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Redox Chemistry of [Co4(CO);(p3-CO)s(u3-C7H,)(m-C7Hy)] — Reversible
Carbon—Carbon Coupling versus Metal Cluster Degradation
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Chemical reduction of the tetracobalt cluster complex
[C04(CO)3(p3-CO)3(p3-C7H7) (n°-C7Hy)] (3), followed by addi-
tion of [PPh,|Br, gives the complex [{Co,(CO)3(pn3-CO)3(p3-
C7H7))a{p-n*m*-(C;Hy),}]?™ as a mixture of two diastereomers
[4A)?" and [4B]*" in high yield. The crystal structure of
[4A]?7[PPhy4],:1.5C;Hg has been determined and confirms the
reductive coupling of two Co, cluster coordinated apical
cycloheptadienyl rings to form a bridging bicycloheptyl-
3,5,3',5'-tetraene ligand. Reduction of 3 with Li{HBEt3] and
subsequent treatment with aqueous [NnBuy]Cl results in the
formation of [Co4(CO)3(n3-CO)3(n3-C7H7) (CzHyo)]™ [5]7. Addi-
tion of [(N-CsHg)Ru(NCMe);][BF,], after the borohydride re-
duction gives [Ru(n-CgHg)Co3(CO)3(p3-CO)3(p3-C7H7)] (6), a
product derived from reductive Co, cluster degradation. A

detailed electrochemical and spectro-electrochemical study
of the redox behaviour of 3 and [4]?>" has been carried out.
The complex potential current response of 3 is rationalized in
terms of the formation of the radical anion [3]™ as the primary
intermediate, which may be reversibly reduced further to
give the much more stable [3]?~ and then [3]3". Dimerization
of [3]7 to give [4]*> occurs by formation of a new
carbon-carbon bond between the apical C;Hg ligands. The
two redox-active moieties in [4]?>" behave as independent,
non-interacting redox centres. The oxidized form 4 is un-
stable and dissociates back to 3 almost quantitatively, thus
completing a redox cycle characteristic of a “molecular bat-
tery”. The homogeneous rate constant for dimerization has
been evaluated as kppy (2 [3]” — [4]27) =0.30 £ 0.05 mm~! s71,

Introduction

Two contrasting statements are frequently made con-
cerning the consequences of an electron transfer to or from
a molecular metal cluster complex:!"! (i) behaviour of the
cluster as an “electron sponge”, i.e. the ability to add or
lose electrons without any great effect on the framework,
and (ii) a rearrangement of the metal core, upon reduction
typically involving cleavage of metal—metal bonds. This is
usually attributed to the frontier orbitals of the cluster be-
ing generally nonbonding or antibonding with respect to
the metal—metal interactions. However, as shown, for ex-
ample, by the frequently observed labilization of ligandsl?!
at the periphery of the cluster, metal—ligand bonding may
also be affected by the electron—transfer process.!
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Recently, we have reported on the redox behaviour of a
series of tetracobalt cluster complexes with a cyclooctate-
traene ligand in the unusual facial (p3;) coordination
mode.”™ On chemical reduction, cluster complexes of the
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type [Cos(CO);(13-CO)3(us-CsHs)(L)] [la, L = n*-CgHg;
1b, L = n*C¢Hg; 1e, L = n*-diphenylfulvene; 1d, L =
(CO),]P! are degraded to give the trinuclear cluster anion
[Co3(CO)3(12-CO)5(n3-CgHg)] ™ [2]7 in high yield. This be-
haviour follows the general pattern outlined above, but is
nevertheless in marked contrast to that of the parent binary
carbonyl cluster, [Co4(CO);,]. Here, reduction usually leads
to a complete breakdown of the cluster.) The trinuclear
anion [Co3(CO);o]~, a close analogue of [2]7, is quite un-
stable and can only be obtained from [Co4(CO);,] under
very special conditions.[”]

We report herein on the reduction of [Co4(CO);(us-
CO);(u3-C7H7)(>-C7Hy)] (3),1 a cluster complex with a fa-
cial cycloheptatrienyl ligand. It is shown that the reduction
chemistry of this complex is fundamentally different from
that of 1, despite the fact that these systems are isoelec-
tronic and structurally similar.

Results

Preparative and Spectroscopic Investigations

Treatment of [Co4(CO)3(13-CO)3(u3-C7H7)(n>-C7Ho)] (3)
with either LiflHBEt;], LiPh, Na,[Fe(CO),], or cobaltocene,
followed by addition of [PPhy]Br and precipitation with
methanol gave a >80% yield of the complex [{Co4(CO);(ps-
CO);(u3-CsH7)}-{u-(C;Hy)-} [PPhy], as a mixture of two
diastereomers, [4A]>"[PPhy], and [4B]>[PPh,],. Complete
separation of the two isomers proved to be impossible on a
preparative scale. Repeated crystallization from methanol/
THF or nitromethane led to an enrichment in one diastere-
omer in the solid (up to an 86:14 ratio). This complex,
[4A]?>[PPhy],, was finally obtained in pure form as a small

batch of single crystals by layering a CH,Cl, solution of
the 86:14 isomeric mixture with toluene. Isomer
[4B]*[PPhy], was only obtained about 80% pure (con-
taining 20% [4A]>~[PPhy],) from the pooled mother liquors.

