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I - INTRODUCTION

Following the exploratory works undertaken by Wilkinson, =~
Fischer * and Vlcek ,°® ' ., pioneering and systematic study on a wide
range of organometallic complexes was undertaken since 1966 by Dessy.

The success of this work opened-up a growing interest on the
application of electrochemical techniques to the study of organometallic
compounds, and a few reviews have appeared, dealing either with the general
electrochemical behaviour of the transition“® ' and main group <'*"**
metal compounds or, more specifically, with their electrochemical synthesis® ~-**

It is the purpose of this account (which is not a comprehensive
review) to present and discuss relevant studies within recent trends on the
electrochemistry of transition metal complexes with metal-carbon bond
(organometallic species) or with ligands related to (e”. ,isoelectronic with)
ligating organic moieties, such as dinitrogen which is isoelectronic with
carbonyl or 1isocyanide.

The first reactions deal with electrochemical oxidation and
reduction, and particular attention 1is given to the electrooxidation studies
of transition metal complexes in low oxidation states since the well
documented electrochemical reduction of complexes in higher oxidation states

has previously been covered in detail by other authors“ ~').

The other selected topics include the electrochemical quantification
of redox and electronic properties of 16-electron metal sites (in octahedral
transition metal complexes) and of the net electron donor/acceptor character
of their ligands; correlations of redox properties (E,,,) with reactivity,
electronic character of the ligands, charge transfer band energies, n.m.r.
parameters, etc. ; electrochemistry of redox series of transition metal
complexes with redox active ligands; electrosyntheses and catalysis;
electroactivation of ligands; application in the mechanistic

studies of chemical reactions.

These subjects are outlined from the standpoint of the organometallic/
inorganic chemist, the analytical applications and the evaluation of stability

constants being excluded. Moreover, these applications have been the object
(21)

of a recent review, as well as the following topics which will not be
covered by the present work unless occasionally: complexes of macrocyclic
ligands and complexes with bio-inorganic significance. However, within the

latter subject, a few studies in the Nitrogen Fixation field will be pointed out

since they were not previously presented.

Most of the studies of the present lesson were undertaken in
non-aqueous solvents (for stability are solubility reasons) and emphasis
will be focused on the application of inert solid electrodes,
namely in platinum or vitreous carbon,which are commonly more suitable

for the study of electrooxidations than the dropping mercury electrode.

Il - ELECTROCHEMICAL OXIDATION

The development of the study of the electrochemical oxidation
of organometallic complexes followed the chemical preparation of these
species with transition metals in low oxidation state. Hence, apart
from the electrooxidation study of metalocene-type complexes, it is not
yet so well documented as the electroreduction behaviour which has been the
subject of a wider study.

Most of the known electrochemical oxidation reactions of
organometallic complexes can be classified according to the way depicted
in figure 1 where RIQ denotes a neutral or ionic organometallic complex,

R a carbon-bonded ligand (or ligands) ,and Q the other co-ligands (with
organic and/or inorganic character).

The complex can usually undergo one or two one-electron oxidations
(reactions i and i1i)which may be reversible (this feature is displayed
more commonly by the first electrooxidation than by the second one). The
dioxidized (e.g., dicationic) complex is usually electronically unsaturated,
unstable and reacts with other species present in the medium such as the
solvent (reaction iii) or the electrolyte.

The monooxidized (e.g., monocationic)species may also be unstable
and undergo a disproportionate reaction or a dimerization (ix),or further
chemical reactions involving the ligands which are labilized or activated
upon the electrochemical oxidation (reactions iv-viii ).

If the oxidation occurs at anon-inert mercury electrode, polinuclear
mercurated species may be formed (reactions x). Metal-metal bond rupture
of dimeric species may also result from the electrochemical oxidation

(reactions xi)e

A - One-electron (reversible) oxidations

A change of structure does not occur in one-electron reversible

oxidation reactions which lead to stable oxidized species by an electronic
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e (ii) RMQ2+
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2e,-Hg
2e (x1)
(RMQ) 2 > 2RMQS

Figure 1 - Types ofreactions i ntheelectrochemical oxidationof

organotransition metal complexes

process which isnotcomplicated by coupled chemical reactions. Hence, the
value ofEi/2 ismeaningful on the attempt togetcorrelations betweenthe
redox properties of the complexes andother parameters which are dependent
on their electronic andstereochemical structure; however, this subject will
be treated i nanother section.

The derived monooxidized species may also undergo a further

oxidation reaction which may be reversible (equations 1)

+ ox J _ ox
172 ¢

N

RMQ - - RMQ -- S  RMQ® [€H)

Well documented examples ofone-electron reversibleelectrooxidations
involve eighteen-electron transition-metal compounds with bidentate phosphorus
ligands andmetallocene complexes. Other examples (e.g., bis-n-arene complexes

and compounds with ferrocenyl ligands) will be cited throughout this work.

(a) Eighteen-electron complexes with bidentate phosphines

Eighteen-electron transition-metal organometallic complexes with
bidentate phosphorus ligands, regardless of geometry ormetal oxidation state,
can usually undergo electrochemical oxidation tothe corresponding
17-electron species which may exhibit a considerable stability inspiteof
the unusual oxidation state themetal may present. Theability of the
bidentate phosphorus ligand tofacilitate theoxidation and to stabilize

(22)
the 17-electron species hasbeen rationalised by considering an"internal
disproportionation” of themolecule as theresult ofa derealizationof the

metal d unpaired electron into the phosphorus orbitals leaving themetal i n

a more common andstable oxidation state (reaction2).

(n+1)
(M -
RM (P-P) RM (P-P)
+e (rn-2),- ~-—
RWY “(P-P)
181 31
This rationale i scorroborated by the observed Ta and P

hyperfine interactions of thee.s.r. spectrum of |[Ta~-C~Me), (dmpe) | | BF* | £2°/
Examples of these oxidation reactions of 18-electron complexes with

bidentate phosphines are known fora wide variety ofmetals, oxidation states



and geometries, namely the 7-coordinated group V metal(l) complexes of

the type [|MX(CO),,(P-P),,]1 [M=Ta, Nb; X=halide, H,CH,,; P-P=dmpe or dmdepe], "
the bis(cyclopentadienyl)tantalum(ll1)complex |Ta(n 5'C’\H’\)Z(dmpe)[ ,+(22)
and the 8-coordinated complexes of the group VI metal(0) or group VII

metal (1) site {M(P-P).} (M=Mo or W, P-P=dppe or related bidentate phosphine)
of the type |MLL'(P-P),]-

Examples of the latter may be cited:

trans-IM(CNR).(dppe).I (M=Mo or W) ;<>

-trans-JM(N,), (P-P),[ (P-P=Et,PCH,CH,PEt, or Ar~CHACBAPA~ with

Ar=p-MeOC,H,, p-MeC”~,Ph,p-CIC,H, or p-CFAH™) 7} "

-trans-|Mo(N,) (L) (dppe).]" (L=NCR; n=0. L=SCN,CN or N,; nAl);=*"n
-trans-1Mo(L) (Y)(dppe).| (Y=NO", N,,CO,NCPh, N~; L=CO,N,,NCR,NH,ACN~,CN~,
1 or - not all combinations)

-trans-[ReCI(CNR)(dppe).|.-“"

Al'l these complexes exhibit reversible one-electron oxidations
at a Pt electrode and some of them undergo also a second one-electron
reversible oxidation step.

The high electron richness of the group VI Mo(o) and W(o) complexes
induces a facile oxidation at very negative half-wave potential values

relative to s.c.e. (e.g., | °* lies in the -0.6 to -0.4 V range for
‘172

trans-|Mo(CNR)~dppe).| compounds in 0.2M|nBUN| |BF?| - thf at a Pt electrode) .

(b) Metallocene-type complexes

The electrochemical behaviour of metallocene-type complexes
has been widely investigated in both aqueous and nonaqueous organic solvents,
as well as, recently, in aprotic Lewis acid molten salts (e.g.,
AICI~-1-butylpyridium chloride).

Examples are given in figure 2 for metallocenes |Md-~-CA)N
(M=Fe,Ru,0s,Co,Ni) which, by oxidation, lead to the ~corresponding
metallicinium ions |[M(n,>-C H ) | [|M=Fe,"*"*>Co,“"; n=Il.

M=R,,,<'.*-32) ,,,U9,33),.«-37). ... ...|.

The anionic 20-electron complex | Co (ri®-CM”)~ is also known

to undergo two one-electron reversible oxidation reactions to cobaltocene

31
and cobalticiniumcation GH
20 - e 19 - e 18 17 - e 16 - e
FeCp,
RuCp, RuCp 2
OsCp, OsCp
CoCp, CoCp, - CoCp,
- R 2+
NiCp, NiCp, NiCp
Fe(n -C.,Me.), Fe(n -C.Me,). Fe(n*-C,Me,).,”"
Figure 2 - Metallocene- and metallicinium-type complexes
i 5 12+
Sixteen-electron dications of the type |[M(n ~"c™M2" were
quoted for Ru(lV) and Os(l1V) but not for Fe(lV), in agreement with a
33 5
suggested( ) decrease of the half-filled d configuration stability of the

monocation with increasing atomic number, which accounts for the formation
4
of those metal d species.

However, strong Lewis acid AICI®-based molten solvents are

known* ** to stabilize radical cations and a decamethylferricinium
5 2+

dication, |Fe(n -C~Me”).| was electrochemically generated by constant
potential coulometry of | (n*C-Me..),,Fe] in AICL,,/l-butylpyridinum
chloride(BPC)(1.5/1) melt, at a vitreous carbon electrode. ~ *

Cyclic voltammetry shows that the neutral decamethylferrocene in
this melt undergoes two one-electron reversible oxidations to the mono-and
the dication, respectively,with a large potential separation (AEi/2 -1.68 V),
the first half-wave oxidation potential being ca. 530 mv lower than that

of the ferrocene complex in agreement with the electron donating effect

of the methyl ring substituents.
5 i+

The wunsubstituted ferricinium cation |Fe(ri —CMHM)™I1 is also

. . I 41
oRsaTYed §wSAIOMiABPCtondne, OKigadi Py WaNe | ¢k el t5ohvEREe et ible wave uas



The stability of the ferrocene (FcH) andferricenium (FcH') ion,

the reversibility andsolvent-independent character of the redox (FcH'/FcH)

(42)

couple led toits application as an internal standard for electrochemical
measurements in non-aqueous solvents. The standard reduction potential

E°(FcH /FcH) i sassumed tobe thesame (0.400 V vs_. the normal hydrogen

(43)
electrode) in anysolvent as measured in water, andthe potentialsof
+ *
other redox processes vs. the FcH/FcHcouple are reproducible and
(42)

directly comparable among different solvents.

The useof this redox couple as an internal reference also
helps tojudge the reversibility and the number ofelectrons involved i n
the redox process under study.

In case there is overlap of the redox waves o¥f the FcH/FcH

couple andof thesystem under study, thecobalticenium/cobaltocene redox

couple (E°=-0.918 V vs. NHE)~*~ ., be used as theinternal standard.
(43-46)
Formal potentials ofFf ferrocene and their
(44 45 47,48)
derivatives = - have been measured 1 naqueous or acidic medium

(acetic acid-perchloric acid mixtures where the ferrocenes display a higher
solubility) by potentiometric titration with anoxidizing titrant such
as potassium dichromate. Values 1 nsome organic solvents (such as MeOH

and NCMe) have also been quoted for ferrocene ~*"*°-=*"> d f,,

cobaltocene.
B - Electrochemical oxidations with coupled chemical reactions

The electronic deficiency of a metal site as a result ofits
electrochemical oxidation may often promote its reactivity namely towards
nucleophiles andexamples will be considered. Disproportionation of the
unstable monooxidized species to compounds with more common oxidation states

may also occur.

(a) Reaction with solvent

Nucleophilic attack by the solvent atthe electrochemically

oxidized complex hasbeen considered a possible step followingthe

electrochemical process (equation 3 which corresponds toiii i nfigure 1).
e —£
RMQ * RMQ * RMQS* 3D
S
Hence, e.g., cyclic voltammetric studies of the binary metal

carbonyls | M(CO) ~] (M=Mo or W) and |Fe(C0),-], ata Ptelectrode i n

* Theeffects ofvariables such as type anddegradation of reference
electrode, andliquid junction potentials arethus cancelled.

NCMe-1BU~N] | BFj , evidence the oxidative formation of an unstable
monocationic species which is less stable than the chromium analogue
(see later) andprobably undergoes a nucleophilic attack by the solvent
The current function | i/(9 ¢C,)| for theredox process suggests
that the electrode process is diffusion controlled anda two-electron

reaction is involved on a short time scale whereas multielectronreactic

(52)

occur on a longer time, thefollowing mechanism being suggested:

M(CO) I — A~ M(Co0)J iL> |M(co ST IR J
IM(CO) Im(co) IMccoy o Sy

Products
(b) Ligand metathesis

The electrochemical oxidation of thetitanocene monochloride
[Ticl(n -C.,H,).(L)] (L= thf or PMe,Ph) - studied by voltammetry on a
disc electrode, by linear potential sweep voltammetry gndby controlled
potential electrolysis - affords thecationic species iTiCI(nS—C"—H") (L)I
which undergoes ligand exchange with the parent neutral species to give

[TiCcl,(n°-C,H,).] and |Ti(n"-C~H"),(L).[ (reaction 4). >
[Ticl(.°-C.H,). (L) | === |[Ticl(n*-C,H,). (L) |+ ~

[Tici(n-c,H ) (L)

n [Ti(n -c.H,).Cl,]| + |Ti(, -C,H.,).(L).I (&D)

This study evidences the possibility of ligand metathesis between
two molecules of a complex when a change in the oxidation state occurs,

and may be considered an example of the following general scheme:
RMQQ RMQQ™ ''**7 > RMQ. + RMQ™. 5>

(c) Insertion into a metal-carbon bond

Insertion reactions into a metal-carbon bond may be promoted by

oxidation (equation 6).

+ +

RMQ ~ RMQ -~(RQ)M )



Hence , carbonyl 1ligand may be activated towards insertion
into a M-Chond by electrochemical oxidation of | Fe (n°""C,-H,-) (CH™) (CO) , |

in acetonitrileata Ptelectrode (equation 7).

|Fe(n-C,H,)(CH,)(CO),] ~°> |Fe(,°’-C H,)(CH,)(CO),|]  fast”
o s
A |Fe(n -C,H.,)(C-CH,))(S)I )

This migratory insertion onoxidation of theFe(ll) complex isa

fast reaction even at lowtemperature and i sprobably assisted by

(54)

coordination ofFf solvent.
Other examples ofactivation of ligands upon metal electro-

-oxidation aregiven i nsection VIII. B.C.

(d) Metal-carbon bond cleavage

The electrooxidation ofanorganometallic complex may result

in thelabilization of themetal-carbon bond.

Hence, theelectrochemical oxidation oFf monoalkyl(chelate)cobalt(lll)

complexes - monoalkylcobaloximes andrelated Schiff's base compounds -
which hasbeen widely studied i nthelast Ffewyears, involves a reversible
one-electron process togive alkylcobalt(lV) species i nwhich the alkyl
ligand (R) canundergo a nucleophilic displacement (e.g, by species such as
halide ions, water, pyridine or themacrocyclic ligand L togive RX, ROH,
Ry ¥ orLR, respec't'ive_l)y).(55_58)
(59)

Electrochemical studies have also been reported forthe
dialkylcobalt(lll) macrocycles trans-|Co(CHQ,(DpnH)[ and
trans-[Co(CH )(TIM)]| inacetonitrileata Ptelectrode. They undergo a
one-electron irreversibleoxidation toa transient dialkylcobalt(lV) cation
which suffers a spontaneous homolytic cleavage ofone Co~Cbhond togive a
free methyl radical which forms ethane by radical-radical coupling. The
proposed mechanism of thereaction i sshown by equations 8 wherethe

macrocyclic ligand hasbeen omitted for clarity and SH denotes thesolvent.
Me,CO'"** Me,CO'" MeCo''* + Me—
Me- + SH — * MeH + S-

Me- -~"~Me,

(e) Proton elimination

As aresult ofoxidation ofa transitionmetal complex, proton
loss may occur from themetal (in a transitionmetal hydride complex) with
possible metal-metal bond formation orredutive elimination, or from a

ligand according tothefollowing general equations 9 and 10, which

correspond toreactions viiandviii offigure 1, respectively).
RM-MR
RMH (9
-H
M + EH
(HRMQ —-—> RMQ (10)
-H

Examples of thelatter process aregiven i nsection VIII.A_C.2
whereas the former reaction type i sexenplified now.

Oxidation ofaneutral diamagnetic hydride complex gives a
cationic paramagnetic species from which proton elimination occurs readily
(equation 11), theresulting metal-centered radical undergoing dimerization

(equation 12) orreductive elimination.

-e . fast
RMH * RMH- >R+ H (11)
RM- +RM- > RM-MR (12)

Examples aregiven by the. oxidation of thehydridic complexes
Jw(n°-C,H,).H,] and | Mo (n~C~AH") (CO),H ] T nCH-JCN-] NBuJ| BF* | ata Pt electrode
with formation of thedimeric species |W, (n*-C*H,-~"] and

IMOz(ns_CSHs)Z(CO)EI Lo

The cationic radical complex formed i ntheoxidation of the
hydridic compound may alternativelyundergo a reductive elimination namely

in theformation ofbenzene from IW(n*CrHr),(C,H.)HI. On thebasis of
s DL oD

deuterium-labeling studies, this reaction 1 sproposed toproceed either

via thegeneration oFfanorganic radical followed by hydrogen atom
abstraction from thesolvent (equations 13,14) orvia adirect intramolecular
elimination ofbenzene by removal of a hydrogen atom from the

cyclopentadienyl 1ligand (equation 15).
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IW(n*-C.H,).(C.D.) | ~ Jw(n'-C.,H.),| + C.D,. 13)
(RM-)

C.D.- + cHeN —c6°5 "« —cr e >

JW(n°-C.H,).(C.D.) | > C,D.H + Jw(n*-C.H.,) (C.H)I| (15)

The formation of C~H instead of CgDg, from the labeled complex

jw(h -CAHA),(CADM)D],rules outa direct® elimination process.

(f) Disproportionation

An unstable oxidized complex mayundergo disproportionation to
species with more common metal oxidation states (equation 16 which
corresponds toreaction ix.a of figure 1) .

-e + RMQ .
RMQ — * RMQ > RMQ + RMQ (16)

Hence, anodic oxidation of |Cr(C0),] ata Ptelectrode i n
NCMe-1Bu~NIl IBFI  produced thel7-electron cationic |Cr(CO),]| species
whose e.s.r.spectrum was followed during constant current electrolysis
(of the parent complex) andafter switching off thecurrent; thee.s.r.
signal then decayed by a second-order process which corresponds conceivably
to the disproportionation of the unstate monocation. Theoverall electrode
reaction during a preparative electrolysis was shown tobe, by coulometry,
a two-electron process andno v(CO) bands were observed in the infrared

spectrum of theanolyte at the endof theelectrolysis.”*** The following

mechanism (equations 17) i s then proposed forthe overall reaction.
[Cr(C0).| |Cr(CO).r n
| i+ Slow , 94.
2|Cr(CO).1 A Cr(Co) .l + ICr(Co). 1™ (17b)
ICr(Co).I* ~oCre i)

(g) Dimerization

Metal-metal bond formation may follow the oxidation of a transition

metal complex according to the general reaction 18 (which isprocess ix.b ofFf

figure 1) and an example isprovided by theoxidation of the
Vaska®s complex |1rX(CO)(P».,).|] ata platinum electrode. The reaction

occurs irreversibly €tolr(ll) and, on the basis of theabsence ofa

RMQ - i RMQ' — * = (QRM-MRQ)* ")
(61)
paramagnetic e.p.r. signal, a dinuclear metal-metal product i ssuggested

to be formed.
(h) Formation oFfpolynuclear mercurated species

Electrochemical oxidation ata mercury electrode ofanionic metal
carbonyls results & nthe formation of trimetallic linear species with mercury
bridging two transition metals (equations 19 or 20, corresponding to

reactions x of figurel) .

-2e,Hg
2RMQ - QRM-Hg-MRQ (19)
2e, —Hg
2qmecoy € ~1risn |(OC) M-Hg-M(CO) | (20)

The parent anionic complexes are regenerated upon electrochemical
reduction of the polynuclear product with liberation of mercury.

Examples of anionic carbonyl species which undergo these reactions

may be cited:

(63)

IMo(n*** C.H.,) (CO).|",<> |[M(CO).,f (M=Mn,Re),<” |JFe(n°-~) (Co), F

and 1 Co(co). - (9

Other (cationic) polynuclear mercurated species,
|{1rX(CO)(PR,).).Hg]l*" (n=3,4) are reported tobe formed T ntheelectrochemical
oxidation of the neutral /aska®"s complex | IrX(CO) (PR*J (X=Cl,Br,1) at the
anodically polarized mercury electrode inCH,C1,-]Bu~NJCION. 1t is
believed” ‘A that the electrode process consists on theoxidation of the
mercury electrode followed by coordination of the Vaska"s complex to the
mercury ions. As proved by chemical studies,(es)'the)Ir)((CO)(PRS)Z|i complex

behaves as a Lewis base towards oxidizing ions such asHg , Cu orFe

to afford addition compounds.



(i) Metj~me_tal bond rupture of , dinuclear comply

Metal-metal bond rupture of a dinuclear complex may result from
its electrochemical oxidation followed by attack by a nucleophile, e |

the solvent (equation 21 - xi in figure 1).

-2e

(RMQ)2 A 2RMQS’ o

Hence, electrochemical oxidation of the neutral dinuclear ~carbonyl

complexes ~(C0) J (M=Mn,Re) (at a Pt electrode in acetonitrile or
dxchloromethane) or | (Fe”~-C”") (CO0).>/"> .. .., o n
"orcrrenterite® Ahloromethane or acetone) results in the MM bond rupture

wxth xnvolvementof solvent(,)leading to the irreversible formation of the
catxonxc monomeric solvated species |[M(CO).(S)|  (unstable) and

Fe(n -C.H,)(CO0).(S)I .., the latter complex the solvent molecule may be
urther replaced by neutral (phosphine) or anionic ligands to yield derived

complexes whxch may be isolated. "

The group VIl cationic solvated species may undergo a two-electron
reductxon with liberation ofsolvent to generate the anionic |[M(CO) f

complexes which may be prepared by controlled potential reduction.”he

observed behaviour mav be PYPnmlifi~™ u
may be exemplified by reactxons 22 and 23 carried out

xn acetonitrile (M=Mn or Re) . "

IM,(CO)..] . 2NCMe -L 2|M(CO) (NCMe) |- )

M(CO),(NCMe) |- IM(CO) J ~ . NCMe (23)

Although metal-metal bond rupture may result from the oxidation
of a dxnuclear complex (as shown by the abovementioned examples), the
presence of a bridging ligand may allow the retention of such a bond and

Fe(n,-C,H,)(CO0)}.(,-dp.e)~undergoes a one-electron reversible oxidation to

" T -SVAVAdppe)! " which disproportionates in solution forming

o

the corresponding dicationic species.

