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Monocyclopentadienyl Halide Complexes of the d- and f-Block Elements
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1. Abbreviations

bipy 2,2’-bipyridine

COD  cyclooctadiene

COT  cyclooctatetraenediyl

Cp n°-cyclopentadienyl

Cp* n°-pentamethylcyclopentadienyl
Cy cyclohexyl

DME dimethoxyethane

dmpe  bis(dimethylphosphino)ethane
dppe  bis(diphenylphosphino)ethane
dppm  bis(diphenylphosphino)methane
Fl n°-fluorenyl

Ind n-indenyl

Np neopentyl

phen 0,0-phenanthroline

THF  tetrahydrofuran

tmeda tetramethylethylenediamine

II. Introduction

Complexes containing both cyclopentadienyl and
halide ligands were prepared soon after the first report
of ferrocene. Historically, the first systems to be de-
veloped were those containing more than one cyclo-
pentadienyl ring. In the earliest review article on cy-
clopentadienyl metal compounds by Wilkinson and
Cotton in 1959,! only TiCpyX,, ZrCp,X,, VCp,X,,
MCp,Br; (M = Nb, Ta), MoCp,Cl,, and UCp;3Cl were
reported, although monocyclopentadienyl chemistry
was already developed for low oxidation state carbonyl
derivatives. By 1964, the list of bis-Cp compounds had
been extended to Hf and several rare earth MCp,Cl
systems, while the first few mono-Cp systems started
to appear, e.g. CpTiX;, CpTiCly, CpZrCl;, and CpCrX,.2
The chemistry of systems containing two cyclo-
pentadienyl rings developed very rapidly while studies
of monoring systems remained limited, until recently,
to CpTiClg, CpTiCly, and Cp*MX, (M = Rh, Ir), with
sporadic reports on compounds of V, Nb, Ta, Cr, Mo,
and Co.? A surge of activity in this area starting from
the early 1980’s is mainly due to the development of the
Cp* systems.

Some of these materials have been shown to serve as
catalysts or catalyst precursors for organic reactions
(Ziegler-Natta polymerization of olefins,* olefin hy-
drogenation® including asymmetric hydrogenation,®
isomerization,” and hydrosilylation,? disproportionation
of acetaldehyde,? hydrogen transfer from methanol to
organic substrates,!0 cocyclization of alkynes and nitriles
to pyridines,!! and others!®13) or have been shown to
be useful in medicinal applications as tumor inhib-
itors. Their major use, however, is as synthons for a
wide variety of other cyclopentadienyl-substituted
materials in either high or low oxidation states. As a
notable example, the first system shown to be capable
of intermolecular oxidative addition of C-H bonds in
saturated hydrocarbons was derived from the
[Cp*IrCl,), precursor.!® Although the chemistry of
monocyclopentadienyl halide compounds and deriva-
tives now extends to most metals of the d and f blocks,
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opportunities exist for further widening the scope of this
chemistry. This review article, besides providing an
overview of the current status in this field of research,
will hopefully help investigators who are looking for new
ground in this area.

Only compounds containing one cyclopentadienyl or
substituted cyclopentadienyl ring (#*-CsH,R;.,), in-
cluding those with fused aromatic rings (indenyl,
fluorenyl, etc.) will be covered in this report. Some
solvent stabilized forms of cyclopentadienyl metal
halide complexes will also be reviewed. Complexes of
heteroatom-containing rings that are iscelectronic with
the cyclopentadienyl ring (e.g. C;H,N-, C,H P, etc.) are
not included. This review article covers work published
up to the end of 1990.

The most frequently encountered nonfused rings are
Cp and Cp*, the monosubstituted CsH,R rings, and
CsMe,Et. When addressing general classes of deriva-
tives, the symbol C;H,R will indicate rings with either
R = H (Cp) or R » H; C;Me,R will indicate systems
where R is either Me (Cp*) or others; C;R; will indicate
either Cp or Cp*, while the most general ring (Cp and
Cp* included) will be indicated by the symbol (ring).

The chemistry of transition-metal halides containing
open pentadienyl in place of cyclopentadienyl rings has
not been explored, although transition-metal-penta-
dienyl chemistry is a mature field. The synthesis of
these molecules typically involves the introduction of
the pentadienyl ligand into precursors that already
contain the desired additional ligands (eq 1, pd = 7°-
CsH; or substituted derivative).1®

MX,L, + pd- — (pd)MX, L., + X~ + 2L (1)

The review is organized with three general sections
on the preparation, structure, and reactivity of these
systems, followed by a specific review by group number
where extensive reference to the original literature re-
ports is given. Within each group, the elements are
listed in increasing oxidation state. For each subsection
of sections VI-XIV, the topics have been arranged in
the following sequence: synthetic methods, adduct
formation, hydrolysis, ligand substitution, and redox
reactions.

I11. Synthetic Methods

A. Transmetalation Reactions

The most general method for the preparation of
monocyclopentadienyl metal halide compounds is the
replacement of a halide by a cyclopentadienide ligand
in the transition-metal halide of the desired oxidation
state (eq 2). A variety of (ring)M’ reagents have been

ring)M’ + MX,, — (ring) MX,; + [M’X] (2)

used, the most typical ones being those with M’ = Li,
N% I§, T], MgX, !/,Mg, and ER; (E = Sn, Si; R = Me,
n-Bu).

The alkali metal cyclopentadienides seem most ap-
propriate for the preparation of derivatives with a high
ionic character, such as those of the lanthanides and
actinides. Early transition-metal halides in their highest
oxidation states react with difficulty with ionic Cp-de-
livering agents and reduction often ensues, while the
best results seem to be obtained with T1, SiRg, or SnRy
derivatives.
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One problem associated with this strategy is the se-
lectivity to the mono-ring product. This is especially
important when the steric bulk is low and the (ring)-
delivering agent is ionic, e.g. during the formation of
Cp,TiCl, from TiCl, and CpNa. Sometimes a careful
control of the reaction conditions can direct the
transmetalation reaction to the selective formation of
the mono-(ring) product. For instance, the reaction of
HfCl, with Cp*Li in high boiling point hydrocarbons
(xylenes or mesitylene) proceeds to the bis-Cp* system,
whereas the use of lower boiling point solvents such as
toluene or THF results in the isolation of Cp*HfCl; in
high yields even in the presence of excess Cp*Li.5"

The product is usually recovered by sublimation of
the residue, which is necessary in order to eliminate the
inorganic byproduct. This procedure suffers serious
limitations for thermally sensitive, low volatility ma-
terials such as those with unsubstituted Cp, e.g.
CpZrC1;.%2 Derivatives with more substituted rings, e.g.
Cp*, tend to be more volatile and thermally more ro-
bust. The use of (ring)ER; (E = Si, Sn; R = Me, Bu)
as ring-transfer agent avoids the sublimation problem
as the R;EX byproduct is soluble and/or volatile and
can be easily eliminated. The formation of the strong
E-X bond is the driving force of this reaction. A
problem that has been noted occasionally with this
procedure is partial polymerization of the (ring)ER;
reagent.1?

B. Metal Hallde and Cyclopentadiene

In selected cases the transition-metal halide de-
protonates the cyclopentadiene molecule and induces
formation of the mono-ring metal halide product with
elimination of HX (eq 3).

(ring)H + MX, — (ring)MX,_, + HX (3)

This usually occurs for the late transition elements
where the (ring)-M bond is highly covalent and pre-
sumably enjoying strong stabilization through & back-
bonding. This strategy has proven most successful for
the Cp* systems (e.g. Ru,2%?! Rh,?? [r2223), where the
cyclopentadiene ring is stable toward Diels—Alder di-
merization and can withstand long reflux times, but
cases where the method has been successfully applied
to the Cp system (e.g. Rh(III)* and Pd(II)%) have been
reported.

C. From Cyclopentadienyimetal Oxides

Some high-valent systems that are difficult to obtain
by direct transmetalation reactions have been conven-
iently obtained in two steps starting from mixed oxo-
halide materials, to which the cyclopentadienyl ring can
be more easily transferred, followed by hydro-
halogenation (eq 4). A system that can be obtained

(ring)M’ + MOX,, — (ring)MOX,, [M'X] (4a)
(ring)MOX,,; + 2HX — (ring)MX,,, (4b)

following the procedure outlined in eq 4 parts aand b
is CpMoCl,.?6?" The mixed oxo-halide-(ring) inter-
mediate can also be obtained by an alternative route
and then converted to the product by the procedure of
eq 4b, as for CpMoBr,.2 Compounds having more than
one O atom/M atom can also be utilized as starting
materials.
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Deoxygenating agents can be different than HX. For
instance, Cp*ReO; and excess Me,SiCl afford Cp*ReC
in a process that also involves metal reduction.
Analogously, Cp*Re(0)(i-Pr), and CpTiCl; give
Cp*ReCl,(i-Pr), which further proceeds to
[Cp*ReCl,),.3

D. Oxidative Addition of 5-Halocyclopentadiene

Oxidative addition across the carbon-halogen bond
of halocyclopentadiene systems can lead to the incor-
poration of both the cyclopentadienyl ring and the
halide atom into the metal coordination sphere (eq 5).

(ring)X + ML,, — (ring)MXL,_; (5)

This method is anticipated to be most effective for
basic transition metals for which the oxidative addition
process is favorable. This method has so far only been
applied to the preparation of [Cp*NiCl], and
[Cp*CoCl], from the corresponding binary carbonyls.3!

E. Reduction of Higher Valent Cyclopentadienyi
Derlivatives

The cyclopentadienyl ligand may be able to stabilize
metal oxidation states for which stable binary halide
precursors are not available or not reactive. In these
cases, the desired (ring)-metal complexes are commonly
obtained by redox reactions from the most easily pre-
pared cyclopentadienyl metal halides. For early tran-
sition metals, the highest oxidation state system is
usually the easiest to prepare by transmetalation re-
actions. For elements in the middle of the d series such
as Mo, W, and Re, the highest oxidation state systems
are still the most easily accessible ones, although by
other methods. These can be reduced with the desired
stoichiometric amount of reducing agent. Even for a
few late transition metals, e.g. Ru and Rh, low-valent
systems are accessible by reduction of the derivatives
in their most common oxidation state (eq 6).

(ring)MX,, + m[red] — (ring)MX, _,, + m[red]-X
(6)

Systems prepared in this manner are CpTiCl,,32-%
(CsMe,R)TaX,,3%% (ring)MCl, (M = Mo, W),3841
(CsMeR)ReX,, (n = 2, 3),424 Cp*RuCl,**# and
Cp*RhCL4#8 Reductants such as sodium, sodium
amalgam, zinc, magnesium, and aluminum have been
employed. Other reactants can occasionally result in
reduction, for instance [Et;BH]™ reduces Cp*RuCl; to
the monochloride,* SnR, reduces Cp*ReCl, to the
trichloride,*? and LizN reduces CpTiCl; to the mono-
chloride.#® The choice of reducing agent may be of
importance in terms of both the desired extent of re-
duction and the tendency of the reduced transition-
metal system to retain the halide ions in the coordi-
nation sphere. An example of the first type of problem
is provided by the Cp*ReCl, system, which is reduced
by SnEt, to [Cp*ReCl;],*2 and by the stronger reduc-
tant aluminum to the corresponding Re(III) dimer,
[Cp*ReCly),.#¥ Examples of the second type of problem
are the Ti(IV)/Ti(III) and Mo(V)/Mo(III) systems.
Reduction of CpTiCl; with zinc produces CpTiCl,,32-3¢
whereas reduction with Cp,Co generates the [CpTiCl;]~
ion.%51 Analogously, reduction of CpMoCl, with zinc
generates {CpMoCly)},,,*® whereas Na/Hg results in the
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formation of the [Cp,Mo,Cl;]~ ion.#! Undoubtedly Zn?*
has a higher affinity than either Cp,Co* or Na* for CI~.
On the other hand, the neutral mixed-valence
Cp*;Ru,Cl; is obtained from the cobaltocene reduction
of [Cp*RuCl,],.52 In this case, the driving force to the
neutral product may be the stronger metal-metal in-
teraction in the pseudo-face-sharing bioctahedral
product with respect to the hypothetical pseudo-edge-
sharing [Cp*RuCl(u-Cl)],~.

F. Oxidation of Lower Valent Cyclopentadienyi
Derivatives

Particular systems for middle to late transition ele-
ments in high oxidation state are conveniently prepared
by oxidation of suitable lower valent precursors that
already contain the cyclopentadienyl ring. These pre-
cursors can be of the CpMX,, type themselves, in which
case the oxidizing agent is usually elemental halogen
(eq 7). Examples of this situation are provided by the

(ring)MX,, + m/2X,; — (ring)MX, . V)]

formation of CpMoCl; from CpMoCl, and PhI.Cl, and
that of Cp*RuXj; from Cp*RuCl, and excess X, (X =
Cl, Br,I).%

The CpTiCl; system can be obtained from the in-
teraction of CpTiCl, with a chloride radical source.
Although this procedure is in general less convenient
than the direct transmetalation reaction discussed
above, it may present some advantage in particular
cases. For instance the sterically encumbered [1,2,4-
(Me3Si)CsH,]Li does not cleanly react with TiCl,,
whereas it does so with TiCl;(THF); to produce
[1,2,4-(Me3Si)CsH,] TiCl,(THF), from which the corre-
spgncsising trichloride can be obtained by interaction with
HCL

Other synthetic procedures that involve oxidation
utilize starting materials that contain other ligands,
which are eliminated during the oxidation process (eq
8). Carbonyl derivatives are commonly used for this
purpose. For instance, CpV(CO), is oxidized to CpVX;
by Cl, or Br,% and to CpVI, by I,.5

(ring)ML, + m[X] — (ring)MX_, + nL  (8)

The oxidizing agent can be other than elemental
halogen, for instance CpVCl; is also obtained by
treating CpV(CO), with SOCl,/CCl1,.#® CpCrX, and
Cp*CrX, systems have been obtained from [CpCr-
(CO)sl, and [Cp*Cr(CO), ], (n = 2, 3) by oxidation with
X, or with the corresponding allyl halide.5€! PCl; is
a very efficient chlorinating agent for (ring) M(CHj)-
(Cg)z)s?'a derivatives of the heavier group 6 metals (eq
9).82

(ring)MC], + 3CO + 5PCl, + MeCl (9)

G. From Bis(cyciopentadienyl) Precursors

One of the first methods utilized for the preparation
of CpTiCl, is cleavage of a Cp~Ti bond in Cp,TiCl, by
a chlorine radical source.?#%® This reaction is acceler-
ated by UV light. This method has also been utilized
for other selected systems, e.g. CpMCl; (M = Zr,56:67
Hf%) and CpVCl;* (eq 10). When Cl, is the halogen-
ating agent, 1,2,3,4,5-pentachlorocyclopentane is the
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other product, whereas from Cp,ZrCl, and Me;CCl,
isobutylene and CpH are formed.%

Cp,MX, + excess X* — CpMX,, + other products
(10)

It has been established that photolysis of (CsR;),TiCl,
produces (C;R;)TiCl, and a CzR; radical. In the ab-
sence of a halide source, the formation of CpTiCl, has
been observed, whereas when the reaction is conducted
in chlorocarbon solvents, clean and rapid conversion to
(CsRg)TICl; occurs.®™ Introduction of electron-with-
drawing substituents on the rings of Cp,TiX, (X = C],
Br) does not change the photoreactivity of the system,
i.e. rupture of a Ti—Cp bond is still observed. On the
other hand, Cp*,Til, is photodecomposed, in the
presence of iodoform, to Cp*Til;, whereas the analogous
Cp and (C;H,R) systems undergo different photopro-
cesses that involve rupture of a Ti-I bond.” Cleavage
of a Cr-(CzR;) in chromocene or decamethylchromocene
[by CC], for Cp,Cr® and HX (X = Br, I) for Cp*,Crf]
is accompanied by metal oxidation to produce (CzR;)-
CrX,(THF).

Ligand redistribution from a bis-Cp derivative and
the corresponding metal halide (eq 11) has also been
employed in selected cases. This method appears most

(ring)zMX,, + Mxn+2 - 2(ring)Mxn+l (1 1)

successful for systems where the (ring)-M bond is
mostly ionic, i.e. for early d-block metals in high oxi-
dation states [Ti(IV) being the only reported example],
and for lanthanides and actinides. A variation on this
theme which also involves valence conproportionation
is t171§ synthesis of CpTiCl, from Cp,Ti(CO), and Ti-
Cl,.

When the (ring)-M bond is ionic (for lanthanides),
a (ring) ligand can also be cleaved off the bis-(ring)
complex by the interaction with 1 equiv of HX (eq 12).

(ring),MX + HX — (ring)MX, + (ring)H (12)

H. Other Methods

[Cp*NbCl,], has been produced by hydrogenolysis of
Cp*NbMe,Cl,.,”® No mention is made of the other
product of the reaction, but since the corresponding
tantalum system yields a stable [Cp*TaCl,H], system,
it is not unlikely that a similar course is taken by the
niobium reaction and the Nb(IV) hydride dimer is
unstable toward further reduction to the observed
Nb(III) product with expulsion of a H, molecule. An
analogous reductive elimination is that from the pre-
sumed Cp*ReCl,(i-Pr), intermediate to form
[Cp*ReC12]2.3°

Addition of HCI to a fulvene system has been em-
ployed for the preparation of the molybdenum(III)
compound [(CgH,-i-Pr)MoCl,),,4™ see eq 13.

pr! Pr
Moi ~CMe2  Hy Q/ HC! N 4gl|§m_ (13)
o —_ M—c — ”"@

A peculiar method, which has been applied only to
the formation of the Rh(III) and Ir(III) chloride com-

pounds, involves a remarkable rearrangement of hexa-
methyl(Dewar benzene) with expulsion of two carbon
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ced (11}

Figure 1. ORTEP drawing of [Cp*Ru(u;-Cl)],. Reproduced from
ref 78; copyright 1990 American Chemical Society.

atoms (see eq 14). The reaction is quantitative for the
rhodium system, whereas only low yields are obtained
for iridium,

2 || || + 2RhCiz3H0 + 4 MeOH ————o

{Cp°RhClzJ2 + 2 MeCH(OMe)z + 4 HCt + 8 HzO (14)

Quantitative gas chromatography shows the forma-
tion of dimethylacetal in accord with the above stoi-
chiometry for the rhodium reaction. It seems that the
reaction proceeds through the intermediate CsMes-
(CHCIMe), since this molecule forms from hexa-
methyl(Dewar benzene) and HCI] and the reaction of
this intermediate and either RhCl3:3H,0 or the iridium
analogue in methanol affords a very good yield of
[Cp*MX,], and dimethylacetal.

Another method that involves ring assembling on the
metal center, this time a ring expansion, was discovered
by Schrock and is to date limited to the formation of
the W(V) system (eq 15).7

MeCECMe Et
BUCHWCI(OME) ——= [Chwé*jl == —@E i@;

WClg WCly

(15)

1V. Structure

A. CpMX Systems

Two structural types (I and II) are known for this
class of compounds. Cp*RuCl assumes a tetranuclear,
cubane-like structure (see Figure 1). The 18-electron
configuration at the metal precludes any metal-metal
bonding and the Ru-Cl bonds are quite labile, the
cluster being easily broken up by donor ligands to
generate mononuclear Cp*RuClL, derivatives. The
corresponding iodide derivative is presumed to have a
similar structure.”® It is interesting to note that the
tetranuclear arrangement is preferred with respect to
the hypothetical dinuclear arrangement of type II with
a double Ru-Ru bond. A dinuclear structure, on the
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Figure 2. View of the [Cp*RhCl], molecule. Reproduced from
ref 48; copyright 1990 American éhemical Society.

other hand, is observed for the bridged alkoxo com-
pounds [Cp*Ru(u-OR)],, but a theoretical analysis
shows that the stabilization of the structure and its
diamagnetism are due to RO-to-Ru = bonding rather
than Ru-Ru bonding.” The structural change from I
(C)) to II (ORY) is thus the result of the better r-donating
properties of the alkoxide ligands. A tetranuclear
structure of type I has been proposed for CpTiCl on the
basis of mass spectral and 'H NMR data.34?

Structure II has been observed by X-ray methods for
[Cp*CrCl],® and [Cp*RhCl),*® (Figure 2), both con-
taining a metal-metal interaction [Cr-Cr, 2.642 (2) A;
Rh-Rh, 2.617 (1) A]. The bent arrangement observed
for the central M,Cl, core for both compounds may be
related to the presence of the metal-metal interaction.
The rhodium compound is diamagnetic, whereas the
chromium complex shows small paramagnetic shifts in
the NMR spectrum.

The Cp*CoX (X = Cl, Br, I) compounds are also
dinuclear as shown by mass spectrometry, but their
solid-state structure has not been determined. They
probably have a structure of type II in analogy to the
Cr and Rh systems mentioned above.®! Solid CpCoCl
has been investigated by variable-temperature magnetic
susceptibility. The metal centers are strongly antifer-
romagnetically coupled (J = -238 cm™).8! The 16-
electron Cp*NiX (X = Br, I) fragments, on the other
hand, can attain the 18-electron configuration upon
dimerization without the need to establish a metal-
metal interaction.3! The structure of these compounds
may be of type II without the metal-metal interaction,
although there also exists the possibility of a planar
Niy(u-X), core. Given the preference of d® Ni(II) with
strong field ligands for square-planar coordination, it
is also possible that a #° coordination is adopted by the
Cp* ligand, in analogy with other known [NiX(7*-allyl)],
complexes, but if this is the case, then a fluxional pro-
cess is operative as shown by 'H and 3C NMR. No
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TABLE 1. Crystallographically Characterized {(ring) MX,},
Compounds

M-M
M-M distance,

compound type configuration® A ref(s)
[Cp*VCl]; VIII ca. 32 85
[(CMeE)VBryl, IV  o%% 2.565 (1) 83, 85
[Cp*TaBr], IV o 2748 (2) 36
[CpCrCly], I 3.362 (1) 88
[Cp*CrCl,), III b 61
[Cp*CrBr,)], m b 4m
[Cp*Crl;)s* III 3.771 (3) 103
[CpeCru-Dly I 3.654 (3) 103
[Cp*Cu(u-X)I), III b 472
[(CsH-i-Pr)MoCly), IV o2 2607 (1) 174
[Cp*WCl;), IV 42 2,626 (1) 84

[(CsH@-PWCL], V  o2xt 2.3678 (8) 38
[(CsHEt)ReCL);  III  (o/8)2x2(5*/x)%- 2.506 (1) 43

(8/7%)?
[Cp*RuCl,), I e b 52
[Cp*RhCl,); III 3.7191 (6) f
[Cp*RhBr,, III 3.854 (1) 569
[Cp*Rhl,], III 4132(0) g
[(CsMe,EORNL,), III 4.033(2) h
[Cp*IrCl,), III 3.769 (1) i
[Cp*ItBr,), I 3.902 (13) 571

[Cp*IrL], I 4072 (1) 571

sSee ref 83. °Value not reported. °In the {[Cp*Cr(u-I)(I )],
[Cp*Cr(u-I)I]g}, structure. ¢X = ClI/I, 1:1. In the [Cp*,Cr(u-Cl)-
(u-DIyI;), structure. ¢Although a net single bond might be ex-
pected, the compound is nonbonded and paramagnetic (u,¢ = 1.89
up per Ru center). /Churchill, M. R.; Julis, S. A.; Rotella, F. J.
Inorg. Chem. 1977, 16, 1137. #Churchill, M. R.; Julis, S. A. Inorg.
Chem. 1979, 18, 2918. *Nowell, 1. W.; Fairhurst, G.; White, C.
Inorg. Chim. Acta 1980, 41, 61. *Churchill, M. R.; Julis, S. A.
Inorg. Chem. 1977, 16, 1488.

indenyl analogues appear to have been described. The
analogous CpPdX species have only been briefly de-
scribed. Solubility and IR spectroscopic properties in-
dicate a dinuclear, halide-bridged structure and IR
evidence is taken to suggest that the Cp ring does not
adopt a #° binding mode.?s The corresponding indenyl
system, [IndPdCl],, has been shown by 'H and !3C
NMR to adopt the #° coordination.??

B. CpMX, Systems

All known compounds of this class would have an
electron count of less than 18 as mononuclear species.
Therefore, they all dimerize and in doing so the metal
centers increase their electron count through formation
of halide bridges and/or metal-metal bonds. Some,
however, do not reach the electronically saturated
configuration and are stable as paramagnetic species.
Four different structural types, illustrated in III-V and
VIII, have been found. Table I reports all known
crystallographically characterized compounds.
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The structural types III-V have been the subject of
a recent theoretical investigation.®® Calculations for the
type V structure indicate that the metal-based inter-
actions separate out into a orméé*r*n*g* ordering, for
a o°r* configuration consistent with a metal-metal triple
bond for the tungsten compound. This electronic
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Figure 3. Correlation diagram for the opening of a [CpM(u-
X)MCp] dimer to a [CpXM(u-X),MXCp] dimer. Reproduced
from ref 83; copyright 1990 Royal Society of Chemistry.

structure is similar to that described for M,(OR),
molecules (M = Mo, W). The green color of the com-
pound has been tentatively assigned to the = — §/6*
transitions, which is lower in energy than the analogous
transition in Mo,(OR)g, presumably because the poor
w-donor ability of Cl results in the §/5* levels not being
substantially destabilized by ligand-to-metal = donation.
UPS data (1st ionization energy) for [(CsH-i-Pr)WCl,],
suggest that this compound is almost as electron rich
as W,(O-t-Bu)g, and more electron rich than any di-
molybdenum hexaalkoxide.

For the type IV structure (Cy symmetry), three
low-energy metal-based orbitals o (a,), &* (a,), and & (by)
can accommodate up to six metal electrons (see left-
hand side of Figure 3). The reversal of the metal based
& and &* levels is due to the participation of the ap-
propriate symmetry-adapted p atomic orbital combi-
nations of the (u-X), fragment. Whether the actual
ordering in each particular case is § < 6* or 6* < é is
consequential only for d>-d? species (M = group 5
metal). For the Mo complex, six metal electrons fill the
three orbitals for a formal single metal-metal bond.%

Type III structures have been found either with or
without a direct metal-metal interaction. Calculations
for the metal-metal bonded species based on the
structural parameters for the rhenium dimer in Table
I (Cyy, symmetry) results in the four metal-based orbitals
shown on the right hand side of Figure 3. The a,is ¢/$
in character, b, is essentially pure =, while the nearly
isoenergetic a, and b, orbitals are 6* /= and &/=x* hy-
brids. For the Re compound (d*-d%), a formal net
metal-metal bond is anticipated.%®

For the formation of a structure of type V, specific
requirements of metal-metal overlap and d electron
count must be met. For the d>-d? Ta system, structure
V would have a weaker M-M bonding and would be
expected to be Jahn-Teller unstable. For Mo and Re
the failure to form a type V structure can be ascribed
to a diminished d-d overlap. In addition, for the Re
case a small HOMO-LUMO (§-6*) gap would favor
secox;sd-order Jahn-Teller distortion to another geom-
etry.

In the Mo case, the d—~d overlap has been increased
by coordination of one additional Cl- ion. The
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Figure 4. ORTEP view of the [Cp;M0,CL;]” ion. Reproduced from
ref 41; copyright 1990 Royal Society of Chemistry.
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[CpyMo,Cls)™ ion, which is obtained from {CpMoCly},
and CI" (Scheme I), does not adopt structure VI which
would be the expected one given structure IV for the
neutral precursor (CsH,-i-Pr analogue). It rather adopts
structure VII (see Figure 4), which can be viewed as the
Lewis acid-base adduct between chloride and an isom-
eric “Cp,Mo,Cl,” of structure V.4! It is clear that there
exists a very delicate balance between the optimization
of metal-metal or metal-ligand bonding in the con-
generic pair [CpMX,], (M = Mo or W). This is also
shown by the structural change from [(C;H,-i-Pr)WCl,),
(type V)% to [Cp*WCl,], in the compound containing
interstitial (noncoordinated) P,(¢t-Bu), (type IV).% It
is also worth noting that [(CsH,-i-Pr)MoCl,], was ob-
tained as a pink solid by one synthetic route’™ and as
a brown substance from another route.®® The pink
material converts into the brown one upon recrystal-
lization. The brown compound has structure IV,
whereas the identity of the pink material has not been
established.

