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1. Supplementary Methods
1.1. General Information

Proton, carbon, and fluorine nuclear magnetic resonance spectra were taken on an Agilent 400-MR DD2
("HNMR: 400 MHz; '*C NMR: 100 MHz; '°F NMR: 376 Hz) or on an Agilent/Varian 600 spectrometer
("H NMR: 600 MHz; *C NMR: 150 MHz). Chemical shifts (8) are quoted in ppm, and referenced to
residual solvent resonances ('"H NMR: CHCI; at 7.26 ppm, DMSO at 2.50 ppm, C;HDCl, at 6.00 ppm
and *C NMR: CDCl; at 77.16 ppm, DMSO-ds at 39.52 ppm, C,D,Cls at 73.80 ppm). a,0,0-
Trifluorotoluene (CDCI; at -62.61, and DMSO-ds at -60.94)" as the external standard were used for '°F
NMR spectra. Data for '"H NMR are reported as follows: § (ppm), multiplicity (s = singlet; d = doublet;

t = triplet; q = quartet; m = multiplet), coupling constants J (given in Hz), and then integration.

Thin layer chromatography (TLC) was performed on Merck 250 pum thick silica gel 60 Fs4 plates.
Visualisation of the plate was achieved using an ultraviolet lamp (Amax, 254 nm). Purification was done

by column chromatography using Merck silica gel 60 (0.040-0.063 mm).

GC analysis was performed on an Agilent Technologies GCMS 7890A equipped with a BR-ms column
(30 m x 0.25 mm x 0.25 pm, pressure = 20.0 kPa, detector = EI, 300 °C) with nitrogen gas as carrier.

High resolution mass spectrometry (HRMS) spectra were determined on a Q Exactive™ Plus Hybrid

Quadrupole-Orbitrap™ mass spectrometer from Thermo Scientific.

Cyclic voltammetry was conducted according to the previously reported literature®. Electrochemical
evaluation of cyclic diphenyliodonium salt was conducted by using a multichannel potentiostat (VMP3

Multichannel Workstation, BioLogic) and a three-electrode beaker cell.

Electrolysis was performed in a standard two-electrode and three-electrode vial cell controlled by a
potentiostat (SP-300, NeoScience). Fe metal and Ni foam (1.0 cm x 1.2 cm; area = 1.2 cm?) were
connected to copper wire, in which the upper part of copper wire was separated with rubber bracket to

avoid the short of the electrode system.

1.2. Materials and Methods

Unless otherwise noted, all commercial reagents were purchased from standard suppliers (Sigma-
Aldrich, Alfa Aesar, or TCI) and stored in an Ar-filled glovebox. Potassium fert-butoxide was purchased

from Sigma-Aldrich and was used as received.



1.3. Preparation of Cyclic Diaryliodonium Salts 2

8?12

Compound 2a was prepared according to a previously reported procedure. Spectral data matched the
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Compound 2¢ was prepared according to a previously reported procedure. Spectral data matched the
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Compound 2d was prepared according to a previously reported procedure. Spectral data matched the
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Compound 2e was prepared according to a previously reported procedure. Spectral data matched the
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Compound 2f was prepared according to a previously reported procedure. Spectral data matched the

literature values®.
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Compound 2g was prepared according to a previously reported procedure. Spectral data matched the

literature values®.

Compound 2h was prepared according to a previously reported procedure. Spectral data matched the

literature values®.

Compound 2i was prepared according to a previously reported procedure. Spectral data matched the

literature values®.
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Compound 2j was prepared according to a previously reported procedure. Spectral data matched the

literature values®.

Compound 2k was prepared according to a previously reported procedure. Spectral data matched the

literature values’.

Compound 21 was prepared according to a previously reported procedure. Spectral data matched the
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Compound 2m was prepared according to a previously reported procedure. Spectral data matched the

literature values’.
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Compound 2n was prepared according to a previously reported procedure. Spectral data matched the

literature values®.



t-Bu
Tms  4tBUCEHBOH), (3.0 equiv.) ™S O

Pd(PPh3), (10 mol%)
/©/I LDA (2.2 equiv.) /<>/| K,CO3 (6.0 equiv.) O
l [

TMSCI (2.2 equiv.) | PhMe, EtOH, H,0 ™S
THF, -78°C, 0.5 h reflux, 24 h, N, t-Bu
T™MS
75% 83%
1,4-diiodobenzene 20-1 20-2

EBu . cPBA (3.0 equiv.)
. TfOH (6.0 equiv.)
ICI (4.0 equiv.)
_— DCM
CHCI3, RT, 1h, Ny 0°CtoRT, 2h
64% 89%
20-3 20

Supplementary Figure 1 Reaction Synthesis of compound 20
20-1 was prepared according to a previously reported procedure’.

A flame dried round bottom flask (100 mL) was charged with 4-fert-butylphenyl boronic acid (9.0 mmol,
3.0 equiv.), K»COs (18.0 mmol, 6.0 equiv.), Pd(PPhs)s (0.3 mmol, 0.1 equiv.), 20-1 (3.0 mmol, 1.0
equiv.), PhMe (30 mL), EtOH (10 mL), and H,O (10 mL). After the reaction mixture was refluxed
(100 °C) for 24 h under a nitrogen atmosphere, the reaction mixture was extracted with EtOAc. The
organic layer was dried over Na,SQs, filtered, concentrated under reduced pressure, and purified by

column chromatography to afford compound 20-2 (1.21 g, 83%) as a white solid.

After bubbling nitrogen through the solution of 20-2 (2.67 mmol, 1.0 equiv.) in CHCI3 (120 mL) for 20
min, an ICI solution (1 M in DCM, 10.7 mmol, 4.0 equiv.) was added in a dropwise manner. After the
reaction mixture was stirred for 1 h, the reaction was quenched with aq. Na,S,0s solution and extracted
with DCM. The organic layer was dried over Na,SOs, filtered, concentrated under reduced pressure,

and purified by column chromatography to afford compound 20-3 (1.02 g, 64%) as a white solid.

m-CPBA (70 wt%, 2.53 mmol, 3.0 equiv.) and TfOH (5.05 mmol, 6.0 equiv.) were added to a solution
of 20-3 (0.84 mmol, 1.0 equiv.) in anhydrous DCM (30 mL) at 0 °C. After the reaction mixture was
stirred for 2 h at RT, the volatile solvent was evaporated and Et;O (100 mL) was added. The precipitate
was collected and washed with Et,O several times to afford compound 20 (0.70 g, 89%) as a brown

solid.

'"H NMR (400 MHz, DMSO-ds) 5 8.96 (s, 2H), 8.30 (d, J= 1.8 Hz, 2H), 8.24 (d, J = 8.5 Hz, 2H), 8.04
(dd, J = 8.4, 1.8 Hz, 2H), 1.42 (s, 18H); 3C NMR (100 MHz, DMSO-ds) § 156.10, 143.05, 137.62,
129.45,128.09, 127.45, 127.00, 125.07, 123.57, 36.16, 31.29; Y’F NMR (376 MHz, DMSO-ds) § -77.38;
ESI HRMS: m/z [M-20Tf]** calcd for CasHaslo: 296.0057; found: 296.0057.



1.4. Investigation of Previously Reported APEX Protocols for N-PAC 3

Itami'®, K-region APEX chemistry

N Ve O Pd(MeCN)4(BF4), (5 mol%) N O

| X . s/ o-chloranil (2.0 equiv.) ‘ ~
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Me” N
O DCE, 80 °C, 2 h, Ar
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Hong'", directing group assisted APEX chemistry
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Hong3, acid promoted APEX chemistry
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N
OTf 130°C, 24 h, Ar
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Supplementary Figure 2 Pd-catalysed APEX reactions

We initially investigated the annulation of pyrazine (1a) by employing a previously developed metal-
catalysed annulation reactions; (i) Itami’s cationic palladium catalysed K-region selective APEX, (ii)
directing-group-assisted palladium-catalysed APEX, and (iii) acid-promoted electrophilic APEX
methods. However, they did not successfully yield the target product 3.

Detailed reaction procedure of K-region APEX'’
In an Ar-filled glove box, a screw-cap 1-dram vial was charged with 1a (0.20 mmol, 1.0 equiv.), 9,9-
dimethyl-9H-9-silafluorene (2a') (0.60 mmol, 3.0 equiv.), Pd(MeCN)4(BF4), (0.01 mmol, 0.05 equiv.),

o-chloranil (0.40 mmol, 2.0 equiv.) and DCE (2 mL). After the reaction mixture was stirred at 80 °C for
2 h, the mixture was diluted with DCM (2 mL) and checked by TLC analysis to detect the presence of

compound 3.



Detailed reaction procedure of directing group assisted APEX"!

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with 1a (0.20 mmol, 1.0 equiv.), cyclic
diphenyliodonium salt 2a (0.60 mmol, 3.0 equiv.), Pdx(dba); (0.01 mmol, 0.05 equiv.), NaOAc (1.0
mmol, 5.0 equiv.) and ODCB (2 mL). After the reaction mixture was stirred at 150 °C for 24 h, the

mixture was diluted with DCM (2 mL) and checked by TLC analysis to detect the presence of compound
3.

Detailed reaction procedure of acid promoted APEX®

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with 1a (20 mmol, 100 equiv.), cyclic
diphenyliodonium salt 2a (0.20 mmol, 1.0 equiv.), PA(TFA); (0.02 mmol, 0.1 equiv.), TFA (2.0 mmol,
10 equiv.), and AgSbFs (0.20 mmol, 1.0 equiv.). After the reaction mixture was stirred at 130 °C for 24
h, the mixture was diluted with DCM (2 mL) and checked by TLC analysis to detect the presence of

compound 3.



1.5. Reaction Optimisation

Supplementary Table 1 Reaction optimisation®
2a (1.0 equiv.) O
[Nj KOt-Bu (3.0 equiv.) [N\ ‘
NG 130 °C, 0.5 h, Ar N O
1a (20 equiv.) neat 3

————————————— aryl-appending agents  -----------------

TR R Y

Entry Deviations from standard conditions Yield (%)°
1 None 80
2 R1 instead of 2a 0
3 R2 instead of 2a 0
4 R3 instead of 2a 0
5 LiO#-Bu instead of KO#-Bu 7
6 NaOt-Bu instead of KO#-Bu 8
7 Sr(Oi-Pr), instead of KO#-Bu 5
8 LiHMDS instead of KO#-Bu 37
9 Without KO#-Bu 0
10 Aerobic conditions 71

aStandard conditions: 1a (4.0 mmol, 20 equiv.), 2a (0.20 mmol, 1.0 equiv.), KO#Bu

(0.60 mmol, 3.0 equiv.), 130 °C, 0.5 h under Ar. "Isolated yield.



