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Redox-Induced p-Acetato and p-Oxo Core Interconversions in Dinuclear
Manganese Tris(2-methylpyridyl)amine (tpa) Complexes: Isolation and
Characterization of [Mn,"'(u-O)(n-0O,CCH3)(tpa),>*
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Keywords: Manganese / Electrochemistry / N ligands / Bridging ligands

The electrochemical properties of the bis(p-acetato) complex
[Mn,"(O,CCHs),(tpa),]?* (124) [tpa = tris(2-methylpyridyl)-
amine] in an organic medium (CH3;CN) have been studied.
Two successive controlled potential oxidations of a solution
of 12+ at 0.7 and 1.1 V vs. Ag/Ag* (10 mmMm) allow the selective
and nearly quantitative formation of the mono-(p-oxo) mono-
(u-acetato) complex [Mn,"™(O)(O,CCHs)(tpa),]** (2%*) and
the bis(p-oxo) complex [Mn,!'V(O),(tpa),]** (3**), respectively.
These results show that each substitution of an acetate group
by an oxo group is caused by an overall two-electron oxi-

dation of the corresponding dimanganese complex. The as-
sociated electrochemical back transformations were also in-
vestigated. Complex 23*, which possesses a rare mono-(u-
ox0) mono-(u-acetato) motif, has been isolated and charac-
terized by X-ray crystallography. This complex crystallizes in
the monoclinic system, space group P2;/n with a =
11.9899(17), b = 35.050(5), ¢ = 12.3952(18) A, f = 101.218(6)°,
Z =4,

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Much effort has been directed towards the chemistry of
binuclear manganese complexes with oxo- and/or acetato-
bridged cores due to their relevance to biological systems
such as the manganese catalases (Mn Cat) and the oxygen-
evolving complex (OEC) of photosystem II (PSII).!' 3! The
active centers are a di- (MnCat) or a tetranuclear (OEC)
manganese complex where oxidation states II, III, and IV
are implicated during the enzymatic catalytic cycles. The
MnCat switches between the Mn," and Mn,! forms dur-
ing the catalysis, and only these two oxidation states are
able to catalyze the disproportionation of H,O, at ex-
tremely high rates.'! Recent structural characterizations* 7!
of the oxidized Mn,'!"! form reveal a Mn—Mn separation of
3.03 to 3.4 A and that the two metal centers are triply
bridged by a p, ;-carboxylate group of a glutamate (or as-
partate) residue and two oxygen atoms, possibly one oxo
and one hydroxo. EXAFS studies suggest that the Mn—Mn
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separation is significantly longer in the reduced Mn," form
of the enzyme (3.4 to 3.7 A), such that both bridging oxy-
gen atoms come from water and/or hydroxide.®!

In contrast, the exact structure of the active center in
PSII, as well as the mechanism of water oxidation, remain
elusive.>?~151 During the catalytic cycle it is known that the
tetranuclear manganese cluster in PSII cycles through five
increasingly oxidized states, denoted as Sy—S,. The most ox-
idized state, S,, is unstable and relaxes back to S, with the
release of O,. On the basis of XAS and EPR data, it is
generally accepted that the oxidation states in S; and S, are
Mn,"Mn," and Mn"™Mn;'V, respectively.[>'®! XAS stud-
ies have also provided evidence for the existence of Mn—
(1-0)>,~Mn (Mn-Mn distance of 2.7 A) and Mn—(p-O)-Mn
(Mn-Mn distance of 3.3 A) moieties in the tetramer,!7-18]
while the recent crystal structures of PSIII?-23] suggest that
the four metallic ions of the OEC are organized in a “3 +
1” fashion.

