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INTRODUCTION

Catalytic processes involving metal ions and their complexes, including orga-
nometallic compounds, can be classified into four groups, according to their ap-
parent reaction mechanism.

* Present address: Department of Chemistry, The Ohio State University, Columbus, Ohio 43210,
U.S.A.
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(1) Catalysts for electron transfer reactions. Since many transition metals can
exist in different oxidation states, they can accept an electron from or give an
electron to a reactant, thereby producing a radical or an jon. The radical or ion
thus formed may initiate or promote a reaction. The metal ion or compiex catalyzed
autoxidation reaction of such substznces as olefins and aldehydes belongs to this
catalytic mechanism group of catalysis. Examples are also provided by Fenton’s
reagent which initiates free radical vinyl polymerization, and metalloenzymes such
as xanthine oxidase and the cytochromes. The highly electropositive alkali metals
can donate their electron, as does lithium metal in the polymerization of butadiene.
Oxygenation or an oxygenase reaction and hydrogenation catalyzed by metal com-
plexes can also be conveniently included in this category.

(2) Catalysts for acid-base reactions. Metal ions, with the exception of most
of the alkali or alkaline earth metals, being Lewis acids, can coordinate a basic
reagent, activating the substrate. Examples include the function of metal ions or
metalloenzymes in proteolysis and decarboxylation processes. Ferric chloride and
other metal chlorides cause the polymerization of propylene oxide, and zinc or
mercury salts pr mote the hydration or vinylation of acetylene. In the Wacker
process palladium chloride forms a complex with ethylene and facilitates the reac-
tion of ethylene with the nucleophilic reagent, OH™.

(3) Catalysis by the so-called soft acids. Metal ions of the first transition
series in low valence states (e.g., +1 and 0) stabilized by ligands such as carbon
monoxide, triphenylphosphine or trialkylarsine can coordinate to olefins or diole-
fins via n-bonding and to alkyl groups through o-bonding. Alkyl o-bonds and
olefinic n-bonds often interconvert as the conditions change. This behavior permits
the lo.v valent metal ions of the first row transition series to act as catalysts for the
reactions of olefins, diolefins and carbon monoxide. The polymerization, oligo-
merization or isomerization of olefins or diolefins, and the oxoprocess are examples
of this group. The complexes of second and third row transition metals act in a

similar way.

(4) Organizational action of metal ions—template effects. The ability of metal
ions to act as a mdlecular organizer may be defined as follows; such a reaction
leads to the fermation of a large molecule from small molecules. Consequently the
metal ion must compensate for a large negative entropy of activation by the co-
ordinate bond energy. This constitutes a kind of template effect by metal ions. The
action of zinc chloride in the synthesis of tetraphenyl porphyrin and that of tetra-
cyanonickelate(IT) or of metal carbonyls in the synthesis of benzene and cyclo-
octatetraene from acetylene may be included in this category. The metal ion func-
tion in this class of catalysis is somewhat different in character from those in the
preceding three categories. The first three categories are associated with metal ion
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participation in the mechanism of bond forming, bond breaking, and the like. In
other words, the nature of the metal-to-substrate bonds is important in those cases;
the reactions in this fourth group are put together according to their apparent
ability to bring the reactants together under proper reaction conditions.

B. CATALYSTS FOR ELECTRON TRANSFER REACTIONS (OXIDATION-REDUCTION KEAC-
TIONS)

Reactions in which the metal ion concerned changes its oxidation state are
conveniently divided into several classes.

(i) Autoxidation of organic substances

The autoxidation of such substances as aldehydes or olefins is known to
occur via a free radical chain mechanism!. The chain reactions are generally
described as follows:

Initiation I(initiator) —» 2R-

fw or other
RH———— R- +H-
ROOH —— ROO- +H-
Propagation R +RH — R
R- +0O, — ROO- 1)
RO,y +RH — R™
H.abstraction RO,-+RH —- ROOH+ R
Termination R- +R- — RR (eto)

In the above equations RH refers to an olefin, a paraffin or an aldehyde. In this
cyclic set of reactions a metal ion with readily convertible valence states participates
in either of the following ways2.
ROOH+M™ - ROO-+H* +M*@™D @
ROOH+M*®"D , RO- +OH +M™

Much kinetic® and physical* data have been published in support of these me-
chanistic conclusions.

Table 1 relates the redox potential of the metal jon to its catalytic activity
in the autoxidation of cyclohexene?.

In these cases, the metal ion reacts with an intermediate, hydroperoxide
ROOH, but in some cases metal ions react directly with the reagent as suggested
by the following reactions®.

Co"+CH,OH - Co"+CH,0- +H*

Co™+HCHO - Co"+-CHO +H™ 3)

Co™+HCOOH — Co"+HCOO-+H*

Coordin. Chem. Rev., 3 (1968) 49-89
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TABLE I

RELATIONSHIP BETWEEN REDOX POTENTIAL AND CATALYTIC ACTIVITY IN THE AUTOXIDATION OF
CYCLOHEXENE (CATALYST: METAL HEPTOATE)®

Meral ions Redox porential Caralytic activity
(in water) {maximum oxygen
uptake rate)
Cul! - —0.167V 0.3
Felll —0.771 0.02
Mn!! —1.51 0.4
Collt —1.843 0.85

(ii) Direct oxidation of a substrate by transition metal ions

If a substance is oxidized by a transition metal ion and the metal ion thus
reduced is reoxidized by oxygen, the apparent total reaction is an air oxidation
catalyzed by the metal ion. One of the most often cites =xamples of this type of
reaction is the copp.r salt catalyzed oxidation of ascoiric acid (4); the reaction is
related to a biological reaction.

Cun
o- o- & o
O=C/ \CHCHOH"' H,OM ——~—-—C—u—lf-—«- O==C/ \CR
o o o
. _ “@
1 [9) O Q, <
~Cu >:mc< +H Oy \>C-- C</ + HO.
O==C CR Q== {22
\o / C\O /C

HOp + Cubf ——w HOp + cdf

The so-called Wacker process’ {5) also seems to be of this type. In fact, how-
ever, palladium ion is reduced by the action of both the substrate, C,H,, and the

solvent, water, to the zero valent state, and reoxidized by oxygen with the aid of
iron(IIT) chloride or copper(Il) chloride.

The oxidative coupling reaction of a phenol (6) is catalyzed by copper(I)
chloride®. Copper(@) chloride is first oxidized by oxygen in the presence of an amine
(Am). It then oxidizes the phenol. The reaction mechanism has been elucidated
and is given by the following equations®* (7).
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t-Bu t-Bu t-Bu
QOH v o, Sl C_C o 6)
t-Bu t-Bu t-8a °

I 1 -
2cutam), + 30, —a 2cam), + O°

I 2N R
cutam), + QOH + O o= {:ﬁ@o@) (Am)n_z(oz'il + 2Am-
@

(I + Am  ——a CUI(Am)n + Qo‘ + HO™
. 1
. Q . ﬁozao o+ o @

The intermediate could not be detected in the case of phenol, but such an inter-
mediate has been detected in the case of aniline which undergoes a similar reaction.
The intermediate can be depicted as (IT)3°.

ct o tor OH™)

Cun\
Pyridine Aniline
[4:13)]

(iii) Coordination and activation of the oxygen molecule

(1) Activation of oxygen molecule. P. George et al.® suggested the following
oxygen activation mechanism, for the transition metal ion catalysis of the autoxida-
tion of tetralin. Other authors'® have proposed almost the same mechanism for the

M*e +0, - (M -0, ®

M*™-0,)+RH » M™"4+ R-+HO,-

catalytic action of transition metal phthalocyanines and other complexes in autox-
idation reactions.

Complexes of the second and third row group VIII metals, generally in-
volving triphenylphosphine as ligands, have recently been found to add molecular
oxygen. The oxygen molecule so coordinated is potentially an oxidizing agent. An
example is provided by the fellowing reaction where the coordinated oxygen mole-

cule reacts with NO, to form a bis nitrato complex***.

[P(O,) (PPh3),]+2N0O; — [Pt(NO;),(PPhs),] (9a)

Coordin. Chem. Rev., 3 (1968) 4989
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Pd(0) as well as Pt(0) complexes with triphenylphosphine act as catalysts'!® in
reaction (9b). The authors claim the formation of an oxygen complex such as
(PPh;)MO, as the intermediate.

+ 0Os

or (9b)
PA(PPh,),

C6H10NC —;_'T) CGHloNCO

In this connection, photosensitized oxidation reactions are of significance’2.
The photo-oxidation of a substance by molecular oxygen is sensitized by dyes such
as chlorophill, eosin or phthalocyanine'3. Energy is transferred to the oxygen
molecule from the excited molecule and the excited oxygen reacts with the substrate.

SCIy+hv —» S*('r*) — S’

-+ Gy , + A 1 (10)

— [§'—0,] —/ S('N+AO0,
In this equation S means the photosensitizer, the dye, and A the substrate. The
[S'~~0,] complex may decompose into S(*I') and H,(*Ag or O,(*X,), which are
the lower quasi stable excited states of the oxygen molecule. These states react
with the substrate in different ways!32.

(2) Oxidations with oxygenases. Many oxidation reactions in biological
systems have long been known to involve dehydrogenation, whilst true oxidation
reactions in which the oxygen adds directly to a substrate have been found in the
past decade. The enzymes which catalyze such a reaction, oxygenases, include
iron or copper in their lower oxidation state, i.e., Fe'' or Cu'. Two examples are
shown in the following equations.

