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Arylboronates currently represent one of the most widely
used classes of synthetic intermediates because of the
versatile transformation of their C�B bonds to C�C, C�N,
and C�O bonds.[1] Arylboronic acids have also been utilized
in a variety of applications in saccharide sensing[2] and
medicinal chemistry.[3] While arylboronic acid derivatives
have been mainly prepared by the borylation of boron-free
compounds,[4] the construction of carbon frameworks from
boron-containing reactive species provides alternative syn-
theses of arylboronic acid derivatives. In particular, the latter
approach is useful for the preparation of polyfunctionalized
compounds, some of which are otherwise difficult to pre-
pare.[5]

Herein we describe the preparation of 3-borylbenzynes 1,
and their Diels–Alder reaction with furans 2 or pyrroles 3 to
produce highly functionalized arylboronic acid derivatives (4
and 5, Tables 1 and 2). The following two points are also
worth noting from the viewpoint of benzyne chemistry:
Firstly, the boryl groups (Bpin = pinacol-
boryl) were found to favor the highly
regioselective Diels–Alder reactions of
unsymmetrically substituted benzynes
with furans 2 or pyrroles 3, in contrast
to most of the previously reported
cases.[6-8] Secondly, the regioselectivities
of the Diels–Alder reaction of 1 resem-
bled those of the 3-silylbenzynes,[9] but
the boryl groups exerted different effects
than the silyl groups.

We investigated the efficient preparation of several
precursors of the 3-borylbenzynes 1 and also benzyne

generation. Although the addition of tBuLi to 2-boryl-6-
bromo-4-methylphenyl triflate generated 1 (R = Me), which
was immediately and effectively trapped by 2-butylfuran (2 a)
to give a 92:8 mixture of the regioisomeric cycloadducts 4 and
4’(R=Me) in 67% yield, the use of tBuLi hampered the
compatibility of various functional groups. 2-Boryl-4-methyl-
6-trimethylsilylphenyl triflate was another potential precur-
sor; however, its treatment with fluoride ions resulted in the
exclusive generation of the 3-silylbenzyne. We finally discov-
ered that 2-boryl-6-iodophenyl triflate 6a served as an
excellent precursor of 1a (R = H) and was sufficiently
compatibile with various functional groups. Thus, the addition
of 1.2 equivalents of iPrMgCl·LiCl[10] to 6a in Et2O at �78 8C
led to generation of 1a, which instantaneously underwent the
Diels–Alder reaction with 2a to give a 90:10 mixture of 4a
(R = H) and 4a’ (R = H) in a total yield of 88% (Scheme 1).
The use of the 2-boryl-6-iodophenyl triflates has another
advantage that enabled us to prepare precursors with various

labile functional groups without the use of strong bases such
as nBuLi (see below).[11] By starting from another precursor
7a, in which the positions of the iodide and sulfonyloxy
groups were interchanged, the same mixture of 4a and 4a’
was obtained in the same ratio. Although we could not
directly observe 1a because of its extreme instability, all these
results strongly suggest the generation of 1a and its excellent
reactivity as a dienophile in the Diels–Alder reaction.
Another noteworthy result was the high regioselectivity of
the Diels–Alder reaction, in which the major product 4a (anti
adduct) had the two substituents (boryl and nBu groups) at a
maximum distance. The steric repulsion between the boryl
and nBu groups does not seem to be sufficient to explain this
high level of selectivity.[12]

Because the use of 6a led to a better yield than 7a
(Scheme 1), we investigated the Diels–Alder reaction of
various borylbenzynes 1, generated from 6, and the
2-substituted furans 2 (Table 1). The Diels–Alder reaction
of 2b, which has a methyl group as a small substituent in the
2-position, gave a significantly high regioselectivity (4 b/4b’=

Scheme 1. Generation of borylbenzyne 1 and its Diels–Alder reaction with n-butylfuran (2a).

[*] Dr. T. Ikawa, A. Takagi, Y. Kurita, K. Saito, K. Azechi, Dr. M. Egi,
Prof. Dr. S. Akai
School of Pharmaceutical Sciences, University of Shizuoka
52-1, Yada, Suruga-ku, Shizuoka, Shizuoka 422-8526 (Japan)
Fax: (+ 81)54-264-5672
E-mail: akai@u-shizuoka-ken.ac.jp

Dr. K. Kakiguchi, Prof. Dr. Y. Kita[+]

Graduate School of Pharmaceutical Sciences
Osaka University, Osaka 565-0871 (Japan)

[+] Current Address: School of Pharmaceutical Sciences
Ritsumeikan University, Shiga, 525-8577 (Japan)

[**] This work was supported by KAKENHI (No. 19890182) and a Grant-
in-Aid for the Global COE Program from MEXT. T.I. is also grateful
for receiving the Daicel Chemical Industry Award in Synthetic
Organic Chemistry (Japan). Prof. Dr. Philip Hawke is acknowledged
for assistance in preparation of this manuscript.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201002191.