Supplementary Table 2 Optimisation of KO#-Bu equivalents®

Ny O KOt-Bu Ny O
()« 3 e O
N 130°C,0.5h

o O N O
OTf
1a 2a 3
Entry Equiv. of KO#-Bu Yield (%)°
1 0.5 14
2 1.0 21
3 1.5 25
4 2.0 27
5 2.5 37
6 3.0 68
7 35 59
8 4.0 56
9 4.5 57
10 5.0 48

aStandard conditions: 1a (4.0 mmol, 20 equiv.), 2a (0.20 mmol, 1.0 equiv.), KO#-Bu,
130 °C, 0.5 h. ®GC yields using n-dodecane as an internal standard.



Supplementary Table 3 Optimisation of pyrazine equivalents®

Ny O KOt-Bu (3.0 equiv.) Ny O

() - 5 = (]

N o 130°C, 0.5 h N
OTf O

1a 2a 3
Entry Equiv. of pyrazine Yield (%)b

1 1.0 -

2 5.0 20
3 10.0 37
4 20.0 68
5 30.0 57
6 40.0 63
7 50.0 59

2Reaction conditions: 1a, 2a (0.20 mmol, 1.0 equiv.), KO#-Bu (0.60 mmol, 3.0 equiv.),
130 °C, 0.5 h. ®GC yields using n-dodecane as an internal standard.



a

Supplementary Table 4 Optimisation of reaction time

[N\j KOt-Bu ( 30equw) | N\

. i

N 130 °C, time N
OTf

1a 3
Entry Time Yield (%)°
1 5 min 35
2 10 min 42
3 30 min 68
4 lh 56
5 2h 54
6 4h 40
7 6h 36
8 24h 47

2Reaction conditions: 1a (4.0 mmol, 20 equiv.), 2a (0.20 mmol, 1.0 equiv.), KO#-Bu
(0.60 mmol, 3.0 equiv.), 130 °C, time. ’GC yields using n-dodecane as an internal

standard.



Supplementary Table 5 Optimisation of reaction temperature®

[N\j KOt-Bu ( 30equw) | N\

. PR

N °c 05h N
OTf

1a 3
Entry Temperature Yield (%)°
1 80 56
2 100 54
3 110 62
4 120 64
5 130 68
6 140 43

2Reaction conditions: 1a (4.0 mmol, 20 equiv.), 2a (0.20 mmol, 1.0 equiv.), KO#-Bu
(0.60 mmol, 3.0 equiv.), T °C, 0.5 h. °GC yields using n-dodecane as an internal

standard.
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Supplementary Table 6 Effect of additives®
O KOt-Bu (3.0 equiv.) O
Ny L additive (0.5 equiv.) Ny
L)+ = = 0O
N [©) O 130°C,0.5h N
OoTf

1a 2a 3

selected additives

Ph
X
X P X
_ N Me _
I N | _N Ph N
_N | _N
Me
A1 A2 A3 A4 A5
I\ N
H NH HN NC CN
Me g Ny [ ] O
T
A6 A7 A8 A9 A10
Entry Additives Yield (%)°
1 None 68
2 Al 41
3 A2 50
4 A3 51
5 A4 48
6 A5 47
7 A6 58
8 A7 34
9 A8 38
10 A9 23
11 Al10 23

aReaction conditions: 1a (4.0 mmol, 20 equiv.), 2a (0.20 mmol, 1.0 equiv.), additive (0.10 mmol, 0.5 equiv.),
KO#-Bu (0.60 mmol, 3.0 equiv.), 130 °C, 0.5 h. °GC yields using n-dodecane as an internal standard.



1.6. Synthesis of Azatriphenylene and Its Analogues
1.6.1. Substrate Scope

Dibenzo|f,h]quinoxaline (3)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 3.

Yellow solid (37 mg, 80%); TLC R¢= 0.5 (n-hexane:EtO = 20:1); 'H NMR (400 MHz, CDCl;) § 9.24
(dd, J= 8.0, 1.3 Hz, 2H), 8.90 (s, 2H), 8.63 (dd, /= 8.0, 1.3 Hz, 2H), 7.77 (m, 4H).

The NMR spectrum of compound 3 matched previously reported literature data'?.

6,11-Difluorodibenzo|f,2]quinoxaline (4)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2b (0.20
mmol, 1.0 equiv.), KOz#-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 4.

Yellow solid (15 mg, 29%); TLC R¢= 0.3 (n-hexane:Et,O = 10:1); "TH NMR (400 MHz, CDCls) § 8.93
(s, 2H), 8.84 (dd, J = 10.1, 2.9 Hz, 2H), 8.53 (dd, J = 9.0, 5.0 Hz, 2H), 7.52 (m, 2H); 3C NMR (100
MHz, CDClIs) 6 163.26, 160.80, 143.96, 140.92, 131.38, 131.29, 127.30, 124.84, 124.75, 118.13, 117.89,
110.77,110.54; Y’F NMR (376 MHz, CDCl5) § -112.69; ESI HRMS: m/z [M+H]" calcd for CisHoF2No:
267.0728; found: 267.0729.
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6,11-Dimethyldibenzo|f,#]quinoxaline (5)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2¢ (20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 5.

White solid (28 mg, 54%); TLC R¢= 0.3 (n-hexane:Et,O = 10:1); 'H NMR (400 MHz, CDCl;) § 8.97
(d, J=1.8 Hz, 2H), 8.87 (s, 2H), 8.45 (d, J = 8.3 Hz, 2H), 7.58 (dd, J = 8.3, 1.9 Hz, 2H), 2.62 (s, 6H);
3C NMR (100 MHz, CDCls) 8 143.00, 141.41, 137.05, 130.86, 129.17, 129.09, 124.87, 122.34, 21.45;
ESI HRMS: m/z [M+H]" caled for CisH;sNa: 259.1230; found: 259.1229.

6,11-Di-tert-butyldibenzo|f,h]quinoxaline (6)

t-B
6 u

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2d (0.20
mmol, 1.0 equiv.), KOz-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 6.

White solid (33 mg, 48%); TLC R¢= 0.3 (n-hexane:Et,O = 10:1); '"H NMR (400 MHz, CDCI5) § 9.23
(d, J=2.1 Hz, 2H), 8.90 (s, 2H), 8.54 (d, /= 8.6 Hz, 2H), 7.85 (dd, J= 8.6, 2.2 Hz, 2H), 1.52 (s, 18H);
13C NMR (100 MHz, CDCl;) § 150.85, 143.55, 142.39, 129.71, 129.66, 128.01, 122.96, 121.69, 35.62,
31.94; ESI HRMS: m/z [M+H]" caled for C2sHa7Na: 343.2169; found: 343.2167.
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6-Methyldibenzo[f,#]quinoxaline (7)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2e (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 7.

Yellow solid (28 mg, 58%); TLC R¢= 0.3 (n-hexane:Et;O = 8:1); 'TH NMR (400 MHz, CDCl;) 6 9.20
(m, 1H), 9.02 — 8.96 (m, 1H), 8.88 (m, 2H), 8.62 — 8.56 (m, 1H), 8.52 (d, J= 8.4 Hz, 1H), 7.75 (m, 2H),
7.62 (m, 1H), 2.64 (s, 3H); C NMR (100 MHz, CDCl3) & 143.85, 143.79, 142.12, 141.88, 138.21,
132.02, 131.56, 130.03, 129.94, 129.63, 127.74, 125.81, 125.57, 123.21, 123.01, 22.12; ESI HRMS:
m/z [M+H]" calcd for C17H;3N: 245.1073; found: 245.1072.

6-(tert-Butyl)dibenzo|[f,1]quinoxaline (8)

8 tBu

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2f (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 8.

Yellow solid (30 mg, 53%); TLC R¢= 0.3 (n-hexane:Et,O = 8:1); 'H NMR (400 MHz, CDCI3) § 9.26
(d,J=2.2Hz, 1H),9.22-9.17 (m, 1H), 8.93 — 8.86 (m, 2H), 8.62 — 8.54 (m, 2H), 7.88 — 7.83 (m, 1H),
7.82 — 7.67 (m, 2H), 1.53 (s, 9H); '*C NMR (100 MHz, CDCls) & 151.32, 143.81, 143.72, 142.21,
142.10, 131.93, 130.06, 130.02, 130.00, 129.62, 128.06, 127.76, 125.79, 123.13, 123.07, 121.77, 35.65,
31.93; ESI HRMS: m/z [M+H]" calcd for C0H9Na: 287.1543; found: 287.1542.
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6-Phenyldibenzo|f,h]quinoxaline (9)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2g (0.20
mmol, 1.0 equiv.), KOz-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 9.

Yellow solid (25 mg, 41%); TLC R¢ = 0.5 (n-hexane:Et;O = 4:1); '"H NMR (400 MHz, CDCl;) § 9.47
(d, J=2.1 Hz, 1H), 9.24 — 9.18 (m, 1H), 8.91 (s, 2H), 8.69 — 8.58 (m, 2H), 8.04 (dd, J = 8.5, 2.1 Hz,
1H), 7.89 — 7.85 (m, 2H), 7.77 (m, 2H), 7.56 — 7.50 (m, 2H), 7.46 — 7.40 (m, 1H); *C NMR (100 MHz,
CDCls) 6 144.04, 143.93, 142.12, 141.94, 140.87, 140.67, 131.68, 130.86, 130.63, 130.26, 130.10,
129.38, 128.89, 128.15, 128.13, 127.85, 125.86, 123.92, 123.85, 123.23; ESI HRMS: m/z [M+H]"
caled for CooH sN3: 307.1230; found: 307.1230.

5,7-Dimethyldibenzo|f,#]quinoxaline (10)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2h (0.20
mmol, 1.0 equiv.), KOz-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 10.

Yellow solid (24 mg, 47%); TLC R¢= 0.5 (n-hexane:Et;O = 10:1); "TH NMR (400 MHz, CDCl5) 6 9.19
(d,J=1.7 Hz, 1H), 8.90 (d, /= 2.0 Hz, 1H), 8.80 (d, /= 2.1 Hz, 1H), 8.63 (d, /= 6.8 Hz, 1H), 8.38 (s,
1H), 7.78 — 7.66 (m, 2H), 7.40 (s, 1H), 3.21 (s, 3H), 2.60 (s, 3H); 3C NMR (100 MHz, CDCI3) §
144.70,142.18, 142.05, 141.68, 140.12, 138.84, 134.13, 133.29, 132.35, 130.63, 129.90, 127.89, 126.35,
125.71, 123.62, 121.78, 27.62, 22.27; ESI HRMS: m/z [M+H]" calcd for CisH;sN»: 259.1230; found:
259.1228.
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Benzo[f]naphtho[2,1-/#]quinoxaline (11)

e
@
"1

11

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2i (0.20
mmol, 1.0 equiv.), KOz-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 11.

