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1. Materials and methods

Unless otherwise stated, commercial reagents were used without purification. All liquid aldehyde
starting materials were distilled and dried under nitrogen atmosphere. Reactions were run under a
CO, atmosphere with exclusion of moisture from reagents using standard techniques for
manipulating air-sensitive compounds. 'H NMR spectra (300.14, 400.13 MHz and 500 MHz) and
BC NMR spectra (75.58, 100.62 MHz and 125.71 MHz) were recorded using Bruker
spectrometers AVANCE 111 300, AVANCE III HD 400, AVANCE III 400, AVANCE III HD
500 and Varian spectrometers Mercury VX 300, VNMRS 300 and Inova 500 with CDCl;,
acetone-ds and DMSO-d; as solvents. NMR spectra were calibrated using solvent residual signals
(CDCly: 6 'H=7.26, 6 *C=77.16; DMSO-ds: 6 'H=2.50, 6 "*C=39.52; acetone-ds: &
'H =2.050, 6 >C =206.26). ESI mass spectra were recorded on BrukerDaltonic spectrometers
maXis (ESI-QTOF-MS) and micrOTOF (ESI-TOF-MS). GC-MS mass spectra were recorded on
ThermoFinnigan spectrometers TRACE (Varian GC Capillary Column; wcot fused silica coated
CP-SIL 8CB for amines; 30 m x 0.25 mm x 0.25 um) and DSQ (Varian FactorFour Capillary
Column; VF-5ms 30 m x 0.25 mm x 0.25 pm). LC-ESI-MS spectra were recorded on a Accela
HPLC system (Thermo Scientific), equipped with a Synergi 4u MAX-RP 80A column
(150 x 2.0 mm; 4 um particle size), a Finnigan Surveyor PDA detector and an Orbitrap LTQ XL
mass spectrometer (Thermo Scientific). Gas chromatography was performed on an Agilent
Technologies chromatograph 7890A GC System (Supelcowax 10 Fused Silica Capillary Column;
30 mx 0.32 mm x 0.25 pm). GC calibrations were carried out with authentic samples and
dodecane as an internal standard. Gas-phase GC measurements were conducted by a Shimadzu

GC-2014 equipped with a TCD detector and a ShinCarbon ST 80/100 Silco column.

2. General procedure for the synthesis of symmetric a-diketones

A 10 mL two-necked flask containing a stirring bar was charged with 0.5 mmol substrate,
10 mol% of 3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium bromide and 0.75 mmol of K,CO;.
After purging the flask three times with vacuum and two times with nitrogen the CO, atmosphere
was incorporated through a CO, filled balloon. Afterwards, dry DMSO (2.5 mL) was added. The
resulting mixture was stirred for 1648 h at 55 °C. Then, the resulting mixture underwent an

aqueous workup and was extracted three times with excess of ethyl acetate and the combined



organic layers were dried over anhydrous Na,SOy, filtered and concentrated in vacuo. In general,
products were purified by using silica gel chromatography with ethyl acetate and hexane as

solvents and, if needed, 1 V% triethylamine.



3. Optimization table
Table 1: Optimization of synthesis of furil from furfural.
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Entry Catalyst Solvent Base Base amount [eq] Yield [%]
1 A DMSO K,CO3 15 86
2 B DMSO K,CO3 15 49
3 C DMSO K,CO3 15 0
4 D DMSO K,CO3 15 20
5 E DMSO K,CO3 15 1
6 A DMSO Cs,CO3 15 50
7 A DMSO KOH 15 43
8 A DMSO LiOH 15 18
9 A DMSO DBU 15 0
10 A DMSO DBN 15 15
11 A DMSO KOtBu 15 26
12 A DMSO DMAP 15 0
13 A DMSO NEts 15 1
14 A DMSO NaH 15 7
15 A DMSO Aniline 15 0
16 A DMSO Pyrimidine 1.5 0
17 A DMSO K,CO3 1.0 57
18 A DMSO K,CO3 0.5 45
19 A DMSO - - 0
20 - DMSO K,CO3 1.5 0
21 A DMSO K,CO; 1.5 1%
22 A DMSO K,CO; 1.5 5!

General reaction conditions: 55 °C, 16 h; AN, atmosphere; o, atmosphere.



Figure 1: Conversion of furfural to furoin and furil under optimized reaction conditions.
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4. Procedures for the application of 4,4’-dichlorobenzil
5,6-Bis(4-chlorophenyl)-3-(methylthio)-1,2,4-triazine (14) 1,
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1.) 4,4’-Dichlorobenzil (0.5 mmol) was mixed with thiosemicarbazide (1 mmol) in 7 mL of
ethanol. The mixture was refluxed for 40 h. The solvent was removed under vacuum and the
product was dissolved in dichloromethane, then the organic layer was washed with water and
dried with Na,SOy, filtered and the solvent was removed in vacuum to yield the crude product,
which was purified by column chromatography to give 48% of 5,6-bis(4-chlorophenyl)-1,2,4-

triazine-3-thiol.



2.) To a stirring solution of 5,6-bis(4-chlorophenyl)-1,2,4-triazine-3-thiol (0.09 mmol) in
methanol (5 mL), methyl iodide (0.108 mmol), and triethylamine (0.65 mmol) were added and
the mixture was stirred for 2 h at room temperature. The solvent was removed under reduced
pressure. Water and dichloromethane were added to the mixture. The organic phase was
separated, dried over Na;SQOy, filtered and evaporated under reduced pressure and the residue was
crystallized from methanol to yield 72% (2 steps) of 5,6-bis(4-chlorophenyl)-3-(methylthio)-

1,2,4-triazine.

