Available online at www.sciencedirect.com

. ScienceDirect COORDINATION

CHEMISTRY REVIEWS

Coordination Chemistry Reviews 251 (2007) 1294-1308

www.elsevier.com/locate/ccr

Review

Transition metal-alkenyl complexes [M—(CH,),CH=CH,, n > 2]:
Synthesis, structure, reactivity and applications

Akella Sivaramakrishna, Hadley S. Clayton !, Catherine Kaschula, John R. Moss *

Department of Chemistry, University of Cape Town, Rondebosch 7700, Cape Town, South Africa

Received 1 November 2006; accepted 7 December 2006
Auvailable online 14 December 2006

Contents

Lo INrOdUCHON . . .. e ettt e e e e e e e e e e 1295
2. Synthesis and SIIUCIUIE . . ... ..ottt et ettt e e ettt et e et et e et e et et et e e e et e e e 1295
2.1, Monoalkenyl COMPOUIAS . . . . .. c ottt ettt ettt e e e et e e e e e e et e e e e e e e 1295

B O B N 1110 015 (0] (PP 1296

2.1.2.  Transmetalation TEACHIONS . . . . .. vttt ettt et ettt et et ettt et e e e e e e e e 1296

2,130 From dienes. ... ...t e 1297

2.1.4.  Oxidative additiOn TOULE . . . . oo vttt ettt ettt et et e ettt et e e e e e e e e 1297

2,15, Other MEthOAS . . . ..ottt et e e e e et e e e e e e e e 1298

2.2, Bis(alkenyl) COMPOUNGS . . . .« . ettt ettt et e e e e et e e e e e e e 1299

3. ChemiCal TRACHIVILY . . . o . e ettt ettt ettt et et e et e et e e e e e e e e e e e e 1300
3.1, Monoalkenyl COMPIEXES . . . ...ttt et e e 1301

3.2, Bis(alkenyl) COMPOUNAS . . . .. ..ottt e et et e e e e e e e e e 1303
3.2.1.  Ring closing metathesis (RCM) . ... ..ottt e e e e e 1303

3220 ISOMEIIZAION. . . o o .ottt ettt et et e e e e e e et e e e e e e e e e e e e e e e 1304

3.2.3.  Thermal decomposition and rearrangement TEACTIONS . . .« .. v vt vttt ittt ettt ettt e a e ae e 1305

324, Oxidative additiOon . ... ..ottt e e e e 1306

325, Carbonylation . . ... ..out it e e e e 1306

4. Catalytic reactivity of metal alkenyls and their involvement in catalytic T€aACtIONS . .. ... ..ottt ittt enens 1306
5.  Concluding remarks and fUtUre PrOSPECLS . . . . ...ttt et ettt et e e e et e e e e e e 1307
ACKNOWIBAZEIMENLS . . .. ..o e 1307

R OTENCES . . ... 1307

Abstract

A historical perspective is followed by an overview of methods used to synthesize transition metal-alkenyl complexes of the type
L,,M(CH;),—~CH=CH, (where L,, =other ligands, M =transition metal and n > 2). Both mono- and bis(alkenyl) compounds are discussed. X-
ray structures show that the alkenyl groups can coordinate either in an n'- or an m',m?-fashion. We have shown that reactivity patterns for these
metal-alkenyl complexes can be different to those shown by metal-alkyl complexes and these differences are highlighted. For example bis(alkenyl)
complexes can undergo ring closing metathesis (RCM) reactions to give metallacycloalkenes, as demonstrated recently by our research group. The
intermediacy of transition metal-alkenyl species in ethylene oligomerization and other catalytic reactions is also discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The main objective of this review is to survey the synthetic
procedures, structural characterizations and the reactivity pat-
terns of various metal-alkenyl compounds. To the best of our
knowledge, this is the first direct review article on metal alkenyls.
Transition metal-alkyl compounds of type 1 (Scheme 1) with
a metal—carbon single bond have been known from the early
days of organometallic chemistry [1] as key intermediates in
many catalytic industrial processes and involved in fundamen-
tal organic transformations such as C—H bond activation and o-
and 3-hydride elimination [2]. However, little has been reported
for the corresponding complexes where the alkyl moiety has a
pendant double bond. The intermediacy of these species in cat-
alytic cycles has spurred the development of metal-alkyl and
metal-alkenyl chemistry.

Metal-alkyl compounds with a terminal functional group X
are also important, e.g. M—(CHj3),, X (2) [3] (where X =halogen
and OH). If the functional group X is a C=C double bond, sev-
eral different types of compounds are possible depending on
the position of the double bond relative to the metal. Thus, in
M-(CHj3),,CH=CHR (where n=0) we have M—CH=CHR (3)
also called vinyl or alkenyl compounds [4] If n=1, we have
M-CH,—CH=CHR (4) which are n! -allyl or o-allyl compounds.
These compounds are well known and their chemistry has been
extensively studied [5]. In addition, allyl compounds have been
used as catalyst precursors, e.g. tris(allyl)iridium and rhodium
compounds have been prepared by Basset et al. as ‘single site’
catalysts consisting of a well-defined, metal-oxide surface bound
catalytic systems for alkane metathesis and polyolefin depoly-
merization [6].

If there is a direct metal-carbon double bond, as in M=CHR
(5), we have carbene complexes which are also very useful and
well studied [7]. If n=2 we have the o-alkenyl compounds

LmM-(CH2),CH2R LmM-(CH2)nX
1 2

Metal Alkyls Functionalised alkyl compounds

LmM-CH=CHR LmM-CH,CH=CH3;R
3 4
Metal vinyls Metal allyls
LnM=CHR LmM-(CH2),CH=CHR
5 6

metal carbenes n = 2 metal alkenyls

Scheme 1. L,, =other ligands; M = transition metal; n > 2; R = alkyl.

M-CH;-CH,—CH=CHR (6), which are not well-known and
have not yet been studied in detail (Scheme 1). This class of
compounds has, however, been the focus of our research over
the past few years and is the subject of this review. Broadly
speaking, a metal-alkenyl complex can be defined as a ligand
supported metal—carbon system in which the metal is o-bonded
to an aliphatic group containing at least two methylene units and
a pendant terminal -CH=CHj, group.