Column chromatography of the supernatant solution that
was left after the first precipitation with methanol gave a
second anion, [Cos(CO);(p3-CO)5(p3-C/H7)(C7H )]~ [5],
which was obtained as the [PPh,]" salt in very low yield
(about 1%). In another experiment, where the reaction
product of 3 and Li[HBEt;] was treated with aqueous
[NnBuy]Cl, [5] was isolated after recrystallization from
ethanol as the [NnBuy]™ salt in 26% yield.

The course of the reaction of 3 with LiiHBEt;] was found
to be unaffected by changing the stoichiometric ratio (1—4
equivalents of the reducing agent were used). NMR analysis
of the initial reduction product (in [Dg]THF) showed only
minor resonances in the region —2 = § = 10.

In order to trap any more highly reduced species, a
THF solution of complex 3 was first treated with Li[H-
BEt;]. The resulting material was then reacted with [(n-
CeHg)Ru(NCMe);][BF4], in CH,Cl,. From this reaction,
the dark-brown cluster complex [Ru(n-CgHg)Co3(CO)s3(ps-
CO);(pn3-C7H7)] (6) was isolated in 18% yield after column
chromatography. On monitoring the reaction by IR spectro-
scopy, a rapid decrease in the v bands attributable to the
starting material 3 was observed following the addition of
the Li[HBEt;] solution, which was accompanied by a con-
comitant increase of new broad features at 1950 (sh), 1926
(vs), 1700 (sh), and 1675 (s) cm~!. The formation of 6 was
seen to be complete within a few minutes after the addition
of one equivalent of the ruthenium reagent.

The cluster anions [4A]?>~, [4B]*~, and [5] ", as well as the
neutral complex 6, were characterized by spectroscopic
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methods, and by a crystal structure analysis of

[4A]>~[PPhy],. The infrared (vco) spectra of all the anions
are quite similar; they consist of two broad features in the
characteristic regions for terminal (around 1930 cm™') and
triply-bridging carbonyls (around 1680 cm™!). Compared
to the neutral starting material, the CO stretches are shifted
by about 50—60 ¢cm~! to lower frequencies. Due to the
broad absorptions, a distinction between the individual spe-
cies cannot be made. The IR bands of the CosRu complex
6 also appear at slightly lower wavenumbers (about 10—20

cm™!) than those of the Co, cluster 3. 'H and '3C NMR
spectroscopic data for [4A]*~ and [4B]*~ are collected in
Table 1 and Table 2, along with the corresponding data for
(5]

The spectra of 6 are very simple, with just two singlets
appearing in both the '"H (8 = 3.20, 5.35) and '3*C NMR
spectra (6 = 59.8, 95.6). Due to the low solubility and the
long relaxation times of the carbonyls, no '*C resonances
were detected for these ligands in 6.

Molecular Structure of [4A]>~

An X-ray crystal structure determination was carried out
on a single crystal of [4]>~[PPh,],*1.5C;Hg, containing the
diasterecomer [4A]*~. Details of the structure determination
are given in the Experimental Section. The crystal structure
arises from a packing of octanuclear cluster dianions
[{C04(CO)3(H3'CO)3(H3'C7H7)}2{H'n43n4'(C7H9)2}]2_ and
tetraphenylphosphonium cations, which are interspersed by
a total of three molecules of toluene per unit cell as a solv-
ent of crystallization. Due to the rather poor quality of the
single crystals, coupled with inherent disorder in some parts
of the structure, the accuracy of the structure determination
is limited.

A view of the [4A]>~ molecule is presented in Figure 1.
Salient bond lengths are given in Table 3. The complex di-

Table 1. '"H NMR spectroscopic data (8, in CD,Cl,) for [{Co4(CO)3(3-CO)3(pn3-C7H7) > {u-(C7Ho),} >~ 41>~ and [Co4(CO)5(u3-CO)5(us-

C/H)(C7H )] 517

Complex H3-C7H; n*m*-Ci4H s
[PPhy],[4A]>~ 3.48 (s, 14 H) CH,: 1.1 (m, 4 H), 1.9 (m, 4 H)
(CH)bridgehead: 1.4 (m, 2 H)
(CH)diene (H-1, H-4): 3.28 (m, 2 H), 3.4 (m, 2 H)ll
(CH)diene (H-2, H-3): 5.3 (m, 2 H),[a1 5,48 (m, 2 H)
[PPh,],[4B]>~ 3.44 (s, 14 H) CH2: 1.1 (m, 4 H), 1.9 (m, 4 H)
(CH)bridgehead: 1.4 (m, 2 H)
(CH)diene (H-1, H-4): 3.3—3.4 (m, 4 H)ll
(CH)diene (H-2, H-3): 5.3 (m, 2 H),[a1 5,54 (m, 2 H)
[PPh4][5] 3.50 (s, 7 H) CH2: 1.41 (m, 4 H[), 1.95 (m, 2 H)
(CH)diene (H-1, H-4): 3.4 (m, 2 H)®
(CH)diene (H-2, H-3): 5.49 (m, 2 H)

[al Resonances partially obscured by solvent or C;H; resonance.

