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Abstract

This article reviews our studics over some twenty years on the oxidative redox chemistry
of 18e carbonyl derivatives of the group 6 and 7 transition metals. The necessity of coupling
electrochemical and spectroscopic techniques is emphasized. Probably in all cases, the first
oxidative step is a one-electron process and the subsequent chemistry of the system depends
upon the stability and reactivity of 17¢ product. Isomerization is a common phenomenon,
but when this is not possible disproportionation is often ohserved. © 1997 Elsevier Science S.A.

1. Introduction

This article is an overview of our studies over more than twenty years of the
redox propertics of metal carbonyl compounds. Almost all the electrochemical

Abbreviations: dpm, Ph,PCH,PPh,; dam, Ph,AsCH,AsPh,; dpe, Ph,PCH,CH,PPh; ape,
Ph,PCH,CH,AsPh,; dpmsS, Ph,P(S)CH,PPh.; dpmSe, Ph,P(Se}CH,PPh,: apeS,
Ph,P(S)CH,CH.AsPh,; apeSe, Ph,P(Se)CH,CH,AsPh;; P,P’, Ph,PCH,CH,P(Ph)CH,CH,PPh,
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studies on the normally eighteen clectron starting compounds have been oxidative,
so a large proportion of our work has been concerned with the formation and
subseqi.ent chemistry of paramagnetic seventeen electron species. Although clectro-
chemical studies are the main theme of this review, these techniques alone would
not have been sufficient to clucidate the chemistries of many of “he systems studied
and we have always advocated the application of as many techniques as possible to
any sysiem.

Over the 20 ycar timescale of these studies, the range of electrochemical and other
techniques available to us has expanded dramatically, and an exciting nart of the
challenge of modern chemistry is to make full use of the latest experimental metiods
which often provide new insights on famihar systems. Thus, we find that some
vustems, for example M(CO),(dpe), (M =Cr, Mo, W), have been investigated several
times as new techniques have evolved. It is worth noting the progression of techniques
over the last twenty years. The carliest cyclic voltammetric measurements were made
at what are now referred to as macro disk clectrodes (radius 2-5 mm) at scan rates
up to only 5006 mV s ™% fortunately some of the isomerization reactions of seventeen
clectron species are of the rate required to be observed under these conditions. The
introduction of microclectrodes (e.g. disks of radius 0.5-50 pm {1]) allowed the use
of very fast scan rates (e.g. up to 1000000V s™') and also facilitated steady-state
observations, both of which effectively reduce the observable timescales to the
millisecond (or les¢) time domain and therefore enable electrochemical detection of
very short-lived in® me ates [2,3]. At the same time, the emergence {4,5] of
powerful digital sir *ion techniques for theoretical characterization of postulated
electrochemica' i has been invaluable, Since metal carbonyl compounds are
generally insolut; {er, almost all our studies have been made in organic
solvents. The range o.  .ossible solvents has graduaily increased as techniques
improved so that with . ruelectrodes it is now possible to use low diclectric media

such s benzene and t¢ - with supporting electrolytes such as tetrahexylammon-
ium salts [1], or solven as acetonitrile without any added electrolyte [1,6]. A
more recent advance i the development of techniques to investigate the
eleetrochemistry of in: species. These have been used to study the electro-

<hemical behaviour of ..er insoluble metal carbonyl compounds attached to
macroelectrodes when placed in aqueous (electrolyte) media.

In our carliest studies, the major non-electrochemical techniques used to character-
ize the redox chemistry were IR, 'H NMR and ESR spectroscopies on isolated
samples. Since all 17e species are paramagnetic, ESR measurements have been
commonplace in our work. Cells were deveioped to allow electrolyses within the
cavity of the ESR instrument to monitor transient paramagnetic species [7.8] and
later still Fourier transform IR (FTIR) techniques allowed observation of low
concentrations of carbonyl species in solution or precipitated onto the electrode
during electrolysis. The advent of Fourier transform multinuclcar magnetic resonance
in the 1980s had a major impact on our work as it enabled us to determine the
isomeric identity of most spccies quite unambiguously. We also attempted to find
correlations between NMR parameters (0'°C and 8*'P) and E° values for an extensive
range of Cr(CO)sL. complexes (L =monodentate ligand) [9]. In the last five years
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we have used electrospray mass spectrometry (ESMS) extensively, including some
applications to carbonyl systems [10,11].

Electrochemical sign conventions have had a troubled history and the recom-
mended conventions have changed even within the last twenty years. In this review
we will adopt the presently accepted IUPAC convention and as 4 result some of the
diagrams from our carlier papers have been redrawn. We would also like to take
this opportunity iv recommend in the strongest possible terms that all meusurements
be referenced against the reversible ferrocene couple (Fet /Fe) (internal or external )
or some similar standard substance, even though actual measurements may be made
against other reference electrodes [12,13]. No one would contemplate recording an
NMR spectrum without comparison to the frequency of a reference compound, but
the variations between different NMR measurements are trivial compared with the
variations in potential which routinely occur in electrochemical studies, even with
electrodes that are nominally of the same type. When the often large effects of
different junction potentials and different electrolytes in reference electrodes etc. are
also appreciated it becomes imperative to use an actually measured standard redox
couple as a reference.

The carliest ¢lectrochemical studies on metal carbonyl derivatives were invariably
reductive and the favoured technique was polarography, which utilises a dropping
mercury elecirode. In general, the observed responses were two-electron irreversible
processes in which a formally two-clectron donating ligand was lost so that both
the starting material and the , oduct were 18e species, A typical example would be

Mo(CO), +2¢™ —[Mo(CO)s ]}~ +CO

and of course this anion can be generated using chemical redvrizats, = 1ermodynamic
data are only readily extracted from electrochemically reversible processes, so that
compounds with the- above type of electrochemical process cannot be completely
characterized in a theorctical sense unless the process can be slowed sufficiently
relative to the electrochemical time scale. This would allow measurements to be
made of the unstable intermediates which undoubtedly exist in these seemingly
simple clectrochemical reductions. At the time we began our investigations there
were very few techniques available to us which would allow detailed investigation
of mechanistically complex irreversible processes.

