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The series of compounds [Mn(bpia)(«-OAc)1(ClO4), (1), [Mny(bpia)z(«O)(u-OAc)](ClO4)sCH3CN (2), [Mn(bpia)(u-
0)]2(ClO4)(PFg)+2CHSCN (3), [Mn(bpia)(Cl),)(ClO)s (4), and [(Mn(bpia)(Cl))2(4-O)](ClO4)2-2CH3CN (5) (bpia = bis-
(picolyl)(N-methylimidazol-2-yl)amine) represents a structural, spectroscopic, and functional model system for
manganese catalases. Compounds 3 and 5 have been synthesized from 2 via bulk electrolysis and ligand exchange,
respectively. All complexes have been structurally characterized by X-ray crystallography and by UV-vis and EPR
spectroscopies. The different bridging ligands including the rare mono-u-0xo and mono-u-0xo-mono-u-carboxylato
motifs lead to a variation of the Mn—Mn separation across the four binuclear compounds of 1.50 A (Mn,"!' = 4.128
A, Mn"" = 35326 and 3.2533 A, Mn,"V = 2.624 A). Complexes 1, 2, and 3 are mimics for the Mn,"", the
Mn,"" and the Mn,"" oxidation states of the native enzyme. UV-vis spectra of these compounds show similarities
to those of the corresponding oxidation states of manganese catalase from Thermus thermophilus and Lactobacillus
plantarum. Compound 2 exhibits a rare example of a Jahn—Teller compression. While complexes 1 and 3 are
efficient catalysts for the disproportionation of hydrogen peroxide and contain an N4O, donor set, 4 and 5 show no
catalase activity. These complexes have an N,Cl, and N4OCI donor set, respectively, and serve as mimics for
halide inhibited manganese catalases. Cyclovoltammetric data show that the substitution of oxygen donor atoms
with chloride causes a shift of redox potentials to more positive values. To our knowledge, complex 1 is the most
efficient binuclear functional manganese catalase mimic exhibiting saturation kinetics to date.

Introduction reductasé arginas®) manganese centers. Often, these mono-
It is now well recognized that enzymes containing and binuclear manganese enzymes exhibit activities that are

manganese cofactors are widespread. In addition to theSimilar to iron enzymes, with active sites, in a few cases
tetranuclear manganese cluster found in the oxygen evolvingSUch @s superoxide dismutases or ribonucleotide reductases,
complex! there are numerous enzyridsat contain mono- that appear remarkably similar. Therefore, an understa_ndyng
nuclear (e.g., superoxide dismuthaad manganese dioxy- ©Of manganese enzymes not only furthers our appreciation
genas® or binuclear (e.g., catalases, ribonucleotide for the biological chemistry of this element but also provides
a broader foundation for the understanding of metalloenzy-
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Highly Efficient Manganese Catalase Mimics

The manganese catalases are the most intensively studiedhanganese catalase mimic (Table'B¥! Like the afore-
binuclear manganese enzymes. Catalases are enzymes thatentioned heptadentate ligand, the pentadentate 2-OH-salpn
protect cells from deleterious effects caused by hydrogenligand offers preorganized binding sites for two metal ions
peroxide, a byproduct of respiration, by disproportionating and is therefore tailor-made for the synthesis of binuclear
H,0, into water and dioxygen. Besides heme type cataldases complexes. To have a greater variety of possible bridging
and particular enzymes such as chloroperoxidase that dis-motifs available for a manganese catalase model system, we
proportionate hydrogen peroxide in addition to peroxidase chose to utilize the ligand bpia (bis(picolyW{methylimi-
activity,!* there is the class of manganese catalases that haslazol-2-yl)amine) that belongs to the class of tripodal

been found in the three bacterial organishatobacillus ligands??2 When coordinating to a metal center, tripodal
plantarum® Thermus thermophilusand Thermoleophilum ligands form complexes leaving two vacant coordination sites
album” Manganese catalase frofinermus thermophiluis in cis position to each other. These vacant coordination sites

best characterized structurally. A recent X-ray structural facilitate the synthesis of binuclear complexes while at the
analysis &1 A resolutiod? of the oxidized form of the  same time they allow control over the bridging ligands.
enzyme reveals an active site containing two'Mans with In this paper, we report the synthesis, characterization, and
a 3.13 A metal to metal distance. The metal centers arecatalase activity of the novel complexes [Mn(bpiafdAc)].-
bridged by the carboxylate group of a glutamate residue in (ClOy), (1), [Mnz(bpiak(u-O)(u-OAc)](ClO4)3*CH3CN (2),
a syn—syn fashion. Two oxygen atoms complete the bridging [Mn(bpia)(u-0)](ClO4)2(PR;):2CH:CN (3), [Mn(bpia)(Cl)]-
motif, the exact structure of which is yet unclear. At least (ClO), (4), and [(Mn(bpia)(C1))(«-O)](ClO4)2-2CHCN (5).
one of the bridging oxygen atoms is thought to be &1 O  Compounds, 2, and3 are structural mimics of the Mh',
group, whereas in the reduced Mt form both bridging Mn,""and MV forms of manganese catalase. It will
oxygen atoms come from water and/or hydroxide. This triply be shown thatl is the most efficient functional catalase
bridged form has been shown to be in a pH-dependentmimic with saturation kinetics observed. Compl8x al-
equilibrium with a species containing a mopesxo-mono- though being a structural model for the inactive form of the
u-carboxylato bridgé? The coordination sphere around the enzyme, also catalytically disproportionates hydrogen per-
manganese centers also contains one terminal glutamate andxide, while 2 is oxidized to 3 by hydrogen peroxide.
one terminal histidine ligand per manganese and is bestAttempts to synthesize model compounds for the anion
described as distorted square pyramidal. Besides the catalytiinhibited form of manganese catalase yielded compléxes
cally active Mp'"" and Mn"" oxidation states, through and5, which show no catalytic activity with respect to the
which the enzyme cycles during turnover, the inactive/Nin disproportionation of hydrogen peroxide.
and Mn'""V oxidation states also can be accessed and
transformed into one another by use of various oxidants/ Experimental Section
reductants. Monovalent ligands with a negative charge like  ppygical MeasurementsIR spectra were recorded on a Perkin-
chloride, fluoride, azide, nitrite, and nitrate have been found gjmer Spectrum GX FT-IR spectrometer and a Bruker IFS 48
to inhibit the Mn"!" state of the enzyme while cyanide causes spectrometer in the range 406000 cnt 2. Samples were prepared
no inhibition!# So far, only two functional model systems as KBr disks. Elemental analyses were carried out on a Perkin-
have been described which employ the Mhand M, Elmer 2400 Series 2 analyzer, an Elementar vario EL IIl analyzer,
oxidation states in their catalytic cycles. The first system, and a Heraeus CHN-O-Rapid analyzer. t¥s spectra were
[Mn2(LY)(u-OAc)]?, is based on the heptadentate ligatd L measured at 25C on a Hewlett-Packard 8453 diode array
= N,N,N',N'-tetrakis(2-methylenebenzimidazolyl)-1,3-diami- spectrometer us_ing quartz cuvettes (1 cm) and acetonitrile as solvent.
nopropan-2-ol and has been the first functional catalase 'Ne concentration of the samples was- 5-10 % mol-L ™. EPR
mimic (Table 3)15-18 The second system is the [M@- spectra were recorded on a Bruker EMX EPR spectrometer at
OHsalpn)] system, which has been crystallographically and X-band freq_uency. For Iow_—temperature spectra, an Oxford Instru-
) i . . . ments continuous flow helium cryostat and a temperature control
spectroscopically fully characterized in four different oxida-

