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Carboxylate Ligands Drastically Enhance the Rates of Oxo Exchange and
Hydrogen Peroxide Disproportionation by Oxo Manganese Compounds of
Potential Biological Significance

Lionel Dubois,” Jacques Pécaut,” Marie-France Charlot,'! Carole Baffert,'"!
Marie-Noélle Collomb,'Y Alain Deronzier,' and Jean-Marc Latour*!*!

Abstract: To mimic the carboxylate-
rich active site of the manganese cata-
lases more closely we introduced car-
boxylate groups into dimanganese
complexes in place of nitrogen ligands.
The series of dimanganese(IIL,IV) com-
plexes of tripodal ligands
[Mn,(L),(O),’*'*"*~ was extended
from those of tpa (1) and H(bpg) (2) to
those of Hy(pda) (3) and Hj(nta) (4)
(tpa=tris-picolylamine, H(bpg)=Dbis-
picolylglycylamine, H,(pda)=picolyldi-
glycylamine, = Hj(nta)=nitrilotriacetic
acid). While 3 [Mn,(pda),(O),][Na-
(H,0);] could be synthesized at —20°C
and characterized in the solid state, 4
[Mn,(nta),(0),]>~ could be obtained
and studied only in solution at —60°C.
A new synthetic procedure for the

devised, using stoichiometric reduction
of the dimanganese(IIL,IV) precursor
by the benzil radical with EPR moni-
toring. This enabled the preparation of
the parent dimanganese(IILIII) com-
plex 5 [Mny(tpa),(O),](ClO,),, which
was structurally characterized. The
UV/visible, IR, EPR, magnetic, and
electrochemical properties of com-
plexes 1-3 and 5 were analyzed to
assess the electronic changes brought
about by the carboxylate replacement
of pyridine ligands. The kinetics of the
oxo ligand exchanges with labeled
water was examined in acetonitrile so-
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lution. A dramatic effect of the
number of carboxylates was evidenced.
Interestingly, the influence of the
second carboxylate substitution differs
from that of the first one probably be-
cause this substitution occurs on an
out-of-plane coordination while the
former occurs in the plane of the
[Mn,O,] core. Indeed, on going from 1
to 3 the exchange rate was increased
by a factor of 50. Addition of triethyla-
mine caused a rate increase for 1, but
not for 3. The abilities of 1-3 to dispro-
portionate H,O, were assessed volu-
metrically. The disproportionation ex-
hibited a sensitivity corresponding to
the carboxylate substitution. These ob-
servations strongly suggest that the car-
boxylate ligands in 2 and 3 act as inter-
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nal bases.

Introduction

Although it is a by-product of aerobic respiration, hydrogen
peroxide is considered highly deleterious because its reduc-
tion gives rise to the hydroxyl radical, which is able to
attack all cell components. Therefore, as soon as it is pro-
duced, H,O, is disproportionated by the catalase enzymes,
which play a pivotal role in the protection of living cells
against oxidative stress."”l Most of these enzymes are hemo-
proteins, but manganese is a cofactor of a few of bacterial
origin.~

Crystallographic studies have revealed that the active
sites of the Mn catalases found in the bacteria Thermus ther-
mophilus® and Lactobacillus plantarum™ each comprise
two manganese atoms triply bridged by the carboxylate
group of a glutamate and two water-derived ligands. In the
reduced state of the enzymes (Mn"Mn"), these two ligands
are probably a hydroxide ion and a water molecule,® while
in the oxidized state (Mn"Mn™)® they are oxide ions as in
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the “superoxidized state” (Mn"Mn").'""! In addition, each
manganese ion is bound to the protein chain through one
histidine and one glutamate.

Biochemical studies'!! have shown that neither the
Mn"Mn" nor the Mn"Mn" states are functional, and elegant
spectroscopic studies!'” have demonstrated that during catal-
ysis the Mn pair shuttles between the oxidation states
Mn"Mn" and Mn"Mn". So far, the fast kinetics of the enzy-
matic reaction (ko ~10°s™)! and the fact that the oxi-
dized and the reduced forms both react with the same sub-
strate (H,0,) have precluded detailed mechanistic studies.
As a consequence, most mechanistic hypotheses have been
based on studies of biomimetic compounds."*'® Numerous
reports on the “catalase-like reaction” have been published
for very diverse manganese compounds. Nevertheless, the
most detailed mechanistic studies were performed on com-
plexes of binucleating ligands involving either alkoxides!"")
or phenolates,® %! which stabilize the dimanganese unit by
providing it with an internal bridge. Depending upon the
Mn ligands, all oxidation states of the pair from Mn"Mn" to
Mn"Mn" have been implicated in the catalysis. Conversely,
few detailed studies have been performed with manganese
complexes possessing a bis-(u-oxo) bridging pattern, in spite
of the fact that it is the one found in the enzymes.”!"

An examination of the literature shows that only a few
bis-(p-oxo)bis-manganese(III) complexes have been struc-
turally characterized, ! while their Mn™Mn"™ counterparts
are plethoric.'*'%3! In addition, all of these complexes pos-
sess hindered nitrogen ligands, and moreover no general ef-
ficient synthetic procedure for the bis-(p-oxo)bis-
manganese(I1I) complexes has been devised so far.

In order to try to design more reliable manganese catalase
models we decided to use tripodal ligands in which carbox-
ylate donors could easily be introduced and to investigate
the reactivities of the corresponding complexes. The ligands
used in this study are depicted in Scheme 1. They involve
successive replacements of pyridyl groups by carboxylate
groups, going from tris-2-picolylamine (tpa) to bis-2-picolyl-
glycylamine (Hbpg), to 2-picolyldiglycylamine (H,pda), and
finally to nitrilo-tris-acetic acid (H;nta).

In this article we present the syntheses of the unknown
bis-(p-0x0)-bis-manganese(II1,IV) complexes of the pda and
nta ligands. We also describe a general one-electron reduc-
tion procedure to provide the bis-(u-0x0)-bis-manganese-
(IILIIT) compounds, which enabled us to obtain the tpa and

H(bpg) H,(pda)
Scheme 1. Ligands used in this study.
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Hbpg complexes. Finally we report on the influence of the
carboxylate contents of the tripodal ligands on the proper-
ties and on the activities of the bis-(pu-0x0)-bis-manganese-
(IIL,III) and -(IILIV) cores in the H,O, disproportionation
reaction. A comparison of the disproportionation activities
of these complexes with their abilities to exchange their
bridging oxygens with water emphasizes the dominating
effect of the carboxylate group, which may act as an internal
base, a feature likely to play an important role in the cata-
lase-like reaction.

Results
Syntheses

Mn"™Mn" complexes: The Mn"Mn" complexes [Mn,(O),-
(tpa),](C10,); (1)P* and [Mn,(O),(bpg),](ClO,) (2)** had
already been described. To assess the influence of a greater
number of carboxylate ligands, as found in the catalase en-
zymes, we decided to extend this series of compounds to the
corresponding complexes of the H,pda and Hjnta ligands.
However, all published synthetic procedures failed and led
to manganese dioxide deposition, owing to the great insta-
bilities of these compounds. The use of low temperatures
(—20°C for 3 and —60°C for 4) inhibited MnO, deposition
and enabled us to obtain the two compounds {[Mn,-
(pda),(0);INa(H,0)q), (3) and [Mn,(O)(nta),INa; (4) by
treatment of the ligands with mixtures of manganese(II) ni-
trate and potassium permanganate. Compound 3 could be
isolated in the solid state and crystallized, but 4 proved to
be too unstable to be obtainable as a solid and was there-
fore characterized only in solution at low temperature by
EPR.

