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Abstract

High valent metal-oxo intermediates are versatile oxidants known to facilitate both oxygen
atom transfer (OAT) and hydrogen atom transfer (HAT) reactions in nature. In addition to
performing essential yet challenging biological reactions, these intermediates are known for
their selectivity in favoring the formation of one oxidation product. To understand the basis
for this selectivity, we explore the role of equatorial ligand field perturbations in Mn!V-oxo
complexes on chemoselectivity in cyclohexene oxidation. We also examine reactions of
Mn!V-oxo complexes with cyclohexene-dj, cyclooctene, and styrene. Within this series, the
product distribution in olefin oxidation is highly dependent on the coordination environment
of the Mn'V-oxo unit. While Mn!V-oxo complexes with sterically encumbered, and slightly
tilted, Mn=0 units favor C=C epoxidation products in cyclohexene oxidation, a less
encumbered analogue prefers to cleave allylic C—H bonds, resulting in cyclohexenol and
cyclohexenone formation. These conclusions are drawn from GC—MS product analysis of the
reaction mixture, changes in the UV-vis absorption spectra, and kinetic analyses. DFT
computations establish a trend in thermodynamic properties of the Mn'V-oxo complexes and
their reactivity towards olefin oxidation on the basis of the Mn=0O bond dissociation free
energy (BDFE). The most reactive Mn'V-oxo adduct from this series oxidizes cyclohexene-
dyo, cyclooctene, and styrene to give corresponding epoxides as the only detected products.
Collectively, these results suggest that the chemoselectivity obtained in oxidation of olefins is
controlled by both the coordination environment around the Mn=0 unit, which modulates the

Mn=0 BDFE, and the BDFEs of the allylic C—H bond of the olefins.
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Introduction

Transition-metal catalysts are commonly used in the chemoselective and
regioselective oxidation of saturated and unsaturated hydrocarbons.! Such reactions can result
in the formation of asymmetric carbon centers and synthetically valuable intermediates, such
as epoxides.'® ¢ A range of 3d (Fe,?> Co,? Cr,* and Mn®), 4d ( Ru®, Pd,” and Mo®) and 5d (Pt°)
transition metal complexes have been used as catalysts for this purpose. Similar oxidation
reactions with non-activated substrates are also performed by metalloenzymes, which utilize
iron, manganese, and copper cofactors.!? These metalloenzymes often use molecular oxygen
as oxidant and are able to perform substrate oxidation under mild conditions.!! Therefore,
there has been interest in designing more environmentally benign oxidation catalysts inspired
by biology that use earth-abundant metals. Various Fe and Mn complexes supported by
porphyrin!? and salen®® '3 scaffolds have been utilized as catalysts for the oxidation of
unsaturated hydrocarbons yielding products with high efficiency and turnover.''c Although
porphyrin-based catalysts'4 have been used for some time, there is significant recent work on
non-porphyrin Fe and Mn systems, which are generally easier to access synthetically.!> One
of the early biomimetic non-heme model complexes, [Fe(tpa)(CH;CN),]*" (tpa =
tris(pyridylmethyl)amine), resembled non-heme oxygenases in terms of reactivity by
catalyzing the oxidation of hydrocarbons.!® Over the years, a series of similar complexes
have been synthesized and characterized to improve the oxidative properties of the
complexes, increase the substrate scope, and understand the influence of catalyst structure on
reaction rates and selectivity.!>?

Based on spectroscopic studies of a variety of metalloenzymes, high-valent metal-oxo
intermediates initiate the difficult hydrocarbon oxidation step for several different types of
enzymes.'!> 17 These observations have led model chemists to generate a range of metal-oxo
complexes and investigate their reactivity. The past 15 years has witnessed remarkable
progress in understanding the reactivity of metal-oxo complexes in initiating substrate
oxidation by hydrogen atom transfer (HAT) and oxygen atom transfer (OAT) steps with a
variety of hydrocarbons and olefins. Some of these complexes, and engineered cytochrome
P450 models, have demonstrated regio- and chemoselectivity for rather challenging
substrates such as olefins.!'d 155 18 To understand the basis for reaction selectivity,
cyclohexene and cyclooctene have been used to probe metal-oxo preferences towards allylic
oxidation (HAT) versus C=C epoxidation (OAT) reactions (Figure 1).!° From these studies,

model complexes featuring metal-oxo moieties, such as [Ru'V(O)(terpy)(bpm)]**,2°
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[FelV(O)(Ndpy)]**,  [Fe'V(O)(Bn-TPEN)]**,2!  and the manganese  complexes
[Mn!V(O)(N4py)]*" and [Mn!V(O)(Bn-TPEN)]**,>2 have shown a strong preference for allylic
oxidation over epoxidation. In contrast, Fe!V-oxo and Mn!V-oxo intermediates, supported by
similar N4 and N5 ligands, have been proposed in olefin epoxidation reactions (rather than
allylic C—H bond oxidation) under catalytic conditions.!b 182¢. 23 These observations raise
several questions. What factors influence chemoselectivity in olefin oxidation by metal-oxo
complexes? Why do isolable metal-oxo model complexes favor allylic oxidation over olefin
epoxidation? At present, these questions are only partially answered. Chemoselectivity in
olefin oxidation has been shown to be influenced by a host of factors, including
temperature,'?¢ equatorial ligand-field strength,?* spin inversion probabilities?! and hydrogen
atom tunneling,?! the identity of the axial ligand trans to the oxo group,'8d and the presence of

Bronsted acids.?2

O OH H
~ —_— 0
HAT OAT

C-H activation Olefin epoxidation

Figure 1. Oxidation products of cyclohexene via HAT (C — H hydroxylation) and
OAT (C=C epoxidation).