OH OH
"o
N phenotase(cu’)
of — - 1)

H, CHy
CH3 CH3

H
o - pyrocatechase (FeT) =~cd*on
* 2 - - cdoH (12)
OH A

In these equations O,* means 20, which has been shown to enter the substrates
as indicated. There is an indication that no Fe"-Fe™ valence change takes place
during the reaction in the case of pyrocatechase. A comprehensive monograph'4
and a symposium report!® should be sought for further detaiis.

+
=

(3) Oxygen carrying complexes. The natural product, hemoglobin is the
prototype oxygen carrying chelate which reversibly adds an oxygen molecule.
Many oxygen carrying chelates have now been found!®. Those include myoglobin
and its analogs, iron(II)-phthalocyanine!’, bis(salicylaldehyde)imine cobalt(Il)!8,
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bis(histidine) cobalt(II)'?, bis(glycylglycine) cobalt(II)>®, manganese(li)-phthalo-
cyanine®', hemocyanine (Cu'), an iridium complex [IrX(CO) (PPh;),]?* where X is
a halogen, a rhodium complex [RhCI(PPh;);}?3?, and [Pt(PPh;),]%3" which forms
the complex [{(PPh;),PtO,]. Not all these examples are truly reversible in the
sense that hemoglobin is.

It is to be noted that in all of those examples the central-metal ionisin a
lower oxidation state. Qxygenation, i.e., the coordination of an oxygen molecule
to a metal ion, may require back donaticn of electrons from the metal to the
oxygen to such an extent that the metal ion is effectively not oxidized completely.
There are two types of bonding of the oxygen molecule to metal ions; one is
M-Q-0-M, and the other is M-0,. Hemoglobin, myoglobin, the iridium complex
(Fig. 1 as determined by X-ray crystallography?2?), and the rhodium and platinum

PPhy

QC: l I
\OI‘{ o/
‘1.471
Pph3

Fig. 1. The structure of O Ir(CO)(PPhy)..

complexes are considered to be of the latter type, while all others are presumed to
involve the former type of bonding. As to the donation of electrons from the metal
to the oxygen, the ESR spectrum?* of a related complex [(NH ;) ;CoQ,Co(NH3)s1°
provides some insight. According to this ESR spectrum, there is electron delocal-
ization through the Co~0Q,-Co chain.

(iv) Coordination and activation of hydrogen

Many catalysts for hydrogen activation or hydrogenation are known. Most
of the reactions are heterogeneous, i.e., the catalyst is a solid, but recently there
has been extensive activity in the field of homogeneous hydrogen activation by
transition metal complexes?5-26-31,32,34-38

(1) Activation of hydrogen. According to Halpern?3, there are three types of
hydrogen activation as exemplified by the following three reactions.

heterolytic splitting: Ru™Cl3~+H, —» Ru™HCI* " +H* +CI™ (13a)
homolytic splitting: 2Co™(CN);>~ +H, - 2Co"{CN).H*~ (13b)
insertion: If'CI(CO) (PPhy), + H, — If'™H;CI(CO) (PPhj), (13¢)

The heterolytic splitting is in effect a substitution reaction. The other two reactions
involve a formal oxidation of the metal ion by hydrogen which abstracts an elec-
tron to become a hydride ion. In the last two types of reaction, the reactivity may
thus be closely related to the susceptibility of the metal to oxidation. However,

Coordin. Chem. Rev., 3 (1968) 49-89
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this expectation has not yet been thoroughly studied. The reaction (13c), though
the author describes it 8o, is not really an incertion reaction.

There are some interesting related reactions. Those complexes which activate a
hydrogen molecule also react with alkyl halides, hydrogen halides or the like in a
similar manner. For example:

2Co"(CN);3~ 4+ CH;I - Co™(CN),CH;>~ +Co™(CN);I*~ 14)*7
IfI(CO) (PPhj), + CH;I — Ir'™I, (CH3) (CO) (PPhj), 15)%®
I:'CI(CO) (PPh;), + HCI — If'PHC1,(CO) (PPh,), (16)*°

These reactions also involve the formal oxidation of the central! metal ion. There
is also a possibility of a reductive cleavage of C-H or C-C bond by a mechanism
similar to (14) and (15). Chatt and Davidson>? observed the following reaction in
this connection.

Ruo(CwI-"g) ((CH;),PCH,CH,P(CH;),) =
= Ru"H(2-C,H,) ((CH;3),PCH,CH,P(CH3)),  (17)

(2) Catalytic hydrogenation. Bath and Vaska>! reported the following reac-
tion where the iridium complex acts as a catalyst. Individual experiments?S with

[ItH(CO) (PPh,);1+C,H,+H, — [IrH(CO) (PPh;);]1+C,Hg¢ (18)

H, and C,H, indicate that they react reversibly with the dissolved iridium com-
plex in toluene under normal conditions.

[IrH(CO) (PPhs);]+H, — [IrH;(CO) (PPhs)s] (192)
[IrH(CO) (PPhs);]+ C,™, — [Ir(C,H,)H(CO) (PPh3)s] (19b)

The isostructural rhodium complex [RhH(CO) (PPh3),;]** does not add hydrogen,
but acts as a catalyst for the hydrogenation of ethylene and for hydrogen—deuterium
exchange. An octahedral hydride complex of osmium [OsHCI(CO) (PPh ;);]%? cata-
lyzes the hydrogenation of acetylene to ethylene and ethane. Vask«?® suggests the
following mechanism.
L'H+C,H, == L Ir'"H(C, H,) = LI (C,Hs)
L,Ir'(CHs) + H, = LIrHo(CoH;) == LyIr'H+C,He

Wilkinson and his coworkers®? claims that the rhodium complex RhCI(PPh;); is
a more active hydrogenation catalyst than all the complexes mentioned above.
This complex adds to hydrogen at one atmospheric pressure In an organic solvent
to form the dihydride complex [RhCI(PPh;),H,]. The NMR spectirum of this com-
plex shows hydride peaks at 7 = 138.8, 21.5 and 28.8. These peaks disappear when
the solution is flushed with nitrogen or an olefin, but reappear when saturated with
hydrogen. Inspection of the NMR spectrum leads the authors to concluce that
the dihydrido complex has a cis configuration and that the hydrogenation of an olefin
by this complex takes place through the simultaneous attack of both hydrides on

(20)
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the olefin, not through metal-alkyl bond formation as suggested in the case of the
iridium complex. The ruthenium analogue of this complex, [RuCl(H) (PPh;),],
was recently reported to be a highly selective catalyst for the hydrogenation of
terminal olefins®*. The NMR spectrum of the reaction system with ethylene as
substrate showed the reversible formation of Ru~C,H s, in contrast to the behaviour
of the rhodium complex.

The hydrogenation of butadiene catalyzed by pentacyanocobaltate is of in-
terest. The nature of the products depends upon the CN/Co 14tio. In the case of
high values of CN/Co, butene-l is obtained, whereas butene-2 is the main product
in the case of small values of CN/Co?°. Kwiatek er al.>* explains this phenomenon
on the basis of the following mechanism.

2Co(CN)s* + H, —> 2HCo(CN)s+—
HCo(CN)s*~ 4+ CH:—CHCH=CH, —> CH,CH—=CHCH ,Co(CN):*(III)
Qi HEENST o CH,CHyCH.=CH + 2Co(CN)g~

at high CN;Co
' ! CH, @D

A HCo(CN):*~
— 2— — a—
am ——-———)al Tow CN/Co C{ Co(CN)2~ ———> CH,;CH=CHCH,; + 2Co(CN);

CH
¢,

Another type of homogeneous catalyst for the hydrogenation of olefins and
acetylenes is MX ~M'R, 3¢ where M is a metal of the first row transition series,
M’ is an alkaline earth metal or aluminum, X a halide, of acetylacetonate and R
an alkyl group. The effective metal ion of this system is a lower oxidation state
and is a soft acid like Ru'’, Rh! or Ir'. Among the other homogeneous catalysts
for hydrogen activation or hydrogenation are Cu'l, Cul, Ag' Hg" (ref. 37) and
PdCl1,%~ (ref. 38).

(v) Miscellaneous reactions

Several other interesting observations may be made, though some of them
have not yet been thoroughly studied.

