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Abstract

The electrochemical behaviour of compounds of the type (PPh,)[Mn4(CO),,( n5-HX p-Hgm)lm = Mo(CO),Cp (1), W(CO),Cp (2),
Mn(CO); (3), Fe(CO),Cp (4) or Co(CO), (5)] and the [PPh,]* salts of the anions [{Mn4(CO),,( i5-H)}, Hgl*™ (6), [(Mn(CO),,( g+
H)Au},(dppe)*~ (7) and [{Mn,(CO),,( p25-H)Au} (triphos)(AuCl),_ 1"~ [n = 1(8), 2(9), 3(10)] has been investigated at Pt (or Au)
electrodes in CH,Cl, or THF by means of cyclic voltammetry and coulometry. All the compounds undergo a quasi-reversible oxidation
and an irreversible reduction. The electrons involved in both oxidation and reduction are delocalized mainly onto the metal fragments,
Mn, Hg and Mn;Au, and the slight changes in the redox potential throughout the series of compounds are explained in terms of the
nucleophilicity of the metal fragments, m. In the series of gold clusters a weak electronic interaction has been observed between the metal

units through the triphosphine.
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1. Introduction

Cluster electrochemistry is a field of growing inter-
est, with many possible applications both in electrosyn-
thesis and electrocatalysis. Homonuclear clusters have
been studied more extensively than heteronuclear, since
the latter exhibit more complex electrochemical be-
haviour [1]. There are only a few reports concerning
mercury- or gold-containing transition-metal clusters
[2,3]. Recently, we described the electrochemical oxida-
tion of the iron compounds [PPh ,]J[Fe,(CO), ( u-Hgm)]
[m = metal fragment, such as Mo(CO),Cp] [2c] and
were able to detect the paramagnetic species
[Fe,(CO), ( u-Hgm)]" by EPR spectroscopy. These re-
sults prompted us to investigate the electrochemical
behaviour of the isoelectronic manganese compounds
[PPh,J{Mn;(CO),,( 5-HX u-Hgm)] [4] in an attempt to
compare the two series of derivatives. Unfortunately,
although an oxidation process was evident for all the
compounds, no radical species were ever detected.
However, a detailed study of the electrochemical reduc-
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tion of these compounds by cyclic voltammetry and
coulometry has helped to clarify some aspects of the
pathways for reductive cleavage of the mercury—
manganese bond. Moreover, considering the isolobal
relationship between Hgm™ and AuPRj, we extended
this study to the family of gold derivatives [{Mn;-
(CO) ,( uy-H)Au}, (triphosXAuCD,_ 1"~ [5], to deter-
mine whether there is any electronic interaction between
different Mn; Au fragments via the triphosphine.

2. Results and discussion

2.1. Electrochemical behaviour of the clusters
[PPh, 1[Mn,(CO),,( u,-H) u-Hgm)]

The electrochemical properties of [PPh,][Mn;-
(CO),( py-H) p-Hgm)] [m = Mo(CO),Cp (1),
W(CO),Cp (2), Mn(CO); (3), Fe(CO),Cp (4) or
Co(CO), (5)] [4] — the anionic structure of which is
shown in Fig. 1 — were studied in the electroactivity
range of dichloromethane on a Pt disk electrode at
—10°C in order to prevent their decomposition. All
cyclic voltammograms at 0.1 V s™' exhibit: (i) an
oxidation wave at about 0.40 V vs. SCE, quasi-reversi-



242 O. Rossell et al. / Journal of Organometallic Chemistry 509 (1996) 241-247

(CO)4 M\n;—H—/— M{\(CO).a

(CO)sMn

Hg

~

m=Mo(CO)sCp (1)
m=W(CO);Cp (2)
m=Mn({CO)s (3)
m=Fe(CO).Cp (4)
m=Co(CO),4 (5)

— Mn(CO),

CO}M
(CO)y \n,’ AuX .
| uX'
(CO)sMn Au\ PPh,
PPh, PPh,
CHy
X=X'=Cl , n=1 (8)

X=Cl, X'=Mn3(CO)2(na-H), n=2 (9)
X=X'=Mn3(CO)12(5-H), n=3 (10)

Fig. 1. Schematic structure of the anions 1-5 and 8-10.

ble at high scan rates; (ii) two irreversible oxidation
peaks at about 0.8 and 1.2 V; and (iii) an irreversible
reduction process at about —1.5 V.

