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I. Chemical synthesis

General considerations. All reagents were used as received unless otherwise noted. Reactions were carried
out under a nitrogen atmosphere using standard Schlenk techniques unless otherwise noted. Solvents were
degassed and dried over aluminum columns on an MBraun solvent system (Innovative Technology, Inc., Model
PS-00-3). Reactions were monitored by thin layer chromatography using Machery-Nagel 60 F2s4 precoated silica
TLC plates (0.25 mm) or Merck Silica Gel 60 F2s4 precoated silica TLC plates (0.25 mm) which were visualized
using UV, p-anisaldehyde, CAM, DNP, or bromocresol green stain. Flash column chromatography was
performed using Machery-Nagel 60 um (230-400 mesh) silica gel. All compounds purified by column
chromatography were sufficiently pure for use in further experiments unless otherwise indicated. *H and 3C
NMR spectrawere obtained in CDClIs at rt (25 °C), unless otherwise noted, on Varian 400 MHz or Varian 600
MHz spectrometers. Chemical shifts of 1H NMR spectrawere recorded in parts per million (ppm) on the & scale.
High resolution electrospray mass spectra were obtained on an Agilent UPLC-QTOF at the University of
Michigan Life Sciences Institute or Agilent UPLC-TOF at the University of Michigan Life Sciences Institute. IR
spectra were recorded on a Perkin-Elmer Spectrum BX FT-IR spectrometer. SFC spectra were obtained on a
Waters SCF Investigator SFC system. Circular dichroism spectra were obtained on a JASCO J-1500 CD
Spectrometer.

Svynthesis of substrates

Me OH

A

HO (o) o

4,7-dihydroxy-5-methyl-2H-chromen-2-one (S1). To a mixture of 5-methylresorcinol (3.000 g, 24.16 mmol,
1.000 equiv), malonic acid (2.514 g, 24.16 mmol, 1.000 equiv) and ZnClz flame-dried under vacuum (10.21 g,
74.91 mmol, 3.100 equiv) was added POCIs (60.00 mL). The reaction was heated at 60 °C and stirred for 14.5
h. The reaction was quenched by pouring into ice water and induced the precipitation of a solid, which was
isolated by vacuum filtration. The crude solid was purified by flash column chromatography (5:6:1 toluene/ethyl
acetate/formic acid v/v) to afford 3.380 g of the title compound (73%Yyield) as a yellow solid with minor impurities.
R: = 0.37 (8:3:1 toluene/ethyl acetate/formic acid v/v); 'H NMR (400 MHz, DMSO-ds) 6 12.06 (s, 1H), 10.39 (s,
1H), 6.54 (s,1H), 6.50 (s, 1H), 5.33 (s, 1H), 2.57 (s, 3H); *3C NMR (150 MHz, DMSO-ds) 6 169.1, 161.9, 1604,
157.0, 138.7,115.6,106.4,100.4, 88.0, 22.8; HRMS (ESI) m/z calculated for Cio0HeO4* [M+H]* 193.0495, found
193.0505. All spectra obtained were constant with literature values.!

Me OMe

X

HO (o) o

7-hydroxy-4-methoxy-5-methyl-2H-chromen-2-one (4). To a solution of 4,7-dihydroxy-5-methyl-2H-chromen-
2-one (S1;1.450 g, 7.546 mmol, 1.000 equiv) in MeOH (84.0 mL) was added H2S0a4 (8.4 mL). The reaction was
heated at 75 °C for 6.2 h. Incubation at 0 °C induced the precipitation of a white solid which was isolated by
vacuum filtration to afford 1.070 g of the title compound (69% yield). Rt = 0.43 (8:3:1 toluene/ethyl acetate/formic
acid v/v); *H NMR (400 MHz, DMSO-ds) & 10.46 (s, 1H),6.57 (d,J=2.4, 1H), 6.54 (d, J = 2.4, 1H), 5.59 (s, 1H),
3.92 (s, 3H), 2.53 (s, 3H); HRMS (ESI) m/z calculated for C11H1104* [M+H]* 207.0652, found 207.0657. All
spectra obtained were constant with literature values.?

m
HO (o) o

7-hydroxy-4-methoxy-2H-chromen-2-one (9). To asolution of 4,7-dihydroxycoumarin (250.0 mg, 1.403 mmol,
1.000 equiv) in MeOH (15.6 mL) was added H2SOa4 (1.6 mL). The reaction was heated at 75 °C for 2.8 h.
Incubation at 0 °C induced the precipitation of a white solid which was isolated by vacuum filtration to afford
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226.2 mg of the title compound (84% yield). TH NMR (600 MHz, DMSO-ds) 6 7.61 (d, J =8.7, 1H), 6.78 (dd, J =
8.7,2.3, 1H),6.69 (d, J = 2.3, 1H), 5.67 (s, 1H), 3.96 (s, 3H); HRMS (ESI) m/z calculated for Cio0HeO4* [M+H]*
193.0495, found 193.0503. All spectra obtained were constant with literature values.3

joel
HO (o} o

7-hydroxy-5-methyl-2H-chromen-2-one (10). Ethyl(3,3)-diethoxypropanoate (0.36 mL, 1.8 mmol, 1.0 equiv)
was added neat to 5-methylresorcinol (250 mg, 2.0 mmol, 1.1 equiv). The reaction was heated at 120 °C and
stirred until dissolvedfor 1 h. Toluene (5.0 mL) and toluene sulfonic acid monohydrate (77 mg, 0.40 mmol, 0.200
equiv) were added to the solution. The reaction was heated at 110 °C and stirred for 16 h. The reaction was
guenched by pouring into ice water and further induced the precipitation of asolid, which was isolated by vacuum
filtration to afford 320.0 mg of the title compound (99%yield).*HNMR (400 MHz, DMSO-ds) 6 10.45 (s, 1H), 8.05
(d,J=9.7,1H0,6.64 (d,J= 2.0, 1H),6.55 (d, J= 2.0, 1H), 6.19 (d, J = 9.7, 1H), 2.42 (s, 3H); HRMS (ESI) m/z
calculated for Ci0H9Os* [M+H]* 177.0546, found 177.0556. All spectra obtained were constant with literature
values.*

OH OH

X

HO (e} o

4,5,7-trihydroxy-2H-chromen-2-one (S2). 4,5,7-trihydroxy-2H-chromen-2-one (S2) was prepared from
phloroglucinol and cyanoacetic acid according to the procedure described by Pandey et al.> MP =>310 °C; R¢ =
0.38 (8:3:1 toluene/ethyl acetate/formic acid v/v); *H NMR (600 MHz, DMSO-ds) & 10.40 (s, 1H), 6.17 (s, 2H),
5.19 (s, 1H); 1*C NMR (150 MHz, DMSO-ds) 6 168.3,162.2,161.9,156.9, 156.3,98.6, 96.6, 94.7, 86.6; IR (thin
film, cmt) 3097, 2707, 2600, 1634, 1569, 1471, 1415; HRMS (ESI) m/z calculated for CeH7Os* [M+H]* 195.0288,
found 195.0295.

OH OMe

A

HO (0} o

5,7-dihydroxy-4-methoxy-2H-chromen-2-one (13). To a solution of 4,5,7-trihydroxy-2H-chromen-2-one (S2,
67.6 mg, 0.35 mmol, 1.00 equiv) in MeOH (3.0 mL) was added H2SOa4 (0.35 mL). The reaction was heated at 80
°Cfor 1.5 h. Incubation at 0 °C induced the precipitation of atan solid which was isolated by vacuum filtration to
afford 19.0 mg of the title compound (26% vyield). MP = 224.2-226.5 °C; Rr = 0.42 (8:3:1 toluene/ethyl
acetate/formic acid v/v); *H NMR (600 MHz, DMSO-ds) 6 6.20 (d,J=2.1, 1H), 6.17 (d, J =2.5, 1H), 5.49 (s, 1H),
3.90 (s, 3H); 13C NMR (150 MHz, DMSO-ds) 6 168.8, 161.8,161.6, 156.7, 156.0, 99.5, 96.5, 94.6,85.2, 56.7; IR
(thin film, cm1) 3402, 3234, 3089, 1700, 1642, 1609, 1579, 1521, 1464, 1443, 1405; HRMS (ESI) m/z calculated
for C10H9Os* [M+H]* 209.0444, found 209.0452.

HO i OH

5-bromoresorcinol (S3). To a solution of 1-bromo-3,5-dimethoxybenzene (2.00 g, 8.33 mmol, 1.00 equiv) in
CH2Cl2 (8.3 mL) was added 1 M BBrs solutionin CH2Cl2 (25.0 mL, 25.0 mmol, 3.00 equiv) at —78 °C. The reaction
was warmed to rt and stirred for 16 h. The reaction was quenched by slow addition of water (10 mL) at 0 °C and
extracted with ethyl acetate (3x). The organic layers were combined, washed with brine, dried over Na2SOa4,
filtered, and evaporated under reduced pressure to afford an oil. The crude product was purified by flash column
chromatography (9:1 to 7:3 hexanes/ethyl acetate v/v) to afford 1.846 g of the title compound (85% yield) as an
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off-white solid. H NMR (400 MHz, CDs0OD) & 6.42 (d, J = 2.1, 2H), 6.19 (t, J = 2.1, 1H). All spectra obtained
were constant with literature values.®

Br OMe

A

HO (o) o

5-bromo-7-hydroxy-4-methoxy-2H-chromen-2-one (14). To a mixture of 5-bromoresorcinal (S3, 422.0 mg,
2.232 mmol, 1.000 equiv), malonic acid (232.3 mg, 2.232 mmol, 1.000 equiv) and ZnClz flame-dried under
vacuum (943.0 g, 6.919 mmol, 3.100 equiv) was added POCIs (5.6 mL). The reaction was heated at 60 °C and
stirred for 15.1 h. The reaction was quenched by pouringinto ice water and induced the precipitation of a solid,
which was isolated by vacuum filtration. The crude material was used without further purification due to
decomposition under flash column chromatography conditions. To a solution of crude 5-bromo-4,7-dihydroxy-
2H-chromen-2-one (459.0 mg, 1.785 mmol, 1.000 equiv) in MeOH (20.0 mL) was added H2SO4 (2.0 mL). The
reaction was heated at 75 °C for 7.1 h. Partial concentration of the solution and incubation at O °C induced the
precipitation of a white solid which was isolated by vacuum filtration to afford 34.3 mg of the title compound (13%
yield). MP = 207.4-212.0 °C; Rf = 0.41 (8:3:1 toluene/ethyl acetate/formic acid v/v); *H NMR (600 MHz, DMSO-
de) 6 7.04 (d, J = 2.4, 1H), 6.71(d, J = 2.4, 1H), 5.71 (s, 1H), 3.92 (s, 3H); 13C NMR (150 MHz, DMSO-de) &
166.4,160.9, 160.7, 156.2,119.7,117.6,106.2, 102.7,87.9, 56.6; IR (thin film, cmt) 3406, 3147, 1694, 1611,
1589, 1550, 1433; HRMS (ESI) m/z calculated for C10HsBrO4* [M+H]*270.9600, found 270.9607.

Cl

HO i OH

5-chlororesorcinol (S4). To a solution of 1-chloro-3,5-dimethoxybenzene (1.00 g, 5.79 mmol, 1.00 equiv)
dissolved in CH2Cl2 (6.0 mL) was added a 1-M solution of BBrsin CH2Cl2 (12.2 mL, 12.1 mmol, 2.10 equiv) at
—78 °C. The reaction was allowed to warmto rt and stirred for 14 h. The reaction was quenched with the addition
of water (4.0 mL). The aqueous phase was extracted with ethyl acetate (3x). The organic layers were combined,
washed with brine, dried over NazSO4, filtered, and evaporated under reduced pressure to afford an oil. The
crude residue was purified by flash column chromatography (4:1 hexanes/ethyl acetate v/v) to afford 661 mg of
the title compound (79% yield) as a pink solid. '"H NMR (400 MHz, acetone-ds) 6 8.63 (s, 2H), 6.37 (d, J = 2.1,
2H), 6.30 (t, J = 2.1, 1H). All spectra obtained were constant with literature values.’

5-chloro-4,7-dihydroxy-2H-chromen-2-one (S5). To a mixture of 5-chlororesorcinol (S4, 300.0 mg, 2.075
mmol, 1.000 equiv), malonic acid (215.9 mg, 2.075 mmol, 1.000 equiv) and ZnCl: flame-dried under vacuum
(876.7 mg, 6.432 mmol, 3.100 equiv) was added POCIs (5.2 mL). The reaction was heated at 60 °C and stirred
for 14.5 h. The reaction was quenched by pouring into ice water and induced the precipitation of a solid, which
was isolated by vacuum filtration. The crude solid was purified by flash column chromatography (8:3:1
toluene/ethyl acetate/formic acid v/v) to afford a 108.3 mg of the title compound (24% yield) as a tan solid with
minor impurities. MP = 250.1-252.9 °C; Rf=0.45 (8:3:1 toluene/ethyl acetate/formic acid v/v); 'H NMR (600 MHz,
acetone-ds) 6 6.88 (d,J=2.4,1H),6.70(d, J = 2.4, 1H), 5.51 (s, 1H);**C NMR (150 MHz, acetone-ds) 6 166.9,
161.6,161.2,158.5,132.8,116.5, 107.0, 103.2, 91.0; IR (thin film, cm1) 3254, 3080, 2940, 1617, 1547, 1436;
HRMS (ESI) m/z calculated for CoHsClO4* [M+H]* 212.9949, found 212.9953.
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Cl OMe

A

HO O o

5-chloro-7-hydroxy-4-methoxy-2H-chromen-2-one (15). To asolution of 5-chloro-4,7-dihydroxy-2H-chromen-
2-one (S5, 88.0 mg, 0.41 mmol, 1.00 equiv) in MeOH (4.6 mL) was added H2SO4 (0.46 mL). The reaction was
heated at 75 °C for 3.7 h. Incubation at 0 °C induced the precipitation of a white solid which was isolated by
vacuum filtration to afford 56.9 mg of the title compound (61%yield). MP =>310 °C; R = 0.49 (8:3:1 toluene/ethyl
acetate/formic acid v/v); *H NMR (600 MHz, DMSO-ds) & 10.98 (brs, 1H), 6.82 (d, J=2.3, 1H), 6.68 (d, J = 2.3,
1H), 5.71 (s, 1H), 3.93 (s, 3H); 13C NMR (150 MHz, DMSO-ds) 6 166.8,160.9, 160.5, 156.2, 130.6, 115.9, 105.1,
102.2, 88.0, 56.8; IR (thin film, cm) 3139, 2728,2161, 2033, 1698, 1613, 1593,1522, 1449, 1433; HRMS (ESI)
m/z calculated for C10HsClO4* [M+H]* 227.0106, found 227.0112.

Me NHMe

A

HO (o) o

7-hydroxy-5-methyl-4-(methylamino)-2H-chromen-2-one (16). To a solution of 4,7-dihydroxy-5-methyl-2H-
chromen-2-one (S1, 423 mg, 2.2 mmol, 1.0 equiv) in MeCN (8.8 mL) was added benzyl triethylammonium
chloride (2.0 g, 8.9 mmol, 4.0 equiv). The solution was heated at 40 °C for 10 min then POCIs (910 uL, 9.7 mmol,
4.4 equiv) was added. The reaction was heated at 90 °C for 1.0 h. The reaction was quenched by pouring into
ice water and extracted with ethylacetate (3x). The organic layers were combined, washed with brine, dried over
Naz2S0u, filtered, and evaporated under reduced pressure to afford an oil, which was carried forward without
further purification and dissolved in EtOH (12.7 mL) in a pressure vessel. To the crude solution was added
triethylamine (4.20 mL) and methylamine hydrochloride (1.49 g, 22.1 mmol, 10.0 equiv). The reaction was heated
at 80 °C for 14.5 h. The reaction was quenched by pouring into 1 M HCI and extracted with ethyl acetate (3x).
The organic layers were combined, washed with brine, dried over Na:SOa4, filtered, and evaporated under
reduced pressure to afford 88.7 mg of the title compound (20% yield) as an orange solid. MP 279.3-283.6 °C; R¢
=0.17 (8:3:1 toluene/ethyl acetate/formic acid v/v); H NMR (600 MHz, CDsOD) & 8.46 (s, 1H), 6.59 (d, J= 2.5,
1H), 6.54 (d, J = 2.6, 1H), 5.08 (s, 1H), 2.95 (s, 3H), 2.71 (s, 3H); 13C NMR (150 MHz, CDs0OD) & 166.6, 161.5,
160.2,157.9,137.9,117.8,107.5, 102.5, 80.5, 30.5, 23.4; HRMS (ESI) m/z calculated for C11H12NOs* [M+HJ*
206.0812, found 206.0820.

HO i OH

5-ethylbenzene-1,3-diol (S6). The title compound was prepared from 1-(3,5-dihydroxyphenyl)ethan-1-one
according to the procedure described by Linusson et al.8 1H NMR (400 MHz, acetone-ds) & 8.01 (s, 2H), 6.19
(d,J=1.9,2H),6.17(d,J = 2.1, 1H), 2.46 (q, J = 7.6, 2H), 1.14 (t, J = 7.6, 3H). All spectra obtained were
consistent with literature values.®8

5-ethyl-4,7-dihydroxy-2H-chromen-2-one (S7). To amixture of 5-ethylbenzene-1,3-diol (S6, 800.2 mg, 5.791
mmol, 1.000 equiv), malonic acid (602.6 mg, 5.791 mmol, 1.000 equiv) and ZnCl: flame-dried under vacuum
(2.446 g, 17.95 mmol, 3.100 equiv) was added POCIs (14.5 mL). The reaction was heated at 60 °C and stirred
for 14.5 h. The reaction was quenched by pouring into ice water and induced the precipitation of a solid, which
was isolated by vacuum filtration. The crude solid was purified by flash column chromatography (8:3:1 to 6:5:1
toluene/ethyl acetate/formic acid v/v) to afford a 183.5 mg of the title compound (15% yield) as a tan solid with
minor impurities. MP =234.1-236.8 °C; Ry=0.43 (8:3:1 toluene/ethyl acetate/formic acid v/v); *H NMR (600 MHz,
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DMSO-ds) 8 12.11 (s, 1H), 10.41 (s, 1H),6.57 (d, J = 2.4, 1H),6.51 (d, J = 2.4, 1H),5.36 (s, 1H),2.99(q, J =
7.4,2H),1.15(t, J=7.4, 3H); 33C NMR (150 MHz, DMSO-ds) & 168.7, 161.8, 160.6, 157.2, 145.2, 114.4, 105.7,
100.6, 88.3, 28.2, 16.5; IR (thin film, cm) 3086, 2971, 2599, 1646, 1598, 1555, 1510, 1437; HRMS (ESI) m/z
calculated for C11H1104* [M+H]* 207.0652, found 207.0651.

Et OMe

A

HO (0] o

5-ethyl-7-hydroxy-4-methoxy-2H-chromen-2-one (17). To asolution of 5-ethyl-4,7-dihydroxy-2H-chromen-2-
one (S7,141.7 mg, 0.691 mmol, 1.000 equiv) in MeOH (7.7 mL) was added H2SOa4 (0.77 mL). The reaction was
heated at 75 °Cfor 4.4 h. Incubation at O °C induced the precipitation of an orange solid which was isolated by
vacuum filtration to afford 78.8 mg of the title compound (52% yield) as a tan solid with minor impurities. MP =
267.4-269.5°C; Rf = 0.48 (8:3:1 toluene/ethyl acetate/formic acid v/v); *H NMR (600 MHz, DMSO-ds) 6 10.45
(brs, 1H),6.58 (d, J=2.3,1H), 6.54 (d, J=2.3, 1H), 5.60 (s, 1H), 3.93 (s, 3H), 2.91(q, J=7.3,2H), 1.12 (t, I =
7.4, 3H); 13C NMR (150 MHz, DMSO-ds) 6 169.0, 161.7, 160.5, 156.2, 144.5, 114.7, 105.3, 100.6, 86.9, 56.5,
28.6,16.1; IR (thin film, cm1) 3286, 1689, 1621, 1606, 1560, 1421; HRMS (ESI) m/z calculated for C12H1304*
[M+H]*221.0808, found 221.0818.

Me OEt

A

HO o o

4-ethoxy-7-hydroxy-5-methyl-2H-chromen-2-one (18). To a solution of 4,7-dihydroxy-5-methyl-2H-chromen-
2-one (S1,510.0 mg, 2.650 mmol, 1.000 equiv) in EtOH (29.6 mL) was added H2S0O4 (2.9 mL). The reaction was
heated at 75 °C for 9.5 h. Incubation at 0 °C induced the precipitation of a pale-yellow solid which was isolated
by vacuum filtration to afford 237.6 mg of the title compound (41% yield). MP 276.5-278.2 °C; Ry = 0.58 (8:3:1
toluene/ethyl acetate/formic acid v/v); *H NMR (600 MHz, DMSO-ds) 6 10.40 (br s, 1H), 6.54 (d, J = 2.4, 1H),
6.51(d,J=2.4,1H), 5.50 (s, 1H), 4.12(q, J = 7.0, 2H), 2.51 (s, 3H), 1.40 (t, J = 7.0, 3H); 13C NMR (150 MHz,
DMSO-ds) 6 168.3, 161.8, 160.2, 156.1, 138.2, 116.0, 106.0, 100.5, 86.8, 65.2, 23.1, 13.9; IR (thin film, cm?)
3189, 1697, 1612, 1558, 1459, 1403; HRMS (ESI) m/z calculated for Ci2H1304* [M+H]* 221.0808, found
221.0813.

Me OiPr

=

HO (o} (o}

7-hydroxy-4-isopropoxy-5-methyl-2H-chromen-2-one (19). To a solution of 4,7-dihydroxy-5-methyl-2H-
chromen-2-one (S1, 550.0 mg, 2.862 mmol, 1.000 equiv) in i-PrOH (32.0 mL) was added H2SOa4 (3.2 mL). The
reaction was heated at 75 °C for 4.7 h. The solution was partially concentrated under reduced pressure, diluted
with H20 and extracted with ethyl acetate (3x). The organic layers were combined, washed with brine, dried over
Na2SOs4, filtered, and evaporated under reduced pressure to afford asolid. The crude solid was purified by flash
column chromatography (9:2:1 to 8:3:1 toluene/ethyl acetate/formic acid v/v) to afford 51.8 mg of the title
compound (8% yield) as atan solid. MP =215.1-217.1°C; Rt = 0.51 (8:3:1 toluene/ethyl acetate/formic acid vi);
1H NMR (600 MHz, acetone-ds) 6 6.61 (d, J= 2.2, 1H), 6.56 (d, J = 2.5, 1H), 5.48 (s, 3H), 4.84 (heptd, J= 6.0,
2.7,1H), 2.61 (s, 3H), 1.46 (d, J=6.0, 6H); 13C NMR (150 MHz, acetone-ds) 6 168.2,162.7, 160.9, 157.8,139.8,
116.7,108.2,101.5,88.2, 73.0, 24.0, 21.8; IR (thin film, cm) 3207, 2980, 2933, 1683, 1599, 1556, 1452; HRMS
(ESI) m/z calculated for C13H1504* [M+H]* 235.0965, found 235.0973.
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Me OPr

A

HO (0} [0}

7-hydroxy-5-methyl-4-propoxy-2H-chromen-2-one (20). To a solution of 4,7-dihydroxy-5-methyl-2H-
chromen-2-one (S1, 500.0 mg, 2.602 mmol, 1.000 equiv) in i-PrOH (29.0 mL) was added H2SO4 (2.9 mL). The
reaction was heated at 75 °C for 8.6 h. The solution was partially concentrated under reduced pressure, diluted
with H20, and extracted with ethyl acetate (3x). The organic layers were combined, washed with brine, dried
over NazSO4s, filtered, and evaporated under reduced pressure to afford a solid. The crude solid was purified by
flash column chromatography (8:3:1 toluene/ethyl acetate/formic acid v/v) and subjected to trituration (3x, 8:3:1
toluene/ethyl acetate/formic acid v/v) to afford 167.1 mg of the title compound (27% yield) as a tan solid. MP =
198.2-199.5°C; Rf = 0.50 (8:3:1 toluene/ethyl acetate/formic acid v/v); 1H NMR (600 MHz, acetone-ds) & 9.26
(s, 1H), 6.63 (dd, J = 2.6, 1.0, 1H), 6.57 (d, J = 2.5, 1H), 5.48 (s, 1H), 4.14 (t, J = 6.3, 2H), 2.63 (s, 3H), 1.98-
1.87 (m, 2H), 1.10 (t, J = 7.4, 3H); 13C NMR (150 MHz, acetone-ds) 6 169.7, 162.6, 161.1, 157.8,139.7, 116.8,
108.0,101.7,88.2,72.1, 23.9, 22.8,11.1; IR (thin film, cm) 3148, 3090, 2974, 2935, 1709, 1697, 1689, 1625,
1451; HRMS (ESI) m/z calculated for C1sH1504* [M+H]* 235.0965, found 235.0960.

Me OtBu

X

HO (o} [0}

4-(tert-butoxy)-7-hydroxy-5-methyl-2H-chromen-2-one (21). To a solution of 4,7-dihydroxy-5-methyl-2H-
chromen- 2-one (S1, 25.0 mg, 0.121 mmol) in t-butanol (1.20 mL, 0.10 M) was added H2SO4 (0.120 mL, 1.0 M)
in a 10 mL cuvette. The reaction was heated at 120 °C for 1 h in amicrowave reactor, rapidly forming a biphasic
mixture. The reaction was quenched by the addition of water and extracted with ethyl acetate (3x). The organic
layers were combined, washed with brine, dried over Na2SO4, and evaporated under reduced pressure to afford
a yellow solid. The crude solid was purified over silica gel by flash chromatography (2% to 20% ethyl acetate in
dichloromethane), to afford 8.9 mg (28% vyield) of coumarin 21 as a glassy yellow film. 1H NMR (600 MHz,
acetone-ds) 6 6.60 (d, J=2.5Hz, 1H), 6.48 (d, J =2.4 Hz, 1H), 6.16 (s, 1H), 2.53(s, 3H), 1.01 (s, 9H). *C NMR
(150 MHz, acetone-ds) 6 191.5, 167.4,159.6, 159.3,143.8,116.1,108.3, 102.0, 100.6, 67.0, 28.7, 21.9. HRMS
(ESI) m/z calculated for C14H1704* [M+H]* 249.1121, found 249.1123.

Me OBu

A

HO (0} o

4-butoxy-7-hydroxy-5-methyl-2H-chromen-2-one (22). To asolution of 4,7-dihydroxy-5-methyl-2H-chromen-
2-one (S1, 400.0 mg, 2.081 mmol, 1.000 equiv) in n-BuOH (23.3 mL) was added H2SOa4 (2.3 mL). The reaction
was heated at 75 °C for 5.1 h. The solution was partially concentrated under reduced pressure, diluted with H20,
and extracted with ethyl acetate (3x). The organic layers were combined, washed with brine, dried over Na2S0Ox,
filtered, and evaporated under reduced pressure to afford a solid. The crude solid was purified by flash column
chromatography (9:2:1 to 8:3:1 toluene/ethyl acetate/formic acid v/v) and subjected to trituration (3x, 8:3:1
toluene/ethyl acetate/formic acid v/v) to afford 105.2 mg of the title compound (21% yield) as a white solid. MP
=196.7-197.8°C; Rf = 0.54 (8:3:1 toluene/ethyl acetate/formic acid v/v); *H NMR (600 MHz, CDsOD) 6 6.58 (d,
J=2.2,1H),6.54 (d,J=2.2,1H),5.55 (s, 1H), 4.15 (t, J=6.3, 2H), 2.61 (s, 3H), 1.92-1.84 (m, 2H), 1.57 (9, J =
7.5,2H),1.02 (t, J=7.4); 13C NMR (150 MHz, CDsOD) 6 171.5, 166.1,162.2, 158.0. 140.2,117.5,108.0, 101.7,
87.5,70.9, 31.8, 23.9, 20.5, 14.1; IR (thin film, cm) 3279, 3122, 2957, 2872, 1675, 1610, 1555, 1448, 1409;
HRMS (ESI) m/z calculated for C14H1704* [M+H]* 249.1121, found 249.1124.
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Supplemental Scheme S1. Synthesis of benzofuran 27.
Me OMe
A
BnO o~ Yo

7-(benzyloxy)-4-methoxy-5-methyl-2H-chromen-2-one (S8). To a solution of 7-hydroxy-4-methoxy-5-methyl-
2H-chromen-2-one (4; 1.07 g, 5.19 mmol, 1.00 equiv) in DMF (52.0 mL) was added K2COs (1.07 g, 7.78 mmol,
1.50 equiv) and BnBr (740 L, 6.23 mmol, 1.20 equiv). The reaction was heated at 80 °C and stirred for 3.3 h.
The reaction was quenched with MeOH (1 mL). Water was added and the aqueous phase was extracted with
ethyl acetate (3x). The organic layers were combined, washed with brine, dried over Na2SOas, filtered, and
evaporated under reduced pressure afford 1.37 g of the title compound (89% yield) as a white solid. MP = 137.5-
138.7 °C; Rf = 0.17 (2:1 hexanes/ethyl acetate v/v); 'H NMR (600 MHz, CDCl3) & 7.41-7.34 (m, 4H), 7.33-7.29
(m, 1H), 6.65 (d, J=2.6, 1H), 6.63 (d, J=2.5, 1H), 5.47 (s, 1H), 5.03 (s, 2H), 3.86 (s, 3H), 2.55 (s, 3H); 13C NMR
(150 MHz, CDCI3) 6 169.6,163.0,160.9, 156.5,138.5,135.9,128.7,128.2,127.5,116.1,108.0,99.6,87.5, 70.1,
55.9, 23.4; IR (thin film, cm) 3089, 3063, 3032, 2975, 2935, 1711, 1601, 1555, 1497, 1455, 1423; HRMS (ESI)
m/z calculated for CisHi17O4* [M+H]* 297.1121, found 297.1122.

Me OMe

\Br

BnO (0} [0}

7-(benzyloxy)-3-bromo-4-methoxy-5-methyl-2H-chromen-2-one (S9). To a solution of 7-(benzyloxy)-4-
methoxy-5-methyl-2H-chromen-2-one (S8, 600.0 mg, 2.02 mmol, 1.00 equiv) in CH2Clz2 (25.0 mL) was added
recrystallized N-bromosuccinimide (378 mg, 2.13 mmol, 1.05 equiv) at 0 °C. The reaction was stirred for 2.6 h.
The reaction was quenched with saturated Na2S203 (5.0 mL). The aqueous phase was extracted with CH2Cl2
(3x). The organic layers were combined, washed with brine, dried over Na2SO4, filtered, and evaporated under
reduced pressure afford 555 mg of the title compound (73%Yyield) as a white solid. MP 118.3-121.5°C; Rf=0.53
(2:1 hexanes/ethyl acetate v/v); *H NMR (600 MHz, CDCls) 6 7.42-7.33 (m, 5H), 6.76 (d, 2H), 5.11 (s, 2H), 4.09
(s, 3H), 2.65 (s, 3H); 13C NMR (150 MHz, CDCIls) & 168.5,161.4,159.6, 155.4, 137.9, 135.7,128.9, 128.5,
127.6,117.2,110.2,99.9, 97.4,70.5, 61.0, 22.6; IR (thin film, cm't) 3089, 3063, 3032, 2972, 2939, 1715, 1612,
1588, 1538, 1497, 1453; HRMS (ESI) m/z calculated for CisH16BrO4* [M+H]* 375.0226, found 375.0218.

