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Data for the interaction of transition metal complexes {TMC) with aprotic acids, in which the TMC play the role of bases, are
examined and reactions, in which the centre of the basicity of the TMC is the transition metal atom, and the ligands are dis-
cussed. The influence on the basicity of the central atom of its position in the Periodic System and of its ligand environment
as well as the influence of the structure of the complex and the nature of the aprotic acid and the medium on the formation

of donor-acceptor complexes between TMC and electron acceptors are considered. A systematic account is given of data
for the interaction of TMC with various classes of acceptors: metal and non-metal halides, halogens, alkyl halides, metal

cations, w-acids, and one-electron oxidants.
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I. INTRODUCTION

It is well known that many transition metal complexes (TMC)
have nucleophilic properties and can play the role of bases
in an acid—base interaction. The metal in such complexes is
in a low oxidation state and can be attacked by various
electrophiles. The basic properties of TMC were demon-
strated for the first time in 1955 when the reversible proton-
ation of m-complexes at the transition metal atom was dis-
covered’. Studies in this field subsequently developed
greatly and the infrared spectroscopic and NMR methods
played a decisive role in the study of protonation?~¢,

The study of protonation yielded important data on the
basicity of the metal atom and complexes, since the basicity
of the central metal atom can be inferred qualitatively from
the ease of protonation. In particular, a relation has been
established between the ease of protonation and the position
of the metal in the Periodic System. In series of isostruc-
tural compounds with the same ligands, differing only in the
central transition metal atom, the basicity of the latter
increases with increase of its atomic number within the limits
of a single Group. In this sense, transition metal compounds
differ sharply from bases containing elements of the main
groups of the Periodic System, whose basicity diminishes on
passing to heavier atoms within the limits of the same Group.
The reason for this is in the difference between the properties
of the orbitals involved in the formation of the donor—
acceptor bonds. For main Group elements, the lone pair
of n electrons of the sp?- or sp3-hybridised heteroatoms is
involved in the interaction, i.e. the corresponding compounds
are n-bases. For TMC, the highest occupied molecular
orbital is a virtually pure d orbital of the metal and is
occupied by d electrons, i.e. these complexes behave as
d-bases.

The basic properties of TMC are shown not only in proton-
ation reactions but also in reactions with many aprotic acids.
The basicity of TMC can be shown in two aspects of their
reactivity: (a) the interaction with an acceptor suitable as
regards the symmetry and energy of the vacant orbital,
leading to the formation of a new donor—acceptor chemical

bond; (b) oxidation of the TMC involving the abstraction
of one electron from the highest occupied molecular orbital
without the formation of a new chemical bond. Such oxida-
tion can proceed both chemically under the influence of a
suitable oxidant (Ag*, NO*) and electrochemically. The
study of these reactions greatly extends the scope of
research into the basicity of TMC. These data are also
important for the understanding of the mechanisms of many
reactions of TMC, for example, reactions in the presence of
Lewis acids and oxidative addition reactions.

In the present review an attempt is made to achieve a
systematic arrangement of the extensive experimental data,
which are available for the interaction with aprotic acids,
from the standpoint of the basicity of the TMC, In this
case we understand by basicity the ability of the TMC to
form donor—acceptor (D—A) complexes (adducts) with elec-
tron acceptors involving an increase of the coordination
number (C.N.) of the donor atoms. The possibility of the
formation of an adduct depends not only on the properties
of the donor molecules but also on the type of acceptor used.
The strength of the D—A bond is determined by the relative
energies and symmetries of the D and A orbitals involved in
the formation of the bond and also by steric factors. The
properties of the same TMC as a base can therefore be differ-
ent in relation to different acceptors. The interactions of
TMC with the following classes of electron acceptors have
been considered: aprotic acids—metal and non-metal halides;
halogens and alkyl halides; metal cations; m-acids; one-
electron oxidants.

There are several possible basicity centres in the molecules
of the TMC considered to which attack by the electrophile
can be directed: the central metal atom, the O, S, or N
atoms or ligands such as CO, CS, NO, N, or CN, halogen
ligands, and finally n-ligands. It is shown below that the
reactions with aprotic acids can lead to the formation of
adducts not only via the metal atom but also via the ligand
and that, depending on the type of complex, the aprotic
acid, and the reaction conditions, the complexes can behave
as d-bases, n-bases, or m-bases. Sometimes these possi-
bilities are realised simultaneously.
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A number of reviews devoted to the basicity of transition
metal complexes have already been published, but some of
these®’” cover only the literature up to 1970 and one® is
concerned mainly with the basicity of carbonyl ligands and
is incomplete.

Reactions via the central metal atom and via the ligand will
be considered separately below.

I1. INTERACTION VIA THE METAL ATOM

For five-ccordinate and six-coordinate complexes, the
reactions via the metal atom can be represented by the follow-
ing mechanism, where A—B is a conventional representation
of a molecule of the Lewis acid:

L B
:[)%(A B“i>":‘<A
| L e () (lla) (1)
_I?\ +A_B:/I;I‘\A—B_+AB A + M
U] —=| DM »
= [ e AB; .
(IIb)

The electron acceptor can add to the metal to give a neutral
adduct (I), which can then be converted into an ionic com-
pound (1la) or (IIb) with dissociation of the A—B bond, The
latter compounds should be electrically conducting in solu-
tions. However, in the majority of cases the structure of
the adduct cannot be establsihed exactly in solution, since
conductimetric data are not always reliable or are not
available. Owing to the reversibility of the formation reac~
tions of compounds (I) and (II), an equilibrium is estab-
lished in the solution as a result of which the observed con-
ductivities can be low.

Adducts with two or several molecules of the Lewis acid
frequently contain involved complex anions (for example,
SnCI;, HgCl;, Hg,Cl;, ete.). The structure of the adduct
in solution and in the crystal can be various. Thus polar
solvents promote the conversion of adducts of type (I) into
compounds of type (II).

The structure of complexes with Lewis acids has not always
been established with sufficient reliability. For solid
adducts, X-ray diffraction data are available in many
instances, but the evidence for the structure has usually
been reached solely on the basis of spectroscopic data. The
equilibrium between the adduct and the initial compounds in
solutions has been studied even less. The equilibrium posi-
tion can be inferred, at least qualitatively, from such data
for the relative basicities of the complexes. In other cases,
the relative basicities of series of complexes can be estab-
lished in accordance with the occurrence or non-occurrence
of an interaction with a standard Lewis acid under identical
conditions.

In the absence of structural data, the main criterion of the
formation of adducts via the metal is provided by spectro-
scopic measurements. Complexes containing the CO ligand
have been most widely investigated, because the CO
stretching vibration frequencies are extremely sensitive to
changes in the formal oxidation state of the metal. The
interaction of the acceptor molecule with the central metal
atom leads to an increase of the stretching vibration
frequencies of the CO groups, which is associated with the
decrease of the electron density at the metal atom and this
entails a weakening of the d4(M) -+ px(CO) dative bonds
and an increase of the CO bond orders in the complex
M-C=05M=C=0:. Asin protonation involving the metal
atom, such a frequency shift is believed to be a character-
istic feature of the involvement of the metal atom in coordina-
tion to the Lewis acid. As will be shown below, other types
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of coordination of the acceptor lead to quite different changes
in the spectra. It is not always possible to state with confi-
dence which type of adduct has been obtained—(I) or (iI).

It is usually assumed that, in the formation of type (II)
adducts, the formal positive charge on the metal atom
increases by unity and the CO frequency shift should be the
same as in protonation (100—150 cm™).

The electron density on the metal atom in adduct (I) should
also be reduced but to a smaller extent; consequently the
observed hypsochromic shift should be smaller. For
example, complexes of the type L,Fe(CO), form 1:1or 1:2
adducts with HgCl,. The v(CO) frequency shift is 70-80
cm™? for the first type and 100~120 cm™ for the second,
Accordingly, the structures L,(CO);Fe ~ HgCl, and
[L,(CO),;FeHgC1] "HgCI; have been attributed to these
adducts®, which has been confirmed by conductimetric mea-
surements.

The final product (III) of reaction (1) is formed by the
elimination of a neutrai ligand molecule, usually CO (the
so-called oxidative elimination),  This stage of the reaction
is irreversible. In the present review reactions of this
type will not be considered in detail (see the previcus
reviews'®1!), In the case of tetracoordinate complexes
reactions can proceed without the elimination of ligands,
involving an expansion of the coordination sphere and an
increase of the coordination number by two (oxidative addi-
tion reactions):

NS 8 8- \/ N/ /
M 4+A-B2 M-A-B@—M-—A or B—M-—-A
VAN VAN /\B VAN (2)

cis- trans- .

We may note that the basicity of the central metal atom is
one of the main factors which determine the course of such
reactions. This can be seen from the following reaction as
an example'?:

(bipy)M (CO); -+ 2HgCl, < (bipy) M (CO), - 2HgCly =3 (bipy) M (CO); CI (HgCl) + HeClp
(M = Mo or W; bipy = 2,2"-bipyridyl).

For M =W, it is possible to isolate an unstable intermediate
adduct (bipy)W(CO),.2HgX, (X =Cl or Br), which rapidly
evolves CO and gives rise to the stable tricarbonyl deriva-
tive (bipy)W(CO),X(HgX). For the corresponding molyb-
denum complex, the intermediate adduct is so unstable that
one obtains immediately the tricarbonyl derivative
(bipy)Mo(CO )X (HgX). The reaction with SnCl, yields in
both cases the oxidative addition product (bipy)M(CO);.
.CI(8nCl;), where M =Mo or W, 113

The interaction of phosphine derivatives (diphos)M(CO),
(diphos =Ph,PCH,CH,PPh,) with HgCl, proceeds without
the evolution of CO and the adducts (diphos)M(CO),.HgCl,
are formed*?. The infrared spectra of these adducts in
solution contain the v(CO) bands of the initial complexes
and in addition higher-frequency bands, corresponding to
an increase of the oxidation state of the metal atom, appear,
i.e. the adducts are in equilibrium with the initial sub~-
stances in solution. The conductances Ay of solutions of
the adducts in acetonitrile are low, but the addition of an
excess of HgCl, lowers the degree of dissociation of the
adduct and increases Apy. On this basis, it is postulated
that the adducts have the structure [(diphos)M(CO),.
.Hgcly*er.

It is seen from the examples presented that, depending
on the nature of the reactants, reaction (1) can give rise to
different products.

