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A highly efficient palladium-catalyzed cascade reaction of
propargyl carboxylates bearing a furanyl group with or-
ganoborons was developed. This methodology offers rapid
access to polycyclic Diels-Alder cycloadducts in good to high

yields. The thus-formed oxygen-bridged products were fur-
ther converted into anthracene derivatives in a chemoselec-
tive manner under mild conditions.

Introduction

The Diels—Alder reaction of furans is of great impor-
tance in organic synthesis.'! The resulting oxygen-bridged
norbornenes or norbornadienes are valuable precursors to
functionalized polycyclic compounds.?! The intramolecular
Diels—Alder reaction of furansi® is particularly attractive
because of its many benefits, including the ability to con-
struct two or more rings in one step, rate enhancement, and
better defined regioselectivity. In these reactions, furans
participate as diene components, and a variety of dieno-
philes such as alkenes,[ alkynes,>! and allenes® are com-
patible. However, if alkynes are employed as dienophiles,
only those with electron-withdrawing groups at the terminal
sp carbon atom or terminal alkynes!”! work well. Very few
studies with alkynes bearing normal alkyl or aryl groups
at their terminus have been reported®! to the best of our
knowledge. This has greatly curtailed the scope and poten-
tial of this methodology in synthetic organic chemistry. This
is likely due to the low reactivity of the unactivated alkynes.
In contrast, allenes are much more reactive than alkynes as
dienophiles.?3 It was documented that Pd®-catalyzed cross-
coupling reactions of propargylic compounds with or-
ganoborons afford allene derivatives.[’) We envisioned that
propargyl compounds, such as propargyl carbonates, might
be used as unactivated alkyne components to initiate the
intramolecular Diels—Alder reaction of furans by proper
choice of catalysts and organoborons. Herein, we report a
novel Pd-catalyzed intramolecular Diels—Alder reaction of
furans with propargyl carboxylates in the presence of or-
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ganoborons to afford oxygen-bridged polycyclic com-
pounds in high yields, and we also report the further trans-
formation of the products into anthracene derivatives in a
chemoselective manner (Scheme 1).
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Scheme 1. Palladium-catalyzed cascade reactions for the synthesis
of polycyclic compounds.

Results and Discussion

The requisite propargylic carbonates with a furyl group,
that is, 1, were readily prepared from the reaction of 2-
(furan-2-ylmethyl)benzaldehyde with terminal alkynes fol-
lowed by esterification with methyl chloroformate. First, the
reaction of propargyl carbonate la possessing a phenyl
group on the triple bond with phenylboronic acid (2a) was
performed by using Pd(OAc), (5 mol-%) as the catalyst and
K,CO;3 (2 equiv.) as the base in THF at 100 °C. However,
desired cycloadduct 3a was not detected (Table 1, entry 1).
By changing the catalyst to PdCl,(PPhs),, 3a was obtained
in 52% yield (Table 1, entry 2). Pd(PPh;), afforded a higher
yield of 3a (Table 1, entry 4). If the amount of 2a was in-
creased to 4.0 equiv., the yield of 3a increased to 66%
(Table 1, entry 5). Interestingly, if Cs,CO5 was used instead
of K,COs;, the yield of 3a increased to 74% (Table 1,
entry 6). If the reaction was performed at 80 °C, 3a was
produced in 52% yield (Table 1, entry 7). Lowering the cat-
alyst loading to 2 mol-% gave 72% yield of the adduct with
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prolonged reaction time (Table 1, entry 8). Other bases such
as EtzN, NaOMe, and KOrBu did not give better results
than those obtained with Cs,CO;5 (Table 1, entries 9-11).
By changing the solvent to EtOH or DMF, 3a was pro-
duced in a relatively low yield (Table 1, entries 12 and 13).
Therefore, the optimized reaction conditions involved the
use of Pd(PPh;s); (5 mol-%) as the catalyst, Cs,CO;
(2.0 equiv.) as the base, and THF as the solvent at 100 °C.

Table 1. Optimization of the reaction conditions for the synthesis
of 3a.

