methyltolylidyne complexl46c¢ afforded
280, which contains au-7%3-CHTol ligand. The lack of
p-hydrogen atoms in the ligand and then®-benzylic
interaction with the iron atom both contribute to the stability
of complex280.7°

5.1.2. Proton Addition to Carbenes
The protonation of carbene or alkylidene complexes leads

dene complexes. These species occasionally rearrange to givan principle to alkyl species. Frequently these species are
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Scheme 155. Oxidative Addition of P-H Bonds and Scheme 157. Protonation of Rhodium-Osmium
Hydrogen Addition to the g-Carbyne Carbon of Unsaturated p-Methylene Complexes

Iron —Tungsten Carbyne Complexes . . N e
;hz Rap\th/ge\ol /Co—‘ CF3SOgH th ,H/_gz\ol /CO—‘
——0Os, e — S
. T (HB(DZ)a)(OC)zW/i\‘Fe(CO)a &7 | | Yoo CeCle/morlowtemp. Rgpe” | o | Vg,
i toluene 180°C 279 (45 %) A~ " P~ "
/p\ -CaHs 650: PRg = PMeg 66c-e
{HB(p2)$HOC)W—Fe(CO),(PHPhy) — /©/ i 5§§:§5§§th @) 0°C/ fast (66d)
et " o3 | iz
C,
toluene / 80 °C (HB(pZ)a}(OC)ZW\\ /Fe(CO)2 P/E P 2+ P N P —| .
B ~c |,H/_C\,/PMe3 | 0‘°\|/co
, O e /Os\ HyC—Rh— Y
280 (67 %) * l o l 5 ! S | Mot
\/
. ) 3 i 282 283
electronically unsaturated, so agostic hydrogen interactions CF3SOH
are often seen in such products. €Ll /1t CDaLClz/-40°C
Protonation of the cationic speciés with triflic acid at N N T
—80 °C leads to dication$6 in which the group 8 metal- |/22\|/CJ OF,80,H | ;—22\|/Co]
bonded methyl group undergoes an agostic interaction with OC/F]“ °|\co D,/ 78°C oc’R|h T,O/"ls\%
the rhodium atom. These complexes are transformed into ~_" NG
terminal rhodium-bonded methyl speci& when the 172
solution is warmed to-40 °C (Scheme 156). Subsequent
“CO insertion” leads tou- I I h i e :
a-acetyl complexes. (These reactions T b T } T H_ng }
have been discussed earlier in section 3.1.1, Scheme 44). "9 g @ _won__ o O @
. . 15Clp / - RgP'
Addition of HCI to the RR-Ru complex65a leads, in & J,\/J, R |\C/r|, e
contrast, to the ruthenium-bonded methyl compsq, oot el Nmks
which also contains a bridging chloride grotip10” P
N NPT
. Q)\ ¢ /CO 39V3 C —H3 ¢ —~ O
Scheme 156. Protonation ofi-Methylene Complexes To oo T S Maonp -0 ™+ o 05
i 7| | Yo OOk | &7 | | &7 | Pome)
Form Methyl Ligands PP P
P/Hg\P —‘ + F’/EP —‘ 2* os9 1-2 weeks ore
th/c\hl/l/co CF3SO3H R|h’H/_C\I\|/|/CO
T Yo W T T [N The monosubstituted trimethylphosphite complexes exist
P~_-F P~_" in two isomeric formsg5f and65g with the rhodium-bonded
65 M= Ry 66a, b P(OMe} ligand cisoid or transoidto theu-CH, group. The
e reactivity of the two isomers toward protonation is different,
HC | (65a) \-40 °C though the same final produdd/c is obtained after 42
o~ o~ weeks of reaction (Scheme 157).
F|’ F!’ W F|' % "’ T* The rhenium-group 6 alkylidene complexes [(O&)(u-
— O ~Chs e O CHTol)Re(CO)]~ (M—Re; M = Cr, Mo, W) decompose
RN R HiC—Rh——M ! -
*7| ¢ | Yo | &7 | N when protonated with HBF However, clamping the two
~_F ~_" metals together witlu-dmpm oru-dppm ligands stabilizes
281 67a,b the system so that the protonation of the comple3@&éat

—78°C affords the 4-methylbenzyl complex@3 shown in

Recently, the protonation of the trialkylphosphine- and Scheme 158 (see also Scheme 43). NMR and crystallographic
trialkylphosphite-substituted rhodiurpsmium complexes data indicate that there are agostic interactions with the
65c—g with HOTf was described. (These complexes are tungsten atom in these products [the-WZ distance to the
trialkylphosphine- or -phosphite-substituted derivatives of CHzTol carbon atom is 2.539(7)Ap*105
65b but the CO ligands are now all terminal). The protona-
tion products of the trialkylphosphine derivatives are the Scheme 158. Formation of a RheniumTungsten Complex
dications 66c—e, whose structures are similar, but not With an Agostic Benzyl Ligand

identical, to the phosphine-free comp&sb. A Rh—0Os bond W Tol ; Nk
. . NA ~
and a fully bridging CO are now present. e HBF. ELO S
. ™ . 4.2 o
These ligands should stabilize the osmium-bonded methyl (OC)sRe ‘A‘“CO% T T R /‘?’(Co)a
group, and the increased electron density thus should lead R PR HQP\OC/PRQ

to more stable agostic complexes. Indeed, a stable agostic 28481 Mo 6330 (80 %)

bimetallic complex282 may be isolated following PMe 284b: R =Ph '

ligand migration in66¢c. However, with other phosphine

ligands, methyl migration onto the rhodium atom takes place, In carbene complexes that contain metal hydride ligands,
accompanied with phosphine loss and coordination of the the addition of the hydride to a carbene carbon ligand can
triflate anion onto the osmium atom to give compo@&8 occasionally be induced. This is observed when the platihum
(Scheme 157). The same complex is also obtained when theungsten big{-methylene) comples6gis treated with PMg
unsaturated phosphine-free catibn2b is protonated with The ligand induces a hydride addition to one of th€H,
triflic acid. An agostic intermediate was also observed at groups to give the tantalum-bonded methyl compk86

low temperaturé?® depicted in Scheme 159. The reaction is reversityle.



836 Chemical Reviews, 2007, Vol. 107, No. 3 Ritleng and Chetcuti

Scheme 159. PMglnduced Insertion of Hydride Ligand Scheme 161. Protonation of-Vinylidene Complexes
into a Platinum—Methylene Bond Affords Alkenyl Complexes
Hp
. T/C\m/PMeg +PMeg szTa——PtipMG3 T/OC\T
P2 “\c/r'\H - PMes H30/ \ﬁz/ PMes OC—Rh >Mn—co
He  s6q 285 ,L\d:/,’:
5.1.3. Proton Addition to Vinylidenes 2883
The protonation ofi-vinylidene ligands in heterobimetallic ‘ et il
complexes leads either to alkenyl or to carbyne complexes, PN
. P P P P *
depending on whether the- or the g-carbon of the . | % | 0 crsomico H | /8\ | C(J
vinylidene group is attacked. TR M = QR —wmn]
The manganeserhodiumu-vinylidene complex86amay l ﬁ Fl, o N I 8 F|, o
be reversibly protonated to give the dark blue cationic VR Meo RN
carbyne comple287a(Scheme 160), which is stable in the 195a: R = H: R = C(O)Me 197b
solid state. A characteristic carbyne-carb#d NMR chemi- 195b: R = C(O)Me; ' = H
cal shift of 3 = 452.7 ppm is observed for this species. +co| | thf /reflux
Similar carbyne complexe287b—d are observed when the "o
iron—rhodium complexe&86b—d are treated with HBF?3! " Np o > p —‘
H
Scheme 160. Formation ofz-Carbyne Complexes by OC\th\OC; ‘n/fo SFCOMICO ) —F«'h{c> |n/cO
Protonation of u-Vinylidene Complexes | C)‘c—!c’fo " H—Cf | &7 [
CHR CHR |* U =0 P\/P
I i 19 Me 197¢
(PP~ C\m HBF, Et,0 (Pr)aP_ /C\
Cp/Rh\ M = Cp/“h\ M Scheme 162. Stereospecific Protonation of
g g Nickel—Molybdenum and —Tungsten g-Alkyne Complexes
286a: ML, = Mn(CO)Cp; R=H 287a (68 %) R R R'
286b - d: ML, = Fe(CO)3; R = H, Me, Ph 287b - d (95 - 98%) \C/C/ /\C§C/R
/ /\/\ _CP' CF4CO,H (excess) )
Theu-vinylidene isomerd 95(Scheme 161) can be made P v YT -
by direct reaction of [(OC)R-dppm}Mn(CO)] (Mn—Rh, S & occr,
2889 with HC=CC(O)Me. When the initial vinylidene 200 29
mixture 195is treated with triflic acid, the alkenyl complex MW B b
197bis obtained in a reaction that is accompanied by metal M=Mo; R, R'= Me

metal bond formation. The alkenyl ligand is terminally e mixed-metal case, the tungsten atom is oxidized, and both
bonded to the rhodium atom in the heterobimetallic complex, o alkenyl ligand and the anion (Clor CRCO,") are
and the acetyl ligand ifansto the metal. Thermolysis of 5 rdinated to it. The molecular structure of [Cp(QB)-

195leads to CO loss, and a newvinylidene complex196 2l 2(Mo)-trans-CH=CHPR W(COCICp] (Mo—W
is formed in which the ketone carbonyl functionality is also 5\/,“;;7 (g\g?gngine)d by an X-ray st?jégé XCICPl( )

ligated to the manganese atom. Protonation of this complex B _
affords an alkenyl specig97cin which the acetyl group is ~ Scheme 163. Stereospecific Protonation of Group 6
now in acis geometry with respect to the rhodium atéfh.  #-Alkyne Complexes

N Ho R M. C/R
5.1.4. Proton Addition to Alkynes /C/ic\ | PG o HO oxces8) c=—= "
Trifluoroacetic acid has been used to convert a series of CP(OC)ZM‘BC/ MO T aptane PO HicoRCP
u-alkyne nicket-molybdenum and tungsten complexes into 200 *
their corresponding-»*,n?-alkenyl derivatives. The proto- M, M = Mo, W M, M' = Mo, W: R = Me: X = CI
nation of complexe200 (Scheme 162) proceeds stereospe- e T =Gl TFA

cifically in a Markovnikov manner to afford the alkenyl . .
species289 of general formula [CpNiu-7(M)y4(Ni)-cis- Low temperature addition of HECC(O)Me to the mixed-
CR=CHR)}M(CO)(CO,.CF:)Cp] (Ni—M, M = Mo, W). metal Comple)QB_Sa affor_ds the parallel—brldge_ﬂ-a_lkyne
Occasionally, the Markovnikov addition product subse- complex292a This species rearranges to thevinylidene
quently isomerizes to the anti-Markovnikov isomer. The Mixture195shown in Scheme 161 when warmed abe\g2
incoming proton (or deuteron when @FO,D is used) is in °C, but it may be protonated at low temperature to give the
a cis or syn orientation with respect to the group 6 metal alkenyl complex197¢ as depicted in Scheme 164.(See
atom. The stereochemistry was determined by a series ofs€ction 5.3.1 for protonation followed by alkyne addition).
deuterium labeling experiments and by careful study of the The related parallel-bridged-DMAD complex 292b can
H—H and 83W—1H coupling constants in théH NMR also be protonated to give the alkenyl compl&7din which
spectra of the complexes. The structure of the 2-butenyl the two carboxymethyl groups are mutuadlis. An inter-
nickel-tungsten complex of geometB89 confirmed that ~ Mediate rhodium hydride complex is formed during the
the structures proposed on the basisldMMR data were ~ course of this reactioff

correct?%? .
A series of group 6 bimetallic complex@90 afforded 5.1.5. Proton Addtion to Alkynyls
similar u-n*,n%-alkenyl complexe®91 after anti-Markovni- A series of A-frame group 6platinum complexef93

kov protonation with HCI or CECO,H (Scheme 163). In  that contain both bridging and terminal acetylide ligands
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Scheme 164. Alkenyl Formation from Alkyne Protonation
on Manganese-Rhodium Templates

T/\T T/\T
Oc Ho=CC(OMe  ©OC oc 0
OC—Rh :Mn—CO 78‘—200> \Rh\ \(Mni
-78 to -40 ° —
,l. * ,L r!,HC-CHl Co
\/ \/
288a 292a: R = C(O)Me
DMAD
underco | ™ CF3803H‘-40 °C
o N
oc Qc © H c
SRR, \(Mn: /\/c— W > |n: @
F|,RC:CR'|> Co H—C\ l oF° '|:co
\/ /C:O \/
292b: R = CO,Me Me 197¢
HBF,Et,0 | 78 °C
e T P o P —‘+
B N
B n - n
H | ;C=Ca| \Co 2°¢c o J | OC/ | \Co
I~ NG

(Scheme 165) all react with trifluoroacetic acid to give
u-vinylidene complexe94. Only the bridging acetylide
ligands are protonated, and despite a\®t distance of
3.037(1) A in one of the starting materials, no metailetal

bonds are believed to be present in the starting materials org

products?3®

Scheme 165. Preferential Protonation ofe-Acetylide
Ligands in Bis-acetylide Mixed-Metal Complexes

T Np p Np “‘+
°$C\Flt OC\'\L/CO CF4COH (excess) RCsC\P\t Oc\’\\n/co
l\‘(':'/ ,‘:\Co CHCly /1t ,—L\'(':/,L\Co
~8& - G
R R H
293 294

The alkynyl cationic A-frame comple264 adds on H
and forms the bridging hydride compl@@5. the addition
is accompanied by metametal bond formation and the
anion (BR~ or SOCF;7) is also loosely coordinated.
Coupling of the acetylide ligand with the hydride is induce

by the sequential addition of 2 equiv of CO and yields the

dicationicu-vinylidene complex97depicted in Scheme 166,
via a tricarbonyl intermediat296.2%>

Scheme 166. Conversion of an Alkynyl into a Vinylidene
Ligand by Electrophilic (H ™) Attack on a Rhodium/Iridium
Center

