
Kobe University Repository : Kernel

PDF issue: 2025-04-03

Furoxan Incorporation into C-H Bonds Enabling
Nitrogen-Containing Functional Group
Installation into the Same

(Citation)
Journal of Organic Chemistry,86(21):15807-15817

(Issue Date)
2021-11-05

(Resource Type)
journal article

(Version)
Accepted Manuscript

(Rights)
This document is the Accepted Manuscript version of a Published Work that appeared in
final form in Journal of Organic Chemistry, copyright © American Chemical Society
after peer review and technical editing by the publisher. To access the final edited
and published work see https://pubs.acs.org/articlesonrequest/AOR-A8VJSV5Z7KAGNEZFJYHI

(URL)
https://hdl.handle.net/20.500.14094/90008929

Dong, Chenlu ; Zhao, Xufeng ; Katsuragi, Yuki ; Kim, Hojin ; Hayashi,
Masahiko ; Matsubara, Ryosuke



Furoxan incorporation into C–H bonds enabling nitrogen-containing 

functional group installation into the same 

Chenlu Dong, Xufeng Zhao, Yuki Katsuragi, Hojin Kim, Masahiko Hayashi, Ryosuke Matsubara* 

Department of Chemistry, Graduate School of Science, Kobe University, Nada, Kobe 657-8501, Japan 

Supporting Information Placeholder 

 

ABSTRACT: A C–C bond forming method was developed, whereby a furoxan ring is incorporated into various types of C–H bonds. 

The protocol not only offers a concise synthetic route to a variety of alkylated furoxan derivatives, but also provides an efficient 

strategy for the insertion of various nitrogen-containing functional groups into C–H bonds via transformation of the resultant furoxan 

ring. 

Furoxan is a heterocyclic compound with weak aromatic-

ity.1 Because furoxan is susceptible to ring-opening under vari-

ous reaction conditions,1a C–C bond-forming reactions on the 

furoxan ring have been underdeveloped.2 Recently, however, 

our group has achieved radical addition to 3-sulfonylfuroxans.3 

In this reaction, carbon-centered radicals generated from the 

corresponding aliphatic carboxylic acids reacted with 3-sul-

fonylfuroxans to afford 3-alkylfuroxans via C–C bond for-

mation on the furoxan ring. In addition, the transformation of 

the resultant furoxans to various nitrogen-containing functional 

groups was demonstrated. Thus, a furoxan-mediated “build-

and-scrap” strategy, which converts carboxylic acids into a 

range of other functionalities, was established. 

C–H bonds are robust covalent bonds with minimal polari-

zation; therefore, in general, they are inert and do not participate 

in reactions under a range of reaction conditions. However, re-

cent research progress has addressed this limitation, and various 

C–H activation methods have been reported.4 One such com-

monly employed methodology is transition-metal catalysis, 

whereby metal atoms cleave C–H bonds and the generated car-

bon-metal species undergo subsequent coupling reactions to 

form C–C bonds. The hydrogen atom transfer (HAT) process, 

in which carbon radicals are generated from C(sp3)–H bonds by 

reactive radical species, such as oxygen- or nitrogen-centered 

radicals, is another useful method, and subsequent reactions 

with radical acceptors result in C–C bond formation (Figure 1A). 

In the above cases, C–H bonds are directly converted to C–C 

bonds in one step. On the other hand, initial C–H bond conver-

sion to versatile functional groups followed by their transfor-

mation to C–C bonds is another powerful strategy. Although 

multiple steps are necessary in such indirect methods, the wide 

choice of C–C bond forming methods applicable after the in-

stallation of versatile functional groups is advantageous. Con-

ventional examples include C–H halogenation followed by 

transformation of the resultant organohalides (Figure 1B–1);  

 
Figure 1. C–H functionalization 



 

transformation of C–H to C–C bonds via iridium-catalyzed C–

H borylation (Figure 1B–2);5 and the recently developed thi-

anthrenation method (Figure 1B–3)6 are all categorized as indi-

rect approaches. 

We envisioned that a method for the direct introduction of 

a furoxan ring into C–H bonds, or C–H bond “furoxanization”, 

would not only serve as a unique C–C bond forming reaction 

for accessing a variety of alkylated furoxan derivatives, but also 

provide a facile route for C–H bond insertion of nitrogen-con-

taining functional groups that are otherwise difficult to prepare 

in a few steps (Figure 1C). Herein, we report the successful de-

velopment of this method. 

Our investigation into C–H furoxanization commenced us-

ing toluene as the substrate (Table 1). The reaction of toluene 

(5 equiv) and 3-sulfonylfuroxan 1 (1 equiv) in the presence of 

potassium persulfate, K2S2O8 (1.5 equiv)7 at 70 C gave adduct 

3a in 70% yield (entry 1). Although furoxan can potentially 

isomerize to its regioisomer at elevated temperatures, regioiso-

mer 3a’ was not observed. The reaction using a catalytic amount 

of K2S2O8 (0.2 equiv) did not furnish 3a (entry 2). Reactions at 

temperatures lower than 70 C led to a decreased yield (entries 

3 and 4), likely as a result of the slow formation of oxygen-

centered radicals from persulfate anions. The use of radical gen-

erators other than K2S2O8 failed to improve the yield under the 

employed reaction conditions (entries 5–9). Solvent systems 

other than CH3CN/H2O afforded inferior results (entries 10–13). 

The addition of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), 

a famous radical scavenger, shut down the reaction (entry 14), 

suggesting the mediation of radical species as a reaction inter-

mediate. 

 

Table 1. Optimization of the reaction conditions. 

 

 
Entry Solvent Reagent 

(equiv) 

Temp 

/C 

Yield of 

3a /%a 

1 CH3CN/H2O 

(1/1) 

K2S2O8 (1.5) 70 70 (69)b 

2 CH3CN/H2O 

(1/1) 

K2S2O8 (0.2) 70 0 

3 CH3CN/H2O 

(1/1) 

K2S2O8 (1.5) 50 63 

4 CH3CN/H2O 

(1/1) 

K2S2O8 (1.5) 23 0 

5 CH3CN/H2O 

(1/1) 

TBHP (1.5) 70 0 

6 CH3CN/H2O 

(1/1) 

DTBP (1.5) 70 0 

7 CH3CN/H2O 

(1/1) 

BPO (1.5) 70 8 

8 CH3CN/H2O 

(1/1) 

AIBN (1.5) 70 5 

9 CH3CN/H2O 

(1/1) 

AIBN (0.2) 70 0 

10 CH3CN K2S2O8 (1.5) 70 0 

11 H2O K2S2O8 (1.5) 70 52 

12 DMSO K2S2O8 (1.5) 70 6 

13 DMSO/H2O 

(1/1) 

K2S2O8 (1.5) 70 7 

14 CH3CN/H2O 

(1/1) 

K2S2O8 (1.5) 

TEMPO (3.0) 

70 0 

a Determined by 1H NMR analysis using durene as an internal 

standard. b Isolated yield. TBHP: t-butylhydroperoxide, DTBP: di-

tert-butyl peroxide, BPO: benzoyl peroxide, TEMPO: 2,2,6,6-tet-

ramethylpiperidine 1-oxyl. 

With the optimized conditions in hand, we examined the 

substrate scope (Table 2). To our delight, in addition to 1, disul-

fonyl furoxan 2 reacted smoothly with toluene to afford 4-sul-

fonylfuroxan 3b in high yield. 4-Alkoxyfuroxan (e.g. 3a) and 

4-sulfonylfuroxan (e.g. 3b) can be converted to various nitro-

gen-containing functional groups via subsequent appropriate 

manipulation and are complementary substrates. As expected 

based on our previous study,3 radical addition to 2 was regiose-

lective; only the sulfonyl group at the 3-position was substituted 

by the alkyl group and the other regioisomer of 3b was not ob-

tained. Other methylbenzene derivatives were also suitable sub-

strates, providing 3c–3k, although slightly lower yields were 

obtained for substrates with an electron-deficient benzene ring 

(3h–3j). Longer alkyl chain substituents could be introduced 

via activation at the benzylic position, furnishing furoxan with 

a branched alkyl substituent (3l). 

Non-benzylic C–H bonds also participated in the reaction. 

Thus, the C–H bonds of cyclohexane, cyclopentanone, and 

betan-2-one were functionalized (3m, 3na, and 3nb, respec-

tively). It is of note that C–H bonds at the -position of carbonyl 

groups, not at the -position, were functionalized (vide infra).  

Various substrates with a C–O single bond underwent radical 

formation  to the oxygen atom to deliver the corresponding 

furoxan products (3o–3x). Aromatic and aliphatic aldehydes, as 

well as formamide, underwent hydrogen atom abstraction under 

the same conditions, providing carbonylated furoxans (3y–3ae). 

 

  



 

Table 2. Substrate scope for C–H bond furoxanizationa 

 
a Condition: 1 or 2 (1.0 equiv), R–H (2–41 equiv (in most cases 3–

5 equiv)), K2S2O8 (1–5 equiv), CH3CN/H2O, 60–100 C; see the 

Experimental Section for the details.  b On a gram scale.  

Although good to high yields were obtained when the radi-

cal precursors were used in excess (mainly 3–5 equiv, Table 2), 

their use as a limiting reagent (1 equiv) is often preferred, espe-

cially when the radical precursor is a valuable substrate, as in 

the case of structurally complex molecules or scarce naturally 

occurring materials. Thus, we then investigated the furoxaniza-

tion of C–H bonds using radical precursors as the limiting rea-

gent (Table 3). The use of 1.5 equiv of 3-sulfonylfuroxan and 

1.5 equiv of K2S2O8 resulted in acceptable product yields. When 

mesitylene was used as a substrate, mono-, bis-, and tris-fu-

roxanized adducts (3e, 3ag, and 3ah, respectively) were formed, 

the ratios of which varied depending on the reaction conditions. 

 

 

 

 

 

 

 

 

 

Table 3. Furoxanization of C–H bonds using radical precursors 

as the limiting reagent 

 
The limitations of the developed methodology are summa-

rized in Figure 2, wherein substrates that provided no or mini-

mal product are listed. The reaction did not progress when the 

target C–H bonds were electron-deficient (Figure 2a), and the 

starting material was largely recovered. This is presumably be-

cause of the radical polarity mismatch in the transition state of 

HAT process. It is reasonable to think that, for the same reason, 

cyclopentanone and butan-2-one selectively reacted at the -po-

sition of carbonyl groups (3na and 3nb in Table 2). In the case 

of electron-rich heteroaromatics (Figure 2b), the substrates (or 

the formed products, if any) decomposed under the oxidative 

conditions used. Secondary alcohols, which are known to serve 

as good hydrogen atom donors, did not afford the products in 

this reaction (Figure 2c); this was ascribed to the bulkiness of 

the formed radical resulting in sluggish radical addition to fu-

roxan. Benzimidazole and N-ethylpiperidine were also used as 

N-heterocyclic substrates, but the desired adducts were not ob-

tained (data not shown). The reason for this result is unclear. 

 

 

 

Figure 2. Limitations of the C–H bond furoxanization method. 