Me

OMe
OMe
A\
BnO o o

Methyl 6-(benzyloxy)-3-methoxy-4-methylbenzofuran-2-carboxylate (S10). To a suspension of 7-
(benzyloxy)-3-bromo-4-methoxy-5-methyl-2H-chromen-2-one (S9; 418 mg, 1.11 mmol, 1.00 equiv) in MeOH
(44.6 mL) was added freshly prepared 1M solution of NaOMe in MeOH (11.1 mL, 11.1 mmol, 10.0 equiv). The
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reaction was heated at 80 °C and stirred for 2.2 h. The reaction was poured into 122 mL of 0.1 M HCI. The
acidifed aqueous phase was extracted with ethyl acetate (3x). The organic layers were combined, washed with
brine, dried over Na2SOu, filtered, and evaporated under reduced pressure to afford 342 mg of the title compound
(94% yield) as an off-white solid. MP = 57.9-58.8 °C; Rf = 0.62 (2:1 hexanes/ethyl acetate v/v); 'H NMR (400
MHz, CDCls) & 7.45-7.30 (m, 5H), 6.81 (d, J=2.1, 1H),6.74 (d, J= 2.1, 1H), 5.08 (s, 2H), 4.12 (s, 3H), 3.96 (s,
3H), 2.59 (s, 3H); 3C NMR (100 MHz, CDClIs) & 160.3, 159.6, 154.8, 152.4, 136.5, 134.5, 131.2, 128.8, 128.2,
127.5,115.3,94.4,70.4,63.1, 52.0, 18.2; IR (thin film, cm) 3033, 2950, 2851, 1708, 1621, 1598, 1573, 1498,
1446; HRMS (ESI) m/z calculated for C19H9Os* [M+H]* 327.1227, found 327.1231.

Me

OMe
OMe
A\
HO o o

Methyl 6-hydroxy-3-methoxy-4-methylbenzofuran-2-carboxylate (27). A solution of methyl 6-(benzyloxy)-3-
methoxy-4-methylbenzofuran-2-carboxylate (S10; 502 mg, 0.923 mmol, 1.00 equiv) in MeOH (30.0 mL) was
sparged with N2 for 15 min then 10% Pd/C (30 mg, 10% w/w) as a slurry in ethyl acetate (1.0 mL). The reaction
was sparged with N2 for 10 min then sparged with Hz for 10 min and stirred for 20.5 h under H2z balloon
atmosphere. The reaction was filtered through a plug of celite, rinsed with ethyl acetate, and the organic solution
evaporated under reduced pressure. The crude solid was p urified throughasilica plug with flash chromatography
(ethyl acetate) to afford 220 mg of the title compound (quantitative yield) as a light pink solid. MP 137.6-140.2
°C; Rf = 0.45 (2:1 hexanes/ethyl acetate v/v); *H NMR (600 MHz, CDsOD) & 6.58 (d, J = 1.0, 1H), 6.54 (d, J =
1.0, 1H), 4.04 (s, 3H), 3.89 (s, 3H), 2.51 (s, 3H); 13C NMR (150 MHz, CDsOD) 6 161.2, 160.6, 156.5, 153.6,
135.4,131.8,115.7,115.1,96.0,63.5,52.1, 18.1; IR (thin film, cm1) 3365, 2952, 2852, 1682, 1619, 1600, 1575,
1448; HRMS (ESI) m/z calculated for C12H130s* [M+H]* 237.0757, found 237.0762.

Compounds 11-12 and 28-31 are commercially available.
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Synthesis of authentic product standards

Me OMe
Me OMe
X
M oM =
© © HO 0" o
B _ 5 Mo 0" 70 4+ wo Me
HO o (o]
HO (o] o] OMe
=

I
4
Me OMe ' ° s

o
Chemical dimerization of 7-hydroxy-4-methoxy-5-methyl-2H-chromen-2-one (4) to produce racemic
product mixtures (7 and S11). To a solution of 7-hydroxy-5-methyl-4-propoxy-2H-chromen-2-one (4; 51.5mg,
0.250 mmol, 1.00 equiv) in CH2Cl2 (1.0 mL) and trifluoroacetic acid (0.25 mL) was added VOF3 (124 mg, 0.375
mmol, 1.50 equiv) at 0 °C. The reaction was stirred for 4.0 h. The reaction was quenched with H20 (2 mL). The
aqueous phase was extracted with ethyl acetate (3x). The organic layers were combined, washed with brine,
dried over NazSOs4, filtered, and evaporated under reduced pressure. The crude solid was purified by flash
column chromatography (8:3:1 toluene/ethyl acetate/formic acid v/v) then reverse-phase HPLC (Phenomenex
Kinetex 5 ym C18, 150 x 21.2 mm column) under the following conditions: mobile phase A = deionized water +
0.1% formic acid and B = acetonitrile + 0.1% formic acid; method = 75% A for 5.0 min, 75% A to 70% A over 2.0
min, 70% A for 7.0 min, 70% A to 65% A over 2.0 min, 65% A for 5.0 min, 65% A to 50% A over 3.0 min, 50% A
for 1.0 min, 254 and 308 nm UV detection and 14 mL/min flow rate. A retention time of 12.65-14.77 min afforded
7.0mg of 8,8'-product 7 (14%yield), and a retention time of 18.44-20.07 min afforded 6.6 mg of 6,8'-product S11
(13% yield).

Me OMe

O X
HO o (o)
HO o (o)
4@
Me OMe
7,7'-dihydroxy-4,4-dimethoxy-5,5'dimethyl-2H,2H'-[8,8'-bichromene]-2,2'-dione (7). 'H NMR (400 MHz,

DMSO-ds) 6 6.69 (s, 2H), 5.55 (s, 2H), 3.94 (s, 6H), 2.59 (s, 6H); HRMS (ESI) m/z calculated for C22H190s*
[M+H]*411.1074, found 411.1070. All spectra obtained were agreement with literature values.®

Me OMe

O
HO (o) (o]
HO Me

EII] OMe

o

(o]
7,7'-dihydroxy-4,4'-dimethoxy-5,5'dimethyl-2H,2H'-[6,8'-bichromene]-2,2'-dione (S11). 'H NMR (400 MHz,
DMSO-ds) 6 6.70 (s, 1H), 6.68 (s, 1H), 5.63 (s, 1H), 5.57 (s, 1H), 3.93 (s, 6H), 2.58 (s, 3H), 2.23 (s, 3H); HRMS

(ESI) m/z calculated for C22H190s* [M+H]* 411.1074, found 411.1088. All spectra obtained were in agreement
with literature values.0
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Me OEt

4-ethoxy-7,7'-dihydroxy-4'methoxy-5,5'-dimethyl-2H,2H'-[8,8'-bichromene]-2,2'-dione  (23). To a
suspension of 7,7'-dihydroxy-4,4'-dimethoxy-5,5'dimethyl-2H,2H'-[8,8'-bichromene]-2,2"-dione (7, 25 mg, 0.061
mmol, 1.000 equiv) in MeOH (5.0 mL) and EtOH (5.0 mL) was added ground 3 A molecular sieves (100 mg) and
H2S0a4 (500 uL). The reaction was heated at 75 °C and stirred for 38.7 h. The reaction was cooled, diluted with
ethyl acetate, and poured into water. The aqueous phase was extracted with ethyl acetate (3x). The organic
layers were combined, washed with brine, dried over Na2SOu, filtered, and evaporated under reduced pressure.
The crude solid was purified by reverse-phase HPLC (Phenomenex Kinetex 5 um C18, 150 x 21.2 mm column)
under the following conditions: mobile phase A = deionized water + 0.1% formic acid and B = acetonitrile + 0.1%
formic acid; method = 70% A for 5 min, 70% A to 65% A over 2.0 min, 65% A for 5 min, 65% A to 60% A over
2.0 min, 60% A for 5 min, 60% A to 40% A over 5 min, 40% A for 2 min, 40% A to 10% A over 4 min, 10% A for
1 min, 254 and 308 nm UV detection and 12 mL/min flow rate. The 8,8'-product, 23, eluted from 9.8-12.0 min to
provide 7 mg of material (27% yield) with minor impurities. *H NMR (400 MHz, acetone-ds) & 6.77 (s, 2H), 550
(s, 1H),5.45 (s, 1H), 4.25(q, J = 7.0, 2H), 4.02 (s, 3H), 2.68 (s, 3H), 2.64 (s, 3H), 1.54 (t, J = 7.0, 3H); HRMS
(ESI) m/z calculated for C23H210s* [M+H]*425.1231, 425.1235; 13C NMR (150 MHz, DMSO-ds) 6 169.7, 168.7,
161.8,161.7, 158.7, 158.7, 154.0, 154.0, 137.1, 137.0, 115.7, 115.7, 106.0, 106.0, 105.8, 105.8, 86.6, 86.4,
65.3, 56.5, 23.4, 23.2, 14.0.

7,7'-dihydroxy-4,4-dimethoxy-5,5'-dimethyl-2H,2H'-[6,6'-bichromene]-2,2'-dione (S13) and 4-ethoxy-7,7-
dihydroxy-4'methoxy-5,5-dimethyl-2H,2H'-[6,6'-bichromene]-2,2'-dione (24). To a suspension of 4,4
diethoxy-7,7'-dihydroxy-5,5"-dimethyl-2H, 2H'-[6,6'-bichromene]-2,2'-dione (S12, 10 mg, 0.023 mmol, 1.0 equiv)
in MeOH (2.5 mL) and EtOH (2.5 mL) was added ground 3 A molecular sieves (40.0 mg) and H2S04 (250 pL).
The reaction was heated at 75 °C for 10.6 h. The reaction was quenched by diluting with ethyl acetate and
pouring into water. The aqueous layer was extracted with ethyl acetate (3x), washed with brine, dried over
Naz2S0s, filtered, and evaporated under reduced pressure. The crude solids were purified by reverse-phase
(Phenomenex Kinetex 5 ym C18, 150 x 21.2 mm column) under the following conditions: mobile phase A =
deionized water + 0.1% formic acid and B = acetonitrile + 0.1% formic acid; method = 70% A for 5 min, 70% A
to 65% A over 2.0 min, 65% A for 5.0 min, 65% A to 60% A over 2.0 min, 60% A for 5.0 min, 60% A to 40% A
over5.0min, 40%A for 2.0 min, 40% A to 10% A over 4.0 min, 10% A for 1.0 min, 254 and 308 nm UV detection
and 12 mL/min flow rate. A retention time of 12.05-14.55 min afforded 1.5 mg of 6,6' product S12 (16% yield),
and a retention time of 16.57-19.55 afforded 2.0 mg of 6,6' cross-coupled product 24 (20% yield).
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7,7'-dihydroxy-4,4'-dimethoxy-5,5-dimethyl-2H,2H'-[6,6'-bichromene]-2,2'-dione (S13). *H NMR (400
MHz, CD30OD) & 6.71 (s, 2H), 5.65 (s, 2H), 3.99 (s, 6H), 2.30 (s, 6H); HRMS (ESI) m/z calculated for C22H190s*
[M+H]*411.1074, found 411.0990. All spectra obtained were in agreement with literature values. !

4-ethoxy-7,7-dihydroxy-4'methoxy-5,5'-dimethyl-2H,2H-[6,6'-bichromene]2,2'-dione (24). H NMR (600
MHz, CD30OD) 6 6.71 (s, 2H), 5.65 (s, 1H), 5.61 (s, 1H), 4.24 (q, J=7.0, 2H), 3.99 (s, 3H), 2.33 (s, 3H), 2.30 (s,
3H), 1.51 (t,J= 7.0, 3H); $3C NMR (200 MHz, CD3z0D) 6 172.6 171.7,166.1, 165.9, 160.4, 1604, 157.4, 157.3,
139.4, 139.3, 124.4, 108.4, 101.6, 101.5, 87.8, 87.5, 66.9, 56.9, 40.4, 19.4, 19.3, 14.5. HRMS (ESI) m/z
calculated for C23H2108* [M+H]*425.1231, found 425.1255.

Compounds 25-26 are presentin the following section: “Analytical scale generation of cross-coupled product
standards.” See pages S25 and S27.

Me Me
/@fi —— )
—> _

NH4OH, KI K,COg3, acetone
HO o~ o 1, 24 h 60 °C, 18 h MeO o~ "o
10 I s14 | s15
89% 100%

B(OH),

S
O O N Meo
HO o~ ~o BBr; MeO o ~_ S-Phos, Pd(AOC), OO
HO B
CH,Cl,,18h  MeO K3PO,4, THF S16
-78°Ctort 65 °C, 48 h
s17

32 98% 30%

Supplemental Scheme S2. Synthesis of 8,1'-cross-coupled product 32.
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7-hydroxy-8-iodo-5-methyl-2H-chromen-2-one (S14). Coumarin (10; 750 mg, 4.26 mmol, 1.00 equiv) was
dissolved in 20% aqueous solution of NH40OH (17.0 mL, 0.250 M) at room temperature in a round bottom flask
opento air. 12 (1.08 g, 4.26 mmol, 1.000 equiv) was dissolved in an 5.0% KI solution (8.50 mL, 0.125 M), and
added dropwise to the reaction flask. The reaction was stirred at rt for 48 h, until complete by TLC. The reaction
was acidified to a pH of approximately 2.0 with 6M H2SOa4, where the product precipitated as an off-white solid.
The solid was collected by vacuum filtration and dried under vacuum and carried forward without further
purification, 1.15 g, 89% yield. *H NMR (600 MHz, DMSO-ds) & 11.29 (s, 1H), 8.02 (d, J = 9.7 Hz, 1H), 6.75 (s,
1H), 6.23(d, J = 9.6 Hz, 1H), 2.41 (s, 3H); 13C NMR (151 MHz, DMSO-ds) 6 160.6, 160.2, 155.4,141.8, 137.9,
113.2,111.2,111.1,71.3, 18.0; HRMS (ESI) m/z calculated for C10HslOs* [M+H]* 302.9513, found 302.9513.12

Me

A
MeO o [0}

8-iodo-7-methoxy-5-methyl-2H-chromen-2-one (S15). lodocoumarin (S14; 100 mg, 0.33 mmol, 1.0 equiv) and
K2C0O3(183 mg, 1.32 mmol, 4.00 equiv) were added to adry 1 dramvial. Dry acetone (0.7 mL, 0.5 M) was added
at rt followed by Me2SOa4 (79 uL, 0.83 mmol, 2.5 equiv). The reaction was heated to reflux and allowed to stir
overnight 16 h. The reaction was cooled to rt, and quenched by stirring with dilute HCI (1 mL) for 10 min at rt.
The reaction was then extracted with ethyl acetate (20 mL x 3), the extracts were combined, washed with brine,
dried over NazSOs4, and concentrated to an off-white solid, (104 mg, quantitative yield). The product was carried
forward to the next step without further purification. *H NMR (600 MHz, CDClI3) & 7.76 (d, J = 9.7 Hz, 1H), 6.65
(s, 1H), 6.24 (d, J = 9.7 Hz, 1H), 3.97 (s, 3H), 2.51 (s, 3H); 13C NMR (150 MHz, CDCIs) 6 161.2, 160.7, 1554,
140.3,137.9,113.3,112.8,109.3, 73.0,57.0, 19.0; HRMS (ESI) m/z calculated for C11H10lOs* [M+H]* 316.9669,
found 316.9671.

Me
O
MeO (o] o
MeO ] l

7-methoxy-8-(2-methoxynaphthalen-1-yl)-5-methyl-2H-chromen-2-one (S17). Coumarin (S15, 50.0 mg,
0.166 mmol, 1.00 equiv), commercial 2-methoxy-naphthalene-1-boronic acid (S16; 66.9 mg, 0.331 mmol, 2.00
equiv), Ka3P0O4(105.4 mg, 0.497 mmol, 3.00 equiv), and approximately 5 mg activated 4 A mol sieves were added
to a dry round bottom flask. A stock solution of Pd(OAc)2 (1.9 mg, 8.3 umol, 5 mol %), and S-Phos (6.8 mg, 17
mmol, 10 mol %) in dry toluene (2 mL, 0.083 M) was prepared and stirred for 20 min at rt before transferring to
the reaction vessel and heating to 110 °C. The reaction was monitored by TLC over 72 h. The reaction was
cooled to rt, and passed through a silica plug with 1:1 ethyl acetate: hexanes as eluent, then concentrated to
afford agolden solid. The crude material was purified by column chromatography using 0 to 30% ethyl acetate
in hexanes. The desired product was recovered as 17 mg of a white glassy solid in a 30% yield. *H NMR (800
MHz, acetone-ds) 6 8.15 (d, J = 9.7 Hz, 1H), 8.00 (d, J = 9.0 Hz, 1H), 7.88 (d, J = 8.6 Hz, OH), 7.53 (d, J =9.0
Hz, 1H), 7.31 (qt, J = 6.6, 3.3 Hz, 2H), 7.23 (d, J = 8.3 Hz, OH), 7.12 (s, 1H), 6.17 (d, J = 9.8 Hz, 1H), 3.83 (s,
3H), 3.75 (s, 3H), 2.68 (s, 3H); 13C NMR (200 MHz, acetone-ds) & 160.4, 160.0, 155.2, 153.9, 141.0, 137 6,
133.6, 129.7, 129.3, 128.0, 126.2, 124.5, 123.3, 115.5, 114.0, 112.0, 111.9, 110.8, 109.6, 56.0, 55.6, 18.0;
HRMS (ESI) m/z calculated for C22H1904* [M+H]* 347.1278, found 347.1261.
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7-hydroxy-8-(2-hydroxynaphthalen-1-yl)-5-methyl-2H-chromen-2-one(32).Biaryl (S17,17 mg, 49 umol, 1.0
equiv) was dissolved in dry CH2Cl2 (0.5 mL, 0.1 M) in a dry round bottom flask and cooled to —78 °C. A solution
of 1 M BBr3 in CH2Cl2 (200 pL, 200 pumol, 4.0 equiv) was added slowly, and the reaction was allowed to warm to
room temperature and stir overnight. The reaction was quenched by the addition of water and pH adjusted to
approximately 4 with aqueous saturated sodium bicarbonate, then extracted with ethyl acetate (10 mL x 3). The
extracts were combined, washed with brine, dried over Na2SOs, and concentrated to an off-white solid as 15.3
mg of the target compound was isolated without further purification in a98% yield. *H NMR (600 MHz, CDsOD)
08.17 (d,J=9.6 Hz, 1H), 7.80 (t, J =9.1 Hz, 2H), 7.26 (ddd, J=6.9, 4.5, 1.8 Hz, 2H), 7.22 (d, J = 8.8 Hz, 1H),
7.21-7.16 (m, 1H), 6.88 (s, 1H), 6.18 (d, J = 9.6 Hz, 1H), 2.59 (s, 3H); 13C NMR (150 MHz, CD3s0OD) 6 162.9,

159.4, 154.6, 152.8, 142.2, 13735, 134.0, 129.3,128.8,127.6,125.8,123.7,122.3,117.7,114.2,111.3, 111.2,
109.9, 108.9, 17.1; HRMS (ESI) m/z calculated for C20H1504" [M+H]* 319.0965, found 319.0970.

boronic acid $16 (1.5 equiv)
Pd(OAc), (20 mol%)

j i DMF, POC|3 f .L S-Phos (40 mol%)
OoMe 60 °C 18 h mMeo K3POy4 (6 equiv)
0 toluene, reflux, 18 h
0% 70%
S18 S19 ° S20

Ph3P4\n/0Et

(o]

BBI’3 X
—— [ J 1
toluene, reflux, 18 h toluene, reflux, 1 h HO 0 (o)

60% H,0 quench
s21 47% 33

|
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MeO OMe

3-iodo-4,6-dimethoxy-2-methylbenzaldehyde (S19). To an oven-dried 50 mL round-bottomed flask charged
with a stir bar was added dry dimethylformamide (5 mL) under dry nitrogen atmosphere. The reaction mixture
was cooled to 0 °C using an ice bath and POCIs (0.94 mL, 10.1 mmol, 2.00 equiv) was added dropwise. The ice
bath was removed, and the resultant mixture was stirred at room temperature for 1 h. Subsequently, a solution
of 1,3-dimethoxy-5-methylbenzene (S18, synthesized via iodination of 3,5-dimethoxytoluene using N-
iodosuccinimide; 1.40 g, 5.03 mmol, 1.00 equiv) in dry dimethylformamide (5 mL) was added to the reaction flask
and the resultant mixture was stirred at 60 °C for 18 h. Afterwards, the reaction mixture was quenched with the
addition of ice, basified to pH 13 using 10 M KOH and stirred at room temperature for 30 min. The reaction
mixture was subsequently acidified to pH 2 using 5 M HCI and extracted with ethyl acetate (2 x 20 mL). The
combined organic fractions were washed with water (20 mL), brine (20 mL), dried over anhydrous Na2SO4 and
concentrated in vacuum. Flash chromatography over silica gel (gradient of 5-60% ethyl acetate in hexanes) to
afford the desired product S19 (692 mg, 45% yield) as a yellow solid. TLC analysis (30% ethyl acetate in
Hexanes) Rs = 0.5; 'H NMR (600 MHz, CDCls) 6 10.34 (1H, s), 6.32(1H, s), 3.95(3H, s), 3.92(3H, s), 2.78 (3H,
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S) ppm; 13C NMR (150 MHz, CDCl3) 6 190.2,165.3,162.4,146.3,118.4,92.6,87.5,56.6,55.9, 26.2 ppm; HRMS
(ESI) (M+H)* calculated for CoH12102* = 306.9826, found = 306.9795 m/z.

4,6-dimethoxy-3-(2-methoxynaphthalen-1-yl)-2-methylbenzaldehyde (S20). To an oven-dried 50 mL round
bottomed charged with a stir bar was added aryl iodide S19 (200 mg, 0.65 mmol, 1.0 equiv), 2-methoxy-
naphthalene-1-boronic acid (S16; 198 mg, 0.980 mmol, 1.50 equiv), KsPOa4 (827 mg, 3.90 mmol, 6.00 equiv),
Pd(OACc)2 (29 mg, 0.13 mmol, 0.20 equiv) and S-Phos (107 mg, 0.260 mmol, 0.400 equiv). A reflux condenser
and a Teflon septawere added and the resultant mixture was subjected to vacuumand then refilled with nitrogen.
The degas cycle was carried out for a total of 5 times, following which dry toluene (13 mL) was added and the
resultant mixture was stirred at room temperature for 30 min. The mixture was subsequently heated to reflux and
was allowed to stir at 110 °C for atotal of 18 h. Afterwards, the reaction mixture was cooled to room temperature
and was quenched by the addition of saturated aqueous NH4Cl (13 mL) and was extracted with ethyl acetate (2
x 20 mL). The combined organic layers were washed with brine (10 mL) and were concentrated under vacuum.
Flash chromatography over silica gel (gradient of 5-70% ethyl acetate in hexanes) afforded the desired product
S20 (152 mg, 70% yield) as a waxy solid. TLC (35% ethyl acetate in hexanes) Rs = 0.5; 'H NMR (600 MHz,
CDClsz) 6 10.66 (s, 1H), 7.90 (d, J=9.0 Hz, 1H), 7.86 — 7.81 (m, 1H), 7.38 (d, J =9.1 Hz, 1H), 7.32 (ddt, J = 9.7,
6.7,3.3Hz, 2H), 7.25 -7.19 (m, 1H), 6.51 (s, 1H), 4.00 (s, 3H), 3.83(s, 3H), 3.69 (s, 3H), 2.20 (s, 3H) ppm; 3C
NMR (150 MHz, CDCls) 8 191.1, 165.1, 162.9, 154.5, 143.4, 133.6,129.3,129.1, 128.1, 126.4, 124.5, 123 5,
119.5,118.8,117.3,113.7,92.5, 56.7,55.8, 55.8, 17.7 ppm; HRMS (ESI) (M+H)* calculated for C21H2104* =
337.1434, found=337.1436 m/z.

Ethyl (E)-3-(4,6-dimethoxy-3-(2-methoxynaphthalen-1-yl)-2-methylphenyl)acrylate (S21). A mixture of
aldehyde intermediate S20 (152 mg, 0.450 mmol) and Wittig reagent ethyl (triphenylphosphoranylidene)acetate
(199 mg, 0.57 mmol, 1.20 equiv) were dissolved in toluene (4.5 mL) and the resultant mixture was refluxed under
nitrogen for 18 h. Afterwards, the reaction mixture was concentrated under reduced pressure. Flash
chromatography over silica gel (gradient of 5-50% ethyl acetate in hexanes) afforded the desired product S21
(110 mg, 47% yield) as a white solid. TLC (25% ethyl acetate in hexanes) R¢= 0.5; TH NMR (600 MHz, CDCls)
68.00(d,J=16.1Hz, 1H), 7.89 (d, J=9.0 Hz, 1H), 7.85-7.80 (m, 1H), 7.38 (d, J = 8.9 Hz, 1H), 7.31 (m, 3H),
7.22(dd,J=7.8,1.8 Hz, 1H),6.67 (d, J=16.1 Hz, 1H), 6.53 (s, 1H), 4.26 (9, J = 7.1 Hz, 2H), 3.99 (s, 3H), 3.84
(s, 3H), 3.66 (s, 3H), 2.00 (s, 3H), 1.33 (t, J = 7.1 Hz, 3H) ppm; 3C NMR (150 MHz, CDCIz) & 168.6, 1604,
159.5, 154.4,140.8, 139.3, 133.7,129.1, 127.9, 126.3, 124.7,123.4,120.5, 119.7, 117.9, 115.4, 113.8, 93.1,
60.1, 56.7, 55.8, 55.4, 17.6, 14.4 ppm; HRMS (ESI) (M+H)* calculated for C2sH270s* = 407.1853, found =
407.1853 m/z.
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7-hydroxy-6-(2-hydroxynaphthalen-1-yl)-5-methyl-2H-chromen-2-one (33). This transformation was carried
out with slight modifications of the original procedure?? reported by Lavielle and coworkers as follows. To a
solution of the intermediate S21 (110 mg, 0.270 mmol, 1.00 equiv) in drytoluene (2.7 mL) under an inert nitrogen
atmosphere was added BBrs (0.20 mL, 2.2 mmol, 8.0 equiv) dropwise, and the resultant mixture was heated to
refluxat 110 °C for 1 h. Afterwards, the reaction mixture was cooled to room temperature and subsequently to 0
°C using an ice bath and was quenched with the slow addition of water (5 mL; caution: significant exotherm

noted). The quenched reaction mixture was stirred at room temperature for 30 min and was extracted with ethyi
S16



acetate (2 x 20 mL). The combined organic layers were washed with brine, dried over anhydrous Na2S0O4 and
concentrated under vacuum. Flash chromatography on silica gel (gradient of 5-80% ethyl acetate in hexanes)
affords the desired product 33 (40 mg, 47%) as a crystalline white solid: TLC (60% ethyl acetate in hexanes) Ry
=0.5; 'H NMR (600 MHz, CDCls) 6 7.93 (m, 2H), 7.90-7.85 (m, 1H), 7.40 (m, 2H), 7.34(d, J=8.9 Hz, 1H), 7.19
—7.13(m, 1H), 6.95 (s, 1H), 6.28 (d, J =9.7 Hz, 1H), 5.53 (s, 1H), 5.32 (s, 1H), 2.15 (s, 3H) ppm; 3C NMR (150
MHz,CDCls) 6161.2,157.8,156.6,152.6,140.9, 138.6,132.85,131.8,129.4,128.6, 127.9, 124.3,123.3,118.0,
117.1,112.8,112.5,110.7,101.9, 15.8 ppm; HRMS (ESI) (M+H)* calculated for C20H1504* = 319.0965, found =

319.0969 m/z.
Me
Me2804 N Br
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7-methoxy-5-methyl-2H-chromen-2-one (S22). Coumarin (10; 100 mg, 0.57 mmol, 1.00 equiv) and K2COs
(314 mg, 2.27 mmol, 4.00 equiv) were added to a round bottom flask. Dry acetone (2 mL, 0.5 M) was added at
rt followed by Me2SOa4 (135 L, 1.42 mmol, 2.50 equiv). The reaction was heated to 50 °C and allowed to stir for
16 h. The reaction was cooled to rt and quenched by stirring with 1 mL 1.0 M NaOH for 10 min at rt. The reaction
was then extracted with ethyl acetate (10 mL x 3). The extracts were combined, washed with brine, dried over
Na2S04, and concentrated to a white solid (110 mg, quantitative yield). The material was carried forward without
further purification. *H NMR (600 MHz, CDClIz) 6 7.82 (d, J = 9.7 Hz, 1H),6.70 — 6.61 (m, 2H), 6.24 (d,J = 9.7
Hz, 1H), 3.84 (s, 3H), 2.47 (s, 3H); 3C NMR (150 MHz, CDCls) 5 162.5,161.5,156.7,140.6,137.4,114.1,112.4,
111.7,98.8,55.8, 18.6; HRMS (ESI) m/z calculated for C11H110s* [M+H]* 191.0703, found 191.0705.%4

Me

joed
MeO (o) (o)

3-bromo-7-methoxy-5-methyl-2H-chromen-2-one (S23). Coumarin (S22, 92 mg, 0.48 mmol, 1.0 equiv) was
addedto a round bottomflask and dissolved in dry CH2Cl2 (1.4 mL, 0.35M).NBS (130 mg, 0.73 mmol, 1.5 equiv)
added at room temperature under a stream of nitrogen and allowed to stir at room temperature overnight. The
reaction was quenched with water and extracted with ethyl acetate (10 mL x 3). The extracts were combined,
washed with brine, dried over Na2SOs4, and concentrated to provide an off-white solid. The crude material was
purified by flash chromatography over silica gel with a gradient of 0 to 40% ethyl acetate in hexanes. 86 mg of
the desired compound was recovered as white solid in a 66% yield. *H NMR (600 MHz, CDCls) 6 8.18 (s, 1H),
6.71 (s, 1H), 6.67 (s, 1H), 3.85 (s, 3H), 2.47 (s, 3H); 13C NMR (151 MHz, CDCls) 6 162.8, 157.7, 155.9, 1420,
136.9,114.7,110.2,107.3,98.7,55.9,18.7; HRMS (ESI) m/z calculated for C11H10BrOs* [M+H]*268.9808, found
268.9811.
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7-methoxy-3-(2-methoxynaphthalen-1-yl)-5-methyl-2H-chromen-2-one (S24). Coumarin S23 (15 mg, 56
pmol, 1.0 equiv), boronic acid (S21; 17 mg, 0.84 mmol, 1.5 equiv), KsPO4 (36 mg, 0.17, 3.0 equiv), Pd(OAc)2
(2.5 mg, 11 pmol, 0.2 equiv), and XantPhos (13 mg, 22 umol, 0.40 equiv) were added to a dry round bottom
flask. Dry THF (2.2 mL, 0.025 M) was added, and the reaction was heated to 65 °C for 18 h. The reaction was
cooled, quenched with 1 M NaOH, and extracted with CH2Cl2 (10 mL x 3). The combined extracts were washed
with brine, dried over NazSO4, and concentrated to afford a reddish-brown solid. The crude material was purified
by flash chromatography over silica gelwith a gradient of 5 to 30% ethyl acetate in hexanes, resulting in isolation
of 14.8 mg of the target compound as a white solid in a 77% yield. H NMR (600 MHz, CDCl3) 6 7.93 (d,J=9.0
Hz, 1H), 7.84 (d,J = 7.5 Hz, 2H), 7.67 (d, J = 8.5 Hz, 1H), 7.42 (ddd, J= 8.4, 6.7, 1.4 Hz, 1H), 7.39 — 7.34 (m,
2H), 6.79(d, J = 2.4 Hz, 1H),6.73 (d,J = 2.6 Hz, 1H), 3.93 (s, 3H), 3.89 (s, 3H), 2.45 (s, 3H); 13C NMR (151
MHz, CDCls) 6 162.3,160.9,156.5,155.1,141.3,137.3,133.4,130.6,129.3,128.4,127.1,124.1,123.8,120.35,
118.4,114.0,113.6,112.4,98.6, 56.9, 55.8, 18.8; HRMS (ESI) m/z calculated for C22H1904* [M+H]* 347.1278,
found 347.1284.

