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Monometal Hydrido-complexes of Transition Metals

G.L.Soloveichik and B.M.Bulychev

Published information on the chemistry of these complexes stabilised by cyclopentadieny| and other ligands is systematised,
and modes of formation of a metal-hydrogen bond in their synthesis are discussed. Consideration is given to the influence
on this bond of the structure of various types of transition-metal hydrides containing one, two, or three cyclopentadienyi
groups in the coordination sphere. The possibility of stabilising the bond with o-donor ligands is discussed. The chemical
properties of these compounds and the possibility of their use as catalysts are examined. A list of 160 references is included.
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I. INTRODUCTION

Intensive research has been undertaken during recent
years on the preparation and properties of molecular hydrides
of transition metals. The unfailing interest taken in them is
associated with the development of modern views on the
nature of the chemical bond and the stereochemistry of com-
plexes containing a hydrido-ligand, as well as the theory and
practice of homogeneous and heterogeneous catalysis of the
reactions of unsaturated compounds. One of the most
interesting and least studied aspects is catalysis on systems
of the Ziegler—Natta type. Hydrido-complexes containing a
transition metal together with a non-transition metal can be
taken as models of the active centres in these systems. In
most cases such complexes can be regarded as derivatives of
individual transition-metal hydrides.

The most effective electron-donor ligands stabilising a
metal-hydrogen bond are m-accepting (carbonyl, nitrosyl,
phosphines, phosphites, arsines, ete.) and w-donor groups
(n-cyclopentadienyl, related groups, and to a less extent
arsines). m-Accepting ligands form coordinatively saturated
mononuclear compounds (phosphorus- or arsenic-containing
hydrides) or cluster compounds (carbonyl hydrides), which
with rare exceptions do not yield complexes with compounds
of non-transition metals, Lewis acids. These hydrides have
been studied in some detail, and surveyed in reviews!™>.

Most of the dimetal hydrido-complexes reported contain
cyclopentadienyl ligands. Dicyclopentadienyl hydrides of
transition metals have been covered in previous reviews!:®7,
During the past five to six years, however, results of funda-
mental importance have been obtained on the structure of
known compounds of this type and on the synthesis of new
ones, especially dinuclear complexes containing (n: o =CgH,)
groups or a fulvalene ligand (n-C;H,—n-CsH,). In this con-
nection definite interest attaches also to the less stable mono-
cyclopentadienyl hydrides of type CsHsML;H, and C;HML,Hp,,
which are isoelectronic with the dicyclopentadienyl hydrides
(CsHs),M'H,, as well as the recently prepared transition-
metal hydrides stabilised with c-donor ligands (groups con-
taining nitrogen or oxygen).

Hydrides have been described containing one, two, or
three cyclopentadienyl groups attached to a transition-metal
atom. The most stable and most thoroughly studied are
dicyclopentadienyl hydrides, which can be subdivided into
two main groups—the true dicyclopentadienyl hydrides of
general formula (n-CsHs),MH, (n = 1-3) and the so called
bismetallocene hydrides—in the latter of which the metal—

hydrogen bond is formed by rearrangement, accompanied by
N\

dimerisation, in an unstable metallocene (C¢H;),M with migra-
tion of hydrogen from a cyclopentadienyl group to the metal
atom. Dimerisation is effected either through a bridging
fulvalene ligand n-CH,~n-CgH, (structures of the "stable
titanocene" type®) or by two n: ¢ = CzH, groups (structures
of niobocene type®).

Rh
I
H_HLL_HN

H

Figure 1. Structure of monocyclopentadienyl hydrides:
a) (CsH:),Rh H; ' b) (CH;),CoH,; ! ¢) (CHy)NiH,. P2

The unstable monocyclopentadienyl hydrides of transition
metals are stabilised either by the addition of two-electron
and in some cases one-electron ligands or by the formation
of clusters, among which (CsHs),Rh,H,'® (C;H,),Co,H, "
and (CsH;),Ni,H;'? are known. In all these compounds the
hydrogen atoms are attached to three transition-metal atoms,
and are located above the plane of the triangle formed by
the latter (Fig.1). Stabilisation by means of electron-donor
ligands results in the formation of complexes of type
C HsM(ArH)H,, C;HMLH,, CsHML,Hy, and C;HMLXHp,
where n = 1--3, L is a two-electron ligand, and X a one-
electron ligand. These compounds are isoelectronic with
dicyclopentadienyl hydrides (C H;),MH, of the metals on the
right or on the left in the Periodic Table.

Descriptions have appeared not only of neutral cyclopenta-
dienyl hydrides but also of anionic (of metals in Groups IV
and V) and cationic (in Groups VI-VIII) complexes.
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Il. METHODS OF PREPARATION OF CYCLOPENTADIENYL
HYDRIDES OF TRANSITION METALS

Methods of obtaining cyclopentadienyl hydrides are in
general the same as those for other transition-metal hydrides
stabilised with maccepting ligands. Possible sources of
hydrido-hydrogen are molecular hydrogen, cyclopentadienyl
groups, hydrides and alkyl compounds of non-transition
metals and boron, compounds containing mobile hydrogen
atoms, in particular Brénsted acids, and also apparently sol-
vent molecules in certain cases. Our survey of general
methods for synthesising cyclopentadienyl hydrides of tran-
sition metals will be based on the classification suggested in
Ref.7+.

1. Reactions with Molecular Hydrogen

(1la) Oxidative addition

Hydrogen adds reversibly to permethyltitanocene to give
the corresponding titanium(IV) dihydride®®:

(CsMes)e Ti + Hy, = (CsMes's TiH; . : n

Chromocene reacts with carbon monoxide and hydrogen
under high pressures to yield'* C;H;CrH(CO),. Formation of
an anionic complex Na*(C:H;),TiH; in the system comprising
dicyclopentadienyltitanium dichloride with sodium naphthalide
in an atmosphere of hydrogen also probably involves oxida-
tive addition of hydrogen to unstable dicyclopentadienylti-
tanium followed by reduction!®.

We may note also the displacement of m-bonded ligands by
hydrogen, reported for dinitrogen complexes of zirconium (II)*®
and molybdenum(0)*7:

toluene

[(CsMeg)g Zr (N3)Js Nj + Hy —55s5 > (CsMes)s ZrHy + Ny -

(1b) Hydrogenolysis of Metal—Carbon o-bond

In some cases a metal—alkyl bond is very readily split by
hydrogen with formation of metal-hydrogen bond. Thus
dicyclopentadienyldimethyltitanium reacts with hydrogen even
under low pressures, but the reaction becomes explosive
when the pressure is raised above 250 mmHg'® {Cp =CH;]:

solid phase

"z < 250 mmpz ~ (CpaTit)y + 4CH, -

2Cp,TiMe; + 3H,
A similar reaction has been reported for bispentamethylcyclo-
pentadienyldimethyl compounds of uranium and thorium?®:

toluene

2 (CsMeg); MMe, + 4H; —5zoz—> [(CsMeg)s MHa]; + 4CH, .«

(1c) Hydrogenolysis of Metal—Metal Bond

Fission of a metal-metal bond by hydrogen has been
reported only for cyclopentadieny! carbonyls of Group VI
metals. Tricarbonyleyclopentadienylchromium hydride is

+ The numbering in the columns denoting "preparation"
in Tables 1, 5, and 7 corresponds to the subheadings in this
Section.
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formed?® by the action of hydrogen on bis(tricarbonylcyclo-
pentadienylchromium) at 150 atm and 70 °C. The corre-
sponding reaction with the molybdenum compound takes place
under still more severe conditions®*.

2. Oxidative Addition of H—-Z Compounds

Compounds containing a sufficiently mobile hydrogen atom
can add to low-valency transition-metal complexes to form
M—H and M—Z bonds. The H~Z compounds may be hydro-
carbons or hydrides of elements of the germanium subgroup.

(2a) Oxidative Addition of Hydrocarbons

Reduction of dicyclopentadienylzirconium dichloride with
metallic sodium in the presence of naphthalene in oxolan
forms a naphthyl hydrido-complex

(CsHg)  Zru(H)p(2n? : 2n2-CyH,)Zr(CsH,),

apparently by addition of naphthalene to the metastable
dicyclopentadienylzirconium?®,

Cyclopentadienyl hydrides of transition metals have been
obtained also by the oxidative addition of cyclopentadiene.
Thus photoreaction of the latter with C;H;Nb(P(C.H;);),(CO),
gives the dihydride C;H;Nb(P(C.H;);),(CO)H,, which is iso-
electronic with (CgH;),MoH,.?* An analogous reaction has
been reported for Ni(P(C¢H,,),),>® and M(CO),;(NCCH,),,
where M = Cr, Mo, W.?*"?® The respective reaction products
are C,H;NiP(C;H,,);H and C;R,M(CO);H (R = H, CH,).

The action of atomic molybdenum and tungsten on excess of
cyclopentadiene forms the dicyclopentadienyl dihydrides,
with yields of 40—50% from the latter metal. Subliming the
products of the reaction of atomic tungsten with a mixture of
cyclopentadiene and an arene gives the complexes
C HW(ArH)H.?7

(2b) Oxidative Addition of Hydrides of the Germanium
Subgroup

The photochemical action of trichlorosilane on cyclopenta-
dienyl carbonyls of manganese, iron, and cobalt and also on
arene carbonyls of chromium is accompanied by the evolution
of carbon monoxide and the formation of cyclopentadienyl
hydrides containing a metal—silicon bond?®. The action of
trialkylstannanes on (CsHsMoH),(CsH,—C H,) yields CSHSMOHZ—
u-(CsH,)C ;HMo(H)SnR,, probably by oxidative addition to
molybdenum (I1)2°:
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3. Protonation of Cyclopentadienyl Compounds of Transition
Metals

Cyclopentadienyl hydrides of Groups VI-VIII transition
metals possess lone pairs of electrons, and react with
Brénsted acids to form metal—hydrogen bonds (oxidative
addition of protons). The acids usually employed are tetra—
fluoroboric, hexafluorophosphoric, concentrated sulphuric,
and anhydrous hydrohalic. Protonation of neutral complexes
yields cationic hydrides. Dicyclopentadienyl hydrides
(CH;),MH, (M = Mo, W, Re, Tc) and also ferrocene give
stable ionic complexes (CH;),MHp,,*X~. The carbonyl com-
plexes CsHW(C0),H*®® and CH.Ir(CO),P(C¢H,);* undergo
analogous reactions, forming unstable hydrido-cations. Pro-
tonation accompanied by ligand substitution has been
reported®?:

CpRh (C;Hy'; 4 BF; HyO -+ PP, —SOH

— {CpRh {PPhy)g HJ* [BFJ™ |

Protonation of dinuclear cyclopentadienyl carbonyls of
transition metals yields dinuclear hydrido-complexes
[CsHM(CO),],H*X™ (M = Mo, W) and [CHM(CO),],H*X"

(M = Fe, Ru).?* A complex [(CiH;),WH],H*ClO, has been
obtained by the cathodic reduction of dicyclopentadienyl-
tungsten dihydride in acetonitrile?**. All these complexes
apparently®® contain a linear M—H-M bridge.

