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Summary

The generality of a two-electron reduction process involving an ECE mechanism
has been established for M;(CO),, and M,;(CO),, ,.(PPh,), (M = Ru, Os) clusters
in all solvents. Detailed coulometric and spectral studies in CH,Cl, provide strong
evidence for the formation of an ‘opened’ M,(CO),,?~ species the triangulo radical
anions M,(CO),, " having a half-life of <10 s in CH,Cl,. However, the electro-
chemical response is sensitive to the presence of water and is concentration
dependent. An electrochemical response for “opened” M;(CO),,*~ is only detected
at low concentrations <5 X 10™* mol dm~? and under drybox conditions. The
electroactive species found at higher concentrations and in the presence of water
M,(CO),,*~ and M(CO),*~ were confirmed by a study of the electrochemistry of
these anions in CH,Cl,; HM,(CO),, ~ is not a product. The couple [M(CO),¢] />~
is chemically reversible under certain conditions but oxidation of HM,(CO),, " is
chemically irreversible. Different electrochemical behaviour for Ru;(CQO),, is found
when [PPN][X] (X = OAc™, C17) salts are supporting electrolytes. In these solutions
formation of the ultimate electroactive species [p-C(O)XRu,(CO),,]” at the elec-
trode is stopped under CO or at low temperatures but Ru,(CO),, " is still trapped
by reversible attack by X presumably as ['-C(O)XRu;(CO),;]". It is shown that
electrode-initiated electron catalysed substitution of M,(CO),, only takes place on
the electrochemical timescale when M = Ru, but it is slow, inefficient and non-selec-
tive, whereas BPK-initiated nucleophilic substitution of Ru,(CO),, is only specific
and fast in ether solvents particularly THF. Metal--metal bond cleavage is the most

* For part X see ref. 1.
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important influence on the rate and specificity of catalytic substitution by electron
or [PPN}-initiation. The redox chemistry of M;(CO),, clusters (M = Fe, Ru, Os)is a
consequence of the relative rates of metal-metal bond dissociation. metal-metal
bond strength and ligand dissociation and in many aspects resembles their photo-
chemistry.

Introduction

Early electrochemical and ESR studies [2] of Ru,(COj,, and Os,(CO),, in
acetone indicated that the lifetimes of the radical anions, M, (CO),, "~ are very
short. Nonetheless, it has been shown [3.4] that Ru,(CO) . is & good substrate for
electron-initiated catalysed reactions, This contradicts the reasonable premise that
suitable substrates for ETC (electron transfer chain) catalysed reactions are those
which exhibit reversible or guasi-reversible electrochemical behaviour with respect
to the couple [substrate]® " '. Recently Rieger and co-workers have suggested {S].
based on the electrochemistry of Ru,(CO),, in acetone. that an ECE process s
responsible for the irreversible electron transfer. In this paper we present our results
on the redox chemistry M {C(), (M = Ru, Osy and M,(COy,, (PPh (n=1-3)
in several solvents and supporting electrolyies. Mechanisms of catalvsed nucleophilic
substitution reactions of M (CO),, are also investigated. Preliminary results have
been given elsewhere [6].

Results
Potential data are given i Tables 1 and 2.

Electrochemistry of M,(CO),, in CH,Cl, / TBAP

DC polarograms of M,(CO},, (M = Ru, Os) recorded under CO were identical
to those under Ar and consisted of a single wave for which log[i /(i, — /)] vs. £ gave
a slope of ~ 60 mV for values of i < 75% 4. Distortion of the wave slopes near the
limiting current region were observed at all concentrations and drop times. Other
parameters (linear dependence of /, on concentration, /7, ¢k} show that the waves
are diffusion-controlled and therefore, on this timescale, any chemical steps preced-
ing charge-transfer are not rate-controlling. In order to estahlish ». diffusion
currents of the known {2,7] one-electron couple {Fe,;(CO},}"" were compared with
those of Ru,(CO),, at the same concentration under the same electrochemical
conditions. Values of n= 14, 1.9 (M= Ru) and n= 2.0, 2.0 {M= O were ob-
tained from de and pulse experiments respectively. confirmed by the coulometric
data discussed below.

The voltammetric responses of Ru,(CO), and Os,(CO),. were not dependent
on the scan rate but were sensitive to the concentration of substrate and water.

Cyclic voltammograms of M (CO),, at Pt and glassy carbon electrodes were
recorded at scan rates of 0.05-1.0 V 57! using conventionally-sized electrodes and
at faster scan rates (50-10" V s ') using a Pt microelectrode of 10 pm diameter.
The peak potentials are dependent on scan rate but in all experiments an irreversi-
ble two-electron process is ohserved at E . in the range ~0.9% — ~ 1.4V depending
on scan rate, and an irreversible oxidation process at £~ 1.4 V. The current
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TABLE 1
ELECTROCHEMICAL DATA FOR M,(CO),,

Solvent Electrolyte DC Polarography ? Cyclic voltammetry
Reduction Reduction Oxidation
- E_, (V
Evp V) Ev-EsV) Ee (V) E, () E )
M = Ru
CH,Cl, TBAP -0.97 60 ~1.00 -0.45 1.42
0.36
PPNOAc - - —~1.10 -0.06 -
PPNCIO, -0.97 100 ~1.16 —-0.50 -
0.39
PPNCI - - ~1.09 - -
(—0.73) ¢
PPNCIO,/OH™ ¢ —0.96 90 —~1.16 -0.10 -
THF/ TBAP -0.85 140 —0.98 -0.47 -
~1.23
acetone  TEAP -091 110 —1.05 —0.43 1.20
CH,CN  TEAP ~1.00 70 -0.82 -0.32 -
—1.19
M= QOs
CH,Cl, TBAP -131 60 —~1.54 —~0.24 1.54
-0.04
PPNX * -1.36% 90 -1.52 —1.4 -
THF TBAP -1.12 70 -1.28 —0.46 -
-0.09

“ Volts vs. Ag/AgCl at 293 K. * Drop time 0.5 s; scan rate 10 mV s~ ', “At Pt, scan rate 200 mV s~ 1.
¢ On repeat scans only. ¢ as n-BuyN+*OH™. /i—E responses were erratic; resulls given are most
consistent. £ X~ =ClQ,". " E,. independent of X™.

function for the reduction step (i pc/vl/ 2) decreases with increasing sweep rate
consistent with slow electron-transfer kinetics.

Other oxidation processes follow scan reversal beyond the two-electron reduction
step but the precise profile on the anodic scan is dependent on the cluster, on the
condition of the electrode, on the scan rate, but more specifically, on the substrate
concentration and the presence of water.

Reproducible profiles are found when the electrochemical work is carried out in a
dry box with low concentrations of Ru,(CO),, (~1x10~* mol dm~?) (Fig. 1a) at
scan rates up to 1 V s~ 1. In this case the dominant oxidation wave [8] is at ~ —0.6
V (D) with a peak current ~ 75% of the reduction wave and a well-defined ¢~ '/?
decay.