The proposed reaction mechanism of C–H furoxanization is 

shown in Figure 3. The reaction is initiated by the heat-induced 

splitting of a persulfate anion into sulfate radical anions.8 The 

sulfate radical anion abstracts a hydrogen atom from the sub-

strate to form a carbon-centered radical, which adds to the 3-

position of 3-sulfonylfuroxan affording adduct A. Radical ad-

duct A is the resonance form of nitroxyl radical A’, a well-



 

known stable radical, as exemplified by TEMPO. Hence, the 

stability of the formed radical species is the driving force for 

this radical addition reaction, and additionally, it offers a ra-

tionale for the selective addition of the carbon-centered radical 

to the 3-position of disulfonylfuroxan 2 over the 4-posion. Fi-

nally, elimination of the arylsulfonyl radical affords the furoxan 

product. In our previously reported borylfuroxan synthesis,9 the 

arylsulfonyl radical could abstract a hydrogen atom from an-

other substrate molecule, thus, a catalytic amount of the radical 

initiator was sufficient. A stoichiometric amount of persulfate 

was required in the present system (entry 2 vs. entry 1, Table 1), 

implying that the arylsulfonyl radical cannot abstract the hydro-

gen atom from the C–H function of the substrates. 

 

 

Figure 3. Proposed reaction mechanism 

With the successful incorporation of a furoxanyl group into 

various types of C–H bonds, we turned our attention to trans-

forming the furoxan ring into nitrogen-containing functional 

groups, implementing the “build-and-scrap” methodology (Fig-

ure 4).3 Using our previously developed reaction conditions, 

1,2-diamine-, (E,E)-dioxime-, amine-, nitro-, oxime-, and isox-

azole-containing  derivatives were generated from the furoxans; 

thus, nitrogen-containing functional groups were readily in-

serted into C–H bonds. It should be noted that some of the func-

tional groups obtained herein cannot be accessed in such few 

steps using existing C–H activation techniques; therefore, the 

developed method can be regarded as complementary to the 

available C–H functionalization strategies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. C–H functionalization via furoxan“build-and-scrap” methodology. Method (mtd): (a) Pd/C (2–5 mol%), H2 (1 atm), MeOH, 23 

C; LiAlH4 (5 equiv), THF, 0 C; (b) Pd/C (2 mol%), H2 (1 atm), MeOH, 23 C; (c) LiAlH4 (5 equiv), THF, 23 C; (d) Bu3SnH (2 equiv), 

benzene, 40 C; (e) Bu3SnH (5 equiv), benzene, 40 C; (f) phenylacetylene (3 equiv), DMF, 130 C. 

 

In conclusion, we have developed a radical-mediated C–C 

bond forming method entailing the introduction of a furoxan 

ring into C–H bonds. This study achieved two notable synthetic 

advancements. First, an unusual C–C bond forming method was 

developed for functionalizing the furoxan ring. Second, further 

manipulation of the resultant furoxan enables the incorporation 

of various nitrogen-containing functional groups into C–H bond 

of the original substrate in 2–3 steps. Thus, such a structural 

diversification protocol, wherein abundant C–H bonds are uti-

lized as a synthetic handle, is anticipated to find wide applica-

bility in pharmaceutical and agrochemical research as it would 

facilitate target synthesis. 

 

EXPERIMENTAL SECTION  



 

   General Unless otherwise noted, all reactions were carried 

out in well cleaned glasswares with magnetic stirring. Opera-

tions were performed under an atmosphere of dry argon using 

Schlenk and vacuum techniques, unless otherwise noted. 

Heated reactions were conducted in an oil bath and the indicated 

temperatures are ones of oil bath, unless otherwise noted. All 

starting materials were obtained from commercial sources or 

were synthesized using standard procedures. Melting points 

were measured on a Yanaco MP-500D and are not corrected. 
1H and 13C{1H}NMR (400 and 100 MHz, respectively) were 

recorded on a Bruker Avance III HD 400 using TMS (0 ppm) 

and CDCl3 (77.0 ppm) as an internal standard, respectively. The 

following abbreviations are used in connection with NMR; s = 

singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = 

multiplet and br = broad. Mass spectra were measured using a 

LTQ Orbitrap Elite or XL (Thermo Fisher Scientific, Brehmen, 

Germany) with an electrospray ionization (ESI) ion source and 

an atmospheric pressure chemical ionization (APCI); a JEOL 

JMS-T100 GCV 4G (GC-field ionization (FI)) or a JEOL JMS-

T100LP (DART method, ambient ionization). Preparative col-

umn chromatography was performed using Kanto Chemical sil-

ica gel 60 N (spherical, neutral). Thin layer chromatography 

(TLC) was carried out on Merck 25 TLC silica gel 60 F254 alu-

minium sheets. Preparative TLC was carried out on home-made 

glass-based TLC plates (2020 cm) using Wakogel B-5F 

(FUJIFILM). Starting furoxans, 4-ethoxy-3-

(phenylsulfonyl)furoxan (1) and 3,4-bis(phenylsulfonyl)fu-

roxan (2) were synthesized according to the previous reported 

methods.3 

General procedure for C–H bond furoxanization with product 

3a as a representative example (Table 1 and 2) 4-Ethoxy-3-

(phenylsulfonyl)furoxan (1) (54.0 mg, 0.2 mmol, 1.0 equiv), 

toluene  (0.106 mL, 1.0 mmol, 5.0 equiv), potassium peroxodi-

sulfate (162.2 mg, 0.6 mmol, 3.0 equiv) and CH3CN:H2O (1:1) 

(2.0 mL) were added to a flame-dried schlenk flask under argon. 

The mixture was stirred at 70 °C for 48 h. The reaction was 

extracted thrice with CH2Cl2, the organic layer was dried over 

Na2SO4, filtrated, and concentrated in vacuo. The crude residue 

was purified by preparative thin-layer chromatography on silica 

gel (Hexane/EtOAc (3/1)) to afford 3a (30.3 mg, 0.14 mmol, 

69% yield). 

3-Benzyl-4-ethoxyfuroxan (3a) Colorless oil; IR (neat): 2984, 

1621, 1549, 1484, 1453, 1420, 1392, 1360, 1296, 1240, 1113, 

1022, 886, 841, 735, 695, 631, 567, 521 cm-1. 1H NMR (400 

MHz, CDCl3) δ = 7.33–7.26 (m, 5H), 4.41 (q, J = 7.1 Hz, 2H), 

3.80 (s, 2H), 1.44 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ = 163.0, 134.0, 128.9, 128.7, 127.6, 108.7, 66.4, 27.7, 

14.3. HRMS m/z (ESI) calcd.for C11H12N2O3 (M + Na)+ 

243.0740, found 243.0760. 

3-Benzyl-4-(phenylsulfonyl)furoxan (3b) According to the 

general procedure, 2 (73.3 mg, 0.2 mmol, 1.0 equiv), toluene 

(0.11 mL, 1.0 mmol, 5.0 equiv), and potassium peroxodisulfate 

(270 mg, 1.0 mmol, 5.0 equiv) were reacted in CH3CN:H2O 

(1:1) (2.0 mL) at 80 °C for 96 h. The crude material was purified 

by column chromatography on silica gel (Hexane/EtOAc (3/1)) 

to afford 3b (52.4 mg, 0.17 mmol, 83% yield). White solid; Mp. 

95.0–95.5 C. IR (neat): 1605, 1580, 1497, 1461, 1455, 1446, 

1426, 1349, 1290, 1199, 1181, 1160, 1088, 1043, 1028, 998, 

857, 737, 757, 724, 698, 683, 643, 619, 609, 582, 569 cm-1. 1H 

NMR (400 MHz, CDCl3)  = 7.89–7.87 (m, 2H), 7.71 (t, J = 7.6 

Hz, 1H), 7.54 (t, J = 8.0 Hz, 2H), 7.29 (m, 5H), 4.14 (s, 2H). 
13C{1H} NMR (100MHz, CDCl3):  = 158.7, 136.8, 135.5, 

133.0, 129.7, 129.0, 129.0, 128.9, 127.9, 112.5, 28.2. HRMS 

m/z (DART); Exact mass calcd for C15H13N2O4S1 [M+H]+ 

317.0591 Found 317.0596. 

3-[(2-Methylphenyl)methyl]-4-ethoxyfuroxan (3c) According 

to the general procedure, 1 (54.0 mg, 0.2 mmol, 1.0 equiv), o-

xylene (0.12 mL, 1.0 mmol, 5.0 equiv), and potassium perox-

odisulfate (162 mg, 0.6 mmol, 3.0 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 70 °C for 48 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (10/1)) to afford 3c (37.6 mg, 0.16 

mmol, 80% yield). Yellow solid; Mp 33.6–34.0 ºC. IR (neat): 

2985, 1622, 1551, 1471, 1393, 1361, 1309, 1236, 1135, 1116, 

1091, 1020, 888, 848, 828, 743, 713, 702, 633, 597, 539, 517 

cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.21–7.11 (m, 4H), 4.38 

(q, J = 7.1 Hz, 2H), 3.80 (s, 2H), 2.36 (s, 3H), 1.40 (t, J = 7.1 

Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 163.1, 136.4, 

132.0, 130.6, 129.6, 127.7, 126.2, 108.4, 66.3, 25.4, 19.6, 14.3. 

HRMS m/z (ESI) calcd.for C12H14N2O3 (M + H)+ 235.1077, 

found 235.1066. 

3-[(2-Methylphenyl)methyl]-4-(phenylsulfonyl)furoxan (3d) 

According to the general procedure, 2 (366 mg, 1.0 mmol, 1.0 

equiv), o-xylene (0.6 mL, 5.0 mmol, 5.0 equiv), and potassium 

peroxodisulfate (540 mg, 2.0 mmol, 2.0 equiv) were reacted in 

CH3CN:H2O (1:1) (15.0 mL) at 60 °C for 36 h. The crude ma-

terial was purified by preparative thin-layer chromatography on 

silica gel  (Hexane/EtOAc (5/1)) to afford 3d (242 mg, 0.73 

mmol, 73% yield). White solid; Mp. 87.5–88.4 C. IR (neat): 

2922, 1608, 1582, 1493, 1448, 1417, 1349, 1312, 1291, 1204, 

1181, 1160, 1088, 1053, 1028, 998, 849, 750, 740, 722, 685, 

698, 653, 612, 581, 590, 547 cm-1. 1H NMR (400 MHz, CDCl3) 

δ = 7.74–7.71 (m, 2H), 7.67–7.63 (m, 1H), 7.48–7.43 (m, 2H), 

7.19–7.17 (m, 2H), 7.03–6.98 (m, 1H), 6.77 (d, J = 7.6 Hz, 1H), 

4.12 (s, 2H), 2.36 (s, 3H). 13C{1H} NMR (100MHz, CDCl3) δ 

= 159.0, 136.8, 136.6, 135.4, 131.1, 130.8, 129.6, 128.8, 128.2, 

127.8, 126.4, 112.3, 25.7, 19.7. HRMS m/z (ESI) calcd.for 

C16H14N2O4SNa (M + Na)+ 353.0567, found 353.0571. 

3-[(3,5-Dimethylphenyl)methyl]-4-ethoxyfuroxan (3e) Ac-

cording to the general procedure, 1 (54.0 mg, 0.2 mmol, 1.0 

equiv), mesitylene (0.14 mL, 1.0 mmol, 5.0 equiv), and potas-

sium peroxodisulfate (162 mg, 0.6 mmol, 3.0 equiv) were re-

acted in CH3CN:H2O (1:1) (2.0 mL) at 70 °C for 48 h. The crude 

material was purified by preparative thin-layer chromatography 

on silica gel (Hexane/EtOAc (3/1)) to afford 3e (39.0 mg, 0.16 

mmol, 79% yield).White solid; Mp 56.2–56.7 ºC. IR (neat): 

2916, 2848, 1616, 1548, 1482, 1418, 1394, 1378, 1361, 1299, 

1281, 1243, 1106, 1024, 883, 850, 832, 782, 739, 689, 640, 610, 

542, 513, 504 cm-1. 1H NMR (400 MHz, CDCl3) δ = 6.90 (s, 

1H), 6.88 (s, 2H), 4.42 (q, J = 7.0 Hz, 2H), 3.72 (s, 2H), 2.28 (s, 

6H), 1.45 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) 

δ = 163.1, 138.5, 133.8, 129.2, 126.4, 108.8, 66.3, 27.5, 21.2, 

14.3. HRMS m/z (ESI) calcd.for C13H16N2O3 (M + H)+ 249.1234, 

found 249.1221. 

