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ABSTRACT: A detailed investigation into the mechanistic course
of N-hydroxyphthalimide catalyzed oxidation of benzylic centers
using sodium chlorite as the stoichiometric oxidant is reported.
Through a combination of experimental, spectroscopic, and
computational techniques, the transformation is interrogated,
providing improved reaction conditions and an enhanced under-
standing of the mechanism. Performing the transformation in the
presence of acetic acid or a pH 4.5 buffer leads to extended
reaction times but improves the catalyst lifetime, leading to the complete consumption of the starting material. Chlorine dioxide is
identified as the active oxidant that is able to oxidize the N-hydroxyphthalimide anion to the phthalimide-N-oxyl radical, the
proposed catalytically active species, which is able to abstract a hydrogen atom from the substrate. A second molecule of chlorine
dioxide reacts with the resultant radical and, after loss of hypochlorous acid, leads to the observed product. Through a broad variety
of techniques including UV/vis, EPR and Raman spectroscopy, isotopic labeling, and the use of radical traps, evidence for the
mechanism is presented that is supported through electronic structural calculations.

■ INTRODUCTION
The development of green and sustainable processes represents
a major driving force in the evolution of synthetic methodology.
Guided by the Principles of GreenChemistry, significant inroads
into achieving these goals in bond construction procedures have
been made.1−3 Oxidation is a fundamental class of trans-
formation within synthesis that is central to both industrial
processes and laboratory research.4−10 To address sustainability
by avoiding the use of transition metals, substantial efforts have
been made to develop organocatalytic oxidation procedures,
specifically those that use oxygen or peroxide as the terminal
oxidant, with particular success being achieved with TEMPO
and its derivatives.11−14 Despite delivering a solution to this
important problem, when performed using organic solvents,
oxygen introduces a significant risk of fire,15 whereas organic
peroxides are often explosive16 and where possible should be
avoided, highlighting a need for alternative stoichiometric
oxidants and detailed understanding of their behavior.
Since the first report by Cohn in 1880,17 N-hydroxyph-

thalimide (NHPI) 1 has been developed as a robust and versatile
organocatalyst for a broad variety of C−C, C−O, C−N, and C−
S bond forming reactions.18−21 Of specific note in the chemistry
of this molecule is the conversion of 1 to the phthalimide-N-oxyl
(PINO) radical 2, a compound that is stable enough to function
as a catalytically active species within many transformations.
Abstraction of a hydrogen atom from organic substrates by 2
regenerates NHPI 1 and forms a reactive carbon centered radical

that can participate in clean and efficient bond forming
processes.22−31

Sodium chlorite is a cheap, readily available inorganic reagent
used industrially for the bleaching of textiles and wood pulp and
is commonly used as a disinfectant.32,33 In these processes,
chlorite is oxidized to chlorine dioxide, which is the active
oxidizing agent.34 Sodium chlorite has also been used as a
stoichiometric oxidant in synthesis.35,36 From a mechanistic
perspective, these transformations are diverse, highlighting the
versatility and numerous pathways accessible with this
convenient reagent. It is most commonly employed in the
Lindgren oxidation of aldehydes 3 to carboxylic acids 4,37 which
was enhanced by Kraus and Roth38 and Kraus and Taschner39

and further exemplified by Pinnick et al. (Scheme 1).40 The
analogous oxidation of imines to amides has also been
demonstrated using equivalent conditions.41 By combining
sodium chlorite with catalytic amounts of sodium hypochlorite
and TEMPO 5, the process can be extended to the direct
oxidation of primary alcohols 6 to their corresponding
carboxylic acids 4, further illustrating the applicability of this
reagent.42 A significant challenge in the use of sodium chlorite is
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controlling the complex equilibria exhibited by chloroxy species,
where the formation of reactive chlorine moieties can be
detrimental to the methodology. Several strategies have
emerged to address this problem including the control of
pH,42 use of sacrificial reagents,38 and judicious choice of
solvent,43 which suggest that further exploitation of this oxidant
in synthesis is possible.
In 2007, Silvestre and Salvador reported a simple and effective

method for allylic and benzylic oxidation reactions using sodium
chlorite as the stoichiometric oxidant.44 Treatment of the
substrate 7 with 1.5 equiv of sodium chlorite and NHPI 1 (10
mol %) at 50 °C in a mixture of acetonitrile and water (2:1) for 1
h gave the corresponding ketone 8 (Scheme 1). Overall, this
catalytic oxidation represents a green and efficient process with
benign coproducts of sodium chloride and water. Within their
report, it was proposed that the oxidation was a free-radical
process involving formation of chlorine dioxide in situ that
abstracted a hydrogen atom from NHPI 1 leading to the
formation of PINO radical intermediate 2 (Figure 1). This
reactive intermediate then removed a hydrogen atom from a
benzylic or allylic center with the resulting stabilized radical 9
being oxidized in a radical chain mechanism45,46 to give the
corresponding ketone 8. Despite the significant potential of this
reaction, its application in synthesis has curiously been

limited.47,48 We believe that a greater understanding of the
mechanistic course of the transformation would enhance its
uptake and application by the synthetic community. Within this
paper, we report further development of the reaction and
provide experimental, spectroscopic, and theoretical insight into
this complex, intriguing, and useful process.