5,5-Bis(4-chlorophenyl)-2-iminoimidazolidin-4-one (1 5)12;
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1.) Cyclohexylthiourea (0,58 mmol) and 4,4’-dichlorobenzil (0,52 mmol) were heated up to
110 °C in 3 mL DMSO. Then, a solution of KOH (0,8 mmol) in 1.6 mL water was added
dropwise and the mixture was stirred for 10 min. After cooling to room temperature, the product
was extracted with dichloromethane. The organic phase was washed with water and dried over
Na;SOy4. The solvent was removed under reduced pressure and the resulting crude product was

used for the next reaction step without further purification.

2.) To a solution of 5,5-Bis(4-chlorophenyl)-2-thioxoimidazolidin-4-one (0,5 mmol), 2.8 mL NHj
(40% solution in water) and 0.7 mL hydroperoxide (70% solution in water) were added. The

reaction mixture was stirred at room temperature overnight. The crude product was extracted



with dichloromethane and the solvent was removed under reduced pressure. After column

chromatography, the product was obtained in 55% yield (after two steps).

2,5-Di([1,1'-biphenyl]-3-yl)-3,4-bis(4-chlorophenyl)cyclopenta-2,4-dien-1-one (16)"':
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1.) To a solution of 3-(bromomethyl)-biphenyl (7,12 mmol), Fe(CO)s (3,73 mmol) and
benzyltriethylammonium chloride (0,237 mmol) in 17 mL dichloromethane was added a solution
of KOH (30,8 mmol) in 1 mL water and the mixture was refluxed overnight. After cooling to
room temperature, the mixture was quenched with HCI and the organic phase was concentrated in
vacuo. The crude product was first purified by column chromatography and then dissolved in
dichloromethane and reprecipitated by addition of methanol to give 38% of 1,3-di(biphenyl-3-
yl)propan-2-on.

2.) To a degassed solution of 4,4’-dichlorobenzil (0,22 mmol) and 1,3-di(biphenyl-3-yl)propan-2-
on (0,22 mmol) in tert-butanol (2,3 mL) at 80 °C a methanol solution of tetrabutylammonium
hydroxide (1.0 M, 0.22 mmol) was added. After stirring at 80 °C for 20 min, the reaction was
quenched with water and the reaction mixture was extracted three times with dichloromethane.
The combined organic layers were washed with brine, dried over Na>SOy, filtered and evaporated
to give a purple crude product. Purification by column chromatography gave 69 % of 2,5-di([1,1'-
biphenyl]-3-yl)-3,4-bis(4-chlorophenyl)cyclopenta-2,4-dien-1-one.



5. Procedures for the application of furil
2,3-Di(furan-2-yl)quinoxaline (17)[4]:
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A solution of o-phenylenediamine (0.25 mmol) and furil (0.25 mmol) in ethanol:water (7:3, 2.5
mL) was stirred at room temperature in the presence of catalytic amount of phenol (20 mol%,
0.05 mmol). The progress of the reaction was monitored by TLC (ethyl acetate:n-hexane 5:95).
After completion of the reaction, water (5 mL) was added to the mixture and was allowed to
stand at room temperature for 30 min. During this time, crystals of the pure product were formed
which were collected by filtration and dried. For further purification, the product was

recrystallized from hot ethanol to yield 90% of 2,3-di(furan-2-yl)quinoxaline.

5,6-Di(furan-2-yl)-2,3-dihydropyrazine (18)"":
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0.53 mmol of furil was dissolved in 1 mL of methanol and was made homogeneous by stirring
with a magnetic spinning bar. To this 0.53 mmol of ethylene diamine and 0.0212 mmol t-BuOK
were added. Stirring was continued until the reaction is completed (checked by TLC, 15 h).
Methanol was evaporated under reduced pressure, and the crude product was purified by column

chromatography yielding 77% of 5,6-di(furan-2-yl)-2,3-dihydropyrazine.

4,5-Di(furan-2-yl)-2-phenyloxazole (19)'°l:




To a solution of Furil (0.275 mmol) in 1.5 mL dry DMA, Cul (0.0826 mmol) and 4 A molecular
sieves (140 mg) were added after it. Finally, benzylamine (0.826 mmol) was added in two
portions and stirring was continued for 21 h. After that, the reaction mixture was extracted with
EtOAc, dried with Na;SOy4 and filtered. Then, the solvent was removed under reduced pressure
and the product was purified by silica gel column chromatography to afford 53% of 4,5-di(furan-
2-yl)-2-phenyloxazole.

1-(4-Bromophenyl)-3-(2,3-di(furan-2-yl)quinoxalin-6-yl)urea 20"
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1.) 1 mmol of furil and 1 mmol of 4-nitrobenzene-1,2-diamine were dissolved in 10 mL ethanol
and refluxed for 63 h. The solvent was removed under reduced pressure and recrystallization

gave 2,3-di(furan-2-yl)-6-nitroquinoxaline in 60% yield.

