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1. Introduction

Oxygen heterocycles such as lactones, furans and pyrans are
prevalent in nature and exhibit a wide range of important biological
activities. Consequently, their synthesis constitutes an important
area of organic chemistry. One of the ways of constructing an
O-heterocycle is by the intramolecular addition of an OH or CO,H
functionality to a C=C bond. Known as hydroalkoxylation or
hydroacyalkoxylation, respectively, these atom-economical pro-
cesses can be effected using strong Brensted acids.! Conversely,
several metal catalysts, such as Pt(II)/PR3,2® Sn(OTf)4,%° Al(OTf)3°C
and gold®d have also been reported for (either or both of) these
reactions. It is interesting to note that AgOTf was known as an
active catalyst,>® but did not preclude its use as a ‘co-catalyst’ with
FeC13.3b'3‘

2. Results and discussion

In our earlier work, we have reported the use of Cu(OTf), as
a catalyst in a number of intermolecular C-O and C-N bond for-
mations, including additions of acids, phenols and alcohols to
norbornene, sulfonamides to conjugate dienes and vinylarenes, and
the annulation of phenols with 1,3-dienes.* Herein, we will report
the first application of this catalyst for the intramolecular O-H
additions to unactivated alkenes, leading to the formation of lac-
tone and tetrahydrofuran rings.

Initially, reactions were conducted in air by heating at reflux
a solution of 4-pentenoic acid 1a in 1,2-dichloroethane in the
presence of 5 mol% of Cu(OTf),. Cyclisation of the substrate pro-
ceeded smoothly to afford the y-lactone 2 exclusively (Scheme 1).
Subsequent investigations precluded the need for ligands, as they
did not exert any beneficial effect.’> Consequently, the scope of the
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reaction was established with a number of w-alkenoic acid pre-
cursors, at 2 mol % catalyst loading (Table 1). At the end of each
reaction, the paramagnetic catalyst was removed by passing the
reaction mixture through a short column of silica gel, prior to 'H
NMR spectroscopic analysis. In all cases, clean ‘spot-to-spot’ con-
versions were observed, i.e., no side product was detected.

Q Cu(OTH), (5 mol%) /&
WJ\OH Ligand, DCE, 83 °C o~ O

1a 2

Scheme 1. Cyclisation of 4-pentenoic acid to a y-lactone.

Compared to the cyclisation of 1a, the formation of the six-
membered heterocycle (from 1b) was noticeably slower (Table 1,
entries 1 and 2). The introduction of a methyl group in the terminal
position (1c) led to a mixture of y- and d-lactones 4 and 5, in favour
of the smaller ring (entry 3). This is notable, as it is in contrast to the
regioselectivity observed previously using AgOTf, which was
reported to favour the larger lactone ring by 10:1.32 On the other
hand, the presence of the methyl substituent at the internal posi-
tion (1d) yielded only the smaller y-lactone 6 (entry 4). The pres-
ence of a 3-phenyl substituent led to significant reduction in the
rate of reaction of 1e, giving lactone 7 as a mixture of syn:anti
isomers (entry 5); this is attributed to unfavourable 1,2-allylic
strain during the cyclisation process.

Synthesis of bicyclic rings was also attempted; this can be ach-
ieved by using the cyclopentene precursor 1f, to give the cis-fused
rings 8 exclusively (entry 6). Alternatively, spiro-lactones 9 and 10
can be obtained in high yields from diacids 1g and 1h, respectively
(entries 7 and 8). Again, the introduction of a methyl substituent at
the terminal alkene compromised the regioselectivity slightly
(entry 9).

Many of the w-alkenoic acid precursors were reduced to cor-
responding alkenols, and these were also subjected to copper
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Table 1
Intramolecular cyclisation of y- and d-alkenoic acids®
Entry Substrate Product t/h Conv.”/%
@i A
1 0 24 100 (88)
OH 9
1a 2
~ 0
2 36 83 (80)
2 OH o~ o
1b 3
= o
3 + 24 100 (95)
OH F"Ng” € )
4:5(3:1)
1c
o
4 0 18 100 (92)
OH 0
1d 6
Ph
) o
5 d 48 82 (72)°
Ph OH
1e 7
(syn:anti = 3:2)
H
o
6 o 24 100 (91)°
HO™ YO 8
1f 8 (cis- only)
o OH g
(0]
7 HO o o) 22 100 (91)
[¢]
19 9
8 18 100 (88)
. 244 72
(e} OH o
1h
(0] OH
1i

1:12(6:1)

¢ Typical reaction: Cu(OTf), (2 mol %) and 0.5 M of substrate at reflux in DCE.

b Conversions determined by 'H NMR integration of crude reaction mixtures. Yields of isolated products indicated in parentheses.
€ 5 mol % Cu(OTf),.

