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The reactivity of the isomeric oxo-Mn(V)-2-tetra-N-methylpyridyl (2-TMPyP) and oxo-Mn(V)-4-tetra-N-methylpyridyl
(4-TMPyP) porphyrins has been investigated by a combined experimental and theoretical approach based on density
functional theory. The unusual higher reactivity of the more electron-rich 4-TMPyP species appears to be related
to both the higher basicity of its oxo ligand, compared to that of the 2-TMPyP isomer, and the smaller low-spin—
high-spin promotion energy of 4-TMPyP, compared to that of 2-TMPyP, because of the stabilization of the Au
orbital in the latter isomer. Therefore, in a two-state energy profile involving crossing of the initial singlet and final
quintet potential energy surfaces, the 4-TMPyP isomer should be kinetically favored. The calculated differences in
the singlet—quintet gaps for the 2-TMPyP and 4-TMPyP systems compare well with the measured differences in
the activation energies for two isomeric porphyrins. Both effects, proton affinity and electron-promotion energy,
contribute to reduce the reactivity of the more electrophilic oxidant when electron-withdrawing groups are closer to
the active site, contrary to the usual expectations based on simple chemical reactivity correlations. These theoretical
results are in accord with new experimental data showing O=Mn(V)—-0—-H pK,s of 7.5 and 8.6 for the isomeric
2-TMPyP and 4-TMPyP systems, respectively.

Introduction biomimetic systems using manganese porph§rifisand
related Schiff base complexéd? have been shown to be
efficient catalysts for the hydroxylation and epoxidation of
a wide range of organic substrates. An important goal in the
study of such metal-mediated oxidative catalysis is to gain
a fuller understanding of the relationships between the
reactivity and electronic structure of the metal species
involved. The transient nature of these reactive intermediates,
especially uncertainties regarding the electronic configura-
tions and even ligation geometries, has been a barrier to

The generation of reactive oxo-transition metal species is
central to the redox biochemistry of dioxygen and to a variety
of catalytic processes. High-valent oxoiron porphyrins are
involved in the substrate oxygenation reactions of cyto-
chrome P450 and in the halide oxygenations typical of
chloroperoxidase and myeloperoxidagé&eactive oxoman-
ganese complexes are thought to participate in the photo-
synthetic oxidation of water to produce oxygen Synthetic,
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Figure 1. Optimized molecular structures of the isomeric oxo-aqua-Mn-
(V)-2-tetraN-methylpyridyl porphyrin (oxo-Mn(V)-2-TMPyP) and oxo-
aqua-Mn(V)-4-tetraN-methylpyridyl porphyrin (oxo-Mn(V)-4-TMPyP) spe-
cies3. Both species have-5 charges.

a highly unusual reactivity pattern for both electron transfer
and atom transfer reactions, with the more highly electron-
deficient oxo-Mn(V)-2-TMPyP isomer reacting 1000-fold
moreslowly than oxo-Mn(V)-4-TMPyP. We suggested that
the enhanced stability of oxo-Mn(V)-2-TMPyP with respect
to its 4-pyridyl isomer was the result of a spin-state crossing
effect, wherein the more electron deficient 2-pyridyl isomer
has, as a result, a larger low-spinigh-spin splitting?® Thus,
a singlet oxomanganese(V) complex would be obliged to
promote an electron from the in-plangy drbital to a
mr-antibonding ¢,y, orbital upon reduction. No such effects
were observed for the corresponding Mn(l1V) and Mn(lll)
complexes that have high-spin ground states. The discovery
that the reaction of bromide ions with these oxo-Mn(V)
porphyrins was fast andeversible and the experimental
determination of both the equilibrium constant and proton
dependence for this procé&shave provided a unique
opportunity to examine this oxygen atom transfer reaction
with computational methods in an effort to provide a rationale
for the unusual reactivity pattern exhibited by these isomeric
oxo-Mn(V) porphyrins.

