Published on 05 October 2024. Downloaded on 6/22/2026 8:18:29 PM.

ORGANIC CHEMISTRY By cvces, A\ o socery

Y SOCIETY - OF CHEMISTRY
FRONTIERS

View Article Online

RES EARCH ARTICLE View Journal | View Issue

) Cheokfor updates | Electrochemical 1,2-hydrogen atom transfer

functionalizations of N-(benzyloxy)phthalimides+

Cite this: Org. Chem. Front., 2024,

11, 6760 xa.b

Xin Fu,? Tingting Ran® and Jie Liu

We report a straightforward, catalyst-free method for the cathodic benzylic C—H hydroxyalkylation/aryla-

Received 30th August 2024, tion of N-(alkyloxy)phthalimides with ketones or cyanopyridines. The reaction is driven by an electroche-
Accepted 4th October 2024

DOI: 10.1039/d4qo01607f

mically induced 1,2-hydrogen atom transfer involving alkoxy radicals generated by O—N bond cleavage.
This protocol provides an efficient approach for the synthesis of a wide range of valuable unsymmetrical
rsc.li/frontiers-organic 1,2-diols and diarylmethanols.

Hydrogen atom transfer (HAT) has emerged as a practical and the functionalization of C(sp®)-H bonds."> For example,
powerful strategy for the C(sp®)-H radical functionalization, several kinds of different HAT reagents, such as
which has been widely applied in synthetic organic chemistry."  N-hydroxyphthalimide (NHPI) derivatives,"* quinuclidine,*
Among the various HAT reactions, heteroatom-centered rad- sulfonamide,’® benzimidazole,'® and azide,"” have been
icals, such as O°, N', are recognized for their versatility as inter- reported to promote the intermolecular HAT reactions through
mediates in HAT, facilitating the generation of C(sp®) radicals anodic oxidation. In addition, several studies have revealed the
through intermolecular or intramolecular 1,2- or 1,5-HAT reac- 1,5-HAT reaction of heteroatom-centered radicals under anodic
tions (Scheme 1a).>? For instance, intramolecular 1,5-HAT can  oxidation.'® A notable recent example is the electrochemical
effectively produce 5-C(sp?) radicals through the preferred six- allylation/alkylation of ethers via intermolecular HAT of alkoxy
membered ring transition-state,* which has been employed in  radicals under cathodic reduction, as described by the Bertuzzi
a variety of functionalizations, including heteroarylation,” and Bandini group.’® However, the 1,2-HAT reaction of oxygen-
alkylation,® and allylation.” In contrast, the intramolecular 1,2- centered radicals remains less investigated.>® Therefore, the
HAT reaction is less reported, with only a few examples exploration of electrochemical functionalization of oxygen-
observed to form C(sp*)-C bonds. This is partly due to the

higher activation energy required for the 1,2-HAT processes.®

To the best of our knowledge, the initiation of 1,2-HAT pro- a) 1,5-HAT (well studied) and 1,2-HAT (less studied)
cesses has been achieved using transition-metal catalysts, o A
including Ir, Ag, Cu, and Ni catalysts,” or through photo- (5/ < DEHAT e 1.2-HAT CH
catalytic reactions (Scheme 1b).’® Despite these advances, the X well studied fess studied e
development of a mild and sustainable approach to initiate $-C(sp®) radical X=:or0 4-C(sp?) radical
1,2-HAT processes, especially for the formation of a-C(sp*)-C
bonds adjacent to heteroatoms in organic chemistry, is still a b) The C(sp?)-H functionlization via HAT process
worthwhile avenue for investigation. RH:_“ L R OH
Organic electrochemistry has been regarded as a sustain- Ophth g oM o R
able and safe redox reagent that can generate radical species, RNy T RN o
thereby obviating the need for stoichiometric amounts of oxi- 1,2-HAT —> J.
dants and reductants.”* Recently, a number of chemists have R!
employed an electrochemically driven HAT strategy to achieve ¢) This work: electrochemical cross-coupling via 1,2-HAT
OH
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1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4q001607f Scheme 1 The functionalization of C(sp®)—H via HAT process.
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centered o-C(sp®)-H bonds through the 1,2-HAT would signifi-
cantly broaden the synthetic applications of alkoxy radicals in
organic electrochemistry. Herein, we present a simple and
metal-free cathodic benzylic C-H hydroxyalkylation/arylation
of N-(alkyloxy)-phthalimides through 1,2-HAT of alkoxy rad-
icals (Scheme 1c). This electrochemically driven HAT strategy
offers mild reaction conditions and a wide substrate scope,
resulting in the synthesis of diverse 1,2-diols and
diarylmethanols.

