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The photochemical oxidation of benzylic alcohols using N-
hydroxyphthalimide (NHPI) catalysts, with Rose Bengal as a singlet
oxygen photosensitizer, and the production of hydrogen peroxide
(H20;) under metal-free conditions is presented. Computational
and experimental investigations support 10, as the oxidant that
converts NHPI to the active radical intermediate phthalimide-N-
oxyl (PINO). This is a green alternative to current methods of H,0,
production.

Aerobic oxidation using transition metal catalysts is widely used
for the transformation of organic molecules.’™ Photocatalytic
and metal-free aerobic oxidation is an emerging field in the area
of sustainable chemical research. Organo-catalysts are
desirable due to their high reactivity and tunability. Use of N-
hydroxyphthalimide (NHPI) as an organic oxidation catalyst has
been reported in literature for a variety of substrates, usually
under thermal conditions, with metal activators.®>”’ Recent
reviews have highlighted the use of N-hydroxyl radicals in
organic reactions.®1° In a previously published report on
aerobic oxidation of alcohols with NHPI using thermochemical
conditions, Ishii et al. reported H,0, generation in this
reaction.!!

H,0; has widespread use in several laboratory and industrial
processes and has many household uses.>*10 Recent reports
reveal that H,O;, can also act as a sustainable, carbon-neutral
fuel in an electrochemical fuel cell, producing only water as the
waste material.>'* However, the current method of H,O,
production utilizes the energy intensive Anthraquinone Process
that uses H, and O, and an expensive Pd-catalyst.'>1® Here we
report a simple strategy to achieve aerobic oxidation of benzylic
alcohols (benzhydrol, and benzyl alcohol) in metal-free and
photocatalytic conditions and the concomitant reduction of
oxygen to H,0,. Coupled to a photochemical reaction, this is a
green method for H,0, production.

Oxidation reactions using NHPI are reported to follow a
radical mechanism.>® Homolytic cleavage of the NO-H bond
generates the phthalimide-N-oxyl (PINO) radical (Scheme 1).
PINO reacts with substrate to generate a benzylic radical that
reacts with O, to form a metastable hydroxy (perhydroxy)
intermediate. Finally, hydroperoxyl leaves as H,0O, generating a
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carbonyl compound as the final product. However, under
thermochemical conditions cobalt and/or manganese co-
catalysts are often used to initiate H-atom abstraction from
NHPI to produce the active radical species, PINO. Thus, any H,0,
produced in these systems decompose under these reaction-
conditions; attempts to isolate H,0, have not been reported.!?
Furthermore, thermal reactions require elevated temperatures
(70-90 °C) where PINO is prone to decomposition.'’~° Hence,
utilizing low-temperature photochemical reactions with no
metal co-catalysts will allow both the oxidized products and
H,0, to be isolated.

| N-OH —= ®O-N

Scheme 1 Thermal and photochemical production of PINO from NHPI.

Photocatalytic oxidation of the a-C of unsaturated
hydrocarbons has been reported with NHPI as a radical organo-
catalyst where CdS acts as a photo-redox catalyst to generate
PINO and to reduce oxygen to superoxide.?° Similarly, the
excited-state of graphitic-carbon-nitride (g-CsN4) can activate
0O, to superoxide, which promotes hydrogen abstraction from
NHPI, generating PINO?'723 Photocatalysis through PINO
generation has also been reported for heterogenous systems
using a-Fe;03 or Ti0,.24#?> This differs from our proposed
reaction mechanism where 10, is the ROS. In a recent paper by
Chen et al., Rose Bengal was used as a photosensitizer for the
synthesis of B-oxy alcohols.?® This work indicates that PINO is
generated by the sensitized '0,, however this reaction is not
catalytic since PINO is consumed during the reaction.

