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1. General information:

All manipulations were carried out by standard schlenk techniques. Unless otherwise
stated, analytical grade solvents and commercially available reagents were used to conduct the
reactions. LED irradiation was accomplished using the photochemical reactors (Figure S1).
Thin layer chromatography (TLC) employed glass 0.25 mm silica gel plates. Flash
chromatography columns were packed with 200-300 mesh silica gel in dichloromethane (bp.
39.8 €). Gradient flash chromatography was conducted and eluted with a continuous gradient
from dichloromethane to the methanol. All the new compounds were characterized by *H NMR,
13C NMR, 3P NMR and HRMS. The known compounds were characterized by *H NMR, 13C
NMR and 3P NMR. The *H NMR, 3C NMR and 3P NMR spectra were recorded on a Bruker
400 MHz NMR spectrometer. The chemical shifts (3) were given in part per million relative to
internal tetramethyl silane (TMS, 0 ppm for *H NMR), CDCl; (77.30 ppm for 13C NMR). High
resolution mass spectra (HRMS) were measured with a Waters Micromass GCT instrument and
accurate masses were reported for the molecular ion + Hydrogen (M+H). Hydrogen gas content
was analyzed by gas chromatography (7890-11, Tianmei, China, TCD, nitrogen as a carrier gas

and 5 A molecular sieve column, a thermal conductivity detector).

Figure S1 The photochemical reactor (containing 24 small blue LEDs).

2. Experiment procedure

A solution of p-xylene 1a (0.4 mmol, 2 equiv., 42.5 mg), triethyl phosphite 2a (0.2 mmol,
33.3 mg), ammonium acetate (0.1 mmol, 0.5 equiv., 7.7 mg), photocatalyst (0.014 mmol, 7
mol%, 5.8 mg) and Co"'(dmgH)(dmgH2)Cl, (0.016 mmol, 8 mol%, 5.9 mg) or oxidants (O,
95.3 mg NaxS;0s or 90.8 mg DDQ) in degassed dry CHsCN (3.0 mL) were stirred under

nitrogen atmosphere and irradiated by 3 W blue LEDs at 25 °C for 24 h. After completion of
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the reaction, H, was detected by GC-TCD. Then the reaction system was quenched by water.
The aqueous solution was extracted with ethyl acetate (3 <10 mL) and the combined extracts
were dried with anhydrous Na;SO4. The conversion of reactants and the yield of product could
be determined by GC with naphthalene as the internal standard (Table S1 and S2). The solvent
was removed under reduced pressure by rotary evaporation. Then, the pure product 3a was
obtained by flash column chromatography on silica gel (eluent: dichloromethane/methanol=

100:1).

Table S1 The investigation of the reaction conditions.

7 mol% Acr*-Mes ClO, o
8 mol% Co(dmgH)(dmgH,)Cl, 0%
+  P(OEYs Ot
0.5 eq. CH3COONH,
CHCN, blue LEDs, Ny

1a, 0.4 mmol 2a, 0.2 mmol 3a, 92%

Entry Photocatalyst Co catalyst 1a coversion (%) 2a coversion (%) 3a (%)
1 Ru(bpy)3(PFg)  Co(dmgH)(dmgH,)Cl, 0 0 n.d.
2 Eosin Y Co(dmgH)(dmgH,)Cl, 0 0 n.d.
3 Acr*-Mes ClO,~ Co(dmgH)(dmgH,)Cl, 50 95 92
4 Acr*-Mes CIO,” 0O, instead 31 58 14
5 Acr*-Mes CIO, Na,yS,0g instead 19 43 15
6 Acr*-Mes CIO, DDQ instead 8 27 10

Table S2 The phosphonylation of C(sp?)-H bonds under photo/oxidant system.

7 mol% Acr*-Mes ClO4
Oxidant
+  P(OEt) 3a + 15 + 16 + 17
0.5 eq. CH3COONH,
CH3CN, blue LEDs, N,

1a, 0.4 mmol 2a, 0.2 mmol

Entry Oxidant 3a Yield (%) 15 Yield (%) 16 Yield (%) 17 Yield (%)

1 0O, 14 16 trace 33
2 Na,S,0g 15 10 5 15
3 DDQ 10 trace trace 12

‘.3 o 0

Il

EtO—P-OEt EtO-P-OEt
H OEt
15 16 17

A solution of anhydrous CoCl, (5 mmol, 0.65 g), dimethylglyoxime (15 mmol, 1.74 g) in
acetone 30 mL were stirred under oxygen atmosphere at 40 °C for 12 h. After completion of the
reaction, The suspension was filtered and the precipitate washed with water (10 mL), ethanol
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(10 mL), and diethyl ether (10 mL) to give Co(dmgH)( dmgH)CI; (Figure S2).

_H
o
Me\}\ - |
o N
CoCl, + HO/N\YLN,OH - -z /N-Co—N/O

Acetone , 40 °C H/O ,N‘\ *~Me
Figure S2 Preparation method of Co(dmgH)( dmgH2)Cl..t

. Procedure for gram-scale reaction

A solution of 2-methoxynaphthalene 1i (9 mmol, 2 equiv., 1.42 g), triethyl phosphite 2a
(45 mmol, 0.748 g), Acr*-Mes CIlOs (0.315 mmol, 7 mol%, 130.5 mg),
Co'"'(dmgH)(dmgH2)Cl, (0.36 mmol, 8 mol%, 132.8 mg) and ammonium acetate (2.25 mmol,
0.5 equiv., 173.3 mg) in degased CH3sCN (30.0 mL) were stirred under a nitrogen atmosphere
and irradiated by 3 W blue LEDs at 25 °C for 36 h. The aqueous solution was extracted with
ethyl acetate (3 <30 mL) and the combined extracts were dried with anhydrous Na;SOa. The
solvent was removed under reduced pressure by rotary evaporation. Then, the pure product was
obtained by flash column chromatography on silica gel (eluent: dichloromethane/methanol=
100:1) in 83% yield (Figure S3).

7 mol% Acr*-Mes ClO,

o)
Q 8 mol% Co(dmgH)(dmgH,)Cl, ‘ED,OEt
Q +  P(OEt) ot
0.5 eq. CHsCOONH,, CHsCN
OMe blue LEDs, N,, 36 h OMe

1i, 9 mmol 2a, 4.5 mmol 3i, 1.10 g, 83% yield

Figure S3 Gram scale reaction of the oxidative phosphonylation of 2-methoxynaphthalene.

4. Mechanistic studies

4.1 Procedure for the radical inhibition experiments

A solution of p-xylene 1a (0.4 mmol, 2 equiv., 42.5 mg), triethyl phosphite 2a (0.2 mmol,
33.3 mg), ammonium acetate (0.1 mmol, 0.5 equiv., 7.7 mg), TEMPO (2,2,6,6-Tetramethyl-1-
piperidinyloxy, 0.4 mmol, 2 equiv., 62.5 mg) or BHT (Butylated hydroxytoluene, 0.4 mmol, 2
equiv., 88.4 mg), Acr*-Mes CIO. (0.014 mmol, 7 mol%, 5.8 mg) and Co'"'(dmgH)(dmgH2)Cl.
(0.016 mmol, 8 mol%, 5.9 mg) in degassed dry CH3zCN were stirred under nitrogen atmosphere
and irradiated by 3 W blue LEDs at 25 °C for 24 h. After completion of the reaction, the reaction

results were monitored by TLC and GC-MS (Figure S4).
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7 mol% Acr*-Mes ClO4 O OEt
(?Et 8 mol% Co(dmgH)(dmgH,)Cl, P\’
* Po OEt
EtO™ "OEt 0.5 eq. CH3COONH,
CH3CN, blue LEDs, N,

