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A convenient and efficient method for the synthesis of furoxan derivatives from a-nitro-ketoximes and
sulfonyl chlorides is reported. A wide variety of furoxan derivatives were smoothly obtained in good
yields via a DABCO-mediated cascade sulfonylation/cyclization process under mild conditions. The
usefulness of this method was also demonstrated by the conversions of the furoxan products into other
promising compounds.

� 2015 Published by Elsevier Ltd.
1. Introduction

Furoxan (1,2,5-oxadiazole 2-oxide) is an old heterocyclic system
well-known to chemists due to its intriguing chemistry and the
unique molecular structure.1 Although furoxan was first synthe-
sized over 100 years ago,2 it was not until the middle of the 20th
century that a few studies regarding to the synthesis, the chemical
properties and the biological activities of various furoxan de-
rivatives had been reported.1,3 In the past few years, some furoxan
derivatives were found to exert remarkable biological activities,
such as antibacterial, antifungal, antihelmintic, antitrypanosomal,
anticytotoxic, anti-HIV, anticancer effects, etc.4 Certainly, these
features and their potentially promising pharmacological actions
have stimulated the development of preparative methods for di-
verse furoxan derivatives.

To the best of our knowledge, a range of methods for the syn-
thesis of furoxan compounds exist. Among them, the strategies
include oxidation of a-dioximes,5 dehydration of a-nitro oximes,6

thermolysis of a-nitro-azides,7 dimerization of nitrile N-oxides,8

and the reaction of alkenes with N2O3, NaNO2, NOBF4, etc.9 Al-
though each of the aforementioned methods could result in a dif-
ferent class of furoxan derivatives, unfortunately, many of those
ioc.ac.cn (W.-C. Yuan).
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procedures suffered some limitations such as harsh reaction con-
ditions, limited substrate scope, difficulties of handling, low
chemical yields, not readily available starting materials, and use of
hazardous reagents. In this context, the development of efficient
methods for the synthesis of structurally diverse furoxan de-
rivatives should be highly desirable. Moreover, further research on
this aspect will not only greatly enrich the furoxan compounds but
also will contribute to in-depth study on furoxan-based drug dis-
covery. In this paper, we report a convenient and efficient protocol
for accessing furoxan compounds from a-nitro-ketoximes and
sulfonyl chlorides. We found that a wide variety of furoxan de-
rivatives could be obtained smoothly in good yields via a DABCO-
mediated sulfonylation/cyclization cascade process under mild re-
action conditions.
2. Results and discussion

Initially, we examined the reaction of a-nitro-ketoxime10 1a
with p-toluene sulfonyl chloride (TsCl) 2a in the presence of 2 equiv
of 1,4-diazabicyclo[2.2.2]octane (DABCO) in CH2Cl2 at 30 �C. The
furoxan product 3a was smoothly obtained in 57% yield within
5 min (Table 1, entry 1). Bases were investigated first, such as
K2CO3, Na2CO3, tBuOK, triethylamine, and DBU. However, only DBU
gave the desired furoxan product 3a in acceptable yield (Table 1,
entry 2) and other bases afforded furoxan product 3a in very low
http://dx.doi.org/10.1016/j.tet.2015.01.031
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yield.11 When the same reactionwas conducted in various solvents,
3a was also able to be obtained in moderate yields within 5 min
(Table 1, entries 3e9), but it was found that mesitylene as a reaction
medium was superior to others (Table 1, entry 6). Afterward, the
loading of DABCO was investigated. When 4 equiv of DABCO was
used, the reaction delivered 3a in 61% yield (Table 1, entry 10).
Comparing this result with that in entry 6, it suggested that the
reaction did not need excess DABCO. Conversely, conducting the
reactionwith 1 equiv of DABCO, 66% yield could be readily achieved
(Table 1, entry 11). Having identified 1 equiv of DABCO as the op-
timal amount of the base for the reaction, we examined the effect of
the reaction temperature (Table 1, entries 12e15). A screening of
different reaction temperatures showed that the reaction gave the
best result at 0 �C (Table 1, entry 14). No beneficial effect on the
yield was observed when the substrate concentration was in-
creased (Table 1, entry 16). However, 3a could be obtained in high to
88% yield within 20 min by greatly lowering the substrate con-
centration (Table 1, entry 17). From an operational standpoint, we
chose to use 1 equiv of DABCO at 0 �C with 0.03 M of substrate
concentration in mesitylene as the optimal reaction conditions
(Table 1, entry 17). It is worth mentioning that the structure of
product 3a was unequivocally confirmed by means of the single-
crystal X-ray diffraction (Fig. 1)12 and further confirmed by NMR
(1H, 13C) spectra.
Table 1
Optimization of the reaction conditionsa