The waves at 0.40 V (Fig. 2) appeared quasi-reversi-
ble at different scan rates. For instance, at 0.1 V s™!
when m = Mn(CO);, the intensity ratio i ,./i,, was
0.5, for 5§ it was only 0.3 and for 4 no return peak was
observed. The quasi-reversibility indicates that this oxi-
dation step is followed by a relatively fast chemical
reaction. Standard potentials obtained at 50 V s~ using
a Technic ultramicroelectrode are summarized in Table
1. The electron-transfer rate constants k° calculated by
the Nicholson and Shain method [6] were about 107"
cm s~!, typical of a pseudo-reversible process. The
transfer coefficients a were 0.5-0.6.

The linear voltammograms at a rotating Pt disk elec-
trode indicated some passivation (for 1 the study was
performed on an Au electrode) and the plot of limiting
current versus the square root of the electrode rotation
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Fig. 2. Cyclic voltammogram of compound 5, (a) at 0.5 Vs~! and
(b) the quasi-reversible wave at 50 Vs~ 1.

speed showed a deviation from linearity corresponding
to a diffusion-controlled process.

Controlled-potential coulometry at 0.7 V using a Pt
gauze at — 10°C and at —40°C in dichloromethane with
["Bu,NJ[PE] as the supporting electrolyte indicated
that one electron was transferred, but that the radical
generated rapidly decomposed. The dark green solutions
became green—yellow in colour and their frozen-glass
EPR spectra showed no signal, even at liquid He tem-
perature. The estimated lifetimes [6] for these com-
pounds are a few seconds. All oxidized solutions showed
the same v(CO) pattern in the IR spectrum — which

Table 1

Electrochemical data for the oxidation step of complexes 1-5 2

Compound m E°(V) E,,—E, (mV) ipe/iva n
1° Mo(CO),Cp 0.42 80 0.79 1
2 W(C0),Cp 0.35 58 0.78 1
3 Mn(CO); 0.41 64 0.75 1
4 Fe(C0O),Cp 0.30 77 0.69 1
5 Col(CO), 0.48 58 0.80 1

? Cyclic voltammetry at — 10°C in dichloromethane 0.1 M ["Bu,N][PF,] at 50 V s~ !; working electrode Pt (r = 100 wm); potentials vs. SCE.

® Working electrode Au (r = 125 um).
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Table 2

Reduction data for complexes 1-5?

Cluster m E,, (V) n E,(V) E,NV)
1 Mo(CO);Cp —1.46 2 =025 -0.09
2 W(CO),Cp -1.47 2 =025 —0.06
3 Mn(CO); ~1.45 2 —-025 (-0.25)
4 Fe(CO),Cp - 1.61 2 —-025 —0.95
5 Co(CO), -1.45 2 -025 +0.20

? Cyclic voltammetry values obtained in dichloromethane 0.1 M
["Bu,NI[PF], scan rate 0.1 V s™'; working electrode Pt (d=1
mm); potentials vs. SCE.

could not be assigned — with bands at 2085 (w);
2056-2059 (m); 2045 (w); 2029 (m); 2009 (s); 1990
(vs); 1951 (m); 1933 (m) cm™', suggesting that only
slight changes had occurred. These results clearly show
that the first redox couple corresponds to a simple
monoelectronic process as follows,

[Mn3(CO) p( p5-H) ( pu-Hgm)]
— [Mn3(CO)12( s H)( ,U.-Hgm)]o +e”

0
[Mn3(CO) 12( y-H)( ,U.—Hgm)]
—— decomposition products

The other oxidation steps were not studied further.

