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The electrochemical reduction of isomeric complexes, [Mo,Cpa(u-SMe)s(u-n'm'-HCCPh)] " (1)
and [Mo,Cps(u-SMe)s(u-n':m>C=CHPh)] " (3"), where the hydrocarbyl bridges in a n':n!- or a
n':n? mode, has been studied by cyclic voltammetry and controlled-potential electrolysis in
thf[NBuy][PF¢] and CH,ClL,—-[NBuy][PF¢], in the absence and in the presence of acid. The binding
mode of the CC fragment induces different electrochemical behaviour of the complexes in acid-
free solutions since 1" reduces in two diffusion-controlled one-electron steps while the first
reduction of 3" is characterized by slow electron transfer kinetics. Controlled-potential reduction
of both 17 and 3™ produces a mixture of the acetylide [Mo,Cp,(n-SMe);(n-1':m?-CCPh)] (2) and
alkylidyne complexes [Mo,Cpa(n-SMe)s(p-1'-CCH,Ph)] (4). In the presence of acid, the
electrochemical reduction of 1* and of 3" occurs according to ECE processes. The nature of the
products formed by controlled-potential reduction of 1* depends on the nature of the acid and of
the solvent. The transient formation of a complex with a p-alkenyl ligand, either [Mo0,Cp,
(u-SMe)s(p-n":m*-CH=CHPh)] (7) or an isomer, is suggested by the oxidative electrochemistry of

Downloaded by University of Belgrade on 01 January 2013
Published on 02 January 2007 on http://pubs.rsc.org | doi:10.1039/B614948K

7 and by its reaction with acids. In thf~[NBuy][PFg] in the presence of an excess of acid (HBF,/
Et,0) and of phenylacetylene, electrolysis of 17 gives rise to catalytic reduction of
phenylacetylene to styrene. However, unidentified reactions limit the efficiency of this process. The
reduction of 3" in acidic medium produces the alkyl complex [Mo,Cp,(u-SMe)s(u-CH>CH,Ph)]
(6) through alkylidyne [Mo,Cps(p-SMe)s(u-n'-CCH,Ph)] (4) and alkylidene [Mo,Cp,(n-SMe);
(u-n'-CHCH,Ph)]" (57) intermediates. Some ethylbenzene was formed after reduction of 5% in
the presence of acid. These results show an effect of the binding mode of the hydrocarbyl bridge
on the mechanism and products of the reduction of the corresponding complexes.

Introduction

Di- or polynuclear complexes where the metal centres are
situated in a sulfur-rich environment are attractive models to
study the way unsaturated substrates are activated and re-
duced by nitrogenase enzymes.! However, the presence of S
ligands in the coordination sphere of the metal centres of
model compounds still remains a major difficulty as far as
binding the dinitrogen molecule itself is concerned.!™ This has
led to the “rocket fuel approach™ of chemical nitrogen
fixation where an {NN} moiety is introduced in the com-
pounds by using hydrazines. Although it does not solve the
central problem of N, binding at a metal-sulfur centres, this
indirect approach is helpful in that it may provide information
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1 Electronic supplementary information (ESI) available: Scheme S1.
See DOI: 10.1039/b614948k

as to how a {NN} ligand is progressively reduced by successive
{H" /e} transfers at such sites. Using this approach for the
synthesis of {NNN}-containing complexes, we demonstrated
previously that the HN=NPh ligand bound in a p-n'n'
fashion to the {[Mo,Cp,(1-SMe)s]"} core could be cleaved
to aniline and ammonia by controlled-potential reduction of
the phenyldiazene complex in acidic medium.*

Another indirect approach consists in investigating the
reduction of nitrogenase co-substrates by sulfur-containing
model complexes. Although the nitrogenases have not yet
disclosed all their secrets as to how the substrates are coordi-
nated and reduced at the active site,’ the FeMo cofactor,? it
recently became possible to obtain information on the site
where the C=C bond is reduced’ within FeMo-co. On our
side of chemical modelling, several complexes bearing {CC}
bridging units at the {[Mo,Cp,(u-SMe);]"} site are now
available.® In particular, the synthesis of compounds where
isomeric alkyne and vinylidene bridging ligands are bound to
{[Mo,Cpa(n-SMe);] * 1% in a respectively p-n'n! and p-n'm?
fashion (Scheme 1) provides the opportunity to examine
whether the initial bonding mode of the substrate effects the
course of the electrochemical reduction at a single bimetallic
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Scheme 1 In this and the following schemes, the SMe groups of the
bridges and the Cp rings were omitted for clarity.

site. It is interesting to note that the p-n':n? coordination of
the vinylidene ligand is similar to the binding of the
isoelectronic N, molecule discovered by Fryzuk er al.
in ([NPN]Ta)>(u-H)>(u-n'n%*N,) [NPN = PhP(SiMe,
CH,NPh),].1¢?

All the complexes in Scheme 1 were fully characterized
previously, and different aspects of their reactivity were re-
ported.® While the coordination mode of the p-vinylidene
ligand in 3" was established by a crystal structure determina-
tion, the assignment of the bonding mode of the alkyne in 17
was based upon NMR spectroscopy,® and on the crystal
structures of an analogue of 17.,'% and of a complex similar
to 17, namely [Mo,Cp,(u-SPr),(p-S)(u-n":n'-PhCCPh)]."!
The formation of the p-alkylidyne derivative [Mo,Cp,
(1-SMe)s(pu-n'-CCH,Ph)] (4) by treatment of 3" with hydride,
and the protonation of 4 to the p-alkylidene complex
[Mo,Cp,(n-SMe)s(u-n'-CHCH,Ph)] " (57) were also repor-
ted,®” as well as the chemical and electrochemical conversion
of 57 to the p-alkyl [Mo,Cp,(n-SMe);(n-CH,CH,Ph)] (6).5¢
The kinetic analysis of the protonation of the p-alkylidyne
to p-alkylidene ligand will be the object of a forthcoming
paper.'?