■ RESULTS AND DISCUSSION
The investigation began by repeating the work of Salvador using
fluorene 10 as a model substrate to allow direct comparison with
the literature precedent (Scheme 2).44 Optimal consistency in

results was found through a slightly modified protocol that
involved treatment of an acetonitrile solution of fluorene 10 and
NHPI 1 (10 mol %) at 50 °C with an aqueous solution of
sodium chlorite (80%, 1.5 equiv) over 15 min. This resulted in a
95% conversion of the fluorene starting material 10 and an 89%
isolated yield of the oxidized product 11, in agreement with the
results reported by Salvador (NaClO2 1.5 equiv, NHPI 1 10 mol
%, MeCN/H2O (3:1), 50 °C, 1 h, 90% yield).
Of note, in this oxidation procedure, two color changes were

observed. During the addition of sodium chlorite, the reaction
mixture became orange. This changed to yellow soon after the
addition of the oxidant was complete. The orange color was
attributed to the NHPI catalyst on the basis of its appearance in
basic aqueous solutions. The yellow color was attributed to a
combination of the yellow fluorenone product 11 and chlorine
dioxide, a proposed reactive species in Salvador’s report. The
presence of chlorine dioxide within the experiment was later
confirmed by a series of spectroscopic measurements (vide
inf ra).
Despite the reaction occurring upon the addition of sodium

chlorite, complete conversion of the fluorene substrate 10 was
not observed. Curiously, extended reaction times did not lead to
increased conversion, with the reaction stalling within 10 min of
chlorite addition. Further charges of sodium chlorite did not
lead to increased conversion, whereas the addition of more
NHPI (10 mol %) led to the consumption of the starting
material. Based on these results, the stalling of the reaction was
proposed to be through deactivation of the NHPI 1 catalyst. To
investigate this further, an aqueous solution of sodium chlorite
(15 equiv) was added to a solution of 1 in acetonitrile over 15
min. During the addition, an intense orange-red color was
observed, which faded to yellow upon complete addition.
Monitoring this process by LCMS showed consumption of the
NHPI 1 and a peak corresponding to the trimeric species 12,
which decayed to phthalic acid 13 over time (Scheme 3). The
trimerization of NHPI 1 to give 12 and its decomposition to
phthalic acid 13 under basic conditions have been observed
when investigating the kinetic reactivity of the PINO radical 2.49

Mechanisms have been proposed for this process50 including a
recent insightful investigation by Pratt et al. combining
experimental and computational studies.51

Key to the literature findings was that the trimerization to 12
occurred under basic reaction conditions,51 and we speculated

Scheme 1. Oxidation of Aldehydes, Primary Alcohols, and
Benzylic Centers Using Sodium Chlorite

Figure 1. Salvador mechanistic hypothesis.44

Scheme 2. Repeat of the Salvador Work44
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that a lower pH could increase the lifetime of the NHPI catalyst
1. To test this hypothesis, the oxidation of fluorene 10 by
sodium chlorite (1.5 equiv) and NHPI 1 (10 mol %) was
performed in the presence of acetic acid (1.0 equiv). Although
this reaction was slower than the transformation in the absence
of acetic acid, it reached 97% conversion after 90 min and full
conversion when left to stir overnight, the product 11 being
isolated in 98% yield.
To probe this potential effect of pH, we ran a series of time

course reactions using aqueous buffer solutions to replace the
water. Buffers at pH 4, 7, and 9 were selected. Sodium chlorite
(1.5 equiv) was dissolved in the appropriate buffer, and the
solutions were added as single charges to an acetonitrile solution
of fluorene 10 andNHPI 1 (10mol %)maintained at 50 °C. The
reactions were sampled at known times and were directly
quenched into a 0.2 M solution of sodium metabisulfite in 2:1
THF/H2O. Quenched samples were analyzed by LCMS to
establish a qualitative picture of the transformation (see the
Supporting Information for copies of the time course traces).
From these reactions, several conclusions were drawn. First,

the rate of conversion of fluorene 10 to fluorenone 11 was
related to pH, with faster reactions being achieved at higher pH.
Second, the rate of degradation of NHPI increased at higher pH.
Third, in reactions conducted at higher pH, NHPI was
consumed quicker than fluorene 10, and when NHPI was fully
consumed, the conversion of fluorene stopped, resulting in an
incomplete transformation. Fourth, at lower pH, fluorene 10was
consumed quicker than NHPI 1, allowing for full conversion of
the starting material. Therefore, despite the slower rate of
reaction, acidified reaction media provided a superior reaction
outcome. We therefore conducted subsequent transformations
in the presence of acetic acid (1.0 equiv) that led to a slower
reaction rate but a longer catalyst lifetime leading to higher
yields and improved reproducibility.
To enable reaction monitoring with accurate quantification,