Anionic cyclopentadienyl carbonyls of molybdenum and
tungsten also undergo protonation, forming neutral hydrides.
Deuteroacetic acid yields the corresponding deuterides®* %*:

CpM (COy; Nat + CH,COOD — CpM (CO); D + CH;COONa
M=Mo, W .

4. Reduction of Cyclopentadienyl Compounds of Transition
Metals

Mild reduction of dicyclopentadienyl hydrides (CsHs),MHp
(n = 2,3) in some cases yields the compounds (CsHs),MHp-;.
Further reduction results in unstable metallocenes (CgHy),M,
which undergo rapid rearrangement with incorporation of
metal at a carbon—hydrogen bond of a cyclopentadienyl
group to give dimeric bismetallocene hydrides.

(4a) Reduction by Alkali Metals

Reduction of dicyclopentadienyl dichlorides (CsHs),MCl, by
alkali metals (sodium and to a less extent potassium) in the
form of amalgams or naphthalene complexes is the principal

method of preparation of bismetallocene hydrides of tita-
nium?*"%7, zirconium and hafnium?®®3?, and niobium and tanta-

lum®*°;
METi, Zr, Hi He
—— L ay
©

M=Nb, Ta H @\ @
N
e
This reaction can be accomplished with catalytic quantities

of naphthalene®®. At —80 °C it leads to formation of the
complex CzH Tip-(a : n-CsH,)Ti(C:H),.C,H0,* treatment

oxolan i
Cp,MCl, + Na ms’ %pzM ]
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of which with toluene gives the non-solvated complex. A
titanium—hydrogen bond may*! be present. Intermediate
formation of monomeric (CsHs),M has been demonstrated by
electron spin resonance in the case of niobocene“’. Treat-
ment of niobocene C;H;Nb(H)(u = C;H,),Nb(H)(CH;), with
sodium naphthalide gives the anionic complex Na,[CsH Nb(H)i
C:H,1,.** An analogous reaction has been reported for the
titanium compounds (CsH;),TiR,."*

(4b) Photochemical and Thermal Decomposition of Dicyclo-
pentadienyl Hydrides and Alkyls of Transition Metals

Photolysis and thermal decomposition of (C;Hs),MR, (M =
Ti, Zr) and (CHs),MH, (M = Mo, W) lead to the formation of
bismetallocene hydrides. The course of the reaction and
the composition of the final products are significantly influ-
enced by the nature of the solvent.

Thermolysis of (CsHs),MR, (M = Ti, Zr, V) is usually
accompanied by migration of hydrogen atoms of the cyclo-
pentadiene ring to transition-metal atoms and elimination of
an RH group**™’. A mixture of products is formed, con-
taining w,o-bound Cg;H, groups and perhaps metal-hydrogen
bonds"®. Partial retention of the dicyclopentadienyl struc-
ture has been noted only with vanadium*’. In contrast to
thermolysis, the photolysis of (CsHg),Ti(C¢H;), has a radical
mechanism“®., In solvating solvents dicyclopentadienyltita-
nium hydride is formed, but in inert solvents the metastable
dicyclopentadienyltitanium, which in an atmosphere of carbon
monoxide is converted into the carbonyl (C H;),Ti(C0Q),."®

Exposure (A = 366 nm) of an iso-octane solution of
(CsH;),MoH, gives a polymeric product [(Cz;Hs),Mo], of
undetermined structure“®. Replacement of iso-octane by
ethanol®® or toluene®! as solvent yields a dinuclear compound

CsHMop-{co: n-CzH,),MoC:H;

perhaps by stabilisation of the intermediate monomeric com-
pound (CsH;),Mo by the solvent. Photolysis of (C;H;),WH,
in diethyl ether gives (CsHWH),u = (o: n = C;H,),, but in
tetramethylsilane cis- and trans-(C;H;WH)u-(o: n-CgH,),.
.(C{H WCH,Si(CH,);) are formed®%5!. Furthermore, the
thermal decomposition of (CsHs),W(CH,)H in cyclohexane
vields the isomers (CH WH)n-(o: n-CgH,),(CsH;WCH,).%*

(4c) Cathodic and Other Reductions

Tervalent tungsten hydride (CsHs),WH has been obtained
as a complex with phenanthraquinone by electrolysis of
(CsHs),WH, at a controlled potential. The cations
[(CsHg) ,W(R)H]* and [((CH,),WH),H]* have been obtained
similarly?3.

Niobium(IV) and tantalum(IV) hydrides identified by elec-
tron spin resonance, have been obtained®? by treating the
(CsHs),MH, with di-t-butyl peroxide:

CpsNbH, + BuO' — w5~ CpyNbHy + BuOH .

(4d) Reactions of Compounds of Transition Metals in Lower
States of Oxidation

Double decomposition between cyclopentadienylsodium and
low-valency transition-metal compounds can be used to
obtain bismetallocene hydrides with intermediate formation of
the dicyclopentadienyl compounds. Thus reactions involving
titanium(II) chloride and dimeric molybdenum(II) acetate
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yield fulvalene complexes containing methyl-hydrogen
bridges (in the case of titanium)®? and terminal bonds
(molybdenum)®*.

5. Use of Alkyl and Hydride Compounds of Non-transition
Metals and of Boron

Alkyl and hydride derivatives of Groups I-III metals
(usually lithium, magnesium, or aluminium) and also hydro-
borates are the most frequent reactants for obtaining cyclo-
pentadienyl hydrides of transition metals. The most con-
venjent are hydro-aluminates and -borates, mostly solutions
of lithium tetrahydroaluminate in ether or oxolan or of
sodium tetrahydroborate in alcohol. The recent availability
of new reagents such as NaBH(C,H;),, LiAIH(OC H4-t),,
and NaAiH,(OCH,CH,0CH,), has extended significantly the
range of solvents employed (in particular to aromatic hydro-
carbons) and the overall possibilities of the method. The
starting materials usually employed are transition-metal com-
plexes containing bonds between metal and halogen or
pseudohalogen, which is exchanged for an ElIH; group or a
hydride anion. In all cases the reaction involves intermedi-
ate formation of more or less stable dimetal complexes con-
taining M—C—El or M—H—El bridges. A metal-hydrogen
bond is formed by three principal mechanisms—elimination of
an alkene from a metal—carbon o-bond, homolytic elimination
of a hydro-borate or -aluminate group EIH,, and hydrolysis
of M—H—El bridges or direct M—EIl bonds.

(5a) Elimination of Alkene from Alkyl-Metal Complexes

In the reaction between dicyclopentadienyltitanium di~ or
mono-chloride and organo-lithium or -magnesium compounds
electron spin resonance has revealed the presence in solution
of anionic complexes (CsH),TiH;M* (M = Li, Na, MgX)®%7,
The hydrogen originates in alkyl groups®’.

Successive treatment of C;H;Co(P(CH,),C;H;)I, with iso-
propylmagnesium bromide and hexafluorophosphoric acid in
oxolan gives the cationic complex [C;H;Co(P(CH,),CH)H]I",
.[PF¢]1™.°® The tetraphenylcyclobutadiene complex
CsH;Mo(CO)(C,(C¢H;),)H is obtained similarly®®. An unusual
photochemical reaction of tungsten hexachloride with cyclo-
hexa-1,3-diene, cyclopentadienylmagnesium bromide, and
isopropylmagnesium bromide in ether yields the complex
CHW(n-CcH )H.®?

(5b) Splitting of Tetrahydro-borate and -aluminate Groups

The action of hydroborates and especially of alkali-metal
hydroaluminates on complexes of transition metals in higher
states of oxidation usually involves reduction of the transition
metal (except zirconium). Thus the reaction of triscyclopenta-
dienyluranium monochlecride with lithium triethylhydro-borate
or tetrahydroaluminate yields solvated triscyclopentadienyl-
uranium, presumably via an unstable intermediate (C:H;y);UH.
.L.%?

The complicated reaction of higher chlorides of niobium,
tantalum, molybdenum, tungsten, rhenium, and technetium
with the tetrahydroborate and the cyclopentadienyl of sodium
in oxolan provides a general method for obtaining dicyclo-
pentadienyl hydrides of those metals®*™®5. Although it
requires precise observance of the procedure, it does not
always give high yields. Application to the preparation of
dicyclopentadienylniobium trihydride requires a high pres-
sure of hydrogen (800 atm) over the reaction mixture®?, but

289

that of dicyclopentadienyl-molybdenum or -tungsten dihydride
needs low temperatures of —(100~120) °C. Sodium tetra-
hydroborate has been used to obtain dicarbonylcyclopenta-
dienyl-iron and -ruthenium monohydrides®®** from corre-
sponding halides.

In some cases the transition-metal cyclopentadienyl tetra-
hydroborates formed undergo homolytic fission only under the
influence of stronger Lewis bases:

Cp,M (<$>B<}:{>n 4 nL - CpMH, +nBH, L |
Thus dicyclopentadienylzirconium bistetrahydroborate forms
the corresponding hydrido-monotetrahydroborate in the
presence of an equimolecular quantity of trimethylamine, and
the dihydride [(CsHs),ZrH,], with double that quantity®’.
Dicyclopentadienyltitanium tetrahydroborate does not undergo
this reaction®’, although the tetrahydroborate group is
decomposed by triethylamine in the presence of carbon mon-
oxide, when dicarbonyldicyclopentadienyltitanium is obtained®.
Use of excess of phosphine (phosphite) for this purpose
yields phosphorus-containing hydrides: thus for the mono-
cyclopentadienylchromium complex ®°

NaBH, -
CpCrCly-C,HO —m}—’ CpCr (BH,,

—POME , cocr P (OMell H .