Mn"Mn™ complexes: The first bis(pu-oxo)bismanganese(I1I)
complex was synthesized by Hodgson et al.?! by use of the
ligand 6-Mebispicen (N,N'-bis-(6-methylpicolyl)ethylenedia-
mine) in the presence of manganese(II) perchlorate and
oxygen, with a yield of 5%. The same group?! prepared a
series of such complexes by using ligands such as bisMepy-
ren  (N,N'-bis-(methyl-2-pyrazine)ethylenediamine)  and
tMepa (bis-(6-methyl-2-pyridylmethyl)(2-pyridylmethyl)-
amine) and hydrogen peroxide as oxidizing agent with yields
in the range from 30 to 76%. Using the same procedure,

Mikata et al. very recently iso-
o}
HOAg
OH
o]

lated such complexes in yields
OH N
o]

of around 30% with linear tet-
radentate  quinoline ligands
(N,N'-bis(2-quinolylmethyl)-
N,N'-diethyl-ethylenediamine
and its isopropyl analogue).”
In 1994, Hodgson et al.”® pub-
lished the synthesis of the com-
plex of the ligand bispicMe,en
H(nta) (N,N'-bis-[(6-methylpicolyl)-
(methyl)]ethylenediamine) by
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reduction of the bis(u-oxo)Mn™Mn" complex with sodium
thiosulfate with a yield of 40 %. Finally, Moro-oka et al. de-
scribed the synthesis of the complex of the iprtpzb (isopro-
pyltrispyrazolylborate) ligand by oxidation of the bis(p-hy-
droxo) bis-manganese(II) complex either by oxygen or elec-
trochemically with yields of around 50 %.%"]

As a result of the observation that the bis(p-oxo)-
Mn™Mn" complexes are rather easily obtained, we decided
to use them as precursors in a reductive procedure. We an-
ticipated that the reaction should be easily monitored
through EPR spectroscopy as the starting compounds pos-
sess the well known characteristic 16-line spectrum,? while
the expected product would be EPR silent and the Mn"
products potentially obtained by “over-reduction” or dispro-
portionation should be easily detectable through their char-
acteristic six-line spectra.”’! As reducing agent we chose the
benzil radical, because benzil is highly soluble in the reac-
tion medium. By this method we succeeded in obtaining the
bis(p-oxo)-Mn"™n™ complexes of the ligands tpa and
Hbpg (5 and 6, respectively), from their bis(p-oxo)-
Mn""Mn" precursors.*** With the ligand H,pda the ob-
tained complex disproportionated into Mn™Mn'” and Mn"
derivatives over approximately a day at —20°C under argon.
Owing to its neutrality, complex 6 could not be precipitated
because of its strong solubility in all usual solvents, and its
characterization by mass spectrometry was impossible.
Moreover, over extended periods of time it started to dis-
proportionate in solution. For all these reasons, we primarily
studied the reactivity and the characterization of complex 5.
It is worth noting that this complex could not be obtained as
described by Hodgson et al.*® by reduction with sodium thi-
osulfate, which is a two-electron reducing agent and gave a
mixture of different oxidation states. In contrast, the use of
the benzil radical appeared quite general, and EPR monitor-
ing showed a clean reduction of the [Mn"Mn'"] without the
appearance of other EPR active species. This indicates the
formation of the desired [Mn™Mn'"] complexes in solution.
Isolation of these complexes was only possible in the cases
of 5 and 6, owing to the intrinsic instability of the pda and
nta derivatives with regard to disproportionation.

Solid state-characterizations
Crystal structure of 5: The structure of the dimanganese-
(IILIII) tpa complex 5 is illustrated in Figure 1. Crystal data

are summarized in Table S1, and a selection of distances and
angles is given in Table 1. Within the crystal, there is an al-

Table 1. Selected interatomic distances [A] and angles [°] for 5.

Mn-ligand distances

Mn-O(1) 1.830(2) Mn-O(2) 1.8324(18)
Mn-N(1) 2.188(3) Mn-N(2) 2.342(2)
Mn-N(3) 2.322(2) Mn-N(4) 2.092(2)
S[O-N(1)]* 4018 (Mn-L) 2.103
S[O-N(4)] 3.924 Mn-Mn 2.642(2)
S[N(2)-N(3)] 4.674 Mn-O-Mn 92.36(7)

[a] £: sum of Mn-ligand distances along a particular axis.
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ternation of planes of tetraphenylborate ions (BPh,) and bi-
nuclear units in a BPh,-cation-BPh,-BPh,-cation-BPh, ar-
rangement. Each manganese is hexacoordinated, the coordi-
nation sphere being composed of four nitrogen atoms from
the tpa ligand and two oxo bridges.

@cn

AR )
oo @y,

Figure 1. Structure of the dication [Mn,(tpa),(O),]** (5). Ellipsoids are
drawn at 30 % probability.

The structure obtained is very close to that of complex
1.5 The Mn,0, diamond core is planar. Since the center of
the Mn,O, core is an inversion center, the manganese(I1I)
ions are equivalent. The Mn—Mn distance in § is almost the
same as in 1 (2.642 and 2.643 A, respectively), in spite of the
different redox states of the Mn pairs, thus showing a weak
influence of the oxidation states in this case. This is the
result of a lengthening of the Mn-O,,, distances (1.831 A
for 5 vs 1.807 for 1) and a closing of the Mn-O,,-Mn angle
(92.36° for 5 vs 94.07 for 1). Indeed, the two effects com-
pensate each other, which ultimately leaves the Mn—Mn dis-
tance unaffected. A similar lengthening of the Mn-O,,,
bonds with respect to 1 is observed for all other bond distan-
ces in 5 (corresponding average distance 2.103 A for 5 vs
1.999 for 1). The strongest effect is seen on the Mn-N,,
bond distances perpendicular to the Mn,0, core, all four of
them being elongated by the Jahn-Teller effect in S rather
than only two in 1.

Infrared spectroscopy

The complexes 1-3 and 5§ were studied by infrared spectros-
copy in order to investigate the influence of the ligands on
the vibrations of the Mn—O,,, bonds. As expected, compari-
son of the spectra showed the progressive disappearance on
going from 1 to 3 of the strong band at about 1100 cm™" as-
signed to the perchlorate counter anion. Similarly, and more
interestingly, the pyridine bands at about 3000-3150 cm™!

(aromatic CH), 1600 cm™' (C=C pyridine), and 1560 cm™'

3015

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

J.-M. Latour et al.

A EUROPEAN JOURNAL

(C=N pyridine) were replaced on going from 1 to 3 by those
of the carboxylate groups: at 1624cm™ (vco) and
1350 em™! (vco) for 2, and at 1625 cm™" (vc—o), 1361 cm™!
(vco), and 1376 cm™ (vco) for 3. The differences between
Ve—o and vc_o carboxylate bands are 274 cm™' for 2 and
264 cm ™' and 249 cm™! for 3. These values are characteristic
of monodentate carboxylates.*!

The vibrational properties of bis(p-oxo)dimanganese
cores have attracted much interest as a reference for inter-
preting those of various PSII S states.**) From a number of
IR and resonance Raman studies, as well as from normal co-
ordinate analyses and recent DFT calculations, it follows
that several vibrations in the 600-700 cm ' range are associ-
ated with the Mn,0, core. The IR spectra of complexes 1-3
and 5 were investigated in the solid state with the help of
80 isotope substitution in order to locate the manganese
oxo vibrations. Indeed, Cooper and Calvin described this
type of infra-red spectroscopy experiment in the case of bis-
(n-oxo)Mn""Mn'"Y bipyridine complexes.*” They assigned a
band at 676 cm ™' as the Mn—OQ,,, vibration. This band shifts
by —12 cm™ upon "*O/"®O substitution. Similar observations
were made by Czernuszewicz et al. by resonance Raman
spectroscopy.*®! Indeed, a shift of about —30 cm™' was ob-
served for the Mn—O,,, vibration at 690 cm ' upon *O/**O
exchange.

