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In this work, we developed an one-step aerobic oxidation of cyclohexane to prepare adipic acid, catalyzed
by N-hydroxyphthalimide (NHPI) under promoter- and metal-free conditions. A significant beneficial sol-
vent effect for synergistic reaction is observed with varying polarity and hydrogen-bonding strength:
detailed study reveals that the solvent environments manipulate catalytic activity and adipic acid selec-
tivity. Cyclic voltammetry measurements and UV-visible spectra of the NHPI catalyst are examined in
various solvent environments to understand the active role of solvent in influencing the catalytic-site

Keywords: structure (>NOH) of the molecule. Analysis of the UV-visible spectra reveals that these differences can
Cyclohexane . . . . . . .
Adipic acid be rationalized by considering hydrogen-bonding with solvent molecules, which modifies the

catalytic-site structure. This observation is in agreement with cyclic voltammetry results: the different
reversibility of the catalytic-site (>NOH/>NO") wave shows that the catalytic activity of NHPI is related
to the formation of hydrogen bonds with the active participation of solvents. Computational studies pre-
sented herein have furnished mechanistic insights into the effect of solvent environments. Specifically,
we present the structures, dissociation energies, and reaction barriers from DFT studies of the reactants
and reaction intermediates involved in the two types of H-abstraction on >NO- catalytic-sites for the rate-
determining step. The results of modeling the solvent effects using the PCM continuum solvent method
predict that the resulting reaction barrier of the rate-controlling H-abstraction for cyclohexane and cyclo-
hexanone is modified significantly: the transition state barrier of H-abstraction for cyclohexane decreases
from 22.36 (in benzene) to 20.78 kcal-mol~' (in acetonitrile); the o-H-abstraction barrier for cyclohex-
anone decreases from 21.45 to 20.53 kcal-mol~". The active participation of solvent molecule results in
a strong interaction between pre-reaction complex (PINO-:-H---C <) with the migrating hydrogen and
polar solvent molecules, which in turn favors the H-abstraction by a hydrogen-transfer to the >NO
catalytic-sites at the transition state. The lower calculated barriers of H-abstraction for cyclohexanone
oxidation approximate more closely the experimental results of the higher adipic acid selectivity. Our
work provides a dimension of sustainable chemistry for the metal-free preparation of adipic acid: a con-
version of 27% with 79% adipic acid selectivity is achieved over use of NHPI catalysts in CH5CN solvent.

© 2019 Elsevier Inc. All rights reserved.

Solvent effect
Aerobic oxidation
N-hydroxyphthalimide

1. Introduction

Selective aerobic oxidation of sp® hybridized carbon of non-
activated alkanes is one of the “dream reactions” for transforma-
tion of petroleum-based feedstocks to various useful chemicals
from the academic and industrial perspective [1-3]. Probably,
apart from theirs high bond dissociation energy of C(sp>)—H bonds
(90-100 kcal-mol~!) for hydrogen-atom transfer in alkane activa-
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tion [4], the O, molecule with a nominal double bond (1.208 A)
in its triplet ground state is also kinetically hindered to produce
reactive species (O3+, 05—, 03~, HO;, HOO" and H,0,) toward the
strong C(sp>)—H bonds. To overcome this impediment, given that
a high activation energy (e.g., high reaction temperature >175 °C)
first has to be supplied for O, and C(sp®)—H bond activation, this
hydrogen abstraction step by O, is even more exothermic. Thus,
it is difficult to dissipate the reaction heat and stop the process
at the stage of carboxylic acids to avoid overoxidation to CO,. For
instance, direct aerobic oxidation of cyclohexane (with rather poor
performance) produces adipic acid (AA), which is in turn used to
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prepare Nylon-66 polymers and pharmaceutical intermediates. At
present, the industrial conversion of cyclohexane to AA undergoes
a two-step process involving the Co-catalyzed autoxidation of
cyclohexane at 150-180 °C to a KA-oil (a mixture of cyclohexanone
and cyclohexanol) and the nitric acid oxidation of the KA-oil to AA
[5,6]. The main drawbacks of this process are that the aerobic oxi-
dation in the first step must be operated with less than 4% cyclo-
hexane conversion to keep a high KA-oil selectivity (70-80%),
and that the nitric acid oxidation in the second step produces a
large amount of undesired global-warming substances like N,O
(Scheme 1) [7,8]. An extensive body of research on bioderived
feedstocks has been directed at alternative processes of AA synthe-
sis: these processes, however, require multiple chemical conver-
sions and/or employ transition-metal catalysts [9,10]. The direct
C—H bond functionalization of cyclohexane to AA with O, has
therefore emerged as a promising approach to molecular construc-
tion with high atom- and step-economy in industrial chemistry.
Recently a great number of interesting aerobic cyclohexane oxi-
dation processes to AA have been achieved by using transition-
metal catalyst, because the aforementioned hurdles can be
overcome by use of a redox-active metal to activate both O, and
the C—H bond. For the first time, by applying a high concentration
of Co®" acetate combined with acetaldehyde as the promoter,
Tanaka et al. succeeded in achieving conversion of cyclohexane
to AA under 3 MPa oxygen pressure [11]. The patent described
the cyclohexane oxidation with dioxygen using a novel system
composed of a solvent-soluble cobalt salt and a chromium com-
pound, with which a high AA selectivity of about 40% was attained
[12]. Simonato et al. reported one-step process for obtaining AA
from cyclohexane using a stable lipophilic carboxylic-acid with
low manganese and cobalt salts loadings [13]. Lii and co-workers
claimed an aerobic catalytic system for the direct production of
AA from cyclohexane over the Anderson-type [(C;gH37),N(CH3)2]6-
Mo,0,,4 catalyst [14]. Molecular sieve catalysts with active-site
metal isolation such as FeAlPO-31 and MnTS-1 have been designed
for the direct oxidation of cyclohexane to AA [15,16]. In recent
years, NHPI, a powerful carbon-radical-chain promoter, has been
used as a valuable catalyst for the efficient aerobic oxidation of
cyclohexane to AA in the presence of transition metal ions as co-
catalysts under mild reaction conditions [17]. However, most of
these catalytic systems are based on metal catalysts or co-
catalysts, especially transition-metal ions such as Mn, Fe, Mo and

Co, which may possibly leave toxic traces of heavy metals in the
product grades intended to satisfy food- and drug-grade specifica-
tions. In the context of metal-free catalysis, N-doped carbon mate-
rials were recently discovered active in the cyclohexane oxidation
with <60% AA selectivity [18-21]. The development of metal-free
catalytic systems for the efficient oxidation of cyclohexane to AA
therefore appears appealing from the perspective of sustainable
and green chemistry, which still remains a scientific challenge.
The direct aerobic oxidation of cyclohexane to AA proceeds
according to a widely known free radical chain mechanism, where
the elementary reaction results in homolysis not only of the
desired C—H bonds but also of undesired C—C bonds (a lower bond
energy). More importantly, the free radical mechanism suffers
from a major limitation imposed by its intrinsic nature: the C—H
bond of reaction products is very often more reactive than the
starting material and formed intermediate [22]. In the past several
years, a unique phthalimido-N-oxyl (PINO-) radical from NHPI has
been introduced to the aerobic oxidation process which enhances
the initiation and propagation steps in the autoxidation cycle
[23-27]. It is demonstrated that there is an established equilibrium
ROO' + NHPI = ROOH + PINO:, where the reverse reaction is very
fast. Thus, in order to shift the equilibrium right to form more
PINOr, a third component such as transition metals can be added
to reduce the ROOH concentration, since the PINO' radical is more
reactive than the ROO" counterpart in abstraction of the C—H bond
hydrogen [28]. Interesting, some nonmetallic organic substrates
and reaction intermediate such as alcohol, aldehyde, ketone, acid
and AIBN, have recently been used as mediators combined with
NHPI for ROOH activation by abstracting a hydrogen [29-32]. In
contrast, regarding the metal-free method, the fact that organic
solvents can play critical active roles in NHPI and ROOH activation
during the elementary reaction step though their effects of elec-
tronic structure on the oxidation is, however, often ignored. At pre-
sent, organic solvent is usually considered to be a reagent for the
dissolution of NHPI [17]. Probably because catalytic system is the
presence of co-catalysts or promoters, the synergistic nature of
the solvent-NHPI interface for hydrogen atom transfer (HAT)
appears to be of little importance for aerobic cyclohexane oxida-
tion to AA. For example, NHPI combined with Mn(acac), and Co
(acac)s in acetic acid is able to show specific catalysis for the for-
mation of AA, where a selectivity up to 70% is obtained [33]. There-
fore, any further understanding of the synergistic catalytic
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Scheme 1. Comparison of current industrial process and green method presented herein for production of AA.
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performance of solvent would be impossible without detailed
unravelling of the solvent effects alone for the NHPI-based catalytic
system (without the presence of any co-catalysts or promoters) on
the reactivity and AA selectivity in the aerobic cyclohexane
oxidation.