Entry Solvent x T (�C) Time (min) Yieldb (%)

1 CH2Cl2 2 30 <5 57
2 CH2Cl2 2 30 10 52c

3 CHCl3 2 30 <5 43
4 THF 2 30 <5 62
5 Toluene 2 30 <5 60
6 Mesitylene 2 30 <5 64
7 EtOH 2 30 <5 62
8 CH3CN 2 30 <5 46
9 Hexane 2 30 <5 48
10 Mesitylene 4 30 <5 61
11 Mesitylene 1 30 <5 66
12 Mesitylene 1 50 <5 60
13 Mesitylene 1 20 <5 71
14 Mesitylene 1 0 15 74
15 Mesitylene 1 �10 30 70
16 Mesitylene 1 0 15 71d

17 Mesitylene 1 0 20 88e

a Unless otherwise noted, all reactions were carried out with 1a (0.2 mmol), 2a
(0.25 mmol), and DABCO in 2.0 mL solvent at the specified temperature for the
stated period of time.

b Isolated yield.
c DBU (2 equiv) was used.
d Solvent (1.0 mL) was used.
e Solvent (6.0 mL) was used.

Fig. 1. Single-crystal X-ray structure of furoxan 3a.
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We next explored the scope of the DABCO-mediated the syn-
thesis of various furoxan compounds using different a-nitro-
ketoximes 1 and TsCl 2a (Table 2). Firstly, we investigated the ef-
fects of the substituted position of fluoro group (entries 1e3), no
significant difference in the reaction outcomes was observed with
the changes of the substituted position. Then, different electron-
withdrawing groups (Br, Cl) were incorporated into the aryl ring
of a-nitro-ketoxime 1a, still giving the corresponding furoxans 3e
and 3f in very good yields (entries 4 and 5). In addition, the sub-
strates bearing various electron-donating substituents on the aryl
moiety successfully reactedwith TsCl 2a, affording furoxans 3gel in
the chemical yields ranged from 82% to 89% (entries 6e11). More-
over, the results of these cases revealed that the size and steric
hindrance of substituent had no significant influence on the re-
activity. Naphthyl substituent was also compatible group and gave
the expected product 3m in 93% yield (entry 12). To our delight, an
ethyl group at the a-position of a-nitro-ketoxime substratewas also
tolerated (entry 13). Ultimately, it was demonstrated that the re-
placement of phenyl group on 1a with benzyl group was also fea-
sible for the sulfonylation/cyclization cascade process to give 3o in
82% yield (entry 14). When the R1 group of 1 was H, the corre-
sponding substrate 1p reacted with TsCl 2a under the standard
reaction conditions, disappointingly, the expected furoxan product
3p was not able to be obtained (entry 15).13 The results of this case
suggested the R1 (R1sH) group in a-nitro-ketoximes 1 was crucial
for the generation of furoxan heterocyclic ring.
Table 2
DABCO-mediated the synthesis of furoxans: a-nitro-ketoxime scopea

Entry 1 3 Yieldb (%)

1 88

2 92

3 90

4 84

5 88

6 85

7 82

8 89
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Table 2 (continued )

Entry 1 3 Yieldb (%)

9 86

10 82c

11 83

12 93c

13 79

14 82

15 ndd

a Unless otherwise noted, all reactions were carried out with 1 (0.2 mmol), 2a
(0.25 mmol) and DABCO in 6.0 mL mesitylene at 0 �C for 20 min.

b Isolated yield.
c Run for 60 min.
d nd¼not determined.

Scheme 2. Scaled-up reaction on a gram scale.
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In the course of the further studies, the sulfonyl chloride scope
was evaluated (Scheme 1). As the aforementioned, the model re-
action could provide furoxan 3a in 88% yield under the standard
conditions. And then, instead of TsCl 2a, 1a reacted with benzene-
sulfonyl chloride 2b under the same conditions, giving 3a in 57%
yield. Furthermore, we also found that the reaction of 4-
nitrobenzene sulfonyl chloride 2c with 1a also proceeded well
and delivered 3a in 80% yield. These results indicated that the
electronic nature of the aromatic moiety of the starting sulfonyl
chlorides had no pernicious effect on the reaction since both
electron-rich and -poor sulfonyl chlorides were successfully
employed in the reaction. Nevertheless, an alkyl sulfonyl chloride,
methanesulfonyl chloride, could also be applied in the developed
protocol, affording 3a in 77% yield.
Scheme 1. DABCO-promoted the synthesis of furoxans: sulfonyl chloride scope.

