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ABSTRACT: The oxidation of a series of hydrocarbons by the O
nonheme iron(IV)—oxo complex [(N4Py)Fe'V=0]*" is efficiently

associated to the oxidation of the mediator to the phthalimide N-oxyl

radical, which efficiently abstracts a hydrogen atom from the substrates,

mediated by N-hydroxyphthalimide. The increase of reactivity is [(N4Py)Fe'-OHI**
i idati i imi PINO o}
)

regenerating the mediator in its reduced form.

Bl INTRODUCTION

Oxidation processes mediated by N-hydroxy derivatives, and in
particular N-hydroxyphthalimide (NHPI), have attracted
widespread research attention in recent years. NHPI activation
by several oxidizing species, metal-based or nonmetallic such as
nitric oxides, quinones, and peroxyacids, leads to the formation
of the phthalimide-N-oxyl (PINO) radical, which after a
hydrogen atom transfer (HAT) process from organic
substrates regenerates NHPI, propagating the oxidative cycle
(Scheme 1).

Scheme 1. Activation of NHPI and Hydrogen Atom
Transfer from an Organic Substrate
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Among these systems, an explicit role of NHPI as mediator
has been described, in particular, in two specific examples. In
the former, NHPI has been used as redox mediator in the
aerobic oxidative functionalization of organic compounds
promoted by laccase,” a multicopper oxidase enzyme active
in the delignification of wood.” Following monoelectronic
oxidation by the Cu(Il) form of the enzyme, the oxidized
mediator PINO is formed, which diffuses into the woody fibers
and delivers oxidative equivalents to appropriate functional
groups of the lignin polymer, and in particular the nonphenolic
functions, promoting their oxidation by a HAT process, not
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[(N4Py)Fe'V=0

NHPI 0

available to laccase (Scheme 2). This way the mediator
expands the oxidation ability of the enzyme.*

NHPI plays also an important role as redox mediator in the
absence of chemical oxidants under electrochemical con-
ditions. PINO and other short-lived N-oxyl radicals can be
easily generated at the electrode surface after electron removal
and deprotonation of the corresponding N-hydroxy deriva-
tives,” enabling them to mediate a number of electrosynthetic
organic transformations (Scheme 3) such as alcohol oxidation,
where NHPI-mediated electrochemical reactions proceed by
rate-limiting HAT from a-C—H bonds to PINO, finally leading
to carbonyl products.’ Electrochemical oxygenation of hydro-
carbons has been also reported with activated substrates
containing weak C—H bonds (benzylic, allylic, or a to
heteroatom).”

The use of redox mediators such as NHPI may be profitably
extended to the oxidations catalyzed by nonheme amino-
pyridine iron complexes, which are biomimetic models of
natural nonheme iron oxygenases.” Activation of these iron
complexes with H,O,, and other oxidants such as PhIO,
peroxyacids, and alkyl peroxides, catalytically generates a
number of iron—oxo or iron—peroxo species, which are able to
promote several oxidative processes such as hydroxylation of
aliphatic and aromatic compounds, alcohol oxidation, sulfide,
and amine oxidation.”” The nature of the active species
responsible of the oxidative process depends on the ligand
structure, type of oxidant, and reaction conditions employed in
the catalytic process.

Several studies have been carried out on the reactivity of
iron(IV)—oxo complexes because of the relatively high stability
of these species. One of the most thoroughly studied
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Scheme 2. Catalytic Cycle for the Oxidation of Nonphenolic Benzylic Functional Groups by the Laccase/Mediator (NHPI)/O,
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Scheme 3. Electrooxidations of Organic Compounds
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iron(IV)—oxo complex is |:(N4Py)FeIV=O:|2+ [N4Py = N,N-
bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine], which is
generated by the oxidation of complex [(N4Py)Fe"]** with
oxygen atom transfer agents such as iodosylbenzene or
peroxyacids (Figure 1)."°7"
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Figure 1. Generation of a nonheme iron(IV)—oxo complex
[(N4Py)FeV=0]*".

The high stability of these species is generally associated to a
relatively low intrinsic reactivity, which limits their possible
application to the oxidation of less-reactive substrates such as
aliphatic hydrocarbons containing strong C—H bonds.

On this basis, we have considered it worthwhile to test
whether NHPI may act as a mediator in the oxidation of
hydrocarbons by nonheme iron(IV)—oxo complexes enhanc-
ing their reactivity and expanding their oxidizing ability
(Scheme 4). It is worth noting that NHPI acts as an efficient
co-catalyst in alcohol oxidation by t-BuOOH catalyzed by the
two nonheme iron catalysts [Fe(bpc)CL][Et,N] and [Fe-
(Me,bpb)CL,][Et;NH] and that a key role played by PINO in
the catalytic systems has been recently proposed by Kim and
co-workers.”’

We report herein a detailed kinetic and product study of the
oxidation of a series of hydrocarbons (triphenylmethane,
toluene, ethylbenzene, and cyclohexane) by the nonheme
iron(IV)—oxo complex [(N4Py)FeIV=O:|2+ in CH;CN
mediated by NHPIL.

The electronic effects of aryl substituents on the mediation
efficiency have also been evaluated using a series of aryl-
substituted NHPIs as mediators containing either electron-

Scheme 4. NHPI-Mediated Oxidation of Organic
Compounds Promoted by [(N4Py)Fe"=0]*
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withdrawing (4-NO,, 4-CO,CHj, 3-F) or electron-donating
groups (4-CHj, 4-CH;0) (Figure 2).%' 7>
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Figure 2. Aryl-substituted NHPIs used as mediators.

B RESULTS AND DISCUSSION

The rapid oxidation of N-hydroxyimide mediators (X—
NHPIs) to the corresponding N-oxyl radicals (X—PINOs)
promoted by [(N4Py)Fe™V=0]*" (path a in Scheme 4) is a
fundamental requirement for their action as redox mediators.
Thus, we have started our investigation of the potential use of
X—NHPI mediators by analyzing the oxidation of aryl-
substituted NHPIs with [(N4Py)Fe'V=0]**. To this purpose,
a solution of [(N4Py)Fe¥=0]* (1.5 mM in CH;CN) was
prepared by oxidation of the corresponding iron(II) complex
[(N4Py)Fe"(OTf),] with a slight excess of solid PhIO (1.2
equiv)."" After 30 min, the solution was filtered and 20 mol %
of X—NHPI (X = H, 3-F, 4-CH;, 4-OCH;) with respect to
[(N4Py)FeV=0]*" was added. In all cases, a decrease of ca.
20% of the visible absorption bands of [(N4Py)Fe'V=0]*"
(Apax = 695 nm, £ = 400 M~! s71)'* was observed too fast to
follow by a simple spectrophotometric analysis with the
exception of the less easily oxidizable 4-NO,—NHPL*' The
decay of [(N4Py)Fe™'=0]*" is due to the reduction of the
oxo complex by the N-hydroxy derivatives; accordingly, in the
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case of 4-CH;O—NHPI], it was possible to observe the visible
band associated to the corresponding N-oxyl radical (4-
CH;0-PINO) (Figure 3).***” Formation of N-oxyl radicals
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Figure 3. Absorption spectra of the [(N4Py)Fe'V=0]*" (1.5 mM in
CH,CN) (a) in the absence of and (b) after addition of 20 mol % of
4-CH,O—NHPL