Previously our group reported a series of Mn'V-oxo species bound to neutral
pentadentate derivatives of the N4py scaffold.>> These N5 ligands differ in electronic and
steric properties by virtue of substitution of two pyridyl groups with quinolinyl (N2py2Q),
benzimidazolyl (N2py2B), or 3,4-dimethyl-5-methoxypyridyl (PMMN4py) moieties (Figure
2).2> We probed the reactivities of [MnV(O)(N4py)]** (1), [MnV(O)(N2py2Q)]*" (2),
[Mn'V(O)(N2py2B)]** (3), and [Mn'V(O)(PMMN4py)]** (4) with substrates with strong C—H
bonds?® 26 (e.g. cyclohexane, toluene, and ethylbenzene), and demonstrated that such
reactions follow a HAT mechanism. We also examined OAT reactions of these Mn!V-oxo
complexes with thioanisole and its derivatives.>>® 27 For both HAT and OAT reactions, the
reactivity of 2 was the fastest in this series. The HAT reactions of 2 showed a ~70-fold
enhancement in rate compared to 4, while the OAT reactions of 2 in thioanisole sulfoxidation
showed an enhancement of 4000-fold when compared to 4. This large rate variation in the
reactivity was attributed to the elongated Mn—N(quinolinyl) distances of 2, which makes this

Mn center most electron deficient.
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Figure 2. Structures of Mn'V-oxo complexes considered in this work

While 2 was the fastest oxidant regardless of the reaction (HAT or OAT), complexes
3 and 4 showed an inversion in ordering depending on the reaction type. For HAT reactions
with hydrocarbons, 4 showed a rate 1.3-fold greater than that of 3, while for an OAT reaction
(thioanisole oxidation), 3 was 12-fold faster than 4. The experimental reaction rates thus led
to the order of 2 > 1 >4 > 3 for HAT reactions and 2 > 1 > 3 > 4 in OAT reactions. Given the
differences in HAT and OAT reactions in this series, we envisaged that these equatorial
ligand field perturbations in complexes 2-4 might show different preferences for allylic C-H
bond oxidation versus C=C bond epoxidation in olefin oxidation. In this current work, we
determined the utility of the Mn'V-oxo adducts 2-4 in oxidizing several olefins (styrene,
cyclohexene, and cyclooctene). We have found that non-porphyrin Mn!V-oxo adducts with
bulky substituents around the Mn=0 unit prefer C=C epoxidation over C—H hydroxylation.
These observations follow the prior trends of HAT and OAT ordering for these complexes.
We also demonstrate here that these reactivity trends can be rationalized by considering the
MnV=0 and Mn"'O-H bond dissociation free energy (BDFEs), which pertain to the
thermodynamic driving force for OAT and HAT reactions, respectively. Moreover, the
reaction chemoselectivity of allylic oxidation versus epoxidation is dependent on the

substrate C—H bond strength, as demonstrated by the oxidation of cyclohexene-d,y,
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cyclooctene, and styrene, which predominantly yielded epoxidation products. These results
provide valuable information on factors affecting chemoselectivity of the olefin epoxidation
reactions by high-valent Mn-oxo species and show that variations in reactivity among similar

complexes can be rationalized on the basis of reaction thermodynamics.

Experimental Methods

Materials and Instrumentation. All solvents and chemicals were purchased from
commercial vendors and used without further purification unless otherwise described.
Iodosobenzene (PhIO) was prepared from iodosobenzene diacetate following a published
procedure.?® All kinetic experiments were performed by electronic absorption spectroscopy.
Electronic absorption data were collected on either an Agilent 8453 or Cary 50 Bio
spectrometer. Temperature control was achieved using either a Unisoku (USP-203-A)
cryostat or a Quantum Northwest cryostat (t2 Sport). Gas chromatography—mass
spectrometry data, used for product analysis, were collected on a Quattro Micro GC
quadrupole mass analyzer via an Agilent 6890 N gas chromatograph. A 5% phenyl methyl
silicone stationary phase (HP-5 MS) 12 m column was used with a helium carrier gas with a
flow rate of 2 mL min~!'. The injector port was heated to 240 °C, and 1 pL of sample was
injected with a split ratio of 20:1. The GC thermal gradient was an initial 50 °C which was
held for 1 min before increasing 50 °C min™! to 300 °C and held for 2 min.

Synthesis and Characterization. The N2py2Q, N2py2B and PMMN4py ligands and
the corresponding Mn!' species were synthesized according to previously published
methods.?% 2% 29 [MnV(O)(N2py2Q)]*" (2), [MnV(O)(N2py2B)]** (3) and
[MnV(O)(PMMN4py)]>* (4) were all prepared in situ by reacting the corresponding Mn!!
species with 10, 2.5, and 1.2 equiv. of iodosobenzene (PhIO), respectively, in 2,2,2-
trifluoroethanol (TFE) at 25°C. The amounts of PhIO used in these reactions were based on
previous studies that demonstrated maximal yield of the Mn'V-oxo complexes under these
conditions.?>® 25b. 29

Ocxidation of Cyclohexene by Mn'V-oxo adducts. To a 1.0 mM solution of 2 in TFE,
varying amounts of cyclohexene (0.01 M-0.04 M) dissolved in 100 pL of acetonitrile
(MeCN) were added. The addition of cyclohexene led to the disappearance of the near-IR
absorption feature at 1020 nm for 2. The corresponding decay in absorbance over time was fit
according to a pseudo-first-order model to obtain an observed rate constant (k.ps). Each
reaction was repeated in triplicate. A linear dependence of ks on the concentration of

cyclohexene was observed, which allowed determination of a second order rate constant (k;)

6
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for the oxidation of cyclohexene by 2. Because of concerns regarding a reaction between 2
and MeCN, kinetic experiments for 2 were repeated with cyclohexene dissolved in CH,Cl,,
which yielded a similar &, value (Figure S1). Additionally, a ks value was determined for
the addition of 200 uL MeCN (~1740 equiv.) to 2 (Figure S2). Oxidation reactions of
cyclohexene with complexes 3 and 4 were also explored, and kinetic data were obtained
using a similar procedure with the only difference being in the concentrations of cyclohexene
used (0.1 M—0.5 M). The challenges related to solubility at 0.2 M and higher concentrations
of cyclohexene were resolved by dissolving the substrate in 200 pL. CH,Cl,. Following the
reaction of Mn!'V-oxo adducts with 50 equiv. cyclohexene, the reaction solution was passed
through a silica plug and the eluate was analyzed by GC—MS to identify the organic products.