Scheme 3. Transformation of furoxan 3a to other furoxan derivatives.
In order to examine the utility of our method, the exemplar
reaction of a-nitro-ketoxime 1a and TsCl 2a was carried out at
5 mmol scale under the standard conditions, which is 25 times
larger than the scale of the original reaction shown in Table 1. As
Please cite this article in press as: Zhao, J.-Q.; et al., Tetrahedron (2015),
shown in Scheme 2, furoxan 3awas able to be obtained smoothly in
67% yieldwithin 20min. This result suggested that the protocol was
amenable to large-scale production.
To further expand the potential of this reaction, the diverse
transformation of product 3a into various furoxan derivatives was
illustrated in Scheme 3. Firstly, treatment of furoxan 3a in triethyl
phosphate under reflux conditions for 3 h gave the reduction
product 4 in quantitative yield. On the other hand, the reaction of
3a with N-bromosuccinimide (NBS) in the presence of benzoyl
peroxide (BPO) in carbon tetrachloride at reflux temperature could
afford the corresponding brominated furoxan 5 in 73% yield. Then,
compound 5 could be readily converted to the azide 6 in 95% yield
by reacting with sodium azide in acetone/water solvent at room
temperature. Additionally, the reaction of compound 5 and 6-
chloro-9H-purin-2-amine with K2CO3 as a base in DMF at room
temperature immediately furnished 7 in 87% yield. Moreover, hy-
drolyzing brominated furoxan 5 led to the formation of furo-
xanmethanol derivative 8 in 77% yield. Compound 8 could be
smoothly converted to aldehyde derivative 9 in 91% yield by the
oxidation of pyridinium chlorochromate (PCC) in CH2Cl2 at room
temperature. Then, the oxime derivative 11 was obtained by the
traditional method from aldehyde 9, and further transformed into
nitrile derivative 12 in 86% yield by dehydration with thionyl
chloride according to the reported procedure, which shows anti-
schistosomiasis activity.4d,l,14 Aldehyde derivative 9 also could be
converted into a,b-unsaturated ester 10 in 82% yield via Wittig
reaction.
To gain insight into the mechanism of the chemical process,
several control experiments were conducted (Scheme 4). First, no
furoxan product 3a could be detected when 1a was treated with
DABCO in the absence of sulfonyl chloride under the standard
conditions (Scheme 4, (1)). Subsequently, it was also found that the
reaction of 1a and TsCl 2a did not occur without DABCO (Scheme 4,
(2)). These observations suggested that the reaction might start
http://dx.doi.org/10.1016/j.tet.2015.01.031
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with the DABCO-mediated reaction of 1a and 2a. Based on these
experimental results and the observation in Table 2, entry 15,
a plausible mechanism for the above reaction of the synthesis of
furoxan derivatives is proposed. As shown in Scheme 4, initially, the
reaction was triggered by DABCO for sulfonylation of the a-nitro-
ketoximes 1with sulfonyl chlorides, leading to the in situ formation
of oxime sulfonate A. However, perhaps due to the instability of
oxime sulfonate, intermediate A could not be isolated. Meanwhile,
intermediate A preferentially tautomerized to oxime sulfonate B in
the mixture partly owe to the delocalized conjugate system. And
then, the protons Ha and Hb in intermediates A and B were able to
be striped by the base, resulting in the formation of anion in-
termediates C and D. Subsequently, furoxan products 3 will be
generated in high priority via a cyclization process based on the
nucleophilic attack of oxygen-anion in intermediate D to the ni-
trogen center.
Scheme 4. Control experiments and proposed pathway for the reaction of a-nitro-
ketoximes and sulfonyl chlorides.
3. Conclusion

In conclusion, we have developed a convenient and efficient
method for the synthesis of furoxan derivatives by the reaction of
a-nitro-ketoximes and sulfonyl chlorides. Utilizing the developed
protocol, a wide variety of furoxan compounds were smoothly
obtained in good to high yields via a DABCO-mediated sulfonyla-
tion/cyclization cascade process under mild reaction conditions.
The usefulness of the method was demonstrated by the conver-
sions of the furoxan derivatives into various promising furoxan
compounds. Meanwhile, a plausible reaction pathway for the
DABCO-mediated reaction of a-nitro-ketoximes and sulfonyl chlo-
rides was tentatively brought forward.

