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A broad survey of both the simple and double decomposition
modes of transition metal alkyls has been undertaken. From
the two main processes of C-M bond rupture, homolysis, and
B-metal hydride elimination, the following modes of decom-
position and types of useful reagents generated can be dis-
tinguished: 1) reductive decomposition of R,ME,,_, to yield
subvalent, carbene- or free-radical-like ME,, ,,, which can
cleave 7- or g-bonds by direct epimetallation; 2) B-metal hy-
dride elimination to produce hydrometallating agents; 3)
combined reductive and -metal hydride eliminations to pro-
duce anionic, and hence more nucleophilic, epimetallating
agents; 4) a-metal hydride elimination thought to be involved
in the transition state leading to C-C bond coupling from
(RR'HC),ME, derivatives; 5) a,p-elimination from lithiated
RHC(Li)-ME,,_;, which produces alkylidenes, RHC=ME,, ,,

capable of ROMP catalysis; 6) metal-hydrogen metathesis,
whereby sufficiently acidic C-H bonds become C-M bonds;
7) metal-metal metathesis, whereby RR'ME, undergoes an
equilibrating redistribution reaction to form R,ME, and
R',ME,; 8) transfer epimetallation, in which epimetallation
(point 1) is achieved with R,ME, in one step by transfer of
ME, to the substrate with the concomitant loss of R groups;
and 9) transfer epimetallation of olefins by R,TiE, in hydro-
carbons to produce titana(iv)cyclopropanes, which serve as
active sites in Ziegler-Natta polymerization. In each situa-
tion, the reaction-mechanistic features are analyzed in terms
of existing experimental data and evidence.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Elemental Metals and Organic Radicals

The interaction of free metals with organic radicals has
commanded the attention of chemists ever since the pion-
eering attempts of Bunsen™ and of Frankland™ to capture
the elusive cacodyl radical, Me,As, and the simple methyl
and ethyl radicals, respectively. In Frankland’s studies his
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attempt to remove just the iodine from R-I (path a) was
confounded by the stable R-Zn bonding formed instead
(path b) [Equation (1)].

—th—> RyZn + Znl

2R + Znl, =—7#— 2R-1 + Zn
patha path b 1

Subsequent research by Gomberg*! demonstrated that
an organic halide like triphenylmethyl chloride (1) could re-
act by either path ¢ or path d depending upon the reducing
potential of the metal [Equation (2)]. The enhanced stability
of the trityl free radical 2 permitted this type of selective
dehalogenation, while the comparably increased stabiliza-
tion of anion 3 permitted the rapid electron transfer from
Na.
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Ag 2 Na -
Ph;C —Cl ——
O <l TNacl PO Ne
2 pathc 1 pathd 3 )

That such carbon-metal bonding or its homolytic rever-
sal can be controlled by temperature change alone was dem-
onstrated by Paneth and Hofeditz.>! In passing a stream of
Me,Pb vapor (4) past a heated zone in a glass tube they
were able to observe the deposition of a lead metal ring.
Now if a second lead ring (5) had been placed a short, pre-
determined distance downstream in a cold zone of the tube,
that lead ring was removed with the reformation of Me4Pb
(radioactive labeling). The reaction depicted in Equation (3)
to the right is clearly reversed at lower temperatures, if the
methyl free radicals 6 have not yet decomposed.

MePb =2 _—»  4Mes + Pb
4 cold 6 5 3)

With similar methodology the methyl radicals thus gen-
erated were shown to remove other metallic mirrors of zinc,
antimony, arsenic, bismuth, and mercury to form Me,Zn,
Me;Sb and Me,SbSbMe,, Me;As and Me,AsAsMe,,

Me;Bi, and Me,Hg, respectively.l”) Especially relevant to
this review is the reaction of methyl radicals with a lantha-
num mirror,”] although no such rare earth MesM could be
isolated. In fact, no such rare earth or transition metal alkyl
appears to have been isolated by the Paneth radical-capture
technique.

Transition Metal Alkyls

The extensive literature prior to 1954 on the purported
claims and abortive attempts to prepare either alkyls or ar-
yls of transition metals has been thoroughly surveyed and
assessed by Cotton.’l It is equally clear from the much
more extensive but somewhat older review of Krause and
von Grosse published in 1937 that as a class such alkyls
have a markedly lower kinetic stability than their main-
group metal counterparts. Transition metal alkyls suffic-
iently stable at room temperature, without coordinating li-
gands, were found to be rare: [Me;PtCl], (originally thought
to be MeyPt), MeCu (explodes on drying at room temp.),
MeTiCls, Me,TiCl,, and Me,Mn (stable under 75 °C) may
be taken as representative of such isolable derivatives. When
the more recent techniques of low-temperature mixing of
reagents (80 °C to —100 °C) and the use of coordinating
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solvents or ancillary ligands are applied to such metal-me-
tal metatheses as in Equation (4), the general opinion pre-
vails that the partly or fully substituted transition metal al-
kyl 8 is formed from MCI,, (7) and persists for some time
before decomposition or bimolecular reaction.

MCly + nRM _=80°t0-100°C R MCly-p + nMCl

7 M' = Li, MgX, AR, 8 4)

In the previous attempts to prepare transition metal al-
kyls in the temperature range of 0° to 35 °C, reduction of
the metal salts and formation of hydrocarbon by-products
almost invariably have been observed. Although any transi-
tory C—M bond most likely decomposes in its primary step
by homolysis through thermal promotion, the resulting or-
ganic radical appears not to become completely “free” of
the metal. For example, in a detailed study by Gilman and
Jones!'l it was found that treating either TiCl, or ZrCly
with 4 equiv. of EtMgBr in ether led to the evolution of
chiefly ethane containing only 2% of ethylene. Were the
ethyl radicals (9) completely ever “free”, they should have
undergone disproportionation to produce both ethane (10)
and ethylene (11) or have coupled with the formation of
butane (12) (Scheme 1). The trace or absence of 11 and 12
rules out the generation of the typically “free” ethyl radical
9. In the discussion of the decomposition pathways of tran-
sition metal alkyls given herein, we shall demonstrate how
this puzzling homolytic decomposition given in Scheme 1
has served as a useful clue for discovering novel chemical
reactions of these alkyls (cf. Scheme 2 and relevant dis-
cussion).

TiCly CH;—CH; + H,C=CH,
10 11
- MgBrClJ4 EtMgBr T
EtTi 4[Et]] ——> CH3;CH,CH,CH;s

9 12
Scheme 1.