> - system were used. Cyclic voltammetry experiments for compounds
tion states, and serves as both a structural and functionab_s were carried out in acetonitrile on a BAS CV-27 voltammo-

(10) Mate M. J.; Murshudov, G.; Bravo, J.; Melik-Adamyan, W.; Loewen, ~9raph equipped with a BAS C-1B cell stand and a BAS RXY
P. C.; Fita, |. InHandbook of MetalloproteinsMesserschmidt, A., recorder. For compount] N,N-dimethylformamide was used. The
Huber, R., Poulos, T., Wieghardt, K., Eds.; John Wiley & Sons, concentration of all samples was= 1-10-3 mol-L ~L. Prior to use,

11) %Lghysévglléfkmgg?sl"g pé?ggggr" L. ®.Biol. Chem1970 245, solvents were purified by standard literature methods. Tetrabutyl-
3129. ammonium hexafluorophosphate (recrystallized from ethanol) was

(12) Antonyuk, S. V.; Melik-Adamyan, W. R.; Popov, A. N.; Lamzin, V. used as supporting electrolyte at a concentration of 0.:Lmal

S.; Hempstead, P. D.; Harrison, P. M.; Artymyuk, P. J.; Barynin, V. foti ;
V. Crystallogr. Rep. (Transl. Kristallografiya3000 45, 105. A three electrode array consisting of a glassy carbon working
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(15) Boelrijk, A. E. M.; Dismukes, G. Clnorg. Chem.200Q 39, 3020. 1997, 36, 1829.
(16) Mathur, P.; Crowder, M.; Dismukes, G. €.Am. Chem. S0d.987, (22) Pascaly, M.; Duda, M.; Rompel, A.; Sift, B. H.; Meyer-Klaucke, W.;
109 5227. Krebs, B.Inorg. Chim. Actal999 291, 289.
(17) Pessiki, P. J.; Khangulov, S. V.; Ho, D. M.; Dismukes, GJCAm. (23) (a) Wei, N.; Murthy, N. N.; TyeKla Z.; Karlin, K. D. Inorg. Chem.
Chem. Soc1994 116 891. 1994 33, 1177. (b) Reese, C. B.; Pei-Zhou, Z.Chem. Soc., Perkin
(18) Pessiki, P. J.; Dismukes, G. &.Am. Chem. S0d.994 116 898. Trans.1993 2291.
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Table 1. Crystal Data and X-ray Experimental Parameters for Compléxes

Triller et al.

1 2 3 4 5
formula GgHaaN10C12012MN3 CagHaa N11ClsMn2015 CagHaaN12CloFsO010MN2Py C17H19N5ClsMn104 CagHaaN12Cl4MN20qg
M (g-mol~1) 1013.61 1111.07 1154.60 518.66 1064.53
cryst syst triclinic monoclinic monoclinic monoclinic monoclinic
space group P1 P2:/n P2i/n Cc P2i/c
T (K) 158(2) 158(2) 158(2) 153(2) 213(2)
a(h) 7.892(2) 10.746(2) 15.373(3) 7.971(2) 10.445(2)
b (A) 10.706(2) 22.423(4) 10.442(2) 22.218(4) 14.277(3)
c(A) 14.051(3) 20.143(4) 16.210(3) 11.875(2) 15.123(3)
o (deg) 107.79(3) 90 90 90 90
f (deg) 100.10(3) 100.49(3) 114.91(3) 98.99(3) 90.71(3)
y (deg) 94.12(3) 20 90 90 90
V (A3) 1102.9(4) 4773(2) 2360.0(8) 2077.2(7) 2255.0(8)
z 1 4 2 4
Dcarca(grcm—3) 1.526 1.546 1.625 1.658 1.568
w(mm1) 0.766 0.775 0.775 1.057 0.864
R12 0.0367 0.0448 0.0678 0.0381 0.0477
WR2 0.1055 0.1246 0.1490 0.0799 0.0988
GOF 1.078 1.085 0.840 1.021 1.020

3R1 = Y||Fobsd — IFcaicd /Y |Fobsd. ®WR2 = {3 [W(Fobsd — Feaicd)/ Y [W(Fobsf)?} 2 ¢ GOF = { 3 [W(Fobsd — Feaicd)?l/Ndata — Nvari} /2

electrode, a platinum wire counter electrode, and a Ag/AgNO
reference electrode, prepared in acetonitrile (0.1:M3IBu;NPF;,
0.01 motL~* AgNQg), was used. Using the described conditions,
the ferrocene/ferrocinium redox couple was observdg at= 0.41
V versus SCE and &;, = 0.10 V versus Ag/AgN@ For bulk

1.2 times the value fddeq of the bonding atom. All non-hydrogen
atoms were refined anisotropically.

[Mn(bpia)(u#-OACc)]2(ClO4), (1). Single crystals were obtained
by vapor diffusion of diethyl ether into a methanol solutionlof
A block shaped yellow crystal of dimensions 0.420.40 x 0.40

electrolysis, a platinum mesh was used as working electrode alongmm? was chosen and mounted onto a Siemens Smart 1K CCD

with a platinum disk as counter electrode and a silver wire as
reference electrode.

Kinetic Measurements. Catalase activities of complexas(in
N-methylformamide) an@® (in acetonitrile) were measured at 25
°C on the basis of fluorescence quenching using an oxygen sénsor.
Complex2 is oxidized stoichiometrically by hydrogen peroxide
(monitored by UV-vis, data not shown here). Hydrogen peroxide
solution in acetonitrile (for3) and N-methylformamide (forl),

diffractometer. Unit cell data and diffraction intensities were
collected at 158 K using Mo « radiation (graphite monochro-
mated,A = 0.71073 A). Further crystal data and experimental
parameters are listed in Table 1.

The structure was solved by a Patterson synthesis using the
program system SHELXS 2.

[Mn (bpia)z(u-O)(u-OAc)](CIO 4)3*CH3CN (2). Single crystals
were obtained by vapor diffusion of diethyl ether into an acetonitrile

respectively, was placed in a vessel equipped with a thermostat (5solution of2. A rectangular red crystal of dimensions 0.44).26

mL, prepared in different concentrations from 35.9% hydrogen x 0.24 mn¥ was chosen and mounted onto a Siemens Smart 1K
peroxide solution in water, concentration determined iodometrically CCD diffractometer. Unit cell data and diffraction intensities were
and manganometrically). Before each measurement, a calibrationcollected at 158 K using Mo & radiation (graphite monochro-
of the oxygen sensor was carried out by saturating the solution mated,2 = 0.71073 A). Further crystal data and experimental
with air (L00% dioxygen) and then with argon (0% dioxygen). The parameters are listed in Table 1.
dioxygen concentration in air-saturated acetonitilenfethylform- One perchlorate ion is disordered. The disorder can be described
amide) has been determined to be 2.42 mindl(1.31 mmoiL1).% as a rotation around the CID(6) axis by approximately 20
After a baseline had been established, 0.1 mL of a 0.01 molar The occupation factors for both forms were refined to 0.61 and
solution of complex in degassed solvent (vide supra) was added,0.39, respectively.
and the oxygen evolution was monitored. The average initial rate  [Mn(bpia)(z-0)]2(ClO4)2(PFg)-2CHICN (3). Single crystals
over three independent measurements, expressed as,MpkH- were obtained by vapor diffusion of diethyl ether into an acetonitrile
(mol catalysty1,® was determined by linear regression from the solution of3. A plate shaped green crystal of dimensions 0x20
slope of the concentration versus time plots. 0.10 x 0.02 mn? was chosen and mounted onto a Siemens Smart

