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ABSTRACT: Phenoxyl radical was generally suggested as the [Cu'Clis]
intermediate during copper-catalyzed aerobic oxygenation of phenols. cl,
However, the substrate-dependent selectivity has not been well 0,

) . . o . Cl
interpreted, due to insufficient characterization of the radical OH

intermediate under reaction conditions. When studying the CuCl-
LiCl-catalyzed aerobic phenol oxidation, we obtained EPR spectra of g
phenoxyl radicals generated by oxidizing phenols with the preactivated
catalyst. Upon correlation to the selectivity of benzoquinone, the o
hyperfine coupling constant of para-site proton (a™ #*) was found to
be better than the Hammett constant. The catalysis mechanism was
studied based on EPR detection and the reaction results of phenoxyl
radicals under N, or O, atmosphere. It appeared that the chemo-
selectivity depended on the attack of activated dioxygen on phenoxyl
radicals, and the activation of dioxygen by [Cu,Cl,,;]™ (n = 1, 2, 3) was suggested as the rate-determining step. Understanding of the
substrate-dependent selectivity contributed to predicting the chemoselectivity in the aerobic oxidation of phenols.

N copper(ll) species (2)

=

phenoxyl radical

B INTRODUCTION

The copper-catalyzed aerobic oxidation of phenols is not only
a crucial process in the body but also of great importance in
industrial processes.” During the industrial production of
vitamin E, the oxidation of 2,3,6-trimethylphenol (2,3,6-TMP)
to 2,3,5-trimethyl-1,4-benzoquinone (TMBQ) is a crucial
process,” where the most-used catalyst is CuCl, with additives
(such as LiCl, NH,OH-HC], and ionic liquids).” For various
para-hydrogen-substituted phenols, great efforts have been
made to control the oxygenation selectivity,'** and a pathway
via phenoxyl radical is recommended.” Our recently reported
work concerned the CuCl,-catalyzed aerobic oxidation of
2,3,6-TMP*" and suggested that the TMBQ was majorly
formed by the attack of activated O, on the phenoxyl radicals.
As a side reaction, polymerizations go through the same

very relevant to the Hammett constant, which is more suitable
for the reactivity at hydroxyl oxygen. Therefore, the more
suitable factor needs to be developed for phenol oxygenation.

There should be a relationship between the nature of the
phenoxyl radical and the oxygenation selectivity. However, a
clear description of this relationship is still absent, because only
sterically stabilized phenoxyl radicals, like 2,6-di-tert-butylphe-
noxyl radicals, are well characterized.” Miiller et al. have
isolated the 2,6-di-tert-butyl-4-Ph-phenoxyl radical,’’ and
Mayer and co-workers have isolated and well characterized
the 2,4,6-tri-tert-butylphenoxyl radical and 2,6-di-tert-butyl-4-
(4'-nitrophenyl)phenoxyl radical.'" Furthermore, with electron
paramagnetic resonance (EPR), Brigati et al. have investigated
many para-substituted 2,6-di-tert-butyllphenoxyl radicals and
revealed the relationship between the hyperfine coupling

intermediate, and the radical intermediate was suggested to
exist as a copper(I)—phenoxyl radical, which has a resonance
structure as copper(I)—phenolate.’

The substrate-dependent selectivity of oxygenation is
significant.'® For instance, 2,6-di-tert-butylphenol (2,6-DTBP)
is much easier to produce benzoquinones than 2,6-
dimethylphenol, which is easier to polymerize.” Moreover,
for the cross-coupling of phenols, the regioselectivity was also
found to be substrate dependent,8 and a pathway through
phenoxyl radicals was recommended. Commonly, Hammett
constants were used to evaluate the reactivity of different
substrates; however, the reactivity at para carbon may be not

© XXXX American Chemical Society

WACS Publications

constant of meta protons and the O—H bond dissociation
enthalpy."”