Table 2. BC{'H} NMR spectroscopic data (3, in CD,Cl,) for [{Co4(CO);(u3-CO)3(n3-C7H7)} > {pu-(C7Ho)>1 1>~ [4]?>~ and [Co4(CO)5(us-
CO);(pns-C7H7)(C7H )]~ [5]7; signal multiplicities (due to coupling to 'H) were determined by DEPT (135°) spectra and are given as

even (e) or odd (o)

Complex us-C,H; n*m*-C14H18 CO
[PPhy],[4A)*~ 56.0 (e) CH.: 28.2 (0), 28.5 (0) 202.5,
280.8
(CH)bridgehead: 45.5 (e)
(CH)diene (C-1, C-4): 70.2 (e), 72.5 (e)
(CH)diene (C-2, C-3): 100.4 (e), 100.5 (e)
[PPh,],[4B]>~ 56.0 (e) CH,: 26.9 (0), 28.5 (0) 205.5,
280.3
(CH)bridgehead: 45.9 (e)
(CH)diene (C-1, C-4) 70.3 (e), 73.6 (e)
(CH)diene (C-2, C-3) 99.7 (e), 100.9 (e)
[PPh4][5]~ 56.3(e) CH,: 24.2 (o), 28.0 (0) [a]
(CH)diene (C-1, C-4): 70.1 (e)
(CH)diene (C-2, C-3): 100.2 (e)
[al Not detected.
Eur. J. Inorg. Chem. 2000, 1833—1843 1835
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Figure 1. Molecular structure of [{Co4(CO);(n3-CO)5(3-C7H7) 32 {po-n*m*-(C7Hyg),} >~ [4A]*~ in the crystals of [4A]>~[PPhy],; only one
of the two disordered p3-C;H- rings bonded to Co6, Co7, and Co8 is shown

anions [4A]>~ consist of two essentially identical subunits
of the composition [Co4(CO);(13-CO);(ps-C7H;)(C7Hy)],
which are fused together through a carbon—carbon bond
involving C1 and C21 of the apical C;H, ligands.[®! This
results in a bridging bicyclic ring system, where both cyclo-
hepta-1,3-diene moieties are mn*-coordinated to a
[Co4(CO)3(n3-CO)5(ps-C,H7)] cluster unit. With respect to
the bridging ligand, the two Coy4 clusters adopt an anti ar-
rangement. The molecule has approximate C, symmetry,
with the diad bisecting the bond C1—-C21.

Electrochemical Investigations

The anodic cyclic voltammetric (CV) response of the
cluster complex [Co4(CO)3(13-CO)s(ka-C7H7)(n>-C7Ho)] (3)
in THF solution at a glassy carbon (GC) electrode is similar
to those previously reported for the butterfly structure
[Co4(CO)o(RC,R),PT  for  the binary  carbonyls
[Co4(CO) 5" and [Co,(CO)g],' and for the organo-
metallic derivatives [Cos(CO)o(CR)]!' and [Co,(CO)s-
(RC,R)].B1 A multi-electron oxidation peak is observed at

1836

+0.70 V, followed by an electrochemical response typical of
an insoluble material adsorbed onto the electrode, and fi-
nally by anodic stripping of metallic Co from the GC elec-
trode. This kind of oxidation process has been described in
detail elsewhere!!3"! and will not be considered further here.
In this study, we focus on reduction processes. The relevant
half-wave potentials are summarized in Table 4.

At high scan rates, the cathodic CV response of 3 in THF
solution shows two subsequent one-electron processes,
centred at Ej»(A/A') = —0.57 V and E »(B/B") = —1.22
V (Figure 2).

The two peak couples, which correspond to the redox
processes 3/[3]” (A/A’) and [3] /[3]*~ (B/B’), are electro-
chemically and chemically reversible. The peak heights are
similar to that of the peak due to an equimolar solution of
decamethylferrocene (Fc*) added as an internal standard.
However, as the scan rate is lowered, chemical complica-
tions arise. By switching the potential at —1.00 V, the first
one-electron reduction peak couple (A/A’) remains chemic-
ally reversible [i.e. the ratio between the anodic (A’) and

Eur. J. Inorg. Chem. 2000, 1833—1843
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Table 3. Selected bond lengths [A] in [{Co4(CO)3(13-CO)3(u3-CoH7) b {pu-n*m*-(C7Ho)>} P~ [4APP

Col—Co2 2.447(2) Co5—Cob 2.456(2)
Col—Co3 2.447(2) Co5—Co8 2.439(2)
Col—Coqy 2.566(1) Co5—Co7 2.545(2)
Co2—Co3 2.536(2) Co6—Co8 2.536(2)
Co2—Co4 2.510(2) Co6—Co7 2.501(2)
Co3—Co4 2.488(2) Co7—Co8 2.505(2)
Col—-Cl15 1.912(5) Co5—C36 1.915(6)
Co2—CI5 2.015(5) Co6—C36 2.009(6)
Co3—Cl5 2.047(5) Co8—C36 2.022(6)
Col—Cl6 2.190(5) Co5—C35 2.122(6)
Co3—-Cl16 1.935(6) Co6—C35 1.946(6)
Co4—Cl6 1.927(6) Co7—C35 1.927(6)
Col—-C17 2.147(5) Co5—-C37 2.149(6)
Co2—Cl17 1.950(6) Co7—C37 1.911(6)
Co4—C17 1.913(5) Co8—-C37 1.944(7)
Co—C(CO)term 1.749(6)—1.752(5) Co—C(CO)term 1.738(8)—1.759(6)
Col—-C2 2.091(5) Co5—C22 2.082(5)
Col—-C3 2.009(5) Co5-C23 2.012(5)
Col—-C4 2.010(5) Co5—-C24 2.022(5)
Col—C5 2.089(5) Co5—C25 2.096(6)
Co2—C8 2.236(6) Co3—CI2 2.155(6)
Co2—-C9 2.032(6) Co4—-C13 2.129(6)
Co2—Cl10 2.399(7) Co4—Cl4 2.089(6)
Co3—Cl1 2.055(6) C—C(pt3-C,H,)) 1.40(1)— 1.43(1)
Cl-C2 1.512(7) C21-C22 1.515(7)
Cl1-C7 1.522(7) C21-C27 1.529(7)
C2-C3 1.426(7) C22—-C23 1.432(7)
C3-C4 1.422(7) C23—C24 1.427(7)
C4-C5 1.416(8) C24—-C25 1.416(8)
C5-C6 1.511(7) C25-C26 1.501(8)
C6—-C7 1.524(7) C26—C27 1.518(7)
Cl1-C21 1.570(6)