X-ray Crystallography. Unless otherwise stated, all structures 1K CCD diffractometer. Unit cell data and diffraction intensities
were solved by direct methods using the program system were collected at 158 K using ModcKradiation (graphite mono-
SHELXS9726 All other non-hydrogen atoms were taken from a chromated = 0.71073 A). Further crystal data and experimental
series of full-matrix least-squares refinement cycles baseB2on  parameters are listed in Table 1. The poor data are caused by bad
with the SHELXL 97 program followed by difference Fourier —crystal quality.
synthesig® All hydrogen atoms were placed on calculated positions  [Mn(bpia)(Cl) 2J(CIO) 4 (4). Single crystals were obtained by
and allowed to ride on their corresponding carbon atoms with vapor diffusion of diethyl ether into an acetonitrile solutiondof
isotropic thermal parameters for the methyl protons 1.5 times the A rectangular deep red crystal of dimensions 0:38.27 x 0.17
value for Ue, of the bonding atom and all other hydrogen atoms mm?® was chosen and mounted onto a Bruker AXS Smart APEX
diffractometer. Unit cell data and diffraction intensities were
collected at 173 K using Mo « radiation (graphite monochro-
mated,A = 0.71073 A). Further crystal data and experimental
parameters are listed in Table 1.

[(Mn(bpia)(Cl)) 2(u-O)](ClIO 4)22CH3CN (5). Single crystals
were obtained by vapor diffusion of diethyl ether into an acetonitrile

(24) Konecke, R.; Comte, A.;"3gens, H.; Kohls, O.; Lam, H.; Scheper,
T. Chem. Ing. Techl998 70, 1611.

(25) Franco, C.; Olmsted, J., lITalanta199Q 37, 905.

(26) (a) Sheldrick, G. MSHELXS97University of Gdtingen: Gitingen,
Germany, 1997. (b) Sheldrick, G. MSHELXL97 University of
Gottingen: Gidtingen, Germany, 1997.
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solution of5. A rectangular green crystal of dimensions 040
0.40 x 0.32 mn? was chosen and mounted onto a STOE imaging
plate diffraction system. Unit cell data and diffraction intensities
were collected at 213 K using ModKradiation (graphite mono-
chromated] = 0.71073 A). The sample to plate distance was fixed
at 70 mm with a scan range of & ¢ < 200°. The exposure time
was 3 min, and the oscillating anglep = 1.1°. Further crystal
data and experimental parameters are listed in Table 1.

Found: C, 39.67; H, 3.91; N, 14.39. IR (KBr, ci): 3432(br),
1607(s), 1510(s), 1485(m), 1445(s), 1287(w), 1165(m), 1099(s),
1024(w), 977(w), 840(vs), 764(s), 702(w), 665(w), 623(w), 558-
(vs).

[Mn(bpia)(Cl) 2](CIO)4 (4). The complex was prepared by slight
modification of a previously published proceddfd.o a methanol
suspension o2 (0.06 mmol, 68 mg) was added 2 mL of a 0.12 M
solution of HCI in acetonitrile. The 0.12 M solution of HCI in

The perchlorate ion is disordered. The disorder can be describedacetonitrile was prepared by dilution of 0.1 mL of 12 M agueous

as a rotation around the CI@2D(4) axis by approximately 22
The occupation factors for both forms were refined to 0.65 and
0.35, respectively.

Syntheses.The ligand bpia (bis(picolyl){-methylimidazol-2-

HCI to 10 mL with acetonitrile. Upon addition of the HCI solution,
the reddish brown reaction mixture turned into a deep red solution,
which was stirred for 5 min and then filtered. Deep red crystals
suitable for X-ray diffraction were obtained by vapor diffusion of

yl)amine) was synthesized according to previously reported meth- diethyl ether into the solution. Yield: 40 mg, 64%. Anal. Calcd
ods?223 All reagents used in the syntheses were purchased from for Ci7H1gNsCIsMn;O4: C, 39.37; H, 3.69; N, 13.50. Found: C,
Aldrich and Fluka and used without further purification. All solvents  39.51; H, 3.73; N, 13.20. IR (KBr, cr): 3138(m), 2934(w), 1604-
were of analytical grade and used without further purification unless (s), 1514(s), 1445(s), 1357(w), 1316(m), 1285(m), 1168(s), 1089-

stated otherwise.

Caution! Perchlorate salts of compounds containing organic
ligands are potentially explosge. Only small quantities of these

(vs), 1026(s), 977(m), 885(m), 816(w), 778(s), 761(vs), 665(m),
623(s), 526(m), 440(m).
[(Mn(bpia)(Cl)) 2(#-O)I(CIO 4)2:2CH3CN (5). The complex was

compounds should be prepared, and suitable precautionary mea-prepared by slight modification of a previously published proce-

sures should be taken when they are handled.
[Mn(bpia)(u-OACc)]2(ClOy4), (1). The complex was prepared by
reacting equimolar amounts of bpia (0.2 mmol, 59 mg) and Mn-
(OAC),*4H,0 (0.2 mmol, 49 mg) in methanol. The resulting pale
yellow solution was stirred for 30 min, and then Na@l@,0 (0.2

dure?® To a DMF solution of2 (0.06 mmol, 68 mg) was added 1
mL of a 0.12 M solution of HCI in acetonitrile. The color changed
from reddish brown to green. The solution was stirred for 5 min
and then filtered. Vapor diffusion of diethyl ether into this solution
yielded green crystals which were recrystallized from acetonitrile

mmol, 28 mg) was added and the resulting reaction mixture stirred t0 give green crystals suitable for X-ray diffraction. Yield: 49 mg,

for another 30 min. Vapor diffusion of diethyl ether into this solution
yielded yellow crystals suitable for X-ray diffraction. Yield: 81
mg, 40%. Anal. Calcd for ¢H4sN10Cl,O1,Mny: C, 45.03; H, 4.38;
N, 13.82. Found: C, 44.79; H, 4.34; N, 13.74. IR (KBr, T

3420(br), 3121(w), 1602(vs), 1576(vs), 1507(s), 1481(s), 1442(vs),
1279(m), 1092 (vs), 1015(s), 950(m), 905(m), 762(s), 656(m), 636-

(s), 623(s).

[Mn »(bpia).(u-O)(u-OACc)](CIO 4)3:CH3CN (2). The complex
was synthesized by slight modification of a previously published
proceduré’ Bpia (0.2 mmol, 59 mg) was dissolved in a methanol/
ethanol mixture (1:1), and Mn(OAgpRH,O (0.2 mmol, 54 mg)

was added as a solid. The resulting reddish brown reaction mixture

was stirred fo 2 h and then filtered to remove small amounts of
unreacted starting material. To the filtrate, Na@kO (0.3 mmol,

77%. Anal. Calcd for GH3gN1oClsMnOg: C, 41.57; H, 3.90; N,
14.26. Found: C, 41.66; H, 3.88; N, 14.26. IR (KBr, T 3424-
(br), 3136(w), 2942(w), 1605(s), 1509(s), 1482(m), 1442(s), 1359-
(w), 1317(w), 1285(w), 1091(vs), 969(m), 879(s), 762(s), 701(w),
624(s), 525(w).