" Np . p— Np "+
|PhC$C l HBF, Et,0 (excess) ‘PhCSC I X
Rh=" iy 472 Rh=— /\Ir<
&7 | Yo t 7| T o
~_" ~_"
264 295
X = BF,, SO;CFq
co|n
H.__Ph
PG p T+ P e ~‘2+
i Pho. |
OC\FJh/C\|lr/CO o R|h‘/§c\h/co
P\/P P\/P
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Complex298shown in Scheme 167 is best regarded as a
dimetalla-alkyne that is-coordinated to a Gii fragment.
This complex reacts in an unprecedented manner with an
ethanolic solution of HCI, losing a ruthenium atom and
forming multiple C-H bonds and one €C bond. The final
product is the bimetallic Cp-ring-activated titanocene dichlo-
ride derivative29923¢

Scheme 167. Complex Transformation of Dimetalla-alkyne
Trimetallic Complex into a Dimetallic Cp-Ring Activated
Titanocene Dichloride Derivative

?Me e ﬁ
CO/TQ\ 0 HCI/EOH 7 ?U\C':;CH
Flu/ Y - . fo%
/e §
8 QC\H\U//@ toluene /rt @
8 Me

c|//Ti O
Cl

299 (90 % / [Ti)]

Me

3

298

5.1.6. Proton Addition to Alkenyls

The rhodium-bonded terminal vinyl complex [(Of)o-
(u-dppm}Rh(CH=CH,)] (Mo—Rh, 3009 may be protonated
with HBF, at —80 °C to form the rhodium-bonded CHMe
alkylidene specie801 shown in Scheme 168. This cation
rearranges to the ethylene comp&92when warmed above
—10°C13

cheme 168. Transformation of ay!-Vinyl into a nEthene
Group on a Molybdenum—Rhodium Template

o o _‘*
Hoo| %] co meruomen, M| ] co
B—RIE——Mo PR
TR T T
"
~ 300a 301\/
\-10°C
P p —‘+
o, | B | _co
”—Hh:jMO\
CH, FL & 'LCO
02

Despite their cationic nature, the mixture of €Rh
stereoisomeric alkenyl complex883ab and303cd (Scheme

d 169) can be protonated with HBMe,O at low temperature;

the molecules are transformed into rhodium-bonded terminal
alkylidene dications804.114

Scheme 169. Protonation of Cationic Alkenyl Complexes to
Alkylidene Complexes

H P/\P —‘+ /H P/\ P —‘ +
H-Cy | S ‘ _R H=Cy | S | _Cco
h —Rh:\‘——/ Y + /C—Rh:\ /Os\
Mé ']: & J: % mé l & F|, R
\/ \/
303a:R=H 303b:R=H
303c: R =Me 303d: R = Me
HBF, Me,O | <-40 °C
N 24
p P
HsC %
o R|h’<—\cls/ R 304a:R=H(100%)
/ Ta TN 304b: R = Me (100%)
HsC | & FL
P
\/

The alkenyl group in complek36bis transformed into a
u-ntn-CHTol group in the compleXdg when 136b is
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reacted with HBEEt,O (the reaction may be reversed; see
Scheme 227, section 6.1%Y).The bridging vinyl ligand in
the relatedl36cis, in contrast, converted into the unsaturated
n-ethylene compleX76 under similar conditions (Scheme
170).143,144

Scheme 170. Protonation of Alkenyl Ligands That Span

Platinum—Tungsten Bonds

HBF,, Et,0 C/Me

RN
H o (136b) ey CPPvey),

/C§C/ (_'6
H N 9g
OPIOCINS ———-PUPMeq)z
% 0 .
136b: R = Tol s
136¢c:R=H HBF, Et,0 CPW=—2Pt(PMey),
(136¢)
H:Cson, ©

276

5.1.7. Proton Addition to Alkyls and Acyls

Methane is eliminated when the cationic mixed-metal
A-frame complex305 is treated with HCI in acetonds
(Scheme 171). Isomef306 are formed: the major product
306aresults from Pe-C bond cleavage, but around a fifth
of the methane produced comes from-Btbond cleavage
to give complex306h.238

Scheme 171. Elimination of Methane from an A-frame
Group 10 Mixed-Metal Complex

Tt N
HaCl _CH, Hl HaCl _cl i _CH,
T\H/Pld acetone-dg/ 1t T\H/Pld T\H/Pld
P P -CHy P P P P
~ ~ ~
305 306a 306b

N J

306a:306b=4:1

When theu-acetyl group in comple266 (Scheme 172)
is treated with HCI, the intermediate rhodium-bonded hydride
species that was observed in th& NMR spectrum reduc-
tively eliminates acetaldehyde and for@87hb. The related
reaction of 266 with Mel to generate acetone has been
mentioned earlier (section 3.6, Scheme 144527

Scheme 172. Reductive Elimination of Acetaldehyde by
Protonation of a g-Acetyl Ligand in a Rhodium/Zirconium
Complex

thp/\o\ thp/\o\
| o Hol | o o
OC—R|h _O,/ZGC ~omon OC—R|h\CI //ZGC + )LH
PO PP O 61%
266 267b (68 %)
#
thp/\o\ T
cl
— OC:FJh/ \/ZGC*
T >o]
PP O

The acyl ligand in the heterobimetallic acyl aniéia

Ritleng and Chetcuti

complex undergoes a bimetallic reductive elimination reac-

tion to give benzaldehyde ar@Da when warmed up to O
0c_99,100

Scheme 173. Reductive Elimination of Benzaldehyde by
Protonation of an Acyl Ligand in an Iridium —Tungsten
Complex

% g e W & g P
P. P.
NN CFCOH NP
cO (?l¢)
Ph\c/\IIV\P/ir( (PPha) acetone / -40 °C \C4VIV\P/ir( NPPha)
58 Ph, H <|3H8 Ph, H
61a
0°C
Ph,
P o
N
(OC),W. rncoyPphy + o A
\P /l Ph™ “H
60a Ph, H

5.1.8. Proton Addition To Generate Heterodimetal-Bound
Carbocations

Carbocations have been stabilized on bimetallic frame-
works. Heterobimetallic examples are known on both
cobalt-molybdenum and cobaltungsten frameworks and,
more recently, on nickelmolybdenum and nickeltungsten
frameworks. A common synthetic entry to such species is
by the protonation of a hydroxy or of an alkoxy group of a
u-propargylic alcohol or ether and subsequent loss of water
or of an alcohol. The reaction can often be reversed to
regenerate @a-alkyne complex by reacting the carbocation
with nucleophiles such as hydride, hydroxide, or alkoxide
anions. These reactions have been reviéivadd are not
covered comprehensively here, since they are not strictly
hydrocarbyl ligand transformations {€© bonds are usually
broken in these reactions and notC or C—H bonds). A
few typical examples are detailed.

The first examples of this chemistry in mixed-metal
systems were reported for cobaiholybdenum and-tung-
sten systems. Protonation of thdydroxyalkyne complexes
128no0 (Scheme 174) affords the carbocationic complexes
307ab, respectively. Because there is restricted rotation about
the G=CH, bond in cations3073b, the CH protons are
magnetically inequivalent in theiH NMR spectrum. Pro-
tonation of thex-HC=CCH(Et)OH complexL28p afforded
a mixture of non-interconvertible carbocatioB887c and
307d All these carbocations are stabilized by interactions
with the group 6 metal3?.240

Scheme 174. Carbocation Formation Following the
Protonation of Cobalt—Molybdenum and —Tungsten
Hydroxyalkyne Complexes

H CRR'(OH) H WR —‘*
\C”‘C/ HBF4 Et,0 \c—/c——/"c\ﬂ
i - _~
\ CD.CI /
(OC)SCO//\M(CO)ZCp‘ e (OC)QCQ//\M(CO)ZCpT

128n: MCp' = MoCp; R, R' = H 307a: MCp' = MoCp; R, R' =
1280: MCp' = WCp’; R, R'=H 307b: MCpt = WCp'; R,R'=
128p: MCp' = WCp; R=H; R=Et 307c: MCp' = WCp; R=H;

307d: MCpt = WCp; R=Et;

=Et
=H

H
H
R
R
Similar reactions take place with other cobatolybde-
num u-alkyne species of typ&28 with S-hydroxyalkynes;
o-CF; propargylium cations are obtained by protonation with
HBF, of a u-n-CsH;;C=CCMe(CR)OH species (followed

shown in Scheme 173 (see also section 3.1.1, Scheme 40py loss of wated* and 2-bornyl cations can also be

may be protonated at the acyl oxygen atom by TFAH 40

synthesized (without WagneMeerwein rearrangement&y.

°C to give a spectroscopically characterized hydroxycarbene Nickel—molybdenum and-tungsten complexes may also

moiety that is terminally bonded to the tungsten atom. This

be protonated. Addition of HBFto a a-methoxyalkyne
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complex200aled to methanol loss and to the formation of Scheme 177. Electrophile-Induced Ring Rearrangements in
the bimetallic propargylic catioB08ashown in Scheme 175.  Nickel-Molybdenum and —Tungsten Complexes

The nickel-tungsten catiol308bcould not be prepared this Ph
way, but it (and the Ni-Mo cation308g could be accessed ENGES oL,
by protonating the related metallacyclic produg@laand | | _cof
201hb which haveu-C(O)—CMe,(OMe)—C(H) ligands. The Cp./"" "Q\Co
variable-temperaturtH NMR spectra of cation808 dem- % R on |
onstrate that irB08athere is rotation about the-€ECMe, 205a: M = Mo ggj: gg HBF, Et,0 /E( oot
bond. This does not take place308b, presumably because T e Ewo/oc  NRTML
the tungsten interacts more strongly with the cationic Oﬂ . o
centerts! N Mim/Cp 111b: M = Mo; R =H; R = Ph; Cpf = Cp
s ~ 111c:M=W; R=H;R' =Ph; Cpf = Cp'
) . Cp \ M= Mo R R o Mo Cof =
Scheme 175. Synthesis of NickeMolybdenum and 3 ‘© 111d: M= Mo; R, R'= Me; Cp' = Cp
—Tungsten Propargylic Carbocationic Complexes 20te
Hy CMex(OMe) Scheme 178. Protonation of lror-Ruthenium
/C/”\/C\ o Dimetallacyclopentenones to Alkenyl Complexes
Niz Mo R
cp N N | , R + . R
¢ 200a © H ..-\\M‘;‘* O S o=l —‘ A =c. —‘
HBF, E4,O \c——;C-'/"C\MS CDFL FIMCO)CpT HBF, Et,0 OC\Fe/ \RuH/CO . CP\F / \FiuH/CO
o CMe,(OMe) n cpNi// M(CO)Cp \8/ o g Ve & g o
/ J :I\/Cpl ggggiMf%" 205a: Cpt = Cp; R, R'=H 310
N M T 205b: Cp = Cp; R, R' = Me
Cp \ ¢ 205e: Cp' = Cp; R=Me; R'=H
3 205g: Cpt = Cp*; R, R' = H
201a: M = Mo H
201b: M= W are protonated. The alkenyl complexdkl obtained have a

, . o . —CR=CH, regiochemistry irrespective of the arrangement

Related species are available in ireruthenium systems.  of the R and H groups on the starting dimetallacyclopen-
The reaction of the dimetallacycl205i with HBF,-Et,O tenone complex208 An X-ray diffraction study of the
affords the cationic spe.ciémgshown.in Scheme 176. An propenyl complex was carried out and confirmed the
X-ray structural determination established that#@",7>-  proposed platinums-bonded structures of these alkenyl
allenyl ligand in309 waso-bonded to the iron angd-com- complexedss
plexed to the ruthenium atom, with an +Bu bond of
2.6831(8) A. This is slightly longer than what is found in  Scheme 179. Protonation of Iror-Platinum
the starting materia205i [Fe—Ru = 2.6449(7) A]. Cation Dimetallacyclopentenones To Afford Alkenyl Complexes

i i i 184
309is highly fluxional: N o X
Scheme 176. Protonation of a Hydroxy Group To Generate (OC)ZFe| [L(Pphs) HBF4 B0 (OC)SFJ PI(PPhy)
a Heterobimetallic Stabilized Carbocationic Complex | | CHCl, HIN
CMe,OH Vel 04C\C/ C\R/H H/C/ R
o [l
Oy /C\C/H H\C:C/C‘\Me—‘ H/R
D . ™ coos pannst, men-y
C"Fe\c —oRueoICe T T OPOOReRuCOICe 208¢, : R~ Tol 311c:R=Tol
O 205 309 (71 %) O
_ _ The cobalt-tungsten complet49a(Scheme 180; see also
5.1.9. Other Protonations of Hydrocarby! Ligands Scheme 86) is converted int75, a complex that can be
When the nickermolybdenum ane-tungsten complexes regarded as either a metalloallyl species or alternatively as
203aand203b (Scheme 177) are reacted with HBEO a vinyl carbene complex. The structure of the reaction

cationic mixed-metal complexe$11b and 111¢ which product was established crystallographically and indicates
o ¢ the presence of a CoN bond of 2.552(1) A41.169

contain molybdena- or tungstenacycle rings are obtained. The
transformation of a bimetallic complex that contains a Scheme 180. Protonation of a Heterobimetallic
nickelacycle into one that consists of a molybdenacycle ring Tungstenacy.clobutadienyi—CobaIt Complex

is also observed when the nickelacyclobutenone complex

201cis protonated. This ring flip can also be induced by M M 1l W
methylation of the metallacycle carbonyl 201cby using CoOCH VAN o _HEFaERO 4 l/\C/\
MesO"BF,~ to give 111a(see Schemes 64 and 72}3! PRI ™" CPIOC)WS——CoCp*
The protonation of various irerruthenium complexe®05 Me 1492 S s
leads to CO loss and to the formation of isomeric iron
o-bondedu-alkenyl complexe810as shown in Scheme 178. The oxidative addition of diphenylphosphine usually

The R and Rgroups are always in is configurationt’0-171 generates a«-PPh u-hydrido species. Occasionally the
and these reactions mirror those seen in homobimetallic Fe hydride ligand adds onto a hydrocarbyl ligand. This kind of
and Ruy system£* The structure of a-CH=CH, product reaction is observed in the reaction of comple24¢aand
from the CpFe-RuCp* derivative was determined by X-ray 221c shown in Scheme 181 (see also Scheme 116) with
diffraction and shows an FeRu bond of 2.7009(4) Ag4 PPhH. The reaction products depend on the nature of the
A similar reaction ensues when the ireplatinum dimet- metallacycle. Comple812 results from the reaction of the
allacyclopentenone complex@88 shown in Scheme 179  dicarboxymethyl-substituted compl@2lawith 1 equiv of
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PPRH. Product312is formed by P-H bond cleavage and
oxidative addition, followed by €H bond formation and
organic ligand rearrangement. However, the closely related
t-Bu-substituted derivative221c yields the bridging vi-
nylidene derivative813when treated with 2 molar equiv of
PPhH. The same type of mechanism with an additional®
bond cleavage is envisag&d.

