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The stability of the peroxide ligand bridging two manganese ions in the trinuclear oxomanganese complex
[Mn"5(2e3-O)(1e-02) (AcO)(dien)s]?*, one of only two structurally characterized Mn clusters possessing a i1-peroxo
bridge, has been investigated using density functional theory. Although the peroxide O—O bond in the related
bis(u-ox0)-bridged complex [MnV,(u-0),(u-02)(NH3)s** undergoes spontaneous cleavage upon two-electron reduction
to the Mn", dimer, calculations on the model complexes [Mn"(1-O)(1-O2)(NH3)g]** and [Mn"y(1-O)(1-O2)(NH3)e-
(H20),J?*, which contain the same u-0x0-, u-peroxo-bridged core present in the trimer, indicate that the peroxide
bridge remains intact, in agreement with experiment. Its stability can be attributed to a Jahn—Teller distortion
resulting in elongation of the axial Mn—N bonds perpendicular to the Mn,(«-O)(u-O,) plane which in turn stabilizes
the high-spin Mn'" oxidation state. However, the difference in the energies of the bridged and cleaved peroxide
structures is small (ca. 0.5 eV), the lowest energy structure depending on the nature of the terminal ligands.
Calculations on the model trimer complex [Mn"3(ze3-0)(2e-02)(HCO,)2(NH3)g]** indicate that the energetic differences
between the cleaved and uncleaved structures is even smaller (ca. 0.2 eV), and although the peroxo-bridge remains
more or less intact, it is likely to be quite facile.

Introduction yielding valuable insight into the structure and reactivity of

the metal sites in these redox-active metalloenzyin®s.

The reactions of polynuclear oxomanganese complexes - o
In our ongoing investigations of oxomanganese clustets,

with molecular dioxygen and its oxidized or reduced forms v d ived th its of a DFT stud th
are of intrinsic interest due to their potential relevance to we recently describe € resulls ot a study on the

the mechanism of several manganese-containing enzyme?lectronlc and geometric consequences accompanying two-

; ; lectron reduction of the mode| »peroxo-bridged complex
such as the oxygen evolving center of photosystem(ll), which € v ) < 18
catalyzes the oxidation of water to dioxygen, and manganese['vIn 2(4-0)(ut-O2)(NHz)e]*" to [Mn"o(ut-O)o{u-Oz) (NH)el.

catalase, which catalyzes the disproportionation of hydrogen
peroxide into water and dioxygén® Since both systems
involve magneticall led mangan nters, the ap-
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Table 1. Calculated Structural Parameters for the BS 8nd 3 and 4 States of the Model Complex [Mn-O)(u-O2)(NHs)s(H20),]%" Possessing an

Intact or Cleaved Peroxo Bridge

[Mn2(u-0)(u-02)(NHz)e(H20)2]%*
intact peroxide bridge

[(MnO)(u-O)(NH3)s(H20)2]*
cleaved peroxide bridge

BS S=4 BS S=3 expt
Mn—Mn/A 3.13 3.12 3.37 3.35 3.14(4)
0-0/A 1.43 1.43 3.17 2.95 1.6(1)
Mn—0O/A 1.81 1.84 1.81 1.84 1.9(1)
Mn—0,/A 1.85 1.85 1.65 1.65 1.7(2)
Mn—Na/A 2.46 2.46 2.13 2.13 2.2(1)/2.4(1)
Mn—NedA 2.20 2.21 2.22 2.25 2.1(1)
Mn—0edA 2.23 2.24 2.57 2.47 2.0(1)
energy/eV —167.876 —167.714 —168.002 —167.934
Pspir(Mn) +3.64 3.82 +2.31 251
Pspi(O) 0 0.06 0 —0.06
PspilO—0) +0.01 0.09 +0.53 0.49

2The experimental data refer to the corresponding structural parameters iuiND) (u-O2)(AcO)z(dien)s]>™.28 pspin refers to the spin density on the

relevant atom.

[Mn;" (1-0)(1-02)(NHy)el™*

[(Mn" 0)(p-0)2(NH;) )"

Figure 1. Schematic representation of the structural changes resulting from

the two-electron reduction of [MYp(u-O)x(u-O2)(NH3)e) 2.

We found that the initial reduction step was metal-based

resulting in formally low-spin MH# centers. This was

[Mn;" (1-0)y(1-02)(Mestacn), **

Figure 2. Schematic diagrams of [MYp(u-O)a(u-Oz)(tacny]?>t and
[Mn" 3(u3-O) (u-O2) (AcO)x(dien)]?+. The ethylene units bridging the N
donor atoms are omitted for clarity.