Twenty years ago a few stable 17e carbonyl species ‘vere known, perhaps the best
examples would have been V(CO), [14] and trans-{Mo(CO),(dpe),]* [15). Thus,
there was already the suggestion that at least some 17¢ carbonyl species are stable
and that oxidative studies of metal carbonyl compounds might be rewarding. The
timing to commence our studies also was opportune as the first of the modern
versatile electrochemical systems such as the Princeton Applied Research (PAR)
Model 170 instrument were then commercially available. It is now a matter of
history that almost all 18e group 6 and 7 carbonyl compounds, which have been
our main areas of interest, may be oxidized both chemically an¢ electrochemically.

In alniost all cases the first step is a one-electron oxidation to the corresponding
17e species and the follow-up chemistry is dependent upon the behaviour of that
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species. Isomerization of 17¢ specics 1s commonly observed, but this process can
often be cflectively prevented by lowering the temperature of the solution upon
which the voltammetry is performed. Although low temperature electrochemical
measurements on organic systems had been made carlier [16], our studies were the
first to use low temperatures to investigate unstable products of metal-based clectro-
chemical reactions. Short timescale microelectrode voltammetry frequently can now
provide similar voltammetric information at room temperature, since by using these
electrodes the electrochemical timescale ““outruns™ the kinctic step that occurs alter
the electron transfer, but low temperatures are still used frequently and often they
arc cssential in bulk clectrolysis and spectroelectrochemical experiments.

Although our mandatc for this review is to highlight by means of suitable examples
some of the more important general themes which have emerged from our work,
and to indicate what we believe may be the areas of greatest interest ior the next
few years, we think it is important to recognise the contributions of others. There
have been other much more comprehensive reviews of organometallic redox chemis-
try [17,1&] and there are a number of aspects of carbonyl redox chemistry which
we have not pursued, such as redox chemistry in potentially coordinating solvents
which lcads to extensive substitution chemist. y,

Throughout this review oxidative processes will be labelled with a Roman numeral
and reductive processes will be given 1 Roman numeral with a prime superscript.
All potentials are quoted versus the reversible couple Fc™ /Fe. A large proportion
of the complexes mentioned contain polydentate ligands and if no indication is given
of the denticity, then it may be assumed that all donor atoms are coordinated to

the metal.

2. The square scheme

The so-called square scheme shown below, dessyites a scquence of reactions, such
as isomnerization and cross redox reactions whiclh may accompany the electron

A=—A" +¢"

%]

= B ¢

transfer step. However, it 1s not necessary for all these pathways to be important in
particular systems, Oue of the carliest square schemes we investigeted involved the

features typical of such systems, Fig. | sitows 2 cyclic voltammogram at a platinum
macroelectrode at 22 °C foc the oxidation of an acetonitrile solution (U.IM
Et,NCIO,) of fuc-Mn(CO),(dpm)Cl at a scan rate of 500mVs™! On the first
oxidative scan, process I is observed and on the reverse scan there is some, but not
complete, reversibility to give process I' and another reduction process 1" is detected.
On the second and subsequent scans processes I, 111" and I, I’ are observed. There
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Fig. 1. Oxidative cychie voltammogrion at a Pt disk  macroclectrode for the oxidation of
Sae-Mn(CO)(dpm)Cl in acetonitrile (0.1M E(NCIO,) at 22 C. scan rate 500 mV s~ ', First scan (- - -),
sccond sean (- - ) (adapted from Ref, [19)).

is also an additional irreversible oxidative process 1 at higher positive potential {not
shown) which is not relevant to the square scheme. Process 11 is associated with
further oxidation to a 16e species which completely decomposes; similar respases
at high positive potential are observed for most carbonyl systems. When the voltam-
metry is carried out at about —35 °C, redox couple I is completely reversible and
process 111" does not appear. Thus, the species giving rise to process HI" must arise
from the product of process I via a kinetic step which is slowed at low temperature.
Chemical oxidation of fac-Mn(CO),(dpm)Cl by NOPF,, leads to the isolation of
mer-{Mn(CO),(dpm)Cl]* and its bulk clectrochemical reduction gives stable
mer-Mn(CO)y(dpm)CL Both mer isomers were identified by analytical and spectro-
scopic methods (IR, ESR). The isolated mer compounds both give only the redox
~ouple III in their cyclic voltammegrams. The reaction scheme for the manganese
‘carbonyl system can thercfore be written as:

Jue-Mn(CO),(dpm)Cl = fac-[Mn(CO);(dpm)Cl]* + e~ (couple 1)
| fast
mer-Mn{CO);(dpm)Cl = mer-{Mn(CO);(dpm)CI]" +e~ (couple IiI}

This simple example of a partial square schemie illustrates seveiai characteristic
features of such schemes. The large difference in the reversible £, values for the
two couples means that the equilibrium position for the reaction

Sfuc-Mn(CO); (dpm)Cl+ mer-{Mn(CQ),(dpm)Cl]* =
Jae-[eMn(CO);(dpm)C!]* + mer-Mn(CO);(dpm)Cl

lies almost exciusively to the left and the isolation of mer-[Mn(CO),(dpm)CI]* is
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not therelore surprising. Isolation of mer-Mn(CO),(dpm)CI appears to be possible
only because its isomerization to fuc-Mn(CO);(dpm)Cl is kinetically very slow. In
contrast, isomerization of fuc-{Mn{CO),(dpm)CI]* is fast at room temperature,

It turns out that isomerization of the initially produced 17¢ product is very
common and many other examples will be mentioned in this review. It is well known
that the electronically preferred stercochemistries of octahedral 18e carbonyl com-
plexes are cis for dicarbonyl, fac for tricarbonyl and cis for bis(ligand )tetracarbonyl
compounds. Corresponding trans or mer gecmeltries are usually observed only if
strong steric interactions arc present. Thus, in 18e complexes there is competi‘ion
between electronic and steric preferences in stereochemistry. In view of the coinmon
observation of isomerization after oxidation, Mingos [20] undertook a theoretical
study of the bonding scheme for 17¢ species and found that for these specics both
the electronic and steric preferences were for trans and mer configurations. The
fact —»mer™ (and cis* —»trans™) isomerization in the 17¢ configuration is therefore
electronically driven and is a fundamental property of these systems.