We describe here the results of density functional theory
(DFT) calculations for this family of spectroscopically and

progress. In recent years, fast kinetic probes of the reactivity kinetically characterized oxo-Mn(V) porphyrin complexes.

of oxometalloporphyrin complex&s4 and the emerging
power of chemical computation in such systém® have

In particular, we consider the 2-TMPyP and 4-TMPyP
isomers of the dioxol(), oxo-hydroxo ), and oxo-aqua3l)

begun to provide a new level of understanding of the nature Mn(V) derivatives. We compute the relevant singlet (S),

and reactivity of such oxometal species.

triplet (T), and quintet (Q) spin states for all the complexes,

We have previously shown that reactive oxomanganese-with the exception of the 4-TMPyP isomer where we limit
(V) porphyrin complexes can be generated at ambient the calculation of the T and Q states to the reactive oxo-

temperature in waté£:?6 These species unambiguously adopt
a singlet d ground state, as revealed by a well-resolved
proton NMR spectrum typical of a diamagnetic porphyfin.
The isomeric 2- and 4-tetifd-methylpyridyl porphyrins, oxo-
Mn(V)-2-TMPyP and oxo-Mn(V)-4-TMPyP, Figure 1, showed
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aqua specie8 only. Moreover, we performed additional
calculations on the two isomers of compl8x explicitly
including 4 water molecules in the active site region, to
provide a rough representation of the first solvation shell
surrounding the Mn atom and the axial ligands. In all cases,
we fully relax the molecular geometries using the €ar
Parrinello method?® In addition, we investigate the relative
energies of the S, T, and Q spin states for the di-aqua-Mn-
(1M-2-TMPyP species, which is the end product of the oxo-
transfer process.

The results correctly predict the unusual reactivity pattern
of these oxo-Mn(V) porphyrins with substrates. We find that
the experimental results derive from two main effects. One
is the spin-state effect suggested eadtavhile the other is
a significant and unanticipated modulation of thi€, pf
manganese-bound water, which is consistent with experi-
mental measurements of these acidities.

Below we discuss the computational methodology, analyze
the experimental data for the rate constants for the halo-
peroxidase-like reaction of oxo-Mn(V) porphyrins with the
bromide ion to form hypobromite (BrQ as a function of
pH, and report the calculated electronic structures and spin-
state crossing effects. We conclude with a description of the
electronic nature of this oxo-transfer process.
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Scheme 1.

Oxo0-Mn(V) Porphyrin Prototropy and Reactivity
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Computational Method 4

We use the CarParrinell@® (CP) first-principles molecular
dynamics scheme for electronic-structure calculations and structural
optimizations. In this approach, the valence electronic wave et R
functions are expanded in plane waves, and pseudopotentials are 5 6 7 8 9 10
used to model the interaction of the valence electrons with the ionic PH
cores. We use the parallel versidof the CP code implementing ~ Figure 2. Logk (M~! s ) vs pH for the isomeric oxo-Mn(V)-2-TMPyP
Vanderbilt ultra-soft pseudopotentigiss® A cutoff of 25 Ry for and oxo-Mn(V)-4-TMPyP complexes.
the electronic orbitals and of 200 Ry for the augmented charge is (ata for 4-TMPyP obtained in the context of the present
sufficient for a good convergence of the structural and energetic investigation. It is evident that the 4-TMPyP isomer is more
properties. The plane wave expansion requires periodic boundaryreactive than 2-TMPyP toward bromide ion over the acces-
conditions. Molecular calculations are performed by placing the . " . - .

sible pH rangé? In particular, the reactivity of the 4-pyridyl

molecular systems in a periodically repeated cubic box. For the ' . . . .
systems of interest here, a box side of 19.04 A gives a minimum isomer is approximately 2 orders of magnitude higher than

distance of 6.0 A between the replicae, enough to avoid spurious the corresponding reactivity of the 2-pyridyl isomer over the

overlaps between electronic orbitals belonging to different periodic entire pH range. This difference i|f1 the rate constants
images. Even in the absence of direct overlap between the wavetranslates into a difference in the activation energies of ca.

functions, long-range electrostatic interactions between the images3 kcal mol* between the two isomers. The change in slope
are present. These effects are nonnegligible particularly when theof k,p, versus pH from one to nearly two occurring at about
molecular systems are charged, as is the case in the present stud)pH 7.5 (pH 8.6) for the 2-TMPyP (4-TMPyP) isomer defines
We eliminate the long-range electrostatic interactions among the pk , (i.e., the K, for the prototropic equilibrium between

periodic replicae using a procedure described by Makov and speciesl and2 in Scheme 1). The change in slope occurs

