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1.  Materials and Materials Characterizations

Materials

Red phosphorus (98.9%), tin (99.5%), and tin(IV) iodide (95%) were obtained from Alfa Aesar. 

Sigma-Aldrich supplied urea, thiophene (99%), furan (99%), tert-butyl nitrite (t-BuONO, 90%), 

tetrafluoroboric acid (HBF4, 50 wt%), 2,2,6,6-tetramethylpiperidinoxyl (TEMPO, 98%) 

triethanolamine (TEOA, 99.0%), and 1,4-benzoquinone (BQ, 98.0%). Concentrated nitric acid 

(HNO3, 67%) and sulfuric acid (H2SO4, 95–98%) were purchased from Merck. Tetrahydrofuran 

(THF, 99.9%), N,N-dimethylformamide (DMF, 99.0%), Acetonitrile (CH3CN, 99.9%), 

isopropyl alcohol (IPA, 99.9%), ethyl acetate (EtOAc, ≥ 99.5%), dimethyl sulfoxide (DMSO, 

99.9%) dichloromethane (DCM, ≥ 99.0%), hexane (99.8%) and ethyl alcohol (EtOH, 99.9%) 

were obtained from IsoLab Chemicals. All reagents and solvents were of analytical grade and 

used without further purification unless otherwise specified.

Characterization Techniques

X-ray diffraction (XRD) patterns were recorded using a Bruker D2 Phaser diffractometer 

equipped with Cu Kα radiation (λ = 1.54 Å). Raman spectra were collected on a Renishaw 

inVia Raman microscope employing a 532 nm excitation laser. X-ray photoelectron 

spectroscopy (XPS) analyses were carried out using a Thermo Scientific K-Alpha system with 

Al Kα radiation (1486.6 eV). Fourier-transform infrared (FT-IR) spectra were obtained with a 

Thermo Scientific iS10 FT-IR spectrometer fitted with an attenuated total reflectance (ATR) 

module. Morphological and structural features were examined by transmission electron 

microscopy (TEM), high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM), and energy-dispersive X-ray spectroscopy (EDS) elemental mapping using 

a Hitachi HT7800 microscope operated at an accelerating voltage of 120 kV. Diffuse 

reflectance spectroscopy (DRS) measurements were performed using a Shimadzu UV-3600 

UV–vis–NIR spectrophotometer. Photoluminescence (PL) spectra were recorded on an Agilent 

Cary Eclipse spectrofluorometer with an excitation wavelength of 320 nm. Electrochemical 

measurements were conducted on a CHI 660E electrochemical workstation employing a three-

electrode configuration, with Hg/Hg2Cl2 as the reference electrode and a platinum wire as the 

counter electrode. To fabricate the working electrodes, 2.50 mg of the material was dispersed 

in 5 mL of ethanol via sonication and subsequently spray-coated onto a 1 cm² indium tin oxide 

(ITO) substrate. All electrochemical tests were carried out in a 0.1 M Na2SO4 electrolyte. Mott-

Schottky measurements were recorded at frequencies of 1.0, 1.5, and 2.0 kHz over a potential 

range from -1.2 to 1.0 V. Solid-state 13C CP/MAS NMR experiments were performed at the 
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Koç University n2STAR NMR facility using a Bruker Avance Neo Ascend 500 spectrometer 

operating at a spinning rate of 12,000 rpm, equipped with a 4 mm double-resonance BBO solid-

state probe. Between 512 and 1024 scans were accumulated for each measurement. Spectral 

acquisition and processing were carried out using TopSpin 4.4 software. 1H NMR and 13C NMR 

spectra were recorded using a 400 MHz Varian and Bruker Avance II 400MHz instrument with 

tetramethylsilane (TMS) as an internal standard. The following abbreviations were used to 

describe peak patterns: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quartet 

and m = multiplet. High resolution mass spectra were recorded on Agilent QTOF (Quadrupole 

time-of-flight) spectrometry device. Thin layer chromatography (TLC) was used alumina plates 

precoated with silica gel (Merck silica gel, 60 F254). 

Synthesis of BP Crystals

A quartz ampoule was loaded with 10 mg of tin (IV) iodide, 20 mg of metallic tin, and 500 mg 

of red phosphorus, then flame-sealed under vacuum. The sealed ampoule was placed in a muffle 

furnace and subjected to a controlled thermal process: heating to 620 °C over 5 hours, 

maintaining this temperature for 5 hours, followed by a gradual decrease to 485 °C over 6 hours, 

where it was held for 3 hours. The temperature was then lowered to 120 °C over 4 hours, and 

the system was allowed to cool naturally to room temperature. The ampoule was opened in 

anhydrous toluene to extract the BP crystals, which were subsequently washed with ethanol and 

subjected to sonication for 30 minutes to remove surface impurities. The ethanol was 

evaporated under vacuum, and larger BP crystals were ground into smaller fragments under an 

inert argon atmosphere before being stored under vacuum.

