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I. INTRODUCTION

The chemistry of organometallic compounds (OMC) involving
transition metals is at present one of the most rapidly and
successfully developing branches of coordination chemistry.

The beginning of the development of the chemistry of
o-derivatives of transition metals was associated with attempts
to obtain compounds of the type RhnM (R = Me, Et, or Ph;

M = metal; n = valence of the metal), which were known for
non-transition elements. The failure of these attempts led
Krause and Grosse to postulate in 1937, in their detailed
monograph on OMC chemistry, that transition metals with d
orbitals cannot form a o-bond with carbon.

However, studies carried out in the 1950's—1960's showed
that RpM (R = Me, Et, or Ph) derivatives of transition metals
exist in solutions at low temperatures, decomposing when the
temperature is increased. The results led to the erroneous
hypothesis that the transition metal-—carbon c-bond is weak
and that o-derivatives of the type RnM cannot be isolated.

At this time attention was therefore concentrated on the study
of the thermally stable complexes RhyM.xL containing "stabil-
ising" ligands such as CO, PR, or m-C;H;(Cp). The existing
theory of the stability of the transition metal-—carbon o-bond
postulated that the role of these ligands consists in increas-
ing the energy of the o-bond. However, subsequent numer-
ous experimental data and their theoretical analysis demon-
strated that the transition metal—carbon o-bond is not weak.
In his report at the Vth International Congress on Organo-
metallic Chemistry, Wilkinson justified the view generally
accepted at the present time; the thermal instability of the

RpM o-derivatives is due to their kinetic instability associ-
ated with the low activation energy for the decomposition
reaction. Since one of the main pathways leading to the
decomposition is elimination of the alkene as a result of the
transfer of a RB-hydrogen atom to the metal atom, the com-
pounds RpyM with c-substituents which do not contain
8-hydrogen atoms should be kinetically stable. Such sub-
stituents include the benzyl, neopentyl, trimethylsilylmethyl,
mesityl, methyladamantyl, and other groups. The introduc-
tion of the electronegative perfluoroalkyl or perfluorophenyl
o~-substituents into the molecule increases the activation
energy for the decomposition reaction. In addition, it has
been established that the successful isolation of the com-
pounds RpM depends on the correct choice of the method
and conditions of the synthesis®™*.

On the basis of the principles of kinetic stability, major
advances have been achieved during the last decade on the
isolation of individual o-derivatives of transition metals of
the type RpM or RyMXm-n [X = halogen (Hal), OR’, acac, or
NR5; R’ = alkyl or aryl]. They are as a rule extremely
sensitive to oxygen and moisture but, in the absence of the
latter, can exist for a long time at room temperature in the
solid state or in solution without decomposition.

The reactivity of the transition metal—carbon o-bond is
being vigorously investigated. Attention has been concen-
trated on insertion reactions which take place in many cata-
lytic processes. Instead of the compounds RpM, many
investigators have frequently used in the study of these
reactions cyclopentadienyl derivatives of the type Cp,M(c-R)z
(R = Me, Ph, CH,Ph, or C4H;; z = 1 or 2) instead of the
compounds RpM. They are convenient objects of study, since
the Cp,M group is not involved in the reactions and the inser-
tion products are fairly easy to identify.

The latest advances in the synthesis, isolation, and investi-
gation of the chemical properties of individual o-derivatives
of Group IVB—VIB transition metals of the type R,M or
RnMXm-n (R = CH,Ph, CH,SiMe,, CH,CMe,, Mes, adme, or
C¢Fs; X = Hal, OR', acac, NRj; R' = alkyl or aryl; n =the
valence of the metal; m > n)t will be examined in this review.
The results of studies on the o-derivatives of manganese,
iron, cobalt and nickel as well as Cp,M(0-R), will be resorted
to in some cases in the discussions of the reactivity of the
transition metal—carbon o-bond.

Il. THE SYNTHESIS OF o-DERIVATIVES OF TRANSITION
METALS

The main method of synthesis of the o-derivatives involves
the reaction of transition metal salts with organometallic com-
pounds of lithium, magnesium, and zinc and, more rarely,
mercury and aluminium. All these syntheses are usually
carried out at low temperatures and with careful elimination
of oxygen and moisture. The choice of the solvent has an
appreciable influence on the yield of the product. The

1+ Mes = mesityl, adme = adamantylmethyl, and acac =
acetylacetonate.
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Table 1. Benzyl derivatives RhM (R = CH,Ph).
Initial compounds Conditions of synthesis Characteristics of the substance

R,M MX,, R,E solvent -~ {,oC Yield, % mp.,°C colour Refs.
R,Ti TiCly RMgCl Et,O —20 40 71 dark-red [5]
RiZr ZrCly RMgCl Et,0 —20 30 134 yellow 5]
RHi HICI, RMgCl E6LO —90 0 114 pale-yellow [6]
RV VCl R.Mg Et,O —70 25 802 black-green [9, 10]
R;Ta R3TaCly R:Mg toluene —70 93 —b red 2]
R4Cr® CrCls-3THF RLi THF + benzene —20 5 -4 red-brown [13]
R:Mo MoCly-2E1,0 R.Mg Et,0 —40 —e 75 black-brown 118}
RW WCl,-3THF R-Mg Et,0 —20 40 90d red-brown [14]
R3TiC R,Ti E1Li Xylene 0 93 — yellow 18]
R3V® VCly-3THF RLi THF —70 88 — blue [21]
RoTi- BELO CpaTiR, RLi Et.O 420 40 200d black 122]

Remarks: -melts with decomposition;
yield not indicated.

alkylating agents cannot always be interchanged. The most
reactive alkylating agents are organolithium compounds. With
their aid and at fairly low temperatures, it is possible to
obtain fully substituted derivatives R,M. It is noteworthy
that, when organolithium compounds are used, it is necessary
to maintain rigorously the stoichiometry of the reactions,
since an excess of the organolithium compound entails the
formation of ate-complexes, which reduces the yield and
hinders the isolation of R,M in a pure form.

The magnesium derivatives RMgHal and R,Mg are most
widely used as alkylating agents as a result of their ready
availability. However, when RMgHal is employed, the transi-
tion metal is sometimes reduced owing to the presence in the
reaction mixture of the partly soluble MgCl,, which forms
relatively unstable complexes with R,M. To prevent this
process, dioxane, which binds magnesium chloride in the
insoluble complex MgCl,.diox, is added to the reaction mix-
ture. Virtually complete separation of MgCl, from Ry,M, which
remains preferentially in solution, is then achieved. Organo-
zinc compounds behave as mild alkylating agents. They do
not reduce the transition metal, but, even in the presence of
an excess of R,Zn, the complete alkylation of MXp, is not
observed. They are therefore used successfully for the
synthesis of alkyl(aryl)metal halides R,MHal,, , (n = 1, 2,
3; m =4, 5).

The metal chlorides and their complexes with Et,O or tetra-
hydrofuran (THF) are usually employed as the transition
metal compounds. In some cases it is desirable to use metal
alkoxides, which are more soluble in organic solvents than
the corresponding halides.

Thus the decisive factors for the isolation of individual
R,M are the character of the initial transition metal compound
and the alkylating agent, the reaction stoichiometry, the
absence of Lewis acid impurities from the reaction mixture,
and the nature of the solvent. In the present review the
above factors were chosen as the basis for the discussion of
various methods of synthesis of the o-derivatives. In each
Section the compounds are grouped in terms of types of
o-substituents and in each Subsection compounds of the high-
est valences of Group IV-VII metals are considered initially
and then compounds of the lowest valences of the metals in
the same sequence within the Groups.

bm .p. not determined;

obtained in solution; ddecomposes without melting;

1. Synthesis of RyM
Benzyl Derivatives (Table 1)

The tetrabenzyl derivatives of metals of the titanium sub-
group have been synthesised by the classical procedure—the
double decomposition reaction of the metal chloride with a
Grignard reagent in ether at a low temperature™®.

In contrast to this, the double decomposition reaction of
VCl, with PhCH,MgCl is accompanied by a decrease of the
valence of vanadium regardless of the initial reactant ratio,
the nature of the solvent, and temperature’. The optimum
method of synthesis of (PhCH,),V proved to be the reaction
of VCI, with (PhCH,),Mg in Et,0 at -70 °C.®"1% The benzyl
derivatives of niobium have not so far been obtained. Benzyl-
ation of NbCl, (n = 5, 4) not only with a Grignard reagent
but also with (PhCH,),M (M = Mg, Zn, or Hg) was accom-
panied by the formation of complexes of low-valence niobium?!’.
Similarly, in the benzylation of TaCls by (PhCH,),Mg, tanta-
lum(V) was reduced'?. However, by selecting the appropriate
conditions of synthesis, it was possible to obtain (PhCH,)Ta.
TaCly is initially treated with (PhCH,),Zn, which does not
reduce the transition metal. The reaction results in the iso-
lation of the mixed derivative (PhCH,);TaCl,. The subse-
quent substitution of the residual chlorine atoms by benzyl
groups takes place under the influence of (PhCH,),Mg in
toluene. The employment of toluene and the addition of
dioxane enabled the authors to eliminate MgCl, completely
from the reaction zone and to obtain (PhCH,)Ta in an
almost quantitative yield*2.

The compound (PhCH,),Cr has been obtained only in solu-
tion and has been identified by its EPR spectrum!®. The
influence of the conditions of synthesis on the formation of
the benzyl derivatives of molybdenum and tungsten has been
studied in detail. It has been established that the tetra-
benzyl derivatives of molybdenum and tungsten can be iso-
lated as a result of the interaction of MoCl,.2Et,0 and WCl,.
.2THF, which are readily soluble in ether, with (PhCH,),.
Mg 115

Organic o-compounds of tervalent metals are known only
for titanium, vanadium, and chromium. The probable explan-
ation is that the initial low-valence derivatives are difficult
to obtain for the remaining Group IV—iVB metals.
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Table 2. Neopentyl and trimethylsilylmethyl derivatives RyM and RyM (R = CH,CMe;; R' = CH,SiMe,).

, Initial compounds Conditions of synthesis Characteristics of the substance
RpM, R,M Yield, % _— Refs.
MX, RE,R'E solvent t. °C colour m.p.,°C
RsTi TiCl, RLi hexane -70 26 yellow 1052 {24, 25]
RuZr ZrCly RLi hexane +-E{,0 0 68 colourless 1082 [24, 25]
R, HI HICly RLi hexane +Et,0 0 59 colourless 115 [24, 25]
R.Cr CrCly-3 THF RMgCl Et,0 +20 30 chestnut 110 [13]
R/Ti TiCl, R’MgCl E6,0 —20 65 yellow +1 1261
RyZr ZrCly R'Li Et,0 0 89 colourless 10 [26}
Ry/Hf HICl, R’Li hexane +E1,0 0 96 colourless 10 [26]
RSV VCl, R’Li hexane —60 10 green 42 [27]
R/Cr CrCly-3 THF R'MgCl Et,O 20 30 purple 40 [271
R'_o,Tib RTi R'Li toluene 0 50 yeliow — 18]
R3V.THF VCly-3THF R’MgCl THF —60 60 violet 75 fo1]
RYCr CrCls R'Li hexane 20 97 dark violet —B 133]
a . i b . . . . .¢ .
Remarks: ~melts with decomposition; ~obtained in solution from R,Ti and EtLi; m.p. not determined.