Several dicyclopentadienyl hydrides of zirconium(IV) have
been obtained by the action of lithium tetrahydroaluminate or
tri-t-butoxyhydroaluminate on chlorine-containing com-
plexes’®7! (Scheme 1).

Scheme 1
LiAlH,
————t—————> [CpyZr (Me} H),
RMeX . [Cpe 3 Hl,
CpZr (R) Cl
prar €0 LIAWOB Os __ (CpyZr (R') Ha
CpaZrCl—{1s0 —~ (Cp,ZrCl), 0 Al ~ [CpyZrH,],
LMBOBOS s (Cpazr iy 1), HE s (Cp,zr (H) ALY,

+

LiAlti, I
R’ = methylcyclohexyl

The complexes C;H,M(NO,)H (M = Mo, W) have been
obtained by treating the corresponding chlorides with sodium
bismethoxyethoxydihydroaluminate in toluene’?. An analogous
method has been used to prepare C;HMo(CH)H”® and
CsH Mo(diphos)H;.”* In several cases the resulting transi-
tion-metal (titanium, niobium, etc.) hydroaluminates are not
decomposed by the solvent with formation of a metal-hydro-
gen bond and a solvated aluminium hydride: thus the TiH,Al
link is not broken even by triethylamine’®. Conducting the
reaction between dicyclopentadienyltitanium dichloride and
lithium tetrahydroaluminate in non-solvating solvents
(alkenes) gives fulvalene hydrides (n-CgH,~n~-C;H,)(CsH:Ti.
A(X)(Y)TiCsHg), where X, Y = H, Cl1.7®

A heterogeneous exchange reaction with sodium hydride
has also been described. Thus triscyclopentadienyl- and
also bisindenyl-cerium(1V) hydrides have been obtained from
the chlorides heated in oxolan at 100 °C for 5—6 h.”’

(5¢c) Hydrolysis of Compounds Containing Metal—Hydrogen-—
Element and Metal—Element Bonds

Reaction between (C;H;),NbCl, and NaAlH,X, (X =H,
C,H;, CH;0CH,CH,0) gives an equimolecular mixture of
(CsH;),NbH; and (C4H;),NbH,AlX,.”® When X = H, only
(CsH3),NbH,AlH, is formed in the course of time, but con-
ducting the reaction in the presence of carbon monoxide, a
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.MoH,.%"8 A similar reaction has been reported for (CzHg),.

trialkylphosphine, or ethylene gives the (CsH;s),Nb(H)L in at
.Ta(H),Li.%

most 50% yield (trialkylphosphines do not react with
(CsH5),NbH,AlH,). This reaction is assumed to involve dis-
proportionation of the niobium(IV) dihydride’®:

—-» Cp;NbH;

CpaNbCl, + NaAIH;X; —jam et > CpaNbH,—

. Cp,NbH 2%

- CpsNbHAlXy, y

Hydrolysis of the reaction mixture and also of the individual
(CsH;),NbH,AIH, gives high yields of (Cs;H;),NbH,. Hydroly-

sis takes place unsymmetrically: reaction with deuterium T
oxide yields (CsH;),NbH,D isomers and deuteroxy-groups
attached to the aluminium atom?®. : N\

Mild hydrolysis of the complex [C H;Tin-(H)u-(H,Al. M

(C,Hy),)TIiCsH 1(C,Hg) gives a 70% yield of stable titano-
cene’®, The cation (C,;oH,)(CHsMo(H)(OH)MoC:H;)" has
been obtained by treating "bismetallocene hydrides" of Y
molybdenum with agueous hexafluorophosphoric acid®1»%°.
Transition-metal cyclopentadienyl hydrides are formed not
only by hydrolytic fission of bridging hydrogen bonds but
also by the fission of bonds between the transition metal and
a non-transition metal!, when hydroxo-groups combine with
the more electropositive atom. Thus hydrolysis of the molyb-
denum complexes [(CsH:),Mo(H)Li], (C:Hg),Mo(H)MgBr.
.2C,H 0, and others containing molybdenum—magnesium and
molybdenum—aluminium bonds gives high yields of (C;H;),.

\

. Qzaf

B
VA

Figure 2. Schematic representation of valency orbitals of
the metal atom in the (CgHy),M group.®

Table 1. Physicochemical properties of dicyclopentadienyl hydrides of transition metals.
M.p.,°C V(M—H) (v(M—~D)), *M—H ¢+ PP

Compound Prep. (decomp., °C) Solvent ol " l 2 Ref.
(CpsTiH)s 1b (>70) Et;0, oxolan(—70%) 1450(1260, 1050)] — — (18]
(CpsTiH)y . b (>60) * 1140(800—850) — — [18, 89)
(CPp:TIN):Hs 2 PhMe 1585%+ - - [90]
{CpsZrHa)y 1b (120) * 1520, 1300 —_ — {67, 91]

(1100, 960)

[CpaZr(RYH]*** 5b — CgH,, Et;O 1500, 1313 12.35 [71]
CpsZr(H)BH; 5b — CsHs 1945 547 — {67]
{CpaZr(H)AlH.) ¢ 5b (>60) * — - [70]
Cp,éru-x) (CroH)ZrCp, 2a — oxolan — 19.3 [21]
Cp:NbH, 5b, 5¢ (>80) CeHg 1710 12.73 13.72 [63]
CpaTaH, 5b, 5¢ (>80) CeHy 1735 11.63 13.02 (84, 92]
CpaMoH, 5b 183165 CsHg, oxolan 1853 — 18,17 {62, 93, 94]
CpsWH, 5b 163—165 CgHg, oxolan 1912 — 22.28 [62, 93, 94}
CpsW(H)GePh, 5b 235 — — 21.50 — [95]
Cp;W{H)SnPh, 5b 209 — — 2224 — [95]
Cp;W(H)PbPh, 5b (198) — — 22.78 — [95]
Cp,WHs+CI— 3 — — 1943 10.08 18,44 [34]
[(CPsW)H ] +Cl1O~ 4c —_ — 2030 26.2 — {33]
Cp;TcH 5b 130—155 oxolan CgHg, hexane 1923 178 — [65])
[CpsTeH,]+PFy— 3 — — 1984 — 19.7 [65]
Cp;ReH 5b 161—162 oxolan CeHg 2032, 2000 23.0 — [65, 93]
[CpsReH,]+PFe— 3 -_ — 2058 24.6 — [65])
[CreEeH+AICI; 3 (125) - — - — [96]
(CsMeg)sTIH, la (>25) CgHs, heptane 1560 — — [13]
(CsMes),ZrH, la — CgHs, heptane 1555 (1100) — — [16]
[(CsMes):UH;], ib (>20) PhMe 21;(2)55. 1114(873, [19]
[{CsMes)sThH;ls 1b — PhMe lggg) 1361 (1020, — —9.25 [19])

* Almost insoluble in organic solvents.
** Probably v(M—H—N) absorption band.
*** R = methylcyclohexyl.




Russian Chemical Reviews, 51 (3), 1982

11i. TRANSITION-METAL HYDRIDES STABILISED WITH
CYCLOPENTADIENYL 0-DONOR AND LIGANDS

1. Dicyclopentadienyl Hydrides of Transition Metals

Quantum-chemical calculations indicate that the metal atom
associated with the inclined rings in (CsH ¢),ML, molecules
(n = 1-3)%788 hags three hybrid orbitals, used in forming
bonds with ligands and lying in the plane of symmetry yz.
According to modern views®”#® these orbitals have the form
depicted in Fig.2. The highest is the 2a; orbital. In the
case of a single o-bonding ligand such as hydrido, with
orbitals la; (and b,) filled with electrons, a symmetrical
structure is observed with the ligand located on the z axis.
In the case of unfilled orbitals overlapping with lower orbitals
is energetically more favourable, and the ligand is located
between y and z axes®®., When two ligands are present, the
2a, and b, orbitals give two equivalent molecular orbitals,
which is closely similar to Alkock's model®®, With n = 3 the
ligands form an AB, system, which is consistent with the
earlier model of Ballhausen and Dahl®®. Most of the com-
pounds studied conform to the eighteen-electron rule®®,

The complexes (CsHg),MHy (n = 1-3) are typical covalent
compounds. Their physicochemical properties are listed in
Table 1.

Group IV

Dicyclopentadienyltitanium (III) hydride exists in two
modifications: the grey—green form is polymeric®’, and the
violet form apparently dimeric’®. Association of the electron-
deficient (CsH;),TiH molecules is facilitated by energetic
factors®®, and is apparently effected by hydrogen bridges.
Absorption bands due to terminal titanium—hydrogen bonds
are absent from the infrared spectra, but bands at 1450 and
1140 cm™ are assigned to unsymmetrical stretching vibrations
of Ti-H-Ti bridges in dimer and polymer respectively®. The
action of electron donors (oxolan, triphenylphosphine)
stronger than hydride hydrogen results in homolytic fission
of hydrogen bridges and formation of unstable monomeric
hydrides (C H;),Ti(H)L:!®

Cp H Cp Cp. H
NTid STid L Ntid”
Cg/Tl\H/Tl\cp e Cp/T]\L . (2)

The presence of a vacant orbital is the obvious reason why
dicyclopentadienylzirconium(IV) hydride (C;H;),ZrH, and the
related compounds (CsHy),Zr(H)X (X = Cl, CH;, AlH,) are
formed as polymers. They are almost non-volatile and
insoluble in organic solvents®”:7?, except in the cases of the
sterically hindered (C¢H;),Zr(H)R (R = methylcyclohexyl)”*
and (CsH,C(CH,);),ZrH, (dimer in benzene).?® The vibra-
tional bands due to the metal-hydrogen bond in the com-
pounds correspond to bridging hydrogen atoms (Table 1):
they are located at 1390 cm™ for X = Cl, and at 1500 and 1310
em™ for X = CH,;.”" The compound (CH,),Zr(H)BH, is a
monomer containing terminal zirconium—hydrogen bonds®’,

Absorption bands v(Zi—H) are absent?! from the infrared
spectrum of the dinuclear naphthyl hydrido-complex

1
(CHg) ZPu-(H)p-(2-n1: 1—-2n2-C, H,) Zr(CsHy), .

