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Abstract

This article reviews our studies over some twenty years on the oxidative redox chemistry
of i8¢ carbonyd derivatives of the group 6 and 7 transition metals. The necessity of coupling
clectrochemical and spectroscopic techniques is emphasized. Probably in all cases, the first
exidative step s a one-clectron process and the subsequent chemisty of the system depends
upon the stability und reactivity of 17¢ product. Isomerization is a common phenamenon.
but when this is not possible disproporticnation is often observed. € 1997 Llsevier Science S, A.

1. Introduction

This article is an overview of our studies over more than (wenty years of the
redox propertics of metal carbonyl compounds. Almost all the clectrochemical
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studies on the nermally cighteen electron starting compounds have been oxidative,
s0 ¢ large proportion of our work hus been concerned with the formation and
subsequent chemistry of paramagnetic seventeen electron specics. Although clectro-
chemieal studies are the main theme of this review. these techoigues alone would
not have been suflicient 1o elugidate the chenstries of many of the systemx studied
and we have always advocated the application of as many techniques as possible 1o
any system.

Over the 20 year timescale of these studics. the range of ¢lectrochemical and other
techniques available to us has expanded drumatically, and an exciting part of the
chullenge of modern chemistry is to make lull use of the latest experimental methods
which often provide new misights on familiar systems. Thys, we find that some
systems, for example MiCO )L {dpe (M = Cro Mo, Wl have been investigated several
imes as new techniques have evolved. 10is worth noting the progression of technigues
over the Lust twenly vears. The carliest eyclie voltammeltric measurements were made
at what are uow referred to as macro disk clectrodes (radius 2 5 mm} @ sean rates
up o only 30 mV s 1 fortunately some of the somerization reactions of seventeen
clectron species are of the rate required 1o be observed under these conditions, The
introduction of microclectrodes (e.g. disks of vadius 0.5 30 um [1]) allowed the use
of very fast scan rates (e.g. up o TOUO 000 Vs 'y and also Gacilitinted steady-state
observations. both of which effectively reduce the observiable umescales 1o the
miflisecond {or less) time domam and therefore enable electrochemical detection of
very short-lived ntermediates [2,3]0 At the same time, the emergence [4.5] ol
powerful digital simulation techmques for theoretical characterization of pastulated
clectrochemical pathways has been invaluable, Since metal carbonyl compounds are
generally insoluble i water, almost all our studics have been made in organic
solvents. The runge of aceessible solvents has gradually inercused as technigues
mmproved so that with microvlectrodes it is now possible to use low diclectric media
such as bensene and toluene with supporting clectrolyvies such as tetrahexytammon-
i sadts [ 1], or solvents such as aectontinie without any added electrolyvte [ 1,61 A
more recent advance has been the development of technigues to investigate the
electrochemistry of insoluble species. These have been wvsed to study the electro-
chemical behaviour of water insoluble metal carbonyl compounds attached to
macroelectrodes when placed 1w aqueous (electrolvte) media.

In our carlicst studies. the major non-clectrochemical techniques used to character-
ze the redox chemustry were IR. "H NMR and ESR spectroscopies on isolated
samples. Since all 17¢ species are paramagnetic. ESR measurements have been
commonphice I our work., Cells were developed (o allow electrolyses within the
cavily ol the ESR instrument to monitor transicnt puramagnetic species [7.8] and
later sul! Fourier transtorm IR (FTIR} techniques allowed observation of low
concentrations of carbonyl specics in solution or precipitated onto the electrode
during electrolysis. The advent of Founer translform muitinuclear magnetic resonance
in the [980s had a major impact on our work as it enabled ps to determine the
isomeric identity of most species quite unambiguously, We also atiempted o find
correlations between NMR parameters (31°C and V' Pyand EMvalues for an extensive
range o CrtCOKL complexes {L--monodentate ligand) [9]. In the Tast five years
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we have used electrosprav muss spectrometry ( ESMS) extensively, including some
applications to carbonyl systems [10,11].

Electrochemical sign conventions have had a troubled history and the recom-
mended cenventions have changed even within the last twenty years. In this review
we will adopt the presently accepted IUPAC convention and as & result some of the
diagrams from our carlier papers have been redrawn. We would also like to take
this opportunity to recommend in the strongest possible terms that all measurements
be referenced against the reversible ferrocene couple (Fe ' /Fe (internal or exiernal)
or some similar standard substance, even though actual measurements may be made
apainst other reference electrodes [12.13]. No one would contemplate recording an
NMR spectrunt without comparison to the frequency of a reference compound. but
the variations between different NMR meusurements are trivial compared with the
variations in potential which routinely cccur in electrochemical studies, even with
¢lectrodes that are nominally of the same type. When the often large effects of
different junction potentials and different electrolytes in reference electrodes ete. are
also appreciated it becomes imperative to use an actually measured standard redox
couple as a reference.

The carhest clectrochemical studies on metal carbonyl dertvatives were invariably
reductive and the favoured technigue was polarography. which utilises a dropping
mercury electrode. In general, the observed responses were two-clectron frreversible
processes in which a formally two-eleciron donating ligand was lost so that both
the starting material and the product were 18e species. A typical example would be

Mo{CO), +2¢ —[Mo(COLF -~ CO

and of course this anion can be generaied vsing chemicat reductants. Thermodynamic
data are only readily extracted from electrochemically reversible processes, so that
compounds with the above type of electrochemical process cannot be completely
characterized m a theoretical sense unless the process can be stowed sufficiently
relative to the electrochemical time scale. This would allow measurements o be
made of the unstable intermediates which undoubtedly exist in these seemingly
simple electrochemical 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 yeurs ago a few stable 17e carbonyl species were known. perhaps the best
examples would have been VICOy, [14) and rans-[Mo{CO)idpel| ™ [15]. Thus,
there was already the suggestion that at leust some 17e carbonyl species ure 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 clectrochemical systems such as the Princeton Applied Research (PAR)
Model 170 instrument were ther commercially available. B 13 now a matter of
history that almost all 18¢ group 6 and 7 carbony! compounds. which have been
our main arcas of interest. may be oxidized both chemically and electrochemically.

