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The electrochemical behaviour of the iron(ur) complexes [Fe(L),Cl,]* and [Fe,O(L),Cl1,]*>* [L = 2,2"-bipyridine
(bpy) and 4,4'-dimethyl-2,2’-bipyridine (dmbpy)] has been investigated in acetonitrile. Their reduction leads to the
iron(r) complex ion [Fe(L);]2*, accompanied by the release of C1~ ions and the formation of [FeCl,]~ ions or by
the formation of an unidentified Fe(t) chloro oxide, depending on the starting complex. These two new chloro
complexes can be further reduced into Fe(ir) species at a more negative potential. In addition, it has been shown
that [Fe(L),Cl,]* can be obtained in good yield via the electrochemical oxidation of [Fe(L);]?* in the presence of
free C1~ anions, at least for L = dmbpy. The crystal structure of the new mono- and binuclear dmbpy complexes

has been determined by X-ray diffraction.

Products formed by reaction of iron(im) chloride with biden-
tate nitrogen ligands (L) like 1,10-phenanthroline (phen) and
2,2’-bipyridine (bpy) have been widely studied in the past six
decades!™! using several synthetic and physical procedures.
However, only a few of the resulting compounds, such as
[Fe(L),Cl,][FeCl,],t>7** [FeCly(phen)X]*> (X = MeOH,
H,O, CI7), [Fe(bpy);][Cl;FeOFeCl;]*® and [Fe,O-
(phen),C1,][Cl1,],'® have been fully characterized, in particu-
lar with the help of crystallographic studies. On the other
hand, until now the electrochemical properties of this kind of
complex have remained unknown. We have recently reported
a detailed study on the electrochemical behaviour of the
parent binuclear bisaqua complexes [Fe,O(L),(H,0),]*" in
organic solvent!” (CH;CN). These bisaqua complexes consti-
tute excellent structural models of diiron sites in proteins
involved in the reductive activation of molecular oxygen. Fur-
thermore, they act as efficient catalysts for the oxidation of
alkanes in the presence of oxygen atom donors whereas the
bischloro analogues are poor catalysts.!®

In this context we have studied the electrochemical behav-
iour of the mononuclear [Fe"™(L),Cl,]" and the binuclear
monobridged [Fe,™™O(L),Cl,]*>* complexes [L = 2,2-bipy-
ridine (bpy) and 4,4'-dimethyl-2,2'-bipyridine (dmbpy)]. These
complexes have been synthesized as PF¢~ or BF, ™ salts since
FeCl,” and CI™ are electroactive anions. To help in the
understanding of the electrochemical mechanisms, the redox
properties of FeCl; and FeCl,” have been revisited first.
Moreover, the crystal structures of the new dmbpy derivatives
[Fe'(dmbpy),CL,1[PF¢] and [Fe,""O(dmbpy),Cl,][PF],
have also been determined by single-crystal X-ray diffraction
experiments at 295 K.

Experimental

Elemental analyses were performed by the Service Central
d’Analyse du CNRS at Vernaison (France).

Materials

Anhydrous FeCl;, stocked under inert atmosphere (Acros,
98%), 2,2’-bipyridine (bpy, Aldrich, 99%), 4,4'-dimethyl-2,2'-
bipyridine (dmbpy, Fluka, 99%), tetraethylammonium chlo-
ride (Et,NCl, Fluka, 99%), tetrabutylammonium chloride
(Bu,NCl, Fluka, 99%), tetrabutylammonium tetrafluoro-
borate (NBu,BF,, Fluka, 99%) and tetrabutylammonium
hexafluorophosphate (NBu,PF,, Fluka, 99%) were used as
received.