White solid (18 mg, 32%); TLC R¢= 0.3 (n-hexane:Et,O = 10:1); '"H NMR (400 MHz, CDCl3) § 9.37
—9.30 (m, 1H), 9.23 (d, /= 8.7 Hz, 1H), 9.08 — 9.02 (m, 1H), 8.97 (m, 3H), 8.12 — 8.03 (m, 2H), 7.85
—7.74 (m, 2H), 7.72 — 7.62 (m, 2H); *C NMR (100 MHz, CDCl;) & 143.56, 143.26, 141.04, 140.82,
134.73,130.96, 130.56, 129.63, 129.19, 128.53, 128.43, 128.39, 128.35, 128.25, 127.90, 126.96, 126.61,
126.20, 125.09, 121.57; ESI HRMS: m/z [M+H]" calcd for C20H;3N: 281.1073; found: 281.1073.

Benzo[f]pyrido[3,2-/i]quinoxaline (12)

12

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2j (0.20
mmol, 1.0 equiv.), KO#-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 12.

White solid (29 mg, 63%); TLC R¢= 0.3 (n-hexane:EtO = 4:1); 'H NMR (400 MHz, CDCls) § 9.40
(dd, J=8.1, 1.8 Hz, 1H), 9.29 — 9.24 (m, 1H), 9.19 — 9.14 (m, 1H), 9.08 (dd, /=4.4, 1.8 Hz, 1H), 8.92
(dd, J=15.7, 2.1 Hz, 2H), 7.91 — 7.81 (m, 2H), 7.66 (dd, J = 8.1, 4.4 Hz, 1H); *C NMR (100 MHz,
CDCls) 6 151.55, 148.32, 144.59, 144.13, 142.08, 141.04, 133.54, 132.95, 131.57, 130.33, 129.78,
125.42, 125.19, 125.11, 123.16; ESI HRMS: m/z [M+H]" caled for CisHjoN3: 232.0869; found:
232.0865.
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Benzo|c]pyrazino|2,3-a]phenanthridine (13)

I/

13

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2k (0.20
mmol, 1.0 equiv.), KOz#-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 13.

White solid (48 mg, 85%); TLC R¢= 0.3 (n-hexane:Et,O = 4:1); 'H NMR (400 MHz, CDCl;) 6 10.70
(dt, /= 8.8, 0.9 Hz, 1H), 9.54 (d, /= 0.9 Hz, 1H), 9.44 (d, J = 8.3 Hz, 1H), 9.24 (d, J = 1.5 Hz, 1H),
9.07 (d, /= 2.0 Hz, 1H), 8.97 (d, J=2.0 Hz, 1H), 8.16 (d, /= 1.5 Hz, 1H), 8.00 — 7.82 (m, 3H), 7.76
(ddd, J=8.0, 6.9, 1.1 Hz, 1H); *C NMR (100 MHz, CDCl;) § 155.16, 144.89, 143.56, 142.84, 142.69,
142.30, 134.55,133.59, 132.32,131.29, 130.21, 129.52, 129.22,129.19, 128.68, 127.76, 126.02, 124.86,
118.31; ESI HRMS: m/z [M+H]" caled for C19H2N3: 282.1026; found: 282.1024.

Benzo|k]pyrazino|2,3-i]phenanthridine (14)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 21 (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 14.

Yellow solid (32 mg, 57%); TLC R¢= 0.3 (n-hexane:Et,O = 1:3); 'TH NMR (400 MHz, CDCl;) § 10.56
(s, IH), 9.40 — 9.21 (m, 1H), 8.98 — 8.77 (m, 4H), 8.35 (dd, J= 8.3, 1.4 Hz, 1H), 7.88 — 7.78 (m, 3H),
7.71 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H); *C NMR (100 MHz, CDCl;) & 148.27, 148.17, 144.14, 143.88,
140.86, 139.82, 133.82, 132.13, 130.24, 129.19, 129.16, 128.89, 128.79, 128.65, 126.96, 126.85, 125.30,
123.40, 121.51; ESI HRMS: m/z [M+H]" caled for C19H;,N3: 282.1026; found: 282.1024.
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Benzo|f]thieno[2,3-#]quinoxaline (15)

15

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2m
(0.20 mmol, 1.0 equiv.), KO#-Bu (0.60 mmol, 3.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the
reaction mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 15.

White solid (26 mg, 55%); TLC R¢= 0.3 (n-hexane:Et;O = 4:1); "TH NMR (400 MHz, CDCl;) § 9.26 —
9.21 (m, 1H), 8.94 — 8.88 (m, 2H), 8.28 (d, /= 5.3 Hz, 1H), 8.19 — 8.14 (m, 1H), 7.80 — 7.70 (m, 2H),
7.63 (d,J=5.3 Hz, 1H); ®C NMR (100 MHz, CDCl5) § 144.07, 142.99, 141.53, 140.83, 140.56, 135.69,
130.14, 130.05, 129.23, 127.53, 126.25, 126.19, 124.88, 124.17; ESI HRMS: m/z [M+H]" calcd for
Ci14HoN,S: 237.0481; found: 237.0479.

2,3-Dimethyldibenzo[f,/]quinoxaline (17)

Me N O
N

:[ /

Me” N O

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20

17

mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and 2,3-dimethylpyrazine (8.0 mmol, 40 equiv.).
After the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with
DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by

column chromatography to afford compound 17.

Yellow solid (19 mg, 37%); TLC R¢= 0.3 (n-hexane:Et,O = 20:1); "TH NMR (400 MHz, CDCls) § 9.27
~9.20 (m, 2H), 8.66 — 8.61 (m, 2H), 7.74 (m, 4H), 2.82 (s, 6H); *C NMR (100 MHz, CDCls) § 152.22,
138.80, 131.37, 130.54, 129.10, 127.85, 125.38, 123.12, 23.31; ESI HRMS: m/z [M+H]" calcd for
CisHisN2: 259.1230; found: 259.1229.
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2-Ethyl-3-methyldibenzo|[f,#]quinoxaline (18)

Et.__N O
N

I /
Me” N O

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20

18

mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and 2-ethyl-3-methyl-pyrazine (8.0 mmol, 40
equiv.). After the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 18.

Yellow solid (13 mg, 23%); TLC R¢= 0.4 (n-hexane:Et,O = 20:1); "TH NMR (400 MHz, CDCls) § 9.31
—-9.14 (m, 2H), 8.69 — 8.53 (m, 2H), 7.81 — 7.59 (m, 4H), 3.10 (q, J= 7.5 Hz, 2H), 2.83 (d, /= 1.0 Hz,
3H), 1.53 (t,J = 7.5 Hz, 3H); '*C NMR (100 MHz, CDCls) § 156.16, 151.80, 138.76, 138.45, 131.36,
130.80, 130.59, 129.19, 129.03, 127.82, 127.81, 127.58, 125.51, 125.37, 123.12, 123.08, 28.96, 22.80,
12.31; ESI HRMS: m/z [M+H]" calcd for C1oH;7N,: 273.1386; found: 273.1385.

Dibenzo|f,h]quinoxaline-2-carbonitrile (19)

19

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and pyrazinecarbonitrile (8.0 mmol, 40 equiv.).
After the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with
DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by

column chromatography to afford compound 19.

Yellow solid (14 mg, 27%); TLC R¢= 0.4 (n-hexane:Et,O = 4:1); 'H NMR (400 MHz, CDCl;) § 9.16
(m, 2H), 9.12 (s, 1H), 8.60 (m, 2H), 7.89 — 7.82 (m, 2H), 7.79 — 7.72 (m, 2H); 3*C NMR (100 MHz,
CDCls) 6 145.24, 143.33, 142.84, 141.46, 132.48, 131.73, 131.24, 130.76, 129.42, 128.41, 128.18,
128.15, 128.03, 127.95, 127.53, 126.34, 125.82, 125.20, 122.81, 122.67, 122.57, 116.29; ESI HRMS:
m/z [M+H]" calcd for C17H;oN3: 256.0869; found: 256.0870.
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2-(Trifluoromethyl)dibenzo|f,k]quinoxaline (20)

e n A
189S
N

20

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and 2-(trifluoromethyl)pyrazine (8.0 mmol, 40
equiv.). After the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 20.

Yellow solid (15 mg, 25%); TLC R¢= 0.4 (n-hexane:Et,O = 20:1); "H NMR (400 MHz, CDCls) § 9.26
—9.05 (m, 3H), 8.62 (m, 2H), 7.91 — 7.80 (m, 2H), 7.77 (m, 2H); *C NMR (100 MHz, CDCl5) § 143.93,
142.25,141.90, 140.91, 140.05, 140.02, 139.99, 139.96, 132.76, 132.35, 131.25, 131.01, 129.39, 128.50,
126.61, 126.50, 123.45, 123.38, 123.26, 120.72; F NMR (376 MHz, CDCl3) § -66.70; ESI HRMS:
m/z [M+H]" caled for C17H;0F3N2: 299.0791; found: 299.0789.

4-Methyldibenzo[f,h]quinoline (21)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and 4-methylpyridine (8.0 mmol, 40 equiv.). After
the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 21.

Yellow solid (10 mg, 21%); TLC R¢= 0.3 (n-hexane:Et;O = 10:1); "TH NMR (400 MHz, CDCls) § 9.34
—9.28 (m, 1H), 8.80 (d, J=4.6 Hz, 1H), 8.71 (dd, /= 8.1, 1.5 Hz, 1H), 8.65 — 8.55 (m, 2H), 7.76 — 7.67
(m, 3H), 7.63 (m, 1H), 7.41 —7.38 (m, 1H), 3.08 (s, 3H); *C NMR (100 MHz, CDCl3) 6 131.77, 131.34,
129.45, 128.99, 128.11, 127.78, 126.66, 126.51, 126.36, 123.96, 122.77, 26.77, ESI HRMS: m/z
[M+H]" caled for C1sH4N: 244.1121; found: 244.1120.
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4-Phenyldibenzo|f,h]quinoline (22)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and 4-phenylpyridine (8.0 mmol, 40 equiv.). After
the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 22.

Yellow solid (9 mg, 14%); TLC R¢= 0.5 (n-hexane:Et,O = 3:1); '"H NMR (400 MHz, CDCl;) § 9.38 —
9.34 (m, 1H), 8.92 (d, J=4.5 Hz, 1H), 8.59 (m, 2H), 7.77 — 7.73 (m, 2H), 7.70 — 7.66 (m, 1H), 7.54 —
7.41 (m, 6H), 7.39 (d, J = 4.5 Hz, 1H), 7.10 (m, 1H); 3C NMR (100 MHz, CDCls) § 148.00, 147.82,
147.39, 142.65,131.39, 130.94, 130.79, 129.57, 129.08, 128.82, 128.53, 128.34, 127.89, 127.41, 127.09,
125.66, 125.20, 124.94, 123.09, 123.03, 122.19; ESIHRMS: m/z [M+H]" calcd for C23H;6N: 306.1277;
found: 306.1276.