[n almost all cases the first step is 4 one-clectron oxidation to the corresponding
17¢ species and the follow-up chemistry is dependent upon the behaviour of that
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specics. Isomerization of 17¢ species is commonly observed. but this process can
often be ciiccuively prevented by lowering the temperature of the solution upon
wlich the voltammetry is performed. Although low temperature clectrochemical
meusurements on organic systems had been made earlier [16]. our studies were the
first to use low temperatures to investigatle unstable products of metal-based eclectro-
chemical reactions. Short timescale microclectrode veltammetry frequently can now
provide similar voltammeltric information 4l room temperature, since by vsing these
clectrodes the clectrochemical imescale “outruns™ the kmetic step that oceurs after
the electron transfer, but low temperatures are still used frequently and often they
are essential in bulk clectrolysis and spectroelectrochemical cxperiments.

Although cur mandate for this review is to highlight by means of suitable examples
some of the more mmportant general themes which have emerged from our work.,
and to indicate what we believe may be the arcas ol greatest interest lor the nexg
few vears. we think it is important to recogmise the contributions ol others. There
huve been other much more comprehensive reviews of organometallic redox chemis-
try [17.18] and there are o number of aspects of carbonyl redox chemistry which
we have not poursued. such as redex chemistry in poteatially coordinating solvents
which leads Lo extensive substitution chemistry,

Throughout this review oxidative processes will be labelled with a Roman numeral
and reductive processes will be given 2 Roman numieral with a prime superscript.
All potentials are quoted versus the reversible couple Fo© 'Fe. A larpe proportion
ot the complexes mentioned contain polydentate higands and il no ndication 1s given
of the denticity, then it may be assumed that all denor atoms are coordinated 1o
the metal.

2. The square scheme

The so-called square scheme shown below, deseribes a sequence of reactions. such
as isomerization and cross redox reactions which may accompany the clectron

f&::‘A* +e
)

B—/HB :e

transfer step. However. it ts not necessary for all these pathways to be important in
particular systems. One of the earhest square schemes we investigated involved the
oxidation of fue-Mn{CO)dpmiX { X = CL Bry [19] and it displays many of the
features typical of such systems. g, 1 shows a cyclic voltammogram at a platinum
macroelectrode at 22 € lor the oxidation of an acetonitrile solytion (1M
ELNCIO) of fac-Mn(COYdpmCloat o scan rate of 300mVs ' On the hrst
oxtdative scain. process [ is observed and on the reverse scan there is some. but not
complete reversibility to give process 17 and another reduction process 11 is deteeted.,
On the sccond and subscquent scans processes L [T and [, [ are observed. There
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Process 1

Process 111

Process I'

Process I’
i f | ] ] I
4.0 0.2 0.4 a.6 4.8 1.3

Potential (V vs Fo*{¥Fe)

Fig 1 Osidative ovclic waltimmegram ot a Prodisk macroclectrode for the osidation of
frc=-NERTCO ) Ll prvoCl i pegioniteile (OO0 EGNCTO ) a0 22 Coscan rate SImVos 5 Fiest secan (- - -3,
second scan | iadapted from Rell [1¥] ).

s also an gdditional irreversible oxidative process [1 at higher positive potential (not
shown} which is not relevant 1o the square scheme. Process I is associaled with
further oxidation to a 16e spectes which completely decomposes: similar responses
at high positive potential are observed for most carbonyt systems. When the voltam-
metry is carried out at about --35 O redox couple T s completely reversible and
process [ does not appear. Thus, the species giving rise to process HI must arise
from the product of process 1 via a Kinetic step which is slowed at low temperature.
Chemical oxidation of fec-MniCORPpMICT by NOPF, leads 1o the isolation of
aer-fM{COYdpmICTTT and 1is butk clectrochemical reduction gives stable
aier-Mu(COYLdpmiiCL Both mier isomers were identified by analytical and spectro-
scopic methods (IR, ESR). The olated mer compounds both give only the redox
couple T in their cyelic voltammograms. ‘The reaction scheme for the manganese
tricarbonyl system can therelore be writlen as:

Jae-Mn{CO}(dpm)Cl = fae-[Mn{CO,(dpm)CI]' +e° (couple 1)
| fast
mer-Mn{CQO);{dpm)Cl = mer-[Mn{COL{dpm}Cl1" +e  (couple I}
This simple example of a partial square scheme llustrates several characteristic

features of such schemes. The large difference in the reversible £, , values for the
two couples means that the equilibrium position Tor the reaction

fae- Mt COLdpny O+ mer-fMni CO (dpmiCH ' =
Jae-[eMniCOR (ApICT " +mer-Mn(CO) (dpmi(i

lies almost exclusively to the left and the isolation of mer-| Mn{COWdpmCl] ™ is
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not therefore surprising. [solation of mer-Mn{C0O),(dpm)Cl appears to be possible
only becausc its isomerization to fac-Mn{CO),(dpm)CT 1s kinctically very slow. [n
contrast, isomerization of fao-[ Mn{CO}{dpm})Cl} " is fast at room temperature.

It turns out that isomerization of the initially produced 17e product is very
cormmon and many other examples will be mentioned in this review. [t 15 well known
that the electronically preferred stereochemistries of octahedral 18e carbonyl com-
plexes are ois for dicarbonyl. fuc for tricarbonyl and ¢is for bis{ligand )tetracarbonyl
compounds. Corresponding frans or smer geometries are usually observed only if
strong steric interactions are present. Thus. in 18¢ complexes there is competition
between electronic and steric preferences in stereochemistry. In view of the common
observation of isomerization after oxidation, Mingos [20] underiook a theoretical
study of the bonding scheme for [7e species and tound that for these species both
the electronic and steric preferences were for wrans and mer configurations. The
Jue —smer ' (and s orrans Ty somenization in the 17e configuration s therefore
electronically driven and is a fundumental property of these sysiems.

For those systems in which the 18e species is the stericalty preferred isomer. for
example trans-Cr{C O}, PPh;),, electrochemical or chemical oxidation gives & simple
reversible one-electron process giving in this case trans-[CreC O PPh,),) Y This blue
cution can be isolated and 11 15 4 useful strong one-clectron oxidant {21].