Scheme 181. Oxidative Addition of PPEH and Hydrogen
Transfer to Metallacyclic Ligands

o”
MeO,C_ ¢ g " H
PPh,H (1 equiv.) N\
———————— Cp(OC)Mo Co=—PPh,
Ph toluene / 110 °C P/ \C
. (221a) ph, ©
thF‘\ A < 312/(36 %)
=
Cp(OC)Mo=\—Co(CO), H  CH,'Bu
R Ph
221a: R, R'=CO,Me PPh.
221c:R=H; R'=Bu ! PP | 2
PPh,H (2 equiv.) Ch(OCIM ¥ Co(CO)
B — p j0———Cof
toluene /110 °C \P/
(221c) Phy 313 (38 %)

An unusual addition of water to the-allenyl derivatives
255b and 255c¢ occurs in the presence of deactivated
chromatographic support materials, such as alumina, silica,
or Florisil. Both O—H bonds of the water molecule are
broken, and all three atoms add onto the organometallic
molecules to afford the bridging alkylidene complegds}
in which one of the substituents is an acetyl group (Scheme
182). Yields of the product are respectable (ca. 40%), and
there are no other product¥.

Scheme 182. Oxidative Addition of Water to gu-Allenyl
Platinum/Ruthenium Complex

R =
HC _ / H,0 R__C=0
C==C C
deactivated alumina, (OC)R / \Pt(PPh )
Cp(OC)Ru Pt(PPhs), silica or Florisil P % 3)2
H
255b: R=H 314a: R=H (42 %)
255¢: R = Me 314b: R = Me (35 %)

The iridium—osmium complexs2 shown in Scheme 183
contains a cyclometalated species derived from a dppm
ligand (see Scheme 32).Adppm ligand in compled71b
is regenerated frori2 when it is protonated with a solution
of HBF,~Et,O. Addition of NaH reverses this reactiéh.

Scheme 183. Regeneration of g-dppm Ligand by
Protonation of a dppm-Derived Metallacycle

c© HBF, Et,0 H cO
Ir 0500 ——— 0C—IE—0s"
Cel ol T T e
P P P
P ~

52

The iron—tungsten parallel-bridged-allene specie815
is converted into theu-propenyl cationic complex311b
shown in Scheme 184 when reacted with HBEomplex
311bcontains a ligand that ig'-coordinated to the platinum
andzn?-bonded to the iron atom. The same prod8tibis
obtained when metallacycle208b,d are protonated (see
Scheme 179%°

A final example of proton addition is provided by the
hydrolysis of complex80a Addition of water cleaves the
zirconium—carbon bond of this dimetallaesthene complex and
affords the monometallic ruthenium vinyl complex [Ru-

Ritleng and Chetcuti

Scheme 184. Transformation of gu-Allene into a u-Alkenyl
Ligand by Protonation

p PN P P N p 1 +
HBF, Et,0 [
(OC)sFe Pt(PPhg) (OC)gFe Pt(PPhg)
CH,Cl, c/
NAS —

C——CH, C="\

Y / CH.

Hyf & H 3

315 311b

(PMe&;)(CH=CH,)Cp] together with [(ZrCICp.Q], as in-
dicated in Scheme 18%.

Scheme 185. Formation of a Monometallic Ruthenium Vinyl
Complex by Hydrolysis of a Ruthenium/Zirconium Complex

o w R ==
MesP” /e=c! % —= R W+ [Z1CICpy,0
MegP |/ S thf /rt MesP™ 4 No=c”
/ Me,P H/ \H

o 2P
80a 52 to 70%

5.2. Hydride (H —) Addition Reactions

5.2.1. Hydride Addition to Carbynes

Potassium selectride converts the catigrizarbyne Pt+W
complex132into the u-alkylidene specie433d as shown
in Scheme 186 (see also Scheme 77). The reaction was
carried out at room temperature and gave a 68% yield of
the product*©

Scheme 186. Conversion of g-Carbyne into a u-Carbene
Ligand on a Heterobimetallic Center

Tol H

+

NS
¢ c
KIBH(CHMeEt
(OC)4W// \PI(CO) _KIBA(OAMEED,] (oo)4w/ PY(CO)
i/ ‘ ,
P\/P P\/P

132 133d (68 %)

The addition of sodium borohydride to the cationic
alkylidyne complex261 shown in Scheme 187 transforms
the u-alkylidyne (u-CMe) into theu-alkylidene (-CHMe)
ligand found in176h This complex has also been prepared
from the reaction of the dimetallacyclopentenone complex
205cwith a phosphorus ylide (see Scheme 148}/*

Scheme 187. Addition of Hydride Anion to au-CMe
Complex Affords a g-CHMe Complex

+
iy :
C.

N\
/

NaBH,

Cp(OC)Fe

Ru(CO)Cp

Cp(OC)Fe’

Ru(CO)Cp

/
\

C
(¢]

261

Terminal bimetallic carbyne complexes are also converted
to u-alkylidene species when exposed to nucleophilic hydride
sources. The group-&henium complexe816a—c afford
the u-CHTol anionic specie817a—c when treated with
K*[BH(CHMeEt)] . These complexes may be isolated as
PPN salts. The structure of the R&/ complex316cwas
determined by an X-ray diffraction study. Other nucleophiles
(Me~, F-, OMe™, NMe;") do not give isolable products. The
related Re-W species316dreacts with the selectride anion
to give the corresponding-CHMe specie817d as shown
in Scheme 188%

5.2.2. Hydride Addition to Alkenyls and Alkynyls

Alkenyl cations can be attacked with hydride sources to
give metal alkylidene complexes. This is observed when the
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Scheme 188. Hydridic Attack on Terminal Carbyne This is observed when the cobalholybdenum carboca-
Bimetallic Complexes Affords u-Alkylidene Species tions 307 (Scheme 192) were treated with hydridic
Q0 sourceg#%241n the case of the trifluoromethyl carbocationic
OOy mgop 1 KBHCHMSE)S/ti/ 500 e W species307¢ a deprotonation reaction to give a different
§g 2. IN(PPhy)ICI (OCHREE—M(c0)s u-alkyne complexi28salso takes plac&! All theseu-alkyne
products have the dimetallatetrahedrane geometries of com-
316a: M=Cr; R =Tol 317a (70 %)
316b: M = Mo; R = Tol 317b (89 %) plexes128
WA A
S i _ Scheme 192. Generation ofi-Alkyne Complexes Following
iron—rutheniumu-alkenyl complexes of typ810shown in Hydride Attack on Carbocationic Complexes
Scheme 189 are treated with sodium borohydride. The Ve
. I R R H CHs;
alkylidene ligands that result from attack on thearbon \C/C_/,C'\R,—’ NaBH, (excess) N -G
of the alkenyl group adopt a bridging position in the products 00) Co//\ N{o €O CHCL/0°C Co//\\MO(CO) -
1761701711847 minor product, thep?-ethene compled18 ° : (8072) : ’
H 307a:R,R,R"=H 1284 (100 %)
shown in the scheme, was also observed when the RUCP 3076 R'= CaHyy; R = CFg; R* = CH,
u-CH=CH, complex was reacted®'"*
. . Na BH NaBH3;CN
Scheme 189. Hydride Attack ofu-Alkenyl Ligands on 3 BHa or NaBR,CN | (307€)
Iron —Ruthenium Complexes
R HiC HoC
F(\C¢C ) A OR Q  HC CsHis \C<CF CsHyy C—CFs
“H NaBH, N L O on, Yoo %+ Soe—C
Cp(OC)Fé——Ru(CO)Cp' Cp(OC)Fe: Ru(co)Cp! + Fe Ru id \ - \
\8/ \8/ o \8/ “cp (OC)3C0//\M0(CO)ZCp (00)300//\Mo(00)20p
310 176 318 128r (25 %) 128s (25 %)
Cp::Cp; R=R'=H, Me when Cpt=Cp; R, R'=H
o e The nicket-molybdenum carbocationic comple308a

_ _ _ shown in Scheme 193 reacts similarly with sodium boro-
The reaction of264 with LiHBEt; at low temperature hydride in wet ethanol to give the-i-PrC=CH complex

affords a terminal hydrido comple3d9(Scheme 190). This 200 However side products that result from the addition
Species rearranges when warmed to room ter;gerature to giveys hydroxide 00 and of ethoxide ions200d) present in
isomeric vinylidene complexe320aand 320k the wet solution to the cationic center were also isolated.
Scheme 190. Conversion of an Alkynyl Ligand into a
Vinylidene Ligand by Hydride Attack on a
Rhodium/Iridium Center

Scheme 193. Nucleophile Addition to a NicketMolybdenum
Carbocationic Complex

. H wMe |*
o e oo
/Rh /§C\Ir\ LiBHEts A /Qih—H CpNi// Mo(CO),Cp'
& | ‘ Co 60°C oC/ ‘ * | 308a
P P P P
\264/ \319/ NaBH, | wet EtOH /1t
t | |
H Ph
o TN PWP H CHMe, H CMe,(OH) H CMe;(OEY
It I c——C ca—C c—C
R‘h/c\Jr R|h/‘3\|‘r N//\/}A O N//\/}A P N//\/}A il
o™ | | o o | o o e N o o N o e N
PP P & % & % & %
200b (52 %) 200c (8 %) 200d (11 %)
320a 320b
5.2.3. Hydride Addition to Alkenes 5.2.5. Other Hydride Additions Leading to

o . . Carbon—Hydrogen Bond Formation
When the unsaturated cationic compR36is treated with o . . :
NaBH,, the coordinated ethylene is isomerized into a _ 'N€ exocyclic E=CH, group in the heterobimetallic
4-CHMe ligand as a hydride ligand adds to the molecule. Molybdenum metallacycld60 shown in Scheme 194 is
The hydride ligand bridges the two metals in the product attacked atlow temperature by HThe anionic produc322
321 (Scheme 191)43.144 in which the G=CH, group has been transformed into a

C—Me group is unstablé&?
Scheme 191. Hydride Addition and Conversion of an

Ethylene Ligand into a u-CHMe Ligand on a Scheme 194. Hydride Attack on an Exocyclic &C Bond in
Platinum—Tungsten Framework a Metallacyclic Species
(9‘ N H\C/Me ToI\C/CTCHZ TOI\C/C/Me —‘
NaBH, (excess) AN /\ 1. K[BH(CHMeEt)3] / thf / -60 °C / \/\\
CpW_———"P1(PMe;), —————  Cp(OC),W. Pt(PMes), Cp(OC),Md /= W(CO) Cp(OC),M0 ~W(CO),
c .- thf /-20 °C \H e _ch 2. NEt,C _ch
HOeH, D 76 321 (88 %) £ e £ e
. o . 160 322
5.2.4. Hydride Addition to Carbocations (unstable)

Carbocations that are stabilized on heterobimetallic tem- The iron—ruthenium analog204a of the well-known
plates usually react with sources of hydride anions to afford [M(CO)(u-CO)Cp}l (M—M, M = Fe, Ru) systems reacts
u-alkyne complexes. with LiBHEts, followed by protonation with water (Scheme
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195) to afford theu-methylene complexi76al7%1" This Scheme 197. Reactions of an OsmiurRhodium Hydride

reaction also takes place in the ;aysten?*’ Complex with Propyne, DMAD, and Allenes
N N
Scheme 195. Hydride Attack of au-CO Ligand Followed by T o Fi ROCH R_C/H T oc T
Protonation Affords a ug-CH, Complex 0C—Rh———0s—CO - Nc—Rh= —0s—C0
0 : R
c ) ) c P P P P
PN 1. LIBHEt; (2.2 equiv.) / toluene AN ~_ ~_
Cp(OC)Fe\ /Hu(CO)Cp 2T S Cp(OC)Fe< /Ru(CO)Cp 324 HaC=C=CMe, 89a:R=H;R'=Me
8 g 89b: R, R' = CO,Me
204a 176a CH,Cly /1t Me p Np
_ H,C=C=CH, | GH,Cl, /1t Me-C | %c]
In the Re-W complex63a shown in Scheme 196 (see “C—Rhs——0s—CO
also Schemes 43 and 158), which contains a rhenium-bonded Me F|, o F’,
CH,Tol ligand, there is an agostic interaction with the P ~
H P P p P 89c
tungsten atom from one of the-@4 bonds of the methylene wd | oo VAN
group. When reacted with hydridic sources [BHor “o—Rh=- >Os~CO + TRn >05~co
BH(CHMeEt)], reductive elimination ofp-xylene is ob- Me F[ o° F‘, l o F|,
served, together with cyclometalation of one of the dppm ~ ~
rings to give the final produc231% 89a (major) (minor)
Scheme 196. Nucleophilic Hydride Addition to a refluxing thf, the rhodium-bonded isopropengd7e is
Rhenium—Tungsten Alkyl Complex Leads to Reductive obtained exclusively. Comple25 gives the rhodium-
Elimination and a Cyclometalation Reaction bonded alkenyl compledt97d as the only product when
o 2 _ reacted with DMAD?3* However a mixture of two alkenyl
SeH | KBHCHVeENJorNaBH, T | _H_ W rhodium-bonded regio-isomerk97band197f, are obtained
‘OC)S"‘T\ /“|"°°’3 2. IN(PPhy),ICI @&F‘f \?“00)4 * in a 1:1 ratio, with the terminal alkyne HE&CC(O)Mel7®
P\oC/P P _* [Note that some of the same complexes may be obtained by

6% 323 (82 %) the protonation of the corresponding alkyne comple@&2
see section 5.1.4., Scheme ¥6%.

