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Abstract: An intramolecular palladium-catalyzed
tandem y-arylation/aromatization reaction of cyclo-
hex-2-en-1-one derivatives was developed. This
work provides a simple and efficient approach for
the construction of substituted 3,4-dihydroanthra-
cen-1(2H)-ones in good yields with a broad sub-
strate scope.
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Transition metal-catalyzed o-arylation of carbonyl
derivatives via enolates has become a powerful tool for
the construction of carbon-carbon bonds.!" In contrast,
the corresponding vinylogous y-arylation of a,B-unsa-
turated carbonyl compounds via dienolates has re-
ceived less attention, which may be ascribed to several
obvious challenges, including the difficulty in control-
ling the regioselectivity between o-, B-, and y-
arylation, the reduced nucleophilicity of dienolates
compared with enolates, and the side reactions through
self-condensation or Heck process.* ™

In 1998, Miura and co-workers described a palla-
dium-catalyzed vy-arylation of a,B-unsaturated alde-
hydes with aryl bromides.”! Since then, a number of
o,B-unsaturated aldehydes,’® ketones,**”! amides™® and
esters”” were applied in such transformations (Sche-
me la). In the meantime, a few cascade reactions were
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also developed. Maier and co-workers reported a
palladium-catalyzed  y-arylation/aromatization  se-
quence of enones (Scheme 1b)."” Imahori employed a
similar y-arylation/aromatization strategy for the syn-
thesis of substituted phenols (Scheme 1b).!'"! Recently,
Liu and co-workers described an efficient palladium-
catalyzed vy-arylation/aza-Michael addition cascade
(Scheme 1c¢).!"! Despite the achievement in intermo-
lecular y-arylation, the corresponding intramolecular
process, which is potentially quite useful in the
construction of complex ring systems, has not been
reported yet.

3,4-Dihydroanthracen-1(2H)-one is an important
tricyclic skeleton in many bioactive natural products,
like mithramycin,"*! aloesaponol I'* and peroxisomi-
cine Al (Figure 1)."") Although a few synthetic
methods have been presented for this core structure,
they often suffered from limited substrate scope,
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Figure 1. Selected examples of bioactive natural products
containing 3,4-dihydroanthracen-1(2H)-one units.
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Scheme 1. y-Arylation of a,p-unsaturated carbonyl compounds.
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tedious reaction procedure and poor regioselectivity.'®!

Therefore, more efficient synthetic methods are highly
desirable. We envision that an intramolecular y-
arylation of cyclohex-2-en-1-one derivatives 1 can
afford tricyclic skeleton 2, which may subsequently
undergo a Pd-catalyzed dehydrogenation to produce
the desired 3,4-dihydroanthracen-1(2H)-ones 3
(Scheme 1d).""

With the above consideration in mind, we began
our investigation of this cascade process using aryl
bromide 1a as the model substrate (Table 1). In the
presence of palladium catalyst, the desired 3,4-
dihydroanthracen-1(2H)-one 3a was generated and the
intermediate enone 2 was not observed. The structure
of 3a was unambiguously confirmed by X-ray
crystallographic analysis."! Notably, the possible side
product from Heck pathway was also not observed,
and the most common and identifiable side reaction
was the debromination of 1a. Extensive screening of
reaction conditions led to the best isolated yield of
72% for the desired product 3a (entry 1). The reaction
could be promoted by both bisphosphine and mono-
phosphine ligands, however the electron-deficient
triarylphosphine ligand L6 resulted in a significant
decrease in reaction yield (entry 6). As expected, base
was crucial for this transformation, and no desired
product was generated without adding CsOAc (en-
try 7). Other bases, CsOPiv and KOAc, were also
workable, but less effective (entries 8 and 9). Solvent
effects were also surveyed, and it was found that
amide-group-containing polar solvents were essential
for the efficient reaction (entries 10-12). Comparable
results were obtained when precatalyst Pd(TFA), was
replaced by Pd(OAc),, Pd(PPh;),Cl, or Pd,(dba),
(entries 13-15).  2,2,6,6-Tetramethyl-1-piperidinyloxy
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Table 1. Optimization of the reaction conditions.™

