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ABSTRACT: A mononuclear non-heme manganese(V)—oxo
complex, [Mn"(O)(TAML)]™ (1), was synthesized by
activating dioxygen in the presence of olefins with weak allylic
C—H bonds and characterized structurally and spectroscopi-
cally. In mechanistic studies, the formation rate of 1 was found
to depend on the allylic C—H bond dissociation energies
(BDEs) of olefins, and a kinetic isotope effect (KIE) value of
16 was obtained in the reactions of cyclohexene and cyclohexene-d,;. These results suggest that a hydrogen atom abstraction
from the allylic C—H bonds of olefins by a putative Mn'"—superoxo species, which is formed by binding O, by a high-spin (S =
2) [Mn"(TAML)]~ complex, is the rate-determining step. A Mn(V)—oxo complex binding Sc** ion, [Mn"(O)(TAML)] —
(Sc**) (2), was also synthesized in the reaction of 1 with Sc** ion and then characterized using various spectroscopic techniques.
The binding site of the Sc** ion was proposed to be the TAML ligand, not the Mn—O moiety, probably due to the low basicity of
the oxo group compared to the basicity of the amide carbonyl group in the TAML ligand. Reactivity studies of the Mn(V)—oxo
intermediates, 1 and 2, in oxygen atom transfer and electron-transfer reactions revealed that the binding of Sc** ion at the TAML
ligand of Mn(V)—oxo enhanced its oxidizing power with a positively shifted one-electron reduction potential (AE,.4 = 0.70 V).
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This study reports the first example of tuning the second coordination sphere of high-valent metal—oxo species by binding a
redox-inactive metal ion at the supporting ligand site, thereby modulating their electron-transfer properties as well as their

reactivities in oxidation reactions.

Bl INTRODUCTION

High-valent manganese—oxo species have been invoked as key
intermediates in the oxidation of organic substrates by
manganese catalysts and in water oxidation by the oxygen-
evolving complex in photosystem II (PS II)."” In biomimetic
studies, a large number of high-valent Mn(IV or V)—oxo
complexes bearing porphyrin or non-porphyrin ligands have
been synthesized and investigated intensively in various
oxidation reactions." For example, an X-ray crystal structure
of a mononuclear non-heme Mn(V)—oxo complex bearing a
tetraamido macrocyclic ligand (TAML) was reported by
Collins and co-workers.” Other Mn(IV or V)—oxo complexes
bearing non-heme ligands have been synthesized and
investigated in oxidation reactions.'*”® In most cases, Mn—
oxo complexes were synthesized using artificial oxidants, such
as iodosylbenzene (PhIO) and hydroperoxides, but, to the best
of our knowledge, there is only one report using dioxygen (O,)
as an oxidant for the generation of Mn(V)—oxo species under
the condition of photoexcitation.’

In reactivity studies, effects of redox-inactive metal ions on
the reactivities of metal—oxo complexes have attracted much
attention,"”™ since the redox-inactive metal ions play
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important roles as cofactors in O,-activation/formation
reactions, such as Ca>* ion in PS IL>'° In biomimetic studies,
it has been demonstrated that binding of redox-inactive metal
ions at the oxo group of metal—oxo species changes their
chemical properties and reaction mechanisms in oxidation
In addition, it has been shown that the catalytic
activity of metal complexes in oxidation reactions is increased
greatly in the presence of redox-inactive metal ions.'"'* The
activation of O, by metal complexes is also shown to be
facilitated in the presence of redox-inactive metal ions.”> In
those studies, the binding sites of redox-inactive metal ions
were demonstrated or implied to be metal—oxo moieties.” "
However, the effect of redox-inactive metal ions on the second
coordination sphere of metal—oxo complexes has been rarely
investigated in oxidation reactions, especially in the case of
binding of redox-inactive metal ions at supporting ligands.
Herein, we report the synthesis of a non-heme Mn(V)—oxo
complex bearing a TAML ligand, [Mn"(O)(TAML)]™ (1,
H,TAML = tetraamido marcrocyclic ligand, 3,4,8,9-tetrahydro-
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3,3,6,6,9,9-hexamethyl-1H-1,4,8,11-benzotetraazocyclotride-
cane-2,5,7,10(6H,11H)tetrone), by activating O, in the
presence of a hydrogen atom (H atom) donor in the dark
(Scheme 1); 1 was characterized by various spectroscopic

Scheme 1. Proposed Mechanisms for the Synthesis of
Mn(V)—Oxo and Sc** Ton Bound Mn(V)—Oxo Complexes
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methods and X-ray crystallography. A non-heme Mn(V)—oxo
complex binding Sc** ion, [Mn'(O)(TAML)]™—(Sc¢*) (2),
was also synthesized by reacting 1 with Sc** ion (Scheme 1);
the binding site of the Sc** ion was proposed to be the TAML
ligand (vide infra). The reactivities of 1 and 2 were compared
in oxygen atom transfer (OAT) and electron-transfer (ET)
reactions to highlight the importance of the tuning of the
second coordination sphere of metal—oxo species by binding a
redox-inactive metal jon at the supporting ligand. The
fundamental ET properties of 2, such as the reorganization
energy and the one-electron reduction potential, were
determined and discussed as well.