Theory predicts that for a bis(u-oxo)Mn""Mn'" complex
of D,, symmetry, two vibration modes (B,, and B;,), attrib-
utable to the oxo bridges, should be observable in infra-red
spectroscopy. In the cases of 1-3, only two bands proved
sensitive to '°0/*®*0 exchange (Figure S1). They are located
at about 700 cm ™ (703, 697, and 694 cm ™', respectively, for
complexes 1, 2, and 3) and 600cm™ (611, 605, and
610 cm™). Upon '*0/*®0 isotopic substitution, these bands
shift by —25cm™'. The energy of the vibration mode at
700 cm™" slightly decreases from 1 to 3, reflecting a weaken-
ing of the associated bond, in agreement with the structural
results (see below). This trend, however, is not observed for
the other vibration mode at 600 cm ™. The energies of these
bands and their 8O induced shifts compare favorably with
those observed or calculated for various Mn™Mn" com-
plexes.[*)

In the case of 5, the assignment of the Mn—O,, vibrations
is less straightforward. Indeed, the main differences with 1
are located in the 500-800 cm™' domain. Thus, the manga-
nese—QO,,, vibrations, characteristic of Mn™Mn" complexes
at 700 and 600 cm ™, have disappeared. Isotopic exchange
revealed that a band at 660 cm™' narrows after labeling,
whereas a band around 625 cm™' becomes wider. It is thus
likely that the Mn—O,,, vibration is located at 660 cm™! and
overlaps with a band at 657 cm™'. Upon O isotope substitu-
tion the Mn—O,,, vibration experiences a shift of —35cm™
and overlaps another band around 625 cm™', while the band
at 657 cm ' remains. To the best of our knowledge, there are
no data in the literature for comparison. The lower energy
of the vibration is consistent with the reduction of the oxida-
tion state of the Mn,O, core, and a 620 cm™' energy has
been calculated for [Mn"Mn"(O),(NH;)g]**+.*

3016
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Magnetic susceptibility study

Numerous studies have shown that the magnetic properties
of bis(u-oxo)-Mn"™"Mn" complexes are dominated by the
strong antiferromagnetic coupling (—J =130-160cm™)
mediated by the oxo bridges, which couples the individual
spins of the Mn™ and Mn" ions (S=2 and S=7/,, respec-
tively) to an S='/, ground state.”3"3%51 We studied the
magnetic properties of complexes 1-3 to assess the influence
of the peripheral tetradentate ligand on the magnetic inter-
action. Owing to the strong coupling for all complexes and
the small range of variation, it was necessary to study the
three compounds in spite of earlier measurements on 1-
2135501

Figure S2 illustrates the temperature dependence of the
magnetic susceptibilities for all compounds studied. In the
cases of 1-3, the product yyT is about 0.75 Kcm’mol ™' at
room temperature and decreases steadily with temperature
until it reaches a plateau at yy 7T ~0.4 Kecm’mol ™, in agree-
ment with an S='/, ground state (expected value for yyuT
~0.375 Kem’mol™ for g=2.0). The experimental curves
were simulated by use of the Van Vleck equation for two in-
teracting spins S=2 and S=2/, as described in the Experi-
mental Section. Excellent simulations were obtained in all
cases, and the best fit parameters are listed in Table 2. These

Table 2. Parameters deduced from simulation of the magnetic suscepti-
bility data for 1-3 and 5.

Complex —J [cm™!] g TIP x10° [ecm®*mol™]  10*x 1 R

10 161+£5 2.00' 140+ 10 17+1 0.998
21 142+5 2.00' 120+10 0 0.9993
3 133+9 2.00' 10+10 2041 0.998
5 106 £1 1.96 423+10 10+1 0.9997

[a] T corresponds to the molar content of contaminant spin S=7/. [b] Lit-
erature value 159 cm™', ref. [50]. [c] Value fixed in the simulations.
[d] Literature value 151 cm™, ref. [35].

fits reveal a trend in the exchange interaction, which be-
comes less antiferromagnetic in the order 1 (—J/=161+
S5em™) < 2(—J=142+5cm™!) < 3(—J=133+9cm™). As
discussed below, this order parallels the strengths of the
Mn—O,,, bonds, as revealed by the structural and infrared
studies.

The bis(u-oxo)-Mn™™Mn™ complexes experience a similar
antiferromagnetic coupling, albeit less intense (—J
~100 cm™"), as shown for complexes of the ligands 6-Mebis-
picen and bispicMe,en.?**! The same behavior is observed
for 5. Between 300 and 60 K, the product y\,7T decreases
from 1.00 Kcm®mol™! to 0.10 K cm®mol ™}, reaching a plateau
at lower temperatures, at a value of about 0.09 Kcm?mol™'.
The curve yuT=1(T) was simulated by using the Van Vleck
equation adapted to two interacting spins S=2. An excellent
fit was obtained with the parameters listed in Table 2. The
antiferromagnetic exchange interaction deduced from the
simulation (—/=106+1cm™) is slightly higher than those

Chem. Eur. J. 2008, 14, 3013 -3025
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previously estimated for related compounds. As observed
previously for the bis(p-oxo)-Mn™Mn"" complexes, the anti-
ferromagnetic interactions parallel the strengths of the Mn—
O, bonds: [tpa] (-=J=106cm™', Mn—O,,,=1.831A) >
[bispicMe2en]?! (—/=101 cm™', Mn—O,,,=1.840 A) > [6]-
Mebispicen,? (—/=86 cm™!, Mn—0,,,=1.849 A).

Solution studies

UV/Visible spectroscopy: The electronic absorption spectra
of the bis(p-oxo)-Mn™Mn'" complexes are characterized by
four bands located at about 15400, 18000, 22000, and
26000 cm™. In a very detailed analysis, Solomon et al. as-
signed the three lower energy transitions to an oxo—Mn"
charge-transfer transition and two Mn'" d-d transitions, re-
spectively.® Similar assignments were proposed by Suzuki
etal.® for 1 and by Hodgson et al.?**! for complexes of
the bispicen and tpa series.

As shown in Figure 2 and Table 3, complexes 1-3 exhibit
transitions in the expected domains. The shoulders around
380 nm (26315cm™") do not move significantly on going
from 1 to 3, but rather decrease in intensity. This suggests
that these bands can be assigned to mw — m* transitions
within the pyridines of the ligands. On the other hand, the
three other transitions exhibit a continuous trend to higher

ex10° /L cm™ mol™!

400 500 600 700 800 900
A/nm

Figure 2. UV/visible spectra of compounds 1 (-----), 2 (—=+-+), and 3 (—)
in acetonitrile solution.

Table 3. Electronic absorption spectra of 1-3 in acetonitrile.