However, for metal alkyls in general having a f-hydrogen
an alternative primary step in their decomposition can be a
metal-hydride bond elimination, as exemplified for alkyls
of aluminum!'!! and gallium'? in Equation (5) and those
of zirconium!!*!'4! in Equation (6).

A

BuyM  — B . ByM-H —2 » M + L5H,
M= Al Ga 4 4+
H Me H Me
>c=cZ 2 >c=CT
H Me H Me (5)
H Bt
mBuZil, A HZrl, + 2 H>C:C<
L=CLOR i )
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The rate of such metal-hydride elimination usually is
greater in hydrocarbon solvents and less in coordinating
solvents.

In the following sections we undertake to consider the
various discrete ways transition metals can undergo decom-
position, thereby either effecting a valuable reaction of great
use in organic synthesis or generating a transition metal
reagent for subsequent organic reactions. In this discussion
we wish to embrace the term decomposition in its broader
sense. Naturally we are interested in the simple decomposi-
tion of individual transition metal alkyl molecules into frag-
ments. But in addition we find it fitting to include various
types of metatheses, formerly termed double decompositions,
of such alkyls with an organic substrate. Where appropriate,
we will exemplify such modes of simple decomposition and
double decomposition by citing recent contributions of our
group to the theme of “Organic Chemistry of Subvalent
Transition Metal Complexes”.[!%]

Modes of Transition Metal Alkyl Decomposition

Simple Decompositions

Although the primary decomposition steps of M—C bond
homolysis and M-H bond elimination are centrally in-
volved in such decompositions, these processes are often
combined with subsequent reactions to result in useful rea-
gents.

1. Reductive Elimination

Here the homolysis of M—C bonds leads to the loss of
alkyl radicals and the reduction of the metal either to the
finely divided native metal or to a lower valent alkyl or salt.
The preparations of (COD),Ni,'®!7I unstable Cp,Ti,!'8! or
TiCl,-2THFU! illustrate the utility of reductive elimination
[Equations (7), (8), and (9)]. Since in Equation (9) the initial
TiCly (13) is ultimately reduced to the solvated TiCl, (15)
via the alkylated 14, the overall transformation has been
termed an alkylative reduction. This process, also applied
individually to ZrCl,, HfCl,, CrCls, and VCls, in general
accord with the procedure outlined in Equation (9), has

EtAl CcOD

Ni(@cac); ——22"  » [EtNi] oy Ni¢ —€OP o (cOD),Ni
CcOD (7)
Ph Ph
. PhC=CPh
cml> e o) PSR [,
Ti
Cpy
(®)
2 nBuLi THF
TiCl  ———>  [#BuTiCh] — >  TiCh-2 THF
13 14 15 ©)
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proved to be satisfactory for providing THF solutions of
ZrCl,, 20211 HfCl,,120-211 CrCL"*?! and VCIP??! or slurries of
the same subvalent reagents with by-product LiCl from re-
actions conducted in toluene.

In the reductive elimination of nBu,TiCl, (14) in THF
leading to TiCl,:2THF, one might have expected the evol-
ution of a 1:1 mixture of butane and 1-butene. Actually
butane was the principal gas evolved and the 1-butene was
largely bound to the TiCl, as a 2-ethyl-1-titanacyclopro-
pane complex (17). This finding raises the possibility that
such decomposition never leads to two separate 1-butyl rad-
icals (path a) but that the first butyl radical abstracts a -
hydrogen en passant from the second butyl group still
bonded to the titanium (16, path b) (Scheme 2). Complex
17 was chemically trapped with benzonitrile to form 18,
whose hydrolysis then yielded valerophenone (19). Al-
though reasonably stable even in warm THEF, 17 loses 1-
butene at higher temperatures under reduced pressure to
yield 15.24

Bu.
h q e
th b /s
paha o CHCHCH)LTICL 2200 C\Q JTich
14 B CH,
~TiCh 16
l—BuII
2 N Et Et
PhCN A i
l Ph@iclz T vecwm 1iCk
N ch 15
NS NS 18 17
lH]o*
Ph
\ﬁ/v
0
19
Scheme 2.

A most noteworthy illustration of such bis-reductive eli-
mination which leaves the alkene bonded to the transition
metal is the Kulinkovich cyclopropanol synthesis (20 — 24;
Scheme 3).1%%1 The treatment of either stoichiometric or
catalytic amounts of titanium(iv) isopropoxide Ti(OiPr),
(20) with at least 2 equiv. of an ethyl Grignard reagent gen-
erates intermediate Et,Ti(OiPr), (21), whose decomposition
according to path b in Scheme 2 would yield the Kulinkov-

Ti(O Pr)s 1. 2 EtMgX
20 2 R-COR' @3)
3. H,0 i Jon
2 EtMgX
H;0"

EtTi(O iPr),

23
T
(OiPr),
22
Scheme 3.
2660 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ich reagent 22. Insertion of the ester 23 into 22 and re-
arrangement would thereby provide the cyclopropanolate
derivative 23.[26]

The THF-soluble forms of the foregoing subvalent tran-
sition metal salts are eminently suitable for various oxidat-
ive addition reactions, such as simple epimetallations [Equa-
tions (10)?71 and (11)P¥), cyclization [Equations (11) and
(13)], reductive cleavages [Equations (12) and (14)] and re-
ductive dimerizations [Equations (12) and (14)] presented in
Equations (10)—(14).

Ph Ph
i Ph
ph—C=C—pn _BLYXCODNI _ DOAc Ph)g:ci
-COD Ni D
BPY Ref. [27]
(10)
ZrCl
@5\7 T wCl
=\ ™~
Ph Cl
Ref. [28] (1 1)
TiCl ZrCl Ph Cl
2PhCCl — 2 PRCCL—CCLPh — 2 oe=c
92% 73%
Ref[24] (12)

5 Me>:<j MCh JCl
N,
Me M=Ti Zr, Hf cl
ReER0] (13
A crCl
2 Ph—C—Cl i Ph—C=C—Ph
Cl Ref. [22] (14)

2. p-Metal Hydride Elimination

Transition metal alkyls more stable to homolysis and
having a B-hydrogen are prone to metal hydride elimination,
especially in nondonor solvents. Consider the thermal be-
havior of the nBu,MCl, derivatives where M = Ti or Zr.
The labile titanium derivative 24 undergoes reductive elimi-
nation in toluene or in THF above 0 °C [Equation (15)],[2%
while the zirconium analog 25 undergoes reductive elimi-
nation in THF [Equation (16)]*°! but metal hydride elimi-
nation in warm toluene [Equation (17)].'31 The H,ZrCl,
(26) can be captured by hydrozirconation of a suitable sub-
strate as displayed in Scheme 4.
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nBu, TiCly = A — TiCl, (¢f Scheme 2)
24 Phi or Ref. [20-21] (15)
nBuy ZrCly N S ZrCly
2
S Ref. [20] (16)
nBuy ZrCly W [HaZrCly] + 2 <
25 26
Ref [13] 17
PhCH,—CH,—OH
I. PhCH—CH,
(6]
2.H;0"
1. PhhC=0 B
PhyCH—OH <= HyzsCly — - PRCHNPR gy Npiph
2.H,0 26 2. H;0
\R\C
H/
e
ZrﬂnHCI
Cl
RCH;
27
Ref [13]
Scheme 4.