In this paper, we report on the electrochemical reduction of
[M0,Cps(p-SMe)s(u-n'm!-HCCPh)]*, 17, and [Mo,Cp,
(u-SMe);(p-n':m>-C=CHPh)] *,3", both in the absence and
in the presence of acid.

Results and discussion

1 Electrochemical reduction of complexes 1 and 3" in the

absence of acid

The first part of this study focuses on the primary reduction of
1" and 3. The nature of the follow-up chemical step(s) that is
(are) revealed by the scan rate dependence of the peak current
ratio [(i,"/ip")" """ will be examined in Section 1.2. No
electron-transfer induced alkyne to vinylidene interconver-
sion'* was observable in the present case.

1.1 The primary reduction of 1* and 3*. The cyclic vol-
tammetry (CV) of 1 and 3" in CH,ClL,—[NBu4][PF¢] (Fig. 1)
shows that both complexes undergo two one-electron reduc-
tion steps (Table 1, Scheme 2) and irreversible or partially
reversible oxidation(s). Similar results are obtained in
thf[NBuy][PF].

The reduction processes of the p-alkyne and p-vinylidene
species present similarities, both showing two one-electron
steps the first of which is observed at very close potentials
for 17 and 3" (Table 1, Scheme 2). However, there is also a
major difference between these processes. Indeed, both reduc-
tions of 1 are electrochemically reversible (AEpred ~ 60 mV,
Table 1)!*!®> which suggests that the initial geometry of the
complex is essentially retained'®!” in its one- and two-electron
reduced forms (Scheme 2). This is consistent with the sub-
stantial metal (3) character of the LUMO of [Mo,Cp,
(u-SPri)z(u-S)(u-nl:nl-PhCCPh)],11 a compound that is simi-
larto 17,

In contrast, the first reduction of 3" is characterized by
slower electron transfer kinetics, as evidenced by the large
peak to peak separation'® (Table 1), and by the scan rate- and
temperature dependence of AEpre“Il [at 18 °C, AEp'ed1(3+)
increases from 90 mV for v = 0.02 V s~! to 350 mV for v =
2V s~ L for a common scan rate of 0.2 Vs~ !, AEPredl increases
from 170 mV to 770 mV upon lowering the temperature from
18 to —38 °C]. The shift of Epredl to more negative potentials
as the temperature is lowered (Fig. 2) makes the first reduction
of 3™ overlap with the second one at —38 °C. It can also be
seen from Fig. 2 that AEpred2 is little affected by the tempera-
ture changes, what indicates that the second reduction step of
3" is electrochemically more reversible than the first one.

Table 1 Redox data® of the complexes as measured by cyclic voltammetry in CH,Cl,-[NBuy][PF¢] (v = 0.2 V s~!, vitreous carbon electrode;

potentials are in V/Fc)

Complex El’/zredl El”2r6d2 El,’ZOX] El,’ZOXZ
[Mo>Cps(p-SMe)s(p-n':n>-C=CHPh)] " (1) —0.94 (60) —1.84 (60) 0.4 (irr) 0.7 (irr)
[Mo,Cp(1-SMe)s(u-n':n*-C=CHPh)]* (3") —1.01 (170) —1.48 (90) 0.44 —
[Mo,Cps(1-SMe)s(p-n'-CHCH,Ph)]* (51)° —0.95 -1.72 0.56 (irr) 0.81 (irr)
[Mo>Cpa(p-SMe)s(p-n':n>*-C=CPh)] (2) — — —0.62 0.17
[Mo>Cpa(p-SMe)s(p-1'-CCH,Ph)] (4) — — —0.54 0.9 (irr)
[Mo>Cpa(11-SMe);(n-CH>CH,Ph)] (6)° — — —0.68 0.5 (irr)
[Mo,Cp(1-SMe);(u-n':n*-CH=CHPh)] (7) — — —0.68 0.43

“ The figures in parentheses are the peak separation (AE,) in mV; irr: irreversible. b Ref. 8c.
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Slow electron transfer kinetics may be caused by concurrent
structure changes if the modifications in bond lengths and
bond angles that accompany electron transfer create a large
activation barrier to the electrode reaction.'®!” In the present
case, EHMO calculations on a model of 3" (SMe replaced by
SH bridges) indicate that the LUMO possesses Mo2—Cf and
Mol-Ca antibonding characters (Scheme 3). Therefore, the
first one-electron reduction of 3% might induce a reorientation
of the hydrocarbyl bridge, with an opening of the
Mo2-Ca—Cp angle and a lengthening of the Mol-Ca and
Mo2-Cp bonds, that would result in an intermediate geometry
between those of 3" and of the p-alkylidyne ligand in 4 that
were both characterized structurally.®
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The fact that the reduction of 3 to 3™ is electrochemically
reversible suggests'® that the structure change occurs essen-
tially during the first reduction step.

From these results, it appears that the initial bonding mode
of the unsaturated hydrocarbyl bridge has an effect on the
primary electrochemical reduction of the complexes.