calibration curves were prepared for four species�fluorene 10,
fluorenone 11, NHPI 1, and phthalic acid 13�using 1,4-
dicyanobenzene as an internal standard (see the Supporting
Information for full details). The reaction was performed in an
EasyMax 102 Advanced Thermostat system, manually sampling
every 5 min over the first hour and then every 10 min until 90
min, at which point heating and stirring were stopped (Figure 2).
The reaction profile revealed a number of insights. The mass
balance of fluorene 10 to fluorenone 11 was constant across the
full profile, with no discernible intermediates observed byHPLC
or implied by themass balance. There was a significant induction
period observed, with a steady increase in the reaction rate that
reached a maximum after 30 min. In addition, the degradation of
NHPI 1was observed to be steady during the reaction, with 25%

consumed during the conversion of 10 to 11. Interestingly, the
rate of degradation increased rapidly once fluorene 10 was
consumed, with NHPI 1 fully consumed after 80 min to
unidentified byproducts. The reaction showed good reproduci-
bility, with replicates at 500 rpm stirring rate showing good
fidelity. The mass transfer effects of the reaction were
investigated with 150 rpm stirring, showing no clear difference
in the reaction profile from the 500 rpm profile (see the
Supporting Information for full details).
Having established a method to monitor the transformation,

three potential pathways were considered for the formation of
fluorenone 11 from fluorenyl radical 14, each of which had a
unique source of the carbonyl oxygen (Scheme 4): an alcohol
pathway that sourced the carbonyl oxygen atom from water, an
aerobic pathway where the carbonyl oxygen would originate
from dioxygen, and a chlorite pathway where the oxygen source
would be chlorine dioxide. A series of experiments were
conducted to probe each of these potential pathways.
Exposure of the alcohol 16 to standard reaction conditions

(NaClO2 1.5 equiv, NHPI 1 10mol %, AcOH1.0 equiv,MeCN/
H2O (2:1), 50 °C) showed some conversion to fluorenone 11;
however, the reaction was considerably slower. Conversion of
fluorenol 16 reached just 14% after 90min and 94% after 24 h. In
addition, the oxidation of fluorene 10 in the presence of 18OH2
(10% v/v) led to ketone 11 (98%) with no isotope
incorporation. To support this observation, stirring a sample
of fluorenone 11 with acetic acid (1.0 equiv) in 2:1
MeCN/18OH2 for 2 h at 50 °C showed no incorporation of
the heavy atom by LCMS analysis. Based upon these combined
experiments, the alcohol pathway was excluded from our
investigations.
To probe the aerobic pathway, the reaction of 10with sodium

chlorite (1.0 equiv) in the presence of NHPI 1 (10 mol %) and
acetic acid (1.0 equiv) (MeCN/H2O (2:1), 50 °C, 1 h) was
conducted under an aerobic (79.5 ± 0.3 yield) and a nitrogen
(76.7 ± 0.7 yield) atmosphere. Despite a slightly improved

Scheme 3. Reaction of NHPI 1 with Sodium Chlorite to Give
Phthalic Acid 13

Figure 2.Monitoring the oxidation of fluorene 10 to fluorenone 11 by
HPLC using an EasyMax 102 Advanced Thermostat system.
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conversion under an aerobic atmosphere, the similar con-
versions under nitrogen and air indicated that dioxygen was not
the primary source of the carbonyl oxygen atom; however, it
could represent a minor pathway based on the marginally higher
conversions observed.

Our attention moved to chlorine dioxide as the oxygen source
through a radical−radical combination−elimination process. If
the reaction proceeded through the elimination of hypochlorous
acid via 19, the oxygen atom incorporated within the product
would arise from the sodium chlorite reagent.
Following a literature procedure for the generation of

NaCl18O2,
52 18O-labeled NaClO3 was generated from NaClO3

and 18OH2 in one chamber of a COware53 apparatus (see the
Supporting Information for the experimental setup). The
labeled chlorate was then converted to chlorine dioxide gas by
the addition of sodium sulfite,52 which flowed into the second
chamber containing a DMSO solution of fluorene 10, NHPI 1,
and acetic acid. GCMS of the crude reactionmixture showed the
presence of fluorenone 11 containing an isotopically labeled
carbonyl oxygen in 45% relative abundance (compared with 1%
for the equivalent unlabeled experiment).
Having determined that chlorine dioxide provided the source

of oxygen, we also examined the potential role of hypochlorite as
the oxidizing agent. Use of sodium hypochlorite (3.0 equiv) as
the stoichiometric oxidant in place of sodium chlorite led to a
complex mixture of products. Importantly, fluorenone 11 was
not observed within this reaction mixture, indicating that
sodium hypochlorite alone was not a competent oxidant for this
transformation.
DMSO is known to selectively quench hypochlorite and

chlorine without reacting with higher chlorine oxides including
chlorine dioxide and chlorite.43 To probe the role of
hypochlorous acid, DMSO (2.0 equiv) was added to a standard
reaction (10, NaClO2 1.5 equiv, NHPI 1 10 mol %, AcOH 1.0
equiv in MeCN/H2O (2:1), 50 °C), leading to a suppressed
process with just 17% conversion after 2 h. Increasing the charge
of DMSO to 10.0 equiv further inhibited the reaction rate,
resulting in less than 10% conversion to fluorenone 11 after 2 h.
Although DMSO did not completely inhibit the reaction, the