The oxidation state changes in both MnCat and PSII
enzymes are accompanied by structural changes involving
the groups bridging the Mn atoms. For example, the signifi-
cant structural changes that occur during the Sy—S; and
S,— S; transitions in PSII have been identified as a depro-
tonation of a p-hydroxo bridge and the formation of a third
Mn—(u-O),-Mn unit, respectively.>!¥ In addition, as sug-
gested recently, the combination of bidentate carboxylate
ligands and mono- or di-oxo bridges could enhance the sta-
bility of the cation arrangement and facilitate rearrange-
ment of the p-oxo bridges during the S-state cycle.*?!
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p-Acetato/p-hydroxo or p-oxo bridging ligand changes in
relation to Mn oxidation have been reported for synthetic
binuclear Mn complexes with multidentate ancillary N and/
or O ligands.[>*34 Electrochemistry is a convenient way to
investigate these kinds of redox-induced structural changes,
and we have previously demonstrated the efficiency of the
electrochemically induced core interconversion in an or-
ganic medium (CH;CN) for the tris(u-acetato) complex
[Mn,"(O,CCHj;)5(bpea),]* [bpea = N,N-bis(2-methylpyrid-
yl)ethylamine].?$2°l  The mono-(p-oxo)  [Mn,(O)-
(O,CCH;)s(bpea),]?* and  bis(u-oxo)  [Mn,'Y(O),-
(O,CCHj;)(bpea),]** complexes have been selectively and
quantitatively generated by an exhaustive electrochemical
oxidation of [Mn,"(O,CCH3;);(bpea),]*. In order to evalu-
ate the influence of the structure of the complex on the
efficiency of the electrochemical process, we report here a
similar study conducted with the bis(n-acetato) complex
[Mn,"(O,CCHs),(tpa),]** (17*) [tpa = tris(2-methylpyrid-
yl)amine]. This latter complex contains tetradentate amino
ligands instead of tridentate ones and only two acetate
bridging ligands instead of three. The electrochemical syn-
thesis of the mono-(p-oxo) mono-(p-acetato) complex
[Mn,(0)(0,CCHj)(tpa),]** (23*) and the redox properties
of the bis(p-oxo) complex [Mn,"V(0),(tpa),]** (3°") are
also reported. Complexes 1(TCNQ),-CH;CN, 3(BPhy),,
and 3(S,0¢)3/2°7H,0337 have been structurally and spec-
troscopically characterized previously, and the electrochem-
ical properties of 33" have been briefly studied in
CH;CN.B7:38] In contrast, complex 23*, which possesses a
rare mono-(i-0xo) mono-(p-acetato) motif,**-#!1 has not
been isolated previously and we report here its characteriza-
tion by X-ray crystallography.

Results

Synthesis and Crystal Structure of [Mn,"(u-O)-
(n-O,CCH;)(tpa),|(PF¢)3 [2(PFq)s]

This complex was obtained by preparative electrolysis of
a concentrated solution of 12" in CH3CN containing 0.1 M
BuyNPF. Slow diffusion of diethyl ether into this solution
leads to single crystals of 2(PF¢);*CH3;CN in good yield (see
Experimental Section). The structure of this complex was
determined by X-ray diffraction. Figure 1 shows the struc-
ture of the [Mn,™(u-O)(u-O,CCH;)(tpa),]** cation and the
atom labelling scheme; Table 1 summarises important bond
lengths and angles. Each manganese atom exhibits a highly
distorted octahedral geometry and is bound by four nitro-
gen atoms from a single tpa ligand and two oxygen atoms,
one from the bridging oxo group and the other from the
bridging acetate.

The {Mn,(O)(O,CCH3)}3* core of the complex yields a
Mn--Mn distance of 3.253(3) A. To the best of our knowl-
edge, only four other crystallographically characterized
complexes possess this type of core. In [Mn,'"(O)-
(O,CCHj;)(bispicen),]** [bispicen = N,N’-bis(2-methylpyr-
idyl)ethane-1,2-diamine] and [Mn,'"(O)(O,CCHS)-
(bispicMe,en),]** [bispicMe,en = N,N’-dimethyl-N,N’-bis-
3180
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Figure 1. ORTEP view of the cation [Mn,"(O)(O,CCHj;)(tpa),]**
).

Table 1. Selected bond lengths [A] and angles [?] for 2(PFg)s
CH;CN.

Mn(1)-Mn(2) 3.253(3)

Mn(1)-N(1) 2.187(3) Mn(2)-N(5) 2.168(3)
Mn(1)-N(2) 2.163(3) Mn(2)-N(6) 2.193(3)
Mn(1)-N(3) 2.194(3) Mn(2)-N(7) 2.201(3)
Mn(1)-N(4) 2.048(3) Mn(2)-N(8) 2.058(3)
Mn(1)-O(1) 1.987(2) Mn(2)-0(2) 1.987(2)
Mn(1)-O(3) 1.778(2) Mn(2)-O(3) 1.786(2)
Mn(1)-O(3)-Mn(2) 131.82(3)

N(I)-Mn(1)-N(@2)  78.68(11)  N(5)-Mn(2)-N(6) 75.85(11)
N(I)-Mn(1)-N@3)  75.38(11)  N(5)-Mn(2)-N(7) 78.27(11)
N(1) Mn(1) N@)  80.80(11)  N(5)-Mn(2)-N(8) 80.82(11)
N(2)-Mn(1)-N(3)  154.0011)  N(6)-Mn(2)-N(7) 153.91(11)
N(2)-Mn(1) N@)  8387(11)  N(6)-Mn(2)-N(8) 89.71(11)
NG)-Mn(1) N@)  90.22(12)  N(7)-Mn(2)-N(8) 82.93(12)
O(1)>Mn(1)-03)  98.29(11)  O(2)-Mn(2)-O(3) 98.49(11)
O(1)Mn(1)-N(1)  166.49(12)  O(2)-Mn(2)-N(5) 170.68(12)
O(1)Mn(1)-N(2)  109.05(11)  O(2)-Mn(2)-N(6) 105.87(11)
O(1) Mn(1) N(3)  96.08(11)  O(2)-Mn(2)-N(7) 99.15(11)
O(1) Mn(1) N@4)  88.90(11)  O(2)-Mn(2)-N(8) 89.99(11)
0(3)-Mn(1)N(I)  9245(11)  O(3)-Mn(2)-N(5) 90.65(11)
0(3)-Mn(1) N(2)  91.42(11)  O(3)-Mn(2)-N(6) 89.72(11)
0(3)-Mn(1)N(3)  91.45(11)  O(3)-Mn(2)-N(7) 93.85(11)
0(3)-Mn(1)-N@)  172.40(11)  O(3)-Mn(2)-N(8) 171.32(11)