1a,2eq.  2a,0.3 mmol 2 eq. TEMPO 3a, n.d.
ot 7 mol% Acr*-Mes CIO,” Q. oEt
i 8 mol% Co(dmgH)(dmgH,)Cl, R
" oo OFt
0.5 eq. CH;COONH,
CH4CN, blue LEDs, N,
1a, 2 eq. 2a, 0.3 mmol 2 eq. BHT 3a, trace

Figure S4 The radical inhibition experiments.
4.2 Procedure for kinetic isotope effect (KIE) experiment

A solution of biphenyl 4d (0.2 mmol, 30.8 mg) and 1,1'-biphenyl-dio 4d-dio (0.2 mmol,
32.9 mg), triethyl phosphite 2a (0.2 mmol, 33.3 mg), ammonium acetate (0.1 mmol, 0.5 equiv.,
7.7 mg), Acr*-Mes ClO4 (0.014 mmol, 7 mol%, 5.8 mg) and Co"'(dmgH)(dmgH)Cl. (0.016
mmol, 8 mol%, 5.9 mg) in degassed dry CH3CN (3.0 mL) were stirred under nitrogen
atmosphere and irradiated by 3 W blue LEDs at 25 °C for 0.5 h. After completion of the reaction,
H, was detected by GC-TCD. The aqueous solution was extracted with ethyl acetate (3 <10
mL) and the combined extracts were dried with anhydrous Na>SO.. The solvent was removed
under reduced pressure by rotary evaporation. Then, the pure product was obtained by flash
column chromatography on silica gel (eluent: dichloromethane/methanol= 100:1) to afford 15%
combined phosphonylation products. The ratio was Kn: Kp = 1.25 determined by 'H NMR

spectrum (Figure S5 and S6).
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Figure S5 spectrum of desired product of biphenyl.
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Figure S6 *H NMR spectrum of desired product from KIE experiment.
4.3 Procedure for H20® labeling experiment
A solution of p-xylene 1a (0.4 mmol, 2 equiv., 42.5 mg), triethyl phosphite 2a (0.2 mmol,
33.3 mg), ammonium acetate (0.1 mmol, 0.5 equiv., 7.7 mg), H,0*® (0.8 mmol, 4 equiv., 16.0

mg), Acr*-Mes CIO." (0.014 mmol, 7 mol%, 5.8 mg) and Co'""'(dmgH)(dmgH2)Cl, (0.016 mmol,
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8 mol%, 5.9 mg) in degassed dry CH3CN (3.0 mL) were stirred under nitrogen atmosphere and
irradiated by 3 W blue LEDs at 25 °C for 24 h. After completion of the reaction, GC-MS was
used to monitor whether the desirable product marked by O had been yielded. Then the
reaction system was quenched by water. The aqueous solution was extracted with ethyl acetate
(3 <10 mL) and the combined extracts were dried with anhydrous Na,SOa.. The solvent was
removed under reduced pressure by rotary evaporation. Then, the pure product 3a was obtained
by flash column chromatography on silica gel (eluent: dichloromethane/methanol= 100:1) in
62% yield (Figure S7).

7 mol% Acr*-Mes ClO4” o8 016
W _OEt “ _OEt
8 mol% Co(dmgH)(dmgH,)Cl, P\ P\
+  P(OEt); OEt + OEt
0.5 eq. CH3COONH,
CH3CN, blue LEDs, Ny

4 eq. H,0™® 18
1a, 0.4 mmol 2a, 0.2 mmol 0-3a, n.d. 3a, 62%

Figure S7 The result of H,O*® labeling experiment.
4.4 Procedure for emission quenching experiments for Acr*-MesCIlO4
Emission intensities were recorded using a HITACHI F-4500 Fluorescence Spectrometer.
All the Acr*-Mes CIO4 solutions were excited at 450 nm and the emission intensity was
observed at 500 nm. CH3sCN was degassed with a stream of N2 for 30 min. All the solutions
were prepared under N2 atmosphere. In a typical experiment, the emission spectrum of a 2 %

10° M solution of Acr*-Mes ClO4 in CH3CN was collected (Figure S8).

®  4-Fluoroanisole
o 1,2-Dihydronaphthalene 4
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Figure S8 Photoluminescence quenching of the photocatalyst Acr*-Mes ClO4 (2.00 <105 M)
in anaerobic CH3CN.
4.5 The cyclic voltammetry experiments of representative products

The cyclic voltammograms were recorded in an electrolyte solution of nBusNBF4 (0.1 M)
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in CH3CN using a glassy carbon disk working electrode (diameter, 1 mm), a Pt wire auxiliary

electrode and a silver chloride electrode as reference electrode. The scan rate was 20 mV/s.
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Figure S9. Cyclic voltammograms of 3e (Ei2 ox = +1.85 V vs Ag/AQCI; E12 ox = +1.82 V vs

SCE).
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Figure S10. Cyclic voltammograms of 3h (E1 ox = +1.81 V vs Ag/AQCI; E12 ox = +1.78 V VS
SCE).
4.6 Procedure for phosphonylation of p-xylene using P(OPh)s as phosphonylation
reagent
A solution of p-xylene 1a (0.4 mmol, 2 equiv., 42.5 mg), triphenyl phosphite 2k (0.2 mmol,
62.1 mg), ammonium acetate (0.1 mmol, 0.5 equiv., 7.7 mg), Acr*-Mes CIO. (0.014 mmol, 7
mol%, 5.8 mg) and Co'!'(dmgH)(dmgH2)Cl. (0.016 mmol, 8 mol%, 5.9 mg) in degassed dry
CH3CN (3.0 mL) were stirred under nitrogen atmosphere and irradiated by 3 W blue LEDs at
25 °C for 24 h. After completion of the reaction, GC-MS was used to monitor whether the

desirable product had been yielded (Figure S11).
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7 mol% Acr*-Mes CIO, O oph OH
OPh 8 mol% Co(dmgH)(dmgH,)Cl, R
@ + B ;5/ OPh But @
PhO™~OPh 0.5 eq. CHsCOONH,
CH4CN, blue LEDs, Ny

1a, 2 eq. 2k, 0.3 mmol 5k, n.d. 6

Figure S11 P(OPh); as as phosphonylation reagent.

5. Synthesis of substrate

5.1 Synthesis of Methyl (RS)-2-(6-methoxynaphthalen-2-yl)propanoate (methyl
ester of naproxen)

To a methanol solution (30 mL) of (RS)-2-(6-methoxynaphthalen-2-yl)propanoic acid
(naproxen, 0.5 g, 2.2 mmol) was added 0.1 mL of conc. H2SO. and the reaction mixture was
stirred for overnight before it was diluted with CH2Cl, (ca. 50 mL), washed with sat. NaHCO3
ag. solution and dried over anhydrous Na;SOa. Solvent evaporation gave the title methyl ester

quantitatively (Figure S12).

conc. HySOy4

_OH O
OO MeOH OO
~ o) ~ )

naproxen naproxen-methy ester, 7
Figure S12 The synthesis of methyl ester of naproxen 7.2

5.2 Synthesis of Methyl 5-(2,5-dimethylphenoxy)-2,2-dimethylpentanoate (methyl
ester of gemfibrozil)

To a methanol solution (30 mL) of 5-(2,5-dimethylphenoxy)-2,2-dimethylpentanoic acid
(gemfibrozil, 0.5 g, 2.0 mmol) was added 0.1 mL conc. H2SO4 and the reaction mixture was
stirred for overnight before it was diluted with CHCl, (ca. 50 mL), washed with sat. NaHCO3
ag. solution and dried over anhydrous Na;SOa. Solvent evaporation gave the title methyl ester

quantitatively (Figure S13).