Transition metal-alkenyl complexes find widespread use
in organic synthesis and some have been postulated as
key intermediates in the Fischer—Tropsch process [8] or
ethylene oligomerization reactions [48]. In addition, some
bis(alkenyl)platinum(I) compounds have an important appli-
cation in generating thin platinum films [9] for micro-electronic
and catalytic applications [10] using the chemical vapour depo-
sition (CVD) method [11]. Recent work from our laboratories
has shown that these compounds show novel reactivity patterns
and are indeed useful precursors for the preparation of other
important classes of compounds particularly metallacycloalka-
nes [12,20].

These new results have prompted us to survey the
topic of transition metal-alkenyl compounds of the type
M-(CH3),,CH=CHR (6) (where n>2). We also include com-
plexes where two such alkenyl groups are coordinated to a metal.
Compounds that contain a heteroatom in the alkenyl chain have
not been included but those with alkyl substituents are included.

Herein we discuss the synthesis, structure, reactivity and
applications of these metal alkenyls which are emerging as an
important class of organometallic compounds. We also describe
how these are different from the analogous transition metal-
alkyl compounds in reactivity. Finally we show how an improved
understanding of the nature and reactivity of these metal alkenyls
may be exploited to perform novel chemical transformations.

2. Synthesis and structure

Despite their significance and importance in organometal-
lic chemistry and catalysis, metal-alkenyl compounds have
proved remarkably difficult to isolate and characterize com-
pletely. Certain ligand systems can impart distinct reactivity to
the metal alkenyls and provide access to more stable complexes,
which are better amenable to reactivity studies and spectro-
scopic characterization. Some of the Pt-alkenyl complexes that
we have prepared have been structurally characterized by X-
ray crystallography. It appears that the most thermally sensitive
metal-alkenyl complexes are, as expected, those with hydrogen
atoms in the B-position. When the terminal alkene is close to
the metal center, structural bond reorganization occurs. Firstly
we summarize and assess key synthetic routes which have been
used to prepare metal-alkenyl complexes.

2.1. Monoalkenyl compounds

Thus far, the most frequently reported metal-alkenyl com-
plexes are those containing the metals such as Fe [13-17,32,33],
Pt [18-20] and Ti [21-24], with only a few reports of complexes
based on other metals such as Ni [25], Hf [26], Rh [27], Mo
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[28,29], Co [30,31], Pd [34], Ru [35] and Zr [36] (Scheme 2 ).
The main methods used for the synthesis of these complexes are
(i) the anion route, (ii) the Grignard route, with only a few reports
on synthesis, (iii) from dienes and (iv) by oxidative addition of
a haloalkene to a transition metal.

2.1.1. Anion route

The first report of the synthesis of a metal-alkenyl complex
we found in the literature was that of the iron-butenyl complex,
CpFe(CO),(CH,CH,CH=CH3) (7), by Green and Smith [13]
which was later also reported by others [14,15] The synthesis of
aseries of these iron-alkenyl complexes, using the anion method,
was reported by Roustan et al. [32] who also reported on the
reactivity of the complexes. Iron-alkenyl complexes of this type
have also been investigated by Mapolie and co-workers who
prepared a series of these complexes with varying alkenyl chain
lengths, as well as the analogous pentamethylcyclopentadienyl
complexes, viz. (n°-CsRs)Fe(CO),{(CH»),CH=CH,} (R=H,
Me; n=2-4, 6) [16,17].

In addition, a number of cobaloxime, bis(dimethylglyox-
imato)pyridinecobalt, complexes with alkenyl ligands
py(dmgH),Co(CH,CHRCR'=CH;) (8) (R=H, Me, Ph;

2~

/\ n

ocC Cco

E

PMC;

Cl—[:’t/\(",/\

n

PMe;

9a
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R’ =H, Me; py = pyridine and dmgH = dimethylglyoxime) have
been reported using this route [30,31].

2.1.2. Transmetalation reactions

The Grignard method has so far been the most widely
employed route in the preparation of metal-alkenyl complexes
of Pt [18-20] (9), Ti [21] (10), Ni [25] (11), Pd [34] (18), Ru
[35] (17) and Zr [36] (19). The platinum-alkenyl complexes of
type (9) have been prepared by the reaction of PtCl,(COD) with
the appropriate Grignard reagent to give the bis(alkenyl) prod-
uct followed by cleavage of one of the Pt—C bonds using HCI
to give the monoalkenyl products. In contrast, the alkylation of
Pd(dppe)Cl, was reported to give only the monoalkenyl product,
PdCl(dppe){(CH,),CH=CH, } [34].

Titanium-alkenyl complexes of type (10) have been syn-
thesized from Cp,TiCl, and the appropriate organomagnesium
halides to give the products Cp2TiCl{(CH;),CHRCR'=CH;}
(R=H, Ph; R’"=H, CH3) in varying yields [20]. In a similar
way, the synthesis of nickel-alkenyl complexes [25] of type (11),
CpNi(PPh3){(CH,);CH=CH;} and ruthenium-alkenyl com-
plexes [35] of the type CpRu(PPh3),{(CH,),CR=CH,} (n=2,
R=H; n=3, R=Me) was reported. Denner and Alt recently

9b

12

Scheme 2.
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Scheme 2 (Continued ).

reported the synthesis of zirconium-alkenyl complexes of the
type Cp2ZrCl{(CH,),CH=CH, } (n=2, 3) [39].

We have synthesized PtCl(dppp){(CH2)3;CH=CH,} from
PtCl>(dppp) with 1 mol of the corresponding Grignard reagent
and the expected product was obtained in a moderate yield [41].
Our experiments also revealed that reactions of Cp*IrCl,(PPh3)
with various 1-alkenyl Grignard reagents yielded the expected
monoalkenyl complexes. These products are sensitive to light,
heat and the solvent system (Scheme 3).

Cl Cl 3 Cp* /\/\
Cp*\l/ b (i) \] X

/r\ 7 g

al ci Cp* S

Cl
ﬂ (ii)
Ccr
Cl
Cp*

Ir, —_— I
N (111) ‘}/

Scheme 3. (1) Etzo, BngCHzCHzCHCHQ; (ii) C6H6; (iii) CHC13 or CHzClz.