4 0.2 mol % Cu(OTf),.



10336 LA. Adrio et al. / Tetrahedron 65 (2009) 10334-10338

Table 2
Intramolecular cyclisation of y and 3-alkenols?
Entry Substrate Product t/h Conv.”/%
G (e
1 o 21 100 (96)
1j 13
=~ OH 26 59 (37)
2 0 46 88 (81)
Ph 1K 14 75 96 (91)
(syn:anti = 1:2.6)
“ OH
3 20 100 (92)
(0]
15
11
4 Ck\‘ ©E>7 22 80 (77)
OH °
1m 16
5 ‘ 18 100 (96)
24 714
OH (0]
1n 17
OH
(e]
6 o 22 100 (89)
HO
‘ 18
10
OTIPS LU
N 1,
. H s s 100 (98)
100 (96)°
\ o
1p

19

@ Typical reaction: Cu(OTf), (2 mol %) and 0.5 M of substrate at reflux in DCE.

b Conversions and diastereomeric ratios determined by '"H NMR integration of crude reaction mixtures. Yields of isolated products indicated in parentheses.

€ 65°C.
4 0.2 mol % Cu(OTf),.
¢ 10% TfOH.

catalysis (Table 2).° Intramolecular hydroalkoxylation reactions
promptly ensued and, in many cases, quantitative conversions
could be attained, furnishing cyclic ethers in high isolated yields.
Compared to their corresponding CO,H additions, OH additions are
not only more facile, e.g., Table 2, entry 2 (2 mol % catalyst) vs Table
1, entry 5 (5 mol % catalyst), but are also much more regioselective
(Table 2, entries 3 and 5 vs Table 1, entries 3 and 9). In one particular
case, the reaction can be conducted at 65°C without affecting
turnover or yield (Table 2, entry 1), showing that milder conditions
may be feasible. Catalyst loading can be further reduced in these
systems—preliminary tests conducted with substrates 1h and 1n
using 0.2 mol % of catalyst showed acceptable conversions within
24 h (Table 1, entry 8 and Table 2, entry 5, final turnover numbers
unoptimised), demonstrating its efficiency favourably against other

catalytic systems, which typically employ 5 mol % catalytic loading,
sometimes even 10 mol %.

Triflic acid has been implicated as the true catalytic species in
metal triflate-catalysed processes.” This was investigated in the
present study by performing control reactions with numerous
substrates (1g-h, 1j, 11-0). In contrast to our previous studies,* the
use of 10% TfOH was found to be equally effective, giving the de-
sired products with similar yields to copper-catalysed reactions.
This includes the cyclisation of the mono-TIPS protected substrate
1p,® which proceeded to completion cleanly with either catalyst, to
furnish tetrahydrofuran 19 in comparable yields and product dis-
tribution (Table 2, entry 7); contrary to expectations, none of the
spiro structure 18 or its deprotected precursor (10) can be detected
in the crude reaction mixture ('"H NMR).



LA. Adrio et al. / Tetrahedron 65 (2009) 10334-10338

Thus, the catalytic activity of Cu(OTf), is very similar to triflic
acid in these intramolecular O-H addition reactions. While it is
impossible to rule out the involvement of Bransted acid-catalysis in
this case, the copper catalyst may be a preferred option, due to three
distinct advantages: firstly, Cu(OTf); is a non-corrosive and non-
hygroscopic solid, making it more attractive than triflic acid in terms
of practicality, safety and long-term storage.® Secondly, over the
course of our investigations, we have demonstrated its utility and
superiority over the Brgnsted acid in a number of inter- and intra-
molecular C—=C heterofunctionalisation reactions,? i.e., it has wider
applicability.'® Last but not least, copper(Il) triflate is considerably
cheaper, less toxic and offers similar, if not better, turnovers at
a much lower catalytic loading than other metal catalysts.>>

3. Conclusions

In summary, the result from the present study showed that
Cu(OTf); can be used in the synthesis of O-heterocycles by facili-
tating the intramolecular O-H addition to unactivated C=C bonds.
Compared to the other catalysts, the copper system is cheaper,
more practical and effective at lower catalytic loadings. Thus
broadening the scope of Cu(OTf); as a catalyst in C=C hetero-
functionalisation reactions.

