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ABSTRACT: Diastereo- and enantioselective preparation of 2,2-disubstituted benzofuran-3(2H)-one has been realized by a
pybox-copper catalyzed reaction between 2-substituted benzofuran-3(2H)-one and propargyl acetate. The utility of this method
was demonstrated by further transformation of the terminal alkyne into a methyl ketone without loss of enantiomeric purity.

2,2-Disubstituted benzofuran-3(2H)-ones and related frame-
works characteristic of a quaternary stereogenic center at C2
are present in quite a number of natural products and bioactive
molecules." Despite intensive efforts devoted to the con-
struction of this type of framework,* so far there are only a few
reported asymmetric methods® which were achieved either
through asymmetric Michael addition or by enantioselective
halogenation (Figure 1).*”

0 CN o Q
gt-BU 1
o NG o) ~COR
1 expample /‘CI VY / 6 expamples
by Deng et al. 0 by Kobayashi et al.

R2 Akiyama et al. and

CO,R! Nakajima et al.
2 exmaples o
by Maruoka et al. 1 example
and Takeuchi et al. * PO(OEt),\ by Jorgensen et al.
0] = 0 PO(OEt),
ForCl ; PO(OEt), PO(OEt),
J COR COyt-Bu

Figure 1. Previous examples of asymmetric nucleophlic addition of 2-
substituted benzofuran-3(2H)-ones.

In 1994, Murahashi and co-workers reported the copper-
catalyzed amination of propargyl phosphates and acetates under
mild conditions.* A variety of methodologies have been
successfully developed for direct propargylic substitution
using propargylic alcohols or their derivatives since then.’
Meanwhile, this process was rendered asymmetric via
transition-metal catalysis by several research groups.’™® In our
search for a new efficient method for diastereo- and
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enantioselective construction of 2-substituted benzofuran-
3(2H)-ones, we envisioned that 2-substituted benzofuran-
3(2H)-ones 1 would be suitable reaction partners for propargyl
acetate 2, providing access to 2,2-disubstituted benzofuran-
3(2H)-ones 3. Herein we wish to report a diastereo- and
enantioselective propargylation of 2-substituted benzofuran-
3(2H)-ones with propargylic acetate catalyzed by a pybox-
copper complex.

To gain some insight into the behavior of the propargylation
reaction and obtain a racemic sample required for determi-
nation of the enantiomeric excess by HPLC, we first examined
the reaction between ethyl 3-ox0-2,3-dihydrobenzofuran-2-
carboxylate (la) and 1-phenylprop-2-ynyl acetate (2a)
promoted by a combination of Cul and an achiral ligand at
20 °C with methanol as the solvent and DIPEA as the base
(Table 1, entries 1-2). As reported by Hu et al, similar
conditions had proven effective for propargylation of cyclic 1,3-
diketones when using chiral P,N,N-ligands.&j1 In our study, the
desired products were obtained in high yields with rather
moderate diastereoselectivities for both bidentate N,N-ligand
bpy and tridentate N,N,N-ligand pybox (Figure 1). The latter
was found to be more effective than the former with complete
consumption of the starting material 2a in less than 10 min.

The preliminary promising results with achiral ligands
prompted us to develop an asymmetric version of this reaction.
To our delight, a combination of Cul and ligand A (sec-Bu-
pybox) derived from L-isoleucine led to a propargylation
product in almost quantitative yield, with excellent enantiose-
lectivity (94% ee) and high diastereoselectivity (92:8) (Table 1,
entry 3). Various copper salts were screened and found to give
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Table 1. Screening of Reaction Conditions for the
Propargylation between 1a and 2a“

OAc
P Ph7 N P Ph
>—CO,Et ————— A
fo! copper salts O 'CO,Et
1a ligand, DIPEA 3a
methanol, 20 °C
time yield ee

entry copper salts ligand (h) (%)® (%)< dr€
1 Cul bpy 4 85 - 3:2
2 Cul pybox 0.1 91 - 7:3
3 Cul A 0.5 9 94 92:8
4 CuBr A 0.5 94 98 98:2
S CuCl A 4 47 86 88:12
6 Cu(OAc), A 4 92 96 964
7 Cu(OTH), A 4 94 93 928
8 Cu(acac), A 4 97 96 96:4
9 Cu(CH,CN),BF, A 4 97 94 955
10 Cu(acac), B 4 94 92 93:7
11 Cu(acac), C 4 60 3 58:42
12 CuBr C 0.5 68 30 50:50
13 Cu(acac), D 4 48 27 54:46
14 CuBr D 0.5 84 17 50:50
15 Cu(acac), E 4 89 81 79:21
167 Cu(acac), F 4 - - -
174 Cu(acac), G 4 - - -
18¢ CuBr A 2 90 96 9S:S

“General conditions: 1a (0.4 mmol), 2a (0.2 mmol), copper salt (5
mol %), hgand (6 mol %), and DIPEA (2 equiv) in methanol (4 mL)
at 20 °C. “Yield referred to isolated 3a and its diastereoisomer.
“Enantiomeric excess and dlastereoselectmty of 3a were determined
by chiral HPLC analysis. “No formation of desired product was
observed. “Reaction performed at 0 °C.

similar results, as excellent ee’s and high dr’s were achieved
(entries 3—9), except for CuCl with only a moderate yield
(entry S). Since CuBr and Cu(acac), were slightly better than
the others (entries 4, 8), they were chosen for further
investigation of other reaction parameters.