2.) 0.592 mmol of 2,3-di(furan-2-yl)-6-nitroquinoxaline and 12 mg of Pd/C (5%) were loaded
into a two-necked flask. After purging the flask thrice with vacuum and twice with nitrogen, the
flask was filled with an H, atmosphere via a balloon (1 atm pressure) and 3.5 mL ethanol were
loaded. The reaction mixture was stirred at room temperature for 16 h. After that, the reaction
mixture was dissolved in dichloromethane and filtered through a plug of cotton. The solvents

were removed under reduced pressure to yield 92% of pure 2,3-di(furan-2-yl)quinoxalin-6-amine.

3.) 0.527 mmol of 2,3-di(furan-2-yl)quinoxalin-6-amine, 0.79 mmol of 1-bromo-4-
isocyanatobenzene and 1.58 mmol of N-ethyl-N-isopropylpropan-2-amine were dissolved in 15

mL dichloromethane and stirred for 48 h at room temperature. The resulting mixture was treated



with water. The aqueous phase was extracted three times with dichloromethane. The combined
organic layers were dried with Na,SQOy, filtered and the solvent removed under reduced pressure.

The product was purified by column chromatography in 58% yield.

4,5-Di(furan-2-yl)-2-phenyl-1H-imidazole (21)*';
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Furil (0.254 mmol), benzaldehyde (0.254 mmol), and ammonium acetate (0.588 mmol) were
dissolved in 2 mL 2,2,2-trifluoroethanol and refluxed for 8 h. During that time, a precipitation of
light-yellow crystals occurred gradually. The mixture was cooled to room temperature and the
precipitate was filtered. The crude product was purified by column chromatography (ethyl

acetate, hexane) to yield 4,5-di(furan-2-yl)-2-phenyl-1H-imidazole in 82% yield.



6. Mechanistic Experiments

Figure 2: Gas GC measurement of the gas phase of a reaction from furfurladehyde to furil. In the
middle of the reaction time (8 h) and in the end (16 h) the curves are same. The source of N, gas

is the front part of the needle of the used gas-tight syringe; 7.5 min: N3, 29.5 min: CO,.
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Trapping of the carboxylated alcohol intermediate with CO, and "*C-labelled CO,:

CO, (Balloon)

0] Catalyst A (10 mol%) o
o o 5 o=
| y | K2CO3 (1.5 eq.) o) o)
/ Etl (2.0 eq.) | o)
DMSO, 55 °C, 16 h J N\ |

LC-ESI-HRMS: m/z calcd. for C13H204 [M+H+]: 265.0707, found: 265.0704; m/z calcd. for
C13H 206 [M+Na']: 287.0526, found: 287.0545.

3c0, (Balloon)

0] Catalyst A (10 mol%) /0
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LC-ESI-HRMS: m/z caled. for C12"°C1H 206 [M+H']: 266.0740, found: 266.0737; m/z calcd. for
C1,"°C1H1,06 [M+Na']: 288.0559, found: 288.0555.



7. General procedure for the synthesis of non-symmetric a-diketones

A 10 mL two-necked flask containing a stirring bar was charged with 0.25 mmol of one substrate
and 0.375 mmol of the other substrate: In the case of compound 22, 23, 24, 25, 27, 28, 30, 32 and
33, 0.25 mmol of 2-furfuraldehyde was taken; for compound 26, 4-methyl benzaldehyde, for
compound 29, 5-methyl furfuraldehyde and for compound 31 2-pyridine carboxaldehyde were
taken in  0.25 mmol amounts. Additionally, 10mol% 3-ethyl-5-(2-hydroxyethyl)-4-
methylthiazolium bromide and 0.75 mmol of K,CO; were loaded into the flask. After purging the
flask three times with vacuum and two times with nitrogen, the CO, atmosphere was incorporated
through a CO; filled balloon. Afterwards, dry DMSO (2.5 mL) was added. The resulting mixture
was stirred for 36—48 h at 55 °C. Then, the resulting mixture underwent an aqueous workup and
was extracted three times with excess of ethyl acetate and the combined organic layers were dried
over anhydrous Na,SQy, filtered and concentrated in vacuo. In general, products were purified by
using silica gel chromatography with ethyl acetate and hexane as solvents and, if needed, 1 V%

triethylamine.

8. Characterization of products

1,2-Di(furan-2-yl)ethane-1,2-dione (1): 16 h; Yield: 86%; '"H NMR (300 MHz, CDCls): 57.78
(dd, J=1.7,0.7 Hz, 2H), 7.64 (dd, J = 3.7, 0.7 Hz, 2H), 6.63 (dd, J= 3.7, 1.7 Hz, 2H); *C NMR
(75 MHz, CDCls): ¢ 177.00, 149.60, 149.49, 124.78, 113.19; HRMS: m/z calcd. for C;oHeO4
[M+Na']: 213.0158, found: 213.0159.

1,2-Di(pyridin-2-yl)ethane-1,2-dione (2):!" 25 h; Yield: 79%; "H NMR (300 MHz, CDCLs): ¢
8.63 — 8.54 (m, 2H), 8.25 — 8.16 (m, 2H), 7.98 — 7.86 (m, 2H), 7.53 — 7.42 (m, 2H); *C NMR



(75 MHz, CDCls): 6 197.02, 151.94, 149.63, 137.30, 127.98, 122.51; MS (GC-MS): m/z 212
(M.
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1,2-Di(furan-3-yl)ethane-1,2-dione (3): 16 h; Yield: 85%; "H NMR (300 MHz, CDCl;): ¢ 8.52
(dd, J= 1.4, 0.8 Hz, 2H), 7.49 (dd, J = 2.0, 1.4 Hz, 2H), 6.92 (dd, J= 1.9, 0.7 Hz, 2H); *C NMR
(75 MHz, CDCls): 0 184.27, 152.04, 144.13, 123.11, 109.26; HRMS: m/z calcd. for C;oHeO4
[M+Na']: 213.0158, found: 213.0160.