The interesting preparation of the substituted zir-
conocene dichloride 27 by this route is most noteworthy.
Whether the hydride 26 is first generated from 25 and then
reacts with the substrate, as implied in Equation (17), or
whether the substrate reacts with 25 to assist in the H,ZrCl,
transfer, as in transition state 28 is not yet known. However,
a likely basis for the dramatic solvent effect lies in the struc-
tures of 25 in THF (25a) and in toluene (25b), respectively.

H Et
nBu  Cl TF =
NN g-<
Wiy nBu ' N\ I
0" “cH, nBu | THF c CHy
1 /]
/C\ _.CHEt cle l “THF Cl ; /CHZ
£ "H”
| v B al Hee
\ H
28 252 25b Et

The structural instability of nBu,ZrCl, in THF and its
relative stability in hydrocarbons at 25 °C likely has its ori-
gin in the coordination sphere existing about the Zr center:

Eur. J. Org. Chem. 2005, 2657-2670 WWW.eurjoc.org

in THF 25 has presumably an octahedral coordination in-
volving solvent ligands (25a); and in hydrocarbons, without
strong coordinating ligands, B-agostic C—-H---Zr interactions
may help stabilize Zr—C bonds to homolysis while also fav-
oring heterolytic B-hydride eliminations (25b).['*!

The stability of transition metal alkyls to reductive elimi-
nation is also strongly dependent upon the ligands. Al-
though nBu,ZrCl, is unstable in THF above 0 °C, it is
stable at 25°C in hydrocarbons. A solution of nBu,Zr-
(OEt), is stable at reflux in either THF and hydrocarbons.
Thus nBu,ZrCl, in hydrocarbons at 25°C or nBu,Zr-
(OEt), in THF or in hydrocarbons can serve as hydrozir-
conating agents for olefins and acetylenes [Equations (18),
(19), and (20)].'Y Because of their ease and economy of
preparation such hydrozirconating agents have distinct ad-
vantages over the zirconocene hydrides, such as the
Schwartz reagent, Cp,ZrHCI, and its variants.l*]

5 1. mBuZiCl 5 O
~78°C to r.t.
2. 1,0 (18)
r.t. H,0
mBLZIOE), + 2 AAG — > HexpZr(OEt); —2—» CH3(CHy),CH;
a7
(19)
Ph Ph
Ph—C=C~Ph __ L nBuZr(OEty, A _ ~c=c’
2. H,0 H H (20)

3. Combined Reductive and p-Metal Hydride Eliminations

In attempts to generate anionic ate complexes of transi-
tion metal alkylates, LiMnBu,,,+; (27), a higher valent chlo-
ride MCl,, (26), such as TiCly, CrCl; or VCl;, was treated
with m+1 equiv. of n-butyllithium at —78 °C in THF [Equa-
tion (21)].

MCl, + m+lnBuli ———— LiMuBu,;;+1
26 27

+ mLiCl
2]

Upon bringing the individual reaction mixtures to room
temperature and removing the volatiles in vacuo, gaso-
metric analyses of the residues with glacial acetic acid gave
essentially only hydrogen gas with traces of butane, thus
ruling out significant amounts of 27. From the amounts of
evolved H,, the actual course of such reactions were con-
cluded to be those shown in Equations (22), (23), and
(24).501
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HOAc

TiCly + 5#Buli ———— T + LH — ~1.0H;
_LiCL-Bu Ref. (23] @)
i HOAc +2
VCh 4 nBuli LivH, —=% V' 4+ ~25H,
-3 LiCl 28
Ref [23] (23)
MCl 4nBuLi LiCrH, HOAc ot w25 H,
-3 LiCl 29 -
M=Cr
Ref. [30] (24)

In the absence of aggregation estimates the formulations
given as 28 and 29 must be considered as empirical, rather
than molecular or ionic, with the further understanding
that the Li center is likely solvated by THF units. But it is
evident that the formation of 28 and 29 and even Ti’ must
have involved the decomposition of an ate complex
LiMnBu,, ; by concurrent reductive elimination of n-butyl
radicals and B-metal hydride loss. Such LiVH, (28) and
LiCrH, (29) reagents have proved to be sufficiently stable
to be used for achieving various organic chemical transfor-
mations. Although such complexes are most likely at least
dimers of their empirical formula, their chemical reactions
with polar organic substrates can be formulated as involv-
ing an addition of the carbene-like monomer to the unsatu-
rated linkage [Equations (25)P! and (26)1?)]. In both in-
stances the C—M bond of the three-membered metallocyclic
intermediate proved capable of reacting with CO,. The re-
sulting carboxylic acids could be isolated in good yields.
Note that the appended hydrogens in LiMH, are not pri-
marily involved.

Ph LicrH,  Phu, 1.CO,
—_—

Cc=0 — Ph,C—OH
3 Ph” e 2 H &
+ =T Z2uN
Li" Hy 07 "OH
65%
Ref [31] (25)
o)
~Ph ~Ph 3 M
N v HO—C_ N—Ph
I HV ] U AV
o) ) C C
— —_—
2.H
75%
Ref. [23]
(26)

Such an oxidative addition of a subvalent transition me-
tal to an unsaturated linkage with formation of a three-
membered metallocycle has been termed epimetallation.*¥
[Cf. Equations (10) and (11) for epimetallations achieved by
neutral carbene-like reagents.] The exact spin states of rea-
gents 28 and 29 are under current study but their solutions
in THF exhibit strong ESR signals.l3?!