[2l The non-disordered ring bonded to Co2, Co3 and Co4.

Table 4. Half-wave potentlals Eyj3 [V], for [{Co4(CO)3(n3-CO)3(ps-
C,;H7)}»{u-(C7Ho)> P~ 417~ at a dropping mercury electrode in
THF and CH2C 2

AIA B/B’ cIc D/D’ E/E/
THF —0.57 -1.22 —0.12 —1.69 —2.22
CH,Cl, -0.76 ~-1.34 —0.27 -1.75 fal

[al Hidden by solvent discharge.
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Figure 2. CV res]l)onse of a THF solution of 3 at a GC electrode
(scan rate 8 Vs

cathodic (A) peak currents, iy/i5, is unity] only at scan rates
higher than 2 V/s. At lower scan rates, a new species is pro-
duced upon reoxidation at peak C’, giving rise to a revers-
ible peak system C/C’ centred at E;,(C/C") = —0.12 V.
New peak systems are seen on scanning in the available

Eur. J. Inorg. Chem. 2000, 1833—1843

cathodic window (up to —2.4 V) at E»(D/D’) = —1.69 V
and E»(E/E") = —2.22 V (Figure 3).
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Figure 3. CV response of a THF solution of 3 at a GC electrode
(scan rate 0.4 Vs~ 1)
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Surprisingly, the ratio i5(B')/ig(B) is higher than unity at
scan rates lower than 2 V/s. Furthermore, the heights of all
the observed peaks are lower than i;(A). This is particularly
evident at low scan rates (e.g. 100 mV/s, see Figure 4). It is
interesting to note that even at very low scan rates, i5(B’)
does not disappear.

FT-IR spectroelectrochemistry (CO stretching region)
performed in an OTTLE cell during the first reduction pro-
cess shows a quantitative chemical conversion of 3 (vCO =
1980, 1730 cm™') to the “dimeric” dianion [4]*~ (vco =
1925, 1675 cm™ '), as verified by comparison with the IR
spectrum of an authentic sample. Isosbestic points at 1957
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Figure 4. CV response of a THF solution of 3 at a GC electrode
(scan rate 0.1 Vs~ 1)

cm ™! and 1705 cm ™! are indicative of full conversion to the
dimer in the course of the electrolysis (Figure 5). Reoxida-
tion at the platinum electrode of the OTTLE cell completely
restores the original spectrum of the parent compound 3,
suggesting complete chemical reversibility of the system
over long-term electrolysis as well.
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2100 2000 1900 1800 1700 1600 1500

Wavenumber cm’

Figure 5. IR OTTLE spectra of a THF solution of 3 during the

exhaustive reduction at E,,, ~ —0.8 V

In analogy to CV, polarography of 3 (Figure 6, solid line)
shows two reduction waves, A and B. At mercury, a further,
very cathodic, reduction process is observed (wave F). Ex-
haustive electrolysis at a mercury-pool electrode (E,pp =
—0.8 V) was followed by in situ polarography. As 1 F/mol
was consumed, waves A and B completely disappeared and
an apparent one-electron anodic oxidation wave C and two
one-electron reduction waves D and E appeared (dotted
line). Re-oxidation at potentials more positive than wave C
did not fully restore the original cluster 3 as in OTTLE,
probably due to interactions of the cobalt carbonyls with
the mercury pool during re-oxidation. Such interactions of
cobalt carbonyl derivatives with mercury have been ob-
served several times,!!*!3! and have been investigated in de-
tail for the fragment [Co(CO),].['¢]
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Figure 6. Polarographic responses of a THF solution of 3 recorded
in situ during exhaustive electrolysis at a mercury-pool electrode;
the solid line corresponds to the initial solution, while the dotted
curve was recorded after 1 F/mol had been consumed at E,
—0.8 V; the dashed curve is the polarographlc response of a JEPHF
solution of an authentic sample of [4]>~
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A pure sample of the dimer [4]*~ (the 86:14 mixture of
isomers [4A]?>~ and [4B]*7) (dashed line) was found to ex-
hibit the same electrochemical behaviour. The redox waves
of [4]*~ (i.e. D and E) are twice the height compared to
that of an equimolar solution of Fc*, added as an internal
standard. The electron stoichiometry (2 electrons) of both
reduction processes was confirmed by coulometry. Further-
more, the polarographic slopes obtained from log-plot ana-
lyses and the AE,, values from the CV (both roughly 60 mV)
are typical of a single-electron Nernstian process. Waves D
and E assigned to [4]>~ (produced by exhaustive electrolysis
of 3) relate to two-electron processes, but correspond to half
concentrations of the electroactive species, and therefore
their heights are equal to those of waves A and B (assigned
to the parent cluster 3). Finally, [4]>~ exhibits the usual
multi-electron chemical irreversible oxidation peak at +0.70
V at glassy carbon.

