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Abstract: Dirhodium caprolactamate [Rh2(cap)4] effectively cata-
lyzes alkoxyalkylation of terminal alkynes in the presence of tert-
butyl hydroperoxide (TBHP) under mild conditions.
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Pioneering work by Doyle and coworkers has demonstrat-
ed that dirhodium caprolactamate [Rh2(cap)4] is an effec-
tive catalyst when used in conjunction with tert-butyl
hydroperoxide (TBHP) for allylic, benzylic, and propar-
gylic oxidations (Scheme 1, eq 1).1–3 This catalytic oxida-
tive approach has been extended to the functionalization
of the carbon adjacent to the nitrogen in tertiary amines
(Scheme 1, eq 2).4

Scheme 1 Rh2(cap)4-catalyzed functionalization of the carbon adja-
cent to the ether oxygen

These catalytic oxidations involving TBHP are initiated
by Rh2(cap)4-catalyzed cleavage of the peroxide bond of
TBHP, generating tert-butoxy radical. This radical then
abstracts a hydrogen atom from another TBHP to form
tert-butylperoxy radical, which acts as an oxidant in sub-
sequent transformations.5 We envisaged that this radical-
based protocol might be useful for functionalizing the car-

bon adjacent to the oxygen of ethers, given that ethers are
potential precursors of α-alkoxyalkyl radicals.6 Here we
continue our research into dirhodium complexes and their
catalytic applications7 by reporting the direct addition of
ethers to terminal alkynes in the presence of Rh2(cap)4 cat-
alyst and TBHP. Using this approach, we have synthe-
sized a variety of allyl ether derivatives (Scheme 1, eq 3).

We began our studies by testing the reaction of phenyl-
acetylene (1a) and tetrahydrofuran (THF, 2a) in the pres-
ence of Rh2(cap)4 catalyst and t-BuOOH. With 0.1 mol%
catalyst loading, the reaction conducted at room tempera-
ture for 12 hours gave the allyl ether 3a in 59% yield with
an E/Z ratio of 1:1.7 (Table 1, entry 1). Higher yield (76%)
was obtained when 0.5 mol% Rh2(cap)4 were used (Table
1, entry 2). The reaction was further improved by elevat-
ing the reaction temperature to 50 °C, affording the de-
sired product 3a in 84% yield in three hours (Table 1,
entry 3). Comparable yield (82%) was obtained when the
reaction was carried out on a 1 g scale (Table 1, entry 4).
The yields obtained using our protocol is higher than
yields reported in the literature.8–10 For example, a micro-
wave-assisted protocol for this reaction gave 60% yield;8

a TBHP-promoted protocol, 51% yield at 50 °C9a and
61% yield9b at 120 °C; a CuBr/TBHP-promoted protocol,
62% yield;9a and an Me2Zn/O2-initiated protocol, 28%
yield with high E-selectivity.10
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Table 1  Optimization of Reaction Conditionsa

Entry Catalyst loading 
(mol%)

Temp 
(°C)

Time 
(h)

Yield (%)b 
(E/Z)c

1 0.1 r.t. 12 59 (1:1.7)

2 0.5 r.t. 12 76 (1:1.7)

3 0.5 50 3 84 (1:1.7)

4d 0.5 50 4 82 (1:1.7)

a Reaction conditions: 1a (0.5 mmol), t-BuOOH (2.0 mmol), and a 
catalytic amount of Rh2(cap)4 in THF (10 mL).
b Isolated yield.
c E/Z ratios were determined by 1H NMR analysis of crude reaction 
mixtures.
d Reaction scale = 1 g.
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With these promising preliminary results in hand, we ex-
amined the scope of the Rh2(cap)4-catalyzed alkoxyalkyl-
ation of terminal alkynes by varying the alkynes and
ethers used (Table 2). As shown in Table 2, electron-rich
(entries 2 and 3) and mild electron-poor aryl acetylenes
(entry 4) performed well in the reaction and provided
ready access to functionalized 2-vinyl tetrahydrofurans

3b–d. Terminal alkynes bearing aliphatic substitutions
appeared to be less reactive; longer reaction times were
required to ensure alkyne consumption and give moderate
yields of the desired products 3e–i (Table 2, entries 5–9).
Functional groups such as silyl ether (Table 2, entry 6),
hydroxyl (Table 2, entry 8), and amide (Table 2, entry 9)
were well tolerated under the reaction conditions.

