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Abstract: The high potential of commercially available Au,0; asa
catalyst in the cyclization of alkynes bearing carboxylic acidsto the
corresponding y-alkylidene-y-butyrol actones through a generadl, ef-
ficient and easy procedure is presented. The reaction shows a high
degree of chemo-, regio-, and stereoselectivity. The 5-exo mode of
cyclization and anti auration are ageneral trend for the Au,O; cata-
lyst.

Keywords: gold catalyst, cycloisomerization, y-acetylenic carbox-
ylic acids, atom economy, y-alkylidene-y-butyrol actones

After a long period of underestimation, homogeneous
gold catalysis has recently emerged as an exciting area of
modern synthetic organic chemistry.! The ability of gold
metal centers to coordinate and activate carbon—carbon
multiple bonds towards the intramolecular addition of a
variety of nucleophiles has been thoroughly investigated.!
Carbon, nitrogen, oxygen, and sulfur-based nucleophiles
have been studied and a flurry of methodologies dealing
with the syntheses of carbo- and heterocycles has ap-
peared.? y-Alkylidene lactones represent an important
family of enol esters due to the presence of thismoiety in
a number of natural products of biological relevance®*
and in synthetic intermediates with applications in phar-
maceuticals.® The transition-metal-catalyzed cyclization
of 4-alkynoic acids constitutes a major route® for the con-
struction of five-membered exocyclic enol lactones and
has been the subject of alarge number of investigations.
Earlier on, silver,**7 mercury,*# palladium,® rutheni-
um,® and rhodium!* complexes have demonstrated inter-
esting cataytic activities in this regard. Recently,
palladium- and nickel-containing clusters'? have been re-
ported to exhibit even higher catalytic activities. Despite
those efforts, many catalysts suffer from limited scope,
toxicity concerns, exacting reaction conditions (high tem-
peratures, exclusion of moisture and air, and the use of
base additives) and poor selectivities. Aspart of our ongo-
ing research program®® dealing with the activation of
alkynes towards a variety of nucleophiles, we introduced
gold(l) chloride!* as an active catalyst for the cyclization
of functionalized 4-alkynoic acids. In an effort to extend
the scope of our initial system, to reach higher activity and
to increase selectivity, we decided to engage in a survey
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of the cataytic properties of commercially available, easy
to handle, late-transition-metal Lewis acids. In this paper,
we describe the development of arobust, highly selective
procedure for the synthesis of y-alkylidene lactones using
the less toxic* Au,0, as a catalyst.

Despite the fact that the AuCl methodology is remarkably
mild and simple, some limitations have been identified.
The use of highly hydroscopic gold chloride complexes
can result in undesired side reactions, as hydration of the
alkynes becomes competitive.'® This side reaction was ex-
tremely substrate-dependent, and the need for a catalyst
offering improved chemoselectivity was evident. A per-
fect regioselectivity for the cyclization step in favor of the
5-exo isomer was observed for termina akynes, whereas
amixture of 5-exo and 6-endo products resulted from the
cyclization of internal alkynes. The group of Pale hasaso
proposed a system based on a combination of 10 mol% of
AuCl, and 10 mol% of K,CO, to promote the reaction.®
In line with potential applicationsin the total synthesis of
v-akylidenes, emphasis was put on the search for alterna-
tive catalysts affording ahigh level of both regio- and ste-
reoselectivity. On the basis of our study on the exo-
selective cycloisomerization of y-acetylenic acids,** we
tested the reactivity of the phenyl-substituted substrate 1a
in the presence of 5 mol% of avariety of transition-metal
saltsin acetonitrile for atest period of 2 hours (Table 1).
Whereas the cyclization of 1ain the presence of AuCl led
to amixture of 2a and 3a, Au,O; furnished the butyrolac-
tone 2a in amost quantitative yield (entry 2 vs. entry 3).
It is noteworthy that Au,O; has only previously been used
in oxidation of methane to methanol.*”% AuCl, led to a
complex mixture of side products (entry 4). Interestingly,
the use of KAuUCl, favored the hydration process due to
the competitive intermolecular Markovnikov addition of
water™® furnishing ketone 3a (entry 5). Platinum chloride
and [Ir(COD)CI], both promote the cyclization process
with ahigh level of chemoselectivity asthe y-keto acid 3a
was not observed (entries 6 and 7). The oxidation state of
the metal and therefore the electrophilic behavior of the
catalyst was crucial as the presence of Ir(l11) chloride did
not give any product (entry 8). Other late-transition-metal
halides (entries 9-11) and Sc(OTf); exhibited consider-
ably lower activitiesinthe conditionstested. Asacompar-
ison, we also tested a Bransted acid (HCI, entry 13), no
trace of compound 2a could be detected after 3 hours. In
a second set of experiments, we decided to explore the
catalytic potential of other group 10-12 metal oxides.
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PtO,, AgO, and HgO all catalyzed the cyclization with a
high level of chemo- and regioselectivity, HgO and Au,O4
presenting the highest activities (entries 14-16 and entry
3). To highlight the chemosel ectivity of Au,O; in favor of
the intramolecul ar addition of the acid versus theintermo-
lecular addition of H,O,® the standard reaction was con-
ducted in a mixture MeCN-H,O (6:1) and proceeded to
givethe butyrolactone 2ain 92% isolated yield (entry 17).
No traces of product resulting from the addition of the ex-
ternal nucleophile could be detected in the reaction mix-
ture.

