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The pKa value of [Mn1V2@-0)3L'~]2+ (L' = 1,4,7-trimethyl- 1,4,7-triazacyclononane) has been determined 
spectrophotometrically by carrying out titration experiments with concentrated sulfuric acid. The extremely low 
PKa value of -2.0 suggests that the electron density on the bridging oxygen atoms is very small. The asymmetric 
Mn-0-Mn vibration is observed at 670 cm-I, while the symmetric Mn-0-Mn vibrati'on is present at 702 
cm-I. The unusually high frequencies of these vibrations are due to the small Mn-0-Mn angle of 78". 
Protonation of an oxygen bridge shifts both the asymmetric and symmetric vibrations to 683 cm-I. Electrochemical 
experiments in acetonitrile have shown that one-electron reduction of the complex is chemically irreversible. IR, 
EPR, and UV-vis studies of the reduced species suggest the presence of a Mn111Mn1V@-0)2@-OH) core. pH- 
dependent differential pulse voltammetry experiments in aqueous solutions have revealed an apparent pKa value 
of approximately 4.0 for the reduced mixed-valence species in various buffer systems. The reduction wave at 
pH > 4 is observed at around -0.10 V us SCE. Cyclic voltammetry has revealed that the reduced species is 
prone to reaction with carboxylate groups. A bis(carboxy1ate)mono-oxo-bridged Mn(III)-Mn(lII) species is formed 
in citric acid buffer which exhibits an anodic peak around +0.6 V us SCE, and a UV-vis spectrum that is typical 
of such a species. 

Oxidation of water in plants and algae occurs in photosystem 
I1 (PS 11), which contains a tetranuclear manganese cluster.' 
During the oxidation, four electrons are generated and stored 
in this manganese cluster. A number of models have been put 
forward to explain the experimental data of this enzymatic 
system, including electron transfer reactions, proton transfer, 
and structural rearrangements.* Stabilization of the higher-valent 
manganese ions is thought to be caused by coupled electron- 
protonation processes. The higher-valent species can give rise 
to formation of an 0-0 bond out of two water molecules. Five 
distinct states of the complex have been identified; these have 
been denoted as the S states S O - S ~ . ' - ~  In one of the states of 
the cluster, the so-called SZ state, a multiline EPR signal around 
g = 2 has been observed, indicative of a multinuclear mixed- 
valence species. Unfortunately, the exact structure of this cluster 
in any one of the states is not known presently. Mn-Mn 
distances of 2.7 and 3.3 A have been inferred from X-ray 
absorption experiments on the active site of PS II.4 

A number of model compounds have been reported which 
have two or more manganese ions in various oxidation states 
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and mimic some of the properties of the active site in PS II.5 
An interesting class of dinuclear compounds has been reported 
by Wieghardt and co-workers. By using the capping tridentate 
ligands 1,4,7-triazacyclononane (L) and 1,4,7-trimethyl-l,4,7- 
triazacyclononane (L'), oxo-, hydroxo-, peroxo-, and acetato- 
bridged systems have been isolated and ~haracterized.~-'~ One 
of the complexes reported, [MnIV2@-O)3L'2I2+, exhibits rather 
unusual structural and physical propertieslZ (see Chart 1). 
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Chart 1. Schematic Representation of [Mn'V@-O)3L'2]- 
(PFd2 

H3C\ N f - 7  N' CH3 

Hage et al. 

Physical Measurements. UV-vis absorption measurements were 
performed on a HP 8452A spectrophotometer, using I-cm quartz cells. 
pK, titration experiments were carried out by adding concentrated 
sulfuric acid to an aqueous solution containing [MnJvz(u-O)3L'?]- 
(PF6)2*H?O (1). The absorbances at 400, 440, 500, and 550 nm were 
measured at different acidity strengths, expressed as -Ho values.?' 
Titration plots were made after correction for the dilution. The 
absorption bands (in nm) with extinction coefficients (in M-' cm-I) in 
parentheses for 1 in water/sulfuric acid (50/50 v/v) are 300 (16 x lo3), 
432 (sh), 506 (0.8 x lo3), 600 (sh), 752 (lo), and 852 (13). 

IR spectra were obtained on Bruker IFS 88 (KBr pellets) and BioRad 
FTS7 (spectmelectrochemistry) FTIR spectrometers. Resonance Raman 
spectra were recorded in KBr pellets on a Dilor XY Raman spectrom- 
eter. Excitation was performed at 458, 488, and 514.5 nm by using a 
SP Model 2016 argon ion laser. 