Synthesis and characterization

[Fe(L),Cl,] [PF4] (L = bpy and dmbpy). To a 10 ml solu-
tion of 270 mg of FeCl; (1 mmol), 312 mg of bpy or 368 mg of
dmbpy were added. The resulting solution, which turned dark
orange upon addition of the ligand, was stirred for 15 min.
Then, 1.93 g of Bu,NPF was added to the resulting solution,
leading to the precipitation of a yellow product. The solid was
collected on a frit, washed successively with methanol (3 x 30
ml) and diethyl ether (3 x 30 ml) and dried in vacuo. In order
to prevent the cocrystallisation of [Fe(L),Cl,]* with FeCl,~
as the counter anion, the yellow solids were recrystallized
from MeOH-CH,;CN (2:1). Yellow crystals of [Fe(bpy),-
CL][PF¢] (294 mg, yield 50.4%) and [Fe(dmbpy),Cl,][PF¢]
(405 mg, yield 69%) were obtained after one or two days. Only
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crystals of the dmbpy derivatives have been crystallo-
graphically characterized. Anal. caled for
C,oH;(N,CLFFeP: C, 45.64; H, 3.04; N, 10.65; Fe, 10.62.
Found: C, 45.69; H, 3.27; N, 10.65; Fe, 9.84%. UV/Vis
(CH;CN) A,,,,/nm (/M1 cm™1): 362 (5200). Anal. calcd for
C,,H,,N,CL,F.FeP: C, 45.01; H, 3.75; N, 8.75; Fe, 8.72.
Found: C, 44.75; H, 391; N, 8.86; Fe, 8.16%. UV/Vis
(CH;CN) A, nm (/M ~! cm™1) 362 (5500).

[Fe,O(L),ClL,][PF¢], (L =bpy and dmbpy). These com-
plexes were prepared following a method similar to that of
literature.!® To a 10 ml solution of 516 mg of Fe(ClO), - 9H,0
(1 mmol), 1 equiv. of Bu,NCI (277.5 mg) was added. Then 2
equiv. of bpy (312 mg) were added, leading to the formation of
a brown precipitate. After addition of 1.93 g of Bu,NPF, (5
mmol), the reaction mixture was refluxed for 1 h in order to
dissolve the precipitate. The solution was then cooled to room
temperature and the pale brown product obtained was filtered
off, dried in vacuo and recrystallized from MeOH-CH,;CN
(9 :1). Yield 300 mg (53%).

For L = dmbpy, the same procedure was followed except
that 1 equiv. of triethylamine (140 ml) was added after the
addition of 368 mg of dmbpy. Small pale brown crystals of
[Fe,O(dmbpy),Cl,][PF], suitable for X-ray diffraction
analysis were obtained by two successive recrystallizations
from MeOH-CH,CN (1 :1). Yield 257 mg (42%).

The synthesis of such complexes with BF, as counter
anions has been performed by using Bu,NBF, instead of
Bu,NPF.

Crystal structure resolution and refinement

The data sets for the single-crystal X-ray studies were col-
lected with MoKa radiation on a Brucker SMART diffrac-
tometer. All calculations were performed on a Silicone graphic
system, using the SHELXTL program.'® The specific data for
the crystals and the refinements are collected in Table 1. The
structures were solved by direct methods and refined by full-
matrix least-squares on F, .

CCDC reference number 440/120. See http://www.rsc.org/
suppdata/nj/1999/785/ for crystallographic files in .cif format.

Electrochemical and spectroscopic studies

All electrochemical experiments were run under an argon

atmosphere in a glove-box at room temperature. Acetonitrile
(CH;CN, Rathburn, HPLC grade) was used as received and
stocked under an argon atmosphere in the glove box. The
supporting electrolyte, tetra-n-butylammonium perchlorate
(TBAP) was purchased from Fluka, recrystallized from ethyl
acetate—cyclohexane and dried under vacuum at 80°C for 3
days.

Cyclic voltammetry and controlled potential electrolysis
experiments were performed using a PAR model 273
potentiostat/galvanostat or a PAR model 173 potentiostat/
galvanostat, a PAR model 175 universal programmer and a
PAR model 179 digital coulometer. The standard three-
electrode electrochemical cell was used. Potentials are refer-
ence to an Ag|10 mM AgNO; reference electrode in CH;CN
+ 0.1 M TBAP. Potentials referenced to that system can be
converted to the ferrocene |ferrocenium couple by adding 70
mV. The working electrodes were a platinum and vitreous
carbon disc (5 mm diameter) polished with 1 pm diamond
paste. Exhaustive electrolyses were carried out with a
10 x 10 x 4 mm? carbon felt electrode (RCV 2000, 65 mg
cm ™3, from Le Carbone Lorraine).