Hl1 - ELECTROCHEMICAL REDUCTION

The electrochemical reductions of transition metal complexes
have been, in general, the subject of a more widespread study than the
electrochemical oxidations, the latter following the preparation of
complexes with metals in lower oxidation states. However, exceptions are
known and, e.g., the electrochemical oxidation study of ferrocenes preceded

the investigationof their electrochemical reduction.
A - One-electron reversible reduction

Although chemical reductions of metallocene-type complexes often
lead to decomposition, metallocene anions may be prepared in some cases
by electrochemical reduction.

Hence, e.g., substituted ferrocenes with -electron-acceptor
substituents (such as nitro-, p-nitrophenyl-, p-cyanophenyl- and benzoyl-)

are known”**~~ to undergo a one-electron reversible reduction (e.g. , in

acetonitrile or dimethylformamide at a Hg-pool cathode)to afford stable radical anions

More recently, a reversible electrochemical reduction of ferrocene
and some derivatives with an electron-donor substituent |methyl- or
-CH,C"H,Fe(CMH”™) | has been reported”” in dimethylformamide-|Bu~N | i,t
low temperature (e.g., ca. -30°C); further one-electron reduction to the
dianions has been quoted by other authors. " At higher temperatures
a two-electron reduction occurs following an ECE type mechanism
(section 111.B.b.6).

Unsubstituted or mono- ordi-substituted cobalticinium ions

(18-electron species) may undergo two successive one-electron reversible
(31 73)

reductions (at a Hg electrode) to give - cobaltocene (19-electrons)
and the cobaltocene anion (20-electrons), respectively, and synthetic
applications of these electrochemically generated species will be referred
to later.

Although metal-halogen bond cleavage has been reported”®

to occur in the one-electron reduction of dihalides of
e

bis(cyclopentadienyl~tifa™i™m iTifn -r.u 1y 1. rerent- studies undertaken
(78 79)

by other authors ' indicate that in thf (or dimethylformamide) the
first electron transfer is both an electrochemically and a chemically
reversible process affording the stable anionic complexes |Ti(n”*-CAHN) X, |
however, halide dissociation is observed upon the second electron transfer

process.
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B - Electrochemical reduction with coupled chemical reactions

The mechanisms of thechemical reactions coupled to the
electrochemical reduction of anorganometallic species were systematically
investigated by Dessy since 1966 andcontinued by Lehmkuhl. -

Examples which were recognized by these authors arecited i n
figure 3 which also includes other reaction types which have been
identified more recently. Some electrochemical reductions with synthetic
value will be mentioned i nanother section.

As general comments, onemay refer that thereduction (i) ofa

mononuclear complex may be followed by anyof thefollowing processes:

- Dimerization with bridging ligand (ii);

- Elimination ofanionic ligand(s) Q (e.g., halide) (iii) with
formation of theMR organometallic radical which undergoes further
reactions:

Reduction (iii.l), hydrogen abstraction from the solvent or the
electrolyte (e.g., tetraalkylammonium salt) togive an hydride
complex (iii.2), addition of another ligand (iii.3) ,dimerizationwith
metal-metal bond formation (iii.4), disproportionation (iii.5),
reaction with thecathode metal mercury to form mercurated

species (iii.6) andtransfer of anorganic group (R) to the
cathode mercury (iii.7).

- Elimination of a carbanion (R ) togive theMQ radical (iv) which
may undergo further reduction togive Q andmetal M (iv.l) or
to give a new LMQ complex by addition ofa new ligand (L) (iv.2);
LMQ may then undergo further reduction orelectrophilic attack.

- Electrophilic attack (v), (vi.l1l.1)

- Further reduction (vi) followed by elimination of an anionic Q (vi.l)
or R (vi.2) ligand; theanionic organometallic species RM derived
from (vi.l) may then react with thesolvent orundergo attack by

an electrophile.

For metal-metal bonded di-ortrinuclearcomplexes, reduction
commonly results i nmetal-metal bond cleavage.
A fewexamples of these reaction types may be mentioned,

(a) Dimerization with a bridging ligand

A dinuclear complex with a bridging ligand may be formed i n the

EMQ
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<\R M +
(iii.l)
H RVH
(iii.2)
L RML
(iii.3)
RM-MR
(iii.4)
R.M + M
(iii.5)
"0 (RM).Hg
(iii.5)
Hg R.Hg + 2M
(iii.1n)
MQ OF M+Q
(iv.1)
LQM-MQL
LMQ
(iv.2) 3. LMRQ
R*MQ"
RMEQ™
- (vi.1.1)
RMQ, L
L RML 2> (RIL) 2
(vi.l.2) .

-R and/or_-Q_~ MQ ,MR orM

{RMQ}2
(i (n=1,2)
_Q
(iii)
MQ —
(i)
R
-MQ —
(iv)
.
. (v.1)
(v)
(v. 2)
-Q"
(vi. 1)
e
(vi)
(v

i.2)

Figure 3 - Types ofreactions i ntheelectrochemical

organometallic

complexes.

reduction of



electrochemical reduction ofRMQ as a result, e.g.,ofsimple dimerization
of thereduced ("anionic") species RMQ togive {RMQ}O or from the reaction
of RMQZ_ (formed by a two-electron reduction) with th;:-parent RMQ species
to afford {RMQ} (reactions i,ii of figure3d).

Hence, e.g., ferrocenylcarbocations may undergo one-electron tranfer
electrochemical reduction ata dropping-mercury electrode (in H,0/dioxanor
dimethylformamide -HC10,) toafford thecorresponding ferrocenylalkylradicals

which dimerise spontaneously (reactions 24).7*7

R
Fc -C*
R e y - AN L
Fc-C —> Fc-C L= Fc-C *24)
R« RT I 1
R* R*"

(R,R* = H,Me,Ph,Fc,etc)

One-electroft steps may also be involved inother cases, namely in the
formation of | {WF(dppe).} (NNCR,CRNN){WF(.dppe).} | from thereduction of the
diazoalkane complexes trans-|WF(NN=CR,)(dppe) | (R=HorMe) ata Hg pool."

The reaction i sbhelieved tooccur via a one-electron transfer to give
the metallo-radical |WF(NN=CR,)(dppe).|l- The carbon-carbon coupling of the
diazomethane ligands may then occur via radical-radical coupling or by
electrophilic attack of theparent cationic diazoalkane complex uponthe
neutral metallo-radical species followed by further one-electron reduction
(the nucleophilic character of thecarbon atom i ntheneutral radical complex
was proved by protonic attack andby alkylation). "

An example involving a two-electron reduction may be cited.

The cationic cycloheptatrienyl complex |JCr (, -C,H,)(0) | in
acetonitrile undergoes a two-electron reduction atPttogive the corresponding
anion which reacts with theparent species toafford a carbon-carbon bonded
dimer (reaction 25) (62) +

.
1r(C0).

2e cr(co)

cr(co) (25)
L Cr (CO).

This reaction follows thegeneral process depicted i nequation (26)

2e _ RMQ*
RMQ > RWQ QMR-RMQ (26)

The formation oFf thedimeric complex may be assisted by ligand
dissociation as shown by the following example.

The cationic isocyanide complexes ofPt(l1l) trans-|PtX(CNR)L,1
(R=aryl, L=tertiary phosphine) i nacetonitrile - |B,.N|] | Cl0, jarereduced at
a PtorHg electrode toa dimeric platinum(l) species (equations 27) with

bridging isocyanide ligands which undergoes a subsequent reduction to

platinum(o) compounds not yetfully characterized. thedissociationofa
trans-1PtX(CNR)L,I" +e - |PtX(CNR)L,] (27a)
|PEX(CNR)L,] ~|PEX(CNR)L]  + L (27b)
|PtX(CNR)L] \ |Pt.X,(CNR),L.]| (27¢c)

phosphine ligand allows theformation of the vacant coordination site which

is favourable totheterminal tobridging rearrangement of the isocyanide

ligands.
The general scheme of this reaction may be given by equation 28.
R
+ e -Q PM / \
RMQ RMQ - RM > M M (28)
N R/\

(b) Elimination of an anionic ligand followed by further reactions
of theorganometallic radical

Dissociation ofan anionic ligand following an electrochemical
reduction i sa process with an opposing effect totheelectronic charge
build-up at thecomplex as a result of thereduction, and i sobserved commonly.
The derived organometallic radical may react further 1 na number of ways.

A fewexamples arecited.

Electrochemical reduction of thecyclopentadienyl Ti(-1V) complexes
JTi(n°"C.H.).Q._.] (Q=R,O0Ar or 0SiR, where R isanalkyl andAr i san aryl
group; n=lor2) in thf ata Ptorglassy carbon electrode affords the
radical anions |Ti(n°-C.,H.,> Q,_,]- which rearrange to thecorresponding neutral
monocyclo®"pentadienyl Ti(ll1l1) complexes according tothefollowing ways
(reactions 29 and 30):

|Ti(n*-C.H,)._.Q,_.1 + C,H,” (n=2) (29)

iTi(n*-c.H,),0Q._1J

Ti(n'-C.H).Qe.-oy ] = Q (N=X) (30)



These reactions follow the general equations 31 and 32, which
correspond to equations (iii.l) and (iv) (the latter involving metal-carbon

bond rupture) of figure 3.

R+ Q"

JL. - S

RMQ L3 RMQ
ANQ + R~
The cis and trans dihalogenobis(isocyanide)platinum(ll) complexes
|PtX.(CNR).] (R = cyclohexyl, ter-butyl), in propylene carbonate or acetonitrile
solutions, undergo, at a Pt or Au electrode, a first irreversible one-electron
reduction to Pt(l) with liberation of halide ion, whereas the second
monoelectronic reduction step affords Pt(o) (which deposits on the electrode)

with decomposition of the complex (equations 33 and 34).
|Pt"'X,(CNR),|] + le —]JPt'X(CNR),[" + " (33)

|Pt XiCNRXj + le -» Pt° + other decomposition products (34)

These reactions follow the general pattern of equation 35
corresponding to process (iii.l) of figure 3

RMQ > RM- > M+ (35)
,Q-
However, the isoelectronic triphenylphosphine complexes |PtCI,(PPh ).\

are electrochemically reduced directly to Pt(0). The stabilization of the Pt(l)

radical in the isocyanide complexes is explained in terms of the stronger

electron back-donation of the isocyanide ligand compared to ligating phosphine. >

Other two-electron reductions with two halide liganddissociations
are known to occur, e”", in reaction 36 of synthetic value in the preparation
of the Pt(Ill) complex |(bipy)P,-CH,CH,CH,].“®

Cl

[(bipy)p/j>] **"-"°C Kbxpy"/NI G
Cl n

The |(bipy)Pt CH,CH,CH,] complex may undergo a further one-electron
reversible reduction to the corresponding paramagnetic anion.®

The bipyridyl ligand in this 16-electron species is labile to
substitution and a series of platinacyclobutane complexes of bisphosphine,

t-butyl isocyanide, carbon monoxide and phenylacetylene can be prepared
Hy this way (86)

(b.1) Hydrogen abstraction

Hydrogen abstraction from the solvent (or the supporting electrolyte,
«. tetraalkylammonium salt) by the organometallic radical derived from
one-electron reduction has been postulated in the formation of silicon and
germanium hydride compounds, e.g., according to equations 37 (where M=Sior Ge)
which correspond to reaction (iii.2) of figure 3.
e
(C.H)Y.MCL -~ (CC,H,).M > (W3MH (37)
v
The formation of the hydride probably occurs via reaction of the
solvent (glyme) with an intermediate M(IIl) radical which, however, was not
detected by cyclic voltammetry due to itshigh unstability.
The present author, however, is not aware of any organotransition
metal complex where this type of reaction was demonstrated.
Protonic attack at the reduced transition metal site is nevertheless
possible proposal in some cases, e.g., to account for the unstability of the

electrochemically generated cobaltocene anion from electroreduction of
cobaltocene in acetonitrile.

(b.2) Ligand exchange
Ligand exchange may result from the dissociation of an anionic ligand
promoted by electrochemical reduction.

Hence, the metal-halogen bond cleavage in the following examples

(equations 38) allows the replacement of the halide ligand by a neutral ligand

in the anionic reduced species/''-* They exemplify reaction (iii-3) of
figure 3.
|Ti(n*-c.H,).ci.l |Ti(n*-c.H,).ci.]|
-Ci~,L
ITi(n*-C.H,).CI(L)] (38)

(where L=thf- or dimethylf ormamide)

(b.3) Dimerization

Metal-metal bonded dinuclear complexes may be formed by dimerization
of the reduced complex with ligand (anionic or neutral) dissociation.

Dinuclear Rh(o) complexes formulated as |{RhL >]| (L=tertiaryphosphine)



have been prepared by electrochemical reduction of the mononuclear Rh(l)
species |RhCIL | with chloride ligand dissociation. This reaction exemplifies
the process (i“i.i.A) of figure 3. (88"

,2-
Dimeric carbonyl complexes, e.g. , | {Cr(CO)" | may be formed in a

similar way, although involving dissociationof a neutral ligand rather than

an ionic one; metal-carbon bond cleavage also occurs as a result of the reduction

(reactions ?@'} . 89)
e - -C0
|Cr(CO).]| » [Cr(C0).| " [Cr(CO) |

! v, ICr(co)J-

i'{Cr(CO)g’},I n 51 1 (39)

(b.4) Disproportionation

Cathodic deposition of a metal may occur from disproportionation of
an organometallic radical generated by electrochemical reduction.

An example is given by the deposition of highly pure aluminium from
the electrolytic reduction of adducts of trialkylaluminium (R,A1) with Lewis
bases (MX), e.g., 2EL,AI.XM which may be formulated as the ionic species
M+|IEt,AI—X—AIEt3|I_(where X=H or halide; M=Na, K or NR.).

The mechanism has not yet been ascertained but a known proposal
involves the dissociationinto an organometallic cation |AIEt,] which, upon
reduction, generates the -AlIEt radical which undergoes disproportionation

(reaction 40).9'>18,90-92)

|ALEL, | > -AIEt,—» -j Al + | AIEt, (40)

The technique can be applied to other main-group metals such as Ga,

In, Tl and also to Zn and Cd.
(b.5) Reactions with mercury cathode

Electrochemical reduction, at a mercury cathode, of some transition
metal complexes may result in the formation of mercurated di-or trimetallated
complexes following the general reaction (iii.6) of figure 3. Transfer to
cathodic mercury of an organic group (R) from the organometallic radical (RM.)

such as an organolead compound is also a known reaction which corresponds to

process (iii.7) of figure 3.
Examples of these reactions will be given in another section
(VITT. Ace l. 0.

(b.6) Elimination of a carbanion. Metal-carbon bond cleavage

The above sections exemplify reactions which proceed by the dissocia-
tion of an anionic ligand (Q~),generally an halide, as a result of the
electrochemical reduction, followed by further reactions of the derived
organometallic radical (RM.); an example involving a neutral carbon ligand (Q)
carbonyl, was also cited (sectionb. 3),the dissociationresulting in MC bond
cleavage.

However, a carbanion (R~) may also dissociate from the metal site
as a result of the reduction and the derived species (formed through M-C bond
rupture) may also be involved in further reactions.

Examples of carbanion dissociation induced by a one-electron
electrochemical reduction were previously given (equations 29 and 31), and
reactions involving two-electron reductions are now cited.

Neutral alkyl or aryl carbonyl complexes of groups VI-VIII can
undergo such a type of reaction to give anionic complexes and the carbanions
which may be stabilized by protonation due to traces of water present in the

solvent medium (equations 41 which correspond to the overall process iv.Il of
/qo\ c .(94)
figure 3). |MR(CO).] (M=Mn,Re)" " and |Fe(n -C.H.)R(CO).]| react m this

26
QR s M+ R (41)

way .
Although,at low temperature, ferrocene and derivatives with an

electron donor substituent can undergo reversible one-electron electrochemical

reductions, as itwas previously mentioned (section Ill.A), at higher temperatures

a two-electron reduction with metal-carbon bond cleavage occurs following an

ECE mechanism.

(72)
The complex product of the chemical step is suggested to be the

half-sandwich monocyclopentadienyl-iron radical |Fe(RC.H,)|* (reactions 42).

e .
[Fe(RCH).I === [Fe(RC.H.).I
IFe(RC.H).I~ > [Fe(RCHYI*~  (“.H.D)~ (“b)
e —_
|Fe(RC.H)|* 3- (RC.H)) + Fe (42¢)

These reactions follow the general scheme (iv.l) of figure 3.



The neutral radical |Fe(RCAHM)|™, or solvated derived species such as
|Fe(RCAHA) ™ (S=solvent), 1is highly reactive (itwas not isolated) reacting
with CO to afford (for R=MeO), after further reduction, the acetyl-
cyclopentadienyldicarbonyliron anion which can be oxidized at a Pt electrode
to a dinuclear neutral complex and reacts with Mel to give a neutral

o-methyliron complex (reactions 43).

e,Co
|Fe(RC.H)I > |Fe(RC.H,)(C0).]|
Mel
|{Fe(RC.,H,)(C0).>.]| | Fe (RC~) (Me) (CO), | (43)

(R=Me0)

These reactions are represented by the general process (iv.2) of

figure 3.
(c) Electrophilic attack

Electrochemical reduction of a transition metal complex may activate
a ligand or the metal itself towards attack by an electrophile (e.g., reaction
types v. Il and v.2 of figure 3) and this behaviour may have important synthetical
applications.

The reduction process may involve one or two electrons and one or two
protons, and halide dissociationmay also occur (reaction types v and vi.l.1l of
figure 3). The electrophile is often a proton but may also be an organic species
such as an organohalide or carbon dioxide.

Examples of these reactions will be found in other sections and now
only a brief list is mentioned:

- Reduction of carbene ligand to o-alkyl, e.g., in complexes
| Fe(TPP) (CX) | | TPP= meso-tetraphenyl-porphyrin; X=C (C~Cl-4) ,CPh,
or S| by a 2e+lH (and also a le+1H) process (section VIII. A.c.1l).
- Reduction of ketone and acid functional groups at cyclopentadienyl
+ +
ligand in substituted ferrocene-type complexes (2e+2H and le +IH

processes (section VIII.A.d).

- Reduction of organo hydrazido(2-) ligands (NNR,) to amines (HNR,)

(2e+2H" process) and to hydrazines (H.,NNR,) (2e+2e+2H" process) in

complexes |MoBr(NNR,)(dppe).|l" formed by alkylation of dinitrogen

in

IMo(N.).(dppe).|

(section VIII.C.a).

- Electrophilic attack at a cyclopentadienyl
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These reactions correspond to the sequence (vi.l1.2) of figure 3,
Electrochemical reduction of g-metallocenylsubstituted a,g-

-unsaturated nitriles of the type

R
Iwhere -X=-C=C(R*)CN]

in aprotic solvent (thf or acetonitrile) at a dropping mercury electrode,
occurs through a reversible one-electron transfer to afford an anion radical,
followed by an irreversible one-electron process with cleavage of the
metal-cyclopentadienyl bond to give substituted and unsubstituted cyclo-
pentadienyl anions and the metal (reactions 47) which exemplify process (vi.2)
of figure 3; disproportionation of the anion radical may also occur, giving

the unstable dianion in an overall apparent single-electron wave/° "

IMC-X| IMC-X]  — * IMC-X[
. 47)
M(o) + C,H.~ + C,H.,X~ < 1
(where Mc is a metallocenyl group: ferrocenyl, ruthenocenyl or osmocenyl group).
(e) Electrochemical reduction of polynuclear complexes

Although the metal-metal bonds may be retained on the reduction of
i 13-
cluster species - e.g., the double cubane type Mo,Fe,S,(SR)J with three

thiolate bridges between the two Mo nuclei(gz) and complexes with metal-metal
. |+ (98  99)
and | Mo, (C~COO0), - )

L3 .2
multiple bonds - e.g. , |Re,Cl,| with possible
formation of mixed-valence complexes, the reduction of di-or tri-metallic

complexes usually results in the metal-metal bond rupture.
(e.1) Dinuclear complexes

The reduction of a dinuclear complex may involve a two-electron
(to afford two metallate species) or a one-electron process to give an
anionic complex and a paramagnetic species which may dimerize or react with
the electrode mercury (see figure 4 where M denotes a mononuclear metal site,

often a metallic polycarbonyl).

w,Examples of types (i) and (ii.l) are given by the reactions 4,('°°>'"")
and 49, whereas type (1i.3) is known for the electrochemical reduction of
2e -
| (0C).Mn-Re(CO).]| A iMn(C0).] + [Re(CO) | (48)
1 (0C).Mn-Fe(n°-C.H,) (CO).| L IMnN(CO), f. | Fe(n°-72) (CO), | (49)

1 |J{Fe(n5-CH )(C0) } | -* "
2 55 12

2
3 2 M =M
(i) (ii.1)
[T
le _ Hg
> M+ M 1 M—Hg-M
i
(i) (ii.2) 2
M.Hi M +Hg
(ii.3)

Figure 4 - Possible types of reactions in the electrochemical reduction of

organotransition dinuclear complexes

. dimeric complex |{Fe(,"’-C H )(CO0)}| in thf/IHBuJI BF,] at a dropping

(102)
mercury electrode.

The M' radical, |JFe(n°-7~) (CO), | ', reacts with mercury electrode
to give a neutral trinuclear complex with bridging mercury which upon reaction
with the anion |JFe(n°®-7) (CO), f affords a tetrametallic species
|{Fe(n*-C.,H,)(CO).}.,H,r; this complex may undergo further reduction to three
monomeric anionsM"™ with Fe-Hg bond cleavage. The anionic complex M may also
be formed by one-electron electrochemical reduction of the monomeric specie_s
|FeX(n*-C,H,) (CO),] (X=H, halide, CN.GeCI™" .SnCI~ASnPh” 87) , with X

ligand dissociation“®” (a well known sequence type was mentioned in previous

sections- i,iii 1in figure 3).

(e.2) Trinuclear complexes
Cathodic reduction of linear trimetallic complexes results in
metal-metal bond cleavage usually according to reaction (50) for Hg(ll) as the

central metal.

M-Hg-M + 2e > Hg + 20 o

where, e, M| Co(CO).].. > JCr (n°"~) (CO0).1 and |[Mo(n*"~) (CO), | ,<*"°

[.(n°-C,Hj(C0)J and [NQ(CO)J ~A***:°> or [Fe(CO) (NO) |.°°°

Similar reduction products although formed by a one-electron process,

are observed in the cathodic reduction of the Ana(l) compounds (M-Au-M)



(reaction 51) . (105,1068)

M-Au-M) +, ACAi+ 2M .,

However, different paramagnetic heterobimetallic Pt(l) complexes
are formed in the cathodic reduction, ona Ptor Au electrode , of Pt(Ill)
isocyanide compounds of the type M-PtL~M, according tothe proposed“°>

reaction

M-PtL,-M + le + M-PtL, @)

where M=]Cr(n*-") (CO), | ,IMo (n®=-~) (CO, |, IW(T,-CH,)(0) |, |[Mn(C0)J,
|Fe(C0).(NO)|, |Co(CO0),]; L=Bn‘NC oreyclo-CgH NC.