We initially explored the reaction parameters using benzylic
alcohol-derived N-alkoxyphthalimide 1a and benzophenone 2a
as the model substrates (Table 1). Gratifyingly, the reaction
yielded the desired 1,2-diol product 3aa in 78% when con-
ducted in DMAc at a constant current of 8 mA, employing
TBAB as the electrolyte in an undivided cell with a magnesium
anode and a carbon felt cathode (entry 1). Increasing or
decreasing the constant current was found to be less effective
and gave slightly lower yields of desired product 3aa (entry 2).
Reducing the reaction time to 3 hours did not improve the
yield of product 3aa, whereas extending it to 5 hours led to a
57% yield (entry 3). Other sacrificial anodes, including Zn, Al
and stainless steel, proved less effective than the Mg anode
(entry 4). When "Bu,NI, "Bu,yNBr or "Bu,NCl were used as elec-
trolytes, significant decreased yields of the desired product 3aa
were obtained (entry 5). Increasing the amount of 1a to 3.0
equivalents did not improve the yield (entry 6). Notably, no
product 3aa was observed under air conditions, indicating the
reaction was air-sensitive (entry 7). Finally, a control experi-
ment confirmed that electricity was essential for the synthesis
of 1,2-diols (entry 8).

With the optimal reaction conditions in hand, we probed
the substrate scope of N-(benzyloxy)phthalimides 1 and
ketones 2 (Scheme 2). Using benzophenone 2a as a coupling

Table 1 Optimization of reaction conditions?

o} Mg (+) i_b_lj CF() cc=8mA OH

P o ¢ Ph” “Ph "BuNBF, (0.1 M) > e >
DMAc (4.?1 mL)4, rt,.Nz, 3.75h Ph Ph
1a 2a 3aa
Yield of 3aa
Entry Variation from standard conditions (%)
1 None 78°
2 6 mA or 10 mA instead of 8 mA 66/62
3 3 hor5hinstead of 3.75 h 52/57
4° Zn, Al or SS instead of Mg anode 29/0/0
5 "BuyNI, "BuyNBr, "Bu,NCl instead of 47/30/37
"Bu,NBF,
6 3.0 equivalents of 1a 68
7 Air instead of N, Trace
8 No electricity 0

“Standard conditions: undivided cell, magnesium (Mg) anode, carbon
felt (CF) cathode, constant current = 8 mA, la (2 equiv.), 2a
(0.2 mmol), "BuyNBF, (2 equiv.), DMAc (4 mL), Ny, r.t., 3.75 h. Yield
was determined by "H NMR analysis using dibromomethane as the
internal standard. ?Isolated yield. °Reactions were performed at
10 mA.

