Electronic Supplementary Material (ESI) for Catalysis Science & Technology.
This journal is © The Royal Society of Chemistry 2017

Supplementary Information

Enzyme and photoredox sequential catalysis for the synthesis of

1,3-oxazine derivatives in one pot

Guo-Yan Zhang, Yang Xiang, Zhi Guan*, Yan-Hong He*
Key Laboratory of Applied Chemistry of Chongqing Municipality, School of Chemistry and Chemical Engineering,
Southwest University, Chongqing 400715, PR China

E-mails: guanzhi@swu.edu.cn (Z. Guan); heyh@swu.edu.cn (Y.-H. He)

Table of contents

1. Materials and analytical MEthOdS.coueieesseeessanesssanecssanesssanessaressserssssesssssssssnsssssnsssssnnes 2
2. General MEthOdS..ecueicseeiseicseensseissnnissennsensseissiisssissseesssisssnssssssssesssssssssssssssssssssssssssns 2
3. Extra information for optimization of the reaction conditions.....ccceeeveueeneinnnn. 3-4
4. Characterization data of the productS....ceeereeeeeieereinieriersinresnessserosnsssnnses 4-12
5. 'THNMR and BC NMR spectra of the productS...ceeeeeeeeeeeeeeeeeeceeecacnsennn 13-28
6. HRMS spectra of new COmpOUNdS..ceeeeeeeeereeeeseresaressssssssscnssssssssnscsnnss 29-33

R 2SS 3 1S 1 1o 34


mailto:guanzhi@swu.edu.cn
mailto:heyh@swu.edu.cn

1. Materials

Lipase B candida antarctica immobilized on Immobead 150, recombinant from yeast (CALB)
was purchased from Sigma-Aldrich [52583-50 G, Lot#BCBDI1758, 3766 U/g solid. 1 U
corresponds to the amount of enzyme which liberates 1 umol butyric acid per minute at pH 7.5
and 40 °C (tributyrin as substrate)]. Ethyl N-aryl glycinates 1 were prepared according to the
literature.['l Unless otherwise noted, all reagents were purchased from commercial suppliers and

used without further purification.

2. General methods

Reactions were monitored by thin-layer chromatography (TLC) with Haiyang GF254 silica gel
plates (Qingdao Haiyang chemical industry Co Ltd. Qingdao, China) using UV light and vanillic
aldehyde as visualizing agents. Flash column chromatography was performed using 200-300 mesh
silica gel at increased pressure. 'H NMR and 13C NMR spectra were recorded on Bruker-AM 600
(600 MHz) (Bruker BioSpin AG Ltd., Beijing, China). Chemical shifts were reported in ppm from
TMS with the solvent resonance as the internal standard. Data were reported as follows: chemical
shifts (8) in ppm, coupling constants (J) in Hz, and solvent (CDCl;). High-resolution mass spectra

were obtained by using ESI ionization sources (Varian QFT-ESI).



3. Extra information for optimization of the reaction conditions

Table S1 Screening of the enzyme loading 2

Ho9 12 W fluorescent bulb N
/@/ N\)J\OEt + OH Ru(bpy)sCly l
CALB, MeCN, rt, 48 h OO
1a 2a 3aa
Entry CALB (U) Yield (%)"
1 113 58
2 151 61
3 188 62
4 226 63
5 264 57
6 301 56

aReaction conditions: 1a (0.6 mmol), 2a (0.2 mmol), MeCN (1 mL, containing 1.6% water), Ru(bpy);Cl, (1 mol%)
and CALB under irradiation of 12 W fluorescent bulb at rt for 48 h.

®Determined by HPLC.

Table S2 Screening of the fluorescent bulb @

Ho § fluorescent bulb N
/@/ N \)J\OEt N OH Ru(bpy)sCl, l
CALB, MeCN, tt, 48 h OO
1a 2a 3aa
Entry fluorescent bulb (W) Yield (%)°®
1 5 53
2 12 62
3 23 60
4 32 62

aReaction conditions: 1a (0.6 mmol), 2a (0.2 mmol), MeCN (1 mL, containing 1.6% water), Ru(bpy);Cl, (1 mol%)



and CALB (188 U) under irradiation of fluorescent bulb at rt for 48 h.

b Determined by HPLC.

