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The acidity (pull) and the axial ligand (push) effects on the 0—O bond cleavage in the [(Salen)Mn"(RCOs)L] acylperoxo
complexes, with model L = none, NH;, and HCO,~ (1), have been studied with B3LYP density functional calculations.
The acidic conditions have been mimicked by explicit protonation of 1 to afford a variety of [(Salen)Mn"(RCO3H)L]
(2) and [(SalenH)Mn"(RCO3)L] (3) complexes in ground quintet states. The protonation assists the O—O bond
heterolysis, thus primarily forming highly reactive Mn¥(O) species, and consequently suppresses formation of the
less reactive Mn"(O) species through homolytic channel described earlier in 1 [Khavrutskii, I. V.; Rahim, R. R.;
Musaev, D. G.; Morokuma, K. J. Phys. Chem. B 2004, 108, 3845-3854]. In addition to the qualitative change of
the O—0 bond cleavage mode, the protonation affects the rate of the O—0O bond cleavage. Therefore, varying the
acidity of the reaction media helps control the O—0O bond cleavage mode and rate.

I. Introduction activate the G-X bond of various oxidants followed by the
oxygen atom transfer to the substrate molecule in enanti-
oselective fashio®? The key step of these processes is the
heterolysis of the ©X bond leading to the highly reactive
high-valent metal oxo species (such as formally(B8, Mn"-
(0), etc.)+88°Homolysis of the G-X bond produces much
i i \ 1\
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S0c.1993 115 4415-4416. chromes89 ensure heterolysis of the-X bond through
sophisticated machinery of special active site residu®s.

Transition-metal-catalyzed enantioselective monooxygen-
ation of organic substrates is one of the major challenges in
synthetic and biological inorganic chemistry. A number
of transition-metal-containing enzymes and synthetic systems
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In particular, proximal residues, such as histidine or cysteine, axial ligand, acidity of the media, and solvent employed
facilitate the O-X bond cleavage by providing electrons to during the reaction. Different experimental conditions,
the antibonding & X orbital through the transition metal therefore, lead to different oxygenating species and hence
center (the push effect), whereas properly positioned distal diverse selectivity. To gain control over the oxygenating
residues shuttle the protons to the oxidant creating a goodspecies, and subsequently the selectivity of catalytic oxy-
leaving group for the ©X bond heterolysis (the pull ef-  genation, careful investigation of the axial ligand (the push
fect) 1112 Although the enzymes ensure heterolysis of the effect), protonation (the pull effect), and solvent effects is
O—X bond of the oxidants, the subsequent enantioselective essential.

oxygenation is presently impractical due to the restricted  For this study we choose, without loss of generality, one
scope of the substrates and limited stability of the en- of the best catalytic systems for enantioselective epoxidation
zymes>*1418 Therefore, synthetic catalysts, mimicking the  ytjlizing Mn'" complex with chiral Schiff base salen ligand,

enzymes, present more practical and often competitive namely the Kochi-JacobsenKatsuki (KJK) systent. s The

alternative.

KJK system is generally believed to employ the transient

The transition metal complexes with chiral porphyrin and high-valent MiY(O) species for productive enantioselective
Schiff base ligands are among the best synthetic catalystsoxygenatior?>3! Nevertheless, adducts of the terminal

for the enantioselective oxygenati&t>However, numerous
studies have demonstrated that catalyst-assisted Bond
cleavage does not ensure heterolyi§.17:1%22 Furthermore,
oxygenation might proceed concertedly with theXObond
cleavage, as opposed to stepwise-@ bond cleavage
followed by oxygen transféf,1517.21.2324The actual mech-
anism and the mode of the<X cleavage depend on the
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oxidants (such as peracids, iodozylarenes, etc.) and the KIK
catalyst have been proposed as alternative oxygenating
species in cases where dramatic deviations of the enantiose-
lectivity occur#182432Therefore, the mechanism of the-&
bond cleavage forming MiO) deserves special attention.
Very recently formation of the Mf{O) species was studied
theoretically for OCt and HO, terminal oxidants? Earlier,
we investigated formation of the M(O) species in the KJK
system by employing peracids as terminal oxidants and lately
elaborated the push effect of the N and O bound axial ligands
along with the solvent effect on the-@ bond activa-
tiOﬂ.28’29’31

This paper reports the missing link in the control of the
O—0 bond activatiorrthe pull effect, mimicked by proto-
nation, concurrent with the push and solvent effects in the
KJK system using peracid as terminal oxidant. The axial
ligands imidazole and acetate are modeled by neutra) NH
and anionic HCQ, respectively. Where appropriate we use
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acetonitrile and toluene as solvent to account for polar and Chart 1. Explanation of Notation for Acylperoxo Complexes and

nonpolar solvent effects.

Il. Computational Methods

All calculations were performed with the Gaussian03 (G03)
program suité* This study utilized density functional theory (DFT),

in particular Becke’s three-parameter hybrid exchange functional

(B3)3>36 combined with Lee-Yang—Parr's (LYP) correlation
functional?” known as B3LYP. We refrain from using the nonhybrid

Labeling of the Atoms with Proton Locations Not Specified for Clarity
R

BP86 and BPW91 methods which combine the Becke88 exchange

(B)®>and Perdew86 (P86) or the PerdeWang gradient-corrected
correlation (PW91) functional&despite recent comparison of the

representative hybrid and nonhybrid DFT methods against CCSD-

(T) advocating nonhybrid variants for Mn transition metal systéms.