7-hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-methyl-2H-chromen-2-one (34). Biaryl (S24; 28 mg, 81 umol, 1.0
equiv) was dissolved in dry CH2Cl2 (1.6 mL, 0.05 M) in a dry round bottom flask and cooled to —78 °C. BBr3 (31
pL, 0.32 mmol, 4.0 equiv) was added dropwise, and the reaction mixture was allowed to warm to rt and stirred
for 18 h. The reaction was quenched by cooling to 0 °C, then adding water and stirring for 10 minutes. The pH
was adjusted to approximately 4 by addition of aqueous saturated sodium bicarbonate and extracted with ethyl
acetate (10 mL x 3). The extracts were combined, washed with brine, dried over Na2SO4, and concentratedto a
brown solid. The crude material was purified flash chromatography over silica gel 7 to 60% ethyl acetate in
hexanes to recover 25 mg biaryl 36 as a white solid in a 97% yield. *H NMR (600 MHz, acetone-ds) 6 8.91 (s,
2H), 8.00 (s, 1H), 7.87-7.82 (m, 2H), 7.60 (dd, J = 8.5, 1.1 Hz, 1H), 7.38 (ddd, J = 8.3,6.7, 1.3 Hz, 1H), 7.31
(ddd, J=8.0,6.7,1.2 Hz, 1H), 7.27 (d,J = 8.9 Hz, 1H), 6.77 (dd, J = 2.3, 1.0 Hz, 1H), 6.70 (d, J = 2.3 Hz, 1H),
2.50 (s, 3H). 3C NMR (150 MHz, acetone-ds) 8 161.5, 160.8, 157.6, 153.8, 143.0, 139.2, 134.9, 130.7,129.6,
128.9, 127.3, 125.0, 123.8, 120.0, 119.3, 116.7, 115.1, 112.5, 101.2, 18.6; HRMS (ESI) m/z calculated for
C20H1304" [M-H]- 317.0819, found 317.0824.

Me 2-naphthol (31), Cul Me
NIS MeCN, TFA N,N- d|methylg|yc|ne o BBr3
= X
eo © ° 27% 100°C 18 h MeO (o) [o} eO quenc
3%
S11 S26 73%

Supplemental Scheme S5. Synthe3|s of C—O cross-coupling product 35.

3-iodo-7-methoxy-5-methyl-2H-chromen-2-one (S25). To an oven-dried round bottomed flask charged with a
stir bar was added 5-methyl-7-methoxy coumarin (S16; 190 mg, 1.00 mmol, 1.00 equiv), followed by dry
acetonitrile (20 mL). To the stirred solution was added N-iodosuccinimide (225 mg, 1.00 mmol, 1.00 equiv) in
one portion, followed by trifluoroacetic acid (0.1 mL, catalytic). The resultant mixture was stirred at room
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temperature for 9 h. Afterwards, the reaction mixture was concentrated under reduced pressure and the crude
mixture was purified by flash chromatography over silica gel (gradient of 5-50% ethyl acetate in hexanes) to
afford intermediate S12 (86 mg, 0.27 mmol, 27% yield) as a white solid: TLC (25% ethyl acetate in hexanes) Ry
= 0.5; H NMR (600 MHz, CDCls) 6 8.44 (s, 1H), 6.72—6.65 (m, 2H), 3.87 (s, 2H), 2.48 (s, 3H); 13C NMR (150
MHz, CDCls) & 162.9, 157.9, 156.6, 149.4, 136.5, 114.3, 113.4, 98.5, 80.6, 55.8, 18.5; HRMS (ESI) m/z
calculated for C11H10lOs* [M+H]* = 316.9669, found = 316.9689 m/z.

Me

7-methoxy-5-methyl-3-(naphthalen-2-yloxy)-2H-chromen-2-one (S26). The aryl iodide phenol coupling was
carried out according to conditions previously reported by Maiti and Buchwald > as follows. To an oven-dried
round bottomed flask charged with a stir bar was added iodide S25 (86 mg, 0.27 mmol, 1.00 equiv), 2-naphthol
(31,47 mg, 0.32 mmol, 1.2 equiv), copper iodide (10 mg, 20 mol %), N,N-dimethylglycine (11 mg, 40 mol %),
dry KsPO4 (172 mg, 0.810 mmol, 3.00 equiv) and dry DMSO (1 mL). The resultant mixture was subjected to
vacuum and back filled with nitrogen for atotal of 3 times. The reaction mixture was heated to 100 °C for 18 h.
Afterwards, the reaction mixture was cooled to room temperature, a saturated solution of NH4Cl (20 mL) was
added to the reaction mixture, and the resultant mixture was extracted with ethyl acetate (20 mL x 3). The
combined organic extracts were washed with brine (20 mL), dried over Na2SO4 and concentrated in vacuum.
Flash chromatography over silica gel (gradient of 5-40% ethyl acetate in hexanes) afforded the C—O cross-
coupling product S26 (3.0 mg, 3.3% yield) as a white solid: TLC (20% ethyl acetate in hexanes) Rf = 0.5; *H
NMR (600 MHz, CDCls3) 6 7.89 (d, J =8.9 Hz, 1H), 7.86 (dd, J = 8.3, 1.3 Hz, 1H), 7.77 — 7.74 (m, 1H), 7.50 (ddd,
J=8.2,6.8,1.4Hz, 1H), 7.45(ddd, J=8.1, 6.8, 1.3 Hz, 1H), 7.43 (s, 1H), 7.40 (d, J= 2.5 Hz, 1H), 7.35 (dd, J =
8.9, 2.5 Hz, 1H), 6.79 — 6.73 (m, 2H), 3.88 (s, 3H), 2.38 (s, 3H); 13C NMR (150 MHz, CDCl3) 6 161.2, 157.8,
153.9, 153.5,138.9, 136.6, 134.2, 130.6, 130.3, 127.8,127.3, 126.8,125.1, 123.2,118.9, 114.4,113.3, 111.3,
98.6, 55.7, 18.7; HRMS (ESI) (M+H)* calculated for C21H1704* = 333.1121, found = 333.1122 m/z.

Me

Jesqoe

7-hydroxy-5-methyl-3-(naphthalen-2-yloxy)-2H-chromen-2-one (35). To a solution of intermediate S26 (3
mg, 9 pumol, 1 equiv) in dry CH2Cl2 (1 mL) at -78 "C was added BBr3 (1 M solution in CH2Cl2; 0.45 mL, 50.0
equiv). The resultant mixture was stirred at room temperature overnight. Afterwards, the reaction mixture was
carefully guenched with dry methanol, and the resultant mixture was concentrated under vacuum. The crude
mixture was dissolved in dry methanol (1 mL) and the mixture was concentrated to dryness under vacuum. This
process was repeated a total of 5 times to azeotropically remove B(OMe)s. Afterwards, the crude mixture was
dried overnight under vacuumto afford the deprotected C—O cross-coupling product 35 (2.1 mg, 73% yield) as
a white solid: TLC (30% ethyl acetate in hexanes) Rf= 0.5; *H NMR (800 MHz, DMSO-ds) & 10.45 (s, 1H), 8.19
(d,J =8.5Hz, 1H), 8.00 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 9.0 Hz, 1H), 7.92 (s, 1H), 7.72 (ddd, J = 8.3, 6.8, 1.3
Hz, 1H), 7.56 (ddd, J=8.0, 6.7, 1.1 Hz, 1H), 7.42(d, J = 9.0 Hz, 1H), 6.71 (d,J = 2.3 Hz, 1H), 6.66 (d,J =24
Hz, 1H), 2.39 (s, 3H); 13C NMR (200 MHz, DMSO-ds) 6 160.4, 157.3, 154.2, 151.8, 138.3,136.1, 132.7, 131.1,
129.86, 129.0,128.9, 127.6,126.1, 126.0,117.6, 115.2, 110.3, 109.0, 100.6, 18.7 ; HRMS (ESI) calculated for
C20H1304=713.0819, found =317.0822 m/z.
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5-bromo-[1,1'-binaphthalene]-2,2'-diol (43). To asolution of 5-bromo-2-naphthol (100 mg, 0.45 mmol) and 2-
naphthol (31, 194 mg, 1.35 mmol) in 45 mL of CH2Cl2 was added Cu-TMEDA catalyst (10.4 mg, 5.00 mol %).
The resultant mixture was stirred at room temperature in open air for 72 h. Afterwards, the reaction mixture was
analyzed by TLC and LC-MS. The mixture was concentrated and purified by flash chromatography over silica
gel (gradient of 5-50% ethyl acetate in hexanes) to afford partially pure compound 43 (85 mg, 52% yield). The
partially pure compound was resubjected to purification by flash chromatography over silica gel (gradient of 5 -
50% ethyl acetate in hexanes) to afford pure 43 (45 mg, 28% vyield). TLC (25% ethyl acetate in hexanes) Rs =
0.5; 'H NMR (600 MHz, DMSO-ds) 6 9.42 (s, 1H), 9.29 (s, 1H),8.12(d,J = 2.2 Hz, 1H), 7.86 (id,J = 8.3, 7.9,
1.1 Hz, 3H),7.37 (d,J=8.9 Hz, 1H), 7.34 — 7.29 (m, 2H), 7.25 (ddd, J =8.1, 6.7, 1.3 Hz, 1H), 7.19 (ddd, J = 8.2,
6.7, 1.4 Hz, 1H), 6.93 — 6.90 (m, 1H), 6.88 (dt, J = 9.0, 0.6 Hz, 1H); 13C NMR (150 MHz, DMSO-ds) 6 154.0,
153.5,134.4,133.2,130.0, 129.8,129.4,129.2,128.6,128.4,128.4,127.2,126.5, 124.7,122.8,120.20, 119.0,
116.2,115.6, 115.2; HRMS (ESI) calculated for C20H12BrO2" = 363.0026, found = 363.0065 m/z.

3-bromo-[1,1'-binaphthalene]-2,2'-diol (44). To a solution of 3-bromo-2-naphthol (39, 116 mg, 0.520 mmol,
1.00 equiv) and 2-naphthol (31, 75 mg, 0.52 mmol, 1.0 equiv) in HFIP (5.2 mL, 0.10 M) was added
Cu(OH)CIsTMEDA (121 mg, 0.520 mmol, 1.00 equiv) at room temperature and stirred for 48 h. The reaction was
quenched with 1 mL 0.1 M HCI and diluted with deionized H20 (10 mL), extracted with ethyl acetate (25 mL x
3). The combined organic extracts were washed with brine, dried over Na2S0Oa4, then concentrated under reduced
pressure to afford 236 mg of abrown solid. The crude mixture was purified by flash chromatography over silica
gelwith a gradient of 5% to 30% ethyl acetate in hexanes, recovering 44 mg of cross-coupled product 44 as an
off-white solid in a 23% yield with minor impurities. H NMR (400 MHz, CDCI3) & 8.28 (s, 1H), 7.97 (d,J = 8.9
Hz, 1H), 7.89 (d,J = 8.1 Hz, 1H), 7.82 (d, J = 8.2 Hz, 1H), 7.43-7.34 (m, 3H), 7.34-7.28 (m, 2H), 7.14 (d, J =
8.4Hz, 1H),7.10(d,J=8.3Hz, 1H),5.61 (s, 1H),5.02 (s, 1H). 'H and 13C NMR spectraobtained were consistent
with literature values.16.17 HRMS (ESI) m/z calculated for C20H12BrO2" [M-H]- 363.0026, found 363.0022 m/z.
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7-(2-hydroxynaphthalen-1-yl)-1H-indol-6-0l (45). To a solution of 6-hydroxyindole (133 mg, 1.00 mmol, 1
equiv) and 2-naphthol (31, 144 mg, 1.00 mmol, 1.00 equiv) in 50 mL of Ch2Cl> was added Cu-TMEDA catalyst
(23 mg, 5.0 mol %). The resultant mixture was stirred at room temperature in open air for 72 h. Afterwards, the
reaction mixture was analyzed by TLC and LCMS. The reaction mixture was concentrated and purified by flash
chromatography over silicagel (gradient of 10-60% ethyl acetate in hexanes) to afford partially pure 39 (12 mg,
4.4% vyield). The compound 45 was redissolved in methanol, filtered through a 0.22 um filter and purified by
preparative HPLC using a Phenomenex Kinetex 5 um C18, 150 x 21.2 mm column using the following conditions.
Mobile phase A =deionized water + 0.1%formic acid. Mobile Phase B = acetonitrile + 0.1% formic acid. Method:
5% to 100% B over 15 minutes, 100% B over 1 minute; Flow rate = 10 mL/min. The desired product eluted at 12
min. Preparative HPLC purification afforded clean compound 45 as a light brown solid (2.3 mg, 0.83% yield
overall). TLC (30% ethyl acetate in hexanes) Rt =0.5; *H NMR (600 MHz, DMSO-ds) & 9.83 (s, 1H), 9.19 (s, 1H),
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8.42 (s, 1H), 7.82 (dd, J = 8.0, 5.2 Hz, 2H), 7.37 (d, J = 8.4 Hz, 1H), 7.30(d, J = 8.8 Hz, 1H), 7.26 — 7.19 (m,
2H),7.12 (dd, J=7.9,1.8 Hz, 1H), 6.90 (t, J= 2.8 Hz, 1H), 6.75 (d, J=8.4 Hz, 1H), 6.32 (t, J=2.5 Hz, 1H). 13C
NMR (150 MHz, DMSO-ds) & 153.6150.8, 137.1, 134.4,128.9, 128.7,128.2,126.0,125.3,123.8, 122.6, 121.5,
119.8,119.2,114.8,110.2,105.6, 101.3. HRMS (ESI) calculated for C1sH12NO2" = 274.0874, found = 274.0865
m/z.

oy
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1-(3-bromo-2-hydroxynaphthalen-1-yl)-9H-carbazol-2-ol (46). To asolution of 2-hydroxycarbazole (366 mg,
2.00 mmol) and 3-bromo-2-naphthol (39, 446 mg, 2.00 mmol) in 100 mL of CH2Cl2 was added Cu-TMEDA
catalyst (46 mg, 5.0 mol %). The resultant mixture was stirred at room temperature in open air for 72 h.
Afterwards, the reaction mixture was analyzed TLC and LCMS. The mixture was concentrated and purified by
flash chromatography over silica gel (gradient of 5-40% ethyl acetate in hexanes) to afford partially pure 46 (20
mg, 2.5% yield). The partially pure compound was resubjected to purification by flash chromatography over silica
gel(gradient of 5-25% ethyl acetate in hexanes) to afford pure 46 (8 mg, 1%). TLC (20% ethyl acetate in hexanes)
Rt = 0.5; 'H NMR (600 MHz, DMSO-ds) 6 10.21 (s, 1H), 9.22 (s, 1H), 8.86 (s, 1H), 8.32(s, 1H), 7.99(d, J=8.2
Hz, 2H), 7.89 (dd, J=8.3, 1.3 Hz, 1H), 7.32 (ddd, J=8.1, 6.7, 1.3 Hz, 1H), 7.28 — 7.25 (m, 1H), 7.25 - 7.23 (m,
1H), 7.18 (ddd,J = 8.1, 7.0, 1.2 Hz, 1H), 7.10 — 7.04 (m, 2H), 6.90 (d, J = 8.4 Hz, 1H); 13C NMR (150 MHz,
CDCI3)56 152.7,148.8,139.6,139.4,133.5,132.2,130.0,128.0,127.6,125.2,124.9,124.6,123.7,122.4,119.9,
119.6,117.6,112.3,111.9,110.6, 109.2, 101.6; HRMS (ESI) calculated for C22H13BrNO2" = 402.0135, found =
402.0129 m/z.
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Supplemental Figure S1. We were not successful in the synthesis of the following compounds through small

molecules-based oxidative cross-coupling strategies. In most of the following examples, trace amounts of the
cross-coupling products were formed, thus, product isolation was not fruitful.

S21



Analytical scale generation of cross-coupled product standards

To determine the site-selectivity of selected KtnC-catalyzed cross-coupling reactions, standards were prepared
by transesterification of dimers with known connectivity. Subjecting dimers containing alabile vinylogous methyl
ester to a given alcohol in the presence of acid and heat created a statistical mixture of compounds that could
be used on analytical scale with analysis by LC-MS without the need for isolation of individual species. This
strategy allowed rapid access to standards with known connectivity for comparison to KtnC cross-coupled
reactions, which is particularly attractive for generation of 6,6'-cross-coupled coumarin scaffolds which were
synthetically intractable.

Me OMe Me OMe Me OEt
A A A
EtOH
MeOH HO o” Yo HO o” o
+
sto4 HO o__O HO o__0O
75°C, 24 h
¥ Pz P
Me OMe Me OEt Me OEt
AA (7) AB (23) BB (byproduct)

4-ethoxy-7,7'-dihydroxy-4'-methoxy-5,5'-dimethyl-2H,2H'-[8,8'-bichromene] 2,2'-dione (23). To an authentic
standard of 7,7'-dihydroxy-4,4'-dimethoxy-5,5'-dimethyl-2H,2'H-[8,8'-bichromene]-2,2'-dione 7 (2.5 mg, 5.9 umol,
1.0 equiv) was added methanol (200 uL, 29.4 uM), ethanol (200 uL, 29.4 uM), and concentrated H2SOa (11 L,
0.54 mM) in a 1-dram vial with stir bar. The vial was sealed and heated to 75 °C and monitored by LC-MS over
24 h. The crude mixture was used as an analytical standard. HRMS (ESI) calculated for C2sH210s* [M+H]* =
425.1231, found =425.1251 m/z.
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Supplemental Figure S2. Extracted ion chromatograms (EICs) of products with 8,8'-connectivity.
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4-ethoxy-7,7-dihydroxy-4'-methoxy-5,5'-dimethyl-2H,2H'-[6,8'-bichromene]-2,2'-dione (S27). To an
authentic standard of 7,7'-dihydroxy-4,4'-dimethoxy-5,5'-dimethyl-2H,2'H-[6,8'-bichromene]-2,2'-dione S11 (0.95
mg, 0.22 umol, 1.00 equiv) was added methanol (100 uL, 2.20 uM), ethanol (100 pL, 2.20 uM), and concentrated
H2S0a4 (6.0 L, 0.037 mM) in a 1-dram vial with stir bar. The vial was sealed and heated to 75 °C and monitored
by LC-MS over 24 h. The crude mixture was used as an analytical standard. HRMS (ESI) calculated for C2sH210s*

[M+H]*=425.1231, found = 425.1227 m/z.

x10 5 +ESI EIC(411.1074) Scan Frag=140.0V 8,6-OMe-OEt.d

1 12
1.25

14
AA 0.75+
0.54
0.25+

1.720

o4
x10 3 +ESI EIC(425.1231) Scan Frag=140.0V 8,6-OMe-OEt.d

2.856

*2.276

3 12
AB “
N
o)
x10 5 +ESI EIC(439.1387) Scan Frag=140.0V 8,6-OMe-OEt.d
1.254 1 12
N
BB 0.75-

118380.98
2674

3024.89
2.350

265348.12

02 04 06 08 1

12 14 16 18 2

22 24 26 28
Counts vs. Acquisition Time (min)

3

32 34 36 38

4 42

Supplemental Figure S3. Extracted ion chromatograms (EICs) of products with 8,6'- and 6,8'-connectivity.
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4-ethoxy-7,7-dihydroxy-4'methoxy-5,5'-dimethyl-2H,2H'-[6,6'-bichromene]2,2'-dione (24). To an authentic
standard of 7,7'-dihydroxy-4,4'-dimethoxy-5,5'-dimethyl-2H,2'H-[6,6'-bichromene]-2,2'-dione S13 (0.95 mg, 0.22
pmol, 1.0 equiv) was added methanol (100 uL, 2.2 uM), ethanol (100 uL, 2.2 uM), and concentrated H2S0a4 (6.0
pL, 37 uM) in a 1 dram vial with stir bar. The vial was sealed and heated to 75 °C and monitored by LC-MS over
24 h. The crude mixture was used as an analytical standard. HRMS (ESI) calculated for C2sH210s* [M+H]* =
425.1231, found =425.1251 m/z.
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Supplemental Figure S4. Extracted ion chromatograms (EICs) of cross-coupled products with 6,6'-connectivity.
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4-butoxy-7,7'-dihydroxy-4'methoxy-5,5'-dimethyl-2H,2H'-[8,8'-bichromene]2,2'-dione (25). To an authentic
standard of 7,7'-dihydroxy-4,4'-dimethoxy-5,5'-dimethyl-2H,2'H-[8,8'-bichromene]-2,2'-dione 7 (2.5 mg, 5.5 umol,
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1.0 equiv) was added n-butanol (200 pL, 28.0 uM), n-butanol (200 pL, 28.0 uM), and concentrated H2SO4 (11
pL, 0.5 mM) in a 1 dram vial with stir bar. The vial was sealed and heated to 75 °C and monitored by LC-MS
over 24 h. The crude mixture was used as an analytical standard. HRMS (ESI) calculated for C2sH250s* [M+H]*
= 453.1544, found =453.1570 m/z.

Supplemental Figure S5. Extracted ion chromatograms (EICs) of cross-coupled products with 8,8'-connectivity.
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4-butoxy-7,7'-dihydroxy-4'-methoxy-5,5-dimethyl-2H,2H'-[6,8'-bichromene]2,2'-dione
authentic standard of 7,7'-dihydroxy-4,4'-dimethoxy-5,5'-dimethyl-2H,2'H-[6,8'-bichromene]-2,2"-dione S11 (0.95
mg, 2.1 umol, 1.0 equiv) was added methanol (100 pL, 21.0 uM), n-butanol (100 pL, 21.0 uM), and concentrated
H2S0a4 (6.0 pL, 0.35 mM) in a1 dram vial with a stir bar. The vial was sealed and heated to 75 °C and monitored
by LC-MS over 24 h. The crude mixture was used as an analytical standard. HRMS (ESI) calculated for C2sH250s*
[M+H]* = 453.1544, found = 453.3457 m/z.
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Supplemental Figure S6. Extracted ion chromatograms (EICs) of products with 8,6'- and 6,8'-connectivity.
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4-butoxy-7,7'-dihydroxy-4'methoxy-5,5-dimethyl-2H,2H'-[6,6'-bichromene]-2,2'-dione  (26). To an
authentic standard of 7,7'-dihydroxy-4,4'-dimethoxy-5,5'-dimethyl-2H,2'H-[6,6'-bichromene]-2,2'-dione (S13;
0.95 mg, 2.1 pmol, 1.0 equiv) was added methanol (100 pyL, 21 puM), n-butanol (100 pL, 21.0 uM), and
concentrated H2SOa4 (6.0 pL, 0.35 mM) in a 1 dram vial with stir bar. The vial was sealed and heated to 75 °C
and monitored by LC-MS over 24 h. The crude mixture was used as an analytical standard. HRMS (ESI)
calculated for C2sH250s* [M+H]*=453.1544, found =453.1567 m/z.
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Supplemental Figure S7. Extracted ion chromatograms (EICs) of cross-coupled products with 6,6'-connectivity.

S27



Chemical methods for oxidative cross-coupling

Supplemental Table S1. Oxidative cross-coupling reactions of different classes of phenols were benchmarked
with transition metal catalysts.18-25 Representative examples of coumarin—coumarin, coumarin—naphthol, and
naphthol-naphthol cross-coupling reactions are included. Percent yields for isolated cross-coupled products are
reported. 2Relative percent conversion calculated by LC-MS. PPercent yield calculated by NMR. All reactions
were screened on analytical scale and monitored by LC-MS to optimize conditions and determine general
reactivity. LC-MStraces (Supplemental Figures S11-25) detail the extracted ion chromatograms of the remaining
starting materials, dimerized, and cross-coupled products formed in the reaction. Reactions that showed relative
conversions of >5% to cross-coupled products were selected for further investigation.
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General discussion on oxidative cross-coupling reactions. Achieving reactivity, chemoselectivity and site-
selectivity were challenging across the scope of representative reactions studied. In general, we observed low
overall reactivity, with isolated yields of cross-coupled products from 5% (Entry 3e) to 23% in the best scenario
(Entry 3a). In many cases, the reactions resulted in mixtures of multiple species including unreacted starting
materials, dimers, and cross-coupled products, and in some cases, multiple regioisomers of each species.
Analysis of these complex mixtures has been an ongoing challenge; however, we have found success using LC-
MS as a screening tool to quickly identify reactions that show desirable chemoselectivity and determine the site-
selectivity when authentic standards are accessible. Using relative percent conversions has been useful in
providing an estimate of the reactivity observed for agiven set of substrates under established conditions and
serve as an indication for the reactions that should be scaled up for further analysis. Verification of the formation
of meaningful amounts of cross-coupled products is attained by either purification and isolation of products, or
by 'H NMR analysis of mixtures and comparison to internal standards. When these two options were not feasible
due to low yields of the desired cross-coupled products or the formation of inseparable mixtures of products,
percent conversion to cross-coupled products calculated by LC-MS remained the best indication of reactivity.
Of the phenols selected for direct oxidative coupling, coumarin—coumarin cross-coupling reactions
(Entries 1a-1e) were the most challenging to achieve, whereas naphthol-naphthol cross-coupling reactions (3a
3e) were more broadly accessible across the panel of oxidants investigated. When reactivity was achieved, the
formation of multiple products rendered isolation a challenge, with several rounds of purification required to
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isolate characterizable products. The most versatile catalyst for cross-coupling was Cu(OH)CI*TMEDA (column
A), which formed cross-coupled products with each substrate pair with low to moderate reactivity. Whereas this
copper-mediated method generally led to the formation of only one major cross-coupled product, the reactions
suffered from competing dimerization and overall low yields. In general, iron and chromium catalysts resulted in
mixtures of products, with no reactivity in coumarin—coumarin and coumarin—naphthol coupling reactions. In
reactions with Fe(TPP)CI (column C), decomposition of starting materials in each case was observed. For
coumarin—coumarin coupling, VOFs (Entry 1b) achieved modest conversionsto cross-coupled products and was
the only oxidant capable of forming 8,6'-isomers and trace amounts of 6,6'-isomers. However, individual isomers
were not isolable from the complex reaction mixtures as isomers were inseparable.