Scheme 4. Potential Pathways for the Oxygenation of Radical
Intermediate 14

Scheme 5. Proposed Catalytic Cycle
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suppression in the rate suggested that the hypochlorous acid was
being quenched by DMSO.
These studies allowed us to propose an overall mechanism to

explain a number of observations (Scheme 5). Disproportiona-
tion of chlorite under acidic conditions generates hypochlorous
acid.54 This process is slow but continuous and generates
hypochlorous acid throughout the reaction. Hypochlorous acid
can react with 2 equiv of chlorite and a proton to give 2 equiv of
chlorine dioxide plus water and a chloride anion.55,56 The
generation of additional hypochlorous acid from the oxidation
would further accelerate the formation of chlorine dioxide,
accounting for the induction period observed.
Once formed, we propose that chlorine dioxide has two roles

in the reaction. The first is to oxidize PINO anion 20, which is in
equilibrium with NHPI 1 in the solution. The resulting PINO
radical 2 then reacts with the organic substrate 7 via hydrogen
atom transfer to provide the organic radical 9, regenerating
NHPI 1 and completing the NHPI catalytic cycle. The second
function of chlorine dioxide is to undergo radical−radical
coupling with 9, resulting in chlorous acid ester 21. This
undergoes elimination or pericyclic fragmentation to yield
ketone 8 and hypochlorous acid, which enables the formation of
more chlorine dioxide, continuing the cycle.
NHPI 1 is a weak acid, with a pKa of 6.3

57; therefore, in
solution, it is in equilibrium with its anionic form 20. As the pH
increases, the proportion of the anion in solution increases. It
follows that the anionic form 20 is the species that is oxidized in
solution, which would justify the higher rates of reaction at
higher pH. This is consistent with the observations of
Constentin, who found a higher oxidation potential of NHPI
below pH 6.3 (i.e., the pKa), indicative of proton transfer
followed by SET.58 This oxidation potential decreased with
increasing anion concentration.
We sought to gain further experimental evidence to support

this mechanistic hypothesis. The oxidation of fluorene 10 was
monitored by UV spectroscopy (Figure 3). The UV spectrum of
a 4.37 × 10−4 M aqueous solution of chlorine dioxide is overlaid
on each spectrum in Figure 3 (yellow trace), which displays a
characteristic peak at λmax 360 nmwith vibronic coupling evident
in the spectrum.59 Conducting a reaction at 4.80 × 10−3 M

concentration of 10 confirmed the formation of chlorine dioxide
(Figure 3a), which had been initially proposed because of the
intense yellow coloration of the reaction mixture. When the
NHPI catalyst was omitted from the reaction mixture, the
formation of chlorine dioxide was detected by UV/vis
spectroscopy, indicating that this substance was also present in
any uncatalyzed reaction pathway albeit at significantly lower
concentrations (Figure 3b).
The PINO radical 2 has been observed previously by UV/vis

spectroscopy (λmax 388 nm).60 However, because of the broad
and intense signal of chlorine dioxide at a similar wavelength
(λmax = 360 nm), it could not be observed under the standard
reaction conditions. When sodium hypochlorite was added to a
MeCN/H2O (2:1) solution of NHPI 1, a signal corresponding
to 2 formed that decayed over time (Figure 4). This provided
evidence that it was possible for 2 to form in the reactionmixture
through the oxidation of the PINO anion 20 by hypochlorite,
but evidence that chlorine dioxide could facilitate this oxidation
remained elusive at this stage.
To collect further evidence for the presence of radical species

within the reaction mixture, EPR experiments were performed.
Using phthalan 22 as the substrate under standard reaction
conditions (NaClO2 1.5 equiv, NHPI 1 10 mol %, AcOH 1.0
equiv in MeCN/H2O (2:1)), a signal characteristic of the
chlorine dioxide radical was observed to be generated (Figure
5a). Once again, the PINO radical 2 could not be observed
under these conditions, likely because of the low concentrations
generated in solution and its rapid consumption during the
transformation. The PINO radical 2 was observed by mixing
NHPI with a solution of sodium hypochlorite,61 which
produced a signal consistent with the presence of an N-oxyl
radical (Figure 5b). Further experiments were required to
determine whether 2 could be produced via the reaction of
NHPI 1with chlorine dioxide. A standard 4.0 × 10−4 M solution
of chlorine dioxide was generated in MeCN/water (2:1), and an
NHPI 1 solution 20 times the concentration of the chlorine
dioxide solution was added. The chlorine dioxide signal reduced
in intensity after the addition of an aliquot of the NHPI 1
solution. Over time, the signal corresponding to PINO radical 2
began to appear as the chlorine dioxide signal diminished

