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ABSTRACT: Palladium-catalyzed double-Suzuki—Miyaura
couplings between cyclic dibenziodoniums and arylboronic
acids have been developed. As such, a wide range of o-
tetraaryls were synthesized in good to excellent yields of 22—
94%. Furthermore, tetraphenylene was prepared in 21%
isolated yield with 2,2’-biphenyldiboronic acid by using this
method.

B INTRODUCTION

o-Tetraaryls are advantageous building blocks for the
construction of specific polyaromatic hydrocarbons (PAHs),"
which were now well-established as functional materials (A and
B, Figure 1)” or catalyst ligands (C, Figure 1).” Furthermore, o-
oligoaryls were identified to adopt a helical conformation,
leading to applications as three-dimensional scaffolds in the
study of steric interactions along the rigid backbone.* With
regard to the preparation of o-oligoaryls, mono-Suzuki—
Miyaura couplings between the b1pheny1 derivatives are well
recorded (monocoupling, Figure 1).” However, the availability
of starting materials is very limited. On the other hand, the
double-coupling reaction is very versatile and thus therefore
generally employed in the synthesis of polyaromatic com-
pounds.® In this context, double Suzuki—Miyaura couplings
between dihaloaryls and two molecules of arylboric acids, or
diboron compounds with two molecules of aryl halogens, have
been reported.” Surprisingly, dihalobiphenyls as Suzuki—
Miyaura coupling parters have been rarely studied. Lopez-
Romero employed p-dibromobiphenyl derivatives in coupling
reactlons, but monocoupling products were preferentially
obtained.® Very recently, Li and Wang reported a double-
cross-coupling reaction of 2,2’-dibromobiphenyls with 1,1-
diboronates where 9H-fluorenes were synthesized in excellent
yields.”

Five-membered cyclic iodonium salts belong to a class of
hypervalent iodoniums and are particularly interesting because
of thelr stability and numerous applications in biological
studies."” For example, diphenyleneiodonium chloride (DPI)
has been found to be a specific inhibitor for the activity of
flavoenzymes, whereas cyclic dibenziodonium salts, environ-
mentally benign reactants in organic synthesis, have been long
ignored until recent reports described the actlvatlon of C-I
bonds in multicomponent cascade reactions.'’ In connection
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with our continued interest in exploring the react1v1ty of
hypervalent iodine reagents for multiarylations,'” herein we
report palladium-catalyzed double-Suzuki—Miyaura coupling
reaction by using dibenziodoniums for the synthesis of o-
tetraaryls (double couplings, Figure 1).

B RESULTS AND DISCUSSION

Our investigation began with an examination of the coupling of
cyclic iodonium salt 1a with phenyl boronic acid 2a in the
presence of palladium catalysts, various inorganic bases and a
mixture of acetone/water as a solvent. Pd(dba), was found to
be the suitable catalyst, and K;PO, was the optimal base to
furnish the desired product 3aa in 65% yield after 12 h (entries
1—6, Table 1). Afterward, various solvents were screened in the
reaction, and the use of dichloromethane generated the product
in 67% yield at room temperature. Fortuitously, we found that
variations in the amount of K;PO, markedly influenced the
yield of 3aa, and an increased loading of K;PO, (5 equiv) led to
an excellent yield of 84% of 3aa. To our delight, the reaction
proceeded efficiently at a lower catalytic loading of 1 mol % of
Pd(dba), and afforded 3aa in 92% yield (entry 1S, Table 1).
Notably, under the optimized reaction conditions, 2,2’
diiodobiphenyl was employed for replacement of iodonium
1a, o-tetraphenyl 3aa was obtained in a moderate yield of 32%,
and a large amount of diphenyls was isolated. The formation of
diphenyls was ascribed to both deiodination of 2,2'-
diiodobiphenyls and homocoupling of phenyl boronic acids
(entry 16, Table 1).

With the optimal conditions established, we subsequently
examined the substrate scope of aryl boronic acids to test the
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Figure 1. Selective examples of o-tetraaryl derivatives and two of the possible disconnections for o-tetraphenyls.

Table 1. Screening of Reaction Conditions for Double-
Suzuki—Miyaura Reaction”

. QB(OH) Catalyst, Base O O
|

Solvent
- OTf Q
1a 2a 3aa
entry catalyst base equiv solvent % yield”
¥ Pd(OAc), K,PO, 30  acetone/H,0 43
2 Pd(BINAP),Cl,  K,PO, 30  acetone/H,0 34
ki Pd(dba), K;PO, 3.0 acetone/H,0 49
4 Pd(dba), K;PO, 3.0 acetone/H,0 65
S Pd(dba), KOH 3.0 acetone/H,0 33
6 Pd(dba), KF 3.0 acetone/H,0 11
7 Pd(dba), KO, 30  THF 43
8 Pd(dba), K;PO, 3.0 toluene 64
9 Pd(dba), K;PO, 3.0 PrOH 49
10 Pd(dba), KPO, 30 H,0 36
11 Pd(dba), KO, 30 DCM 67
12 Pd(dba), K,PO, 30 DCE 65
13 Pd(dba), KO, 40 DCM 78
14 Pd(dba), KO, S0 DCM 84
15 Pd(dba), K,PO, 50 DCM 92
16/ Pd(dba), K;PO, 50 DCM 32

“Unless otherwise specified, reaction conditions: 1a (0.2 mmol), 2a
(0.44 mmol), catalyst (10 mol %), base, and 4.4 mL of solvent room
temperature, 12 h. PReaction time is 5 h. “Isolated yield. Catalyst
loading was 1 mol %. 2,2’ Diiodobiphenyl was used in place of 1a.

feasibility of preparing a variety of o-tetraaryls. The results are
summarized in Table 2. Generally, aryl boronic acids bearing
various substituents of halogen, methoxy, phenyl, cyano, nitro,
trifluoromethyl, or methyl groups, regardless of their electronic
nature, are well tolerated in the reactions. 4-Methoxyphenyl-
boronic acid (2n) gave 3an in the highest yield of 94%,
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suggesting electron-donating substituents in favor of the
reaction efficiency (3an vs 3ad, 3ae; Table 2). 3-Nitro-
phenylboronic acid gave a very low yield of 22% (3am).
Furthermore, the substituents on the ortho-, meta-, or para-
positions of the phenyl ring of boronic acids were employed.
The results suggested that the steric effects on the reaction
yields are dependent on the substituent employed. For
example, 4-chlorophenylboronic acid (2i) gave the desired
product more efficiently than 2-chlorophenylboronic acid (3ai
vs 3ag); however, 2-methylphenylboronic acid (2k) afforded a
higher yield than 4-methylphenylboronic acid (2j). 2-
Methoxybenzeneboronic acid (20) afforded 3ao in a moderate
yield of 43%. Disubstituted phenyl boronic acid (2f) furnished
3af in 84% yield. 2-Naphthaleneboronic acid and 4-
biphenylboronic acid worked well in this double-coupling
reaction; the desired product 3ap was obtained in 92% yield,
and 3aq was obtained in 80% yield, respectively. Fortunately,
heterocyclic boronic acids such as 2-furanylboronic acid and 3-
thienylboronic acid can transfer the heterocycles into the
desired tetraaryls, albeit in a moderate yields of 27% and 45%,
respectively (3ar and 3as, Table 2). However, 4-pyridylboronic
acid resulted in no product at all.

