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ABSTRACT: We report the oxidation of cyclic olefins, such as
cyclohexene, cyclohexene-d;y, and cyclooctene, by mononuclear
nonheme manganese(IV)-oxo (Mn"0) and triflic acid (HOTY)-
bound Mn"O complexes. In the oxidation of cyclohexene, the
Mn"™O complexes prefer the C—H bond activation to the C=C
double bond epoxidation, whereas the C=C double bond
epoxidation becomes a preferred reaction pathway in the
cyclohexene oxidation by HOTf-bound Mn"O complexes. In
contrast, the oxidation of cyclohexene-d;, and cyclooctene by the
Mn"O complexes occurs predominantly via the C=C double
bond epoxidation. This conclusion is drawn from the product
analysis and kinetic studies of the olefin oxidation reactions, such
as the epoxide versus allylic oxidation products, the formation of Mn(II) versus Mn(III) products, and the kinetic analyses.
Overall, the experimental results suggest that the energy barrier of the C=C double bond epoxidation is very close to that of the
allylic C—H bond activation in the oxidation of cyclic olefins by high-valent metal-oxo complexes. Thus, the preference of the
reaction pathways is subject to changes upon small manipulation of the reaction environments, such as the supporting ligands
and metal ions in metal-oxo species, the presence of HOTf (i.e, HOTf-bound Mn" O species), and the allylic C—H(D) bond
dissociation energies of olefins. This is confirmed by DFT calculations in the oxidation of cyclohexene and cyclooctene, which
show multiple pathways with similar rate-limiting energy barriers and depending on the allylic C—H bond dissociation energies.

In addition, the possibility of excited state reactivity in the current system is confirmed for epoxidation reactions.

B INTRODUCTION

High-valent metal-oxo (MO) species are highly reactive
intermediates involved in the oxidation of organic substrates
by heme and nonheme enzymes and their model com-
pounds."” In biomimetic studies, a number of mononuclear
nonheme FeO and MnO complexes have been synthesized and
characterized recently, and their reactivities have been
investigated in various oxidation reactions, including C—H
bond activation, oxygen atom transfer (OAT), and electron-
transfer (ET) reactions.' In those studies, it has been shown
that the reactivities and mechanisms of the MO species in
oxidation reactions are influenced significantly by several
factors, such as the supporting and axial ligands of the MO
complexes, the spin states of the metal ions, and the binding of
redox-inactive metal ions and protons to the MO moiety.”
Especially, we have demonstrated that the binding of redox-
inactive metal ions and protons by the mononuclear nonheme
FeO and MnO complexes shifts their oxidation potentials
positively, resulting in the significant increase of their oxidizing
power and reactivities in OAT and ET reactions.””*

The chemoselectivity of C—H hydroxylation versus C=C
epoxidation has been discussed in the oxidation of olefins by
cytochromes P450, synthetic metalloporphyrins, and their high-
valent MO models under catalytic and stoichiometric reaction
conditions; the change of the chemoselectivity has been

-4 ACS Publications  © 2016 American Chemical Society

proposed with the involvement of different reactive species
(e.g, high-valent Fe'YO porphyrin z-cation radical versus
(Porp)Fe"—OOH), temperature effects, electron-donating
ability of axial ligands and/or electron-richness of porphyrin
ligands.”™® In some studies, cyclohexene has been used as a
substrate probe for the determination of MO properties toward
a hydrogen atom (H atom) abstraction from allylic C—H
bonds or an OAT to the C=C double bond (Scheme 1A).%”’
By analyzing products formed in the cyclohexene oxidation
reactions (e.g, cyclohexene oxide from C=C epoxidation
versus cyclohexenol and cyclohexenone from C—H bond
activation), reaction mechanism(s) toward the C—H bond
activation versus C=C double bond epoxidation by MO
complexes (or any other metal—oxygen species) has been
proposed.”™® Very recently, we have shown that mononuclear
nonheme MO (M = Fe and Ru) complexes prefer the C—H
bond activation to the C=C double bond epoxidation in the
oxidation of cyclohexene, giving allylic oxidation products
exclusively (Scheme 1A, reaction pathway b).' Interestingly,
when cyclohexene was replaced by deuterated cyclohexene
(cyclohexene-d,,), the C=C double bond epoxidation became
viable, albeit not dominant, with an overall slow reaction rate
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Scheme 1. Reactions Showing (a) C=C Double Bond
Epoxidation and (b) C—H(D) Bond Activation by MV O
Species (A). Schematic Drawings of [Mn" (0)(N4Py)]**
(B), [Mn"(0)(Bn-TPEN)]** (C), [Mn"(0)(N4Py)]**~
(HOTY), (D), and [Mn"(0)(Bn-TPEN)]*—(HOTY), (E)
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(Scheme 1A, reaction pathway a) and a minor epoxidation
product yield. These results led us to propose that the change
of reaction mechanisms (i.e.,, the preference of C—H bond
activation versus the C=C double bond epoxidation) depends
on the allylic C—H(D) bond dissociation energies (BDE) of
the olefin substrates and that the C—H bond activation of
cyclohexene by the MO complexes may include tunneling.'”""