X-Ray determination of the structure (Fig.3a) could not
locate the hydrogen atom?®!, but its presence follows from
stereochemical considerations, nuclear magnetic resonance
data (Table 1), and chemical properties (reactions with iodo-
methane and hydrogen chloride)?%°%7,

2N

The unusual complex ((CzH;),TiN),H, is obtained by
treating (CgH;),Tiu(o: n-CgH,)TiCsHg with ammonia, when
one mole of hydrogen is evolved, or with a primary or secon-
dary amine®®%, X-Ray structural analysis indicates®® that
a molecule of the complex contains the usual wedge-shaped
(C¢H;),Ti sandwiches and a planar metal ring TiN,Ti (the
hydrogen atoms could not be located). A band at 1585 cm™,
which is displaced when nitrogen-14 is replaced by nitrogen-
15 and hydrogen by deuterium in the original ammonia, is
apparently due to vibration of a Ti—H—N bond. The chemi-
cal properties of the complex undoubtedly indicate the
hydride character of all the hydrogen atoms not present in
cyclopentadienyl groups®®, This, together with the presence
of only one unpaired electron per molecule, suggested®® that
the hydrido-atoms were present at the positions indicated
in Fig.3b.

@) (CsH ), 2E(H)(Cy H)2r

Molecular structure of:
(CHg),:2t b)) ((CHL),TIN),H,.2°

Figure 3.

Besides neutral dicyclopentadienyltitanium(III) hydrides
electron spin resonance has detected the formation of anionic
complexes (C¢H;),TiH;M* (M = Li, Na)3%757:200 and (C H,),.
.TiHCI"M*.}® The Ti-H-M bond in them is largely covalent
in character, the degree of covalency increasing in the
sequence Na < Li < MgX < AICl, < AlH,.*°°

The parameters of the e.s.r. spectra of dicyclopentadienyl-
titanium(III) hydrides are listed in Table 2. The e.s.r.
method is extremely useful also for investigating paramagnetic
dicyclopentadienyl hydrides of other transition metals, in
particular of niobium(IV) and tungsten(III) (below), which
exist only in solution.

The dicyclopentadienyl trihydrides of niobium and tantalum
are quite similar in properties, differing only in reactivity:
the former is far more active than the latter, which is con-
sistent with the fairly severe conditions for its preparation®®.
All three valency orbitals of the (CsHg),M group in these
compounds are involved in forming metal—hydrogen bonds.

As a consequence, the complexes are monomeric, and are not
protonated in strong acids®?.

Because of the abnormally intense absorption bands v(Ta—H)
of terminal bonds it was assumed®® that the tantalum—hydro-
gen bond in the trihydride is largely ionic in character.

The nuclear magnetic resonance spectrum of the trihydrides
in the high-field region consists of a triplet (A) and a doublet
(B,) (Table 1) with the intensity ratio 1 : 2, which corre-
sponds to the AB, system of protons®?. The spectroscopic
data have recently been confirmed by structural investiga-
tions!®? (Fig.4a, Table 3).

Both hydrides develop a strong tendency to eliminate a
hydrogen molecule!®”, which is consistent with a mass-spec-
trometric study of the tantalum complex (the main peak corre-
sponds to the ion C, H,,Ta*) %8
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Table 2. Parameters of e.s.r. spectra of dicyclopentadienyl hydrides of transition metals.

Compound Solvent g-Factor Multiplicity age G am G a‘l‘;’, G Ref.
CpsTiH-0C,H, oxolan — doublet 116 — 0.4 [18]
Cp.TiH.PPh, oxolan 1.992 doublet of doublets 1056 — 0.41 [15, 18]
Cp.TiH-P (n-Bu)3 CsHs 1.992 doublet of doublets 10.7* — 0.40 [15]
Cp,TiHCI-Li+ CgHsg 1.983 doublet 7.0 - [15]
CppTiHCI-Na+ CsHs 1.983 doublet 9.1 —_ — [15]
CpsTiH,-Lit+ oxolan 1.994 triplet of quartets 98 — 0.27 {561
CpeTiH,~Li+ Et,0 1,994 triplet of quartets 95 — — [15]
Cp.TiH;Lit+ Et,0 1.992 triplet 8 6.5 — [55]
Cp,TiHz-Na+ oxolan 1.993 multiplet 10.1 7.2 — [15]
CpTiH,~Na+ oxolan 1.994 multiplet 98 74 — {56]
Cp.TiH,~MgBr+ Et;,0 1.993 triplet 7.8%+ — 0.39 [15, 101]
CpoNbH; CsHs 2.010 decet of triplets 11.7%%* 45.9 — 521
CpoNb (H) Bu-t CgHg 2.001 decet of doublets 11.6 68.5 —_ [52]
Cp;TaH, CsHg 2.006 octet A 66 — [52}
CpoWH *¥*#+ CH,CN — — 1.9 — — [33]

*ap = 1.7 G.
** ap = 2.4 G (quintet).
*** apy < 2 G.

*¥+* Hyperfine structure of lines due to hydrido-protons not

*#%¥* In phenanthraquinone complex.

Figure 4. Molecular structure of:

Scheme 2
CpsTa (>c-c/ ) H_PEf_, Cp,Ta (PEfyH

RMgC|
Cp,TaCly =———>
HCl

—c/ _c/
- /c_c\H+>c_c\

CpaMH, {CpaMH} {CpNb (0 : 4-CH,) Hl,
+H,, pressure +Hj, pressure
HAlX.l +Lil T—L +c.D.l f-coon
~CeDyH
CpyNbH,AIX, CpsM (L) H CaM_D = (CpyMD}

NCeDs *
M=Nb, Ta; X—H, Et, OCH,CH,OMe; L= CO, PR;, C,H,

resolved.

In the

~orbitals (obviously la;) of the (CsHg),M group®19?,

a) (CsHg),MH, (M = Nb,
Ta)'®?; b) (CH),Nb(CO)H;'®® ¢) (CH),Nb(C,H,)C,H .M

niobium and tantalum complexes (C,H;),MHL with L. = PR,,
CO - (m-accepting ligands) the. chemical shift of the hydrido-~

protons is observed upfield relative to the initial hydrides
(similarly for (C;(CH,)5),Z(LYH,), but v(M-H) is displace
to longer wavelengths. - With a w-donor ligand (ethylene)
the opposite shifts are observed (Table 4).

Table 3. Structural data on dlcyclopentadlenyl hydmdes
transition metals.

d -

of

Mto, A < °< « B &
Compound = — A T E R
; R EN N
CCsHs| comtte | % | = = | = |S¥[ 38 2
CpsNbH, 2.37 [ 2.06 {141 1.65 | 1.76 | 1.65 [126 65 &102
CpzNb(H)CO 2.36.| 2.04 143 | 4.5 - — |90 — []103
Cp,TaH, 2.392.07 {140 |'1.77 | 1.78 {1.78 |125.8| 63 |[102
CpsMoH; 2,28 | 1.94 [145.8| 1.69 | 1.69 | — | 75.5| ~— 105
,WH,+c1— 2,26 | 1.87 [148.2] — - | - — 102
é&g,WH),H*'ClO. — — |145.8| — — (1.8 — —_ 33}
(CeMes) 2ThH: ]2 — [ — { — [2:29{220(2.03( — | 58 ({106}

X-Ray structural analysis has shown!®® that in the

Heating the niobium trihydride in the absence of a ligand

leads to formation of niobocene®?

This reaction, like the

others in Scheme 2,

involves intermediate formation of

(CsH;),Nb(H)CO molecule the carbonyl group and presumably

the hydrogen atom lie in the yz plane (Fig.4b).

According

to n.m.r. data the structure of the (C;H;),Nb(H)C,H, com-

unstable (CsH;),NbH.6%78
deuterium exchange of hexadeuterobenzene with molecular
hydrogen in the presence of the trihydride®®!%’,

Heating the trihydrides with a trialkylphosphine, carbon
monoxide, or an alkene gives complexes (CsHg) M(H)L, in

which the lone pair of electrons occupies one of the valency

This explains also the hydrogen—

plex is closely similar to that of the ethyl complex (CsHj),.

.Nb(C,H,)C,H, in which the ethylenic carbon atoms and the

a-carbon atom of the ethyl group also lie in the yz plane’®*
(Fig.4c).

Because of the presence of a lone pair of electrons the

compounds (Cg;Hy),M(H)L are Lewis bases.

Thus treatment

of (CsH;),Nb(H)CO with hydrogen chioride at —30 °C is
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stated!!? to give an unstable cationic complex (CH;),Nb(CO).
.H}Cl™, which decomposes with the evolution of hydrogen.
Donor—acceptor complexes containing metal-metal bonds have
been reported to be formed by (CsHs),Nb(H)CO with iron
tetracarbonyl!!! and zinc tetrahydroborate'!2.

Paramagnetic dicyclopentadienyl dihydrides of niobium and
tantalum, isoelectronic with [(CsHs),TiH,]1”, have been
reported®? (Table 2).

Table 4. Spectroscopic characteristics of complexes of
dicyclopentadienyl hydrides of metals with m-acceptor and
m-donor ligands.

I

R -1t avM-HY,{  T™MHS ATMH

Compound v(M-H), crv em-l ppm ppm Ref.
CpoNb(H)CO 1695 —15 16.39. | +267 3
CpeTa(H)CO 1750 0 16.80 | +2.62 (63}
CpeNb(H) PMey 1635 —175 17.84 | +4.12 [63]
CpeNb (H) PEt; 1650 —60 17.68 | +397 [63]
Cp,Ta(H)PEt; 1705 —45 19.54 | +6.52 [63]
CpaNb (H) (CaHy) 1735 -+25 12.95 | —0.77 [63]
CpsTa(H) ' (Alkene) 1750—1700 | 0+-50 - [109]
(CsMes) ,ZrH(COY — — 8.93 +5.37 (18]

. (CsMes) ZrHy (PFy) — — 9.45 | +5.89 [16]

Figure 5. Molecular structure of: a) (CsHs),MoH,; **°
b) ((C,Hy),WH),H*CIO;;* ¢) [(C4(CHy)g),ThH,1,.1%

Groups VI-VIII

According to the scheme of molecular orbitals of (C.H),ML,
in Fig.2 the hydrides (C;H;),MH, (M = Mo, W) should possess
a lone pair of electrons. In fact research shows®3795105,113
that these monomeric hydrides contain two equivalent terminal
hydrogen atoms (Fig.5a). The small HMoH angle (Table 3)
is consistent with Alcock's model®® (lone pair ~ 80% localised
on y axis'®®). However, the structure of the protonated
tungsten complex [(C.Hs),WH;17Cl™ is closely similar to that
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of the niobium trihydride!®?: i.e. the central hydrogen atom

is apparently situated on the 2z axis (hydrogen atoms not
located).