In the particular case of the Mn{COLdpm}IX system, the 8¢ mer-Mn{CO),-
{dpm)Cl does not isomerize back to fuc-Mn(CO{dpmICT at a significant rate. so
the cvele of oxidation and subsequent reduction provides a preparative route to the
18¢ mier complex which is not otherwise synthetically accessible. However, in other
square schemes the 18e product of reduction may isomerize back to the electronically

cis-Mof(COY{dpe); = eiv-[Mo{CO),(dpe),]” + &~
1 fast | fast

trans-MotCO), (dpe); == trans-[Mo(CO),(dpel.]* +e

preferred somer. [or example in the square scheme trany-MotCOY(dpe); rapidly
reveris back to eis-Mo(COk{dpe), in solution so that only eis-Mol{CO),{dpe). and
tranis-[ ModCOY{dpeds] ™ can be isolated i ihis system. although all compooents of
the square scheme can he detceted voltarmmetnically at the electrode surface [22].
An unusual feature of this system bs that the second oxidation at more positive
potentiat  also is  reversible w1 low  temperatures. mdicating  that  frans-
IMo(COLidper)* is stable on the voltammetrie timiescale under these conditions.
The corresponding dpm system s simifar [23] and both the dpe and dpm complexes
civ-M{COLIP P, (M =Cr. Mo, W, ' P—dpm. dpec) are readily protonated
actdic media to give stable hydnides [HMCO3(P P]™ which have been exiensively
studied [24,25).

The isomeric behaviour of the 18¢ species produced by the reduction siep in the
sguitre scheme vanes between systems. but m almaost all cases the imually produced
17¢ 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 either an vnusual nterplay of
clectronic and steric forees in complexes of the wridentate lgand P,P'. or where
extremely fast cross redox reactions oceur following oxidation. Examples of these
kinds of systems will be described later m the section dealing with microelectrode
experiments.

Occasionally, the mitial 17 product of the oxidation womerizes very quickly and
then becomes wvolved in o crass redox resction so that a catalytic cyvele is established.
Itg. 2a shows an oxidative cyclic voltammogram for a dichioromethane (0. 1M
Bu ,NCIO ) solution of fue-CriCOR{n -dpe)n-dpe) [26]. On the first scan. an

Process 1

{a)
Process IT' Process 1
PR
’ . -
7 -
(h) Process T
Process I1
(e}

Process 1’

0.6 0.4 0.2 8.0

Potential (V vs Fo¥ /¥e)

Fig. 2. Oxidative cyctie vallammograms al o PUdisk macroelectrode for the CriC 000" -dpein-dped
systemny in CHLOT ¢000M Bu NCHO ) ot o sean rode of 2000mVy s 1 Faest scans §- - -3, second scans b
{i) Freshly prepared solution of fac-CrpCOren'-dpering -dpel a8 20 C, ibi freshly prepared selution of
Joc-CriCOLOY -dpedin®dpey ai 78 CL o) the samie solution wsed in (i) about 30 min after the indrial
cylic voltanumageam af 20 C (adapled trom Rel [20]),
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oxidative process 1 with a peak potential of - 0.070 'V is observed but no correspond-
ing reduction is observed on the reverse scan (scan rate 200 mV s Yy, However, u
reduction wave II' is observed at  0.370V and on second and subsequent scans
the other half ol this couple appears at —(.280 V. Fig. 2b shows a similar cyclic
voltammogram at --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

Ffue-Cr{CON{n -dpe}(n-dpe) = fue-{Cr(CO);in'-dpetnidpe)]” +¢”
| fast
mer-CriCO LN -dpe)tn-dpe) = mer-[Cr{CO) (ni-dpeXnidpel]' +¢

scheme applies. but the fue —mer ™ isomerization step is so fast that it cannot be
stopped completely on the voltammetric timescale even at — 78 €. Fig. 2¢ 15 a cyclic
voltammogram at room temperature  of a  solution mitially  containing
Sue-Cr{CO n'-dpe)in~-dpe} which had been subjected to one scan of a cyclic
voltummogram some 30 min earher. This voltammogram displiays only redox couple
I1. which shows thut the bulk solution now comtains only  mer-Cr{CO),-
(n-dpeyn-dpe). Although the conversion of fue-CriCO)dn'-dpeyn’-dpe) 10
mer-CriC O -dpeitn-dpey is not thermodynamically favoured. it occurs because
mer-fCriCO L -dpe)(n®dpel] v is involved in the cross redox reaction

mer-JCrCOR (" -dpeyn-dpe)]  +1ae-Cr(CON (' -dpe}{n’-dpe) =
mer-CHOCON R dpen-dpe) + fac-[CriCO R0’ -dpedtn*-dpe)]”

However. the fae-[Cr{CO) i -dpe)in-dpe)] - gencrated by the cross redox reaction
immediately  isomerizes 0 aer-Cr{CORIMN-dpeitn-dpel]l” so the reaction is
repeated until all the fac-CH{TOLM -dpel(n7-dpe) is converted to the mer” isomer,
The same result is obtained i a mmmute quantity of chemical oxidant. such us
NOPF,,. is added to a solution of the fue isomer.

Analogous  catalytic  somwerizations  have been observed  for  fue-CriC0),-
(PLOMe,) o mer-CriCO PLOMe Y, {27] and eivfac-Re(COP.POICT 10
civnrer-Re{COLIP.P3CT| 28],

Simply to emphasize the common occurrence of square schemes invelving somer-
tzation in the 17¢ configuration. we list here some of the starting materials which
upon clectrochemical or chemical oxidation give rise 1o behaviour simiar o that
deseribed above: M{COLPR.X 1M —Mn, Re) [29]): MCOR(PR ) (M = Cr, Mo,
W) 20,30 CriCOPIOR);); [27]: CriCO)int-dpmy{n*-dpm) |26]. The com-
pounds M{COH( L E)X (M- Mn, Re: L. F=dpmS. dpmSe) undergo similar oxid-
ations and isomerizations. but the resulting 17¢ cations containing sulphur and
selenium are thermodynamically more stable [321 In addition. there are other
systems in which the initial isomerization of the 17¢ species occurs. but ihis is then
followed by fast cross redox reactions. of coordination of & pendent donor atom or
some other rcaction. which competes with completion of the square scheme.
Examples of these mechanisms will be discussed 1n subsequent sections. Reaction
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with the solvent or electrolyte also 15 possible, but the majority of our work has
minimized these possibiiities by using relatively non-coordinating solvents such as
dichloromethane or acclone and electrolvies such as BuyNCIO,. Bu,NPE, and
Bu,NBF, which contain anions which rarely act as higands.

3. Disproportionation

There are many situstions in which somerizism to another thermodynamically
preferred geometry 15 net possible and in non-coordinating solvents i has been
found that disproportionation of the 17¢ species is the most common abrernative
reaction. Examples of 17¢ species which rapidly  disproportionate at room
temperiiure in non-coordinating solvents include M{CORX (M =Cr. Mo, W2 X -
CL Br. [y |23.34]. Cr(CONE [33). VICO), [36) [CreCOLINT-damy] ™ [37] and
[CriCO{dpmy] ™ [38].