Figure 3.UV/vis spectroscopy experiments. (a) Fluorene 10, NaClO2 1.5 equiv, NHPI 1 10 mol %, acetic acid 1.0 equiv, with trace of 4.37 × 10−4 M
ClO2 solution overlaid. (b) Fluorene 10, NaClO2 1.5 equiv, acetic acid 1.0 equiv, with trace of 4.37 × 10−4 M ClO2 overlaid.
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(Figure 5c). This is consistent with the consumption of chlorine
dioxide in the oxidation of NHPI 1 and provides clear evidence
that this is possible under the reaction conditions. Furthermore,
when a solution of pregenerated PINO anion 20 (as the
potassium salt) (MeCN/H2O (2:1)) was added to a chlorine
dioxide solution (4.0 × 10−4 M), the generation of the PINO
radical 2 was much faster, suggesting that the anion 20 is
oxidized to the radical 2 more readily than NHPI 1 (see the
Supporting Information for full details).
Electronic structure calculations were carried out to develop a

computational model to support the proposed mechanism. The
UM06-2X functional was selected along with the 6-311+
+G(d,p) with Grimme’s empirical dispersion model D3 to
account for intramolecular interactions as a relatively inex-
pensive methodology that provided acceptable performance
when computing barrier heights.62,63 Solvation was accounted
for using the C-PCM solvation model64,65 and built-in
parameters for acetonitrile. Ground and transition state
geometries were optimized, identifying stationary points
corresponding to the starting materials and intermediates

along with hydrogen atom transfer from the substrate to
PINO radical 2 and the collapse of chlorine dioxide-substrate
adduct 19. Frequency calculations on the transition state
structures yielded single imaginary frequencies consistent with
the bond(s) being broken or formed whereas the starting
material and intermediate computations were free of imaginary
frequencies. The single electron oxidation of the PINO anion 20
to form PINO radical 2 and a chlorite anion was predicted to
have a low barrier of 0.2 kcal mol−1TS1(SET) (see the Supporting
Information for details). In contrast, HAT from NHPI 1
(TS1(OH HAT), Figure 6) was predicted to be more difficult, at
18.2 kcal mol−1. Direct HAT from fluorene 10 to chlorine
dioxide (uncatalyzed pathway, TS1(CH HAT)) had the highest
predicted barrier of 20.0 kcal mol−1.
Hydrogen atom transfer from 10 to PINO radical 2 was

calculated (TS2, Figure 7) to have the highest transition state
barrier in the transformation, 18.2 kcal mol−1 higher in energy
than 2 and 10, forming the benzylic radical species 14 andNHPI
1, 0.1 kcal mol−1 higher in energy than the starting materials.
Subsequent radical−radical coupling (TS3) had a barrier of 5.9
kcal mol−1, resulting in the formation of intermediate 19, which
is 35 kcal mol−1 lower in energy than the reagents. An accessible
transition state for the collapse of 19 to 11 via a pericyclic
process (TS4) was found; however, an elimination pathwaymay
also be feasible.
Reactions were performed in the presence of TEMPO 5 or

BHT 24 (Scheme 6). The use of TEMPO 5 (1.5 equiv) did not
prevent the formation of fluorenone 11 but did significantly
retard the reaction, with incomplete conversion after 110 min
(90%). During this time, the NHPI catalyst 1 was degraded to
unknown products, and no evidence for a fluorene-TEMPO
adduct was observed by LCMS. TEMPO 5 is known to react
with hypochlorous acid66; therefore, it is possible that 5 could
sequester the hypochlorous acid generated in the reaction,
resulting in a slower rate of chlorine dioxide formation, which
leads to a slower oxidation process. Addition of BHT 24 (1.5
equiv) inhibited the reaction, and no fluorenone 11 was formed.
To probe this further, a reaction was performed in the presence
of 5,5-dimethylpyrroline-N-oxide 25. In this case, no fluorenone
11 was observed, and the reaction returned only fluorene
starting material 10. The reaction between 5,5-dimethylpyrro-
line-N-oxide 25 and chlorine dioxide has been studied
previously, showing chlorine dioxide to be capable of oxidizing
25 to the equivalent amide N-oxide.67 The inhibition of the
reaction by 25 is consistent with the essential role of chlorine
dioxide in the reaction mechanism. At this stage, in the absence
of evidence for the formation of a radical adduct, it could not be
determined conclusively that the reaction proceeded by a radical
pathway. The innovative radical trapping reagent CHANT 26
was recently introduced to detect short-lived radical species that
have been elusive using other techniques.68 A reaction was set up
under standard conditions (10, NaClO2 1.5 equiv, NHPI 1 10
mol %, acetic acid 1.0 equiv in MeCN/H2O (2:1)) and allowed
to react for 30min to ensure completion of the induction period,
after which time CHANT 26 (5 mol %) was added and the
reaction mixture was sampled and analyzed by HRMS after 5,
15, 30, and 60min and again after 19 h. In each sample, CHANT
26 was detected in the reaction mixture, indicating that this
reagent is uniquely stable to chlorine dioxide, unlike the other
radical trapping reagents examined. In addition, the adduct 27,
formed between the PINO radical 2 and CHANT 26, was
detected in all samples by mass spectrometry. This is in contrast
to the EPR experiment in which the PINO radical 2 was not

Figure 4. Reaction of NHPI 1 with NaClO. (a) Overlaid spectra of
reaction between NHPI 1 and NaClO. (b) Absorbance at 388 nm
showing the decay of PINO radical 2 (n = 2, k1 = 1.17 × 10−2 s−1, k2 =
1.16 × 10−2 s−1).
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detected, indicating that the radical is present but at
concentrations too low to be detected by EPR. This result is
consistent with the proposed mechanism that proceeds through
the PINO radical 2 and highlights a distinct advantage of 26 as a
radical trap compared to more traditional reagents.