- . . .
Payne3! which accounts for monopole, dipole, and quadrupole oo o shecieshas to acquire two protons to transform
interactions. The resulting energies are very accurate as we COUIdintO the reactive specié whereas only one proton is needed
check by comparing the energy difference between the different P y P

charge states of the molecules of interest in this paper with the to transform specieg into species3. Eventufall_ly, the rate
corresponding results obtained with localized basis funcfid¥iée constant should saturate at pH values sufficiently low that
use the generalized gradient approximation (GGA) for the exchangeONnly species3 would be present at equilibrium. The onset
and correlation (XC) energy within DFT. We adopt the Perdew  Of this regime is signaled byia,, the K, value correspond-
Wang? form of GGA, in which gradient corrections are added to ing to equilibrium between specigsand 3. This value is

a local density approximated functional using the Perdgunge?® outside the experimentally accessible pH range in Figure 2.
parametrization. Geometry optimizations are performed without any The higher reactivity of 4-TMPyP compared to 2-TMPyP
symmetry constraints by means of damped molecular dynamics. may be the result of higher intrinsic reactivitp (kn:>0),
higher proton affinity A pK;>0), or both. The three cases
are schematically illustrated in Scheme 2. Since the observed

The generation and reactions of oxo-Mn(V) porphyrins pehavior is similar to pattern b in Scheme 2, we infer that
in aqueous solution under different pH conditions were hothdifferences in i, and a higher intrinsic reactivity should
performed as we have previously describet®2’The  contribute to the higher effective reactivity of the 4-TMPyP
pertinent acie-base equilibria for the reaction of interest are  species. In the following, we report detailed electronic
illustrated in Scheme 1. structure calculations that strongly support this view.

The apparent second-order rate constagy)(for direct The calculated ground-state total energy differences be-
oxo transfer from manganese to the bromide ion is extractedtween the various 2-TMPyP and 4-TMPyP-3) species in
from the data as previously descritfédn Figure 2, we report  their S ground state (see below) are used here to provide an
kapp OVEr the range of pH-95, for isomeric oxo-Mn(V)-2-  estimate of .1 and Ka2 By approximating the free-energy
TMPyP and oxo-Mn(V)-4-TMPyP porphyrins. This figure differences among the various species with the corresponding
compares data previously obtained for 2-TMPyP with new total-energy differences, calculated for the fully relaxed
models, we have an approximation d and Ka» The
estimate is clearly rather crude because we neglect both

Experimental Data and Phenomenology
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Scheme 2. Possible Reactivity Patterhs
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Figure 3. Schematic representation of the energy ordering (kcat#hof the S, T, and Q spin states for specle®, and3 of oxo-Mn(V)-2-TMPyP. For
the oxo-Mn(V)-4-TMPyP isomer, only speci&sis reported. For specie3, data in parentheses correspond to the models including 4 water molecules
binding the axial ligands. All energy values have been rescaled so that the S state of every species corresponds to 0.

temperature and solvation effects. However, we expect some Electronic Structure. We find that the oxo-Mn(V)-2-
error cancellationinthe quantity[(ApK2)? ] ={[(ApKa1)? ] TMPyP species l®a S ground state in all three complexes
— [(ApKa2?4]}, which is the difference of the differences of interest. The T and Q spin states have higher energies,
[(ApKa? ] = (pKag> ™PYP — (pKa)* ™PYP and [(ApKa)? 4] which depend on the degree of protonation of the axial
= (pKa1)?> ™PYP — (pKa)* ™PYP. In particular, [ApKag)> ] ligand, as shown in Figure 3. Our results agree with the
and [(ApKa»)? ] are calculated to be 7.9 and 8.1; as expected, experimental NMR spectrum of the 2-TMPyP species
the [(ApKa)? 4] value is considerably overestimated com- recorded at pD 8.7 in ED?® and with previous DFT cal-
pared to the experimental value (1.1). Nevertheless, ourculations by Ghosi on similar oxo-Mn(V) porphyrins using
calculations tell us that XpKa;)> 4] should be similar to the same XC functional adopted in this study. We find that
[(ApKa2)? 4] (i.e., A[(ApKa)? 4] should be close to zero). This  the diaqua-Mn(lll) product of the 2-TMPyP species has a Q
implies that the lines that represent the variation of log k ground state, with the T and S states lying 17.1 and 29.3
with pH for the 2-TMPyP and 4-TMPyP isomers should kcal mol? above the Q state, respectively; this is also in
remain approximately parallel at low pH until saturation agreement with available experimental d&ta.