Me OMe
Me OMe Me OEt N
0,
O . e Cu(OH)CI*'TMEDA . Ho (o) (o)
HFIP, rt, 48h HO 0 z°
HO o o HO o o
=
4 18
Me OEt

23

Entry 1a. To a solution of 7-hydroxy-4-methoxy-5-methyl-2H-chromen-2-one (4; 100 mg, 0.481 mmol, 1.00
equiv) and 4-ethoxy-7-hydroxy-5-methyl-2H-chromen-2-one (18; 107 mg, 0.481 mmol, 1.00 equiv) in hexafluoro-
2-propanol (4.81 mL, 0.1 M) was added Di-p-hydroxo-bis[(N,N,N’,N-tetramethylethylenediamine)copper(ll)]
chloride, CAS# 30698-64-7, (Cu(OH)CIe TMEDA, 113 mg, 0.481 mmol, 1.00 equiv) at room temperature and
stirred for 48 h.16 Upon addition of copper complex, reaction mixture turned a deep navy blue. The reaction was
guenched with 2 mL 0.1 M HCI, which induced a color change from navy to green to light yellow. The reaction
was diluted with deionized H20 (30 mL), extracted with ethyl acetate (25 mL x 3) and 70% isopropanol was
added to aid in emulsion separation (2 mL x 2). The combined organic extracts were washed with brine, dried
over NazSOs, then concentrated to a pale-yellow solid, 139 mg of crude material recovered as a mixture of
unreacted starting materials, dimers, and one cross-coupled product. The mixture was analyzed by LC-MS to
determine the connectivity of the cross-coupled product 23 using authentic standards generated by
transesterification (see page S12 for synthesis). HRMS (ESI) calculated for C23sH190s [M-H]- =423.1085, found
423.1082 m/z.

x10 5 +ESIEIC(425.1231) Scan Frag=140.0V 35-JY-iv-90-Cu.d

24 3.403
[Cu]
1,
0-
x10 5 +ESIEIC(425.1231) Scan Frag=140.0V 31-8,8-Ome-OEt-Stand.d Smooth
3.405
8,8'std
0.5
0-
x10 4 +ESIEIC(425.1231) Scan Frag=140.0V 32-8,6-Ome-OEt-Stand.d Smooth
4{ 6.302
8,6'& 6,8' std
o
x10 5 +ESIEIC(425.1231) Scan Frag=140.0V 33-6,6-Ome-OEt-Stand.d Smooth
1 6.450
1
6,6' std 05
0 T T T T T T T T T T T T T T T
0.5 1 1.5 2 25 3 35 4 45 5 55 6 6.5 7 7.5

Counts vs. Acquisition Time (min)
Supplemental Figure S8. Extracted ion chromatograms (EICs) of cross-coupled products (1A) compared to
standards with 8,8'-, 8,6'- and 6,8'-, and 6,6'-isomers prepared by transesterification.
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Entry 2a. To a solution of 7-hydroxy-5-methyl-2H-chromen-2-one (10, 50 mg, 0.28 mmol, 1.0 equiv) and 2-
naphthol (31, 4.0 mg, 0.28 mmol, 1.0 equiv) in HFIP (2.8 mL, 0.10 M) was added Cu(OH)CI*TMEDA (33 mg,
0.28 mmol, 1.0 equiv) at room temperature and stirred for 48 h.16 Upon addition of copper complex, reaction
mixture turned dark navy blue. The reaction mixture was quenched with 1 mL 0.1 M HCI, inducing a color change
from navy to brownish yellow. The reaction was diluted with deionized H20 (10 mL), extracted with ethyl acetate
(15 mL x 3). The combined organic extracts were washed with brine, dried over Na2SO4, then concentrated
underreduced pressure to afford 111 mg of abrown solid. To confirmthe connectivity of the major cross-coupled
species (32), the crude reaction mixture was compared to authentic standards (see Supplemental Schemes S2-
5) by LC-MS. The major product was determined to harbor the 8,1'-connectivity, with an unidentified isomeric
minor product that did not match the retention times of available standards. The yield of the 8,1'-product was
determined by *H NMR as 19% and was calculated by analysis of 20.5 mg of the crude reaction mixture in 1.0
mL of Ds-Acetone with 5.0 mg (0.0297 mmol) 1,3,5-trimethoxybenzene as an internal standard (Supplementa
Figure S87). HRMS (ESI) calculated for C20H1304 [M-H]- = 317.0819, found =317.0820 m/z.
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Supplemental Figure S9. Extracted ion chromatograms confirm 8,1'-connectivity of the major cross-coupled
product.
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Entry 3a. To asolution of 3-bromo-2-naphthol (39, 116 mg, 0.520 mmol, 1.00 equiv) and 2-naphthol (31, 75 mg,
0.52 mmol, 1.0 equiv) in HFIP (5.2 mL, 0.10 M) was added Cu(OH)CI*TMEDA (121 mg, 0.520 mmol, 1.00 equiv)
at room temperature and stirred for 48 h. The reaction was quenched with 1 mL 0.1 M HCI and diluted with
deionized H20 (10 mL), extracted with ethyl acetate (25 mL x 3). The combined organic extracts were washed
with brine, dried over Na2S04, then concentrated under reduced pressure to afford 236 mg of a brown solid. The
crude mixture was purified by flash chromatography over silica gel with a gradient of 5% to 30% ethyl acetate in
hexanes, recovering 44 mg of cross-coupledproduct 44 as an off-white solid in a 23% yield with minor impurities.
1H NMR (400 MHz, CDCI3) 6 8.28 (s, 1H), 7.97 (d,J =8.9 Hz, 1H), 7.89 (d, J=8.1 Hz, 1H), 7.82 (d, J = 8.2 Hz,
1H), 7.43-7.34 (m, 3H), 7.34-7.28 (m, 2H), 7.14 (d, J =8.4 Hz, 1H), 7.10 (d, J = 8.3 Hz, 1H), 5.61 (s, 1H), 5.02
(s, 1H). All spectra obtained were consistent with literature values. 1617 HRMS (ESI) calculated for C20H12BrOz
[M-H]-=363.0026, found 365.0007 m/z.
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Entry 1b. To a solution of 7-hydroxy-4-methoxy-5-methyl-2H-chromen-2-one (4; 100 mg, 0.48 mmol, 1.0 equiv)
and 4-ethoxy-7-hydroxy-5-methyl-2H-chromen-2-one (18; 107 mg, 0.480 mmol, 1.00 equiv) in dry CH2Cl2 (4.0
mL, 0.125 M) and trifluoroacetic acid (1 mL, 0.5 M) was added VOF3 (120 mg, 0.97 mmol, 2.00 equiv) at 0 °C,
then warmed to room temperature and stirred for 48 h.2-24¢ Upon addition of the vanadium complex, the reaction
mixture turned adeep navy blue. Thereaction was quenched by addition of H20 and extracted with ethyl acetate
(15mL x 3). The combined extracts were washed with brine, dried over Na2SO4, and concentrated under reduced
pressure to afford a pale-yellow solid (112 mg). The reaction resulted in a complex, inseparable mixture of
multiple dimers and cross-coupled products combined with remaining coumarin starting materials. The crude
mixture was analyzed by LC-MS and percent conversions were calculated. The connectivity of the major cross-
coupled isomer (23) was determined by comparison of standards with known connectivity on analytical scale.
HRMS (ESI) calculated for C23H190s [M-H]- =423.1085, found =423.1085 m/z.
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Supplemental Figure S10. Extracted ion chromatograms (EICs) of cross-coupled products (1B) compared to
standards with 8,8'-, 8,6'- and 6,8'-, and 6,6'-isomers prepared by transesterification.
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Entry 3b. To a solution of 3-bromo-2-naphthol (39, 77 mg, 0.35 mmol, 1.0 equiv) and 2-naphthol (31, 50.0 mg,
0.350 mmol, 1.00 equiv) in dry CH2Cl2 (2.80 mL, 0.125 M) and trifluoroacetic acid (0.7 mL, 0.5 M) was added
VOFs (85 mg, 0.69 mmol, 2.0 equiv) at 0 °C, then warmed to room temperature and stirred for 48 h.21-24 Upon
addition of the vanadium complex, the reaction mixture gradually turned orange then green over 72 h. The
reaction was quenched by addition of H20 and extracted with ethyl acetate (25 mL x 3). The combined extracts
were washed with brine, dried over Na2SO4, and concentrated under vacuum to give a black solid (124 mg). The
crude mixture was purified by flash chromatography over silica gel with a gradient of 0 to 25 % ethyl acetate in
hexanes. The fractions contained a total of 5.8 mg of 44 in a 5% vyield, calculated by comparison to an interna
standard by *H NMR in CDCls. Fraction 2 (29 mg) contained 5.6 mg (33 umol) of 1,3,5-trimethoxybenzene as an
internal standard and 4.7 mg of 44; combined fractions 3-5 (33 mg) contained 7.5 mg (45 pmol) of 1,3,5-
trimethoxybenzene and 1.1 mg of 44 (Supplemental Figure S88). HRMS (ESI) calculated for C20H12BrO2 [M-H}
363.0026, found =317.0809 m/z.

Br FeC|3 OO
' — > o
HO HO HFIP, rt, 48 h HO OO
31 39 Br

Entry 3c. To a solution of 3-bromo-2-naphthol (39, 116 mg, 0.520 mmol, 1.00 equiv) and 2-naphthol (31, 75.0
mg, 0.520 mmol, 1.00 equiv) in HFIP (5.2 mL, 0.10 M) was added anhydrous FeCls (17 mg, 0.10 mmol, 0.20
equiv) and 75 pL t-BuOOH (70% solution, 0.57 mmol, 1.1 equiv) at room temperature and stirred for 48 h.» The
reaction was quenched by the addition of water and the aqueous phase was extracted with ethyl acetate (25 mL
x 3). The organic layers were combined, washed with brine, dried over Na2S0Oa, filtered, and evaporated under
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reduced pressure to afford 229 mg of a dark brown solid. The reaction resulted in a mixture of dimers and one
major cross-coupled product. The crude mixture was purified by flash chromatography over silica gel with a
gradient of 0 to 20% ethyl acetate in hexanes, resulting in mixed fractions. The fractions containing the cross-
coupled product 44 were combined and concentrated under reduced pressure to afford 36.2 mg of a yellow solid.
The yield was calculated as 6.4% using the entire 36.2 mg mixture in 1 mL CDCls and 5 mg mesitylene (97%
purity, 0.0404 mmol) as the internal standard (Supplemental Figure S89). HRMS (ESI) m/z calculated for
C20H12BrO2 [M-H]- 363.0026, found 363.0022 m/z.

General procedure for Fe(TPP)Cl mediated coupling (column D). Carried out on analytical scale only due to
low or no formation of cross-coupled product. Each phenolic substrate was used in a 1:1 ratio (1 equiv each, 5
mg scale) and were dissolved in a solution of Fe(lll)meso-tetraphenylporphine chloride, CAS# 16456-81-8
(Fe(TPP)CI, 0.2 equiv) in HFIP (0.08 M), followed by addition of t-BuOOH (70%, 1.1 equiv) at room
temperature.2® Each reaction was stirred at room temperature and monitored by LC-MS over 48 h. Trace
amounts (<2% conversion) of cross-coupled product or decomposition of starting materials was observed in
each case, with detailed LC-MS traces shown in Supplemental Figures S20-22.

Me
Me X
0,
S . OO Cr-Salen-Cy _ HO 0 X0
. ~ Ho
HO (o] (o] HO DCE, 50 °C, 72 h OO
10 31

32

Entry 2e. To a solution of 7-hydroxy-5-methyl-2H-chromen-2-one (10; 50 mg, 0.28 mmol, 1.0 equiv) and 2-
naphthol (31; 41 mg, 0.28 mmol, 1.0 equiv) in 1,2-dichloroethane (2.8 mL, 0.10 M) was added 18 mg (1R,2R)-(-
)-[1,2-Cyclohexanediamino-N,N'-bis(3,5-di-t-butylsalicylidene)]chromium(lll) chloride, CAS# 164931-83-3 (Cr-
Salen-Cy, 28 umol, 0.10 equiv) and heated to 50 °C for 72 h.2” The reaction mixture was diluted with ethyl
acetate, filtered through silicagel, and evaporated under reduced pressure to afford 97 mg of a dark brown solid.
LC-MS analysis revealed that the reaction resulted in a mixture of dimers and multiple cross-coupled products.
Analysis by 1H NMR did not reveal significant formation of cross-coupled product, with only trace amounts of
cross-coupled products observed by LC-MS.

o 0, o®
' Cr-salen-cy > o
HO HO DCE, 50 °C, 72 h HO OO
31 39 Br

44
Entry 3e. To a solution of 3-bromo-2-naphthol (39; 116 mg, 0.520 mmol, 1.00 equiv) and 2-naphthol (31; 75.0
mg, 0.520 mmol, 1.00 equiv) in 1,2-dichloroethane (5.2 mL, 0.10 M) was added 33 mg Cr-Salen-Cy catalyst (52
pmol, 0.10 equiv) and heated to 50 °C for 72 h.?” The reaction mixture was diluted with ethyl acetate, filtered
through silica gel, and evaporated under reduced pressureto afford 223 mg of adark brown solid. The reaction
resulted in a mixture of dimers and one major cross-coupled product. The reaction was purified by flash
chromatography over silica gel with a gradient of 0 to 20% ethyl acetate in hexanes, to provide 10.1 mg of 44
(5% yield) as a yellow solid with impurities. H NMR (600 MHz, CDCI3) 6 8.28 (s, 1H), 7.89 (d, J= 9.4 Hz, 1H),
7.83(d, J=8.2 Hz, 1H), 7.39 (dddd, J=16.3, 8.1, 6.7, 1.1 Hz, 3H), 7.33 — 7.28 (m, 2H), 7.15(d, J = 8.4 Hz, 1H),
7.10(d, J=8.4 Hz, 1H), 5.57 (s, 1H), 4.97 (s, 1H). All spectra obtained were consistent with literature values. 16
HRMS (ESI) calculated for C20H12BrOz" [M-H]- = 363.0026, found = 363.0025 m/z.
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LC-MStraces for chemical oxidative coupling reactions

Reactions were carried out on analytical scale and analyzed by LC-MS. For each reaction, extracted ion
chromatograms (EICs) of the starting materials, A and B, cross-coupled products (AB), and dimers (AA and BB)
are provided. The number of peaks for each product mass is used to assess the number of products formed in
each reaction as separation of constitutional isomers is assumed.

Supplemental Figure S11. Oxidative cross-coupling of 4 and 18 by Cu(OH)CI*TMEDA (Supplemental Table
S1, Entry 1a).
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Supplemental Figure S12. Oxidative cross-coupling of 10 and 31 by Cu(OH)CI*'TMEDA (Supplemental Table
S1, Entry 2a).
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Supplemental Figure S13. Oxidative cross-coupling of 31 and 39 by Cu(OH)CI*'TMEDA (Supplemental Table
S1, Entry 3a).
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Supplemental Figure S14. Oxidative cross-coupling of 4 and 18 by VOFs (Supplemental Table S1, Entry 1b).
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Supplemental Figure S15. Oxidative cross-couplingof 10 and 31 by VOFs (Supplemental Table S1, Entry
2b).
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Supplemental Figure S16. Oxidative cross-coupling of 31 and 39 by VOFs (Supplemental Table S1, Entry
3b).
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Supplemental Figure S17. Oxidative cross-coupling of 4 and 18 by FeCls (Supplemental Table S1, Entry 1c).
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Supplemental Figure S18. Oxidative cross-coupling of 10 and 31 by FeCls (Supplemental Table S1, Entry

2¢C).
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Supplemental Figure S19. Oxidative cross-coupling of 31 and 39 by FeCls (Supplemental Table S1, Entry
30).
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Supplemental Figure S20. Oxidative cross-coupling of 4 and 18 by Fe(TPP)CI (Supplemental Table S1, Entry

1d).
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Supplemental Figure S21. Oxidative cross-coupling of 10 and 31 by Fe(TPP)CI (Supplemental Table S1,

Entry 2d).
Me
AN
A Fe(TPP)CI
HO 0 (o) tBuOOH
HFIP, rt, 48 h
B @
HO
<104 -ESIEIC(175.0401) Scan Frag=140.0V 3.
1.032
A 25
0.825 1.248 3.295
0,
x10 2 -ESI EIC(143.0502) Scan Frag=140.0V 3.d
’ A I\ H
N | | ]
«103 -ESIEIC(317.0819) Scan Frag=140.0V 3.d
3.635
AB
0/ A Y N . U W Y W W B W i | T
«102 -ESIEIC(349.0718) Scan Frag=140.0V 3.d
AA 54 1.695
0,
<102 -ESIEIC(285.0921) Scan Frag=140.0V 3.
3.842
BB | L L | |
0,
02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42
Counts vs. Acquisition Time (min)
«104 -ESIEIC(285.0921) Scan Frag=140.0V 3.d
35 1.032
3,
251
2,
151
1. 3.295
0.5 0.825 1.248 A
3.635
N 1.695 3635 3 842
02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42

Counts vs. Acquisition Time (min)

S44



Supplemental Figure S22. Oxidative cross-coupling of 31 and 39 by Fe(TPP)CI (Supplemental Table S1,

Entry 3d).
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Supplemental Figure S23. Oxidative cross-coupling of 4 and 18 by Cr-Salen-Cy (Supplemental Table S1,

Entry le).
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Supplemental Figure S24. Oxidative cross-coupling of 10 and 31 by Cr-Salen-Cy (Supplemental Table S1,
Entry 2e).
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Supplemental Figure S25. Oxidative cross-coupling of 31 and 39 by Cr-Salen-Cy (Supplemental Table S1,

Entry 3e).
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Il. Protein sequences, expression, and purification

Bioinformatic analysis of natural P450 sequencespace

Supplemental Table S2. Natural copper- and iron-containing enzymes that have been identified to catalyze
intermolecular oxidative coupling reactions in the biosynthesis of biaryl natural products. (*denotes hypothetica

protein)

Enzyme
laccase/
GhDIR
VdtB/
VdtD
AshL

ChelL

MytL

UstL

KtnC
DesC
BicC*
AfvE*
AunB

BfoB
ShwC
ClaM

NsrP

Jull

Setl*

Sptl*
P450mel
CYP158A1
CYP158A2
CYP158A3

Enzyme class
laccase/
dirigent protein

multicopper oxidase/

dirigent protein
laccase

laccase

laccase

laccase
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450
cytochrome P450

Organism
G. hirsutum

A. nidulans

. paraphysata
. olivicolor

. thermophila
virens

niger

. desertorum

. alliaceus
flavus

niger

. brasiliensis

. schweinitzii
fulvum

. novofumigatus,
. afghaniensis
. aurantiacus
. spectabilis

. griseus

. coelicolor

. coelicolor

. avermitilis

NOLOOLOLOVOPOXDP>>>>>CHA0P

Biosynthetic pathway

(+)-gossypol

viriditoxin

(P)-chaetochromin A
(P)-chaetochromin A
(P)-chaetochromin A
(M)-ustilaginoidin A

(P)-kotanin
(M)-desertorinC
bicoumarin (6,6")
bicoumarin (3,8")
aurasperone A
nigerone
alloschweinitzin
cladofulvin
neosartorin
julichrome
setomimycin
spectomycin
melanin
biflaviolin (3,3")
biflaviolin (3,8")
biflaviolin

Reference
Schaller and coworkers®

Chooi and coworkers?®

Miiller and coworkers®

Muller and coworkers?®!

Muller and coworkers®

Miller and coworkers
Collemare and coworkers®
Larsen and coworkers®
Miiller and coworkers®

Horinouchi and coworkers®”
Zhao and coworkers®
Zhao and coworkers®

Kim and coworkers®
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Supplemental Figure S26. SSN visualizing sequences from the entire P450 family (PFO0067) with clusters

containing P450s known to catalyze intermolecular oxidative coupling reactions highlighted inred. Datasets were
generated through EFI-EST41-43 and visualized using the Cytoscape software. 4SSN parameters: E-value of 100,

minimum sequence length of 300 residues, and an alignment score of 88.
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Supplemental Figure S27. SSN visualizing P450 sequences that cluster with P450s known to catalyze
intermolecular oxidative coupling reactions (highlighted with dark blue nodes). Shared natural substrates of the
known P450s in each clusters are shown. Datasets were generated through EFI-EST#1-43 and visualized using

the Cytoscape software.** SSN parameters: E-value of 106, minimum sequence length of 300residues, and an
alignment score of 95.
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Plasmids and sequences

The gene encoding KtnC (A2QK67.1) in a pJET1.2 cloning plasmid and a pESC-HIS expression plasmid were
generous gifts from Professor Michael Muller’s lab at the Albert-Ludwigs-Universitéat Freiburg. KtnC was
amplified and cloned into a pPIC3.5 plasmid (Invitrogen) for functional expression in P. pastoris. The gene
encoding CYP158A2 (Q9FCA6.1) in a pET28a(+) vector was codon-optimized for expression in E. coli and
purchased from Twist Bioscience. The gene encoding the P450rnr reductase domain (RhFRed) in pET28b
vectors were generous gifts from Professor David Sherman’s lab at the University of Michigan. The codon-
optimized genes encoding AOA1J4PSC8 and AOA6B3DVM9 in apET28b vector harboring the RhFRed domain
were purchased from Twist Bioscience.

KtnC sequences

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAGTTTGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACCCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCTCCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCAC
CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCTCTCGTGAGAGAGAGACTTGTTCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGAT GCAGCACAGGTACAGTTGCTGGCAGATGATCTC CATT
TTCTACCATTTCGAACTCTGTAAACCGACCGCATTCAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCT CACCAATGGTGACTGGACCGTTGAAACTCTGAAGCACGCT
CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCGGTTTTGTCAGCTTTCGCCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCGGAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGACATTTTCTCATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTGTTGCAGTACGACGTAGAACCTGTGCAGAAGGAGATACTACCCTATGGATTCACCAGT
GGTCCGGTCTATATGCCTAATCCATCAGTGATGATGAGAAT CCGGCCAAGAAGTGACGGGAAG

MAVHVPEFSTIHHVVDIGI STGPVVIVLVLLEGLAVVGSDSLDGWWNQKRALRGIPIVDEGSYMRPKLRWKREDAEKEYARAYQ
QYTKAGKPYATIRMONDNYGIVLPLNSAKEWRSLPHDQLSEFLOQALAEFADMNMY CDVTDRTP IEAVHSCNNAES LNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLQTILSLCSTVITMALLLGPDTAPDPVLHHHST SFGEAIMS SCYRRTGY PRILRPEV
WRE'SSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSS LLDALIAAAEFDNGSLS PDDQGRNDAAQVQLLADDLIT
FYHFELCKPTAFNIIFQLYAIMDHPEYKAPLREEALQALKLTNGDWIVE TLKHAPKLESFTKETFRLYDISGEFVSFRRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYREFYDSSREVCSPRVATTSLTFLTFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVQKEILPYGFTSGPVYMPNPSVMMRIRPRSDGK

CYP158A2 sequences

ATGACTGAAGAGACAATATCACAAGCTGTACCGCCTGTTCGCGACTGGCCGGCTGTGGACCTGCCGGGTTCCGACTT CGAC
CCGGTTTTGACCGAGCTGATGCGTGAGGGTCCAGTGACTCGTATCAGTCTGCCGAAT GGTGAAGGTTGGGCTTGGTTGGTG
ACTCGTCACGATGATGTTCGCCTAGTGACCAATGATCCGCGTTTTGGCCGCGAGGCGGTTATGGACCGT CAAGTTACGCGT
TTGGCGCCTCACTTTATCCCGGCGCGTGGCGCGGTAGGCTT CCTGGACCCGCCGGAT CACACCCGTTTGCGGCGTAGCGTT
GCGGCGGCGTTTACCGCACGT GGCGTGGAGCGTGTTCGTGAGCGCTCCCGCGGTATGCTGGACGAACTGGTCGACGCCATG
CTACGCGCGGGTCCGCCAGCCGATCTGACCGAAGCCGTGCTGAGCCCGTTCCCGATTGCAGTTAT TTGT GAACTTAT GGGT
GTTCCGGCAACCGATCGTCACAGCATGCATACCTGGACCCAGCTGATTCTGTCTAGCAGCCATGGCGCGGAGGTGAGCGAG
CGCGCGAAAAACGAAATGAACGCCTACTTCTCCGACTTGAT TGGCTTAAGATCGGACTCTGCAGGCGAGGACGTGACGAGC
CTGCTGGGCGCCGCTGTGGGT CGTGACGAGATCACCCTGTCTGAGGCTGTCGGTTTGGCGGTTCTGTTGCAAATTGGCGGT
GAGGCCGTGACGAACAACAGCGGTCAGATGTTTCATCTGCTGCTTTCCAGGCCCGAACTGGCGGAAAGACTGCGCTCGGAA
CCGGAGATCCGTCCGCGTGCGATCGATGAGTTACTGCGTTGGATT CCGCACCGTAATGCTGTCGGACTGAGCCGTATCGCG
TTGGAAGATGTGGAGAT TAAGGGCGTACGTATCCGGGCGGGTGATGCAGTGTACGTGAGCTATCT GGCTGCGAACCGTGAC
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CCGGAGGTTTTTCCGGACCCGGACCGCATCGATTTTGAAAGATCACCGAACCCGCATGTTTCTTTCGGT TTCGGCCCGCAC
TATTGCCCGGGCGGCATGCTCGCCCGTCTCGAAAGCGAATTGTTGGTTGACGCGGTACTGGACCGCGTGCCGGGTCT TAAG
CTGGCAGTTGCTCCGGAAGATGTTCCGTTCAAAAAGGGTGCGCTGATCCGTGGTCCGGAAGCGCTGCCGGTCACCTGG

MTEET ISQAVPPVRDWPAVDLPGSDFDPVLTELMREGPVTRISLPNGEGWAWLVTRHDDVRLVTNDPRE GREAVMDRQVTR
LAPHF IPARGAVGFLDPPDHTRLRRSVAAAFTARGVERVRERSRGMLDE LVDAMLRAGPPADLTEAVLSPFPTIAVICELMG
VPATDRHSMHTWTQLILSSSHGAEV SERAKNEMNAYF SDLIGLRSDSAGEDVT SLLGAAVGRDEI TLSEAVGLAVLLQOIGG
EAVINNSGOMFHLLLSRPELAERLRSEPE IRPRATDELLRWIPHRNAVGLSRIALEDVEIKGVRIRAGDAVYVSYLAANRD
PEVFPDPDRIDFERSPNPHVSFGEFGPHYCPGGMLARLESELLVDAVLDRVPGLKLAVAPEDVPFKKGALTRGPEALPVTW

A2-RhFRed sequences

ATGACTGAAGAGACAATATCACAAGCTGTACCGCCTGTTCGCGACTGGCCGGCTGTGGACCTGCCGGGT TCCGACTTCGAC
CCGGTTTTGACCGAGCTGATGCGTGAGGGTCCAGTGACTCGTATCAGTCTGCCGAAT GGTGAAGGTTGGGCTTGGTTGGTG
ACTCGTCACGATGATGTTCGCCTAGTGACCAATGATCCGCGTTTTGGCCGCGAGGCGGTTATGGACCGT CAAGTTACGCGT
TTGGCGCCTCACTTTAT CCCGGCGCGTGGCGCGGTAGGCTT CCTGGACCCGCCGGAT CACACCCGTTTGCGGCGTAGCGTT
GCGGCGGCGTTTACCGCACGT GGCGTGGAGCGTGTTCGTGAGCGCTCCCGCGGTATGCTGGACGAACTGGTCGACGCCATG
CTACGCGCGGGTCCGCCAGCCGATCTGACCGAAGCCGTGCTGAGCCCGTTCCCGATTGCAGTTAT TTGT GAACTTAT GGGT
GTTCCGGCAACCGATCGTCACAGCATGCATACCTGGACCCAGCTGATTCTGTCTAGCAGCCATGG CGCGGAGGTGAGCGAG
CGCGCGAAAAACGAAATGAACGCCTACTTCTCCGACTTGATTGGCTTAAGATCGGACTCTGCAGGCGAGGACGTGACGAGC
CTGCTGGGCGCCGCTGTGGGT CGTGACGAGATCACCCTGTCTGAGGCTGTCGGTTTGGCGGTTCTGTTGCAAATTGGCGGT
GAGGCCGTGACGAACAACAGCGGTCAGATGTTTCATCTGCTGCTTTCCAGGCCCGAACTGGCGGAAAGACTGCGCTCGGAA
CCGGAGATCCGTCCGCGTGCGATCGATGAGTTACTGCGTTGGATT CCGCACCGTAATGCTGTCGGACTGAGCCGTATCGCG
TTGGAAGATGTGGAGAT TAAGGGCGTACGTATCCGGGCGGGTGAT GCAGTGTACGTGAGCTATCT GGCT GCGAACCGTGAC
CCGGAGGTTTTTCCGGACCCGGACCGCATCGATTTTGAAAGATCACCGAACCCGCATGTTTCTTTCGGTTTCGGCCCGCAC
TATTGCCCGGGCGGCATGCTCGCCCGTCTCGAAAGCGAATTGTTGGTTGACGCGGTACTGGACCGCGTGCCGGGTCTTAAG
CTGGCAGTTGCTCCGGAAGATGTTCCGTTCAAAAAGGGTGCGCTGATCCGTGGTCCGGAAGCGCTGCCGGTCACCTGGGAA
TTCGTGCTGCACCGGCATCAACCGGTCACCATCGGAGAACCCGCCGLCCCGGEGCGEGETGTCCCGCACCGTCACCGTCGAGCGC
CTGGACCGGATCGCCGACGACGTGCTGCGCCTCGTCCTGCGCGACGCCGGCGGAAAGACATTACCCACGTGGACTCCCGGC
GCCCATATCGACCTCGACCTCGGCGCGCTGTCGCGCCAGTACTCCCTGTGCGGCGCGCCCGATGCGCCGAGCTACGAGATT
GCCGTGCACCTGGATCCCGAGAGCCGCGGCGGTTCGCGCTACATCCACGAACAGCTCGAGGTGGGAAGCCCGCTCCGGATG
CGCGGCCCTCGGAACCATTTCGCGCTCGACCCCGGCGCCGAGCACTACGTGTTCGTCGCCGGCGGCATCGGCATCACCCCA
GTCCTGGCCATGGCCGACCACGCCCGCGCCCGGGGETGGAGCTACGAACTGCACTACTGCGGCCGAAACCGTTCCGGCATG
GCCTATCTCGAGCGTGTCGCCGGGCACGGTGACCGGGCCGCCCTGCACGTGTCCGAGGAAGGCACCCGGATCGACCTCGCC
GCCCTCCTCGCCGAGCCCGCCCCCGGCGTCCAGATCTACGCGTGCGGGLC CCGGGCGGCTGCTCGCCGGACTCGAGGACGLG
AGCCGGAACTGGCCCGACGGGGCGCTGCACGTCGAGCACTT CACCTCGTCCCTCGCGGCGCTCGATCCGGACGTCGAGCAL
GCCTTCGACCTCGAACTGCGTGACTCGGGGCTGACCGTGCGGGTCGAACCCACCCAGACCGTCCTCGACGCGTTGCGCGCC
AACAACATCGACGTGCCCAGCGACTGCGAGGAAGGCCTCTGCGGCTCGTGCGAGGTCGCCGT CCTCGACGGCGAGGT CGAC
CATCGCGACACGGTGCTGACCAAGGCCGAGCGGGCGGCGAACCGGCAGATGATGACCTGCTGCTCGCGT GCCTGTGGCGAC
CGGCTGGCCCTGCGCCTCTGA

MTEET ISQAVPPVRDWPAVDLPGSDFDPVLTELMREGPVTRISLPNGEGWAWLVTRHDDVRLVTNDPREFGREAVMDRQVTR
LAPHF IPARGAVGFLDPPDHTRLRRSVAAAFTARGVERVRERSRGMLDE LVDAMLRAGPPADLTEAVLSPEFPIAVICELMG
VPATDRHSMHTWTQLILSSSHGAEV SERAKNEMNAYFEF SDLIGLRSDSAGEDVT SLLGAAVGRDEI TLSEAVGLAVLLQIGG
EAVINNSGOMFHLLLSRPELAERLRSEPE IRPRATDELLRWIPHRNAVGLSRIALEDVEIKGVRIRAGDAVYVSYLAANRD
PEVFPDPDRIDFERSPNPHVSFGFGPHYCPGGMLARLESELLVDAVLDRVPGLKLAVAPEDVPFKKGALIRGPEALPVTWE
FVLHRHQPVTIGE PAARAVSRTVIVERLDRIADDVLRLVLRDAGGKTLPTWTPGAHI DLDLGALSRQYSLCGAPDAPSYET
AVHLDPESRGGSRYIHEQLEVGSPLRMRGPRNHFALD PGAEHYVEVAGGIGITPVLAMADHARARGWSY ELHY CGRNRSGM
AYTERVAGHGDRAALHVSEEGTRIDLAALLAEPAPGVQIYACGPGRLLAGLEDASRNWPDGALHVEHEFT SSLAALDPDVEH
AFDLELRDSGLTVRVEPTQTVLDALRANNIDVP SDCEEGLCGSCEVAVLDGEVDHRDTVLTKAERAANROMMT CCSRACGD
RLALRL