/@\/ o] conc. HySO4 /@\/ 0]
OW%OH MeOH ON%O/

gemfibrozil gemfibrozil-methyl ester, 9

Figure S13 The synthesis of methyl ester of gemfibrozil 9.2

6. Characterization of products
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Q. oEt
OEt

3a

Diethyl (2,5-dimethylphenyl)phosphonate (3a): 44.6 mg pale yellow liquid was obtained in 92%
isolated yield. *H NMR (400 MHz, CDCls) § 7.75 (d, J = 14.2 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H), 7.18 -
7.10 (m, 1H), 4.21 — 3.99 (m, 4H), 2.52 (s, 3H), 2.34 (s, 3H), 1.33 (t, J = 7.1 Hz, 6H). *C NMR (101
MHz, CDCls) & 138.79 (d, J = 9.9 Hz), 135.21 (d, J = 15.0 Hz), 134.84 (d, J = 10.5 Hz), 133.45 (d, J =
3.2 Hz),131.42 (d, J = 15.7 Hz), 126.56 (d, J = 182.4 Hz), 62.06 (d, J = 5.3 Hz), 21.04,20.94 (d, J = 3.4
Hz), 16.58 (d, J = 6.5 Hz). 3'P NMR (162 MHz, CDCls)  20.07. HRMS (ESI) calcd for C12H2003P*,
[M+H]*, 243.1145, found 243.1136.

Q. OEt

R

OEt

3b

Diethyl (2,5-diisopropylphenyl)phosphonate (3b): 37.0 mg pale yellow liquid was obtained in 62%
isolated yield. 'H NMR (400 MHz, CDCly) & 7.82 — 7.72 (m, 1H), 7.41 — 7.32 (m, 2H), 4.21 — 4.06 (m,
4H), 3.62 (hept, J = 6.7 Hz, 1H), 2.92 (hept, J = 6.9 Hz, 1H), 1.34 (t, J = 7.1 Hz, 6H), 1.25 (dd, J = 6.9,
1.7 Hz, 12H). 3C NMR (101 MHz, CDCl3) & 150.64 (d, J = 11.3 Hz), 146.03 (d, J = 14.0 Hz), 132.12
(d, J=11.0 Hz), 131.10 (d, J = 3.3 Hz), 126.81 (d, J = 15.6 Hz), 125.46 (d, J = 182.9 Hz), 62.09 (d, J =
5.6 Hz), 33.85, 30.87 (d, J = 3.9 Hz), 24.49, 24.09, 16.56 (d, J = 6.9 Hz). 3P NMR (162 MHz, CDCls)
320.85. HRMS (ESI) calcd for C16H2503P*, [M+H]*, 299.1771, found 299.1759.

O oEt
OEt

Bu
3c
Diethyl (5-(tert-butyl)-2-methylphenyl)phosphonate (3c): 27.3 mg pale yellow liquid was obtained in
48% isolated yield. *H NMR (400 MHz, CDCls) § 7.94 (dd, J = 15.5, 2.3 Hz, 1H), 7.45 (d, J = 8.1 Hz,
1H), 7.22 — 7.14 (m, 1H), 4.21 — 4.05 (m, 4H), 2.53 (s, 3H), 1.38 — 1.30 (m, 15H). 3C NMR (101 MHz,
CDCls) 6 148.49 (d, J = 13.9 Hz), 138.86 (d, J = 10.2 Hz), 131.26 (d, J = 15.8 Hz), 131.00 (d, J=11.3
Hz), 129.75 (d, J = 3.1 Hz), 126.36 (d, J = 183.2 Hz), 62.03 (d, J = 5.5 Hz), 34.71, 31.48, 20.87 (d, J =
3.5Hz), 16.57 (d, J = 6.6 Hz). 3'P NMR (162 MHz, CDCls) § 20.38. HRMS (ESI) calcd for C15H2603P*,
[M+H]*, 285.1614, found 285.1605.

Q oEt
|3\
OEt

3d
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Diethyl mesitylphosphonate (3d): 47.7 mg pale yellow liquid was obtained in 93% isolated yield. *H
NMR (400 MHz, CDCls3) 6 6.90 (d, J = 4.6 Hz, 2H), 4.21 — 3.96 (m, 4H), 2.60 (d, J = 1.6 Hz, 6H), 2.28
(s, 3H), 1.31 (t, J = 7.1 Hz, 6H). 1*C NMR (101 MHz, CDCl3) & 143.99 (d, J = 12.1 Hz), 142.10 (d, J =
3.0 Hz), 130.59 (d, J = 15.8 Hz), 122.29 (d, J = 181.9 Hz), 61.41 (d, J = 5.3 Hz), 23.37 (d, J = 2.8 Hz),
21.31(d, J = 1.5 Hz), 16.52 (d, J = 6.7 Hz). 3P NMR (162 MHz, CDCls) § 20.52. HRMS (ESI) calcd
for C13H2203P*, [M+H]*, 257.1301, found 257.1293.

Q. oEt
P\
OEt

3e

Diethyl (2,3,4,5,6-pentamethylphenyl)phosphonate (3e): 46.1 mg pale yellow liquid was obtained in
81% isolated yield. *H NMR (400 MHz, CDCls3) § 4.19 — 3.99 (m, 4H), 2.58 (s, 6H), 2.26 (s, 3H), 2.22
(s, 6H), 1.31 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, CDCls) § 139.53 (d, J = 3.4 Hz), 139.17 (d, J =
11.7 Hz), 134.02 (d, J = 16.1 Hz), 123.70 (d, J = 181.2 Hz), 61.39 (d, J = 5.5 Hz), 20.01 (d, J = 3.7 Hz),
17.70, 16.92 (d, J = 1.9 Hz), 16.52 (d, J = 6.8 Hz). 3'P NMR (162 MHz, CDCls) 5 22.16. HRMS (ESI)
calcd for C15H2603P*, [M+H]*, 285.1614, found 285.1604.

Q. ot
OEt

Bu
3f

Dethyl (5-(tert-butyl)-2-methoxyphenyl)phosphonate (3f): 42.0 mg pale yellow liquid was obtained
in 70% isolated yield. *H NMR (400 MHz, CDCl3)  7.83 (dd, J = 15.8, 2.6 Hz, 1H), 7.52 (dd, J = 8.6,
2.6 Hz, 1H), 6.89 (t, J = 7.9 Hz, 1H), 4.26 — 4.03 (m, 4H), 3.88 (s, 3H), 1.38 — 1.28 (m, 15H). 3C NMR
(101 MHz, CDCls) § 159.35, 143.33 (d, J = 13.1 Hz), 132.13 (d, J = 7.7 Hz), 131.41, 129.17, 111.12 (d,
J = 10.3 Hz), 62.37 (d, J = 5.4 Hz), 56.11, 34.46, 31.65, 16.66 (d, J = 6.3 Hz). 1P NMR (162 MHz,
DMSO) 6 16.75. HRMS (ESI) calcd for C1sH2604P*, [M+H]*, 301.1563, found 301.1557.

\
0 o
\ /OEt
P

\
OEt

Pz
39

Diethyl (5-allyl-2-methoxyphenyl)phosphonate (3g): 51.7 mg pale yellow liquid was obtained in 91%
isolated yield. 'H NMR (400 MHz, CDCl3) & 7.65 (dd, J = 15.2, 2.3 Hz, 1H), 7.35 — 7.29 (m, 1H), 6.89
(dd, J = 8.4, 7.0 Hz, 1H), 5.93 (ddt, J = 18.1, 9.4, 6.7 Hz, 1H), 5.07 (d, J = 1.3 Hz, 1H), 5.04 (dg, J = 6.3,
1.6 Hz, 1H), 4.25 — 4.05 (m, 4H), 3.88 (s, 3H), 3.35 (d, J = 6.6 Hz, 2H), 1.33 (t, J = 7.0 Hz, 6H). °C
NMR (101 MHz, CDCl3 6 159.89 (d, J = 2.6 Hz), 137.37, 135.35 (d, J = 7.2 Hz), 134.55 (d, J = 2.4 Hz),
132.11 (d, J = 14.1 Hz), 116.36 (d, J = 186.1 Hz), 116.20, 111.49 (d, J = 10.0 Hz), 62.34, 56.09, 39.26,
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16.57 (d, J = 6.5 Hz). *'P NMR (162 MHz, CDCls)  17.51. HRMS (ESI) calcd for C14H204P*, [M+H]",
285.1250, found 285.1243.

