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Abstract: Structural properties of the acylperoxo complexes [(Salen)Mn'""RCOg3] (2) and [(Salen)Mn'VRCO3]
(3), the critical intermediates in the Kochi—Jacobsen—Katsuki reaction utilizing organic peracids or
O,/aldehydes as oxygen source, have been studied with the density functional theory. Four distinct isomers,
cis(O,N), cis(N,O), cis(N,N), and trans, of these complexes have been located. The isomer 2-cis(O,N) in
its quintet ground state, and nearly degenerate isomers 3-cis(O,N) and 3-cis(N,O) in their quartet ground
states are found to be the lowest in energy among the other isomers. The O—0O bond cleavage in the
cis(O,N), cis(N,0), and trans isomers of 2 and 3 has been elucidated. In complex 3, the O—0O bond is
inert. On the contrary, in complex 2, the O—O bond cleaves via two distinct pathways. The first pathway
occurs exclusively on the quintet potential energy surface (PES) and corresponds to heterolytic O—0O bond
scission coupled with insertion of an oxygen atom into an Mn—N(Salen) bond to form 2-N-oxo species;
this pathway has the lowest barrier of 14.9 kcal/mol and is 15.6 kcal/mol exothermic. The second pathway
is tentatively a spin crossover pathway. In particular, for 2-cis(O,N) and 2-cis(N,O) the second pathway
proceeds through a crucial minimum on the seam of crossing (MSX) between the quintet and triplet PESs
followed by heterolytic O—O cleavage on the triplet PES, and produces unusual triplet 2-cis(O,N)- and
2-cis(N,0)-oxo ([(Salen)MnY(O)RCO;]) species; this pathway requires 12.8 kcal/mol and is 1.4 kcal/mol
endothermic. In contrast, for the 2-trans isomer, spin crossing is less crucial and the O—O cleavage proceeds
homolytically to generate 2-trans -oxo [(Salen)Mn'V(O)] species with RCO; radical; this pathway, however,
cannot compete with that in 2-cis because it needs 21.9 kcal/mol for activation and is 15.3 kcal/mol
endothermic. In summary, the O—O cleavage occurs predominantly in the 2-cis complexes, and may
proceed either through pure high spin or spin crossover heterolytic pathway to produce 2-cis-oxo and
2-N-0x0 species.

. Introduction Despite a tremendous success of this hypothesis in explaining
most of the experimental results, some observations do not fit

into this frame. In particular, it has been shown that stereose-

catalysts(salerr N,N-ethylene-bis-salycildeneamine) has proven lectivity of the epoxidation depends substantially on the oxygen
2,5-7,9-11

to be the best route to such valuable synthetic precursors as>® ource: This strongly suggests that species other than

chiral epoxides3 Success of the reaction and desire to create conventional (Salen)MfO) are involved in the epoxidation in

new and more efficient catalytic systems triggered extensive such abnormal cases. This is particularly important since one

investigations of the reaction mechanism. A majority of the of such cases involves synthetically important class of oxidants
i i 8,11,12 el o

mechanistic studies assume that active species in the epoxidatiofUCh as organic peraciés; and promising systems uti

is (Salen)MN(O) oxo species postulated by Kochi etdt8 lizing molecular oxygen, namely a mixture of @ith aliphatic
aldehyded! Both oxidants are known to generate acylperoxo

radicals and/or anions in situ in mild conditioHs3 Interest-

Kochi—JacobserKatsuki (KJK) enantioselective oxygen-
ation of unfunctionalyzed olefins utilizing manganese-salen
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ingly, applying these oxidants to the KJK reaction led to basal plane creating two cis empty seats for coordination of
inversion of the absolute configuration of the forming epox- acylperoxo ligand. However, this suggestion did not get further
ides!t1422 compared to that obtained with conventional development in the literatufe311.1422 The only exception is
oxidants. However, when the oxidants were augmented with the highly relevant study on the mechanism of (Salen)Ti-
N-oxides or N-alkyl imidazoles, no inversion of the absolute catalyzed enantioselective sulfoxidation by hydrogen peroxide,
configuration has been obsen®&d! 1422 Therefore, in this  where the authors prove the existence of fiseroxo com-
particular case, acylperoxo complexes, similar to those reportedplex 404!

earlier for the Mr-porphyrin system&*-25 have been proposed There have been very few attempts to assess th® ®ond

as the reactive intermediates, which deteriorate or even reversecleavage transformations in the acylperoxo complexes, despite
the enantioselectivity. its fundamental importance for understanding the reaction

Note that Mn-porphyrin acylperoxo complexes have been mechanisn?*-38 These experimental efforts are limited due to
shown to react with olefins directly, as well as to undergo the transient nature of the reactive species and, therefore, are
heterolytic or homolytic @O bond cleavage producing new equivocal.
reactive oxo- and/or N-oxo speci#s32 To elucidate the role Hence, in the present paper, we perform density functional
of the (Salen)Mn-derived acylperoxo complexes in the epoxi- computational study to clarify the structural and electronic
dation, a number of attempts have been made to detect thenfeatures of various acylperoxo complexes of (Salen)Mn-deriva-
and measure their reactivity/selectivity toward different sub- tives, and to investigate the -@D bond cleavage in these
strates by means of NMR and ESR techniqgife3® Despite complexes to aid in the understanding of the mechanism of the
substantial progress in this area, however, the key question ofoxygenation by (Salen)Mn systems.
whether acylperoxo complexes are directly involved in the
asymmetric induction step still remains open.

Furthermore, no structural information on the acylperoxo Al calculations were performed with the Gaussian98 (G98) program
complexes of (Salen)Mn is available experimentally, which suite*?For the present study, we used density functional theory (DFT),
obscures the diversity of their transformations. To the best of in particular, Becke’s three-parameter hybrid exchange functional
our knowledge, there has been only one speculative attempt to(B3)**“* combined with Lee-Yang-Parr's (LYP) correlation func-

. . i 45 .
assess the geometrical and electronic structure of (Salen)Mn-ional:known as BLYP. In a few cases (see below), for comparison

derived acylperoxo complex@s.in the referred paper, the with the B3LYP, we also used the nonhybrid BPW91 method containing

. the Becke88 exchange (B)and PerdewWang's gradient corrected
authors suggested that acylperoxo complexes could exist in the ge Ba gs 9

> . : ’ - . correlation (PW91) functional$. Throughout this work, we used
so-called cigs-configuration. To form the cig-configuration doublet LANL2DZ (D95V47) basis set with associated Hawadt

one of the oxygen atoms of the salen ligand has to leave thenonrelativistic effective core potential (ECP) on the i Al
geometries have been fully optimized without any symmetry constraints
at the unrestricted B3LYP/LANL2DZ level. Vibrational frequency
calculations have been performed only for the transition states to