The interaction with aprotic acids is extremely character-
istic of square planar rhodium and iridium complexes. Here
there is a possibility of a donor—acceptor adduct (C.N., =5
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for M) or of oxidative addition (C.N. =6),%* For example,
trans-L,Ir(CO)Cl (L =PPhj) reacts with HgX, to give the

X 15

HgX
complex forms 1:1 and 1:2 adducts with BF; in solution.
The 1:1 adduct?® is a simple adduct with an Ir—B donor-
acceptor bond whose (CO) frequency has been increased by
100 em™ compared with the carbonyl frequency of the initial
complex. For the 1:2 adduct, v(CO) does not differ
appreciably from the value for the 1:1 adduct. The struc-
ture of the 1:2 adduct is obscure. It has been suggested
that its second BF; molecule is not linked to the Ir atom but
is connected to the first BF; group via a bridge of fluorine
atoms®.

The reaction of trans-L,Ir(CO)CIl with SnCl,, leading to
the formation of L,(CO)ClIr.SnCl,, is extremely interesting”.
The resulting complex is monomeric and non-conducting.

The infrared spectrum shows two bands in the carbonyl
region, at 2080 and 2020 cm™ in the solid state and at 2080
and 2041 cm™! in chloroform. The presence of the two v(CO)
bands can be explained by the presence of isomers which
undergo a rapid interconversion:

oxidative addition products L,(CO)Cllr The same

L ?nméo cl s\nch,
= /

c1>l<t, L>l£ I\co
This is an unusual type of isomerism involving a change in the
formal oxidation state of the central metal atom. The higher-
frequency band corresponds to the oxidative addition product
and the lower-frequency band is associated with the donor—
acceptor adduct.,

Thus the acid—base interaction of the metal atom in the
complex LnM with the aprotic acid AB can lead to several
types of compounds: neutral adducts LyM~+ AB and salt-like
compounds [InM-A]"B~ or [L,M—-A]*AB,. The mode of
reaction depends on a number of factors: the nature of the
metal, the nature of the ligands surrounding it, the type
of Lewis acid, and the solvent. Although the available
data are non-systematic, they nevertheless make it possible
to trace a number of regularities.

1. The Influence of the Nature of the Central Metal Atom

The dependence of the basicity of the complex on the nature
of the central metal atom can be established by comparing the
behaviour of complexes differing solely by the central atom in
reactions with the same electron acceptor.

It was already noted above that, on treatment with BFj,
the complex L,Ir(CO)Cl (L =PPh;) forms adducts via the
metal atom, which contain the Ir + B bond.'® The analogous
rhodium complex L,Rh(CO)C1 does not form adduects with BF,,
which leads to the conclusion that the Ir atom is more basic
than the Rh atom. In contrast to the rhodium complex, the
iridium complex is also capable of forming a compound with
0,.* Thus, atoms with a higher atomic number proved to
be more basic in the given Group of the Periodic System.
This behaviour, which agrees with that found in the study of
protonation® %1821 {5 extremely general; it holds also in
other Groups of the Periodic System.

Thus cyclopentadienyltricarbonylmanganese CpMn(CO);
(CTM) does not interact with TiCl,, while the addition of
TiCl, to the corresponding rhenium complex CpRe(CO);
(CTR) in CH,Cl, gives rise to a spectrum, where, apart
from the v(CO) bands of the initial substance, there are also
bands of the adducts displaced towards kigh:r wavenumbers
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by more than 100 cm™, 2% which is characteristic of adducts
formed via the metal atom.

After the addition of an excess of SnCl, in CH,Cl,, the
infrared spectrum of the phosphite derivative of CTM, i.e.
CpMn(CO),P(OPh);, contains the v(CO) frequencies of both
the initial complex and the adduct®®. For CpRe(CO),P(OPh);
under the same conditions, the equilibrium is almost wholly
displaced towards the formation of the adduct®?, These
data indicate more pronounced basic properties of rhenium
compared with manganese.

The arene complexes of Group VI transition metals behave
similarly. Thus MsCr(CO); (Ms =mesitylene) is in equilib-
rium with the addition product in CH,Cl, in the presence of
an excess of SnCl,. The equilibrium involving the corre-
sponding Mo and W compounds is wholly displaced towards
the adduct. Analysis of the available data shows?? that the
basicity of the metal increases in the sequence Cr <Mo <W.
An analogous conclusion was reached for the triad Co <
Rh <[r. %2

2. The Influence of the Ligand Environment on the Basicity
of the Metal in the Complex

The basicity of the transition metal atom in the complex
depends very markedly on the nature of the surrounding
ligands. The replacement of ligands by species with more
marked electron-donating properties, for example, tertiary
phosphines, leads to an increase of basicity and, conversely,
the introduction of electron-accepting ligands suppresses
basicity .

CTM does not interact with SnCl, in solutions??, but the
addition of five electron-donating ethyl groups in the Cp
ring enables the complex (EtsC5)Mn(CO); to form an adduct
with SnCl, in solution, although the equilibrium is in this
case displaced towards the formation of the initial substances.
The replacement of one CO group by a phosphine ligand PR,
with more pronounced electron-donating properties, increases
the basicity of the Mn atom to an even greater extent. The
basicity then depends on the electron-donating properties
of the group R in the ligand PR, increasing sharply in the
sequence OPh << Ph < alkyl. Like CTM, CTR does not inter-
act with SnCl,, but the replacemeni uvf CO by PRj sharply
increases the basicity and makes the complex capable of
forming adducts; the reaction proceeds readily in solution
and goes almost to completion?2,

The complex MsCr(CO); (Ms =mesitylene) is in equilibrium
with the adduct molecules in the presence of an excess of
SnCi,. The phosphine derivative MsCr(CO),PPh; is almost
completely converted into an adduct in the presence of an
excess of SnCl,. ??

The substitution of two CO groups in CpMn(CO); by two
phosphine ligands is accompanied by an even greater
increase of the basicity of the manganese atom. Diphosphine
complexes of the type CpMn(CO)L, [L, = (PPh3), or the
bidentate diphosphines Ph,P(CH;),PPh, (n =1-3)] react in
solution not only with SnCl, but also with weaker aprotic
acids SbCl;, HgCl,, and GeCl,.2® In all cases the single
V(CO) frequency then increases by 100—110 em™ and,
depending on the ratio of the amounts of the initial reactants,
the spectrum contains the bands of both forms or only of
the adducts. In the presence of an excess of SnCl,, SbCls,
or HgCl, only the bands of the adducts were observed in the
infrared spectrum of the solution. For GeCl,, both bands
were observed even when the compound was present in a
large excess in solution, and their intensity ratio indicates
a shift of the equilibrium towards the initial compound.
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3. Dependence of the Nature of the Interaction on the
Aprotic Acid

The mode of reaction of TMC in many respects depends on
the type of acceptor molecule. Certain Lewis acids are
capable of interacting with complexes not only via the metal
atom but also via the ligands. These instances will be
examined separately below. This section deals solely with
interactions via the metal.

The higher the basicity of the metal atom in the complex,
the greater the range of aprotic acids with which it can inter-
act. Thus (Ph;3P),Rh(CO)Cl does not interact with BF; but
does so with BCl; and BBrj, the adduct with BBr; being
most stable?®:2%, which agrees with the usual sequence based
on the variation of the Lewis acidity: BF,;< BCl; < BBrj. ?7
The complex CpMn(CO),PPh; forms adducts with SnCl,, but
does not react with the weaker aprotic acids GeCl, and
SbCl;. The complexes CpMn(CO)L,, where L, = (Ph,P), or
bidentate diphosphine ligands, form adducts with weak
Lewis acids, and the latter can be arranged in the following
sequence in terms of the ease of interaction: SnCl, »SbCl; =
HgCl, >GeCl,.2* The sequence TiCl, >SnCl, >SnBr, has
been established for CpRe(CO),L. %2

AlCl;, which is capable of forming adducts via both the
metal and the ligands (see below), occupies a special place
among Lewis acids.

IHI. INTERACTION OF LEWIS ACIDS WITH TRANSITION
METAL COMPLEXES VIA THE LICGANDS

Another type of interaction of Lewis acids with TMC
involves the formation of adducts with participation of the
lone electron pair of one of the ligand atoms. This can be
the oxygen atom in the CO and NO groups, the sulphur
atom in CS, the nitrogen atom in the N, and CN ligands, and
a halogen atom.

For complexes containing halogen or nitrile ligands at the
transition metal atom, the reaction with Lewis acids proceeds
as a rule via an n-electron pair of the ligand. If the com-
plex contains, together with halogen or nitrile ligands,
carbonyl or nitrosyl ligands, then the shift of the vibration
frequencies of the latter can be a sign of the formation of
donor—acceptor adducts. The coordination of Lewis acids
(A) to halogen or nitrile ligands (X) (0= C~MXX: + A) leads
to a slight increase of the vw(CO) or v(NO) frequency—by
15-25 em™, Such interaction entails a weakening of the
M-CO dative bonds and correspondingly, within the frame-
work of the mechanism M"—C=0%M=C=0, an increase of
the CO bond orders. However, this influence of the
acceptor is significantly weaker than in the direct interaction
with the metal atom: O=C-M% A [Av(CO) =100~150 cm™%,
As an example?® one can quote the v(CO) frequencies (em™)
in the spectra of the complexes CpRe(CO),Br, (2005, 2068),
CpRe(CO),Br(Br + AlCl;) (2022, 2083), and CpRe(CO),.
.Br(Br + AICl,) (2022, 2083), and CpRe(CO),(Br + AlCl,),
(2031, 2096).

The donor—acceptor interaction of Lewis acids with the CN
group leads to an increase of the stretching vibration
frequency of the latter. The CN group behaves analogously
in any nitrile and not only in transition metal complexes.

It is believed that the increase of the V(CN) frequency on
coordination is associated with the increase of the force
constant of the CN bond and with the change in the mecha-
nism of the vibrations of the molecule when it is bound in a
complex?®732,
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When the complex CpFe(CO),(CN) is coordinated to Lewis
acids ER3 (E=Alor Ga; R=Meor Cl) or BX; (X=H, F,
Cl, Br, or Me), the stretching vibration frequencies of all
three groups (two CO groups and one CN group) increase??,
The frequency shifts (Table 1) lead to the conclusion that
the acceptor is coordinated to the CN group.

Table 1. The stretching vibration frequencies of the CN
and CO groups in the adducts of CpFe(CO),(CN) with
Lewis acids.

Complex vens eml veos cml
CpFe (CO)q iCN) 2120 2055 2007
CpFe (GOJa (CN—AICly) 2168 2068 2026
CpFe (CO), (CN_BF;) 2201 2073 2031

The interaction of the complex with the carbonyl ligand is
characteristic of the strongest Lewis acids—boron and
aluminium derivatives. The possibility of the addition of a
Lewis acid to the oxygen atom of the carbonyl ligand in the
complex was first observed for bridging CO groups in the
dimeric complex [CpFe(CO),],, which forms an adduct with
two AlEt; molecules®% 3%

QL
OC/ N

[ele]
(@]
o

AlEt,
QL A~
NS

Fe + 2Al1Et; == Fe Fe,
7 N\
ocC °
AlEt,y .