The reaction between sodium chlorite and fluorene 10 could
be conveniently studied by Raman spectroscopy that allowed
simultaneous monitoring of the substrate 10, the product 11,
and chlorine dioxide (Figure 8). The reaction was performed at
temperatures between 50 and 70 °C, with higher temperatures

Figure 5. X-band EPR spectra recorded in MeCN/H2O (2:1) solution at ambient temperature (experimental conditions: frequency, 9.8647 GHz;
power, 0.63 mW; modulation, 0.05 mT; experimental data represented by the black line; simulations depicted by the red trace): (a) chlorine dioxide
generated under standard reaction conditions (giso = 2.0095; Aiso{35,37Cl} = 16.5 × 10−4 cm−1). (b) PINO radical 2 by treatment of NHPI 1 with
NaClO (giso = 2.00734; Aiso{14N} = 4.6 × 10−4 cm−1). (c) Evolution of PINO radical 2 by treatment of excess NHPI 1 with chlorine dioxide. Spectra
were enlarged to improve visibility. Drop lines indicate the emergence of the PINO radical with a concomitant decrease in the four-line signal for the
chlorine dioxide radical.
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resulting in an increase in reaction rate. Although the
concentrations of chlorine dioxide present within the reaction
were low throughout (maximum yield of chlorine dioxide of ca.
9% relative to the chlorite charge), the concentration steadily
increased throughout the transformation when unreacted
fluorene 10 was still present, indicating that the chlorine dioxide
was formed at a faster rate than it was consumed by the oxidation
process. Once the reaction was complete and all of the fluorene
10 had been consumed, the remaining chlorine dioxide decayed
rapidly.
The effect of sodium hypochlorite on the reaction was

examined by Raman spectroscopy and HPLC. Under the
standard reaction conditions (10, NaClO2 1.5 equiv, NHPI 1 10
mol %, AcOH 1.0 equiv in MeCN/H2O (2:1)), adding 5 or 10
mol % NaClO resulted in an increased rate of reaction and a
decreased induction period (Figure 9a). Considering the pH
sensitivity of the reaction, the reaction was repeated in a pH 4.5
buffer as the aqueous component and monitored by Raman
spectroscopy (Figure 9b). Interestingly, under these conditions,
the reaction time was longer than without the addition of bleach
due to an extended induction period. We believe that the
increased rate of reaction under nonbuffered conditions (Figure

9a) is a result of the pH sensitivity of the reaction and an increase
in pH upon the addition of NaClO.When the pH of the aqueous
solvent was buffered to 4.5, the formation of chlorine dioxide
followed an identical profile upon the addition of NaClO
(Figure 9c). These results indicate that hypochlorous acid is not
responsible for the apparent autocatalytic reaction profile, and
we believe that the induction period is due to the low
concentration of chlorine dioxide and hence PINO radical 2 at
the start of the reaction.
During the investigation, it became apparent that sodium

chlorite from different commercial suppliers performed differ-
ently in the transformation. Sodium chlorite is commonly
supplied with 80% purity and was used directly without further
purification. Depending upon the supplier, the composition of
the remaining 20% varied, and this information was not always
accessible. Reactions performed with samples of sodium chlorite
from different chemical suppliers (Alfa Aesar, Sigma-Aldrich,
Thermo Fisher) under standard conditions (10, NaClO2 1.5
equiv, NHPI 1 10mol %, AcOH 1.0 equiv inMeCN/H2O (2:1),
50 °C) resulted in reactions that proceeded at different rates
(Figure 10a). Each reaction produced a similar maximum
concentration of chlorine dioxide (see the Supporting
Information for full details). Iodometric titration of each sample
showed similar levels of chlorite content (78−82%), well within
the specifications of the supplier. Pleasingly, by performing the
reactions inMeCN/pH 4.5 buffer (2:1), similar reaction profiles
were obtained for different batches of the oxidant (Figure 10b),
providing a simple solution to reproducibility issues arising from
this process. It is expected that the different commercial chlorite
samples contain varying amounts of an inorganic base. By
performing the reaction in a buffered solution, the effects of
these additives on pH and hence reaction rate were negated.
Under the buffered reaction conditions, the maximum
concentration of chlorine dioxide observed was slightly
decreased relative to the standard conditions containing acetic
acid (1.0 equiv) (see the Supporting Information for full
details).

■ CONCLUSIONS
In summary, we have presented a detailed investigation of an
NHPI catalyzed benzylic oxidation using sodium chlorite as the
stoichiometric oxidant. Through a combination of spectroscopic
and experimental techniques along with electronic structure

Figure 6. Electronic structure calculations (UM06-2X-D3/6-311+
+G(d,p) C-PCM acetonitrile). Potential pathways for the reaction of
chlorine dioxide with the PINO anion 20 (TS1(SET)) (black),
abstraction of a hydrogen atom from NHPI 1 (TS1(OH HAT)) (green),
and abstraction of a hydrogen atom from 10 (TS1(CH HAT)) (blue).