Electronic absorption spectra were recorded on a Hewlett—
Packard 8452A diode array spectrophotometer controlled by
a Compacq 286 computer. Initial and electrolyzed solutions
were transferred to a conventional cuvette cell in the glove
box. The cell was inserted into an optical translator connected
to the spectrophotometer through a fibre optic system
(Photonetics Spectrofip System). The optical fibres pass
through the wall of the dry box via optical seals.

Results and discussion
Description of the crystal structures

[Fe™(dmbpy),Cl,] [PF4]. The molecular structure of
[Fe(dmbpy),Cl,]" is presented in Fig. 1, while relevant bond
lengths and angles are compiled in Table 2. The coordination
of four N atoms from the two dmbpy ligands and two Cl ions
to the central Fe atom produces a distorted octahedron with
the two Cl atoms in a cis arrangement. The average of the
Fe—Cl bond lengths [2.2651(6) 1&] compares well with those
reported for the two polymorphs of [Fe(bpy),Cl,][FeCl,]
(2.255 A'* and 2.258 A12:13), as well as for the phen complex

Table 1 Crystal data and details of the refinement of the crystal structures of [Fe(dmbpy),Cl,][PF4] and [Fe,O(dmbpy),Cl,1[PF,],. Standard

deviations are given in parentheses

[Fe(dmbpy),Cl,1[PF] [Fe,O(dmbpy),Cl,1[PF¢l,
Chemical formula C,,H,,Cl,F;FeN,P C,sH,sClLF,,Fe,N,OP,
Formula weight 640.19 1225.48
T/K 193(2) 193(2)
Crystal system Orthorhombic Monoclinic
Space group Pbca C2/c
a/A 17.0596(2) a/A 12.5133(8)
b/A 11.1202(2) b/A 27.125(2)
c/A 28.8769(4) ¢/A 16.0006(10)
a/° 90 a/° 90
B/° 90 B/° 92.5290(10)
y/° 90 y/° 90
U/A3 5478.13(14) 5425.6(6)
V4 8 4
u/mm~?! 0.867 0.777
No. of reflections collected 23818 12092
No. of independent reflections 4969 (R;,, = 0.0626) 4717 (Ryp, = 0.1171)
Goodness-of-fit on F? 1.169 1.012
Final R indices [I > 20a(I)] R, =0.0687 R, =0.0942
wR, = 0.1923 wR, = 0.2014
R indices (all data) R, =0.0883 R, =0.2140
wR, = 0.2060 wR, = 0.2586
Largest diff. peak, hole/e A3 1.845, —0.669 0.819, —0.835
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scheme of

structure and atom

Fig. 1 Molecular
[Fe™(dmbpy),Cl,]*.

labelling

[Fe(phen),Cl,][FeCl,] (2.258 A'3). The Fe-N bond distances
trans to Cl [average 2.204(2) Z\] are significantly longer than
the Fe—N bond distances cis to Cl [average 2.1305(2) A]. This
result is also consistent with the Fe-N bond distances found
in the analogous bpy complexes (2.193, 2.121 A* and 2.176,
2.136 A2:13) and the phen one (2.206, 2.136 A13).

[Fe,"™™O(dmbpy),Cl,] [PF4],. The molecular structure
of [Fe,O(dmbpy),Cl,]** is shown in Fig. 2, selected bond
lengths and angles are listed in Table 3. The Fe atoms are
each coordinated by four N atoms provided by two dmbpy
ligands and by the bridging O atom of the bridge. The sixth
coordination site is occupied by a Cl ligand cis to the oxo

Table 2 Selected bond lengths (in A) and bond angles (in degrees) for
[Fe(dmbpy),Cl,][PFe]

2-atom data

Fe-CI(1) 2.2630(6) Fe-N(2) 2.213(2)
Fe-Cl(2) 2.2673(6) Fe-N(3) 2.195(2)
Fe-N(1) 2.133(2) Fe-N(4) 2.128(2)
3-atom data

Cl(1)-Fe-Cl(2) 99.69(2) Cl(2)-Fe-Cl(4) 96.55(4)
CI(1)-Fe-N(1) 96.45(5) N(1)-Fe-N(2) 75.18(6)
Cl(1)-Fe-N(2) 169.17(5) N(1)-Fe-N(3) 88.60(7)
Cl(1)-Fe-N(3) 90.93(5) N(1)-Fe-N(4 159.33(6)
Cl(1)-Fe-N(4) 97.55(5) N(2)-Fe-N(3) 82.14(6)
Cl(2)-Fe-N(1) 96.01(5) N(2)-Fe-N(4) 88.87(6)
Cl(2)-Fe-N(2) 88.16(5) N(3)-Fe-N(4) 76.05(6)
Cl(2)-Fe-N(3) 167.85(5)

scheme of

structure and atom
[Fe,"™™MO(dmbpy),Cl1,1>*.

