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Abstract A mild and efficient [3+2] cyclization of siloxyalkynes for the
synthesis of aromatic heterocycles is developed. It is a new addition to
the cyclization reactions of these versatile species. In the presence of
TBAF as promoter, siloxyalkynes react with electron-withdrawing isocy-
anides to form a range of oxazole products. In this reaction, siloxy-
alkynes contribute the C–O unit for the cyclization, which is different
from previous typical examples where it is a two-carbon contributor.
Mechanistic studies provided insights into the mechanism, which in-
volves a ketene intermediate. Based on the mechanistic insight, an al-
ternative catalytic system was also demonstrated to be effective for the
same transformation.
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Siloxyalkynes, also known as silyl ynol ethers, are a use-
ful type of electron-rich alkynes and a versatile platform for
the discovery of new organic reactions.1 The presence of the
siloxy group attached directly to the alkyne triple bond not
only increases its electron density, but also polarizes the
triple bond. Consequently, siloxyalkynes can participate in
a variety of cyclization reactions with suitable dipolar com-
pounds (Scheme 1). Among these, the most studied cycliza-
tions are [2+2], [4+2], and [6+2] cyclizations to form four-,
six-, and eight-membered cyclic compounds.1,2 In contrast,
there are few reports on the formation of five-membered
rings by [3+2] cyclization of siloxyalkynes.3 Moreover, si-
loxyalkynes typically serve as two-carbon units in these cy-
clization reactions, and have rarely been demonstrated to
serve as providers of C–O units for cyclization. In continua-
tion of our studies on electron-rich alkynes,2h–k we report

the first [3+2] cyclization of siloxyalkynes for the efficient
synthesis of five-membered aromatic heterocycles (1,3-ox-
azoles), in which siloxyalkynes serve as C–O cyclization
partners.

Scheme 1  Siloxyalkynes in cyclization reactions

Oxazoles are an important family of aromatic nitrogen-
containing heterocycles, widely present in a range of natu-
ral products and bioactive compounds.4 In these com-
pounds, the oxazole unit is known to contribute to antifun-
gal, cytotoxic, and anthelmintic activities, among others.
Some natural alkaloids even contain multiple oxazole units,
thereby indicating the importance of such motifs. For ex-
ample, marine natural products bengazole A and its homo-
logues, as well as the freshwater natural alkaloid muscoride
A, have two oxazole rings in their structures (Figure 1).5,6

Figure 1  Representative oxazole-containing natural alkaloids
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Isocyanides are known synthetic building blocks, widely
used for the synthesis of heterocycles.7 Specifically, when
substituted with an electron-withdrawing group, such
compounds can serve as a three-atom unit for cyclization.
Therefore, we envisioned that the reaction between a si-
loxyalkyne and such an isocyanide might proceed in a [3+2]
cyclization fashion. Indeed, after considerable efforts to
identify suitable conditions, we discovered that the reac-
tion can provide a direct and efficient approach toward the
synthesis of oxazoles under metal-free and mild conditions.
Notably, in this reaction, siloxyalkynes contribute a C–O
unit, rather than a C–C unit, for the cyclization (Scheme 2).

Scheme 2  Synthesis of oxazoles from siloxyalkynes

We began our study with the commercially available
isocyanide 4-toluenesulfonylmethyl isocyanide (TosMIC;
1a) and the siloxyalkyne 2a as model substrates (Table 1).
After screening of various activators, including Lewis acids
and bases, we found that tetrabutylammonium fluoride
(TBAF) was the optimum promoter for the desired cycliza-
tion (Table 1). The reaction in CH2Cl2 proceeded in the pres-
ence of one equivalent of TBAF to form oxazole 3a in essen-
tially quantitative NMR yield (Table 1, entry 1), and this
product was isolated in 83% yield. In contrast, Lewis acids
and Brønsted acids, including In(OTf)3, AgNTf2, AgOTf,
Sc(OTf)3, AgSbF6, HNTf2, BF3·OEt2, or TMSOTf, failed to pro-
mote the same transformation (entry 2). Aiming to further
improve the reaction by making it catalytic, we decreased
the amount of TBAF and, in fact, the reaction did show cata-
lytic potential. For example, in the presence of 10 mol% of
TBAF, the product was formed in 72% yield. However, fur-
ther improvement by increasing the TBAF loading to sub-
stoichiometric levels was not significant. As the commercial
TBAF solution (in THF) is typically not anhydrous, we real-
ized that this reaction might not need strict conditions.
Thus, the reaction was run without an anhydrous vial or
CH2Cl2. Notably, almost quantitative formation of 3a was
still achieved (entry 6). Furthermore, the reaction efficien-
cy was not affected when run in open air (entry 7).

We hypothesized that TBAF might activate the siloxy-
alkyne by forming a strong Si–F bond. We therefore next
screened other fluoride sources. When cesium fluoride or
ammonium fluoride was used instead of TBAF, no product
was detected at room temperature (Table 1, entry 8). How-

ever, heating the reaction mixture to 60 °C led to the oxaz-
ole product in 45% yield with CsF, but there was still no re-
action with NH4F (entries 9 and 10). From a comparison
with the reaction in the water-containing TBAF solution, we
realized that a small amount of water might be needed.
With this in mind, we added two equivalents of water to
the above reaction system. Interestingly, the yield was fur-
ther improved to 74% with CsF, but not with NH4F (entries
11 and 12). Overall, one equivalent of TBAF was still consid-
ered to be optimal for this reaction.