Dibenzo|f,h]quinoline-4-carbonitrile (23)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#-Bu (0.60 mmol, 3.0 equiv.) and 4-pyridinecarbonitrile (8.0 mmol, 40 equiv.).
After the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with
DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by

column chromatography to afford compound 23.

Yellow solid (18 mg, 35%); TLC R¢= 0.3 (n-hexane:Et;O = 4:1); '"H NMR (400 MHz, CDCI;) § 9.61
—9.54 (m, 1H), 9.33 — 9.27 (m, 1H), 9.05 (d, J=4.5 Hz, 1H), 8.72 (dd, J = 8.1, 1.5 Hz, 1H), 8.62 (dd,
J=28.1, 1.2 Hz, 1H), 7.88 (d, J = 4.5 Hz, 1H), 7.84 — 7.70 (m, 4H); 3C NMR (100 MHz, CDCl;) §
148.78, 148.07,132.06, 131.41, 130.57, 130.55, 130.04, 128.48, 128.18, 128.15, 127.17, 126.45, 124.09,
123.94, 123.01, 119.93, 115.88; ESI HRMS: m/z [M+H]" caled for CisHiNa: 255.0917; found:
255.0915.
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Dibenzo|f,h]quinoline-3-carbonitrile (23')

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KOz-Bu (0.60 mmol, 3.0 equiv.) and nicotinonitrile (8.0 mmol, 40 equiv.). After the
reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM (2
mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 23'.

White solid (11 mg, 21%); TLC R¢= 0.5 (n-hexane:EtOAc = 9:1); '"H NMR (400 MHz, CDCls) § 9.31
(dd, J= 8.0, 1.6 Hz, 1H), 9.14 (s, J = 0.9 Hz, 2H), 8.73 — 8.67 (m, 1H), 8.64 (d, J = 8.2 Hz, 1H), 8.53
(dd,J=8.1, 1.3 Hz, 1H), 7.85 (ddt,J=8.2, 7.0, 1.3 Hz, 1H), 7.83 — 7.71 (m, 3H); *C NMR (100 MHz,
CDCls) 6 149.79, 148.78, 135.01, 132.55, 130.73, 130.34, 129.79, 129.28, 128.17, 128.14, 127.15,
126.46, 123.83, 123.77, 123.51, 122.89, 117.65, 107.58; ESI HRMS: m/z [M+H]" caled for CisH;iN»:
255.0917; found: 255.0914.

Dibenzo[a,c]phenazine (24)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and quinoxaline (8.0 mmol, 40 equiv.). After the
reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM (2
mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 24.

Yellow solid (30 mg, 53%); TLC R¢= 0.5 (n-hexane:Et,O = 10:1); 'H NMR (400 MHz, CDCl;) § 9.43
—9.33 (m, 2H), 8.60 — 8.47 (m, 2H), 8.32 (dd, /= 6.5, 3.4 Hz, 2H), 7.93 — 7.65 (m, 6H).

The NMR spectrum of compound 24 matched previously reported literature data'’.

1.6.2. Additional Reaction Scope: Compound 24 Derivatives
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24a, R = Me, 25%
24b, R = Ph, 31%
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In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2e (0.20

2-Methyldibenzo|a,c]phenazine (24a)

mmol, 1.0 equiv.), KOzBu (0.60 mmol, 3.0 equiv.) and quinoxaline (8.0 mmol, 40 equiv.). After the
reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM (2
mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 24a.

Yellow solid (15 mg, 25%); TLC R¢= 0.5 (n-hexane:DCM = 3:2); 'H NMR (400 MHz, CDCls) § 9.35
(dd,J=17.8,1.6 Hz, 1H),9.16 —9.12 (s, 1H), 8.48 (d, /= 7.8 Hz, 1H), 8.39 (d, /= 8.3 Hz, 1H), 8.36 —
8.26 (m, 2H), 7.89 — 7.79 (m, 2H), 7.72 (m, 2H), 7.57 (dd, J= 8.3, 1.9 Hz, 1H), 2.64 (s, 3H); *C NMR
(100 MHz, CDCls) 6 142.73, 142.57, 142.23, 142.22, 138.04, 132.30, 131.76, 130.36, 130.27, 130.03,
129.81, 129.78, 129.75, 129.58, 129.50, 127.59, 126.33, 126.20, 123.00, 122.79, 21.76; ESI HRMS:
m/z [M+H]" calcd for Co1H;sN,: 295.1230; found: 295.1233.

2-Phenyldibenzo[a,c]phenazine (24b)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2g (0.20
mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and quinoxaline (8.0 mmol, 40 equiv.). After the
reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM (2

mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column
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chromatography to afford compound 24b.

Yellow solid (22 mg, 31%); TLC R¢= 0.5 (n-hexane:DCM = 3:2); 'H NMR (400 MHz, CDCl5) 6 9.67
(d, /J=2.1Hz, 1H),9.43 (dd, /= 7.9, 1.6 Hz, 1H), 8.64 (d, /= 8.5 Hz, 1H), 8.61 — 8.55 (m, 1H), 8.41
—8.29 (m, 2H), 8.05 (dd, J = 8.4, 2.1 Hz, 1H), 7.93 — 7.90 (m, 2H), 7.87 (dt, /= 6.5, 3.4 Hz, 2H), 7.84
—7.80 (m, 1H), 7.76 (ddd, J=8.2, 7.1, 1.3 Hz, 1H), 7.57 (dd, J= 8.4, 7.0 Hz, 2H), 7.48 — 7.42 (m, 1H);
13C NMR (100 MHz, CDCl3) § 142.88, 142.74, 142.50, 142.46, 140.85, 140.81, 132.16, 131.33, 130.94,
130.63, 130.56, 130.08, 130.04, 129.77, 129.72, 129.38, 129.19, 128.18, 127.97, 127.67, 126.57, 124.75,
123.82, 123.22; ESI HRMS: m/z [M+H]" calcd for C26H17N>: 357.1386; found: 357.1391.

1,3-Dimethyldibenzo|a,c]phenazine (24¢)

e

AN
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In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2h (0.20

24c Me

mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and quinoxaline (8.0 mmol, 40 equiv.). After the
reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM (2
mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 24c.

Yellow solid (21 mg, 34%); TLC R¢= 0.5 (n-hexane:DCM = 3:2); '"H NMR (400 MHz, CDCls) § 9.37
—9.32 (m, 1H), 8.50 (dd, J = 8.1, 1.4 Hz, 1H), 8.32 — 8.21 (m, 3H), 7.86 — 7.77 (m, 2H), 7.75 — 7.63
(m, 2H), 7.37 - 7.30 (m, 1H), 3.32 (s, 3H), 2.57 (s, 3H); *C NMR (100 MHz, CDCl3)  145.32, 142.78,
141.30, 140.93, 140.33, 139.19, 134.01, 133.47, 132.76, 130.64, 130.28, 129.52, 129.51, 129.27, 129.24,
127.75, 126.27, 126.21, 123.41, 121.82, 27.63, 21.95; ESI HRMS: m/z [M+H]" calcd for C22H;7No:
309.1386; found: 309.1394.

Benzo|a]isoquinolino[3,4-c]phenazine (24d)

N ‘

N
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In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2k (0.20
mmol, 1.0 equiv.), KOz#Bu (0.60 mmol, 3.0 equiv.) and quinoxaline (8.0 mmol, 40 equiv.). After the
reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM (2
mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 24d.

Yellow solid (20 mg, 30%); TLC R¢= 0.2 (n-hexane:DCM = 1:2); "TH NMR (400 MHz, CDCl;) § 10.99
(d, J=8.9 Hz, 1H), 9.51 (s, 1H), 9.37 (ddd, /= 10.9, 7.8, 1.5 Hz, 2H), 8.46 — 8.38 (m, 1H), 8.37 — 8.32
(m, 1H), 8.14 (d, /= 8.0 Hz, 1H), 8.00 (ddd, J = 8.7, 6.9, 1.5 Hz, 1H), 7.94 — 7.80 (m, 4H), 7.75 (ddd,
J =8.0, 6.8, 1.1 Hz, 1H); *C NMR (100 MHz, CDCl3) § 155.18, 145.75, 144.38, 142.53, 141.43,
140.84, 134.55, 133.86, 132.30, 131.27, 130.50, 130.31, 129.94, 129.54, 129.51, 129.26, 129.08, 128.88,
128.57,127.40, 125.99, 125.39, 118.09; ESI HRMS: m/z [M+H]" calcd for C23H14N»: 332.1182; found:

332.1185.
N\
o®
N ~ g
24e

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2m

Benzo|a]thieno[2,3-c]phenazine (24¢)

(0.20 mmol, 1.0 equiv.), KO#-Bu (0.60 mmol, 3.0 equiv.) and quinoxaline (8.0 mmol, 40 equiv.). After
the reaction mixture was stirred at 130 °C for 1 h, it was allowed to cool to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 24e.

Yellow solid (13 mg, 23%); TLC R¢= 0.4 (n-hexane:DCM = 1:1); 'H NMR (400 MHz, CDCl5) § 9.42
—9.37 (m, 1H), 8.41 (d, /= 5.3 Hz, 1H), 8.37 — 8.29 (m, 2H), 8.13 — 8.07 (m, 1H), 7.87 (m, 2H), 7.80
~7.69 (m, 2H), 7.60 (d, J= 5.3 Hz, 1H); 3*C NMR (100 MHz, CDCl5) § 142.43, 142.36, 141.67, 141.37,
141.11, 135.65, 130.46, 130.20, 130.10, 129.84, 129.54, 129.36, 129.32, 127.45, 126.59, 125.55, 125.51,
123.95; ESI HRMS: m/z [M+H]" calcd for CisH;N,S: 287.0637; found: 287.0641.
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1.7. Synthesis of Triphenylene and Its Analogues

Triphenylene (25)

25

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene (2
mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 25.

White solid (22 mg, 48%); TLC R¢= 0.4 (n-hexane:Et,O = 50:1); 'H NMR (400 MHz, CDCl;) § 8.67
(dd, J=6.2, 3.4 Hz, 6H), 7.67 (dd, J= 6.3, 3.3 Hz, 6H).

The NMR spectrum of compound 25 matched previously reported literature data’.

1,3-Dimethyltriphenylene (26)

Me l Me
26

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2h (0.20
mmol, 1.0 equiv.), KO#-Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene (2
mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 26.

White solid (17 mg, 34%); TLC R¢= 0.4 (n-hexane:Et,O = 50:1); '"H NMR (400 MHz, CDCl;) & 8.64
— 8.57 (m, 4H), 8.33 (s, 1H), 7.63 — 7.54 (m, 4H), 7.35 (s, 1H), 3.03 (s, 3H), 2.57 (s, 3H).

The NMR spectrum of compound 26 matched previously reported literature data’.
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2-Phenyltriphenylene (27)

Ph
27

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2g (0.20
mmol, 1.0 equiv.), KO#Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene (2
mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 27.