1,2-Bis(4-fluorophenyl)ethane-1,2-dione (4):* 40 h; Yield: 76%; "H NMR (300 MHz, CDCl;):
§ 8.14 — 8.02 (m, 2H), 7.33 — 7.21 (m, 2H); *C NMR (126 MHz, CDCL;): ¢ 192.18, 167.91,
165.86, 132.82, 129.45, 116.45; MS (GC-MS): m/z 246 (M.

Cl

1,2-Bis(4-chlorophenyl)ethane-1,2-dione (5):®! 20 h; Yield: 83%; 'H NMR (300 MHz,
Acetone-ds): 0 7.88 (d, J = 8.9 Hz, 4H), 7.54 (d, J = 8.9 Hz, 4H); *C NMR (126 MHz, Acetone-
ds): 0 193.35, 141.79, 132.20, 130.28; MS (GC-MS): m/z 278 (M.

1,2-Di-p-tolylethane-1,2-dione (6):"' 40 h; Yield: 74%; "H NMR (300 MHz, CDCls): J 8.08 —
7.73 (m, 4H), 7.40 — 7.21 (m, 4H), 2.43 (s, 6H); *C NMR (126 MHz, CDCLs): & 194.42, 146.07,
130.76, 130.03, 129.73, 22.10; MS (GC-MS): m/z 238 (M").



1,2-Di(thiophen-3-yl)ethane-1,2-dione (7):¥ 16 h; Yield: 71%; "H NMR (300 MHz, CDCl;): ¢
8.36 (dd, J = 2.9, 1.2 Hz, 2H), 7.70 (dd, J = 5.1, 1.2 Hz, 2H), 7.39 (dd, J = 5.1, 2.9 Hz, 2H);
BC NMR (75 MHz, CDCls): 6 185.90, 137.80, 137.50, 127.71, 127.01; MS (GC-MS): m/z 222
(M.

1,2-Di(thiophen-2-yl)ethane-1,2-dione (8): 24 h; Yield: 70%; '"H NMR (300 MHz, CDCls): o
8.07 (dd, J = 3.9, 1.2 Hz, 2H), 7.84 (dd, J = 4.9, 1.2 Hz, 2H), 7.21 (dd, J = 4.9, 3.9 Hz, 2H);
BC NMR (75 MHz, CDCly): 6 182.55, 138.77, 137.60, 137.39, 128.80; HRMS: m/z calcd. for
C10Hs0,S; [M+Na']: 244.9701, found: 244.9703.
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1,2-Bis(4-methylthiazol-2-yl)ethane-1,2-dione (9): 16 h; Yield: 82%; 'H NMR (300 MHz,

CDCl3): 0 7.41 (d, J= 0.9 Hz, 2H), 2.51 (s, 6H); BC NMR (75 MHz, CDCls): 0 184.67, 161.83,
157.12, 123.21, 17.26; HRMS: m/z calcd. for C;oHgN,0,S, [M+H']: 253.0100, found: 253.0103.

1,2-Di(pyridin-3-yl)ethane-1,2-dione (10): 24 h; Yield: 80%; '"H NMR (300 MHz, CDCl;): ¢
9.22 (d, J = 2.7 Hz, 2H), 8.90 (d, 2H), 8.36 (d, 2H), 7.66 — 7.41 (m, 2H); *C NMR (75 MHz,
CDCl3):  C NMR (75 MHz, CDCl3) 6 189.92, 154.08, 150.48, 136.08, 127.31, 122.93;
HRMS: m/z calcd. for C;,HgN>O, [M+H']: 213.0659, found: 213.0658.



HO

1,2-Bis(5-(hydroxymethyl)furan-2-yl)ethane-1,2-dione (11): 24 h; Yield: 74%; '"H NMR
(300 MHz, DMSO-dy): 6 7.57 (d, J = 3.6 Hz, 2H), 6.65 (d, J = 3.7 Hz, 2H), 5.61 (t, /= 6.0 Hz,
2H), 4.55 (d, J = 5.9 Hz, 4H); *C NMR (75 MHz, DMSO-d;): § 177.63, 164.03, 147.85, 126.02,
110.30, 55.98; HRMS: m/z calcd. for C,H19O¢ [M+Na+]: 273.0370, found: 273.0363.

1,2-Di(benzofuran-2-yl)ethane-1,2-dione (12): 24 h; Yield: 79%; "H NMR (300 MHz, CDCl):
0 8.03 (d, /= 1.0 Hz, 2H), 7.81 — 7.76 (m, 2H), 7.70 — 7.61 (m, 2H), 7.61 — 7.53 (m, 2H), 7.43 —
7.31 (m, 2H); *C NMR (75 MHz, CDCls): § 178.79, 156.84, 149.41, 130.15, 127.17, 124.61,
124.41, 121.17, 112.85; HRMS: m/z calcd. for CigH 904 [M+H]: 291.0652, found: 291.0645.