2.1.3. From dienes

The synthesis of hafnium-alkenyl complexes of type (12),
Cp3(H)Hf(CH»),,CH=CH, (n = 3-5) prepared by the reaction of
Cp>HfH; and the corresponding o,w-diene, has been reported
by Bercaw and Moss [26]. The hafnium-alkenyl hydride com-
plex Cp; (H)Hf(CH,); CH=CH, was observed spectroscopically
(Scheme 4) at low temperatures but not isolated, and on warming
to 20 °C converts to a mixture of the five-membered hafnacycle
and the binuclear alkanediyl derivative as shown in Scheme 12.

Similarly, reaction of Cp3HfH; with 1,5-hexadiene gave
a mixture of the hafnium-alkenyl hydride complex and o,w-
dihafnaalkanediyl complex, and also rearranges on standing
at room temperature over 4 days to the six-membered hafna-
cycle. In contrast, the hafnium-alkenyl complex formed from
the longer chain 1,6-heptadiene is stable and cyclization to
the seven-membered hafnacycle did not occur. No other metal-
alkenyl complexes have been reported using this route.

2.1.4. Oxidative addition route

Frithauf and co-workers [27] recently reported the
synthesis of a series of rhodium-alkenyl complexes of
type (13) [(Tpy")Rh(Br)>{(CH2),CH=CH,}] (Tpy"=4"-(4-
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Scheme 4. n=3-5.
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tert-butylphenyl)-2,2":6' 2" -terpyridine; n=2-4, 6, 9). These
complexes were prepared by the oxidative addition of an excess
of the appropriate w-bromo-1-alkene to [RhBr(Tpy™)] to give a
single product in almost quantitative yield.

The molybdenum-butenyl complex [CpMo(NO)(CO)
(GePh3){(CH,) ,CH=CH, }] (14) was prepared by the reaction
of [CpMo(NO)(CO)(GePh3)]~ with 4-iodo-1-alkene and
obtained in good yield [28].

The seven-coordinate molybdenum-butenyl complex
[Mo(CO)3(CH3CN),(Br){(CH,),CH=CH,}] (15) has also
been reported by the reaction of Mo(CQO)g with 4-bromo-1-
butene in refluxing acetonitrile [29].

2.1.5. Other methods

Grubbs and co-workers have reported the synthesis of a
titanium-butenyl complex, Cp,Ti(C){(CH2),CH=CH,} (10)
from the titanacyclobutane complex using two different methods
as shown in Scheme 5 [22,23].

The reaction of Cp2TiCH:C(CH3).CH: with [(m3-allyl)PdCl],
produced a titanium complex which the authors tentatively iden-

l:CHz

(i)

10

Scheme 5. (i) [(1]3—A11y1)PdC12]; (ii) allylic chloride (1.1 equiv.), room temperature, benzene, 12 h.
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3

16

Scheme 6.

tified as the titanium-butenyl complex. This complex has also
been prepared by the reaction of the titanacyclobutene complex
with allylic chloride via a titanium-methylene complex.

The synthesis of a binuclear titanium-butenyl complex has
been reported by Alt and Hermann, from the reaction of
the titanacyclopentene complex (16) with water, as shown in
Scheme 6 below [24a].

In addition, the o,w-butenyl complexes TpBIr(H)(n!:m?2-
CH,CH,CH=CH,) (TpBr3 =trispyrazolylborate ligand) have
been prepared by thermolysis of the vinyl-ethylene complex
TpB3Ir(H)(n'-CH=CH,)(m?>-CH,=CH;) and  M(n'm?-
CH,CPhRCH=CH;) (M=Ir, R=H; M=Rh, R=Ph) from
the highly strained phenyl substituted methylenecyclopropane
at room temperature [24b,c]. The rhodium-butenyl complex
[CnRh(n!-CH=CH,)(n!-CH,CH,CH=CH,)|*  (Cn=14,7-
trimethyl-1,4,7-triazacyclononane) has also been proposed
as an intermediate in the formation of -allylic complex
[CnRh(n!-CH=CH,)(n3-CH,CHCHCH3)|* [24d]. Diosma-
cyclobutane is reported to react with butadiene to afford
the binuclear 1,2-adduct Osy(CO)g[u-CH,CH(CH=CH>)] in
which the butenyl ligand bridges both metal centres [24e].

The yields obtained via the above synthetic procedures are
generally low for most of the metal-alkenyl complexes partly

PMe;
R0 I TR N
n ‘ n
PMe,
22

because of the unstable M—C bonds and also because of the
reactive terminal alkene moiety. These difficulties may be part
of the reason for the gap between the early work and more recent
reports in this field.

2.2. Bis(alkenyl) compounds

While there are a number of reports on monoalkenyl com-
plexes prepared using the various synthetic methods described
above, the known bis(alkenyl) complexes are limited to platinum
[37,38], molybdenum [28,29] and zirconium [36], and have been
prepared exclusively by reaction of a metal halide with a Grig-
nard reagent. No other methods are known for the synthesis of
alkenyl complexes of these metals (Scheme 7).

The bis(alkenyl)platinum(II) complex Pt(PMe3),{(CH,)
3C(CH3)=CH,}, (22) was prepared by the alkylation of
Pt(COD)CI, with the corresponding Grignard reagent in the
presence of PMes. In a similar way, Benn et al. [38] have syn-
thesized the bis(alkenyl) complexes LoPt{(CH;),CH=CH,},
(where L, =dmpe, dcpe, dppe). In contrast, Tagge et al. have
shown that reacting Pt(COD)Cl, with pent-4-en-1-ylmagnesium
bromide gives cis—bis(nl,nz—pent-4—en—l-yl)platinum 23), a
complex in which the alkenyl ligand is bound to the metal in
am!,m2-fashion [37]. The complex Pt{(CH,);CH=CH,}, (23)
is air and moisture stable, but thermally sensitive in the solid
state, decomposing within 2 weeks at room temperature.

The molybdenum bis(alkenyl) complex L;Mo(O);
{(CH2)4CH=CHj}» (20) (where L,=4,4'-dimethyl-2,2-
dipyridyl) was prepared by the reaction of L;Mo(O);Br
with the corresponding Grignard reagent, followed by aerobic
oxidation of the reaction mixture to give the stable product in
low yield [36].

The zirconium bis(alkenyl) complexes, Cp2Zr{(CH2),
CH=CH,}, (21) (n=1, 2), were prepared in moderate yields
by reaction of Cp,ZrCl, with 2mol equiv. of the appropriate
Grignard reagent [39].