Whether a structure with two or four bridges is
adopted depends on several factors. A type IV structure
cannot accommodate, for geometrical reasons that are
related to (u-X)-(u-X) repulsions, molecules that prefer
a metal-metal nonbonded configuration, such as the
dimers of Cr, Ru, or Rh. For metal-metal bonded
complexes, the use of the correlation diagram in Figure
3 allows the prediction of little preference for either
structure for d'-d! dimers, although a type III structure
would experience a larger HOMO-LUMO gap and
lower interligand repulsions in the bridge system. The
d?-d? and d®-d? electron counts favor a type IV struc-
ture, whereas a type III structure is predicted for a d4-d*
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dimer.3 The d?-d?2 [(CsMe Et)VBr;,], and [Cp*TaBr,),
molecules and the d*-d? [(CsH -i-Pr)MoCl,], molecule
(Table I) have in fact a structure of type IV.
[Cp*NbCl,),, originally proposed as having structure
III,” is also likely to have structure IV. However,
Cp*VCl, does not adopt either of the structures dis-
cussed so far but rather a trinuclear structure with loose
metal-metal distances (ca. 3.2 A) as shown in VIIL8
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A number of derivatives in this class have been de-
scribed as oligonuclear, mainly on the basis of their
solubility. One such example is CpTiX, (X = Cl, Br),
for which magnetic susceptibility measurements in the
100-300 K temperature range show Curie-Weiss be-
havior with a positive Weiss constant and no observable
TIP (temperature-independent paramagnetism), indi-
cating some kind of association.® NQR measurements
seem to indicate only one type of chloride,%587 which
would be consistent with a polymeric structure and
against a dimeric compound of type III, although a
dimer of type IV or a trimer of type VIII would not be
excluded. CpMoCl, has also been indicated as an oli-
gomeric substance.4’ In the case of Cp*RuCl,, a variable
proportion of dinuclear and less soluble, oligonuclear
species is obtained depending on the solvent used for
the synthesis.’? Osmometric determinations on
[Cp*RhX,], show these compounds to be dinuclear in
solution, although the presence of higher oligomeric
species has been suggested.™

Dinuclear compounds of type III that do not show
direct metal-metal bonds generally have some degree
of antiferromagnetic coupling between the two metal
centers. This is the case for [CpCrCl,],, as shown by
temperature-dependent 'H NMR studies.®® 'H NMR
also shows evidence for the existence of two isomers for
compounds [CpCrCl,),® and [Cp*Crl,),,% interpreted
as III and the corresponding derivative with the two
rings in a relative syn configuration.

C. CpMX; Systems

Compounds of this class have been found either as
monomers, structure IX, as polymers, structure X, or
as doubly bridged dimers, [CpM(u-X),X,], structures
XI.
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TABLE II. Crystallographically Characterized
{(ring)MX,}, Compounds

compound type M-M distance, A ref
CpTiClg IX 253, a
(CsMe Et)TiClg IX 234
[CpTiCls)" IX 51
CpZ:Clq X a
(CsHMe)VCly X 89
[(CaH‘Me)VClal_ IX 409
CpVI, IX 92
[(CeMeEt)TaBry], XIB 4.1230 (9) 37
[CpCrCly)" IX b
[(CsMe Et)ReCl3),  XIA 3.074 (1) 43

sEngelhardt, L. M.; Papasergio, R. I.; Raston, C. L.; White, A.
H. Organometallics 1984, 3, 18. *Mailler, B.; Krausse, J. J. Or-
ganometal. Chem. 1972, 44, 141.

The reported crystal structures are listed in Table II.
Structure IX is typical of complexes of the 1st row
transition elements, which exhibit a number of unpaired
electrons as expected given the d” configuration in a
pseudooctahedral ligand field (none for CpTiCls, one
for CpTiCl;~ (by EPR)® and CpVCl,;,% two for
CpVCl;,® and three for the CpCrCl;~ ion®). The
structure of CpTiBr; vapors has been shown to be of
type IX by electron diffraction methods.®? CpVI; has
a structure of type IX with close [3.824 (4) A] inter-
molecular I.I contacts in the solid state, whereas two
distinct and yet undefined species, apparently in
equilibrium with each other, are present in solution.%

Thd d3-d? rhenium [(C;MeEt)ReCl;], species as-
sumes structure XIA. It may be argued that, for 2nd
and 3rd row transition elements, the tendency to form
metal-metal bond tends to favor the formation of
cluster species. In the rhenium case, the electronic
configuration requires the formation of a metal-metal
single bond to attain the closed-shell configuration, and
the observed metal-metal distance of 3.074 (1) A and
the diamagnetism seem consistent with this view.3043
On the other hand, the d!-d! Ta (IV) system could also
give rise to a single metal-metal bond interaction, but
the observed structure for [(CsMe,Et)TaBrs), is of type
XIB with no direct metal-metal bond and the molecule
is paramagnetic with a magnetic moment corresponding
to two unpaired electrons.3

Compounds of large ions that are void of d electrons
(e.g. lanthanides, actinides, Zr, Hf, and to a certain
extent also Ti) readily form bis-solvent adducts with
a pseudooctahedral geometry, CpMX;L,, where one of
the L ligands occupies a position trans to the Cp ring.
The solvent-free CpMX; species may retain a similar
coordination geometry around the metal center by
forming infinite chains of halide-bridged units, as was
found for the CpZrCl; compound (type X, see Figure
5). The difference between the CpMCl; (M = Ti, Zr)
structures parallels exactly the difference between the
tetrahedral and edge-sharing polyoctahedral MCIl,
structures (M = Ti, Zr, respectively). CpZrCl; and
CpH({Cl; are much less soluble than their Ti counterpart
in noncoordinating solvents, consistent with their
polynuclear nature. Cp*ZrCl; and Cp*HfCl; have
likewise been assumed to be oligomeric in the solid
state. Unlike the unsubstituted Cp analogues, however,
they can be readily sublimed and He(I) and He(II)
photoelectron spectra parallel that of the corresponding
Ti species.®® Thus, at least in the gas phase, they have
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Figure 5. Structure of CpZrCls. Reproduced from ref a, Table
II; copyright 1984 American Chemical Society.

TABLE III. Crystallographically Characterized
{(ring)MX}, Compounds

M-M
compound type distance, A ref
[Cp*NbF,], XIII a 95
[Cp*TaF,], XIII a 95
Cp*TaBr, XII 85
(CsH,-i-Pr)WCI, XII 85

¢ Not reported.

a mononuclear structure of type IX.

No structural details are available for the 4> CpMoCl,
system.’® The d* Cp*RuX; (X = Cl, Br, I) compounds
have been described as oligomeric on the basis of their
poor solubility in most organic solvents.®* A dinuclear
structure of type XI without a metal-metal bond would
be expected to be stable on electron-counting grounds.

D. CpMX, Systems

Either mononuclear (type XII) or doubly bridged
dinuclear (type XIII) structures have been found for
this class of compounds (see Table III).
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The d° V(V) compounds are not known. Given the
high oxidation power of the corresponding V(IV)
CpVX; compounds,® the CpVX, compounds would
probably not be stable, except perhaps for the fluoride.
The corresponding CpMX, (M = Nb, Ta; X = F, Cl)
compounds have been reported. Both Cp*NbF ,* and
Cp*TaF,% assume a dinuclear structure (XIII) in the
solid state but they are mononuclear in solution as
shown by 'H and °F NMR and by their high solubility
in common organic solvents. The niobium structure is
further stabilized by solvate AsF; molecules which es-
tablish Lewis acid—base interactions with the terminal
fluoride ligands, whereas there are no interactions be-
tween interstitial AsF; and the tantalum dimer. On the
other hand, the Cp*TaBr, compound crystallizes as a
monomer of type XIL.% Compounds CpMCl, (M = Nb,
Ta) have been presumed to be dimeric.%® They are
soluble in CH,Cl,, from which they can be recrystal-
lized.®” However, they more readily dissolve in coor-
dinating solvents, e.g. MeCN, PhCN, and P(OMe);,
presumably because of the formation of the mononu-
clear CpMCL,L adducts. It is not to be excluded that,
given the greater steric requirements of the Cp* group
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(with respect to Cp) and the chloride ligands (with re-
spect to F), the Cp*MCl, (M = Nb, Ta) molecules
would also assume a mononuclear structure in analogy
to the tetrabromide Nb compound. The Cp* systems
are more readily soluble than their Cp counterparts in
nonpolar media. The isoelectronic Cp*TaCly(SiMe3)%*
and Cp*TaCly(c-C,Hg)® complexes are mononuclear.

The d! Mo and W chloride and the Mo bromide
compounds are known. A molecular weight study of
[CsMe,(t-Bu)]WC], by differential vapor pressure
techniques in CH,Cl, at 0 °C is consistent with a di-
nuclear formulation.”” However, (CsH,-i-Pr)WCl, is
a four-legged piano-stool monomer of type XII in the
solid state and the similarity of the low-energy IR
spectra suggest that all (C;H,R)MCl, (M = Mo, W; R
= H, Me, i-Pr) compounds have similar solid-state
structures.’1% CpMoCl, is insoluble in CH,Cl,,
whereas it slightly dissolves in THF and the resulting
soluticn exhibits a sharp EPR signal that can be at-
tributed to a mononuclear species, either with or
without coordinated THF (a dinuclear d!-d! species
with either a metal-metal bond or a triplet ground state
with a large zero-field splitting is expected to be EPR
silent).!2 On the other hand, Cp*MoCl, exhibits an
absolutely identical EPR spectrum in CH,Cl, and
THF,!" suggesting that Cp*MoCl, is at least in a con-
siderable proportion mononuclear in solution and
probably not able to coordinate an additional THF
molecule. Similar EPR properties have been found for
Cp*WCh.Ga

The d? Re chloride system has been described. Al-
though no crystal structure on rhenium tetrahalide
compounds is reported, the compound where one
chloride has been replaced by a methyl group,
Cp*ReMeCl;, shows a mononuclear four-legged piano-
stool structure of type XIL42 NMR data suggests that
solutions of Cp*ReX, (X = C], Br) contain at least two
species, a paramagnetic monomer and a diamagnetic
dimer.102

E. Other Systems

No pentahalide system, CpMX;, has been reported
to the best of our knowledge. On the basis of the known
stability of the +6 oxidation state for certain metals,
it is tempting to predict that compounds of this class
may be made in the future. Particularly attractive
appear to be the pentafluoride derivatives of tungsten,
rhenium, and osmium. The unreported 18-electron
CpReFs, isoelectronic with the known Cp*ReOg, might
also exist as a stable species.

The structure of the [Cp,Mo,Cl;]" ion (Figure 4) is
unique in having two metals linked by a formal triple
bond (Mo-Mo = 2.413 (1) A) and bridged by a single
halide ligand. As discussed earlier, this molecule can
be viewed as the formal Lewis acid-base adduct be-
tween the bridging chloride ion and a Cp,Mo,Cl, dimer
with a structure of type V.4

The triply bridged [Cp*Cr(u-I)sCrCp*]* cation has
the structure shown in Figure 6 and metal-metal sep-
arations of 3.001 (5) and 3.012 (5) A for the two inde-
pendent ions in the salt with the remarkable I,¢> di-
anion. This distance is shorter than those exhibited by
the isoelectronic and structurally analogous Cr,Xg*
species and therefore implies metal-metal bonding.
The 'H NMR resonance for the Cp* protons (& -14) is
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Figure 6. ORTEP view of the [Cp*Cr(u-1);CrCp*]* cation. Re-
produced from ref 103; copyright 1990 American Chemical Society.

much less paramagnetically shifted than that of
Cp*,Cr,l,, but detailed magnetic studies have not been
carried out.}®® Analogous triply bridged systems have
been structurally characterized for cobalt,
[(C5M€4Et)2COg(#‘Cl)3]+ 104 and [Cp*gCOg(#-Cl)3]+,mG
rhodium, [Cp*,Rh,(u-Cl)3]*,1% iridium, [Cp*,Iry(u-
C1)3]*,}97 and a similar triply bridged system, but with
two additional terminal chloride per metal, is the
[Cp*,Cl,Tay(u-Cl);5)* ion.1981% None of these systems
exhibits a metal-metal interaction, because of the closed
shell 18-electron configuration in the Co(III), Rh(III),
and Ir(III) cases and because there are no d electrons
available in the T'a(V) case.

The mixed-halide tetranuclear [Cp*,Cr,(u-F);Cl,]*
ion has a complex structure in which each Cr center
maintain the favorable pseudooctahedral Cp*CrX,
configuration. Magnetic susceptibility measurements
indicate strong antiferromagnetic coupling of the S =
3/2 ions via the fluoride bridges.}°

V. Reactivity

A. Spiitting of the Metai-Ring Bond

By and large, the role of the (ring) ligand is limited
to the thermodynamic, kinetic, and steric stabilization
of the complexes, and all the chemical reactivity is
directed to the terminal or bridging halide ligands
(exchange reactions) or to the metal center itself (ad-
dition or electron-transfer reactions). The ionic lan-
thanide systems react with protic substances to generate
(ring)H and the lanthanide salt.!!! This reaction does
not occur for any of the d-block elements. CpT'iCl; is
stable under continuous HCI bubbling, but the Cp ring
is cleaved off by treatment with chlorine, to give TiCl,
and 1,2,3,4,5-pentachlorocyclopentane.

Splitting of the metal-(ring) bond for systems of the
d-block elements has been observed only in rare occa-
sions. [Cp*RuCl], is decomposed by excess pyridine
in acetone to the [Ru(py)g]?* ion.45 Excess of PMe; in
warm toluene leads to reduction of Cp*ReCl, and for-
mation of a mixture of Cp*ReCl;(PMe;); and ReCl;-
(PMes)3.*3 In analogous conditions, the interaction
between CpMoCl, and excess PMe; produces MoCl,-
(PMe;), and Mo,Cl,(PMe;), in addition to the simple
addition product, CpMoCl,(PMe3),.1! It seems that the
Mo(II) complexes arise from thermal decomposition of
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the preformed Mo(III) Cp-containing species.}’? The
role of phosphine coordination (especially when the
phosphine is a strong base such as PMej) to promote
metal reduction has also been observed for other sys-
tems such as Ru(Ill), albeit the reduction products
retain the M—(ring) linkage in these cases (see section
V.D.). The Rh(V) complex Cp*RhH;(SiEt,) reacts with
PMe; to yield HRh(PMej),, Et;SiH, and Cp*H, but the
reaction of [Cp*RhCl,], with excess PMe,, even at 60°,
does not yield products of scission of the Rh—Cp* bond.
This difference has been related to the different sta-
bility of Cp*H with respect to Cp*C1.113

B. Lewis Aclidity and Addition Reactions

Lewis acidity is observed only for neutral or cationic
species; anionic species do not coordinate neutral Lewis
bases. For instance, the Cp*LnX, (Ln = lanthanide)
compounds are extremely acidic and it is difficult to
obtain them free of coordinated solvent molecules,
whereas the [Cp*LnX;]™ ions, while still electronically
unsaturated, do not show any tendency to coordinate
extra neutral donors.

All neutral, mononuclear CpMX,, fragments known
where M is a transition element are electronically un-
saturated. To achieve electronic saturation (18 elec-
trons) one would have to employ a d!° ion such as Hg?*
(not a transition-metal ion!) for n = 1, a 48 ion (Au3*)
for n = 2, d8 Pt** for n = 3, d* Ir%* for n = 4, d2 Os®*
for n = 5, and d° Re™ for n = 6. No such species has
been described, except for the ill-characterized
Cp*PtBr;, to which the ionic formulation [Cp*Pt(u-
Br);PtCp*]Br; has been assigned.!’ These unsaturated
fragments increase their electron count by either co-
ordinating solvent molecules, by forming oligomeric or
two- or three-dimensional polymeric structures with
bridging halide ligands, or simply by accepting r-elec-
tron density from the terminal halide ligands in mo-
nonuclear systems. Formation of a dinuclear or oligo-
nuclear structure may be supplemented by the forma-
tion of direct metal-metal bonding interactions. Thus,
coordination of the Lewis base must disrupt the hal-
ide-to-metal 7 donation or the halide-bridging network
and the metal-metal bonds if these are present. The
Lewis acidity of these systems depends therefore on the
strength of the metal-bridging halogen and metal-metal
bonds for polynuclear systems and on the strength of
the = component of the metal-halogen bond for mo-
nonuclear systems. These, in turn, depend on the na-
ture of the halide but also on the electronic configura-
tion of the system and on inductive effects of ring
substituents transmitted through the cyclo-
pentadienyl-metal bond. In addition, there has to be
sufficient room around the metal center to allow coor-
dination of the new ligand, thus the steric properties
of ring substituents and the metal size are also of im-
portance.

Replacement of Cp with Cp* or other alkyl-substi-
tuted rings reduces the Lewis acidity of the system due
to both electronic and steric effects. The halogen
lone-pair 7 donation argument is well illustrated by the
following example. CpTiF; and CpTiCl; do not form
stable adducts with THF, whereas the tribromide com-
pound forms a stable mono-adduct, CpTiBry(THF), and
the triiodide analogue forms a stable bis-adduct,
CpTil;(THF),.1?% Similarly, CpTiCl,(THF) starts to
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lose the coordinated THF at room temperature and
complete removal occurs at 120 °C at a pressure of ca.
10™* mmHg, whereas the analogous bromide system
requires a higher temperature (ca. 150 °C) to achieve
the same transformation and CpTil,(THF) starts to
decompose before all the THF can be removed.?® Re-
placement of Cp with Cp* causes the THF loss in the
Ti(III)-chloride system to occur readily at room tem-
perature.!’® The difference between Cp and Cp* is also
shown by the Zr(IV) chloride system: while CpZrCl,
forms a bis-THF adduct, CpZrCl;(THF),,!'7 only a
mono-adduct is obtained with the analogous Cp* de-
rivative.l18

For series of metals with the same d" configuration,
the Lewis acidity decreases upon moving toward the
right [e.g. CpLnX, (Ln = lanthanide) > Cp(Zr,Hf)X;
and CpAcX; (Ac = actinide) > Cp(Nb,Ta)X,] as a
combination of several factors, such as the increased
number of ligands (steric argument) and the increased
total electron count. For instance, the Cp*LnX, sys-
tems bind three molecules of THF, CpZrCl; binds two
THF molecules with the resulting CpZrCl;(THF), ad-
duct exchanging rapidly the THF ligands in solution;!”
finally, the CpMCl, (M = Nb, Ta) molecules from only
labile monoadducts with hard donor ligands.}’® The
binding of THF by the lanthanide systems is quite
strong and the solvent-free species are not always ob-
tained by simple thermal decomposition under vacuum,
although partial loss of one of the coordinated THF
molecules is readily accomplished.!?® An effective me-
thod to remove completely THF from the coordination
sphere has been described recently!?! by van der Hei-
jden et al.: electrophilic attack at the coordinated THF
of Cp*Lal,(THF); by Me,Sil leads to the formation of
Me;SiO(CH,),l, which is too sterically hindered to co-
ordinate to the lanthanum center, and produces sol-
vent-free Cp*Lal,.

The Lewis acidity always increases upon descending
a group of metals as a result of the increased size of the
metal center and/or the decreased strength of the M-X
= interaction. For instance, although CpTiCl; does not
coordinate THF or DME, stable CpMCl;(THF),!17:122
and CpMCl,(DME)!*¢" (M = Zr, Hf) adducts have been
reported. Although investigations to this effect have
not been carried out, it is likely that the Lewis bases
are more tightly bound to the hafnium system and that
the zirconium species will be more active as a Lewis acid
catalyst.}7

The coordination of phosphines is always preferred
with respect to that of hard donors such as ethers or
amines, even for early transition metals. Phosphines
may only suffer from steric effects. For instance,
whereas CpTiCl; does not form adducts with THF or
DME, it forms a stable 1:1 adduct with dmpe.1?® Ethers
and amines are not usually able to add to late transi-
tion-metal systems and only soft donor ligands such as
phosphines, sulfides, olefins, isocyanides, and CO will
coordinate. No stable adduct of hard donors have been
reported for metals past group 5. It is not clear whether
coordination of THF to (ring)MCl, (M = Mo, W) can
occur, although formation of an adduct for CpMoCl,
might explain its higher solubility in THF with respect
to CHzclz.

The coordination of phosphines seems also suffi-
ciently favorable to allow strong metal-metal interac-
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tions to be broken. Examples of this situation are found
for the addition to the singly bonded [(ring)Mo(u-
C1),),*™ and [Cp*ReCly(u-Cl)];*® molecules to form
(ring)MoCLL, (L = monodentate phosphine or L, =
chelating diphosphine) and Cp*ReCl;(PMe;), respec-
tively; to the doubly bonded [Cp*ReCl(u-Cl)], to form
Cp*ReCl,(PMej)y;** and to the triply bonded
[(CsHMe)WCly), to form (CsH,Me)WCl,(1-Cl),W-
(dmpe)(CsH,Me).38

C. Hydrolysis

The reactivity of cyclopentadienylmetal halides to-
ward hydrolysis is regulated by the same considerations
that govern the reaction with Lewis bases. In fact,
water is a Lewis base (a hard one) and the first step of
the hydrolysis reaction is likely to be coordination of
the water molecule to the metal center. The reaction,
however, proceeds further to eliminate one or more
halide ligands as HX and replace them with terminal
or bridging hydroxo or oxo ligands. Thus, there is an
additional driving force with respect to simple Lewis
base coordination which is given by the bond reorgan-
ization from O-H and M-X to M-O and H-X. This
additional driving force makes the reaction with water
possible also for metal systems that do not normally
form adducts with hard Lewis bases, such as
Cp*MoCl,'** and Cp*ReCl,.1%5126 The hydrolysis of
{Cp*RuCl,} systems (n = 2, 3) has not been investigated,
but the corresponding alcoholysis in the presence of a
base proceeds to the stable alkoxide derivatives
[Cp*Ru(u-OR)],.52 The reaction of [Cp*CoX,], in water
yields the product of simple ligand substitution,
[Cp*Co-aq]?*, at pH < 9,1?7 thus behaving as a simple
inorganic salt that ionizes in water. This trend is con-
sistent with the reduced strength of M—OH and M=0
bonds, with respect to M—halogen bonds, on going from
the left to the right of the transition series.

The hydrolysis reaction is more difficult for the
bulkier and more electron-rich Cp* systems and clean
results can often be obtained only in the presence of a
base such as an amine which provides an additional
driving force by trapping HX. As an example, CpTiCl;
is more moisture sensitive than Cp*TiCl;. The latter
can be exposed to air for brief periods, even in solution,
without decomposition. Hydrolysis eventually takes
place, but the presence of a base is necessary to drive
the reaction to completion.!?

The requirement for the initial coordination of water
is nicely shown by the zirconium system, which gives
the crystallographically characterized diaquo adduct in
the presence of 15-crown-5.1% The crown ether serves
to stabilize the coordinated water through hydrogen
bonding and thus avoids attack at the Zr-Cl bonds.
Without this extra stabilization, hydrolysis would
probably take place. Although the hydrolytic behavior
of CpZrCl; has not been reported, that of the corre-
sponding Cp*ZrCl; system has been well investigat-
ed13013! and the Cp system is expected to be at least as
reactive as the Cp* system as discussed above.

D. Ligand Exchange Reactions

The halide ligands can be exchanged with a wide
variety of anionic substrates. Certain neutral nucleo-
philes, when used in excess stoichiometry, are also able
to displace the halide after having added as Lewis bases
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to the metal center. This is most typical for soft metal
centers (late transition metals) and for soft, strong-field
ligands, such as isocyanides and phosphines. The
chelate effect makes this displacement possible also for
conjugated organic = systems (dienes, arenes etc.) and
for harder, strong-field ligands such as bipy and
phen, 152,133

Very polar donor solvents such as acetonitrile, ace-
tone and the like are able to displace the chloride ions.
These “ionization” processes are most favorable for the
late transition-metal systems, where X-to-M r donation
does not play a major role in the stabilization of the
M-X bonds. For instance, [Cp*RuCl], gives45é
[Cp*Ru(solvent);]* and, in the presence of A§+ salts,
[Cp*MX,), (M = Co,13 Rh,135137 [1138136) gives
[(ring)M(solvent);]%*. These species are very useful
synthetic intermediates for further substitution reac-
tions. Partial ionization may also occur in solvents with
a high dielectric constant but poor ligating properties
(e.g. HyO, MeOH, and MeNO,), as for the case of
[Cp*RuCl,], which gives [Cp*Ru(u-Cl);RuCp*]CI*¥% and
of [Cp*CoX;], which gives [Cp*Co(u-X);CoCp*]X.140
A similar reaction takes place for [Cp*RhCl,], with the
aid of NaBPh,!*! and for [Cp*IrCl,), with the aid of
AgClO, or TIBF,.17

Exchange reactions of halide ligands with other
negatively charged nucleophiles have been accom-
plished by three major synthetic strategies. The direct
interaction of the metal complex with the negatively
charged nucleophile as an alkali metal or tetraalkyl-
ammonium salt, including alkyl- and aryllithium or
Grignard reagents, is the one of widest applicability. By
this route several mixed-ring bis(cyclopentadienyl)
complexes of Sc, Ti, Zr, Hf, Nb, and W (see the sections
dealing with the individual elements for references)
have also been prepared. For particular nucleophiles,
the use of the silver salts has proven effective to help
drive the reaction. For instance the thermally unstable
CpTi(EFg); (E = As, Sb) have been obtained by the
low-temperature interaction between CpTiCl; and Ag-
(EF¢).142 The degree of substitution can sometimes be
controlled by the stoichiometric ratio. For the alkyla-
tion reactions, the nature of the counterion or alkyl
delivering agent can be of importance; dialkylzinc and
tetraalkyltin reagents tend to give rise to a lower degree
of substitution with respect to alkyllithium or Grignard
reagents (e.g. see the Ta(V) system, section IX.I, and
the Re(V) system, section XI.D).

A second synthetic method involves the use of the
protonated nucleophile (e.g. carboxylic acid, alcohol,
etc.) in the presence of a base, typically a tertiary amine,
to provide the driving force by trapping the HX mol-
ecule which is formed during the exchange. There are
a number of cases in which elimination of HX does not
require the use of base, especially for the late transi-
tion-metal systems.

The third method consists in the utilization of a si-
lylated derivative, typically Me;Si-Nu, which replaces
the halide ligand (most typically chloride) by elimi-
nating the volatile Me;SiX. This method parallels the
synthesis of (ring) MX,, systems from (ring)SiMe; and
MX,,+, discussed in section III.A and is the only viable
one for the introduction of nucleophiles that are not
stable as free anions or as protonated species (e.g. the
aryldiazenido ligand, Ar—N==N—) or that have a
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strong reducing power as free anions (e.g. LiN(Me)-
NMe, and CpTiCl;!*%). In some instances, this meth-
odology gives cleaner reactions and better results even
if one of the other methods can be applied. For in-
stance, Me;Si-NHNR, reacts with CpTiCl; to give
CpTiCl,(NHNR,) selectively, whereas when the free
hydrazine is employed, this can further deprotonate the
hydrazido(1-) ligand to afford dinuclear [u-hydrazido-
(2-)] impurities.}4

Several reactions that are initiated by a nucleophilic
ligand exchange proceed to generate more complex
products, for instance clusters are obtained when the
nucleophile is a transition-metal carbonyl anion (e.g. see
the reaction of [Cp*RhCl,), with the [Co(CO),]™ ion®
and with other carbonylmetalates!46147). Several ex-
amples where the (ring)M unit has been anchored,
through formal ligand substitution processes, to poly-
oxometalates and boranes or carboranes have also been
reported.

E. Redox Reactions

The simplest redox reactions are the reductions with
various forms of sodium or other active metals and the
oxidations with dihalogen. These reactions yield other
cyclopentadienylmetal halide systems in different ox-
idation states and have already been discussed above
(sections ILE and ILF). Other reductions that involve
simple electron transfer (e.g. by cobaltocene) have also
been discussed in section ILE.

Oxidation reactions of lower valent systems may also
be accomplished by oxidizing agents other than di-
halogens. For instance, CpTiCl, is oxidized to the de-
rivatives of Ti(IV) by peroxides, disulfides, and ketones
(section VIL.B), and H, or alkynes oxidatively add to
the W(III) dimer system described in section X.D.
Ozxidative addition of allyl chloride to [Cp*RuCl], yields
the %mnonuclear Ru(IV) derivative, Cp*Ru(n®-C;Hj;)-
Cl,.

Coordination of strong field ligands such as CO,
phosphines, or organic = systems makes the system
much more susceptible to reduction, especially for the
late transition metals. For instance, while the
{Cp*RuCly}, system adds phosphines to form mononu-
clear, 17-electron Cp*RuCl,(PR;) derivatives in non-
reducing solvents, in alcoholic solvents the Ru(II) com-
plexes Cp*RuCl(PRj), are readily obtained. Similar
reductions occur in the presence of arenes or dienes (see
section XII.D). Certain nucleophiles are reducing
agents themselves, for instance thioates giving di-
sulfides, and while their use under mild conditions may
result in simple substitution of the halide ligands, under
more forcing conditions the metal will be reduced, as
is the case for the Ru(III) system (see section XII.D).
The reaction of the Rh(III) and Ir(III) systems with
olefins under reducing conditions (alcohol solvent) to
Cp*ML, (M = Rh, Ir) complexes requires the presence
of base to trap the acid formed during the reaction
(sections XIIL.E and F).