[Mn;"(13-0)(u-07)(dien)3(AcO) 1™

followed by a structural rearrangement involving transfer of bridge, the remaining three coordination sites being occupied

electrons from the minority-spingorbitals on the manga-
nese(lll) centers to the peroxd orbital. As a consequence,
the peroxideo bond was cleaved and the Mp core

by the N donors of the tridentate ligand Mecn. In the
[MNn"' 3(13-O) (u-O2)(AcO)y(dien)]?t trimer, however, each
Mn"" center is coordinated by a tridentate dien ligand in a

regenerated. Associated with the cleavage of the peraxide mer fashion with the remaining coordination sites being

bond was the formation of a bis(manganyl) (X470), dimer

occupied by the centrals-oxo ligand and either acetate or

species and dissociation of the amine ligands trans to theperoxo bridges.

peroxo oxygen. A schematic representation of this structural

Some relevant structural parameters for the trimer complex

rearrangement is given in Figure 1. Interestingly, for both are given in Table 1. One intriguing aspect of this structure
photosystem(ll) and Mn catalase, models have been proposeds that the peroxo ©0 distance of 1.6(1) A is quite long

which involve high-valent MO species as intermediates
in the reaction cyclé#16.2+24

compared to 1.46 A in [MM,(u-O),(u-O2)(Mestacny]2*. At
this distance, coupled with the relatively large uncertainty

Two structurally characterized oxomanganese clustersin bond length, it is difficult to ascertain whether the peroxo
containing a peroxo bridge are currently known, the dimer bridge is still intact. Assuming it is intact, it is important,

complex [MAY5(u-O)y(u-Oz)(Mestacn}]?" (Megtacn= 1,4,7-
trimethyltriazocyclononané) and the trimer [M#' 3(uz-O)-
(#-02)(AcO)y(dien)]?t (dien= diethylenetriaminej® each
of which is shown schematically in Figure 2. In the [Mn
(u-O)(u-02)(Mestacny]?t dimer, both MK centers are
coordinated by twe-oxo bridging ligands and @ -peroxo
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given the results of our previous calculations on [KA@-
O)2(1-O5)(NH3)6] 2+ where the peroxo ©0 bond is cleaved
on reduction to MH,, to understand what structural or
electronic variations lead to the stabilization of the peroxo
bridge across the two Mhions in the trimer. Accordingly,
we now report the results of a series of DFT calculations
investigating the electronic structure of model dimer and
trimer complexes which contain the [Mg(u-O)(u-0,)] core
present in the structurally characterized trimer compound.

Computational Details

The calculations described here were performed using the 1999
version of the Amsterdam Density Functional progtaninning
on Linux-based Pentium Il 600 MHz computers. For the model
dimers [Mri"5(u-O)(u-O2)(NHs)e]** and [Mri" 2(u-O) (u-O2) (NH3)e-
(H20),)%", triple-¢ basis sets (type 1V) were employed for the



(u-ox0)- and Bisg-oxo)manganese Clusters

Figure 3. Schematic representation of the structural changes resulting from
the two-electron reduction of [Mtp(u-O)(u-O2) (NH3)s(H20)2] 2"

manganese and oxygen atoms belonging to the bridging oxo and

peroxo groups. For the nitrogen, oxygen, carbon, and hydrogen
atoms belonging to the terminal ligands, doublbasis sets (type

II) were used which included a polarization function. The frozen
core approximation was employed with the 1s orbital for nitrogen
and oxygen and orbitals up to and including 3p for manganese,
being treated as frozen. All calculations included the Vosko, Wilk,
and Nusair (VWN) local density functiorfdland the gradient
corrections for the exchange (Beckegnd correlation (Perdews.
Geometry optimizations used the algorithm of Versluis and Zie-
gler2! The default values for the convergence criterialofE =
0.001 hartrees (energy)iolG = 0.01 hartrees/A (gradients),
TolR=0.01 A (coordinates), antiolA = 0.5° (angles) were used
along with default value ofaccint = 4.0 for the numerical
integration accuracy. Calculations on the model complexes em-
ployedC,, point group symmetry except for the broken symmetry
(BS) calculations which were undertakenGasymmetry but with

the added restriction that the molecular structure mainta®ed
symmetry. Potential energy curves for the BS state of the mode
dimers were generated by incrementing the peroxaOQlistance

in 0.2 A steps but otherwise optimizing all other geometrical
variables. Calculations on the model trimer [Mi-O)(u-O2)(u-
0,CH),(NH3)g]?" employed standard type IV basis sets on the
manganese and the bridging oxo and peroxo atoms and type IlI
basis sets on all other atoms. Geometry optimizations were
undertaken using pseudfy symmetry, but in all other respects
the computational details were the same as those described abov
for the model dimer complexes. Magnetic exchange constants,
for the model dimers were calculated using spin projection
methods’.8

Results and Discussion

Description of Model Complexes.To reduce the com-
putational effort but still retain the essential features of the

0.8

0.6

0.4

Energy/eV

0.2

2 25
1(0-0yA

Figure 4. Variation in total energy as a function of the peroxe-O
distance for [MH' 2(u-O)(u-O2)(NH3)s(H20):]%" (A) and [Mn" 5(u-O)(u-
02)(NHz)g]** (B).

3.5

only the Mn ions bridged by the peroxide ligand are included.
Each dien ligand is replaced with three N¢toups, and the
oxygen donor belonging to the acetate ligand which bridges
to the third Mn ion is replaced by a water ligand. For the
purpose of comparison with earlier studiésye have also
undertaken calculations on the model complex [M@-O)-
(u-O,)(NH3)g)?", where both HO groups are replaced by
ammonia ligands.