This journal is © the Partner Organisations 2024

View Article Online

Research Article

partner, a series of para-substituted N-(benzyloxy)phthalimides
(such as methyl, i-propyl, ¢-butyl, phenyl, methoxy, phenoxy,
and fluoro substitutions) underwent the electrochemical cross-
coupling reaction smoothly, and the desired products 3ba-3ha
were isolated in 27-75% yields. The ortho-substituted methyl
and fluoro N-(benzyloxy)phthalimides were also compatible
and gave the desired products 3ia and 3ja in 63% and 24%
yields, respectively. Moreover, meta-substituted N-(benzyloxy)
phthalimides were efficiently converted to the corresponding
1,2-diols 3ka-3ma, with yields ranging from 32-70% for sub-
strates containing methyl, methoxy, and fluorine groups.
Additionally, N-(benzyloxy)phthalimides bearing multiple sub-
stituents could also give the desired products 3na-3pa in
21-46% yields. Notably, the substrate derived from pepper
alcohol smoothly participated in the reaction, affording the
corresponding product 3qa in 30% yield. 2-Naphthalene- and
thiophen-substituted substrates were also tested and gave the
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Scheme 2 Scope of the electrochemical 1,2-HAT of N-(benzyloxy)
phthalimides with ketones. Reaction conditions: undivided cell, mag-
nesium (Mg) anode, carbon felt (CF) cathode, constant current = 8 mA,
1 (2 equiv.), 2 (0.2 mmol), "BusNBF, (2 equiv.), DMAc (4 mL), Np, r.t.,
3.75h.
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corresponding coupling products 3ra (35%) and 3sa (49%).
Subsequently, we turned our attention to the scope of diarylke-
tone derivatives. Symmetrical diarylketone derivatives, includ-
ing 4,4’-dimethylbenzophenone, 4,4'-difluorobenzophenone,
9-fluorenone, xanthone, and thioxanthen-9-one, successfully
coupled with N-(benzyloxy)phthalimide to result the corres-
ponding 1,2-diols 3ab-3af in 35-72% yields. Furthermore,
unsymmetrical diarylketones were employed to form 1,2-diols
3ag-3ak in 38-68% yields and nearly 1: 1 diastereoselectivity.
To further demonstrate the diversity of this electrochemical
method, we evaluated the feasibility of cyanopyridines as coup-
ling partners in the electrochemical 1,2-HAT coupling, aiming
to synthesize heteroaryl-containing diarylmethanols. We were
pleased to find that this method could effectively yield a range
of heteroaryl-containing diarylmethanols (Scheme 3). For
example, the reaction of N-(benzyloxy)phthalimide (1a) and
4-cyanopyridine (4a) with DABCO as the sacrificial reagent led
to the desired diarylmethanol product 5aa in 76% yield. In
addition to the simple N-(benzyloxy)phthalimide, this process
was applicable to a variety of N-(benzyloxy)phthalimides
bearing electron-rich and electron-poor substituents, affording
the desired products 5ba-5ia in 40-78% yields. Both meta- and
ortho-substituted N-(benzyloxy)phthalimides were well-toler-

H
PL(+) T] CF() cc=10mA Q

 oenn NG
i .
) &
DABCO (3.0 equiv), "Bu,NBF, (0.1 M) X
1

DMSO (4.0 mL), 1t, 3 h, air

5
OH OH
Ph N MeO’ N

5ea, 78% 5fa, 40%

OH OH Me OH
2 =N o =N N

\

4

4

5aa, R=H, 76%

5ba, R = Me, 43%
5ca, R ='Pr, 42%
5da, R = 'Bu, 58%

OH
joge
R ~ZN

OH
joge
PhO N

5ga, 64% 5ha, 76% Sia, 64% 5ja, 39%
OH OH OH
F OH
X ® ® ®
| ZN ZN ZN
ZN
Me OMe F
Ska, 40% 5la, 30% 5ma, 41% 5na, 23%
F OH OH OH OH
F. MeO.
jege ® sReSRe
=N ZN ZN <
F F MeO’ o N
50a, 4% 5pa, 52% 5qa, 46% sra, 31%
O OH oH oH oH
B | A S i AN == | =
| N o . N s _N
5sa, 36% Sta, 49% 5ua, 65% 5va, 58%
OH R OH
on oH 5ac, R' = OPh, 67%
Ph A PH O 5ad, R' = OMe, 81% Ph
| P | 5ae, R' = F, 74%
N 5af, R! = CF;, 38% CN

5ab, 83% 5ag, 20%

Scheme 3 Scope of the electrochemical 1,2-HAT of N-(benzyloxy)
phthalimides with cyanopyridines. Reaction conditions: undivided cell,
platinum plate (Pt) anode, carbon felt (CF) cathode, constant current =
10 mA, 1 (0.2 mmol), 4 (2 equiv.), DABCO (3 equiv.), "BusNBF, (2 equiv.),
DMSO (4 mL), air, r.t., 3 h.
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ated, and gave products 5ja-5na in 23-41% yields. The appli-
cation of multi-substituted substrates resulted in the corres-
ponding alcohol products 5o0a-5ra in 44-52% yields.
Furthermore, the use of naphthalene- or heterocyclic-substi-
tuted N-(benzyloxy)phthalimides as coupling partners deli-
vered products 5sa-5va in 36-65% yields. On the other hand, a
series of cyanopyridines smoothly underwent the electroreduc-
tive arylation, providing the desired products 5ab-5af in
38-83% yields. Additionally, 1,4-dicyanobenzene could also
take part in this reaction to form the product 5ag, albeit in a
lower yield of 20%.

Next, we evaluated the scalability of the electroreductive
cross-coupling strategy by conducting the reaction on a
5 mmol scale, employing 1a and 2a, or 4a as substrates. The
corresponding products 3a and 5a, were successfully obtained
with yields of 52% and 46%, respectively (Scheme 4). These
results highlight the practicality and efficacy of this method
for the synthesis of 1,2-diols and diarylmethanols under
electrochemical conditions.