The presence of particular ligands makes it possible
to access particular oxidation states for which the
parent (ring)MX, system has not been made or is not
stable. This is particularly the case for early transi-
tion-metal systems. For instance Cp*ZrCl; is reduced
in the presence of COT to give the Zr(III) product
Cp*Zr(COT)*8 and the reduction of CpZrCl, in the
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presence of dmpe yields the Zr(II) derivative CpZrCl-
(dmpe),.1* Neither (ring)ZrCl; nor (ring)ZrCl have
been reported as stable compounds.

A more detailed account of the redox reactivity for
each particular (ring)MX,, system is provided in the
sections that follow.

VI. Scandium and Yitrium

The Cp*ScCl, system has been reported only very
recently, but no details about its preparation have been
given. The (CsMe,CH,CgH,-m-X)ScCl, (X = H, CHy)
analogues were prepared by interacting AICl; with
(CsMe,CH,CgH,-m-X)Sc(acac),, the latter compound
being in turn obtained from Sc(acac); and
(CsMe,CH,Ce¢H,-m-X)Li.}% The sequential reaction of
ScCl;(THF); with K,COT and Cp*Na in either order
yields the mixed sandwich compound Cp*Sc(COT), but
a Cp*ScCl; intermediate was not isolated, nor de-
scribed.!®! Treatment of YCI;(THF), with Cp*Liin a
1:1 ratio gives a complex mixture of various Cp*-con-
taining products, as indicated by the NMR spectrum,!52
whereas the corresponding reaction on the La and Ce
trichlorides gave well-defined, crystalline Cp*LnCl;:
Li(THF), (see section VIL.B). The preparation of a
compound of stoichiometry CpYCL,(THF); has been
claimed, although no details of its preparation and
characterization were given. Its reaction with K,COT
gives the mixed sandwich compound CpY(COT)-
THF.1%3

The reaction of Cp*ScCl, with (CsMe,R)Li (R = n-Pr,
CH,Ph) gives the mixed-ring scandocene chloride sys-
tems, Cp*(C;Me,R)ScCl, and the reaction of
(C5Me4CH206H4-m-X)ScClz with (C5Me4CH206H4-m-
Y)Li analogously gives (C;Me,CH,CqH,-m-
X)(C;Me,CH,C¢H,-m-Y)ScCl X =H,Y=CHgz; X =
CH3, Y= CF3, NMez).l5°

VII. Lanthanides and Actinides

Since the large lanthanide and actinide ions have a
pronounced tendency to form complexes with a high
coordination number, mono-Cp halide derivatives are
in most cases stable only with the sterically more de-
manding Cp* ligand, whereas several Cp,MX and
Cp*,MX derivatives are known.!%

A. Lanthanide(II)

The Sm(II) THF adduct, [Cp*Sm(u-I)(THF),],,
forms during the reaction between Sml, and Cp*,Sm-
(THF), or from the 1:1 interaction of Sml, and KCp*.1%
Cp*YbI,” was obtained from Cp*,Yb and Lil.!5% The
1:1 reaction of Cp*,Yb(THF), or Cp*,Yb(OEt,), with
Me;SiX (X = Cl, Br) in benzene affords solvent-free
Cp*YbX.1¥" YbCl, and the equimolar amount of
(CsRg)Na in THF or DME generate the corresponding
(CiR5) YbCIL, (L = THF or L, = DME). NMR prop-
erties are consistent with either a mononuclear or di-
nuclear, halide-bridged structure.1%®

B. Lanthanide(III)

The complexes [Cp*LnCl;)~ (Ln = La, Ce, Pr, Nd,
Yb, Lu)!52166158-183 gre generally obtained from the
corresponding LnCl; or LnCl;(THF); and Cp*~. The
complex [Cp*Ybl;]~ was obtained from metallic Yb or
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from [Cp*YbI,]- and Cp*I.1% These and other similar
ions are also formed as intermediates during the one-pot
preparation of other derivatives, for instance [Li(tme-
da);)[Cp*LnMe;] or [Li(tmeda),) [Cp*LnCl(¢-Bu),] (Ln
= Yb, Lu) from LnCl; and Cp*- followed by methyla-
tion,164165 and (CpGd)g(u,-OMe),(ug-OMe),(u5-O) or
Na,(t-BuOGd) ,(u5-O-t-Bu)g(ug-O) from GdCl; and
CpNa followed by treatment with MeONa or ¢-BuOK,
respectively.198
The THF-solvated neutral complexes (ring)LnX,-
(THF),, (Ln = La, Ce, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb,
Lu; X = Cl, Br, I; n = 2, 3, or 4)111120,167-170 haye been
prepared either from LnX; and 1 equiv of (ring)™, by
conproportionation of (ring);Ln and LnX;, or from
(ring),LnCl and 1 equiv of HCl. Complexes withn =
3 have been structurally characterized in the solid state
for Ln = La, Ce, Er, and Yb.12017L172 Their geometry
consists of a pseudooctahedral coordination environ-
ment with the 75-Cp ring occupying one coordination
position and the three THF molecules having a me-
ridional arrangement with one THF trans to the Cp
ring. Dissolution of these compounds in noncoordina-
ting solvents or prolonged evacuation results in partial
or complete loss of the coordinated THF. Solvent-free
Cp*YbX, (X = Cl, I) has been obtained by oxidative
addition of alkyl or aryl halides to Cp*,Yb-OEt, ac-
cording to the stoichiometry presented in eq 16, as
shown by 'H NMR monitoring,1"317* and also by the
interaction between Cp*,Yb(THF), and TiCl, (2 equiv)
or Cp*,YbCI(THF) and TiCl, in toluene. The bypro-
Cp*,Yb-OEt, + (1 + a)RX —
(1 - a)Cp*,YbX+ aCp*YbX, + Et;0 + aCp*R +
1.0 (total) [R-R, R-H, R(-H)] (16)

duct of these reaction is Cp*TiCl;.!%” Solvent-free
Cp*Lal, has been obtained from the THF solvate by
interaction with Me,Sil (see section V.A).}%!

Alkali metal salts of heptamethylindenyl (Hmi) react
with the stoichiometric amount of LnCl, (Ln = La, Er,
Nd) to afford products analyzing as (Hmi)LnClynTHF
(La,n = 1; Er, n = 0.5; Nd, n = 0). NMR characteri-
zation of the La compound indicates a probable »°
bonding of the indenyl group.!”® Other indenyl com-
pounds of Pr, Nd, Sm, and Gd have also been de-
scribed.1®

A dinuclear, asymmetric, halide-bridged species,
CpSmCI(THF),(u-C1),SmCly(THF),, where only one of
the two metals has a Cp ring has also been prepared and
characterized by single-crystal X-ray methods.!”

CpLnX,(THF), species are quite reactive and ex-
change ligands rapidly. For instance, Sm and Yb di-
iodides react with CpNa in THF to form Cp,LnI com-
plexes.’” Replacement of chloride ligands in [Li-
(THF),][Cp*LnCl;] by lipophilic bulky groups R occurs
but the isolation of the Cp*LnR,L, products [R =
CH,SiMe;, CH(SiMej3),, N(SiMe;),] is difficult. Re-
distribution reactions caused by the high mobility of
the Cp* and R ligands can easily occur.!64152 By this
procedure, the isolation of the monoalkyl derivative
[LiLge][Cp*LuCH(SiMe3)2C12] [L2 = (THF)g, TME-
DA]¢1162 hag been recently reported. Cp*Laly(THF),
reacts analogously to give the salt-free Cp*La[CH-
(SiMej),]o(THF), whereas {Cp*LaI%l,, gives salt- and
solvent-free Cp*La[CH(SiMe;),],.1%116! The mixed
sandwich complexes CpLn(COT) (Ln = Sm, Ho, Er)
and Cp*Ln(COT) (Ln = La, Ce) were obtained by
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treatment of the corresponding CpLnCl,(THF); or
[Li(THF),][Cp*LnCl;] with K,COT.15% A stable bis-
acetylide complex, CpHo(CCPh),, has been prepared
by reaction of CpHoCl,(THF); and LiCCPh.178

C. Lanthanide(IV)

A remarkable compound described as CpCeCly
nTHF-xHCl has been obtained by treating CeCl,
nTHF-xHC] with CpNa in THF at -40 °C.1”® Other
syntheses from similar Ce(IV) precursors, however, yield
Ce(III) products, (CsMe,R)CeCl,-py or Li[(C;Me,R)-
CeCl;)-2py.170:180

D. Actinide(1V)

UX, and 1 equiv of (ring)M (M = T}, Li, or MgX)
yield the solvated complex (ring)UXalgsz X=Cl,Br;,L
= THF, L, = MeOCH,CH,0Me).!81-18 Simijlar deriv-
atives can be prepared for thorium starting from ThCl,
or ThC],L,1%18 and for neptunium starting from
NpCl,.'¥* The THF ligands are fairly labile and can be
replaced with a number of other hard donor ligands (e.g.
Ph,PO, Ph,(0)PCH,CH,P(0O)Ph,;, Me;CCONMe,, bipy,
phen, etc.).18%18418  The crystal structure of
(CsH,Me)UCI;(THF), shows a pseudooctahedral ar-
rangement of the ligands with one of the THF mole-
cules trans to the C;H,Me ring.1¥® The structure of
CpUCL;(PhzPO0), has a similar arrangement of the lig-
ands.!®¥ NMR investigations on CpUCl;(DME) shows
that the two ends of the chelating DME ligand undergo
rapid site exchange, whereas (C;H,R)UCl;(THF), (R
= H, Me) exhibit broad, complex, temperature-de-
pendent spectra suggestive of the presence of a number
of species in dynamic equilibrium.!® On the other
hand, Cp*UCl;(PhsPO), appears rigid on the NMR
time scale with two inequivalent Ph,PO ligands.!®

The corresponding indenyl system, IndUCl;(THF),,
was prepared either by reaction of IndNa with UCl, or
from Ind;UCI and UCI, in the appropriate ratio. Ex-
change of THF with Ph;PO produces the less soluble
IndUCI;(THF)(PhsPO) and IndUCl3(PhsPO), adducts.
The IndUBr3(THF),, IndUBrs;(THF)(Phz;PO),
IndThCl;(THF),, and IndThCl;(THF)(PhsPO) com-
pounds were prepared in an identical manner. The
Ph;PO adducts are sensitive toward disproportionation
to Ind;AnX and AnX,(PhsP0O), (An = U, Th; X = Br,
C)), the Th complexes being more sensitive than the U
analogues. The crystal structure of IndUBr;(THF)-
(PhgPO) shows the expected pseudooctahedral geome-
try with PhyPO trans to the »° indenyl system.191:192

The reaction of CpUCl;(THF), with (C;H,Me)T1 (1
equiv) and CpTl (2 equiv) yielded, respectively,
(CsH Me),CpUCl and “Cp,UClyTHF”. Exchange of Cp
ligands among different metal centers appears to be
facile and the equilibrium of redistribution illustrated
in eq 17 has been suggested.!®® Similar dispropor-

2[CpsU],[UCL] + 6THF =
3CpUCL,(THF), + 3Cp,UCI (17)

tionations are observed when starting from
(CsMe,Et)UCl;(MeCONMe,),.1%8  Reaction of
(CsMe,R)UCI;(THF), (R = Me, Et) with cyclo-
pentadienyl lithium or Grignard reagents gives a variety
of mixed ring systems Cp!Cp?UC], [Cp!, Cp? = Cp*,
CsMe R (R = Mg, Et), C:H,R (R = H, Me)]. NMR
shows that these derivatives establish facile redistri-
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TABLE IV. Known Group 4 Neutral Cyclopentadienyl
Metal Halides

ox. X
state F Cl Br I
II CpTiCl
111 (ring) TiCl,
CpZrCl, ()
IV CpTiF, (ring)TiCl; (ring)TiBry (ring)Til,

(CsH,R)ZrFy (?) (ring)ZrCl; CpZrBrg
(CsHR)HfF; (?) (ring)HICly

CerIa

bution equilibria in solution (eq 18) and also generate
variable amounts of Cp;UCI and CpUC], derivatives.!8

“Cp'UCl,” + (Cp?)~ —
Cp!,UC], + Cp!Cp?UCl, + Cp%UCI, (18)

Reaction of CpUCI;(THF), with K[HBpz;] yields the
hydrotris(pyrazolyl)borato derivative, CpUC],-
(HBpz3),!®! whereas the corresponding thorium deriv-
ative does not yield an identifiable product. However,
the CpThX,(HBpz,)(L), (X = Cl, Br; L = MeCONMe,,
Me;CCONMey; x = 1, 1.5) compounds was cleanly ob-
tained from the corresponding amide complexes of
CpThX;.1% The dihydrobis(pyrazolyl)borate uranium-
(IV) derivative, CpUCl,(H,Bpz,), has also been pre-
pared from CpUCIl;(THF),.1% CpUCI;(THF), reacts
with the appropriate amount of Na(acac) to generate
CpUCly_.(acac), (x = 1, 2).1%4

Alkylation of Cp*AnCl3(THF), with benzyllithium
results in the tris-benzyl complex, Cp*An(CH,Ph); (An
= U, Th).18 Alkylation of a THF solution of CpUCl,
with 1 equiv of alkyllithium at -78 °C yields thermally
unstable CpUCL,R (R = Me, Et, n-Bu). The high se-
lectivity observed after reaction with carbonyl com-
pounds proves formally the formation and relative
low-temperature stability of the uranium alkyl com-
plex.!® The reaction of CpUCl; with O, has been in-
vestigated. It proceeds via an initial organometallic-O,
complex, which then reacts intramolecularly or with
cyclopentadiene formed by decomposition of the U
compound.!%

VIII. THanlum, Zirconlum, and Hafnlum

All the known monocyclopentadienyl halide com-
plexes of group 4 metals are shown in Table IV.

A. Thanlum(II)

Reduction of CpTiCl; with LisN in a 3:2 Ti/Liz;N
molar proportion produces green [CpTiCl], which is
diamagnetic and shows only one type of Cp 'H NMR
resonance.®4® A compound of Ti(II) has also been
detected during the stepwise electrochemical reduction
of CpTiClg.1¥

B. THanlum(III)

Syntheses

The first member of this series, CpTiCl,, was first
prepared from Cp,TiCl, and (i-Bu),AlC1'*® and sug-
gested to have a dimeric or polymeric nature. Reduc-
tion of CpTiX; (X = C], Br, I) with Zn dust in THF at
room temperature generates the CpTiX,(THF) com-
pounds. These materials are thermally unstable and
lose THF upon heating to yield CpTiX,.33 Another
preparation method for the chloride compound is con-
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proportionation between TiCl, and Cp,Ti(CO), in
xylene. At room temperature, an immediate reaction
takes place with complete loss of CO and formation of
an intermediate green precipitate, to which the for-
mulation Cp,Ti(u-Cl),TiCl, has been assigned. After
reflux, this derivative transforms into CpTiCl,."
Cp*TiCl, THF was obtained from Cp*TiCl; by zinc
reduction in THF.}6 More recently, CpTiCl, has also
been obtained from CpTiCl; by reduction with Li;N38
or with [Li{u-P(SiMes),}(THF),],.1%®  [1,2,4-
(SiMe3)sCsH,) TiCly(THF) has been obtained from
TiCl3(THF); and [1,2,4-(SiMe;);CsH,]Li.56

The [Cp,Col[(CsH,R)TICl;] salts are obtained by
reduction of (C;H,R)TiCl; with Cp,C0.5%51% Contrary
to an earlier report,?® the [(ring)TiCl;]~ anions seem
stable in solution.

Reactivity

CpTiX; forms bis-adducts, CpTiX,L,, with mono-
dentate or bidentate (chelating amines or phosphines,
and with cyclohexylisocyanide.*"2201.202 Bis-adducts are
also formed with alcohols and DME, whereas THF was
originally reported to form only pseudotetrahedral
monoadducts.2® However, a structurally characterized
form has more recently been shown to contain a mixture
of mono- and bis-adducts CpTiClL,(THF), (n = 1, 2).204
The CpTiClg(PMes)g and CpTiClg(CN-2,6-CGH3Me2)2
derivatives have also been prepared by reduction of
CpTiCl; in the presence of the appropriate ligand,
presumably through the intermediacy of CpTiCl, or its
THF adduct.?

The chloride ligands can be abstracted with NaBPh,
in a coordinating solvent, to give crystalline [CpTi-
(solv)s][BPh], (solv = MeCN, py).2% They can be
replaced by carboxylato groups to give CpTi(O,CR), by
treating CpTiCl, either with RCO,Na or with RCO,H
and amine,?? and by dithiocarbamate groups to give
CpTi(S,CNR,), upon reaction with NaS;CNR,.2¢ With
hydrotripyrazolylborate, CpTiCl(HBpz,) is obtained.?*®

CpTiCl; does not form stable CpTiR, derivatives with
RM (R = Me, Me;SiCH,; M = Li or MgCl),2°2 and
disproportionation products are obtained instead, but
the bis-benzyl derivative, CpTi(CH,Ph),, is stable.!18
Li-o-CgH,CH,;NMe, and LiCH,-0-C;H,NMe, generate
the stable mononuclear, four-legged piano-stool com-
pounds CpTi(CsH4CH2NMeg)2 and CpTi-
(CH,C¢H NMe,),. 1% An analogous derivative has pre-
sumably been obtained by interaction with 2 equiv of
LiCH,PPh,, but attempts to isolate the material were
unsuccessful 2! (C¢R4)TiCl, and 2 equiv of allyl Grig-
nard afford the corresponding (CgRg)Ti(C3Hg), com-
plex,!1® while with substituted allyl reagents, no stable
Ti(III) product could be obtained. For example, 1-
methylallyl yielded CpTi(n*-1-MeC3H,)(n*-C Hg).?1?
Interaction of Cp*TiCl, with (enediyl)magnesium gen-
erates a paramagnetic species that is believed to be
Cp*Ti(diene) and which catalyzes a head-to-tail linear
dimerization of isoprene and 2,3-dimethylbutadiene
with high selectivity.?!3 CpTiCl, and Na,C,B,oH;, give
a solution presumably containing the neutral CpTi-
(C4B,oH;2) species. Reduction with zinc allows the
isolation of [CpTi(CyB,oH;5)]™ as the Et,N* salt.?!4

CpTiX, is oxidized by aldehydes and ketones,
RIR2COQ, to give isomeric mixtures of the pinacolate
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complexes CpCl,TiOCR!R?CR!R20TiCl,Cp*® and it
undergoes oxidative addition of compounds containing
a S-S linkage or peroxides to give CpTiCl,(ER) (E =
S, 0) or CpTiX,(S;CNR,) products.f#1¢ Oxidation also
results upon interaction of CpTiCl, with diphenyl-
diazomethane to afford [CpTiCly]),(u-NN==CPh,)
which, upon warming, eliminates CpTiCl; to afford
[CpTiCl(u-a:n-NNCPhy)],, or with azobenzene to yield
CpTiCl; and [CpTiCl)y(u-PhNNPh)(u-NPh). The first
step of the latter transformation is proposed to be the
formation of an azo compound, [CpTiCl(u-PhN==
NPh)],, on the basis of the formation of a stable de-
rivative of such stoichiometry when azobenzene was
replaced with benzo[c]cinnoline. 24217 CpTiCl, also acts
as deoxygenating agent toward nitrosobenzene to gen-
erate mainly azo- and azoxybenzene. The nature of the
Ti product was not specified.2!®

CpTiCl, reacts with sources of chlorine radicals to
give CpTiCl;.%21% Mild oxidizing agents are also suf-
ficient to cause this transformation, for instance
HCI155220 or PbCl,.?2! From the reaction with Cp*Li,
followed by treatment with HCI, the mixed-ring systems
CpCp*TiCl, have been obtained.???

Treatment of CpTiCl,, generated in situ by photolysis
of Cp,TiCl,, with 1,2-diketones (biacetyl, substituted
1,2-benzoquinone) produces 4- or 5-coordinated Ti(IV)
addition products with an unpaired electron on the
ligand system.™

C. Zirconium(III) and Hatnium(I1I)

The reaction between ZrCl; and CpNa in THF at —20
°C has been reported. Both the frozen solution and the
powder obtained after sublimation of the residue ex-
hibit an EPR spectrum with a two-component g tensor
which has been assigned to CpZrCl, on the basis of its
similarity to the spectrum of CpTiCl,. However, the
compound could not be isolated in a pure state and
purification attempts led only to Cp,ZrCl,.?%

EPR and spin-trapping techniques show that the
photolysis of substituted zirconocene and hafnocene
dichloride complexes, (C;H,R),MCl, (M = Zr, Hf)
proceeds with a mechanism identical with that of the
corresponding titanocene dichloride complexes (see
section VIIL.D). That is, the primary photoprocess is
homolytic cleavage of the M—(C;H,R) bond. Contrary
to the titanium case, however, the (C;H,R)MCI, zirco-
nium and hafnium product are not stable.??

D. Tianlum(IV)

The chemistry of CpTiCl; and similar compounds up
to the late 1970’s has been reviewed elsewhere.225

Syntheses

CpTiCl, is the first of the compounds covered by this
review article to have been described in the literature
and it has since been the most widely used. It was first
prepared by Gorsich by two independent meth-
0ds. 8465228 The first is the redistribution of TiCl, and
Cp,TiCl, either with or without solvent, although the
use of a solvent and a slight excess of TiCl, are bene-
ficial to the yield and the ease of product workup. The
second method involves chlorination of Cp,TiCl,.
Prolonged exposure of the mixture to chlorine results
in cleavage of the second Cp ring with formation of
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TiCl,. The corresponding bromination of Cp,TiCl,
gives CpTiBrCl,.84852%b Glight variations of the same
procedures, as well as their extension to substituted
derivatives, have later been reported by other au-
thors.18:227-281 More recently, it has been found that
Cp,TiCl, gives CpTiCl; also by treatment with CIF.
This process is thermodynamically more favored than
the expected fluorination of the titanium center.232
Irradiation of Cp,TiBr,; in chloroform is believed to
generate CpTiClBr,.%

Other methods that have been used for the prepara-
tion of CpTiCl; include treatment of TiCl, with
Cp,Mg!823 or CpNa, although the latter tends to pro-
ceed to the formation of the bis-Cp derivative.2?
(CsMe,Et)TiCl; and [(MeO),Si(CH,);CsH,]TiCl; have
been obtained from TiCl, and (C;Me/Et)Li?** and
[(Me0);Si(CH,);C;H,]Na,23 respectively. [1,2,4-
(SiMe;)sCsH,]Li and TiCl,, however, fail to give any
tractable material. The desired [1,2,4-(SiMe;s);C5H,]-
TiCl; compound was prepared by an indirect route from
[1,2,4-(SiMe;)sCsH, ) TiCl,(THF) and HCL% The
Cp;Mg route also allows the preparation of the tri-
bromide and triiodide systems from TiBr, or Til,.%* A
convenient method for preparing CpTiBri%from
CpTiCl; and BBr; has been recently described.**® An-
other method involves treatment of CpTi(OR); with the
appropriate CH;COX (X = F, Cl, Br, I).27.28 This
method has also been applied to the synthesis of
Cp*Til;.2® The patent literature described the for-
mation of CpTiCl; from CpTiCl(OBu), and chlorine.?®

The best and most general synthetic method, how-
ever, appears to be the interaction of TiX, (X = Cl, Br,
I) with the properly substituted (trimethylsilyl)- or
(trimethylstannyl)cyclopentadiene. Compounds pre-
pared in this manner are (C;R;)TiX; and (C;H,R)TiX;
(X = Cl, Br, I) including exotic ones with R = SiMe;,
BCl,, BBr,, B(OEt),, AsMe,, SbMe,, GeMe;, SnMe;,
CH CHgASPhg, or CHgCHgAS(Ph)CHgCHgASPhg.‘c'
213,250,240-244

Cp*TiCl; was first serendipitously obtained by
heating TiCl, with various butenes at 300 °C,%45% and
subsequently prepared from TiCl, and Cp*Li.2#? It was
also obtained as a byproduct during the synthesis of
Cp*,TiCl, from TiCl; and Cp*Na followed by treatment
with aqueous HC1.2#¢ A modification of this method
that utilizes TiCl;(THF); and Cp*Li followed by oxi-
dation with a HCl-ether—pentane solution gave a 70%
yield of product.?® The same general procedure has
also been utilized for the preparation of (C;Me,-i-Pr)-
TiCl,.247

Reactivity

Lewis Acidity. CpTiCl; has a reduced Lewis acid
character with respect to TiCl,, as evident from the
apparent lack of reaction with py, PPh;, SMe,, or
AsMe; #4820 Adducts in a 1:1 ratio with bidentate lig-
ands, CpTiCl;L, [L, = bipy, phen, 0-CsH,(AsMe,),,
dmpe, aprotic Schiff base] are stable. There is, how-
ever, no reaction with dppe, 2,5-dithiahexane, or
DME.7128.24049250251 THF adducts of CpTiX; (X = Br,
I) are also known!!® (see also section V.A).

Hydrolysis and Other Oxygen Scavenging Reactions.
Ti(IV) in CpTiCl; has a high affinity for oxygen ligands.
It is readily hydrolyzed to [CpTiCl,],O0 with small
amounts of water and to [CpTiCl(k-O)], with larger
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amounts.8262-27  [(C;H,Me)TiCl(u-0)], has been
analogously prepared from (C;H,Me)TiCl;.2% The
aqueous chemistry of CpTiCl; has been the subject of
a recent review article.2® CpTiCl; engages in an oxygen
scrambling reaction with Cp*Re(O)R, (R = Me, Et,
i-Pr, CH,CMe,;, CH,Ph) or Cp*Re(O)(RCCR’), resulting
in the formation of Cp*ReCl,R,3%?%® or Cp*ReCl,-
(RCCR),2! respectively, and, presumably, [CpTiCl-
(0)],- The rhenium dialkyl product cannot be obtained
by the more logical alkylation of Cp*ReCl,. Cp*Re-
(0)(CH,Ph), and CpTiX; (X = Cl, Br), on the other
hand, produce the alkylidyne-bridged dimer,
[Cp*ReX](u-X)(u-CPh).%2 The redistribution reaction
between CpTiCl; and [CpTiOCl], affords [CpTiCl,),0,
whereas CpTiCl; and CpTiCl(OCMe,CMe,0) produce
CpCl,TiOCMe,CMe,0OTiCl,Cp.28 The CpTiCly/
LiAlH, system is an effective reagent for deoxygenation
of substituted 7-oxabicyclo[2.2.1]hepta-2,5-diene sys-
tems to the corresponding substituted benzenes.?64

Cp*TiCl; is stable with respect to moisture for brief
periods both as a solid and in solution. Over longer
periods decomposition occurs to generate mixtures of
different products. In aqueous alkaline solutions, the
formation of a yellow solid polymer compound of for-
mula [Cp*TiO(OH)], (n = 4-6) has been reported,
whereas partial hydrolysis leads to (Cp*TiClO),.24%
More recent work has shown that, in toluene, the
base-assisted hydrolysis of Cp*TiX; (X = Cl, Br, I)
affords different products depending on the Ti/H,0
ratio and the nature of X: with a Ti/H,0 ratio of 2:1,
the [Cp*TiX,]),(u-O) derivatives are obtained; when the
Ti/H,0 molar ratio is lowered to 1:1, the [Cp*TiX (u-
0)],, derivatives (X =Cl, n = 3; X = Br, n = 4) are
isolated. These reactions are faster in the order I < Br
< CL}% The adamantane-like (Cp*T'i),0¢ molecule is
obtained by using a 3/2 Ti/H,0 molar ratio in toluene,
whereas hydrolysis in refluxing acetone yields only
[Cp*TiCl(u-0)],.12265266 p the presence of NEts, the
trichloride compound with the sterically hindered
1,2,4-CsH,(SiMe;); (SizCp) ring yields the u-oxo com-
plex [(SizCp)TiCl,)5(u-0) with 0.5 equiv of water, the
bis-u-0xo0 complex [(SisCp)TiCl],(x-0), with 1 equiv,
and the [(Si;Cp)Til,(u-0)s compound with an excess.?’

