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The electrochemical oxidation of [Mo(cp),(p-SMe)s(1-N,Ph)] and [Mo,(cp)a(p-SMe);
(u-N,HPh)]* complexes where the diazo bridge adopts either an ' or an n'm' coordination mode
has been studied by cyclic voltammetry and controlled-potential electrolysis in THF— and
CH,Cl,-[NBuy][PF¢]. The electrochemical oxidation of [Mo(cp)>(1-SMe)s(u-n'-N,Ph)] 1 and of
[Mos(cp)a(-SMe)s(i-n'-N,HPh)]* 1-H™ triggers the isomerization of the diazo bridge to the n':n!
mode found in 2% and 2-H>* respectively. The electrochemical oxidation of [Mo,(cp)x(1--SMe);
(-n"m'-N,Ph)] 3 and of [Mos(cp)o(1-SMe)s(i-n'm'-HN,Ph)]* 3-H" with a syn (“up-up™)
arrangement of the Me substituents of the equatorial sulfur bridges is also followed by an

isomerization to 2" and 2-H2*, respectively, with an anti (“up-down”) configuration of the equatorial
Me groups. The rates of the isomerization 17 — 2*, 1-H?>* — 2-H*", and 3-H>" — 2-H?*" were
studied by cyclic voltammetry at different scan rates and at different temperatures. The isomerization

of the protonated complexes with either a hydrazido(2—) or a diazene bridge (respectively 1-H>* and
3-H?") is faster than that of the diazenido precursors (respectively 1" and 3%). The diazenido
complex 2" protonates readily, affording 2-H?*, while 2-H>* undergoes proton loss.

Introduction

Forty years after the discovery of the first transition-metal
complex containing molecular nitrogen as a ligand,' chemical
dinitrogen fixation based on successive {H*/e} transfer steps
remains a very challenging enterprise. Research in this area
has shown that a transition-metal catalyst could sustain the
reduction of N, to NH;.2 Low oxidation state metal centres
(Mo or W) in a phosphorus environment allowed the first
electrosynthesis of ammonia® and make the foundation of the
Chatt cycle>* while investigations of higher oxidation state
complexes, either (n°-CsMes)MMe; (M = Mo or W) or
MOo[HIPTN;N], recently culminated with the catalytic reduc-
tion of dinitrogen to ammonia.’

Some years ago, we reported studies of dinuclear
{[Mox(cp)>(1-SMe)s] "} complexes in relevance to different
stages of chemical nitrogen fixation.® Although they lack the
crucial N,-binding ability as most other metal-sulfur cen-
tres,>’ and as the enzyme active site, the FeMo cofactor
(FeMo-co),® when it is separated from its proteic environ-
ment,”'® these complexes provided chemical precedents for
the stepwise cleavage of a {N=N} bond at a bimetallic sulfur
core. This involves intermediates where diazenido,
hydrazido(2—) (or isodiazene), diazene, imido, amido and
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1 Electronic supplementary information (ESI) available: Cyclic vol-
tammograms and Eyring plots. See DOI: 10.1039/b601377¢

ammine ligands are bound to the conserved {[Mo,(cp),
(1-SMe);] "} centre (Scheme 1).°// These species are dinuclear
counterparts of the intermediates involved in the Chatt and
the Schrock cycles®*® which describe the stepwise reduction of
N, at single metal centres. The results obtained with the
{[Mos(cp)o(n-SMe)s] T} complexes® suggested that all the steps
of the reduction of N, to NHj; could occur at a bimetallic
M(u-S),M’ site of FeMo-co, where M and M’ may be identical
or different. The dinitrogen reduction cycle which we proposed
on this experimental basis¥ differs from the schemes proposed
by Durrant'® and by Bléchl'® on the grounds of DFT calcula-
tions, notably in the coordination mode of the diazenido
ligand.

H*Cl

Scheme 1

® = Mo(cp).
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However, the diazenido complexes isolated® as p-n' and
p-n':n! isomers are neutral (Scheme 1), while if N, was to bind
at a {[Mo",(cp)»(n-SR)s]*} core, protonation would afford a
dicationic diazenido species. This prompted us to examine the
oxidative electrochemistry of the [Moa(cp)r(n-SMe)s
(u-NNPh)] complexes. In this paper, we show that the p-n'
— p-n'mn! isomerism of the phenyldiazenido- and of the
phenylhydrazido(2—) (or isodiazene) ligand as well as the
rearrangement of a bridging thiolate in [Moy(cp)(n-SMe)s
(u-N>Ph)] and [Mos(cp)-(1-SMe)s(n-HN,Ph)]" complexes are
oxidatively-induced processes.