Complex 1 2 3
band [ 660 (500) 640 (420) 590 (450)
A [nm] (¢ [Lmol'em™']) 15152 15625 16949

E [cm™]

band 11 559 (621), 505 (650) 545 (550) 537 (600)
A [nm] (¢ [Lmol 'em™'])  17889; 19802 18349 18622

E [cm™]

band 111 439 (1250) 434 (1250) 413 (1550)
A [nm] (¢ [Lmol 'em™']) 22779 23041 24213

E [cm™]

band IV 382 (1400) 380 (1480)  ~375

A [nm] (¢ [Lmol 'em™']) 26178 26316 ~26670
E [cm™]

Chem. Eur. J. 2008, 14, 3013 -3025
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energy associated with the replacement of each pyridine by
a carboxylate, in agreement with the substitution of an aro-
matic amine by an anionic oxygen ligand. This overall effect
can be explained by considering the higher donating influ-
ence of carboxylates in relation to pyridines. As a conse-
quence, the d orbitals of the Mn ions are more destabilized
and the oxo to Mn charge transfer transition occurs at
higher energy. Interestingly the spectra of 1 and 2 reveal an
essentially constant displacement of all transitions, reflected
by constant energy differences between them. Compound 3,
however, departs from this behavior, the energetic differ-
ence between bands II and III being increased. As pointed
out by Solomon et al., this difference represents the splitting
of the d,, and d,, orbitals due to out-of-plane interactions
and directly reflects the extent of oxo-Mn' out-of-plane 7
bonding."™¥ Comparison of the spectra of 1-3 fully supports
this interpretation. Indeed, on going from 1 to 2 an in-plane
pyridine is replaced by a carboxylate, and bands II and III
are only shifted in energy by similar amounts. On the other
hand, on going from 2 to 3 the replacement of an axial pyri-
dine by a carboxylate causes a 20 % increase in the splitting
of bands II and III.

In contrast, 5 does not exhibit intense absorptions in the
350 to 800 nm range. The low extinction coefficients (be-
tween 100 and 360 Lmol 'cm™") of these bands lead to their
assignment to d — d transitions. The oxo — Mn'"" charge-
transfer bands are probably located in the ultraviolet
domain but cannot be observed owing to strong acetonitrile
absorptions in this region.

EPR spectroscopy studies of Mn™Mn" complexes: Studies
of complexes 1-4 by electron paramagnetic resonance were
carried out on frozen solutions in acetonitrile in the pres-
ence of traces of DMF to improve the quality of the glass.
The spectra of complexes 1 and 2 had already been de-
scribed in the literature.?**! Nevertheless, we recorded
them again in order to be able to make valuable compari-
sons of the various characteristics of these spectra. All spec-
tra were recorded at low temperature (10 K) and are illus-
trated in Figure 3. The bis(p-oxo)-Mn™Mn" complexes
have a ground spin state S='/, owing to the strong antifer-
romagnetic coupling of the two ions of spins S=2 and S=
3/,. Therefore, these compounds possess a signal centered at
g=2. The hyperfine couplings with the *Mn nuclear spin
result in a characteristic 16-line signal.*”’ On varying the
power of the microwave input, we noted a very fast signal
saturation, even for low powers (P > 6 uW approximately).
Experiments at various temperatures (4.5 to 40 K) did not
indicate any change in the shape of the recorded spectrum,
apart from a decrease in the intensity of the signal when the
temperature was increased, consistently with the depopula-
tion of the S=!/, ground state. This shows that only the
ground state is populated in the temperature range studied,
as is to be expected owing to the large magnetic exchange
coupling of the complexes (see above).

Table 4 reports the “best fit” parameters obtained from
simulation of all spectra (Figure S3). The agreement factor

www.chemeurj.org — 3017
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Figure 3. EPR spectra of compounds 1-4 in toluene/acetonitrile glass
(T=10K, P=3.17 pW, frequency modulation =100 kHz, amplitude mod-
ulation=9 G).

R (Table 4) is excellent for all complexes but complex 4.
The |A,| parameter is approximately double the |A,| pa-
rameter, which enables us to say that they represent the
Mn™ and Mn'"" ions, respectively. The |A,| values are iso-
tropic, whereas | A, | presents a rather important rhombicity.
This anisotropy can be correlated with the distortion of
Mn™ due to an important Jahn-Teller effect. In the same
way, the g parameter is rather rhombic. For the series of
complexes, the values of the parameters obtained are very
close. We notice a slight increase in the g;, and |A,| values
on going from 1 to 4. The parameters thus evaluated are of
the same order of magnitude as those given in the literature
for various bis(u-oxo)Mn""Mn"" complexes.[*”! The parame-
ter B, which corresponds to the half-width at middle height
of the EPR lines, decreases by approximately 0.1-0.2 mT
from 1 to 3 and, more importantly (ca. 0.35 mT), to 4. This
phenomenon is due to the reduction of the nitrogen hyper-
fine couplings when the pyridine ligands are replaced by car-
boxylate groups.

Table 4. Parameters deduced from the simulation of EPR spectra of 1-4.

Complex g [A | | A, OB RO
[10* em™] [10*ecm™]  [mT)]

1 X 2.000 159 68 1.1 0.004
y 1.997 142 71
z 1.984 107 74
isol!  1.994 136 71

2 X 2.001 154 70 1.0 0.01
y 1.999 141 71
z 1.985 106 76
isol)  1.995 133 73

3 X 2.004 157 72 0.85 0.01
y 2.001 144 73
z 1.984 105 78
isol!  1.996 135 74

4 X 2.007 160 73 0.5 0.22
y 2.002 145 75
z 1.984 107 79
isol! 1.998 138 76

[a] Spectral bandwidth (half-width at half-height). [b] Agreement factor:
R=S(I""—IYIS(I). [c] gio = (8:+8,+80)/3-

3018 —— www.chemeurj.org

Electrochemistry

The results obtained are presented in Table 5 and Figure 4.
Complexes 1 and 2 each exhibit two reversible redox cou-
ples: one associated with the reduction of the complex in

Table 5. Electrochemical data for complexes 1-3. Potentials are given in

V vs Ag/AgNO; [10 mm].

Complex Solvent

MHIH/I”ﬁMnIH/IV

Mnln/lvﬁMn wvinv

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1 CH,CN E,=—0.05 Ey,=+40.77
(40.501! (+1.320)
AE,=0.06 AE,=0.07
2 CH,CN E,=-034 E,=+0.43
(4021120 (40.980)
AE,=0.08 AE,=0.10
3 CH,CN/H,0 E,.=—036 E,=4037
(4:1) (40.191) (40.9211)
AE,=0.10

[a] In parentheses value vs NHE, AE=+0.548 V/Ag/Ag*.

a)
:|: 10 pA
N
i T T T
-0.5 0.0 0.5 1.0 ENvs
Ag/Ag* 0.01M
b)

EN
I
5 1.0
EN
T T
0.5 1.0

Figure 4. Cyclic voltammograms at a Pt electrode (diameter 5 mm) of:
a) 0.9 mum solution of 1 in CH;CN+TBAP (0.1m), b) 0.6 mm solution of 2
in CH;CN+TBAP (0.1Mm), and ¢) 0.5 mMm solution of 3 in CH;CN/H,O
4:1+TBAP (0.1 m). Sweep rate: 100 mVs™'.
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the bis(u-oxo)-Mn™™Mn™ species and another associated
with its oxidation in the bis(p-oxo)-Mn'YMn'V complex. In
contrast, complex 3 presents only a reversible oxidation
couple, the reduction being ill-defined. The potentials mea-
sured for complexes 1 and 2 are identical to those described
in the literature.**

Examination of Table 5 shows that the replacement of
one pyridine by a carboxylate group within the ligand
lowers the oxidation potential of the Mn™Mn"/Mn"Mn""
couple by 340 mV. A similar effect on the potential of the
Mn""Mn"/Mn"Mn" couple (290 mV) is noted. The replace-
ment of a second pyridine brings an additional, albeit small-
er (60 mV), lowering of the oxidation potential. The better
stabilization of the high oxidation state by the negatively
charged carboxylate is responsible for these shifts in redox
potentials. The reduced influ-
ence of the second carboxylate

FULL PAPER

pattern at [M] of the unexchanged species by those at
[M+2] and [M+4] of the singly and doubly exchanged spe-
cies.