(2-methylpyridyl)ethane-1,2-diamine],*” the Mn-Mn dis-
tances are 3.276(3) and 3.292(14) A, respectively, whereas
in [Mn,"(0)(O,CCH;)(tmima),]** [tmima = tris(1-methyl-
imidazol-2-yl)methylamine]*” and [Mn,"(O)(O,CCHj5)-
(bpia),]** [bpia = bis(picolyl)(N-methylimidazol-2-yl)-
amine]*! the two manganese ions are separated by 3.250(1)
and 3.2544(8) A, respectively. Compared to the other crys-
tallographically characterized dimanganese tpa complexes,
the Mn-+Mn distance in 2" is significantly longer than
those found in the bis(p-oxo) complexes at the (I11,111) and
(IILIV) oxidation level [2.656(2) A (3%*)3¢ and 2.643(1) A
(3*")1¥7]] and shorter than that in the bis(p-acetato) complex
[4.154(1) A (12+)].39 A noticeable compression of the bond
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lengths along the Npyrigine(4 or 8)-Mn—O,y,(3) axis is ob-
served in 23" due to the Jahn-Teller effect expected for a
high-spin d* Mn'" ion. Although this kind of distortion is
rarely observed for a Mn'"! ion, a similar tetragonal com-
pression occurs in the four other complexes with the same
core.’41 The Mn-O,,,—Mn angle of 131.82(3)° in 23* is
comparable to those found in the four other complexes
(130.9° < Mn-O,,,—Mn < 133°). The Mn-O,,, bond
lengths of 1.778(2) and 1.786(2) A and the Mn—Occque dis-
tance of 1.987(3) A in 23* are consistent with the corre-
sponding bond lengths reported for the parent complexes
[1.784(3) < Mn-O.,, < 1.801(3) A and 1.90(3) < Mn-—
Ocary < 2.042(4) AP #1) The Mn—N,igine(4 and 8) bonds
[2.048(3) and 2.058(3) A] trans to the oxo group are con-
siderably shorter than the other Mn—Nigine bond lengths
due to the compression of the octahedron [Mn(1)-N(2)
2.163(3), Mn(1)-N@3) 2.194(3), Mn(2)-N(6) 2.193(3),
Mn(2)-N(7) 2.201(3) A]. The distortions from octahedral
geometry observed around the Mn ions are also due to the
spatially constrained nature of the tetradentate tpa ligand,
as revealed by the values of the Nypine—Mn—N,,idine intrali-
gand angles, which range between 75.38° and 90.22°
(Table 1); the theoretical value is 90°.

Electrochemistry

As we will see, the oxidation of 12* in CH;CN is a fully
irreversible process that leads first to the mono-(p-oxo)/
mono-(p-acetato) complex 23" and then the bis(p-0x0) com-
plex 3** (Scheme 1). For a better understanding of the pro-
cesses involved, the electrochemical behavior of 3% is first
presented, and then those of complexes 23* and 1?*. All the
potentials are referenced to an Ag/0.01 M AgNO; reference
electrode in CH;CN + 0.1 M BuyNCIO,. Potentials referred
to this system can be converted to the ferrocene/ferrocen-
ium couple by subtracting 87 mV, or to SCE or NHE by
adding 298 or 548 mV, respectively.[*’]

Electrochemical Behavior of [ Mn,”™"V(0),(tpa),](ClO,);
[3(ClOy);]

As previously observed by Suzuki et al.,[38! the cyclic vol-
tammogram of a CH;CN solution of 33" in the presence of
0.1 M BuyNCIO, (Figure 2, A) displays a single reversible
oxidation wave at E3 = 0.77V (Eja = 0.80 and E3? =
0.74 V; AE, = 60 mV) and one reversible reduction wave at
Ef = -0.05V (E}2 = -0.08 and EJ8 = -0.02V; AE, =

60 mV) corresponding to Equations (1) and (2), respec-
tively.
[anlll,[V(O)z(tpa)2]3+ — [anlV,IV(O)Z(tpa)2]4++e—
3 3 )]
[anlll,[V(O)z(tpa)z]3++e— e [anll[,lll(o)z(tpa)2]2+
2

33+ 32+
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Scheme 1. Electrochemical interconversions of dinuclear manga-
nese tpa complexes.