B RESULTS AND DISCUSSION

Generation and Characterization of 1. When a reaction
solution containing [Mn"(TAML)]™ and cyclohexene was
exposed to O, at room temperature, we observed the formation
of a new intermediate (1) with an electronic absorption band at
430 nm (¢ = 4000 M~' cm™'; Figure 1a) (Figure S1 for the
characterization of [Mn™(TAML)]™; see also the section on
Mechanistic Studies on Dioxygen Activation Reaction by
[Mn™(TAML)]™ for the discussion of the formation
mechanism of 1 in the presence of allylic C—H bonds). The
intermediate 1 was highly stable at room temperature, allowing
us to characterize it with various spectroscopic methods and X-
ray crystallography. The electrospray ionization mass spectrum
(ESI-MS) of 1 exhibited one prominent peak at m/z = 441.1,
whose mass and isotope distribution pattern correspond to
[Mn"(**0)(TAML)]"~ (1-'°O, caled m/z = 441.1) (Figure 1b).
When 1 was reacted with '*0,, a mass peak corresponding to
[Mn"(*®0)(TAML)]™ appeared at m/z = 443.1 (1-**0, calcd
m/z = 443.1). The X-band EPR and 'H NMR spectra of 1
indicate that 1 is diamagnetic with a low-spin (S = 0) state
(Figures S2 and S3), as reported in other Mn(V)—oxo
complexes bearing TAML derivatives, corrole, porphyrin, and
corrolazine.”"* The resonance Raman (rRaman) spectrum of
1-'%0, recorded in CD,;CN at —40 °C with 407 nm laser
excitation, showed one isotopically sensitive band at 977 cm™,
which shifts to 937 cm™ upon '*O-substitution (Figure 1c).
The observed isotopic shift of —40 cm™" with '*O-substitution
is in good agreement with the calculated value for a diatomic
Mn-0O oscillator (—43 cm™). The calculated force constant for
the 977 cm™" mode by Hooke’s law is 7.0 mdyn/A, suggesting
triple Mn—O bond character.’® The short Mn—O bond length
of 1.5555(12) A in the X-ray crystal structure of 1 (Figure 2a;
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Figure 1. (a) UV—vis spectral changes observed in the reaction of
[Mn™(TAML)]~ (0.10 mM) and O, in the presence of cyclohexene
(10 mM) in acetone at 25 °C. Inset shows time trace monitored at 430
nm. (b) Negative mode ESI-MS spectrum of 1 generated in the O,-
activation reaction by [Mn"(TAML)]~ (0.10 mM) in the presence of
cyclohexene (10 mM) in acetone at 25 °C. Insets show the observed
isotope distribution patterns for 1-'°0 (left panel) and 1-'*0 (right
panel, generated in '®0,-saturated acetone). (c) rRaman spectra of
1-'%0 (4.0 mM, black line) and 1-'*0 (4.0 mM, red line) in CH,CN at
—40 °C upon 407 nm excitation. The peaks marked with * are from
solvent.

see also Tables S1 and S2) is consistent with the Mn—O triple
bond character as proposed in the rRaman experiments. Mn is
in a slightly distorted square-pyramidal geometry, which arises
from the axial oxo ligand and the four amido—N ligands (Mn—
N average distance of 1.8926(14) A). Taken together, 1 is a
low-spin (S 0) Mn"—oxo complex with Mn—O triple bond
character.”® It should be noted that 1 can also be generated in
quantitative yield by reacting [Mn'"'(TAML)]~ with iodosyl-
benzene (PhIO) as an oxidant. The isolated 1 was then
obtained by slow diffusion of Et,O into a saturated CH;CN
solution of 1 and removal of the remaining PhIO and used for
further studies.

Mechanistic Studies on Dioxygen Activation Reaction
by [Mn"(TAML)]". To give more insight into the O,-activation
reaction mechanism, one-electron oxidation potentials (E,,) of
[Mn"™(TAML)]™ in two different solvent systems (i.e., CH;CN
and acetone) were determined by cyclic voltammetry (Figure
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Figure 2. (a) X-ray crystal structure of 1 showing 50% probability
ellipsoids. Tetraphenylphosphonium ion and hydrogen atoms are
omitted for clarity. (b) DFT-calculated structure of 2 with Sc bound to
the 7-position. Color for the structures: Mn, orange; Sc, green; N,
blue; O, red; C, gray; S, yellow; F, pink.

S1b). We found that the E_, value of the Mn™ complex in
CH,CN was 0.45 V vs SCE, whereas the E_, value in acetone
was 0.35 V vs SCE. This result clearly indicates that the O,-
activation reaction may occur more favorably in acetone than in
CH;CN. The O,-activation reaction indeed occurred in both
solvent systems, but the formation rate of 1 in acetone was
much faster than that in CH;CN. We also carried out control
experiments in which the reactions of the Mn" complex with
O, were performed in the absence of cycloalkenes with weak
allylic C—H bonds in both CH;CN and acetone. It is worth
noting that the O,-activation reaction does not occur in the
absence of [Mn"™(TAML)]™ or O, or cycloalkenes. To explore
the possibility of an O,-activation reaction through an
autocatalytic radical chain pathway,'® the O,-activation reaction
was carried out in the presence of DMPO (S§,5-dimethyl-1-
pyrroline N-oxide), which is a well-known spin trapping
reagent.lé However, even in the presence of 1.0% of DMPO,
no induction period for the formation of 1 in the O,-activation
reaction by [Mn"(TAML)]~ was observed and the formation
rates of 1 in the absence and presence of DMPO were the
same, indicating that no autocatalytic radical chain pathway was
involved in the O,-activation reaction (Figure S4).

In kinetics studies, the formation rate of 1 was found to
depend on the concentration of cyclohexene, and a second-
order rate constant was determined to be 2.3 X 107> M~ s™! at
25 °C (Figure 3). We also found that the formation rate was
correlated with the allylic C—H bond dissociation energies
(BDEs) of olefins; the formation of 1 was faster with olefins
having weak C—H BDEs, such as cyclohexene (k, = 2.3 X 107°
M™ s7!, BDE = 81.0 kcal mol™), cycloheptene (k, = 3.6 X
1073 M~' 57!, BDE = 83.0 kcal mol™"), cyclopentene (k, = 2.8
x 107> M~ 57!, BDE = 84.7 kcal mol™"), and cyclooctene (k, =
2.1 X 107 M~ 57!, BDE = 85.0 kcal mol™") (Figure 3; Figure
S5)."” In addition, the formation of 1 was slower in the reaction
of cyclohexene-d,, (Figure 3), affording a kinetic isotope effect
(KIE) value of 16. Moreover, the pseudo-first-order rate
constants with the different concentrations of
[Mn"™(TAML)] remained the same (Figure S6a), whereas
the pseudo-first-order rate constant was proportional to the
concentrations of cyclohexene (Figure 3) and O, (Figure S6b).
Thus, the rate of formation of [Mn"(O)(TAML)]™ was given
by the following equation: d[Mn"(0)]/dt = ky([Mn"], —
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Figure 3. Plot of k, against the concentrations of cycloalkenes such
as cyclohexene (blue circle), cycloheptene (black circle), cyclopentene
(pink circle), cyclooctene (red circle), and cyclohexene-d;, (green
circle) at 25 °C.

