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ABSTRACT: A formal palladium-catalyzed aerobic bimolec-
ular carbocyclization reaction of (Z)-hexa-1,5-diyn-3-ene
scaffolds has been successfully developed for the construction
of 2,6-diacylnaphthalenes, wherein copper salts play a critical
role in accomplishing the oxygenative homo- and hetero-
dimerization processes of readily accessible enediyne—
carboxylic acids and esters, respectively. The enediyne
dimerization protocol provides a flexible and regiospecific
approach to a variety of functionalized naphthalenes with up to
six differentiated substituents in good yields by using a
directing-group-assisted coupling and decoupling strategy.
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Mechanistic studies indicated that the two oxygen atoms being selectively incorporated into the crossover-annulation products
of enediynecarboxylic acid and ester directly originate from atmospheric molecular oxygen and H,0O, respectively.

B INTRODUCTION

Devising novel and efficient methods for the selective synthesis
of polysubstituted naphthalene compounds is of great interest
because of the prevalence of this structural motif in natural
products and bioactive molecular as well as industry values.' In
this context, the cycloaromatization and isomerization reactions
of benzenoid enediynes provide a powerful tool for the
construction of versatile naphthalene compounds. For instance,
in light of the mechanistic proposal for the formation of
polymeric byproducts in the classic Bergman cyclization,” the
thermotriggered isomerization and polymerization of acyclic
enediynes was endeavored and has become as a promising
strategy for the generation of conjugated aromatic polymers
bearing naphthalene skeletons (Scheme 1a).> Meanwhile, a set
of elegant radical-induced polycyclizations of well-designed
oligo(phenylene-1,2-ethynylenes) have recently been estab-
lished to deliver nanoscale aromatic ribbons.” In addition to
these radical-mediated cycloaromatization reactions, transition-
metal-catalyzed cycloisomerizations of enediynes have been
notably investigated in the past decade, offering a variety of
efficient methods to construct substituted naphthalene
compounds as well as other aromatic molecules under mild
reaction conditions (Scheme 1b).>°

Despite significant progress in their cycloisomerization and
intramolecular cyclization reactions, very limited attention has
been devoted to the intermolecular carbocyclization of
enediyne scaffolds, which would allow more flexible formations
of substituted aromatics from simple substrates. To the best of
our knowledge, there are only a few precedents in the literature
that address the intermolecular [4 + 2] cyclization of enediyne
compounds with C2 components like a-hydroxy ketones’* and
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Scheme 1. Annulations of Acyclic Enediynes to
Naphthalenes
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simple alkynes.7b In this case, given the multiple unsaturated
C—C bonds of enediynes, many troublesome problems
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associated with reaction selectivity’ need to be overcome in
addition to the innate isomerization obstacle of this structural
motif. Triggered by our previous results on the Pd/Cu-
catalyzed aerobic [4 + 2] benzannulation between enediyne
carboxylic compounds and internal alkynes,’” we have
attempted to handle the dimerization reaction of enediynes’
and found that a class of 2,6-diacylnaphthalenes10 could be
directly assembled through a formal palladium/copper-
catalyzed intermolecular oxygenative carbocyclization of
enediyne skeletons (Scheme Ic)."" Remarkably, it appeared
that copper salts play a critical role in controlling the reaction
selectivity beyond an oxidant in the directing-group-assisted
palladium-catalyzed aerobic cascade cyclization of enediyne-
carboxylic acids 1 and enediynecarboxylic esters 2.'”

B RESULTS AND DISCUSSION

Initial studies on enediyne homodimerization were started with
readily accessible enediyne—acid 1a by using PdCl, (10 mol %)
as the catalyst in the presence of CuBr, (20 mol %) in DMF
under 1 atm of O, (Table 1). While a sluggish conversion of 1a

Table 1. Optimization of Reaction of Acids 1

oM o Ph Ph
PH Z ’ mglu/s:td o o”? OO COM
| | Oz (1atm), T,DMF, t oy ¢ 20

Ph Ph Ph

1a 3a
entry Cu salt (equiv) time (h) T (°C) yieldb (%)
1 CuBr, (0.2) 8 35 7
2 CuBr, (0.2) 8 60 22
3 Cu(OAc), (0.2) 8 60 trace
4 CuCl, (0.2) 8 60 trace
3 Cu(0OTf), (0.2) 8 60 13
6 CuBr (0.2) 8 60 trace
7 Cul (02) 8 60 15
8 CuBr, (0.6) 4 60 82
9 CuBr, (1.0) 3 60 74
10° CuBr, (02) 12 60

“Unless otherwise noted, the reaction was carried out using 1a (0.1
mmol), PACl, (5§ mol %), and Cu salts in DMF (1.0 mL) under O, (1
atm). “Isolated yield. “In the absence of PdCL,

occurred at 35 °C, it appeared that la was too labile to be
converted into a highly complex mixture involving naphthoic
diacid 3a at elevated temperature (Table 1, entries 1 and 2).
Switching CuBr, to a set of other copper salts did not improve
the product yield (Table 1, entries 3—7). After exhaustive
efforts on optimization of reaction conditions, a key break-
through was ultimately achieved by identifying that not only the
copper salts employed but also the amount of Cu co-catalyst is
critical for completing a clear conversion of la to give
naphthoic diacid 3a. In the presence 5 mol % of PdCl, and
CuBr, (0.6 equiv), la underwent this dimerization—oxygen-
ation cascade smoothly in DMF at 60 °C in O, (1 atm),
affording 3a in 82% yield after 4 h (Table 1, entry 8).
Nevertheless, further increasing the amount of CuBr, from 0.6
equiv to 1.0 equiv would result in a decreasing yield (74%)
because of the generation of some undetermined byproducts
(Table 1, entry 9). In contrast, no desired product was detected
in the absence of any palladium catalysts (Table 1, entry 10).

With the optimal reaction conditions in hand, the scope of
the oxygenative homodimerization of acids 1 was examined
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(Scheme 2). Accordingly, variation of substituents R' or R* of
acids 1 indicated that a set of benzene rings with an electron-

Scheme 2. Oxygenative Homo-dimerization of Acids 1¢
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39 79%
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“The reaction was carried out on a 0.2 mmol scale of acids 1 with
PdCl, (5 mol %), and CuBr, (0.6 equiv) in DMF (2.0 mL) under O,
(1 atm) at 60 °C. The yields are of the isolated products.

donating group (—Me) or an electron-withdrawing group
(—CF,) as well as a halogen (—Br) were well tolerated to form
a broad array of C,-symmetric naphthoic diacids of potential
interest in functional materials and supramolecular architec-
tures.> Due to the poor solubility of acids 3d, 3e, and 3f; their
corresponding ester derivatives 3d’, 3e’, and 3f' were produced
as products upon treatment with CH;I under basic conditions.
The alkyl group (—CsHj;) was also completely compatible with
the catalytic systems to afford 3g in 79% yield. In addition, the
benzene ring could be effectively replaced by other aromatic
substituents like benzo[d][1,3]dioxol-5-yl to forge the desired
naphthalene product 3h in good yield.

Intriguingly, when enediyne—ester 2a was subjected to PdCl,
(5 mol %) and CuBr, (0.6 equiv) in DMF at 60 °C under
oxygen atmosphere, a partially hydrolyzed product of 2,6-
diacylnaphthalene 4a was isolated in 35% yield after 12 h
(Table 2, entry 1)."* Reducing the amounts of copper salts
improved the yield of 4a (Table 2, entry 2). Using 0.2 equiv of
CuCl, instead of CuBr, not only sharply improved the product
yield but also accelerated this transformation of 2a, giving
access to 4a in 83% yield after 6 h (Table 2, entry 3). However,
replacing CuBr, with a set of other copper salts disfavored the
formation of product 4a. For example, while a relatively lower
yield of 4a was found with CuCl as the co-catalyst, Cu(OAc),
only delivered traceless product (Table 2, entries 4 and S).
Further studies indicated that the reaction temperature had
little effect on this reaction, and lowering or elevating the
reaction temperature would decrease the yield of 4a (Table 2,
entries 6 and 7). As expected, no desired product was detected
in the absence of PdCl,, suggesting that palladium catalyst is
critical to this transformation of enediyne—ester 2a (Table 2,
entry 8).

A survey on the substrate scope of esters 2 is shown in
Scheme 3. A variety of functional groups including halogen (4¢’
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Table 2. Optimization of Reaction of 2a”

~-COzE Ph Ph
=z 5 mol % PdCl, o” CO,H
Ph | | Cu salts OO
20
0, (1atm), T, DMF, ¢t EtOC
Ph Ph Ph
2a 4a
entry Cu salt time (h) T (°C) yield (%)"
1° CuBr, 12 60 35
2 CuBr, 12 60 47
3 CuClz 6 60 83
4 Cu(OAc), 12 60 trace
6 CuClz 80 66
7 CuCl, 24 30 33
87 CuCl, 12 60

“Unless otherwise noted, the reaction was carried out using 2a (0.1
mmol), Pd catalyst (S mol %), and Cu salts (0.2 equiv) in DMF (1.0
mL) under O, (1 atm). “Isolated yield. “CuBr, (0.6 equiv). “Without
PdCl,

Scheme 3. Oxygenative Homo-dimerization of Esters 2
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02 LI 4e R=4-MeCgH,, R' = H, 75%
4f R = 4-CF:CgH,, R' = Me, 67%
d 74% 4g R=4-CICeH,, R' = H, 61%

4h' R 4-NO,CgH,, R' = Me, 65%

“Unless otherwise noted, the reaction was carried out on a 0.2 mmol
scale of acids 2 with PdCl, (5 mol %), and CuCl, (0.2 equiv) in DMF
(2.0 mL) under O, (1 atm) at 60 °C. The yields are of the isolated
products.

and 4g), trifluoromethyl (4f'), and nitro groups (4h’) were
applicable for the current catalytic system, providing good
yields of the targeted naphthalene products 4. An alkyl group
(1-pentyl) could be employed in this reaction to give 4b in 72%
yield. Moreover, methyl ester 2d (R* = R* = Ph, R = Me) also
underwent this reaction smoothly, affording 4d in good yield.
In addition, the structure of 4h’ was unambiguously
determined by single-crystal X-ray analysis.

Given the different reactivities of enediyne acid 1a and ester
2a upon treatment with CuBr, in the Pd-catalyzed aerobic
annulation reaction, we envisioned that the choice of suitable
copper salts might enable a selective crossover-annulation of 1
and 2, which constituted a pair of ideal reaction partners for the
construction of diverse substituted naphthalene products
(Table 3). Thus, a mixture of acid la and ester 2b (3.0
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Table 3. Optimization of Reaction of 1a and 2b”

/Tcozu

Ph 5 mol % PdCl,

C5H11

CO,Et

Cu salt

60 °C DMF

HOZC: ‘ ’/\(
+
CsH
0, (1 atm) [ " COZH
EtO,C

COH

EtOzC ‘ ‘

Ph
|
C5H11O

) C5H11
2b (X equiv) 4b

2b° time yield® (%) of 3a/4b/
entry  (equiv) Cu salt (equiv) (b) Sab
1 3.0 (1.5)  CuBr, (02) 3.5 15/5/67
2 3.0 (1.1)  CuCl, (02) 2.0 16/7/59
3 30 (27) Cu(OAc), (02) 12 <5/<5/<5
4 3.0 (2.1)  CuBr (02) 10 10/13/21
5 3.0 (21)  Cul (02) 2.0 <5/<3/<72
6 3.0 (1.8)  Cul (0.6) 1.0 <5/<3/88
7 3.0 (1.8)  Cul (1.0) 0.75 <5/<3/92
8 2.0 (L.0)  Cul (1.0) 0.75 7/<3/84
9 1.5 (04)  Cul (1.0) 0.75 11/<3/73
10°  3.0(18) Cul (1.0) 2 22/9/67
11 3.0 (-) none 12 31/30/30
12 3.0 (29) Cul (1.0) 12 nr

“Unless otherwise noted, reactions were conducted at 60 °C on a 0.2
mmol scale of 1a with 2b, PdCl (5 mol %), and Cu salts in DMF (2.0
mL) under O, (1 atm). “Amounts of recovered 2b in parentheses.
“Isolated yields. “The yield of 4b was determined according to 2b
consumed, while those of 3a and Sab referred to la. “In 10:1 DMF/
H,O. nr = no reaction.

equiv) was subjected to PACl, (S mol %) and a set of Cu salts
in DMF at 60 °C under 1 atm of O,. To our delight, when 0.2
equiv of CuBr, was used as the co-catalyst, cross-dimerization
product Sab was isolated in 67% vyield, along with some
homodimers of 3a and 4b (Table 3, entry 1). After a series of
Cu" and Cu' salts were screened, Cul ws found to be optimal,
not only providing the highest yield but also inhibiting the
generation of homodimers, especially of 3a (Table 3, entries 2—
5). Excess amounts of 2b could be recovered after the reaction,
which is favorable to large-scale manipulation. Increasing the
loading of Cul from 0.2 to 0.6 or 1.0 equiv could accelerate the
conversion and afforded Sab in 88% and 92% yield, respectively
(Table 3, entries 6 and 7), whereas raising the ratio of 1a to 2b
prompted the homodimerization of 1a, and the heterodimer
Sab was still obtained as the major product by using 2 equiv or
even 1.5 equiv of ester 2b (Table 3, entries 8 and 9). It was also
observed that an aqueous solvent system (DMF/H,0 = 10:1)
had little influence on reaction outcomes (Table 3, entry 10).
Notably, in the absence of Cu salts, a complicated mixture
involving dimers 3a, 4b, and Sab could still be formed but in
low yields without any selectivity (Table 3, entry 11).
Nevertheless, no productive conversions were observed in the
absence of PdCl, (Table 3, entry 12). All of these results clearly
indicated that Cu salts play an important role in facilitating this
Pd-catalyzed aerobic crossover-annulation cascade selectively,
presumably due to the difference in the coordinating ability of
substrates and the product to copper ions as well as the ligand
exchallslge of palladium catalyst with the counterion of copper
salts.