4. Experimental section

4.1. General

Reagents were purchased from commercial sources and were
used as received unless mentioned otherwise. Reactions were
monitored by TLC. 1H NMR and 13C NMR spectra were recorded in
CDCl3 andDMSO-d6.1HNMRchemical shifts are reported inparts per
million (ppm) relative to tetramethylsilane (TMS) with the solvent
resonance employed as the internal standard (CDCl3 at 7.26 ppm,
DMSO-d6 at 2.50 ppm). Data are reported as follows: chemical shift,
multiplicity (s¼singlet, br s¼broad singlet, d¼doublet, t¼triplet,
q¼quartet, m¼multiplet), coupling constants (Hz), and integration.
13CNMR chemical shifts are reported inparts permillion (ppm) from
Please cite this article in press as: Zhao, J.-Q.; et al., Tetrahedron (2015),
tetramethylsilane (TMS) with the solvent resonance as the internal
standard (CDCl3 at 77.20 ppm, DMSO-d6 at 39.51 ppm). Melting
points were recorded on a melting point apparatus.

4.2. General procedure for the synthesis of 3

To a solution of a-nitro-ketoximes 1 (0.20 mmol, 1 equiv) in
6 mL mesitylene at 0 �C were added sulfonyl chlorides 2
(0.25 mmol, 1.25 equiv) and DABCO (0.2 mmol, 1 equiv). The re-
action mixture was stirred at 0 �C for 20 min. The resulting mixture
was concentrated and the residue was purified by flash chroma-
tography (hexanes/ethyl acetate¼15:1) to give 3.

4.2.1. 3-Methyl-4-phenyl-1,2,5-oxadiazole 2-oxide (3a). White solid
(31.0 mg, 88% yield), mp 94.3e95.1 �C; 1H NMR (300 MHz, CDCl3),
d (ppm): 2.35 (s, 3H), 7.52e7.55 (m, 3H), 7.66e7.69 (m, 2H); 13C
NMR (75 MHz, CDCl3), d (ppm): 9.1, 112.1, 126.7, 127.4, 129.2, 131.0,
156.8; HRMS (ESI-TOF) calcd for C9H8N2O2 [MþNa]þ: 199.0478;
found: 199.0483.

4.2.2. 4-(2-Fluorophenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3b). White solid (34.1 mg, 88% yield), mp 82.5e83.1 �C; 1H NMR
(300 MHz, CDCl3), d (ppm): 2.22 (d, J¼2.7 Hz, 3H), 7.22e7.26 (m,
1H), 7.28e7.36 (m, 1H), 7.57e7.64 (m, 2H); 13C NMR (75 MHz,
CDCl3), d (ppm): 8.6 (d, J¼6.4 Hz, 1C), 113.1, 114.7 (d, J¼13.6 Hz, 1C),
116.4 (d, J¼20.8 Hz, 1C), 125.1 (d, J¼3.6 Hz, 1C), 130.6 (d, J¼2.3 Hz,
1C), 133.3 (d, J¼8.3 Hz, 1C), 153.8, 159.8 (d, J¼249.9 Hz, 1C); HRMS
(ESI-TOF) calcd for C9H7FN2O2 [MþNa]þ: 217.0384; found:
217.0393.

4.2.3. 4-(3-Fluorophenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3c). White solid (35.7 mg, 92% yield), mp 86.2e87.1 �C; 1H NMR
(300 MHz, CDCl3), d (ppm): 2.37 (s, 3H), 7.24e7.30 (m, 1H),
7.40e7.54 (m, 3H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.1, 111.8,
114.5 (d, J¼23.5 Hz, 1C), 118.1 (d, J¼20.9 Hz, 1C), 123.1 (d, J¼3.2 Hz,
1C), 128.7 (d, J¼8.2 Hz, 1C), 131.1 (d, J¼8.2 Hz, 1C), 155.7, 162.9 (d,
J¼247.1 Hz, 1C); HRMS (ESI-TOF) calcd for C9H7FN2O2 [MþNa]þ:
217.0384; found: 217.0389.