Results and Discussion

Description of Structures. [Mn(bpia)(#-OAc)]2(ClO,),
(1). The crystal structure of the cation fhis depicted in
Figure 1. Selected bond distances and angles are given in
Table 2. Compound crystallizes in the triclinic space group
P1 with one complex cation and two perchlorate counter-
anions in the unit cell. The two manganese centers in the

42 mg) was added. The resulting reddish brown precipitate was dication are related by a crystallographic inversion center.

filtered and washed with ethanol. Red crystals suitable for X-ray
diffraction were grown by vapor diffusion of diethyl ether into an
acetonitrile solution of the complex. Yield: 151 mg, 68%. Anal.
Calcd for Q6H41N10(3I3Mn2015: C, 40.41; H, 3.86; N, 13.09.
Found: C, 40.40; H, 3.59; N, 13.30. IR (KBr, ci): 3427(br),
3132(w), 3079(w), 2919(w), 1607(s), 1512(s), 1484(m), 1444(s),
1356(w), 1311(w), 1286(w), 1095(vs), 976(m), 879(w), 766(s), 665-
(w), 624(s).

[Mn(bpia)(#-0)]2(ClO4)2(PFs)-2CH3CN (3). The complex was
synthesized fron2 via bulk electrolysis of a 0.1 M solution &in
acetonitrile with 0.1 M BuNPF; as supporting electrolyte. The
volume of solvent was reduced in g Mtream. Upon addition of
CH,Cl,, a brown precipitate was obtained, which was filtered,

They are bridged by two acetato groups in a-sgnti fashion
resulting in an intermetal distance of 4.128(1) A. This is
considerably shorter than the distances found in the-syn
anti dicarboxylato bridged complexes [Mhipy)a(u-CoHs-
COy)z]2" (4.653 A), [Mny(bipy)a(u-CsHsCO,);]*" (4.509 A),
and [Mn(bipy)(u-CHs0,);]2* (4.583 A)2°-31 Mn—Mn dis-
tances similar to that idl can be found in two synanti
diacetato bridged complexes that contain tetradentate nitrogen
donor ligands: [Me(u-CH3;CO,),(bispicMeen)](ClO.,), (4.298

A) (bispicMeen= N,N'-dimethyIN,N'-bis(2-pyridylmethyl)-
ethane-1,2-diamine) and [Miu-CHsCO,),(tpa)](TCNQ),
2CHCN (4.145 A) ( tpa= tris(2-pyridylmethyl)amine,

washed with methanol, and dissolved in acetonitrile. Green crystals TCNQ = tetracyanoquinodimethan#)33 The coordination

suitable for X-ray diffraction were grown by vapor diffusion of
diethyl ether into this solution. Yield: 50 mg, 43%. Anal. Calcd
for C38H44N12(3|2F5010Mn2P1: C, 3953, H, 384, N, 14.56.

(27) Oberhausen, K. J.; O'Brien, R. J.; Richardson, J. F.; Buchanan, R.

M.; Costa, R.; Latour, J.-M.; Tsai, H.-S.; Hendrickson, D.Ihorg.
Chem 1993 32, 4561.

(28) Pal, S.; Olmstead, M. M.; Armstrong, W. Hhorg. Chem 1995 34,
4708.

(29) zZhang, C.; Janiak, &. Anorg. Allg. Chem2001, 627, 1972.

(30) Albela, B.; Corbella, M.; Ribas, J.; Castro, |.; Sletten, J.; Stoeckli-
Evans, H.Inorg. Chem 1998 37, 788.

(31) Rardin, R. L.; Tolman, W. B.; Lippard, S.New J. Chem1991, 15,
417.
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Figure 1. Crystal structures of the cations i 2, and 3 showing 50%
probability thermal ellipsoids. Hydrogen atoms are omitted for clarity.

environment around the manganese centerliis best

described as distorted octahedral where four coordination

sites are occupied by nitrogen atoms from bpia. It is

completed by two oxygen atoms from the bridging acetates.

The Mn—N bond distances range from 2.213(2) A for Mn-
(1)—N(2) to 2.402(2) A for Mn(1)-N(1). The distances for
the Mn—O bonds are 2.128(2) A for the anti carboxylate
oxygen and 2.087(2) A for the syn carboxylate oxygen. This

difference in bond lengths has been attributed to a higher

basicity of the syn carboxylate oxygen compared to the anti
carboxylate oxyge#’ It is noteworthy that the MaN bond
distances that are trans to the M@ bonds are longer than
the other MR-N bond distances (e.g., MN@EN(4) 2.330-

(2) A and Mn(1)-N(5) 2.305(2) A). The distortion of the

(32) Che, C. M,; Tang, W. T.; Wong, K. Y.; Lai, T. B. Chem. Res.,
Synop.1991, 30.

(33) Oshio, H.; Ino, E.; Modgi, |.; Ito, TInorg. Chem 1993 32, 5697.

(34) (a) Li, Y.; Houk, K. N.J. Am. Chem. Soc1989 111, 4505. (b)
Todayoni, B. M.; Huff, J.; Rebek, J. Am. Chem. S0d.99], 113
2247. (c) Cramer, K. D.; Zimmerman, S. & Am. Chem. Sod99Q
112 3680. (d) Allen, F. H.; Kirby, A. JJ. Am. Chem. Sod991
113 8829.
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octahedral coordination environment is manifested in the
average N(1)yMn(1)—N(X) (X = 2, 4, 5) angle of 73.56
which differs significantly from 90.

[Mn x(bpia)(x-O)(1-OAC)](CIO 4)3*CH3CN (2). The crys-
tal structure of the cation iR is depicted in Figure 1. Selected
bond distances and angles are given in Table 2. The complex
crystallizes in the monoclinic space grol2,/n with 4
complex cations, 12 perchlorate counteranions, and 4 aceto-
nitrile molecules in the unit cell. The [M{u-O)(u-OAc)]**
core generates a MrVin distance of 3.2544(8) A and to
our knowledge can be found in only three other crystallo-
graphically characterized manganese complexes. In{Mn
(bispicen)(u-O)(u-OACc)](ClO4); (bispicen = N,N'-bis(2-
pyridylmethyl)ethane-1,2-diamine) and [MbispicMeen))](u-
O)(u-OAC)](ClOq4)3, the Mn—Mn distances are 3.276(3) and
3.29(1) A, respectivel§t while in [Mny(TMIMA) »(u-O)(u-
OAC)](ClO4)3:2CH:CN (TMIMA = tris(1-methylimidazol-
2-yl)methyl)amine) the two manganese centers are separated
by 3.250(1) A?” The manganeseoxo bond distances Mn-
(1)—0(1) and Mn(2)-O(1) of 1.785(2) and 1.791(2) A are
consistent with the corresponding bond lengths in the
aforementioned compounds. Bonded trans to the oxo group
are the imidazole nitrogens N(1) and N(2), with bond lengths
of 2.012(2) A for Mn(1}-N(2) and 2.014(2) A for Mn(2y
N(7). This is considerably shorter than the manganese
pyridine distances: Mn(BN(4) 2.139(2) A, Mn(1}N(5)
2.127(2) A, Mn(2)}-N(9) 2.198(2) A, and Mn(2YN(10)
2.175(2) A. The pyridine arms are cis to the oxo group and
trans to each other. This shortening of the bond distances
along the imidazole nitrogermanganeseoxo axis is in-
terpreted as a rarely observed Jafieller compression
arising from the @iconfiguration of the manganese ions. The
distorted octahedral coordination sphere of both manganese
centers is completed by the two manganeseetate bonds
Mn(1)—0(2) and Mn(2)-O(3) with distances of 2.028(2)
and 1.990(2) A, respectively, and the two manganeseine
bonds Mn(1)-N(1) and Mn(2)-N(6) with distances of
2.289(2) and 2.223(2) A, respectively. The average N(1)
Mn(1)—N(X) (X = 2, 4, 5) and N(6)-Mn(2)—N(Y) (Y =7,
9, 10) angles of 77.53and 77.75 differ significantly from
90° and show the distortion from ideal octahedral geometry
due to constraints imposed by the ligand.