Structural consequences of redox steps are well documen-
ted.'” > Electron-transfer may bring about specific motions
within a molecule that can be used to design molecular
machines®® or which modify the reactivity at a metal centre,
for example via the exposure of a vacant coordination site,?!
including ring-slippage processes.!”!*??> Rearrangement of a
bound substrate may also be important in regard to its activa-
tion. Examples of redox-induced reorientation of an alkyne
moiety over a metal triangle, and alkyne/vinylidene intercon-
version are known.”>?* In this context, redox-induced linkage
isomerism has been described for a variety of ligands,'!®*3¢
n!/m? coordination change of nitriles’! or disulfide,> and of
a carboxylate ligand.>' However, we are not aware of similar
work concerning N=—N fragments such as diazenido, hydra-
zido(2—) or diazene ligands, although thermal and/or photo-
chemical conversions of this sort are known.%*

Interestingly, besides the isomerism which favours a p-n'mn'
coordination mode of the NNPh and HNNPh ligands in the
oxidized derivatives, this study demonstrates that the cationic
diazenido complex protonates readily and also suggests that the
dication is able to abstract a H atom from the environment.

Results

The synthesis, the full characterization of complexes
[Mox(cp)a(i-SMe)s(u-NaPh)] (1, 3), and [Mos(cp)s(1-SMe)s
(u-NL,HPh)]* (1-H*, 3-H™) (Scheme 2), and the molecular
structures of 1 and 3-H" have been reported previously.®
The existence of a third isomer with a diazenido ligand,
differing from 3 by the relative disposition of the methyl
substituents of the equatorial sulfur bridges (2 in Scheme 2),
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Scheme 2 @ = Mo(cp).

as well as the formation of an intermediate (2-H", Scheme 2)
in the isomerization of 1-H" to 3-H" were also mentioned.®
The cyclic voltammograms in Fig. S1 and S2 (ESI¥) are those
of the starting material (1-H™) and of the intermediate (2-H™)
formed in this reaction. The phenyldiazene complex 2-H" in
turn isomerizes to 3-H ™. The electrochemical oxidation of 1, 1-
H*, 3, and 3-H" has been investigated in THF- and
CH,ClL,-[NBw,][PF¢] by cyclic voltammetry and controlled-
potential electrolysis. The products resulting from their oxida-
tion can be identified by CV>* since the first oxidation of the
syn (“up—up”) and the anti (“up—down’) isomers of the
complexes with a p-n'n' diazenido- (3 and 2, respectively)
or diazene bridge (3-H' and 2-H™, respectively) occur at
different potentials (Table 1).

Oxidatively-induced p-n' — p-n':n! rearrangement of the
{N=N} ligand in [Moy(cp)>(n-SMe)3(n-n'-N,Ph)], 1, and
[Mos(cp)2(n-SMe)s(u-n'-N;HPh)| ", 1-H".

Electrochemical oxidation of [Moz(cp)z(u-SMe)3(u-nl-
N,Ph)], 1. Complex 1 oxidizes in two successive one-electron
steps, and undergoes an irreversible reduction (El,"'ed = —-2.81
V, THF-[NBu,][PF¢])** (Table 1); the latter will not be
discussed in this paper. The first oxidation of 1 (Scheme 3,
step a) is an electrochemically reversible, diffusion-controlled
one-electron process (AE, = 60 mV in CH,Cl,, ca. 80 mV in
THF; ip""l/vl/2 independent of scan rate, v), which is followed

Table 1 Redox potentials (V/Fc) of [M0z(Cp)z(IH;SSNC)3(H-NNPh)] and of [Mox(cp)»(1-SMe)3(u-NNHPh)]™ complexes (CV measurements in

THF- and CH,Cl,-[NBuyJ[PFglat v = 0.2 V s ')

Compound Solvent E,d o E %
[Mos(cp)a(p-SMe)s(p-n'-NNPh)], 1 THF —2.81 —0.30 0.39 (=20 °C)
CH,Cl, — —0.34 0.44
anti-{Mos(cp)o(p-SMe)s(u-n ' :n'-NNPh)], 2 THF -2.93 —0.62 0.37 (Ey0)"
CH,Cl, (18 °C) — —0.61 0.47 (E{ p)*
CH,Cl, (—30°C) —0.64 0.42 (E )"
syn-[Mo,(cp)>(1-SMe)s(u-n":n'-NNPh)], 3 THF -2.93 —0.50 0.43
CH,Cl, — —0.50 0.52
[Mo,(cp)o(u-SMe)s(p-n'-NNHPh)|*, 1-H" THF —1.56Y 0.2 (E,)
CH,Cl, - 0.32
anti-{Mos(cp)>(p-SMe);(u-n':n'-HNNPh)] ", 2-H™" THF —1.65% —0.11 0.89
CH,Cl, — , 0 0.96
syn-[Mos(cp)a(u-SMe)s(p-n':n'-HNNPh)] ", 3-H* THF —1.63 (E\ ;)Y 0 0.89
CH,Cl, — 0.1 1.0