The presence of the lone pair in the dihydrides determines
their chemical behaviour. They are readily protonated by
strong acids to cations (CsHg),MH} isoelectronic with the tan-
talum trihydride®?, and form donor—acceptor complexes with
transition-metal carbonyls*!* and other Lewis acids (BXj,
AlX,).%%%%115118  The gpectroscopic characteristics of the
M—H bond remain unchanged.

For tungsten a paramagnetic hydride (CsHg),WH (Table 2)
and a cationic hydrido-complex ((C H;),WH),H*C10, have also
been described??. In the spectra of the cation v(W—H)
differs by 180 ecm™ and tyy by 3.9 ppm (all hydrogen atoms
equivalent) from the values for the initial dihydride. X-Ray
data indicate that the cation contains a linear W—H—W bridge
(Table 3) (positions of hydrogen atoms estimated by analogy
with the structure of the molybdenum dihydride) and terminal
tungsten—hydrogen bonds?®® (Fig.5b).

The rhenium and technetium monohydrides (C¢H;),MH con-
tain two lone pairs, apparently occupying equivalent orbitals.
However, only one orbital is protonated, which is attributed
to weakening of the basic strength by acquisition of a posi-
tive charge. The ionic adduct (CSHS)ZReH;CF is completely
stable, and sublimes in a vacuum at 140 °C without decompo-
sition®*. The two hydrogen atoms in the cation are equiva-
lent, so that its structure is analogous to that of the iso-
electronic molybdenum dihydride!®®. Adducts of the rhenium
monohydride with BX; and with AI(CH,), have been

" described?¥115,

" With Group VIII metals all valency orbitals in (C;H;),M are
occupied by lone electron pairs, and only formation of ions

"isoelectronic with the rheniiim monohydride can be expected.

Indeed ferrocene in strongly acid media gives a high-field
"M n.m.r. signal corresponding to the (C H),FeH" ion'?’
and a stable complex (CgH;),FeH'AICI; has been 1solated96

Complete replacement by methyl groups of the hydrogen
atoms in the cyclopentadienyl rings leads to significant sta-
bilisation of the higher valency states. As an example, the
titanium(IV) hydride (C;(CH,);),TiH, is stable at room tem-
perature'?; cryoscopic measurements indicate that this com-
pound, like the zirconium derivative'®, is monomeric in ben-
zene.

The low titanium—hydrogen and zirconium—hydrogen fre-
duencies of terminal bonds (Table 1) indicate the instability
of the latter. Indeed, equilibrium (1) is readily displaced
to the left when the reaction mixture is heated above room
temperature. The energy of a titanium—hydrogen bond in
bispentamethylcyclopentadienyltitanium dihydride has been
estimated'® as 242.4 kJ mole™, which is comparable with those
of the corresponding molybdenum—hydrogen and tungsten—
hydrogen bonds (respectively 258.7 and 286.8 kJ mole™)
obtained by combustion*®, or 251.4 and 305.2 kJ mole™ from
calorimetric measurements on the reactions of the dicyclo-
pentadienyl dihydrides with tetrachloromethane in solution

The vacant orbital of the zirconium atom is involved in
forming unstable complexes (Cs;(CH;)s),ZrH,.L, where L =
CO, PF,; (Table 4).'®

Freezing-point measurements indicate that the thorium and
uranium dihydrides are dimeric, which is related to the great
size of the central atom!®. The molecular structure con-
taining terminal and bridging hydrogen atoms (thorium—
hydrogen frequencies respectively 1410, 1360 and 1215,

1115 em™')!'® has been confirmed by X-ray examination!®® for
[(Cs(CH3)5),ThH,1, (Fig.5c and Table 3). It is noteworthy
that an f-element (thorium) departs from the classical geome-
try of (CH;),ML;: three hydrogen atoms do not lie in the
single yz plane!®®

)119
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2, "Bismetallocene Hydrides" of Transition Metals "Titanocene" and its derivatives (C,,Hg) (C;H;TiX), are
diamagnetic?:12%121  Coupling of the spins probably takes
.. . place through the fulvalene ligand, not through the bridging
(a) Complexes Containing a Fulvalene Ligand atoms'2®. A direct titanium—titanium bond, whose existence
35 ; . _
Bismetallocene hydrides containing a fulvalene (n-CgH,— had been ass?mefi o8 obviously not‘ fo.r r.ned, since for X =
e as A . . . Cl, OH the Ti—Ti distance exceeds significantly the sum of the
n-CgH,) bridging ligand are now known for titanium, zir- lent radii (Table 6) b in this dist 1d
conium, hafnium, and molybdenum (Table 5). covalent radii (Table 6). ecreasing this distance wou!

lead to excessive steric hindrance: in particular, with
Ti—Ti = 2.7 & the dihedral angle o (Fig.6a) would be ~ 29°,
Because of the presence of a single vacant orbital the com-
plexes (CH,TiX),(C,,Hy) are Lewis acids, and give 1:1
complexes with oxolan®%121,

Table 5. Physicochemical properties of bismetallocene

hydrides of transition metals. M ! !M y X! w
g e g:}’ X Z_?’ OQ\, -
] y &

Compound Prep. 2! .-é :: :,; :E- = Ref.
X3 [$) J S 3
(CioHs) (CPTIH)s 4da |1230] — | — | — - (35—
37,58]
(CioH3)(CpTIHCITICp) 52 [1222 | — | ~ | — — 176]
(CucHa) (CpZrH), 4a | ? e - [38]
(CuoHs) (CPHIH), 4a ? — —_ — — 429)
(CicHa) (CpMoH), 4b,4d | 1803 | 5.47 [ 6.04 | — | 20.01 |[54,80] Nb Nb
(CyoHs) (CpMoH, 4 | 1803 | — |(6.58) | — 19.84 51) _—
{CioHa) [CoMo(H) (OH) MoCp] *+{PFs~)s 3 — | 4.03 | 4.99; — 21.15 |[51,80]
4.30; oL
4.14;
3.10 c
(CioHs) (CPMoH)H+PFy~ 3 — | 4.94]5.03;] — 22.22 | [51]
5.11
(CioHa) (CpMoH,): 50 | 1815, — | — | — — [29] Figure 6. Molecular structure of complexes containing a
< H)[CleoHMl(CO)c] 122; 18.38 | (80] fulvalene ligand: a) (C,Hg)(CHM(X)(X'))MCHs) (M = Ti,
1oHs o R (. . .
- i i B { X'Z X! =HDCI,12° OH*?Y); b) as (a) w1th12(2M =Mo, X =H,
(Cuobe) [CoMOHMOLH) (SR Cp)* wo | 818, 550 5.505) — |1830s| e X' = OH®); ) (CyoH)(CiHg),Nb,C).
1831 | 5.64 | 5.64 17.91(1)
{Cp (CsH)NBH], 4a | 1650 | 5.11 | — | 5.60;| 12.07 191
3.95
Na,[Cp(CsH,)NbH], 4a 1720 _ _ . — 142]
[Cp(CsH) MoH], — | — Is.35] — |5.95 18,55; | (51]
5.32 5.32 | 18,66%¢
trans-[Cp(CsH)WHI, 4 | — [5.35| — g-gé; 20.51 | (51) Table 6. Structural characteristics of compounds of types
5.23: (I) (C,Hx)(CHMX,MCH,) and (II) C.HM(X)(u-C;H,),.
. 6.28 M(X)CsHs.
cis-[Cp(C:HI WH, 4 | — |[s5.32] — [4.81; | 20.59 | [51f
5.32; =
6.27 ot | ot N
Compound R < f ::: S
» s | et o r) © x
* R = n-CH,. AR R DA A R R -
. ; . gl2|la|=|=|2|3 |||
*# Signals of cis- and trans-isomers.
type ()
C 1H)(CPTICL,TICP) 2.51(3.64)2.72/2.05)2.08| — |134.4| 2.5/81.3| [120}
(CoH, JCPTHOH), TICP]-CH,0 2.10| — [2.72{2.08[2.08] — (183.5(15.1) — | [121]
(CraHaXCPNBCINBCD) 2.56(3.27 — 4 — | — | — | — | — | — | (422}
(C1Hy CPMO(HYOHMeCPIH+(PFg)s — =] =1=1—-|- 18 [80}
type (IT}
Ca(u-CHITHCHOXCP — 18.372.72) — | — |2.49) — | — | — ] [41]
CpNb(HY-CH)s NDECP 1.70[3.41] — | — | — [2.251440.6] — | — | [9)
[CAH,SilMe)sOSHMe),CyHyNDHI; NasJO(E )y (1.62(3.93f — | — | — [2.34)133.7] — | — | [42}
trans- CoW(H)(n-C.H)W(H)Cp — (3.8 — | — [ — [2.491147 | — | — | [123}
cis-CPW(CH, SiMe,)(i-CeH ), W(HICP — |3.81) — | — | — 247142 | — | — | [123}
. Although no dxr'?ct determination of tl}e struct3171re of 1s I I, = sum of covalent radii.
stable titanocene" has yet been made, infrared®’ and ~°C
n.m.r.% spectroscopic data suggest the presence of bridging
nydrogen atoms and a fulvalene ligand (CsH;TiH),(C cHy)
(Fig.6a,b). It is consistent with X-ray data for the titano-
cene derivatives (C; Hg)(CsH TiCl),?® and (C;,H,)(CH;.
.TiOH),.C H,0'?! (Fig.6a,b) and (C,,Hg)(CHTi(H) (H Al. "Zirconocene" and "hafnocene" are isomorphous with
.(C,H;),)TiCsH;) ’® obtained by the action of hydrogen chlo- (C1oHg)(CHTiH),, and possess similar chemical properties
ride, water, and triethylaluminium respectively on (C,,Hg). and physicochemical characteristics, which indicates similarity

.(C¢H,TiH),. of structure between all three compounds?®:3?,
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Scheme 3
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Figure 7.

a) (CsHg),Ti(CgH,)TI(C4H) .C,H0;% b) CH(H)Nb(CH,),Nb(H)CH;?
.[(C4H,S8i(CH;),08i(CH,),C;H,)NbH], (fragment)*?;
e) cis-C H (H)W(CH,),W(CH,Si(CH,),)CH,.**

Reactions involved in the synthesis and interconversion of
molybdenum hydrides containing bridging ligands n-C;H,—
n-CsH, and o : n-C,H, are shown in Scheme 3 2%51,5%80,
Neutral fulvalene hydrides of molybdenum contain terminal
molybdenum—hydrogen bonds, whereas the cationic complexes
are supposed to contain Mo—H—Mo bridges, with 1y dis-
placed upfield (Table 5). The metal-metal bond in molyb-
denum(III) hydrides is readily broken to give molybdenum(IV)
dihydrides. Steric hindrance in the latter is apparently
eliminated by the arrangement of two metal atoms on different
sides of the plane of the fulvalene ligand®*.

