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ABSTRACT
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The tandem cycloisomerization —hydroalkoxylation of various homopropargylic alcohols in the presence of an alcohol and a dual catalyst
system, consisting of a gold precatalyst and a Brgnsted acid, provides an efficient route to tetrahydrofuranyl ethers under mild reaction
conditions. The reaction can be carried out in various solvents, including alcohol, with both terminal and internal alkynes as the substrate.

Tetrahydrofuranyl ethers are important building blocks in nosoma cruzi. Furthermore, oxidation of the cyclic adetal
organic synthesis. In addition to their function as protecting offers a convenient access to substitugeldictones, which

groupst these cyclic acetal skeletons occur in a variety of are also important structural units of many natural products.
natural products that possess diverse biological activities Thus, it is not surprising that numerous pathways for the

(Figure 1).
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Figure 1. Naturally occurring tetrahydrofuranyl ethers.

synthesis of cyclic acetals have been developed. Besides the
radical cyclization of haloacetatdransition metal catalysis
has been utilized frequently for this purpose, for example,
in the Pd-catalyzed coupling of allylic alcohols and vinyl
ethers] as well as the Ir-catalyzed cycloisomerization
hydroalkoxylation of bis-homopropargylic alcohdls.
Because of their unique ability to activate carb@arbon
multiple bonds, the use of gold catalysts plays an important
role in modern transition metal cataly8i€©f particular value
are cycloisomerization reactions, which are perfect examples
for atom efficiency® Recent instances of these include the
gold-catalyzed cycloisomerization af-hydroxyallened}
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o-aminoallened? and a-thioallenesy® which provide an yields. Whereas RRAUCI alone was unreactive (entry 1),
efficient and stereoselective access to chiral five-memberedformation of a cationic gold species by addition of silver
heterocycles. More recently, these transformations have beersalts led to a clean and rapid formation of the desired product
extended to the gold-catalyzed cyclizationjefiydroxy- and 4ain good yield (entry 2). Decreasing the catalyst loading
fp-aminoallenes to the corresponding dihydropyrans andfrom 5 to 2 or 0.1 mol % only marginally affected the
tetrahydropyridins, respectivelyIn contrast to this, the gold-  reaction time and chemical yield (entries-3). Compared
catalyzed cycloisomerization of hetero-substituted alkynesto the cationic system, other gold precatalysts were less
usually leads to aromatic heterocyclégven though Genet  reactive and afforded lower yields of the acetal(entries
and co-worker®$ have recently reported the gold-catalyzed 6—11). With gold(l) chloride, an increase of the yield from
cycloisomerization of bis-homopropargylic diols to strained 53% to 67% was observed in the presence of pyridine; this
bicyclic ketals. Herein we report an unprecedented tandemmight indicate an activation of the hydroxy group by the
cycloisomerization—hydroalkoxylation of homopropargylic base. Not surprisingly, HAughcts both as gold source and
alcohols to tetrahydrofuranyl ethers using a dual catalyst Brgnsted acid, so that the presence-dfsOH is not required
system consisting of a gold precatalyst and a Branstedtacid. with this precatalyst (entry 11). In contrast to this, sodium
The starting materials of our study are readily available tetrachloroaurate is inactive (entry 12), as are AgBF
by Sonogashira couplidgof but-3-yn-1-ol with various aryl p-TsOH alone (or a combination of both; entries—113%),
halides, as well as by Yamaguettlirao alkynylatiod® of ruling out the possibilty of a simple silver- or acid-catalyzed
oxiranes. Initial experiments were performed using alcohol process.
3 as model substrate, which was treated with catalytic To shed light on the reaction mechanism, we treated
amounts of a gold salt ar@tTSOH in ethanol as solvent at homopropargylic alcohaB with PhPAUCI/AgBF, for 8 h
room temperature (Table 1). in the absencef a Brgnsted acid and obtained a 1:3 mixture
of the cyclic acetafta and the dihydrofura®, albeit in low
yield (Scheme 1). Treatment of the reaction mixture (after 8

Table 1. Gold-Catalyzed Tandem
Cycloisomerization—Hydroalkoxylation of Homopropargylic
Alcohol 3 to Tetrahydrofuranyl Ethe4 Scheme 1