Table S3 Influence of water addition on the model reaction @

Ho§ 12 W fluorescent bulb N
/O/N\)J\OEt + OH Ru(bpy)sCl> . 1
CALB, MeCN, rt, 48 h OO
1a 2a 3aa
Entry MeCN (mL)¢ Water addition (mL) Yield (%) ®
1 1.00 0 62
2 0.975 0.025 60
3 0.950 0.050 59
4 0.925 0.075 59
5 0.900 0.100 42
6 0.850 0.150 28
7 0.800 0.200 28

2 Reaction conditions: 1a (0.6 mmol), 2a (0.2 mmol), solvent (1 mL), Ru(bpy);Cl, (1 mol%) and CALB (188 U)
under irradiation of 12 W fluorescent bulb at rt for 48 h.
®Determined by HPLC.

¢ MeCN (containing 1.6% water).

4. Characterization data of the products
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2-(p-tolyl)-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3aa)?!: Yellowish liquid; '"H NMR (600
MHz, CDCls):  7.82 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 8.9 Hz, 1H), 7.55 (t,
J=7.6 Hz, 1H), 742 (t, J = 7.5 Hz, 1H), 7.11 (s, 4H), 7.09 (d, J = 8.9 Hz, 1H), 5.4 (s, 2H), 4.97
(s, 2H), 2.30 (s, 3H); 3C NMR (151 MHz, CDCl): & 152.4, 146.5, 131.3, 131.3, 129.8, 129.1,

128.7,128.2,126.7, 123.6, 121.0, 118.9, 118.8, 112.6, 80.1, 48.3, 20.6.

T

3-(p-tolyl)-3,4-dihydro-2H-naphtho[2,1-¢][1,3]oxazine (4a)B3: Yellowish liquid; '"H NMR (600
MHz, CDCls): & 8.16 (d, J = 7.5 Hz, 1H), 7.74 - 7.79 (m, 1H), 7.43 - 7.50 (m, 2H), 7.40 (d, J = 8.4
Hz, 1H), 7.13 (d, J = 8.4 Hz, 1H), 7.03 - 7.12 (m, 4H), 5.53 (s, 2H), 4.73 (s, 2H), 2.28 (s, 3H); 13C
NMR (151 MHz, CDCly): 6 149.7, 146.4, 133.3, 131.2, 129.8, 127.5, 126.0, 125.4, 125.1, 124.5,

121.3,120.2, 118.9, 114.6, 80.4, 50.9, 20.5.

N

Oy

2-phenyl-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3ba)l?: Yellowish liquid; '"H NMR (600
MHz, CDCls): § 7.82 (d, J = 8.1 Hz, 1H), 7.74 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 8.9 Hz, 1H), 7.52 -
7.58 (m, 1H), 7.39 - 7.45 (m, 1H), 7.26 - 7.36 (m, 2H), 7.20 (d, J = 7.8 Hz, 2H), 7.09 (d, J = 8.9

Hz, 1H), 6.98 (t, ] = 7.3 Hz, 1H), 5.47 (s, 2H), 5.00 (s, 2H); '3C NMR (151 MHz, CDCLy): § 152.4,



148.8, 131.3, 129.3, 129.1, 128.7, 128.3, 126.7, 123.7, 121.6, 120.9, 118.8, 118.6, 112.5, 79.6,

48.2.