Tablel Catalyst Screening for the Cyclization of 1a?

Ph cat. (5 mol%)

Ph

Ph
P %& . W
//\( MeCN, r.t. o OHOL

CO,H o
la 2a 3a
Entry  Catalyst Conversion  Ratio 2a/3a° Yield
(%) (%) (%)°
1 None 0 - -
2 AuCl 100 60:40 n.i.
3d Au,0; 100 100:0 95
4 AuCl, 100¢ n.d. -
5 KAuCl, 100 0:100 98
6 PtCl, 100 100:0 81
7d [Ir(COD)Cl], 100 100:0 92
8 IrCl, 0 - -
9 RuCl, 3 100:0 n.i.
10 RhCl, 3 100:0 n.i.
11 InCl; 7 100:0 n.i.
12 Sc(OTH), 4 100:0 n.i.
13 HCI 0 - -
14 PtO, 15 100:0 ni.
15 Ag,0 80 100:0 n.i.
16 Hgo 100 100:0 89
174 Au,Oq 100 100:0 92

@Reaction conditions: substrate 1a stirred at r.t. for 3 hin the presence
of 5mol% catalyst in MeCN (1 mol/L).

b Product ratio 2a/3a determined on the basis of *H NMR spectra.

¢ |solated yields correspond to analytically pure samples upon filtra-
tion on apad of silicagel and evaporation of the solvents.

42.5 mol%.

€ Decomposition.

fMeCN-H,0 (6:1) as solvent. n.d.: not determined. n.i.: not isolated.

Considering these encouraging preliminary results, we
extended the comparison to the cyclization of pent-4-yno-
ic acid (1b) and 2,2-dimethylpent-4-ynoic acid (1c). Re-
sults are summarized in Table 2.
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Table2 Cyclization of Acetylenic Acids 1b and 1c

R
R CO,H
CO,H cat. (5 mol%) W 2
M —_— *
~ KR MeCN, r.t. 0 o RR

(6]
R=H, 1b R=H,2b R=H, 3b
R = Me, 1c R = Me, 2c R = Me, 3c

Entry Substrate Catayst Conversion Yield2 Yield3

(%) %) (%)

1 1b AuCl 100 0 77
2 1b Au,03 100 90 0
3 1b PtCl, 100 73 0
£ 1b [Ir(cCoD)cl], 100 30 0
5 1c AuCl 0 - -
6  1c Au,0, 100 99 0
7 1c PtCl, 100 44 0
8b 1c [Ir(coD)Cl], 100 70 0
a]solated yield.

b 2.5 mol%.

Using 5 mol% of AuCl in acetonitrile, acetylenic acid 1b
was chemospecifically converted into the corresponding
v-keto acid 3b (entry 1) whereas acid 1c was recovered
unreacted in almost quantitative yield (entry 5). Experi-
mentally, in the latter case, we observed the formation of
presumably Au(0) nanoparticules, which are thereforein-
ert for such reaction. This observation suggests that the
deactivating process associated with gold halides pro-
ceeds from aredox reaction between the catalytic species
and the substrate. In contrast, Au,0O; PCl,, and
[Ir(COD)CI], showed full conversions of the starting ac-
ids into lactones 2b and 2c (entries 2—4 and 6-8). Chemi-
cal yields upon purification by filtration are moderate to
excellent and highly dependent on the volatility of the
products formed. Taking into account the high stability of
Au,O, towards the reaction media and its high efficiency,
catalytic tests in the absence of additional solvent have
been undertaken with liquid substrates 1b and 1c
(Scheme 1). Quantitative yields have been obtained for
both acids. Using this protocol, the substrate-to-metal ra-
tio was enhanced, respectively, to 200 and 1000 for acids
1b and 1c.