Fig. 2 Molecular labelling

Table 3 Selected bond lengths (in A) and bond angles (in degrees)
for [Fe,0(dmbpy),CL,][PF,],

2-atom data

Fe-N(1) 2.216(8) Fe-Cl 2.328(3)
Fe-N(2) 2.155(6) Fe-O 1.786(2)
Fe-N(3) 2.154(6) O-Fe #1 1.786(2)
Fe-N(4) 2.191(6)

3-atom data

Fe-O-Fe #1 167.4(4) O-Fe-N(1) 167.7(2)
Cl-Fe-O 100.27(14) N(4)-Fe-N(1) 85.5(2)
Cl-Fe-N(4) 165.2(2) N(3)-Fe-N(1) 89.0(3)
O-Fe-N(4) 90.6(2) Cl-Fe-N(2) 99.7(2)
Cl-Fe-N(3) 93.1(2) O-Fe-N(2) 94.7(3)
O-Fe-N(3) 101.2(3) N(4)-Fe-N(2) 89.4(2)
N(4)-Fe-N(3) 74.8(2) N(3)-Fe-N(2) 157.5(3)
Cl-Fe-N(1) 85.9(2) N(1)-Fe-N(2) 73.6(3)

bridge. Bond angles suggest that the octahedron at each Fe
centre is distorted (Table 3). The Fe-O-Fe angle [167.4(4)°] is
close to those observed for the bishydroxy mono-
oxo-bridged complex of Fe™ (161.7°2° and for
[Fe,O(phen),Cl,]2* [161(1)°]'°. Moreover, the bond lengths
found in this cation do not differ significantly from those of
[Fe,O(phen),Cl,]>*.16

The Fe-O distance of 1.786(2) A for the oxo bridge is con-
sistent with the value of 1.787(6) A observed in the phen
complex!® and is also comparable to those found in other
similar mono-oxo-bridged complexes of Fe™.?® The Fe-Cl
bond length [2.328(3) A] compares well with that observed in
the phen complex'® [2.34(1) A] but is longer than the ones in
the monomeric [Fe(L),Cl,]* cations (L = bpy, dmbpy, phen).
Moreover, for the Fe-N distances, the two longer bonds are
found for the two N atoms trans to the oxo bridge [2.216(3)
A], reflecting the trans effect. A slightly smaller effect is
observed for the Fe-N bonds trans to the Cl ligands [2.191(6)
Al.

Electrochemistry

Electrochemical behaviour of FeCl; and FeCl,™ . In CH,CN
+ 0.1 M TBAP, the cyclic voltammogram (CV) of a 1.2 mM
solution of anhydrous FeCl,; shows in the negative region two
successive quasi-reversible waves located at E;), = —0.18 V
(AE, =110 mV) and E,, = —0.32 V, (AE, = 90 mV) (close to
the thermodynamic value of 60 mV for a monoelectronic
transfert) at v =100 mV s~ ! vs. Ag|10 mM Ag* [Fig. 3(4)].
These waves have been briefly reported in a previous work by
Sugimoto and  Sawyer?! and attributed to the
Fe"'Cl,/Fe"Cl,~ and Fe™Cl,  /(Fe"Cl,~ + Cl7) systems,
respectively. We will see that Fe''Cl,% is a stable species in
CH;CN so the second couple actually corresponds to the
Fe™Cl,~ /Fe"Cl,2~ system.

The addition of increasing amounts of Cl~ anions to the
solution results in an increase of the Fe™Cl, ~/FeCl,*" wave
up to about one molar equivalent [Fig. 3(B) and 3(C), curve
a]. If more than one equivalent of Cl1™ is added, then the CV
displays the typical electroactivity of free Cl~ ions in the posi-
tive region®? (a quasi-reversible system at E, = 0.74 V; not
shown on Fig. 3). All these observations confirm the forma-
tion of a 1 : 1 complex between FeCl; and CI™.