absorbing at 4 < 400 nm could not be observed because of the
overlap with the intense absorption band of the iron complex
(see Figures S2—S4 in the Supporting Information). The
iron(II1) —hydroxo complex [(N4Py)Fe'—OH]*, which has
no significant absorption at 4 > 400 nm,** is not further
reduced to [(N4Py)Fe'']*" by X—NHPIs as evidenced by the
absence of the characteristic intense absorption band of the
latter, centered at 458 nm (& = 4000 M~! 5! in acetone).””

Reaction of [(N4Py)Fe'V=0]*" with the least reactive
mediator 4-NO,—NHPI was slow enough to be followed
through the absorption decay of [(N4Py)Fe'V=0]** detected
by stopped-flow spectrophotometric analysis. Two solutions of
[(N4Py)FeV=0]*" (2 mM in CH;CN) and 4-NO,—NHPI
(20 mM in CH;CN) were introduced into the reservoirs of the
stopped-flow instrument and mixed in a 1:1 volume ratio to
obtain final concentrations of 1 and 10 mM for [(N4Py)Fe"V=
O]* and 4-NO,—NHPI, respectively. An exponential first-
order decay of [(N4Py)Fe''=0]*" was observed with a
pseudo-first-order rate constant ky,, = 0.77 s~' (Figure SS in
the Supporting Information).

Once verified that [(N4Py)FeV=0]*" is able to rapidly
generate the oxidized form of the X—NHPIs mediators, the
[(N4Py)FeV=0]*"/NHPI system was tested in the C—H
oxidation of the benchmark substrate triphenylmethane.
Kinetic studies were performed by spectrophotometric analysis
as described above for the reaction in the absence of substrate.
To a solution of [(N4Py)Fe=0]*" (1.5 mM) in CH,CN
under nitrogen, NHPI (20 mol % with respect to [(N4Py)-
Fe"=01]*) was added in the cuvette followed by addition of
a triphenylmethane solution (final concentration 30 mM).
Substrate oxidation was monitored following the decay of the
band centered at 690 nm related to [(N4Py)Fe™=0]*. In
the presence of air, no effect was observed on the decay rate of
the 690 nm band. As a control experiment, the oxidation of
triphenylmethane promoted by [(N4Py)FeV=0]*" was
carried out in the absence of the mediator under the same
reaction conditions. Pleasantly, we observed that the decay of
the iron(IV)—oxo complex [(N4Py)Fe"=0]" in the absence
of NHPI is much slower (£, = 450 s) than in the presence of
the mediator (£ = 33 s)*° (Figure 4) with a mediation
efficiency ] ,/£7% of 13.6. On increasing the relative amount
of the mediator from S to 25%, a steady increase of the
mediation efficiency was observed (Table 1 and Figures S6—S8
in the Supporting Information), in line with expectations.

Table 1. Decay Half-Life of the Iron(IV)—Oxo Complex
[(N4Py)Fe'V=0]>* (£3!) and Mediation Efficiency (£ ,/
£2%1) in the Oxidation of Triphenylmethane Promoted by
[(N4Py)Fe™"=0]*" (1.5 mM) in the Absence or in the
Presence of Varying Amounts of NHPI Mediator in CH;CN

% mediator R O) mediation efficiency (],,/£75)
0 450 (11,)
S 110 4.1
10 5SS 8.2
20 33 13.6
25 22 20.5

The effect of NHPI aryl substituents on the mediation
efficiency in the oxidation of triphenylmethane with [(N4Py)-
FeV=0]*" was also investigated using NHPIs containing
either electron-withdrawing (4-NO,, 4-CO,CH,, 3-F) or
electron-donating groups (4-CH,, 4-CH;0).
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Figure 4. Decay of absorbance recorded at 690 nm in the oxidation of triphenylmethane (30 mM) with [(N4Py)Fe™V=0]** (1.5 mM) (a) in the

absence of and (b) in the presence of 20 mol % of NHPI in CH;CN.

DOI:10.1021/acs.joc.9b01813
J. Org. Chem. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b01813/suppl_file/jo9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b01813/suppl_file/jo9b01813_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b01813/suppl_file/jo9b01813_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.9b01813

The Journal of Organic Chemistry

Kinetic analysis has been performed under the same
experimental conditions employed for the NHPI-mediated
process: [(N4Py)Fe™"=0]** (1.5 mM), X—NHPI (20 mol %)
and triphenylmethane (30 mM). When compared with the
background reaction, in the presence of all the X—NHPI
mediators, a faster decay of [ (N4Py)Fe™V=0]*" at 690 nm was
observed (Figures $9—S13 in the Supporting Information).
From the data reported in Table 2, it can be noted that #),/

Table 2. Decay Half-Life of the Iron(IV)—Oxo Complex
[(N4Py)Fe"V=01*" (£5") and Mediation Efficiency (},,/
#7%") in the Oxidation of Triphenylmethane Promoted by
[(N4Py)Fe™(0)]** (1.5 mM) in the Absence or in the
Presence of X—NHPI Mediators in CH;CN

mediator X—NHPI med (s) mediation efficiency (£,/£75)

none 450

4-NO, 74 6.1
4-CO,CH; 43 10.5
3-F 31 14.5
H 33 13.6
4-CH; 40 11.3
4.CH,0 37 122

t’ln/ezd values are similar for all the X—NHPI mediators with the
exclusion of 4-NO,—NHPI for which the mediation efficiency
is almost halved with respect to other mediators. In view of the
more difficult oxidation of 4-NO,—NHPI by the iron—oxo
complex, the decrease of the mediation efficiency might
indicate that the formation of 4-NO,—PINO is kinetically
relevant in the mediation process. With more easily oxidizable
mediators, formation of the oxidized form of the mediator is
very fast and the HAT process from the substrate to X—PINO
likely plays a major role in the overall kinetic process.’’
Accordingly, a slight decrease in the mediation efficiency is
found with 4-CH;—PINO and 4-CH;O—PINO, which are the
least reactive N-oxyl radicals in HAT processes because of the
unfavorable enthalpic and polar effects as reported in previous
kinetic studies.”"*"***