Q 0 I+

PA(TFA); (10 mols)

) e ) |
Ca0Ac (2 equiv), TEMPO (1 equiv)
Br DMF, 126°C, 12 h
1a 3a 2
PhgP. PhaP.
P -ppp,  PhP. -~ _PPhy 2P PP,
dppe {L1) dppp (L2) dppb (L3)

Entry Deviation from standard conditions Yield of 3a (%)!
1 none 74
2 dppp (L2) instead of dppe 65
3 dppb (L3) instead of dppe 56
4 PPh; (L4) instead of dppe 60
5 P(4-MeOPh); (L5) instead of dppe 65
6 P(4-CF3Ph); (L6) instead of dppe 8
7 without CsOAc 0
8 CsOPiv instead of CsOAc 66
9 KOAc instead of CsOAc 66
10 toluene instead of DMF 21
1" dioxane instead of DMF 14
12 NMP instead of DMF 61
13 Pd(OAc), instead of Pd(TFA), 70
14 Pd(PPhg3),Cl, instead of Pd(TFA), 64
15 Pd,(dba); instead of Pd(TFA), 71
16 without TEMPO 50
17 BQ instead of TEMPO 66
18 115 °C instead of 125 °C 64
19 135 °C instead of 125°C 70
20 20 mol% L1 instead of 10 mol% 57

[l Reaction conditions: 1a (0.20 mmol), Pd(TFA), (0.02 mmol),
L1 (0.02 mmol), CsOAc (0.40 mmol), TEMPO (0.20 mmol)
in DMF (2 mL) under N, at 125°C for 12 h unless otherwise
noted.

] Determined by 'H NMR spectroscopy analysis using CH,Br,
as an internal standard.

(TEMPO) was not indispensable for this transforma-
tion, but it had a strong beneficial effect on the reaction
yield (entry 16). Although the exact role of TEMPO
was unclear at this moment, we speculate that it may
act as a promoter in the dehydrogenative aromatization
step. Further attempts to improve the yield by temper-
ature variation proved to be fruitless (entries 18 and
19).

With the optimized reaction conditions in hand, the
substrate scope was explored for this y-arylation/
aromatization cascade process (Table 2). Small fluctua-
tions in yield were observed when various substituents
were introduced to different positions of the phenyl
ring (3a-3h), and the yields did not show a clear
relationship with the electronic or steric profiles of the
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Table 2. Palladium-catalyzed tandem fy-arylation/aromatization
of cyclohex-2-en-1-one derivatives.™

[e) o
Pd(TFA), (10 mol%)
spol—ti —+Tisee
R
R2 CsOAc (2 equiv), TEMPO (1 equiv) R2
3

Br DMF, 125°C, 12 h
1

(o}

3c, 69%

[0}

3a, 72% (70%)c

3d,66%

o

3g, 81%

(0] [o} 0]
Il Me Me' Il II OMe

3j, 78% 3k, 65% 31, 76%

Me

(e

3b, 76%

(0] o o

3e, 79% 3f, 82%

3h, 80%

Cl

3i, 75%

3m, 67%

3n, 71%

o o
Me Ph

3r, 67%

30, 65%

3q, 83%

[ Reaction conditions: 1a (0.20 mmol), Pd(TFA), (0.02 mmol),
L1 (0.02 mmol), CsOAc (0.40 mmol), TEMPO (0.20 mmol)
in DMF (2 mL) under N, at 125°C for 12 h.

) Tsolated yields.