Other tridentate ligands, B, C, and D, and bidentate ligands,
E, F, and G, were also evaluated for the propargylation reaction
(Figure 2). Ligand B (i-Pr-pybox) with less bulky groups as
compared with ligand A provided the products in comparable
yield and selectivity as ligand A (entry 10), while C (t+-Bu-
pybox) and D (indenyl-pybox) bearing more bulky groups led
to low yields, low ee’s, and poor dr's (entries 11—14).
Furthermore, of the bidentate ligands screened, ligand E gave
moderate results: 89% yield, 81% ee, and 79:21 dr (entry 15),
while the other two, F and G, were ineffective (entries 16, 17).
When the temperature was lowered to 0 °C, the performance
of the reaction was almost identical to that at 20 °C, albeit a
longer reaction time was required (entry 18). Further attempts
to improve the performance of this reaction by changing the
base or the solvent were unsuccessful (not shown; see
Supporting Information (SI) for details), as no better results
were obtained.

With the optimized reaction conditions in hand (Table 1,
entries 4 and 8), we set out to explore the scope of the reaction
with regard to diversely substituted propargyl acetates (Table
2). We first examined aryl-substituted substrates 2b—h (entries
1—10). To our pleasure, phenyl-substituted acetates with either
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Figure 2. Achiral and chiral ligands used in this study.

Table 2. Expanding the Substrate Scope of Propargyl
Acetates”

OAc O Ar(orR)
1 . )\ Method A or -
a —_—
A" N Method B o CO.EL
(orR) 2
2 3
yield ee
entry Ar (or R) 2 method” 3 (9%)® (%)< dr®
1 4CH,yCH, 2b A 3b 91 94 919
2 4CH,0-CH, 2c A 3c 91 93 90:10
3 4-Cl-C¢H, 2d A 3d 90 922 91:9
4  4CF-CH, 2e A 3e 79 88 919
S 4-CF;-CeH, 2e B 3e 70 9% 973
6  3,5-(CFy), of A 3f 78 83 90:10
6H3
7 3,5-(CFy), of B 3f 72 86  92:8
6Hs
8  4-Br-CeH, 2g A 3g 90 86  95:5
a-naphthyl 2h A 3h 90 78 86:14
10 a-naphthyl 2h B 3h 93 78 89:11
11 n-butyl 2i A 3i 45 88 92:8
2 - 2 A 3j 40 3 -

“General conditions: 1a (0.4 mmol), 2 (0.2 mmol), CuBr (5 mol %,
method A) or Cu(acac), (5 mol %, method B), hgand A (6 mol %), and
base (2 equiv) in methanol (4 mL) at 20 °C. “Yield referred to
isolated 3 and its diasterecisomer. “Enantiomeric excess and
diastereoselectivity of 3 were determined by chiral HPLC analysis.
4)-Methylbut-3-yn-2-yl acetate (2j) was employed.

electron-donating or -withdrawing substituents all performed
well to deliver the propargylated products in good to excellent
yields and ee’s with high dr’s. For substrate 2e, with one
trifluoromethyl group, and substrate 2f, with two trifluor-
omethyl groups, the ee’s and dr’s were slightly improved at the
expense of the yields, when the reaction was promoted by
Cu(acac), instead of CuBr (entries 4—7). a-Naphthyl-
propargyl acetate 2h was also fit for this reaction (entries 9—
10), as a 90% vyield, 78% ee, and dr of 86:14 were achieved
when CuBr was employed. It failed to give a higher ee with
Cu(acac),, though a slightly better yield and dr were attained
(entry 10). Two alkyl-substituted propargyl acetates were also
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examined for this reaction (entries 11—12). n-Butyl-substituted
2i reacted sluggishly and delivered the desired product in
moderate yield, while the ee and dr were comparable to those
of aryl substrates. Use of substrate 2j derived from
commercially available 2-methylbut-3-yn-2-ol resulted in a
poor yield and ee.

We next investigated the substrate scope of this reaction
concerning differently substituted benzofuranones (Table 3).