Our first co-authored paper | 23] wus concerned with the electrochemical oxidalion
of [Cr(COX] (X =CL Br. 1} species. At room temiperature in acetone solution
[Cr(COI]  shows two one-clectran oxidations. the first reversible and the sccond
wreversible on the voltammetric timescale al a macroelectrode. At 78 ( both
processes became fully reversible and this provided the hrst evidence for o Crill)
hilocarbonyl compound. The two redox processes are wdentified as

[CreCONT | 7 Cr{CO) +e
Cr{CO),] 2 [CHCONRI™ +¢

In contrast. [Mo{COX[]  gives a single irreversible two-electron oxidation response.
This difference belween chromium and molybdenum {and wngsteny. and more
generally between first row and sceond/third row transition metals, graduaslly
emerged as a consistent theme. In this particnlar case the electrochemical oxidation
products of [Mo(CORI]  were not identified, but the clectrochemical resudts could
be cxplaimed mn lerms of a rapid disproportionation of the 17¢ species Mo(CO).1
Shortly afterwards. a study | 34] of chemically generated Cr{CQi.l in acetone showed
that 1t too disproportionates on the longer timescale upon warming, regenerating
exactly hail the mokar amount of [Cr{CO}]] with the remaing chromium being
precipitated as a non-carbonyl containing product. Thus. the disproportianation

2CHCO)] - [CHCONI] + [CHCO)1]™

decomposition products

reaction can be written as mvelving formation of an unstable 16¢ Cr{l11) octahedral
speetes as well as regenerating the starting material,

A major difference between carbonyl chemistey of the (irst and second third sow
metals is the existence of an extensive chemistry of 18 seven coordinate species in
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1the d” configuration for the heavy metals. but not for the first row ¢lements. Thus
MaotIly and Wl and to a lesser exient Re{ 1), have well-defined 7 coordinate
carbomy] chemistry and this provides an additional thermodynamic driving force for
the disproportionation of the 17e d7 species ol these metals. The 16¢ species resulting
from the disproportionaton can add o hgand to prodoce a relatively stable 18c
seven coordingic species. A nice example of this is provided by the oxidations of
[CrCORT] and [MotCOlt by dedine. the products being CriCO):] and
[ Mo(COLTL . respectively. In the chromium system the reaction is a simple redox
Provess

[CHCORET T 2L 20rCOLE ]

The reactions involved m the molvbdenum case are
[MotCONT] 1, >MotCOXI4 2]
IMotCORD | MaiCORI [MotCOl |-
[MofCORLT T - 21 =[MoiCORIL + CO

by the prosence of sellicient dodine  the [Mo(COXIT s recycled  until
[MotCO, 1] is the only species present and the overall reaction s oxidative
addiion. However, mechanistic nuances of these reactions are unknown.

4, Oxidative additions

The existence of stable seven coordinate &7 species for the second:third row metals
provides for inicresting comparisons with the first rew metal chemisiry. When the
initial 18¢ octabedral complex contains a pendant (non-coordinated 3 donor atom
this entity provides a readily available site to add to the metal following elecirochemi-
cal oxidation, thus lorming the higher coordinaie d product.

A series of comipounds M(COYLM'-P PP PYIM =Cr. Mo, W: P P=dpm,
dped were prepired and characterized by various spectroscopic techmques [26].
Epon  clectrochemical  oxidation  in both  dichloromethane  and  acetonc.
mer-Cr{COL -dpmiin?-dpm}  gives  mier-{CrtCORM -dpim){n®-dpm)]~  (which
slondy  decomposes (o mruns-[CriCOdpm),] T [39]) whilst fue-Cr{CO),-
(' -dpern-dpey gives unstable fuc-fCriCOY N -dpe)tn-dpe)] - which rapidhy 1som-
crizes o stable mer-[CriCO R -dpeHn"-dped . und this is the expected behaviour,

Mer-Mo(COY ' -dpmi( -dpm) exhibits quite different electrochemicul proper-
pes ax shown i Figo 30 On the lest oxidation scan in acelone there is an irreversible
pesponse at - EROY and on the reverse scun an irreversible reducton s observed
at 0730V, Second and subseguent seans are wdentical, Controlled potential oxida-
tive clectrolyas at G380V shows two clectrons per molecule are consumed and the
reductive evelie voltammogram of the oxidized solution gives the irreversible response
at - R73GV and on the reverse sean the oxidative response at - 0,180 V appears.
Reductive controlled potentiat electrolysis of the previously oxidized solution also
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! 1 I [ o
0.8 0.6 0.4 9.2 0.0

Potential {¥ vs Fe*iFe)

g 3.0 Oxidative ovcdic soltammogram at o 5o disk macroelectrode 1or the osidiation of
Jeee- MO O -dpmB e -dpm in acetone (M ECNCIOL at 200 O withi o sean rate of DHmy s
tadapted from Rel {26]).

consumes two electrons per molecule and the voltammogram s identical 10
that of the starting material mer-Mo(CO R '-dpmy(n*dpm). Thus the fina!
products of the oxidation of sier-MotCOY, (' -dpmin®-dpm) and mer-Mo(CO)s-
(n'-dpm{3°-dpm)} iseif arc interconvertible by efecirolysis, but e overall processes
are two-clectron steps und the deceptively simple voltammograins obscuwre a compli-
cated mechanism. Although the redox process s chemically reversible, it s not
electrochemically reversible in the Nerpsuan sense because of the large potential
ditference between the processes. The behaviour of fue-Mo{COL(n' -dpey{ n-dpe) is
shghtly more comphicated since it nvolves afse the normal isomerisntion of
Jae  MotCO R -dpe{n-dpe)] 1o mer-|Mo(COL(n'-dpeytn-dpe] . but it pro-
vides additional information since although the gseneral behaviour is similar to that
of the dpm complex. the two-clectron process observed with the dpm complexes is
now two separate one-clectron steps. that is, the 17¢ intermediate can be observed.
The overall mechamsm proposed (o explain these observations is