Negative FAB-MS spectra were obtained on VG7070 and Trio-3 
mass spectrometers by using nitrobenzyl alcohol as a matrix.?" 

Differential pulse voltammograms (in aqueous and nonaqueous 
systems) and cyclic voltammograms (in aqueous solutions) were 
obtained on an EG&G PAR C Model 303 potentiostat with an EG&G 
PAR 384B polarographer analyzer and on an EG&G PAR Model 273A 
potentiostat. A glassy carbon electrode was used as working electrode, 
a saturated calomel electrode (SCE) as reference electrode, and a 
platinum wire as counter electrode. Before each experiment the glassy 
carbon electrode was polished with aluminum oxide. The scan rate 
for the cyclic voltammograms was 100 mV s-I and for the differential 
pulse voltammograms was 4 mV SKI ,  Cyclic voltammograms (non- 
aqueous systems) were realized on a PA4 (Ekom, Czech Republic) 
potentiostat with a scan rate of 20-500 mV s-I. A Pt disk working 
electrode of 0.8 mm2 area was used. The electrode was polished with 
a 1 p m  diamond paste before the experiments. A silver wire was used 
as the pseudoreference electrode and a Pt gauze as the auxiliary 
electrode. For the bulk electrolysis experiments a platinum plate with 
a surface area of 2 cm2 was used. 

Tetrabutylammonium perchlorate (BudNC104) (0.1 M) or tetrabu- 
tylammonium hexafluorophosphate (BudNPF6) (0.1 M) was used as 
supporting electrolyte in these solvents. Ferrocene was added to the 
solutions in acetonitrile as an internal standard for the determination 
of redox potentials and electrochemical reversibility of the redox 
steps.22a Under the actual experimental conditions, E"' of the ferrocene/ 
ferrocenium couple (Fc/Fcf) in CH3CN was determined to be 0.39 V 
us SCE. This agrees well with the value reported in the literature.22b 
In acetonitrile containing 0.25 M sulfuric acid and 0.1 M BuJNCIO~, 
the E"'(Fc/Fc+) potential is found to be 0.29 V us SCE. In dmf the 
ferrocenelferrocenium couple has a value of E"' = 0.47 V us SCE. In 
CH2C12 the E"' value of the ferrocene/ferrocenium couple reported is 
t 0 . 4 5  V,?2c and in H?O/Li2S04 it is f0.16V.22d The UV-vis 
spectroelectrochemical experiments were performed on a Perkin Elmer 
Lambda 5 UV-vis spectrophotometer. An OTTLE cell?? was used 
consisting of a Pt minigrid working electrode (32 wiredcm), a silver 
wire pseudoreference electrode, a Pt minigrid auxiliary electrode, and 
CaF2 or quartz windows. The scan rate was 2 mV s-I, and the 
supporting electrode was BudNPF6 (0.3 M). The concentration of the 
manganese compound was M. The IR spectroelectrochemical 
experiments were carried out by using a BioRad FTS-7 FTIR 
spectrometer (16 scans, resolution 2 cm-') and the OTTLE cell as 
described above, but with NaCl windows. Citric and phosphoric acids 
(0.2 M) were the supporting electrolytes and buffers in the aqueous 
solutions. The concentration of L' in the ligand buffer was 0.1 M with 
0.1 M NaC104 to obtain an ionic strength similar to that used for the 
phosphate and citrate buffer systems. The pH was adjusted by adding 
drops of 4 or 0.5 M NaOH or HC1 and was measured in the cell, using 
a Schott Geraete CG 820 pH meter with an Ingold microelectrode. 
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The Mn-Mn distance is only 2.296(2) A, which is much 

shorter than that observed for other dinuclear Mn complexes. 
Typically, bisb-0)-bridged complexes show Mn-Mn distances 
of approximately 2.7 8, and the mono@-0)-bisb-carboxylate) 
complexes have an intemuclear distance of 3.3 Also the 
Mn-0-Mn angle of 78" is much smaller than usually observed. 
A consequence of this short Mn-Mn distance is the very strong 
coupling between the metal centers. Magnetic susceptibility 
measurements have revealed a coupling constant of -780 cm-I, 
which is much larger than those found for any other dinuclear 
Mn system.12 A good correlation has been observed between 
the M-M distance and coupling constant for dinuclear MdV- 
Mn'" and Cr1''Cr1'' complexes containing L' and various bridges, 
which has led to the conclusion that a direct M-M overlap is 
dominant in the metal-metal interaction in these systems.I4 