Solvent-induced C(sp*)—H bond activation of alkane to produce
active radicals can be an alternative to improve the catalytic
oxidation process, avoiding the usage of organic promoters or
transition-metal co-catalysts. Reported here is a novel observation
of the synergistic catalytic function of solvent as an independent
organic promoters or transition-metal co-catalysts for NHPI-
catalytic oxidation of cyclohexane to AA with dioxygen. In the
absence of any co-catalyst, these experiments are carried out for
the NHPI-catalytic aerobic oxidation of cyclohexane, also including
linear paraffin in different solvents. The obtained data provide a
rigorous assessment of HAT features in terms of the relative cyclo-
hexane reactivity and AA selectivity in different solvents. The syn-
ergistic effect of CH3CN and NHPI ensures its efficient catalytic
ability: 27% cyclohexane conversion with 79% selectivity for AA
can be achieved at 120 °C under 1.0 MPa of dioxygen in 6 h. Theo-
retical calculations by DFT (density functional theory) with the
PCM continuum model are made to gain important information
on the structures, dissociation energies, and reaction barriers of
the reactants and intermediates involving in the two types of H-
abstraction on >NO- catalytic-sites of PINO- for solvent activation,
which further entitles us to propose possible rate-determining ele-
mentary reaction steps based on the catalytic action of NHPI alone.
The synergistic catalytic function of solvent disclosed in this study
will not only shake the understanding of the solvent as an active
participant (not a reagent for only the dissolution of NHPI) in ear-
lier NHPI-metal catalysis process, but also provides a new dimen-
sion of sustainable chemistry for the metal-free preparation of AA.

2. Experimental
2.1. Characterization techniques

Cyclic voltammetry is performed using a three-electrode config-
uration and an autolab electrochemical workstation (Eco Chemie,
Holland). The working electrode (WE) is a glassy carbon electrode
(GCE, 3-mm diameter disk), the counter electrode is a graphite rod
and the reference electrode is a KCI saturated calomel electrode
(SCE). All the measurements here are carried out at room temper-
ature (25°C) under argon atmosphere, and all potentials are
reported vs the SCE. The UV-visible spectra of liquid samples are
recorded on a UV-2450 spectrophotometer (Shimadzu, Japan).
The solvent is measured as a reference/background spectrum.

2.2. DFT calculations

All calculations are done within Gaussian 09 software [34]
based on the B3LYP/6-311++G(2df, 2pd) level of theory, which
has been widely used in the theoretical studies on the aerobic oxi-
dation promoted by hydroxyimide catalysts [32,35,36]. To explore
the effect of solvent for the key elementary step by NHPI catalysts,
all geometry optimizations and vibrational frequency analyses of
the reactants, pre- and post-reaction (noncovalently bound) com-
plexes, and the cisoid transition state (TS) structures are performed
with the solvation effect included using the PCM solvation model.
All non-TS structures are verified to have only positive vibration
frequencies, and the TS structures have a single imaginary fre-
quency that lead to the corresponding pre- and post-reaction spe-
cies. The liquid-phase bond dissociation energies (BDEs)
calculations in different solvents make use of the bond dissociation

work reaction, which is demonstrated to give satisfactory results
for such H-abstraction processes.

2.3. Catalytic oxidation of cyclohexane to AA by NHPI-solvent systems

Liquid phase catalytic oxidations were carried out in a Teflon-
lined 100 mL stainless steel reactor equipped with a magnetic stir-
rer. Typically, 3.2 g of cyclohexane, 6.4 g of solvent and 0.6 g of
NHPI catalyst were charged in the autoclave, and then heated to
the reaction temperature (120°C) under magnetic stirring
(800 rpm). Oxygen was then charged into the reactor to the desired
pressure (1.0 MPa). The reaction was terminated by switching off
the stirrer and immediately cooling the reactor in an ice-water
bath. The reaction mixture was dissolved in ethanol and filtered.
The components of the liquid phase such as unreacted cyclohexane
and KA-oil intermediate were quantitatively analyzed on a Shi-
madzu 2010 plus gas chromatograph with a DB-17 polysiloxane
capillary column (30 m x 0.32 mm x 0.50 pm) and flame ioniza-
tion detector (FID) using chlorobenzene as the internal standard.
The injector and detector temperature were 250 °C, and the col-
umn temperature was 100 °C. The yield of cyclohexanol was calcu-
lated as a difference between the value obtained by GC and the
concentration of cyclohexyl hydroperoxide determined iodometri-
cally (reduction in cyclohexyl hydroperoxide with PPh; gives an
additional amount of cyclohexanol). The AA and overoxidation
products (succinic acid, glutaric acid and valeric acid) were quan-
titatively analyzed according to the external standard method
using an Agilent 1200 series high-performance liquid chromatog-
raphy instrument equipped with a UV detector (Agilent G1365B
MWB) and a column of Zorbax Eclipse XDB (18
(150 mm x 4.6 mm i.d.). The eluent was 0.01 molL"1 KH,PO,4 in a
1:9 methanol/water mixture and a flow rate set at 1.0 mL/min,
and ultraviolet detector set at 212 nm. To detect possible compo-
nents of oxygen formed, the gases in the reactor were also col-
lected with a gas bag after termination of the reactions and then
analyzed by gas chromatography with a TCD detector. The prod-
ucts were satisfactorily identified by comparing the MS spectra
with those of the authentic samples. In addition, after the solvent
was removed under reduced pressure, the isolation of AA on a
preparative scale is carried out as the following procedure. Ace-
tonitrile (20 mL) was added to the reaction mixture to give a white
solid. After filtration, 0.64 g of AA was obtained.

3. Results and discussion

3.1. Active role of solvent on NHPI-catalyzed aerobic oxidation of
cyclohexane

In studying solvent effects, the solvent molecule has perhaps
too often been regarded as a continuous medium rather than as
an active participant in the catalytic reaction. In what follows,
the oxidation of cyclohexane to AA is chosen as a model reaction
to investigate the active role of solvent on NHPI-catalyzed aerobic
oxidation of hydrocarbons, and the central feature of the approach
is envisioned to arise from the two types of H-abstraction (cyclo-
hexane and cyclohexanone) on >NO- catalytic-sites of PINO- for
the rate-determining step [37]. Therefore, the active participation
of a solvent in the reaction is of direct interest for us in this work
to elucidate the solvent specificity on one-step oxidation of cyclo-
hexane to AA in the absence of transition-metals as co-catalysts.
The active roles of different solvents are examined in the oxidation
of high-concentrated cyclohexane to four main products (cyclo-
hexanone, cyclohexanol, AA and glutaric acid) at 120 °C under
1.0 MPa O, for 6 h. As shown in Table 1, the blank run without sol-
vent using NHPI alone gave the traces of cyclohexyl hydroperoxide
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Table 1

Direct aerobic oxidation of cyclohexane to AA catalyzed by metal-free NHPI-solvent systems.

a

o] OH
COOH COOH
NHPI + + + <: + Others
Solvent COOH COOH
A B ¢ D E

Entry Solvent Conv.” (%) TON® Selectivity (%)