The intensity of the irreversible reduction wave at
— 1.5 V was double that of the oxidation wave at 0.40
V. The fact that a small reverse peak is observed at
higher scan rates and that in the reverse scan some
additional peaks appeared at scan rates of 1 V s7!
(Table 2) indicates that the electrochemical step is
followed by a chemical reaction. All result from the
reduction process, as confirmed by pre-electrolysis
cyclic voltammograms. The peak E ;| at —0.25 V was
attributed to the oxidation of the anion [Mn(CO);]~ by
comparison with literature values [7a,b] and confirmed
by cyclic voltammetry of an authentic sample under the
same conditions. The E, peaks correspond to the
oxidation of m~ fragments and were identified by
comparison with literature data [2c,7]. Other peaks ap-
peared at —0.40 V and —0.60 V for complex 4, and at
—0.40 V and —0.70 V for complex 5. The quasi-re-
versible oxidation wave at —0.40 V was characterized
as the one-electron oxidation of [Mn;(CO),,( u-H)I*~
leading to [Mn(CO);]~ and [Mn,(CO),,]. Other peaks
could not be assigned.

Exhaustive controlled-potential electrolysis at — 1.70
V consumed two electrons per mole. IR spectroscopy of
the resulting brown—green solutions confirmed the for-
mation of species m~. Another unidentified species also
appeared, with bands at 1957 (s) and 1934 (m) cm™'. In
the case of m = Fe(CO),Cp (4), the electrolysis was
faster than for complexes 1-3 and S and the dianion
[Mn,(CO),,( u-H)J*~ was detected by IR spectroscopy
although, surprisingly, under these conditions it rapidly

decomposed. We suggest that [Mn,(CO),,( u-H)J*~
may be formed in all cases but that it decomposes
before being detected.

From these data we propose the following mecha-
nism, which is similar to those found for mHgm com-
pounds [2a], [Ru,(CO),( u;—n*-C=C'Bu)Hg(Mo-
(C0O),Cp)] [2b] and [Fe,(CO),,( u-Hgm)]™ [2c]:

[Mn,(CO) 1,( p5-H)( p-Hgm)] + 2¢~

== [Mn,(CO) o( p;-Hgm)] "~
[Mn(CO) 5 a5 H) ( p-Hegm)]*

—— [Mn,(CO) ,( w-H)]*” + Hg® + m~
[Mn,(CO) ,( w-H)]*

—— [Mn(CO);]  + unidentified products

Tables 1 and 2 show that the iron derivative 4 is the
easiest to oxidize and consequently the most difficult to
reduce. Derivative 5 exhibits the converse behaviour, as
observed for the analogous spiked butterfly metal clus-
ters with an Fe,Hgm core [2c]. Values obtained for
compounds 1, 2 and 3 are intermediate between those of
4 and 5. These trends can be explained in terms of the
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Fig. 3. Plot of voltammetry potentials (a) £° (r = 0.87) and (b) E,
for reduction (r = 0.92), versus log k.
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nucleophilicity of the corresponding carbonylmetallate
anions m~, which follow the sequence Fe(CO),Cp >
W(C0),Cp > Mn(CO)s > Mo(CO),Cp > Co(CO), [8].
Thus, there is a strong correlation between the basicity
of the Mn;Hgm skeletons, which increases along the
series from 5 to 4, and the ease of cluster reduction and
oxidation. These findings are represented graphically in
Fig. 3(a), where the plot of E® vs. log k), taken as a
measure of the nucleophilicity of the metal anions [8], is
shown. The same behaviour is observed for the plot of
E, . vs. log kj, although E,, is not a thermodynamic
parameter [Fig. 3(b)].

Remarkably, the similar oxidation and reduction po-
tentials for the five compounds (the largest differences
being 0.18 and 0.16 V, respectively) indicates that
electronic exchange occur in molecular orbitals local-
ized mostly on the Mn,Hg core. In fact, orbital molecu-
lar calculations carried out on [PPh,J[Mn;(CO),,( u,-
H)( u-Hgm)] [4] have shown that the frontier orbital
LUMO, involved in the reduction process, and the
HOMO orbital involved in the oxidation step, are
Mn,Hg-based antibonding and Mn,-based bonding or-
bitals, respectively. Consequently, both electrochemical
reduction and oxidation processes tend to weaken the
metal skeleton. These results are consistent with those
reported for the compounds [Fe,(CO),,( u-Hgm)]~ [2¢],
for which EPR studies after oxidation showed that the
m fragment was not involved in the delocalization of
the unpaired electron. The different stability of the
radical species in either case probably arises from the
different stabilities of the starting compounds, because
whereas [PPh, ][Fe ,(CO), ( u-Hgm)] solutions are stable
at room temperature, [PPh,][Mn;(CO),,( u+-HX p-
Hgm)] solutions decompose above — 10°C.

