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Abstract: The cross-coupling reaction between N-
hydroxyphthalimide and various benzylic and allylic
hydrocarbons was realized through an organocata-
lytic radical-mediated process involving C(sp*)—O
bond formation using tert-butyl hydroperoxide (¢-
BuOOH) as an oxidant and tetra-n-butylammoni-
um iodide [(n-Bu],NI] as a catalyst, during which
the phthalimide N-oxyl (PINO) radical and benzylic
and allylic radicals were generated in situ and un-
derwent the selective radical/radical cross-coupling
reaction. This novel method provides a convenient
metal-free approach to the synthesis of O-alkylated
hydroxy imides under mild reaction conditions.

Keywords: C—H functionalization; hydrocarbons;
metal-free conditions; oxidative cross-coupling; rad-
icals

In modern organic synthesis, intensive studies have
been focusing on identifying novel direct C—H bond
functionalization since this avoidss prefunctionaliza-
tion of substrates therefore improves atom economy
and energy efficiency.! Among the various C—H
bond functionalization reactions, selective radical in-
volved coupling reactions have been widely utilized
owing to their high efficiency in forming new chemi-
cal bonds.” However, the existing reports on such
cross-coupling reactions often require the participa-
tion of transition metals as catalysts or oxidants serv-
ing to stabilize the transient radical intermediates
generated during the reaction process.”! Radical
cross-coupling reactions without the involvement of
transition metals have been rarely reported.l*) In this
regard, development of novel radical cross-coupling
reactions under metal-free conditions should there-
fore be highly desirable."!
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Research in the past decades has revealed a highly
reactive, oxidative intermediate, namely, the phthal-
imide N-oxyl radical (PINO), in many N-hydroxyph-
thalimide ~(NHPI)-catalyzed organic reactions.!
PINO has also been used as a coupling partner with
hydrocarbons to form various O-alkylated hydroxy
imides,””’ some of which are useful building blocks in
organic synthesis.®! The first coupling reaction be-
tween PINO and an allylic radical was realized by
using Pb(OAc),, a heavy metal oxidant back in
1964.") However, the yield as well as the selectivity
of the reaction were poor. After that, sodium period-
ate in wet silica gel was reported to promote the gen-
eration of the PINO radical from NHPI which
showed its efficiency in the coupling reactions with
cyclohexene and cyclooctene’ [Scheme 1, Eq. (1)].
In 2008, a copper-catalyzed direct C—O bond forma-
tion between NHPI and some simple hydrocarbons
was developed with PIDA being used as the oxidant
for the generation of the PINO radical in situ from
NHPLY Besides, cerium(IV) ammonium nitrate
(CAN) was also reported to be used as an oxidant in
the cross-coupling reaction of NHPI with benzylic
compounds [Scheme 1, Eq. (2)]."

However, in most of these existing radical involved
cross-coupling approaches, the use of metallic oxi-
dants was inevitable. Concerning the environmental
problems and health issues associated with heavy
metal residues” the search of an environmentally
friendly oxidative system to realize such cross-cou-
pling reactions via direct oxidation of alkyl C—H
bonds is still in demand. In 2015, Li and co-workers
developed a PIDA-mediated oxidative cross-coupling
reaction between NHPI and benzylic C—H bonds, in
which the C(sp*)—H oxidation was activated by a poly-
fluorophenylamide group.'”’ Herein, we describe an
(n-Bu),NI/t-BuOOH-mediated,"" highly selective or-
ganocatalytic oxidative cross-coupling via the PINO
radical, generated in situ from NHPI under mild reac-
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Scheme 1. Different approaches for the cross-coupling reac-
tions of NHPI with hydrocarbons via the PINO radical.

tion conditions, and a benzylic or allylic carbon radi-
cal, oxidized from benzylic or allylic hydrocarbon, in
forming an O-alkylated hydroxy imide as the cross-
coupling product [Scheme 1, Eq. (3)].

Recently, we reported an organocatalytic amination
reaction of alkyl ethers via the (n-Bu),NI/--BuOOH-
mediated radical involved oxidative cross-coupling.['?
Based on this new finding, we took on the study of
applying this strategy to see if it could facilitate the
selective radical involved cross-coupling reaction be-
tween N-hydroxyphthalimide and hydrocarbons.

The study started out with ethylbenzene being
chosen as the alkyl substrate to react with NHPI. The
initial trial produced the desired cross-coupling prod-
uct 3a in 30% yield (Table 1, entry 1). Screening for
the optimal reaction conditions involved tests of other
catalysts, solvents, and fine-tuning the amount of the
oxidant. These results showed that other catalysts
such as Nal, KI gave poorer yields (Table 1, entries 2
and 3), solvent MeCN was far better than any of the
other four solvents, and gave the highest yield of the
desired product 3a of 91% (Table 1, entries 1, 4-7),
and larger amounts of (n-Bu),NI (up to 20 mol%) vir-
tually had no influence on the yield (Table 1, entry 8).