A B C D E
1 Without trace - - - - - -
2 Pyridine trace - - - - - -
3 Acetone 28.5 2.85 56.7 31.2 3.9 7.0 1.2
4 Ethanol 8.3 0.83 13.1 36.5 494 - 1.0
5 Acetic acid 21.6 2.16 79.1 135 24 4.8 0.2
6 Benzonitrile 7.3 0.73 9.4 67.6 21.1 - 1.9
7 Propionitrile 19.9 1.99 67.4 18.5 5.1 8.0 1.0
8 Acetonitrile 27.4 2.74 79.4 9.3 34 7.1 0.8
9 Benzene 1.8 0.18 - 72.2 26.1 - 1.7
10 Dichloromethane 1.7 0.17 113 734 124 0.1 2.8
11 H,0 trace - - - - - -
12 Trifluoroethanol 26.1 2.61 60.9 12.7 4.2 16.3 5.9
13°¢ Acetonitrile 228 2.28 70.3 15.6 4.1 5.7 43
14 Acetonitrile 23.1 2.31 449 45.0 53 14 34
15% Acetonitrile 23.2 2.32 48.0 40.8 5.2 24 3.6
16" Acetonitrile 0.1 0.01 - 92.1 7.3 - 0.6
17' Acetonitrile 33.8 3.38 28.1 68.4 - - 3.5
18} Acetonitrile 56.5 5.65 74.1 - - - 259

@ All reactions were done with 0.6 g of catalyst, 3.2 g cyclohexane, 6.4 g of solvent, at 120 °C, under 1.0 MPa, time (6 h).

b Conversion (%) based on substrate = {1 — [(concentration of substrate left after reaction) x (initial concentration of substrate)~']} x 100.

¢ Turnover number (TON): number of moles of cyclohexane converted per mole of NHPI catalyst.

4 Product selectivity = content of this product/(adding cyclohexane amount (mmol)-the amount of cyclohexane recovered (mmol)) x 100%; Others: cyclohexyl peroxide, 2-
hydroxycyclohexanone, 4-hydroxycyclohexanone and 1,2-cyclohexanedione , e-caprolactone and succinic acid.

¢ Adding Mn(OAc), (0.04 g).
f Adding Co(OAc), (0.04 g).
& Adding butyl ketone oxime (0.34 g).
" Adding hydroquinone (0.21 g).
iJ Using cyclohexanone or cyclohexanol (3.2 g) instead of cyclohexane.

product (entry 1). In addition, the blank test using NHPI-free
CH5CN solution for the reaction detects no cyclohexane consump-
tion, indicating no reaction of cyclohexane in the absence of NHPI
catalysts (not shown). Surprisingly, it is found that NHPI in combi-
nation with CH3CN solvent realized 27.4% conversion of cyclohex-
ane with the selectivities of 79.4% for AA, 9.3% for cyclohexanone,
3.4% for cyclohexanol and 7.1% for glutaric acid (entry 8). However,
under different conditions similar to those used in Refs. [30,38].
(80°C, 1atm 0O,, cyclohexane in CH3;CN with NHPI as catalyst),
the co-presence of transition-metals significantly change the pro-
duct selectivity, and the highest selectivity for cyclohexanone is
obtained. When acetic acid, its with fairly high polarity, is used
in place of CH5CN in this oxidation, cyclohexane can also be one-
step converted efficiently to AA (79.1%) at a slightly lower conver-
sion of 21.6% under our experimental conditions (entry 5), which is
similar to previous transition-metals/NHPI system [17]. The same
observation holds true for oxidation of cyclohexane in acetone,
which shows a good active role with fairly extensive cyclohexane
conversion (28.5%), while the selectivity of cyclohexane to AA is
decreased from 79.4% to 56.7% (entry 3). In addition, other solvents
such as ethanol and benzene (entries 4 and 9) are examined and,
unlike an ethanol environment which gives 8.3% conversion
(13.1% AA selectivity), benzene shows no formation of AA with less
than 2% conversion. The above results clearly reveal that there
must be some synergistic active effects of a unique polar solvent
to significantly promote the NHPI-catalyzed aerobic direct oxida-
tion of cyclohexane to AA.

In the literature, several organic compounds such as aldehydes
and o,0i-azoisobutyronitrile for mediation of the NHPI-based aero-

bic oxidation have been reported and in most of the cases the reac-
tion proceeds via a radical mechanism. Similar to transition-metal
co-catalysts, these organic mediators play the sole role of a radical
initiator to induce the formation of PINO* from NHPI. According to
the reported literature [39,40] and our experimental observations,
we believe that our solvents also have the same mediation effect,
where the rapid decomposition of cyclohexyl hydroperoxide inter-
mediate to form a radical initiator for NHPI is promoted by the
interaction of cyclohexyl hydroperoxide with the solvent molecule.
Thus, the rapid increase of PINO" free-radicals promotes the prop-
agation of free-radical reactions. Meanwhile, oxidative attack on
the C—H bond of another cyclohexane or cyclohexanone, assisted
by the hydrogen-bond interaction with solvents may be more
easily to be captured by PINO- free-radical for the formation of
AA via B C—C bond cleavage. In order to further confirm whether
the presence of the solvent hydrogen-bond promotion effect in
the NHPI-based catalytic system is responsible for the good cat-
alytic performance in the oxidation, non-hydrogen-bonded
dichloromethane solvent is added to this catalytic system to
replace CH5CN. The solution of dichloromethane gave rather low
conversions of 1.7%, and the AA selectivity decreased from 79.4%
to 11.3% (entry 10). As a result, these observations suggest the tes-
table hypothesis that a hydrogen-bonded solvent can assist the
decomposition of cyclohexyl hydroperoxide and the activation of
C—H bond by modifying the bond dissociation energies and reac-
tion barriers, thereby resulting in an increased catalytic activity.
To verify this hypothesis, we investigated the same reaction with
the addition of tiny amounts of solvents (equimolar ratios with
the NHPI unit) to the oxidation solution, instead of working with
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large amounts of solvents (Table S1). An analogous beneficial effect
is also observed in terms of both cyclohexane conversion and AA
selectivity (compare between Table S1 and Table 1), when operat-
ing with the hydrogen-bonded solvents. Notably, however,
oxidations carried out in the presence of small amounts of non-
hydrogen-bonded solvents in solution, did not show any further
increase in cyclohexane conversion, confirming again the activa-
tion role of hydrogen-bonded solvents to fully promote the HAT
process.

In order to further address these questions, we introduce three
analogs of CH3CN as solvent by substituting the methyl group with
an ethyl or phenyl group, respectively. The different functional
groups in propionitrile have a similar o-H atom from the alkyl
group, but electronic effects may be different for various H-
abstraction elementary reactions in the comparison of the bridging
of —CH5 for CH3CN. Benzonitrile, without an o-H atom, can be a
control used to probe the environmental hydrogen-bond interac-
tion, which may be bound by reaction intermediates. In Table 1,
it is seen that as the chain length of the primary nitriles increased
(entries 7 and 8), the rate of reaction and AA selectivity became
significantly lower under the same conditions. In contrast, ben-
zonitrile leads to a pronounced decrease in the catalytic activity
for cyclohexane conversion (from 27.4% to 7.3%). Meanwhile, AA
selectivity clearly displayed opposite trends as compared to CHs-
CN, where interestingly 9.4% selectivity of AA along with KA-oil
(ketone/alcohol = 3.2) at 88.7% selectivity is observed (entry 6).
As a benchmark, the catalytic reaction was carried out in pyridine
as a solvent, and low conversions of below 0.1% were obtained,
demonstrating that the o-H atom of solvents may play a positive
role in a hydrogen-bonding interaction for enhancing catalytic
activity. Interesting, transition metals salts (Mn(OAc), and Co
(OAc),) or organic additives (diacetylmonoxime) are known to pull
hydrogen out from organic compounds forming radicals and/or to
promote the decomposition of peroxide species in the NHPI-based
catalytic system [37]. However, these additives have negative
influences on the catalytic activity and AA selectivity under our
experimental conditions (entries 13-16). In addition, in order to
confirm whether solvent polarity has a key role on the B-scission
in formed alkoxyl radicals for the formation of AA with the reaction
being strongly accelerated by polar solvents in catalytic system,
several commonly used solvents such as H,O and 2,2,2-
trifluoroethanol were added (Table 1, entries 11 and 12) [41].
The reaction with H,0 solvent did not proceed well, which give
trace results. This suggested that the activation role of the polar
solvent should be likely involved in the HAT process by stabilisa-
tion of the transition state with the favorable intermolecular
hydrogen-bonding interactions (with certain solvents), which is
consistent with previous results in this area [22,42].