The analysis of the time-resolved spectra for the oxidation of
triphenylmethane (30 mM) with [(N4Py)FeV=0]*" (1.5
mM) in the presence of 20 mol % of aryl-substituted NHPIs in
the range of 380—1000 nm shows in all cases that the decay of
[(N4Py)FeV=0]*" is accompanied by the formation of the
reduced iron complex [(N4Py)Fe']*" with its characteristic
absorption maximum at 458 nm.”® As an example, the time-
resolved spectra recorded in the oxidation of triphenylmethane
mediated by 4-NO,—NHPI (time-resolved spectra for other
mediators are reported in Figures S14—S18 in the Supporting
Information) are reported in Figure S. In this case as well as
with all the mediators, the presence of an isosbestic point at
565 nm is clearly visible, which indicates that the first-formed
reduced complex [(N4Py)Fe"'—~OH]*" is very rapidly reduced
to [(N4Py)Fe']** by the triphenylmethyl radical produced
after the HAT from X—PINO as reported in Scheme S.
Oxidation of the triphenylmethyl radical then leads to
triphenylmethanol as revealed by product analysis (vide infra).

The dependence of the mediation efficiency on the substrate
structure was tested using cyclohexane, toluene, and ethyl-
benzene. These substrates are characterized by C—H bond
dissociation energies (BDEs) ranging from 81 kcal mol™
(triphenylmethane) to 99.5 kcal mol™ (cyclohexane)® (see
Table 3) and second-order rate constants for the reaction with

Absorbance

T T

400 500 600 700 800 900 1000
A (nm)
Figure S. Time-resolved absorption spectra recorded in the oxidation

of triphenylmethane (30 mM) with [(N4Py)Fe™'=0]*" (1.5 mM) in
the presence of 20 mol % of 4-NO,—NHPI in CH;CN.

[(N4Py)Fe'V=0]*" spanning ca. 4 orders of magnitude from
the least reactive cyclohexane (ky = 4.6 X 107 M™' s7") to the
more reactive triphenylmethane (ky = 0.037 M~' s71)."" The
kinetic analysis was performed as described above for the
reaction with triphenylmethane by adding the substrate (0.3—
1.0 M) to a solution of [(N4Py)FeV=0]*" (1.5 mM) and
NHPI (20 mol %) in CH;CN. With all the substrates, the
decay of [(N4Py)Fe™"=0]?" in the presence of NHPI was
much faster than that recorded in the absence of a mediator
(Figures S19—S21 in the Supporting Information). Analysis of
the spectra taken at the end of the reaction indicated that the
decay of [(N4Py)Fe''=0]>" is not accompanied by the
quantitative formation of the reduced iron complex [(N4Py)-
Fe']** as observed in the oxidation of triphenylmethane
(Figures S22—S24 in the Supporting Information). As reported
by Nam in the oxidation of ethylbenzene by [(N4Py)Fe''=
0]*, complex [(N4Py)Fe™—OH]*" is formed as the main
reduced product accompanied by minor amounts of [(N4Py)-
Fe'']**>* Probably, the benzylic radical formed after HAT from
ethylbenzene, characterized by a higher redox potential with
respect to the triphenylmethyl radical (E{}, = 0.37 and 0.21 V
vs SCE in CH;CN for PhCH®CH; and Ph,C®, respectively™),
is not oxidizable enough to reduce the iron(IIlI)—hydroxo
complex [(N4Py)Fe'—=OH]*" to [(N4Py)Fe']*".

From the values reported in Table 3, a significant variation
of the mediation efficiency can be noted by changing the
substrate with higher /7% values observed with the least
reactive substrates characterized by low C—H BDE values.

In order to confirm the mediation effect of NHPI in the
oxidations promoted by [(N4Py)Fe'"=0]*, we have carried
out a product analysis study of the oxidation of triphenyl-
methane, ethylbenzene, and toluene with [(N4Py)Fe'V=0]*
in the presence of NHPI (20 mol %) in CH,CN under
nitrogen (see details in the Experimental Section).

As reported in a previous study, oxidations of these
substrates with [(N4Py)Fe'V=0]*" in the absence of
NHPI'' lead to the formation of triphenylmethanol as the
exclusive oxidation product of triphenylmethane, 1-phenyl-
ethanol, and acetophenone in the oxidation of ethylbenzene
and benzaldehyde accompanied by minor amounts of benzyl
alcohol in the oxidation of toluene. Products and yields
referred to the amount of oxidant are reported in Table 4.*°
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Scheme 5. Aryl-Substituted NHPIs Mediated Oxidation of Triphenylmethane Promoted by [(N4Py)Fe'V(0)]*

2+

OH

4 \ / \_l O
N., Il{\

N(N)N j

2+

QN s )

N7 I\(\ 2
F:\N

X

| OH

/

(CeHs)3C—H

(CeHslaC ———=<< T (CeH5)3C—OH
2+ 2+
4 \ OH / \—l 4 \ 1 \—l
Ny ||{\ \N'//Fg\\\'\‘/

Table 3. Decay Half-Life of the iron(IV)oxo Complex
[(N4Py)Fe V=07 (£4") and Mediation Efficiency (£},,/
£71) in the oxidation of Cyclohexane and Alkylaromatic
Compounds Promoted by [(N4Py)Fe™V=0]** (1.5 mM) in
the Absence or in the Presence of NHPI (20 mol %) in
CH,CN

mediation
C—H BDE e efficien:
substrate kcal/mol” £, ) (s) ®B/85)
cyclohexane® 99.5 32000 990 32
toluene” 89.7 1680 52 32
ethylbenzene® 854 1080 40 27
triphenylmethane 81 450 33 13.6

Ref 33. "Decay half-life in the absence of NHPI [Cyclohexane] 0.8
M. “[Toluene] 1 M. *[Ethylbenzene] 0.3 M.

Table 4. Product Analysis in the oxidation of Alkylaromatic
Compounds Promoted by [(N4Py)Fe™"=0]*" in the
Presence or Absence of 20 mol % NHPI as Mediator in
CH,CN“

Substrate Products (Yields %)*
CHO
Toluene®
No mediator 9
+ NHPI 24
Ethylbenzene® COCH3 CHOHCH,4

w

No mediator 18
+ NHPI 41 2

¢

.