2662 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Further important applications of both neutral and an-
ionic epimetallating agents will be considered under the
topic of transfer epimetallation (cf. infra).

4. a-Metal Hydride Elimination

To the best of our knowledge, an unambiguous o-elimi-
nation of a transition metal-hydride bond, as depicted in
Equation (27), has not been reported. However, the kind of
agostic interaction likely in the transition state 30 of such a
process has several documented precedents in the litera-
ture.[33 Since a free, high-energy carbene 31 would result
from such a postulated reaction, it is understandable why
such a process has not been observed at moderate tempera-
tures.

a IF
—_—

(RCH)mM —B > (RCH)paM? | (RCHa)py- M~H
L “CH-R

30 +

R
\/C :—|

[ H

31

27

For this reason, we were both mystified and delighted
recently to observe the rearrangement illustrated in Equa-
tion (28), transforming 32 into 33 and ultimately upon fur-
ther heating into 34 [Equation (28)].134

R R R R
PhoCH HC—Ph —B > PhC—CHoph —B > P‘:‘PC:C(];“
N4 THE H-Zr~OEt 34
(OED), OFEt +
32 3 H,Zr(OEt),
R=H, Ph, Ar
(28)

Forming the Zr-H bond in 33 in exchange for the Zr—
CHRPh bond in 32 can readily be conceived as passing
through a transition state 35, in which an agostic C+-H-*Zr
interaction has developed a carbene-like complex of PhRC:
bonded to Zr. Such atom and charge separation could pro-
vide the low-energy pathway for the 1,2-nucleophilic shift
of the CHRPh group to generate rearranged product 33
(Scheme 5). A similar C-C bond-forming rearrangement
appears to be the route to ring closures of o-xylene (36) to
benzocyclobutene (38), assumed to occur via 37 [Equa-
tion (29)] and of 2,2'-dimethylbiphenyl (39) to 9,10-dihy-
drophenanthrene (40) via an analogous zirconacycle [Equa-
tion (30)].31 The ramifications and applicability of this un-
expected and unusual C-C bond-making process with al-
kyls of zirconium and other transition metals entice us to
further studies.
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Ph—CHIR —|=F N
I\, aOE Ph, _CH—R
Ph“h-hC':"'{r‘OEt A—— R(C\ OEt
L R 5+ 57 NOE:
35 33

Scheme 5.

CH H
®  4BuZr(OEt), CHy LA
—mwE O G
CH;s CH,
38

36 37
Ref. [34]
(29)
H;C
O e (O
—_— -
O
.H,0
CH; 3.
39 40
Ref. [34] (30)

5. a,u-Elimination of Alkane

The formation of alkylidenes by the thermal elimination
of alkane from transition metal centers bearing at least two
alkyl groups has previously been proposed.l*”! Since higher
alkyls of transition metals are rarely stable, such so-termed
a,p-eliminations!'! have been usually invoked for dimethyl
derivatives, such as in the thermolysis of dimethyltitanocene
(41). Postulating the intermediacy of titanocene-methyli-
dene 42 is supported by the formation of the olefination
product 44 when carbonyl substrate 43 is present
(Scheme 6).3%! For purely alkyl derivatives such decomposi-
tion via metal alkylidenes is less readily justified. Weakly
coordinated Me,Ti decomposes around —78 °C into meth-
ane and Ti—C fragments, whose formation is consistent with
Ti'l and Ti' intermediates.

CHs 65°C

. . R,C=0 43) R -
Cp,Ti7 —_— = — > C=C
p2 I\CHJ —Ch, [Cp,Ti=CH, ] ZCpaliO R 4
41 42 44
Scheme 6.

But recently it has been proposed that Me,TiCl, (45),
generated at —40 °C in toluene according to Scheme 7,
would undergo instant decomposition to 46. Detection of
46 was judged to be successful by the subsequent ROMP
activity shown by the reaction mixture in the polymeriza-
tion of dicyclopentadiene (47).3¢1 However, discordant with
this conclusion is the known stability of 45 at +35 °C and
higher, when prepared by alternative methods. Recently it
has been established that 45 does not result from the reac-
tion of 2 equiv. of MeLi with TiCl,.['l Thus we may con-
clude this section by observing that an intramolecular a.,u-
elimination of methane from Me,ML,, is not a facile de-
composition pathway. However, when such o,u-eliminations
involve the elements of HE (E = X, OR, SR, ectc.), then
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such reactions appear to occur at room temperature or
lower. (Cf. infra for bimolecular processes.)

Ticl, 2MeLl Me,Tick o> [ChTFCH,] ——— > cis-ROMP-polymer
—40%C 45 4 46 R~ R
47
Scheme 7.

Metatheses or Double Decompositions

In these reactions two reactants, A-B and A’-B’, whose
fragments are coupled by a covalent or ionic bond, ex-
change partners to form two new compounds [Equa-
tion (31)]. Any equilibrium involved is now recognized as
driven in a given direction by LeChatelier’s principle and
by that set of products having a negative Gibbs free energy.
In the early 19th century, however, it is amusing to note
that the equilibrium state was thought to be determined by
the relative chemical affinity of the fragments for each
other. With this romantic interpretation, the renowned Ger-
man writer, J. W. von Goethe, employed such a figurative
metathesis for the plot of his famous novel, Selective Affin-
ities. The story line concerns the wavering and fickle attrac-
tions of two loving couples brought accidentally into close
proximity.B7]

————l

A—-B + A-—DB P —— A—B + A—B (31)

1. Metal-Hydrogen Metathesis

Such metatheses or metallations have been observed be-
tween alkyl metallocenes of early transition metals like
scandium  [Equation (32)]*¥) and titanium [Equa-
tion (33)],1*% in which latter case the Tebbe reagent (48) is
produced.

*
CpsSe~CH; + R—H ———>  CpSe—R + CHy

(R-H = 13CHy,, arenes, styrenes, alkynes) Ref. [38] A3 2)

cptich, - MeAL | eoricn, —MSAL L o miecHpAMe,
—MeZAICl | - 4 |
e el
@8) Ref. [39]
(33)

In more recent examples the metallating ability of purely
alkyl metal derivatives has been put to effective use in pre-
paring other m- and o-bonded organometallics [Equa-
tions (34),1401 (35),1401 (36),134 and (37)141].
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Cp,MCl, + 2 nBuH

+ mByMCL L
AR

M=Ti, Zr Ref. [40] (34)
2 R~C=C-H + nByME, Pr—&e» (R—C=C),ME, + 2nBuH
M=Ti, 7Zr Ref. [40] (35)
r.t. + 2nBuH
2Ph—CH; + nBuZeOF); —El—»  (Ph—Chy) Zx(OED),
e
(LiOEt by-product) Ref. [34]
(36)
0O—CHj it 0—CH,
©/ +  nBu Zr(OEt) W’ -
LiOEt by-product) d 2
¢ VP Ref. 34] b, 37)

Since the zirconations described in Equations (36) and
(37) are not observed with nBu,ZrCl,, it is proposed that
the metallating action of nBu,Zr(OEt), is catalyzed by the
LiOEt by-product, generated from the reagent-forming re-
action in Equation (38).