The data in Figure 5 could be simulated with a monoexpo-
nential law. Table 6 compares the oxo exchange kinetics of
the compounds expressed as the times required for half-re-
action of the starting compounds. These data show that the
exchange in 1 is extremely slow (#, ~182 min), but that re-
placement of a pyridine ligand in 1 by a carboxylate in 2
speeds up the exchange by more than an order of magnitude
(t;, =14.4 min for 2). A second pyridine/carboxylate substi-
tution further increases the rate about twofold (#, ~3.7 min
for 3). As shown in Table 6, reduction of the [Mn,0,] core
from the mixed-valent state [Mn™Mn'"] to the [Mn™Mn™]
state causes the rate to be increased by a factor of 84.

Table 6. Oxo exchange rates of complexes 1-3 and 5 in acetonitrile.

is probably caused by its loca-

- ol . X ol e o
tion on the Jahn-Teller elonga- Ligands # [min] Ligands t [min] 1I\Egltln]
tion axis of the Mn" ion. The — -
irreversibility of the reduction Mn Mn (tpa)., 5 2
; | ;’ bablv due ¢ Mn""Mn'Y (mesterpy),(H,0),, 7 4.6 (dpa),, 3 3.7 3.1
of complex 3 is probably due to (bpy)., 8 213 (bpg)s, 2 144 13.0
the destabilization of its re- (phen),, 9 20 (tpa),, 1 182.0 5.8
duced Mn"™™n"™ form by the (bpea)y(p-OAc), 10 25.7

Mn"VMn"Y (bpea),(n-OAc), 11 231.7

anionic donors caused by the

accumulation of two negative
charges. It is consistent with the

disproportionation observed
during the benzil reduction of
3

Oxo exchange reactions: Because of the insolubility of 3 in
acetonitrile, the exchange of oxo ligands was studied in ace-
tonitrile/methanol (4:1) mixtures for 1-3 and 5 and in pure
acetonitrile for 1, 2, and 5. Figure 5 illustrates the time de-
pendence of the disappearance of the starting compound
upon treatment with 890 equiv of H,'®*O monitored by elec-
trospray ionization mass spectrometry. These results were
obtained in acetonitrile/methanol 4:1; similar results were
obtained in pure acetonitrile. For all complexes, ESI-MS re-
vealed successive exchanges of the two oxo ligands (Fig-
ure S4) by the time-dependent disappearance of the isotopic

Molar fraction exchange

— e
60 80 100 120
t /min

Figure 5. ESI-MS study of the exchange of oxo ligands in 1-3 with H,"*O
in acetonitrile solution (1: m, +NEt;: 0; 2: o, +NEt;: ©; 3: A, +NEt;: A).
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[a] Results from ref. [53]; bpea=bis-picolylethylamine, bpy=bipyridine, phen=1,10-phenanthroline, mester-
py =mesitylterpyridine. [b] This work.

Since the oxo exchange reaction necessarily involves the
deprotonation of a water molecule, the basic character of
carboxylates could play a major role in the rate enhance-
ment they bring about. To investigate this possibility the ex-
change reactions of compounds 1-3 in the presence of tri-
ethylamine were investigated. These experiments support
this hypothesis. Indeed, the presence of triethylamine accel-
erates the oxo exchange of 1 by a factor of over 30 (1,
~5.8 min) but has a limited effect on 2 and 3. These obser-
vations strongly support the contention that a major contri-
bution of the carboxylate ligands resides in their roles as in-
ternal bases.

Hydrogen peroxide disproportionation—kinetic studies on
dimanganese(IILIV) complexes: As mentioned earlier, the
oxidized forms of manganese catalases each contain a
[Mn™,0,] core, which is believed to oxidize H,0,. Model
Mn"™(O),Mn" complexes with tpa, bpg, cyclam, and substi-
tuted bispicen ligands have shown activity in the catalase-
like reaction.’>>® Therefore the abilities of 1-3, 5, and 6 to
disproportionate hydrogen peroxide were assessed in aceto-
nitrile to evaluate the influence of the carboxylate ligands.
Figure 6 illustrates the time dependence of dioxygen evo-
lution upon treatment of 1-3 with H,O, at 0°C. Lag phases
are observed for the less reactive compounds 1 and 2. As
can be seen from Figure 6, 3 and 2 disproportionate 460
equivalents of H,O, in about 40 and 110 min, respectively,
but 1 would require about 7 h to achieve it. This translates
into very different maximum dioxygen evolution rates, from
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Figure 6. Hydrogen peroxide disproportionation by compounds 1(V),
2 (a), and 3 (m) in acetonitrile. Conditions: [complex]: 1 mm, [H,O,]:
460 mm, T = 0°C.

Vae=0.04£0.01 mLmin~" for 1, to 0.18£0.05 mLmin~" for
2, and to 1.04+0.1 mLmin™' for 3. The partial orders of the
reaction were investigated for 1-3 and were shown to be
close to 1 for the complex and H,0O,.

The influence of acid/base addition was then investigated
at 20°C with 230 equiv H,O, (under these conditions V,,,,=
0.09+0.01 mLmin for 1 and 0.4+0.05 mLmin for 2) and is
depicted for 1 in Figure 7. Addition of 1 equivalent HCIO,
has a strong inhibitory effect on the reaction of 1 (V.=
0.0240.005 mLmin™"). In contrast, addition of triethylamine
causes a significant enhancement of the rate, which reaches
Viax=1.0£0.1 mLmin~! at one equivalent NEt; and V,,,=
40404 mLmin' at two equivalents NEt;. A qualitatively
similar effect is observed for 2, but the enhancement factor
brought about by two equivalents of NEt; is reduced to 7
(Vinax=2.940.3 mLmin "), in comparison with 44 for 1. It is
noteworthy that the maximum rate for 2 under these condi-
tions is close to that determined for 3 in the absence of base
(Vimax=2.5 mLmin ).

Dimanganese(IILIII) complexes: Similar studies were per-
formed with 5 and 6, the dimanganese(III) complexes of tpa

*»®
4 v
d v
64 & v A A
sV
ovv a
J e A
5918w )
oy A
* A

T
0 500

T T T T

T T T 1
1000 1500 2000 2500

t/s
Figure 7. Influence of the addition of acid and base on the disproportio-
nation rate of H,O, by complex 1 in acetonitrile. Conditions: [complex]:
1mm, [HO,]: 230mm, T = 20°C, in the presence of 0equiv (m),
1 equiv (A), 2 equiv (¥), and 4 equiv (#) NEt; and 1 equiv of perchloric
acid (e@).
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and Hbpg ligands, respectively. Both compounds exhibit be-
havior qualitatively similar to that of their dimanganese-
(ITILIV) counterparts but with a dramatically enhanced ac-
tivity (Figure S5). Indeed, at 0°C and 230 equiv H,O,, under
the conditions of Figure 6, the maximum disproportionation
rate observed for 5 amounted to V,,,,=0.60+0.05 mLmin",
30 times that of 1 under the same conditions (V,,,,=0.02+
0.005 mLmin!). Only a 15-fold enhancement was observed
for 6 vs 2: V,.=140£0.05mLmin" (V,,=0.09+
0.005 mLmin~" for 2 under the same conditions). As in the
dimanganese(IIL,IV) complexes, replacement of a pyridine
by a carboxylate accelerates the disproportionation reaction,
but this effect is reduced. Partial orders with respect to 5§
and H,0, were estimated as 1 from the concentration de-
pendences.