Jae or mer-Mo{CO (' -P-P){=-P-P1—
mer-[MolCO(n'-P-Pym?-P-PY" ¢

Zer-f MotCONs(n' -P-P)(n?-P-P}] " (i7¢}—

mer-MotCO; (' -P-PHN-P-Py 18y +

mer-f MotCOLIR -P-PYyoy? -P-PY)F - i 16e)

mer-f Ma{COL M -P-Pi(n"-P-P)I” * (16} 5[ Mo{COL (3 -P-P)L |7 (1&e)

i which the pendant phosphorus 1 the 16e mer-[Mo(COLIZ'-P Pyin~-P Py
coordinates 1o the metal to give the 8¢ seven coordinatc  species
[Mo{CO,(n~-P P),J" . In the case of the dpe complex. the rate of disproportiona-
tiont of the 17c intermediate was slow enough to allow its detection in the voltammo-
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arams. In a subscguent paper [40] the [MotCORINR-P Py) ™ species were isolated
and fuliy charactenzed. thus confirming the vahidity of the overall mechimsm, but
surprisingly the 18 species [ MotCO)n™-P P).I7! slowly decomposed to the for-
mally 16¢ complex [Mo{CO (0P P).J> " However, this type ol reaction is not
withouwt precedent as Mo(CO Rt PPh)LCls Toses CO to give Mo{CO1LIPPh,LCL
[T, ax does Mo{CORSCNEG): to gnie MotCOLES,CNE), [42].

Additional muances of the clectrochemical mechamsm were revealed by a still later
study [43] wsing microclectiode techniques, Oxidation of srer-WCO (n'-dpm)-
(ne-dpmy i a 23 um radius platinum microdisk clectrode was still a single two-
electron process. but at o 3 pmt radius ncroclectrode two one-clectron processes are
observed, Detailed steady state and fast svan volummetric studies showed there arc
competing pathways to the final product. The first step is

mer-WC QL -dpmy () -dpm) —mer- ) WICO(q-dpm)(n?-dpm)] " +¢
loliowed by

mer-| WCO) i -dpmytn -dpm)] (1 7= WCOLOY -dpm)s] ' (19¢)
and

[ WiCOLOY -dpm), ] { 19e)=[WCO) (7 -dpm},)? (18e)+ ¢
or

mer-l WICOin " -dpm){n-dpm)] 1 17¢) —» | W{CO}L{n'-dpm}(n>-dpm)]® " { 16c} + ¢
|
[W(CO){n*-dpm),} " (18e)

with both the 17¢ and 19¢ transicnt intermediates being observed on the short
microclecirode voltummetric timeseale.

Analogous products are formed by the clectrochenucal or chemical oxidation of
a series of complexes WCONNOM®'-L Lyin®-L 1.3 (L L=dpm, dpe. ape. dpmS,
dpmSe. apeS. apeScl 144] Although the details of the reactions vary with ligand
and sometimes two one-clectron processes are observed and m other cases a single
two-clectron  process is observed. the final stable product is alwayvs  f6e
prans-l WENORN L LLIF with [WCOMNOMY'-L Lyn*L 11" and
IWHCONNOKT LI istructure unknown ) sometimes being observed as interme-
dintes. [nterestingly . my these systemis disproportionation appears to be stow ., especi-
ally Tor those complexes contaming sulphuor and selenium ligands.

5. Voltammetry at microclectrodes
3.4 Fast reactiony

The coneept of exchange averaged spectra 1s well known in NMR spectroscopy
where deceptively simple speetra result when an exchange reaction of some kind
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occurs which is fast compared with the NMR timescale. The usual response to this
dithiculty is to cool the solution so that the exchange becomes slow on the NMR
timescale and in favourable cases the slow exchange limiting spectrum can then be
observed. Anualogous phenomena oceur in electrochemistry but they are not so
widely recognised. We have already seen how isomerization rcactions can bue slowed
at fow temperatures. but for those reactions discussed so Tar the somernzation and
cross redox rcactions have been comparatively stow. Howcever, there are o number
ol systems Tor which such reactions are much taster and cooling the solution does
not slow the processes sufliciently to allow a complete electrochemical study at
conventional (macro) clectrodes. exactly analogous to the NMR situation when the
slow exchange limit cannot be reached. Fortunately, electrochemists have availabie
a range of lechnigues which have widely differing tUmescales, and in partcular the
use of microelectrodes {radivs <25 pm) (23] allows study of clectrode processes on
a much shorter timescale,

The systems based upon the compounds fae-MCOR(-PLP Y (M = Cr. Mo, W
are well suited to study with microclectrodes because isomerization and cross redox
reactions are fast [45.46]. g 4a shows a cyclic voltammogram  (scan  rate
WomV s Yy for a solution of fue-CriCOREPPY in dichioromcthane {0.1M
Bu,NCIO, ) at a platinum macrodisk electrode {radius .9 nmun) at 20 ¢, Redox
couple 1 appears to be a simple reversible one-cleciron process and an obvious
interpretation would be that redox couple 1145 due 1o the reaction

Jate-CHCOY PPy fire-[CHCOY (PP ~e

Process |

Process I'

Process 11 , -~ ™ ~

Process 111 i ’
R W
Process [I'
Process III'
! I ! T I |
0.8 .6 0.4 -0.2 0.0 0.2

Pig 4 Oaadative eyehe soltammogram ot a0 Prodisk macreclearode tor the axulation  of
Foac-CriCON L PP in dichloromethane (8.0M Bu,NCIO,) with o scan rate of THYmV s ' jal A 20 O
(hyar 45 Ci-- - is first scan) Gadapted from Ret. [ 27],
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implying that fee ™ is completely stable on the voltammetric timescaie at room
temperature, which would be unusual. However, when the temperature is lowered
to —45 C(Fig. 4b} two separate reversible redox responses (11 and 111 ) are observed
instead of one. This type of behaviour was unexpected since electrochemical processes
are usually simplified at low temperatures. In fact. the cyclic voltammogram at
—45 'C is cdue 1o the normal square scheme

Jace-CriCOR (PP 2= fac-[Cr{CO)(P,PY] " +e”

1l (0
mer-Cr{CO;(P,P) o mer-[Cr{(CO)(P.P'Y™ 4 e

but in this system the isomerization between fue and mer is extremely rapid in both
the 17¢ and 8¢ configurations. In addition the ¢ross redox reaction

Sae-CriCORIPP Y+ mer-fCriCON PP e | CriCONE PP
— imer-Cr{O), (P,

also 1s fast. These faclors combine to give such rapid equilibria between the various
species that at room temperature a macroelecirode detects only an average response,