+ PhB(OH),
OCOBMe 2a Ph  ph
=P Catalyst, additive
7\l solvent, 100°C, 1h
o)
1a 3a
Entry Catalyst Additive Solvent Yield
(mol-%) (equiv.) [%]
1 Pd(OAc), (5)  K,CO;(2.0) THF -
2 Pd(PPhy),Cl, (5) K,CO3(2.0) THF 52
3 Pdydba);(5)  K,CO;(2.0) THF -
4 Pd(PPhy), (5) K,CO3(2.0) THF 63
5 Pd(PPhy), (5)  K,CO;(2.0) THF 661°1
6  Pd(PPhy), (5) Cs,CO5(2.0) THF 74
7 Pd(PPhs), (5)  Cs,CO5(2.0) THF 52lcl
8 Pd(PPhs), (2)  Cs,CO5(2.0) THF 721d]
9 Pd(PPhy), (5)  Et;N (2.0) THF 55
10  Pd(PPh3)4(5)  NaOMe (2.0) THF tracel®]
11 Pd(PPh3)4(5) KOrBu(2.0) THF 2gdl
12 Pd(PPhy),(5)  Cs,CO3(2.0) CH;CH,OH 51
13 Pd(PPh3),(5)  Cs,CO;(2.0) DMF 63

[a] Yield of isolated products. Unless otherwise noted, all reactions
were performed in screw-capped tubes by using PhB(OH),
(2.0 equiv.). dba = dibenzylideneacetone. [b] PhB(OH), (4.0 equiv.).
[c] The reaction was performed at 80 °C. [d] The reaction time was
2 h. [e] The reaction time was 14 h.

With the optimized reaction conditions in hand, we next
examined the substrate scope of this catalytic method for
the synthesis of Diels—Alder cycloadducts by using a variety
of propargylic carbonates and boronic acids; the results are
shown in Table 2. We first investigated the electronic effects
of the aromatic substituents on the triple bond. It was
found that substrate 1b possessing an electron-withdrawing
(—Cl) aryl group reacted with 2a and (4-chlorophenyl)-
boronic acid (2b) to afford corresponding product 3b and
3¢ in 54 and 78% yield, respectively (Table 2, entries 1 and
2). Substrate 1¢ with a 4-(trifluoromethyl)phenyl group re-
acted with [4-(trifluoromethyl)phenyl]boronic acid (2¢) to
produce 3d in 77% yield (Table 2, entry 3). Substrate 1d
containing an electron-donating (-OMe) aryl group reacted
with 2a and (4-methoxylphenyl)boronic acid (2d) to give
desired cycloadducts 3e and 3f in 72 and 63 % yield, respec-
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tively (Table 2, entries 4 and 5). The reaction of 1e bearing
a 3,5-dimethoxylphenyl group with 2a and (3,5-dimeth-
oxylphenyl)boronic acid (2e) gave desired products 3g and
3h in good yields (Table 2, entries 6 and 7). The structure
of 3h was further confirmed by X-ray crystallographic
analysis.'% The substituents on the triple bond could also
be alkyl groups; n-butyl-substituted 1f furnished 3i in 78%
yield (Table 2, entry 8). Cyclopropyl-substituted 1g and ter-
minal alkyne 1h also reacted smoothly with 2a to produce
the Diels—Alder cycloadducts. However, these compounds
were not stable. They were further treated with BF5-OEt,
and converted into anthracene derivatives 4a and 4b,

Table 2. Synthesis of various of polycyclic compounds.

+ R?B(OH),
OCOOMe 1 5 R R2
=R p4(PPhy), (5 mol-%) O‘@
4 \ Cs,CO3 (2.0 equiv.)
o THF, 100 °C
1 3
Entry R! R? Product  Yield [%]
(dn
1 4-CIC¢H, (1b) Ph (2a) 3b 54 (1:1)
2 4-CIC¢H,4 (1b) 4-CIC¢H, (2b) 3¢ 78
3 4-CF;C¢Hy(1¢) 4-CF3C¢Hy (2¢) 3d 77
4 4-MeOC¢H, (1d) Ph (2a) 3e 72 (1:1)
5 4-MeOCgH, (1d) 4-MeOC¢H, (2d) 3f 63

6  3,5-(MeO),C¢H; (1€) Ph (2a) 3g 68 (1:1)
7 3,5-(Me0),C¢H; (le) 3,5-(MeO),C¢H; (2¢) 3h 76
8  nBu(lf) Ph (2a) 3i 78 (1.6:1)
N/
Ph
9 cyclopropyl (1g) Ph (2a) OOO 78lb]
4a Ph
H
10 H(1h) Ph (2a) OOO 640]
4b
11 Ph(la) 4-CIC¢H, (2b) 3b  73(1:1)
12 Ph(la) 4-MeOCgH, (2d) 3¢ 70(1:1)
13 Ph(la) 3,5-(Me0),C¢H; (2¢) 3g 68 (1:1)
14 Ph(la) phenylethyl (2f) 4b 440t
R3 OAc R3Ph pp
——Ph
B e
o]
15 R3=Me (i) Ph (2a) 3j 50
16 R*=3,5-(CF3),CeHs (1j) Ph (2a) 3k 58