White solid (20 mg, 36%); TLC R¢= 0.4 (n-hexane:Et,O = 50:1); 'H NMR (400 MHz, CDCl;) § 8.87
(d,J=1.9 Hz, 1H), 8.79 —8.63 (m, 5H), 7.91 (dd, J= 8.5, 1.9 Hz, 1H), 7.83 — 7.78 (m, 2H), 7.73 — 7.65
(m, 4H), 7.54 (td, J= 8.5, 7.9, 1.9 Hz, 2H), 7.47 — 7.40 (m, 1H).

The NMR spectrum of compound 27 matched previously reported literature data’.

Benzo|g]|chrysene (28)

28

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2i (0.20
mmol, 1.0 equiv.), KO#Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene (2
mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 28.

White solid (14 mg, 25%); TLC R¢= 0.4 (n-hexane:Et;O =50:1); "TH NMR (400 MHz, CDCl3) & 8.98 —
8.89 (m, 2H), 8.78 — 8.71 (m, 2H), 8.70 — 8.59 (m, 2H), 8.07 — 7.98 (m, 2H), 7.78 — 7.54 (m, 7H).

The NMR spectrum of compound 28 matched previously reported literature data’.
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Dibenzo|f,k]quinoline (29)

O

)

29
In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2j (0.20
mmol, 1.0 equiv.), KO#Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene (2
mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted

with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 29.

White solid (24 mg, 52%); TLC R¢= 0.3 (n-hexane:Et;O = 9:1); "TH NMR (400 MHz, CDCl;) § 9.38 —
9.29 (m, 1H), 8.98 (dd, J=4.4, 1.7 Hz, 1H), 8.89 (dd, /= 8.3, 1.7 Hz, 1H), 8.72 — 8.54 (m, 3H), 7.80 —
7.65 (m, 4H), 7.59 (dd, J = 8.3, 4.4 Hz, 1H).

The NMR spectrum of compound 29 matched previously reported literature data'?.

Dibenzoli,k]phenanthridine (30)

9
0

1D

30

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 21 (0.20
mmol, 1.0 equiv.), KO#Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene (2
mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 30.

White solid (16 mg, 43%); TLC R¢= 0.4 (n-hexane:Et;O = 9:1); '"H NMR (400 MHz, CDCls) & 9.46
(d,J=0.8 Hz, 1H), 9.40 - 9.33 (m, 1H), 9.02 — 8.90 (m, 2H), 8.79 (dd, /=8.1, 1.6 Hz, 1H), 8.72 — 8.65
(m, 1H), 8.19 (dd, J = 8.0, 1.4 Hz, 1H), 7.87 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.82 — 7.66 (m, 5H); 3C
NMR (100 MHz, CDCl3) 8 152.17, 142.00, 133.16, 131.52, 131.44, 131.20, 131.06, 129.35, 129.25,
129.20, 128.98, 128.71, 128.66, 128.01, 127.62, 127.22, 127.09, 126.90, 125.92, 124.10, 122.79, 119.98;
ESI HRMS: m/z [M+H]" calcd for C,1H4N: 280.1121; found: 280.1120.
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Dibenzo[a,c]phenanthridine (31)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2k (0.20
mmol, 1.0 equiv.), KO#Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene (2
mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 31.

White solid (24 mg, 29%); TLC R¢= 0.4 (n-hexane:Et,0 = 1:2); '"H NMR (400 MHz, CDCl3) 6 10.17
(s, 1H), 9.00 (dd, J = 8.2, 1.3 Hz, 1H), 8.94 (dd, J = 8.5, 1.3 Hz, 1H), 8.88 — 8.70 (m, 3H), 8.38 (dd, J
=8.3, 1.4 Hz, 1H), 7.89 — 7.68 (m, 6H); *C NMR (100 MHz, CDCls) & 147.52, 147.38, 132.87, 132.54,
130.54,130.24, 130.08, 129.48, 129.05, 128.87, 128.73, 128.44, 128.34, 128.28, 128.13, 127.94, 127.13,
124.53, 124.11, 123.72, 123.30, 122.35; ESI HRMS: m/z [M+H]" caled for C>1H14N: 280.1121; found:
280.1119.

Phenanthro[9,10-b]thiophene (32)

32

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2m
(0.20 mmol, 1.0 equiv.), KOz-Bu (1.0 mmol, 5.0 equiv.), pyrazine (0.40 mmol, 2.0 equiv.) and benzene
(2 mL). After the reaction mixture was stirred at 110 °C for 3 h, it was allowed to cool to RT and diluted
with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified

by column chromatography to afford compound 32.

White solid (25 mg, 53%); TLC R¢= 0.3 (n-hexane:Et;O = 50:1); 'H NMR (400 MHz, CDCl;) & 8.74
—8.63 (m, 2H), 8.36 — 8.30 (m, 1H), 8.20 — 8.12 (m, 1H), 7.98 (d, J= 5.3 Hz, 1H), 7.70 — 7.59 (m, 4H),
7.57 (d, J=5.3 Hz, 1H).

The NMR spectrum of compound 32 matched previously reported literature data'?.
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1.8. Access to an N-Doped Heptacyclic Nanographene Fragment (33)

1a (40 equiv.)
KOt-Bu (5.0 equiv.)
- .
130 °C, 0.5 h, Ar
21%

20

N-doped nanographene fragment 33

Supplementary Figure 3 Synthesis of compound 33

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with fused cyclic diaryliodonium salt
20 (0.20 mmol, 1.0 equiv.), KO#-Bu (1.0 mmol, 5.0 equiv.) and pyrazine (8.0 mmol, 40 equiv.). The
reaction mixture was stirred at 130 °C for 30 min, after the state of pyrazine changed from solid to
liquid (few seconds). The reaction mixture was allowed to cool to RT and diluted with DCM (2 mL).
After the sample was sonicated for 1 h at RT, it was directly purified by column chromatography to

afford compound 33.

Yellow solid (21 mg, 21%); TLC R¢= 0.3 (n-hexane:Et,O =4:1); '"H NMR (600 MHz, C,D>Cls) § 10.51
(s, 2H), 9.36 (d, /= 2.2 Hz, 2H), 9.03 — 8.97 (m, 4H), 7.99 (dd, /= 8.5, 2.2 Hz, 2H), 6.98 (s, 2H), 1.62
(s, 18H). BC NMR (150 MHz, C;D,Cly) & 151.40, 143.72, 143.20, 142.66, 141.79, 130.38, 130.14,
129.79, 129.25, 127.61, 125.24, 123.39, 121.58, 119.70, 36.97, 31.34. ESI HRMS: m/z [M+H]" calcd
for C34H31N4: 495.2543; found: 495.2541.
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Supplementary Figure 4 Comparison of HRMS isotope distributions of (A) 33 and (B) calculated data.
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1.9. Formation of 2,2'-Bipyrazine (34)

N:>—(iN
NN
KOt-Bu (3.0 equiv.) FK Ok N
-Bu (3.0 equiv. - 2. j
Ny  130°C,30 min, Ar Murphy-type dianion 34 I, (1.0 equiv.) N
(y e e
N N 80 °C, 1 h, Ar N
N
1a [ /j 34,6%
(20 equiv.) N
1a

Supplementary Figure 5 Formation of compound 34

To gain insight into the unidentified electron donor that can directly transfer an electron to cyclic
diphenyliodonium salt 2a, the reaction of 1a with potassium tert-butoxide was conducted in the absence
of 2a. Following workup with I, as an external oxidant, 2,2'-bipyrazine (34) was isolated. This result is
consistent with the formation of dianion 34* prior to oxidation. Similar biazine scaffolds have been

reported as super electron donors to initiate radical chain reactions'’.

Detailed reaction procedure (2,2'-bipyrazine, compound 34)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with KO#Bu (3.0 mmol, 3.0 equiv.) and
pyrazine (20 mmol, 20 equiv.). After the reaction mixture was stirred at 130 °C for 30 min, it was
allowed to cool to 70 °C. The vial was brought back into an Ar-filled glove box and I, (1.0 mmol, 1.0
equiv.) was added. After the mixture was stirred for 1 h at 80 °C, it was allowed to cool to RT and
diluted/quenched with DCM (5 mL). (CAUTION! If exposed to ambient atmosphere, the reaction
mixture of the second step is potentially pyrophoric and a violent reaction may occur.) After the sample
was sonicated for 1 h at RT, it was directly purified by column chromatography to afford the title

compound.

White solid (10 mg, 6%); TLC R¢= 0.3 (n-hexane:Et;O = 1:1); 'TH NMR (400 MHz, CDCI3) § 9.61 (s,
2H), 8.67 (s, 4H).

The NMR spectrum of 34 matched previously reported literature data'®.
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Supplementary Figure 6 'H NMR (400 MHz, CDCl;) of compound 34
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1.10. Two-Step Annulation Experiments

Reaction |

KOt-Bu (3.0 equiv.)
130 °C, time, Ar

—_—
-—

N
N
()
N
1a

N— =N
S) K+ S} K*

Murphy-type dianion 342

Reaction Il

()
o)

OTf

2a (1.0 equiv.) [N\
130 °C, 30 min, Ar = ‘

N
Ny N
» .
1a 3
Entry time (min) yield (%)
1 2 43
2 5 36
3 15 22
4 30 2

Supplementary Figure 7 Synthesis of compound 3; 1a/KOt-Bu followed by the addition of 2a

When the annulation was conducted in two steps, the yield of 3 dropped significantly and decreased

with increasing reaction time of the first step (from 2 to 30 min). These results indicate that potassium

tert-butoxide is consumed in the first step (formation of OEDs) and also needed in the second step.

Detailed reaction procedure (Reaction II)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with KOz-Bu (0.60 mmol, 3.0 equiv.)

and pyrazine (4.0 mmol, 20 equiv.). After the reaction mixture was stirred at 130 °C for the specified

time, it was allowed to cool to 70 °C. The vial was brought back into an Ar-filled glove box and cyclic

diphenyliodonium salt 2a (0.20 mmol, 1.0 equiv.) was added. After the mixture was stirred at 130 °C

for 30 min, it was allowed to cool to RT and diluted with DCM (2 mL). After the sample was sonicated

for 1 h at RT, it was directly purified by column chromatography to afford compound 3.
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Supplementary Figure 8 Synthesis of compound 3; 1a/KOz-Bu followed by LiO#-Bu/2a

When lithium fert-butoxide was added along with 2a in the second step of the two-step annulation
experiment, the yield of 3 increased from 2 to 26 %. This result confirms that a base is required in the

second step'™"”.