Recently, we reported a solvent effect study on the copper-
catalyzed oxidation of 2,3,6-TMP,"? in which the active state of
catalyst was simulated by the reaction between CuCl—LiCl and
dioxygen in alcohols. This species showed highly efficient
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dehydrogenating activity on 2,3,6-TMP, giving the phenoxyl
radical. By the same way in this work, we used the CuCl—LiCl
catalyst as the model system and studied the aerobic oxidation
of various para-hydrogen substituted phenols in n-hexanol.
Moreover, we prepared the activated catalyst (2) by oxidizing
CuCl—LiCl catalyst with O, and obtained phenoxyl radicals by
oxidizing phenols with 2. EPR spectra were collected for
obtained phenoxyl radicals. Accordingly, an almost linear
relationship was established between the hyperfine coupling
constant of the para-site proton and the yield of benzoquinone
during the catalytic oxidation. Moreover, this relationship was
interpreted via further mechanistic study.

Bl RESULTS AND DISCUSSION

CuCI-LiCl Catalyzed Oxidation of para-Hydrogen-
Substituted Phenols. The CuCl-LiCl catalyst system was
used in this study, where LiCl was the cocatalyst to provide
CI” and to help increase the solubility of CuCl. Suggested by
ESI mass spectrum results, the CuCl—LiCl catalyst existed in
n-hexanol as [Cu,Cl,,;]” (n = 1, 2, 3) (1) (Figure S3). We
explored the catalytic performance of the CuCl—LiCl system
on the oxidation of 2,3,6-TMP (4a) and 2,6-di-tert-butylphenol
2,6-DTBP (4b) in n-hexanol. The main products were
detected to be benzoquinones, the same as that in a CuCl,-
catalyzed system (Scheme 1). The side reaction was found to

Scheme 1. Catalytic Oxidation of 2,3,6-TMP and 2,6-DTBP
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be dimerization and polymerization, leading to dimer,
polymers (detected by GPC, Figure S1), or biphenylquinone
(DQ). At full conversion, the yield of benzoquinone from 2,6-
DTBP (66%) was higher than that from 2,3,6-TMP (40%).

Moreover, for 2-tert-butyl-6-methylphenol (4c), 2,3,5-
trimethylphenol (4d), 2-methyl-S-iso-propylphenol (4e), 2,6-
dimethylphenol (4f), 2-iso-propyl-S-methylphenol (4g), and 1-
naphthol (4h), the yields of benzoquinones were also obtained
at 100% conversion, as shown in Scheme 2.

Factors Causing the Different Yields of Benzoqui-
none. Suggested by Hay et al,,”* the high selectivity of Sb was
caused by the steric effect of ‘Bu- group at the ortho site of 4b.
However, with a less steric group at the ortho site, 4d, 4g, and
4h gave more benzoquinone than 4a and 4f, and thus, the
steric effect could not be the main factor influencing the
selectivity. We tried to correlate the yield of benzoquinone
with the total Hammett constant (o) of substituted groups,
which was obtained by adding the corresponding values of o,
and 6,.'* As shown in Figure 1, the benzoquinone yield was
poorly related with the total Hammett constant (R* = 0.008).
These Hammett constants were determined by the 'H NMR
chemical shift of OH in substituted phenols; therefore, the

Scheme 2. Yields of 5 for CuCl-LiCl-Catalyzed Aerobic
Oxidations
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Figure 1. Relationship between the yield of benzoquinones and the
total Hammett constant (o). The data were fitted with the linear
function (red line): y = 23.3x + 51.4, R* = 0.008.

selectivity should not depend on the electron distribution at
the hydroxyl oxygen.

Measurement of para-Site Spin Density at Phenoxyl
Radicals. The phenoxyl radical is the intermediate for both
oxygenation and oxidative coupling, and its unpaired electron
is delocalized and shared by the oxygen, ortho-carbon, and
para-carbon. We anticipated that the distribution of spin
density, which is affected by the substituent groups, may cause
the different selectivities of benzoquinone for different phenols.