Next, we turned our attention to the scope of cyclic
dibenziodonium as coupling partners. As demonstrated in
Table 3, a variety of unsymmetrical cyclic diphenyleneiodo-
niums were empolyed to assess the effect of substitution on the
reactivity. In general, the iodonium salts with various
substitutions generated the structural diversity of o-tetraaryls
(3ba—ja), which demonstrated the generality of this double-
cross-coupling reaction. Surprisingly, when iodonium salts 1h,
li, and 1j were employed in the reaction, 20 mol % of
palladium catalyst was necessary for an efficient conversion
(73% yield of 3ha, 63% yield of 3ia, 61% yield of 3ja), and the
standard catalyst loading of 1 mol % of Pd(dba), gave less than
10% yield of desired products after a long reaction time of 24 h.

To explore the reaction scope for potential utility, we wished
to produce tetraphenylene derivatives, which have been well
studied by Wong."> We then chose product 3aj for a further
intramolecular dehydrogenative coupling reaction (Scholl
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Table 2. Scope of Diverse Aryl Boronic Acids in Suzuki
Reactions™

R
A
W/
Pd(dba); (1 mol %)
K3POy4 (5 equiv.)
o, e (O
I R\= DCM, R.T.
- OTf 12h
7 N\
R=
1a 2 3
Br, R F3C NC
Br F CF3 CN
3ab, 88% 3ac, 59% 3ad, 62% 3ae, 66%
Cl cl
) Qe QO
L o) - &
cl Cl
3af, 84% 3ag, 65% 3ah, 89% 3ai, 91%
; é N02
O,N
3aj, 83% 3ak, 91% 3al, 76% 3am, 22%
MeQ O O
O Qe U
O w0 @ © .
OMe
3an, 94% 3a0, 43% 3ap, 92% 3aq, 80%
S N=
\ W
/\ 7 N\
S =N
3ar, 27% 3as,45% 3at, 0%

“Unless otherwise specified, reaction conditions: la (0.2 mmol), 2
(0.44 mmol), Pd(dba), (1 mol %), K;PO, (1.0 mmol) in 4.4 mL of
DCM; room temperature, 12 h. “Isolated yield.

reaction) to test the possibility of preparation of tetraphenylene
of 5 ((1) Scheme 1). Unfortunately, the Scholl reaction gave
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the coupling product of 4 but not § according to the 'H NMR
spectra (see the Supporting Information).”® Inspired by our
recent report on palladium-catalyzed double-Suzuki reaction
toward tetraphenylenes,'* we chose 1a and 2,2’-biphenyldibor-
onic acid 6 in the direct double-Suzuki—Miyaura reaction. As
expected, tetraphenylene 7 was obtained in 21% yield under the
standard conditions ((2) Scheme 1). Obviously, this method
provides an alternative to prepare specific tetraphenylene
derivatives.

Bl CONCLUSION

In summary, we have developed a method for double-Suzuki—
Miyaura coupling reaction between cyclic dibenziodonium salts
and arylboronic acids in the presence of palladium catalyst. As
such, a wide range of o-tetraaryls were synthesized in good to
excellent yields of 22—94%. It is anticipated that some useful
molecules of PAHs could be produced by this method in the
future.

B EXPERIMENTAL SECTION

General Methods. The cyclic dibenziodoniums were prepared
according to the literature.'”"'® Unless otherwise stated, all reactions
were performed under an atmosphere of air. Commercially available
reagents were used without further purification. 'H and *C NMR
spectra were recorded on a 400 MHz spectrometer. 'H and *C NMR
spectra were referenced internally to residual protio-solvent (‘H) or
solvent (**C) resonances and are reported relative to tetramethylsilane.
Chemical shifts are reported in ppm from tetramethylsilane. Data are
reported as follows: brs = broad singlet, s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet; coupling constants in hertz. LRMS
and HRMS were measured in EI mode, and high-resolution mass
spectra (HRMS) were measured in a TOF mass spectrometer.
Column chromatography was performed on silica gel (300—400
mesh). Melting points were determined in open capillaries and are
uncorrected.

General Procedure for the Synthesis of 3aa—at. Aryl boronic
acid 2 (0.44 mmol, 2.2 equiv) and Pd(dba), (1.15 mg, 0.002 mmol, 1
mol %) were added to a reaction tube. Then 2 mL of DCM was added
using a syringe. The reaction mixture was stirred for 15 min, and then
cyclic dibenziodonium la (85.6 mg, 0.2 mmol, 1.0 equiv) and
anhydrous K;PO, (212.3 mg, 1.0 mmol, 5.0 equiv) in 2.4 mL of DCM
were added. The reaction was stirred at room temperature for 12 h.
After the solvent was removed in vacuo, the residue was purified by
silica gel using eluents (hexane) to afford the desired products except
for 3ae, 3am, 3an, and 3ao (using a mixture eluents of hexane/ethyl
acetate).

2,2"-Bis(phenyl)biphenyl (3aa).”® The crude product was purified
by flash chromatography (hexane) to obtain 3aa (white solid, 56.3 mg,
929% yield). Mp: 117—122 °C. 'H NMR (400 MHz, CDCL,): 5 7.48—
741 (m, 2H), 7.41-7.30 (m, 4H), 7.24—7.16 (m, 2H), 7.10 (t, ] = 6.8
Hz, 2H), 7.02 (t, ] = 7.2 Hz, 4H), 6.64 (d, ] = 6.8 Hz, 4H). *C NMR
(100 MHz, CDCL,): 5 141.0, 140.9, 140.0, 131.7, 129.9, 129.3, 127.46,
12742, 127.1, 125.9. MS (EI): m/z 306 (M, 100).