With the standard conditions in hand, we next exam-
ined the scope of the reaction. As shown in Scheme 3, a
range of siloxyalkynes bearing various substituents reacted
with TosMIC (1a) to afford the desired oxazoles 3a–j with
high efficiency.8,9 Note that, for the siloxyalkyne bearing a
TMS group (R = TMS), the corresponding product was desil-
ylated under the standard conditions to give 5-methyl-4-to-
syloxazole (3h) as the observed product. In contrast, when
a siloxyalkyne containing a TIPS ether motif (2j) was used,
the TIPS group remained intact. Moreover, when the elec-
tron-withdrawing group in the isocyanide was changed
from a tosyl group to an ester group, the reaction was
equally efficient, providing the oxazole 3k in good yield. Fi-
nally, the structure of product 3i was confirmed by X-ray
crystallography (Figure 2).10
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Table 1  Optimization of the Reaction Conditionsa

Entry Variation from the standard conditions Yield (%)b

 1 none 99 (83)c

 2 Lewis or Brønsted acid, instead of TBAF  0d

 3 TBAF (10 mol%) 72

 4 TBAF (20 mol%) 76

 5 TBAF (50 mol%) 85

 6 nondry vial and nonanhyd CH2Cl2 99

 7 open air, nondry vial, and nonanhyd CH2Cl2 96

 8 CsF or NH4F instead of TBAF, r.t.  0

 9 CsF instead of TBAF, 60 °C 45

10 NH4F instead of TBAF, 60 °C  0

11 CsF instead of TBAF, H2O (2.0 equiv), r.t.  0

12 CsF instead of TBAF, H2O (2.0 equiv), 60 °C 74
a Reaction conditions: 1a (1.0 equiv), 2a (1.2 equiv). 1.0 M TBAF in THF (1.0 
equiv), anhyd CH2Cl2 (0.1 M), under N2, r.t.
b Determined by NMR spectroscopy with CH2Br2 as the internal standard.
c Isolated yield.
d The Lewis or Brønsted acid [In(OTf)3, AgNTf2, AgOTf, Sc(OTf)3, AgSbF6, 
HNTf2, BF3·OEt2, or TMSOTf] was used on a 10 mol% scale.
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Scheme 3  Substrate scope. Reaction conditions: 1 (0.4 mmol or 0.5 
mmol, 1.0 equiv), 2 (1.2 equiv) and TBAF (1.0 equiv, 1.0 M THF solu-
tion) in DCM (0.1 M) at r.t. for 4 h. Isolated yields are reported.a R = TMS 
in substrate.

Figure 2  XRD results for compound 3i

The proposed mechanism is shown in Scheme 4. We be-
lieve that the fluoride anion in TBAF activates the siloxy-
alkyne by forming an ynolate ion A, which then deproton-
ates the isocyanide to form the conjugate base B and a ke-
tene intermediate C. Subsequent nucleophilic addition to
ketene C by anion B leads to intermediate D, which cyclizes
to give E. A small amount of water present in the reaction
mixture then protonates E to form F. Further aromatization
of the ring delivers the observed oxazole product.

During the condition optimization, we noted that TBAF
can also be used in a catalytic amount, albeit with a slightly
decreased yield. To rationalize this catalytic feature, we rea-
soned that the hydroxide ion (OH–) generated from E to F
might also serve as an active promoter to turn over the re-
action. To confirm this possibility, we next evaluated the
catalytic ability of the hydroxide ion. In the presence of a
catalytic amount of Bu4NOH, the reaction of 1a and 2a pro-
ceeded with high efficiency under essentially the same con-
ditions, giving product 3a in 85% isolated yield [Scheme
5(a)]. To further probe the generality of this catalytic proto-
col, we selected and tested other examples under the new
conditions. We found that the corresponding oxazoles were

all obtained with good efficiency, thereby providing an im-
provement on the original protocol employing a stoichio-
metric amount of fluoride. Moreover, we also found that
isocyanides with a sterically hindered α-position did not
react efficiently [Scheme 5(b)]. In the absence of an α-hy-
drogen, the reaction did not occur, which is consistent with
the proposed mechanism. Furthermore, in the absence of
an electron-withdrawing group (e.g., Ts), isocyanide 1f did
not show any reactivity in this reaction, indicating that the
α-acidity is also critically important. Finally, we also carried
out the reaction in the presence of D2O with CsF as the fluo-
ride source [Scheme 5(c)]. In the oxazole product, two posi-
tions showed incorporation of deuterium. The presence of
deuterium in the oxazole ring is obviously consistent with
the mechanism. In addition, the benzylic position was also
found to have 27% incorporation of deuterium. This posi-
tion is the original acidic position in the isocyanide, which
might have pre-exchanged with D2O before the reaction. It
is also possible that the final aromatization step might be
assisted by a water molecule.

In summary, we have developed the first [3+2] cycliza-
tion of siloxyalkynes for the synthesis of aromatic heterocy-
cles. In contrast to the previous cyclization reactions of si-
loxyalkynes where they serve as two-carbon partners, in
this reaction the siloxyalkyne contributes a C–O unit to the
cyclization. In the presence of TBAF as the activator, the re-
action between siloxyalkynes and electron-deficient isocy-
anides proceed efficiently to form a range of substituted ox-
azoles under mild metal-free conditions. Mechanistic stud-
ies indicated that siloxyalkynes serve as the ketene
precursor. Inspired by careful analysis, complementary con-
ditions (such as the use of hydroxide as a catalyst) were also
identified for this transformation.
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Scheme 5  Mechanistic studies
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