THF

Zr(OE, + 2 nBuli —5°C

ABw Zr(OF), + 2 LiOEt 38)

Also, the zirconation of Ph—CHj3 in Equation (36) should
be compared with the analogous zirconated derivatives 32,
which is thus obtainable from Ph,CH,. Accordingly, such
a zirconation of Ph(R)CH, (49), followed by a C-C bond
coupling shown in Equation (28) to give 33 and then 34,
represents a novel and valuable synthetic transformation
that may be termed oxidative dimerization (Scheme 8). Fur-
ther intramolecular examples of such a process, already
given in Section 5 above, are those of Equations (29) and
(30).

Ph . L Ph.
2 R>CH2 + By Zr(OE, e ( R>CH ), Z+(OFt),
49 32
oxidative A
dimerization
Pl
H
Se=c™" <8 ph—C—CH Ph
Ph H |
34 H—Zr—OEt
Ref. [34] .
33
Scheme 8.

2. Metal-Hydrogen Metathesis Combined with a,u-
Elimination

Although the reaction of less active main-group alkyls
like RMgX, R, AlX;,, and R,Zn with transition metal

2664 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

salts, ME,,, generally involves metal-metal metathesis [(Sec-
tion 3 infra and Equation (39)], the potent alkyllithiums can

also metallate C-CHR'-ML,, ; intermediates [Equa-
tion (40, 50; cf. formation of 48 in Equation (33)].
i T
R-C—MEp.; _ RCHR-M'_ () ME .
[ -M'E |
Iy R
E=X,0R etc. M=MgX, AIX;, ZnX (39)
; 3
R—C—MEp.; _ RCHR'LI R=C—MEp-.
I8 —RR'CH, e
E=X,0 50
=X, OR, etc. (40)

Such an unusual metallation was uncovered recently in
the reaction of TiCl, with 2 equiv. of methyllithium in tolu-
ene at —40 °C. Instead of leading to Me,TiCl, (45) as pro-
posed by previous workers (Scheme 7),¢! it has been shown
that 51 is generated and serves as a source of methylidene
52. The availability of 52, with or without the prior a,u-
elimination of LiCl, has been shown by three types of chem-
ical trapping: 1) with benzophenone to give 1,1-diphenyl-
ethylene (53); 2) with propiophenone to yield only olefin
54, thereby distinguishing 52 from 45;4'4l and 3) with di-
phenylacetylene to produce a 1:1 mixture of 56 and 57 upon
hydrolysis via cycloadduct 55a and its electrocyclic ring
opening to 55b (Scheme 9).[1 A similar pathway to the zir-
conium alkylidene, nPrCH=ZrCl, (58), appears to be fol-
lowed in allowing ZrCl, to react with 2 equiv. of nBuLi in
THEF. Here again, it is not yet known whether 58 or its LiCl
adduct is the actual alkylidenating agent.[*!® Even a late
transition metal salt like FeCls (59) can form such a reagent
(60) that can be trapped with diphenylacetylene to give a
mixture of olefins (61 and 62) and possibly with benzophe-
none to give ultimately deuteriated 64. In the case of 60 the
reaction with ketones would not give directly the olefin 53,
but ferracycle 63. Workup with D,O, which would lead to
64, would be required to establish the intermediacy of 63,

Scheme 9.
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rather than 65, which could have resulted from simple ad-
dition of an nBu—Zr bond to the ketone (Scheme 10).14?]

2 nBuli nCsHy 1.PhC=CPh _ Ph Ph
FeCly o> SC=FeCl —— > Se=cd
~78°C, hexane H 2.H0 H nBu
59 60 61
h nBu
2 nBuFeCl PhyC=0 Pl e
A=
H ¢ “Ph
2 nBuy Li Ph
Ph—C—O0 Ph._ H
1. PhyC=0 \ J > Se=c<
%2. 0 H-C—te 7 H
nPr
PhyCHCH,CH;CH,CHj 63
OH
= lDZO
65
th(‘,‘—(‘ZHCHZCIIQCH;;
HO D
64
Scheme 10.

3. Metal-Metal Metathesis

This type of metathesis has long been the principal route
to transition metal alkyls from transition metal salts and
the main group alkyls of lithium, magnesium and alumi-
num, as generalized in Equation (4).3 However, even
though undeniably important, such metal-metal metathesis
is certainly not novel and thus not particularly relevant to
this review. But in the form of a redistribution reaction of
mixed transition metal alkyls, this metathesis takes on nov-
elty and significance in carbon—carbon bond-forming reac-
tions of RCH,(R')ME, (66) intermediate [cf. Equa-
tion (28)]. Regardless of the mechanisms of forming 66 and
its consumption, the two alkyl groups bonded to M in 66
become C—C-bonded to each other. Thus whether or not 66
can undergo a redistribution reaction [Equation (41)] will
decide which new C-C bond-coupling products can be
formed. If only 66 is present, then solely R—~CH»,-R' could
be produced upon hydrolytic workup.

?
_

2(RCH(RME; ——  (RCH)ME, + RME,

66 67 68 41)

But if redistribution according to Equation (41) were to
have occurred, leading to 67 and 68, then C-C coupling
would yield products like R-CH,~CH,-R and R’-R’ as
well. This is illustrated by the thermal behavior of
PhCH,(Me)Zr(OEt), [69; cf. Equation (47) for its method
of preparation]. As with other dialkyl-substituted zirconium
dialkoxides (32), heating 69 leads to 70, whose hydrolysis
results in the formation of ethylbenzene (71) (Scheme 11).
But that the heating of 69 also produced a redistribution of
69 into 72 and 73 was revealed by hydrolytic workup: both
hydrocarbons 74 and 75 were now also found.!'l Clearly,
intermediates 72 and 73 had individually undergone C-C
bond formation in a manner parallel to the process, 69 —
70 and thereby revealed their presence in the reaction.
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2 PhC{Iz/CH; —— (PhCH,),Zr(OEt); + MeyZr(OEL),
7 72 73
(OEY),
69
1.A|2.HO
A | THF
PhCH,—CH,Ph  + CH3—CH;
74 75
PhCH—CHjs
H,O
H—Zr—OEt ————» PhCH,—CH;
Et 71
70 Ref. [14]
Scheme 11.