We began our investigations by oxidizing the phenols with
activated copper species 2, and we characterized the phenoxyl
radicals corresponding to 4a—4h with EPR. 2 was generated by
the reaction between 1 and dioxygen, and the characterizations
suggested it as an antiferromagnetically coupled copper(1l)
species. Further characterizations on 2 is discussed in the
Supporting Information. After adding phenols into the solution
of 2 at N, atmosphere, we immediately collected EPR spectra
for the solution and observed radical signals (Figure 2, black).
The copper(I) species, like (u—n*:#*-peroxo)dicopper(Il)
complex, has also been reported to oxidize phenols toward
phenoxyl radicals."

Different from the copper(Il)—phenolate isolated by
ngashlmura et al,®° the phenoxyl radical we observed was
rather a “free” radlcal though it was reasonable to assume a
copper(l) linked on it due to the broadened EPR signal. By
performing EPR simulations using Easyspln, the simulated
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Figure 2. Experimental (black) and simulated (red) X-band EPR spectra of phenoxyl radicals corresponding to 4a (a), 4b (b), 4¢c (c), 4d (d), 4e
(e), 4f (f), 4g (g), and 4h (h) and the simulated hyperfine coupling constants were given in gauss. The radicals were formed upon addition of
phenols to a n-hexanol solution of 2 at room temperature.

values of isotropic hyperfine splitting of proton (a") were splitting pattern (Figure S11). Though the calculation was not
obtained for each radical, and we ignored the a" lower than the so good, it can be found that the coordination of phenoxyl
half-peak width. radicals at copper(I) had apparent influence on the a", which
According to the splitting types and simulated a™ values, could be the reason for different a™ from reported values in the
these signals were assigned to phenoxyl radicals corresponding literature.'” Nevertheless, the coordination Gibbs free energy
to 4a—4g, respectively (Figure 2). Moreover, DFT calculations for 2,6-di-tert-butyl phenoxyl radical was 7.7 kcal/mol, and the
were performed to help assign a™ for protons with the same energy was 2.0 kcal/mol for the 2,6-dimethyl phenoxyl radical.
C https://dx.doi.org/10.1021/acs.inorgchem.9b02422
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Therefore, the coordination for the 2,6-dimethyl phenoxyl
radical on copper(I) was much easier than that for 2,6-di-tert-
butyl phenoxyl radical. Thus, it should be reasonable that the
para a™ we obtained for the 2,6-dimethyl phenoxyl radical was
much smaller than that of the 2,6-di-tert-butyl phenoxyl radical.
Moreover, the EPR spectrum from 4h just showed a broad
peak, which should be caused by too many protons with close
but different a! values; thus, the a values could not be
obtained.

Arising from the magnetic interaction between an unpaired
electron and a proton, att provides important information
about the distribution of spin density. McConnell’s relation-
ship points that a" reveals the spin density (p) on the adjacent
carbon atom (al = —Qp, where Q is a constant for the similar
system).'® As a result of the resonance stabilization, other than
the hydroxyl oxygen, the spin density distributes mainly on the
ortho- and para-site of phenoxyl radicals.

Therefore, the phenoxyl radical from 4f possessed the least
spin density at the para-carbon, while the phenoxyl radical
from 4b possessed the most. Moreover, it could be found that
2,6-di-tert-butyl-substituted radicals had more spin density at
the para-site than 2,6-dimethyl substituted radicals. Using the
same method, the phenoxyl radicals from 2,4,6-trimethylphe-
nol as well as 2,6-di-tert-bultyl-4-methylphenol were also
observed (Figure S12), and the a™ at the para-methyl group
of 2,4,6-trimethylphenol (1.03 gauss) was much less than that
of 2,6-di-tert-bultyl-4-methylphenol (11.2 gauss).