Ligand Exchange. A general method for the re-
placement of halide ligands is interaction with a pro-
ton-containing substrate in the presence of a base,
typically an amine. Products obtained in this way are
the amido derivatives CpTiCl,(NHR)-4NH,R (R = H,
Me),?*® the thiolates (CsH,R)TiCl,(SR’) and CpTi-
(SPh);,268.26% the alcoholates or phenolates (C;R;)-
TiCl,(OR’);.,,238270-275 the Schiff base derivatives,
CpTiCl(SB),%’8 the carboxilates CpTi(O,CR)Cl, and
CpTi(0,CR),C),2"" the substituted acetylacetonato
(acac) complexes CpTiCl(acac),,?” and the hydrazido
complexes CpTiCl,(NRINR?R3).1# The tris-alkoxide
compounds can be used for the preparation of other
trihalide derivatives by the interaction with the ap-
propriate AcX substrate; the direct exchange of chloride
for other halide ions in (ring)TiCl; is a difficult reac-
tion.?3827® Mixed alkoxo-halide derivatives such as
CpTi(OMe)Cl, have also been obtained from
(CsH,R)TiX; and alcohol in the absence of base.2262

Certain negatively charged nucleophiles replace the
chloride ligands directly. Products obtained by this
route are CpTi(NCS);,%° CpTiCly,(HBpz;),%® xanthates
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CpTi(S;COR)Cl, and CpTi(S,COR),C1,2% dithio-
carbamato complexes CpTi(S,CNHR)C], and CpTi-
(S.CNHR),Cl,%1-282 [CpTiCl(u-NNRy)]z, (CpTiCly)y(u-
RNNR),%% (C;H,R)TiCL.(SR"),, (x = 0, 1, 2),268
CpTiCl(1,2-Se,C¢H,),?* and CpTiCI(MBP) [MBP =
2,2’-methylenebis(6-tert-butyl-4-methylphenolato) di-
anion).?8 With (LiS),C¢H;-4-CHj in stoichiometric
amount, CpTiCl(S,C¢H;-4-CHj) is obtained, whereas
an excess gives [CpTi(S,C¢H;-4-CHj),)~.2% CpTiBr,
and 3 equiv of Na(SMe) or Li(SeMe) give the corre-
sponding CpTi(EMe); (E = S, Se), whereas the reaction
with Na(TeMe) gives Te,Me, as the only Te containing
product.®¢ The interaction with NH,S, in the presence
of PPh,Cl produces the [CpTi(Sy)(S;)]” anion.?” From
(CsH,Me)TiCl; and Li,S,, a simple substitution product
could not be isolated. However, subsequent exposure
to molecular oxygen yields the clusters
(C5H4M€)4Ti4SgO (major) and (05H4Me)4Ti48802 (mi'
nor).#?® CpTiCl; reacts with the lithiated triaminosilane
PhSi(NLiSiMe;); at low temperature to form
CpTiCl[(NSiMe;),Si(Ph)N(Li)SiMe;].2® With NaCo-
(CO),, the CpTi[Co(CO),[OCCo53(CO),], molecule has
been obtained.?*

Mizxed-ring systems, (ring!)(ring?)TiCl,, have been
obtained from the interaction of (ring!)TiCl; with
various sources of (ring?)823%247.51-38 [n, thege reactions
the cyclopentadienide anion can be functionalized with
an olefinic group,3310 g chloride,®! a carbomethoxy
group,!? or a phosphine moiety®3-31 or be covalently
bound to a polymer support.3'6 Heteronuclear com-
plexes with bis(cyclopentadienyl)methane bridges, e.g.
(CO)sMn(u-CsH,-CsH,)TiCl,Cp, have also been pre-
pared in this manner,?” as well as pyrrolyl, (ring)(n°-
CHN)TiCl,,304307318 and phospholyl, Cp(n5-PC,Me,)-
TiCl, and Cp(»®-3,4-PC,H,Me,)TiCl,,® derivatives.

The trialkyl or triaryl derivatives CpTiMe; and
Cp*TiR; (R = Me, CH,SiMe;, Ph, C¢Fs, CH,Ph) are
obtained by treating the appropriate trichloride pre-
cursor with 3 equiv of lithium or Grignard reag-
ents,219.244,320-323 [1,2,4-(SiMe3)%C5H2]TiMe3 has been
prepared in the same manner.*® By the use of only 2
equiv of alkyllithium or Grignard, the dialkyl deriva-
tives Cp*TiCIR, have been prepared®?322 while treat-
ment with ZnR, (R = Me, Et), even in large excess,
yields only CpTiRCl,3% The latter derivative (R = Me)
is also obtained, although less conveniently, by using
1 equiv of MeLi or MeMgCl%* The compounds
(CsR5)TiFc,Cl;., [Fc = ferrocenyl, CpFe(n’-CsH,); R =
H, x = 3; R = Me, x = 2] are obtained from (CsR;)TiCl;
and FcLi.*® The reaction of Cp*TiCl; with [0-C¢H,-
(CH,),]Mg(THF), in a 2:3 molar ratio yields the dinu-
clear compound ({Cp*Ti[o-(CH;),CsH l}ofu-[0-
(CH,),C¢H,]} whose structure has been determined.’?
In the presence of N,, CpTiCl; reacts with excess PhLi
to give, after hydrolysis, small amounts of aniline.3?

(CsR5)TiCl; compounds react with 3 equiv of 1-
methylallyl- or 2-butenylmagnesium bromide to give
low yields of the allyl-butadiene complexes, (CzRg)-
Ti(1-MeC3H,)(C,H;). The reaction probably proceeds
through the tris-allyl complexes, which decompose with
elimination of trans-2-butene.??22% Cp*TiCl; and
(2,3-dimethyl-2-butene-1,4-diyl)Mg-2THF yield the
corresponding Cp*TiCl(diene) in moderate yields where
the diene presumably has a 7,0 configuration.’® Other
Cp*TiX(diene) complexes have been analogously ob-
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tained from the reaction of Cp*TiX; (X = C], Br, I)
with (2-butene-1,4-diyl)magnesium and homologues or
with 2 equiv of i-BuMgBr as reducing agent in the
presence of the appropriate conjugated diene.21%% An
analogous derivative, the mononuclear o-xylidene com-
plex Cp*TiCl[o-(CH3),C¢H,], is obtained from Cp*TiCl,
and [0-(CH,),C¢H]Mg(THF), in toluene. When the
latter reaction is conducted in THF, however, a dif-
ferent product is obtained, shown by X-ray crystallog-
raphy to be [Cp*Ti(u-Cl)]s[0-(CH;),C¢H,] where the
exocyclic 1,3-diene system binds one titanium center
and the endocyclic diene system binds the other one.3®

Reaction with trimethylsilyl-substituted substrates
also results in chloride replacement with elimination of
Me;SiCl. Derivatives obtained in this manner are
CpTiCl,(N=NPh), (CsH,R)TiCl,(NPPhjy),33!
CpTiCl,y(N,),33233 CpTiCl,(NHR) which upon heating
eliminates HCl and gives [CpTiCl(u-NR)],,3343%
CpTiCl,(NRINRZR?),143,144,281,336 (CpTiClg)z(u-MeNN-
Me),?®® CpTiCly(N==P(Ph),CH,PPh,),37 CpTiCl,-
(ONMe,),®! and CpTiCly(N=PPh,—N==8(0)Me,).3*
On the other hand, CpTiCl; does not react with
(Me;Si),NNHC(S)SMe to afford either mononuclear or
bridged dinuclear derivative of the hydrazido(2-) lig-
and.33? The reaction of CpTiCl; with
Me;SiNHNHSiMe; does not yield the expected
(CpTiCly),(ui-NHNH), but rather CpTiCl,(THF) and
N, plus NH;. A completely analogous reaction occurs
with LINHNH,. 3 Silylated quadridentate Schiff bases
give derivatives of formula CpTiCl(SB).241342 Treat-
ment of CpTiCl; with 2 equiv of Se(SiMes), in THF
affords the oxo-centered cluster (CpTi),Se;O containing
a tetrahedral arrangement of CpTi units with one
edge-bridging Se, two face-capping Se, and two face-
capping Se, units.> On the other hand, the reaction
of (CsH,Me)TiCl; with 2 equiv of E(SiMe;), is accom-
panied by partial metal reduction to generate the
hexa-capped trigonal bipyramidal [(C;HMe)Ti)5(us-E)g
(E = Se, Te) clusters.3* Trimethylstannyl derivatives
seem to operate in the same fashion and increase the
selectivity of substitution when the ligand involved is
very reactive. This is the case for the CpTi(NSO);
molecule, which can be assembled from CpTiCl; and
Meass:}%\lSO, whereas it does not form when K(NSO) is
used.

The replacement of chloride ligands can also be aided
by the use of silver salt. Tris-carboxilate derivatives,
CpTi(0O,CR)3, have been prepared in this manner.34
The interaction of CpTiCl; with 3 equiv of AgEF, (E
= As, Sb) in liquid SO, affords deep red solutions of
the corresponding [CpTi3*(EFg)ssolv] species, which
slowly decompose in solution at 50 °C and are non-
existent in the solid state. They can be regarded as
Lewis acid (EF;) adducts of CpTiF;.14? Dissolution of
CpTiCl; in MeCN followed by treatment with AgNO;
affords a solution of [CpTi(MeCN),,](NOs); which, upon
treatment with (Bu,N),SiWyV30,, affords pure
(BU4N)4[CpTi'SiWQV304o] in which the CpTi moiety is
solidly anchored on the surface of the polyoxo-
metalate.?#” Analogous CpTi-containing polyoxo-
metalates, [n-Bu(N],[CpTiPW;;03),3¢ [MesNH];-
[CpTiWIISi039]'H20 and [MeaNH]4K'
[CpTiMoy;Si03)-H,0,3? K;Na,[(CpTiOHy);W P
033]'15H20,35° and K7[CpTiP2W17061]351 have been
prepared from CpTiCl; and aqueous solutions of
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[HsPWuO ]4-, wllSi039s-, M0128i0404—, HWQPOuS-, or
P,W,;,04,'%, respectively.

Spontaneous HC] elimination occurs during the re-
action of CpTiCl; with a number of protic substances
in refluxing methylene chloride. Heterocyclic thio-
ketones (Htk) form CpTi(tk),Cl;, products,32-35 2,6-
diacetylpyridine dioxime (LH) gives CpTiL,Cls., (x =
1, 2),52 and a number of Schiff bases HSB or H,SB’
give CpTi(SB)Cl,, CpTi(SB),Cl, or CpTi(SB’)Cl de-
rivatives. 250,251,

Ligand redistributions between (ring)TiX; (X =
halogen) and (ring)TiY; (Y = alkoxide) to produce
(ring)TiX, Y3, are facile reactions.z’5373% A ligand
redistribution reaction also occurs between Cp*TiCl,
and the ketene complex Cp,Ti(»?>~OCCH,), to produce
Cp,CITiOC(=CH,)TiCl,Cp*.%¥ CpTiCl; ring opens
1,2-propylene oxide to form a CpTi(OC3;HgCl); material
in which the alkoxide groups are derived from ring
opening at the « and 8 positions in a 73:27 relative
proportion. 390

Redox. Reduction of CpTiCl; with Zn dust affords
the Ti(III) material, CpTiCl,, isolated in 70% yield.*
An alternative procedure using Li;N as the reducing
agent has been described. Further reduction using Li;N
in a higher proportion (3:2 T'i:LizN) produces diamag-
netic [CpTiCl],. Yet higher proportions of LizN pro-
duce nitrogen-containing, incompletely characterized
materials. The presence of phosphines does not change
the course of these reactions.4? Reduction of CpTiCl,
to CpTiCl,(THF) has also been accomplished with the
lithium compound [Li{u-P(SiMes),}(THF),],.19°
CpTiCl; can be reduced polarographically in DMF in
three successive one-electron steps. The formation of
the intermediate CpTiCl, and CpTiCl, and the [CpTi]
final product were proposed. Analogous behavior was
observed for Cp*TiCly, the electron donation from the
methyl groups shifting all three reduction potentials to
more negative values.¥” The cyclic voltammogram of
(C¢H,R)TiCl; in CH,Cl, shows a reversible reduction
wave at —355 V vs Ag/AgCl (R = Me) and the chemical
reduction by Cp,Co yields the stable
[Cp,Co][CsH,R)TiCl,) salts.50518

The interaction between (ring) TiCl; and Et,AlCl has
been investigated by EPR. Ti(III) species are formed
in a two-step process. The first step has been inter-
preted as the formation of a Ti(IV) intermediate of the
type (ring) EtTi[(u-Cl),AlEt,] [(1-Cl),AlEtCl], which is
followed by loss of an ethyl radical with reduction to
Ti(III). In the presence of excess Et,AlCl, a mixture
of (ring) TiAl,Clg  Et, (x = 0—4) compounds is eventually
obtained. Values of the rate constant for the reduction
process decrease with increasing number of methyl
groups on the cyclopentadienyl ring.%6! Similar EPR
studies have been carried out on the interaction be-
tween (CzR;)TiCl; and methylaluminoxane, (MeAlO),.
Both the Cp and the Cp* systems show the develop-
ment of two different doublet resonances, assigned to
aluminoxane-bound (through chloride and methyl
bridges) CpTi-hydride species. In addition, the Cp*
system develops a sextet signal over long reaction times,
which is assigned to a CsMe;(CH,), Ti(H)Cl species. All
these species exchange the spin-active hydrogen for
deuterium by treatment with D,.362

The interaction of CpTiCl; with LiAlH, has been
studied calorimetrically and by EPR. Products with



528 Chemical Reviews, 1991, Vol. 91, No. 4

the following stoichiometry are formed in a sequential
fashion upon increasing the ALTi ratio: {2CpTiCl,
AlH,Cl}, CpTiCl(x-H),AIHC], [Cp(C])TiH,),Al,H,Cl,
and CpTiCl(u-H),AlH,. With further excess of LiAlH,
the exceedingly unstable CpTi(AlH,), is obtained.363

Other Ti(III) products are the CpTiCl,L, complexes
(L = PMe; or 2,6-Me,C¢H;N), obtained by reduction
of CpTiCl; with magnesium in the presence of the ap-
propriate L.2%® Curiously, no reduction occurs with
sodium naphthalenide in the presence of dmpe, the
product of this reaction being the Ti(IV) adduct,
CpTiCl;(dmpe).12

By reduction of (CzR;)TiCl; with Mg in the presence
of cycloheptatriene, the Cp*Ti(n"-C;H;) complex is
obtained, while the analogous reduction in the presence
of COT or direct interaction with K,COT %i‘ves the
paramagnetic (CsRs) Ti(COT) derivatives.!¥%%¢ Reac-
tion with the sodium salt of the carborane dianion,
Na,C,B,oH,,, presumably leads to the neutral Ti(III)
mixed sandwich CpTi(C;B,oH;;) compound. Subse-
quent reduction with zinc allows the isolation of
[CpTi(CzBlole)]- as the Et4N+ Salt.zu

CpTiCl; reacts with sodium naphthalenide at low
temperature to generate an uncharacterized, thermally
unstable intermediate that functions as weakly solvated
monocyclopentadienyltitanate. Interaction of this with
CO leads to the formation of salts of the [CpTi(CO),]"
anion.%5 Identical procedures afford [Cp*Ti(CO),]
from Cp*TiCl,.%6é

E. Zirconlum(IV)3*
Synthesis

The most popular route for the preparation of
CpZrCl, utilizes a radical-induced Zr-Cp bond cleavage
in Cp,yZrCl, and replacement with chlorine under pho-
tolytic conditions. Radical chlorine sources such as
Me;CCl and Cl, have been used.®7-%8 This method
is not a clean route to the substituted analogues.!'” The
use of bromine leads to the formation of CpZrBrCl,.22
The transmetalation reaction of CpNa and ZrCl,, even
at low temperature and with slow addition to an excess
of the zirconium compound, leads to the formation of
Cp,ZrCl, as the major product.5” However, polymer-
attached lithium cyclopentadienide reacts with ZrCl,
to produce polymer-bound CpZrCl;.3° The use of
Cp;Mg as Cp source has also been described!® but the
product decomposes during the necessary sublimation
step.

Although the use of CpSiMe; as a Cp source in
analogy to the preparation of CpTiCl; from TiCl, has
been claimed to be a successful method for preparing
CpZrCl,,** partial polymerization of the CpSiMe; was
found to occur with concomitant formation of Cp,ZrCl,
as well as intractable side products. This difference of
behavior has been attributed to the heterogeneous re-
action conditions in the zirconium case. Attempts to
utilize soluble complexes of the type ZrCl,(OR,), gave
no appreciable reaction. However, the bis-SMe, com-
plex, ZrCl,(SMe,),, reacts rapidly leading to the for-
mation of CpZrClz(SMe,), which could not be isolated
due to the lability of the SMe, ligands but it could be
transformed to the DME adduct in 69-74% yield.!®

The use of thallium reagents and coordinating sol-
vents leads to the satisfactory synthesis of solvent-ad-
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ducts. ZrCl,(THF), and (C;H,Me)T1 in toluene at 0 °C
afford the (CsH,Me)ZrCl;(THF), derivative,!” while
ZrCl, and CpTl in DME at 0 °C afford CpZrCl,-
(DME).®" Other derivatives have also been obtained by
this method.50

The Cp*ZrCl; compound has been prepared from
ZrCl, and Cp*Li in a variety of solvents. This reaction
does not seem to suffer the limitations found for the
synthesis of the corresponding Cp system, in that a
second Cp* ring does not easily bind the zirconium
center and the product is obtained free from Cp*,ZrCl,
impurities. Furthermore, the product does not decom-
pose upon sublimation. When the solvent has donor
properties, adducts are isolated from solution. Only
weakly basic ether and bulky triethylamine could be
completely removed by sublimation.!18220371 By the
same method, the optically active system illustrated in
X1V, which has proven effective in asymmetric Lewis
acid catalysis, has also been prepared.3’2 The use of
Cp*SiMe; simplifies the separation procedure, since the
SiMe;Cl byproduct is easily removed under reduced
pressure together with the reaction solvent.4?

(M = Zr, Hf)
MCls
xiv

Bromide and iodide compounds have only been
briefly described. CpZrX; (X = Br, I) have been pre-
pared from the corresponding ZrX, and Cp,Mg or, in
low yield, from ZrX; and CpH vapors.?® (CgH,,C;H,)-
ZrF; has been reported in the patent literature.226¢

Reactivity

Ligand Adducts. CpZrCl; is able to coordinate ad-
ditional neutral hard ligands.5611%12 CpZrCl;(THF),
exchanges rapidly the THF ligands in solution!!” and
CpZrCl;(DME) analogously exchanges the DME ligand,
whereas the corresponding CpTiCls(tmeda) is stereo-
chemically rigid at room temperature.8” CpZrCls(py),
becomes rigid at —45 °C.% Cp*ZrCl; also forms adducts
with amines and ethers, but not with “softer” ligands
such as PPh; or dppe.!'® The mono-adduct
Cp*ZrCl;(PMe;) has been reported, although this has
been prepared by a method other than the direct in-
teraction between Cp*ZrCl; and the phosphine.’3

Hydrolysis. Base-assisted hydrolysis of Cp*ZrCl,
gives oxo-centered trinuclear complexes as opposed to
titanium which forms complexes where oxygen bridges
two metal atoms (vide supra). When an excess of water
is used, the compound (Cp*ZrCl);(us-O)(us-OH) (o
OH); is isolated, whereas with a small amount of water
the product is the corresponding molecule with the
capping OH ligand replaced by a capping Cl ligand.1%04
A product of an even earlier stage of hydrolysis,
(Cp*ZrCl)3(u-Cl),(1-0), has been obtained upon con-
trolled hydrolysis with the stoichiometric amount of
water, whereas the reaction with wet lithium hydroxide
affords the dinuclear bis-hydroxide-bridged species,
[Cp*ZrCl,(H,0)(u-OH)],.18! A bis-water adduct has
been obtained by reacting CpZrCl; with 15-crown-5 in
the presence of water. Presumably, the hydrogen
bonding to the crown molecule stabilizes the coordi-
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native mode and does not allow the hydrolytic reaction
to take place.!?®

Ligand Exchange. The substitution chemistry of
cyclopentadienyl zirconium trihalide derivatives has
been much less investigated than that of the corre-
sponding titanium systems, but the reactivity patterns
so far reported are rather similar for the two metals.
The reaction of (CzRs)ZrCl; or IndZrCl; with sources
of substituted cyclopentadienyl or other similar anions
(e.g. pyrrolyl) provides an entry into mixed-ring sys-
tems, (CzR;)(ring)ZrCl and Ind(ring)-
ZrC],,118:122,297,299,301,304,365,370,375-378 Metathesis of Liy[X-
(CgH,),] with 2 equiv of CpZrCl;2THF or Cp*ZrCl;,
leads to the dinuclear mixed-ring complexes [X-
(CsH4)2][(CsR5)Zl‘Clg]2 (X = CHg, SiMez).379

CpZrCl; reacts with the stoichiometric amount of
(LiS)gcsH3-4-CH3 to give CerCl(82C6H3-4-CH3) and
with an excess of the same reagent to give the anion
[CpZr(S,C¢H;-4-CHj),].28  The reaction between
Cp*ZrCl; and 1 equiv of (THF);LiE(SiMes); (E = Sj,
Ge) affords the corresponding Cp*ZrCl;[E(SiMe;);]
derivatives.®® (CgR;)ZrCl; and R’,NCS,” (R’ = Me, Et)
yield the 18-electron Cp*Zr(S,CNR/’,); with a pentag-
onal-bipyramidal geometry.38!

Spontaneous elimination of HCl occurs between
CpZrCl; and indene to give the mixed-ring
CpIndZrCl,,%2 between (C;H,R)ZrX; and alcohols to
give mixed halo-alkoxo derivatives,??2 and between
Cp*ZrCl; and the polyhedral oligosilsesquioxane
(SiRggg(u-O)g(OH)a to afford Cp*Zr(u-0)3[(SiR)q(u-

0);].38 The hydrazido derivative CpZrCl,(NMeNMe,)
has been prepared from CpZrCl; and
MessiNMeNMez.l44

Cp*ZrCl; can be alkylated by the appropriate amount
of R;Mg or RMgX to give Cp*ZrR,Cl; . (R = Me, Ph,
PhCH,, Np; x = 1, 2, or 3).118371 The crystalline
Cp*ZrNpCl,(PMe;) derivative was obtained when car-
rying out the alkylation in the presence of PMes,.
CpZrCl; and aryllithium reagents (aryl = Ph, p-
C¢H,CHj;, and m-C;H,CH,) yield the tris(aryl) deriva-
tives, CpZr(aryl)s, which easily form adducts with do-
nor-solvent molecules.® CpZrFc; (Fc = ferrocenyl) has
been analogously obtained by using FcLi.32¢ With an
excess of Me,N(CH,);MgCl, only the bis-substituted
Cp*ZrCl[(CH,)3sNMe;), product is obtained. Conpro-
portionation of this with Cp*ZrCl; gives the mono-
substituted material, Cp*ZrCl,[(CH,);NMe,).37

Cp*ZrCl; and 3 equiv of 2-butenylmagnesium brom-
ide yield the allyl-butadiene complex Cp*Zr(n3-
C.H,)(n*-C,H;),° whereas CpZrCl; and allyl Grignard
afford unstable CpZr(n!-allyl)(n®-allyl),,34-3% which
undergoes ligand exchange with CpZrCl; to produce
CpZrCly(allyl).386-33%8 Cp*ZrCl, and substituted allyl-
magnesium bromide afford Cp*Zr(allyl)Brg (allyl =
1,2,3- or 1,1,2-trimethylallyl) in low yields.3®®

Reduction of Cp*ZrCl; with Na/Hg in THF in the
presence of diene affords the 14-electron Cp*ZrCl(di-
ene) derivatives (diene = 2-methyl-1,3-butadiene; 2,3-
dimethyl-1,3-butadiene). Although this is formal re-
duction reaction, crystallographic evidence points to the
high contribution of a 7%,¢ resonance structure for the
diene and a metal in the oxidation state IV. The cor-
responding compound with the unsubstituted butadiene
was obtained by ligand exchan%g between Cp*ZrCl; and
Cp*Zr(n*-C,Hg)(n%-C,H,).3% The interaction of
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Cp*ZrCl; with 1,6-heptadiene and 2 equiv of sodium,
followed by bromination, cleanly and stereoselectively
produces cis-1,2-bis(bromoethyl)cyclopentane. The
reaction is presumed to proceed through zirconacyclo-
pentane derivatives.3?!

Redox. Interest in the reduction chemistry of
(CsR5)ZrCl; has developed only recently. The only
derivative of Zr(III) appears to be Cp*Zr(COT), ob-
tained from Cp*ZrCl; and Mg in the presence of
COT.® The analogous reaction with cycloheptatriene
gives Cp*Zr(n’-C;H;).1#® In the presence of dmpe and
a catalytic amount of naphthalene, sodium reduces
CpZrCl; to the Zr(II) complex CpZrCl(dmpe),, having
a pseudooctahedral structure with the chloride ligand
trans to the Cp ring.14?

The interaction of CpZrCl; with methylaluminoxane,
(MeAlQ),, has been investigated by EPR. An initial
color change without the appearance of EPR signals is
attributed to the formation of Zr(IV) adducts with the
aluminoxane. Following this, an EPR singlet is ob-
tained for low Al:Zr ratios, attributed to a reduced,
aluminum-bound, CpZrCl;~ moiety. At higher Al:Zr
ratios, two EPR doublets are obtained indicative of two
different Zr(III) hydride species. These are assigned
to Cp(H)Zr(u-Cl),-aluminoxane and Cp(H)Zr(x-Cl)(g-
CHj;)-aluminoxane groups in analogy to the corre-
sponding titanium system.3¢?

Low-temperature interaction of (C;Rs)ZrCl; with
Na*Napht*-, followed by exposure to CO, gives
[(CsRgZr(CO),]" in analogy to the titanium system 6536

F. Hatnlum(IV)

CpHI£C]; has been prepared from HfCl, and Cp,Mg
and isolated as the bis-THF adduct in 25% yield.1%2
This preparation suffers from the competitive formation
of the bis-Cp derivative, but this is not an issue for the
formation of polymer-bound CpHfCl; from lithiated
cyclopentadiene copolymers and HfC1,.2° More re-
cently, a 63% yield of the DME adduct, CpHfCl,-
(DME), has been obtained by starting from the bis-
SMe, complex, HfCl,(SMe,),, and CpSnBuz in DME
as solvent.!® A 55:45 mixture of CpHfCl; and HfC], has
been obtained by chlorination of Cp,HfCl, with Cl, gas
in CC1,.88 Cp*HfCl, is prepared similarly to the zirco-
nium analogue, that is from HfCl, and Cp*Li in a low
boiling point solvent to avoid the formation of the
bis-Cp* system,!”?%0 or by the use of the Cp*SiMes
reagent (99% yield).2# The system illustrated in XIV
was prepared via HfCl, and the lithium reagent.’7
Reports of (C;H Et)HfF; and IndHfF; have appeared
in the patent literature.226ab

Reactivity

Reactivity studies on cyclopentadienyl hafnium tri-
halides are even less common than those of the zirco-
nium analogues. The mixed-ring Cp*CpHfCl, has been
obtained from Cp*HfCl; and CpNa in analogy to the
zirconium system,® and other mixed-ring systems have
also been described.1?21% Cp*HfCI; has been alkylated
with 3 equiv of MeMgBr3®? or FcLi®? to afford
Cp*HfMe; and Cp*HfFc¢; (Fc = ferrocenyl), respec-
tively. Reaction of Cp*HfCl; with either 1 equiv of or
excess t-Bu,P- yields, respectively, Cp*HfCl,(P-t-Buy)
and Cp*HfCI(P-t-Bu,),,%% and 1 equiv of 2-lithio-
pyridine yields Cp*HfCly(»?-2-NC;H,).3* (THF),LiE-
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TABLE V. Known Group 5 Neutral Cyclopentadienyl
Metal Halides®

ox. X
state F Cl Br I

il [CpVI]

III Cp*VCl, (CsRy)VBr, CpV],
(CaMe‘R) Nb012
(CsMe,R)TaCl, (CsMe,R)TaBr,

v (ring) VClq (ring)VBryg CpVI
(CsH,R)NbC]; (?) CpNbBr,
Cp*TaCl,

V  (CgRg)NDbF, (ring)NbCl, CpNbBr, (?)

Cp*TaFy (ring)TaCl, (ring) TaBr,

o Structures in brackets indicate solvent-stabilized species.