Continuing on this line of research, we turned our attention
to mononuclear nonheme Mn'YO complexes that were
synthesized recently and investigated in various oxidation
reactions.' " The effects of Bronsted and Lewis acids on the
reactivities of the Mn'YO complexes have also been discussed in
the C—H bond activation, OAT, and ET reactions by
[Mn"(O)(N4Py)]** (N4Py = N,N-bis(2-pyridylmethyl)-N-
bis(2-pyridyl)methylamine), [Mn'"'(O)(Bn-TPEN)]** (Bn-
TPEN = N-benzyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-diamino-
ethane), and their HOTf-bound Mn"VO complexes (see
structures of B—E in Scheme 1).* However, the oxidation of
olefins by nonheme MnO complexes has never been
investigated previously. Moreover, the effect of Brensted acid
on the chemoselectivity in the oxidation of cyclic olefins by
metal-oxo (MO) complexes, including Mn"VO complexes, has
never been explored in both heme and nonheme systems. We
therefore attempted the olefin oxidation reactions with the
spectroscopically well-characterized Mn' O comiplexes,
[MnV(O)(N4Py)]** and [Mn'(O)(Bn-TPEN)]*,”> and
their HOTf-bound MnVO complexes.4 Herein, we report for
the first time that nonheme Mn" O complexes prefer the C—H
bond activation over the C=C double bond epoxidation in the
oxidation of cyclohexene (Scheme 1, reaction pathway b by B
and C). We also report that the chemoselectivity on the C—H
bond activation versus the C=C double bond epoxidation
changes when the oxidation of cyclohexene by the Mn'VO
complexes is carried out in the presence of HOTf (i.e., by
HOTfbound Mn™O complexes); the C=C double bond
epoxidation becomes a dominant pathway (Scheme 1, reaction
pathway a by D and E). Moreover, we show that the oxidation
of cyclohexene-d;, and cyclooctene by the Mn'YO complexes
occurs mainly via the C=C double bond epoxidation under
any reaction conditions (Scheme 1, reaction pathway a),
demonstrating that the allylic C—H bond strength and
tunneling are determining factors for the chemoselectivity in
the oxidation of cyclic olefins. Extensive theoretical calculations

were also performed to gain further understanding into the
reaction mechanisms of the current systems, such as the
oxidation of cyclohexene and cyclooctene by nonheme Mn'O
complexes. The present results provide valuable mechanistic
insights into the oxidation of cyclic olefins by mononuclear
nonheme Mn'YO complexes.

B RESULTS AND DISCUSSION

Chemoselectivity in the Oxidation of Cyclohexene by
Nonheme Mn"(0O) Complexes. The oxidation of olefins by
[Mn'V(O)(N4Py)]** (1) and [Mn"V(O)(Bn-TPEN)]** (2) was
investigated using cyclohexene as a substrate probe, to gauge
the chemoselectivity on the C—H bond activation versus the
C=C double bond epoxidation in CF;CH,0H—CH,CN (v/v
= 1:1) at 25 °C. Upon addition of cyclohexene to a solution of
1, the absorption band at 940 nm due to 1 disappeared obeying
a first-order kinetics (Figure la; see also Supporting
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Figure 1. (a) UV—vis spectral changes observed in the reaction of 1
(0.50 mM, red line) and cyclohexene (0.20 M) in CF;CH,0OH—
CH,CN (v/v = 1:1) at 25 °C. Inset shows the time course monitored
at 940 nm. (b) Plots of the first-order rate constant, k, (s™'), against
the concentration of cyclohexene (black for 1 and blue for 2) and
cyclohexene-d,, (red for 1 and pink for 2) to determine second-order
rate constants, k, (M™' s7') in the oxidation of cyclohexene and
cyclohexene-d, by 1 and 2 in CF;CH,OH—CH,CN (v/v = 1:1) at
25 °C.

Information (SI), Figure S1 for the characterization of
Mn"(N4Py) species as a product).'” Pseudo-first-order rate
constants increased linearly with an increase in the cyclohexene
concentration (Figure 1b, black line), giving a second-order rate
constant of 4.1 X 1072 M™' s7' at 25 °C (Table 1).
Interestingly, when cyclohexene was replaced by cyclohexene-
dyo 1 decayed slowly, and the second-order rate constant was
determined to be 4.4 X 107> M~ s™" at 25 °C (Figure 1b, red
line; Table 1). The rate of the cyclohexene-d;, oxidation was
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Table 1. Second-Order Rate Constants Obtained in the Oxidation of Cyclohexene, Cyclohexene-d,;, and Cyclooctene by 1, 2,
1—-(HOTY),-, and 2—(HOTY), in CF;CH,O0H—CH;CN (v/v = 1:1) at 25 °C

ky, M7t s
substrate 1 1-(HOTY), 2—(HOTY),
cyclohexene 41(2) x 1072 1.4(1) x 107" 45(2) x 1073 42(2) x 1072
cyclohexene-d,, 44(2) x 1073 43(2) x 1072 4.5(2) x 1073 42(2) x 1072
cyclooctene 5.4(3) x 1073 32(2) x 1072 32(2) x 1072 1.1(1) x 107!

9.3(6) times slower than that of the cyclohexene oxidation
(Figure 1b). In contrast to the formation of Mn™(N4Py)
species in the cyclohexene oxidation by 1 (vide supra), we
observed the formation of Mn"(N4Py) species in the oxidation
of cyclohexene-d;, by 1 (Figure S2). Furthermore, when we
determined the activation parameters for the oxidation of
cyclohexene and cyclohexene-d,, by 1, the enthalpy values were
the same but the entropies were different (Figure S3a; see the
enthalpy (AH*) and entropy (AS*) values in the bottom of
Figure S3).

In the oxidation of cyclohexene and cyclohexene-d,, by 2, we
obtained second-order rate constants of 1.4 X 107" and 4.3 X
107> M~ s7" at 25 °C, respectively (Figure 1b, blue and pink
lines; Table 1; Figure S4 for UV—vis spectral changes), showing
that the cyclohexene-d,, oxidation was 3.3(3) times slower than
the cyclohexene oxidation. Thus, the present results indicate
that the rates of the oxidation of cyclohexene and cyclohexene-
d;o by Mn'YO complexes depend on the allylic C—H(D) BDEs
of the cyclohexene substrates. These results are in line with our
previous results obtained in the oxidation of cyclohexene and
cyclohexene-d,, by Fe"' O(N4Py) and Ru'VO(terpy)(bpm), in
which the cyclohexene-d;, oxidation was slower than the
cyclohexene oxidation w1th the rate ratios (i.e., kyp)/ky(p)) of
55 and 38, respectively.'’