OH Au(ly or Au(llly EtO / OH  Ph,PAUCIAgBF,
Z p-TSOH (10 mol %) Z4 (2 mol %)
EtOH, rt 0 EtOH, 1t, 8 h
Br Br Br ca 30% yield
3
3 4a EtO 7
+ o)
entry mol % Au salt additive  time  yield (%) ©\)§) ©\/B(>

r r

1 2 PhsPAuCl - 5d — 4a 5
2 5 PhsPAuCl  AgBF, 1h 77 25:75
3 2 PhsPAuCl  AgBF, 1h 76 After addition of p-TsOH (10 mol %): 98 :2
4 0.1 PhyPAuCl  AgBF, 2h 64
5 2 PhsPAuCl  AgSbhFs 2h 74
6 2 AuCl - 3h 53 h reaction time) with catalytic amounts pfTSOH for 45
7 2 AuCl pyridine  4h 67 min gave mainly tetrahydrofuranyl ethéa and only traces
8 2 Au(OH)3 - 12h 30
9 2 AuOAc)s - 4h 76 (11) (a) Hoffmann-Réder, A: Krause, NDrg. Lett. 2001, 3, 2537. (b)
10 2 AuCls - 6h 54 Krause, N.; Hoffmann-Réder, A.; Canisius,Synthesi002, 1758.
11 2 HAuCly® - 8h 67 (12) Morita, N.; Krause, NOrg. Lett.2004,6, 4121.
12 2 NaAuCly - 5h - (13) Morita, N.; Krause, NAngew. Chem2006, 118, 1930;Angew.
13 a J AeBF id _ Chem. Int. Ed2006,45, 1897.
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of dihydrofuran5. Thus, the acetala is probably formed The gold- and acid-catalyzed tandem cycloisomerization

by gold-catalyzed cycloisomerization 8to the correspond-  hydroalkoxylation can also be carried out in non- or weakly
ing 2,3-dihydrofuran, followed by the known acid-catalyzed coordinating solvents. Treatment of substiateith 2 equiv
hydroalkoxylatior®® of the latter. of ethanol afforded the cyclic acetéh with yields ranging
We next extended the scope of the tandem cycloisomer-from 46% to 71% in toluene, dichloromethane, THF, or
ization—hydroalkoxylation to different alcohols and solvents diethyl ether as the solvent (Table 2, entries8}. These
(Table 2). The cyclic acetaldb—d were obtained in conditions may be advantageous for valuable or solid
alcohols. Only the strongly coordinating acetonitrile failed
to give any cyclization product (entry 9), probably because

Table 2. Synthesis of Tetrahydrofuranyl EthetdJsing of deactivation of f{he gold catalyst. )
Different Alcohols and Solvents To further examine the scope of the tandem cycloisomer-
oH ization—hydroalkoxylation, we treated various homoprop-
A Ph3ZA;S]'/Q§BF4 RO argylic alcohols with the dual catalyst system and different
p-TSOH (10 mol %) o alcohols as the solvent (Table 3). Electronically diverse aryl
Br ROH, rt Br

3 ‘ "

Table 3. Gold- and Acid-catalyzed Synthesis of

entry ROH solvent time 4 (yield, %) Tetrahydrofuranyl Etherg
1 MeOH 1h 4b (68) R2 PhsPAUCI/AGBF R2
2 iPrOH 3h 4c (58) R3 (2 mol %) .
3 MeO(CH3);0H 3h 4d (78) /\r ST (omol %y ¢ 7L_§\R3
4 tBuOH 5d - R! OH RYOH, rt R0 ©
5 EtOH¢ toluene 45 min 4a (69) § 7
6 EtOH« CH,Cly 1h 4a (46)
7 EtOH« THF 2h 4a (66) entry R! R2 R3 R? 7 (yield/%)
. o . 2 4a (71 1 4-MeCeHy H H E  7a(0)
2 4-MeOCeH, H H Et 7b (36)
aTwo equivalents. 3 4-MeO2CCe¢Hy H H Et 7c (67)
4 4-Me0:CC¢Hy; H H Me 7d (71)
5 4-MeOoCC¢Hy H H iPr 7e (63)
58—78% yield by using the BRAuUCI/AgBF/p-TsOH 6 Ph H H Et 7(63)
catalyst in methanol, 2-propanol, or 2-methoxyethanol 7 Ph Ph  H  Et 78 (69%)
(entries 1—3). Only in the presence of the butieyt-butyl g PE E ﬁ; g: 77}: EZZ;
alcohol, the starting material remained unchanged even after ?B; H Me  Et -
5 days at room temperature. 11 Me;Si H Me Et _
(19) Yamaguchi, M.; Hirao, ITetrahedron Lett1983,24, 391. &dr = 60:40.