“ Measured from a solution of 2% generated by controlled-potential oxidation of 3.
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by a chemical reaction (Scheme 3, step b; EC process®**). The
reduction peak detected at £, = —0.65 V on the reverse
scan (Fig. la) is part of the reversible couple of anti-

QO

N

@]

-1 0
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Fig. 1 Cyclic voltammetry of [Moa(cp)a(n-SMe)s(u-n'-N,Ph)], 1
(0.75 mM) in THF-[NBuy][PF4] (a) at a scan rate v = 0.2 V s~ ' at
18 °C, (b) the same as in (a) with a 15 s hold at ca. 0.1 V, and (c) the
same as in (a) at a scan rate v = 0.5 Vs~ . The current scale is 4 pA for
(a) and (b) and 10 pA for (c).

Table 2 Rate constants for the p-n' — p-n'm' isomerization of the
diazo bridge and for the syn — anti isomerization at a SMe group in
[Moa(cp)a(i-SMe)s(u-NoPh)] - and  [Moa(cp)a(p-SMe)s(p-NoHPh)]

complexes
Reaction Solvent T (K) k(s™h
17 5 2% THF 261.7 0.01
277 0.05
291 0.25
299 0.47
17 > 2% CH,Cl, 268 0.03
275.5 0.06
279 0.08
289.5 0.19
1-H*>" - 2-H*" CH,Cl, 262.3 0.08
270 0.17
279 0.40
3-H* - 2-H* THF 256.5 0.02
273 0.07
287 0.22
308 1.21
[Mos(cp)a(n-SMe)s(p-n'm'-NoPh) ", 27 (Ejp = —0.62 V,

Scheme 3, step ¢, Fig. 1b; Table 1) produced by the oxida-
tively-induced isomerization. The effect of the follow-up che-
mical reaction is limited on increasing the scan rate or on
lowering the temperature, as shown by the suppression of the
product peak under these conditions (Fig. lc). The rate
constant of the p-n' — p-n'n' isomerism at the N—=N-Ph
bridge in the cation was obtained at different temperatures
(Table 2) from measurements of the peak current ratio [(i,"/
ipa)o"l] at different scan rates, using literature methods.>® The
activation parameters for the isomerization were derived from
the linear Eyring plot In(k/T) = f(1/T) (Fig. S3, ESIt). The
temperature dependence of the rate constant and thus the
activation enthalpy and entropy are different in THF and in
CH,Cl,. This suggests a different solvation of the transition
states involved in the isomerization in these solvents.

The second oxidation in the CVof 1 at 1§ °Candv = 0.2V
s~! arises from both 1" and 2" produced by the first oxida-
tion. This is followed by a reaction generating the diazene
complex anti-[Mox(cp)>(p-SMe);(u-n':n'-HN,Ph)**, 2-H>*,
as evidenced by the presence of all three redox processes of this
compound in the CV of 1 (Fig. S4, ESI¥), indicating that the
diazenido dication 22 is able to abstract a hydrogen atom
from the solvent—[NBuy][PF¢] electrolyte.

As expected from the CV experiments, controlled-potential
electrolysis conducted at —0.15 V (room temperature, Pt
anode, ca. 0.9 F mol~! 1) quantitatively®’ converts 1 to 2"
while the solution turns from red to green—yellow. The p-n'
isomer 1 is not regenerated upon reduction of 2% (see below
and Scheme 3, step c), so that the p-n' — p-n'n' rearrange-
ment is an irreversible process under the present conditions.
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Scheme 4 @ = Mo(cp).
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Table 3 Activation parameters for the p-n' — p-n'm' isomerization of the diazo bridge and for the syn — anti isomerization at a SMe group in
[Moa(cp)a(1-SMe);(1-N>Ph)] and [Mos(cp)(1-SMe)s(1n-NoHPh)] ™ complexes

Reaction Solvent AH” (kJ mol™") AS™ (Jmol™ ' K7 AG7 593 (kI mol™1) kro3 (571
1" - 2" THF 66 + 2 —30 +8 74.8 0.28
17 - 27" CH,Cl, 53+ 1 ~75+2 75.1 0.25
1-H** & 2-H* CH,Cl, 56 £ 1 —50+2 71.0 1.34
3-H*'" > 2-H** THF 50+ 3 —82 410 74.1 0.38

Electrochemical oxidation of [Moy(cp)r(n-SMe);(p-'-
N,HPh)|*, 1-H™. Besides the thermal isomerization process,*
1-H" undergoes isomerization to anti-[Mo,(cp)(i-SMe)s
(p-n"m"-HN,Ph)*" 2-H*" upon electrochemical one-electron
oxidation. At room temperature in THF[NBuy][PF¢], the first
irreversible (v < 1 V s™!) oxidation of 1-H™ produces 2-H>"
(Scheme 4) characterized by its reversible redox couple at
E\» = —0.11 V (Fig. S1, ESI¥).