The possibility of synthesising (PhCH,);Ti by several
procedures has been investigated. The double decomposition
reaction of TiCl;.3THF or Ti(acac), with an organomagnesium
compound in Et,0 at —30 °C results in the formation of
(PhCH,) 3 Ti. The attempts to isolate this compound lead to
its decomposition at 0 °C. %7 Success was achieved by
another method of synthesis involving the decomposition of
ate-complexes:

xylene

(PhCH,), Ti + EtLi —gre— [(PhCHy), TiEt]~ Li* —
— {(PhCH,); TiEt] - PhCH,Li
CO,|~78°C

(PhCH,),; Ti + [Et] PhCH,CO,Li .

However, it has not so far been possible to isolate (PhCH,),Ti
in a pure form; (PhCH,),;Ti has only been obtained in the
form of solutions in aromatic hydrocarbons!®:19,

The benzylation of VC1,.3THF or V(acac); by PhCH,MgCl,
(PhCH,),Mg, and (PhCH,);Al in Et,0 does not go to comple-
tion1”?2°%, The reaction of VC14.3THF with three moles of
PhCH,Li in THF results in a complete exchange of chlorine
atoms for benzyl groups. However, (PhCH,),;V could not be
isolated in a pure form: at 0 °C the compound decomposes
rapidly in solution?!.

The attempts to synthesise (PhCH,);Cr have so far been
unsuccessfull”’.

Among the benzyl derivatives of bivalent metals, only
(PhCH,),Ti.3Et,0 has so far been isolated; it is obtained on
decomposition of the ate-complex formed from Cp,Ti(CH,Ph),
and PhCH,Li.?? The complex (PhCH,),Ti.3diox has been
obtained by the oxidative-reduction symmetrisation of benzyl
derivatives of titanium(III). 23

The Neopentyl and Trimethylsilylmethyl Derivatives (Table 2)

These substituents belong to the single type CH,Eme,

(E = C, Si, Ge, or Sn) and are more bulky than the benzyl
derivatives.

The neopentyl derivatives of the titanium subgroup are
obtained by the double decomposition reaction of the metal
halides MCl, with Me,CCH,Li. ?**2% The trimethylsilylmethyl
derivatives of the titanium subgroup metals are formed as a
result of the reaction of MCl, with both a Grignard reagent
and an organolithium compound. It has been established that
the best alkylating agent for ZrCl, and HfCl, is Me,SiCH,Li.
A high yield of (Me;SiCH,),M (M = Ti, Zr, or Hf) is achieved
in the presence of a 5% excess of MCl,. When the initial
reactant ratio is exactly 1: 4, the complexes (Me;SiCH,) M.
.(Me;SiCH,),Mg, which are difficult to separate, arise in the

reaction mixture, while in the presence of an excess of MCl,
greater than 5% the stable compounds (Me;SiCH,);MCl are
produced. 2®

Among the neopentyl and trimethysilylmethyl derivatives of
the Group VB metals, only (Me;SiCH,),V has been isolated?’.
It has been established that the preparation of niobium and
tantalum derivatives is hindered by steric factors. When
attempts were made to synthesise (Me,ECH,) M, the alkylidene
or alkylidyne complexes of these metals were isolated?%2%2°,
It was possible to synthesise the compound Me;Ta(CH,SiMe;),,
since the small methyl substituents are distributed in its
molecule around the Ta atom, together with the Me,;SiCH,
groups®’.

Virtually the same features have been observed for the
metals of the chromium subgroup as for the Group VB metals.
The interaction of the ether-soluble CrCl;.3THF with four
equivalents of Me;ECH,MgCl (E = C or Si) under identical
conditions yields the tetrasubstituted derivatives (Me;ECH,),.
.Cr (E = C or Si) with identical yields'*>2’, The reactions of
molybdenum and tungsten halides (MoCl; and WCls) with
MeSiCH,MgCl in Et,0 at 20 °C result in the formation of the
dimeric bridged complexes (Me;SiCH,)¢M,. 2’ An analogous
complex with neopentyl ligands has been obtained from MoCl,
and Me;CCH,Li in Et,0 at 20 °C;?° after the exchange of all
the chlorine atoms in WCl; for the neopentyl groups, the
carbyne complex (Me;CCH,),W(=C—CMe,) is obtained from WCl,
with the aid of Me,CCH,Li. %!

The trimethylsilylmethyl derivatives of tervalent titanium
and vanadium have been synthesised. The compound
(Me;3SiCH,);Ti has been obtained in solution in toluene on
decomposition of the ate-complex [(Me,SiCH,),TiEt] Li*.*®

After the alkylation of VCI;.3THF with Me;SiCH,MgCl, the
complex (Me,;SiCH,),;V.THF, which is stable at room tempera-
ture, was isolated in a pure state?’. It has been established
that the successful alkylation of VCl;.3THF depends on the
nature of the solvent and temperature.

A considerable stabilisation of the tervalent states is
attained when the substituents (Me,;Si),CH are used. The
reaction of [(Me,;Si),CH]Li with a suspension of MCl; in Et,0
at —60 °C afforded low yields of the derivatives [(Me;Si),CH];M
(M = Ti, V, or Cr).>® An interesting fact has been observed
in relation to vanadium—the coordination number of the metal
depends on the bulk of the substituent: tricoordinate com-
pounds are obtained with the bulky substituent (Me,;Si),CH,
while tetracoordinate derivatives are isolated with the less
bulky substituent Me,SiCH,.

Among the bivalent Group IV—IVB metal derivatives, only
(Me;SiCH,),Cr has been described hitherto. On the other
hand a quadrivalent chromium derivative R,Cr is obtained
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Table 3. Mesityl, l-methyladamantyl, and pentafluorophenyl derivatives (R = Mes; R' = l-adme; R" = C4Fy).
Initial compounds Conditions of synthesis Characteristics of the substance
R, M. RyM, Ry M Yield, % - Refs.
MX, reagent solvent 1, °C colour decomp. temp. °C

R.Ti [R4TilLi [oX — 20 —a chrome-yellow 159 [34]
RV [R/VILi 0, Et20 + THF 20 90 dark-red 152 [35]
R.Cr [RiCr]Li 0, Et,0 20 56 dark-brown 110 [36]
R:Mo |RyMo]Li 0, Et,0 20 90 black-green 276 137}
R3V.THF VCly-3 THF RMgBr THF —30 45 blue 125 [39]
R3Cr.3THF CrCly RMgBr THF —20 a dark blue 80 [40]
R2Cr.3THF CrCly RMgBi THF 0 25 violet 50 [41]
RyTi Ti(OPr-is0)4 R'Li PE -20 60 yellow 145 [43]
RyZr 7rCl, R’MgBr E,0 —50 39 cream 130 [43]
R/V V(OPr-is0)4 RLi PE —60 54 bluegreen 80 [43]
Ry/Cr Cr(OBu-t)4 RLi PE —60 45 chestnut 164 [43]
R4*Ti-Et,O TiCl, R”"MgBr Ft90 + hexane —70 30 orange 119 [44]
R/ Zr-EL,O ZrCl, R”Li Et0 + hexane —70 73 yellow 100® [45]
R.”V-2Et,O VCl, R”Li Et7O + hexane —70 70 violet 2200 [46]
R4Ti.3THF TiCl3.3THF R”"MgBr THF 0 45 dark-green 1220 148]
REV.THF VCl3.3THF RLi | THF —70 85 brown 10 [21]
Remarks: a'yield not indicated; bmelts with decomposition; PE = petroleum ether.

when CrCl;.3THF is treated with an excess of RLi or RMgCl
(R = CH,Ph or CH,EMe,),***2” while the reaction of CrCl,
with a deficiency of Me;SiCH,Li results in the formation of
(Me;SiCH,),Cr; the reaction mechanism has not been estab-
lished®:.

The Mesityl Derivatives (Table 3)

The tetramesityl derivatives cannot be obtained by the
usual double decomposition reaction between metal halides and a
Grignard reagent or RLi. In view of the large bulk of the
ligand, only three chlorine atoms are substituted in these
reactions even in the presence of the arylating agents. A
novel method of synthesis has been developed, consisting in
the oxidation of the ate-complexes and the tervalent metals,
which give rise to derivatives of the quadrivalent metals after
careful choice of oxidation conditions3*~%7;

MCL,- STHF-- 4MesLi — 0 -FL0_, [Mes,NI” Li 4THE 3LiC)
%0,
Mes,M + LiO -~ 4THF

Derivatives of titanium, chromium, vanadium, and molyb-
denum have been obtained in this way. The difficulties in
synthesising the tetramesityl derivatives of zirconium,
hafnium, niobium, tantalum, and tungsten are associated
with the fact that the initial MC1; are at present difficult to
obtain.

Mesityl derivatives of tervalent metals have been obtained
for vanadium and chromium. Unfortunately attempts to syn-
thesise Mes;Ti have not been described, although in the
synthesis of Mes,Ti the compound TiCl;.3THF was mesity-
lated3*. Mes,V was isolated in a pure form after the reac-
tion of VC1;.3THF with three moles of MesMgBr, but not with
MesLi, since interaction with the latter results in the prefer-
ential formation of the ate-complex of vanadium(III), rather
than the neutral compound®®:®®, Mes,Cr.THF, which cannot
be converted into an arene complex because of the charac-
teristic features of the mesityl group, proved to be easy to
synthesise*®, For the same reason, it has been possible to
obtain and investigate the o-mesityl derivatives of chromijum-
(ID).

The complex Mes,Cr.3THF can be obtained from anhydrous
CrCl, and MesMgBr."*! It is of interest that Mes,Cr can give
rise to complexes with coordination numbers ranging from

3 to 5. If the pentacoordinate complex Mes,Cr.3THF is dis-
solved in hexane at 20 °C. the colour of the solution changes,
after 15-20 min from violet to green and a green deposit
having the composition Mes,Cr.3THF is precipitated. Three
molecules of the coordinated THF are readily substituted by
one molecule of the bidentate bipyridyl ligand with formation
of dark-blue crystals of the tetracoordinate chromium complex
Mes,Cr.bipy."! The fermation of Mes,Mo was unexpected;

the authors"? believe that the interaction of Mes,Mo0O, with
MeLi involves reduction:

Et,0
Mes,MoO; +- 2MeLi —q5z— Mes;Mo-2E4,0 - 2MeOLi

However, a change in the valence of molybdenum was not
demonstrated analytically and the properties of this compound
were not investigated.