O\
A\P\/OEt A
~o o~ EtO—p.
B B0 O
3h

Diethyl (2,4-dimethoxyphenyl)phosphonate and Diethyl (2,6-dimethoxyphenyl)phosphonate (3h):
33.5 mg pale yellow liquid was obtained in 61% isolated yield. The ratio of the mixture was 25:1 (A: B)
determined by 3P NMR. 'H NMR (400 MHz, CDCl3) § 7.77 (dd, J = 14.5, 8.5 Hz, 1H), 6.53 (dt, J =
8.5, 2.4 Hz, 1H), 6.47 (dd, J = 5.9, 2.1 Hz, 1H), 4.18 — 4.04 (m, 4H), 3.89 —3.81 (m, 6H), 1.32 (, J= 7.1
Hz, 6H). *C NMR (101 MHz, CDCl3) 6 165.07 (d, J = 2.8 Hz), 163.00 (d, J = 3.7 Hz), 137.05 (d, J =
8.4 Hz), 108.29 (d, J = 194.0 Hz), 104.71 (d, J = 15.2 Hz), 98.85 (d, J = 10.1 Hz), 62.14 (d, J = 5.4 Hz),
56.40, 55.94, 55.71, 16.57 (d, J = 6.6 Hz). 1P NMR (162 MHz, CDCls) § 18.12, 15.66. HRMS (ESI)
calcd for C12H200sP*, [M+H]*, 275.1043, found 275.1041.

3i

Diethyl (2-methoxynaphthalen-1-yl)phosphonate (3i): 50.6 mg pale yellow liquid was obtained in 86%
isolated yield. 'H NMR (400 MHz, CDCls) § 9.18 (d, J = 8.6 Hz, 1H), 8.00 (d, J = 8.9 Hz, 1H), 7.77 (d,
J=7.6 Hz, 1H), 7.56 (t, J = 7.5 Hz, 1H), 7.38 (t, J = 7.2 Hz, 1H), 7.28 (t, J = 7.0 Hz, 1H), 4.28 — 4.05
(m, 4H), 4.01 (s, 3H), 1.32 (t, J = 6.8 Hz, 6H). *C NMR (101 MHz, CDCl3) 6 162.11, 135.89 (d, J = 2.6
Hz), 135.60 (d, J = 10.3 Hz), 129.25 (d, J = 13.3 Hz), 128.58, 128.14, 126.61 (d, J = 3.2 Hz), 124.26,
113.57 (d, J = 10.6 Hz), 108.94 (d, J = 178.9 Hz) , 61.99 (d, J = 5.2 Hz), 57.23, 16.58 (d, J = 6.7 Hz).
31p NMR (162 MHz, CDCls) & 18.04. HRMS (ESI) calcd for CisH2004P*, [M+H]*, 295.1094, found
295.1090.

3

Diethyl (6-bromo-2-methoxynaphthalen-1-yl)phosphonate (3j): 70.9 mg pale yellow liquid was
obtained in 95% isolated yield. *H NMR (400 MHz, CDCl3) § 9.14 (d, J=9.4 Hz, 1H), 7.91 (d, J=8.6
Hz, 2H), 7.60 (dd, J = 9.4, 2.2 Hz, 1H), 7.31 (dd, J = 9.2, 5.5 Hz, 1H), 4.25 — 4.07 (m, 4H), 4.01 (s, 3H),
1.32 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, CDCl3) § 162.20, 134.85 (d, J = 2.6 Hz), 134.28 (d, J =
10.7 Hz), 131.35, 130.53 (d, J = 13.5 Hz), 130.37 (d, J = 1.3 Hz), 128.72 (d, J = 2.9 Hz), 118.25, 114.65
(d, J=10.4 Hz), 109.51 (d, J = 182.2 Hz), 62.23 (d, J = 5.3 Hz), 57.30, 16.64 (d, J = 6.8 Hz). 3P NMR
(162 MHz, CDCls3) 6 17.25. HRMS (ESI) calcd for C1sH19BrO4P*, [M+H]*, 373.0199, found 373.0191.
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Q. OEt
OEt

Ns

5a

Diethyl (6-methoxyquinolin-5-yl)phosphonate (5a): 41.9 mg pale yellow liquid was obtained in 71%
isolated yield. *H NMR (400 MHz, CDCls) § 9.64 (d, J = 8.7 Hz, 1H), 8.81 (s, 1H), 8.30 (d, J = 9.3 Hz,
1H), 7.53 (dd, J =9.4, 6.4 Hz, 1H), 7.46 (dd, J = 8.5, 3.6 Hz, 1H), 4.28 —4.08 (m, 4H), 4.06 (s, 3H), 1.33
(t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, CDCl3) & 161.91, 148.68, 143.94 (d, J = 12.0 Hz), 137.23,
135.15 (d, J = 3.0 Hz), 131.34 (d, J = 10.5 Hz) , 122.64, 116.82, 109.00 (d, J = 180.3 Hz), 62.29 (d, J =
5.4 Hz), 57.29, 16.60 (d, J = 6.7 Hz). 3'P NMR (162 MHz, CDCls) § 16.29. HRMS (ESI) calcd for
C14H1sNO4P*, [M+H]*, 296.1046, found 296.1038.

o oet =2 o
B R 0=R S
= A
\_ s \_s
Ph o
5b

Diethyl (5-phenylthiophen-2-yl)phosphonate and Diethyl (5-phenylthiophen-3-yl)phosphonate
(5b): 40.9 mg pale yellow liquid was obtained in 69% isolated yield. The ratio of the mixture was 3.4:1
(A: B) determined by 3P NMR. *H NMR (400 MHz, Chloroform-d) § 7.68 — 7.56 (m, 2.75H), 7.46 —
7.38 (m, 2.50H), 7.37 — 7.30 (m, 1.75H), 4.28 — 4.07 (m, 3H), 4.07 — 3.86 (m, 1H), 1.36 (t, J = 7.1 Hz,
4.60H), 1.14 (t, J = 7.1 Hz, 1.40H). 3C NMR (101 MHz, CDCls) & 152.88 (d, J = 7.5 Hz), 137.94 (d, J
= 11.3 Hz), 133.36 (d, J = 2.0 Hz), 132.76 (d, J = 16.6 Hz), 129.93, 129.31, 128.94 (d, J = 2.5 Hz),
128.34, 126.62 (d, J = 210.1 Hz), 126.48, 125.21 (d, J = 19.6 Hz), 124.17 (d, J = 17.0 Hz), 62.93 (d, J =
5.3 Hz), 62.24 (d, J = 5.7 Hz), 16.52 (d, J = 6.8 Hz), 16.25 (d, J = 6.9 Hz). 3'P NMR (162 MHz, CDCl5)
8 13.22, 11.66. HRMS (ESI) calcd for C14H1803PS*, [M+H]*, 297.0709, found 297.0697.