Triphenylmethane®

No mediator 28
+ NHPI 60

“[(N4Py)FeV=0]*" (19 mM) and substrate (190 mM) in CH;CN
(1 mL). Yields (mol %) refer to the amount of oxidant and have been

determined by GC. “Reaction time 1 h. “Reaction time 30 min.
Reaction time 1 min.

The results of product analysis clearly indicate that with all the
substrates tested, significant higher yields of products are
observed in the presence of the NHPI mediator when reaction
times were limited to 1, 30, and 60 min for triphenylmethane,
ethylbenzene, and toluene, respectively. Thus, product analysis
confirms the results of kinetic studies, indicating a faster and
more efficient oxidation of hydrocarbons by [(N4Py)-
Fe'V(0)]** in the presence of the NHPI mediator.

Product analysis of the oxidation of triphenylmethane has
been also carried out under catalytic conditions in iron-catalyst
[(N4Py)Fe""]** using peroxyacetic acid as the oxidant. The use
of PhIO was not possible as it oxidizes directly also the NHPI
mediator. To a solution of [(N4Py)Fe"]** (8 umol in
CH;CN), NHPI (2 pmol) and triphenylmethane (0.1
mmol) in 1 mL CH;CN, 10 uL of the oxidant CH;COOOH
(40% w/w in AcOH, 61 pumol) was added and the mixture was
stirred at 25 °C for 5 min. Even under catalytic conditions, the
mediated process was more efficient, with the amount of
triphenylmethanol produced in the presence of NHPI (23
pumol, 38% refers to the amount of oxidant) being much higher
than that observed in the absence of NHPI (12 umol, 20%
refers to the amount of oxidant).

B CONCLUSIONS

NHPI is able to efficiently mediate the oxidation of
hydrocarbons promoted by the nonheme iron(IV)—oxo
complex, [(N4Py)Fe'(0)]**. The increase of reactivity is
associated to the oxidation of the mediator to the phthalimide
N-oxyl radical (PINO), which in turn efficiently abstracts a
hydrogen atom from the substrates regenerating the mediator
in its reduced form.

The reactivity enhancement induced by the N-hydroxy
mediators may be useful especially with iron(IV)—oxo
complexes characterized by an intrinsic low reactivity. The
analysis of the dependence of the mediation efficiency on the
ligand structures of the iron(IV)—oxo complexes is currently
underway in our laboratory. Finally, it has to be added that the
presence of redox mediators may determine a variation of the
HAT selectivity displayed by the iron(IV)—oxo complexes.
Using suitable probe substrates containing different C—H
bonds, it will be possible to investigate the effect of N-hydroxy
mediators on the reaction selectivity by comparing the results
of product analysis carried out in the absence and in the
presence of mediators.

B EXPERIMENTAL SECTION
Materials. CH;CN (spectrophotometric grade), NHPI, were used
as received. Aryl-substituted NHPIs (X—NHPL, X = 4-NO,, 4-
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CO,CHj, 3-F, 4-CH;, 4-OCH;) were synthetized according to the
literature.”"** Todosylbenzene was prepared by a literature method
and stored at —20 °C under inert atmosphere.”” [(N4Py)Fe(OTf),]
was prepared by metalation of the ligand N4Py with Fe(OTf),
according to a literature method.”” [(N4Py)Fe!Y=0] was prepared
by reacting [(N4Py)Fe(OTf),] with excess solid PhIO.""

Spectrophotometric Analysis of the Reaction of [(N4Py)-
FeY=0]*" with X—NHPI Mediators. Spectroscopic analysis was
performed on a single beam UV-—vis spectrophotometer using a
quartz cuvette (10 mm path length) at 25 °C. A solution of
[(N4Py)Fe™=0]** (1.5 mM in CH;CN) was prepared by oxidation
of the corresponding iron(II) complex [(N4Py)Fe"(OTf),] with a
slight excess of solid PhIO (1.2 equiv). After 30 min, the solution was
filtered and a 20 mol % of X—NHPI (X = H, 3-F, 4-CH,, 4-OCH,;)
with respect to [(N4Py)FeV=0]*" was added.

Kinetic Studies of the Oxidation of Triphenylmethane by
[(N4Py)FeV=01** in the Presence of X—NHPI Mediators.
Spectrophotometric measurements were performed on a single
beam UV-—vis spectrophotometer using a quartz cuvette (10 mm
path length) at 25 °C. A solution of [(N4Py)Fe"'=0]*" (1.5 mM in
CH,;CN) was prepared by oxidation of the corresponding iron(II)
complex [(N4Py)Fe'(OTf),] with a slight excess of solid PhIO (1.2
equiv). After 30 min, the solution was filtered and NHPI (5—25 mol
9% with respect to [(N4Py)Fe'"=0]%") was added followed by the
solution of triphenylmethane (30 mM). Time-resolved spectra were
then recorded in the 380—1000 nm range.

Rates of substrate oxidation were monitored following the decay of
the [(N4Py)Fe'V=0]>* at 690 nm."" In a blank experiment, the
oxidation of triphenylmethane 30 mM promoted by [(N4Py)Fe'V'=
0]* was carried out in the absence of the mediator under the same
reaction conditions described above.

Kinetic Studies of the Oxidation of C}rclohexane and
Alkylaromatic Compounds by [(N4Py)FeV=01]?>" in the
Presence of NHPI. A solution of [(N4Py)Fe™=0]** (1.5 mM in
CH,;CN) was prepared as above. After 30 min, the solution was
filtered and NHPI (20% with respect to [(N4Py)Fe"=0]*" was
added followed by a solution of substrate (0.3—1 M). The rates of
substrate oxidation were monitored following the decay of the
[(N4Py)Fe'V=0]** (absorption band at 690 nm). In blank
experiments, the oxidations of substrates promoted only by
[(N4Py)Fe!V=0]*" were performed in the same conditions
described above.

Product Analysis of the Oxidation of Alkylaromatic
Compounds with [(N4Py)FeV=0]?* in the Absence and in
the Presence of NHPI. A solution of [(N4Py)Fe™=0]** (19 mM
in CH;CN) was prepared by oxidation of the corresponding iron(II)
complex [(N4Py)Fe'(OTf),] with a slight excess of solid PhIO (1.2
equiv). After 30 min, the solution was filtered and NHPI (20% with
respect to [(N4Py)Fe'V=0]*") was added followed by a solution of
the substrate (190 mM). The mixture was vigorously stirred at 25 °C
for 60, 30, or 1 min for toluene, ethylbenzene, and triphenylmethane,
respectively, under nitrogen or air. Then, an internal standard was
added (nitrobenzene, 10% with respect to the substrate), the reaction
mixture was filtered over a short pad of SiO, with AcOEt, and
analyzed by gas chromatography (GC) and gas chromatography—
mass spectrometry (GC—MS). Blank experiments were carried out in
the absence of the mediator in the same conditions.