The CH3CN-NHPI reaction system presents the highest catalytic
efficiency for the one-step synthesis of AA, so we investigated the
effect of reaction parameters (Fig. 1). The solvent effect of changing
the cyclohexane concentration is studied and the results are shown
in Fig. 1A. It is observed that with an increase in the cyclohexane
concentration, initially the cyclohexane conversion increases con-
tinuously (till 2.0 mol/L), but after 2.0 mol/L the conversion of
cyclohexane decreases. The product selectivity of cyclohexane oxi-
dation is also dependent on the cyclohexane concentration (sol-
vent content); the AA selectivity gradually increases with
increasing cyclohexane content and reaches a maximum in the
cyclohexane concentration of 4.7 mol/L, whereas the selectivity
to KA-oil intermediate rapidly decreases. This is easily understand-
able, as the ‘cage’ effect of the highly-concentrated solvent would
reasonably be regarded as the inhibiting factor for further oxida-
tion of KA-oil to AA [43]. The use of cyclohexane in large excess
for increasing cyclohexane oxidation catalysis may, however, not
be a proper strategy due to the formation of a two-phase system

with the limit of mass transfer. The NHPI amounts on the promo-
tion effects of the solvent towards the cyclohexane conversion
are shown in Fig. 1B. The results reveal that the conversion and
AA selectivity increase in the CH5CN solution with an increase in
the amount of NHPI. However, the conversion and selectivity for
AA are lowered to 24.5% and 73.5%, respectively, when the NHPI
amount is increased to 1240 mg. Maybe partial NHPI catalyst (at
the high concentration) is easy to form dimeric adducts (or higher
aggregates) by a self-coordination of hydrogen-bond acceptor
(C=0) and donor (N—OH) groups of NHPI, which leads to NHPI
deactivation [32]. The aerobic oxidation results at different tem-
peratures, pressures and time are also shown in Fig. 1. With the
reaction temperature rising from 80 to 120 °C, the cyclohexane
conversion increases with the concomitant gradual increase of
AA and the decrease of KA-oil selectivity (Fig. 1C). A similar reac-
tion trend is also observed with the reaction pressures rising from
0.6 to 1.0 MPa (Fig. 1D). These results clearly indicate that cyclo-
hexane is first converted into KA-oil intermediates and then fur-
ther converted into AA, and that reaction energy and oxygen
concentration have a significant effect on the oxidative cleavage
of KA-oil at a higher temperature and pressure. On increasing reac-
tion pressure to 1.2 MPa or raising the temperature to 130 °C, the
catalytic efficiency of CH3CN-NHPI doesn’t change significantly,
while degradation rate of AA increased rapidly. It is well observed
that the cyclohexane conversion increases with prolonging time
(Fig. 1E) but the selectivity of AA first increases and then decreases
due to occurrence of AA degradation by deep oxidation at the too
much elongated reaction time.

3.2. Oxidation of various hydrocarbons by CH3CN-NHPI system

The metal-free aerobic oxidation by the NHPI-CH5CN catalytic
system provides a sustainable one-step route to AA, although the
catalytic oxidation of cyclohexane by transition-metal/NHPI leads
to an AA as a main product along with a mixture of KA-oil. With
the optimized reaction conditions, this metal-free catalytic system
can be extended to catalyze the oxygenation of various hydrocar-
bons (Table S2). Firstly, we test cycloalkanes to the corresponding
dicarboxylic acids. Cyclopentane is oxidized with 18.6% conversion
and 70% selectivity of glutaric acid under the same conditions
(entry 1). 66.5% of cyclooctane is also compatible, affording the
desired acid products with 53.2% selectivity (entry 2). In addition,
we have also explored the oxidation of linear alkanes. N-Pentane
can give rise to the pent-2-one with 43.6% selectivity, along with
pentan-3-one (34.6%, entry 3). 37.6% N-hexane, 31.3% N-heptane
and 40.3% N-octane can also be transformed into the correspond-
ing oxidated products efficiently, respectively. However, about
17% propionic acid or valeric acid are formed as the carbon-
carbon bond cleaved products by the cleavage of hexan-3-one or
heptan-3-one and octan-4-one, respectively. Meanwhile, the
mixed products such as 2-one, 3-one and 4-one are obtained with
50% total selectivity (entries 4, 5 and 6). The above results indicate
that these cleaved products such as valeric acid, propionic acid and
acetic acid seem to be formed via B-scission of the corresponding
alkoxy radical derived from the alkyl hydroperoxide decomposi-
tion by solvent participation, which is similar to the previous
transition-metal/NHPI catalytic system by metal ions as co-
catalyst for the decomposition of alkyl hydroperoxide [43,44]. Usu-
ally, the extent of the B-scission is thought to be related to the
alkoxy radicals stability. Therefore, the B-scission of a 2-oxy radical
to form organic acid occurs more easily than that of a 3-oxy or 4-
oxy radical. It is interesting that the higher catalytic efficiencies of
the branched alkane such as 3-methyl pentane in CH3CN solvent
are found with 63.2% conversion, a B-scission of a 3-methyl-3-
oxypentan radical to pentan-3-one as a major product (58.4%)
along with 3-methylpentan-3-ol (19.0%) occurs (entry 7). One
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Fig. 1. Effect of the cyclohexane concentration (A), catalyst amount (B), temperature (C), reaction pressure (D) and time (E) on the conversion of cyclohexane and AA,
cyclohexanol, cyclohexanone and glutaric acid selectivity over the CH;CN-NHPI systems.

may envision that, for branched alkanes in CH3CN, the B-scission of
the tertiary-carbon oxy-radical occurs more easily than for the
secondary-carbon oxy-radical; hence, both reactivity and cleaved
product selectivity increase. Finally, we focused on alkylbenzene
such as methylbenzene, ethylbenzene and cumene (entries 8, 9
and 10). The compounds with tertiary- and secondary-hydrogen
atoms in alkyl groups can afford the corresponding acetophenone
products in moderate to good selectivity. However, starting from
methylbenzene the reaction proceeded with a slower rate, proba-
bly because of a higher primary C—H bond energy. It should be
noted that tertiary hydrogen attraction is indeed favored and, after
6 h, a 84% conversion is obtained. The formation mechanism of the
acetophenone product is similar to 3-methyl pentane, in which the
B-scission of tertiary-carbon oxy-radical occurs easily under reac-
tion conditions.