Because of these interesting properties, we decided to study 
some of the physical properties of this tris@-oxo)-bridged 
complex in greater detail. The pKa value for the protonation 
of an oxygen bridge has been determined in order to obtain 
some information on the electronic properties of this molecule. 
The redox properties of this compound in CH3CN and water at 
different pH values have been investigated as well. A number 
of model systems exhibit pH-dependent electrochemical 
 potential^,'^-'^ and it will be shown that the tris@-0)-bridged 
dinuclear complex exhibits a very different behavior compared 
with that of other systems. 

Experimental Section 
Materials. All chemicals were used as obtained from the suppliers 

(Janssen Chimica and Aldrich). The ligand L' has been synthesized 
according to the procedure described before.I9 [Mn'V~@-0)3L'z]- 
(PF&.H20 (1) and [Mn1I12@-O)@-CH3C0O)2L'2](PF& (2) were pre- 
pared as described by Wieghardt and co-workers.I2 Elemental analyses 
of these compounds were in accordance with the literature values. 
[Mn*v?(u-'80)~L'~](PF6)2'H?0 has been synthesized by the following 

method: A 1.20 g (1.36 mmol) sample of [Mn*n,@-0)@-CH+Z00)?L'2]- 
(PF& (2) was dissolved in acetonitrile (3 cm3), triethylamine ( 5  cm3), 
ethanol (3 cm3), and H2I80 (2.5 cm'). Oxygen gas was passed through 
the solution for 5 h. After evaporation to dryness, the compound was 
recrystallized from ethanol. Yield: 780 mg (71%). Negative FAB- 
MS:20 m/s 796 for {[Mn1V2~-'80)3L'2](PF&]- and 790 for {[Mn'V?- 
@-'60)3L'21(pF6)2>-. 
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Figure 1. Electronic absorption spectra of [Mn*V2f.p-O)3L'2]2+ in water 
(a) and in 50% H2S04/H20 (vh )  (b). Insert: Plot of the absorbance at 
400 nm us -Ho value (corrected for dilution). 

Preparative exhaustive electrolysis of 1 (1 mmoliL) was carried out 
in citric acid buffer at pH = 9. After reduction of 1, an excess of 
aqueous NaBPk solution was added and the precipitate (3) was isolated 
and analyzed. Anal. Calcd for [Mn201-0)201-0H)L'2](BPh4)2.2H20 
(3): C, 67.14; H, 7.46; N, 7.15; B, 1.83. Found: C, 67.51; H, 7.60; 
N, 7.10; B, 1.80. 

EPR spectra were recorded on a Bruker ECS 106 spectrometer at 
77 K. 

Results and Discussion 

Protonation of [Mn'V2@-0)3L'2](PF6)rH20. As shown 
recently by Wieghardt and co-workers, [Mn1v2@-O)3L'2](C104)2 
can be protonated by adding perchloric acid to a solution 
containing the dinuclear c0mp1ex.I~ The X-ray structure of 
[Mn'V~@-O)2@-OH)L'2](C104)3 has revealed a longer Mn-Mn 
distance with a concomitant decrease in the metal-metal 
intera~ti0n.I~ Adding sulfuric acid to an aqueous solution 
containing M [Mn1V2@-0)3L'2](PF6)2.H20 (1) results in a 
significant change in the absorption spectrum (Figure 1). The 
same absorption spectrum was obtained after addition of 
concentrated perchloric acid to 1, showing that no exchange 
reactions with sulfate had taken place. The absorption spectrum 
did not change when more concentrated sulfuric acid was added 
until -Ho = 7, suggesting that the second protonation step is 
very difficult to achieve. By plotting the absorbance at different 
wavelengths versus the acidity strength of the solution, we have 
obtained satisfactory titration plots (Figure 1). The inflection 
point has been determined to be -2.0 f 0.1. Diluting the 
solution again yielded a nearly quantitative recovery (> 95%) 
of the parent compound, implying that the protonation is 
reversible and thus that the stability of the protonated complex 
in acidic solutions is high. No change in the electronic spectrum 
has been observed between pH = 1 and 13, which suggests 
that no protonation of the oxygen bridges occurs in this pH 
range. 