HPFs{aq) I /H\ \
AV ©®

)

@

2+

2PF;
g g

50 h [HPF; (aq) JCO

70°¢ <§ §> @

Ty B oxolanM%(CHsCOO)‘
Mo

@7\“ o)

1, Mm lHSnn3
o—Mo Mo—SnR;
5 @rer

0 0
H ; Na

Molecular structure of complexes containing (o:n-C;H,) bridging groups:
¢) Na,(O(C,Hg),),.
d) trans-CsHs(H)W(C:H,),W(H)CHs;

(b) Complexes Containing Bridging (o : n-CsH,) Groups

The paramagnetic complex (CsHg),Tiu-(o : n-C¢H,)TIiC:Hg
gives with oxolan an equimolecular adduct*! (Fig.7a), which
may contain a bridging hydrogen atom according to X-ray
examination, although infrared bands corresponding to the
bridging bonds have not been detected. Indirect evidence
of the presence of a hydrido-atom may be provided by the
high catalytic activity of this compound in the hydrogenation
and isomerisation of alkenes’?*. Under hydrogen pressures
of 1-10 atm it absorbs one mole of the gas to form an unstable
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Table 7. Monocyclopentadienyl hydrides of transition metals isoelectronic with (CsHs),MHp,.
Electronic . o

Compound contfing:m- '“’;::f;;’e“c Prep. (dex)}l:.é.,gc) vM-H), em} T™™MH> PPM Jp-H, G Ref.
CpW(NO).H d* Cp,NbH 5b 52 1900 7.23 — 72]
diarsV (CO)sHs &2 CpzNbH, 3 (135) — 8.86 — 126]
CpMo (diphos) H a2 CpsNbH; 5b — 1800, 1780 25.15 3.8 74]
CpMo (diphos) [Sn (n-Bu),s] Hz d? Cp:MoH, 2b — 1815 16.15 36 74]
CpNb (CO) {PPhy).H, d? Cp,MoH, 2a — — — — 22]
(PhMe) Mo (PPhs) ;H, d* CpyMoH, la 1740, 1720 14.32 50.2 17]
CpRe(CO) (NO)H &8 CpWH * liq. — 18.2 — 127]
CpMo (CeHg)H di CpzReH 5b (>20) — 11.77 — 73]
CpW(CsHe)H d* CpaReH 2a, 5b — 1822 122 — 27, 60]
CpCr(CO)sH dt CpzReH 1b, 5b (57) - 15.46 — 20, 34]
CpCr[P (OMe),]H dt CpsReH 5 (>160) — 19.70 75 69]
(CeHs) Cr(CO) 2 (SiCls) H d* CpaReH 2b — 20.5 — 28]
CpMo(CO):H d CpaReH 1a, 5b (110) 1790 15,52 — 14, 34]
CpMo(CO),(PMes)H dt CpaReH * — 16,59**, 15 89*** | 66.6%*, 23.0%** 128]
CpW(CO);H dt CpsReH 5b (180) 1845 17 — 34]
CpW(CO),(PPhs)H a4 CpsReH * — — 16.77%*, 1719m 66.1%%, 2] 4%+* 128]
CpW(CO)(PMe,)H a* CpaReH * — 1860 18.31%*, 17.15%** | 68,3%% 24%%» 129]
CpW (CO), [P (OMe),]H d* CpzReH * — 1860 18.55%* 73%% 129]
CpW (CO),{P(OMe),|H dt Cp:ReH 17.66%** 264+
CpMn (CO),(SiCly)H a4 Cn:ReH 2b 83 — 19.7 — 28]
CpRe(COY, (SiCl,Ph)H d4 CpzReH 2b — — — — 130]
CpFe(CO).H ds CpsReH 5b liq. 1835 21.91 — 34, 661
CpFe(CO) (SlCla)zH d* CpaReH 2b — 216 — 28]
CpRu(CO ds CpaReH 5b liq. 1835 20.92 — 34]
CpCo (CO) (S]CI;)H d® Cp2ReH 2b 33 23.3 — 28]
CpW (CO;H,+ d? CpoReH,+ 3 unstable — 11.9 — 30]
CpeMo (dppm) H+PFe~ a2 CpoFeH+ 3 — 1390 17.84 36 74]
CpRe(CsHg)H+Cl~ d¢ Cp,FeH+ 3 (118) 1705 16.17 — 131]
CpCo(PMe,Ph),H+PFs- 4 Cp,FeH+ 3 — 25.2 76.5 58]
(CsHg) Mo (PPhs) JH+PF,—. dt CpoFeH+ 3 — 1910 10.3 72.1 132]
(CgHs) Mo (PPhg) sHa2+ (PFe—) d? 3 — 1880 12.3 43.5 132]

* Substitution of carbon monoxide

in carbonyl cyclopentadienyl hydrides.

** Values for cis-isomer.
*¥* Values for trans-isomer.

grey—green deposit, which loses hydrogen when the pressure
is released. The infrared spectrum of the deposit contains
a broad band at 1140 cm™!, corresponding to vibration of a
bridging titanium—hydrogen bond'?*.

Niobocene (and obviously the isomorphous tantalocene)
contain both the usual n*-C.H; groups and o: n-C¢H, groups
linking the niobium atoms in the dimer (Fig.7b).? The length
and spectrochemical characteristics of the niobium—hydrogen
bond (Tables 5 and 6) are closely similar to the correspond-
ing parameters of known transition-metal hydrides. Niobium—
niobium bonds are apparently absent®, as also in the fulvalene
complex (C,,Hg)(CsH;),Nb,Cl (Fig.6c and Table 6).'** The
corresponding hydrido-derivative has not been obtained.

Reduction of niobocene and its analogue containing Si—0-—Si
bridges between the rings gives the anionic complex
Na,[C;H,Nb(H)(CH,)],.*> On passing from the neutral com-
pound to the dianion isoelectronic with tungstocene'?® the
v(Nb—H) frequency increases (Table 5) and the Nb—Nb
distance (Fig.7c, Table 6) increases, while the dihedral angle
of the Nb—C¢,j, bond diminishes".

An mterestmg reaction of ((CsHg),Mo(H)Li), with nitrous
oxide gives a mixture of isomers (CsH MoH),(CsH,), (Table5),
which when heated or acidified form hydrido-complexes with
a fulvalene ligand (Scheme 3).%° In contrast to molybdenum,
with which the fulvalene hydrides are the more stable®!, only
the complexes containing bridging (o: n-CsH,) groups are
known with tungsten (Tables 5 and 6 and Fig.7d,e).

The above compounds are characterised by terminal metal—
hydrogen bonds and exist as separable cis- and trans-iso-
mers. The M, H, CC_r,Hb’ and M’ atoms lie in the same planeg,
which is consistent with theoretical results on the nature of
the bond in wedge-shaped sandwiches®%7%8%,

Besides hydrido-complexes bismetallocenes have been
described containing p-(o: n-C;H,) groups and no metal—
hydrogen bond. A dark red diamagnetic complex isoelec-
tronic with niobocene has been obtained!?:

L,

\ @\ @ 50°C, 1 day

CpgZr + CpyZrly —> Zr, Zr\ (—PhMe CpyZrLg o
; E , N\ 3@(/ L

Hence it was assumed'?® that stable zirconocene, in contrast
to titanocene, may contain (o: n-C;H,) groups. Formation
of the corresponding molybdenum compound CsHMo(C H,),.
.MoC¢H%! is shown in Scheme 3.

3. Monocyclopentadienyl Hydrides of Transition Metals

Monocyclopentadienyl hydrides of transition metals are
known, stabilised with arenes, carbon monoxide, nitric oxide,
phosphines, phosphites, SiX,, and SnX, (Table 7), isoelec-
tronic with the dicyclopentadienyl hydrides (C Hg),NbH,
(CsHs),NbH,, (C4Hg),MoH,, (CsH,),WH, and (CzH¢),ReH, and
also the cation (C5H5)2FeH+ (Section III,1).

Monocyclopentadienyl complexes of transition metals with
ligands giving a total of four (three) electrons are formally
analogous to dicyclopentadienyl hydrides of transition metals
situated one (two) places to the left in the Periodic Table,
but the monocyclopentadienyl hydrides possess an additional
lone pair of electrons. Supplying five electrons
(CHML,XH, complexes) changes neither the state of oxida-
tion nor the electronic configuration of the transition metal
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in comparison with (C;H;),MHpn. The coordination of one
six-electron ligand (arene) or three two-electron m-accepting
ligands yields hydrides isoelectronic with dicyclopentadienyl
hydrides of immediate neighbours on the right in the Periodic
Table.

@) CsHsNB(CO)(P(CHy)y).

Molecular structure of:
.H,; %% b) C,H Re(CO),(SiCl,C HHH;®" ¢) CHFe(CO)(Si.
(CHF,)H.1%

Figure 8.