2.2. Electrochemical behaviour of [PPh,],[{Mn;-
(CO),,(ps-H)}, Hgl

Under non-stationary conditions in the dichloro-
methane potential range, no reduction step was ob-
served for [PPh,],[{Mn;(CO),,( u,-H)}, Hgl (6) but two

I/nA
300
1
100 1
100 300 /oo 700 E/mv
~100 1

Fig. 4. Cyclic voltammogram of compound 6 in dichloromethane at
50 Vs~ showing the two quasi-reversible oxidation waves.

Table 3
Cyclic voltammetry data for compound 6 in dichloromethane 0.1 M
["Bu,N][PF]at 50 V s~!

Step E° (V) E,,— E,.(mV) ipe/ina n
1 0.17 62 0.72 1
2 0.46 133 0.80 2

oxidation waves were observed, at 0.17 and at 0.41 V
(Fig. 4). They were both quasi-reversible with i/ ipa
=0.8 at 50 V s~' (Table 3). The electron-transfer rate
constant k° for the first step was 0.26 cm s™' and the «
transfer coefficient 0.7. The radical species formed were
not detected by EPR spectroscopy, probably because of
their short lifetime.

Under stationary conditions, a study of the limiting
current versus the square root of the electrode rotating
speed showed a deviation from linearity indicating a
diffusion-controlled process. Some passivation phenom-
ena occurred on the second wave, precluding further
studies.

Controlled-potential electrolysis for the first step
consumed 1F per mole of complex. The IR spectrum of
the oxidized sample showed the same bands as for the
oxidized products of [PPh,][Mn,(CO) ,( pus-HX -
Hgm)], which were not identified. We therefore propose
that complex 6 is oxidized in the first step at 0.17 V
according to the equation below.

[{Mn,(CO) ,( p,-H)},He]"”
— [{Mn3(CO),2( ,LL3-H)}2Hg] T te”

[{Mn;(CO) ,( us-H)},Hg] i
— decomposition products

The monoanion was not stable. Decomposition oc-
curred, leading to products which were not isolated or
characterized.

From a comparison between complexes 1-5 and 6,
the influence of the negative charge on the clusters on
both the oxidation and reduction potentials is apparent.
Thus, the double charge on 6 makes it more prone to
lose electrons than 1-5, but, at the same time, more
reluctant to accept them. This idea is strengthened by
the fact that the analogous complexes [{Ru;(CO)4( us—
n*-C=C'Bu)},Hg] and [Ru,(CO)4( p;~n*-C=C'Bu)
Hg(Mo(CO),Cp)] [2b] show very similar electrochemi-
cal reduction values due to their zero charge.

2.3. Electrochemical behaviour of compounds [PPh,], -
[{Mn;(CO),,( u,-H)Au} (phosphine)(AuCl); _ ]

Given the isolobal relationship between Hgm* and
AuPR3 [9], it is of interest to investigate complexes
containing the metal fragment Mn;Au, in order to
compare the electrochemical behaviour with that found
in clusters 1-6. In addition, our studies were focused
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mainly on compounds containing triphos (Fig. 1) in
order to determine the possible electronic interaction
between the metal fragments through the phosphines.
The complexes investigated were [PPh,],[{Mn(CO),,-
( -H)AuL(dppe)] (7) and [PPh,],[{Mn,(CO) ,( -
H)Au}, (triphos)(AuCl), _, 1 [n =1 (8), 2 (9), 3 (10)].

In dichloromethane ["Bu,N]J[PF,] at —10°C, the
cyclic voltammogram of [PPh,],[{Mn,(CO),,( us-
H)Au},(dppe)] (7) showed one quasi-reversible oxida-
tion peak at 0.10 V and a further oxidation peak at 0.73
V (Table 4), but no reduction peak was detected before
reduction of the solvent. Controlled potential electroly-
sis at 0.30 V showed that 1 F is transferred per mole of
complex. Although some passivation or subsequent
chemical reaction could not be ruled out, we conclude
that the first electrochemical step that occurs at 0.10 V
is as shown.