After optimal conditions for this aerobic heterodimerization
reaction were identified, diverse sets of acids 1 and esters 2
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were evaluated (Scheme 4). A set of acids 1 were able to react
with ester 2b selectively to deliver naphthoic acids 5. Generally

Scheme 4. Substrate Scopes of 1 and 2“
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5ib R = 4-NO,CgH,, 78%
5jb R = 2-thienyl, 61%

5kb R = 1-napthyl, 88%

Ph Ph OO o O
Ph
0 COH EtO,C
o o COyH
CCs
A Ph MeO,C
Ph  Ph

5ai 91% 5id 77% 5ae R = CH3, 54%

5af R = CF3, 59%

Ph  Ph Ph Ph

CO,H COH
i\ T, IO
COH  Eto,c O Meo,C 0
Ph Ph
0 O
CeHi R
OMe NO,

5aj R = Ph, 93%
5lj R = 4-MeCgH,, 76% 5ak 83% 5al 79%
“Reactions were conducted at 60 °C on a 0.2 mmol scale of 1a with 2b
(0.6 mmol), PACl, (5 mol %), and Cul (1 equiv) in DMF (2.0 mL)

under O, (1 atm). The yields are of the isolated products.

good yields and high selectivity were observed for a wide scope
of aryl-substituted acids 1 possessing different electronic
properties on the benzene rings. Electron-donating groups
(—Me and —OMe) and electron-withdrawing group (—NO,
and —Br) were wholly tolerated. Other aromatic rings, such as
2-thienyl and 1-naphthyl, were also effective for this process,
leading to the synthesis of 5jb and Skb in 61% and 88% yields,
respectively. Moreover, an alkyl-substituted substrate could be
introduced to this reaction to form Smb in 58% yield. On the
other hand, the scope of esters 2 was also examined. As
expected, good yields were obtained for methyl ester partners
(Sai and Sid). Both electron-rich and electron-poor aryl
substituents tethered to the termini of enediynes 2 had little
effect on this conversion, for example, producing Sak and Sal in
similar yields. Perhaps most remarkable is the capacity of this
method to enable the assembly of fully differentiated
hexasubstituted naphthalenes in a regioisomer-free manner, as
shown by the formation of Slj in 76% isolated yield.

The oxygenative dimerization reaction could be easily carried
out on a multigram scale, for example, to produce acid Sab in
89% yield. The resulting product potentially offered a versatile
platform for the synthesis of polysubstitued naphthalene
compounds. Further conversion of the carboxylic acid group
of Sab to an amine afforded 6ab in 62% yield through a Curtius
rearrangement and hydrolyzation sequence (eq 1), while the

2773

copper-catalyzed protodecarboxylation gave access to ester 7ab

(eq 2).

Ph Ph
1) DPPA (3.0 equiv) o NH,
Et3N (3.0 equiv) o
Ph Ph toluene, rt, 12 h EtO,C
2) CF3CO,H, 80°C, 2 h Ph (1)
T Cshhs
OO 6ab 62%
EtO,C o Ph Ph
Ph Uz
sab CsHyq 1,10-Phenanthroline 0 H
a NMP/Quinoline = 3:1
2.669, 89% 170°C. 12 h EtO,C
CsHy PP
7ab 93%

To explore the mechanism of the heterodimerization of acids
1 and esters 2, control experiments with H,'®O isotopic
labeling and an radical scavenger 2,2,6,6-tetramethyl-1-piper-
idine-1-oxyl (TEMPO) were performed (Scheme S). An entry

Scheme 5. Control Experiments

OMe
5 mol % PdCl,
> COH Cul (1.0 equiv)
Ph I 10 equiv H,"%0
N
Il CHy, DM, Oz (1 atm)
Ph s 60 °C, 89%
EtO.C CsHiPh
1a 2 [80]-5aj / 5aj = 4:1
100 mol% PdCl,
CuBr (0 2 equiv)
TEMPO, N, DMF  £102C ol PRO<y
C5H11 5011
. ¢ Ph Il | 8ab (67%)
a \\
=
10 mol % PdCl, CO,H
COqE CuBr (0.2 equiv) Ph Oe
| Subr ©.2 equv)_
2 TEMPO, O, DMF  EtO,C #0 + 8ab
CsHﬂ
5ab 63% 24%

in the presence of H,'®O under O, afforded ['*0]-5aj and $aj
(4:1) in 89% combined yield, suggesting that the ketonic
oxygen adjacent to the ester group comes from H,O directly,
while the other comes from O,. Incomplete incorporation of
the 'O label was likely due to the competing attack of both
adventitious water and in situ generated water arising from
catalyst regeneration with O, as the reoxidant. Moreover, in the
presence of stoichiometric TEMPO, whereas a mixture of Sab
(63%) and TEMPO adduct 8ab (24%) was obtained under O,,
an entry under N, could furnish 8ab in 67% yield. These results
clearly indicated that a radical species was involved and would
be responsible for the subsequent oxygen-incorporation
sequence using 0,.'¢

A tentative mechanism for the synthesis of 2,6-diacylnaph-
thalenes S is depicted in Scheme 6. Thus, initial intramolecular
cyclization of enediyne 1 via a 5 endo -dig anti-aminopalladation
forms vinylpalladium species A,'” which undergoes a sequential
2-fold carbopalladation cascade selectively with one alkyne
moiety of 2 to give intermediate B. It is proposed that the ester
group of enediynes 2 might be capable of differentiating their
two alkyne moieties for the cross-coupling sequence. The
nucleophilic addition of H,O onto to B followed by a reductive
elimination would liberate putative polyenol D and a Pd°

DOI: 10.1021/acs.joc.5b02870
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Scheme 6. Tentative Reaction Mechanism
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species,"® which can be oxidized to the active Pd" catalyst using
O, as reoxidants. Subsequent Cu-mediated one-electron
oxidation of the enol moiety of D followed by aromatization
would then afford radical E.'"” Thereafter, E would be
interrupted by O, to produce intermediate F, presumably
through Fenton-type fragmentation of intermediate superoxo
radicals.”” Spontaneous ring—chain tautomerism of F proceeds
to give the product 5. On the other hand, trapping of the
radical E with TEMPO would furnish adduct 8.

B CONCLUSIONS

In summary, we have developed a novel palladium/copper-
catalyzed formal oxygenative bimolecular annulation of non-
benzenoid enediyne scaffolds using atmospheric molecular
oxygen as the oxygen source and reoxidant under mild
conditions. It is found that copper salts play a critical role to
facilitate the present palladium-catalyzed homo- and hetero-
dimmerization of readily accessible enediyne—carboxylic acids
and esters with excellent selectivity by using a directing-group-
assisted coupling and decoupling strategy”' to interrupt the
innate cycloisomerization tendency of enediyne subunits. This
efficient protocol possesses the capability of constructing a class
of functionalized naphthalenes containing up to six differ-
entiated substituents in a regioisomer-free manner and might
find synthetic application in the future.