The pKa value of -2.0 found for [Mn'V~@-O)3L'2]2+ is much 
lower than that of [Mn'V4@-0)6L4]4+ (L = 1,4,7-triazacy- 
clononane), which has a pKa value of 3.5.24 This difference 
can be accounted for by electronic and steric effects. It has 
been shown before that the Mn'lrMnl'l MnlllMnlV oxidation 
potential of Mn2@-0)@-CH3C00)2L2l2+ is 300 mV lower than 
that of the analogous L' compound.' The lower oxidation 
potential suggests a weaker a-donor character of the L' ligand, 
which may account for the low pK, value observed for 1. 
Unfortunately, only L' is known to form the [Mn1V2(u-0)3L'2]2+ 
structure, which precludes a direct comparison between the pKa 
value of the hypothetical 1,4,7-triazacyclononane (L) dimer and 
1. 
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Figure 2. Resonance Raman spectrum of [Mn'V201-O)3L'2](PF6)2 in a 
KNO3 pellet, excited by the 457.9 nm laser line. 

IR and Resonance Raman Spectra of [Mn1V~@-0)3L'21z+ 
and [Mn1V2@-O)2@-OH)L'2]3+. By using the I80-labeled 
complex, the asymmetric Mn-0-Mn vibration in the infrared 
spectrum and the symmetrical Mn-0-Mn vibration in the 
resonance Raman (rR) spectrum could be assigned. [MntV2@- 
l60)3L'2](PF&H20 (1) and the I80-labeled analog show the 
asymmetrical Mn-0-Mn vibrations at 670 and 642 cm-I, 
respectively. The rR spectrum of 1 in a KNO3 pellet is shown 
in Figure 2. The symmetrical Mn-I60-Mn vibration has a 
frequency of 701 cm-' and that of the corresponding Mn-I80- 
Mn vibration is 668 cm-' (Aexc: 488 nm). For 1 the symmetrical 
vibration observed in the rR spectrum is present at a higher 
frequency than the asymmetrical Mn-0-Mn vibration observed 
in the IR spectrum. This result contrasts with earlier observa- 
tions for a series of dinuclear iron complexes.25 

The rR spectra (Aexc: 457.9 nm) of the protonated complex 
exhibit symmetrical Mn-I60-Mn and Mn-IsO-Mn vibrations 
at 683 and 650 cm-I, respectively. The IR spectrum of this 
protonated complex exhibits the asymmetrical Mn-I60-Mn 
vibration also at 683 cm-I. The shift to lower frequency for 
the symmetrical Mn-0-Mn vibration (rR) and to higher 
frequency for the asymmetrical one (IR) upon protonation may 
be related to a larger Mn-0-Mn angle for the protonated 
complex (81")14 than for 1 (78O).I2 A similar situation applies 
for [Mn'V4@-o)6L4](C104)4, since an increase of the Mn-O- 
Mn angle from 127.4-128.5' to 129.2-130.9' has been 
observed upon protonation of the complex.I8 The same effect 
has been observed earlier for a large number of dinuclear, oxo- 
bridged iron complexes.25 Unfortunately, the number of di- 
nuclear Mn(1V) complexes with good structural data and IR/ 
Raman vibrational data is ~ c a r c e , ~ ~ . ~ '  and therefore, such a 
relationship between Mn-0-Mn angles and vibrational fre- 
quencies cannot further be elaborated for these complexes. 

Electrochemical Behavior in Acetonitrile. A reduction 
peak has been observed for 1 at -0.98 V us the ferrocene/ 
ferrocenium redox couple (Fc/Fc+) with differential pulse 
voltammetry (DPV) in acetonitrile. Comparison of the peak 
area with that of a standard single-electron oxidant, [Ru(bpy)3I2+ 

M), suggested the presence of a one-electron cathodic 
process for 1. To prove that assignment, we have carried out 
additional EPR experiments by adding Co(Cp)2 as a one-electron 
reductant to an acetonitrile solution containing 1. Co(Cp)2 has 
a reduction potential of -1.39 V us Fc/Fc+ and therefore is 
able to reduce 1 quantitatively. Dissolving 30 mg of Co(Cp)2 
in 15 mL of hot acetonitrile and addition of 100 mg of 1 yield 
a species that exhibits a 16-line spectrum with a hyperfine 
coupling constant ( u M ~ )  of approximately 69 G at 77 K (Figure 