For those systems in which the 18e species is the sterically prefeired isomer, for
example rans-Cr(CQO),(PPh;),, clectrochemical or chemical oxidation gives a simplec
reversible one-electron process giving in this case frans-{Cr(CO),(PPh,),] . This blue
cation can be isclated and it is a uselul strong one-clectron oxidant [21].

In the particular case of the Mn(CO),(dpm)X system, the 18 mer-Mn(CO);-
(dpm)Cl does not isomerize back to fuc-Mn(CO);(dpm)Cl at a significant rate, so
the cycle of oxidation and subsequent reduction provides a preparative route to the
18¢ mer complex which is not otherwise synthetically accessible. However, in other
square schemes the 18e product of reduction may isomerize back to the electronically

cis-Mo(CO),(dpe), = cis-[Mo(CO),(dpej,]* +¢~
T fast L fast
trans-Wio(C0),(dpe), = trans-{Mo(CO),(dpe),]* +e~

preferred isomer, for exainple in the square scheme frans-Mo(CQO),(dpe), rapidly
everts back to cis-Mo(CO),(dpe), in solution so that only ¢is-Mo(CO),(dpe), and
trans-{ Mo(CQ),(dpe),]* can be isolated in this system, although all components of
the square scheme can be detected voltammetrically at the electrode surface [22].
An unusual feature of this system is that the second oxidation at more positive
potential also is reversible at low temperatures, indicating that frans-
[Mo(CO){(dpe),}** is stable on the voltammetric timescale under these conditions.
The corresponding dpm system is similar [23] and both the dpe and dpm complexes
¢is-M(CO),(P-P); (M=Cr, Mo, W; P-P=dpm, dpe) are readily protonated in
acidic media to give stable hivdrides [HM(CQ),(P-P),]" which have been extensively
studied [24,25].

The isomeric behaviour of the i8e species produced by the reduction step in the
square schieme varies between systems, but ) almost all cases the initially produced
17e species isomerizes rapidly, where this is possible geometrically, and the equilib-
rium position in the 17¢ configuration strongly favours the isomerized product. The
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only exceptions we have found to this rule involve cither an unusual interplay of
clectronic and steric forees in complexes of the tridentate ligand ,P", or where
extremely fast cross redox reactions occur following oxidation. Examples of these
kinds of systems will be described lat v v the section dealing with microelectrode
experiments.

Occasionally, the initial 17e product of the oxidation isomerizes very quickly and
then becomes involved in a cross redox reaction so that a catalytic cycle is established.
Fig. 2a shows an oxidative cyclic voltammogram for a dichloromethane (0.1M
Bu,NCIlOQ,) solution of fuc-Cr(CO),(n'-dpe)(1n>-dpe) {26]. On the first scan, an

Process 1

Process 11

.....)--—--

(a)
Process 1I' Process |
PN
/ S~
! -
/
(b) Process I
Process 11
(©

Process II'

[ 1 R I
06 04 02 0.0

Potential (V vs Fc*IFc)

Fig. 2. Oxidative cyclic voltammograms at a Pt disk macroelectrode for the Cr(CO),(n'-dpe)(n-dpe)
system in CH,CL, (0.1M Bu,NCIQ,) at a scan rate of 200 mV s~ . First scans (- - -), second scans (—-—-).
(a) Freshly prepared solution of fuc-Cr(CO);(n'-dpe)(n-dpe) at 20 ' C, (b) freshly prepared solution of
Jue-Cr(CO)y(n'-dpe)(n-dpe) at =78 C, (c) the same solution used in (a) about 30 min after the initial
cyclic voltammogram at 20 "C (adapted from Ref. [26]).
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oxidative process | with a peak potential of --0.079 V is observed but no correspond-
ing reduction is observed on the reverse scan (scan rate 200 mV s~ '), However, a
reduction wave I1' is observed at —0.370 V and on second and subsequent scans
the other half of this couple appears at —0.280 V. Fig. 2b shows a similar cyclic
voltammogram a2t — 78 “C for a freshly prepared solution. A small degree of revers-
ibility is now detected for the initial oxidation. In this system the usual reaction

fac-Cr(CO)y(m'-dpe)(n*-dpe) = fac-{Cr(CO);(n'-dpe)(n-dpe)]* + ¢~
| fast
mer-Cr(CO),(n'-dpe)(n?-dpe) = mer-[Cr(CO);(n'-dpe)(n>dpe)]* +e~

scheme applics, but the fac™ —mer™ isomerization step is so fast that it cannot be
stopped completely on the voltammetric timescale even at —78 “C, Fig. 2c is a cyclic
voltammogram at room temperature of a solution initially containing
fac-Cr(CO)4(n'-dpe)(n?-dpe) which had “een subjected to one scan of a cyclic
voltammogram some 30 min earlier. This voltammogram dispiays only redox couple
I, which shows that the bulk solution now contains only nier-Cr(CO);,-
(m*dpe)(n3-dpe). Although the conversion of fuc-Cr(CO)y(n'-dp2)(n3-dpe) to
mer-Cr(CO)y(n'-dpe)(n-dpe) is not thermodynamicaily favoured, it occurs because
mer-[Cr(CO)s(n'-dpe)(n3-dpe)] * is involved in the cross redox reaction

mer-[Cr(CO);(n'-dpe) (n*-dpe)]t +fuc-Cr(CO);(n' -dpe) (n?-dpe)=
mer-Cr(CO);(n'-dpe)(n?-dpe) + fuc-[Cr(CO),(n* -dpe) (n2-dpe)] *