3-[(3,5-Dimethylphenyl)methyl]-4-(phenylsulfonyl)furoxan 

(3f) According to the general procedure, 2 (800 mg, 2.2 mmol, 

1.0 equiv), 1,3,5-trimethylbenzene (1.53 mL, 11.0 mmol, 5.0 

equiv), and potassium peroxodisulfate (1.8 g, 6.6 mmol, 3.0 

equiv) were reacted in CH3CN:H2O (1:1) (40.0 mL) at 80 °C 

for 18 h. The crude material was purified by column chroma-

tography on silica gel (Hexane/EtOAc (10/1)) to afford 3f 

(490.6 mg, 1.42 mmol, 65% yield). Yellow solid; Mp 94.8–96.2 

ºC. IR (neat): 2917, 1602, 1459, 1446, 1420, 1346, 1156, 1088, 

1043, 1031, 830, 733, 682, 598 cm-1. 1H NMR (400 MHz, 

CDCl3) δ = 7.88–7.85 (m, 2H), 7.70 (tt, J = 1.2, 7.5 Hz, 1H), 

7.55–7.51 (m, 2H), 6.90 (s, 1H), 6.81 (s, 2H), 4.06 (s, 2H), 2.24 



 

(s, 6H). 13C{1H} NMR (100 MHz, CDCl3) δ = 158.8, 138.7, 

137.2, 135.5, 132.9, 129.7, 129.6, 129.1, 126.7, 112.8, 28.2, 

21.3. HRMS m/z (ESI) calcd.for C17H16N2O4SNa (M + Na)+ 

367.0723, found 367.0709. 

4-Ethoxy-3-[(2-methoxyphenyl)methyl]furoxan (3g) Accord-

ing to the general procedure, 1 (54.0 mg, 0.2 mmol, 1.0 equiv), 

2-methoxyltoluene (0.125 mL, 1.0 mmol, 5.0 equiv), and potas-

sium peroxodisulfate (162 mg, 0.6 mmol, 3.0 equiv) were re-

acted in CH3CN:H2O (1:1) (2.0 mL) at 70 °C for 48 h. The crude 

material was purified by preparative thin-layer chromatography 

on silica gel (Hexane/EtOAc (3/1)) to afford 3g (47.6 mg, 0.19 

mmol, 95% yield). Gram-scale synthesis was conducted as fol-

lows: According to the general procedure, 1 (1.00 g, 3.7 mmol, 

1.0 equiv), 2-methoxyltoluene (2.3 mL, 18.5 mmol, 5.0 equiv), 

and potassium peroxodisulfate (3.0 g, 11.1 mmol, 3.0 equiv) 

were reacted in CH3CN:H2O (1:1) (37.0 mL) at 70 °C for 48 h. 

The crude material was purified by column chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3g (850 mg, 3.4 mmol, 

92% yield). Yellow solid; Mp 51.3–51.9 ºC. IR (neat): 1629, 

1550, 1455, 1439, 1424, 1389, 1293, 1248, 1133, 1114, 1098, 

1020, 753, 709, 630 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.28–

7.24 (m, 1H), 7.18 (d, J = 7.5 Hz, 1H), 6.92–6.84 (m, 2H), 4.38 

(q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 3.80 (s, 2H), 1.40 (t, J = 7.1 

Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 163.4, 157.3, 

130.3, 128.9, 121.7, 120.4, 110.3, 108.4, 66.1, 55.3, 22.9, 14.3. 

HRMS m/z (ESI) calcd.for C12H14N2O4 (M + H)+ 251.1026, 

found 251.1013. 

3-[(3-Chlorophenyl)methyl]-4-ethoxyfuroxan (3h) According 

to the general procedure, 1 (81.0 mg, 0.3 mmol, 1.0 equiv), 3-

chlorotoluene (0.18 mL, 1.5 mmol, 5.0 equiv), and potassium 

peroxodisulfate (243.3 mg, 0.9 mmol, 3.0 equiv) were reacted 

in CH3CN:H2O (1:1) (3.0 mL) at 70 °C for 48 h. The crude ma-

terial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3h (41.4 mg, 0.16 

mmol, 54% yield). Yellow oil. IR (neat): 2984, 1621, 1550, 

1472, 1432, 1392, 1360, 1301, 1237, 1197, 1113, 1092, 1023, 

864, 838, 773, 731, 682, 640 cm-1. 1H NMR (400 MHz, CDCl3) 

δ = 7.27–7.24 (m, 3H), 7.17–7.14 (m, 1H), 4.43 (q, J = 7.1 Hz, 

2H), 3.78 (s, 2H), 1.45 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 

MHz, CDCl3) δ = 162.9, 135.8, 134.6, 130.2, 128.8, 127.9, 

126.9, 108.1, 66.5, 27.4, 14.3. HRMS m/z (ESI) calcd.for 

C11H15
37ClN3O3 (M + NH4)

+ 274.0767, found 274.0753. 

3-[(4-Chlorophenyl)methyl]-4-ethoxyfuroxan (3i) According 

to the general procedure, 1 (45.0 mg, 0.17 mmol, 1.0 equiv), 4-

chlorotoluene (0.1 mL, 0.83 mmol, 5.0 equiv), and potassium 

peroxodisulfate (135 mg, 0.5 mmol, 3.0 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 70 °C for 48 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (10/1)) to afford 3i (26.0 mg, 0.1 

mmol, 64% yield).Yellow solid; Mp 29.7–30.1 ºC. IR (neat): 

2989, 1616, 1550, 1542, 1481, 1466, 1408, 1388, 1358, 1288, 

1236, 1122, 1094, 1022, 1013, 882, 835, 802, 782, 734, 712, 

645, 622, 507 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.28 (d, J 

= 8.5 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 4.42 (q, J = 7.1 Hz, 2H), 

3.77 (s, 2H), 1.45 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ = 162.8, 133.6, 132.4, 130.1, 129.1, 108.3, 66.5, 27.1, 

14.3. HRMS m/z (ESI) calcd.for C11H15
37ClN3O3 (M + NH4)

+ 

274.0767, found 274.0752. 

4-Ethoxy-3-[(4-fluorophenyl)methyl]furoxan (3j) According 

to the general procedure, 1 (54.0 mg, 0.2 mmol, 1.0 equiv), 4-

fluorotoluene (0.11 mL, 1.0 mmol, 5.0 equiv), and potassium 

peroxodisulfate (162.0 mg, 0.6 mmol, 3.0 equiv) were reacted 

in CH3CN:H2O (1:1) (2.0 mL) at 70 °C for 48 h. The crude ma-

terial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3j (22.5 mg, 0.09 

mmol, 47% yield). Yellow oil. IR (neat): 2918, 1621, 1550, 

1508, 1484, 1419, 1389, 1360, 1221, 1113, 1020, 844, 707, 622, 

579, 565, 523, 508 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.25–

7.23 (m, 2H), 7.00 (t, J = 8.7 Hz, 2H), 4.42 (q, J = 7.1 Hz, 2H), 

3.78 (s, 2H), 1.45 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ = 162.2 (d, J = 244.7 Hz), 162.9, 130.3 (d, J = 8.1 Hz), 

129.6 (d, J = 3.2 Hz), 115.8 (d, J = 21.4 Hz), 108.6, 66.5, 27.0, 

14.4. 19F NMR (376 MHz, CDCl3) δ = –113.0. HRMS m/z (ESI) 

calcd. for C11H11FN2O3 (M + H)+ 239.0826, found 239.0810. 

4-Ethoxy-3-[(naphthalen-2-yl)methyl]furoxan (3k) Accord-

ing to the general procedure, 1 (54.0 mg, 0.2 mmol, 1.0 equiv), 

2-methylnaphthalene (142.2 mg, 1.0 mmol, 5.0 equiv), and po-

tassium peroxodisulfate (162.0 mg, 0.6 mmol, 3.0 equiv) were 

reacted in CH3CN:H2O (1:1) (2.0 mL) at 70 °C for 48 h. The 

crude material was purified by preparative thin-layer chroma-

tography on silica gel (Hexane/EtOAc (3/1)) to afford 3k (42.8 

mg, 0.16 mmol, 79% yield). Yellow oil. IR (neat): 1620, 1549, 

1482, 1391, 1358, 1292, 1241, 1107, 1022, 785, 696, 566, 560, 

554, 537, 531, 521, 516 cm-1. 1H NMR (400 MHz, CDCl3) δ = 

7.83–7.79 (m, 3H), 7.73 (s, 1H), 7.51–7.45 (m, 2H), 7.39 (dd, J 

= 8.5, 1.7 Hz, 1H), 4.42 (q, J = 7.1 Hz, 2H), 3.97 (s, 2H), 1.45 

(t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 163.1, 

133.4, 132.6, 131.4, 128.7, 127.7, 127.4, 126.6, 126.4, 126.1, 

108.7, 66.4, 27.9, 14.4. HRMS m/z (ESI) calcd.for C15H14N2O3 

(M + H)+ 271.1077, found 271.1059. 

4-Ethoxy-3-(1-phenylbutyl)furoxan (3l) According to the gen-

eral procedure, 1 (54.0 mg, 0.2 mmol, 1.0 equiv), butylbenzene 

(0.16 mL, 1.0 mmol, 5.0 equiv), and potassium peroxodisulfate 

(162.0 mg, 0.6 mmol, 3.0 equiv) were reacted in CH3CN:H2O 

(1:1) (2.0 mL) at 70 °C for 48 h. The crude material was purified 

by preparative thin-layer chromatography on silica gel (Hex-

ane/EtOAc (10/1)) to afford 3l (27.2 mg, 0.1 mmol, 52% yield). 

Colorless oil. IR (neat): 2959, 2932, 2872, 1611, 1547, 1457, 

1391, 1358, 1301, 1256, 1153, 1092, 1069, 1025, 880, 847, 754, 

716, 696, 617, 606, 546, 507 cm-1. 1H NMR (400 MHz, CDCl3) 

δ = 7.36–7.24 (m, 5H), 4.43 (q, J = 7.0 Hz, 2H), 3.96–3.92 (m, 

1H), 2.25–2.16 (m, 1H), 2.08–1.98 (m, 1H), 1.47 (t, J = 7.1 Hz, 

3H), 1.35–1.26 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 13C{1H} NMR 

(100 MHz, CDCl3) δ = 162.9, 139.0, 128.8, 127.8, 127.6, 111.0, 

66.4, 40.2, 32.6, 20.9, 14.4, 13.7. HRMS m/z (ESI) calcd.for 

C14H18N2O3 (M + H)+ 263.1390, found 263.1377. 