The structure of the adduct was established by X-ray dif-
fraction®®, Its formation leads to an appreciable decrease
of the v(CO) frequencies of the bridging groups involved
in the interaction with aluminium and to an increase of the
stretching vibration frequencies of the terminal carbonyl
ligands. The decrease of the stretching vibration frequen-
cies of the CO groups linked to aluminium is caused by the
weakening of the CO bonds owing to the shift of electron
density towards the acceptor molecule. This entails a
strengthening of the M+ C dative bonds in the MCO + Al
fragments and their weakening for the CO groups not
coordinated to aluminium, which leads in its turn to an
increase of the terminal CO bond orders and an increase of
their vibration frequencies.

The study of the interaction of complexes containing both
bridging and terminal CO groups with Lewis acids derived
from aluminium showed that the bridging carbonyl groups
are more basic and that the basicity of the oxygen atom in
the CO groups increases in the following sequence:
terminal groups < double bridge groups < triple bridge
groups®. The difference between the basicity of the bridg-
ing and terminal CO groups can be used to displace the
equilibrium and to convert terminal groups into bridging

groups, for example?:3¢;

0
@ AlR, @ G
— N === 1:2 adduct .

Ru——-Ri

11§
OC/ \8/ \CO
AIR,

Feo

o

Ru——Ru ey
- I \CO
ocC 0

oc
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Table 2. The stretching vibration frequencies of the CO and NO groups (cm™, in CH,Cl,) of the
complexes CpM(CO),NO and CpM(CO)(NO)PPh; (M =DMo or W) and their adducts with Lewis acids??,

% ©
M N M, —>
Complex ]/ ‘\No L/(“\NH—>A L/l\co-—»\ L/]i\N;
[0 Ry NO co
v(NO) v(CO) w(NO) ¥(CO) »(NO) »(CO) »(NO) »(CO)

CpMo(CO),NO 1670 s. { 1942 s. 2021 s. — — — . . .
CpMo(CO),NO+SnCl, 1670 s. § 1945 5. 2020 s. —_ — — _ _ .
CpMo(CO),NO--TiCl, 1666 s. {1941 5. 2020 s. | 1486 m. { 2003sh. 2065 m. — _ _ _
CpMo(CO)3NO--AICl, 1670 s. [1950 5. 2025 v.s. | 1450.s. | 2025 v.s. 2087 v.s. 1710 m. 1735 sh. 2065 m,
CpW(CO),NO 1660 s. | 1929s. 2011 s. — — — _ » _
CpW(CQ)gNO+SnCl, 1658 5. | 19295, 2044 v.s. | 1481 m. | 1981 m.  205{ m — —_ — _
CpW(CO),NO+-AICH, 1655 s. {1930s. 2010 v.s.| 4450 5. | 2010 vs. 2055 s. — _ _ .
CpMo(CO)(NO)PPh, 1606 s. {1941 s. — — — _ . _
CpMo(CO)(NO)PPh;+SnCl, - - — — —_ 1747 s. 2070 s.
CpMo(CO)(NO)PPh;+AICI, - 1390 s. 1991 s. — — 1722 s. 2070 s.
CpW(CO)(NO) PPhy 1595 s. |1900s. — . . B - -
CpW(CO)(NO)PPh,-+SnCl, - - - - — - 1740 s. 2050 s.
CpW (CO)(NO)PPh,;4-AICl, 1590 m.| 1900 m. 1400 s. 1975 s. - - 1743 m. 2070 m.

Note. v.s =very strong (intense), s = strong, m =

Interaction with CO, N,, and NO terminal ligands leads,
as for the coordination with bridging CO groups, to a
significant decrease of the stretching vibration frequency
of the coordinated group and to an increase of the stretch-
ing vibration frequencies of ligands not linked to the aprotic
acid. For example®’, the v(CO) frequencies are 1904,

1808, and 1791 em™ for CpylidMo(CO); and 1932, 1845, and
1665 cm™ for CpylidMo(CO),(CO + AlMe;):

+
Cpylid = PP}:J .

The same transition metal complexes with different Lewis
acids can react in different ways—either via the metal atom
or via the ligands (CO, NO). For example, CpylidMo(CO),
interacts with H*, BF3, TiCl,, and AICl, via the Mo atom
and with AlMe, via the CO group®:2%:%7,

The simultaneous formation in solution of adducts both
via the metal atom and via the terminal CO or NO groups
has been observed in some cases. Section IV deals in
detail with factors influencing the mode of reaction in com-
petitive coordination.

IV. COMPETITIVE COORDINATION

As shown above, transition metal complexes can react with
aprotic acids to form adducts via both the metal and via the
ligands. The mode of reaction depends on the relative
basicities of the metal atom and the lone electron pairs of the
ligands and on the nature of the acceptor and the solvent.
Depending on these factors, the same complex can interact
differently with different Lewis acids and sometimes there
is a possibility of the simultaneous formation of adducts of
different types.

This is clearly seen from the example of the complexes
CpM(CO0),(NO) and CpM(CO)(NO)(PPh;) (M =Mo or W),??
They are capable of forming three different types of adducts:
via the metal and via the oxygen atoms of the carbonyl or

medium, and sh =shoulder,

nitrosyl ligand. The most basic centre in the CpM(CO),(NO)
molecule is the nitrosyl oxygen atom. Thus the formation of
adducts via the NO groups with complexes of the type Cp;Ln,
where Ln = lanthanide, has been described®®. TiCl, and
SnCl,, which usually interact with d-bases and are coordi-
nated to the metal atom, in this case also interact with the
oxygen atom of the NO group??. Under these conditions,
SnCl, does not interact with CpMo(CO),(NO), but forms
an adduct with CpW(CO),(NO). The higher basicity of the
nitrosyl oxygen atom in the tungsten derivative compared
with the molybdenum compound is caused by the more marked
shift of electron density from the W atom (dq—py interaction);
an analogous conclusion follows from spectroscopic data®.

The phosphine derivatives CpM(CO)(NO)(PPh;), in which
the basicity of the M atom is greatly enhanced, form adducts
with SnCl, via the metal atom. The differences between the
reactions can be clearly followed on the basis of the infrared
spectra. In the adducts via the NO group the v(NO)
frequencies are reduced by more than 200 cm™ compared
with the initial comlexes, while the v(CO) frequencies are
increased by 40—70 em™. In the adducts formed via the
metal atom, both v(CO) and v(NO) are displaced towards
higher frequencies by ~150 ecm™ (Table 2). The increase
of the basicity of the central atom after the introduction of
the phosphine ligand makes complex formation via the metal
atom energetically more favourable than coordination via the
nitrosyl group.

The complex CpW(CO),(NO) forms an adduct with AICl,
in CH,Cl, via the oxygen atom of the NO ligand. The
behaviour of the molybdenum compound CpMo(CO),(NO) in
relation to AICl; is interesting., The somewhat reduced
basicity of the nitrosyl oxygen atom, compared with the
corresponding tungsten complex, leads to competition
between the oxygen atoms of the curbonyl and nitrosyl
groups, although here coordination via the nitrosyl group
predominates (Table 1).

In the triphenylphosphine derivatives CpM(CO)(NO)(PPh;)
(M =DMo or W) the basicity of the metal atom is increased,
which leads to competition between the metal and the nitrosyl
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oxygen atom in the reaction with AlCl;. The tungsten com-
plex forms adducts via both the nitrosyl group and the metal
atom. Whereas coordination to the metal only is observed in
the interaction with SnCl,, in the interaction with AICl; the
formation of an adduct via the oxygen atom of the nitrosyl
group predominates, which is indicated by the ratio of the
intensities of the corresponding infrared bands (Table 2).
The situation is similar for the molybdenum complex, but

the content of the adduct formed via the metal atom is
increased relative to the tungsten complex, which may be
associated with a somewhat lower basicity of the nitrosyl
oxygen atom in the molybdenum derivative,

Thus, depending on the relative basicities of the metal and
the carbonyl and nitrosyl oxygen atom and also on the
nature of the acceptor, there is a possibility of donor—
acceptor interactions of different types for carbonyl nitrosyl
complexes: with participation of the transition metal atom
as the centre of basicity, with participation of the oxygen
atom of the carbonyl or nitrosyl ligand, or with the simul-
taneous formation of both types of adducts.

The influence of the solvent on the nature of the donor—
acceptor interaction has been observed in the study of the
reaction of CpMn(CO); with AICl;.%® It has been shown by
infrared spectroscopy that in benzene the Lewis acid is
coordinated to the carbonyl group, while in CH,Cl, an adduct
is formed via the metal atom, i.e. Cp(CO);Mn +AICl3, in
addition to the adduct CpMn(CO),.(CO -~ AlCl3). The intro-
duction of donor ligands facilitates the interaction via the
metal. In benzene the complex CpMn(CO),(PPh); gives
rise to a mixture of adducts via the oxygen atom of the CO
group and via the manganese atom; in CH,Cl, the formation
of an adduct via the metal atom only was observed. Other
complexes behave analogously in their reactions with AICl;
(see below). Examples of different types of reactions as a
function of the acceptor are presented in Table 3.

Table 3. Dependence of the mode of coordination of the
Lewis acid to the transition metal complex on the nature of
the acid.

Acceptor
Transition metal p
base bond with M atom bond with ligand*
(Phy P*—CH]) Mo (CO)s | H*, BF;, TiCl,, AlCl AlMe,
CpW (CO); H*, InPh, AlPhy, MgPy*t, AI(THF)".;'*
CpM (c0) (N0) (PPhy) (M = | SnCl, AICI, AICl,

TiCl,, AlC, AlCl,
H*, HeCly, TiCl,, SnCl,, AIC1,| AICK

< ( )
Aprg;le M (C0),(M = Cr, Mo,
AIR;, BCls, BBry

[CpFe (CO)sle H*

*Py =pyridine.