Synthesis of Reduced Graphene Oxide (rGO)

rGO was synthesized through a two-step process. First, graphene oxide (GO) was prepared via 

a modified Hummers’method. Natural graphite powder (20 g) was oxidized in a mixture of 

concentrated H2SO4 (50 mL), K2S2O8 (10 g), and P2O5 (10 g) at 80 °C for 6 hours, followed by 

dilution, filtration, and drying. The pre-oxidized graphite was then subjected to further 

oxidation by dispersing 1 g of the material in concentrated H2SO4 (50 mL) with NaNO3 (1 g) 

in an ice bath (0–3 °C), followed by the slow addition of KMnO4 (3 g). After stirring for 30 

minutes at low temperature, the reaction was maintained at 35 °C for 3 hours, and subsequently 

diluted with water while adding H2O2 (12 mL, 30%) under controlled conditions (<60 °C). The 

product was treated with HCl (27%, 100 mL) to remove metal ions, thoroughly washed with 

water, filtered, and dried at 80 °C to obtain GO. In the second step, GO was dispersed in DMF 
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and reduced by refluxing at 150 °C for 6 hours. The reduced material was washed with ethanol, 

filtered, and dried via evaporation to obtain rGO.

Synthesis of g-CN

Finely ground urea (10 g) was placed in a ceramic crucible and heated in a muffle furnace. The 

temperature was initially set at 80 °C for 30 minutes, then ramped to 550 °C over 1 hour, 

followed by a 4-hour annealing at this temperature. The material was naturally cooled, washed 

sequentially with acid and distilled water to remove residual alkaline byproducts, and dried at 

80 °C before storage.

Materials Characterizations

Figure S1. XPS survey spectra of all synthesized materials.
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Figure S2. HAADF-STEM image and elemental mapping images of rGO/gCN (All scale bars 
are 500 nm).

Figure S3. Schematic illustration of band potentials of g-CN and FLP.

Supplementary note 1. To this end, the valence band (VB) positions of g-CN and FLP were 

determined through linear extrapolation of the XPS-valence band (XPS-VB) spectra. The 

extrapolated VB onsets were found at 1.92 eV for g-CN and 0.29 eV for FLP (Figure 4a). 

These values were subsequently converted to the NHE scale using the equation:16 ENHE = Φ + 

EVB-XPS - 4.44 (work function of the XPS system used in this study) is 4.543 eV. Based on this 
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conversion, the VB edges were calculated to be +2.02 V for g-CN and +0.32 V for FLP vs. 

NHE.

The conduction band (CB) positions were further assessed using Mott–Schottky (MS) analysis 

to estimate the flat-band potentials (Vfb), which approximate the Fermi level (EF) in n-type 

semiconductors. The MS plots of g-CN (Figure 4b) and FLP (Figure 4c) exhibited positive 

slopes at all measured frequencies (1000, 1500, and 2000 Hz), confirming their n-type nature. 

The extracted Vfb values vs. the Hg/Hg2Cl2 reference electrode were −0.79 V for g-CN and 

−0.74 V for FLP, which correspond to −0.55 V and −0.50 V vs. NHE, respectively, after 

applying the conversion: Efb (vs. NHE) = Efb (vs. Hg/Hg2Cl2) + 0.24 V.17

Given that n-type semiconductors typically exhibit a CB edge located approximately 0.10–0.20 

V more negative relative to the EF, these data support the assignment of CB positions slightly 

above the measured flat-band values.18 the corresponding CB levels were derived as −0.65 V 

and −0.60 V vs. NHE, respectively. Overall band diagram was shown in Figure S3.

Supplementary note 2. In addition to band-edge positions, understanding the direction of 

interfacial charge transfer is essential for elucidating the photocatalytic behavior of the system. 

The work functions of g-CN, FLP, rGO/g-CN, and FLP/rGO/g-CN were evaluated from VB-

XPS spectra (Figure 4c–f and Figure S4), providing insight into the electronic equilibration at 

their interfaces.19 Since a material with a larger work function possesses a deeper EF relative to 

the vacuum level, it tends to accept electrons from a material with a lower work function. 

Electron transfer continues until their Fermi levels equilibrate, resulting in surface charge 

redistribution at the interface. Work function values were calculated using ΔV = Φ – φ (where 

Φ is the measured work function and φ = 4.543 eV corresponds to the instrument parameter), 

with ΔV determined from the shift between inflection points (IP1 and IP2) of the VB onset. 

Based on this analysis, the work functions of g-CN, rGO/g-CN, and FLP were obtained as 6.83, 

6.73 6.59, respectively. The decrease from 6.83 eV (g-CN) to 6.73 eV after coupling with rGO 

confirms that rGO behaves as an electron reservoir, shifting the Fermi level of g-CN closer to 

the vacuum level (Figure 4d and f). Following the incorporation of FLP into the rGO/g-CN 

binary system, electrons migrate from FLP, which possesses a lower EF, to rGO/g-CN with a 

higher EF until thermodynamic equilibrium is reached. This charge redistribution results in the 

formation of an intrinsic electric field (IEF) at the interface as the EF align. Consequently, 

downward band bending occurs in rGO/g-CN, while upward band bending develops in FLP 

(Figure 4g). Under visible-light irradiation, this band alignment drives directional electron 

transfer from the CB of rGO/g-CN to the CB of FLP, opposing the built-in electric field. In 
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contrast, holes generated in VB of rGO/g-CN remain localized rather than transferring to the 

VB of FLP due to the unfavorable band bending. This spatial separation of electrons and holes 

enhances charge separation and transport efficiency. Since photocatalytic oxidation dominates 

the reaction pathway, this electronic configuration supports interpreting the system as a non-

classical type-I heterojunction.