4. Experimental section
4.1. General

Copper(Il) trifluoromethanesulfonate was procured from
Sigma-Aldrich and used as-received. Acyclic precursors were pur-
chased from commercial sources and used without further purifi-
cation, except 1c-e, 1g-i and 11a-g, which were prepared by
literature procedures (see Supplementary data).

Catalytic reactions were performed in parallel in a Radley’s
12-placed reaction carousel in air. Column chromatography was
performed on silica gel (Merck Kieselgel 60 F254 230-400 mesh).
Thin layer chromatography (TLC) was performed on aluminium-
backed plates pre-coated with silica (0.2 mm) and developed in
suitable solvents.

TH and 3C NMR spectra were recorded using 400 MHz Bruker
AVANCE spectrometers. The chemical shifts are expressed as parts
per million (ppm) and coupling constants (J) are given in Hertz
(Hz). Multiplicity is abbreviated to s (singlet), d (doublet), t (triplet),
q (quartet) and m (multiplet). Melting points were determined
using an Electrothermal Gallenhamp apparatus fitted with a cali-
brated thermometer with an error of 42 °C.

4.2. General procedure for copper-catalysed reactions

A Radley’s reaction tube was charged with a magnetic stir bar,
the requisite alkenoic acid or alcohol (1 mmol), copper(ll) tri-
fluoromethanesulfonate (0.02 mmol 2mol%) and 1,2-di-
chloroethane (2 mL). The reaction tube was then placed in the
carousel and heated at reflux for the required length of time. After
cooling to room temperature, the solvent was removed under re-
duced pressure to furnish a residue, which was purified by column
chromatography, to afford the corresponding lactones or cyclic
ethers.

4.2.1. 5-Methyldihydrofuran-2(3H)-one, 2% Colourless oil. 0y
(400 MHz, CDCl3) 4.69-4.59 (1H, m), 2.59-2.51 (2H, m), 2.41-2.30
(1H, m), 1.89-1.77 (1H, m), 1.41 (3H, d, J=6.3). éc (101 MHz, CDCl3)
177.5, 774, 29.6, 29.1, 21.0.

4.2.2. 6-Methyltetrahydro-2H-pyran-2-one, 3°. Colourless oil. 0y
(400 MHz, CDCl3) 4.51-4.37 (1H, m), 2.64-2.53 (1H, m), 2.51-2.37
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(1H, m), 1.97-1.78 (3H, m), 1.58-1.45 (1H, m), 1.37 (3H, d, J=6.3). ic
(101 MHz, CDCl3) 171.8, 76.9, 29.6, 29.2, 21.7, 18.5.

4.2.3. 5-Ethyl-3,3-dimethyldihydrofuran-2(3H)-one, 4°“. Colourless
oil. 8y (400 MHz, CDCl3) 4.39-4.29 (1H, m), 2.13 (1H, dd, J=12.6,
5.8), 1.82-1.67 (2H, m), 1.67-1.54 (1H, m), 1.26 (3H, s), 1.24 (3H, s),
0.98 (3H, t, J=7.5). 6c (101 MHz, CDCl3) 182.1, 78.3, 43.1, 40.5, 28.6,
251, 24.5, 9.5.

4.24. 3,3,6-Trimethyltetrahydro-2H-pyran-2-one, ~ 5°% Colourless
oil. 6y (400 MHz, CDCl3) 4.52-4.38 (1H, m), 1.88-1.78 (1H, m), 1.78-
1.66 (3H, m), 1.37 (3H, d, J=6.3), 1.29 (3H, s), 1.28 (3H, s). dc
(101 MHz, CDCl3) 177.6, 78.0, 37.8, 34.5, 27.9, 27.8, 22.1.

4.2.5. 5,5-Dimethyldihydrofuran-2(3H)-one, 6'°. Colourless oil. 6y
(400 MHz, CDCl3) 2.62 (2H, t, J=8.2), 2.05 (2H, t, J=8.2), 1.41 (6H, s).
dc (101 MHz, CDCl3) 176.7, 84.6, 34.6, 29.3, 27.7.