The stabilization ofthe isocyanide Pt(l) radical is suggested to
result from the 7r-acceptor character of the isocyanide ligand. This radical,
detected by e.s.r., wasnot fully characterized andis involved in further
reaction, probably undergoing dimerization orreaction with the solvent.¢°° "%

The related triangular platinum-dicobalt clusters
|PtCo,(u-C0)(C0),(PPh,)] and |PtCo,(y-C0)(C0O),(dppe)| are also electrochemically
reduced ata solid ormercury electrode, in aprotic medium, through aone-electron
irreversible process with liberation of |Co(CO0),f andgenerationof radicals. "

The heterotetranuclear cluster |Pt,Co,(y-.0).(C0>,(PPh,),] wasisolated
in good yield from the electrochemical reduction of |PtCo,(y-C0)(CO0) (PPh )],
and itsformation occurs probably by dimerization of the radical
|PtCo(CO).(PPh,)|" (which however was not detected by e.s.r. possibly due to

its short lifetime), according toequations 53.<°"
|PtCo,(y-C0)(CO),(PPh,)] + e — ~ | PtCo(y-C0)(CO),(PPh)] (53a)

[PtCo(y-C0) (CO) . (PPh.)] [Co(CO),r. |PtCo(CO),(PPh,) | (53b)

dimerization

2|PtCo(CO),(PPh)TF > |Pt.Co.(y-C0),(CO0).(PPh,).|] (53¢c)
Each of the clusters | PtCo., (u-C0) (C0), (PPh,) | and |PtCo,(y-.,)(CO) (dppe)l

undergoes twoone-electronoxidation steps, the first being reversible.

,» — ELECTROCHEMICAL QUANTIFICATION AND PREDICTION OF REDOX AND
ELECTRONIC PROPERTIES OF METAL SITES AND LIGANDS

Although correlations between the redox potential and other properties
of complexes, their ligands or metal sites (energy of charge transfer bands,
ionization energy, Hammett"so parameter, etc.) arealready well documented
(they will be mentioned in chaptersVand VI) , only recently a systematic
proposal was attempted to quantify therelationships between the redox
notential and the structure and constitution of a complex.

This work was initiated by Pickett” through the electrochemical
study of 18-electron octahedral complexes |ML] with 16-electron square
pyramidal metal sites {M } (figure 5). .

A linear correlation was experimentally observed between E, ,, ofa
series of complexes [M L] with a coomon {M} site andE,/, of their homologues
in a isoelectronic and isostructural reference series with pentacarbonylchromium,

{Cr(C0).}, as themetal centre.
This linear relationship may be expressed by the following equation

E?/2 |ML] - E°/, |M.«X»] = 3.{Ey, |Cr(CO).L] - *,,. |Cr(CO).|} (54)

where carbonyl was taken as alreference ligand, or by thesimplified form

E272 I'.L] "V © *T"'L R
where
E =E.,. IMCO)I 9
and
'L-f1/2 |Cr(CO).L|-E~JCr(CO),] C)
(26 )
Three electrochemical parameters are then defined:
E - A measure of theelectron-richness of themetal site;
s
3 - A measure of theelectronic sensitivity (polarisability)of the

metal site to a change of ligand L;

P - A measure of thenetelectron donor/acceptor character of the
L

ligand.

P values have already been quoted for a considerable number of

i (26 27~
ligands (see Table 1). =

Carbonyl, thereference ligand, has P, =0, by definition.



they ligate theelectron-rich {ReCl(dppe).> site, they are stronger net

electron acceptors (their geometry isprobably bent), and they present higher

@n
p values (equation 58 where P values are involts), inthe gross
MoL 0 L L
range 0.0 to -0.14V, thus approaching N, and CO in their net electron acceptor
Figure 5 - Eighteen-electron octahedral complex B
M L] with 16-electron character.
square pyramid metal site {M }.
P (CNR bent) ~ P, (CNR linear) +0.3 (58)
NO , a weak electron donor, exhibits a very high P, value (+1.40V), A i o A 0X
) A : i o The abovementioned linear relationish (equation 55) between ET/2
whereas in the opposite extreme i shydroxide (?,= -1.55 V), and other anionic and PL was observed fora variety of 16-electron metal sites and their ES
strong net electron donor/acceptor ligands. and 3 parameters were estimated (Table 2).
Isocyanides, when binding ina linear geometry, behave generally as The higher electron-rich Mo(o) metal sites display lower E, values
considerable stronger net electron donors (P, inthe -0.44 to - 0.33 V range) than the Fe(l11) and the Re(l) sites and, within each series with a common metal,
than their isoelectronic CO (?Q) ... N. (P=-0.07 V) ligands. However, when anionic species are more electron rich (lower E values) than theneutral ones

s
and the latter are more electron-rich than the cationic ones, as expected.

TABLE 1. Ligand parameter P, forvarious ligands _
Once the electrochemical E , 6 and P~ parameters are known fora

metal site and a ligand, 1 tispossible to predict the half-wave oxidation

L P.(Volt) potential of a new element of a series as well as to identify a complex which
‘ L . (volt) ox
/2 e “* known (seeequation 55). An example of the latter type of applica
tion isgiven by the detection and identification insolution of the unstable
NO* 1.40 NH 0X _
© : -¢ .77 complex trans-1Mo (N,) (NH,) (dppe), | (Ei/2 experimentally observed at -0.72 V
0. ~
00 CF coo -Cc .78 in agreement with the estimated value of -0.75 V versus s.c.e.) formed in situ
" -0 .07 ~ i i e o
2 NCS -0 .88 by the reaction of trans-j'Mo(N.),.(dppe).|" with ammonia m tht )
P(0Ph), -0.18 CN~ -1 .00
A
CNC,H,C1-2,6 -0.33 NCO~ -1 16
PPh 0.3 - _1-1c Table 2. ES and [5 parameters for various 16-electron metal sites
pHnum / A 1.1
- 037 Br~ -1 .17 M> E (Volt) B
CNPh -0 38* cr- -1.19 (vs s.c.e)
-0 38 H™ -1 .22
* ) {Mo(NO) (dppe).}*
CNCgH.CH.-4 -0 39 " -1 .26 +0. 91 0.51
CNCgH,0CH,-4 -0. 40 OH 155 {Mo(CO) (dppe).> -0.11 0 72
NCPh -0. 40 {Mo(N,) (dppe),> -0.13 0 84
CNMe -0. 43
{Mo(NCPh) (dppe).} -0. 40 0 82
-0. 44
NCMe -0.58 {Mo(N,)(dppe).r -1.00 10
P -
’ 0- 59 {FeH(dppe).}- +1.04 10
{Re (N,)(dppe).} - +1.20 0 74
A A
{ReCl(dppe).) +0. 68 34

All values are taken from reference (26) except those denoted by™* which are

given by reference (27).
All values are taken from reference (26) except those denoted by which

are given by reference (27).



Based on these electrochemical parameters, i tisalso possible
to propose some criteria forthe coordination ofligands toa metal site .and
for the chenmical reactivity"ofthe derived complexes.(26) Examples of the
former are mentioned as follows, whereas the latter will be considered
separately inthenext section.

Metal sites with a lowelectron-richness (highly positive values)
bind preferably ligands which are strong electron donors (with negative and
low values).

Dinitrogen, with a high P~ value (near zero) binds preferably a
metal site with low E” although dinitrogen complexes are known with metal sites
presenting E, values within awide range (from +1\3to-1.3 V). However, when

binds a site with ahigh E, value, the ligand intrans position presents
a low P~value, 1.e., 1 tisastrong electron donor; themetal site then has a
high polarisability (3). Hence, as a general comment,one may refer that

dinitrogen binding toa metal site is favoured by lowE (high electron-richness)
(26)
and high 3 (high polarisability) ofthemetal centre.

V - HALF-WAVE POTENTIAL AND CHEMICAL REACTIVITY

A comparison ofthe half-wave potentials ofrelated complexes (or of

the electron-richness, E , oftheir metal sites, orofthe I?T_ values of their
s ij

ligands) within a series orincomparable series may allow the predictionof

some features oftherelative chemical reactivity.

Recent applications are found inthe field ofchemical nitrogen
fixation, andexamples are also quoted by studies ofreversible oxygen uptake..

A - Dinitrogen versus isocyanide reactivity

A study oFfthat type wasundertaken”* " forthe two isoelectronic
series ofdinitrogen, isocyanide » andcarbonyl complexes
trans-|ReCI(L)(dppe).]l, (A), andtrans-|MoL,(dppe).l, (B).

Both types ofcomplexes undergo i nthf/IBU.NIIBF,lI a one-electron
reversible oxidation andaplot of oftheRe(l) complexes versus their
Mo(o) homologues i sshown infigure 6.

From this plot i1 tisclearly seen that the point that corresponds to

dinitrogen lies substantiallyoffthe straight line followed by the other species,
04

the dinitrogen complex ofRe(l) presenting a E,,,value which ismuch lower
than thevalue expected on thebasis ofthe trend followed by the other

complexes. This may be interpreted as the result ofa much weaker electron

0.7
Ve ®
CNCSHZ‘CHBAL
CNC.H,OCH, -4
-0.3 -0.2
172 1>
X X for
Figure 6 Plot ofE,,, for | ReCl (L) (dppe). | , (A), versusEn”

|MoL,(dppe).l, (B),|L=N,. CO, CNR]-
acceptor character ofN, when binding theRe(l) site than what would be
expected on thebasis ofthe behaviour oftheisoelectronicCO andCNRIigands.
Hence, this study evidences that dinitrogen presents, relative to
isocyanides, a weaker versatility ofaccommodation toa decrease intheelectron
richness ofthemetal site |when changing from the Mo(o) centre tothe less

electron-rich Re(l) site|. This rationale agrees with the lack ofprotonation of

N, when binds theRe(l) site, although ligating isocyanides can undergo such
reaction,°* "' and both (N,,andCNR) are susceptible toattack by acid
when binding the more electron rich’ Moéi(si’ce (110_112)— see, e.g.,
reactions 59-62.
trans-1ReCI(N,)(dppe).l +H IReHCI(N.) (dppe). | 9
trans-|ReCI(CNMe)(dppe) | +H = IReCI(CNHMe) (dppe) (60)

trans-1Mo (N,),(dppe).l + 2HX — trans-|MoX(NNH,) (dppe).|X + N, (61)

trans-1Mo(CNMe),(dppe).l + 2H" trans-|Mo(CNHMe),(dppe). (62)

B — Electrophilic versus nucleophilic attack atdinitrogen

The variation ofthe reactivity with redox potential of other



- 56 -

(?ft 11 o\
dinitrogen complexes with different metal sites was also studied " and
a few observations may be mentioned (figure 7):

0

Electron-poor complexes with EM2>ca. +0.8 / react with anucleophile
(Live inthfat 25°C) which may attack N~in | Mn (n°-C,H,) (c0), (V) | ,

= 1.2 V 3}, C0{in trans-jEe(C0).,CI(N,) (PPh,),] , E°™ =
+ 1.37 V} " or themetal {intrans-|Re (CO)JCI(PPh,)L,,l ,
AL/2 - +1.37 / to give themetathesis product
trans-|FeMe(CO)N(PPhA)~}; M~ the site of attack cannot yet be
predicted.

- Electron-richdinitrogen complexes with a metal site with sufficiently
low E, value (< ca. 0) may be protonated, the proton attack occurring
at the N, ligand or at the metal centre, depending on the value of P,
in the series trans- | Mo (NQL(dppe). 1 as it was shown above.

- Linitrogen complexes with metal sites of intermediate E values -

s
e-g-, {reCl(dppe).} (E,= +0.64 V) or {Fe(NCMe)(dppe).> - are
unreactive towards protonation or LiMe (in thfat 25°C).
C ~ Influence of a co-ligand on the reactivity of dinitrogen

The influence of a co-ligand L upon the chemical reactivity of a
dinitrogen complex, trans-|Mo(N,)L(dppe).|], was related to electrochemical
parameters (P E ) and the conclusions, which are summarized infigure 8-,

(25)

may be mentioned as follows:

- As thenet electron-donor character of the ligand L increases (i.e., P
becomes more negative), thestability of themono- anddi-oxidized

species increases (i.e., thestability of the M-N, bond increases).

- Ligating N, issusceptible to undergo protonation when P, isinthe
range ca. 0.0 to-0.6V, whereas forP <-0.8V themore reducing metal
site appears to reduce the solvated protons to dihydrogen to give an

unstable oxidized species which looses N,.

- Inreactions with alkyl halides, complexes with sufficiently negative
oxidation potentials and high reducing power (P sufficiently negative)
can undergo an outer-sphere electron transfer reaction (e.g.,
reactions ,,).<24,25,116)

X~
IMO(N,) (NCS) (dppe).] + RX ~ IM(N,)(NCS) (dppe).|+ R* »

IM(N.R) (NCS) (dppe). | (63)

- 57 -

[Mo (N ) (dppe)~ (iii) IMn(n -C~) (CO). (N.)
|Mo (N,) (NCPr)(dppe).l 0
(iv)
@
|ReC1(CO).(N.)(PPh,).],

®

Re(N,) (NCMe) (dppe).1 ,(vi)

[Mo(N.)(son) (dppt). |

<)) .
IReCI(N.)(dppe).l, (vi)

V(vs.SCE
-1.44 0.00 +1.80 ( )

Electron-richness

Figure 7 - Variation of reactivity of dinitrogen complexes with redox
potential.
(a) Reaction with LiMe(thf, 25°C). (b) Reaction with I*S0~"thf ,25°C)
(i) Attack at N, by LiMe . (ii) Attack at CO by LiMe. (iii) Protonation
at N or Mo. (iv) Protonation at N . (v)Oxidation by H
: +

(vi) Unreactive towards attack by H or LiMe.

However, other complexes with a weaker reducing power and with a
labile L ligand (such as, N, orNCPr*), react with alkyl halides via an

inner-sphere redox process, the rate-determining step being the initial loss

oi L (reactions 64). _, X
IMo(N.)L(a,pe).| * IMo(N,).(dppe).| >
IMo(N.) (XR) (dppe).| IMo(N.)X(dppe).| + R” ~
IMo(N.R) (X) (dppe).| (64)
Moreover, complexes which present a high reducing power and

have a labile ligand may react via both pathways - e.g., thereactionof

IMo(N,) (N,) (dppe).1™ with Bu“!.
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D - Reversible oxygen uptake reactions

The reversible oxygen uptake reactions of cobalt complexes are of

important biochemical significance, e.g., in the attempt to understand the

chemical role of heme in hemoglobin and myoglobin.

The ability of some neutral cobalt (Il) and nickel (1)

quadridentate Schiff base complexes of the type

to react reversibly with oxygen was shown to be closely related to the half-
) -wave oxidation potential, a linear correlation being found ' between this
P
" electrochemical parameter and the equilibrium constant (logK ) for oxygen

i

adduct formation (equation 65) in series of Co(ll) complexes [CoL”Bl (B is a

ng unidentate ligand in the axial position; various equatorial or axial B

W ligands were considered).

; \

M

41

A |CoLB] + 0, ~zz~|CoL,B(0,)] (65)
© « In the 0, adduct complexes, the 0, may be viewed as a superoxide

o *H

HorH (0, ) ligating Co(lll), as revealed by e.s.r. studies. Hence, the formation of

adduct (equation 65) corresponds to an electron transfer from Co(ll) to the
the complexes. A"~

the
0, ligand and thus relates to the redox behaviour of

0,, uptake (or the stability of the adduct) is thus favoured by an

43]8} increase m electron density at the metal atom which is measured by "i/2- an
o
However, i f the electron density at the metal exceeds a limit, the complex is

irreversibly oxidized.n"
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VI ** HALF-WAVE POTENTIAL AND PHYSICAL PARAMETERS
to anincreased difficult oFfelectron removal (higher E ~, value) .

The oxidation (orreduction) potential of a complex reflects the
energy ofits HOMO (or LUMO, respectively) orbital andthe electron-richness B — Half-wave potential andgas-phase ionization potential

of the metal centre. Hence, 1 tisnot surprising that i tmay be related
A change inthe lowest ionization potential andin the half-wave

to other properties oFf the complex which may also depend on those parameters
oxidation potential may both reflect a variation intheelectron density at

such as the chemical reactivity (mentioned in the previous section), the
I A N the central atom. A linear correlation may then be observed between E /™,

igand charge transfer fonization potential

energy ofa metal
and the ionization potential, namely inchromium sandwich compounds of the

of thecentral metal ion,etc.

cromocene- orbis(n™-arene)-type andtheir substituted derivatives . Hence,
Examples ofredox potential-physical parameters relationships arenow
cited. e.g., theeffect ofanelectron-donating substituent (such asmethyl) causes
an increase oFfelectron density on themetal site with resulting decreasei n
" " Half-Wave Oxidation potential andHOMO energy the half-wave oxidation potential andin the ionization potential, asi t i s
The oxidation potential measures the energy difference betweenthe observed ¥ nthe series |M(”6-C:Hv)3v |M(”6'C,H:CH")D| and |M{ﬂ6—C,H.,(CH,) ).
oxidized andthe reduced species, including various effects such as differences (M=Cr, Mo orNb) .°
in solvation energies andin the heats of formation of the complexes. However, Similar relationships between E(?X,,, andthe ionization potential
since theelectron removed i sexpected toleave the HOMO orbital, a correlation (I ) fora given valence change of the cor}eSpondi'ng gaseous metal ions lIEOX/
between the energy ofthis orbital andthe oxidation potential fora series of ve:’sus TA(M]'_—.MI I) ! I/\O§2 L T”:llm,. reportgd'(nl) v

related complexes would be predictable. for complexes ofCo, NiandCuwith macrocyclic tetraaza (nitrogen donor)

ligands of the trans- tetramine (cyclam) type shown below, whereas the same

N j (122) red 11 . I L1l .
of the |Mn(CNMe),(C0),_J complexes andthe calculated HOMO energy (figure ! trend s observed forE_rlz (=== M Bversus |p(M - M j) inFe,Co,Ni

corresponds and Cu complexes of the trans-diene type macrocyclic ligand.

In agreement with this prediction, a linear correlation between E(%'

was observed by Fenske: “'”>*the greater stability o¥f the HOMO
These observed linear relationships also evidence that the electron

is removed from themetal andnot from a ligand-based orbital.

0X
‘172
H* IH n 1
) NONA NN
N N * ~ N N
-10 -12 -14 H i iH H
HOMO ener eV
ox gy (eV)
Figure 9. E,,, versus HOMO energy for |Mn(CNMe),(C0) ] complexes.<® >
trans-tetramine trans-diene
type ligand type ligand

* EniE varlee (AM ! VikkK perSonal domminication) " «p.ct.d
C - Half-wave potential andligand field stabilization energy
A linear relationship was also observed ~**~ i  low-spin d” Co(lll)
octahedral-type complexes |CoLX.,|" (where L is amacrocyclic nitrogen donor

ligand of the trans-tetramine or trans-diene type - seeabove) between the



half-wave reduction potential E~j (Co'''-~ Co') and the ligand field
stabilization energy of the axial X ligand (X=Br,CI,H,0,N,,NCS,NH,,CN).

All the t.,, orbitals are filled in these low-spin Co(lll) complexes
and on reduction the incoming electron occupies an e LUMO orbital. The higher

the ligand field stabilization energy of X, the more destabilizedare the e

g
orbitals and the more difficult is the reduction; hence, higher ligand field
red

strengths correspond to lower EX,,

Similar relationships are followed by other octahedral-type Co(lll)
complexes, such as | Col™ | ™ (L*"”~0, NH ; n=+3. L"=CN; n=-3).@>®

* ~ Half-wave potential and electron donor/acceptor character
of the ligands
A general linear expression (valid for 18-electron octahedral-type
0X

complexes with a 16-electron square pyramid metal site, |[M/L])of versus
the net electron donor/acceptor character of the ligand L (equation 55) was
proposed and discussed previously (chapter 1V). It was then defined (equation
a new electrochemical ligand parameter (P” which constitutes a measure of its
net electron donor/acceptor character.

However, other parameters (e.g., a Hammett substituent constants and
i.r. stretching frequencies of unsaturated ligands) are known which reflect the
electron donor or withdrawal behaviour of a ligand and correlations with
half-wave potentials have been reported. Examples are now cited.

(@) E~, versus 0 Hammett constant

(a.l) Substituted cyclopentadienyl complexes

Anodic half-wave potentials have been quoted for a variety of
substituted metallocenes and they correlate with substituent constants and
shifts of bands in the electronic spectra of the complexes.

Hence, e.g., a linear correlation was found between E % and
Hammett a of the substituent in the monosubstituted ferrocene
|[Fe(n°*-C.H.)(n*-C.,H,X) | species.<'**»'*°)

Related substituent effects were found in substituted cobaltocene
species: substituentswith electron donor character (such as alkyls and NH )

favour the oxidation whereas those with electron acceptor character (carboxylic

acids and carboxylates) have an opposite effect/' ' *''~
Correlations between E,,, and a, constants were also quoted for other
substituted metallocenes, e.g., ruthenocenes.“*®

57)

Chronopotentiometric quarter-wave potentials, E", measured at
Pt electrode, of mono- and di-substituted ferrocenes (with 1,1* orientation

of the substituents) also correlate linearly with the summation of the
Hammett c substituent constants. > The absence of a direct interaction
he rings is evidenced by the additivity of the substituent effects in
disubstituted ferrocenes with one substi-tuent in each ring. @30

Other less satisfactory linear relationshipswere observed for
Hammett o or Taft a* substituent parameters, thus substantiating a considerable
effect of the resonance interactions between substituents and the ferrocene
centre. Steric effects of bulky substituents do not appear to be present
probably due to the cyclopentadienyl ring rotation around the iron atom, thus
allowing the approach of this atom to the electrode/'*-* It is, however, known
that oxidation is favoured by the distortion of the rings when they are bridged
by a short-chain bridge.

The mono cyclopentadienyl complexes of the type |[M(n -C.H.,)(CO0).]
(where M is a group VII transition metal, Mn or Re) can generally also undergo
a one-electron reversible oxidation at a platinum electrode in acetonitrile
with JEt~N]|IBF~] and the effect on the oxidation potential of the substituent
is analogous to that observed with substituted metallocenes; the replacement of
a carbonyl ligand by a better electron donor species such as phosphine results,

as expected, in an increase of that potential. Moreover, the Re complexes
s (132)
are harder to oxidize than their Mn analogues.