[{Mn,(CO) ,( p,-H) Au},(dppe)] ™~
= [{Mn;(CO),( us-H)Au},(dppe)] +e~

This is followed by a cleavage of the monoanion. The
species generated could not be isolated or identified.

In THF with ["Bu,N][BF,] as supporting electrolyte,
on a Pt disk electrode at 0.1 V s~' compound 7 exhib-
ited two oxidation processes with a quasi-reversible
wave at 0.36 V and an irreversible wave at 1.0 V. The
shift in potential values between dichloromethane and
THF is probably due to solvent interaction and the same
mechanism may occur in both solvents. In the cathodic
range, the cyclic voltammograms showed an irreversible
wave at —1.69 V of relative intensity 2:1 versus the
anodic wave, very similar to compounds [PPh,]-
[Mn;(CO),,( uy-H)( n-Hgm)]. Coulometry at —1.75 V
at —10°C was slow and the number of electrons could
not be calculated unambiguously. [Mn(CO);]~ was the
only compound from the resulting brown solution ob-
served in the carbonyl range of the IR spectrum, and the
anionic species generated may have been unstable and
decomposed.

Table 4

1/uA

0.5

E/mv

Fig. 5. Cyclic voltammogram of compound 9 in THF at 0.1 Vs™!.

Similar behaviour was observed for complexes 8—10
for the oxidation and reduction steps (Table 5, Figure
5). The irreversible second oxidation step appeared at
1.0 V for all of them and was not further studied. The
first oxidation peak became quasi-reversible at higher
scan rates (at 1 V s™' the intensity ratio i, /i, is 0.45
and at 50 V s™' is 0.8 on an Au ultramicroelectrode).
The E° values are shown in Table 5. The electron-trans-
fer rate constant £° determined by the Nicholson and
Shain method [6] using a Technic ultramicroelectrode is
approximately 10~! cm s™' and the transfer coefficient
0.45. The linear voltammograms at a rotating Pt disk
electrode showed some passivation phenomena. The
study of the limiting current as a function of the square
root of the electrode rotation speed showed a deviation
from linearity corresponding to a diffusion-controlled
process.

Controlled-potential electrolyses were carried out at
0.7 V. Due to some passivation phenomena or to a
subsequent chemical reaction, the number of electrons
transferred in the oxidation step was not determined
unambiguously. The electrolysis data and the following
observations indicate that one electron is transferred per
Mn, Au unit: (i) the peak potential values are nearly the
same for all compounds (although they have different

Cyclic voltammetry data for compound 7 in dichloromethane 0.1 M ["Bu ,N|[PF;] and THF 0.1 M ["Bu,N][BF,] at (a) 50 V s~' and (b) 0.1 V

Sfl

EC (V) E,,—E, (mV)? ipa/ipe? Eyp® E,, "

CH,Cl, 0.10 65 0.87 0.73 -

THF 0.36 70 0.86 1.0 —1.69

Table 5

Cyclic voltammetry data for compounds 8-10 in THF 0.1 M ["Bu,N][BF,]

Compound E%(v)? E,,—E, (mV)? ipe/ipa n E,° n
8 0.41 65 1 —-1.71 2
9 0.41 119 0.76 2 —-1.66 4

10 0.35 145 3 —-1.62/— 1.68 6

Working electrode: * Au electrode (r = 125 pm) at 50 V s~'; ® Pt electrode (d =1 mm) at 0.1 Vs~ '
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charges); (ii) for compounds 9 and 10, the oxidation
wave at 50 V s™! probably contains at least two elec-
trochemical steps [the (E, , — E, ) values are very highl;
and (iii) the IR spectra of the oxidized solutions are the
same in all cases, although the species generated could
not be identified. We suggest complexes 8, 9 and 10 are
oxidized according to the scheme below.