1.2 The follow-up chemical steps. The scan rate dependence
of the peak current ratio [(i,"/i,")™"! approaches 1 with
increasing v] indicates that the primary reduction of both 17
and 3% is followed by chemical steps (EC process).'*!> The
products of the follow-up reaction(s) are detected by the
presence of oxidation peaks around —0.6 V on the return
CV scan (Fig. 1). Controlled-potential electrolyses of the

complexes at the potential of their first reduction (E,pplica =
—1.2 V) were complete after the passage of ca. 1 F mol™!
starting material. CV of the catholyte shows the formation of
products with redox potentials consistent with those of the
p-acetylide complex 2 (E; %' = —0.62 V; Ely/’20x2 = 0.17 V)
and of the p-alkylidyne derivative [Mo>Cp,(u-SMe)s(p-n'-
CCH,Ph)] (4) (E; . = —0.54V; E,°** = 0.9 V). The nature
of the electrolysis products was confirmed by comparison of
the "H NMR spectrum of the solid isolated from the catholyte
(after removal of the supporting electrolyte) with those of
authentic samples of 2 and 4.8 The '"H NMR spectrum showed
that the solid residue extracted from the catholyte consisted in
a mixture of 2and 4in a ca. 1 : 1 ratio in the case of 1", and in
a 70 : 30 ratio in the case of 37.

Two possibilities may be considered to rationalize these
results.

An H-atom transfer between two one-electron reduced
species (1 or 3) might produce [Mo,Cps(p-SMe)s(p-n'm-
CCPh)] (2) and [Mo,Cps(-SMe)s(u-n'-CCH,Ph)] (4) after
the passage of 1 F mol™! of the cationic starting material.
H-atom transfer has been reported in the case of the one-
electron reduction of a p,-ethylidyne cation to p,-vinylidene
and py-ethylidene neutral compounds'® and this was also
considered as a possible follow-up step in the electrochemical
reduction of the alkylidene complex [Mo,Cpa(u-SMe)s(p-1'-
CHCH,Ph)] " (5").%¢ For complex 3", the loss of a H atom
from 3 might also contribute to the formation of the acetylide
complex 2 in more than 50% yield, while an isomerization (1,2-
H shift) would be required in the case of the p-alkyne derivative
in order to generate [Mo,Cpa(-SMe)s(p-1'-CCH,Ph)] (4).

On the other hand, it has been shown that 2 is formed upon
treatment of 17 or 3" with a base® (Scheme 1, top) while 4
resulted from the reaction of 3" with H™.% Therefore, the
formation of both 2 and 4 upon electrochemical reduction of
3" could derive from a proton transfer between 3" and 3.
Such a “father—son” acid—base reaction®-?® (Scheme 4, eqn.
(1)) would occur if the increased electron density resulting
from the one-electron reduction of 3% to 3 makes the latter
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Fig. 1 Cyclic voltammetry of (A) [Mo,Cpa(p-SMe)s(i-n':n'-HCCPh)] " 17 (1.3 mM), and (B) [Mo,Cp>(u-SMe)s(u-n':n>-C=CHPh)] " 3*
(0.9 mM) in CH,CL,—[NBuy,][PF] (vitreous carbon electrode, v = 0.2 V s7 ).
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Fig. 2 Temperature dependence of the cyclic voltammetry of [Mo,Cp(p-SMe)s(u-n':n>*-C=CHPh)]* 3% (0.9 mM, CH,Cl,—[NBu4][PFq];
vitreous carbon electrode; v = 0.2 V s7'). (A) (a) 18 °C, (b) —18 °C and (c) —25 °C; (B) (a) 18 °C, (d) —38 °C
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sufficiently basic to deprotonate the former.>' The intervening
acid-base reaction would be followed by the reduction of 4
at the electrode (E,ppliea = —1.2 V) or by complex 2 (Elr,/z‘”"(Z)
= —0.62V; E; ;"% (4") = —0.54 V, Scheme 4, eqn. (2)). In the
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formation of 2 and 4 upon reduction of 3™.

latter case, the overall process in Scheme 4 would be equiva-
lent to a H-atom transfer between 3" and 3, and the ECE-type
mechanism would be completed by the one-electron reduction
of 2% at the electrode. However, the scan rate dependence of
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the current function (i,%)"*!/v'/* does not provide conclusive
evidence for an ECE mechanism [(ipc)redl /% was found
essentially independent of scan rate]. At this point it should
be underlined that the increase in the current function at slow
scan rates that would typify an ECE process'> might be
obscured by the fact that the steps (the “father—son” reaction
and the electrochemical reduction of either 4 or 27) involved
in the overall process have opposite effects on (ipc)redl.s"

In the case of the p-alkyne complex 17, the acid—base
reaction corresponding to eqn. (1) in Scheme 4 would produce
2 and the protonated alkyne complex, that is not 4 but most
probably a p-vinyl cation.?? Whether the formation of 4 results
from an isomerization or from a sequence of acid—base and
electron transfer reactions is not known. It has been shown®
that 1" isomerizes to 3" (that is a precursor of 4) but in
CH,Cl, this was observed on a much longer time scale (days)
than that of controlled-potential electrolysis (hour(s)). A
17 — 37 isomerization catalyzed by 1 could be envisaged,
but the reactions in Scheme SI-1 (ESIt) are not likely to take
place when acid is present, while 4 is also formed by electro-
lysis of 1 under acidic conditions.