Angewandte
Chemie

5695Angew. Chem. 2010, 122, 5695 –5698 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201002191


88:12; Table 1, entry 1).[7b] The larger alkyl groups of 2
increased both the selectivity and the yield (Table 1, entries 2
and 3). The steric effect of the substituents, though, was less
than that of the corresponding silylbenzynes in similar Diels–
Alder reactions.[9] The reactions of 2-trimethylsilylfuran (2d)
(Table 1, entry 4) and 2-tributylstannylfuran (2e) (entry 5)
exclusively gave the anti adducts (4e and 4 f). Substituents
such as an ester (Table 1, entries 6 and 12), acyl (entry 7),
nitrile (entry 8), and bromo (entry 11) were compatible under
the reaction conditions. To our surprise, the reaction of furans
that have both electron-donating (Table 1, entries 4, 5, and
10) and electron-withdrawing (entries 6–9) groups at the
2 position resulted in similar anti selectivities. The halogen
and ester group substituents (R1) at the 5 position of the
benzyne led to a decrease of the anti selectivities (Table 1,
entries 11 and 12).

3-Methylfuran (2k) reacted with 1b to produce the Diels–
Alder adducts (8 and 8’) in a 87:13 ratio. The major product 8
had the methyl group derived from 2k located close to the
boryl group (Scheme 2), whereas the use of 3-silylbenzyne
resulted in a reverse selectivity.[13] This high level of regiose-

lectivity is outstanding among the existing Diels–Alder
reactions of substituted benzynes and 3-substituted furans.[7c]

These results clearly demonstrate that the effect of the
boryl group on the regioselectivity of the Diels–Alder
reaction is different from that of the silyl group; the former
effect seems to be more electronically dominated and the
latter is presumably caused by sterical factors. We hypothesize
that some type of coordination of an isopropyl anion or a
chloride ion to the Lewis acidic boron atom exhibits a
stronger electron-donating inductive effect on the triple bond
of the borylbenzynes 1 than that of the silyl group of the
silylbenzynes. Therefore, the significantly polarized C1 (d�)
and C2 (d + ) atoms of 1 clearly distinguish even subtle
electronic differences between the C2 and C5 atoms of
slightly polarized furans such as 3-methylfuran (2k).

The cycloadditions of the benzynes 1 with pyrroles 3 are
valuable for the synthesis of biologically active compounds.[14]

The reaction of N-protected pyrroles 3 successfully produced
cycloadducts 5 as the major products with high regioselectiv-
ities (Table 2). Particularly, the N-tert-butoxycarbonyl group

of 3 was found to play an important role in determining the
regioselectivity of the Diels–Alder reaction (compare
entries 1 and 2 and entries 6 and 7 in Table 2), and the
selectivities were higher than those of the furans 2 that have
the same or similar substituents (entries 2, 4, 5, and 7). These
results represent the first examples of highly regioselective
Diels–Alder reactions between substituted benzynes and

pyrroles 3.
The boryl group of 4c was

successfully transformed into a
nitrogen group (Scheme 3, condi-
tions a) and into a hydroxyl group
(conditions b) while leaving the
1,4-epoxy-1,4-dihydronaphthalene
frame intact. After the acid-cata-
lyzed isomerization of 4c and 5b
into the corresponding 1-naphthol

Table 1: Regioselective Diels–Alder reaction between borylbenzynes 1
(generated from 6) and 2-substituted furans 2.[a]

Entry R1 6, 1 R2 2 4 4/4’[b] Yield
[%][c]

1 Me 6b, 1b Me 2b 4b 88:12 85
2 Me 6b, 1b nBu 2a 4c 92:8 93
3 Me 6b, 1b tBu 2c 4d 94:6 >99
4 Me 6b, 1b SiMe3 2d 4e >98:2 91
5 Me 6b, 1b SnBu3 2e 4 f >98:2 79
6 Me 6b, 1b CO2Me 2 f 4g 93:7 57
7 Me 6b, 1b COMe 2g 4h 87:13 51
8 Me 6b, 1b CN 2h[d] 4 i >98:2 46
9 Me 6b, 1b Ph 2 i 4 j >98:2 40[e]