The stability of the Fe"Cl,?~ species has been evaluated by
an exhaustive reduction at —0.40 V of the solution containing
one equivalent of Cl™ : 0.8 electron per molecule of FeCl; ini-
tially present has been consumed as determined by measure-
ment of the height of its wave at a Pt rotating disc electrode
and yields about 80% of FeCl,*~ [Fig. 3(C), curve b].
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Pc2

Fig.3 CV in CH;CN + 0.1 M TBAP of a 1.2 mM solution of
FeCl, at a platinum electrode (5 mm diameter); scan rate: 100 mV
s~ 1 (A) In the absence of Et,NCI. (B) After addition of 0.48 equiv. of
Et,NCI. (C) After addition of 1 equiv. of Et,NCI (curve a); after an
exhaustive reduction at a controlled potential of —0.4 V of the solu-
tion obtained in curve a (curve b).

Electrochemical properties of [Fe™(L),Cl,]*. Fig. 4(A),
curve a shows the CV of a 1 mM solution of [Fe™
(bpy),C1,][BF,] in CH,CN at 100 mV s~ !. This complex is
not electroactive in the positive region while, in the negative
one, an irreversible reduction peak is detected at E, = —0.02
V followed by a peak system at E,,, = —0.32 V, correspond-
ing to the reversible reduction of Fe™Cl, ~ into Fe"Cl,2~. The
Fe™Cl, ™ species is generated from a fast chemical reaction
coupled to the initial electron transfer. The relative intensity of
these two cathodic systems depends on the potential scan rate.
This is clearly evidenced by rotating disc electrode experi-
ments. At a low rotation rate [ = 100 rot min~!, Fig. 4(B),
curve a], the two cathodic waves have roughly the same inten-
sity. At a moderate rotation rate [« = 600 rot min~!, Fig.
4(B), curve b], the height of the reduction wave of FeCl,~ is
markedly smaller than that of [Fe"™(bpy),Cl,]* while at 5000
rot min~!, only the [Fe"(bpy),Cl,]" wave is detected [Fig.
4(B), curve c]. Otherwise, by sweeping down to —2.3 V [Fig.
4(A), curve b], the typical three successive ligand-centered
reduction waves of [Fe"(bpy);]?>* are observed on the CV at
E,,=—-165 , —183 and —207 V. This means that
[Fe"(bpy);]1>* is the product of the reduction of
[Fe"(bpy),CL,1[BF,].

On the reverse scan, the reversible oxidation wave of this
[Fe(bpy);]?* complex is also detected at E, ;2 =0.76 V in the
positive region. This system is accompanied by the quasi-
reversible wave at E,;;, = 0.62 V of CI™ released during the
reduction process. A controlled-potential reduction of the
solution at —0.14 V consumes 0.64 electrons per molecule of
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Fig. 4 (A4) CV in CH,CN + 0.1 M TBAP at a platinum electrode (5
mm diameter) of a 1 mM solution of [Fe"(bpy),Cl,]"; scan rate: 100
mV s~ !; potential range between —0.5 and 1.1 V (curve a); potential
range between —2.3 and 1.1 V (curve b). (B) Voltammograms of a 1
mM solution of [Fe™(bpy),Cl,]* at a platinum rotating disc elec-
trode (2 mm diameter); scan rate: 10 mV s™!; @ = 100 rot min~!
(curve a), @ = 600 rot, min~?! (curve b), @ = 5000 rot min~! (curve c).
(C) CV in CH,CN+01 M TBAP of a 1 mM solution of
[Fe"(bpy),Cl,]* at a platinum electrode (5 mm diameter); scan rate:
100 mV s~ 1; after an exhaustive reduction at a controlled potential of
—0.14 V (curve a); after an exhaustive reduction at controlled poten-
tial at a —0.4 V of the solution obtained in curve a (curve b).

initial complex. The resulting deep red solution contains 0.64
mM of [Fe(bpy);]>* (the amount is evaluated by its typical
visible absorption band at 521 nm using an & value of 8540
M~ ! cm™1). Besides the reversible peak system of the electro-
generated [Fe(bpy);]** at E,;, = 0.76 V, a quasi-reversible
one at E;;, = 0.62 V is also seen in the positive region, con-
firming the release of C1~ ions.