[Mn(bpia)(#-0)]2(ClO4)2(PFs)-2CH3CN (3). The crystal
structure of the cation i8 is depicted in Figure 1. Selected
bond distances and angles are given in Table 2. Compound
3 crystallizes in the monoclinic space groBg/n with two
complex cations, four perchlorate and two hexafluorophos-
phate counteranions, and four acetonitrile molecules in the
unit cell. There is a crystallographic inversion center in the
middle of the trication, rendering the two halves of the
molecule crystallographically equivalent. From the crystal-
lographic data available, it was not possible to determine
whether the two halves are chemically equivalent, but the
electronic spectrum and the EPR spectrum foster a formula-
tion as a chemically inequivalent valence localized M
dioxo dimer (vide infra). The manganese centers are bridged

(35) Arulsamy, N.; Glerup, J.; Hazell, A.; Hodgson, D. J.; McKenzie, C.
J.; Toftlund, H.Inorg. Chem 1994 33, 3023.
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Table 2. Selected Bond Distances and Angles for Compleke§

1 2 3 4 5
Selected Bond Distances (&)
Mn(1)—Mn(1A) 4.128(1) 3.2544(8) 2.624(2) 3.5326(9)
Mn(1)—0(1) 2.128(2) 1.785(2) 1.803(5) 1.7663(5)
Mn(1)—0(2) 2.087(2) 2.028(2) 1.824(4)
Mn(1)—N(1) 2.402(2) 2.289(2) 2.113(6) 2.310(2) 2.313(2)
Mn(1)—N(2) 2.213(2) 2.012(2) 2.010(6) 1.981(2) 2.030(2)
Mn(1)—N(4) 2.330(2) 2.139(2) 2.111(6) 2.084(2) 2.125(2)
Mn(1)—N(5) 2.305(2) 2.127(2) 2.105(5) 2.112(2) 2.093(2)
Mn(1)—CI(1) 2.2177(9) 2.4065(9)
Mn(1)—Cl(2) 2.3599(9)
Selected Angles (deg)
O(1)-Mn(1)—0(2) 107.37(6) 99.12(8) 87.3(2)
O(1)~Mn(1)—Nirans 160.74(6) 171.80(9) 177.6(2) 171.31(7)
O(2)~Mn(1)—Nirans 159.16(6) 168.56(8) 173.1(2)
N(1)—Mn(1)—N(2) 73.13(6) 79.50(9) 81.7(2) 78.57(8) 77.55(9)
N(1)—Mn(1)—N(4) 74.03(6) 75.97(9) 78.6(2) 76.63(7) 76.99(9)
N(1)~Mn(1)—N(5) 73.53(6) 77.13(9) 78.5(2) 76.36(8) 77.43(9)
N(4)—Mn(1)—N(5) 77.11(7) 152.99(9) 156.2(2) 152.91(8) 154.38(9)
Mn(1)—O(1)-Mn(2) 131.0(1) 92.7(2) 180
CI(1)~Mn(1)—CI(2) 98.13(4)
CI(1)~Mn(1)—Nyans 171.24(6) 165.89(6)

by two oxo groups resulting in a metainetal separation of
2.624(2) A and a Mn(BXO(1)-Mn(1A) angle of 92.7(2).
The Mn—Mn distance is slightly outside the range of inter-
manganese distances (2.648738 A) as well as MRO—
Mn angles (93.797.9) reported for MH"V dioxo dimers
with tripodal all nitrogen donor ligand$:3® The bond
lengths for Mn(1)-O(1) and Mn(1}-O(1A), 1.803(5) and
1.824(4) A, are similar to those reported for the aforemen-
tioned compounds and also represent an average for the
values of 1.78 A for MY centers and 1.84 A for Mh
centers in valence localized M# dioxo dimers¥’8 The
manganeseimidazole nitrogen bond distance Mn{i)(2)
trans to the oxo group i of 2.010(6) A is significantly
shorter than the two manganeggyridine nitrogen bonds that
are trans to each other: Mn@N(4) (2.111(6) A), Mn(1)-
N(5) (2.105(5) A). The manganesamine bond Mn(1)
N(1) (2.113(6) A) is only slightly longer than the mangarese
pyridine nitrogen bonds. The coordination environment is
best described as distorted octahedral. The largest distortion
from linearity occurs in the N(4Mn(1)—N(5) angle :
(156.2), while the deviation from 90in the average N(1) Figure 2. Crystal structures of the cations #and 5 showing 50%
Mn(1)—N(X) (X = 2, 4, 5) angle (799 is less pronounced probability thermal ellipsoids. Hydrogen atoms are omitted for clarity.
compared to those df and 2. four nitrogen donor atoms of the ligand and the two
[Mn(bpia)(Cl) 2](CIO)4 (4). The crystal structure of the  coordinated chloride ions i provide a distorted octahedral
cation in4 is depicted in Figure 2. Selected bond distances coordination environment. The bond lengths for the man-
and angles are given in Table 2. Compodctystallizes in  ganese-chloride bonds differ significantly from each other,
the monoclinic space groupc with four complex cations  showing values of 2.2177(9) A for Mn(£)CI(1) and 2.3599-
and four perchlorate counteranions in the unit cell. To our (9) A for Mn(1)—CI(2). The former is similar to the
knowledge, this is the first crystallographically characterized manganesechloride distance of 2.248(3) A in [Mn(phen)
Mn" dichloro complex with a tripodal ligand. The corre- (CI)2]JNO3:2.5CHCOOH?#2 a Mn" dichloro complex that
sponding iron complex [Fe(bpia)(GJjFeCl)] and related  shows a coordination environment resembling the onk in
compounds have been described in the literadtté?' The Trans to ClI(2), the manganesamine bond Mn(1)}N(1)
with a length of 2.310(2) A can be found, which is longer
than the corresponding distances of 2.289(2) A for Ma(1)

(36) Schindler, S.; Walter, O.; Pedersen, J. Z.; Toftlund|rérg. Chim.
Acta 200Q 303 215.

(37) Towle, D. K.; Botsford, C. A.; Hodgson, D. lhorg. Chim. Actal 988
141, 167. (40) Pascaly, M.; Nazzikol, CSchweppe, F.; Wiedemann, A.; Zurlinden,

(38) Horner, O.; Charlot, M.-F.; Boussac, A.; Anxol&ige-Mallart, E.; C.; Krebs, B.Z. Anorg. Allg. Chem200Q 626, 50.
Tchertanov, L.; Guilhem, J.; Girerd, J.Bur. J. Inorg. Chem1998 (41) Kojima, T.; Leising, R. A.; Yan, S.; Que, L., Ji. Am. Chem. Soc.
721. 1993 115 11328.