Detailed studies at various scan rates with microelectrodes reproduce and extend
these observations. Using a Pt microdisk electrode {radius 25 um) at a scan rate of
SV s ! gives a single reversible response (couple [) at 200V s ! redox couples 11
and 11 are observed {corresponding (o Fig, db at a macroclectrode and at a scan
rate of 2000V s ' only redox couple 11 is observed which is genuinely due to the
fae=fae” couple. At this scan rate the clectrochemival timescale cutruns the isomer-
tzation reaction. Generaily similin observations were made Tor the corresponding
molybdenum and tungsten complexes. This system behaves in this unusual way
because there are steric pressures o both the fee and w#er geometrics of
MCOY P.P) which distort the usual balance between electronic and steric prefer-
enees. In the fac geometry there 1s conswderable steric miceraction between phenyl
rings on the two terminal phasphorus wtoms of P,P°, whilst in the mer isomer there
is comsiderable strain in the angles about the central phosphorus atom. Thus, the
complexes are subject to strain in both configurations and are not completely stable
in either 1somene form in both the 17¢ and [8e configurations. As well as making
the isomerization reactions fast. these factors also have the interesting result of
mitking the 17 mer” and fue” isomers of comparable stability  the fArst time this
has been observed. All of the rute constants and equilibrium constanis for this
system were determimed by a combination of direct measurement and simulation
techniques which mvolved writing special programs [45]. [t has since been demon-
strated that "Digisim™ (4] casily simulates the behaviour of this system giving
parameters which agree with our carher values [47].

In i subsequent paper [46] the Cr{CO),(P,P) system was used to demonstrale
the advamtages of vsing both sieady state and last scan techniques at microclectrodes
and a new design for an electrochemical eell coupled to new clectronic circoitry was
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deseribed which allows a more accurate subtraction of the background cwrent and
correction for uncompensated resistancees,

The [CriCO I P{OMe), 11" 7 system provides an example for which even micro-
electrode voltummetry fails to provide a sufficiently short timescale to distinguish
between the clectrochemical responses of the ¢is and mer isomers. Spectroscopic
evidence (M'P NMR and IR} shows the presence of both 18¢ isomers and the addition
of small amount of [Cr(COL I POOMe)d,] ' causes the signal for both 1somers (o
broaden. not just one. This and other evidence teads Lo the conclusion that the
interconversion of ¢iv and rony” 15 so fast that it outruns even the microelectrode
timescale [48].

3.2 Thermodviunic studies

The £8c compound Ce{CO)ddpe}; can exist as both civ and frany somers and 1n
solution their relative proportions depend upon the solvent. The e cation
trenns-[Cr{COYidpe)s] ' readily formed by air oxidation. considerably complicates
spectroscopic measurements on the solutions. There is an unfortunate double coincei-
dence of 1R frequencies as the single carbony! stretches of srans-Cr{COtdpe), and
s |CriCORIdpe)s] ' oceur at very sunilar frequencies to the two stictehes of
cs-CH{COLidpes. so IR spectroscopy 1s not usetful for this system. The paramag-
actic rans-[CriCO),(dpe),] " undergoes rupid self-exchange with frams-CriC(),-
{dped, and it also drives the Fast cross redox reaction

rass-{Cr(COAdpe):] T - cs-CriCOdpe), = oans-Cr{C O, (dped,
+ el [CrtC U, {dpe); ]

which complicate *'P NMR measurcmients of the equilibrium between ois” and
trans®,

Steady state voltumumetry at microclectrodes was the only technique which atlowed
simuliancous determination of the concentration of rams’, eis" and frans’ specics
in a wide range of solvents, thus allowing vartous thermodynamic and kinetic
parameters Lo be cvaluated [10].

6. Photaelectrochemistry

We have several times noted in early papers that | 7e carbonyl species seem o be
light sensitive; examples include mer-| Mn(COL{PR 1.X T [29]). rass-[Cr{CO),-
{PRGLL (2770 [CHCORdpm)] T [38], mier{CriCORIPIOR) LT [31]. In many
cases, but not all, the presence of hght promoeies disproportionation of the 17e
spectes to generate hall a mole cquivalent of the corresponding 18¢ compoeund and
the remainder of the metal content is converted to non-carbony) material presumably
vid an unstable 160 intermediate. The singly oxidized cation of inermier-
FCrCOR-dpel(p-dpe) [49] is also light senstiive but the resultant reaction is
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cleavage of the dpe bridge and formation of a varicty of products from the two
fragments.

Only recently have we begun systematic studies of photoelectrochemistry in collab-
oration with R.G. Compton and his group at Oxford University, but the carly
indications are that there is an extensive photochemisiry of both 18¢ and e
carbonyl compounds. The photoelectrochemistry is mvestigated in a flow system
using channel clectrodes and kinetic parameters are determined by varving both
scan rate and flow rate.

The first compound to be investigited |50] was the familiar fue-Mn(CO);-
(dpm}CT and in the absence of light the electrochemistry in the flow system was
exactly the same as deseribed cavlier under stationary conditions. When the electrode
was irradiated with light. oxidation of mer-Mu(COLtdpmClLwas observed even on
the first scan and 1L was shown that fac-Mo(COL(dpm)Cl 18 photosemenzed to
the mer” isomer. In addition. the current duce to  the oxidation of
Jate-Mn{CONdpm T was enhanced relative o that in the dark and after considering
a4 number of theoretical models it was deduced that the only one which was in
guantitative accord with the data was one involving an ECE type of photodispropor-
tionalion process.

Sere-Mn(CO){dpmICE == fae-(Mn{CO{dpm)Cl|” + ¢~
2Hue-[Mn(COYidpm)Cl]™ — fue-MatCO 3 {dpm)CL + fue{ Mr{CO) {dpm)C1)*
LAv
mier-Mn{CO);{dpm)C]

The Ma(HT} cation fee-[Mn{CO)tdpmyCL)* ~ 1s 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 fae-Mn{CO){dpmCl and therefore the dispro-
portionation step can be considered to be nrreversible. This, two new processes.
namely photosomenzation of fac-Mn{CO){dpm 1 and photodisproportionation
of fuc-Mn{COLidpm¥C]" were discovered in this well-studied system.
Electrochemical oxidation of Cr{{0), in acetonitrile solution in the dark gnves
twe axudation responses. one reversible and one irreversible. Under irradiation with
light. three new processes are observed and these were shown 1o be due to the one-
clectron oxidattons of Cr{CORCHON) CefCOCHON 3 and CreCO);-
{CHLON 3y which are formed by photochemical substinution of Cr(COj, {311, In the
same paper it was shown that orans-fCriCOLGdpe)s]? . Tormed by electrochemical
oxidation of rrams-[Cr{C(.(dpe),] . undergoes photodisproportionation.
This 15 the first time we have observed disproportionation of a 16¢ compound.