Under drybox conditions at higher concentrations of Ru,;(CO),, wave D disap-
pears to be replaced by wave B (Fig. 1c) which does not have /2 shape. A very
small feature C also appears which is independent of the primary electrode process
as it is chemically reversible under drybox conditions. At this point we note that
wave C is due to the oxidation of Ru,(CO),s*~ as suggested by Rieger and



366

C

T01A
l.m

S

06 04 02 O -0.2-04-0.6-08 10 1.2
voits Ag/AgCl

Fig. 1. Cyclic voltammograms of Rux(CO)yy in CHRCTL L (@) dry-box /N, [Ru GOy -] T2 10 * mol
dm 1293 K200 mV s ! glassy carbon electrode. 0.1 mol dm VTBAP. () [Ru(C Q)1 3 <10 mol
dm 7, under Ar. Pt microelectrade, 5000 V s P05 mol dm  TBABE,. 293 K o) drv-ho N
[Ru;(CO3,5]12.8%10  moldm 7. 200 mV s ', 0.1 mol dm ™’ TBAP, glass
Ar. “‘normal’ laboratory conditions, fRu (C0O) -] L3100 mal dm S, 200 my
Pt

carbon elecirode. {4y under
Vo mal dm o TRAP,

co-workers [5]. produced by a reaction between Ru ,(CO),, and Ru (COY,~  (vide
infra).

Significant differences occur when the scans for Ru,(CO}, are run without
rigorous exclusion of water and at substrate concentrations. 5 < 14 * mol dm
Figure 1d shows a cyclic voltammogram typical of those recorded at 00505 V5 ',
Wave C is still small but it is no longer chemically reversible:; the peak current
variation with scan rate is consistent with the effects of diffusion alone {that s, the
species giving rise to this wave. Ru (CO), 7, is stable on the electrochemical
timescale). In contrast. the wave at ~ —0.45 V (B} 1s markedly scan rate dependent,
the current decreasing rapidly with decreasing scan rate, suggesting that this species
is unstable on this timescale. On Hg, the feature around - .45 V on the oxidation
scan has the appearance of a “doublet’. the second compuonent has an £ of
~ —0.6 V corresponding to wave D. Clearly, Hg is not an “innocent” electrode and
could be stabilising the antonic species giving rise to wave I

Scans at rates between 1-30 V s ! concentration > 5 x 10% mol dm  show the
three oxidation waves B, C. D with progressive decrease in ¢ of B and C with
increasing scan rate. Only one oxidation wave 1s seen at scan rates between 30 and
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Fig. 2. Cyclic voltammograms of Os;(CO),, in CH,Cl, at 200 mV s 1. (a) [0s5(CO);5] 1 *1073 mol
dm~3, TBAP (0.1 mol dm™3). (b) [Os5(CO);»] 5X10°* mol dm >, Pt, [PPN][CIO,] (0.1 mol dm ).

15000 V s~ ! on a microelectrode and, while the large IR effects make a correlation
with the i—E tesponses at slower rates difficult, it is consistent with an assignment
to wave D (the slow electrode kinetics causes a shift of over 0.5 V in both A and D
at 5000 V s~ ! compared with potentials at 200 mV s~ !, Fig. 1b).

A two-electron chemically irreversible reduction wave also characterises the cyclic
voltammograms of Os,;(CO),, (Fig. 2). Under dry-box conditions and at low
concentrations the oxidation response is very similar to that of Ru,(CO),, with a
single wave of relatively low i, at ~0.7 V (D). Under ‘normal’ conditions two
small oxidation waves (B& C) are observed and the overall profile is the same under
CO or Ar and at 293 or 203 K (Fig. 2a).

Clearly both Ru,(CO),, and Os;(CO),, are involved in electrode processes in
which chemical and electrochemical steps follow the initial one-electron reduction to
the respective radical anions M;(CO),, " These are discussed later.

. CE —
M,(CO),; + e = M;(CO);, — M, (CO),,* (2)

Electrochemistry of M,(CO),, in the presence of PPN salts in CH,Cl,

Kaesz and co-workers have shown [9] that [PPN][X] salts (X~ = OAc™, CN7, F~
etc.) catalyse the substitution of one or more CO groups by phosphines. This finding
and related reactions with PPN salts [10,11], together with the knowledge that the
rates of reactions involving cluster radical anions can be influenced by the counter-
ion [12], raised the possibility that a gegenion of the supporting electrolyte could be
mediating the i~E responses described above for M;(CO),,.

Potentials for the primary reduction process for M,(CO),, are essentially unaf-
fected by the change from a n-Bu ,N "X~ to PPN *X~ supporting electrolyte (Table
1) and with [PPN][CIO,] the characteristic two-electron reduction wave with a
diffusion-controlled limiting current (Fig. 1¢) was retained in CH,CI,. There were
important differences in i-E responses between those of Ru;(CO),, and Os;(CO),,
and also when the counterion of the PPN salt was other than ClO, .

First, with Os;(CO),,, the major effect of the PPN salt (X = C10, ", OAc™, Cl7)
was the elimination of the small oxidation waves seen on scan reversal in the cyclic
voltammograms with TBAP supporting electrolyte (Fig. 2b). Further a new wave
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Fig. 3. Cyelic voltammograms of Ru,(CO),, in CH,Cl, under Ar. {a) [Ru 1((,'())1 51 mol dm

293 KL 200 mV s L P 000 mol dm Y [PPNJ[OAC]. (b) as for (a) excopt at 253 [}\u ({COY,
5510 T moldm 7293 K 200 mV -« PLPPNTCIOL /TBu, NIOHL 010 ot »\im St mel
dm

appears on scan reversal at £ ~1.13 Virrespective of the gegenion: Lo/ e = 0.3
at200 mV s ' at 293 K where 'pc refers to the primary reduction wave. The current

for this oxidation wave does noi change significantlv with scan rate but increases at
lower temperatures and it could represent the oxidation of rriznguio-Os (COY|,

A completely different picture emerged from the Ru (CO},, data. In this case the
clectrochemical behaviour is dependent on the gegenion X - When X = OAc, al
293 K, waves B and C (Fig. 1o were lost to be replaced by a chemically irreversible
oxidation wave at —0.06 V (Fig. 3a); the primary reduction current is smaller than
when X7 = ClIO, and Ru (CG), is regenerated on repetitive scans, Al tempera-
tures below 253 K, or at 293 K under CO. the feature at - .06 ¥ disappears and
the /—F responses are similar to those in Fig. Tc with the exception that B and C are
absent (Fig. 3b). Electrochemistry of an authentic sample [10] of PPN [u-
CH,CO, )RLH(( 0)y,! showed that the feature —0.06 V is due o this anion. When
the PPN * OAc electrolyte solutions are feft under Ar for - 10 min. the primary
reduction wave A disappears and the spectroscopic and electrochemical data show
that [(p-CH;CO,)Ru (CO), 1 is the only species in bulk solution.