[Mn"(0)])[cyclohexene][O,]. Because the rate exhibited first-
order dependence with respect to concentration of the Mn™
complex, no bimetallic species (e.g, Mn"V-0,-Mn")"® are
involved in the formation of the Mn"—oxo complex. Products
formed in the O,-activation reactions by [Mn"(TAML)]~ with
cyclohexene were analyzed by GC and GC—MS, showing that
cyclohex-2-enol and cyclohex-2-enone were obtained as
products with the yields of 21(3)% and 32(3)%, respectively
(Figure S7).

When toluene was employed as a substrate, the formation of
the Mn"—oxo complex was too slow because of the relatively
strong C—H bond of toluene (90 kcal mol™). When
cyclohexadiene, which has a weaker C—H bond (BDE = 78
kcal mol™'), was employed as a substrate, however, the rate
constant (k, = 3.6 X 107* M~' s™/; Figure S8) was much slower
than expected from the correlation with the BDE value. This
may result from the much slower reaction of cyclohexadienyl
radical with the Mn"'—hydroperoxo complex as compared with
the reaction of cyclohexenyl radical with the Mn"'—hydro-
peroxo complex because of the reduced radical reactivity of
more delocalized cylcohexadienyl radical. Such a delocalization
effect was more pronounced in the reaction of hydro-
anthracenyl radical and the Mn'Y—hydroperoxo complex
when the rate of the formation of the Mn'—oxo complex
with 9,10-dihydroanthracene (BDE = 77 kcal mol™) was too
slow to be determined. Thus, substrates that we can use for the
0, activation by [Mn"™(TAML)]" are limited to cycloalkenes
with weak allylic C—H bonds.

Based on the kinetic studies discussed above, we conclude
that the activation of allylic C—H bonds of olefins is the rate-
determining step (rds) for the formation of 1 (Scheme 1,
pathway b), and a mechanism is proposed as follows: A high-
spin (S = 2) [Mn"™(TAML)]™ complex binds O, to generate a
Mn'V—superoxo species (Scheme 1, pathway a),'* followed by
abstracting a H atom from an allylic C—H bond of olefin to
form a putative Mn' —hydroperoxo species (Scheme I,
pathway b). Subsequently, a homolytic O—O bond cleavage
of the Mn"V—hydroperoxo species takes place to yield the
Mn"—oxo complex (Scheme 1, pathway c). This proposed
mechanism is similar to the one that we reported recently in
which non-heme Fe'V—oxo complexes were formed in the
reactions of Fe'' complexes and O, in the presence of olefins
with weak allylic C—H bonds.*’

Generation and Characterization of 2. Addition of 1.2
equiv of Sc®" ion to a solution containing 1 in CH;CN resulted
in the formation of a Sc** ion bound Mn"—oxo0 complex (2)
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(Scheme 1, pathway d),”" which exhibited a slightly red-shifted
absorption band at 465 nm (e = 4000 M~ cm™) (Figure 4a,
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Figure 4. (a) UV—vis spectral changes showing the formation of 2
(blue line) and disappearance of 1 (0.10 mM, red line) upon addition
of Sc* to 1 in increments of 0.2 equiv in CH;CN at —20 °C. (b) The
normalized Mn K-edge XAS data for [Mn™(TAML)]"~ (black line), 1
(red line), and 2 (blue line). The inset shows the expanded pre-edge
region. (c) A comparison of the non phase shift corrected Fourier
transforms and the corresponding Mn K-edge EXAFS data (inset) for
1 (red line) and 2 (blue line).

blue line); unlike 1, the intermediate 2 was metastable even at
—20 °C (t,/, ~ 2000 s). The spectroscopic titration at 465 nm
for the formation of 2 as a function of the amount of Sc** ion
added to the solution of 1 indicates that the stoichiometry of
Sc** ion binding to Mn"—oxo is 1:1 (Figure 4a, inset). The
coordination of counteranions to the metal center was
frequently observed in many X-ray crystal structures. It is also
possible that the anion such as CF;SO;”, which is originated
from Sc(CF;S0;);, can coordinate to the MnY—oxo complex.
To investigate this possibility, we independently added anions
such as sodium trifluoromethanesulfonate (NaCF;SO;),
sodium azide (NaNj), and sodium thiocyanate (NaSCN) to
the Mn'—oxo complex. No visible spectral change was
observed, indicating no binding of axial ligand to the Mn"'—
oxo complex. We also added other weak Lewis acids such as
Ca®, Zn**, and Sr**, however, the absorption band at 430 nm
due to Mn"—oxo complex remained without spectral change.
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This result suggested to us to assume that only strong Lewis
acids are capable of binding to the present Mn"—oxo complex.

Then, 2 was characterized by various spectroscopic methods
such as coldspray ionization mass (CSI-MS), X-band EPR, 'H
NMR, rRaman, and X-ray absorption spectroscopies. A CSI-MS
spectrum of 2 exhibited a mass peak at m/z = 932.9, whose
mass and isotope distribution pattern correspond to
[Mn"("0)(TAML)(Sc)(CF;S0;);]~ (2-°0, caled m/z
932.9) (Figure S9a). When 2 was generated using 1-'°0, a
mass peak assignable to [Mn"("*0)(TAML)(Sc)(CF;S05);]”
appeared at m/z = 934.9 (2-'%0, caled m/z = 934.9). The X-
band EPR and '"H NMR spectra revealed that 2 is diamagnetic
with a low-spin (S = 0) state (Figures S3c and S9b). The
rRaman spectrum of 2-'°0, recorded in CD,CN at —40 °C
with 407 nm laser excitation, showed one isotopically sensitive
band at 976 cm™, which shifts to 936 cm™ upon '|O-
substitution (Figure S9c); it is notable that the rRaman bands
are almost identical to those of the 1-'°0 and 1-'*0 (Figure
1c).