2,2'-Bis(4-bromophenyl)bipheny! (3ab).’® The crude product was
purified by flash chromatography (hexane) to obtain 3ab (white solid,
81.7 mg, 88% yield). Mp: 182—184 °C. "H NMR (400 MHz, CDCL,):
5 747-7.31 (m, 6H), 7.15-7.06 (m, 6H), 6.44—6.37 (m, 4H). °C
NMR (100 MHz, CDCL,): § 139.7, 139.6, 139.5, 131.7, 130.7, 130.6,
129.7,127.9, 127.7, 120.4. MS (EI): m/z 464 (M*, 100), 304 (81), 152
(67), 228 (31).

2,2'-Bis(4-fluorophenyl)biphenyl (3ac). The crude product was
purified by flash chromatography (hexane) to obtain 3ac (white solid,
42.4 mg, 59% yield). Mp: 164—167 °C. '"H NMR (400 MHz, CDCL,):
5 747—7.42 (m, 2H), 7.39 (td, ] = 7.2, 1.2 Hz, 2H), 7.34 (td, ] = 7.6,
1.6 Hz, 2H), 7.11 (dd, J = 7.6, 1.2 Hz, 2H), 6.69 (t, ] = 8.8 Hz, 4H),
6.55—6.48 (m, 4H). C NMR (100 MHz, CDCl,): § 161.5 (d, J =
244.0 Hz), 139.8, 136.8 (d, ] = 3.1 Hz), 131.6, 130.57 (d, J = 8.0 Hz),
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Table 3. Scope of the Cyclic Dibenziodoniums in Suzuki Reactions™®
d(dba); (1 or 20 mol %)

K3POy4 (5 equiv.) - -
/ QB(OH) Lea o) ¢ )
Rm DCM, R.T. RS 7 N\ VR,

12h

O

1 2a 3
o Yo Yo s ol e o
¢ 9 L o

e O Bf O
3ba, 84% 3ca, 70% 3da,86% 3ea, 88% 3fa, 87% 3ga, 39%
Cl
3hab, 73% 3iab. 63% 3jab, 61%

“Unless otherwise sgeciﬁed reaction conditions: 1 (0.2 mmol), 2a (0.44 mmol), Pd(dba), (1 mol %), K;PO, (1.0 mmol) in 4.4 mL of DCM; room
temperature, 12 h. “Pd(dba), (20 mol %). “Isolated yield.

Scheme 1. Double Coupling Reactions toward = 8.0 Hz, 3H), 7.56—7.51 (m, 4H), 7.49—7.40 (m, 3H), 7.22 (d, ] =
Tetraphenylenes (DDQ = 2,3-Dichloro-5,6-dicyano-1,4- 7.6 Hz, 1H), 6.73 (d, ] = 84 Hz, 2H). *C NMR (100 MHz,
benzoquinone) CD,COCD,): § 146.6, 140.6, 1403, 135.9, 133.1, 132.7, 1322, 1311,

131.0, 130.0, 129.6, 119.8, 119.7, 114.8, 111.2. HRMS (EI) for
Cy¢H N,: caled [M]* 356.1313, found 356.1309.
2,2'-Bis(2,4-dimethylphenyl)biphenyl (3af). The crude product

M DDQTfZOH was purified by flash chromatography (hexane) to obtain 3af (white
equiv.) > - e
) a solid, 609 mg, 84% yield). Mp: 112—115 °C. 'H NMR (400 MHz,
DCM, 0°C

CDCly): § 7.58=7.15 (m, 6H), 7.10—6.50 (m, 8H), 2.37—2.18 (m,
6H), 1.67 (s, 3H), 1.33 (s, 3H). 3C NMR (100 MHz, CDCL,): §
141.1, 139.7, 137.5, 135.8, 131.9, 131.1, 130.8, 126.4, 126.3, 125.2,

o " o0

3aj 4 5 21.0, 20.2, 19.5. HRMS (EI) for CygH,g caled [M]* 362.2035, found

55% 362.2029.
2,2'-Bis(2-chlorophenyl)bipheny! (3ag).”” The crude product was
Pd(dba), (10 mol % purified by flash chromatography (hexane) to obtain 3ag (white solid,
“ K3P°" o) 48.8 mg, 65% yield). Mp: 136—139 °C. 'H NMR (400 MHz, CDCL):
o8 DOM RT. 5 7.62—7.27 (m, 6H), 7.25—6.72 (m, 10H). *C NMR (100 MHz,

CDCly): § 140.2, 137.9, 133.8, 132.1, 131.4, 130.8, 129.6, 128.2, 127.3,
1a 6 , 126.6, 126.1; MS (EI): m/z 303 (100), 151 (66), 374 (M*, 33), 339
2 (32), 226 (14).

2,2'-Bis(3-chlorophenyl)biphenyl (3ah). The crude product was
purified by flash chromatography (hexane) to obtain 3ah (white solid,
66.8 mg, 89% yield). Mp: 97—100 °C. "H NMR (400 MHz, CDCL,): 6
7.51=7.47 (m, 2H), 743 (td, ] = 7.2, 0.8 Hz, 2H), 7.37 (td, J = 7.2, 1.2
Hz, 2H), 7.13 (d, ] = 7.6 Hz, 2H), 7.08 (d, ] = 8.0 Hz, 2H), 6.91 (t, ] =
8.0 Hz, 2H), 6.47 (s, 2H), 6.42 (d, ] = 8.0 Hz, 2H). *C NMR (100

129.8, 127.7, 127.4, 114.3 (d, J = 21.0 Hz). HRMS (EI) for C,,H,F,
caled [M]* 342.1220, found 342.1218.
2,2'-Bis(4-trifluoromethylphenyl)biphenyl (3ad). The crude prod-
uct was purified by flash chromatography (hexane) to obtain 3ad
(white solid, 54.9 mg, 62% yield). Mp: 149—153 °C. 'H NMR (400
MHz, CDCL,): § 7.56—7.51 (m, 2H), 7.48 (td, ] = 7.6, 0.8 Hz, 2H),

7.40 (td, J = 7.2, 1.2 Hz, 2H), 7.21 (d, ] = 8.0 Hz, 4H), 7.17—7.12 (m, MHz, CDCL): § 142.4, 139.6, 139.4, 133.5, 131.6, 131.5, 129.6, 129.1,
2H), 6.58 (d, ] = 8.0 Hz, 4H). '*C NMR (100 MHz, CDCl,): § 144.2, 128.5, 127.9, 127.3, 126.1. HRMS (EI) for C,;H;(Cl, caled [M]*