Product Analysis of the Oxidation of Triphenylmethane
with Peracetic Acid Catalyzed by [(N4Py)Fe']** in the Absence
and in the Presence of NHPI. To a 1 mL stirred solution of
[(N4Py)Fe"]** (8 mM in CH,CN), NHPI (2 mM) and triphenyl-
methane (0.1 M) in CH,CN at 25 °C, 10 uL of the oxidant
CH,COOOH (40% w/w in AcOH, 61 umol) was added in five
portions of 2 L every minute (total reaction time S min). Then, an
internal standard was added (nitrobenzene, 10% with respect to the
substrate), the reaction mixture was filtered over a short pad of SiO,
with AcOEt, and analyzed by GC and GC—MS. Blank experiments
were carried out in the absence of the mediator in the same
conditions.

Bl ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.9b01813.

Spectrophotometric analysis of the reaction of [(N4Py)-
FelV=01*" with 20 mol % of X—NHPI mediators;
kinetic study of the reaction of [ (N4Py)FeV=0]*" with
4-NO,—NHPI; kinetic studies of the oxidation of
triphenylmethane with [(N4Py)Fe'V=0]*" in the
presence of the NHPI mediator; kinetic studies of the
oxidation of triphenylmethane with [(N4Py)Fe'V=0]*
in the presence of 20 mol % of X—NHPI mediators; and
kinetic studies of the oxidation of alkylaromatic
compounds and cyclohexane with [(N4Py)Fe'Y=0]*
in the presence of 20 mol % of the NHPI mediator
(PDF).

B AUTHOR INFORMATION

Corresponding Author

*E-mail: osvaldo.lanzalunga@uniromal.it.
ORCID

Osvaldo Lanzalunga: 0000-0002-0532-1888
Andrea Lapi: 0000-0001-9728-8132
Stefano Di Stefano: 0000-0002-6742-0988

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Thanks are due to the Ministero dell'Istruzione, dell’Universita
e della Ricerca (MIUR), and to the CIRCC, Interuniversity
Consortium of Chemical Catalysis and Reactivity. This work
was also supported by Universita di Roma “La Sapienza”
(Progetti di ricerca grandi 2017).

B REFERENCES

(1) (a) Chen, K; Zhang, P.; Wang, Y.; Li, H. Metal-Free Allylic/
Benzylic Oxidation Strategies with Molecular Oxygen: Recent
Advances and Future Prospects. Green Chem. 2014, 16, 2344—2374.
(b) Melone, L.; Punta, C. Metal-Free Aerobic Oxidations Mediated
by N-Hydroxyphthalimide. A Concise Review. Beilstein J. Org. Chem.
2013, 9, 1296—1310. (c) Wertz, S.; Studer, A. Nitroxide-Catalyzed
Transition-Metal-Free Aerobic Oxidation Processes. Green Chem.
2013, 1S5, 3116—3134. (d) Coseri, S. Phthalimide-N-oxyl (PINO)
Radical, a Powerful Catalytic Agent: Its Generation and Versatility
Towards Various Organic Substrates. Catal. Rev. 2009, 51, 218—292.
(e) Recupero, F.; Punta, C. Free Radical Functionalization of Organic
Compounds Catalyzed by N-Hydroxyphthalimide. Chem. Rev. 2007,
107, 3800—3842. (f) Sheldon, R. A, Arends, I. W. C. E.
Organocatalytic Oxidations Mediated by Nitroxyl Radicals. Adv.
Synth. Catal. 2004, 346, 1051—1071. (g) Ishii, Y.; Sakaguchi, S.;
Iwahama, T. Innovation of Hydrocarbon Oxidation with Molecular
Oxygen and Related Reactions. Adv. Synth. Catal. 2001, 343, 393—
427.

(2) (a) Mogharabi, M.; Faramarzi, M. A. Laccase and Laccase-
Mediated Systems in the Synthesis of Organic Compounds. Adv.
Synth. Catal. 2014, 356, 897—927. (b) Zhu, C.; Zhang, Z.; Ding, W.;
Xie, J.; Chen, Y,; Wu, J.; Chen, X,; Ying, H. A Mild and Highly
Efficient Laccase-Mediator System for Aerobic Oxidation of Alcohols.
Green Chem. 2014, 16, 1131—1138. (c) Gonzalez Arzola, K.; Arévalo,
M. C.; Falcon, M. A. Catalytic Efficiency of Natural and Synthetic
Compounds Used as Laccase Mediators in Oxidising Veratryl Alcohol
and a Kraft Lignin, Estimated by Electrochemical Analysis. Electro-
chim. Acta 2009, 54, 2621—2629. (d) Witayakran, S.; Ragauskas, A. J.
Synthetic Applications of Laccase in Green Chemistry. Adv. Synth.

DOI:10.1021/acs.joc.9b01813
J. Org. Chem. XXXX, XXX, XXX—=XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.9b01813
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b01813/suppl_file/jo9b01813_si_001.pdf
mailto:osvaldo.lanzalunga@uniroma1.it
http://orcid.org/0000-0002-0532-1888
http://orcid.org/0000-0001-9728-8132
http://orcid.org/0000-0002-6742-0988
http://dx.doi.org/10.1021/acs.joc.9b01813

The Journal of Organic Chemistry

Catal. 2009, 351, 1187—1209. (e) Srebotnik, E.; Hammel, K. E.
Degradation of Nonphenolic Lignin by the Laccase/1-Hydroxybenzo-
triazole System. J. Biotechnol. 2000, 81, 179—188. (f) Li, K; Xu, F.;
Erikssen, K.-E. L. Comparison of Fungal Laccases and Redox
Mediators in Oxidation of a Nonphenolic Lignin Model Compound.
Appl. Environ. Microbiol. 1999, 65, 2654—2660. (g) Bourbonnais, R.;
Paice, M. G.; Freiermuth, B.; Bodie, E.; Borneman, S. Reactivities of
Various Mediators and Laccases with Kraft Pulp and Lignin Model
Compounds. Appl. Environ. Microbiol. 1997, 63, 4627—4632.