Similar observations are made in CH,Cl,—[NBuy][PFg],
although some reversibility of the oxidation of 1-H* becomes
evident at scan rates larger than 0.5 V s~! or at low tempera-
ture. The rate constant of the isomerization process was
calculated in CH,Cl,[NBuy4][PF¢] from measurements of
[(5,°/i,")°"] at different temperatures and different scan rates’®
(Tables 2 and 3).

Oxidatively-induced inversion at a SMe group in syn-
[Mox(cp)x(r-SMe)s(u-n":n'-N2Ph)], 3, and syn-[Mos(cp),;
(n-SMe)s(u-n'":n'-HN,Ph)[ ", 3-H™.

Electrochemical oxidation of syn-[Mo,(cp)(p-SMe)s(u-n':
n'-N,Ph)], 3. Complex 3 undergoes two one-electron oxidation
steps in THF- and CH,Cl,—[NBuy][PF¢] (Table 1) and an ir-
reversible reduction that can be detected only in THF. The
first oxidation of 3 (Scheme 5, step a) is a reversible, diffusion-
controlled step followed by a slow chemical reaction which is
not detectable by CV [(i,¢/i,")**' ~ 1, Fig. 2a], but is observed
on the longer time scale of electrolysis (Scheme 5, step b).
Thus, controlled-potential oxidation of 3 produced 2" essen-
tially quantitatively’” after ca. 0.9 F mol~' 3 had been con-
sumed. The first reduction of 2% (Scheme 5, step c) is a
diffusion-controlled, reversible one-electron step on the CV
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Me Nen Me Me Ny Me
sts —le s=K[=s e
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+
Me 3 Me 3
Stepd Step b electrolysis
- time scale

ph_: Ph—,_ —| .

Me\s N°N ] Me Ny 1
—s =t —=
Me +1e Me +1e

Me Me
Stepc "
2 2
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time scale at room temperature [AE, = 70-80 mV in THF-
and CH,ClL-[NBug][PFg]; (i,*/i,5)! = 0.87 atv = 0.02 Vs~
1.0atv = 0.1 Vs~'in THF]. As could be anticipated from the
lower value of the peak current ratio [(ipa/ipc)'ed] at slow scan
rate, controlled-potential reduction of 2* at —1.0 V (room
temperature, Pt cathode) yields a mixture of 2 and 3, the
isomerization of 2 to 3 being slow (Scheme 5, step d); the ratio
3/2 increases when the catholyte is allowed to stand under Ar.
In some systems the isomerization step is accelerated by, or
arises only after, the transfer of two electrons. In the present
case, the second oxidation of 3 (Scheme 5, step e) is coupled to
different chemical reactions. Isomerism at a SMe bridge is
evidenced by the detection of the reduction of 2* on the reverse
scan (Fig. 2b, peak C; Scheme 5, steps f and g). The formation
of protonated species is again demonstrated by the presence of
reduction peaks around 0 V (Fig. 2b, peak A) and —1.6 V (not
shown in Fig. 2b). The rounded shape of peak A (Fig. 2b)
suggests that the syn (3-H>") and anti (2-H>") isomers of the
diazene complex are both present (Scheme 5, steps h and i). The
oxidation of 3" also affords an unidentified product with a
reversible couple (Fig. 2b, peak B) observed at different poten-
tials in THF and CH,Cl, (—0.31 V and —0.15 V, respectively).
The formation of both the protonated species and of the
unknown product is suppressed at low temperature (Fig. 3b).
Although the oxidation of syn-[Mos(cp)a(u-SMe)s(pu-n'm -
N,Ph)]*, 3", looks reversible at low temperature (ca. —45 °C,
CH,Cl, electrolyte), isomerization has occurred since the
product detected on the reverse scan at the potential of the
first redox step is the anti isomer 2% (Fig. 3b).® Low tem-
perature CV shows an abrupt current rise from the onset of the
second oxidation peak in the CV of 3 (Fig. 3b, T = —46 °C,
CH,CI,[NBuy][PF¢]); scan reversal immediately after the
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Scheme 5 @ = Mo(cp); the reaction(s) leading to the unidentified product (see text) is (are) not indicated; step j is discussed below.
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Fig. 2 Cyclic voltammetry of syn-[Mos(cp)o(u-SMe)s(u-n'm'-
N,Ph)], 3 in CH,ClL,[{NBuwy][PF¢] at 18 °C. In (a) the scan is limited
to the first, reversible, oxidation of 3, and in (b) it includes the second
oxidation process, giving rise to 2" (peak C), to protonated species
(peak A) and to an unidentified product (peak B) (see text) (v = 0.2 V
s~'; vitreous carbon electrode).