B EXPERIMENTAL SECTION

General Experimental Methods. All reactions were carried out
under oxygen atmosphere with dry, freshly distilled solvents in
anhydrous conditions. DMF was distilled from CaH, immediately
prior to use. All chemicals were used without further purification as
commercially available unless otherwise noted. Thin-layer chromatog-
raphy (TLC) was performed on silica gel plates (60F—254) using UV
light (254 and 365 nm). Flash chromatography was conducted on
silica gel (300—400 mesh). NMR (400 or 600 MHz for 'H NMR, 100
or 150 MHz for *C NMR) spectra were recorded in CDCl; with
TMS as the internal standard unless otherwise noted. HRMS were
recorded using EI-TOF or ESI-TOF techniques.
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General Procedure for the Preparation of Starting Materials.
Procedure A for Acids 1. K,CO; (2764 mg, 2.0 mmol) and
iodomethane (125 uL, 2.0 mmol) were added to a stirred solution of
the corresponding enediyne imide’® (1.0 mmol) in DMF (4.0 mL).
After 3 h, the solution was evaporated, water (20 mL) was added, and
the resulting mixture was extracted with EtOAc (3 X S mL). The
combined organic layers were dried over Na,SO,, filtrated, and
evaporated. The crude product was purified by silica gel chromatog-
raphy using petroleum ether/ethyl acetate = 10:1 as the eluent to give
the N-methyl product. The N-methyl product was then added to an
aqueous solution of NaOH (6 M, 10 mL). The mixture was heated
and stirred at 85 °C for 2 h, cooled to room temperature, acidified with
a solution of HCI (3 M), and extracted with ethyl acetate (2 X 10 mL).
The combined organic layers were dried over Na,SO,, filtrated, and
evaporated. The crude product was purified by silica gel chromatog-
raphy using petroleum ether/ethyl acetate = 1:1 as the eluent to give
acids 1. Procedure B for Esters 2. K,CO; (276.4 mg, 2.0 mmol) and
iodomethane (125 pL, 2.0 mmol) were added to a stirred solution of
the corresponding enediyne imide (1.0 mmol) in DMF (4.0 mL).
After 3 h, the solution was evaporated, water (20 mL) was added, and
the resulting mixture was extracted with EtOAc (3 X S mL). The
combined organic layers were dried over Na,SO,, filtrated, and
evaporated. The crude product was purified by silica gel chromatog-
raphy using petroleum ether/ethyl acetate = 10:1 as the eluent to give
the N-methyl product. Then the N-methyl product was added to a
solution of NaOEt (2.0 mmol) in EtOH (4.0 mL) under N, at 0 °C.
The mixture was stirred at 25 °C for 20 min; water (10 mL) was added
and the mixture extracted with ethyl acetate (2 X 10 mL). The
combined organic layers were dried over Na,SO,, filtrated, and
evaporated. The crude product was purified by silica gel chromatog-
raphy using petroleum ether/ethyl acetate = 10:1 as the eluent to give
ester 2. Procedure C for Acids 1 and Esters 2. Et;N (810.0 mg, 8.0
mmol) was added to a stirred solution of (Z)-2,3-dibromoacrylic ester
(2.0 mmol) and PdCL,(PPh;), (42.1 mg, 0.6 mmol %) in THF (4.0
mL). After the solution was stirred at 25 °C for 10 min, alkyne (6.0
mmol) and Cul (19.0 mg, 0.1 mmol) were added sequentially, and
then the reaction was allowed to warm to 60 °C for 1 h. Saturated
NH,Cl was added, and the resulting mixture was extracted with DCM
(3 X § mL). The combined organic layers were dried over Na,SO,,
filtrated, and evaporated. The crude product was purified by silica gel
chromatography using petroleum ether/ethyl acetate = 20:1 as the
eluent to give the ester product 2. Then KOH powder (224.0 mg, 4
mmol) was added to the solution of the ester 2 in EtOH (S mL), and
the reaction was stirred at 25 °C for 2 h. The solvent then was
evaporated, and water (10 mL) was added. The mixture was washed
with diethyl ether (3 X S mL), and the aqueous phase was acidized by
HCI (2 M) and extracted ethyl acetate (3 X S mL). The combined
organic layers were dried over Na,SO,, filtrated, and evaporated to
afford acid 1. Procedure D for Acids 1 and Esters 2. Et;N (405.0 mg,
4.0 mmol) was added to a stirred solution of (Z)-ethyl-2,3-
dibromoacrylate (2.0 mmol) and PdClL,(PPh;), (42.1 mg, 0.6 mmol
%) in THF (4.0 mL). After the solution was stirred at 25 °C for 10
min, alkylalkyne (4.0 mmol) and Cul (19.0 mg, 0.1 mmol) were added
sequentially, and then the reaction was allowed to stir at 25 °C for S h.
Then another alkyne (4.0 mmol), Et;N (405.0 mg, 4.0 mmol),
PdCL(PPh;), (42.1 mg, 0.6 mmol %), and Cul (19.0 mg, 0.1 mmol)
were added. The mixture was stirred for 4 h, saturated NH,Cl was
added, and the resulting mixture was extracted with DCM (3 X S mL).
The combined organic layers were dried over Na,SO,, filtrated, and
evaporated. The crude product was purified by silica gel chromatog-
raphy using petroleum ether/ethyl acetate = 20:1 as the eluent to give
the ester product. Then KOH powder (224.0 mg, 4 mmol) was added
to the solution of the ester product in EtOH (S mL), and the reaction
was stirred at 25 °C for 2 h. The solvent then was evaporated, and
water (10 mL) was added. The mixture was washed with diethyl ether
(3 X § mL), and the aqueous phase was acidified by HCI (2 M) and
extracted ethyl acetate (3 X S mL). The combined organic layers were
dried over Na,SO,, filtrated, and evaporated to afford acid 1.
Procedure E for Esters 2. To a solution of acid 1 (0.2 mmol) in
DMF (2 mL) were added Mel (56.8 mg, 0.4 mmol) and K,CO; (55.3
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mg, 0.4 mmol), and the mixture was stirred at 40 °C for 6 h. Then the
solvent was evaporated, water (S mL) was added, and the resulting
mixture was extracted with ethyl acetate (3 X S mL). The combined
organic layers were dried over Na,SO,, filtrated, and evaporated. The
crude product was purified by silica gel chromatography using
petroleum ether/ethyl acetate = 10:1 as the eluent to give ester 2.
(E)-2-(Phenylethynyl)dec-2-en-4-ynoic Acid (1b). Prepared accord-
ing to procedure D in 69% yield over three steps (367.5 mg): 'H
NMR (400 MHz, CDCl,, 25 °C, TMS) & = 10.6 (s, 1H), 7.47—7.44
(m, 2H), 7.27-7.25 (m, 3H), 7.02—7.01 (m, 1H), 2.48—2.44(m, 2H),
1.59—1.51 (m, 2H), 1.39-1.32 (m, 2H), 1.28—1.19 (m, 2H), 0.79
ppm (m, J = 7.6 Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS)
5 = 169.7, 131.9, 1302, 1289, 128.3, 12322, 122.6, 110.5, 98.3, 83.8,
78.9, 31.0, 28.1, 22.2, 20.5, 13.9; HRMS (EI) m/z [M]* caled for
C,sH 40, 266.1307, found 266.1313.
(E)-5-(4-Methoxyphenyl)-2-(phenylethynyl)pent-2-en-4-ynoic
Acid (1c). Prepared according to procedure A in 75% yield over two
steps (226.7 mg): '"H NMR (400 MHz, CDCl,, 25 °C, TMS) § =
13.39 (s, 1H), 7.56—7.46 (m, 7H), 7.21 (s, 1H), 7.05 (d, ] = 7.2 Hz,
2H), 3.82 ppm (s, 3H); '*C NMR (100 MHz, CDCl,, 25 °C, TMS) §
= 164.5, 160.7, 133.6, 131.3, 129.4, 129.0, 126.8, 124.2, 121.9, 114.8,
113.2, 105.4, 98.1, 86.8, 85.4, 55.4; HRMS (EI) m/z [M]" calcd for
CyoH 1,0, 302.0943, found 302.0946.
(E)-5-(4-Bromophenyl)-2-((4-bromophenyl)ethynyl)pent-2-en-4-
ynoic Acid (1d). Prepared according to the typical procedure C in 72%
yield over two steps (619.3 mg): '"H NMR (400 MHz, DMSO, 25 °C,
TMS) & = 13.56 (s, 1H), 7.70—7.66 (m, 4H), 7.50—7.47 (m, 4H), 7.23
ppm (s, 1H); 3C NMR (100 MHz, DMSO, 25 °C, TMS) § = 164.1,
133.6, 133.3, 1322, 132.1, 1264, 125.7, 123.8, 123.1, 120.8, 120.5,
103.2, 97.5, 88.3, 86.3; HRMS (EI) m/z [M]* calcd for C,oH,(Br,0,
427.9048, found 427.9049.
(E)-5-(p-Tolyl)-2-(p-tolylethynyl)pent-2-en-4-ynoic Acid (1e). Pre-
pared according to the typical procedure C in 72% yield over two steps
(432.5 mg): '"H NMR (400 MHz, CDCl,, 25 °C, TMS) & = 7.410—
7.36 (m, 4H), 7.19 (s, 1H), 7.11 (d, ] = 6.8 Hz, 4H), 2.31 ppm (s,
6H); 3C NMR (100 MHz, CDCl,, 25 °C, TMS) & = 169.4, 140.4,
139.4, 1322, 131.8, 129.4, 129.2, 128.6, 123.3, 119.6, 119.3, 107.4,
99.8, 87.3, 83.7, 21.7, 21.7; HRMS (EI) m/z [M]*caled for C, H,40,
300.1150, found 300.1153.
(E)-5-(4-(Trifluoromethyl)phenyl)-2-((4-(trifluoromethyl)phenyl)-
ethynyl)pent-2-en-4-ynoic Acid (1f). Prepared according to the
typical procedure C in 53% yield over two steps (432.8 mg): 'H
NMR (400 MHz, DMSO, 25 °C, TMS) § = 13.70 (s, 1H), 7.86—7.83
(m, 4H), 7.79—7.76 (m, 4H), 7.33 ppm (s, IH); *C NMR (100 MHz,
DMSO, 25 °C, TMS) & = 163.9, 132.5, 132.2, 129.6 (q, ] = 44.6 Hz),
126.8, 126.3, 130.0 (q, J = 18.1 Hz), 125.9, 125.9, 125.9, 125.8, 125.4,
1252 (q, ] = 269.9 Hz), 102.5, 97.1, 89.0, 87.2; HRMS (EI) m/z [M]*
caled for C,H,,FsO, 408.0585, found 408.0587.
(E)-5-(Benzol[d][1,3]dioxol-5-yl)-2-(phenylethynyl)pent-2-en-4-
ynoic Acid (1h). Prepared according to the typical procedure A in 66%
yield over two steps (208.8 mg): '"H NMR (400 MHz, DMSO, 25 °C,
TMS) § = 13.41 (s, 1H), 7.54—7.47 (m, SH), 7.18—7.01 (m, 4H), 6.12
ppm (s, 2H); *C NMR (100 MHz, DMSO, 25 °C, TMS) § = 164.5,
149.2, 147.6, 131.3, 129.4, 129.0, 127.3, 126.4, 124.8, 121.8, 1144,
111.0, 109.1, 105.1, 101.9, 98.2, 86.4, 85.4; HRMS (EI) m/z [M]*
caled for C,H;,0, 316.0736, found 316.0733.
(E)-5-(4-Nitrophenyl)-2-(phenylethynyl)pent-2-en-4-ynoic Acid
(1i). Prepared according to procedure A in 56% yield over two steps
(177.7 mg); "H NMR (400 MHz, DMSO, 25 °C, TMS) & = 13.65 (s,
1H), 8.32—8.29 (m, 2H), 7.83—7.80 (m, 2H), 7.58—7.55 (m, 2H),
7.50—7.46 (m, 3H), 7.27 ppm (s, 1H); *C NMR (100 MHz, DMSO,
25 °C, TMS) & = 164.0, 147.5, 132.9, 131.5, 129.7, 129.0, 127.9, 127.3,
125.1, 124.1, 121.5, 101.2, 99.4, 91.2, 85.1; HRMS (EI) m/z [M]*calcd
for C;,H,;NO, 317.0688, found 317.0688.
(E)-5-(Naphthalen-1-yl)-2-(phenylethynyl)pent-2-en-4-ynoic Acid
(1k). Prepared according to procedure A in 62% yield over two steps
(199.9 mg): 'H NMR (400 MHz, DMSO, 25 °C, TMS) & = 13.55 (s,
1H), 8.38 (d, J = 7.6 Hz, 1H), 8.10—8.01 (m, 2H), 7.89 (d, ] = 5.2 Hz,
1H), 7.61-7.42 (m, 8H), 7.16 ppm (s, 1H); *C NMR (100 MHz,
DMSO, 25 °C, TMS) & = 164.4, 132.7, 132.3, 131.9, 131.7, 130.7,
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129.5, 128.8, 128.7, 127.5, 126.9, 126.5, 125.8, 1252, 125.1, 121.7,
118.7, 1022, 98.4, 92.3, 85.4; HRMS (EI) m/z [M]" caled for
Cy3H,,0, 322.0994, found 322.0986.

(E)-5-Phenyl-2-(p-tolylethynyl)pent-2-en-4-ynoic Acid (1l). Pre-
pared according to procedure A in 78% yield over two steps (223.3
mg): '"H NMR (400 MHz, DMSO, 25 °C, TMS) 6 = 13.46 (s, 1H),
7.57—7.55 (m, 2H), 7.50—7.46 (m, 3H), 7.45 (d, ] = 8.0 Hz, 2H), 7.29
(d, J = 8.4 Hz, 2H), 7.20 (s, 1H), 2.35 ppm (s, 3H); 3C NMR (100
MHz, DMSO, 25 °C, TMS) § = 164.4, 139.5, 131.7, 131.3, 130.1,
129.6, 129.1, 125.8, 125.7, 121.4, 118.7, 104.1, 98.8, 87.4, 84.8, 21.1;
HRMS (EI) m/z[M]" caled for C,0H,,0, 286.0994, found 286.0988.

(E)-2-(Hex-1-yn-1-yl)dec-2-en-4-ynoic Acid (1m). Prepared accord-
ing to procedure A in 51% yield over two steps (125.6 mg); "H NMR
(400 MHz, CDCl,, 25 °C, TMS) & = 10.02 (s, 1H), 6.91—6.90 (m,
1H), 2.43—2.38 (m, 4H), 1.57—1.24 (m, 10H), 0.88—0.82 ppm (m,
6H); *C NMR (100 MHz, CDCl, 25 °C, TMS) § = 170.1, 129.3,
123.6, 108.8, 100.3, 78.7, 75.1, 31.0, 30.5, 28.1, 22.2, 21.9, 20.3, 19.5,
14.0, 13.6; HRMS (EI) m/z [M]" caled for C,4H,,0, 246.1620, found
246.1619.

(E)-Ethyl 5-Phenyl-2-(phenylethynyl)pent-2-en-4-ynoate (2a).
Prepared according to procedure C in 85% yield (510.6 mg): 'H
NMR (400 MHz, CDCl,, 25 °C, TMS) & = 7.49—7.43 (m, 4H), 7.28—
7.24 (m, 6H), 7.11 (s, 1H), 4.23—4.20 (m, 2H), 1.28 ppm (t, ] = 7.2
Hz, 3H); °C NMR (100 MHz, CDCl,, 25 °C, TMS) 6 = 164.1, 132.2,
1319, 129.6, 129.0, 128.6, 128.5, 126.8, 124.7, 122.8, 122.5, 105.3,
99.3, 87.5, 84.7, 61.9, 14.3; HRMS (EI) m/z [M]* caled for C,H,40,
300.1150, found 300.1143.

(E)-Ethyl 2-(Phenylethynyl)dec-2-en-4-ynoate (2b). Prepared
according to procedure D in 62% yield over two steps (365.0 mg):
'"H NMR (400 MHz, CDCl,, 25 °C, TMS) 6 = 7.45—7.43 (m, 2H),
7.26—7.25 (m, 3H), 6.92—6.91 (m, 1H), 4.24—4.18 (m, 2H), 2.45—
241 (m, 2H), 1.55—1.50 (m, 2H), 1.38—1.32 (m, 2H), 1.31—-1.20 (m,
5H), 0.78 ppm (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,, 25
°C, TMS) & = 164.4, 131.9, 128.7, 128.3, 128.1, 124.1, 122.9, 108.5,
97.9, 84.4,78.8, 61.8, 31.0, 28.2, 22.2, 20.4, 14.2, 13.9; HRMS (EI) m/
z [M]* caled for C,0H,,0, 294.1620, found 294.1619.

(E)-Ethyl 5-(4-lodophenyl)-2-(phenylethynyl)pent-2-en-4-ynoate
(2c). Prepared according to the typical procedure B in 85% vyield
over two steps (362.3 mg); "H NMR (400 MHz, CDCl,, 25 °C, TMS)
S = 7.63—7.61 (m, 2H), 7.48—7.46 (m, 2H), 7.30—-7.28 (m, 3H),
7.17—-7.15 (m, 2H), 7.08 (s, 1H), 4.28—4.22 (m, 2H), 1.30 ppm (t, ] =
7.2 Hz, 3H); *C NMR (100 MHz, CDCl,;, 25 °C, TMS) § = 164.0,
137.8, 133.4, 131.8, 129.1, 128.5, 126.3, 125.2, 122.7, 121.9, 103.9,
99.5, 96.0, 88.7, 84.6, 62.0, 14.2; HRMS (EI) m/z [M]* calcd for
C, HI0, 426.0117, found 426.0114.

(E)-Methyl 5-Phenyl-2-(phenylethynyl)pent-2-en-4-ynoate (2d).
Prepared according to procedure C in 75% yield (429.5 mg): "H NMR
(400 MHz, CDCl,, 25 °C, TMS) & = 7.49—7.42 (m, 4H), 7.28—7.23
(m, 6H), 7.12 (s, 1H), 3.77 ppm (s, 3H); *C NMR (100 MHz,
CDCl,, 25 °C, TMS) § = 163.6, 131.1, 130.8, 128.6, 128.0, 127.5,
127.4, 126.1, 123.2, 121.7, 121.4, 104.4, 98.2, 86.4, 83.5, 51.8; HRMS
(EI) m/z [M]*calcd for CyH,,0, 286.0994, found 286.0995.

