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An electrochemically promoted decarboxylative borylation reaction is reported. The reaction proceeds un-
der mild conditions in an undivided cell without use of transition metal- or photo-catalysts. The key fea-
ture of the reaction is the compatibility of diboron reagents with the electrochemical conditions. This
reaction exhibits broad substrate scope, good functional group tolerability, and easy scalability.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Alkyl boronic acid and esters represent important scaffolds
in both organic synthesis and pharmaceuticals [1]. For exam-
ple, alkyl boronic acid and esters show great value for the con-
struction of C(sp3)-rich scaffolds using cross-coupling reactions
[2,3]. In addition, molecules containing alkyl boron structures have
been proven to be life-saving drugs such as Velcade [4,5]. Clas-
sic methods to synthesize alkyl boron compounds include hy-
droboration of alkenes [6-11], borylation of organometallic nucle-
ophiles (e.g., Grignard and organolithium reagents) [12-14]. How-
ever, these methods suffer from harsh reaction conditions and
poor functional group tolerance. Over the past decade, great at-
tention has been directed to the borylation of alkyl halides us-
ing transition-metal catalysis including Cu [15,16], Ni [17,18], Pd
[17,19], Zn [20], Fe [21,22], Mn [23] and more recently photo-
induced catalysis [24-33]. In recent years, the use of easily avail-
able and stable carboxylic acids redox active esters (RAEs, e.g.,
N-hydroxyphthalimide esters) derived from alkyl carboxylic acids
as starting materials for decarboxylative transformations is a fast
growing research area [34-40]. In particular, remarkable progresses
have been made with regard to decarboxylative borylation of RAEs
[41-44]. Baran and co-workers reported transition-metal catalyzed
(i.e., nickel, copper) protocols for the decarboxylative borylation
of RAEs with bis(pinacolato)diboron (B,pin,) using excess MeLi
and LiOH as the base, respectively [45,46]. Li and co-workers de-
scribed the decarboxylative borylation of RAEs with excess B,pin;
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using an Ir-based photoredox catalyst under 45 W CFL irradiation
(Scheme 1A) [47]. Aggarwal et al. developed an efficient photo-
induced method to achieved the decarboxylative borylation of
RAEs with bis(catecholato)diboron (B,cat,) under irradiation with
blue LEDs (Scheme 1A) [48]. An important feature to the success of
these decarboxylative transformations of RAEs is the facile genera-
tion of alkyl radical intermediates via single-electron transfer pro-
cess.

Electro-organic synthesis servers as a powerful and green tech-
nique for oxidative and reductive reactions by single-electron
transfer under mild conditions and good functional group tolerance
[49-56]. Recently, elegant works on electrochemical reductive de-
carboxylative carbon-carbon bond formation using RAEs have been
disclosed by Wang [57], Lei [58] and Zeng [59] groups.

In this context, we hypothesized that the electrochemically
promoted reductive decarboxylation of RAEs may be compati-
ble with diboron reagents such as B,pin,, Bjcaty, thus resulting
the decarboxylative borylation reaction. Herein, we report an ef-
ficient method for the construction of alkyl boronic esters using
an electrochemically promoted decarboxylative borylation of alkyl
N-hydroxyphthalimide esters (Scheme 1B). This reaction exhibits
broad substrate scope, good functional group tolerability, and easy
scalability, representing an alternative method for the formation of
C(sp3)-B bond with electrochemical techniques [60,61].

We started our investigation with the electrochemical decar-
boxylative borylation of N-(cyclohexanecarbonyl)phthalimide and
B,cat, under constant current electrolysis (CCE) (Table 1). It was
found that the desired product 1 can be obtained in 86% yield
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Scheme 1. Radical decarboxylative borylation of RAEs.

