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ABSTRACT: A wide range of aryl boronic 1,1,2,2-tetraethylethylene glycol =
esters [ArB(Epin)s] were readily synthesized. Purifying aryl boronic esters
by conventional silica gel chromatography is generally challenging; however,
these introduced derivatives are easily purified on silica gel and isolated in |
excellent yields. We subjected the purified ArB(Epin) to Suzuki—Miyaura
couplings, which provided higher yields of the desired biaryl products than

those obtained using the corresponding aryl boronic acids or pinacol esters.

ryl boronic acid derivatives are widely used to synthesize

biaryl compounds that are the building blocks of many
biologically active compounds, organic materials, and fine
chemicals, using Suzuki—Miyaura coupling chemistry."”
However, free aryl boronic acids are associated with several
drawbacks. First, the carbon—boron (C—B) bond in an
ArB(OH), often cleaves during functional group trans-
formations. Second, purifying an ArB(OH), using silica gel
chromatography is tedious because it strongly absorbs onto
silica gel, which leads to lower yields. Third, determining the
structure of an ArB(OH), is sometimes complicated as it tends
to undergo spontaneous partial dehydration to the correspond-
ing boroxine. Consequently, a wide variety of ArB(OH),
protecting groups have been developed to overcome these
challenges."”

Aryl pinacol boronates, ArB(pin), which are widely used
protected aryl boronic acid derivatives, are easily synthesized
and directly applicable to Suzuki—Miyaura coupling chemistry.
Even though some ArB(pin) derivatives can be purified by
silica gel column chromatography, the process should take no
more than a few minutes to avoid significant loss of overall
yield. Moreover, as is often the case for boronic acid
derivatives, purifying an ArB(pin) by silica gel column
chromatography is likely to fail. While Isobe et al. developed
a new general and highly reproducible method for purifying
ArB(pin) derivatives using silica gel treated with boric acid (B-
silica gel),” the separating power of B-silica gel is much lower
than that of normal silica gel; hence, purification is not always
successful.

1,8-Diaminonaphthalene aryl boron amides, ArB(dan),* and
N-methyl iminodiacetic aryl boronic anhydrides, ArB(MIDA),’
were recently reported. These boronic acid derivatives are
highly stable under a variety of reaction conditions, including
silica gel chromatography, and can be directly used in Suzuki—
Miyaura coupling chemistry without deprotection and have
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been used to successfully synthesize many types of oligoarenes
and polyenes. Although ArB(dan) and ArB(MIDA) are
broadly useful in industrial and laboratory applications, the
direct coupling of ArB(dan) requires strongly alkaline reaction
conditions, while the high polarity of ArB(MIDA) hinders
purification by silica gel column chromatography.

To overcome the above-mentioned challenges, we devel-
oped aryl boronic acid 1,1,2,2-tetraethylethylene glycol esters
ArB(Epm) ] that are easily purified by silica gel chromatog-
raphy.® The four ethyl groups of the boronate are designed to
spatially protect the empty orbital of the boron atom in a
dynamic manner (Figure 1). We hypothesized that this
dynamic protection facilitates the purification of ArB(Epin)s
on silica gel and their further use in Suzuki—Miyaura coupling
reaction chemistry.

We synthesized ArB(Epin)s 2a—s using three different
methods, as shown in Schemes 1—3. ArB(Epin)s 2a—I were
obtained in good-to-excellent yields through dehydrative
esterifications, which involved simply stirring aryl boronic
acids la—1 with 1,1,2,2-tetraethylethylene glycol (Epin) in
CH,Cl, at room temperature (Scheme 1). The reactions of
aryl boronic acids bearing electron-donating groups (1a, Ic,
le, and 1g) and electron-withdrawing groups (1b and 1f)
produced 2a—c and 2e—g in isolated yields of 83—99%. The
reactions of sterically hindered 1-naphthalene boronic acid
(1d) and 2,6-dimethoxyphenyl boronic acid (1g) afforded
ArB(Epin) 2d and 2g in isolated yields of 93—99%, although

higher temperatures were required. 1,4-Phenylenediboronic
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Figure 1. Rationalizing the choice of the B(Epin) group as a new class
of aryl boronic ester.