2 Electrochemical reduction of 1* and 3% in acidic medium

2.1 Reduction of 17 in the presence of acid and electro-
chemical oxidation of 7. The cyclic voltammetry of 17 in
CH,Cl,[NBuy][PF¢] in the presence of acid (HBF,- Et,O or
CF;CO,H, Fig. 3(A), curve (b)) is consistent with the occur-
rence of an ECE process, characterized by an increase in the
first reduction peak current and suppression of the second
reduction. This is confirmed by the profile of the plot [(i,;,c)redl /
v!/2] against v that deviates from linearity at slow scan rates.
The occurrence of an ECE mechanism in acidic medium
demonstrates that protonation of the one-clectron reduced
complex (1) generates a species that is easier to reduce than
1", There is ample precedent showing that protonation of
alkyne ligands produce alkenyl derivatives.>?> Because the
protonation of 1 might afford the p-vinyl cation [Mo,Cp,

20

1/ pA

L 1 " 1 L 1 n 1 L

-2.5 2.0 -1.5 -1.0 -0.5
EIV

(u-SMe);(p-n":m>-CH=CHPh)] " (7"), we first looked at the
CV of complex 7, and examined its reaction with acids.

2.1.1 The electrochemical oxidation of 7. The p-vinyl com-
plex 7%¢ undergoes two one- electron oxidation steps (Table 1)
that are more reversible in CH,CL—-[NBuy][PF¢] than in thf.
Controlled-potential oxidation of 7 in thf affords 7° as the
major product along with a species reducible around —0.9 V,
after consumption of 1.3 F mol™' 7. Upon addition of a base
(2 equiv. Et;N) to the electrolyzed solution, the reduction peak
of 7% decreases while the reduction at —0.9 V increases,
suggesting that the latter might be due to a product arising
from the deprotonation of 7. In thf in the presence of a base
(Et3N or [NBuyJOH), a slight increase of the current function
(1,9 v'/? [where (i,")°*" is the first oxidation peak current of
7] at low v (Fig. 4) suggests the occurrence of an ECE process
where the intervening chemical step would consist in either a
slow reaction or an equilibrium that is little shifted away from
7. The scan rate dependence of the current function and the
detection potential of the product are consistent with the
formation of the p-alkyne complex 17 (E;,"!" = —0.91 V
in thf) upon oxidation of 7 (Scheme 5). The assignment of the
intervening chemical step as an acid—base equilibrium is also in
agreement with the formation of alkenyl species upon proto-
nation of alkyne ligands.?

2.1.2 Reaction of T with acids. Treatment of 7 with acid
generated an intermediate that was detected by CV but could
not be isolated nor identified. The final product was shown to
depend on the nature of the acid and of the solvent used for
the reaction.

When a MeCN-[NBuy][PF¢] solution of 7 was treated with
HBF,- Et,0, an intermediate that oxidizes at E,>* = —0.22V
was formed. It eventually afforded [Mo,Cps(n-SMe)s
(MeCN),]" (8*) that was identified by its two characteristic
oxidation processes.>* The fact that styrene was a co-product
of the reaction was evidenced by NMR spectroscopy. 'H
NMR study of the protonation of 7 by DCI in CD3;CN showed

T T 1

1/ A

A SR IR
-2.0 -1.5 -1.0 -0.5 0.0

EIvV

Fig.3 Cyclic voltammetry of (A) [Mo,Cps(n-SMe)s(u-n':n'-HCCPh)] " 1% (0.6 mM) (a) before and (b) after addition of 2 equiv. CF3CO,H, and
(B) [M0,Cps(p-SMe)s(u-n':n>-C=CHPh)] * 3" (1.2 mM) (a) before and (b) after addition of 1 equiv. HBF, - Et,O (CH,Cl,-[NBuy][PF], vitreous

carbon electrode, v = 0.2 Vs™').
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absence (M) and in the presence () of [NBuyJOH in thf~[NBuy][PFg].
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the formation of only the (E)-PhCHCHD isomer, which shows
that H™ (or D) attack is stereospecific and occurs on the
opposite side of the phenyl group, probably for steric reasons
(Scheme 6).

Treatment of 7 with HBF4-Et,O in CH,Cl, produced
[M0,Cp,(u-SMe)s(u-CI)] (9)* both in its neutral and cationic
forms as shown by rotating disc electrode (RDE) voltamme-
try, while the reaction with CF;CO,H in CH,Cl, afforded
[M0,Cp,(u-SMe)s(p-1":n'-OCOCF3)] (10)** essentially quan-
titatively.>> CV of a thf-[NBuy][PF4] solution of 7 in the
presence of 1 equiv. HBF,- Et,O showed that most of the
starting material was still present after ca. 20 min stirring.
Partial oxidation to 7" and the formation of an intermediate
with E,°* = —0.3 V were also noted. Addition of phenylace-
tylene (5 equiv.) to this solution resulted in the replacement of
the oxidation peaks of 7 and of the intermediate by the redox
processes of the p-alkyne complex 1. These reactions are
summarized in Scheme 7, where [7-H] " represents the detected
but uncharacterized intermediate.

The release of an alkene molecule upon protonation of an
alkenyl complex had already been reported.?®*’

2.1.3 The electrochemical reduction of 1° in acidic medium.
As mentioned above, the reduction of 1" in the presence of
acid follows an ECE process, consistent with the mechanism in

H

Ph_ / H" (or D)
C-Mo
_s\/ L _
<\
Mo
Scheme 6

Scheme 5 (starting from 17 in this case). Controlled-potential
electrolyses of 1" in the presence of ~2 equiv. of acid under
the same conditions as those in Scheme 7 (nature of the acid
and of the solvent) produced the complexes also obtained by
protonation of 7 (that is 8", 9 or 10). Although it does not
prove that [Mo,Cpa(p-SMe)s(p-n":n>*CH=CHPh)] (7) is an
intermediate of the ECE reduction of 17 in acidic medium,
this appears as a reasonable possibility.