4.2.6. Dihydro-5-methyl-4-phenyl-2(3H)-furanone, 7°°. Colourless
oil. syn-isomer: oy (400 MHz, CDCl3) 7.41-7.27 (3H, m), 7.14 (2H, dt,
J=8.3, 2.5), 493 (1H, dq, J=6.4, 6.5), 3.76 (1H, dt, ]=8.4, 6.4), 2.95
(1H, dd, J=174, 8.4), 2.82 (1H, dd, J=17.4, 6.0), 1.03 (3H, d, J=6.5). ¢
(101 MHz, CDCl3) 176.7, 137.6, 128.8, 127.8, 127.6, 80.0, 44.8, 34.8,
16.7. anti-isomer: oy (400 MHz, CDCl3) 7.42-7.18 (5H, m), 4.56 (1H,
dq, J=8.6, 6.2), 3.25 (1H, dt, J=11.0, 8.6), 2.95 (1H, dd, J=17.6, 8.6),
2.83-2.76 (1H, dd, J=17.6, 11.0), 1.43 (3H, d, J=6.2). ic (101 MHz,
CDCl3) 175.5,138.3,129.2, 127.9, 127.2, 83.2, 49.7, 37.5, 19.2.

4.2.7. cis-Hexahydrocyclopenta[b]furan-2-one, 8'. Colourless oil. 6y
(400 MHz, CDCl3) 4.96 (1H, dd, J=8.3, 3.4), 2.74-2.89 (2H, m), 2.24
(1H, dd, J=8.3, 3.4), 2.06-1.94 (1H, m), 1.90-1.73 (1H, m), 1.61-1.75
(3H, m), 1.56-1.43 (1H, m). éc (101 MHz, CDCl3) 177.8, 86.4, 37.9,
36.1, 33.6, 33.5, 234.

4.2.8. 3, 8-Dimethyl-2,7-dioxaspiro[4.4]Jnonane-1,6-dione, 9'°. White
solid. Obtained as an inseperable mixture of diastereomers. Mp 105-
107 °C (lit."® 105-106 °C). Isomer 1: 6y (400 MHz, CDCl3) 5.09-4.93
(2H, m), 2.86-2.77 (2H, m), 1.90 (2H, ddd, J=13.2, 9.6, 3.8),1.49 (3H, d,
J=6.3), 148 (3H, d, J=6.3). Isomer 2: ¢y (400 MHz, CDCl3) 4.80-4.60
(2H, m), 2.66-2.25 (4H, m), 1.53 (6H, d, J=6.2). éc (101 MHz, CDCl3)
173.8, 173.5, 76.0, 75.9, 75.5, 75.0, 53.9, 41.6, 40.7, 40.4, 39.6, 21.1,
20.9, 20.6.

4.2.9. 3-Methyl-2-oxaspiro[4.5]decan-1-one, 10™. Colourless oil. 6y
(400 MHz, CDCl3) 4.54 (1H, tq, J=9.5, 6.2), 2.40 (1H, dd, J=12.9, 6.2),
1.90-1.17 (14H, m). é¢c (101 MHz, CDCl3) 181.68, 73.70, 45.43, 41.22,
34.38, 31.53, 25.33, 22.21, 22.15, 21.45.

4.2.10. 3-Ethyl-2-oxaspiro[4.5]decan-1-one, 11". Colourless oil. 0y
(400 MHz, CDCl3) 432 (1H, ddd, J=12.9, 9.7, 6.2), 2.38 (1H, dd,
J=12.9, 6.2), 1.90-1.16 (13H, m), 0.99 (3H, t, J 7.4). éc (101 MHz,
CDCl3) 181.7, 78.7, 45.0, 39.0, 34.3, 31.6, 28.9, 25.3, 22.2, 22.1, 9.6.

4.2.11. 3-Methyl-2-oxaspiro[5.5]undecan-1-one, 12. Colourless oil.
61 (400 MHz, CDCl3) 4.47-4.36 (1H, m), 2.10-1.94 (2H, m), 1.90-1.67
(2H, m), 1.71-1.54 (7H, m), 1.35 (3H, d, J=6.3), 1.35-1.48 (3H, m). é¢
(101 MHz, CDCls) 183.9, 76.9, 41.4, 35.7, 33.6, 28.8, 27.6, 25.5, 22.1,
20.9, 20.8.

4.2.12. 2,2-Dimethyltetrahydrofuran,  13°®. Colourless oil. oy
(400 MHz, CDCl3) 3.87-3.80 (2H, m), 1.99-1.88 (2H, m), 1.73-1.65
(2H, m), 1.23 (6H, s). 6c (101 MHz, CDCl3) 80.2, 66.1, 38.2, 27.8, 26.1.