3-Cyclohexyl-4-ethoxyfuroxan (3m) According to the general 

procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), cyclohexane 

(0.16 mL, 1.5 mmol, 10.0 equiv), and potassium peroxodisul-

fate (120 mg, 0.45 mmol, 3.0 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 100 °C for 30 min. The crude 

material was purified by preparative thin-layer chromatography 

on silica gel (Hexane/EtOAc (6/1)) to afford 3m (14 mg, 0.07 

mmol, 45% yield). White solid; Mp 79.6–80.3 ºC. IR (neat): 

2981, 2935, 2851, 1616, 1544, 1480, 1443, 1395, 1362, 1338, 

1271, 1250, 1171, 1122, 1027, 984, 883, 840, 810, 721, 674 cm-

1. 1H NMR (400 MHz, CDCl3) δ = 4.41 (q, J = 7.1 Hz, 2H), 2.68 

(tt, J = 11.8, 4.1 Hz, 1H), 1.86–1.64 (m, 7H), 1.47 (t, J = 7.1 Hz, 

3H), 1.39–1.22 (m, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 

163.1, 112.2, 66.2, 33.3, 27.6, 25.8, 25.4, 14.4. HRMS m/z 

(ESI) calcd.for C10H17N2O3 (M + H)+ 213.1234, found 213.1229. 

4-Ethoxy-3-(3-oxocyclopentyl)furoxan (3na) According to the 

general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), cyclo-

pentanone (66 μL, 0.75 mmol, 5.0 equiv), and potassium perox-

odisulfate (100 mg, 0.38 mmol, 2.5 equiv) were reacted in 



 

CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 17 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3n (10.7 mg, 0.05 

mmol, 34% yield). White solid; Mp 29.3–30.5 ºC. IR (neat): 

1738, 1622, 1552, 1487, 1471, 1394, 1359, 1269, 1247, 1194, 

1162, 1116, 1021, 899, 836, 686 cm-1. 1H NMR (400 MHz, 

CDCl3) δ = 4.44 (q, J = 7.1 Hz, 2H), 3.49–3.40 (m, 1H), 2.72–

2.64 (m, 1H), 2.52–2.42 (m, 2H), 2.36–2.21 (m, 3H), 1.46 (t, J 

= 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 215.2, 

162.7, 109.7, 66.9, 39.2, 37.9, 30.6, 25.4, 14.5. HRMS m/z 

(ESI) calcd.for C9H13N2O4 (M + H)+ 213.0870, found 213.0860. 

4-Ethoxy-3-(3-oxobutyl)furoxan (3nb) According to the gen-

eral procedure, 1 (62 mg, 0.23 mmol, 1.0 equiv), butan-2-one 

(0.5 mL, 5.59 mmol, 24.3 equiv), and potassium peroxodisul-

fate (186 mg, 0.69 mmol, 3.0 equiv) were reacted in 

CH3CN:H2O (1:1) (3.0 mL) at 80 °C for 17 h. The crude mate-

rial was purified by preparative thin-layer chromatographyon 

silica gel (Hexane/EtOAc (3/1)) to afford 3 (5.7 mg, 0.03 mmol, 

12% yield). Yellow oil. IR (neat): 1716, 1622, 1549, 1483, 1472, 

1392, 1358, 1304, 1218, 1167, 1133, 1039, 1019, 836 cm-1. 1H 

NMR (400 MHz, CDCl3) δ = 4.43 (q, J = 7.1 Hz, 2H), 2.88-

2.85 (m, 2H), 2.76-2.72 (m, 2H), 2.18 (s, 3H), 1.47 (t, J = 7.1 

Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 205.6, 163.0, 

108.5, 66.4, 37.2, 29.6, 15.9, 14.3. HRMS m/z (ESI) calcd.for 

C8H12N2O4Na (M + Na)+ 223.0689, found 223.0686. 

3-(Hydroxymethyl)-4-(phenylsulfonyl)furoxan (3o) Accord-

ing to the general procedure, 2 (73.3 mg, 0.2 mmol, 1.0 equiv), 

methanol (121 L, 3.0 mmol, 15.0 equiv), and potassium perox-

odisulfate (54.1 mg, 0.2 mmol, 1.0 equiv) were reacted in 

CH3CN:H2O (1:1) (3.0 mL) at 60 °C for 18 h. The yield of 3o 

was determined to be 58% by 1H NMR spectroscopic analysis 

of the crude material with durene (15.8 mg) as an internal stand-

ard. 3o was also synthesized using trimethyl orthofomate as a 

reactant instead of methanol. According to the general proce-

dure, 2 (73.3 mg, 0.2 mmol, 1.0 equiv), trimethyl orthoformate 

(109 L, 1.0 mmol, 5.0 equiv), and potassium peroxodisulfate 

(54.1 mg, 0.2 mmol, 1.0 equiv) were reacted in CH3CN:H2O 

(1:1) (3.0 mL) at 60 °C for 6 h. The crude material was purified 

by column chromatography on silica gel (Hexane/EtOAc (3/1)) 

to afford 3o (36.9 mg, 0.144 mmol, 72% yield). Colorless oil; 

IR (neat): 3342, 2923, 2848, 1716, 1602, 1581, 1447, 1358, 

1345, 1310, 1294, 1181, 1162, 1092, 1053, 1041, 1020, 998, 

946, 844, 759, 737, 723, 706, 683, 652, 631, 602, 582, 547, 528 

cm-1. 1H NMR (400 MHz, CDCl3) δ= 8.11 (d, J = 7.9 Hz, 2H), 

7.81 (t, J = 7.5 Hz, 1H), 7.68 (t, J = 7.8 Hz, 2H), 4.83 (d, J = 

6.0 Hz, 2H), 2.94 (s, 1H). 13C{1H} NMR (100MHz, CDCl3) δ= 

158.6, 136.5, 136.0, 129.9, 129.1, 111.8, 53.2. HRMS m/z 

(DART) calcd.for C9H9N2O5S1(M+H)+ 257.0227, found 

257.0243. 

4-Ethoxy-3-(1-hydroxyethyl)furoxan (3p) According to the 

general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), ethanol 

(0.2 mL, 3.4 mmol, 23 equiv), and potassium peroxodisulfate 

(100 mg, 0.38 mmol, 2.5 equiv) were reacted in CH3CN:H2O 

(1:1) (2.0 mL) at 80 °C for 1 h. The crude material was purified 

by preparative thin-layer chromatography on silica gel (Hex-

ane/EtOAc (3/1)) to afford 3p (17.0 mg, 0.10 mmol, 66% yield). 

Colorless oil; IR (neat): 3439, 2987, 1611, 1549, 1471, 1446, 

1358, 1278, 1182, 1075, 1019, 990, 902, 881, 838, 727, 609 cm-

1. 1H NMR (400 MHz, CDCl3) δ = 4.92–4.86 (m, 1H), 4.44 (q, 

J = 7.1 Hz, 2H), 2.80 (d, J = 6.9 Hz, 1H), 1.59 (d, J = 6.8 Hz, 

3H), 1.48 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (100 MHz, CDCl3) 

δ =162.1, 111.2, 66.9, 60.9, 19.6, 14.5. HRMS m/z (ESI) 

calcd.for C6H10N2O4Na (M + Na)+ 197.0533, found 197.0522. 

4-Ethoxy-3-(1-hydroxyhexyl)furoxan (3q) According to the 

general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), 1-hexa-

nol (74 μL, 0.6 mmol, 4 equiv), and potassium peroxodisulfate 

(100 mg, 0.38 mmol, 2.5 equiv) were reacted in CH3CN:H2O 

(1:1) (2.0 mL) at 80 °C for 17 h. The crude material was purified 

by preparative thin-layer chromatography on silica gel (CH2Cl2) 

to afford 3q (12.7 mg, 0.06 mmol, 37% yield). Colorless oil; IR 

(neat): 3449, 2956, 2930, 2860, 1613, 1549, 1469, 1391, 1358, 

1159, 1022, 837, 726, 570 cm-1. 1H NMR (400 MHz, CDCl3) δ 

= 4.70 (q, J = 1.9 Hz, 1H), 4.45 (q, J = 7.0 Hz, 2H), 2.65 (d, J 

= 8.2 Hz, 1H), 1.95–1.82(m, 2H), 1.47 (t, J = 7.0 Hz, 3H), 1.32–

1.31(m, 6H), 0.89 (t, J = 6.9 Hz, 3H); 13C{1H} NMR (100 MHz, 

CDCl3) δ = 162.2, 110.8, 66.9, 65.0, 33.7, 31.4, 24.9, 22.6, 14.5, 

14.0. HRMS m/z (ESI) calcd.for C10H19N2O4 (M + H)+ 231.1339, 

found 231.1326. 

4-Ethoxy-3-(oxolan-2-yl)furoxan (3r) According to the gen-

eral procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), tetrahydro-

furan (0.5 mL, 6.2 mmol, 41 equiv), and potassium peroxodi-

sulfate (100 mg, 0.38 mmol, 2.5 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 17 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3r (23.0 mg, 0.11 

mmol, 78% yield). Colorless oil; IR (neat): 2983, 1613, 1549, 

1471, 1392, 1348, 1195, 1159, 1054, 1018, 921, 832, 618, 567 

cm-1. 1H NMR (400 MHz, CDCl3) δ = 4.95 (t, J = 6.9 Hz, 1H), 

4.42 (q, J = 7.1 Hz, 2H), 4.01–3.87 (m, 2H), 2.30–1.95 (m, 4H), 

1.46 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 

162.5, 109.7, 70.1, 69.8, 66.6, 28.6, 26.6, 14.5. HRMS m/z 

(ESI) calcd.for C8H13N2O4 (M + H)+ 201.0870, found 201.0862. 

4-Ethoxy-3-(oxan-2-yl)furoxan (3s) According to the general 

procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), tetrahydropyran 

(143 μL, 1.5 mmol, 10 equiv), and potassium peroxodisulfate 

(100 mg, 0.38 mmol, 2.5 equiv) were reacted in CH3CN:H2O 

(1:1) (2.0 mL) at 80 °C for 17 h. The crude material was purified 

by preparative thin-layer chromatography on silica gel (Hex-

ane/EtOAc (10/1)) to afford 3s (15 mg, 0.07 mmol, 47% yield). 

Colorless oil; IR (neat): 2987, 2943, 2857, 1617, 1547, 1497, 

1472,1375, 1353, 1303, 1206, 1180, 1158, 1102, 1081, 1041, 

1019, 987, 912, 850, 814, 667, 560 cm-1. 1H NMR (400 MHz, 

CDCl3) δ = 4.47–4.39 (m, 3H), 4.08–4.04 (m, 1H), 3.55 (td, J = 

11.6, 2.2 Hz, 1H), 2.16–2.06 (m, 1H), 1.98–1.94 (m, 1H), 1.73–

1.54 (m, 4H), 1.48 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ = 162.7, 109.1, 70.1, 69.4, 66.7, 27.1, 25.3, 23.2, 14.4. 

HRMS m/z (ESI) calcd.for C9H15N2O4 (M + H)+ 215.1026, 

found 215.1018. 

3-(1,4-Dioxan-2-yl)-3-ethoxyfuroxan (3t) According to the 

general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), 1,4-di-

oxane (125 μL, 1.5 mmol, 10.0 equiv), and potassium peroxodi-

sulfate (100 mg, 0.38 mmol, 2.5 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 17 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3t (19.8 mg, 0.09 

mmol, 62% yield). White solid; Mp 66.3–68.5 ºC. IR (neat): 

2870, 1751, 1609, 1547, 1487, 1471, 1388, 1261, 1169, 1116, 

1085, 1016, 911, 856, 834, 728, 702, 582 cm-1. 1H NMR (400 

MHz, CDCl3) δ = 4.70 (dd, J = 10.4, 2.8 Hz, 1H), 4.44 (q, J = 

7.0 Hz 2H), 4.02 (t, J = 10.4 Hz, 1H), 3.91–3.69 (m, 5H), 1.48 

(t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 162.5, 

106.4, 68.1, 67.3, 66.9, 66.3, 66.1, 14.4. HRMS m/z (ESI) 

calcd.for C8H13N2O5 (M + H)+ 217.0819, found 217.0807. 