However, the reactions in Scheme 5 and Scheme 7 are not
sufficient to represent the entire reduction process. Indeed, the
p-alkylidyne complex [Mo,Cpa(pu-SMe);(n-n'-CCH,Ph)] (4) is
always a co-product of the electrolyses (~30-50%). While it is
expected?® that 4 be obtained by reduction of 3" under acidic
conditions (see below), there is no straightforward explanation
for its formation from 17 both in the absence and in the
presence of acid. Monitoring of a solution of 17 by RDE
voltammetry in acid-free thf-[NBuy][PF¢] shows that substan-
tial (ca. 50%) isomerization to 3" takes place within 2 h.*
Therefore, the formation of 4 might result, at least in thf, from
partial isomerization of 1% to 3" during the electrolysis.
Although interconversion of p-alkylidyne and p-alkenyl spe-
cies has been reported,® the possibility of an equilibrium
between 7 and 4 can be ruled out in the present case on the
basis of (i) the formation of 7 (and no 4) as one of the products
obtained by electrolysis of 5% (no acid, 0 °C),* and (ii) the
formation of 4 (no 7) as one of the products of the reduction of
17 in the absence of acid.

The transient formation of a p-alkenyl species upon electro-
chemical reduction of 1" in acidic medium is a reasonable
possibility, but the intermediate might be different from
[M0,Cps(p-SMe);(pu-1':n>-CH=CHPh)] (7) since 7 was pre-
pared by deprotonation of the alkylidene complex [Mo,Cp,
(u-SMe);(pu-n'-CHCH,Ph)]* (5%) at the B carbon atom,®
while the intermediate results from the protonation of the
reduced alkyne complex [Mo,Cps(i-SMe)s(u-n":n'-CHCPh)]
(1). Conceivably, 1 may possess different sites for protonation.
These reactions might afford distinct p-alkenyl complexes [for
example with hydrogen atoms either in a cis (7') or trans (7)
disposition] that show different reactivity as far as isomeriza-
tion to the alkylidyne [Mo,Cp,(u-SMe)s(u-n'-CCH,Ph)] (4) is
concerned.

Taken together, the reactions in Scheme 5 and Scheme 7
(eqn. (3)) suggest the possibility to achieve the catalytic
reduction of phenylacetylene to styrene by reducing 1 in
thf, in the presence of an excess of acid and of PhC=CH.
Controlled-potential electrolysis of 17 was thus performed at
—1.2 Vin the presence of 10 equiv. HBF, - Et,0O and of a large
excess of P\NC=CH (1540 equiv.). The electrolysis was
complete after consumption of ca. 8 F mol™! 17 while only
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[7—H] + —PhCH=CH,

CF;

CF,CO,

Mo/%Mo (2)

MoE=—=Mo (3)

C C
f‘|l N
Mo=—=Mo 4)

Scheme 7 Protonation of 7 by CF3;CO,H [reaction (1)] or HBF, - Et,0 [reactions (2)—(4)].

2 F mol™' 1% were used in the absence of the unsaturated
substrate. Although the charge (11 F mol™! 17) that was
expected under the present (acid limiting) conditions was not
reached, the difference with respect to the charge used when no
PhC=CH is present can be assigned to the reduction of this
substrate (Scheme 8).

GC/MS analysis of the electrolyzed solution confirmed the
formation of about 3 mole of styrene per mole of 1™ (that is a
60% yield, since the maximum amount of styrene expected
under these acid-limiting conditions was 5 mol/mol 17),
corresponding to a charge consumption of ca. 6 F mol™
1". The cumulated amount of styrene and phenylacetylene
found after electrolysis accounts for only ca. 50% of the
phenylacetylene initially present. The presence of 4 in the
catholyte once more underlines that uncontrolled reactions
perturbed the course of the reduction of 1°.

Despite the side reactions producing 4, the formation of
[Mo,Cpa(n-SMe)s(u-n'm'-OCOCF3)],  [Mo,Cpa(n-SMe)s(p-
CD)] or [Mo,Cp,(p-SMe)3(MeCN),]" upon electrochemical
reduction of 1" in acidic medium demonstrates that the initial
alkyne bridge was converted to a labile ligand and eventually
released, as confirmed by the detection of styrene after con-
trolled-potential electrolysis.

2.2 Electrochemical reduction of 3* in the presence of acid.
The electrochemical reduction of the p-vinylidene complex
[Mo,Cpa(p-SMe)s(u-n':n*-C—=CHPh)] " 3" in the presence
of acid (HBF, - Et,0) occurs according to an ECE mechanism,
like that of the p-alkyne isomer. This is evidenced by the
increase of the first reduction peak current (Fig. 3(B)) and by
the scan rate dependence of the associated current function
which deviates markedly from linearity at low v. Consistent

with the reactivity of vinylidene compounds with acid,?®
the reduction of 37 in the presence of protons produced the
p-alkylidyne complex [Mo>Cpa(i-SMe)s(p-n'-CCH,Ph)] (4)
that was detected by its first oxidation at EUZ(’XI = —-0.54V
(Fig. 3(B), Scheme 9). Controlled-potential electrolysis
(Eapplied —1.2 V, 1 equiV. HBF4'Et20 in CHzClzf
[NBw,][PF¢]) afforded the p-acetylide complex [Mo,Cp,