(25) Sanders-Loehr, J.; Wheeler, W. D.; Shiemke, A. K.; Averill, B. A,; 

(26) Dave, B. C.; Czernuszewicz. Inorg. Chim. Acta 1994, 227, 33. 
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H.; Penner-Hahn, J. E.; Solomon, E. I. J.  Am. Chem. SOC. 1994, 116, 
2392. 
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Figure 3. EPR spectrum of 1 reduced by Co(Cp)z in acetonitrile at 77 
K. 
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3) due to the presence of two 55Mn nuclei (I = V2) .  Although 
such an EPR spectrum is typical of a mixed-valence MnlIIMnIV 
~pecies,~g the hyperfine splitting observed is quite small. Most 
of the MnlIIMdV complexes reported up till now exhibit 16- 
line spectra with a M n  values of around 77 G.5 

Interestingly, the reduction wave is found at an unusually 
low potential.5e Most dinuclear Mn'VMn*V complexes charac- 
terized so far with two oxygen bridges exhibit reduction 
potentials between 0.6 and 1.5 V us SCE.5e [Mn2@-0)2(salpn)21 
is the only compound which has a similar reduction potential 
(-0.39 V us SCE or -0.78 V us ferrocene) (H2salpn = N,"- 
bis(salicylidene- 1,3-diaminopr0pane)).~~ Undoubtedly, the strong 
donor properties of the three oxygen bridges cause the decrease 
of the reduction potential and stabilization of the high-valent 
Mn'VMn'V complex, which is in agreement with the low pKa 
value determined. The factors which influence the redox 
properties of related dinuclear Mn complexes have been 
discussed recently.5e 

Performing cyclic voltammetry (CV) of 1 with a scan rate of 
100 mV s-], we observe chemically irreversible reduction of 1 
at Ep.c = - 1 .OO V us Fc/Fc+ (Figure 4A). Scanning back from 
-1.5 to + 0.5 V us Fc/Fc+ yields a small anodic peak at Ep,a 
= +O.O V us Fc/Fc+. The latter peak is observed only after 
passing the reduction of the parent compound 1. Addition of 
Co(Cp)2 to the solution led to the occurrence of a peak at Ep.a 
= fO.0 V us Fc/Fc+ as well. Thus upon the reduction of 1, 
either electrochemically or chemically, a secondary chemical 
reaction takes place. The product of this reaction is then 
reoxidized at 0.0 V. No anodic process has been found for 1 
up to +1.5 V us Fc/Fc+, showing that the oxidation Mn'VMn'V - MnVMnlV should occur at a higher positive potential. 

In an acetonitrile solution containing 0.25 M H2S04 and 0.1 
M NBudC104, the reduction peak of 1 has been observed with 
DPV at 0.70 V us Fc/Fcf. CV shows an electrochemically 
quasi-reversible reduction wave at 0.69 V us Fc/Fc+ with a peak- 
to-peak separation of 160 mV at 100 mV s-' scan rate (Figure 
4b). Accounting for the aforementioned protonation of one 
oxygen bridge in 1 under these acidic conditions, the CV results 
imply that protonated 1 is reduced at a considerably higher 
positive potential in comparison with its nonprotonated form. 
The positive potential shift of 1.7 V can reasonably be attributed 
to a drastically decreased donor power of the oxygen bridge 
upon protonation leading to a more electron-deficient MnIV 
center. 

Spectroelectrochemistry. By using the OTTLE cell,23 in 
situ one-electron reduction of M 1 in acetonitrile was 
carried out, and the UV-vis and IR spectra of the reduced 
species were recorded. In the course of the reduction, the 
solution gradually changed from bright red to brown. The 

(28) Gohdes. J. W.: Armstrong. W. H. Inorg. Chem. 1992, 31, 368. 
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Figure 4. Cyclic voltammograms (100 mV s-I) of [Mn1V&i-0)3L'2]2+ 
in CH3CN/0. 1 M [NBund]C104 (A) and [Mn'V&-0)~@-OH)L'2]3+ in 
acetonitrile containing 0.25 M H2S04 and 0.1 M [NBun4]C104 (B). 

distinct absorption bands of 1 at 390 and 490 nm were replaced 
by unstructured absorption between 300 and 700 nm. Reoxi- 
dation of the species at 0.0 V led to complete recovery of 1. 