(a.2) Substituted n-arene complexes

As mentioned above, the conjugation between the aromatic ring and the
substituent plays a considerable part in the transfer of the substituent
electronic effects to the metal of a metallocene series.

However, in substituted dibenzenechromium |Cr(n -arene).| complexes
- which are isoelectronic and isostructural with ferrocene - the conjugation
of the substituents with the ligating ring is weaker and the inductive
mechanism plays the major role in such transfer as evidenced from the linear
correlation between the half-wave potentials, E*", and the meta-substituent

constants (a ) (an acceptable f i twas <not observed for para-substituent
N\

("23)
constants). A linear correlation was also quoted for E”~, vs_. Ea™ (the
sum of the Hammett meta - parameter)®. ~'*°”~ The electrochemical studies were
(133)
undertaken by rotating disc electrode (Pt or Au) techniques or at a

Pt "flag" working electrode” "~ £ dimethylsulfoxide with a Bu>N salt: in

the oxidation of the neutral Cr(o) complexes and in the reduction of the



cationic Cr(l) species oneelectron reversible redox waves were observed.

The different correlations observed for the dibenzene complexes and
the metallocene speciesconceivablyare related tothe different typeof
TT-MO*S involved in bonding tothe metal. Hence, although in metallocenes
predominates the interaction ofthe ring IMorbitals with the metal d and
‘yz -ttt resulting electronic ligand tometal transfer and gécrease
of the C-C bond order),"***~ in the benzene complexes the ring OC bond order
decrease results mainly from the interaction between the metal do o and d

ye - > X -—yn Xy
orbitals andthe ligand TT orbitals with a resulting electronic transfer from
the metal tothese ring orbitals. Hence, the resonance transfer of the
substituent electronic effects tothe metal atom is not favoured in the

dibenzene species.
(a.3) lIsocyanide andother complexes

Aryl isocyanide complexes are invariably harder tooxidize than
their alkyl homologues in agreement with the higher electron
withdrawing ability of the aryl substituent.

Moreover, within anaryl isocyanide series, with a variable

substituent such as | Cr (CNCAX) | f*°°> | MnCCNCAX),|PFg f**°> | FeBr (n°-")

(CNC,H.X).,| *** - andt,ans-|M(CNC,H.X),(dppe).] (M=Mo or W), <**> linear correla-

tions (see, e.g., figure 10) have been observed between E?* data anda ora
1 p m
Hammett substituent group(X) parameters.

The effect of the substituent on the electrochemicalprocess is a

combined inductive andresonance interaction asevidenced by the better linear

Figure 10 - Plot ofF against a, for trans-|M(CNC.,H.,X),.(dppe).l , M=Moor

W (open circles correspond to W ) .X=Cl(a), H(b), Me(c) or OMe(d).<*

0X
,».vrr-Plation ofE,.~ with a or a than e.g., with the a Taft inductive
1/2 p m (23,135)

parameter or the a, pure resonance parameter.
Moreover, a substantially better correlation ofEy, with
Hammett's a ' constant than with appears tobevalidin

trans-|ReCI(CNC H X)(dppe) | complexes, suggesting that the HOMO is conjugated
7 27)
to the aryl substituent.
0X

In al lthe cases, Ey, increaseswith the Hammett constant, m
agreement with the stabilization ofthe HOMO as a result ofan increase in the
electron acceptor character ofa ligand.

The same trend isobserved in complexes with other substituted organic

(138)

ligands, namely the organodiazenido complexes | Mo (NNCg”~X) (S.CNMe),), | -
E.s.r. data indicate that the HOMO is essentially metal in character and the
better correlation for E ~ versus a (rather than a° ora )evidences thatthe
HOMO is not conjugated tothe aryl substituent.

The effect oFfFs"ubstituents of the CN unsaturateddiazadiene(diimine)
ligands on the half-wave oxidation potential of tht.Fe(ll) chromophore

complexes
\ / 2+

N 1 N-

v ~ Fe 3

i 12+
or FelLoJ

was studied, and a linear correlation (of the type ofequation 66)

was observed between E°"_ andthe summation of the a*Taft polar (excludes
. (139-141)
mesomeric effects) andE, steric parameters of¥ the substituents-.

‘1/2 - 1/2 * P*E* + 6EE. (66)

(b) E> versus the energy ofa charge transfer band
ox L. -
Linear inverse correlations between Ey, andthe energy (VA) of
metal toligand charge transfer bands in series ofcomplexes with isocyanide

ligands have been observed for a number ofspecies namely the series
ligands have been observed for a number ofspecies namely the series

trans-|M(CNC,H X),(dppe). M=Mo or figure 11)<*?*> and |M(CNR), (CO),_, |
rrns- MErac.H.)?K dBBeiJ M=Mo orwg Sfigure 113‘ v 2> and |M§CNR3Y %CO),
(x=1, M=Cr;“*® x=2o0r 3, M\=Cr orMo ; “**>> x=6, M=Cr. Mo or W<*) .
0X
Since in these complexes E ™ increases linearly with the electron
withdrawing ability (Hammett a constant) of the ligand, a few conclusions
may be mentioned:

- Both the HOMO andthe LTIMO are stabilized by the electron acceptor

character of the ligand.
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Figure 11. Plot ofE ~ (volt) versus 1/A (cm™'x 10"") for
tran. - [MCCNH.X) . Cornoralcvmone o mmmevrcnes N
X-Cl(a), H(b), Me(C), OMe(d) .<***>

- The LUMO shows a greater dependence than theHOMO on this factor.

The same obseivations were reported”®”"* for th.p
trans-|ReCI(CNR) (dppe).| complexes, andthey have been rationalized" ‘> on the
basis oFfsimplified rr-MO schemes with a HOMO resulting from contributionsof
both themetal andtheisocyanide orbitals, whereas thelLUMO is mainly based on
IT CN-antibonding ligand orbitals.

A related inverse (although notlinear) dependence ofE °* on the
energy of a charge transfer band was observed i nsubstituted ferrocenes their
E.,. values appearing tofollow adirect linear relationship with the wavelength
shifts of thebands (at ca. 440mm and 324mm) oftheir electronic spectra.*®
The substituents considered have - linductive effect and, except for those
with mesomeric effects, theincrease of (which follows the- leffect)
parallels a bathocromic shift (to higher wavelengths) ofboth electronic bands.

Those bands correspond tothe e, - a* (440 nm) ande_ - a* (324 nm)

transitions, thee,, 6 being theHOMO whereas thea*,anda.,*, arethe’ LUMO orbitals.

kL
Both e, andai ghave a high metal participation whereas LI hasapredominant

ring character; hence the440nm transition has a high metal d-d character
whereas the324nm transition has a metal-cyclopentadienyl ligand charge
transfer character.~® <"

An increase i ntheelectron withdrawing ability of thesubstituent
results I nthestabilization oftheHOMO orbital (thus theincrease of E~")
and both thelLUMO orbitals, theenergy of thelatter being more affected than
the former, as i twas observed for theabovementioned Cr(o), Mo(o), W(o) or

Re (1) isocyanide complexes.
(004

However, a direct linear correlation between E~™ andtheenergy of
the metal toligand charge-transfer band was reported(145) ¥ _, , |Fe(l,10-
-phenanth*oline), (CNBX"| (X=Me,H,F,C1 or Br) as X varies: the LUMO is probably,

essentially phenanthrolme-rr i ncharacter andi snotunaffected by a change
OX

of X, whereas theHOMO energy depends directly on X; hence, both E ™, and the
energy of thecharge transfer band depend essentially only on theenergy of the
HOMO, i.e, on theeffect ofX andthedirect linear correlation i s observed.
Nevertheless a departure from a linear relationship between E~, and
the energy ofa metal ligand charge transfer band has been recognized oftenand

may be due, e.g., todifferences i ntheenthalpy ofsolvation between the

i or. B - - .(140,141) -
oxidized andthereduced species, as it was proposed tor some
tris(diimide)iron(ll) complexes with bulky substituents i nthediimide ligand.

(c) E~~versus infra-red stretching frequencies

Since intra-red stretching frequencies oFfunsaturated ligands (X=Y)
*

such as N2, CO and NO reflect theelectron-acceptance oFftheir T orbitals
(from metal filled d orbitals) which is dependent on theelectron richnessof
the metal site, it isnotsurprising that correlations between E ™, andv(X=Y)

have been reported: a lowering i nthev(X=Y) value corresponds toan inverse
in theelectron rich character of themetal centre andthus toa decreasei n
OX

/2 - OX
Linear plots ofE , versus V(XEY) have been quoted, e.g., For

the nitrosyl |v(N:0)|1 complexes trans—f‘Mo(NO)L(dppe)‘J (L=NCR,n=+1. L=NCS ,

NCO~, N ~, I~, H~, OH~; n=0) "*- and [Mn(n°-C,H ) (NO)LL" | *~ (L,L"=Lewis base
(146)

ligand such as terciary phosphine orphosphite, CO orbipyridine), aswell
as for thedinitrogen |v(N=N)| andcarbonyl |v (C;0)!species

trans-1 Mo (N, orCO)L (dppe>, | " (L=NCR, CO, N,, NH™; n=0.L=CN~, SCN~,N,~; n=1) ==



The same general trend, although not expressed by a linear plot,
was observed grossly i nother complexes such as the isocyanide |v(C=N)]
trans-|w(CNR).(dppe)Jd ~*°~ and trans-[ReCl (CNR) (dppe) |~ complexes, and
the carbonyl |v(C=0)] trinuclear |HgCo,(C0), {P(OMe).} | (x=0,2,40r 6)/''-*

species.

@@ ~/72 00 X-ray photoelectron spectroscopy binding energy

For the series of tetraphenylporphyrin (TPP) and octaethylporphyrin
(OEP) complexes of iron |Fe(TPP)x|] and |Fe(OEP)x] (X~=Cl7Br~, C10,~ or N~)
the half-wave potentials forreduction of Fe(lll) (measured inCH,C1l, at a
Pt electrode) correlate linearly with theFe2p”, binding energies measured
by X-ray photoelectron spectroscopy.”""

This has been explained in terms of a common dependence of those
parameters on the charge density about the Fe(lll) site (which 1 s dependent
on theelectron donor ability of thehalide or pseudo-halide X ligand): an
increase in the charge density leads to a decrease in thehalf-wave potential

and i nthebinding energy of the Fa core electrons (148)

(e) Other cases

The effects of theelectronic properties of ligands on are
often discussed, although usually ina qualitative way without the attempt
to getwell defined correlationswith physical parameters.
This type of approach i sconvenient inthequalitative interpretation
of therelative redox behaviour of related complexes and a few examples
are mentioned, involving organomercurials and complexes with sulphur bonded

ligands.

Organomercury halides of the type |HgXL] (L=organic ligand) undergo
electrochemical reduction in two one-electron steps (reactions 67), with
rupture of the Hg-X bond (togive the LHg. radical) inthe first step which
is followed by formation of the carbanion L~ in the second step/'*°"

e
LHg-X — ~ LHg. + X" (-\f) (67a)

e
L-Hg- L- + Hg (H.red) (67b)
~/2

Although the first half-wave reduction wave C~A"f~) is mainly

dependent on X (andnoton L), a linear relationship was reported between

"MAENand the electronic affinity of the radical L. or the basicity of the
(149)
carbanion L (expressed by pK”™ of the acid LH).
Moreover, when interaction of the C-Hg a-bond with the n-system of
L(cJ,Tr-conjugation) ispossible (e.g., when an aldehyde, a ketone or an allyl
group ispresent inlL), '+ 'c** negative (thesecond step reductionis

then favoured) than in the other cases where such a a,Tr-conjugation effect i s

(150)
absent.

Within the electrochemical studies which evidence the dependence of
EMy, on theelectronic electron donor/acceptor character of the ligands, the
following examples may be cited forcomplexes with sulphur bonded ligands.

The thio-bridged binuclear complexes [{M(n"-C~AHA)(L)(y-SR)}I™\
(M=Mo, L=NO; M=Fe, L=CO; R=alkyl or aryl) or |{M(n.’-C.H,) (y-SR)>,1 (M=Co,Ni)
undergo a one-electron reversible oxidation (dicationic Fe and Ni species are
also formed irreversibly at a Pt electrode, and the half-wave potential is
dependent on R, the aryl groups corresponding to higher values than those

observed forthe alkyl species, inagreement with the stronger T acceptance of
the “former. )

Although 1 n [Mo(n?*-CAHA)(NO)(1)(S-S)]~ only an ill-defined one-electron

oxidation step was observed, therelated 1,2- and 1,1-dithiolatemanganese
complexes |Mnin~-CAHA)(NO)(S-S)|* |z=0 or -1; S-S = ligand derived from
cis-l,2-disubstituted ethylene dithiolates, benzene-1,2-dithiols, S.,C=X where

X=C(CN),,, C(CN)(CO Et), N(CN), NMe,, or NEtJ wundergo reversible oxidation
: - - . 152,153
and/ or reduction reactions to give the redox series( )

IMn(n-C.,H,) (NO) (S-S) | ~IMn(n°-C.,H.,) (NO) (S-S) | Mnin®-~2) (NO)(S-S) |- (68)
Within these complexes the half-wave potentials forthe various
couples become increasinglynegative at the electron-acceptor ability of the
sulphur ligand substituents decreases.
The related thioxanthate complexes | Mnin®-Cj-H,-)(NO)(S.CSR)} undergo
a reversible one-electron oxidation reaction to the corresponding cationic
species and although the half-wave potentials forthis process arenot
appreciably sensitive to R, they occur at values which are about 100 mVv
higher than those observed forthe corresponding dithiocarbamates 1in agreement
with the greater electron-withdrawing ability of the thioxanthate ligand

relative to the dithiocarbamate.

E - Half-wave potential and n.m.r. parameters

N.m.r. parameters (chemical shifts and coupling constants) have



p - Half-wave potential and ligand structural parameters in

been also correlated with the half-wave potential as shown by the*following
examples. macrocyclic complexes
The redox potential of the central metal in complexes with macrocyclic

A correlation was observed between E,~ of the |[Co (en) j *~""

shift in various ligands
the electronicproperties) of these ligands. Hence, e.g.,

(en=ethylenediamine) redox couple and <( Co) n.m.r. chemical is sensitive to the effects which determine the structure (and thus

solvents (from nitromethane to hexamethylphosphoric acid triamide, corresponding i tis dependent on

to %wide ragge of Gutmann donor numbers from 2.7 to 38.8): with decreasing the size of the macrocyclic cavity, the coordination number, the degree of

irs

Ay v cemy.uavues oo shifted to higher field corresponding to an unsaturation of the chelate ring, the nature and p05|_t|(olré7o_f16tlh)e ring
substituents and the change of the macrocyclic Figand.

increase in electron density at the metal with increasing the Gutmann donor
The Ni(lI1)/Ni(ll1l) redox couple with tetraaza cyclic macrocyclic

number of the solvents (an inverse linear relationshipis observed between
this parameter and EAA - see section G) . ligands has been widely studied and Ey, may span over a wide range (ca.2Vv )
These features are explained ™ "* by considering the outer-sphere by changes in the structure of the macrocycle. The redox behaviour of these
solvation of the complexes through a donor-acceptor interaction between the complexes has been interpreted on the basis of two interesting properties
ethylenedianine ligand and a donor solvent molecule (S), CorISh+RS. This of this type of ligands:“°" strong in-plane metal-nitrogen interactions which
raise the energy of the orbital (essentially metal localized) from which the

interaction is favoured by the increase in polarity of the N-H bond on
isremoved in the oxidation of Ni(ll) to Ni(lll) (thermodynamic effect);

in a closed framework against

electron

coordination of the en ligand, and is more pronounced for Co(lll) than for
steric protection of the oxidized metal cation

Co(ll) due to the stronger electron acceptance of the former.
The electrochemical studies of this Co(I11)/Co(ll) system were other reagents (solvent, etc.) (kinetic effect). These effects favour the

Ag/AgCl electrode in aqueous formation of stable complexes with the metal in an unusually high oxidation

performed at a dropping mercury electrode using a
KC1 solution as the reference electrode. The values of E*,;, were referred to
Pred . el
12 °t e ptepreryterterjum (VO) couple in the respective solvents in and Vasilevskis.

Direct linear relationshipsbetween E* and d-d transition energies

state and this effect has been recognized since the pioneering work of Olson

n

order to eliminate the influence of variable diffusion potentials at the

- i NN - - -
agueous/non-agueous interface. and also between and Hammett a values of substituents in macrocyclic

complexes, E~ may correlatewith the n.m.r. ligands have been reported, e.g., for the Ni(l1) complexes with the

In cyclopentadienyl
chemical shift of the n protons, as itwas observed in the oxidation of macrocyclic dianionic ligandAn:a
lie (n -C,H,)(CNC,H,X),J3r] : E°* increases linearly with both the electron
acceptance of the substituent (X) (as measured by 1its Hammett a parameter)
and the chemical shift 6(0”~). Hence, a decrease in the electron richness
of the metal hampers its oxidation and isaccompanied by a C* proton
chemical shift to lower field.r "%

Mercury(ll) dihalide diphosphine complexes |JHgX.,L.] (X=Cl,Br,I;

L=tertiary phosphine) undergo, at a Hg electrode, reversible two-electron
reductions with formation of elemental mercury, free halide and free phosphine
However, these types of correlations are not distinctive of

(reaction 69).

macrocyclic complexes, have already been mentioned, and the present section

[HgX.L,] + 2 == Hg + 2X~ + 2L (69)
focuses on other types of relationshipswhich are typical of complexes with

The half-wave reduction potential in this series of complexes is . .
tetraaza macrocyclic rings.
shown to follow direct linear correlationswith 6(''p), 6(*""Hg) and J

n.m.r. data. ">



(@) Ring size and other stereochemical parameters

In a comparative electrochemical study of polyaza n-dentate
(n-4,5 or 6) amine macrocyclic complexes of Ni(ll), [Ni(macrocycle)|”, 1in
acetonitrile at a Pt electrode, it was observed®’” that the value of"E" of
the Ni(II)/Ni(lll) redox couple was minimum (less positive) J|ie, the oxidation
of Hi(ll) to Ni(lll) was most favoured| for the symmetric 14-membered tetraaza

ligand (1,4,8,11-tetraazacyclotetradecane, denoted by |14]aneN )

HI | H

Hi 1 H

This ligand appears to have the best size to surround Ni(ll)cation
and to establish strong in-plane coordinative bonds. For a contraction or an
expansion of the ligand cavity(atomicity lower or higher than 14), a decrease
of the electron donating ability occurs as a result of the in-plane distortion
of the nitrogen atoms, and E~ may 1increase drastically/'"

However, an increase in ring size favours the reduction of Ni(ll) to
NiU; tE”, becomes less negative) although the Ni (Il)-»Ni (IlIl) oxidation
becomes less facile. This may be accounted for by considering an increase in
the ideal metal-donor atom distance (ideal "hole size") with the increase
of electron density at the metal upon reduction: NECIHID)-»NiCID)-»Ni(l).(C*°)

Other stereochemical effects may be invoked to explain the effect
of axially oriented methyl substituents on the macrocyclic ring.

Although the Ni(ll) complexes are four-coordinate,the Ni(lll)
derivatives are hexa-coordinate with two axially coordinated solvent
molecules and non-bonding interactions |which are more pronounced in the
complexes of Ni(lll) than of the larger Ni(ll) ion| occur between these ligands
and the axially oriented methyl groups on the ring. As a result of this extra
strain energy to overcome, electrochemical oxidation is hampered.

The redox potential E* I Co(lll)- Co(ll) | of the hexacoordinated
trans-|Co(]13-16]ane N,)C1,|  complexes is also sensitive to the ring size
and correlates(roughly linearly) with the conformation strain energy calculated
as the enthalpy arising from bond length deformations, non-bonded interactions,

bond angle deformations and torsional angle deformations. The sequence

correspond to |16] > |15] > 113] > |14] and agrees with the opposite order of

(164)
stability.

According to the observed correlation between E~A| and the strain
energy, Co(lll) is favoured over Co(ll) (reduction only occurs at more negative
potential values) as the strain energy of the Co(lll) complex decreases which
suggests that the corresponding property of the Co(ll) product complex plays
an insignificant role, i.e., the strain energy is largely relieved upon reduction
of the central metal ion |Co(llIl) to Co(ll)] (a less strained ligand chelation
occurs in the ion with a larger rad"ius\)/.

In these trans-1Co(113-16 | ane NAC1J" complexes the ligand field

strength due to macrocyclic ligand strength (Dqg*”) does not <correlate with the
strain energy (and, hence, with E~d) but the observed order ofDq*’, |13]>]14]>
> 1151> | 161, may be rationalized in the following way by considering the
macrocyclic ligand as a stiff elastic band which encircles the metal ion: the
ligand |l14]aneN, presents the best size to fitCo(lll) (Dg” is normal for
saturated amines) and a constrictive effect of the smaller ring |13]aneN, on
the metal ion increases the metal-nitrogen interaction and hence results in an
enhancement in Dqg*', whereas a decrease of Dq*’ results from the dilative
(stretching) effect on the Co(lll)-N bonds due to the larger |I15]aneN, and

|I6,aneNz rings. (164)

(b) Ligand wunsaturation

Ligand unsaturation also influences the half-wave potential which
undergoes an anodic shift with increasing unsaturation; hence, “increased
stability of the lower valent state |e.g., Co(l)“*> or Ni(ll) | with
respect to the higher valent one results from increasing the degree of ligand
unsaturation.

The magnitude of the E,,, shift is further enhanced by the presence
of a conjugated ct-diimine in the macrocyclic ring and, e.g., the extent of
electron density derealizationis such that 1in the reduction of n
INi(|14]01,3-dieneN,)|, the electron is added to a ligand antibonding T
orbital (as evidenced by e.p.r. data) and not to a metal localized (d,2_,2)
orbital as observed in the reduction of the unsaturated 168;>mplex

2+ o e
INi(] 14101,4,8,11-tetraeneN,) | with isolated Immes.

(c) Additivity of ligand structural parameters

The effects (AE) of various factors on the reversible half-wave
potential of macrocyclic tetraaza complexes were shown to be additive and,

e.g., the following contributions were proposed for the Ni(ll)/Ni(lll) redox



- -
couple (160)
1 AE 1 AE
1@/ ) (m7)
Ring size Two axial methyl groups 1 +183
1141“—|15| 1 +225 Isolated imine . w3
114|+- 116] ¢ 4375 a-Diimine ,  +170
1 Delocalized charge 2430
Analogous additivity relationshipswere found in the
FeuD/Fe(lll)<eo s> are Co (1)/Co (1)< o> couples et in the

former, the two axial methyl group effect is +110 mV, the isolated imine effect

is +49 nmv and the a-diimine contributionis +304 V.

¢ - Solvent and supporting electrolyte effects on the half-wave potential

The half-wave potential of a transition metal complex depends not
only on the intrinsic properties of the metal site and ligands but also on
factors which are controlled by the solvent and the supporting electrolyte.