(1) Activation of a water molecule. Shibata et al.3® extensively studied the
catalytic effects of many metal complexes upon the air-oxidation of myricetin(IV).

o OH
Re e
OoH
od O
o

Their results are summarized in Table 2. As the table shows, some of the active
complexes contain metals which cannot change their oxidation states; they are

Coordin. Chem. Rev., 3 (1968) 49-89
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TABLE 2 -
THE CATALYTIC ACTIVITY OF VARIOUS METAL COMPLEXES UPON THE OXIDATION OF MYRICETIN;

A>B>C>D=O)

(A) [Co(NHQCI(H0)ICI, frans-[Co(NH,CLICI, [Co(NH:(NOs],
[(NH1)sCo(NH) Co(NH);1ClL, [N, Co it >CoNH),ICk, NI(NH);(H;0)sICls

[CuNH3{(C,H1O4)sl, [Zn(NH)(ISO,, [Zn(NHy),1l:, [CAINHICl,
(B) [Co(NHsCIICl,, [Co(NH(H,0)CICl,, [CuNH;ISO;, [Cu(dy)s]l (NOs)s
(C) [Co(NH)y(H:0):ICl;, [CoMNH,CO;ICl, [Co(NH),C20,]Cl, [Co(NH3);(NO,)ICl,
(D) [Co(NH]Cly, [Co(en);sICls, [Cr(NH ) CI(H0)]SOy, [Cr(NH2);CIICl,

Ag,S;0, . NHs, Ka[Fe(CN)el, K [Fe(CN)l

complexes of zinc and cadmium. Their catalytic activi;:y, therefore, cannot be
ascribed to a valence change of the metal. The catalytically active complexes, how-
ever, are found to be susceptible to aquation. An aquo-activation mechanism (22)
was proposed:

[commagc]ct + HO ——= [cotnmalat HaO1CLj CLa
OH

~ - ~
2 /c: OH 4+ 2(HO) —» 2 C + 28
OH
M S
2 —_— 2 C=0
/C\OH - + H0 (21)

2H+OZ—J—H202-———>P(20+-;—02

In the above equations, (H,0)* means the activated water molecule. It is an in-
teresting observation®? that an asymmetric reaction took place in the air oxidation
of o-hydroxytyrosine with catalysts like [Co(en),(NH;)CIICl,. The rate of the
reaction was greater for the reaction of the /-substrate with the /-catalyst than for
that of the /-substrate with d-catalyst. This shows that the substrate has to co-
ordinate to the metal in order to be activated.

(2) Activation and decomposition of hydrogen peroxide. There are two enzy-
mes which catalyze the decomposition of hydrogen peroxide or which catalyze an
oxidation reaction with hydrogen peroxide. The first is catalase and the second is
peroxidase, both of which have iron-heme groups as the prosthetic group. The
mechanism of the decomposition of hydrogen peroxide with catalase or with ferric
complexes which are models for catalase, have been intensively studied. Com-
plexes like [Fe'"-H,0,] and [Fe'""-OOH] have been shown to form in the reaction
of ferric complexes with hydrogen peroxide*®. The mechanism proposed by Wang*!
for the Fe''“triethylenetetramine complex is given in (23).

This particular complex is highly active being 10* times as effective as hemo-
globin, and far more active than other iron complexes with polyamines and/or
aminocarboxylic acids; it is less active however than the enzyme, catalase. In the
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[\l/ jl* oM™ [ \Fle/OH ]+ -oH [ ~ I/)] @3)
ZIN o | S Neon | T | 71N

+0O0H , -0p

above mechanism (23), the possibilities of a change in the valency of iron and the
formation of radical species have not been taken into consideration; these are
known to take place, e.g., in the system Fe'H,0,. The fundamental formulation
for such a reaction is called the “Haber-Weiss’> mechanism? (24).

Fe" +H,0, — Fe"" +OH™ +-OH

-OH +H,0, — H,0+HOO-

HOO-+H,0, -0, +H,0+-0OH (249)

Fe' +OH - F'" -OH™

Fe +HOO™ - Fe' +HOO-

A similar mechanism has been proposed by Chance*? on the basis of kinetic
and spectrophotometric studies for the action of peroxidase, namely:

[Fe™—-H,0]+H,0, - [Fe"'-H,0,]+H,0

[Fe"—-H,0,]+AH, - [Fe™-OH-]+AH-+H,0 (25)

[Fe-OH-]+AH-+AH, —» [Fe"-H,0]+A+AH,

In this reaction AH, means the substrate. Metal ions or complexes with inter-
convertible valencies like manganese, cobalt and copper have also been known to
catalyze the decomposition of hydrogen peroxide.

(4) The electron transfer mechanism of vinyl polymerisation. Oxidation or
hydrogenation is not the only reaction which will take place viag an electron transfer
mechanism. A mixture of hydrogen peroxide or a hydroperoxide with a metal ion
of variable valence has for a long time been known to catalyze the polymerization
of vinyl monomers. This reaction can be understood on the basis that the mixture
produces free radicals as indicated above (24).

Sodium metal transfers its valence electron to an aromatic hydrocarbon’

[] Cop — @@ ['c”z‘c“]- 26)

2 -CHZ-—-C-IZH —_— ?I:HCHZCHzci:H— ——— polymerized products
2 z

43,44,

Coordin. Chem. Rev., 3 (1968) 49-89
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forming a radicai anion. The radica! thus formed can initiate the polymerization
of an a-olefin. -

The catalytic polymerization of «-olefins and dienes, by metallic lithium or by
an alkyl lithium probably proceeds by a similar mechanism.

C. CATALYSTS FOR ACID—BASE REACTIONS
(i) Acidity scale

There are several types of catalyzed acid—-base or nucleophilic—electrophilic
reaction. A model of a typical reaction is:

reaction: S(substrate)+ B(nucleophilic reagent) — SB
action of catalyst (M): 3+M —+ (M ~? « §*9) @n
BM...S<B*)—» M+SB

In the above equations B may be the same as S, as in a polymerization process.
There is also another case in which both S and B coordinate to the catalyst M.
The factors influencing this type of reaction include (i) the acidity of the active
site of M, (ii) the degree of charge transfer in the complex (M « S), and (iii) the
rate of coordination of S or substitution by S. The second factor is related to the
covalency of the M-S bond*°. Several review articles*® discuss the third factor.
The so-called ““acidity” will be discussed here in some detail. Several defini-
tions of an acid exist; Bronsted, Lewis and so forth. The definition by Mulliken*”
should theoretically be the most versatile. However, this theory does not seem to
be applicable successfully to metal ions and complexes. Stability constant data has
been accumulated for a variety of metal complexes. Attempts have been made to
establish some empirical correlation between the acidity of a metal ion in a com-
plex and its stability constant. Chatt, Ahrland and Davis*® surveyed the stability
constants of many complexes and proposed classifying metal ions into two groups,
A and B. A metal ion in group A is one whose complexes with halide ion decrease
in stability with the series F~ > ClI~ > Br~ > I7; in the case of oxygen family
and nitrogen family elements the orders of stability are O > S ~ Se ~ Te and
N > P > As > Sb, respectively. For a metal ion of group B their orders are
reversed; F < ClIT <Br  <I7,0<«€S>8Se~Te,and N <P > As > Sb.
Pearson*? extended this idea, and included non-metals and metal ions of
unusual oxidation states. His definition of “soft™ and “hard” corresponds roughly
to B- and A-group metal ions, respectively. Later on, Pearson et al.’° proposed
empirical parameters for ligand bases, np, which were obtained from the relative
rate constants of the substitution reaction of frans-Pt(py),Cl,. They, however,
have not yet proposed any theoretical or empirical parameter expressing softness
or acidity in general. Misono et al.5! have recently proposed a dual parameter



CATALYTIC FUNCTIONS OF METAL IONS AND THEIR COMPLEXES 61

(X, Y) for metal ions and (&, 8) for ligands, which can quantitatively describe
softness and many other related phenomena. The classification of metal ions into
hard-borderline-soft as proposed by Pearson*® is tabulated in Table 3, together
with the Y values. This table shows that Y is a good parameter for expressing
softness. f-Values for halogen series fall in the order I” > Br~ > Cl™ > F™; 8,
therefore, seems to be a reasonable parameter for expressing the softness of a
ligand. Several applications including those to catalytic reactions are discussed in
the paper.

TABLE 3

THE PEARSON’S CLASSIFICATION?®® OF METAL IONS INTO SOFT, HARD AND BORDER LINE ELEMENTS AND
THEIR Y VALUE™

Metal ions
Hard acid Li+(0.36), Na*(0.93), K+ (0.92), Mg?+ (0.87),
(class A) Ca?+(1.62), Mn?+(3.03), AP*(0.70),
<<2.8 In?+(2.24), Fe®*(2.37), Co3*(2.56),
Sr2+(2.08), Cr*+(2.70).
Borderline 2.8 Fe?t(3.09), Co**(2.96), Ni2+(2.82), Zn?+(2.34),
~3.2 Pb2+(3.58), Sn2+(3.17), Cu2*(2.89).
Soft acid Cut(3.45), Ag*(3.99), Aut(5.95), Ti*(3.78),
(class B) >3.2 Hg?+(4.25), Pt2+(4.82), Cd2+(3.04),

Pd*+(4.27), TI3+(3.23), Au3*(3.90), Cs+(2.73).

(ii) Hydrolysis reactions

A water molecule or a hydroxide ion is one of the most commonly encoun-
tered nucleophilic reagents. These reagents generally attack substances like car-
bonium and phosphonium ions which have positive sites. Some reactions of this
type which have attracted much attention are the hydrolysis of amino acid deriv-
atives and phosphate esters.

(1) The hydrolysis of esters and amides of amino acids. This reaction is of great
importance in biological system; there are a great number of enzymes which
catalyze the hydrolysis of a peptide linkage. Pepsin, chymotrypsin, carboxypepti-
dase and glycylglycinepeptidase are a few examples. Pepsin and chymotrypsin are
pure proteins composed of amino acids alone, and active without any cofactor
like a metal ion. Metal ions are required, however, for the activation of the latter
two enzymes; Zn" for carboxypeptidase and Co" for glycylglycinepeptidase. There
are three possible ways in which a metal ion participates in the activation of an
enzyme; it may act as an acid promoting the nucleophilic hydrolysis, as a bridge
connecting the substrate with the enzyme or as a factor to induce a change of the
conformation of the enzyme protein so as to become active.