It had previously been assumed that the ligand group
(CO),, like an arene, should lead to the formation not only
of electronic but also of structural analogues of (CgHg),MHp, %
60,131 However, X-ray examination of a series of complexes
CsHM(CO),(SiX;)H (M = Mn, Re)'**!* and C.H,Fe(CO).
.(8iX 3),H %513 ghowed them to have a piano-stool configura-
tion (Fig.8), in good agreement with n.m.r. results. The
hydrogen atoms could not be located, and their positions
were estimated from an analysis of non-bonded contacts.

The length and spectroscopic characteristics of the metal—
hydrogen bond (Table 7) are those usual for transition-metal
hydrides.

In the case of C;HM(CO),(PR;)H complexes cis- and trans-
isomers have been obtained that differ markedly in spin—spin
coupling constant (Jp_pg ratio ~3, Table 7). Compounds
containing two or more hydrogen atoms exhibit a rapid
exchange of hydride protons on the n.m.r. time-scale: i.e.
they are stereochemically fluximal,!”,7%,126,132

The chemical properties of monocyclopentadienyl hydrido-
complexes of transition metals have been little studied,
although their reactions with water, acids, halogens, and
halogenated hydrocarbons are similar to those of the dicyclo-
pentadienyl analogues. Thus C;H;W(NO),H is hydrolysed
by water with the evolution of hydrogen’?, whereas CHW.
.(CO);H and electronic analogues of ferrocene are protonated
in strong acids (Table 7).

Protonation of dinuclear complexes containing a metal—
metal bond, of the types (C;HM(CO)3), (M = Mo, W) and
(CsHM(CO),), (M = Fe, Ru), form cationic complexes ana-
logous to the dicyclopentadienyl complex ((CH;),WH),H'C10;%®
and apparently containing M—H-M bridges®®. Values of Tyg
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in the cations (C;HM(CO);),H* and (CsHM(CO),),H* (some
of the complexes were isolated as the fluorophosphates) are
respectively 30.99, 34.8, 36.3, and 28.58 ppm for M = Mo, W,
Fe, and Ru.*®

It is interesting that protonation of the cation (C¢H¢)M.
.(PR;);H*, isoelectronic with (CsH,),FeH", gives the only
known dinuclear cation (CGHG)MO(PR3)3H§+ (usually only one
pair of electrons is protonated), which is attributed to the
possibility of effective delocalisation of the positive charge®®.

4. Triscyclopentadienyl Hydrido-complexes of Transition
Metals

Such hydrides are almost unknown. The brown complex
(C:H;),CeH has been reported’’, having an absorption line
v(Ce—H) = 2040 cm™. An attempt to isolate the correspond-
ing uranium complex was unsuccessful®’. The complex of
the corresponding zirconium hydride with triethylaluminium
has been isolated'®” from the (CgHg),Zr—Al(C,H;), catalytic
system; the link is formed by a single hydrogen bridge
Zr—H-—Al.

5. Transition-metal Hydrides stabilised with c-Donor
Ligands

Transition-metal hydrides stabilised with one-electron
¢-donor ligands came to be studied comparatively recently.
Hydrides of titanium, uranium, and thorium are known in
addition to the relatively well studied zine hydrides (con-
figuration d!?) stabilised with nitrogen-containing ligands.

Reduction of diphenoxytitanium dichloride with alkali
metals or sodium tetrahydroborate yields a series of hydro-
complexes!®®:;

NeBil,
oxolan

{Ti (OPh); C1 (C,H40}5}, H

R K .
(PhO)y TiCly—|——r—— {Ti (OPh),}, H

Na/tig. N,y
oxolan

— {Ti(OPh)s}; (N))H »
Titanium—hydrogen absorption bands have not been

detected in them, but their hydride character is confirmed
by the formation of chloroform on treatment with tetrachloro-
methane. The titanium atoms are assumed to be linked by
bridging hydrogen atoms and phenoxy-groups!®®,

Stable complexes [((CH;);S1),NI,MH (M = U, Th) have
been obtained’?*® by boiling the corresponding chlorides with
NaN(S8i(CH,),), in oxolan. The hydride hydrogen originates
from the solvent, as is confirmed by experiments with octa-
deutero-oxolan. These hydrides can be obtained also by
treating the chloride with t-butyl-lithium or lithium triethyl-
hydroborate in pentane. The metal-hydrogen bond in them
has a fairly low stretching frequency, 1430 and 1480 cm™ for
the uranium and thorium complexes respectively'®®, close to
that for the corresponding terminal bond in [(Cs(CH;)g),.
.ThH], (Table 1).

1V. CHEMICAL PROPERTIES OF TRANSITION-METAL
CYCLOPENTADIENYL HYDRIDES

Since in the work covered above attention has been paid
mainly to preparing and establishing the structure of the
hydrido-complexes, their chemical properties have remained
almost uninvestigated. Reactions demonstrating the pres-
ence of a metal-hydrogen bond have been mainly studied.
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1. Thermal Stability and Reaction with Oxygen

Almost all cyclopentadienyl hydrides of transition metals
decompose when heated, with the evolution of hydrogen and
often without melting. Published data on decomposition
points are given in Tables 1 and 7. The dicyclopentadienyl
complexes are more stable than hydrides containing a single
cyclopentadienyl group. In a series of compounds of the
same type the stability increases regularly with the atomic
number of the metal. As a consequence, it has proved
impossible to obtain molybdenum analogues of certain tung-
sten complexes®®:72, Hardly any detailed study has been
made of the thermolysis of cyclopentadienyl hydrides of
transition metals. Quantitative evolution of hydrido-hydro-
gen has been reliably determined in only a few cases (for
(Cs(CH)s)MH, (M = Ti, Zr, U)!H1619 CHM(CO),H (M =
Cr, Mo, W), and CSHSFe(CO)ZHW’). In most cases the
decomposition of dicyclopentadienyl hydrides apparently
involves the cyclopentadienyl ligand, yielding bridging C ;H,
or C,,Hy groups.

Hardly any study has been made of the action of oxygen on
cyclopentadienyl hydrides of transition metals, although many
publications emphasise the great sensitivity of these com-
pounds (especially of Groups IV and V) to oxidation.

2, Reactions of Hydrido-complexes with Water and Acids

The reactivity of cyclopentadienyl hydrides of transition
metals towards water and aqueous acids, involving the evo-
lution of hydrogen, diminishes regularly on passing from left
to right along the Periodic Table: whereas compounds of
Group IV transition metals are hydrolysed vigorously by
water, those of Group V are moderately hydrolysed, and
hydrides of Groups VI-VIII metals are not in general hydro-
lysed. This is due to diminution in the hydride character
of the metal-hydrogen bond (or negative charge on the
hydrogen atom). The reactivity of the dicyclopentadienyl
hydrides towards the reduction of ketones varies similarly®"’.
It is interesting that the complex CsH;W(NO),H, isoelectronic
with (CgHg),NbH, is hydrolysed with the evolution of hydro-
gen, in contrast to (CsH),WH,.”?

The composition of the hydrolysis products was not usually
studied, but formation of a hydroxyl derivative of stable
titanocene by the action of a stoichiometric quantity of water
has been reported’?!. Reaction with hydrogen halides
(aqueous or anhydrous) generally results in replacement of a
hydrido-ligand by halogen®”>7%2%  Treatment of the dicy-
clopentadienyl hydrides of tervalent titanium, tantalum, and
zirconium with hydrogen chloride leads to oxidation of the
metal with evolution of hydrogen and formation of the dichlo-
rides (CgzH¢),MCl1,.1%251%9  This reaction provides a method
for identifying a metal-hydrogen bond (see also subsection 3)
when n.m.r. investigation is impossible, while infrared metal—
hydrogen absorption bands are overlapped by other bands
or even are not observed. Evolution of hydrogen deuteride
on reaction with deuterium oxide or chloride is regarded as
a reliable criterion’. Thus this method has shown the pres-
ence of a titanium—hydrogen bond in the complex ((CsHg),.
.TiN),H;%%?% and in the product of the action of diphenylzinc
on (CsH;),Ti(CHg);.**'  The latter is assumed to contain a
fulvalene ligand and two n-C;H, groups linked through the
zinc atom!*.

In some cases acid hydrolysis apparently involves interme-
diate formation of a dihydrido-complex. Thus the cations
CSHSM(CO)3H§ (M = Mo, W) are formed when the monohydri-
do-complexes are treated with hexafluorophosphoric acid.
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The complex tungsten cation evolves hydrogen rapidly, and
its molybdenum analogue almost instantaneously®’.

It is assumed also that (CsH;),NbH,(CO)* is formed by the
action of hydrogen chloride on the monohydrido-complex!*®:

1y NaBH, HC1

CpyNbCly —NEL o Cp,Nb (H) CO ~5~>
A

~» Cp,NbH, (CO)* CI- — S~ Cp,Nb(C1) €O .

It is noteworthy that its action on niobocene, in contrast to
titanocene®’, gives the usual (n-CsH),NbCl,.*? A similar
course is shown by other reactions of oxidative addition
involving niobocene*® and also (CsH¢),Ti(o: n-CsH,)TiC;H4.'*
These reactions may be expected to apply generally to all
hydrides containing p-(o: n-C;H,) groups, but not to com-
plexes having a fulvalene ligand.

The action of acids on cyclopentadienyl hydrides of
Groups VI-VIII transition metals gives protonated complexes,
which are discussed in the appropriate subsections.