4-Ethoxy-3-(1,3,5-trioxane-2-yl)furoxan (3u) According to 

the general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), 1,3,5-



 

trioxane (66.6 mg, 0.75 mmol, 5.0 equiv), and potassium perox-

odisulfate (120 mg, 0.45 mmol, 3.0 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 17 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3u (15 mg, 0.07 mmol, 

47% yield). White solid; Mp 64.9–65.7 ºC. IR (neat): 2996, 

2891, 1624, 1567, 1502, 1391, 1183, 1088, 1071, 1025, 958, 

940, 887, 841, 732, 690, 566 cm-1. 1H NMR (400 MHz, CDCl3) 

δ = 6.02 (s, 1H), 5.33 (d, J = 6.8 Hz, 2H), 5.22 (d, J = 6.9 Hz, 

2H), 4.49 (q, J = 7.0 Hz, 2H), 1.51 (t, J = 7.0 Hz, 3H). 13C{1H} 

NMR (100 MHz, CDCl3) δ = 161.7, 106.0, 93.7, 93.7, 67.0, 

14.2. HRMS m/z (ESI) calcd.for C7H10N2O6Na (M + Na)+ 

241.0431, found 241.0429. 

4-(Phenylsulfonyl)-3-(1,3,5-trioxane-2-yl)furoxan (3v) Ac-

cording to the general procedure, 2 (73.3 mg, 0.2 mmol, 1.0 

equiv), 1,3,5-trioxane (90.1 mg, 1.0 mmol, 5.0 equiv), and po-

tassium peroxodisulfate (54 mg, 1.0 mmol, 5.0 equiv) were re-

acted in CH3CN:H2O (1:1) (3.0 mL) at 60 °C for 24 h. The crude 

material was purified by column chromatography on silica gel 

(Hexane/EtOAc (3/1)) to afford 3v (30.2 mg, 0.096 mmol, 48% 

yield). Colorless oil: IR (neat): 2923, 2853, 1731, 1620, 1448, 

1353, 1261, 1194, 1163, 1112, 1084, 1066, 1051, 1023, 966, 

950, 890, 800, 757, 725, 683, 639, 597, 550 cm-1. 1H NMR (400 

MHz, CDCl3): δ = 8.11–8.09 (m, 2H), 7.81–7.76 (m, 1H), 7.65 

(t, J = 7.9 Hz, 2H), 6.31 (s, 1H), 5.34 (d, J = 6.9 Hz, 2H), 5.25 

(d, J = 7.0 Hz, 2H). 13C{1H} NMR (100MHz, CDCl3): δ = 157.4, 

136.8, 135.7, 129.6, 129.1, 108.5, 93.5, 92.9. HRMS m/z 

(DART) calcd for C11H14N3O7S1 (M+NH4)
+ 332.0547, found 

332.0572. 

4-Ethoxy-3-(1-ethoxyethyl)furoxan (3w) According to the 

general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), ethyl 

ether (0.5 mL, 4.8 mmol, 32 equiv), and potassium peroxodi-

sulfate (100 mg, 0.38 mmol, 2.5 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 17 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3w (15 mg, 0.07 

mmol, 50%). Colorless oil. IR (neat): 2981, 2939, 2875, 1610, 

1548, 1472, 1444, 1392, 1358, 1187, 1101, 1021, 987, 941, 852, 

834, 725 cm-1. 1H NMR (400 MHz, CDCl3) δ = 4.56 (q, J = 6.8 

Hz, 1H), 4.44 (q, J = 7.0 Hz, 2H), 3.53–3.40 (m, 2H), 1.54 (d, J 

= 6.8 Hz, 3H), 1.47 (t, J = 7.0 Hz, 3H), 1.19 (t, J = 7.0 Hz, 3H). 
13C{1H} NMR (100 MHz, CDCl3) δ = 162.8, 109.5, 67.9, 66.6, 

65.5, 17.7, 15.2, 14.5. HRMS m/z (ESI) calcd.for C8H15N2O4 

(M + H)+ 203.1026, found 203.1017. 

4-Ethoxy-3-(5-oxooxolan-2-yl)furoxan (3x) According to the 

general procedure, 1 (80.0 mg, 0.3 mmol, 1.0 equiv), -Butyro-

lactone (45.5 μL, 0.6 mmol, 2.0 equiv), and potassium perox-

odisulfate (160 mg, 0.6 mmol, 2.0 equiv) were reacted in 

CH3CN:H2O (1:1) (4.0 mL) at 80 °C for 17 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3x (6.1 mg, 0.03 

mmol, 10% yield). Colorless oil. IR (neat): 2920, 2850, 1783, 

1616, 1553, 1493, 1471, 1350, 1150, 1018, 993, 835, 810, 724, 

667 cm-1. 1H NMR (400 MHz, CDCl3) δ = 5.53–5.49 (m, 1H), 

4.50–4.43 (m, 2H), 2.87–2.76 (m, 1H), 2.69–2.54 (m, 3H), 1.48 

(t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 175.5, 

161.9, 107.5, 69.5, 67.3, 27.7, 24.1, 14.4. HRMS m/z (ESI) 

calcd.for C8H11N2O5 (M + H)+ 215.0662, found 215.0652. 

3-Benzoyl-4-ethoxyfuroxan (3y) According to the general pro-

cedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), benzaldehyde (45 

μL, 0.45 mmol, 3.0 equiv), and potassium peroxodisulfate (60 

mg, 0.23 mmol, 1.5 equiv) were reacted in CH3CN:H2O (1:1) 

(2.0 mL) at 80 °C for 17 h. The crude material was purified by 

preparative thin-layer chromatography on silica gel (Hex-

ane/EtOAc (10/1)) to afford 3y (19 mg, 0.08 mmol, 55% yield). 

Colorless oil. IR (neat): 2983, 1656, 1598, 1545, 1474, 1387, 

1329, 1228, 1155, 1109, 1023, 1003, 904, 864, 836, 795, 724, 

690, 655, 598 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.85–7.82 

(m, 2H), 7.67 (tt, J = 1.2, 7.4 Hz, 1H), 7.54–7.50 (m, 2H), 4.48 

(q, J = 7.1 Hz, 2H), 1.43 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 

MHz, CDCl3) δ = 180.8, 161.3, 135.0, 134.5, 129.7, 128.9, 

107.3, 67.3, 14.3. HRMS m/z (ESI) calcd.for C11H11N2O4 (M + 

H)+ 235.0713, found 235.0704. 

4-Ethoxy-3-(4-methylbenzoyl)furoxan (3z) According to the 

general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), 4-

methylbenzaldehyde (53 μL, 0.45 mmol, 3.0 equiv), and potas-

sium peroxodisulfate (60 mg, 0.23 mmol, 1.5 equiv) were re-

acted in CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 17 h. The crude 

material was purified by preparative thin-layer chromatography 

on silica gel (Hexane/EtOAc (10/1)) to afford 3z (22 mg, 0.09 

mmol, 60% yield). Yellow solid; Mp 45.2–46.7 ºC.IR (neat): 

2995, 1671, 1598, 1550, 1463, 1395, 1358, 1327, 1231, 1164, 

1020, 908, 872, 828, 792, 761, 735, 707, 613, 587 cm-1. 1H 

NMR (400 MHz, CDCl3) δ = 7.76–7.73 (m, 2H), 7.33–7.30 (m, 

2H), 4.49 (q, J = 7.1 Hz, 2H), 2.46 (s, 3H), 1.44 (t, J = 7.1 Hz, 

3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 180.2, 161.4, 146.5, 

132.0, 130.0, 129.7, 107.3, 67.2, 22.1, 14.3. HRMS m/z (ESI) 

calcd.for C12H13N2O4 (M + H)+ 249.0870, found 249.0861. 

4-Ethoxy-3-(4-methoxybenzoyl)furoxan(3aa) According to 

the general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), 4-

methoxybenzaldehyde (45 μL, 0.38 mmol, 2.5 equiv), and po-

tassium peroxodisulfate (100 mg, 0.38 mmol, 2.5 equiv) were 

reacted in CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 18 h. The 

crude material was purified by preparative thin-layer chroma-

tography on silica gel (Benzene/CH2Cl2 (3/1)) to afford 3aa (26 

mg, 0.1 mmol, 67% yield). Yellow solid; Mp 95.2–96.5 ºC. IR 

(neat): 1654, 1583, 1574, 1548, 1526, 1459, 1386, 1362, 1273, 

1224, 1167, 1123, 1010, 928, 844, 769, 704, 614 cm-1. 1H NMR 

(400 MHz, CDCl3) δ =7.85–7.81 (m, 2H), 7.00–6.96 (m, 2H), 

4.49 (q, J = 7.1 Hz, 2H), 3.90 (s, 3H), 1.44 (t, J = 7.1 Hz, 3H). 
13C{1H} NMR (100 MHz, CDCl3) δ = 178.8, 165.4, 161.4, 

132.5, 127.4, 114.3, 107.4, 67.2, 55.8, 14.3. HRMS m/z (ESI) 

calcd.for C12H12N2O5Na (M + Na)+ 287.0638, found 287.0634. 

3-(3-Chlorobenzoyl)-4-ethoxyfuroxan(3ab) According to the 

general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), 3-chlo-

robenzaldehyde (34 μL, 0.3 mmol, 2.0 equiv), and potassium 

peroxodisulfate (68 mg, 0.23 mmol, 1.7 equiv) were reacted in 

CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 18 h. The crude mate-

rial was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 3ab (11 mg, 0.04 

mmol, 28% yield). Yellow oil.IR (neat): 1677, 1594, 1573, 

1527, 1486, 1463, 1443, 1419, 1394, 1357, 1326, 1221, 1159, 

1025, 919, 874, 841, 804, 756, 729, 710, 689, 653 cm-1. 1H 

NMR (400 MHz, CDCl3) δ = 7.79 (t, J = 1.8 Hz, 1H), 7.69 (dt, 

J = 1.0, 7.8 Hz, 1H), 7.65–7.62 (m, 1H), 7.47 (t, J = 7.9 Hz, 1H), 

4.50 (q, J = 7.1 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H). 13C{1H} NMR 

(100 MHz, CDCl3) δ = 179.6, 161.0, 136.1, 135.2, 134.8, 130.2, 

129.5, 127.8, 107.1, 67.4, 14.3. HRMS m/z (ESI) calcd.for 

C11H9N2O4ClNa (M + Na)+ 291.0143, found 291.0139. 