Carboxypeptidase loses its activity when it loses Zn™ ion but its activity is
restored when Zn" is added®2. Ions other than Zn such as Mn", Fe®, Ni" and
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Co'l, when added to the apo-enzyme, activate it though the degree of activation
differs. A substrate-enzyme adduct can be formed even in the absence of Zn" ion;
this adduct, however, cannot by hydrolyzed nor bind Zn" ion. This behaviour
suggests that Zn'! acts as an acid activator promoting the hydrolysis.

A model reaction®? for a metalloenzyme catalyzed hydrolysis is the hydro-
lysis of ethylphenylalaninate by Cu¥ complexes. On the basis of 180 exchange
studies a2 mechanism has been proposed as shown in (28)%3.

CHy e C=0 CHE——-§=O CH,—C=0
i
NH, o] +H,O NH © NH, O
Cu Rl <N \Cn/x{ i \Cﬁ )
NH2 ‘3%) nNH 18D N, Pon
R—CH —O—Et R—-—CH—-cf‘moat R—CH — C—OEt
0H2 éH
(28)
CHy—C =0 (!:Hz—-w—CzO
NH, O NH, o)
—H0 A - EtOH N A
() 5 - Cu (¥} e Cu
0 exchange yd hydrotysis Ve
NHa NHz (o]
R—CH —C—OEt R-—CH— C—OH

O

(2) Hydrolysis of phosphate esters and their derivatives. Phosphate esters like
ATP are of importance in biological system. Many enzymes which catalyze the
hydrolysis and transphosphorylation of phosphate esters require metal ions like
Mg and Ca'™. One of the simplest compounds, acetylphosphate is hydrolyzed
with a catalyst such as CaCl, or Mg!l. An intermediate, VI, is proposed®*. The
hydrolysis of some phosphate analogues such as di(isopropyl)fluorophosphate-

[ 1°
s C/ \o/ \0_
(D)

(DFP) and isopropylmethylphosphonofiuoridate(SARIN) has attracted much at-
tention and yielded interesting results. Cu"-chelates catalyze the hydrolysis of
DFP33, but cupric sulfate is less active than the chelating agents. Table 4 gives
some data concerning the catalytic activities of several copper-ctelates in this
reaction. All of the complexes listed in the table have a chelating agent/copper

(i—C3sH,0); P=0O+H,0—> (i—C:sH,0); 1;=o+m:

(DFP) F OH @9)
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TABLE 4

CATALYTIC ACTIVITIES OF COPPER CHELATES IN THE HYDROLYSIS OF DFP3%®

Chelating agent ty (min) Chelating agent fy (min)
No catalyst 2500 Threonine 18
fB-Alanine 29 Ethylenediamine 16
Glycine 27 Imidazole 14
Aspartic acid 26 o-Phenanthroline 14
Glutamic acid 25 4,4’-Dimethyl-2,2'-dipyridyl 9
Arginine 23 I-Histidine 8
Lysine 23 a,o’-Dipyridyl 4.5

ratio of unity. Complexes for which the ratio is two are far iess active than these
complexes. The [Cul'-EDTA] complex, though having a ratio of unity, is inactive
because EDTA occupies all of the four coordination sites. These data suggest that
at least two coordination sites should be available for the substrate in order for
the complex to be catalytically active. Three structures have been proposed for the
intermediate complex (Fig. 2). The order of catalytic activity for the hydrolysis of

OH

¢
RZ>P \/FOR onm
7:' f‘ - \p<_zR/OH— Ro\é OR
<S <S G

Fig. 2. Substrate-catalyst complexes proposed in the hydrolysis of DFP.

SARIN is Cu(N,N,N’,N’-tetramethylethylenediamine) > Cu(V,N’-dimethylethyl-
enediamine) > Cu(ethylenediamine)®®. This is just the reverse of the order of their
stabilities. All the data mentioned above indicate that the acidity of the central
metal ion is a controlling factor in their catalytic activity.

(iii) Miscellaneous reactions
(1) Decarboxylation. Decarboxylation is exemplified by the following reac-
tion. Decarboxylase, the enzyme which catalyzes reactions of this type usually
RCOOH — RH+CO,?1 30

requires metal ions such as Mg'' and Mn" for its activation. The decarboxylation
of oxaloacetic acid first studied by Krebs®7 has attracted much attention. The

o=c-L : 4cH,o—c—c==0 CHy=~—C ——C =<0 CH,COC00™
[ —CO2 [ +ut P
o o © = o © — . + (31)
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(2) Synthesis of threo-threonine. A glycine-copper complex was allowed to
react with acetaldehvde to give cnpr‘lﬁna“v fhron-fhrpnntnpsg, In this case the

LVAWws YYALLL G WERSRALALLE Y W 55V ™ Uprwmawilaudas, s U 22i2>

copper ion is not a catalyst in the proper sense of the word. The reaction is shown
in (32). Copper ion labilizes the hydrogen attached to the a-carbon atom, making

(o]
A e T i

NH;— eHy
H
(32)
+CHyCHO l
—_———— _———NCU(H) + CHyCHCHCOOH
HzN |
OH
c—c=o
o‘—cl:—H
CH,

the carbon a carbanion which is attacked by the carbon atom of the carbonyl group
of acetaldehyde.

(3) Formation of a peptide. In the hydrolysis of amino acid esters described
above, the nucleophilic reagent, water, attacks the carbonyl carbon atom. Other
nucleophilic reagents can do the same. If the nitrogen atom of an amino acid does
so, the reaction may lead to formation of a peptide linkage. Buckingham and his
coworkers®® recently observed the reaction depicted in (33).

en, .
m N2 CHaCOOR NH2
o — co N
Cly
|

en
t O==C A~ NHR' CHR"COOR?

' ’ + oH

O==C~NR'CHR"COOR"

)

(Y bl

OR

(33)

The attacking reagent may be an amino acid or polypeptide; the authors
have prepared polypeptides of glycine up to four units large. The amino acid ester
being attacked need not be glycine ester; alanine, phenylalanine, histidine and
proline have been tried. The reaction is very fast, being complete within 1 min at
20 °C in anhydrous sulfolane, dimethylsulfoxide or acetone.
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(4) Transamination. Transamination is an important reaction in biological
metabolism. An enzyme called transaminase exists. It requires a coenzyme, pyri-
doxal (structure VII) phosphate (vitamin Bg). Pyridoxal condenses readily with
an amino acid to form a Schiff base even in the absence of the erzyme. This con-
densation has been found to be enhanced by metal ions®! such as Fe®, Cu® and
AI™. Metzler and Snell®! proposed the mechanism (34).

CHO

HOH,C, o )
NH3;CHRCOO™  + O + MY
T
# o
B i bt ]
R—C——C=—0 R—C——C=0 R—C——C==0
! » g
HC&”\"{T/ HCl/N‘t;.‘l/o Vl}:/ \lr/
HOH,C.__~ o HOH,C O HOMC O
o | [ |
T{_'\CH: N7 NCHy NE
! &
- 34
_NH, (34)
CH,
HOH,C o
—+HO C)/li + RcocooH + ™M™
——————
NZ CH3
H

As suggested by the mechanism this system also involves catalytic racemiza-
tion and decarboxylation of an amino acid.

(5) Polymerization of propylene oxide. Lewis acids like AICl;, SnCl,, and
FeClj are used as catalysts for the cationic polymerization®? of «-olefins and vinyl
compounds. A protonic acid like HCl and H,Q is usually required as a cocatalyst;
thus a proton initiates the polymerization. For example,

HX+AIX; =HYAIX,~
H*+CH,=CHR — CH,CHR* FCH: = CHR (35)
CH,;CHRCH,CHR™ — polymerize
Solid acids such as Cr,03;, Al,O; and MoQOj; polymerize olefins and acetaldehvde.
Lewis acids have been found®? to polymerize propylencoxide stereospecific-
ally in a homogeneous phase. Some of the active catalysts are FeCl;, ZnCi,®3,
Zn(Et),H,0 and Zn(Et),ROH®*. The active species of the last two organome-
tallic compounds has been found®* to be Zn(OR), which adds OR ™~ to propylene-

oxide initiating an anionic polymerization. FeCl,, a Lewis acid, opens the epoxide
ring through its inductive effect®> (36).
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T—«, (|:H3
CH—CH, + FeCly — = | CH—CH,

™~

(] (o}
FeCta
>
¢H—cCHa
CL\ (36)
Fe-a—— OCHCH,CL o
- |a” -
CHy
- CHa Bl
CHs
“I\_,OcHeH;CL <t .
/F — /Fe -%— OCHCHOCHCH,CL —= polymer
ct O——CH. cl -
2 CHj
CIH

| CHs

(iv) Nucleophilic addition reactions to carbon-carbon multiple bonds

(1) Reaction of mercuric salts with olefins and acetylenes®®. Such addition
reactions (37, 38) have been known for a long time. A mechanism which included

Ry R3 Ry Ry
Y=+ iy, + Ho —w Se—dl (37
é N\ A1 R
Ry Ry RS oH M gX4
X H
HC=CH + HgXy; ——— = Ne—=c” 3%
H HgX
a -complex was proposed for the latter reaction; thus:
H
[of + Hgxz
HC=CH + HgX, —= B---Haxs | ——Z
c
H
(39)
H X
C----Hg----X H HgX
XH x .If!‘! —— \C=C/ + [ < 10Y
9 H N Sy

(2) Catalysis of the hydration and vinylation of acetylene. In the mechanism
(39) HgX, acts both as an acid to acetylene, i.e. as an acceptor, and as a nucleo-
philic agent in the form X... HgX. When another nucleophilic agent is included in
the reaction, the reagent attacks acetylene in place of X...HgX, for example,
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H H X H

o +Y- C----Hg--2-X +ut AN

fh---taxy| —— I —~ e Cc=cH, + HoX, (40)
E: Y:-S v

Examples of this type of reaction are the hydration and vinylation of acetylene
(41, 42). In the addition of acetic acid, a zinc salt is used as catalyst instead of the

HC = CH + H,0 559, [CH, = CHOH]— CH;CHO (C3))
HC = CH + HC1-H&<: _, CH, = CHCl 42)

mercuric sait. Flid ef al.®7 found a linear relationship between the rate constant &
HC=CH+4+HOAc 2229, cH,--CHOACc 43)

and the redox potential E of the solution of the mercuric salt in the hydration of
acetylene. This is

logk = a—bE 44

another expression of the Bronsted law which is known to hold generally for acid-
base reactions, because F is related to the acidity of the solution.