Ellsdrg/lcea{?tl) Il-l{cljrginedgM ~H) Additions to Scheme 198. Alkenyl Formation Following Allene- and
y yrLig Alkyne —Hydride Coupling on a Manganese/Rhodium
These reactions involve the transfer of a hydrogen atom Template

derived from a metal hydride group onto a hydrocarbyl ligand o W P/O\P —‘
(hydrometalation reactions). OC\th OC\NL/CO OMAD Meozc\C_FJh G M'n/CO
5.3.1. Metal Hydride Additions to Alkynes and Allenes | > e MeOZC‘CfH l\oc;,‘,\co
The usual products of metal hydride addition reactions to \325/ %WHZ 1974
alkynes are CRCHR' alkenyl or vinyl complexes (R= R’ t
= H), which may be terminal or bridging. The alkyne . T/OC\T W /\T w
hydride coupling reactions to give alkenyl complexes usually ¢ \C_RhEQMn/CO HZC_,J,, >~
proceed regio- and stereoselectively. The most common h—e | ® Yo ud | T e
products find the metal (M) and the hydrogen in the group G, /n LN >\C—H i~
M—CR=CHR in acis geometry. 197e H 326
Allenes often give the same products as the corresponding \ tsol productn rfhudng th) J
isomeric alkyne and thus are also treated in this section. Y
Further reaction, rearrangements, or both are sometimes 1
observed with allenes, and these reactions are more likely o . N .
to givemr-allyl complexes after a €H coupling reaction than Me—c/( /8\ [ /00—| Hoo /8\ | /Cj
the alkynes under similar reaction conditions. Y /“i" RN //C_“|“\C/M|"
The reactions of the osmiuarhodium hydrido complex T p & p o SR R0 b
. . : WO~ M H TN~
324with alkynes and allenes illustrates some of these points. N o7 .
The reactions 0824 with propyne and with DMAD afford N

the terminal rhodium-bonded alkenyl comple8&aand89b 11

regio- and stereopecifically (Scheme 197F>*Complex89a

is also obtained wheB24is treated with allene, but in this Similar organic transformations to those just discussed take

case, a rhodium-bondedallyl species is also obtained as a place on a molybdenum/rhodium bimetallic framework. A

minor product. 1,1-Dimethylallene reacts wid24 to give variety of alkynes formally insert into the RiH bond of

the 2-methylbutenyl comple®9c shown in the schemg? the dppm-bridged hydrido compl&27 (Scheme 199) to give
Low-temperature protonation of [(OC)RRfppm}Mn- the metat-metal-bondedy*-alkenyl complexes300.23 In

(COY), 2884 affords theu-dppmu-hydride catior825 This each case, the metal and the alkenyl hydrogen atom are in a

species reacts with allene at room temperature to give thecisoid geometry and terminal rhodium-bonded alkenyl

terminal rhodium-bonded isopropenyl comple}7eand a ligands are always observed.
o-(Rh)-bonded allyl specie®26in approximately a 1:1 ratio. Alkyne addition to heterobimetallic hydride complexes to
Unlike the starting materiag25 complexesl97eand 326 give alkenyl species is also observed on a manganese

contain Mn—-Rh bonds, as shown in Scheme #98In ruthenium template where the two metals are anchored
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Scheme 199. Alkyne Addition tou-Hydride Ligands To
Give Terminal Alkenyl Complexes

T p T/\T
- R b
R|h/ H\NL/CO RO=CR C—Rh= >Mo/
| 7 | Yee M g c</ R
P P P P
~ HON

300b: R, R' = CO,Me (81 %)
300c: R, R' = CF, (89 %)

300d: R = H; R' = C(O)Me (29 %)
300e: R = H; R' = CO,Me (50 %)

together with a«-PPh ligand. When comple828is reacted
thermally or photolytically with alkynes, complex829with
u-cis-alkenyl ligands are obtained (Scheme 289).

Scheme 200.u-Alkenyl Formation on a
Manganese-Ruthenium Bimetallic Template

R %
H \.—C
C=N
Cp(OC)Ru< >Mn(CO)4 RC=CR / MHCO
P o (R COmy  CPOOIRUS (00,

Phy

328 329a: R = H (20 %)

329b: R = Ph (33 %)
329¢: R = CO,Me (48 %)

The addition of H&ECCO,Me or of terminal aromatic
alkynes ArG=CH to the iron-platinum specie830(Scheme
201) leads to similar initial outcomes. Platinum-bonded
terminal alkenyl complexe212 are obtained in what are
regioselective hydrometalation reactions. Tdie addition
across the PtH bond was demonstrated by using the
deuterium-labeled alkyne PEECD.2*° The alkenyl groups
in complexes that are derived from aromatic alkynes are
slowly transformed into bridging vinylidene complexes,
while trimethoxysilane is reductively eliminated (see Scheme
217, section 5.3.3.). The reaction of the-ft complex330a
with CRC=CH afforded a similar produc12e but the
perfluoroalkyne HFB led tdrans (not cis) addition across
the Pt-H bond to give complexegl2hand212iwith 330a
and 330b, respectively (Scheme 201). Preliminary results
show that DMAD appears to give a mixture of isomers with

E andZ stereochemistry. These results indicate that the nature

of the alkyne substituents seems to play a crucial role in
controlling the stereochemistry of the resultant alkenyl
ligand?%°

Scheme 201. Alkyne Addition to Iron—Platinum Hydride
Complexes To Give Alkenyl Complexes
X

P
RC=CH or PhC=CD | | A
oo (©CKFe P—G
“prh ! \/C HD
3 (Me0),Si——0_ |
Me
PR 212b: X = CHy; R = COpMe (79 %)
P P 212¢: X = CHy; R=Ph
212d: X = CHy; R = Tol
(OC)gFe Pt—PPhg 212e: X = CHy; R = CF; (88 %)
212f: X =NH; R =CO,Me (70 %)
212g: X =NH; R=Ph
(MeO)3Si H 9
330a: X = CH,
330b: X = NH PR
P P
| CF3
F3CC=CCF3 /
(OC)sFe Pt—GC
CH,Clp / 1t N
-PPh LFH
s (MeO),Si——0,  f ¢

Me

212h: X = CH, (83 %)
212i: X = NH (43 %)

A more complicated but essentially similar reaction is
observed when the platinunthodium carborane hydride
complex shown in Scheme 202 reacts with ACAr
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ligands. Terminal platinum-bonded alkenyl comple884

with the expected stereochemistry (it to the Pt atom)
ensue. There is an “agostic’-BH interaction from the
carborane ligand to the electron-deficient platinum ateim.

Scheme 202. Alkenyl Formation in a Platinum-Rhodium
p-Hydride Complex

N\ N
3 BH ArC=CAr (excess) 4 B—H
HE—SC R /= T N e
thf /rt ~
R Pt(PEty), Rh Pt _Ar
prp” o o | §
o] ) PhgP g
All undesignated carborane U
vertices represent BH groups H Ar
331a: Ar = Ph (93 %)

331b: Ar = Tol (96 %)

The molybdenumplatinum complex332ais the Mo-
PtH analog of the Me-PtMe complexL00b. Complex332a
reacts sequentially with terminal alkynes. The first products
are monometallic: the platinuralkyne complexes [Pt-
RC=CH)(dppe)] are formed, along with the molybdenum
hydride [Mo(CO}HCp], which results from hydride transfer
from the platinum to the molybdenum. Both monometallic
complexes are observed as intermediates (Scheme 203). The
Mo—H bond then adds, in a Markovnikov fashion, across
the G=C bond to give complexe269b—d. The reaction
stops after the first step when internal alkynes are é%ed.

Scheme 203. Two-Step Alkenyl Formation Starting from a
Molybdenum—Platinum Hydride

Ph, Ph2

2
P Mo(CO)sC H
DN L N
Pt px T+ [Mo(CO)HCp]
VAR CSDS It c
P H R
Ph,
332a CeDs /1t
H
/
th C¢C
269b: R = Ph (82 %) cO
269¢: R = Tol (96 %) /
269d: R = CO,Me (63 %) /

th

The reaction of the platinurrhenium dihydride complex
333 with alkynes leads to the formation of monometallic
rhenium alkene complexe&34in what is the first stoichio-
metric hydrogenation of an alkyne to a metalkene
complex. In the case of 2-butyne, the mechanism is believed
to go through an intermediate platingirhenium complex,
which contains a terminal alkenyl ligand. Subsequent trans-
formations of this species and addition of a second equivalent
of alkyne result in the stoichiometric formation of this-
alkene complexd34aand of the platinum alkyne complex
[Pt(7>-MeC=CMe)(PPh);] (Scheme 204). The reaction is
quite general and provides an excellent synthetic entry into
pure rhenium-alkene complexe¥?

Scheme 204. Stoichiometric Conversion of Alkynes into
n?-Alkene Rhenium Complexes

RC=CR' ( ) l v /Pph3
=CR' (excess, __Re—_
[CPH(OC),Re—PtH(PPhs)s] oc co + G—pf
H, l WH % AN
333 C=C, R PPh,

v N

R R
334a: R, R' = Me (91 %)

334b: R = H; R' = Me (99 %)

334c: R = H; R' = t-Bu (67 %)

334d: R = SiMe;; R' = C=CSiMe; (91 %)
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The tris u-hydride complext24 does not afford alkenyl  cobalt atom ist-bonded (Scheme 2079’ Related reactions
species when treated with a series of terminal alkynes. are presented in Scheme 181.
Instead, unprecedentgdolefin complexes335 are formed
(Scheme 205). The-alkene moieties in these molecules have Scheme 207. Oxidative Addition of a P-H Bond to a
m-interactions with the rhenium and agostié §-H bond Cobalt—Molybdenum g-Alkyne Complex To Give Alkenyl
interactions with the ruthenium atom. NMR data provide the SPecies

best evidence for these interactions: redutkd coupling eO.C come QMe QMe
constants and high field resonances are observed for the = ‘ceec’ & He N 0?5 M
agostic hydrogen atom. A single-crystal X-ray diffraction  cpoomteco, OROCMO=CoiCO), ’ C,,(OC,,V‘,O_/ 200(CO),
study of the styrene compleé3@5awas also obtained. The F‘.thH Meozc‘grf \BE.ZC"ZMe
bonding situation may be “viewed as an arrested migration 128t 338 (34%) 224 (29%)

of a hydrido ligand from...the ruthenium atom onto a bridging

n*a*-alkenyl group” and “represents the last step of the 532 Metal Hydride Additions to Alkenes and Dienes
hydrogenation of an alkyne...at a heterobimetallic cerifér.” ) ) )
An early example comes from the reaction of a bimetallic

Scheme 205. Formation ofz-Olefin Complexes with Agostic polyhydride complex with ethene. The iridium/platinum
Interactions on a Rhenium—Ruthenium Center cationic specieg39ainserts ethylene into the PH bond
R oo to give the P+ C,Hs heterobimetallic compleg40as shown
PR W, /NCMe . g H\ Y in Scheme 208. (This complex eliminates ethane when
OG- g o PPha  ROCHEMcos8) - 00, f ol o PP treated with a modest pressure of hydrogen; see section 5.4.1,
php” NI gy, CHyCl, PhsP”” | H”" | “PPhy 288,259
4 H s ¢ Scheme 21858
124 PP 8
gggﬂiﬁ:?ﬁﬁ@s%) R Scheme 208. Ethylene Insertion into a PlatinurHydrogen
335¢: R = CH,OMe (36 %) Bond
335d: R = CH,OH (19 %)
PEt, "‘+ PEt, “+
The Mn—Mo complex73 was reacted with but-1-yne or “/P,H/ ,LMN:F’E‘S CHa EI/PIH/ ||rQPE‘3
but-2-yne to give manganese-bonded allylic ligands akinto E” H ILEt H acetone /it P SH Fl'Et H
those seen in diene reactions (discussed in section 5.3.2, s30a U0 (65%)

Scheme 209). No alkenyl complexes were isolated, but

mixtures ofsyn—an_danti—allyl isomers336a,bwere obtained Mononuclear metal hydrides add to conjugated dienes to
in a 1:1 molar ratio (Scheme 206). Alkenyl complexes are give 7-allyl complexes. Similar reactions are observed in
proposed as intermediates in the formation of the allylic the reactions of heterobimetallic hydrides with conjugated
species, and indeed, the configuration of the allyl complex gienes, put the additional bonding possibilities of two metal
may depend on the geometry of the intermediate alkenyl centers leads to a larger array of products. This is illustrated
specieg™ Similar products336are obtained in the reactions \yith the reactions of the comple¥3 with unsaturated

of allene and 1,1-dimethylallene with complés; two hydrocarbons that has been explored in a series of papers.
isomers are obtained in each case, and a molybdenum bonded” complex73reacts with 1,3-butadiene at room temperature
m-allyl bimetallic complex337ais also obtained in lowyield 5,4 ynder UV irradiation to afford the manganese-bonded
with allene. Structures of complexes of typ@36 and 337 allylic complex336band two molybdenum-bondedallylic

were reported>® complexes337band 341 All these species have MiMo
Scheme 206. Reactions of a Manganes#lolybdenum bqnds. AT[_ZO °C, complex341is the main product, but
u-Hydrido Complex with Alkynes and Allenes this species slowly decarbonylates at room temperature to
on, give 337h which has an agostic interaction between an
. SN e allylic hydrogen atom and the electron-defficient manganese
Phe i <co>??<u atom (Scheme 209). Isoprene reacts similarly except that only
op(oowo/P\Mn(coh MeC=CMe or EXC=CEt sa analogs of336band337bare produced®®2%°(Reactions of
Ny hexane-benzene (3.:1) /rt/hv P y 73 with alkynes and allenes were discussed in section 5.3.1.,
7 OpOOME \%%.:344)7(’; Scheme 206.)
R,C=C=CH, | hexane-benzene (3 : 1) 336b H

hv/rt Scheme 209. Reactions of a Manganes#&lolybdenum
oh, ) oh, 336a:336b=1:1 p-Hydrido Complex with Dienes
P R P, Ph
Cp(OC)zMO/ \P&;‘):(V( + CpMo/ \I,Mn(CO)g /P<
3H R H /_}{6/ Cp(OC)zMoan(c;O)4
336¢,336d: R=H H H 337a H
336e, 336f: R = Me 73

H

When the diphenylphosphine-alkyne complexi28t is ﬂ‘hexa"e:be"ze"e(s")'"’hv

warmed, oxidative addition of the phosphine to give a

. i . Ph, Phy Phy
y-pho;pmdo ligand takes place, and the phosph_me hydrogen Al P PN
atom is transferred to the alkyne. Two isomexi@lkenyl Cr(CO)Mo :“&‘;,;%Me RSO v celoque Mn(CO),
complexes are produced in close to equimolar amounts: the H e e

ligand is o-bonded to the cobalt atom (via the carbon and 3360 (18%) H H

by O-donation) andr-bonded to the molybdenum in complex M st 67 M st (0%
338 The situation is reversed i224h in which the NP

molybdenum atom is now-bonded to the ligand and the —co
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When the rhodiumtungsten 1,5-cod compleés0d (Scheme species are observed more often in bimetallic systems than
210) is exposed to air or is allowed to stand in solution on single metals, since the two groups need not be on the
“under nitrogen for a prolonged period” the hydride spon- same metal, so reductive elimination is often slower. In some
taneously inserts into one of the olefinic double bonds and cases, a metal hydride is not observed but is assumed to be
affords then3-CgH13 (cyclooctenyl) complexd42 shown in an intermediate in the elimination reaction.