4.2.4. 4-(4-Fluorophenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3d). White solid (35.0 mg, 90% yield), mp 62.8e63.5 �C; 1H NMR
(300 MHz, CDCl3), d (ppm): 2.34 (s, 3H), 7.20e7.25 (m, 2H),
7.66e7.70 (m, 2H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.0, 111.9,
116.5 (d, J¼22.0 Hz, 2C), 122.9 (d, J¼3.4 Hz, 1C), 129.5 (d, J¼8.7 Hz,
2C), 156.0, 164.2 (d, J¼250.9 Hz, 1C); HRMS (ESI-TOF) calcd for
C9H7FN2O2 [MþNa]þ: 217.0384; found: 217.0387.

4.2.5. 4-(4-Bromophenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3e). White solid (43.0 mg, 84% yield), mp 110.8e111.6 �C; 1H
NMR (300 MHz, CDCl3), d (ppm): 2.35 (s, 3H), 7.55e7.58 (m, 2H),
7.66e7.70 (m, 2H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.2, 111.8,
125.6, 125.7, 128.8, 132.6, 156.0; HRMS (ESI-TOF) calcd for
C9H7BrN2O2 [MþNa]þ: 276.9583; found: 276.9594.

4.2.6. 4-(4-Chlorophenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3f). White solid (37.0 mg, 88% yield), mp 93.5e94.2 �C; 1H NMR
(300 MHz, CDCl3), d (ppm): 2.34 (s, 3H), 7.51 (d, J¼8.4 Hz, 2H), 7.62
(d, J¼8.4 Hz, 2H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.1, 111.8,
125.1, 127.8, 128.6, 129.6, 129.7, 137.3, 155.9; HRMS (ESI-TOF) calcd
for C9H7ClN2O2 [MþNa]þ: 233.0088; found: 233.0099.

4.2.7. 3-Methyl-4-m-tolyl-1,2,5-oxadiazole 2-oxide (3g). White
solid (32.3 mg, 85% yield), mp 81.5e82.3 �C; 1H NMR (300 MHz,
CDCl3), d (ppm): 2.34 (s, 3H), 2.44 (s, 3H), 7.35e7.36 (m, 1H),
7.37e7.46 (m, 2H), 7.50 (s, 1H); 13C NMR (75 MHz, CDCl3), d (ppm):
9.2, 21.3, 112.2, 124.4, 126.6, 127.9, 129.1, 131.8, 139.2, 157.0; HRMS
http://dx.doi.org/10.1016/j.tet.2015.01.031
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(ESI-TOF) calcd for C10H10N2O2 [MþNa]þ: 213.0634; found:
213.0641.

4.2.8. 3-Methyl-4-p-tolyl-1,2,5-oxadiazole 2-oxide (3h). White solid
(31.0 mg, 82% yield), mp 80.4e81.1 �C; 1H NMR (300 MHz, CDCl3),
d (ppm): 2.33 (d, J¼4.2 Hz, 3H), 2.44 (s, 3H), 7.34 (d, J¼7.8 Hz, 2H),
7.57 (d, J¼8.1 Hz, 2H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.1, 21.4,
112.2, 123.8, 127.2, 129.4, 129.9, 141.4, 156.8; HRMS (ESI-TOF) calcd
for C10H10N2O2 [MþNa]þ: 213.0634; found: 213.0645.

4.2.9. 4-(3-Methoxyphenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3i). White solid (36.7 mg, 89% yield), mp 109.3e110.1 �C; 1H
NMR (300MHz, CDCl3), d (ppm): 2.34 (s, 3H), 3.86 (s, 3H), 7.06e7.10
(m, 1H), 7.19e7.22 (m, 2H), 7.41e7.46 (m, 1H); 13C NMR (75 MHz,
CDCl3), d (ppm): 9.2, 55.4, 112.1, 112.8, 116.7, 119.6, 127.8, 130.3,
156.7, 160.1; HRMS (ESI-TOF) calcd for C10H10N2O3 [MþNa]þ:
229.0584; found: 229.0588.

4.2.10. 4-(4-Methoxyphenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3j). White solid (35.6 mg, 86% yield), mp 99.8e100.3 �C; 1H
NMR (300 MHz, CDCl3), d (ppm): 2.33 (s, 3H), 3.88 (d, J¼12.6 Hz,
3H), 7.02 (d, J¼8.7 Hz, 2H), 7.61 (d, J¼8.7 Hz, 2H); 13C NMR (75MHz,
CDCl3), d (ppm): 9.2, 55.4, 112.1, 114.6, 118.9, 128.8, 156.5, 161.6;
HRMS (ESI-TOF) calcd for C10H10N2O3 [MþNa]þ: 229.0584; found:
229.0589.