Reactivity of Mn!V-oxo species with other olefins. To a 1.0 mM solution of 2 in
TFE at 25°C, varying amounts of excess substrate (cyclohexene-d;, styrene, and
cyclooctene) were added. Substrate concentrations were as follows: cyclohexene-d;, in TFE
(0.01 M—0.04 M), styrene in TFE (0.04 M—0.1 M), and cyclooctene in CH,Cl, (0.03 M—0.08
M). The decay of the corresponding Mn'V-oxo species, as evident from the near-IR
absorption feature, was monitored and the resulting time trace was fit to a pseudo-first order
model. For the reactions of 2 with cyclohexene-d,o, styrene, and cyclooctene, plots of kg
versus substrate concentration were linear, and a fit yielded &, values. Attempts were made to
assess the reactivity of 3 and 4 with respect to cyclohexene-d,o, styrene, and cyclooctene
under similar conditions. Unfortunately, the reactions were too slow, even at 0.2 M
concentration of substrates, to obtain any reasonable data.

Product analysis. A reaction between 1.6 mg (0.002 mmol) [Mn'{(OTf)(N2py2Q)]*
and 4.4 mg (0.020 mmol) PhIO in 2.0 mL TFE formed 2 in 3 minutes under an inert
atmosphere. To this solution, 10 puL (0.099 mmol) of cyclohexene was added directly and
stirred. The electronic absorption band at 1020 nm decayed by pseudo first-order kinetics
over a period of 15 minutes. After completion of the reaction, the solution was passed
through silica and diluted with ethyl acetate in a 10.0 mL volumetric flask. The eluate was
further diluted to appropriate concentration and an internal standard (naphthalene) of known
concentration was added to the sample. A similar procedure was used to prepare GC—-MS
samples for reactions of cyclohexene oxidation using 3 and 4. A standard calibration curve
was made by using known concentrations of authentic samples. A quantitative analysis of the
oxidation products was obtained by comparing the peak areas of the analytes with that of

standards by using naphthalene as an internal standard. Due to complications in analyzing the
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GC—MS data, the product formed during oxidation of cyclohexene-d;, was analyzed using
H-NMR. For H-NMR analysis, a 10 mM solution of 2 was reacted with 20 equiv.
cyclohexene-d;y (~25 pL) in 1.0 mL TFE for 20 minutes. The reaction solution was then
passed through a silica plug and diluted to 2.0 mL with ethyl acetate. Approximately 0.6 mL
of this stock solution were taken in an NMR tube along with CDCl; (6 pL of 30% solution in
ethyl acetate) as an external reference (6 = 7.2 ppm). The peaks corresponding to
cyclohexene-d;y and cyclohexene oxide-d;y, were observed and compared to that previously
reported.*? The product obtained for the reaction of 2 with cyclooctene and styrene were also
analyzed using GC—MS, and their identity was confirmed by comparison with authentic
samples.

Computational details. All density functional theory (DFT) calculations were
performed using the ORCA 4.2.1 software package.’! Gas-phase geometry optimizations of
all species were performed with B3LYP3? functional using Grimme’s D333 dispersion
correction with the Becke-Johnson damping scheme.’* A larger basis set, def2-TZVP, was
employed for heavy atoms such as Mn, N, and O, while def2-SVP was used for C and H.?
To speed up the calculations, the RIJCOSX approximation was used in combination with the
automatic auxillary basis set feature (AutoAux).3® Analytical frequency calculations were
performed at the same level of theory and basis sets as geometry optimizations. All species
were verified to be minima on the potential energy surface by having no imaginary
frequencies. Single-point energy calculations were performed to determine electronic
energies for all structures using the B3LYP-D3 functional and the def2-TZVPP basis set for
all atoms. Zero-point correction to the energies, as well as rotational, translational, and
vibrational entropies, were obtained from the analytical frequency calculations. Enthalpies
were taken as the sum of the electronic energy (from single-point calculations) and the zero-
point energy, and free energies were determined by combining enthalpy and entropy terms.
For calculations used in determination of BDFE of Mn'O-H species, all single point energy
calculations were performed with the solvent model.’” In order to validate the accuracy of
single point energies determined from gas phase structures, 1 was optimized with and without
a solvent model. Frequency calculations confirmed that both structures were at a true
minimum. The difference in single point energy for the structures of 1 optimized in the gas
phase and that with the solvent model was only 0.96 kcal mol-!. Since the energy difference is
smaller than the expected accuracy of DFT-computed energies, we determined that the use of
structures optimized in the gas phase would result in no substantive change to the DFT

results.
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To determine the Mn=0 BDFE values for each Mn!V=0 complex, an oxygen-atom
transfer reaction with dimethyl sulfide was considered (Scheme 1). The free energy of the
reaction (AGpgr) was calculated using equation 1, using DFT-derived values of free energies
of the Mn!V-oxo0 complex, dimethyl sulfide (DMS), TFE, the Mn!' complex (TFE bound), and
dimethyl sulfoxide (DMSO) (see SI for details). The calculated value of AGpgr, along with
the BDE value of 87 kcal mol! reported for dimethyl sulfoxide (DMSO),® was used to
calculate the Mn=0O BDFEs of the Mn!V=0 complexes using equation 2. As noted by Holm e¢
al., as the entropic contributions to the BDE for DMSO are negligible, it is safe to assume
that BDEpymso = BDFEpyso.

(0]
”nlv TFE i ﬁ

Scheme 1. Reaction between Mn!V-oxo complexes and dimethyl sulfide.

0 .
AGppt = [GDMSO+ G TF];:I 1-[GpmsT G 1'\/'[ v + Grpgl Equation 1
Mn'L

_ O  TFE '
AGprr = AGpysopms ™t AGI{/I[nIVL ML Equation 2

We used the Bordwell equation (equation 3) to obtain O—H BDFEs for Mn!"-hydroxo
complexes (Mn"O—H bond), which are products of HAT reactions with Mn'V-oxo species
(Scheme 2). The equation is comprised of the reduction potential of the Mn!V/l couple for
1-4 (E}») and the pK, of the corresponding Mn''-OH species, both of which were determined
by DFT calculations (see SI for further details).

o Eip 9
Mn!V Mpn!!!