We then analyzed products formed in the oxidation of
cyclohexene and cyclohexene-d;; by 1 and 2 under an Ar
atmosphere. First, in the oxidation of cyclohexene and
cyclohexene-d;, by 1 and 2, the product distributions were
different depending on the Mn'VO complexes and the
substrates. As the results are shown in Table 2, the oxidation
of cyclohexene by 1 afforded more allylic oxidation products
(ie., cyclohexenol and cyclohexenone) than epoxidation
product (ie, cyclohexene oxide). By carrying out an '*O-

Table 2. Oxidation Products of Cyclohexene and
Cyclohexene-d;, by 1 and 2“

product yield (%)
substrate
sXeNe
cyclohexene 6(3) 34(4) 6(3)
' cyclohexene-dio 86(5) 3(1) 1(1)
cyclohexene 18(3) 26(3) 8(3)
2 cyclohexene-dio 84(6) 2(1) trace

“Reactions were run with intermediates (1.0 mM) and substrates (50
mM) under an Ar atmosphere in CF;CH,OH—CH,;CN (v/v = 1:1)
at 25 °C. The product yield of “trace” is <0.5%.

labeled experiment with 1-'%0, the oxygen atom in the
oxygenated products was found to derive from the Mn"VO
complex (Scheme 2; Figure SS). In the oxidation of

Scheme 2. Products Formed in the C=C Double Bond
Epoxidation (a) and the C—H Bond Activation (b)
Reactions by Mn"Y—O Complexes

C=C epoxidation .

C-H activation
b 180H 180
[Mn'i(L)]?* + O‘}o [Mn"(L)3 + @ + ij

cyclohexene by 2, the amount of the cyclohexene oxide
product was increased with the decrease of the cyclohexenol
product, compared to the result obtained in the cyclohexene
oxidation by 1 (Table 2). In contrast, the oxidation of
cyclohexene-d;, by 1 and 2 vyielded cyclohexene oxide
predominantly (Table 2).

In the studies of Fe''O(N4Py) and Ru'VO(terpy)(bpm), we
have shown that the cyclohexene oxidation occurs exclusively
via the C—H bond activation (Scheme 1A, pathway b),
whereas the C=C double bond epoxidation is a viable pathway
in the cyclohexene-d;, oxidation (Scheme 1A, pathway a),
alongside the C—H bond activation.'” In the present case, the
formation of the epoxide product is viable already with
cyclohexene, but becomes totally dominant with cyclohexene-
dyo- It should be noted that, in the oxidation of cyclohexene and
cyclohexene-d;;, by 1 and 2, the product distributions were
quite consistent with their rate ratios (kyp)/kyp) values) of
9.3(6) for 1 and 3.3(3) for 2, as the yield of cyclohexene oxide
increased with the decrease of the rate ratio. On the basis of the
results discussed above, we propose that the energy barriers of
the C=C epoxidation and the C—H bond activation reactions
by 1 and 2 are similar enough to produce both products on a
sliding scale (vide infra). We also propose that the ratios of the
reaction rates in the oxidation of cyclohexene versus cyclo-
hexene-d,, by nonheme MO complexes vary depending on
the metal ions and the supporting ligands in metal catalysts,
such as 9.3 for 1, 3.3 for 2, 55 for FeVO(N4Py),' and 38 for
RuVO(terpy) (bpm) 10

Chemoselectivity in the Oxidation of Cyclohexene by
HOTf-Bound MnVO Complexes. The oxidation of cyclo-
hexene and cyclohexene-d;, by HOTf-bound Mn'v O species,
1—(HOTY), and 2—(HOTY), (see the schematic drawing of 1—
(HOTY), and 2—(HOTY), in Scheme 1, parts (D) and (E),
respectively), was investigated. The protonated 1—(HOTY),
and 2—(HOTf), complexes were prepared by literature
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methods.** Upon addition of cyclohexene and cyclohexene-d;
to the solution of 1—(HOTY),, the absorption band at S50 nm
due to 1—(HOTY), disappeared with the first-order decay
profile (Figure 2a),"* resulting in the formation of Mn(II)
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Figure 2. (a) UV—vis spectral changes observed in the reaction of 1—
(HOTf), (0.50 mM, red line) and cyclohexene (020 M) in
CF,CH,OH—CH,CN (v/v = 1:1) at 25 °C. Inset shows the time
course monitored at 550 nm. (b) Plots of the first-order rate constant,
kops (s7'), against the concentration of cyclohexene-h, (black) and
cyclohexene-d,, (red) to determine second-order rate constants, k,
(M™'s71), in the oxidation of cyclohexene-h,, and cyclohexene-d,, by
1-(HOTY), in CF;CH,0OH—CH,CN (v/v = 1:1) at 25 °C.

species'” (Figure S6 for the characterization of the Mn"
product). Interestingly, the second-order rate constants
determined in the oxidation of cyclohexene and cyclohexene-
dyo by 1—(HOT(), were the same within the experimental error
(Figure 2b; also see Table 2), indicating that the reaction rates
are not affected by the C—H(D) BDEs of cyclohexene and
cyclohexene-d,,. Similarly, upon addition of cyclohexene and
cyclohexene-d;, to the solution of 2—(HOTTY),, the absorption
band at 580 nm due to 2—(HOTY), disappeared with the first-
order decay profile (Figure S7a),'* and the second-order rate
constant of 4.2 X 107> M™! s7" was determined in the reactions
of cyclohexene and cyclohexene-d,, (Table 1; Figure S7b),
indicating again that the C—H(D) BDEs of cyclohexene and
cyclohexene-d;, do not affect the reaction rates. These results
are different from those observed in the oxidation of
cyclohexene and cyclohexene-d;y by 1 and 2 in the absence
of protons, in which the reaction rates were different depending
on the allylic C—H(D) BDEs of the olefin substrates (Figure
1b; also see Scheme 2). Further, when we determined the
activation parameters in the oxidation of cyclohexene and
cyclohexene-d;, by 1—(HOTf),, the enthalpy and entropy
values were also the same (Figure S3b; see the enthalpy (AHY)
and entropy (ASY) values in Figure S3). Thus, different from

the mechanisms proposed in the oxidation of cyclohexene and
cyclohexene-d,, by 1 and 2 (Scheme 2, reaction pathways a and
b), the oxidation of cyclohexene and cyclohexene-d;, by 1—
(HOTf), and 2—(HOTf), occurs only via the C=C
epoxidation pathway (Scheme 3). In addition, it is notable