On the other hand, the same Lewis acid can interact in
different ways with the complex depending on its structure.
Thus SnCl, is coordinated via the metal atom to the complexes
AreneM(CO);t (M= Cr, Mo, or W), CpM(CO)(NO)PPh,

(M =Mo or W), CpM(CO),L (M=Mn or Re; L=PRy),

+Here and henceforth Arene = n®-C¢H, and its homologues
(mesitylene and hexamethylbenzene).
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trans-IrC1(CO)(PPh;),, and Cp,Ru. However, one should
note that the coordination of CpW(CO),(NO) involves the
nitrosyl oxygen atom and that of CpCr(NO),Cl involves the
chlorine atom. Compounds of the type AIR; form adducts
via the metal atom with the complexes CpM(CO)nLs-n (M=
Mn, n=1-3; M=Re, n=2, 3; L=PRj3), AreneM(CO);
(M=Cr, Mo, or W), (C¢H;)Cr(CO),PPh;, CpM(CO),

(M =V or Nb), CpV(CO);PPh;, Fe(CO)n(PPh3)s-n (n =3, 4),
CpReH, and Cp,WH. In the case of [CpFe(C0O);], and a
number of other compliexes with bridging carbonyl ligands
the coordination involves the oxygen atom of the bridging
CO groups. The compounds CpM(CO); (M=Mn or Re),
CpMn(CO),PPh,;, AreneM(CO); (M=Cr, Mo, or W),
CpV(CO)p(PPhj3)y-n (n =3, 4), and Mo(phen)(PPh;),(CO),
react with AlR; via the terminal CO groups, CpM(CO)p.
«(NO)L,-p (M=Mo or W; n=1, 2) are coordinated via the
oxygen of the NO ligand, CpRe(CO),Br, and CpCr(NO),Cl
are coordinated via the halogen atom, and CpFe(CO),CN is
coordinated via the nitrogen atom of the cyano-group.

V. REACTIONS OF TRANSITION METAL COMPLEXES WITH
ACCEPTORS OF DIFFERENT TYPES

1. Reactions with Derivatives of Group |-V Elements

(a) Derivatives of Group I elements (Cu and Ag) as accep-
tors. There are few examples of the interaction of TMC with
acceptors derived from Group I elements. Thus (diphos),.
.W(CO)(CS) reacts with AgBF, to form the product
{[(diphos),W(CO)CS],Ag}*BF;, in which the acceptor is
coordinated to the S atom of the CS ligand*’. The compound
CpColL; interacts with [L,CuCl], via the metal atom, forming
CpL,Co » CuL,Cl (L =PMej),**

(b) Group II metal (Zn and Hg) halides. Data for the
interaction of EX, (E =Zn or Hg; X =halogen) with differ-
ent complexes are presented in Table 4. There are no
examples of coordination via the lone electron pairs of ligands
such as CO, NO, N,, CN or halogen for mercury or zinc
derivatives, but coordination of HgX, to the sulphur atom of
the CS ligand is known"®

The Lewis acids HgX, are capable of forming adducts of
different compositions (ranging from 1:1 to 1:7), and this
behaviour is in fact extremely characteristic of these com-
pounds. As mentioned above, 1:1 adducts can be either
donor—acceptor complexes with M~ HgX, linkages or salts
[M-HgX1*X~. In the solid state additional acceptor molecules
sometimes occupy sites in the crystal lattice without forming
a direct bond with the donor molecule but participating in
intermolecular coordination. This is particularly character-
istic of the adducts with HgX,. For example, the crystal
lattice of Cp,Ru.3HgCl, “? contains the Cp,Ru~ HgCl,,
[Cp,RuHgC11*Cl™, and HgCl, molecules.

X-=Ray diffraction analysis of the complexes CpCo(CO),.
.HgCl, ***** and Cp,Ru.HgX, (X =Cl or Br)"* indicates the
formation of a metal—metal covalent bond. The Co> Hg
bond length in the donor—acceptor adduct is 2.578 & the
formation of this adduct increases v(CO) by 75 em™2. 44,46
According to X-ray diffraction data, the 1:3 adduct has a
CO—Hg bond with a length of 2.504 A, i,e. shorter than in
the 1:1 adduct. A crystal of the 1:3 complex contains the
[CpPCo(CO),HgCl1]1" cations, C1™ anions, and two HgCl,
molecules*’”. The formation of this complex causes a large
shift of v(CO) (by 90 em™). The frequency shifts agree
with the values quoted above for the adducts L,Fe(CO);.
.HgXZ. s
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Together with an intense v(Cp—Ru)(symm.) line, yet
another intense line appears in the Raman spectra of the
adducts Cp,Ru.HgX, (X =Cl or Br), *S whose intensity does
not change significantly on passing from the HgCl, adduct
to the HgBr, adduct.
for Br) has been assigned to the vibration of the Ru—-Hg
bond. The Cp—Ru—Cp stretching vibration bands change
slightly on coordination to a Lewis acid (by +5 cm™),

The interaction of HgX, with Cp,Ru has apparently little
influence on the bonds between ruthenium and Cp rings.
since the ruthenium atom uses non-bonding d electrons
in the formation of a donor—acceptor bond with HgX,.

Table 4. The interaction of transition metal complexes with
Group II metal halides.

This line (137 cm™ for Cl and 130 cm™

Initial substances ﬂomf P Proposed structure Refs.
adductf
(Me;CgHy) Cr (CO)s-- HgCly l 1:2 | (MesGsHs) Cr (CO),-2HgClg 12
(MBCaSaH:i) Mo (CO)s+- HgXy (X = Cl, | 4:1 | (MeyCqH) (CO)sMo—HgX, 12
13
Ditto 1:2 |[(MegCeHs) ((D)xMngX]+HgX; 12
., 3, .;5 CéH”) Mo (COj;+ HgXa (X = | 1:1 | (1, 3, 5-C;H,) (CO)sMo—HgX, 12
(bIPY) W(CO4 + HgX2 (X = Cl ot Br; 1:2 ) bipy (CO) W -2HgCly 12
bipy = 2,2-bipyridyl)
Ditto -— | bipy (CO); WX (HgX) 2
(bipy) Mo (CO)s+ Hj ;§ (X=Cl, Br) | — |bipy (CO}3MoX (ng ) 12
(sighos) M (c0).+) g%a (M = Mo, [(diphos) M (CO) HgX]+*X~ 2
(daphos),M gog—k HgX, (M = Mo, 1:2 | [(diphos)s(CO)s M (HgX)]*HeX;™ 12
r
(C,H,) Cr(CO)q aln(L= PPhg, 1:23; — Bi, 52
1) 1:
M CO) L HgCl. 1 :4—>5| Cp (CO)yL.Mn- nHgCI, 53
ﬁl (CO)y + g })Phs,ASPhs, p (CO)y gCly
Fe (CO),+ HgCly 1:1; - 54
1:2
-— | Fe (CO) (HgCl) 54
(PPhe) Fe (CO)e-t HeCla 1:2 ¢ ' 12
(Eg{)za),Fe (CO)sB—}- HgX (E=P, As, | 1:1 |(EPhy)y(CO);—HgXy %
P (OPh)slaFe (CO)s+ HgXy (X =Cl, | 1:2 | [P (OPh)g]s(CO)sFe—HgX, 8
Cp,Fe -+ HgX, (X =Cl, Br) 1:7 | red—adduct, blue—CpyFe* salt 45
(RC;H,) Fe (CH,R’) + HgX, 1:6—7 — 56
(PhyPCgH,)sFe +HgX, (X CI Br) 11:1 2 — 5
trans- (PPhg)yM (COs) -+ HegXy 1;2 [(PPh;)s M (CO)s(HgX)j* HgXy 57
(M=Ru, Os; X==Cl, Br, I}
CpsRu + HgXy(X = Cl, Br) 1:1* g,Ru—-H 45
Ditto 1:3* ,Ru—HgCl,] [CpsRu—HgCl]* Cl- 42
Cp,Os + HgCl, 1:2 Cp Os——H 68
CpCo (CO),+ HgX,(X Cl, Br) 1:1* | Cp (CO), CogC HgX 43, 44, 46
Ditto 1:3% |} CpCo (CO)y! HgX)]+ X~+2HgXs 47
CpColg+ HgCla(L = PMe;) 1:1 | CpLyCo—HgCl, 41
CpCoLg+4 ZnCly+ (L = PMey) 1:1 | CpLyCo— ZnLCI 41
Cplr (CO) (PPhy) + HgCly 1:1 {Cp (CO) (PPhy) Ir——HgCl, o
Cplr (CO) (PPhy) + ZnBr, 1:1 | Cp (CO) (PPhs) Ir—ZnBr, 59

*The structure of the reaction product was established by
X-ray diffraction.

In contrast to ruthenocene, the interaction of ferrocene
with mercury halides is more complex, Regardless of the
reactant ratio, the same product, having the 1:7 composi-
tion, has been obtained for mercury(Il) chloride*®. A red
precipitate is formed initially, turning blue on standing.

The red compound formed with HgBr, has not been
isolated. The red compound Cp,Fe.7HgCl, is diamagnetic
at room temperature, while the blue compound is paramagne-
tic and has a magnetic moment close to that for ferrocenium
salts. On heating, the red product becomes blue. On the
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basis of these data, it has been suggested that the red
compound contains the Fe—Hg bond and is an adduct of
Cp,Fe with HgCl,, while the blue compound consists of
CpFe* and a complex anion. The above structure of the
blue product is also supported by the finding that, after
the addition of NH,PF; to its aqueous solution, [Cp,Fe]*PFy
is formed as a result of anion exchange. Thus the reac-
tion of Cp,Fe with HgX, (X =Cl or Br) ultimately involves
the oxidation of ferrocene, in contrast to ruthenocene,
which forms adducts with HgX,.

When w-complexes with aromatic ligands are acted upon
by HgX, salts, there is also a possibility of the mercura-
tion of the n-ligand with formation of the C—HgX bond, which
is characteristic of ferrocene*® and CpM(CO); (M =Mn or
Re). 49,50

(c¢) Derivatives of Group III elements EX; (E =B, Al, Ga,
In, or Tl; X = halogen or organic group). Examples of the
interaction of Lewis acids derived from Group III elements
with transition metal complexes via both the metal and via
the ligands (bridging and terminal CO groups, N,, NO, CN
and halogens) are known. The interaction with the oxygen
atoms of the briding ligands is more characteristic of
aluminium derivatives than of other Lewis acids. This leads
to interesting features of the behaviour of transition metal
complexes in reactions with aluminium compounds, which will
be discussed below.

Numerous reactions of transition metal complexes, contain-
ing bridging carbonyl groups, with Lewis acids have been
investigated: [CpFe(CO),l, with BX; (X =Cl or Br); *®
[CpFe(CO)l, with AIBr, and BX; (X =F, Cl, or Br); *®
Fe,(CO) 4, Fe;3(CO);,, C0,(CO)y, and Ruz(CO),, with
AlBrg; 3580 [CPNi(CO)], and CpsNiz(CO), with AlR; (R =Et
or iso-C3H,) and BF;.7>® It has been shown by infrared
spectroscopy and in a number of instances also by X-ray
diffraction that the bond in the resulting donor—acceptor
adducts is formed via the bridging CO groups. The
American chemist Schriver, whose studies have been
surveyed in a review®, has made a considerable contribution
to the study of the basicity of bridging carbonyl groups.

