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ABSTRACT: A new approach to functionalized y-butenolides
based on reagent-controlled tandem reaction sequences of
Morita—Baylis—Hillman-type vinyl epoxides is described. The
nucleophilic addition of a tertiary phosphine to the electron-
deficient alkene led to ring-opening of the epoxide followed by
lactonization to produce phosphonium ylides, which could
undergo Wittig olefination with aryl trifluoromethyl ketones
and aryl aldehydes to give 3-alkenyl y-butenolides in moderate
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to good yields and high E/Z selectivity. Tertiary amine promoted the Michael-type addition of carbon- and nitrogen-based
nucleophiles to the vinyl epoxides followed by lactonization to provide diverse 3-substituted y-butenolides.

he y-butenolide is a structural motif of wide occurrence in

biologically significant natural products and pharmaceuti-
cally important molecules." For instance, lead structure PD
156707 is a nonpeptide-selective ET, receptor antagonist with
high endothelin receptor affinity. Strigol functions as a
germination and shoot-branching phytohormone. Rubriflordi-
lactone B, isolated from Schisandra rubriflora, also has been
traditionally used in Chinese herbal medicine. All share this
five-membered oxygenated heterocycle structure (Figure 1).” A
number of synthetic approaches have been developed for the
construction of butenolides, which primarily fall into two major
strategies. One is the use of synthetic building blocks with a
masked y-butenolide skeleton such as nucleophilic silyloxy
furan or furanone analogues.” The other strategy utilizes linear
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Figure 1. Representative natural compounds with butenolide
structure.
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starting materials and performs halolactonization or ring-
closing metathesis of linear molecules or metal-mediated
addition—cyclization and aldol-type condensations.” Despite
these advances, the development of a convenient method for
the preparation of y-butenolides with broad functionality
compatibility, under mild metal-free conditions, is still highly
desirable.

In recent decades, transformations of Morita—Baylis—
Hillman (MBH) adducts under the nucleophilic catalysis of a
tertiary amine or phosphine have emerged as powerful tools for
accessing all sorts of unsaturated cyclic compounds in an
asymmetric’ or nonasymmetric manner.’ In this regard, the
major reported reactivity pattern of MBH adducts under such
catalysis involves the formation of a key zwitterion, enabled by
the presence of the leaving group at the allylic position, which
may be used for various allylic substitutions (Scheme 1).”
Notably, several recent examples have demonstrated that
structural modifications of MBH adducts can readily be
accomplished.”

In this context, we reasoned that the use of substrate la
bearing an epoxide” as a tethered leaving group under the usual
activation mode of nucleophilic catalysis might generate novel
reactive intermediates with reactivities different from classical
ones (Scheme 1). Herein, we report two reagent-controlled
novel reaction modes with such substrates. In the first, the use
of a stoichiometric amount of tertiary phosphine'”'" enables a
tandem Sy2'-type ring-opening/lactonization/Wittig olefina-
tion sequence of vinyl epoxides'’ with aryl trifluoromethyl
ketones or aryl aldehydes to give 3-vinyl y-butenolide products
in moderate-to-good yields and with high E/Z selectivity. In the
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Scheme 1. Reactivity Patterns of MBH Adduct and Vinyl
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Reagent-controlled new reaction mode of MBH-type vinyl epoxide (This work}.

second, a tertiary amine allows for a tandem S\2'-type ring-
opening/lactonization sequence of vinyl epoxides with carbon
or nitrogen-based nucleophiles to deliver 3-substituted
butenolide products with moderate-to-good yields and good
chemoselectivity.

The vinyl epoxides employed in this research were easily
prepared from commercially available a-bromo aryl ketones in
two steps following a literature method.'” The tandem reaction
between phenyl trifluoromethyl ketone 1a and vinyl epoxide 3a
was selected as a model reaction for optimization of the
reaction conditions (Table 1). A screen of several tertiary
phosphines showed "BusP to be the best reagent for this
reaction. Examination of other reaction parameters such as the
ratio of 1a and 3a, solvent, and concentration revealed that the
reaction was best performed by reacting trifluoromethyl ketone
1a (2 equiv) with vinyl epoxide 3a in the presence of "Bu,P (1
equiv) at room temperature in CH,Cl, as the solvent (Table 1,
entry 6). Notably, the phosphine-mediated ring opening/
lactonization sequence'**'* of vinyl epoxide took place
smoothly to give the y-butenolide-containing phosphine ylide
intermediate, which underwent Wittig olefination with
trifluoromethyl ketone la without the need for an external
base. The corresponding 3-vinyl butenolide product 4a was
isolated in good chemical yield and with high E-selectivity at
the newly generated trifluoromethyl-substituted alkene bond.
The configuration of E-isomer was determined by comparison
with literature analogues,lle and the configurations of the other
congeners were assigned accordingly.