Scheme 3. Preferred Reaction Pathways in the Oxidation of
Cyclohexene by Mn™VO and Protonated Mn™vO Species

H H»’\
5

[Ivllln'V(L)]2+ VS

| l

C-H activation + [Mn'(L)13+ C=C epoxidation + [Mn!l(L)12+

H H

H* H*
[Mn'V(L)]2+

that the reactions of the HOTf-bound Mn"O complexes, 1—
(HOTY), and 2—(HOTT),, were slower than those of 1 and 2
in case of the cyclohexene substrate, but nearly the same with
cyclohexene-d,, (Table 1).

Then, why are the mechanisms in the oxidation of
cyclohexene by Mn™O complexes and their HOTf-bound
MnVO complexes different (e.g, the dominant C—H
hydroxylation by 1 and the C=C epoxidation by 1—
(HOTf), in Scheme 3)? Also, why are the reaction rates in
the oxidation of cyclohexene and cyclohexene-d;, by Mn™O
complexes and their HOTf-bound Mn"VO complexes different
(e.g., the oxidation of cyclohexene by 1 (k, = 4.1 X 107> M™!
s7!) is faster than that by 1-(HOTY),) (k, = 4.5 X 107> M™*
s7!), as shown in Table 1)? As we have suggested previously, "
the binding of Bronsted acid by Mn™O species may cause a
steric hindrance that interrupts the approach of substrate to the
Mn—O moiety, resulting in the decrease of reaction rates in
the HOTf-bound Mn"O complexes, 1—(HOTf), and 2—
(HOTTY),. In addition, the reactivity toward H atom abstraction
involving 1s orbital may be more diminished due to the more
severe steric hindrance, compared to the approach of the
HOTf-bound Mn"O complexes toward the double bond
epoxidation involving 27 orbital. Therefore, the reaction
pathway is altered to the C=C epoxidation pathway in the
oxidation of cyclohexene by the HOTf-bound Mn—O moiety
in 1-(HOTf), and 2—(HOTY{), from the C—H bond
activation by the Mn—O moiety in 1 and 2 (see Scheme 3).
Because the oxidation potential of cyclohexene (2.30 V vs
SCE) ™ is significantly higher than the reduction potential of 1—
(HOT(), (1.65 V vs SCE),™ electron transfer from cyclohexene
to 1—(HOTY), is thermodynamically infeasible. In such a case,
the rate constant of epoxidation of cyclohexene-d, by 1 is not
altered by binding of HOTf to 1 (Table 1). In this section, we
have shown that the protonated Mn'YO complexes favor the
C=C double bond epxodation over the allylic C—H bond
activation in the cyclohexene oxidation reactions. The change
of the chemoselectivity in the cyclohexene oxidation was
rationalized with a steric hindrance caused by protonation of
the Mn—O moiety.

Chemoselectivity in the Oxidation of Cyclooctene by
Mn"(0) and HOTf-Bound Mn'VO Complexes. The cyclo-
octene oxidation by [Mn'(O)(N4Py)]** (1) and [Mn"™(O)
(Bn-TPEN)]** (2) was investigated to confirm the effect of the
allylic C—H BDEs of olefins on the C—H bond activation
versus the C=C double bond epoxidation, since the BDE of
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cyclooctene (85 kcal mol™) is greater than that of cyclohexene
(81 kcal mol™).'"® Upon addition of cyclooctene to the
solutions of 1 and 2, the Mn™O complexes decayed with a
pseudo-first-order decay profile (Figure S8). Pseudo-first-order
rate constants, determined by the first-order fitting of the
kinetic data for the decay of 1 and 2, increased linearly with the
increase of the cyclooctene concentration (Figure S9), giving
second-order rate constants of 5.4 X 107> M~ s™' for 1 and 3.2
X 1072 M™! s7! for 2 at 25 °C (Table 1). We also found that
cyclooctene oxide was the sole product with the yields of
91(5)% for 1 and 94(3)% for 2, indicating that the oxidation of
cyclooctene by Mn"™O complexes occurs via the C=C double
bond epoxidation (Scheme 4). When the cyclooctene oxidation

Scheme 4. Preferred Reaction Pathway in the Oxidation of
Cyclooctene by Mn™VO and HOTf-bound Mn™ O Species

H

H+ (H*

H
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C=C epoxidation + [Mnl(L)]2*

was carried out with 1-'®0, the oxygen atom in the cyclooctene
oxide product was found to derive from the Mn™O complex
(Figure S10). Further, the manganese products formed in the
oxidation of cyclooctene by 1 and 2 were determined to be
manganese (1) species, based on the EPR and ESI-MS analysis
of the reaction solutions (Figures S11 and S12). These results
demonstrate that the cyclooctene oxidation by 1 and 2 occurs
only via the C=C double bond epoxidation to give the epoxide
and Mn" products (Scheme 4), which is different from the
oxidation of cyclohexene by the Mn'YO complexes (Scheme 3).

