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B-Ketoesters with Propargylic Esters**
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Abstract: An enantioselective synthesis of highly functional-
ized dihydrofurans through a copper-catalyzed asymmetric
[3+2] cycloaddition of 3-ketoesters with propargylic esters has
been developed. With a combination of Cu(OTf), and a chiral
tridentate PN,N ligand as the catalyst, a variety of 2,3-
dihydrofurans bearing an exocyclic double bond at the
2 position were obtained in good chemical yields and with
good to high enantioselectivities. The exocyclic double bond
can be hydrogenated in a highly diastereoselective fashion to
give unusual cis-2,3-dihydrofuran derivatives, thus further
enhancing the scope of this transformation.

Dihydrofurans are common motifs in many natural products
and pharmaceuticals, and also serve as attractive precursors in
an array of organic transformations.'! Although many strat-
egies have been described for the synthesis of various
dihydrofurans,? catalytic asymmetric approaches to access
optically active 2,3-dihydrofurans are very limited and most
rely on metal-catalyzed cycloadditions of diazo compounds
with vinyl ether or enones and organocatalytic modified
Feist-Bénary reactions.”! In particular, no catalytic asymmet-
ric process for the synthesis of chiral 2,3-dihydrofurans
bearing an exocyclic C=C bond at the 2 or 3 position has
been developed. Therefore, the exploration of a new catalytic
enantioselective method for the facile synthesis of chiral
multifunctionalized 2,3-dihydrofurans is still in high demand.

In the past decade, catalytic sequential propargylation/
cycloisomerization reactions of propargylic alcohols or their
derivatives with 1,3-dicarbonyl compounds have been
reported for the synthesis of substituted furans
(Scheme 1)." In these reactions, 2-alkylene-2,3-dihydrofur-
ans (C) were proposed as the key intermediates for the
subsequent isomerization to substituted furans. It was there-
fore anticipated that these reaction protocols should provide
a concise access to 2-alkylene-2,3-dihydrofurans (C) if the last
isomerization step can be efficiently interrupted. Indeed, an
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Scheme 1. “Interrupted” catalytic propargylation/cycloisomerization for
the synthesis of 2-alkylene-2,3-dihydrofurans.

intramolecular cyclization of 2-propynyl-1,3-dicarbonyl com-
pounds (A, R?=H) catalyzed by a Cu-based system has been
realized recently to form 2-alkylene-2,3-dihydrofurans.”!
Combined with the recent success in the Cu-catalyzed
asymmetric propargylic substitution,” we therefore envi-
sioned that the development of an enantioselective variant of
this reaction should be feasible to produce chiral 2,3-
dihydrofurans bearing an exocyclic C=C bond at the 2-
position. Herein, we report the first examples of highly
enantioselective Cu-catalyzed formal [342] cycloadditions of
B-ketoesters with propargylic esters, employing a tridentate
chiral PN,N ligand and leading to optically active 2-methyl-
ene-2,3-dihydrofurans. More importantly, the exocyclic meth-
ylene C=C bond can be hydrogenated in a highly diastereo-
selective fashion to give unusual cis-2,3-dihydrofuran deriv-
atives, in contrast to the trans diastereoisomers that are
generated predominantly in other catalytic asymmetric pro-
cesses reported so far.!

Our preliminary studies focused on probing the effects of
different ligands, copper salts, bases, and solvents on the
efficiency and selectivity of the reaction. Having chosen
methyl 3-oxo-3-phenylpropanoate (1a) and 1-phenylprop-2-
yn-1-yl acetate (2a) as standard reaction partners, several
chiral ligands that proved to be efficient in the Cu-catalyzed
asymmetric propargylic substitution were investigated at the
outset of our studies (Table 1, entries 1-6). Substituted furan
5 was not detected by 'H NMR spectroscopy in any of the
cases. However, the structure of the ligand showed a signifi-
cant influence on the reactivity, chemoselectivity, and enan-
tioselectivity of the reaction. With (S)-BINAP (L1) as the
ligand, no reaction was observed (Table 1, entry 1). The use of
Ph-pybox (L2) predominately gave the propargylic alkylation
product 4 (Table 1, entry 2). When bis(oxazoline) L3 was used
as the ligand, the desired 2-methylene-2,3-dihydrofuran (3aa)
was obtained as the main product, but with low enantiose-
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Table 1: Optimization of the copper-catalyzed asymmetric [3+2] cyclo-
addition of methyl 3-oxo-3-phenylpropanoate (1a) with 1-phenylprop-2-
yn-1-yl acetate (2a).”!

J X
Ph - OMe (41 (5 mol %) N
.