Calculations were also performed on the model trimer
complex [Mﬁ”3(/13-0)(/1-02)(/1-02CH)2(NH3)9]3+, in which
gach dien ligand in the observed structure has been replaced
with three ammonia ligands as shown in Figure 2. Although
the observed structure has no symmetry, the bond distances
and angles around the Mn ions in the model complex were
restricted such that the molecular geometry approximated
C, symmetry. The pseudo.Cotation axis passes through
the centralus-O atom and bisects the peroxo—@ bond.
An alternative and perhaps more obvious choiceCis
symmetry, where the mirror plane contains the three Mn ions,

peroxo-bridged manganese core present in the trimer, wetheus-O atom, and peroxo bridges. However, this choice of

initially employed the model complex, [Mh(u-O)(u-0O,)-
(NH3)s(H20),]?", shown in Figure 3. In this dimer model,

(27) Baerends, E. J.; A'Bees; Bo, C.; Boerrigter, P. M.; Cavallo, L.; Deng,
L.; Dickson, R. M.; Ellis, D. E.; Fan, L.; Fischer, T. H.; Fonseca
Guerra, C.; van Gisbergen, S. J. A.; Groeneveld, J. A.; Gritsenko, O.
V.; Harris, F. E.; van den Hoek, P.; Jacobsen, H.; van Kessel, G.;
Kootstra, F.; van Lenthe, E.; Osinga, V. P.; Philipsen, P. H. T.; Post,
D.; Pye, C.; Ravenek, W.; Ros, P.; Schipper, P. R. T.; Schreckenbach,
G.; Snijders, J. G.; Sola, M.; Swerhone, D.; te Velde, G.; Vernooijs,
P.; Versluis, L.; Visser, O.; van Wezenbeek, E.; Wiesenekker, G.;
Wolff, S. K.; Woo, T. K.; Ziegler, TAmsterdam Density Functional
1999 ed.; 1999.

(28) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(29) Becke, A. DPhys. Re. A 1988 38, 3098.

(30) Perdew, J. PPhys. Re. B 1986 33, 8822.

(31) Versluis, L.; Ziegler, T. JJ. Chem. Phys1988 88, 322.10.

symmetry imposes considerable structural inflexibility as the
acetate and peroxide groups are forced to remain planar. This
in turn forces the peroxide O atoms into close contact thus
limiting the possibility of partial or complete cleavage of
the peroxo bridge. In contrast, the pseu@osymmetry
described above allows the acetate and peroxo ligands to
buckle out of the plane defined by the three Mn ions and
the centralus-O unit.

Dimer Models. The calculated energies for the antifer-
romagnetic BS state of the model dimer complexes'{Mn
(1-O)(u-O2)(NHs)e(H20)]*" and [Mnl" (u-O)(u-O2)(NHa)g]
are plotted as a function of the peroxo-O distance in
Figure 4. It is immediately apparent that the potential energy
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curves have two minima. The first occursré®—0O) ~ 1.4

A and the second when the peroxo bridge is cleaved at
r(0—0) ~ 3.0 A. For [Mn" »(u-0)(u-O2)(NHs)s(H20):] 2,

the most stable structure has the O bond cleaved whereas,
for [Mn" 5(u-O)(u-0)(NH3)g]?t, the peroxide bond is intact
with r(O—0) ~ 1.4 A. The energy difference between the
bridged and cleaved forms is small, approximately 0.1 eV,
but importantly, an energy barrier of approximately 0.6 eV
separates the cleaved and uncleaved structures in both
complexes. Although, on the basis of Figure 4, the nature
of the terminal ligands appears to have only a minor influence
on the overall energetics, they play a pivotal role in
determining whether the global minimum corresponds to a
cleaved or intact peroxo-©0 bond. In contrast, the number

of oxo bridges, which in turn dictates the number of terminal
ligands on the Mn centers, has a dramatic effect on the
energetics as can be appreciated by comparing the structures
of [Mnmz(u-O)z(/,t-Oz)(N H3)6]0 and [M " 2(/1-0)(14-02)(N H3)5-
(H20),]?" shown in Figures 1 and 3, respectively. In the
discussion to follow, we examine the structures correspond-
ing to the cleaved and uncleaved BS minima observed in
Figure 4.

Uncleaved Peroxo Bridge Structure.Structural param-
eters from the geometry optimization of the BS e 4
states of the model complex [Ma(u-O)(u-Oz)(NH3)e-
(H20),])?", corresponding to the BS minimum igD—0) ~

34a’

33a’

32a’
19a"
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Figure 5. Relative energies of the molecular orbitals near the HOMO

1.4 Ain Figure 4, are given in Table 1 along with the relevant and LUMO levels in the broken-symmetry state for [Niu-O)(u-O2)-

data from the X-ray structure of [Mus-O)(u-O2)(AcO),-
(dien)]?".26 The calculated structures for the BS aBe- 4

(NHz)e(H20)2]** (A) and [MntY 5(u-O)o(u-O2)(NHs)g** (B).