A A

8
Y
pKa @ pKa
A A

OH OH
Mn!V Ep Mn!!

Scheme 2. Square plot depicting how the BDFE of a Mn'"-
hydroxo complex (diagonal) can be described in terms of
stepwise reduction and protonation steps (edges).

BDFE = 23.06E,; + 1.37 pK,+ C; Equation 3
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Results and Discussion

Reactivity of Mn!'V-oxo adducts with cyclohexene. To probe the propensity of the
Mn!V-oxo species 2-4 in olefin oxidation, we first investigated the reactions of these
complexes with cyclohexene. This substrate is informative, as it can undergo epoxidation to
give cyclohexene oxide or allylic oxidation to give the corresponding alcohol and/or ketone
products (Scheme 3). Upon the addition of varied amounts of cyclohexene (dissolved in
MeCN) to a 1.0 mM solution of 2, the near-IR absorption feature at 1020 nm decayed,
following pseudo first-order kinetics (Figure 3). Interestingly, as the 1020 nm signal
decayed, a new band formed at 620 nm. The formation of a band at 620 nm was previously
observed in the reaction of 2 with hydrocarbons and was taken to mark the formation of a
mononuclear Mn'™ product.?*® The rate of formation of this new species at 620 nm (kqps =
2.0(1) x 10-2s") is similar to the decay rate of the feature at 1020 nm (kops = 2.4(2) x 102571,
see Figure 3), suggesting that the disappearance of the Mn'V-oxo adduct is related to the
appearance of the Mn!!! product. A Mn'"" complex is a potential product of allylic oxidation
of cyclohexene by 2. The abstraction of a hydrogen atom from the alkene C—H bond results
in the formation of a Mn!"'-OH species and a carbon-centered radical that interact weakly
forming a cage compound. These weakly interacting products can undergo a rebound
reaction to form a Mn! species and hydroxylated product. Alternatively, the substrate
radical can diffuse from the cage and react with O, to give a Mn!"! product and hydroxylated
products. The latter, non-rebound pathway has been the most common mode of C—H bond
oxidation by Mn'V-oxo complexes.’® In contrast, epoxidation of cyclohexene by an OAT
mechanism should yield a Mn!! product that would not contribute absorption bands in the
visible region (Scheme 3). Thus, the formation of the 620 nm band during the reaction of 2

and cyclohexene seems to imply that the allylic oxidation pathway occurs to some extent.

o 'i'FE
a) * | — (o) Mn"
@b TFE, 25°C () * Q

excess

b (o}
) llvlln“’ n"'
TFE, 25 °c Q

excess
Scheme 3. Cyclohexene oxidation by Mn!V-oxo complexes showing a)
epoxidation products and b) allylic oxidation products.
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Figure 3. Reaction of 1.0 mM [MnV(O)(N2py2Q)]** (2) with 40 equiv.
cyclohexene in TFE (cyclohexene dissolved in MeCN). Inset: decay of the feature

at 1020 nm (kops = 2.4(2) x 10-2s7!) and the growth of the feature at 620 nm (kps =
2.0(1) x 102s).

The corresponding pseudo first-order rate constant (ko) for the decay of 2 in the
presence of cyclohexene showed a linear increase with increasing cyclohexene
concentration. A linear fit to these data yielded a second-order rate constant (k;) of 4.6(1) x
10! M- s! at 298 K in TFE* (Figure 4, orange circles). This rate is 11 and 3-fold faster

than the cyclohexene oxidation rates obtained for 1 and 5, respectively (Figure 5, Table 1).

0.030
0.025 — o M”01 Napy)” (@)
' ® M (O)N2py2B)I” (3)
0.020 — [Mn(O)(N2py2Q)]" (2)
p 0.015-
~ 0.010 . .
0.005 — .
0.000 — ) I I I
0.0 0.1 0.2 0.3 0.4 0.5

[cyclohexene] M

Figure 4. Plots of the pseudo-first-order rate constants (k.,s) against
cyclohexene concentration for the oxidation reactions of cyclohexene with
[MnV(O)(N2py2Q)]>" (2) (orange circles), [MnV(O)(N2py2B)]** (3)
(purple circles) and [Mn!V(O)(°PMMN4py)]** (4) (red circles) in TFE for
substrate dissolved in MeCN.
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Table 1. Second-order rate constants for oxidation of olefins by Mn'V-oxo0 adducts in TFE at 298 K.

k(M'sT
Complex
cyclohexene cyclohexene-d; cyclooctene styrene

Mn™V(O)(N2py2Q)]** (2) 4.6(1) x 107! 1.6(1) x 10! 6(1) x 10! 7(1) x 107!
[Mn™V(O)(N2py2B)]*>* (3) 2.5(1) x 1072 - - -
[Mn™V(O)(PMMN4py)]>* (4) 6.5(1) x 1073 - - -

[Mn™V(O)(N4py)]**+ (1) 4.1(2) x 1072 4.4(2)x 1073 54(3)x 1073 3.3(2) x 1074?
[MnV(O)(Bn-TPEN)]** ¢ (5) 1.4(1) x 107! 4.3(2) x 1072 3.3(2) x 102 -

“The data have been taken from previously reported values (see reference 22b). *This reaction was
performed in a mixture of TFE-MeCN at 273 K.#!

10°

i - =) [Mn'l‘\’,(oum::ay)]2+ ()
, = [Mn (0)(N2py20)]” (2)
10° = = [Mn ‘©)IN2py28)]" (3)
w4 = [Mn (0)"" Napy)I”* (4) ||
(/2] v 2+
- i = [Mn (O}Bn-TPEN)] (5)
= 10 -
g 4
210 1
2 107
%
107
10-4 — - l
10° =
10°

Figure 5. Comparison of second order rate constants of cyclohexene
oxidation by Mn'V-oxo species at 298 K. Data for 1 and 5 are taken from
reference 22b.