4-Ethoxy-3-pentanoylfuroxan (3ac) According to the general 

procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), pentanal (32 μL, 

0.3 mmol, 2.0 equiv), and potassium peroxodisulfate (68 mg, 

0.23 mmol, 1.7 equiv) were reacted in CH3CN:H2O (1:1) (2.0 

mL) at 80 °C for 17 h. The crude material was purified by pre-

parative thin-layer chromatography on silica gel (Hex-

ane/EtOAc (7/1)) to afford 3ac (13.4 mg, 0.06 mmol, 42% 



 

yield). Colorless oil. IR (neat): 2960, 2935, 2874, 1705, 1595, 

1531, 1464, 1389, 1356, 1331, 1174, 1017, 945, 878, 840, 675 

cm-1. 1H NMR (400 MHz, CDCl3) δ = 4.51 (q, J = 7.1 Hz, 2H), 

2.87 (t, J = 7.2 Hz, 2H), 1.81–1.68 (m, 2H), 1.52 (t, J = 7.1 Hz, 

3H), 1.43–1.33 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C{1H} NMR 

(100 MHz, CDCl3) δ = 187.8, 161.3, 107.6, 67.3, 41.5, 25.2, 

22.2, 14.4, 13.9. HRMS m/z (ESI) calcd.for C9H14N2O4Na (M + 

Na)+ 237.0846, found 237.0835 

3-(Cyclohexanecarbonyl)-4--ethoxyfuroxan (3ad) According 

to the general procedure, 1 (40.0 mg, 0.15 mmol, 1.0 equiv), 

cyclohexanecarboxaldehyde (54 μL, 0.45 mmol, 3.0 equiv), and 

potassium peroxodisulfate (100 mg, 0.38 mmol, 2.5 equiv) were 

reacted in CH3CN:H2O (1:1) (2.0 mL) at 80 °C for 1 h. The 

crude material was purified by preparative thin-layer chroma-

tography on silica gel (Hexane/EtOAc (6/1)) to afford 3ad (14.1 

mg, 0.06 mmol, 40% yield). Colorless oil. IR (neat): 2935, 2857, 

1694, 1591, 1534, 1472, 1460, 1445, 1384, 1352, 1172, 1019, 

963, 885, 830, 798, 678 cm-1. 1H NMR (400 MHz, CDCl3) δ = 

4.52 (q, J = 7.0 Hz, 2H), 3.10–3.04 (m, 1H), 1.89–1.81 (m, 4H), 

1.74–1.69 (m, 1H), 1.53 (t, J = 7.1 Hz, 3H), 1.45–1.18 (m, 5H). 
13C{1H} NMR (100 MHz, CDCl3) δ = 189.6, 160.2, 105.9, 66.1, 

47.1, 26.6, 24.6, 24.4, 13.3. HRMS m/z (ESI) calcd.for 

C11H16N2O4Na (M + Na)+ 263.1002, found 263.1008. 

3-(Carbamoyl)-4-ethoxyfuroxan (3ae) According to the gen-

eral procedure, 1 (60.0 mg, 0.22 mmol, 1.0 equiv), formamide 

(27 μL, 0.66 mmol, 3.0 equiv), and potassium peroxodisulfate 

(150 mg, 0.55 mmol, 2.5 equiv) were reacted in CH3CN:H2O 

(1:1) (2.4 mL) at 80 °C for 17 h. The crude material was purified 

by preparative thin-layer chromatography on silica gel (Hex-

ane/EtOAc (1/1)) to afford 3ae (11.4 mg, 0.07 mmol, 30% 

yield). White solid; Mp 86.3–87.9 ºC. IR (neat): 3435, 1705, 

1685, 1558, 1542, 1485, 1391, 1352, 1169, 1112, 1017, 874, 

848, 769, 644 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.38 

(br,1H), 6.09 (br, 1H), 4.55 (q, J = 7.1 Hz, 2H), 1.54 (t, J = 7.1 

Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ = 161.9, 155.6, 

104.6, 67.8, 14.3. HRMS m/z (ESI) calcd.for C5H8N3O4 (M + 

H)+ 174.0509, found 174.0503. 

Experimental procedures for furoxanization of C–H bonds 

using radical precursors as a limiting reagent (Table 3)  

3-Benzyl-4-ethoxyfuroxan (3a) 4-Ethoxy-3-

(phenylsulfonyl)furoxan (1) (81.0 mg, 0.30 mmol, 1.5 equiv), 

toluene  (22 L, 0.20 mmol, 1.0 equiv), potassium peroxodisul-

fate (81.0 mg, 0.30 mmol, 1.5 equiv) and CH3CN:H2O (1:1) (2.0 

mL) were added to a flame-dried schlenk flask under argon. The 

mixture was stirred at 70 °C for 48 h. The reaction was extracted 

thrice with CH2Cl2, the organic layer was dried over Na2SO4, 

filtrated, and concentrated in vacuo. The crude residue was pu-

rified by preparative thin-layer chromatography on silica gel 

(Hexane/EtOAc (3/1)) to afford 3a (26.0 mg, 0.12 mmol, 59% 

yield). The spectral data of this compound were already de-

scribed above. 

4-Ethoxy-3-[(2-methoxyphenyl)methyl]furoxan (3g) 4-Eth-

oxy-3-(phenylsulfonyl)furoxan (1) (83.0 mg, 0.31 mmol, 1.5 

equiv), 2-methoxytoluene  (24.8 L, 0.20 mmol, 1.0 equiv), po-

tassium peroxodisulfate (81.0 mg, 0.30 mmol, 1.5 equiv) and 

CH3CN:H2O (1:1) (2.0 mL) were added to a flame-dried 

schlenk flask under argon. The mixture was stirred at 70 °C for 

48 h. The reaction was extracted thrice with CH2Cl2, the organic 

layer was dried over Na2SO4, filtrated, and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (Hexane/EtOAc (3/1)) to afford 

3g (32.2 mg, 0.13 mmol, 64% yield). The spectral data of this 

compound were already described above. 

3-[(3-Chlorophenyl)methyl]-4-(phenylsulfonyl)furoxan (3af) 

3,4-Bis(phenylsulfonyl)furoxan (2) (110.0 mg, 0.30 mmol, 1.5 

equiv), 3-chlorotoluene  (23.6 L, 0.20 mmol, 1.0 equiv), po-

tassium peroxodisulfate (81.2 mg, 0.30 mmol, 1.5 equiv) and 

CH3CN:H2O (1:1) (2.0 mL) were added to a flame-dried 

schlenk flask under argon. The mixture was stirred at 70 °C for 

48 h. The reaction was extracted thrice with CH2Cl2, the organic 

layer was dried over Na2SO4, filtrated, and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (Hexane/EtOAc (2/1)) to afford 

3af (6.7 mg, 0.02 mmol, 10% yield). Yellow oil. IR (neat): 2923, 

2851, 1603, 1582, 1456, 1447, 1351, 1159, 1080, 1023, 722, 

681, 598, 586 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.95–7.92 

(m, 2H), 7.76–7.72 (m, 1H), 7.60–7.56 (m, 2H), 7.30–7.17 (m, 

4H), 4.11 (s, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ = 158.6, 

136.8, 135.7, 134.8, 134.8, 130.2, 129.7, 129.0, 129.0, 128.2, 

127.2, 111.9, 27.9. HRMS m/z (ESI) calcd.for 

C15H11ClN2O4SNa (M + Na)+ 373.0020, found 373.0011. 

3-[(4-Chlorophenyl)methyl]-4-ethoxyfuroxan (3i) 4-Ethoxy-

3-(phenylsulfonyl)furoxan (1) (81.0 mg, 0.30 mmol, 1.5 equiv), 

4-chlorotoluene  (23.6 L, 0.20 mmol, 1.0 equiv), potassium 

peroxodisulfate (81.0 mg, 0.30 mmol, 1.5 equiv) and 

CH3CN:H2O (1:1) (2.0 mL) were added to a flame-dried 

schlenk flask under argon. The mixture was stirred at 70 °C for 

48 h. The reaction was extracted thrice with CH2Cl2, the organic 

layer was dried over Na2SO4, filtrated, and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (Hexane/EtOAc (3/1)) to afford 3i 

(17.7 mg, 0.07 mmol, 35% yield). The spectral data of this com-

pound were already described above. 

4-Ethoxy-3-[(4-fluorophenyl)methyl]furoxan (3j) 4-Ethoxy-

3-(phenylsulfonyl)furoxan (1) (81.0 mg, 0.30 mmol, 1.5 equiv), 

4-fluorotoluene  (22.0 L, 0.20 mmol, 1.0 equiv), potassium 

peroxodisulfate (81.0 mg, 0.30 mmol, 1.5 equiv) and 

CH3CN:H2O (1:1) (2.0 mL) were added to a flame-dried 

schlenk flask under argon. The mixture was stirred at 70 °C for 

48 h. The reaction was extracted thrice with CH2Cl2, the organic 

layer was dried over Na2SO4, filtrated, and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (Hexane/EtOAc (3/1)) to afford 

3j (8.7 mg, 0.04 mmol, 18% yield). The spectral data of this 

compound were already described above. 

3-[(3,5-Dimethylphenyl)methyl]-4-ethoxyfuroxan (3e) 4-Eth-

oxy-3-(phenylsulfonyl)furoxan (1) (162.0 mg, 0.60 mmol, 3.0 

equiv), mesitylene  (28.0 L, 0.20 mmol, 1.0 equiv), potassium 

peroxodisulfate (81.0 mg, 0.30 mmol, 1.5 equiv) and 

CH3CN:H2O (1:1) (2.0 mL) were added to a flame-dried 

schlenk flask under argon. The mixture was stirred at 70 °C for 

48 h. The reaction was extracted thrice with CH2Cl2, the organic 

layer was dried over Na2SO4, filtrated, and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (Hexane/EtOAc (10/1)) to afford 

3e (12.6 mg, 0.05 mmol, 25% yield). The spectral data of this 

compound were already described above. 

1,3-Bis[(4-ethoxyfuroxan-3-yl)methyl]-5-methylbenzene 

(3ag) and 1,3,5-Tris[(4-ethoxyfuroxan-3-yl)methyl]benzene 

(3ah) 4-Ethoxy-3-(phenylsulfonyl)furoxan (1) (54.0 mg, 0.20 

mmol, 3.0 equiv), mesitylene  (9.2 L, 0.07 mmol, 1.0 equiv), 

potassium peroxodisulfate (54.0 mg, 0.20 mmol, 3.0 equiv) and 

CH3CN:H2O (1:1) (3.0 mL) were added to a flame-dried 

schlenk flask under argon. The mixture was stirred at 60 °C for 

96 h. The reaction was extracted thrice with CH2Cl2, the organic 

layer was dried over Na2SO4, filtrated, and concentrated in 



 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (benzene/CH2Cl2 (40/1)) to afford 

3e (1.2 mg, 0.005 mmol, 7% yield), 3ag (20.4 mg, 0.05 mmol, 

77% yield), and 3ah (4.1 mg, 0.008 mmol, 12% yield). 

3ag Yellow oil. IR (neat): 2984, 1620, 1548, 1483, 1471, 1421, 

1391, 1359, 1304, 1247, 1109, 1023, 837, 730, 690, 629 cm-1. 
1H NMR (400 MHz, CDCl3) δ = 6.98 (s, 3H), 4.42 (q, J = 7.1 

Hz, 4H), 3.73 (s, 4H), 2.30 (s, 3H), 1.45 (t, J = 7.1 Hz, 6H). 
13C{1H} NMR (100 MHz, CDCl3) δ = 163.0, 139.4, 134.6, 

128.7, 126.0, 108.5, 66.4, 27.5, 21.3, 14.3. HRMS m/z (ESI) 

calcd.for C17H21N4O6 (M + H)+ 377.1456, found 377.1463. 