B O\\P/OEt O:IE”OEt
= A\OEt B
\_s 1A
S
—Si
/ N\ // I\

5c
Diethyl (5-(trimethylsilyl)thiophen-2-yl)phosphonate and Diethyl (5-(trimethylsilyl)thiophen-3-
yl)phosphonate (5c): 34.5 mg pale yellow liquid was obtained in 59% isolated yield. The ratio of the
mixture was 8:1 (A: B) determined by *H NMR. *H NMR (400 MHz, CDClz) § 7.70 (dd, J = 7.4, 3.4
Hz, 1H), 7.58 (dd, J = 4.8, 2.5 Hz, 0.10H), 7.32 — 7.24 (m, 0.90H), 4.21 — 4.05 (m, 4H), 1.37 — 1.30 (m,
6H), 0.45 (s, 1H), 0.34 (s, 8H). 3C NMR (101 MHz, CDCl3) § 150.37 (d, J = 3.6 Hz), 137.68 (d, J =
13.6 Hz), 136.93 (d, J = 12.4 Hz), 134.68 (d, J = 20.3 Hz), 133.53 (d, J = 28.9 Hz), 132.53 (d, J = 206.6
Hz), 130.19 (d, J = 18.8 Hz), 128.28 (d, J = 18.4 Hz), 62.80 (d, J = 5.4 Hz), 61.99 (d, J = 5.3 Hz), 16.51
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(d, J = 6.8 Hz), 0.55, 0.02. 3P NMR (162 MHz, CDCls) & 14.56, 12.24. HRMS (ESI) calcd for
C11H2,0sPSSi*, [M+H]*, 293.0791, found 293.0781.

Ph_ _R” B Okt
OEt Ph

Qe Osben o
Ao Q—FI’—OEt QC
PH
5d

Diethyl [1,1'-biphenyl]-ylphosphonate (5d): 46.4 mg pale yellow liquid was obtained in 80% isolated
yield. The ratio of the mixture was 5.7:1:7.3 (A: B: C) determined by GC and *H NMR.3 *H NMR (400
MHz, Chloroform-d) & 8.05 (ddd, J = 14.3, 7.7, 1.5 Hz, 0.46H), 7.89 (dd, J = 13.0, 8.3 Hz, 1H), 7.83 —
7.74 (m, 0.18H), 7.71 — 7.64 (m, 1H), 7.62 — 7.51 (m, 1.72H), 7.49 — 7.26 (m, 4.49H), 4.22 — 4.06 (m,
2.54H), 3.96 — 3.79 (M, 1.46H), 1.39 —1.29 (m, 3.90H), 1.11 (t, J = 7.1 Hz, 2.10H). 3C NMR (101 MHz,
CDCls) & 146.16 (d, J = 9.7 Hz), 145.31 (d, J = 3.2 Hz), 141.56 (d, J = 4.1 Hz), 140.05, 133.93 (d, J =
9.7 Hz), 132.44 (d, J = 10.2 Hz), 132.09 (d, J = 2.8 Hz), 131.49 (d, J = 14.1 Hz), 131.21 (d, J = 3.1 H2),
130.58 (d, J =2.2 Hz), 130.58 (d, J = 17.9 Hz), 129.45, 129.08, 128.30, 127.98, 127.62, 127.57, 127.40,
127.32, 127.23, 127.01 (d, J = 14.6 Hz), 62.28 (d, J = 5.4 Hz), 61.92 (d, J = 6.1 Hz), 16.52 (d, J = 6.4
Hz), 16.20 (d, J = 6.8 Hz). 3!P NMR (162 MHz, CDCls) § 19.01, 18.77, 18.15. HRMS (ESI) calcd for
Ci16H2003P*, [M+H]*, 291.1145, found 291.1139.

(0]
“ _OEt
p

\
HN
o)\
5e

Diethyl (4-acetamidophenyl)phosphonate (5e): 32.0 mg pale yellow liquid was obtained in 59%
isolated yield. 'H NMR (400 MHz, CDCls) & 8.57 (s, 1H), 7.75 — 7.67 (m, 4H), 4.17 — 3.99 (m, 4H),
2.21 (s, 3H), 1.31 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, CDCls) & 169.46, 142.60 (d, J = 3.1 Hz),
133.06 (d, J = 10.8 Hz), 122.52 (d, J = 197.7 Hz), 119.46 (d, J = 15.1 Hz), 62.48 (d, J = 5.4 Hz), 24.90,
16.56 (d, J = 6.5 Hz). 3P NMR (162 MHz, CDCls3) & 18.78. HRMS (ESI) calcd for C12H1sNO4P*,
[M+H]*, 272.1046, found 272.1041.

Q
P\/OEt
Crr

5f

Diethyl (1-methyl-3,4-dihydronaphthalen-2-yl)phosphonate (5f): 25.2 mg pale yellow liquid was
obtained in 45% isolated yield. 'H NMR (400 MHz, CDCl3) § 7.50 — 7.42 (m, 1H), 7.28 — 7.24 (m, 2H),
7.18 — 7.15 (m, 1H), 4.19 — 4.02 (m, 4H), 2.74 (t, J = 7.7 Hz, 2H), 2.53 — 2.44 (m, 5H), 1.34 (t, J = 7.1
Hz, 6H). 2*C NMR (101 MHz, CDCls) & 146.76 (d, J = 12.1 Hz), 137.57 (d, J = 2.8 Hz), 135.73 (d, J =
20.2 Hz), 129.03, 127.57, 126.86, 124.84, 122.64 (d, J = 181.5 Hz), 61.65 (d, J = 5.3 Hz), 28.28 (d, J =
7.3 Hz), 25.50 (d, J = 9.9 Hz), 17.62 (d, J = 6.9 Hz), 16.63 (d, J = 6.5 Hz). 3P NMR (162 MHz, CDCls)
320.74. HRMS (ESI) calcd for C15H2,03P*, [M+H]*, 281.1301, found 281.1313.
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59

Diethyl (3,4-dihydronaphthalen-2-yl)phosphonate (59): 23.9 mg pale yellow liquid was obtained in
45% isolated yield. *H NMR (400 MHz, CDCls) § 7.35 (d, J = 19.9 Hz, 1H), 7.30 — 7.11 (m, 4H), 4.20
—4.04 (m, 4H), 2.86 (t, J = 8.2 Hz, 2H), 2.47 (g, J = 8.1 Hz, 2H), 1.35 (t, J = 7.1 Hz, 6H). *C NMR
(101 MHz, CDCls) & 140.62 (d, J = 10.5 Hz), 136.44 (d, J = 2.9 Hz), 132.26 (d, J = 19.5 Hz), 129.69,
128.25, 127.95, 127.10 (d, J = 1.5 Hz), 126.69 (d, J = 185.2 Hz), 62.07 (d, J =5.3 Hz), 27.42 (d, J = 8.3
Hz), 22.98 (d, J = 9.1 Hz), 16.67 (d, J = 6.3 Hz). 3'P NMR (162 MHz, CDCl3) & 19.93. HRMS (ESI)
calcd for C14H2003P*, [M+H]*, 267.1145, found 267.1137.

5h

Dimethyl (2,5-dimethylphenyl)phosphonate (5h): 21.4 mg pale yellow liquid was obtained in 50%
isolated yield. *"H NMR (400 MHz, CDCl3) § 7.72 (d, J = 14.5 Hz, 1H), 7.31 - 7.23 (m, 1H), 7.16 (t, J =
6.7 Hz, 1H), 3.76 (d, J = 10.8 Hz, 6H), 2.50 (s, 3H), 2.35 (s, 3H). 3C NMR (101 MHz, CDCl3) 5 138.94
(d, J=10.0 Hz), 135.32 (d, J = 15.0 Hz), 134.95 (d, J = 10.5 Hz), 133.71 (d, J = 3.1 Hz), 131.50 (d, J =
15.9 Hz), 125.24 (d, J = 183.7 Hz), 52.66 (d, J = 5.6 Hz), 21.03, 20.87 (d, J = 3.6 Hz). 3P NMR (162
MHz, CDCls) 8 23.07. HRMS (ESI) calcd for C1oH1603sP*, [M+H]*, 215.0832, found 215.0836.