The Adamantylmethyl Derivatives (Table 3)

The l-adamantylmethyl (adme) ligand has a large bulk. It
has been established that the peralkyl compounds R,M incor-
porating this ligand decompose above 100 °C. In the synthe-
sis of (adme) M (M = Ti, V, or Cr), the alkoxides and not
the halides were used as the initial transition metal compounds
(the use of MCl, leads to an extremely low yield of the final
products). The employment of soluble derivatives M(OR),
made it possible to carry out the reaction in saturated hydro-
carbons at low temperature.

The compound (adme),Ti crystallises in an analytically pure
form from the Ti(OPr-iso), + 4(adme)Li system in petroleum
ether at 20 °C.*® In view of the difficulty of obtaining the
initial reagent Zr(OPr-iso),, ZrCl, was used in the synthesis
of (adme),Z2r. The isolation in a pure state of the compcund
(adme),Zr obtained from ZrCl, and (adme)MgBr therefore
requires repeated crystallisation in order to eliminate the
admixture of magnesium halide salts*®.

Treatment of V(OPr-iso), with an excess of (adme)Li gives
the unexpected product (adme),V.** The attempts to obtain
the peradamantylmethyl derivatives of niobium and tantalum
ended in failure, whose only cause was the steric hindrance
resulting from the disposition of the five bulky groups around
the Nb and Ta atoms. Treatment of Nb(OBu-t) with an
excess of (adme)Li resulted in the formation of a mixture of
the di- and tri-alkylated products. When TaCl; was allowed
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Table 4. Benzylmetal halides R,MHal,, , (R = CH,PH; n =1, 2, 3; m =4, 5).

Initial compounds Conditions of synthesis Characteristics of the substance
Benzylmetal halide Yield, % Refs,
R,M } reagent solvent 1, °C colour m.p.,°C
RsTiF R.Ti BF? (gas) toluene -10 40 red-brown 1002 5]
R;TiCl R,Ti HCI (gas) toluene —10 86 red-brown 1002 [5]
RsTiBr RyTi HBr (gas) toluene —10 89 red 1002 [5]
RsTil R Ti I, toluene —20 70 dark-red —b [50]
R,TiBr, R4Ti TiBrs toluene —10 60 red 80 18]
R3ZrCl RiZr HCl (gas) toluene —10 80 yellow 89 [5]
RoZrCly R Zr HCl (gas) toluene —10 60 orange-yellow 60°¢ [51
R3TaCl,- bipy TaCls RoZn toluene 20 55 orange —b [12%
R.TaClz- bipy TaCls RoZn PE —50 —d brown 110 J10
R;3TaCl, TaCls RyZn hexane 20 —d yellow-brown —b [10]
RTaCl, TaCls R:Mg PE 20 —d yellow-brown —b [10}

Remarks: amelts with decomposition;

to react with (adme)MgBr in Et,0, only three chlorine atoms
were substituted with formation of (adme),TaCl,."*?

The Pentafluorophenyl Derivatives (Table 3)

These derivatives have a much higher thermal stability
than the phenyl compounds. While the Ph,M (M = Ti, Zr,
or V) derivatives cannot be isolated in a pure state, the
corresponding pentafluorophenyl compounds are stable on
heating to 100 °C and above.

The compound (C¢Fs),Ti can be isolated in the form of the
hexacoordinate complex (C¢F;),Ti.2Et,0 as a result of the
double decomposition reaction between TiCl, and CF MgBr."*"
The best alkylating agent for the zirconium salt proved to be
C¢FgLi. In contrast to the titanium compound, the o-deriva-
tive of zirconium can be isolated in the form of the penta-
coordinate complex (CgF¢),Zr.Et,0."%°

The interaction of VCl, with C.F/Li leads to the formation
of the complex (C¢Fs),V.2Et,0.% A brief communication
(without description of experimental conditions) concerning
the synthesis of the light-sensitive and volatile compound
(C¢F5)yNb has been published"’.

The pentafluorophenyl derivatives (C4Fs);Ti.3THF and
(C¢F5);V.THF have been synthesised by the reaction of
MCl,.3THF with C¢FMgBr or C4F:Li. The authors of the
present review established that the reaction conditions play
a major role in the successful isolation of the compounds: the
use of THF as the solvent, the optimum temperature range
from 0° to +5 °C, and the order in which the reactants are
added (it is essential that transition metal halide be added
to the Grignard reagent) 2%:*8,

2. The Synthesis of Alkyl(aryl) Metal Halides

The main method of synthesis of organometallic halides
involves the interaction of transition metal halides with
alkylating (arylating) agents using different ratios of the
initial reactants. The importance of the synthesis of com-
pounds of the type RnMHalp-n is due to the possibility of
their being used for the synthesis of other classes of sub-
stances.

The Benzyl Derivatives (Table 4)
The possibility of obtaining benzylmetal halides by the

double decomposition reaction between MCl, and PhCH MgCl
has been investigated in relation to titanium. The reaction

b . c . .
m.p. not determined; decomposes without fusion;

dyield not indicated.

of TiCl, with different amounts of PhCH,MgCl in Et,O at

—20 °C leads to the reduction of titanium and the formation
of bibenzyl*®. Other methods of synthesis of benzyl titanium
and benzylzirconium halides have therefore been used. A
novel electrochemical method of synthesis of complexes of
diben zylmetal dihalides with bipyridyl or acetonitrile,

having the general formula (PhCH,),MHal,.L. (M = Ti, Zr, or
Hf; Hal = Cl, Br, or I; L = bipy or 2MeCN), has been pro-
posed recently®. It consists in the chemical oxidation of the
titanium subgroup metals in an electrolytic cell containing
PhCH,Hal and acetonitrile or o,0-bipyridyl. The reactions
are carried out in solution at a constant current of 30 mA
(25 V). The process terminates with the precipitation of the
insoluble complexes indicated above.

Benzylvanadium(IV) halides and benzylniobium(V, IV) have
not been isolated in a pure state, since they decompose in
the reaction solution at the instant of formation”52, It proved
possible to isolate certain benzyltantalum halides as a result
of double decomposition reactions?® *2,

Particular attention has been devoted to the problem of the
synthesis and investigation of the reactivities of benzyl-
titanium(III) halides, because it is believed that such titan-
ium(IIl) derivatives enter into the decomposition of the active
centres in various catalytic systems based on organotitanium
compounds. In connection with the synthesis of (PhCH,)p.
.TiHal;—n, a method for the substitution of the benzyl group
in (PhCH,)3Ti by a halogen involving treatment with HCI or
I, was employed. The reaction of (PhCH,),Ti with gaseous
HC1 (in proportions of 1:1 and 1: 2) was carried out in
o-xylene at -20 °C. The reaction of (PhCH,);Ti with I, in
toluene at —20 °C yields products with various degrees of
alkylation depending on the initial reactant ratio!?. It has
been established that benzyltitanium(III) halides undergo
quantitatively the oxidative-reductive disproportionation
reaction on raising the temperature to 20 °C. However, the
composition of the disproportionation products changes on
passing from the chlorides to the iodides:

2 (PIiCH,y), TiCl —» TiCl, - (PhCHy), Ti.,
2 (PhCHy)s Til —~ PhCH,Til + (PhCHy); Tif ,

The Trimethylsilylmethyl and Neopentyl Derivatives (Table 5)

The double decomposition reaction between TiCl, and
Me,SiCH ,MgCl or Me;SiCH,Li was used to synthesise
(Me;SiCH,)n TiCl,-p (n = 1, 2, 3); depending on the initial
reactant ratio, it led to the isolation of Me;SiCH,TiCl; and
(Me;SiCH,),TiCl,. 3 The attempts at the synthesis of
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Table 5. Neopentyl- and trimethylsilylmethyl-metal halides R,MCly,-, (R = CH,CMe; R' = CH,SiMe,;
n=1,2,3, 4 m=4,5).
Initial compounds Conditions of synthesis Characteristics of the substance
ide - s Yield, % Refs.
Alkyimetal halide Ml RyE, RyE solvent t, °C ield, % colour mp.,°C o
»’ ] T
Ry TiCl, TiCly RLi hexane —3 14 red-brown — (65/1.5 mm)? [53)
R'TiCl, TiCl, R’MgCl hexane + Et30 —20 40 red-orange —(43/1.5 mm)? [53]
RyZrCly- PMey ZrCly Li Et;04PMe; 20 90 yellow 50 [54]
[{Me3SiyCHIZrCl ZrCly (Me3Si),CHLI  {Et,0 20 45 colourless —‘i (32
[(Me;Si),CH];HICI HiCl, (Me;Si),CHLI  |Et,0 20 53 colourless —“d [32]
RyTaCl TaCls RLi pentane —78 - yellow 25 ; [28]
Ry TaCly TaCls RyZn pentane 20 85 yellow —(110/1 mm) [28]
R.TaCl, TaCls RoZn toluene 20 d vellow 254 128]
RTaCl, TaCl; R.Zn toluene 20) 92 yellow 25 [56]
Ry/'TaCl, TaCls R,Zn Et,0 0 774 yellow 68 [55]
Ry'TaCly TaCls R,/Zn Et,0 10 74 Yellow 70 [551
R'TaCl, TaCl; R./Zn Et,0 20 65 yellow 59, [55)
R:NDCI, NbCls R-Mg Et,0 20 35 orange 70d [28]
RuNbCI, NbCls R.7Zn pentane 20 80 red-orange 25 [57)
R./NDbCl, NbCls RZn 12,0 —10 53 orange-red | 70 [55]

a. . R b .
Remarks: liquid, b.p. is indicated; ~decomposes in benzene; Cm.p. not

®melts with decomposition; “sublimation temperature.

Table 6.

Mesityl- and pentafluorophenyl-metal halides RyMCly-n (R = Mes;

determined; dyield not indicated;

R'=CFs; n=1, 2, 3;: m=4, 5).

Initial compounds *Coinditionsiof’symhesis Characteristics of the substance

Arylmetal halide MCI, RyE, RHE solvent i, °C Yield. % colour m.p.,°C Refs.
RTiCly TiCly ReZn pentane 20 56 red-orange 82 161]
RTiBr; TiBry RoZn pentane 20 74 red 62 [61]
RyNhCl, R:NbhCly RLi toluene 20 10 orange — [62]
R:NbCls NbCls R,Zn toluene 20 84 red - [62]
RNbCI, NBCly R.7n pentane 20 85 dark-red 25b [62]
RyTaCl, R;TaCly RLi toluene 20 71 yellow —a 1621
R.TaCls TaCly R.Zn toluene 20 T4 orange — 162]
RTaCl, TaCl; R.Zn pentane 20 93 orange-red 25¢ [62]
RVCli,-2THF VCI,-3THF RMgBr THF —30 36 brown-yellow 91b 165]
Ry'VCl- THF VCl, R'Li hexane -70 70 red-violet 200° [63]
R,'VCl,- THF VCly RSV THF —70 57 red 220° [631
R’VCl;- THF VCl, RSV THF -70 54 raspberry red 125 {63]

!
Remarks: am .p. not determined; bdecomposes without melting; stable at 25 °C.