associated reduction peak has been traversed leads to the
detection of a reversible couple at a potential slightly less
positive than the oxidation peak of 3% on the initial positive
scan (Fig. S5, ESI¥). This indicates that 2" oxidizes at a
slightly less positive potential than 3" under these conditions.
The fast isomerization of 3** to 2> would drive a cross redox
reaction producing 2" from 3", The abrupt rise of the current
is assigned to the fact that 2™ resulting from the homogeneous
reaction is generated at a potential positive of the 2*/2*"
transition and is thus immediately oxidized.

Electrochemical oxidation of syn-[Moy(cp)2(n-SMe)s(n-n'in!
-HN,Ph)|", 3-H". Complexes (syn) 3-H' and (anti) 2-H"
undergo two oxidation steps (Table 1). The first one is an
electrochemically reversible, diffusion-controlled one-electron
process (Scheme 6, step a), whereas the second is irreversible.
The first oxidation of 3-H™ is followed by isomerization to 2-
H2" (Scheme 6, step b), which is suppressed on lowering the
temperature (Fig. 4a, T = —45 °C, CH,Cl, electrolyte; similar

>
Sl

-1 0
E/V

Fig. 3 Cyclic voltammetry of syn-[Mos(cp)o(-SMe)s(u-n'm'-
N,Ph)], 3, in CH,ClL,-[NBw,][PF¢] at —46 °C; the difference between
scans (a) and (b) is only the potential range (v = 0.2 V s~ '; vitreous
carbon electrode).

CVs are obtained in THF) or on increasing the scan rate. The
rate constant for the isomerization was calculated from mea-
surements of the peak current ratio [(i,%/i,")°*'] at different
scan rates’® and at different temperatures (Table 2); the
activation parameters were derived from the linear Eyring
plot (R? = 0.994) (Table 3).

The oxidation of 3-H?" is an irreversible process, and the
follow-up chemical reactions are still observed by CV at low
temperature in CH,Cly— (Fig. 4b), and in THF-[NBuy][PF].
Dissociation of the proton from the diazo bridge of the
undetected 3-H>" (Scheme 7, step a) would be consistent with
the presence of a small peak around 0.4 V on the reverse scan
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Scheme 6 @ = Mo(cp).
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E/V

Fig. 4 Cyclic voltammetry of [Mos(cp),(u-SMe)s(u-n':n'-HN,Ph)]*
(present essentially as 3-H") (I mM) in CH,Cl,-[NBuy][PF4] at
—45 °C; in (a) the potential range is limited to the reversible oxida-
tion of 3-H", while in (b) it is extended to the second oxidation
step that results in syn/anti isomerization (vitreous carbon electrode,
v=02Vsh.

(Fig. 4b) that is at the same potential as the reduction of 22*.
The reduction around 0.4 V produces 2* which reacts with H*
to afford 2-H>" (Scheme 7, steps b and c). The occurrence of
the latter reaction has been checked in a separate experiment
by addition of HBF,~Et,O at —45 °C to an electrogenerated
solution of 2% in CH,ClL,—[NBuy][PF¢]. This results in an
instant colour change from green—yellow to red—orange and
in the replacement of the redox processes of 2 by those of
2-H?* (Fig. 5b).%

In this case, the net syn — anti isomerization of 3-H*
(Scheme 7) involves the diazenido derivative(s) via a deproto-
nation—protonation sequence.