Additional control experiments indicated that both
(n-Bu),NI and +-BuOOH played an indispensible role
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Table 1. Optimization of the reaction conditions."!

(6] (0]
conditions >_©
H
(0] (0]
1 2a 3a

Entry Oxidant Catalyst (mol%) Solvent Yield®
1 +BuOOH!!  (n-Bu),NI (10)  EtOAc 30%
204 -BuOOH KI (10) EtOAc 15%
3 +BuOOH  Nal (10) EtOAc  20%
4 +BuOOH  (n-Bu),NI (10) DMF  ND
5 +-BuOOH  (n-Bu),NI (10) DCE  20%
6 +BuOOH  (n-Bu),NI(10) PhCl  42%
7 -BuOOH (n-Bu),NI (10) MeCN  91%
8 +BuOOH  (n-Bu),NI (20) MeCN  90%
oldl none (n-Bu),I (10) MeCN ND
101 +BuOOH  none MeCN  20%

(4] Reaction conditions: the mixture of 1a (0.5 mmol), 2a
(2.5 mmol) and the oxidant (1.5 mmol) in solvent (2 mL)
was heated at 75°C for 6 h unless otherwise stated.

] All the yields are of isolated products after silica gel
chromatography

[ £ BuOOH =tert-butyl hydroperoxide, anhydrous unless
otherwise stated.

[l The mixture was heated at 75°C for 12 h.

in this reaction for forming the desired cross-coupling
product 3a (Table 1, entries 9 and 10).

The optimization of reaction condition was fol-
lowed by a scope study of the method. These results
summarized in Scheme 2 show that a broad range of
the substituted benzylic substrates all yielded the de-
sired products in moderate to excellent yields irre-
spective of whether the benzylic carbon was bonded
to highly electron-withdrawing acyl group(s) (1b-d),
in a sterically disfavored environment (le-f), or
bonded to an aromatic ring substituted by mildly elec-
tron-donating methyl group(s) (1g-k), with a strongly
electron-donating methoxy group (1m), or with
a slightly electron-withdrawing Cl group (1m). One
compelling advantage of this method is its high regio-
selectivity — except for 1k which contains two un-
equivalent benzylic carbons, only one mono-oxygenat-
ed coupling product was formed for all substrates,
with the coupling sites being specifically the benzylic
carbon and the oxygen atom at NHPI. An inseparable
regioisomeric mixture of products 3k and 3k’ was ob-
tained in a total yield of 53% (the ratio is about 5:1).

Building upon the successful results from the ben-
zylic hydrocarbons, we extended our investigations to
the alkene series. The results are listed in Table 2. As
predicted, the coupling products were prepared, with
the same high regioselectivity between the allylic
carbon and the oxygen atom at NHPI, all in satisfac-
tory yields. Substrate 4e, containing three unequiva-
lent allylic carbons, yielded an inseparable regioiso-
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Scheme 2. Scope of benzylic substrates. Reaction conditions: 1a (0.5 mmol), 2 (2.5 mmol), (n-Bu),NI (10 mol% ), anhydrous
t-BuOOH (1.5 mmol), 75°C, MeCN (2 mL), sealed tube, unless otherwise stated. All the yields were of isolated products.

meric mixture of compounds 5e and 5e’ (the ratio is
about 3.8:1), with the Z-form of 5¢’ not being formed.
For a linear terminal alkene such as 1-hexene, the re-
action provided an isomerized cross-coupling product
5f as an inseparable Z/F mixture (the ratio of E/Z is
about 2.2:1)."! However, the reaction of allylbenzene
as well as safrole afforded the isomerized cross-cou-
pling products 5g and 5Sh in only the E-configuration.
To our delight, safrole was successfully converted to
5h with the reactive moiety of the methylene ether
being well tolerated.!'*]

It is worth mentioning that the cross-coupling prod-
ucts could be selectively deprotected to form the cor-
responding alcohols or the hydroxylamines, both are
useful synthetic building blocks in the construction of
the heterocyclic compounds or the pharmaceutical in-
termediates."”) For example, product 5g could be
readily converted to the allylic hydroxylamine 6a via
hydrazolysis or to cinnamic alcohol 6b through Zn-
mediated reduction (Scheme 3).
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We carried out several control experiments in order
to explore the mechanism of this cross-coupling reac-
tion (Scheme 4). One control experiment showed that
the desired product 3a was obtained in lower yields if
the catalyst was removed or switched to KI or I,, sug-
gesting that the iodide anion played an important role
in the activation of -BuOOH. However, based on the
result of the control experiment of Scheme 4d, we
tentatively propose that this process did not involve
the generation of the hypervalent iodine species as

NH,NH,-H,0 59 Zn powder, HCI (conc.)
EtOH. rt 1h MeOH, r.t., 20 min
o 80% 90%
_NH X
6a 6b

Scheme 3. Selective deprotection of product 5g.
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Table 2. Scope of allylic compounds.