(Me;SiCH,),.TiCl were unsuccessful, since this compound
readily disproportionates in solutions®®:

hydrocarbons

2 (Me,SiCHy), TiCl o

— (Me,SiCH,), Ti + (Me,SiCHy), TiClg .

Trialkylmetal halides which do not undergo disproportiona-
tion have been synthesised using the (Me;Si),CH bulky sub-
stituent. The double decomposition reaction of MCIl, even
with an excess [(Me;Si),CHI]Li always leads to the isolation of
[(Me3S81),CH]3MC1 (M = Zr or Hf). When attempts were made
to obtain the analogous titanium compound, reduction with
formation ‘of [(Me,Si),CH];Ti was observed®?. Neopentyl-
zirconium chlorides have been obtained recently®: the reac-
tion of ZrCl, with two moles of Me;CCH,Li in Et,0 yields
(Me,CCH,),ZrCl1,.Et,0 in the form of an oil, while crystalline
products are isolated on formation of complexes with phos-
phines and amines. Procedures whereby the symmetrical
(Me,CCH,),ZrCl, is converted into mono- or tri-neopentyli-
zirconium chloride are being investigated®.

It has been shown that trimethylsilylmethylvanadium(IV)
halides as well as (PhCH,)nVCl,—n are unstable in solution
and decompose with formation of low-valence vanadium com-
plexes?!.

Organozine compounds can be used successfully to isolate
a whole series of derivatives of the type (Me;ECH,),MCls_p
(M =NborTa; E=CorSi; n=1, 2, 3, 4). With the
aid of organozinc compounds, it is possible to substitute in
succession the chlorine atoms in MCl; for the Me,ECH,
groups®®°*~*7, For the Group IVB metals, only the molyb-
denum complex (Me;SiCH,);MoCl.PMe, has been isolated®®.

The methods of synthesis of the compounds (Me;SiCH,)p.
.TiCl3-n have been investigated by analogy with (PhCH,),.
.TiCl3-n. It has been established that they exist in solutions
at temperature not exceeding -5 °C. When attempts were
made to isolate them, oxidative-reductive disproportionation

to the titanium(II) and Ti(IV) complexes was always
observed®®®9,
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The Mesityl Derivatives (Table 6)

Attempts to obtain mesitylmetal halides have now been
described for titanium(IV), niobium(V), tantalum(V), and
vanadium(III). Mes,Zn is the best arylating agent. The
reaction of TiCl, with Mes,Zn in proportions of 2: 1 yields
MesTiCl,.51

Depending on the initial reactant ratio, it is possible, as
for the Me,ECH, substituents, to replace in succession the
chlorine atoms by the Mes groups by the reaction of MCl,
(M = Mb or Ta) with Mes,Zn. MesMCl, and Mes,MCl, have
been obtained in this way®2. The substitution of the third
chlorine atom by the mesityl group is possible when MesLi
is used. It has been established that the thermal stability
of mesitylmetal chlorides diminishes with increase of the
degree of arylation. Thus MesTaCl, sublimes without signs
of decomposition, MesNbCl, decomposes in the solid state at
25 °C after several days, while Mes,NbCl, decomposes faster
than the monosubstituted product under these conditions:
Mes;TaCl, and Mes;NbCli, always contain decomposition prod-
ucts®?

The Pentafluoropheny!l Derivatives (Table 6)

Compared with other compounds, the o-C¢Fs-substituted
derivatives have been investigated to only a fairly slight
extent. A series of pentafluorophenylmetal chlorides have
now been investigated for Group VB metals®®

The reactions of MCl; (M = Nb or Ta) with C¢F.Li in vari-
ous proportions (ranging from 1:3 to 1: 6) in hexane at
—-78 °C give rise to solid variable-composition products
(C¢Fs)nMCls-n, where n = 2, 3; the molecular weight is
intermediate between those of the monomer and the dimer®*

A detailed study has been made in order to synthesise
alkylvanadium(III) chlorides RpVCl .y (n = 1, 2) with sub-
stituents of different kinds (R = CH,Ph, CH,SiMe;, Mes, or
C¢F5). For this purpose, the double decomposition reaction
of VCl;.3THF with RMgCl in proportions of 1:1and 1: 2 in
Et,0 or THF as well as the reactions of R,V.THF (R = CH,.
.SiMe; or Cg¢H;) with gaseous HC1 were investigated®'. The
attempts to isolate RVCl, and R,VCI] were unsuccessful. It
has been established that the above derivatives undergo
oxidative-reductive disproportionation in solutions at 0 °C.
This process proceeds via a stage involving the formation of
intermediate dinuclear complexes in which chlorine atoms are
exchanged for the ligands R. The composition of the dis-
proportionation products is determined by the ratio of the
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amounts of R and Cl in the initial reactant RnVCl;-n:

R_ ,CL__ ,C ¢
NN 2 N\ N / i .
cx/v\c1>v\R = PV VK, = VO o RaVCl = 2R 4 Ve, 3
R, ,C_ R R
Ny Ny \ Ry &
AV = V\R/V o~ VO R

Evidently when a bulky ligand with structural rigidity is
used, there is a possibility, on the one hand, that the mono-
meric form is stabilised and, on the other hand, that the
exchange of a chlorine atom for a ligand R in the dinuclear
complex, which subsequently decomposes, may be hindered.
Such requirements are met by the mesityl ligand. Indeed the
double decomposition reaction of VCl,.3THF with MesMgBr in
THF at a low temperature led to the isolation of the pure com-
pound MesVCl,.2THF, which is entirely stable on heating to
100 °C.*®®

3. The Synthesxs of the Compounds RpMXpy-n (X = OR’,
acad, or NRy; m =3, 4, 5; n =1, 2, 3)

The thermal stability of compounds of this type is deter-
mined not only by the characteristics of the o-substituents
considered in this review but also by the properties of the
group X. The alkoxy-derivatives are thermally stable by
virtue of the formation of dimers, since the R'O groups tend
to associate. The acetylacetonate group reacts with the metal
to form an intramolecular chelate. The R;N group promotes
the coordination and saturation of the metal in the molecule.
Furthermore, an increase of thermal stability is observed
when bulky amide groups are used. The specific features of
the above OR', NR/,, and acac groups are responsible for
the isolation of individual compounds containing methyl,
ethyl, and phenyl groups (Tables 7 and 8).

The compounds RTi(OPr-iso); (R = Me, Ph, or C¢H,) and
R,Ti(OEt), (R = CH,Ph, or C¢H,;) have been obtained; they
exist in the form of dimers®®¢:57:68,

The diphenoxides are monomeric and their thermal stability
is determined to a large extent by the nature of the o-sub-
stituent. The derivatives (Me;SiCH,),Ti(OPh), is stable up
to 100 °C, while the analogous dimethy! compound decom-
poses rapidly in solution at 20 °C,®°

Studies of the synthesis of (PhCH,);TiOEt, RV(OR');, and
R,VOR' have shown that they are readily symmetrised®’®. The
compounds R,V(OR'),, which have been obtained in three
different ways, proved to be thermally stable’®’* (Table 7).

Table 7. Alkoxy-derivatives RhyM(OR'),-n and acetylacetonates RyM(acac),-n.
Initial compounds Conditions of synthesis Characteristics of the substance
Derivative Yield, % N Refs.
MXn reagent solvent t, °C colour decomp. temp., °C
PhCh,),Ti(OEt), (PhCH,),Ti E{OH benzene —):5 70 red-orange 110 5]
gMegsléHg)(ng (OPh), Cl;Ti (OPh) s RoMg Et,0 —70 20 yellow 100 169]
Ti(OPr-iso)3 CITi(OPr-is0) 3 CoFsLi LEt,0 —70 17 colourless 1 §5 [67]
(I’%C5 V(OBu t)z (PhCH )4V t-BuOH hexane —10 43 green 152 [70]
(Meg&C%lz)zV(OBu -t)2 Cly V(OBu-t) RMgCl Et,0 —70 20 bluegreen 148 711
MesﬁV(OBu-t V(OBu-t)4 RMgBr Et,O —70 89 green 176 [71)
(CgFs5)2V(OBu-t) (CeFs)4V t-BuOH Et,0 —70 87 dark green 179 713
(PhCHy)2Zr (acac), (PhCH,).Zr (acac)H Et,0 —40 71 yeél-ow 125 [72
(PhCH2)V(acac)3. THF V(acac), RMgCl THF —50 80 red-brown 100 [73
(Me3SiCH2)V(acac)2. THF V(acac) RMgCl THF —50 80 red-brown 112 [73]
(C Fs)V(acac)2. THF V(acac); RMgBr THF —50 80 red-brown 128 [73]
%{ }Cr(acac). Cr(acac)s RmgCi Et,0 —70 15 yellow-green ¢ (171
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Table 8. Amido-derivatives RyM(NR}),_n and R,M(NR}),_n (R = CH,Ph, R' = CH,SiMe,).

Initial compounds Conditions of synthesis Characteristics of the substance
Derivative T T T - Yied, % Refs.
MX, reagent solvent t, °C colour m.p.,°C
RsTiNEt, BrsTiNEt, RMgCl Et,0 —20 87 red 10; [75]
R.Ti(NEL) o B, Ti(NEt) RMgCl Ei,0 —20 38 red —10 [75]
RTi(NEL,)s BrTi(NEL); RMgCl EL,O —20 78 red-orange 13 175
R, TiPip, Br;TiPips RMgCi Et,0 -—20 87 red 202 [75
R;Ti(CTS)s Br,Ti(CTS), RMgCl PE —10 68 - red 131 [76
Ry Ti (NEty) Br.Ti(NEb)» R’MgCl Et,0 —20 84 yellow-orange 0 175]
RITi (NEto) BITi(NEl,)s R’MgCl EL0 —20 91 yeliow 02 {751
RoZr (NPhy) o RZr PhoNH benzene 420 50 yellow —cC [80]
RyI[N (SiMey) o CLHIIN(SiMey)sls R’MgCl Et,0 0 89 colourless 91 [78]
Mes;VNPh, [Mes; VNPh,| Li 0, — +20 84 black 124 [81]

Remarks: °melts with decomposition ;

b . .
decomposes in solution;

Cm.p. not determined. Pip = piperidine;

CTS = octamethyl-2,4,6-trisila-1, 3, 5-triazacyclo-hex-1-yl.