The normalized Mn K-edge XAS spectra of the starting
material [Mn"™(TAML)]", 1, and 2 are presented in Figure 4b.
The inset shows the expanded pre-edge region. The pre-edge
feature corresponding to the electric dipole allowed, quadru-
pole forbidden, 1s — 3d transition occurs at 6540.5 eV for
[Mn"/(TAML)], shifts to higher energy by 1.1 eV, and occurs
at 6541.6 eV for 1. The intensity of the pre-edge feature
increases by ~7-fold on going from [Mn"(TAML)]™ to 1. This
increase in energy and intensity of the pre-edge feature
indicates an increase in covalency and the presence of a very
short Mn—O interaction in 1. On going from [(Mn™(TAML)]~
to 1, the rising edge shifts from 6549.5 to 6553.4 eV, an
increase of 3.9 eV, consistent with an increase in charge on the
Mn center in 1. These spectral features observed for 1 are
consistent with other reported S-coordinate Mn'O systems,””
confirming the [Mn"(O)(TAML)]™ nature of 1. A comparison
of the Mn K-edge XAS spectra (Figure 4b) of 1 and 2 shows
that, upon Sc** binding, both the intensity and energy position
of the pre-edge feature decrease slightly, indicating a modest
perturbation in ligand field strength arising from Sc** binding.

Figure 4c shows a comparison of the non phase shift
corrected Mn K-edge EXAFS Fourier transform data for 1 and
2. The inset shows the EXAFS region (k = 2—11.9 A™"). Small
differences in both EXAFS and FT data are observed.
Specifically, on going from 1 to 2, the peak at R ~ 1.5 A
shifts to higher R’ values and decreases in intensity.
Furthermore, the intensity of the features between R’ ~ 2
and 3 A increases in 2 relative to 1. FEFF fits to the data of 1
(Figure 4c, red line; Figure S10a) reveal a short Mn—O
interaction at 1.54 A and 4 Mn—N interactions at 1.89 A. The
second and third shells are fitted with single and multiple
scattering components from the TAML ligand. FEFF fits to the
data for 2 reveal only a slight elongation of the Mn—O distance
to 1.57 A and 4 Mn—N interactions at 1.91 A (Figure 4c, blue
line; Figure S10b). The second and third shells are fitted with
single and multiple scattering components from the TAML
ligand but with overall low ¢* values and increase in degeneracy
of 2 3.96 A Mn—C interaction (8 in 2 compared with 4 in 1;
Table S4). These differences to the second and third shells
indicate a stronger back scattering contribution by the TAML
ligand upon Sc** binding.

The experimentally obtained structure of 2 was compared to
the DFT-optimized structure (Figure 2b; see also Experimental
Section for computational details). As a calibration, calculations
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were done on 1 where the calculations yielded Mn—O and
Mn—N(average) distances of 1.57 and 1.90 A, respectively, in
good agreement with both the crystal structure and EXAFS
data. In calculations, the Mn—O vibration frequency was seen
at 1017 cm™" (Table S5). This frequency shifted 44 cm™ to
973 cm™' upon 'O substitution. Note that these frequencies
are, contrary to the usual practice, not scaled, as a scaling factor
is not available for our exact calculation setup (B3LYP/LACVP
in solvent, see DFT Methods). However, if we were to use a
scaling factor of 0.962, as obtained at the very similar’® B3LYP/
6-31G level calculations,” the obtained frequency would be at
978 cm ™' shifting to 936 cm ™, in agreement with experiments.
The TD-DFT calculated spectrum for this species (Figure
S1la) exhibited a peak at 448 nm, reasonably close to the
experimentally determined peak at 430 nm. This peak
represents a collection of electron transitions from the ligand
as well as the Mn d,, orbital to the other Mn d-orbitals. There is
also a minor peak at 668 nm, also seen in Figure la. Thus, we
conclude that the calculations sufficiently reproduce the
experiments for species 1.

Addition of Sc(CF;SO;); was then done on three different
possible oxygen positions, namely, the Mn—oxo, the 7-one, and
the 10-one positions of TAML (see Figure 2a for the
positions). Adding Sc(CF;SO;); to the Mn—oxo position
generated two energetically similar S = 0 species, one being a
closed shell and the other an open shell configuration (Tables
S6—S8). However, these structures were on the order of 10
kcal/mol higher up in energy than the TAML ligand-bound
alternatives. Also, the Mn—O distances were significantly
elongated upon Sc** ion binding to 1.72 and 1.68 A for open
and closed shells, respectively, neither of which is in agreement
with the EXAFS results on 2. In addition, the calculated Mn—O
vibration is now found mixed with other vibrations at 768 and
788 cm™!, very much off from the experimentally determined
977 cm ™. The TD-DFT calculated UV spectrum also exhibits
multiple peaks above S00 nm (Figure S11b), which are not
seen experimentally. It is therefore more likely that the Sc** ion
binding occurs at the TAML ligand and, more specifically, to
the 7-one position, as this is 1.42 kcal/mol lower in energy than
binding to the 10-one position (see Figure 2b for the DFT-
calculated structure). The TD-DFT spectrum shows a peak at
482 nm (Figure S11c), showing that the peak has shifted 34 nm
upon Sc** binding, as compared to 35 nm experimentally in
Figure 4a. This proposed binding site of the Sc** ion in 2 was
confirmed by '"H NMR spectra of 1 and 2 taken at —20 °C
(Figure S3); the methyl peak at the 6-position of TAML ligand
was shifted the most upon addition of Sc3 ion, whereas the
benzene and methyl peaks at 3- and 9-positions of TAML
shifted moderately. Thus, 'H NMR analysis together with
rRaman data (vide supra) indicates that the Sc** ion binds close
to the 6-position (e.g., at S or 7 carbonyl oxygen), as shown in
the DFT-determined structure of 2 (Figure 2b).