4.2.11. 4-(4-tert-Butylphenyl)-3-methyl-1,2,5-oxadiazole 2-oxide
(3k). White solid (38.3 mg, 82% yield), mp 74.5e75.1 �C; 1H NMR
(300 MHz, CDCl3), d (ppm): 1.36 (s, 9H), 2.36 (s, 3H), 7.54e7.57 (m,
2H), 7.61e7.64 (m, 2H); 13C NMR (75MHz, CDCl3), d (ppm): 9.2, 31.1,
34.9, 112.2, 123.8, 126.2, 127.1, 154.5, 156.8; HRMS (ESI-TOF) calcd
for C13H16N2O2 [MþNa]þ: 255.1104; found: 255.1112.

4.2.12. 3-Methyl-4-(3,4,5-trimethoxyphenyl)-1,2,5-oxadiazole 2-
oxide (3l). White solid (44.2 mg, 83% yield), mp 104.9e105.4 �C;
1H NMR (300 MHz, CDCl3), d (ppm): 2.35 (s, 3H), 3.90 (s, 9H), 6.86
(s, 2H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.2, 56.3, 60.9, 104.7,
104.8, 112.0, 112.1, 121.8, 140.5, 153.8, 156.7; HRMS (ESI) calcd for
C12H14N2O5 [MþNa]þ: 289.0795; found: 289.0808.

4.2.13. 3-Methyl-4-(naphthalen-2-yl)-1,2,5-oxadiazole 2-oxide
(3m). White solid (42.0 mg, 93% yield), mp 140.1e140.8 �C; 1H
NMR (300 MHz, CDCl3), d (ppm): 2.42 (s, 3H), 7.58e7.63 (m, 2H),
7.76e7.79 (m, 1H), 7.90e8.00 (m, 3H), 8.10 (s, 1H); 13C NMR
(75 MHz, CDCl3), d (ppm): 9.3, 112.2, 123.6, 124.0, 127.1, 127.6, 127.8,
128.5, 129.2, 132.8, 134.1, 156.8; HRMS (ESI-TOF) calcd for
C13H10N2O2 [MþNa]þ: 249.0634; found: 249.0641.

4.2.14. 3-Ethyl-4-phenyl-1,2,5-oxadiazole 2-oxide (3n). Yellow oil
(30.0 mg, 79% yield), 1H NMR (300 MHz, CDCl3), d (ppm): 1.24 (t,
J¼7.5 Hz, 3H), 2.74 (q, J¼7.5 Hz, 2H), 7.52e7.55 (m, 3H), 7.63e7.66
(m, 2H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.8, 16.7, 116.5, 126.7,
127.4, 129.2, 130.9, 156.7; HRMS (ESI-TOF) calcd for C10H10N2O2
[MþNa]þ: 213.0634; found: 213.0644.

4.2.15. 4-Benzyl-3-methyl-1,2,5-oxadiazole 2-oxide (3o). White
solid (31.1 mg, 82% yield), mp 67.5e68.4 �C; 1H NMR (300 MHz,
CDCl3), d (ppm): 1.93 (s, 3H), 4.03 (s, 2H), 7.22e7.29 (m, 2H),
7.32e7.37 (m, 3H); 13C NMR (75 MHz, CDCl3), d (ppm): 7.6, 32.1,
112.8, 127.6, 128.6, 129.0, 133.9, 156.9; HRMS (ESI-TOF) calcd for
C10H10N2O2 [MþNa]þ: 213.0634; found: 213.0632.

4.3. Procedure for the synthesis of compound 44k

A solution of 3a (52.9 mg, 0.3 mmol) in 2 mL P(OEt)3 was heated
at reflux for 3 h. The mixture was allowed to reach room
Please cite this article in press as: Zhao, J.-Q.; et al., Tetrahedron (2015),
temperature, and the resulting mixture was directly purified using
flash chromatography (hexanes/ethyl acetate¼30:1) to afford the
desired product 4. Colorless oil (47.6 mg, 99% yield); 1H NMR
(300 MHz, CDCl3), d (ppm): 2.57 (s, 3H), 7.51e7.53 (m, 3H),
7.70e7.73 (m, 2H); 13C NMR (75 MHz, CDCl3), d (ppm): 9.6, 126.1,
128.0, 129.1, 130.4, 149.5, 153.8; HRMS (ESI-TOF) calcd for C9H8N2O
[MþH]þ: 161.0709; found: 161.0710.