Figure S4. Work functions of FLP/rGO/g-CN.

Scavenger experiments

O

N2BF4

O

FLP/rGO/g-CN

white light, 25 oC, 90 min.
+

1a 2a 3a
Cl

Cl

Scavenger Agents
TEMPO, Triethanolamine
1,4-Benzoquinone

In scavenger experiments, aryl diazonium tetrafluoroborate (0.25 mmol), heteroarene (10 

mmol), and scavenging agent (5.0 equiv., 0.5 mmol) were added to the reaction pot in dry 

DMSO (1 mL), then the reactions were carried out under the general experimental conditions.
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Figure S5a. NMR spectra for scavenger experiments
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[M+H]+ = 268,1463

Figure S5b. Mass spectra of radical trapped compounds with TEMPO
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Figure S6. XRD pattern of materials before and after 5th run 

Figure S7. TEM image of FLP/rGO/gCN after the 5th run.
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Comparison of C–H arylation performance with the literature

Table S1. Comparison of different photoredox C-H arylation conditions in the literature.

Entry Photocatalyst Catalyst 
mass 
(mg)

Time 
(h)

Light Source       Reusability
(cycle 
times)

X- Substiued 
Diazonium 

Salts

Yield 
[%]

1 Eosin B ˂ 5 2 CFL (20 W) 3 Cl 83 Ref23

2 PANI-g-C3N4-
TiO2

30 CFL (14 W) 10 Cl 87 Ref24

3 Bismuth(III) Oxide 10 15 CFL (23 W) - Br 86 Ref25

4 Cercosporin ≥ 1 16 Sunlight - CO2Et 62 Ref26

5 Bi QDs 0.8 wt% Blıe light 3 Cl 80    Ref27

6 MR-EosinY 77 2 Green LEDs 
(424 mW/cm2)

3 Cl 75 Ref28

7 CpMn(CO)3 ˂ 5 0.5 Blue LED (24 
W, λ = 450 nm)

- CF3 71 Ref29

8 Immobilized 
BODIPY

5 2 Green LED (λ = 
495–555 nm)

5 Br 76 Ref30

9 Eosin Y ˂ 1 2 530 nm LED (1 
W)

- Cl 74 Ref31

10 mb-As 20 2 Red light 5 Cl 76 Ref32

11 AcrH2 ˃ 5 12 Blue LEDs (3 
W)

- Br 69 Ref33

12 Fe3O4@Cu2—xS–
MoS2F

2 1 Xenon lamp ((λ 
= 700 nm)

6 Cl 98 Ref34

13 (BPY)CuII(O,O-
PLY-Ph)Cl

3 24 Blue LEDs - Cl 91    Ref35

14 CuInS2/K-C3N4 20 8 Blue LED 10 W 5 NO2 91    Ref36
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1. NMR characterization of the arylation products

O
Cl

2-(4-Chlorophenyl)furan (3a)1,2

3a was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as white solid (94%). 1H NMR (400 MHz, 
CDCl3) δ 7.60 (d, J = 8.6 Hz, 2H), 7.48 (s, 1H), 7.35 (d, J = 8.6 Hz, 
2H), 6.64 (d, J = 3.3 Hz, 1H), 6.48 (dd, J = 3.3, 1.8 Hz, 1H). 13C 
NMR (100 MHz, CDCl3) δ 153.12, 142.5, 133.2, 129.6, 129.1, 
125.2, 112.0, 105.6. HRMS (APCI-TOF) m/z: [M+H]+ calcd for 
C10H8ClO, 179.0258; found 179.0273. 

O
NO2

2-(4-Nitrophenyl)furan (3b)1,2

3b was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow solid (76%). 1H NMR (400 MHz, 
CDCl3) δ 8.24 (d, J = 8.9 Hz, 2H), 7.78 (d, J = 8.9 Hz, 2H), 7.57 
(d, J = 1.5 Hz, 1H), 6.88 (d, J = 3.4 Hz, 1H), 6.55 (dd, J = 3.4, 1.7 
Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 151.9, 146.6, 144.4, 
136.7, 124.6, 124.2, 112.7, 109.2. HRMS (APCI-TOF) m/z: 
[M+H]+ calcd for C10H8NO3, 190.0499; found 190,0476. 

O
NO2

2-(3-Nitrophenyl)furan (3c)1,2

3c was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as orange solid (73%). 1H NMR (400 MHz, 
CDCl3) δ 8.49 (t, J = 1.9 Hz, 1H), 8.15 – 8.02 (m, 1H), 7.96 (d, J = 
7.9 Hz, 1H), 7.63 – 7.44 (m, 2H), 6.81 (d, J = 3.5 Hz, 1H), 6.53 (dd, 
J = 3.4, 1.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 151.7, 149.0, 
143.5, 132.6, 129.9, 129.4, 121.9, 118.7, 112.3, 107.5. HRMS 
(APCI-TOF) m/z: [M+H]+ calcd for C10H8NO3, 190.0499; found 
190,0499.