21
23

Scheme 7.
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Fig. 1. Molecular structure of (dppp)Pt{(CH2)sCH=CH;}»; selected bond
lengths (A): Pt(1)-P(1) 2.2923(7), Pt(1)-P(2) 2.2777(7), Pt(1)-C(1) 2.120(3),
Pt(1)-C(8) 2.118(3) [41].

We have recently prepared [40] a series of
bis(alkenyl)platinum(Il) complexes L,Pt{(CH;),CH=CH,},
(24) (L=PPh3; Lo =dppe, dppp; n=2, 3, 4, 5, 8) in high
yields using the Grignard route (Scheme 8). The X-ray crystal

i ;
Cl (i)
\Pi/

| =7 N @

L\Pt _(CHy),CH,CH=CH,

N

(CH,),CH,CH=CH,

24

Scheme 8. (i) BrMg(CH,),CH,CH=CH,, Et,0, —78 °C; (ii) L =PPhs, ‘BusP,
dppe, dppp; n=1-4 and 7.

structures of two bis(alkenyl)platinum(Il) complexes of dif-
ferent chain lengths (n=5 and n=2) have been determined
(Figs. 1 and 2, respectively). These structures clearly show that
the alkenyl groups are bonded in an n'-mode with pendant
alkene double bonds. Furthermore, we have found that the dppe
or dppp containing metal-alkenyl complexes are crystalline
solids and thermally stable up to about 100 °C, even though
they have hydrogen atoms in the B-position.

3. Chemical reactivity

Metal-alkenyl complexes can show three distinct reaction
pathways: (i) reaction at the M—C bond, (ii) reaction at the
C=C bond and (iii) coordination of the pendant alkene. Clearly
the pathways (ii) and (iii) are not accessible to metal-alkyl
complexes. We believe that these special features impart novel
chemistry on these complexes.

The interaction of metal alkenyls with electrophilic reagents
such as acids and halogens gives the corresponding hydro-

Fig. 2. Molecular structure of (PPh3),Pt{(CH,),CH=CHj },; selected bond lengths (A): Pu(1)-P(1) 2.300(9), Pt(1)-P(2) 2.304(9), Pt(1)-C(1) 2.127(2), Pt(1)-C(5)

2.095(3), C(3)-C(4) 1.304(4) [20].
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carbons or 1-haloalkenes resulting from the cleavage of
metal—-carbon bonds. Some of these reactions may have obvi-
ous potential in organic synthesis, since they provide a method
for the formation of new C—C bond by reductive elimination
reaction or formation of C-X bonds. The following sec-
tions deal first with the reactivity patterns of monoalkenyl
complexes followed by the reactivity of bis(alkenyl) metal
complexes.

3.1. Monoalkenyl complexes

The reactivity of the iron-alkenyl complexes has been inves-
tigated in detail including hydrogenation and hydroformylation
reactions as well as the reaction with the Lewis acid TiCly
[13,14,16,17]. In some of these cases, the C=C double bond
undergoes an addition reaction to yield a functionalized metal-
alkyl complex. Similar to metal alkyls, the reactivity with the
trityl salt Ph3CBF4 has been reported by Baird and co-workers
to cause B-hydride elimination giving rise a new metal-olefin

="
—

n=2-4

(iii) E e

(vi)
—

bond [14]. Details of these various reaction pathways are shown
in Scheme 9.

The iron-alkenyl complexes CpFe(CO),{(CH,),CH=CH,}
(n=2, 3) were hydrogenated in the presence of Wilkinson’s
catalyst, Rh(PPh3)3Cl, to yield the corresponding iron-alkyl
complexes CpFe(CO),{(CH3),+1CH3}. The iron-alkenyl com-
plexes (n=2, 3) were also reacted with synthesis gas
(CO:Hy; 1:1) in the presence of the hydroformylation catalyst
HRh(CO)(PPhj3)3, to give a mixture of the w-hydroxyalkyl (26)
complex and the aldehyde (25). It is also reported that the iron-
butenyl complex reacts with TiCly to undergo carbonyl insertion
to form complex (27) where the pendant alkene is coordinated
to the iron in an m',m?-fashion [17].

This product (27) has also been reported to form when the
iron-butenyl complex is heated in CH3NO;. This sort of reactiv-
ity is not observed with the longer chain iron-pentenyl complex.

Roustan et al. [32] found that photolysis of the iron-butenyl
complex gave an isomeric mixture of two n3-methylallyl com-
plexes (29a and 29b) as shown in Scheme 9.

H
FEMO 25

ocC \co
(i) or (ii) OH
— Fe
v 26
oC Co

Fe

27

ocC

Ph;P/ co

30

Scheme 9. (i) HRh(CO)(PPhs3)3/H,/CO/THF/1 atm; (ii) BH3*THF/H,0,/NaOH; (iii) TiCly or A; (iv) Ph3CBFy; (v) hv; (vi) (1) PPhs, Av, (2) —CO.



1302

A. Sivaramakrishna et al. / Coordination Chemistry Reviews 251 (2007) 1294—1308

1|3M¢2 1|3Mez
—
a LX
31
-
Tphz BF,
4
AgBF
Ph,P T d/\/\ gbly
Cl
32
Scheme 10.

The iron-alkenyl complexes CpFe(CO),{(CH;),CH=CH,}
(n=2-4) are also reported to react with PPh3 to give the acyl
complexes (30). However, photolysis of the iron-alkenyl com-
plexes in the presence of PPh3 gives the PPhj3 substituted alkenyl
complexes and carbonyl insertion did not occur.

The irradiation of the iron-butenyl complex resulted in
the evolution of carbon monoxide and formation of the m3-
methylallyl derivative (29) whereas an analogue of compound
(27) is obtained if the original alkenyl ligand is disubstituted at
the B-carbon. In contrast, thermolysis of the iron-butenyl com-
plex results in the formation of (27), as shown in Scheme 9
[13].

Treatment of the platinum-alkenyl complex
PtCl(dmpe)(CH,C(CH3),CH,CH=CH;) with AgBF, results

Ph, 1:1

in the formation of an nl ,nz—compound (31) where the pendant
alkenyl becomes coordinated to Pt [19]. The palladium-alkenyl
complex, PdCl(dppe){(CH;),CH=CH,} however, is reported
to react with AgBF, to give the cationic m3>-1-methylallyl
complex (32) in high yield as shown in Scheme 10.