Another reaction requiring a redistribution reaction to
produce crucial intermediates like 66 is the essentially quan-
titative coupling of benzylic halides by titanium(ir) chloride
(Scheme 12). The most likely pathway would involve oxidat-
ive addition of the C-Cl bond of 76 to 77, forming 78, a
redistribution reaction to bond two benzyl groups to the
same Ti center (79) and finally reductive elimination of 77
to form the coupling product 80.

TiCh (77
2 PhCH,—Cl IT‘ é an PhCH,—CH,Ph
76 —Ticl 80
+77 -TiCly
2 PhCH,—TiCk —_— (PhCHy),TiCh
78 79
Scheme 12.

4. Transfer Epimetallation

This type of bimolecular double decomposition has been
reserved for last in this review, because in many respects it
is perhaps the most novel reaction of transition metal al-
kyls, having great generality and applicability in organic
synthesis and bearing mechanistic insights important to the
functionalization and polymerization of m-bonded organic
molecules. Before we attempt to document and justify this
formidable claim, it is essential to distinguish transfer epi-
metallation from the simple epimetallations already exem-
plified [cf. supra: Equations (10), (11), (25), and (26)].

Simple epimetallation is the oxidative addition of a rela-
tively stable (often carbene-like) subvalent transition com-
plex 81 to a m- or o-bond of substrate AB (81a,b) leading
to a three-membered metallocycle 82 or bond-cleavage pro-
duct 83 (Scheme 13). Such epimetallating agents are gen-
erally available by the partial alkylation of the stable MCl,,
[or M(OR),,] to produce R, MCl,, ,, [Equation (4)] and the
reductive elimination for the R groups [Equations (7)-(10)].
The presence of A-M and B-M bonds in the reaction prod-
ucts can be corroborated by conducting the hydrolytic
workup with O-deuterioacetic acid (DOAc) and ascertain-
ing the site(s) of any deuterium incorporation. By adhering
to the foregoing preparative method for 81, both neutral
and anionic epimetallating agents have been generated as
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solutions in THE, such as TiCl,, ZrCl,, HfCl,, VCI, and
CrCL;113:19-221 Ti(OiPr),?*** and Zr(OEt),;'"Y and finally
LiCrH,P% and LiVH,.?¥ Because such reagents can be sol-
vated and are undoubtedly oligomeric, their epimetallating
action on n-bonded substrates can be slow and incomplete.
For example, a solution of titanium isopropoxide (84) in
toluene and free of THF and LiOiPr by-product displays
an ESR triplet signal most consistent with a biradical of
the open-chain trimer type, 84a, likely in equilibrium with
the diamagnetic ring trimer 84b (Scheme 14).1*°! The pres-
ence of such an equilibrium would explain why the 2:1 ratio
of 84 and diphenylacetylene in THF would react after 12 h
at 25°C to give upon hydrolysis with D,O only 31% of
deuteriated cis-stilbene (86), together with 4% of bibenzyl.
Although 2 equiv. of monomeric 84 are potentially avail-
able, actually only 0.67 equiv. of 84a and 84b are available
to slowly form the five-membered metallocycle 85. Even
when the same ratio of reagents was allowed to react in
refluxing THF for 12 h, the amount of 86 rose only to
74 9 0.[44]

A-BBla) M AZB@Ib N
AL B e mn s AR
M 81 v
M L
mn L=CLOR H -
o 82
oA lD—OAc
-D + D-B ATER
A / \
D D
Scheme 13.
Ly 7
7 Ti
/N pra— ¢\
]_,Z’l{_Tle L=0iPr 141{ IILZ
84b 84a
Ph Ph
84 o=
Ph—C==C—Ph - i \
LQTI\ /TiI/z
Ti
D0 Lo
Ph. Ph
D>C:C<D 85
86
Scheme 14.

Similarly, a 1:2 mixture of benzaldehyde and 84 in THF
at 25 °C gave upon hydrolysis 62% of benzyl alcohol (88),
28% of a 1:1 mixture of rac- and meso-1,2-diphenyl-1,2-
ethanediols (90) and 10% trans-stilbene (91). The large pro-
portion of reductive dimers 90 and 91 is consistent with the
formation of 87 and its fairly rapid insertion of a second
aldehyde monomer into its C-Ti bond to yield 89
(Scheme 15). Analogous difficulties also accompany the use
of TiCl, in epimetallations. Therefore, such problems as in-
complete simple epimetallation and competitive reductive
dimerization are great drawbacks on the generalized use of
ML, , for the epimetallations depicted in Scheme 13.
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Ph. . _ Ph Ph
Ph g4 P, g-¢=0 3 H,0
Sc=0 —*¥» pFC—0 ———> H-C—C~H —> 90 + 91
H
Ti o
BN o
L, L;
87 89
lﬂzo
Ph—CH,—OH
88
Scheme 15.

Accordingly, the first observation of transfer epimetall-
ation has represented a significant advance both in synthe-
sis and in mechanism. When R,TiCl, or R,Ti(OiPr), (R =
nBu, tBu, iPr) was prepared in THF at —78 °C according
to Equation (9), mixed for example with 0.5-1.0 equiv. of
diphenylacetylene and warmed to 20 °C, workup with D,O
led to >90% of 86, with little or no bibenzyl or oligomer
(Scheme 16). By contrast, TiCl, in THF at 25 °C does not
react at all with diphenylacetylene and even after 60 h at
reflux hydrolysis gave no cis-stilbene but only 14% of (E,E)-
1,2,3,4-tetraphenyl-1,3-butadiene.

—C=C— Ph Ph D0 Ph Ph
R,TiE, Lﬁ{f”‘—» Se=c" = D>C=C<D
E=Cl OR \Ti/ 86

Scheme 16.