D. CATALYTIC ACTIVITY OF SOFT ACID COMPLEXES
(i) General remarks

Soft acids, such as the first row transition metals in low oxidation states
(+1, 0, —1 etc.), and the second and third row transition metal ions can form
complexes with olefins, alkyls, carbon monoxide, and hydride ion through n-back
bonding as well as o-bonding. n-bonded complexes of this group can often be
reversibly interconverted into o-bonded complexes. The reaction scheme (45-47)
is a general presentation of those reactions which may occur.

[(-R)M *2 5 [((m-R)AM] 5 (—R)A 45)

fhorf} +X (45a)

[e-R)M] £2 [((o-R)BM] = (o-R)B (46)

[-R)M] £ [(¢-RIM] =% [@-R)M] @1
Reaction (48) is an example of the route (45a), where X is (CH3),SO®® or PPh;°°.

[(r-allyDPACI], + X == 2[(c-ally)PdCIX] (48)

An intermediate with the structure (VIII) was proposed®®, on the basis of NMR
data. A similar example is the reaction (49)7°.
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/CH 2\ - PPhy o /CHz
Hzc-—Cx,_.----F"\ CHp=CH—CH,MN(CO)5 —— = HC{--—-Mn(CO),;
(IZ—H CL cr, 49)
H
R 9.711: 9

Cne of the most important species which acts as A, B, or X in the reaction
scheme (45-47) is a hydrogen atom, proton or hydride. Hydrogen is so small, so
light and therefore so movable that it can participate fairly readily in a variety of
reactions. An example of reaction type (45) where A is hydrogen is”*:

H H

S+ H (NaBH,) H™
@—Mn(cm3 © €<‘ MA(COl; — @ Mn(CO) (50)
S v /

The central compound in this reaction has an inert gas electronic configuration
and is therefore stable. Cyclopentadienyl complexes of cobalt and rhodium undergo
a similar reaction’?

N F ‘
W e ok @: 5
& |9

Two further examples are shown by the following reactions?3-74.

[(7-C;Ho)MO(CO);3] s [(7-C; Hy)MO(CO); 1 2

[(n-CeHg)Fe(CO)s] = Z: [(m-CsH,)Fe(CO),1* (533)

A reaction of the type (452—46) is exemplified by’ >:

= F @ CHI (s4)

+H™
(OC),Fe—CyHg (OC),Fe ” |
cr |

[Mn(CO)sC,H ] also undergoes the same reaction. Reaction (55) involves a proton
rather than hydride transfer”®

(CH3)2C~—CH2
/ \ / —HCL e /Cl
IR I 2 S o S—_ (55)

/\ \ ~ira 5,

H,C=C(CHy),
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Thereaction of OS;(CO),, with CH,=C(CH;)C(CH;)=CH, involves a dehydro-
genation process to yield a o-complex (IX) instead of a diene n-complex’’.
Compounds of this type are readily prepared by the reaction of an acetylene with a
metalcarbonyl’s.

H
CHy
c=—=c"

(0C);0s,

(ii) Double bond migration and isomerization

The isomerization of double bonds in olefins is catalyzed by a variety of
catalysts. Solid acids like SiO,—Al,03 and strong protonic acids such as sulfuric
acid isomerize olefins through addition and abstraction of a proton. Isomerization
presumably involving a m-complex intermediate occurs when the catalysts are
metal carbonyls, hydrocarbonyls of the first transition series metals, and complexes
of second and third row transition series metals.

Fig. 3 shows an example of the reaction course of isomerization of hexene-1
catalyzed by ruthenium chloride®®. The composition of the products is governed

10%

concentration (%)
IN a o
6 o o

Isomer
N
9

]

" T T T L T 1 T
o 200 400 600 800 1000 1200 1400
Time (min)

Fig. 3. Isomerization of hexene-1 catalyzed by RuCl; in ethanol at 65 °C; ~O— hexene-1-}-frans-
hexene-3, ~®— cis-hexene-2+trans-hexene-2, and —@ - cis-hexene-2; the calculated equilibrium
values are: ~0— 24 %, —®— 56.5% and —e— 19.59%,.

thermodynamically. In the intermediate stage, however, the composition of the
products mixture does not agree with that of the equilibrium situation. Three
possible mechanisms have been discussed.
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Mechanism I (Hydride addition and elimination mechanism)®*

— xL -
R—CH,—CH=CH, + MHL, ——= R—CH,—CH=—CH, == R—CH,—CH—CHj

| I c
+ R—CH,—CH=CH, MHLn- MLy (56)
= R—CH=CH—CH, —% R—-CH=CH—CH, + R—CH,—CH==CH,
MHL, . MHL,
Mechanism II (z-Allyl mechanism)82
—xL — HL
R—CH,—CH=CHj, + ML, =— R—CH,—CHTCH: =
ML, «
T
_S__\ + HL + RCHxCH=CHp
RHC™ : Tven, = RCH,CHI=CH, + RCH=CH—CH, (57
MLn-x—‘l ML Ax

Mechanism III (Carbene mechanism)®&3
RCH,CH=CH, + ML, == RCH;CH=CH,<==RCH;—C—CH, = RCH=CH—CH,

58
&Ln—x L"{Ln-x N]ILH—X ( )

Mechanism I predicts that the product will be deuterated if a deuterated material
is used as the hydrogen source. Mechanism II predicts 1 — 3 hydrogen transfer,
whereas mechanism III predicts 1 — 2 hydrogen transfer and that a compound like
RCH,—CR’'=CH, will not isomerize. The isomerization of CH,=CH—-CH,OH
catalyzed by DCo(CO), produces CH,DCH,CHO?%#; this supports mechanism I.
In the isomerization of allylbenzene with HCo(CO), and DCo(CO),, the product
propenylbenzene is not deuterated and no isotopic effect (D/H = 1) is observed®3;
this result indicates no participation of the H-Co bond in the reaction. The reports
of Cramer and coworkers®!® are concerned with the isomerization of butene
catalyzed by Rh', Pt%, Pd", Ni° and Fe®complexes. Their results are: (i) a coca-
talyst which can supply hydrogen like protoric acid is required, (ii) deuterated
olefins are obtained in a deuterated solvent, and (iii) the isomerization of 1-butene
in CH;0OD produces d-1-butene but not d-2-butene. These results can be inter-
preted by mechanism I as rewritten in equation (59) (Scheme 7). The cycle (A)
represents H-D exchange reaction and the cycle (B) the isomerization. The parti-
cipation of a g-bonded intermediate like
C,H;—CH—CH,
Mn+2

also explains the observed cis-trans-isomerization. The authors did not offer any
unequivocal evidence for the existence of the hydride species. They rely on the fact
that rhodium, iridium or osmium compounds form hydride complexes in a pro-
tonic solvent like alcohol?®:26. A related catalyst RhD(CO) (PPh,);, whose for-
mula is definitely established, catalyzes both the isomerizaticn and H-D exchange
reaction of olefins as well as their hydrogenation®*. The ruthenium analogue,
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7

HY 4 ?I-H 2
-butene)
cH CH,0D

(59

CH (2-butene) (d-1-butene)

Scheme 7

RuCID(PPh;);, however, does not catalyze the isomerization of olefins though it
is active for H-D exchange and hydrogenation34.

With palladium compounds, a m-allyl compound is known to inhibit the
isomerization of olefins, providing a negative proof for mechanism I18°:812_r_Allyl
complicxes of palladium are usually so stable that the w-allyl ligand cannot be
replaced by olefins; thus the above result is not enough to eliminate a =w-allyl-
isomerization mechanism via a labile n-allyl complex. Mechanism III has been
proposed to explain 1 — 2 transfer in deuterated olefins®?, but no definite evidence
for the carbene complex has yet been provided.

The isomerization of cyclooctadiene(COD) merits mention. Fe(CO); cata-
lyzes 1,5-COD — 1,3-COD?®!®, whereas the reaction of 1,3-COD with rhodium
trichloride produces 1,5-COD?®22 The conjugated diene 1,3-COD is thermodyna-
mically more stable than 1,5-isomer; the catalysis by Fe(CO); is, therefore, normal.
Rhodium compounds form stable chelated n-complexes with 1,5-COD; therefore,
the reaction takes place. An iridium complex IrHCI,(PPhEt,;); and a rhodium
complex RhCIl;(PPhEt,); which do not form stable complexes with COD, catalyze
the normal isomerization, 1,5-COD — 1,3-COD?31®,

(iii) Oligomerization and coupling of olefins, diolefins and acetylenes

The oligomerization or coupling reaction of olefins and others requires
hydrogen transfer unless the reaction forms ring compounds. For example, the
reactions of mono-olefins are as follows.
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Ty

; I
2RHC=CHR’ —» (RHC=CR’ *RHC=CHR’) (60)
—» RHC—CR’—CHR—CH.R’ or RHC=CR’—CHR’—CH.R
RHC=CHR + R’'HC=CHR’ —» RHC=CR~—CHR'—CH,R’ or 1)

RH,C~—CHR—R'C==CHR"’

In the case of diolefins, the following reactions may occur.