Reactivity Comparison between 1 and 2. The
reactivities of 1 and 2 were compared in OAT and ET
reactions, to understand the effect of Sc** ion on the reactivity
of the Mn"—oxo species. In OAT reactions, 1 disappeared with
a first-order rate profile upon addition of triphenylphosphine
(PPh;), and a second-order rate constant (k,) of 1.2 X 107"
M s7! was obtained at 25 °C (Figure S12). In the reaction of
2 and PPh;, a second-order rate constant (k,) was determined
at —20 °C due to the much greater reactivity of 2 compared to
that of 1, and it was 1.1 X 10* M™' s™' from the slope of
pseudo-first-order rate constants against PPh; concentrations

8527

(Figure S13). This result demonstrates that the reactivity of 2 is
much greater than that of 1 in the OAT reaction (ie., >10*
times by considering the temperature difference). A similar
result was reported previously by using Mn'—oxo complex
bearing an analogue of TAML ligands.”” The electrophilic
reactivities of 1 and 2 were also investigated in the oxidation
reactions of para-substituted PPh, derivatives, such as (p-Cl-
Ph);P and (p-Me-Ph),P. In both cases of 1 and 2, reactivity
increased with decrease of one-electron oxidation potential
(Eo) of PPhy derivatives, indicating that 1 and 2 act as an
electrophile in the oxidations of PPh; derivatives (Figures S14
and S15). In the oxidation of PPh; by 1 and 2, PhyP=0 was
obtained as a sole product with >90% yields. The Mn product
obtained in the reactions between 1 or 2 and PPh; was
determined to be [Mn'"'(TAML)]~ (Figures S16 and S17).
In ET reactions, [Mn"(O)(TAML)]~ (1) did not react with
1,1'-dimethylferrocene (Me,Fc; E,, = 0.26 V vs SCE), but
reacted with octamethylferrocene (MegFc; E,, = —0.04 V vs
SCE) and decamethylferrocene (Me;oFc; E,, = —0.08 V vs
SCE) in CH;CN at 25 °C (Figure S18), indicating that one-
electron reduction potential of 1 is between 0.26 and —0.04 V
vs SCE. This was also confirmed by cyclic voltammetry,
providing that the E 4 of 1 is 0.09 V vs SCE (Figure S19),
which is consistent with the results of ET reactions. However,
MnY—0-Sc** (2) reacted with a series of one-electron donors
such as ferrocene (Fc; Figure S) and its derivatives in CH;CN

0.6 4

0.4 4

Abs. at 465 nm

Absorbance

0.0 4

Wavelength, nm

Figure 5. UV—vis spectral changes observed in the reaction of 2 (0.10
mM) with Fc (1.25 mM) in CH;CN at —20 °C. Inset shows time
trace monitored at 465 nm due to 2.

at —20 °C. This result indicates that 2 is a much stronger one-
electron oxidant than 1, which is consistent with the greater
reactivity of 2 in the OAT reaction (vide supra). The ET
reactions between 2 and Fc derivatives were followed by
monitoring disappearance of the absorption band at 465 nm
due to 2, with the concomitant appearance of absorption band
in the range of 600—800 nm due to ferrocenium ion (Fc*) and
its derivatives (Figure S; Figure $20). The stoichiometry in the
reaction of 2 and Fc was 1:1, because only 1 equiv of Fc" ion
was formed in the pseudo-first-order conditions (Figure S). In
addition, Mn(IV) ion was detected as a final Mn product by X-
band EPR after the completion of ET reaction between 2 and
Fc (Figure S21). ET reduction of 2 was also found to be in
equilibrium with Br,Fc (E,, = 0.71 V vs SCE) (eq 1),”* where
the final concentration of Br,Fc' produced in the ET of 2
increases with increasing the initial concentration of Br,Fc
(Figure 6a). The equilibrium constant (K,,) was determined to
be 47 in CH;CN at —20 °C (Figure S22). The apparent one-
electron reduction potential (E,.4) of 2 was then determined to
be 0.79 V vs SCE from the K, value and E,, value of Br,Fc
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Figure 6. (a) Plot of concentration of Br,Fc* produced in ET from
Br,Fc to 2 (0.25 mM) against initial concentration of Br,Fc, [Br,Fc],.
(b) Driving force (—AG,,) dependence of the logarithm of the rate
constants (log k,,) of ET from one-electron donors (1, Br,Fc; 2, BrFc;
3, AcFg; 4, Fc; 5, Me,Fc) to 2 in CH;CN at —20 °C.

using the Nernst equation (eq 2). This result is in good
agreement with the electrochemically determined E.4 of 2
(Figure S19c). Thus, the E,.q value of 2 is largely more positive
than 1 (AE,4 = 0.70 V). Similar results were reported in
[Mn"(O)(N4Py)]** (0.80 V vs SCE) and its Sc** ion bound
complex, [Mn™(O)(N4Py)]**—(Sc*), (1.42 V vs SCE).”

[Mn"(0O)(TAML)]™ — (Sc**) + Br,Fc

& [Mn"™(0)(TAML) >~ — (Sc**) + Br,Fc* (1)

)

The ET rate obeyed pseudo-first-order kinetics in the
presence of large excess of Fc derivatives. The second-order
rate constants (k) were determined from the slopes of linear
plots of kg, against the concentrations of Fc derivatives (Figure
S23). The k,, values of various reductants were summarized in
the Table 1, along with the E,, values of the reductants, and

Ered = on + (RT/F) In Ket

Table 1. Oxidation Potentials (E,,) of Electron Donors, Rate
Constants (k,), and Driving Force (—AG,,) for One-
Electron Reduction of 2 by Electron Donors in CH;CN at
-20 °C

electron donor E,,“Vvs SCE k,M's! —AG, eV
dimethylferrocene (Me,Fc) 026 1.7 X 10° 0.53
ferrocene (Fc) 0.37 2.1 X 10? 0.42
bromoferrocene (BrFc) 0.54 1.8 X 10 0.25
acetylferrocene (AcFc) 0.62 12 X 10 0.17
dibromoferrocene (Br,Fc) 0.71 1.3 0.08

“Taken from ref 25.

driving force of ET [—AG,, = e(E,.q — E,) in eV, where ¢ is the
elementary charge]. The driving force dependence of the
logarithm of the rate constants of ET from Fc derivatives to 2
in CH;CN at —20 °C is shown in Figure 6b, in which the log
k.. values are plotted against the — AG,, values. The curve is
well suited by the red solid line in Figure 6b in Ii§ht of the
Marcus theory of adiabatic outer-sphere ET (eq 3),”

ket = Z exp[_(l/‘*)(l + AGet/A‘)Z/kBT] (3)

in which Z is the collision frequency taken as 1 X 10" M~ts
A is the reorganization energy of ET, kp is the Boltzmann
constant, and T is the absolute temperature. Thus, the A value
of 2.41 eV was determined using eq 3. It is of interest to note
that the A value of 2 is slightly higher than those of other Sc**
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ion bound Mn'"V—oxo complexes (2.12—2.21 eV),” but lower
than those of non-heme FelV—oxo complexes.27