In the case of 5, addition of one equivalent HCIO, slows
down the disproportionation rate fivefold (V.=0.12+
0.01 mLmin™"). As observed for 1, addition of one and two
equivalents of NEt; accelerates the reaction rate of 5 to
Viax=1.64£0.1 mLmin~' and 2.240.1 mLmin', respective-
ly. On the contrary, addition of one equivalent of NEt; has
no effect on the reaction rate of 6 (V, =144+
0.05 mLmin ', Figure S6).

To summarize these observations, the intrinsic activities of
the complexes decrease in the order 6 > 5§ > 3 > 2 > 1,
being favored by a lower oxidation state of the Mn pair
Mn""™Mn™ > Mn"™Mn') and by carboxylate ligands. These
activities are drastically enhanced by the addition of base.
Interestingly, however, this base enhancement of the cata-
lase-like activity is more important for the less active com-
pounds.

Spectroscopic monitoring

Dimanganese(IILIV) complexes: The disproportionation re-
actions were studied by a combination of mass spectrometry
and UV/Visible and EPR spectroscopy in the hope of de-
tecting key intermediates, as had also been done earlier.”>?!
In the cases of the dimanganese(IIL,IV) complexes 1-3, pro-
gressive disappearance of the starting compound was noted
through a continuous decrease in the three characteristic
bands in the visible region and of the 16-line EPR spectrum.
In the final stage of the reaction this spectrum is superim-
posed on a broad, featureless component extending from
250 to 450 mT. Similar characteristics have been associated
with dimanganese(ILIII) species® "l At the end of the re-
action the 16-line spectrum had vanished, and a poorly re-
solved six-line EPR spectrum was superimposed on the
broad component, indicating the formation of Mn" species.

The formation of Mn" species was also evidenced by ESI-
MS monitoring, as depicted in Figure 8. Complex 2 gives
rise to a peak at m/z 654 corresponding to the monocation
[Mn,™(u-O),(bpg),] *. After addition of H,O,, three peaks
appeared at m/z 311, 744, and 892 and were assigned the
formulas [Mn"(bpg)]*, [Mn,"(bpg).(pic)]*, and [Mn,(bpg),-
(bpgO)]*, respectively, where Hpic and HbpgO are 2-pico-
linic acid and N-picolyl-N-picolinamidoglycine, respectively

Chem. Eur. J. 2008, 14, 3013 -3025
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Scheme 2. Structures of 2-pico-
linic acid (a) and N-picolyl-N-
picolinamidoglycine (b).

(Scheme 2). The last two for-
mulas match the m/z values for
the peaks but they are only ten-
tative. Nevertheless, this indi-
cates that during the dispropor-
tionation reaction the ligand
may be oxygenated on one
benzyl-like position, which is
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Figure 8. ESI-MS monitoring of the disproportionation reaction of com-
plex 2 in acetonitrile. Conditions: [complex]: 1 mm, [H,0,]: 460 mm, T =
20°C. a) t=0 min, b) r=1.2 min, ¢) t=10 min, d) t=20 min.

notoriously sensitive. The resulting amide group in HbpgO
could be hydrolyzed to 2-picolinic acid.

To provide further insight into the mechanism of the dis-
proportionation reaction, 2 was treated with *O-labeled hy-
drogen peroxide (H,"®0, at 3% in H,'%0). Figure 9 illus-
trates the results of ESI-MS monitoring of the reaction. It
shows that 1 min after H,"®O, addition the peak of singly
80-labeled 2 equals that of unlabeled 2, but that after
10 min this peak has lost intensity, probably after exchange
with the unlabeled water present in the medium. This ex-
periment shows that 2 incorporates oxo ligands from H,O,,
which suggests that it belongs to the catalytic cycle and that
it is most probably the oxidized form of the catalytic system.

Dimanganese(IILIII) complexes: More limited spectroscop-
ic monitoring was performed with 5, owing to the fact that it
is EPR silent and possesses a weak and almost featureless
UV/Visible spectrum. Interestingly, however, when the reac-
tion between 5§ and H,O, was followed by EPR spectroscopy

Chem. Eur. J. 2008, 14, 3013 -3025
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Figure 9. ESI-MS monitoring of the disproportionation reaction of com-
plex 2 in acetonitrile. Conditions: [complex]: 1 mm, [H,0,]: 460 mm, T =
20°C. a) Spectrum of 2, b) after 1 min reaction time with H,'*0, (3% in
H,0), c) same after t=10 min.

the 16-line spectrum characteristic of 1 developed over the
first 10 min before subsiding to a six-line spectrum, which
was fully formed after 20 min. Quantitation of the 16-line
spectrum shows that at its maximum it represents about
15% of the initial concentration of 5. ESI-MS monitoring
confirmed that the disproportionation reaction produced 1,
which appeared as a monocation [Mn,™"(u-O),(tpa),-
(C10,),]*" at m/z 919. Two additional peaks appeared at m/z
362 and 467 and can be assigned to the Mn" species [Mn-
(tpa)(OH)]* and [Mn(tpa)(pic)]*, respectively. As observed
for 2 when the reaction was run with H,'*0,, 5 incorporates
oxo ligands from the peroxide, as is shown by an increased
contribution of the peaks at 823 and 825 in relation to that
of unlabeled 5 at 821. As above, this experiment suggests
that 5 is the active oxidized species. The possibility that 1 is
the actual catalyst is ruled out by its slower disproportiona-
tion rate (see above).

Discussion

Electronic properties: The replacement of pyridine ligands
by carboxylates has a significant but limited effect on the
electronic structures of the dimanganese(II1,IV) bis-(u-ox0)
complexes 1-3. Indeed, the continuous compensation of the
metal charge by the terminal ligand induces a small expan-
sion of the [Mn,0,] core, as evidenced by the lengthening of
the Mn—Mn bond distances (1: 2.643 A < 2: 2.656 A < 3:
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2.667 A). This expansion of the [Mn,0,] core is due to a
small elongation of the Mn—O,,, bond distances (1: 1.807 A
< 2:1810 A < 3: 1.818 A), with the Mn-O-Mn angles re-
maining essentially constant at 94.4(5)°. As a consequence,
the stretching frequency of the Mn—O,,, bond diminishes
slightly (703, 697 and 694 cm™', respectively, for complexes
1, 2, and 3). Consistently, the intensity of the antiferromag-
netic exchange coupling also diminishes (1: —/=161cm™!
< 2: =J=142cm' < 3: —J=133cm ). This latter effect
reflects the reduction of the overlap between the oxo and
the manganese magnetic orbitals due to the Mn—O,,, bond
lengthening,[*)

Carboxylate replacement of a pyridine ligand has a dra-
matic influence on the redox potentials of the Mn,0, core,
which exhibit a significant lowering consistent with the in-
crease in the negative charge of the complexes. Nevertheless
the strength of this effect varies. Indeed, substitution of an
in-plane pyridine in 1 by a carboxylate in 2 lowers both the
oxidation and the reduction potentials of the Mn™Mn'" unit
by about 300 mV. In contrast, substitution of an axial pyri-
dine in 2 by a carboxylate in 3 reduces the oxidation poten-
tial by only 60 mV. A possible explanation for this differ-
ence may lie in the different coordination sites of the two
carboxylates: while the first one (in 2) binds in the plane of
the [Mn,O,] core and is trans to one oxo bridge, the second
(in 3) occupies a cis position, which is axial and therefore
lies on the Jahn-Teller elongation axis. As a consequence of
this distortion, the axial carboxylate interacts with the Mn
ion less strongly (Mn—O,,;, 2.09 A) than the in-plane one
(Mn—O,,,;, 1.96 A), which may be the basis of their strikingly
different redox influences.