However, the fuc-[Ci1(CO);(n'-dpe)(n?-dpe)]* generated by the cross redox reaction
immediately isomerizes to nier-Cr(CO)y(n'-dpe)(n?-dpe)]* so the reaction is
repeated until al' the fuc-Cr(CO);(n'-dpe) (n-dpe) is converted to the mer® isomer.,
The same result is obtained if a minute quantity of chemical oxidant, such as
NOPF,, is added to a solution of the fuc® isomer.

Analogous catalytic isomerizations have been observed for fuc-Cr(CO);-
(P(OMe)s); to mer-Cr(CO)(P(OMe);); [27] and cis,fuc-Re(CO),(P,P)Cl to
cis,mer-Re(CO),(P,P")Cl [28].

Simply to emphasize the common occurrence of square schemes involving isomer-
ization in the 17c configuration, we list here some of the starting materials which
upon electrochemical or chemical oxidation give rise to behaviour similar to that
described above: M(CO),(PR;),X (M =Mn, Re) [29]; M(CO),;(PR;); (M =Cr, Mo,
W) [30,311; Cr(CO)4(P(OR);), [27]; Cr(CO)4(n'-dpm)(n2-dpm) [26]. The com-
pounds M(CO),(L-E)X (M =Mn, Re; L-E=dpmS, dpmSe) undergo similar oxid-
ations and isomerizations, but the resulting [7e cations containing sulphur and
selenium are thermodynamically more stable [32]. In addition, there are other
systems in which the initial isomerization of the 17e species occurs, but this is then
followed by fast cross redox reactions, or coordination of a pendent donor atom or
some other reaction, which competes with completion of the square scheme.
Examples of these mechanisms will be discussed in subsequent sections. Reaction
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with the solvent . _lectrolyte also is possible, but the majority of our work has
minimized these possibilities by using relatively non-coordinating solvents such as
dichtoromethane or acctone and electrolvtes such as Bu,NCIO,. Bu,NPF, and
Bu,NBF, which contain anions which rarely act as ligands.

3. Disproportionation

Therc are many situations in which isomerizism to another thermodynamically
preferred geometry is not possible and in non-coordinating solvents it has been
found that disproportionation of the 17e species is the most common alternative
rcaction. Examples of 17¢ species which rapidly disproportionate at room
temperature in non-coordinating solvents include M(CO)sX (M =Cr, Mo, W: X=
Tl Br, 1) [33,34], Cr(CO)sF [35], V(CO), |36}, [Cr(CO)5(n"-dam)]* [37] and
[Cr(CO),(dpm)]* [38].

Our first co-authored paper [33] was concerned with the electrochemical oxidation
of [Cr(CO)sX]™ (X=CL Br. 1) species. At room temperature in acetone solution
[Cr(CO)s1]” shows two one-electron oxidations, the first reversible and the second
irreversible on the voltammetric timescale at a macroelectrode. At —78 "C both
processes become fully reversible and this provided the first evidence for a Cr(1I)
halocarbonyl compound. The two redox processes are identified as

[Cr(CO)s1]™ = Cr(0)sl +e”
Cr{(CO)sl = [Cr(CO)si]" +¢”

In contrast, [Mo(CO);1]™ gives a single irreversible two-clectron oxidation response.
This difference between chromium and molybdenum (and tungsten), and more
generally between first row and second/third row transition metals, gradually
emerged as a consistent theme. In this particular case the electrochemical oxidation
products of [Mo(CO);1]~ were not identified, but the electrochemical results could
be explained in terms of a rapid disproportionation of the 17¢ species Mo(CO);l.
Shortly afterwards, a study [34] of chemically generated Cr(CO).l in acetone showed
that it too disproportionates on the longer timescale upon warming, regenerating
exactly half the molar amount of [Cr(CO)s1]™ with the remaining chromium being
precipitated as a non-carbonyl containing product. Thus, the disproportionation

2Cr(CO)sl — [Cr(CO)s1]™ +[Cr(CO)s1]*
}

decomposition products

reaction can be written as involving formation of an unstable [6e Cr(I1) octahedral
species as well as regenerating the starting material.

A major difference between carbonyl chemistry of the first and second/third row
metals is the existence of an extensive chemistry of [8e seven coordinate species in
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the d¥ conliguration for the heavy metals, but not for the first row clements. Thus
Mo({l) and W), and to a lesser extent Re(H). have well-defined 7 coordmmate
saroanvi chemistry and this provides an additional therirodynamic driving foree for
the disproportionation of the 17¢ d® species of these metals. The 16e species resulting
from the disproportionation can add a ligand to produce a relatively stable 18¢
seven coordinate species. A nice example of this is provided by the oxidations of
[Cr(COXl]™ and [Mo(CO)1]™ by iodine, the products bemng CiiCO)] and
[Mo(CO),E5) 7. respectively. In the chromium system the reaction is a simple redox
process

[CH(CO)1 )™ 121, =2CH(CO) I +17

The reactions involved in the molybdenum case are
[Mo(CO) ] 1, > Mo(CO) I+ 21~
2Mo(CO)I=[Mo(CO)sI] [Mo(CO)1]"
[Mo(CO)I]" +21 ~ = [Mo(CO)l]17 +CO

In the presence of suflicient iodine the [Mo(CO)I]™ is recycled until
[Mo(CO)4l;]" is the only species present and the overall reaction is oxidative
additiern. However, mechanistic nuances of these reactions are unknown.