Our choice is based on the invalidation of that comparison as

discussed elsewhéfeand further supported by independent com-

parison of the referred methods on the series of Fe and Mn transition

metal complexes with known ground stat&s’®3° Moreover,

apparent failure of the BP86 and BPW91 methods to describe the

O—0 bond breaking demonstrated previodslyenders these

methods particularly unusable when reaction mechanisms are to

be studied. The doublge-LANL2DZ (D95V49) basis set with
associated HayWadt nonrelativistic effective core potential (ECP)
on the Mn was employed for the present calculatiBnall

-cisON- -cisNO-
Rx
ri-,
—N! )'( "NZ_
N\ V4
D—H--—A o' : o’
L
DHA -transX--L

I1l. Results and Discussion

This section is organized as follows. Part A discusses the
protonation and axial ligand effects on the electronic and
geometric structure of the acylperoxo complexes [(Salen)-
Mn"(RCO;H)L] and [(SalenH)MH' (RCOs)L] with L
none, NH, and HCQ~. Part B elucidates the pull and push

geometries were optimized without any constraints, using tight €ffects on the ©O bond activation in the protonated

optimization and SCF convergence threshold of¥1Due to large

acylperoxo complexes. Part C elaborates the nature of the

system size, vibrational frequency calculations were performed only obtained intermediates and illuminates aprotic solvents effect.
for the transition states to confirm their nature and presence of single The final part D compares the-€D bond cleavage pathways
imaginary frequency. Therefore, the energy values used hereafterin the protonated and unprotonated complexes.

are without zero-point energy and entropy corrections. The solvent

Throughout the paper we exploit the mnemonic notation

effect was incorporated using polarized continuum model (PCM) of compounds and atom numbering, depicted in Chart 1,

method as implemented in GBat gas-phase optimized structures.
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A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
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adopted from previous wotk?®3but augmented for hy-
drogen bond pattern: MpA2St1-cisYZDHA and Mm-
AZStltransXDHA-L, where N reflects the oxidation state

of the Mn atom,?S*1A describes the symmetry and spin
multiplicity of the system)Y and Z stand for the atoms of
the Salen ligand situated trans to peroxo oxygeha@d
carbonyl oxygen ®of the acylperoxo ligand, respectively,
and X is the atom of the peracid coordinated to the Mn.
Unless otherwise stated, the atoms Y and Z ateofON?

and the puckered ethylene diimine bridge isticonfigu-
ration. The DHA label describes the location of hydrogen
and possible hydrogen bonding, with D denoting the
hydrogen donor and A the hydrogen acceptor, if any. For
example, when an intra-peracid hydrogen bond is present,
this notation becomes ¥|O®. Finally, L represents an
exogenous ligand. Note that for the trans isomer{tatom

of the peracid becomes chiral (because now in addition to
the lone pair it has three different substituents, namely Mn,
H, and either carbonyl carbon or oxygen atoms) and,
furthermore, several rotamers exist due to hindered rotation
around the MnX axis. Because no new qualitative rearrange-
ment of atoms is found and because the diastereomers/
rotamers differ only slightly in energy (data not shown), we

(42) Mennucci, B.; Tomasi, . Chem. Phys1997 106, 5151-5158.
Cances, E.; Mennucci, B.; TomasiJJChem. Physl997 107, 3032~
3041. Cossi, M.; Barone, V.; Mennucci, B.; TomasiChem. Phys.
Lett. 1998 286, 253-260. Cossi, M.; Scalmani, G.; Rega, N.; Barone,
V. J. Chem. Phys2002 117, 43—54.
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focus our attention on the transformations of the lowest
energy isomers and assume the transformations of the
diastereomers/rotamers to be similar. We have verified our
assumption in a few cases for the least intuitive cases of
diastereomers and found the assumption to be correct (data
not shown for brevity). Because this paper considers only
acylperoxo complexes of Mh the MmN part of the label is
omitted.

A. Complexes [(Salen)MH' (RCOsH)L] and [(SalenH)-

Mn"" (RCO3)L]. This section describes the geometric and
electronic properties of the protonated acylperoxo complexes
[(Salen)MA'(RCO;H)L] and [(SalenH)MH' (RCO;)L] with

L = none, NH, and HCQ™.*® Because the unprotonated
acylperoxo complexes in the quintet and triplet spin states
have been established to have similar geometfigs'the
search for the structure of the protonated acylperoxo
complexes is first performed in the high-spin quintet state.
Once the principal geometric isomers of the protonated
complexes have been identified, their energies in the quintet
and triplet states are compared. To focus on the energetics
of a large number of isomers, we completely omit discussions
on their geometrical structures, except for Figure 1 that
illustrates the structures of some of thansO-NH; species.

Key geometrical parameters and spin densities of all the
calculated species are summarized in Tables 1S and 2S of
the Supporting Information, along with Cartesian coordinates.

L = None.The obvious way to generate the structure of
the protonated acylperoxo complex is to coordinate a peracid
to the Mn center of the catalyst preserving intra-peracid
hydrogen bond €HO®. This approach producésnsCG-O3-
HOS-L and transC-O°HO®-L complexes degenerate in
energy in the quintet state. For conveniencetthrsG-O°-
HO®-L complex in the quintet state is used as the reference
compound in the following paragraphs.