occurs (i.e., when the only species present in solution is
species3). This theoretical prediction is in good agreement (35) (a) Goldberg, D. P; Telser, J.; Krzystek, J.; Montalban, A. G.; Brunel,
with the experimental data in the available pH range (Figure Iiig 87'326??8) ?kz(;éteMk,; ?Oig}ggr% ;'\,’D'i'r(fi,”f_'_ iﬁegdlgggg%. p.
2). Hoffman, B. M.; Brunel, L. Clnorg. Chem.1999 38, 6121.
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Contrasting results from theoretical calculations have beenTable 1. Electronic Configuration and MrO Distance (A) for the S,

reported in the literature for the ground spin state of oxo-
Mn(V) species. In particular, Shaik reported a high-spin
ground state for a model oxo-aqua-Mn(V)-porphyrin spe-
cies!® using the hybrid B3LYP XC function&f A Mn(V)

triplet ground state has also been reported by Siegbahn for

an oxo-Mn(V)-tetrahydroxo model complex at the B3LYP
level of DFT3” Although hybrid functionals are usually
superior to simple GGA functionals, compared to the latter,
they tend to over-stabilize high spin configuratiGAdhis

T, and Q Spin States of the Oxo-aqua-Mn(V)-TM-2-pyridyl Porphyrin
Species3

electronic configuration 'vino
S [0y(2), A2u(2), Awu(2), d;—xc%(0), d—7*(0)] 1.56
T [dxy(1), Aau(2), Awu(2), di—*(1), dr—7*(0)] 1.64
Q [dxy(1), Aou(1), A(2), di—*(1), dr—a*(1)] 1.73

Mn bond length increases to 1.64 and 1.73 A, respectively,
in the T and Q spin configurations, as shown in Table 1.
Ultimately, oxo-Mn(V) Q spin states are better described as

appears to be the case for the molecules that we study heregxy|-Mn(1V) electronic states, with a single oxygen

which hae a S ground state as determined by experirffent.
An excessive bias of hybrid functionals in favor of high-
spin configurations was recently found in the case of oxo-
Mn(V) salen complexes, which are similar to the presently
studied oxo-Mn(V) porphyrins. B3LYP predicts a triplet
ground state for the oxo-Mn(V) salen complexg€ while
both GGA and CCSD(T) calculations predict a singlet
ground-staté!4?> We note that experimental evidence indi-

manganese bond and ca. one unpaired electron localized on
the oxygen atom. Notably, a low-lying oxyl-Mn(IV) elec-
tronic state has been proposed to be a key requisite for
models of the photosynthetic water oxidizing compléWe

also notice that the inclusion of 4 water molecules bound to
the axial ligands in specie€s does not lead to a change in
the spin-state ordering, even though a general stabilization
of the T and Q states with respect to the S state is calculated

cates a singlet ground state for an oxo-Mn(V) salen complex (see Figure 3). This stabilization of higher-spin multiplicities

on the basis of the similarity of the NMR spectrum with
that of the corresponding nitrido-Mn(V) salen specfes.

upon partial inclusion of solvation is caused by the increased
electron density available on the oxo ligand in the T and Q

The relative energies of the S, T, and Q spin states in spin states with respect to the S ground state, see below.

complexesl, 2, and3 are reported in Figure 3. As can be
seen, the ST and the S-Q gaps decrease if the degree of
protonation of the axial ligand of the 2-TMPyP isomer
increases. Specigshas the smallest-ST and S-Q gaps

(7.9 and 19.1 kcal mot, respectively). This reflects a change

We now analyze in detail our results on the electronic
structure of the 2-TMPyP and 4-TMPyP isomers of the
reactive specie8. In Figure 4, we report isodensity surface
plots of the highest-occupied and lowest-unoccupied mo-
lecular orbitals belonging to the S ground state of the

in the electronic structure caused by the replacement of onez_TMPyP isomer in specie€d The HOMO-2 orbital, having

oxo-axial ligand in the dioxo compouridwith hydroxo and

metal dy, character, is followed, in order of increasing energy,

aqua groups i and 3, respectively. T_he net effect is a by the porphyrin Au (HOMO—1) and Au (HOMO) orbitals.
reduction of the trans effect on the residual oxo group and The LUMO consists of a pair of degenerate orbitals with

of theo—am donation to the metal. The stabilization of higher

d.—x* character made by antibonding combinations of metal

spin states with protonation of the axial ligands suggests thatdxz—dyz and oxygen p-p orbitals. This electronic structure

the observed activation at low pH could be related to T and

for the S ground state is in agreement with previous

Q spin states that become accessible and are in turnca|culationss In the T state, the gl orbital and one orbital

associated with a weakening of the ex@n bond. Indeed,
for the S state of specie3 we compute a formal triple
oxygen—manganese bond of 1.56 A for both the 2-TMPyP
and 4-TMPyP isomers, in excellent agreement with experi-
mental values in the range of 15%.56 A* and with
previous theoretical calculatiodsWe find that the oxe-

(36) Becke, A. D.J. Chem. Physl1993 98, 5648.