O oipr
P\
oiPr

5i

Diisopropy! (2,5-dimethylphenyl)phosphonate (5i): 38.9 mg pale yellow liquid was obtained in 72%
isolated yield. 'H NMR (400 MHz, CDCls) § 7.79 (d, J = 14.9 Hz, 1H), 7.21 (d, J = 7.8 Hz, 1H), 7.15 —
7.10 (m, 1H), 4.75 — 4.62 (m, 2H), 2.51 (s, 3H), 2.34 (s, 3H), 1.38 (d, J = 6.2 Hz, 6H), 1.33 (d, J = 6.2
Hz, 0.8H), 1.22 (d, J = 6.2 Hz, 5.2H). 3C NMR (101 MHz, CDCls) & 138.52 (d, J = 9.7 Hz), 134.96 (d,
J =15.0 Hz), 134.67 (d, J = 10.7 Hz), 133.12 (d, J = 3.1 Hz), 131.26 (d, J = 15.5 Hz), 127.91 (d, J =
183.4 Hz), 70.70 (d, J = 5.7 Hz), 24.29 (d, J = 4.0 Hz), 23.95 (d, J = 4.7 Hz), 20.98, 20.93 (d, J = 3.3
Hz). 3P NMR (162 MHz, CDCls) & 17.79. HRMS (ESI) calcd for Ci4H2403P* , [M+H]*, 271.1458,
found 271.1456.
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Bis(2-chloroethyl) (2,5-dimethylphenyl)phosphonate (5j): 59.1 mg pale yellow liquid was obtained in
95% isolated yield. *H NMR (400 MHz, CDCls) § 7.76 (d, J = 15.1 Hz, 1H), 7.27 (d, J = 7.9 Hz, 1H),
7.22-7.05 (m, 1H), 4.45 - 4.10 (m, 4H), 3.79 — 3.65 (m, 4H), 2.55 (s, 3H), 2.35 (s, 3H). *C NMR (101
MHz, CDCls) 6 139.13 (d, J = 10.2 Hz), 135.36 (d, J = 15.4 Hz), 134.68 (d, J = 11.0 Hz), 134.07 (d, J =
3.3 Hz), 131.61 (d, J = 16.3 Hz), 124.99 (d, J = 184.9 Hz), 65.62 (d, J = 5.4 Hz), 43.00 (d, J = 7.2 Hz),
20.98 (d, J = 3.1 Hz). 3P NMR (162 MHz, CDCls) & 21.52. HRMS (ESI) calcd for C1,H1sCl,0sP*,
[M+H]*, 311.0365, found 311.0361.

Methyl (S)-2-(5-(diethoxyphosphoryl)-6-methoxynaphthalen-2-yl)propanoate (8): 69.2 mg pale
yellow liquid was obtained in 91% isolated yield. *H NMR (400 MHz, CDCls)  9.14 (d, J = 9.1 Hz,
1H), 7.99 (d, J = 9.1 Hz, 1H), 7.68 (s, 1H), 7.51 (dd, J = 9.1, 1.9 Hz, 1H), 7.29 (dd, J = 8.8, 5.6 Hz, 1H),
4.29 — 4.06 (m, 4H), 4.01 (s, 3H), 3.87 (q, J = 7.1 Hz, 1H), 3.67 (s, 3H), 1.58 (d, J = 7.2 Hz, 3H), 1.32
(t,J=7.1Hz, 6H). 3C NMR (101 MHz, CDCl3) & 175.16, 162.09, 136.35, 135.79 (d, J = 2.7 Hz), 134.81
(d, J=10.4 Hz), 129.41 (d, J = 13.5 Hz), 128.17, 127.18 (d, J = 3.2 Hz), 126.65 (d, J = 1.5 Hz), 113.91
(d, J=10.6 Hz), 108.96 (d, J = 182.6 Hz), 62.07 (d, J = 5.3 Hz), 57.31, 52.36, 45.27, 18.66, 16.64 (d, J
=6.7 Hz). 3'P NMR (162 MHz, CDCls3) & 17.95. HRMS (ESI) calcd for C1gH2606P*, [M+H]*, 381.1462,
found 381.1450.

Q. _oEt
P
\
OEt

MeO (6]
10

Methyl 5-(4-(diethoxyphosphoryl)-2,5-dimethylphenoxy)-2,2-dimethylpentanoate (10): 48.1 mg
pale yellow liquid was obtained in 60% isolated yield. *H NMR (400 MHz, CDCl3) § 7.68 (d, J = 13.7
Hz, 1H), 6.65 (d, J = 4.4 Hz, 1H), 4.19 — 4.00 (m, 4H), 3.96 (t, J = 5.4 Hz, 2H), 3.67 (s, 3H), 2.51 (s,
3H), 2.19 (s, 3H), 1.73 (s, 4H), 1.31 (t, J = 7.0 Hz, 6H), 1.22 (s, 6H). 3C NMR (101 MHz, CDCl5) &
178.42, 160.40 (d, J = 3.5 Hz) , 141.64 (d, J = 11.4 Hz), 136.60 (d, J = 11.7 Hz), 123.85 (d, J = 15.4 Hz),
113.63 (d, J = 17.2 Hz), 68.12, 61.85, 51.98, 42.27, 37.17, 25.39, 25.22, 21.46 (d, J = 3.3 Hz), 16.52 (d,
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J=6.6 Hz), 15.71. 3P NMR (162 MHz, CDCl3) § 20.98. HRMS (ESI) calcd for CaoHa:06P* , [M+H]*,
401.2088, found 401.2083.

(6]
\O

7

Methyl (S)-2-(6-methoxynaphthalen-2-yl)propanoate (7): white solide was obtained in previous
report.2 *H NMR (400 MHz, CDCl3) § 7.71 — 7.64 (m, 3H), 7.39 (d, J = 8.4 Hz, 1H), 7.15 — 7.08 (m,
2H), 3.89 (s, 3H), 3.86 — 3.81 (m, 1H), 3.65 (s, 3H), 1.57 (d, J = 7.2 Hz, 3H). 3C NMR (101 MHz,
CDCl3) 4 175.38,157.85, 135.88, 133.92, 129.50, 129.14, 127.41, 126.40, 126.16, 119.23, 105.78, 55.51,
52.28, 45.56, 18.83.

Methyl 5-(2,5-dimethylphenoxy)-2,2-dimethylpentanoate (9): pale yellow liquid was obtained in
previous report.2 *H NMR (400 MHz, CDCls) § 6.97 (d, J = 7.5 Hz, 1H), 6.63 (d, J = 7.5 Hz, 1H), 6.58
(s, 1H), 3.91 — 3.84 (m, 2H), 3.64 (s, 3H), 2.29 (s, 3H), 2.17 (s, 3H), 1.70 (d, J = 3.1 Hz, 4H), 1.21 (s,
6H). 3C NMR (101 MHz, CDCls) & 178.32, 157.04, 136.48, 130.40, 123.60, 120.78, 111.95, 67.89,
51.80, 42.20, 37.25, 25.33, 25.31, 21.53, 15.90.

7. References

[1] Wu, C. J.; Zhong, J. J.; Meng, Q. Y.; Lei, T.; Gao, X. W.; Tung, C. H.; Wu, L. Z. Org. Lett. 2015,
17, 884-887.

[2] Noorduin, W. L.; Kaptein, B.; Meekes, H.; van Enckevort, W. J.; Kellogg, R. M.; Vlieg, E. Angew.
Chem., Int. Ed. 2009, 48, 4581-4583.

[3] (&) Momiyama, N.; Narumi, T.; Terada, M. Chem. Commun. 2015, 51, 16976-16979; (b)
Andaloussi, M.; Lindh, J.; S&vmarker, J.; JR Sj&berg, P.; Larhed, M. Chem. - Eur. J. 2009, 15, 13069-
13074; (c) Luo, H.; Liu, H.; Chen, X.; Wang, K.; Luo, X.; Wang, K. Chem. Commun. 2017, 53, 956-

958.