Adding a proton to the unprotonated acylperoxo complexes
may lead to additional geometric isomers of the protonated
acylperoxo complexes. The most likely proton acceptors in
the cisON cisNQ andtransC isomers of the unprotonated
acylperoxo complexes are the’sxygen atoms of the Salen
ligand (G and &) and coordinated acylperoxo anion3O
as seen from Chart 1. The protonation of the referred oxygen

atoms should produce [(SalenH)MERCG;)L] and [(Salen)- , ,
Figure 1. Four representative protonated trans acylperoxo complexes for

i i
Mn (RCQH)L]_ complexes, reSpeCtNely' ) L = NHj3 and their key bond lengths. Plain numbers refer to the quintet
The protonation of the Salen oxygens of the cis acylperoxo ground state, and numbers in italics refer to the triplet state.

complexes yields four protonated complexes, narosifMG

O, cisNO-O?H, cisONO'H, and cisONO?H. As shown O is inferred to be 3.9 kcal/mol unfavorable. TtisNG

in Table 1, the relative energies of these complexes in the O'H complex has the lowest energy among all cis isomers
quintet state are-2.4, 6.1, 1.4, and 3.2 kcal/mol, respectively. in the gas phase. The solvent effect on the relative energies
On the other hand, protonation of the Salen oxygens of the Of the complexes is small, as seen in the values in parentheses

transC? complex triggers isomerization into familiaisNO in Table 1. (The first entry corresponds to toluene, and the
O'H (—2.4 kcal/mol) and a newisNt!O2-0O?H (1.5 kcal/mol) ~ second, to acetonitrile solvent.)
complex. Because the latter isomer is enantiomerashC Interestingly, protonation of theisON and cisNO com-

O'H but has the diimine bridge id+configuration, the change  plexes at the peroxo oxyger®@roduces newransG-O°H

in configuration of the diimine bridge frorhto 6 for cisNO andtransCG-0°HO? complexes with the-4.2 and—6.0 kcal/

mol relative energies, respectively. On the other hand,

(43) The C-0 bond cleavage in the protonated cis acylperoxo complexes protonation of the ®in trans acylperoxo complex generates
is expected to be similar to that in corresponding unprotonated cis the transG-OHO? isomer with —1.7 kcal/mol relative

complexes? although with the reduced efficiency due to increased ) .
triplet—quintet energy gap (as discussed above). energy. Comparing the energy differences betwegmsC-
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Table 1. Relative and Binding Energies (in kcal/mol) for Protonated Acylperoxo Compiexes

Khavrutskii et al.

relative energy

complex state I=none L= NHs L =HCO,

transCG-O3HO®-L A 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0)

A 29.8 10.4 115
transCG*-0O3HO?-L 5A —-1.7(=2.1,-2.3) -1.8 does not exist

A 11.8 11.7
transCG-O*HO?L 5A —6.0 (—5.8,—4.4) —4.5(-4.9,-5.1) —6.2 (—5.6,—5.8)
transC-03HO®-L 5A 0.0 (-0.8,—0.9) 1.2 0.1
transC-O°H-L 5A —4.2 -25 0.9
transCP-OH-LP 5A —2.4(-3.7,—4.4) 13.9
cisNO-OH-L A 12.7
transCG-0O2H-L¢ 5A 1.5(1.1,0.3) 14.7
CisNO-O?H-L SA 6.1(6.4,7.0)
CiSON-OH-L SA 1.4 (-0.5,—1.6)
CiSON-O?H-L SA 3.2(2.6,3.3)

binding energy:{i:j}4
complex state [ML}-RCGsH {1:0} [ML] —RCGsH {1:0} [MR]—L {1:0} [ML] —RCG;H {0:0} [MR]—L {1:—1}
transCG-O3HO®-L 5A 16.9(9.3,-0.1) 11.6 (6.4,0.3) 21.3(19.6, 16.2) 8.2(5.1,1.5) 114.7 (58.2, 19.2)

transG-03HO2-L 5A
trans-0O3HO®-L 5A
transC-0O3HO?-L 5A

18.6 (11.4, 2.2)
16.9 (10.0, 0.8)

22.9(15.1, 4.3) 16.0 (11.3, 5.4) 19.7 (18.8, 16.9) 14.0 (10.7,7.3) 114.4 (58.0, 20.6)

aThe first and second numbers in parentheses are the relative or binding energies in toluene and acetonitrile solvents, respectivelyof@r L
btransCG-O'H converged tacisNO-OH. ¢ transG-0?H converged tocisNO?-0%H. 91n {i:j} thei andj show the total charge of the first and second
dissociation fragments, respectively.