Oxo exchange: Tagore et al. have recently reported on the
oxo exchange in di(p-oxo)dimanganese(IILIV) and (IV,IV)
complexes.””®! They showed that i) the exchange is strongly
influenced by the ligand frans to the oxo, ii) it is favored by
the presence of a labile coordination site, iii)it requires
ligand dissociation when the manganese coordination is sa-
turated by chelating ligands, and iv)it is favored by the
binding of anions that lower the positive charge on the man-
ganese ions. In addition, the exchange is more than ten
times faster on Mn™ than on Mn". Their results are sum-
marized and compared to those from this work in Table 6,
which presents the exchange efficiency as the time required
for half exchange of the oxo ligands.

The tripodal parent compound 1 exchanges its oxo ligands
one order of magnitude more slowly than the complexes of
bis(diamino) ligands 8 and 9. This shows that the tripodal
amine is more difficult to dissociate than the bidentate dii-
mines. The exchange reaction is drastically speeded up (ca.
13 times) by the introduction of an in-plane carboxylate in 2
occupying a coordination site trans to one oxo ligand. Intro-
duction of a second carboxylate in 3 brings a further about
fourfold acceleration of the oxo exchange. As a result of
these two pyridine/carboxylate substitutions the oxo ex-
change rate surpasses that of compound 7, which possesses
an easily exchangeable coordination site. This emphasizes
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that carboxylates contribute to drastically increasing the oxo
exchange rate in these dimanganese(II1,IV) complexes.

This effect is quantitatively more important than could
have been predicted from the modest Mn—O,,, bond length-
ening observed in the 1/2/3 series. Indeed, the associated
weakening of the Mn—O,,, bond is far too small to be re-
sponsible for the strong reactivity changes. This suggests
that the carboxylate may play a more active role than strict
charge compensation. Indeed it may be envisaged that
owing to their intrinsic lability the carboxylate ligands disso-
ciate,™ thus opening a coordination site for an incoming
water molecule. Such an effect would be more important for
an axial carboxylate bound on the Jahn-Teller elongation
axis than for an in-plane carboxylate. This is not consistent
with the observation of a major effect of the in-plane car-
boxylate in 2 and the importance of in-plane ligands stressed
by Tagore et al.**®! We are thus led to envisage that the in-
plane carboxylate ligand may act in a more specific way. At
this point it is worth noting that addition of triethylamine in-
duces a rate increase in the exchange reaction similar to
that produced by the replacement of a pyridine by an in-
plane carboxylate. This suggests that the carboxylate ligands
may play the role of internal bases, assisting the deprotona-
tion of the substrate. In the oxo exchange reaction, the in-
plane carboxylate may interact with the incoming water,
thereby assisting its deprotonation to the strongly bound hy-
droxide. Proton transfer to the oxo ligand and re-binding of
the carboxylate would produce a dihydroxo species with a
single oxo bridge. Elimination of water would then reconsti-
tute the second oxo bridge either isotopically normal or ex-
changed.

When comparing compounds 10 and 11, Tagore et al. con-
cluded that oxo exchange on Mn'" is about 10 times slower
than on Mn"'. This effect is drastically enhanced when
dimanganese(IILIII) systems are considered. Indeed, the
comparison of 1 and 5 reveals an 83-fold enhancement of
the rate on going from Mn"™™n" to Mn™Mn™ tpa com-
plexes. These results thus fully agree with the observations
and conclusions of Tagore et al.,”®! but while the same
overall trends are observed the various effects appear to be
strongly enhanced by the carboxylates, pointing to a specific
role of these ligands.

Hydrogen peroxide disproportionation: Interestingly, on
going from 1 to 2 to 3, each carboxylate/pyridine substitu-
tion increases the disproportionation rate fivefold. Com-
pletely different shifts in the oxidation potentials are ob-
served, since they are markedly reduced on going from 1 to
2 but far less on going from 2 to 3. This different behavior
indicates that the redox potential lowering cannot be the
origin of the disproportionation rate increase. It is notewor-
thy that carboxylate/pyridine substitution induces a similar
rate enhancement in the oxo bridge exchange, which is a
non-redox process (see below). As detailed above, a rate en-
hancement similar to that of carboxylate can be brought
about by the addition of triethylamine, but this effect is re-
duced as the number of carboxylate ligands increases. This
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suggests that the carboxylates may play the role of internal
bases in assisting the deprotonation of H,O,. In this respect
the carboxylate arms of these ligands may mimic Glu65 and
Glu148 when bound to manganese ions, or Glul78 when un-
bound. Glu65 and Glul48 are indeed Mn ligands in Lacto-
bacillus plantarum catalase, while Glul78 resides in the
close vicinity of the dimanganese unit.”? All these glutamate
residues are strongly H-bonded to water/hydroxide bridges
and terminal water ligand in the reduced state of the
enzyme and have been postulated to assist the enzyme in
H,O0, deprotonation.

Conclusion

We have described here a new and general synthetic route
to dimanganese(IILIII) complexes through benzil reduction
of the corresponding readily available dimanganese(IILIV)
precursors. In this respect we have systematically introduced
carboxylates in place of pyridines into tripodal ligands in
order to assess the influence of this substitution. Indeed, as-
partate and glutamate are always found as manganese li-
gands in proteins and their true influence was not precisely
assessed through biomimetic chemistry. This influence
proved to be drastic in oxo exchange and hydrogen peroxide
disproportionation reactions. Indeed, in both cases, carbox-
ylate introduction leads to a strong increase in the reaction
rate, and this effect may probably be assigned to the ability
of carboxylate ligands to act as internal bases. This effect is
likely to be important in the catalase reaction, in which hy-
drogen peroxide must be deprotonated and the protons
transferred to oxo ligands to eliminate water molecules.
Indeed, it has recently been shown that the assistance of
proton transfer, in particular in a concerted manner, is cru-
cial to many electron transfers and, moreover, that carboxyl-
ate residues can act as proton acceptor groups in theses pro-
cesses.[*l]

Experimental Section

Materials: All solvents and reagents were of the highest quality available
and were used as received unless noted otherwise. THF and acetonitrile
were heated at reflux over sodium/benzophenone and phosphorus pent-
oxide, respectively, and were distilled immediately before use. H,"O
(95% '0) and H,"0, (90% 0, 2.2% in H,0) were obtained from Eur-
isotop and Leman, respectively. The concentrations of H,O, stock solu-
tions were determined monthly through permanganate titration. Hznta
was purchased from Sigma, and tpa,® Hbpg,**! and H,pda”® were pre-
pared by literature procedures. Compounds 1 [Mn,(O),(tpa),](ClO,); and
2 [Mn,(0),(bpg),](ClO,) were prepared by literature procedures.*!
Synthesis

{[Mn,(pda),(0),INa(H,0)¢}, (3):* In an Erlenmeyer flask, H,pda
(0.112 g, 0.5 mmol) was neutralized with a saturated solution of sodium
hydrogencarbonate. Acetone (15mL) was added, and the solution was
cooled down to —20°C. A chilled solution of manganese(II) nitrate
(60 mg, 0.35 mmol) in acetone was then added, followed by a solution of
23 mg (0.15 mmol) of potassium permanganate in the minimum possible
amount of water. The resulting green-black solution was evaporated
under vacuum at low temperature, and the resulting product was washed
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with acetonitrile and crystallized at —20°C from a 50:50 mixture of ace-
tone and water to produce green black needles (100 mg, yield: 65%).
Mass spectrometry (ESI-MS™): m/z: 586 [M—Na]".