Correlation of a P?® and the Yield of Benzoquinone.
A linear correlation was suggested between the yield of
benzoquinones and the hyperfine coupling constant of the
para-site proton, a™ P (Figure 3, R* = 0.586). Consequently,

100

Yield of Benzoquinone (%)

a" " (Gauss)

Figure 3. Relationship between the yield of benzoquinones Sa—5d,
5f, and the hyperfine coupling constant of para-site proton (a™ P**) at
the phenoxyl radical. The data were fitted with the linear function
(red line): y = 9.73x + 27.9, R* = 0.586.

the distribution of spin density could be a crucial factor for the
selectivity between oxidative coupling and oxygenation. More
spin density at the para-carbon should lead to increasing
selectivity of benzoquinone. The interpretation for this
relationship will be discussed later, after the mechanism
investigations.

Origin of the Relationship. The relationship between
quinone selectivity and a™ ?"* may be interpreted by the
reactivity of the phenoxyl radical. The GC-FID and GC-MS
analyses were carried out to detect what was produced from
these phenoxyl radicals. As shown in Scheme 3, no
benzoquinone was formed when 2,3,6-TMP (4a) and 2,6-

Scheme 3. Reaction Results between 2 and Phenols

@  on 0 0
\Ci 2 O 2 atm O,
N2

B :
4a 5a 12%
polymer (the other is polymer)
( no 5a observed)
(b)
OH o) 1)
t t ! i A
BU\©/BU 2 |Bu O 'Bu| 2atmo, BU Bu
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(0]
b ‘ lNz ) 5b 31%
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X -Ciro
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(no 5b observed)

DTBP (4b) reacted with excess 2 under N, atmosphere.
However, when the reaction was performed under 2 atm O,,
12% and 31% benzoquinone was obtained from 4a and 4b,
respectively. The main byproduct was the polymers for 2,3,6-
TMP (according to GPC analysis, Figure S13) and
biphenylquinone (DQ) for p-H-DTBP (70% under N,, 40%
under O,). Moreover, the '®0,-labling experiment was
performed to confirm the oxygen source. When 4a reacted
with excess 2 under 2 atm 'O, atmosphere, the GC-MS
analyses revealed that 'O was incorporated into Sa with a
proportion of ~70% (Figure S14). This result is consistent
with the catalytic oxidation result, where Sa was proposed to
be partially generated from the C—C dimer, and the oxygen of
5a should come from water.’

Consequently, under N, atmosphere, phenoxyl radicals
could only polymerize and give rise to polymers. Under O,
atmosphere, however, phenoxyl radicals could react with O, to
form benzoquinones. Based on the work of Berho and
Lesclaux,"” no reaction was observed between phenoxyl radical
and O,, thus O, must be activated. By DFT investigations,
Ghosh et al. recommended a bridging copper(Il)— peroxoqul—
none complex as the intermediate to form benzoqumones >0
Further, the superoxo—cobalt(III) complex,”" superoxo—
nickel(II) complex,”* and superoxo—copper(Il) complex™
were suggested to attack the phenoxyl radicals to form
benzoquinones. Consequently, the formation of quinones
was supposed here via the attack of cooper(I)-activated O,
(the superoxo—copper(II) complex (3)) on the phenoxyl
radicals.

The reaction of phenoxyl radical with activated dioxygen (3)
controlled the chemoselectivity. The attack of 3 on phenoxyl
radical was a reaction between two radicals, i.e., between the p
orbital of para-site carbon and p orbital of oxygen (Figure 4).

\[Cu”Clz]'

Figure 4. Diagram of SOMO orbitals for a phenoxyl radical and
activated dioxygen (3).
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As discussed before, the larger a™ of para-site proton indicates
the greater spin density at para-site carbon, which means a
higher SOMO coefficient for the p orbital of para-carbon.
Additionally, the coeflicients of the frontier molecular orbital
have been successfully used to evaluate the regioselectivity and
reactivity of addition reactions.”> A higher SOMO coefficient
for the p orbital of para-carbon should lead to higher selectivity
and higher reactivity for the formation of benzoquinone.
Consequently, it could be reasonable that the regioselectivity
was positively correlated with the a™ of para-site proton at the
phenoxyl radical.