139.5, 139.2, 131.9, 129.8, 129.2, 128.3, 128.1, 128.0, 124.4 (q, ] = 4.0 374.0629, found 374.0621.
Hz), 1242 (q, J = 271.0 Hz). HRMS (EI) for C,H,F¢: caled [M]* 2,2'-Bis(4-chlorophenyl)biphenyl (3ai). The crude product was
442.1156, found 442.1162. purified by flash chromatography (hexane) to obtain 3ai (white solid,
2,2'-Bis(4-cyanophenyl)biphenyl (3ae). The crude product was 68.3 mg, 91% yield). Mp: 161—164 °C. '"H NMR (400 MHz, CDCL,):
purified by flash chromatography (hexane/ethyl acetate = 20:1) to 57.48-7.43 (m, 2H), 7.41 (t, ] = 7.6 Hz, 2H), 7.35 (t, ] = 7.2 Hz, 2H),
obtain 3ae (white solid, 47.0 mg, 66% yield). Mp: 304—308 °C. 'H 7.12 (d, ] = 7.2 Hz, 2H), 6.97 (d, ] = 8.4 Hz, 4H), 6.49 (d, ] = 8.4 Hz,
NMR (400 MHz, CD;COCD;): 5 8.01 (d, J = 8.0 Hz, 3H), 7.73 (d, ] 4H). BC NMR (100 MHz, CDCL,): § 139.6, 139.2, 1322, 131.6,
1320 DOI: 10.1021/acs.joc.5b02255
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130.4, 129.7, 127.8, 127.7, 127.6. HRMS (EI) for C,,H,(Cl,: calcd
[M]* 374.0629, found 374.0634.

2,2'-Bis(4-methylphenyl)biphenyl (3aj). The crude product was
purified by flash chromatography (hexane) to obtain 3aj (white solid,
55.5 mg, 83% yield). Mp: 133—135 °C. 'H NMR (400 MHz, CDCL,):
§ 7.35—7.26 (m, 6H), 7.20—7.14 (m, 2H), 6.82 (d, ] = 8.0 Hz, 4H),
6.56 (d, J = 8.0 Hz, 4H), 2.26 (s, 6H). *C NMR (100 MHz, CDCl,):
5 140.9, 140.0, 138.1, 135.5, 131.6, 129.9, 129.1, 128.1, 127.3, 126.7,
21.0. HRMS (EI) for C,4H,,: caled [M]* 334.1722, found 334.1721.

2,2'-Bis(2-methylphenyl)biphenyl (3ak).”® The crude product was
purified by flash chromatography (hexane) to obtain 3ak (white solid,
60.9 mg, 91% yield). Mp: 115—119 °C. '"H NMR (400 MHz, CDCL,):
§ 7.55—7.20 (m, 7H), 7.15—-6.90 (m, 6H), 6.85 (t, J = 7.2 Hz, 2H),
6.76—6.65 (m, 1H), 1.67 (s, 3H), 1.37 (s, 3H). *C NMR (100 MHz,
CDCly): 6 140.9, 139.8, 136.5, 132.1, 131.9, 131.5, 130.7, 130.4, 126.6,
126.4, 126.3, 124.5, 20.3, 19.7; MS (EI): m/z 334 (M*, 100), 319 (30),
229 (13), 151 (13).

2,2'-Bis(3-methylphenyl)biphenyl (3al).”® The crude product was
purified by flash chromatography (hexane) to obtain 3al (white solid,
50.8 mg, 76% yield). Mp: 77—79 °C. '"H NMR (400 MHz, CDCL,): &
7.46—741 (m, 2H), 7.40—7.27 (m, 4H), 7.15 (dd, ] = 7.6, 1.2 Hz,
2H), 6.91-6.82 (m, 4H), 6.41 (d, ] = 6.8 Hz, 2H), 6.35 (s, 2H), 2.13
(s, 6H). *C NMR (100 MHz, CDCL,): § 142.4, 141.0, 140.7, 140.1,
1369, 131.5, 130.0, 129.7, 127.3, 126.9, 126.5, 126.4, 21.4. MS (EI):
m/z 334 (M*, 100), 319 (22), 228 (19), 151 (16).

2,2'-Bis(3-nitrophenyl)biphenyl (3am). The crude product was
purified by flash chromatography (hexane/ethyl acetate = 15:1) to
obtain 3am (white solid, 17.4 mg, 22% yield). Mp: 194—197 °C. 'H
NMR (400 MHz, CDCL): § 7.96 (ddd, J = 8.4, 2.0, 0.8 Hz, 2H),
7.62—7.57 (m, 2H), 7.54 (td, ] = 7.6, 1.2 Hz, 2H), 7.42 (td, ] = 7.6, 1.2
Hz, 2H), 7.28 (t, ] = 2.0 Hz, 2H), 7.16—7.08 (m, 4H), 6.82 (d, ] = 8.0
Hz, 2H). 3C NMR (100 MHz, CDCL,): § 147.7, 142.1, 139.1, 138.1,
134.9, 131.8, 129.7, 128.9, 128.6, 128.3, 123.9, 121.3. HRMS (EI) for
Cy,H ¢N,Oy: caled [M]* 396.1110, found 396.1112.

2,2'-Bis(4-methoxyphenyl)biphenyl (3an).”° The crude product
was purified by flash chromatography (hexane/ethyl acetate = 60:1) to
obtain 3an (white solid, 68.9 mg, 94% yield). Mp: 135—138 °C. 'H
NMR (400 MHz, CDCL,): § 7.39—7.35 (m, 2H), 7.34—7.28 (m, 4H),
7.17—7.12 (m, 2H), 6.56 (s, 8H), 3.75 (s, 6H). *C NMR (100 MHz,
CDCL): 6 157.9, 140.5, 140.0, 133.6, 131.6, 130.2, 129.8, 127.3, 126.7,
112.9, 55.2. MS (EI): m/z 366 (M*, 100).

2,2'-Bis(2-methoxyphenyl)biphenyl (3ao). The crude product was
purified by flash chromatography (hexane/ethyl acetate = 100:1) to
obtain 3ao (colorless oil, 31.5 mg, 43% yield). "H NMR (400 MHz,
CDCL,): 6 7.30—7.10 (m, 10H), 6.75—6.55 (m, 6H), 3.42 (s, 6H). *C
NMR (100 MHz, CDCl,): § 156.3, 141.5, 137.3, 132.0, 131.5, 130.9,
1304, 128.0, 126.5, 1264, 120.1, 110.3, 54.8. HRMS (EI) for
C,6H,,0, caled [M]* 366.1620, found 366.1623.