(37) Siegbahn, P. E. M.; Crabtree R. Bl. Am. Chem. Sod999 121,
117.

(38) (a) Rehier, M.; Salomon, O.; Hess, B. Fheor. Chem. Acc2001,
107, 48. (b) Reiher, M.; Hess, B. AChem—Eur. J. 2002 8, 5332.

(39) Linde, C.; Akermark, B.; Norrby, P. O.; Svensson, MAm. Chem.
Soc.1999 121, 5083.

(40) (a) Khavrutskii, I. V.; Musaev, D. G.; Morokuma, Knorg. Chem.
2003 42, 2606. (b) Khavrutskii, I. V.; Musaev, D. G.; Morokuma, K.
J. Am. Chem. So®003 125, 13879. (c) Khavrutskii, I. V.; Rahim,
R. R.; Musaev, D. G.; Morokuma, Kl. Phys. Chem. B004 108
3845.

(41) (a) Cavallo, L.; Jacobsen, Angew. Chem., Int. E200Q 39, 589.
(b) Cavallo, L.; Jacobsen, Hnorg. Chem.2004 43, 2175. (c)
Jacobsen, H.; Cavallo, [Phys. Chem. Chem. Phy2004 6, 3747.

(42) (a) Abashkin, Y. G.; Collins, J. R.; Burt, S. Kaorg. Chem.2001,
40, 4040. (b) Abashkin, Y. G.; Burt, S. Kl. Phys. Chem. R004
108 2708. (c) Abashkin, Y. G.; Burt, S. KChem. Lett2004 6, 59—
62. (d) Abashkin, Y. G.; Burt, S. Kinorg. Chem.2005 40, 1425.

(43) Bryliakov, K. P.; Babushkin, D. E.; Talsi, E. B.Mol. Catal. A200Q
158 19.
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of the d,—x* pair are singly occupied while the Q state is
formally obtained from the T state by promoting one of the
two electrons in the Au orbital to the remaining empty
orbital of the d—x* pair, as can be deduced from the
electronic configurations reported in Table 1. The fact that
in the T state the,g orbital is singly occupied, rather than
the higher-lying Au orbital in the starting S configuration,
is the result of the strong exchange interaction between the
metal orbitals. This picture of the electronic structure
correlates well with the elongation of the oxn bond in
the T and Q states, also reported in Table 1, which reflects
single and double occupancy of the antibondinga* pair.
Interestingly, Figure 3 shows that while the-% gap is
almost the same in the 2-TMPyP and the 4-TMPyP isomers
of species3, the Q state of the 4-TMPyP isomer is 3.8 kcal
mol~* lower than the corresponding state in the 2-TMPyP
isomer (2.9 kcal mol', when considering the system

(44) (a) Collins, T. J.; Gordon-Wylie, S. W. Am. Chem. S04989 111,
4511. (b) Collins, T. J.; Powell, R. D.; Slebodnick, C.; Uffelman, E.
S.J. Am. Chem. Sod99Q 112 899. (c) MacDonnell, F. M.; Fackler,
N. L. P.; Stern, C.; O’Halloran, T. VJ. Am. Chem. S0d.994 116,
7431.