The substrate generality of the tandem ring-opening/
lactonization/Wittig reaction of vinyl epoxides and carbonyl
compounds was then probed and summarized in Table 2.
Different 4-substituted aryl trifluoromethyl ketones were well
tolerated to produce the desired trifluoromethylated vinyl
butenolides in moderate-to-good yields and with generally high
E-selectivities. In the cases of the heterocyclic 2-thienyl CF,
ketone 1h (Table 2, entry 8) and one with a strongly electron-
donating substituents le (Table 2, entry S), reduced yields
were obtained, probably due to their lower reactivity for the
Wittig reaction. The substituent on the oxirane could also
tolerate a chloro-substituted phenyl group, which provided the
butenolide product in an acceptable yield and satisfying
geometrical selectivity (Table 2, entry 9). To our delight, the
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Table 1. Survey of Conditions for the Ring-Opening/
Lactonization/Wittig Tandem Reaction of Vinyl Epoxide
and Trifluoromethyl Ketone”

[o} O Ph phosphine 0.0
PhJLCF " QﬁTCOzMe solvent = Fh
3 P \=
CFa
1a 3a 4a

entry concn phosphine solvent la/3a 4a” (%) E/Z ratio
1 0.1 Me,P CH,Cl, 2/1 37 ND*
2 0.1 Ph,P CH,CL, 2/1 8 ND®
3 0.1 dppp CH,Cl, 2/1 15 ND*
4 0.1 "Bu,P  CH,Cl 1/1 64 11/1
5 0.1 "Bup  CH,Cl 3/1 76 10/1
6 0.1 "Bu,P  CH,ClL 2/1 88 11/1
7 02 "BuP  CH,ClL 2/1 80 11/1
8 005  "BuP  CH,ClL 2/1 76 10/1
12 0.1 "Bu,P toluene 2/1 84 9/1
137 o1 "Bu,P toluene 2/1 36 8/1
14 o1 "Bu,P  CHCI, 2/1 79 12/1
15 0.1 "Bu,P Et,O 2/1 40 9/1
16 0.1 "Bu,P acetone 2/1 45 5/1
17 0.1 "Bu;P ethyl acetate 2/1 78 7/1
18 0.1 "Bu,P EtOH 2/1 15 ND*
19 0.1 "Bu,P DMF 2/1 35 ND*
20 0.1 "Bu,P n-hexane 2/1 45 6/1

“Unless otherwise noted, ketone 1a and vinyl epoxide 3a (0.0S mmol)
were stirred in the presence of phosphine at room temperature; the
use of trlarylphosphme proved fruitless. bYlelds of isolated products.
“Determined by "H NMR of crude product. ¥Reaction was carried out
at 100 °C. °Not determined. Dppp = 1,3-bis(diphenylphosphino)-
propane.

tandem reaction also worked well for a range of aryl aldehydes.
A range of 3-vinyl butenolides were isolated with good E-
selectivities, albeit with marginally diminished yields compared
to those obtained with trifluoromethyl ketones. The presence
of electron-donating substituents at the ortho position of phenyl
ring was detrimental to the chemical yield but seemingly had a
negligible influence on the E/Z selectivity of the reaction
(Table 2, entry 15). The heteroaryl aldehyde 2h and sterically
demanding substrate 2i were also amenable to our protocol
(Table 2, entry 16, 17). However, neither aliphatic CF, ketone
nor aliphatic aldehyde were suitable substrates. These tended to
deliver a messy outcome, and considerable starting material
remained unchanged. Noteworthy is the fact that the styrenyl-
substituted butenolide product Sa may be viewed as a
vinylogous congener of rofecoxib, a widely used nonsteroidal
anti-inflammatory drug that was withdrawn from the market.'