1,2-Bis(5-methylfuran-2-yl)ethane-1,2-dione (13): 24 h; Yield: 75%; 'H NMR (300 MHz,
CDCl3):6 7.52 (dd, J = 3.6, 0.6 Hz, 2H), 6.25 (dd, J = 3.6, 0.9 Hz, 2H), 2.54 — 2.33 (s, 6H);
BC NMR (75 MHz, CDCl3): 0 176.84, 161.37, 148.77, 126.85, 110.28, 14.40; HRMS: m/z
caled. for C12H ;004 [M+Na']: 241.0471, found: 241.0471.

5,6-Bis(4-chlorophenyl)-3-(methylthio)-1,2,4-triazine (14):"'' "H NMR (400 MHz, CDCL): §
7.93 —7.87 (m, 2H), 7.52 — 7.47 (m, 2H), 7.42 — 7.37 (m, 2H), 7.30 — 7.24 (m, 2H), 3.23 (s, 3H);
BC NMR (75 MHz, CDCls): 6 158.39, 148.08, 144.01, 138.17, 128.92, 128.07, 127.79, 114.55,
112.33, 43.34; HRMS: m/z calcd. for C;cH;;C1,N3S [M-H]: 345.9972, found: 345.9963.



Cl

5,5-Bis(4-chlorophenyl)-2-iminoimidazolidin-4-one (15):) '"H NMR (300 MHz, CDCl;): &
8.01 (s, 1H), 7.35 (d, J = 8.7 Hz, 4H), 7.21 (d, J = 8.8 Hz, 4H), 4.54 (t, J = 12.4 Hz, 1H), 2.41 —
1.13 (m, 10H); HRMS: m/z calcd. for C HyN3CLO [M+H"]: 402.1134, found: 402.1121.

aB ¥y
OOOO

2,5-Di([1,1'-biphenyl]-3-yl)-3,4-bis(4-chlorophenyl)cyclopenta-2,4-dien-1-one  (16):") 'H
NMR (300 MHz, CDCl3): § 7.51 — 7.26 (m, 18H), 7.25 — 7.17 (m, 4H), 6.99 — 6.92 (m, 4H); *C
NMR (75 MHz, CDCl): ¢ 199.75, 153.10, 141.17, 140.84, 135.11, 131.49, 130.89, 130.72,
129.22, 128.98, 128.87, 128.84, 127.49, 127.19, 126.76, 125.99; HRMS: m/z calcd. for
C41H26C1L,0 [M+H]: 605.1433, found: 605.1402.
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2,3-Di(furan-2-yl)quinoxaline (17):"*! "H NMR (300 MHz, CDCls): 6 8.20 — 8.07 (m, 2H), 7.81
—7.67 (m, 2H), 7.62 (dd, J = 1.8, 0.8 Hz, 2H), 6.66 (dd, J = 3.5, 0.8 Hz, 2H), 6.56 (dd, J = 3.5,

1.8 Hz, 2H); *C NMR (75 MHz, CDCL): 6 150.96, 144.34, 142.79, 140.77, 130.52, 129.26,
113.11, 112.04; MS (GC-MS): m/z 262 (M").



5,6-Di(furan-2-yl)-2,3-dihydropyrazine (18):") "H NMR (300 MHz, CDCls): 6 7.45 (dd, J =
1.8, 0.8 Hz, 2H), 6.47 (dd, J = 3.5, 0.8 Hz, 2H), 6.39 (dd, J = 3.5, 1.8 Hz, 2H), 3.60 (s, 4H); *C
NMR (75 MHz, CDCls): 6 150.42, 149.41, 144.49, 114.15, 111.46, 45.04; MS (GC-MS): m/z
214 (M.

4,5-Di(furan-2-yl)-2-phenyloxazole (19):' "TH NMR (300 MHz, CDCLs): § 7.33 (dd, J = 1.8,
0.8 Hz, 2H), 7.30 — 7.15 (m, 5H), 7.06 (dd, J = 3.5, 0.8 Hz, 2H), 6.41 (dd, J = 3.5, 1.8 Hz, 2H);
BC NMR (75 MHz, CDCl3): 6 158.39, 148.08, 144.01, 138.17, 128.92, 128.74, 128.42, 128.07,
127.79, 114.55, 112.33; MS (GC-MS): m/z 277 (M").
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1-(4-Bromophenyl)-3-(2,3-di(furan-2-yl)quinoxalin-6-yl)urea (20):"") '"H NMR (300 MHz,
CsDs): 0 9.21 (dd, J = 7.5, 1.5 Hz, 1H), 8.14 — 7.95 (m, 2H), 7.90 — 7.78 (m, 2H), 7.58 (s, 1H),
7.39 (s, 1H), 7.30 (d, J = 7.5 Hz, 2H), 7.26 — 7.16 (m, 2H), 7.09 (d, J = 7.6 Hz, 2H), 6.91 — 6.75
(m, 2H); *C NMR (75 MHz, C¢Dg): § 152.97, 149.86, 146.48, 146.39, 146.03, 141.92, 139.19,
138.80, 136.31, 131.15, 128.06, 121.75, 120.30, 118.44, 118.24, 112.58, 112.27; HRMS: m/z
calcd. for C3H5BrN4O3 [M+H+]: 475.0400, found: 475.0376.