4.2.13. 2-Methyl-3-phenyitetrahydrofuran, 14°°. Colourless oil. As
a mixture of 1:2.6 of syn/anti isomers. oy (400 MHz, CDCl3) major
isomer: 7.44-7.05 (5H, m), 4.09-3.98 (2H, m), 3.94-3.80 (1H, m),
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2.81(1H, q, J=8.8), 2.36-2.44 (1H, m), 2.25-2.06 (1H, m), 1.23 (3H,
d,J=6.0). minor isomer: 7.44-7.05 (5H, m), 4.24-4.11 (2H, m), 3.94-
3.80 (1H, m), 3.40-3.27 (1H, m), 2.36-2.44 (1H, m), 2.25-2.06 (1H,
m), 0.85 (3H, d, J=6.4). c (101 MHz, CDCl3): syn: 141.8,128.4,128.2,
126.3,78.2,67.0,48.4,32.9,16.9; anti: 141.5,128.6,127.6,126.7, 82.2,
67.4, 53.0, 35.4, 19.0.

4.2.14. 2-Ethyl-4,4-dimethyltetrahydrofuran, 15'°. Colourless oil. dy
(400 MHz, CDCl3) 3.95-3.86 (1H, m), 3.50 (1H, d, J=8.1), 3.43 (1H, d,
J=8.1), 1.76 (1H, dd, J=12.2, 6.5), 1.69-1.56 (1H, m), 1.53-1.41 (1H,
m), 1.31 (1H, dd, J=12.2, 9.0), 1.10 (6H, s), 0.92 (3H, t, J=7.5). oc
(101 MHz, CDCI3): 80.9, 79.9, 46.5, 39.5, 29.1, 27.0, 26.6, 10.4.

4.2.15. 3-Methyl-2-oxaspiro[4.5]decane, 16'. Colourless oil. 0y
(400 MHz, CDCl3) 4.09-3.97 (1H, m), 3.63 (1H, d,J=8.5), 3.48 (1H, d,
J=8.4), 1.86 (1H, dd, J=12.3, 6.3), 1.33-1.52 (11H, m), 1.24 (3H, d,
J=6.0). 6c (101 MHz, CDCl3): 78.6, 74.8, 37.4, 35.9, 26.0, 24.0, 23.6,
214.

4.2.16. 3-Ethyl-2-oxaspiro[4.5]decane,  17. Colourless oil. ¢y
(400 MHz, CDCl3) 3.87-3.76 (1H, m), 3.60 (1H, d, J=8.4), 3.49 (1H, d,
J=8.4), 1.83 (1H, dd, J=12.3, 6.4), 1.69-1.32 (12H, m), 1.23 (1H, dd,
J=12.3,9.1),0.92 (3H, t, ]=7.5). 6c (101 MHz, CDCls): 80.3, 78.4, 37.2,
35.7, 29.0, 26.0, 24.0, 23.6, 10.5. MS-CI* (m/z) caled for Cy;Hg0
[M+NH4]* 186.186, found 186.

4.2.17. 3,8-Dimethyl-2,7-dioxaspiro[4.4]nonane, 18. Colourless oil.
Obtained as an inseparable mixture of isomers (ratio 1:1:1, by in-
tegration of methyl signals). 6y (400 MHz, CDCl3) 4.15-3.94 (1H, m),
3.84-3.54 (2H, m), 2.19-1.96 (1H, m), 1.60-1.46 (1H, m), 1.32-1.20
(3H, m). é¢c (101 MHz, CDCl3) 77.6, 76.5, 75.3, 75.3, 75.2, 51.9, 45.2,
45.0,44.2, 21.2. MS-CI* (m/z) calcd for CoH1602 [M+NH4 | 174.149,
found 174.

4.2.18. ((3-Allyl-5-methyltetrahydrofuran-3-yl)methoxy)-
triisopropylsilane, 19. Colourless oil. Exists as an inseparable
mixture of diastereomers ¢y (400 MHz, CDCl3) 5.88-5.71 (1H, m),
5.14-5.02 (2H, m), 4.07-3.93 (1H, m), 3.84-3.38 (4H, d, J=8.9),
2.36-2.18 (2H, m), 1.99-1.79 (1H, m), 1.31-1.17 (7H, m), 1.13-0.98
(18H, m). 6c (101 MHz, CDCl3) 135.1,117.6, 75.4, 74.5, 67.8, 66.9, 49.4,
49.3,41.7,41.3,40.3, 38.9, 21.1,18.1,12.0. TOF MS ES™ (m/z) calcd for
C18H3602Si (M+H)* 313.2563, found 313.2553.
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