(42) Reddy, K. R.; Rajasekharan, M. WPolyhedron1994 13, 765.

(39) Oki, A. R.; Glerup, J.; Hodgson, D. lhorg. Chem.199Q 29, 2435.
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N(1) and 2.223(2) A for Mn(2}N(6) in 2 (vide supra). This
suggests that the axis Cl2Mn(1)—N(1) is elongated
because of JahfTeller distortion. The manganesenida-
zole nitrogen bond distance MnN(2) of 1.981(2) A trans

to ClI(1) is significantly shorter than the two manganese
pyridine nitrogen bonds that are in trans position to each
other: Mn(1)-N(4) (2.084(2) A) and Mn(1rN(5) (2.112-

(2) A). Along the N(4)-Mn(1)—N(5) axis, a large distortion
from linearity with an angle of 156°2occurs which is

probably caused by the sterically demanding chloride ligands.

Similar to 2, the average N(HMn(1)—N(X) (X = 2, 4, 5)
angle of 77.19 differs significantly from 90 because of
constraints imposed by the ligand.

[(Mn(bpia)(Cl)) 2(u-0)](ClO 4)2:2CH3CN (5). The crystal
structure of the cation iB is depicted in Figure 2. Selected

bond distances and angles are given in Table 2. Com-

pound5 crystallizes in the monoclinic space gro®2;/c
with two complex cations, four perchlorate counteranions,
and four acetonitrile molecules in the unit cell. The oxygen
atom O(1) that bridges the two halves of the molecule lies
on a crystallographic inversion center, generating a Mn(1)
O(1)-Mn(1A) angle of 180. The Mn(1)-0O(1) bond length

of 1.7663(5) A leads to a Mn(BMn(1A) distance of
3.5326(9) A. Comple)s has a distorted octahedral geom-
etry, represented in the trans angles of 165.89(6) Cl-
(1)=Mn(1)—N(1), 171.31(7) for O(1)—Mn(1)—N(2), and
154.38(9} for N(4)—Mn(1)—N(5). As has been described
for complexesl—4, the tripodal ligand causes a distortion
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10° ¢ (M‘l cm")

600
wavelength (nm)

Figure 3. Electronic spectra of complex&s-5.

found at 495 nm (524 imol-'-cm™) and 527 nm (418
L-mol~t-cm) which are assigned to-e transitions’>4%
A broad absorption feature is centered at 711 nm (176
L-mol~t-cm™). This is analogous to the UWis spectra
reported for the aforementioned complexes JMMIMA) ,-
(u-O)(u-OAC)](ClO4)3:2CH;CN and [Mny(bispicen)(u-O)-
(4-OAC)](ClOy4)3.2735 The spectrum of resembles the one
reported for manganese catalase ffonermus thermophilus
(TTC) in the (lII,111) oxidation state with a band at 492 nm
and a broad tail going into the near-IR regidThe spectrum
of 3 exhibits a shoulder at 382 nm (1710nholt-cm™?)
and three bands at 442 nm (130@rol~*-cm™), 557 nm
(610 L-mol~t-cm™), and 647 nm (502 imol~*-cm™Y); the
features are comparable to those of other,MHWO, com-

of the octahedral coordination sphere toward the tertiary pounds®3¢39Especially, the latter three absorptions are in

amino group that is visible in the average N{Mn(1)—
N(X) (X= 2, 4, 5) angle of 77.32 The complexes [(Fe(tpa)-
(CN)2(u-0)I(ClO4)2 and [(MN(L?))2(u-O)I(ClO4)2 (L* = N,N-
bis(2-pyridylmethyl)N'-(2-hydroxybenzyl)ethane-1,2-
diamine) also contain a single oxo bridge with the bridging
oxygen atom on a crystallographic inversion cefitéfThe

very good accordance with the U\Wis bands of 433, 555,
and 654 nm reported for the [MN(N-bispicen)(-0)]>*
system ,N-bispicen = N,N-bis(2-pyridylmethyl)-1,2-di-
aminoethane} Therefore, the following assignments for the
bands in3 are made® the absorption at 442 nm is attributed
to partial contributions of LMCT oxo M¥ and MrV d—d

intermetal distances of 3.581(2) and 3.516 A (calculated from transitions, and the band at 557 nm corresponds to & Mn

the Mn—oxo bond distance) resemble the one found.in
While for [(Mn(L?))2(«-O)](ClO,), a Jahn-Teller distortion
along the pyridine-manganesepyridine axis is reported,
the coordination environment if is similar to that in4.
The longest bonds iB are Mn(1)-CI(1) and Mn(1)>-N(1)
with distances of 2.4065(9) and 2.313(2) A, where the former
is trans to the latter. This suggests that the Jareller
distortion leads to an elongation of the CKI)In(1)—N(1)
axis. The manganes@yridine bonds, which are trans to each
other, show values of 2.125(2) A for Mn@N(4) and 2.093-
(2) A for Mn(1)—N(5), while the manganesémidazole
bond distance Mn(BN(2) is 2.030(2) A.

Electronic Spectra.The electronic spectra of complexes
2—5 are depicted in Figure 3. Bands and extinction coef-
ficients are summarized in Table T26 (Supporting Informa-
tion). The UV~vis spectrum oflL shows no bands. This is

d—d transition while the one at 654 nm originates from a
LMCT oxo Mn" transition. Because the [MN(N-bispicen)-
(u-0)]23* system contains a crystallographically inequivalent
Mn,""V O, core, the similarity of the two spectra is an
indication that3 is only crystallographically but not chemi-
cally equivalent. Furthermore, similarities between the- UV
vis spectra of3 and the superoxidized form of manganese
catalase frontactobacillus plantarunfLPT) can be found.
LPT exhibits bands at 362 nm (1680rhol~t-cm™?), 442
nm (928 L'mol~*-cm™1), and 621 nm (320 {imol~*-cm™1).46
These bands match the shoulder and two of the three bands
in 3. The spectrum of comple exhibits a shoulder at 379
nm (902 Lmol~t-cm™) and a band at 514 nm (512
L-mol~t-cm™1). Comparison with [Fe(tpa)(GI(ClO,)** and
[Fe(bpia)(Cl}][FeCl;)?? suggests an assignment of the shoul-
der as an LMCT chloro Mt transition. The band in the

similar to the optical spectrum of manganese catalase fromvisible region is attributed to a Mhd—d transition> The

Thermus thermophiluéTTC) in the (II,Il) oxidation state,
which lacks any visible absorptidf.For 2, bands can be

(43) Horner, O.; Anxolabeare-Mallart, E.; Charlot, M.-F.; Tchertanov, L.;
Guilhem, J.; Mattioli, T. A.; Boussac, A.; Girerd, J.4dorg. Chem.
1999 38, 1222.
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(44) Whittaker, M. M.; Barynin, V. V.; Antonyuk, S. V.; Whittaker, J. W.
Biochemistry1999 38, 9126.

(45) Dingle, R.Acta Chem. Scand.966 20, 33.