Isomeric Oxo-Mn(V) Porphyrins
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Figure 4. Relevant frontier molecular orbitals for the S state of the oxo-aqua-Mn(V)-2-TMBYP (

including 4 water molecules). This effect can be understood withdrawing character of the 2-pyridyl meso substituents

by looking at the orbital energy level diagram in Figure 5.
The orbital energies of the HOM&, HOMO-1, HOMO,
and LUMO of the 2-TMPyP and 4-TMPyP isomers in the S
ground state of speciesare reported in this diagram. To
facilitate the comparison, thg,devels of the two isomers
have been aligned; notice, however, that theabital of
2-TMPyP specie8 is stabilized by 0.40 eV with respect to

compared to the isomeric 4-pyridyl, which stabilizes the A
level in the 2-TMPyP case. The A orbital has large
coefficients on both the porphyrin nitrogens and the meso
carbons that link to the 2-pyridyl and 4-pyridyl substituents.
Thus, one expects thezi orbital to be more sensitive to
changes in the meso substituents than thedkbital, which

has a node on the meso carbons, as one can see in Figure 4.

that of 4-TMPyP, suggesting that in the 2-TMPyP species As a consequence, while thg/é,u separation is essentially
the metal center experiences a decreased electron donationnaffected by changing the meso-substituents (0.52 and 0.53

from the porphyrin ligand than in 4-TMPyP.
As is evident from Figure 5, the@d,—z* separation is

eV in 2-TMPyP and 4-TMPyP, respectively), theutd,—
* separation decreases from 0.60 eV in 2-TMPyP to 0.46

essentially the same in the two isomers (1.08 and 1.09 eVeV in 4-TMPyP. On the other hand, as already discussed

in 2-TMPyP and 4-TMPyP, respectively), but the order of
the Aiu and Au levels is reversed in the two isomers. In
particular, the Au level becomes the HOMO in the 4-TMPyP
isomer. This effect originates from the stronger electron-

above, the g/d,—xz* separation is not significantly affected

by the meso substituents. These findings explain why-an S
excitation, in which a g electron is promoted to the &z*

pair, has essentially the same cost in the 2-TMPyP and the
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Figure 5. Molecular orbital energy differences (eV) for the S states of - Q
the oxo-aqua-Mn(V)-2-TMPyP and oxo-aqua-Mn(V)-4-TMPyP porphyrins .
3. The energy levels of thedorbitals have been aligned to zero. . “--._—
H-0=1.74 - £ O-Br=1.98

4-TMPyP isomers, resulting in an almost identicalSgap
in the two isomeric porphyrins. A-SQ excitation, on the - *°_ .
other hand, has a smaller cost in the 4-TMPyP isomer than ..__rg'f!;"' -:q'___. ‘.:—.-
in the 2-TMPyP isomer because, in the former, such
excitation requires promoting an additional electron from the +9.5 kcal/mol

destabilized Au level to the remaining empty,e* level. -

This accounts for the reduceaLQ and TQgaps computed Figure 6. Optimized molecular structures of the S, T, and Q spin states

for the 4-TMPyP isomer. of the Br—oxo-aqua-Mn(V)-porphyrin adducts. Main bond lengths (A)
We note that the T and Q spin states are natural precursorsire reported, as well as energies relative to that of the S ground state (kcal
. . —1
to the breaking of the oxeMn bond, which gets progres- M)
sively weakened when the spin state changes from S to Taple 2. Charges ¢) and Atomic Spin Densitiesof for the S, T, and
and then from T to Q (Table 1). Since the final product of Q Spin States of the Br-oxo-Mn(V)-porphyrin Adducts at Their
the reaction is a Mn(lll) diagua species, which has a Q Eauilibrium Geometries

Mn-O=1.81

ground state, at some point along the reaction coordinate Mn o Br

the S potential energy surface of the reactants has to cross spin state q o q o q o

the Q potential energy surface of the produétppssibly S 129 000 -026 000 -035 0.00

with the intermediacy of the T spin surface. T 130 229 -034 010 -026  0.30
Reactivity. To check the effect of the particular spin state Q 124 294 043 050 -013 057

on the reactivity of oxo-Mn(V) porphyrins with Br we charges and atomic spin densities on the Mn, O (oxo), and

performed additional calculations considering a simplified Br atoms have been reported.

model of the oxo-aqua-Mn(V) porphyri, in which the For the Br —oxo-aqua-Mn(V)-porphyrin adducts, we find

meso substituents were replaced by hydrogen atoms (Figurea S ground state followed in order of increasing energy by
6). In particular, we optimized the geometry of the”Br the T and Q states, lying respectively 0.5 and 9.5 kcal ol
adduct with the oxo-aqua-Mn(V)-porphyrin model consider- above the S state. We therefore see that even though the
ing the three different S, T, and Q spin states, and we order of the spin states is qualitatively the same as that for
included an additional water molecule in our model, which the isolated 2-TMPyP and 4-TMPyP species, the S and T
should eventually replace the outcoming Br@roduct in states are now almost degenerate, with the Q state being
the coordination sphere of the metal center. The resulting stabilized with respect to the isolated porphyrins. We note
structures are reported in Figure 6, in which the main that this effect is the result of the interaction with Band
geometrical parameters for the three spin states and theimot of the simplification in the porphyrin ligands, since for
relative energies have been reported. In Table 2, atomicthe oxo-Mn(V)-porphyrin model, we compute an S ground

- : state, with T and Q states lying 9.0 and 16.1 kcal thol
(45) (a) Shaik, S.; Filatov, M.; Schder, D.; Schwartz, HChem—Eur. J.