O*HO? and transC-0O°HO® and also betweetransCG-O3- Therefore, the ground state of the protonateahsXi
HO? and transCG-O°HO® shows that destroying the intra- complexes remains to be the quintet state. For example the
peracid G-H---O® hydrogen bond and creating the peraeid  triplet—quintet energy gap intransG-O°HO®-L isomer
Salen G-H---0? hydrogen bond is 6.0 and 1.7 kcal/mol reduces from 29.8 kcal/mol for & none to 10.4 and 11.5
favorable, fortrans® andtransC species, respectively. kcal/mol for L = NH3; and HCQ™, respectively. Note that
The lowest energy triplet state of trans complexes is 29.8 the difference in stabilization of the triplet state by Nahd
kcal/mol higher than the quintet state. Even in the cis HCO, predicted by B3LYP is in agreement with the
complexes, where the triplet state is expected to be closerspectrochemical order of the two ligartdsThe relatively
to the ground staté?°3'the triplet-quintet energy gap is  small triplet-quintet energy gap in protonated acylperoxo
significant. Specifically, for thecisNG-O'H isomer the complexes with L= NH3 and HCQ~ suggests that the triplet
triplet—quintet gap is 15.1 kcal/mol, a substantial increase state should also be considered when studying th&®ond
from the 9.7 kcal/mol gap in the unprotonateisNO activation in these complexes.
isomer?® Therefore, the ground state of the protonated Stability of the Protonated ComplexesThe stability of
acylperoxo complexes with & none is the quintet state. the protonated acylperoxo complexes with respect to dis-
L = NHz and HCO, . Because axial ligand L precludes sociation in solution has been assessed on the basis of
isomerization of the trans acylperoxo complexes into cis computed binding energies between'\8alenL catalyst and
isomers, only six protonated acylperoxo complexes, namely peracetic acid ((ML}-RCGO;H), and also between the Mn
transCG-O°HOP-L, transCG-OHO?-L, transCG-O°*HOP-L, tran- SalenRCGH and L ([MR]—L), which are summarized in
sCP-O*HO?L, transG-O'H-L, andtransCG-O?H-L have been  the bottom of Table 1. There for clarity we indicated the
identified. Similar to the L= none case, the quintet state actual charges of the two dissociation fragments in the brace
trans-O°HO?-L isomer is found to have the lowest energy {i:j}, with i being the charge of the bracket fragment. As
in the presence of the axial ligands. Relative to the complex seen from the Table 1, the binding energies of neutral RO
transCG-O%HO?®-L, the energies of thdransCG-OHO?L to Mn"SalenL catalyst rapidly decrease with increasing
complex are-4.5 and—6.2 kcal/mol for L= NHz and L= solvent polarity, suggesting that the [MERCO;H complex
HCO,™, respectively, as shown in Table 1. For= NH; is likely to dissociate in polar solvents. Although binding
the relative energy of the reactitensG-O*HO?-L complex energies of L follow the same trend, they remain relatively
is —1.8 kcal/mol, while for L= HCO,™ this complex does  large even in the acetonitrile.
not exist. The energies of the isomé&ansG-O'H and -GH B. O—0O Bond Cleavage in [(Salen)MH' (RCOzH)L]
are 13.9 and 14.7 kcal/mol, respectively for=£ NHs, Acylperoxo Complexes.The following part describes the
indicating that protonation of the Salen oxygen atoms O O—O bond cleavage in theansCG-O°HO®-L and transC-
and G in the specified configuration is strongly unfavorable. O°HO?-L with L = none, NH, and HCQ, in which peracid
Axial ligand coordination substantially reduces the triplet  is coordinated to the metal via protonated peroxo oxygen
quintet energy gap in the protonated acylperoxo complexes.
Nevertheless, the triplet state complexes are still higher in
energy than the corresponding quintet state complexes.

(44) Shimura, Y.; Tsuchida, Bull. Chem. Soc. Jpri955 29, 311-316.
Piguemal, J.-P.; Williams-Hubbard, B.; Fey, N.; Deeth, R. J.; Gresh,
N.; Giessner-Prettre, d. Comput. Chen2003 24, 1963-1970.
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Acylperoxo Complexes of [(Salen)MhL]

Figure 2. Schematic representation of the pathways | and Il for th&ddbond cleavage in Mh—transG-O°HO-L. The scheme does not reflect changes
in the spin states along the reaction pathways (see text for details).

0O3. The O-0 bond cleavage in the cis acylperoxo complexes already identified théransCG-OHO?-L isomers as the most
protonated at Salen oxygen atomsd®O? should be similar ~ thermodynamically stable. Relative to these isomers the
to that in corresponding unprotonated compleRétowever, energies of the reactiveansCG-O°HO®-L complexes in the
the protonation of the Salen oxygens increases the triplet quintet state are 6.0, 4.5, and 6.2 kcal/mol for=Lnone,
quintet energy gap in the cis complexes, rendering them lessNHs;, and HCQ™, respectively. The relative energy of the
efficient in the G-O bond cleavag. For this reason we  other reactive isomeransG-O°HO?L is 4.3 and 2.7 kcal/

do not consider the ©0 bond cleavage in the protonated mol, for L = none and NH

cis complexes. O—0 Bond Cleavage in thetransCG*-O3HO5-L Acyl-

The O-0O bond cleavage in the protonatécnsC-L peroxo Complex. Quintet Pathway |.As seen from Table
complexes follows two new pathways. Figure 2 illustrates 2 and Figure 3, the energies of the quintet state hydrogen
the simplified mechanism for the representatieasCG-0O3- transfer transition state TS1 are 9.3, 11.6, and 15.8 kcal/
HO®-L case. mol, whereas those of the TS1S are 16.0, 14.4, and 11.5

The pathway | starts with hydrogen transfer from 0 kcal/mol, for L = none, NH, and HCQ™, respectively.
either carbonyl ® or Salen @ oxygen atoms via the Clearly in the absence of the axial ligand, it is easier to shuttle
transition state TS1 or TS1S, respectively. Interestingly, both a proton to the carbonyl oxygerP@an to the Salen oxygen
hydrogen transfers produce the same intermediate P1, fromO?, but this can be reversed by the axial ligand. Interestingly,
which concerted heterolytic-©0 bond cleavage coupled to  once the proton is transferred to the carbonyb®ygen via
hydrogen transfer from o OP via the transition state TS3  TS1, we find that the peracid spontaneously (exothermically
completes the pathway |. The pathway I, on the other hand, without barrier) rotates and then shuttles its hydrogen from
starts with pure GO bond cleavage via the transition state O° to the G, giving the intermediate P1, which is identical
TS2, followed by hydrogen abstraction from® @y O° with the intermediate obtained by the direct proton transfer
oxygen to generate carboxylic acid. Depending on the axial to the Salen oxygen Qvia TS1S. The relative energies of
ligand and the spin state of the complex, the latter step hasthe intermediate P1 arel.2, 0.7, and-1.7 kcal/mol with
no or very small barrier at TS4. Note that the-O bond respect to the starting acylperoxo complettaasG-OHO>-
cleavage in acylperoxo complexes can also proddee L, for L = none, NH, and HCQ~. Formally, the intermedi-
oxides?®2°Generally, such cleavage only occurs in the high- ate P1 can be consideredteensG-OHO®-L isomer of the
spin (quintet) complexes and is more likely ais- than protonated acylperoxo complex. Note that direct protonation
transC-L acylperoxo complexe¥:2°However, this pathway  of the G in the transCG-L complex producesransG-O'H
still requires high activation energy and is not considered isomer, which is 13.2 kcal/mol higher in energy than P1 for
here. L = NH; case. From the intermediate P1 the-O bond