3ah Yellow oil. IR (neat): 2984, 2917, 1620, 1549, 1483, 1471, 

1390, 1359, 1306, 1246, 1153, 1110, 1022, 837, 731, 688, 616 

cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.10 (s, 3H), 4.43 (q, J = 

7.1 Hz, 6H), 3.75 (s, 6H), 1.46 (t, J = 7.1 Hz, 9H). 13C{1H} 

NMR (100 MHz, CDCl3) δ = 162.9, 135.5, 128.2, 108.1, 66.6, 

27.4, 14.3. HRMS m/z(ESI) calcd.for C21H25N6O9 (M + H)+ 

505.1678, found 505.1668. 

Experimental procedures for functionalization of R–H sub-

strates via furoxan (Figure 4) 

3-(2-Methylphenyl)propane-1,2-diamine (4) Furoxan 3c (50 

mg, 0.21 mmol, 1 equiv), 10% Pd/C (11.5 mg, 0.01 mmol, 0.05 

equiv), and MeOH (2 mL) were added to a reaction vessel under 

argon. The atmosphere was exchanged to H2 and kept using a 

balloon. The mixture was stirred at 23 C for 2 h. The mixture 

was filtered through celite and concentrated in vacuo. To a sus-

pension of LiAlH4 (40.2 mg, 5 equiv) in anhydrous THF (4 mL) 

was added the crude material thus obtained at 0 °C. The mixture 

was stirred for 6 h at 0 °C and the reaction was quenched by the 

subsequent addition of water (0.04 mL), 15% NaOH (0.04 mL), 

and water (0.12 mL). The mixture was filtered through celite, 

washed with hot THF and concentrated in vacuo. The crude res-

idue was purified by preparative thin-layer chromatography on 

silica gel (CH2Cl2/MeOH (10/1) with 15% triethylamine) to af-

ford 4 (11 mg, 0.07 mmol, 32% yield). Yellow oil; IR (neat): 

3291, 2919, 1575, 1489, 1470, 1382, 1365, 1312, 1163, 1071, 

820, 741, 728 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.17–7.11 

(m, 4H), 3.00–2.94 (m, 1H), 2.84–2.76 (m, 2H), 2.60–2.48 (m, 

2H), 2.33 (s, 3H), 1.56 (br, 4H). 13C{1H} NMR (100 MHz, 

CDCl3) δ = 137.6, 136.5, 130.6, 130.1, 126.5, 126.1, 54.0, 48.5, 

39.8, 19.7. HRMS m/z (ESI) calcd.for C10H17N2 (M + H)+ 

165.1386, found 165.1392. 

3-(2-Methoxyphenyl)propane-1,2-diamine (5) Furoxan 3g (80 

mg, 0.32 mmol, 1 equiv), 10% Pd/C (17 mg, 0.02 mmol, 0.05 

equiv), and MeOH (2 mL) were added to a reaction vessel under 

argon. The atmosphere was exchanged to H2 and kept using a 

balloon. The mixture was stirred at 23 C for 2 h. The mixture 

was filtered through celite and concentrated in vacuo. To a sus-

pension of LiAlH4 (60.3 mg, 5 equiv) in anhydrous THF (5 mL) 

was added the crude material thus obtained at 0 °C. The mixture 

was stirred for 6 h at 0 °C and the reaction was quenched by the 

subsequent addition of water (0.06 mL), 15% NaOH (0.06 mL), 

and water (0.18 mL). The mixture was filtered through celite, 

washed with hot THF and concentrated in vacuo. The crude res-

idue was purified by preparative thin-layer chromatography on 

silica gel (CH2Cl2/MeOH (10/1) with 15% triethylamine) to af-

ford 5 (20 mg, 0.11 mmol, 35% yield). Yellow oil; IR (neat): 

3356, 3277, 2917, 1598, 1584, 1492, 1463, 1438, 1240, 1049, 

1026, 817, 750 cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.20 (td, 

J = 7.6, 1.7 Hz, 1H), 7.12 (dd, J = 7.4, 1.6 Hz, 1H), 6.90–6.84 

(m, 2H), 3.80 (s, 3H), 3.01–2.94 (m, 1H), 2.81–2.72 (m, 2H), 

2.53 (d, J = 7.7 Hz, 1H), 2.49 (d, J = 7.6 Hz, 1H), 1.56 (br, 4H). 
13C{1H} NMR (100 MHz, CDCl3) δ =157.8, 131.2, 127.7, 127.7, 

120.5, 110.5, 55.3, 54.0, 48.3, 36.8. HRMS m/z (ESI) calcd.for 

C10H17N2O (M + H)+ 181.1335, found 181.1330. 

3-(3,5-Dimethylphenyl)propane-1,2-diamine (6) Furoxan 3e 

(50 mg, 0.2 mmol, 1.0 equiv), 5% Pd/C ( 8.6 mg, 0.004 mmol, 

0.02 equiv), and MeOH (2 mL) were added to a reaction vessel 

under argon. The atmosphere was exchanged to H2 and kept us-

ing a balloon. The mixture was stirred at 23 C for 2 h. The 

mixture was filtered through celite and concentrated in vacuo. 

To a suspension of LiAlH4 (38 mg, 5 equiv) in anhydrous THF 

(4 mL) was added the crude material thus obtained at 0 °C. The 

mixture was stirred for 6 h at 0 °C and the reaction was 

quenched by the subsequent addition of water (0.04 mL), 15% 

NaOH (0.04 mL), and water (0.12 mL). The mixture was fil-

tered through celite, washed with hot THF and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (CH2Cl2/MeOH (10/1) with 15% 

triethylamine) to afford 6 (11.6 mg, 0.07 mmol, 33%yield). Col-

orless oil; IR (neat): 3276, 3011, 2195, 2851, 1604, 1462, 1375, 

1036, 846, 706 cm-1. 1H NMR (400 MHz, CDCl3) δ = 6.86 (s, 

1H), 6.81 (s, 2H), 2.99–2.92 (m, 1H), 2.80 (dd, J = 12.7, 4.1 Hz, 

1H), 2.71 (dd, J = 13.3, 5.0 Hz, 1H), 2.58–2.51 (m, 1H), 2.43–

2.38 (m, 1H), 2.29 (s, 6H), 1.72 (br, 4H). 13C{1H} NMR (100 

MHz, CDCl3) δ = 139.1, 138.0, 127.9, 127.1, 55.1, 48.3, 42.2, 

21.3. HRMS m/z (ESI) calcd.for C11H18N2 (M + H)+ 179.1543, 

found 179.1540. 

3-(Naphthalen-2-yl)propane-1,2-diamine (7) Furoxan 3k (60 

mg, 0.22 mmol, 1.0 equiv), 5% Pd/C (9.45 mg, 0.004 mmol, 

0.02 equiv), and MeOH (2 mL) were added to a reaction vessel 

under argon. The atmosphere was exchanged to H2 and kept us-

ing a balloon. The mixture was stirred at 23 C for 2 h. The 

mixture was filtered through celite and concentrated in vacuo. 

To a suspension of LiAlH4 (42.2 mg, 5 equiv) in anhydrous 

THF (4 mL) was added the crude material thus obtained at 0 °C. 

The mixture was stirred for 6 h at 0 °C and the reaction was 

quenched by the subsequent addition of water (0.04 mL), 15% 

NaOH (0.04 mL), and water (0.12 mL). The mixture was fil-

tered through celite, washed with hot THF and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (CH2Cl2/MeOH (10/1) with 15% 

triethylamine) to afford 7 (13.6 mg, 0.07 mmol, 31% yield). 

Yellow oil. IR (neat): 3357, 3272, 3049, 2915, 2848, 1598, 1506, 

1442, 1364, 1270, 1124, 1017, 893, 856, 810, 747, 621 cm-1. 1H 

NMR (400 MHz,CDCl3) δ = 7.83–7.78 (m, 3H), 7.64 (s, 1H), 

7.49–7.42 (m, 2H), 7.33 (dd, J = 8.4, 1.7 Hz, 1H), 3.10–3.04 (m, 

1H), 2.95 (dd, J = 13.3, 4.9 Hz, 1H), 2.85 (dd, J = 12.6, 4.1 Hz, 

1H), 2.68–2.57 (m, 2H), 1.55 (br, 4H). 13C{1H} NMR (100 

MHz, CDCl3) δ = 136.7, 133.5, 132.2, 128.2, 127.6, 127.6, 

127.5, 126.1, 125.4, 55.0, 48.3, 42.5. HRMS m/z (ESI) calcd.for 

C13H16N2 (M + H)+ 201.1386, found 201.1387. 

N,N’-Dibenzoyl 3-(oxan-2-yl)propane-1,2-diamine (8’) Fu-

roxan 3s (50 mg, 0.23 mmol, 1 equiv), 10% Pd/C (12.4 mg, 0.01 

mmol, 0.05 equiv), and MeOH (2 mL) were added to a reaction 

vessel under argon. The atmosphere was exchanged to H2 and 

kept using a balloon. The mixture was stirred at 23 C for 2 h. 

The mixture was filtered through celite and concentrated in 

vacuo. To a suspension of LiAlH4 (44 mg, 5 equiv) in anhy-

drous THF (4 mL) was added the crude material thus obtained 

at 0 °C. The mixture was stirred for 6 h at 0 °C and the reaction 

was quenched by the subsequent addition of water (0.04 mL), 

15% NaOH (0.04 mL), and water (0.12 mL). The mixture was 

filtered through celite, washed with hot THF and concentrated 

in vacuo. The obtained crude material containing diamine 8 was 

dissolved in 4 mL CH2Cl2, then benzoyl chloride (53 μL, 0.46 



 

mmol, 2 equiv) and Et3N (64 μL, 0.46 mmol, 2 equiv) were 

added into the solution. The mixture was stirred under argon at 

23 C for 2 h, after which the volatiles were removed under vac-

uum. The residue was purified by preparative thin-layer chro-

matography on silica gel (CH2Cl2/MeOH (20/1)) to afford 8’ 

(24.7 mg, 0.07 mmol, 30% yield). White solid; Mp 150–151.7 

ºC. IR (neat): 3322, 2937, 2848, 1633, 1578, 1538, 1491, 1295, 

1206, 1089, 1047, 930, 895, 800, 692, 649 cm-1. 1H NMR (400 

MHz, CDCl3) δ = 7.81–7.78 (m, 4H), 7.51–7.36 (m, 7H), 7.28 

(s, 1H), 4.36–4.27 (m, 1H), 4.04 (d, J = 10.4 Hz, 1H), 3.89–3.38 

(m, 4H), 1.90–1.43 (m, 6H). 13C{1H} NMR (100 MHz, CDCl3) 

δ =168.6, 168.3, 134.3, 134.2, 131.7, 131.5, 128.7, 128.6, 127.2, 

127.1, 79.2, 69.1, 53.5, 41.7, 28.6, 26.1, 23.3. HRMS m/z (ESI) 

calcd.for C21H24N2O3Na (M + Na)+ 375.1679, found 375.1674. 