O
CF3

2-(4-(Trifluoromethyl)phenyl)furan (3d)2,8,11

3d was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as colorless oil (80%). 1H NMR (400 MHz, 
CDCl3) δ 7.68 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.43 
(d, J = 1.6 Hz, 1H), 6.68 (d, J = 3.4 Hz, 1H), 6.43 (dd, J = 3.4, 1.8 
Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 152.7, 143.3, 134.2, 129.2 
(q, J = 32.5 Hz), 125.9 (q, J = 3.9 Hz), 124.4 (q, J = 272.0 Hz), 
124.0, 112.2, 107.2. HRMS (APCI-TOF) m/z: [M+H]+ calcd for 
C11H8F3O, 213.0522; found 213,0523.
2-(3-(Trifluoromethyl)phenyl)furan (3e)2,7,12

3e was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as colorless oil (82%). 1H NMR (400 MHz, 
CDCl3) δ 7.92 (s, 1H), 7.85 – 7.79 (m, 1H), 7.52 – 7.47 (m, 3H), 
6.74 (dd, J = 3.4, 0.6 Hz, 1H), 6.51 (dd, J = 3.4, 1.8 Hz, 1H). 13C 
NMR (100 MHz, CDCl3) δ 152.7, 143.0, 131.7, 131.4 (q, J = 34.5 
Hz), 129.4, 126.9, 124.3 (q, J = 271.8 Hz), 124.0 (q, J = 3.9 Hz), 
120.7 (q, J = 3.9 Hz), 112.1, 106.5. HRMS (APCI-TOF) m/z: 
[M+H]+ calcd for C11H8F3O, 213.0522; found 213.0523.

O
CF3
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O
Me

2-(4-Methylphenyl)furan (3f)1,2

3f was isolated by thin layer chromatography (hexane/EtOAc: 95/5) 
gave the product as colorless oil (87%). 1H NMR (400 MHz, 
CDCl3) δ 7.57 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 1.6 Hz, 1H), 7.19 
(d, J = 8.0 Hz, 2H), 6.59 (d, J = 3.3 Hz, 1H), 6.46 (dd, J = 3.3, 1.8 
Hz, 1H), 2.37 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 154.1, 141.7, 
137.2, 129.4, 128.2, 123.8, 111.6, 104.2, 21.3. HRMS (APCI-
TOF) m/z: [M+H]+ calcd for C11H11O, 159,0804; found 159,0833.

O

Me

2-(3-Methylphenyl)furan (3g)2,4

3g was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow oil (38%). 1H NMR (400 MHz, 
CDCl3) δ 7.59 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 1.6 Hz, 1H), 7.20 
(d, J = 8.0 Hz, 2H), 6.61 (d, J = 3.3 Hz, 1H), 6.47 (dd, J = 3.3, 1.8 
Hz, 1H), 2.38 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 154.2, 141.9, 
138.3, 130.8, 128.6, 128.2, 124.5, 121.0, 111.6, 104.8, 21.5. HRMS 
(APCI-TOF) m/z: [M+H]+ calcd for C11H11O, 159,0804; found 
159,0815.

O
OMe

2-(4-Methoxyphenyl)furan (3h)1,2

3h was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow oil (73%). 1H NMR (400 MHz, 
CDCl3) δ 7.61 (d, J = 8.9 Hz, 2H), 7.43 (d, J = 1.5 Hz, 1H), 6.93 
(d, J = 8.8 Hz, 2H), 6.52 (d, J = 3.2 Hz, 1H), 6.45 (dd, J = 3.3, 1.8 
Hz, 1H), 3.84 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 159.2, 154.3, 
141.6, 125.5, 124.3, 114.3, 111.7, 103.6, 55.5. HRMS (APCI-
TOF) m/z: [M+H]+ calcd for C11H11O2, 175.0754; found 175,0761.

O
OMe

2-(3-Methoxyphenyl)furan (3i)2,6

3i was isolated by thin layer chromatography (hexane/EtOAc: 95/5) 
gave the product as yellow solid (46%). 1H NMR (400 MHz, 
CDCl3) δ 7.39 (s, 1H), 7.28 – 7.17 (m, 2H), 7.15 (d, J = 1.5 Hz, 
1H), 6.77 – 6.70 (m, 1H), 6.58 (d, J = 3.4 Hz, 1H), 6.40 (dd, J = 3.2, 
1.7 Hz, 1H), 3.78 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 159.9, 
153.8, 142.1, 132.2, 129.8, 116.4, 113.2, 111.7, 109.1, 105.3, 55.3. 
HRMS (APCI-TOF) m/z: [M+H]+ calcd for C11H11O2, 175.0754; 
found 175,0773.

O
Br

2-(4-Bromophenyl)furan (3j)1,2

3j was isolated by thin layer chromatography (hexane/EtOAc: 95/5) 
gave the product as white solid (96%). 1H NMR (400 MHz, 
CDCl3) δ 7.65 – 7.38 (m, 5H), 6.65 (d, J = 3.4 Hz, 1H), 6.47 (dd, J 
= 3.3, 1.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 153.1, 142.6, 
132.0, 130.0, 125.5, 121.3, 112.0, 105.8. HRMS (APCI-TOF) 
m/z: [M+H]+ calcd for C10H8BrO, 222.9753; found 222,9765.