Exhaustive electrolyses of solutions of this complex con-
firm the excellent stability of the Mn,"™™ (32*) and
Mn,™V (3**) species. Exhaustive reduction of a solution
of 33* at 0.2 V consumes one electron per molecule of
complex and leads to the quasi-quantitative formation of
the one-electron-reduced species 3** (yield: 97%). The yield
is calculated from the relative height of the two waves
[Equation (2)] of the voltammograms at a rotating disc elec-
trode before and after reduction (Figure 2, B).
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Figure 2. (A) Cyclic voltammograms at a Pt electrode (diameter:
5 mm) of a 0.72 mm solution of 3** in CH5CN + 0.1 M BuyNCIOy;
sweep rate: 100 mVs~!; (B) voltamperograms at a Pt rotating disc
electrode (diameter: 0.2 mm); rotation speed: 600 min~!; sweep rate:
10 mVs~!: (a) solution (A), (b) solution (A) after exhaustive re-
duction at —0.2 V (formation of 3?*), and (c) after exhaustive oxi-
dation of a solution of a 0.72mM of 3** in CH3;CN + 0.1M
Buy,NBF, at 0.9 V (formation of 3**). The numbers in parentheses
correspond to the equation number in the text.

On the other hand, as previously reported,*®! exhaustive
oxidation of a solution of 33* at 0.9 V in CH;CN in the
presence of 0.1 M BuyNCIO, leads to the formation of a
green precipitate corresponding to 3**. However, we were
able to prevent the precipitation of 3** by using BuyNBF,
as supporting electrolyte instead of BuyNCIO,. This com-
plex is formed in solution with a 95% yield after one elec-
tron has been consumed per molecule (Figure 2B). Figure 3
displays the absorption spectra of the different species in
the visible region. The green (I11,1V) complex 33* (spectrum
a) shows three bands in the visible region at 444 (¢ =
1490 m'em™), 560 (760), and 658 nm (620) and one band
in the UV region at 258 nm (36850). The green (IV,IV) com-
plex 3** (spectrum c) exhibits three visible bands at 418,
534 and 642 nm. This spectrum is similar to that obtained
by Suzuki et al.’® after redissolution of the green precipi-
tate of [Mn,'V'1V(0),(tpa),](ClO,), in CH5CN in the ab-
sence of supporting electrolyte [418 (6000), 534 (1032), and
642 nm (1084)]. The pale-yellow (ITI,IIT) complex (spectrum
b) does not exhibit any well-resolved bands in the visible
region.3¢!
3182
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Figure 3. Visible absorption spectra of a 0.72 mM solution of 33*
in CH3CN + 0.1 m BuyNCIOy: (a) initial solution, (b) solution (a)
after exhaustive reduction at 0.2 'V, and (c) after exhaustive oxi-
dation of a 0.72 mm solution of 3** in CH3;CN + 0.1 m BuyNBF,
at 0.9 V;/=1cm; inset: / = 2 mm.

Electrochemical Behavior of [ Mn,"'(0)(0,CCH;)(tpa),]-
(PFg);CH;CN [2(PFg);CH;CN]

Figure 4 shows the visible absorption spectrum of 23*.
This pale purple/red complex exhibits two visible absorp-
tion bands at 494 (¢ = 520 M 'cm ™) and 532 nm (440) cor-
responding to d-d transitions and a broad absorption band
centerd at 720 nm (185). This spectrum is similar to those
reported for other complexes possessing the same
{Mn,(O)(0O,CCH3)}3* core.3%#! The cyclic voltammog-
ram of this complex in CH3CN containing 0.1 m BuyNBF,
(scan rate of 100 mVs!) displays three waves at E7p =
095V (EZx = 1.00 and EZ} = 0.90 V; AE, = 100 mV),

Absorbance

400 600 800 i (hm)
Figure 4. Visible absorption spectra of a 0.77 mM solution of 23*
in CH;CN + 0.1 m BuyNBEF,: (a) initial solution, (b) solution (a)
after exhaustive oxidation at 1.15V, and (c) solution (b) after
exhaustive reduction at 0.6 V; / = 1 cm.
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E3B = 145V (E28 = 1.49 and E28 = 1.41 V; AE, = 80 mV);
EBS = 007V (EXS = 0.12 and ES = 0.02V; AE, =
100 mV; Figure 5, A). The two oxidation waves are revers-
ible and are attributed to the redox couples Mn,!!-I/ILIV
and Mn,"-IVIVIV [Equations (3) and (4), respectively].