states are very similar indicating the Mn centers are high for two different Mn—N distances, 2.2(1) and 2.4(1) A,

spin and only weakly coupled. Except for the MN,x and

on each Mn center. The calculated MN4 distance of 2.46

Mn—0Qq distances, a comparison of the observed and A is long but not unexpected for high-spin Mpwhich is
calculated bond distances reveals that most of the calcu-Jahn-Teller active, resulting in axial elongation if thezd
lated values are within two standard deviations of experiment orbitial is occupied. In previous calculations on [Mn
and generally in the range of distances known for other (4-O)x(NH3)g]?", the Mn—Ng, distance was determined to

dimers containing [M#,(«-O);]"" or [Mn" 5(u-O)(RC Q)] ™"

be 2.50 A7 Reported structures of dimers with a [Mn

cores’ 3 |t seems reasonable to attribute the poorer (u-O);]?" core have Ma-Nu distances in the range 2.32
agreement between the model and the X-ray structure for2.42 A. However, in most of these cases the axial N donors
the Mn—0Og, distance to differences between carboxylate- are members of aromatic systems and theretfargeractions

and water-based oxygen donors.

with the Mn ion are likely to lead to shorter MrN distances.

The imposition ofC,, symmetry on the model complex
ensures that all the calculated MN,y distances are identical.

The calculated peroxo-©0 distance of 1.43 A is well short
of 1.6 A observed in [Mg(uz-O)(u-0,)(AcO)(dienk]?* but

In contrast, the lower symmetry of the X-ray structure allows compares well with the value of 1.46 A found for [Mp
(‘M-O)z(ﬂ-Oz)(Megtaan 2+ 25

(32) Wieghardt, K.; Bossek, U.; Ventur, D.; WeissJJChem. Soc., Chem.
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1552.

(39) Corbella, M.; Costa, R.; Ribas, J.; Fries, P. H.; Latour, J.-Mrs@m,
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The relative energies of the spin-up molecular orbitals near
the HOMO-LUMO gap for the BS state of the model
complex [Mn"x(u-O)(u-O2)(NH3)s(H20)7]?" are shown in
Figure 5, and their compositions are given in Table 2. The
corresponding spin-down orbitals are not shown but are
degenerate with their spin-up counterparts. As found in other
calculations on Mn systems containingpxo andu-peroxo
bridges, the interactions between the metal centers and the
bridging ligands are highly covalefit?® Accordingly, in the
discussion that follows, the labeling of orbitals as eithgr t
g, Or * is meant solely as an indication of the major
contributors to a molecular orbital.

Figure 5 reveals that the* orbitals (28A and 17A") of
the peroxo bridge are similar in energy to thgdrbitals of
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Table 2. Mulliken Decomposition of the Upper Valence Molecular Orbitals for the Broken-Symmetry States of the Model Complexes
[ancu-o)(u-OZ)(NHg)e(HzO)2]2+ and [(MnO)Z(,u-O)(NH3)6(H20)2]2+a

MO energy/ eV occ Mp Mn; (0] G Ow N
[Mn2(u-O)(u-02)(NH3)s(H20)2]**
34A —7.845 0 1y dy 9 10 0 1
33A —8.293 0 0 8ld 0 3 0 8
32A —8.895 0 19 ¢, de—y? 49 de_y 17 7 0 0
19A" —8.927 0 0 84 ¢, dy, 11 1 0 0
18A" —8.965 0 0 81 ¢, dy, 0 16 0 0
31A —10.026 0 344 39 de-y2, Ohy 2 15 0 2
30A —11.100 2 57 ¢ 1de-y 3 10 0 19
17A" —11.250 2 21d 7 o, 0 64 0 1
16A" —11.991 2 55 ¢ 7d,; 30 0 0 3
29A —12.596 2 54 g2 8 de—y2 28 0 0 0
28A —12.990 2 18 ¢, d2 4 dyy, d2 3 62 5 0
15A" —13.062 2 63 ¢ 3de 0 26 0 0
[(MnO)2(u-O)(NHa)e(H20)2]*

35A' —7.658 0 44 ¢-y2 4 17 0 0
34A —8.283 0 8 6b_y2, Oyy 49 d,y 10 19 0 1
33A —8.540 0 15¢ 2 50 d2 5 11 0 9
32A —8.863 0 32¢-y 29 dyy, Oee—y2, d2 0 27 0 1
19A" —8.879 0 0 62 ¢ 1 33 0 0
18A" —9.726 0 24, 80 d,, 14 0 0 0
31A —9.829 0 58 ¢ 8 dyy, 02 6 8 0 15
30A' —10.683 2 45¢, 1dy 2 42 0 3
17A" —10.916 2 43 ¢ 1d, 0 50 0 2
16A" —12.247 2 56 ¢ 10d, 23 3 0 2

aOnly spin-up orbitals are listed. Atomic orbital contributions to the molecular orbitals are listed in order of weighting.add@, refer to the oxo,
peroxo, and water oxygen atoms, respectively.

the Mn'" ions, resulting in significant mixing between these _ E(Snad — Egs

levels. As shown in Figure 6a, the HOMO (3Dds highly —J= s, 2

localized on one side of the dimer (MMn, = 57:1) and o

consists mainly of the majority-spinzabrbital on Mn with Using the above equation, both model complexes'fdMn

some contributions from 2p orbitals on the axial N donors (u-O)(u-O2)(NH3)s(H20),]2" and [Mrl"5(u-O)(u-O2) (NHz)g] >+

as well as smaller contributions from the bridging oxo and are predicted to be antiferromagnetic with calculated ex-

peroxo ligands. The calculated structure is consistent with change coupling constants ofJ = 82 and 97 cm?,

the occupation of the dorbital which results in the Mn respectively.