B CONCLUSION

To close, we have presented the synthesis and spectroscopic
and structural characterization of a mononuclear non-heme
Mn"—oxo complex and its Sc** ion bound Mn"—oxo complex.
The Mn"—oxo complex was synthesized by activating dioxygen
in the presence of olefins with weak allylic C—H bonds. We
have proposed a mechanism as follows: A putative Mn'—
superoxo species, which is formed by binding O, by a high-spin
(S =2) [Mn"™(TAML)]~ complex, abstracts a hydrogen atom
from the allylic C—H bonds of olefins to form a putative Mn''—
hydroperoxo species (Scheme 1, pathways a and b), followed
by a homolytic O—O bond cleavage of the Mn"—hydroperoxo
species to yield the Mn"—oxo complex (Scheme 1, pathway c).
The Mn"—oxo complex was characterized with various
spectroscopic methods and X-ray crystallography. Then, the
reaction of the Mn'—oxo complex with 1 equiv of Sc** ion
produced a Mn"—oxo complex binding a Sc** ion (Scheme 1,
pathway d). We have proposed that the Sc** ion is bound to the
TAML ligand, not to the Mn—oxo moiety. This is probably due
to the low basicity of the oxo group in Mn"—oxo, compared to
the basicity of the amide carbonyl group in the TAML ligand.
Their reactivities in OAT and ET reactions demonstrate that
the binding of Sc** ion at the TAML ligand of Mn"—oxo
markedly enhances its oxidizing power with a largely positively
shifted one-electron reduction potential. Thus, the redox-
inactive metal ion binding at the supporting ligand or at the
metal—oxo moiety changes reactivities of metal—oxo species in
OAT and ET reactions greatly. To the best of our knowledge,
this study reports the first example of a redox-inactive metal ion
induced tuning of the second coordination sphere of metal—
oxo species that modulates their electrochemical properties as
well as their reactivities in oxidation reactions.

B EXPERIMENTAL SECTION

Materials. Commercially available chemicals were used without
further purification unless otherwise indicated. Solvents were dried
according to published procedures and distilled under Ar prior to
use.” Todosylbenzene (PhIO) was prepared by a literature method.”
TAML-H, ligand was purchased from GreenOx Catalysts Inc. (USA).
80, (98% '®O-enriched) and H, 0 (95% '80-enriched) were
purchased from ICON Services Inc. (Summit, NJ, USA). The starting
Mn(III) complex, Li(CH;0H),[Mn™(TAML)(CH,OH)], was pre-
pared according to the literature.’® The cation exchange from Li* to
PPh," was also performed by adding 10 eqiuv of PPh,Cl to a solution
of Li(CH;0H),[Mn"™(TAML)(CH;OH)] in order to increase the
solubility of [Mn™(TAML)]~ in CH,;CN.*" The reaction solution was
filtered and used for further characterization studies.

Instrumentation. UV—vis spectra were recorded on a Hewlett-
Packard Agilent 8453 UV—visible spectrophotometer equipped with a
circulating water bath or a UNISOKU cryostat system (USP-203;
UNISOKU, Japan). Electrospray ionization mass spectra (ESI-MS)
were collected on a Thermo Finnigan (San Jose, CA, USA) LCQ
Advantage MAX quadrupole ion trap instrument, by infusing samples
directly into the source at 20 #L/min using a syringe pump. The spray
voltage was set at 4.7 kV and the capillary temperature at 120 °C. Cold
spray ionization mass spectra (CSI-MS) data were collected on a JMS-
T100CS (JEOL) mass spectrometer equipped with a CSI source.
Typical measurement conditions are as follows: needle voltage, 2.2 kV;
orifice 1 current, 50—500 nA; orifice 1 voltage, 0 to 20 V; ring lens
voltage, 10 V; ion source temperature, S °C; spray temperature, — 40
°C. X-band CW-EPR spectra were recorded at S K using an X-band
Bruker EMX-plus spectrometer equipped with a dual mode cavity (ER
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4116DM). Low temperatures were achieved and controlled with an
Oxford Instruments ESR900 liquid He quartz cryostat with an Oxford
Instruments ITCS503 temperature and gas flow controller. The
experimental parameters for EPR spectra were as follows: Microwave
frequency = 9.646 GHz, microwave power = 1.0 mW, modulation
amplitude = 10 G, gain = 1 X 10%, modulation frequency = 100 kHz,
time constant = 40.96 ms, and conversion time = 85.00 ms. '"H NMR
spectra were measured with a Bruker model digital AVANCE III 400
FT-NMR spectrometer. Resonance Raman spectra were obtained
using a liquid nitrogen cooled CCD detector (CCD-1024X256-
OPEN-1LS, HORIBA Jobin Yvon) attached to a 1 m single
polychromator (MC-100DG, Ritsu Oyo Kogaku) with a 1200
groove/mm holographic grating. Excitation wavelength of 407.0 nm
was provided by He—Cd laser (Kimmon Koha, IKS651R-G and
KR1801C) with 20 mW power at the sample point. All measurements
were carried out with a spinning cell (1000 rpm) at —40 °C. Raman
shifts were calibrated with indene, and the accuracy of the peak
positions of the Raman bands was +1 cm™. Electrochemical
measurements were performed on a CHI630B electrochemical
analyzer (CH Instruments, Inc.) in deaerated CH;CN containing
0.10 M Bu,NPF (TBAPF) as a supporting electrolyte at —40 °C. A
conventional three-electrode cell was used with a platinum working
electrode (surface area of 0.30 mm?), a platinum wire as a counter
electrode, and an Ag/Ag® electrode as a reference electrode. The
platinum working electrode was routinely polished with BAS polishing
alumina suspension and rinsed with acetone and acetonitrile before
use. The measured potentials were recorded with respect to an Ag/Ag"
(0.010 M) reference electrode. All potentials (vs Ag/Ag") were
converted to values vs SCE by adding 0.29 V.*' All electrochemical
measurements were carried out under Ar atmosphere. Product analysis
was performed with Agilent Technologies 6890N gas chromatograph
(GC). Quantitative analyses were made on the basis of comparison of
GC peak integration between products and authentic samples.