Recent results have shown that the
PtCl(dppp){(CH2)3CH=CH;} complex undergoes an irre-
versible rearrangement to the m?3-1,3-dimethylallyl cationic
complex (33, Scheme 11), depending on the experimen-
tal conditions [42]. The new monoalkenyl complex,
PtCl(dppp){(CH,)3CH=CH,} is sensitive to solvent, tem-
perature and light. Attempts were also made to prepare
monoalkenyl complexes of the Group 9 metals (M =1Ir, Rh),
but these products readily rearrange to the allylic isomers, in

P\ /Cl CH,=CHCH,CH,CH,MgBr Ehz =z
/pt\ \Pt /\/\/
e a Et,0 Pl/ a

2 Ph,

33

Ccr

Scheme 11.
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34

Scheme 12.

a similar way to their platinum analogues. The halide ligands
in these complexes are strong nucleophiles, and accelerate the
rate of rearrangement (I~ >Br~ >CI7) [41].

The hafnium-alkenyl hydride complexes
Cp3(H)Hf(CH»),CH=CH, (12, n=2, 3) which form at low
temperature, converts, upon warming to RT, to the metallacyclic
hafnamethylcyclopentane (34) and hafnamethylcyclohexane
(35) complexes, respectively (Scheme 12) [26]. However, the
longer chain alkenyl complex (rn =4) does not cyclize but slowly
converts to the bimetallic Cp}(H)Hf(CH;);Hf(H)Cp} in the
presence of Cp;HfH,.

Corriu and co-workers [28] investigated the ther-
mal reactivity of the molybdenum-alkenyl complexes
[CPMo(NO)(CO)(GePh3){(CH,),CH=CH,}] (n=2, 4)
(14) (Scheme 13). When refluxed in THF solution, CO is
rapidly evolved with conversion of the alkenyl ligand to give
the m3-allyl complex (36). The structure of complex (36)
(R=C3H7) has been confirmed by X-ray crystallography.

The nickel-butenyl complex, CpNi(PPh3){(CH,),CH=CH; }
(11), behaves in a similar manner (Scheme 14) [25]. Thermolysis
or photolysis of this complex in benzene leads to the displace-
ment of the PPhs ligand to give the n3-methylallyl complex as
the product (37).

3.2. Bis(alkenyl) compounds

In addition to the three reaction pathways shown by
monoalkenyl complexes, further reaction pathways are open to
bis(alkenyl) complexes. These include the ring closing metathe-
sis reaction.

3.2.1. Ring closing metathesis (RCM)

We have recently shown [20,40] that some bis(alkenyl) metal
complexes are able to undergo a ring closing metathesis reaction
(RCM) with Grubbs’ catalyst to yield corresponding metal-
lacycloalkenes. Thus for example platinacycloheptene (38) as
shown in Scheme 15 can be prepared in good yield using
this method. We have used the same synthetic procedure to
successfully convert a range of other metal bis(alkenyl) com-

@ i) hv
\Ni/\/\ L

(i) A

Scheme 14.

36

Scheme 13. n=1,R=CH3; n=3, R=C3Hj5.
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L CH,CH,CH=CH, (i) E
Pt/ ~
P{
L/ CH,CH,CH=CH, vd

38

L = PPhs; L, = dppe, dppp

(ii)

39

Scheme 15. (i) Grubbs catalyst generation 1, CH,Cl, reflux 1 h; (ii) Hp, Pd/C, CH,Cl,.

plexes to the corresponding metallacycloalkenes [40]. These
metallacycloalkenes can then be converted to metallacycloalka-
nes (e.g. 39) in good yield after catalytic hydrogenation
with palladium on carbon. Currently, other metallacycloalkane
complexes bearing a wide variety of ligand systems with
different ring sizes (M=Pt, Pd, Rh, Ir, Cr, Zr, Fe, Ru, Os
and others) are being investigated by our research group
[42].

3.2.2. Isomerization

Recently we have found that the bis(alkenyl) complexes
L,Pt(CH,CH,CH,>CH>,CH=CH3), undergo a quantitative iso-
merization to yield corresponding internal alkene complexes and

their isomers (40-42) (Scheme 16) [41]. These reactions are
quite dependent on the nature of the tertiary phosphine ligand
system. These products were isolated and fully characterized.
The monoalkenyl complexes of Pt, Ir and Rh react in a similar
manner. One of the key characteristics of these transition metal-
alkenyl compounds is that the nature of the other ligands as well
as the length of the alkenyl ligand can influence the structure and
reactivity. Thus, in the case of (diphos)platinum(Il) complexes,
the rate of isomerization increases with an increase in the alkenyl
chain length. In contrast, with other ligands such as PPhz and
P'Bugs, the complexes decompose even at moderate temperatures
prior to the isomerization [41]. The isomerization is favoured
rather than the expected B-hydrogen elimination reactions in

Scheme 16. Benzene, 100 °C and L, =dppe, dppp.
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B- Hydrogen
Elimination\

C/\
. H™
Reductive H H H
Elimination

Fig. 3. Possible decomposition pathways for metal bis(alkenyl) compounds.

platinum(II)-alkenyl complexes under these experimental con-
ditions [41].

3.2.3. Thermal decomposition and rearrangement reactions

The thermal stability of the metal-alkenyl complexes appears
to be largely dependent on the solvent system, thus halogenated
solvents readily cleave the M—C bond to form metal halides irre-
spective of the ligand system [40]. Bis(alkenyl) metal complexes
could give various products on decomposition—these include
(i) long chain dienes by reductive elimination, (ii) diene and
1-alkene by B-hydride elimination followed by reductive elim-
ination (see Fig. 3) and (iii) isomerization or rearrangement of
the coordinated alkenyl ligand. A particularly important step in
the mechanism of a catalytic or stoichiometric reaction, involv-
ing a metal-alkyl or metal-alkenyl species, is its decomposition
to give the desired organic products. Although thermal decom-
position pathways of metal-alkenyl complexes may be similar
to those of metallacycles or metal-alkyl complexes, the forma-
tion of products can differ considerably because of the pendant
alkene functionality [40].