H ph 1*

PhHC=CH, c—C

+H* +1e
PhC=CH o E=-0.95V
H H ph H Ph
\ / \ /
/c c\ —C
Mo\%/Mo Mo=—=Mo
+H*
H Nk
+1e H Ph
N\ /
E=-0.68V c1¢
Mo=—=Mo

p-vinyl intermediate

Scheme 8 The identity of the p-vinyl intermediate (7 or 7') is not
known.
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Scheme 9

(u-SMe)s(p-n":n>-CCPh)] (2) and the p-alkylidyne 4inal: 4
ratio after the transfer of 1.8 F mol~' 3", Since 2 is known to
protonate readily to 3" % its presence (20%) after completion
of the electrolysis indicates that there has been a shortage of
H™ during the reduction process. This is assigned to a futile
proton reduction loop due to oxidation of 4 by H™,'? followed
by reduction of 4" at the electrode. Controlled-potential
electrolysis in the presence of 2 equiv. acid produced 4 in
almost quantitative yield? as expected, after the transfer of 2.1
F mol™' 37. The identity of the products of the electrolyses
was ascertained by comparison of the '"H NMR spectrum of
the solid extracted from the catholyte with those of authentic
samples of 2 and 4.

It has been shown that protonation of 4 by HBF,- Et,O
produces the p-alkylidene complex [Mo,Cpa(u-SMe)s(p-n'-
CHCH,Ph)]" (5%)* (along with 4" as a by-product'?), and
that the electrochemical reduction of 5% in acidic medium
affords the p-alkyl complex [Mo,Cp,(u-SMe);(u-CH,CH,Ph)]
(6) along with [Mo,Cp(n-SMe);(p-C1)] (9).5¢ The latter was
previously shown to arise from the reaction of 6 and/or 7 with
HBF4 . Etzo in CHzclz.gc

Therefore, by setting the electrolysis potential at —1.2 V, it
should be possible to generate 6 directly from the p-acetylide
complex 2 along the {4H " /4e} process in Scheme 10 since the

redox steps involved in this sequence all occur at less negative
potentials than the initial one (Ely,rzred = —1.01 V).

Controlled-potential electrolysis of a CH,Cl,[NBuy][PF]
solution of 2 in the presence of 4 equiv. HBF, - Et,O (Eypplicd
= —1.2 V) leads to the formation of the alkylidyne complex 4
essentially quantitatively® after consumption of 4.6 F mol ™!
3", The excess charge passed with respect to that needed to
produce 4 is assigned to proton reduction (see above), but no
attempt was made to detect H,. A supplement of 3 equiv. acid
was added at this stage, and the electrolysis was resumed at
—1.2 V. Cyclic voltammetry of the catholyte obtained after the
passage of a further 2.5 F mol~! 3" showed the presence of the
alkyl compound [Mo,Cp,y(p-SMe);(u-CH,CH,Ph)]  (6)
(~60%) along with the chloro-bridged species [Mo,Cp,(u-
SMe)3(u-CD] (9) in ca. 40% vyield.?*

A controlled-potential electrolysis of a CH,Cl,—[NBuy][PFg]
solution of 2 was performed in the presence of a larger excess
of acid (about 10 equiv. HBF, - Et,O) in an attempt to over-
come the limiting step of the process, that is the protonation of
the alkylidyne complex 4. Under these conditions (E,ppiied =
—1.2 V; 5.4 F mol™!' 3%), [Mo,Cp»(p-SMe);(n-CH,CH,Ph)]
(6) was effectively obtained (ca. 40%%), but 4 (ca. 45%%) and
the chloro-bridged derivative 9 (ca. 15%2) were also detected
by CV of the catholyte.

Although the process in Scheme 10 is rendered non-quanti-
tative by the limiting protonation of [Mo,Cp,(n-SMe);(p-n'-
CCH,Ph)] (4) that is also responsible for a {H"/e} waste,
the electrochemical reduction of the C=C triple bond of a
p-alkynyl species (2) straight to the C—C single bond of a p-
alkyl complex (6) is unprecedented as far as we know. Treat-
ment of 6 with acid resulted in the oxidation to 6 * and in the
formation of [Mo,Cp,(p-SMe);(p-Cl)] (9). GC/MS analysis of
the solution obtained by controlled-potential electrolysis of
the p-alkylidene complex [M0,Cps(u-SMe)s(p-n'-
CHCH,Ph)]" (5") in the presence of an excess of HBF, - Et,O
(3 equiv, 3 F mol™!' 5%) revealed the presence of both styrene
(0.24 mol per mol 5%) and ethylbenzene (0.28 mol per mol
57), along with a mixture of 6 and 6" in a combined 45%
yield, [Mo,Cp,(pn-SMe)s;(n-Cl)] (ca. 25%) and unidentified
products.”® While the formation of styrene might arise from
the protonation of the p-vinyl complex [Mo,Cp(u-SMe);

. : .
P s [ "~ NP2
c//c\ c/c cﬂ“ (|: i
H* +1 \ H* +1
Mo/éMo — Mo/é\Mo : Mo@l‘no —_— Mo@Mo —; Mo<é>vm
\/ \/ E "=q01v \/ \/ e 9=_0s4v
1 o 2
2 3"‘ 4
W
o A N !
4 4 .y .y
AN PN e N AN
MoE—=Mo —_— MOE—=Mo — Mo=—=Mo —_— MoE—=Mo
\/ +1e \/ \/ +1e \/
6 Eﬂzred- 0.68V Emred— 095V [
Scheme 10
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(p-n":m>-CH=CHPh)] (7) that was previously shown to be
produced upon reduction of 57,% the formation of some
PhCH,CHj; suggests that the p-alkyl complex 6 may undergo
protonation at the a-carbon and release the hydrocarbyl group
as an alkane.