Discussion
The isomerization steps

The p-' — p-n':n! isomerism. The above results show that
the favoured mode of coordination of the diazo moiety in the
oxidized complexes is the p-n':n' mode. Thus, the rearrange-
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Scheme 7 @ = Mo(cp).

ment of the diazenido ligand which occurs slowly for the
neutral complex® is accelerated by a one-electron oxidation
of [Mox(cp)a(p-SMe)s(-n'-N,Ph)], 1, the 1 — 2% conversion
being detectable on the CV time scale. It was previously
noted” that the thermal isomerism at the diazo bridge is
facilitated when the {N—N} moiety is protonated, although
the migration of a proton is required in addition to the p-n' —
p-n'm! coordination change. This is also true for the oxida-
tively-induced process, since the [Mos(cp)a(n-SMe)s(p-n'-
N:HPh)PP™ — [Mos(ep)a(u-SMe)s(u-n ' '-HN2Ph)* ™ reac-
tion is faster than 17 — 2% (Table 3). The activation para-
meters derived from the kinetic measurements in CH,Cl, show
that the energy barrier for the p-n! - p-n'n! rearrangement
is lower for the diazenido ligand than for the hydrazido(2—)
(or isodiazene) by ca. 3 kJ mol™'; nevertheless, the former
reaction is slower due to a more unfavourable activation
entropy (Table 3) which suggests a more ordered transition
state in the case of the diazenido complex compared to the
hydrazido(2—) (or isodiazene) one.

The reasons why the p-n' — p-n'm' isomerization of the
diazenido complex is favoured upon oxidation are not clear.
Although approximate theoretical methods cannot address the
question of how the redox events affect the structure and the
charge distribution of a complex,** EHMO calculations
provide information on the nature of the redox orbitals that
may lead to a qualitative understanding of the origins of the
structure changes.!”22@49241=43 Calculations at the EH level
on the redox orbitals of 3-H" ¢ were consistent with later
results obtained at a more sophisticated level of theory
(DFT).* EHMO calculations carried out on simplified models
of 1 and 2, where the substituent of the {NN} ligand was
replaced by H (respectively 1’ and 2’), show that the HOMO
(highest occupied molecular orbital) which is involved in the
oxidation of [Mos(cp)a(u-SMe)s(u-1'-NoH)], 1, is a metal-
based [92% &*(Mo—Mo)] orbital with no contribution from
the diazenido ligand (Fig. 6a). The HOMO of anti-
[Mos(cp)a(n-SMe)s(u-n'n'-N,H)], 2/, is essentially a metal—
metal non-bonding §-type orbital (Mol d,,: 34%; Mo2 d,,:
44%, see Fig. 6b; Mo2 is the N(H) bonded metal centre), with
a contribution from the lone pairs of the bridging sulfur
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Fig. 5 Cyclic voltammetry of a CH,Cl,-[NBu,][PF¢] solution of
anti-{Mos(cp)>(u-SMe);(u-n':n'-NoPh)]*, 2% generated by con-
trolled-potential oxidation of 3 (a) before and (b) after addition of
HBF,—Et,0. Curve (b) shows the formation of the diazene complex
anti-[IMox(cp)a(p-SMe);(u-n"m'-HNLPh)** 2-H*" (T = -30 °C;
v = 0.2 Vs7'; vitreous carbon electrode).

atoms (<10% overall) and a minor contribution from the
{N=N} fragment. A comparison of the orbital interaction
diagrams of the {[Mo,(cp).(n-SMe)s]"} core with the {N=N}
ligand in the p-n' and p-n'n! modes suggests a reason why

the latter might be preferred since it allows a transfer of
electrons from the metal centres to the ligand via a bonding
interaction between the filled 6* and the empty N=—N =n*
orbital, which is absent in 1. The antibonding counterpart of
this interaction forms the LUMO (lowest unoccupied mole-
cular orbital) of 2’.

The syn — anti isomerism. Complexes with the
{IMoy(cp)2(1-SR),I} (n = 2 or 3) core display syn (‘“up—up”)
or anti (“up—down”’) arrangements of the R substituents of the
(equatorial when n = 3) p-S atoms.®* In contrast to the 3, 2
and 3-H™, 2-H" couples of isomers, their redox potentials are
probably too close to be distinguished in most cases. However,
syn and anti isomers of complexes with the [Mo,(cp)(p-SR),]
core and a Mo=—Mo double bond (R = Me, i-Pr, Ph, CF3)
can be differentiated by their redox potentials.*>® The factors
that govern the differences or similarities in the redox poten-
tials of couples of syn/anti isomers are not known.

Although the syn disposition of the Me substituents appears
to be thermodynamically favoured with respect to the anti
conformation in the p-n':n' neutral diazenido and cationic
diazene complexes, both can coexist.*® In contrast, the most
stable species at the singly oxidized level present the anti
arrangement of the equatorial Me substituents (2 and
2-H>"). The isomerism at a SMe group is still favoured by a
further oxidation of the complex: whereas the syn — anti
isomerization of the p-n'in'-diazenido cation is slow (CPE
time scale®*), it is much faster for the dications since the 32*
22" conversion is observed by CV, even at low temperature
(Fig. 3b). Like the p-n' - p-n'n' coordination change,
isomerism at the SMe bridge is also faster for the protonated
complex 3-H>" than for 3", as shown by the fact that it is
detected on the CV time scale for 3-H** while observable only
on the longer time scale of CPE for 3*.