S18



8. NMR Spectra of Products
5

"H NMR, CDClj4

_OEt
OEt

O\\

3a

F1o9

5
66T
‘i Fooe

Foov

e EOT
== 860

= 60

§S91
1991

°6'0T
m@.omw

0'1¢C

€0°C9
60°C9 v

£1 (ppm)

§9°6T1
9Ll
velel
os'Iel

eveel
opeel /

6L vEl
68'vEl
€I°SET

8T SEl
vL8EL
8°8¢€1

13C NMR, CDCl,4

3a

-10

10

20

30

40

60

70

80

90

100

110

130

160

f1 (ppm)

S19



0.0

.5

T
-20
<
a

T

0.

#C0°Cl
A 209 |

—= == F101 2

Ls€ L=
BN —= Foo1 [®

(ppm)

LO0T —

Il

xﬂ.w‘ﬂ - T 00¢C

L8 o_.w% = Wmo;

Fw

_OEt
OEt
80

3P NMR, CDCly
C)\\
3a

"H NMR, CDCly
Q

(ppm)
S20

f1



SO L XV~ 0 NS
ENe=d —S =S XN @n — o nwoawnwaa oo
SSCw o= —=\0YoY =< XXX IS 9
WATYE mnmnnddAa o ol NnSS ¥TY O
e e e e e Nolate} noenoen N -
N [ N N N

3C NMR, CDClj

Q. oEt
P\
OEt

3b

T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 10 30 20 10

£1 (ppm)

20.85

3P NMR, CDCl4

Q. oEt
I:’\
OEt

3b

" A " " A oy - "
W L T y u "
T T T T T T T T T T T T T T T T
90 80 70 60 50 40 30 20 10 0 10 20 30 10 50 60
£1 (ppm)

S21



4}
vel W

9¢'1

"H NMR, CDClj4

_OEt
OEt

W\

tBu

3c

JM

=S50Sl

F66C

Feov

660
4!

F 660

6.0

6.5

9.0

9.5

£1 (ppm)

vS91
1991

$8°0C W.

88°0C

8Y'1e—
ILve—

1029
90°C9

SysTl
LTLTI
YL 6T1
LL6TI
6°0€1
SO'IEl
8II€l
velel
18°8¢€1
168¢€1

[44'14!
95°8%1

3C NMR, CDCl;4

OEt

tBu

3c

£1 (ppm)

S22



8€0T—

3P NMR, CDClg

N

3c

£1 (ppm)

86'¢
00
10t
0t

90'¥ |

169

"H NMR, CDCly

_OEt
OEt

O\\

3d

Feoe

Fe's

£1 (ppm)

S23



6191
SS91

cm._NV

celc

mm.mN\

8€°€T

wm._cv.

€v'19

6L 1TI ~
61°€CT

~m.0m~v.

L9°0€ET

60Tl
revl

€6'evl N.

SOyl

3C NMR, CDCl4

Q. oEt
I3\

W\

OEt

3d

T
50

110

130

140

51

£1 (ppm)

0T —

3P NMR, CDCly

_OEt

W\

OEt

3d

f1 (ppm)

S24



0g'l
_m._W

€0t
€0t
S0t
S0'p
90°t

11y

LT

"H NMR, CDClg

O\
P

_OEt

\

\

OEt

3e

=109

£zo9

— T66'

7.5

8.0

f1 (ppm)

891
SS9l
1691
€691
0L LT
6661
c00T

e

9¢€'19
1719

08°CTI ~
09°vCl
v6'cel
cf*f/
rect
€T6¢El1

Tseel \

§S6¢el

3C NMR, CDCl;4

3e

90

110

130

140

T
50

1

T
160

£1 (ppm)

S25



I\
T

vmé\ Foov1 | =

- FL6C

=£ oo+
9I'ce — 0T L2
LS 0Tt

T
1

f1 (ppm)
<
<
_

T
30
I
aa
<
[——

35

10

89

- 689 =< Fv0'1
0s'L
Is'L

. Nme\
re €L

18°L

=501 e
F ot

W

S8°L
S8'L

L

OEt
OEt

Q
3e

3P NMR, CDCl,4
P\
"H NMR, CDClg
Q
3f

-0.5

0.0

f1 (ppm)

S26



~

~

sl o~ ~ = ~
o TN —~ O~ — o ot — © o)
-y aen aa = o - “@C = 3 e o e
w < < ¢ onen o —— al ol o <t — Nolite)
— —— —— - —_—— O O N ——
| N e N ol Vol N
13C NMR, CDClj4
O\\P/OEt
\
OEt
tBu
3f
180 170 160 150 140 130 110 100 90 80 70 60 50 40 30 20 10 10
£1 (ppm)
<
3P NMR, CDClj =
O\\P/OEt
\
OEt
tBu
3f
90 80 70 60 50 40 30 20 10 -10 -20 -30 —40 -50 -60

£1 (ppm)

S27



"H NMR, CDClj,

_OEt
OEt

39

=l6'C

Toov

6°0
€01

Feo

Feo'l

FLo1

FLe0

5

0

o

0

o

(ppm)

1

S 91 v

0991

9T°6E —

6095 —

veCo —

PPITI
PSIIL
ST~
om.c:w
6TLII

Y0'Tel
w-.Nm-/
vSPeEl
9Svel
_m.mm_\‘
wm.mm_\

LELET

88°6S1
16°6S1 v.

3C NMR, CDCly

Ll

OEt
OEt

=
39

10

10

20

40

70

80

90

100

110

120

130

140

160

170

180

190

(ppm)

f1

S28



ISL1—

3P NMR, CDClj4

(0}

~o

\ _OEt
P\

\'

OEt

3g

£1 (ppm)

'H NMR, CDCls

\
< O o
B\\
o
e
Q m
o w
/
-
o uw
\\/P\O/O
OA
m
@)

.

3h

=09
Hry

)
201

001

£1 (ppm)

S29



ggzg gz dags8cg SRR 23
2888 = 2833 %« A G ow é o
— —_—— —— = — N N O o nnn ——
— N v ~ N N
3C NMR, CDCl;4
Q A
A \\P\/OEt
/E:[ SR R
~o o~ EtO—py
B EtO
3h
]
“ I |
. o | I "
1‘90 I‘XO 1‘70 1‘50 1‘50 1‘10 1‘30 1‘20 1‘10 1‘00 f;() F;D 7‘0 (‘10 5‘0 /;O %0 2‘0 1‘0 7‘10
1 (ppm)
28
3P NMR, CDClj b
O, A
A \P\/OEt
~o o~ EtO—py
B £ ©
3h

I

o

24

e e

—_ O

L‘YU ?LO 7‘0 (‘U ‘() 1‘0 ’.‘SU QO 1‘0 ‘0 ‘IU ‘20 ‘30 ‘/10 ‘GU ‘GU

£1 (ppm)

S30



oy

607
1
€Iy
vy F
61t
1y
€Ty
sty

LTL

0L
LEL
8€°L
oL
pe'L
c:\
LSL
9LL
SLL
108
LT6~
6167

"H NMR, CDCl,

3i

)

FHoe

by

(ppm)

1

SS9l v.

7991

ETLS ~

@@._.wv.