Generation of Non-Heme Mn"(O) Intermediate, 1 and 2. The
non-heme Mn"(O) complex, [Mn"(O)(TAML)]~ (1), was generated
by reacting Li(CH;OH),[Mn™(TAML)(CH,;OH)] or (PPh,)-
[Mn"{(TAML)] (0.10 mM) with dioxygen (O,) in the presence of
cycloalkenes (10—500 mM), such as cyclopentene, cyclohexene,
cycloheptene, cyclooctene, and cyclohexene-d,,, in acetone at 25 °C.
180-labeled 1 was prepared under identical reaction conditions using
180, in acetone at 25 °C. Alternatively, 1 was also prepared by reacting
Li(CH;0H),[Mn"™(TAML)(CH;0H)] (52.8 mg, 0.10 mmol) with
excess solid iodosylbenzene (PhIO) in CH3;CN (4.0 mL) at 25 °C.
The reaction solution was stirred for 6 h and filtered to remove excess
solid PhIO and insoluble impurities. The Mn'—oxo complex was also
generated in quantitative yield by using solid PhIO and used for
further characterization and reactivity studies. Moreover, the addition
of peroxides such as hydrogen peroxide, cumene hydroperoxide, and
tert-butyl hydroperoxide to the solution containing [Mn™(TAML)]~
afforded quantitative yield of 1°°"% Anal. Caled (found) for
C4;3H,MnN,OP (1): C, 66.15 (66.32); H, 542 (5.25); N, 7.18
(7.22).

The Sc* ion bound Mn'(O) complex, [Mn'(O)(TAML)] —
(Sc*) (2), was prepared by adding 1.2 equiv of Sc** ion to the
solution of 1 in CH;CN at —20 °C. Further addition of Sc** ions (up
to 20 equiv) to the solution of 2 did not show spectral changes any
more, indicating the binding of only one Sc** ion to the Mn"(O)
complex, which is different from the previously reported Mn'(O)
complexes that bind two Sc** ions.”

X-ray Structural Analysis. To improve the quality of the single
crystal of 1, the cation exchange from Li* to PPh,* has been performed
by introducing PPh,Cl into the solution containing 1-Li. 1-PPh, was
obtained by filtration of the reaction solution. Single crystals of 1-PPh,
suitable for X-ray crystallographic analysis were obtained by slow
diffusion of Et,O into a saturated CH;CN solution of 1-PPh,. These
crystals were taken from the solution by a nylon loop (Hampton
Research Co.) on a handmade copper plate and mounted on a
goniometer head in a N, cryostream. The diffraction data for 1-PPh,
were collected at 100 K on a Bruker SMART AXS diffractometer
equipped with a monochromator in the Mo Ka (4 = 0.71073 A)

8529

incident beam. The CCD data were integrated and scaled using the
Bruker-SAINT software package, and the structure was solved and
refined using SHELXTL V 6.12.*> Hydrogen atoms were located in
the calculated positions. The crystallographic data and selected bond
distances and angles for 1-PPh, are listed in Tables S1 and S2,
respectively. Crystallographic data for [Mn"(O)(TAML)]" is available
as Supporting Information. In addition, CCDC-1028627 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK,; fax (+44) 1223-336-033; or deposit@ccdc.
cam.ac.uk).

X-ray Absorption Spectroscopy. The Mn K-edge X-ray
absorption spectra of the starting material [Mn™(TAML)]",
[MnY(0)(TAML)]™ (1), and [Mn"(O)(TAML)]™—Sc** (2) com-
plexes were measured at the Stanford Synchrotron Radiation
Lightsource (SSRL) on the unfocused 20-pole 2 T wiggler side-
station beamline 7-3 under nonstandard ring conditions of 3 GeV and
~100 mA (low-alpha operations mode at SSRL). A Si(220) double
crystal monochromator was used for energy selection. A Rh-coated
harmonic rejection mirror was used on beamline 7-3 to reject
components of higher harmonics. The monochromator was further
detuned by 30% to eliminate higher harmonics and to reduce beam
damage on the high-valent samples (1 and 2). All complexes were
measured as solutions, which were transferred into 2 mm Delrin XAS
cells with 70 ym Kapton tape windows under synthesis conditions and
were immediately frozen after preparation and stored under liquid N,.
During data collection, samples were maintained at a constant
temperature of ~10—15 K using an Oxford Instruments CF 1208
liquid helium cryostat. Data were measured to k = 12 A™!
(fluorescence mode) using a Canberra Ge 30-element array detector.
Internal energy calibration was accomplished by simultaneous
measurement of the absorption of a Mn foil placed between two
ionization chambers situated after the sample. The first inflection point
of the foil spectrum was fixed at 6539.0 eV. The samples were
monitored for photoreduction and a fresh spot was chosen for data
collection after every four scans. However, no visual change in the
rising edge energy position or the intense pre-edge feature associated
with the MnY(O) complexes, 1 and 2, was observed over successive
scans, indicating that all the samples were resistant to photoreduction
under the reduced current experimental conditions. Data presented
here are 22-scan average for [Mn"'(TAML)]", 24-scan average for 1,
and 12-scan average for 2. Data were processed by fitting a second-
order polynomial to the pre-edge region and subtracting this from the
entire spectrum as background. A three-region spline of orders 2, 3,
and 3 was used to model the smoothly decaying postedge region. The
data were normalized by subtracting the cubic spline and assigning the
edge jump to 1.0 at 6555 eV using the Pyspline®® program. Data were
then renormalized in Kaleidagraph for comparison and quantification
purposes.

Theoretical EXAFS signals y(k) were calculated by using FEFF
(Macintosh version 8.4).>*7°° Starting structural models for
[Mn™(TAML)]™ and 1 were obtained from crystal structures, and
models for 2 were generated by modifying the crystal structure of 1 in
Avogadro®” (by inclusion of a Sc** ion). The input structure was
improved based on preliminary EXAFS fit parameters to generate
more accurate theoretical EXAFS signals. Data fitting was performed
in EXAFSPAK.>® The structural parameters varied during the fitting
process were the bond distance (R) and the bond variance %, which is
related to the Debye—Waller factor resulting from thermal motion,
and static disorder of the absorbing and scattering atoms. The
nonstructural parameter AE, (E, is the energy at which k = 0) was also
allowed to vary but was restricted to a common value for every
component in a given fit. Coordination numbers were systematically
varied in the course of the fit but were fixed within a given fit.