N

!
Br OO
8-bromo-2-phenyl-2,3-dihydro-1H-naphtho[1,2-e][1,3]oxazine (3bb): Yellowish liquid; 'H
NMR (600 MHz, CDCl3): & 7.94 (s, 1H), 7.44 - 7.69 (m, 3H), 7.31 (t, J = 7.9 Hz, 2H), 7.18 (d,J =
8.0 Hz, 2H), 7.09 (d, J = 9.0 Hz, 1H), 6.99 (t, J = 7.3 Hz, 1H), 5.45 (s, 2H), 4.95 (s, 2H); 3C NMR
(151 MHz, CDCl;): & 152.65, 148.59, 130.65, 130.26, 129.87, 129.78, 129.35, 127.40, 122.64,
121.81, 119.98, 118.59, 117.30, 112.80, 79.64, 48.05. HRMS (ESI) m/z 340.0338 (M + H"), Cal.

C13H15BI'NO, 340.0332.

N

Br OO ?3

9-bromo-2-phenyl-2,3-dihydro-1H-naphtho[1,2-e][1,3]oxazine (3bc): White solid; m.p. 110.0-
111.8°C; '"H NMR (600 MHz, CDCl;): 8 7.86 (s, 1H), 7.63 (dd, ] = 17.0, 8.8 Hz, 2H), 7.47 (dd, J
=8.6, 1.4 Hz, 1H), 7.31 (t, ] = 7.9 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 8.9 Hz, 1H), 6.99
(t, J=17.3 Hz, 1H), 5.45 (s, 2H), 4.91 (s, 2H); '3C NMR (151 MHz, CDCly): 8 153.2, 148.5, 132.6,
130.3, 129.4, 128.2, 127.5, 127.0, 123.4, 121.8, 121.3, 119.3, 118.6, 111.9, 79.6, 48.1. HRMS

(ESI) m/z 340.0336 (M + H*), Cal. C;5H,;sBrNO, 340.0332.
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N

J!
Br OO
8-bromo-2-(p-tolyl)-2,3-dihydro-1H-naphtho[1,2-¢e|[1,3]oxazine (3ab): White solid; m.p.
141.4-143.3°C; '"H NMR (600 MHz, CDCl5): § 7.94 (s, 1H), 7.58 (dd, J = 16.3, 10.3 Hz, 3H), 7.08
(dd, J =15.2, 8.1 Hz, 5H), 5.42 (s, 2H), 4.91 (s, 2H), 2.29 (s, 3H); 3C NMR (151 MHz, CDCl;): §
152.6, 146.3, 131.5, 130.6, 130.2, 129.9, 129.8, 127.3, 122.7, 112.0, 119.0, 117.2, 112.8, 80.1,

48.2,20.5. HRMS (ESI) m/z 354.0492 (M + H*), Cal. C1H,7BrNO, 354.0488.

N

Br OO E

9-bromo-2-(p-tolyl)-2,3-dihydro-1H-naphtho[1,2-e][1,3]oxazine (3ac): White solid; m.p.
128.4-129.4°C; '"H NMR (600 MHz, CDCl3): 8 7.85 (s, 1H), 7.63 (dd, J = 18.7, 8.8 Hz, 2H), 7.47
(dd, J = 8.6, 1.6 Hz, 1H), 7.06 - 7.11 (m, 5H), 5.42 (s, 2H), 4.88 (s, 2H), 2.30 (s, 3H); '*C NMR
(151 MHz, CDCl;): & 153.2, 146.2, 132.6, 131.5, 130.3, 129.9, 128.2, 127.4, 127.0, 123.4, 121.2,
119.3, 118.9, 111.9, 80.1, 48.3, 20.5. HRMS (ESI) m/z 354.0492 (M + H"), Cal. CyH;7;BrNO,

354.0488.



OCH;

N

ves

2-(4-methoxyphenyl)-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3da)?l: Yellowish liquid;
'H NMR (600 MHz, CDCl3): § 7.82 (d, J = 8.1 Hz, 1H), 7.70 (dd, J = 12.6, 8.8 Hz, 2H), 7.54 (dd,
J=112,4.1 Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 9.0 Hz, 2H), 7.09 (d, J = 8.9 Hz, 1H),
6.84 (d, J = 9.0 Hz, 2H), 5.39 (s, 2H), 4.92 (s, 2H), 3.77 (s, 3H); '3C NMR (151 MHz, CDCly): 3
155.2, 152.4, 142.8, 131.3, 129.1, 128.7, 128.2, 126.7, 123.6, 121.1, 120.9, 118.8, 114.6, 112.6,