[a] Yield of isolated products. Diastereomeric ratio is given in pa-
rentheses. Unless noted, all the reactions were performed in screw-
capped tubes by using Pd(PPhs), (5mol-%) and Cs,CO;s
(2.0 equiv.) in THF at 100 °C. [b] The crude product was further
treated with BF;-OEt, (30 mol-%) in dichloromethane.
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respectively (Table 2, entries 9 and 10). The structures of 4a
and 4b were further confirmed by X-ray diffraction analy-
sis.'% Boronic acids both with electron-withdrawing and
electron-donating aryl groups, for example, 4-chloro-substi-
tuted 2b, 4-methoxy-substituted 2d, and 3,5-dimeth-
oxylphenyl-substituted 2e, were also compatible in the reac-
tion; they afforded corresponding cycloadducts 3b, 3e, and
3g in 73, 70, and 68% yield, respectively (Table 2, en-
tries 11-13). If alkyl-substituted boronic acid 2f was em-
ployed in the reaction, anthracene 4b was produced in 44 %
yield after further treatment with BF;-OEt,. The phenyl-
ethyl group of the boronic acid was not incorporated in the
final product; this may be due to B-hydrogen elimination of
the allenyl palladium intermediate (Table 2, entry 14). To
further broaden the substrate scope of this procedure, we
attempted to prepare propargyl carbonates with one more
substituents at the propargylic position. However, the pro-
tection of the OH group of the tertiary alcohol by using
methyl chloroformate was not successful for our substrates.
Then, we turned our attention to tertiary propargyl acet-
ates. Propargyl acetate 1i with a methyl group at the prop-
argylic position reacted smoothly with 2a to give desired
cycloadduct 3j in 50% yield (Table 2, entry 15). Substrate 1j
with a 3,5-ditrifluoromethylphenyl group resulted in corre-
sponding 3k in 58 % yield (Table 2, entry 16). In these cases,
one more substituents were successfully introduced into the
polycyclic products.

The utility of the oxygen-bridged cycloadducts as useful
synthetic intermediates was investigated by simple treat-
ment with BF5-OEt,, which afforded anthracene derivatives
in high yields as exemplified by 4a and 4b (Table 2, en-
tries 9, 10, 14). Upon treating 3a and 3i with BF;-OEt,,

corresponding 4¢ and 4d were obtained in 99 and 94%
yield, respectively (Scheme 2). Notably, there was selective
migration of the aryl group over the alkyl group during the
aromatization. The structure of 4d was further confirmed
by X-ray crystallographic analysis.['%

4c:R'=R?=Ph, 99 %
4d: R'=Bu, R2=Ph, 94 %

R! R2

BF3OEt, (30 mol-%)
T CHClprt,1h

Scheme 2. Further conversion into anthracene derivatives.

To understand the mechanism, we carefully examined the
reaction of 3-(3,5-dimethoxyphenyl)-1-[2-(furan-2-ylmeth-
yl)phenyl]prop-2-ynyl methyl carbonate (le) with phenyl-
boronic acid (2a) at room temperature. It was found that
allenic intermediate 5a was obtained in 58% yield in the
presence of Cs,COj; after 5 h, along with some of the unre-
acted starting materials [Scheme 3, Equation (1)]. Isolated
5a was subjected to basic conditions to afford 3g in 87%
yield in 3 h [Scheme 3, Equation (2)]. Notably, allenic 5a
was transformed into 3g in 45% yield without the addition
of a base at 100 °C after 3 h. This indicated that Cs,COj3
was crucial for a high yield of the desired cycloadduct.
What was the role of the added base in the cascade reac-
tions? Was it necessary for the cross-coupling step or for
the Diels—Alder reaction step? To make this point clear, the
reaction of le with 2a was performed under neutral condi-
tions at room temperature, and allene 5a was also produced
in 65% yield [Scheme 3, Equation (1)]. The reaction of 1a
with 2a in the absence of base at 100 °C produced dihy-

Ph
Pd(PPhg), (5 mol-%) it i
+ _ >
o PhB(OHY, ——iE— 5 Q . (1
2a N
Z
1e ~ 0 O s
with Cs,CO3, 58 %
without Cs,COj3, 65 %
Cs,C0;3 (2.0 equiv.)
—— > 39,87% (2)
THF, 100 °C, 3 h
OCOOMe Ph Ph
=—Ph Pd(PPhs), (5 mol-%) OH
[yt e OO0
\ THF, 100 °C, 5 h
o]
1a 8a, 52 %

AICl3 (30 mol-%)

a ————————>

THF, 100 °C, 3 h

8b, 30 %

Scheme 3. The allenic intermediate and its further transformation.
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droanthracen-2-ol 8a; no oxygen-bridged cycloadduct was
obtained [Scheme 3, Equation (3)]. Treatment of 5a with a
Lewis acid resulted in the formation of 8b and anthracene
4e; again, no oxygen-bridged cycloadduct was observed
[Scheme 3, Equation (4)]. These results suggested that both
the cross-coupling and the Diels—Alder reaction could oc-
cur without the assistance of base, and the role of the base
might be in stabilizing oxygen-bridged compound 3 for a
high yield of the isolated product.