O
F

2-(4-Fluorophenyl)furan (3k)2,3,12

3k was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as white solid (92%). 1H NMR (400 MHz, 
CDCl3) δ 7.71 – 7.57 (m, 2H), 7.45 (d, J = 1.1 Hz, 1H), 7.08 (t, J = 
8.8 Hz, 2H), 6.58 (d, J = 3.3 Hz, 1H), 6.46 (dd, J = 3.3, 1.8 Hz, 1H). 
13C NMR (100 MHz, CDCl3) δ 162.3 (d, J = 246.5 Hz), 153.4, 
142.2, 127.5 (d, J = 3.5 Hz), 125.7 (d, J = 8.2 Hz), 115.9 (d, J = 
21.9 Hz). 111.9, 104.8. 
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O

2-Phenylfuran (3l)1,2

3l was isolated by thin layer chromatography (hexane/EtOAc: 95/5) 
gave the product as yellow oil (71%). 1H NMR (400 MHz, CDCl3) 
δ 7.60 (dd, J = 8.3, 1.1 Hz, 2H), 7.39 (d, J = 1.6 Hz, 1H), 7.31 (t, J 
= 7.7 Hz, 2H), 7.21 – 7.13 (m, 1H), 6.58 (d, J = 3.1 Hz, 1H), 6.39 
(dd, J = 3.3, 1.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 154.2, 
142.3, 131.1, 128.9, 127.6, 124.0, 111.9, 105.2. HRMS (APCI-
TOF) m/z: [M+H]+ calcd for C10H9O, 145.0648; found 145.0648.

S
Cl

2-(4-Chlorophenyl)thiophene (4a)2,3

4a was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as white solid (77%). 1H NMR (400 MHz, 
CDCl3) δ 7.57 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.33-
7.30 (m, 2H), 7.11 (dd, J = 4.8, 3.9 Hz, 1H). 13C NMR (100 MHz, 
CDCl3) δ 143.1, 133.2, 133.0, 129.1, 128.2, 127.1, 125.2, 123.5. 
HRMS (APCI-TOF) m/z: [M+H]+ calcd for C10H8ClS, 195.0030; 
found 195,0048.

S
NO2

2-(4-Nitrophenyl)thiophene (4b)1,2

4b was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow solid (77%). 1H NMR (400 MHz, 
CDCl3) δ 8.16 (d, J = 8.9 Hz, 2H), 7.66 (d, J = 8.9 Hz, 2H), 7.40 
(dd, J = 3.5, 0.9 Hz, 1H), 7.36 (dd, J = 5.1, 1.2 Hz, 1H), 7.08 (dd, J 
= 5.0, 3.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 141.8, 140.8, 
128.9, 127.9, 127.1, 126.3, 125.9, 124.6. HRMS (APCI-TOF) 
m/z: [M+H]+ calcd for C10H8NO2S, 206,0270; found 206,0281.

S
NO2

2-(3-Nitrophenyl)thiophene (4c)2,5

4c was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow oil (76%). 1H NMR (400 MHz, 
CDCl3) δ 8.35 (t, J = 1.9 Hz, 1H), 8.05 – 7.99 (m, 1H), 7.82 (d, J = 
7.9 Hz, 1H), 7.46 (t, J = 8.0 Hz, 1H), 7.35 (dd, J = 3.5, 0.9 Hz, 1H), 
7.30 (dd, J = 5.1, 0.9 Hz, 1H), 7.05 (dd, J = 5.0, 3.6 Hz, 1H). HRMS 
(APCI-TOF) m/z: [M]+ calcd for C10H7NO2S, 205,0192; found 
205,0191.

S
CF3

2-(4-(Trifluoromethyl)phenyl)thiophene (4d)2,9,13

4d was isolated by thin layer chromatography (hexane/EtOAc: 
99/1) gave the product as white solid (74%). 1H NMR (400 MHz, 
DMSO) δ 7.86 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.67 
(dd, J = 5.6, 4.6 Hz, 2H), 7.18 (dd, J = 4.8, 3.9 Hz, 1H). 13C NMR 
(100 MHz, DMSO) δ 142.1, 138.2, 129.5, 128.2, 126.8, 126.7, 
126.5, 126.3. HRMS (APCI-TOF) m/z: [M+H]+ calcd for 
C11H8F3S, 229,0293; found 229,0293.

S
CF3

2-(3-(Trifluoromethyl)phenyl)thiophene (4e)2,7

4e was isolated by thin layer chromatography (hexane/EtOAc: 
99/1) gave the product as colorless oil (75%). 1H NMR (400 MHz, 
CDCl3) δ 7.76 (s, 1H), 7.69 (d, J = 7.3 Hz, 1H), 7.46-7.39 (m, 2H), 
7.29 (dd, J = 3.6, 1.0 Hz, 1H), 7.26 (dd, J = 5.3, 1.0 Hz, 1H), 7.03 
(dd, J = 5.0, 3.7 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 142.9, 
135.4, 131.5 (q, J = 32.3 Hz), 129.6, 129.3, 128.5, 126.1, 124.2 (q, 
J = 3.7 Hz), 122.8 (q, J = 3.7 Hz), 121.6. HRMS (APCI-TOF) m/z: 
[M]+ calcd for C11H7F3S, 228,0215; found 228,0226.
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S
Me

2-(4-Methylphenyl)furan (4f)2,5

4f was isolated by thin layer chromatography (hexane/EtOAc: 99/1) 
gave the product as white solid (60%). 1H NMR (400 MHz, 
CDCl3) δ 7.42 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 3.6 Hz, 1H), 7.14 
(d, J = 5.0 Hz, 1H), 7.09 (d, J = 8.0 Hz, 2H), 6.97 (dd, J = 5.0, 3.6 
Hz, 1H), 2.27 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 144.6, 137.4, 
131.7, 129.6, 128.0, 125.9, 124.3, 122.6, 21.2. HRMS (APCI-
TOF) m/z: [M]+ calcd for C11H10S, 174,0498; found 174,0515.