The oxidation of cyclooctene by the HOTf-bound Mn"VO
complexes, 1—(HOTTY), and 2—(HOTT),, was also investigated.
Upon addition of cyclooctene to the solutions of 1—(HOTf),
and 2—(HOTY), the HOTf-bound Mn"YO complexes dis-
appeared with the first-order decay profile (Figure S13),"*
affording the formation of Mn(II) species (Figure S14 for the
analysis of the Mn" products). In these reactions, cyclooctene
oxide was the product with the yields of 95(4)% for 1—
(HOTf), and 96(4)% for 2—(HOTY),, indicating that the
oxidation of cyclooctene by the HOTf-bound Mn'VO
complexes occurs via the C=C double bond epoxidation
(Scheme 4). The second-order rate constants were determined
to be 3.2 X 1072 M~! 57! for 1—-(HOTY), and 1.1 X 107 M™*
s for 2—(HOT(), at 25 °C (Table 1; Figure S15). It is of
interest to note that the rates of the cyclooctene oxidation
increased by protonating the Mn—O moiety, which is different
from the case of the cyclohexene oxidation by 1—(HOTY), and
2—(HOTf), (vide supra). For example, the rates of 1—
(HOTY), and 2—(HOTT), were ~10 times slower than those of
1 and 2 in the cyclohexene oxidation, whereas the rates of 1—
(HOTY), and 2—(HOTTf), were ~5 times faster than those of 1
and 2 in the cyclooctene oxidation (see Table 1). We
rationalize the increase of the reaction rates in the oxidation
of cyclooctene by the HOTf-bound Mn"VO complexes by the
involvement of ET in the cyclooctene epoxidation reaction due
to the lower ionization potential of cyclooctene (8.98 eV) as
compared with that of cyclohexene (9.12 eV)."” In contrast to

the oxidation of cyclohexene by the HOTfbound Mn'O
complexes, 1—(HOTf), and 2—(HOTT),, which is susceptible
to the steric effects of HOTf bound to the oxo group (vide
supra), the ET pathway in the cyclooctene oxidation enhanced
by the protonation of the Mn'YO complexes is insensitive to the
steric effects, because ET requires little interaction between
reactants. However, more detailed mechanistic studies are
required to delineate the involvement of ET in the epoxidation
of cyclooctene by the HOTf-bound Mn'YO complexes, 1—
(HOTY), and 2—(HOTY),."® In this section, we have shown
that the oxidation of cyclooctene by Mn'YO and HOTf-bound
Mn"O complexes occurs only via the C=C double bond
epoxidation pathway due to the high allylic C—H BDE of
cyclooctene (Scheme 4). Thus, as shown in the oxidation of
cyclohexene-d,, by Mn'YO complexes (vide supra), the allylic
C—H bond strength of cyclic olefins is another factor that
determines the chemoselectivity (e.g, C—H bond activation
versus C=C double bond epoxidation) in the oxidation of
cyclic olefins by mononuclear nonheme metal-oxo species.

Density Functional Theory (DFT) Calculations. DFT
calculations were performed to investigate the mechanistic
details on the C—H bond activation versus the C=C double
bond epoxidation with cyclohexene and cyclooctene as
substrates (see SI, Density Function Theory Section; Tables
S1—S15). As described by the experiments detailed above,
there are both hydroxylation and epoxidation products present
in various degrees, that turns into exclusively epoxidation
products upon deuteration when using cyclohexene. This
indicates that the energetic difference in the rate limiting steps
between hydroxylation and epoxidation reactions are small
enough to be influenced by small changes in the substrate,
catalyst, and/or environment. In terms of energies, the
difference should be within few kcal mol™!. Therefore, if the
calculations are reliable, we can expect the calculations to show
similar barrier heights for cyclohexene, quite possibly within
accepted error margins, rather than a clear preference for one
pathway or another.

In previous theoretical and experimental studies, the ground
state of 1 was shown to be an S = 3/2 state.'” Three possible
reaction pathways were found for this spin state: the so-called
m-channel by abstracting a f-electron from the substrate to the
m* ,-orbital, the o-channel where an a-electron is abstracted to
the o*z% orbital,'”” and the excited state reactivity (ESR)
pathway. In the latter pathway, an electron is excited to a higher
orbital (7*,, — ¢*,)) at an affordable energetic cost, followed
by an a-electron abstraction to the empty 7*,,. This excited
state configuration was shown to be connected to the lowest
transition states in C—H bond activations'” as well as in
sulfoxidation reactions.'” This ESR is very specific for
manganese and has not been observed in any other comparable
metal-oxo species. Figure 3 details schematically the electron
transfer diagrams of these three reactions. Together with the S
= 1/2 and S = 5/2 states, there are thus five different electron
transfer variations that need to be explored in each of the
reactions for a proper theoretical treatment. Noteworthy is that
the S = 3/2 m-pathway is not even connected to the preferred
electron configuration at the intermediate stage (the spin state
of the resulting Mn"™OH moiety is S = 1 instead of preferred S
=2).

In line with this, we indeed found five electronically different
pathways for the cyclohexene C—H bond activation reaction
by 1. The S = 3/2 ground state configuration (Figure 4a, blue
and green) is 0.3 and 0.5 kcal mol™" higher than the sum of 1
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and cyclohexene noninteracting energies together (which is set
as the AE = 0 point). The difference between these two
structures reflects a slightly different mode of binding by the
substrate, depending on the ensuing pathway. These state gives
rise to high transition state (TS) energies at 24.3 and 25.5 kcal
mol™ (TSy), depending on the pathway (7 or ¢). As noted
before,"” the reactant complex R_ of the ESR pathway is very
unstable and difficult to obtain even theoretically,'”” but can
occasionally be stabilized when a substrate is present.'”* We
found this state to be at 17.8 kcal mol ™" (Figure 4a, red). A very
small geometry perturbation allows it to reach TSy at 17.9 kcal
mol™". This ESR leads directly to the preferred electron
configuration at the intermediate stage (Ic,).

Given the role of ESR in the reaction, we sought out the
minimum energy crossing point (MECP) between the S = 3/2
n and ESR pathways. An MECP structure was found
geometrically close to TSy for the excited state (Figure 4a
and Table S12), and the energy was at 16.8 kcal mol™". To
verify the two-spin state nature of this MECP, its geometry was
used as a starting point for optimization. Using the wave
function corresponding to the ground state, the optimization

yielded the ground state R. Using the excited state wave
function, however, the optimization went to I.,. Hence, this
MECP may act as an effective TS.