On the basis of the above observations and the reported
work,’] a possible reaction mechanism is proposed in
Scheme 4. First, oxidative addition of propargyl carbonate
1 to Pd° gives allenyl palladium intermediate 6, which un-
dergoes transmetalation with organoborane 2 to afford 7.
Reductive elimination of 7 produces intermediate 5. Then,
intramolecular Diels—Alder reaction furnishes desired prod-
uct 3.

0COOMe R
— 1
=R pg PdOMe R2B(OH),
(o] CO; N

1 6

Scheme 4. A proposed reaction pathway.

Conclusions

In conclusion, we showed that oxygen-bridged Diels—
Alder cycloadducts could be efficiently prepared by Pd-cat-
alyzed cascade reactions by using propargyl carboxylates
bearing a furanyl group with organoborons. Aryl and alkyl
substituents on the acetylene terminus were compatible in
the intramolecular Diels—Alder reaction of furans reaction,
which furnished the desired compounds in good to high
yields. The thus-formed oxygen-bridged products were fur-
ther converted into anthracene derivatives in a chemoselec-
tive manner under mild conditions.

Experimental Section

Typical Procedure for the Synthesis of 1,1-Diphenyl-2,10-dihydro-
1H-2,4a-epoxyanthracene (3a): To a solution of 1-[2-(furan-2-yl-
methyl)phenyl]-3-phenylprop-2-yn-1-yl methyl carbonate (1a;
69 mg, 0.2 mmol) in THF (2 mL) in a screw-capped tube was added
phenylboronic acid (49 mg, 0.4 mmol), Pd(PPhs), (12mg,
0.01 mmol), and Cs,CO;5 (130 mg, 0.4 mmol). The resulting solu-
tion was stirred at 100 °C for 1 h. Then, the solvent was evaporated
under reduced pressure, and the residue was purified by chromatog-
raphy on silica gel (petroleum ether/ethyl acetate = 10:1) to afford
3a (51 mg, 74%) as a yellow solid, m.p. 168-170 °C. 'H NMR
(400 MHz, CDCl3, Me,Si): 0 = 3.44 (s, 2 H), 5.53 (d, J = 1.6 Hz,
1 H), 592 (dd, J = 1.6, 5.8 Hz, 1 H), 6.41 (s, 1 H), 6.42 (d, J =
5.6 Hz, 1 H), 7.06-7.29 (m, 12 H), 7.43-7.45 (m, 2 H) ppm. 13C
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NMR (100.6 MHz, CDCl;, Me,Si): 6 = 32.92, 59.71, 85.39, 87.92,
122.37, 125.95, 126.39, 126.58, 126.83, 127.14, 127.98, 128.07,
128.14, 128.32, 128.70, 130.58, 133.55, 136.12, 138.84, 144.81,
145.17, 147.22 ppm. HRMS (EI): calcd. for C,sH,0O 348.1514;
found 348.1512.

Typical Procedure for the Synthesis of 1,2-Diphenylanthracene (4c):
To a solution of 1,1-diphenyl-2,10-dihydro-1H-2,4a-epoxyanthra-
cene (3a; 174mg, 0.5mmol) in CH,Cl, (5mL) was added
BF;-OEt, (19 uL, 0.15 mmol). The resulting solution was stirred at
room temperature for 1 h. Then, the solvent was evaporated under
reduced pressure, and the residue was purified by chromatography
on silica gel (petroleum ether/ethyl acetate = 50:1) to afford the
product (164 mg, 99%) as a yellow solid, m.p. 139-142°C. 'H
NMR (400 MHz, CDCl;, Me,Si): 6 = 7.16-7.19 (m, 5 H), 7.25-
7.39 (m, 7 H), 7.56 (d, J = 9.2 Hz, 1 H), 7.81 (d, J = 8.4 Hz, 1 H),
7.99 (d, J = 8.4Hz, 1 H), 8.05 (dd, J = 0.4, 8.8 Hz, 1 H), 8.21 (s,
1 H), 8.46 (s, 1 H) ppm. '3C NMR (100.6 MHz, CDCl;, Me,Si): §
= 125.25, 125.56, 125.85, 126.13, 126.20, 126.82, 127.61, 127.77,
127.87, 127.92, 128.24, 128.64, 130.10, 131.05, 131.34, 131.35,
131.56, 131.86, 137.17, 137.30, 139.10, 142.01 ppm. HRMS (EI):
calcd. for Cy4H g 330.1409; found 330.1413.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, characterization data, and '"H NMR and
13C NMR spectra of all products.
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