AOA1J4PSC8-RhFRed sequences

ATGACAACACTAGAAACTTCAGCTCCCACGGGCCAAGAACCGCCACCGGTGCGTGACTGGCCTGCTCTGGACCTGGATGGC
ACCGAATTTGATCCGGT GCTGGCGGGTCTGGTTCGTGAAGGCCCGCTGACCCGCATCCGCT TACCGTTCGGCGAGGGGTGG
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GCCTGGCTGGCCACCCGTTATGAGCATGTGAAGCTGATTACGAACGATCCGCGTTTTAGCCGTGCGGCAGTGGCGCGCGGT
CAAGTCACGCGCTTGGCGCCAAACTTTGCACCGCGTCCGGGCAGCCTGGCGTGGGCAGATCAGCCGGACCACAACCGTCTG
CGCAAGCCGGTTGCGGGCGCGTTCACCGTTGGTGCTATGAAACGT CTGCGTCCGCGT GCCCAGGAGATCCTGGATGAGTTG
GTTGACGCTCTGGTGCACGAAGGTCCACCGGCTGATCTGGTAGAGCGTGTTTTGGAGCCGTTTCCGTTGTACGTTGT CAGC
GAAGTTATGGGTGTGCCGGACACTGACCGCGACCAGGTTCACTCCTGGACCCGTCAAATCATCAGCCTTTGCGGTGGTGCG
GAAGCTGCCGACCGTGCGAAAAACGGCCTGTACGGTTGGAT CACCGATATTGT TCGT GCGCGTGCACGGTCGGCCGGCGAG
GACGTGTACTCCATGCTGGCGAGAGCGGT GGCTCGCGGCGAGATT GGTGAGGAAGAGGCGGTGGGTTTGGCGGGTCCGCTG
CAGAT CGGCGGTGAGGCGGTGACGCACAACTGCGGTCAGAT GCTGTACT TAATGTTGACGCGTCCGGAGTTGATGGCACGC
ATGCGTTCTCGTCCGGACGAAAGAGGCCCAGTTTTCGATGAACTATTGCGCTGGATCCCGCACCGTAATACCGTTGGTCTC
GCGCGTATCGCGCTGGAAGACGTCGAGAT CGCGGGTCATCGTATTGCTGCGGGCGAGGCCGTGTACGTGAGCTATCTGTCT
GCAAATCGTGATCCGGAAGTGTTCCCGGACCCGGACGGCATTGCT CCGGATCGCGATCCTAATCCGCACGTGGCCTT CGGA
AACGGTCATCATTATTGTACCGGTGCTGTACTGGCACGTCTCCAACTGGAGTTGTTGGTTGACACCTTGCTGGACCGTCTG
CCGGGCCTTCGCCTGGCGGTCCCAGCAGAAGAT GTTGAATGGAGACGTCAGACCATGATTAGAGGTCCGCGTACCCTGCCG
GTTACTTGGGAATTCGTGCTGCACCGCCATCAACCGGTCACCATCGGAGAACCCGCCGLCCCGGGCGGTGTCCCGCACCGTC
ACCGTCGAGCGCCTGGACCGGATCGCCGACGACGTGCTGCGCCTCGTCCTGCGCGACGCCGGCGGAAAGACATTGCCCALCG
TGGACTCCCGGCGCCCATATCGACCTCGACCTCGGCGCGCTGTCGCGCCAGTACTCCCTGTGCGGCGCGCCCGATGCGCCG
AGCTACGAGATTGCCGTGCACCTGGATCCCGAGAGCCGCGGCGGTTCGCGCTACATCCACGAACAGCTCGAGGTGGGAAGC
CCGCTCCGGATGCGCGGCCCTCGGAACCATTTCGCGCTCGACCCCGGCGCCGAGCACTACGTGTTCGTCGCCGGCGGCATC
GGCATCACCCCAGTCCTGGCCATGGCCGACCACGCCCGCGCCCGGGGETGGAGCTACGAACTGCACTACTGCGGCCGAAAC
CGTTCCGGCATGGCCTATCTCGAGCGTGT CGCCGGGCACGGTGACCGGGCCGCCCTGCACGTGTCCGAGGAAGGCACCCGG
ATCGACCTCGCCGCCCTCCTCGCCGAGCCCGLCCCCCGGCGETCCAGATCTACGCGTGCGGGCCCGGEGCGGCTGCTCGCCGGA
CTCGAGGACGCGAGCCGGAACTGGCCCGACGGGGCGCTGCACGTCGAGCACTTCACCTCGTCCCTCGCGGCGCTCGATCCG
GACGTCGAGCACGCCTTCGACCTCGAACTGCGTGACTCGGGGCTGACCGTGCGGGTCGAACCCACCCAGACCGTCCTCGAC
GCGTTGCGCGCCAACAACATCGACGTGCCCAGCGACT GCGAGGAAGGCCTCTGCGGCTCGTGCGAGGTCGCCGTCCTCGAC
GGCGAGGTCGACCATCGCGACACGGTGCTGACCAAGGCCGAGCGGGCGGCGAACCGGCAGATGATGACCTGCTGCTCGCGT
GCCTGTGGCGACCGGCTGGCCCTGCGCCTCTGA

MTTLETSAPTGQE PPPVRDWPALDLDGTEFDPVLAGLVREGPLTRIRLPFGEGWAWLATRY EHVKLITNDPRE SRAAVARG
QVTRLAPNFAPRPGSLAWADQ PDHNRLRKPVAGAFTVGAMKRLRPRAQE ILDE LVDALVHEGPPADLVERVLE PEPLYVVS
EVMGVPDTDRDQVHSWTROIT SLCGGAEAADRAKNGLYGWI TDIVRARARSAGEDVY SMLARAVARGEI GEEEAVGLAGPL
QIGGEAVTHNCGOMLYLMLTRPELMARMRSRPDERGPVEFDE LLRWIPHRNTVGLARIALEDVETAGHRIAAGEAVYVSYLS
ANRDPEVEFPDPDGIAPDRDPNPHVAFGNGHHYCTGAVLARLQLELLVDT LLDRLPGLRLAVPAEDVEWRRQTMIRGPRTLP
VIWEFVLHRHQPVTIGE PAARAVSRTVIVERLDRIADDVLRLVLRDAGGKTLPTWTPGAHI DLDLGALSRQYSLCGAPDAP
SYETAVHLDPESRGGSRYIHEQLEVGSPLRMRGPRNHFALDPGAEHYVEVAGGIGITPVLAMADHARARGWSY ELHY CGRN
RSGMAYLERVAGHGDRAALHVSEEGTRIDLAALLAEPAPGVQIYACGPGRLLAGLEDASRNWPDGALHVEHFTSSLAALDP
DVEHAFDLE LRDSGLTVRVEPTQTVLDALRANNIDVP SDCEEGLCGSCEVAVLDGEVDHRDTVLTKAERAANRQMMT CCSR
ACGDRLALRL

AOA6B3DVM9-RhFRed sequences

ATGGCTCCACCTCCCGAGGAACCGGCACCCCCACCGATCCGCGATTGGGCCGCTCTGGATT TGGCGGGCACCGAATT TGAT
CCGGTGCTGCGTGAACTGATGCGTGACGGCCCTATCACCCGTATTCGATTACCGCACGGCGAGGGTTGGGCGTGGCTGGCC
ACCCGCTACGATGATGTGAAACTGATTACCAATGATCCGCGCTTCAGCCGTGCAGAAGTTACGAGACGCCAAGTGACGCGC
CTCGCTCCGCACTTCAAGCCGCGTCCGGGCAGCCTGGCGTGGGCGGATCAGCCGGACCACAACCGTTTGCGTAAGCCGGTG
TCTGCAGCCTTCACCGTTGGT GCAATGAAACGTCTTCGTCCCCGTGCTCAAGAACTATTAGACGAATTGGTTGACGCGCTG
GTCCAGGCAGGCCCGCCAGCGGACCTGGTTGAACGCGTTCTGGAGCCGTTTCCGATT GCGGTGGT GTCCGAGGTTAT GGGT
GTTCCGCCGGCGGACCGTGAGCAGGTGCATGCATGGACCCGTCAAATCATCAGCATGTGTGGCGGTGCGGAGGCGGCAGALC
CGTGCTAAGCAGGGTATGTATGGTTGGATTCGTCGTACCGTGAGAGAGCGCCGTGACAGCAGCGCGGAGGATGTCTTGTCA
CTGCTTGGT GCAGCGGT CGGT CGTGGCGAGATCTCGGAAGAAGAGGCGGTGGGCCTGGCGGGCCCACTGCAGATTGGTGGT
GAAGCGGTGACGCATAACTGCGGTCAAATGCTGTACCTGCTGTTAACTCGCCCAGAACTGATGGCACGCATGCGTGAGCGT
CCGGGCGAGCGCGGCCCGGTAGTTGATGAATTGCTGCGCCATATT CCGCATCGTAGCACCGTTGGTTTGGCGCGTATCGCC
CTCGAAGATGTAGAGCTGCACGGCGTTCGTATTGCCGCTGGCGAGCCGGTCTATGTGTCTTATCTGGCT GCCAACCGCGAC
CCGGACGTGTTCCCGGACCCGGACCGTATCGACCCTGATAGAGAACCGAGGCCGCACCTGTCCTTTGGTAATGGTCCGCAC
TACTGCACCGGTGCAGTGCTCGCGCGTTTGCAGACCGAGTTGCTGATCGATACCCTGCTGGACCGCCTGCCGGGTCTGCGC
TTGGCCGTATCCCCGGGTCAGGTTGCGTGGCGT CGTCAAACCATGATCCGTGGTCCGCGTACGCTGCCGGTTACTTGGGAA
TTCGTGCTGCACCGCCATCAACCGGTCACCATCGGAGAACCCGCCGCCCGGGCGGTGTCCCGCAC CGTCACCGTCGAGCGC
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CTGGACCGGATCGCCGACGACGTGCTGCGCCTCGTCCTGCGCGACGCCGGCGGAAAGACATTGCCCACGTGGACTCCCGGC
GCCCATATCGACCTCGACCTCGGCGCGCTGTCGCGCCAGTACTCCCTGTGCGGCGCGCCCGATGCGCCGAGCTACGAGATT
GCCGTGCACCTGGATCCCGAGAGCCGCGGCGGTTCGCGCTACATCCACGAACAGCTCGAGGTGGGAAGCCCGCTCCGGATG
CGCGGCCCTCGGAACCATTTCGCGCTCGACCCCGGCGCCGAGCACTACGTGTTCGTCGCCGGCGGCATCGGCATCACCCCA
GTCCTGGCCATGGCCGACCACGCCCGCGCCCGGGGETGGAGCTACGAACTGCACTACTGCGGCCGAAACCGTTCCGGCATG
GCCTATCTCGAGCGTGTCGCCGGGCACGGTGACCGGGCCGCCCTGCACGTGTCCGAGGAAGGCACCCGGATCGACCTCGCC
GCCCTCCTCGCCGAGCCCGCCCCCGGCGTCCAGATCTACGCGTGCGGGCCCGGGCGGCTGCTCGCCGGACTCGAGGACGLG
AGCCGGAACTGGCCCGACGGGGCGCTGCACGTCGAGCACTT CACCTCGT CCCTCGCGGCGCTCGATCCGGACGTCGAGCAL
GCCTTCGACCTCGAACTGCGTGACTCGGGGCTGACCGTGCGGGTCGAACCCACCCAGACCGTCCTCGACGCGTTGCGCGCC
AACAACATCGACGTGCCCAGCGACTGCGAGGAAGGCCTCTGCGGCTCGTGCGAGGTCGCCGTCCTCGACGGCGAGGT CGAC
CATCGCGACACGGTGCTGACCAAGGCCGAGCGGGCGGCGAACCGGCAGATGATGACCTGCTGCTCGCGT GCCTGTGGCGAC
CGGCTGGCCCTGCGCCTCTGA

MAPPPEEPAPPPIRDWAALDLAGTEFDPVLRELMRDGPITRIRLPHGEGWAWLATRY DDVKLITNDPRE SRAEVTRRQVTR
LAPHFKPRPGSLAWADQ PDHNRLRKPVSAAFTVGAMKRLRPRAQELLDE LVDALVQAGPPADLVERVLE PFPTIAVVSEVMG
VPPADREQVHAWTRQITI SMCGGAEAADRAKQGMYGWIRRTVRERRDSSAEDVLSLLGAAVGRGEI SEEEAVGLAGPLQIGG
EAVTHNCGOMLYLLLTRPELMARMRERPGERGPVVDELLRHIPHRSTVGLARIALEDVELHGVRIAAGE PVYVSYLAANRD
PDVEFPDPDRIDPDREPRPHLSFGNGPHYCTGAVLARLQTELLIDTLLDRLPGLRLAV SPGOVAWRRQTMIRGPRTLPVTWE
FVLHRHQPVTIGE PAARAVSRTVIVERLDRIADDVLRLVLRDAGGKTLPTWTPGAHI DLDLGALSRQYSLCGAPDAPSYET
AVHLDPESRGGSRYIHEQLEVGSPLRMRGPRNHFALDPGAEHYVEFVAGGIGITPVLAMADHARARGWSYELHY CGRNRSGM
AYTERVAGHGDRAALHVSEEGTRIDLAALLAEPAPGVQIYACGPGRLLAGLEDASRNWPDGALHVEHFT SSLAALDPDVEH
AFDLELRDSGLTVRVEPTQTVLDALRANNIDVP SDCEEGLCGSCEVAVLDGEVDHRDTVLTKAERAANRQOMMT CCSRACGD
RLALRL
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Functional expressionin of fungal P450in yeast

Functional expression of KtnC in S. cerevisiae. S. cerevisiae strain BY4742 cells were prepared for
transformation with pESC-HIS expression plasmid harboring ktnC through astandard protocolfor lithiumacetate
transformations.4> Transformed cells were plated on histidine dropout plates containing 4% glucose. After 2-3d
of growth at 30 °C, colonies were inoculated in histidine dropout minimal medium containing 4% glucose and
grown overnight at 30 °C with shaking at 235 rpm. Cultures were induced for expression by resuspension (1:1)
in histidine dropout minimal media containing 6% galactose. Expression cultures were grown at 30 °C with
shaking at 235 rpmfor 2-5 days. For biotransformations, substrate was spiked into the expression culture at the
point of induction.

Cloning ktnCinto pPIC3.5 P. pastoris expression vector. The open reading frame for ktnC was amplified
from a pJET1.2 cloning plasmid with a forward primer that incorporated a 5' EcoRI restriction site, Kozak
sequence, and FLAG tag (5'-CATGATGAATTCAATAATGTCTGACTACAAAGACGATGACGACAAGATTGATC
CCTTCACCATGGCAGTTCATGTACCATTC-3") and areverse primer with a 3' Avrll restriction site (5'- CATGTA
CCTAGGCTTCCCGTCACTTCTTGG-3"). PCRs were performed with NEB reagents in 50 uL reaction volumes
containing 1X HF Phusion buffer, 0.2 mM dNTPs, 0.5 uM of each of the primers, 20 units of Phusion DNA
polymerase, and 5 pL template plasmid DNA. The reaction conditions were programmed as follows: 95 °C
denaturation for 2 min; 30 cycles of 95 °C for 30 sec, 61 °C for 1 min, 72 °C for 3 min; and afinal 72 °C extension
for 5 min. PCR products were extracted from a 0.8% agarose gel and cloned into a pPIC3.5 plasmid (Invitrogen)
for expression in the P. pastoris. Digestion reactions contained 3 pg of DNA in 1X Cutsmart buffer and 2 pL each
of EcoRl and Avrll restriction enzymes (NEB) in a 50 pL reaction volume. Reactions were incubated at 37 °C for
2.5 h before quenching and purification of the DNA with a PCR clean-up. Ligation reactions contained 100 ng of
plasmid DNA and 100 ng of insert were incubated with 1X T4 DNA ligase bufferand 1 unit of T4 DNA ligase
enzyme (NEB) in 10 pL reaction volumes for 1 h at room temperature, followed by a 65 °C heat inactivation for
10 min. Ligations were transformed in DH5a E. coli cells and transformants were confirmed for gene integration
by Sanger sequencing.

Functional expression of KtnCin P. pastoris. The expression plasmids harboring ktnC was linearized with
Sall-HF restriction enzyme (NEB) using the same digestion procedures as previously described. P. pastoris
strain KM71 electrocompetent cells were prepared as described by Madden et al .46 and transformed with 0.1-2
ug of linearized DNA by electroporation. Electroporated cells were immediately recovered in PERS (1 M sorbitol
and YPD, 1:1 v/v) and incubated for 1-4 h at 30 °C with shaking at 100 rpm before plating cells on MD plates
(1.34% YNB, 4 x 10-°% biotin, 2% dextrose, 1.5% agar). After 2 d of growth at 30 °C, colonies were inoculated
in BMG medium (100 mM potassium phosphate pH 6.0, 1.34% YNB, 4 x 10-5% biotin, 1% glycerol) and grown
overnight at 30 °C with shaking at 235 rpm. Cultures were induced for expression by resuspension (5:1) in BMM
medium (100 mM potassium phosphate pH 6.0, 1.34% YNB, 4 x 10-°% biotin, 0.5% methanol). Expression
cultures were grown at 30 °C with shaking at 235 rpm for 2-5 days and supplemented daily with methanol to
maintain 0.5% methanol in the cultures. For biotransformations, substrate was spiked into the expression culture
at the point of induction.
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HO 0~ o 30 °C, 235 rpm ®
1-3 days = E 204
4 3
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Supplemental Figure S28. Substrate tolerance in yeast biotransformations of 4 to 7 showed increased
dimerization activity and substrate tolerance in P. pastoris expression cultures compared to S. cerevisiae.
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Expression and purification of bacterial enzymes

Proteinswere heterologously expressedin Lemo21(DE3) or BL21(DE3) E. coli cells. HisPur nickel-nitrilotriacetic
acid resin (Ni-NTA resin) was purchased from Thermo Scientific. Proteins were concentrated at 3,000 x g at 4
°C using Amicon centrifuge filters purchased from EMD Millipore. Protein samples were analyzed by mini SDS-
PAGE gels and visualized with Protein Ark Quick Coomassie Stain (Anatrace). Total P450 concentration was
quantified by carbon monoxide (CO) binding assays.#’ All purification steps were performedat 4 °C.

General protocol forexpression and purification of CYP158A2. Chemically competent Lemo21(DE3) cells
were transformed with a pET28a(+) plasmid encoding CYP158A2 using standard heat shock procedures and
grown on LB agar plates containing 50 pg/mL kanamycin overnight at 37 °C. A single colony was used to
inoculate 25 mL of LB media containing 50 pg/mL kanamycin. The culture was incubated overnight at 37 °C,
200 rpm. The overnight culture was used to inoculate 6 x 2.8-L flasks, each containing 1 L of TB media containing
4% glycerol (v/v) and 50 pg/mL kanamycin. The 1-L cultures were incubated at 37 °C, 200 rpm until reaching an
optical density at 600 nm (OD600) of ~0.5-0.8. Isopropyl-b-D-1-thiogalactopyranoside (IPTG) was added to 0.5
mM to induce and 5-aminolevulinic acid (5-ALA) was added to 1 mM for heme synthesis. Cultures wereincubated
at 20 °C, 200 rpm for 20 h and harvested by centrifugation at 4,000 x g at 4 °C for 20 min. Harvested cells were
stored at —80 °C before lysis and purification.

Harvested cells were thawed and resuspended in ~200 mL of lysis buffer (50 mM tricine pH 8, 500 mM
NaCl, 10% glycerol, 0.5 mM EDTA). The cells were lysed by sonication for 5 min total in cycles of 5 seconds on
and 10 seconds off. The lysed cell mixture was then centrifuged at 40,000 x g for 40 min at 4 °C. The clarified
lysate was combined with equilibrated Ni-NTA resin (3-mL bed volume) and incubated on a rocker at 4 °C for 2
h. The resin was collected in a gravity-flow column and washed with 20 mL of lysis buffer containing 10 mM
imidazole and 30 mM imidazole each. Enriched His-tagged CYP158A2 was eluted from the resin with up to 20
mL lysis buffer containing 250 mM imidazole. CYP158A2 eluted as a dark red protein. The eluted CYP158A2
was concentrated and exchanged into storage buffer (50 mM tricine pH 8, 150 mM NacCl, 10% glycerol, 0.5 mM
EDTA), flash frozen with liquid nitrogen, and stored at —80 °C for future use.

Cloning CYP158A2into A2-RhFRed fusion construct. The open reading frame for cyp158a2 was amplified
with primers that incorporated a5' Ndel restriction site and a 3' EcoRI restriction site. PCRs were performed with
NEB reagents in 50 yL reaction volumes containing 1X HF Phusion buffer, 0.2 mM dNTPs, 0.5 yM each for
forward and reverse primers (5'-GAGTTCCATATGATGACTGAAGAGACAATATCACAAGC-3' and 5*-
GATAGAATTCCCAGGTGACCGGCAG-3, respectively), 20 units of Phusion DNA polymerase, and 1 pL
template plasmid DNA. The reaction conditions were programmed as follows: 98 °C denaturation for 30 sec; 35
cycles of 98 °C for 10 sec, 61 °C for 30 sec, 75 °C for 1.5 min; and a final 75 °C extension for 10 min. PCR
products were extracted from a 0.8% agarose gel and cloned into a pET28b vector harboring a gene encoding
the RhFRed reductase domain. Digestion reactions contained 3 pg of DNA in 1X Cutsmart buffer and 2 pyL each
of Ndel and EcoRl restriction enzymes (NEB) in a 50 pL reaction volume. Reactions were incubated at 37 °C for
2.5 h before quenching and purification of the DNA with a PCR clean-up or gel extraction. Ligation reactions
contained 100 ng of plasmid DNA and 100 ng of insert were incubated with 1X T4 DNA ligase bufferand 1 unit
of T4 DNA ligase enzyme (NEB) in 10 pL reaction volumes for 2 h at room temperature, followed by a 65 °C
heat inactivation for 10 min. Ligations were transformed in DH5a E. coli cells and transformants were confirmed
for gene integration by Sanger sequencing.

Expression and purification of P450-RhFRed. Chemically competent BL21(DE3) cells were transformed with
a pET28b plasmid encoding P450-RhFRed using standard heat shock procedures and grown on LB agar plates
containing 50 pg/mL kanamycin overnight at 37 °C. A single colony was used to inoculate 25 mL of LB media
containing 50 pg/mL kanamycin. The culture was incubated overnight at 37 °C, 200 rpm. The overnight culture
was used to inoculate 6 x 2.8-L flasks, each containing 1 L of TB media containing 4% glycerol (v/v) and 50
pg/mL kanamycin. The 1-L cultures were incubated at 37 °C, 200 rpm until reaching an optical density at 600
nm (OD600) of ~0.5-0.8. Isopropyl-b-D-1-thiogalactopyranoside (IPTG) was added to 0.1 mM to induce and 5-
aminolevulinic acid (5-ALA) was added to 1 mM for heme synthesis. Cultures were incubated at 20 °C, 200 rpm
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for 20 h and harvested by centrifugation at 4,000 x g at 4 °C for 20 min. Harvested cells were stored at —80 °C
before lysis and purification. The same purification procedure was used as for CYP158A2.
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Supplemental Figure S29. Validation of P450-RhFRed engineering strategy using CYP158A2 as a model
system. (a) Strategy for P450-RhFRed engineering. (b) SDS-PAGE analysis of purified CYP158A2 and A2-
RhFRed show the expected molecular weights. (c) UV-Vis analysis of purified A2-RhFRed show the
characteristic peak at 450 nm for CO-bound heme. (d) Relative dimerization activity of CYP158A2 using a

reconstituted Fldx/FIdR redox system and A2-RhFRed with native flaviolin (37) substrate showimproved activity
with A2-RhFRed.

96-well plate expression of bacterial P450-RhFRed enzymes identified in SSN analysis. Chemically
competent LEMO(DE3) cells were transformed with a pET28b plasmid encoding P450-RhFRed using standard
heat shock procedures. The transformations were used to directly inoculate 400 puL LB containing 50 pg/mL
kanamycin in a 96-well plate and grown overnight at 37 °C, 350 rpm. The overnight cultures (10 pL each) were
used to inoculate 400 pL TB containing 4% glycerol (v/v) and 50 pg/mL kanamycin. The cultures were incubated
at 37 °C, 350 rpm until reaching an optical density at 600 nm (OD600) of ~0.8-1.0. Isopropyl-b-D-1-
thiogalactopyranoside (IPTG) was added to 0.5 mM to induce expression and 5-aminolevulinic acid (5-ALA) was
added to 1 mM for heme synthesis. Cultures were incubated at 20 °C, 350 rpm for 20 h and harvested by

centrifugation at 1,000 x g at 4 °C for 15 min. Plates containing harvested cells were stored at —80 °C before
lysate reactions.

Supplemental Table S3. Panel of 23 enzymes screened in lysate reactions. See page S53-55 for full sequences
of bolded enzymes.

1

2 3 4 5 6
A negative CYP158A1 CYP158A2 P450-mel AOA4R7HLN1  AOAG6HOCVTS
B AO0A22INTDO AO0A345T2R4 AOA4Y3VFB2 AOAG6I6FHD3  AOAOB5DS97  AOA1C5CYGO
C AOAOC2AVS8 AO0A1G8ZS81  ADA3N6FON6 AOA2M9JRU5  AOAON9I1K4 AOA1J4PSC8
D AO0A4DAMK74 AOA6B3DVM9 AO0A2P8Q811 AO0A6G3S9J1  AOA1GIMX20 AOA2G7EEB4
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[ll. Biocatalytic reactions with fungal P450 KtnC

Methods for biocatalytic cross-couplings

General protocol. A colony of P. pastoris KM71 containing KtnC was inoculated in 6 mL BMG medium and
grown overnight at 30 °C with shaking at 235 rpm. The culture was added to BMG medium (125 mL) and grown
at 30 °C with shaking at 235 rpm until the optical density at 600 nm was in the range of 10-16. Cultures were
induced for expression by resuspension in BMM medium to a final optical density of 30. Substrates were added
to 24-well plates froma 25 or 50 mM stock in DMSO, followed by 1 mL aliquots of expression cultures. The 24
well plates were sealed with an adhesive cover and grown at 30 °C with shaking at 235 rpm for 48h and
supplemented with 100 uL of 10X methanol (5% MeOH, 95% water) after 24 h. Reactions were carried out with
final substrate concentrations in a 1:10 molar ratio (25 uM of 4 and 250 uM of coupling partner or 100 uM of 4
and 1000 pM coupling partner).
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Supplemental Figure S30. Optimization of analytical scale whole-cell biotransformations for oxidative cross-
coupling. The effect of increasing concentration of coupling partner B on percent conversion to cross -coupled
product (AB) was monitored by LC-MS and relative percent conversions were calculated (see below for analysis
methods).
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Quantification of reaction conversion. Percent conversion was calculated based on consumption of coumarin
starting material 4 and formation of coumarin dimer 7 compared to a standard curve with an internal standard.
To generate the standard curves, a colony of P. pastoris KM71was inoculated in 6 mL BMG medium and grown
overnight at 30 °C with shaking at 235 rpm. The culture was added to BMG medium (125 to 200 mL) and grown
at 30 °C with shaking at 235 rpm until the optical density at 600 nm was in the range of 9-14. Cultures were
induced for expression by resuspension in BMM medium to a final optical density of 30. Solutions of starting
material coumarin 4 and dimer product 7 were prepared in triplicate by serial dilution with DMSO. The stock
solutions of standards were added to 24-well plates, followed by 1 mL aliquots of expression cultures with final
concentrations from O up to 100 or 150 yM coumarin 4 and 0 to 50 or 75 yM dimer 7. The 24-well plates were
sealed with an adhesive cover and grown at 30 °C with shaking at 235 rpm for 48 h and supplemented with 100
pL of 10X methanol (5% MeOH, 95% water) after 24 h. The cultures were subjected to chemical lysis by the
addition of 200 pL CelLytic Y Cell Lysis Reagent (Sigma) then incubated at 30 °C with shaking at 235 rpm for 30
min. An aliquot (50 uL) of the samples were removed and diluted with 150 gL methanol containing an internal
standard, either 1,3,5-trimethoxybenzene with a final concentration of 300 uM or 4,4'-dihydroxybenzophenone
forafinal concentration of 40 uM. Precipitated yeast cells were pelleted by centrifugation (17,000 x g for 10 min),
or filtered through Pall AcroPrep Advance 350 pL 0.2 um GHP Short Tip Natural PP 96-well filter plates by
centrifugation (2000 rpm for 3 min). The samples were subjected to liquid chromatography PDA spectrometry
(UPLC) analysis performed on an Agilent 6230 time of flight mass spectrometer with a Dual AJS ESI source and
an Agilent 1290 Infinity Series Il diode array detector, autosampler, and binary pump, using one of the following
conditions:

Method A. Waters Acquity UPLC HSS T3 1.8 um C18, 2.1x50 mm column; positive mode; phase A = deionized
water with 2 mM ammonium formate, pH = 3.5 and phase B = 95:5 acetonitrile: deionized water, v/v with 2 mM
ammonium formate, pH = 3.5; method = 80% A held for 0.5min, to 45% A over 2.75 min, 10% A 100% A for 1.0
min, 254, 275, and 308 nm UV detection and 0.7 mL/min flow rate. Each injection was followed by equilibration
at 80% A for 1 min.

Method B. Waters Acquity UPLC HSS T3 1.8 um C18, 2.1x50 mm column; negative mode; phase A = 955
deionized water:acetonitrile B = 95:5 acetonitrile:deionized water; method = 80% A held for 0.5min, to 45% A
over 2.75 min, 10% A 100% A for 1.0 min, 254, 275, and 308 nm UV detection and 0.7 mL/min flow rate. Each
injection was followed by equilibration at 80% A for 1 min.

Method C. Waters Acquity UPLC HSS T3 1.8 um C18, 2.1x50 mm column; negative mode; phase A = 100%
deionized water with 0.1% formic acid: B = 95:5 acetonitrile:deionized water with 0.1% formic acid; method =
80% A held for 0.5min, to 45% A over 2.75 min, 10% A 100% A for 1.0 min, 254, 275, and 308 nm UV detection
and 0.7 mL/min flow rate. Each injection was followed by equilibration at 80% A for 1 min.

Method D. Waters XBridge 3.5 um C18, 2.1x150 mm column; positive mode; phase A = deionized water with
0.1% formic acid and phase B = 95:5 acetonitrile:deionized water with 0.1% formic acid; method = 85% A held
for 1 min, 85% A to 20% A over 7 min, 20% A held for 1.5 min, and 0.4 mL/min flow rate, with either no UV
detection or 254, 275, and 308 nm UV detection.

The percent conversion of the cross-coupled AB products was calculated with respect to the native coumarin 4
coupling partner by quantifying the concentration of remaining starting material A (native coumarin 4) by standard
curve, and the amount of coumarin dimer AA (dimer 7) formed by standard curve. The concentration of the
desired cross-coupled AB products was assumed to be comprised of the remaining. A species according to the
formula:

1. [A]start = [A]remaining +2X [AA]formed + [AB]formed

2. where [AB]formed = [Alstart - [A]remaining - 2 X [AA]formed

3. %AB= [AB]formed / [A]start *100%

4. % AA = [AAJformed / [AA]max* 100% where [AA]max is the theoretical maximum concentration possible
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Standard curves for [A]remaining and [AAJformed Were generated by using MassHunter software to process the raw
data files. Extracted lon Chromatograms to find peakintegration of each species A, AA, and the internal standard
(IS) with the peak integrations normalized by the internal standard (A/IS and AA/IS).

Determination of oxidative cross-coupling site-selectivity. A colony of P. pastoris KM71was inoculated in 6
mL BMG medium and grown overnight at 30 °C with shaking at 235 rpm. The culture was added to BMG medium
(100 or 200 mL) and grown at 30 °C with shaking at 235 rpm until the optical density at 600 nmwas in the range
of 9-11. Cultures were induced for expression by resuspension in BMM mediumto a final optical density of 30.
Substrates were added to 24-well plates from 50 mM stock in DMSO, followed by 1 mL of expression cultures.
The 24-well plates were sealed with an adhesive cover and grown at 30 °C with shaking at 235 rpmfor 48 h and
supplemented with 100 uL of 10X methanol (5% MeOH, 95% water) after 24 h. Reactions were carried out with
final substrate concentrations of 100 yM of coumarin 4 or 10, and 1000 pM coupling partner. The cultures were
subjected to chemical lysis by the addition of 200 uL CelLytic Y Cell Lysis Reagent (Sigma) then incubated at
30 °C with shaking at 235 rpm for 30 min. An aliquot (100 pL) of the samples were removed and diluted with 300
pL methanol containing 4,4-dihydroxybenzophenone for a final concentration of 40 uM as internal standard.
Precipitated yeast cells were pelleted by centrifugation (17,000 x g for 10 min). The samples were subjected to
liquid chromatography PDA spectrometry (UPLC) analysis performed on an Agilent 6230 time of flight mass
spectrometer with aDual AJS ESI source and an Agilent 1290 Infinity Series Il diode array detector, autosampler,
and binary pump, using one of the following conditions:

Method B. Waters Acquity UPLC HSS T3 1.8 um C18, 2.1x50 mm column; negative mode; phase A = 95:5
deionized water:acetonitrile B = 95:5 acetonitrile:deionized water; method = 80% A held for 0.5min, to 45% A
over 2.75 min, 10% A 100% A for 1.0 min, 254, 275, and 308 nm UV detection and 0.7 mL/min flow rate. Each
injection was followed by equilibration at 80% A for 1 min.