Il. Computational Methods
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Scheme 1. Possible Configurations of the Octahedral Complexes Scheme 2. Schematic Representation of the Four Isomers of
of Mn(Salen)LL'. (see refs 39 and 55) Acylperoxo Complexes 2 and 3 Studied in This Paper
L L L /N\ R i
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L' ) o L' ?I:Iglll.fl\f} E 03’ (=) | ~0°
o o ©\‘04.(
trans <As(O,N) cis(N,0) cAs(N,N) R
2-frans/3-trans 2-cis{N,N)/3-cis(N,N)
lll. Results and Discussion
Throughout the paper, we label the complexe$SasA —X- +RCO57RCO;
info, whereA is the state symmetr2S+1 is the multiplicity,
andX is 1 for the parent [(Salen)MHi] ™ complex,2 for neutral N{_ %Nz
[(Salen)MA'(RCO;)] and 3 for cationic [(Salen)MIY (RCQy)]* - N =
. n
acylperoxo complexes. The rest of the labeifo, shows o o

structural information (vide infra).
1. Geometrical Features of the Acylperoxo Complexe§Ve

recognize that under the reaction conditions acylperoxo com- +RCO;/RCO;

plexes can be formed by interaction of the [(Salen)¥ih (1)

with either acylperoxo anion (RGO) or radical (RC@),13 R

leading to neutral [(Salen)MHRCGQ;)] (2) and cationic [(Salen- O‘iﬁﬂ'\Nz /\“Tos \Nz
YMnV(RCO;)]* (3) complexes, respectively. In the literature, R iy O NN v

the structural diversity of the complexes of Mn with the tetra- 1075 Ny 107 2N\
dentate Schiff base ligands have been systematically reviewed, @ @

and several possible isomers, withand/orL' ligands, have

been proposetf,*°as depicted in Scheme 1. As the acylperoxo 2-cis(0,1N)/3-cis(O,N) 2-cis(N,0)/3-cis(N,0)

ligand can coordinate in either bidentate or monodentate mode

to 1 to form octahedral or square pyramidal complexes, re- From the analysis presented above, it follows that our further

spectively, its actual coordination mode constitutes a question discussion should consider one 5-coordinagms- and three

to be investigated. (cis(O,N) cis(N,0)andcis(N,N)) 6-coordinatecis acylperoxo
Furthermore, it might be conceivable that the O fragment ~ complexes, as shown in Scheme 2. To determine geometric

of the acylperoxo ligand could coordinate to the manganese in Structures, ground electronic states, and relative energies of these

1?2 as opposed tg! mode, thus possibly resulting in some highly four isomerg of the complgx&ng& we have optimized their

unusual 7-coordinate complexes of manganese. If such coor-geometry within all plausible spin states.

dination mode is feasible, then unbiased geometry optimization ~ The reference point for these calculations can be set at the

should have been able to confirm it. However, we could not duintet ground state of the reactant comple® *with either

find any structure withy>-coordinated G-O fragment. Besides, ~ acylperoxo anion (RC®) or radical (RCQ@) for species2 or

only few examples of @0 fragment coordinated to Mn are 3, respectively. We should note further that the gas-phase results

known from the literatur€5-58 Among those, two examples are obtained in this paper should be applicable to the aprotic

available of peroxide @~ and one of alkyl peroxide more  honpolar solvents such as benzene and toluene, where neither

relevant to our study. It is noteworthy that in former cases the Solvent-solute hydrogen bonding nor stabilization of ionic

complexes are 6-coordinatg?, while in the latter case the — Molecules are expected. Moreover in our calculations we did

complex is 4-coordinatg?. not consider the role of either axial ligands or hydrogen bonding
In the Scheme 1, thizans isomer represents a conventional interactions between the acylperoxo complexes and any hydro-

unperturbed (Salen)Mnl'Lcomplex (where the three metalo- 98N donor molecules. Work on these two effects on the structural

cycles lie in the same plane), whereastteisomers represent ~ Properties of acylperoxo complexes and on the @ bond

singly (with one of the three metalocycles perpendicular to the ¢l€avage will be published elsewhere.

otherscis(O,N)andcis(N,0) and doubly perturbed (with each From here, the paper is organized as follows: In SecZion

of the three metalocycles perpendicular to one anotieiy,N)) we discuss electronic and geometric structures of the different

acylperoxo complexes. In the notation of ttie(Y,Z)isomers, ~ isomers of complex [(Salen)MHRCQ;)], 2, whereas in the

Y andZ are the atoms of the Salen ligand, situated trans to the S€ction 3, we discuss the cationic complex [(Salenj¥in

L andL’ positions, respectively. (RCO)], 3. Section4 is devoted to discussion of the mech-

anism of the G-O bond cleavage in compleXand 3.

(55) Bermejo, M. R.; Fondo, M.; Garcia-Deibe, A.; Rey, M.; Sanmartin, J.; 2. Neutral Acylperoxo Complex, [(Salen)MA'! (RCO3)], 2.

Sousa, A.; Watkinson, M.; McAdliffe, C. A.; Pritchard, R. Bolyhedron For the neutral complexe2 possible spin states are quintet,

1996 15, 4185-4194. . . .
(56) VanAtta, R. B.; Strouse, C. E.; Hanson, L. K.; Valentine, I.&m. Chem. trlplet and Slnglet. Our B3LYP calculations show (Table 1) that
57) SK‘I)tg“lrg§7,\}0?<§r‘T‘]§;&Z“§3 H.; Hikichi, S Osawa, M.: Moro-oka, X. the quintet state is the ground state for all studied isomers,
Am. Chem. Sod994 116, 11 596-11 597.
(58) Komatsuzaki, H.; Sakamoto, N.; Satoh, M.; Hikichi, S.; Akita, M.; Moro-  (59) Bryliakov, K. P.; Babushkin, D. E.; Talsi, E. Mlendelee Commun1999
oka, Y.Inorg. Chem.1998 37, 6554-6555. 1, 29-32.
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Scheme 3. Energy Profile for the O—0O Cleavage Transformations for the 2-cis(O,N), 2-cis(N,0) and 2-trans Isomers of the Acylperoxo
Complexes 2 (Solid Lines for Quintet and Dashed Lines for Triplet)

AE, kcal/mol

28.0 A TS3 (24.9)
24.0

SATS2 (21.0) A TS1(21.4)
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200
16.0 SANTS1 (14.9) i :
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80 : N A B8 :
40 : A TS2 (14,6)\L :
0.0 e AR SR .
; 3A(YC) (1.5) :
-4.0 i i JL’
H H s
80 i i N :
i : A (-15.6)
-120 i i
SA(-15.6) i 2-trans-oxol
-16.0 : : J“f
" TN j : " !
Y SN SR I S M-
Ary .:—:R:b ch%'\ D : 5—5’( I E.F-] §(
2-cis(O,N)  2-cis(O,N}oxo 2-N-ox0 ' 2-cis(N,0)  2-cis(N,0)-o0x0 2-peroxo ' 2-trans 2-N-oxo

Table 1. Relative Energies E (in kcal/mol, relative to the 5A-2-cis(O,N) for 2, and “A-3-cis(N,0) for 3) and <S2> Values for All Species in
the Present Study?

trans cis(O,N) cis(N,0) cis(N,N)
species state <S%> E <S%> E <S%> E <S> E
acylperoxo complexes

2 5A 6.05 24 6.05 (6.05) 0.0 (0.0) 6.05 (6.05) 2.7(1.4) 6.08 16.7
SA 2.05 14.8 2.02 (2.04) 8.5(0.0) 2.02 (2.05) 12.4 (2.2) 2.02 20.9
1A(U) 0.97 25.3 1.06 (0.97) 19.1 (8.1) 1.02 (1.05) 24.2 (12.2) 1.01 325
IAR) - 34.5 30.3(12.8) 35.7 (19.7) - 48.9

3 A 4.03 6.9 3.80 (3.78) 0.5(0.4) 3.81(3.79) 0.0 (0.0) 3.85 20.6
A 1.58 235 1.65 (1.54) 13.5(14.6) 1.80 (1.76) 15.9 (13.8) 1.44 29.2

transition states, products and MSXs

2-TS1 5A 6.05 26.1 6.05 14.9 6.06 21.4

2-TS2 5A 6.10 22.3 6.18 19.0 6.18 21.0
SA 2.36 219 2.19 12.8 2.13 14.6

2-TS3 5A 6.11 19.7 6.71 24.9

2-insrtb 5A 6.06 —15.6 6.06 -11.8 6.06 10.6

2-0xd 5A 6.07[6.05] 22.0f2.9] 6.05 6.0 6.04 8.8
SA(YC) 2.00[2.00] 15.3(4.2] 2.00 1.4 2.00 15