The acetylacetonate derivatives have been investigated in
relation to the zirconium and vanadium compounds (Table 7).
While (PhCH,),Zr(acac), is fairly stable, R,V(acac), and also
RV(acac), undergo reductive elimination in solutions’®7®. The
derivatives (Me;SiCH,);Zr(acac) and R;V(acac) are readily
symmetrised. Systematic studies have been made of the syn-
thesis and properties of mixed o-derivatives of vanadium of
the type RhVX;-n (R = CH,Ph, CH,SiMe;, or CiHs; X =Cl,
OBu-t, or acac; n =1, 2, 3; m = 3, 4). It has been
established that, regardless of the nature of the o-substitu-
ent, the compounds RVX;, RVX,, and R,VX, (X = Cl or
acac) undergo reductive decomposition in Et,0.2* RTi(Obu-t);
and R,V(OBu-t), are exceptions owing to the large bulk and
low electronegativity of the t-butoxy-groups. The deriva-
tives RVX; are symmetrised, while the RVX, undergo oxida-
tive-reductive disproportionation in solutions (regardless of
the nature of X and R), which proceeds via a stage involving
the formation of intermediate dinuclear complexes.

When the reaction mixture contains agents preventing the
formation of dinuclear complexes and stabilising the mono-
meric form, stable products are isolated, for example, the
compounds RV(acac),.THF, stabilised by the formation of
the monomeric hexacoordinate complex, since the acetyl-
acetonate group is a n?-ligand.

Studies of a series of alkylamide derivatives of titanium
established that the thermal stability of the compounds

decreases in the sequence RTi(NR}); > R3TiNR} > R,Ti(NR}),.

It was found that, in contrast to R,TiX, (X = Hal or OR),
the compounds R,Ti(NR}), readily disproportionate’7*:

3RyTi (NR}); ~—5os— 2RTi (NR)s+ RyTi

The stabilisation of the symmetrical compounds has been

achieved by employing rigidly fixed or bulky ligands (Table 8).

X-Ray diffraction analysis of MeHf[N(SiMe;),]; has shown
that the (Me;Si),N groups are located in space in such a way
that they fully shield the central atom from external influ-
ences’’. By virtue of this spatial disposition of the (Me,Si),N
groups, even the compound Et,Hf[N(SiMe3),], (m.p. 65 °C)
is thermally stable, although the ethyl derivatives of transi-
tion metals usually exist only at low temperatures because of
the ease of B-elimination’®7%.

The amide derivatives of vanadium(IV) and vanadium(III)
have been scarcely investigated. A single compound Mes;.
.VNPh, has been synthesised by oxidising the corresponding
ate-complex [Mes;VNPh,] Li*. % The isolation of MesV(NPh,),,
formed by the reaction

VCly - 3THF + MesMgBr + 2KNPh, — MesV (NPhy), »

has been mentioned. No detailed description of the reaction
conditions and the properties of the compounds is given®2.

11l. THERMAL DECOMPOSITION OF THE o-DERIVATIVES

The task of the study of the thermal decomposition of the
individual o-derivatives RnM and RnMXm-n is the determina-
tion of the general features of this process as a function of
the electronic configuration, coordination capacity of the
central atom, and the decomposition conditions.

An attempt has been made at a theoretical justification of
the modes of decomposition by analysing the correlation
between the symmetry groups of the valence orbitals of the
metal atoms in the initial o-complex and its thermolysis
products. On the basis of these correlations, the metal
complexes with the electronic configurations d —d® should
undergo reductive elimination. For the complexes with the
electronic configurations d°[Ti(1V), Zr(IV), and Hf(IV)] and
d', d*[V(1V), Cr(IV), Ti(IIl), and V(III)], the reductive
elimination is prohibited and the o-bond is homolysed®®. The
experimental results obtained by different workers are in
good agreement with these theoretical postulates.

It has been established that reductive elimination is
observed on thermolysis of the neophyl complexes of chro-
mium(III) (d? system), Mn(II), Fe(III) (d° system), Fe(II),
Co(III) (d® system), Co(II) (d’ system), and Ni(II) (d® sys-
tem) and leads to the formation of bineophyl and to a decrease
of the valence of the central atom®".

The elimination processes are varied. Apart from the
reductive elimination, the complexes are decomposed via a-,
8-, and y-hydride elimination.

The classical compounds which decompose via o -elimination
are the o-derivatives of niobium and tantalum. The study of
the kinetics of the thermal decomposition of (PhCH,)sTa in
benzene at 40 °C in the presence of an initiator (azobisiso-
butyronitrile) or an inhibitor (the galvinoxy-radical) has
shown that the decomposition of (PhCH,)Ta does not entail
the homolysis of the M—C bond with formation of free radi-
cals®®. The authors believe that (PhCH,)sTa decomposes via
intramolecular or intermolecular o-hydride elimination with
formation of toluene and alkylidene complexes of quinque-
valent tantalum. However, the individual compound could not
be isolated in this instance. The neopentylidene complex
(Me;CCH,);Ta(CHCMe;) proved to be thermally stable?®. The
analogous niobium complex is unstable. The authors?® postu-
late the formation of the tantalum complex via the decomposi-
tion of the short-lived (Me;CCH,)Ta, whose molecules have
a trigonal bipyramidal structure. Its relatively more acidic
o-proton passes from the a-carbon atom of the equatorial
alkyl group to the relatively more nucleophilic a-carbon atom
of the axial alkyl group. This results in a rearrangement of
the structure accompanied by the formation of Me,C and the
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final pseudotetrahedral complex. Schrock's investigations'?
28,85 suggest that the decomposition of all the pentacoordinate
niobium(V) and tantalum(V) complexes takes place via
oa~elimination with formation of tetracoordinate alkylidene
complexes of formally quinquevalent niobium and tantalum?®.

The a-elimination process is dominant in the decomposition
of alkylmolybdenum and alkyltungsten halides RyMHaly-n
(R = CH,Ph or CH,SiMe,;). The factor favouring this reac-
tion pathway is the possibility of the stabilisation of carbenes
on coordination to molybdenum and tungsten. The main
evidence confirming the elimination of a-hydrogen is as fol-
lows: firstly, the Me,Si formed on decomposition of (Me,.
.SiCH,)pyMHalyy-n in deuterated solvents does not contain
deuterium atoms and, secondly, the decomposition of the dry
residues (after the decomposition of the compound) with
heavy water results in the formation of considerable amounts
of Me SiCHD, and PhCHD,. %6-88

Thus, in the decomposition of Mes(Me)TaCl;.PMe; in toluene
at 45 °C or of Mes(Me)TaBr,.PMe; in CHCl, at 25 °C, the
Me—Ta bond is cleaved homolytically and CH, is formed as a
result of the abstraction of the y-hydrogen from the Mes
group. 'H and '’C NMR data made it possible to establish
the formation of substituted benzylidene complexes and to
put forward a y-elimination mechanism®?:

Me Me Me Me Me Ale

- ﬁ
(PMeg)ClyTa (PMeJ)(:lgraztlz

(PMe3)Cl-" a
l\!le\“\ iy \CHJ i
w
Table 9. Thermolysis of the benzyl and trimethylsilylmethyl

derivatives of titanium, zirconium, and vanadium.

Decomposition Amount of RH,

Compound conditions (¢, °C) mol/mol OMC Refs
(PhCH,)4Ti solid (100} 2.2 [89, 90]
(PhCH,),Ti in heptane (100) 2.5 [5]
(PhCH,) (Zr solid (135) 2.5 1901
{PhCHy)Zr in octane (100) 2.5 51
(PhCHa) . Zr in toluene (100) 2.5 {5]
(PhCH,),V-2Et,0 solid? (80) 2.4 [91]
(PhCH,),V-2EL,0 in benzene (80) 3.8 [91]
(PhCHy).V-2Et,0 in ether (80) 3.8 {911
(PhCH,),V - THF in THF (0) 2.8 [91
(MesSiCH,),V solid (95) 2.8 {91
(Me3SiCHy),V in benzene (90) 2.8 fo1]
(MesSiCH,) v in THF (90) 2.8 {91]
(Me3SiCHa) 3V - THF solid? (75) 1.9 {91
(Me;SiCH,)3V - THF in hexane (75) 2,0 [91
(Me3SiCHz) 3V - THF in ether (75) 2.0 ot

Remarks: ‘the decomposition was carried out in a quasi-flow
system permitting the removal of the eliminated ligand from
the reaction zone.

It is nowadays regarded as generally accepted that the
decomposition of the o-derivatives of Ti, Zr, Hf, V, Cr, Mo,
and W is accompanied by the homolysis of the o-bond. The
thermolysis of the benzyl derivatives (PhCH,),M (M = Ti, Zr,
Hf, V, Mo, or W) in the solid state and in solutions entails
the formation of mainly toluene. At the same time very small
amounts of bibenzyl, benzene, diphenylmethane, methane,
and ethane were detected. The metal-contairing thermal
decomposition products consist of dark involatile pyrophoric
substances in which the metal is present in a low-valence
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state. Unfortunately quantitative data have been obtained
only for titanium, zirconium, and vanadium®%%°%°! (Table 9).

The trimethylsilylmethyl and neopentyl compounds of the
elements in the titanium and vanadium subgroups decompose
to give Me,E (E = C or Si) as the only volatile product. No
detailed studies of the thermolysis of (Me;ECH,),M (M = Ti,
Zr, Hf) have so far been made. It has been established that
the thermolysis of the trimethylsilylmethyl derivatives of
vanadium(IV) and vanadium(III) under various conditions
leads to the formation of black pyrophoric residues contain-
ing low-valence vanadium?®'.

There are virtually no quantitative literature data on the
thermolysis of mesityl derivatives. The high thermal stability
of the compounds Mes,M (M = Ti, V, Cr, or Mo), which
decompose above 100 °C, has been noted®* 37, The decom-
position results in the formation of mainly mesitylene
together with small amounts of xylene, toluene, and bimesityl.
For example, in the decomposition of the Mes,Ti the product
ratios are MesH : Me,C¢H, : MeC Hy : Mes, = 100: 0.1:10:4.7.%
The decomposition of Mes,;V.,THF is accompanied by the elim-
ination of THF followed by the splitting off of more than 90%
of the o-substituents. The decomposition products are
mesitylene, xylene, toluene, and bimesityl in the proportions
100:6.3:2.3:6.3.%°

Thus the first stage of the thermolysis is the homolysis of
the R—M o-bond regardless of the valence of the central
atom. If the compound has a coordinated ligand, its decom-
position usually begins with the elimination of the ligand
molecule. It has been established by physicochemical methods
that the eliminated c-substituents do not become free radicals.
Consequently their subsequent reactions take place intra-
molecularly or intermolecularly within a cage. The reaction
products of the homolytic species are RH. The sources of
hydrogen can be (1) the groups R bound to the metal, (2) the
ligand coordinated to the central atom, and (3) the solvent
molecules.