Method D. Waters XBridge 3.5 ym C18, 2.1x150 mm column; positive mode; phase A = deionized water with
0.1% formic acid and phase B = 95:5 acetonitrile:deionized water with 0.1% formic acid; method = 85% A held
for 1 min, 85% A to 20% A over 7 min, 20% A held for 1.5 min, and 0.4 mL/min flow rate, with either no UV
detection or 254, 275, and 308 nm UV detection.

Isolation of biocatalytic products for site-selectivity determination. To determine the site-selectivity of
select reactions (Figure 2b), several different biocatalytic reactions were performed on alarger scale to enable
the isolation of coupled products with different connectivities. General considerations of isolation of products
frompreparative-scale yeast biotransformationsinclude (1) solubility challenges of hydroxycoumarin compounds
and their dimers in common organic solvents, (2) adsorption of products to biological material d uring biocatalytic
reactions, and (3) product crashing out and remaining in cell debris during workup. Additionally, based on the
similarity in structure and physical properties of bicoumarin dimers and cross-coupled products, the preparative
separation of these compounds can be extremely challenging. Thus, analytical quantification can uniformly
provide an accurate assessment of reaction outcome while there is some variability in the material that can be
pristinely isolated following multiple columns to remove traces of other isomers. In cases where the components
of the reaction mixture are readily separable by chromatography, good agreementis seen between the analytical
and isolated metrics for both small molecule methods and this enzymatic method.
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KtnC-catalyzed dimerization of 4-ethoxy-7-hydroxy-5-methyl-2H-chromen-2-one (18). Cultures containing
KtnC were grown and concentrated to an optical density at 600 nm of 13. The biotransformation on 0.2 mmol
substrate was halted after 72 h (74% conversion). The cell pellet was separated fromthe supernatantand frozen
with liquid nitrogen. The aqueous supernatant was partially concentrated under reduced pressure, acidified with
1 M HCI (5 mL), and extracted with ethyl acetate (3x). The organic layers were combined, washed with brine,
dried over NazSO4, filtered, and evaporated under reduced pressure. The pellet was ground with a cold mortar
and pestle (chilled at —78 °C) and extracted with ethyl acetate by stirring for 2 h. The organic layer was decanted,
washed with brine, dried over Na2S04, filtered, and evaporated under reduced pressure. The crude solid s were
purified reversed-phase HPLC (Phenomenex Kinetex 5 ym C18, 150 x 21.2 mm column) under the following
conditions: mobile phase A = deionized water + 0.1% formic acid and B = acetonitrile + 0.1% formic acid ; method
=70% A for 5 min, 70% A to 65% A over 2.0 min, 65% A for 5 min, 65% A to 60% A over 2.0 min, 60% A for 5
min, 60% A to 40% A over 5 min, 40% A for 5 min, 254 and 308 nm UV detection and 12 mL/min flow rate. The
target 6,6'-product S12 eluted from 20.2-23.1 min to provide 10.5 mg (24% isolated yield) and the 8,8'-product
S32 eluted from 15.4-17.5 min to provide 4.4 mg (10% isolated yield).

4,4'-diethoxy-7,7'-dihydroxy-5,5dimethyl-2H,2H'-[6,6'-bichromene]-2,2'-dione (S12). Decomposition 276.4-
277.5 °C; R = 0.24 (8:3:1 toluene/ethyl acetate/formic acid v/v); *H NMR (600 MHz, CDsOD) & 6.71 (s, 2H), 5.61
(s, 2H), 4.23(q, J = 7.0,4H), 2.33 (s, 6H), 1.50 (t, J = 7.9, 6H); 13C NMR (150 MHz, CD30D) & 171.7, 166.0,
160.3,157.3, 139.4,124.4, 108.3, 101.5, 87.8, 67.0, 19.5, 14.5; IR (thin film, cm) 3229, 2985, 2941, 1690,
1591, 1558, 1450; HRMS (ESI) calculated for C24H230s* [M+H]*=439.1387, found =439.1392 m/z.

Me OEt

L
HO (o} o
HO 0. %0

2

Me OEt
4,4'-diethoxy-7,7'-dihydroxy-5,5dimethyl-2H,2H'-[8,8'-bichromene]-2,2'-dione (S32). MP >310 °C; 'H NMR
(600 MHz, CD30OD) 6 6.75 (s, 2H), 5.55 (s, 2H), 4.24 (q, J=7.1,4H), 2.71 (s, 6H), 1.55(t, J = 7.2, 6H); *H NMR
(600 MHz, acetone-ds) 6 6.75 (s, 2H), 5.43 (s, 2H), 4.24 (q, J = 6.9, 4H), 2.67 (s, 6H), 1.54 (t, J = 7.0, 6H); 13C
NMR (150 MHz, acetone-de) 6 169.7, 162.5, 159.9, 155.8, 138.8, 116.9, 107.9, 106.8, 87.7,66.1, 23.9, 14.5; IR
(thin film, cm1) 3114, 2980, 2933, 1673,1609, 1554, 1470, 1452; HRMS (ESI) calculated for C24H230s* [M+H]*
=439.1387, found = 439.1398 m/z.
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KtnC-catalyzed cross-coupling of 7-hydroxy-4-methoxy-5-methyl-2H-chromen-2-one (4) and 4-ethoxy-7-
hydroxy-5-methyl-2H-chromen-2-one (18). Cultures containing KtnC were grown to an optical density at 600
nm of 6. The biotransformation was performed according to the general procedurein P. pastoris, in 500 mL BMM
media with 0.05 mmol 4 (10.3 mg) and 1.0 mmol 18 (110.1 mg) was halted after 96 h (95% total consumption of
substrate 4). The cell pellet was separated from the supernatant and frozen with liquid nitrogen. The aqueous
supernatant was acidified with 1 M HCI (10 mL) and extracted with i-PrOH and ethyl acetate (3x). The organic
layers were combined, washed with brine, dried over Na2SO4, filtered, and evaporated under reduced pressure.
The pellet was ground with a cold mortar and pestle (chilled at —78 °C), acidified with 1 M HCI (5 mL), and
extracted with i-PrOH and ethyl acetate by stirring for 2 h. The organic layer was decanted, and the agueous
layer was extracted with i-PrOH and ethyl acetate (2x). The combined organic layers were washed with brine,
dried over Na2SOu, filtered, and evaporated under reduced pressure. The crude material was dry loaded onto a
silica gel column and purified over silica gel with a gradient of 8:3:1 to 7:4:1 to 6:5:1 toluene : ethyl acetate :
formic acid to obtain a mixture of cross-coupled products (55%yield of 23 and 24; see Supplemental Figure S90)
along with remaining substrates 4 and 18 and dimers S32 and S12. Additional chromatography is necessary to
provide each compound in pure form as described below.

The product mixture was further purified using five rounds of preparative-HPLC (Phenomenex Kinetex 5 ym
C18, 150 x 21.2 mm column) under the following conditions: mobile phase A = deionized water + 0.1% formic
acid and B = acetonitrile + 0.1% formic acid; method = 70% A for 5 min, 70% A to 65% A over 2.0 min, 65% A
for 5.0 min, 65% A to 60% A over 2.0 min, 60% A for 5.0 min, 60% A to 40% A over 5.0 min, 40% A for 2.0 min,
40% A to 10% A over 4.0 min, 10% A for 1.0 min, 254 and 308 nm UV detection and 12 mL/min flow rate. The
8,8'-cross-coupled product 23 and substrate 18 co-eluted as a 3:1 mixture from 11.6-15.0 min to provide 23 in a
6.8% isolated yield. The 6,6'-cross-coupled product 24 and 8,8'-product S32 co-eluted as a 1:1 mixture from
16.6-19.6 minto provide 24 in a 3.3%isolated yield and S32 in a 1.4% isolated yield. The 6,6'-product S12 eluted
from21.6-25.3 min to provide S12 in a 4.3% isolated yield.
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4-ethoxy-7,7-dihydroxy-4'-methoxy-5,5'-dimethyl-2H,2'H-[8,8'-bichromene’-2,2'-dione (23). 'H NMR (400
MHz, (CD3)20) 86.76 (s, 2H), 5.50 (s, 1H), 5.45(s, 1H), 4.25(q, J=7.0, 2H), 4.02 (s, 3H), 2.67 (s, 3H), 2.64 (s,
3H), 1.54 (t,J = 7.0, 3H); *H NMR (600 MHz, (CD3)S0O) 6 10.32 (s, 2H), 6.71 (s, 2H), 5.57 (s, 1H), 5.53 (s, 1H),
4.18(q,J=17.1, 2H), 3.94 (s, 3H), 2.62 (s, 3H), 2.59 (s, 3H), 1.44 (t, J = 6.9, 3H); 3C NMR (150 MHz, (CD3)SO)
0169.7,168.7,161.8,161.7, 158.7, 158.7, 154.0, 154.0,137.1,137.0,115.7, 115.7, 106.0, 106.0, 105.8, 105.8,
86.6, 86.4, 65.3, 56.5, 23.4, 23.2, 14.0; 98:2 er (see Supplemental Figure S61); HRMS (ESI) calculated for
C23H210¢* [M+H]* = 425.1231, found 425.1236 m/z.
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4-ethoxy-7,7-dihydroxy-4'methoxy-5,5'-dimethyl-2H,2H'-[6,6'-bichromene]-2,2'-dione (24) and 4,4'-
ethoxy-7,7'-dihydroxy-5,5'-dimethyl-2H,2H'-[8,8'-bichromene]-2,2'-dione (S32), 1:1 ratio: 'H NMR (600
MHz, CDsOD) 6 6.72 (s, 2H), 5.63 (s, 2H), 4.19 (t, J= 6.3, 4H), 2.33 (s, 6H), 1.87 (9, J=7.0,6.5,4H, 1.54 (q, J
=7.7,4H), 1.00 (t, J=7.4, 6H); cross-coupled-product 24, 79:21 er; HRMS (ESI) calculated for C23H210g* [M+H]*
= 425.1231, found = 425.1239 m/z, and for Cz24H230s* [M+H]* = 439.1387, found = 439.1395 m/z. Full
characterization of racemic 8,8'-product S32 can be found on page S62, and full characterization of 6,6'-cross-
coupled product 24 can be found on page S13.
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Standard curves and quantification of biocatalytic reactions

Supplemental Figure S31. Oxidative cross-coupling of 4 (A) with non-native partner (B) catalyzed by KtnC

(Figure 2).
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Me OEt Al 0.01 0.05 1.67 0.64 22.05 88.19 373 5.12 47
A2 0.03 0.04 2.32 0.53 21.62 86.49 4.24
Me oPr A3 0.24 0.21 11.00 2.47 9.06 36.22 377 19.79 179
A4 0.24 0.17 11.17 2.01 9.80 39.22 16.10
Me OiPr A5 0.11 0.26 5.74 3.05 13.15 52.60 54.0 24.42 26.2
A6 0.07 0.29 4.17 3.48 13.86 55.44 27.88
Bl 0.07 0.34 3.94 3.96 13.14 52.56 31.70
Me OBu 49.7 345
B2 0.07 0.40 3.97 4.66 11.70 46.80 37.30
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Supplemental Figure S32. Oxidative cross-coupling of 4 (A) with non-native partner (B) catalyzed by KtnC

(Figure 2).
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Supplemental Figure S33. Oxidative cross-coupling of 4 (A) with non-native partner (B) catalyzed by KtnC

(Figure 2).
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A2 0.431 0.013 17.84073 0.29776 6.564 26.3 2.4
OH OMe Cl 0.00 0.542 1.33926 5.46788 12.725 50.9 50.2 43.7 245
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A3 0.000 0.247 1.33926 2.58407 18.493 74.0 20.7
Me | NHMe 74.0 20.7
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Me H B1 0.000 0.265 1.33926 2.76393 18.133 72.5 73.4 22.1 212
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B3 0.000 0.494 1.33926 5.00279 13.655 54.6 40.0
H Me 54.0 40.6
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Supplemental Figure S34. Oxidative dimerization of 4 catalyzed by KtnC (Figure 2).
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Supplemental Figure S35. Oxidative cross-coupling of 4 (A) with non-native 27 (B) catalyzed by KtnC (Figure

2).
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benzofuran B3 0.000 0.333 0.93431 5.38362 13.298 53.2 519 43.1 a4.4
B4 0.000 0.353 0.93431 5.70944 12.647 50.6 45.7
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Supplemental Figure S36. Oxidative cross-coupling of 4 (A) with non-native partner (B) catalyzed by KtnC

(Figure 2).
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L c3 0.051 0.340 15.02189 34.84561 15.287 15.3 69.7
quinoline 14.2 72.1
Cca 0.041 0.363 12.31828 37.27717 13.127 13.1 74.6
2-naphthol D1 0.121 0.322 33.02458 33.02720 0.921 0.9 20 66.1 651
D2 0.119 0.314 32.72324 32.12063 3.035 3.0 64.2
7-methoxy-2- D3 0.250 0.051 66.52782 4,93853 23.595 23.6 203 9.9 105
naphthol D4 0.272 0.056 72.05196 5.51253 16.923 16.9 ' 11.0 '
carbazole D5 0.001 0.388 2.15328 39.77408 18.299 18.3 15.4 79.5 32.0
D6 0.005 0.412 3.05648 42.24427 12.455 12.5 84.5
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LC-MStraces for biocatalytic reactions

Supplemental Figure S37. Oxidative cross-coupling of 4 and 9 by KtnC (Figure 2).
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Supplemental Figure S38. Oxidative cross-coupling of 4 and 10 by KtnC (Figure 2).
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Supplemental Figure S39. Oxidative cross-coupling of 4 and 11 by KtnC (Figure 2).
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Supplemental Figure S40. Oxidative cross-coupling of 4 and 12 by KtnC (Figure 2).
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Supplemental Figure S41. Oxidative cross-coupling of 4 and 13 by KtnC (Figure 2).
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Supplemental Figure S42. Oxidative cross-coupling of 4 and 14 by KtnC (Figure 2).
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Supplemental Figure S43. Oxidative cross-coupling of 4 and 15 by KtnC (Figure 2).

Me OMe Me OMe Me OMe (o] OMe

A X A A
A
HO 0~ ~o HO 0~ ~o HO 0” S0 Ho 0~ o

P450 KtnC
—>
(o] OMe

HO (o] O HO [0} (o) HO (0} (0}
redox partner
B A 02 Z y Z

Cl OMe Me OMe Cl OMe
HO o) o)
KtnC
x10 6 -ESIEIC(205.0506) Scan Frag=140.0V Reactions-C1.d
A 5] 1.435
0-
x10 7 -ESIEIC(224.9960) Scan Frag=140.0V Reactions-C1.d
B 14 1.434
0.54
1.791
0-
x105 -ESIEIC(429.0383) Scan Frag=140.0V Reactions-C1.d
1.534
AB N 1.998
0 3.201
x105 -ESIEIC(409.0929) Scan Frag=140.0V Reactions-C1.d
1 1.326
Lt 14
0-
x10 5 -ESIEIC(448.9836) Scan Frag=140.0V Reactions-C1.d
1.724 2.073
BB "
o) 2736 3.375
02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42

Counts vs. Acquisition Time (min)
x10 5 -ESIScan (rt: 1.517-1.583 min, 9 scans) Frag=140.0V Reactions-C1.d
1 429.0375
0.8
0.6
0.4

0t e e
x10 4 -ESI Scan (rt: 1.982-2.031 min, 7 scans) Frag=140.0V Reactions-C1.d

24
l

0d-tewn

‘ 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480
Counts vs. Mass-to-Charge (m/z)

300 310

490

S83



No Enzyme control

AB

x10 6
4

2

-ESI EIC(205.0506) Scan Frag=140.0V NegControl-C1.d
1.138

-ESI EIC(224.9960) Scan Frag=140.0V NegControl-C1.d
1.445

-ESI EIC(429.0383) Scan Frag=140.0V NegControl-C1.d

1.802

-ESI EIC(409.0929) Scan Frag=140.0V NegControl-C1.d

1.354

L

-ESI EIC(448.9836) Scan Frag=140.0V NegControl-C1.d

02 04 06 08 1 12 14 16

18 2 22 24 26
Counts vs. Acquisition Time (min)

28

3.2

3.4

3.6

3.8

4.2

S84



Supplemental Figure S44. Oxidative cross-coupling of 4 and 16 by KtnC (Figure 2).
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Supplemental Figure S45. Oxidative cross-coupling of 4 and 17 by KtnC (Figure 2).
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Supplemental Figure S46. Oxidative cross-coupling of 4 and 18 by KtnC (Figure 2).
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Supplemental Figure S47. Oxidative cross-coupling of 4 and 19 by KtnC (Figure 2).
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Supplemental Figure S48. Oxidative cross-coupling of 4 and 20 by KtnC (Figure 2).
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Supplemental Figure S49. Oxidative cross-coupling of 4 and 21 by KtnC (Figure 2).

Me

HO

HO

KtnC

AB

BB

OMe

—

P450 KtnC

redox partner
0,

Me OMe

X

HO
HO

=

Me OMe

1

1

2

+ESI EIC(207.0652) Scan Frag=140.0V KtnC-3.d

1.971

A

1.300

1

1

2

+ESI EIC(249.1121) Scan Frag=140.0V KtnC-3.d

2.409

3.229

3.039

1

1

2

+ESI EIC(453.1544) Scan Frag=140.0V KtnC-3.d

1

1

2

+ESI EIC(411.1074) Scan Frag=140.0V KtnC-3.d

2.492

4|1

1

2

+ESI EIC(495.2013) Scan Frag=140.0V KtnC-3.d

0.2

0.4

1921385 | | Ll |

0.6 12 14 16

18 2

22 24

2.8 3 32 34 36 38

o~

26 42

Counts vs. Acquisition Time (min)

x10 4 +ESI Scan (rt: 3.875-3.916 min, 6 scans) Frag=140.0V KtnC-3.d

279.1597

453.1563
522.3568

599.2709

922.0098
767.7246 L

200 250 300 350 400 450

500

550

600 650 700 750 800 850 900 950

Counts vs. Mass-to-Charge (m/z)

S95



No Enzyme control

x10 5 +ESI EIC(207.0652) Scan Frag=140.0V NoEnz-1.d

1 1]2 1.800 2
A 21
1.974
0,
x10 3 +ESI EIC(249.1121) Scan Frag=140.0V NoEnz-1.d
B 1 1]2 3.232 2
2+ 2.412
17 h
0 A AN A A
+ESI EIC(453.1544) Scan Frag=140.0V NoEnz-1.d ***ZERO ABUNDANCE***
AB ik 12 2
0.5
0,
AA x10 3 +ESI EIC(411.1074) Scan Frag=140.0V NoEnz-1.d
141 1]2 3.149 2
0.5
BB
+ESI EIC(495.2013) Scan Frag=140.0V NoEnz-1.d  ***ZERO ABUNDANCE***
15
1 1]2 2
0.5
0,

02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42
Counts vs. Acquisition Time (min)

S96



Supplemental Figure S50. Oxidative cross-coupling of 4 and 22 by KtnC (Figure 2).
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Supplemental Figure S51. Oxidative cross-coupling of 4 and 27 by KtnC (Figure 2).
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Supplemental Figure S52. Oxidative cross-coupling of 4 and 28 by KtnC (Figure 2).
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Supplemental Figure S53. Oxidative cross-coupling of 4 and 29 by KtnC (Figure 2).
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Supplemental Figure S54. Oxidative cross-coupling of 4 and 30 by KtnC (Figure 2).
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Supplemental Figure S55. Oxidative cross-coupling of 4 and 31 by KtnC (Figure 2).
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Site- and atroposelectivity of biocatalytic reactions

Supplemental Figure S56. Site-selectivity of oxidative cross-coupling of 4 and 18 by KtnC (Figure 2).
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Supplemental Figure S57. Site-selectivity of oxidative cross-coupling of 4 and 22 by KtnC (Figure 2).
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Supplemental Figure S58. Site-selectivity of oxidative cross-coupling of 10 and 31 by KtnC (Figure 3).
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Supplemental Figure S60. Chiral resolution of 7 obtained from VOF3 oxidative dimerization (top) and KtnC-

catalyzed oxidative dimerization (bottom). Atropisomers were resolved using supercritical fluid chromatography
with a CHIRALPAK OJ-H column (20% MeOH, COz, 3.5 mL/min).

2998 Ch1 308nm Plot

A
100 — —

Me OMe
oo L I racemic product standard
X
H (48:52 er) O
2 0 — “ HO 0" o
H | HO o__0
£ 0— ‘|
S |‘ . P
0 — — “ é— E Me OMe

Elapsed Time{min)

5

I

|
-RT:2.65

200 — —

KtnC-catalyzed product
(>99:1er)

150 — —

Absarbance(mAll)

100 — —

Elapsed Time{min)

S113



Supplemental Figure S61. Chiral resolution of 23 obtained from transesterification (top) and KtnC-catalyzed

oxidative dimerization (bottom). Atropisomers were resolved using supercritical fluid chromatography with a
CHIRALPAK 0OJ-H column (25% MeOH, COz2, 3.5 mL/min).
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Supplemental Figure S62. Chiral resolution of 24 obtained from transesterification (top) and KtnC-catalyzed

oxidative dimerization (bottom). Atropisomers were resolved using supercritical fluid chromatography with a
CHIRALPAK 0OJ-H column (25% MeOH, COz2, 3.5 mL/min).
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Supplemental Figure S63. Chiral resolution of 25 obtained from KtnC-catalyzed oxidative cross-coupling (top)
and transesterification (bottom). Atropisomers were resolved by liquid chromatography PDA spectrometry
(UPLC) analysis performed on an Agilent 6230 time of flight mass spectrometer with a Dual AJS ESI source and
an Agilent 1290 Infinity Series Il diode array detector, autosampler, and binary pump, using a Daicel Chiralpak
IC-3, 4.6 x 150 mm, 3 ym column under the following conditions: negative mode, phase A = 95:5 deionized
water:acetonitrile, B = 95:5 acetonitrile:deionized water; method =80% A to 0% A over 12.0 min, held at 0% A
for 3.0 min, to 80% A over 2.0 minutes. Total of 17.0 minutes with a 1.5 mL/min flow rate, and heating to 30 °C.
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Supplemental Figure S64. Chiral resolution of 26 obtained from KtnC-catalyzed oxidative cross-coupling (top)
and transesterification (bottom). Atropisomers were resolved by liquid chromatography PDA spectrometry
(UPLC) analysis performed on an Agilent 6230 time of flight mass spectrometer with a Dual AJS ESI source and
an Agilent 1290 Infinity Series Il diode array detector, autosampler, and binary pump, using a Daicel Chiralpak
IC-3,4.6 x 150 mm, 3 um column under the following conditions: negative mode, phase A = 95:5 deionized
water:acetonitrile, B = 95:5 acetonitrile:deionized water; method =80% A to 0% A over 85.0 min, held at 0% A
for 3.0 min, to 80% A over 1.0 minutes, held at 80% A for 1.0 minutes. Total of 90.0 minutes with a 1.5 mL/min
flow rate, and heating to 30 °C.
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IV. Directed evolution of fungal P450 KtnC

Generation of protein libraries

Selection of active site residues to target. A homology model for KinC was generated using Phyre2
(Supplemental Figure S65a). All residues within ~12 A of predicted substrate binding region in the KtnC
homology model active site were selected in PyMOL (command: “select bca. KtnC within 12 of substrate”). Any
residues with >95% conservation based on a MAFFT alignmentwith up to 5,000 other sequences were removed
fromthe pool of selected residues. The radius of the active site sphere was reduced incrementally until a total of
96 residues with <95% conservation were selected within an 11.25 A radius (Supplemental Figure S65b).

a

4L XJ template

Supplemental Figure S65. (a) Homology model of KtnC (gray) and based on 23% identity with lanosterol 14 -
alpha demethylase from S. cerevisiae (PDB 4LXJ;teal). (b) Residues selected for SSM within active site sphere.

Site-saturationmutagenesis. Degenerate forward and reverse primers were designed foreach of the 96 active
site residues being targeted and purchased from IDT (Supplemental Table S4). Blunt-end whole-plasmid PCRs
were set up in a 96-well PCR plate, with each 25-uL reaction containing 1X HF Phusion buffer, 4% DMSO, 400
MM dNTPs, 0.1 ng/uL template plasmid, 0.4 units Phusion DNA polymerase, 3 uM degenerate forward primer,
and 3 pM reverse primer. The reaction conditions were programmed as follows: 98 °C denaturation for 2 min;
25 cycles of 98 °C for 20 sec, 56 °C for 20 sec, 72 °Cfor 4.5 min; and a final 72 °C extension for 10 min. After
amplification, 10 yL of each PCR product was pooled in a single tube. The crude PCR product mixture was
purified by gel extraction from a 0.8% agarose gel using Qiagen spin columns. Any residual template DNA was
digested in 1X Cutsmart buffer with 2 uL Dpnl (NEB) overnightat 37 °C and removed with a PCR clean-up using
Qiagen spin columns. The linear DNA fragments were phosphorylated in 1X T4 DNA ligase (NEB) buffer with 2
ML PNK enzyme (NEB) at 37 °C for 30 min. T4 ligase enzyme (1 uL, NEB) was added directly to the
phosphorylation reaction and incubated at room temperature for 2 h. Salts were removed from the ligation
reaction with a PCR clean-up using Qiagen spin columns. High efficiency electrocompetent 5-alphaE. coli cells
(NEB) were transformed with 2 uL of the clean DNA using standard electroporation protocols. Resulting colonies
were grown up and miniprepped to give aplasmid DNA library. S. cerevisiae strain BY4742 cells were prepared
for transformation with the plasmid DNA library through a standard protocol for lithium acetate transformations.
Transformed cells were plated on histidine dropout plates containing 2% glucose and incubated at 25 °C for 3
d. Resulting colonies were used directly in library screening.

Multiple site-directed mutagenesis. Forward primers were designed to flank desired mutation with >15
complementary nucleotides on either side of mutation and purchased from IDT (Supplemental Table S5).
Equimolar amounts of each of the forward primers were combined and diluted down to 5 yM. PCRs were
performed with the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent) according to their
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recommended protocols. After amplification, 1 uL of the supplied Dpnl was added and the digestion reaction
was incubated at 37 °C for 1 h. High efficiency electrocompetent 5-alpha E. coli cells (NEB) were transformed
with 2 pL of the digested reaction using standard electroporation protocols. Resulting colonies were grown up
and miniprepped to give a plasmid DNA library. S. cerevisiae strain BY4742 cells were prepared for
transformation with the plasmid DNA library through a standard protocol for lithium acetate transformations.
Transformed cells were plated on histidine dropout plates containing 2% glucose and incubated at 25 °C for 3

d. Resulting colonies were used directly in library screening.

Supplemental Table S4. Primers used for site-saturation mutagenesis of KtinC active site residues. Primers
fromround 1 (Rd1) were reused in subsequentrounds unless the sequence lost complementarity to the template
DNA due to new mutations being carried forward. Codons that were edited to accommodate mutations added to
the template DNA are highlighted in red.