2RHC=CH-—CH=CHR’ —» RHC=CH—CH~=CR—CHR--CH=CH—-CH,R’ or
RHC=CH—-—CH=CR‘-—(‘Z‘H——-CH=CHR’ (62)

CHR,
Reaction (63) is an example of ring formation.
H}C—'C{!z
2 H,CemCH—CH==CH; —— = H?IZ %H (63)
HC\ /CH
HaC—CH,

This reaction is similar to Diels—Alder coupling.

In the reaction where a hydrogen transfer process is involved, a catalyst is
required which can activate hydrogen in the hydrocarbon. There are two possible
rates for hydrogen transfer. One is a direct process (64).

r'd

RHC=CHR’ + M(catalyst) —> RHC=C

| “H —> transfer (64
M
In another the hydrogen atom comes from outside; for example:
H H .
RHC==CHR! + M"" /CTC\/‘ —*f ricH—cHR—M"2
R M+ R’ ( 6 5)
RHC==CHR’
Ruc=che (R'CH,—CHR—CHR—CHRM"*2)* s R'CH,—CHR—CR==CHR' + H'+ M"*
{insertion)

In reaction (64), the hydrogen transferred is considered to be a hydride.

(1) Olefins. Chlorides of rhodium, ruthenium and palladium can catalyze

the linear dimerization of olefins and vinyl compounds®’. The reaction of ethylene
catalyzed by RhCl; produces exclusively 1-butene (yield > 99%,)%8. Mechanism
(65) has been proposed by Cramer®® for this reaction. In the case of ethylene,
reaction (65) can be rewritten as (66).
The NMR spectrum of [(m-C;H )Rh(C,H,),]-HClshows bandsat ¢ = 8.43(CH,)
and 7.02 (CH,) in addition to the bands due to C,H, and n—CsHj, indicating the
formation of C,H s—Rh. Ethylene is found to be deuterated by [(acac)Rh(C,H,),]
~C,H,~DCI-CH,OD. This result can be explained in ferms of the reversibility of
the C,Hs-Rh formation step. The insertion step in which the coordinated C,H,
group inserts into the C,H ;~Rh bond is considered to be rate-determining.
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I
RHT Cly =3H,0 4+  GH, ~ . _
[canh (C2H4)2]

LaRhT (CpH), + H® + a—"

+ -
+ H, CL, solvent(s)

solvent
[CaHsr™ clyCHg 5] (66)

-

~H,Cl”

-s

[CH;CHZCHZCHZRhm a;%’ ECH;CHZCH=CH2)RhICLZS]

CH3CH,CH=CH, <+ catalyst

(2) Butadiene. The oligomerization of butadiene®? is of great interest. Some
of the oligomerizations and polymerizations of butadiene are summarized in
Table 5 (the references are omitted). Some of the possible oligomers of butadiene
are:

CHo=CH-—CH=CH—CH,—CH=CH—CH3y n-octatriene-1,3,6 (NOT),

C!-12=CH—CH=CH—CH—-CH=CH2 3-methylheptatriene -1,4,6 ( MHT), O cyclooctadiene-1,5

CHs (1,5-COD),

t.t.t-cyclododecatriene (ttt-CDT),

t,t,c - cyclododecatrene (ttc-COT), and vinylcyclohexene (VCH)

Points of interest concerning the data in Table 5 include (i) the relation of the

reaction mode (selectivity) with the nature of the metal, (ii) the structure of the

active catalytic species and (iii) the effect of the ligand. It is to be noted that only

cobalt and iron complexes catalyze linear dimerization. Complexes of other metals

catalyze the ring forming oligomerization. Linear oligomerization requires a

hydrogen transfer. The catalysts for linear oligomerization, therefore, should be
3 CH2=CH—CH=CH2 + NiXy + AlRy

©7)
CH=CH-—CH=CH,

Scheme 8
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TABLE 5
CATALYZED REACTIONS OF BUTADIENE
Catalyst Reaction product

Oligomerization Polymerization* (%)

main product by-product  cis-1,4 trans-1,4 1,2-
TiCl~AlEt, (1:1.5) 80
TiClg—AlEt,Cl (1:4.5) ttc-CDT PB** )
Ti(OR)~AIEt; (1:20) tte-CDT PB
TiBr,—AlEt; (1:1.5) 65 30 5
Til—AlEtg (1:1.5) 86 10 4
VCI, or VCl—-AlEt, 98
V(acac)s—AlEty synd.
CrCly—-AlEt; (1: <6) synd.
CrCly-AlEtg (1: >15) isot.
Cr0O;Cl—~AlR; or AlH; or AIHR,; ttt-CDT (6) ttc-CDT (4)
CrOs-AlRg CDT COD
M (CO),p—AlEts COD
Mn(acac)y—AlEt, COD VCH
Fe{acac)y—dip{(or phen)-AlEt, COD MHT, VCH
Fe(acac);—PPhy-AlEt; (1:8:30) MHT, VCH COD
CoClg—AlEt, 87
CoCl,AlIC]—thiophen 94
Co(CO)—AlEL; (1:30) MHT VCH, COD
Co(acac);-AlEtg (1:3) MHT NOT
NiCl;—-AlEtg 97
Ni(CO).Ks(XPPh,;,P(OR);,SbPhy) COD VCH
Ni(CO)—AlEt, (1:10) ttt-CDT VCH, COD
Ni(acac),-AlEt.(OEt) ttt-CDT VCH, COD
RhCl; in emulsion 99.5 0.5
PdCl; in emulsion 2-17 98-83
IrCl; in alcohol 99-100
RuCl;-P(n-Bu); (1:10) 15 15 70
RuCl; in alcohol [(trimer)RuCl ]***
BuLi 40 40 10

* cis-1,4, trans-1,4, and 1,2- mean the microstructure of polybutadiene; synd.: syndiotactic,
isot.: isotactic.
*+ PB polybutadiene.

*** See the text (structure (X)).
capable of coordinating a hydride which must be transferable between metal and
butadiene. The hydrogen-to-metal bonds in complexes of cobalt and iron in low
oxidation states are considered to be too weak to be stabilized. Nickel species
cannot form such a transferable hydrogen-to-metal bond.

The mechanism of cyclooligomerization elucidated by Wilke et al®? is
shown in (67) The complex Ni(CDT) has been obtained as red crystals. This
compound is short by two electrons of the inert gas configuration and so can be
coorcinated by a nucleophilic reagent like triphenylphosphine. Instead of tri-
phenylphosphine, butadiene may coordinate, expelling CDT from the coordina-
tion sphere, and form the intermediate n-allyl complex. The reaction of ruthenium
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chloride with butadiene in alcohol produces a w-allyl complex of the butadiene

trimer(X) which correspouds to the intermediate nickel complex in the reaction
scheme (67). This ruthenium complex has an inert gas configuration.

cuh

As is shown in Table 5, whether dimerization(COD) or trimerization(CDT)
occurs or whether ttt-CDT or ttc-CDT is obtained depends largelir"ﬁpon the
catalyst. The number of coordination sites available for butadiene, the structure of
the coordinated butadiene, the electronic structure of the metal in the catalyst
complex represent factors which require evaluation on the basis of more data.

The coupling reaction between different olefins or an olefin and a diolefin is
of great interest. Two products are possible in the reaction between ethylene and
butadiene.

H,C=CH, + H,C=CH—HC=CH, —> H,C=CH—CH,—HC=CH—CH, (68a)

H;C=CH. + H,C=CH—HC=CH; —> HyC—-CH;—HC=CH-—-HC=CH, (68b)

RhCl; - 3H,0%! and NiCl,-PR ;-AIR,CI®? catalyze the former reaction,but the
latter reaction is catalyzed by Co(acac);—AlEt;%3. The last catalyst may activate
the hydrogen of butadiene as suggested by the fact that it dimaerizes butadiene
linearly. The first two catalysts activate the hydrogen of the olefin, as suggested by
reaction (66).

(3) Acetylene. One of the characteristics of acetylene is that it has two n-
orbitals perpendicular to one another. If both of the two orbitals participate in
bonding at the same time, acetylene can coordinate to two metal atoms. An ex-
ample of a compound of this type is the adduct of phenylacetylene with dicobalt-
octacarbonyl (XI)°4. When only one of the two n-orbitals participates in bonding,
it will give rise to a conjugated polyene with terminal unpaired electrons.