Nax distance being much larger the Milgq distance due to The LUMO (318) shown in Figure 6B is significantly

a Jahn-Teller effect. That the dorbital is lower in energy  delocalized across both metal centers (N, = 34:39)

than gz is a consequence of the stronger ligand field and comprises a mixture of the majority-spigbased ¢,

exerted by the oxo and peroxo ligands relative to the axial orbital on Mn and the minority-spinzi-based ¢, orbital

N donors. on Mn,, as well as contributions from the peroxo bridging
The spin density for the BS anl = 4 states given in  ligand. The composition of this orbital is important as it is

Table 1 is derived from a Mulliken population analysis and this level which is occupied on further reduction of the metal

indicates high-spin configurations for both Mrons. It is centers. The cross delocalization arising from the mixing of

important to note that, in the BS formalism, the spin-up and the majority spin g orbitals on one Mn center with the

spin-down density is free to localize on opposite metal minority-spin by orbitals on the other has been noted in

centers or to delocalize across both Mn ions. Thus, there iscalculations on several mixed-valence oxomanganese di-

no restriction that forces the electrons into a configuration mers!?172%n those studies, the cross delocalization resulted

corresponding to either high-spin or low-spin MnThe in a ground state which can be described as a mixture of

compositions of the predominantly Mn-based orbitals 29A Mn'" magnetically coupled with high-spin Mnhand low-

and 16A' in Table 2 reveal that the major magnetic spin MA" magnetically coupled with MW. On further

interactions, as measured by the extent of delocalization ofreduction, the additional electrons in the BS state are found

the spin-up electron density over both Mn centers, occur via to occupy the 314 and 314 levels which are principally

the symmetrice- 222 andJyzy, exchange pathways involv-  minority-spin g orbitals. Thus, the initial reduction step for

ing overlap of i-based Mn orbitals withp orbitals on the which the peroxide bridge is still intact gives rise to 'Mn

bridging oxo ligand. Using spin projection methéésand ions of intermediate spin§(= 3/2). However, as shown

the Heisenberg spin HamiltoniaH, = —2JS-S,, where$§, schematically in Figure 3, the structural relaxation following

and$; are the spins on metal centers 1 and 2, respectively, the initial reduction step results in the spontaneous cleavage

the exchange coupling constadt,can be calculated from  of the peroxide bridge to form [(Mn@)-O)(NHs)s(H20),]°,

the energies of the broken symmetry, BS, and maximum spin,analogous to the two-electron reduction of [Nu-O),-

Shax States using the expression (u-O2)(NH3)g]?+.18
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with the formation of a Ma=O moiety. Another important
difference is that the MAN, distance has decreased by more
than 0.3 A compared to the peroxo-bridged structure, with
the result that it is now comparable to the MNq distance.
Clearly there is no longer any significant JahFeller
distortion along the MaNa axis. Instead, the MAOgq
distance, which is trans to the ¥fO moiety, has increased
by more than 0.3 A. In our earlier studies on [Mfu-O),-
(u-02)(NH3)g]?t, the NH; ligand trans to the peroxide oxygen
was found to dissociate completely from the dimer, due to
the trans influence of the peroxo ligand, resulting in a square
pyramidal stereochemistry with the oxo ligand in the axial
position. At the calculated MAO, distance of 2.57 A, the
water ligand is only weakly bound to the Mn ion. This was
confirmed by additional calculations which indicated that
only 1 eV is required to completely remove both water
ligands. Finally, the 0.25 A increase in the MNIn distance

is associated with an increase of approximately ib8the
Mn—O—Mn angle.

From the composition of the predominantly Mn-based
orbitals given in Table 2, only the 16Alevel exhibits
reasonable delocalization (MMn, = 56:10) across both
Mn centers. Consequently, in the cleaved structure only the
symmetricJyz,, exchange pathway involving the bridging
oxo ligand is significant. Using spin projection methdds,
the cleaved peroxo bridge form of [Ma(u-O)(u-O)(NH3)e-
(H20),]?" is also predicted to be antiferromagnetic but the
calculated exchange coupling constant-af = 61 cnt?is
approximately 20 cm' smaller than that calculated for
[MNn"5(1-O) (u-Oz)(NH3)s(H20);]?t. This reduction can be
accounted for on the basis that the symmetic,2,2_2
pathway operating in the uncleaved complex is effectively
eliminated due to the extensive involvement of the Mnel
orbitals in forming the strongly covalent MO bonds,
apparent from the composition of the 32dxbital in Table