These "extrinsic" effects on E~, which result from the interaction
of components of the medium (solvent or ions of the supporting electrolyte)
with the complex under study or itselectron transfer derived product, have
not yet been widely studied but a few examples may be cited.

An inverse linear relationshipwas reported”' " between
Ered |Co(en).| n |referred to the bisphenylchromium(1/0) couple to avoid the
interference of the contributions due to ligand junction potentials! and the
Gutmann donor numbers of a wide range of donor solvents (see section E),
the half-wave reduction potential being shifted to more negative values with
increasing the donor number of the solvent. Ejed,,., .,.l.,.es to the °*°Co
resonance value (a decrease in the former corresponds to an upfield shift of
the later) and al l these results are rationalised by considering the outer-
-sphere solvation of jCo(en) * and, to a lesser extent of the Co(ll)
complex]| through a donor-acceptor interaction between the solvent molecules

and the H atoms of the en ligands (see section E) . '

At a Pt electrode the dimeric tetra-u-carboxylato-dirhodium(Il)
|Rh,(0,CR),] complexes are reversible oxidized by a single electron to the
mixed Rh(I11)-Rh(I1l) species, and for R=Et the dependence of E°* on the

solvent was studied: """ | i, e P Cratarraa  to

we of the ferrocene/ferrocinium couple, in order to eliminate the
172
influence of liquid junction potentials) versus Gutmann donor numbers was
13+/2+
observed as in the abovementioned |[Co(en)J system. However, in the

rhodium complexes, the relationshipis interpreted by considering the

bonding ability of the solvent at a free axial position of the rhodium metal
0X

in the dinuclear complex. The decrease of with an increase of the

solvent donicity is a result of the expected destabilization of the HOMO.
An analogous relationshipbetween E~, and the Gutmann donor

number of the solvent was reported for a series of iron(lll) complexes with

hexadentate ligands derived from triethylenetetramine and various
(168)
substituted salicylaldehydes.

In both the dirhodium(ll) |Rh,(0,CR),|] and the idron(lll) series,
the half-wave (oxidation and reduction, respectively) potential is also
dependent on the substituent (of the carboxylato or of the salicylaldehyde
derived ligand, respectively),a linear relationshipbeing observed with the
summation of the inductive and polar Taft substituent constants.

The half-wave potential may also vary with the nature of the
electrolyte and interesting linear correlations (of the type of equation 70)
between the half-wave reduction potential of tris(acetylacetonato)iron(lll)
at a mercury electrode and the reciprocal of the cationic unsolvated radius

(1/r +) of the supporting electrolyte M)‘C10~ (M =Li",Na",K ,NEt, ) were

reported for a variety of solvents.
N/2 "1/ 2 iy o>

In this expression, E°~, and y are the intercept and the slope
observed for each solvent. The dependence of y on the nature of the solvent
was also investigated and a linear inverse plot of y versus the Gutmann donor
number of the solvent was experimentally observed. Hence, for a common
electrolyte, the dependence of E”~ on the donicity of the solvent follows the
trend already mentioned for the dirhodium(ll) and the iron(llIl) species. No
correlation was found between y and the dipole moment or the dielectric
properties of the solvent, thus ruling out a pure electrostatic interaction.

The effect of the electrolyte (a decrease in the cationic radius
results in an increase of favouring the reduction) was interpreted by
considering the coordinative relaxation of the reduced product, |Fe(acac).| ,
to allow the transfer of an acetylacetonato ligand to the M electrolyte
cation (equations 71, where the subscript solv. denotes a solvated species).

The Lewis acidic character of the alkali metal cation M (and hence its

FeCacac)J . +e A [Fe(acac).| ..., ")
3"solv



,|Fe(acac)3]_sol-v + (M )solv =N IFe(acaCQ‘Jso”lv + M(acac) solv (71b)
interaction with an electron donating species) increases with the reciprocal of
the radius, ¥Yr”, and is believed to be much stronger than any of the other
species which are involved in equations 71; these facts are suggested
to present a high influence on the electrochemical process

The dependence of the redox properties on both the nature of the
solvent and the supporting electrolyte has alsobeen observed in acetylacetonato

complexes of Mn(Cll11) " and Cu(ll).<"™

VIl - ELECTROCHEMISTRY OF REDOX SERIES

A redox series of complexes is defined as a set of complexes which
present identical composition but differ in the overall number(n) of electrons.
Hence, the following sequence(72) (with more than two redox steps) represents

such a series:

ML= ML ML - ML - (72)

where m is the number of ligands and z is the charge of the complex.

A sistematic study of the redox properties of these series was
undertaken-*~ f __ the cases L is a redox active ligand (a ligand which, in
the uncomplexed form,can undergo a reduction or an oxidation) with a bidentate
Character and belonging to a conjugated system (e.g.,adipyridyl or a g-diketone) i'''"*

These complexes present a strong ligand-ligand interaction and their
electrochemical properties have then been interpreted by considering them, in

a limiting case, as being formed by a central metal atom and a "“cluster" of

inter-acting ligands (L ).

A - Number of elements of a redox series

In a redox series, the maximum number (N ) of redox steps is
max '

given by B
max - My L™  (73)

where N~ is the number of metal based redox steps and N* is the number of
electrons the free ligand (L) can exchange (e.g., if the most oxidized form
is taken as reference, N* corresponds to the number of electrons the ligand
can be reduced).

‘'max * *'°r<vc'» also governed by other factors such as the overall

charge of the complex and, e.g., 1 fN is large, the charge of the most reduced

complexes may be highly negative and too unstable.

Moreover, for the high overall negatively charged species,the E°
values for ligand based redox steps move towards more negative potentials and
may eventually become inaccessible. Hence, e.g., for |Cr(dipy).j|® redox series,

NM:3, NL:Z and then N max:3+3X2:g; however, only six steps are observed:

further steps would correspond to negative charges (z) lower than -3 and
are out of experimental reach.

Hence, i tis common to find that the number of experimentally
accessible redox steps is lower than N

A ) . (173-176) .
from the analysis of various experimental data e

propos*l\(”z) N, f.n,..L,g generalization:

The Nmax redox steps are divided into Au separated steps and IY_
sets of one electron steps each containingm individual steps (see the Ir
series in figure 12).

This can be interpreted on the basis of MO-calculations for the
complexes considered as being formed by the metal atom and a cluster of
interacting L~ ligands.

In a sinmplified way the redox behaviour of the series |M(dipy).|’
(figure 13) may be interpreted as follows. They belong to the ML type, and
each ligand (with a vacant Tr-antibonding orbital and N,=2) contributes with
one redox orbital. lue to ligand-ligand interactions, the set of these three
degenerate orbitals is split and a "triplet"” of redox steps results from
their stepwise half-filling whereas another "triplet" arises from the
stepwise filling-up of the same orbitals; the energy between each level is

small, corresponding to the third case of the AE° criterion (see below).

17-111

Ir \W{ {{1

d°/,6\ \ W
“\ -l AN \

Fe

cr5/”8 Lr-ni

cr I T J i I 1

+ .0 -1
ErIM(dipy).|7/V

(172)

Figure 12 - Redox steps in the redox series |M(dipy)”



Clearly distinguished redox steps occur inso-called "well-behaved”
series (e.g., I'rand Fe series infigure 12) which correspond to high energy
separation between metal and ligand based orbitals with resulting weak mixing
of metal d and ligand ir-antibonding orbitals. However, the series may deviate
from this behaviour and in the opposite limit one cannot distinguish between
metal- and ligand-based redox steps. The Cr series of figure 12,corresponds
to an intermediate case where a considerable metal and ligand orbitals mixing
occurs.

The various redox states of a redox series arenot equally stable
and, e.g., on thebasis of simplified MO considerations, an extra stabilization
energy isexpected for ligand "clusters" with half-filled or fully occupied
redox orbitals, #inanalogy with the known behaviour of free metal ions, e.g.,

with d° or d*”~ electronic configurations.

JL
3Lorve- JL

Figure 13 - Ligand based redox steps in the redox series |M(dipy).|’

B - Estimation of metal-based redox steps

Although theprediction of the value of this parameter isnotyet
fully established, some empirical rules, have been proposed/ "7

Hence, e.g., the most common oxidation states of themetal in

complexes with redox inactive ligands are considered and the reduction (or
oxidation ) potentials (E°) of the redox processes involved are compared
according, e.g., to the following linit criteria proposedon the basis

of experimental evidence and MO-calculations:

Redox step 1 Redox step 2 AE°=E°-E°

a A 1a aJ" 2 1» a2 0,3-0,9 V

1 - 2 2 2,1 - e

a > a a ab 1,5~3V
Redox steps which correspondto ionization 0,2-0,5 V

from |Closely spaced orbitals or from a
nearly degenerate setof orbitals inthe
course of which changes inorbital and

spin pairing are comparable

where a and b_denote redox orbitals inthe complex.

If E° fora redox step isknown (experimentally measured or with
an expected value on the basis of experimental values known forother
complexes), the ranges forthe E° values of other redox steps (and,hence, the

possibility of their detection) may be predicted grossly.



(23)

Hence, e.g., chromium, with a moat frequent d configuration, a oxidation of the neutral parent species; the same cationic species are

common d°-d range and E°(d’-KI‘) away from the limits of the experimentally vt R (142)

available potential range, is expected to exhibit three redox steps (N,=3) obtained by chemical oxidation.

(see figure 12); a fourth redox step (d'->d?) may, however, be observed in Electrochemical oxidation, or reduction, of Ni(ll) complexes of

the presence of ligands which can stabilize a high positive charge at the certain tetraaza macrocyclic ligands of the trans-tetramine and trans-diene

netal types mentioned in section VLB, leads to the corresponding complexes with 62
unusual tripositive, or unipositive, respectively,nickel oxidation states. (162)

However, iron has d° and d° configurations as the most frequent ones, Similar complexes of copper in the uncommon +3 oxidation state may

~ P o x_f i
d +d step is observed but d d" is expected to occur at a much lower also be prepared by constant potential electrolysis of parent Cu(ll) species

. - - o . . -
potential (second case in the abovementioned AE° criterion) and 1is not in the -15 to -20°C range (at higher temperatures, the former converts into

observed; moreover, d‘+d® would be at a considerable higher E° value than i
the latter).

B 3_>d4) (the Tlatter being higher than the corresponding value for However, the occurrence of chemical reactions coupled to the

Cr d »d )and is also not detected. Thus, N =1 for iron (figure 12). electrochemical process may lead to other complexes with different ligands
and/or structures, following a variety of possible sequences as shown in

VIIl - ELECTROSYNTHESIS AND CATALYSIS
chapters 1l and 111.

Electrochemistry may constitute a powerful preparative tool of .Activationof a ligand may also result from oxidation or reduction
organometallic complexes. They may also behave as intermediate species, of a complex and new derived organometallic species may be obtained upon
generated in situ, in the synthesis of organic compounds. Examples are also chemical reaction.
known with the involvementof catalytic organometallic intermediates. Moreover, organometallic compounds may be electrochemically

The electrochemical activation of a ligand my play a fundamental synthesised in cathodic or anodic processes with the direct involvement of the
role in these reactions as this topic will be considered further in the fields metal electrode (sacrificial electrode) to which the organic ligand binds, and
of nitrogen fixation and carbon dioxide activation. examples of these systems will also be mentioned briefly.

A - Electrosynthesis of organometallic complexes (b ) Electrochemical reaction in the presence of a suitable ligand
(a ) Introduction By electrochemical reduction of a system composed of a metal centre in

) B ) _ . the presence of a suitable ligand (or ligand precursor)an organometallic complex
Electrochemical oxidation or reduction of a transition metal complex
- . . . _ _ may be synthesized.
constitutes a potential versatile route for the preparation of a wide variety
. - . . . Cycloolefinic complexes have been electrosynthesized in this wa
of new species which, however,may be difficult to isolate due to their y P y ¥

unstability or to the non-selectivityof the redox process with possible (general equation 74) according to two possible pathways, one involving a

formation of mixtures of products primary metal reduction followed by ligand coordination (equation 75) and the
R - _ R . other one proceeding through a reduction of the ligand prior to coordination
Simple oxidized or reduced complexes, sometimes with the transition . (17,18)
. . B to a metal (equations 76). ’
metal in an unusual oxidation state,may be prepared, generally by controlled

M +L+e -ML (74)
potential electrolysis.
Hence, e.g., paramagnetic isocyanide complexes of Mo(l) or W(l), (i W+ e =% HCo (752)
type (i
trans_-|M(CNR) ,, (dppe) ,,| (R=alkyl or aryl) may be prepared by electrochemical
M(0) + L * ML Ga)
L +e > L (76a)
type (11)

Lo+ M —* W (76b)



where M and M(o) correspond typically to a hard and a soft acid, and L synthesized by electrochemical reduction of the parent acetylacetonato

and L to a hard and a soft base. species, |M(acac)d (M = V,.Cr, Mn, Fe, Co, Ni) at an inert electrode
The metal centre M may be electrochemically generated at the anode, (graphite or stainless steel) in diméthylformamide-1Bu~N |Br, under Q0

by anodic dissolution of this electrode. (50-200 atm). The anode is in aluminum and the overall processes, at the

Type (i) cathode, may be given by equations 78, whereas at the anode occurs

Within this scheme, a variety of cycloolefinic complexes of first XCO " IM(CO).1  or neutral polymeric species (782)

row group W to VIII transition metals have been synthesized by electrochemical [

reduction of the corresponding acetylacetonato species in the presence of the (n+De

appropriate olefin/: mitriiomiin) » [M(CO) 1 or anionic polymeric species (78b)
Examples include the electrolytic reduction of |Ni(acac>,] (in the oxilation of Al to Al _(183‘186)

pyridine using tetrabutylammonium bromide as supporting electrolyte and These reactions may present a considerable yield (over 60%) but

aluminium as the anode) 1in the presence of 1,5-cyclooctadiene ( |Q ) . : : : :
difficulties, from the synthetic point of view,result from the Ilow

cyclooctatetraene ( Q ) or 1,5,9-cyclododecatriene ( £~ ) to give (183-186)
i X A A selectivity.
bis (I,5-cyclooctadiene)nickel( o), cyclooctatetraenenickel(o) and ) ;
182) Metal-carbon bond formation may also result from the reaction of an
1,5,9-cyclododecatrienenickel (o) respectively.( A A A A
electrochemically generated reduced species with an alkyl halide.

The n -cyclooctenyl)-1,5-cyclooctadienecobalt(l complex _ R _ R R R
( y yh y M P Examples which refer niquel complexes involved as intermediates in the

I jlco (cop) catalytic reduction of alkyl halides are given in section B.a.
Another example is given by the synthesis of the a-alkyliron(ll)

was synthesized‘-*> ina sinilar way by electrolysis of |Co(acac),|] in the ) B L
porphyrin complexes |FeR(TPP)] (where TPP=tetraphenylporphyrin) by electrophilic

presence of 1,5-cyclooctadiene(COD). The reaction was postulated to proceed
attack of alkyl halide (EX) at the iron(l) complex |Fe(TPP)f electrochemically

through the following sequence
generated from the reduction of the parent iron(ll) compound |[Fe(TPP)]

2e
I Co(acac), . {Co } +2 acac" (reactions 77%} (87
ads e
) |Fe(TPPY| "7 _ |Fe(TPP)|
C .
{Co} 4o + 2C0D {Co(coD™
N -
-Co (COD)adS Co (COD) |Fe(TPP)] +RX |[Fe RCTPP) | + X 79)
The reactivity of the iron(l) intermediate complex towards the
alkyl halide follows the electron-donating character of the ring, and the
Co (COD) 3 Co (con) an reaction mechanism is suggested to be of the type involving substitution

fo the halogen ion by the iron(l) compound.
Type(ii)

" The examples cited above correspond to the electrosynthesis of low

where the index "ads" refers to species adsorbed at the electrode.
The chemical synthesis corresponding to these electrochemical valent transition metal complexes through reduction of a metal site in the
preparations of cycloolefinic complexes were not yet known when the latter presence of a suitable ligand. However, the synthesis may result from the

were performed. electrochemical reduction of a ligand precursor with retention of the metal

Other low valent transition metal complexes may be prepared by oxidation state.

related routes, namely mono- or polymeric-polycarbonyls, which are



An example is given by the electrolytic reduction of
cyclooctatetraene (COT) to the dianion (COT*") in the presence of |ZrCl | in

thf, using a Mg or an Al anode (reactions 80 and si)/ ' "**'*")

|ZrCl,] + 2COT + 2Mg (anode) thf/LiBr, 20°C ,

electrolysis
v

» |Zr(C0T).| + 2 MgCl, o)

- - . thf/INB.U, | Br,20°C
3|ZrCl,] + 3COT + 2Al (anode)
electrolysis

v

—->  3|zZrCl,(COT)].thf + 2AICI,.thf oo

The central metal ionmay be formed by dissolution of a sacrificial
anode and, e.g., the cyclooctatetraenenickel complex was synthesized (188) by
the anodic dissolution of a soluble Ni anode in the presence of COT, by using
a cell without diaphragm.

Examples are known where both the metal and the ligand may undergo
electrochemical reduction, as in the electrosynthesis ox |Ti C1(COT)]-L
(where L-thf or pyridine), | (n*H~ATpiCOT) Jor "(COT)”™ by electrolysis
of parent Ti(lV) species in the presence of COT (reactions 82-84).“°"

iTiClJ + COT + L + Al(anode) n

ITiCI(COT)|.L + AlC1..L 62

e

e ’
[(° -cHyTict,” + cOT + Al (anode)  »

i 5
| (ri -C.H.)Ti (COT) | + AIC1 .thf )

[Ti(OR),] + 1 i COT + | Al (anode)

—* N\ iTi?NicoTXj + | AL1(OR), Coas

() Electrochemical generation of an intermediate complex

with a reactive ligand

Electrochemical oxidation or reduction of an organometallic complex
may result in itsactivation namely towards a nucleophilic or electrophilic

agent, or a radical species, thus allowing the synthesis of derived complexes

- 8 -

wich often may be conveniently prepared by electrochemical generation of the
activated intermediate complex in thepresence of a suitable reagent, the

chemical reaction occurring in situ.
(c.l) Electroreduction followedby reaction with electrophile

Substituted cyclopentadiene cobalt cyclopentadienyls have been
easily prepared by this route inhigh yields/*'**) although their chemical
preparations present considerable difficulties and were even unknown, e.g.,
as inthecase of trisubstituted species.

Cobalticenium salts are stable species, easy toprepare/'°~ which
can undergo two one-electron reversible reduction reactions to give neutral
an® anionic cobattocene specites. (73,191)

Both cobaltocene and the anion are unstable complexes, hard
to prepare chemically, but easily obtained electrochemicallyfrom the
corresponding cobalticenium salts. They can then react insitu with a suitable
electrophile, such as an alkyl halide or carbon dioxide, to give substituted
cyclopentadiene species.

These reactions are summarized by sequences 85-87 and they may
constitute a convenient route to trisubstituted cyclopentadiene species (when
starting from disubstituted cobalticenium salts) (reactions 87) and a way to

incorporate CO, into an organic moiety. , F

RX
Co(n’-c.H).I' —> |Co(n*-C.H,), (85)

In reactions (85) the formation of the monosubstituted cyclopentadiene
species i s accompanied by thepartial regeneration of the cobalticeniumion
(in an equal molar amount) which can undergo a new reduction, the electrochemical,

process allowing a quantitative yield based on cobaltocene although the chemical
. . (189)
preparation alone would correspond to a 50% yield linit.

The carboxycyclopentadiene species, derived from attack of CO, atthe
cobaltocene anion (reactions 86 and 87)‘-*">, can undergo further reaction with
an electrophile (H" or alkyl halide) to give the carboxylic acid or corresponding

ester.



86 -

The trisubstituted species appear as mixtures of the isomers with
1-2 and 1-3 disubstituted cyclopentadiene ligand.

Cn°-Cyclopentadienyl)(n‘~arene)iron cations may undergo
electrochemical/ chemical reactions analogous to those reported for
cobalticenium-type species.

Hence, they may be reduced electrochemically intwo successive
single-electron steps to the corresponding radicals and anions which react
with electrophilic reagents (such as alkyl halides R X)to yield substituted
cyclohexadienyl derivatives ina regio- and stereo-specificway

(R s inthe exo position) (reactions88) .(192)

(88)

The reaction of theneutral 19~electron radical complex with R X is
believed to proceed by a radical mechanism involving an electron transfer
between themetal species and the organohalide to give a cationic complex

and the organic R. radical; attack of this radical at theneutral complex
(192)

affords the final substituted cyclohexadienyl derivative. The same
radical mechanism has been established for the reaction of cobaltocene,
[Co(n*-C.H.).] , with. R°X to give ] Co(n."-CH) (r~-C~R*) | .

Electrochemical reduction of a complex may activate a ligand
towards protonation and, e.g., the6-alkyliron(ll) porphyrins |Fe(TPP)(CH=X)]

|TPP = meso-tetraphenylporphyrin; X = C(C,H.Cl-4),, C(C,Hj, or S]
b 4 - z bJz '

have been reported to be formed upon a (2-electron + H )-reduction of the
corresponding carbeneiron(ll) compounds, according to the proposed

reactions (89) .<""



(TPP) Fe"=C=X

(TPP)Fe'"'-CH=x]

(TPP)Fe'*-CH=x]

examples will (sectionC )inthe field of nitrogen I (n°-RC,H.CN)Mo(p -SMe).Mo(n°-RCgH.,) | " with a cyanocyclohexadienyl ligand/*

Ph.C
Co(,"-C,H.R){n*-C.H,(CO,Me)R"}
Cor-CARMM_CACOAR"}
AT T

(92)
(...""=H_. R=Me; R"=2-Me, 3-Me)

This novel route to thesynthesis of cobalticenium salts (involving
electrochemically generated intermediate complexes) allowed thepreparation of
the first trisubstituted cobalticenium salts.