3 Concluding comments

3.1 On the effect of the initial {p-CC} binding mode upon
the reduction processes. The results presented above show that
the electrochemical reductions of the p-alkyne and p-vinyli-
dene complexes in the presence of acid result in successive
transformations of the hydrocarbyl bridge along two main
routes that depend, to some extent, upon the initial {p-CC}
binding mode (Scheme 11).

The reduction of the vinylidene isomer [Mo,Cp,(pu-SMe)s
(u-n'n>-C=CHPh)]* 3" consists in two consecutive ECE
processes separated by a difficult protonation. These {H™" /e}
transfer steps afford an alkyl derivative via alkylidyne and
alkylidene intermediates. While protonation of vinylidene to
alkenyl is known,' we obtained no evidence for protonation
of 3 at the o carbon atom, that would have generated
[M0,Cps(p-SMe)s(p-n':n>-CH=CHPh)] ", a p-alkenyl com-
plex such as 77.

In the case of the alkyne complex 17, the initial ECE
process probably produces a p-alkenyl complex (7 or an
isomer, 7’) that releases the hydrocarbyl unit as styrene upon
protonation. This is in keeping with the known reactivity of
alkyne and alkenyl compounds with acid.?>?*%” Under appro-
priate conditions (thf, PAC=CH), the starting material 1°*
can be regenerated, so the conditions are met for a catalytic
reduction of phenylacetylene to styrene. Nevertheless, this
process suffers from severe restrictions due to unidentified side
reactions that generate [Mo,Cps(u-SMe);(u-n'-CCH,Ph)] 4.

Therefore, while the initial binding mode of the hydrocarbyl
ligand appears to privilege one route over the other, there exist
ways through that connect both pathways.

Mo@ﬁo

PhCH=CH,
PhC=CH
J H+ ‘
—|+
_I H\ Ph \H JPh
+ —
PhC=CH / r\ H* i
DA

Te> Mu@no —Ty

A parallel can be made between the results of the present
work and those of previous studies focused on the reduction of
{N=N} ligands bound at the same {[Mo,Cp,(1-SMe);] "}
site. The electrochemical reduction of the organodiazene
complex [Mo,Cpo(n-SMe)s(p-n':n'-HN=NR)]* in acidic
medium resulted in the cleavage of the N—N bond (and the
release of ammonia plus an amine) when R = Ph, but not
when R = Me.* This was assigned to the rearrangement of
the {NN ligand from a p-n"m' to a p-n' coordination mode
at the hydrazido(1—) stage that was possible only for R = Ph.
When R = Me, the electrochemical reduction in acidic
medium of [Mo,Cpa(p-SMe)s(u-n'-N—=NHMe)] ", that is
the hydrazido(2—) isomer of the methyldiazene complex,
afforded NH;y and NH,Me,* showing that the initial bonding
mode of the {NN} ligand affected the course of the reduction
process.

3.2 Relevance to the reduction of the C=C bond by
nitrogenases? Recent studies provided unique information on
the bonding mode and the geometry of an intermediate
trapped by rapid freezing of the a-70*'* mutant Mo nitrogen-
ase turning over in the presence of propargyl alcohol
(HC=CCH,OH) as the substrate.” The EPR-detection of
the substrate-derived intermediate identified as the {2H " /2e}-
reduced form of propargyl alcohol (that is allyl alcohol,
H,C=CHCH,OH) bound in a n? fashion to a single iron
atom of a [4Fe—48] face of FeMo-co’? was dependent upon its
stabilization by hydrogen bonding with -195.7¢ Although
this gives unprecedented data on the ultimate intermediate of
the reduction of a C=C bond by o-70*"%-modified Mo
nitrogenase, this does not preclude that the initial binding
mode of the alkyne substrate may be different.

The reactions occurring at the bimetallic-sulfur site (Scheme
11) are reminiscent to those proposed to illustrate the reduc-
tion of C,H; by nitrogenase, on the bases of kinetic studies of
the enzyme and of the chemistry of mononuclear model
compounds.'”*? Keeping in mind the limitations underlined

Products (8+, 9, 10)

PhCH=CH,
1* Tor 7'
baV !
v
Ph P 1+ H ph H * ph M
, » X Lo NP
/ i
C\X + i " <|> - H\({ + ""C/
A H N H AN AN H N H
M o » " o > M o — » M o —> M o Products (9)
2e 2e )
) a* 4 5t 6 PhCH,-GHj
+
PhCH=CH,

Scheme 11
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above, the {2H " /2e} reduction of an alkyne ligand bound in a
p-n':n! fashion to a bimetallic-sulfur site to a free alkene, and
the {4H" /4e} reduction of an isomeric p-n':n? vinylidene
ligand bound at the same site to an alkyl complex (and some
alkane) raise the question of whether the substrate specificity
shown by Mo-, V- and Fe-dependent nitrogenases might result
from a different coordination mode of the C=C substrate to
FeMo-co, FeV-co and FeFe-co.