(20) (a) Brown, C. D. S.; Simpkins, N. Setrahedron Lett1993,34,
131. (b) Barton, D. H. R.; Launay, H.etrahedron1997,43, 14565. (c)
Toyooka, N.; Nagaoka, M.; Sasaki, E.; Qin, H.; Kakuda, H.; Nemoto, H. . : .
Tetrahedror2002 58, 6097. (d) El-Seedi, H. R.; Yamamura, S.; Nishiyama, groups at the alkyne terminus are tolerated (entﬁe&)]Nlth

S. Tetrahedron2002,58, 7485. electron-rich systems giving the lowest yield (entry 2). Again,
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different alcohols can be used without compromising the
yield of the tetrahydrofuranyl ethér(entries 3—5). Substi-

alcohols3/6. Finally, we were delighted to observe a clean
cycloisomerization the 2-alkynylphend? to the benzofuran

tutents at C-1 and C-2 did not cause any problems (entries13 in the presence of AuCl, Auglor HAuCly; the latter
7—9). Secondary alcohols afforded the corresponding acetalsgave the highest yield of 86%. Because of its mildness and

7h/i as 60:40 mixture of diastereomers (entries 8 and 9),
indicating that there is almost no stereocontrol in the
hydroalkoxylation of the chiral 2,3-dihydrofuran formed in

efficiency, our method competes well with known protocols
for this transformatior*
Based on the assumption that the tandem cycloisomeriza-

the cyclization step. The latter example shows that the tion—hydroalkoxylation of homopropargylic alcohols to

method can also be applied to substrates with an alkyl
substituent at the triple bond. However, the cyclization is
sensitive to steric hindrance at this position sincetdrée
butyl- or trimethylsilyl-substituted substrates did not react
under the standard conditons. (entries 10 and 11).

Further extensions of gold-catalyzed cyclization are shown
in Scheme 3. The transformation of homopropargic

Scheme 3
PhsPAUCIAgBF, Ph

(2 mol %) /(_XPh
T T———
p-TsOH (10 mol %) EtO

EtOH, 11,5 h O
9 (53%)

Ph
4

Ph

8
/\/\OH

Ph;PAUCI/AGBF,
(2 mol %) REt&O
R p-TsOH (10 mol %) 0]
10 EtOH, rt, 1h

11a (R = Ph: 67%)
11b (R = 4-Me0,CCgH,: 79%)

O

13 (86%)

Ph

©\/
OH

12

HAUCI, (2 mol %)
Et,O, 1,7 h

alcohol into the cyclic aceta® shows that the tandem
cycloisomerization-hydroalkoxylation is not restricted to

internal alkynes but can be applied to terminal acetylenes

tetrahydrofuranyl ethers takes place via 2,3-dihydrofurans
(see Scheme 1), we propose the mechanism shown in Scheme
2. Coordination of the gold catalyst to the triple bond of the
substrateA gives rise to the formation of the-complexB,
which upon nucleophilic attack of the oxygen is transformed
into the o-gold complexC. Protodemetalation of the latter
affords the 2,3-dihydrofurab and releases the gold catalyst
into the first catalytic cycle. The dihydrofuran enters the
second catalytic cycle and is transformed into the intermedi-
ateskE andF by protonation and nucleophilic attack of the
alcohol ROH, respectively. Finally, deprotonation closes the
second catalytic cycle and releases the cyclic acatal

In summary, we have developed a mild and efficient
tandem cycloisomerizatiorhydroalkoxylation of homopro-
pargylic alcohols to tetrahydrofuranyl ethers in the presence
of an alcohol and a dual catalyst system, consisting of a gold
precatalyst and a Brgnsted acid. The method was applied to
the cyclization of the bis-homopropargylic alcohdl8, as
well as to the 2-alkynylphendl2. The reaction can be carried
out in various solvents, including alcohol, with both terminal
and internal alkynes as the substrate. Further work will be
devoted to the extension of the method to other functionalized
alkynes, as well as to the application of the method in target-
oriented synthesis.
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as well. Compared to substrates bearing a bulky substituent Supporting Information Available: Experimental pro-

at the triple bond (Table 3, entries 10 and 11), this reaction

also demonstrates that steric hindrance in alkyl chain does

not prevent the tandem cycloisomerizatidrydroalkoxyla-
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