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ABSTRACT

Themetal-free [2þ 2þ 1] annulation of alkynes, nitriles, and O-atoms for the regioselective assembly of 2,4-disubstituted and 2,4,5-trisubstituted
oxazole compounds has been achieved by the use of PhIO with TfOH or Tf2NH. The present reaction could be applied to a facile synthesis of an
anti-inflammatory drug.

Since oxazole derivatives have found widespread appli-
cations not only as biologically active compounds but also
as synthetic intermediates,1 much effort has been directed
toward devising methods for the synthesis of substituted
oxazoles.2 Among them, oxidative [3 þ 2] annulations of

prefunctionalized ketones or aldehydes with nitriles3,4 or
amines5 have been well studied as straightforward proce-
dures. These procedures, however, have been constrained
by the need to use heavy metal oxidants and/or by the
limitationof the substrates.Recently, Zhang et al. reported
an elegant assembling procedure for the preparation of 2,
5-disubstituted oxazoles, which was achieved by the
gold(I)-catalyzed [2 þ 2 þ 1] annulation of terminal
alkynes, nitriles, and quinoline N-oxides as the oxygen
source (Scheme 1a).6 In similar approaches, Jiang et al.
disclosed that 2,4,5-trisubstituted oxazoles were formed by
the oxidative annulation of internal alkynes with nitriles
under Cu(II)/O2 systems.7,8 To the best of our knowledge,
however, there have been no reports about the formation
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of 2,4-disubstituted oxazoles by oxidative annulation
strategies9 and applicable procedures to both terminal
and internal alkynes until very recently.Weherein describe
the metal-free [2 þ 2 þ 1] synthesis of 2,4-disubstituted or
2,4,5-trisubstituted oxazoles from terminal or internal
alkynes and nitriles with iodine(III) reagents (Scheme 1b).

In modern organic chemistry with the increasing impor-
tance of greener synthetic processes, hypervalent iodine
reagents have gained much attention as eco-friendly
oxidants.10 From this standpoint, we have developed the
metal-free synthesis of heterocyclic compounds based on
the activation of alkynes by iodine(III) reagents.11 On the
basis of our study for the iodine(III)-mediated heterocycle
formation, we envisaged that the metal-free [2 þ 2 þ 1]
annulation would be achieved through Ritter-type addi-
tion of nitriles to intermediates formed by alkynes and
iodine(III) reagents PhI(OH)X, which is generated in situ
from iodosobenzene (PhIO) and aBrønsted acid (H�X).12

At the outset, we focused our initial efforts on the evalua-
tion of oxidants, which were generated in situ from PhIO
(1.2 equiv) and various Brønsted acids (H�X, 1.2 equiv) at
ambient temperature for 30 min, in the reaction of ethy-
nylbenzene (1a) and acetonitrile (MeCN) as the solvent
(Table 1). The use of p-toluenesulfonic acid (TsOH) or
triflic acid (TfOH) gave 2,4-disubstituted oxazole 2a along
with ketone 4 or pyrimidine 5 (entry 2 or 3). Since the
formation of 5 from 1a and MeCN is known to be

catalyzed by TfOH,13 the slight increase in the amount of
PhIO was examined under similar conditions to those for
entry 3. Thus, 1.5 equiv of PhIO with 1.2 equiv of TfOH
afforded 2a in 31% yield without forming 5 (entry 4).
Furthermore, the treatment of PhIOwithTfOHat 0 �C for
a short time is crucial to the improved yield of 2a (entries 5
and 6), and the yield of 2a was increased to 80% using
1.8 equiv of PhIO with 1.5 equiv of TfOH (entry 7).14,15 It
should be mentioned that triflic imide (Tf2NH) or HBF4

led to the formation of 2a at ambient temperature, albeit in
a reduced yield (entry 8 or 9).