(E)-Ethyl 5-(p-Tolyl)-2-(p-tolylethynyl)pent-2-en-4-ynoate (2e).
Prepared according to procedure C in 77% yield (505.7 mg): 'H
NMR (400 MHz, CDCl,, 25 °C, TMS) 6 = 7.39—7.33 (m, 4H), 7.09—
7.06 (m, SH), 4.26—4.20 (m, 2H), 2.29 (s, 6H), 1.29 ppm (t, ] = 7.2
Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) § = 164.3, 140.0,
139.2, 132.1, 131.8, 129.4, 129.2, 126.6, 124.3, 119.8, 119.5, 105.7,
99.4, 87.3, 84.3, 61.9, 21.7, 21.6, 14.3; HRMS (EI) m/z [M]* calcd for
Cy3H,,0, 328.1463, found 328.1468.

(E)-Ethyl 5-(4-(Trifluoromethyl)phenyl)-2-((4-(trifluoromethyl)-
phenyl)ethynyl)pent-2-en-4-ynoate (2f). Prepared according to
procedure C in 59% yield (514.9 mg): '"H NMR (400 MHz, CDCL,,
25 °C, TMS) 6 = 7.60—7.55 (m, 8H), 7.17 (s, 1H), 4.31—4.26 (m,
2H), 1.32 ppm (t, ] = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,, 25
°C, TMS) 6 = 163.5, 132.2, 132.0, 131.4 (q, ] = 24.2 Hz), 127.0, 126.3
(q,J = 18.6 Hz), 125.6, 125.5, 125.5, 125.5, 125.4, 125.4, 1252 (q, ] =
1352 Hz), 103.4, 97.8, 88.8, 86.4, 62.2, 14.2; HRMS (EI) m/z [M]*
caled for Cy3H,,FsO, 436.0898, found 436.0899.
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(E)-Ethyl 5-(4-Chlorophenyl)-2-((4-chlorophenyl)ethynyl)pent-2-
en-4-ynoate (2g). Prepared according to procedure C in 63% yield
(465.2 mg): "H NMR (400 MHz, CDCl,, 25 °C, TMS) 6 = 7.41-7.34
(m, 4H), 7.34—7.25 (m, 4H), 7.11 (s, 1H), 4.28—4.22 (m, 2H), 1.30
ppm (t, ] = 6.8 Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) §
= 163.8, 1359, 1352, 1332, 133.0, 129.0, 1289, 126.7, 124.8, 121.2,
120.8, 104.0, 98.1, 88.2, 85.5, 62.1, 14.2; HRMS (EI) m/z [M]* caled
for Cy,H,,CL,0, 368.0371, found 368.0377.

(E)-Ethyl 5-(4-Nitrophenyl)-2-((4-nitrophenyl)ethynyl)pent-2-en-
4-ynoate (2h). Prepared according to procedure C in 55% vyield
(429.4 mg): 'H NMR (400 MHz, CDCl,, 25 °C, TMS) 6 = 8.18 (d, J
= 8.0 Hz, 4H), 7.63—7.58 (m, 4H), 7.20 (s, 1H), 4.31—4.26 (m, 2H),
1.33 ppm (t, J = 7.2 Hz, 3H); C NMR (100 MHz, CDCl,, 25 °C,
TMS) & = 163.1, 147.9, 147.6, 132.8, 132.5, 129.1, 128.7, 127.1, 125.8,
1239, 123.8, 102.7, 97.5, 90.9, 88.8, 62.5, 12.2; HRMS (EL) m/z [M]*
caled for C, H ,N,0O4 390.0852, found 390.0853.

(E)-Methyl 5-Cyclopropyl-2-(phenylethynyl)pent-2-en-4-ynoate
(2i). Prepared according to procedure E in $5% yield (275.3 mg):
'H NMR (400 MHz, CDCly, 25 °C, TMS) § = 7.46—7.43 (m, 2H),
7.28—7.27 (m, 3H), 6.90 (d, ] = 6.4 Hz, 1H), 3.76 (s, 3H), 1.51—-1.44
(m, 1H), 0.94—0.87 (m, 2H), 0.86—0.80 ppm (m, 2H); *C NMR
(100 MHz, CDCl,, 25 °C, TMS) § = 163.7, 130.5, 127.5, 127.2, 127.1,
121.8, 121.5, 111.3, 96.5, 83.1, 73.3, S1.5, 8.8, 0.014; HRMS (EI) m/z
[M]*caled for C,H,,0, 250.0994, found 250.0991.

(E)-Ethyl 2-((4-Methoxyphenyl)ethynyl)dec-2-en-4-ynoate (2j).
Prepared according to procedure D in 62% yield over two steps
(402.3 mg): "H NMR (400 MHz, CDCl,, 25 °C, TMS) & = 7.40—7.36
(m, 2H), 6.88—6.86 (m, 1H), 6.80—6.77 (m, 2H), 4.24—4.18 (m, 2H),
3.75 (s, 3H), 2.45—2.41 (m, 2H), 1.58—1.50 (m, 2H), 1.39—1.35 (m,
2H), 1.33—1.21 (m, SH), 0.79 ppm (t, J = 7.2 Hz, 3H); C NMR
(100 MHz, CDCI,, 25 °C, TMS) § = 163.3, 159.0, 132.4, 126.1, 123.2,
114.0, 112.9, 106.9, 97.1, 82.4, 77.8, 60.7, 54.3, 30.0, 27.2, 21.2, 19.3,
13.2, 12.9; HRMS (EI) m/z [M]* caled for C,H,,05 324.172S5, found
324.1730.

(E)-Ethyl 5-(4-Methoxyphenyl)-2-(phenylethynyl)pent-2-en-4-
ynoate (2k). Prepared according to procedure B in 55% yield
(181.7 mg): "H NMR (400 MHz, CDCl,, 25 °C, TMS) & = 7.47—7.36
(m, 4H), 7.31-7.26 (m, 3H), 7.08 (s, 1H), 6.82—6.79 (m, 2H), 4.27—
4.22 (m, 2H), 3.76 (s, 3H), 1.30 ppm (t, ] = 6.8 Hz, 3H); *C NMR
(100 MHz, CDCl,, 25 °C, TMS) & = 164.3, 160.2, 133.4, 132.1, 129.5,
128.6, 125.7, 1249, 122.6, 114.9, 114.1, 104.8, 99.6, 87.6, 83.8, 61.9,
55.4, 14.2; HRMS (EI) m/z [M]" caled for C,,H,30; 330.1256, found
330.1255.

(E)-Methyl 5-(4-Nitrophenyl)-2-(phenylethynyl)pent-2-en-4-
ynoate (2I). Prepared according to procedure E in 55% yield (364.5
mg): "H NMR (400 MHz, CDCL,, 25 °C, TMS) § = 8.16—8.14 (m,
2H), 7.60—=7.58 (m, 2H), 7.50=7.47 (m, 2H), 7.32=7.30 (m, 3H),
7.12 (s, 1H), 3.83 ppm (s, 3H); *C NMR (100 MHz, CDCl,, 25 °C,
TMS) 6 = 163.1, 146.7, 131.7, 130.8, 129.7, 128.4, 128.0, 127.5, 125.3,
124.5, 122.8, 122.5, 121.3, 100.7, 99.4, 90.5, 83.2, 52.1; HRMS (EI) m/
z [M]* caled for CyoH,sNO, 331.0845, found 331.0840.

General Procedure for the Synthesis of 3. A dry 10 mL round
flask was charged with a solution of acid 1 (0.2 mmol), PdCl, (1.8 mg,
0.01 mmol), and CuBr, (26.8 mg, 0.12 mmol) in DMF (2.0 mL)
under oxygen atmosphere at 60 °C. The reaction was monitored by
TLC and stopped until the complete consumption of acid 1. The
solvent was concentrated under vacuum, saturated NH,CI (10 mL)
was added, and the resulting mixture was extracted with EtOAc (3 X §
mL). The combined organic layers were dried over Na,SO,, filtrated,
and evaporated. The crude product was purified by silica gel
chromatography using n-hexane/EtOAc = 1:1 as the eluent to give
the product 3. For 3d, 3e, and 3f, the corresponding esters 3d’, 3¢,
and 3f" were isolated as the products after treatment with 2.0 equiv of
CH,I and K,CO; in DME.

3,7-Dibenzoyl-4,8-diphenylnaphthalene-2,6-dicarboxylic Acid
(3a). A mixture of PdCl, (1.8 mg, 0.01 mmol), CuBr, (26.8 mg,
0.12 mmol), and (E)-S-phenyl-2-(phenylethynyl)pent-2-en-4-ynoic
acid (1a) (54.5 mg, 0.2 mmol) in DMF (2.0 mL) was stirred under
oxygen atmosphere at 60 °C for 3.5 h. The crude product was purified
by column chromatography on silica gel (n-hexane/EtOAc = 1:1, v/v)
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to afford 3a (47.3 mg, 82%): '"H NMR (400 MHz, DMSO, 25 °C,
TMS) & = 13.39 (s, 2H), 8.20 (s, 2H), 7.51-7.47 (m, 6H), 7.36—7.33
(m, 10H), 7.22 ppm (s, 4H); *C NMR (100 MHz, DMSO, 25 °C,
TMS) 6 = 195.6, 166.4, 139.1, 137.9, 137.6, 135.2, 132.9, 132.7, 130.7,
129.5, 128.9, 128.5, 128.2, 128.1, 127.9; HRMS (ESI) m/z [M + H]*
caled for CyH,O¢ 577.1646, found 577.1649.

Dimethyl 3,7-Bis(4-bromobenzoyl)-4,8-bis(4-bromophenyl)-
naphthalene-2,6-dicarboxylate (3d’). A mixture of PdCl, (1.8 mg,
0.01 mmol), CuBr, (26.8 mg, 0.12 mmol), and (E)-5-(4-
bromophenyl)-2-((4-bromophenyl)ethynyl)pent-2-en-4-ynoic acid
(1d) (86.0 mg, 02 mmol) in DMF (2.0 mL) was stirred under
oxygen atmosphere at 60 °C for 8 h. To the mixture were added
K,CO; (552 mg, 0.4 mmol) and Mel (56.8 mg, 0.4 mmol). The
reaction was stirred at 40 °C for 12 h. Thereafter, the resulting mixture
was filtered through Celite, and the solvent was removed under
reduced pressure. The residue was purified by column chromatog-
raphy on silica gel (n-hexane/EtOAc = S:1, v/v) to afford 3d’ (66.3
mg, 72%): 'H NMR (400 MHz, CDCl,, 25 °C, TMS) & = 8.24 (s,
2H), 7.41—7.34 (m, 12H), 7.04—6.93 (m, 4H), 3.61 ppm (s, 6H); *C
NMR (100 MHz, CDCl,, 25 °C, TMS) & = 195.3, 165.6, 138.7, 138.3,
136.4, 133.7, 133.4, 132.4, 131.7, 131.5, 130.1, 129.7, 128.9, 128.3,
123.1, 52.9; HRMS (ESI) m/z [M + H]* caled for C,oH,sBr,Of
916.8379, found 916.8372.

Dimethyl 3,7-Bis(4-methylbenzoyl)-4,8-di-p-tolylnaphthalene-
2,6-dicarboxylate (3e’). A mixture of PdCl, (1.8 mg, 0.01 mmol),
CuBr, (26.8 mg, 0.12 mmol), and (E)-5-(p-tolyl)-2-(p-tolylethynyl)-
pent-2-en-4-ynoic acid (1e) (60.1 mg, 0.2 mmol) in DMF (2.0 mL)
was stirred under oxygen atmosphere at 60 °C for 8 h. To the mixture
were added K,CO; (552 mg, 0.4 mmol) and Mel (56.8 mg, 0.4
mmol). The reaction was stirred at 40 °C for 12 h. Thereafter, the
resulting mixture was filtered through Celite, and the solvent was
removed under reduced pressure. The residue was purified by column
chromatography on silica gel (n-hexane/EtOAc = S:1, v/v) to afford
3¢’ (442 mg, 67%): "H NMR (600 MHz, CDCL, 25 °C, TMS) & =
8.28 (s, 2H), 7.41 (d, J = 7.8 Hz, 4H), 7.07—6.97 (m, 12H), 3.52 (s,
6H), 2.27 (s, 6H), 2.25 ppm (s, 6H); *C NMR (125 MHz, CDCl,, 25
°C, TMS) § = 196.6, 166.3, 143.5, 140.1, 138.4, 137.9, 135.7, 133.9,
132.4, 130.8, 129.8, 129.1, 129.0, 128.9, 128.8, 52.6, 21.8, 21.4; HRMS
(ESI) m/z [M + H]" caled for C,yHy,04 661.258S, found 661.2579.