While the S = 1/2 state also features a low-energy pathway
(Figure 4a, black), we deem this reaction less likely as an
electron shift as well as a spin flip has to occur before the
reaction (7% — 6()) to reach the S = 1/2 state. While this
may be feasible, the reaction again has to switch spin states and
orbitals after the reaction, to access the lower energy S = 3/2 or
5/2 states at Ic,. This flip-flopping and orbital shifting of
electrons seem to be very unnecessary, compared to a simple
electron excitation at S = 3/2 (ESR) that will lead directly to
the desired intermediate state. Similarly, the S = 5/2 state leads
directly to the same preferred electronic configuration at I, as
the S = 3/2 ESR pathway, except for the spin type at the
substrate carbon radical (Ce; « instead of 3). However, due to
its high energy at the beginning of the reaction (33.9 kcal
mol™") as well as in the MECP area (Figure 4a gray, the
potential energy surface shape obtained by constrained
optimizations), in combination with a required spin flip, this
spin state does not seem to offer any particular advantage
compared to the S = 3/2 ESR pathway.

To compare the calculated values to the experimental rates,
we divide the experimentally obtained rate (4.1 X 107> M~
s™') by 2, accounting for the presence of two equivalent
protons available in cyclohexene for C—H bond activation.”
Subsequent use of the Eyring equation at 25 °C yields in an
energy barrier of 19.7 kcal mol™'. This value is within
reasonable error margins from the § = 1/2 state and the ESR
barrier, as well as the MECP value (18.9, 17.9, and 16.8 kcal
mol ™}, respectively). Hence, the experimental value largely
confirms that all of the calculated pathways are possible, and
does not specifically distinguish a pathway over another.

The C—H activation pattern found for cyclooctene is similar
to cyclohexene, except for the absolute numbers (Figure 4b).
The stronger C—H bond lead to higher energy barriers than
for cyclohexene, as expected. The S = 3/2 ESR pathway was
also found to have the lowest energy barrier at 20.1 kcal mol™".
Unlike cyclohexene, however, the MECP area is before all the

(@)«

35
30

25 +

AE* / keal mol™

3 25 2 .
O-H bond distance (A)

(b) «r
35+
T TS,: 27.9
25 |
=TS\ 222
2 R_:16.9
o e ;"/'SH: 201\ '\
RC: 93’
10 g \
5+ Ic.: 1.6
s -0.2
ol
R.: 0.3 Alg.: -1
5}
3 25 2 1.5 1

0-H bond distance (A)

Figure 4. DFT-calculated energy profile of H atom abstraction reaction of (a) cyclohexene and (b) cyclooctene by 1. The reference state (0 kcal/
mol) is taken as the sum of the energies of noninteracting 1 and substrate. The reaction coordinate is taken as the forming O—H bond distance. An
MECP between S = 3/2 7 and ESR states was found in the marked area. The exact graph values are shown in Tables S2, S4, S12, and S14. The
connecting sinusoidal lines between the data points are mostly generic, but the approximate shape of the S = 5/2 pathway was confirmed by
constrained optimizations. See text for descriptions of the different states. R. = reactant complex, TSy; = H atom abstraction TS, and I, = substrate
radical intermediate. The spin state surfaces are S = 1/2 (black, #), 3/2 7 (green, @), 3/2 & (blue, A), 3/2 ESR (red, X), and 5/2 (gray, [1]).
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transition states. Thus, while the electron configurations can
change at MECP (found at 17.9 kcal mol™), the reaction
would still have to cross a proper transition state, the lowest
being 20.1 kcal mol ™.

The first step of the epoxidation reaction of cyclohexene
involves forming an O—C bond to one of the cyclohexene
double bond carbons, C1 (Figure Sa). The forming O—Cl
bond is approximately parallel (equatorial) to the substrate
plane (Table S13), with the substrate ring being in a “chair”
conformation. This occurs through TSyc;, leading to
intermediate I, In the case of the S = 3/2 7z pathway, the
reaction has a high energy barrier, 29.5 kcal mol ™! (Figure Sa,
green). Despite an extensive search, no ¢ pathway was found
here. A viable pathway is again given by ESR. An initial
interaction between 1 in the excited S = 3/2 state and the
substrate causes a partial electron donation from the substrate
to form a mixed radical reactant (R, ) at 16.1 kcal mol™’
(Figure Sa, red), with about 0.3 in spin on the substrate (Table
S8). This ESR has a TSqc; at 17.0 kcal mol™, which is
substantially lower than the next higher TSo¢; (21.8 kcal mol™
in § = 1/2; Figure Sa, black). However, despite trials, we were
unable to find an MECP for the two S = 3/2 states along the
epoxidation reaction pathway. Furthermore, due to the high

energy of the S = 5/2 state at R. (33.9 kcal mol™"), we deem
this state to be unlikely to play a role in this part of the reaction,
also confirmed by the high energy obtained with constrained
optimizations (Figure Sb, gray).

The second O—C bond formation, O—C2 (Figure Sb),
features a change of the substrate “chair” formation (qu) to a
“boat” configuration (I,). This causes the O—CI1 bond to
become approximately perpendicular (axial) to the substrate
plane (Table S13). Albeit a stable I, structure was found only
in the ground state S = 3/2 configuration (Figure Sb, green),
the O—CI1 bond is clearly of axial type in all the configurations
at the O—C2 bond formation TS stage, TSoc, (Table S13).
Regardless, it is clear that only the S = 5/2 state would have any
chance to perform this reaction (Figure Sb, gray, TSoc, = 7.8
kcal mol™") as any other configurations, including the S = 3/2
ESR, have too high barriers for this reaction. In fact, these high
barriers would have made this step become the rate limiting
step for the S = 1/2 and the S = 3/2 ESR (Figure Sb, black for S
=1/2 and red for S = 3/2 ESR). Hence, it seems like a spin flip
has to occur somewhere along the reaction, especially since the
product Mn" (P) is found in its high spin state (—25.8 kcal
mol™"). Considering the tremendously low TSqc,, a spin flip
before TSy, seems therefore very likely.
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A similar picture emerges from the epoxidation reaction with
cyclooctene. The S = 3/2 ESR has the lowest transition state in
the first part of the reaction (Figure Sc). A notable difference
here is that the S = 5/2 state, when past the transition state,
forms the product directly. Constrained optimization however
indicates that the S = 5/2 energy is high at the O—C1 distance
corresponding to TSy, for the S = 3/2 ESR state. Hence, the
likely scenario here is again that the reaction utilizes S = 3/2
ESR for the first half of the reaction, and then switches to S =
5/2 at the intermediate (I) state to perform the rest of the
reaction without barriers (Figure 5d).