Because several geometric isomers of the protonatedcan heterolytically cleave via the concerted TS3 with barriers
acylperoxo complexes presumably coexist in equilibrium, it of 15.6, 13.4, and 15.9 kcal/mol calculated from P1 forL
is important to know the relative energies of the isomers none, NH, and HCQ™, respectively. The final product P3
capable of the @0 bond cleavage, with respect to the most is [(Salen)MY(O)L] hydrogen-bonded to RC@. In this
thermodynamically stable unreactive isomer. In part A, we complex, for L= none, RC@H is hydrogen-bonded to the
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Table 2. Relative Energie& (in kcal/mol) of Transition States and

Intermediates for ©0O Bond Cleavage Pathways | and Il in Protonated

Acylperoxo ComplexesransG-OHO®-L and transG-0OHO2-L

species state E none L= NH3 L =HCO,
trang03-0O3HO®-L SA 0.0 0.0 0.0
TS1 SA 9.3 11.6 15.8
3A 19.6 24.1
TS1S SA 16.0 14.4 11.5
3A 21.4 18.5
P1 SA —-1.2 0.7 =17
3A 2.0 1.0
TS3 SA 14.4 14.1 14.2
3A 6.6 6.3
P3 SA —-1.4 =17 -9.1
3A —-0.1 —-5.3
TS2 SA 13.6 11.1 9.1
3A 16.0 16.1
P2 SA 4.6 —2.2
3A 3.8 -3.3
TS4 SA 4.6 no barrier —1.1
3A 4.8 —-2.0
P4 SA -1.4 —7.4 —-13.4
3A —-4.9 —11.7
trangd3-0°HO%-L  SA  —1.7 -1.8 does not exist
TS1S SA 11.7
3A 21.0
P1 3A 15.9
TS2 SA 12.4 8.8
3A 17.0
P2 SA 11.3 4.2
3A 4.5
TS21 SA 11.2
P2I SA —-4.5
Al2 198.0 182.8 111.2
(98.5,29.5) (81.7,9.5) (44.9,3.6)
A22 17.6 11.0 6.9
(13.3,10.3) (5.5,—0.1) (4.0, 1.5)

Khavrutskii et al.

triplet P3— quintet P3. The structure of the final triplet
product P3 is similar to the quintet P3 and has [(SalerYiMn
(O)L] and RCQH associated by an® 0! hydrogen bond.
The relative energy of the triplet P34s0.1 and—5.3 kcal/
mol, for L = NH3; and HCQ~. From spin density analysis
(see Supporting Information) the [(Salen)¥®)L] fragment

has been found to correspond to a broken-symmetry triplet
state with threeo. unpaired electrons on Mn and oite
electron on the ®atoms.

Quintet Pathway Il. As seen from Table 2 and Figure 3,
the barrier for initial G-O bond cleavage TS2 is 13.6, 11.1,
and 9.1 kcal/mol, for L= none, NH, and HCQ, respec-
tively. In the L = NH; case, the @O bond cleavage is
followed by spontaneous hydrogen abstraction frofrb®
O* oxygen to form product P4 species, comprising [(Salen)-
MnV(O)L] and RCQH. However, in the case of & none
and HCQ™ the O-0 bond cleavage results in an intermedi-
ate chameleon species P2, which can formally be described
as either associated [(Salen)M{©OH)L] and RCQ radical
or [(Salen)MY(OH)L] and RCQ~ anion. The relative
energies of the chameleon intermediate are 4.6-¢hd kcal/
mol for L = none and HC@, respectively. The chameleon
nature of the product P2 will be discussed in more detail
later. The barrier for the secondary hydrogen abstraction via
TS4 from the chameleon intermediate P2 is negligiki@.05
kcal/mol) for L = none and only 1.1 kcal/mol for I=
HCO,™, respectively. This suggests that chameleon inter-
mediate is likely to have very short lifetime. The final product
of the pathway II-P4 differs from the final product of the

aThe first and second numbers in parentheses are the relative energiepathway 1-P3 only in the hydrogen bond pattern. In particular,
in toluene and acetonitrile solvents, respectively.

MnQO? group, whereas, for = NHz and HCQ~, RCOH

hydrogen-bonds to the Salert @nd aligns in the plane with

in the product P4 with L= none, NH, and HCQ™ the
RCO,H molecule is hydrogen bonded to the Mh@oiety.
The relative energies of the P4 are lower than those of P3

the Salen phenyl rings (not shown). The relative energy of and are-7.4, and—13.4 kcal/mol, for L= NHz and HCQ™,
the hydrogen-bonded P3 is1.4,—1.7, and—9.1 kcal/mol

for L = none, NH, and HCQ, respectively.