The facility and greater extent of epimetallation suggest
that the conversion to 93 passes through an octahedral
transition state 92, in which the coordinated alkyne injects
electron density into the antibonding oc-orbitals of the
trans-R-T1 bonds, thereby promoting their homolysis and
the formation of 93. Such transfer epimetallations have
proved to be facile and generally applicable to m-linkages
such as C=C, C=C, C=0, C=N, C=N, N=N, and NO,.*%

The facility of transfer epimetallation also permits such
coordinate TiCl, transfer to play a role in the Kulinkovich
cyclopropanol synthesis (Scheme 3).171 The ethylene set free
by the titanium-catalyzed elimination of MgHX from the
Grignard reagent [Equation (42), cf. Finkbeiner—Cooper re-
action)*®]] can even at —78 °C induce transfer epimetall-
ation catalytically to accelerate the production of the Kulin-
kovich intermediate 22 [Equation (43)] and hence the course
of the cyclopropanol synthesis.[*7]

i (9 H H
CH;—CHy—MgX —1) SO=C{ ¢ HMeX

(42)
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(CH;CHy), (O Pr);
21

H,C=CH, H H
2 2 )c:c(H + H3C—CH; +

catalytic H /
(8 iPr);
22
43)

Not only n-bonds can undergo transfer epimetallation
but a variety of o-bonds as well [cf. 83, Scheme 13 and
Equations (44), (45), and (46)]. The cleavage of the rela-
tively stable, homopolar C-C bonds in Equation (46) and
Equation (47) are especially noteworthy.['¥ Epimetallated
intermediates like 94 seem to be involved.

1. nBwTi(O iPr);

2 Ph—CH,—Cl Ph—~CH,—CH,—Ph + Ph—CHj
2. 10 88% 2% (44
¢! 1. nBuwTIOIPY),
. X nr
Ph—t—CI B OT: b CCL—CCL—Ph
| 21,0 ™
Cl (45)
1. nBuyZ(OF
Ph—CHy—CHy—Ph  —BRZOB: o cn
2. 50
50% Ref, [14] (46)
Bu, Zr(OES 2.H,0
PhoCHy—CH; —oAOE: oo, CH3—| 20 ph—ch,
N4 70%
Zr ()
L (OEn, +
94 i
Rof [14]
47)

The final important aspect to consider is the possible role
of transfer epimetallation in the stereoselective polymeriza-
tion of olefins. In the course of these studies all types of
olefins and acetylenes were found to undergo -efficient
transfer epimetallation by means of xBu,TiCl, (x = n or ¢)
in THF at room temperature (cf. Scheme 16). Such transfer
epimetallation of ethylene and of propylene was achieved
and verified by passing the individual olefin gases into a
solution of xBu,TiCl, in THF at 0 °C. The formation of
titanacycles 94 and 95 was demonstrated by their capture
with benzonitrile to yield the five-membered titanacycles,
96 from ethylene and 97 and 98 in a 4:1 ratio from propyl-
ene (preferential nitrile insertion at bond a of 95 by steric
control). The structures of 96, 97, and 98 were established
by their acidic hydrolysis to ketones 99, 100, and 101,
respectively (Scheme 17).149-51
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NV HC=CHy By e, THCCMe -
Ti —2 xBu. (THF) —2 xBu- T
Ch Ch
94 95
lPthEN lPh*CEN
Me Me
Phl TiCL Ph@iclz c12'n/—iph
DN N7 N7
96 97, 80% 98,20%
lH;o* ngo*
i ] !
+
Ph/u\/ P TN P
99 100 101

Scheme 17.

When similar transfer epimetallations were then at-
tempted in hexane starting at —78 °C and warming to 25 °C,
again sterically substituted alkynes and olefins, like diphen-
ylacetylene (Scheme 16) and acenaphthylene [Equa-
tion (48)] underwent complete epimetallation. But in sharp
contrast, when xBu,TiCl, in hexane was treated with ethyl-
ene or propylene at —78 °C, immediate polymerization was
initiated at that temperature. Hydrolytic workup of the re-
action with ethylene gas gave linear, high-density polyethyl-
ene (mp >125°C, IR), while the polypropylene obtained
from propylene gas consisted of about 90% isotactic and
10% atactic polymer. Similar treatments of such monomers
as 1-hexene and styrene likewise led principally to the corre-
sponding isotactic polymer.

xBuy TiCh

s,
—78°C to +25°C
-2xBu.

ge

These surprising polymerizations initiated by xBu,TiCl,
in hexane or toluene suspension raise the possibility for a
novel site and initiating step for Ziegler—Natta olefin poly-
merization. Such polymerizations, conventionally carried
out in hydrocarbon slurry with combinations of Ti, Zr, or
V salts and a main group alkyl (R,AICl;_,,, RLi, or R,Mg),
have long been considered to occur by stepwise, multiple
insertions of the olefin monomer units into an initial car-
bon-transition metal bond thought to exist on the catalyst
surface (e.g., Scheme 18 for the TiCl;—Et;Al system). But
the behavior of xBu,TiCl, toward diphenylacetylene either
in THF or in hexane does not involve insertion of the alkyne
unit into the x-butyl-C—Ti bond. Rather a transfer epimet-
allation takes place to generate the titanacyclopropene de-
picted in Scheme 16. Even ethylene or propene react with
xBu,TiCl, in THF to undergo transfer epimetallation in
THF solution (formation of 94 and 95), rather than olefin
insertion into a Bu-Ti bond. Since 94 and 95 are organo-

(48)
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titanium(rv) dichlorides, in THF they would exist as
solvates, R,TiCl,-2THF, and thus rendered inactive in
olefin polymerizations.

y E;Al . . H,C=CH,
TiCy ——=—=r> FLACT CH;—CH,~TiCl,

— Et.

CH3—CH,—CH,—CH,—TiCh

H,C=CH,

CHy—CHy+CH—CHyFrCH=CH, < CH;3—Clly-t CHy—CHy 3= CHy—CH,~TiCh
; TH=TiCh 3

Scheme 18.

In light of the foregoing observations, we feel justified in
proposing a novel active site for the initiation and chain
growth in Ziegler—Natta polymerization, which is an experi-
mentally supported alternative to the completely hypotheti-
cal process outlined in Scheme 18. This novel proposal can
also explain the stereoselectivity of the chain growth ob-
served with a-olefins in terms of straightforward steric ef-
fects. Thus the need to make unsubstantiated assumptions
about the oxidation state of the titanium (assumed as Ti*")
or concerning the nature and dimensions of the catalyst sur-
face (assumed as a fragment of a TiCl; lattice) is thereby
obviated.