(89) The dicationic complexes |(,°-RC,H.CN)Mo(p-SMe).Mo(n -RC,H,)j -
with a TT-cyanobenzene ligand are formed by controlled potential electrolysis -
in propylene carbonate-|Et.N]|PFA[ at a Pt electrode - of thecationic species
this reaction proceeds by a two-electron oxidation-proton elimination mechanism

(equation 93) which i salso suggested to be involved i ntheknown *°»

(c.2) Electrooxidation followed by proton elimination or other reactions

Electrochemical oxidation of a hydride transition metal complex
may result i nloss of proton from themetal as i twas illustrated in
section I1.B.e. However, proton elimination from an organic ligand may also be
promoted by oxidation of the complex and, e.g., thesubstituted Co complexes
prepared as described above, which may be denoted as | Co(n”*-C~H”R)(n*-C~H~R"R™)
may undergo electrochemical or chemical oxidation and when presenting an exo
hydrogen atom, they lead to thecorresponding substituted cobalticenium salts

(equation 90) . Site)

Co(n-c.H.R)(, -C.H.R) Co(n*-C.H.,R).|* + H + 2e (90)

(R=H, Me, CO,Me)

An analogous reaction (91) occurs with theisoelectronic iron(ll)
complex |Fe(n°-C H )(n°-C,HO I.<*°*>
D D o |/

Fe(n*-c,H,)(n°-c.H,) Fe(n®-C,H,) (TI'-C,H) | + H' + 2e (91)

When theexo substituent § sMe or Ph, degradation of the cobalt
species occurs, butif CO,Me istheexo substituent, oxidation by
IPh.C] |BFJ (triphenylmethyl tetrafluoroborate) results i ntheendo hydrogen
elimination togive thesubstituted cobalticiniumsalt §Enquantitative yield

(equation 92).¢ "

synthesis of free,

+e

SMe)

substituted arenes by oxidation of cyclohexadienyl

SMe)

complexes

(93)



of various transition metals which, are formed upon addition of a nucleophile
(e.g., CN) to a n-complexed arene ligand - the overall reaction corresponds
to a formal replacement of hydride by the nucleophile at a -rr-arene

ligand.

An inorganic ligand may also undergo deprotonation upon electrochemical

oxidation of the complex, as observed, e.g., in the oxidation of the amino
complex [Mn(n°-C H )(CO),,(NH )| (in thf at a Pt electrode) to the hidrazino

A the

and dinitrogen species [Mn(n 5"C") (C0) (L) | (L=N,H, or N)
hydrazine complex is oxidized in thf at a Pt electrode to the dinitrogen
complex and to the binuclear diazene species |[{Mn(n~*CAH~) (CO)AAN~P | via

an intermediate mononuclear diazene compound derived by disproportionation

of an hydrazido(l-) radical species formed by proton elimination promoted

by the oxidation of the parent hydrazine complex according to the proposed”'’)
scheme of reactions 94.

e w wry.

IMn(n 5—CSHS) (CO).(N,HD T |Mn(n5 "C”r) (CO), (N~) | _Disprop_”

-e,+H’
Mn(n -°5".) (CO),(N,H,)| C+N~- and NH* - complexes)

\IMn(n*-C.H,)(CO) (thf)]

Mn(n®-C,H.,) (CO).(N,) I [{Mn(n°-CH) (C0).>, (N*) | (94)

(+ N2H.4— and NH,,3—

- complexes)

Facile oxidation of a ligand (such as ammonia primary amine or
azide) bound to bipyridine complexes of Ru(ll) has been reported to result
from an initial oxidation of Ru(H) to Ru(lll) and provides interesting
examples of electrochemical activation of a ligand to oxidation.

Coordinated ammonia can undergo oxidation to nitrate at a single
metal site by electrolysis of an aqueous solution of |JRu*(trpy)(bpy) (NH"
(trpy=2,2",2"-terpyridine; bpy=2,2'-bipyridine). <>

The reaction is believed”**®) to be initiated by the oxidation of
Ru(ll) to Ru(lll) followed by disproportionation of |JRu*'(trpy)(bpy)(NH)]"
to give an imidoruthenium(1V) complex and the parent |Ru* (trpy; (bpy) (NHMI
species. Ligating nitrite is an intermediate 1in the conversion of nitrate

and the proposed reaction pathway is shown by reactions 95.

. ] -2e H.,0 : .
[ i2+ : i1 i2+
[RUSCNHL) I |RU'™=NHI Ru  (NELOH)

-2H
+2H,0,-7H +H,0,-4H -4e,-3H
-6e -de
_3e Ho Q.-H

IRa""(ONO,) |* o9y _ IRUT " (NO) | (95)

+H.0,-2H I 2> HO, . 2H,

The final oxidation of the nitrito ligand in JRu*(trpy) (bpy)(NO,)|"
was also studied in detail and it is believed to involve the initial

electrochemical oxidation of Ru(ll) to Ru(lll) followed by conversion of the
(199)

ligating nitrite into nitrosyl and nitrato ligands.

Facile oxidative dehydrogenation of an amine ligand may also

follow the (electro)chemicab+oxidation of the metal and, e.g., the nitrile
are formed upon electrochemical (or chemical)
complexes |Ru(bpy).(N=CR), 2+
oxidation of the primary amine complexes | Ru(bpy), (NELCELRX]j (NFLCBLR =
(200)

= allylamme, benzylamine and n-butylamine).

The overall reaction is given by equation 9 and it is believed
to be initiated by the oxidation of Ru(ll) to Ru(lll) followed by a sequence
of net two-electron steps involving imine intermediates.

_ 2+ -8¢ 2+
R*j(bpy).(NH,CH.,R), Ru(bpy).(NCR), (96)
-8H

In the previous examples involving electrochemical activation of a
ligand bound at a {Ru(bpy).> site, deprotonation of the ligand occurs on
oxidation. However, a non-hydrogenated ligand may also undergo oxidation as in
the conversion of azide to dinitrogen (equation 97) which is also believed

-e

Rut (Bpy).(N.).]+ NCMe Ru(bpy).(NCMe)(N.)I + 7 N, 97)

to be initiated by oxidation of Ru(ll) to Ru (Ill). Kinetic studies of this
reaction suggested either a rate-determining 1intramolecular electron transfer
from the azide to the Ru(lll) site or a metal-nitrene formation.

An electrochemically generated oxidized intermediate organometallic
complex may also undergo a reaction typical for an organic radical as in the

preparation of the hydroxycarbene compound | Cr{C(OH)Ph} (CO) |by electrolytic



oxidation of theacylchromium(o) species [Cr(COPh)(CO)r|] 1in

CHECN—INEt,4I é|04' ata Pt electrode. (2022

The neutral paramagnetic acylchromium(l) intermediate
|Cr(COPh)(CO)I, as detected by e.s.r., presents theunpaired electron density
highly ligand centered and abstracts an hydrogen atom from the electrolyte(RH)
in a similar way to known oxygen-centered organic radicals. The reaction
sequence i sdepicted by equations98 and theoverall process formally corresponds

to theelectrochemical oxidation of a hydrogen donor substrate (RH) (equation 99)

e RH
Icr{C(0)Ph}(CO).] -—~  JCr{C(0)Ph}(CO).] >
+e
ICr{C(OH)Ph}(CO),] + R. 98)
(RH=Et.N")
RH s» R. + H (99)

(d) Electrochemical reduction of ligand functional groups

Functional groups, such as”~C=0, -COOH, "C=N-OH, -CH=CH- i n
metallocene type complexes, may undergo electrochemical reduction and new

organometallic complexes with derived functional moieties may be synthesized
(203-205)

by preparative electrolysis. These electrochemical reductive synthesis
may differ from thechemical reduction reactions which the same species may
undergo, e.g., the former being regiospecificon thefunctional group such as

in thefollowing examples.

Ketone functional groups i ncyclopentadienyl(arene)iron(ll) cationic
species may be regioselectivelyreduced at a mercury electrode to secondary
alcohols (atlowpH) or pinacols (at high pH) (reactions 100), whereas acids
undergo similar reactions toprimary alcohols (reactions101).

These electrochemical reactions areregiospecificon thefunctional
group rather than on theligand ring, incontrast to thechemical reduction
(by BH”~ ) which occurs also at thebenzene i ntheketone species to give
n*-cyclohexadienyl Jligand. I tisalso know/*°*>°°6).h,, J-J" chemical
reduction by BH® of acids or esters, inthese Fe(ll) complexes, i s
regiospecific on thearene ligand (not at thefunctional group) which yields
n‘-cyclohexadienyl; an inversion of theregiospecificnature of the reduction
is then observed when considering theelectrochemical reduction instead ofthe

chemical one.

R
2e,2H
Fe pH=0
le
pH=13-14
1H
NZ3MN- CR(OH)-CR* (OH) _ <~3 7™
Fe Fe
0>-R
(R=R"=Me; R=Me, R'=Ph)
Fe 2e,2H
-H.0
<0>-=r"
R=H,R"=COOH
R=COOH,R"=H

93 -
(R=H;R"=Me,Ph)
2+
Fe 2e,2H

R=H,R"=CHO

R=CHO.R"=H

,~R”
(100)
Fe
<C>-R*

R=H,R"=CH,0H

R=CH,OH,R"=H

(101)



The carboxylic acid functional group is activated towards reduction and the preparation of Grignard reagents may involve the direct
bv the cationic metal centre since, under identical experimental conditions, application of metals).
(205)

reduction of uncoordinated benzoic acid does not occur.
- The yields are often high on the basis of metal consumption, and

Reduction of a-oxotetramethylenecyclopentadienyl(arene)iron(ll)
other reagents (such as, e.g., organic halides) which are present

was also studied, and both the electrochemical and the chemical reaction occur
in excess can be used again for further synthesis.

stereospecifically in trans position relative to the metal (exo”side of the
ring) to give only the endo alcohol product (reaction 102). - Certain compounds with corresponding difficult chemical accessmay be

conveniently prepared by simpler electrochemical synthesis.

- The electrochemical experimental conditions involve often ambient

temperatures and do no't require efficient high-vacuum systems.

The last two advantages present a wider significance, corresponding

to the favourable application, in some cases, of general electrosynthesis over

(102)
preparative chemical methods.
(e.l1) Cathodic processes
' ~ Electrosynthesis from non-organometallic compounds
Electrolysis of carbonyl compounds (ketones‘"*°'~**"- or aldehydes™**""
in aqueous acidic medium), other unsaturated species (e.g., olefins,
acrylonitrila)>**®***> or organic halides (e.g., alkyl halides/~t'"!Suitable
B L. . cathode (such as Hg, Cd, Pb, Sn or TIl) ma result in the formation of
(e) Electrosynthesis at sacrificial electrodes ( y ) may
organometallic compounds presenting the cathode metal (M) as the central element
In the cases mentioned above, the synthesised organometallic complexes (equations 103-105).
present central metals derived from added metal site systems such as a parent
) NRR*C=0 + M srer e M(CHRR®), -
organometallic compound. ( ) G
However, examples of cathodic or anodic processes are known where (M=Hg,n=2. M=Pb, n=4)
the electrode metal itself behaves not only as the source of, or sink for,
electron, but also as the source of the ligating metal centre of the +
organometallic product. Then reactions are said to involve sacrificial
i . NRCH=GH, + M ** == > M(CH,CH,R), (i,4)
electrodes and occur mostly with representative elementsor group 1IB
transition metals, although various examples have also been quoted for other (M=Hg, n=2. M=Sn, n=4)
, T "4 (19,20) s
transition metal group elements; they have already been reviewed, ana mX + M _ggx Ve At (105)

now only representative or more recent cases will be mentioned. (M=Hg, n=2. M=Pb, Sn; n=4)

These direct electrochemical syntheses may offer some advantages over

corresponding preparative chemical methods such as the following ones: The mechanism of these reactions appears to depend e.g., on the
- A metal (which may often be obtained 1in a high purity state and is nature of the solvent, electrolyte and cathode material, conflicting data
easy to store) may be used as a starting material from which the have been presented in some cases, and it has not yet been ascertained.
final compound may be directly synthesised, a situation which is Possible hypotheses have been put forward which will not be dealt

not common in preparative chemistry (although vapour phase synthesis



with in detail: formation of the organometallic compound by interaction t)f
a carbanion (primarily formed by electrochemical reduction of the organic
substrate) with the electrode metal cation of the crystal lattice of the
cathode (ionic me chanism);”***~ formation of the organometallic compound by
interaction of radicals (generated at the cathode) with the cathode metal
(radical mechanism);”**> involvement of an intermediate chemisorbed compound
of the organic substrate and the metal with resulting formation of a
metal-carbon covalent bond/***

The organometallic compounds formed in the cathodic reduction of
organic compounds may be intermediate species to final organic products

(see section B).

Il - Electrosynthesis involving a parent organometallic compound

Diphenylmercury, Ph,Hg, may be obtained by electrochemical reduction
of organometallic derivatives of lead at a mercury cathode.

Hence, controlled potential electrolysis of diphenyllead diacetate
(at the second reduction step) or triphenyllead monoacetate (at the first

87
reduction step) yield diphenylmercury quantitatively (reactions 106 and 107).

PhPb(OAC), i » PhPBb(OAC) . - > PhPp B> PhuHg  (106)

PhPb(0AC) | > Ph.pb. o> Pk (107)

“0Ac

These reactions provide examples for the following possible route
pbserved in the electroreduction of an organometallic compound RQ  (which

corresponds to process iii.7 of figure 3):

R RVQ." Ape RM — E A~ H g +M (108)

Formal insertion of mercury into a metal-metal bond of a dinuclear
carbonyl complex may also occur upon electrochemical reduction of the latter

at a mercury cathode, to afford trimetallic species, as observed in the

(63)
formation of |JHg{M(C0).>,1 (M=Mn or Re) from |M,(CO),,l (reaction 109).
IM.(CO).,] + Hg 1Hg{M(CO).}.1| (109)

A mononuclear ionic species, |M(C0)J , is suggested to be formed,

which, upon reoxidation, gives M(C0).*, the latter attacking the electrode

to afford the final trinuclear complexes.

Other mercurated di- or tri-metallated complexes (the latter with
bridging mercury) may be formed in similar way from mononuclear transition
metal complexes |see, e.g., equations 1107**) and |I/'*"* | and the reaction
may proceed through metal-halide bond cleavage as a result of the electroreduc-

tion (equation 110).

Jw(n°-c.H,)x(co).] -~=* Jw(.,”-c.H.)(co).r —SS* |HA{w( ’°-c.H.)(co).>.]
(110)
|Fe(Ti*-C,H.,) (CO).|" |Hg{Fe(,"-C,H.) (C0).}I (111)
These reactions illustrate process (iii.6) of figure 3.

(e.2) Anodic processes

Anodic processes applied to the synthesis of organometallic compounds
may involve the electrolysis of solutions (or melts) of other previously
prepared parent organometallic species (such as Grignard reagents,organoaluminum
or organoboron complexes). The reaction formally corresponds to atransraetallation
proceeding by"the exchange between the metal ion of the latter compound and
the metal ion formed by dissolution of the anodic electrode.

However, various methods have already been developed for anodic
direct (one-step) electrosynthesis of organometallic species by electrochemical
oxidation of the anode metal (sacrificial electrode) in the presence of a
suitable (organic) ligand precursor, i.e.,without requiring the previous
preparation of a parent organometallic compound. The formation of complexes
with the metal in a relatively low oxidation state appears to constitute an

interesting feature associated to these electrochemical oxidation methods.

1

" Electrosynthesis from non-organometallic compounds

(1) Reactions with organohalides

Electrochemical oxidation of a metal anode (M, either a main group
or a transition metal) in the presence of an organohalide (RX) in an organic
solvent may lead to the formation of an organometal halide which corresponds

formally to the overall oxidative insertion reaction (equation 112).



RX  + M * 7 MX 112)

...(225,226) .,.(227) .- (228,229) ,..(229) ~

M=Ti,Zr Hf,<**>>Sn; “**>> n=2_R=alkyl,aryl,
fluoroalkyl or fluoroaryl. X=halide)

The neutral organometallic R MX, species may be stabilized as
adducts with neutral ligands (such as 2,2"-bipyridine, dimethyl sulphoxide,
1,10”"phenanthroline, 1,4-dioxane, dppe, acetonitrile).

A similar electrochemical method has been used to prepare the anions
|RMX. ] M=zZn or Cd ) as their tetra-n-propyl-ammonium salts,
by adding an excess oFf IR"NIX tothe electrolysis solution.

Products with different stoicheiometries may also be obtained:

RJMX (for M=Ti, Zr, Hf) ***> orRMX, (for M=In).<®

These electrochemical methods may”present considerable synthetic

advantages over the chemical preparative methods, namely avoiding the use of

high temperatures andthe difficulties encountered in the separationof

mixtures of different products formed i n the chemical reactions, e.g., in the

known chemical methods of synthesis oFforganotin halides (direct reactionof
metallic tinwitty the organohalide 1in the presence ofa catalyst at

temperatures o¥ 100-180 C, orreaction of E.Sn with SnX,, also at high
(228)

temperatures, which gives mixtures ofmono-, di- andtri-halide species).
Mainly on the basis of the current efficiency (or electrical yield)
at constant current (expressed as molmetal dissolved per Faraday of

electricity) anddetection ofproducts atthe anode andcathode, the general
mechanism of equations 113 and 114 (with involvement of radical species) was
suggested. (225-234)

Cathode: RX + e~ > R*+ X~ 113)

Anode(M): Xx~-">X" + e (114a)
X* + M —~MX (114b)
MX + RX 2> RMX + X' (114c)
X' + M —*MX (114d)

The cathodic reduction yields X andR* andmigration ofX to the

anode is followed by reactions(114).

A cathodic generation ofhydrocarbon P~ was detected andi t might

be explained by either
R _ "~ R, 115>

R + RX —*R, + X~ (116)

but the latter reaction was ruled once since no appreciable amounts of X"
were detected atthe cathode.

Reactions (114c) and (114d) constitute a chain process (with X" as
the chain carrier) andexplain the high current efficiencies (with values

(226)and Sn .(228) However,

- -1
generally higher than 2 mol MF =) observed for Cd
in the Zn system the values ofFf the current efficiency (lower than 1) are
remarkably lower than those observed for Cd andSn, and then reaction (114d)

appears tohave a small importance (X' formed in reaction 114c < gives X, which
(230)

was detected near the anode).

The formation oTFf the abovementioned products (RInX, andR3MX where
M is a group 1V transition metal) with stoichiometries which are different
from those shown in equation (112) may also be explained by similar mechanisms

although involving the following distinct steps:

MX + RX RMX, (M=1n)® ai7z)
which would replace steps (114c) and (114d);

RMX + 2RX —*- RMX + X, (118)

R.MX, + RX RMX + X, (M=group 1V transition NrreN
(233)

metal)
Organoaluminum halides may also be electrochemically synthesized by

anodic dissolution ofaluminum in anorganic solvent in the presence of an
organohalide, (~35,236) f,..ation ofFbis(dichloroaluminum)methane,

C1,A1CH,A1C1,, by using dichloromethane as the organohalide is believed to

(236}
occur by a mechanism which is similar tothat mentioned above.

(ii) Other reactions

The presence of ligands or ligand precursors other than organohalides
in the anodic dissolution of ametal electrode may also allow the
electrosynthesis ofa variety ofboth inorganic andorganometallic complexes.
Generally the ligand (organic or inorganic) presents a formal anionic charge,
but examples are also known which involve neutral ligands toafford cationic

complexes.
(ii.l) Formation ofcationic complexes by reactions with neutral ligands

Cationic complexes of the type |MA" |BFM|N (n=2o0r 3, depending on
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M; L=NCMe or dimethylsulphoxide) have been recently synthesised 1in one-step
by electrochemical oxidation of both transition and main-group metals

Mv, Cr, Mn,Fe, Co, Ni, Zn, Cd or In), usually in a low oxidation state

(Il or 111), in the presence of the neutral ligand L and HBF~._~*") The
tetrafluoroboric acid was used as a source of a suitable counter ion for salt

formation, and the overall anode reaction may be represented by equation (120).

M+ nIBF.]"™ + 6L -* [MLjBF.]* + ne (120)

Although the method appears to have been applied only to a strict
number of ligands, certainly it is susceptible of a much wider application

to other neutral ligands namely for the preparation of organometallic complexes,

(11.2) Reactionswith olefins

An example of electrosynthesis of an olefinic complex by anodic
dissolution of a soluble metal anode was already mentioned (section A.b -

type i ireactions): formation of cyclooctatetraenenickel in the electrolysis
(188}

of cyclooctatetraene with anickel mode in a cell without a diaphragm.

Similar methods may be used in the preparation of cyclopentadienyl
(or derivatives) manganese complexes by electrolysis of cyclopentadiene
(or its derivatives) with a soluble manganese anode (or, alternatively,) in the

presence of a manganese salt).

(11.3) Reactions with halides

Neutral and anionic anhydrous halides, MX (or their adducta e.g.,
with the acetonitrile or methanol solvent) and MX ""j with the metal often
in a relatively low oxidation state [e.g., V(Il), Cr(ClILl), MnCIl),FeCll)],
may be conveniently synthesised by electrochemical halogenation of a metal
anode at ambient conditions, without requiring the high temperatures associated
with the chemical preparative methods; the latter also differ from the former
in that they afford usually the halides of the high oxidation state of the
metal .

Examples of neutral halides which may be electrosynthesised by this
way are found in all the transition-element groups as well as in the II1IA
group(overall reaction 121); the anionic metal halides may be prepared

X

M WX (121)
n

(M=Ti, Zr or Hf; n=4. M=V , n=2. M-Cr, n-3. M-Mn, Fe, Co, Ni; n-2.
M=Cu; n=l or 2. M=Zn, n=2. M=In; n=1 or 3).
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(overall reaction 122) by carrying out the_electrolysisin the presence
(239-241)
of an excess of a tetraalkyklammonium salt.

X,,R-NX
M - = ryp I 122)
ER e

(M=Ti, Zr or Hf; n=6 (M*2); n=4 (m=1). M=Fe, n=4, m=l. M=Co or Ni, n«=4,
mw2. M=Au, n=4, m=l. M=Cd, n=3, m=l. M=In, n=5, m2; n=2, m=le M=Sn, n=6,m=2)»

The suggestedmechanism for these reactions presents some
similarities with the proposed one (see above) for the formation of
organometallic species from reactions of organohalides.

At the cathode reduction of X, occurs and the X, product migrates to
the anode where it reacts with the metal electrode. A chain process is also
involved as suggested by the high current efficiencies (typically in the

1-20 range and non-integral) (equations 123 and 124).

Cathode: X, + le —*e X (123)
Anode(M) : X~ + M W + X" +e (124a)
WX -> W (124b)
M + X, MX, + X (124c)
M+X =% X (124d)

These metal halogenation reactions do not yield organometallic
compounds but they deserve to be mentioned in this context since the metal
halides formed are of synthetic value for the chemical preparation of other

complexes particularly of organometallic character.

(ii.4) Reactions with hydroborates

Electrochemical oxidation of metals in non-aqueous solvents 1is a
convenient method for the synthesis of metalloborane complexes.
Electrolysis of non-aqueous (e.g., ethanol or acetonitrileSolutions

of octahydrotriborate(l-), 1°3"'s~" °r gt oryfrererete st o cu or Ao anode

in the presence of a phosphine ligand leads to metal dissolution and formation

. ) (272)
of metalloboranes (equations 125 and 126).
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BH (with H,) by the cathodic process (overall equation 129) whereas the
’ ,Cu(BH,)L, i i ) i
complex is formed in the anodic process (equation 130).