Triplet Pathway |. On the basis of the tripletquintet
energy gap, the ©0 bond cleavage in the triplet state is energy for the G-O bond cleavage TS2 is higher than in
considered only for complexes with£ NH3; and HCQ™.
In the triplet state the activation energies for the first steps and HCQ™, respectively. In contrast to the quintet state the
TS1 and TS1S are substantially higher than in the quintet triplet state intermediate P2 is formed in botlhH.NH; and
state. For instance, the relative energies of the triplet TS1HCO,™ cases and has 3.8 are.3 kcal/mol relative energy,
are 19.6 and 24.1 kcal/mol and of TS1S are 21.4 and 18.5respectively. The relative energies of the hydrogen abstrac-

kcal/mol for L= NH3; and HCQ", respectively. Neverthe-

respectively. Therefore, the®B@0? hydrogen bond in P4 is
stronger than the ®IO! bond in P3.
Triplet Pathway IlI. In the triplet state the activation

the quintet state and is 16.0 and 16.1 kcal/mol for INH;

tion TS4 in the triplet state are 4.8 and..1 kcal/mol, for L

less, the energy of the triplet intermediate P1 is close to the= NH; and HCQ™, respectively. At least for I= HCO,~
quintet state P1, namely 2.0 and 1.0 kcal/mol forINH3
and HCQ. Moreover, the relative energies of the subse- are lower in energy than corresponding quintet species.
quent G-O bond cleavage TS3 on the triplet state are Therefore, triplet pathway may interfere with the quintet
substantially lower than on the quintet state, the situation pathway II.

similar to the G-O bond cleavage in the unprotonated
transCG complexes®2® For example, the energy of TS3 is

6.6 and 6.3 kcal/mol, relative to the quintetnsCG-0O*HO®-L

for L = NHz and HCQ™, respectively. Therefore, the spin

both the triplet intermediate P2 and the transition state TS4

O—0 Bond Cleavage in thetrans-G-O3HO?-L Acyl-
peroxo Complex. The following paragraphs discuss the
O—O0 bond cleavage in théransG-O3HO?-L isomer of
acylperoxo complexes (not shown in Figure 3), which is 1.7

crossover (intersystem crossing) from the quintet to triplet and 1.8 kcal/mol lower than theansCG-OHO®-L isomer
is likely to take place in the vicinity of the intermediate P1 discussed above, for & none and NH, respectively. For

(shown by wavy line in the Figure 3). The most likely route

for pathway | is quintet reactantrénsCG-OHO®-L) —
quintet TS1— quintet P1— triplet P1— triplet TS3—
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L = HCO, the peracid does not coordinate to the metal;
instead it latches to the Salen oxygen with a hydrogen bond.
In the transCG-0O*HO?L isomer the intra-peracid hydrogen



Acylperoxo Complexes of [(Salen)MhL]

Figure 3. Energy diagram for the ©0 bond cleavage in Mih—transCG-O°HO®-L in the quintet and triplet states. The solid lines depict the pathway |
profiles, whereas dashed lines depict the pathway Il profiles. The wavy lines represent the most favorable spin-state transitions.

bond is missing, and therefore, direct hydrogen transfer from [(Salen)MrY(OH)RCGQ,"] hydroxy species P2l is the final
03 to O° is no longer possible. product on the pathway IlI.

Pathway I. The hydrogen transfer step occurs differently  For the transG-OHO?*L complex with L = NH;z the
in thetransG-O°HO?-L, in particular for the L= none case.  relative energy of the quintet state-@ bond cleavage TS2
In the case of L= none, the hydrogen atom transfers to the is 8.8 kcal/mol. The product P2 is similar to the P2 with L
Salen G oxygen via TS1S accompanied by isomerization = none in the interaction between Rgénd [(Salen)MHY-
to cisNtO>-O?H complex with the diimine bridge in thé (OH)] and has relative energy of 4.2 kcal/mol. In the triplet
configuration. The relative energy of the TS1S is 11.7 kcal/ transCG-0O°HO*L complex the energy of the ©0 bond
mol and the energy of the product acylperoxo complex cleavage TS2 is high (17.0 kcal/mol); however, the energy
cisNLO?-O?H with ¢-puckered diimine bridge is the same as of the triplet product P2 is very close to the quintet P2 and
that of its enantiomecisNO-O'H described in the preceding is 4.5 kcal/mol. The final hydrogen abstraction from the O
paragraphs<2.4 kcal/mol). On the other hand fors NHs, is expected to be facile by analogy with tinensCG-O°HO®-L
the hydrogen transfer does not occur since the axial ligandcomplex.
precludes transcis isomerization and the transfer would Summary of the O—O Bond Cleavage in the Proto-
result in thetransCG-O?H-L acylperoxo complex, which has  nated Acylperoxo Complexesimportantly, both pathways
high relative energy of 14.7 kcal/mol (see above). I and Il in the end produce [(Salen)M{©O)L] and RCQH,

In the triplet stateransG-O°HO?-L with L = NHj3, the regardless of the nature of the solvent and the axial ligand
relative energy of the hydrogen transfer TS1S is 21.0 kcal/ employed. This is in sharp contrast to the-O bond
mol. The product P1 also has high relative energy of 15.9 cleavage in the trans acylperoxo complexes without the pull
kcal/mol. Therefore, the tripleransCG-0O*HO?*-L complex effect, where both reactive [(Salen)M®)L] and unreactive
should not contribute to the reaction via pathway |. [(Salen)MAY(O)L] species could be formed.

Pathway Il. The O-O bond cleavage in the isomer The contribution from the two pathways for isomer
transCG-O3HO?-L is also quite different from that in the transG-O°HO®-L depends on the relative activation energies
transCG-0O%HOP-L complex. In particular, for L= none, we of the quintet TS1 or TS1S and TS2. As seen from the Table
found two subpathways to cleave the-O bond, namely 2 and Figure 3, the energies for the lowest TS1 and TS2
with and without trans cis isomerization. The relative energy barriers with respect to the most thermodynamically stable
of the transition state for the cleavage without isomerization, trans®-O°HO?L complex are comparable and are 16.1 and
TS2, is 12.4 kcal/mol, whereas that with the isomerization, 15.6 kcal/mol for L= NH3z and 17.7 and 15.3 kcal/mol for
TS2l, is 11.2 kcal/mol. The TS2I results in tlasNO? L = HCO,, respectively.