MSX SAI3A 2.02/6.04 9.3 2.03/6.04 12.8

aBPWIL1 relative energies where available are shown in parentfeaéssrt corresponds to the products 861; they are in thetrans column 2-N-
oxo(TB); in the cis(O,N) column, 2-N-oxo(SP) Note that either of the two products can form from eitlrans or cis(O,N} and in thecis(N,O) column,
2-peroxo product.© In the columntrans in square brackets we provided the dataZdrans-oxo2 species.

namely 2-cis(O,N), 2-cis(N,O), 2-trans and 2-cis(N,N). The rendering quintet and triplet states of the isom2isws(O,N)

isomer 2-cis(O,N) is found to be the lowest in energy, with and?2-cis(N,O)nearly degenerate in energy. Regrettably, high
2-cis(N,0) 2-trans, and2-cis(N,N) isomers lying by 2.7, 2.4, level calculations (such as CCSD(T) and MRD-CI) to accurately
and 16.7 kcal/mol higher, respectively. Corresponding triplet
and highly spin-contaminated unrestricted singlet states (U) lie (60) The mentioned energy differences between the quintet, triplet and singlet

; states of the various isomers of the comp2dxave been obtained with the
by 8.5,9.7,12.4,4.2,and 19.1, 21.5, 22.9, 15.8 kcal/mol hlgher, hybrid density functional, namely B3LYP, the accuracy of which, has been

relative to the quintet states @fcis(O,N) 2-cis(N,0),2-trans a subject of numerous investigations in the literature. (Khavrutskii, 1. V.;
. . : . Musaev, D. G.; Morokuma, Klnorg. Chem.2003 42, 2606-2621;
and2-cis(N,N), respectively. Noteworthy, restricted (R) singlet Abashkin, Y. G.. Collins, J. R.. Burt, S. Knorg. Chem2001, 40, 4040~

spin states are 30.3, 33.0, 32.1, and 32.2 kcal/mol higher than  4048; Brandt, P.; Norrby, P.-O.; Daly, A. M.; Gilheany, D. Ghem.-Eur.
J.2002 8, 4299-4307; Reiher, M.; Salomon, O.; Hess, B.Fheor. Chem.

their quintet states, respectively. Acc. 2001, 107, 48-55) It is suspected that the hybrid B3LYP functional
For comparison with B3LYP, we provide selected energies ~ May overestimate energies of the low spin states, due to the HaFtoei
. . K ! R . contribution in the Becke's three parameter exchange functional (B3).
obtained with the pure density functional BPW91 in parentheses Thlgrefore, to ﬁstimatefpossijble‘ erlror margins in th(T rFferred fene{]gy
i 60 i ; splittings, we have performed single point energy calculations for the
in Table 12 As seen from Table 1, BPW91 stabilizes low spin omerez-cis(O.N) and 2-cis(N.O)with nonhybrid BPWSL functional. In
states by 8.512.0 kcal/mol relative to the hybrid B3LYP, these calculations we used the geometries optimized at the B3LYP level.
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Table 2. Selected Geometrical Parameters (bonds in A and angles in degrees) of Important Acylperoxo Complexes, Transition States,
Products, and MSX Structures

species state Mn-02 Mn-0! Mn-N* Mn—N2 Mn-02 Mn-0° <Mn-L> 0304 Rinsi® 0—(CH) O!'-Mn-N? N!-Mn-0? Onsit®
acylperoxo complexes
2-trans 5A 1.88 1.89 1.99 2.02 2.03 3.91 1.96 149 271 2.26 160.5 163.8 84.0
3A 1.86 1.87 1.98 1.99 1.84 3.67 191 150 2.67 3.85 161.1 166.8 88.2
1A(V) 1.86 1.87 1.98 1.99 1.83 3.65 191 150 2.67 3.94 157.3 165.5 88.8
A(R) 1.90 1.83 2.02 1.92 1.79 3.44 1.89 151 2.82 4.55 132.9 173.8 98.8
2-cis(O,N) 5A 1.87 1.93 2.01 2.15 2.06 2.29 2.05 150 261 121.4 166.8 76.8
3A 1.93 1.88 1.99 1.95 1.95 2.03 1.96 151 2.65 102.6 1754 85.4
) 191 1.90 1.99 1.96 1.94 2.04 1.96 151 265 102.9 174.9 85.9
1R) 1.88 1.90 2.04 1.94 1.83 211 1.95 154 271 104.7 174.5 91.8
2-cis(N,0) 5A 1.88 2.03 1.99 2.05 2.00 2.38 2.06 149 270 115.9 170.1 84.1
3A 1.88 1.92 1.98 2.01 1.91 2.05 1.96 153 2.66 95.4 171.6 88.0
) 1.87 1.93 1.98 2.01 1.90 2.05 1.96 153 2.66 96.0 171.3 87.9
1R) 1.89 1.88 2.04 1.97 1.83 2.21 1.97 154 276 1115 169.0 95.9
2-cis(N,N) 5A 1.92 191 2.26 211 1.96 2.32 2.08 1.49 98.8 114.9
A 1.92 191 1.99 2.04 1.90 2.03 1.97 1.53 99.0 103.0
1AV) 1.92 191 1.99 2.03 1.89 2.03 1.96 1.53 99.6 103.2
1A(R) 1.94 1.88 1.97 1.99 1.88 2.04 1.95 1.53 104.3 102.8
3-trans A 1.84 1.82 1.98 1.98 1.88 3.76 1.90 146 271 2.38 160.5 162.4 89.2
2A 1.84 1.87 1.98 1.97 1.83 3.48 1.90 149 262 3.73 162.1 166.3 87.4
3-cis(O,N) A 1.84 1.82 1.98 1.98 191 2.04 1.93 149 265 102.7 172.4 86.0
2A 1.98 1.85 1.96 1.96 1.93 2.01 1.95 150 2.60 104.8 173.8 83.8
3-cis(N,0) A 1.83 1.84 1.98 1.95 1.95 1.99 1.92 150 2.56 101.0 170.7 86.8
A 1.83 1.88 1.99 1.98 1.92 2.01 1.93 150 2.53 103.1 171.2 83.5
3-cis(N,N) A 1.88 1.89 1.95 2.00 1.93 2.01 1.94 1.50 97.5 103.4
2A 191 1.89 1.98 2.02 1.89 2.02 1.95 1.52 101.6 105.3
transition states and products
2-trans-TS1 5A 1.90 1.88 2.04 241 1.83 2.34 2.01 186 1.88 2.20 143.8 149.1 50.4
-TS2 5A 1.87 1.86 1.98 1.99 1.73 4.00 1.88 201 270 2.22 158.2 163.9 92.7
3A 1.86 1.87 1.98 1.99 1.72 3.83 1.88 1.75 2.60 2.45 160.6 162.6 88.5
2-Cis(O,N}TS1 5A 1.93 1.88 2.07 2.35 1.92 2.10 2.04 189 1.84 1295 1534 49.9
-TS2 5A 1.87 1.97 1.99 2.01 1.89 2.08 1.97 187 2.50 114.3 168.4 79.4
3A 1.87 1.96 1.99 1.98 1.79 1.98 1.93 1.73 2.66 94.4 171.2 89.7
-TS3 5A 1.89 1.90 1.99 2.04 1.87 1.90 1.93 323 172 2.68 116.1 167.0 52.1
2-Ccis(N,0)TS1 5A 1.92 2.30 2.08 2.03 1.87 2.09 2.05 2.09 177 128.2 161.8 49.0
-TS2 5A 1.88 1.89 2.00 2.12 1.88 2.12 1.98 184 2.59 111.0 167.1 86.9
3A 1.88 1.92 1.99 2.04 1.78 2.01 1.94 171 265 93.0 1711 91.5
-TS3 5A 1.93 2.57 2.16 2.04 1.79 1.98 2.08 439 212 2.00 116.8 151.3 54.7
2-N-oxo(TB) 5A 1.93 1.87 2.17 2.77 1.95 191 2.10 345 1.39 2.10 1115 28.0
2-N-oxo(SP) 5A 191 1.87 2.21 2.78 1.96 2.02 2.13 313 1.39 2.45 110.1 27.9
2-Peroxo 5A 191 2.57 2.09 2.02 1.87 1.97 2.07 4.17 153 2.13 154.5 36.1
2-trans-oxol 5A 1.87 1.85 1.97 1.99 1.71 4.06 1.88 220 2.66 2.22 158.0 163.6 91.7
A 1.87 1.85 1.97 2.00 1.68 3.98 1.87 210 2.69 2.19 157.1 161.2 93.7
2-trans-0xo2 5A 1.87 1.88 1.97 1.99 181 1.95 191 5.02 2.16 173.7 1735
SA 1.88 1.87 1.99 2.00 181 1.93 191 5.07 2.14 1725 174.0
2-cis(O,Nyoxo  5A 1.89 1.92 1.98 1.99 1.83 1.87 191 3.06 241 3.12 103.4 167.1 78.0
3A 1.88 1.95 1.98 2.01 1.77 1.89 191 234 257 3.35 96.3 168.3 85.4
2-cis(N,Oyoxo  5A 1.89 1.88 2.00 2.05 1.80 191 1.92 240 244 3.90 102.1 168.5 83.1
A 1.88 1.90 2.00 2.08 1.73 1.93 1.92 228 258 3.96 94.4 168.6 90.0
minima on the seam of crossing
MSX-cis(O,N)  5A/GA 1.92 1.90 2.00 2.00 1.98 2.08 1.98 151 267 105.0 173.9 84.5
MSX-cis(N,0)  SA/PA 1.88 1.94 1.99 2.02 1.93 2.08 1.97 152 2.66 96.9 170.9 87.0