In order to assess the versatility of the gold(l11) oxide cat-
alyst, various acetylenic acids were submitted to cycliza-
tion under the above-mentioned conditions using Au,O4
(Table 3).8 Terminal 4-pentynoic acid derivatives ob-

R
R
CO,H Au,03 (x mol%)
///Y —_—
R R neat, r.t,2h o (6]
R=H, 1b R=H,2b x = 0.25, 99%
R =Me, 1c R = Me, 2¢c x = 0.05, 99%

Schemel Catalystloadingfor the cyclization of acetylenic acids 1b
and 1c
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tained after monosaponification of the corresponding
malonates'* are cyclized in excellent yields in the pres-
ence of a variety of functiona groups such as alkenes,
alkynes, and esters (Table 3, entries 1-7). No side prod-
ucts resulting from the attack of internal nucleophiles
(such as carbon—carbon double bonds, through 1,6-enyne
cycloisomerization) could be observed. In these cases,
Au,0; is as efficient and selective as AuCl but is much
easier to handle. Remarkably, lowered activities are ob-
served compared to the AuCl catalyst in the presence of
bulky substituents (Table 3, entries 2 and 3). Thus, longer
reaction times are required to reach complete conversion.
However, chemical yields were not altered and the corre-
sponding lactone 2e was isolated in 98% vyield. The cy-
clization of halogenated alkyne (Table 3, entry 8) led to
lowered yields due to decomposition of the starting mate-
rial. Remarkably, total regiospecificity in favor of the y-
butyrolactone was obtained for the substrate featuring
both a propargyl and a homopropargyl side chain
(Table 3, entries 6 and 7).° The cyclization of internal
acetylenic acid was interesting considering that a mixture
of 5-exo and 6-endo adduct was obtained in the presence
of AuCl (R® = Et). The aryl-substituted internal acetylenic
acid 1k reacted smoothly in 2 hours reaction time and al-
lowed complete conversion and excellent yield of lactone
2k (Table 3, entry 9). The case of the alkyl-substituted
alkynes was extremely chalenging and rewarding
(Table 3, entries 10-12): in contrast with the AuCl system
and other metal-based systems,® a perfect regiospecificity
for the 5-exo product with a Z-stereochemistry resulting
from anti auration was observed. The lactones 2| and 2m
were isolated in 99% and 92% vyields, respectively
(Table 3, entries 10, 12). It is noteworthy that a substrate-
to-catalyst ratio of 100 could be used with maintained ef-
ficiency in the case of carboxylic acid 1l. Despite the fact
that the activity of Au,0; was moderate compared to
AuCI, complete regio- and stereoselectivities were ob-
served without any side reaction, asin the case of interna
alkynes, where AuCl was not offering sufficient selectiv-
ity.

In conclusion, we have demonstrated that simple, com-
mercially available, and highly stable Au,O; catalyzesthe
cyclization of g-acetylenic acids with high yields to form
v-alkylidene-y-butyrolactones through a genera, effi-
cient, and easy manipulative procedure. The reaction
shows a high degree of chemoselectivity as the competi-
tive addition of other protic oxygen nucleophiles is com-
pletely inhibited. Simple carboxylic acids as well as
functionalized ones may cyclize smoothly and selectively.
The 5-exo cyclization and anti auration are general for the
Au,0, catalyst. Catalyst ratios as low as 0.1 mol% have
been obtained for pentynoic acids. Further studies will be
directed towards the immobilization of such a system to
evaluate the activity and the possibility of recycling of
supported gold catalysts.

Table3 Cyclization of Various y-Acetylenic Carboxylic Acids®

R

RZ

R3

Au,03 (2.5 mol%)

.