(SiMe;); (E = Si, Ge) (1 equiv) gives the corresponding
Cp*HICl,[E(SiMe;);] derivatives.36

Cp*H(Cl; and 3 equiv of 2-butenylmagnesium brom-
ide, contrary to the analogous Ti and Zr systems, affords
a stable tris-allyl compound, Cp*Hf(C,H7);. On heat-
ing, the analogue of the Ti and Zr products, the allyl-
butadiene complex Cp*Hf(*-C,H;)(n*-C,Hg), is ob-
tained.?® CpHf(CsH;); has been analogously prepared
from CpHfCl; and allylmagnesium chloride.® Ligand
redistribution between (C;R5)HfCl; (2 equiv) and the
allyl complexes (CgzRg)Hf(allyl); (1 equiv) gives the
corresponding (CsR;)Hf(n%-allyl)Cl, complexes.%3:39
Thermolysis of the 1-methylallyl Cp* complex affords
Cp*HIfCl; together with the cluster Cp*;Hf,Cl;(C,H,)
and a mixture of butenes.® Cp*HfCl; and Na/Hg in
the presence of diene or ligand exchange between
Cp*HfCl; and Cp*Hf(n®-CH;)(n*-C,Hg) gives the
Cp*HfCl(diene) products in analogy with the zirconium
system described above.328:5%0

The reaction of Cp*HfCl; with Mg in the presence
of cycloheptatriene gives the sandwich complex
Cp*Hf(n’-C;H;). The analogous reaction carried out
in the presence of COT does not produce a paramag-
netic Hf(III) product in analogy with the corresponding
Ti and Zr systems (vide supra). The intermediate
formation of Cp*HfCl(COT) has been observed after
which the subsequent reduction step leads to a variety
of products including the Hf(IV) hydride, Cp*HfH-
(COT).14®¢  While the reductive carbonylation of
(CsRg)ZrCl; with sodium naphthalenide provides entry
into the (CzR;)Zr(CO), anions, the corresponding re-
duction of Cp*HfCl; gives exceedingly unstable mate-
rials. Treatment of Cp*HfCl; with Na*Napht™ in the
presence of dmpe at low temperature followed by at-
mospheric pressure carbonylation provides Cp*HfCl-
(CO)(dmpe).*® Stabilization of both [(CsR5)Hf(CO),]~
(R = H, Me) anions has been achieved by using po-
tassium naphthalenide as the reducing agent and, for
the Cp* compound, by adding the potassium ion com-
plexant 15-crown-6 or cryptand-2.2.2 before carbony-
lation. %97

IX. Vanadlumn, Nioblum, and Tantalurm

All the known monocyclopentadienyl halide com-
plexes of group 5 metals are shown in Table V.

A. Vanadium(II)

The reaction of the triple-decker (CpV),[u,n%n%-arene]
complexes (arene = benzene, mesitylene) with di-

Poll

chloroethane or iodine in THF gives CpVX(THF) (X
= Cl or I, respectively). Further treatment of CpVI-
(THF) with I, gives CpVI,(THF). The reaction of
CpVCI(THF) with Cp*Li gives the mixed vanadocene,
CpCp*V.sga

B. Vanadium(III)

CpVI, has been prepared by direct iodination of
CpV(C0),5" The THF adduct, CpVI,(THF), is formed
by iodination of (CpV),(u,n%%8-CgHg) or CpV(n®-
CeH;Pr).3%® The CpVX, (X = C], Br) species do not
appear to be stable at room temperature. Only a brief
report exists of a CpVBr,ZnBr,.3THF system obtained
from CpVBr; and Zn at -20 °C.%8 The corresponding
chloride has been reported as the product of a similar
reaction from CpVCl; but it was not isolated.’® The
interaction between VX3(THF); (X = Cl, Br) and
various Cp~ delivering agents produces in all cases an
unstable purple solution. All attempts to isolate and
identify the purple product led to disproportionation
to Cp,VX and VX3(THF);. The product is probably
not CpVX,(THF),, since addition of small trialkyl-
phosphines or other potential stabilizing ligands (di-
methoxyethane, nitriles, pyridine, etc.) gave only the
disproportionation products with no trace of mono-Cp
complexes.*® Stabilization can be achieved by an ad-
ditional halide ion, as shown by the isolation of the
stable [Cp,Fe]*[CpVBr;]~ and [Cp,Co)*[(C;H,Me)VCl
salts by reduction of the V(IV) trihalide derivatives.%®

The Cp* derivatives have a higher stability than their
Cp counterparts. Both the bromide and chloride
species, [Cp*VBr,], and [Cp*VCl,];, have been pre-
pared by sodium amalgam reduction of the corre-
sponding trihalide or by interaction of VX3(THF); with
Cp*SnBu;. These compounds cleanly react with X, to
gexg:rate the trihalide Cp*VX; (X = C], Br) complex-
es.

The interaction between CpVCl, (generated in situ
at —40 °C) and CpCr(COT) in the presence of zinc re-
sults in the formation of the mixed-metal species
(Cp,CrV)(u-COT).2%

C. Niobium(III)

[Cp*NbCl,), is the product of hydrogenolysis of
Cp*NbMe,Cl,, whereas the corresponding tantalum
starting material yields a different product,
[Cp*TaHCl,]);. The CsMe Et analogue has also been
prepared and cryoscopic measurements in benzene are
in accord with the dimer formulation. The compound
does not react with ethylene, while it reacts with 3-
hexyne to give Cp*NbCly(3-hexyne).”

D. Tantalum(III)

The [(C;Me4R)TaX,], (X = Cl, Br) compounds have
been obtained by sodium amalgam reduction of the
corresponding Ta(V) tetrahalides® or Ta(IV) trihalide
dimers.3” The reaction of these materials with halo-
genated hydrocarbons regenerates the Ta(V) precursors.

From [Cp*TaBr,;]; and 2-butyne the adduct
Cp*TaBry(MeCCMe) was obtained, and the reaction
with PMe; results in a variety of products, including
(CsMe,R)TaX;(PMe;).% Internal olefines and dienes
also yield adducts, such as (CsMeR)TaBr,(CHy==
CHC¢H,-p-Me) and (CsMe,R)TaBr,(c?,7*-CH,CH=
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CHCH,), the latter being best considered as a Ta(V)
derivative of but-2-en-1,4-diyl.40!

These compounds display interesting E~H activation
chemistry. H, oxidatively adds to generate
[(CsMeR)TaCly),(u-H), from the chloride compounds
and a mixture of (CgsMe‘R)zTaz(u-H)xBrs_x from the
bromide compounds.®® The C-H bond of C,H, oxida-
tively adds across the metal-metal bond to generate the
vinyl-hydride compounds (CsMeR)X,Ta(u-H) (u-X)-
(u,0:m-C,Hy) TaX (CsMe,R) in good yields. An analogous
product was obtained with propylene, 1-butene, and
1-pentene.®! The reaction of (CsMesR),T'a,X, (X = Cl,
Br) with 2 equiv of BH, involves B-H bond breaking
and formation of the unsymmetrical B,Hg?" bridge in
the (CsMeR),Tay(u-X),(B;Hg) product. When 4 equiv
of BH,™ are used instead, the isolated compound is
(CsMe R);Tay(B,Hg),. 4

E. Vanadium(IV)

Syntheses

" Fischer first reported CpVX; (X = Cl, Br) as the
product of the interaction between CpV(CO), and X,.5
This route has been more recently employed for the
high yield synthesis of (C;Me,R)VX; (R = Me, Et; X
= C], Br).40340¢ Qther methods of preparation involve
the interaction between VCl, and CpSiMe; in hydro-
carbons* or between (ring),VCl, and SOClﬁs or
C),58.80,226b,405,406 or hetween CpV(CO), and SOCL,.% A
very recent, convenient synthetic procedure for the
Cp*VX; (X = Cl, Br) materials is dihalogen oxidation
of the corresponding dihalides.®> CpVBr; has been re-
cently reinvestigated, and the corresponding iodide,
CpVT;, has also been prepared from CpV(CO), and I,,%
a reaction that had been previously reported to produce
CpVI, (vide supra).

Reactivity

The adducts CpVCL;L, (L, = dmpe, dppe) have been
prepared in high yields from CpVCl,, whereas the in-
teraction with PMe; is accompanied by decomposi-
tion.“® In the presence of hard donors such as THF
or MeCN, (C;H,Me)VCl; undergoes ligand redistribu-
ti%ri, 8givingr (CsH,Me),VCl, and solvent adducts of
VCl,.

CpVC]; and CpVBr; can be interconverted by in-
teraction with excess Br, or Cl,.% Reaction of CpVCl,
with Me;SiNRNR, (NRNR, = NMeNMe,, NPhNH,)
gives the corresponding hydrazido(1-) complexes,
CpVCl,(NRNR,), and the analogous reaction with
Me;SiNPPh; gives the phosphineiminate complex,
CpVCI1y(NPPh,).4% Attempts to transform CpVCl, into
o-organo derivatives have failed.5® {-PrMgBr acts as a
reducing agent and, in the presence of cyclic olefins,
mixed-sandwich compounds are obtained: 1,3-cyclo-
. hexadiene yields a nonseparable mixture containing
Cp,V, V(C¢Hg),, and CpV(CgHg), while 1,3,5-cyclo-
octatriene gives a mixture of CpV(CgH,,) and CpV-
(CgHy), and cycloheptatriene yields CpV(C,H,).4"

Treatment of an equimolar mixture of CpVCl; and
Cp,VCl, with either Ag,0 or Ag,COj; gives the struc-
turally characterized Cp,ClV(u-O)VCl,Cp, whereas
there is no reaction between Ag,0 or Ag,CO; and either
CpVCl; or Cp,VCl, alone. Cp*VCl; does not react with
Ag2003 either. 408
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Reaction of (C;H,Me)VCl; with moist air, KO,, NO,
or 0;/NaOH yields (CsH,Me)VOCI], and the corre-
sponding air oxidation of CpVBr; gives CpVOBr,.%
The (ring) VX; molecules are among the most powerful
neutral organometallic oxidizing agents. (CsH,Me)VCl;
shows a reversible one-electron reduction wave at —0.055
V vs Cp,Fe/Cp,Fe*, whereas the corresponding Ti
compound is reduced at a much more negative poten-
tial. Chemical reduction was accomplished with Cp,Co
to afford the [Cp,Co][CsH,R)VCls] salt.51#® Interaction
with the organic donor tetramethyltetrathiafulvalene
(TmTTF) gave the charge-transfer complexes
[TmTTF],[(CsH,Me)VCly] (x = 1,2).408040% Reduction
processes for the CpVX, series occur at 460, 510, and
425 mV with respect to the Ag/AgCl reference for X
= C], Br, and I, respectively. The bromide compound
is able to oxidize ferrocene to afford the [Cp,Fe]-
[CpVBr,] salt.®? In the presence of dppe, reduction of
CpVCl; with Mg affords the complex CpVCl(dppe).4®

F. Nioblum(IV)

There exists only a brief report about the compound
CpNbBr;, which has been prepared by interaction of
NbBr; and Cp,Mg or CpSnMe;. The corresponding
reactions on NbCl; or TaX; (X = Cl, Br) give products
of substitution without reduction.?” Evidence for the
existence of (C;H,R)NbCl; (R = H, Me, ¢t-Bu) in solu-
tion of MeCN or THF has been obtained by EPR
during the reduction of the corresponding tetrachloride
compounds with Al or SnCl, and by subsequent deriv-
ation with C5H4R,- to form (C5H4R) (CsH4R,)NbClg-
The same solutions have also been obtained by inter-
action of NbCl,(MeCN); with (C;H,R)SnBu; but no
crystalline products could be isolated.*’® [CpNbCl;] has
been proposed as an intermediate during the reduction
of CpNbCl, to [CpNb(u-Cl)(diene)] by (2-butene-1,4-
diyl)magnesium derivatives.4!! A copolymer-attached
form of CpNbCl; has also been described. This is ob-
tained by reacting NbCl; with a cyclopentadiene sub-
stituted copolymer which had been treated with excess
MelLi. If the same copolymer is reduced with n-BuLi
and then quenched with RgSnCl, subsequent treatment
with NbCl; results in the formation of polymer-attached
CpNbCl, instead.#1241® EPR measurements of poly-
mer-attached CpNbCl; suggest a piano-stool structure
with a local Cj, axis through the three chlorine atoms.#14

G. Tantalum(1V)

Reduction of (CsMe,R)TaX, (X = Cl, Br) with 1
equiv of sodium amalgam in toluene affords dinuclar
Ta(IV) species, [(CsMe,R)TaX;],. These can be re-
duced further with sodium to the corresponding Ta(III)
dimers described in section IX.D.¥ Cp*TaCl; was first
obtained by thermal decomposition of Cp*TaCl,(pro-
pylene) in CgH;Cl at 100 °C. The compound reacts with
PMe; in toluene to produce mononuclear, paramagnetic
Cp*'I‘a.C].;;(PMea).415

H. Niobilum(V)
Syntheses

CpNbCl, was originally obtained in 90% yield from
CpNb(CO)(C,Phy), and SOCIl, in benzene, 1,2,3,4-
tetraphenylbutadiene being a secondary product of this
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reaction. The CpNb(CO)(C,Phy), starting material was
obtained from CpNb(CO), and diphenylacetylene in
pentane under UV irradiation.4!® A more convenient
sybthesis involves the interaction of NbCl; with the
stoichiometric amount of Cp,Mg or CpER; (E = Sn,
Si; R = Me, Bu). Substituted Cp analogues, including
a polymer-attached CgONbCl§ material, have been pre-
pared similarly.26:96.87,240410412417420 The choice of sol-
vent appears to be most critical for this synthesis. For
example, toluene affords the C;H,R derivatives in high
yields for R = H, Me, n-Bu presumably because the
product is little soluble and precipitates immediately.
For R = t-Bu, the product is more soluble and side-
reactions take place which reduce the yields of the
monoring system; better results, however, are obtained
when carrying out the reaction in heptane. Analogously,
the reaction of NbCl; with 2 equiv of (C;H,Me)SnBu,
in heptane gives exclusively the monoring system,
whereas the (C;H,Me),NbCl, forms in high yields when
the same reaction is conducted in toluene.¥® The yields
of the bis-Cp derivatives can also be increased by using
an excess of Bu;SnCp reagent.*! The use of the more
common CpNa reagent produces intractable partially
reduced mixtures.

A mixed bromo~chloro system, FINbBrCl;, has been
reported as long ago as 1963 in a patent. It was ob-
tained from F1,NbCl; and bromine.?®® The patent
literature also reports CpNbBr,.2%¢ The (CsR;)NbF,
(R = H, Me) molecules have been prepared from the
corresponding tetrachloride derivatives and AsF;.
Single crystals of the Cp* system obtained from AsF;
contain the solvent molecule as well as HF and corre-
spond to the formula [Cp*NbF,(AsF;),],:[Cp*NbF,-
(HF)AsF;),.%

Reactivity

Adducts. The Lewis acidity of CpNbCl, is evidenced
by the formation of mono-adducts with neutral donors
such as MeCN, PhCN, P(OMe);, or dppe.*® The THF
adduct has also been isolated and characterized.?
Reaction with PMe; and PEt; in THF leads to labile
phosphine adducts, which were not isolated.4%

Hydrolysis. Hydrolysis of (C;H,R)NbC, gives the
corresponding [(CsH,R)Nb(H,0)Cl;],(1-O) and/or
[(CsH4R)NbC}f(u-Cl)]2(u-O) depending on reaction
conditions.%4174%4~427 More diverse structures have been
observed during the hydrolysis of the corresponding
Cp* system. An equimolar amount of H,O in the
presence of amine yields mononuclear Cp*NbCl;(OH),
whereas 0.5 mol of water generates the u-oxo dimer
[Cp*NbCl;]),(u-0). Further hydrolysis of either of these
materials generates [Cp*NbCl,(OH)],(1-0) which, upon
heating under vacuum, transforms into the trinuclear
cluster [Cp*NbCl]3(uz-Cl)(12-0)3(u3-0).418

Alcoholysis of (C;H,R)NDbC], with catechol or sub-
stitution reactions with NaOPh yields (C;H,R)NbCl,-
(OPh), (R = H, SiMe;) and CpNbCl,(0,C¢H,). For the
reaction of the R = SiMe; system with catechol, pref-
erential hydrolysis takes place and catechol reacts with
the resulting (u-O) dimer to give [(C;H,SiMes)-
NbClp]y(k-0) (u-0,C¢H,). 428

Ligand Substitution. CpNbCl, reacts with (i-
PrO),P(S)(SH) in the presence of NEt; to generate
CpNbCl,[S,P(0-i-Pr),] in moderate yields.4?® The re-
action of CpNbCl, with (Me;Si),NMe affords the mo-
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nonuclear imido complex CpNbCl,(NMe),** whereas
no reaction takes place with the similar
(Me;Si),NNHC(S)SMe derivative.?®® The hydrazido-
(1-) complexes CpNbCI3(NRNR,) (NRNR, = NMeN-
Me,, NPhNH,) have been prepared from CpNbCl, and
Li(NRNR,).4%® The substitution reaction of Cp*NbF,
with lithium salts of 8-diketone affords the chelate
complexes Cp*NbF;(RCOCHCOR) (R = Me, Ph).43!

The reaction of Cp*NbCl, with (2-butene-1,4-diyl)-
magnesium and analogous reagents generates the
“butadiene” complexes Cp*NbCl,(diene) and Cp*Nb-
(diene),, which have been described as complexes of
Nb(V) with the diene in the 2-alkene-1,4-diyl form. The
corresponding reaction on the Cp system affords the
same Nb(V) materials when “diene” = 2,3-dimethyl-
butadiene, but a mixture of monodiene monomer and
a reduced Nb(IV) product, [CpNb(u-Cl)(diene)],, when
“diene” = isoprene, and the pure reduced Nb(IV) dimer
is obtained when “diene” = butadiene. The latter can
also be obtained from Cp*NbCl, by heterogeneous re-
duction with Mg in the presence of 1,3-butadiene.
However, homogeneous reduction with i-PrMgBr or
EtMgBr in the presence of 1,3-butadiene gives pre-
dominantly mononuclear CpNbCl,(butadiene), and the
homogeneous reaction of CpNbCl, with the THF solu-
ble HMPT adducts, (2-butene-1,4-diyl)magnesium:
(HMPT), or (2-methyl-2-butene-1,4-diyl)magnesium-
(HMPT), gave in each case the corresponding pure
Nb(V) diene monomer. This shows that the formation
of the dinuclear Nb(IV) dimer is crucially dependent
on the steric bulk of the diene along with the solubility
of the reducing agent.411:432

The reaction of CpNbCl, with 4 equiv of 2,4-di-
methylpentadienylpotassium, in an attempt to generate
“half-open” niobiocene derivatives, affords CpNb(55-
C,4Hy) where C,,Hy, = 1,4,7,9-tetramethyl-1,3,7,9-de-
catetraene, presumably through an initial metastable
[CpNDb(2,4-C;H;,),] intermediate which undergoes an
intramolecular coupling reaction. The product contains
two “diene” units coordinated to the niobium center,
one of which is in the s-cis and the other in the s-trans
configuration.433

Redox. The Nb(V) systems have a higher propensity
to be reduced with respect to their tantalum homologue
(vide infra). CpNbC], reacts with CpSn(n-Bu); to af-
ford the bis-Cp Nb(IV) complex, Cp,NbCl,.4* From
the reaction of CpNbCl, and Se(SiMe;),, crystals of the
reduced trinuclear compound CpNb(C])(u-Se)(u-
Se,;)(CpNb)(u-Se),Nb(C1)Cp were isolated.43

Reduction of (CsH,R)NbCl, (R = H, Me, ¢-Bu) with
either Al or SnCl, in MeCN or THF produces EPR-
active solutions consistent with the presence of a single
Nb(IV) product, attributed to a (CsH,R)NbCl; species,
perhaps stabilized by solvent coordination. The prod-
ucts could not be isolated but the subsequent interac-
tion with C;H,R’~ produces homogeneous (R = R’) and
mixed-ring (C;H,R)(C;H,R’)NbCl, compounds, which
were isolated in >60% yields.41°

The interaction of CpNbX, with EtAICl, in the
presence of diphosphine results in metal reduction with
formation of the 17-electron CpNbX,(L-L) (L-L =
dmpe, X = C1;#%437 -1, = dppe, X = Cl or Br428427),
Nb(IV) derivatives of formula (C;H,R)NbCL,L, (L =
PMe;, PMe,Ph; L, = dppe) have also been obtained by
reduction of the Nb(V) precursor with sodium amalgam
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in the presence of the appropriate ligand.‘""""3 In sim-
ilar conditions or even with magnesium as a reductant,
the Nb(I) species Cpr(Lz)z (L, = dmpe, dppe) have
also been obtained.#® When these reactions are carried
out under a CO atmosphere, the Nb(III) (C;H,R)-

NbCly(CO)L, products are obtained instead.}1941%
Reduction with sodium amalgam or magnesium under
carbon monoxide in the presence of dmpe yields
CpNb(CO),(dmpe);*%438 whereas when the reduction
is carried out under H,, an incompletely characterized
dihydride, CpNbH,(dmpe), is obtained.**® On the other
hand, reduction of CpNbCl, with zinc amalgam in
CH,CI, in presence of various phosphines give only
monophosphine adducts of Nb(IV), isolated as meth-
ylene chloride solvates, CpNbCl;L-CH,Cl, (L =
PMe,Ph, PMePh,).11?

Reductive high-pressure carbonylation of
(CsR,Me)NDCl, under forcing conditions either with
zinc, or with sodium as reducing agent and Cu/Al
mixture as halogen acceptor, provides an entry into the
corresponding NDb(I) tetracarbonyl derivatives,
(CsR,Me)Nb(CO),,*194%® whereas reductive carbonyla-
tion of CpNbCl, with amalgamated aluminum at room
temperature and atmospheric pressure gives
CpNbCl,(CO) 30 which has later been reformulated as
[Cpr(u-Cl)Cl(CO)z]z.“l'442 Reduction of (CsH,R)-
NbC], in the presence of diarylacetylenes gives the
stable mononuclear Nb(III) products (CsH,R)NbCl,-
(ArCCAr),4142 whereas the analogous derivatives
containing terminal acetylenes, e.g. phenylacetylene and
1-hexyne, decompose to generate a mixture of trisub-
stituted benzenes.*#® Reductive isocyanation of
CpNbCl, with sodium amalgam and tert-butyliso-
cyanide gives [CpNb(CN-¢t-Bu),Cl]*, isolated as the
[NbCL,O(THF)]" salt. The source of the oxygen atom
in the anion is unknown.#¢

I. Tantaium(V)
Syntheses

A convenient synthesis of CpTaCl, involves the in-
teraction of TaCly with CpER; (E = Sn, Si; R = Me,
Bu) or with Cp,Mg, analogous to the synthesis of the
niobium counterparts described above.26:9:97,240,420

p*TaClg can be prepared conveniently in an analogous
fashion#19420445-47 gnd g polymer-bound CpTaCl, ma-
terial has also been prepared in this manner.#12 In a
recent modification of the procedure from TaCl; and
(CsMe R)SnBu; (R = Me, Et), (C;Me,R)TaCl, were
prepared in 90-95% yields by use of CH,Cl, as solvent
and low-temperature crystallization.#® The use of
Cp*Li or Cp*Na gives a complex mixture of products.
The Cp*TaCl, compound had been first prepared from
Cp*TaNpCl; and HCl1.416

Cp*TaF, forms from the exothermic metathetical
reaction of Cp*TaCl, and AsF;. It crystallizes as a
dimer-containing solvating AsF;, from which the
AsF;-free compound can be obtained upon prolonged
heating in vacuum.® The compound CpTaBr, has also
been reported. It is obtained by the interaction of
TaBrg with Cp,Mg or CpSnMe;,*” whereas the corre-
sponding reaction on NbBry gives reduction to the
Nb(IV) product. The (C;Me,R)TaBr, compounds have
also b7een mentioned without details of their prepara-
tion.®
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The dinuclear cationic derivative [Cp*Cl,Ta(u-
C1);TaCl,Cp*]* has also been reported. It has been
isolated as a byproduct with the {[TaCl;(u-0)TaCl;],-
(u-C1)o}* counterion during the synthesis of Cp*TaCl,
from TaCl; and Cp*SnBu;, presumably due to adven-
titious contact with moisture.10

Reactivity

Adducts. Mono-adducts of Cp*TaCl, with PMe;,
PMe,Ph, and P(OMe); have been prepared, whereas no
reaction occurs with PPhs. A 1:1 adduct is also obtained
with monodentate dppe. All these phosphine adducts
undergo rapid exchange with excess free ligand.415447
CpTaCl, forms a stable 1:1 adduct with trimethyl- and
tricyclohexylphosphine but other phosphines form ad-
ducts that are too labile to be isolated. Other Lewis
acid-base adducts that have been isolated include
[CpTaCl,),(bipy) and CpTaCl,(DME).® An adduct of
the Cp* system is also formed with methylene-
phosphoranes to give the neutral ylide derivatives
Cp*TaCl,(CH,PRR’;). The crystal structure of the
compound with R = Me and R’ = Ph shows a pseu-
dooctahedral geometry with the carbon-bound #'-ylide
trans to the Cp* ring.#% The 1:1 adduct of Cp*TaF,
and HN==PPh, has also been prepared and structurally
characterized. #%

Hydrolysis. The hydrolysis of Cp*TaCl, has been
presumed to afford either [Cp*TaCl,(OH)],0 or
[Cp*TaCly(H,0)1,0 on the basis of IR data.®® Further
studies have shown that exposure of Cp*TaCl, to the
ambient atmosphere affords a 1:3 mixture of
[Cp*TaCl;),0 and [Cp*TaCl,(OH)),0. Hydrolysis is
faster in solution and a complex equilibrium mixture
containing also a third compound, believed to be the
mononuclear Cp*TaCl;(OH), is obtained, with the ratio
of these species being critically dependent on the
amount of H,O used. Ezxcess H,O gave the pure
[Cp*TaCl,(OH)),0 species. All of these species can be
reconverted to the tetrachloride compound by treat-
ment with HC1.45%45! The compound {[Cp*TaCl,],(u-
C1)3lof[TaClg(u-O) TaCls],(u-Cl)} is presumably another
product of Cp*TaCl, partial hydrolysis.1® The oxo-
bridged [Cp*TaCl;),(u-O) dimer can also be obtained
from Cp*TaCl, and (Me;Si),0, indicating the stronger
Ta-0 bond with respect to the Si—O bond.452

Ligand Substitution. The reaction between
Cp*TaCl, and anionic ylides [RR'P(CH,),]" yields
Cp*TaCl;(CH,),PRR’ derivatives that are presumably
an equilibrium mixture of monomers and dimers in
solution. Analogous materials have also been obtained
by using the [Ph,P(X)CH,])~ (X = O, S) anions.#® One
chloride ligand has also been replaced with the
OCH,SiMe; group by condensation with the corre-
sponding alcohol and elimination of HC],*5 and with
a SiMe; group by the use of the Al(SiMe;);OEt, reag-
ent, and the reaction with LIOCH,CO,Et affords the
pseudooctahedral Cp*TaCl3(OCH,CO,Et).%45 o.Di-
phenols 4-R'C;H3(OH), replace two chlorides on the
same tantalum center to afford (CsH,R)TaCl,-
(O,C¢H3R’), whereas Me,C(p-C¢H,OH), replaces one
chloride on each of two tantalum centers to give the
dinuclear [(CsH4R)TaCl3]2[(OCGH4)2CM62].‘56 Cp*TaF 4
reacts with lithium salts of para-substituted benz-
amidines to yield the complexes Cp*TaF;-
[(MegSiN),C-p-C¢H,R] (R = H, CF3, NMe,, Me, CN,
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OMe) and with lithium B-diketonates to yield
Cp*TaF;[OC(Ph)CHC(Ph)O]. These reactions proceed
under elimination of LiF.47458 Interaction between
Cp*TaCl, and Me,;S(0)=NPPh,=NSiMe; gives
Me,S(0)==NPPh,~NTaCp*Cl,,33 whereas there is no
reaction between CpTaCl, and (Me;Si),NNHC(S)-
SMe.3* The reaction between Cp*TaCl, and Me;SiOR
(R = Me, Et) yields the corresponding Cp*TaCl;(OR),
which is stable with respect to elimination of RC] and
formation of the [Cp*TiCl,(u-0)], compound.#? The
interaction between Cp*TaCl, and the equimolar
amount of tris(trimethylstannyl)amine, N(SnMej);,
gives the structurally characterized inorganic hetero-
cycle [Cp*Ta(Cl)N]; with alternating tantalum and
nitrogen atoms in a benzene-like structure.#5®
(CsMe,R)Ta(SCH==CHS), and Cp*Ta(SCH,CH,S),
derivatives have been obtained from the corresponding
tetrachlorides and Na,S,C.H, or Na,S,C,H,, respec-
tively.*®® The reaction of Cp*TaCl, with Li,S, (1:2
molar ratio) affords an uncharacterized material, but
a higher proportion (4 equiv) of Li,S, gives good yields
of [Cp*TaS;Li,(THF),],, which can be described as a
salt of the [Cp*TaS;]*" anion with three terminal sul-
fides.4! Treatment of CpTaCl, with S(SiMe;), has
resulted in the isolation of three products:
[CpsTagS,0)**[TaSCl;]> where the cation has a central
edge-sharing bioctahedral {T'a,S,(} core bridged by the
sulfide ligands to four {Cp,Ta} moieties, CpsTazS,Cl,,
and Cp,Ta,S,;, all having exclusively Ta(V) centers.43

Addition of methyllithium to Cp*TaCl, results in the
formation of the tetramethyl complex, Cp*TaMe,;
whereas an analogous reaction with (PhCH,)MgCl
produces the carbene complex Cp*Ta(CH,Ph),-
(CHPh).4" One chloride ligand of Cp*TaCl, has been
replaced by either CH,C¢H,-p-Me or CH,CMe; by the
use of the corresponding dialkylzinc to afford
(CsMe,R)TaCl;(CH,C¢H,-p-Me).#® The reaction of
(CsRs) TaCl, with (2-butene-1,4-diyl)magnesium and its
higher analogues provides a general route to the mono-,
bis-, and mixed-diene complexes (CsR;)TaCly(diene),
(CsRg)Ta(diene),, and (CsR;)Ta(diene)(diene’) con-
taining Ta(V)-metallacyclopentane structures. 432446462
CpTaCl, and pentadienyl anions give the Cp,Ta(pen-
tadienyl) compounds (pentadienyl = 2,3-C;H,;,, 2,4-
C;H,,) where the pentadienyl shows localized Ta-alkyl
and Ta-olefin coordination.43?