aRisrt is the distance &-N2 for cis(O,N)andtrans isomers and &-0! for cis(N,O)isomer of acylperoxo complexe%0ins is the angle @-Mn—N?
for cis(O,N)andtrans and G—Mn—0O! for cis(N,O)isomer of acylperoxo complexes.

describe the energetic order of the low-lying triplet and quintet in bonds Mr-N2 and Mn—0°, and Mn-0?! and Mn-05, for
states are practically impossible for such large systems. There-quintet state of isomersis(O,N) and cis(N,O) respectively.
fore, we study two highest spin states, namely quintet and triplet, Furthermore, focisisomers in the quintet state the salen ligand
of all isomers of the complexe as well as their reactivity in ~ appreciably deviates from pure octahedral geometry. In addition,
greater details. for thetrans isomer, a weak hydrogen bond between carbonyl

Because singlet states of all studied isomers, as well as alloxygen and the ethylene bridge¥QCH)), exists in the quintet
spin states o€is(N,N) are relatively high in energy, we narrow  state, but is absent in the triplet state. We believe that this feature
our discussion below to the triplet and quintet states otthe is not significant because the hydrogen bond is on the order of
(O,N), cis(N,0)andtrans acylperoxo isomers. 1 kcal/mol in the quintet state. Furthermore, as noted above,

As seen from Table 2, geometries corresponding to the samewe do not consider hydrogen bonding interactions with the protic
isomers in quintet and triplet states differ significantly. The most polar solvent molecules, which could easily destroy this weak
prominent difference between the quintet and triplet states for interaction. The major geometrical differences between high and
all three isomers is in the MrO?® bond length, which is longer  low spin states can be rationalized as follows; in the quintet
in the quintet state. Substantial elongations are also observedstate one of the four unpaired electrons occupjgsilce orbital,
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positioned along the most elongated bonds, while in the triplet appears as anion judging from the spin densities on Mn &nd O
state the g-like orbital is vacant, and the four electrons occupy atoms (see Table 2S of the Supporting Information), which
only d, orbitals. Therefore, we may conclude that the elongation indicate that Mn has about 4 unpaired electrons'(iMim the

of the bond distances, as well as change in the angles, observeduintet2 and about 3 unpaired electrons (Mnin the quartet

in quintet states is due to repulsion between unpaired electron3, while corresponding ®atom carries at most 0.20e of spin

in the dy orbital and corresponding ligand atoms.
3. Cationic Acylperoxo Complex, [(Salen)M# (RCO3)]*,
3. In the case of cationic complex8sthe available spin states

in the 2-trans and 3-trans, but only 0.06e of spin in the-cis
and3-cisisomers of acylperoxo complexes. This requires one-
electron intramolecular oxidation of the metal in cationic

are doublet and quartet. Our calculations demonstrate that theacylperoxo complexes.

quartet state is the ground state for all studied isomers, namely Having characterized the geometric structures and relative
3-cis(O,N) 3-cis(N,O) 3-trans and 3-cis(N,N) (see Table 1).  energies of various acylperoxo compleand3 we are now
Unlike in the neutral complex, the lowest isomer is found to be in a position to explore the ©0 bond cleavage in these
3-cis(N,O) with isomers3-cis(O,N) 3-trans and 3-cis(N,N) complexes.

lying 0.5, 6.9 and 20.6 kcal/mol higher in their quartet ground 4 General Comments on Mechanism of @0 Bond
states, respectively. Corresponding doublet states are highly spincieavage in [(Salen)MA! (RCO5)], 2. As noted in the Intro-
contaminated and lie by 15.9, 13.0, 16.6, and 8.6 kcal/mol g ction, acylperoxo complexes are commonly believed to
higher, with respect to their quartet states. Surprisingly, both gispjay dual nature in the oxidation reactiéfs® acting either

nonhybrid BPW91 and hybrid B3LYP functionals predict similar
quartet-doublet energy differences for the isormigs(O,N)
and3-cis(N,O) as opposed to quintet-triplet energy differences
for specie.5° As in the case with compleg, the isomei3-cis-
(N,N) is substantially higher in energy than the other isomers,

independently or producing other reactive species via th©O
bond cleavage. However, very little is known about the nature
and factors controlling such transformations of acylperoxo
complexes, due to their transient character. Therefore, we de-
cided to address these issues using quantum chemical methods.

and thus is not discussed in detail here. We rationalize the energyge|ow, we report our rigorous study of the mechanism of the

difference between various isomers of compleXesd3 based
on the deformation energies of the salen moleétle.
Unlike in the complexeg, the difference in the inner-sphere

O—-0 bond cleavage in the acylperoxo compleeand 3 in

the absence of extra ligands. Note that aprotic solvents, such

as acetonitrile, benzene, toluene, and dichloromethane, are

metal-ligand distances between high (quartet) and low (doublet) usually used as reaction medid58111762As we mentioned

state of complexe8 is negligible, as seen in Table 2. Further-

earlier, we expect that the results obtained here will be relevant

more, angles of both quartet and doublet spin complexes arey, aprotic nonpolar solvents (benzene, toluene, etc.), whereas

close to octahedral. Also iBrtrans complexes the weak hydro-
gen bond, described earlier for tA¢rans complexes is present

in polar solvents (acetonitrile, dichloromethane, etc.) stabilization
of ionic molecules may possibly change the mode of@

in the quartet state but absent in the doublet state. Such Sma”cleavage from homolytic to heterolytic.

difference in the bond lengths, and angles between complexes

in high and low spin states, compared to neufraln be ex-

plained by the fact that in the quartet and doublet states of thes

isomers of3 the unpaired electrons occupy exclusively d
orbitals.