4,5-Di(furan-2-yl)-2-phenyl-1H-imidazole (21):'¥ "H NMR (300 MHz, CDCls):  7.97 — 7.82
(m, 2H), 7.55 — 7.30 (m, 5H), 7.00 (d, J = 3.3 Hz, 2H), 6.53 (dd, J = 3.4, 1.8 Hz, 2H); *C NMR
(75 MHz, CDCl3): § 194.50, 172.68, 141.64, 129.45, 129.09, 125.66, 120.16, 111.97, 107.94,
107.87; MS (GC-MS): m/z 276 (M").

1-(Furan-2-yl)-2-(thiophen-2-yl)ethane-1,2-dione  (22):®)  40h;  furan-2-carbaldehyde
(0.25 mmol), thiophene-2-carbaldehyde (0.375 mmol); Yield: 72%; 'H NMR (300 MHz,
CDCls): 6 8.07 (dd, J=3.9, 1.2 Hz, 1H), 7.84 (dd, J=4.9, 1.2 Hz, 1H), 7.78 (dd, J= 1.7, 0.7 Hz,
1H), 7.63 (dd, J = 3.7, 0.7 Hz, 1H), 7.21 (dd, J = 4.9, 3.9 Hz, 1H), 6.64 (dd, J = 3.7, 1.7 Hz, 1H);
BC NMR (75 MHz, CDCls): ¢ 182.11, 177.55, 149.51, 138.92, 137.50, 137.33, 128.85, 124.73,
113.19, 100.15; MS (GC-MS): m/z 206 (M").

1-(Furan-2-yl)-2-(thiophen-3-yl)ethane-1,2-dione (23): 40 h; furan-2-carbaldehyde
(0.25 mmol), thiophene-3-carbaldehyde (0.375 mmol); Yield: 70%; 'H NMR (300 MHz,
CDCl): 0 8.46 (dd, J=2.9, 1.2 Hz, 1H), 7.77 (dd, /= 1.7, 0.7 Hz, 1H), 7.71 (dd, J= 5.2, 1.2 Hz,
1H), 7.53 (dd, J=3.7, 0.7 Hz, 1H), 7.38 (dd, J= 5.1, 2.9 Hz, 1H), 6.63 (dd, /= 3.7, 1.7 Hz, 1H);
BC NMR (75 MHz, CDCls): d 183.96, 178.92, 149.90, 149.37, 137.83, 137.51, 127.81, 126.90,
124.24, 113.11; HRMS: m/z calcd. for C;0Hs03S [M+Na']: 228.9930, found: 228.9932.
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1-(Furan-2-yl)-2-phenylethane-1,2-dione (24):®) 48 h; furan-2-carbaldehyde (0.25 mmol),
benzaldehyde (0.375 mmol); Yield: 74%; "H NMR (300 MHz, CDCLs): 6 8.10 — 7.97 (m, 2H),
7.76 (dd, J=1.7, 0.7 Hz, 1H), 7.72 — 7.60 (m, 1H), 7.57 — 7.47 (m, 2H), 7.39 (dd, /= 3.7, 0.7 Hz,

1H), 6.63 (dd, J = 3.6, 1.7 Hz, 1H); *C NMR (75 MHz, CDCL): § 191.68, 180.56, 150.17,
149.31, 135.00, 132.81, 130.35, 129.08, 123.39, 113.11 MS (GC-MS): m/z 200 (M").
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1-(4-Ethoxyphenyl)-2-(furan-2-yl)ethane-1,2-dione =~ (25): 48 h;  furan-2-carbaldehyde
(0.25 mmol), 4-ethoxy benzaldehyde (0.375 mmol); Yield: 68%; "H NMR (300 MHz, CDCLy): §
8.08 — 7.95 (m, 2H), 7.74 (dd, J= 1.6, 0.7 Hz, 1H), 7.37 (dd, J= 3.7, 0.7 Hz, 1H), 7.01 — 6.86 (m,
2H), 6.61 (dd, J= 3.7, 1.7 Hz, 1H), 4.13 (g, J = 7.0 Hz, 2H), 1.45 (t, J= 7.0 Hz, 3H); *C NMR

(75 MHz, CDCls): 0 190.22, 181.09, 164.63, 150.33, 149.06, 132.86, 125.59, 123.19, 114.86,
112.99, 64.18, 14.74; HRMS: m/z calcd. for C14H 2,04 [M+H]: 245.0808, found: 245.0806.

1-(4-Fluorophenyl)-2-(p-tolyl)ethane-1,2-dione (26): 48 h; 4-methyl benzaldehyde
(0.25 mmol), 4-fluoro benzaldehyde (0.375 mmol); purified via GPC; Yield: 65%; '"H NMR
(300 MHz, CDCls): ¢ 8.08 — 7.95 (m, 2H), 7.91 — 7.82 (m, 2H), 7.37 — 7.23 (m, 2H), 7.23 — 7.12
(m, 2H), 2.44 (s, 3H); *C NMR (75 MHz, CDCl3): 6 193.94, 168.89, 146.51, 132.93, 132.80,
130.64, 130.22, 129.94, 116.64, 116.35, 22.10; HRMS: m/z calcd. for C;sH;;FO, [M+H']:
265.0635, found: 265.0636.
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1-(Furan-2-yl)-2-(p-tolyl)ethane-1,2-dione (27): 36 h; furan-2-carbaldehyde (0.25 mmol), 4-
methyl benzaldehyde (0.375 mmol); Yield: 70%; "H NMR (300 MHz, CDCls): § 7.98 — 7.88 (m,
2H), 7.75 (dd, /= 1.7, 0.7 Hz, 1H), 7.37 (dd, J= 3.7, 0.7 Hz, 1H), 7.34 — 7.28 (m, 2H), 6.61 (dd,
J =37, 1.7 Hz, 1H), 2.44 (s, 3H); *C NMR (75 MHz, CDCls): ¢ 191.40, 180.87, 150.23,

149.17, 146.34, 130.46, 130.34, 129.81, 123.23, 113.04, 22.07; HRMS: m/= calcd. for C13H 005
[M+Na']: 237.0522, found: 237.0525.