1998 4, 193, (b) Filatov. M.; Shaik, SJ. Phys. Chem1998 102 higher in energy, respectively, similar values to those fqund
3835. for the oxo-aqua-Mn(V) 2-TMPyP and 4-TMPyP species.
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softer behavior is observed, on the other hand, for the Q
spin surface, which becomes the ground spin-state energy
surface for large values of the ox®In bond distance.
Indeed, approximate crossings from the S and T to Q spin
surfaces are computed to take place for values of the-oxo
Mn bond distance of ca. 1.8 and 2.0 A, respectively. The Q
spin surface is favored for long values of the exdn bond
because of the double occupancy of the oxygaanganese
antibonding d—a* orbitals, which are lowered in energy
as the oxe-Mn bond is stretched. The-8) and TQ

Q crossings are approximatively located 10.3 and 12.9 kcal
mol~! above the S state equilibrium geometry energy. We
also compute a ST approximate crossing for a value of

T : L : ' L : 1 the oxo-Mn bond of ca. 1.6 A, lying only 0.8 kcal mo!

35 S

b [
o o
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[%]
o
1

Energy (kcal/mol)

o
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Mn-O distance (&) above the S state equilibrium geometry energy.
Figure 7. Potential energy profiles (kcal md) for the S (red), T (green), Most notably, while on the S and T spin surfaces, the

and Q (blue) spin states of the Broxo-aqua-Mn(V)-porphyrin adducts  energy keeps increasing with increasing values of the-oxo
as a function of the MrO bond length. The calculated points (shown as Mn bond, on the Q spin surface a weak barrier Iying 4.4
filled circles) have been interpolated by spline functions. keal mor,l above the Q state equilibrium geometry energ'y
Inspection of the geometrical structures of the Boxo- (13 g kcal mot* above the S reference state) is computed
aqua-Mn(V)-porphyrin adducts in their S, T, and Q Spin ¢4 5 value of the oxeMn bond of ca. 2.3 A. A similar
states (Figure 6) reveals that the |n<teract|on WIth™ Br 4 dering of spin states and reaction profile have been found
substantially increases in the orderST < Q, as reflected o oy for the dismutation reaction of hydrogen peroxide
_by the shortening of the OXf_Br bond length fro_m 2.35A by an oxo-Mn(V)-salen comple®>d Inspection of the
in the S state to 1.98 A in the Q state. This increased geometrical changes occurring along the selected reaction

:\r/llteLactg)? IS alcggng\pantfdsbytat Ietnglthseln:&r\lg ?:1 theﬂtx? coordinate on the Q spin surface (Figure 8) reveals that
nbond from L. in the > state 1o L. in the Q state, coordination of the outer sphere water molecule begins to

: ) S
ref:?cnr(;g tge dc;ubltiogculp etmgn O’Id:f Qrb|tzltst,has alrea(:_y take place upon elongation of the exiin bond. At the same

ou :ner a ﬁ/vei Ortr iIS??]edrpor% {)r”:lsd' with ethsamit "r?]e’l time, formation of a BrO molecule takes place. For values
a progressively stronger nydrogen bo € external ¢ ihe oxo-Mn bond larger than 2.8 A, coordination of the

water molecule is experienced by the oxo ligand, with the lecule i leted. thus leadi MR di
H—O (oxo) distances decreasing from 1.98 to 1.74 A going water molecule is completed, t us leading to_a n(in dlaqua
‘ ' complex and the BrOproduct. Figure 8 depicts a series of

from the S to the Q spin state. : . .
. . configurations encountered along the scan of the Q spin
These geometrical changes reveal that a progressive chargé