The IR absorptions of the parent compound at 791,990, and 
1007 cm-' disappeared, while a new band at 1016 cm-' became 
visible in the course of the reduction. Interestingly, the vibration 
at 668 cm-' that has been assigned to va,(Mn-I60-Mn) and 
reflects the Mn-0-Mn angle (vide supra) does not change 
upon reduction of the complex. Also the vibration at 642 cm-' 
of [Mn'VAp'80)3L'2]2+ does not shift upon reduction. These 
observations imply that the Mn-0-Mn angle does not change 
significantly and consequently that the structure of the reduced 
species is not altered to a large extent. It is noted that the peaks 
at 668 and 642 cm-' become only slightly broader and lower 
in intensity upon complete one-electron reduction of both the 
I6O- and I80-labeled compounds, respectively. 

On the basis of these results, it is proposed that the reduced 
species contains either a Mnz(p-O)3 core or a Mn2@-0)&- 
OH) core with similar Mn-0-Mn angles as the parent 
compound. Formation of dinuclear Mn species containing 
solely two oxygen bridges would result in a larger Mn-O- 
Mn angle5 and thus in a clear shift of the Mn-0-Mn vibration. 

The electrochemical experiments described before have 
shown that the reoxidation peak of the reduced species of 1 is 
found at a much higher potential than the reduction peak of 1. 
These results and the IR data suggest that, upon reduction of 
[Mn'V2(p-O)3L'2]2+, a protonation step may take place, i.e. that 
an EC mechanism operates. Proton donors in acetonitrile, such 
as water, may cause protonation of the reduced manganese 
compound. In the presence of sulfuric acid already the dinuclear 
manganese complex 1 becomes protonated and the electro- 
chemically quasi-reversible reduction is then observed. A 
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Figure 
buffer. 

5. 
PH 

Pourbaix diagram for [Mn1vz@-O)3L'2]2+ in 0.2 M citrate 

reduction-induced protonation process is also in agreement with 
the electrochemical measurements in aqueous solutions (vide 
infra). 

pH-Dependent Reduction Processes in Aqueous Solutions. 
The reduction process of 1 (0.63 mM) has been studied with 
DPV in an aqueous citrate buffer (0.2 M) solution at various 
pH values. The pH dependency of the reduction potentials as 
deduced from DPV measurements is shown in Figure 5 .  The 
reduction potentials vary from +OS4 V at pH = 0.43 to around 
-0.1 V us SCE between pH = 4 and 10. The observed peak 
width at half-height (W112) in the DPV is considerably larger 
than the theoretical value for a reversible one-electron redox 
process (90.4 mV).29 Between pH = 7 and 11, the peak width 
is between 100 and 120 mV, whereas below pH = 7, the peak 
width increases up to 360 mV (pH = 3.6) and decreases again 
at lower pH values (120 mV at pH = 0.47). The broadness of 
the DPV peaks at nearly all pH values is indicative of an 
irreversible reduction process, as confirmed by CV measure- 
ments (irreversible reduction; vide supra). Activation of the 
glassy-carbon electrode as described by Meyeso and BrudwigI6 
et al. did not bring any improvement. The shift of the reduction 
potential to higher values upon lowering the pH suggests that 
below pH = 4 the electrochemical reduction is coupled with a 
proton-transfer process: 

[Mn'VMn'V]2+ + H+ + e - [Mn"'Mn'VH]2+ 

As shown in Figure 5, the slope of the EIR-PH plot (Pourbaix 
diagram) is about 155(11) mV/pH unit, which is significantly 
higher than the theoretical value for a coupled 1H+/le- process 
in a reversible redox reaction (59 mV/pH).I6 Two possible 
explanations can account for this behavior. Disproportionation 
reactions between the reduced species occur, as observed in a 
number of other cases.12-28 This may be reflected in a [l] 
dependence of the slope of the Pourbaix diagram. However, 
changing the concentration of complex does not lead to a change 
in the slope.31 A plausible explanation for the steep slope of 
the reduction potential us pH dependence may be that in this 
case the reduction is clearly irreversible, leading to significant 
deviations from the "ideal" Nemst shift per pH unit for a coupled 
1H+/le- process (59 mV/pH).I6 Extrapolation of the experi- 
mental slope of 144 mV/pH unit observed to a pH -2.0 implies 
a reduction potential of 0.90 V vs SCE at this pH. This agrees 
quite well with the observed value of 0.87 V us SCE (0.76 V 
us Fc/Fc+) for the protonated complex in acetonitrile/H2S04 

(29) Bard, A. J.; Faulkner, L. R. Electrochemical Methods, Fundamentals 

(30) Roecker. L.: Kutner, W.; Gilbert, J. A.; Simmons, M.; Murray, R. 