Given that a coordinated CO group of a reduced Ru, species v apparently
activated to nucleophilic attack close 1o the electrode surface we were intrigued by
the possibility that traces of OH  (or H,O). invariably present in the sodium
benzophenone ketyl preparations, were assisting the CO-labilization in electrode-in-
duced or BPK catalysed Ru,(CO),, substitution reactions 4], Indeed when (race
quanuties of n-Bu, "OH " were added to Ru,(CO),, APPNECIO, 1/CH.CL, solu-
tions the primary reduction wave in the cyclic voltammograms remained us nchanged
but a small irreversible oxidation wave appeared at — 0.1 V (Fig. 3¢). close 1o that
observed in the presence of OAc . We therefore assign this wive o the oxidation of
triangulo-[( p-C{OYOH)Ru ,(C Oy, 1

<

Ru,(COY,, + OH <= [(p-C(O)OH)Ru (CO),y] -+ CO (3)

This feature disappears below 0°C and under CO.
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Erratic i—E responses were encountered when [PPN][Cl] was used as the electro-
lyte in the reduction of Ru,(CO),,. It was thought that this was due to the rapid
homogeneous or heterogeneous reaction between [PPN][Cl] and Ru,(CO),, de-
scribed by Kaesz [9].

Ru,(CO),, + [PPN][Cl] - [PPN][(p-Cl)Ru;(CO),,] + 2CO (4)

By reference to the electrochemistry of an authentic sample of [p-CIRu,(CO),,]™
this could be discounted on the electrochemical timescale. Features B and C in Fig.
1 were absent and there were no other oxidation peaks in the cyclic voltammograms
on scan reversal after the primary two-electron reduction wave. The erratic feature
in the cyclic voltammograms involving [PPN][Cl] was the appearance of a reduction
wave at ~ —0.8 V on multiple scans. In some scans the primary reduction wave was
lost completely whereas in others it still remained, albeit with lower i .. We have no
explanation for this behaviour.

Controlled potential electrolyses in CH,Cl,

Controlled potential coulometry was carried out for the reduction of M,(CO),,
in CH,Cl, in order to identify the species responsible for the various waves seen in
the transient scans. Exhaustive reduction of Ru,(CO),, or Os,(CO),, at —1.0 or
—1.3 V respectively at concentrations > 5 X 10™% M, without rigorous exclusion of
oxygen and water, gave the anions M,(CO);,>~ and M¢(CO),4*~ in low yield with
the passage of approximately one-electron per molecule of cluster. More informative
data were obtained with solutions <5 X 10™% M and when precautions were taken
to completely exclude oxygen and water; all the observations below refer to these
conditions.

The reduction of Ru,;(CO),, in CH,Cl,/TBAP at a Pt basket electrode was
carried out in a drybox until the current dropped to 5% of the initial value. At this
point 1.9+ 0.1 electrons per molecule of Ru,(CO),, were consumed with the
formation of dark red-brown air-sensitive solutions. A cyclic voltammogram of
these solutions (Fig. 4) showed that the primary reduction wave of Ru,(CO),, had
virtually disappeared, as had features B and C in Fig. 1; feature D remained. The IR
spectrum of these dilute solutions indicated that a new species other than

0.0-0.2-0.4-0.6-0.8 -1.0 -1.2 -1.4 -1.6
volts vs Ag/AgCl

Fig. 4. Cyclic voltammograms of Ru3(CO);; on Pt recorded before (------ ) and, after ( )
controlled potential reduction at —1.1 V in CH,Cl, in vacuo, in situ in an ESR cavity. [Ru3(CO);,]
0.3x10* mol dm~>. Scan rate 200 mV s~ .
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Ru (CO),,* " or Ru(CO),° was present but definitive IR data could not be
obtained because of the low concentration and the IR spectrum of Ru (COY,
rapidly became dominant during FT-IR data collection [13}.

Red solutions were also obtained from the reduction of Os,(COj),,
CH,CL,/TBAP at 1.3 V on the consumptton of 1.8 + 0.2 electrons per molecule
of 0s4(CO),,. The CV’s showed the disappearance of the primary reduction wave of
05,(C0O),, and the chemically irreversible oxidation waves other than D, These
reduced solutions were more stable than the Ru ., especially if [PPN]CIO, ] was the
supporting electroivte. but again we have been unable to obtain reproducible IR
data [13].

No paramagnetic species could be detected by ESR methods i the reduced
solutions of M,(CO), in CH,CI, irrespective of whether the reduction was carried
out external to, or in-situ in, the ESR cavity, or whether [TBAP] or [PPN] salts were
supporting electrolytes. 1t was interesting that the high vacuum conditions attain-
able in this type of experiment gave cyclic voltammograms for reduced solutions of
Ru,(CO),, in which the current for feature D approached that for the primary
reduction wave (cf. Fig. 4}, This is consistent with an assignment of I to the
oxidation of a diamagnetic species, M;(CO),,

Oxidation of the electrochemically reduced solutions of Ru(COy, and
Os,(C0O),, (CH,CI,/TBAP; at the potential corresponding to wave D for the
respective cluster regenerated neutral M {CO),, in recovered yields of between
60--80% with the consumption of 1.8 + 0.1 electrons per molecule of intual cluster,
Stabilization of the anionic species by [PPN] salts was shown by a 98% recovery of
Os,(COY,;, from oxidation of reduced Os,(COy,, /CH.CLAPPNICHO, T solutions
with passage of 2.0 + 0.1 electrons per molecule

Solvent effects in the redox chemisery of M (CO); ,

DC polarograms and cyclic voltammograms of Os,(CO),, in THEF, acetone and
CH,CN show the same electrode processes described for CH.CY, as solvent with an
appropriate shift in £ (Tabie 1).

Certain of the i~E responses for Ru,(CO), are dependent on the solvent.

ta) THF. DC polarograms indicated a diffusion-controlled, two-electron reduc-
tion wave. Distortion of the wave shape near the himiting current region was
observed and. in this solvent, the current did not level off after the primary
reduction wave but continued to mcrease al a diminished rate. All cvehic veltammo-
grams exhibited a chemically irreversible reduction process (£, — 10 V. 200 mV
s7') and a smaller oxidation process (£~ 0.5 V. 200 mV s ') which had the
appearance of two merged peaks at scan rates > 1 V s~ ' No evidence of chemical
reversibility of the reduction process was seen at scan rates up to 107V o 7 and
temperatures down to ~70°(".

