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Introduction

Butenolides are privileged structures widely existing in bioac-
tive terpene natural products. Most of them are naturally-
occurring structures and display various bio-activities." They
are also widely used in traditional Chinese medicines to relieve
cough and invigorate blood circulation.” For example, bioactive
eudesmanolides sesquiterpene atractylenolide I, II and III iso-
lated from dried roots are used in diverse disorders like chronic
asthenia, anorexia (Fig. 1).? Styxlactone is a new lactone isolated
from Myrmekioderma Styx.* To this end, ever since the initial
report of morpholine promoted cyclization of cyclohexanone
with 2-chloro-2-methoxyethyl acetate by Baiocchi in 1979,° the
construction of butenolides has been of interest in the synthetic
community.® For example, Brgnsted or Lewis acids promoted
annulation reaction o-keto acids with linear aliphatic ketones
for the preparation of butenolides have been separately devel-
oped by several groups,” while the preparation of highly
substituted fused butenolides from a-keto acids and aliphatic
ketones has not been reported yet. Thus, developing novel
approaches to divergently access y-hydroxy-butenolides and vy-
alkylidene-butenolides with commercially available starting
materials and ease of operation is still desirable.

On the other hand, a-keto acids have long been serving as
acylating agents to deliver a carbonyl group via metal or oxidant-
promoted decarboxylative coupling reactions.® However, the
annulation reactions of a-keto acids are far less studied.® In
2015, Zhu and coworkers' innovatively reported a synergistic
acid promoted annulation of a-keto acid with alkenes generated
from tertiary alcohols to afford highly substituted butenolides
(Scheme 1a). Following the preliminary report, the annulation
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protocol features good functional tolerance and ease of operation, to open a route to access
butenolides via an annulation and dehydration process.

of a-keto acid with internal'* or terminal alkynes' to afford vy-
hydroxybutenolides or multiply substituted butenolides was
also reported by the same group (Scheme 1b). The strategy was
then extended to the annulation reaction of a-keto acids with
functionalized alkynes by Wang** and Cui group.** In 2018, Fan
and coworkers* reported an elegant synthesis of furan-2(5H)-
one fused N,O-containing bicyclic compounds via the
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Fig. 1 Representative bioactive eremophilanolides.
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Scheme 1 Previous reports in the annulation of a-keto acid.
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annulation reaction of N-aryl substituted saturated cyclic
amines with a-keto acids (Scheme 1c). Despite the substantial
progress achieved, the annulation with unsaturated bonds is far
less than well developed.

Meanwhile, ketones are among the most readily available
building blocks in organic synthesis. Great efforts have been
devoted to the direct a-functionalization and annulation
reaction'” of ketones by in situ generated enols. However, to the
best of our knowledge, the simple acid-promoted annulation
reaction of a-keto acid with cyclic or linear aliphatic ketones has
not been explored yet. As part of our continuous effort in radical
decarboxylation and annulation reaction of a-keto acid,'
reported herein a novel avenue to divergently access y-hydroxy-
butenolides and vy-alkylidene-butenolides via BF;-Et,O-
catalyzed annulation of a-keto acids with aliphatic ketones
(Scheme 2). Water was the only by-product generated in the
transformation, thus making it a simple and efficient process
for the construction of various butenolide.

Results and discussion

We commenced our study with 1a (0.5 mmol) and 2a (2.0 equiv.)
as model substrates in the presence of BF;-Et,O (1.0 equiv.) as
catalyst in toluene at 40 °C, 3aa was obtained in 70% yield
(Table 1, entry 1). Inspired by the preliminary results, the effects
of different catalysts were first investigated. The utilization of
other Lewis acids such as FeCl; and Bi(OTf); led to the decrease
in the yield (entries 2 and 3), while product 3aa could not be
detected with p-TSA as catalyst (entry 4). A survey of the solvents
revealed that toluene was the optimal solvent, inferior yield was
obtained with MeCN, DCE, or fluorobenzene (entries 1 and 5-7).
By fine-tuning the amount of BF;-Et,O, 3aa was obtained in
86% yield (entries 8 and 9). The yield of 3aa was decreased to
78% by lowering the ratio of 1a: 2a from 1:2 to 1: 1.5 (entry
10). Finally, the optimal reaction conditions were deemed as
entry 8 to provide product 3aa in 86% yield after a comprehen-
sive optimization of conditions.