(31) Using 1.26 mM instead of 0.63 mM complex leads to a similar 

and Applications; John Wiley and Sons: New York, 1980. 

W.; Meyer, T. J. Inorg. Chem. 1985, 24, 3784. 

Pourbaix diagram with a slope of 145(4) mV/pH unit. 
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Figure 6. Cyclic voltammograms of [MnrV2@-O)3L'2I2+ in citrate buffer 
at pH = 3.61 (100 mV s-I. (-) first scan; (- - -) second scan. 

solution. pH-dependent electrochemical experiments in phos- 
phate and Me3TACN yield similar results.32 

In solutions having pH > 4, no coupled electron-proton 
transfer process takes place. The pH-independent region at pH 
> 4 for [Mn'V2@-0)3L'2]2+ suggests that the PKa for the Mn"'- 
Mn'" species is about 4. Care should be taken in using these 
data, as the reduction process is electrochemically or chemically 
irreversible (vide supra), which may lead to deviations of the 
pKa value. It is clear, however, that the PKa of the reduced 
species is much higher than that of 1. A large increase in the 
pKa value in passing from the Mn'VMnll' to a MnlllMn"' state 
has been observed for [Mn2@-0)2(bpy)#+ as well (from 2.3 
to 1 1.0).l6 These results can again be explained by less electron 
donation from oxygen to manganese for the manganese ion in 
a lower oxidation state. 

Electrochemically-Induced Formation of Other Species. 
The DPV's in the presence of citrate buffer suggest an 
irreversible reduction of 1 (vide supra). This has been 
confirmed by carrying out cyclic voltammetry. As shown in 
Figure 6, a chemically irreversible wave at 0.02 V at pH = 
3.61 in 0.2 M citrate buffer was observed. Upon scanning 
back from -0.5 to f 1 . 0  V, we observed a new anodic peak at 
0.68 V with the corresponding cathodic counterpeak at 0.57 V. 
This implies that the reduction of 1 is followed by a secondary 
reaction of the primary MnrllMnlV product, giving a relatively 
stable compound. This wave was only observed at [citrate] > 

M. In other buffer systems containing carboxylate groups, 
such as succinic acid and acetic acid, the redox couple occurs 
between 0.5 and 0.8 V as well, although in the latter buffer the 
wave is much more difficult to discem. No voltammetric peaks 
between 0.5 and 0.8 V were observed upon using L' as the buffer 
system. Bulk electrolysis experiments were canied out to obtain 
information on the nature of the species formed. Applying a 
potential of -0.4 V vs SCE to a solution of 1 in a 0.2 M citrate 
buffer at pH = 3.5 caused the color of the solution to change 
from bright red to brownish-purple. The W-vis  spectrum of 
the electrolyzed solution exhibited two bands at 485 and 515 
nm and a weak band at 725 nm. Such an absorption spectrum 
is very typical of a [Mn"'2Cu-O)~-XCOO)~L2]2+ species.' 
Addition of [Mn11'2~-O)@-H3CC00)2L'2]2+ (2) to a 0.5 M 
citrate solution leads to a slow decrease of Ep,a/Ep,c at 0.80/ 
0.71 V (originating from 2) and a concomitant increase of the 
redox couple at 0.68/0.57 V as judged from CV measurements. 

(32) Using 0.2 M phosphate as buffer yields a slope of 159(10) mV/pH 
unit, an apparent pKa value for the Mnl'lMnlV species of 4.5, and a 
calculated reduction potential of 0.94 V at pH -2.0. Using 0.2 M L' 
as buffer yields a slope of 169(10) mV/pH, a pK, value of 4.0, and a 
calculated reduction potential of 0.77 V at pH -2.0. The ligand as 
buffer was chosen because the use of a free ligand may improve the 
reversibility of the cyclic voltammograms considerably. l5  
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These results strongly suggest that, upon electrochemical 
reduction of 1 in citrate buffer, a dinuclear MnlI1 species with 
two carboxylate bridges is formed. Addition of 1 equiv of 
ascorbic acid as reductant to 1 at this pH in the presence of 
citrate or acetate buffer leads to the formation of a species having 
a similar UV-vis spectrum as well.33 Reduction of 1 at pH 1 
with ascorbic acid leads to a gradual decrease of bands at 490 
and 390 nm and a concomitant formation of a six-line EPR 
spectrum (aMn = 88 G ) ,  showing that under these conditions 
mainly Mn(I1) species are formed. This can be explained by 
disproportionation reactions at low pH due to protonation of 
the oxygen  bridge^.^^,^^ 