2,2'-Di(naphthalen-2-yl)-1,1'-biphenyl (3ap). The crude product
was purified by flash chromatography (hexane) to obtain 3ap (white
solid, 74.8 mg, 92% yield). Mp: 151—156 °C. '"H NMR (400 MHz,
CDClLy): 6 7.69 (d, ] = 8.4 Hz, 2H), 7.56 (d, ] = 7.6 Hz, 2H), 7.45—
7.23 (m, 10H), 7.16 (t, ] = 7.6 Hz, 4H), 6.73 (s, 2H), 6.63 (d, ] = 8.4
Hz, 2H). *C NMR (100 MHz, CDCl,): § 141.0, 140.1, 138.5, 133.1,
131.7, 131.6, 130.1, 128.1, 128.0, 127.7, 127.4, 127.3, 127.2, 126.3,
125.5, 125.4. HRMS (EI) for C;,H,,: caled [M]* 406.1722, found
406.1726.

4,4"-Diphenyl-o-quaterphenyl (3aq).”’ The crude product was
purified by flash chromatography (hexane) to obtain 3aq (white solid,
73.4 mg, 80% yield). Mp: 191—193 °C. '"H NMR (400 MHz, CDCl,):
5757 (d, ] = 7.2 Hz, 4H), 7.50 (dd, ] = 7.6, 1.2 Hz, 2H), 7.48—7.30
(m, 10H), 7.28-7.18 (m, 6H), 6.67 (d, ] = 8.4 Hz, 4H). '*C NMR
(100 MHz, CDCl,): § 140.9, 140.5, 140.0, 139.9, 138.6, 131.7, 129.8,
129.5, 128.7, 127.6, 127.3, 127.1, 126.9, 126.1. MS (EI): m/z 458 (M,
100).

2,2'-Di(furan-2-yl)-1,1'-biphenyl (3ar). The crude product was
purified by flash chromatography (hexane) to obtain 3ar (white solid,
15.5 mg, 27% yield). Mp: 148—153 °C. "H NMR (400 MHz, CDCL,):
5792 (d, ] = 8.0 Hz, 2H), 7.48—7.42 (m, 2H), 7.34—7.26 (m, 4H),
7.18 (d, ] = 7.6 Hz, 2H), 6.12 (q, ] = 1.6 Hz, 2H), 5.36 (d, ] = 3.6 Hz,
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2H). 3C NMR (100 MHz, CDCl;) §: 152.1, 141.3, 1382, 130.4,
129.6, 127.9, 127.4, 126.1, 111.4, 108.5. HRMS (EI) for C,oH,,0,:
caled [M]* 286.0994, found 286.0993.

2,2'-Di(thiophene-3-yl)-1,1"-biphenyl (3as). The crude product
was purified by flash chromatography (hexane) to obtain 3as (white
solid, 28.7 mg, 45% yield). Mp: 111—113 °C. '"H NMR (400 MHz,
CDCly): § 7.40—7.28 (m, 8H), 6.96 (dd, J = 5.2, 3.2 Hz, 2H), 6.51
(dd, J = 2.8, 1.2 Hz, 2H), 6.44 (dd, ] = 4.8, 1.2 Hz, 2H). *C NMR
(100 MHz, CDCL,): & 141.5, 140.0, 135.8, 131.1, 129.3, 128.2, 127.6,
127.1, 123.7, 122.3. HRMS (EI) for CyH,,S, caled [M]* 318.0537,
found 318.0541.

General Procedure for the Synthesis of 3ba—ja. Phenyl
boronic acid 2a (53.6 mg, 0.44 mmol, 2.2 equiv) and Pd(dba), (1.1S
mg, 0.002 mmol, 1 mol %) were added to a reaction tube. Then 2 mL
of DCM was added using a syringe. The reaction mixture was stirred
for 15 min, and then cyclic dibenziodonium 1 (0.2 mmol, 1.0 equiv)
and K;PO, (212.3 mg, 1.0 mmol, 5.0 equiv) in 2.4 mL of DCM were
added. The reaction was stirred at room temperature for 12 h. After
the solvent was removed in vacuo, the residue was purified by silica gel
using eluent (hexane) to afford the desired products except 3ea (using
a proper mixture of eluents of hexane/ethyl acetate).

3',5'-Dimethyl-1,1":2',1":2",1"-quaterphenyl (3ba). The crude
product was purified by flash chromatography (hexane) to obtain
3ba (white solid, 56.2 mg, 84% yield). Mp: 97—99 °C. 'H NMR (400
MHz, CDCly): § 7.29 (d, ] = 2.8 Hz, 3H), 7.23—7.17 (m, 1H), 7.14—
7.01 (m, SH), 6.98 (t, ] = 6.8 Hz, 2H), 6.85 (s, 1H), 6.67—6.58 (m,
4H), 2.34 (s, 3H), 2.17 (s, 3H). *C NMR (100 MHz, CDCL): §
141.59, 141.28, 141.14, 141.05, 138.2, 136.63, 136.57, 136.49, 132.3,
130.0, 129.8, 129.6, 128.9, 1284, 127.3, 1272, 127.0, 126.5, 126.1,
125.7,21.3, 21.1. HRMS (EI) for C,qH,,: caled [M]* 334.1722, found
334.1721.

4"-Chloro-1,1":2',1":2",1"-quaterphenyl (3ca). The crude product
was purified by flash chromatography (hexane) to obtain 3ca (white
solid, 47.7 mg, 70% yield). Mp: 115—119 °C. "H NMR (400 MHz,
CDCLy): § 7.39-7.29 (m, SH), 7.19-7.13 (m, 2H), 7.13—7.06 (m,
2H), 7.01 (q, J = 7.6 Hz, 4H), 6.62—6.55 (m, 4H). *C NMR (100
MHz, CDCl,): § 142.6, 141.0, 140.6, 139.6, 138.7, 138.5, 133.1, 132.9,
131.5, 130.0, 129.8, 129.1, 129.0, 127.7, 127.6, 127.1, 127.0, 1264,
126.1. HRMS (EI) for CyH;,Cl: caled [M]* 340.1019, found
340.1016.