In brief, the observed difference in geometries between

acylperoxo complexe2 and 3 is due to the presence of extra
electron in the specie? relative to 3, which populates the
dp-like orbital in the quintet ground state @f This, in turn,
causes substantial elongation of the metigand bonds and

deviation of the bond angles from pure octahedral symmetry in

the quintet state 02, relative to complexes where the-dike
orbital is empty, namely low spin states&nd both spin states
of 3. Therefore, low spir2 and both spin states & are very
similar in geometry, with the minor exception wnsisomers

where some deviation is observed in the weak hydrogen bond

of dangling carbonyl oxygen with the ethylene bridge.
It is worth noting that whether you start with acylperoxo
radical or anion, in the final complexes the acylperoxo ligand

(61) To better understand the nature of the (Salen)Mn-acylperoxo complexes,
we have computed the deformation energy of the salen fragment from its

ground quintet equilibrium structure to that in the complex. The results

are summarized in the Table 5S of Supporting Materials. The data in the

Table 5S confirm thatis(N,N) complexes are less stable theis(O,N)

and cis(N,O) complexes due to higher Salen deformation energy of the
former. It also implies that interaction energy &is complexes is
substantially larger than imans. Furthermore, entropy factors would prefer
cis complexes tdrans due to chelate bidentate coordination mode of the
former. The only question that remains is whether such high deformation

energies of theis complexes are accessible during the reaction. To assess

this question we performed relaxed potential energy surface scarbfrom
2-cis(O,N)to 5A-2-trans acylperoxo complex and estimated the barrier to
be less than 6.0 kcal/mol.
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We first discuss the mechanism of the-O bond cleavage
in neutral acylperoxo complex [(Salen)M(RCQO)], 2. Here,

Sve consider the ©0 bond cleavage for the quintet and triplet

states of thecis(O,N) cis(N,O) and trans isomers of2. As
mentioned previously, due to their high energies, we completely
excludecis(N,N)isomeré! as well as singlet states of all other
isomers from our study. In principle, the<® bond cleavage
can proceed with and without intramolecular insertion, conse-
guently resulting in two different products. In the former case,
intramolecular insertion occurs either into M@ or Mn—N
bond with the Salen ligand, leading to peroxo or N-oxo species,
respectively. The ©0 bond cleavage without intramolecular
insertion leads to variousxo species. Furthermore, we can
qualitatively classify the ©0 bond cleavages into heterolytic
or homolytic by examining spin densities on thé &d G
(Table 2S) in the transition states and more importantly
corresponding products. Whenever we see only a small fraction
(tentatively less than 0.20) of a spin orf @nd/or @ in the
product, we conclude that the process is heterolytic. On the
contrary, if we see significant fraction of a spin (tentatively
larger than 0.50) on the referred atoms in the products, then we
conclude that homolytic cleavage has occurred.

Because the ©0 bond cleavage in the high (quintet) and
low (triplet) spin states of theis(O,N) cis(N,O) and trans
isomers could occur differently, it is worth discussing these spin
states separately.

5. O—0 Bond Cleavage in the Quintet 2eis(O,N), 2-cis-
(N,0), and 2-trans Isomers.As seen in Figure 2 and Tables 1
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whereas the product of the pure-Q bond cleavage is another
unusual2-cis(N,O)oxo species (MM), lying 7.9 and 6.1 kcal/
mol above the2-cis(N,O) respectively.

In the case ofrans acylperoxo complexes, the-@D bond
cleavage coupled with intramolecular insertiditians-TS1)
is also heterolytic (the spin densities ori éhd G atoms are
0.04e and 0.01e, and 0.02e and 0.04e for TS1 and corresponding
lowest energy product, respectively), but surmounts a substan-
tially higher barrier of 23.7 kcal/mol. This reaction provides an
alternative path to the sanioxo product, as in the case with
2-cis(O,N) Remarkably, unlike in theis acylperoxo complexes,
the pure G-O bond cleavage in theans acylperoxo complexes
via the transition stat@-trans-TS2 is homolytic (the spin
densities on ®and G atoms are 0.62e and 0.00e, and 0.65e
and 0.00e for TS2 and corresponding product, respectively) and
surmounts a 19.9 kcal/mol barrier. The resulting neutral (Salen)-
Mn'V(O) 2-trans-oxol species (Figure 3) has a carboxylate
radical bound to the ethylene bridge through a weak hydrogen
bond. Energeticall-trans-oxolis only 0.3 kcal/mol lower than
the 2-trans-TS2 and thus the reaction is 22.0 kcal/mol endo-

and 2S, in the quintet spin state of the isor@earis(O,N), the thermic.

0-0 bond cleavage coupled with intramolecular insertion of ~ Finally, the question of isomerization between products of
the terminal peroxo oxygen @into the Mn—N2 bond @-Cis- O—0 bond cleavage with and without intramolecular insertion
(O,N)-TS1) is heterolytic (spin densities or*@nd G are 0.02e can be of some interest when stability of the resulting unusual
and 0.07e in the TS1, and 0.02e and 0.04e in the lowest energyMn’ Cis-0xo0 species is in question. We have performed
product, respectively) and proceeds with 14.9 kcal/mol barrier. transition state TS3) search connectin@-cis(O,N)oxo to

As a product two isomeri@-N-oxo species can be formed N-0xo, and2-cis(N,O)oxoto peroxoand found these processes
(Figure 2) with manganese in the oxidation state IIl, the lowest 0 have barriers of 13.7 and 16.1 kcal/mol, respectively. Because
of which is 15.6 kcal/mol below the reactadcis(O,N) Note  2-Cis(O,N}TS3 and 2-cis(N,O) TS3 are of little interest, we
that in the literature the formation of analogdisoxo species do not discuss these transition states in detail here (details can
has been reported for P&23.63Ni 64 and tentatively MP?66 be found in the Supporting Information).

porphyrin complexes. Also thid-oxo porphyrin complexes of Now, let us discuss the important geometrical parameters of
Feb7 and Mrf8-70 have been studied theoretically. Noteworthy, the products of the ©0 bond cleavage2-N-oxo, 2-peroxo

pure O-0 bond cleavage via-cis(O,N)TS2 (see Figure 3) is and 2-oxo complexes, given in Figures 2 and 3, as well as in
also heterolytic (spin densities orf @d G are 0.28e and 0.04e  Table 2. We discuss the geometries of these products according
in the TS2, and only 0.03e and 0.12e in the final product, to their energetic order.

respectively), but surmounts a higher barrier of 19.0 kcal/mol.  In the case of the2-N-oxo species, we have located two

In this case, the product is unus2atis(O,N)oxo species with distinct isomers with energy difference of 3.7 kcal/mol (see
manganese formally in the oxidation state V, and the reaction Table 1). The lowest isomer (call@IN-oxo(TB)) has a trigonal

is 6.0 kcal/mol endothermic. Therefore, one may expect that bipyramidal (TB) configuration, and contains a weak hydrogen

trans T cistNN)

Figure 1. Optimized structures of the different isomess(O,N) cis-
(N,0), trans andcis(N,N)) of acylperoxo complexe® and 3.

major product of the 0 bond cleavage in quint@tcis(O,N) bond between ®and the ethylene bridge. The other isomer
would be quinte®2-N-oxo species. (called 2-N-oxo(SP) does not contain the hydrogen bond