Discussion

A family of isoelectronic tetracobalt carbonyl cluster
complexes exists where one face of the Co, tetrahedron is
capped by a facial (p3) ligand. These include [Co4(CO)g(1to-
CO);(p5-trithiane)] ), [Co4(CO)6(no-CO)s {ps-
HC(EPh,);}] (8a) (E = P), (8b) (E = As),l"® [Coy(CO)3(ks-
CO)3(us-CsHg)(L)] (1), and  [Cou(CO)3(u3-CO)5 (13-
C,H,)(L)] [L = n°-C;H, (3); n-CsRs, R = H, Me].¥) These
derivatives of the parent binary carbonyl [Co4(CO),] are
“electron precise” (60 valence electrons [VE]).['1 It has been
demonstrated that the facial ligands tend to stabilize the
tetrahedral Coy, cluster core, resulting in a considerably re-
duced tendency to fragment during the course of chemical
and electrochemical reactions. For example, [Co4(CO);,]
readily undergoes complete fragmentation when reduced in
the absence of reactants.! The one-electron reduction
product of 8a, [Co4(CO)o{ps-HC(PPh,)3}]~ [8a]~, is more
stable, but undergoes rapid ligand exchange at the apical

Eur. J. Inorg. Chem. 2000, 1833—1843
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cobalt atom.[°® The cyclooctatetraene-bridged clusters 1
have been shown to undergo pseudo-reversible electrochem-
ical one-electron reductions, but are quantitatively con-
verted to the stable trinuclear anion [Co3(CO);(u,-CO);(ps-
CgHg)]™ [2]” upon chemical reduction.

A similar behaviour was expected of the cycloheptatri-
enyl-bridged cluster complexes 3, from which we hoped to
generate the trinuclear dianion [Co3(CO)¢(ns-C,H)]?~
[9]*~. However, our electrochemical studies have not pro-
duced any evidence for the formation of this species. The
initial reduction product [3]~ is indeed transient, but fur-
ther reaction occurs through intermolecular ligand—ligand
coupling to give [4]>~, and not by degradation of the metal
framework. With some caution,?”! this can be taken as
evidence that the unpaired electron in [3]™ is essentially
centred on the apical C;Hy ligand, and less so on the metal
cluster. This view is also consistent with the formation of
minor amounts of [5]~, which is the electron-precise prod-
uct of hydrogen abstraction from the solvent or water by
[3].

The formation of [4]*~ is regiospecific [carbon—carbon
bond formation occurs exclusively at the carbon atom(s) in
the enylic positions, adjacent to the unsaturated m-system
of the C;Hy ligand], but not stereospecific. The absolute
configuration (R,R) [and (S,S)] can be assigned to the
bridgehead carbon atoms C1 and C21 in [4A]*>~ on the ba-
sis of our structure determination. It seems likely that
[4B]>~ is the achiral (R,S) isomer (meso form).

The formation of the CosRu complex 6, another electron-
precise cluster, is more difficult to explain. It could be due
to a stacking reaction of the ruthenium benzene reagent
with the trinuclear dianion [9]*~, akin to the reaction of
[2]~ with [(n-CsMes)Ru(NCMe);] ™. However, this would
require that [9]>~ be present, at least in minor amounts, in
the mixture of reduction products of 3. The paramagnetism
of the main product, [3]7, could prevent the detection of
[97*~ (expected to be diamagnetic) in the reaction mixture
by NMR spectroscopy. This interpretation could explain
the observation that formation of 6 is complete within a
few minutes, whereas the subsequent dimerization of [3]™ is
much slower.

Alternatively, a redox condensation of the tetranuclear
[3]" with [(n-C¢Hg)Ru(NCMe);]*>" could take place, which
would involve extrusion of a cobalt vertex. Here, the low
yield of product 6 would be accounted for by the charge
balance, which requires sacrifice of two molecules of [3]
for the formation of one molecule of 6.

A 60 VE count is attained by either of the two Coy, cluster
units in [4A]*~, as well as by [5]". Hence, the uptake of an
electron by 3, followed by dimerization or hydrogen abstrac-
tion, is accompanied by a decrease of hapticity of the apical
seven-membered ring ligand (from 1’ to n*). The lengths of
the endocyclic carbon—carbon bonds within the bridging
(C;Hy), ring system conform to the pattern expected for n*-
cycloheptadiene ligands: they are shorter within the n4-di-
ene systems (mean value 1.42 A) and longer in the re-
maining rings (mean value 1.52 A). The bond CI1—-C21,
which joins the two seven-membered rings, is slightly longer
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[1.570(6) A] than would be expected for a single bond. This
value compares well with the corresponding bond lengths
in the dinuclear complexes [{(CO)sFe}>{u-n*n*(C;Ho),}]
[1.564(4) A]*Y and [{(n-CsHs)Co},{p-n*m*-(C7Hy),}] (10)
[1.564(5) A].122

Within the limitations of the experimental accuracy, the
geometry of the Co,(CO)y cluster units in [4A]*>~ is quite
similar to that seen in other complexes containing the
Co4(CO)g(u3-C,H,) moiety.™! The coordination mode of
the facial C;H; rings approaches the pz-n?mn%mn? fashion
and is therefore slightly different from the p;-n%n3n3 coor-
dination found in 3.1 However, owing to the small actual
geometric differences between the various forms of the pis-
n’ coordination mode, the experimental inaccuracies, and
the low barrier to rotation, no great significance should be
attached to this observation.