Proposed Mechanism. During the process of CuCl-LiCl-
catalyzed oxidation of 2,3,6-TMP (Scheme 1a), the same
phenoxyl radical as that obtained by the reaction between 2
and 2,3,6-TMP was suggested by EPR. Consequently, the
resting state of the catalyst should be a copper(I) species (1),
along with the phenoxyl radical (Figure S).

g-value
2.194 2127 2.065 2.006 1.950
3200 3300 3400 3500 3600

Magnetic Field (Gauss)

Figure 5. X-band EPR spectrum detected at S h of the catalysis
reaction shown in Scheme 1la.

The proposed catalysis mechanism is shown in Scheme 4.
The reaction was initialized by the reaction between dioxygen

Scheme 4. Proposed Mechanism
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and the catalyst 1, giving the activated catalyst 2. 2 oxidized
phenols with its effective dehydrogenating activity, yielding
phenoxyl radicals and 1, as well as H,0,. The activating of
dioxygen by 1 was recommended as the rate-determining step
and led to the formation of 3. For phenoxyl radical with more
spin density at the para-site, its reaction with 3 should be

preferred, resulting in a higher yield of benzoquinone.
However, for phenoxyl radicals with more spin density at the
hydroxyl oxygen, the C—O polymerization among radicals
should be preferred, leading to decreasing the yield of
benzoquinone. The C—O dimer was included in the polymers
in Scheme 4.

The production of benzoquinones was suggested here to go
through a bridging copper(II)—peroxoquinone complex, and
the [CL,Cu"OH]~ was generated along with the product.
Kitajima et al. have prepared the SP type Cu/O, species by the
reaction of LCu(II)OH complex with H,0,;** thus, we
proposed that 2 was generated by reaction between
[CLCu"OH]™ and H,0,. The [CL,Cu'OH]™ was suggested
to be a bis(u-hydroxo)dicopper(ILII) species (Figure S9B,
Table S2) and was nearly EPR silent (Figure S15, black). Its
reaction with 2,3,6-trimethylphenol only showed the mono-
nuclear Cu(II) signal in the EPR spectrum (Figure S15, red),
while the reaction of 2 with 2,3,6-trimethylphenol showed the
phenoxyl radical signal and no mononuclear Cu(II) signal
(Figure S15, purple). Thus, the [CL,Cu"OH]™ could not
oxidize phenols to phenoxyl radicals.

To verify the proposed mechanism, we investigated the
change of quinone concentration with reaction time. The
formation of quinones at the beginning of the reaction could
be well fitted with the linear function (Figure S16). Based on
the proposed mechanism, the formation rate of quinones
should also be affected by the distribution of spin density.
Consequently, when correlating the fitted formation rate with
a™h P at phenoxyl radical, we obtained a positive relationship
(Figure 6), which corresponded to the proposed mechanism.

0.003

0.002

0.001+

Rate (mM / min)

a""(Gauss)

Figure 6. Relationship between the formation rate of benzoquinones
Sa—Sg and the hyperfine coupling constant of para-site proton
(a™" #7) at the phenoxyl radical. The data were fitted with the linear
function (red line): y = 0.000475x, R* = 0.573.

B CONCLUSION

In summary, the substrate-dependent benzoquinone selectivity
was interpreted with the distribution of spin density at the
phenoxyl radical. The positive linear relationship was
established between the a™ 7 and the yield of benzoquinones.
Phenoxyl radicals were detected after the oxidation of phenols
with 2, which was the simulated activated catalyst during the
reaction, and was formed by the oxidation of the catalyst (1)
with dioxygen. It was found that phenoxyl radicals could only
polymerize under N, atmosphere but could produce
benzoquinones under O, atmosphere. Consequently, while
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polymers were formed by the reaction among radicals, the
main pathway to produce benzoquinones was proposed to be
the attack of activated O, on phenoxyl radicals, and the
phenoxyl radical with higher spin density at its para-carbon
should prefer this pathway rather than the competitive
coupling. These findings contribute to our understanding of
the aerobic oxidation of phenols, as well as to the nature of
phenoxyl radicals. We hope this work could provide a clue for
the control of selectivity in phenol oxidations.