Activation parameters derived from NMR data have been
reported for sulfur inversion in various thiolate-bridged dinuc-
lear complexes. The values of the free energy of activation for
syn <> anti isomerism reported for dimolybdenum and diruthe-
nium complexes*” are lower by 3 to 21 kJ mol™' than those
computed for the (syn) 3-H>" — (anti) 2-H*" reaction at the
same temperatures as the published AG”. The difference in the
free energy of activation would be even larger if one considered
the neutral diazenido and the cationic diazene complexes. This is

-

Fig. 6 A representation of the HOMO of simplified models (substituent of the {NN} ligand replaced by H) of (a) 1, (b) 3 and (c) 3-H". The
HOMO of 2’ is almost the same as that of 3’ shown in (b); the z axis corresponds to the Mo—Mo vector.
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consistent with the facts that the syn (3 and 3-H™) to anti (2 and
2-H") conversion is slow and that both isomers are observable
by '"H NMR spectroscopy at room temperature.

Reactivity of the oxidized complexes towards proton and
hydrogen atoms

The diazenido cation anti-[Mos(cp)»(u-SMe)s(u-n':n'-N,Ph)]*
2% generated by controlled-potential oxidation of anti-
[Moa(cp)(1-SMe)s(u-n'-NoPh)] 1 or syn-[Mos(cp)a(n-SMe)s
(u-n"'-N,Ph)] 3 undergoes reversible one-electron reduction
and oxidation steps at low temperature (Fig. 5a). However, at
room temperature the oxidation is followed by chemical reac-
tions, one of them affording 2-H*" via the reaction of 22" with a
source of hydrogen atoms. Controlled-potential oxidations of
2% or 3 at 0.5 V effectively produce 2-H**, unambiguously
characterized by its three redox potentials (Table 1), along with
unidentified products. The characteristic redox processes of
2-H*" are also detected in the cyclic voltammogram of complex
1 when the scan is extended to the positive limit of the potential
window (see arrows in Fig. S4, ESI¥).

While the diazene complex 2-H>" deprotonates, the diaze-
nido cation 2% reacts with acid to afford 2-H>" in a fast
reaction that still takes place at low temperature (Fig. 5).
From the reactions in Scheme 8 and the redox data in Table 1,
the effect of the oxidation of the complexes on their pK, can be
estimated.*® In THF, each one-electron oxidation lowers the
pK, of the diazene complex by more than 8 units [pK,(2-H>")
— pK.(2-H*") ~ 8.8; pK.2-H") — pK,(2-H**) = 8.6. The
corresponding figures in CH,Cl, are ~10.5 and 9.0, respec-
tively]. The wide pK, range covered (ca. 17 units in THF; 19 in
CH,CL,)* is consistent with 2 (and 3) being rather strongly
basic species while the twice oxidized diazene complexes 2-H>*
(and 3-H*") must be fairly strong acids.

The redox-dependence of the acid—base properties of the
complexes appears not to be directly related to the nature of
the orbital involved in the oxidation processes. EHMO calcu-
lations on a simplified model of complex 3 (with the Ph
substituent replaced by H) indicate that the HOMO, like that
of 2, is mainly a & orbital with little {N=N} character (Fig.
6b). The HOMO of a model of 3-H" also possesses strong
metal character (Mol d,,: 21%; Mo2d,,: 61%, Fig. 6c) with a
minor contribution from the diazene ligand. This is consistent
with the results of DFT calculations.** The stepwise oxidation
of the complexes is thus a metal-centered process that changes
the Mo™-Mo™ core of 2, 3, 2-H" and 3-H" into Mo"V-Mo'Y
in 22" and 3*" (2-H*" and 3-H*" were not detected under our
experimental conditions).

Conclusion

The present work provides, as far as we know, the first
example of an oxidatively-induced p-n' - p-n':n! isomeriza-
tion of bridging diazenido and hydrazido(2—) ligands. These
results also lead to the following conclusions which may be of
interest for the initial steps of chemical nitrogen fixation at a
{IMos(cp)a(1-SR)3] "} site.