Vetter and Sen [36] investigated the anaerobic and aero-
bic decomposition of a molybdenum(VI) dioxo bis(alkenyl)
complex (Eq. (1)). Under anaerobic conditions, thermal decom-
position of L,Mo(0);{(CH,)4CH=CH,)}, (20) led to the
formation of 1-hexene, 1,5-hexadiene, methylcyclopentane and
methylenecyclopentane. The aerobic decomposition gave the
same mixture of products but in addition, cyclopentylformalde-
hyde was also formed.

Tagge et al. [37] reported the thermal decomposition studies
on cis-bis(n' ,nz—pent-4-ene-l-yl)platinum(II) (23) as shown in
Eq. (2) to give a complex mixture of Cs products which presum-
ably arise from (-elimination or hydrogen abstraction reactions.
No products were observed that could have been derived from
the reductive elimination of the two alkenyl fragments.

Ln H
% L
/Pt /Pt
H &/ Ln \E//
A B

Fig. 4. Proposed intermediates in the decomposition reactions of metallacy-
cloalkanes.

L\H /\/\A nee NN
L/ ’ ’0\/\/\/ Toluene 49.6%
(0]

4.5% 4.5%

ey

41.3%

220°C

¢ Pt - . /\/\
\/' > Pt + / +
23

M + 2-pentenes + 1, 3-pentadienes
(2

Our experiments revealed that there are particular effects
exerted by the nature of the ligands and their donor atoms such as
oxygen, nitrogen, phosphorus in relation to the stability and reac-
tivity of metal-alkenyl compounds in solutions [40,42]. Thus the
triphenylphosphine complexes, Pt(PPh3),{(CH;),CH=CH,},
decompose to yield an intense red colour which we
believe to be due to Pt,(PPhs),, clusters. In contrast, the
PtL,{(CH;)3CH=CH; }, complexes (where L, = dppp or dppe)
were quite stable up to 100°C without decomposition. The
diphosphine ligands have generally been found to increase the
thermal stability of the complexes significantly.

It is also believed [43] that metal-alkenyl species may
be important intermediates in the decomposition of metal-
lacycloalkanes through P-hydride elimination. The proposed
intermediate is an alkenyl hydride (A or B) which then can
decompose further to give a 1-alkene (Fig. 4).

The decomposition pathway of Group 9 metal-alkenyl com-
plexes of the type Cp*M(PPh3)(CH2CH2CH=‘CH2)2, where
M=Rh or Ir is considerably more complex than that of their
platinum analogues. Thermolysis of the bis(alkenyl)iridium
complex (47) above room temperature yielded [42] a stable
n3—1—methylally1 cationic complex (48) (Eq. (3)). These allylic
complexes are thermally stable up to about 100 °C. Transmetala-
tion reaction of the bis(pentenyl)platinum(II) complex with the
[Cp*IrClz]z dimer yielded stoichiometric amounts of M-(1,3-
dimethylallyl) derivatives (M =Pt, Ir) (49, 50) as shown in Eq.
4 [42].

4
PhSP\ /CHZCH2CH=CH2 CH,Cl, PhsP\ R
Ir _— IrA—“) Cl
Cp/ \CH2CH2CH=CH2 Cp/ :
47 48

3)
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PPh, /\/\/
2 g \Pt
P/ \/\/\
Ph, \

C4Hg or Toluene

“

3.2.4. Oxidative addition

The oxidative addition reactions of methyl iodide to
some organoplatinum(Il) complexes of the type PtL,R, have
been reported in the literature. The bis(alkenyl)platinum(II)
complexes also undergo [42] oxidative addition reactions
with methyl iodide to yield different products, depending
on the experimental conditions (Scheme 17). The reaction
proceeds to give (43) or (44) through the formation of hex-
acoordinate platinum(IV) species by oxidative addition as
reported earlier [44]. The organic products were 1-alkenes, 2-
alkenes and a,w-dienes. Attempts to isolate these intermediate
hexacoordinate platinum(IV) species have so far been unsuc-
cessful.

3.2.5. Carbonylation

The reaction of carbon monoxide with the bis(pen-
tenyl)platinum(Il) complex L,Pt{(CH,)3;CH=CH,}, (L=
dppe) afforded the expected mono(acyl) and di(acyl) inserted
products (51, 52) (Eq. (5)) while the reactions with other
bis(pentenyl) complexes either gave unidentified products

(Lo, =COD) or led to the formation of unstable products
(L=PPh3) [42].

0
L\P/\/\/ @) L\Pt/|c|\/\/\
L/ \/\/\ (@ L/ \ﬁ/\/\/
5 51
F
) ['\P[/\/\/
1/ \ﬁ/\/\/
0 5

(i) CO; (i) Benzene or Toluene

&)

4. Catalytic reactivity of metal alkenyls and their
involvement in catalytic reactions

Chromium-catalyzed trimerization of ethylene to 1-hexene
is proposed to proceed via the formation of a chromium
seven-membered metallacycle (46) (Scheme 18) [45-47]. The
involvement of large ring metallacycles in this catalytic cycle is
supported by analyzing the isotopomer distributions of ethylene
trimerization when the reaction is performed in a 1:1 mixture
of C,Dy4 and CoHy [46,47]. The mechanism proceeds by fast
insertion of ethylene into chromacyclopentane to form chroma-

[PPhyCH;]'T

44 (75%)

Scheme 17.
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Scheme 18.

cycloheptane which undergoes ring opening (3-H elimination to
generate the chromium-hexenyl hydride (45). Reductive elimi-
nation of (45) gives the 1-hexene product and the active catalytic
species [48,49]. Although the proposed chromium-alkenyl inter-
mediate has not been isolated, it is expected to result from the
B-H elimination of (46). Further credence for this intermedi-
ate is supported by the reported crystal structure of chromium
alkyl hydride species [50]. Recently a new chromium catalyst
has been developed for the selective trimerization and tetramer-
ization of ethylene to 1-octene with high selectivity [48,50].
The authors propose that this reaction also proceeds via a
metallacycle mechanism and this implies the existence of a nine-
membered chromium metallacycle which likely decomposes to
the respective chromium-octenyl hydride intermediate [51].
Some zirconocene mono- and bis(alkenyl) complexes of the
type Cp2ZrCIR and Cp2ZrR; (where R =alkenyl) have been
prepared and shown to be precursors to alkene polymerization
catalysts on addition of methylaluminoxane (MAO) [39].