1110 wA]
.05

-o'.5\70 05 pA 10 15
38

P

Figure 5. (A) Cyclic voltammograms at a Pt electrode (diameter:
5mm) of a 0.77 mm solution of 23* in CH3CN + 0.1 M BuyNBF;
scan rate: 100 mVs!; (B) solution (A) after exhaustive oxidation
at 1.15V [curve (—), formation of 3**], then exhaustive reduction
at 0.6 V [curve (----), formation of 33*], and (C) after exhaustive
reduction of a 0.3 mum solution of 23* at 0.4 V (formation of 1°*
and 3*%); scan rate: 100 mVs~!. The numbers in parentheses corre-
spond to the equation number in the text.

The reduction wave, which is only partially reversible
at that scan rate, is associated with the redox states
MHZIII,IH/HI,II [Equation (5)]

Eur. J. Inorg. Chem. 2007, 3179-3187
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[Mn;"(O)(0,CCH;)(tpa)]’" == [Mn,""V(0)(0:CCH)(tpa)]* +e
23A 24+ ( 3 )

Mn;""Y(O)0,CCHs)(tpa),]* = [Mn,Y(OX0,CCHs)(tpa),]”" + ¢

" " @

[Mn,"'(0)(O;CCHs)(tpa)]*' +e ==
23 92+

[Mny""'{(0)(0,CCH;)(tpa),]” )

The additional reversible wave with low intensity located
at E33 = 0.77 V corresponds to an impurity of about 8%
of the bis(p-oxo) complex 33" present in the sample (see
below). None of the oxidized or reduced species of 23* are
stable over the timescale of a controlled potential electroly-
sis.

Exhaustive oxidation of a solution of 23* at a potential
of 1.15V consumes about two electrons per molecule of
complex and leads to the quasi-quantitative formation of
the di-p-oxo Mn,™V complex 3**. The formation of this
complex is the result of the instability of the one-electron-
oxidized form of 23* [Mn,"V(0)(0O,CCH;)(tpa),J**
[Equation (3)], which reacts with residual water in the sol-
vent?>2%431 to form the binuclear complex 33* by substitu-
tion of one acetato bridge by an oxo bridge [Equation (6)].

[Mny""Y(O)0,CCHy)(tpa),] + RO =
24+

6
[Mn"™V (O)(tpa)a]”* + CHsCO, + 2 HY ©

3?+

However, since 3** is more easily oxidizable than 23*
(E33 =0.77 and E}3 = 0.95 V, respectively), 33" is oxidized
to 3** at the electrolysis potential used for the oxidation of
22" [E = 1.15 V; Equation (1)]. Equation (7) summarises the
overall reaction.

Mny"(OYO.CCH:)(tpa),” + H.0 =
23+
7
[Mn,"V(O)(tpa),]*" + CH3CO,™ + 2 H + 2¢”

34+

It should be noted that if one of the two protons released
is trapped by the acetate anion released, the other one does
not interact with 3** since the formation of this complex is
quasi-quantitative, as estimated by electrochemistry and by
visible absorption spectroscopy (Figure 4, spectrum b). The
cyclic voltammogram obtained after oxidation (Figure 5, B)
shows the one-electron reversible wave at Eip = 0.77V
which is typical of the electroactivity of 3**, [Mn,'V-1V/
3183

www.eurjic.org



FULL PAPER

M.-N. Collomb et al.

Mn,™ 1V couple; Equation (1)] and is followed by a second
irreversible system at —0.21 V corresponding to the re-
duction of 33*. The irreversibility of this latter system is due
to the presence of both acetate anions and protons released
during the oxidation in solution [Equation (7)].

Indeed, under these particular conditions the reduction
of the electrolyzed solution of 3** at —0.4 V (three electrons
consumed per initial molecule of 23*) does not lead selec-
tively to the complex 32* but to an equimolar mixture of
complexes 3" and 1%, as for the direct reduction of the
initial solution of 23* at this potential (see below). If the
electrolyzed solution of 3** is reduced at 0.6 V (consump-
tion of about one electron per molecule of initial complex
23%), 33" is obtained [Equation (1), Figure 5, B (dashed
curve].

Exhaustive reduction of a solution of complex 23" at a
controlled potential of —0.4 V consumes one electron per
molecule of complex. The resulting cyclic voltammogram
(Figure 5, C) corresponds to the superimposition of the ac-
tivity of complexes 3> and 1?* (see below). The respective
amount of both complexes was estimated from the height
of the different waves at the rotating disc electrode and cor-
responds, for each complex, to half of the initial concentra-
tion of 23*. The reduction mechanism of 23* involves the
initial formation of the unstable species 2°* [Equation (5)]
which undergoes a disproportionation reaction to give the
stable final species 1>* and 3?* [Equation (8)].