[Mn,(O),(nta),]Na; (4): In an Erlenmeyer flask, Hjnta (0.095g,
0.5 mmol) was neutralized with a saturated solution of sodium hydrogen-
carbonate. Acetone (15 mL) was added, and the solution was cooled
down to —60°C. A chilled solution of manganese(Il) nitrate (60 mg,
0.35 mmol) in acetone was then added, followed by a solution of potassi-
um permanganate (23 mg, 0.15 mmol) in the minimum possible amount
of water. The resulting green-black solution was analyzed directly by
EPR spectroscopy.

[Mn,(0O),(tpa),](BPh,), (5): This synthesis was performed in a glove box
under argon. In a flask, 1 (100 mg) were dissolved in anhydrous acetoni-
trile (150 mL). Simultaneously, a solution of the benzil radical was pre-
pared by adding a piece of freshly cut sodium to a solution of benzil (1 g)
in anhydrous THF (10 mL). The benzil radical solution turned orange im-
mediately. The two solutions were cooled down to —20°C, and aliquots
of the benzil radical solution were added to that of 1. The reaction was
monitored by EPR by observation of the disappearance of the 16-line
signal of 1. When this signal had completely vanished, an acetonitrile so-
lution of sodium tetraphenylborate (500 mg) was added, causing the ap-
pearance of small orange brown crystals (100 mg, 75 % ). Mass spectrome-
try (ESI-MS™*): m/z: 1040 [M—BPh,]*.

[Mn,(0),(bpg),] (6): This synthesis was performed from 2 (50 mg) as de-
scribed for 5. When the EPR signal of 2 had totally vanished, the solvent
was stripped off within the glove box, and the recovered solid was
washed with THF. It was then dissolved in acetone and filtered to
remove insoluble impurities. Evaporation of the solvent gave 6 (30 mg,
yield: 65%).

Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive

X-ray crystallography: The diffraction data for compound 5 were taken
at room temperature with a Bruker SMART CCD area detector three-
circle diffractometer (Mog, radiation, graphite monochromator, A=
0.71073 A).

The values of the cell parameters were refined by use of the SAINT pro-
gram,”” and the data were processed with the SADABS Bruker pro-
gram.’”! Complete information on crystal data and data collection param-
eters is given in the Supporting Information. The structure was solved by
direct methods by use of the SHELXTL 5.03 package,*® and all atoms
were found by difference Fourier syntheses. All non-hydrogen atoms
were anisotropically refined on F°. Hydrogen atoms were included in cal-
culated positions.

CCDC 656465 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif

Spectroscopic measurements: Electronic absorption spectra were record-
ed on a Hewlett-Packard HP 89090 A or 8452 A diode array spectropho-
tometer. Infrared spectra were recorded with a Perkin—Elmer 1600 FTIR
spectrometer, as dispersions (1-1.5 wt %) of the compounds in KBr.

EPR spectra at X band were recorded with an EMX Bruker spectrome-
ter fitted with an Oxford Instruments ESR900 cryostat. All spectra pre-
sented were recorded under unsaturated conditions with the following
set of parameters: T=10K, P=3.17 uW, frequency modulation=
100 kHz, amplitude modulation =9 G. Simulation of the EPR spectra was
performed as already described.’” 'H and *C NMR spectra were record-
ed on a Bruker AC 200 spectrometer with a characteristic absorption of
the solvent as internal reference. Electrospray ionization mass spectra
were obtained with a LCQ Finnigan Thermoquest ESI source spectrome-
ter with an ion trap and an octupolar analyzer.

Magnetic measurements: The magnetic susceptibilities of compounds 1,
2, 3, and 5 were measured over the temperature range 5-300 K at 0.5 and
5 T. The samples (ca. 10 mg) were contained in a kel F bucket that had
been independently calibrated. The data were corrected from diamagnet-
ism by use of Pascal’s constants.*”! The data were simulated by use of the
Van Vleck equations derived from the Heisenberg exchange Hamiltonian
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(H=-275,8,+8. A 38).* Equation (1) was used for compounds 1-3
and Equation (2) for 5:

1+10exp (3x)+35 exp (8x)+84 exp (15x)

AT = 0.094 ¢* 1+2 exp (3x)+3 exp (8x)+4 exp (15x)

+1T 1)

, exp (2x)+5exp (6x)+14 exp (12x)+30 exp (20x)

AT =075¢ 143 exp (2x)+5 exp (6x)+7 exp (12x)+9 exp (20x)

“T ()

with x=J/(kgT) and ¢t standing for the temperature-independent para-
magnetism. The R indexes were 0.99886, 0.99932, 0.99896, and 0.999791
for 1-3 and 5, respectively.

Electrochemistry: All electrochemical experiments were run under argon
in a dry glovebox at room temperature, with a standard three-electrode
electrochemical cell.*!) The electrolyte was a solution of tetra-n-butylam-
monium perchlorate (TBAP, 0.1M, Fluka (puriss)) in acetonitrile (Rath-
burn, HPLC grade S). Potentials were referred to an Ag/AgNO; (10 mm)
reference electrode in CH;CN (40.1 M TBAP). Potentials referred to this
system can be converted to the ferrocene/ferrocenium couple by subtract-
ing 87 mV, or to SCE or NHE by adding 298 or 548 mV, respectively.
The working electrode was a platinum disc (diameter 0.25 cm) polished
with 2 um diamond paste for cyclic voltammetry (E,,, anodic peak poten-
tial; E,. cathodic peak potential; E: =(E,+E,)?2; AE,=E,—E,).
Electrochemical measurements were carried out with an EGG PAR
model 173 potentiostat fitted with a model179 digital coulometer and a
model 175 programmer with output recorded on a Sefram TGM 164 X-Y
recorder.

Kinetic experiments: In a typical oxo exchange reaction, a solution of
complex (1 mM, 1 mL) was treated with H,'®O (16 pL) and the reaction
was monitored by ESI-MS. For every compound at every time, the peaks
at M (unexchanged), M+2 (singly exchanged), and M+4 (doubly ex-
changed) were integrated. The integrals of the singly exchanged species
at M42 were corrected for the contributions of the unexchanged species.
Similarly, the integrals of the doubly exchanged species at M+4 were cor-
rected for the contributions of the unexchanged and the singly exchanged
species. The kinetic data were fitted to a monoexponential law [Mn,0,]=
Cyexp (—kxt) with agreement factors higher than 0.99.

The rate constants of the catalase-like reactions were determined by
volumetric measurements of the evolved dioxygen. The whole apparatus,
built from borosilicate glass, was kept at a constant temperature (+
0.2°C) by use of a thermostatted ethanol circulation bath (Haake FQ-4).
In a standard procedure, catalyst solution (2 mL) was placed in the kinet-
ic apparatus. The solution was stirred for 30 min to reach a stable temper-
ature. The chosen volume of hydrogen peroxide stock solution was
added, and the volume of evolved dioxygen was then measured as a func-
tion of time. To compare the kinetics at different temperatures, the
volume of the gas was converted to a reference temperature (273 K) by
use of the ideal gas law. The volume was also corrected for the vapor
pressure of the solvent at the working temperature by use of the expres-
810N Vg = Vines (Pam—Puap)/ Pam» Where Vo, is the corrected volume, V.
the measured volume, P, the atmospheric pressure, and P, the vapor
pressure of the solvent at the working temperature. In most cases, the ini-
tial rates were obtained by measuring the slopes of the tangents of the
curve v(O,) vs time at 0s. When a lag phase was present (i.e. experiments
with 1a at low H,0, concentrations), the steepest slope after the initia-
tion phase was used.
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