Table 1
Screening of reaction conditions.?
]
i I?t Ig)t Pinacol Bpin
O,NPhth + Bycaty U
I=10mA, 4 h Et3N
) _ "BuyNBF,, DMF
(Tequiv.)  (2equiv) ) divided cell 1
Entry Changes from standard conditions Yield (%)°
1 none 86 (76)
2 "BuyNPFg instead of "BuyNBF, 76
3 LiClO4 instead of "BusNBF, 68
4 NaBF, instead of "BuyNBF, 65
5 20 mA instead of 10 mA, 2 h 35
6 5 mA instead of 10 mA, 8 h 44
7 air atmosphere 7
8 RVC, Ni, Cu, Fe instead of Pt cathode 45-67
9 graphite instead of Pt anode 46
10 THF instead of DMF 75
11 MeCN instead of DMF 21
12 DMSO instead of DMF 0
13 NMP instead of DMF 53
14 divided cell was used 57
15 w/o electric current 31
16 in dark 77
17 in dark w/o electric current 28

2 Standard conditions: NHPI ester (0.6 mmol, 1 equiv.), Bycat, (2 equiv.), DMF (2
mL), platinum plate anode (10 mm x 10 mm x 0.2 mm), platinum plate cathode
(10 mm x 10 mm x 0.2 mm): "BuyNBF, (0.6 mol/L), constant current: 10 mA, r.t.,
argon atmosphere, 4 h, undivided cell, then pinacol (4 equiv.), EtsN (2 mL), r.t,, 2 h.
Cell voltage: 1.5-4 V.

b GC yield using mesitylene as an internal standard. Isolated yield is shown in
parentheses.

(76% isolated) with 10 mA constant current in an undivided cell
followed by the treatment of pinacol and EtsN (entry 1). The use
of other supporting electrolytes including "BuyNPFg, LiClO4 and
NaBF, (entries 2-4) gave 1 in slightly lower yields. Increasing or
decreasing the electric current delivered diminished yields (entries
5 and 6). It was also found that this reaction was sensitive to air
(entry 7). The cathode materials such as reticulated vitreous carbon
(RVC), nickel, copper and iron failed to improve the efficiency of
this reaction (entry 8, please see Supporting information for more
details). Also, the use of graphite anode resulted in lower efficiency
compared to that of platinum anode (entry 9). Notably, the solvent
is important to the outcome of the reaction: the use of THF gave
a decreased yield (entry 10), however the performances of other
solvents such as MeCN, DMSO and NMP were poorer than that of
DMF (entries 11-13). Additionally, the decarboxylative borylation
reaction proceeded well at cathode in a divided cell (entry 14, not
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optimized). It should be noted that the reaction can be promoted
by light from fume hood white bulb but at a significantly lower
rate (entry 15). This result is in agreement with the previous re-
port by Aggarwal and co-workers [48]. Finally, control experiments
showed that a similar positive result was obtained when the reac-
tion was conducted in dark (entry 16) and a very lower yield of 1
was observed without the use of electric current (entry 17). These
results highlight the crucial role of an electric current in the decar-
boxylative borylation reaction.

With the optimal reaction conditions in hand, the scope
of this reaction was then examined with respect to different
alkyl carboxylic acids. As summarized in Scheme 2A, primary
N-hydroxyphthalimide esters bearing either electron-donating or
electron-withdrawing groups were smoothly converted to the cor-
responding alkylboronates in moderate to good yields (39%-62%).
It was demonstrated that halides such as fluoro (14), chloro (3
and 15) and bromo (7 and 16) groups were well compatible with
the reaction, thus not only demonstrating the orthogonal reactiv-
ity of this reaction with previously developed transition metal-
catalyzed borylation of halides [15-23], but also providing op-
portunities for further conversions with cross-coupling reactions
[3]. Furthermore, N-hydroxyphthalimide esters possessing termi-
nal olefin (4), ester (5), phenyl (8 and 11), methyl (12), methoxy
(9 and 13), thienyl (10) and trifluoromethyl (17) groups were well
tolerated.

Then, investigation of the substrate scope was focused on sec-
ondary and tertiary N-hydroxyphthalimide esters (Scheme 2B).
Both acyclic and cyclic alkyl N-hydroxyphthalimide esters were all
suitable for the decarboxylative borylation, yielding the desired
secondary and tertiary alkylboronates in moderate to good yields
(31%-80%). For example, cyclohexyl (2, 22 and 28), cyclopentyl
(20), inner olefin (21), cyclopropyl (18, 27 and 29) and adamantyl
(30) motifs were tolerated, as was the important heterocycle, Boc-
protected piperidine (23 and 24). The cyclobutyl boronic ester (19)
could also be achieved, albeit with a lower yield. Interestingly, Ag-
garwal et al. reported tertiary carboxylic acids such as 1-methyl-
cyclohexyl carboxylic acid failed to provide the desired decar-
boxylative borylation product in photochemical conditions [48]. To
our delight, the desired boronic ester (28) can be formed smoothly
under our electrochemical conditions, suggesting that this electro-
chemical protocol is complementary to that previously developed
photochemical process.