S
Me

2-(3-Methylphenyl)furan (4g)2,5

4g was isolated by thin layer chromatography (hexane/EtOAc: 
99/1) gave the product as white solid (30%). 1H NMR (400 MHz, 
CDCl3) δ 7.35 (m, 2H), 7.24 – 7.21 (m, 1H), 7.21 – 7.17 (m, 2H), 
7.05 – 6.99 (m, 2H), 2.32 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 
144.8, 138.8, 134.5, 129.0, 128.5, 128.2, 126.9, 124.9, 123.3, 123.2, 
21.7. HRMS (APCI-TOF) m/z: [M+H]+ calcd for C11H11S, 
174,0576; found 175,0579.

S
OMe

2-(4-Methoxyphenyl)thiophene (4h)2,5

4h was isolated by thin layer chromatography (hexane/EtOAc: 
99/1) gave the product as white solid (65%). 1H NMR (400 MHz, 
CDCl3) δ 7.55 (d, J = 8.5 Hz, 2H), 7.22 (t, J = 4.9 Hz, 2H), 7.06 
(dd, J = 4.6, 4.0 Hz, 1H), 6.92 (d, J = 8.5 Hz, 2H), 3.84 (s, 3H). 13C 
NMR (100 MHz, CDCl3) δ 159.4, 144.6, 128.2, 127.8, 127.5, 
124.1, 122.3, 114.5, 55.6. HRMS (APCI-TOF) m/z: [M+H]+ calcd 
for C11H11OS, 191,0525; found 191,0544.

S
OMe

2-(3-Methoxyphenyl)thiophene (4i)2,10

4i was isolated by thin layer chromatography (hexane/EtOAc: 99/1) 
gave the product as yellow oil (33%). 1H NMR (400 MHz, CDCl3) 
δ 7.26 – 7.19 (m, 3H), 7.14 (d, J = 7.7 Hz, 1H), 7.10 – 7.05 (m, 1H), 
7.01 (dd, J = 5.1, 3.6 Hz, 1H), 6.77 (dd, J = 8.3, 2.2 Hz, 1H), 3.78 
(s, 3H). 13C NMR (100 MHz, CDCl3) δ 159.9, 144.3, 135.7, 129.9, 
128.0, 124.9, 123.3, 118.6, 112.9, 111.7, 55.3. HRMS (APCI-
TOF) m/z: [M+H]+ calcd for C11H11OS, 191,0525; found 191, 
0546.

S
Br

2-(4-Bromophenyl)thiophene (4j)2,3

4j was isolated by thin layer chromatography (hexane/EtOAc: 95/5) 
gave the product as white solid (84%). 1H NMR (400 MHz, 
CDCl3) δ 7.44 – 7.37 (m, 4H), 7.22 (d, J = 4.4 Hz, 2H), 7.00 (t, J = 
4.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 143.1, 133.4, 132.0, 
128.2, 127.4, 125.3, 123.5, 121.3. HRMS (APCI-TOF) m/z: [M]+ 
calcd for C10H7BrS, 237,9446; found 237,9448.

S
F

2-(4-Fluorophenyl)thiophene (4k)2,3,13

4k was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as light yellow solid (73%).1H NMR (400 
MHz, CDCl3) δ 7.52 – 7.43 (m, 2H), 7.18 (dd, J = 5.0, 0.9 Hz, 1H), 
7.15 (dd, J = 3.5, 0.9 Hz, 1H), 7.02 – 6.94 (m, 3H). 13C NMR (100 
MHz, CDCl3) δ 162.3 (d, J = 246.8 Hz), 143.3, 130.7 (d, J = 3.7 
Hz), 128.1, 127.6 (d, J = 8.2 Hz), 124.8, 123.1, 115.8 (d, J = 21.7 
Hz). HRMS (APCI-TOF) m/z: [M+H]+ calcd for C10H7FS, 
179,0325; found 179,0332.



S15

S

2-Phenylthiophene (4l)2,5

4l was isolated by thin layer chromatography (hexane/EtOAc: 95/5) 
gave the product as light yellow solid (40%). 1H NMR (400 MHz, 
CDCl3) δ 7.58 – 7.50 (m, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.26 – 7.16 
(m, 3H), 7.01 (dd, J = 5.0, 3.6 Hz, 1H). 13C NMR (100 MHz, 
CDCl3) δ 144.5, 134.4, 128.9, 128.0, 127.5, 126.0, 124.8, 123.1. 
HRMS (APCI-TOF) m/z: [M]+ calcd for C10H8S, 160,0341; found 
160,0342.

O
Cl

Me

2-(4-Chlorophenyl)-5-methylfuran (6aa)20

6aa was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as white solid (42%). 1H NMR (400 MHz, 
CDCl3) δ 7.47 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 8.6 Hz, 2H), 6.45 
(d, J = 3.2 Hz, 1H), 5.98 (d, J = 2.3 Hz, 1H), 2.29 (s, 3H). 13C NMR 
(100 MHz, CDCl3) δ 152.3, 151.2, 132.3, 129.7, 128.8, 124.5, 
107.9, 106.4, 13.7. HRMS (APCI-TOF) m/z: [M+H]+ calcd for 
C11H10ClO, 193,0415; found 193,0433.