Scheme 1. Synthesis of ArB(Epin)s 2 through the
Dehydrative Esterifications of Boronic Acids 1°
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“Conditions: ArB(OH), 1 (1 0 equiv) and Epin (1.0 equiv) in
CH,Cl, (0.10 M) at rt for 16 h. ”In toluene (0.10 M) at 80 °C for 3 h.
“ArB(OH), 1 (1.1 equiv) in CH,Cl, (0.10 M) at 40 °C for 16 h. “In
CH,Cl, (0.10 M) at 40 °C for 16 h. In benzene (0.10 M) at 80 °C
for 16 h. prin (2.0 equiv) and reflux in benzene (0.10 M) with a
Dean—Stark apparatus for 12 h. $AcOH (0.10 equiv) was added in
Et,O (10 uM) at rt.

acid (1h) was also double esterified using a Dean—Stark
apparatus under reflux conditions. It should be noted that
heteroaromatic boronates 2i—I were obtained in isolated yields
of 76—99% by adding 0.10 equiv of AcOH to alkaline
heterocycles 1j—1. We believe that the addition of a catalytic
amount of AcOH effectively facilitates the elimination of the
hydroxyl group.

ArB(Epin)s 2m—r were synthesized through the metalative
borylation of aryl bromides 3a—f (Reaction A) followed by
esterification (Reaction B) (Scheme 2). 2-Bromothiophene
(3a), 2-bromofuran (3b), S-bromo-2-methoxypyridine (3e),
and S-bromo-2-trifluoromethylpyridine (3f) were lithiated
using n-BuLi followed by borylation and transesterification to
afford 2m, 2n, 2q, and 2r in 78-91% yield. Alkaline
heteroaromatic boronates 2q and 2r required the addition of
AcOH (0.10 equiv) to be effectively synthesized (Reaction B).
Importantly, 2n was obtained only when the acidic workup was
omitted following borylation (see Supporting Information for
details). The metalation of methoxycarbonyl-functionalized 3¢
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Scheme 2. Synthesis of ArB(Epin) 2 through the Metalation
of Aryl Bromides 3“

n-BulLi
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Conditions: ArBr 3 (1.0 equiv), n-BuLi (1.2 equiv), B(OMe), (2.0
equlv) in THF (0 10 M) for Reaction A. Epin (1.0 equiv) in CH,Cl,
for Reaction B. "Reaction B at 40 °C. “Epin and CH,Cl, were added
after evaporating the reaction mixture without quenching. “ArBr 3
(1.0 equiv), i-PrMgCI-LiCl (1.2 equiv), and B(OMe); (2.0 equiv) at
—40 °C for Reaction A. “ArBr 3 (1.0 equiv), t-BuLi (4.2 equiv), and
B(OMe); (2.4 equiv) for Reaction A. Epin (2.0 equiv) in benzene
(0.10 M) at 80 °C for 16 h for Reaction B./ArBr 3 (1.0 equiv) and n-
BuLi (1.1 equiv) in Et,0 (0.10 M) for Reaction A. Epin (1.0 equiv)
and AcOH (0.10 equiv) for Reaction B.

was achieved using i-PrMgCl-LiCl at —40 °C.” The double
lithiation of 2,7-dibromonaphthalene 3d with tBuLi (4.2
equiv) followed by diborylation afforded 2p in 89% yield.
ArB(Epin) 2s was synthesized by palladium-catalyzed
Miyaura borylation using bis(1,1,2,2-tetraethylethylene
glycolato)diboron (B,Epin,, Scheme 3).* 4-Bromoacetophe-

Scheme 3. Synthesis of ArB(Epin)s 2 through Miyaura

Borylation
Br  PdCly(d i Et Et
Me _S2=Pin2, PO, Me - BB e
o o
5 DMSO o Et T Et
3g 80°C,2h 2s, 99% B,Epin;

noene 3g was transformed into carbonyl-bearing ArB(Epin) 2s
in an isolated yield of 99% under standard Miyaura borylation
conditions using B,Epin, instead of bis(pinacolato)diboron
B,pin,. It is worth noting that 2s was completely purified by
normal column chromatography on silica gel without any
diminution in yield.

We compared the stabilities of ArB(Epin)s 2a, 2h, and 2n
on silica gel columns with those of the corresponding
ArB(pin)s 2a’, 2h’, and 2n’ (Figures 2 and 3). Each pure
ArB(Epin) 2 and ArB(pin) 2’ (50 mg each) were loaded onto
a silica gel column [silica gel 60N, spherical neutral (40—50
um), purchased from Kanto Chemical] and eluted with EtOAc
(Figure 2). While recovery rates of 22—77% were obtained for
2a’, 2h’, and 2n’, ArB(Epin)s 2a, 2h, and 2n exhibited almost
quantitative recovery (98—99%). Among 2a’, 2h’, and 2n’, p-
tolyl boronate 2a’ was the most stable on silica gel, whereas 2-
furyl boronate 2n’ was the least stable. These results reveal that
silica gel column chromatography can be used to easily purify
2. On the other hand, 2’ must be carefully pur1ﬁed using
normal silica gel to avoid significantly lower yields.”"
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Figure 2. Yields of ArB(Epin)s 2 and ArB(pin)s 2’ obtained by silica
gel column chromatography.
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Figure 3. Visualizing the stabilities of ArB(Epin)s 2 by silica gel TLC.