Figure 6. Pseudo-three-dimensional plot of the 3¢G#OMO (A) and 31A
LUMO (B) in the broken-symmetry calculation of [Ma(u-O)(u-O2)(NHz)s-
(H20)7]2¢* and the 30AHOMO (C) in the broken-symmetry calculation of

[(MnO)2(u-O)(NHz)s(H20)2]?". The coordinate system used to generate the In our previous study on the two-electron reduction of

plots is the same as that shown in Figure 3. [Mn,\,2(#_0)2(#_02)(NH3)6 2+’ it was found that the 60
Cleaved Peroxo Bridge Structure Parameters describing  bond cleavage and MmO double bond formation was

the structure of the model dimer [(Mng)-O)(NHa)e- accompanied by the regeneration of the stablg*¢onfig-

(H20),]2*, corresponding to the BS minimum gO—0) ~ uration on each of the Mn ions. Hence a formal oxidation

3.0 Ain Figure 4, are given in Table 1. Unfortunately, there state of 4- on the Mn in the reduced complex was a better
are no experimental structures with which direct comparisons description of the electronic configuration thah.3.ikewise,
can be made. However, there are a few examples offrom Table 1, the change in spin density from 3.64 to 2.31
monomeric complexes containing a K40, moiety all of on the Mn in the BS state of the current model complex
which have very short MrO distances (1.551.56 A)4041 [Mn"5(u-O) (u-02)(NH3)s(H20),]** reflects the oxidation of
Some of the differences between the two structural minima the Mn centers from 8 to 4+ when the peroxo bridge is
of our model System are similar to the Changes in geometry cleaved. However, there is also a Iarge amount of unpaired
found for the two-electron reduction of [Mfa(u-O)x(u-O,)- spin (approximately 0.5 electrons) on each of the peroxo
(NH3)g]2* .28 The single biggest structural change in the model 0xygens, consistent with a highly covalent interaction
complex involves the peroxo oxygens. Most notably, the between these atoms and the Mn ions. The large metal
O—O0 distance, which has increased by 1.74 A, indicates thatligand covalency is highlighted in Figure 6C which shows
the peroxide bridge is cleaved. In addition, the Mb, that the 304 HOMO is composed of approximately equal

distance has contracted by approximately 0.2 A, consistentProportions of Mn ¢ and peroxo O porbitals. Thus, a more

accurate description of the cleaved structure is [{\),-

(40) Collins, T. J.; Powell, R. D.; Slebodnick, C.; Uffelman, EJSAm. (4-0)(NH3)e(H20),]%*, where each MnO unit is associated
Chem. Soc199Q 112 899. ith th ired el . This d " £ 1h

(41) MacDonnell, F. M.; Fackler, N. L. P.; Stern, C.; Ohalloran, T.JV. wi ree unpaired electrons spins. Is description of the

Am. Chem. Sod994 116, 7431. Mn—Operoxo bONding in the BS state is confirmed from the
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Figure 7. Schematic representation of the electron rearrangement ac-
companying peroxo ©0 cleavage in the broken-symmetry state (A) and
S= 4 state (B) of [M'5(u-O)(u-O2)(NH3)s(H20)2]?*.

stabilization of the peroxide bridge in the current model
system [Mi'5(1-O)(u-O,)(NH3)g] 2™ but cleavage of the same
bridge in the related [Mt,(u-0),(u-02)(NH3)e]>t complex.

In the latter, the Mn ions are in an approximately octahedral
environment with the two oxo bridges and an oxygen of the
peroxo bridge comprising one triangular face of the octa-
hedron. Recent papers describing the electronic structure of
[MNnV5(u-O)(u-02)(NH3)e]>t have emphasized the fact that
oxo and peroxo donors exert a strong ligand fRelgi*e 20

As a consequence, reduction to the 'Moxidation state,
without relaxation of the structure, leads to a low-spin'Mn
configurationt® In [Mn" 5(u-O)(u-02)(NH3)g] ", the Mn ions
again possess approximately octahedral coordination, but
now there is only a single oxo bridge and the axial
coordination sites are occupied by ammonia ligands. Al-
though the mixed oxo and ammonia coordination around the
Mn centers will undoubtedly induce splitting of the former
octahedral gorbitals, a JahriTeller effect is possible due

to the approximate degeneracy of these orbitals. The
combination of the weaker ligand field and the ability of

close agreement between the calculated structures for thgéhe complex to distort along the axial direction due to a

BS and S = 3 states, the latter being derived from
ferromagnetic coupling of tw& = 3/2 metal centers.
Attempts to locate an optimized structure for te= 4
state with a cleaved peroxo bridge unit, similar to the
geometry of the BS state, were unsuccessful. 3\ 4
geometry optimizations that were started with a large
r(O—0) relaxed to the structure described in Table 1. The