80.9, 55.5, 48.8.
OCH,

N

)
Br OO
8-bromo-2-(4-methoxyphenyl)-2,3-dihydro-1H-naphtho[1,2-¢|[1,3]oxazine (3db): White solid;
m.p. 160.2-161.0°C; '"H NMR (600 MHz, CDCl;): 8 7.94 (s, 1H), 7.46 - 7.68 (m, 3H), 7.12 (d, J =
8.2 Hz, 2H), 7.08 (d, J = 8.9 Hz, 1H), 6.84 (d, J = 8.1 Hz, 2H), 5.37 (s, 2H), 4.86 (s, 2H), 3.76 (s,
3H); BC NMR (151 MHz, CDCl;): 8 155.3, 152.6, 142.6, 130.6, 130.3, 129.8, 127.3, 123.0, 121.1,
120.0, 117.2, 114.6, 112.8, 80.9, 55.5, 48.7. HRMS (ESI) m/z 370.0442 (M + H"), Cal.

C19H17BI'N02, 370.0437.



OCH;

N

Br OO jO

9-bromo-2-(4-methoxyphenyl)-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3dc): White solid;
m.p. 114.6-115.7 °C; '"H NMR (600 MHz, CDCl3): 8 7.83 (s, 1H), 7.63 (dd, J = 15.5, 8.8 Hz, 2H),
7.46 (dd, J = 8.6, 1.5 Hz, 1H), 7.12 (d, J = 8.9 Hz, 2H), 7.07 (d, J = 8.9 Hz, 1H), 6.84 (d, J = 8.9
Hz, 2H), 5.37 (s, 2H), 4.83 (s, 2H), 3.76 (s, 3H); *C NMR (151 MHz, CDCls): § 155.3, 153.1,
142.5, 132.6, 130.3, 128.1, 127.4, 126.9, 123.5, 121.1, 119.3, 114.6, 111.8, 80.8, 55.5, 48.7.

HRMS (ESI) m/z 370.0442 (M + H*), Cal. C;oH;7BrNO,, 370.0437.
cl

N

Br OO ?)

9-bromo-2-(4-chlorophenyl)-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3ec): White solid;
m.p. 129.3-129.8 °C; 'H NMR (600 MHz, CDCl3): 4 7.84 (s, 1H), 7.65 (dd, J = 15.0, 8.7 Hz, 2H),
7.48 (d,J = 8.6 Hz, 1H), 7.24 (d,J = 7.1 Hz, 2H), 7.10 (d, J = 7.1 Hz, 2H), 7.07 (d, J = 8.2 Hz, 1H),
5.41 (s, 2H), 4.88 (s, 2H); '3C NMR (151 MHz, CDCls): & 153.0, 147.2, 132.5, 130.3, 129.3,
128.4, 127.5, 127.1, 126.9, 123.4, 121.4, 119.9, 119.2, 111.5, 79.5, 48.3. HRMS (ESI) m/z

373.9945 (M + H"), Cal. C3H4BrCINO, 373.9942.



OCH,CH,

N
C
2-(4-ethoxyphenyl)-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3fa)i?l: Yellowish liquid; 'H
NMR (600 MHz, CDCls): 8 7.75 (d, J = 8.1 Hz, 1H), 7.63 (dd, J = 12.7, 8.7 Hz, 2H), 7.47 (t, ] =
7.6 Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.07 (d, J = 9.0 Hz, 2H), 7.03 (d, J = 8.9 Hz, 1H), 6.77 (d, J
— 9.0 Hz, 2H), 5.32 (s, 2H), 4.85 (s, 2H), 3.92 (q, J = 7.0 Hz, 2H), 1.34 (t, ] = 7.0 Hz, 3H); 13C
NMR (151 MHz, CDCly): 6 154.5, 152.4, 142.6, 131.3, 129.1, 128.7, 128.2, 126.6, 123.6, 121.1,