4"-Bromo-1,1':2',1":2",1"-quaterphenyl (3da). The crude product
was purified by flash chromatography (hexane) to obtain 3da (white
solid, 66.3 mg, 86% yield). Mp: 109—113 °C. '"H NMR (400 MHz,
CDCly): 6 7.47 (dd, ] = 8.0, 2.0 Hz, 1H), 7.38—7.30 (m, 4H), 7.28 (d,
J = 8.4 Hz, 1H), 7.20=7.13 (m, 1H), 7.13—7.06 (m, 2H), 7.06—6.96
(m, 4H), 6.59 (td, ] = 8.4, 0.8 Hz, 4H). '*C NMR (100 MHz, CDCl,)
0: 142.9, 140.9, 140.6, 139.5, 139.0, 138.7, 133.1, 132.7, 131.5, 130.1,
130.0, 129.1, 129.0, 127.8, 127.58, 127.56, 127.2, 126.5, 126.1, 121.3.
HRMS (EI) for C,,H;,Br: caled [M]" 384.0514, found 384.0506.

4"-Methoxy-1,1':2',1":2",1"-quaterphenyl (3ea). The crude prod-
uct was purified by flash chromatography (hexane/ethyl acetate
=200:1) to obtain 3ea (white solid, $9.2 mg, 88% yield). Mp: 113—
119 °C. '"H NMR (400 MHz, CDCl;) &: 7.40—7.36 (m, 1H), 7.36—
727 (m, 3H), 7.18=7.13 (m, 1H), 7.12—7.05 (m, 2H), 7.01 (q, ] = 6.8
Hz, 4H), 6.91 (dd, ] = 8.4, 2.4 Hz, 1H), 6.73 (s, 1H), 6.66—6.60 (m,
4H), 3.83 (s, 3H). 3*C NMR (100 MHz, CDCl,) &: 158.8, 142.1,
141.1, 140.9, 139.6, 132.7, 132.6, 131.8, 129.9, 1292, 129.1, 127.4,
1272, 127.0, 126.0, 125.8, 115.2, 112.6, 55.3. HRMS (EI) for
C,sH,,0: caled [M]* 336.1514, found 336.1508.

4"-Phenyl-1,1":2',1":2",1"-quaterphenyl (3fa). The crude product
was purified by flash chromatography (hexane) to obtain 3fa (white
solid, 66.6 mg, 87% yield). Mp: 111—114 °C. '"H NMR (400 MHz,
CDCly): 6 7.70—7.64 (m, 2H), 7.62 (dd, J = 8.0, 2.0 Hz, 1H), 7.52—
7.41 (m, SH), 7.41=7.31 (m, 3H), 7.23—7.17 (m, 1H), 7.15—7.06 (m,
2H), 7.06—6.97 (m, 4H), 6.72—6.63 (m, 4H). *C NMR (100 MHz,
CDCL,): 8 141.4, 141.0, 140.9, 140.6, 140.1, 139.6, 139.1, 1322, 131.7,
130.0, 129.2, 128.8, 128.7, 127.5, 127.3, 127.1, 127.0, 126.0, 125.9,
125.6. HRMS (EI) for C3,H,,: calcd [M]* 382.1722, found 382.1718.

2-([1,1-Biphenyl]-2-yl)-1-phenylnaphthalene (3ga). The crude
product was purified by flash chromatography (hexane) to obtain 3ga
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(white solid, 27.8 mg, 39% yield). Mp: 122—127 °C. 'H NMR (400
MHz, CDCL,): 6 7.87 (d, ] = 8.0 Hz, 1H), 7.81 (d, ] = 8.4 Hz, 1H),
7.53 (d, ] = 8.8 Hz, 1H), 7.50—7.41 (m, 2H), 7.36—7.20 (m, SH),
7.20—7.14 (m, 2H), 7.13—6.99 (m, SH), 6.91 (dd, J = 8.0, 1.6 Hz,
2H), 6.47 (d, ] = 7.2 Hz, 1H). '*C NMR (100 MHz, CDCl,): § 141.1,
140.8, 140.1, 138.3, 137.9, 137.8, 132.7, 132.5, 132.1, 131.3, 1310,
129.9, 129.7, 129.5, 127.8, 127.6, 127.4, 127.22, 127.20, 127.0, 126.6,
126.4, 126.3, 126.2, 125.9, 125.5. HRMS (EI) for C,gH,,: caled [M]*
356.15685, found 356.1559.

4"-Methyl-1,1":2,1":2",1"-quaterphenyl (3ha). The crude prod-
uct was purified by flash chromatography (hexane) to obtain 3ha
(white solid, 46.7 mg, 73% yield). Mp: 103—107 °C. 'H NMR (400
MHz, CDCL): § 7.41-7.36 (m, 1H), 7.36—7.27 (m, 3H), 7.19—7.13
(m, 2H), 7.08 (q, J = 7.2 Hz, 2H), 7.04—6.95 (m, SH), 6.62 (t, ] = 7.2
Hz, 4H), 2.38 (s, 3H). 3C NMR (100 MHz, CDCl;): § 141.06,
141.01, 1408, 139.2, 137.05, 136.97, 131.8, 131.5, 130.7, 129.9,
129.20, 129.17, 127.8, 127.39, 127.35, 127.2, 127.0, 125.8, 21.1. HRMS
(EI) for CyH,q: caled [M]* 320.1565, found 320.1569.

4”,5'-Dichloro-1,1":2',1":2",1"-quaterphenyl (3ia). The crude
product was purified by flash chromatography (hexane) to obtain
3ia (white solid, 47.3 mg, 63% yield). Mp: 147—152 °C. 'H NMR
(400 MHz, CDCL,): 6 7.35—7.26 (m, 4H), 7.16 (d, J = 2.0 Hz, 2H),
7.12 (t, ] = 7.2 Hz, 2H), 7.03 (t, ] = 7.6 Hz, 4H), 6.60—6.53 (m, 4H).
3C NMR (100 MHz, CDCL): § 142.6, 139.4, 137.3, 133.5, 132.8,
130.0, 1289, 127.7, 127.2, 126.6. HRMS (EI) for C,H,Cl,: calcd
[M]* 374.0629, found 374.0634.