(3) (a) Riva, S. Laccases: Blue Enzymes for Green Chemistry. Trends
Biotechnol. 2006, 24, 219—226. (b) Messerschmidt, A. Multicopper
Oxidases; World Scientific: Singapore, 1997. (c) Solomon, E. I;
Sundaram, U. M.; Machonkin, T. E. Multicopper Oxidases and
Oxygenases. Chem. Rev. 1996, 96, 2563—2606.

(4) (a) Crestini, C.; Jurasek, L.; Argyropoulos, D. S. On the
Mechanism of the Laccase—Mediator System in the Oxidation of
Lignin. Chem.—Eur. ]. 2003, 9, 5371—5378. (b) Baiocco, P.; Barreca,
A. M,; Fabbrini, M.; Galli, C.; Gentili, P. Promoting Laccase Activity
Towards Non-Phenolic Substrates: a Mechanistic Investigation with
Some Laccase—Mediator Systems. Org. Biomol. Chem. 2003, 1, 191—
197.

(5) (2) Nutting, J. E.; Rafiee, M.; Stahl, S. S. Tetramethylpiperidine
N-oxyl (TEMPO), Phthalimide N-Oxyl (PINO), and Related N-Oxyl
Species: Electrochemical Properties and Their Use in Electrocatalytic
Reactions. Chem. Rev. 2018, 118, 4834—488S. (b) Shiraishi, T.;
Sannami, Y.; Kamitakahara, H.; Takano, T. Comparison of a Series of
Laccase Mediators in the Electro-Oxidation Reactions of Non-
Phenolic Lignin Model Compounds. Electrochim. Acta 2013, 106,
440—446. (c) Rafiee, M.; Wang, F.; Hruszkewycz, D. P.; Stahl, S. S.
N-Hydroxyphthalimide-Mediated Electrochemical Iodination of
Methylarenes and Comparison to Electron-Transfer-Initiated C—H
Functionalization. J. Am. Chem. Soc. 2008, 140, 22—25. (d) Kishioka,
S.-y.; Yamada, A. Electro-Oxidation of N-HydroxyImides for Redox
Mediator in Acetonitrile Containing Lutidine as a Base. Electrochim.
Acta 2006, S1, 4582—4588. (e) Kishioka, S.-y.; Yamada, A. Kinetic
Study of the Catalytic Oxidation of Benzyl Alcohols by Phthalimide-
N-Oxyl Radical Electrogenerated in Acetonitrile Using Rotating Disk
Electrode Voltammetry. J. Electroanal. Chem. 2008, 578, 71-77.
(f) Ueda, C.; Noyama, M.; Ohmori, H.; Masui, M. Reactivity of
Phthalimide-N-oxyl: A Kinetic Study. Chem. Pharm. Bull. 1987, 35,
1372—1377. (g) Masui, M.; Hara, S.; Ozaki, S. Anodic Oxidation of
Amides and Lactams Using N-Hydroxyphthalimide as a Mediator.
Chem. Pharm. Bull. 1986, 34, 975—979. (h) Masui, M.; Hosomi, K;
Tsuchida, K.; Ozaki, S. Electrochemical Oxidation of Olefins Using N-
Hydroxypthalimide as a Mediator. Chem. Pharm. Bull. 1985, 33,
4798—4802.

(6) (a) Dao, R; Zhao, C; Yao, J.; Li, H. Distinguishing Ionic and
Radical Mechanisms of Hydroxylamine Mediated Electrocatalytic
Alcohol Oxidation Using NO—H Bond Dissociation Energies. Phys.
Chem. Chem. Phys. 2018, 20, 28249—28256. (b) Bosque, I;
Magallanes, G.; Rigoulet, M.; Karkds, M. D.; Stephenson, C. R. J.
Redox Catalysis Facilitates Lignin Depolymerization. ACS Cent. Sci.
2017, 3, 621-628. (c) Masui, M,; Ueshima, T.; Ozaki, S. N-
Hydroxyphthalimide as an Effective Mediator for the Oxidation of
Alcohols by Electrolysis. J. Chem. Soc,, Chem. Commun. 1983, 479—
480.

(7) (a) Hruszkewycz, D. P.; Miles, K. C.; Thiel, O. R;; Stahl, S. S.
Co/ NHPI-Mediated Aerobic Oxygenation of Benzylic C—H bonds
in Pharmaceutically Relevant Molecules. Chem. Sci. 2017, 8, 1282—
1287. (b) Horn, E. J; Rosen, B. R; Chen, Y.; Tang, J.; Chen, K;
Eastgate, M. D.; Baran, P. S. Scalable and Sustainable Electrochemical
Allylic C— H Oxidation. Nature 2016, 533, 77—81. (c) Masui, M,;
Hara, S.; Ueshima, T.; Kawaguchi, T.; Ozaki, S. Anodic Oxidation of
Compounds Having Benzylic or Allylic Carbon and a Carbon to
Hetero Atom Using N-Hydroxypthalimide as a Mediator. Chem.
Pharm. Bull. 1983, 31, 4209—4211.

(8) (a) Olivo, G.; Cusso, O.; Borrell, M.; Costas, M. Oxidation of
Alkane and Alkene Moieties with Biologically Inspired Nonheme Iron
Catalysts and Hydrogen Peroxide: From Free Radicals to Stereo-

selective Transformations. J. Biol. Inorg Chem. 2017, 22, 425—452.
(b) Cusso, O.; Ribas, X; Costas, M. Biologically Inspired Non-Heme
Iron-Catalysts for Asymmetric Epoxidation; Design Principles and
Perspectives. Chem. Commun. 2015, 51, 14285—14298. (c) Nam, W.;
Lee, Y.-M,; Fukuzumi, S. Tuning Reactivity and Mechanism in
Oxidation Reactions by Mononuclear Nonheme Iron(IV)-Oxo
Complexes. Acc. Chem. Res. 2014, 47, 1146—1154. (d) Talsi, E. P,;
Bryliakov, K. P. Chemo- and Stereoselective CH Oxidations and
Epoxidations/Cis-Dihydroxylations with H,0,, Catalyzed by Non-
Heme Iron and Manganese Complexes. Coord. Chem. Rev. 2012, 256,
1418—1434. (e) Que, L, Jr; Tolman, W. B. Biologically Inspired
Oxidation Catalysis. Nature 2008, 455, 333—340. (f) Nam, W. High-
Valent Iron(IV)—Oxo Complexes of Heme and Non-Heme Ligands
in Oxygenation Reactions. Acc. Chem. Res. 2007, 40, 522—531.
(g) Chen, M. S.; White, M. C. A Predictably Selective Aliphatic C-H
Oxidation Reaction for Complex Molecule Synthesis. Science 2007,
318, 783—787.