Table 5. The stretching vibration frequencies of the CO
groups [v(CO), cm™] in the adducts of [CpFe(CO),], with
Lewis acids?®

Bridging CO groups
Complex Terminal CO
groups free coordinated
{CpFe(CO),js 1974; 1930 1797; 1765 —
[CpFe(CO):.j:AlEta 1993; 1985 1828 1682
$CpFe(CO),l- BCly 2038; 2020 1845 1463

It is noteworthy that, when Lewis acids are coordinated
to bridging CO groups, the shifts of the v(CO) stretching
vibration frequencies are significantly different for adducts
with different Lewis acids (Table 5).2° Apparently the
difference in the frequency shifts reflects qualitatively the
strength of the donor—acceptor bond formed. The greater
the degree of charge transfer and correspondingly the more
stable the complex formed, the greater should be the changes
in the vibration frequencies of the CO groups resulting from
coordination to the Lewis acid.
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However, estimation of the strength of the donor—acceptor
interaction solely from the vibration frequency shifts is not
always legitimate. The vibration frequencies can be
influenced significantly also by other factors, which have no
direct bearing on the change in the electronic structure of
the donor molecules as a result of charge transfer on coordi-
nation. Thus an increase in vibration frequency can be
caused also by kinematic factors. For carbonyl compounds,
where coordination takes place via the oxygen atom of the CO
group, estimation of the strength of the donor—acceptor
bond from the v(CO) frequency shifts can constitute a fair
approximation, since the stretching vibrations of the car-
bonyl groups are highly localised and the changes in the
vibration frequencies are predominantly caused by charge
transfer from the oxygen atom to the acceptor molecule,

i.e. by electronic effects.

Thus, according to infrared spectroscopic data, the com-
pounds BX; are stronger acceptors than AlX,;. The replace-
ment of the halogen in Al derivatives by electron-donating
organic groups (Me, Et, Ph) weakens the acid properties.
The observed regular variation of the v(CO) and v(N,)
frequency shifts in the spectra of the complexes trans-
ReCIL,X (X =CO or N;) on coordination to aluminium deriv-
atives as a function of R in AIR; is consistent with this
observation®®:

Complex WCO), cmt AXCO), eml
trans-ReCl (CO) (PhaPCH;CHyPPhy) 1803 —
trans ReCl (PhyPCH,CH,PPh,), (CO — AlMe;) 1677  —126
trans-ReCl (PhyPCH;CHyPPha)g (CO — AlPhg) 1653  —150
trans-ReCl (PhyPCH,CH,PPhy); (CO — AICl;) 1630  —173

Thus the shift increases with enhancement of the electron-
accepting properties of the Lewis acid.

There are many examples in the literature indicating the
possibility of the coordination of the terminal CO, N,, and
NO ligands in transition metal complexes to aluminium deriv-
atives: trans-ReCIL,X (X =CO or N,) with AlR; (R =Me,
Ph, or C1); % ML,X, (X =CO or N,; M=Mo or W) with AIR;
(R =Me, Et, or Ph) and GaMe;; ®1™%% OsCl,L3(N,) with
AlMe; ®! (L =phosphine ligands; L, =chelating diphosphine
ligands); (m-PhsP* - CsHj)Mo(CO); with AlMey; ¥’
[CPW(CO);] Na* with AlPhy; ®* W(CO)sL (L =PPhj, P(OPh),,
or P(n-C,H,);] with AIEtCl, in the presence of Oy; %%
CpM(CO)(NO)L (M=Mo or W; L =CO or PPh;) with AlCIj; ??
CpM(CO); (M =Mn or Re), n-AreneM(CO); (M=Cr, Mo, or
W), CpV(CO),, and some of their derivatives with AICI;. 25

The study of the basicity of the atom Y or the coordinated
ligand XY (CO or N,) in the complexes trans-ReCI(XY)L,

(L =PMe;Ph) %! relative to AlMe, solution in benzene showed
that the N, ligand is more basic than the CO ligand in these
compounds. Comparison of the equilibrium constants for the
reactions

GHy
AlMe, - Et,0 4 ReCl (XY) L, == Et,0 + ReCl (XY — AlMe,) L,
80°

led to this conclusion.

The complexes Cplr(CO)(PPh,) with TICl,, 3 Cp,MH,

(M =Mo or W) with BX3 (X=F or Cl) and AIR; (R =Me, Et,
or Ph),%6:6¢ Cp,ReH with BF; *® and AlMe;, 7 and Cp,Ti

with AIEt; ° give rise to 1:1 adducts, in which the presence
of M—M' bonds is postulated.

Lokshin et al.?® made the first systematic study of the inter-
action of a large number of carbonyl n-complexes of Group V—
VII transition metals with AICI,. Investigation of a series
of complexes of the same metal with different ligands or of
isotypical complexes with different central metal atoms made
it possible to determine the influence of the nature of the
ligands and the central metal atom in the complex or the
reactivity and the mode of reaction with AICl;. It has been
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shown that, depending on the nature of the complex itself and
on the solvent, AICl; can be coordinated either via the metal
atom or via the CO group, or via both centres simultaneously:

(CiL),

e, ,//v LM AIC)
7}4 + AlCL, ~ r‘/ oo
L :
N
@(cmn

Lt co
—M
N
L CO—>AICY; .

n =1 (r-cyclopentadienyl)
" n =2 (n-benzene and its derivatives);
L = CO or PPh3.

This leads to completely different changes in the carbonyl
region of the infrared spectrum, so that the formation of
adducts of a particular type can be deduced spectroscopically.
For example?®, the v(CO) frequencies are 1931 and 2027 cm™
for CpRe(CO),, 1740, 1991, and 2054 cm™ for CpRe(CO),
(CO ~+ AICly), and 2055, 2074, and 2130 cm™ for Cp(CO);Re ~
AICl,.

As mentioned above (Section IV), the mode of reaction
depends on the solvent employed. Coordination via the
metal atom and via the CO group was promoted by carrying
out the reaction in CH,Cl, and in benzene respectively. Thus
the formation of adducts via the CO group in CH,Cl, solution
was observed only for CpM(CO); (M =Mn or Re) and ring-
substituted CTM derivatives: (PhCH,CsH,)Mn(CO); and
(EtsCs)Mn(CO);. Apart from these complexes, in benzene
solutions simultaneous interaction via both the oxygen atom
of the CO ligand and the metal atom was observed also for
CpMn(CO),PPh;, (EtsCs)Mn(CO),PPh;, (CeHg)Cr(CO),,
(1,3,5-Me sC¢H;3)Cr(C0O),, (MegC¢)Cr(CO)s, (CgHg)W(CO),,
CpV(CO),, and CpV(CO);PPh,,. ?°

Competition between these two reactions is probably deter-
mined by the relative basicities of the metal and the oxygen
in the complex and the relative strengths of the resulting
bonds, the difference between the energies being evidently
small. The weaker the basic properties of the metal atom in
the complex the greater the predominance of the coordination
via the CO group and, conversely, the more basic the metal
atom, the more characteristic is the interaction via this
centre. Complexes in which the metal atom is most basic do
not give rise to adducts via the CO ligand in either CH,Cl,
or in benzene: CpMn(CO)(diphos), CpRe(CO),PPh,,
CpNb(CO),, (CcHg)Cr(CO),PPhj, Fe(CO),PPh,, and
Fe(CO);(PPh,),. %®

The interaction of the cyanide complexes K,JFe(CN);],
K,[Ni(CN),], Fe(phen),(CN); (phen =1,10-phenanthroline),
and Fe(CNR),(CN), (R =H, Me, or Et) with boron halides
has been investigated’®’* and it has been shown that the
adducts formed contain cyanide bridges between the trans-

|
ition metal and BX; (for example, —Iﬂi—CEN—BFg), each CN

group being linked to the Lewis acid.

A complex pattern in the carbonyl region of the spectrum
(Table 6) is observed for the interaction of trans-RhX(CO).
.(EPh;), with BX,; (X =halogen; E =P or As).2?®%® As
mentioned above, different cases are possible, involving the
formation of a donor—acceptor adduct or oxidative addition;
nor can one rule out the possibility of interaction via the
halogen ligand. In all these cases, the spectral changes in
the region of the vibrations of the CO group are different.
The most marked changes in v(CO) apparently occur in
oxidative addition and smaller changes correspond to the
formation of a donor—acceptor adduct. The hypsochromic



Russian Chemical Reviews, 49 (2), 1980

shifts of the signal frequencies on coordination to a halogen
are usually small (15—20 cm™).

It is believed that trans-RhC1(CO)(PPh;), forms a donor—
acceptor adduct with BCl; via the rhodium atom?®. However,
v(CO) for the adduct is displaced only by 23 cm™ (Table 6);
for such a small shift, coordination of the acid to a chlorine
atom is more probable.

Table 6. Infrared spectra (in the region of the stretching
vibrations of the CO group) of the adducts of the complexes
trans~[RhC1(CO)(EPh,),] with BX,.

. ICo!
Complex , Lewis o“f‘pn ¥(CO), cm-1 Av(C0), cml
acid {aqquct
trans- [RhCH{CO) (PPhy),) —_ - 1968 —
Ding ! (PPbh BCl, | 1:1 1991 +23
BBry | 1:1 2098 w, 1990 s +130, 22
trans- [RhBr(CO)(PPhy),] — — 1960 —_
Ditto BBry | 1:1 2102 w, %m, 1998 w, 14133, :[I:?g, +-29,
s
trans-[RhCI(CO) (AsPhy),] — — 1967 —_
Ditto BBry | 1:1 2101 m, 2047 s +130, 480

The infrared spectra of other adducts of rhodium complexes
with BX; contain two or more bands in the region of the CO
vibrations. There is apparently a possibility of the forma-
tion of different products simultaneously. Judging from
the infrared spectra, the adduct trans-RhBr(CO)(PPh;), can
contain molecules of the rhodium complex coordinated to the
Lewis acid via the halogen ligand (1998, 1985 cm™), a
donor—acceptor adduct (2049 cm™), and the oxidative addi-
tion product (2102 cm™), 25,26

As mentioned above, the corresponding iridium complex
trans-IrC1(CO)(PPh;), interacts with BF; via the metal
atom, as shown by the hypsochromic shift of v(CO) by
100 em™ (from 1967 to 2067 em™).'® The interaction of the
same complex with AlMe; leads to an increase of the stretching
vibration frequency of the CO group by 12 em™. The forma-
tion of an adduct via the iridium atom has been postulated®®.
However, the above value of Av(CO) is more likely to indicate
the coordination of AlMe; via the chlorine atom. The inter-
action of the same complex with SnCl, (see above, Section II).
leads to Av(CO) or 113 cm™ for the oxidative addition prod-
uct and 74 cm™ for the donor—acceptor adduct?’,

Table 7. Adducts formed via the ligands of transition metal
complexes with Lewis acids of the type MX,,.
Complex ';:igis Adduct Refs,
CpCr (NO)CI SnCly f | CpCr (NO)g(Cl ~ SnCl,) 2
CpMo((co)L(NO) TiCl, CpMo (COJ(NO — TiCly) 2
CpW (CO)y(NO) SnCl, CpW (CO{,(NO - 8nCly) 22
trans-( MegPhP)ReCl (Ny) TiCl, —N=N—Ti—N=N— 7
AN ]
7
trans-(Me;PhP),ReCl (CO) TiCl, — Eo—>ri—05c~ 7
AN

Complexes containing halogen ligands as a rule react with
Lewis acids via the halogen atom. Adducts of this type have
been obtained for the following complexes: Mn(CO)sX,
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(PMe;),Fe(CO),X, (X =Cl, Br, or I), and (PMe;),Ni(CO)I,
with AlX; (X =Cl or I), FeCl;, and SbCls; 72 RuCl1,(CO),.
.(PMe3), with FeCly; 7® MoCl,(NO),(PMe;), with FeCly; 7*
CpRe(CO),Br, with AlCly; 26 CpCr(NO),Cl with AlCl;, SnCl,,?*
and FeCl; ’®* CpFe(C0),X (X =Cl, Br, or 1) with a large set
of Lewis acids’®.