Dimethyl 3,7-Bis(4-(trifluoromethyl)benzoyl)-4,8-bis(4-
(trifluoromethyl)phenyl)naphthalene-2,6-dicarboxylate (3f'). A mix-
ture of (E)-S-(4-(trifluoromethyl)phenyl)-2-((4-(trifluoromethyl)-
phenyl)ethynyl)pent-2-en-4-ynoic acid (1f) (81.7 mg, 0.2 mmol),
PdCl, (1.8 mg, 0.01 mmol), and CuBr, (26.8 mg, 0.12 mmol) was
stitred in DMF (2.0 mL) under oxygen atmosphere at 60 °C for 8 h.
To the mixture were added K,CO; (552 mg, 0.4 mmol) and Mel
(56.8 mg, 0.4 mmol). The reaction was stirred at 40 °C for 12 h.
Thereafter, the resulting mixture was filtered through Celite, and the
solvent was removed under reduced pressure. The residue was purified
by column chromatography on silica gel (n-hexane/EtOAc = 5:1, v/v)
to afford 3f (64.5 mg, 74%): '"H NMR (600 MHz, CDCl,, 25 °C,
TMS) & = 8.30 (s, 2H), 7.62—7.54 (m, 12H), 7.32 (d, ] = 6.6 Hz, 4H),
3.67 ppm (s, 6H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) & =
197.7, 168.1, 142.8, 141.3, 1412, 141.1, 137.2 (q, ] = 64.5 Hz), 135.8,
1339, 133.9 (q, J = 61.5 Hz), 132.4, 131.9, 131.5, 128.1 (q, J = 7.5
Hz), 128.0 (d, ] = 9.0 Hz), 127.2 (q, ] = 271.5 Hz), 55.6; HRMS (ESI)
m/z [M + H]* caled for CyH,F,04 877.1454, found 877.1467.

3,7-Bis(4-methylbenzoyl)-4,8-dipentylnaphthalene-2,6-dicarbox-
ylic Acid (3g). A mixture of PdCl, (1.8 mg, 0.01 mmol), CuBr, (26.8
mg, 0.12 mmol), and (E)-2-(p-tolylethynyl)dec-2-en-4-ynoic acid (1g)
(56.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred under oxygen
atmosphere at 60 °C for 3.5 h. The crude product was purified by
column chromatography on silica gel (n-hexane/EtOAc = 2:1, v/v) to
afford 3g (46.8 mg, 79%): 'H NMR (400 MHz, DMSO, 25 °C, TMS)
5 =13.43 (s, 2H), 8.73 (s, 2H), 7.62 (d, ] = 7.6 Hz, 4H), 7.33 (d, ] =
7.6 Hz, 4H), 3.11-2.91 (m, 2H), 2.84—2.63 (m, 2H), 2.38 (s, 6H),
1.70—1.48 (m, 4H), 1.34—1.18 (m, 8H), 0.78 ppm (t, ] = 6.8 Hz, 6H);
BC NMR (100 MHz, DMSO, 25 °C, TMS) & = 196.4, 166.6, 143.6,
138.5, 137.4, 1354, 132.5, 129.3, 129.1, 128.6, 125.9, 31.3, 30.5, 29.4,
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21.4, 21.2, 13.6; HRMS (ESI) m/z [M + HJ" caled for CygH, 04
593.2898, found 593.2893.
4,8-Bis(benzo[d][1,3]dioxol-5-yl)-3,7-dibenzoylnaphthalene-2,6-
dicarboxylic Acid (3h). A mixture of PdCl, (1.8 mg, 0.01 mmol),
CuBr, (26.8 mg, 0.12 mmol), and (E)-S-(benzo[d][1,3]dioxol-5-y1)-2-
(phenylethynyl)pent-2-en-4-ynoic acid (1h) (63.3 mg, 0.2 mmol) in
DMF (2.0 mL) was stirred under oxygen atmosphere at 60 °C for 7 h.
The crude product was purified by column chromatography on silica
gel (n-hexane/EtOAc = 1:1, v/v) to afford 3h (47.2 mg, 71%): 'H
NMR (400 MHz, DMSO, 25 °C, TMS) & = 13.42 (s, 2H), 826 (s,
2H), 7.54—7.50 (m, 6H), 7.39—7.36 (m, 4H), 6.87—6.63 (m, 6H),
6.06 (s, 2H), 6.01 ppm (m, 2H); *C NMR (100 MHz, DMSO, 25 °C,
TMS) 6 = 1957, 166.4, 146.9, 146.7, 1387, 138.2, 137.7, 133.2, 132.7,
129.5, 128.8, 128.5, 128.3, 124.6, 111.2, 107.8, 101.2; HRMS (ESI) m/
z [M + H]* caled for C4oH,50,y 665.1442, found 665.1444.
General Procedure for the Synthesis of 4. A dry 10 mL round
flask was charged with a solution of ester 2 (0.2 mmol), PdCl, (1.8 mg,
0.01 mmol), and CuCl, (5.4 mg, 0.04 mmol) in DMF (2.0 mL) under
oxygen atmosphere at 60 °C. The reaction was monitored by TLC and
stopped until the complete consumption of ester 2. The solvent was
concentrated under vacuum, saturated NH,Cl (10 mL) was added,
and the resulting mixture was extracted with DCM (3 X § mL). The
combined organic layers were dried over Na,SO,, filtrated, and
evaporated. The crude product was purified by silica gel chromatog-
raphy using n-hexane/acetone as the eluent to give the ester product 4.
For 4c, 4f, and 4h, the corresponding esters 4¢’, 4f, and 4h’ were
isolated as the products after being treated with 2.0 equiv of CH,I and
K,CO, in DMF.
3,7-Dibenzoyl-6-(ethoxycarbonyl)-4,8-diphenyl-2-naphthoic Acid
(4a). A mixture of PdCl, (1.8 mg, 0.01 mmol), CuCl, (5.4 mg, 0.04
mmol), and (E)-ethyl-S-phenyl-2-(phenylethynyl)pent-2-en-4-ynoate
(2a) (60.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred under oxygen
atmosphere at 60 °C for 6 h. The crude product was purified by
column chromatography on silica gel (n-hexane/acetone = 2:1, v/v) to
afford 4a (50.2 mg, 83%): '"H NMR (400 MHz, DMSO, 25 °C, TMS)
§ = 1345 (s, 1H), 8.22 (s, 1H), 8.18 (s, 1H), 7.55—7.47 (m, 6H),
7.38=7.28 (m, 10H), 7.28—=7.17 (m, 4H), 3.99—3.94 (m, 2H), 0.82
ppm (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, DMSO, 25 °C, TMS)
6 =195.6, 195.5, 166.3, 164.9, 139.3, 139.2, 138.1, 137.6, 137.4, 137.3,
13S5.1, 133.0, 132.9, 132.9, 132.7, 130.7, 129.7, 128.9, 128.7, 128.5,
128.3, 1283, 128.3, 128.1, 127.9, 127.9, 61.5, 13.1; HRMS (EI) m/z
[M]* caled for CyoH,304604.1886, found 604.1883.
3,7-Dibenzoyl-6-(ethoxycarbonyl)-4,8-diphenyl-2-naphthoic Acid
(4b). A mixture of PdCl, (1.8 mg, 0.01 mmol), CuCl, (5.4 mg, 0.04
mmol), and (E)-ethyl-2-(phenylethynyl)dec-2-en-4-ynoate (2b) (58.9
mg, 0.2 mmol) in DMF (2.0 mL) under oxygen atmosphere at 60 °C
for 10 h. The crude product was purified by column chromatography
on silica gel (n-hexane/acetone = 4:1, v/v) to afford 4b (42.7 mg,
72%): "H NMR (400 MHz, CDCl,, 25 °C, TMS) 6 = 8.75 (s, 1H),
8.72 (s, 1H), 7.76 (d, ] = 7.2 Hz, 2H), 7.69 (d, ] = 5.6 Hz, 2H), 7.53—
7.46 (m, 2H), 7.40—7.33 (m, 4H), 4.13—4.08 (m, 2H), 2.86 (s, 4H),
1.52 (s, 4H), 1.26—1.16 (s, 8H), 1.05 (t, ] = 7.2 Hz, 3H), 0.77—0.73
ppm (m, 6H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) & = 196.5,
164.6, 138.9, 136.8, 136.2, 132.3, 128.0, 127.8, 127.8, 127.6, 127.5,
125.6, 60.8, 31.0, 31.0, 30.3, 30.1, 29.3, 28.7, 21.0, 12.8, 12.8, 12.6;
HRMS (EI) m/z [M]* calcd for Cy33H,004 592.28285, found 592.2829.
2-Ethyl 6-Methyl 3,7-dibenzoyl-4,8-bis(4-iodophenyl)-
naphthalene-2,6-dicarboxylate (4c’). A mixture of PdCl, (1.8 mg,
0.01 mmol), CuCl, (54 mg 0.04 mmol), and (E)-ethyl-S-(4-
iodophenyl)-2-(phenylethynyl)pent-2-en-4-ynoate (2c) (85.2 mg, 0.2
mmol) in DMF (2.0 mL) was stirred under oxygen atmosphere at 60
°C for 8 h. To the mixture were added K,CO; (55.2 mg, 0.4 mmol)
and Mel (56.8 mg, 0.4 mmol). The reaction was stirred at 40 °C for 12
h. Thereafter, the resulting mixture was filtered through Celite, and the
solvent was removed under reduced pressure. The crude product was
purified by column chromatography on silica gel (n-hexane/CH,Cl, =
2:1, v/v) to afford 4c¢’ (47.0 mg, 54%): 'H NMR (600 MHz, CDCL,,
25 °C, TMS) & = 8.31 (s, 1H), 8.29 (s, 1H), 7.62 (d, ] = 6.0 Hz, 4H),
7.54 (d, J = 6.6 Hz, 4H), 7.46—7.44 (m, 2H), 7.31-7.28 (m, 4H),
6.97—6.85 (m, 4H), 4.08—4.04 (m, 2H), 3.62 (m, 3H), 0.95 ppm (t, J
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= 7.2 Hz, 3H); 3C NMR (125 MHz, CDCl,, 25 °C, TMS) § = 196.7,
196.5, 166.2, 165.7, 139.1, 139.0, 138.9, 138.7, 138.1, 138.1, 137.6,
137.6, 135.0, 135.0, 133.6, 133.5, 133.4, 133.3, 132.9, 130.1, 129.9,
129.6, 129.3, 129.2, 129.1, 128.6, 128.6, 95.0, 94.9, 62.3, 53.0, 13.8;
HRMS (ESI) m/z [M + HJ" caled for C4H,ol,04 871.0048, found
871.0039.
3,7-Dibenzoyl-6-(methoxycarbonyl)-4,8-diphenyl-2-naphthoic
Acid (4d). A mixture of PdCl, (1.8 mg, 0.01 mmol), CuCl, (5.4 mg,
0.04 mmol), and (E)-methyl-S-phenyl-2-(phenylethynyl)pent-2-en-4-
ynoate (2d) (57.3 mg, 0.2 mmol) in DMF (2.0 mL) under oxygen
atmosphere at 60 °C for 8 h. The crude product was purified by
column chromatography on silica gel (n-hexane/acetone = 2:1, v/v) to
afford 4d (43.7 mg, 74%): '"H NMR (400 MHz, DMSO, 25 °C, TMS)
5 = 1345 (s, 1H), 822 (s, 1H), 820 (s, 1H), 7.54—7.47 (m, 6H),
7.37—7.24 (m, 10H), 7.23 (s, 4H), 3.53 ppm (s, 3H); *C NMR (100
MHz, DMSO, 25 °C, TMS) & = 195.6, 195.5, 166.3, 165.3, 139.3,
139.1, 138.2, 138.2, 137.6, 137.3, 135.0, 133.0, 132.9, 132.8, 132.7,
132.7, 130.7, 1289, 128.5, 128.3, 128.2, 127.9, 52.6; HRMS (EI) m/z
[M]* caled for C3oH,404 590.1729, found 5$90.1723.
6-(Ethoxycarbonyl)-3,7-bis(4-methylbenzoyl)-4,8-di(p-tolyl)-2-
naphthoic acid (4e). A mixture of PdCl, (1.8 mg, 0.01 mmol), CuCl,
(5.4 mg, 0.04 mmol), and (E)-ethyl-S-(p-tolyl)-2-(p-tolylethynyl )pent-
2-en-4-ynoate (2e) (65.7 mg, 0.2 mmol) in DMF (2.0 mL) under
oxygen atmosphere at 60 °C for 8 h. The crude product was purified
by column chromatography on silica gel (n-hexane/acetone = 3:1, v/v)
to afford 4e (49.6 mg, 75%): '"H NMR (400 MHz, CDCl,, 25 °C,
TMS) & = 8.29 (s, 1H), 8.25 (s, 1H), 7.40 (d, ] = 8.0 Hz, 2H), 7.33 (d,
J = 7.6 Hz, 2H), 7.05—6.94 (m, 12H), 3.97—3.92 (m, 2H), 2.26—2.23
(m, 12H), 0.86 ppm (t, ] = 7.2 Hz, 3H); 3*C NMR (100 MHz, CDCl,,
25 °C, TMS) 6 = 196.4, 196.3, 169.8, 165.8, 143.5, 143.4, 140.1, 140.0,
138.3, 138.1, 137.8, 137.8, 135.6, 135.5, 134.2, 133.6, 132.2, 132.1,
130.8, 130.7, 130.6, 129.7, 1292, 129.1, 129.0, 128.9, 128.8, 128.7,
1272, 61.7, 21.7, 21.3, 21.3, 13.4; HRMS (ESI) m/z [M + H]* caled
for C,,H;,04 661.2585, found 661.258S.
2-Ethyl 6-Methyl 3,7-bis(4-(trifluoromethyl)benzoyl)-4,8-bis(4-
(trifluoromethyl)phenyl)naphthalene-2,6-dicarboxylate (4f'). A mix-
ture of (E)-ethyl-S-(4-(trifluoromethyl)phenyl)-2-((4-(trifluorometh-
yl) phenyl)ethynyl)pent-2-en-4-ynoate (2f) (87.3 mg, 0.2 mmol),
PdCl, (1.8 mg, 0.01 mmol), and CuCl, (5.4 mg, 0.04 mmol) in DMF
(2.0 mL) was stirred under oxygen atmosphere at 60 °C for 8 h. To
the mixture were added K,CO; (55.2 mg, 0.4 mmol) and Mel (56.8
mg, 0.4 mmol). The reaction was stirred at 40 °C for 12 h. Thereafter,
the resulting mixture was filtered through Celite, and the solvent was
removed under reduced pressure. The crude product was purified by
column chromatography on silica gel (n-hexane/CH,Cl, = 2:1, v/v) to
afford 4f' (59.7 mg, 67%): '"H NMR (400 MHz, CDCl,, 25 °C, TMS)
5 =824 (s, 1H), 823 (s, 1H), 7.58—7.48 (m, 12H), 7.27—7.25 (m,
4H), 4.07—4.01 (m, 2H), 3.61 (s, 3H), 0.93 ppm (t, ] = 7.2 Hz, 3H);
BC NMR (100 MHz, CDCl,, 25 °C, TMS) § = 195.2, 195.1, 165.5,
165.0, 140.3, 1402, 1838.7, 138.6, 138.5, 138.5, 138.4, 138.3, 134.4 (q,
J=32.6 Hz), 133.3, 133.1, 131.3, 131.1 (q, J = 32.5 Hz), 129.9, 129.8,
129.5, 129.1, 129.0, 128.9, 12§.5, 125.5, 125.4, 125.4, 125.3, 125.3,
125.3,125.1 (q, J = 271.1 Hz), 62.4, 53.0, 13.5,; HRMS (ESI) m/z [M
+ H]J* caled for C4H,,F1,04 891.1611, found 891.1616..
3,7-Bis(4-chlorobenzoyl)-4,8-bis(4-chlorophenyl)-6-(ethoxycar-
bonyl)-2-naphthoic Acid (4g). A mixture of PdCl, (1.8 mg, 0.01
mmol), CuCl, (5.4 mg, 0.04 mmol), and (E)-ethyl 5-(4-
chlorophenyl)-2-((4-chlorophenyl)ethynyl)pent-2-en-4-ynoate (2g)
(73.8 mg, 0.2 mmol) in DMF (2.0 mL) was stirred under oxygen
atmosphere at 60 °C for 8 h. The crude product was purified by
column chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to
afford 4g (45.2 mg, 61%): 'H NMR (400 MHz, CDCl,, 25 °C, TMS)
5=2827 (s, 1H), 8.23 (s, 1H), 7.43 (d, ] = 8.8 Hz, 2H), 7.34 (d, ] = 6.8
Hz, 2H), 7.23-7.03 (m, 9H), 6.93 (s, 3H), 4.06—4.00 (m, 2H), 0.93
ppm (t, ] = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) §
= 195.1, 169.1, 165.2, 138.8, 138.2, 136.1, 136.0, 134.9, 134.8, 133.9,
133.3, 133.1, 133.0, 132.1, 132.1, 130.2, 130.0, 129.8, 129.5, 128.7,
128.7, 128.5, 62.2, 13.6; HRMS (ESI) m/z [M + H]" caled for
CaoH,5CL O 741.0400, found 741.0410.