(9) (a) Nam, W,; Lee, Y.-M.; Fukuzumi, S. Hydrogen Atom Transfer
Reactions of Mononuclear Nonheme Metal—Oxygen Intermediates.
Acc. Chem. Res. 2018, 51, 2014—2022. (b) Oloo, W. N.; Que, L., Jr.
Bioinspired Nonheme Iron Catalysts for C—H and C=C Bond
Oxidation: Insights into the Nature of the Metal-Based Oxidants. Acc.
Chem. Res. 2015, 48, 2612—2621. (c) Serrano-Plana, J.; Oloo, W. N,;
Acosta-Rueda, L.; Meier, K. K; Verdejo, B.,; Garcia-Espafia, E;
Basallote, M. G.; Miinck, E.; Que, L; Company, A.; Costas, M.
Trapping a Highly Reactive Nonheme Iron Intermediate That
Oxygenates Strong C—H Bonds with Stereoretention. J. Am. Chem.
Soc. 2015, 137, 15833—15842. (d) Olivo, G.; Lanzalunga, O.;
Mandolini, L.; Di Stefano, S. Substituent effect on the Catalytic
Activity of Bipyrrolidine-Based Iron Complexes. J. Org. Chem. 2013,
78, 11508—11512. (e) Park, M. J.; Lee, J.; Suh, Y; Kim, J.; Nam, W.
Reactivities of Mononuclear Non-Heme Iron Intermediates Including
Evidence that Iron(III)—Hydroperoxo Species Is a Sluggish Oxidant.
J. Am. Chem. Soc. 2006, 128, 2630—2634. (f) Chen, K.; Costas, M.;
Kim, J.; Tipton, A. K;; Que, L., Jr. Olefin Cis-Dihydroxylation Versus
Epoxidation by Non-Heme Iron Catalysts: Two Faces of an Fe'—
OOH Coin. J. Am. Chem. Soc. 2002, 124, 3026—3035. (g) Chen, K;
Que, L., Jr. Stereospecific Alkane Hydroxylation by Non-Heme Iron
Catalysts: Mechanistic Evidence for an Fe'O Active Species. J. Am.
Chem. Soc. 2001, 123, 6327—6337.

(10) Que, L., Jr.; Puri, M. The Amazing High-Valent Nonheme Iron-
Oxo Landscape. Bull. Jpn. Soc. Coord. Chem. 2016, 67, 10—18.

(11) Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.;
Stubna, A.; Kim, J.; Miinck, E.; Nam, W.; Que, L., Jr. Nonheme Fe™'O
Complexes That Can Oxidize the C-H Bonds of Cyclohexane at
Room Temperature. J. Am. Chem. Soc. 2004, 126, 472—473.

(12) Park, J.; Morimoto, Y.; Lee, Y.-M.; Nam, W.; Fukuzumi, S.
Metal Ion Effect on the Switch of Mechanism from Direct Oxygen
Transfer to Metal Ion-Coupled Electron Transfer in the Sulfoxidation
of Thioanisoles by a Non-Heme Iron(IV)—Oxo Complex. J. Am.
Chem. Soc. 2011, 133, 5236—5239.

(13) Park, J.; Morimoto, Y.; Lee, Y.-M.; Nam, W.; Fukuzumi, S.
Proton-Promoted Oxygen Atom Transfer vs Proton-Coupled
Electron Transfer of a Non-Heme Iron(IV)-Oxo Complex. J. Am.
Chem. Soc. 2012, 134, 3903—3911.

(14) Park, J.; Morimoto, Y.; Lee, Y.-M.; Nam, W.; Fukuzumi, S.
Unified View of Oxidative C—H Bond Cleavage and Sulfoxidation by
a Nonheme Iron(IV)—Oxo Complex via Lewis Acid-Promoted
Electron Transfer. Inorg. Chem. 2014, 53, 3618—3628.

(15) Capocasa, G.; Sessa, F.; Tavani, F; Monte, M.; Olivo, G.;
Pascarelli, S.; Lanzalunga, O.; Di Stefano, S.; D’Angelo, P. Coupled X-
ray Absorption/UV—vis Monitoring of Fast Oxidation Reactions
Involving a Nonheme Iron—Oxo Complex. J. Am. Chem. Soc. 2019,
141, 2299-2304.

(16) Barbieri, A;; Del Giacco, T.; Di Stefano, S.; Lanzalunga, O.;
Lapi, A,; Mazzonna, M.; Olivo, G. Electron Transfer Mechanism in
the Oxidation of Aryl 1-Methyl-1phenylethyl Sulfides Promoted by
Nonheme Iron(IV)—Oxo Complexes: The Rate of the Oxygen
Rebound Process. J. Org. Chem. 2016, 81, 12382—12387.

DOI:10.1021/acs.joc.9b01813
J. Org. Chem. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.joc.9b01813

The Journal of Organic Chemistry

(17) Barbieri, A;; De Carlo Chimienti, R; Del Giacco, T.; Di
Stefano, S.; Lanzalunga, O.; Lapi, A,; Mazzonna, M,; Olivo, G
Salamone, M. Oxidation of Aryl Diphenylmethyl Sulfides Promoted
by a Nonheme Iron(IV)-Oxo Complex: Evidence for an Electron
Transfer-Oxygen Transfer Mechanism. J. Org. Chem. 2016, 81, 2513—
2520.

(18) Barbieri, A,; De Gennaro, M.; Di Stefano, S.; Lanzalunga, O.;
Lapi, A.; Mazzonna, M.; Olivo, G.; Ticconi, B. Isotope Effect Profiles
in the N-Demethylation of N,N-Dimethylanilines: a Key to Determine
the pKa of Nonheme Fe(III)—OH Complexes. Chem. Commun. 2018,
S1, 5032—-503S.

(19) Sastri, C. V.; Sook Seo, M.; Joo Park, M.; Mook Kim, K.; Nam,
W. Formation, Stability, and Reactivity of a Mononuclear Nonheme
Oxoiron(IV) Complex in Aqueous Solution. Chem. Commun. 2008,
1405—1407.

(20) Bae, J. M.; Lee, M. M; Lee, S. A,; Lee, S. Y.; Bok, K. H.; Kim,
J; Kim, C. Nonheme Iron Complex-Catalyzed Efficient Alcohol
Oxidation by +BuOOH with N-Hydroxyphthalimide (NHPI) as Co-
catalyst: Implication of High Valent Iron-Oxo Species. Inorg. Chim.
Acta 2016, 451, 8—18.