Exhaustive electrolysis of 1 at -0.8 V us SCE in citrate buffer 
of pH 9 yielded, after addition of a NaBPh, solution, a yellow- 
brown precipitate (3) that was further analyzed. The EPR 
spectrum of 3 exhibits a 16-line signal with the same hyperfine 
constant (uM") as that described above for the product of the 
chemical reduction of 1 in acetonitrile (Figure 3).36 Further- 
more, the Mn-0-Mn vibration (W) and the UV-vis spectrum 
(dmf) of compound 3 are very similar to those obtained by the 
in situ O'TTLE reduction of 1 (vide supra). The IR spectrum 
of 3 shows also a broad band at around 3600 cm-I, characteristic 
of the presence of OH groups. These results suggest that species 
3 is the same species observed upon reduction of 1 in acetonitrile 
and contains the Mn111@-OH)@-0)2Mn1V core. 

Hage et al. 

Concluding Remarks 
We have shown that [MII~@-O)~L'~]~+ exhibits interesting 

electrochemical properties. The pH-dependent electrochemical 
studies have revealed that the potential of the reduction peak 
gradually shifts to higher values when the pH is lowered. The 
slope of the Pourbaix diagram is much steeper than the 
theoretical value for reversible systems. Varying the buffer 
systems and complex concentration has revealed that the slope 
of the Pourbaix diagram is not influenced significantly. The 
irreversible nature of the reduction process may have caused 
this discrepancy in the pH-dependent behavior. The UV-vis, 
EPR, and IR data have suggested the presence of a Mn2@- 
0)2@-0H) core upon reduction of 1 in CH3CN. Electrochemi- 
cal reduction of 1 in aqueous solution at pH 9 afforded, after 
addition of NaBPb, a precipitate that exhibits similar spectra, 
suggesting that identical species are formed upon reduction in 
acetonitrile and water. Measurements in citrate buffers of citrate 
concentrations =- 1 mM have shown that, upon one-electron 
reduction, disproportionation reactions yield a bis(carboxy1ato)- 
bridged species. A major difference between [Mn2@-O)3L'2I2+ 
and the dinuclear Mn@-O)z compounds studied up till now is 
the much lower pH window in which the H+/e processes are 
observed. This is undoubtedly caused by the unique structure 
of this molecule with three donating oxygen atoms bridging 
the MnIV ions. 
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(33) Subsequent addition of aqueous sodium tetraphenylborate to the 
solutions containing 1, ascorbic acid, and citrate or acetate buffer yields 
purple precipitates. IR of the acetate compound has the same vibrations 
as the genuine material (COO vibrations at 1572, 1460, and 1424 
cm-I).' The UV-vis spectrum (CH3CN) of this complex exhibits 
bands at 720, 520, 485, and 310 nm, in agreement with the literature 
values.s.12 The compound isolated in citrate buffer contains strong IR 
absorptions at 1590, 1464, and 1426 cm-'. The UV-vis spectrum of 
this compound in acetontrile shows bands at 720, 520, 485, and 310 
nm, the same bands as found for the acetato analog and the sample 
obtained by coulometry. 
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re~ently.~' The EPR spectrum discussed in this paper has a hyperfine 
constant of 69 G, while the 16-line spectrum reported elsewhere)' 
has a hyperfine constant of 77 G. The hyperfine splitting of 77 G is 
very typical for mixed-valence Mnl"Mnl" species, as discussed 
el~ewhere.~ 

(37) Hage, R.; Iburg, J. E.; Kerschner, J.; Koek, J. H.; Lempers, E. L. M.; 
Martens, R. J.; Racherla, U.; Russell, S. W.; Swarthoff, T.; van Vliet, 
M. R. P.; Warnaar, J. B.: van der Wolf, L.; Krijnen, B. Nature 1994, 
369, 637. 