What is then the prediction from DFT regarding the choice
of reaction pathway? For cyclohexene, the lowest effective TS is
at MECP with 16.8 kcal mol™ in barrier; hence, an H atom
abstraction is a real possibility, consistent with the experimental
results. Looking at the obtained results in perspective, however,
the DFT results show that H atom abstraction and epoxidation
reactions face similar rate-limiting barriers within calculation
error margins (ESR epoxidation: 17.0 kcal mol™ and the
effective TS at MECP: 16.8 kcal mol™). It is therefore not easy
to pinpoint a particular pathway preference with clear certainty.
This uncertainty, however, is still informative and fits our
predictions (vide supra). We can conclude that the close energy
barriers are consistent with experiments that yield both
epoxidation and hydroxylation products depending on the
precise experimental conditions, which require very close
competing rate-limiting barriers. The fact that the product
distribution changes with a minimal system change, such as
supporting ligand, metal ion, deuterium substitution in olefin
C—H bond, or presence of protons, further confirms this view,
and is akin to what had been already seen in the Fe™'O and
RuVO cases.'” The situation is slightly more definite for
cyclooctene, where the epoxidation rate-limiting barrier (ESR
17.4 kcal mol™) is clearly lower than the H atom abstraction
barrier (ESR: 20.1 kcal mol™"), and is largely in accord with the
experimental results, which show preference for the epoxidation
reaction.

Finally, it is quite possible to refine the results further by
calculating the free energies, including tunneling,”' to the cost
of introducing larger error margins (see the SI, DEFT section for
a discussion). This approach led in the case of FeVO to energy
barriers that matched the experiments perfectly.'” However,
this will inevitably also lead to questions about calculation
accuracies, as we are merely adjusting the values within the
accepted error margins, without really increasing our overall
insight into the reactivity of the current system. Our discussion
here is based on the electronic energy, which incidentally
matches the experimental results very well, which has also been
our general experience so far."®

B CONCLUSION

The mechanisms of the oxidation of olefins by mononuclear
nonheme metal-oxo complexes have been explored less clearly,
but are started being investigated recently using spectroscopi-
cally well-characterized synthetic nonheme metal-oxo com-
plexes.'” In the present study, we have shown for the first time
that the oxidation of cyclic olefins by mononuclear nonheme
Mn"O and HOTf-bound Mn"VO complexes can occur via the
allylic C—H bond activation or C=C double bond
epoxidation mechanisms, depending on the chemical property
of the Mn'vO species, such as the supporting ligands and the
binding of protons at the Mn"'=0 moiety, and the olefin
substrates (i.e., the allylic C—H(D) BDEs of olefins). DFT
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calculations confirm the view that the energy barriers are similar
for the both pathways (with a slight preference for C—H
activation) for cyclohexene, while epoxidation is preferred for
cyclooctene. The calculations also show possibilities of ESR as
well as multistate reactivity in this system, and that in the case
of cyclohexene, MECP can act as an effective transition state.

B EXPERIMENTAL SECTION

Materials. Commercially available chemicals were used without
further purification unless otherwise indicated. Solvents were dried
according to the known procedures and distilled under an Ar
atmosphere prior to use.”” Trifluoromethanesulfonic acid (HOTf, OTf
= CF,SO;”) was purchased from Aldrich Chemicals and used as
received. H,"0 (95% '80-enriched) was purchased from ICON
Services Inc. (summit, NJ, U.S.A.). Iodosylbenzene (PhIO), N4Py and
Bn-TPEN ligands, and Mn"(OTf),2CH;CN were prepared by
literature methods.>*™>° [Mn"(L)]** and [Mn"V(O)(L)]** (L =
N4Py and Bn-TPEN) were prepared by literature methods.”'>*
Mononuclear Mn™(O) complexes, [Mn"™(O)(N4Py)]** (1) and
[Mn™V(O)(Bn-TPEN)]** (2), were generated by reacting
[Mn"(N4Py)]** and [Mn"(Bn-TPEN)]** with iodosylbenzene
(PhIO; 4.0 e%uiv) in CF;CH,0OH/CH,CN (v/v = 1:1) at 25 °C,
respectively.”'#** The HOTF-bound Mn(IV)-oxo complexes, 1-
(HOTf), and 2-(HOTf), were generated by adding HOTf (50
mM) into the solution of in situ generated 1 and 2 in CF;CH,OH/
CH;CN (v/v = 1:1) at 25 °C, respectively, as reported previously:*
Addition of HOTf to an in situ generated solution of 1 in
CF,CH,OH—CH,CN (v/v 1:1) at 25 °C afforded a reddish
brown solution and resulted in the disappearance of the absorption
band at 940 nm due to 1, accompanied by a new absorption band
formation at $50 nm due to 1-(HOTT),. Similar spectral changes were
also obtained for 2; the absorption band at 1020 nm due to 2
disappeared with the appearance of an absorption band at 580 nm due
to 2-(HOTY),.