To further expand the substrate scope, we conducted
late-stage modifications of amino acids and drug molecules
(Scheme 2C). Specifically, B-amino acid and y-amino acids
(e.g., y-aminobutyric acid (GABA), gabapentin and pregabalin)
were converted into boronic esters (31-34) in moderate yields.
Gemfibrozil, a lipid-lowering drug, gave the corresponding
boronic ester 35 in 53% yield. The reaction was also amenable
to scale-up by a one-pot procedure in which cyclohexyl N-
(cyclohexanecarbonyl)phthalimide formed in situ, followed by
electrochemically promoted decarboxylative borylation, delivering
the corresponding boronic ester 1 in 48% yield on a 5.0 mmol
scale (Scheme 2D).

A series of experiments were conducted to gain more mecha-
nistic insights of the electrochemically promoted decarboxylative
borylation reaction (Scheme 3). In the radical trapping experiment,
with the use of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, 3
equiv.) as a trapping agent under the standard conditions, the for-
mation of 1 was obviously inhibited and the cyclohexyl/TEMPO
adduct 37 was detected in HRMS analysis (Scheme 3A). Further
evidence for the radical mechanism was provided by the reaction
of 38, where only ring-opening product 4 was obtained without
the formation of cyclopropyl-containing 39 (Scheme 3B). Moreover,
when the 5-hexenyl radical clock precursor 40 was used, we ob-
tained cyclization reaction product 41 in 17% yield along with lin-
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D. One-pot scale-up reaction:

o) electrochemical

COOH D[")"Iép decarboxylative Bpin

O/ +  HO-N __ borylation O
o

5.0 mmol 5.5 mmol In situ 1: 48%

Scheme 2. Substrate scope. Reaction conditions: NHPI ester (0.6 mmol, 1 equiv.), Bycat, (2 equiv.), DMF (2 mL), platinum plate anode: (10 mm x 10 mm x 0.2 mm),
platinum plate cathode: (10 mm x 10 mm x 0.2 mm), "BuyNBF, (0.6 mol/L), constant current: 10 mA, r.t., argon atmosphere, 4 h, undivided cell, then pinacol (4 equiv.),

EtzN (2 mL), r.t, 2 h. 2Reaction time was 3 h. PReaction time was 6 h. “B,cat, (3 equiv.) was used.

C. Proposed mechanism for the decarboxylative borylation reaction
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Scheme 3. Control experiments and proposed mechanism for the electrochemical decarboxylative borylation reaction.
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ear product 42, the ratio of 41 and 42 was determined by 'H NMR
analysis (Scheme 3B).

Based on previous reports of radical borylation [24,30,34] and
the above experimental results, we proposed a possible mechanism
for the electrochemically promoted decarboxylative borylation re-
action (Scheme 3C). Initially, alkyl N-hydroxyphthalimide ester was
reduced at the cathode to generate radical anion A that underwent
decarboxylation to form the corresponding alkyl radical B interme-
diacy. Then, alkyl radical B reacts with B,cat, and DMF to deliver
the intermediate C. Subsequently, the cleavage of B-B bond of C
to generate D and F. Finally, D is converted to product E with the
treatment of pinacol/triethylamine. The radical F is eventually oxi-
dized at the anode yielding G, and reaction of G and NPhth anion
to deliver H.

In summary, we have developed an electrochemically promoted
decarboxylative borylation reaction. The process shows broad sub-
strate scope and provides a series of alkyl boronic esters. It is
worth noting that the diboron reagents compatible well with elec-
trochemical reaction conditions, which will provide opportunities
for discovering new electrochemical borylation reactions. The use
of electrochemical methods for making other type of organon
boron compounds is currently underway in our laboratory.
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