3.3. Characterization results

Identical amounts of NHPI catalyst in different solvents were
examined by UV-visible spectroscopy (Fig. 2A), and the distinctly

identifiable spectrum of NHPI is evolved. NHPI catalysts in CH;CN
and C,H5CN show a very intense electronic transition near 232 nm,
and the greater number of hydrogen-bond interactions of CH3CN
and C;HsCN as an electron-accepting molecule lead to a new elec-
tronic transition due to the change in the HOMO-LUMO energy
gap. This assertion is supported by the following facts: a similar
electronic transition at 250 nm is observed in CH3COOH solvent,
but is weak. However, in pyridine and CsHsCN, NHPI shows a red
absorption in the 350 nm [39], which probably originates from a
weak self-coordination of hydrogen-bond acceptor (C=0) and
donor (N—OH) groups of NHPI into dimeric adducts (or higher
aggregates) in absence of hydrogen-bond interaction with the sol-
vents. A similar phenomenon was also observed by Cametti et al.,
on lipophilic NHPI derivatives in apolar solution, with the >SNO—H
bond being directly involved in the self-aggregation process [32].
This suggests that the formation of dimeric adducts in absence of
hydrogen-bond interaction with solvent might impede hydrogen
atom transfer for the rate-determining step as shown in the above
catalytic results of Table 1. In addition, the UV-visible spectra of a
15.2 mM 19.9% cyclohexane solution of cyclohexyl hydroperoxide



262 F. Liang et al./Journal of Catalysis 378 (2019) 256-269
2.0 —
07 e 7 =0 min
3.54 A os] — = 200nm B ——15min
05 0.5 =30 min
3.0 T o — =—S0min
‘g’ : —Byanxonilrile 1.54 0.44
i 8
2.5 5 o3
8 : S £
c y 2
2.0 4 © Bo2
s ' £1.04 bl
‘5 . o 01
9 1.54 2o w0 m e w0 e w| @
o Wavelength (nm) e} 5
< Acetonitrile < : 260 276 300 326 360
1.0 4 Benzene 0.5 Wavelength (nm)
Propionitrile
0.5+ —— Acetic acid 289 nm
0‘0 L T T T T T 0‘0 v ¥ bl T ] T — T fad T M T M T i
200 300 400 500 600 700 800 200 225 250 275 300 325 350 375 400
Wavelength (nm) Wavelength (nm)
100
c P, —a— Cyclohexyl hydroperoxide in acetonitrile
0.3 = 0min 1 D i
. —e— Cyclohexyl hydroperoxide in benzene
80
o -~
E 0.2 & 60
c
2 2 ]
2 B 40
o [
< 0.1 z
[
O 20
0.0 0
T T T T T T T T T T T T T
200 225 250 275 300 325 350 375 400 0 10 20 30 40 50 60
Wavelength (nm) Time (min)

Fig. 2. UV-vis spectra (A) of NHPI in different acetic acid, acetonitrile, propionitrile and pyridine solvents (Inset is the UV-vis spectra of NHPI in acetone, benzene and
benzonitrile solvents, 1.0 x 10~ mol-L~'); UV-vis spectra of cyclohexyl hydroperoxide in CH;CN (B) and benzene (C) solvents for the different heating time at 100 °C; the

decomposition rate of cyclohexyl hydroperoxide in CH;CN and benzene (D).

in CH3CN and that in benzene are different. An electronic transition
at 207 nm is observed for cyclohexyl hydroperoxide in CH5CN (see
in Fig. 2B). Moreover, the strength of the peak decreases with
increasing time at 100 °C, illustrating that the heating induces
the homolytic cleavage of the O—0 bond of cyclohexyl hydroperox-
ide. On the other hand, the absorbance near 289 nm becomes grad-
ually stronger with time, which is indicative of the formation of
cyclohexanone. For comparison, in benzene solvent the spectra
change more obviously and the O—O bond of cyclohexyl hydroper-
oxide are observed at 279 nm, where no formation of the
hydrogen-bond has been proposed. Interestingly, this band does
not change upon prolonging the heating time (till 0.5 h) at 100 °C
(Fig. 2C), which clearly shows by the fact that the decay of cyclo-
hexyl hydroperoxide decomposition is very much slower when
the CHsCN is replaced by benzene (similar to the decomposition
rate of cyclohexyl hydroperoxide in CH3CN and benzene, respec-
tively, as shown in Fig. 2D). These observations indicate that the
homolytic cleavage of the 0O—O bond of cyclohexyl hydroperoxide
can be strongly accelerated in the presence of the hydrogen-bond
interaction with the solvent [43], in line with the occurrence of
aerobic cyclohexane oxidation process.

Cyclic voltammetry (CV) measurements of the NHPI catalysts in
the different solvent media are carried out to allow for the deter-
mination of the solvent-promotion effect. The CVs of NHPI
(Fig. 3A) in the different media are different from each other, indi-
cating that the catalytic oxidation process is significantly influ-
enced by the solvent media. Notably, the CVs of the NHPI
catalysts in acetonitrile and acetone exhibit a strong anodic peak
at Ep, assigned to the one-electron oxidation of the >NOH moiety
for NHPI resulting in the nitroxide radical >NO-, the reduction of
the electrogenerated radical occurring on the reverse scan at Ej.

The presence of a reduction peak confirms that the formed nitrox-
ide radical >NO- is very stable in these solvent-based systems. By
comparison with acetone, a negative shift in the oxidation peak
potential of NHPI is also observed in the CVs in CH3CN (from
0.990V of acetone to 0.904V of acetonitrile), as well as in the
CVs conducted in propionitrile. These shifts in a negative direction
can be attributed to the deprotonation of NHPI by the solvent con-
taining N atom as a base to easily give the NHPI-anion, then the
anion can be oxidized quickly on the electrode at 0.904 V to give

the PINO radical (>N0e: >NO). In addition, the large AE, (Epa—
Eyc) value in acetone (0.171V vs 0.152 V) is observed due to the
coupling of the deprotonation step with the difficulty in acidic
medium and of the electron transfer for the electrogenerated rad-
ical cation which is a strong acidic species according

to > NOH= > NOH*= > NO* + H* [45]. Hence, these shifts in a neg-
ative direction are in line with the AE; value of the >NOH/>NO
redox couple in different media. Interestingly, very large catalytic
currents are observed in the CVs of NHPI for acetonitrile (compare
their height with the peak current of the one-electron >NOH/>NO*
wave), suggesting that NHPI in CH5CN is more reactive toward
cyclohexane oxidation, which has also been observed for the sim-
ilar systems by other authors [46]. In contrast, there is also a dra-
matic reduction of the catalytic current for acetic acid medium
(compare the current heights of the CVs for NHPI-acetonitrile sys-
tem), indicating that the less the oxidizing character of the catalyst
(i.e. the driving force), the less efficient the catalytic process. Fur-
ther, the usage of benzonitrile without an o-H atom, to replace
the analog CH5CN, where a low catalytic current is observed, alters
the reversibility of the >NOH/>NO" wave, showing that the catalytic
activity of NHPI is related to the formation of hydrogen bonds with
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Fig. 3. Cyclic voltammograms of NHPI in different solvents (A) and NHPI in CH5CN (3 x 1073 mol L~!) containing the different amounts of cyclohexane (B); Tetraethylam-

monium perchlorate served as the supporting electrolyte.

participation of the o-H atom between CH3;CN (a good hydrogen-
bond-accepting solvent) and the hydroxyl proton of NHPI. Thus,
the NHPI in CH3CN can behave as redox catalysts, and carry out
subsequent reactions that regenerate their reduced forms in the
presence of cyclohexane.

Fig. 3B displays the variations of the CVs and the peak current as
a function of the concentration of cyclohexane. Upon addition of
cyclohexane, an enhancement of the anodic peak and a decrease
of the cathodic peak are observed, indicating that the concentra-
tion of cyclohexane can influence the catalytic process kinetics.
The peak current, i, is normalized toward the peak current; i cor-
responds one electron >NOH/>NO" wave in the absence of cyclo-
hexane [46,47]. Notably, it is observed that the i,/iJ and
(Epa *+ Epc)/2 values increase with the cyclohexane concentration,
reaching a limiting value at high concentrations. Up to 2.7 mol/L
cyclohexane, the (Ep, + Epc)/2 value is decreased, independent of
ip/i5, which is expected when the cyclohexane is in large excess
over the NHPI catalyst and catalysis is not too fast so that the cyclo-
hexane concentration across the reaction layer is the same as its
bulk concentration. Thus, the enhancement of cyclohexane con-
centration triggers a dramatic increase of the catalytic efficiency,
which is in agreement with the above catalytic results of NHPI with
the different cyclohexane concentration. However the use of cyclo-
hexane in large excess for increasing cyclohexane oxidation catal-
ysis may not be a proper strategy due to the limit of mass transfer.