We next investigated the scope of alkynes and nitriles
under the PhIO/acid-mediated conditionsA (TfOHas acids)
or B (Tf2NH as acids) (Table 2). Both conditions could be
applied to the [2 þ 2 þ 1] annulations of not only terminal
alkynes1a�cbut also internal alkynes1d�j, regardless of the
kind of nitriles employed (MeCN, propionitrile, succinoni-
trile, benzonitrile). In addition to 1a�c, 1d and 1g�j were
regioselectively converted to the corresponding 2,4-disubsti-
tuted (2a�c, 7a, and 9a) and 2,4,5-trisubstituted oxazoles
(2d, 2e�j, 7d, and 9d) as a single isomer with the illustrated
structures.Under conditionsB as compared to conditionsA,

Scheme 1. Comparison of Zhang’s andOurWork for [2þ 2þ 1]
Annulations of Alkynes, Nitriles, and O-Atoms

Table 1. Evaluation ofOxidants for theFormation of 2a from 1a

yield (%)a

entry

PhIO

(equiv)

H�X

(equiv)

time

(h) 2a other

1 1.2 CF3CO2H (1.2) 20 0 3 38

2 1.2 TsOH (1.2) 22 4 4 7

3 1.2 TfOH (1.2) 14 7 5 25

4 1.5 TfOH (1.2) 8 31

5b 1.5 TfOH (1.2) 8 56

6c 1.5 TfOH (1.2) 8 63

7c 1.8 TfOH (1.5) 8 80

8c 1.8 Tf2NH (1.5) 20d 60

9c 1.8 HBF4
e (1.5) 18d 54 6 26

aThe yield was determined by 1HNMRanalysis using toluene as the
internal standard. Unless otherwise noted, PhIO was treated with H�X
inMeCN at rt for 30 min before addition of 1a. bPhIO was treated with
H�X inMeCNat 0 �C for 5min before addition of 1a. cH�Xwas added
to the mixture of PhIO and alkyne in MeCN at 0 �C. dReaction
temperature: rt. eEt2O solution.
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all the attempted reactions proceeded at ambient tempera-
ture and in some cases brought about improved product
yields (2e, 2h, and 2j). In cases using other nitriles, except for
MeCN, conditions A showed similar or superior results to
conditions B. Conditions A provided a facile synthesis of an
anti-inflammatory drug, Oxaprodine (11),1c from commer-
cially available compounds in two steps (Scheme 2). Thus, in
the presence of TfOH, 1e treated with PhIO in methyl
3-cyanopropanoate gave oxazole 10e, which was converted
to 11 by hydrolysis.

Observations of a precipitate formed during the early
stage of the reaction time in many cases in the present
reactions encouraged us to confirm the structure of the
precipitate obtained from 1c in MeCN under the PhIO/

TfOH-mediated conditions at 80 �C for 5min.As shown in
Scheme 3, after the recrystallization of the precipitate from
hexane/Et2O, the obtained crystal was found to be alke-
nyliodonium triflate 12c by single-crystal X-ray structure
analysis.16 Since 12c has been known to be formed by the
treatment of 1cwith PhI(OH)OTf inCH2Cl2,

12a PhI(OH)-
OTf and the alkenyliodonium intermediates 12 would be
involved in the formation of oxazoles. This is supported by
the formation of 2a from the isolated 12a. Thus, the
treatment of 12a with H2O (1.0 equiv) in MeCN at 80 �C
for 8h gave2a in 69%yield (Scheme4a). Since the addition
of AcNH2 instead of H2O inMeCN or DCE also gave 2a,
albeit in reduced yields (Schemes 4b and 4c), AcNH2might
be responsible in part for the formation of 2a from 12a.

On the basis of these results and previous reports
regardingnucleophilic vinylic substitutionsof (β-haloalkenyl)-
iodonium species,17 a plausible mechanism for the present
oxazole formation is illustrated in Scheme 5. That is, 12 is
formed through the iodooxidation of alkyne 1 activated
by PhI(OH)OTf and the subsequent ligand exchange in
Int-A.18And then, the nucleophilic vinylic substitution of 12
with R3CN, which contributes to the Michael-acceptor
ability of 12,17 leads to Int-B. The lower leaving abilities of
CF3COO andTsO groupsmight bring about the formation
of ketone 3 or 4, which would proceed via the R-iodanyl
ketone formed by the hydrolysis or the related reaction of
the analog of Int-A and/or 12 (CF3COO or TsO instead of
TfO group).19 Subsequently, Int-B reacts with H2O to
generate Int-C and/or Int-D, which are converted to Int-E.
The vinylic substitutions of12withR3CONH2derived from
R3CN andH2Omight be possible as an alternative route to
Int-D. Finally, the reductive elimination of Int-E gives the
target oxazoles. Therefore, the regiochemistry of oxazoles
depends on the outcome of the iodooxidation step,