4, Oxidative additions

The existence of stable seven coordinate d* species for the second/third row metzs
provides for interesting comparisons with the first row metal chemistry. When the
initial 18¢ octahedral complex contains a pendant (non-coordinated) donor atom
this entity provides a readily available site to add to the metal following electrochemi-
cal oxidation, thus forming the higher coordinate d* product.

A series of compounds M(CQO);(n'-P-P)(02-P-P) (M =Cr, Mo, W; P-P=dpni,
dpe) were prepared and characterized by various spectroscopic techaniques [26].
Upon celectrochemical oxidation in  both dichloromethane and acctone,
mer-Cr(CO)in'-dpm)(n>-dpm) gives mer-[Cr(CO)y('-dpm)(n>-dpm)]* (which
slowly decomposes to  trans-[Cr(CO),(dpm),}* [39]) whilst fue-Cr(CO),-
(n'-dpe)(n*-dpe) gives unstable fac-[Cr(CO)y(n'-dpe} (n2-dpe)] " which rapidly isom-
erizes (o stable mer-[Cr(CO),('-dpe)(n-dpe)]*, and this is the expected behaviour.

Mer-Mo(CO),5(n'-dpm)(12-dpm) exhibits quite different electrochemical proper-
ties as shown in Fig. 3. On the first oxidation scan in acetone there is an irreversible
responsc at —{0.180 V and on the reverse scan an irreversible reduction is observed
at —0.740 V. Second and subsequent scans are identical. Controlled potential oxida-
tive electrolysis at 0.380 V shows two clectrons per molecule are consumed and the
reductive cyclic voltammogram of the oxidized solution gives the irreversible response
at —0.740 V and on the reverse scan the oxidative response at —0.!80 V appears.
Reductive controlled potential electrolysis of the previously oxidized selution also
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Fig. 3. Oxidative  cyclic oltammerem at a P disk macroclectrode  for the  oxidation  of
Sae-Mo(COY N -dpmpopP-dpm) in acctone (0.0M EGNCIC o 200 C with @ sean rate of 200mV s !
(adapted from Ref. [26]).

consumes two clectrons per molecule and the voltar nogrim is identical to
that of the starting material mer-Mo(CO);(n'-dpm)}(n*-dpm). Thus the final
products of the oxidation of mer-Mo(CO);(n'-dpm)(13°-dpm) and et - Mo(CO),-
(n!-dpm)(n’-dpm) itself arc interconvertible by electrolysis, but the overall processes
are two-clectron steps and the deceptively simple voltan:mograms obscure a compli-
cated mechanism. Although the redox process is chemically reversible, it 1s not
clectrochemically reversible in the Nernstian sense because of the large poteniial
difference between the processes. Thie behavicur of fae-Mo(CO)y(vy'-dpe)(ni-dpe) is
slightly more complicated since it involves also the normal isomerization of
Jac-[Mo(CO)y(n-dpe)(n-dpe)]* to mer-{Mo{CO)s(n'-dpe)(n*-dpe)l*. but it pro-
vides additional information since although the general behaviour is similar to that
of the dpm complex, the two-electron process observed with the dpm co.nplexes is
now two separate one-clectron steps, that is, the 17¢ intermediate can be observed.
The overall mechanism proposed to explain these obscrvations is

fac or nier-Mo(CO);(n'-P-P)(n-"-P) -
mer-{Mo(CO);(n'-P-P)(n-P-P)}* +e”
2mer-{Mo(CO);(n!-P-P)(1?-P-P|* (1 7¢)—
mer-Mo(CO);(n'-P-P)(n3-P-P)(18¢) +
nier-{Mo(CO); (! -P-P)(n*-P-P))* * (16¢)

ner<{Mo(CO); (' -P-P)(n2-P-P)]** (16e) = {Mo(CO);(1n*-P-P),]** 1 8e)

in which the pendant phosphorus in the 16e mer-[Mo(CO)y(n'-P-P)(n? 2-P)**
coordinates to the metal to give the 18e seven coordinate specics
[Mo(CO)5(n%-P-P),J* . In the case of the dpe complex, the rate of disproportiona-
tion of the 17¢ intermediate was slow enough to allow its detection in the voltammo-
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gtams. In a subsequent paper {40] the [Mo(CO)y(n*-P-P),)*™ species were isolated
and fully characterized, thus confirming the validity of the overall mechanism, but
surprisingly the 18¢ species [Mo(CO)y(n%-P-P},)** slowly decompesed to the for-
mally 16¢ complex [Mo(CM),(n*-P-P);]**. However, this type of reaction is not
without precedent as Mo(CO)(PPh;),Cl, loses CO to give Mo(CO),(PPh;),Cl,
[41]. as does Mo(CCO)4(S,CNEL,),; 1o give Mo(CO),(S,CNEL,), [42].

Additional nwinces of the clectrochemical mechanism were revealed by a still later
study [43] using micreelectrode techniques. Oxidation of ier-W(CO)s(n!-dpm)-
(r;%-dpm) at a 25 um radius platinum microdisk clectrode wes sti'l a single two-
eicctron process, but at a 3 um radius microclectrode two one-electron processes are
observed. Delailed steady state and fast scan voltammetric studics showed there are
competing pathwavs to the final product. The first step is

mr-W(CO) (" -dpm) (2 -dpm) = nier-] W(CO), (' -dpm) (3*-dpm)]* +e”
followed bty
mer-l W(CO),(n-dpm)(n2-dpmi* (17¢) = W(CO);(n*-dpm),] * (19¢)
and
[W(CO);(n2-dpm),]* (19¢)-»[ W(CO);(n2-dpm),** (18e)+¢”
or
mer-[ W(CO);(n'-dpm)(n-dpm)] *(17¢) = [ W(CO);(n'-dpm)(n>dpm))** (16¢) + ¢~

l
[W(CO);(n*dpm),J** (18e)

with both the 17¢ and 19¢ transient intermediates being ebse 1 on the short

microelectrode voltammetric timescale.