2trans-{Cr{Cha(dpe), BT — trans-lCr{iCOL{dpe),]™ + trans-[Cr(CO), (dpe)s ]t

I

decomposition products
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The photovoltammetric technique using channel electrodes was applied to
Jae-MotCO) P;P7) but in this case only photoisomerization to the mer® isomer was
observed. and there was no photodisproportionation or photofragmentation [52].

7. Solid state voliammetry

Metal carbonyl derivatives are generally insoluble in. and chemically inert to
water. We huve shown recently that cis-Cr{CO) (dpe),. rans-CriCO¥{dpe), and
frans-[Cr{COLtdpei,] * may be mechanically attached to a carbon elecirode and
upon immersion of the clectrode in water containing an clectrolyie, good electro-
chemical responses from the carbonyl species are obscrved [53.54]. The redox
processes involved are similar to those observed in organic solutions, but in the
solid state the isomerization of ¢iv™ 10 trans' is much slower and ¢/ has been
identified directly on the electrode surface by FTIR wechnigues [ 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 wransfer 1s postulated
lo oceur by clectron 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 phenomeny also are believed 1o
accompany the electron transfer and fon-migration processes.

8. General summary

In probably all cases the first step in the metal based electrochemical oxidation
of carbonyi systems is a single clectron process. Those responses which appear to
be single two-clectron processes, usually tor second,third row metals. result from
rapid disproportionation following an initizl one-clectron transter. It follows there-
fore that the behaviour of cuch system is dominated by the chemistry of its paramag-
netic 17¢ derivatives. The lifetimes of these species vary widely. with those of the
first row clements (Cr. M} in general being longer lived than those of the correspond-
ing derivatives of the secondsthird row transition metals. There seems 1o be a
tendeney for the 17e species to be more stable as the number of carbony! ligands
decrease. thus Cr{CO):l s stable only at low temperature but numerous tricarbouyl

7e chromium cations can be isolated al room temperature. Similarly, while species
such as frans-{ Mo(CO)(dpek,} can be isolated, [ 7e molybdenum specics with more
carbonyl hgands are much Iess stable [20]. The stability of the 17e complexes
determines which techniques may be used to characterize them and very unstable
spectes may be detectable only by short timescale technigues. Valtammetric methods
alone based upon oxidation of the precursor generaily do not give direct structural
mformation for short lived species. but clectrochemical oxidation combined with in
st ESR spectroscopy or electrochemical oxidation via “tip oxidation™ ESMS | 55]
may provide additional information. Longer lived [7¢ 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 FSR and [R. Although *'P NMR spectroscopy is not
normally applicable to the study of paramagnetic species. we have found the fast
electron sell exchange reaction beiween isomeric 18e and 17¢ species 1o be usetul
for identifying the isomeric form of the 17e species. Thus. for example, the
presence of  prans-fOr{COY{dpels]”  in solution broadens the signal due
trans-Cr(COLdpe), but not that of en-CriCOR(dpe), (0] Similar cilects can
occastonally be observed in ESR spectra: thus the sharp ESR spectrum of
mer-[Cr{COV A PIOMel ) 5] s unatfected by addition of fue-Cr{CO) PIOMe);
but addition of aer-Cr{CO), i P{OMe) ], causes the spectrum to collapse |31].

The potenuial at which the first oxidation of an I8¢ metal carbonyl derivative
ovcurs 18 alse subject to certain trends, For any series of metal complexes in which
carbonyl groups are substituied by phosphine or phosphite higunds the potential of
the first oxidation generally becomes less positive as the number of carbonyl groups
decreases. bul there are wide varintions depending upon the nature of the ligand
and the sonieric form of each compound. Similarly, compounds containing halide
tigands are wsually oxidized at Jess positive potentials than iseclectronic specics
without halides. c.g. [CreCOn:t) s more casily oxadized than Cr{CO),, [33.35].

U is also gencrally vrue that first row mctal derivatives are more casily oxideed
thun their second:third row analogues. Thus [Cr(CO)1]7 15 more casily oxidized
than [MCO)I] {M:=Mo. W) {32], Cr{CO{dpm}, 15 more easity oxidized than
M{COLEdpmi, [43] and the carbonyl halide derivatives of munganese are more
casily oxidized than their rhemium analogues {29].

Finally. some thoughts on areas of interest in the near future. The technigues of
photoclectrochenusiry and solid state chemustry ol samples attached to clectrodes
are just being developed Tor metal carbonyl compounds and are expected 1o yield
further interesting insights concerning the redox and chemical properties of these
systems. Simultaneous eleetrochemistry and ESR measurements is now a standard
technigue. but for metal carbonyls simultancous electrochemistry and FTIR spectro-
scopy can be lurther developed [56). We have already suceessiully coupled electro-
chemical measurements with ESMS [87] talthough not vet wsing metal carbonyl
derivativesy and the extreme sensitivity of ESMS will be particularly useful. Chemicai
systems of interest in the future are fikely 1o melude dimeric species. carbonyi
flueride and carbony! hydride compounds. The dimers enable aspects of communica-
tion of metal centres 1o be explored. while hyvdrides and fluondes may provide access
to stable higher oxidation states since these ligands cannot themselves be oxidized
under normal conditions.

Acknowledgements

Hos a pleasure to acknowledge the efforis and achievements of our research
students. post doctoral fellows and colleagues for without them many of these resufts
would not have been obtained. We alsa thank the Australian Rescarch Council for
financial support over many vears.



A M Bond R Coltont - Coovdivtiation Chemixiey Reviews 166 ¢ J997: {61 18 | 79
References