In the negative region, the reversible reduction peak system
of FeCl, ™ is present at E;;, = —0.32 V. The amount of CI~
and FeCl,~ formed after electrolysis can be estimated by the
height of their respective waves at a rotating Pt electrode by
comparison with data obtained with a pure sample solution of
these products. Values are close to 0.55 mM for C1™ and 0.3
mM for FeCl, ™. Eqn. (1) summarizes the proposed reduction
process of [Fe(bpy),Cl,]2*. The experimental values found
for the amounts of compound formed are in good agreement
with the stoichiometry of the reaction:

[Felll(bpy)2C12] + + %e_ - %[Fell(bpy)3]2+

+ 3Cl™ + 4[Fe"™CL]~ (1)



An additional exhaustive reduction carried out at —0.4 V
consumes 0.28 electron per molecule of initial [Fe™-
(bpy),Cl,]1~ and reduces [Fe™Cl,]~ into [Fe"Cl,]?>~ as
judged by the recorded CV at the end of the electrolysis [Fig.
4(C), curve b]. Eqn. (2) summarizes the overall process
involved in the two successive reductions:

[Fe"(bpy),Cl,1* + ¢~ — 3[Fe'(bpy),]*
+ 4[Fe"CL1>™ + 3C17 ()

A similar electrochemical behaviour is observed for the parent
complex [Fe(dmbpy),Cl,]*. The irreversible reduction of
[Fe(dmbpy),Cl,]* occurs at a more negative potential (E,, =
—0.12 V) while the oxidation of the corresponding trischelate
complex [Fe(dmbpy);]?>* occurs at a less positive potential
(Eq;, = 0.60 V), in accordance with the donor effect produced
by the methyl group on the bipyridine ligand.

Finally, we have tried to electrochemically prepare the
bischloro complex from the trisbipyridine derivative by its
oxidation in the presence of Cl~. [Fe(dmbpy);]>* is a more
convenient candidate than [Fe(bpy);]>* for this experiment
since its oxidation potential is not as close to that of C1~. An
exhaustive oxidation of a mixed solution of [Fe(dmbpy);]**
(1073 M) and Et,NCl (2.2 x 103 M) was carried out at 0.6 V
and the applied potential was gradually increased up to 0.8 V.
After approximately 1.2 electrons per mole of [Fe(dmbpy);]**
had been consumed, all Cl- were consumed and no
[Fe(dmbpy);]®* remained, as shown by analysis of the
resulting solution by CV and visible spectroscopy.
[Fe(dmbpy),Cl,]1* was thus produced in high yield (x95%).
This experiment shows that electrochemistry can be an excel-
lent method to prepare the bischloro derivative and that the
Fe** cation is preferentially coordinated by chloro ligands vs.
bipyridine ones, in contrast to Fe?*. Eqn. (3) summarizes the
electrochemically induced reaction:

[Fe'(dmbpy);]** + 2 CI™ > [Fe"(dmbpy),Cl,]1"
+ dmbpy +e~ (3)

Electrochemical behaviour of [Fe,”™™Q(L),Cl,]%>*. As
observed previously for the parent binuclear bisaqua complex
[Fe,O(L),(H,0),]*",'8 these complexes are not electroactive
in the positive region, while in the negative region an irrevers-
ible peak is observed (E, = —0.52 and —0.60 V for L = bpy
and dmbpy, respectively). On the reverse scan of the CV [Fig.
5(A), curve a] the typical reversible wave system of the metal-
centred oxidation Fe™™ of the tris-L chelate [Fe(L);]**
system appears. Moreover, if the potential is scanned down to
—2.3 V, the regular three successive ligand-based reversible
reductions of this complex are observed. The reduction of the
binuclear complex induces the loss of Cl™ ions as evidenced
by the presence of a shoulder on the oxidation peak of
[Fe(bpy);]12>* on the reverse scan [Fig. 5(4), curve b]. A
controlled-potential reduction at (—0.7 V using a carbon felt
electrode) of a 1 mM solution of these binuclear complexes
yields a deep red solution having the analytical characteristics
of a 1.25 mM solution of [Fe(L);]*>*. Besides the reversible
system of [Fe(L);]**/3*, the quasi-reversible system of Cl~ is
also seen on the CV. The amount of Cl~ ions released, as
estimated by the height of this wave, is close to 1.3 mM. We
suggest that the overall process implied by the reduction of
[Fe,O(L),Cl,]%" is the following:

[Fe,O(L),CL,1*" + 3¢ — 3[Fe(L);]*"
+ %Cl™ + « Fe cloro oxide » (4)

Some amount of iron remains in solution, probably as an
unidentified chloro oxide compound of Fe™ (the formulation
[Fe,05Cl1,]1?>~ can be proposed for the unidentified chloro
oxide in order to respect the mass balance). The n,,, (Faraday
per mol of reactant consumed) of 1.21 obtained is in good
agreement with the stoechiometry of eqn. (4). No [FeCl,]*" is

Fig. 5 (4) CV in CH;CN + 0.1 M TBAP of a 1 mM solution of
[FeMO(bpy),Cl,]1?* at a platinum electrode (5 mm diameter); scan
rate: 100 mV s~!; potential range between —0.5 and 1.1 V curve (a);
potential range between —2.3 and 1.1 V curve (b). (B) After an exhaus-
tive reduction at a controlled potential of —0.7 V.

detected at the end of the electrolysis, indicating that
[Fe(L),Cl,]" is not formed during the reduction process. A
further electrolysis at —1.25 V using the same working elec-
trode allows the consumption of an additional change of 0.82
electron per mol. The total amount of released Cl~ then
reaches 2 mM, showing that the chloro oxide iron(m) is
reduced. It is interesting to note that the reoxidation at +1 V
of the solution does not quantitatively restore the initial binu-
clear complex and instead gives a mixture of bis- and tris-bpy
Fe™ complexes. The coulometric excess (n = 2, 4) is probably
due to the fact that at this potential, the chloride ions are also
oxidized.

Correlation with catalytic oxidation

As previously reported the p oxo bisaqua complex
[Fe,O(L),(H,0),]*" represents one of the most efficient non-
heme iron catalysts for alkane oxidation by tert-butyl hydro-
peroxide (TBHP) in acetonitrile, whereas the p-oxo bischloro
analogues are significantly less active.'® The mechanism of the
oxidation of cyclohexane, for example, by TBHP with such
catalysts is now well documented.?3-2* It appears that the first
species formed during the process is an iron—alkyl peroxo
complex.?® The latter is decomposed into alkoxy radicals by
homolytic cleavage of the O—-O bond able to abstract hydro-
gen from alkane. Obviously one reason for the difference of
activity between the two types of p-oxo complexes comes from
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the lower propensity of the chloro ligands vs. aqua ligands to
exchange to form an iron—alkyl peroxo complex. On the other
hand, an alternative route to form radicals is to consider a
heterolytic cleavage of the Fe—~OOR bond, leading to the for-
mation of a mononuclear species like [Fe(L),(H,0),]>* and
peroxyl radicals. We have recently demonstrated that
[Fe(L),(H,0),]%" is easily quantitatively reoxidized into the
initial [Fe,O(L),(H,0),]*" catalyst by TBHP.!” This present
study shows, in contrast, that the reoxidation of the species
issued from the reduction of [Fe,O(L),Cl,]?>* does not
restore this latter species. This behaviour constitutes another
important limitation to the catalytic efficiency of
[Fe,O(L),CL,1*".

Conclusion

This study shows that the iron(mr) complexes [Fe(L),Cl,]*
and [Fe,O(L),Cl,]>" are electrochemically reduced to
[Fe(L);]?>*. Formation of this complex is accompanied by the
release of C1™ ions and the formation of [FeCl,]~ ions in the
case of [Fe(L),Cl,]" reduction, while an unidentified Fe™
chloro oxide species results from the [Fe,O(L),Cl,]**
reduction. It has also been shown that [Fe(L),Cl,]* can in
turn be electrogenerated by oxidation of [Fe(L);]1?>* in the
presence of Cl~ anions. This result indicates that the Fe3*
cation is preferentially coordinated by chloro ligands vs. bipy-
ridine ones, unlike the Fe?* cation.
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