Recently, Ramachandran’s group reported a catalyst-free
tandem amination—lactonization reaction for the synthesis of
a-aminomethyl lactones with excellent yields and diastereose-
lectivities.'® Inspired by this elegant work, further efforts were
devoted to carrying out the tandem ring-opening/lactonization
directly initiated by the Michael addition of a secondary amine
or other nitrogen nucleophiles to vinyl epoxide 3 (Scheme 2).
When the vinyl epoxide 3a and cyclic secondary amine
morpholine were reacted in the presence of triethylamine at
room temperature for 12 h, the desired aminolactonization
product 7a was obtained in 81% yield, together with Michael
adduct E-7a’ in 11% yield. The vinyl epoxide with a 3-
chlorophenyl group was compatible with this transformation
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Table 2. Reaction Scope of the Tandem Ring-Opening/
Lactonization/Wittig Reactions”

o} O _Ar
)L + COyMe Ar or
AT R CH,Cly, rt
R=CF3 1 3 R = CF3, 4
R=H,2 0
WO
MeO,S pr
rofecoxib
time yield® )
entry lor2, R Ar 3, Ar’ (h)  product (%) E/Z°
1 1a, CF, Ph 3a, Ph 10 4a 88 11/1
2 1b, CF, 4- 3a, Ph 10 4b 76 9/1
BrC¢H,
3 1c CF, 4 3a, Ph 10 4c 76 >19/1
FC(H,
4 1d, CF, 4 3a, Ph 10 4d 75 >19/1
CICH,
S le CF, 4 3a, Ph 10 4e 38 10/1
MeOCH,
6  1f CFy 4 3a, Ph 10 4 79 14/1
EtCH,
7 1g CFy 4 3a, Ph 10 4g 74 >19/1
MeC4H,
8  1h, CF, 2- 3a, Ph 12 4h 57 8/1
thienyl
9  1a, CF, Ph 3b, 3- 10 4ab 62 10/1
CIC(H,
10 2a, H, Ph 3a, Ph 15 Sa 61 9/1
11 2bH 3-CICHH, 3a, Ph 15 sb 66 15/1
12 2¢ H 4FCH, 3a Ph 15 sc 75 19/1
13 2d, H2-CICH, 3a Ph 15 sd 73 19/1
14 2f H, 3- 3a, Ph 15 St 69 >19/1
MeOCH,
15 2g H, 2 3a, Ph 15 sg 55 11/1
MeOCH,
16  2h, H, 2-thienyl 3a, Ph 15 sh 68 9/1
17 2i H,2- 3a, Ph 15 si 76 19/1
naphthyl

“Unless otherwise noted, all reactions were carried out with 1 or 2 (0.1
mmol) and 3 (0.05 mmol) in the presence of phosphine (0.05 mmol)
in CH,Cl, (1.0 mL) for the indicated time at room temperature.
bYields of isolated product. “Determined by 'H NMR analysis of crude
products.

and afforded the expected compounds with a moderate yield
and an acceptable chemoselectivity. Use of N-methylaniline
resulted in a diminished yield, which may be explained by its
unfavorable sterics in comparison to morpholine. In addition,
the carbon-based nucleophile dimethyl malonates also under-
went the reaction smoothly to provide the desired product 7c¢
in acceptable yields and selectivity. More importantly, @-amino
acid esters performed well in this transformation, with ethanol
as solvent, which led to the formation of y-butenolide-
containing amino acid derivatives in 60—82% yields with
moderate chemoselectivities.

To further simplify the procedure, a tandem ring-closing/
ring-opening/lactonization/Wittig four-step sequence directly
from the bromohydrin 8 (the direct precursor to the vinyl
epoxide 3a) was realized in a one-pot fashion, albeit in a
moderate chemical yield (eq 1).

In summary, we have disclosed two novel tandem reaction
sequences of vinyl epoxides possessing the backbone of MBH
adducts. They are mediated by simple tertiary phosphine or
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Scheme 2. Tandem Michael Addition/Ring-Opening/
Lactonization of Vinyl Epoxide 3 with Various Nucleophilic
Reagents 6
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“Unless otherwise noted, all reactions were carried out with 6 (0.1
mmol) and 3 (0.05 mmol) in the presence of triethylamine (0.05
mmol) in CH,Cl, (1.0 mL) at room temperature; yields of isolated
product provided; chemoselectivity ratios were based on the isolated

yields. YThe reaction was conducted in ethanol as solvent.
00
HO. Ph (1) K2CO3 CHyCly, tt, 4 h
Br COMe S:t_{Ph It
{2) PBuy, 12,10 h Ph e
CF3
3a “one pot” 4a, 48% yield, E/Z =91

amines and provide a mild metal-free path to functionalized y-
butenolides in moderate to good yields and good to excellent
chemo- and stereoselectivities. In the presence of tertiary
phosphine, the ring-opening/lactonization/Wittig cascade of
vinyl epoxides with CF; ketone or aryl aldehyde occurred while
in the presence of amine-based nucleophiles or malonates, and
a tandem Michael addition/ring-opening/lactonization reaction
took place. Further elaboration of the vinyl epoxides to other
types of nucleophilic catalysis reactions as well as the
development of their enantioselective versions are being
actively pursued in our laboratory.
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