Figure 7. Calculated barriers for the proposed mechanism for the oxidation of 10 to 11 (UM06-2X-D3/6-311++G(d,p) C-PCM acetonitrile).
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calculations, we have gained strong evidence for the mechanistic
course of the transformation. Conducting the reaction in the
presence of acetic acid (1.0 equiv) slowed the overall reaction
rate but enabled the process to reach completion by prolonging
the lifetime of the NHPI catalyst 1. The reaction proceeds by the

conversion of sodium chlorite into the active oxidant chlorine
dioxide that is accelerated by hypochlorite, a coproduct of the
transformation. The induction period that is observed at the
beginning of the reaction can be attributed to the low initial
concentration of chlorine dioxide and the active PINO radical

Scheme 6. Radical Trapping and Inhibition Studies

Figure 8.Monitoring fluorene 10 oxidation was performed by Raman spectroscopy. (a) Consumption of fluorene 10. (b) Formation of fluorenone 11.
(c) Formation of chlorine dioxide.

Figure 9. Effect of NaClO on the reaction between fluorene 10 and sodium chlorite in the presence of NHPI 1, pH 4.5 buffer. (a) Concentration of 11
measured byHPLC. 10, NaClO2 1.5 equiv, NHPI 1 10mol %, AcOH1.0 equiv inMeCN/H2O (2:1) with 0, 5, or 10mol %NaClO. (b) Concentration
of 10measured by Raman spectroscopy. 10, NaClO2 1.5 equiv, NHPI 1 10 mol % in MeCN/pH 4.5 aqueous buffer (2:1) with 0 or 10 mol % NaClO.
(c) Concentration of chlorine dioxide measured by Raman spectroscopy. 10, NaClO2 1.5 equiv, NHPI 1 10 mol % in 2:1 MeCN/pH 4.5 aqueous
buffer (2:1) with 0 or 10 mol % NaClO.
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catalyst 2. Chlorine dioxide has two primary roles in the
transformation: It is able to oxidize the PINO anion 20 to the
PINO radical 2 that can abstract a hydrogen atom from the
substrate to give the benzylic radical 9. The radical species then
combines with a second molecule of chlorine dioxide to form
intermediate chlorous acid ester 21, which undergoes
elimination or pericyclic fragmentation to yield product ketone
8, completing the catalytic cycle. Evidence for the presence of
chlorine dioxide within the reaction mixture was obtained from
UV/vis spectroscopy and EPR experiments. The PINO radical 2
could not be detected by these techniques under the optimized
reaction conditions; however, it was possible to generate and
detect this species independently and show that it was able to
induce the transformation. In addition, the presence of 2 was
confirmed by a reaction carried out with radical trapping agent
CHANT 26. Raman spectroscopy proved to be a powerful tool
to study the process, being able to simultaneously detect
chlorine dioxide, substrate 10, and product 11 and providing the
opportunity to determine kinetic data for the reaction. The
progress of reactions conducted in acetonitrile/water mixtures
varied depending on the commercial source of the sodium
chlorite reagent, which could be overcome by conducting the
transformation in an acetonitrile/pH 4.5 buffer, providing
consistent and repeatable results. Of specific note about this
process, which was originally described by Silvestre and
Salvador,44 are the benign coproducts sodium chloride and
water that are generated within the reaction, providing a green
and sustainable benzylic oxidation process.

■ EXPERIMENTAL SECTION
General Procedure. Substrate (1.0 equiv), N-hydroxyphthalimide

1 (10 mol %), and acetic acid (1.0 equiv) were added to acetonitrile
(0.125M in substrate) and heated to 50 °C using an oil bath. A 0.375M
aqueous solution of sodium chlorite (80% technical grade, 1.5 equiv)
was added dropwise, and the mixture was stirred until complete
consumption of substrate by TLC. The mixture was allowed to cool to
room temperature, excess oxidant was quenched via the addition of 10%
(w/v) aqueous metabisulfite, and the acid was neutralized with
saturated aqueous sodium bicarbonate solution. The mixture was
extracted three times with TBME or diethyl ether. The combined
organic phases were washed with brine, dried over MgSO4, filtered, and
concentrated.

Fluorenone 11. Fluorenone 11 was prepared according to the
general procedure (1.78 g, 9.85 mmol, 98%) as a yellow solid. Mp 83−
84 °C [lit: 44 83−84 °C]. 1H NMR (400 MHz, CDCl3): δ 7.64 (dt, J =
7.4, 1.0 Hz, 2H), 7.53−7.42 (m, 4H), 7.27 (td, J = 7.2, 1.5 Hz, 2H).
13C{1H} NMR (101MHz, CDCl3): δ 194.0, 144.5, 134.8, 134.2, 129.2,
124.4, 120.4. LCMS (formic): tR = 1.14 min, [M + H+] = 181 (100%
purity). Analytical data are consistent with those previously reported.44