Similarly, the addition of excess cyclohexene (0.1-0.4 mM) to a solution of 3 in TFE
causes the absorption band of the Mn!V-oxo complex at 940 nm to decay following first-order
kinetics (Figure 6). In this case, there is only a minimal growth of a feature at 620 nm, which
is associated with the formation of a small amount of Mn!"" product. In addition, the rate of
formation of the 620 nm band is slower than the decay of the 940 nm signal (Figure 6, inset).
These results could suggest a preference for two-electron OAT, resulting in Mn'! and epoxide
products (Scheme 1). The second-order rate constant obtained for cyclohexene oxidation by 3
(Figure 4, purple circles) is 2.5(3) x 102 M- s'!, which is 18-fold slower than that of 2 but
comparable to that of 1 (Figure 5). We also probed the reactivity of 4 with cyclohexene under
similar reaction conditions. Upon addition of excess cyclohexene (0.2-0.5 mM), the

absorption band at 920 nm corresponding to the Mn!V-oxo species disappeared with

13
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concomitant growth of a Mn!"! feature at 600 nm (Figure 7). This latter band was metastable
and showed a slow decay. The rate of formation of this intermediate is similar to the rate of
decay of 4 (Figure 7, inset), suggesting concomitant formation of the Mn!"" product with
decay of the Mn'V-oxo adduct. A second-order rate constant (k;) of 6.5(5) x 103 M-! s'! at
298 K was determined for the oxidation of cyclohexene by 4. The k, obtained for 4 is 70-fold
slower than that of 2 and 4-fold slower than that of 3 (Figure 5). This observed trend in 4, (2

> 1 > 3 > 4) for cyclohexene oxidation is similar to the trend in rates for thioanisole

sulfoxidation.2%2

0.6
_. 0.16
=] ]
0.5 — < 0124
o -
o
E 0.08 —
= 0.4 g -
= 2 0.04
< < T T T 1
§ 0.3 - 0 200 400 600 8001000
© Time (s)
-]
6
2 0.2
<
0.1 -
0-0 I T T T I T T T I T T T I T

400 600 800 1000
Wavelength (nm)
Figure 6. Reaction of 1.0 mM [Mn!V(O)(N2py2B)]** (3) with 200 equiv.
cylcohexene in TFE (cyclohexene dissolved in MeCN). Inset: decay of the
feature at 940 nm (kops = 4.9(3) x 103 s7!) and the growth of the feature at
620 nm (Kops = 7.9(3) x 103 s7).

1.2
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- 2 =
1.0 < 0.25
g 0.20
0.8 g 0.15 -
S 0.10 -
Ne)
0.6 — < 0.05

0 400 800 1200
Time (s)

Absorbance (A.U.)
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400 600 800 1000
Wavelength (nm)
Figure 7. Reaction of 1.0 mM [MnV(O)(°PMMN4py)]** (4) with 400 equiv.
cylcohexene in TFE (cyclohexene dissolved in MeCN). Inset: decay of the
feature at 920 nm (kgs = 3.5(2) x 107 s7') and the growth of the feature at
620 nm (kops = 3.9(5) x 103 s71).

Chemoselectivity in cyclohexene oxidation by Mn'V-oxo adducts. The organic

products formed from the reactions of Mn!'V-oxo complexes 2-4 with excess cyclohexene

14
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were identified by GC, and quantitative analyses were performed by the GC—MS technique.
For cyclohexene oxidation by 2, the quantitative analysis yields 60% cyclohexene oxide and
17% of both cyclohexenol and cyclohexenone (Figure 8) relative to the oxidant 2. This
distribution in products reveals a roughly 2:1 preference for epoxidation over allylic
oxidation by 2 (Table 2). Cyclohexene oxidation by 3 also yields a near 2:1 ratio of
epoxidation over allylic oxidation, with a yield of 41% for cyclohexene epoxide and 11% for
both cyclohexenol and cyclohexenone (Figure 8 and Table 2). In contrast, the oxidation of
cyclohexene by 4 gave a 35% yield of cyclohexenol, a 12% yield of cyclohexenone, and a
21% yield of epoxide. Thus, 4 shows a preference for C—H bond oxidation, with an
epoxidation to allylic oxidation ratio of 0.4:1 (Figure 8). Collectively, these results reveal that
4, which has the slowest rate of reaction with cyclohexene, reacts predominantly by
abstracting an allylic hydrogen atom to preferentially form cyclohexenone and cyclohexenol,
while the more reactive complexes 2 and 3 prefer OAT to the C=C double bond of
cyclohexene. The chemoselectivity observed in cyclohexene oxidation by 2 and 3 is also in
stark contrast with that reported for [Mn'V(O)(N4py)]** (1) and [Mn'V(O)(Bn-TPEN)]** (5).
For those complexes allylic oxidation was favored over epoxidation, with selectivity epoxide:
allylic oxidation product ratios of 0.2:1 and 0.5:1, respectively (Table 2).22 To the best of our
knowledge, 2 and 3 are the first Mn'V-oxo complexes to prefer olefin epoxidation over allylic

oxidation.

Table 2. Summary of product analysis for oxidation of cyclohexene by Mn'V-oxo
adducts in TFE at 298 K.

Product Yield (%)
Complex cyclohexene reaction
epoxide ketone alcohol Selectivity®

[Mn™V(0O)(N2py2Q)]** (2) 60 17 17 1.8
[Mn™V(O)(N2py2B)]** (3) 41 11 11 1.9
[Mn'V(0)(PMMN4py)]** (4) 21 12 35 0.4
[Mn'V(O)(N4py)]** (1) 6 6 34 0.2
[Mn'V(O)(Bn-TPEN)]** 2 (5) 18 8 26 0.5

@ Selectivity is calculated as the ratio of epoxide (cyclohexene oxide) to allylic oxidation
products (cyclohexenol and cyclohexenone). ? Experimental data are taken from
reference 22b.
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Figure 8. Summary of chemoelectivity observed for the oxidation
of cyclohexene by Mn!V-oxo adducts in TFE at 298 K. The numbers
at the top of each bar represent the ratio of epoxidation to allylic
oxidation. Data for 1 and 5 are taken from previous literature.??