As expected, a high mobility of the facial C;H; ligands
in [4]>7, [5]", and 6 is evident in solution, which can be
explained in terms of rapid rotation of the seven-membered
rings within their coordination planes. The 'H and '3C
NMR chemical shifts of these ligands compare well with
those observed in 3.1 It appears that a '3C chemical shift
of about & = 60 is typical for a C;H; ligand facially coord-
inated to a Cos cluster face, with a minor high-field shift of
about 5 ppm when the molecule bears a negative charge.
This is in contrast to the much larger coordination shifts
that have been reported for Rusz(us-C;H;) moieties
[6(13C) = 39].2% The proton resonance of the n°-benzene
ligand in 6 appears at a chemical shift comparable to that
found for apical benzene ligands in hexa- and pentanuclear
ruthenium and mixed ruthenium osmium carbonyl cluster
complexes.?¥ Interestingly, resonances at higher field are
observed when the (n-CgHg)Ru moiety is part of a penta-
or hexanuclear iron carbonyl cluster {e.g. [Ru(n-
CeHe)FesC(CO)yl, 3('H) = 4.37;  [Ru(m-CsHe)Feu-
C(CO)y5), 8('H) = 4.85}.123

The electrochemical data can be accounted for by the
mechanism depicted in Scheme 1.

The dimerization of the radical anion [3] to form [4]>~
explains the reversible re-oxidation C’. Interestingly, the ox-
idized form 4 is unstable in the long-term and decomposes
back to 3 almost quantitatively. The dimerization reaction
[3]” + [3]" — [4]*>" is sufficiently fast to produce peaks D/
D’ and E/E’ (Figure 3), attributable to further reduction of
the dimer itself, but not so fast as to lead to complete loss
of peaks B and A’ (Figure 4), assigned to further reduction
and re-oxidation of the monomer [3]”, respectively. This
justifies the differences in the peak heights discussed above.
Contrasting behaviour, where the anomalous peak height
was rationalized in terms of a catalytic mechanism, has
been observed in a study of the electron-transfer chain reac-
tion that follows the reduction of [H4Ru4(CO);5].2% It is
noteworthy that the dianion [3]*~ is much more stable than
the monoanion [3]~ on the CV time scale. This accounts
for the fact that #(B’) is higher than i5(B).

The redox behaviour of [4]>~, as outlined above, suggests
that the two redox-active moieties, Co4(CO);3(13-CO)3(p3-
C,H,)(n*-C;Hy),  directly bonded by a  single
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Scheme 1. Redox processes involving complexes 3 and 4

carbon—carbon bond, act as two independent, non-inter-
acting redox centres. For such a case, the two one-electron
reduction processes are separated by 36 mV (statistical fac-
tor) and a single, double-height wave is expected.*”]
Digital simulation®®! (Figure 7) of the overall mechanism
produced a shape similar to that observed experimentally
(Figure 4). The homogeneous rate constant for the dimeriz-
ation was evaluated as kpiv (2 [3] — [4]*7) = 0.30 = 0.05

T T T T T T T T

0.400 0.000 -0.400 -0.800 -1.200 -1.600 -2.000 -2.400
E (V) vs. SCE

Figure 7. Digital simulation according to the mechanism in
Scheme 1; scan rate 0.1 V s™!; heterogeneous rate constant (k°) =
2ecms L a=0.5D3) =1Xx10°cm?s 1, D@4) =7 X 10~°cm?
sl Ep(AIA") = Ep@I3]7) = —0.57 Vi Eipn(B/B') = Eyp([3]7/
BF7) = —122 V: Eyp@i4]) = 0102 Vo Ey([d] /141" ) =
—0.138 V; E1/2(£4]2’/[4] 7)=—-1.672V; E1/2(£4]3’/[4] )= —1.698
V, EI/Z([4]47/[4] 7) = —2.202 V, EI/Z( 4]57/[4] 7) = —2.238 V, kr (4
—23)=02s L kpm QB = [4P) =030 mm 57!
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mMm ! 57! (according to the DIM 1 mechanism proposed
by Saveant et al.*l), either by means of best-fitting of the
experimental datal®®! or by applying the method of Lasial*"
with different values for the scan rates (0.05—1 V/s) and
concentrations of 3 (0.6—3 mm). The CV switching poten-
tial was 300 mV past the first cathodic peak potential.*%
Both methods gave a similar rate, but simulation produces
an “ad hoc” working curve.