Mn,""(O)O,CCHa)(tpa), ]t —

22+
®)
Y5 [Mn2"(O2CCHy)a(tpa)a]™™ + %5 Mo (O)a(tpa)a]*”
12+ 32+
Equation (9) summarises the overall process.
[Mn"(O)XO,CCHa)(tpa)]”" + & ==
23+
®

Vs [Mny(02CCHaa(tpa),]** + ¥ [Mn,™(O)y(tpa),]*
12+ 32+

The two oxidation waves of 23* [Equations (3) and (4)]
appear to be more reversible than those of
[Mn,(0)(O,CCHj;),(bpea),]*>* at the same scan rate.*”]
This shows that the rate of formation of the bis(p-oxo) com-
plex 3" is slower than that of [Mn,""V(O),-
(O,CCHj;)(bpea),]** due to the greater stability of
[Mn,"V(0)(O,CCH5)(tpa),]** compared to [Mn,"H1V(0)-
(O,CCH3),(bpea),]**.

Electrochemical Behavior of [ Mn,"'(0,CCH;),(tpa),]-
(PFs); [1(PF5):]

The cyclic voltammogram of a solution of 12* in CH;CN
containing 0.1 m BuyNBF, displays a first irreversible oxi-
dation peak at E}, = 0.70 V corresponding to the oxidation

3184
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of the metallic centers of the complex (Figure 6, A). This
oxidation leads to the formation of 23*, as evidenced by the
presence of its two partially reversible oxidation waves at
E?y = 0.95 and E?B = 1.45V, which follow the irreversible
oxidation peak at 0.70 V, and by the irreversible reduction
peak at —0.04 V in the reverse scan. Complex 33*, which is
formed during the oxidation of 23* at E2} = 1.0V, is also
detected in the cyclic voltammogram by the presence of its
first reduction peak at E32 = 0.73 V. This electro-induced
transformation is faster than the oxidation of 23" into 33*
since the oxidation peak of 12* is fully irreversible even for
higher scan rates of up to 500 mVs'.

0 pA]

.05 . . 10 15

Figure 6. Cyclic voltammograms at a Pt electrode (diameter: 5 mm)
of (A) a 0.45 mM solution of 1% in CH;CN + 0.1 M of BuyNCIOy;
(B) solution (A) after exhaustive oxidation at 0.7 V (formation of
23%), and (C) solution (B) after exhaustive oxidation at 1.10 V (for-
mation of 3**); scan rate: 100 mVs'. The numbers in parentheses
correspond to the equation number in the text.

As expected, exhaustive oxidation of a solution of 12* at
0.7 V consumes two electrons per molecule of complex and
leads mainly to the formation of 23" (yield: 90%). The re-
sulting cyclic voltammogram displays the typical activity of
this complex (Figure 6, B). However, a small amount of 33*
is also formed during the oxidation process (about 8%), as
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attested by the presence of its reversible oxidation wave at
E3% = 0.77 V. This explains why the same amount of this
complex is present in the sample of 23* isolated from elec-
trolyzed solutions.

The processes involved in the oxidation of 1> are sum-
marized in Equation (10) [Scheme 1(a)].

[Mn,"(0,CCHah(tpah " + H,O =
12+
(10)
[Mn,"(0)(O.CCH;)(tpa),*" + CH;CO, + 2 HY +2 ¢

23+

As for the oxidation of 23* into 3** [Equation (7)], the
oxidation of 1?* into 23* leads to the dissociation of one
acetate anion and the formation of an oxo bridge between
the two manganese ions by deprotonation of a water mole-
cule from the solvent.

Subsequent electrolysis at 1.10 V results in the quantita-
tive formation of 3** after the exchange of two additional
electrons per molecule of the initial complex 1>* [Equa-
tion (7)] [Scheme 1 (b)]. The cyclic voltammogram of the
resulting green solution (Figure 6, C), as well as the visible
absorption spectrum, are typical of a solution of 3**. It
should be noted that 3** can be generated directly, with the
same yield, by a four-electron oxidation of 1% at 1.10 V
[Equation (11); Scheme 1 (a—c)].

[Mn,"(O,CCH3)(tpa),)*” + 2H,0 ==
12+
(11)
[Mn,"V(O)(tpa)]*" + 2 CH;COs +4 H" +4 &

34+

The reaction in Equation (10) is an overall reversible pro-
cess, therefore a controlled-potential reduction of the elec-
trochemically generated solution of 23" at —0.6 V com-
pletely restores the initial amount of 12* [Scheme 1 (a)] after
the consumption of two electrons per molecule of initial
12*. Likewise, the initial amount of 12* can also be obtained
by a controlled-potential reduction of the electrochemically
generated solution of 3* at —0.6V [Equation (11);
Scheme 1 (a—c)] after consumption of 3.8 electrons per
molecule of 177,