4.4. Procedure for the synthesis of compound 5

Compound 3a (176.2 mg, 1 mmol) was suspended in CCl4
(10 mL), then NBS (356 mg, 2 mmol) was added, followed by
benzoyl peroxide (242 mg, 1 mmol). The reaction mixture was
stirred at reflux temperature under N2 for 20 h. After cooling, water
was added to quench the reaction. The solution was extracted with
CCl4 (three times), and the combined organic extracts were washed
with brine, dried over sodium sulfate, and concentrated using ro-
tary evaporation in vacuo. Purification using flash chromatography
(hexanes/ethyl acetate¼25:1) afforded the desired product 5.15

Colorless oil (187 mg, 83% yield); 1H NMR (300 MHz, CDCl3),
d (ppm): 4.40 (s, 2H), 7.56e7.63 (m, 3H), 7.78e7.81 (m, 2H); 13C
NMR (75MHz, CDCl3), d (ppm): 17.3, 113.3, 125.8, 127.5, 129.5, 131.5,
155.6.

4.5. Procedure for the synthesis of compound 6

To a solution of 73 mg (0.28 mmol, 1 equiv) compound 5 in 4 mL
acetone were added 29 mg (0.45 mmol, 1.5 equiv) NaN3 and 1 mL
H2O. The reaction mixture was stirred at room temperature for 1 h.
The solution was extracted with CH2Cl2 (three times), and the
combined organic extracts dried over sodium sulfate, and concen-
trated using rotary evaporation in vacuo. Purification using flash
chromatography (hexanes/ethyl acetate¼10:1) afforded the desired
product 6. Yellow solid (57.8 mg, 95% yield); mp 59.7e60.4 �C; 1H
NMR (300MHz, DMSO-d6), d (ppm): 4.70 (s, 2H), 7.58e7.68 (m, 3H),
7.75e7.78 (m, 2H); 13C NMR (75 MHz, DMSO-d6), d (ppm): 42.4,
112.7, 125.6, 127.7, 129.4, 131.5, 156.8; HRMS (ESI-TOF) calcd for
C9H7N5O2 [MþNa]þ: 240.0492; found: 240.0491.

4.6. Procedure for the synthesis of compound 7

A mixture of compound 5 (91.8 mg, 0.36 mmol), K2CO3
(103.5 mg, 0.75 mmol), and 6-chloro-9H-purin-2-amine (50.9 mg,
0.3 mmol) in DMF (3 mL) was stirred at room temperature for
10 min. Then water was added to quench the reaction, and the
solution was extracted with CH2Cl2 (three times). The combined
organic extracts were washed with water, brine, dried over sodium
sulfate, and concentrated using rotary evaporation in vacuo. Puri-
fication using flash chromatography (hexanes/ethyl acetate¼2:1)
afforded the desired product 7. White solid (90.0 mg, 87% yield);
mp 210.5e211.2 �C; 1H NMR (300 MHz, DMSO-d6), d (ppm): 5.44 (s,
2H), 6.87 (s, 2H), 7.53e7.55 (m, 3H), 7.75e7.78 (m, 2H), 8.11 (s, 1H);
13C NMR (75 MHz, DMSO-d6), d (ppm): 36.3, 112.1, 122.8, 125.4,
128.0, 129.1, 131.1, 143.1, 149.4, 153.8, 157.0, 159.7; HRMS (ESI-TOF)
calcd for C14H10ClN7O2 [MþNa]þ: 366.0477; found: 366.0489.

4.7. Procedure for the synthesis of compound 815b

Compound 5 (104 mg, 0.4 mmol) dissolved in 1,4-dioxane
(2 mL), then H2O (2 mL) and CaCO3 (200 mg, 2 mmol) were
added. The reaction mixture was refluxed under stirring for over-
night. After cooling, the reaction mixture was treated with 10% HCl
until CO2 ceased evolving. The solution was extracted with ethyl
acetate (three times), and the combined organic extracts were
washed with brine, dried over sodium sulfate, and concentrated
using rotary evaporation in vacuo. Purification using flash
http://dx.doi.org/10.1016/j.tet.2015.01.031
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chromatography (hexanes/ethyl acetate¼5:1) afforded the desired
product 8. Yellow solid (59.0 mg, 77% yield); mp 66.0e66.8 �C; 1H
NMR (300 MHz, DMSO-d6), d (ppm): 4.52 (d, J¼5.7 Hz, 2H), 5.94 (t,
J¼5.7 Hz, 1H), 7.59e7.61 (m, 3H), 7.87e7.90 (m, 2H); 13C NMR
(75 MHz, DMSO-d6), d (ppm): 52.1, 115.1, 126.3, 127.6, 129.3, 131.3,
157.2; HRMS (ESI-TOF) calcd for C9H8N2O3 [MþNa]þ: 215.0427;
found: 215.0435.