[(Salen)MrY(OH)RCQ, ] hydroxy complex P2I, withd-puck- Note, however, that the barriers foransG-O3HO®-L

ered diimine bridge, whereas the latter generates a newisomer represent the upper bound for the@bond cleavage
complextransCG-O3HO?-L P2. The relative energies of the in the protonated complexes. For a special case of isomer
P2l and P2 are-4.5 and 11.3 kcal/mol, respectively. In the transG-O3HO?L, with L = NH3 the TS2 barrier is further
chameleon intermediate P2 fromansG-O°HO?-L unlike reduced to overall 13.3 kcal/mol. Furthermore, it is not
in P2 fromtransCG-0O*HO®-L complex, the coupling of RCO unlikely that over the reaction course the unprotonated trans
and [(Salen)MH (OH)] is through weak &--O* interaction complex can be transformed directly into P1 bypassing the
rather than through the ®0O° hydrogen bond. Therefore, TS1 by protonation of Salen’s3@xygen from the solution,
immediate hydrogen abstraction step is precluded. However,consequently reducing the overall barrier to 11.1 and 12.5
hydrogen transfer from €0 O* or O° might still be possible kcal/mol for L= NHz and HCQ, respectively. While such

after small rearrangements in theansCG-OHO®-L P2 possibility could dramatically enhance the—O bond
intermediate. In contrast, in thesN'O? hydrogen transfer  cleavage rate, it would still result in heterolysis of the O
from O to O is energetically unfavorable and thesNO? bond.
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Figure 4. Cumulative energy diagram for the-@ bond cleavage in the unprotonated acylperoxo complexes. The solid lines connect the quintet profile,
whereas dashed lines connect the triplet profile. The wavy lines represent spin-state transitions.

C. Chameleon Product P2: {[(Salen)Mn"(OH)L]- asymptote A2, [(Salen)MWOH)L] and RCQ, the charge
RCO2} vs{[(Salen)MnY(OH)L]JRCO , }. The intermediates  on the [(Salen)MIN(OH)L] fragment is the charge of L plus
of the O—-0 bond cleavage in the above-discussed pathway 1. Note that the ground state of the free [(Salenf{@H)L]
I, transC-L P2, should be chameleon in nature and may species is a triplet. The corresponding quintet state is only

be regarded as either radical p4i(Salen)Mni¥(OH)L]- 4.6, 0.7, and 0.2 kcal/mol higher than the triplet state for L
RCQ,} or ion pair{[(Salen)MrY(OH)L]RCO,}. The duality = none, NH, and HCQ™, respectively, whereas the singlet
of the intermediate P2 is indicated in the analysis of Mulliken states are substantially higher in energy. The ground state
spin densities on the Mn, Q0% and G atoms. of [(Salen)MnV(OH)L] is a quartet, with doublet states lying

In the case of L= none, the spin densities tfansC- more than 17 kcal/mol higher.

OHO® P2 are 2.85, 0.07, 0.63, and 0.45, whereas those of Because the heterolytic asymptote implies substantial
transCG-O%HO? P2 are 3.01, 0.06, 0.87, and 0.00 for Mn, charge separation, its relative energy should strongly depend
03, 04 and G atoms, respectively. These clearly suggest on the charge screening by the employed solvent. On the
that both P2's comprise [(Salen)M(OH)] and RCQ other hand, for the homolytic asymptote no charge separation
radical. In the case ofransCG-0O°HO®, the RCQ radical occurs because the RG@agment is neutral and solvent
attaches to the [(Salen)M{OH)] complex through the & effect should be less important. Indeed in the case ef L
H---O° hydrogen bond, whereas in theansG-0OHO? none, the energies of the heterolytic A1 and homolytic A2
complex the RC@and [(Salen)MI (OH)] are connected by  asymptotes are 198.0 and 17.6 kcal/mol in the gas phase,
a weak G---O*interaction. Because of the difference in the 98.5 and 13.3 kcal/mol in toluene, and 29.5 and 10.3 kcal/
interaction between the fragments, the unpaired electron ofmol in acetonitrile. Similarly, for L= NH3 the A1 and A2
RCQ; in transG-O°HO® P2 is delocalized between thet O  change from 182.8 and 11.0 kcal/mol in the gas phase to
and G atoms, whereas in theansG-0°HO? P2 the unpaired  81.7 and 5.5 kcal/mol in apolar toluene and finally to 9.5
electron is localized on © and—0.1 kcal/mol in polar acetonitrile. When the charge of
In the case of anionic axial ligand £ HCO,, the spin the [(Salen)MM(OH)L] fragment is reduced, such as in the
densities intransCG-0O°HO®-L P2 are 2.78, 0.41, 0.57, and case L= HCO,, the asymptotes Al and A2 change from
0.00 on Mn, G, O and O, respectively. Although the 111.2 and 6.9 kcal/mol to 44.9 and 4.0 kcal/mol in toluene
radical is coupled to the [(Salen)MGOH)HCQO, ] complex and to 3.6 and 1.5 kcal/mol in acetonitrile. Because polar
through G-H---O® hydrogen bond, the electron density on acetonitrile substantially stabilizes the heterolytic asymptote
the RCQ radical is substantially reduced, whereas the spin Al, the dual or chameleon nature of the intermediate P2
density is substantially increased or. @his suggests that  should be the most prominent in polar solvents.
negatively charged axial ligand helps to develop more ionic  D. Comparison of the Pull and Push Effects on the
character in P2, increasing the contribution from the [(Salen)- O—0O Bond Cleavage.To highlight the influence of the pull
MnY(OH)L] and RCQ ion pair. Therefore, the nature of effect on the mechanism and energetics of theGDbond
the P2 complex is indeed chameleon and depends on thecleavage, we compare the results in the section B with the
electrostatic interaction between the fragments. results of our previous work:2%3! Figure 4 summarizes
Further insights into the dual nature and importance of previous results on the pure—® bond cleavage without
the electrostatic interactions appear from the computedand with the axial ligands but in the absence of the pull
relative energies of the heterolytic A1 and homolytic A2 effect?8293INote that in the Figure 4 we removed the paths
dissociation asymptotes in the gas phase, toluene, andor intramolecular oxidation of the catalyst's ligand into
acetonitrile, shown in Table 2. The heterolytic asymptote correspondingN-oxide because we do not discuss these
Al refers to infinitely separated ionic fragments [(Salen)- pathways in the present pagéf®3tAlso we preserved the
MnY(OH)L] and RCQ™, where the total charge on [(Salen)- original labels in the Figure 4, noting however that original
MnV(OH)L] is the charge of L plus 2. For the homolytic P2 is a close analogue of present P3/P4 products. Unlike in
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the protonated complexes, only a single one-step pathwayphyrin Mn acylperoxo complexes in the case of electron-
connects the acylperoxo complexes with the oxo speciesrich p-methylbenzoic peraci®f. Also for Fe porphyrin
within a given spin state. Because the-O bond breaking catalyst it has been shown that the rate of decomposition of
on the triplet surface has the lowest barrier, transitions from H,O, is strongly reduced at low pH, concomitant with
quintet to triplet spin state become important for complexes increase in the yield of the oxidation prodé@¢This confirms
with a quintet ground state and large quintttplet energy that increasing acidity may be advantageous for the selectiv-
gap. Axial ligands substantially reduce the quinteiplet ity of oxidation.