1-(Furan-2-yl)-2-(5-methylfuran-2-yl)ethane-1,2-dione (28): 36 h; furan-2-carbaldehyde
(0.25 mmol), 5-methyl furan-2-carbaldehyde (0.375 mmol); purified via GPC; Yield: 80%; 'H
NMR (300 MHz, CDCl3): 6 7.76 (dd, J = 1.6, 0.8 Hz, 1H), 7.62 (dd, J = 3.7, 0.8 Hz, 1H), 7.55
(dd, J = 3.6, 0.8 Hz, 1H), 6.62 (dd, J = 3.7, 1.7 Hz, 1H), 6.27 (d, J = 2.7 Hz, 1H), 2.46 (s, 3H);
BC NMR (75 MHz, CDCls): d 177.56, 161.66, 149.79, 149.28, 148.62, 127.10, 124.58, 113.12,
110.40, 14.43; HRMS: m/z calcd. for C;;HgO4 [M+H']: 205.0501, found: 205.0497.
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1-(5-(Hydroxymethyl)furan-2-yl)-2-(5-methylfuran-2-yl)ethane-1,2-dione (29): 48h; 5-
methyl  furan-2-carbaldehyde  (0.25 mmol),  5-(hydroxymethyl)  furan-2-carbaldehyde
(0.375 mmol); Yield: 64%; "H NMR (300 MHz, CDCls): § 7.58 (d, J = 3.6 Hz, 1H), 7.54 (dd, J
=3.6, 0.6 Hz, 1H), 6.53 (d, J = 3.6 Hz, 1H), 6.27 (dd, J = 3.6, 0.9 Hz, 1H), 4.75 (s, 2H), 2.46 (s,
3H); *C NMR (75 MHz, CDCl): ¢ 177.39, 176.27, 161.82, 161.69, 149.33, 148.62, 127.14,
125.86, 110.52, 110.42, 57.97, 14.43; HRMS: m/z calcd. for C;,H;005 [M+H]: 235.0601, found:
235.0601.



1-(Furan-2-yl)-2-(furan-3-yl)ethane-1,2-dione (30): 36 h; furan-2-carbaldehyde (0.25 mmol),
furan-3-carbaldehyde (0.375 mmol); Yield: 76%; "H NMR (300 MHz, CDCL): ¢ 8.48 (dd, J =
1.4, 0.8 Hz, 1H), 7.82 — 7.73 (m, 1H), 7.72 — 7.64 (m, 1H), 7.49 (dd, /=1.9, 1.4 Hz, 1H), 6.92
(dd, J=2.0, 0.8 Hz, 1H), 6.63 (dd, J= 3.7, 1.7 Hz, 1H); *C NMR: (75 MHz, CDCls): § 184.08,
177.03, 152.03, 149.56, 149.45, 144.27, 124.94, 123.39, 113.17, 109.09; HRMS: m/z calcd. for
C10HsO4 [M+Na']: 213.0158, found: 213.0166.

1-(Pyridin-2-yl)-2-(thiophen-2-yl)ethane-1,2-dione (31): 48 h; picolinaldehyde (0.25 mmol),
thiophene-2-carbaldehyde (0.375 mmol); Yield: 62%; '"H NMR (300 MHz, CDCL): § 8.75 —
8.68 (m, 1H), 8.24 — 8.15 (m, 1H), 8.01 — 7.88 (m, 1H), 7.83 (dd, J=4.9, 1.1 Hz, 1H), 7.70 (dd, J
=3.9, 1.1 Hz, 1H), 7.57 — 7.50 (m, 1H), 7.18 (dd, J = 4.9, 3.9 Hz, 1H); *C NMR (75 MHz,
CDCl): ¢ 192.76, 187.31, 151.59, 150.03, 140.25, 137.38, 136.38, 136.23, 128.78, 128.21,
123.93; HRMS: m/z caled. for C;;H;NO,S [M+H]: 218.0270, found: 218.0278.
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1-(Benzofuran-2-yl)-2-(furan-2-yl)ethane-1,2-dione  (32): 48 h;  furan-2-carbaldehyde
(0.25 mmol), benzofuran-2-carbaldehyde (0.375 mmol); Yield: 75%; 'H NMR (300 MHz,
CDCl): 0 7.99 (d, J = 1.0 Hz, 1H), 7.81 — 7.74 (m, 2H), 7.71 — 7.59 (m, 2H), 7.59 — 7.49 (m,
1H), 7.41 — 7.27 (m, 1H), 6.66 (dd, J= 3.7, 1.7 Hz, 1H); *C NMR (75 MHz, CDCls): 6 179.14,
176.87, 156.75, 149.71, 149.57, 149.35, 130.01, 127.17, 125.07, 124.54, 124.34, 120.88, 113.33,
112.81; HRMS: m/z caled. for C 4HgO4 [M+H']: 241.0495, found: 241.0505.