Cu
(125) nHL  + ne AonL~ + | H, Crees
B
Cu(B.H)L.I
nL + M =N MLn + ne (130)
Examples of compounds prepared by this method may be cited: "
-e, B,H -
Ag L3 8L, 1Ag(B.H)L.| (126) )
= - Acetylacetonate complexes, ML | (M = Zr,Hf; n=4. M=Ti, V, Cr, Fe,
In; n=3.M=Mn, Co, Ni, Cu, Zn; n=2. L- = CH,COCHCOCH."™)
(L=PPh, or PEtPh,)
0
- 3~Hydroxy-4H-pyran-4-onate complexes, |ML | /\"0
Similarly, electrolysis of an acetonitrile solution of
(M=Fe, In; n=3. M=Co, Ni, Cu; n=2. L is the ligand A n
cyanotrihydroborate |BH,(CN)] at an iron anode yields" |JFe{BH,(CN)>,(NCCH,).]| (243)
whereas the phosphite complexes |Fe{BH~ (CN) }L{P (OR) },!1 are formed in the Il - Electrosynthesis involving a parent organometallic compound
J z jif
| . . (244) . J (19)
presence of the appropriate phosphite, in an overall two-electron transfer
This method has already been reviewed and only some representative
process (equation 127).
examples will now be briefly cited.
-2e, |BH,(CN) 127) Organometallic species of the type MR* (M=Zn, n=2_.7""~  M=A1l,"MN

Fe{BH.(CN)>.L. N(249). ,.3, M=Pb,”*~ §i; ~***)n=4"have been electrosynthesised by electrolysis

of ethereal solutions of the corresponding Grignard reagents (RMgX) using the

L=NCCH, or P(0R).]| appropriate anode metal (M) which undergoes anodic dissolution (equation 131).

M
nRMgX * MR (131)
However, at molybdenum or vanadium anodes, the principal borane- -MgX,>""Mg
containing product is | BH, (CN)BH,(CN) | ~, formed by oxidation of | BH,(CN) ]| ~.
M=Zn, n=2

(ii.5) Reactions with weak protic acids M=A1,B: n=3

A weak protic acid is generally an unsuitable starting material for M=Pb, Si: n=4
the direct chemical synthesis of a complex from the metal element. However,
when the metal is used as the anode of an electrochemical cell, weak acids Oorganoaluminum and organoboron compounds have also been used as

such as acetylacetone may constitute convenient sources of their conjugate starting materials for other organometallic species, MR of Mg (n=2)

bases as ligands for the one-step electrosynthesis of complexes. The over-all ! (252)
reaction is given by equation 128; the anionic basic ligand is generated Zn, Cd or Hg (n=2), Al or In (n=3), Sn (n=4), Sb or Br (n=3)," '
but their too low electrical conductivity (or of their solutions) does not
Mo+ nHL An - 2 9 (128) allow the direct applicationin electrolysis; they have to be mixed with other
compounds such as salts of alkaline metals, alkyl halides, metal hydrides or
other organometallic species, in order to give conducting solutions suitable

to undergo electrolysis. The electrical conductivity of these mixtures appears
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to be explained by the formation of dissociating complexes, e.g. , | NaZn(C,H™), |
in the mixture of Zn(C,H,-), with Na(CHi-), which undergoes partial dissociation
to the Na° and |Zn(C.,H,).]~ ions.“")

Organic radicals appear to present generally a fundamental role in
the mechanism of these reactions, the metal-carbon bond (of the organometallic
product) being formed by the reaction of a radical (produced during the
electrolysis) with the anode metal.

These preparative methods have been applied almost exclusively to
representative elements or to the group IIB transition metals (Zn,Cf,Hg), but
examples are also known to involve a transition metal of a different group
as observed in the formation of ferrocene or nickelloceneby electrolysis of
cyclopentadienylthallium(l) in dimethylformamide by using an iron or a nickel
anode (equation 132). A

-2e
M + 2TICp > MCp, + 2Tl (132

(M=Fe,Ni)
Trinuclear carbonyl complexes of the type M{M"(CO) }, (M=metal
n 2

electrode such as Zn or Cd; M"=Mn, n=5; M"=Co, n=4) may also be prepared at
sacrificial anodes (M) from parent dinuclear species | (CO),, | : the cathodic process
generates the mononuclear anions |[|M*(CO) | which migrate to the anode and

react with this electrode to afford the trinuclear products.”®)

B - Organometallic Intermediates in Organoelectrosynthesis

Although 1 tis well recognized the importance of organometallic
species on the synthesis of various organic compounds, the electrochemical
generation in situ of organometallic intermediates did not yet received the
deserved attention. However, examples involving catalytic organometallic species
are already known and will be mentioned below.

This section deals only with well established examples with inert
electrodes, although 1in other cases the metal electrode (e.g., Hg) may be
present in the intermediate organometallic species as suggested”***) for the
electroreduction of acetone to isopropyl alcohol or propane which is believed

to proceed by the ionic mechanism of sequence (133).
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+ OH OH
H 1 . I _
CH,CCH ===+ CH,CCH, - H3C-C-CH3  _££7 H C-C -CH
0° v e -AVMV /Y
H,,C H,.C CH,,
« H,C-C-M-C-CH,
H.C
OH OH
4H', 4e
2+ H*
2CH,,CH,,CH, + M < (CH,,) HC-M-CH(CH,,), (133)

According to this proposal, organometallic intermediates are derived
from an adsorbed carbanion which is formed by a two-electron reduction step of
the pre-adsorbed protonated form of the acetone in acidic medium.

The involvement of the metal electrode in the chemical process, through
interaction with radical or ion intermediates,may result in the occurrence of
competitive pathways and in the formation of a variety of species which may
constitute a drawback to a clear synthesis. Hence, the electrochemical reduction
of l-iododecane and 1-bromodecane at a mercury cathode in dimethylformamide
is shown to yield decane, 1-decene and 1-decanol; the alcohol is suggested to be
formed by an heterogeneous, electrode-assistedionization of the carbon-halogen
bond which enhances the halide displacement by hydroxide 1ion produced by
electrolysis of traces of water in the solvent. Eidecylmercury, which is

electroinactive,may also be formed by a radical mechanism involving adsorbed

decyl’ radicals. (256)

The type of reactions with chemical participation of the metal
electrode will not be considered again, and the following examples deal only

with inert electrode processes.
(a) Catalytic electrochemical reduction of organic halides

Electrochemical reduction of organic halides (.. g., alkyl bromides)

may occur at a quite negative potential requiring a large overpotential,

However, catalytic carbon-carbon bond formation through electroreduction at
/11 1 (257-263)

less negative potentials of various types os organic halides (alkyl ,
vyi_»(257,263-265) ,...,,_(257,263) .., wn_<266) ., ..iic.h 00 cne peesence

of a metal centre has been achieved by various authors.
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The coupled products, formed according tothegeneral reaction (134)

may arise from a free-radical pathway which i sbelieved toinvolve low-valent
2RX + 2e R-R + 2X~ (134)

transition metal complexes which arereactive towards thealkyl halide to

afford carbon a-bonded organometallic intermediates.

1 (258-262)
Organometallic species with, e.g.,the{RNi X} or the
11 (263 265)
{RNi X3} - groups have been postulated as important intermediatesi n

systems which incorporate macrocyclic complexes ofnickel orthe phosphinic

compounds |[NiX,(PPh~),\, respectively, whereas alkyl cobalt complexes with the
{(n—Czl_Hy)Co moiety were unambiguously evidenced i, thereductionof

butyl bromide by cobalamine or tetraphenylporphin complexes of Co(ll).

Besides thecoupled R-Rproducts, other organic species may be formed
in these electrocatalytic reductions, such asolefins andalkanes
(disproportionation products), hydrocarbons derived from radical attack at the
solvent, andvarious organic compounds formed via theinvolvement of other
substrates (olefins) # nthecatalytic process.

The catalytic electrochemical reduction ofalkyl halides by cyclic

(258-262")
tetraamine ortetradentate Schiff base type complexes oFf Ni(ll)
will nowbe mentioned 1 nmore detail since i texemplifies theabovementioned
points andconstitutes oneof themost well studied processes which affords a

variety ofproducts.
(a-1) Intheabsence ofother substrates

In thepresence ofsquare planar macrocyclic nickel(ll) complexes
of thetypes shown below, alkyl halides may be catalyticaly reduced toorganic
radicals orcarbanions atpotentials which aremuch more favourable (e.g.,

about 1V higher) than those required 1 ntheabsence of thenickel(ll)

(258-262)
catalyst.

The macrocyclic complexes areofthecyclic trans-tetramine type
mentioned i nsection VLB, [NiL"""]|", orpresent a tetradentate Schiff base

type ligand (salen), |NiL,], asexemplified by
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In theabsence of thealkyl halide, these square planar Ni(ll)
species, |NiL[", undergo a one-electron reversible reduction at aPt
electrode (in acetonitrile) togive thenickel(l) [NiL, |"* complexes which
are stabilized by the tetradentate macrocyclic ligands. In thepresence of an
alkyl halide, 1 tisbelieved that these Ni(l) species undergo oxidative
addition reactions andoctahedral organonickel(l111) complexes are proposed
to be formed upon nucleophilic attack by theN 1 *species on thealkyl halide.
Alkyl radicals or carbanions may be formed with possible regeneration fo the
parent electroactive nickel(l11) complexes according to thescheme of figure
..(262)

The path for thereaction depends, e.g., on thestability of the
Ni-C bond: route (i) which generates a free radical intermediate 1s
favoured by thelability of this bond with resulting rapid cleavage,whereas
a higher stability of such a bond allows further reduction o occur with
retention of theNi-Cbond |route (ii) |- Route (iii) corresponds to an
electrophilic attack of thealkyl halide at theNi-Cbond.

The final products of thereduction areR-R, RH, olefins or RCH,.CN
whose formation involves a radical or a carbanion route.

Hence, e.g., i nthe |Ni|1'%+ — alkyl halide system (I_1=5,5,7,12,12,

14-hexamethyl-1,4,8,11-tetra-azacyclotetradecane), R-R may occur from
dimerisation of a free-radical intermediate (R.)(which may be themajor route
for a primary radical), whereas EH and an olefin areformed from a radical
disproportionation (which may predominate fortertiary radicals); reaction

of a radical with thesolvent may also lead to an hydrocarbon (seeequations

135-137) .
2R. R-R (135)
2R. —> RH + olefin (136)
R. + NCMe -*=RH + NCCH, 137)

A carbanion intermediate may account fortheobserved products in
some cases, namely I ntheelectrolytic reduction ofn-octyl bromide in the

presence of |NiL ] (reactions 138 and 139).

R~ + NCMe —*<RH + NCCH, (138)

NCCH, + RBrNCCH,R+ Br' (139
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Examples of theproducts from these reactions areshown i nTable 3.
Although theexpected products from theelectrolysis arealso formed,
in minor amounts, i nthepresence of bromoethyl acetate, themajot product,
1,2-ethanedioldiacetate i sprobably derived through a competitive route
involving attack ofBrCK"CKN"OCOMeby anacetate leaving group (from the
" organometallic intermediate) according to theproposed” ) two-electron

scheme (141).

NiL
CH,C00 + Br + CJMi, + NiL2Y NiL 2T
3 4
BrCH,CH,0COMe BrCH,CH,0COMe
CH,~ACH,~OCOMe
R-R + 2X
NiL®
(CH.0COMe), + Br (141)
Br

Figure 14 - Catalytic routes fortheelectrochemical reduction of alkyl The electrochemical reduction ofalkyl halides i nthe systens

halides by square planar macrocyclic nickel complexes is notalways catalytic andelectroinactive compounds may be formed,e.g.,

through various side reactions of theelectroactiveNi(ll) species with X

or R . Hence, an octahedral dibromide inactive species may precipitate out

Both thecyclic tetraamine and thetetradentate Schiff base of thesolution, thus removing theelectroactive complex (reaction 142).n:A:A
complexes appear toreact by similar mechanisms, butthe Ni-Cbond i n the
ii r Br Br n-2
latter seems to be weaker and, i ncontrast to theformer, thestructureof M L iMABriLl " IMBr.L (142)

the Schiff base ligand hasonly a little effect on thereactivity of such
Moreover, an inactive species was suggested tobe formed upon deprotonation

a bond.
at onenitrogen atom of a cyclic tetraamine ligand by reaction of theNi(ll)

Controlled-potential reductions of theNi(ll) complexes have been A _ A A ,
complex with R (RH i stheother product of this reaction). """

carried outinthepresence ofa 10-fold excess ofalkyl halide, and i n _ A . A A B
It isalso worthwhile tomention that thealkyl halide activation

various cases theoverall reaction appears tohave thestoichiometry of i B B B
in these systems occurs i nhomogeneous solutionusing a Ptelectrode, thus

equation (140), the major products being formed by dimerisation of the oL o A R R
avoiding thedifficulties derived from theformation of bonds between the

- - - radical or carbanion intermediates and the metal of theelectrode which would
iNit,l+ 10RX + lie — * |HiL|" + 10R. + 10 Br~ (140)
lead tosideways reaction paths as may be observed i ndirect electrochemical

. . B reduction at a mercury cathode.”**A"
radical intermediate.

10 R. —>< b5R-R
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(a,2) In thepresence of olefins

The electrochemical reduction of alkyl halides by the abovementioned
macrocyclic complexes ofnickel i sbelieved toproceed via organometallic
intermediates which may generate free radicals. The possibility to use-these
reactive species infurther organic synthesis by generating them in the
presence of suitable organic molecules has also been explored.

Hence, i f thereductive electrolysis i scarried out i nthe presence
of an olefin,two possible modes of reaction have been observed: insertionof
an activated olefin into a Ni-Cbhond and radical addition to the olefinic
double bond.

The former type of reaction occurs with thecyclic tetraamine species,
such as i|NiL,"1F+ ,whereas the latter i sobserved for the tetradentate Schiff
base type complexes since they exhibit muchweaker Ni-C bonds which cleave rapidly
without presenting a sufficient lifetime toallow theinsertion reaction
to occur.

nos s The insertion reaction of theactivated olefin CH2=CHY in the
NiLII2+ alkyl halide system i sbelieved tooccur as shown inreactions (143)

and thenew metal-carbon bond formed i scleaved by further reduction to yield
(259)

RCACAMNY with generation of anunidentifiedelectroinactivemetal species.
The reaction i snotcatalytic, terminating after thereduction of one mol of

RX/mol of complex and thepassage of 2F/mBI of complex,

. * CH,=CHY
1.2+ :
NiL ¢ nicttt R
1
X
RCH,CHY
NiL RCH,CH,Y (143)
X

1-Bromobutane, 2-bromobutane and t-butyl bromide areexamples of

(259)
y u [Ma u the alkyl halides tested, whereas the following olefins were studied:
i
— m = = = = ACH= =
. LS 83 CH2 CHCN, CH2 CHCOOETt, CH2 CHCOEt,CHSQH CHCOCH,,g %D—% CH=CHCHO, C,DO-LS.CH CHCHO and
(- . . .
?co e 300 sar-? Ussco u Et00CCH=CHCOOEt. The yields (non-catalytic) of products were very high for
1
o h 1@ u acrylonitrile, ethyl vinyl ketone andethyl acrylate. Some of the tested

olefins could be reduced directly at thePt electrode, butonly at a more
negative potential than theobserved i nthepresence of thenickel complex”.

(259)
/alkyl halide system.
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The rate of the insertionreaction is dependent on the type of olefiji,
being fastestfor terminal olefins with an electron withdrawing group.

However, as mentioned above, i f the reduction of an activated olefin
occurs in the presence of a system of the type tetradentate Schiff base
complej/alkyl halide, the product distribution is believed to result from the free
radical addition to the double bond.

The |NIL*1 / BuBr/ CH,=CHCN(or CH,=CHCOOEt) systems were studied -

Table 4 - and their cyclic voltammograms shown to be very similar to those
observed in the absence of the olefin, thus suggesting that the basic reaction
between iNiL“| and BuBr remains unchanged upon addition of the olefin. The
reactions are catalytic and a conceivable mechanism (for primary and secondary

butyl radical) has been proposed according to reactions (144).

Bu-Bu + BuH + Butene

Bu*
CH=CHX g, _chnchx &M BUCH,CH.X
CH,=CHX
e,H
Bu-CH.CHX BuCH.-CHX
CH,CH,X (144)
CH,C HX
CH,=CHX
polymer

The t-butyl radical addition occurs, however, at the _a carbon atom

of the olefin.

The butyl radical was generated by Ni-C bond cleavage as shown in
route (i) of figure 14, through the overall stoichiometry shown in the reaction
(145).

NiL + 10 BuBr + lie INiL*I + 10 Bu"+ 10 Br" (145)

(b) Polymerization and oligomerization of olefins

Active species in the polymerization or oligomerization of olefins
may be conveniently prepared (with the metal in the appropriate oxidation state)
by electrochemical generation in situ in the presence of a suitable ligand.

Hence, electrochemical reduction of Ni(ll) species - e.g.,

* Electrochemical reduction of other metal salts, such as |]Co(acac),|» is also
known”*~®*) to induce the oligomerization of butadiene
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Table 4 - Main products from the catalytic reduction of butyl

bromides by JNiL‘J in the presence of an olefin‘’ o)
Olefin
BuBr
CH =CHCN CH,=»CHCOOEt
©
ng) Product(%) 1 A Product(%)”
16 "COOEt  (41)
Br
20 COOEt (56)
Br
19 (64)
COOEt
(a) INiL ]: BuBr: olefin = 1:10:50

(b) F/mol INiL:I.

(c) Based on BuBr.

lvr-pn | (269,270) ! . (269)

e, INICI. (PRI INi(Py).](ci0,),(270,271) A

INi (acac), I (‘'-il generally in the presence of an electron-donor ligand

(such as PPh,) forms a zerovalent nickel compound - e.g.,|.i(PPh ) 1(270)_ which
converts butadiene mainly, e”, to 4-vinylcyclohexene/* > '
1,5-cyclooctadiene > .r to the linear oligomers n-octadiene,<*™>

nickel (o) species may

n- odecatriene , .r n-hexadecatetraene.

Play catalytic activity (such as inreformation of the cyclic oligomers *

n h ,ro,,., distribution depends on the initial nickel compound, the

added ligand, the solvent =electrolyteand the applied reduction potential,

for the b " _svseesces ~ 0y <™~Aing ,-...,. intermediates)

for he bu adiene conversion to linear or branched oligomers by electrolysis

of alcoholic solutions of |NiCl I in f-u Actrolysis
@M iQ "i . ” Presence of an electron donor species
species

L) is ilustrated in figure 15.
® Various zerovalent nickel complexes are knownU72T

chemical cyclooligomerization of butadiene to catalyze the
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A zerovalent N1 compound i sformed by electrochemical reduction of NiCl
the Ni(ll) species. Butadiene i sbhelieved toreplace ligand L togive complexes

(A) and (B) (ifL isanon-labile chelating ligand such as dppe, a decreasing
in theactivity resu_ltsy.(269)

Hydrogenation (the source of hydrogen may be thesolvent) or
alkoxylation of species (A) and (B) lead to final organic products. Insertion
of butadiene into a Ni-Chbond i salso suggested tobe involved in the
formation of 5-VDD, 5-VTDT and NHDT: hydrogenation of theallylic 1-carbon of
complex (A) or the 3-carbon of complex (B) results i nthedestruction ofthe
rare gas configuration of thecentral metal and i ntheactivation ofthe
other ir-allylic groups; insertionof butadiene into theNi-C(6) bond of
complex (A) or into theNi-C(l10) or C(12) bond of complex (B)
forms species (C) or (C),respectively, which,upon further hydrogenation*lead
to thefinal products.

The reactions depicted i nfigure 15 aregenerally non catalytic but
for L=PPh,,, n-octatriene (NOT) and alkoxyoctadiene (MOD) are formed

catafyti.calilyi. (270)

(c) Other reactions

Electrochemical activationof acyl ligands i norganometallic complexes MeO
may result 1 nthe formation of organic species such as ketones and organic

esters.

Hence, electrochemical oxidation of acyliron(ll) complexes labilizes
i 5 9

the acyl ligand and, e.g., theneutral complex |Fe(n -C..H,-)(CCHM)(CO)"I i s
irreversibly oxidized i nacetonitrile ata Ptelectrode to the unstable
acyliron(lll) cation radical which, i nthepresence of EtOH, affords (27:
ethylacetate i nhigh yield probably via a nucleophilic attack of thealcohol,
However, electrochemical oxidation of theanionic complex
|Fe(n°-C,H,)(CN)(8cH,)(C0)|] ata Ptelectrode inacetonitrile gives, ina
reversible way, a more stable paramagnetic neutral acyliron(l11) compound
which upon thermal decomposition affords acetone i nhigh yield and aldehyde
(CHACHO) i nminor amount; the formation of acetone i sproposed tooccur by a
reversible decarbonylation of theacetyl ligand followed by a cross coupling
of thederived 17-electron methyliron(l11) species with the acetyliron(lll) 5-VTDT

radical.

Figure 15 - Suggested“’'™
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{Ni L}

46

NOD(1,6)

NOD(1,7)

NHDT

mechanism for thebutadiene acyclic oligomerization

in thepresence of Ni(o) species.

NOD=0Octadiene.
1,7-diene.

I-MOD=1-methoxyocta-2,7-diene.3-MOD=3-methoxyocta-

NOT=octa-1,3,7-triene. 1-MODT=1-methoxydodeca-2,6,11-

-tnene. 5-VDD=5-vinyldeca-2,8-diene. NDT=dodeca-1,6,10-triene.
5-VTDT-5-vinyltetradeca-1,8,13-triene. NHDT=hexadeca-1,6,10,15-

-tetraene.
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(d) Final remarks. Indirect electrosynthesis via
non-organometallic carriers

As i twas previously mentioned,this section deals with organometallic
complexes. Hence, the study of electrochemical systems with other types of
species and i nwhich there i1 sno evidence forthe involvement of an
.organometallic species has not been mentioned.

However, inorder to exemplify the importance of such systems in
catalytic reactions, and since they involve conceptual analogies with the
abovementioned organometallic catalytic processes, examples will be givenfor
the electrochemical generation of oxidation catalysts (for alcohols, aldehydes
and unsaturated hydrocarbons) and fora reduction catalyst (for reductive
coupling of organohalides) inelectrocatalytic redox processes.

These systems illustrate theapplication of indirect electrolytic
synthesis of organic species without involving (orwithout evidence for the
involvement of) an organometallic intermediate.

In an indirect electrochemical synthesis, an oxidizing (or reducing)
agent (a"carrier", which isusually inorganic) i sgenerated at the working
electrode and then reacts chemically with the substrate, e.g., i na separate
vessel; thecarrier 1sthen returned to theworking electrode for regeneration
in a catalytic process. Examples of inorganic oxidizing carriers are given by
S.0,, Ce(lVv), TI*, MnO~ , MnO,, Cr~-*" , whereas Sn*, Ti(lll), Ti(ll) and Cr(I1l)
are examples of reducing carriers.

Although much less studied than direct electrosynthetic
electrochemical processes, indirect electrolytic synthesis has also industrial
applications since as long as thebegining of the century.