Our novel strategy using visible light provides the oxidation
products in comparable vyield to thermal conditions.
Diphenylmethanol (1, 5 mmol) was reacted with molecular O,
in the presence of NHPI (5 mol%) catalyst and a photosensitizer
(Rose Bengal, (RB)) in 5 mL acetonitrile (ACN) under white light
irradiation at room temperature for 72 hours to afford
benzophenone (3) and H,0, (2) as identified by 'H NMR (Figure
1a, Supporting Information Figure S1 and 2). The NMR yields are
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73% for benzophenone (3) and 57% for hydrogen peroxide (2).
When a primary alcohol, phenylmethanol (4), was oxidized
employing the same reaction conditions benzaldehyde (5), 29%;
and a trace amount of benzoin, 3% along with H,0, (20%) were
identified Figure 1b, Supporting Information Figure S3 and 4).
Oxidation of (E)- cinnamyl alcohol and (t)-phenylethyl alcohol
resulted in low but measurable yields (5% and 8% respectively,
after 72 h) (Supporting Information Table S1). The higher yield
of the oxidation products for benzophenone can be attributed
to the higher stability of the corresponding benzylic radical
intermediate.

To evaluate the effect of each of the components of the
reaction we ran a series of control experiments and screened
them for the production of H,0, using peroxide test-strips
(Table 1). The positive control reaction (Entry 1) was run using
5 mmol 1, and 10 mol% NHPI in 5 mL of a 10 M RB solution in
acetonitrile. The reaction flask was sealed with a balloon filled
with oxygen gas. The reaction was stirred vigorously (1500 rpm)
for 72 hours while being irradiated with a 24 W white light LED
strip coiled in a 12-inch metal tube. Hydrogen peroxide was
separated from the organic layer into the aqueous layer by
liquid-liquid extraction with 5 mL toluene and 5 mL of water. A
blue coloration of the peroxide test-strip indicated the presence
of H,0, in the aqueous work-up of the reaction. To rule out a
false positive indication on the test strips caused by other types
of peroxides or reactive oxygen species (ROS), we performed
absorption studies with a selective titanium(IV)-porphyrin dye,
0x0([5,10,15,20-tetra(4-pyridyl)porphyrinato]titanium (Iv),
[TiO(TPyPH4)]** and observed a shift in the absorption peak at
432 nm to 445 nm confirming the presence of [TiO,(TPyPH,4)]1**
(Supporting Information Figure S5).2” Thus, a color change on
the test strip was used to indicate a positive control for the
reactions, and if no hydrogen peroxide was detected we
assumed there was no reaction. In absence of NHPI (Entries 2,
and 3), or light (Entries 3, 6, and 7) no H,0, was detected. No
H,0, was detected if no alcohol was included (Entry 4). To
investigate the role of temperature two reactions were ran at
0 °C in the presence, and absence of light. The reaction tested
positive for H,0; production at 0°C in the presence of light
(Entry 8), however no H,0; was observed under dark reaction
conditions (Entry 9), likewise the reaction didn’t proceed
without RB The reaction was monitored with irradiation for 1

a oH 5 mol% NHPI 0
+0, ACN, RB + H,0,
White light, rt, 3 2
1 72 hrs 73% 57%
b. oH 5 mol% NHPI 0
@/H +0, ACN, RB H T H0,
H White light, rt,
4 72hrs 5 2
29%  20%

Table 1 Control experiments by varying the reaction conditions. The '+' sign denotes
the presence and the '-' sign denotes the absence of the indicated condition. The
blue coloration on the test strips indicates the production of H,0, denoted by a '+'
sign, whereas a '-' sign denotes no color change on the test strip indicating no H,0,
production. Reactions were run for 24 h with Rose Bengal as the photosensitizer.

Entry [1] [NHPI] O, Light Temperature H,0;

mmol mol% (‘c) test
1 5 10 + + 25 +
2 5 - + 25 -
3 5 - + - 25 =
4 - 10 + + 25 -
5 5 10 - + 25 =
6 5 10 + - 25 -
7 5 10 + 25 =
8 5 10 + + 0 +
9 5 10 + - 0 =

day, followed by dark for 1 day, and then irradiation for 1 day.
The reaction only proceeded while it was irradiated and the
overall yield after this 72 h experiment was similar to only being
run for 48 h, the total irradiation (Supporting
Information Figure S6).