Table 2  Substrate Scope for the Addition of Ethers to Alkynes 

Entry Alkyne Ether Time (h) Product Yield (%)a (E/Z)b

1

1a
2a

3

3a

84 (1:1.7)

2

1b
2a

24

3b

71 (1:1.7)

3

1c
2a

48

3c

69 (1:1.7)

4

1d
2a

20

3d

86 (1:1.7)

5
1e 2a

96

3e

55 (2.0:1)d

6

1f 2a

96

3f

69 (1.5:1)

7

1g 2a

96

3g

57 (2.6:1)d

8

1h 2a

60

3h

72 (2.5:1)d

9c

1i
2a

72

3i

74 (2.8:1)d
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3
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The combination of Rh2(cap)4 and TBHP has already been
reported to efficiently promote the oxidation of benzylic,
allylic and propargylic C–H bonds (Scheme 1, eq 1).2–4 In
the present study, however, addition of ethers to alkynes
occurred preferentially, giving the desired adducts with-
out any significant formation of propargylic oxidation
products derived from 1e–i (Table 2, entries 5–9), allylic
oxidation products derived from 3e–i (Table 2, entries 5–
9), or benzylic oxidation products derived from 1g and 3g
(Table 2, entry 7). This reaction preference has been at-
tributed to the presence of a large excess of ethers that
serve as both solvents and reactants and that preferentially
act as radical traps over other reactants and products con-
taining the activated C–H bonds.8–10

In addition to THF, we tested several cyclic and acyclic
substrates containing alkoxy groups in the alkoxyalkyl-
ation of phenylacetylene (Table 2, entries 9–13). Tetra-
hydropyran and 1,4-dioxane proved suitable addition
partners under our reaction conditions (Table 2, entries 10
and 11). Moreover, we were able to use linear ethers 2d
and 2e in the addition reaction to phenylacetylene, a result
not reported for previous protocols;8–10 these ethers pro-
duced adducts 3l and 3m, respectively, in low yields (Ta-
ble 2, entries 12 and 13).11 Low E/Z ratios were obtained

for adducts 3a–m in all reactions of Table 2. We also ex-
amined reactions of phenylacetylene (1a) with alcohols
instead of ethers in the presence of Rh2(cap)4/TBHP. The
reaction of 1a and methanol at 50 °C led to a complex
mixture of products, while the reaction of 1a and ethanol
led to only trace amounts of product even at elevated tem-
perature (90 °C), with the alkyne 1a remaining largely in-
tact.9b These results indicate that the Rh2(cap)4/TBHP
system is not suitable for promoting the addition of alco-
hols to phenylacetylene (1a).

To probe the impact of a radical scavenger on this radical-
based addition, we conducted a control reaction (Scheme
2). We added the radical inhibitor 2,6-di-tert-butyl-4-
methylphenol (BHT) to the reaction of 1a and 2a, and
managed to completely suppress formation of 3a; in this
reaction, 1a remained intact, and products 4 and 5 formed
from reactions involving BHT and THF. We speculate
that product 4 formed by radical combination between the
α-ethereal radical6 of THF (2a) and the phenoxy radical5

6 generated from radical-mediated abstraction of the phe-
nolic hydrogen of BHT. Product 5, for its part, may have
formed through radical 1,6-Michael addition12 of the ethe-
real radical to BHT quinone methide (BHT-QM)13 inter-
mediate 8.

10

1a 2b

14

3j

44 (1:1.7)d

11

1a 2c

16

3k

53 (1:1.6)d

12

1a
2d

22

3l

49 (1:1.3)d

13

1a
2e

14

3m

42 (1:1.3)

a Isolated yield.
b E/Z ratios were determined by 1H NMR analysis of crude reaction mixtures.
c Reaction conditions: 1e (0.5 mmol), t-BuOOH (4 equiv), and Rh2(cap)4 (1 mol%) in THF (10 mL) at 70 °C.
d Inseparable geometric isomers.

Table 2  Substrate Scope for the Addition of Ethers to Alkynes  (continued)

Entry Alkyne Ether Time (h) Product Yield (%)a (E/Z)b

alkyne ether+

1 2
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Scheme 2  Interception of the α-ethereal radical of THF by BHT

In summary, we have applied Rh2(cap)4/TBHP-based cat-
alytic oxidation to the functionalization of carbons adja-
cent to ether oxygens. Using this protocol, we have
synthesized a variety of 2-vinyl ethers via direct addition
of ethers to terminal alkynes under mild reaction condi-
tions.
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