Detailed reaction procedure (Reaction III)

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with KO#Bu (0.60 mmol, 3.0 equiv.)
and pyrazine (4.0 mmol, 20 equiv.). After the reaction mixture was stirred at 130 °C for 30 min, it was
allowed to cool to 70 °C. The vial was brought back into an Ar-filled glove box and cyclic
diphenyliodonium salt 2a (0.20 mmol, 1.0 equiv.) and LiOz-Bu (0.60 mmol, 3.0 equiv.) were added.
After the mixture was stirred at 130 °C for 30 min, it was allowed to cool to RT and diluted with DCM
(2 mL). After the sample was sonicated for 1 h at RT, it was directly purified by column chromatography
to afford compound 3 (12 mg, 26%).
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1.11. EPR Spectroscopic Analysis

Sample Preparation. The reaction mixtures were prepared in an Ar atmosphere as described in
Sections 1.6 and 1.10 and heated at 130 °C for 30 min, unless otherwise noted. In each case, the reaction
mixture was allowed to cool to RT and the resulting green—black (reaction I) or brown—black (annulation)
glassy solid was crushed and suspended in 1 mL of degassed and purified toluene (MBraun solvent
purification system). The suspension was then transferred into an EPR tube in air, unless otherwise

specified in the figure captions.

Measurements. Electron paramagnetic resonance (EPR) spectra were obtained on a Bruker EMXplus
9.5/12 spectrometer, equipped with an Oxford Instruments ESR900 cryostat, at 295 K and under
nonsaturating conditions. Typical measurement parameters were an X-band microwave frequency of
9.38 GHz, a modulation frequency of 100 kHz, a modulation amplitude of 1 G, and a microwave power

of 0.633 or 6.33 - 10 mW. The spectra shown in the figures were acquired with 10 scans.

Description of the Spectra Shown in Supplementary Figures 9-17. The spectra are shown in first-
derivative form, with the exception of those in Supplementary Figures 13 and 15, which are shown as
absorption spectra. Intensities were compared based on absorption peak areas obtained by double-

integration of the first-derivative spectra.

Pyrazine-Derived Radical Anions (1a</34+). The intensity of the signal of the pyrazine-derived radical
anions (1a-7/34+") increased over a reaction time of 30 min at 130 °C as well as with temperature in the
range of 80—130 °C (Supplementary Figures 9 and 10). Spectra of independent samples, with sample
transfer conducted in either air or Ar, show only minor changes in signal intensity (Supplementary
Figure 11). The spectra of samples that were heated at 130 °C for 30 min either once or twice are nearly
identical (Supplementary Figure 12), indicating that the second heating phase is not detrimental to the
radical species present. The reaction of the radical anions with 2a resulted in a decrease of the signal
intensity by about two-thirds (Fig. 4b and Supplementary Figure 13), consistent with the consumption
of 2 equiv. of 1a:/34+", one each for reaction with 2a and for subsequent termination of other radical
species formed. For the reaction of the radical anions with 2a and LiO¢-Bu, the decrease of intensity is
smaller, presumably, because the base facilitates product formation and thereby lowers the lifetime of

radical intermediates that could consume the radical anions 1a-7/34-".

Annulation. The spectra from Fig. 4c are shown with normalised derivative peak heights in
Supplementary Figure 14 and as absorption spectra in Supplementary Figure 15. Exposure of the
reaction mixture to air during sample transfer caused significant changes in the intensity and shape of
the signal (Supplementary Figure 16). Spectra of samples with different reaction times revealed that the

signal persists throughout the reaction (Supplementary Figure 17).
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Supplementary Figure 9 EPR spectra (X-band, 295 K) of samples from the reaction of 4.0 mmol of
pyrazine with 0.60 mmol of KOz-Bu at 130 °C with a reaction time of 5 min (solid red line), 15 min
(solid blue line) or 30 min (solid black line).
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Supplementary Figure 10 EPR spectra (X-band, 295 K) of samples from the reaction of 4.0 mmol of
pyrazine with 0.60 mmol of KO#Bu at 80 °C (solid red line), 100 °C (solid blue line) or 130 °C (solid

black line) with a reaction time of 30 min.
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Supplementary Figure 11 EPR spectra (X-band, 295 K) of samples from the reaction of 4.0 mmol of
pyrazine with 0.60 mmol of KO#Bu, with sample transfer conducted in air (two independent samples,

solid black lines) or in an Ar atmosphere (dotted black line).
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Supplementary Figure 12 EPR spectra (X-band, 295 K) of samples from the reaction of 4.0 mmol of
pyrazine with 0.60 mmol of KO#-Bu at 130 °C with a reaction time of 30 min (solid black line) or two

heating phases of 30 min each (solid green line).
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Supplementary Figure 13 EPR spectra from Fig. 4b shown as absorption spectra. EPR spectra (X-
band, 295 K) of samples from the reaction of 4.0 mmol of pyrazine with 0.60 mmol of KO#-Bu (reaction
I; solid black line), from the two-step reaction of pyrazine with KOz-Bu and then with 0.20 mmol of 2a
(reaction II; solid blue line), and from the two-step reaction of pyrazine with KOz-Bu and then with

0.20 mmol of 2a and 0.60 mmol of LiO#-Bu (reaction III; solid red line).
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Supplementary Figure 14 EPR spectra from Fig. 4c shown with normalised derivative peak heights.
EPR spectra (X-band, 295 K) of samples from the reaction of 4.0 mmol of pyrazine with 0.60 mmol of
KOt#-Bu (reaction [; dotted black line) and from the annulation of 4.0 mmol of pyrazine with 0.60 mmol
of KO#-Bu and 0.20 mmol of 2a (solid red line). The sample transfer was conducted in an Ar atmosphere
in both cases. The spectrum of the annulation was acquired using a microwave power one hundred times

that used for the spectrum of the pyrazine—KOz-Bu reaction.
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Supplementary Figure 15 EPR spectra from Fig. 4c shown as absorption spectra.
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Supplementary Figure 16 EPR spectra (X-band, 295 K) of samples from the annulation of 4.0 mmol
of pyrazine with 0.60 mmol of KO#Bu and 0.20 mmol of 2a, with sample transfer conducted in an Ar

atmosphere (two independent samples, solid red lines) or in air (dotted red line).
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Supplementary Figure 17 EPR spectra (X-band, 295 K) of samples from the annulation of 4.0 mmol
of pyrazine with 0.60 mmol of KOz-Bu and 0.20 mmol of 2a at 130 °C with a reaction time of 5 min

(solid magenta line), 10 min (solid blue line), 30 min (dotted red line), or 60 min (solid green line).

44



1.12. Chemical Inhibition Experiment with TEMPO

Na Q KOt-Bu (3.0 equiv.)
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~ C)
N

S) standard conditions
oTf with
TEMPO (1.0 equiv.)

1a (20 equiv.) 2a (1.0 equiv.)

Supplementary Figure 18 Trapping with TEMPO

high-resolution ESI MS

When the annulation was performed in the presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)

as a radical trapping agent, the formation of 3 was inhibited, indicating that this reaction proceeds

through a radical-based mechanism. In addition, a species consistent with the TEMPO adduct of an

iodobiphenyl radical (35) was detected by high-resolution ESI MS, suggesting that an iodanyl radical

is involved in the reaction pathway.

Detailed reaction procedure

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diphenyliodonium salt 2a

(0.20 mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.), 2,2,6,6-tetramethyl-1-piperidinyloxy (0.20

mmol, 1.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the reaction mixture was stirred at 130 °C

for 30 min, it was allowed to cool to RT and diluted with DCM (2 mL). After the sample was sonicated

for 1 h at RT, it was analyzed by TLC and high-resolution ESI MS.

436.11307

A

588233883

Supplementary Figure 19 (A) measured HRMS isotope distribution of compound 35 and (B) its

calculated HRMS isotope distribution.
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1.13. Electrochemical Reduction

1.13.1. Chronopotentiometry experiment

HAT O SET then HAT O 84% yield
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THFd O O (36:D:37:D = ca. 10:1)

Supplementary Figure 20 Electrochemical reactions

The electrochemical reduction to demonstrate the SET process on iodonium salt 2a afforded 36 and 37
through hydrogen atom transfer (HAT). A deuterium-labelling experiment confirmed THF as the H atom

source.

Supplementary Figure 21 Electrochemical setup

Detailed reaction procedure I (HAT)

In an Ar-filled glove box, a solution of cyclic diphenyliodonium salt 2a (0.40 mmol, 1.0 equiv.) in #n-
BusNBF4/THF (0.30 M, 5 mL) was added to a 2.5-dram vial, which was capped with a rubber septum
equipped with an electrode system. The undivided cell equipped with anode (Fe metal) and cathode (Ni
foam) was electrolysed at a constant current of 3.0 mA for 4 h. The rubber septum was removed, and
the electrodes were sonicated for 5 min. The reaction mixture was directly purified by column

chromatography to afford a mixture of 36 and 37 (2.1:1 ratio based on 'H NMR analysis; see below).

Yellow oil (80 mg, 84%); TLC Ry = 0.5 (n-hexane); 'H NMR (400 MHz, CDCl;) & 7.98 (dd, J = 7.9,
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1.3 Hz), 7.62 (dd, J = 8.3, 1.3 Hz), 7.49 — 7.30 (m), 7.08 — 7.02 (m).

The NMR spectrum of the mixture of 36 and 37 is consistent with previously reported literature data

18,19

Calculation of the ratio of compound 36 and compound 37: A product ratio of 2.1:1 was obtained from

"H NMR analysis, based on the peak at § 7.98 (1H) for 36 and the peak at & 7.62 (4H) for 37.

O H ‘ H
| H ! H=—762

H =798

compound 36 compound 37

(6 7.98) integral of 1H compound 36) = 1.00

= compound 36: compound 37 ~ 2.1:1

QoAb b w@mme ==
aaqaarveere e

rrrrrrrrrrr

1.90- —

1 1.00.

T T T T
16 14 12 10 8

6
Chemical Shift / ppm

T T T T
4 2 0 -2

Supplementary Figure 22 'H NMR (400 MHz, CDCls) of the mixture of compounds 36 and 37

Detailed reaction procedure II (DAT)

In an Ar-filled glove box, a solution of cyclic diphenyliodonium salt 2a (0.40 mmol, 1.0 equiv.) in #n-

BusNBF4/THF-ds (0.30 M, 5 mL) was added to a 2.5-dram vial, which was capped with a rubber septum
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equipped with an electrode system. The undivided cell equipped with anode (Fe metal) and cathode (Ni
foam) was electrolysed at a constant current of 3.0 mA for 4 h. The rubber septum was removed, and
the electrodes were sonicated for 5 min. The reaction mixture was directly purified by column
chromatography to afford a mixture of 36-D and 37-D (ca. 10:1 ratio based on '"H NMR analysis; see
below).

Yellow oil (78 mg, 72%); TLC R¢= 0.5 (n-hexane); "TH NMR (400 MHz, CDCl3) § 7.98 (dd, J = 7.9,
1.3 Hz), 7.62 (dd, J = 8.3, 1.3 Hz), 7.49 — 7.30 (m), 7.08 — 7.02 (m).