L* (55mol%

W

(0]
OAc “reaction conditions MeOZC )‘ti\\
ph)\\ Ph—©
MeO,C _ Ph
5
Entry [Cu] L* Base 3aa/4 3aa
Yield [%]19  ee [%]“
1 Cu(OAc)yH,0 L1 EtN - - e
2 Cu(OAc),H,0 L2 EfN <5/95 - -t
3 Cu(OAQ),;H,0 L3 Et;N 75/25 55 <5
4 Cu(OAc);H,0 L4 EtN >95/5 85 ~39
5 Cu(OAc);H,0 L5 EtN >95/5 34 43
6 Cu(OAc),;H,0 L6 ELN  >095/5 38 92
7 Cul L6 Et;:N >95/5 91 86
8 Cu(OTf), L6 ELN >95/5 90 95
9 Cu(OTf), L6 none - - _
10 Cu(OTf), L6 iPr,NEt 71/29 45 92
1" Ccu(oTf), L6 Et;N - - el
128 Cu(OTf), L6 Et;N - - i

[a] Reaction conditions: Ta (0.33 mmol), 2a (0.3 mmol), [Cu]

(0.015 mmol, 5 mol %), L* (0.0165 mmol, 5.5 mol %), base (0.36 mmol),
3 mL of MeOH unless otherwise specified, room temperature, 15 h.

[b] Determined by "H NMR spectroscopy. [c] Yields of isolated products.
[d] Determined by HPLC analysis using a chiral stationary phase. [e] Not
determined because of low conversion. [f] CH,Cl, used as the solvent.

[g] Toluene used as the solvent.
T/O\/ \%r gPth
(S.S) /V@
L3

Ph-pybox (L2)

- Ph
:/ -
N X N N
s OO O
5 pph, N PP, "~ L6

Pth
PPh,

(Re:Sp)
(S) BINAP (L1) L4

lectivity (Table 1, entry 3). Subsequent ligand screening
identified chiral tridentate PNN ligands®9" developed
within our group as promising ligands (Table 1, entries 4-6).
Among them, the bulky and structurally rigid ketimine-type
PN,N ligand L6, which we developed very recently®! for
the Cu-catalyzed asymmetric decarboxylative propargylic
alkylation, proved to be optimal, affording the desired 2-
methylene-2,3-dihydrofuran 3aa as the only product in good
yield (88%) and with high enantioselectivity (92% ee;
Table 1, entry 6). The screening of copper salts showed that
Cu(OTTY), was the best choice, giving 3aa as the only product
in 90 % yield and with an ee value of 95% (Table 1, entry 8).
The base additive proved to be crucial. No reaction was
observed in its absence, while the use of iPr,NEt in place of
Et;N as a base resulted in a detrimental effect on the
chemoselectivity (Table 1, entries 9 and 10). Of the solvents
that were tested, MeOH was the only suitable one, and no
reaction occurred in CH,Cl, or toluene (Table 1, entries 11
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and 12). This result is consistent with those observed for the
copper-catalyzed asymmetric propargylic substitution.
With optimized conditions in hand, the scope of the
reaction with respect to B-ketoesters was explored (Table 2).
The electronic properties of the substituent at the para

Table 2: Copper-catalyzed asymmetric [3+2] cycloaddition of B-ketoest-
ers 1 with 2a.!

o o e lowamorn N
.2 Mol*7
R‘JI\/IJ\OMe+ Ph)\\\ EGN (T2equ) c\ o
MeOH, RT, 15 h 2
1 2a 3aa-la
Entry 1 (R1) Product Yield [%] ee [%]1
1 a (Ph) 3aa 90 95
2 b (4-MeC¢H,) 3ba 83 97
3 ¢ (4-MeOC¢H,) 3ca 81 9%
4 d (4-FCH,) 3da 80 94
5 e (4-BrCgH,) 3ea 85 93
6 f (4-CIC4H,) 3fa 86 95
7 1 g (3-CICeH,) 3ga 92 95
8l Th (2-CICeH,) 3ha 89 91
9 1i (2-naphthyl) 3ia 84 97
10 1j (2-thienyl) 3ja 88 97
1 1k (Me) 3ka 90 87
12 11 (Bn) 3la 89 87

[a] Reaction conditions: 1 (0.33 mmol), 2a (0.3 mmol), Cu(OTf),
(0.015 mmol, 5 mol %), (S)-L6 (0.0165 mmol, 5.5 mol %), Et;N

(0.36 mmol, 1.2 equiv), 3 mL of MeOH, room temperature, 15 h.