energy gap in the unprotonate@nsCG*-L complexes drop-

ping the overall barriers to 10.9 and 10.6 kcal/mol forL IVV. Conclusions

NH; and HCQ™, respectively. This is similar to the second
reaction on the pathway | in the protonated acylperoxo
complexes. However, in sharp contrast with the protonated

complexes for théransCG-L isomer, the final produdrans | - :
oxo species P2 are chameleon in nafifa. (RCGsH)L] and [(SalenH)MH (RCOs)L] have been identi-

As we indicated in section B. several scenarios are possibleﬁed computationally under acidic conditions. Protonation has
for the O-O bond heterolysis in the protonated acylperoxo P€en found to substantially increase the triplgintet
complexes, occurring within the range of the overall activa- €N€rdy gap in the acylperoxo complexes, securing the high-
tion energies of 11:415.6 kcal/mol for L= NHz and 12.5- spin quintet ground state of the acylperoxo complexes.
15.3 for L= HCO, and possibly involving multiple spin ~ Interestingly, the unreactiieans-{(Salen)Mr'(RCO;H)L]

transitions. Taking into account the expected error of the COMplexes where peracid is coordinated to the metal via
B3LYP method of 3-5 kcal/mol?s we cannot definitively carbonyl oxygen are thermodynamically the most stable

state which G-O bond cleavage mechanism would be the @Mong the protonated complexes. Nevertheless, th& O
most favorable. In the worst case the-O bond cleavage bond cleavage is possible in the less stable reactive isomers

under the pull effect would be kinetically less favorable than With peracids coordinated via peroxo oxygen. In contrast to
the O-O bond cleavage in the unprotonated complexes, (e unprotonated complexes the-O bond cleavage in the
There is also a possibility that the two mechanisms would Protonated complexes proceeds via two distinct multistep

have comparable reaction rates. In any case the ratio of theP@thways. Mostimportantly, protonation brings an important
O—0 bond cleavages in the protonated versus unprotonatedlu@litative change to the reaction mechanistrensures the

complexes could be manipulated by changing the acidity of OO bond heterolysis, in sharp contrast to mixed homolysis/
the system. As such in principle a selected mechanism cannéterolysis in the unprotonated complexes. Thus, acidity

be shut off completely. The pull effect is beneficial because Provides means for regulating the mode of the@bond
it introduces crucial qualitative change into the mechanism; cléavage, allowing in principle to shut off the unwanted @

it ensures heterolysis of the-a bond. Consequently, the bond homolysis of the unprotonated complexes complgtely.
pull effect guarantees formation of the desired [(SaletyMn  Although the pull effect ensures the-@ bond heterolysis
(O)L] and prevents formation of unwanted [(Salenjk4n ~ @nd consequently formation of the desired [(Salerji@)L]
(O)L] species. In practice, however, in acidic conditions the species in acidic conditions, within certainty of the compu-
axial ligands may become protonated, forcing the@bond tational method and model system it may also retard the
cleavage to proceed according to the casetone mediated O_—O bond_ cleavage rate. This figzding is excellent agreement
by cis acylperoxo complexes, and therefore, a careful choiceWith experimental observatior:
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Finally, we note that the decrease in the-O bond important bond lengths for selected species, Table 2S, a summary
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The conclusions from this study of the pull effect on the
O—0 bond cleavage in the KJK system are as follows:

A variety of cis and trans complexes of [(Salen)Mn
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