N,N’-Dibenzoyl 3-(1,4-dioxan-2-yl)propane-1,2-diamine (9’) 

Furoxan 3t (50 mg, 0.23 mmol, 1 equiv), 10% Pd/C (12.3 mg, 

0.01 mmol, 0.05 equiv), and MeOH (2 mL) were added to a 

reaction vessel under argon. The atmosphere was exchanged to 

H2 and kept using a balloon. The mixture was stirred at 23 C 

for 2 h. The mixture was filtered through celite and concentrated 

in vacuo. To a suspension of LiAlH4 (43.5 mg, 5 equiv) in an-

hydrous THF (4 mL) was added the crude material thus ob-

tained at 0 °C. The mixture was stirred for 6 h at 0 °C and the 

reaction was quenched by the subsequent addition of water 

(0.04 mL), 15% NaOH (0.04 mL), and water (0.12 mL). The 

mixture was filtered through celite, washed with hot THF and 

concentrated in vacuo. The obtained crude material containing 

diamine 9 was dissolved in 4 mL CH2Cl2, then benzoyl chloride 

(53 μL, 0.46 mmol, 2 equiv) and Et3N (64 μL, 0.46 mmol, 2 

equiv) were added into the solution. The mixture was stirred 

under argon at 23 C for 2 h, after which the volatiles were re-

moved under vacuum. The residue was purified by preparative 

thin-layer chromatography on silica gel (CH2Cl2/MeOH (20/1)) 

to afford 9’ (32.5 mg, 0.09 mmol, 40% yield). White solid; Mp 

181.5–183.2 ºC. IR (neat): 3876, 3315, 2850, 1633, 1539, 1490, 

1354, 1296, 1125, 1092, 970, 899, 885, 691, 662 cm-1. 1H NMR 

(400 MHz, CDCl3) δ = 7.85–7.81 (m, 2H), 7.77–7.74 (m, 2H), 

7.62 (d, J = 8.2 Hz, 1H), 7.51–7.46 (m, 2H), 7.43–7.37 (m, 4H), 

7.04 (t, J = 5.7 Hz, 1H), 4.38–4.31 (m, 1H), 3.89–3.81 (m, 3H), 

3.74–3.67 (m, 4H), 3.65–3.55 (m, 2H). 13C{1H} NMR (100 

MHz, CDCl3) δ = 169.5, 168.1, 133.9, 133.8, 131.9, 131.8, 

128.7, 128.7, 127.3, 127.1, 76.6, 69.3, 67.2, 66.6, 51.3, 41.9. 

HRMS m/z (ESI) calcd.for C20H22N2O4Na (M + Na)+ 377.1472, 

found 377.1469. 

N,N’-Dibenzoyl 3-(1,3,5-trioxan-2-yl)propane-1,2-diamine 

(10’) Furoxan 3u (50 mg, 0.23 mmol, 1 equiv), 10% Pd/C (12.2 

mg, 0.01 mmol, 0.05 equiv), and MeOH (2 mL) were added to 

a reaction vessel under argon. The atmosphere was exchanged 

to H2 and kept using a balloon. The mixture was stirred at 23 C 

for 2 h. The mixture was filtered through celite and concentrated 

in vacuo. To a suspension of LiAlH4 (43.2 mg, 5 equiv) in an-

hydrous THF (4 mL) was added the crude material thus ob-

tained at 0 °C. The mixture was stirred for 6 h at 0 °C and the 

reaction was quenched by the subsequent addition of water 

(0.04 mL), 15% NaOH (0.04 mL), and water (0.12 mL). The 

mixture was filtered through celite, washed with hot THF and 

concentrated in vacuo. The obtained crude material containing 

diamine 10 was dissolved in 4 mL CH2Cl2, then benzoyl chlo-

ride (53 μL, 0.46 mmol, 2 equiv) and Et3N (64 μL, 0.46 mmol, 

2 equiv) were added into the solution. The mixture was stirred 

under argon at 23 C for 2 h, after which the volatiles were re-

moved under vacuum. The residue was purified by preparative 

thin-layer chromatography on silica gel (CH2Cl2/MeOH (20/1)) 

to afford 10’ (31 mg, 0.09 mmol, 38% yield).,White solid; Mp 

172.1-173.4 ºC. IR (neat): 3372, 3333, 2858, 1637, 1579, 1539, 

1494, 1390, 1318, 1168, 1113, 1055, 1037, 989, 956, 691 cm-1. 

1H NMR (400 MHz, CDCl3) δ = 7.84–7.78 (m, 4H), 7.51–7.31 

(m, 8H), 5.27 (d, J = 2.6 Hz, 1H), 5.22 (t, J = 5.4 Hz, 2H), 5.09–

5.05 (m, 2H), 4.47–4.41 (m, 1H), 4.02–3.94 (m, 1H), 3.82–3.76 

(m, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ =169.0, 168.5, 

134.1, 133.7, 131.9, 131.7, 128.7, 128.6, 127.3, 127.2, 99.7, 

93.3, 93.3, 53.4, 39.7. HRMS m/z (ESI) calcd.for 

C19H20N2O5Na (M + Na)+ 379.1264, found 379.1261. 

Ethyl 3-(3,5-dimethylphenyl)-N-hydroxy-2-(hydroxy-

imino)propanimidate (11) Furoxan 3e (250 mg, 1.0 mmol, 1 

equiv), 5% Pd/C (42.6 mg, 0.02 mmol,0.02 equiv), and MeOH 

(16 mL) were added to a reaction vessel under argon. The at-

mosphere was exchanged to H2 and kept using a balloon. The 

mixture was stirred at 23 C for 2 h. The mixture was filtered 

through celite and concentrated in vacuo to afford 11 (252 mg, 

1.0 mmol, 100% yield). Brownish solid; Mp 102.2–102.7 ºC. 

IR (neat): 3163, 3016, 2978, 2868, 1601, 1546, 1489, 1470, 

1441, 1427, 1369, 1317, 1221, 1115, 1048, 992, 797, 686 cm-1. 
1H NMR (400 MHz, CDCl3) δ = 9.86 (br, 1H), 7.64 (br, 1H), 

6.89 (s, 2H), 6.86 (s, 1H), 4.03 (q, J = 7.0 Hz, 2H), 3.91 (s, 2H), 

2.28 (s, 6H), 1.28 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ = 154.6, 152.4, 137.9, 135.1, 128.3, 126.9, 63.3, 30.8, 

21.3, 14.2. HRMS m/z (ESI) calcd.for C13H18N2O3 (M + H)+ 

251.1390, found 251.1390. 

2-(3,5-Dimethylphenyl)ethan-1-amine (12) To a suspension of 

LiAlH4 (44.1 mg, 1.16 mmol, 5.0 equiv) in anhydrous THF (4 

mL) was added portionwise 3f (80 mg, 0.23 mmol, 1.0 equiv) 

at 0 °C. The mixture was stirred for 7 h at 23 C and the reaction 

was quenched by subsequent addition of water (0.04 mL), 15% 

NaOH (0.04 mL), and water (0.12 mL). The mixture was fil-

tered through celite, washed with hot THF and concentrated in 

vacuo. The crude residue was purified by preparative thin-layer 

chromatography on silica gel (CH2Cl2/MeOH (10/1) with 15 % 

triethylamine) to afford 12 (11 mg, 0.07 mmol, 32% yield). Yel-

low oil; IR (neat): 3309, 2917, 1606, 1575, 1476, 1447, 1380, 

1321, 1306, 1034, 842, 822, 702, 668 cm-1. 1H NMR (400 MHz, 

CDCl3) δ = 6.86 (s, 1H), 6.82 (s, 2H), 2.95 (t, J = 6.9 Hz, 2H), 

2.68 (t, J = 6.9 Hz, 2H), 2.30 (d, J = 0.7 Hz, 6H), 1.26 (br, 2H). 
13C{1H} NMR (100 MHz, CDCl3) δ = 139.8, 138.0, 127.9, 

126.8, 43.7, 40.1, 21.4. HRMS m/z (ESI) calcd.for C10H16N (M 

+ H)+ 150.1277, found 150.1283. 

1,3-Dimethyl-5-(2-nitroethyl)benzene (13) Furoxan 3f (80 mg, 

0.23 mmol,1 equiv), tributyltin hydride (125 μL, 0.46 mmol, 2 

equiv) and benzene (1.2 mL) were added to a reaction vessel. 

The mixture was stirred at 40 °C for 5 d. The solvents were re-

moved with a rotary evaporator. The crude residue was purified 

by preparative thin-layer chromatography on silica gel (Hex-

ane/EtOAc (3/1)) to afford 13 (14 mg, 0.08 mmol, 34% yield). 

Yellow oil; IR (neat): 2919, 1607, 1548, 1431, 1377, 846, 695, 

553 cm-1. 1H NMR (400 MHz, CDCl3) δ = 6.91 (s, 1H), 6.82 (s, 

2H), 4.58 (t, J = 7.5 Hz, 2H), 3.24 (t, J = 7.5 Hz, 2H), 2.29 (s, 

6H). 13C{1H} NMR (100 MHz, CDCl3) δ =138.6, 135.5, 129.1, 

126.4, 76.4, 33.4, 21.3. HRMS m/z (FI) calcd.for C10H13NO2 

(M)+ 179.0946, found 179.0943. 

N-[2-(3,5-Dimethylphenyl)ethylidene]hydroxylamine (14) Fu-

roxan 3f (80 mg, 0.23 mmol, 1 equiv), tributyltin hydride (312 

μL, 1.16 mmol, 5 equiv) and benzene (1.2 mL) were added to a 

reaction vessel. The mixture was stirred at 40 °C for 5 d. The 

solvents were removed with a rotary evaporator. The crude res-

idue was purified by preparative thin-layer chromatography on 

silica gel (Hexane/EtOAc (3/1)) to afford 14 (17.6 mg, 0.11 



 

mmol, 46% yield). White solid; Mp 82.1–83.5ºC. IR (neat): 

3150, 2916, 1605, 1454, 1407, 1329, 1260, 1056, 932, 844, 815, 

695 cm-1. 1H NMR (400 MHz, CDCl3) δ = 8.32 (br, 1H), 6.82–

6.76 (m, 4H), 3.60 (d, J = 5.3 Hz, 2H), 2.23 (s, 6H). 13C{1H} 

NMR (100 MHz, CDCl3) δ = 151.2, 138.4, 136.5, 128.3, 126.6, 

31.5, 21.2. HRMS m/z (ESI) calcd.for C10H14NO (M + H)+ 

164.1070, found 164.1065. 

N-[2-(3,5-Dimethylphenyl)-1-(5-phenyl-1,2-oxazol-3-yl)-

ethylidene]hydroxylamine (15) Furoxan 3f (80 mg, 0.23 mmol, 

1 equiv), phenylacetylene (77 μL, 0.70 mmol, 3 equiv) and 

DMF (4.0 mL) were added to a reaction vessel. The mixture 

was stirred under Ar at 130 °C for 36 h. Extracted thrice with 

EtOAc, washed five times with water, the organic layer was 

dried over Na2SO4, filtrated, and concentrated in vacuo. The 

crude residue was purified by preparative thin-layer chromatog-

raphy on silica gel (CHCl3) to afford 15 (20 mg, 0.07 mmol, 

28% yield). Yellow solid; Mp 149.2–151.7 C. IR (neat): 3174, 

2917, 1602, 1574, 1434, 1247, 1101, 1009, 829, 898, 759, 682 

cm-1. 1H NMR (400 MHz, CDCl3) δ = 8.48 (br, 1H), 7.78–7.74 

(m, 2H), 7.47–7.42 (m, 3H), 7.03 (s, 2H), 6.83 (s, 1H), 6.79 (s, 

1H), 4.20 (s, 2H), 2.26 (s, 6H). 13C{1H} NMR (100 MHz, 

CDCl3) δ =170.2, 160.6, 151.7, 138.0, 135.9, 130.4, 129.0, 

128.3, 127.2, 126.9, 125.9, 97.1, 31.0, 21.3. HRMS m/z (ESI) 

calcd.for C19H18N2O2Na (M + Na)+ 329.1260, found 329.1253. 
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