Oxidation of cyclohexene-d;, by Mn'V-oxo adducts. To further examine
cyclohexene oxidation by 2, we utilized cyclohexene-d, as a substrate. From prior work, C—
H bond oxidation by 2 showed a large H/D kinetic isotope effect of 5.3 (where KIE =
kaymy/kapy). Therefore, the use of cyclohexene-dj, should suppress the allylic oxidation rate
while the epoxidation rate should be unaffected. A comparison of rates of cyclohexene and
cyclohexene-d| would thus yield an apparent KIE (KIE,pp =
ky(cyclohexene)/k;(cyclohexene-d))). This KIE is apparent in the sense that k,(cyclohexene)
represents a blended rate with contributions from both allylic oxidation and epoxidation,
while k,(cyclohexene-d;) should be largely the rate of epoxidation. Under these assumptions
a large KIE,,, would reflect a dominant allylic oxidation mechanism for cyclohexene
oxidation, while a KIE,j, close to 1 would be expected when OAT is dominant.

Addition of cyclohexene-d;y (0.01-0.04 M) to a solution of 2 led to decay of the near
IR absorption band at 1020 nm (Figure S3). Notably, with the decay of the absorption band at
1020 nm there is still formation of a mononuclear Mn'!' species, as evident from the growth
of the 620 nm absorption band (Figure S3). However, the formation of this Mn!"! intermediate
is slower than the decay rate of the Mn'V-oxo adduct by a factor of 2 (Figure S3, inset). The
second-order rate constant (k) of 1.6(1) x 10-! M-! s-! for oxidation of cyclohexene-d;, was

slower than the rate for cyclohexene oxidation (Figure 9), giving a KIE,;, of 2.9. This value
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is less than that observed for HAT reactions of 2 (KIE ~ 5).23" 26 An analysis of the organic
products of cyclohexene-d;, oxidation by 2 using ZH-NMR showed formation of cyclohexene
oxide-d as the sole detected product (Figure S4). Prior studies of cyclohexene-d;, oxidation
by 5 and 1 in TFE-MeCN at 298 K yielded KIE,,, values of 3.3 and 9.3.22 In those cases the
larger KIE,,, values are in accordance with the preference for allylic oxidation over
epoxidation.

As the product analysis for cyclohexene-d;, oxidation by 2 does not reveal any allylic
oxidation products, the appearance of the Mn!!"! product in the UV-vis spectrum is unexpected.
Since 2 is a strong oxidant, we hypothesized that 2 can undergo comproportionation with
[Mn'(OTf)(N2py2Q)]*, which is produced after cyclohexene-d,, oxidation, to yield the Mn!!!
product (Scheme 4). To test this hypothesis, a 1.0 mM solution of 2 was formed using 2 equiv.
PhIO in TFE at 298 K, and 1.0 equiv. [Mn''(OTf)(N2py2Q)]" was added to 2 (a smaller
excess of PhIO was used in this reaction to minimize any reaction between PhIO and the
added Mn'" complex). In this reaction, the near-IR absorption band at 1020 nm,
corresponding to 2, decayed with the growth of a feature at 620 nm (Figure S5). The rate of
this comproportionation reaction (kqs = 1.1(3) x 103 s!) resulting in formation of Mn'
intermediate is comparable to the rate of formation of the Mn'!! species in cyclohexene-do
oxidation (kyps = 4.7(2) x 1073 s71), lending credence to the comproportionation hypothesis.
Moreover, the relatively slow rate of reaction of cyclohexene-d;, with 2 allows the

comproportionation reaction between 2 and [Mn''(OTf)N2py2Q)]* to be competitive.

0.025

A -1
Ky = 0.46(1) (M's™)

A -
kyp)y=0.16(1) (M's™)

0.000 T T T T

0.00 0.01 0.02 0.03 0.04 0.05
[Cyclohexene-h,y/d,,] (M)

Figure 9. Plots of the pseudo-first-order rate constants (k) against

substrate concentration for the oxidation of cyclohexene (black

squares) and cyclohexene-d;y (black circles) by [Mn™V(O)(N2py2Q)J**
(2) in TFE (substrate dissolved in MeCN).
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Scheme 2. Products formed in cyclohexene (a) and cyclohexene-do (b) oxidation by
Mn'V-0x0 adducts and competitive comproportionation reaction (c) in TFE at 298 K.

Reactivity of Mn'V-oxo adducts with other olefins. The allylic C—H bond of
cyclooctene has a stronger bond dissociation energy (83 kcal mol-!') than cyclohexene (80
kcal mol').#? To assess the effect of this change on the reactivity of 2-4 with olefins, we
treated each complex with an excess of cyclooctene and monitored the reaction by electronic
absorption spectroscopy. Addition of excess cyclooctene in CH,Cl, (0.04—0.08 mM) to a
solution of 2 in TFE at 298 K led to disappearance of the Mn!V-oxo species following
pseudo-first order kinetics (Figure 10, left). The variation in kg, as a function of cyclooctene
concentration yielded a second order rate constant (k) of 6.0 x 10! M- s'! (Figure 10, right).
The spectral changes during this reaction do not provide evidence for the formation of a Mn!!!
product, indicating a two-electron epoxidation process resulting in formation of a Mn!!
complex. This conclusion is bolstered by GC—MS product analysis, which confirms the
formation of cyclooctene epoxide as the only detected product. The chromatogram obtained
from GC did not show any peaks related to cyclooctenol or cyclooctenone. This observation
is in line with the high BDE value of cyclooctene, which makes the allylic oxidation reaction
slower than C=C epoxidation. The reaction kinetics of cyclooctene oxidation by 3 and 4 were

too slow to obtain rates even with a high concentration of cyclooctene (0.8 M).
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Figure 10. Left: Reaction of 1.0 mM [Mn"V(O)(N2py2Q)]** (2) with 80 equiv. cyclooctene in TFE. Inset:

decay of the feature at 920 nm (blue trace) and the minimal growth of the feature at 620 nm (red trace).
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The reactivity of 2-4 with styrene was also investigated. Although styrene oxidation
reactions by 3 and 4 were too sluggish to permit collection of rate data (even at 0.6 M),
reactions of 2 with styrene were quite rapid. The addition of an excess of styrene (0.04—0.1
M) dissolved in CH,Cl, to a solution of 2 in TFE lead to the disappearance of the Mn!V-oxo
band at 1020 nm (Figure 11, left). The second order rate constant of 7(1) x 10! M-!s'! at 298
K was obtained for styrene oxidation by 2 from a linear relation between observed rate
constant (ky,s) and increasing styrene concentration (Figure 11, right). This rate was found to
be 1.5-fold faster than the oxidation rate of cyclohexene by 2. The spectral changes during
this reaction are similar to the reaction of 2 with cyclooctene, where there is a little growth of
a band at 620 nm. Thus, we conclude a dominant Mn! product. This observation is also
supported by GC—MS product analysis, which shows the formation of styrene oxide as the
sole detected product. Interestingly, the rate constant obtained with cyclooctene, and styrene
are very similar to that obtained for cyclohexene oxidation by 2 under similar conditions
(Table 1). A rate comparison for cyclooctene oxidation by 1 and 5 is summarized in Table 1,
demonstrating that 2 shows rate enhancement of ~110-fold and 18-fold relative to 1 and 5.

Thus, 2 is one of the most reactive Mn'V-oxo centers for olefin epoxidation.
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Figure 11. Left: Reaction of 1.0 mM [Mn'V(O)(N2py2Q)]** (2) with 45 equiv. of styrene in TFE. Inset: decay
of the feature at 1020 nm (blue trace) over time and the minimal change observed at 620 nm (red trace). Right:
Plot of the pseudo-first order rate constants (ko) against the concentration of styrene.

Understanding the chemoselectivity of Mn'V-oxo complexes. In a previous study,
we explored HAT reactions of complexes 1-4 with various hydrocarbons differing in C—H
bond strength, which demonstrated a trend of increasing rates in the order 2 > 1 >4 >3
(Figure S6).2°2 On the other hand, when these complexes were investigated for sulfoxidation
reactions with thioanisole, the reactivity trend changed to 2 >> 1 > 3 > 4 (Figure S7).%% In
this present study we have observed that the trend in olefin oxidation rates follows the same
trend observed in sulfoxidation rates. Remarkably, even though 2 is capable of reacting with
C-H bonds as strong as 99.9 kcal mol! (cyclohexane),?® the epoxide:allylic oxidation ratio
for 2 shows a high preference for epoxidation that is unusual among Mn!V-oxo complexes.
Along the same lines, 3 also favors epoxidation over C—H bond oxidation. In this case the
preference can be rationalized given that 3 shows fairly rapid OAT rates, whereas it is a
sluggish oxidant for C—H bond oxidation (Figure S6 and S7). On the other hand, complexes 1
and 4 show a markedly different product selectivity, favoring allylic oxidation over
epoxidation. These collective observations lead to the question — What causes the different
trends in OAT and HAT rates for this set of similar Mn'V-oxo complexes?

In a study by Nam et al., Mn'V-oxo complexes in the presence of Brensted acids
reacted with cyclohexene to exclusively form the epoxidation product, while the Mn'V-oxo
without acid preferred the HAT pathway forming allylic oxidation products.?? This change in
chemoselectivity for the acid bound complexes was attributed to a change to a favorable
electron transfer (ET) mechanism in substrate oxidation.*! This change in mechanisms is a
direct consequence of a dramatic shift in potential for 1 (0.80 V to 1.65 V vs SCE) and 5
(0.78 V to 1.50 V vs SCE) in the presence of Brensted acids. Very recently, our group

provided evidence that 2-4 share the same direct oxygen atom transfer mechanism for
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thioanisole sulfoxidation.?’” On this basis, and considering the fairly modest cathodic peak
potentials for these Mn'V-oxo complexes observed by cyclic voltammetry (£, = 0.47-1.01 V
vs SCE),>® we presume that epoxidation of cyclohexene also occurs by a direct OAT
mechanism. Therefore, the differences in chemoselectivity obtained in the current series are
unlikely to be an outcome of a change in mechanism.

To provide insight into these unexplained differences in chemoselectivity, we
performed DFT computations to understand the fundamental thermodynamics of the OAT
and HAT processes for these Mn'V-oxo complexes. Because HAT and OAT rates for series of
metal-oxo complexes commonly follow linear-free energy relationships,?® 27> 43 trends in
reactions rates can be understood on the basis of differences in thermodynamic driving force.
This approach also avoids the identification of transition states, which can be particularly
challenging for Mn'V-oxo complexes. For example, previous DFT calculations on HAT and
OAT reactions of Mn!V-oxo complexes have shown involvement of multiple electronic states,
some of different spin multiplicity than the ground state, that cross along the reaction
coordinate.** Moreover, DFT methods appear to underestimate transition-state energies for
HAT reactions of Mn!V-oxo complexes, with the CASSCF/NEVPT2 method providing a
more rigorous approach.®> Although these calculations predict the correct reactivity trend,
they are laborious and still rely on transition-state geometries from DFT methods. In the DFT
approach employed here, we found that the reactivity trends of Mn'V-oxo systems can be
readily explained using thermodynamic properties of products and reactants, which can be
calculated in a straightforward fashion.