the scheme, in what is a revergehydride elimination Some reactions of heterobimetallic complexes with hy-
reaction?s! drogen generate metal hydrides, which in turn react further
. o ) with hydrocarbyl ligands. Reactions of metal hydrides,
Scheme 210. Metal Hydride Insertion into a Coordinated formed via direct hydrogen addition, with hydrocarbyl
1.5-cod Ligand ligands are thus presented in section 5.4. Oxidative addition
BN Ehe of C—H bonds often leads to subsequent reductive elimina-
oW < >Rq(cod _ :;:rizvgN © C)4W< >Rh_© tion of alkyls. These reactions are discusse_d_ir_l section 6.3.1.
B H 2 4 The cat|or_1348 adds a hydrldc_e ion to the iridium atom at
60d ? 342 (quantitative) —40 °C to give the methythydride complex349 (Scheme

) ) 214), which then reductively eliminates methane at ambient
The Mo-Ru u-dihydride complex343 (Scheme 211)  temperature to giv®@4a A cyclometalation side reaction

reacts with ethylene to afford an unsaturated mixed-metal from one of theu-dppm ortho-C—H bonds gives350, an
complex344 and (presumably) ethane. This species adds |r—Rh analog of comple®2.264

hydrogen at room temperature and regenerates complex

343262 Scheme 214. Reductive Elimination of Methane from a
Rhodium—Iridium Methyl Hydride Complex
Scheme 211. Reaction of a Dihydride with Ethylene To
Generate an Unsaturated Molybdenum-Ruthenium F|’/8\F|’ W _ T/OC\T
Complex 0C—RHE—)_cn, = LCIIHE;EE) 5~ OC—Fh \I-\—H
o Np P/O\P l '|: l F\, CHa
(00) Rt‘J/ H\“O(CO) CoHs (OC)FI1|1/_C\I\|40(CO) \3( \3{
ST .
P\/P P\/P N |- CH,
343 344 P/\P/ N,
Early—late heterobimetallic com_plexes with hydride ligands OC_,Jh«"H\I‘,\jij . OC‘R‘h OC\\"_CO
also are capable of hydrogenating ethylene to ethane. The e Yoo l F{
rhodium dihydride zirconium comple345a(Scheme 212), P P’
whose RR-Zr bond is spanned by two alkoxydiphenylphos- 350 94a

phine ligands, reacts with 1 equiv of ethylene to generate

346 ethane is liberated®’ Reductive elimination of propene from an isomeric mixture

of the propenyl hydride complex&§3a,bis induced by CO

Scheme 212. Stoichiometric Hydrogenation of Ethylene to addition (Scheme 215). Propene is eliminated, and complex
Ethane by an Early—Late Heterobimetallic Complex 168is obtained viau-hydrido intermediates*
N F‘!-._/H/pph3 CH.oqiv) P\ JoPha Scheme 215. Bimetallic Reductive Elimination of Propene
S.:Zr S:Rh ErNETT TS “:_Zf s_,Rh + GCoMe Induced by CO Addition
o‘\g\myxphg O\\B\PF&,PPhZ H P/\P —‘+ T P/\P _‘+
345 346 H_C\E N LN N
—Rh{—/Os + F—Rhijs\
N we | @ [ N we | @[
Olefin insertion into the PtH bond oftrans[(PhsP)Pt- Pe " P
(H)—SnCE], 95, has been observed. This reaction, shown 303a 303b
in Scheme 213, has been investigated as a model in olefin CO (1.2 bar) | CD,Cly /1t
hydroformylation by P+Sn systems. Addition of pent-1-
ene t095 affords the_cis—npentyl comple><347aat—_75 °C. H o . H o X
This species isomerizes to the more thermodynamically stable H=C | | cO—‘ H-c | Q| Cj
. ° . N\ N~ \ L TINA
transisomer347bat —30 °C, as showr!® These reactions C—RN=——0s C—Rh—0s
have been the subject of theoretical investigatias. Me F\, & ,‘, o Me F’, H F|, “
~_ \/
Scheme 213. Pent-1-ene Insertion into the
Platinum—Hydrogen Bond of a Platinum—Tin Hydride co@.2 bar)‘CDZCIzln
Complex
Clasn\Pt/PPhs i F=r13|=\Pt /SnCIg CISSn\Pt/PPhg T/OC\T “+
F,h3P/ Nu -75°C F,hSP/ \n_CSH“ -30°C Ph3P/ \n_cﬁH‘1 OC—Rh C>0sfco + N
95 347a 347b ||; o |:|:
~_
5.3.3. Metal Hydride Additions to Alkyls 168

Most reactions of this type involve the reductive coupling  Methane is liberated when the eatllate methylene-
of an alkyl group with a metal hydride to give an alkane in bridged complex [Cgla(-CH,).IrHCp*] (Ir —Ta) 56h is
a bimetallic reductive elimination reaction. Alkyl hydride heated with iodomethane, aB@iis generated (Scheme 216).
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In contrast, the slow reductive elimination of pentamethyl-

Ritleng and Chetcuti

species is exposed to CO (the monohydride comBlis

cyclopentadiene, Cp*H, is observed, together with the formed in this case). Oxidative addition of HCI Td is not

formation of56d, when this complex is heated with excess
CO for 50 h at 135°C 265

Scheme 216. Elimination of CH and of Cp*H from an
Iridium —Tantalum Complex

Hy
C

CHgl cp*
S CpgTa/ > A CH,
N CeHg /105°C /24 h N N
2
o} . Hp
Cp "
CpgTa/ \Ir< — 561 (59 %)
DN
2 C c©
CO (excess,
56h ) szTa/ \i.< + Cp*H
CeHg /135 °C /50 h \C/ o

H,
56d (46 %)

Trimethoxysilane forms when complé&d2his allowed
to stand in CHCl,. The alkenyl group is converted into the
parallelx-HFB complex351(Scheme 217), whose structure
was determined by a single-crystal X-ray diffraction steéfdy.

Trimethoxysilane is also generated when the alkenyl com-

plexes212cand212d are treated with triphenylphosphine.
The alkenyl ligands are transformed into thevinylidene
species35224°

Scheme 217. Reductive Elimination of Trimethoxysilane
from Iron —Platinum Complexes

- p
CHyCly / 1t/ 5 days | |
——2———~ (OC)sFe Pt—CO
(212h)
e e o C==C_
| | / - HSi(OMe), FsC CF3
(OC)sFe Pl*C\\ —_— 351
C—H
(MeO);Si——0_ ¢ p Np
Me PPh; (1 equiv.) o6 |
212c:R=H; R'=Ph —_— )sFe Pt—PPhg
212d: R = H; R' = Tol CH,Cl, \C P
212h: R, R =CFy (212¢ or 212d) i
c
R H

352a: R=Ph
352b: R =Tol

5.4. Molecular Hydrogen Addition to Hydrocarbyl
Ligands

5.4.1. Hydrogen Addition to Alkyls and Acyls
The platinum-bonded ethyl complé&40in Scheme 218

eliminates ethane when treated with a modest pressure of

hydrogen, and generates an isom&s9b of the cationic
hydride339afrom which340is generated (see section 5.3.2,
Scheme 2083%8:259

Scheme 218. Reductive Elimination of Ethane Following
Hydrogen Addition to an Iridium/Platinum —Ethyl Complex

PEt, + PEtg |+
Et.,, b wH, | PEt Hj (3.5 bar) E‘SP“"VYP oM | o
t I —_— . t Z1r
Et.P™ \H/|\ acetone /60 °C  Et,p” \H/|\H
PEt, - CoHg PEt,

340 339b (45 %)

The chemistry of the rhodiumiridium cationic methyl
complex71 toward molecular hydrogen has been investi-
gated. Complex 1 reductively eliminates methane in a two-
step process when treated with, Scheme 219). First,

followed by CH; loss; the hydrido-methyl comple366that
is formed is stable to reductive eliminati#if:'1?

Scheme 219. Bimetallic Reductive Elimination of CH
Following Oxidative Addition of H, on an Iridium —Platinum
Framework

T/OC\T —‘ |/\F|’ T/\P —‘
H H
OC—Rh >Ir—CH3 ﬁ— H;Rh/ \|<CH3 % OC—Rh< >I|r/H
I - R A I g A
\/ ~_ ~_"
7 353 354
+CO
Hel ‘ CHLCly /1t CH,
o]l ]
M _co A
OC—Rh Ir. R Ir—CO
F[ o | Nen, & l OC/FL
\/P \/
356 355

Similar reactivity patterns are seen in related rhodium
and iridium—rhenium cationic complexe¥l (Scheme 220).
Addition of H, to complexes1 leads to reductive elimination
of methane, metalmetal bond cleavage, and the formation
of a u-hydrido ligand that spans the two metals 3567.
Methane is also eliminated whermrHs added to the initial
cations to give the complex@88 an intermediate methyl
hydride complex can be observed-a60 °C in the case of
the Ir—-Re reactiort!!

Scheme 220. Reductive Elimination of Methane from
Rhodium— and Iridium —Rhenium Complexes

T/O\T _‘+ T/\T 1+
c H H
HC—MZ L. T M S
N CH,Cl, /1t 4 v
| g7 [ g & 7 o
pP_ O p © -CH, P P
\/ \/
81a: M = Rh 357a: M = Rh
81b:M=1Ir LiHBEt 357b: M =Ir
(1 equiv.)
LiHBEt; (1 equiv.) | thf/-60 °C thf / rt
(81b) -CH,
] N
H C
H3C7Ir/ >Re/co p oc—M >nc co
e as
\/ \/
288b: M = Rh

288c:M=1Ir

The molybdenumiridium complex 38a (first seen in
Scheme 19) eliminates toluene when treated with molecular
hydrogen. The reaction proceeds via CO loss, oxidative
addition of H, and then reductive elimination of toluene to
give a mixture of monohydrid&58 and trihydride 359
complexes (Scheme 22%).

When the PtSn acyl specie86is treated with hydrogen
and CO (1.5 bar)p-hexanal was produced in around 12%
yield. The main process was loss of pentene to give the
platinum—tin carbonyl hydride complex shown in Scheme
222116

5.4.2. Hydrogen Addition to Alkenes
The metals in the manganeseolybdenum comple860

oxidative addition takes place (accompanied by CO loss) to shown in Scheme 223 are anchored together via a function-

give a dihydride comple853 Methane is then eliminated

alized Cp group and a bridging diphenylvinylphosphine

from 353when another equivalent of hydrogen is introduced ligand, PPRCH=CH,), whose phosphorus atom is manga-

(to give the trihydride comple854) or when the dihydride

nese bonded. The complex is robust enough to withstand
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Scheme 221. Reductive Hydrogenation of an
Iridium —Molybdenum Tolyl Complex Leading to Toluene

P(T0|)2
[(Tol)3P](OC)2Ir/ \MO(CO)ZCp
Tol
38a
H, (1 bar) | EL,O /1t
(Tol), (Tol),
©/ * [(T°|)3F’](OC)2li/ \MO(CO)zCP + [(T0|)3P](00yf\/ \'\|/|0(CO)20P

H H
quantitative \ H 358 359 H /

1:8

Scheme 222. Production of Some Hexanal When a
Platinum—Tin Acyl Complex Is Treated with Water Gas

8

ClySn PPhy o
N \Pt/ Ha/ CO (1:1) I ClsSn_| _-PPhg
n _— +
phap” N ot 1.5 bar "CsHii” H PhP” H
'3

N (‘)‘ 12%
refluxing toluene. The vinyl group of the phosphine ligand
is hydrogenated when exposed tgushder these conditions
to give a now terminal, molybdenum-bonded RFEHigand
in the new compoun®61.266

Scheme 223. Hydrogenation of a Manganese-Bonded
Diphenylvinylphosphine Ligand to a Molybdenum-Bonded
Ethyldiphenylphosphine Ligand

<z <
| \ H, (excess) |
(OC),Mo Mn(CO); —— = (OC),Mo Mn(CO),
toluene / reflux
. _—PPh, PPh,Et
360 361

The diazadiene ligand i209a (see Schemes 109, 119,
and 128) is hydrogenated withylih a hydrocarbon solvent
at 90°C to give362 A deuterium labeling study shows that
deuteration gives thieans-362-d, complex. The reaction of
209ais quite different from those of its homobimetallic
congeners. The diiron analog 2809aunder similar condi-
tions decomposes with metainetal-bond cleavage, while
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group is reduced with molecular hydrogen to give the
azadiene complef48b (Scheme 225312

Scheme 225. Hydrogenation of an Unsaturated Aza-Ligand
Affords an Azadiene u-Hydride Complex
H

|
\=C~__H

Pre 7/
7 i\ Hj, (1 bar) ' :\ \/z\\
(OC)SRU\C ;\//Fe(CO)a W (OC), u\H 7Fe(CO)2
N Me
364 C. 248b
H/ H
The strong and very short RIZr bond of 2.444(1) A
found in the dimethylrhodiumzirconium complex345h,
shown in Scheme 226, suggests that multiple bond character
is present. This complex eliminates methane when treated
with hydrogen in the presence of PPRhe intermediate
product346 (see also Scheme 212) then oxidatively adds
H> to form the dihydride345a2?”