3. Reactions of Hydrido-complexes with Halogens and Halo-
genated Hydrocarbons

The action of halogens on the cyclopentadienyl hydrides
leads to replacement of a hydrido-ligand by halogen’?, often
accompanied by oxidation of the transition metal. For
example, "niobocene" gives with bromine dicyclopentadienyl-
niobium dibromide"“?, and iodine acts on (CsH MoH,),(CH,—
CsH,) to give the molybdenum(IV) complex (CzH;Mol,),(C;H,~
CH,).?®

The formation of chloroform when a complex is treated with
tetrachloromethane also provides a reliable criterion of the
presence of a metal—hydrogen bond’. The titanium—hydro-
gen bond in phenoxytitanium hydrides has been demonstrated
in this way!*®. In the course of the reaction hydrogen is
replaced by halogen with formation of corresponding com-
plexes. Methods of preparation of cyclopentadienyl halides
have been described for the complexes [((CH;);8i),N],MH
(M = Th, U)**® and CsHMo(CO),H"? with tetrachlorometh-
ane, and for (C;Hg),MH, (M = Mo, W)!*® and C HsMo(diphos).
.H,”* with bromoform. The reactivity of CHal,H,—n diminishes
as n decreases, but it has been reported7 that dichlorometh-
ane acts on (C4H;),MH,; (M = Nb, Ta). Iodomethane is an
extremely effective agent, in some cases enabling the content
of hydrido-hydrogen to be determined quantitatively (from
the evolution of methane) on reaction with ((CsH),TiN),H,,%°
(CcHg),Zr(H)(CH,)Zr(C H;),,?* CHMoH(o: n-CH,),Mo(H).
.(CsHg),, and (CH;),MoH,, ™® and also the corresponding
iodo-derivatives to be obtainedS1%?,

4. Complex Formation with Lewis Acids

Lewis acids (BX,, AlX;, MgX,, M(CO),, etc.) form with
the cyclopentadienyl hydrides two types of complexes—either
of donor—acceptor type containing a metal—metal bond
involving the lone pair of a Group VI or VII transition-metal
hydride or with a hydrogen bridge—which are the subject of
a detailed survey'*. Here we note merely that the formation
of equimolecular adduets having an M—M' bond hardly
changes the spectrochemical characteristics of the metal—
hydrogen bond. However, the involvement of hydrogen
atoms in forming bridging bonds leads to considerable shifts,
in the frequency of this bond (up to 100-350 cm™) to longer
wavelengths, and in Ty (up to 3—6 ppm) upfield™**.
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5. Metallation of Hydrido-complexes at Metal-Hydrogen
Bonds

Metallation of the metal-hydrogen bond in cyclopentadienyl
hydrides has been effected by the action of butyl-lithium.
The reaction with the dicyclopentadienyl dihydrides of molyb-
denum and tungsten gives cyclic tetramers [(Cs;H ) ,M(H)Li],
containing M—Li—M bonds.?® Treatment of the molybdenum
hydride with Grignard reagents and aluminium alkyls also
results in fission of a molybdenum—hydrogen bond and
formation of complexes containing bonds between molybdenum
and respectively magnesium®? and aluminium®®, Analogous
metallation by n-butyl-lithium has been described for
(CsHMoH),(C H,—C:H,)?? and (C4H;),TaH,.** Apparently
the metal-hydrogen bonds in the thorium and uranium com-
plexes [((CH;);81),N],;MH also undergo metallation during
preparation of the deuterated complexes®®®:

. 1) n-LiB A
[1Me,Si); NJy ThH, —p-Eitts— [1MeSis NJ, THD

All metallation products are strong nucleophiles, extremely
sensitive to oxygen and readily hydrolysed with regenera-
tion of the metal-hydrogen bond.

6. Reactions of Hydrido-complexes with Donor Molecules

Reaction with donor molecules may or may not involve a
metal-hydrogen bond.

The presence of vacant orbitals on a transition-metal atom
usually results in the formation of solvates. Stable titano-
cene gives an adduct with oxolan®*7*7, and niobocene adducts
with acetonitrile and aromatic hydrocarbons"®. Monomeric
(C5(CH;);),ZrH, gives unstable equimolecular complexes with
carbon monoxide and phosphorus trifluoride!®. The orbitals
of Groups VI-VIII metals are filled with d-electrons, and
the hydrido-complexes acquire basic properties. However,
the reaction of carbon monoxide with (CsHMoH),(C;H,—CsH,)
(Scheme 3) probably involves addition of the donor molecule
to the isomer C;HMoH,(CH,—C;H,)CsH:Mo at the molybde-
num(Il) atom®".

Ligand substitution not involving a metal-hydrogen bond

CpML,H - L* — CpML,L'H + L

has been reported for L = CO, L' = PR;, P(OR);, and M =
Mo, W'?® and for L = P(OCH,),, L' = CO, and M = Cr.%®

A TiH,Ti bridge undergoes homolytic fission by donor
molecules (oxolan, PR,)'%:1° (Egn.2).

Hydrido-ligands are displaced from (C H;),Ti(o: n-CsH,).
.TiC H,.H,?" and (ArH)Mo(P(C¢Hs)3),H,*’ by nitrogen to
form dinitrogen complexes. Carbon monoxide "displaces" a
hydrogen atom from a cyclopentadienyl group in (C;H;),ReH
to give the cyclopentadiene complex CgHgRe(CO)(CsH¢).M"?
Such ligands as carbon monoxide, trialkylphosphines, and
alkenes displace two hydrogen atoms from (CsH;),MH, (M =
Nb, Ta) (Scheme 2)°*1%%  Reaction between ((CsH;),TiN),H,
and carbon monoxide is accompanied by partial evolution of
hydrogen and formation of a complex, from which (CsHs),Ti.
.(C0O), can be obtained by pyrolysis®?,

7. Isotope Exchange

Solid ((CsH;),TiH), exchanges protons of its cyclopentadi-
enyl rings for deuterium in an atmosphere of the latter.
Subsequent treatment with hydrogen chloride yields (CsDs),.
.TiCl,.°” The reaction apparently involves a hydride-trans-
fer stage. An analogous reaction has been described for

299

[((CH,),Si),N];MH (M = U, Th).*® Formation of the com-
pletely deuterated product [((CD;),S8i),N];MD is assumed to
involve an intermediate four-membered metallobutane ring
derivative

CH,
fiMe Sty NI M SiMe
\N/
|

SiMes
isolated on pyrolysis of the hydride!*®. Deuterium exchange
in (CsHj;),Zr(H)R apparently proceeds via an intermediate
five-coordinated complex’':

H C 11 C b=--D

VAR AN V4 . LANE R

CpoZr = Zr-aR  po" 4 Zr o1
) RN "

R Cp o Cp R

3¢ D

Cp,Zt + R’D CpyLr + UD .
D R

On contact of C;H;Cr[P(OCHj;),],H with deuterium more
than 50% of the hydrogen atoms are exchanged, presumably
via a hydrogen-detachment stage and oxidative addition of
deuterium®®.

Catalytic isotope exchange has been reported®®!?” between
benzene and deuterium or between hexadeuterobenzene and
hydrogen in the presence of (CsHs),TaH, (Scheme 2). Iso-
tope exchange with (C;Hs),ReH and (C H;),MH, (M = Mo, W)
in the presence of deuterium oxide is accelerated by acids
(owing to formation of protonated complexes)?*©2:8%,

8. Reactions of Hydrido-complexes with Unsaturated Mole-
cules

Alkyl complexes are formed by the action of alkenes on
cyclopentadienyl hydrides of transition metals. Titanocene
absorbs an equimolecular quantity of an alkene'“7'*®  with
disappearance of the band at 1230 em™:.'*®  Zirconium(IV)
hydrides such as (C H¢),ZrH, and (CiH;),Zr(H)Cl respec-
tively give the complexes (CiH),ZrR, and (CHy),Zr(R)C1%
149 Addition of ethylene to (CgHs),Nb(H)(C,H,®® and of
tetrafluoroethylene to CHM(CO);H (M = Mo, W)**® and
CH Fe(CO),H"*! yields the corresponding ethyl complexes.

Conjugated dienes form the corresponding m-allyl com-
plexes, as e.g. with ((C.Hy),TiH),?® and C H Mo(diphos)H,.”"
However, the complexes C;HM(CO),H (M = Cr, Mo, W)
hydrogenate dienes selectively, and are converted into
(CsHM(CO);),.13%15%  Reaction between (C H),WH, and
isoprene results in hydrogenation of the latter and formation
of the complex (CcHs),W(H)CH:, obviously by oxidative
addition of benzene to dicyclopentadienyltungsten!s*.

Dicyclopentadienylmolybdenum dihydride adds readily
at CiC and N:N bonds to give respectively (CzHg),Mo(H).
.{(CR:CHR) and CH,Mo(H)(RN.NHR).
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9. Catalytic Activity of Hydrido-complexes

Catalytic activity is exhibited by cyclopentadienyl hydrides
only of transition metals in Groups IV and V, mainly titanium
and zirconium. It was reported®® that titanocene was an
effective catalyst for the hydrogenation of alkenes, but
recent work has shown'® that its activity is less by factors
of 10°-10" than that of systems comprising (CH,),TiCl, with
a metal alkyl. Alkenes are dimerised by titanocene in the
presence of a methylhydropolysiloxane'>’. Titanocene and
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(CsHg),Ti(o: n-C3H,)TIC4H, catalyse also the conversion of
ethylene into butadiene, which probably involves double
R-elimination:
3C,H, - C,Hy + CHy=CH--CH=CH,
CH, HC

CH,—CH,
7 ~N
B¢ N /0 ey, G Pl
Ti—Ti ~ Ti—fi
fzc,H. ~C.He)
N, L
Ti—Ti <2 Tifi

Other hydrogenation catalysts are (CgH;),Ti(o: n-CzH,).
.TiC:H,,*®* ((C:H;),TiN),H;,%° and the zirconium compounds
(C:H),ZrH,*»**% and (C H;),Zr(H)(C,H,)Zr(CsH,),,# which
readily add alkenes at metal-hydrogen bonds (subsection 8).

The intermediate species (CzH;),TiH (or (CsH),Ti(H)CI)
is assumed to be the true catalyst, in systems based on
(C¢H;),TiCl, together with AIR,, LiR, MgRX, LiAlH,, or
HAI(N(C;H,),), (in non-solvating solvents), for hydrogena-
tion!®, intramolecular cyclisation of cyclododecatriene®®’,
hydrometallation of alkenes!®®, etc. This hypothesis is con-
sistent with the catalytic activity of (CsHs),TiCH, after
treatment with hydrogen'®®. In the case of systems con-
taining aluminium hydrides, however, the catalytic activity
of (C¢H;),TiH is doubtful, owing to the formation of very

stable dimetal complexes having bridging hydrogen bonds**.

Catalytic hydrogenation of ethylene on the complex (C sHg),.

.Nb(H)(C,H,) has been reported®®. Blocking of the terminal
hydrogen atom (by complex formation with triethylaluminium)
inhibits the catalyst®?,
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