The redox-induced intermolecular coupling of the two
cycloheptadienyl ligands has a precedent in mononuclear
chemistry. Geiger et al.[??l observed that [(n-CsHs)Co(n>-
C;H,)]" undergoes two reductions, at —0.8 and —1.9 V, the
latter process being irreversible. This complex generated the
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“dimer” [{(n-CsHs)Co},{p-n*n*(C;Hy),}] (10) upon elec-
trolysis at —1.0 V. The value found for the dimerization of
the mononuclear cobalt complex (kppy = 1.35 mm !
s 1B is somewhat higher than that found in the present
work; this is probably due to the presence of the bulkier
tetracobalt unit in 3. Whereas the dimer 10 is oxidized in
two one-electron steps with limited electronic communica-
tion, the oxidation of [4]*~ occurs in a single two-electron
step. Interestingly, dimer 10 is stable, whereas dimer 4 un-
dergoes spontaneous fission of the newly formed C—C
bond, thus constituting the basis of a very interesting redox
cycle (see Conclusion).

For 10, there was no indication that two stereoisomers
had been formed. In the crystal used for the structure deter-
mination, the same (R,R) and (S,S) configurations of the
bridgehead carbons as in [4A]>~ were found.

Conclusion

The propensity of cluster 3 to dimerize upon reduction
to [4]>~ with the formation of an additional C—C bond
and its reoxidation to 4, which, in turn, is unstable and
spontaneously reverts to 3 in a perfectly reversible manner
by cleavage of this C—C bond, constitutes a very promising
redox cycle. This system approaches the concept of a “mo-
lecular battery” proposed by Floriani,[*? i.e. a molecular
device capable of storing and releasing pairs of electrons
through the formation and cleavage of chemical bonds. This
reservoir of electrons controlled by the reversible formation
of C—C bonds may represent an interesting device for elec-
trical energy storage.

Experimental Section

General Procedures: All operations were carried out under an atmo-
sphere of purified nitrogen or argon (BASF R3—11 catalyst) using
Schlenk techniques. Solvents were dried by conventional methods.
Alumina used as a stationary phase for column chromatography
was heated to 180—200 °C in vacuo for several days, deactivated
with 5% water, and then stored under nitrogen. The cluster complex
3 was prepared as described previously.®) NMR spectra were re-
corded on Bruker AC 200 and AVANCE DRX200 instruments
(200.1 MHz for 'H, 50.3 MHz for '3C); 'H and '*C chemical shifts
are reported vs. SiMe,4 and were determined by reference to internal
SiMe, or residual solvent peaks. Infrared spectra were recorded
from samples in CaF, cells on a Bruker IFS-28 Fourier-transform
spectrometer (optical resolution 0.5 cm™'). Elemental analyses
were performed locally at the Microanalytical Laboratory of the
Organisch-chemisches Institut der Universitit Heidelberg and at
the Mikroanalytisches Labor Beller, Gottingen.

[PPhyl5[{Co4(CO)(13-CO)3(13-C7H7)} 2{12-(C7Ho) 31~ (IPPhyL 141> 7):

A mixture of [Cou(CO)3(u3-CO)3(us-C7H7)(M>-C7Ho)] (3) (1.1 g,
1.7 mmol) and Na,[Fe(CO)4]-3/2dioxane (0.64 g, 1.9 mmol) was
dissolved in THF (50 mL) and the resulting solution was stirred
for 30 min. at room temperature. All volatiles were then removed
in vacuo, the residue was redissolved in THF (10 mL), and
[PPhy]Br (3.0 g, 7.2 mmol) was added. After stirring for 1 h, the
mixture was filtered and the filtrate was concentrated to a small
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volume. A tenfold excess of methanol was then added to precipitate
the product as a mixture of diastereomers [4A,B]>~[PPhy], (860 mg,
54%). Partial separation of the isomers (about 86% purity for the
less soluble [4A]>~[PPhyly; about 80% purity for [4B]*>~[PPhy],)
could be achieved by repeated recrystallization from THF/meth-
anol or nitromethane. The mother liquor from the first precipita-
tion with methanol was subsequently chromatographed on alumina
(deactivated with 5% water, 2.5 X 20 cm). A red band was eluted
from the column with CH,Cl,, from which 20 mg (1%) of
[Cos(CO)3(n3-CO)5(13-C7H7)(C7H )][PPhy] (5] [PPhy]) was isol-
ated.

[4]>~[PPhyl,: IR (CH,Cl,): v(CO) = 1955 (sh), 1926 (vs), 1702 (sh),
1675 (s) ecm™'. — CggH7,Cog0 ;P> (1854.96): caled. C 56.98, H
3.91; found C 56.43, H 4.10.

[Co4(CO)3(n3-CO)3(ns-C;H7)(C/H 1) IIPPhy]  (ISIT[PPhy]): A
sample of 3 (270 mg, 0.46 mmol) in THF (30 mL) was treated with
0.5mL of a 1 M solution of Li{HBEt;] in THFE. After stirring for
30 min. at room temperature, all volatiles were removed in vacuo.
The residue was redissolved in THF (5 mL) and to this solution, a
solution of [NnBuy]Cl (2.4 g, 8.6 mmol) in water (40 mL) was ad-
ded dropwise. After stirring for 30 min., the product was collected
on a glass frit, washed with H,O, toluene, and pentane, and dried
in vacuo. Recrystallization from ethanol gave 100 mg (26%) of
[5]7[NnBuy]. — IR (CH,Cly): v(CO) = 1955 (sh), 1925 (vs), 1700
(sh), 1675 (s) cm™ .