1 The p-n'm' coordination of the phenyldiazenido ligand at
the {[Mo™,(cp)-(u-SMe);] *1 site is favoured by the oxidation
of the complex. This suggests that a dicationic diazenido

K (2-H)s*

2-H,;" 2, + HT
3412+ -1 1 -1 1 241+
Em(z'H) ! ¢ e © e sz(z)
Ka(Z-H)“
2-H," 2* + H?
E“Z(Z-H)M' -1e || +1e -1e +1e E”2(2)'m
K (2-H)'
2-H* — 2 + HT
Scheme 8

species which would result from the protonation of a dinitro-
gen molecule bound at {{Mo™,(cp)»(1-SR)s]*} would also
likely display a p-n':n' coordination of the {N=N} fragment.

2 The reduction of the phenyldiazenido dication is a metal-
centered process taking place around 0.4-0.5 V (Table 1). It is
likely that the reduction of an unsubstituted diazenido dica-
tion bound at the dimolybdenum core would also occur at a
fairly positive potential and be metal-centered (8 orbital).

3 The redox state of the metal core modulates the acid—base
properties at the {IN=—N} ligand. The cationic phenyldiazenido
complex 2+ was shown to protonate readily. This should also
be the case for an unsubstituted, cationic diazenido complex.

4 The reduction of the phenyldiazene dications 2-H>" and
3-H>" is a metal-centered process (8-type orbital) which
occurs in the range from —0.1 to 0.1 V. It can be anticipated
that the reduction of an unsubstituted diazene analogue would
also occur at a modestly negative potential.

Theoretical DFT calculations* have identified the essential
role of the o orbital at different stages of the electrochemical
reduction of 3-H" in acidic medium,” since it serves as a
source of electrons for the cleavage of the © and o components
of the N=N bond.**

Together with these calculations, the fact that the LUMO of
the dicationic Mo"'-Mo"" diazenido dication is a & orbital
suggests that this orbital might also be involved in a metal —
ligand electron transfer in the early steps of N, reduction at a
Mo Mo site derived from {[Mox(cp)>(p-SMe)s]*}. Work
is in progress in our group to investigate that possibility.

Experimental
Methods and materials

All the experiments were carried out under an inert atmosphere,
using Schlenk techniques for the syntheses. Tetrahydrofuran
(THF) and dichloromethane were purified as described pre-
viously.® Fluoroboric acid [diethyl ether complex (Aldrich)] was
used as received. The complexes [Mo(cp)->(1-SMe)s(u-NNPh)]
(1, 3) and [Mos(cp)-(n-SMe);(u-NNHPh)]* (1-H*-3-H™) were
prepared according to reported procedures.®

The preparation and the purification of the [NBuy][PFg]
supporting electrolyte were as described previously.® The
electrochemical equipment comprised of a GCU potentiostat
(Tacussel/Radiometer) driven by a PAR 175 Universal Pro-
grammer; CV traces were recorded with a SEFRAM TGM
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164 X-Y recorder, and coulometric charges were obtained
using an IG5-N integrator (Tacussel/Radiometer). The cell
and electrodes were as described previously.% All the poten-
tials (text, tables, figures) are quoted against the ferrocene—
ferrocenium couple; ferrocene was added as an internal
standard at the end of the experiments.

Kinetic experiments

The kinetic data were derived from cyclic voltammetric ex-
periments in a thermostated cell, by measurements of the peak
current ratio (i,"/i,") of the oxidation processes at different
scan rates according to reported methods.>®® The different
values of the scan rate were selected so as to maintain the
values of the peak current ratio between ca. 0.4 and 0.85. The
corresponding values of log(kt) (where 7 is the time needed to
scan from E,; to the switching potential) were worked out
from the published data.>* The temperature was controlled
using Huber HS 40 equipment.

EH calculations

Extended Hiickel calculations were performed with the CA-
CAO package developed by Mealli and Proserpio.*’ Standard
atomic parameters were taken for H, C, and N.° The ex-
ponents ({) and the valence shell ionization potential (H;; in
eV) used for Mo are the standard CACAO parameters,* that
is, respectively, 1.956 and —8.34 for 5s and 1.921 and —5.24 for
S5p. The Hj value for 4d was —10.50; a linear combination
of two Slater-type orbitals ({; = 4.54, ¢; = 0.5899; {, = 1.900,
¢, = 0.5899) was used to represent the atomic 4d orbitals.
The models used in the calculations for 1 and 3-H" were
built from the crystallographically determined bond lengths
and bond angles of these complexes,* (except C-H = 1.09 A
and N-H = 1.01 A) with the Ph ring replaced by H. 3’ (model
of 3) was derived from the dimensions of [Mos(cp),
(u-SMe)s(p-n':m'-NNMe)],** where the methyl substituent
of the diazenido ligand was replaced by an H atom. 2’ was
derived from 3’ by the inversion at an equatorial S atom.
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