O
Cl

Et

2-(4-Chlorophenyl)-5-ethylfuran (6ab)20

6ab was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as white solid (33%). 1H NMR (400 MHz, 
CDCl3) δ 7.47 (d, J = 8.6 Hz, 2H), 7.23 (d, J = 8.6 Hz, 2H), 6.46 
(d, J = 3.3 Hz, 1H), 5.98 (d, J = 3.3 Hz, 1H), 2.63 (q, J = 7.5 Hz, 
2H), 1.20 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 158.0, 
151.1, 132.2, 129.7, 128.8, 124.5, 106.3, 106.2, 21.5, 12.2. HRMS 
(APCI-TOF) m/z: [M+H]+ calcd for C12H12ClO, 207,0571; found 
207,0573.

O
NO2

H

O

5-(4-Nitrophenyl)furan-2-carbaldehyde (6ac)13

6ac was isolated by thin layer chromatography (hexane/EtOAc: 
80/20) gave the product as brown solid (29%). 1H NMR (400 MHz, 
CDCl3) δ 9.66 (s, 1H), 8.24 (d, J = 8.9 Hz, 2H), 7.91 (d, J = 8.9 Hz, 
2H), 7.31 (d, J = 3.7 Hz, 1H), 6.98 (d, J = 3.8 Hz, 1H). HRMS 
(APCI-TOF) m/z: [M+H]+ calcd for C11H8NO4, 218,0448; found 
218,0464.

N
Cl

Boc

tert-Butyl 2-(4-chlorophenyl)-1H-pyrrole-1-carboxylate (8aa)14

8aa was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as orange solid (42%). 1H NMR (400 MHz, 
CDCl3) δ 7.42 – 7.19 (m, 5H), 6.22 (t, J = 3.3 Hz, 1H), 6.18 (dd, J 
= 3.2, 1.8 Hz, 1H), 1.40 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 
149.4, 134.0, 133.3, 133.0, 130.7, 128.0, 123.1, 115.0, 110.9, 84.1, 
27.9. HRMS (APCI-TOF) m/z: [M+H]+ calcd for C15H17ClNO2, 
278,0942; found 278,0969.

N
Br

Boc

tert-Butyl 2-(4-bromophenyl)-1H-pyrrole-1-carboxylate (8ab)15

8ab was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as light yellow solid (49%). 1H NMR (400 
MHz, CDCl3) δ 7.47 (d, J = 8.3 Hz, 2H), 7.35 (dd, J = 3.3, 1.8 Hz, 
1H), 7.22 (d, J = 8.3 Hz, 2H), 6.22 (t, J = 3.3 Hz, 1H), 6.18 (dd, J = 
3.1, 1.9 Hz, 1H), 1.40 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 
149.4, 134.0, 133.5, 131.0, 130.9, 123.1, 121.5, 115.0, 110.9, 84.1, 
27.9. HRMS (APCI-TOF) m/z: [M+H]+ calcd for C15H17BrNO2, 
322,0437; found 322,0458.
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N
NO2

Boc

tert-Butyl 2-(4-nitrophenyl)-1H-pyrrole-1-carboxylate (8ac)15

8ac was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow solid (35%). 1H NMR (400 MHz, 
CDCl3) δ 8.21 (d, J = 8.9 Hz, 2H), 7.51 (d, J = 8.9 Hz, 2H), 7.40 
(dd, J = 3.3, 1.8 Hz, 1H), 6.32 (dd, J = 3.4, 1.7 Hz, 1H), 6.27 (t, J = 
3.3 Hz, 1H), 1.43 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 149.1, 
146.8, 140.9, 133.0, 129.8, 124.5, 123.2, 116.8, 111.4, 84.8, 27.9. 
HRMS (APCI-TOF) m/z: [M+H]+ calcd for C15H17N2O4, 
289,1183; found 289,1196.

N
Boc NO2

tert-Butyl 2-(3-nitrophenyl)-1H-pyrrole-1-carboxylate (8ad)15

8ad was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as orange solid (48%). 1H NMR (400 MHz, 
CDCl3) δ 8.22 (t, J = 1.9 Hz, 1H), 8.17 – 8.13 (m, 1H), 7.68 (d, J = 
7.7 Hz, 1H), 7.51 (t, J = 8.0 Hz, 1H), 7.40 (dd, J = 3.0, 1.6 Hz, 1H), 
6.30 – 6.25 (m, 2H), 1.40 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 
136.0, 135.3, 128.7, 124.4, 123.9, 123.9, 122.1, 116.3, 116.1, 111.3, 
111.1, 84.6, 27.9. HRMS (APCI-TOF) m/z: [M+K]+ calcd for 
C15H16N2O4K, 327,0742; found 327,0752.

Cl

4-Chloro-1,1'-biphenyl (8ba)13,15

8ba was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow solid (52%). 1H NMR (400 MHz, 
CDCl3) δ 7.60 – 7.50 (m, 4H), 7.48 – 7.35 (m, 5H). 13C NMR (100 
MHz, CDCl3) δ 140.2, 139.9, 133.6, 129.1, 129.1, 128.6, 127.8, 
127.2. HRMS (APCI-TOF) m/z: [M+H]+ calcd for C12H10Cl, 
189,0466; found 189,0481.