In the isomer-cis(N,0) the O-O bond cleavage with (via because the carboxylate ligand is in the bidentate mode, resulting
2-cis(N,0)TS1) and without (via2-cis(N,0)}TS2) intramo- in more octahedral geometry.

lecular insertion proceeds heterolytically (the spin densities on  To the best of our knowledge, the unusual Mais-oxo

0% and & atoms are—0.01e and 0.08e, 0.26e and 0.03e for species have never been suggested in the literature, therefore
TS1 and TS2, respectively, and 0.02e and 0.12e, and 0.15e andve describe their features in more details here. Z4&s(O,N)

0.05e for corresponding products) with almost identical barriers, 0xo and2-cis(N,O)oxo species unlike their parent acylperoxo
18.7 and 18.3 kcal/mol, respectively. The product of the complexes have near octahedral structure. TheOCbond is

intramolecular insertion pathway &peroxocomplex (Md'), completely broken¥2.4 A), and the Mr-O® bond becomes
1.83 and 1.80 A in the2-cis(O,N)}oxo and 2-cis(N,O)0xo,
(62) ggciggggh 2.31‘\11.; Deng, L.; Furukawa, Y.; Martinez, LT&rahedrorL994 respectively. For comparison with these-oxo species we have
(63) Groves, J. T.. Nemo, T. B. Am. Chem. S0d.983 105 5786-5791. optimized geometry of conventional Mroxo species with
(64) fg;cgsf&lgé 1C4ham Y.-W.; Olmstead, M. Ml. Am. Chem. Sod.985 carboxylate ligand positioned trans to the oxo ligand (called
(65) Bortolini, O.; Meunier, BJ. Chem. Soc., Chem. Commu:983 1364 2-trans-0x02), similar to that described in our previous pager.
1366 This conventionaR-trans-oxo2 species has nearly flat arrange-

(66) Bortdlini, O.; Ricci, M.; Meunier, B.; Friant, P.; Ascone, I.; Goulon, J. . . .
Now. J. Chim.1986 10, 39-49. ment of the salen coordination sphere around Mn atom, with

(67) Den Boer, D. H. W.; Van der Made, A. W.; Zwaans, R.; Van Lenthe, J. H. Mn—03 bond of 1.81 A perpendicular to that salen plane.
Recl. Tra.. Chim. Pays-Ba499Q 109 123-126. perp P

(68) Strich, A.; Veillard, A.Now. J. Chim.1983 7, 347-352.
(69) Jorgensen, K. AActa Chem. Scand., Ser.1®86 40, 512-514. (71) Khavrutskii, 1. V.; Musaev, D. G.; Morokuma, Knorg. Chem.2003
(70) Jorgensen, K. AJ. Am. Chem. S0d.987, 109, 698—705. accepted
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MnO’=1,92; Mn0®=2.10; M;'(’J:' 83 “’3'“?4434; Mn0O*=1.87; Mn0O'=2.09;
4
070%=1.89; 0'N2=1 84 0’01 35:';3 N°=1.88; 0%0*=2.09; 0°0'=1.77
0%(CH)=2.20 - el
o'MnN*=129.5 1 ( 2) O'M=126.2
N2Mn0 =499 O M’ =143.8 0'MnO=49.0
NIMnOP=50.4

236 icm™!
SA-2-cis(N,0)-TS1

433 iem’!
SA -2-frans-TS1

MnO*=1.87; Mn0’=1.97;
0'0%=4.17; 0°0'=1.53;

MnCP=1.96; Mn0O’=2.02;

Mn0®*=1.95; MnQP=1.51;
0%0%=3.13; 0*N*=139;

0*0*=3.45; 0°N%=1.39;

o o¥CH)=2.13
0'(CH=2.10 Mn0*=2.45 (CHy
N'MnG?=110.1 ] N'Mn0O?=154.5
N'MnO*=111.5 M0 =27.0 o361
2 n0"=27. 0'Mn0*=36.1
s N’MnO?=28.0 5 5
'A-2-N-oxo(TB} A-2-N-oxo(SP) 'A-2-peroxo

Figure 2. Transition statesTS1) and products of ©0 bond cleavage coupled with intramolecular insertion in the quintet state in the different isomers of
the acylperoxo comple®, and their important geometric parameters (distances in A, angles in deg.).

MnO’=1.73 (1.73);

MnO°=1.89 (1.79%; MnO=1.88 (1.78); MnO’=4.00 (3.82);
MnG°=2.08 (1.98): i MnO*=2.12 (2.01); 0%0%201 (1 75),’
0%0*=1.87 (1.73); o%0%=1.84 (1.71%; 0° 0 (5 60
o 87(1.73); B4 (L71) O*N?=2.70 (2.60%;

O*N=2.50 (2.66)  0’0'=2.59 (2.65)

O'MnNE=114.3 (94 4)
N*Mn0*=79.4 (89.7)

O'MnN*=158.2 (160.6)

O'MANZ=111.0 (93.0
(3.0 N*Mn0 =92.7 (88.5)

O'MnO’=86.9 (91.5) ;
1012 (628) i e’ 142 (589) i cm™!

J 1062 (686) i cm’! )
SA(A)-2-cis(0,N)-TS2 SACA)-2-cis(N,0)-TS2 SACA)-2-trans-TS2
Mn0 =183 (1.77); Mn0*=1.80 (1.73); MnOP=1.71 (1.68);

Mn0=1.91 (1.93); MnQ’=4.06 (3.98);
0°0*=2.40 (2.28); . 07°0%=2.20 (2.10);

s 0°0'=2.44 (2.58) o O'N?=2.66 (2.69);
N &

Mn0=1.87 (1.89);
FO=3.06 (2.34);
O*N’=2.41 (2.57)

O'MnN?=102.1 (94.0)

O'MnN?=103 4 (96.3) it
0'Mn0=83.1 (50.0)

N*Mn0?=78.0 (85.4)

O'MnN*=158.0 (157.1)
N*Mn0*=01.7 (93.7)

) SA(A)-2-cis(0,N}-ox0 SACA)-2-cis(N,0)-0x0 SACA)-2-0x01

Figure 3. Transition statesT(S2) and products of pure ©O bond cleavage in the quintet and triplet (in parentheses) spin states in the different isomers
of the acylperoxo compleg, and their important geometric parameters (distances in A, angles in deg).

Interestingly, as seen in Table 1, tBdrans-0xo2 species is energy of this product, we believe that it does not contribute to

substantially lower in energy than tRecis(O,N)oxo and2-cis- the reaction.
(N,O)-oxo, species and is 2.9 kcal/mol belo@cis(O,N) The product of the ©0 bond cleavage in th@-trans
presumably due to less strain in the Salen ligand. complex is a (Salen)MW(O) (2-trans-oxol) species, with

For the 2-peroxo, we have found only one isomer with a weakly bound carboxylate radical, ferromagnetically coupled
square pyramidal configuration, which also contains a hydrogen with the three unpaired electrons of (Salen)¥{®) (see Table
bond between ®and the ethylene bridge. Due to the high 2Sin the Supporting Information). The presence of this radical
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ligand in the inner sphere of the complex changes the-kh
bond length from 1.66 to 1.71 A compared to (Salen)@)

in the ground quartet staté.We believe that MY 2-trans-
oxolspecies can further isomerize with intramolecular electron
transfer to MY 2-trans-oxo2 species mentioned above.