Experimental
Methods and materials

All the experiments were carried out under an inert atmo-
sphere, using Schlenk techniques for the syntheses. Tetrahy-
drofuran (thf) and dichloromethane were purified as described
previously.* Acetonitrile (Merck) was used as received. Fluor-
oboric acid (diethyl ether complex), phenylacetylene and tri-
fluoroacetic acid (Aldrich) were used as received. The
complexes  [Mo,Cp,(u-SMe)s(u-n':n'-HCCPh)] ™ a”,
[M0,Cpa(i-SMe)s(p-n'm*CCPh)]  (2), [Mo,Cpy(u-SMe)s
(u-n'm>C=CHPh)]" (3"), [M0,Cpa(1-SMe);(u-n'-CCH,Ph)]
@, [MoyCpy(u-SMe)s(u-n'-CHCH,Ph)] ™ (57),  [Mo.Cp,
(1-SMe)3(p-CH,CH,Ph)] - (6)  and  [Mo,Cpao(i-SMe)s(u-n':
n°-CH=CHPh)] (7) were prepared according to reported
procedures.®

The preparation and the purification of the [NBuy]|[PFg]
supporting electrolyte were as described previously.* Cyclic
voltammetric experiments were performed with a PGSTAT 12
driven by an AUTOLAB software. Controlled-potential elec-
trolyses were performed using Tacussel/Radiometer GCU
potentiostat and IG5-N integrator. The cell and electrodes
were as described previously.** All the potentials (text, tables,
figures) are quoted against the ferrocene-ferrocenium couple;
ferrocene was added as an internal standard at the end of the
experiments.

The "H NMR spectra (CDCl; or CgDg) were recorded with
a Bruker AC 300 or AMX 400 spectrometer and were refer-
enced to SiMey. GC-MS analysis was performed on a GC/MS
VARIAN 2100T Technology Ion Trap, equiped with a
Chrompack CpSil 8 CB capillary column (30 m x 0.25 mm
internal diameter).

Controlled-potential electrolyses of 1" and 3

In the absence of acid. In a typical experiment 10 mg (1.5 x
107> mol) of complex were dissolved in 15 mL of
CH,CL-[NBw,][PF¢] under N,, and the potential of the Pt
cathode was set at —1.2 V. The electrolysis was complete after
the transfer of about 1 F mol™! complex. The catholyte was
cannulated in a Schlenk flask under N», and the solvent was
removed under reduced pressure. 10 mL pentane were then
added to the solid residue and the mixture was stirred for 10
min before being filtrated. The filtrate was taken down to
dryness, and the solid dried under vacuum. The solid residue
was dissolved in C¢Dg or CDCl; and the products formed by
electrolysis were characterized by '"H NMR spectroscopy.

In the presence of HBF,-Et,0O. The same conditions as
above were used except for the addition of 1 or 2 equiv.

HBF,- Et,O before the electrolysis (Eapplicd =
started. The catholyte was treated as above.

—~12 V) is

Controlled-potentiel reduction of [Mo,Cp,(n-SMe)s(p-n':q'-
HCCPh)]* (1*) in the presence of acid and phenylacetylene. 1™
(0.0084 g, 1.29 x 107> mol) was dissolved in 30 mL
thf[NBuy][PF¢] in the electrochemical cell wrapped in an
aluminium foil. After addition of 10 equivalents HBF, - Et,0O
and 15 equiv. (657 mg L™") phenylacetylene, the solution was
electrolysed (graphite electrode) at —1.2 V vs. Fc¢/Fc™. The
electrolysis was complete after the passage of ca. 8 Fmol™' 17
(ca. 0.8 F mol~! H"). The catholyte was filtered through a
SPE (DSC-18 500 mg) cartridge in order to remove the metal
products and the supporting electrolyte. The filtrate was
subjected to GC/MS analysis for phenylacetylene and styrene
that confirmed the presence of styrene (140 mg L") and of
phenylacetylene (215 mg L™ ') after electrolysis. The amount of
styrene detected after electrolysis following the above proce-
dure accounted for about 60% of the maximum amount that
could form under these acid-limiting conditions.

Controlled-potentiel reduction of [Mo,Cp,(n-SMe)s(p-n":n'-
CHCH,Ph)]" (5") in the presence of acid, and ethylbenzene
analysis. A solution of 5% (14 mg, 2.15 107> mol) in 20 mL
CH,Cl, in the presence of 3 equiv. HBF,- Et,O was electro-
lyzed at —1.2 V. After the passage of ca. 3 F mol™! 57, the
electrolysis was stopped, and 1 equiv. of acid was added to the
catholyte. After filtration through a SPE (DSC-18 500 mg)
cartridge a sample of the filtrate was subjected to GC-MS for
detection of styrene and of ethylbenzene. The amounts of
styrene (ca. 24.5 mg L") and ethylbenzene (ca. 32.80 mg L™
were quantified using calibrations plots.

EH calculations

Extended Hiickel calculations were performed with the CA-
CAO package developed by Mealli and Proserpio.>* Standard
atomic parameters were taken for H and C.** The exponents
() and the valence shell ionization potential (Hj in eV) used
for Mo are the standard CACAO parameters,® that is,
respectively, 1.956 and —8.34 for Ss, 1.921 and —5.24 for
5 p- The H;; value for 4d was —10.50; a linear combination of
two Slater-type orbitals ({; = 4.54, ¢; = 0.5899; CzA = 1.900,
¢, = 0.5899) was used to represent the atomic 4d orbitals.
The model used in the calculations for 3* was built from the
crystallographically determined bond lengths and bond angles
of this complex® (except C-H = 1.09 A) with the Me
substituents of the equatorial S atoms replaced by H.
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