Br

4-Bromo-1,1'-biphenyl (8bb)15

8bb was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow solid (53%). 1H NMR (400 MHz, 
CDCl3) δ 7.62 – 7.50 (m, 4H), 7.51 – 7.41 (m, 4H), 7.40 – 7.34 (m, 
1H). 13C NMR (100 MHz, CDCl3) δ 140.4, 140.2, 132.1, 129.1, 
129.0, 127.9, 127.2, 121.8. HRMS (APCI-TOF) m/z: [M+H]+ 
calcd for C12H10Br, 232,9960; found 232,9983.

NO2

4-Nitro-1,1'-biphenyl (8bc)13

8bc was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as yellow solid (80%). 1H NMR (400 MHz, 
CDCl3) δ 8.30 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 7.68 – 
7.59 (m, 2H), 7.56 – 7.40 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 
147.9, 139.7, 139.0, 129.4, 129.2, 128.0, 127.6, 124.3. HRMS 
(APCI-TOF) m/z: [M+H]+ calcd for C12H10NO2, 200,0706; found 
200,0707.

NO2

3-Nitro-1,1'-biphenyl (8bd)15

8bd was isolated by thin layer chromatography (hexane/EtOAc: 
95/5) gave the product as light yellow solid (84%). 1H NMR (400 
MHz, CDCl3) δ 8.45 (t, J = 2.0 Hz, 1H), 8.20 (dd, J = 8.2, 2.3 Hz, 
1H), 7.95 – 7.87 (m, 1H), 7.65 – 7.58 (m, 3H), 7.50 (t, J = 7.6 Hz, 
2H), 7.47 – 7.41 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 148.9, 
143.1, 138.9, 133.3, 130.0, 129.4, 128.8, 127.4, 122.3, 122.2. 
HRMS (APCI-TOF) m/z: [M+H]+ calcd for C12H10NO2, 
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200,0706; found 200,0724.

S
Cl

Me

2-(4-Chlorophenyl)-5-methylthiophene (6ba)21

The product could not be isolated. The yield was detected to be 8% 
by 1H NMR analysis using 1,3-dinitrobenzene as an internal 
standard. HRMS (APCI-TOF) m/z: [M+H]+ calcd for C11H10ClS, 
209,0186; found 209,0171.

S
Cl

Et

2-(4-Chlorophenyl)-5-ethylthiophene (6bb)

The product could not be isolated. The yield was detected to be 17% 
by 1H NMR analysis using 1,3-dinitrobenzene as an internal 
standard. HRMS (APCI-TOF) m/z: [M]+ calcd for C12H11ClS, 
222,0270; found 222,0272.

S
Cl

H

O

5-(4-Chlorophenyl)thiophene-2-carbaldehyde (6bc)22

The product could not be isolated. The yield was detected to be trace 
by 1H NMR analysis using 1,3-dinitrobenzene as an internal 
standard. HRMS (APCI-TOF) m/z: [M+H]+ calcd for C11H8ClOS, 
222,9979; found 222,9979.

Potential byproducts detected by HRMS for the related products

O
Cl

Cl

2,5-Bis(4-chlorophenyl)furan 

Potential byproducts were analyzed in trace yields and 
detected by mass spectroscopy. HRMS (APCI-TOF) m/z: 
[M+H]+ calcd for C16H11Cl2O, 289,0181; found 289,0215.

O
Me

Me

2,5-Di-p-tolylfuran

Potential byproducts were analyzed in trace yields and 
detected by mass spectroscopy. HRMS (APCI-TOF) m/z: 
[M+H]+ calcd for C18H17O, 249,1274; found 249,1264.

O
OMe

MeO

2,5-Bis(4-methoxyphenyl)furan

Potential byproducts were analyzed in trace yields and 
detected by mass spectroscopy. HRMS (APCI-TOF) m/z: 
[M+H]+ calcd for C18H17O3, 281,1172; found 281,1172.

O
F

F

2,5-Bis(4-fluorophenyl)furan

Potential byproducts were analyzed in trace yields and 
detected by mass spectroscopy. HRMS (APCI-TOF) m/z: 
[M+H]+ calcd for C16H11F2O, 257,0772; found 257,0803.

S
Cl

Cl

2,5-Bis(4-chlorophenyl)thiophene

Potential byproducts were analyzed in trace yields and 
detected by mass spectroscopy. HRMS (APCI-TOF) m/z: 
[M]+ calcd for C16H10Cl2S, 303,9875; found 303,9895.
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S

2,5-Diphenylthiophene

Potential byproducts were analyzed in trace yields and 
detected by mass spectroscopy. HRMS (APCI-TOF) m/z: 
[M+H]+ calcd for C16H13S, 237,0732; found 237,0732.

O
CF3

F3C

2,5-Bis(4-(trifluoromethyl)phenyl)furan

Potential byproducts were analyzed in trace yields and 
detected by mass spectroscopy. HRMS (APCI-TOF) m/z: 
[M]+ calcd for C18H10F6S, 372,0402; found 372,0437.
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2. NMR spectral data for the arylation products
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