3.4. Mechanistic insights into these H-abstraction processes by
theoretical calculation

Possible molecular mechanisms for the cyclohexane oxidation
reactions in different solvents with NHPI as the metal-free catalyst
are investigated using DFT calculations. First, the structural
changes with the solvent interactions on the H-abstraction reactiv-

ity are explored by collecting the key geometrical and electronic
properties of NHPI and its nitroxy radical (Table 2). The >NO—H
bond lengths of NHPI in the polar solvents are larger than those
in the gas conditions and apolar solvents, which was similar to
the theoretical results for aerobic oxidation of alkylaromatics by
using a lipophilic N-hydroxyphthalimide [36]. The longest >NO—H
bond is obtained in CH3CN solvent. Similar trends in natural bond
orbital (NBO) charge on the H atom are also found for the solvent
active-effects, where the Hypo in CH3CN solvent has a larger NBO
value than in apolar solvents. It was observed that their O—H BDEs
are quite in line with their bond lengths and Hygo. The O—H bond
BDE values of NHPI in the polar solvents are somewhat lower than
those in the apolar solvents. Specifically, the O—H BDE value in
CH3CN is the lowest among that of propionitrile and benzonitrile,
which may be regulated by combining different substituting group
linked —CN. Therefore, adding such protic solvents may alter the
key geometrical and electronic properties of NHPI due to their
favorable intermolecular hydrogen-bonding interactions with cer-
tain solvents, ultimately affecting the catalytic process. As a result,
the catalytic behaviors for the aerobic oxidation of cyclohexane by
NHPI catalysis vary in different solvents: NHPI in CH3CN with the
low O—H BDE and high Hygo value thereby becomes much more
reactive toward ROO". Compared with that of NHPI catalysts, the
corresponding >N—O bond of PINO" in different solvents is short-
ened upon removing the O—H hydrogen atom from its precursor
with the opposite trend, which is ascribed to the partial electronic
delocalization of the nitrogen lone pair to the linked oxygen atom.
Variable spin density distributions on the related O atoms are also
caused by the solvent interactions with the following order: ace-
tonitrile < propionitrile < benzonitrile < pyridine < acetic

acid < acetone < benzene < cyclohexane < gas. Obviously, SDg value
of PINO" in polar solvents not containing an N atom is larger than
that in polar solvents containing an N atom, which can be ascribed

Table 2

The O—H, N—0 bond lengths, O—H bond dissociation energies, atomic spin densities and NBO charges for NHPI and PINO" in various solvents.
Solvent € NHPI (N—O—H) PINO" (N—0)

O—H O—N pH BED pO SDo;

Gas - 0.96637 1.37072 0.475 84.162 —0.249 0.604086
Acetone 20.493 0.96846 1.36961 0.495 84.108 -0.299 0.572672
Acetic acid 6.2528 0.96805 1.36984 0.491 84.178 -0.289 0.579199
Acetonitrile 35.688 0.96855 1.36956 0.495 84.092 -0.301 0.571276
Propionitrile 29.324 0.96854 1.36941 0.495 84.097 —0.300 0.571691
Benzonitrile 25.592 0.96850 1.36958 0.495 84.101 —0.300 0.572027
Pyridine 12.978 0.96835 1.36976 0.494 84.129 -0.296 0.574474
Cyclohexane 2.0165 0.96720 1.37034 0.483 84.245 -0.267 0.592617
Benzene 2.2706 0.96734 1.37031 0.484 84.245 -0.270 0.590916
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to the partial delocalization of the nitrogen lone pair of the solvent
onto the radical oxygen atom due to their favorable intermolecular
hydrogen-bonding interactions, thereby decreasing the corre-
sponding spin densities located on the terminal O atoms of PINO".
As a result, a smaller SDg values would possess a stronger electron-
withdrawing-like effect, indicating that they would have a higher
H-abstraction reactivity. A similar trend of NBO charge for the O
atom further supports the idea that the promotion effects of the
solvent play a role in the hydrogen abstraction of the PINO
radicals.

In addition, the generation of PINO' from NHPI is also a vital
step, as its overall catalytic efficiencies may not be correlated with
its reactivity towards H-abstraction of cyclohexane or cyclohex-
anone. This may, however, facilitate the rapid formation of nitroxyl
radicals that can efficiently propagate chains for longer, thereby
boosting the reaction rate. As a result, the relative reactivity of
the formation of a considerable amount of ROOH (Table 3) is eval-
uated in different solvents. The O—H BDE is 86.486-
86.016 kcal-mol~! for ROOH, which is twice as high as the 0—0
BDE (39.549-41.655 kcal-mol~!). Therefore, the homolytic cleav-
age of the 0O—0 bond of ROOH occurs easily in absence of metal
co-catalysts at the beginning or at low temperature, leading to
the rapid generation of PINO by the reaction of the NHPI with the
formed RO It should also be noted that the O—O BDE of ROOH
in the polar solvents is lower than that of ROOH in the apolar sol-
vents due to their favorable intermolecular hydrogen-bonding
interactions, which is evident from the cyclohexane oxidation
studies and UV-visible spectra characterization (Fig. 2). Further-
more, one can conclude that the more nucleophilic the RO" (from
the NBO charge) in CH3CN is, the higher reaction reactivity toward
NHPI it has, an assertion which is also supported by the spin den-
sity distributions.

In a catalytic cycle, the key elementary steps for the one-step
oxidation of cyclohexane to AA are summarized sequentially below
[32]: (i) first, one C—H bond of the cyclohexane is activated by the
PINO'; and (ii) second, one o-C—H bond of the cyclohexanone
intermediates is activated by the same PINO. By focusing on the
rate-limiting step, the free energy barriers of the two types of
H-abstraction (cyclohexane and cyclohexanone) respectively are
calculated by B3LYP functionals. IRC calculations show that such
elementary steps proceed through H-bonded pre- and post-
reaction complexes, resulting in a substantial depression of the
transition state energy as depicted in Fig. 4, in which the precise
relative energies of the pre- and post-reaction complexes are of
significant influence in different solvents. Fig. 4 indicates that the
H-abstraction process of cyclohexane can be divided into two pro-
cesses: C—H bond approaching PINO' and the breaking of C—H
bonds. At the beginning, the pre-reaction complex that is formed
between the reactants has an activated structure with the longer
C—H distance (see Table 4). Relative to the separated reactants,
the fairly strongly bound pre-reaction complexes in the gas phase

Table 3

have free energies of 5.2497 kcal-mol~'. However, the inclusion of
estimates of the solvent effects increases the endergonicity of pre-
reaction complex formation to 7.5891 kcal-mol™! in CHsCN,
5.9563 kcal-mol~! in benzene and 5.9299 kcal-mol~! in cyclohex-
ane. As we know, the pre-reaction complex is first formed between
the reactants by H-abstraction, in which the proton and electron
are thought to be transferred by different molecular orbitals: a
C—H hydrogen as a proton to a 6-lone pair on the PINO* oxygen
and the electron from a 2p-s orbital on the cyclohexane to the 2p
singly occupied orbital on the PINO" oxygen. However, it is very
likely that the proton transfer is not yet complete with the occur-
rence of the electron jump at the pre-reaction complexes state,
resulting in a charge imbalance whereby a partial positive charge
resides in the cyclohexane moiety and a partial negative charge
on the PINO" oxygen, thus nicely accounting for a more efficient
stabilization by the solvent. On this basis, it was not surprising
that, in aerobic cyclohexane oxidations catalyzed by NHPI without
metal cocatalyst, CH3CN is an excellent solvent, in view of the pres-
ence of the electron-donating nitrogen atom (Fig. 6). Further, the
thermodynamic quantity involved in the enthalpy of the pre-
reaction complex gives an important insight into the active partic-
ipation of solvent molecule. The value obtained for the enthalpy of
the pre-reaction complex in CH3CN (0.6350 kcal-mol ') is signifi-
cantly lower than those in the gas phase (1.0492 kcal-mol~') or
apolar solvents (1.1534 kcal-mol ! for cyclohexane;
1.1684 kcal-mol~! for benzene). This indicates that pre-reaction
complex in CH3CN with stronger hydrogen bonds are the preferred.