Controlled potential reduction of Ru,(CO), in TBAP/THF at —1.1 V under
Ar gave an unstable red-brown solution with the consumption of ~ 1.8 electrons
per molecule. Ru,(CO),,”  and Ru (CO), formed rapidly and relatively low
yields (< 10%) of regenerated Ru,(CO),, were obtained on oxidation ai ~ 0.1 V,
The electrolyses of Ru,(CO},. and Os,(CO), were also carried under vacuum in an
ESR cavity but no paramagnetic species were detected in the temperature range
293-203 K.

The majority of electron-catalvsed reactions of Ru.(CO),, reported in the
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literature [4] have been carried out in THF. In an endeavour to check for the
formation of Ru,(CO),, " on the addition of Na* or K* benzophenone ketyl to
Ru,(CO),,/THF solutions we carried out the addition of the reductant in-situ
under vacuum, in an ESR cavity. An ESR signal (apart from ketyl) was not
obtained at ambient temperatures but a paramagnetic species was observed if the
solution was rapidly cooled to —70°C after the addition of BPK. A spectrum at
g =1.998 (after subtraction of the ketyl spectrum) showed *’Ru/!“Ru satellites
appropriate to an Ru, species but simulation of the high-gain spectra suggested that
more than one paramagnetic Ru, species was present [21]. These spectra were lost
on rewarming to 0°C. Prior to the solution being cooled to —70°C the cyclic
voltammograms recorded simultaneously with the ESR spectra showed an increase
in a broad wave corresponding to the features B and D in CH,Cl,. The observed
ESR spectra are similar, but not identical to those reported by Watson [16] and
Rieger and co-workers [5] from alkali metal reduction.

No paramagnetic species were detected in comparable reactions with Os,(CO),,
as substrate.

(b) Acetone. The i-E responses for Ru,(CO),, in acetone have been described
elsewhere [5] but essentially the results are similar to those in CH,Cl, with the
exception that feature B is more pronounced.

(¢) CH,CN. At scan rates less than 500 mV s~! repetitive scans lead to a
progressive negative shift in potential and smaller i . for the primary reduction
wave of Ru,(CO),, with eventual disappearance of the oxidation waves B and C
(Fig. 1) on scan reversal. The slower the scan rate the more rapidly these changes
occur. A small broad wave precedes the reduction peak on the initial scan; possibly
a pre-wave denoting that a product is involved in a catalytic reaction. The ultimate
reduction wave at £, ~ —1.2 V (500 mV s~ 1) is assigned to the reduction of the
derivative Ru,(CO),;(NCCH,) by reference to an authentic sample [17]. A pro-
gressive increase in CO concentration in solution causes a progressive shift of the
reduction wave back to a potential corresponding the primary reduction wave of
Ru,(CO),,. These data are consistent with an electron-catalysed reaction of
Ru,(CO),, 5 thatis, an ECE reaction of the type

RuCO),, + ¢ —/—= Ru3(c0)1‘2"+ CHCN —» R'L13(CO)11(NCCH3)—' + CO
. (5)

1Ru,(CO), , I-e
L L= Ru,(CO),(NCCH,)

Controlled potential electrolysis of Ru;(CO),, at —1.1 V in CH,CN under Ar
produces good yields (~ 60%) of the derivative Ru;(CO),,(CH;CN). However, the
chain length of this reaction is extremely short (efficiency ~ 0.9 F mol!) although
this is not surprising since ETC reactions involving CH,CN are normally less
efficient than those with nucleophiles like PR, [4]. In effect, the reaction with
CH,CN and Ru,(CO),, is electron-induced rather than ETC with oxidation in bulk
solution of the intermediate [Ru;(CO),,(CH,CN)]™" being heterogeneous (elec-
trode) or via adventitious oxygen; this is consistent with the transient electrochem-
1stry.

There was no evidence in the transient electrochemistry for an electron-induced
reaction between Os,;(CO);, and MeCN to give Os;(CO);NCMe despite the
stability of this adduct and its ease of preparation by thermal methods [18].
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BPK-initiation also gives the M,(CO),,(CH,CN) derivatives but in the case of
M = Os the yield is < 10%. It is doubtful whether this 1s a genuine electron-induced
reaction.

Electrochemistry of M (CO),, ,(PPh,),

In order to look at the generality of the 2e primary reduction process and as a
background to the catalysed reactions we investigated the electrochemustry of
M,(COy,, . ,(PPh,), complexes. DC polarographic and cyclic voltammetric data are
given in Table 2.

[n CH,Cl,, Ru;(CO), PPh, exhibits a chemically irreversible primary reduction
step 0.14 V more negative than Ru,(CO),, and an irreversible oxidation step (Fig.
5). The DC polarographic limiting currents show that it is an overall two-electron
reduction step. Particular features of the cyelic voltammogram of Ru ({0}, PPh,
are: (a) at slow scan rates { <2530 mV s~ 1) there is a small wave at more negative
potentials of the primary wave which can be assigned to the reduction of
Ru;(CO),(PPh,), (by comparison with the electrochemistry of an authentic sam-
ple [4]). this is presumably a result of an electron-induced reaction between
Ru,(CO),,PPh, and PPh, from cluster decomposition {cf. eq. 5} or an endogenic
bimolecular reaction.
2Ru,(CO);,PPh, "= Ru (CO),, "+ Ru,(CO)(PPh.}, - (6)

TABLE 2
ELECTROCHEMICAL DATA FOR M (CO),, ,(PPh;), (M =Ru, Os. n=1-3)"

DC Polarography * Cvelic voltammetry
Reduction Keduction Oxidation
Ej 5 (V) Ey g By y (mV) B (V) £, (V)
M = Ru
=1 111 40 —-1.24 - 0.54 1.04
- {).4909 AN - 1. 20 S453 i
(—0.98) (50) (- 1.06) ¢ 040y IR
(- 1.20) (127
n=2 --1.24 40 - 1.3 (.68 (750
- 4150 it
1.16 53 ].r7 (AT
-7
(~1.18) (50) (—1.20 (047
n=3 ~1.49 50 1.60) -0.64
- 0.47
- 1.42 60 -1.63 (.51
{—1.40) {50y (- 1.49) (- 06%
M = Qs
no==1 - 1.54 R0 -1.32 - (.41
=~ 1.66 010

“ At 293 K, volts vs. Ag/AgCl, normal type in CH,Cl,, italics in THF, brackets in acetone. Supporting
electrolyte: CH,Cl,, TBAP; THF, TBAP, acctone. TEAP. * Drop time (1.5 & scan rate 10 mV ¢ ' ¢ Ay
Pt. scan rate 200 mV s
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volts vs Ag/AgCl

Fig. 5. Cyclic voltammograms in CH,Cl, at Pt, 100 mV s~ !, 293 K under Ar, of (TBAP 0.1 mol dm ~3):
(a) Ru3(C0O);1PPh;; (b) Ru3(CO)1o(PPhs);; (c) Ruy(CO)g(PPhy);.