A product ratio of ca. 10:1 was obtained from '"H NMR analysis, based on the peak at § 7.98 (1H) for
36-D and the peak at & 7.62 (2H) for 37-D.

| D ! H<—762

H =—7.98
compound 36-D compound 37-D

(6 7.98) integral of 1H compound 36-py = 1.00
(6 7.62) integral of 2H compound 37-py = 0.20

= compound 36-D: compound 37-D = 10:1

hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

| i

T T T T
4 2 0 -2

0.20~

o - 1.00.

T T T T
16 14 12 10 6
Chemical Shift / ppm

Supplementary Figure 23 'H NMR (400 MHz, CDCl;) of the mixture of compounds 36-D and 37-D
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1.13.2. Chronoamperometry experiment

I
. Q Ni(")iﬁ(') Fe O SET then HAT O

A ! —

S) SET then HAT
oTf THF

-1.2 V (vs. Ag/AgCl), RT, 24 h
2a 36, 52% 37, 0%

Supplementary Figure 24 Electrochemical experiment to afford compound 36

Supplementary Figure 25 Electrochemical set up

Detailed reaction procedure

In an Ar-filled glove box, a solution of cyclic diphenyliodonium salt 2a (0.40 mmol, 1.0 equiv.) in #n-
BusNBF4/THF (0.30 M, 5 mL) was added to a 2.5-dram vial, which was capped with a rubber septum
equipped with an electrode system. The undivided three-electrode cell equipped with anode (Fe metal),
cathode (Ni foam), and reference electrode (Ag/AgCl) was electrolysed at a constant potential of -1.2
V (vs. Ag/AgCl) for 24 h. The rubber septum was removed, and the electrodes were sonicated for 5 min.

The reaction mixture was directly purified by column chromatography to afford 36.

Yellow oil (58 mg, 52%); TLC R¢= 0.5 (n-hexane); "TH NMR (400 MHz, CDCls) § 7.98 (dd, J = 8.0,
1.3 Hz, 1H), 7.48 — 7.30 (m, 7H), 7.07 — 7.01 (m, 1H).

The NMR spectrum of 36 matched previously reported literature data'®.
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Supplementary Figure 26 'H NMR (400 MHz, CDCls) of compound 36

1.14. Competition Experiment Between 2a and Phl

1 1
1 1
1 1
N O : i
Ny 5 Q | KOBu (3.0 equiv.) s . :
[ j+ NG —_— PN :
NT o standard conditions N ol H
OTf O PN '

3 i i

1 1

1 1

1 1

1a 2a Phi 76% yield

1a-Ph

not observed

A competition experiment between cyclic diphenyliodonium salt 2a and iodobenzene revealed that the
hypervalent iodine(III) compound is inherently more reactive, which is in accordance with the reduction

potentials of cyclic diphenyliodonium salt 2a and iodobenzene (Section 1.15).

Detailed reaction procedure

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), iodobenzene (0.20 mmol, 1.0 equiv.), KO#Bu (0.60 mmol, 3.0 equiv.) and pyrazine
(4.0 mmol, 20 equiv.). After the reaction mixture was stirred at 130 °C for 30 min, it was allowed to
cool to RT and diluted with DCM (2 mL). After the sample was sonicated for 1 h at RT, it was analyzed
by TLC and directly purified by column chromatography to afford compound 3.
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1.15. Cyclic Voltammetry Studies

1.15.1. General information

Ferrocene, Phl, 2-iodobiphenyl, pyrazine, n-BusNBF4, and anhydrous DMF were purchased and used
as supplied. Cyclic diphenyliodonium salt 2a and bipyrazine 34 were prepared as described in Sections

1.3 and 1.9.

1.15.2. Cyclic voltammograms of ferrocene and cyclic diphenyliodonium salt (2a)

The three-electrode beaker cell was made of a platinum plate working electrode (area = 1.2 cm?), a
saturated calomel electrode (SCE) as reference electrode, and a platinum wire counter electrode. The
solution was prepared at 4.0 mM concentration in 0.30 M n-BuNBF+/DMF using ferrocene as an
external standard. Cyclic voltammetry of ferrocene and 2a was performed at a fixed scan rate of 0.05

Vs

4 mM ferrocene

0.3 M Bu,NBF in DMF —>;
—— Ag/AgCI
——SCE

0151 43 mv

0.10

0.05

Current (mA)

0.00

-0.05 4

-0.10 4

T T
0.0 0.2 0.4 0.6 0.8 1.0
Potential (V)

Supplementary Figure 27 Cyclic voltammogram (CV) of ferrocene using an SCE or Ag/AgCl
reference electrode. E(SCE) = E(Ag/AgCl) — 0.043 V.
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0.0

-0.3

Current (mA)

-0.6

-15 1.0 0.5 0.0 0.5 1.0 1.5
Potential vs. SCE (V)

Supplementary Figure 28 CV of 2a.

1.15.3. CV of Phl

The three-electrode beaker cell consisted of a glassy carbon working electrode (diameter = 6.0 mm), an
Ag/AgCl (Sat’d KCI) or SCE reference electrode, and a platinum wire counter electrode. The solution
was prepared at 4.0 mM concentration in 0.30 M n-BusNBF4+/DMF using ferrocene as an external
standard for the SCE-scale conversion. Cyclic voltammetry of Phl was performed at a fixed scan rate

of 0.50 Vs,

Phi Phe+ I

(a) (b)

02

0.00
0.0

-0.2 .0.05 4

-0.4

Current (mA)
Current (mA)

|
-0.10 4

-2.40vV - T 240V

08 . . . - . 015
30 25 20 45 1.0 05 0.0

Potential vs. SCE (V)

T T T T
-25 -2.0 -1.5 -1.0 0.5
Potential vs. SCE (V)

Supplementary Figure 29 CV of Phl. (a) Ag/AgCl reference electrode, potentials converted to the

SCE scale using ferrocene as an external standard. (b) SCE reference electrode.
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1.15.4. CV of 2-iodobiphenyl

The three-electrode beaker cell consisted of a glassy carbon working electrode (diameter = 6.0 mm), an
Ag/AgCl (Sat’d KCI) or SCE reference electrode, and a platinum wire counter electrode. The solution
was prepared at 4.0 mM concentration in 0.30 M n-BusNBF4+/DMF using ferrocene as an external
standard for the SCE-scale conversion. Cyclic voltammetry of 2-iodobiphenyl was performed at a fixed
scan rate of 0.50 Vs,

® - O
e

I
g QO
(@) (b)

0.4 0.05

0.00 4

0.0

-0.05

0.4 4

-0.10

Current (mA)
Current (mA)

-0.8 |

-0.15 4

—c - 2,29V

r r . r r -0.20 ; . . . .
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5

Potential vs. SCE(V) Potential vs. SCE (V)

Supplementary Figure 30 CV of 2-iodobiphenyl. (a) Ag/AgCl reference electrode, potentials

converted to the SCE scale using ferrocene as an external standard. (b) SCE reference electrode.

1.15.5. CVs of pyrazine (1a) and 2,2'-bipyrazine (34)

The three-electrode beaker cell consisted of a glassy carbon working electrode (diameter = 6.0 mm), an
Hg/HgO (20% KOH) reference electrode, and a platinum wire counter electrode. The solution was
prepared at 4.0 mM concentration in 0.30 M n-BusNBF4+/DMF using ferrocene as an external standard
for the conversion of potentials to the SCE scale. Cyclic voltammetry of 1a and 34 was performed at a

fixed scan rate of 0.05 Vs ..
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Supplementary Figure 31 CV of 1a.
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Supplementary Figure 32 CV of 34.
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1.16. Deuterium-Labelling Experiments

1.16.1. Annulative w-extension with deuterium-labelled pyrazine-d,

D. N. .D B4 O KOt-Bu (3.0 equiv.) D.__N O
e - 3 0
@ ~
D N/ D €] D” N
OTf 130 °C, 0.5 h, Ar

1a-D 2a 3-D 80%

Supplementary Figure 33 Synthesis of compound 3-D

Annulative n-extension of pyrazine-ds (1a-D) under the standard reaction conditions yielded the desired

APEX product 3-D in 80% yield.

Detailed reaction procedure

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KO#-Bu (0.60 mmol, 3.0 equiv.) and pyrazine-ds (98 atom % D, 4.0 mmol, 20 equiv.).
After the reaction mixture was stirred at 130 °C for 30 min, it was cooled to RT and diluted with DCM
(2 mL). After sonicating the sample for 1 h at RT, the reaction mixture was directly purified by column

chromatography to afford compound 3-D.

Yellow solid (37 mg, 80%); TLC R¢= 0.5 (n-hexane:Et,O = 20:1); 'TH NMR (400 MHz, CDCl;) § 9.24
(dd, J= 8.0, 1.3 Hz, 2H), 8.63 (dd, /= 8.0, 1.3 Hz, 2H), 7.77 (m, 4H).

D L Sl Sl S Sl S S S S S S S

ILLI

2,008 F—

0.05
224
®14.52,

w2
o
)

16 14 12 10 6 4
Chemical Shift / ppm

Supplementary Figure 34 'H NMR (400 MHz, CDCl;) of compound 3-D
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1.16.2. Competition experiment between pyrazine and pyrazine-d,

<
®

H. _N._H S

X
—

H”N” H

2a (1.0 equiv.)
1a (10 equiv.) KOt-Bu (3.0 equiv.) Ho Ny O DN O
' HIN/ l : D:[N/ '
DN D 130 °C, 0.5 h, Ar O O
T
-
D" >N D

[PHl[Pp]~ 1.0

1a-D (10 equiv.)

Supplementary Figure 35 Competition experiment to give 3 and 3-D

A competition experiment between pyrazine (1a) and pyrazine-ds (1a-D) was investigated. The kinetic
isotope effect (KIE) determined from this experiment reveals that C—H bond activation is not involved

in the rate-determining-step (RDS).

Detailed reaction procedure

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20
mmol, 1.0 equiv.), KOz-Bu (0.60 mmol, 3.0 equiv.), pyrazine (2.0 mmol, 10 equiv.) and pyrazine-ds (98
atom % D, 2.0 mmol, 10 equiv.). After the reaction mixture was stirred at 130 °C for 30 min, it was
cooled to RT and diluted with DCM (2 mL). After sonicating the sample for 1 h at RT, the reaction

mixture was directly purified by column chromatography to afford a mixture of 3 and 3-D.

The product ratio was obtained from "H NMR analysis based on the distinct peak at & 8.90 (2H) for 3.