1-(Furan-2-yl)-2-(5-(hydroxymethyl)furan-2-yl)ethane-1,2-dione =~ (33): 48 h; furan-2-
carbaldehyde (0.25 mmol), 5-(hydroxymethyl) furan-2-carbaldehyde (0.375 mmol); Yield: 71%;
"H NMR (300 MHz, CDCls): 6 7.78 (dd, J = 1.7, 0.8 Hz, 1H), 7.63 (dd, J = 3.7, 0.8 Hz, 1H),
7.60 (d, J = 3.7 Hz, 1H), 6.63 (dd, J = 3.7, 1.7 Hz, 1H), 6.55 (d, J = 3.7 Hz, 1H), 4.76 (s, 2H),
2.22 (s, 1H); ®C NMR (75 MHz, CDCl3):  177.01, 176.81, 162.09, 149.61, 149.53, 149.15,
126.11, 124.85, 113.22, 110.59, 57.96; HRMS: m/z calcd. for C;;HgOs [M+H']: 221.0444,
found: 221.0445.

9. Computational Details
1. DFT calculations

All DFT calculations were performed within the Turbomole 7.0"” program package. The
molecular structures were optimized using the B3LYP!""! functional combined with Grimme’s
dispersion correction with Becke-Johnson damping (D3(BJ)!'Y, applying increased
convergence criteria (10® H in total energy and 10 au in in the maximum norm of the
Cartesian gradient) and a fine integration grid (m4 in Turbomole convention). Ahlrich’s
revised all electron basis sets were utilized throughout.!"! No symmetry restrains were imposed
and the optimized structures were defined as minima (no negative eigenvalue) or transition states
(one negative eigenvalue) by vibrational analyses at the D3(BJ)-B3LYP/def2-TZVP level of
theory. Additionally, the nature of the located transition states was confirmed by displacement of

the structures along the vibration mode that represents the reaction coordinate followed by full

structure optimizations.

To account for solvent energies, the (free) energies have been evaluated by single point
calculations in the optimized structures applying the same method (D3(BJ)-B3LYP) but a slightly
larger basis set (def2-TZVPP) and the conductor-like screening model (COSMO)!'*! (g = 47 for
DMSO). We find that the energy loss in the formation of charged species is largely compensated
by the COSMO correction. The final energies were calculated by adding the single point energies



with the zero-point vibrational energy (ZPVE) or the free energy (G) that were obtained from the
vibrational analyses at the D3(BJ)-B3LYP/def2-TZVP level.

Conformers of the different structures have been fully evaluated and the ones with the lowest

single point energies chosen.

2. Alternative Pathways
a) Activation of DMSO by CO;

Nucleophilic attack of DMSO at CO; does not occur if not accompanied by a proton shift from
one methyl group of DMSO to CO,. The transitions state for this reaction has been located but is
rather high in energy (50.2 kcal/mol) compared to the energies of the path presented in the text.
Scans of the possible reaction of DMSO with the CO,—~NHC adduct using a simplified model of
the NHC catalyst were not productive (see Figure S1).

0O

9 + COp — > O)LO@ AG (AE) in kcal/mol
S\ .
S
“®™  No formation
)OL
O ®
I + CO + HCOjyz
/S\ 2 Q OH %S\ 3
Ss
0.0 (0.0) TS:50.2 (39.9) 35.1(25.5) 28.7 (30.9)

Figure S1. Evaluated pathways for the reaction between DMSO and CO,.
b) DMSO as hydride acceptor

Frequently, DMSO has been suggested to act as a hydride acceptor. To evaluate this possibility,

we have calculated the thermodynamic hydricities (AGy.) for the theoretical reaction:
AH— A"+ H
as: AGu(AH) = G(A") + G(H) — G(AH)

The energy of the hydride ion was obtained from its SCF energy using H = Egcr + “/»RT (1.48
kcal'mol™ at 298.15 K) while the free energies for the rest were calculated as described above.

This approach is rather crude but should be valid for a comparative study.

According to our results (Figure S2) hydride transfer to DMSO is uphill and therefore not

expected to take place. On the other hand, for entropic reasons (release of CO,), the carboxylate



ester 1s indeed a better hydride donor than the hydroxyl compound (lines 1 and 2), possibly
explaining the mediating effect of CO,. However, the best hydride donor would be the
deprotonated hydroxyl compound (line 3). All in all, even when we neglect that DMSO should
not act as hydride acceptor, the calculated energies do poorly explain while oxidation only takes

place in presence of CO;.

OH (0] OH
- 6 3 (0] ) / Y Y \ + H  AGy. =55.1kecal/mol
d N d o

\YOH - CO,

N 0] AGy. = 41.2 keal/mol

0® 0
> O B 0 . Gy, = 4.4 keal/mol
% fo) ) —_— ~0 [\ H
N N

o S -CO,

o AGy;. = 29.8 kcal/mol

H4C---Sy! o ) AG. = -42.9 kecal/mol

Figure S2. Calculated thermodynamic hydricities of possible intermediates in the oxidation step.



3. Calculated Structures

(a) (b)

Figure S3. Structures of the transition states of (a) the direct subtitution of HCO;” by DMSO and
(b) the proton shift to the sulfonium ylide
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