(b) the oxidation wave at E, ~ —0.47 V can be assigned to Ru,(CO),,*~ (vide
infra) which indicates that there is rapid Ph,P dissociation from the [Ru,(CO),,-
PPh,]?~ species.

In acetone the overall electrochemical behaviour was similar to that in CH,Cl,
but the rates of reactions leading to Ru,(CO),,(PPh,), (and its radical anion) and
Ru,(CO),, were increased. Differences of this sort between acetone and CH,CI,
have been noted in a number of cluster systems {1,3] and while the IR drop, with
attendant problems of interpretation, is greater in CH,Cl, the electrochemistry is
usually cleaner. The i—E responses for Ru,;(CO);PPh; in THF were not well-
behaved.

Data for the Ru,(CO),,(PPh,), and Ru,(CO),(PPh,), are included in Table 2
and Fig. 5. The significant feature is the increasing chemical reversibility of the
oxidation step and the absence of following ETC reactions (eq. 7) on the reduction
scan.

€
Ru,(CO)y;_, (PPh3)n+ f Ru,(CO),;,_,(PPh,),=

Ru3(CO)12_"(PPh3);'E—; products (n=2,3)  (7)

A negative shift in E;ﬁd and EJ7 as n increases is the expected trend.



——— initialscan

------ subsequent scans

Jo1ma

— T

— T T e s T ASaaned

0.2 0 -0.2-04-06 -0.8 -10 1.2 .14 1.6 1.8 .20
voits vs Ag/AgCl

Fig. 6. Cyclic voltammogram of Os (COyy PPhy in CHLCLLL 308 mV s boar Pro2sd KOTBAP 0.1 me
dm ’

An overall two-electron reduction step is also observed for Os,(CO} PPh, in
CH,Cl, but in contrast to Ru,{CO),, PPh, there is no evidence for the formation of
0s,(CO),,(PPh;), by an ECE reaction. The surprising feature is the partal
chemical reversibility of the primary reduction wave at 20°C (Fig. &) and s
chemical reversibility at low temperatures; the oxidation process does not occur
within the solvent limit.

0s,(CO),,PPh, + 2¢ == Os,(CO),,PPh > (8)

Unfortunately the Os,(CO),, (PPh,), (n=2, 3) complexes were not reduced
within the solvent limit so that the generality of reductive reversibility could not be
tested: studies on other Lewis base derivatives are in hand

Electron-catalysed substitution of M (CO),,

Cyeclic voltammograms for the reduction of Ru(CQO),. in the presence of a three
molar excess of PPh, are shown in Fig. 7 tor CH,CI, acetone and THF. A
quantitative interpretation of the new reduction waves is difficult due to the small
difference in peak potentials of the derivatives Ru,{COy,,  (PPhy;, (Table 2} In
CH,C1, there 15 a wave due to the reduction of Ru(CO), PPh.. in THF both
Ru,(CO),,PPh; and Ru,(CO),,(PPh;), can be recognised. whereas subsutution 1s
less specific in acetone with all three derivatives Ru, (€0, (PPh.y (=1 13)
being produced. Since the peak currents are small for the reduction waves associated
with these complexes, even at scan rates of ~ 50 mV s ' the ECE reaction must be
slow. This is consistent with the short lifetime of rriangulo-Ru 03y,

Cyclic voltammograms of Os(COy . in CH,CY, or THE at scan rates 50-500
mV s ! were unchanged by the addition of up to a 20 molar excess of PPh, {or
P(OPh), ).

Solvent effects were important in the bulk cathode-induced substitution reactions
of Ru,(CO}, in the presence of equimolar amounts of PPh.. In CH.CI, a slow
decay of the electrolysis current to ~ 10% of the imual value gave a ~ 70% wield of
Ru4(CO),,PPh, with an efficiency of ~ 0.5 F mol™ ' In acetone the electron-in-
duced reaction was non-specific and the decay in current was accompanied by the
formation of all derivatives Ru,(CO),, ,(PPh,j, (n=1.3) Significantly. in THF
the small electrolysis current decayed slightly with concomitant rapid darkening of

-~

the solution colour. After 3 min analysis showed complete conversion 10 Ru -
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Fig. 7. Cyclic voltammograms of 0.5 mM Ru;(CO),, in CH,Cl,, 200 mV s~1, at Pt, in the absence
( ) and presence (------ ) of 1.5 mM PPh;. (a) acetone; (b) THF; (c) CH,Cl,.

(CO),,PPh, with a consumption of charge corresponding to ~ 1.2 X 10~* electrons
per molecule of Ru,;(CO),,. Reduction of Os;(CO),, in CH,Cl, in the presence of
equimolar PPh, gave a 35% yield of Os,(CO),,PPh; with an efficiency of ~0.9 F
mol L.

Electrochemistry of [HRu,(CO),,]~, [Ru;(CO),,]°", [Os(CO),,]?~ and [Ru,-
(CO)ys) ™

Shore and co-workers [19] have isolated a number of anionic clusters from the
chemical reduction of Ru,(CO),,. Several were considered as species responsible for
the oxidation waves in the cyclic voltammograms and accordingly their electrochem-
istry was investigated in CH,Cl, (as [PPN] or Bu,N* salts). Complex i-E
responses were obtained for Ru, clusters but as it was clear that they are not
participating in the electrode processes for Ru,(CO),, these will not be considered
here.

Our results for Ru,(CO);,>~ were substantially as reported by Rieger and
co-workers [5] and Os,(CO),,>~ behaves similarly being oxidised at more positive
potentials. Wave B, Figs. 1, 2, is assigned to the oxidation of these anions.

Gieger and Tulyathan [20] have shown that the reduction of Os,(CO),, proceeds
by an overall two-electron, chemically reversible, process measured by us at E; , ~
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Fig. 8. Cyclic voltammogram of [PPN][HRu (CO);;] in CH,Cl on Pi, in CH.CI. at 293 K: 200 mV

s

—0.17 V vs. Ag/AgCl. This electron-transfer process mcorporates an octahedron-
bicapped /tetrahedron structural rearrangement [21]. In contrast. we find that the
oxidation of octahedral Ru (CO),*" is an overall two~electmn pmcex‘\ but chem-
ically irreversible under * normdl conditions; £ 0353V vs SAgCT at 200 mV
“!. However, this process becomes chemically reversible in dximc ( H.CT, solutons
at 293 K providing water and oxygen are totally removed from the system. Even so,
the half-life of the “Ru (CO),,” on the electrochemical timescale i+ less than 1677 5
and it 1s unlikely that it could be isolated. A simultaneous 2-eleciron transfer is
unlikely but oxidation of Ru, ((‘())u\2 in CH,LCI, in-situ in the BESR cavity at low
temperatures did not generate any detectable par dumom lic species,