Discussion and Conclusion

We have systematically investigated the redox properties
of three different cores {Mn,"(u-O,CCHs),}, {Mn,"(p-
O)(1-0,CCH3)}, and  {Mny"(u-0),}/{Mn,y" 1V (-0),}/
{Mn,™V(u-0O),} with the same terminal ligand (tpa) and
studied possible core interconversions between the various
oxidation levels of manganese. Oxidation of the {Mn,"(u-
0,CCH5;),} complex 1?* is fully irreversible and mainly
leads to {Mn,""(u-O)(u-O,CCH5)} (23*). Further oxidation
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of 23" yields the {Mn,™V(u-0),} complex 3*" quantita-
tively (Scheme 1). The rate of the electroinduced transfor-
mation of 12* into 23" is faster than that of 23" into 3**, as
shown by the shape of the cyclic voltammograms of 12*
and 23*, which attests to the greater instability of a (u-
0,CCHy3), species at the Mn,"""! oxidation level than that
of a (p-0)(u-O,CCHj) at the Mn,™ 1V oxidation level. In
addition, 23* and 3** can be selectively generated owing to
a good separation of the two two-electron oxidation waves
[the oxidation potentials of 12* and 23* are 0.70 and 0.95 V
vs. Ag/Ag* (10 mm), respectively]. The oxidation potential
of 3%* (0.77 V) is located between the oxidation potentials
of 12" and 23*. These transformations (1" into 2** and 23*
into 3**) are chemically reversible by reduction processes,
although the two steps are not separated. Indeed, 12" is
directly and entirely regenerated by reduction of 3*" (or
33*). These core interconversions under oxidative and re-
ductive conditions obviously occur concomitantly with pro-
tonation/deprotonation reactions at the bridging oxo
groups.

We have also isolated and crystallographically charac-
terized a new binuclear manganese complex in the tpa series
(23*), which shows that the (IILIII) oxidation state in the
tpa series is stable with two types of cores: a bis(ji-oxo) and
a mono-(pn-oxo) mono-(p-acetato). The difference in
Mn--Mn separation across the four binuclear tpa com-
pounds is 1.50 A  [{Mn,'(O,CCH;),}  4.154(1),
{Mn,"(0)(O,CCH3)} 3.253, {Mn,"[(0),} 2.656(2),
{Mn,""V(0),} 2.643(1) A].

These electrochemical and crystallographic results are in
agreement with the hypothesis of the presence of one oxo
bridge for the active site of MnCat in the Mn,™" oxi-
dation state.

We are currently evaluating the ability of these tpa com-
plexes to disproportionate hydrogen peroxide in order to
compare their efficiencies to those of the parent bpea com-
plexes. Indeed, although the electrochemical behavior of the
bpea and tpa complexes are quite similar, the oxidation po-
tentials of the bpea complexes are clearly lower (about 160—
190 mV) than those of the tpa complexes owing to the pres-
ence of an additional acetate bridge, which has a more pro-
nounced electron-donor character than that of pyridine. In
addition, the rate of formation of the Mn,™V complex 33*
by oxidation of the Mn,""™™ T complex 23* is slower than
that of the tpa derivative. A different catalytic efficiency
may therefore be expected for these two kinds of complexes.

Experimental Section

Materials: Acetonitrile (Rathburn, HPLC grade) was used as re-
ceived and stored under argon in a glovebox. Tetra-n-butylammo-
nium perchlorate (BuyNClOy,), tetra-n-butylammonium tetrafluo-
roborate (BuyNBF,), and tetra-n-butylammonium hexafluorophos-
phate (BuyNPF) were purchased from Fluka and used as received.

Tris(2-pyridylmethyl)amine (tpa) and the complex 3(ClOy4); were
synthesized according to previously described methods.[*®

[anll(OZCCH3)2(tpa)2](PF6)2 [1(PF6)2]: A solution of
MnSO4-H,0 (38.2 mg, 0.227 mmol) in water (5 mL) was added to
3185
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a solution of tpa (66 mg, 0.227 mmol) in methanol (5 mL). After
25 min of stirring, a solution of NaCH3;CO, (19 mg, 0.227 mmol)
in water (1 mL) was added. The resulting colorless solution was
stirred at room temperature for 15 min. After addition of solid
KPF¢ (82.2 mg, 0.446 mmol) the solution was evaporated to dry-
ness and the yellow-white residue redissolved in CH3CN. The solu-
tion was filtered to remove insoluble white K>SO, and the filtrate
was then evaporated to dryness. The colorless residue obtained was
then redissolved in dichloromethane and the resulting solution fil-
tered to remove a white powder corresponding to excess KPF¢. The
filtrate was then evaporated to dryness and a pale-yellow powder
corresponding to 1(PF4), was obtained. Yield: 150 mg (60%).
These crystals analyzed satisfactorily as [Mn,"(u-O,CCHs),-
(tpa),](PF¢),. CyoHyoF12Mn,NgO4P, (1098.6): caled. C 43.71, H
3.85, N 10.2; found C 43.66, H3.91, N 10.12. IR (KBr): v =
3428 cm™! (m), 1605 (s), 1580 (s), 1505 (w), 1484 (m), 1444 (s), 1353
(w), 1294 (m), 1269 (w), 1158 (m), 1122 (w), 1100 (m), 1053 (m),
1017 (m), 840 (vs), 764 (s), 639 (m), 557 (s), 500 (w), 415 (w).