We propose that either ethylene or propylene gas reacts
with a suspension of xBu,TiCl, and LiCl in hexane to un-
dergo prompt epimetallation to form 94 (Scheme 19) or 95
(Scheme 20), respectively. The Lewis-acidic LiCl could then
induce titanium(1v) cationic character in these titanacyclo-
propanes to produce active sites 102 and 103, respectively.
Rapid and multiple ethylene monomer insertions into either
bond a or b of 102 would lead to a titanacyclopolymethy-
lene (104) and thus to linear polyethylene upon hydrolysis
or upon H,TiCl, elimination.

,\’BUzTiClz
- e
H,C=CH, i y
h
cXane C]z
94
lua
- T ey
Ch cl
104 102

Scheme 19.

In the polymerization of propylene via titanacyclopropyl
cation 103 (Scheme 20), steric factors will favor insertion of
the propylene into bond a. It will be recalled that there is
experimental support for such a steric effect: in the reaction
of 95 with benzonitrile insertion into the less hindered bond
a occurred four times as rapidly as insertion into bond b.
But additional steric factors are involved in the regioselec-
tivity and the stereoselectivity with which a propylene unit
adds into bond a of 103. The sterically favored transition
state (105) would have the propylene unit approach bond a
of 103 from the underside, so as to be away from the pro-
jecting ring methyl. Furthermore, the propylene methyl

2668 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

) Me Me
H\C—C/Me xBu, TiCh < 7/ __Ll_Cl_)
- BT ~780C / a\+/b
hexane TL IT‘
o of cr-Li-cr
Me 95 103
X
. Me
E‘b H,C=CHMe
107
:{:
Tx—l H,C=CHMe Me—|
H
Me Me\l +
C v
Me -—— \\C‘ 1 l
a Ti b A\” Cl Ch-Li-Cl
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Scheme 20.

would avoid being under the ring or next to the bulky
TiCl,+LiCl center. Collapse of transition state 105 would
lead to titanacycle 106, whose formation would set the
pattern for further selective insertions into bond a, gov-
erned by the same steric factors determining the formation
of 106 from 103. The appeal of this novel model for stereo-
selective olefin polymerization is that it offers a coherent
molecular explanation in terms of well-known steric and
electronic factors, thus avoiding the inevitable guesswork of
any explanation invoking “surface effects”.

Finally, we judge it fitting that we close this discussion
of the role of transition metal alkyls in olefin polymeriza-
tion with an analysis of the complex reactions taking place
in the Ziegler catalyst system, TiCl,; and Me;Al in a 1:2
ratio (Scheme 21).521 The overall reaction between 108 and
109 has been shown to produce the black solid 110a (as the
zwitterionic form, 110b), based upon analytical, spectro-
scopic and chemical evidence. As the possible route to 110,
one could propose the following feasible steps: 1) metal—
metal metathesis between 108 and 109, leading to 111; 2)
reductive elimination from 111 to produce 112; 3) metal-
metal metathesis between 112 and Me,AlICl to form 113;
and 4) metal-hydrogen metathesis between 113 and Me-
AICl, to produce 110. This specific example serves to dem-
onstrate that much more profound and interesting reactions
take place in Ziegler catalyst systems than the generally as-

TiCly + 2MesAl [CLAI-CH,~Ti—Cl] + 2MeAICI + 3CH,

toluene

108 109 110a
J~ 2 MeAl JP
[CLAF—CHy—Ti' |
) 110b
Me,TiCl
111
- CHy | MeAICH
l-zcr{}.(aszcm) 4| Meakh
TiCh MepAIC] CHs—Ti—Cl
112 ~Me,AICh 13
Scheme 21.
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sumed straightforward and prosaic reaction given in Equa-

tion (49).

R;Al + TiCl, — R,AICI + R-TiCl, (49)
Such zwitterionic catalysts of both titanium 110 and zir-

conium have proved to be one-component, stereoselective

polymerization and oligomerization catalysts for olefins

and acetylenes. Their activity can be readily explained in

terms of epimetallation and of the three-membered metall-
ocycles portrayed in Schemes 19 and 20.

Summary

The detailed investigation of both the simple and double
decomposition modes of transition metal alkyls has indeed
brought to light a large number of useful and novel reagents
and processes of great appeal in organic synthesis. In the
sequence they are considered, the following can be enumer-
ated: 1) reductive elimination applied to mixed alkyls of the
type R,ME,, , to yield subvalent, carbene- or free-radical-
like ME,,,,, which can add to or cleave - or 6-bonds in a
process of epimetallation; 2) f-metal hydride elimination, in
which mixed alkyls such as nBu,TiCl, or nBu,Zr(OEt), can
serve as sources of metal hydrides and thus as hydrometall-
ating agents; 3) combined reductive and f-metal hydride eli-
minations, whereby unstable metallate complexes, such as
LiCrnBuy or LiVnBu, can decompose to anionic epimetal-
lating agents, MH, ", capable of adding to C=0 and C=N
functions without involving the M—H bonds; 4) a-metal hy-
dride elimination, which seems to be involved in the thermal
C-C bond coupling of mixed zirconium(iv) alkyls of the
type, (RR'CH),Zr(OEt),; 5) a,u-eliminations which are ex-
hibited by lithiated alkyls of the type, RHC(Li)-ME,, ;, and
which lead to alkylidenes, RHC=ME, ,, capable of alkylid-
enation and ROMP catalysis; 6) metal-hydrogen metathesis,
whereby reagents such as nBu,Zr(OEt), can effect the zir-
conation of various allylic, benzylic, acetylenic and aryl C—
H bonds; 7) metal-metal metathesis, especially as exem-
plified by the redistribution reaction of zirconium alkyls of
the type RR'Zr(OEt),, thereby setting the stage for C-C
bond coupling (cf. supra: point 4); 8) transfer epimetallation,
in which epimetallation (point 1) is achieved directly by
R,ME,, , with displacement of the R groups, rather than
by ME,, ,, in a smooth, high-yielding process; 9) transfer
epimetallation of olefins by nBu,TiCl, in hydrocarbon me-
dia as a superior model for the active site and the stercose-
lective chain growth observed in Ziegler—Natta olefin poly-
merization.

Experimentally observed examples of each of the nine
foregoing reagents and/or processes are drawn principally
from early transition metal alkyls of titanium, zirconium,
hafnium, vanadium and chromium. Where available, the ex-
perimental conditions predisposing to a certain decomposi-
tion route or reaction mechanism are given due consider-
ation.
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