4”-(Trifluoromethyl)-1,1':2,1":2",1"-quaterphenyl (3ja). The
crude product was purified by flash chromatography (hexane) to
obtain 3ja (white solid, 45.7 mg, 61% yield). Mp: 107—112 °C. 'H
NMR (400 MHz, CDCL,): § 7.60—7.49 (m, 2H), 7.40 (s, 1H), 7.40—
7.33 (m, 3H), 7.19—-7.14 (m, 1H), 7.10 (q, ] = 7.2 Hz, 2H), 7.01 (td,
= 7.6, 3.6 Hz, 4H), 6.57 (t, ] = 8.0 Hz, 4H). *C NMR (100 MHz,
CDCL,): 8 143.9, 141.8, 141.1, 140.6, 139.7, 138.8, 132.2, 131.6, 130.3,
130.0, 129.3,129.2, 128.2, 127.81, 127.78, 127.4,127.0 (q, ] = 3.1 Hz),
126.8, 126.4, 124.4 (q, ] = 271.0 Hz), 123.8 (q, J = 3.5 Hz). HRMS
(EI) for C,sH;,F5: caled [M]* 374.1282, found 374.1276.

General Procedure for the Synthesis of 4. o-Tetraaryl 3aj (66.9
mg, 0.2 mmol, 1.0 equiv) and 20 mL of DCM (distilled) were added
to a Schlenk tube. Then 1 mL of CF;SO;H and DDQ (90.8 mg, 0.4
mmol, 2.0 equiv) were subsequently added using a syringe at ~0 °C.
The reaction was stirred at 0 °C for 3 h. After completion of the
reaction, it was quenched with a saturated aqueous solution of
NaHCO; (20 mL). The dichloromethane layer was separated, washed
with water and brine solution, dried over anhydrous Na,SO,, and
filtered. The solvent was removed in vacuo and the residue was purified
by silica gel using a proper eluent (hexane) to afford the desired
product 4 (white solid, 36.6 mg, 55% yield). Mp: 165—171 °C. 'H
NMR (400 MHz, CDCl,): 6 8.82 (s, 1H), 8.72—8.58 (m, 3H), 8.55
(d, ] = 8.0 Hz, 1H), 8.51 (s, 1H), 7.87 (d, ] = 8.4 Hz, 1H), 7.72 (d, ] =
8.0 Hz, 2H), 7.67—7.60 (m, 2H), 7.50 (d, ] = 8.4 Hz, 1H), 7.36 (d, ] =
7.6 Hz, 2H), 2.63 (s, 3H), 2,46 (s, 3H). *C NMR (100 MHz,
CDCL,): § 139.7, 138.4, 137.3, 136.9, 129.9, 129.82, 129.79, 129.6,
129.3, 128.79, 128.76, 127.7, 127.3, 127.1, 126.8, 126.1, 123.8, 123.29,
123.25, 123.1, 121.4, 21.9, 21.2. HRMS (EI) for CyH,o: caled [M]*
332.1565, found 332.1562.

General Procedure for the Synthesis of 7. 2,2"-Biphenyldi-
boronic acid 6 (26.6 mg, 0.11 mmol, 1.1 equiv), Pd(dba), (5.75 mg,
0.01 mmol, 10 mol %), cyclic dibenziodonium 1a (42.8 mg, 0.1 mmol,
1.0 equiv), and K;PO, (106.1 mg, 0.5 mmol, 5.0 equiv) in 4 mL of
DCM were added to a Schlenk tube under argon. The reaction was
stirred at room temperature for 12 h. After the solvent was removed in
vacuo, the residue was purified by silica gel using eluent (hexane) to
afford the desired products 7 (white solid, 6.4 mg, 21% yield). Mp:
233-237 °C. '"H NMR (400 MHz, CDCL,): § 7.31-7.26 (m, 8H),
7.20—7.12 (m, 8H). 3C NMR (100 MHz, CDCL,): § 141.5, 129.0,
127.2. MS (EI): m/z 304 (M", 100).

1322

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.5b02255.

'H, *C NMR spectra for all products (PDF)

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: jlanweihan@sioc.ac.cn.

*E-mail: zjliu@sit.edu.cn.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by grants from the National Nature
Science Foundation of China (NSFC Nos. 21472213 and
21202186) as well as by the Croucher Foundation (Hong
Kong) in the form of a CAS—Croucher Foundation Joint
Laboratory Grant and the Innovation Program of Shanghai
Municipal Education Commission (No. 14YZ144). This
research program was formed under the auspices of Professor
Henry N.C. Wong, whom we thank for helpful discussions and
generous support.

B REFERENCES

(1) Berresheim, A. J.; Miiller, M.; Miillen, K. Chem. Rev. 1999, 99,
1747—-1786.

(2) (a) He, J; Crase, J. L.; Wadumethrige, S. H.; Thakur, K; Dai, L.;
Zou, S.; Rathore, R; Hartley, C. S. J. Am. Chem. Soc. 2010, 132,
13848—13857. (b) Hartley, C. S. J. Org. Chem. 2011, 76, 9188—9191.
(c) Ando, S.; Ohta, E,; Kosaka, A.; Hashizume, D.; Koshino, H,;
Fukushima, T.; Aida, T. J. Am. Chem. Soc. 2012, 134, 11084—11087.
(d) Mathew, S. M; Engle, J. T.; Ziegler, C. J.,; Hartley, C. S. J. Am.
Chem. Soc. 2013, 135, 6714—6722. (e) Mathew, S.; Crandall, L. A;;
Ziegler, C. J; Hartley, C. S. J. Am. Chem. Soc. 2014, 136, 16666—
16675. (f) Lee, D. R.; Lee, C. W,; Lee, J. Y. J. Mater. Chem. C 2014, 2,
7256—7263. (g) He, J.; Mathew, S.; Kinney, Z. J.; Warrell, R. M,;
Molina, J. S.; Hartley, C. S. Chem. Commun. 2015, S1, 7245—7248.
(h) Guiglion, P.; Zwijnenburg, M. A. Phys. Chem. Chem. Phys. 2015,
17, 17854—17863.

(3) (a) Ipeij, E. G.; Beijer, F. H.; Arts, H. J.; Newton, C.; de Vries, J.
G.; Gruter, G. M. J. Org. Chem. 2002, 67, 169—176. (b) Morton, J. G.
M.,; Al-Shammari, H.; Sun, Y.; Zhu, J.; Stephan, D. W. Dalton Trans.
2014, 43, 13219—13231.

(4) Almutairi, A.; Tham, F. S.; Marsella, M. J. Tetrahedron 2004, 60,
7187-7190.