[{Mn;(CO) 5( p;-H) Au} (triphos) (AuCl);_,]""

|-

[{Mn4(CO) 5( 15-H) Au},(triphos) (AuCl); _,]°

!

unidentified decomposition products

The oxidation potentials are somewhat lower than those
found for clusters 1-5, suggesting that the Au-phos-
phine* fragments are less electron withdrawing than
Hgm™ units. This is consistent with the increase in the
carbonyl stretching frequencies in going from com-
plexes 7-10 to 1-6. Similar observations have been
made for the series of complexes [Fe,(CO)g( u-M)]~
(M =Hgm [10]; AuPPh,[11]) or [Fe,(CO),( u-M)]~
(M = Hgm [2c]; AuPPh; [12]).

The reduction is irreversible and in the case of 10
there appear to be two mixed peaks. The presence of
additional anodic peaks in the reverse scan at 1 Vs™!
suggests that chemical reactions occur after reduction.
One of these was attributed to oxidation of [Mn(CO);]~
by comparison with the voltammogram of an authentic
sample, and with literature data [7a,b]. After
controlled-potential electrolysis only this species, identi-
fied by its IR spectrum, remained. The electrolysis was
slow and chemical reactions may have taken place, so
the number of electrons was not determined unambigu-
ously but was probably two electrons per Mn;Au unit
(Table 5). In addition, from the cyclic voltammograms,
the number of electrons transferred in this step is twice
that involved in the oxidation step. Based on these
results, the following mechanism is proposed.

[{Mn3(CO) 1 M-H)Au},,(triphos) (AuCl);_ n] "

=

[{Mn;(CO) 5( n5-H)Au},(triphos) (AuCl), _,

|

n ‘[Mn;(CO) ( p3-H)]2_ "+ other products

|

[Mn(CO); ] + other products

](n+2n)—

As a conclusion from these studies, the first observa-
tion that the oxidation peak potential values are nearly
the same for all compounds although they have different
charges, together with the fact that the reduction poten-
tials are also very similar for all these compounds,
indicates that the electrons involved in these processes
are delocalized over the metal skeleton, as found for the
series [PPh,J[Mn,(CO),,( u,-H)( u-Hgm)] and [PPh -
[Fe,(CO),,( u-Hgm)] [2c], consistent with the isolobal
analogies between the fragments Hgm™* and AuPR7.

The potential difference (E,, — E, ) increases from
8 to 10 (Table 5) suggesting that the electrochemical
waves reflect more than one process, so that a weak
interaction among the Mn;Au units may exist. These
compounds would then be an intermediate case if com-
pared with the recently described metal p-phosphine
complexes [13). For example, [(CO),(n-
CsH ,Me)Mn( u-dppm)Mn(n-CH,Me)XCO),] exhibits
two one-electron waves whereas trans-[PtCl,{( u-
dppm)Mn(7-C H Me)(CO),}, ] (where the central PtCI,
unit does not permit electronic interaction between the
two manganese appendices) shows a single two-electron
wave corresponding to an oxidation of Mn' to Mn".,

3. Experimental details

Compounds 1-6 [4] and 7-10 [5] were prepared as
described previously. Electrochemical measurements
were carried out with an Electrokemat potentiostat [14]
using the interrupt method to minimize the uncompen-
sated resistance (IR) drop. Electrochemical experiments
were performed at — 10°C in an air-tight three-electrode
cell connected to a vacuum argon/N, line. The refer-
ence electrode consisted of a saturated calomel elec-
trode (SCE) separated from the non-aqueous solutions
by a bridge compartment. The counter electrode was a
spiral of ca. 1 cm? apparent surface area, made of Pt
wire 8 cm in length and 0.5 mm in diameter. The
working electrode was Pt (1 mm) for cyclic voltamme-
try, a rotating disk electrode of Pt or Au disk with a
diameter of 2 mm and Pt (100 wm) or Au (125 wm) for
ultramicroelectrode voltammetry. For electrolysis exper-
iments, a Pt gauze or foil was used. The supporting
electrolytes were ["Bu,N][PE,] (Fluka electrochemical
grade) used as received when CH,Cl, was used and
[Bu,N][BF,] melted under vacuum prior to use for the
THF solutions. All solutions measured were 0.5-1.0 X
107* M in the organometallic complex and 0.1 M in
supporting electrolyte. Under the same conditions fer-
rocene is oxidized at E°=0.42 V (CH,Cl,) and E°=
0.63 V (THF) vs. SCE. A special electrolysis cell
allowing combined coulometry—EPR studies was used
[15].
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