CcO
ph\c//
\LR
OC——-/Co co
o Yo @ (69)
+
2HC=CH ——» +« HC—CH—HC==CH- &2_—. * HC=CH—HC=CH—HC=<CH =+ —~—~m=

The uapaired electrons on each end of the chain can be stabilized by forming a
ring compound by combination with one another, or by forming o-bonds or a
n-allylic bond with a metal or other group. A few examples are cited below?>~99,
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PhC—f‘Ph FeO)g PhC—CPh '
2 PRC=CPh —a= —— -.H_--...._Fe(co)a
PhC- -CPh PhC——CPh
_ +Fe(CO)s N
2 RC=CR ——="Ca /C—C R=Ph, OH, CH;
(OC)3Fe\ !
C==C,
/\ \
(CO)3 xm -
R R
C==
(XT) __i_.. x/ I X = CO, S, NH, etc.
N
Se==c,
R R
PR _Ph
/C=c\
PRC==CPh  + Fey(COly ———s (0CHFel c=—
\C='=C/
N
Ph \I-:‘e \Ph
(coy; Xm)
Ph Ph
N’ " C/Ph
s/
Em) —4 - o= < -I»——-—Fe(CO) + o=c_
/ \ e C\
Ph Ph Ph Ph
e
Ph\C A
==
xm — " e o= e—o
N/
p{ \bh
Re=® CR
RC CR R N
i I + Co,(CO) S N
RC -Cl ——2 8 = (OCKCO—T TR ~-Co(CO),
5 y /
R R

—2
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70)

(71)

72)

73

49

In the course of the Reppe reactions which synthesize benzene, benzoquinone,
cyclooctatetraene or their derivatives from acetylene with metal complex catalysts,
complexes of the types described above may be intermediates.

(4) Double bond cleavage reactions. Calderon and his coworkers°?

discovered a new type of reaction formulated as follows.

recently
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2 R—HC=CH—R, =——ABC . R, HC=CH-—R,+R,~HC=CH—R, (75)

For example, 2-pentene is converted to 2-butene and 3-hexens in the ratio of
1:2:1 = 2-butene:2-pentene:3-hexene at equilibrium. The Teaction proceeds very
fast even at room temperature to reach thermodynamic equilibrium. The reaction
between CH;CH=CHCH; and CD;CD=CDCD; produces only CH3CH—
CDCD;.These data indicate that the reaction is not transalkylation but transalkyli-

denation, depicted in (76).

8w
\ m’*/ \c{\
H N H
R/ =

/ = \.g >
K \c Rz Py /Pf»"'f(
\ Ry & Ra
~ _ 1 (76)
H Hw
b At
P ZAN A4
A L % YR LA
C / e // 1S
/ N\ R, ~& 2
Ry Ry \
R

(iv) Polymerization

A catalyst in a polymerization process may act as: (i) initiator (a) only for
initiation or (b) providing a controlling fragment zt the growing chain end, (ii) an
activator of the growing chain end, and (iii) an activator of the approaching
monomer. These possibilities are depicted in Fig. 4.

(i) (@) (catalyst) K ~~——rrrmm~nrg 4~ m (monomer)
polymer chain

(b) K ~en~nminn~g -k (fragment of catalyst)
m
Cii) MW‘...._K
R,
{iii) AN e - K
H
l"l.'l*

Fig. 4. The 10les of catalysts in polymerization.
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A mononmner 1o be polymerized forms an unsaturated terminal with the action
of a catalyst. Such an unsaturated bond can be formed by the cleavage of a single
bond like C-0O, C-N, and C-C, or by the localization of zn-electrons in such bonds
as C=0, C=N, and C=C. A classification of the type of polymerization into
“radical”, “cationic’ or “anionic” according to the character of the growing chain
end is not essential. Qne of the crucial points is whether the catalyst can maintain
the reactivity of the growing chain end, that is, the unsaturation, or not. The
growing chain end may be deactivated externally or internally. An example of the
former is chain transfer to the solvent. Internal deactivation is exemplified by the
recombination of one growing chain end with another, or a reaction between the
entering monomer and the chain end through the catalyst. If the deactivation
process is faster than the polymerization, propagation process the reaction would
be oligomerization at best; it would be polymerization if the reverse is the case.
Recombination of the growing chain ends is difficult if they carry charges of the
same sign. It takes place very readily when the chain ends are radical and on the
same atom of the catalyst (Fig. 5). An example of this type of recombination is the
ring forming oligomerization of butadiene as mentioned above.

Fig. 5. The recombination of radicals on the same catalyst metal atom.

Eqn. (77) shows an example of the reaction of the growing chain end with
the monomer through the catalyst.

T=CH~EC=CH,; + MR(M=metal, R=H or alkyl group)
CHyR—HC=CH—CH,—M £H:C=CH-HC=CH:  pCH,HC==CHCH,CH,HC=CHCH:—M

+ H,C=CH—HC=CH, or (77)
polymerize RCH,HC=CHCH,HC=CHHC=CH, + MH

The catalysts listed in Table 5 will be reviewed briefly for this particular
reaction. Lithium alkyl cannot abstract a hydrogen from butadiene but rather con-
tinues the insertion of butadiene. Cobalt and iron complexes are capable of trans-
ferring hydrogen as previously discussed, thus oligomerizing butadiene in their low
oxidation states (0 and —1), but they polymerize it in +1 or higher oxidation
states. Zero oxidation state nickel species trimerize butadiene but higher oxidation
state nickel complexes such as [Ni(z-allyD)Br],*°* catalyze the polymerization pro-
cess. Rb%, Ru", Pd" and Pt" oligomerize butadiene in non-aqueous solvents, but

polymerize it under suitable conditions*?.
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The strain in a ring is an important factor in a ring-opening polymerization.
Cyclobutene polymerizes through double bond opening (78a) with a catalyst such
as RhClj;, [Ni(z-allyl)Br],, VCI;-AlEt; or CrO,Cl,~AlEt,Cl, while it polymerizes
through ring opening (78b) with RuCl;, TiCl;—AlEt;, or MoCl;~AlEt;193. The

HC—=CH
o ] ] e ‘Cl:l')' . (782)
Hzc_CHz n

HC=—=CH

RuCls
n | - CH,— HC=CH—CH, (78b)
sHZ(!‘—E——CHz _{ re 2_)"
HC=——=CH RuCL
L S —_— - —éCH(CHg)HC=CH—CHz>—- (78¢)
CH:HC_SCHZ n

mode of polymerization depends up on the catalyst, but the polymerization of
norbornene is always ring-opening with catalysts such as RuCl;, OsCl; or IrCl ;1 %4,
This is due to the considerable ring strain.

(v) Insertion reactions'®3

Pentacarbonylmethyl manganese CH;Mn(CO); forms pentacarbonylacetyl
manganese CH;COMn(CO)s; when subjected to a high pressure of carbon mo-
noxide at room temperature, but the latter is reconverted to the former upon
heating!°®.

CH;Mn(CO)

22 2 CH,COMn(CO); (79)

Since in an atmosphere of '“CO the reaction doz=s not yield CH;'*CO, this reac-
tion must be intramolecular and is therefore an insertion reaction.

R 70 co Yco co
14 co
S _* ( R\}nn// —— = RCOMn (Mco)CO), (80)
oc” | Nco oc” | >Sco
CcoO [ao]
The same type of reaction takes place with a base such as an amine!°® or phos-
phine!®? in place of carbon monoxide.
RMn(CO); + B(amine or phosphine) &= RCOMn(CO),B (81)

The insertion reaction may be generally described as follows'®>, Y is an unsatur-
M—Z+:Y > M—-Y—2Z (82)

ated compound, exemplified by carbon monaxide, olefin, acetylene or carbonyl
compound. Reactions (83) and (84) are examples of this type of behaviour.
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M—Z+R,C=CR, > M—CR,CR,Z i ‘ (83)
M—Z+R,C=0 -+ M—CR,0Z (84)

Reaction (83). may be regarded as an addition of M—Z upon the olefin. Reaction
(84) may also be an addition. There is some doubt about the definition of insertion
except in the well established case of acylation.

The compound RCOCo(CO), can be prepared by several methods**°. The re-
activity of this compound is greater than that of the manganese compound and
depends more strongly upon the pressure of carbon monoxide. The mechanism of
the oxo-process with a cobalt carbonyl catalyst can reasonably be explained in
terms of these reactions; thus:

RHC=CH, + HCo(CO), = RH;C—CHy—Co(CO),

CcO H,
f_"—_=xco RH,CCH,COCo(CO), T2 RH,CCH,CHO + HCo(CO), (85)

A Reppe reaction can be similarly written; for example in the case of acetylene

with nickel catalysc:
+ HC=CH

co NGO + HX <= HNI(CO)X +2C0 H,C—CH—NI(COXX (g6
(a)
22 g,ccHCONI(CO)X T2 5 H,C—CHCOOR + HNI(CO),X

E. ORGANIZATIONAL ACTION OR TEMPLATE EFFECT

Catalytic action can be described in terms of absolute rate theory as an
effect to decrease the activation fr:e energy of areaction. Since AG* = AH* —TAS,
decreasing AH¥* and/or increasing AS# decrease the activation free energy AG*.
In many synthetic reactions, 45* may have a large negative value; in order to
effect such a reaction, the large negative value of AS* must be overcome by 4 H*.
AH* can be decreased by the bonding energy of a catalyst with the intermediate,
‘the activated complex or even the starting reactants. This can be defined as organ-
izational action, and occurs for example in the synthesis of phthalocyanine from

four moles of phthalonitrile.
Busch et 2l.1'° have proposed the term “template effect” to describe the

action of a metal ion which, for example, produces a macrocyclic ligand complex
in the reaction:

A+ B+ M(metal ion) - [(macrocycle)M] 87

‘The reaction does not take place in the absence of the metal ion. This is specifically
termed a kinetic template effect, and may be considered the same in essence as the
organizational action defined above, though it is not catalytic. There is another
type of template effect, a thermodynamic one. It is the effect of a metal ion upon
the following equilibrium reaction.