(46) Gamelin, D. R.; Kirk, M. L.; Stemmler, T. L.; Pal, S.; Armstrong, W.
H.; Penner-Hahn, J. E.; Solomon, EJI.Am. Chem. S0d.994 116,
2392.
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UV —vis spectrum ob reveals three absorptions, one band
at 439 nm (800 kmol~*-cm™1), one broadened band at 581
nm (250 L:mol-*-cm™t), and a broad absorption centered at
865 nm (164 kmol~*-cm™1). When compared to the only
other spectrum reported for a Mr-O—Mn'"" complex,
noticeable differences are found. [(Mif)e(u-O)](ClOy),
(vide supra) gives a spectrum with bands at 300 nm (21000
L-mol~t-cm™1), 400 nm (4800 kmol~*-cm™1), and 500 nm
(1000 L:mol~t-cm™1).2® These differences are likely to be
due to the different coordination environments of manganese
in the two complexes (imine nitrogen/phenolate oxygen in
[(MNn(L?))2(u-0)](ClOy), versus imidazole nitrogen/chloride
in 5).

EPR SpectroscopyA frozen solution (22 K) of complex
3 in acetonitrile exhibits an EPR signal with 16 nuclear
hyperfine lines centered gt= 2.02 (Figure 4). This spectrum
is characteristic of the MtV O, core with anS= %/, ground
state that arises from antiferromagnetic coupling of d'"Mn
nucleus with a MIY nucleus, which suggests that the nuclei
in this compound are valence localized. The average hyper-
fine coupling constant foB is A = 79 G. Similar spectra
for analogous compounds have been reported in the litera-
ture28:36383%For complexl, EPR spectra have been recorded

solution (4 K) yield a different result (Figure 5). In this case,
a spectrum with one broad absorption centereglat5.77
and another one centeredgt= 3.26 showing a hyperfine
coupling constant oA = 50 G is obtained. This coupling
constant differs from the value of 90 G for the mononuclear
species (vide supra). These difference#imalues indicate
that 1 is not a mononuclear species but exists as a'Mn
dimer. To further prove the dinuclear nature Ipftemper-
ature-dependent EPR studies have been performed (Figure
F1b). When the temperature is raised, in addition to the
above-mentioned signals, a new six line signal centergd at
~ 2.0 with hyperfine coupling constants ranging from 95 to
104 G emerges. This new signal is caused by a small
impurity (<5%) of a mononuclear Mhspecies (vide supra).
Therefore, the signals @ = 5.77 and 3.26 correspond to
dinuclear specied. The formulation ofl as a dimer is
supported by comparison with the EPR spectra of several
other dinuclear Mgl"" complexes’ 4

Electrochemistry. Cyclic voltammograms for complexes
2—5 are depicted in Figure F2. Redox potentials are
summarized in Table T27. All values are given versus SCE.

(47) (a) Howard, T.; Telser, J.; DeRose, Vibrg. Chem200Q 39, 3379.

in different solvents. In a frozen methanol solution (77 K), (b) Sun, L.; Raymond, M. K.; Magnuson, A.; LeGolrge, D.; Tamm,

i i indi i M.; Abrahamsson, M.; Kete P. H.; Martensson, J.; Stenhagen, G.;
].' eXIS.tS asa mononuc'iar N’Ispe_mes Indlcat.ed by the. six Hammarsti, L.; Styring, S.; Akermark, BJ. Inorg. Biochem200Q
line signal centered a = 2.02 with a hyperﬂne. coupling 78, 15-22. (c) Boelrijk, A. E. M.; Khangulov, S. V.; Dismukes, G.
constant ofA = 90 G, a pattern typical for this type of g- Inorg. Sh\?mioga D?>9,E308_9- (d)kKha(ggléIBQv, E V;;tP;lz%Iél,3z.J.;

. . . arynin, V. V.7 Asn, D. E.] DISmukes, G. locnemistr y

compound (Figure Fla, Supporting Information). EPR 2015. (e) Kessissoglou, D. P.; Butler, W. M.; Pecoraro, Viriarg.
measurements ol in a frozen N,N-dimethylformamide Chem.1987, 26, 495.
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peak for the reduction MW" /Mn""" atE;, = —0.12 V. At
Ei1,=1.00 V (AE = 340 mV), an irreversible redox process
is observed and attibuted to the MH/Mn"V couple.
Another redox step is found d&;, = 1.58 V, which is
quasireversible AE = 70 mV). The half wave potentials
for the M /Mn,""V and MV /Mn,V'V redox couples

in 3 areEy, = 0.23 V (AE = 80 mV) andE;, = 1.10 V
(AE = 140 mV), respectively. The values for these quasire-
versible steps are in good accordance with potentials reported
previously for similar complexe®:36:383%The cyclic voltam-
mogram of complex4 exhibits two quasireversible redox
processes &, = 0.61 V (AE = 90 mV) andE;,, = 1.53

V (AE = 90 mV) for the MA'/Mn"" and the MA'/Mn'
couples, respectively. The M /Mn " Mn " /Mn, ™V |

and MV /Mn,V'V quasireversible redox couples of com-
plex 5 have values oE;;, = 0.63 V (AE = 80 mV), By =

1.09 V (AE = 80 mV), andE;, = 1.54 V (AE = 90 mV).
These values are shifted to more positive potentials with
respect to the corresponding redox couples of comglex
Formally, two oxygen donor atoms from the bridging
carboxylate ligand ir2 have been replaced with chloride in

5 while the remaining donor set and the oxidation state have
been retained. With an alteration from a bent oxo bridge to
a linear oxo bridge, only minor structural changes occur.
Therefore, the shift of the redox potentials to more positive
values is attributed to ligated chloride. This result is supported
by the comparison of the MHMn' redox couple oft with

Figure 8. Initial rate of substrate consumption versus substrate concentra- the My /Mn, "V redox couple of. The more positive

tion at constant concentration @f(M indicates data points;- indicates
curve fit).

In N,N-dimethylformamide solution, complek displays a
quasireversible one electron redox process;at= 0.65 V
with AE = 140 mV, corresponding to the MH'/Mn,"!"
redox couple. The cyclic voltammogram Bfshows three
redox processes. The wave coupl&gt= 0.13 V originates
from the M /Mn,""" redox couple and is quasireversible.

value for4 (1.53 V compared to 1.09 V fdB) is consistent
with the formal substitution of a [Mn(bpia)(ChH(O)] frag-
ment with chloride in5. For [(Mn(L?))x(«-0)](CIOy),, the
only other Mn!""""O complex with a single unsupported oxo
bridge reported so far, a different electrochemical behavior
is observed? The potentials for the reversible Mh!"/
Mn,""V and MV /Mn,V'V redox steps are significantly
more negative, namelf;, = 0.54 V andE;;, = 0.99 V,

The peaks are separated by 200 mV. For the two quasire-respectively. Furthermore, an irreversible reduction wave is

versible transitions at potentials Bf, = 0.98 V andg;, =

found at a peak potential & = —0.69 V.