As an example of an industrial electroorganic indirect process the
anodic oxidation of anthracene |toanthraquinone by using Cr(Vl) as the oxidizing
carrier - equation 146 |may be cited. This system was reviewed" """ and now only
a Few more recent examples of indirect electrosynthesis (yet without industrial

application) will be mentioned.

0
<wQD*" - *090 .., @)
f 16e | o

Indirect electrolytic oxidation of toluene (andchlorotoluene) tothe
corresponding aldehyde (equation 147) was studied by using Ce(lV) as oxidant which
is (re)generated at a platinized titanium anode. According to a cost estimate, an

industrial process based on this electrosynthesiswould appear economically
(275)
attractive.
CH, CHO

+ 4Ce” + HO > [Q] + 4Ce> + 4H (147)
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Electrolytic two-electron oxidation of the Ru(ll) complex

i 12+
| (trpy) (bpy) Fu(H.0)[ (trpy=2,2",2"-terpyridine; bpy=2,2"-bipyridine) in
aqueous buffer solution at a Pt anode results inthereversible formation of

the monooxo Ru(lV) species I(trpy)(bpy)Eu=0| 1o+ which 1 san oxidant of a
variety of organic substrates under®" mild conditions; the oxoRu(lV) compound
is regenerated by oxidation at theelectrode.

The overall electrocatalytic process i sshown by reactions (148)
|where Ru=Ru(trpy)(bpy)|; thebalancing reaction at the cathode is the
reduction of H* to dihydrogen. 2-Propanol and ethanol areoxidized to acetone

(reaction 149) and acetate (reactions 150 and 151)»respectively, acetaldehydeis

2H I Ruw:0|z. ,red

(148)
' (H0)Pe

oxidized to acetate (reaction 151), whereas toluene 1soxidized to benzoate
(equation 152) p-xylene to terephthalate dianion (equation 153) and

cyclohexene first to 2-cyclohexen-l-one and then to p-benzoquinane

(276)
(equation 154).
OH 0
1 -2e
CH CHCH CH.CCH, (149)
-2W
-2e
CH,CH,0H CH,CH (150)
-2H
0
: o CH(? 0’ (151)
CH.CH  _oe _3H+ .C-
2H.0
CA~H,CH 152
% 5°'3 -ge,-7H  CeMs 00 (152)
4H,0
,-C.H.(CH.), p-C.H.(C00 ), (153)
-12e,-14H
H.0 0
’ H.0 decomp. (154)
-4e,-4H -6e,-6H
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The catalitic activity of theoxoRu(lV)/Ru(ll) system was also

transferred tothe electrode surface by deposition, atthis surface, of thin

polymeric films with the{(bpy)(H*"CORu"} group bound to poly-4-vinylpyridinei*' "

An example of an indirect electrocatalytic reduction processi s
given by thereductive C-C coupling oforganic halides (RX)to hydrocarbons
(R-R) by catalytic amounts ofelectrochemically generated Cr(ll) as the
reducing agent as shown by reactions (155) (X=Cl,Br. R=-CH,-CgHy
-CH,-CH=CH,) . "™

+Ve
-Ve
cr(in) R-X
(155)

Cathode Cr(lll) ~Anode

The chromium(ll) i sformed by electrochemical reduction of
chromium(Ill) in dimethylformamide ata glassy carbon cathode ata higher
potential than therequired for thecathodic reduction of the halides. The
Cr(1l) species was notisolated, being continuously regenerated
electrochemically during thereaction.

The yields obtained for thereduction ofbenzylic andallylic halides
are comparable to those known for thechemical CrClg/LiAlIH" system and the
electrochemical method offers considerable advantages over thelatter: allows
the useofcatalytic amounts of thechromium reagent, thereaction can be
run i na continuous process and the product i s easily isolated by extraction
with cyclohexane.

Moreover, electrochemical generation #nsitu, and i nacontrolled
way, oOTF expensive redox reagents may constitute a convenient and advantageous

alternative toa chemical preparative process.

C - Electroactivationof Ligands

It is well documented theactivation a species canundergo upon
coordination toa transition metal site. Moreover, avariation i ntheelectron
richness of the binding centre may be often easily accomplished by
electrochemical oxidation or reduction andhence thereactivity of a ligand
may be, ¥ nsome cases,conveniently controlled by electroactivation.

Examples have already been given, e.g., i nsections Il.B.c, Il.B.e,
VIill.A.c, VIII.A.d andVIIl.B.c, and they may lead tonew complexes and/or

organic compounds.
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Instances # nillustration of thesynthetic importance of the
electrochemical activation of ligands arealso .known i nthefields of nitrogen

fixation and carbon dioxide activation and they arecited ¥ nthis section.

(a) Electrochemical activationof ligating organohydrazido(2-):

reduction to free organohydrazinese

Dialkylhydrazido(2-) ligands, NNR,, may be formed upon dialkylation
of coordinated N, §E ntrans-|Mo(N,).(dppe).[= They may undergo further chemical

reduction togive organonitrogeneous compounds by destructive methods without
(279)
regeneration of a metal site with N, co-ordinating ability.

However, upon electrochemical activation, dialkylhydrazido(2-) ligands

may be converted tofree organohydrazines,H,NNR,, 1 nsuch reducing conditions

that the metal product sp.ecies canligate again N , thus a reduction cycle

(280 281)
being completed - according totheoverall process (156) where M
denotes a metal site.

H.NNR,
2RX 2H" J*
M-N, — >  M=NNR - * o (GD)
2 2e 2 2e
‘2

Hence, e.g., free organohydrazine H,NNCH,(CH,).CH, i1 sformed i n the
electrochemical reduction (controlled potential electrolysis) of
tf£ans- |MoBr{NNCH,(CH,).CH.}(dppe).]" ata Ptelectrode 1 n thf/|NBtt"||BF"]|
under N, with regeneration of the parent trans- [Mo(\,,). (dppe). | complex

(in yields up to 45%).<*>
(280)

The reaction is believed toproceed via the proposed chemical/
electrochemical cycle (157) when theelectroreduction plays a fundamental role
in theactivationof theorganodiazenido(2-) ligand and theregeneration ofa
metal site with anelectron-richness sufficient tobind andactivate incoming
N,.

The organohydrazine was determined by g.l.c. andby 1 nsitu cyclic

voltammetry on the catholyte after thecontrolled potential electrolysis.
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(157)

Electrochemical activation of hydrazido(2-) ligands towards
electrophiles, at other metal sites, isalso known to result inthe formation
of free organohydrazine wupon attack by acid which does not occur without the
previous electroreduction.

Hence, 2-electron reduction of the 18-electron dithiocarbamate
-hydrazido (2-) complexes | Mo (NNRR*) (S.CNMe.) , | (R=alkyl or aryl) results in
the activation of the NNR, moiety towards attack by electrophiles, and free

hydrazine NH,NMe(Ph) inca.57% yield is formed upon reduction/protonation of
(282)
the parent complex.

The hydrazido(2-) ligand inthe parent 18-electron complexes behaves
as a 4-electron ligand, and i nthe 20-electron species formed by the
"2-electron reduction probably one of the following possible rearrangements

occurs to give an 18-electron reduced complex:

Mo = N-NRR™ s- Mo=N
NRR*
S

Mo *C-NRR* »= Mo-S-C-NRR*™
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The reduction of the organohydrazido(2-) ligand may then proceed
(282)
via the plroposed scheme (158) (where species inbraces have not been

isolated)

IMOCNNRR" ) (S.CNMe,).| "
Mo (NNRPO (S,CNMe.),|

Mo (NNRR?) (S.CNMe.).|

S
{IMo=N~ (S.NMe,),,] or 1Mo = NNRR"(SCNMe), (S~CNMe,)) |-}
MR e

+
H

{IMo(NHNRR") (S.CNMe,) |}

HC1

NH,NRR® + {IMoCI(S,CNMe.).| } (158)

The study of hydrazido(2-) ligands deserve an important role inthe
field of nitrogen fixation since an hydrazido(2-) species,Mo=NNH,, isbelievea® "
to be a step inthecatalytic reduction of N, by nitrogenase.

Although the hydrazido(2-) ligands inthe abovementioned 18-electron
dithiocarbamato complexes were prepared from hydrazine, in the diphosphine
complexes | Mo(NMt,)X(dppe),, | citedpreviously, they result from alkylation of N,

ligand and constitute an intermediate stage inthe reduction to hydrazines.

(b) Electrochemical reduction of dinitrogen to ammonia

Dinitrogen can be reduced electrochemically to ammonia i nthe
presence of a transition metal site which isbelieved to activate N, and
constitute an electron mediator to this ligand.

Electrochemical catalytic systems are known which operate at ambient
temperature and pressure. ~*”~ 286)

Hence, when a solution (60 ml) of |Ti(OPr)”~|(1.68 mmol), AI(OPr),
(42 mmol) and naphthalene (7.6 mmol) in1,2-dimethoxyethane with
tetrabutylammonium chloride (8.6 mmol) was electrolyzed at 40V during 11 days
(at 20°C and under a slow stream of N,), and then hydrolyzed by treatment with
aqueous sodium hydroxide, a 610%yield of NH, (based on Ti) was obtained. (C**=>
The reaction was carried out inan electrolytic cell with an aluminum anode

and a nickel /chromium cathode. During the essay (11 days), 0.155 faradays
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passed through the cell and 15.1 mmol of aluminum were lost from the anode
to the solution.
By analogy with the Vol "pm catalytic dinitrogen reduction chemical

287 284
systems,( ) itis suggested (284)

that the catalytic species involves Ti(ll)
which can bind N,, and that AI(OPr) behaves as a Lewis acid being able to
break the titanium-nitridebond with regeneration of the Ti(ll) catalytic
species (scheme 159).Naphthalene is believed to play the role of an electron
carrier, being reduced, by the Ni/Cr cathode, to naphthalide which reduces the

dinitrogen-Ti(ll) species.

emnf
Al Nicr
Np Np
ALCITT) [Ti(H) . H,
ALCITT) N
\H,
(159)
Ti(oPr )

The analogous chemical system (with sodium, instead of the electric
current, as the reducing agent) was also shown to be catalytic but presents

a lower reduction yield.

Dinitrogen may also be electrochemically reduced to hydrazine by
(288)
electrolysis of buffered methanolic solutions of Mo(V).

(c) Electrochemical reduction of CO,

Carbon dioxide, a potential carbon source of paramount importance
in the attempt to develop alternative energy routes,has already been the subject

of electrochemical study.
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Hence, 1 tmay undergo a direct electrochemical reduction to formic

(289  290)
acid (or the formate in) in aqueous medium, ' whereas in aprotic media
(291-293)

reduction to oxalate (in N,N-dimethylformamide), and to carbon
monoxide(carbonate is also formed) (in dimethylsulphoxide)”***~r have been
reported. Other organic products such as mono and dicarboxylated species are

formed by electrolytic reducti-on of mixtures of carbon dioxide with an

- 29 .-
olefin ( or an organohalide.
Since some of the products of the CO, reduction (formic acid and

carbon monoxide) may be further reduced to methanol, the prospects of the
production of methanol by electrochemical reduction of carbon dioxide were
evaluated. An overall 1low energy efficiency results from the large
overpotential which is observed for the direct electrochemical CO, reduction
in either aqueous or non-aqueous medium (the. reduction only occurs at

potentials below ca.- -2V vs.s.c.e. ).
(297)
However, it has been reported that certain transition metal
complexes, such as tetraazamacrocyclic compounds of Ni(ll) or Co(ll) of the

type EML|F+ (where L is a tetradentate trans-diene ligand-see section VI.B) can
behave as redox-activated catalysts, their reduced forms of metal (1) promoting the
electrochemical reduction of CO,, 1in an indirect and catalytic way, to occur at
more favourable electrode potentials.

Hence, CO, 1is catalytically reduced to CO (equation 160)(with evolution
of H) by controlled potential coulometry of aqueous or aqueous acetonitrile
solution of the abovementioned macrocyclic complexes using a mercury working
electrode, at potentials between -1.3 and -1.6 V vs_. SCE which are cathodic for

the M(CI1)/M(1) couple.

CO, + 2 + 2H —H> CO + H0 (160)

The systems exhibit catalytic activity, e.g., of ca. 9 turnovers
per hour per mol of metal complex at ambient room temperature (a turnover being
defined as 1 equivalent of electrons passed through the cell per mol of
catalyst) and for catalyst concentrations of 1.2 mi.

The formation of CO and H, requires the presence of a protic source
and the reduction of CO, and H 1s suggested to occur through a common metal
hydride intermediate.

Electrocatalytic reductions at a Pt electrode of CO, to oxalate
mediated by a metal carbonyl, |[Mo(CO)"|, has also been reported in acetonitrile
although at a less favourable potential than the required for the abovementioned

Ni(l'l) or Co(ll) macrocycles.
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In the |Mo(CO),] system, the CO, irreversible reduction potential
is observed at a value (-2.6 V vs. s.c.e.) which isca. 0.4 V anodic relative
to thevalue (-3.0 V) observed forthedirect CO, reduction in'"“*ical
experimental conditions but inthe absence of themetal carbonyl.

The proposed®” mechanism involves attack of the electrogenerated

CO" radical anion at CO, according to scheme (161).

(161)

If theelectrolytic reduction of molybdenum hexacarbonyl §scarried
out inthepresence of both CO, and an alkyl halide (n-BuBr), themajor product
is di-n-butyl carbonate formed by a preferential (faster) attack of the CO,*
radical anion on the alkyl halide rather than on carbon dioxide, according to
the postulated® sequence (162)which follows steps (a) and (b)of
scheme (161).

C0.,” + RBr -*CO.R + Br

fr, + . "CO.R Co + OR
N+ OR ~ R-0-CO ™ R-0-CO.R (162)
2 ES
,._  ELECTROCHEMICAL STUDIES ON THE MECHANISMS OF CHEMICAL REACTIONS

Electrochemistry has also been applied to the study of chenmical
reactions of transition metal complexes, namely by monitoring (by cyclic
voltammetry) a reactant,a product, or an intermediate, and by detecting types of
mechanism and evaluating rate constants and thermodynamic AH and AS parameters.

A few recent examples of application involving dinitrogen complexes
are now cited.

A - Substitution reactions of dinitrogen

The replacement of dinitrogen inthebis (dinitrogen) complexes
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JM(N,).L.,] (M=Mo,W; L=monophosphine or diphosphine) by a variety of

ligands L™ (namely isocyanides andnitriles.) wasmonitored by cyclic voltammetry
and shown to follow a dissociative (I,) mechanism. Under pseudo first-order
d

conditions the rate controlling step isfirst order intheN, complex and

zero order inlL"™ concentration, thevalue of the rate constant being

independent of the L™ ligand, i nagreement with N, loss being the common

rate-controlling step of the replacement reactions (equations 163 and 164). 17>298)
k

IM(N.).L. ] IMCNDL]  + N, (163)
IM(NDL, 1 + L' 3 IM(N)L L] (164)

The mono-substituted complexes may be isolated,e.g.,when L"=NCR, but
further dinitrogen replacement occurs with isocyanide, the strong electron-
-acceptor character of the latter presenting a N, labilizing effect. The
formation of themixed dinitrogen-isocyanide intermediate complex was not
observed inthereactions of trans-1M(NQ,(dppe).1 with isocyanides, butthe
£is_-|Mo(N,) (CNMe) (PMe,Ph).| species was detected by cyclic voltammetry (and
“*Pn.m.r.) inthe formation of cis-[Mo(CNMe),(PMe,Ph),| from the reaction of
isocyanide with cisi—|M0(Ng)2(PMe1Ph),1. (298)

The intermediate mixed dinitrogen-isocyanide complex
cis-|Mo(N,)(CNMe) (PMe,Ph),|] exhibits an irreversible oxidation wave at an
intermediate potential (E* = -0.45 V vs. SCE ata Ptelectrode in
thf/| NBu,| |BF.1) between trF:ose of the pare_nt bisdinitrogen complex (-0.23 V)
and thebisisocyanide product (-0.62 V). The displacement of N, from this
mixed intermediate complex was also monitored by cyclic voltammetry and the

data support a second N, loss as the rate-determining step (equations 165-168,

where k~"0.020 m and E (298)
1
cis-|Mo(N,).(PMePh).]| — | Mo (N,) (PMe,Ph)1 + N (165)
IMo(N,) (PMe,Ph),] + CNMe **°* > cis-[ Mo (Nj (CNMe) (PMe”~Ph) | (166)
K,
cis_-|Mo(N,) (CNMe) (PMe,Ph).]| =3 |[Mo(CNMe) (PMe,Ph),] + N, (167)
I Mo (CNMe) (PMe,Ph),] + CNMe - “**> cis- [Mo (CNMe), (PMe.,Ph),1 (168)
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B - Alkylation reactions of dinitrogen C - Other reactions

The mechanism of the alkylation, acetylation and aroylation reactions . . . B B
Electrochemistry may also be a useful tool in the investigation of

of trans-M(N.).(dppe).[ (M=Mo or W) by organic halides (RX) was studied by the mechanisms of a variety of other reactions, namely the following ones which
cyclic voltammetry and e.s.r. and shown to proceed, usually,as the abcvementioned have been studied recently by electrochemical technigues.

replacement reactions, by the initial rate-limiting dissociationof one N, The unsaturated complex [Mo(L)(NO)I.| with the bulky tris-3,5-
ligand followed by addition of the organic halide (coordinated through the -dimethylpyrazolylborato ligand [L=HB(Me.C.HNN)~]

halogen to the metal atom). i ,the unstable intermediate, |M(N,) (XR) (dppe). |.

the carbon-halogen bond undergoes homolysis and the organic free radical attacks

the remaining N, ligand to give a diazenido species, |Mo(N,R)X(dppe)., | , as the
(116)

primary alkylation product (reactions 64).

In this study the concentrations 1in thf of the |[M(N~),(dppe).\
complex and, in some cases, of products, were monitored by cyclic voltammetry
and the free radicals were detected by e.s.r. studies which were also consistent

with the formation of a non-symmetrical Mo(l) species cis-|MoX(N,)(dppe)-]|

(see reactions 64). reacts with alcohols, primary amines, hidrazines and thiols (QH) to give
The secondary alkylation of ligating N,, 1i.e., the alkylation of the complexes IMo(L)(NO)I(O)I (*"-301)
: : ) ; R f AHUMNADIUMWI, formally derived from replacement of |
diazenido compl M(N,R) (X) (dppe). nto the hydrazido(2- c R R . .
tazen mplex  IM( )(X)(dppe).| i y zido(2-) spectes ligand by Q and the mechanism of these reactions was electrochemically
IM(N,R,) (X) (dppe),, | X, is first order in complex and inalkyl halide and follows studied.
a bimolecular nucleophilic substitutionmechanism (S ?) (reaction 169). i
N It was then observed (by cyclic voltammetry) the remarkably easy
IMCN.R)(X) (dppe).] + RX [MiN~)  (X) (dppe). | X (169) one-electron reversible reduction of the unsaturated complex [Mo(L)(NO)I |
which may be reduced by a basic solvent such as alcohol, amine, thiol oAven
The rates of these reactions are sensitive to both the metal and the water.

co-ligands, the primary alkylation being accelerated by factors which encourage
Moreover, the reduced paramagnetic anionic species, JMo(L)(NO)I |~

N, loss (when inner-sphere electron transfer to RX occurs), whereas the same
which may be prepared by controlled-potentialelectrolysis and detected by

factors inhibit the secondary alkylation which occurs by an associative i} o i : B
e.s.r., can undergo a dissociative loss of i " (whose oxidation peaks may be

mechanism. Hence, e.g., an increase in the electron-richcharacter of the metal . . i A . _ B
identified by cyclic voltammetry) with formation of a new paramagnetic species

site stabilizes ligating N,(with slowing down of the first alkylation) whereas [Mo(L)(NO)11, detected by e.s.r.

favours the second alkylation due to the increasing nucleophilic character of the
On the basis of these observations, a mechanism was proposed’?”

diazenido NR ligand. ) )
¢ according to the reactions (170-174).

In reactions (64), the primary alkylation was shown to proceed

n - .
through loss of N, and via an inner-sphere electron transfer to the organohalide. [Mo(L)(NOYT.T + QK [MoLYNOYI.1 v O e

However,when the metal site presents a very high electron-richness, such as 1in Mo (L) (NOYI.|" Mo (L) (NO) 11 + I~ A
the anionic thiocyanato complex |M(N,)(SCN)(dppe).]| (which is oxidized at a )

very low E9\X1 value), the alkylation is first order in complex and in the o ) v (172)
organohalide, and 1is believed to occur via an outer-sphere electron transfer IMOCL) (NO)I | + Q _ A IMO(L) (NO)T(Q)I
from the metal to RX (reactions 63).(°4>25) ~ this case, the primary and the T N "

secondary alkylations are favoured by the same factors. (174)
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Hence, although, nitrosyl complexes can often undergo ligand
replacement reactions via an associative route, (""" thedisplacement of 1
at theeasily reducible complex |Mo(L)(NO)I.] with a bulky ligand proceeds

through a dissociativeprocess at an anionic reduced intermediate species

IMo(L)(NO)I.|."

X " FINAL REMARKS

This work covered only a few topics within thebroad field of
complex electrochemistry and others, also incurrent development, could be
selected namely theelectrochemical study of mixed-valence complexes (e.g.,

of .., (304-308),,.(309-317),. .., ...(318) .. .., ...(319),.(320) ..

..(321,322)y~ ~ i,. . rochemical behaviour of complexes with biological
(323-325).

significance |such as molybdenum-iron-sulphur clusters, iron-sulphur
(187 32G 331)

and inorganic models of

and iron-porphyrin centres,
2-334 (277,335)

Kwe
cobalamines [ or metal complex modified electroées.
However, the examples presented i ntheselected areas of this work

clearly illustrate thewide application of electrochemistry on the study of
organotransition metal complexes (namely of organometallic type), in the
rationalization and prediction of their electronic properties and chemical
reactivity as well as i ntheability to induce them according to a convenient
profile.

It i salready documented theapplication of electrochemical parameters
on thequantificationof theelectronic properties of metal sites and ligands,
and therecognition of correlations between those parameters and others derived
from theapplication of techniques such as n.m.r., e.p.r. andelectronic
spectroscopy.

Important advances instructural and mechanistic studies may result
from the association of these technique toElectrochemistry and from the
extension of thework towide ranges of different types of complexes.

From theactivation of ligands by coordination to a metal centre, the
possibility of convenient synthesis of derived species may result, and
Electrochemistry may give rise to the favourable activatingelectronic conditions
(in metal sites and/or ligands) forthepreparation of new compounds.

Redox processes areoften followed by chemical reactions and from the

electrochemical/chemical coupling a synthetic versatility (namely of catalytic

nature) may result.
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The development of thecontrol of selectivity is, however, an
important requirement to be fullfilled on the aimto geta better benefit
from theapplication of the great potentialities of the chemical

electrosyntheses.
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