Similar trends in the cases of the cyclohexanone pre-reaction
complex abstracted by PINO- in different solvents are also observed
in the computational modeling (Fig. 5 and Table 5). This beneficial
effect of the CH3CN solvent molecule can be directly attributed to
the increased stabilization of the pre- reaction complex in solution,
due to its ability to form strong hydrogen bonds. In addition, the
values for this beneficial effect were also calculated from those
determined for the enthalpy of the cyclohexanone pre-reaction
complex. The enthalpy is 0.3175 kcal-mol~' kcal-mol~! in CH5CN,
which is obviously lower than those in the apolar solvents
(1.5587 kcal-mol~! for cyclohexane; 1.3692 kcal-mol~! for ben-
zene) or gas phase (3.4701 kcal-mol~1). The TS structures of cyclo-
hexane associated with the HAT reaction of PINO" with
cyclohexane are found to exhibit a “cisoid” structure with the anti-
bonding interactions for O--+H---C systems (Fig. 4). The free energy
of the TS structure in polar CH5CN is 28.3367 kcal-mol~, slightly
higher than those in the gas phase or apolar solvents (28.0208-
28.3208 kcal-mol™!). As in the above discussion, the polar contri-
bution of the solvents with the formation of a hydrogen-bond plays
an important role in the HAT reactivity of N-oxyl radicals with an
ability to stabilize the positive and negative charges developing in
the TS (Table 4).

After the HAT process is completed, the free energies associated
with complexation within the post-reaction complex of

0—H, 0—0 bond lengths and bond dissociation energies, atomic spin densities and NBO charges for ROOH, ROO" and RO" in various solvents.

Solvent ROOH (R—0,—0;—H) ROO" (R—0,—0,) RO" (R—0,)
0,—H 0,—0, BED BED pO; SDo, p O, SDo,
0,—H 0,—0,

Gas 0.96581 1.45310 86.016 41.655 ~0.183 0.681491 ~0.328 0.849042
Acetone 0.96780 1.45045 86.449 39.603 -0213 0.656562 ~0.370 0.835486
Acetic acid 0.96740 1.45088 86.297 39.891 ~0.212 0.660803 ~0.362 0.830268
Acetonitrile 0.96789 1.45037 86.486 39.549 ~0.219 0.655707 ~0.372 0.824469
Propionitrile 0.96786 1.45039 86.475 39.565 ~0218 0.655960 ~0.372 0.824771
Benzonitrile 0.96784 1.45041 86.466 39.578 ~0.218 0.656165 ~0.371 0.825015
Pyridine 0.96769 1.45056 86.404 39.676 ~0.216 0.657578 ~0.368 0.826802
Cyclohexane 0.96663 1.45229 86.078 40.699 ~0.197 0.671843 ~0.344 0.840564
Benzene 0.96661 1.45140 86.099 40575 ~0.200 0.668575 -0.347 0.839281
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Fig. 4. The relative free energy (kcal-mol~!) of the cyclohexane + PINO reaction in various solvent media; PRE, TS, and POST refer to pre-complex, transition state, and post-

complex, respectively.

Table 4

The most relevant geometrical parameters and atomic spin densities (SD) for the H-abstraction of PINO- from cyclohexane. PRE, TS, and POST refer to pre-complex, transition

state, and post-complex, respectively.

PINO + Cyclohexane Atomic distance®

Spin density

a b c SDy SDo SDiy SDc4
N,—O, 0,—H; Hy—C4
Gas PRE 1.26465 2.80686 1.09738 0.236757 0.609196 ~0.001042 0.001863
TS 1.34433 1.16384 1.40432 0.031098 0.013145 0.007624 0.636895
POST 137172 0.99539 1.99979 0.028216 ~0.013109 0.054421 0.999824
Acetonitrile PRE 1.26502 2.87216 1.09818 0272754 0.575925 ~0.000874 0.002299
TS 1.34659 1.18239 1.39398 0.033524 0.240111 0.026386 0.609703
POST 1.37183 1.00137 1.97347 0.029006 ~0.019307 0.068700 0.975234
Benzene PRE 1.26472 2.89192 1.09766 0.251024 0.596686 ~0.000860 0.001493
TS 1.34506 1.17328 1.39778 0.031329 0.250937 0.015414 0.623725
POST 1.37196 0.99770 1.99361 0.029857 ~0.017122 0.060518 0.989071
Cyclohexane PRE 1.26470 2.89117 1.09762 0.249082 0.598470 ~0.000865 0.001457
TS 1.34494 1.17220 1.39844 0.031246 0.251642 0.014405 0.625240
POST 1.37190 0.99746 1.99362 0.029797 ~0.016658 0.059821 0.989892

2 Along with the definition of atomic distances (a-c) and the most relevant atoms (N;, O,, Hs, C4, and Cs) during the H-abstraction process.

cyclohexane are calculated to be 25.7624 kcal-mol~! in polar CHs-
CN, but a slightly lower value is observed both in gas phase and
apolar solvents. The free energies of the final dissociated products
of the HAT reaction in polar solvent are 18.7399 kcal-mol~' (CHs-
CN) lower than those of the apolar solvent (Fig. 4). The calculations

predict that the reaction species involved in the oxidation process
will not remain complexed in polar solvents. A similar change for
free energies of the post-reaction complex and final dissociated
products in the cyclohexanone HAT reaction is observed in differ-
ent solvents; nevertheless the free energies of the post-reaction
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complex are close to the free energies of final dissociated products,
which indicates that the reaction of PINO" + cyclohexanone will be
much faster than the reaction of PINO- with the C—H bond of cyclo-
hexane. Additionally, the reactivity of PINO" in the HAT processes is
also clearly dependent on the enthalpic requirements of the C—H
bond dissociation energies and a degree of charge transfer in TS
state by means of the polar effect of the solvents that may stabilize
the activated complex [48,49]. Thus, the pre-reaction complexes
show higher free energies due to the stabilization of the positive
and negative charges by the polar solvent, which lowers the reac-
tion energy barrier further (from 28.3667 kcalmol™' to
20.7776 kcal-mol !, Fig. 4) for cyclohexane oxidation in CH5CN,
resulting in a high reactivity. Combining the calculated energy bar-
rier with the catalytic data, we find that the higher reactivity of
cyclohexanone than of the cyclohexane can be attributed to the
lower energy barrier (20.5365 kcal-mol~' vs 20.7776 kcal-mol~,
Fig. 5), which could explain the much higher AA selectivity.

3.5. Possible synergistic reaction mechanisms

As the data above show, for the one-step oxidation of cyclohex-
ane by dioxygen, reaction in polar solvents does not show any cat-
alytic activity under our conditions, NHPI has only a slight catalytic
effect with the production of organic peroxide, and very interest-
ingly the combination of CH;CN and NHPI exhibits a high catalytic
ability towards the one-step product AA. To further understand the
catalytic reaction mechanism of the metal-free catalytic system,
several additional experiments are carried out. At first, 4 mol%
hydroquinone as a free radical scavenger was added into the
NHPI-based catalytic oxidation system with CH3CN as solvent,
and no cyclohexane oxidation occurred. This indicates that the pro-
cess follows a radical mechanism. Secondly, Mn(OAc), as a metal
co-catalyst was used to add the above NHPI-CH5CN catalytic sys-
tem under the same conditions, and it only gave a negative
effect with slightly low cyclohexane conversion (22.8%) and AA
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The most relevant geometrical parameters and atomic spin densities (SD) for the H-abstraction of PINO" from cyclohexanone. PRE, TS and POST refer to pre-complex, transition

state and post-complex, respectively.