To understand this reaction, a series of mechanistic experi-
ments were investigated (Scheme 5). The addition of a free
radical inhibitor (TEMPO) to the standard reaction led to sig-
nificant decreased or no yields of the desired product
(Scheme 5a). These results indicated that the electrochemical
hydroxyalkylation and arylation processes proceed via a radical
pathway. In addition, the application of benzyl alcohol 6a
instead of N-alkoxyphthalimide 1a led to no arylation product
5aa, suggesting the alcohol is not related in this transform-
ation. Meanwhile, the reaction of benzaldehyde 6b and cyano-
pyridine 4a resulted in a 32% yield of dialymathanol 5aa,
suggesting a similar reaction pathway through a ketyl radical
intermediate (Scheme 5b).>! Moreover, the EPR analysis of 1a
with DMPO under electroreduction conditions indicated the
production of a DMPO-captured alkoxy radical 7a and ketyl
radical 7b (Scheme 5¢).’° The use of the N-alkoxylpyridinium
salt derivative also afforded the a-C-H arylation adductin 38%
yield (see ESI, Scheme S$1t).°%?* Furthermore, the kinetic
isotope effect (KIE) experiments of hydroxyalkylation and ary-
lation were observed with 1a and D-1a, in which the
ku/kp ratios were 0.76 and 1.14, respectively (see ESI, Fig. S7
and S8t). These results confirm the intermidiacy of radicals
species and intramolecular 1,2-HAT process in this
transformation.

@/\Opmh o Mg (+) CF() cc=8mA on
N >
Ph” Ph "BusNBF,4 (0.1 M) et Ph
DMAc (20.0 mL), tt, N, 18 h

1a (8 mmol) a (4 mmol) 3aa, 52%,0.6 g
NC. P! ’h CF ( 10 mA ™
+ - =
OPhth B £ ) co=10m
+ | > 2
=N DABCO (3.0 equiv), "Bu,NBF, (0.1 M) ~ |N
dry DMSO (20.0 mL), rt, 48 h, air
1a (6 mmol) 4a (12 mmol) 5aa, 46%,0.51g

Scheme 4 Scale-up experiments.
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a. Radical trapping experiments
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Scheme 5 Mechanistic experiments.

Based on these mechanistic studies and previous
reports,'°>** we propose a possible mechanism for this elec-
trochemcial o-C(sp®)-H hydroxyalkylation/arylation of N-(alky-
loxy)phthalimides (Scheme 6). The cathodic reduction of
N-(benzyloxy)phthalimide 1a results in the formation of the
phthalimide anion and a key benzyloxy radical A. This radical
subsequently undergoes 1,2-HAT to generate the ketyl radical
B. In the hydroxyalkylation process, the benzophenone 2a
gains a single electron to form radical anion C at the cathode.
Subsequently, intermediate B and C undergo radical-radical
cross-coupling to produce anion intermediate D, followed by

TR m +e”

[¢] o F’hth
)L )\ PR NC
P Ph PrTePn A° \O
a |
N
radical 2-HAT e Z
coupling L
OH /\
O radical
coupling
o Ph Ph D

l work up with H,O
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N
F o\ 2N ~N

- ] Z{N)J e

Scheme 6 Proposed mechanism.
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protonation to form the final product 1,2-diol 3aa. Meanwhile,
Mg is oxidized to Mg>" at the anode. In the arylation process,
the 4-cyanopyridine 4a is reduced via a single-electron transfer
(SET) process to generate a radical anion E on the cathode.
This intermediate E couples with the above intermediate B to
produce anion intermediate F and then loss of CN™ to obtain
the desired diarylmethanol 5aa. In this transformation,
DABCO works as a sacrificing agent at the anode.

Conclusions

In conclusion, we have described a straightforward and
efficient electrochemical approach for the cathodic benzylic
C-H hydroxyalkylation and arylation of N-(alkyloxy)phthali-
mides, mediated by the 1,2-HAT of alkoxy radicals. This
method provides access to a range of valuable 1,2-diols and
diarylmethanols in moderate to good yields under mild and
straightforward electrolysis conditions. We anticipate that this
versatile and efficient electrochemical strategy will broaden the
synthetic applications of alkoxy radicals in organic chemistry.
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