Bis(1,3-dioxoisoindolin-2-yl) Phthalate 12. To a 100 mL round-
bottom flask were added N-hydroxyphthalimide 1 (500 mg, 3.07
mmol), acetonitrile (25 mL), and acetic acid (0.35 mL, 6.13 mmol).
The mixture was warmed to 50 °C. In a separate vessel, sodium chlorite
(693 mg, 6.13 mmol) was dissolved in water (12 mL). The sodium
chlorite solution was then added to the prewarmed reaction mixture.
The reaction was allowed to stir for 4 h, over which time a precipitate
formed. Excess chlorite was quenched by the dropwise addition of 10%
w/v sodium metabisulfite until the reaction mixture became colorless
(∼1 mL). The reaction mixture was allowed to cool to room
temperature and diluted with water (15 mL). The suspension was
filtered, and the filtrate was washed with water (3 × 10 mL). The solid
was dried in vacuo at 40 °C for 24 h to yield the title compound 12 (260
mg, 0.57 mmol, 56%) as a white solid. Mp 229−231 °C [lit: 49 229−233
°C]. 1H NMR (400 MHz, CDCl3) δ 8.10−8.20 (m, 2H), 7.85−7.95
(m, 4H), 7.77−7.87 (m, 6H). 13C{1H} NMR (101 MHz, CDCl3) δ:
162.6, 161.7, 134.9, 133.4, 131.1, 129.2, 127.8, 124.2. LCMS (formic)
tR = 1.21 min, [M + NH4

+] 474.01 (>99% purity). Analytical data are
consistent with those previously reported.49

Phthalide 23. Phthalide 23 was prepared according to the general
procedure to yield title compound 23 (102 mg, 0.76 mmol, 76%) as a
white solid. Mp 71−72 °C [lit: 69 72−73 °C]. 1H NMR (400 MHz,
CDCl3) δ 7.93 (dd, J = 7.5, 1.0 Hz, 1H), 7.69 (td, J = 7.5, 1.0 Hz, 1H),
7.54 (td, J = 7.5, 1.0 Hz, 1H), 7.50 (dt, J = 7.5, 1.0 Hz, 1H), 5.33 (s, 2H).
13C{1H} NMR (101MHz, CDCl3) δ: 171.2, 146.7, 134.1, 129.2, 126.0,
125.9, 122.2, 69.8. GCMS (EI): tR = 9.83 min, [M+] = 134.1. Analytical
data are consistent with those previously reported.69

Electronic Calculations. Calculations were conducted using the
GAUSSIAN16 software package. Geometry optimization followed by
frequency calculations was performed using UM06-2X-D3/6-311+
+G(d,p) with the C-PCM acetonitrile implicit solvation model.
Optimized structures were confirmed as energy minima by the absence
of imaginary frequencies in the vibrational analysis. Transition states
were confirmed as first-order saddle points on the potential energy
surface by the presence of only one imaginary frequency in the
vibrational analysis. Calculated transition states were confirmed as true
by following the intrinsic reaction coordinate (IRC).

UV/vis Experiments. Standard solutions of fluorene 10 (0.0169 M),
NHPI 1 (0.0067 M), acetic acid (0.0672 M), sodium chlorite (0.1008

Figure 10. Rate of the reaction with different commercial suppliers of sodium chlorite. (a) Reactions using AcOH (1.0 equiv) to modulate pH. (b)
Reactions using pH 4.5 acetate buffer as cosolvent.
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M), and sodium hypochlorite (0.0067 M) in 2:1 MeCN/H2O were
prepared. Aliquots were taken of each solution as required, added to a
quartz cuvette, and diluted with 2:1 MeCN/H2O to give the final
concentration (total volume 1.4 mL). Spectra were recorded on a
Varian Cary 50 UV−vis spectrophotometer. The temperature was
controlled using a Cary Single Cell Peltier accessory.

EPR Experiments. Standard solutions of phthalan 22 (0.125 M),
NHPI 1 (0.012 M), acetic acid (0.125 M) in MeCN, aqueous sodium
chlorite (0.375 M), chlorine dioxide in 2:1 MeCN/H2O (4.0 × 10−4

M), and NHPI 1 (0.008M) in 2:1MeCN/H2Owere prepared. Spectra
were collected on a Bruker ELEXSYS E500 spectrometer, and
simulations were performed using Bruker’s XSophe software package.70

Raman Experiments. A solution of fluorene 10 (0.125 M), NHPI 1
(0.012M), acetic acid (0.125M), and 1,4-dioxane (0.129M) inMeCN
was added to a 250 mL jacketed vessel. The mixture was heated to 50
°C by using a recirculating water bath. The Raman probe was
positioned on the side of the vessel, and the vessel was covered in
blackout fabric. Aqueous sodium chlorite (0.375 M) was added to the
mixture via a dropping funnel, and Raman spectra were acquired using a
Kaiser RXN1 Raman spectrometer with a 785 nm laser fiber-coupled to
a PhAT probe with a collimated beam and 6 mm diameter laser spot
every 30 or 60 s. The spectra were analyzed between 700 and 1650
cm−1. The raw data were processed by taking a first derivative, applying
a Savitzky−Golay filter (window length = 21, polynomial order = 2, as
implemented in SciPy), and scaling the signal intensity by the 1,4-
dioxane signal. The concentration of fluorene 10, fluorenone 11, and
chlorine dioxide was determined based on the relative intensity of
diagnostic signals to the 1,4 dioxane signal at 829.80 cm−1. Each
experiment was conducted in duplicate, and the results were averaged
to give a time course.
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