Interestingly, it was found that 4aa could be obtained in 82%
yield at elevated reaction temperature by prolonging the reac-
tion time to 4 h during the optimization process for the prep-
aration of 3aa (Table 2, entry 1). Then we proceeded to evaluate
the effects of temperature on the reaction. The reaction was
significantly affected by the temperature. A dramatic erosion in

A BF5-Et,0 (50 mol%)
i PR

R' “COOH R R toluene, 70°C, 4 h 77

(0]
(0]
BF5-Et,0 (20 mol%) HO
toluene, 40°C, 1 h toluene, 70°C, 3 h

Scheme 2 BF3-Et,O-catalyzed annulation of a-keto acids and
aliphatic ketones.
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Table 1 Optimization of reaction conditions for 3aa ¢
OH
Ho BF;-Et,0 (1 equiv.) 0 B
toluene (2 mL), 40°C, 1 h =
Ph
Ph
3aa

Entry Variation from the standard conditions Yield® (3aa) (%)
1 None 70
2 FeCl; instead of BF;-Et,O 45
3 Bi(OTf); instead of BF;-Et,O 53
4 p-TSA instead of BF;-Et,0 n.d.
5 MecCN instead of toluene 35
6 DCE instead of toluene 46
7 Fluorobenzene instead of toluene 69
8 BF;-Et,0 (0.2 equiv.) 86
9 BF;Et,0 (0.1 equiv.) 76
10 la:2a=1:1.5 78

¢ Standard conditions: 1a (0.5 mmol), 2a (2.0 equiv), BFs-Et,O (1 equiv.),
toluene (2.0 mL), 40 °C, 1 h. ? Isolated yields.

the yield of y-alkylidene-butenolides (4aa) was observed when
the reaction was performed at 40 °C (entry 2). Continuous
increasing the temperature to 90 °C didn't improve the yield
(entry 3). Then the loading of catalyst was further evaluated. A
comparable yield was obtained when the loading of BF;-Et,0
was decreased to 0.5 equiv. (entry 4), however, a sharp decrease
in yield was observed by lowering the loading of BF;-Et,O to 0.2
equiv., indicating that BF;-Et,O is crucial for the dehydration
process of 3aa to form desired product 4aa (entry 5). Further-
more, switching to other Lewis acid provided 4aa in decreasing
yield (entries 6 and 7). The replacement of toluene with other
solvents failed to improve the yield (entries 8 and 9).

Table 2 Optimization of reaction conditions for 4aa ¢

BF3-Et,0 (1 equiv.)

HO 9
I O
oy
Ph
Ph

toluene (2 mL), 70 °C, 4 h

4aa

Entry Variation from the standard conditions Yield® (4aa) (%)
1 None 82
2 40 °C instead of 70 °C 13
3 90 °C instead of 70 °C 62
4 BF;-Et,0 (0.5 equiv.) 82
5 BF;-Et,0 (0.2 equiv.) 63
6 Sc(OTf); instead of BF;-Et,O 61
7 AICl; instead of BF;-Et,O 55
8 Xylene instead of toluene 73
9 Chlorobenzene instead of toluene 71
10 la:2a=1:3 79

¢ Standard conditions: 1a (0.5 mmol] 2a (2.0 equiv.), BF;-Et,0 (1
equiv.), toluene (2.0 mL), 70 °C, 4 h. ? Isolated yields.
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Additionally, 4aa was afforded in a similar yield when
increasing the ratio of 1a:2a to 1:3 (entry 10). Then the
optimal condition for 4aa was identified as entry 4.

With the optimal conditions in hand, we set out to investi-
gate the scope for the synthesis of y-hydroxy-butenolides (3aa-
p) (Table 3). The reaction was slightly affected by the steric
hindrance of cyclohexanone, to furnish 3aa and 3ac with rela-
tively higher yields than 3ab with ortho-methyl substituents.
Tetrahydro-4-pyrone was a suitable substrate for the reaction, to
afford 3ad with moderate yield. Additionally, seven-membered
cycloheptanone proceeded well to give 3ae in 79% yield. The
reaction also tolerated 1,3-cyclohexanedione, delivering the
corresponding product 3af and 3ag in synthetically useful
yields. The structure of 3af was unambiguously assigned by the
single crystal X-ray crystallography. It was worth noting that
acetone was well accommodated to afford the corresponding
3ah in 59% yield. Encouraged by the broad generality of
aliphatic ketones, we then examined the scope of a-keto acids.
The reaction proceeded well when naphthenic a-keto acid was
employed as the substrate to afford product 3ai in 85% yield.
Both electron-donating and withdrawing aryl substituents of a-
keto acids were tolerated to give 3aj-n in moderate to good
yields. Moreover, thienyl a-keto acid reacted smoothly to deliver
3ao0 in 72% yield. Notably, pyruvic acid was also compatible in

Table 3 Substrate scope for the generation of 3aa—p “?