Mutation
R62X
K64X
L65X
R66X
W67X
K68X
R69X
F70X
D71X
A72X
E73X
Y76X
R93X
M94X
Q95X
D97X
Y 99X
1101X
W111X
R112X
S120X
F121X
L122X
Q123X
A124X
L125X
A126X
E127X
F128X
A129X
D130X
M131X
N132X
M133X
Y 134X
D139X

P142X
1143X

V146X

L203X
R232X
G234X
Y235X

Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd4-fwd
Rd1-fwd
Rd1-fwd

Rd1-fwd

Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd

Forward primer (5'to 3')
NNKCCAAAGCTACGATGGAAGCG

NNKCTACGATGGAAGCGCTTCG
NNKCGATGGAAGCGCTTCGA
NNKTGGAAGCGCTTCGATGC
NNKAAGCGCTTCGATGCGG
NNKCGCTTCGATGCGGAGAA
NNKTTCGATGCGGAGAAAGAGTATG
NNKGATGCGGAGAAAGAGTATGCG
NNKGCGGAGAAAGAGTATGCGAGA
NNKGAGAAAGAGTATGCGAGAGCATATC
NNKAAAGAGTATGCGAGAGCATATCAGC
NNKGCGAGAGCATATCAGCAGTACA
NNKATGCAGAATGATAATTATGGCATTG
NNKCAGAATGATAATTATGGCATTGTGC
NNKAATGATAATTATGGCATTGTGCTTC
NNKAATTATGGCATTGTGCTTCCC
NNKGGCATTGTGCTTCCCTTAAAC
NNKGTGCTTCCCTTAAACTCAGCAA
NNKAGGTCTCTACCACACGACCAGC
NNKTCTCTACCACACGACCAGCTG
NNKTTTCTTCAAGCCTTGGCAGA
NNKCTTCAAGCCTTGGCAGAGTTT
NNKCAAGCCTTGGCAGAGTTTGC
NNKGCCTTGGCAGAGTTTGCG
NNKTTGGCAGAGTTTGCGGATAT
NNKGCAGAGTTTGCGGATATGAACA
NNKGAGTTTGCGGATATGAACATGTAC
NNKTTTGCGGATATGAACATGTACTGC
NNKGCGGATATGAACATGTACTGCG
NNKGATATGAACATGTACTGCGACGTC
NNKATGAACATGTACTGCGACGTCA
NNKAACATGTACTGCGACGTCACG
NNKATGTACTGCGACGTCACGGA
NNKTACTGCGACGTCACGGACA
NNKTGCGACGTCACGGACAGG
NNKAGGACACCCATTGAAGCTGTT
NNKAGGACACGCATTGAAGCTGTT
NNKATTGAAGCTGTTCATAGTTGCAACA
NNKGAAGCTGTTCATAGTTGCAACAAC

NNKCATAGTTGCAACAACGCTGAATC

NNKCTCGGACCAGATACAGCCCC
NNKACGGGATATCCGCGCA
NNKTATCCGCGCATCCTGCG
NNKCCGCGCATCCTGCG

Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs

Rd1-rvs
Rd1-rvs
Rd4-rvs
Rd1-rvs
Rd4-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs

Reverse primer (5' to 3')
CATGTAGCTACCCTCGTCTACAATC

TGGCCGCATGTAGCTACCC
CTTTGGCCGCATGTAGCTAC
TAGCTTTGGCCGCATGTAGC
TCGTAGCTTTGGCCGCA
CCATCGTAGCTTTGGCCG
CTTCCATCGTAGCTTTGGCC
GCGCTTCCATCGTAGCTTTG
GAAGCGCTTCCATCGTAGC
ATCGAAGCGCTTCCATCG
CGCATCGAAGCGCTTCC
CTCTTTCTCCGCATCGAAGC
GATCGCATAAGGTTTCCCTGC
CCGGATCGCATAAGGTTTCC
CATCCGGATCGCATAAGGTT
ATTCTGCATCCGGATCGC
ATTATCATTCTGCATCCGGATCG
GCCATAATTATCATTCTGCATCCG
TTCCTTTGCTGAGTTTAAGGGA
CCATTCCTTTGCTGAGTTTAAGG
CAGCTGGTCGTGTGGTAGAGA
GCTCAGCTGGTCGTGTGGT
AAAGCTCAGCTGGTCGTGTG
AAGAAAGCTCAGCTGGTCGTG
TTGAAGAAAGCTCAGCTGGTCG
GGCTTGAAGAAAGCTCAGCTG
CAAGGCTTGAAGAAAGCTCAGC
TGCCAAGGCTTGAAGAAAGC
CTCTGCCAAGGCTTGAAGAAA
AAACTCTGCCAAGGCTTGAAG
CGCAAACTCTGCCAAGGC
ATCCGCAAACTCTGCCAAG
CATATCCGCAAACTCTGCCA
GTTCATATCCGCAAACTCTGCC
CATGTTCATATCCGCAAACTCTG
CGTGACGTCGCAGTACATGTT

TGTCCTGTCCGTGACGTCG
GGGTGTCCTGTCCGTGACG
GCGTGTCCTGTCCGTGACG
AGCTTCAATGGGTGTCCTGTC
AGCTTCAATGCGTGTCCTGTC
CAAGGCCATAGTAACCGTTGAG
TCGATAACAACTGCTCATAATTGC
CGTTCGTCGATAACAACTGCTC
TCCCGTTCGTCGATAACAAC
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Mutation
P236X
R237X
1238X
L239X
R240X
P241X
F242X
L253X
D321X

D322X

L323X

1324X

F325X

Y326X

H327X

F328X

E329X

L330X

C331X

K332X

P333X

T334X

F336X

D393X
1394X

S395X
G396X

F397X

Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd2-fwd
Rd3-fwd
Rd1-fwd
Rd2-fwd
Rd7-fwd
Rd1-fwd
Rd2-fwd
Rd7-fwd
Rd1-fwd
Rd2-fwd
Rd7-fwd
Rd1-fwd
Rd2-fwd
Rd7-fwd
Rd1-fwd
Rd2-fwd
Rd7-fwd
Rd1-fwd
Rd2-fwd
Rd7-fwd
Rd1-fwd
Rd2-fwd
Rd7-fwd
Rd1-fwd
Rd4-fwd
Rd7-fwd
Rd1-fwd
Rd4-fwd
Rd7-fwd
Rd1-fwd
Rd4-fwd

Rd1-fwd
Rd4-fwd

Rd1-fwd
Rd4-fwd

Rd1-fwd
Rd4-fwd

Rd1-fwd

Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd7-fwd
Rd1-fwd
Rd7-fwd
Rd1-fwd

Forward primer (5'to 3')
NNKCGCATCCTGCGGCCA
NNKATCCTGCGGCCATTCGT
NNKCTGCGGCCATTCGTGTG
NNKCGGCCATTCGTGTGGC
NNKCCATTCGTGTGGCGCTT
NNKTTCGTGTGGCGCTTTTCG
NNKGTGTGGCGCTTTTCGTCC
NNKAGGAAACACTTATCTCTCGTGAGAGA
NNKGATCTCATTTTCTACCATTTCGAAC
NNKGATCTCATTTTCTACCATTTCATGC
NNKGAGCTCATTTTCTACCATTTCATGC
NNKCTCATTTTCTACCATTTCGAACTCTG
NNKCTCATTTTCTACCATTTCATGCTCTG
NNKCTCATTTTCTACCATTTCGAACTCCG
NNKATTTTCTACCATTTCGAACTCTGTAAA
NNKATTTTCTACCATTTCATGCTCTGTAAA
NNKATTTTCTACCATTTCGAACTCCGTARA
NNKTTCTACCATTTCGAACTCTGTAAACC
NNKTTCTACCATTTCATGCTCTGTAAACC
NNKTTCTACCATTTCGAACTCCGTAAACC
NNKTACCATTTCGAACTCTGTAAACCG
NNKTACCATTTCATGCTCTGTAAACCG
NNKTACCATTTCGAACTCCGTAAACCG
NNKCATTTCGAACTCTGTAAACCGAC
NNKCATTTCATGCTCTGTAAACCGAC
NNKCATTTCGAACTCCGTAAACCGAC
NNKTTCGAACTCTGTAAACCGACCG
NNKTTCATGCTCTGTAAACCGACCG
NNKTTCGAACTCCGTAAACCGACCG
NNKGAACTCTGTAAACCGACCGCA
NNKATGCTCTGTAAACCGACCGCA
NNKGAACTCCGTAAACCGACCGCA
NNKCTCTGTAAACCGACCGCATTC
NNKCTCTGTAAACCGACCGCATAC
NNKCTCCGTAAACCGACCGCATTC
NNKTGTAAACCGACCGCATTCAA
NNKTGTAAACCGACCGCATACAA
NNKCGTAAACCGACCGCATTCAA
NNKAAACCGACCGCATTCAACA
NNKAAACCGACCGCATACAACA

NNKCCGACCGCATTCAACATCA
NNKCCGACCGCATACAACATCA

NNKACCGCATTCAACATCATCTTCC
NNKACCGCATACAACATCATCTTCC

NNKGCATTCAACATCATCTTCCAGC
NNKGCATACAACATCATCTTCCAGC

NNKAACATCATCTTCCAGCTGTATGC

NNKATCTCCGGTTTTGTCAGCTTTC
NNKTCCGGTTTTGTCAGCTTTCG
NNKGGTTTTGTCAGCTTTCGCCG
NNKGGTTTTGTCAGCTTTCGGCG
NNKTTTGTCAGCTTTCGCCGTG
NNKTTTGTCAGCTTTCGGCGTG
NNKGTCAGCTTTCGCCGTGTCA

Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs

Rd1-rvs

Rd1-rvs
Rd3-rvs

Rd1-rvs
Rd3-rvs

Rd1-rvs
Rd3-rvs

Rd1-rvs
Rd3-rvs

Rd1-rvs
Rd3-rvs

Rd1-rvs
Rd3-rvs

Rd1-rvs
Rd3-rvs

Rd1-rvs
Rd2-rvs
Rd3-rvs
Rd1-rvs
Rd2-rvs
Rd3-rvs
Rd1-rvs
Rd2-rvs
Rd7-rvs
Rd1-rvs
Rd2-rvs
Rd7-rvs
Rd1-rvs
Rd2-rvs
Rd7-rvs
Rd1-rvs
Rd2-rvs
Rd7-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs

Rd1-rvs

Rd1-rvs

Reverse primer (5'to 3')
ATATCCCGTTCGTCGATAACAA

CGGATATCCCGTTCGTCG
GCGCGGATATCCCGTTC
GATGCGCGGATATCCCG
CAGGATGCGCGGATATCC
CCGCAGGATGCGCGG
TGGCCGCAGGATGCG
ATTTCGGCATTCGGACGA
TGCCAGCAACTGTACCTGTGC

ATCTGCCAGCAACTGTACCTGT

ATCATCTGCCAGCAACTGTACC
CTCATCTGCCAGCAACTGTACC

GAGATCATCTGCCAGCAACTGT
GAGCTCATCTGCCAGCAACTGT

AATGAGATCATCTGCCAGCAAC
AATGAGCTCATCTGCCAGCAAC

GAAAATGAGATCATCTGCCAGC
GAAAATGAGCTCATCTGCCAGC

GTAGAAAATGAGATCATCTGCCAGC
GTAGAAAATGAGCTCATCTGCCAGC

ATGGTAGAAAATGAGATCATCTGCC
ATGGTAGAAAATGAGCTCATCTGCC

GAAATGGTAGAAAATGAGATCATCTG
GAAATGGTAGAAAATGAGCTCATCTG

TTCGAAATGGTAGAAAATGAGATCA
CATGAAATGGTAGAAAATGAGATCA
CATGAAATGGTAGAAAATGAGCTCA
GAGTTCGAAATGGTAGAAAATGAGA
GAGCATGAAATGGTAGAAAATGAGA
GAGCATGAAATGGTAGAAAATGAGC
ACAGAGTTCGAAATGGTAGAAAATG
ACAGAGCATGAAATGGTAGAAAATG
ACGGAGTTCGAAATGGTAGAAAATG
TTTACAGAGTTCGAAATGGTAGAAAA
TTTACAGAGCATGAAATGGTAGAAAA
TTTACGGAGTTCGAAATGGTAGAAAA
CGGTTTACAGAGTTCGAAATGG
CGGTTTACAGAGCATGAAATGG
CGGTTTACGGAGTTCGAAATGG
TGCGGTCGGTTTACAGAGTTC
TGCGGTCGGTTTACAGAGCAT
TGCGGTCGGTTTACGGAGTTC
GTACAGTCGAAAGGTCTCCTTTGT
ATCGTACAGTCGAAAGGTCTCCT
GATATCGTACAGTCGAAAGGTCTCC

GGAGATATCGTACAGTCGAAAGGT

ACCGGAGATATCGTACAGTCGA
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Mutation
V398X
S399X
F400X
R401X
1421 X
L422X
L423X
S424X
P425X
C426X
T468X
F469X
S470X
A473X
G474X
S475X
P477X
F511X
T512X
S513X
G514X
P515X
V516X
Y517X

M518X

Rd7-fwd
Rd1-fwd
Rd7-fwd
Rd1-fwd
Rd7-fwd
Rd1-fwd
Rd7-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd1-fwd

Rd1-fwd
Rd1-fwd
Rd1-fwd

Rd1-fwd
Rd1-fwd
Rd1-fwd
Rd3-fwd
Rd1-fwd
Rd3-fwd
Rd1-fwd
Rd3-fwd
Rd1-fwd
Rd3-fwd
Rd1-fwd
Rd3-fwd
Rd1-fwd

Rd1-fwd

Rd1-fwd

Forward primer (5'to 3')
NNKGTCAGCTTTCGGCGTGTCA

NNKAGCTTTCGCCGTGTCATGA
NNKAGCTTTCGGCGTGTCATGA
NNKTTTCGCCGTGTCATGAAACC
NNKTTTCGGCGTGTCATGAAACC
NNKCGCCGTGTCATGAAACCTC
NNKCGGCGTGTCATGAAACCTC
NNKCGTGTCATGAAACCTCTTACTCTAAA
NNKTTATTGTCTCCATGTCGGAATGT
NNKTTGTCTCCATGTCGGAATGTCC
NNKTCTCCATGTCGGAATGTCCA
NNKCCATGTCGGAATGTCCATTTG
NNKTGTCGGAATGTCCATTTGGA
NNKCGGAATGTCCATTTGGATCC
NNKTTTTCTCATGGAGCGGGC
NNKTCTCATGGAGCGGGCAG

NNKCATGGAGCGGGCAGCT
NNKGGCAGCTGTCCCGCG
NNKAGCTGTCCCGCGCGG

NNKTGTCCCGCGCGGG
NNKGCGCGGGTTCTCGCT
NNKACCAGTGGTCCGGTCTATATGC
NNKACCAGGGGTCCGATGTATATGC
NNKAGTGGTCCGGTCTATATGCCTAA
NNKAGGGGTCCGATGTATATGCCTAA
NNKGGTCCGGTCTATATGCCTAATCC
NNKGGTCCGATGTATATGCCTAATCC
NNKCCGGTCTATATGCCTAATCCATC
NNKCCGATGTATATGCCTAATCCATC
NNKGTCTATATGCCTAATCCATCAGTGATG
NNKATGTATATGCCTAATCCATCAGTGATG
NNKTATATGCCTAATCCATCAGTGATGA

NNKATGCCTAATCCATCAGTGATGATG

NNKCCTAATCCATCAGTGATGATGAGA

Rd1-rvs
Rd1-rvs
Rd1-rvs

Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs
Rd7-rvs
Rd1-rvs
Rd7-rvs
Rd1-rvs
Rd7-rvs
Rd1-rvs
Rd7-rvs
Rd1-rvs
Rd1-rvs
Rd1-rvs

Rd1-rvs
Rd1-rvs

Rd1-rvs
Rd3-rvs
Rd1-rvs
Rd3-rvs
Rd1-rvs
Rd3-rvs
Rd1-rvs
Rd3-rvs
Rd1-rvs
Rd3-rvs

Reverse primer (5' to 3')
AAAACCGGAGATATCGTACAGTCG
GACAAAACCGGAGATATCGTACA
GCTGACAAAACCGGAGATATCG

AAAGCTGACAAAACCGGAGATA
TGTACCGGGACGAAGAGACA
GATTGTACCGGGACGAAGAGA
TAAGATTGTACCGGGACGAAGA
CAATAAGATTGTACCGGGACGA
AGACAATAAGATTGTACCGGGACG
TGGAGACAATAAGATTGTACCGG
CAAGAACGTGAGCGAGGTGG
TGTCAAGAACGTGAGCGAGG
TGACAAGAACGTGAGCGAGG
AAATGTCAAGAACGTGAGCGA
AAATGACAAGAACGTGAGCGA
TCCATGAGAAAATGTCAAGAACG
TCCATGAGAAAATGACAAGAACG
CGCTCCATGAGAAAATGTCAA
CGCTCCATGAGAAAATGACAA
GCCCGCTCCATGAGAAAA
ACAGCTGCCCGCTCCA
TCCATAGGGTAGTATCTCCTTCTGC

GAATCCATAGGGTAGTATCTCCTTCTG
GGTGAATCCATAGGGTAGTATCTCC

ACTGGTGAATCCATAGGGTAGTATCT
CCTGGTGAATCCATAGGGTAGTATCT
ACCACTGGTGAATCCATAGGG
ACCCCTGGTGAATCCATAGGG
CGGACCACTGGTGAATCCA
CGGACCCCTGGTGAATCCA
GACCGGACCACTGGTGAATC
CATCGGACCCCTGGTGAATC
ATAGACCGGACCACTGGTGAA
ATACATCGGACCCCTGGTGAA

Supplemental Table S5. Primers for multiple site-directed mutagenesis combinatorial libraries. Mutated codons
highlighted in red.

Mutation(s)

L122X, A124S Rd2-combi-1
1143R Rd2-combi-2
L253G Rd2-combi-3
D322E Rd2-combi-4
S513R, V516M Rd2-combi-5
P142R Rd3-combi-1
P142G Rd3-combi-2
V146A Rd3-combi-3
F336Y Rd3-combi-4
M516V Rd3-combi-5
R513M Rd3-combi-6
Q95T Rd4-combi-1
V146A Rd4-combi-2

Primer (5'to 3")

CGACCAGCTGAGCTTTNNKCAATCCTTGGCAGAGTTTGC
CGGACAGGACACCCAGGGAAGCTGTTCATAGTTGCAAC
CGTCCGAATGCCGAAATGGGAGGAAACACTTATCTCTCGTG
CAGTTGCTGGCAGATGAGCTCATTTTCTACCATTTCATGC
CTACCCTATGGATTCACCAGGGGTCCGATGTATATGCCTAATCCATCAGTG
GACGTCACGGACAGGACACGCATTGAAGCTGTTCATAG
GACGTCACGGACAGGACAGGCATTGAAGCTGTTCATAG
GACACCCATTGAAGCTGCTCATAGTTGCAACAACG
CTGTAAACCGACCGCATACAACATCATCTTCCAGC
CCTATGGATTCACCAGGGGTCCGGTGTATATGCCTAATCC
CCTATGGATTCACCAGTGGTCCGATGTATATGCCTAATCC
GAAACCTTATGCGATCCGGATGACGAATGATAATTATGGCATTG
GACACGCATTGAAGCTGCTCATAGTTGCAACAACG
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1324A
F325L
G396W
T468S
M516V
Q95T
W111M
W111T
V146A
L253V
C331R
R401Q
Q95T
1143R
1143R, V146A
V146A
L253V
1324A
M329E
M329E, R331C
R331C
W396G
W396V
Q401R
T468S
R69A
R69K
L122G
L122G, A126G
A126G
1143R
T334R
W396G
L422G
A473K
Y517S

Rd4-combi-3
Rd4-combi-4
Rd4-combi-5
Rd4-combi-6
Rd4-combi-7
Rd5-combi-1
Rd5-combi-2
Rd5-combi-3
Rd5-combi-4
Rd5-combi-5
Rd5-combi-6
Rd5-combi-7
Rd6-combi-1
Rd6-combi-2
Rd6-combi-3
Rd6-combi-4
Rd6-combi-5
Rd6-combi-6
Rd6-combi-7
Rd6-combi-8
Rd6-combi-9
Rd6-combi-10
Rd6-combi-11
Rd6-combi-12
Rd6-combi-13
Rd7-combi-1
Rd7-combi-2
Rd7-combi-3
Rd7-combi-4
Rd7-combi-5
Rd7-combi-6
Rd7-combi-7
Rd7-combi-8
Rd7-combi-9
Rd7-combi-10
Rd7-combi-11

GCTGGCAGATGAGCTCGCTTTCTACCATTTCATGCTC
GGCAGATGAGCTCATTTTGTACCATTTCATGCTCTGTAAAC
CGACTGTACGATATCTCCTGGTTTGTCAGCTTTCGCCG
CACCTCGCTCACGTTCTTGTCATTTTCTCATGGAGC
GATTCACCAGGGGTCCGGTGTATATGCCTAATC
GAAACCTTATGCGATCCGGATGACGAATGATAATTATGGCATTG
CTTAAACTCAGCAAAGGAAATGAGGTCTCTACCACACGACC
CTTAAACTCAGCAAAGGAAACGAGGTCTCTACCACACGACC
GACACGCATTGAAGCTGCTCATAGTTGCAACAACG
CTTTTCGTCCGAATGCCGAAAT GTTAGGAAACACTTATCTCTCGTG
CATTTTCTACCATTTCATGCTCCGTAAACCGACCGCATACAAC
CCTGGTTTGTCAGCTTTCAGCGTGTCATGAAACCTCTTAC
CCTTATGCGATCCGGATGACGAATGATAATTATGGCATTGTG
CGGACAGGACACGCCGTGAAGCTGTTCATAGTTG
CGGACAGGACACGCCGTGAAGCTGCTCATAGTTGCAAC
GACACGCATTGAAGCTGCTCATAGTTGCAACAACG
GTCCGAATGCCGAAAT GTGAGGAAACACTTATCTC
CAGTTGCTGGCAGATGAGCTCGCTTTCTACCATTTC
TTTCTACCATTTCGAGCTCCGTAAACCGACCGCATACAAC
TTTCTACCATTTCGAGCTCTGTAAACCGACCGCATACAACATCATC
CTACCATTTCATGCTCTGTAAACCGACCGCATAC
GACTGTACGATATCTCCGGGTTTGTCAGCTTTC
CCTTTCGACTGTACGATATCTCCGTGTTTGTCAGCTTTC
GTTTGTCAGCTTTCGGCGTGTCATGAAACCTC
CTCGCTCACGTTCTTGTCATTTTCTCATGGAGC
CAAAGCTACGATGGAAGGCCTTCGATGCGGAGAAAG
GCCAAAGCTACGATGGAAGAAGTTCGATGCGGAGAAAGAGTATG
GACCAGCTGAGCTTTGGTCAAGCCTTGGCAGAGTTTG
GACCAGCTGAGCTTTGGTCAAGCCTTGGGAGAGTTTGCGG
CTTTCTTCAAGCCTTGGGAGAGTTTGCGGATATG
CGGACAGGACACGCCGTGAAGCTGTTCATAGTTG
CATGCTCCGTAAACCGCGCGCATACAACATCATCTTC
GACTGTACGATATCTCCGGGTTTGTCAGCTTTCG
CGTCCCGGTACAATCGGATTGTCTCCATGTCGG
GTCATTTTCTCATGGAAAGGGCAGCTGTCCCGCG
CCAGGGGTCCGATGAGTATGCCTAATCCATCAGTG
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Screening protein libraries

High throughputbiotransformations. Histidine dropout minimal media containing 4% glucose was added to
each well of up to 20 sterile 96-well culture plates (VWR) to a volume of 500 uL. S. cerevisiae library colonies
were inoculated into each well of the plate exceptfor row E, which was reserved for S. cerevisiae KtnC template
control colonies. Cultures weregrown overnight at 30 °C with shaking at 300 rpm. Culture plates were centrifuged
at 1,000 x g for 10 min to pellet cells and the growth mediawas removed. Cells were resuspended with 250 L
of histidine dropout minimal media containing 6% galactose and 100-750 uM each substrate. Biotransformations
were incubated at 30 °C with shaking at 300 rpm for 2-3 days. Reactions were quenched with the addition of 2
equivalents of methanol and centrifugation at 1,000 x g for 10 min. The resulting supernatant was used for mass
spectrometry analysis.

High throughput RapidFire-MS screen for activity. Library reactions were analyzed for total cross-coupling
activity in a high-throughput tier 1 screening using an Agilent RapidFire 365 High throughput Mass Spectrometry
System linked to an Agilent 6545 LC/Q-TOF. Library samples were prepared by diluting the library samples 2:1
in water containing 600 nM 2,6'-dihydroxyacetophenone (internal standard) in shallow 96-well plates (Axygen)
and heat-sealed with pierceable aluminum covers (Agilent). Each RapidFire injection was programmed as
follows: 0.6 s to aspirate the sample, 3 s to load the sample onto the C4 cartridge with water (0.5 mL/min), 8 s
to elute the sample from the cartridge using 90% acetonitrile buffered with 10 mM ammonium formate pH 8 (0.8
mL/min), and 0.5 s to reequilibrate. A blank injection was included after each sample injection to reduce carry-
over between library reactions.

The peak areas for the extracted ion chromatograms for internal standard, substrate, and cross-coupled
product were collected for each sample using the MassHunter Qualitative Analysis 10.0 software. The relative
percent conversions to cross-coupled products were calculated and the average percent conversion resulting
fromthe template reactions for each plate (n=10) was set to 1.0. The conversions for the variant reactions were
normalized to the template reactions, giving fold improvement scores for each variant.

LC-MSscreen for selectivity. Reactions were subjected to liquid chromatography PDA spectrometry (UPLC)
analysis performed on an Agilent 6230 time of flight mass spectrometer with a Dual AJS ESI source and an
Agilent 1290 Infinity Series Il diode array detector, autosampler, and binary pump. The reaction products were
separated and analyzed under the following conditions:

To determine site-selectivity of reaction, samples were analyzed by negative mode on a Waters Acquity Premier
HSS T3 1.8 umC18, 2.1 x 50 mm column. Phase A = 95:5 water:acetonitrile; phase B = 95:5 acetonitrile: water.
The pump was programmed as follows: 20% B held for 0.5 min, to 60% B over 1.0 min, hold at 90% B for 0.6
min. The flow rate was set to 0.7 mL/min flow rate, the column was heated to 45 °C, and each injection was
followed by equilibration at 20% B for 0.5 min.

To determine atroposelectivity of reaction, samples were analyzed by negative mode on a Daicel Chiralpak IC-
3,4.6 x 150 mm, 3 um column. Phase A = 95:5 water:acetonitrile; phase B =95:5 acetonitrile: water. The pump
was programmed as follows: 50% B held for 2.25 min (1.5 mL/min), 100% B held over 0.5 min (2.5 mL/min), to
50% B over 0.5 min (2.5 mL/min).

The MassHunter software was used to extract ion chromatograms at the target masses to characterize the
percentconversion and site-selectivity of the reactions. Variants that gave the desired activity and site-selectivity
were carried forward to the hit validation and sequencing step.

Hit validation and sequencing. Hit variants selected validated by growing up glycerol stocks of the respective
cells harboring the variants, repeating biotransformations (n=3), and analyzing reactions by TOF-LC-MS using
previously described procedures. Variants that showed improvement over the template after validation were
sequenced to identify the active site mutations. Plasmid DNA was isolated from S. cerevisiae using the Zymoprep
Yeast Plasmid Miniprep Il kit. The resulting plasmid DNA was used to transformDH5a E. colicells. Clean plasmid
DNA was isolated from DH5a cells using QIAGEN miniprep kit and sent to GENEWIZ for Sanger sequencing.
The sequence for the top variant from each round was defined as LxC (Lara’s cross-couplase) and used as the
template for the following round.
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Engineered LxC sequences

LxC1 (E329M)

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAGTTTGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACCCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCT CCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCAL
CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCT CTCGTGAGAGAGAGACTTGT TCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGAT GCAGCACAGGTACAGTTGCTGGCAGATGATCTC CATT
TTCTACCATTTCATGCTCTGTAAACCGACCGCATTCAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCTCACCAATGGTGACTGGACCGTTGAAACT CTGAAGCACGCT
CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCGGTTTTGTCAGCTTTCGCCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCGGAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGACATTTTCT CATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTGTTGCAGTACGACGTAGAACCT GTGCAGAAGGAGATACTACCCTATGGATTCACCAGT
GGTCCGGTCTATATGCCTAATCCATCAGTGATGATGAGAAT CCGGCCAAGAAGTGACGGGAAG

MAVHVPEFSTIHHVVDIGI STGPVVIVLVLLEGLAVVGSDSLDGWWQKRALRGIPIVDEGSYMRPKLRWKREDAEKEYARAYQ
QYTKAGKPYAIRMONDNYGIVLPLNSAKEWRSLPHDQLSFLOALAEFADMNMY CDVTDRTPIEAVHSCNNAES LNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLQTILSLCSTVTMALLLGPDTAPDPVLHHHST SFGEAIMS SCYRRTGY PRILRPEV
WRESSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSS LLDALIAAAEFDNGSLS PDDOQGRNDAAQVQLLADDLI
FYHFMLCKPTAFNIIFQLYAIMDHPEYKAPLREEALQALKLTNGDWIVE TLKHAPKLESFTKETFRLYDISGFVSFRRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYREFYDS SREVCSPRVATT SLTEFLTFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVOKEILPYGFTSGPVYMPNPSVMMRIRPRSDGK

LxC2 (D322E, E329M, S513R, V516M)

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGCT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAGTTTGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACCCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCTCCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCAC
CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCTCTCGTGAGAGAGAGACTTGT TCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGAT GCAGCACAGGTACAGTTGCTGGCAGAT GAGCTCATT
TTCTACCATTTCATGCTCTGTAAACCGACCGCATTCAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCTCACCAATGGTGACTGGACCGTTGAAACTCTGAAGCACGCT
CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCGGTTTTGTCAGCTTTCGCCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCGGAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGACATTTTCT CATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTGTTGCAGTACGACGTAGAACCTGTGCAGAAGGAGATACTACCCTATGGATTCACCAGG
GGTCCGATGTATATGCCTAATCCATCAGTGATGATGAGAAT CCGGCCAAGAAGTGACGGGAAG
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MAVHVPEFSTIHHVVDIGI STGPVVIVLVLLEGLAVVGSDSLDGWWQKRALRGIPIVDEGSYMRPKLRWKREDAEKEYARAYQ
QYTKAGKPYAIRMONDNYGIVLPLNSAKEWRSLPHDQLSFLOQALAEFADMNMY CDVTDRTP IEAVHSCNNAES LNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLOTILSLCSTVITMALLLGPDTAPDPVLHHHST SEFGEAIMS SCYRRTGY PRILRPEFV
WRE'SSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSS LLDALIAAAEFDNGSLS PDDQGRNDAAQVQLLADELT
FYHFMLCKPTAENITFQLYATIMDHPEYKAPLREEALOQALKLTNGDWTIVE TLKHAPKLESFTKETFRLYDISGEFVSERRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYREFYDSSREVCSPRVATTSLTFLTFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVQKEILPYGEFTRGPMYMPNPSVMMRIRPRS DGK

LxC3 (P142R, D322E, E329M, F336Y, S513R, V516M)

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAGTTTGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACGCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCT CCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCAL
CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCTCTCGTGAGAGAGAGACTTGTTCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGAT GCAGCACAGGTACAGTTGCTGGCAGAT GAGCTCATT
TTCTACCATTTCATGCTCTGTAAACCGACCGCATACAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCTCACCAATGGTGACTGGACCGTTGAAACT CTGAAGCACGCT
CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCGGTTTTGTCAGCTTTCGCCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCG GAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGACATTTTCTCATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTGTTGCAGTACGACGTAGAACCTGTGCAGAAGGAGATACTACCCTATGGATTCACCAGG
GGTCCGATGTATATGCCTAATCCATCAGTGATGATGAGAAT CCGGCCAAGAAGTGACGGGAAG

MAVHVPEFSTIHHVVDIGI STGPVVIVLVLLEGLAVVGSDSLDGWWQKRALRGIPIVDEGSYMRPKLRWKREDAEKEYARAYQ
QYTKAGKPYATIRMONDNYGIVLPLNSAKEWRSLPHDOLSFLOALAEFADMNMY CDVTDRTRIEAVHSCNNAESLNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLOTILSLCSTVITMALLLGPDTAPDPVLHHHSTSFGEAIMS SCYRRTGY PRILRPEFV
WREFSSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSSLLDALIAAAFDNGSLS PDDQGRNDAAQVQLLADELT
FYHFMLCKPTAFNITFQLYATIMDHPEYKAPLREEALOALKLTNGDWIVE TLKHAPKLESFTKETFRLYDISGEVSEFRRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYREFYDS SREVCSPRVATT SLTEFLTFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVQKEILPYGFTRGPMYMPNPSVMMRIRPRSDGK

LxC4 (P142R, D322E, E329M, F336Y, G396W, S513R, V516M)

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAGTTTGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACGCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCTCCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCAC
CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCT CTCGTGAGAGAGAGACTTGT TCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGAT GCAGCACAGGTACAGTTGCTGGCAGAT GAGCTCATT
TTCTACCATTTCATGCTCTGTAAACCGACCGCATACAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCT CACCAATGGTGACTGGACCGTTGAAACTCTGAAGCACGCT
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CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCTGGTTTGTCAGCTTTCGCCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCGGAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGACATTTTCT CATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTGTTGCAGTACGACGTAGAACCT GTGCAGAAGGAGATACTACCCTATGGATTCACCAGG
GGTCCGATGTATATGCCTAATCCATCAGTGATGATGAGAAT CCGGCCAAGAAGTGACGGGAAG

MAVHVPEFSTIHHVVDIGI STGPVVIVLVLLEGLAVVGSDSLDGWWQKRALRGIPIVDEGSYMRPKLRWKREDAEKEYARAYQ
QYTKAGKPYAIRMONDNYGIVLPLNSAKEWRSLPHDQLSFLOALAEFADMNMY CDVTDRTRIEAVHSCNNAESLNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLQOTILSLCSTVITMALLLGPDTAPDPVLHHHST SFGEAIMS SCYRRTGY PRILRPEV
WRESSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSS LLDALIAAAEFDNGSLS PDDOQGRNDAAQVQLLADELT
FYHFMLCKPTAYNIIFQLYAIMDHPEYKAPLREEALQALKLTNGDWIVETLKHAPKLESFTKETFRLYDISWEVSFRRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYREYDS SREVCSPRVATT SLTELTFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVQKEILPYGF TRGPMYMPNPSVMMRIRPRS DGK

LxC5 (P142R, D322E, E329M, C331R, F336Y, G396W, R401Q, S513R, V516M)

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAGTTTGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACGCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCTCCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCAC
CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCTCTCGTGAGAGAGAGACTTGT TCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGATGCAGCACAGGTACAGTTGCTGGCAGATGAGCTCATT
TTCTACCATTTCATGCTCCGTAAACCGACCGCATACAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCTCACCAATGGTGACTGGACCGTTGAAACTCTGAAGCACGCT
CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCTGGTTTGTCAGCTTTCAGCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCGGAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGACATTTTCT CATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTGTTGCAGTACGACGTAGAACCTGTGCAGAAGGAGATACTACCCTATGGATTCACCAGG
GGTCCGATGTATATGCCTAATCCATCAGTGATGATGAGAAT CCGGCCAAGAAGTGACGGGAAG