120.9, 118.8, 115.3, 112.6, 80.8, 63.8, 48.8, 14.9.
OCH,CHj

N

)

Br OO

8-bromo-2-(4-ethoxyphenyl)-2,3-dihydro-1H-naphtho[1,2-¢|[1,3]oxazine (3fb): White solid;
m.p. 108.8-110.4 °C; '"H NMR (600 MHz, CDCl;): 8 7.94 (s, 1H), 7.51 - 7.61 (m, 3H), 7.09 (t,J =
9.6 Hz, 3H), 6.82 (d, J = 8.8 Hz, 2H), 5.36 (s, 2H), 4.86 (s, 2H), 3.98 (q, J = 6.9 Hz, 2H), 1.39 (t, J
= 7.0 Hz, 3H); 3C NMR (151 MHz, CDCl;): 8 154.6, 152.6, 142.4, 130.6, 130.3, 129.8, 127.3,
122.7,121.1, 120.0, 117.2, 115.3, 112.8, 80.9, 77.2, 77.0, 76.8, 63.8, 48.7, 14.9. HRMS (ESI) m/z
384.0598 (M + HY), Cal. C,0H;9BrNO,, 384.0594.
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N
C
2-(o-tolyl)-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3ca)?l: Yellowish liquid; 'H NMR (600
MHz, CDCls):  7.84 (d, J = 8.0 Hz, 1H), 7.73 (d, J = 8.9 Hz, 1H), 7.67 (d, J = 8.3 Hz, 1H), 7.53 (t,
J=7.4Hz, 1H), 7.42 (t, ] = 7.4 Hz, 1H), 7.28 (t, ] = 8.6 Hz, 2H), 7.16 (d, J = 8.9 Hz, 1H), 7.05 -
7.10 (m, 2H), 5.30 (s, 2H), 4.82 (s, 2H), 2.52 (s, 3H); 13C NMR (151 MHz, CDCLy): 5 152.4, 148.7,
132.5, 131.3, 131.2, 129.1, 128.7, 128.2, 126.8, 126.6, 124.4, 123.6, 122.0, 121.0, 118.9, 112.8,

80.9,48.9, 18.4.

N

!
Br OO
8-bromo-2-(o-tolyl)-2,3-dihydro-1H-naphtho[1,2-¢e|[1,3]oxazine (3cb): White solid; m.p.
137.0-138.1 °C; '"H NMR (600 MHz, CDCl;): 8 7.97 (s, 1H), 7.54 - 7.65 (m, 2H), 7.51 (d, J = 8.7
Hz, 1H), 7.27 (s, 2H), 7.13 - 7.19 (m, 1H), 7.05 - 7.13 (m, 2H), 5.30 (s, 2H), 4.77 (s, 2H), 2.52 (s,
3H); BC NMR (151 MHz, CDCl;): 8 152.7, 148.5, 132.6, 131.3, 130.7, 130.3, 129.8, 127.3, 126.8,
124.6, 122.7, 121.9, 120.1, 117.2, 113.0, 81.0, 48.7, 18.4. HRMS (ESI) m/z 354.0493 (M + H"),

Cal. C19H1 7BI'NO, 354.0488.
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N

Br OO 1)

9-bromo-2-(o-tolyl)-2,3-dihydro-1H-naphtho[1,2-¢][1,3]oxazine (3cc): White solid; m.p. 96.1-
97.7 °C; 'TH NMR (600 MHz, CDCl3): & 7.72 (s, 1H), 7.59 (dd, J = 8.8, 2.8 Hz, 2H), 7.40 (dd, J =
8.6, 1.4 Hz, 1H), 7.19 (dd, J = 4.9, 3.1 Hz, 2H), 7.07 (d, J = 8.9 Hz, 1H), 6.97 - 7.04 (m, 2H), 5.22
(s, 2H), 4.66 (s, 2H), 2.44 (s, 3H); 3C NMR (151 MHz, CDCI3): § 153.2, 148.5, 132.6, 132.5,
131.2, 130.3, 128.1, 127.5, 126.9, 126.8, 124.6, 123.5, 121.9, 121.2, 119.4, 112.0, 81.0, 48.6, 18.4.