Scheme 226. Reductive Elimination of Chlfrom a
Dimethylrhodium —Zirconium Species

iPr

. H;C CH . H H
Cp 32 3 Cp Z
B H, / PPhy (1 equiv.) AN /) _PPhy
zr Rh 2 zr A
CgDg/-196 °C to 1t : <\
O O(_PPhy PPh -2CH O O PPhy PPh
\/\} 2 4 \/\}/ 2
345b 345a
Cpt PPh
Hp/PPhy TN\ /o H,
Zr Rh
-2CH, S\
O O PPhy_PPh
GG il

346
observed intermediate

6. Carbon—Hydrogen Bond Cleavage on
Preformed Heterobimetallic Frameworks

6.1. Carbon —Hydrogen Bond Cleavage by Formal
Proton (H ™) Abstraction

6.1.1. Proton Abstraction from Carbenes

The outcome of reactions of the PtV u-alkylidene
complexe®g and9h with hydride sources depends both on
the reagent and on the nature of the alkylidene complex. One
of the methyl hydrogen atoms of theCMe(Tol) ligand in

the diruthenium complex loses an equivalent of CO and the complex9g is abstracted when the complex is stirred

forms a dihydride specied63 (Scheme 2243%°

Scheme 224. Contrasting Behavior of Homo- and
Heterobimetallic Group 8 Diimine Complexes with
Molecular Hydrogen

H H
Pr_ _~C___H ‘Pr\N¢C\C/H
(00) lvl—/ \M’(CO) e A A (CO)
— u HRu
TN (Rup) H/ N ¢
| &gl
iPr Pr
Fe,: M, M'=Fe Hy 363
Ruy: M, M'=Ru
209a: M=Ru; M'=Fe (Fey)

Hy (Dy) / heptane

or octane /90 °C (209a) decomposition

HD, H H H/D
A
c—=cC

| |
iPr-N N-'Pr

e

Fe(CO);

(OC)sRu
362

Complex364 contains an iron- and ruthenium-substituted
allylic group linked to an azaalkenyl group. This organic

with a suspension of NaH (Scheme 227) to generate complex
136h, which contains au-n(Pt),s2(W)-alkenyl ligand*4°
However NaH abstracts the alkylidene proton and generates
the neutral carbyne compl@&db from theu-CHTol complex

9h. Both complexe®g and 9h add on hydride ligands to
give neutral u-hydrido complexes321 with K*[BH-
(CHMeEty] ~.2%7

6.1.2. Proton Abstraction from Carbynes

Addition of water to a solution of thes-ethylidyne
complex261gives theu-vinylidene complex268h following
methyl-ligand proton abstraction by water (Scheme 228).

6.1.3. Proton Abstraction from Alkenes

The ethylene ligand in the cationic unsaturated complex
276 shown in Scheme 229 reacts with PM8urprisingly
the ethene ligand is not substituted with added B hstead
the phosphine ligand abstracts a proton and transforms the
ethylene into au-vinyl ligand to give complexl36¢143:144

6.1.4. Proton Abstraction from Methyl Groups in Ligands

Dimethylamine is able to abstract a proton from the Me
group of the carbocationic compl&d7eshown in Scheme
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Scheme 227. Reactions of PlatinumTungsten u-Alkylidene
Complexes with Hydride Sources
H

\ /Tol
H/CQC
i CPOCHW. PHPM
-Pt(PMe.
thf /1t POOW - Fi(PMed)e
~‘+ (99) 136b
/ C/R lol
/ NaH A
CPOCIW——Pi(PMey); e CROOW- }F"(P”‘eﬁ)z
% S
9g: R =Me 31b
oh:R=H
Tol\ /R
c
KIBH(CHMeEt),] N
T Ch(OC)W. Pt(PMes),
CHiCl It p(OC), \H/ 3)2
321b: R = Me
321c:R=H

Scheme 228. Proton Abstraction from gu-Carbyne
Complex with Water

nlne + g
/‘Q\ /g\
Cp(OC)Fe=——Ru(CO)C; Cp(OC)F Ru(CO)C
p()e\c/U( )Cp p( )e\C/U( )Cp
o 261 O 268b

Scheme 229. Proton Abstraction by PMgResults in an
1-C,H4 = u-CH=CH, Conversion

N H
Q. T ' H-Os=c
PMe; (slight excess) Co(OC /
CpW——"=Pt(PMe. P(OC)W. =Pt(PMe:
| CF} ek o2 CHoClp /-196 °C to 1t N J2
2¥SCH, % 276 136¢ (30 %) o

230. The product is th@-alkyne complex128swith an
uncoordinated alkene functionafty (as seen already in
Scheme 192).

Scheme 230. Proton Abstraction from a Heterobimetallic
Carbocationic Complex

HoG
CsHys oo CHS“ CsHiy C—CFs
‘c—/;CT T~CF, HN(CHy), ‘C’/—C
P N
(OC)sCo Mo(CO),Cp (OC)sCo Mo(CO),Cp

307e 128s (40 %)

When the dicatiorB65 is reacted with 2 molar equiv of
NaC=CH, a terminal acetylid866is formed, together with
a second produc?67 that contains a new GIEN moiety,
which is o-bonded to the rhodium atom (Scheme 231).
Complex367is formed by base hydrogen abstraction from
the methyl group of a coordinated acetonitrile ligand and
can be obtained essentially pure in-50% yield when 4
equiv of NaG=CH are used?* Complexes366and367 are
isostructural with the alkenyl and acyl spec&$ and 90.

Scheme 231. Hydrogen Abstraction from a Coordinated
Acetonitrile Ligand

P/\P ~‘2 P/\P /\P

| \ | _CO' NaC=CH (2 equiv.) _ | OC ‘ | |
/ W’ H-C=C—Rh- Os CO + H2C Rh- O

me W | © ’ P. ¢~ P "? !’9
\/ \/

365 \__ 366 7

1:1

Wet silica abstracts a methyl group proton from the
cationic azadiene comple868 shown in Scheme 232. The
structure of the neutral comple364 was determined by

Ritleng and Chetcuti

to afford the neutral azadiene irenuthenium hydride
complex248b shown in Scheme 2252

Scheme 232. Proton Abstraction from a Methyl Group of an
Azadienyl Iron —Ruthenium Complex by Wet Silica

H
; I
Pre _~C__H
Pr\N/\ -‘+ NZ N
§ wet silica / A\
(OC), Ru Fe(CO _— (OC)SRU\ —Fe( (CO)3
\\
s C.

364 " H
(40-60%) H

Instead of adding on or substituting a CO ligand in the
osmium-rhodium dicationic comple282shown in Scheme
233, trimethylphosphine abstracts a proton from the agostic
methyl group and affords thg-methylene complex369,
which is an isomer of65c X-ray diffraction studies
established that metametal bonds are present in the starting
material [Os-Rh = 2.9177(4)] and in theu-methylene
complex [2.9246(3) Ap»®

Scheme 233. Proton Abstraction from an Agostic Methyl
Group with PMe; Generates au-Methylene Complex

e ~we
| 2N l _PMe, PMej (excess) | O | —PMeg
/Rh\‘ /OS\ PN /o\
* l' & F') X CH.Cl, /1t o° FL RS l (o8
~_— ~

369 (93 %)

6.1.5. Proton Abstraction from u-dppm Ligands

A proton is abstracted from a dppm ligand in the cationic
osmium-rhodium complex168 by t-BuLi to give 262
(Scheme 234), which contains an anionigPhCH—PPh
bridge. The same species is obtained when compédis
reacted with Na&CH under a CO atmosphet¥. (See
Scheme 142 for the alkylation @62)

Scheme 234. Base Abstraction of a Methylene Hydrogen
Atom from a p-dppm Ligand in Osmium—Rhodium
Complexes

P —I*
AN | 'BuLi (excess)
Os—CO ————— H
thf /rt
47 %

)

P
|
R
| &

P.

oc—

\
n_
>

—‘2+
0! NaC=CH (2 equiv.) / CO

CH4CN /1t
47%

Complexes370with bridging anionic PPICHPPHR ligands
akin to those found in compoun262 (Scheme 234) are
generated when diiodomethane or I{CH\ are added to the
u-dppm complexe®4. Addition of an iodide ligand takes
place, and one of the dppm ligand €hlydrogen atoms is
abstracted. The CHX (X = I, CN) molecules are trans-
formed into CHX (Scheme 23557

A Ph,P—CH—-PPh bridge system is also formed when
the Rh-Ru u-dppm complex371 (Scheme 236) is reacted
with K[BH-s-Bus]. However in this case, the ligand in the
product372binds to the dimetal system in a different fashion,

X-ray diffraction. This latter species may be hydrogenated with both phosphorus atoms bonded to the ruthenium atom
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Scheme 235. Reactions of Cif, and CH,ICN with
Iridium —Rhodium and —Iridium g-dppm Species
H

N Téi’
0C—Mm= \\I.——CO OHX X =L 0N oo > —CO + CHyX
\ / t g
P\/ P\/P
94a: M =R 370a (64 %)

370b (75 %)

and the methine carbon linked to the rhodium. Com3ég
was characterized structuraf§f:26°

Scheme 236. Base Abstraction of a Methylene Hydrogen
Atom from a u-dppm Ligand in a Rhodium—Ruthenium
Complex

H
P e ﬁ\

H /CI\FIz KIBH(s-Bu)g] H {J/P

P

N
cod) ————— R Rh
. thf/0°Ctort P// .,

371 372 (40 %)

A cyclometalation reaction from a phenyl group of a

u-dppm ligand is induced by NaH addition to thedppm

complex171bas shown in Scheme 237. The reaction may
be reversed by addition of HBRo the cyclometalated

product52 (Scheme 183%

Scheme 237. Reversible Cyclometalation from a Phenyl
Group of a g-dppm Iridium —Osmium Complex

T/\T —‘», P/\T
H @
N~ _co NaH A
OC—I O _ Ir——0s—CO
AN HBF, Et,0 di p” \S
T S
P P P
\/ /
171b Ph o 5

6.1.6. Proton Abstraction from a st-Allylic Group

The electron-deficient comple®37b has an agostic
hydrogen interaction between anti-allylic proton and the
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complex 48. This species readily undergoesfahydride
elimination to afford the ruthenium vinyl species [Ru(Pj4e
(CH=CH,)Cp] and [Zr(H)CICp]. The latter complex may
be trapped by the addition of an alkyne sucmd@&uC=CH
to give the alkenyl species shown in Scheme £39.

Scheme 239.6-Hydride Eliminaton from a Ruthenium/
Zirconium Diametalla-Alkane Complex

< L Q

Me3P \ \ % _ Ru H o+ 7

Me3P / / Me:AP y— o W
H H g 47 ST

"BuC=CH | CeDg /1t

Q
high yield o’ y

In the examples shown in Scheme 240, fhbydrogen
elimination from the platinum ethyl complexes of type0
to give complexes332 takes place at the platinum and is
only tangentially affected by the group attached to it. The
participation of the second metal is not necessary, but the
observed rates of reductive elimination decrease in the
order. Pt+Co > Pt-Mo > Pt-W > Pt-Cl. Reactions
follow trends in electronegativity of the attached groups,
peaking in the electron-withdrawing [(dppe)EtRIo(CO)]
(Co—Pt) systent’1272

Scheme 240.5-Hydrogen Elimination of Ethylene from
Heterobimetallic Ethyl Platinum Complexes

Ph, Ph,
P ML, P
N CH,Ph, o toluene / 80 °C N/
/Pt\ ——————————— CpH, + /Pt\
P CH,CHs P H
Phy Phy
100k: ML, = Mo(CO),Cp 96 % (100k)  332a: ML, = Mo(CO)sCp (71 %)
1001: ML, = W(CO)sCp 91 % (100)  332b: ML, = W(CO)sCp (73 %)
100m: ML, = Co(CO), 74 % (100m)  332c: ML, = Co(CO), (-)
100n: ML, = Cl 9% (100n)  332d: ML,=ClI(-)

manganese atom. This interaction is no longer necessary

when the complex reacts with-BuLi, since this base
removes a hydrogen atom, and a direct manganeadon
o-bond is formed to give the anionic metalloallyl complex

6.3. Carbon —Hydrogen Activation by
Heterobimetallic Complexes

373(Scheme 238). When deuterotrifluoroacetic acid is added 6.3.1. Carbon—Hydrogen Activation of C(sp)-H Bonds

to this species, the deuterated starting mate3gb-d; is

reformed. Addition of a variety of electrophiles such as
[AuCI(PMe,Ph)] to the anionic metalloallyl complex gener-
ates new complexes in which electrophilic groups such as

Au(PMePh) replace the agostic hydrogen aton88vh?7°

Scheme 238. Abstraction of an Allylic Agostic Hydrogen
Atom with n-BuLi

Phy Phy
; P
N "BuLi / thf / rt
CpMo/—,Mn(CO)s P — Cp(OC)Mo/ Mn(CO),
H & CF3CO,D / tht/ 1t H
—H/D 7O H
H S‘H
Me
Me  337p 373

6.2. Carbon —f-Hydrogen Bond Cleavage by
Metal —Hydrogen Abstraction

Surprisingly few examples are known of this classic
elimination reaction in heterobimetallic systems. One ex-

When Ph@CH was reacted with the rhodiuniridium
methyl complex71, oxidative addition of the alkyne -€H
bond ensued at the iridium center-a?8 °C to yield 374
As the reaction mixture was warmed to ambient temperature,
a parallel-bridgequ-alkyne complex was formed. Carbon
monoxide loss followed to give another methyl hydride
intermediate comple875 Reductive elimination of methane
led to the final product, thg-alkynyl complex376 shown
in Scheme 241. Complex76 itself undergoes €H bond
oxidative addition with Ph&CH to give the bis-alkynyl
u-hydrido species shown in the sche#f€The latter could
also be obtained via elimination of GHby reacting the
intermediate methyl hydrid875 with PhG=CH°! or by
reacting the cationic rhodium/iridiupr-alkynyl complex264
(see Scheme 166) with PEECH (not shown here}®

6.3.2. Carbon—Hydrogen Activation of C(sp?)—H Bonds
The iridium—ruthenium trihydride877reacts with ethylene

ample, in which the two metals are not bonded to each other,to afford the divinyl hydride comple878 (Scheme 242).
is provided by the ruthenium/zirconium dimetalla-alkane There is a significant difference in metahetal bond lengths
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Scheme 241. Activation of Terminal Alkyne C-H Bonds
across Iridium—Rhodium Centers

Tl T Tl ol
~ PhC=CH G H |l _co
OC—Rh I—CHy ————— Rho_ >Ir
l oC/ FL CDCl/-78°C o7 l|D . hcg/c F|»\CH3
~_"
7 374
‘>-7B°C
/\ /\
PhC=CH T . T -‘ T % T -‘+
CH,Cl, /1t O O OC\Rh'/— NP
>
o, l‘\/ F;,\ l';'Q:c;F[’\cm
~_
P/O\P -‘¢ P/\P Cph—‘+
oc .JL/C '|—co PhC=CH OC\R‘h/H\I/C//
"|"\2c/',' CH,Cl, /1t | ~.c” |r\co
PHC ‘co PHC
P\/P P\/P

376 (75 %)

between the starting material [2.4858(4) A] and the product
[2.7313(6) A)273

Scheme 242. Ethylene and Aromatic Alkyne €H
Activation by an Iridium —Ruthenium Trihydride Complex

A

Cp*—Ruz; —Ir—Cp*
Y
\H/
HoC=CH, 377 PhC=CMe
10 atm /50 °C rt
PhC=CPh | rt
N "~
P \| Z
/Ru Ir Ph /Ru\ /Ir\
cp* cp” Me H Cp*

378 (89 %) 379a

AN
Cp* H
Flu//\'H\Ir
e ST

cp”” Ph H Cp*
380
80°C | -H,
H /7
Ru// > Ir
AR ST N
cp” PhH Cp*

Complex377 also reacts with some aromatic alkynes. In
this case, there is activation of anthophenyl C-H bond.
The alkyne Ph&CMe affords the cyclometalated species
379aalso shown in the scheme. A similar prod3a9bis
obtained from the reaction of PE&CPh with377. Thetrans-
alkenyl intermediat@&80that is formed prior to the reductive
elimination of hydrogen and the cyclometalation reaction
may be isolated in this casé

The reaction of the tetrahydrido osmiaruthenium
complex381 with ethylene is similar to that observed for
the just-discussed +Ru u-hydrido specie877. When381

is heated under a slight ethylene pressure, ethane is formed,

together with comple882b(Scheme 243). The G4RRu bond
order goes from triple in the reactar38() to single in the
product382hb. This is corroborated by X-ray crystal data, as
the Os-Ru distance changes from 2.4663(5) A381 to
2.7591(10) A in382h27

The activation of cyclopentadienyl-type-& bonds has

Ritleng and Chetcuti

Scheme 243. Ethylene Activation by an Unsaturated
Ruthenium—0Osmium Polyhydride Complex

H
ZHN CoH, (3 b \\ ep
cp—R L/—\OS—CD* 2Ha (3 ban) HL.//\OS/
toluene / 70 °C e |
H - CoHg /

381 382b (88 %)

with Cp ligands or their derivatives. The reactivity of the
early—late trimetallic chain complex GEr{ Ru(CO}Cp}»
214toward this kind of reaction has already been discussed
(section 3.4.3, Scheme 113, and section 3.5.3, Schemé®.32).
Other examples follow.