4.8. Procedure for the synthesis of compound 94d,l,14,15b

To a solution of 192 mg (1 mmol) compound 8 in 12 mL
CH2Cl2 was added 860 mg (4 mmol) PCC. The reaction mixture was
stirred at room temperature for 24 h. After filtration on a Celite pad,
the residue was washed with ethyl acetate, and the filtrate was
evaporated in vacuo. Purification using flash chromatography
(hexanes/ethyl acetate¼10:1) afforded the desired product 9.
White solid (173.1 mg, 91% yield); mp 63.9e64.4 �C; 1H NMR
(300 MHz, DMSO-d6), d (ppm): 7.57e7.65 (m, 3H), 7.85e7.88 (m,
2H), 9.76 (s, 1H); 13C NMR (75 MHz, DMSO-d6), d (ppm): 113.6,
125.2, 128.7, 128.9, 131.6, 155.6, 178.7; HRMS (ESI-TOF) calcd for
C9H6N2O3 [MþNa]þ: 213.0271; found: 213.0284.

4.9. Procedure for the synthesis of compound 10

To a solution of 76 mg (0.4 mmol) compound 9 in 6 mL anhy-
drous CH2Cl2 was added 153.3 mg (0.44 mmol) ethyl(tri
phenylphosphoranylidene) acetate. The reaction mixture was stir-
red at room temperature for 1h, then the resulting mixture was
directly purified using flash chromatography (hexanes/ethyl
acetate¼15:1) to afford the desired product 10. White
solid (85.0 mg, 82% yield); mp 63.7e64.6 �C; 1H NMR (300 MHz,
DMSO-d6), d (ppm): 1.23 (t, J¼6.9 Hz, 3H), 4.19 (q, J¼6.9 Hz, 2H),
6.98 (d, J¼15.9 Hz, 1H), 7.20 (d, J¼15.9 Hz, 1H), 7.65e7.73 (m, 5H);
13C NMR (75MHz, DMSO-d6), d (ppm): 13.9, 61.0, 112.3, 124.0, 124.1,
125.2, 128.4, 129.5, 131.5, 156.7, 165.0; HRMS (ESI-TOF) calcd for
C13H12N2O4 [MþNa]þ: 283.0689; found: 283.0676.

4.10. Procedure for the synthesis of compound 12

To a solution of 106 mg (0.56 mmol, 1 equiv) compound 9 in
6 mL CH3CN was added 50.6 mg (0.73 mmol, 1.3 equiv) NH2OH$HCl
and 58.6 uL (1.3 equiv) dry pyridine, then the reaction mixture was
stirred at 60 �C for 1 h. After cooling, water was added to quench
the reaction, and the solution was extracted with ethyl acetate
(three times). The combined organic extracts were washed with
water (three times), brine, dried over sodium sulfate, and concen-
trated using rotary evaporation in vacuo to yield 11 as a crude
product. The crude product 11 dissolved in 3 mL anhydrous DMF
and cooled to 0 �C, then 0.2 mL SOCl2was added. After 1 h, the
reaction mixture was poured into ice/water and extracted with
Et2O (four times). The combined ethereal layers were washed with
water, brine, dried over sodium sulfate, and concentrated using
rotary evaporation in vacuo. Purification using flash chromatogra-
phy (hexanes/ethyl acetate¼30:1) afforded the desired product 12.
White solid (90.0 mg, 86% yield); mp 76.0e76.5 �C; 1H NMR
(300 MHz, DMSO-d6), d (ppm): 7.66e7.75 (m, 3H), 7.87e7.90 (m,
2H); 13C NMR (75MHz, DMSO-d6), d (ppm): 98.4, 107.4, 123.9, 127.0,
129.7, 132.6, 155.2; HRMS (ESI-TOF) calcd for C9H5N3O2 [MþH]þ:
188.0455; found: 188.0449.
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