We used a silica gel thin-layer chromatography (TLC) plate
[silica gel 60 F,s4 0.2 mm plates (Merck)] stained with ceric
ammonium molybdate to visualize the silica-gel behavior of
ArB(Epin)s 2a, 2h, and 2n and ArB(pin)s 2a’, 2h’, and 2n’
(Figure 3). As expected, clear, concentrated, single spots that
correspond to 2a, 2h, and 2n were observed at various stages
of TLC development, which reveals that these compounds are
stable on silica gel. In contrast, 2a’, 2h’, and 2n’ exhibited
original spots with significant tailing, with 2n’ exhibiting
especially strong tailing. These observations are consistent with
the silica gel column chromatography results (Figure 2).

To assess the reactivities of ArB(Epin)s 2 and to
demonstrate their usefulness for synthesizing heterocyclic
biaryl compounds, we subjected them to Suzuki—Miyaura
coupling conditions using Pd(OAc),, SPhos, and K;PO, in
toluene/H,O (Scheme 4, entries 1, 2, 4—6, 8, and 9). We also
subjected the corresponding 1 and 2’ to the same reaction
conditions for comparison. Notably, the biaryl coupling
products 4a—4g were obtained in the highest yields from
ArB(Epin)s 2i and 2k—2n in all cases. 2-Thiophenylboronate
2m, 2- and 3-furanyl boronates 2n and 2i, and 3- and 4-
pyridinyl boronates 2k and 21 were coupled with a wide variety
of aryl bromides 3c and 3g—31 to afford heterobiaryls 4a—4g in
isolated yields of 73—99%, whereas the corresponding aryl
boronic acids 1i, 1k—1n, and ArB(pin)s 2i’ and 2k’—2n’
afforded lower product yields (0—73% and 0—95%, respec-
tively)."" The lower yield of 4m is possibly attributable to the
formation of side products in the presence of SPhos, which can
act as a ligand under these reaction conditions, as observed
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Scheme 4. Suzuki—Miyaura Coupling Reactions of
Heteroaryl Boronic Acids 1 or 2 with Aryl Bromides 3

o &
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Ar-Br
toluene/H,0
1or2 3 110 °C, 24 h 4
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Me
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“Conditions: ArB(OR), 1 or 2 (1.5 equiv), ArBr 3 (1.0 equiv),
Pd(OAc), (1.0 mol %), SPhos (2.0 mol %), and K;PO,, (2.0 equiv) in
toluene/H,O (10:1) at 110 °C for 24 h. *Using Pd(PPh;), (1.0 mol
%) instead of Pd(OAc), and SPhos. “Conditions: 4-PyB(OR), 1 or 2
(L.5 equiv), ArBr 3 (1.0 equiv), Pd(PPh,), (1.0 mol %), and Cs,CO,
(1.5 equiv) in toluene/EtOH (10:1) at 90 °C for 24 h. “For 2 h.

during the multiarylation of 1-bromo-2,5-dichloro-3-fluoro-
benzene (31). The reactions of ArB(Epin) 2n and 2l under
typical Suzuki—Miyaura coupling conditions with Pd(PPh,),
also afforded biaryls 4b and 4e in good-to-quantitative yields,
while the same products 4b and 4e were obtained in lower
yields when aryl boronic acids 1n and 11 or ArB(pin) 2n’ and
21" were used (entries 3 and 7).

To further explore the surprising behavior of these
heteroaryl boronic acid derivatives, we subjected 3-PyB(Epin)
(2k), 3-PyB(pin) (2k’), and 3-PyB(OH), (1k) to stability
testing under alkaline conditions in the presence of K;PO, in
toluene/H,O at 110 °C, which, with the exception of the
palladium catalyst, are the same reaction conditions used in the
Suzuki—Miyaura coupling reaction (Figure 4).'> We believe
that 2k, 2k’, and 1k decompose under aqueous alkaline
conditions through their tetracoordinated boronate intermedi-
ate 5. 3-PyB(OH), (1k) decomposed the fastest, as it
disappeared within 12 h, while 2k” decomposed more slowly,
with 17% remaining intact after 12 h. 3-PyB(Epin) (2k)
proved to be the most stable, as it had not noticeably
decomposed even after 24 h under the same conditions, which
explains why 2k yielded the highest relative amount of the
Suzuki—Miyaura coupled biaryl product 4d (Scheme 4, entry
S).

In summary, we developed ArB(Epin)s as stable and easy-to-
handle aryl boronates. These aryl boronic acid derivatives are
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