5. Concluding remarks and future prospects

From this review we can see that a range of metal-alkenyl
complexes have been made with one or more alkenyl groups
by various researchers following different procedures. The
active pendant alkene moiety provides additional reaction
opportunities which are not shown by metal-alkyl compounds.
The pendant bis(1-alkenyl)platinum(II) complexes underwent
irreversible isomerization to give bis(2-alkenyl)platinum(II)
complexes as the major product, depending on the nature of the
ligand system. The formation of m3-allyl-metal complexes from
M-C o bonds was observed as a result of rapid rearrangement
depending on the experimental conditions. Reactions of these
metal-allyl complexes with soft donor ligands afford a variety of
adducts all containing o-alkenyl groups. The increased reactivity
of M—C bond (especially Ir—C bond) in these products could be
useful for the preparation of bis(alkenyl) metal moieties bonded
to metal-oxide surfaces. The increased thermal and redox stabil-
ity of these supported organometallic centers may lead to useful
catalytic properties for hydrocarbon functionalization reactions.

The formation and use of metal-alkenyl complexes may
extend the scope of applications in synthetic organic chemistry.
The potential of these complexes has been exploited in the syn-
thesis of interesting medium to large size metallacycloalkenes
and metallacycloalkanes, which are important catalytic interme-
diates.

New and interesting chemistry of these metal-alkenyl com-
plexes can be expected in the future.

Acknowledgements

We thank Prinessa Chellan for assistance in putting this
manuscript together and the DST Centre for Excellence in
Catalysis (C*change), Anglo Platinum Corporation, National
Research Foundation (NRF), Johnson Matthey and the Univer-
sity of Cape Town for support.

References

[1] See for example;

(a) B.R. James, in: G. Wilkinson, F.G.A. Stone, E.-W. Abel (Eds.), Com-
prehensive Organometallic Chemistry, vol. 8, Pergamon, Oxford, 1982, p.
285;

(b) J.M. Takacs, in: E.W. Abel, E.G.A. Stone, G. Wilkinson (Eds.), Com-
prehensive Organometallic Chemistry 2, vol. 12, Elsevier, 1995, p. 3911;
(c) R.H. Crabtree, D.M.P. Mingos (Eds.), Comprehensive Organometallic
Chemistry 3, vols. 10/11, Elsevier, 2006.

[2] (a) F.A. Cotton, G. Wilkinson, C.A. Murillo, M. Bochmann, Advanced
Inorganic Chemistry, John Wiley and sons, New York, 1999, p. 1194;

(b) J.P. Collman, L.S. Hegedus, J.R. Norton, R.G. Finke, Principles and
Applications of Organo Transition Metal Chemistry, University Press, Mill
Valley, CA, 1987, p. 386;

(c) M. Brookhart, M.L.H. Green, J. Organomet. Chem. 250 (1983)
395-408;

(d) M. Brookhart, M.L.H. Green, L.L. Wong, Prog. Inorg. Chem. 36 (1988)
1.

[3] H.B. Friedrich, J.R. Moss, Adv. Organomet. Chem. 33 (1991) 235.

[4] D.S. Frohnapfel, J.L. Templeton, Coord. Chem. Rev. 206 (2000) 199, and
references therein.

[5] (a) C.C. Santini, S.L. Scott, J.M. Basset, J. Mol. Catal. A 107 (1996) 263;
(b) C.H. Elschenbroich, A. Salzer, Organometallics: A Concise Introduc-
tion, 2nd revised ed., VCH, Weinheim, 1992, p. 280;

(c) P. Dufour, C. Houtman, C.C. Santini, C. Nedez, J.M. Basset, L.Y. Hsu,
S.G. Shore, J. Am. Chem. Soc. 114 (1992) 4248,

(d) R.D.W. Kemmitt, D.R. Russell, R.P. Hughes, G.J. Leigh, R.L.
Richards, in: E.-W. Abel, F.G.A. Stone, G. Wilkinson (Eds.), Comprehen-
sive Organometallic Chemistry II, Pergamon, Oxford, 1995, p. 1, 277, 541
(Chapter 5).

[6] J.M. Basset, F. Lefebvre, C. Santini, Coord. Chem. Rev. 178-180 (1998)
1703, and references therein.

[7] (a) R.H. Grubbs, T.M. Trnka, M.S. Sanford, in: H. Kurosawa, A. Yamamoto
(Eds.), Fundamentals of Molecular Catalysis. Current Methods in Inorganic
Chemistry, vol. 3, Elsevier, Amsterdam, 2003, p. 187;

(b) B.S. Yong, S.P. Nolan, Chemtracts 16 (2003) 205.

[8] M.L. Turner, N. Marsih, B.E. Mann, R. Quyoum, H.C. Long, P.M. Maitlis,
J. Am. Chem. Soc. 124 (2002) 10456.

[9] S.M.A. Shibli, M. Noel, J. Power Sources 45 (1993) 139.

[10] C.Dossi, R. Psaro, A. Bartsch, A. Fusi, L. Sordelli, R. Ugo, M. Bellatreccia,
R. Zanoni, G. Vlaic, J. Catal. 145 (1994) 377.

[11] (a) D.C. Bradley, Polyhedron 13 (1994) 1111;
(b) R.J. Puddephatt, Polyhedron 13 (1994) 1233.

[12] B. Blom, H. Clayton, M. Kilkenny, J.R. Moss, Adv. Organomet. Chem. 54
(2006) 155.

[13] M.L.H. Green, M.J. Smith, J. Chem. Soc. A (1971) 3220.



1308 A. Sivaramakrishna et al. / Coordination Chemistry Reviews 251 (2007) 1294—1308

[14] D.E. Laycock, J. Hartgerink, M.C. Baird, J. Org. Chem. 45 (1980) 291.

[15] T.W. Bodnar, A.R. Cutler, Organometallics 4 (1985) 1558.

[16] L. Hermans, S.F. Mapolie, Polyhedron 16 (1997) 869.

[17] G. Joorst, R. Karlie, S.F. Mapolie, S. Afr. J. Chem. 51 (1998) 132.