MAVHVPEFSTHHVVDIGISTGPVVIVLVLLFGLAVVGS DSLDGWWQKRALRGIPIVDEGSYMRPKLRWKREFDAEKEYARAYQ
QYTKAGKPYAIRMONDNYGIVLPLNSAKEWRSLPHDQLSFLOALAEFADMNMY CDVTDRTRIEAVHSCNNAESLNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLOQTILSLCSTVTMALLLGPDTAPDPVLHHHST SEFGEAIMS SCYRRTGY PRILRPEV
WRE'SSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSS LLDALIAAAEFDNGSLS PDDOQGRNDAAQVQLLADELT
FYHFMLRKPTAYNITFQLYAIMDHPEYKAPLREEALOALKLTNGDWIVE TLKHAPKLESFTKETFRLYDISWEVSEFQRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYRFYDS SREVCSPRVATTSLTFLTFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVQKEILPYGEF TRGPMYMPNPSVMMRI RPRS DGK

LxC6 (P142R, D322E, E329M, C331R, F336Y, G396W, Q401Reversion, T468S, S513R, V516M)

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAGTTTGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACGCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCT CCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCALC
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CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCT CTCGTGAGAGAGAGACTTGTTCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGAT GCAGCACAGGTACAGT TGCTGGCAGATGAGCTC CATT
TTCTACCATTTCATGCTCCGTAAACCGACCGCATACAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCTCACCAATGGTGACTGGACCGTTGAAACT CTGAAGCACGCT
CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCTGGTTTGTCAGCTTTCGGCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCGGAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGTCATTTTCTCATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTGTTGCAGTACGACGTAGAACCTGTGCAGAAGGAGATACTACCCTATGGATTCACCAGG
GGTCCGATGTATATGCCTAATCCATCAGTGATGATGAGAATCCGGCCAAGAAGTGACGGGAAG

MAVHVPEFSTIHHVVDIGI STGPVVIVLVLLEGLAVVGSDSLDGWWQKRALRGIPIVDEGSYMRPKLRWKREDAEKEYARAYQ
QYTKAGKPYAIRMONDNYGIVLPLNSAKEWRSLPHDQLSEFLOQALAEFADMNMY CDVTDRTRIEAVHSCNNAES LNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLOTILSLCSTVTMALLLGPDTAPDPVLHHHST SFGEAIMS SCYRRTGY PRILRPEV
WRE'SSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSSLLDALTIAAAFDNGSLS PDDOQGRNDAAQVQLLADELT
FYHFMLRKPTAYNITFQLYATIMDHPEYKAPLREEALOALKLTNGDWIVE TLKHAPKLESFTKETFRLYDISWEVSERRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYRFYDS SREVCSPRVATT SLTFLSFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVQKEILPYGFTRGPMYMPNPSVMMRIRPRSDGK

LxC7 (F128V, P142R, D322E, E329M, C331R, F336Y, G396W, Q401Rreversion, T468S, S513R, V516M)

ATGGCAGTTCATGTACCATTCAGCATCCACCACGTCGTGGATATCGGCATTTCCACCGGCCCGGTAGTCATTGTCCTCGTT
CTCCTATTCGGGTTGGCTGTCGTGGGATCCGACAGCCTTGATGGATGGT GGCAGAAAAGAGCCTTGAGAGGCATTCCGATT
GTAGACGAGGGTAGCTACATGCGGCCAAAGCTACGATGGAAGCGCTTCGATGCGGAGAAAGAGTATGCGAGAGCATATCAG
CAGTACACAAAAGCAGGGAAACCTTATGCGATCCGGATGCAGAATGATAATTATGGCATTGTGCTTCCCTTAAACTCAGCA
AAGGAATGGAGGTCTCTACCACACGACCAGCTGAGCTTTCTTCAAGCCTTGGCAGAG GTGGCGGATATGAACATGTACTGC
GACGTCACGGACAGGACACGCATTGAAGCTGTTCATAGTTGCAACAACGCTGAATCATTAAACATCCTCAATAAGCTTCTC
GCCCGGGAAACCGATACAGCCTTATCTCAGATTTTCGAGCAGCCTACAGGAAAAGACTGGAAGGAATTGAACACACTGCAG
ACAATCCTCTCCTTATGCTCAACGGTTACTATGGCCTTGCTCCTCGGACCAGATACAGCCCCTGACCCGGTGCTCCACCAC
CATTCGACGTCTTTTGGCGAAGCAATTATGAGCAGTTGTTATCGACGAACGGGATAT CCGCGCATCCTGCGGCCATTCGTG
TGGCGCTTTTCGTCCGAATGCCGAAATCTGAGGAAACACTTATCT CTCGTGAGAGAGAGACTTGTTCCTGAGGTTGCGCGC
CGTGTCGCAGCTGCACGAGCGGCGGATAAAACCAAGGACGTACGCCCATCTTCATTGTTGGACGCACTGATCGCGGCGGCC
TTCGACAACGGCAGCTTAAGCCCAGATGACCAAGGCAGAAATGATGCAGCACAGGTACAGTTGCTGGCAGATGAGCTCATT
TTCTACCATTTCATGCTCCGTAAACCGACCGCATACAACATCATCTTCCAGCTGTATGCCATCATGGACCACCCAGAGTAC
AAGGCTCCTCTCCGAGAGGAGGCACTCCAAGCCTTGAAGCTCACCAATGGTGACTGGACCGTTGAAACT CTGAAGCACGCT
CCCAAGTTAGAAAGCTTTACAAAGGAGACCTTTCGACTGTACGATATCTCCTGGTTTGTCAGCTTTCGGCGTGTCATGAAA
CCTCTTACTCTAAACTCCATCGGCCTGTCTCTTCGTCCCGGTACAATCTTATTGTCTCCATGTCGGAATGTCCATTTGGAT
CCCGAGATCTATGAAGACCCGACAACTTTCAATGGCTACCGCTTCTACGACTCCAGCCGCGAGGTCTGCTCTCCACGCGTG
GCAACCACCTCGCTCACGTTCTTGTCATTTTCTCATGGAGCGGGCAGCTGTCCCGCGCGGGTTCTCGCTACTCAAATTTGT
CGGACGATCTTCATCAAGTTCCTIGTTGCAGTACGACGTAGAACCTGTGCAGAAGGAGATACTACCCTATGGATTCACCAGG
GGTCCGATGTATATGCCTAATCCATCAGTGATGATGAGAAT CCGGCCAAGAAGTGACGGGAAG

MAVHVPEFSTIHHVVDIGISTGPVVIVLVLLEGLAVVGSDSLDGWWQKRALRGIPIVDEGSYMRPKLRWKREDAEKEYARAYQ
QYTKAGKPYATIRMONDNYGIVLPLNSAKEWRSLPHDQLSFLOQATLAEVADMNMY CDVT DRTRIEAVHSCNNAESLNILNKLL
ARETDTALSQIFEQPTGKDWKELNTLOQTILSLCSTVTMALLLGPDTAPDPVLHHHST SEFGEAIMS SCYRRTGY PRILRPEV
WREFSSECRNLRKHLSLVRERLVPEVARRVAAARAADKTKDVRPSSLLDALIAAAFDNGSLS PDDOQGRNDAAQVQLLADELT
FYHFMLRKPTAYNIIFQLYAIMDHPEYKAPLREEALQALKLTNGDWIVETLKHAPKLESFTKETFRLYDISWEVSFRRVMK
PLTLNSIGLSLRPGTILLSPCRNVHLDPEIYEDPTTENGYREFYDS SREVCSPRVATT SLTFLSEFSHGAGSCPARVLATQIC
RTIFIKFLLQYDVEPVQKEILPYGFTRGPMYMPNPSVMMRIRPRSDGK
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Supplementary datafrom engineering campaign

Supplemental Figure S66. Starting point for engineering campaign. Wild-type KtnC catalyzed the cross-
coupling of coumarin 10 and naphthol 31 to form 32 with a 0.5% conversion in a complex mixture of competing
cross-coupled and dimer byproducts (33—-36).
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Supplemental Figure S67. Library datasets from each round of evolution. (a) Tier 1 RapidFire-MS data
represented in waterfall plots showing the fold improvement in cross-coupling for all active variants generated in
rounds 1-4 of evolution. The fold improvement for each of the variants was calculated by setting the average
conversion to cross-coupled product in the control (template) reactions to 1.0. (b) Tier 2 LC-MS data showing
the site-selectivity profile of the top variants from rounds 3-5 of evolution.
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Supplemental Figure S68. Reactivity of P450 variants over evolution progress. Extracted ion chromatograms
include coumarin substrate 10 (175.0401 m/z), cross-coupled products 32-36 (317.0819), and coumarin dimers

45 (349.0718).
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Supplemental Figure S69. Chemoselectivity of P450 variants over evolution progress. Extracted ion
chromatograms include cross-coupled products 32—-35 (317.0819) and coumarin dimers 36 (349.0718). The

major coumarin dimer (of four total isomers) is highlighted in each chromatogram.
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Supplemental Figure S70. Site-selectivity of P450 variants over evolution progress. Extracted ion
chromatograms include cross-coupled products 32—-35 (317.0819).
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Supplemental Figure S71. Effect of mutations incorporated throughout evolution campaign on atroposelectivity
in the target cross-coupling to form 32.
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Supplemental Figure S72. Chiral LC-MS data generated in final rounds of evolution to optimize for
atroposelectivity of cross-coupling reaction. (a) Round 6 of evolution. (b) Round 7 of evolution.
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V. Biocatalytic reactions with bacterial P450-RhFRed enzymes

Methods for biocatalytic cross-couplings

General considerations. Substrate stock solutions were prepared to 50 mM in dimethyl sulfoxide (DMSO).
Enzyme aliquots were stored in buffer containing 50 mM tricine pH 8, 150 mM NacCl, 10% glycerol,0.5 MM EDTA
at —80 °C and discarded after 1 freeze/thaw cycle. Stock solutions of glucose -6-phosphate were prepared as
500 mM stocks in MilliQ water and stored at —80 °C. Stock solutions of NADP* were prepared as 100 mM stocks
in MilliQ water and stored at —80 °C. Stock solutions of glucose-6-phosphate dehydrogenase were prepared as
100 U/mL stocks and stored at —80 °C.

Lysate reactions with panel SSN enzymes. 96-well plates containing harvested cells were thawed at room
temperature and resuspended in 300 pL of plate lysis buffer (50 mM tricine pH 8, 150 mM NaCl, 10% glycerol,
0.5 mM EDTA, 2 mg/mL lysozyme, 100 uM PMSF). The cells were enzymatically lysed by incubation at 25 °C,
350 rpmfor 2 h. The lysed plates were then centrifuged at 1,000 x g for 30 min at 4 °C. The clarified lysate (50
uUL) was transferredto a new plate with each well containing 50 L reaction mix (5 mM glucose-6-phosphate, 1
mM NADP*, 1 U/mL glucose-6-phosphate dehydrogenase, 1 mM substrate A, and 1 mM substrate B in 50 mM
tricine pH 8.3). Reactions were incubated at 30 °C for ~18 h and then quenched with 400 pL methanol containing
1 uM 2,6-dihydroxyacetophenone (internal standard).

In vitro reactions with purified enzyme. 50 pL reactions containing 10 uM P450-RhFRed, 5 mM glucose-6-
phosphate, 1 mM NADP*, 1 U/mL glucose-6-phosphate dehydrogenase, 100 uM substrate A, and 300 pM
substrate B in 50 mM tricine pH 8.3 were prepared. Reactions were incubated at 30 °C for ~18 h and then
quenched with 150 uL methanol containing 1 uM 2,6-dihydroxyacetophenone (internal standard). All reactions
were performed in duplicate.

LC-MS analysis. Quenched reactions were filtered through Pall AcroPrep Advance 350 pL 0.2 um GHP Short
Tip Natural PP 96-well filter plates by centrifugation (1,000 x g for 5 minutes). The samples were subjected to
liquid chromatography PDA spectrometry (UPLC) analysis performed on an Agilent 6230 time of flight mass
spectrometer with aDual AJS ESI source and an Agilent 1290 Infinity Series Il diode array detector, autosampler,
and binary pump. The reaction products were separated and analyzed on a Waters Acquity Premier HSS T3 1.8
pum C18, 2.1 x 50 mm column under the following conditions:

Negative mode; phase A = 95:5 deionized water:acetonitrile B = 95:5 acetonitrile:deionized water; method =
10% B held for 0.5min, to 40% B over 2.0 min, to 55% B over 1.75 min, to 75% B over 0.75 min, to 100% B over
0.5 min, hold at 100% B for 1 min; 0.7 mL/min flow rate. Each injection was followed by equilibration at 10% B
for 0.5 min.
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Standard curves and quantification of biocatalytic reactions

Standard curves were generated using MassHunter software to process the raw data files and extract ion
chromatograms for the target molecule. The peak integration of the target molecule was normalized by the
internal standard. The percent yield of the cross-coupled products was calculated using standard curves of
authentic cross-coupled product standards.

Supplemental Table S6. Quantification of percent yields using product standard curves.
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LC-MStraces for biocatalytic reactions

Supplemental Figure S73. Oxidative cross-coupling catalyzed by CYP158A2-RhFRed for the formation of 32.
Reactions were performed with 100 uM A and 300 uM B (Figure 4).
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Supplemental Figure S74. Oxidative cross-coupling catalyzed by CYP158A2-RhFRed for the formation of 43.
Reactions were performed with 100 yuM A and 300 uM B (Figure 4).
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Supplemental Figure S75. Oxidative cross-coupling catalyzed by CYP158A2-RhFRed for the formation of 44.
Reactions were performed with 100 yuM A and 300 uM B (Figure 4).
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Supplemental Figure S76. Oxidative cross-coupling catalyzed by AOA1J4PSC8-RhFRed for the formation of
45. Reactions were performed with 100 uM A and 300 uM B (Figure 4).
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Supplemental Figure S77. Oxidative cross-coupling catalyzed by AOA6B3DVM9-RhFRed for the formation of

46. Reactions were performed with 100 uM A and 300 uM B (Figure 4).
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Site-selectivity of biocatalytic reactions

Supplemental Figure S78. Site-selectivity of oxidative cross-coupling catalyzed by CYP158A2-RhFRed for the
formation of 32.
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Supplemental Figure S79. Site-selectivity of oxidative cross-coupling catalyzed by CYP158A2-RhFRed for the
formation of 43.
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Supplemental Figure S80. Site-selectivity of oxidative cross-coupling catalyzed by CYP158A2-RhFRed for the
formation of 44.
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Supplemental Figure S81. Site-selectivity of oxidative cross-coupling catalyzed by AOA1J4PSC8-RhFRed for
the formation of 45.
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Supplemental Figure S82. Site-selectivity of oxidative cross-coupling catalyzed by AOA1J4PSC8-RhFRed for
the formation of 46.
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VI. Preparative scale biocatalytic reactions

General protocol. A colony of P. pastoris KM71 containing KtnC was inoculated in 5-10 mL BMG medium and
grown overnight at 30 °C with shaking at 235 rpm. The starter culture was used to inoculate up to 1 liter of BMG
per 2.8-liter baffled flask and grown at 30 °C with shaking at 235 rpm until an optical density at 600 nm between
5 and 14 was obtained. Cultures were induced for expression by centrifugation and resuspension in BMM
medium (up to 600 mL per 2.8-L flask). Substrates were added (0.1-0.5 mmol from 50 mM DMSO stocks).
Cultures were grown at 30 °C with shaking at 235 rpm for 2-3 d and supplemented with methanol to a fina
concentration of 0.5% (v/v) every 24 h.

Me OMe
Me OMe O N
N wild-type KtnC HO o~ ~o 58% yield
HO o o P. pastoris HO (o] (o] 60 mg isolated
30°C,3d
4 /
Me OMe

7
Biocatalytic dimerization of 7-hydroxy-4-methoxy-5-methyl-2H-chromen-2-one (4). Cultures containing
KtnC were grown and concentrated to an optical density at 600 nm of 30. To 500 mL of KtnC cultures in BMM
media in two 2.8-L baffled flasks were added coumarin 4 (5 mL of a 50 mM stock solution in DMSO, 52.0 mg,
0.25 mmol in each flask; 104 mg, 0.5 mmol total) and the resultant mixtures were shaken at 250 rpm for 72 h
(95% conversion). Afterwards, the biocatalytic reaction mixtures were combined and centrifuged to separate the
cellular matter and the supernatant. The supernatant was extracted with a mixture of toluene and ethyl acetate
(1:4 viv; 400 mL x 3). The cellular matter was vigorously agitated with a mixture of toluene and ethyl acetate (1.4
viv; 400 mL x 3). The combined organics were concentrated and purified over silicagel chromatography (ethyl
acetate: toluene: formic acid = 5:4:1 v/v) to afford the dimeric product 7 as an off-white solid (60 mg, 58% isolated
yield). Rr = 0.5 (ethyl acetate : toluene : formic acid = 5:4:1). H NMR (400 MHz, DMSO-de) 6 6.71 (s, 2H), 5.57
(s, 2H), 4.94 (s, 6H), 2.59 (s, 6H); *H NMR (400 MHz, CD30D) & 6.75 (s, 2H),5.59 (s, 2H), 4.00 (s, 6H), 2.67 (s,
6H); HRMS (ESI) calculated for C22H190s* [M+H]*=411.1074, found=411.1077 m/z. All spectra obtained were
in agreement with literature values.

Me
Me N
AN
o0 e AL
HO (o) [o} HO P. pastoris HO 18 mg isolated
10 21 30°C, 4d

32

Biocatalytic cross-coupling of 7-hydroxy-5-methyl-2H-chromen-2-one (10) and 2-naphthol (31). Cultures
containing LxC5 were grown and concentrated to an optical density at 600 nm of 25. Substrate (0.113 mmol
coumarin 10 and 0.226 mmol naphthol 31; concentration of limiting reactant = 0.1 mM) was added froma 50
mM stock in DMSO to a total of 1.135 L BMM separated across two 2.8-L flasks. Cultures were grown at 30 °C
with shaking at 200 romfor 4 d. To isolate the reaction products, the cultures were combined in a 2-L separatory
funnel. This mixture was extracted with 1 L of asolvent mixture of 8:1:1 ethyl acetate: toluene: isopropanol. The
extraction was repeated atotal of three times. The organic extracts were combined, washed with brine (600 mL)
and concentrated in a rotary evaporator. The concentrate was purified over silicagel (gradient of 20-80% ethyl
acetate in hexanes) to afford the cross-coupling product 32 (18 mg, 50% yield) as a light brown solid.
Characterization data of this compound matches those reported forracemic 32 synthesized via chemical method
(see page S15).
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VII. Assignment of absolute configurations

ECD Methodology. The general approach for absolute configuration assignment using ECD, including the
detailed computational workflow, has been published elsewhere 4850 A subset of the details of the computational
methodologyis provided here. Conformersof each test structurewere geometry optimized atthe B3LYP/6-31G*
level and stationary points were confirmed by performing frequency calculations.559 All calculations were
performed using Gaussian 09.6° Output conformers were ranked according to DFT energy and a clustering was
performed in order to remove duplicates. Initial duplicate identification was performed solely on an electronic
energy basis where two compounds were considered identical if the difference in Hartrees was less than 0.01.
Rounding the differences led to inconsistencies in identification of duplicates. It became better to cluster the DFT
minima by energy and then re-cluster each energy bucket by structure using an all atom RMS of 0.6 A. This
process removed just identical compounds. Two Boltzmann distributions were calculated based on the free
energy (G) and the electronic energy (E).

To calculate UV and ECD spectra, B3LYP geometries were used as input. The spectra were then calculated
using either the B3LYP or CAM-B3LYP®! functionals, along with the 6-31++G** basis set2:63in vacuo. Only
conformers which contributed more than 5.0% to the total in vacuo conformer distribution were selected for UV
and ECD calculation. Time-dependent Density Functional Theory (TDDFT)% methodology was employed using
the following keywords: TD=full,singlet, Nstates=100, and integral=ultrafinegrid. Spectral display, Boltzmann
weighting, and curve fitting were carried out using SpecDis.®%66 and were displayed with a wavelength shift and
band broadening sigma values in order to best match the calculated and experimental UV spectra. This shift
and band broadening were then applied to the ECD spectra, and the area under the curve fit was determined by
SpecDis. Conformerswere visualized using CYLview Version 1.0.57

Calculations of the ECD and UV spectra (CAM-B3LYP/6-31++G**) involved modeling the (P)-enantiomer of the
compound. Hence, the (P)-enantiomer had a positive dihedral angle about the atropisomeric bond. Since the
atropisomeric bond represents the only stereochemical element in the molecule, the (M)-enantiomer is assumed
to have a spectrum that will be equal and opposite at all wavelengths.

Absolute configurations were calculated and experimentally validated for compounds (P)-7, (P)-23, (P)-S12, and
(P)-32. A synthetic standard of (P)-24 generated from transesterification of (P)-S12 matched the major
atropisomer of biocatalytic product 24, allowing for the determination of absolute configuration of (P)-24. The
absolute configuration of 25 was assigned based on analogy to (P)-7 and (P)-23.
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Supplemental Figure S83. Assignment of absolute configuration of compound 7. (a) Comparison between
compound 7 experimental (black) and calculated (red) UV (top) and ECD (bottom) spectra. The calculated (P)-
enantiomer is the better match to the experimental spectrum, with a large difference in fits (A=0.4760) suggesting
a confident assignment. The calculated spectrum has been shifted 25 nm, and a band broadening of 0.25 eV
has been applied. (b) Assigned absolute configuration of compound 7 based on ECD analysis. (c) One conformer
of the (P)-enantiomer of compound 7 that contributes >2% to the Boltzmann distribution. The percentage shown
below is based on in vacuo electronic energies.
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Supplemental Table S7. Coordinates and electronic energies for B3LYP/6-31G** conformational minima

contributing

Conform

>2% to the in vacuo Boltzmann distribution.

er 1: -1451.009545 hartrees
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Supplemental Figure S84. Assignment of absolute configuration of compound 23. (a) Comparison
between compound 23 experimental (black) and calculated (red) UV (top) and ECD (bottom) spectra.
The calculated (P)-enantiomer is the better match to the experimental spectrum, with a large difference
in fits (A=0.6515) suggesting a confident assignment. The calculated spectrum has been shifted 35 nm,
and a band broadening of 0.28 eV has been applied. (b) Assignhed absolute configuration of compound
7 based on ECD analysis. (c) Three conformers of the (P)-enantiomer of compound 23 that contribute
>2% to the Boltzmann distribution. The percentages shown below are based on in vacuo electronic
energies.
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Supplemental Table S8. Coordinates and electronic energies for B3LYP/6-31G** conformationa

minima contributing >2% to the in vacuo Boltzmann distribution.

Conformer 1:
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Supplemental Figure S85. Assignment of absolute configuration of compound S12. (a) Comparison
between compound S12 experimental (black) and calculated (red) UV (top) and ECD (bottom) spectra.
The calculated (P)-enantiomer is the better match to the experimental spectrum, with alarge difference
in fits (A=0.8851) suggesting a confident assignment. The calculated spectrum has been shifted 26 nm,
and a band broadening of 0.27 eV has been applied. (b) Assigned absolute configuration of compound
S12 based on ECD analysis. (c) One conformer of the (P)-enantiomer of compound S12 that
contributes >2% to the Boltzmann distribution. Note the percentage shown above based is on in vacuo
electronic energies.
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Supplemental Table S9. Coordinates and electronic energies for B3LYP/6-31G** conformational

minima contributing >2% to the in vacuo Boltzmann distribution.
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Supplemental Figure S86. Assignment of absolute configurations of compound 32. Experimental Circular
dichroism (CD) spectrawere collected on aJ-1500 Circular Dichroism Spectrophotometer (Jasco) coupled with
an Agilent HPLC. A chiral column (CHIRALPAK IC-3) was used to separate the enantiomers of compound 32
and experimental CD was obtained for the first peak (rt = 3.1 min) and this was compared against calculated
CD. (a) Comparison between compound 32 (racemic, peak 1) experimental (black) and calculated (red) UV (top)
and ECD (bottom) spectra. The calculated (M)-enantiomer is the better match to the experimental spectrum, with
a large difference infit (A=0.6360) suggesting aconfident assignment. The calculated spectrumhas been shifted
14 nm, and a band broadening of 0.30 eV has been applied. (b) One conformer of the (M)-enantiomer of
compound 32 that contribute >2% to the Boltzmann distribution. The percentage shown below is based on in
vacuo electronic energies. (c) Assigned absolute configurations of compound 32 based on ECD analysis. The
first peak (rt = 3.1 min) for compound 32 in chiral HPLC (CHIRALPAK IC-3) is the M-isomer. The second peak
(rt= 3.4 min) is the major atropisomer obtained using LxC7 and is therefore the P-isomer.
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Supplemental Table S10. Coordinates and electronic energies for B3LYP/6-31G** conformational minima

contributing >2% to the in vacuo Boltzmann distribution.

Conformer 1: -1071.422377 hartrees
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VIII.TH NMR and 13C NMR spectra of compounds

Supplemental Figure S87. Crude H NMR (600 MHz, acetone-ds) from oxidative cross-coupling of 10

and 31 (Supplemental Table S1, Entry 2a).
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Supplemental Figure S88. Crude *H NMR (600 MHz, CDClIs) from oxidative cross-coupling of 39 and

31 (Supplemental Table S1, Entry 3b).
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Supplemental Figure S89. Crude *H NMR (600 MHz, CDCls) from oxidative cross-coupling of 39 and
31 (Supplemental Table S1, Entry 3c).
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Supplemental Figure S90. Crude 'H NMR (600 MHz, acetone-ds) from preparative-scale oxidative
cross-coupling of 4 and 18 (1:10 ratio).
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S1:H NMR (400 MHz, DMSO-ds)
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4:'H NMR (400 MHz, DMSO-ds)

21

3.35h20

20

253
"\-2.50 dmso

Js.
hy

—10.46
6.58
6.57
6.54
6.53
5.59
3.92

19

Me OMe L1g

16
HO (0] o 15
14
13
F12
F11

r10

3.00— [
=

0.92-
3.00— ==
T
KN

1.03
0.98
1.00—=

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 1
12.0 11.5 11.0 105 10.0 95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15 10 05 00 -05
f1:AAHppm)

S158



9: 1H NMR (600 MHz, DMSO-ds)
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10: H NMR (400 MHz, DMSO-ds)
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S2: 1H NMR (600 MHz, DMSO-ds)
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13: H NMR (600 MHz, DMSO-ds)
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S3:'H NMR (400 MHz, CD30D)
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14: H NMR (600 MHz, DMSO-ds)
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S4:1H NMR (400 MHz, acetone-ds)
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S5:1H NMR (600 MHz, acetone-ds)
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15: H NMR (600 MHz, DMSO-ds)
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16: H NMR (600 MHz, CDsOD)
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16: 13C NMR (150 MHz, CD30OD)

POEgPI €°61

POERS-0-61
pogpd H.mwx
pogpd v'6%

§08—

§¢0T—
§'.0T—

8 LTT—

6'LET—

6'LST~
Z09T—
51917
99977

70 60 50 40 30 20 10 O -10

80

f1:(3C{ppm)

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90

S168



F230
220
r210
200

r190
180
r170
r160
150
r140
r130
r120
r110
r100
90

r80

r70

60

r50
40
30
r20
r10

r-10
20

S6:'H NMR (400 MHz, acetone-ds)

4"
€T'T
vT'T
vi'T
91T
91T
3U018Je G0'¢
m#m/
Sv'e
LV'er
m?m\

91’9
LT'9
LT°9
8T'9
6T°9
619
0¢'9

108
108

Et

OH

HO

=00'¢

®10¢

860
%HQH

991

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1:(AH{ppm)

9.0

S169



S7:H NMR (600 MHz, DMSO-ds)
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17: H NMR (600 MHz, DMSO-ds)
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18: H NMR (600 MHz, DMSO-ds)
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18: 13C NMR (150 MHz, DMSO-ds)
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19: 'H NMR (600 MHz, acetone-de)
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20: *H NMR (600 MHz, acetone-de)
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21: H NMR (600 MHz, acetone-ds)
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S8:'H NMR (600 MHz, CDCls)
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S10: 'H NMR (400 MHz, CDCls)

@
3 1600
V(”)NHOOOCDO)CDIXJN&OLO??MNNHHO&ZHOLD??W N © [N}
ST TIEITTONONMOMMOMOMOMOMMMOMONANOMNSMNSMNSMNM — n 0
P N A N A N N N A N e R R R < o PPN 1500
ikttt A i Ay 17 N
1400
Me  ome
1300
N\ OMe
1200
BnO o o
1100
1000
900
1800
700
1600
500
400
300
1200
ﬂ‘ 100
U e Aenn Lo
] f NN ¥
5.32 0.93 1.02 1.95 291301 3.00 L-100
T T T T T T T T T T T T T T T T T T T T T T T T
11.5 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1:(H{ppm)
$10: 13C NMR (100 MHz, CDCls)
mmm [o<
el L
T T T
MO OO N®ONL M © O O +32
SHTN OF BB~ 16 < NS O o~
OO MHOMNHOMONNN o < ~N~NOOoOMm o [e0) r
R B B B B B e B B B B | [} M~~~ [Te} -
NS TSN N I 30
F28
F26
F24
F22
F20
18
r16
F14
F12
r10
8
I r6
\‘ L4
1 | ! o | | F2
A L f
Il L. "
F-2
T T T T T T T T T T T T T T T T T T T T T T T T \7-4
230 220 210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 0 -10

f1:(13C{ppm)

S179



27:1H NMR (600 MHz, CDsOD)
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7:1H NMR (400 MHz, DMSO-ds)
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S11: *H NMR (400 MHz, DMSO-ds)
Me OMe

“'D S -~ © > 10 > > > 1B &I
25
HO 0~ Yo 24
HO Me
22
‘ OMe F21

| 20
(o) r19

6.70
6.70
6.68
5.63
5,57
—3.93
—3.34 h2o
_2.58
™-2.50 dmso
223
5

{

}( M I

0
S I
- o
) ™) ™ N

o o

0.35
297

1.30=

1.00=

70
q 227=

T T T T T T T T T T T T T T T T T T T T T T T 1
12.0 11.5 11.0 10.510.0 9.5 9.0 85 80 75 7.0 6.5 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
f1:AHppm)

S182



23:'H NMR (400 MHz, acetone-ds)
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S12: 'H NMR (600 MHz, CDsOD)
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S13: 'H NMR (400 MHz, CDsOD)
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24:1H NMR (400 MHz, CDs0OD)
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S14:1H NMR (400 MHz, Methanol-da4)
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S15: 'H NMR (600 MHz, CDCI3)
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S17:1H NMR (800 MHz, acetone-ds)
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S19: IH NMR (600 MHz, (CDCls)
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S21: 'H NMR (600 MHz, (CDCls)
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1H NMR (600 MHz, (CDCls)
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S22:1H NMR (600 MHz, CDCI3)
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S23:H NMR (600 MHz, CDCI3)
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34:H NMR (600 MHz, acetone-ds)
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S25:H NMR (600 MHz, CDCls)
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1H NMR (600 MHz, DMSO-ds)
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S206

S32: H NMR (600 MHz, CDsOD)
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S32: 13C NMR (150 MHz, acetone-ds)
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