PINO + Cyclohexanone

Atomic distance®

Spin density

a b C SDyn SDo SD1 SDc4
N;—0, 0,—H3 H3;—C4
Gas PRE 1.26386 3.05681 1.10128 0.246834 0.061381 —0.000238 —0.000191
TS 1.33285 1.18403 1.38352 0.087383 0.281199 —0.030118 0.517669
POST 1.37020 0.99796 297739 —0.001442 0.002344 —0.004259 0.807531
Acetonitrile PRE 1.26423 4.75777 1.10099 0.276015 0.566994 0.000029 —0.001171
TS 1.33383 1.19382 1.38274 0.081012 0.279100 —0.023910 0.506226
POST 1.37111 1.00494 3.01565 —0.000414 0.002028 —0.004424 0.802950
Benzene PRE 1.26386 3.73062 1.10115 0.257171 0.584397 0.000031 —0.000546
TS 1.33326 1.18896 1.38221 0.084133 0.281318 —0.027209 0.512370
POST 1.37040 1.00078 3.00299 —0.001452 0.002377 —0.004318 0.805292
Cyclohexane PRE 1.26385 3.64715 1.10116 0.255564 0.585663 0.000016 —0.000663
TS 1.33321 1.18835 1.38230 0.084230 0.281463 —0.027536 0.512981
POST 1.37039 1.00045 2.99433 —0.001477 0.002395 —0.004312 0.805312

2 Along with the definition of atomic distances (a-c) and the most relevant atoms (N;, O,, Hs, C4, and Cs) during the H-abstraction process.

selectivity (70.3%), which implied that CH5CN plays a key role in
the formation of AA (Table 1, entry 13). Also in this case, the addi-
tion of tiny amounts of CH3CN (equimolar ratios with the NHPI
unit) resulted in a significant increase in cyclohexane or reaction
intermediates (cyclohexanone and cyclohexanol) conversion, from
trace levels to 6.8% (Table S1, entry 4, 10 and 11), confirming again
the active participation of the polar solvent molecule for NHPI-
catalytic oxidation. Additionally, characterizations such as UV-vis-
ible spectroscopy and voltammetry are carried out to clarify the
synergistic HAT for solvent effect. Distinctly identifiable spectra
of NHPI are observed in different solvents by UV-vis; meanwhile,
the homolytic cleavage of the O—0 bond of ROOH to form a radical
initiator for NHPI can be strongly accelerated in the presence of the
hydrogen-bond interaction with solvent. These experimental
observations are quite in line with their BDEs and H-abstraction
barriers of PINO in the corresponding solvent derived from DFT
calculations.

Transition metal ions such as Co®*/>** and Mn?'/3* are often
added to the cyclohexane oxidation reaction, because they are
known to catalyze the initiation reaction [50,51]. In our metal-
free catalytic systems (Fig. 7), the homolytic dissociation of
RO—OH, with the assistance of the solvent H-bonded interaction
is responsible for first chain initiation by heating due to its 50%
lower RO—OH BDE (about 39 kcal-mol~!) than the H—0 BDE for
NHPI (about 84 kcal-mol~'). The next step contains the radical
exchange between NHPI and ‘OH/RO, and the resulting N-oxyl rad-
ical of protonated NHPI has a better H-abstraction ability [49],
which can abstract a hydrogen atom from cyclohexane to form
cyclohexyl radical more easily with the pre-reaction complexes
due to the lower energy barrier through the solvent-effect
(20.7776 kcal-mol~! for CH5CN, 22.7711 kcal-mol~! for gas-phase
conditions, 22.3645 kcal-mol~! for benzene, 22.3614 kcal-mol™!
for cyclohexane self). Importantly, it is crucial to the catalysis pro-
cess that N-oxyl radical don’t terminate with each other or with
peroxyl radicals, which is a much more efficient chain carrier than
ROO’/RO" with enhanced radical chain length [52,53]. The next ele-
mentary step is that the cyclohexyl radical is easily captured by O,
to generate peroxy radical, which is converted to ROOH through its
H-abstraction from > NO—H bond of NHPI [54]. Then, the polar sol-
vents by means of hydrogen-bonded interactions help to decom-
pose ROOH into ketone products. In addition, the obtained
cyclohexyl radicals are highly reactive, followed by addition of an
"OH to form a cyclohexanol. Generally, the BDE value of the C—H
bond R,C(OH)—H in cyclohexanol (92.4 kcal/mol) is lower than
that of the C—H bonds in the « position (94.1 kcal/mol) in cyclo-
hexanone intermediate [37], meaning that the formed cyclohex-

anol is further oxidized more easily with the production of ‘OH
at the weakest methine C—H bond to form a geminal diol (1,1’-dihy
droxycyclohexane) [55]. Geminal diols are well-known to be very
unstable and will rapidly undergo dehydration to product stable
cyclohexanone [24,56].

As emphasized in another key elementary step, «-H abstraction
from cyclohexanone is also a very important reaction in determin-
ing the formation of the AA product. Therefore, the reactivity of
PINO' toward cyclohexanone is evaluated in different solvents.
Based on the above computed energy barriers for a-H abstraction
in CH5CN solvent from cyclohexane and cyclohexanone by PINO
(20.7776 kcal-mol ™! and 20.5365 kcal-mol !, respectively), we
can estimate that the free PINO" species react faster with cyclohex-
anone than cyclohexane. Thus, the H-abstraction at the carbon
adjacent to the oxygen in cyclohexanone can most likely be pro-
moted in the presence of polar solvents due to the m-overlap
between the C=0 groups of cyclohexanone and PINO, with prefer-
ential stabilization of the TS structures. The production of ketonyl
radical at this & C=0 position readily leads to the formation of
ketonyl hydroperoxide with oxygen, which can be decomposed
into a ketonyl radical with the assistance of the polar solvents. Ulti-
mately, the ketonyl hydroperoxide radical is stabilized by the sol-
vent CH5CN to a great extent, then reacts to yield the radical
species OHC—(CH,),—C(O)" by the ring opening via C—C scission;
successive oxidation steps lead to the formation of AA. Alterna-
tively, the production of the ketonyl radical can also be captured
by reactive ‘OH to the formation of 2-hydroxycyclohexanone,
which may undergo a pathway to generate hydroxy-lactone with
further oxidation to form acid anhydride, followed by hydrolysis
to produce AA [57]. The above reaction mechanism is supported
by reaction intermediates detection during the course of the reac-
tion. Separate experiments confirm that hydroxy-lactone can be
converted to AA under the same condition.

4. Conclusion

Generally, the role of solvent is limited to the simple require-
ment for diluting and/or dissolving reactants in the liquid-phase
catalytic reactions. Here, insights are presented into the influence
of solvents (acetone, acetic acid, acetonitrile, benzonitrile, propi-
onitrile, pyridine and benzene) on manipulation of the catalytic
activity and AA selectivity for one-step aerobic oxidation of cyclo-
hexane catalyzed by NHPI catalysts under promoter- and metal-
free conditions. We found that a polar solvent molecule actively
participates in production of PINO' from NHPI for crucial reaction
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Fig. 7. Mechanistic pathway for oxidative conversion of cyclohexane to AA.

steps and significantly affects the catalytic behavior, which is
confirmed by using the cyclic voltammetry measurements com-
bined with UV-vis spectra techniques. In order to systematically
elucidate the active role of the solvent, DFT calculations coupled
with a continuum solvation model (PCM) are carried out to inves-
tigate the electronic properties of NHPI and intermediates, and the
barriers involved in the two types of H-abstraction on PINO" sites in
the different solvent environments. Our calculations show that the
solvent-polarity changes the electronic properties of NHPI and
intermediates significantly. The transition state barrier of H-
abstraction for cyclohexane decreases from 22.36 (in benzene) to
20.78 kcal-mol~! (in acetonitrile), whereas the o-H-abstraction
barrier for cyclohexanone decreases from 2145 to
20.53 kcal-mol~!. The calculated results suggest that the catalytic
oxidation of cyclohexane and cyclohexanone intermediate repre-
sents a strong case of active solvent participation, which consists
of assisting the rate-determining H-abstraction process by forming
pre-reaction complex and nicely accounting for a more efficient
stabilization with favorable intermolecular hydrogen-bonding
interactions by the polar solvents; the hydrogen atom transfer
via PINO---H--C< process is thereby considerably accelerated.
Meanwhile, modeling of solvent effects predicts that cyclohex-
anone oxidation pathways are favored over cyclohexane oxidation
pathways. Thus, acetonitrile is the best solvent for the one-step
oxidation of cyclohexane to AA: a conversion of 28% with 79% AA

selectivity is achieved over NHPI catalysts. This work provides a
novel mechanism of the solvent effect for designing a new class
of metal-free molecular switches that are active in different sol-
vent environments.
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