[Mn,"'(O)(0,CCH;)(tpa),l(PF¢); [2(PF¢);]: This complex was syn-
thesized by an electrochemical procedure. Exhaustive oxidation of
a 4.5 mm solution of 1(PFg), in 12 mL of CH;CN containing 0.1 M
BuyNPFy as supporting electrolyte at 0.80 V on a platinum plate
led to formation of a red-purple solution corresponding to the
complex 23*. Red-purple crystals of 2(PFg);:CH;CN suitable for
X-ray diffraction were grown after one day by slow vapor diffusion
of diethyl ether into this solution. These were filtered, washed with
CH,Cl,, and dried under air. Yield: 53.9 mg (85%). These crystals
analyzed satisfactorily as 2(PFg)s. C3gH3oMn,NgO3P3F g (1200):
caled. C 37.93, H3.24, N 9.51; found C 38.00, H 3.25, N 9.33. IR
(KBr): v = 3445 cm™! (vs), 1609 (s), 1574 (w), 1531 (w), 1487 (w),
1445 (s), 1295 (m), 1163 (m), 1101 (m), 1063 (m), 1032 (m), 1023
(m), 839 (vs), 761 (m), 707 (m), 678 (m), 661 (m), 614 (m), 557 (s),
414 (w). UV/Vis (CH3CN): Jmay (6) = 256 nm (20640 M 'cm '), 289
(10910, sh), 380 (1160, sh), 494 (410), 532 (350), 720 (150).

Spectroscopy: Infrared spectra were recorded with a Perkin—Elmer
Spectrum GX FTIR spectrometer. Electronic absorption spectra
were recorded with a Cary 50 Varian spectrophotometer. Initial
and electrolyzed solutions were transferred into a conventional cu-
vette cell in a glovebox. The cell was inserted into an optical trans-
lator connected to the spectrophotometer through a fiber optic sys-
tem (Photonetics Spectrofip System). The optical fibers pass
through the wall of the dry box via seals.

Electrochemical Measurements: All electrochemical measurements
were run under argon in a dry glovebox at room temperature. Cy-
clic voltammetry (CV) and controlled potential electrolysis experi-
ments were performed using an EG&G PAR model 173 potentios-
tat equipped with a PAR model universal programmer and a PAR
model 179 digital coulometer. The electrolyte was a 0.1 M solution
of BuyNCIO,4, BuyNBF,, or BuyNPF4 in CH;CN. A standard
three-electrode electrochemical cell was used. Potentials were re-
ferred to an Ag/l10 mmM AgNO; reference electrode in CH;CN
(+0.1 M BuyNClO,). The working electrodes were S-mm-diameter
platinum disks polished with 2-um diamond paste for cyclic vol-
tammetry [E,,: anodic peak potential; E,.: cathodic peak potential;
E\p = (Epa + Ep)l2; AE, = E,,, — E,] and 2-mm-diameter disks for
rotating disk electrode experiments (RDE). Exhaustive electrolyses
were carried out with a 5cm? platinum cylinder or a
10X 10x4 mm? carbon felt electrode (RCV, 2000, 65 mgcem =, from
Le Carbone Lorraine). The counter electrode was a Pt wire in
CH;CN (+0.1 M BuyNClO,4, BuyNBF,, or BuyNPFy).

Crystal-Structure Determination of 2(PF¢);*CH3CN: A crystal of
2(PF4);*CH5CN of dimensions 0.5% 0.4 X 0.08 mm? was selected.
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Diffraction data were collected with a Bruker SMART dif-
fractometer with Mo-K,, radiation. All calculations were performed
using the SHELXTL computer program.[*l The structure was
solved by direct methods and refined by full-matrix least-squares
fits on F2. The crystallographic data are summarized in Tables 1
and 2.

Table 2. Principal crystallographic data and parameters for
[Mn,"(0)(0,CCH3)(tpa),](PFe)s*CH3;CN [2(PF4);*CH3CN].

Compound [Mn,"(O)(O,CCHj;)(tpa),](PF¢);*CH;CN
Chemical formula C40H42F13MH2N903P3
Formula weight 1241.62

Crystal system monoclinic

Space group P2,/n

a[A] 11.9899(17)

b[A] 35.050(5)

¢ [A] 12.3952(18)

p [1 101.218(6)

VA3 5109.5(13)

T [K] 223(2)

2 [A] 0.71073

Density [mgm 7] 1.614

zZ 4

u [mm] 0.701

F(000) 2504

Reflections collected 10619

R 0.0514

WR,®! 0.1048

[a] Ry = Zl|Fo| — [F/ZIF|. [b] wR = [Zw(Fo| — [F)/ZwF".

CCDC-625212 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
datarequest/cif.
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