Jahn-Teller effect leads to a high-spin Mnconfiguration
and stabilization of the peroxo bridge across the Mn centers.
This is apparent from Figure 5, where a dramatic stabilization
of the dz orbital occurs relative to [MH(u-O)y(u-O2)-
(NH3)g]?t. In contrast, the combination of the tribridged
geometry and the large ligand field exerted by the peroxo
and two oxo ligands in [MH,(u-O)(1-O2)(NH3)e] ensures

reason for this becomes obvious when the nature of thethat there is no bond axis along which the complex can distort

electronic rearrangement accompanying the@cleavage
is considered. It is instructive to first examine the electron

sufficiently to stabilize the dorbital. Hence, the Mh centers
are low spin and the transition from the peroxo-bridged

rearrangement in the BS state as depicted schematically instructure, [M';(u-O)2(u-O2)(NHs)g], to the cleaved struc-

Figure 7a. In the simplest description, we assign formal
oxidation states of # and 2-, respectively, to the Mn and

ture, [(MnYO),(u-O)2(NHs)g], occurs spontaneously without
any apparent energy barrier.

peroxo O atoms in the cleaved structure. For the peroxide Differences in the magnitude of the Jatifeller effect

bridge to cleave, the electrons in the-O ¢ bond must
localize onto the peroxo O atoms (the spin-down electron
going to Q and the spin-up electron going t@)OA second

can also explain why the lowest energy structure for [iyin
(u-0)(u-O2)(NH3)g]?" has the peroxo ©0O bond intact
whereas the closely related structure [M(@:-O)(u-Os)-

electron of opposite spin is also transferred to the peroxo O (NHs)s(H20),]?" is calculated to have a cleaved-© bond.

atoms from the Mn. That is, a spin-up electron is transferred
from Mn; to O; and a spin-down electron from Mo O..

The resulting configuration can be considered as two
antiferromagnetically coupled Mh (d®) ions with an ad-
ditional electron pair on each peroxo O center. As shown in
Figure 7b for theS = 4 state of the bridged structure, all the

In the latter complex, the presence of a water ligand in one
of the equatorial coordination sites on each Mn center
amplifies the difference between the axial and equatorial
ligand fields. This in turn increases the low-symmetry
splitting of the parent octahedra{ erbitals, thus reducing
the magnitude of the JahiTeller effect relative to [MH ,-

electrons on the Mn centers are aligned spin up. For the (u-O)(u-O2)(NH3)g]?*.

peroxide bridge to cleave, the electrons in the@o bond

The concept that the stability of the Mpoxidation state

must again localize on the peroxo O atoms as describedwith an intact peroxo bridge is due to the Jafireller

above for the BS state. However, now there are no spin-

down electrons on Mnwhich can be transferred to,@o
pair with the spin-up electron from the-€D ¢ bond. Since
transfer of a spin-up electron from Mo O, results in a
configuration that violates the Pauli exclusion principal, a
cleaved peroxo-bridge structure in tBe= 4 state is unstable.

stabilization of the d orbitals is consistent with redox studies
on a series of dimers with a [M@-O),]"" core. Glerup and
co-workerg>3showed that, with appropriate ligand substitu-
tion, steric effects could lead to an elongated My
distance which in turn gave rise to substantial shifts in the
Mn"Mn"" — Mn"Mn"v and MA"Mn" — MnVMn" redox

Instead, the maximum spin state possible for the cleavedpotentials and stabilization of the NMivin'' oxidation state

structure isS = 3 involving low-spin M centers.
Comparison of u-oxo- and Bisfu-0x0)-Bridged Struc-
tures. It is important to understand what factors lead to

over that of MAVMn'V.
Trimer Model. The calculations on the model dimer
system [MHA' x(u-O)(u-O2)(NH3)s(H20),]2" have gone a long
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Table 3. Calculated Structural Parameters for the Model Trimer
Complex [Mrk(ug-o)(u-Og)(OzcH)z(NHg)e 2ta }rr »r
S=5 S=6 expt Mng Mng
Mn;—Mny/A 3.36 3.33 3.14(4)
0-0/A 1.94 1.39 1.6(1) o) O
Mny - O/A 2.01 2.07 1.9(1) Mn i Mn/ \Mn
Mns-O/A 2.10 1.90 1.8(1) m \ 2 m m 1 2 m
Mn; »-O./A 1.68 1.88 1.7(1) \ / |
Mny,2-Na/A 2.17 2.39 2.4(1) 0—o0 o) 0
2.11 2.31 2.2(1)
Mns_Na/A 2.32 2.39 2.3(1)
2.32 2.39 2.1(2) S=6 S=5
Mnle—Nei’& 2.24 2.29 2.1(1) intact peroxo bridge cleaved peroxo bridge
Mn3-Ne 2.45 2.21 2.2(1)
mz;%oj{ A %82 gg% 5(1)8; Figure 8. Spin coupling schemes giving rise to the= 6 andS=5
_Oe . . ) X PRy ot
energy/eV 549.707 T549.876 states of the model trimer [Mhs(u3-O)(u-O2)(HCOy)2(NH3)g] 2.
Pspir(Mn1.5) 2.81 3.99
pspir(Mng) 4.43 4.05
Pspir(O) —0.06 0.01 spin densities of 3.99, 3.99, and 4.05 for MKIn,, and Mn;
pspilO~0) 0.01 —0.15 in the S= 6 state confirm the assignment of all three metal