transfer takes place from Brto the oxo ligand on going surface.
from the S to the Q spin state, as reflected by the increase From the data above, we can conclude that once the Br
in the atomic charge on the oxo ligand fren0.26 to—0.43 oxo-aqua-Mn(V)-porphyrin encounter complex has been
and from the decrease of the Br atom charge frof35 to formed in its S ground state, the largest barrier to the
—0.13 upon going from the S to the Q spin state (see Table formation of the products is associated with the-Gb
2). The increased charge transfer observed in the Q state i€rossing. Thus, it is this spin-state crossing that is occurring
accompanied by an overall spin population on the Mn atom in the rate-determining step. Assuming that the shapes of
of ca. 3 electrons, suggesting a Mn(IV) formal oxidation the potential energy surfaces for each spin state and the
state. These data confirm that the oxyl-Mn(IV) electron Crossing probabilities do not change between the two
configuration realized in the Q spin state is the more reactive isomeric porphyrins, if the same difference in the-@
toward Br-. separation calculated for the isolated 2-TMPyP and 4-TMPyP
We then investigated the energy variation of the S, T, and isomers at their equilibrium geometries (3.8 kcal mpis
Q spin states of the Br-oxo-aqua-Mn(V)-porphyrin adducts ~ maintained throughout the reaction profile, we would com-
along the approximate reaction coordinate represented by thepute a higher SQ crossing for the 2-TMPyP than for the
oxo—Mn bond length. Starting from the optimized structures 4-TMPYP system, thus explaining the intrinsic difference in
of the Br —oxo-aqua-Mn(V)-porphyrin adducts in the three the reactivity of the two isomeric porphyrins. Similar
possible spin states, we performed a linear transit scan ofarguments would explain the higher reactivity of the
the potential energy surface along the selected parameter4-TMPyP system, even if the system would initially cross
allowing all the residual degrees of freedom to fully relax. from the S to the T spin surface and then to the Q spin
The calculated energy profiles are reported in Figure 7. As surface, since we compute a 4.1 kcal mdtlifference in
can be seen, a sharp increase in the total energy occurs othe T—Q gaps for the two isomeric porphyrins at their
the S spin surface upon elongation of the extn bond. A equilibrium geometries. Finally, we note that the difference
similar behavior is seen for the T spin surface, although with in the S-Q and S-T gaps calculated for the 2-TMPyP and
a reduced curvature of the potential energy surface. A much4-TMPyP systems closely compares with the experimental
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Figure 8. Optimized molecular structures on the Q potential energy surface for the approach of the bromide ion to oxo-Mn(V)-porphyrin as a function of
the Mn—0O (oxo) bond length (A).

difference in the activation energies of ca. 3 kcal Mol quintet potential energy surfaces, the 4-TMPyP isomer is
measured for the two isomeric porphyrins. kinetically favored. The calculated difference in the singlet
quintet gaps for the 2-TMPyP and 4-TMPyP systems

Conclusions compares well with the measured difference in the activation
The reactivity of the isomeric oxo-Mn(V)-tettd-methyl- energies for two isomeric porphyrins.
2-pyridyl (2-TMPyP) and oxo-Mn(V)-tetr&-methyl-4-py- In conclusion, both proton affinity and electron promotion

ridyl (4-TMPyP) porphyrins has been investigated by a energy contribute to reduce the reactivity of the more
combined experimental and theoretical approach based orgjectrophilic oxo-manganese(V) complex. The overall effect,
density functional theory. which is in marked contrast to the usual expectations based
Two factors are found to contribute to the higher reactivity gp simple chemical reactivity correlations, results from
of the more electron-rich 4-TMPyP species. The oxo ligand cooperative modulation of the porphyrin HOMO energy
of the 4-TMPyP isomer is more basic; so at the same pH, a|evels and axial ligand prototropy that result from the

larger fraction of the reactive oxo-aqua spedas present  jncreased electron-withdrawing character of the 2-pyridinium
for the 4-TMPyP isomer than for the 2-TMPyP isomer. This groups at the meso positions of the porphyrin.

predicted [K, difference has been confirmed by the experi-

mental results. At the same time, the low-sphigh-spin Acknowledgment. Support of this research by the
promotion energy is smaller for the 4-TMPyP isomer than National Science Foundation (CHE 0316301 to J.T.G.) and
for 2-TMPyP isomer because of the stabilization of the# A (CHE-021432 to R.C.) is gratefully acknowledged.

orbital in the latter isomer. Therefore, in a two-state energy

profile*® involving crossing of the initial singlet and final  1C060306S
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