[b] Yields of isolated products. [c] Determined by HPLC analysis using
a chiral stationary phase. [d] 1-Phenylprop-2-yn-1-yl benzoate was used
instead of acetate 2a, as very low conversions (<5 %) were observed
with acetate 2a.

position of the phenyl ring had little effect on the reaction
performance, and f-ketoesters bearing either electron-donat-
ing (Me, OMe) or electron-withdrawing (F, Br, and Cl) groups
gave remarkably high yields and enantioselectivities (Table 2,
entries 2-6). However, the reaction was highly sensitive to the
substitution pattern on the phenyl ring. Thus, both 4-Cl- or 3-
Cl-substituted substrates (1f or 1g, respectively) gave the
products in good yields and high enantioselectivities (Table 2,
entries 6 and 7), while substrate 1h bearing a 2-Cl substituent
resulted in a very low conversion. When a benzoate of 1-
phenylprop-2-yn-1-ol was used instead of the corresponding
acetate 2a, the reaction proceeded smoothly and gave the
desired product 3ha in 89 % yield and with an ee value of
91% (Table 2, entry 8). 2-Naphthyl-substituted substrate 1i
also worked well, giving cycloadduct 3ia in 84 % yield and
with 97 % ee (Table 2, entry 9). Heteroaromatic substrate 1j
turned out to be a suitable reaction partner, providing
cycloadduct 3ja in 88% yield and with 97% ee (Table 2,
entry 10). Remarkably, [3-ketoesters with nonaromatic sub-
stituents were also well tolerated in this process, providing the
corresponding cycloadducts 3ka and 3la in high yields, but
with a slight decrease in enantioselectivities (both with
87 % ee; Table 2, entries 11 and 12). The absolute configu-
ration of 2-methylene-2,3-dihydrofurans was unambiguously
determined by X-ray structure analysis of 3ea, to which an
R configuration was assigned (Figure 1)."
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Figure 1. X-ray crystal structure of (R)-3 ea.

After investigating the scope of (-ketoesters, we next
examined the scope of propargylic esters (Table 3). Good
performance was observed for aryl propargylic esters with
both electron-donating and electron-withdrawing groups at

Table 3: Copper-catalyzed asymmetric [3+2] cycloaddition of 1a with
propargylic esters 2.1

F’hMOMe * R J\ EGN(126ai) oo R?
1a 2 MeOH, RT, 15 h 3aa—an

Entry 2 (RZ) Product Yield [%]"! ee [%]
1 a (Ph) 3aa 90 95
2 b (4-MeC¢H,) 3ab 88 93
3 ¢ (4-MeOC¢H,) 3ac 82 85
4 d (4-CF;CeH,) 3ad 89 96
5 e (4-FCgH,) 3ae 90 96
6 f (4-BrCeH,) 3af 91 95
7 g (4-CICeH,) 3ag 86 95
8 zh (3-CIC¢H,) 3ah 91 97
9 2i (2-CIC4H,) 3ai 64 90
10 2j (2-naphthyl) 33aj 88 92
1 2k (2-thienyl) 3ak 87 84
12 21 (Me) 3al <5 -
134 2l (Me) 3al 71 83
141 2m’ (n-Pr) 3am 78 94
151 2n’ (cyclohexyl) 3an 65 91t

[a] Reaction conditions: 1a (0.33 mmol), 2 (0.3 mmol), Cu(OTf),

(0.015 mmol, 5 mol %), (S)-L6 (0.0165 mmol, 5.5 mol %), Et;N

(0.36 mmol, 1.2 equiv), 3 mL of MeOH, room temperature, 15 h.

[b] Yields of isolated products. [c] Determined by HPLC analysis using
a chiral stationary phase. [d] The pentafluorobenzoate was used instead
of the corresponding acetate. [e] The reaction was performed for 24 h.

the para position (Table 3, entries 2-7). Increased steric bulk
(2i) was tolerated, but led to somewhat diminished conver-
sions (Table 3, entry 9). 2-Naphthyl (2j) and 2-thienyl (2Kk)
substrates also served well in this reaction and gave the
corresponding cycloadducts 3aj and 3ak with good results
(Table 3, entries 10 and 11). The reaction also tolerated
aliphatic substrates. In these cases, the pentafluorobenzoates
21'-n’ should be used instead of the corresponding acetates in
order to achieve good yields and enantioselectivities (Table 3,
entries 13-15), as pentafluorobenzoate represents a better
leaving group for aliphatic substrates, as reported by Nishi-
bayashi.”™ Thus, the reaction of but-3-yn-2-yl pentafluoro-
benzoate (21') with B-ketoester 1a gave cycloadduct 3al in