The oxidation products (2 and 3) were found to be stable

time of

under the reaction conditions over 18 days by 'H NMR (Figure
2, Supporting Information Figure S7). Around 12 days of
irradiation time the reaction reaches the maximum yield at
~80% of 3 and ~57% of 2. lodometric titration of the extracted
aqueous layer gave similar H,0, yields as to those calculated by
NMR. Separation and purification of 2 resulted in a 74% isolated
yield after 7 days of irradiation.
The reaction conditions were optimized by running a
three variable full factorial design of experiments (Table 2).%8
The variables considered in this study were concentration of the
catalyst (NHPI in mol%), concentration of the photosensitizer
(RBin M), and the irradiation time (in days). Using a full factorial
design of experiment allows for reaction optimizations with few
100
90 1
80 4
70
60 A
50 4
40 4
30 1
20 4
10 -
0 T T T

0 5 10 15
Time (days)

%yield

—e+=benzophenone

—+hydrogen peroxide
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. . . . . Figure 2. Yield of the oxidation products (benzophenone, and hydrogen peroxide)
Figure 1. Aerobic oxidation of benzylic alcohols to hydrogen peroxide and the

i X o measured over a period of 18 days using 'H NMR spectroscopy of the reaction
corresponding carbonyl compounds: a. photocatalytic oxidation of secondary alcohol

mixture.
benzhydrol, b. photocatalytic oxidation of primary alcohol phenylmethanol.

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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experiments, and accounts for interacting variables. The % yield
was calculated integrating product peaks in the *H NMR with
respect to an internal standard, ethylene carbonate. After
calculating the main and interaction effects of the variables it
was observed the yield was maximized at lower levels of
catalyst loading (5 mol%) and photosensitizer concentration
(1x10* M) but longer irradiation time (3 days). In the previous
work by Ishii et al. in thermal condition 10 mol% catalyst-
loading yielded maximum turnover.! In our photochemical
conditions the better performance with a lower catalyst-loading
can be

Table 2 Three variable full factorial optimization design for the photocatalytic aerobic
oxidation of diphenylmethanol. The effect of catalyst concentration, photosensitizer
concentration, and irradiation time were investigated for the optimization
experiments.

. [NHPI]  [RB] x10** Time .
Reaction %yield
mol% M (days)
3 2
1 10 4 2 10 6
2 5 1 1 4 -
3 15 1 1 3 1
4 5 7 1 5 1
5 15 7 1 5 1
6 5 1 3 77 50
7 15 1 3 21 14
8 5 7 3 26 6
9 15 7 3 22 15

attributed to more stable radical intermediates at lower
temperatures minimizing catalyst degradation. The observation
that longer irradiation time increases the product yield agrees
with the 'H NMR stability experiments and suggests slower
aerobic oxidation kinetics and high energy of activation.'-?°

To gain insight on the mechanism of the photocatalytic
aerobic oxidation of benzhydrol to benzophenone using NHPI in
presence of a photosensitizer, quenching experiments were run
with the addition of different scavengers (Q) for intermediates
(Table 3).2° Addition of sodium azide as a singlet oxygen (103)
scavenger entirely quenched the reaction. No oxidation
products were observed after three days of irradiation. Addition
of benzoquinone as a superoxide (O;’) scavenger lowered the
yield. These two experiments together suggest the primary ROS
responsible for the reaction is 0, but that superoxide may be
present and contributing to the reaction yield. We propose the
RB sensitized singlet oxygen as the main ROS. This mechanism
was further supported by generating 'O, from Li;MoO,
catalyzed decomposition of H,0, without light. This reaction
resulted in the oxidation products only in the presence of NHPI.

Table 3. Quenching experiments to investigate the nature of the reactive oxygen
species (ROS) and the reaction intermediates.

Entry Q Q type %+yield of 3
1 - - 77
2 NaN3 '0, 0
3 Benzoquinone Oy 12
q (NH4)2C204 hole 4
5 ‘BuOH radicals 19

This journal is © The Royal Society of Chemistry 20xx
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The suppression of the yield of the oxidation products upon
Scheme 2. Computationally investigated [M06-2X/6-311+G(d,p) in polarized acetonitrile
solvation model] catalytic mechanism of aerobic oxidation of diphenylmethanol
including the free energies of the intermediate steps (shown in blue).

the addition of ammonium oxalate and tert-butyl alcohol
suggests that the reaction is dependent on hole and radical
intermediates, respectively. This observation further validates
the lower yield of oxidation products for the primary alcohol.
The benzylic radical intermediate has a lower stabilization for
the primary alcohol when compared to the corresponding
radical intermediate generated from the secondary alcohol,
lowering the overall yield of the reaction.