This approach was initially motivated by the DFT-computed geometric structures of 2
and 3, which show a relatively large tilt in the axial bond angle involving the amine ligand
(see Supporting Information, Figure S8), the Mn!V center, and the oxo moiety (2: £0-Mn-
Naxiat =170.6°%; 3: £0-Mn-N,; =177.5° as compared to 4 £0-Mn-N,,;, =178.8°).2%% We
speculated that this tilt would slightly weaken m-overlap between the manganese and oxygen
orbitals, potentially reducing the Mn=0 bond dissociation free energy. To test this theory, we
calculated Mn!'V=0 BDFE values for 1-4 (Table 3). From these calculations, we find a range
in Mn'"V=0 BDFEs from 64.0 to 72.1 kcal mol"!, with 2 and 4 having the weakest and
strongest BDFEs, respectively. The weakest BDFE for 2 marks this complex as the best
oxygen-atom donor of the series, and is consistent with this complex being the most rapid
OAT agent in this series. Overall, we observe an increase in Mn'V=0 BDFEs of 2 <1~ 3 <4,

which nicely follows the trend in OAT rates for thioanisole oxidation by these complexes.
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Indeed, a plot of log k, for thioanisole oxidation versus Mn'V=0 BDFE is linear (Figure 12,
left), which supports our postulate that the differences in OAT reactions rates among this
series has its basis in differences in Mn!V=0 bond strength. Though a direct relationship
between the N,,—Mn=0 angle and the Mn'V-oxo BDFE is not observed (Table 3), a large
deviation in this angle contributes to a reduction in the Mn'V-oxo BDFE. This angle
dependence of the Mn!'V=0 BDFE was tested for 1 by varying the axial angle from 179.6° to
168.2°, which revealed a decrease in the Mn=0 bond strength by 3 kcal mol-!' (see Supporting
Information, Figure S9). Thus, the slight N,,—Mn=0 tilt in 2 and 3 likely serves to weaken
the Mn=0 bond strength and is one of several parameters that influences the Mn'V=0 BDFE.

Similarly, we calculated O—H BDFEs for Mn!"-hydroxo complexes, which are the
products of HAT reactions of the Mn!V-oxo complexes. In this case, stronger O—-H BDFEs
should correlate with faster HAT reaction rates. Table 3 shows the ABDFE values for the O—
H bonds of the Mn'!-hydroxo complexes relative to that of 1 (we consider ABDFE in this
case because the protocol for calculating absolute BDFEs requires corrections due to solvent,
which are not known for the experimental solvent TFE). From these calculations, we observe
an ordering of 2 > 1> 4 > 3, which yields a linear relationship when plotted against log &, for
DHA oxidation by these complexes (Figure 12, right). Thus, the O—H BDFE in the Mn''-
hydroxo products is able to reproduce the HAT reaction rates. Moreover, these DFT
calculations also reproduce the difference in ordering for the OAT and HAT reactions. While
the Mn""O—H bond strength of 3 is weaker than 4, consistent with poor reactivity for HAT
reactions by 3, the Mn!V=0 bond strength of 3 is much weaker than that of 4, making the
former complex more adept at OAT reactions. When applied to cyclohexene oxidation, the
coupling of the weak Mn!'V=0 bond and weak Mn"O-H bond of 3 lead to a favorable
epoxidation reaction over allylic oxidation.

Table 3. DFT calculated bond dissociation free energies of Mn'V-oxo adducts in kcal mol! and tilt in the
axial angle.

Complex BDFE of ABDFE
MnV=0 MnV=0 Mn"O-H  £0-Mn-N,,
[MnV(O)(N2py2Q)]** (2) 64.0 -3.6 4.4 170.0
[MnV(O)(N4py)]2* (1) 67.7 0.0 0.0 179.6
[MnV(O)(N2py2B)J** (3) 68.1 0.5 -2.7 177.2
[Mn™V(O)(PMMN4py)]** (4) 72.1 4.4 -1.6 178.8
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Figure 11. Correlation plot of calculated BDFE of [MnV(O)(N4py)]** (1, green circle),
[Mn™V(O)(N2py2Q)]** (2, orange circle), [MnV(O)(N2py2B)]** (3, purple circle), [Mn'V(O)(PMMN4py)]**
(4, red circle) with experimental log (k) of thioanisole oxidation (left) and DHA oxidation (right) by
Mn'V-0x0 adducts.

Conclusions

In this work, we have presented a comparative study of olefin oxidation reactions using a
series of Mn!V-oxo complexes supported by neutral pentadentate Ns ligands with different
steric and electronic properties. Our previous work with these complexes demonstrated large
rate enhancements as a function of these simple changes in the equatorial ligand field for both
HAT and OAT reactions.?>® 25 Relatively, the rate variation in OAT reactions is larger
among 2-4 than the rate variations observed in HAT reactions. Based on these results, we
anticipated that Mn'Y-oxo complexes would show different selectivity for substrates
susceptible to allylic C—H bond oxidation and olefin epoxidation. We examined this matter
using cyclohexene and cyclooctene as probes. Interestingly, the strongest oxidant in the
series, 2, preferentially reacts with C=C bond of cyclohexene to give a 2:1 ratio of epoxide
over allylic products. When cyclohexene was replaced with cyclohexene-d,, cyclooctene, or
styrene, C=C epoxidation becomes even more dominant over allylic C—H oxidation, yielding
epoxides as the sole detected products. The cyclohexene-d;( oxidation also reflects the true
epoxidation rates of cyclohexene by 2 as oxidant. Although on the slower side of the
reactivity spectrum, 3 has demonstrated faster kinetics in OAT reactions as compared to
HAT.?% This trend is reinforced in the current study where the reaction of 3 with
cyclohexene results in a roughly 2:1 ratio of epoxidation product over allylic oxidation

products. On the other hand, the electron rich Mn!V-oxo center in 4 favors allylic oxidation,
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yielding 35% and 12% of cyclohexenol and cyclohexenone over 21% of corresponding
epoxide. The chemoselectivity observed in olefin oxidation using Mn'V-oxo adducts 2-4
could be explained by weakening of the Mn=0O bond, as demonstrated by DFT calculated
Mn=0 BDFE:s. This distortion in the geometry of 2 and 3 is influenced by sterics introduced
through bulky quinoline and benzimidazole substituents in the equatorial ligand field. The
DFT computations used to obtain thermodynamic properties of the Mn!'V-oxo complexes
were able to reproduce the reactivity trends in OAT and HAT reactions, allowing us to
rationalize the change in chemoselectivity patterns of structurally similar Mn'V-oxo
complexes on the basis of straightforward thermodynamic parameters. We expect that such
strategies could be fruitful in the rational design of transition-metal compounds for

chemoselective substrate oxidation.
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