It has been established that Me,Si is formed in the decom-
position of the Me;SiCH, derivatives only via the intramolec-
ular or intermolecular elimination of the hydrogen atom from
the groups R bound to the central atom. Neither the coor-
dinated ligands nor solvent molecules serve as sources of
hydrogen. After the elimination of THF in the first stage of
the thermolysis of (Me,SiCH,);V.THF, a structural rearrange-
ment takes place with formation of the dimer [(Me;SiCH,):V,].
The large bulk of the Me;SiCH, groups and the small radius
of the vanadium atom hinder its coordination to THF or Et,0
in the dimer and also in (Me,SiCH,),V. %"

The benzyl derivatives decompose in the solid state via the
same mechanism as the Me;SiCH, derivatives but in solutions
a difference is observed. Since the PhCH, groups are less
bulky than the Me;SiCH, ligands, they do not hinder the
coordination of the THF or Et,0 to vanadium. Although the
thermolysis of the complexes (PhCH,),V.2Et,0 and (PhCh,),V.
.THF begins with the loss of the coordinated ligand, a mobile
equilibrium exists in solutions:

(PhCHp), V - xL == (PhCH), V + xL ;
n=3, 4 L=E{O, THF; x=1, 2

The occurrence of the reversible reaction makes it possible
to replace the ligand by a molecule of the solvent capable of
coordination, which serves in its turn as a hydrogen donor.
Consequently in the decomposition reaction in solutions, the
sources of hydrogen for the formation of RH can be both the
groups R bound to the metal and the molecules of the coor-
dinated ligand. The occurrence of two pathways is confirmed
by the quantitative yield of toluene and by the analysis of
the solid residue. In the decomposition of organovanadium



Russian Chemical Reviews, 52 {10), 1983

953

Table 10. (C4Fs)nM.xL decomposition products“®°1:%%,
Decomposition conditions Decomposition products, mol/mol R,M
Compound decomp. temp., °C

solvent i, °C CeFsH (CaFs)s Cof (—CoFs (CaF s MX,
(CsF5)4Ti-2EL,O 130 THF 90 0.20 — — 1.02 TiF4+TiFs
(CoF5)4Ti-2Et,0O 130 benzene 100 0.20 0.10 2.80 — TiFs++TiF;
(CgF5)sTi-3THF 122 solid? 130 — — — 0.81 TiF3
{CeFs),Ti-3THF 122 THF 90 0.83 — — 0.63 F,TiOR
(CgF3)3Ti-3THF 122 benzene 90 0.70 — 1,83 — F,TiOR
(CeFs)4V-2THF 205 Et,0 90 0.70 0.10 s — (CeFg)av.THF
{CeF5)4V-2THF 205 Bu,0O 140 0.65 0.10 — 1.03 3.THF
(CeF5)sV-2THF 205 benzene 140 0.77 0,10 2.83 — VF3.THF
(C4F5)3V - THF 9920 Bu,0 140 - - — 0.96 VF3.THF
(CsF5)sV - THF 220 benzene 140 — — 293 —_ VF3.THF

Remarks: adecomposition in a quasi-flow system; amount of THF 2.75 mol/mol (C¢Fs);Ti.3THF. A dash indicates
that the given compound was not detected in the decomposition products.

compounds the solid residue contains the V-OR fragments
which have arisen from secondary oxygen-containing ether
groups. The study of the thermal decomposition of
(PhCH,),V.2Et,0 in di-isopropyl ether by EPR revealed the
formation of the intermediate derivative (PhCH,),V(OPr-iso),.

The solvent is not involved in the formation of RH in the
thermolysis of the benzyl derivatives of titanium and zirco-
nium in hydrocarbons. This is confirmed by data for the
decomposition of (PhCH,),Zr in C;D CD;, which does not
result in the formation of PhCH,D. The thermolysis of the
equimolar (PhCH,),Ti + (C¢DsCD,),Ti mixture in heptane
leads to the formation of toluene deuterated to different
extents. This indicates the existence of an intermolecular
pathway leading to the elimination of hydrogen. Unfortunately
the decomposition of (PhCH,),M (M = Ti or Zr) in solvents
capable of coordination (Et,0, THF) has not been studied in
detail and it is therefore difficult to reach a general conclu-
sion concerning the influence of the nature of the solvent
on the RH formation pathways.

The influence of the nature of the o-substituent and of
solvent character is clearly manifested in the thermolysis of
the pentafluorophenyl derivatives of titanium and vanadium"®
91,95 (Table 10). The titanium compounds decompose without
fusion in the temperature range 120-130 °C, while the vana-
dium compounds decompose at 205-220 °C. The thermograms
of the titanium complexes show that the coordinated ligands
are split off initially. In contrast to this, the thermograms
of the vanadium complexes have no peaks corresponding to
the elimination of THF. The difference between the first
stages of the decomposition determines also the difference
between the subsequent decomposition pathways.

In compounds with the C¢Fs ligands there is a possibility
of the interaction of the unshared electron pair of the fluo-
rine atom in the ortho-position with the d orbital of the
metal. In the complexes (C¢F5),Ti.2Et,0, (CzF5);Ti.3THF,
and (C4Fs),V.2THF, the central atom is coordination-satu-
rated and there is therefore initially no additional coordina-
tion of the fluorine to the metal. Experimental data show that the
coordinated Et,O or THF ligands are split off initially in the
decomposition of the titanium derivative and one of the C(Fg
groups is the first to be split off in the case of vanadium.
This is probably followed by a rearrangement of the coor-
dination sphere of the central atom associated with the fact
that the vacant sites in the octahedral configuration are
occupied by fluorine atoms. This additional coordination
weakens both the C—Fgptho and the C—M bonds. Both bonds
are therefore ruptured in the thermolysis, which is accom-
panied by a transfer of the fluorine to the metal atom and the
formation of metal fluorides. The fluorinated ligand is split

off in the form of tetrafluorodehydrobenzene and the subse-
quent reaction pathways of C.F, depend only on the nature
of the solvent. C4F, does not react with ethers and trimer-
ises, but it does enter into a reaction with benzene of the
type of diene synthesis with formation of 5,6, 7, 8-tetrafluoro-
benzobicyclo[ 2. 2. 2]octatriene.

The C¢F g groups eliminated from vanadium in the thermoly-
sis of (C¢F5),V.2THF are converted mainly into C¢F.H as a
result of the abstraction of hydrogen from the coordinated
THF molecules. A small proportion of the C¢Fs groups dimer-
ise. The formation of small amounts of C¢F:H in the decom-
position of (C¢Fs),Ti.2Et,0 shows that the loss of coordinated
ligands is accompanied by the partial homolysis of the C Fs—
Ti o-bond. On thermal decomposition in solutions, the com-
pound (C¢F;);Ti.3THF remains coordination-saturated and for
this reason one observes under the given conditions in the
first stage the elimination of the C4Fs group, which is con-
verted into C¢FH as a result of the abstraction of hydrogen
from THF. Owing to the octahedral configuration, two vacant
sites are produced and are occupied by the fluorine atoms
from the two remaining C¢Fs groups. The subsequent decom-
position leads to the elimination of two C¢F, groups and the
transfer of two fluorine atoms to titanium. However, F,Ti(OR)
is formed instead of TiF,, since the alkoxy-group produced
due to the decomposition of the dehydrogenated THF adds to
titanium. In (C4¢H;);V.THF there is a possibility of the
expansion of the coordination sphere to an octahedron as a
result of the coordination of fluorine to vanadium. The C,F,
and not C¢Fg is therefore split off in the decomposition of
(C¢F5)3V.THF and VF,.THF is formed.

Thus the mode of the thermal decomposition of the penta-
fluorophenyl derivatives is determined by the electronic
configuration of the central atom and the possibilities for the
rearrangement of the coordination sphere in the decomposi-
tion process.

Studies of the thermal decomposition of the compounds
RnMXm-n have been published recently”%%:°¢, They are of
interest because they make it possible to follow the influence
of the second substituent on the reaction pathway. Under
comparable conditions, studies have been made of the decom-
position of the halogeno-derivatives R,VCl,_n having sub-
stituents of different kinds (Table 11). R;VCl decomposition
products show that symmetrisation takes place initially in
accordance with the equation

R3VCl — Y4R,V + Y,4R,VCly

When R = CH,Ph or CH,SiMe;, the corresponding products
R,V do not decompose under the experimental conditions and
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Table 11. R, VX, decomposition products
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7,63,96

Decomposition conditions Decomposition products, mol/mol Ry VXyy—py
Compound

solvent t, °C RH R—R V-containing product (yield)
PhCH,VCly Et,0 —18 — 0.45 VCls (0.95)
(PhCH,),VCl, Et,0 —18 - 0.90 VCl; (0,94)
(PhCHy)sVCl E4,0 20 — 0,50 RV +VCl, (0.404-0,45)
(Me3SiCH,)sVCl Et,0 20 0.80 — RV+VCl, (0.46+0,45)
CgF 5VCl3.THF Et,0 20 0,10 0.45 VCls (0,90)
(CF5)2VCly. THF Et,O 20 0.40 0.80 VCl, (0.90)
(CgF5)3VCL HF2 Bu,O 140 0.67 0.33 VF;-+VCl, (0.6040.33)
MeoV(OBu-t)) Et,0 90 0.94 —_ V(III)+V(1I) (0.754-0.15)
MeZV(OBu-y;);B heptane 90 0.90 — V(III)+ V(1) (0.7540.15)
(PhCH2)2V(OBu-t)2 Et,0 90 0.80 — VI + V(1) (0.75+0.15)
(PhCH&?{zV(OBu-t)z heptgne 90 0,70 — V (1114 V (I1) (0.75+0.15)
Me3SiCH7 V(OBu-t}.CIMgOBu-t solid! 200 0.89 — V(IV) oxides (0.99)

Remarks: “amount of (CgF,), found 0.60 mol/mol (CFs),VCl.THF;

b e . .
thermolysis in a quasi-flow system with removal

of products from the reaction zone; iso-C,H,, (0.45 mole), iso-C ,Hy (1.95 mole) and t-BuOH (0.38 mole) were found.
A dash indicates that the given compounds was not detected in the decomposition products.

can be isolated from the reaction mixture. The second sym-
metrisation product (R,VCl,) decomposes. The complex
(C¢F3),VC1.THF also undergoes symmetrisation initially, but,
since it decomposes at 198 °C and (C¢F5),V.2THF decomposes
at 205 °C, in the given instance the processes are super-
imposed and a mixture of decomposition products of both
compounds is obtained.