According to the shifts of the v(CO) frequencies for the
adducts compared with the initial complex, in the case of
CpFe(CO), (X+M'X) the Lewis acids investigated can be
arranged in the following sequence in terms of their elec-
tron-accepting properties: SbClg = AlCl, = FeCl; >MoCl; =
GaCl; = AlBr; >FeBr; = All; >Gal 3 >NbClg >SnCl, >InClg =
TiCl, >HgCl, = Cl, >I, >Br,. 73

(d) The halides MX, of Group IV elements (M =Ti, Ge, or
Sn). Numerous reactions of transition metal complexes with
Lewis acids derived from Group IV elements and leading to
the formation of oxidative elimination products have been
described in the literature!?:1%7*7%,  However,,in the
present review only those reactions are considered in which
the initial complex enters wholly into the composition of the
adduct. Data for the reversible formation of TMC adducts
with Lewis acids M’X, are presented in Tables 7 and 8.

Table 8. Examples of the interaction of MX, with complexes
via the transition metal atom.

Complex Lewis acid Refs.
trans. ItCl (CO) (PPh,), SnCl 17
CpM (L0) (NO) (PPhy} (M = Mo, W) SnCly 2
(EtsCy) Mn (CO)y SnCl, 23
CpMn (CO)sL (L = PPhy, P (OPh), etc.) SnCl, ) 2, 8
gpgn((c%))) Ly(Ly = diphosphine ligands) ?%‘il., SnCl,, SnBr,, TiCly z:

e 1
che (00):L (L == P (OPh)y, P (OEt),, PPhy] | SnCl}, SnBry, TiCl 2
(é.' 1?1 SéMe&((Z)‘HK) II;A (CO)3(M = Cr, Mo, W) gng.. TiCl, j‘;
r PPh, 1 #

ug) Cr (CORPER, snCly, SnBr, %
(PhyP+—CyH[") M (CO)o(M = Cr, Mo, W) | TiCl, 2

In the majority of the cases investigated the interaction
of the Lewis acids M'X, with complexes takes place via the
transition metal atom and coordination via the ligand lone
electron pair has been observed in only a few instances
(Table 7). The adducts [(PMe,Ph),ReCIL],.TiCl, or more
involved compounds containing solvent molecules, for example,
[ReCl(N,)(PMe,Ph),],.TiCl,.THF (THF =tetrahydrofuran),
and [ReCl(N,)(PMe,Ph),],.TiCl,.(CsH¢)n (n =1~5), have been
isolated’® after the interaction of the compounds trans-
(PMe,Ph),ReCIL (L =CO or N,) with TiCl,. The decrease of
the stretching vibration frequencies of the CO and N, groups
indicates the coordination of TiCl, via these groups:

trans-(PMe,Ph),ReCIl(N,) + TiCl, g—i_—_;ﬂs trans-[(PMe,Ph),ClRe—-
N=N-Ti—N=N-ReCl(PMe,Ph),].(C¢Hg);-s. The v(N7)
frequency of the initial complex (1925 cm™) shifts to 1814
cm? in the spectrum of the reaction product. This is the
first example of a complex containing two nitrogen bridges.
The cyclopentadieny. 1d arene derivatives of manganese,
rhenium, chromium, molybdenum, and tungsten carbonyls
[CPM(CO);, M=Mn or Re; (Arene)M(CO);, M=Cr, Mo, or
W; and their various derivatives] in solutions combine
reversibly with Lewis acids derived from Group IV elements
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(SnCl,, SnBr,, TiCl,, GeCl,) via the transition metal
atom??'23, The characteristics of the influence of the nature
of the metal (see Section II, 2) and the ligands (Section II,
3) on the basicity of the complexes have been examined in
relation to these complexes. Solid adducts, having the 1:2
composition, of a series of complexes CpMn(CO),L (where

L =PPh;, trialkylphosphines, AsPhj, or SbPh;) with SnCl,
have been isolated®®, X-Ray diffraction studies showed
that, for L =PPh;, the adduct has the ionic structure
[(CSHS)Mn(CO)z(PPha)SnCh]*SnClg and contains the Sn—Mn
bond (with a length of 2.589 A). The coordination environ-
ment of the manganese atom consists of a distorted square
pyramid with the CsHs ligand apical. Two CO groups (the
OC—-Mn-~CO angle is 115°), the SnCl; group, and the PPh,
ligand are located in the base of the pyramid trans to one
another®® (see Figure).

The structure of the cation [CsHsMn(CO);(PPh3)(SnCI)]Y, °
Bond lengths (X); Mn—P =2.367, Mn~Sn = 2,589, Mn-C(1)=
1.82, Mn—C(2) =1.83; valence angles: C(1)~Mn—P =80.0°,
C(2)-Mn—P =179.6°, C(1)-Mn—C(2) =115,1°, C(2)~Mn—Sn =
74.4°, C(1)-Mn—Sn = 74.9°, and P-Mn—Sn = 131.1°.

We may note that the addition of the acceptor E to the
pseudotetrahedral complexes (CsHs)M(CO),L can give rise
to two isomers with the geometry of a square pyramid, which
differ by the cis- or trans-disposition of the CO groups (or
phosphorus nuclei, see below) in the base of the pyramid:

O C ¥Q, El
) f——CO
cis- trans-

It has been shown by *H, !°C, and P NMR that, particu-
larly in the protonation (E =H") of the complexes CpM(CO),L
and CpM(CO)L, (M =Mn or Re; L and L, are mono- and
bi-dentate phosphines), the products are both cis- and trans-
isomers® 3, The infrared spectra of the adducts
[(CSHS)Mn(CO)Z(L).SnC13]+SnC1§ in CH,Cl, as a rule exhibit
four and not two v(CO) bands; the solutions apparently
contain a mixture of isomers?%°°,

For CpRe(CO),L [L =PPhj, P(OEt);, or P(OPh);], the
interaction with SnX, (X =CI or Br) leads to the appearance
of two new v(CO) bands in the infrared spectra of the solu-
tions in each case, i.e. only one isomer is formed in this
instance. At the same time, a sharp change in the ratio of
the v(CO) band intensity ratios for the adducts is observed
compared with initial compounds; this corresponds to an
appreciable increase of the angle between the carbonyl
groups (from ~100° to ~125°), which is possible only for the
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trans-isomer??. On the other hand, the reactions of these
complexes with TiCl, apparently lead to the formation of a
mixture of isomers [four v(CO) infrared bands are
observed 1%2.

There is a further series of examples of the reversible
addition of Lewis acids M'X, to transition metal complexes
(Table 8). In particular, the addition of (Cpylid)M(CO),
(Cpylid =Ph,P*— CsHs, M=Cr, Mo, or W) to TiCl,,? of
trans-(PPh;),Ir (CO)Cl to SnCl,, 7 and of CpM(CO)(NO).
.PPh,; (M =Mo or W) to SnCl, 22 involves interaction via the
metal atom.

The reactions of ferrocene with SnX, and TiX, (X =Cl or
Br) have been investigated. It is suggested that they
involve the formation of salt-like products containing the
ferrocenium cation and the Sn,X3 and TizX7, counterions®.
In contrast to Cp,M (M =Fe or Ni), ruthenocene is not
oxidised under the influence of SnX, (X =Cl or Br) but
gives rise to yellow products having the composition
2Cp,Ru.38nX,, °¢ for which the structure [Cp,Ru—SnX,—
RuCp,1**(SnX3), has been proposed,

Table 9. The interaction of transition metal complexes with
metal ions.
Tra:;i[t!:'g;;;neml Reagent Reaction product* Refs,
[Mn (CO){L]~
(L= Col; PMe,, Ph, PPhy,| M* = Li+, Na* (CO);LMn — CO...M*+ 85,86
P (OPh)g)
[Fe (CO); {(NO)I- M* — Na*, K*, (PhyP);N*| (CO)sFe — NO...M* o7
Fe (CO)s Cd (AsF,), Cd [(Fe (CO)s)ol** (AsFy)s P
Fe (CO)s Sn (SbFg)s Sn [(Fe (CO)5)al** (SbFeg)a | g8
Fe (CO)s Fe (SbFy)s Fe [(Fe (CO)s)** (SHF; ), 88
[Mn (COg),ls Mg amalgam in the M'C = 0... (BMg)...0 = CM’
[CpMo (CO)s], presence of bases; or ,
[Cp Fe (CO)aly B = THF, tetramethyl- M'C=0... (B,Mg)...0 = CM'| 89,9
CpFe (CO)y ethylenediamine, or , ot
[Co (CO)sL]a pyridine M —(B;Mg)—M
(L = PMePh,, PPh,,
P (CiHy)s
CPW (CO); Al, Al amalgam in THF [CPW (CO)3lsAl (THF)3 9

*The structures of the reaction products have been con-
firmed®®°! by X-ray diffraction; M'=Mn(CO), in the case
of [Mn(CO)s],.