Redox. Treatment of CpTaCl, with EtAICl, in tolu-
ene followed by the addition of ethanol precipitates
Cp,TaCl,.%4% Direct access to the latter compound in
high yields from CpTaCl, can also be achieved by the
interaction with 3 equiv of CpSnBu;.#8 Reduction of
(CsRs)TaCly in THF yields a variety of products de-
pending on the ring, amount of reducing agent, solvent,
and other conditions. One reducing equivalent of Mg
and 1 equiv of PMe; in THF yield paramagnetic
(CsRg)TaCl3(PMej) and, under the same conditions, the
Cp system and dmpe form CpTaCl;(dmpe) presumed
to have a pseudooctahedral geometry with the di-
phosphine in a chelating mode.#54% Two reducing
equivalents of Mg in THF or sodium sand in toluene
and excess PMe; yield (%R‘g)sTaClz(PMea),, (n =3 for
Cp and 2 for Cp#*).438:442:464485 (Op the other hand, re-
duction of the Cp* system with metallic sodium in
PMe; as solvent yields the product of double C-H ac-
tivation of coordinated PMe;, Cp*TaH,(9?-
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TABLE VI. Group 6 Neutral Cyclopentadienyl Metal
Halides

ox. X
state Cl Br I

IT Cp*CrCl

III (CsR5)CrCl, (CsRs)CrBr, (CsR;5)Crl,
(l'ing)MOClg (CaH‘R)MOBrg
(ring) WCl,

v CpMoCl,
(CsRRIWCl, ()

\Y (ring)MoCl, (CsH ,R)MoBr,
(ring)WCl,

CHPMe,)(PMe;).*¥# A similar reduction but this time
in THF as solvent yields yet another product, the
double ring-metalated compound [C;Me;(CH,);]Ta-
(H),(PMe;),.*" In the presence of CO, reduction by
Al/HgCl, yields the Ta(III) complex Cp*TaCl,(CO),-
(THF) in high yields,® whereas CpTaCl, and Mg under
CO and in the presence of phosphine yield complexes
of the type CpTaCl,(CO)L, (L = PMe;, PEt;, PMe,Ph,
PPh,)!!? and, with amalgamated aluminum under CO,
the formation of CpTaCly,(CO); has been reported.#0
Other authors, under the same conditions, have ob-
tained [CpTa(u-Cl)C1(CO),], instead.441:442

The [(CsMeR)TaX,), (X = Cl, Br) compounds have
been obtained by sodium amalgam reduction of the
corresponding tetrahalide compounds® in an inert
solvent. This reduction proceeds through the isolable
dimeric Ta(IV) systems [(CsMeR)TaX;],.5

Reductive high-pressure carbonylation of
(CsRMe)TaCl, (R = H, Me) with zinc affords the re-
spective Ta(I) tetracarbonyls, (CsR,Me)Ta(CO),.41?
More recently, it has been found that ligated PMe;
facilitates the preparation of Cp*Ta(CO), under mild
conditions and in reasonable yields: Cp*TaCl, and 4
equiv of amalgamated Na in THF under 1.5 atm CO
and in the presence of 1 equiv of PMe; affords
Cp*Ta(CO), in 47% yield ¥ Reaction of CpTaCl, with
Na as the reducing agent, followed by treatment with
mesityl oxide, results in the formation of CpTaCl,-
(Me,C=CHC(0O)Me).46?

X. Chromium, Molybdenum, and Tungsten

All the known monocyclopentadienyl halide com-
plexes of group 6 metals are shown in Table VI.

A. Chromium(II)

[Cp*CrCl], was first obtained from the interaction
of [Cp*CrCly); and aluminum hydride reagents and has
since been made more rationally by reacting anhydrous
CrCl, with Cp*Li.%0

B. Chromium(III)

CpCrX, (X = Cl, Br, I) derivatives were first reported
by Fischer et al. in 1963. The Br and I systems were
obtained from [CpCr(CO);), and the corresponding allyl
halide in hexane, whereas there is no reaction with allyl
chloride. The chloride system was obtained by ex-
pulsion of THF at 80 °C under vacuum from the ad-
duct, CpCrCl,(THF), which is obtained from Cp,Cr and
CCl, in THF through the intermediacy of [Cp,Cr]-
[CpCrCl,).%0
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A more recent investigation by paramagnetic NMR
shows that [Cp,Cr]*[CpCrCl;]- is transformed to
trans-Cp,Cr,Cl, on heating and to a mixture of cis/
trans-Cp,Cr,Cl, on standing in chloroform.%®

Only very recently have the Cp* analogues been re-
ported. CrCl;(THF); and Cp*Li produce Cp*CrCl,-
(THF). Alternatively, the reactions of decamethyl-
chromocene with HX in THF generate the corre-
sponding Cp*CrX,(THF) (X = Br, I), through the in-
termediacy of Cp*,CrX and [Cp*,Cr][Cp*CrX;], which
can be isolated for X = I. From all these THF adducts,
the solvent-free [Cp*CrX,], can be obtained upon
warming. The iodide com?ound can also be obtained
from [Cp*Cr(CO)3), and 1, [Cp*CrCl,], has also been
obtained from the reaction of Cp*CrI(CQO); and allyl
chloride.%®

A compound of formula “Cp*CrBr;” has been re-
ported. Its structure can be interpreted as
{[Cp*CrBr(u-Br)],Br,},, which therefore indicates that
the hypothetical Cr(IV) Cp*CrBr; would be more oxi-
dizing than free bromine.#’° The dimer [Cp*CrBr,),,
free from extra bromine, has also been obtained from
[Cp*Cr(CO)s), and excess bromine in CH,Cl,, followed
by extraction with THF. This compound activates
molecular oxygen to form Cp*CrOBr,.4"!

The reaction of [Cp*Cr(CO),], with excess I, results
in the formation of a material whose empirical formula
corresponds to Cp*Crl;. Its solid-state structure con-
sists olfoghe copolymer {[Cp*CrI(u-I)][Cp*Cr(I5) (u-D)]3,
(XV).
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The reaction of “Cp*Crl;” with excess Zn/Hg forms
Cp*Crl,. This material exhibits only a single 'H NMR
resonance at § —88 in CDC],!% in contrast to the same
compound obtained directly from [Cp*Cr(CO);), and
I8! Unlike Cp*zcrzBlé, the iodide compound does not
react cleanly with 0,.1% Treatment of “Cp*Crl;” with
excess [, affords another remarkable polyiodide struc-
ture, corresponding to the empirical formula Cp*,Cr,l;,.
On the basis of an X-ray analysis this complex is for-
mulated as [Cp*;Cry(k-I)5)*5[I;6]>. The formation of
this compound, thus, can be viewed as abstraction of
I" from Cp*,Cry(u-I),I, by the large excess of I; (eq 19).
Ag* is also effective in this I abstraction reaction. The

2Cp*,Cry(p-Daly + Tl — 2Cp* Cra(p-I)3* + 16>
(19)

structure of the [Cp*,Cry(u-I)3]* cation is illustrated in
Figure 6.

A mixed halide compound containing a polyiodide
chain, [Cp*CrCl, »l5/5]*I; has been obtained by diiodine
oxidation of [Cp*CrCl(CH;)],. The compound is iso-
structural with [Cp*Irl,]»I, (vide infra) and its structure
is similar to that shown above for Cp*Crl; (XV) except
that I, molecules are symmetrically disposed between
[Cp*Cr(u-X)I], units where the bridging X positions are
occupied randomly by Cl and I with a probability of
50:50.472 Another mixed halide compound, [Cp*Cr,-
(u-F)sCl,]*PF¢, has been reported.!!®
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Reaction of Cp,Cr with CCL®% or CHC];® affords the
salt [Cp,Cr]*[CpCrCls]~. [CpCrX;)- (X = C], Br) ions
have also been obtained by interaction of chromocene
with the corresponding HX,% direct interaction of CrCl,
and CpLi in THF,% and interaction of Li*CpCr(pyrr);
with triethylamine or pyridine hydrochloride.4’® The
[(C5H4Me)*7cr4S4]+[(C5H4Me)chr3]- salt has also been
described. ™

All the (CsR;)CrX, derivatives react readily with
neutral ligands to afford the adducts (CsRs)CrX,L (L
= py, THF, PPhy, PMe,, PEt,).94% [CpCrCl,], reacts
with allylmagnesium chloride to afford the mononuclear
CpCr(n3-C3H;),,%8 while the [Cp*CrR(u-Cl)], dimers
have been obtained by treating [Cp*CrCl,], with 2
equiv of RLi (R = Me, Et, Ph) or PhCH,MgCl.4""
[CpCrCl;)Li(THF)y(Diox) has been transformed to
[CpCrMe;]Li(Diox), and [CpCrPhy]Li(Et,0).%

C. Molybdenum(I1II)

[(CgH,-i-Pr)MoCl,], has been prepared from the ar-
ene~-fulvene complex Mo(n%7!-CsH,-u-CMe,) (n8-C¢Hg)
and HCL’%7® This compound, as well as other
[(CsH,R)MoCl,], derivatives and [(CgH,-i-Pr)MoBr;),,
has also been prepared by reduction from (C;H,R)-
MoX, in analogy to the tungsten derivatives of identical
stoichiometry (vide infra).* The corresponding insol-
uble Cp derivative has been obtained by reduction of
CpMoCl, with Zn powder,*! whereas the reduction
with sodium amalgam gives a soluble species, presumed
to be the sodium salt of the [Cp,Mo,Cls]” anion. The
PPN* salt of the latter anion has been obtained from
CpMoCl, and PPN*CI" and characterized crystallo-
graphically (see Figure 4).4!

Reaction between (CsH,R)MoCl; and a variety of
monodentate or bidentate phosphines gives the 17-
electron derivatives (ring)MoCl,L, (R = H, L, = PMe,,
PEt,;, PMe,Ph, PMePhy, PPh;, L, = dppe;*06248 R =
i-Pr, L = PMes, PMe,Ph, L, = i-Pr,PCH,CH,-i-Pr'#).
Interaction with dmpe does not afford the expected
17-electron dmpe-substituted product but rather
[(CgH,-i-Pr)Mo(dmpe),][PF¢] or [(CsH,-i-Pr)MoH-
(dmpe),] [PF¢];, depending on workup.” The formation
of the transient CpMoCl,(dmpe) species from CpMoCl,
has been observed by EPR.4™

D. Tungsten(III)

(CsH,R),W,X, complexes have been prepared by
sodium amalgam reduction of the corresponding
(CiHR)WX, (R = Me, i-Pr; X = C], Br).33% The
Cp*,W,Cl, compound has been obtained from the re-
duction of Cp*WCl, by P(¢-Bu),~.3 The low-tempera-
ture reaction between [CpW(CO),(u-H)], and HCI af-
fords, as a small yield byproduct, a blue carbonyl-free
compound, which has been interpreted as [CpWCl,],.4%
Both the unbridged, triply bonded [(C;H,R)WCl,], and
the quadruply bridged [Cp*WCl,], are green.

[(CsH,Me)WCl,), reacts with dmpe to give the 1:1
adduct (CsH,Me)WCly(u-Cl);W(CsH,Me)(dmpe), con-
trary to the Mo analogue which yields mononuclear
products, while addition of H, to the i-Pr analogue gives
[(C5H348-i-Pr)2WClz(#-H)]2 containing a W-W double
bond.

Reaction of [(CsH,R)WCl,], with excess but-2-yne
gives the flyover bridge compounds cis-[(CsH,R)-
WCly],(u-C,Me,), which undergo thermal rearrange-
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ment in solution or in the solid state to the isomeric
trans species. Reaction of the i-Pr substituted dimer
with 1 equiv of R’CCR’ (R’ = SiMe;, Et) affords the
mono-adducts [(CgH,-i-Pr)WCl(u-Cl)]y(u-CoR’5). 48!

E. Molybdenum(1IV)

IndMoCl; has been described in the patent litera-
ture.226®> The [CpMoCl,]” complex, as the PPh;-t-Bu
salt, was reported as the major product of the interac-
tion between CpMo(CO),(n*-N=C-¢t-Bu,) and PPh; in
refluxing CC1,.4#2 Although the CpMoCl,L, (L, =
dmpe, dppe) compounds are known,*’®43 the neutral
CpMoCl, systems has been prepared only very recently.
It forms by oxidation of CpMoCl, with the stoichio-
metric amount of PhI-Cl, in CH,Cl, or by reduction of
CpMoCl, with TiCl; or by conproportionation of
equimolar amounts of CpMoCl, and CpMoCl,. Its re-
action with dmpe or dppe gives the known 1:1 adducts
and the cage phosphite P(OCH,);CEt gives a bis-ad-
duct, whose structure has been determined, but a sim-
ilar adduct is not obtained with PMe;.5

F. Tungsten(IV)

No stable derivatives of this class have been reported.
(CsR4-t-Bu)WCl; (R = Me, Et) has been implicated as
a possible intermediate during the reaction of W(C-t-
Bu)(DME)C]; with RC=CR, ultimately leading to the
disproportionation products (CgR,-t-Bu)WCl, and
(CsR-t-Bu)W(RC=CR)Cl,. Attempts to synthesize
this material by reducing (CsR,-t-Bu)WCl, with sodium
amalgam yield only products of two-electron reduc-
tion.”” However, a stable bis(phosphine) adduct,
CpWCl3(PMe;),, has been recently prepared.+

G. Molybdenum(V)
Syntheses

CpMoCl, was originally formed from CpMoOC]l, and
HCI as a method for the purification of the oxo—-di-
chloride compound; treatment of CpMoCl, with moist
air regenerates pure CpMoOCl,. CpMoCl, was also
obtained by reaction of HCl with CpMoO,Cl,
[CpMo00,]0, or [CpMo00,],.2” An improved method
with extension to the (CsH,Me) system uses the in situ
generation of (CsH,R)MoOCl, from [MoOCl;], and
(C;H,R)TL% The preparation of (CH;COCzH,)MoCl,
has been reported in the patent literature.2%¢ The Cp*
system has been conveniently prepared in high yields
from Cp*Mo(CH,)(CO); (which is easily available from
Cp*Mo(CO);”) and PCl;.% Attempts to prepare
Cp*MC], (M = Mo, W) directly from MCI, (x = 5 or
6) and a mild Cp* source such as Cp*SnBu, have failed.
The adaptation of this method also provides a con-
venient alternative for the preparation of the (CsH,R)
(R = H, Me, i-Pr) system in three steps from Mo(C-
0)g. 962

CpMoBr, has been prepared by the interaction of
CpMoOBr, with gaseous HBr. The starting material,
which can be obtained from Cp,Mo,(CO)¢ in boiling
bromoform in air, can be replaced with other oxobromo
or oxo complexes, although less satisfactory results are
obtained in these cases.?® (C;H,Me)MoBr, has been
rpeé:engy prepared from [(CsH,Me)Mo(CO)s), and

I's.

Poli

Reactions

Chloride ions do not add to Cp*MoCl, to give a stable
Cp*MoCl,~ complex, but PMe; gives a stable
Cp*MoCl,(PMe;) adduct.?® On the other hand, de-
composition to uncharacterized materials occurs when
PMe; interacts with CpMoCl,.1%

Cp*MoCl], can be converted in good yields to the
corresponding tetramethyl derivative, Cp*MoMe,, by
addition as a solid to a dilute solution of the Grignard
reagent in THF. Addition of the Grignard to the Mo
compound results in reduction of the metal instead.*3

(CsHsR)MoCl, (R = H, Me) can be converted to
(CsH,R)MoOCI, with propylene oxide; whereas slow
hydrolysis in water gives [(C;H,R)Mo(u-0)],.%2 The
hydrolysis of the Cp* analogue with 1.5 equiv of H,0
gives a solid which has been formulated as
[Cp*MoCl,(OH)],0 on the basis of elemental analysis
and by analogy of the hydrolysis of Cp*TaCl, (vide
supra). In the presence of oxidizing agents (Na,MoO,,
Na,WO,, or NaVO,), however, [Cp*Mo00,],0 is ob-
tained, whereas oxidation with Na,WOQ, in anhydrous
THF gives [Cp*MoOCl],0.1# CpMoBr,, like the
analogous tetrachloride, is moisture sensitive. Water
vapor transforms it to CpoMoOBr,, whereas with excess
water the tetranuclear oxo derivative [CpMoQ,], is
obtained.?8

CpMoCl, can be reduced to CpMoCl, by Zn in
THF,% whereas sodium amalgam generates the
[Cp;Mo,Cl;])~ ion.#! Reduction of (C;H,R)MoX, with
sodium amalgam affords [(CsH,R)MoX;], (R = Me,
i-Pr; X = C], Br).%® ‘

H. Tungsten(V)

Syntheses

The first compound of this class to be reported was
(CsR-t-Bu)WCl, (R = Me, Et), obtained from W(C-t-
Bu)(DME)CI; and excess of 2-butyne or 3-hexyne, re-
spectively. Treatment of (CsR,-t-Bu)W(alkyne)Cl, with
excess Cl, in pentane also affords (CsR,-t-Bu)WCl, in
high yields.” The sequential addition of 2-butyne and
3-hexyne to W(CCMe;3)Cl;(DME) generates
(CsMe,Et,-t-Bu)WC,, which is shown to be a mixture
of two different isomers after derivatization with
Np,Zn.™ Later, Cp*WCl, was prepared conveniently
on a large scale by adding Cp*WMe(CO); to PCl;.84%
[WCl‘]2(#‘175,175'Et4C5Cchch5Et4) was obtained from
[WOCI3]2(ﬂ.-175,175-Et4C5CchH205Et4) and PCls.436
(CsHR)WC], (R = H, Me, i-Pr) complexes were simi-
larly prepared, and (C;H,-i-Pr)WBr, has been obtained
from (C;H,-i-Pr)WMe(CO); and PBr;.%°

Reactions

Cp*WCl, reacts with PMe; to give a stable
Cp*WCl,(PMe;) adduct, whereas no reaction takes
place with PPh;.%46 Analogously, [WCl,],(u-n%7°-
Et,C;CH,CH,C;Et,) affords the crystallographically
characterized [WCI4(PM€3)]2(#'175,175-Et405CH20H2-
C;Et,) compound.#” Cp*WCl, also reacts with Et,NCIl
to form a stable Et,N[Cp*WCl;] salt.

Addition of a large excess of LiAlH, (LiAlD,) to
Cp*WCl, in Et,0 or THF followed by workup in
methanol (methanol-d!) yields [Cp*WH,],
([Cp*WD,],). The first step of this reaction involves
reduction to [Cp*WCl,),. By analogous methods the
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TABLE VII. Group 7 Neutral Cyclopentadienyl Metal
Halides®

ox. X
state Cl Br I
II [(CHR)MnC]l] [(C;HR)MnBr] [(CsHR)MnI]
Im  (C;Me,R)ReCl; Cp*ReBr,
IV (CiMeBR)ReClg Cp*Rel,
\% (CsMe R)ReCl, Cp*ReBr,

@ Structures in brackets indicate solvent-stabilized species.

CsMe,R (R = Et, n-Pr, t-Bu) and C;Et,R (R = Et, t-Bu)
tetrahydride complexes have also been prepared from
the corresponding tetrachlorides, as well as the com-
pound [WH,],(n%n5-Et,C;CH,CH,C;Et,).*® Treatment
of (CsMe,R)WCl, with MeMgCl at room temperature
(R = Me) or with MeLi at -78 °C (R = ¢-Bu) yields
(CsMe,R)WMe,.4%:48 (C,Me,-t-Bu)WCl, and ZnMe,
yield paramagnetic (CsMe,-t-Bu)WCl,Me,, whereas
(CsMeyR,-t-Bu)WCl, and Np,Zn afford the neo-
pentylidyne complex (CsMe;R,-t-Bu)W(CCMe;)Cl, (R
= Me, Et) with formal oxidation from W(V) to W-
(VI).74% ] igand redistribution between Cp*WCl, and
Cp*WMe, in a 1:3 ratio presumably generates the
Cp*WClMe; species which has not been isolated but
rather reacted direct&g' with Na/Hg under N, to yield
[Cp*WMealz(ﬂ-Nz).4

Reduction of (C;HR)WX, with 2 equiv of amalga-
mated sodium affords (C;H,R)WX, (X = Cl, Br).%%®
Reduction of Cp*WCl,(PMe;) with Mg affords an un-
characterized red crystalline material which, upon in-
teraction with (CsMe,R)Li (R = Me, n-Pr), produces
the corresponding Cp*(C;Me,R)WCl, compound in
modest yields.#! The reaction of Cp*WCl, with LiP-
t-Bu, results in reduction of the metal to the
[Cp*WCl,], compound, which cocrystallizes with Py(¢-
Bu),, whereas the analogous reaction with LiPHPh
gives small yields of Cp*WCI,(PH,Ph). The source of
PH,Ph is presumably abstraction of a proton from the
solvent (THF) or from a disproportionation of
LiPHPh.%

XI1. Manganese, Technetlum, and Rhenlum

The chemistry of (ring) ReX,, systems has started to
develop after the discovery of Cp*ReQ;. Recent ac-
counts of this research are available.102492-4% A]] the
known monocyclopentadienyl halide complexes of
group 7 metals are shown in Table VII.

A. Manganese(II)

“(CgH Me)MnCl” was first described as an interme-
diate during the synthesis of CpMn(C¢Hg) from MnCl,
and CpNa in THF, followed by treatment with
PhMgBr, but it was not isolated.*” The THF stabilized
complexes [(C;H,Me)MnX(THF)], (X = C], Br, I) were
isolated after reaction of either (C;H,Me);Mn or
(CsH,Me)Na with MnX, in the proper stoichiometric
ratio in THF. Reaction of these materials with PEt;
yields the corresponding [(CsH,Me)MnX (PEts)], com-
plexes. [(CsH,Me)MnI(THF)], and PMe; produce
(CsHMe)MnI(PMe;),.4%® Anhydrous MnCl, reacts,
after treatment with an equimolar amount of tmeda,
with CpNa to yield the tmeda stabilized Cp derivative
of Mn(II), CoMnCl(tmeda). Attempts to obtain the

Chemical Reviews, 1991, Vol. 91, No. 4 538

base-free CpMnCl by heating in a high vacuum resulted
in the sublimation of Cp,Mn(tmeda) instead.®

B. Rhenium(III)

[(CsMeR)ReCly); (R = Me, Et) is obtained from
(CsMe R)ReCl, by reduction with activated (by HgCly)
aluminum.**# [Cp*ReCl,], also forms from the chlo-
rination of Cp*Re(0O)(i-Pr), by CpTiCl;, presumably
through the intermediacy of Cp*ReCl,(i-Pr),.3® The
bromide compound Cp*ReBr, has been obtained by
reduction of Cp*Re(0)Br, with AIH(i-Bu),* or of
Cp*ReBr, with Al/HgCl, or SnBu,.4

[Cp*ReCl,], reacts with chlorine in CCl, at low tem-
perature to yield [Cp*ReCl;),, whereas at higher tem-
perature the Re(V) species, Cp*ReCl,, is obtained. It
reacts with PMe; to afford the mononuclear bis-adduct,
C}'.)"'R.eClg(PM03)2.43'44

C. Rhenium(IV)

[Cp*ReCl;), has been obtained from Cp*ReCl, and
SnR, (R = Et, n-Bu) or by reduction of the same pre-
cursor with activated aluminum.4># Its dinuclear
constitution has been inferred from its diamagnetism
and from an X-ray analysis on [(C;Me,Et)ReCly(u-Cl)],,
which was obtained by the analogous reduction of
(CsMe,Et)ReCl,.# [Cp*ReCly), has also been obtained
from Cp*Re(0)Et, and CpTiCl;. ¥ The corresponding
iodide species, [Cp*Rel;),, is obtained from Cp*ReHjg
by thermal treatment with I, or photochemical reaction
with Mel.5®

[Cp*ReCly), reacts with PMe; to form the mononu-
clear paramagnetic Cp*ReCl;(PMe;) complex.443 Re-
duction of [(CsMegzR)ReCl;], with amalgamated alu-
minum affords the Re(III) dimers, [(C;Me,R)ReCl,],,
whereas oxidation with Cl, in CCl, gives the corre-
sponding Re(V) tetrachloride compounds.4344
[Cp*ReCl;), reacts with 2-butyne to yield products of
disproportionation, the allylidene Re(V) complex
Cp*ReCly(0,7>-C(CH;)C(C1)CH,) and the Re(III) alkyne
complex Cp*ReCl,(MeCCMe).43:501

D. Rhenium(V)

Cp*ReCl, has been obtained from Cp*ReO; and ex-
cess Me3SiCl. This water- and air-sensitive compound
reacts with H,0, to reform the trioxo species.®

The interaction of Cp*Re(CO); with either Br, or
pyridinium hydrobromide perbromide gives, besides the
expected mixture of cis/trans-Cp*ReBr,(CO),, a car-
bonyl-free green material that has been tentatively
formulated as Cp*ReBr,. This is also obtained from
direct oxidation of Cp"‘ReBrz(CO)é.502 Cp*ReBr, has
also been reported by Herrmann.