Analogots products are formed by the electrochemical or chemical oxidation of
a serics of complexes W(CO)(NO} n'-L-L)(n*-L-L)I (L-L =dpm, dpe, ape, dpmS,
dpmSe, apeS. apeSe) [44]. Although the details of the reactivns vary with ligand
and sometimes two one-election processes are observed and in other cases a single
two-clectron process is observed, the final stable product is always 16¢
rans-{ W(NO)(w>-L-L),I?*  with [W(CO)(NO)(n'-L-Lyn*-L-L)I]* and
[W(CO)(NO)(L-L),I1?* (struscture unknown) sometimes being observed as interme-
diates. Interestingly, in these systems disproportionation appears to be slow, especi-
ally for those complexes containing sulphur and selenivm ligands.

3. Voltamnictry at microelectrodes
5.1. Fust reactions

The concept of exchange averaged spectra is well known in NMR spectroscopy
where deceptively simple spectra result when an exchange reaction of some kind
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occurs which is fast compared. "t the NMR timescale. The usual response to this
difficulty is to cool the solutii so that the exchange becomes slow on the NMR
timescale and in favourable cases the slow exchange limiting spectrum cian then be
observed. Analogous phenomena occur in electrochemistry but they are not so
widciv recognised. We have already scen how isomerization reactions can be slowed
at fow temperatures, but for those reactions discussed so far the isomerization and
cross redox reactions have been comparatively stow. However, there are a number
of syitems for which such reactions are much faster and cooling the solution doces
not slow the processes sitliciently to allow a complete electrochemical study at
conventional (macro) electrodes, exactly analogous to the NMR situration when the
slow exchange limit cannot be reached. Fortunately, electrochemists have available
a range of techniques which have widely diflering timescales, and in particular the
use of microclectrodes (radius <25 um) [23] allows study of clectrode processes on
a much shorter timescale.

The systems based upon thy compounds fue-M{CO),(n*P,P'} (M =Cr, Mo, W)
are well suited to study with microelectrodes because isomnerization and cross redox
reactions are fast [45,46]. Fig. 4a shows a cyclic voltammogram (scan rate
100 mVs™Y) for a solution of fac-Cr(CO);(P,P") in dichlc,omethane (0.1M
Bu,NCiQ,) at a platinum macrodisk electrode (radius 0.9 mm}) at 20 "C. Redox
couple i appears to be a simple reversible one-electron process and an obvious
interpretation would be that redox couple 1 is due to the reaction

f?l(.'-cr(colh(PzP“?-f&l("[Cf(COh(Pz ’)]+ +¢

Process 1

Process Il , ™~ ~_

Process I
———ye =

Process III'

1 | | | l l
08 06 04 02 00 02

Fig. 4. Oxidative cyclic voltammogram at a Pt disk macroelectrode for the oxidation of
Jac-Cr(CO)(P,P') in dichloromethane (0.1M Bu,NCIO,) with a scan rate of 100 mV s~ (a) At 20 C,
(b) at —45°C (- - - is first scan) (adapted from Ref. [27]).
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implying that fuc* is completely stabie on the voliammetric timescale at room
tempersture, which would be unusual. However, when the temperature is lowered
to —45 "C (Fig. 4b) two separate reversible redox responses (11 and 1) arc observed
instead of one. This type of behaviour wa: unexpecied since electrochemical processes
are usually simplified at low tempcratures. In faci the cyclic voltammogram at
—45 “C is due to the normal square scheme

1ae-Cr(COY5(P,P) = fur-[Cr(CO)5(P,P)]* +¢”
11 1l
mer-Cr(CO){ PP == mer-[Ci(C0)5(P,P)] T +e~

but in this system the isomerizaiinn bevween fae and mer is extremely rapid in both
the 17e and 18¢ configurations. In addition the cross redox reaction

Jue-Cr(CO)3(P,P) + mer-[Cr(CO), (PP 2/4¢-[Cr{CO),(P,P)]*
+mer-Cr(CO), (PP

also is fast, These factors combine to give such rap:d equilibria between the various
species that at room temperature a macroelectrode deiects only an average response.

Detailed studies at vartous scan rates with microelectrodes reproduce and extend
these observations. Using a Pt microdisk electrode (radius 25 um) at a scan rate of
5V s~! gives a single reversible response (couple 1), at 200 V s~ redox couples 11
and HI arc observed (corresponding (o Fig. 4b at a macroelectrode) and at a scan
rate of 2000 V s~! only redox couple II is observed which is genuinely due to the
Jac=fuc™ couple. At this scan rate the clectrochemical timescale outruns the isomer-
ization reaction. Generally similar observations were made for the corresponding
molybdenum and tunpsten complexes. This system behaves in this unusual way
because there are steric nressures in both the fuc and mer geometries of
M(CO0)4(P,P’) which distc, the usual balance between electronic and steric prefer-
ences. In the fuc geomciry here is considerable steric interaction between phenyl
rings on the two terminal phosphorus atoms of P,P’, whilst in the mer isomer there
is considerabie strain in the angles about the central phosphorus atom. Thus, the
complexes aie¢ subject to strain in both configurations and are not completely stable
in either isomeric form in both the 17e and 18e configurations. As well as making
the isomerization reactions fast, these factors also have the interesting resuit of
making the 17¢ mer* and fuce™ isomers of comparable stability ~ the first time this
has been observed. All of the rate constants and equilibrium constants for this
system were determined by a combination of direct measurement and simulation
techniques which involved writing special programs [45]. It has since been demon-
strated that “Digisim™ [4] easily simulates the behavioui of this system giving
parameters which agree with our earlier values [47].