11] AM. Bond, Analyst 119 (1994) R1 and references therein.
[2] €. Amatore, O LeFeow, I Electroanal. Chem, 296 {199G) 335
[3] C. Amatore, C. LeFron, Port. Electrochim. Acta 9 (1991} 311 and references therein.
[4] M. Rudolph, O.P. Reddy, S.W. Feidberg, Anal. Chem. 66 (1994) 5389A.
(5] D.K. Gosser. Jr., Oyclic Voltumimetry  Simulation and Analvsis of Reaction Mechanisms, YO,
Weinheim, Germany. 1993,
[6] AM. Bond, M, Fleischmann, ], Robinson, 1. Electresnal. Chem. 168 19841 299
|7] R.NC Bagehi, AM. Bond. R Cohon. J. Viectroanad. Chem. 199 {19863 297,
18] AL Fiedier. M. Koppenol, A.M. Bond, J. Electrachem. Soc, 142 ¢ 19951 362 and referctices therem,
[ A M. Bond. S.W. Carr, R, Colion. D.P. Kelly, Inorg. Chem. 22 (1983 989,
) AM, Bond, R, Colton, J.B. Cooper. 1.0, Troeger, N Walier, DM, Way, rpanomelalles 13
{1994y 3434
FEE L Ahmed, AN, Bond., R, Collon, M. Jurcevie, 1O, Tracger, LN, Waller, 1 Organomet, Chem, 447
(1993} 59
[12) 6. Gritzner, ). Kuda, ). Poce and Appl. Chem, 33 (19821 1527,
FI3] G Gritner, J. Kutao J Pure and Appl. Chem. 56 (19845 461 wund references therein,
FI4] R, Brcoli. VL Calderazzo, AL Alberola. J. Am. Chem, Soc, 82 (1960} 2960,
frapd Lewis. R, Whyman, 1. €hem. Soc, 11965) 5480,
e] DAL Evans, 1A Lerke, in: P.T. Kissinger. W.R. Heineman {Eds). Laboratory Technigues in
Elecrroanalytical Chemistry, Marcel Dekker, New York, NY. 1996, pp. 487 310,
[17] W.E. Gaiger. Ace. Chem, Res, 28 §19951 351,
[IR] Wk Getger, Prog. Inorg. Chem. 33 (1985} 275,
(19] AM. Bond. R, Colien, MU MeCormick, Tnorg, Chen. 16 118773 155,
[20] ALP, Mingos, ). Oroanomed. Chem 179 (1979) {29,
[21] RN Bagehi. AM. Bond. (6. Briun, R, Colton. T.L.E. Henderson, J.E. Kevekordes, Organometallics
3(1984) 4,
[22] F.L. Wimmer, MR Snow. AM. Bond, Inorg. Chemy. 13 (19747 1617
1231 AM. Bond. R. Calton, 1. Jackowski. Inorg. Chemn. 14 (1975) 274,
124] AL Bond, R, Calion, 3.0, Jackowski. Inorg. Chem, 14 £1975) 2526,
[23] F. Muarken, AM, Bond. R, Colon. Inore, Chem, 34 (1995) (705,
[26] A M. Bond. R Colion. K. MeGregor, Inorg. Chom, 25 119863 2378,
1271 AM, Bond, R, Colhon, JLE Kevekordes, Inore, Chem, 25 (1986) 749,
|28] AN, Bond. R. Collon, RW. Gable, MF. Mackay, LN Walter, Inorg, Chem, 36 (1997 11RI.
[291 AN, Bond. R Coltom, M. MeDonald, Inorg. Chem, 17 (1978} 2842,
[30] A, Bond, 8w, Caree R, Colton, Organometallics 3 (1984) 541,
j3) AM, Bend. SW, Carr. R, Colton, Inorg, Chem, 23 (1984) 2343
132} AM. Bond, R, €ohon, P, Papagictidou, Organometallics 7 (1988) 1767
f33] AM, Boad, 1AL Bowden, R, Colion, Inorg, Chem, 1319740 602,
[34] AM. Bond, R, Colion, Inorg. Chem, 15 {19767 446,
[35] RN Bogehs, AM. Bond, B Colion, 210 Luscombe, LE Moir, 1, Aar, Chenme Soc, 1G8 { 1986 13582,
[36] AM. Bond. R, Calion, Inorg, Chem, 15 {1976) 2036,
{27 AM. Bond, R, Colien. 1.1 Jackewski, Inorg Chem, I8 1979 1977,
(3] AM. Bond, R Colten, J E. Kevekordes, P Panagiotidow, Inorg, Chem. 26 (19873 1430
[39] RN Bapchi, AM Bond, R Colton, I Creece, Ko MeGregor, T) Whyte, Organomctallics 10
(19917 261 L.
[40] AN, Bond. R Cohlon, K. MoGregor, Organometallics 9 ¢ 1990y 1227,
[41]) R. Colton, LB, Tomkimns, Aust. 3. Chem. 19119663 1143
[42] R. Colion, G.R. Scollary, LB, Tomkins, Aust, ). Chem, 21 (1968) 15
[43] A.M. Bond. R, Colion. RS, Huttan. Inore. Chim. Acta 198200 (19925 671,
[44] AM. Bond. R. Calton. P, Panagiotidou, Organometaliics 7 { 198%) 1774,
f431 AM. Bond. R. Collon, S W, Feldberg, P Maohon, T, Whvte, Organometailios 10 ¢ 0991 3320,



[BeH] A M Bund, R Colrent Coordinnationt Choemisiey Reviews 166 1 [997: Int 180

[4o] AN Bond, R Colion. S W Peldbere, HOB Greenhill. P Mahon, T, Whyw, Anal, Chem. 64
(19u2y 1014,

[47] AW, Bott, Current Separations 12 {1994) 43,

[48] AM. Bond. R, Colan. 1.7 Mann, OQrganometaliics 7 (19RR) 2224,

J49] AN, Bond, R Colton. 1.8 Cooper, K. MeGregor, N Walter, DML Win, Organomeiallies 14
(1995 449

|3 RG Compion, R Barbgout, O, Ekland, AC Fisher, AM. Bond, R, Colton, | Phys, Chan, 97
T1993) 1661,

(31 RO Compton. R, Barghout, J.C Fklond, AC Pehers 8.6, DBavies, MR, Metrler, AM. Bond.
R, Colten, 3N Wolicr, J Cheme Soc. Daiwen Trans, 1993 3641,

1532 RG Compion, LU Eklund. AL Hallik, 8. Kumbhat, AM. Bond, R Colon, 1, Chem, Soe. Perkin
Trans, T {1995y 1327,

(33 AM. Bond, ROColion. 17, Paniels IR, Fernando. . Marken. ¥ Naggosa, R M. Van Sieveninek.
FACWalter, 1o Am. Cheme Soc. TS (1993 95536,

[34] A M. Bond. R, Colton, b, Marken. TN Waiter, Organometallios 13 41904 5122,

[F5] R, Colion. AL IYAgosine, 1O Tracger, Mass Specirom Reyv, 14 (1995 79,

[36]) ML Shaw, Wb, Geiger. Organometalhios 13 01996 12 and references theiein,

[37) AN Bond, R Colton, A DY Agostine, Ad Dovwsaed, 10O Tracger, Anal, Chen. 67 (1993, 1091,