Instrumentation. UV—vis spectra were recorded on a Hewlett-
Packard 8453 diode array spectrophotometer equipped with a
UNISOKU Scientific Instruments Cryostat USP-203A for low-
temperature experiments or on a UNISOKU RSP-601 stopped-flow
spectrometer equipped with a MOS-type highly sensitive photodiode-
array. Electrospray ionization mass spectra (ESI MS) were collected on
a Thermo Finnigan (San Jose, CA, U.S.A.) LCQ Advantage MAX
quadrupole ion trap instrument, by infusing samples directly into the
source using a manual method. X-band EPR spectra were recorded at
S K using X-band Bruker EMX-plus spectrometer equipped with a dual
mode cavity (ER 4116DM). Low temperature was achieved and
controlled with an Oxford Instruments ESR900 liquid He quartz
cryostat with an Oxford Instruments ITCS03 temperature and gas flow
controller. The experimental parameters for EPR measurement were
as follows: Microwave frequency =9.647 GHz, microwave power =1.0
mW, modulation amplitude =10 G, gain =1.0 X 10%, modulation
frequency =100 kHz, time constant =40.96 ms, and conversion time
=81.00 ms. Product analysis for oxidation reactions was performed
with an Agilent Technologies 6890N gas chromatograph (GC) and a
Thermo Finnigan (Austin, Texas, U.S.A.) FOCUS DSQ (dual stage
quadrupole) mass spectrometer interfaced with Finnigan FOCUS gas
chromatograph (GC-MS).

Kinetic Measurements. All reactions were run in a 1 cm UV
cuvette by monitoring UV—vis spectral changes of reaction solutions.
First-order rate constants were determined under pseudo-first-order
conditions (e.g, [substrate]/[1] > 10) by fitting the changes in
absorbance for the decay of peaks due to Mn'Y(O) intermediates in
the oxidation reactions of sbstrates (5.0 X 1072 to 0.50 M) by
[Mn™(0)(N4Py)]** (1), [Mn"(O)(Bn-TPEN)]* (2), 1-(HOTY),,
and 2-(HOTf), in CF,CH,OH/CH,CN (v/v 1:1) at 25 °C.
Reactions of 1, 2, 1-(HOTf),, and 2-(HOTf), with substrates were
monitored by the changes in the absorption band at 940 nm for 1,
1020 nm for 2, 550 nm for 1-(HOTY),, and 580 nm for 2-(HOTY),.
The first-order plots were linear for three or more half-lives with the
correlation coeflicient of p > 0.99. In each case, it was confirmed that
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the rate constants derived from at least five independent measure-
ments agreed within an experimental error of +5%. The pseudo-first-
order rate constants increased proportionally with the concentrations
of substrates, from which second-order rate constants were
determined. The kinetic experiments were run at least in triplicate,
and the data reported represent the average of these reactions.

Product Analysis. Products formed in the oxidation of cyclo-
hexene, cyclohexene-d,;, and cyclooctene by 1 and 2 under an Ar
atmosphere were analyzed by GC and/or GC-MS. Quantitative
analysis was performed by comparing the ratio of peak areas of
products and internal standard (ie., decane) with those of authentic
samples and internal standard. In the oxidation of cyclohexene by 1
and 2, GC and GC-MS were used to analyze products. Cyclohexenol
(34(3)%), cyclohexenone (6(1)%), and cyclohexene oxide (8(1)%)
were obtained as products in the oxidation of cyclohexene (0.20 M) by
1 (0.50 mM). Similarly, cyclohexenol (26(3)%), cyclohexenone
(8(2)%), and cyclohexene oxide (18(2)%) were obtained as products
in the oxidation of cyclohexene (0.20 M) by 2 (0.50 mM). However,
cyclohexene-d,, oxide with the yields of 86(5)% for 1 and 84(6)% for
2 was obtained as a sole product in the oxidation of cyclohexene-d;, by
1 and 2 under an Ar atmosphere in CF;CH,0OH/CH;CN (v/v = 1:1)
at 25 °C (see Table 2). When the reactions were performed with *O-
labeled 1 (1-'®0), we found that oxygens in the cyclohexenol,
cyclohexenone, and cyclohexene oxide derived from 1 (Figure SS). In
the oxidation of cyclooctene by 1 and 2, cyclooctene oxide with the
yields of 91(5)% for 1 and 94(3)% for 2 was obtained as a sole
product under an Ar atmosphere in CF;CH,OH/CH,CN (v/v = 1:1)
at 25 °C. When this reaction was performed with '®O-labeled 1
(1-'%0), we found that oxygen in cyclooctene oxide derived from 1
(Figure S10). Similarly, in the oxidation of cyclooctene by 1—(HOTTY),
and 2—(HOTY),, cyclooctene oxide with yields of 95(4)% for 1—
(HOTY), and 96(4)% for 2—(HOTY), was also obtained as a sole
product under an Ar atmosphere in CF;CH,0H/CH,CN (v/v = 1:1)
at 25 °C.

DFT Calculations. Density functional theory (DFT)*’ calculations
were performed using the B3LYP functional®® as implemented in the
Gaussian 09 (G09) package.29 The geometries were optimized using
the LACVP basis set, which uses Los Alamos ECP on transition
metals® (slightly tweaked as implemented in the Jaguar program®"),
and 6-31G on the rest of the atoms.*” The stationary points were
confirmed by frequency calculations, and the transition states were
connected with the ground states on both sides by performing IRC
calculations and continuing relaxing the geometry down to the ground
state from the end geometry obtained by IRC. The high molecular
charge (2*) made it necessary to perform the optimizations in solvent
to avoid artificial results (see the SI for Free Energy Calculations). >
Solvent (acetonitrile) effects were included using CPCM model** with
UFF cavity, per GO9 default. Single-point energy evaluations on the
optimized geometry were done with the Def2-TZVPP basis set.*® This
resulting electronic energy (AE) was used throughout the text as the
final energy due to sufficient accuracy (see SI for Free Energy
Calculations). MECP was found using a shell program to G09 that
iterates to the same energy and geometry for two different electron
configurations.®®
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