DOI: 10.1021/acs.joc.5b02870
J. Org. Chem. 2016, 81, 2770—2781


http://dx.doi.org/10.1021/acs.joc.5b02870

The Journal of Organic Chemistry

2-Ethyl 6-Methyl 3,7-bis(4-nitrobenzoyl)-4,8-bis(4-nitrophenyl)-
naphthalene-2,6-dicarboxylate (4h’). A mixture of PdCl, (1.8 mg,
0.01 mmol), CuCl, (54 mg 0.04 mmol), and (E)-ethyl-S-(4-
nitrophenyl)-2-((4-nitrophenyl)ethynyl)pent-2-en-4-ynoate (2h)
(78.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred under oxygen
atmosphere at 60 °C for 10 h. To the mixture were added K,CO;
(55.2 mg, 0.4 mmol) and Mel (56.8 mg, 0.4 mmol). The reaction was
stirred at 40 °C for 12 h. Thereafter, the resulting mixture was filtered
through Celite, and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography on silica
gel (n-hexane/CH,Cl, = 2:1, v/v) to afford 4h’ (51.9 mg, 65%): 'H
NMR (600 MHz, DMSO, 25 °C, TMS) 6 = 8.36—8.31 (m, 6H),
8.27—8.23 (m, 6H), 7.88—7.87 (m, 3H), 7.65—7.63 (m, 3H), 4.09—
4.05 (m, 2H), 3.63 (s, 3H), 0.93 ppm (t, ] = 7.2 Hz, 3H); *C NMR
(125 MHz, DMSO, 25 °C, TMS) § = 197.1, 197.1, 168.0, 167.5, 153.0,
153.0, 150.7, 144.5, 144.4, 144.4, 144.4, 141.1, 140.5, 140.3, 13S.8,
135.7, 135.4, 133.0, 132.9, 131.9, 131.5, 127.0, 127.0, 126.5, 126.4,
65.3, 56.2, 16.4; HRMS (ESI) m/z [M + H]" calcd for C,;H,,N,O,,
799.1518, found 799.1512.

General Procedure for the Synthesis of 5. A dry 10 mL round
flask was charged with a solution of acid 1 (0.2 mmol), ester 2 (0.6
mmol), PAC], (1.8 mg, 0.01 mmol), and Cul (38.1 mg, 0.2 mmol) in
DMF (2.0 mL). The reaction mixture was stirred under O, at 60 °C
and detected by TLC. After the complete consumption of 1, saturated
NH,CI (10 mL) was added, and the resulting mixture was extracted
with DCM (3 X $ mL). The combined organic layers were dried over
Na,SO,, filtrated, and evaporated. The crude product was purified by
silica gel chromatography using n-hexane/acetone as the eluent to give
the ester product S.

3,7-Dibenzoyl-6-(ethoxycarbonyl)-4-pentyl-8-phenyl-2-naph-
thoic Acid (5ab). A mixture of acid 1a (54.5 mg, 0.2 mmol), ester 2b
(176.6 mg, 0.6 mmol), PAC, (1.8 mg, 0.01 mmol), and Cul (38.1 mg,
0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O, for 0.75 h.
The crude product was purified by column chromatography on silica
gel (n-hexane/acetone = 4:1, v/v) to afford Sab (110.2 mg, 92%) and
2b (106.0 mg, 0.36 mmol): '"H NMR (400 MHz, CDCl, 25 °C,
TMS) & = 8.84 (s, 1H), 8.12 (s, 1H), 7.61 (d, J = 6.8 Hz, 2H), 7.49—
7.47 (m, 2H), 7.44—7.41 (m, 1H), 7.36—7.27 (m, 3H), 7.21-7.17 (m,
SH), 7.03 (s, 2H), 4.15—4.10 (m, 2H), 2.88 (s, 2H), 1.55 (s, 2H),
1.23—1.18 (m, 4H), 1.02 (t, ] = 6.8 Hz, 3H), 0.76 ppm (t, ] = 6.8 Hz,
3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) & = 196.8, 169.8,
165.7, 140.7, 139.1, 138.0, 137.9, 137.8, 135.2, 133.5, 132.8, 130.8,
129.8, 129.0, 129.0, 128.6, 128.2, 128.1, 128.0, 127.7, 127.2, 62.0, 32.1,
31.2, 30.1, 22.1, 13.9, 13.6; HRMS (ESI) m/z [M + H]" caled for
CaoH,506 599.2428, found $99.2429.

Gram-Scale Entry. Each entry was conducted by using 1a (1.36 g,
S mmol), 2b (4.42 g, 15 mmol), PdCl, (44.3 mg, 0.25 mmol), and Cul
(190.1 mg, 1 mmol) in DMF (25 mL) under O, at 60 °C. The
reaction was stirred for 1 h, saturated NH,Cl (10 mL) was added, and
the resulting mixture was extracted with DCM (3 X S mL). The
combined organic layers were dried over Na,SO,, filtrated, and
evaporated. The crude product was purified by silica gel chromatog-
raphy using n-hexane/acetone = 4:1 as the eluent to give the product
Sab (2.66 g, 89%) and 2b (3.12 g, 10.6 mmol).

3,7-Dibenzoyl-6-(ethoxycarbonyl)-8-(4-methoxyphenyl)-4-pen-
tyl-2-naphthoic Acid (5¢b). A mixture of acid lc (60.5 mg, 0.2
mmol), ester 2b (176.6 mg, 0.6 mmol), PACl, (1.8 mg, 0.01 mmol),
and Cul (38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C
under O, for 1 h. The crude product was purified by column
chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to afford
5cb (78.0 mg, 62%) and 2b (117.8 mg, 0.4 mmol): '"H NMR (400
MHz, CDCl,, 25 °C, TMS) 6 = 8.82 (s, 1H), 8.17 (s, 1H), 7.62 (d, ] =
7.2 Hz, 2H), 7.50—7.48 (m, 2H), 7.45—7.41 (m, 1H), 7.37-7.27 (m,
3H), 7.22—7.18 (m, 2H), 6.94 (d, ] = 14.8 Hz, 2H), 6.70 (d, ] = 7.2
Hz, 2H), 4.15—4.09 (m, 2H), 3.70 (s, 3H), 2.88 (s, 2H), 1.54 (s, 2H),
1.31-1.14 (m, 4H), 1.02 (t, ] = 6.8 Hz, 3H), 0.76 ppm (t, ] = 6.8 Hz,
3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) & = 195.9, 164.7,
1582, 139.5, 138.0, 137.2, 136.8, 136.7, 133.3, 132.5, 131.7, 131.0,
127.9, 1279, 127.5, 127.1, 126.4, 1262, 112.5, 60.9, 54.1, 31.1, 30.1,
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29.0, 21.1, 12.9, 12.6; HRMS (ESI) m/z [M + H]* caled for CyoHj;,0,
629.2534, found 629.2537..
7-Benzoyl-3-(4-bromobenzoyl)-8-(4-bromophenyl)-6-(ethoxycar-
bonyl)-4-pentyl-2-naphthoic Acid (5db). A mixture of acid 1d (86.0
mg, 0.2 mmol), ester 2b (176.6 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01
mmol), and Cul (38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at
60 °C under O, for 1 h. The crude product was purified by column
chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to afford
5db (122.5 mg, 81%) and 2b (106.0 mg, 0.36 mmol): 'H NMR (400
MHz, CDCl,, 25 °C, TMS) 6 = 8.86 (s, 1H), 8.10 (s, 1H), 7.49—7.48
(m, 6H), 7.40—7.37 (m, 1H), 7.32—7.31 (m, 2H), 7.25—7.21 (m, 2H),
6.92 (s, 2H), 4.15—4.10 (m, 2H), 2.98—2.75 (m, 2H), 1.68—1.40 (m,
2H), 1.34—1.12 (m, 4H), 1.02 (t, ] = 7.2 Hz, 3H), 0.78 ppm (t, ] = 6.4
Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) & = 195.5, 164.4,
138.3, 137.2, 136.7, 135.6, 133.0, 132.4, 132.0, 131.3, 130.9, 130.3,
129.2, 128.0, 127.9, 127.3, 1269, 121.8, 61.1, 31.0, 30.1, 29.1, 21.0,
12.9, 12.6; HRMS (ESI) m/z [M + HI]" caled for
Cy9H33Br,04755.0638, found 755.0643.
3,7-Dibenzoyl-6-(ethoxycarbonyl)-8-(4-nitrophenyl)-4-pentyl-2-
naphthoic Acid (5ib). A mixture of acid 1i (63.5 mg, 0.2 mmol), ester
2b (176.6 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol), and Cul (38.1
mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O, for 1
h. The crude product was purified by column chromatography on silica
gel (n-hexane/acetone = 3:1, v/v) to afford Sib (100.4 mg, 78%) and
2b (117.8 mg, 0.4 mmol): 'H NMR (400 MHz, CDCl,, 25 °C, TMS)
5=2891 (s, 1H), 8.06 (d, J = 8.0 Hz, 2H), 7.96 (s, 1H), 7.62 (d, ] = 6.0
Hz, 2H), 7.49—7.38 (m, 4H), 7.33—7.22 (m, 6H), 4.16—4.11 (m, 2H),
2.88 (s, 2H), 1.54 (s, 2H), 1.30—1.18 (m, 4H), 1.03 (t, J = 7.2 Hz,
3H), 0.77 ppm (t, ] = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,, 25
°C, TMS) & = 196.1, 165.3, 147.6, 142.4, 139.6, 138.2, 138.1, 137.6,
133.4, 133.0, 131.9, 129.0, 128.9, 128.7, 128.5, 1232, 62.3, 32.1, 31.2,
30.1, 22.1, 13.9, 13.6; HRMS (ESI) m/z [M + HJ]" caled for
CyoHy,NO, 644.2279, found 644.2286.
3,7-Dibenzoyl-6-(ethoxycarbonyl)-4-pentyl-8-(thiophene-2-yl)-2-
naphthoic Acid (5jb). A mixture of 1j (55.7 mg, 0.2 mmol), ester 2b
(176.6 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol), and Cul (38.1 mg,
0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O, for 1 h.
The crude product was purified by column chromatography on silica
gel (n-hexane/acetone = 3:1, v/v) to afford 5jb (73.8 mg, 61%) and 2b
(117.8 mg, 0.4 mmol): "H NMR (400 MHz, CDCl,, 25 °C, TMS) 6 =
8.87 (s, 1H), 8.42 (s, 1H), 7.66 (d, ] = 6.0 Hz, 2H), 7.57 (d, ] = 7.2
Hz, 2H), 7.46—7.23 (m, 7H), 6.86—6.82 (m, 2H), 4.17—4.11 (m, 2H),
3.07-2.69 (m, 2H), 1.55 (s, 2H), 1.23—1.14 (m, 4H), 1.03 (t, ] = 6.8
Hz, 3H), 0.77 ppm (t, J = 6.8 Hz, 3H); *C NMR (100 MHz, CDCl,,
25°C, TMS) & = 196.5, 165.5, 163.2, 139.8, 139.0, 137.9, 137.5, 134.8,
133.3, 132.9, 129.0, 128.8, 128.7, 128.6, 128.2, 128.0, 126.8, 62.1, 32.1,
31.1, 29.7, 22.1, 13.9, 13.6; HRMS (ESI) m/z [M + H]" calcd for
CyHa304S 605.1992, found 605.1989.
2,6-Dibenzoyl-3-(ethoxycarbonyl)-5-pentyl[1,1’-binaphthalene]-
7-carboxylic Acid (5kb). A mixture of acid 1k (64.5 mg, 0.2 mmol),
ester 2b (176.6 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol), and Cul
(38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O,
for 1 h. The crude product was purified by column chromatography on
silica gel (n-hexane/acetone = 3:1, v/v) to afford Skb (114.2 mg, 88%)
and 2b (100.1 mg, 0.34 mmol): '"H NMR (400 MHz, CDCl,, 25 °C,
TMS) & = 891 (s, 1H), 7.77 (s, 1H), 7.67 (d, ] = 8.0 Hz, 2H), 7.55 (d,
] = 6.8 Hz, 2H), 7.38—7.20 (m, 7H), 7.17—7.12 (m, 2H), 7.07—6.98
(m, 4H), 4.14—4.08 (m, 2H), 2.88 (m, 2H), 1.58 (s, 2H), 1.33—1.17
(m, 4H), 0.98 (t, ] = 7.2 Hz, 3H), 0.77 ppm (t, ] = 7.2 Hz, 3H); C
NMR (100 MHz, CDCI,, 25 °C, TMS) 6 = 196.5, 169.5, 165.8, 139.2,
139.1, 137.7, 137.3, 134.4, 133.4, 133.0, 132.5, 132.5, 132.4, 129.6,
129.4, 129.1, 128.8, 128.7, 128.5, 1282, 128.1, 127.8, 1263, 1263,
126.0, 124.7, 62.1, 322, 31.2, 30.2, 22.1, 13.9, 13.6; HRMS (ESI) m/z
[M + HJ]* caled for C43Hy,O4 649.2585, found 649.2582.
7-Benzoyl-6-(ethoxycarbonyl)-3-(4-methylbenzoyl)-4-pentyl-8-
phenyl-2-naphthoic Acid (5 Ib). A mixture of acid 11 (57.3 mg, 0.2
mmol), ester 2b (176.6 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol),
and Cul (38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C
under O, for 1 h. The crude product was purified by column
chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to afford