A+B=AB (88)
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The addition of a metal ion displaces the equilibrium toward the right hand side,
by forming a complex [(AB)M].

Curtis!'? synthesized a macrocyclic ligand complex by the condensation of
tris(ethylenediamino)nickel with acetone:

HaC—CHp
Hy Q) cH
(Hy \zc— N/ }‘=c / 3
Niten)Z* 3 (CH3;)CO ———a H2c< >N< >CH2 (89
C==N N~—C
/7 N\ "

This same macrocylic ligand has been found to form in the condensation of
acetone with a protonic acid salt of ethylenediamine even in the absence of a metal
ion'3, This reaction, therefore, is considered a thermodynamic template effect.

Phthalonitrile forms a phthalocyanine metal complex when heated with a
metal salt, though it does not do so in the absence of it {90).

N /S—N
cN T
4 (:[ + Mn B —— —M— N (90)
e f' |
N— =N
~ Lo
N
il AN IC/CH3 +OCHNCH LN+ M ll e X || ©1)
Il |
[} o HZC/ 1\‘1 \CHz
| AN

HC—CH; CHzCHy

Reaction (91) illustrates'!# another example of template effect.

The condensation of 2,6-diacetylpyridine with bis(aminopropyl)imine pro-
duces a resinous material, however, in the absence of a metal ion such as Ni", Co"),
Fe' or Cur.

The reactions cited here are non-catalytic. The ring-forming dimerization
or trimerization of butadiene or acetylene mentioned earlier arc examples of cata-
Iytic temp')late or organizational actica.
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F. NITROGEN FIXATION :

Catalysts which produce ammonia from nitrogen and hydrogen under miid
condition are eagerly searched for. Some bacteria fix nitrogen at normal temper-
ature and under normal pressure; they are considered to contain a nitrogenase in
which metal complexes of iron and molybdenum participate.

Several complexes containing a coordinated mitrogen molecule have been
prepared recently. Such complexes are not promising however as far as the produc-
tion of ammonia is concerned.

Collman er al.**® observed the following reaction. The nitrogen of the iridium

Ph3P\ /CO le) /\ " Kj
92)

cl PPh, o /Ir

PhsP N=N

—_— S (¥, _=2105 ecm™) +
N\ NN C—-NCO

cl PPhy

complex comes from the azide but not from molecular nitrogen. A ruthenium com-
plex was prepared by Allen and Ser.off'!®. The same complex

NH,NH,H,0 + RuCly =05 [Ka(NF);NalX; X=Br, I-,BF,", PF- 93)

was recently claimed to form spontaneousely from [Ru"(NH,);(H,0)] in a nitro-
gen atmosphere !7. In this complex vyn = 21702115 cm ™ 1. The cobalt complex
-[N,CoH(PPh3);] (van = 2088 cm™!) has been preparzd by three groups!187120,
The Japanese groups!!8-119 prepared it by the reduction of a mixture of triacetyl-
acetonatocobalt and triphenylphosphine by diethylethoxyaluminum or tributyl-
aluminum under nitrogen. This is the first reaction in which atmospheric nitrogen
gas has been fixed as a ligand in a metal complex. Their formula was [N,CO-
(PPh;);] but later it was shown by Sacco and Rossi'?? to be [N,CoH(PPh;);].
This latter formulation has an inert gas configuration around cobalt. The complex
forms yellow crystals and decomposes to give the calculated amount of nitrogen
at temperature higher than 80 °C. The coordinated nitrogen molecule is displaced
by hydrogen in a hydrogen atmosphere; i.e., the nitrogen is not hydrogenated.

Vol’pin and Shur'?! reported the formation of ammonia in the system
MX_-M'R_, where M is a transition metal such as Cr, Mo, W, Fe and Ti, and
M'R,, is an organometallic compound such as RMgBr, RLi, AIR; and so forth.
The yield of ammonia is not over 1009, per mole of transition metal, being at
most 709 ; therefore the reaction is not catalytic. A similar process involving Tilt

was reported recently’?2.

There are two important steps in the fixation of nitrogen to form ammonia;

the coordination of nitrogen and the hydrogenative splitting of the N-N bond.
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(i) M(catalyst) + N, = M—N,
H H
M—N=N/ — M - 2(NH)

The first step has been observed. The second step has not yet been effected by
complexes which coordinate nitrogen, but is observed with nitride forming metals
including the binary complex systems cited above. A binary complex system,

Mj (nitrogen fixation)-M,(hydrogenation), would be required for the complete am-
monia forming catalyst!23,

+ H.

(i) M—N, —> 4

G. CONCLUDING REMARKS

No attempt has been made to write an exhaustive review of this subject.
The material has been chosen according to the author’s interest. The references
have been surveyed up to the middle of 1967. In the course of preparation of this
manuscript, an excelleat review by J. P. Collman'?4 on “Reactions of Coordinated
Ligands™ was published. Much may be learned about catalytic reactions from
Collman’s review, since catalytic reactions and the reactions of coordinated ligands,
are closely related to one other.

Though the text is not exhaustive, some comments on the general features
of metal complex catalysts may be made.

. o - Dancting (reducing) property of hgand {substrate)

NHz , ORT NR3, OR,, H,

- 2= -
(Ordmory va'ent R . - - o, F
complex Complex together T ar Extra high ?cstalyst
with 7r-accepting valent £
or acic-

nhgand,low valent \?’;g:\:ry complex base and
complex or complex complex redox
with electropositive reaction
metatl

CN~ fordinary Metal mvolved.
dip and fow more acidic

77 - Accepting(oxidizing) property of hgand {substrate)

phen | valent rmore oxidizing
complex harder
PR3 /
PPh3
AsR; CR>=CR,
CHy=CH—CH=CH,
Low valent =
nNo ( e ) CHy=CHCN
co CF=CF; .
As
catalyst N2, Oz2.Hp
Metatl involved:| for reactions Cxidizing
more basic_ of hydrocarbon coordingtor
more reducing Sohgomenzauon. to law valent
/ softer insertion, cornplex
hydrogenation etc)

Fig. 6. A qualitative correlation of the catalytic functions and the bonding nature of complex
catalysts.
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(1) Catalytic functions of metal complexes and the nature of their metal-to-ligand
bonds:

A general principle of chemical reactivity was proposed by Pearson*?: “A
hard acid prefers a hard base and a soft acid prefers a soft base™. This principle
can be extended to catalytic reactions with metal complex catalysts, as depicted
in Fig. 6. The next step is to make this scheme quantitative, as suggested, for
example, in section C (i).

(2) Catalytic functions of metal complexes with their properties:

A catalyst K has several catalytic functions, which may be expressed by the
rate constant r,(K;) for a reaction u. The activities of catalysts for a certain reac-
tion u can thus be compared by use of r,,(K}), r,(Xj). .. Another function of a catalyst
is a selectivity over, for example, two reactions u and v, which can be expressed by
theratio r,(K,)/r (K;). The function r(X;) and catalyst parameters K; may be contin-
uous or discontinuous (discrete); the continuous properties such as the acidity of
the central metal ion and the trans-effect of the ligands change gradually from one
species to another, while the discrete properties like the number of available coor-
dination sites and the effective atomic number have discrete values. The symmetry
of the orbitals of the central metal ion is one of the discrete properties. If r, is a con-
tinuous function which depends largely on a continuous catalyst parameter then r,
changes gradually from one catalyst to another. On the other hand, if r,, is a discon-
tinous function like a delta function, in a case where, for example, just two coor-

TABLE 6
MPORTANT PROPERTIES OF METAL COMPLEXES AND THEIR CORRELATION WITH CATALYTIC FUNCTIONS

YContinuous property Discrete property
Bond nature and stability: Symmetry of the orbitals
covalency of metal-to-ligand bond .Effective atomic number
(substrate is a ligand) (number of electrons)
acidity of the metal in the complex Unsaturated nature of the electron
(including sofiness) configuration (inert gas rule)
electronegativity, energy level Number of coordination sites
ionic radius Number of transferable electrons

Liability to substitution:
trans effect
sr-bonding effect
ligand field effect
Liability to electron transfer:
redox potential
electron transfer rate
Steric hindrance

- ’
N

contribute mainly to contribute mainly to
CATALYTIC ACTIVITY CATALYTIC SELECTIVITY

CATALYTIC FUNCTION
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dination sites should be available for the reaction, the r, function may change its
value abruptly from one catalyst to another. This is an essential contribution to the
selectivity of a catalyst. R. B. King'?> has developed the idea of discrete variables to
systematize organometallic reactions, but not catalytic reactions. An orbital sym-
metry consideration has been introduced into a catalytic reaction! 2 following Hoff-
man and Woodward. Theoretical considerations relating the catalytic functions of
a complex with its fundamental properties need to be made more extensively.
Table 6 lists some of more important properties which relate to catalytic activity.

Note added in proof

(1) The autoxidation with the complexes of non-changeable valence (B, v (1))
was reasonably criticized by Beck!27.

(2) A monograph!28 covering the entire field of section D has been published,
including detailed data.

(3) A complex which represents the intermediate in the butadiene oligomeri-
zation catalyzed by cobalt complex has been isolated and determined of its struc-
ture'29.

(4) X-ray crystallographic determination'3® of [CoN,(H) (PPh;);] shows
that the structure is essentially trigonal bipyramidal with N, (linear) and H™ on the
apical positions.
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