(21) Annunziatini, C.; Gerini, M. F.; Lanzalunga, O.; Lucarini, M.
Aerobic Oxidation of Benzyl Alcohols Catalyzed by Aryl Substituted
N-Hydroxyphthalimides. Possible Involvement of a Charge-Transfer
Complex. J. Org. Chem. 2004, 69, 3431—3438.

(22) (a) Mazzonna, M.; Bietti, M.; DiLabio, G. A.; Lanzalunga, O.;
Salamone, M. Importance of z-Stacking Interactions in the Hydrogen
Atom Transfer Reactions from Activated Phenols to Short-Lived N-
Oxyl Radicals. J. Org. Chem. 2014, 79, 5209—5218. (b) D’Alfonso, C.;
Lanzalunga, O.; Lapi, A; Vadala, R. Comparing the Catalytic
Efficiency of Ring Substituted 1-Hydroxybenzotriazoles as Laccase
Mediators. Tetrahedron 2014, 70, 3049—3055.

(23) Sun, Y.; Zhang, W.; Hu, X,; Li, H. Correlation Analysis of the
Substituent Electronic Effects on the Allylic H-Abstraction in
Cyclohexene by Phthalimide-N-oxyl Radicals: a DFT Study. J. Phys.
Chem. B 2010, 114, 4862—4869.

(24) Cai, Y.; Koshino, N.; Saha, B.; Espenson, J. H. Kinetics of Self-
Decomposition and Hydrogen Atom Transfer Reactions of
Substituted Phthalimide N-Oxyl Radicals in Acetic Acid. J. Org
Chem. 2008, 70, 238—243.

(25) Wentzel, B. B.; Donners, M. P. J.; Alsters, P. L.; Feiters, M. C.;
Nolte, R. J. M. N-Hydroxyphthalimide/Cobalt(II) Catalyzed Low
Temperature Benzylic Oxidation Using Molecular Oxygen. Tetrahe-
dron 2000, 56, 7797—7803.

(26) Gorgy, K; Lepretre, J.-C; Saint-Aman, E.; Einhorn, C,;
Einhorn, J.; Marcadal, C.; Pierre, J.-L. Electrocatalytic Oxidation of
Alcohols using Substituted N-Hydroxyphthalimides as Catalysts.
Electrochim. Acta 1998, 44, 385—393.

(27) Oxidation of 4-CH;O—NHPI was also carried out using 1
equiv of mediator, a complete disappearance of the absorption band
of [(N,Py)Fe""=0]*" was observed as shown in Figure S1 in the
Supporting Information.

(28) (a) Ray, K; Lee, S. M,; Que, L., Jr. Iron-Oxidation-State-
Dependent O-O Bond Cleavage of Meta-Chloroperbenzoic Acid to
Form an Iron(IV)-Oxo Complex. Inorg. Chim. Acta 2008, 361, 1066—
1069. (b) Collins, M. J; Ray, K; Que, L. Jr. Electrochemical
Generation of a Nonheme Oxoiron(IV) Complex. Inorg. Chem. 2006,
4S5, 8009—8011.

(29) Lubben, M.; Meetsma, A.; Wilkinson, E. C.; Feringa, B.; Que,
L., Jr. Nonheme Iron Centers in Oxygen Activation: Characterization
of an Iron(III) Hydroperoxide Intermediate. Angew. Chem., Int. Ed.
Engl. 1995, 34, 1512—1514.

(30) The decay of [(N4Py)Fe'V=0]** does not follow a clean first
order process in the presence of NHPI. A complex kinetic treatment
for the decay of [(N4Py)Fe™"=0]** can be drawn in the presence of
the redox mediator.

(31) (a) Bietti, M.; Lanzalunga, O.; Lapi, A.; Martin, T.; Mazzonna,
M,; Polin, M.; Salamone, M. Aerobic Oxidation of 4-Alkyl-N,N-
Dimethylbenzylamines Catalyzed by N-Hydroxyphthalimide: Proto-
nation-Driven Control over Regioselectivity. J. Org. Chem. 2017, 82,

5761-5768. (b) Koshino, N.; Saha, B.; Espenson, J. H. Kinetic Study
of the Phthalimide N-Oxyl Radical in Acetic Acid. Hydrogen
Abstraction from Substituted Toluenes, Benzaldehydes, and Benzyl
Alcohols. J. Org. Chem. 2003, 68, 9364—9370. (c) Amorati, R;
Lucarini, M.; Mugnaini, V.; Pedulli, G. F.; Minisci, F.; Recupero, F.;
Fontana, F.; Astolfi, P.; Greci, L. Hydroxylamines as Oxidation
Catalysts: Thermochemical and Kinetic Studies. . Org. Chem. 2003,
68, 1747—1754.

(32) Bietti, M.; Cucinotta, E.; DiLabio, G. A.; Lanzalunga, O.; Lapi,
A.; Mazzonna, M.; Romero-Montalvo, E.; Salamone, M. Evaluation of
Polar Effects in Hydrogen Atom Transfer Reactions from Activated
Phenols. J. Org. Chem. 2019, 84, 1778—1786.

(33) Luo, Y.-R. Comprehensive Handbook of Chemical Bond Energies;
CRC Press: Boca Raton, 2007.

(34) Cho, K.-B.; Wu, X,; Lee, Y.-M.; Kwon, Y. H.; Shaik, S.; Nam,
W. Evidence for an Alternative to the Oxygen Rebound Mechanism in
C—H Bond Activation by Non-Heme Fe'YO Complexes. J. Am. Chemn.
Soc. 2012, 134, 20222—-20225.

(35) (a) Wayner, D. D. M.; McPhee, D. J.; Griller, D. Oxidation and
Reduction Potentials of Transient Free Radicals. J. Am. Chem. Soc.
1988, 110, 132—137. (b) Fukuzumi, S.; Ohkubo, K., Otera, J.
Comparison between Electron Transfer and Nucleophilic Reactivities
of Ketene Silyl Acetals with Cationic Electrophiles. J. Org. Chem.
2001, 66, 1450—1454.

(36) Products and yields are not affected by the presence of oxygen.
Oxidation of the radicals produced in the HAT processes to the
corresponding cations under the oxidative reaction conditions are
likely faster than their reaction with molecular oxygen.

(37) Salzman, H. J.; Sharefkin, G. Organic Syntheses; Wiley: New
York, 1973; Vol. V, p 658.

DOI:10.1021/acs.joc.9b01813
J. Org. Chem. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b01813/suppl_file/jo9b01813_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.9b01813