MeCN, r.t., time

1d R'= CO,Et, R2 = n-Bu, R®=H

le Rl'=CO,Et, RZ=Bn,R3=H

1f R'= CO,Me, R? = allyl, R® = H

1g R = CO,Me, R? = cinnamyl,
R®=H

1h R = Ph, R? = propargyl, R® = H

1i R = CO,Me, R? = homopropargyl,
R3=H

1jR'=CO,Me, R?=CI,R®=H

1k R1= CO,Et, R? = n-Bu, R® =
4-CNCgH,4

1 R'=R?=Me, R®=Et

1m R!= CO,Me, R? = allyl, R® = Et

Entry 1  Product 2 Time (h) Yield (%,
conversion)?
"B oLt
1 i 2 2d 2 99 (100)
= o (0]
Bn CO,Et
2 le ﬂz % 2 ni. (25)
o O
on CO,Et
3 le ?L—L 2 % 6 98 (100)
o (@]
MeO,C
4 A /A/—i\/ x* 2 89 (100)
o (@]
MeO,C
5 1g K\Ph g 2 79 (100)
o (0]
Ph
6 1h ?L—/{\Q oh 2 99 (100)
o (@]
MeO,C //
7 1 /4—/(\/ a2 80 (100)
— o (@]
¢ CO,M
8 1 2he 2i 2 54 (100)
o (6]
n-Bu
CO,Et
= (@]
9 1k dgL %k 2 96 (100)
NC
Me
100 2 99 (100)

=
\
O,
<
(@] @
D
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Table3 Cyclization of Various y-Acetylenic Carboxylic Acids®

RS

1d R'= CO,Et, R2 = n-Bu, R®=H

le R'= CO.Et,R2=Bn,R®=H

1f R'= CO,Me, R? = allyl, R®=H

1g R = CO,Me, R? = cinnamyl,
R®=H

1h R = Ph, R? = propargyl, R® = H

R 2
R
/\(COZH AU,03 (2.5 moI%)
/ Rl RZ 4>
MeCN, r.t., time ZN) (0]

R3

1i R = CO,Me, R? = homopropargyl,
R®=H

1j R'=CO,Me, R?=CI,R®=H

1k Rl= CO,Et, R? = n-Bu, R® =
4-CNCgH,4

1 R'=R2=Me, R®=Et

1m R'= CO,Me, R? = allyl, R® = Et

Entry 1 Product 2 Time (h) Yield (%,
conversion)?
MeO,C
11 im 2m 2 n.i. (33)
12 2m 16 92 (100)
a|solated yields.

b Substrate-to-catalyst ratio: 100.
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General Procedurefor the Cycloisomerization of
v-Acetylenic Acid 1

Substrate 1b (98 mg, 1 mmol) was placed in 5 mL Schlenk
tube under argon and 1 mL of degassed MeCN was added.
Gold(I11) oxide (11.1 mg, 0,025 mmol) was added and the
reaction mixture stirred at r.t. for 2 h. Filtration of the
reaction mixture on apad of 2 cm of silicausing 15 mL of
EtOAc and evaporation of the solvents allowed theisolation
of product 2b ascolorlessoil inan analytically pureform (89
mg, 90% yield).

2-(Methoxycar bonyl)-2-(pr op-2-ynyl)hex-5-ynoic Acid
(1)

Substrate 1i was prepared in a two-step procedure using
malonic synthesis. Sodium hydride (1.1 equiv, 60 wt.% in
mineral oil) was added portionwise at 0 °C to a solution of
dimethyl propargylmalonate (1 equiv) in anhydrous DMF.
The reaction was allowed to warm up to r.t. and but-3-ynyl

(20)

trifluoromethylsulfonate ester (1.1 equiv) slowly added. The
mixturewas stirred at r.t. overnight, quenched upon addition
of 10 mL of H,O and extracted with Et,O (3 x 20 mL). The
combined organic layers were washed with brine (30 mL),
dried over MgSO,, and solvents evaporated under reduced
pressure. Dimethyl 2-(but-3-ynyl)-2-(prop-2-ynyl)malonate
was obtained as a colorless oil (18%) after purification by
silicagel chromatography (cyclohexane-EtOAc, 90:10).