Cp*ReCl, adds equimolar amounts of PMe; to form
the pseudooctahedral Cp*ReCl,(PMe;) where the
phosphine is located in a trans position relative to the
Cp* ligand.? However, excess of PMe; in warm toluene
leads to reduction and formation of a mixture of
Cp*ReCly(PMe;); and ReCly(PMes)s.*3 Hydrolysis of
Cp*ReCl, with 1 equiv of H,O generates the Cp*ReOCl,
complex, whereas more extensive hydrolysis in the
presence of base affords [Cp*ReO(u-0)],.125128 Ami-
nolysis with 3 equiv of RNH, gives the imine system,
Cp*Re(=NR)Cl,, plus 2 equiv of RNH;CL The
methylimine complex can be obtained in better yields
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TABLE VIII. Group 8 Neutral Cyclopentadienyl Metal
Halides

ox. X
state Cl Br I
1I Cp*FeBr (?)
Cp*RuCl Cp*Rul
ILIII Cp‘aRUZCls Cp‘gRUQBrs Cp‘gRUgIa
III Cp*RuCl, Cp*RuBr, Cp*Rul,
Iv Cp*RuCl Cp*RuBrg Cp*Rul,

from the interaction of Cp*ReCl, and CH;N(SiMe3),.5*
The interaction between Cp*ReCl, and xanthate or
dithiocarbamate yields the compounds Cp*ReCls-
(S;CR) (R = OCy, NEt,).5% In the presence of NEt;,
Cp*ReCl, and toluene-3,4-dithiol or 2-aminothiophenol
yield Cp*Re(3,4-S,C¢H;CH;), or Cp*Re(2-SC;H,NH),,
respectively. With only 1 equiv of 2-aminothiophenol,
(CsMe, Et)ReCl,(2-SC;H,NH) was isolated by starting
from (CsMe,Et)ReCl,.506

The alkylation of (C;Me,R)ReCl, (R = Me, Et) has
been investigated. With 1 equiv of SnMe,, the mono-
methyl derivatives, (C;Me,R)ReCl;(CHj;), are obtained.
SnEt, or Sn(n-Bu),, on the other hand, leads to the
reduced Re(IV) dimer [Cp*ReCly(i-Cl)],, presumably
through the intermediacy of the unstable Cp*ReCl;R
(R = Et, n-Bu) which eliminate alkyl radicals, found
as a mixture of alkane and alkene.#? CH;MgCl (4 equiv)
yields Cp*Re(CHj),.5

Reaction of Cp*ReCl, with 2-butyne, 3-hexyne, or
2-pentyne in the presence of HgCl,-activated Al gran-
ules affords Cp*ReCl,(R!C=CR?) (R}, R? = Me, Et)
and minor amounts of [Cp*ReCI(R'C=CR?),]*AlC],".
When the same reduction procedure is carried out in
the presence of a diene, the corresponding Cp*ReCl,-
(diene) is obtained.43:44,501.506

Cp*ReCl, reacts with LiAlH, in Et,O at low tem-
perature, followed by treatment with methanol, to af-
ford a mixture of Cp*ReHg and [Cp*ReHj;],,® whereas
reaction of (C;Me,R)ReCl, with NaBH, yields exceed-
ingly sensitive materials which could not be isolated,
but their subsequent interaction with CpNa followed
by sublimation produces (C;Me,R)CpReH, presumably
through the intermediacy of Cp*CpRe(BH,),.510

Stepwise dechlorination of Cp*ReCl, can be accom-
plished with Al/HgCl,. At 20 °C the [Cp*ReCl;],
compound is obtained, whereas at 60 °C further re-
duction to the Re(III) dimer, [Cp*ReCl,],, occurs. 4244
Reduction of Cp*ReBr, with either SnBu, or Al/HgCl,
affords [Cp*ReBr;),.4

XII. Iron, Ruthenlum, and Osmium

All the known monocyclopentadienyl halide com-
plexes of group 8 metals are shown in Table VIII.

A. Iron

No stable derivatives of Fe(II) or Fe(IIl) of formula
CpFeX, or [CpFeX,,1]” (n = 1 or 2) appear to have
been reported, although several derivatives containing
additional neutral ligands are known. Kaolle reported
that the interaction of FeBryDME with 1 equiv of
Cp*Li at -80 °C generates an unstable {Cp*FeBr| in-
termediate. Upon warming, decomposition occurs with
formation of decamethylferrocene. Upon subsequent
treatment with 1 equiv of CpNa, a mixture of Cp*,Fe,

Poli

Cp*CpFe, and Cp,Fe is produced, whereas treatment
with CO at -80 °C results in the formation of
Cp*FeBr(CO), in 59% yields.5!!

The compound [HB(pz);FeCls]™ (HB(pz)g' = hydro-
tripyrazolylborate) has been reported,®? thus the
pseudooctahedral (ring)FeCl;™ seems a reasonable syn-
thetic target.

B. Ruthenium(II)
Syntheses

[Cp*RuCl], has been prepared by interaction of
[Cp*Ru(OMe)], with Me;SiCI°%513 or more conveniently
from the same precursor with LiCl in Et,0 and also
from Cp*RuCl, and 1 equiv of Et;BH" or zinc in a va-
riety of solvents.**#% The zinc reduction is also possible
in methanol, however prolonged reduction in this sol-
vent leads to a mixture of [Cp*RuCl), and [Cp*Ru-
(OMe)),.5!% [Cp*Rul], is obtained by halide exchange
from the corresponding chloride.”

Reactivity

The bridging Ru-Cl bonds of [Cp*RuX], are quite
labile and donor ligands easily split the molecule into
monomers. CO and PMe; react to give Cp*RuL,,Cl in
improved yields with respect to earlier procedures.
Similar adducts with bipy, 1,5-COD, and a number of
conjugated dienes have also been prepared. With
ethylene, a reversible equilibrium is established with
the [Cp*Ru(4?-C,H,)Cl], compound.”%1® With bulky
phosphines [e.g. P(i-Pr);, PCys], the coordinatively
unsaturated Cp*Ru(PR;)Cl compounds are ob-
tained. 2079516

[Cp*RuCl], dissolves in MeCN to yield a solution of
the Cp*Ru(MeCN);* cation with Cl™ as the counterion
from which the stable triflate salt can be isolated by
addition of AgO;SCF;.%517 The solvated complex
[Cp*Ru(Me,CO)(H,0),)*PF¢~ has been obtained in
acetone by the addition of KPFg.4® The chloride can
be metathesized by addition of sodium iodide to gen-
erate [Cp*Rul],”® and by treatment with MeOH or
addition of LiOR (R = Me, Et) to yield [Cp*Ru-
(OR)],.™514 With the bulky alkoxide reagent LiO-
[2,6-(t-Bu),C¢H;), the crystallographically characterized
sandwich complex Cp*Ru[7%-OC¢H;(¢-Bu),] is obtained
where the substituted phenoxide ligand is stabilized in
the oxocyclohexadienyl resonance form.™

The reaction with allyl chloride in THF instantane-
ously generates the Ru(IV) allyl complex Cp*Ru(n®-
C3;H;)C1,."® Reaction with aromatic compounds gives
the corresponding [Cp*Ru(»-ring)]* (ring = C¢H,, 3-
methylthiophene, 2,6- or 3,5-lutidine, furan, and pyri-
dine). When pyridine is added in excess of 1 equiv and
in acetone, the [Ru(py)g]?* ion is obtained instead.*
Reaction with CgMeg in a melt or in hydrocarbon so-
lution affords the [Cp*Ru(n8-CgMeg)]* cation, isolated
as the PFg salt.5%51% This compound is difficult to
prepare from other Cp*Ru!! sources.

C. Ruthenium(II,III)

The mixed-valence compounds Cp*;Ruy(u-X); (X =
Cl, Br, I) are obtained by interaction of the corre-
sponding [Cp*RuX,], with 1 equiv of cobaltocene. As
the extent of reduction cannot be controlled entirely by
the stoichiometry, complexes [Cp*RuX], being also
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formed, an easier route to the chloride complex was
through conproportionation of [Cp*RuCl,], with
[Cp*RuCl],. The mixed-valence complexes are para-
magnetic compounds characterized by a broad 'H NMR
singlet and an axial EPR spectrum. The reaction of the
chloro complex with a variety of donor ligands affords
mixtures of Ru(II) and Ru(III) products.5?

D. Ruthenlum(III)
Syntheses

Cp*RuCl, has been prepared by the reaction of
RuCl,- 220 with CsMe;H in refluxing methanol® or
ethanol.?? The materials obtained from methanol or
2-propanol have the same empirical formula but are
generally less soluble in CHCl; or CH,Cl, and are
thought to be higher oligomers compared to the product
obtained from ethanol.2%2 A byproduct of this reaction
is Cp*;Ru. Aging of the compound with loss of solu-
bility was observed during storage at ambient temper-
ature. Crystals grown from CH,Cl, were shown by
X-ray crystallography to be made up of dimers
[Cp*RuCl(u-C])],.#2 The corresponding bromo and iodo
complexes are prepared by halide ion metathesis from
the chloride system and are formulated as dimers ac-
cording to osmometric molecular weight determinations
and by analogy to the corresponding chloro complex.5?

Reactivity

Ligand Addition/Substitution. H NMR studies
provide evidence for the equilibrium shown in eq 20 (S
= solvent molecule):

2Cp*RuX,(8) = [Cp*RuX(u-X)]; =
[Cp*;Ru,(u-X)s]* X" (20)

The monomeric species is the dominant one in donor
solvents, e.g. acetonitrile. The ionic form seems to be
present in polar ionizing solvents such as water (prior
to hydrolysis) and MeOH, whereas the neutral dinuclear
form exists in CHCl; and CH,Cl,. The equilibrium is
locked into the ion form by oxidation of the mixed
valence chloro complex Cp*,Ru,(u-Cl); with [Cp,Fe]*-
PFg, to give the hexafluorophosphate salt.5

Cleavage reactions of [Cp*RuCly], to afford para-
magnetic derivatives Cp*RuCl,L occur for L = py*2 and
PR; (R = Me, Et, i-Pr, Ph, Cy; R; = MePh,).51851°

One chloride can be replaced with a bidentate acac
ligand in the NEt;-assisted reaction of Cp*RuCl, with
Hacac.5? Reaction with ArSH (Ar = Ph, p-C¢H,C],
p-C¢H Me) in CH,Cl, gives the tris(thiolato)-bridged
complexes [Cp*Ru(u-SAr);RuCp*]*Cl- containing a
Ru-Ru single bond (2.630 (1) A). On the other hand,
the analogous treatment with PhCH,SH results in the
formation of the neutral complex [Cp*RuCl(SCH,Ph)],.
Analogous [Cp*RuCl(SR)], derivatives have been pre-
pared from [Cp*RuCl,], and Me;SiSR (R = Et, i-Pr,
t-Bu).520-522 Fuyrther treatment of the latter derivatives
with excess SR- or direct interaction of [Cp*RuCl,),
with excess SR~ leads to the paramagnetic, neutral
[Cp*Ru(u-SR);RuCp*] complexes and to RSSR.52 The
reaction of Cp*RuCl, with LiAlH, generates the
structurally characterized hydride species [Cp*Ru(u-
H),], which contains a Ru-Ru triple bond.5%

Redox. Reduction of Cp*RuX, with Cp,Co sequen-
tially produces the mixed-valence Cp*,Ru,Cl; complex
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and the Ru(Il) compounds [CpRuX],, and treatment
in ROH in the presence of base gives high yields of the
Ru(II) alkoxides, [Cp*Ru(u-OR)], (R = Me, Et, n-Pr,
n-Bu).52613

The result of the reaction between Cp*RuCl, and
phosphine ligands described above depends critically
on the nature and amount of the phosphine. As the
basicity or donor properties of the phosphine increase
it becomes more difficult to stabilize a Ru(IIl) para-
magnetic complex and products of metal reduction are
obtained instead. When an excess of the bulky
phosphines PCy; or P(i-Pr); is used, coordinatively
unsaturated, 16-electron Cp*RuCl(PR;) complexes are
obtained. The analogous P(¢t-Bu); complex was ob-
tained from Cp*RuCl, and the phosphine in the pres-
ence of zinc.5!8 In the case of the less basic PPhg, the
product of reduction, Cp*RuCl(PPhy), can still be ob-
tained, but only after prolonged reflux in ethanol.5%
Reduction to Ru(Il) products also occurs with a variety
of other ligands, such as 1,5-COD or norbornadiene,?!
or with benzene and AgBF, in EtOH, which yields the
mixed-sandwich complex [Cp*Ru(n’-C¢Hg)]*BF,~.5% At
the reflux temperature of MeOH, EtOH, or PrOH, and
without Ag*, analogous derivatives with benzene, tolu-
ene, mesitylene, phenol, and other functionalized aro-
matic rings have been prepared.5?"522 Modification of
this procedure by using silver acetate and by applying
ultrasound at the ethanol reflux temperature increased
considerably the yields and allowed the preparation of
a wider variety of arene derivatives, including binuclear
[(Cp*Ru)y(n8,nt-arene)]?* compounds where arene =
polyarene (e.g. phenanthrene, triphenylene, biphenyl,
etc.).52 Reduction also occurs in the presence of Cp~
or substituted cyclopentadienyl reagents, giving high
yield of the mixed-ring ruthenocenes, Cp*(ring)Ru (ring
= Cp, Ind, Fl, C;Cl;, C;H,COCHj,).5 Pentamethyl-
ruthenocene, Cp*CpRu, has been conveniently prepared
by reaction of Cp*RuCl, with CpH in the presence of
zinc dust®®! and an analogous reaction with 2,4-di-
methyl-2,4-pentadiene gives the half-open ruthenocene
Cp*Ru(n®-CsH;Me,).53% The reaction with indenyl-
lithium gives the sandwich compound Cp*IndRu, which
reacts further with [Cp*Ru(MeCN);]* to give
[Cp*Ru(u-n%7%-Ind)RuCp*]*.5%¥ Cp*IndRu also form
from Cp*RuCl, and IndNa in THF.5% When no coor-
dinating ligand is present, the interaction with AgBF,
in ethanol generates the cluster [(Cp*Ru);(u2-Cl)g(u?
H)(u8-CH)]*BF," in yields as high as 40%.53%

The above reactions suggest that the Cp*Ru moiety
is stabilized mainly by donor ligands, and becomes a
fairly strong oxidant when it bears acceptor ligands.
This conclusion is substantiated by electroanalytical
measurements.’¥53 The cyclic voltammetric behavior
of [Cp*RuX,], (X = C], Br, I) is complex and sol-
vent-dependent and reflects the presence of the equi-
libria shown in eq 20. In methanol, two reversible
one-electron reduction steps are observed, presumably
to afford solvent stabilized dinuclear Cp*RuX. More
complex results are obtained in CH,Cl, and THF, in
which the Ru(II) product of reduction was found to be
unstable. The first irreversible reduction is assigned
to the two-electron reduction of neutral [Cp*RuX,],
followed by synproportionation with starting material
to yield the mixed-valence Cp*;Ru,X3, and the second,
partially reversible reduction involves the formation of
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TABLE IX. Group 9 Neutral Cyclopentadienyl Metal
Halides

ox. X
state Cl Br I

II Cp*CpCl Cp*CoBr Cp*Col
Cp*RhCl

ILITILIII  Cp*;CosClg

II1 (CsMe R)CoCl,; Cp*CoBr, (ring)Col,
(CsRs)RhCl, (CsRs)RhBr, (CsR;)RhI,
Cp*IrCl, Cp*IrBr, (CsRp)Irl,

[Cp*RuX], which subsequently decomposes. A more
%omsg;ex behavior is observed in the presence of excess

I,

Besides reduction, the Cp*RuCl, system is also sus-
ceptible to oxidation. Treatment with excess X, (X =
Cl, Br, I) in dichloromethane affords the Ru(IV) de-
rivatives CpRuX; in excellent yields. With only 1 equiv
of I,, the mixed trihalogeno complex Cp*RuCl,I was
obtained.’* Treatment with allyl chloride affords the
oxidized Cp*RuCly(n-C3H;) complex and C;H,Cl,. The
same product is obtained by using allyl alcohol, allyl
acetate, allyl benzyl or phenyl ether, allylamine, or allyl
phenyl sulfide with C-O, C-N, or C-S bond cleavage
and oxidation of the alcohol solvent or the PhS function
to disulfide. Allyl bromide gives a mixture of halogen
exchange products.5%538539

E. Ruthenium(IV)

The Cp*RuX; (X = Cl, Br, I) systems are obtained
by oxidation of Cp*RuCl, with excess X,. Most of the
reactivity studies have been carried out on the bromide
system. In CH,Cl, as solvent, coordinative addition of
selected two-electron donors occurs to afford the satu-
rated Ru(IV) complexes Cp*RuBr;L (L = CO, PPh,).
On the other hand, reduction of the metal occurs in
ethanol, which is transformed to acetaldehyde, with
formation of the paramagnetic Cp*RuBr,L (L = PPh,,
py) complexes. With NaBH, in dry ethanol in the
presence of PPh;, the trihydride complex, Cp*RuHj-
(PPhy,) is formed.5

XIII. Cobalt, Rhodlum, and Iridium

All the known monocyclopentadienyl halide com-
plexes of group 9 metals are shown in Table IX.

A. Cobal(II)

CoCl,, CoBryDME, and Col, react with Cp*Li in
THF at low temperature to form [Cp*CoX], in high
yields. The chloride compound is more stable than the
bromide, and the iodide compound cannot be isolated.
Its formation is inferred by the oxidation of the pentane
extract with I,, which gives Cp*Col,. 81140540 [Cp*CoCl],
has also been conveniently prepared by treatment of
CoCl, with Cp*SnBu;.54! An alternative preparation
method is oxidative addition of 5-halo-1,2,3,4,5-penta-
methyl-1,3-cyclopentadiene (halo = chloro, bromo, iodo)
to Coy(CO)g in petroleum ether at low temperature.!

In solutions of coordinating solvents (S), an equilib-
rium with the 17-electron Cp*CoX(S) mononuclear
species is established as shown by a combination of
quantitative EPR and 'H NMR studies (eq 21). The

[Cp*CoX], + 28 = 2Cp*CoX(S) (21)
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proportion of monomer increases with the coordinating
power of the solvent.®! Selected neutral donors split the
molecule into paramagnetic monomers of formula
Cp*CoXL (X = C), Br; L = py, PMe;, PMe,Ph).81:542
Reaction with CO and with bidentate, chelating ligands
(L = CO; L, = bipy, COD, 1,3-butadiene), however,
leads to valence disproportionation to Co(I) and Co(III)
products, e.g. Cp*CoL, and either [Cp*CoX,], or
Cp*CoX,L or [Cp*CoXL,]*X" depending on the nature
of X and L. When L = diphenylacetylene, the Co(I)
product is Cp*Co(1,2,3,4-tetraphenylcyclo-
butadiene).21:140,:540

Halide exchange with anionic ligands yields
[Cp*Co(u-Y)]; (Y = SMe, OEt, NH,), and Cp*,Co,(u-
X)(u-Y) (X = Cl, Br; Y = PPh,, NMe,). Reaction of
[Cp*CoCl], with TIPF, in propylene carbonate readily
generates the solvated Cp*Co* ion. Without isolation,
this has been converted to [Cp*Co(55-arene)]* com-
plexes where arene = [2,]cyclophane.??

Reduction with Na/Hg in the presence of CO or
ethylene yields Cp*Co(CO), or Cp*Co(C,H,),, respec-
tively.%0 Although the Cp*CoX compounds are ex-
tremely sensitive to oxygen, they are not as reducing
as cobaltocene, which suggests that air oxidation may
involve oxygen uptake rather than electron transfer. In
THF, the chloride compound shows three oxidation
waves in the cyclic voltammogram, assigned to two
consecutive processes of the dimer and to the oxidation
of the solvated monomer which is in equilibrium with
it. In the presence of LiCl, the cylic voltammogram
simplifies to leave only a single oxidation wave. This
is assigned to oxidation of the chloride adduct,
[Cp*CoCl,)-, which has been identified by EPR in
frozen solution but not isolated. The product of oxi-
dation of the latter is suggested to be [Cp*Co(u-
C1);CoCp*]*.8

A peculiar reduction occurs during the interaction
between [Cp*CoCl], and PhLi, to produce the trinu-
clear Co(I) system illustrated in XVI, as suggested by
NMR. The reaction is presumed to proceed through
a “Cp*CoPh” intermediate which would undergo dinu-
clear reductive coupling of the phenyl groups to afford
[Cp*Coly(u-n%:nS-Ph-Ph). The latter loses in part bi-
phenyl and rearranges to the product in order to achieve

an 18-electron count.53
]é% ‘§S\
®
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&

From the low-temperature reaction of [Cp*CoCl],
with NO, the structurally characterized (Cp*CoCl),(u-
NO)(u-Cl) has been obtained in low yields.54!

B. Rhodium(II)

Although the Rh(III) [Cp*RhCl,], system has been
known for several years, only recently has its Na/Hg
reduction to [Cp*RhCl], been discovered.4”#® No irid-
ium analogue has been reported to date. The com-
pound is reoxidized spontaneously to the Rh(III) pre-
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cursor by CH,Cl, or CHCl;, and it reacts with molecular
oxygen to afford a thermally sensitive material formu-
lated as the asymmetric dimer Cp*Rh(u,n':n%*Oy)(u-
CDRhCICp* and with nitrosobenzene to give the crys-
tallographically characterized Cp*Rh(u,7':7*PhNO)(u-
CHRKCICp* compound.** Compounds [(CsH,PPh,)-
RhX], (X = Cl, I) have been prepared by treatment of
[(CsH,PPhy)Rh(solvent)])?* (solvent = CH,Cl,) with the
corresponding halide. NMR work shows that the PPh,
phosphorus is coordinated to the metal, and a metal-
metal bonded dinuclear structure with terminal halide
ligand and bridging CsH,PPh, groups has been pro-
posed.5

C. Cobalt(II,III,III)

The compound (CsMe,Et),Co;Cl; is one of the prod-
ucts of the reaction of CoCl, with (CsMe Et)SnMe;
followed by addition of Cl,. Its structure is uncertain
as an X-ray analysis has not been carried out. The
compound has a low molar conductance in CH,Cl,.
Treatment of this material with water or CaClyH,0 in
a chlorinated solvent (CH,Cl,, chlorobenzene) produces
[(CsMe,Et)CoCly], and, from the latter, the trinuclear
mixed-valence species can be reobtained by prolonged
treatment with warm chlorobenzene. Treatment with
aqueous FeCl,/HCI in air gives [(CsMe,Et);Coy(u-
Cl);]*[FeCl ], whereas treatment with aqueous NH;
followed by PFg~ produces [(CsMe,Et)Co(NH;);] [PFg),.
Treatment with AICLEt in benzene or toluene and then
PF¢ in water gives high yields of [(CsMe,Et)Co(n®-
ring)][PFg], (ring = C¢Hg, C¢gH;CHj), whereas if the
AICLE¢ treatment is conducted in cyclohexane followed
by the addition of cyclohexa-1,3-diene and then aqueous
PFg, the [(CsMe Et)Co(75-C¢gH,)] [PF] salt is formed.54

D. Cobalt(III)

{CpCol,}, has been prepared by thermal decarbon-
ylation of the mononuclear carbonyl adduct, CpCol,-
(CO), which is obtained by oxidative addition of I, to
CpCo(CO),. The similar preparation of the corre-
sponding bromide compound failed and only cobalti-
cenium salts were obtained. For the chloride system,
the CpCoCly(CO) precursor could not be prepared.5
The same strategy also led to the formation of
Cp*CoX,.54¢-548 The neutral iodide dimer containing
a functionalized ring, {[CsMe,(CH,CH,CH==CH,)]-
Coly),, is obtained from [C;Me,(CH,CH,CH==CH,)]-
Co(CO), and I,, which generates the isolable diiodide
monocarbonyl intermediate, followed by thermal de-
carbonylation either in the solid state or in solution of
a high-boiling hydrocarbon. Intermolecular iodide
bridge formation is preferred to intermolecular com-
plexation of the double bond of the 3-butenyl side
chain.349850 {CpCol,}, also forms from the reaction of
CpCO(‘ﬂ"CsHG) with 12.551

The [Cp*CoX,), (X = Cl, Br) dimers have also been
obtained from the valence disproportionation of
[Cp*CoX], with dienes.14%540 Reaction of anhydrous
CoCl, with (C;Me,Et)SnMe;, followed by treatment
with Cl, gas, affords the [(CsMe,Et)CoCl,], complex
together with the trinuclear compound
(CsMe, Et),CosCly described in the previous section.
The two products can be interconverted (vide supra).
The dinuclear formulation of the green Co(III) product
is based on molecular weight determinations.?5 In
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weakly coordinating solvents such as THF, MeOH, or
acetone, CpCol, rapidly decomposes to produce, among
other products, the cobalticenium ion, whereas the
compound is quite stable in benzene and CH,Cl,. The
corresponding Cp* compound is stable toward this
decomposition pathway.®

In an attempt to synthesize Cp*,Co, it was found that
the reaction of [Co(NHj3)¢]Cl, and Cp*Li, followed by
in situ oxidation with FeCl;, produces [Cp*Co(u-
C1);CoCp*]*. Salts of [Cp*Co(u-X);CoCp*]* (X = Cl,
Br, I) can also be obtained by oxidation of the corre-
sponding [Cp*CoX], with FeX; (X = Cl, Br) or [,140540
and [(CsMe Et),Co,(u-Cl)5])* was obtained from the
trinuclear mixed-valence (CsMe Et),CosCl; and aqueous
FeCly/HCl/0,.54%

A solvent-dependent equilibrium is established be-
tween the species [Cp*CoX,], and [Cp*Co(u-
X)3CoCp*]*X"~ (eq 21a); toluene favors the neutral
compound, whereas the ionic form is present in nitro-
methane. In dichloromethane, a mixture of the two

[Cp*CoX;); = [Cp*Co(k-X)3CoCp*]*X~ (21a)

forms is present with the relative amount of ionic form
increasing in the order Cl < Br < 1.0 The [Cp*,Co,-
(u-CD3),[Co,Clg] salt was unexpectedly isolated from the
reaction of Na*[Cp*;Co,(k-CO),]~ with GeMe,Cl,.1%

CpCol, forms a mono-adduct with PPh; and with
py.38 Cp*Col, forms adducts with PPh;, PMe,Ph,
P(OPh);, AsPhg, and t-BuNC. An excess of the latter
yields [Cp*CoI(CN-¢-Bu),]1.134562 Analogous adducts
have been obtained from [C;Me,(CH,CH,CH=CH,)]-
Col,.5% Other (C;Me,R)CoX,L adducts form from
(CsMe,R)CoX, and PPh, py (only Cl), or CO (only Br,
I), whereas bipy, dppe, and PMe,Ph give [(C;Me,R)-
CoXL,)*X".

The halide ligands can be replaced by basic solvents,
especially if in the presence of Ag*. In aqueous NH;,
the [(C;MeEt)Co(NHj;);)%* ion is obtained.!%5% The
solvent adduct [Cp*Co(MeCN);][PF¢]; has been ob-
tained from Cp*Col, and AgPF in acetonitrile, whereas
a similar reaction in dimethyl sulphoxide leads to rup-
ture of the Cp*-Co bond and formation of [Co-
(OSMe,)g][PFgl,. In acetone, on the other hand, the
[Cp*Co(OCMe,);)[PFg), product appears to undergo a
rapid solvolysis of the PF¢ anion to give a difluoro-
phosphate complex which, contrary to the rhodium
analogue, is unstable and decomposes to give several
unidentified products.’® CpCo?* species solvated by
acetone, trifluoroacetic acid, or propylene carbonate
have also been prepared by using [CpCol,), and AgBF,.
These species are unstable and must be generated in
the presence of a substrate; e.g., arenes such as [2,]-
cyclophane form [CpCo(nf-arene)]?* complexes. Similar
intermediates containing the Cp* ring have been ob-
tained from [Cp*CoCl,], and AgBF, in the same sol-
vents.”? Water spontaneously and completely converts
the [Cp*CoX,], (X = Cl, Br) complexes to solutions of
the [Cp*Co-aq]?* cations. Spectroscopic and electro-
chemical data support the presence of mononuclear
dications in acidic solution and dinuclear [Cp*Co(u-
OH);CoCp*]* ions as the major species at Ph > 9. The
latter has been isolated as the BPh,™ salt.}?’ KOH in
isopropyl alcohol, on the other hand, converts
[Cp*CoX,]; to [Cp*CoX]y(u-H) (u-X) (X = Cl, Br, I).5¢
The halide ligands in [Cp*CoX,], (X = Cl, Br) can also
be exchanged with arenes in the presence of AICl; to
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afford the mixed-ring sandwich complexes [Cp*Co-
(n®-arene)]?*.53 The reaction of [Cp*CoCl,], with di-
methylglyoxime (dmgH,) gives Cp*Co(dmgH)C1.55

Reduction of [(CsMeEt)CoCl,y]; or [Cp*Col,), with
Na/Hg in the presence of excess olefin or diene gives
(CsMe,R)CoL, (L = ethylene; L, = butadiene,
COD).5‘5'5‘7'5"5£56 Analogous reduction in the presence
of propylene, followed by treatment with P(OMe)s,,
results in the formation of CpCo(C,H;CH;)[P-
(OMe);).57

E. Rhodium(III)

Reviews covering both general and particular aspects
of rhodium(III) as well as iridium(III) cyclo-
pentadienyl-halide chemistry up to the early 1980’s are
available.5d:568-560

Syntheses

[CpRhX,], (X = Br, I) has been obtained by addition
of the appropriate dihalogen to CpRh(l-exo-
CgH;CsH;).5%! The chloride compound has been ob-
tained by reflux of RhCl3:3H,0 with freshly cracked
CpH in methanol™ and from CpRhCl(n*-C;H;) with
HCl in MeOH.%? Kasahara et al. reported that CpRhI,
is also obtained by a remarkable ring contraction from
[RhCI(COD)], and I, in ether at 0 °C%3 but later at-
tempts to repeat this procedure have not been suc-
cessful.”