8.61~8.63

H O /9A22~9A24
Seee:
DN H

compound 3 compound 3-D
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Calculation of the ratio of compound 3 and compound 3-D:

(8 8.61) integral of 2H(compound 3+ 2H(c0mpound 3-D) = 2.12
(6 9.22) integral of 2H compound 3) + 2H(compound 3-py = 1.93

= compound 3 : compound 3-D = 1:1

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

hhhhhhhhhhhhhhhhhhhhhhhhhh

1.93~
1.02/
212

® 422,

T T T T T
16 14 12 10 6 4
Chemical Shift / ppm

Supplementary Figure 36 '"H NMR (400 MHz, CDCl;) of the mixture of compounds 3 and 3-D
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1.17. Evidence of a Reaction Intermediate

KOt-Bu (1.0 equiv.)

)
sl )

2a

130°C, 0.5 h, Ar

Ny O |
~

g
c'

detected by ESI HRMS

C

Supplementary Figure 37 Formation of byproduct C'

The monoarylated byproduct C' was detected by analysis of the reaction mixture by high-resolution

ESI MS. This is the oxidized form of intermediate C in the proposed mechanism (Fig. 6).

Detailed reaction procedure

In an Ar-filled glove box, a screw-cap 1-dram vial was charged with cyclic diaryliodonium salt 2a (0.20

mmol, 1.0 equiv.), KO#-Bu (0.20 mmol, 1.0 equiv.) and pyrazine (4.0 mmol, 20 equiv.). After the

reaction mixture was stirred at 130 °C for 30 min, it was cooled to RT and diluted with DCM (2 mL).

After sonicating for 1 h at RT, the reaction mixture was directly analyzed by high-resolution ESI MS.

359.00391

A z=1

NL:
1.45E7

2100 )
2 04_1_4_ful#7 RT:
° 0.03 AV: 1 T. FTMS
K +p ESI Full ms
< 50 . -
= 350.00745 [150.0000-2000.0000]
g 359.31577 z=1 361.01071 362.21725 363.19662
E @ z=? z=1 z=1 z=1
4 NL:
8.35E5
B 100 359.00397
cshniinz +H:
CsHeliN2
Chrg 1
50 pathg
360.00732
| 361.01068 362.01403 363.01739
04— T (R T 1 T T T T T T T T T T T T T T T T T T T T T T T T [T ™
358.5 359.0 359.5 360.0 0.5 361.0 1. 362.0 362.5 363.0 363.5

miz

Supplementary Figure 38 (A) measured HRMS isotope distribution of byproduct C' and (B) its

calculated HRMS isotope distribution.
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1.18. X-Ray Crystallographic Data of 13, 14, and 23’

X-ray diffraction data of single crystal of compound 13 were obtained at 220 K with monochromator
(L=0.65 A) synchrotron radiation source in Pohang Accelerator Laboratory (PAL) 2D beamline, Korea.
X-ray diffraction data of single crystals of compounds 14 and 23" were obtained at 173 K with Mo Ka
radiation source using a Rigaku R-Axis Rapid II. Crystal structures of compounds 13, 14, 23' were
solved by the direct method and refined by full-matrix least-squares calculations using SHELXTL
program package®®. Thermal ellipsoids were shown at 70% probability. The data can be obtained free
of charge from the Cambridge Crystallographic Data Centre: CCDC 2047992 (compound 13), 2047991
(compound 14), and CCDC 2116428 (compound 23").

10 04:53:13 2020

™ PLATON-Apr

Supplementary Table 7 Crystal data and structure refinement for 13

13
Molecular formula CioH11N3
Temperature 220(2)K
Crystal system Orthorhombic
Space group Pna2,;
a=11.516(2) A 0=90°
Unit cell dimensions b=26.123(5) A B=90°
c=4.3240(9) A ¥=90°
V (A% 1300.8(5) A®
Z 4
Peale (g-cm™) 1.436
i (mm™) 0.087
Ry, I>20(I) 0.0507
wR, > 20(1) 0.1347
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Supplementary Table 8 Crystal data and structure refinement for 14

14
Molecular formula CioH11N3
Temperature 173(2)K
Crystal system Orthorhombic
Space group Pbca
a=17.776(4) A 0=90°
Unit cell dimensions b=7.3553(15) A B=90°
c=19.720(4) A v=90°
V (A% 2578.4(9) A®
VA 8
Peale (g'cm™) 1.449
p (mm™) 0.088
Ry, I>20(I) 0.0739
WR, [ > 20(]) 0.1543
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Supplementary Table 9 Crystal data and structure refinement for 23'

23"
Molecular formula CisHioN>
Temperature 173(2)K
Crystal system Monoclinic
Space group Pc
a=10.373(2) A a=90°
Unit cell dimensions b=3.7935(8) A B=93.33(3)°
c=30.434(6) A v=90°

V (A%
Z
Peale (g-cm”)
w (mm™)
Ry, 1> 20(])
wRy, [ > 20(1)

1195.5(4) A’
4
1.413
0.084
0.1250
0.3406
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1.19. Summary of the Mechanistic Studies

Supplementary Table 10 Experimental evidences supporting BHAS mechanism

Experimental tools

Experimental findings

EPR spectroscopy
(Main text, Fig. 4)
(SI, Section 1.11)

Radical inhibition
(Main text, Fig. 5a)
(SI, Section 1.12)

Electrochemical
reduction

(Main text, Fig. 5b)
(SI, Section 1.13)

Competition experiments
& CV measurements
(Main text, Fig. 5¢)

(SI, Sections 1.14 and
1.15)

KIE reaction
(Main text, Fig. 5d)
(SI, Section 1.16)

The occurrence of organic radical species was unambiguously
confirmed by EPR spectroscopy in combination with control
experiments. In addition, compound 34 was isolated through oxidative
workup of dianion 34* with L.

Radical trapping experiment has been conducted; TEMPO completely
shut down the reaction, and the TEMPO-adduct of an iodobiphenyl
radical was observed.

Cathodic reduction of cyclic diphenyl iodonium salt (2a) provided the
products 36 or 37 depending on chronopotentiometry or
chronoamperometry modes through SET and successive HAT
processes.

The competition reaction between 2a and phenyl iodide gives rise to
the selective formation of the annulated product 3 without the presence
of mono-arylated product 1a-Ph. The highly negative redox potential
of dianion 34* also clearly implicates that facile electron transfer to
electrophilic 2a.

Our BHAS approach involving deprotonation event to give radical
anion species reveals [Py]/[Pp] = 1, indicating C—H activation is not
the rate-determining step.

Overall summary

In this work, we have demonstrated the successful realization of
BHAS-based APEX chemistry. The proposed mechanism was
supported by the combined experimental evidences from the EPR
studies, radical inhibition, electrochemical reduction, competition
experiments, CV measurements, and KIE reaction.
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1.20. NMR Spectra
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Supplementary Figure 39 'H NMR (400 MHz, DMSO-ds) of compound 20
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Supplementary Figure 40 '*C NMR (100 MHz, DMSO-ds) of compound 20
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Supplementary Figure 41 '°F NMR (376 MHz, DMSO-ds) of compound 20
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Supplementary Figure 42 'H NMR (400 MHz, CDCls) of compound 3
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Supplementary Figure 43 '"H NMR (400 MHz, CDCl;) of compound 4
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Supplementary Figure 44 '>°C NMR (100 MHz, CDCls) of compound 4
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Supplementary Figure 45 '°F NMR (376 MHz, CDCl;) of compound 4
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Supplementary Figure 46 '"H NMR (400 MHz, CDCl;) of compound 5
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Supplementary Figure 47 '°C NMR (100 MHz, CDCl;) of compound 5
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Supplementary Figure 48 '"H NMR (400 MHz, CDCl;) of compound 6

67



€91 —
0g'sE —

LETTE
$9°TT ~
OL°LTE N

PE6TI 7

o6zt
LOTHT ~
sTerl

£5°0S1 —

80

T
100
Chemical Shift / ppm

1&“ 1

Supplementary Figure 49 °C NMR (100 MHz, CDCl;) of compound 6

200

L0’
27T
11
L0'1
66'1

)ﬁm”c

68

Chemical Shift / ppm

Supplementary Figure 50 '"H NMR (400 MHz, CDCl;) of compound 7
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Supplementary Figure 56 '"H NMR (400 MHz, CDCl;) of compound 10
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Supplementary Figure 60 '"H NMR (400 MHz, CDCl;) of compound 12
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Supplementary Figure 62 'H NMR (400 MHz, CDCls) of compound 13
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Supplementary Figure 63 °C NMR (100 MHz, CDCls) of compound 13
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Supplementary Figure 66 '"H NMR (400 MHz, CDCl;) of compound 15




T T T
200 180 160

T T T T
140 120 100 80 60
Chemical Shift / ppm

Supplementary Figure 67 °C NMR (100 MHz, CDCl;) of compound 15

n - a
..................... 5 «°
B B e A S S S S A o

|
WA ]
4 4 o o
a2 S A “
- o ~ o
T T T T T T T T T T
16 14 12 10 8 6 4 2 0 -2
Chemical Shift / ppm
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77



a shzcuzea
& R ERES =
o b R H
= fagdaga q
[P
Me . N O

B
X
Me™ °N

T T T T T T T
200 180 160 140 120 100 80 60 40 20 )
Chemical Shift / ppm

Supplementary Figure 69 '°C NMR (100 MHz, CDCl;) of compound 17

2.00=
2.12=

;
2
el

2.10,
3.26%

3.51=

T T T T T T T
16 14 12 10 8 6 4 2 0
Chemical Shift / ppm

Supplementary Figure 70 '"H NMR (400 MHz, CDCl;) of compound 18

78



P aaabuBSEELn e oW
w = bR e B B BB K R ] Dy
wo= FrSSoarAE S FFelal ] °
oG fmefdddaagaand & o =

T T T T
200 180 160 140 120 100 80 60 40 20 0
Chemical Shift / ppm

Supplementary Figure 71 *C NMR (100 MHz, CDCl;) of compound 18

Chemical Shift / ppm
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Supplementary Figure 73 '°C NMR (100 MHz, CDCls) of compound 19
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Supplementary Figure 86 'H NMR (400 MHz, CDCl;) of compound 24a
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Supplementary Figure 88 'H NMR (400 MHz, CDCl;) of compound 24b
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Supplementary Figure 90 '"H NMR (400 MHz, CDCl;) of compound 24¢
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Supplementary Figure 94 '"H NMR (400 MHz, CDCl;) of compound 24e
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Supplementary Figure 97 '"H NMR (400 MHz, CDCI;) of compound 26
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Supplementary Figure 98 '"H NMR (400 MHz, CDCl;) of compound 27
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Supplementary Figure 99 'H NMR (400 MHz, CDCls) of compound 28
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Supplementary Figure 100 'H NMR (400 MHz, CDCl;) of compound 29
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Supplementary Figure 102 *C NMR (100 MHz, CDCls) of compound 30
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Supplementary Figure 103 'H NMR (400 MHz, CDCls) of compound 31
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Supplementary Figure 104 *C NMR (100 MHz, CDCl;) of compound 31
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