. :Mnfl ar:d :\r/:nz are conneé:_ted bty thtepelroxo bridtge. The eXperigentaI oxidation states as high-spin Mn However, the small
ata refer to the corresponaing structural parameters | u- - H H H
(RCORGEINI® 2 i e 1 e < densi on he reevant iom, InPaired spin density of 0-L5 on the i
In the S = 5 state, the GO distance has increased to
way towards rationalizing the stability of the peroxide bridge 1.94 A, corresponding to a cleaved—@ bond, and the
in complexes possessing a [Mu-O)(u-O2)Mn''] core over calculated spin densities of 2.8 on iand Mn are indicative
those having a [MH(u-O)x(u-O)Mn"'] core. However, of Mn" ions, analogous to the structure calculated for the
although the structurally characterized trimer [NM(us-O)- dimer S = 3 state. Apart from the higher energy calculated
(4-O2)(AcO)y(dienk]?" contains the former core, the mea- for the S= 5 state, a cleaved peroxide bridge structure for
sured peroxo €0 distance of 1.6(1) A is certainly indicative ~ the trimer can be ruled out on the basis of the calculated
of significant weakening of the ©0 bond. It is therefore  O—O bond length (approximately 0.35 A longer than
relevant to ask whether geometrical constraints arising from observed) and also from the fact that MNe¢q bond distance
the bridging architecture of the trimer prevent the @ bond is calculated to be longer than the MNy distance, in
from undergoing cleavage. To address this problem, DFT conflict with the experimental structure. Indeed, on the basis
calculations were undertaken on the model trimer '[in of the model dimer calculations, the elongation of the axial
(13-O)(u-O2) (HCO,)2(NH3)g) 2" Mn—N bonds (due to a pseudo-JT effect) observed in the
The results of the geometry optimization of the model experimental structure should be interpreted as evidence for
trimer complex employing pseudd; symmetry are pre-  an intact peroxo bridge. For tHe= 6 state, elongation of
sented in Table 3 for the maximum spin stateSef 5 and axial Mn—N bonds is certainly evident but the difference
S = 6 which arise from coupling between the three Mn between the calculated MiN.and Mn—Ngqbond distances
centers with all spins aligned parallel. Calculations were also is about 0.1 A smaller than those determined for the model
performed on a number of different broken-symmetry states, dimer implying that the JahnTeller effect is reduced in the
but in all cases convergence of the associated structuresnodel trimer. This reduction cannot be attributed to a
proved problematic. Th& = 6 state involves coupling of  weakening of the peroxo ©0 bond relative to the dimer
three high-spin MH centers § = S = S = 2) for which S= 4 state as the calculated<® bond is actually 0.04 A
the peroxide bridge is intact whereas ®e 5 state results ~ shorter in the trimer. Instead, on the basis of the calculated
from the coupling of two M=0 entities § = $ = 3/2) Mn—0O and Mnr—Neq bond distances which are approximately
and a high-spin M# (S = 2) ion associated with a cleaved 0.2 and 0.1 A longer in the model trimer, it appears that the
peroxide bridge structure. The coupling schemes for both Jahn-Teller effect is also operating in theN-Mn—0
states are depicted in Figure 8. direction which in turn moderates the elongation along the
The data in Table 3 reveal that tBe= 6 state is the lowest ~ Mn—Nu axis. This elongation along theit-Mn—0 direc-
energy structure but only by approximately 0.2 eV. Analo- tion, however, is not evident in the experimental structure,
gous to theS = 4 state of the dimer model, the calculated presumably due to the steric constraints imposed by the
O—0 distance of 1.39 A indicates that the peroxo bridge is tridentate nature of the dien ligands.
intact. Most of the structural parameters are similar to those On the basis of the above calculations, it would appear
calculated for the dimeg = 4 state with the exception of that the bridging architecture of the trimer does not prevent
the Mn—0 distance which has increased by over 0.2 A. This the peroxide bridge from cleaving. Instead, given the small
lengthening, and the fact that the M© bond lengths in energy differences between the cleaved and uncleaved
the S= 5 andS = 6 states also differ by 0.2 A, indicates structures, significant flexibility in the peroxo-€D distance
that the third Mn center strongly influences the bonding is to be expected, accounting for the somewhat lengthened
associated with thes-oxo bridge structure. The calculated O—O distance in the observed structure.
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Conclusion minority-spin tg electrons prevents delocalization of electron
density from the Mn centers to the<® o* orbital of the
peroxide ligand. Calculations on both model dimer and trimer
complexes show that the energetic differences between the
cleaved and uncleaved-peroxo structures is small, the
lowest energy structure depending on the nature of the
terminal ligands, and consequently, the peroxide bridge is
likely to be quite facile.

The DFT calculations reported in this work indicate that
the stability of the peroxo bridge in oxomanganese clusters
containing au.-oxo Mn'"';, core compared to those possessing
a bisg-oxo) Mn'"'; in which the peroxo &0 bond is cleaved
can be attributed to a Jahifeller effect. The resulting
elongation of the MA-Nax bonds perpendicular to the Min
(u-O)(u-O2) plane and consequent stabilization of the d
orbital leads to high-spin Mt ions where the absence of 1C0205740
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