The study of the influence of the t-BuO group on the
decomposition of alkylvanadium alkoxides (Table 11) makes
it possible to establish that the reaction begins with the
homolysis of the V—-C o-bond. At high temperatures (above
200 °C), the V-0 and C-O bonds are cleaved. It is note-
worthy that V(OBu-t); and V(0OBu-t), decompose at 150° and
164 °C respectively. The amounts of RH formed in the
decomposition of R,V(OBu-t), show that the neighbouring
R ligands serve as a source of hydrogen. The formation of
considerable amounts of CD, in the decomposition of (CD;),V.
.(OBu-t), may serve as confirmation of this finding. The
formation of Me,Si and the subsequent reactions can be
represented schematically as follows:

t-BuQ Cl t- BuQ Cl
ANIERN NN,
v MgOBu-t —> Me,Si + V\ MgOBu-t —
Me,siCil, <|)’ 07
H—- G—C—Me Hy(—C—Me
S Hy | -
Me Me

Me

+ Egmgouu-c:[ .

e E-BuOV:():[ + Cily=¢
Me

The decomposition temperature determines the composition
of the final vanadium-containing products. Below 100 °C, a
mixture of alkoxides is produced, while at 200 °C the prod-
ucts consist of a mixture of vanadium oxides.

Regardless of the nature of R and R', the thermolysis of
the compounds (RCH)nTi(NR)),—p (n =1, 2, 3; R =Phor
SiMe;; ' = Me or Et) leads to the formation of one mole of
RH per RCH, group. The titanium remains quadrivalent in
all cases’® (Table 12). An ionic mechanism of the decom-
position reaction with participation of the B-hydrogen of the

NR, groups has been proposed’®:

NEt, NEt,
EtgN—Ti—CH,—R - Et;N—Ti* - “CH—R —

o i
IL/CHZ—M* N—CH,—Me

“NEt i
NEt, NEt,
- R—Me 4 E,N e - 1n E’szwll‘if
,L?CH“MC N CH_Me
MEt g !

Table 12. Products of the decomposition of (RCH,)p.
.Ti(NR}),-n in the solid state’,

Compound Decomp. temp. RH, moles
(PhCH2)sTi(NEt;) 80 22
(PhCH,),Ti(NEt;), 80 1.5
(PhCH.) Ti(NEty)s 140 08
(PhCH,) Ti(NMey) 105 0.8
(MesSiCH,) o Ti (NEt,) 2 90 1.5
(Me;SiClHy) Ti(NMey) s 90 0.9
{MesSiCH,) Ti (NEt,)s 130 09

Data on the thermolysis of compounds containing bulky
amide groups are consistent with the ionic mechanism’®, The
mechanism of the decomposition of the alkylamide compounds
is significantly influenced by the presence of the alkylamide
group and not by the character of the o-substituent.

1V. REACTIONS INVOLVING INSERTION IN THE TRANSITION
METAL-CARBON ¢-BOND

The reactions of the c-derivatives of transition metals with
acids, alcohols, halogens, hydrogen halides, and metal salts
have been investigated in fair detail. Numerous investiga-
tions established that the above reactions are independent of
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the nature of the central atom—the M—C o-bond is cleaved
in all cases. The presence of bulky o-ligands, such as the
adamantyl, norbornyl, and mesityl groups, retards the bond
cleavage but the reaction pathway remains unchanged.

An increasing number of studies on the chemistry of
organic compounds of transition metals are nowadays devoted
to the insertion reactions described by the general formula

M—[—R], + A - M—[—-AR], .

Many such reactions are known, since numerous monatomic
and polyatomic species can be inserted in the M—C o-bond.
The reaction pathway is determined, on the one hand, by
the nature of the transition metal—carbon o-bond and, on the
other, by the properties of the inserted molecules.

1. Reactions with Oxygen, Sulphur, and Selenium

Virtually all the o-derivatives of transition metals are
sensitive to molecular oxygen. Many compounds undergo
spontaneous heating in air. However, if the substance con-
tains bulky substituents, which shield the central atom from
coordination with oxygen, it is usually resistant to oxidation.
Indeed, Mes,M and (adme),M are not oxidised in air.

Organic compounds of non-transition metals are known to
be oxidised via a radical mechanism with formation, depend-
ing on the conditions, of peroxides or alkoxides of the cor-
responding metals. Only preliminary data exist at present
concerning the mechanism of the oxidation of organic com-
pounds of transition metals. The oxidation of (Me;SiCH,),.
.Ti(Zr) or (PhCH,),Zr(Hf) takes place at a higher rate at
—-78 °C. For example, the oxidation of (PhCH,),Hf in toluene
for 3 min results in the quantitative formation of (PhCH,0),Hf.
In the presence of an excess of pyridine the initial rate of
oxidation of (PhCH,),Zr(Hf) diminishes, one mole of oxygen
is then absorbed (at -78 °C), and (PhCH,),Hf(OCH,Ph),.Py
is formed®”%®. The authors suggest that organometallic
peroxides are formed in the first stage of the oxidation reac-
tion and either rearrange or react with another molecule of
the organometallic compound, giving rise ultimately to
alkoxides.

The insertion of elementary sulphur and selenium in the
transition metal-carbon o-bond has been described in only
two instances. In contrast to the compounds RMgX, whose
interaction with Sy and Se yields the corresponding mercap-
tans and selenoalcohols, the compounds Cp,NbR, (R = Me or
a-thienyl) give rise to niobium(V) complexes and not inser-
tion products on irradiation with ultraviolet light in benzene
in the presence of Sg:%°

R
CpNBR, —— szNb/—S
S

An X-ray diffraction study of the complex Cp,Nb(S,)Me
showed that S, is a bidentate ligand and that the Mb—S
distances are 2.515 and 2.432 4,1

Analogously to Grignard reagents, a direct insertion of
the Se atom in the M—C o-bond has been observed for Cp,MMe,
(M = Zr or Hf). On refluxing with two equivalents of
selenium, the derivatives thus produced give rise to a high
yield of Cp,M(SeMe),. *°!

2. Reactions with Carbon Monoxide

Numerous studies in this field during recent years estab-
lished the mechanism of the coordination and subsequent
insertion of the CO molecule as a function of the central atom
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and the character of the o-substituent. The discovery of
these features became possible when the cyclopentadienyl
compounds Cp,M(R)X, Cp,TiR, and Cp,MR, (R = Me, Ph,
CH,Ph, or C;,Fs;; M = Ti, Zr, Hf, V, Nb, or Ta; X = Cl
or OEt) were used!’?~1%®_ It was established that the first
stage involves the coordination of the CO molecule to the
central atom. The secondary reactions leading to the final
product depend on the nature of the central atom.

We shall consider how this situation arises in the few-reac-
tions of compounds of the type R,M with CO which have been
investigated. The (PhCH,),Ti molecule absorbs only two CO
molecules. The highest coordination number of titanium(IV)
is six, so that only two ligands can be coordinated to the
central atom in (PhCH,),Ti {in the analogous reaction of CO
with the complex (PhCH,),Ti.NH(C4zH;;),, in which titanium-
(IV) has a coordination number of 5, only one mole of CO is
absorbed]. The infrared spectrum of the solution shows
initially absorption bands at 1952 and 1873 em™}, which are
characteristic of the coordinated CO group: subsequently
these bands vanish and new bands due to the carbonyl group

>C =0 appear at 1640 and 1635 ecm™*. The acyl derivative

(PhCH,),Ti(COCH,Ph), was isolated as a result of the reac-
tion. The process is reversible; when the solution is
heated, CO is evolved and the initial compound (PhCH,),Ti
reformed%®,

In contrast to (PhCH,),Ti, the titanium(II) derivative
(PhCH,),Ti.3Et,0 reacts slowly with CO in toluene (pco =
2 atm) at 20 °C and not more than two moles of CO are
absorbed irreversibly. It has been established that 0.5 mole
of CO is absorbed after 5 h, 1.0 mole after 10 h, and 2.0
moles after 24 h. The slow insertion is complicated by sec-
ondary reactions giving rise to a complex range of products

The compound (PhCH,),Zr reacts with CO in decalin at
22 °C. Analysis of the zirconium-containing products demon-
strated the presence of the Zr—-CO-CH,Ph, —Zr-0O—-C-CH,Ph,
and other fragments!!!,

The vanadium(IV) and chromium(IV) compounds (Me,Si.
.CH,),M and (iso-Pr),Cr do not react with CO at 20 °C under
normal pressure owing to the large bulk of the o-substituents
which obscure the central atom and prevent the coordination
of the CO. However, at a CO pressure of 50 atm in THF,
all the isopropyl groups are displaced from the (iso-Pr),Cr
molecule and Cr(CO), is formed?” 112,

When the molybdenum complex CIMo(CH ,SiMej);.PMe; is
acted upon by CO, two Me;SiCH, groups are substituted by
carbonyl groups and some of them migrate to a coordinated
CO molecule, giving rise to an n?-coordinated acyl group.
The carbonylation product was identified on the basis of
X-ray diffraction data as a dimer with hexacoordinate molyb-
denum [CIMo(COCH,SiMe;)CO,(PMe;)],.*® The complexes
(C¢Fs),Co0.2Pr; (R = Et, n-Bu, or Ph) combine reversibly
with one CO molecule to form the pentacoordinate carbonyl
complexes (C¢F;),Co.2Pr;(CO). An excess of CO induces
the decomposition of the complexes accompanied by the forma-
tion of the dimer [Co(CO0),;.Pr,],.??* When the dioxane com-
plex is acted upon by CO, the dioxane is displaced and, in
the presence of an excess of CO, cobalt is reduced to
cobalt(I): 1?*

110

(CoFs)s Co- 2diox ~—ges— [(CoFs)3 Co (CO)g]

Cco
s0¢~ (CsFs) Co (CO),

When a stream of CO is passed through a tetrahydrofuran
solution of (C¢F;s),Ni.2diox for 8-10 h at 20 °C, the colour of
the solution changes and the infrared spectra indicates the
presence of a coordinated CO group. However, the attempts
to isolate the carbonyl complex led only to the decomposition
product (Cg¢Fg), ** (Table 13).
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3. Reactions with Carbon Dioxide

Organolithium and organomagnesium compounds, which
behave as sources of carbanions, readily react with various
electrophiles, particularly with CO,. This reaction can be
formally represented as the insertion of the carbonyl group
in the metal—carbon bond. This results in the formation of
lithium or magnesium carboxylates, which give rise to the
corresponding carboxylic acids after hydrolysis.