In a subsequent paper [46] the Cr(CO),(P,P’) system was used to demonstrate
the advantages of using both steady state and fast scan techniques at microelectrodes
and a new design tor an electrochemical cell coupled to new electronic circuitry was
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described which allows a4 more accurate subtraction of the background cur,ent - .d
correction for uncompensated resistances.

The [Cr(CO),{P(OMe),},]%* system provides an example for which even niicro-
clectrode voltammetry faiis to provide a sufliciently short timescale to distinguish
between the electrochemical responses of the ¢is and mier isomers. Spectroscopic
evidence (*'P NMR and IR) shows the presence of both 18¢ isomers and the addition
of small amount of [Cr(CO),{P(OMe),},]" causes the signal for both isomers to
broaden, not just one. This and other evidence leads to the conclusion that the
interconversion of ¢is™ and frans™ is so fast that it outruns cven the microelectrode
timescale [48].

5.2. Thermodvnamic studies

The 18¢ compound Cr(CO),(dpe), can exist as both ¢is and trans isomers and in
solution their relative proportions depend upon the solvent. The 17e cation
trans-[Cr(CO),(dpe),] 7, readily formed by air oxidation, considerably complicates
spectroscopic measurentents on the solutions. There is an unfortunate double coinci-
dence of IR frequencies as the single carbonyl stretches of trans-Cr(C0)y(dpe), and
trans-[Cr(CO)(dpe),] ™ occur at very similar frequencics to the two stretches of
cis-Cr(CO),(dpe),. so 1R spectroscopy is not useful for this system. The paramag-
netic trans-[Cr(CO),{dpe),]* undergoes rapid self-exchange with trans-Cr(CO),-
(dpe), and it also drives the fast cross redox reaction

truns-[Cr(CO),(dpe),]* + cis-Cr(CO),(dpe), = rrans-Cr{CO),(dpe),
+¢is-[Cr(CO),(dpe),]

which complicate *'P NMR measurements of the cquilibrium between ¢is® and
trans®.

Steady state voltammetry at microelectrodes was the only technique which allowed
simultaneous determination of the concentration of trans®, c¢is® and trans™ species
in a wide range of solvents, thus allowing various thermodynamic and kinetic

parametcrs to be evaluated [10].

6. Photoclectrochemistry

We have several times noted in carly papers that 17e carbonyl species seem to be
light sensitive; examples include mer-fMn(CO);(PR,), X" [29], trans-[Cr(CO),-
(PR;),]7 [27], [Cr(CO)(dpm)]™ [38], mier-[Cr(CO)5(P(OR););}" [31]. In many
cases, but not all, the presence of light promotes disproportionation of the 17e
species to gencrate half a mole equivalent of the corresponding 18e compound and
the remainder of the metal content is converted to non-carbonyl material presumably
via an unstable 16e intermediate. The singly oxidized cation of wmerner-
{Cr(CO);(n*dpe)} »(n-dpe) [49] is also light sensitive but the resultant reaction is
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cleavage of the dpe bridge and formation of a variety of products from the two
fragments.

Only recently have we begun sysiematic studies of photoelectrochemistry in collab-
oration with R.G. Compton and his group at Oxford University, but the early
indications are that there is an extensive photochemistry of hoth 18¢ and 17¢
carbonyl compounds. The photoclectrochemistry is investigated in a flow system
using channel clectrodes and kinetic parameters are determined by varying both
scanr rate and flow rate.

The first compound to be investigated [50] was the familiar fac-Mn(CO);-
(dpm)Cl and 1n the absencs of light the electrochemistry in the flow system was
exactly the same as described carlicr undes stationary conditions. When the electrode
was irradiated with lig'. .. oxidation of nier-Mn(CO),(dpm)Cl was observed even on
the first scan and it was shown ihat fac-Mn(CO),(dpm)Cl is photoisom:rized to
the mer® isomer. In  addition, the current due to the oxidation of
Sae-Mn(CO);(dpm)Cl was enhanced refative 1o that in the dark and after considering
a number of theoretica: models it was deduced that the only one which was in
quantitative accord with the data was one involving an ECE type of photodispropor-
tionation process.

Jac-Mn(CO); (dpm)Cl = fac-[Mn(CO);(dpm)CI}* +e”
2fac-[Mn(CO);(dpm)Cl]* - fuc-Mn{CO),(dpm)Cl + fuc-[Mn(CO);(dpm)CI]**
Lhv
mer-Mn(COj, (dpm)Cl

The Mn(H1) cation fac-[Mn(CO),(dpm)CI]** is known to be unstable as it is the
product of the irreversible oxidation response at high positive potential previously
noted in the cyclic voltammetry of fac-Mn{CO),;(dpm)Cl, and thercfore the dispro-
portionation step can be considered to be irreversible. Thus. two new processes,
namely photoisomerization of fuc-Mn(CO);(dpm)Cl and phoiadisproportionation
of fac-Mn(CO);(dpm)C!]™ were discovered in this well-studied system.
Electrochemical oxidation of Cr(CQ), in acetonitrile solution in the dark gives
two oxidation responses, one reversible and one irreversible. Under irradiation with
light, three new processes are observed and these were shown to be due to the one-
clectron oxidations of Cr(COjs(CH3CN), Cr(CO)4(CH,CN), and Cr(CO);-
(CH,CN); which are formed by photochemical substitution of Cr(CO), {51]. In the
same paper it was shown that rrans-[Cr(CO),(dpe),]**, formed by electrochemical
oxidation of trans-{Cr(CO),{dpe),]*, undergoes photodisproportionation.
This is the first time we have observed disproportionation of a 16e compound.