(5) (2) Lima, C. F. R. A. C; Rodrigues, A. S. M. C,; Silva, V. L. M,;
Silva, A. M. S.; Santos, L. M. N. B. F. ChemCatChem 2014, 6, 1291—
1302. (b) Toummini, D.; Ouazzani, F.; Taillefer, M. Org. Lett. 2013,
15, 4690—4693. (c) Mathew, S. M.; Hartley, C. S. Macromolecules
2011, 44, 8425—8432. (d) Nichols, P. J.; Papadopoulos, S.; Raston, C.
L. Chem. Commun. 2000, 1227—1228.

(6) (a) Salomone, A.; Petrera, M.; Coppi, D. L; Perna, F. M.; Florio,
S.; Capriati, V. Synlett 2011, 2011, 1761—1765. (b) Habashneh, A. Y.;
Dakhil, O. O.; Zein, A.; Georghiou, P. E. Synth. Commun. 2009, 39,
4221-4229. (c) Varello, S.; Handy, S. T. Synthesis 2009, 2009, 138—
142. (d) Beaumard, F.; Dauban, P.; Dodd, R. H. Org. Lett. 2009, 11,
1801—1804. (e) Sinclair, D. J.; Sherburn, M. S. J. Org. Chem. 2005, 70,
3730—3733. (f) Goldfinger, M. B.; Crawford, K. B.; Swager, T. M. .
Org. Chem. 1998, 63, 1676—1686. (g) Goldfinger, M. B.; Crawford, K.
B.; Swager, T. M. J. Am. Chem. Soc. 1997, 119, 4578—4593.

(7) For recent examples, see: (a) Petrosyan, A.; Ehlers, P.; Reimann,
S.; Ghochikyan, T. V.; Saghyan, A. S.; Spannenberg, A.; Lochbrunner,
S.; Langer, P. Tetrahedron 2015, 71, 6803—6812. (b) Piala, A.; Mayi,
D.; Handy, S. T. Tetrahedron 2011, 67, 4147—4154. For reviews, see:

DOI: 10.1021/acs.joc.5b02255
J. Org. Chem. 2016, 81, 1317—-1323


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.5b02255
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02255/suppl_file/jo5b02255_si_001.pdf
mailto:jianweihan@sioc.ac.cn
mailto:zjliu@sit.edu.cn
http://dx.doi.org/10.1021/acs.joc.5b02255

The Journal of Organic Chemistry

Featured Article

(c) Suzuki, A. J. Organomet. Chem. 1999, 576, 147—168. (d) Schréter,
S.; Stock, C.; Bach, T. Tetrahedron 2005, 61, 2245—2267.

(8) Guillén, E.; Hierrezuelo, J; Martinez-Mallorquin, R.; Lépez-
Romero, J. M,; Rico, R. Tetrahedron 2011, 67, 2555—2561.

(9) Xu, S.; Shangguan, X; Li, H,; Zhang, Y.; Wang, J. J. Org. Chem.
2015, 80, 7779—7784.

(10) (a) Beringer, F. M.; Messing, S. J. Org. Chem. 1972, 37, 2484—
2489. (b) Postnikov, P. S.; Guselnikova, O. A.; Yusubov, M. S;
Yoshimura, A.; Nemykin, V. N.; Zhdankin, V. V. J. Org. Chem. 20185,
80, 5783—5788.

(11) (a) Kina, A.; Miki, H.; Cho, Y.-H.; Hayashi, T. Adv. Synth. Catal.
2004, 346, 1728—1732. (b) Riedmiiller, S.; Nachtsheim, B. J. Beilstein
J. Org. Chem. 2013, 9, 1202—1209. (c) Zhu, D.; Liu, Q.; Luo, B.; Chen,
M, Pi, R; Huang, P.; Wen, S. Adv. Synth. Catal. 2013, 355, 2172—
2178. (d) Wy, Y,; Peng, X.; Luo, B.; Wy, F.; Liu, B,; Song, F.; Huang,
P.; Wen, S. Org. Biomol. Chem. 2014, 12, 9777—9780. (e) Liu, Z.; Zhuy,
D.; Luo, B.; Zhang, N; Liu, Q.; Hu, Y.; Pi, R;; Huang, P.; Wen, S. Org.
Lett. 2014, 16, 5600—5603. (f) Zhu, D.; Wu, Y.; Wu, B,; Luo, B;
Ganesan, A,; Wu, F.-H,; Pi, R.;; Huang, P.; Wen, S. Org. Lett. 2014, 16,
2350—2353. (g) Wu, B; Yoshikai, N. Angew. Chem., Int. Ed. 20185, 54,
8736—8739. (h) Wu, Y,; Wu, F,; Zhu, D.; Luo, B.; Wang, H,; Hu, Y,;
Wen, S.; Huang, P. Org. Biomol. Chem. 2015, 13, 10386—10391.

(12) (a) Yang, Y.; Han, J.; Wy, X; Xu, S.; Wang, L. Tetrahedron Lett.
2015, 56, 3809—3812. (b) Zhang, Y.; Han, J.; Liu, Z.-J. RSC Adv. 2015,
S, 25485—25488.

(13) (a) Han, J.-W.; Chen, J.-X;; Li, X; Peng, X.-S.; Wong, H. N. C.
Synlett 2013, 24, 2188—2198. (b) Han, J.-W.; Li, X.; Wong, H. N. C.
Chem. Rec. 2015, 15, 107—131.

(14) Chen, J.-X; Han, ]J.-W.; Wong, H. N. C. Org. Lett. 2018, 17,
4296—4299.

(15) Copeland, P. G.; Dean, R. E; McNeil, D. J. Chem. Soc. 1960,
4522—4524.

(16) Sako, S.-I. Bull. Chem. Soc. Jpn. 1935, 10, 593—594.

(17) Sato, T.; Shimada, S.; Hata, K. Bull. Chem. Soc. Jpn. 1971, 44,
2484—-2490.

(18) Sadler, A. M.; Powell, G. J. Am. Chem. Soc. 1934, 56, 2650—
2653.

(19) Wittek, M.; Vogtle, F. Chem. Ber. 1982, 115, 2533—2539.

(20) Blake, A. J.; Cooke, P. A;; Doyle, K. J; Gair, S.; Simpkins, N. S.
Tetrahedron Lett. 1998, 39, 9093—9096.

(21) Cade, J. A,; Pilbeam, A. J. Chem. Soc. 1964, 114—121.

(22) Rapson, W. S.; Shuttleworth, R. G; Niekerk, J. N. V. J. Chem.
Soc. 1943, 326—327.

1323

DOI: 10.1021/acs.joc.5b02255
J. Org. Chem. 2016, 81, 1317—-1323


http://dx.doi.org/10.1021/acs.joc.5b02255