In summary, the acylperoxo complexes in the quintet spin
state may undergo heterolytic€® bond cleavage coupled with
intramolecular insertion, leading to fairly statleoxo species.
Furthermore, with somewhat higher barriers theacylperoxo
complexes can produce unusual intermediate¥ Mis-0xo
species through pure heterolytic-@ bond cleavage. Last, the
trans acylperoxo complex can take a homolytic route to form
(Salen)MrV(O) species with weakly bound carboxyl radical,
which can probably isomerize to a lower energy intermediate
MnV 2-trans-oxo2speciesThe lowest in energy of all products,
forming with the smallest barrier on the quintet spin surface,
is the N-oxo species.

6. O—0O Bond Cleavage in the Triplet 2¢€is(O,N) 2-cis-
(N,0) and 24ransIsomers.Our calculations (see Figure 3, and
Tables 1, 2 and 2S) show that the-O bond cleavage in triplet
cisacylperoxo isomers occurs in a different fashion than in their
high spin analogues. First, it proceeds with low barriers of only
4.3 and 2.2 kcal/mol fo2-cis(O,N)and2-cis(N,O) respectively.
Second, the ©0 bond cleavage in the low spin complexes
2-cis(O,N) and 2-cis(N,O) is completely uncoupled from
intramolecular insertion (taking place Vi&2 using the notation

in the preceding section) and, therefore, leads exclusively to tially lower. More precisely

2-cis(O,N) and2-cis(N,O)oxo species? Such pure G-O bond
cleavage is found to be heterolytic in thes acylperoxo
complexes (the spin densities orf @d G are —0.15e and
—0.01e, and—-0.13e and—-0.01e forcis(O,N} andcis(N,O)
TS2, and —0.14e and—0.00e, and—0.18e and—0.02e for
corresponding products, respectively). The corrected enétgies
of the unusual tripleBA(YC)-2-cis(O,N) and3A(YC)-2-cis-
(N,O)-oxo species are only 1.4 and 1.5 kcal/mol higher than
the 5A-2-cis(O,N) but 7.1 and 10.9 kcal/mol lower than
reactant$A-2-cis(O,N) and 2A-2-cis(N,O) respectively. Also
note that the triplet states of thuis-2-oxo species?A(YC)-2-
cis(N,O)oxo and3A(YC)-2-cis(N,O)oxo are calculated to be
4.6 and 7.3 kcal/mol lower thatA-2-cis(O,N)}oxo and®A-2-
cis(N,O)oxo, respectively.

In the triplet 2-trans isomer, the G-O bond cleavage (via
2-trans-TS2) is very similar to the one in the quintet state. Itis
again homolytic (the spin densities orf @1d G are —0.34e
and 0.00e, and-0.56e and 0.00e) and proceeds with smaller
barrier of 7.2 kcal/mol. The product in this case is symmetry
broken®A-2-trans-oxol species with quartet (Salen)MigO)
anti-ferromagnetically coupled to carboxyl radical (the spin
densities on Mn, € and ¢ are calculated to be 2.64,0.13,

(72) The resulting2-cis(O,N) and 2-cis(N,O)oxo complexes are highly spin
contaminated (as seen fromS?> values in Table 2S and 4S, which are
2.91 and 2.85 fo2-cis(O,N} and 2-cis(N,O)}oxo, respectively) due to
symmetry-broken nature of the obtained UB3LYP solution. Thus, in this
triplet complexes, the unpaired electrons are not just dwbut instead
threea. and oneS (As seen from the Table 2S, where atoms Mn arfd O
carry 2.80 and-0.74 (in 2-cis(O,N}oxo), and 2.74 and-0.64 (in 2-cis-
(N,O)-oxo) of an electron, respectively. This is equivalent to say that there
are about three unpaired electrons on Mn atom, and oifeelectron on
03). Therefore, the calculated energy of these complexes is corrupted by
admixture of pure spin quintet solution. To approximate the energy of the
pure 3A spin states, we applied the Yamaguchi correction scheme
(Yamaguchi, K.Chem. Phys. Lettl988 149 537-542; Yamaguchi, K.;
Fukui, H.; Fueno, T.Chem. Lett.1986 625-628) as described in our
previous paper. (Khavrutskii, I. V.; Musaev, D. G.; Morokuma,lorg.
Chem.2003 42, 2606-2621)

and—0.56, respectively, implying that about threeslectrons
occupy the Mn atom, whereas about ghelectron is shared
between @and G atoms, with greater fraction located of)O
The presence of this radical ligand in the inner sphere of the
complex only slightly affects the MrO® bond length as
opposed to the quintet case, changing it from 1.66 to 1.68 A
compared to (Salen)MYO in the ground quartet statéAfter
Yamaguchi correctiofd the energy of this product becomes 15.3
kcal/mol above théA-2-cis(O,N) Similar to®A-2-trans-oxol,

in 3A-2-trans-oxol the carboxylate ligand has a driving force
to migrate into the axial position to becord&-2-trans-0xo2,
because the latter lies by 4.2 kcal/mol lower tRAr2-cis(O,N)

Geometrically the products of the pure-© bond cleavage
in the triplet state complexes are very similar to those in the
quintet state. Therefore, we omit discussion of the structure of
the products here.

To summarize, we stress that, unlike in the quintet acylperoxo
complexes, in the triplet state the-@ bond cleavage is com-
pletely uncoupled from intramolecular insertion, and proceeds
with substantially smaller barriers.

Interplay between Quintet and Triplet Pathways. So far,
we have discussed the-® bond cleavage paths in quintet and
triplet acylperoxo complexe separately, and showed that in
the ground quintet state of acylperoxo complexes theQCO
cleavages have high barriers, whereas in higher energy triplet
acylperoxo complexes the-€D cleavage barriers are substan-
we have demonstrated that in the
ground quintet electronic states ®ftis(O,N) 2-cis(N,O)and
2-trans, O—0O bond cleavage may proceed via two distinct
pathways, with (leading t&-N-oxo or 2-peroxo) and without
(leading to2-oxo species) intramolecular insertion which are
calculated to have high activation barriers of 14.9, 18.7, and
23.7 and 19.0, 18.3 and 19.9 kcal/mol, respectively. The most
stable intermediate resulting from these-O bond cleavages
is theN-oxo complex, which forms with the lowest barrier and
lies 15.6 kcal/mol lower than most stable reactaiis(O,N)
Therefore, one may expect that major product of theGDbond
cleavage in quintet state would be quin2elN-oxo species.

Although the triplet states of the isome2=is(O,N), 2-cis-
(N,0) and2-trans, are calculated to be 8.5, 9.7 and 12.4 kcal/
mol higher relative to their quintet states, respectively, the30
bond cleavage in these triplet isomers proceeds with significantly
lower barriers (4.3, 2.2 and 7.2 kcal/mol ficis(O,N) 2-cis-
(N,0) and 2-trans, respectively) and is completely uncoupled
from intramolecular insertion. The resulting oxo species, namely,
2-cis(O,N}, 2-cis(N,O)oxoand2-trans-oxol, are 1.4, 1.5, and
15.3 kcal/mol? higher than the lowest quintet react®At-2-
cis(O,N) but 7.1 and 10.9 kcal/mol lower than triplet reactants
3A-2-cis(O,N) and3A-2-cis(N,O), respectively.