1.20 V, the peak separations amount to 70 and 170 mV, Catalase Activity. Compoundsl—5 are stable under

respectively. They are tentatively assigned to the'MH
Mn,"V and MV /Mn,V'V couples. These results differ

ambient conditions and are not oxidized by atmospheric
dioxygen. Upon addition of hydrogen peroxide to solutions

from the electrochemical behavior reported for the structur- of complexest and5 in acetonitrile, these are reduced. Even

ally similar compound [Ma(TMIMA) z(u-O)(u-OAc)]-
(ClO4)3°2CH;CN.2" This complex exhibits an irreversible
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with a large excess of hydrogen peroxide present, reoxidation
does not occur. Furthermore, the reduced formd ahd5
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Table 3. Catalytic Activity of Manganese Catalases and Synthetic Catalase Mimics

KealKm

cmpd Keat(s73) Km (mM) (stM7Y ref
T. thermophilus catalase 2.6x 10° 83 3.1x 1P 49
L. plantarum catalase 2.0x 1P 350 0.6x 10° 50
T. album catalase 2.6x 10 15 1.7x 10° 7
[Mn(bpia)(u-OAc)]2(ClO4)2 (1) 1.1x 1¢° 315 3.4x 10 this work
[Mn(salpn)O} 25x 102 250 1x 108 51,52
[Mn,(2-OHsalpny] 4.2-21.9 10.2-118.0 1606-990 19, 20
[Mn(tacn)(bpy){-O)x(u-OAc)(MeOH)](CIOy) -MeOH 13.2 53
[Mn(bpia)(u-0)]2(ClO4)2- 8.12 this work
(PFRy)-2CHCN (3)
[Mna(tacn)-O)z(u-OAc)(OACc)) 5.52 53
[Mna(LY)(u-OAC)(H0)]2+ 2.2 0.3 700 15-18°
[Mny(salpentO)¢-OAc)- 0.66 36 18 48
(u-OMe)(MeOH}]
[Mn(H20)](CIO4)2 0.0063 19

aNo saturation kinetics observed/reportéd.r = N,N,N',N'-tetrakis(2-methylenebenzimidazolyl)-1,3-diaminopropan-Z-tdcn= 1,4,7-trimethyl-1,4,7-
triazacyclononane, bpy 2,2-bipyridine.

show no ability to disproportionate hydrogen peroxide. No kinetics for the catalytic disproportionation of hydrogen
gas evolution can be observed under the conditions describegeroxide, albeit with lower activity. For [MisalpentO)-
previously. In contrast to this, the reaction2ofvith hydrogen OAc)(u-OMe)(MeQOH}], values ofk.sr= (0.66+ 0.06) s%,
peroxide yields gas evolution accompanied by a color changeKy = (36 + 3) mM, andke./Ky = 18 s-M~! have been

of the complex solution from red to green. The UV spectrum obtained?® Complex 1, which can be considered as a
of the product solution is identical to the one for compBx  structural model for the catalytically active reduced form of
indicating that2 has been oxidized by one electron to yield manganese catalases, is a rare example of a synthetic catalyst
3. Because comples itself is an effective catalyst for the for the disproportionation of hydrogen peroxide (i
disproportionation of hydrogen peroxide (vide infra) and methylformamide) showing saturation kinetics at high sub-
compound and3 are both present in solution, a determi- Strate concentrations (Figure 8). Consequently, the data were
nation of the catalase activity @fwith the method employed ~ fit to the Michaelis-Menten equation, and the turnover
is not possible. Comple3; although being a structural model numberke, = (10.7 + 0.5) 107 s™*, the Michaelis constant

for the catalytically inactive “superoxidized” form of man- Ku = (31.5+ 3.6 mM), andke/Km = (34.0 + 5.5)10°
ganese catalases, is a catalyst for the disproportionation ofVl~*:s™* were determined from the double reciprocal Line-
hydrogen peroxide in acetonitrile solution. A linear depen- weaver-Burk plot (Figure 9). This places compléwithin
dence of the initial rate of substrate consumption versus the2—3 orders of magnitude relative to the three characterized
substrate concentration at a constant catalyst concentratiorinanganese catalaseshermus thermophilysThermoleo-
(196 mM) is observed foB for the range 10-fold to 800-  philum albumLactobacillus plantarumon bothkca andkea/

fold excess of substrate over catalyst (Figure 6). With the Ku criteria. Table 3 summarizes the activities of the native
experimental setup employed, measurements at either &€nzymes and selected synthetic catalase mimics.

higher or lower excess of hydrogen peroxide over catalyst Conclusion. With the tripodal ligand bpia (bis(picolyl)-
are not feasible. At a constant substrate concentration (20(N-methylimidazol-2-yl)amine), a structural, spectroscopic,
mM), the initial rate of substrate consumption versus catalyst @hd functional model system for manganese catalases has
concentration is also linear (Figure 7). Figures 6 and 7 presentoeen synthesized and structurally characterized. Model
these data in double logarithmic plots. Linear relationships complexes for the catalytically active MW, Mn,!

with slopes of 0.98+ 0.03 for varying substrate concentration 0Xidation states and the so-called superoxidized'Nnstate

and 0.88+ 0.02 for varying catalyst concentration are Of the enzyme have been obtained. Attempts to prepare an
obtained, confirming a first order dependence of the reaction @nalogous compound in the Mri! oxidation state have not

in substrate and catalyst. An initial rate constantkef= been successful. [Mn(bpia{OAC)[(ClOx). (1) and [Mn-
(8.1+ 0.3) s has been extracted from the plots. This result (PPi2){-0)]o(ClO4)(PF)-2CHCN (3) are the most effi-

is similar to the range of values fdgy = 4.2-21.9 st cient catalysts using the M'_H' to Mn_z'“v'“ redox couple
obtained for the [Ma(2-OHsalpn)] catalase model system, report_ed to c_zlate for the disproportionation of hydrogen
which shows saturation kinetié2°Values forky between ~ Peroxide, while [Ma(bpia)(u-0)(u-OAc)](ClO,)s: CH,CN

10.2 and 118.0 mM and fdk.a/Ky between 160 and 990  (48) Palopoli, C.; Chansou, B.; Tuchagues, J.-P.; Signorellap®. Chem.

—1.\ -1 i Wi ; 200Q 39, 1458.
s~+M~* have been determined. A compa_raple activity with (49) Shank, M.; Barynin, V.; Dismukes, G. ®iochemistry1994 33,
a kea/Km = 700 s1-M~1, based on this criterion, has been 15433,

reported for the [Mp(LY)(u-OAc)(H.0)]?* (vide supra) (50) Penner-Hahn, J. IManganese Redox enzymBecoraro,V. L., Ed.;
v 1 o VCH Publishers: New York, 1992; pp 2945.
system. The values déae = 2.1 s* andKy = 0.3 mM, (51) Rosenzweig, A. C.; Frederick, C. A.; Lippard, S. J.; Nordlund, P.

however, are much lowépP. Another set of binuclear 2 Taturel?zg?f] 3?36 537. V1L Am. Chem. Sodso1 113 7600

. arson, e. J.; Pecoraro, V. U. Am. em. S0 .
manganese complexes based on the pgntadgntate ligan 3) Bossek, U.; Saher, M.; Weyherttar, T.; Wieghardt, K. JJ. Chem.
salpentOH has been reported to exhibit Michaehtenten Soc., Chem. Commum992 1780.
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(2) is rapidly oxidized by hydrogen peroxide. The chloride the Bennigsen-Foerder-Preis.
complexes [Mn(bpia)(C}(ClO)4 (4) and [(Mn(bpia)(Cl))- _ ) _ )
(1-0)](ClO4)22CHCN (5) can be regarded as functional Supporting Information Available: EPR spectrum ofl in

mimics for the halide inhibited forms of the native enzyme. Methanol, cyclic voltammograms of complexes5, table of Uv—
vis bands, table of redox potentials, tables containing atomic
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