Table 13. Products of the reactions of RyM with CO, and CO
(p = 1atm).
g Reaction conditions
Initial compound 5 solvent | 4, °c ti]rlne, Reaction products Y;ld, Refs.
(PhCH,),Ti-3Et,0 CO; | THF 20 | 24| (PhCH,CO,),Ti-3E,O | 99 |[110]
(PhCH,)4V-2Et,0 CO; | pentane 01 96| V(OCOCH;Ph), 95 [21}
(PhCHy),V-2Et,0 CO; | Ety0 —20 21 V(OCOCHgPh); 99 124}
(CeFs)V-2Et,O CO, | TH 20 | 150 | V(OCOCqFs)3 95 [21]
(CgF5)3V.THF CO, { THF 20 | 150 | V(OCOCeFs)s 96 | (21]
(Me)SiCH))3V.THF CO; | THF —20 | 3| V(OCOCH,SiMes)s 83 | [21]
Me,Ni.bipy CO, | benzene | 80 | 15| Ni(OCOMe),-bipy 90 | [117]
EtyNi.bipy CO, | benzene | 50 | 15} Ni{OCOELt),- bipy 52 |[117]
EtHI[N(SiMes).]. CO, | pentane | 20 | 24| EL,HIJOCON(SiMes)sl | 90 | [78]
(PhCHS),Ti CO™ | pentane | —50 | ——b| (PhCH,),Ti(COCH,Ph),| 80 |[109]
(iso-Pr)4Cr CcO THF 202 —b|{ Cr(CO)s 66 |[112]
CIMo(CH,SiMes);-PMes| CO | PE 20 -b| {CIMo(COCH,SiMes) - 99 {58}
X - (CO)2(PMey) |,
(CsFs)2Co-2diox CO | hexane 20 | —b| (CeF5)Co(CO)4 60 | [113]

Remarks: apco = 50 atm; btime not indicated.

Systematic studies of the insertion of CO, in the transition
metal—carbon o-bond in derivatives of the type R,M were
begun quite recently. It was found that the compound
(PhCH,),M (M = Ti or Zr) absorb slowly and irreversibly
two moles of CO, per gramme-atom of the metal at 20 °C

(pCO = 13 atm), which is caused, as in the insertion of CO,
2

by the coordinating capacity of Ti(IV) and Zr(IV). The
hydrolysis of the reaction products yields in both cases
PhCH,COOH as well as (PhCH,);COH as a result of secondary
reactions®. The complex (CF5),Ti.2Et,0 does not react with
CO, at 20 °C and p = 2 atm."**

CcO,

The derivatives R;Ti (R = CH,Ph or CH,SiMe;) are not
carboxylated by gaseous CO, in toluene at -70 °C and Pco, =
2

1 atm.?**® The insertion of CO, in the Ti—C4Fg bond in

(C¢Fs),Ti has not been observed either at 20 °C (pCO =

2 atm) . "® 2
It has been observed that, after 24 h at 20 °C (pco2 =

1 atm), the compound (PhCH,),Ti.3Et,0:absorbs two moles of
CO, with formation of the complex (PhCH,CO,),Ti.3Et,0.
Analysis of the infrared spectrum showed that the carboxy-
late group in this complex has the nl-coordination®?,

Detailed studies have been made of the character of the
interaction of CO, with a series of vanadium(IV) and vana-
dium(I11) compounds: (Me;SiCH,),V, R,V.2THF (R = CH,Ph
or C,Fs), and R,V.THF (R = CH,SiMe;or C;F;).?* The
compounds (Me;SiCH,),V and [(Me;Si),CH];V, in which the
central atom is shielded, do not absorb CO,.?»*? The com-
plexes (PhCH,),V.2Et,0 and R;V.THF (R = CH,Ph or CH,.
.SiMe,) absorb CO, at ~20 © C, while (C¢Fs),V.2Et,0 and
(C¢F5),V.THF react slowly with CO, at +20 °C.

Experimental data have shown that at the beginning of the
reaction the CO, molecule is coordinated to the vanadium
atom, which is accompanied by the displacement of the Et,O
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or THF ligand species. Subsequently the o-substituent
migrates to the carbon atom with formation of the carboxylate.
The multistage insertion of CO, in vanadium(IV) and vana-
dium(III) derivatives as well as the reactions of the car-
boxylates formed, which behave analogously to the mixed
compounds RpVXm-n examined above, has been investigated®.
The carboxylation of the test compounds with an excess of
gaseous CO, leads to the formation of V(OCOR),. Analysis
of the infrared spectra has shown that the carboxylate group
in these compounds has the n?-coordination (Table 13). The
reactivity with respect to CO, of the remaining c-derivatives
described above in Section II has not been investigated.
There are in the literature isolated examples of the insertion
of CO, in the M—C o-bonds in metal complexes (M = Mn, Fe,
or Ni). For example, after reaction with CO, (20 °C, 2 h),
[R;Mn] Li* and R ;MnMgCl give rise to RCO,H (R = Ph or
Mes) in quantitative yields after hydrolysis!'®>, The complex
(Me,;P)(H)Fe(CH,PMe,) reacts with CO, in THF at 20 °C and
yields an unusual product of insertion in the Fe—C bond!*®.
The nickel derivatives R )Ni.bipy (R = Me or Et) readily
absorb two moles of CO, with formation of the carboxylates
(RCO,),Ni.bipy. '’

Thus the results obtained hitherto demonstrate that the
general character of the reactions with CO, is the same for
the organic compounds RpM of lithium, magnesium, and
transition metals. It is noteworthy that the reactivity of
the transition metal—carbon o-bond depends on the nature
and valence of the metal and also on the character of the
o-substituent.

It has been shown in relation to Et,Hf[N(SiMe;),], that,
when M—C and M—N bonds are present in the molecule, CO,
is inserted in the M—N bond with formation of Et,Hf[OCON.
.(SiMe;),1,. 78 18

4, Reactions with Aldehydes and Ketones

The addition of organolithium and organomagnesium com-
pounds to the carbonyl group in aldehydes and ketones is one
of the most important reactions in organic synthesis. The
study of such reactions involving transition metal complexes
is only just beginning.

It has been observed that (PhCH,),Ti readily interacts with
one or two equivalents of ketones (acetone, benzophenone),
yielding after hydrolysis the corresponding tertiary alcohols;
the excess ketones do not react'’®. The reaction of (PhCH,),.
.Ti.3Et,0 with the above ketones results in the formation of
the alkoxides Ti[OCR,(CH,Ph)], (R = Me or Ph), which do
not contain coordinated ether'!’,

The reactivity of compounds of the type R,Ti(OR'),-n with
respect to carbonyl compounds is lower than that of R,Ti.
For example, (PhCH,),Ti(OME), does not react with acetone;
one refluxing in Et,0 for 7 h, PhTi(OPr-iso), reacts with
PhCO to yield 19% of Ph;COH after hydrolysis. At 20 °C the
compound PhTi(OPr-iso), reacts only with aldehydes®®12%12%,
Investigations have shown that the compounds RTi(OPr-iso),
(R = Bu or Ph) are more selective in relation to carbonyl
compounds than the corresponding organolithium compounds
120-122 1 contrast to PhTi(OPr-iso);, MeTi(OR'), reacts
with different ketones!?%12%,

Like (PhCH,),Ti, the compound (PhCH,),V reacts only with
two moles of acetone, forming (PhCH,),V[OC(Me),CH,Ph],. It
is known that R,V(OBu-t), derivatives do not react with
acetone even on heating?'.

The data obtained for the titanium and vanadium compounds
make it possible to put forward a general reaction mechanism.
Analogously to organolithium and organomagnesium com-
pounds, in the first stage oxygen is coordinated to the metal.
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The alkoxy-groups formed are very bulky and tend to associ-
ate. These findings indicate the shielding of the central
atom, so that coordination to the latter of other ketone mole-
cules becomes virtually impossible. Steric effects are also
responsible for the inertness of the compounds R,M(OR'),

(M = Ti or V) and PhTi(OPr-iso), in relation to ketones.
Bulky alkoxy-groups displace the coordinated Et,0 molecules
from (PhCH,),Ti.3Et,0 in the alkoxide formation stage.

5. Reactions with Nitric Oxide

The mode of reaction with NO is determined by the nature
of NO itself, which is a radical. Reactions with diamagnetic
complexes lead to the formation of N-alkyl-N-nitrosohydroxyl-

aminate derivatives!?*:

M—R + NO - M—O—N—R —22— MO
O—N—R

The compounds R,MCl, (R = CH,CMe, or CH,SiMe;; M = Ti
or Zr) absorb four moles of NO in petroleum ether at 0 °C
and give rise to octahedral complexes:

R—N—0

Analysis of the infrared spectra of these complexes indicates
the cis-disposition of the Cl atoms relative to the metal atom
and also the n2-coordination of the two ON(R)NO groups. The
compound (Me;CCH,),TiCl absorbs six moles of NO, while
(Me;SiCH,),Ti absorbs eight moles of NO. Since titanium
forms only hexacoordinate complexes, the ON(R)NO groups
in the complexes are probably not equivalent; for example,
Ti[ON(CH,SiMe3;)NO], has two chelate and two monodentate
groups.

The reaction of (Me;ECH,),Zr (E = C or Si) with NO results
in the formation of monomeric octacoordinate complexes which
are stable in air:

O—N—ClyEMe3

0=N

The observed difference between the structures of the prod-
ucts obtained from titanium and zirconium compounds is due
to the different coordinating capacities of the above metal
atoms.

Octacoordinate complexes are formed as a result of the
reaction of Me ,Nb or Me;Ta with NO. However, the nature of
the central atom permits the existence of different structures
of these metal complexes. It has been found that Me Nb gives
rise to the monomeric complex Me,Nb[ON(Me)NO]; with
equivalent chelate ligands. A dimeric complex is formed from
MesTa and the following structure has been attributed to it
on the basis of infrared and NMR spectra:

Me Me
N ) = e
Me—N ()\T‘//O N\\ //M
—_ ( a Ta O—N—>e
PN
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The paramagnetic complexes of transition metals with an
unpaired electron at the metal atom react with NO to produce
oxo-derivatives of the metals and azomethane'?*. The hypoth-
esis that the initial stage in the reactions of paramagnetic
complexes with NO involves the coordination of the NO mole-
cule to the transition metal atom has been confirmed by the
isolation of the complex [(Me,;Si),CH]};CrNO, in which bulky
ligands prevent further reactions®?.

---000--~

It follows from the results of the analysis of the investiga-
tions carried out that considerable progress has now been
achieved in the chemistry of the thermally stable o-deriva-
tives of transition metals. Extensive studies of the proper-
ties of the compounds RyM and RyMXy,., have made a definite
contribution to the development of theoretical organoelemental
chemistry. The research prosecuted vigorously on these
lines gives rise to good prospects for the practical utilisation
of the o-derivatives in metal complex catalysis, in the forma-
tion of biologically active preparations, and in the develop-
ment of new methods for the preparation of protective coat-
ings by the decomposition of organometallic compounds.
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