Thus, these data show that the promotion (from quintet to
triplet states) plus ©0 bond activation (calculated for the triplet
isomers) energies are 12.8, 11.9, and 19.5 kcal/mol fa2itis-
(O,N), 2-cis(N,0O) and 2-trans, respectively. These values are
lower than the lowest ©0 bond activation barriers, 14.9, 18.3
and 19.9 kcal/mol, within the quintet states for theis(O,N),
2-cis(N,O)and2-trans, respectively. This may suggest alterna-
tive pathways for the transformation of the acylperoxo-complex
2. In particular, transformation of the acylperoxo complex can
start from the ground quintet states, proceed through the minima
on the seam of crossing (MSXs) between the quintet and triplet
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potential energy surfaces, and form triplet oxo species with To complete this section, we would like to point out that
overall a lower energy than the pathway on the quintet potential investigation of the mechanism of the-@ bond cleavage in
energy surface. The only problem that remains to be assessedcylperoxo complexes in the absence of the olefin substrate is
is the energy of these crossing points between quintet and tripletan essential step toward understanding the epoxidation mech-
potential energy surfaces (MSXs). Since the energy of th©O  anism in the KJK system, because without such study no
bond cleavage irR-trans is higher than incis acylperoxo conclusion could be drawn concerning the involvement of any
complexes, we believe thais acylperoxo complexes exclu-  of the species discussed here in epoxidation. Currently, work
sively will determine the products of the-@D bond cleavage.  on the epoxidation reaction by acylperoxo compleemd 3
Therefore, below, we discuss this alternative pathway, especiallyas well as by the products of thei—® cleavage is in progress
the minima on the seam of crossing (MSXs) between the quintetand preliminary results indicate that<@ cleavage is likely to
and triplet states of th2-cis(O,N)and2-cis(N,O)isomers, in occur prior epoxidation. We do not reveal any numbers here
more details. because they will be published elsewhere, but we would like to
7. Description of Seams of Crossing (MSXs) between point to an article on epoxidation by organic peracids that was
Quintet and Triplet Species.We have located the minima on published while this manuscript was in the referees’ hands. The
the seams of crossing (MSXs) between the quintet and triplet insights on the importance of the present paper can be derived
states of the2-cis(O,N) and 2-cis(N,O) isomers,3A/5A-2-cis- from there’®
(O,N)-MSX and 3A/5A-2-cis(N,O)}MSX, respectively. The 8. O—O Cleavage of [(Salen)M# (RCOg)]", 3. Unlike
geometries of these MSXs resemble corresponding triplet eutral acylperoxo compleX the transformation of its cationic
acylperoxo complexes. The important geometrical parameterscounterparB in both (quartet and doublet) spin states simply
of these structures are provided in Table 2, whereas their full goes uphill in energy upon stretching the-O bond. This can
geometries are given in Table 1S of the Supporting Information. e rationalized on the basis of the electronic structure of species
Their relative energies are included in Table 1. As seen in Table 3. Among the LUMO orbitals the lowest one corresponds to
1, 3A/5A-2-cis(O,N}MSX and3A/5A-2-cis(N,0yMSX are only 08—0* o* orbital (not shown). Thus, at least one extra electron
slightly, 0.8 and 0.4 kcal/mol, higher in energy than their IS necessary to populate this orbital, and consequently to break
corresponding triplet minim@A-2-cis(0,N)and?A-2-cis(N,0) the G3—0* bond. Therefore, the cationic complexgsave to
respectively, which make the alternative pathway feasible. ~ be activated by 1-electron reduction, which is very likely event
Thus, the present results allow us to conclude that the in the oxidation conditions. In the absence_of reducing agents
transformation of the energetically most favorable isokeis- the acylperoxo comple® would be unrgactlve toward €0
(O,N) of the acylperoxo comple® may proceed via two distinct bond cleavage and should be exper!mentally observed for
pathways. First of them corresponds to the direet@bond exa}mple by ESR techniques, possibly in three isomeric forms
activation on the quintet state surface leading to 2Hé¢-oxo 3-¢is(O,N) 3-Cis(N,0) and3-trans,
product. This reaction occurs with a 14.9 kcal/mol barrier and |v. conclusions
is 15.6 kcal/mol exothermic. Alternatively, starting from the ) i ]
quintet ground state the reaction could proceed through the From_the presented discussions one can draw the following
minimum on the seam of crossing (MSX) between the quintet conclusions:
and triplet state potential energy surfaces followed by the0O 1. Four isomers of the complexes [(Salen)MRCOy)], 2,
bond cleavage on the triplet surfaces. This would lead to the and [(Salen)MY(RCO;)]*, 3, have been characterized, three
triplet Mn¥ 2-cis(O,N)oxo species with only 12.8 kcal/mol of ~ of which (cis(O,N) cis(N,O)andcis(N,N)) have 6-coordinated
activation energy, calculated relative to quin@tis(O,N) cis, whereas one has 5-coordinatgdns, structure. At the
because the MSX between the quintet and triplet states is hybrid density functional (B3LYP) level, the ground electronic
located before the quintet-GD activation transition state. The ~ States of all isomers &, namely2-cis(O,N) 2-cis(N,O) 2-cis-
second pathway is endothermic by 1.4 kcal/mol, relative to the (N:N), and2-trans are found to be quintet states. The isomer
quintet2-cis(O,N) Thus, the first pathway is thermodynamically 2-is(O.N)is found to be the lowest in energy, withtrans,
more favorable than the second pathway. However, one may2-CiS(N,O)and2-cis(N,N) isomers lying by 2.4, 2.7, and 16.7

expect that the formation of Mn2-cis(O,N)oxo would be kcal/mol higher, respectively. The corresponding triplet states
kinetically slightly more favored than formation @N-oxo lie by 8.5, 12.4, 9.7, and 4.2 kcal/mol higher than the quintet
because the latter has an activation energy lower by about 2 pstates, respectively. The ground electronic states of the isomers
kcal/mol. Similar conclusions could be made for theis(N,0) ~ ©f the complex3 are found to be quartet states with doublet
isomer. states lying significantly higher in energy. Energetically, nearly

The above conclusions have been based on the resultsdegenerate isomeBscis(O,N)and3-cis(N,0) are found to be

obtained at the hybrid B3LYP level. However, it is well-known the lowest in .energy.. . . .
(as discussed in subsect®ythat the hybrid B3LYP functional ~_ 2- Nonhybrid density functional BPW91 stabilizes low spin
tends to overestimate (in this case by-812.0 kcal/mol, relative states of acylperoxo complexby 8.5-12.0 kcal/mol relative

to the pure density functional BPW91) the energies of low spin _to hybrid B3LYP' rendel_ring quintet and triplet States of the
states. Therefore, one may expect that at the pure density|somer52-ms(o,N)and2-C|s(N,O)nearly degenerate in energy.

functional level the less favorable quintet state pathway will be Surprlsmgly, bqth npryhybnd BPWO1 and hyb”d, B3LYP
additionally destabilized, and our most favorable pathway functlor?als predlc.t similar quartgt-doublet energy differences
occurring through the triplet reactants, transition states, and for the isomers3-cis(O,N)and 3-cis(N.O)

products will be additionally stabilized, which will further reduce (73) Bach, R. D.: Dmitrenko, O.: Adam, W. SchambonydSAm. Chem. Soc.
the overall barrier for the formation of the Mizis-oxo species. 2003 125, 924-934.
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3. The results obtained at the hybrid DFT (B3LYP) level show formation ofN-oxo species fron2-cis(O,N)acylperoxo complex
that the transformation of the acylperoxo compl2xmay is easier than from angxo-species, as well ag-trans acyl-
proceed via two distinct pathways. First of them corresponds peroxo complex.
to the direct G-O bond activation on the quintet state surface 6. Cationic acylperoxo comple® does not undergo ©0
coupled with insertion of the oxygen into MiN(Salen) bond,  hond cleavage, either in its high or low spin state.
and leads t@-N-oxo species. Alternatively, the transformation
could proceed through the minimum on the seam of crossing Acknowledgment. The authors thank Dr. Dmitry Khoroshun
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