1 A gram-scale reaction with 1a (1.112 g, 4.00 mmol) was
carried out.

substituents. Next, substituents at the B-position of
carbonyl group were also examined. For aryl substitu-
ents, the introduction of electron-withdrawing groups
or the steric hindrance (like ortho-methyl group) to the
phenyl ring showed detrimental effect on the reaction
yields (3i-30). The replacement of phenyl ring with
naphthyl group was well tolerated (3p), giving the
desired product in 76% yield. As for aliphatic
substituents, an ethyl group at this position resulted in
some improvement in reaction yield (3q), but the
longer phenethyl chain brought the yield back to 67%
(3r). Notably, a comparable result was achieved for
the gram-scale synthesis of 3a. While the B-methyl
substitution in cyclohex-2-en-1-one 1a was replaced
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by a ethyl group, the cascade process proceeded rather
sluggishly, and the generation of an inseparative poly-
substituted phenol was accompanied (see supporting
information for details).

To demonstrate the utility of the cyclization
products, transformations of the product 3a were
conducted (Scheme 2). Chlorine atom could be in-
stalled at the a-position of carbonyl group by treatment
with N-chlorosuccinimide (NCS), providing a good
handle for further derivatization."” Friedlinder con-
densation with 2-aminobenzyl alcohol furnished a
polycyclic compound 6.2”

To gain insights into the reaction mechanism,
several control experiments were carried out. Upon
completion, hydrogen evolution was detected accord-
ing to GC analysis of the gas in the sealed reaction
tube (Scheme 3a). When palladium complex 7 was
prepared and subjected to the standard conditions, the
desired cyclization product could be obtained in 40%
yield (Scheme 3b). However, in the absence of CsOAc,
the product 3 a was not generated at all (Scheme 3c¢).

Based on the above experimental observation, a
postulated mechanism is outlined in Scheme 4. First,
oxidative addition of aryl bromide to palladium(0)
generates the intermediate A, which can be deproto-
nated by CsOAc to provide dienolate B. Then, an
intramolecular nucleophilic substitution of the bromide
by enolate takes place, forming a seven-membered

thiourea (2 mol %), NCS

o
cou
o MeOH,4 h, 92%
5
I

3a (0.2 mmol)

Ph,CO, 'BuOK, 90 °C
30 min, 73%

Scheme 2. Conversion of the obtained product 3 a.
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Scheme 3. Mechanistic experiments.
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Scheme 4. Proposed catalytic cycle (ligands are omitted for
clarity).

palladacycle D. Finally, reductive elimination of D and
the subsequent dehydrogenative aromatization in the
presence of either palladium(0)*" or palladium (II)
catalyst afford the desired product 3a.”? However,
another pathway cannot be totally excluded at current
stage. Instead of forming dienolate B in pathway I,
intermediate A exchanges its halide with an acetate
anion to give C, which can further yield the pallada-
cyc[lzg:] D through an allylic C—H activation (Pathway
1.

In summary, an intramolecular palladium-catalyzed
y-arylation of cyclohex-2-en-1-one derivatives was
realized, which was followed by a tandem dehydrogen-
ative aromatization. This work provides an efficient
and reliable approach to prepare 3,4-dihydroanthracen-
1(2H)-ones in very good reaction yields. Mechanistic
studies revealed the existence of a hydrogen evolution
process, and the crucial role of CsOAc.

Experimental Section

General Procedures for the Synthesis of
3,4-Dihydroanthracen-1(2H)-Ones

Under nitrogen atmosphere, a mixture of la-r (0.2 mmol),
Pd(TFA), (6.6 mg, 0.02 mmol), dppe (8.0 mg, 0.02 mmol),
CsOAc (76.8 mg, 0.40mmol) and TEMPO (31.2mg,
0.20 mmol) in DMF (2 mL) was stirred at 125 °C for 12 h. After
cooling to room temperature, the reaction mixture was diluted
with EtOAc (15 mL) and washed with brine. The organic phase
was dried over anhydrous Na,SO,, filtered, and concentrated
under reduced pressure. The residue was purified by silica gel
chromatography to afford corresponding products 3 a—r.
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