The photolysis of a benzene/chloroform solution of the
complexes383afforded complexe384with w-73(M),n*,n°-
(Ru-CsH4CH,CsH3 ligands as the major products (Scheme
244). Isomers385 with the binding mode of the ligand
reversed (i.e.g-bonded to the group 6 metal) were isolated
as minor products. X-ray diffraction studies of single crystals
of each isomer were describ&d.

Scheme 244. Activation of Cyclopentadienyl €H Bonds in
Ruthenium—Group 6 Complexes
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Cyclopentadienyl ligand €H activation has also been
observed in Me-W complexes. When samples of [Cp-
(OCxrMo(u-dppm)W(COXCp] (Mo—W), 386, are heated, a
P—C bond cleavage reaction takes place. However, pho-
tolysis at—10 °C led to activation of a tungsten-bonded Cp
ligand and to the formation &387. This species undergoes
further photolytic decarbonylation &t10 °C and regenerates
the GH;—H bond to give388 which contains a M&W
bond (Scheme 24558 This reaction may be reversed, and
if CO is bubbled through a solution 888 complex386is
regenerated. The Wanalog of 386 also undergoes a
reversible GH,—H activation?’7278but in the Mo system,
only P—C bond activation was observed and neverHC
activation?79.280

Scheme 245. Cp Group G-H Activation in a
Molybdenum—Tungsten g-dppm Complex

P/\P P/\P P/C.>P
Cp(OC),M WCp(CO ¢ (OC)MI/H\VI\ICO W oMo vlvc
[o] 10
s PCO i 0c P /( 2 Snr10G P O\\C‘,C/ P

>, -Co
386 387 388
hv /thf/ 10 °C

+CO

6.3.3. Carbon—Hydrogen Activation of C(sp?)-H Bonds

One of the methyl group €H bonds of theu-SiMe,
ligand in theu-SiMe, complex389 can be photolytically
activated at 5°C. The product is thej}(Re),72(W)-silenyl
bridged complex390 shown in Scheme 246. The complex

been achieved in a number of heterobimetallic complexes spontaneously reverts &89 at room temperaturé?!
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Scheme 246. Activation of gu-SiMe, Group in a temperature to afford an isomeric mixture goinylidene
Tungsten—Rhenium Complex complexesl95 (Scheme 24978 None of these complexes
M We contains Mr-Rh bonds. The reactivities of these species
I oy . .
Cp'(OC)2W< >Rmo)ch* /s c Cp*(oc)gml,< / " Re(CONCh* were described earlier (Schemes 104 and 161).
H H CH, H

Scheme 249. Rearrangement of a-Alkyne Species to

%9 8% Isomeric p-Vinylidene Complexes
Acetone undergoes oxidative addition to the unsaturated N o p
iridium—zirconium complex391(Scheme 247) to give53h oc | oc | o o | % | o
However, acetone effectively reacts in @solform, and it R, M o emec Rh\c/""'"\
is likely that an O-H bond rather than a €H bond is ,‘,RC_CHF', Co F‘,\C _ ‘o
activated by the earlylate dimetal centet:® Silanes are also 2@3}_0/@% W R
activated (reversibly) by comple391 PhMeSiH affords (obtained at -40 °C) sow 195a
the spectroscopically observed compk3cshown in the / fast +CO | - CO
scheme. Molecules that activate—$1 bonds are often
capable of activating molecular hydrogen, and ind&$d, P p F,/\p
reacts reversibly with hydrogen or deuterium to give the Oc\th,_,Qc\N\m/cO 0| % | _co0
dihydride or dideuteride comple®63d (or 253d-d,). There [ e e “‘“ "o
is slow exchange between the Cp ring hydrogen atoms and P C P p\Hﬁp Cve
the added hydrogertD NMR shows that there is deuterium ROH
incorporation in the Cp ring aftea 3 hperiod. 195b 196
Scheme 247. Acetone, Silane, Cp-€H, and Molecular The molybdenumruthenium fulvalene complex393
Hydrogen Bond Activation by an Iridium —Zirconium reacts with the terminal alkynes shown in Scheme 250 to
Complex give isomeric u-vinylidene complexes394 that are o/x
e bonded to the two metals. Internal alkynes form molybdenum-
N bonded alkyne complexes. It is believed that the vinylidene
301 complexes are formed from a proton migration reaction from
CHyCOCH, H (or Dy) an initially formed terminal alkyne complex, and some

PhMeSiH, | th /1t (1 ban experimental evidence supports this vig.

toluene /1t Et,0 /1t

Scheme 250. Reaction of Terminal Alkynes with a

f“ i‘B“ 'LB" Molybdenum—Ruthenium Fulvalene Complex Affords
CPQZI\H/"CP‘ CPQZ/< H>.,Cp. Cp22/,/ Hgmp. p-Vinylidene Complexes
o PhMeHSi (DH '—“ Q '—“ Q
HQC)\CHB 253b (72 %) 253c (94 %) 253d (69 %) \ / HC=CR é‘ /
253d-d,, shows Cp ring Ru Mo__ _— Au
deuterium incorporation after 3 h cpo‘ / oco‘ ‘ Co thf / hv d; \ C \ ‘Co
5§ 76 Ca
The anionic rheniumtungsten ethylidene complé&84c R
(Scheme 248) loses an equivalent of CO when the molecule 303 394a:R=Ph
394b: R = SiMe;

is refluxed in thf. The complex activates one Gjs{H bond
of the ethylidine ligand and rearranges to thelkenyl
u-hydrido complex39219s 6.4.2. Hydrocarbyl Rearrangements That Lead to Alkenyls

The iron—ruthenium comple®40(Scheme 251) contains
a diisopropyldiimine ligand (specificallil,N-diisopropyl-
1,4-diaza-1,3-butadiene) bonded to the ruthenium atom and

Scheme 248. Thermal Rearrangement of an Alkylidene
Ligand into a Vinyl Hydride Species

H_ Me - H. /C/\” W a DMAD group bridging the metalmetal bond. This
N _ C=H complex isomerizes when heated to give a terminal ruthenium-

(OC)iRe W(E0); I elix (OC)RI——W(CO)s bonded alkenyl comple895, in which the diimine ligand is
284c a92(95%) converted into a bridging azaallylic group that spans the two

) metals as show#?
6.4. Hydrocarbyl Rearrangement Reactions That

Lead to .Carbon —Hydrogen Bond C|eavage an-d Scheme 251. Isomerization of Diisopropyldiimine and
Concomitant Carbon —Hydrogen Bond Formation DMAD Ligands into Alkenyl and Azaallyl Groups
Me

Some C-H activation reactions result in an initial-¢4 r oG /E y
bond cleavage followed by the formation of a new-ig@ \ //\\ oene /7050 R 7 \C\
bond. These varied, and hard to classify, reactions are Fe(CO)y —— ;c—gu\\ //Fe(cma
conveniently collected here. Note that some reactions of this R‘C\H §% Y
type have already been discussed in sections 3.2.5 (Carbyne Pr
Alkyne Coupling) and 3.3.3 (Carberdélkyne Coupling). 2“°»R-C°zMe (onaei)

6.4.1. Hydrocarbyl Rearrangements That Lead to The reaction of terminal alkenes REELH, with the

Vinylidenes u-HFB cobalt-ruthenium comple238(Scheme 252) leads
The parallel-bridged alkyne compl@92aobtained at-40 to an unusual €H activation reaction. A methylene
°C (see Scheme 164) rearranges when warmed to roomhydrogen atom from the RGHCH, moiety is transferred
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to theu-HFB group and two alkenyl ligands are generated characterized example of a heterobimetallic center activating
in the new complexe896. The alkenyl ligands bridge the an alkyl group that contains an agostic hydrogen interac-
bimetallic centers, but the hexafluorobutenyl ligands are tion.?83

o-bonded to the ruthenium, while the alkene-derived alkenyl

ligands areo-bonded to the cobalt. The structures of two Scheme 255. Hydrogen Atom Scrambling between an

different alkenyl complexes were established by X-ray Agostic Methyl Group and a u-Methylene Ligand

diffraction and reveal normal CeRu distances of ca. 2.60 Ho " e
08 months / rt 2
A for both complexed’ Cp2Ti->/f--->Rh(cod) —_— szTi-{f---ERh(cod)
\|_\|_13C 130/

Scheme 252. Alkene €H Activation by a g-HFB
Cobalt—Ruthenium Complex Leads to the Formation of Two

u-Alkenyl Ligands The methylene hydrogen atoms in the tantattnmodium

oFs and —iridium methylene complexes of clag&6 shown in

Fsc\c\‘C/CFS Pl Scheme 256 undergo H/D exchange when the compounds
00 Ru//\\oocp‘ H,C=CHR ©0) Fm/ \Co'::p, are treated with an excess of dideuterium. The reaction rate
TN hexane TN < is second order and follows a rate law expressed as=ate
O 238 £= K[P(H.)][Ta—M complex]. For the iridium-tantalum com-
39%_2:%00/) plex_ 56j, the H/D_ exchange is accompanied b_y_ qxidative
396b: R = Me (56 %) addition of deuterium to give6k-ds.>* The related iridiur-
396c: A= CO:Me (64 %) tantalum bis¢-CH,) complex 56h-d; undergoes similar
scrambling of the deuterium label between the terminal
6.4.3. Hydrocarbyl Rearrangements That Lead to deuteride (hydride) position and tpeCH, group hydrogens
Carbenes at 105°C in a sealed tube in dDs (Scheme 256). The

Upon reaction with trimethylamindkoxide, the cationic ~ reaction may proceed via alkyl (GH) intermediate$®®
rhodium—ruthenium complext82ashown in Scheme 253, _
formed by reacting DMAD witi65a(Scheme 99), undergoes ~ Scheme 256. Exchange between Hydrogen or Hydride
carbonyl ligand loss accompanied by an internal 1,3- :‘r'igﬁj”rgs_i[‘:n’t‘éﬁ';z;gﬂzg\?ﬁétoms on Rhodium- and
hydrogen shift to afford the vinyl carbene complgs7. A

: - . S 4 )
mechanism that involves hydride formation is propo'$éd. Dy (excess)  CaDa 45 °C Py seand,
— = Cp,Ta ML, 56b-d,
. ) (56a,b,d) o 56d-d,
Scheme 253. Rearrangement of a RhodiumRuthenium B,
Dimetallacyclopentene Complex into a Vinyl Carbene
Species 22 32 R
D. /CgDg /45 °C D
MeO,C * szTa/ \MLn 2 (exces) s CppTae \|< 56k-ds
R . = C>C/C°2Me o (56j) o D peng
|R —‘ . P H /p N Hp D, 8
= | Me;NO (1.67 equiv.) l C= H
Rh— Ru—CO ————————> OC—Rh Ru—CO 56a: ML, = Rh(CO)
OC/’ Radl | o ace‘°”§3’6/ n 56b: ML, = Rh(CO)(PPh) HD
P p - P 56d: ML, = Ir(CO) CeDg /105 °C C
~_ I 86h-dy: ML, = ICp'D e szTa/ \4.< 56h'-d,
1828: R = COMe a0 56j: ML, = I(CO)(PPhg) (56h-d) o

When the hydroxyalkynes HECCH,CH(R)OH (R=H, 645 Other Hydrocarbyl Rearrangements
Me) are reacted with the irefplatinum complex2j in the

presence of TIPE the Pt-Cl bond is broken, a likely 43- Phenylallene I!gates to the_unsaturate_d niekahgsten
proton shift from platinum to carbon occurs, and cyclization SomMplex202cbut is isomerized in the reaction (Scheme 257).
of the alkyne takes place. These transformations afford the The produc200econtains au-PhG=CMe ligand implying
cationic platinum-bonded carbene comple868 (Scheme  that an effective 1,3-hydrogen shift has taken pléte.
254). A mechanism for the formation of the 2-oxacyclopen-

tylidene ligand was proposéd. Scheme 257. Isomerization of Phenylallene on a

Nickel—Tungsten Framework

Scheme 254. Formation of a Cyclic Carbene Ligand Me\CIC/Ph
Following a 1,3-Hydrogen Shift from Platinum to Carbon ,,93\ H,C=C=CHPh )\ o
Cp*—NiZ=——=—W—Cp' Ni= W,
r T EY. e
. h—a HC=CCH,CH(R)OH / TIPF¢ (OChFe Pt:OMH 202¢ 200e
/ th /1t \ / o
MeORsSI—0 WeORsI—0\ 1,1-Dimethylallene reacts with nickemolybdenum and
42 30827 = —tungsten complexes of clad®9 to give initial products
. R =Me

in which the allene group oxidatively adds to the dimetal

. center to form 2-nickeloallyl complexe$00. The central

g:;éﬁ%” ogen Scrambling and Hydrogen Exchange car_bon of the_dimethyl_allene irrl_)onded to the nickel atom,

while the allylic group isz-coordinated to the group 6 metal

There is very slow scrambling between hydrogen atoms (Scheme 258). These complexes isomerize on a silica column

of the agostic methyl ligand and those of the bridging to give 1-nickeloallyl complexeg01 The structure of a

methylene group in the rhodiuntitanium complex399 representative complex was determined crystallographically.