[18] T.C. Flood, J.A. Statler, Organometallics 3 (1984) 1795.

[19] T.C. Flood, S.P. Bitler, J. Am. Chem. Soc. 106 (1984) 6067.

[20] K. Dralle, N.L. Jaffa, T. le Roux, J.R. Moss, S. Travis, N.D. Watermeyer,
A. Sivaramakrishna, Chem. Commun. (2005) 3865.

[21] H. Lehmkuhl, Y.L. Tsien, E. Janssen, R. Mynott, Chem. Ber. 116 (1983)
2426.

[22] P.B. Mackenzie, K.C. Otto, R.H. Grubbs, Pure Appl. Chem. 56 (1984) 59.

[23] S.L. Buchwald, E.V. Anslyn, R.H. Grubbs, J. Am. Chem. Soc. 107 (1985)
1766.

[24] (a) H.G. Alt, G.S. Hermann, J. Organomet. Chem. 390 (1990) 159;
(b) P. Rodriguez, M.M. Diaz-Requejo, T.R. Belderrain, S. Trofimenko,
M.C. Nicasio, P.J. Pérez, Organometallics 23 (2004) 2162;
(c) Y. Nishihara, C. Yoda, K. Osakada, Organometallics 20 (2001) 2124;
(d) H. Zhen, C. Wang, Y. Hu, T.C. Flood, Organometallics 17 (1998) 5397;
(e) N. Spetseris, J.R. Norton, C.D. Rithner, Organometallics 14 (1995)
603.

[25] J.M. Brown, K. Mertis, J. Chem. Soc. Perkin Trans. (1973) 1993.

[26] J.E. Bercaw, J.R. Moss, Organometallics 11 (1992) 639.

[27] B.C. de Pater, EJ. Zijp, H.-W. Friihauf, J.M. Ernsting, C.J. Elsevier, K.
Vrieze, Organometallics 23 (2004) 269.

[28] E. Carré, E. Colomer, R.J.P. Corriu, A. Vioux, Organometallics 3 (1984)
970.

[29] J.Y. Mérour, C. Charrier, J. Benaim, J.L. Roustan, D. Commereuc, J.
Organomet. Chem. 39 (1972) 321.

[30] M.R. Ashcroft, A. Bury, C.J. Cooksey, A.G. Davies, B.D. Gupta, M.D.
Johnson, H. Morris, J. Organomet. Chem. 195 (1980) 89.

[31] T. Yamada, Y. Ohashi, Bull. Chem. Soc. Jpn. 71 (1998) 2527.

[32] J.L. Roustan, J.Y. Merour, C. Charrier, J. Benaim, P. Cadoit, J. Organomet.
Chem. 168 (1979) 61.

[33] D.L. Reger, S.A. Klaeren, J. Organomet. Chem. 342 (1988) 77.

[34] P. Barabotti, P. Diversi, G. Ingrosso, A. Lucherini, F. Nuti, J. Chem. Soc.
Dalton Trans. (1984) 2517.

[35] H. Lehmkuhl, J. Grundke, R. Mynott, Chem. Ber. 116 (1983) 176.

[36] W.M. Vetter, A. Sen, Organometallics 10 (1991) 244.

[37] C.D. Tagge, R.D. Simpson, R.G. Bergman, M.J. Hostetler, G.S. Girolami,
R.G. Nuzzo, J. Am. Chem. Soc. 118 (1996) 2634.

[38] R. Benn, R.D. Reinhardt, A. Rufifiska, J. Organomet. Chem. 282 (1985)
291.

[39] C.E. Denner, H.G. Alt, J. Appl. Polym. Sci. 89 (2003) 3379.

[40] A. Sivaramakrishna, H. Su, J.R. Moss, Angew. Chem. Int. Ed. (2007), in
press.

[41] A. Sivaramakrishna, J.R. Moss, unpublished results.

[42] A. Sivaramakrishna, J.R. Moss, H.S. Clayton, E. Hager, T. Mahamo, M.M.
Mogorosi, L.L.M. Mbatha, F. Zheng, unpublished results.

[43] J.X.McDermott,J.F. White, G.M. Whitesides, J. Am. Chem. Soc. 98 (1976)
6521.

[44] L.M. Rendina, R.J. Puddephatt, Chem. Rev. 97 (1997) 1735.

[45] R. Emrich, O. Heinemann, P.W. Jolly, C. Kruger, G.P.J. Verhovnik,
Organometallics 16 (1997) 1511.

[46] T. Agapie, S.J. Schofer, J.A. Labinger, J.E. Bercaw, J. Am. Chem. Soc. 126
(2004) 1304.

[47] A.K. Tomov, J.J. Chirinos, D.J. Jones, R.J. Long, V.C.J. Gibson, J. Am.
Chem. Soc. 127 (2005) 10166.

[48] J.R. Briggs, J. Chem. Soc. Chem. Commun. 11 (1989) 674.

[49] J.T. Dixon, M.J. Green, EM. Hess, D.H. Morgan, J. Organomet. Chem.
689 (2004) 3641.

[50] L.A. MacAdams, G.P. Buffone, C.D. Incarvito, L.A. Golen, A.L. Rhein-
gold, K.H. Theopold, Chem. Commun. (2003) 1164.

[51] A. Bollmann, K. Blann, J.T. Dixon, EM. Hess, E. Killian, H. Maumela,
D.S. McGuinness, D.H. Morgan, A. Neveling, S. Otto, M. Overett, A.M.Z.
Slawin, P. Wasserscheid, S. Kuhlmann, J. Am. Chem. Soc. 126 (2004)
14712.



	Transition metal-alkenyl complexes [M-(CH2)nCHCH2, n2]: Synthesis, structure, reactivity and applications
	Introduction
	Synthesis and structure
	Monoalkenyl compounds
	Anion route
	Transmetalation reactions
	From dienes
	Oxidative addition route
	Other methods

	Bis(alkenyl) compounds

	Chemical reactivity
	Monoalkenyl complexes
	Bis(alkenyl) compounds
	Ring closing metathesis (RCM)
	Isomerization
	Thermal decomposition and rearrangement reactions
	Oxidative addition
	Carbonylation


	Catalytic reactivity of metal alkenyls and their involvement in catalytic reactions
	Concluding remarks and future prospects
	Acknowledgements
	References