The hydrido-anion, HRu ,(COy,, . undurgocs a chemically irreversible but diffu-
sion controlled oxidation at £, 0.12 Vin CH.Cl, on Pt and a further irreversible
oxidation at 0.78 V (Fig. &). The first oxidation process becomes more reversible as
the temperature is decreased and at fast scan rates (> 300 mV « '} but the
reversibility 1s unaffected by CO. No reduction steps are chserved on the initial

HRUR(CO)IIV ;:"RU?;(CO}q +e U()'}

scan but on scan reversal a wave appears at —0.98 V corresponding to the reduction
of Ru,(CO),,: i . for this process increased under CO. Consequently, the forma-
tion of Ru3(CO)12 can be attributed to equilibrium (11) similar 1o that proposed by
Shore [22] for HRu;(CO),, ~ but involving HRu,(CO),,

Decomposition of the unstable HRu.(CO),;” would provide the (O and
Ru (CO),, " will be oxidised at potcnndls > --0.9 V. HRu (C°O),, s regener-
ated after the ECE reduction step of Ru,(C0O),, indicating that the cqu:librium (1)
1s also rapid in the reverse direciion (note that wave B in Fig. 1 is not observed in
Fig. 8).

Discussion

Redox processes for M ,(CO),,, (PPh ), (n=0-3)

(a) Primary electrode processes. This study has established that the triangulo
clusters M,(CO),, (M = Ru, Os) and Ru H{CO), ,(PPh,), (n=1-3) and
Os,(CO),,PPh; all participate in a primary diffusion-controlled two-electron reduc-
tion process at the electrode surface.
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The following mechanistic schemes for the reduction step were investigated using
digital simulation [22] and convolution techniques [23].

(a) ECE

ksl
M;(CO);, + e =M, (CO);, ™
k -
M;(CO),,” > M,(CO), *

kg
M;(CO);, * + e==M,(CO),,* *
(b) EE

ksl
M3(CO)12 +e=—=M, (Co)lzi.

kg
M, (Co)y, " +te=—M, (CO)*~

(c) Simultaneous 2 — e

ksl
M, (CO),, + 2e == M, (CO),,*~

(d) Disproportionation

kg
M3(CO)12 te— M3(CO)12A'

. k —
2M,(CO),, " —>M,;(CO);,> + M5 (CO);,

SCHEME 1

Mechanism (c) did not give an accurate digital simulation of the experimental cyclic
voltammograms whereas (a), (b) and (d) allowed accurate simulation when the
homogeneous rate constants were sufficiently large and not rate-controlling. The
best match of theoretical and experimental cyclic voltammograms was obtained
with values of k,=2 X 107*cm s™! and « = 0.37% (the characteristics of the cyclic
voltammogram depend primarily on the first charge transfer) and k> 15 s7!
(mechanism (a)) and > 6 X 10" M~ ! s ! (mechanism (d)). Analysis of changes in
the convoluted current with scan rate and potential indicated that mechanism (a),
the ECE mechanism, was the most reasonable explanation for the overall two-elec-
tron step.

The chemical irreversibility of the reduction step up to 10* V s~! shows that the
half-life of the triangulo-M;(CO),, " is less than 107° s in CH,Cl, at 293 K [24].

Rieger and co-workers [S] have speculated that the resultant species of the very
fast chemical reaction is the “open” or linear M;(CO),,.

M,(CO),, +e= M;(CO),, 7 > *M;(CO), "= *M;(CO),,° " (11)

This certainly accounts for the high recovery yields of M,;(CO);, in coulometric
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experiments, as well as at the electrode, and is consistent with the addition of an
electron to an antibonding (M ,-basedy LUMO. Further, the resultant opened
M,(CO)," * species will be diamagnetic as required by our FSR data. Attempts 1o
isolate the products of the ECE reactions were thwarted by the sensitivity of the
species towards water and the concentration dependence of the electrochemical
behaviour. At lfow substrate concentrations and under dry box or high vacuum
conditions or at high scan rates only one oxidation wave (1) s seen. This is assigned
to the oxidation of the opened M,(CO),,°

M}(C‘())lf'l{)i\/i;((‘()‘),2 e ML(CO)Y,, (12)
The irreversibility of this process shows that the opened radical anion M (COy,, ™
also has a short lifetime (7, . < 10 " s in CH,C1, ).

Once the concentration is increased or traces of water are present CO-dissociative
and bimolecular cluster reactions occur the products of which dominate the oxida-
tion scan.

M, (CO)," * =M (CO) " "+ CO (13)

. B)
M,(CO),° =M, (CO), "+

(¢7]

M,(CO),, 2 + M,(CO), — M (CO),° + 5CO (14)

We suggest that the major route to M;(CO),,” is via nucleophilic attack by H-O
on M;(CO),,* ~ rather than (13} Note that wave (B) is absent in vacuo conditions
which would encourage (13).

M, (CO);," + H,0 = (M, (CO), [4-C(0)-0H, ]| - M, (CO), " +CO+H,0
(15)

So, the ultimate products from controlled potential electrolvsis of M,(CO),, n
CH,Cl, are M(CO),,*~ and M,(CO),;* . A linear Ru,(CO),,"" species has been
postulated [14] as a product of the K /Hg reduction of Ru,(CO),, but there was no
indication of a species with a comparable »(CO) spectrum in the products of
controlled potential electrolysis. Wrighton and co-workers also speculated that an
opened Ru,(CO),, cluster was involved in photochemical substitution reactions
251 Os(CO),, X, [26] and Os,{(COY, R, [27] (R = Me, H} are well-established
opened trinuclear osmium complexes. Opened trianguiar M, cores are found in
O5,(COY, [MeOCTOIN), | [28] and Ru;(CO},(NO}, [29] but both complexes utilize
a bridging group to stabilise the opened structure. Given the fast rates of conversion
between reduced trianguic and opened reduced M COy,, species it s concevable
that M;(CO),,"  has a triangular structure but with an opened M M bond
supported by bridging carbonyi groups.

Because of the short lifetimes of M,(CO),, " it s not possible to give a
quantitative estimate of the refative rates of rrangulo-opened interconversion be-
tween Ru, and Os,. Nonetheless, the lack of electron-initated nucleophilic sub-
stitution reactions with Os(C03),, (vide infra) and greater dominance of wave I in
the Os, scans under ‘normal” conditions strongly indicates that the conversion and
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reduction to opened Os,(CO),,?" is faster than the comparable Ru, conversion.
This would be consistent with the greater stability of known opened Os; structures.
There is an interesting correlation between the differences in electrochemical
behaviour of Ru,(CO);, and Os,(CO),, and their photochemistry [25]. Ru-Ru
bond breaking dominates the photobehaviour of Ru,(CO),, whereas fragmentation
of the Os, unit occurs only after substitution by a Lewis base at each Os atom.
While the two activation processes are not strictly comparable (i.e. electron addition
to a LUMO compared with photoexcitation) the different character of the LUMO
or excited state in the two complexes is undoubtedly important.