2trans-[Cr{C),(dpe),J** — trans-[Cr(CO),(dpe),]* + trans-[('r(CO)(dpe},]**
l

decomposition products



A.-M. Bond, R. Colton | Coordination Chemistry Reviews 166 ( 1997) 161- 180 177

The photovoltammetric technique using channel electrodes was applied to
Jac-Mo(CO),(P,P’) but jn this casc only photoisomerization to the mer® isomer was
observed, and there was no photodisproportionation or photofragmentation [52],

7. Solid state voltammetry

Metal carbonyl derivatives are generally insoluble in, and chemically inert to
water. We have shown recently that cis-Cr(CO),(dpe),, trans-Cr(CO),(dpe), and
trans-[Cr(CO),(dpe),]* may be mechanically attached to a carbon electrode and
upon immersion of the electrode in water containing an electrolyte, good electro-
chemical responses from the carbonyl species are observed [53,54). The redox
prozesses involved are similar to those observed in organic solutions, but in the
solid statc the isomerization of ¢is™ to trans* is much slower and c¢is* has been
identified directly on the electrode surface by FTIR techniques [54]. The experimental
results are in accord with an electrochemical process that takes place at the solid—so-
lution interface to form a layer of oxidized material, Electron transfer is postulated
to occur by electron hopping via self exchange and cross redox reactions with the
rate being dependent on the state of the electrode-compound-solution interface and
the surface charge. Nucleation and crystal growth phenomena also are believed to
accompany the electron transfer and ion-migration processes.

8. General summary

In probably all cases the first step in the metal based electrochemical oxidation
of carbonyl systems is a single electron process. Those responses which appear to
be single two-electron processes, usually for second/third ~c v metals, result from
rapid disproportionation following an initial one-clectron transfer, It follows there-
fore that the behaviour of each system is dominated by the chemistry of its paramag-
netic 17e derivatives. The lifetimes of thess species vary widely, with those of the
firss row elements (Cr, Mn) in general being longer lived than those of the correspond-
ing derivatives of the second/third row transition metals. There scems to be a
tendency for the 17e species to be more stable as the number of carbonyl ligands
decrease, thus Cr(CO)sl is stable only at low temperature but numerous tricarbonyl
17e chromium cations can be isoiaied at room temperature. Similarly, while species
such as trans-[Mo(CO),(dpe),]* can be isolated, 17e molybdenum species with more
carbonyl ligands are much less stable [30]. The stability of the 17e complexes
determines which techniques may be us:d to characterize them and very unstable
specics may be detectable only by short timescale techniques, Voltammetric methods
alone based upon oxidation of the precursor generally do not give direct structural
information for short lived species, but electrochemical oxidation combined with in
sizu ESR spectroscopy or electrochemical oxidation via *‘tip oxidation” ESMS [55]
may provide additional information. Longer lived 17e¢ species may be readily charac-
terized by additional electrochemical techniques as well as by all the usual spectro-
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scopic techniques, especially ESR and IR. Although *'P NMR spectroscopy is 1t
normally applicable to the study of paramagnctic species, we have found the fast
clectron sclf exchange reaction between isomeric 18¢ and 17¢ species to be uselul
for identifying the isomeric form of the 17¢ species. Thus, for cexample, the
presence of trans-[Cr(CO)(dpe),]” in solution broadens the signal due to
trans-Cr{CO)y(dpe), but not that of ¢is-Cr(CO)(dpe), [10]. Similar eflects n
occasionally be observed mn ESR spectra; thus the sharp ESR spectrum of
mer-[Cr(CO);4 P(OMe),} 5] is unaflected by addition of fue-Cr(CO), i P{OMe)y),
but addition of mer-Cr(CO);{P(OMe), |, causes the spectrum to collapse [31].

The potential at which the first oxidation of an I8¢ metal carbonyl derivative
occurs is also subject to certain trends. For any series of metal complexes in which
carbonyl groups are substituted by phosphine or phosphite ligands the potential of
the iirst oxidation generally becomes less positive as the number of carbonyl groups
decrcases, but there are wide variations depending upon the nature of the ligand
and the isomeric form of cach compound. Similarly, compounds containing halide
igands are usually onaidized at less positive potentials than isoclectronic species
without halides, e.g. [Cr(CO)sI]™ is more easily oxidized than Cr(CO), [33,35].

It is also generally true that first row metal derivatives arc more easily oxidized
than their second/third row analogucs. Thus [Cr(CO)sI]™ is more casily oxidized
than [M(CO)1]~ (M =Mo, W) [33]. Cr(CO),dpm), is more casily oxidized than
M(CO),(dpm), [43] and the carbonyl halide derivatives of manganese are more
easily oxidized than their rhenium analogues [29].

Finally, some thoughts on areas of interest in the near futurc. The techniques of
photoclectrochemistry and solid state chemistry or samples attached to electrodes
are just being developed for metal carbonyl compounds and are expected to yield
further intercsting insights concerning the redox and chemical properties of thesc
systems. Simultancous clectrochemistry and ESR measurements is now a standard
technique, but for metal carbonyls simultancous clectrochemistry and FTIR spectro-
scopy can be further developed [56]. We have already successfully coupled clectro-
chemical measurements with ESMS [57] {although not yet using metal carbonyl
derivatives) and the extreme sensitivity of ESMS will be particularly useful. Chemical
systems of interest in the future are likely to include dimeric species, carbonyl
fluoride and carbonyl hydride compounds. The dimers enable aspects of communica-
tion of metal centres (o be explored, while hydrides and fluorides may provide access
to stable higher oxidation states since these ligands cannot themselves be oxidized

under normal conditions.
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