Table 2. Formation of Oxazoles from Various Alkynes and
Nitriles under the PhIO/Acid-Mediated Conditions A or B

yield (%)a

1 R1 R2 R3CN product Ab Bb

1a Ph H MeCN 2a 81c 60

1b (CH2)2Ph H MeCN 2b 74 80

1c (CH2)5Me H MeCN 2c 48 52

1d Ph Me MeCN 2d 82c 70

1e Ph Ph MeCN 2e 61 73

1f nPr nPr MeCN 2f 62 64

1g Ph COPh MeCN 2gd 67 70

1h Ph COMe MeCN 2hd 54 68

1i Ph CO2Me MeCN 2id 37e 37

1j Ph Br MeCN 2j 26 42

1a Ph H EtCN 7a 74 57

1d Ph Me EtCN 7d 77 76

1e Ph Ph (CH2CN)2 8e 57 53

1a Ph H PhCN 9a 48 40

1d Ph Me PhCN 9d 51 52

a Isolated yields. bConditions: (A) TfOH as acids, 80 �C; (B) Tf2NH
as acids, rt. cReaction time: 8 h. dPhIO, 1.5 equiv; acid, 3.0 equiv.
eReaction time: 42 h.

Scheme 2. A Facile Synthesis of Anti-Inflammatory Drug 11

Scheme 3. Formation of 12c from 1c

Scheme 4. Formation of 2a from 12a
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in which the bulky iodonium ion would bind to the less
stercially hindered R2 side of the alkyne carbon in 1a�c

(R1=Ph, (CH2)2Ph, or (CH2)5CH3,R
2=H) or 1d (R1=

Ph, R2 = Me).
To gain a better understanding of the oxazole formation

from the terminal alkynes, we examined the reaction of the
deuterated d-1a inMeCNunder thePhIO/TfOH-mediated
conditions (Scheme 6). The reaction at 80 �C for 8 h gave
the undeuterated 2a along with d-2a (d-2a:2a = 62:38).
Since the hydrogen/deuterium exchange of d-2a was not
observed in thepresenceofTfOHunder similar conditions,
the formation of the undeuterated 2a would be a result of
an intervention of the alkynyliodonium intermediate 13.
Actually, 13was treatedwithAcNH2 inMeCNat80 �C for
8 h giving rise to 2a in 34% yield.20 Similar observations
have been reported in the synthesis of thiazoles from
alkynyliodonium salts and thioamides by Wipf’s21 and
Ochiai’s groups.22 For the synthesis of thiazoles, Ochiai
et al. proposed a reaction mechanism that involves a

Michael additionof thioamides toalkynyliodoniumsalts.22a

Thus, the oxazole formation from the terminal alkynes
might take part in the Michael addition of R3CONH2 to
alkynyliodonium intermediates besides the route via 12.
In conclusion, we have developed a metal-free, regiose-

lective procedure for [2 þ 2 þ 1] annulations of alkynes,
nitriles, and O-atoms mediated by PhIO with TfOH or
Tf2NH. The present procedure could be applied to both
terminal and inner alkynes with various nitriles, thereby
leading to 2,4-di- and 2,4,5-trisubstituted oxazoles. Further-
more, a new route for the synthesis of a nonsteroidal anti-
inflammatory drug was demonstrated. In light of the isola-
tionof analkenyliodonium triflate and experimental results,
a plausible mechanism for the present oxazole formation
was proposed. Particularly, a deuterium labeling experi-
ment suggests that alkynyliodonium intermediates along
with alkenyliodonium intermediates would be involved in
cases of terminal alkyne substrates. We believe that the
present study not only provides an attractive procedure for
access to the highly substituted oxazoles but also broadens
the reactivity of iodine(III) reagents.
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Scheme 5. Proposed Mechanism for the Oxazole Formation Scheme 6. Formation of d-2a and 2a from d-1a
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