shown in Scheme 255. This reaction represents a well- A labeling study, using Mg&€=C=CHD established that the
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isomerization takes place via a 1,4-hydrogen shift and not athe addition oft-BuCH=CH, to the complex led not to

1,2-methyl shif15.284 methine hydrogen abstraction but to abstraction of the
o . o hydride ligand and was accompanied by additiottBiCH,-
fclheDme 2k]58|- ”OX|dat|v§.Al?dF|t'|\(A)nlatr)1(§1 'Some”zdat_'oT“ of CH; to the unsaturated azaligand, as was discussed earlier
B,or-ldémet ylallene on Nicket-Molybdenum an ungsten (section 3.5.3, Scheme 1335,
oM Scheme 261. Hydrogen Abstraction from a Diimine
% (, Me Complex on Reaction with Styrene
Cb\N/,—’ AN /CPT DHC=C=CMe, (excess) Cof—Ni \me/CpT CHy
NI ; pf—Nis /
cpt d:/ \CO hexanes:toluene (1:1) /-196 to 35 °C CF/ \(b - HiC—Ca. C/:
ipr /7 N H
e siica e (©0) :Lg\/\\%e(co) PN ) ol > Steccor
199b: M = Mo; Cp” = Cp'; Cp' = C| 3 N . T BRU 3
1990:M=W?Cp§=0p?Cpr= Cp'p Me 1,4-hydrogen shift \H/ Ph heptane /90 °C \C\/
H o
DH,C /Q " - 248a 405 (60 %) Ph
PPN Cyclometalation reactions can be promoted by external
g @ reagents. The iridium/ruthenium trihydride compléR6
aota-e shown in Scheme 262 reacts with alkynes and with alkenes.

Both classes of molecules act as hydrogen acceptors and
dehydrogenate the molecule. The resulting unsaturated
species then undergoesaitho-metalation reaction with one

of the PPk phenyl groups to ford07. Theortho-metalated
aromatic ring of407 is alsos-coordinated to the iridium
atom. The reaction can be reversed by adding®H

The osmium-ruthenium complex382b is slowly trans-
formed into a bist-CMe complex,402, in a double 1,2-
hydrogen shift reaction, when refluxed in toluene for 2 days
(Scheme 2597 This reactivity is in sharp contrast to the
reactivity of the Ry analog, 3823 which affords the
metallacyclopentadienyl hydride€d3when heated. This latter

species is the result of-&C couplings between the coordi-  scheme 262. Hydrogen Abstraction from a Polyhydride

nated ethylene and the two vinyl ligants. Bimetallic Complex by Alkenes or Alkynes Leads to
) o ) Orthometalation
Scheme 259. Transformation of a Big-vinyl) into a PPh, PP,
Bis(]l'carbyne) Complex | wHe, | \\\\ PPh;  alkene or alkyne (excess) / 60 °C | |_".\\PPh3
e I/Ir\H/FTJ\H H, (1 bar) /25 °C H/"‘ R|U\H
c PPhg PPh,
(382b) . ZEN 406 407
toluene / reflux PR \\(E/Os—Cp .
O\ o i 7. Conclusion
/n(/\\m/ — 402 (65 %) This review has summarized a wide range of carbon
Cp* }/ hydrogen and carbercarbon bond formation and bond
382a: M = Ru (s82a) A TN -Me cleavage reactions that have been investigated over the past
382b: M =0s o0 /Ru{—/au\ 25 years. A plot of the number of publications (in the list of
e cp” MeTHT - Topt referenced articles) as a function of publication date is shown
403 (86 %) below. This graph igjualitative—in most cases the same
A Cannizarro-type disproportionation reaction was ob- Publications/Year

served when the earhlate heterobimetallic complex59b

in Scheme 260 (see also Scheme 139) reacted with benzal-
dehyde to givel04and [Fe(COYCOPh)Cp]. The deuterium- 20
labeled aldehyde PhC(O)D gave a PhOBzirconium
complex???

-
«n

Scheme 260. Cannizarro-Type Disproportionation on an
Iron —Zirconium Bond

No. of Publications

T T 10
Ol C
Mezsi“"Si/ \TiM92 o MezSi“ saf,, e\TlMeZ o
e
1 P , 1 Mez
N, Ph” “H/D (2equiv.) N Is,
AR Mg PHD Co) gl N e P :
) zr toluene / rt R Zr S\
| | §%
Fe_  259b:R=2FCeH, 404 O
oc" o CH/D, o
§ P ||>h 1980 1990 2000

_ : article is cited multiple times for different hydrocarbyl ligand
6.5. Other Carbon —Hydrogen Cleavage Reactions transformations, while in other cases, there is only one
Hydrogen abstraction reactions have been reported withreaction of interestbut it demonstrates that while research

diimine ligands. (An example has already been discussed inin this field peaked in the late 1980s, there has been a steady
section 4.2, Scheme 152). When the iraonthenium com- stream of manuscripts describing these reactions, and the field
plex 248ashown in Scheme 261 is heated with styrene or remains active.

a-methylstyrene, the latter acts as a hydrogen acceptor for An analysis of the metals involved in these reactions shows
the i-Pr methine proton to yield comple®05 with an that most transition metals are well represented. Only
allylically bonded ligand depicted in the schef&Note that hafnium, vanadium, and, for radioactivity reasons, techne-
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tium, were not involved in any heterobimetallic hydrocarbyl cod
ligand transformation during the last 25 years. In addition, Cp
while few examples exist for the metals titanium and CP
niobium, the other metals are well represented. Tungsten (inCp:
view of the high stability of its Fischer-type carbene and
carbyne complexes), cobalt, and rhodium are particularly well cy
represented. DMAD

In order to activate hydrocarbyl ligands, the heterobi- gmpm
metallic center needs to be robust enough not to cleave duringdppe
the course of the reaction. For a large number of such dppm
reactions, the hydrocarbyl ligand bridges the two metals. It HB(pz)
thus anchors the two metals together and prevents metal HFB
metal bond rupture. In most cited reactions of heterobi- Phen
metallic carbene and carbyne complexes, pioneered by Stoné PN
and co-workers? these ligands are in bridging positions.
Many reactions that involve heterobimetallic alkyne and TFA(H)
alkenyl complexes also have these ligands spanning the two
metal centers. thf

In other cases, the metainetal bond may be reinforced tmeda
by other bridging species, suchiasippm ligands, as is seen  Tol
in most complexes from the group of Covfé Suchu-dppm
ligands do not prevent migration of hydrocarbyl ligands from
one metal to another and do not extinguish synergistic effects
between the two metal centers.

Another way to fortify the metatmetal interaction to
prevent metatmetal bond scission is via multiple metal

Ritleng and Chetcuti

1,5-cyclooctadiene, s>

n°-cyclopentadienyl, €Hs

n°®-methylcyclopentadienyl, §£1,Me

n°-pentamethylcyclopentadienyl skes

any substitued or unsubstituted- cyclopentadienyl
ligand

cyclohexyl,cyclo-CeH;1

dimethylacetylenedicarboxylate, MeOC=CCO,Me

bis(dimethylphosphino)methane, MECHPMe,

1,2bis(diphenylphosphino)ethane, FCHCH,PPh

bis(diphenylphosphino)methane, MCHPPh

tris(pyrazolyl)borate

hexafluorobut-2-yne, GE=CCR;

1,10-phenanthroline

bis(triphenylphosphoranylidene)

room temperature

triflate, CRSO,~

trifluoroacetate, CECO,~ (trifluoroacetic acid, Ck
COH)

tetrahydrofuran

N,N,N,N'-tetramethylethylenediamine

p-tolyl = 4-methylphenyl, 4-ChkCsH, (if not otherwise
specified)
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metal bonding. This approach has been developed by, amongi0. Addendum

others, Suzuki®274in the chemistry of mixed-metal ruthe-
nium—iridium and —osmium complexes and also by the
authors of this article, in developing the chemistry of niekel

molybdenum and-tungsten complexe$:172.215

This review covers the period from 1980 to 2005
comprehensively. During the submission and review period
of this article, a number of relevant publications have

Unsaturation, or easy access to it, is helpful in increasing @PPeared. Selective coverage of some pertinent publications
the reactivity of heterobimetallic complexes and facilitates ©f 2006 are included in this section.

hydrocarbyl ligand activation. In this review, the vast

Insertions of two molecules of GOnto the tin—hydride

majority of reactions take place on complexes that exhibit POnds of two osmiumtin complexes to give osmiufrbis-

unsaturation, either via a multiple metahetal bond or, more

formyl tin complexes was reporté®. The osmium-tin

commonly, via an unsaturated hydrocarbyl ligand. If not Polyhydride species [ii-PrsP),ClOs—SnPh] reacts, in a

present, unsaturation can be generated by lowering

thecomplex reaction, with PFEECPh to give stilbene, benzene,

hapticity of a ligand to the metal or by ligand (frequently a and [Fb(i-PPY PLPC(Me)y=CHz} Os-SnCIPh].2% This spe-

metal carbonyl) dissociation.
Another way to introduce electronic unsaturation and,

cies in turn affords an osmium-bonded molecular hydrogen
Os—Sn complex with both bridging and terminal benzoate

simultaneously, to free up a coordination site at a metal center!igands when treated with benzoic aéfThe monohydride
is to use a hemilabile ligand that coordinates asymmetrically SPecies [OS(CQIH)(SnPR)] (Os—Sn) reacts with Ph&

to a metal: an example is provided by the ligangN&t,H,4-
PPh, with differing coordination aptitudes of the N and the
P donor atom$2?> Hemilabileu-Si(OMe); ligands have also

CH in the presence of [Pt(PBus);] to yield the alkyne
insertion trimetallic chain product tHBusP)(OC)P{ u-*-
(PY),y%(09-trans CH=CHPH Os(CO)(SnP¥)] (Pt—0Os—Sn)

been used as they may coordinate reversibly to a group 10°°Nt&ining a P&PB)(CO) group coordinated to the os-

metal, as necessaty/,11°

Recent exciting developments in hydrocarbyl ligand
transformation include spectacular methylene
alkyng®6.172.174175 and methylenealkene coupling reac-
tions'66.173.177and reports of alkene activation by hetero-
bimetallic complexed!?273274Developments in earlylate
heterobimetallic complexes, which take advantage of the
oxophilicity of the early metal and harcoft acid-base
properties of the two metals, have also led to unusua
activation reaction&:°2-°6 The chemistry of many hetero-
bimetallic combinations toward hydrocarbyl ligand activatio
remains unexplored, and there remains a great potential for
innovative research in this field.

mium atom and the alkenyl ligand. No reaction with BHC
is observed in the absence of the Pt compféx.

New evidence is presented for the participation of het-
erobimetallic cobattrhodium species in the catalytic silyl-
formylation of alkynes by the cluster gRh;(CO);,. DFT
calculations and the catalytic cycle presented both suggest
that a Co-Rh bimetallic species is required for the addition
of a CHO and a SiRgroup across an alkyne=€C bond?°!
| The smooth reversible insertion of various olefins inte-M

bonds of [M(CO}HCp] (M = Mo, W) were catalyzed by
n [PA(PPR)] or by [Pd(CH=CHCO:Et)(dppe)]; heterobi-
metallic complexes are implicated, and in some cases, these
species were isolatéf Aliphatic terminal alkynes have been

inserted into the PtH bond of the complex [(OGl€{ Si-

8. List of Abbreviations

Bz benzyl, GHsCH,
bipy 2,2-bipyridine

(OMe)s} (u-dppm)Pt(PPHH] (Fe—Pt) to give vinylidenes
and dimetallacyclopentenone comple&&s.

A migratory CO insertion is induced when trialkylphos-
phines or CO are added to the complexes[OE)XMo-
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(CH2)W(CO)Cp] (various combinations af = 3, 4; X =
PMe; or CO; Cp = Cp, Cp*) in coordinating solvents. The
products are the molybdenum acyl species Og)-
XLMoC(O)(CH,),W(CO)Cp] (L = CO, PMe, PPh).2%4
Thermolysis of the related complex [Cp(QEg(CH)sMo-
(COR(PMe&)Cp] afforded cyclopropane and also, via a
different decarbonylation pathway, propene and the¥ie
complex [Cp(OC)Fe(-n*(Fe),n?(Mo)-CH,CH=CH,)(u-CO)-
Mo(PMe;)(H)Cp] (Fe—Mo).2%

The reaction of [Re(C@)~ with [Ru(dppm)CICp*] af-
forded a complex with a cyclometalated Ph ligand as a side
product (25% yield¥*° Isocyanide and alkyne insertions into
the Pd-C bonds of various FePd complexes witlx-dppm
and iron-bonded Si(OMeligands have been reported, and
some products were structurally characteriZ&dlhe di-
thiolate RR-Ru species [Cp*Rh-1,2-SCsH4)(u-H)RUH]
(Rh—Ru) reacts with terminal aryl acetylenes to give alkynyl
hydride species via €H bond activation. Further reactions
with alkynes gives metallacycles or six-membered aromatic
rings formed by the coupling of three alkyri@8Alkynyl —

CO coupling reactions are observed when the platinum
acetylide [Pt(dppg)—C=C(3-thiophenyl)] is reacted with
[Fe(COY)).2°8

The H/D exchange observed when the complexes [RuH-
(dppm)Cg] (Cp' = Cp, Cp*) and [HMn(CQOg] are mixed
at room temperature is believed to proceed via a molecular
dihydrogen complex. When the mixture is heated or allowed
to stand for more than a week, reaction to form [Cp(OC)-
Ru(-dppm)Mn(CO)] (Mn—Ru) ensues. This complex
catalyzes the coupling of epoxides with €0 give cyclic
carbonate$?®
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