Angew. Chem. 2014, 126, 10387 -10391
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71 % yield with 83 % ee (Table 3, entry 13). In sharp contrast,
very low conversion (< 5 % ) was observed when but-3-yn-2-yl
acetate 21 was used as the substrate (Table 3, entry 12).
When an internal alkyne, 1,3-diphenyl-2-propynyl acetate
(20), was employed, no reaction occurred at all [Eq. (1)]. The
necessity for the terminal acetylenic hydrogen atom means
that the copper—acetylide complex (D), which features

o o OAc Cu(OTf), (5 mol%)
0,
M + Ph A M» no reaction 1)
Ph OMe ph EtsN (1.2 equiv)
1a 20 MeOH, RT, 15 h
\ -— ph/\ .
CuL* \CuL*
E
o9 Cu(OTf), (5 mol%) ph__O
Ph)‘io/ L6 (5.5 mol%) \ )
—_—_—
Et3N (1.2 equiv)
PRY N MeOH, RT, 15h  MeO:L  Ph
rac-4 rac-3aa (95% yield)

a cationic y-carbon atom or its resonance structure, the
copper—allenylidene complex (E), should be generated in the
initial step, as those observed with the Cu-catalyzed asym-
metric propargylic substitution.’®! When an achiral inter-
mediate 4 was subjected to this transformation, the reaction
proceeded smoothly, but gave the cycloadduct 3aa as a race-
mate [Eq. (2)]. This result suggested that the enantioselec-
tivity of this reaction should not be affected by the cyclization
step, but rather determined by the propargylic alkylation step.

In order to investigate the utility of our method for the
generation of useful chiral building blocks, we carried out the
hydrogenation of the exocyclic C=C bond of compound 3aa
(Scheme 2). The exocyclic methylene group could be readily
hydrogenated in a highly diastereoselective fashion (d.r. > 95/
5) without a loss in enantioselectivity through the catalysis by
a combination of [Rh(COD)CI], and PPh;, predominantly

o} [Rh(COD)CI]; (2.5 mol%)
=~/ " PPh; (15 mol%)
CO,Me Ha (1 atm) COzMe
R MeOH, RT, 3 h RRYS
-Jaa aa
90% vyield ’
(95% ee) oy (95% e6, d.r. >95/5)

o0\
10% agq. HBF, o @

- .
CH3CN, RT, 12 h (¢]
71% yield
7
[0}
§ Br
o
9Ny,
CO,Me O
Br 0
(R,R)-6ea

Scheme 2. Stereoselective transformation of (R)-2-methylene-2,3-dihy-
drofuran derivatives.
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giving the cis diastereoisomer in high yield. This result is
unusual, as catalytic asymmetric approaches for the synthesis
of chiral 2,3-dihydrofurans reported so far produced trans
diastereoisomers as the major product. The absolute config-
uration of the cis diastereoisomer was unambiguously con-
firmed by X-ray structure analysis of 6ea, to which an R,R
configuration was assigned.””) The resulting (R,R)-6aa could
be easily converted into the corresponding optically active vy-
lactone 7 by the treatment with aqueous HBF, at room
temperature (Scheme 2). The configuration of the new
stereocenter in 7 was established on the basis of the NOE
experiment.!

In conclusion, we reported the copper-catalyzed asym-
metric formal [342] cycloaddition of [-ketoesters with
propargylic esters to generate optically active 2,3-hydrofurans
bearing an exocyclic C=C bond in high yield and enantiose-
lectivity. A bulky and structurally rigid chiral ketimine-type
PN,N ligand was critical to achieve good performance. Under
the optimized conditions, a range of substitution patterns at
the B-ketoesters and propargylic esters were well tolerated.
Rh-catalyzed hydrogenation of the cycloadducts, 2-methyl-
ene-2,3-dihydrofurans, resulted in the predominate formation
of unusual cis diastereoisomer, which could be further
transformed into the corresponding optically active y-lac-
tones. This demonstrates the value of this method for the
generation of highly functionalized chiral building blocks. The
further development and application of this reaction are
underway.

Experimental Section

General procedure: A solution of Cu(OTf), (5.4 mg, 0.015 mmol) and
L6 (7.8 mg, 0.0165 mmol) in anhydrous methanol (1 mL) was placed
in an oven-dried Schlenk flask and stirred at room temperature under
a nitrogen atmosphere for 1h. A solution of [-ketoesters
1 (0.33 mmol), propargylic esters 2 (0.3 mmol), and Et;N (50 pL,
0.36 mmol) in anhydrous methanol (2 mL) was added. The mixture
was stirred at room temperature for 15 h. The reaction mixture was
then concentrated under vacuum, and the residue was purified by
column chromatography on silica gel to afford the corresponding 2,3-
dihydrofuran products 3.
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