[Ru(n-CHg)Co3(CO)3(n3-CO);(n3-CsH7)] (6): A 1.6 mL aliquot of
a 1 M solution of Li{HBEt;] in THF was added to a solution of 3
(0.92 g, 1.6 mmol) in THF (50 mL). After stirring for 1 h at room
temperature, all volatiles were removed in vacuo. The residue was
then treated with a solution of [(n-CsHg)Ru(NCMe)s]|[BF,),
(0.75 g, 1.6 mmol) in CH,Cl, (50 mL). After 30 min., some insol-
uble material was removed by filtration. The filtrate was concen-
trated to dryness in vacuo, the black residue was washed with n-
hexane, and then applied to the top of a column (2.5 X 20 cm) of
alumina (deactivated with 5% water). Elution with toluene removed
a light-brown band from the column. The product was then eluted
with CH,Cl, as a dark-brown band, from which 180 mg (18%) of
black microcrystalline 6 was isolated. — '"H NMR (CD,Cl,): § =
3.20 (s, 7 H, C;H;), 5.35 (s, 6 H, C¢Hg). — BC{'H} NMR (C¢Dy):
8 = 59.8 (C;H;), 95.6 (CsHg). — IR (toluene): v(CO) = 2000 (sh),
1973 (vs), 1715 (s) em~!. — C;9H,3C0;04Ru (615.18): caled. C
37.10, H 2.13; found C 37.16, H 2.76.

Crystal  Structure  Determination: Single  crystals  of
[4A][PPhy],:1.5C;Hg were grown from a solution of the 86:14 mix-
ture of isomers [4A]>~/[4B]*>~ in CH,Cl, by layering with toluene
at room temperature. Intensity data were collected on a Siemens-
Stoe AED2 four-circle diffractometer at low temperature (Table 5).
The structure was solved by direct methods and refined by full-
matrix least-squares based on F? using all measured unique
reflections. One of the p;-C,H- ligands, a phenyl ring in one of the
[PPhy]* cations, and a toluene solvate molecule were found to be
disordered. Most non-hydrogen atoms were given anisotropic dis-
placement parameters, except those of the disordered C;H; and
toluene rings. Some of the hydrogen atoms were localized in differ-
ence Fourier syntheses and were refined isotropically. The re-
maining hydrogen atoms were placed in calculated positions (except
those of the disordered toluene).*¥] The calculations were per-
formed using the programs SHELXS-86 and SHELXL-97.134
Graphical representations were produced using SCHAKAL-92.133]
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Table 5. Details of the crystal structure determination of [{Co4(CO)s-

(H3-CO)3(u3-C7H ) 2 {u-n*m*-(C7Ho)2} [PPhy ] 1.5C,Hs - ([4AT -

[PPhy]»)

Formula C83H72C08012P2'1.5C7H3

Crystal system triclinic

Space group P-1

alA 16.216(9)

b [A] 16.321(9)

c[A] 16.800(9)

a[°] 90.15(4)

B[] 98.00(4)

v [°] 104.37(4)

VA% 4262(4)

Z 2

M, 1993.03

d, [gem ™3] 1.553

w(Mo-K,) [mm~}] 1.62

X-radiation, A [A] Mo-K,,
graphite-monochromated, 0.71073

Data collect. temp. [°C] =70

20 range [°] 3-50

hkl ranges -19=h=18
-19=k=19
0=/=19

Reflections measured

Unique 15007

Observed [I = 2 o(])] 10706

Parameters refined 1197

R values

R (obsd. reflections only) 0.053

wR2 (all reflections) 0.143

(w = 1[c*(F)+(A-P)*>+B-P],

A, B 0.0655, 6.87

P max[(F2, 0) + 2 F2)/3

GooF 1.023

Largest/smallest peak 0.89/—-0.59

in Fourier [eA—3]

Electrochemistry: THF was distilled from sodium benzophenone
ketyl immediately prior to use. Tetrabutylammonium hexafluoro-
phosphate (Aldrich) was recrystallized three times from 95% eth-
anol and dried in a vacuum oven at 110 °C overnight. Electrochem-
istry was performed with an EG&G PAR 273 electrochemical ana-
lyser connected to a PC, employing the software M270. A standard
three-electrode cell was designed to allow the tip of the reference
electrode to closely approach the working electrode. The reference
used was the Standard Calomel Electrode (SCE). The working elec-
trode for CV was composed of glassy carbon (GC); for polaro-
graphy, a dropping mercury electrode (DME) with flow rate of
1.22 mg s~ ! at a reservoir height of 0.5 m was employed. Drop time
(typically 1 s) was controlled by an electromechanical hammer. A
platinum wire served as the auxiliary electrode. Positive feedback
iR compensation was applied routinely. All measurements were car-
ried out under Ar in anhydrous deoxygenated THF or CH,Cl,.
Solutions were 5 X 107% M in the compounds under study and 1
X 107! M in the supporting electrolyte, [Bu,N][PF]. Since the ox-
idation process of ferrocene (Fc) overlaps with those of the com-
pounds under study, we employed decamethylferrocene (Fc*) as an
internal standard; the Fc*(0/1+) potential was evaluated as +0.11
V vs. SCE in THEB%37 The number of electrons transferred (12,p,,)
in a particular redox process was determined by controlled poten-
tial coulometry at a mercury pool. Each experiment was carried out
in duplicate. Spectroelectrochemistry was performed in an optically
transparent thin-layer electrochemical (OTTLE) cell assembled as
described previously;13¥] the spectra were recorded on a Bruker
Equinox 55 FT-IR spectrometer.
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