(b) Effect of [PPN] salts. New electroactive species appear on scan reversal after
the reduction of Ru,;(CO),,, but not Os,(CO),, in the presence of [PPN][X]
X =0Ac™, OH7, Cl. This correlates with the specific catalytic reaction by [PPN]
salts delineated by Kaesz and co-workers [9] and one could look for a common
explanation. Since the diffusion current for the production of Ru;(CO),, is less
than two electrons per molecule, our interpretation is that attack by the nucleophile
on triangulo or opened Ru,(CO),, " is very fast giving a species which is not
oxidised in the potential range. At ambient temperature a further slow chemical step
occurs to give the species [Ru,(p-Nu)(CO),,] . We suggest the intermediate species
are those detected by Kaesz [9] and Ford [10], [Ru,('-C(O)-Nu)(CO),,]”, the
result of nucleophilic attack on a coordinated CO group of Ru;(CO);,”" or
Ru,(CO),* .

Ru,(CO),;, "+ :Nu ,_fﬁii [Ru, (7-C(O)(-Nu)(CO),,)] ™ (16)
[Ru, (7-C(O)(-Nu)(CO)y,] "= [Ru, (1-Nu)(CO),g] ~ + 2€CO (17)

At low temperatures or under CO reaction (17) is electrochemically insignificant
(except when X =Cl") but even so, the oxidation waves associated with the
“normal” i—F response for Ru,(CO),, (i.e. B and D) are also absent. Reaction 16 is
therefore still operative under these conditions and, given the half-life of only
<107¢ s for Ru,(CO),,; it suggests that nucleophilic attack could involve the
opened species. The ramifications for [PPN}-catalysed reactions in the absence of an
electrode are that these may also involve bond-opening.

The diffusion current for the reduction of Os;(CO),, in the presence of [PPN]
salts remains at two electrons per molecule indicating that the corresponding
reaction 16 for triangulo-Os,(CO),, " is too slow to compete with the ECE step (eq.
11). This fits into the general picture of restricted catalytic substitution with
0s,(C0O),, (vide infra).

(c) Solvent effects. The ECE step (eq. 11) occurs in all solvents, the principal
differences in i—F response arising from different rates for CO-dissociation (faster
in polar solvents) and nucleophilic substitution (with CH,;CN). Furthermore, it is
difficult to exclude water from acetone solutions. THF poses problems because of
irreproducibility of the cathodic profile of the CV scans but under normal condi-
tions the current due to the oxidation of M,(CO);,*>" is smaller than in acetone or
CH,Cl,. Two factors could account for this. First, the THF would be very dry;
second, THF does appear to have the facility for stabilising radical anions and the
rate of M,(CO),,>” formation — the precursor to M;(CO),,>" if eq. 15 is correct —
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could be lower. These observations are compatible with the more efficient nucleo-
philic substitution in this solvent.

Catalytic substitution of Ru (C'0),. and Os (CO);,

Rapid nucleophilic substitution of Ru,(CO),, can be initiated by three methods:
(1y a [PPN] salt [9], (2) a chemical reductant such as BPK [4]. (3) an electrode. In
contrast, activation of Os,{CQy;, towards substitution s slow and with most
nucleophiles thermal substitution is of comparable efficiency.

Observations which have a bearing on the mechanism of activated substitution
are:

(a) comparable rates and specificity of substitution are obtained with methods (1)
and (2} in CH,Cl., whereas reactions via (3) are as specific but slower o stmilar
solvents.

(b} initiated reactions (2) and (3) are only specific and rapid in THF (electrode-ini-
tiated reactions are relatively specific in CH,C1, but this is due to the slow rate of
nucleophilic substitution); electrochemically-generated Ru . paramagnetic anions
were onlv detected in THF at low temperatures.

(c) the rate of [PPN}-initiated substitution s not affected by solvent except that
catalysis was prevented by strong hydrogen-bonding solvents: further, Kaesz and
co-workers [9] noted that u trace of moisture was required for catalvsis using
[PPN]CIL

(d) there is evidence that reactions of type (1) proceed via gegenion attack on a
coordinated carbonyl group. L

(e) even at relatively high concentrations of Ph,P (> 20 mole excess) the ECE step
to produce Ru,(CO),,PPh, cannot compete effectively with the ECE step: that is,
Ru-Ru bond cleavage is as fast as nucleophilic substitution which traps the
triangulo Ru;(CO),,

A rationale for these observations can be found in the fluence of the solvent.
the differing timescales of reactions and the possible reaction pathways for the
activated Ru, species. THEF 15 known o facilitate eleciron transfer catalysed
reactions in other systems [1} and this can be attributed to solvation and 1on-pair
(particularly with Na ) stabilization of the reactive radical anions {121 Bulk
chemical reduction will alse generate a much higher concentration than electro-
chemical initiation. Furthermore. nucleophilic attack by OH ~ on 2 coordinated CO
group was indicated by the electrochemical data and this may well contribute to the
overall activation in THF /BPK reactions as traces of OH  will imnevitably be
present in the BPK reactions unless special precautions are taken.

Despite the fact that there is no evidence for “stable”™ friangulo or opened
Ru,(CO),, 7 (re. chemical reversibility) on the electrochemical timescale, 1t does
not preclude “stability” away from the electrode or under homogeneous reactivity
involving BPK. Under e¢lectrochemical conditions the half-life of  rrigngulo
Ru,(CO),, "is <10 ° s and so opened Ru(CO),, " is being formed essentially at
the electrode surface. Since its reduction iy thermodynamically favoured 15
immediately reduced to the substitution-inert dianion. The net result of the equi-
librium (12) is that trianguio Ru (CO),, " is converted to opened Ru (CO),,°

Further, homogeneous electron transfer (eq. 18) at or near the electrode surface
will also decrease the concentration of reactive radical anions.
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A=A A e

With chemical initiation in dilute solutions the radical anions will not necessarily be
reduced nor will eq. 18 occur before attack by the nucleophile takes place. Once
nucleophilic substitution has occurred the ETC cycle (eq. 19) is initiated but, even
under the optimum conditions, chain-termination steps clearly reduce the efficiency
of the cycle unless THF is the solvent.
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19)

Moreover, the rate of homogeneous electron transfer after the first substitution
step is only fast enough in THF to outrun the further substitution processes which
give Ru;(CO),,(PPh,), and Ru,;(CO),(PPh,),. Note that the rate of thermal
substitution increases with the degree of substitution [30].

The relationship between [PPN] salt-activated and electron-activated substitution
is a matter for conjecture but it is possible that [PPN}-assisted nucleophilic attack at
a CO group also incorporates rupture of a Ru~Ru bond. [PPN] would stabilize any
anionic intermediates. Metal-metal bond rupture under mild conditions has been
demonstrated for metal clusters [31], especially for the Ru,; moiety, and the trend of
facile Fe-Fe rupture/fragmentation, Ru-Ru rupture /no fragmentation, no Os—0Os
rupture follows the expected trend in thermodynamic metal-metal bond strength.