0 {0 (n-Bu)NI(0.10 equiv.), 0 : 4
i t-BUOOH (3 equiv.)
N-OH ; N-0T )
H \ MeCN, 75 °C
0 05
1a 4
Entry Substrate Product Time Yield [%]
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o.
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yields are of isolated products.

Reaction conditions: 1a (0.5 mmol), 4 (2.
BuOOH (1.5 mmol), 75°C, MeCN (2 mL),

5 mmol), (n-Bu),NI (10 mol%), anhydrous t-
sealed tube, unless otherwise stated. All the

"l Inseparable isomeric products, Se:5e’=3.8:1.
'] Inseparable Z/E isomeric products, E:Z=2.2:1.

proposed before.'"” In addition, when TEMPO was
added to the reaction mixture, the cross-coupling
product 3a was isolated in the yield ofonly 15%,
which supported the radical nature of the reaction
process.['®)

On the basis of all the observations as well as previ-
ous literature reports,'””) we propose a plausible mech-
anistic pathway. As shown in Scheme 5, initially, ¢
BuOOH decomposes to generate the fert-butoxyl or

Adv. Synth. Catal. 2015, 357, 38363842 © 2015 Wiley-VCH Verlag

tert-butylperoxy radical with the assistance of iodide
anion. The generated radical subsequently abstracts H
from NHPI to afford the PINO radical, which then
traps a benzylic or allylic H-atom from the corre-
sponding hydrocarbon to produce the (most stable)
carbon radical. The generated NHPI molecules were
oxidized again to form the PINO radical for the next
cycle of the reaction. Finally, the benzylic/allylic
carbon radical and the PINO radical underwent a radi-
GmbH & Co. KGaA, Weinheim
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3a, 20%
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(n-Bu)4NOH (30%)
t-BuOOH (3 equiv.)

oo

3a, 25%

(n-Bu)4NI (10 mol%)
t-BuOOH (3 equiv.)
TEMPO (1 equw )

oo

3a, 15%

Scheme 4. Control experiments to investigate the possible
mechanism.  Reaction conditions: 1 (0.5 mmol), 2a
(2.5 mmol), catalyst and oxidant, MeCN (2 mL), the reac-
tion mixture was heated in a sealed tube at 75°C for 12 h.

cal combination process and formed the cross-cou-
pling title product of an O-alkylated hydroximide.

In summary, we have demonstrated an (n-Bu),NT/
t-BuOOH-mediated novel organocatalytic radical in-
volved cross-coupling reaction. In this transformation,
the PINO radicals and sp’ carbon radicals were gener-
ated in situ and smoothly underwent the cross-cou-
pling reaction, in the absence of any transition metal,
providing the corresponding products in moderate to
excellent yields. The reaction is highly selective, with
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t-BuOH

t-BuO”
or t-BuOO

\ S “:::;xﬂi.«j

Scheme 5. Proposed possible mechanism.

the coupling sites being the allylic/benzylic C(sp?)
atom and the oxygen atom of NHPI, and the method
is applicable to a broad range of substituted hydrocar-
bons.

Experimental Section

General Procedure for the Organocatalytic Radical
Involved Oxidative Cross-Coupling Reaction

To a mixture of hydrocarbon 2 or 4 (2.5 mmol) and (n-
Bu),NI (0.05 mmol, 18.3 mg) in MeCN (2 mL) were added
N-hydroxyphthalimide 1 (0.5 mmol) and anhydrous ¢-
BuOOH (1.5 mmol). The reaction mixture was stirred at
75°C under an air atmosphere in a sealed tube and the pro-
cess of the reaction was monitored by TLC. Upon comple-
tion, the reaction mixture was quenched with the addition
of saturated Na,S,0¢ (10 mL), and then it was extracted
with EtOAc (3x30 mL). The combined organic layers were
washed with brine (20 mL) and dried with anhydrous
Na,SO,. Then the solvent was removed under vacuum and
the residue was purified by silica gel chromatography, using
a mixture of PE/EtOAc to afford the desired cross-coupling
product 3 or 5.
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