10 Me 6b, 1b OMe 2 j 4k >98:2 68[e]

11 Br 6c, 1c nBu 2a 4 l 84:16 64
12[f ] CO2Me 6d, 1d nBu 2a[g] 4m 83:17 68

[a] Conditions: 6 (1.0 equiv), 2 (3.0 equiv), iPrMgCl·LiCl (1.2 equiv) in
Et2O (0.10m) at �78 8C for 30 min. [b] Determined from the 500 MHz
1H NMR spectrum. [c] Total yield of isolated 4 and 4’. [d] With 10 equiv of
2h. [e] Isolated as an 8-boryl-1-naphthyl acetate (4 j, 4 k) after acetylation
of the crude reaction products. [f ] iPrMgBr (2.1 equiv) was applied
instead of iPrMgCl·LiCl. [g] With 10 equiv of 2a at 0 8C.

Scheme 2. Regioselective Diels–Alder reaction between borylbenzyne 1b (generated from 6b) and
3-methylfuran (2k).

Table 2: Regioselective Diels–Alder reaction between borylbenzyne 1
(generated from 6) and pyrroles 3.[a]

Entry R1 6, 1 R2 R3 R4 3 5 5/5’[b] Yield
[%][c]

1 Me 6b, 1b Et H Ts 3a 5a 87:13 63
2 Me 6b, 1b Et H Boc 3b 5b >98:2 70
3 Me 6b, 1b Br H Boc 3c 5c >98:2 58
4 Br 6c, 1c Et H Boc 3b 5d 95:5 72
5 CO2Me 6d, 1d Et H Boc 3b 5e 88:12 61
6 Me 6b, 1b H Me Ts 3d 5 f 86:14 87
7 Me 6b, 1b H Me Boc 3e 5g 92:8 95
8 Me 6b, 1b (CH2)2Ph Me Boc 3 f 5h >98:2 81

[a] Conditions: 6 (1.0 equiv), 3 (3.0 equiv), iPrMgCl·LiCl (1.2 equiv) in
Et2O (0.10m) at �78 8C for 30 min. [b] Determined from the 500 MHz
1H NMR spectrum. [c] Total yield of isolated 5 and 5’.
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and 1-naphthylamine derivatives, Suzuki coupling with phe-
nyliodide gave the biaryl compounds 10a and 10b in excellent
yields in two steps. Because the boryl group is easily
eliminated by protodeboronation, it can additionally serve
as a regioselectivity-directing auxiliary.[15] Thus, a series of
reactions, namely the regioselective Diels–Alder reaction of
the borylbenzynes 1 and the transformation of the boryl
group of the adducts, has provided a reliable method for the
synthesis of multisubstituted fused aromatic compounds.

In conclusion, we have succeeded in producing the
3-borylbenzynes 1 and have subsequently used them in
regioselective cycloadditions with substituted furans 2 or
pyrroles 3 to provide highly functionalized arylboronic acid
derivatives. Efforts to apply the borylbenzynes 1 to other
regioselective reactions are currently underway.

Experimental Section
General Procedure for the generation of borylbenzyne 1 followed by
the Diels–Alder reaction with furans 2 or pyrroles 3. (Scheme 1,
Scheme 2, and Table 1, Table 2): An oven-dried pear-shaped flask was
charged with borylbenzyne precursor 6 (1.0 equiv) and capped with
an inlet adapter with a three-way stopcock and then evacuated and
back-filled with argon. Anhydrous Et2O (10mL per 1.0mmol of 6)
was added and the mixture was cooled to �78 8C. A furan (3.0 equiv)
was added, followed by the slow addition of a solution of iPrMgCl·-
LiCl in THF (1.3m, 1.2 equiv) over 5 min. The reaction mixture was
stirred at �78 8C for 30 min, and subsequently quenched with a
saturated aqueous NH4Cl solution. The reaction mixture was
extracted with EtOAc, and the remaining aqueous layer was
extracted twice with EtOAc. The combined organic layers were
washed with a saturated aqueous NaCl solution, dried over anhydrous
Na2SO4, and the solvent was removed under reduced pressure. The
crude product was purified by flash column chromatography.
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