DOI: 10.1021/acs.joc.5b02870
J. Org. Chem. 2016, 81, 2770—2781


http://dx.doi.org/10.1021/acs.joc.5b02870

The Journal of Organic Chemistry

5Ib (76.0 mg, 62%) and 2b (111.8 mg, 0.38 mmol): '"H NMR (400
MHz, CDCl,, 25 °C, TMS) 6 = 8.84 (s, 1H), 8.14 (s, 1H), 7.52—7.48
(m, 4H), 7.36—7.32 (m, 1H), 7.21-7.18 (m, SH), 7.10 (d, ] = 8.0 Hz,
2H), 7.04 (s, 2H), 4.15—4.10 (m, 2H), 2.98—2.76 (m, 2H), 2.31 (s,
3H), 1.57 (s, 2H), 1.32—1.18 (m, 4H), 1.02 (t, ] = 7.2 Hz, 3H), 0.77
ppm (t, ] = 6.8 Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) §
= 196.8, 169.7, 165.8, 144.0, 140.6, 139.0, 137.9, 137.9, 135.4, 135.2,
133.8, 133.4, 132.8, 132.2, 130.8, 129.4, 129.3, 129.2, 129.0, 128.2,
128.1, 128.0, 127.7, 62.0, 32.1, 31.2, 30.1, 22.1, 21.8, 13.9, 13.6; HRMS
(ESI) m/z [M + H]* caled for C,0H3,04 613.2585, found 613.258S.
7-Benzoyl-6-(ethoxycarbonyl)-3-pentanoyl-4,8-dipentyl-2-naph-
thoic Acid (5mb). A mixture of acid 1m (86.0 mg, 0.2 mmol), ester 2b
(176.6 mg, 0.6 mmol), PdCL, (1.8 mg, 0.01 mmol), and Cul (38.1 mg,
0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O, for 1 h.
The crude product was purified by column chromatography on silica
gel (n-hexane/acetone = 4:1, v/v) to afford Smb (66.4 mg, 58%) and
2b (129.5 mg, 0.44 mmol): '"H NMR (400 MHz, CDCl, 25 °C,
TMS) & = 8.74 (s, 1H), 8.40 (s, 1H), 7.71 (d, J = 7.6 Hz, 2H), 7.51—
747 (m, 1H), 7.38=7.34 (m, 2H), 4.56—4.36 (m, 1H), 4.18—4.08 (m,
2H), 3.35-3.15 (m, 2H), 2.78 (s, 2H), 2.37—2.15 (m, 2H), 1.77 (m,
1H), 1.60—1.50 (m, 3H), 1.45—1.38 (m, 3H), 1.27—-1.09 (m, 8H),
1.04 (t, ] = 7.2 Hz, 3H), 0.90 (t, ] = 7.2 Hz, 3H), 0.78 (t, ] = 6.8 Hz,
3H), 0.71 ppm (t, J = 7.2 Hz, 3H); 3*C NMR (100 MHz, CDCl,, 25
°C, TMS) 6 = 196.5, 1672, 164.5, 139.1, 137.2, 136.7, 135.9, 133.8,
132.3, 128.0, 127.6, 127.5, 127.3, 125.9, 125.8, 120.2, 107.9, 60.9, 38.0,
31.4,31.1, 30.4, 302, 29.6, 27.4, 24.7, 21.4, 21.3,21.1, 13.0, 12.8, 12.8,
12.6; HRMS (EI) m/z [M]* caled for C,H,,04572.3138, found
572.3136.
3-Benzoyl-6-(ethoxycarbonyl)-7-(4-methylbenzoyl)-8-phenyl-4-
(p-tolyl)-2-naphthoic Acid (5ae). A mixture of acid 1a (54.5 mg, 0.2
mmol), ester 2e (197.0 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol),
and Cul (38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C
under O, for 1 h. The crude product was purified by column
chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to afford
5ae (68.3 mg, 54%) and 2e (131.3 mg, 0.40 mmol): 'H NMR (400
MHz, CDCl,, 25 °C, TMS) & = 8.28 (s, 1H), 8.26 (s, 1H), 7.38 (d, ] =
8.0 Hz, 4H), 7.31-7.28 (m, 2H), 7.20—7.04 (m, 6H), 6.99—6.92 (m,
6H), 3.99—3.93 (m, 2H), 2.25 (s, 3H), 2.23 (s, 3H), 0.86 ppm (d, ] =
7.2 Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) § = 195.7,
1652, 143.0, 139.4, 137.7, 1374, 137.4, 135.0, 134.7, 130.3, 130.2,
129.4, 128.8, 128.6, 128.4, 128.2, 127.7, 127.5, 127.5, 61.3, 21.2, 20.8,
12.9; HRMS (ESI) m/z [M + H]* calcd for C,,H3304 633.2272, found
633.2284.
3-Benzoyl-6-(ethoxycarbonyl)-8-phenyl-7-(4-(trifluoromethyl)-
benzoyl)-4-(4-(trifluoromethyl)phenyl)-2-naphthoic Acid (5af). A
mixture of acid la (54.5 mg, 0.2 mmol), ester 2f (261.8 mg, 0.6
mmol), PAC, (1.8 mg, 0.01 mmol), and Cul (38.1 mg, 0.2 mmol) in
DMF (2.0 mL) was stirred at 60 °C under O, for 1 h. The crude
product was purified by column chromatography on silica gel (n-
hexane/acetone = 3:1, v/v) to afford Saf (87.4 mg, 59%) and 2f (165.8
mg, 0.38 mmol): 'H NMR (400 MHz, CDCl,, 25 °C, TMS) & = 8.34
(s, 1H), 8.13 (s, 1H), 7.56 (d, ] = 8.0 Hz, 2H), 7.45 (d, ] = 8.4 Hz,
4H), 7.34—7.31 (m, 3H), 7.20—7.13 (m, 7H), 7.06 (d, ] = 6.0 Hz,
2H), 4.04—3.99 (m, 2H), 0.90 ppm (d, J = 7.2 Hz, 3H); C NMR
(100 MHz, CDCl,, 25 °C, TMS) § = 194.6, 168.3, 164.3, 139.3, 139.2,
137.8, 136.8, 136.6, 133.4, 133.0, 132.7, 132.3, 132.0, 130.3, 129.8,
129.6, 129.3, 128.6, 1283, 128.0, 127.6, 127.3, 127.2, 1242, 124.1,
124.1, 124.0, 123.9, 123.8, 121.4, 121.1, 61.1, 12.4; HRMS (ESI) m/z
[M + H]* caled for C,,H,,FsO4 741.1706, found 741.1713.
3,7-Dibenzoyl-4-cyclopropyl-6-(methoxycarbonyl)-8-phenyl-2-
naphthoic Acid (5ai). A mixture of acid 1a (54.5 mg, 0.2 mmol), ester
2i (150.2 mg, 0.6 mmol), PdCL, (1.8 mg, 0.01 mmol), and Cul (38.1
mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O, for 1
h. The crude product was purified by column chromatography on silica
gel (n-hexane/acetone = 4:1, v/v) to afford Sai (103.5 mg, 91%) and
2i (90.1 mg, 0.36 mmol): 'H NMR (400 MHz, CDCl,, 25 °C, TMS)
§=9.36 (s, 1H), 8.01 (s, 1H), 7.70 (d, ] = 7.6 Hz, 2H), 7.49—7.42 (m,
3H), 7.36—7.29 (m, 3H), 7.21-7.16 (m, 5H), 7.08—6.97 (m, 2H),
3.69 (s, 3H), 1.97—1.90 (m, 1H), 1.06—0.35 ppm (m, 4H); *C NMR
(100 MHz, CDCI,, 25 °C, TMS) § = 197.0, 166.4, 140.3, 139.8, 138.3,
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138.2, 137.8, 135.2, 135.1, 133.7, 133.0, 132.7, 130.8, 130.1, 128.9,
128.6, 128.5, 1282, 128.2, 128.0, 52.7, 12.9, 9.1; HRMS (ESI) m/z [M
+ H]* caled for Cy4H,,04 555.1802, found 555.1802.
3-Benzoyl-6-(ethoxycarbonyl)-7-(4-methoxybenzoyl)-4-pentyl-8-
phenyl-2-naphthoic Acid (5aj). A mixture of 1a (54.5 mg, 0.2 mmol),
ester 2j (194.6 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol), and Cul
(38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O,
for 1 h. The crude product was purified by column chromatography on
silica gel (n-hexane/acetone = 3:1, v/v) to afford Saj (116.9 mg, 93%)
and 2j (110.3 mg, 0.34 mmol): '"H NMR (400 MHz, CDCl,, 25 °C,
TMS) & = 8.83 (s, 1H), 8.12 (s, 1H), 7.61 (d, ] = 7.6 Hz, 2H), 7.47 (d,
] = 8.4 Hz, 2H), 7.45—7.40 (m, 1H), 7.31-7.27 (m, 2H), 7.24—6.92
(m, SH), 6.69 (d, ] = 8.8 Hz, 2H), 4.15—4.10 (m, 2H), 3.73 (s, 3H),
2.87 (s, 2H), 1.53 (s, 2H), 1.30—1.18 (m, 4H), 1.04 (t, J = 7.2 Hz,
3H), 0.76 ppm (t, ] = 6.8 Hz, 3H); *C NMR (100 MHz, CDCl,, 25
°C, TMS) § = 197.0, 166.4, 140.3, 139.8, 138.3, 138.2, 137.8, 135.2,
135.1, 133.7, 133.0, 132.7, 130.8, 130.1, 128.9, 128.6, 128.5, 128.2,
1282, 128.0, 52.7, 12.9, 9.1; HRMS (ESI) m/z [M + H]" calcd for
CyoHi;0, 629.2534, found 629.2545.
3,7-Dibenzoyl-6-(ethoxycarbonyl)-4-(4-methoxyphenyl)-8-phe-
nyl-2-naphthoic Acid (5ak). A mixture of acid la (54.5 mg, 0.2
mmol), 2k (198.2 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol), and
Cul (38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under
O, for 1 h. The crude product was purified by column
chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to afford
Sak (105.4 mg, 83%) and 2k (112.3 mg, 0.34 mmol): 'H NMR (400
MHz, CDCl,, 25 °C, TMS) & = 8.29 (s, 1H), 8.24 (s, 1H), 7.46 (d, ] =
8.8 Hz, 2H), 7.38 (d, ] = 4.4 Hz, 2H), 7.31-7.27 (m, 2H), 7.20—7.04
(m, 11H), 6.68 (d, ] = 8.8 Hz, 2H), 4.00—3.94 (m, 2H), 3.72 (s, 3H),
0.88 ppm (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,, 25 °C,
TMS) 6 = 194.2, 164.6, 162.1, 138.8, 137.2, 136.8, 134.2, 134.0, 132.9,
1302, 130.2, 129.8, 129.8, 129.8, 128.7, 128.3, 127.7, 127.3, 127.2,
127.1, 126.9, 126.9, 112.3, 60.7, 54.3, 12.4; HRMS (ESI) m/z [M +
H]* caled for C,H;; 0, 635.2064, found 635.2069.
3,7-Dibenzoyl-6-(methoxycarbonyl)-4-(4-nitrophenyl)-8-phenyl-
2-naphthoic Acid (5al). A mixture of acid 1a (54.5 mg, 0.2 mmol),
ester 21 (207.2 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol), and Cul
(38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C under O,
for 1 h. The crude product was purified by column chromatography on
silica gel (n-hexane/acetone = 3:1, v/v) to afford Sal (100.4 mg, 79%)
and 21 (124.3 mg, 0.36 mmol): 'H NMR (400 MHz, DMSO, 25 °C,
TMS) 6 = 8.26 (s, 1H), 8.26—8.17 (m, 2H), 8.07 (s, 1H), 7.53—7.49
(m, 8H), 7.38—7.34 (m, 7H), 7.24—7.19 (m, 2H), 3.53 ppm (s, 3H);
3C NMR (100 MHz, DMSO, 25 °C, TMS) & = 195.4, 165.2, 147.2,
142.4, 139.5, 137.8, 137.5, 137.2, 137.0, 134.9, 133.1, 133.0, 132.2,
1307, 129.5, 128.5, 1284, 1284, 128.3, 1282, 128.0, 123.0, 52.7;
HRMS (ESI) m/z [M + H]" caled for C3,H,sNOg 636.1653, found
636.1647.
6-(Ethoxycarbonyl)-7-(4-methoxybenzoyl)-3-(4-methylbenzoyl)-
4-pentyl-8-phenyl-2-naphthoic Acid (5lj). A mixture of 11 (57.3 mg,
0.2 mmol), ester 2j (194.6 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol),
and Cul (38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C
under O, for 1 h. The crude product was purified by column
chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to afford
5lj (97.7 mg, 76%) and 2j (129.7 mg, 0.40 mmol): '"H NMR (400
MHz, CDCl,, 25 °C, TMS) & = 8.83 (s, 1H), 8.15 (s, 1H), 7.55 (d, ] =
7.2 Hz, 2H), 7.48 (d, ] = 8.4 Hz, 2H), 7.19=7.09 (m, 7H), 6.69 (d, ] =
8.8 Hz, 2H), 4.16—4.10 (m, 2H), 3.73 (s, 3H), 3.06—2.67 (m, 2H),
2.30 (s, 3H), 1.71—1.42 (m, 2H), 1.33—1.16 (m, 4H), 1.05 (t, ] = 7.2
Hz, 3H), 0.77 ppm (t, J = 6.8 Hz, 3H); *C NMR (100 MHz, CDCl,,
25°C, TMS) & = 195.4, 165.7, 163.1, 140.5, 138.8, 137.9, 135.5, 135.5,
1332, 131.3, 131.3, 129.3, 129.0, 129.0, 128.7, 128.1, 128.0, 128.0,
127.9, 127.9, 127.7, 61.9, 55.4, 32.1, 31.1, 30.1, 22.1, 21.7, 13.9, 13.7;
HRMS (ESI) m/z [M + H]" caled forC, H;,0, 643.2690, found
643.2698.
2,6-Dibenzoyl-3-(methoxycarbonyl)-5-phenyl-[1,1’-binaphtha-
lene]-7-carboxylic Acid (5id). A mixture of acid 1i (64.5 mg, 0.2
mmol), ester 2d (171.8 mg, 0.6 mmol), PdCl, (1.8 mg, 0.01 mmol),
and Cul (38.1 mg, 0.2 mmol) in DMF (2.0 mL) was stirred at 60 °C
under O, for 1 h. The crude product was purified by column
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chromatography on silica gel (n-hexane/acetone = 3:1, v/v) to afford
5id (98.7 mg, 77%) and 2b (106.0 mg, 0.36 mmol): 'H NMR (400
MHz, CDCl,, 25 °C, TMS) 6 = 8.31 (d, ] = 0.4 Hz, 1H), 7.94 (s, 1H),
7.68 (d, J = 8.0 Hz, 2H), 7.31=7.28 (m, 6H), 7.25—7.21 (m, SH),
7.17—6.97 (m, 9H), 3.51 ppm (s, 3H); *C NMR (100 MHz, CDCl,,
25°C, TMS) & = 195.5, 168.0, 165.1, 138.8, 138.5, 137.4, 136.7, 136.2,
133.9, 133.0, 132.8, 132.0, 1314, 131.3, 131.2, 129.9, 129.7, 129.0,
128.5, 128.4, 128.2, 127.7, 127.5, 127.2, 127.2, 127.0, 126.9, 126.7,
125.3, 125.0, 123.7, 51.5; HRMS (ESI) m/z [M + H]* caled for
C,3H,904 641.1959, found 641.1961.