DFT Methods. Calculations were done with density functional
theory (DFT)*’ using the Gaussian 09 package40 and the B3LYP"
functional. Optimizations and single-point frequency calculations were
done with the LACVP basis set™> (except for S, which required 6-
311+G*), while single-point energy evaluations were done using the
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Def2-TZVPP basis set.** All calculations (including the optimizations)
were done in solvent (acetonitrile) using the CPCM scheme.® Single-
point dispersion was calculated with DFT-D3 program.™ The quoted
energy value in the text is the electronic energy value at BALYP/Def2-
TZVPP//B3LYP/LACVP level, rather than the free energies due to
issues with the reliability of free energy values (the free energies are
available in Table $5).* TD-DFT* calculations were performed at the
uB3LYP/LACVP level with S0 roots.

Spectral Redox Titration for the Equilibrium Constant (K,).
Redox titration of electron transfer from dibromoferrocene (Br,Fc) to
2 (0.25 mM) was examined in the various concentrations of Br,Fc
(0.010—0.70 mM) in CH;CN at —20 °C using a Hewlett-Packard
8453 photodiode-array spectrometer with a quartz cuvette (path
length = 10 mm). Typically, a deaerated CH;CN solution of Br,Fc
(0.010—0.70 mM) was added to a deaerated CH,CN solution
containing 2 (0.25 mM). The concentration of dibromoferrocenium
ion (Br,Fc") was determined from the absorption band at A = 700 nm
due to Br,Fc™ (e, = 400 M™' em™) and 2 (e, = 0) following eq §
derived from eq 4, where [2], is the initial concentration of 2.

Abs,q, = &[Br,Fc'] + ¢,[2] = ¢[BrFc’]

(4)
©)

The &, value (400 M~ cm™) of Br,Fc* at 700 nm was also confirmed
by the electron-transfer oxidation of dibromoferrocene with cerium-
(IV) ammonium nitrate in CH;CN at —20 °C.

The expression used for determination of K, was derived according
to our previous work."” The equilibrium constant (K,,) in eq 1 is

expressed by eq 6,

[Br,Fc*] = Abs, o,/ €,

K, = [Mn"™(0)] x [Br,Fc*]/([2] x [BrFc]) (6)

where Mn'Y(O) denotes the one-electron-reduced species of 2.
Equation 7 is derived from eq 6, where [MnY(O)] = [Br,Fc'],
[Br,Ec], = [Br,Fc] + [Br,Ec’], and [2], = [2] + [Mn(O)]. [2], and
[Br,Fc], are the initial concentrations of [2] and [Br,Fc], respectively.

1/K [2], — [BrFc™]) x ([BrFc], — [BrFc*])/[BrFc']
2

[ ]0/[Br2Fc+:| -1)x ([Brch]O/[(Brch+] -1) (7)

Equation 8 is derived from eq 7, where a = [Mn™(0)]/[2],
[Br,Fc]/[2],.

(a7 = 17" = K((BrFc], /al2], — 1) (8)

Finally, the K, value of 47 is determined from the slope of the linear
plot between (a~' — 1)7" and [Br,Fc]y/a[2], — 1 (Figure S22).
Kinetic Measurements and Product Analysis. Reactions were
run in a 1 cm UV cuvette and followed by monitoring UV—vis spectral
changes of reaction solutions, and rate constants were determined
under pseudo-first-order conditions (e.g, [substrate]/[Mn"(0)] > 10)
by fitting the changes in absorbance at 430 nm for 1 and at 465 nm for
2, respectively. Fast reaction traces were collected at 465 nm due to 2,
using a 1.0 cm optical path length of stopped-flow cell. Reaction traces
were collected, and the time dependence of the absorbance at 465 nm
was fitted with single exponential function to give k., (s™') under the
pseudo-first-order conditions. The raw kinetic data were treated with
KinetAsyst 3 (Hi-Tech Scientific) and Specfit/32 Global Analysis
System software from Spectrum Software Associates. O,-activation
reaction rates in the presence of excess amount of cycloalkene were
monitored by the formation of an absorption band at 430 nm due to 1
in air-saturated acetone at room temperature. Kinetic isotope effect
was determined by comparing the formation rates of 1 in the presence
of cyclohexene and cyclohexene-d;,. 2 was in situ prepared by treating
1 with 1.2 equiv of Sc** ion in CH;CN at —20 °C, and the resulting
solution was directly used in the reaction with triphenylphosphine
(PPh,). Temperature-dependent kinetic experiments were performed
with 1 (0.10 mM) at a given temperature in order to compare with the
reactivity of 2 in the oxidation of PPh; in CH;CN at —20 °C. Rates of
electron transfer from ferrocene derivatives to 2 were monitored by
the formation and decay of absorption bands due to ferrocenium ions

= (
= (
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and 2, respectively. All kinetic measurements were carried out under
pseudo-first-order conditions where concentrations of ferrocene
derivatives were maintained to be in >10-fold excess of that of 2. All
reactions were run at least in triplicate, and the data reported represent
the average of these reactions. Products formed in the O,-activation
reactions by [Mn™(TAML)]™ with olefins, which were carried out
under air atmosphere, were analyzed by GC and GC—MS. Decane
(1.0 mM) was used as an internal standard. In the formation of 1 by
Li(CH;0H),[Mn"™(TAML)(CH;OH)] with cyclohexene in the
presence of O, in acetone at 25 °C, cyclohex-2-enol and cyclohex-2-
enone were obtained as products with the yields of 21(3)% and
32(3)%, respectively. Products formed in the oxidation reaction of
PPh, by 1 and 2 were also analyzed by GC. A solution of PPh; (50
mM) was added directly to solutions of 1 (1.0 mM) at 25 °C and 2
(1.0 mM) at —20 °C, resulting in triphenylphosphine oxide being
obtained as the sole product with 85(6)% and 90(5)% yields (based
on the intermediate generated), respectively.
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