o) .
HO o . , ()
BF3-Et,0 (0.2 equiv) O OH
+ toluene (2 mL)
o~ "R! 40°C, 1h JE
R2 RZ f R R2
R%: &
1a-j 2a-i 3aa-p
HO Me Ho HO o HO

O O O

Me
3ab (71%)

-

3af (65%)

3aa (86%)

e

3ae (79%)

HO

3aj (79%)

3ak (84%)
HO HO HO

o0 _o o _o o0 _o HO
i i 7 i
/J§ V4 7\ 7N s
\:&We \y:&‘ L\ < )

3am (76%) 3an (80%) 3a0 (72%)

0\/4/ o Failed examples )

- : o]

Me O:QOH W
2h H

3ap (71%)

“ Standard conditions: 1a (0.5 mmol) 2a (2.0 equiv.), BF;-Et,0 (0.2
equiv.), toluene (2.0 mL), 40 °C, 1 h. ? Isolated yields.
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Table 4 Substrate scope for the generation of 4aa—i “*

o) BF3-Et,O (0.5 equiv) o
HO. _O . A toluene (2 mL) RS o)
70°C, 4 h —
07 R! R? R? R R
1a-f 2a-c
O _o
@i\f O
SR
4aa (82%) 4ab (76%)
o
Me —
-0 "
e}
Cl
4ad (73%) 4ae (61%) 4af (56%)
Me
;z§ v \Qgizéo
Mée Ph
dag (48%) 4ah (45%) 4ai (39%)

¢ Standard conditions: 1a (0.5 mmol) 2a (2.0 equiv.), BF;-Et,0 (0.5
equiv.), toluene (2.0 mL), 70 °C, 4 h. ? Isolated yields.

this reaction, giving 3ap in 71% yield. Disappointedly, the free
hydroxyl group (2h) and alkenyl moiety (2i) could not be toler-
ated in the reaction.

Subsequently, the substrate scope of vy-alkylidene-
butenolides 4aa-i was examined (Table 4). The reaction
worked well with aryl a-keto acids bearing methyl and chloride
substituents to give 4ab-d in good yields, indicating that the
electronic properties of the phenyl ring have no obvious influ-
ence on the reaction efficiency. Significantly, a-keto acid with
thienyl group was a viable substrate for the reaction to furnish
4ae in 61% yield. In addition, both 1,3-cyclohexandione and
five-membered cyclopentanone were suitable substrates to
afford 4af and 4ag in moderate yields. It was worth mentioning
that acyclic ketones such as acetone and 3-pentanone were well
tolerated in the reaction to give rise to the corresponding 4ah
and 4ai in a relatively lower yield of 45% and 39%, respectively.

To demonstrate the practicality of this protocol, a gram-scale
reaction was performed (Scheme 3). Gratifyingly, the substrates
were divergently converted to 3aa and 4aa under standard
conditions in good yields, further implying this approach's
potential utility.

To delineate the mechanism, control experiment was con-
ducted with 3aa as substrate in the presence of excess amount

_ BF3ELO (05 equiv)

o I _ BFyE4O (02equiv) _ 0, o
)
~ toluene (28 mL), 40 °C, 3 h =~
toluene (28 mL), 70 °C, 6 h o Ph

Ph Ph
4aa, 80% I mmc, 1.05g) 3aa, 84%

Scheme 3 Gram-scale reactions.
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Scheme 4 Control experiment.
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Scheme 5 Plausible mechanism.

of BF;-Et,O at 70 °C, y-alkylidene-butenolide (4aa) was ob-
tained in 92% yield, to further imply that BF;-Et,O was crucial
for the dehydration process in this transformation (Scheme 4).

Based on the results and previous reports,'*** we proposed
a plausible pathway accounting for the formation of 3aa and 4aa
(Scheme 5). Initially, the enolized cyclohexanone A from 2a
underwent nucleophilic attack with a-keto acid (1a) with the
assistance of Lewis acid to afford intermediate B. The inter-
mediate B was then cyclized intramolecularly to give interme-
diate C, followed by dehydration to give 3aa. With increased
amount of catalyst at elevated reaction temperature, 3aa was
able to transformed to produce 4aa after dehydration.

Conclusions

In summary, we have developed an efficient and convenient
BF;-Et,O-mediated annulation reaction of a-keto acids with
aliphatic ketones to simultaneously synthesize vy-hydroxy-
butenolides and vy-alkylidene-butenolides. The method
features good functional group tolerance and moderate to good
yields, thus providing a facial and practical approach for the
diversification of the library of butenolides. The application of
this method for the synthesis of natural products is underway in
our laboratory.
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