2. Reactions with Metal Cations

Metal cations can play the role of electrophiles in relation
to TMC (Table 9). The nature of the infrared spectra of the
salt-like complexes M*[Mn(CO),L}” [IV, M=LiorNa; L=CO,
PMe,Ph, PPh,, or P(OPh),] ®*%5 and M*[Fe(CO);(NO)]™ [V, M= Na,
K, or (Ph,P),N]in the carbonyl regionin THF shows that they
exist in two forms in equilibrium—contact ion pairs, where
the alkali metal cation interacts with the oxygen atom of the
CO ligands of complex (IV) or the NO ligand of complex (V),
and ion pairs separated by the solvent. For complexes (IV),
the existence of contact ion pairs in solution also follows from
conductimetric and kinetic data for their reactions with alkyl
halides®. When reagents binding alkali metal cations,
namely crown-ethers or hexamethylphosphoramide, are added
to solutions of the complexes in THF, the v(CO) bands of the
contact ion pairs (M—X=0.....M', where X =C or N) dis-
appear and only the bands of the free ions remain. Iron
pentacarbonyl, which is a weak base, reacts in liquid SO,
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with strong acids—Cd(AsFs),, Sn(SbFg),, and Fe(SbFg),. 8
On the basis of MOssbauer and infrared spectroscopic data,
the following st\r}mture of the reaction product has been

/
postulated: [—/Fe-—M—/Fs—]“.Z(EFG)’, where E =As or Sb;
\

thus Lewis acids interact with Fe(CO); via the metal atom.

Under the influence of magnesium amalgam, the dimeric
complexes [Mn(CO)s],, [CpMo(CO),L],, [CpFe(CO),],, and
[Co(CO);3L], (L is a phosphine ligand) undergo reductive
cleavage in the presence of bases such as pyridine, THF,
and tetramethylethylenediamine with formation of the com-
pounds ByMg(m), (B =base, m =group containing a transi-
tion metal, and x =2 or 4 depending on the nucleophilic
properties of the metal carbonyl group)®®*®’. In tetra-
coordinate complexes (x =2) the transition metal can be
linked to the Mg2* ion both via CO bridging groups (Mg—
O=C-M) and directly (M-Mg). The interaction of groups
containing a transition metal with Mg?* in hexacoordinate
complexes (x = 4) always proceeds via the oxygen atoms of
the CO groups®’.

According to X-ray diffraction data®, the adduct
[CpMo(CO);],Mg(Py), has an octahedral structure, the Mg
atom being coordinated to four pyridine molecules in the
equatorial plane and to the oxygen atoms of two metal carbonyl
groups—one from each CpMo(CO); residue.

3. Reactions with Halogens, Antimony Pentachloride, and
Alkyl Halides

When TMC react with halogens, the X, molecules are polar-
ised and the positively charged cation X* always adds to the
transition metal atom, the coordination number of the central
atom increases by unity, and ionic compounds [LnMX]"' are
formed via the mechanism:

8+ O-
LM+ X=X [LMX[* X~ o [L,MX]*X; .

In a number of cases nucleophilic attack by the X~ anion in
the second stage of the reaction leads to the formation from
these ionic compounds of oxidative addition or oxidative
elimination products, for example®°3:

Mo (CO)s (diphos), + I — [Mo (CO)s (diphos)y I+ I — Mo (CO); (diphos), Iy
CpRe (CO); -+ Bry = [CpRe (CO); Br]* Br~ — CpRe(CO); Bry +-CO -

The reactions with the halogens are known for the octa-
hedral derivatives of chromium, molybdenum, and tungsten
hexacarbonyls of the type M(CO)¢-nLy, (where L are electron-
donating ligands: amines, phosphines, and arsines;

=2-4): M(CO),(L,), (L, =bidentate phosphine or arsine)??
9495 (CO)M(L;)sM(CO); (L, =bridging bidentate phos-
phine)®; Mo(CO),L,; *®* Mo(CO);(Amine); and Mo(CO);Q
(Q =tridentate amine)®’; M(CO);Q' [M=Mo or W; Q' =poly-
dentate phosphine ligands PhP(C¢H,PPh,-0), or P(C¢H,.
.PPh,-0);].%® The addition of halogens has been described
for the following m-complexes: (m-Arene)M(CO); (M =DMo or
W; Arene =MenH-nC); **# CpMn(C0)5;%° Cplr(CO)(PPhy); **
szRu. 101#

When TMC are acted upon by SbCls, Cl, is apparently
formed initially as a result of the reaction SbCls+ SbCl; +Cl,
and then Cl* adds to the metal atom in the complex and Cl~
adds to a second SbCl; molecule. For example, the inter-
action of CpRe(CO); with SbCls leads to the formation of
[CpRe(CO);C117SbCl;. 2  The interaction of (7-Arene).
.M(CO); (M =Mo or W), °® Cp,Ru, 5¢ and [Re(CO);],
(porphyrin)!®*# with SbCls leads to analogous products.

#The structure of the reaction products has been con-
firmed by X-ray diffraction analysis.
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The reaction of Mo(CO);L; with SbCl; and FeCl; results in
the formation of [Mo,(CO),L,(u-C1)31*X™ (X~ =8bCl™ or
FeCly). 103

The positive species adds to the central metal atom when
TMC are acted upon by alkyl halides or stronger alkylating
agents—trialkyloxonium salts and dialkyl sg}?pélates. These

reactions proceed via the mechanism LM +R—X »~ [LyM—R]*X".
Depending on the nature of the central atom M, the ligand
environment, and X~, the second reaction stage may involve
the migration of R to CO with simultaneous attack by X, for
example:

CpM (CO) L - Mel — [CpM (CO)(L) Mej* I~ — CpM (COMe)(L)1

L=PPh, M=Ir M=Co, Rh 3

In relation to this reaction, it is possible to follow the influ-
ence of various structural factors®*, The dicarbonyl com-
plexes CpM(CO), do not interact with Mel, since the basicity
of the central atom is in this case insufficient. The rate of
the bimolecular reaction (3) increases in the sequence Co <
Rh «Ir, the rate constants 10“k amounting to 25,7, 35.0,
and 210 litre mol™ s™* respectively. For M=Co and Rh, the
reaction does not stop at the first stage and neutral acyl
complexes are formed immediately, However, in the case of
M =Ir, where the basicity of the central atom is extremely
high, the final product is an ionic complex, The rate of
reaction depends greatly on R and L: for CpCo(CO)L and
Mel, the relative rate increases with enhancement of the
electron-donating properties of L in the sequence PPh;
(25.7) <PPh,Me (150) < PPhMe, (330). The dependence of
the rate on the solvent in the sequence THF < gcetone <
CH,Cl, < MeCN shows that there is appreciable charge separ-
ation in the transition state.

It is possible to quote a further series of examples of
similar reactions of transition metal complexes with alkyla-
ting agents: of W(CO),(diphos), with [Et;O]*BF; ;1% of
CpM(CO)(PPhs) (M=Co, Rh, or Ir) with Mel and EtI;?*
of CpIr(CO)(PPh;) with MeCl, MeBr, C¢H,;;I, CiHsCH,I, and
C3H,I; %% of CpCoL,'%” and FeLs '°® [L =P(OMe);] with Mel.

4. Oxidation under the Influence of Electrophiles

When the transition metal atom in the complex is sufficiently
basic (in the presence of strong electron-donating ligands),
the influence of certain electrophiles can lead to oxidation
with electron transfer to the acceptor and the formation of a

donor radical-cation: (LnM)";e(LnM)?. There is then a
possibility of two cases: (a) the neutral acceptor A accepts
an electron and gives rise to the radical-anion A~, i.e. the
reaction product is the radical-ion pair (LpM1)(A™); (b) the
cationic acceptor A* accepts an electron and is converted
into a neutral molecule A ("one-electron oxidation"). The
formation of radical-ion pairs is characteristic of the most
basic complexes in reactions with 7-acids (tetracyanoethylene
and others). These reactions will be considered in detail
below.

In one-electron oxidation reactions the oxidants are
usually NO*PF;, diazonium salts, and the silver salts AgPF;
and AgBF,. They accept an electron from the TMC with
formation of compounds or species which leave the reaction
sphere, displacing thereby the equilibrium in the direction of
the formation of the products [NO*>NO; Ag*-> Ag (metallic);
diazonium salts ~ Ph* +N,]. 18-Electron transition metal
complexes are converted into 17-electron paramagnetic
radical-cations, which give rise to well resolved EPR spectra
and possess a magnetic moment corresponding to a single
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unpaired electron. We may note that electrochemical as well
as chemical oxidation is possible. Measurement of the half-
wave potential E,/, permits hypotheses concerning the

possibility of the chemical oxidation of the same substrates.

The conversion of the diamagnetic 18-electron complexes
into radical-cations is always accompanied by an increase of
the v(CO) infrared frequencies, on average by 100—140 cm™.
There are datal’® showing that the ferrocenium ion can also
serve as a one-electron oxidant, It is then converted into
ferrocene. We may note in this connection that, among the
reactions of metallocenes with various electron acceptors,
ferrocene and nickelocene are distinguished by their ability
to give up readily one electron with formation of salts of the
cations Cp,Fe* and Cp,Ni*.

The reactions of Cp,Fe with metal halides such as MX,
(M=Tior Sn; X =Clor Br), VOCl;, and SbCls lead to the
formation of the solid salts Cp,Fe.3TiX,, Cp,Fe.25nX,,
Cp;Fe.VOCl,, and 2Cp,Fe.SbCl;, which always contain the
Cp,Fe*t cation.® The compound Cp,Ni is oxidised under
the influence of TiCl, to Cp,Ni*TiCl,.%* On reaction with the
sandwich-type acceptor Cb,Ni, where Cb = (3)-1,2-BsC,H?T,®"
ferrocene gives rise to a charge-transfer complex (CTC),
which is gradually converted into the salt Cp,Fe¥.Cb,Ni~.
The reaction of Cp,Ni with Cb,Ni leads to complete electron
transfer and the formation of an ionic compound in which
both the cation and anion are sandwich complexes with a
central Ni®* ion.

Chemical oxidation reactions have been studied for the
following complexes: (CgMeg-p)Cr(CO),(PhC=CPh) (n=
0, 1); 1 CpFe(diphos)R (R =Me, H, Cl, Br, I, or SnMey); **
CpFe(CO)nL,-nX [n=0, 1, L=P(OPh); or CNPh]; **
CpMn(CO)L, [L,=diphos or (PPh;),];*!! CpV(CO),(diphos)
and CpV(CO),L (L =PPh,Me); }*? Fe(CO),L(diene) [L =CO,
PPh;, or P(OCH,);CH)); **® Fe(CO);L, (L =PPhj, PPh,Me,
P(OPh);, or P(NMe;);, L, =diphos);** CpMn(CO),L
(L =phosphines);**® [HCoL,]*PF;;°® Cr(CO),(diphos) and
[Cr(NO)(MeCN),(diphos)]*. 236

5. Reactions with m-Acids

When transition metal m-complexes react with m-acids, there
is a possibility of the formation of charge-transfer complexes
with complete electron transfer from the donor to the m-acid
in the ground electronic state and the formation of salts of
radical-anions.