A previously proposed mechanism using RB and NHPI
includes reductive quenching of the excited RB*.26 Subsequent
regeneration of RB occurs from RB* getting an electron from
deprotonated NHPI created by an added base. Since our
reaction does not have a base to make deprotonated NHPI or
an electron donor to regenerate the oxidized RB, this
mechanism is not likely under these conditions Additionally,
using methylene blue (MB) as the photosensitizer resulted in
4.5% production of 2 in 72 h. The lower yield is expected since
the singlet oxygen quantum yield of MB is only 0.49 compared
to 0.76 for RB.3° Using this information, we propose that the
photosensitizer makes singlet oxygen that reacts with NHPI to
form PINO that initiates the radical oxidation reaction. The
reaction pathway suggested by these experiments was explored
using Density Functional Theory (DFT) calculations.

The geometries of the intermediates were optimized using
MO06-2X/6-311+G(d,p) method implementing an implicit
polarized continuum solvation model for acetonitrile in
Gaussian 09.3%32 Three probable reaction combinations were
modeled using 10, and 30,, and 20, to calculate the free energy
change associated with the generation of PINO radical from
NHPI (AGyn), which is the most crucial step in NHPI catalyzed
aerobic oxidation (Table 4). PINO acts as the active catalyst that
initiates the radical chain reaction by abstracting the methylene
H atom of the secondary alcohol (1).

Unsurprisingly, reactions involving the more energetic *0, is
thermodynamically most favorable, characterized by the most
negative free energy change value (Entry 2). However, the less
positive Gibbs energy change corresponds to the reaction with
superoxide (Entry 3). These results suggest that 'O, can react
with NHPI to generate PINO. Direct reaction with ground state

J. Name., 2013, 00, 1-3 | 3
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30, was energetically most unfavorable as seen in DFT
calculations (Entry 1).

Table 4 Different reaction combinations and calculated free energy changes (AGy,) for
the formation of PINO.

Entry Reaction Combinations AG . (kcal mol?)
1 INHPI + 30, > 2PINO + 2HOO 27.99
2 INHPI + 'O, = 2PINO + 2HOO -9.57
3 INHPI + 205" > 2PINO + 2HOO 12.07

The catalytic mechanism for the aerobic oxidation of 1 to 3
were modeled using the following steps (Scheme 2). The H atom
abstraction by PINO from 1 to form the radical intermediate (Int
1) has a free energy of -1.5 kcal mol?. The second step of the
catalytic cycle, formation of the hydroxy (perhydroxy)
intermediate (Int 2), was modeled using both 0, and 30; as
oxidants. DFT calculations reveal that formation of Int 2 is
thermodynamically more favorable in the presence of 0,
(AGxn = -47.8 kcal molt) than 30; (-1.56 kcal mol?). However,
since 0, is a transient excited state, 30, may be the the more
likely reactive partner in this step. The computational results
suggest either is possible. The metastable hydroxy
(hydroperoxy) intermediate (Int 3) formation followed by the
release of H,0, (2) to form organic oxidation product 3, have
thermodynamic free energies of -6.0 kcal mol?, and -4.0 kcal
mol?, respectively.

In summary, the use of NHPI to perform aerobic oxidation
reactions addresses different challenges in the field of aerobic
oxidation catalysis. This method is a greener alternative to most
common alcohol oxidation reactions. NHPI is a simple organic
compound, this will allow us to tune the efficiency through simple
structural modifications. Photochemical oxidation can be performed
at room temperature or lower. Most importantly, this method
generates H,0; as a value-added product. Due to the absence of any
metal reactants and mild reaction conditions, the generated H,0;
will not be decomposed and can be extracted from the mixture with
simple liquid-liquid extraction procedures. The catalytic mechanism
of aerobic oxidation catalyzed by NHPI was explored through
quenching experiments and supported by DFT calculations. These
results show the potential of using an organocatalyst that is capable
of oxidizing alcohols to H,0, under photochemical conditions, which
is of immense interest at both laboratory and industrial scale.

AB conducted experiments, set up the computational work,
analysed data and wrote the first draft of the paper, AL, SF, and TH
conducted experiments, TM designed experiments, secured
funding, managed the project and wrote the manuscript.
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