Reaction of the commercial RhClyxH,0 with hexa-
methyl(Dewar benzene) in methanol at 65 °C gives a
nearly quantitative yield of [Cp*RhCl,],.5¢ An alter-
native preparative method is interaction of the same
rhodium starting material with 1-(1-chloroethyl)-
pentamethylcyclopentadiene.’8565568 This material can
also be conveniently prepared from RhCly;xH,0 and
Cp*H in methanol.2 [(C;MeEt)RhCl,], has been ob-
tained from RhCl;xH,0 and C;Me,EtH,%" and more
recently the entire homologous series of
[(CsMe,H;.,)RhCL), (n = 0-5) has been made available
through the interaction of hydrated RhCl; and the
corresponding cyclopentadiene in warm methanol.2

[Cp*RhBr,]; has been prepared from RhBr;2H,0
and hexamethyl(Dewar benzene) or by halide exchange
from the corresponding chloride with NaBr in acetone
or LiBr in MeOH.5%8 Recrystallization from 1,2-di-
chloroethane resulted in partial halide exchange with
chloride originating from the solvent.5® A 55:45 mix-
ture of [Cp*RhBr,], and [CpRhBr,], is generated by
oxidation of CpRh(n*-pentamethylcyclopentadiene)
with N-bromosuccinimide. An analogous mixture of the
chlorides is obtained by treatment of the same pre-
cursor with Cl, or HCL.5 The [Cp*Rhl,], compound
has been prepared by halide exchange from the corre-
sponding chloride.8:%455571 Tt ig also formed from the
reaction of Cp*RhI(Ar)(CO) with Mel, which also gives
ArCOMe,*" and from Cp*RhMePh(CO) and PhI.5™

Reactivity

Adducts and Substitution Reactions. [Cp*RhCl,],
has labile chloride ligands and has a tendency to be-
come cationic with three bridging anionic ligands. For
instance, it reacts with NaBPh, in MeOH to produce
[Cp*Rh(-Cl);RhCp*]BPh, and with TIPF, to give the
PFg salt. These reactions are reversible; treatment with
a source of Cl™ regenerates the neutral precursor. With
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NaOH, AgPF,, Ag,0, or AgNO; in water, the [Cp*Rh-
(u-OH)3sRhCp*]* complex is obtained,!4147457 which in
acidic solution gives the less well-characterized aquo
cation, [Cp*Rh(aq)]?*.4

The halogen bridges are cleaved by a variety of
monodentate (L) or bidentate (L,) ligands to form
mononuclear (C5R5)RhX2L, [(C5R5)RhXL2]+, or
[(CsRs)RhL;)?* or binuclear [(CsRs)RhX,]5(L-L) de-
rivatives. This occurs with amines, pyri-
dines,6:561,564,565,576 hiny and phen,!3%133 hydrazines,”’
dimethylglyoxime,5%* isocyanides,’’8-58 phos-
phines,76.564,565,584-589 pyridazine,’® and sulfur lig-
ands.13%5%1  Addition of Me,AsSMe produces
Cp*RhCl,(Me,AsSMe) where the monodentate ligand
is coordinated through arsenic.®!® With dimethyl
sulfide, a compound of stoichiometry [Cp*RhClz]g-
(SMe,) containing a bridging thioether is obtained.!%
The macrocyclic 1,4,7,10,13,16-hexathiacyclooctadecane
ligand forms the [Cp*;RhyCly(S¢C,oHy,)1%* cation where
the two rhodium centers have terminal chlorides and
are bridged by the macrocyclic ligand.5®? Cleavage of
the bridging iodides in [Cp*Rhl,], by P(OMe); is fol-
lowed by Michaelis-Arbuzov type reactivity to generate
Cp*RhI[P(OMe);][P(0)(OMe),] in acetone, or
{Cp*Rh[P(OMe);],[P(0)(OMe),]}* in methanol.5

Ezxchange of chloride with other halides occurs as
mentioned above. Other exchange reactions with
AgO0,CCHj,! thiolates, 1,2-Co(CN),S,*",1% S,CZ (Z =
NR,, Me, PR,, OR),135:594585 N.- NCO-, SCN-, NO,",
NO;,5% B-diketonates,’®” catechol,5®® N-alkyl-N-
nitrosohydroxylamido (RN(NO)O"),5% and a-amino-
acidates® to give {Cp*RhX,},, [Cp*RhX;], Cp*RhX,L,
or Cp*RhCIXL type complexes have been described.
The functionalized carboxylate Ph,PCH,COO" gives
mononuclear Cp*RhCI(OCOCH,PPh,) where the new
ligand is O and P bound to the metal center.8! Di-
phenylphosphine sulfide, Ph,P(S)H, in the presence of
KOH, gives the unstable Cp*Rh(PSPh,), which rear-
ranges to the dithiophosphinate complex Cp*Rh-
(S,PPh,)(PSPh,).80260 Elimination of Me;SiCl during
the reaction of [Cp*RhCl,], with (Me;Si),S yields the
cubane cluster [Cp*Rh(u;-S)],.% Hydrotripyrazolyl-
borate and similar reactants give the [Cp*Rh(Ypz;)]-
[Pg‘oe5 . products (Y =BH,Bpz,n=1;Y=CH,n =
2).6056% The pyrazolate anions (from pzH and Et;N)
reacts with ring-unsubstituted [CpRhCl,), to form the
bis-pyrazolate-bridged dimer, [CpRhCl(u-pz)],.%7 Re-
lated to the above exchange reactions is also the for-
mation of the mixed-metal Cp*CIRh(u-SPPh,),P-
(SgCNEtg) and {(ﬂs-CGMes)RU(#-Cl) [M-PO-
(OMe),],RhCp*}* systems by interaction with [Pt-
(S;CNEt,)(Ph,PS),]~ and {(n%-C¢Meg)RuCl[PO-
(OMe);)s}, respectively. 808608

Interaction between [Cp*RhCl,], and Na;,MoO, in
water affords the compound [Cp*RhMo0,],, whose
structure shows a triple cubane framework consisting
of two RhyMo,05 cores,51° whereas (PPh,),WS, gives the
linear mixed-metal trimer, [Cp*RhCl(-S),),W.51! Un-
der slightly different conditions, the latter reagent gives
another derivative, [Cp*RhW(0)(u-S,) (u-S),)5.612 With
NaVO;, the (Cp*Rh),V¢0,9 molecule is assembled. This
consists of an octahedral arrangement of vanadium
atoms around a central oxygen atom, each vanadium
being in turn surrounded by six oxygen atoms in an
octahedral arrangement. The four Cp*Rh units cap
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alternate triangular face of the resulting
“superoctahedron” for an overall T; molecular sym-
metry.813 The cis-Nb;W,0,,* anion gives the rhodi-
um-containing polyoxometalate [Cp*Rh(Nb,W,0,9)]*
as a mixture of two diastereomers.®14

Interaction between CpRhBr, and [CpM(CO),,]” (2
equivyM=Ni,n=1,M=Fe,n=2,M=Mo,W,n
= 3) yields the corresponding CpsRhM,(CO),, clus-
ters.1¥” [Cp*RhCl,), and 2 equiv of the dianion Fe;-
(CO)(PPh),> give the mixed metal clusters
Cp*RhFe;(CO),(u,-PPh), (x = 8, 9),146 whereas with 4
equiv of Co(CO),” the cluster Cp*,Rh,Co,(CO);, is ob-
tained.!4

The arachno-thiaborane [6-SBgH,,]™ ion reacts with
[Cp*RhCl,], to form several products, one of which has
been identified by X-ray crystallography as the pseu-
doicosahedral (Cp*Rh),(SBgHgCl) with two Cp*Rh
fragments occupying two adjacent vertices of the
polyhedral structure.6!® Chlorine transfer to a borane
cluster also occurs during the reaction between
[Cp*RhCl,), with arachno-B,;H,,-6,9-(PMe,Ph),, to
give the eleven-vertex nido compound 7-
(Cp*Rh)B,(H,,-8-Cl-11-(PMe,Ph) in low yield.616617
Other rhodaborane clusters obtained from [Cp*RhCl,],
and borane or carborane reagents are closo-[1-
(Cp*Rh)B,(Hy-2-X] (X = H, OMe),®V" nido-[6-
(Cp*Rh)BgHa%] ,618 (Cp*Rh)2B17H19’619 ClOSO‘[2-Cp*Rh'
1,6-C,B;H,),%° nido-[5-(Cp*Rh)BgH,;],8%! closo-[3-
Cp*Rh-1,2-C,B.H,,],6%2 and the mixed-metal isonido
cluster compounds Cp*,RhHIrByH,, and
Cp*,RhHIrB,H,C1.62 The telluraborane nido-[7-
TeB,oH,,]" gives closo-[2-(Cp*Rh)-1-T'eB,oH,,].5%
Some of these reactions generate several different by-
products while others are quite selective and afford
products in high yields. The [CpRhl,], material reacts
with T1(3,1,2-T1C,BgH,,] to groduoe the rhodacarborane
closo-3,1,2-CpRhC,BgH,,.8%

[Cp*RhCl,), reacts in alcohol solvent with CO in the
presence of excess Et;N to undergo ligand substitution
followed by nucleophilic addition at the coordinated CO
with 2é)roduction of Cp*Rh(CO)(COOR), (R = Me,
Et).8

Formation of [Cp*Rh(solvent)s][PF¢], (solvent =
MeCN, Me,SO, pyridine, acetone, CH,Cl,, MeOH, CS,
or NHj3) complexes occurs by treating [Cp*RhCl,], with
AgPFy in the appropriate solvent.!35137 These com-
plexes are very useful intermediates; they interact with
phosphines, phosphites, sulfides,!®%27 and thionitroso-
dimethylamine®® to form [Cp*RhL;]** complexes
and/or other mixed-ligand derivatives, with the P;043
ion to form [Cp*Rh(P;04)]°,%%® with
(Bu,N)gP,W,sNb3Og, to form impure samples of
(Bu4N)7[Cp*RhP2W15Nb3062] ,630 with CpM(COT) (M
= Co, Rh) to form the asymmetric [Cp*Rh(COT)-
MCp]?* systems,®! and with a number of aromatic
compounds to form mixed sandwich complexes
[Cp*Rh(ring)]?* (e.g. ring = arene, aniline, anisole, ox-
ycyclohexadienyl, thiophenes).137832-63% When the aro-
matic system is indene or the like, the first [Cp*Rh-
(n%-polyene)]?* product often rapidly loses a proton to
afford a monocharged sandwich species, [Cp*Rh(5°-
polyenyl)]*, where the condensed aromatic system binds
the metal through a cyclopentadienyl ring.837.638
[Cp*Rh(ring))?* complexes have also been obtained
directly from [Cp*RhCl,], by refluxing with the aro-
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matic compound in trifluoroacetic acid.**® The mixed-
sandwich complex Cp*Rh(75-C,H,BN-i-Pr,) has been
obtained from [Cp*RhCl,); and Liy[C,H,BN-i-Pry)840
and, similarly, Cp*Rh[%-C HB,(NMe,),] is obtained
by USing Li2[1,2-C4H4B2(NM62)2]-641

The alkylation of [Cp*RhCl,], is a particularly in-
teresting reaction. Reaction with MeLi gives low yields
of the Rh(IV) derivative cis-[Cp*RhMe(u-CHj)],, which
converts to the corresponding trans isomer. The isom-
erization is catalyzed by Lewis acids.®#?> The yields of
the Rh(IV) bis-methylidene-bridged dimer can be in-
creased to almost quantitative by adding excess acetone
as oxidizing agent. Carrying out the Al,Meg addition
at low temperature generates an intermediate species
originally interpreted as Cp*RhMe,(u-Me)Al(Me) (u-
Cl);AlMe, and later reformulated as
[Cp*RhMe;);AlMe, according to eq 22 (M = Rh).84

2[Cp*MClg]2 + 5A12M06 g
2(Cp*MMe,),AlMe + 4AL,Me,Cl, (22)

Addition of ligands to this species generates com-
plexes of the type Cp*RhMe,L, whereas oxidation with
air or, better, with a hydride acceptor such as acetone,
results in smooth convertion into cis-[Cp*RhMe(u-
CH,)], which rapidly isomerizes to the trans com-
pound.®484 In addition, a less understood reaction
takes place when [Cp*RhCl,], and Al,Meg are mixed
in very concentrated solution to give methane and the
trinuclear di-uz-methylidyne complex (Cp*Rh);(us-
CH),.%¢ Alkylation with Al,Ete, on the other hand,
produced Cp*Rh(C,H,), as the major product in ad-
dition to small amounts of the 1-methylallyl complex
Cp*RhCl(CH,CHCHMe). This reaction differs dra-
matically from the analogous alkylation of Cp*RhCl,-
(PMe;), which gives the expected diethyl complex,
Cp*RhEt,(PMe,).84"

[Cp*RhCl,], reacts with mono- or polyolefins in eth-
anol, usually in the presence of a base such as Na,COj;.
Products are either of the Cp*RhCl(allyl), [Cp*Rh-
(n°-dienyl)]*, or Cp*Rh(diolefin) type with the impli-
cation of hydride intermediates. The latter are relevant
to the activity of these materials as olefin hydrogenation
catalysts.570:848-851 T the absence of olefin, the
[Cp*RhCly], compound reacts with alcohol and base to
form the dinuclear hydride (Cp*RhCl)y(u-H)(u-Cl).
The same product is obtained when the Rh precursor
is reacted with NaBH, or LiAlH, or H, in a basic me-
dium 52852

Redox. A cyclic voltammetric investigation of
[Cp*RhCl,), in CHZCI? is consistent with the reactivity
shown in Scheme II.*

Scheme 11

[Cp*RhCl;], Cp*Rh(u-Cl);RhCp* (23)

2Cp*Rh(u-C1);RhCp* — [Cp*RhCly], + [Cp*RhCl],
(24)

+e, ~CI”

Cp*Rh(u-Cl);RhCp* ——=

[Cp*RhCl], (25)

-2e, +2C1°

The valence disproportionation of eq 24 is slower in
the presence of excess Cl, indicating chloride dissoci-
ation as the rate-determining step. In acetone, the
cyclic voltammogram is only slightly different with re-
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spect to the voltammogram obtained in CH,Cl;. The
difference is due to equilibrium 27, which is shifted to
the right in the more ionizing acetone solvent. As a
result, the oxidation wave due to process 28, which
occurs at a more positive potential with respect to
process 23, is more pronounced.

[Cp*RhCly); = [Cp*Rh(u-C1);RhCp*]* + CI-  (27)

[Cp*Rh(x-Cl);RhCp*]* — Cp*Rh(u-Cl);RhCp*
(28)

The reduced complex [Cp*RhCl], has been obtained
by chemical reduction of [Cp*RhCl,], with Na/Hg* or
with Cp,Co.#

In analogy to the reaction with olefins, the reaction
of [Cp*RhCl,], with alkynes also requires base. Under
these conditions, phenylacetylene gives two products,
XVII and XVIII, both containing a coordinated cyclo-
butadiene functionality.6%3

Ph

Ph Ph

Ph Ph
coRh—E) o cp*R—E)
Ph Ph Ph
xvi Xvin

[Cp*RhCl,]; reacts with zinc under CO to produce
Cp*Rh(CO),,%* with Na/Hg in the presence of a variety
of phosphine or phosphite ligands to yield Cp*RhL,
complexes®’ and with Ni(PF;), to generate Cp*Rh-
(PF3);. In the latter reaction the nickel complex
functions as both PF; source and dehalogenating
agent.85585% Conproportionation of [Cp*RhCl,], with
Cp*Rh(PMe,H), gives the Rh(II) dimer [Cp*Rh(u-
PMe,)],.5%8 In the reaction with methoxydivinylborane,
cobaltocene acts as the reducing agent and chloride
acceptor for [Cp*RhCly], to afford Cp,CoCl and
Cp*Rh[MeOB(CH=CH,),).%5"

The reaction of [Cp*RhCl,], with R3SiH gives the
Rh(V) dihydride compounds Cp*Rh(H),(SiR3), (R3 =
Me;, Et;, Me,Ph, n-Buj,).%8-61 The analogous reaction
with Ph;SiH gives a mixture of Cp*RhH,(SiPh;), and
Cp*RhH,(SiPhg)(SiPh,Cl1),%2 whereas that with
(EtO);SiH to generate Cp*Rh(H)32[Si(OEt)3]2 requires
the presence of triethylamine.®® The intermediate
Cp*;Rh,HC]; complex was detected in these reactions.

The possibility to stabilize Cp*Rh (and Ir) complexes
in higher oxidation state by the use of dihalogen oxi-
dation has been speculated. However, reaction of
[Cp*MX,), (M = Rh, Ir) with chlorine or bromine gave
at best only unstable materials and [Cp*RhCl,]; does
not react at all with chlorine. However, [Cp*Rhl,],
reacts with 1 equiv of I, to give “Cp*Rhl;” and with
excess I, to give “Cp*Rhl,”. Spectroscopic data are
consistent with these molecules as being dimers of
Rh(III) with polyiodide chains as ligands, in analogy
with the structurally characterized Ir analogues.%4

F. Iridium(1II)
Syntheses

[Cr*IrCly], has been prepared from IrCl;:3H,0 and
1-(1-chloroethyl)pentamethylcyclopentadiene. The

Poll

hexamethyl(Dewar benzene) route employed in the
rhodium case (vide supra) also generates the desired
products but in much lower yields.”85 More recently,
this material has been conveniently prepared from
IrClyxH,0 and Cp*H in methanol.?223,868
[(C¢Me,Et)IrCl,], was prepared in low yields from an-
hydrous IrCl; and (Cr;MeEt)Na, whereas the direct
reaction between IrCl;:xH,0 and CsMe EtH, contrary
to the rhodium system, fails to give any of the expected
product.567

Interaction of CpIr(COT) and an equimolar amount
of I, in methylene chloride at room temperature affords
insoluble brown CplrI,.%’ An analogous synthesis has
been accomplished starting from Cplr(»*-1,3-cyclo-
hexadiene), obtained in situ from [(n*-C¢Hg)IrCl], and
CpT1.%8 The Cp* analogue was obtained by halide
metathesis from the corresponding chloride and Nal in
acetone,%5 whereas [Cp*IrBrzs]gswas obtained from the
chloride and LiBr in MeOH.

“Cp*Irl;” and “Cp*Irl,” are prepared as described
above for the Rh counterparts. The structure of the
“triiodide” compound is almost identical with that il-
lustrated above in XV for the Cp*Crl; species, the only
difference being the I, ligands that bridge different
dinuclear units of Ir(III) are more symmetric (I"eIyeI"
for the Ir compound as opposed to I;™I" for the Cr
compound). The “tetraiodide” compound is also for-
mulated as a Ir(IIT) species.5¢4

Reactivity

The [(CsR;)IrX,), systems react with amines, pyri-
dines, phosphines, sulfides, CO, and isocyanides to af-
ford derivatives of the (CzR;)IrX,L
type.16:576,683,585,501b,665,667-669. Biny phen, and dppe give
[Cp*IrCI(L-L)]* cations.13:133,670

Exchange of the chloride ligands with other halides
occurs readily, and other exchange reactions proceed
in general similarly to those of the corresponding rho-
dium systems,!35-137141,675,567,600,633,836,671 53 o the reac-
tions with olefins 57064865188 However, the reaction with
2 equiv of LINH-¢-Bu per Ir atom to afford the mono-
nuclear imido complex Cp*IrN-¢-Bu has not been re-
ported for rhodium.6’? Reaction of [Cp*IrCl,], with
pyrazole and KOH yields a neutral Cp*Ir(pz),(Hpz)
compound with three equivalent pyrazole ligands on the
NMR time scale, whereas the similarly prepared ana-
logue with 3,5-dimethylpyrazole shows two types of
ligands in a 2:1 ratio.67

Attempts to obtain [Cp*,Iry(u-Cl);])* by treatment of
[Cp*IrCl,], with NaBPh, in MeOH in analogy with the
rhodium system failed, but reaction with AgClO, or
TIBF, in dichloromethane gives the corresponding salts
[Cp*,lry(u-Cl)5)X (X = ClO,, BF,). Addition of iodide
to these salts generates Cp*,Ir,Cl;I which is a mixture
of isomers with the iodide in bridging or terminal
positions, and treatment with P(OMe); gives a mixture
of Cp*IrClzlp(OMe)sl and [Cp*IrCl{P(OMe)3lz]ClO4.l°7
[Cp*Ir(u-Cl)3IrCp*]* has also been obtained by treating
[Cp*IrCl,]), with 48% aqueous HBF, in acetic anhy-
dride/CH,Cl,.6%®

Interaction in water with Na,Mo0O,,81° (NH,),WS, 512
or NaVO351 gives [Cp*IrMoQ,],, [Cp*IrWO (u-S;) (k-
S)g)g, or (Cp*Ir), V40, in complete analogy with the
rhodium system. From the arachno-[ByH,,]” system,
the nido-[6-Cp*IrBgH,3] product is obtained.?! Reac-
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tion with T1B3;Hg, on the other hand, gives a mixture
of 2-(Cp*IrX)BsHy (X = Cl, H) together with some
Cp*IrtH,. The hydride species undergoes a thermal
rearrangement to 1-(Cp*IrH)B;H,.%™

The complex [Cp*Ir(acetone)3]2+ is the main entry
to mixed-sandwich complexes of the type [Cp*Ir(n®-
ring) ]2+ where ring = arene!3313 or thiophene.83663675,676
It also reacts with CpRh(COT) to produce the mixed-
metal system [Cp*Ir(COT)RhCp)?* 8! Mixed-sandwich
complexes have also been obtained by refluxing
[Cp*IrCl,], with the arene in CF;COOH as solvent.®¥

The reaction of [Cp*IrX,], with either KOH or
NaBH, in i-PrOH, or H, and NEt; in CH,Cl, yield the
(Cp*IrX),(u-H)(u-X) (X = Cl, Br, I) complexes in
analogy with the rhodium system.52568652 However,
extended treatment of [Cp*IrX,], or (Cp*IrX)z(u-
H)(u-X) with 2-propanol and Et;N or with H, in the
presence of a base gives the bis-hydride complexes,
[Cp*IrX(u-H))y, whereas the rhodium analogue forms
only the mixed halo-hydrido-bridged system.5%® The
reaction of [Cp*IrCl,], with H; in a i-PrOH/acetone-
/H,0 mixture yields [Cp*Ir(u-H);IrCp*]*.5¢ This has
been converted with Et;BH" to the Ir(V) hydride com-
plex Cp*IrH,, which in turns reacts with CCl, to re-
generate the dichloride parent system.®”” Other Ir(V)
compounds, Cp*IrH,CI(SiEt,) and Cp*IrH,(SiEt,),, are
obtained sequentially from [Cp*IrCly], and Et,;SiH.
The presence of NEt; is beneficial in the second step
of this sequence. An analogous oxidation is induced by
Bu,;SnH, to give Cp*Ir(H),(SnBuy),.%! The reaction
with Ph;SiH stops at the monosilyl product,
Cp*IrH,CI(SiPh,).562678

[Cp*IrCl,], reacts with Al;Megq in pentane to initially
form the (Cp*IrMej);AlMe derivative in analogy to the
rhodium system (see eq 22 (M = Ir)).%® However,
subsequent oxidation by air gives the Ir(V) derivative
Cp*IrMe, in moderate yields. When acetone was added
to this reaction mixture, the formation of products
analogous to those obtained for rhodium, i.e. cis- and
trans-[Cp*IrMe(u-CH,)], is observed, although yields
are lower. Other byproducts of this reaction are cis-
Cp*Melr(u-CH, sfsrCle* and the trinuclear (Cp*Ir);-
(u3-CH), cluster.8456796%0 When [Cp*IrCl,], and Al,Me,
are mixed in toluene or benzene followed by quenching
with acetone, a mixture of trans-m- and p-tolyl-Cp*-
(CH;3C¢H,)Ir(u-CH,),IrMeCp* complexes or the corre-
sponding phenyl analogue forms in low yields, showing
that oxidative addition of the solvent C-H bonds has
occurred.®® The alkylation with Al,Ets proceeds in
analogy to the rhodium system to form Cp*Ir(C,H,),
and minor amounts of Cp*IrC1(CH,CHCHMe).84” The
reaction of [Cp*IrC&aaz with allyl Grignard affords
Cp*Ir(3-C3H;)C).882

Fe3(CO),; reduces [Cp*IrClz]% to a mixture of
Cp*Ir(CO), and Cp*IrFe,(CO),.766% A better and
higher yield procedure for the formation of the Ir di-
carbonyl species is reduction of [Cp*IrClzlz with Zn
under a CO atmosphere.? Ni(PF;), gives a mixture of
the reduced Cp*Ir(PF;), system and an isomer of the
latter which derives from oxidative addition of a P-F
bond, Cp*IrF(PF,)(PF;).655,656

XIV. Nickel, Palladium, and Platinum

All the known monocyclopentadienyl halide com-
plexes of group 10 metals are shown in Table X.
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TABLE X. Group 10 Neutral Cyclopentadienyl Metal
Halides

ox. X
state Cl Br I
II Cp*NiCl Cp*NiBr Cp*Nil
CpPdCl CpPdBr
v Cp*PtBr; (7)

A. Nickel(II)

Reaction of NiX, DME (X = Cl, Br) with Cp*Li in
THF at -10 °C yields thermolabile [Cp*NiX], com-
pounds, characterized by mass spectrometry.?!! Oxi-
dative addition of 5-halo-1,2,3,4,5-pentamethyl-1,3-
cyclopentadiene (halo = bromo, iodo) to Ni(CO), in
THF produces [Cp*NiX], (X = Br, I). The iodo com-
pound appears to be thermally more stable. A bypro-
duct of this reaction is Cp*NiX(C0).3? CpNiCl has
been mentioned as the product of hydrochlorination of
CpNiR. It has been trapped by PPh; to form the
CpNiCl(PPhy) adduct, whereas it decomposes in the
absence of phosphine at temperatures higher than ~20
°C to give a mixture of nickelocene and an ill-charac-
terized CpNi,Cl; compound.8%

[Cp*NiX], (X = Cl, Br) reacts with PPh; to yield
Cp*NiX(PPhy), with CpNa to yield Cp*CpNi, with
COD to yield [Cp*Ni(COD)]*, and with Na,COT to
yield (Cp*Ni),(COT).5!! The direct interaction of NiCl,
with CpLi and then allylmagnesium chloride to gen-
erate CpNi(n®-C5H;) presumably proceeds through the
intermediacy of CpNiCL%8 Reaction of [Cp*NiBr],
with P(OMe); initially generates the Cp*NiBr[P-
(OMe);) adduct, followed by Michaelis—Arbuzov type
reaction with extra P(OMe); to give Cp*Ni[P-
(OMe),][P(0)(OMe),).*

B. Palladium and Piatinum(11I)

CpPdX (X = C], Br) have been obtained from the
interaction of C;Hg and PdX, in water. The compounds
are insoluble in common organic solvents but soluble
in liquid ammonia, from which they can be recovered
unchanged. They do not reacts with CpNa.?® The
corresponding indenyl system, [IndPdCl),, has been
obtained from PdCl, and IndNa®’ or from Na,PdCl,
and indene in the presence of MeONa.?2 More recently,
these as well as other 73-allylpalladium chioride dimers
have been prepared from the reaction of Na,PdCl, and,
e.g., CpSiMe; or IndSiMe,.%%6

Analogous species of Pt do not appear to have been
described. The reaction of PtCl, and CpNa produces
the dinuclear Cp,Pt, complex,%¥ whereas, in the pres-
ence of CpH, MX, (M = Pd, Pt; X = C], Br) and CpNa
give mixtures of Cp,M, and (CpM),(u-CpH).6° No
intermediacy of CpMX species has been indicated in
these reactions. A variety of adducts with two electron
neutral donors, CpMXL, has been prepared directly
from ngl;‘g and a source of Cp~ or by other
routes,586:691-69

C. Piatinum(IV)

A Cp* bromo complex of Pt(IV) has been obtained
in low yields from the reaction of (CsMesH)PtCl, and
excess Bry, in CHCl;. The compound has been formu-
lated as [Cp*Pt(u-Br);PtCp*]Br; but its characteriza-
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tion is made difficult by the poor solubility in all com-

mon

solvents.1* Mixed halo-alkyl derivatives

Cp*PtMe,Brs, (n = 1,2,3) have been reported recently.
While Cp*PtMe; and Cp*PtMe,Br were obtained from
Cp*MgCL-THF and, respectively, PtMe;I or PtMe,Br,,
the Cp*PtMeBr, derivative was obtained by bromina-
tion of Cp*PtMe,Br in which the formation of CH;Br

was

also observed.®® Prolonged exposure of

Cp*PtMeBr, to excess Br, gives a small amount of a
highly insoluble brick red solid, which may be the same
material obtained!!* by Taylor and Maitlis. The mixed
methyl-chloro compound, Cp*PtMe,Cl, has also been
reported.’
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