Table 3. Expanding the Substrate Scope of Benzofuranones”

R2 O IC_)uBrd(SAmsol %I)"/ R2 O ph
3@E€7C02R1 + 2a l_»gan G mel?) A
R f 0 DIPEA, methanol R’ 2 COoEt
20°C, 0.5-12h

entry R',R%R%1 3 :’;:1; (:;c dr

1 Me, H, H, 1b 3ab 91 94 919

2 Et, Br, H, 1¢ 3ac 91 93  90:10
3 Et, H, MeO, 1d 3ad 90 92 919

4 Et, Me, H, 1e 3ae 79 88 91:9

5 O pnh

o)
CN L
o] 0O CN
1§ 3af 75% vield, 60% ee, 77:23 dr
¢ 0 O pn
6 N=NN
—
CHs z
(o] (0] CHa
19

3ag 72% yield, 75% ee, 79:21 dr

Br

“General conditions: 1a (0.4 mmol), 2 (0.2 mmol), CuBr (S mol %),
ligand A (6 mol %), and base (2 equiv) in methanol (4 mL) at 20 °C
for 0.5 to 12 h. Yield referred to isolated 3 and its diastereoisomer.
“Enantiomeric excess and diastereoselectivity of 3 were determined by
chiral HPLC analysis. “The propargylated product was treated with 1-
azido-4-bromobenzene in the presence of Cul and sodium ascorbate.

Substrate 1b, a methyl ester, worked well to give the desired
product in almost quantitative yield with excellent ee and high
dr (entry 1). Substrates with either an electron-poor or -rich
benzoid portion were all well suited to our current system
(entries 2—4). Notably, the size of the substituent on C2 of
benzofuranone had a significant influence on the outcome of
this reaction, since 1f with a cyano group and 1g with a methyl
group furnished the corresponding propargylated products with
only modest ee’s and dr’s (entries 5—6). In the case of 1g,
determination of the ee and dr value of the product was
facilitated by its derivative obtained from cyclization with 1-
azido-4-bromobenzene.” The relative stereochemistry of 3a and
absolute stereochemistry of 3ag were determined by single-
crystal X-ray diffraction analysis (see SI for details)."

Based on the propargylatlon mechanisms proposed pre-
viously by Murahashl et al,* Nishibayashi et al,° Maarseveen et
al, and Hu et al,”® we proposed a plausible mechanism for the
reaction between la and 2a as depicted in Figure 3. First,
chelation of propargyl acetate to the chiral copper complex
formed a 7 complex (I)."" Next, deprotonation of the
acetylenic hydrogen with DIPEA delivered a Cu-acetylide
complex (IT), which would be readily transformed into a Cu-
alkenylidene complex (III) upon loss of an acetate group.
Notably, the involvement of the Cu-alkenylidene complex as a

Z intermediate has recently been verified by Nishibayashi et

Finally, the addition of 1a to the copper complex from the

DIPEA

DIPEA-H*
2a OAC
CuL*

Otlhjl]\Ph a-face
mCOzEI addition

0]

1a

Figure 3. Proposed catalytic cycle and chiral induction model for
propargylation of benzofuranone 1a.

less hindered a-side, via the chiral induction model shown in
Figure 1, afforded 3a with excellent ee and dr.

To explore the synthetic potential of the current method-
ology, the reaction between la and 2a was carried out on a
larger scale (2 mmol) (2 mol % of CuBr and 2.4 mol % ligand
A) and the reaction proceeded smoothly to provide the
propargylated product in a similar manner to those on a 0.2
mmol scale. Furthermore, the terminal alkyne was transformed
into a methyl ketone by treating it with Hg(OTFA), (5 mol %)
and TFA (3 equiv) in DCM at rt for 2 h (Scheme 1).'?
Notably, no loss of enantiomeric purity was observed during
this transformation.

Scheme 1. Oxidation of the Terminal Alkyne into a Methyl
Ketone

Ph o
___ Hg(OTFA), (5 mol %) W
O CO Et TFA (3 equiv) 0 COzEt

CM, rt, 2 h
84% yield

98% ee, 98.2 dr >08% ee 99:1 dr

Besides benzofuranones, indanone substrate 6 and benzopyr-
anone 7 were also tested in the current research. To our
delight, both substrates worked well with good ylelds, good to
excellent ee’s, and moderate dr’s achieved [eqs 1-2].

o] O ph
o NaNN
CO,Et + 2a2s TS
2 ‘CO,Et 5
6 8 '

7% yield 3 1dr, 93% ee

O
+2a LU "COzEt \©\
or2b

70 0O 9

9a (Ar = Ph): 86% yield, 6:1 dr, 92% ee
9b (Ar = 4-CH3-CgHy): 73% yield, 6:1 dr, 72% ee

i) CuBr (5 mol %), ligand A (6 mol %), DIPEA, methanol, 20 °C
it) 1-azido-4-bromobenzene, Cul, sodium ascorbate, DCM, 20 °C
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In summary, we have developed a diastereo- and
enantioselective propargylation reaction of 2-substituted
benzofuran-3(2H)-ones catalyzed by a copper-pybox complex.
A series of 2,2-disubstituted benzofuran-3(2H)-ones bearing
two vicinal chiral centers and one terminal alkyne function were
obtained in good to excellent yields and ee’s in most cases. The
utility of this method was demonstrated by a relatively large
scale synthesis of 3a and further transformation of 3a into
ketone 4 without loss of enantiomeric purity. Furthermore, this
methodology was found to be also applicable to indanone- and
benzopyranone-based substrates.
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