M onosaponification was conducted following a reported
procedure.’* A solution of KOH (1.2 equiv) in anhydrous
MeOH (0.4 mol/L) was added to a cooled (0 °C) solution of
substrate (1 equiv) in anhydrous MeOH (0.4 mol/L). The
mixturewasstirred at r.t. for 6 h. Solvent was removed under
reduced pressure and the crude product redissolved in Et,0.
Theorganic layer wastreated threetimeswith sat. NaHCO,,
the aqueous phases collected, acidified to pH 1 with concd
HCl, and then extracted with Et,O. This organic layer was
then dried over MgSO, and the solvents removed under
reduced pressure to give 1i as acolorless ail (48% yield).
2-Methoxycar bonyl-2-[but-3’-ynyl]-4-methylene-
butyrolactone (2i)

IH NMR (300 MHz, CDCl,): § = 4.80-4.83 (m, 1 H), 4.39—
441 (m, 1H), 3.79 (s, 3H), 3.39 (dt, J = 18.9, 2.0 Hz, 1 H),
2.98 (dt, J=18.9, 2.0 Hz, 1 H), 2.05-2.40 (m, 4 H), 1.99 (t,
J=2.6Hz 1H). 83C NMR (75.4 MHz, CDCl,): § =171.9,
168.9, 152.3, 89.9, 82.1, 69.8, 54.6, 53.4, 35.3, 32.6, 14.3.
MS (CI, NHg): m/z (%) = 209 (8) [M + H]*, 226 (100) [M +
NH,]*, 244 (8) [M + NH; + NH,]*. HRMS (CI-NHg): m/z
caled for C;H,30,: 209.0814; found: 209.0819.
2,2-Dimethylhept-4-ynoic Acid (1)

Methy! isobutyrate (1.07g, 10.5 mmol) was added dropwise
at —78 °Cto asolution of LDA solutionin THF (15mL, 0.7
mol/L, 10.5 mmol). The solutionwasstirred at —78 °Cfor 20
min then 1-bromobut-2-yne (1.47g, 10 mmol) slowly added
dropwise. The reaction was stirred at —78 °C for 2 h then
allowed to warm up to r.t. The reaction mixture was
guenched with sat. aqg NaHCO; solution and extracted with
Et,O. The combined organic layers were collected, washed
with brine, dried over MgSO,, and the solvents removed
under reduced pressure. The crude oil was purified by flash
chromatography [PE (30-60)—-EtOAc, 95:5] to give methyl
2,2-dimethyl hept-4-ynoate as a colorless oil (1.48 g, 88%
yield). Saponification was conducted following a published
procedure. Methyl 2,2-dimethylhept-4-ynoate (1.01g, 6
mmol) was added to a solution of KOH (403 mg, 7.2 mmol)
in MeOH and the reaction mixturewas stirred at r.t. for 16 h.
Solvent was removed under reduced pressure and the crude
product dissolved in Et,0. The organic layer was treated
three times with sat. Na,COj, the aqueous phases collected,
acidified to pH 1 with concd HCI, and then extracted with
Et,O. Thisorganic layer wasthen dried over MgSO, and the
solvents removed under reduced pressureto give 1l asa
colorless il (590 mg, 64% yield). *H NMR (300 MHz,
CDCl;): 6 =241(t,J=24Hz,2H),216(qt,J=7.5,24
Hz, 2 H), 1.28 (s, 3H), 1.11 (t, J= 7.5 Hz, 1 H). 3CNMR
(75.4 MHz, CDCl,): § = 183.2, 84.3, 75.5, 42.2, 29.7, 24.3,
14.2,12.4. MS(CI, NH,): m/z (%) = 155 (15) [M + H]*) 172
(200) [M + NH,]*. HRM S (CI-NH,): m/zcaled for CgH,50,:
155.1072; found: 155.1075.

2,2-Dimethyl-4-pr opylydenebutyrolactone (21)

IH NMR (300 MHz, CDCly): § = 4.60 (tt, J=7.4,1.7Hz, 1
H),2.61(dt,J=1.5,1.5Hz 2H), 2.16 (dtq,J=7.5,7.4, 1.4
Hz, 2 H), 1.29 (s, 6 H), 0.98 (t, J= 7.5 Hz, 3H). BCNMR
(75.4 MHz, CDCl,): 6 = 180.4, 144.8, 107.2, 40.8, 40.0,
24.6,18.5, 14.2. MS(Cl, NH,): m/z (%) 172 (20) [M +
NH,]*, 188 (100) [M + NH, + H,0O]*. HRMS (CI-NH,): m/z
caled for CgH,50,: 155.1072; found: 155.1071.
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