Synthesis of Compound 6ab. Diphenylphosphoryl azide (165.1
mg, 0.6 mmol) and triethylamine (60.6 mg, 0.6 mmol) were added to
a solution of Sab (119.6 mg, 0.2 mmol) in 1,4-dioxane (3.0 mL) at 25
°C. The mixture was stirred for 12 h and then evaporated under
reduced pressure. After the addition of TFA (3 mL), the resulting
mixture was stirred at 80 °C for 2 h and then cooled to 0 °C,
neutralized with saturated aqueous Na,COj; solution, and extracted
with CH,Cl, (3 X 10 mL). The combined organic layers were washed
with brine and dried over anhydrous Na,SO,. The solvent was
evaporated in vacuum, and the residue was purified by flash column
chromatography on silica gel (n-hexane/EtOAc = 5:1, v/v) to afford
product 6ab (70.6 mg, 62%).

Ethyl 6-amino-3,7-dibenzoyl-8-pentyl-4-phenyl-2-naphthoate
(6ab): '"H NMR (400 MHz, CDCl,;, 25 °C, TMS) & = 8.73 (m,
1H), 7.83 (d, ] = 7.2 Hz, 2H), 7.58=7.52 (m, 3H), 7.43—7.39 (m,
2H), 7.35—7.31 (m, 1H), 7.22—7.13 (m, 7H), 6.47 (s, 1H), 4.12—4.06
(m, 2H), 3.78 (s, 2H), 2.84—2.80 (m, 2H), 1.59—1.55 (m, 2H), 1.24—
1.18 (m, 4H), 1.01 (t, J = 7.2 Hz, 3H), 0.77 ppm (t, ] = 6.8 Hz, 3H);
3C NMR (100 MHz, CDCl,, 25 °C, TMS) 6 = 199.3, 197.5, 166.3,
1437, 139.7, 138.4, 137.7, 137.1, 137.0, 136.7, 1364, 1344, 1324,
129.6, 129.0, 128.9, 128.8, 1284, 1280, 127.8, 127.5, 125.0, 122.6,
1074, 61.3, 32.0, 313, 30.7, 22.2, 13.9, 13.7; HRMS (EI) m/z [M]*
caled for C3gH3sNO, 569.2566, found 569.2561.

Synthesis of Compound 7ab. An oven-dried vessel was charged
with Sab (119.6 mg, 0.2 mmol), Cu,O (11.4 mg, 0.08 mmol), and
1,10-phenanthroline (144 mg, 0.08 mmol). After the vessel was
purged with alternating vacuum and nitrogen cycles, a degassed
solution of NMP (0.9 mL) and quinoline (0.3 mL) was added via
syringe. The resulting mixture was stirred for 12 h at 170 °C, acidized
by aqueous 3 N HC], and extracted repeatedly with diethyl ether. The
combined organic layers were washed with brine, dried over Na,SO,,
and filtered, the solvent was removed under vacuum, and the residue
was purified through column chromatography (silica gel, eluent:
petroleum ether/acetone = 10:1) to afford the pure product 7ab
(1032 mg, 93%).

Ethyl 3,7-dibenzoyl-8-pentyl-4-phenyl-2-naphthoate (7ab): 'H
NMR (400 MHz, CDCl,, 25 °C, TMS) & = 8.95 (s, 1H), 7.76—7.73
(m, 2H), 7.54—7.51 (m, 3H), 7.40—7.33 (m, 4H), 7.32—7.26 (m, 1H),
7.22—7.18 (m, 2H), 7.14 (s, 3H), 7.06 (s, 2H), 4.16—4.11 (m, 2H),
3.09-3.05 (m, 2H), 1.72—1.68 (m, 2H), 1.35—1.26 (m, 4H), 1.04 (t,
= 6.8 Hz, 3H), 0.80 ppm (t, ] = 6.8 Hz, 3H); *C NMR (100 MHz,
CDCl,, 25 °C, TMS) & = 198.1, 196.7, 165.6, 139.0, 138.6, 138.0,
137.0, 136.8, 135.6, 134.8, 133.2, 132.1, 130.7, 130.4, 129.7, 128.5,
128.1, 127.9, 127.6, 127.3, 127.3, 126.8, 126.2, 124.2, 61.3, 31.6, 31.3,
29.5, 21.8, 13.5, 13.2; HRMS (EI) m/z [M]* caled for C34H;,0,
554.2457, found 554.2459.

Synthesis of Compound 8ab. A dry 10 mL round flask was
charged with a solution of 1a (54.5 mg, 0.2 mmol), 2b (194.6 mg, 0.6
mmol), PACl, (35.5 mg, 0.2 mmol), Cul (38.1 mg, 0.2 mmol), and
TEMPO (62.5 mg, 0.4 mmol) in DMF (2.0 mL) under N,
atmosphere at 60 °C for 1 h. The solvent was concentrated under
vacuum, and the residue was purified through a short column
chromatography to afford the pure product 8ab (91.5 mg, 67%).

Ethyl 7-benzoyl-1-oxo-4-pentyl-3,8-diphenyl-3-((2,2,6,6-tetrame-
thylpiperidin-1-yl)oxy)-1,3-dihydronaphtho[2,3-c]furan-6-carboxy-
late (8ab): 'H NMR (400 MHz, CDCly, 25 °C, TMS) & = 8.86 (s,
1H), 8.64 (s, 1H), 7.59—7.56 (m, 4H), 7.43—7.34 (m, 2H), 7.28—7.06
(m, 9H), 4.23—4.15 (m, 2H), 3.23—3.07 (m, 2H), 1.61—1.52 (m, 3H),
142 (s, 3H), 1.39-124 (m, 6H), 1.21 (s, 6H), 1.17—1.12 (m, 2H),
1.08 (t, J = 7.2 Hz, 3H), 0.84 (t, ] = 7.2 Hz, 3H), 0.18—0.13 (m, 1H),
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0.00 ppm (s, 3H); *C NMR (100 MHz, CDCl,, 25 °C, TMS) & =
196.9, 168.9, 165.7, 144.5, 141.0, 139.9, 137.9, 137.7, 137.6, 135.8,
135.4, 134.6, 132.8, 131.0, 130.6, 129.0, 128.8, 128.4, 128.4, 128.2,
128.1, 128.0, 127.9, 126.8, 126.5, 123.3, 107.5, 61.9, 61.9, 59.8, 40.9,
40.6, 34.8, 33.9, 32.5, 29.2, 28.5, 22.3, 22.0, 21.4, 17.0, 14.1, 13.6;
HRMS (ESI) m/z [M + H]" caled for C,sH,NO;4 738.3789, found
738.3778.
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