B EXPERIMENTAL SECTION

General Methods. All reagents were purchased from commercial
sources without further treatment unless otherwise noted. UV—vis
experiments were carried out on a TU-1901 spectrophotometer
(Purkinje General Instrument Co., Ltd., China) equipped with a
thermostat using a 1 cm modified cuvette. UV—vis—NIR spectra were
recorded on a UV-3600 Shimadzu spectrophotometer using a 1 cm
cuvette. CV was performed on a CHI630 electrochemical analyzer
(CH Instrument, China). The CW-EPR spectra were recorded on a
Bruker A300 EPR spectrometer at 9.8 GHz. Electrospray ionization—
mass spectrometry (ESI-MS) measurements were performed on an
Agilent 1260/6120 mass spectrometer (Agilent, America), and the
detection was in negative ion modes. Gas chromatography—mass
spectrometry (GC-MS) experiments were carried out on a Shimadzu
GC/MS-QP2010 system (Shimadzu, Germany). GC-FID measure-
ments were performed on GC-2010 (Shimadzu, Japan) instrument.
Gel permeation chromatography (GPC) was performed at Waters
2515 with an RI 2414 as the detector.

Catalytic oxidation of phenols. In a two-neck flask (25 mL)
equipped with a magnetic stir bar, S mmol phenol, 1 mmol CuCl, and
2 mmol LiCl were added with 10 mL of n-hexanol. The mixture was
stirred under N, atmosphere for dissolution, and then the N, was
replaced by O, and an O, balloon (1 atm) was equipped. The
reaction was performed at 343 K and 800 rpm. The commercial
reactants and products were used as the standard for gas
chromatography. The conversion and yield were determined by gas
chromatography using the standard curve, and the products were
detected by GC-MS and GPC.

Formation of the activated catalyst 2. In the glovebox, a 0.09
M solution of complex 1 was prepared by adding 1.5 mmol of CuCl
and 3 mmol of LiCl to 15 mL of n-hexanol, and the mixture was
stirred at 333 K for 3 h. After filtration, the filtrate was characterized
by spectroscopy. The concentration of copper ion in the filtrate was
measured to be 0.0887 M using atomic absorption spectroscopy
(AAS). In the glovebox, 6.2 mL of 0.09 M n-hexanol solution of 1
(the filtrate) was injected into a pressure-resistant reaction flask. After
it was removed from the glovebox, the flask was charged with 1 atm
O,, and another 20.0 mL of O, was injected in via a gastight syringe;
then, the solution was stirred at room temperature for 5 h. The
reacted O, was quantified by a gastight syringe to be 5.5 mL. The
concentration of Cu(II) was calculated to be 82 mM (92% of total
copper) by comparing the d—d transition bands with standard CuCl,
solution in #-hexanol. Thus, a Cu'l/ O, ratio of 2.07:1 was obtained for
2. The dark brown species 2 persists for several days at room
temperature but precipitates immediately with small amount of water
or methanol.

EPR Spectroscopy. To detect phenol radicals, the fully generated
solution of 2 was packed in a 5 mm quartz EPR sample tube sealed
with a rubber cap. After purging with N,, the radical was formed by
the addition of a stock solution of phenols and was immediately
detected at 298 K. The least-squares fittings of EPR spectra were
performed using Easyspin 5.1'® with the garlic function.

Oxidation of Phenols by 2. The n-hexanol solution of 2 was
prepared by stirring the n-hexanol solution of 1 under 2 atm O, at
room temperature for S h, and then the solution was purged by three
N,/vacuum purge cycles. Next, 1.5 mL of solution of 2 was injected
into a pressure-resistant reaction flask charged with 1 atm N, or 2 atm
O,. The concentrated n-hexanol solution of phenols (0.02 mmol) was

injected into the flask at room temperature to start the reaction. The
excess 2 was used here for full conversion. After 10 min, the reaction
was quenched by 0.5 mL of water; the yields were determined by gas
chromatography, and the products were detected by GC-MS and
GPC.
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