Conclusion

This study has confirmed the generality of an overall two-electron ECE process
for M;(CO);, (M = Ru, Os) and M,;(CO),,_,(PPh,), in all solvents which prob-
ably involves a metal-metal bond cleavage step. Concomitant with reduction of the
M,(CO), unit one finds solvent-dependent, CO-dissociative and ligand dissociative
pathways as well as nucleophilic-attack on a coordinated CO group.

Trends in the redox behaviour of the M,(CO),, (M = Fe, Ru, Os) clusters can be

rationalized in both the thermodynamic and kinetic sense. Scheme 2 summarises the
pathways open to the initially formed M,(CO),, " radical anion (*-represent an
‘opened’ structure).
Step A, conproportionation, is only important for Fe;(CO),, and it is only with this
cluster that the M,(CO),, " species has been characterised [2,25]. The thermody-
namic driving force for conproportionation is probably the instability of a friangulo-
Fe,(CO),,>~ complex. Pathway B, decreases in importance from Fe — Os which
may be due to steric factors; the solvent effects on this pathway are expected. The
increasing thermodynamic strength of the metal-metal bond down a group are
reflected in the absence of pathway E in other than M = Fe and the increasing rate
of pathway C from Fe — Os.
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M{CO),, + e MACO),. + MCO)L,"

" Fe(CO), "

)
@]

—

. . . _— & -
CO + Ma(CO),.* MaCOYs " === mycon,

SCHEME 2

The work described herein was stimulated by an apparent conflict of experiment
and theory. Reports of irreversible electrode processes but effictent ETC-catalysed
reactions for Ru,(CO},, contradicted the general view that suitable substrates are
those that exhibit chemicallv reversible redox hehaviour. It ic clear from this studs
that the important criteria are relative, rather than absolute. rates of nucleophilic
substitution and alternative pathways involving the key radical anions. ETC-cata-
Iysed reactions with Fe,(CO)};, are fast and efficient because of the high M (COy -
concentration through pathwayv A, the low vields are due to fragmentation reactions
(E). Pathway C reduces the available M {(CO),, " (M = Ru. Os) with consequential
fower ETC efficiency. Selective and apparently fast nucleophilic substitution with
Ru,(CO),, via BPK initiation is, we believe, due 1o the intermediacy of {q'-
CONX)Ru,(COY 1P species as well as an ETC-catalvsed reaction. Finallv, the
electrochemical behaviour in the presence of active [PPN] salis paralfels that found
for [PPN}-catalysed nucleophific substitution in solution, 1 particutar the inactivity
of Os,(CO),,. Tt s concervable thar Ru-Ru bond cleavage has a role in the
[PPN]-catalysed reactions

These trends in the electrochemical mechanisms correlate well with those atten-
dant upon photochermical initiation.

Experimental

Ru,;(CO),, and Os;(CO),, were used as received if TLC and IR analysis
indicated a satisfactory purity: otherwise they were crysiallized from CH,Cl,/
hexane. The derivatives M. (CQO),, , (PPh,), were prepared by literature methods
[4]. [PPN "][X ] salts were prepared by the literature procedure [32.33] but for the
electrochemical work it was necessary 1o recrystallize the salts many times and dry
in vacuo in order to obtain a satisfactory electrolyte. TBAP (tetrabutvlammonium
perchlorate) (Fluka) was recrystallized from EtQAc¢ and dried in vacuo at 3533 K
TEAP (tetraethylammonium perchlorate) (Fluka) was recrvstallized [rom methanol
and dried in vacuo at 343 K. BPK was obtained from a THF purification still. The
cluster anions Ru,(CO), " . Ru (CO) " . Ru CO)" . Os(COy 7 L Os,-
(CO) "~ and HRu,(CO),, were prepared by literature procedures [19 34] as their
PPN™ or "Bu,N " salts and characterised by IR and chemical analysis. The solvents
were purified according to the methods described elsewhere {1]. Polarographic and
voltammeric measuremerits were made with one of the following sets of instrumen-
tation: a PAR 174 analyser and a PAR 175 universal programmer connected to an
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X-Y recorder or Tectronix storage oscilloscope or an interfaced Apple/ /e micro-
computer (20 mV s~ !): a Hi-Tek Instruments waveform generator with the current
amplified and fed directly into a Gould storage oscilloscope and replotted on a X-Y
recorder.

A standard 3-electrode cell was designed to allow the tip of the reference
electrode to approach within 2 mm of the working electrode and used for measure-
ments with scan rates up to 50 V s~ ! or in the dry-box. For fast scan measurements
(50-15000 V s 1) a two-electrode cell configuration was used. The electrodes can
show a variable response if not freshly cleaned and polished. The microelectrode
was a 10 um diameter Pt disc made by sealing 10 pm wire into glass and polishing
the surface with alumina powder. All measurements were carried out under Ar with
the electrolyte, either under normal laboratory conditions or in a dry-box, and
cluster concentrations given in the Tables and Figures. Controlled potential electro-
lyses and coulometric determinations were carried out in an oxygen-free Ar atmo-
sphere box or in a system where the whole apparatus was enclosed in a large plastic
bag filled under a positive pressure of oxygen-free argon. Infra-red cells were filled
in an oxygen-free environment using gas-tight syringes. The standard cell for bulk
electrochemical work has been described previously [1]. All experiments were done
at least in duplicate. ESR spectra were recorded on a Varian E-4 X-band ESR
spectrometer using a specially-built 3-electrode electrochemical cell for in-situ
measurements which enabled the electrolysing potential to be accurately controlled
and provided concurrent cyclic voltammograms [35]. Procedures for carrying out
measurements on solutions involving a chemical reductant, or those under vacuum,
have been given elsewhere [36]. Electrolyses were carried out ~ 0.2 V negative of the
primary reduction wave.

Potential data (vs. Ag/AgCl) were referenced against the ferrocene*/° couple in a
particular solvent using the values given earlier [36]. The peak-to-peak separation
for the ferrocene couple (usually 60 mV if the electrodes were carefully positioned)
was taken as the diffusion-controlled parameter. Diffusion coefficients, the in-
fluence of resistance effects and heterogeneous rate constants were obtained from
digital simulation of the cyclic voltammograms using programs based on the
relevant statements given by Feldberg [22], these were run on a Digital Vax 11 /780
computer. Background currents were simulated as linear potential ramps. Convolu-
tion analytical programs were based on the algorithm given by Bard and Faulkner
[23]. The number of electrons transferred in a particular redox process was de-
termined by comparison [1] with the one-electron ferrocene™/°, Fe,(CO),,*~ or
PhCCo,(CO),"~ couples as well as through the usual diagnostic electrochemical
parameters.
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