HRMS (ESI) m/z 354.0490 (M + H*), Cal. C;oH,7BrNO, 354.0488.

12
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'H NMR Spectrum (CDCI;) of 4a
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'H NMR Spectrum (CDCls) of 3ba
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'H NMR Spectrum (CDCl3) of 3bb
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'H NMR Spectrum (CDCls) of 3be
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'H NMR Spectrum (CDCI3) of 3ab
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'H NMR Spectrum (CDCls) of 3ac
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'H NMR Spectrum (CDCl3) of 3da

Aysuayy|

(=] (=] (=] (=] (=] o o (=] o o (=] (=] o
(=] (=] o (=] (=] (=] o (=] (=] o (=] (=] o (=] (=] (=] o
(=] (=] (=] o (=] o (=3 (=] o o (=] (=] o (=] (=] o

§ © @ © * o © ® © % 6 O © o o o 1]
b BRI PR L L BV IS L L i T D Al L TR )

i

%) £ Q

T
VOLLE— = rooe
v6LE'T— —————— F®WT
LI8E'S— \iL E80'Z
9z£89
9189
L0802
SS60°L
9gelL
90512
186€ 11 r yoL
LOb 24 160
mmﬁ..jp. -90Z
81251 ~ /660
mmmm..‘w = Ly
alsgL = F00Z
bE5s L feoty
989
98691
L00L'L
Ll
560841
0ez8'L

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

8.5

9.0

3C NMR Spectrum (CDCl3) of 3da

14500
4000
3500
3000

2500

Aysuay|

2000
1600

1000

500

3

OCH

LS8L°8F —

80£5'65—

96v8'08—

1885°Z11
LPVIPhL
S0z8'8LL w
mvmm.omv%
9oL LZb |
LPESETL
LLSO'IZ b
SEZTBIL-F
EEN%
rS60'6ZL ]
850E°LEL
LLOLTYL—

L09€°2SL—
I AT A

=
Saly

160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10
f1 (ppm)

170

20



'H NMR Spectrum (CDCls) of 3db
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'H NMR Spectrum (CDCls) of 3dc
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'H NMR Spectrum (CDCI3) of 3ec
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'H NMR Spectrum (CDCls) of 3fa
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'H NMR Spectrum (CDCls) of 3fb
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'"H NMR Spectrum (CDCI3) of 3¢b
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'H NMR Spectrum (CDCI3) of 3ce

34000
32000

30000

28000
-26000
24000

22000

20000

Aysuay|

18000

o

1600

+14000

12000

10000

8000

+6000

+4000
2000
o

-2000

EBEV T —

£959°7—

Z6LZTE—
0285'9
6£66'
0200°2
6220°L
vESO'L
Sv90'L
£6.0' L
68l L
L1611
mvm—..‘.w»
zi6l'L
68E'L
8L6E L
8E0Y L
Z90v L
8185 L
9985 .
L1965 L
6009'L]
VLLLL

“CO

sl

e

F00E

=002

=002

16}
-86'0
“og')
51670
Moz

-0.5

85 80 76 70 6656 60 55 50 45 40 35 30 25 20 16 1.0 05 00

9.0

1 (ppm)

BC NMR Spectrum (CDCI3) of 3ce

Foou
600

550

600

450

400
350

Aysuay|

o
o
2

260

1200

-150

100

50
0

50

09Z¥'8lL—

6eP9'8P—

08y6'08—

POREELL.
8LSL'LZL
€648 124!
BOOV'EZL—
zeLSPEL-
099.°9Z1|
9098'921
omo;m:_
L8SZT0EL
LOLT LEL

Lasy'abl—
LLPL'ESL—

“CC

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

160

28



6. HRMS spectra of new compounds.
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3bc
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3ce
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3bb
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3ec

Varian QFT-ESI
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