5D A (CTO)

D+ A-— it
' Dt + A= — secondary products

(radical-anion salt)

For weakly bound CTC, the transfer of electron density
from the donor to the acceptor in the ground electronic state
is slight, while the excited states are structures with com-
plete electron transfer from D to A (i.e. are jonic). When a
light quantum hvcrt is absorbed, the CTC passes from the
ground to an excited state and a charge transfer band (CTB)
appears in the electronic spectrum. The formation of CTC
leads to hardly any changes in the infrared spectra of the
donor and acceptor, which is due to the fact that the shift of
electron density fron the donor to the acceptor in the ground
state is slight. Thus an appreciable displacement of the
absorption bands of (Arene)Cr(CO), and 1,3,5-trinitro-
benzene (TNB) was not observed in the infrared spectra of
their CTC.!? When the electron transfer in the ground
electronic state is complete, significant changes in the
vibrational and electronic spectra are observed; one may
then expect the appearance of an EPR signal.
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The spectral changes when the transition metal m-complexes
interact with m-acids can be illustrated.in relation to the
reactions of the manganese complexes CpMn(CO);, (EtsCs).
.Mn(CO),(PPhj), and CpMn(CO)(diphos) with tetracyano-
ethylene (TCE) and tetracyanoquinodimethane (TCQD).*!®
The interaction of CpMn(CO); and (EtsCs)Mn(CO),(PPhjy)
with TCE in CH,Cl, does not lead to changes in the infrared
spectra either in the carbonyl region [although the v(CO)
frequencies are extremely sensitive to changes in the dis-
tribution of electron density in the molecule] or in the
region corresponding to the v(CN) vibrations of TCE; nor
do signals appear in the EPR spectra. New CTB bands,
which are absent from the spectra of the initial compounds,
appear in the electronic spectra (at 780 and 740 nm respec-
tively).

When a solution of TCQD was added to one of CpMn(CO).
.(diphos) in CH,Cl,, a sharp colour change from yellow to
emerald green and the appearance of an EPR signal were
observed. At —150 °C the EPR spectrum of the complex
CpMn (CO)(diphos).TCQD (VI) in CH,Cl, showed two signals
superimposed on one another: one broad signal, apparently
due to [CpMn(CO) (diphos)1?, and another, narrow signal
due to the presence of TCQD. The electronic spectra of
a solution of (VI) also indicate the presence of the TCQD
radical-anion. The infrared spectrum of (VI) differs signif-
icantly from the spectra of the initial components: the
frequencies v(CO) are displaced by ~100 ecm~ towards
higher values (as in oxidation by the Ag™ ion and other oxi-
dants), while the v(CN) bands of TCQD are displaced
towards lower values by ~50 em™. These data lead to the
conclusion that CpMn(CO)(diphos) undergoes one electron
oxidation under the influence of TCQD.

The kinds of products formed in the reactions of transition
metal m-complexes with m-acids (CTC or radical-anion salts)
depend on the polarity of the solvent and on the relative
strength of the donor and the m-acids involved in the inter-
action. Polar solvents should promote electron transfer and
the formation of CTC is more likely in a medium with a low
dielectric constant. For example, the CTC Cp,Fe.TCE,
which exists in the solid state and in solution in cyclohexane,
dissociates in acetonitrile*®2%;

CpgFe - TCE & CpgFet 4 TCE~

The complexes (Arene)Cr(CO); form CTC with TNB,
p-benzoquinone, TCE, and chloranil (CA), *!7-}227123 the most
stable CTC being formed with TNB.'7:*3*  The stronger
m-acids may promote a more complete electron transfer. In
solution the starting materials and the reaction products are
involved in an equilibrium whose position depends on the
concentration; in dilute solutions the equilibrium is dis-
placed towards the starting materials.

In benzene solutions EPR signals due to mixtures of
(Arene)Cr(CO); with m~acids (TNB, CA, and TCE) have not
been observed, while in nitromethane the signals due to
radicals have been noted'?!. Thus the chromium complex is
oxidised in a polar solvent.

Solid adducts with n-acids have been obtained for a num-
ber of m-complexes. Thus (CzH¢).Cr, which is very readily
oxidised to (C¢Hy),Cr?, like ferrocene, gives rise to solid
1:1 salts with TCE, TNB, CA, and p-quinone, which are
stable in air'?*. The oxidation of (C¢H¢),Cr by m-acids
has been demonstrated convincingly by various methods—
EPR, infrared spectroscopy, and electronic spectroscopy.
The EPR spectrum of each adduct contains two signals corre-
sponding to (C¢Hg),Cr? and the radical-anions of the m-acids.

Solid adducts of Cp,;Co and Cp,Ni with CA~ and TNB have
been isolated: Cp,Co.CA, Cp,Co0.2CA, Cp,Ni.2CA, and
Cp;Co.TNB. The 1:1 adducts are CTC, in contrast to the
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1:2 adducts, which are salt-like'?®>. The above adducts of
the complexes Cp,M are relatively stable in air compared with
the initial Cp,Co or Cp,Ni, which are unstable as regards
oxidation. Ferrocene also forms complexes in solution with
p-benzoquinone?®, CA, 2% TCQD, 2¢ TCE, 1?%20:123 tetpg-
chlorophthalic anhydride'?®, and TNB.?” The complexes
Cp;M (M =Ru or Os) are oxidised by TCE in acetonitrile
with formation of salts of Cp,M*,*??

The solid complex CpMn(CO)(diphos).TCQD, which, as in
solutions, has the structure of the salt [CpMn(CO)(diphos)]f.
. TCQD~* (EPR and infrared spectra), has been isolated from
benzene solution'!®,

The problem of the relative orientations of the donor and
acceptor molecules in the CTC has been discussed in some
studies. According to X-ray diffraction data'??, the TNB
molecules in the adduct (MeC H;s)Cr(CO);.TNB are located
in planes which are approximately parallel to the planes of
the arene rings and the planes passing through the oxygen
atoms of the CO groups in the chromium complex. The dis-
tance between the planes of the cyclic ligand and the TNB
molecule is 3.41 X, while the plane of the oxygen atoms of the
CO groups is separated from the plane of the other acceptor
molecule by 2.97 &. Thus both the arene ring and the CO
groups should be involved in the formation of the complex.
(2,5-Dimethyldecamethylene-ansa-benzene)tricarbonyl-
chromium also forms a complex with TNB.*?® It is postulated
in this case that the acceptor molecules form a bond with the
CO groups of the chromium complex, since the m-ring is
blocked by the bridge with ten CH, units. However, this
evidence is not convincing, because the decamethylene ring,
being fairly long, can bend away and need not block the
benzene ring.

The nature of the influence of substituents in the arene
ring of the complexes Arene(CO); on the frequencies of the
charge-transfer bands in the spectra of CTC with TCE has
been investigated’?®. The satisfactory correlation between
the position of the CTB and the o* constant of the substitu-
ent in the aromatic ring led the authors to postulate that,
in the formation of the CTC, TCE interacts with the aromatic
ring of the arenechromiumtricarbonyl derivatives,

Vi. CONCLUSION

It has been shown from extensive experimental data that the
TMC possess distinet basic properties and readily interact
with a wide range of aprotic acids, The interaction can be
both via the central metal atom and via the ligands.

One of the main centres where the acid—base interaction
takes place is the transition metal atom. The manifestation
of basic properties has been noted for virtually all Group V-
VIII transition metals. There are not data for the basic
properties of Group IIl and IV metal (Sc, Y, lanthanides,
and titanium and its analogues) complexes as well as com-
plexes in which the metal has the d*° configuration and which
contain Cu*, Ag*, Zn?*, Cd**, and Hg?*. Thus basic
properties are most characteristic of the complexes of metals
with partially filled d-orbitals containing not less than four
d electrons.

Allowance for the possibility of the interaction via the
metal atom permits a new approach to the problem of the study
of the mechanisms of the reactions of TMC, particularly the
reactivity of m-complexes containing cyclic n-ligands.
Evidently, one cannot regard the reactions of these com-
pounds with electrophiles simply by analogy with the reac-
tions of the free ligands without taking into account the role
of the central atom and its ligand environment. Such reac-
tions include the so-called aromatic substitution reactions
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[characteristic of ferrocene, (CsHs)Mn(CO); derivatives,
and certain other m-complexes]: isotope exchange between
hydrogen and acids, acylation, alkylation, mercuration, etc.
Throughout the initial period of these studies, it was tradi-
tional to compare the rates of these reactions and the proper-
ties of the m-complexes and the corresponding benzene
derivatives. However, such comparison is apparently not
legitimate. Although many reactions of m-complexes and
aromatic compounds proceed under similar conditions, their
mechanisms can be significantly different.

It was demonstrated above with numerous examples that
aprotic acids (aluminium, tin, and iron halides) form adducts
with many m-complexes via the central atom or via the ligands.
The same halides catalyse Friedel-Crafts alkylation and
acylation—reactions characteristic of many m-complexes
(ferrocene, cymantrene, etc.). In considering the mecha-
nisms of such reactions, it would therefore be incorrect to
ignore the possibility of adduct formation; despite the
similarity of conditions, the mechanism of the acylation of
organometallic m-complexes can differ significantly from the
mechanism of the acylation of benzene and its analogues.

It would be no exaggeration to state that, as data on the
basicity of TMC accumulate, demonstration is obtained

the "ricochet" substitution mechanism, proposed more than
20 years ago by Nesmeyanov and coworkers*?%3% according
to which the attack by the reagent is directed initially to
the central metal atom, after which there is a change of
direction from the metal to the cyclic m-ligand, Many
examples of reversible rearrangements of this type with
migration of a proton!*'*3? 35 well as alkyl and other
groups'®1% have been found recently. The ricochet sub-
stitution mechanism has been used to account for the mecha-
nism of the acid exchange of hydrogen in cyclic n-ligands
(cyclopentadienyl, benzene) in iron, manganese, chromium,
and rhenium complexes'®®. The ideas concerning the basicity
of the complexes and the important role of the central metal
atom can be used to explain the specificity, kinetics, and
nature of the products of many other reactions of m-com-
plexes with electrophiles, for example, the cleavage of the
M—-C o-bonds and metal-metal bonds under the influence of
hydrogen halides, halogens, and mercury salts HgX,.

In conclusion, at present the extensive data concerning
the basicity of the TMC contain virtually no quantitative
data based on the study of the kinetics and thermodynamics
of the interaction of the TMC with various electrophiles and
that the entire data available are so far purely qualitative.
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