1029

S0'801
£8°601 ~
sEn
s’
Clagal
6591
29921
v1°8TLf
85°8CT1
81°6T1
Te6Tl
pSsel
s9's€l
88°s€l
06'S€1

1reor —

3C NMR, CDCl;4

~
0
Q. oEt
P\

OEt

3i

-3
-3

10

(ppm)

f1

S31



Y0'81 —

3P NMR, CDCl4

3i

50

Ity

f1 (ppm)

1071
80°t
80t
ol
o1y
1y
[ARE
a8 3
9TH
91y
81y
61t
ozt
171 ]
Ty
€T
vy
vTr

0g’L
€L
L

65'L
09°L
19'L
9L
06°L
6L
e~
st

"H NMR, CDClj4

~N
O
Q _OEt
P
\
OEt

Br

¥L6'T

Tmﬁ.v

200°1
£00'1
7161

£1 (ppm)

S32



0991
L991

0€°LS ~
0T'co
STTY

09°801
01T~
6SH11

69b11 7
STRII

0L'8CL
€L°8C1
9¢€°0¢€l
8€°0€l
LY'0EL
09°0€1
SEIEl
€TPeEl
€EPel
£8°pEl
98 Vel
0Tl

13C NMR, CDCly

~N
0
Q. oEt
I:,\

Br

3

L«wi H s ———

10

£1 (ppm)

STLL—

3P NMR, CDCls4

_OEt
R

0 o
Br
3j

W\

~

o

£1 (ppm)

-40

T
-35

10

S33



€9°6

'H NMR, CDClg

N
o)
Q. oEt
P\
OEt

vl

5a

Na

=09

20°¢
0t

/560
o1

Feo'1

Feot

Foo'1

5

-0. ¢

0.0

10. ¢

11.0

.5

11

12.0

(ppm)

r1

LS9 v.

€991

6T°LS ~
9T'C9
€29 V.

01'801 7

68°601
78911 —
P9'TTI N

6T 1€l
6€° 1€l
PI'sel

E.mﬂ\

€TLET

ww.mi
OO.VEN
89811

16°191 —

3C NMR, CDClg

O, OEt
P\
OEt

~o

5a

N

10

10

60

70

80

90

100

110

120

130

140

54

160

170

180

190

(ppm)

f1

S34



6C91 —

3P NMR, CDCl;

~N
0
O oEt
R
OEt
N

5a

20

f1 (ppm)

I

30

35

10

50

o

"H NMR, CDCly

5b

\$ =0t'1

2091

Feo
sec

L1

ST
FB.N

0.0

5

£1 (ppm)

S35



(a2l
6791

6v'91 \
ss91

80°VC1
STyl |
11°521
0£7T1
85°STI |
81921
L9°LT1
PE8TI
T6'821
S6'8CT1
1€6T1
£6°6T1
89°TEI
S8zl

seeel

Leggt

68'LE1

008€1

¥8ZST

16°TST >

3C NMR, CDClj4

5b

|

70

110

140

f1 (ppm)

99° 11 ~
cwer—

3P NMR, CDCl,4

EtO
o=

_OEt

N

Ph

(o)

A

\_OEt
REB
=
\_s

Ph

OEt
5b

60

£1 (ppm)

S36



"H NMR, CDCly

w <
1 o/
SR
b o

o -
o 5
N

\\PA
o %)
wl )

5¢c

L6°'L
60

=060
L0170
F00°1

£1 (ppm)

00~
ss0”

8¥91 v.

¥S91

96'19
1029
8L'C9
€879

61'8CI
LE'8TI
60°0€1L
8T0¢€l
IsIel
6€°€El
96 €el
L9'EEl
8SPEL
8LVEL
L8'9¢ET
66'9¢€1
woLer
SL'LET
SE0ST
8€°0ST v

3C NMR, CDClj4

-5

EtO

\
—p-OEt
o B
@A
—Si
7N\
| “H

~_OEt
A OEt
5¢c

o}
B
=
\_s
AN

10

40

T
150 140 130 120 110 100 90 80
£1 (ppm)

T
160

T
170

S37



YTl —
9G¥ —

3P NMR, CDClj4

5¢c

f1 (ppm)

or't

ST'P A

"H NMR, CDClj

Ph

A
R”

EtO”

0)
OEt

Ph

5d

A

=01'C
F06'¢

bovt
st

£1 (ppm)

S38



1T9v1

f1 (ppm)
£1 (ppm)

S39

OEt
OEt

110

120

5d
140 130
5d

3P NMR, CDCl,4

3C NMR, CDClj4
160 150

170

EtO”




69°L
L

YLL

LS8 —

'"H NMR, CDClg

5e

il

Toov

£1 (ppm)

€591
0991

06'¥C—

SY'T9
0529 v

wm.m:y.

€5611
€57 1Tl N
05'€T1
10°€€1
Trest

8STrl
19°¢rl

9’691 —

3C NMR, CDCl4

OEt

W\

OEt

5e

-

-10

T T T T
190 180 170 160 150 140 130 120 110

T
200

£1 (ppm)

S40



8L'8T —

3P NMR, CDClj4

_OEt
OEt

:\
\
\

g

5e

£1 (ppm)

ST'L

LY'L

"H NMR, CDClj

_OEt
OEt

O\\

5f

Foov

#v6°0
00T
2860

£1 (ppm)

S41



0991
w@f/
6S°LI
99°L1
S¥'sT
§6°6C
78T
(4% 14

w919
L919

vLITT
vSeTl /
8Tl
L8°9TI M

LSz =
€06zl

€9°6E1
e

€8°GET
9¢'LET u\
6S°LET
oL 9Tl
8971 N.

3C NMR, CDCly

_OEt
OEt

W\

5f

10 -10

30

40

100 90 80 70 60
£1 (ppm)

110

160 150 140 130

170

YL0C—

3P NMR, CDCly

5f

5

90

£1 (ppm)

S42



"H NMR, CDCls

J.

i

_OEt
OEt

O\\
59

oy
560'1

2.0

2.5

3.

(ppm)

1

Y991
0L91
¥6'CC
£0°€T
8€°LT
I'LT

0°C9
60°C9 v.

|

I

LL'STT
(U At
11°LTT
19°LTC1
S6°LTI
S8l

69°6C1 \
9rcel
9ecel
ol
LY'9El
8501
89°0t1

—— e

3C NMR, CDCly

W

59

10

10

70

T
90

100

110

120

130

140

150

170

(ppm)

f1

S43



19.93

3P NMR, CDCls4

\\P/OEt
\
OEt
59
L
T T T T T T T T T T T T T T T T
90 80 70 60 50 10 30 20 10 0 -10 -20 -30 -10 -50 -60 -70
£1 (ppm)
Too o T~ O ~ 0 o
cnaaa= == o= N
L e L L S o L} oo
NSN—— N Vi
"H NMR, CDCly
o\\P/OMe
\
OMe
5h
|
|
|
I |
/ L
PRVAPY 4 )
S =2 - S <
— —_ o o o on
T T T T T T T T T T T T T T T T T T T
100 9.5 9.0 85 80 7.5 7.0 65 60 55 50 45 4.0 3.5 3.0 25 1.0 .5 0.5 1.

£1 (ppm)

S44



DT OO NN NN
SenaSaN QN — o 2Q 090
%Wt N~ — O \© o S ®
e eneneenoneenonenonaaa ol o - O
e e e e e e e v [ B e BN
B e ~ ~
3C NMR, CDClj4
(0]
\\P/OMe
\
OMe
5h
M L L " (- "
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)
-
(=}
o
o
3P NMR, CDCl;4
(0]
\\P/OMe
\
OMe
5h
"™
!
90 80 70 60 50 40 30 20 10 0 10 20 30 40 50 60
1 (ppm)

S45



Tl
€Tl

FMAN

6€'1

veT—
Isc—

€99
Yo'y
99y
69t
69t
Ly
wy
YLV

e
vI'L
vI'L
L
LLL~
18L7

"H NMR, CDClj4

OiPr

5i

96°¢
09

o
Fooe

Hozc

2001
2860

(ppm)

1

°6°0T
$6°0C
86°0C

T6'ET
L6°ET
LTYT
1€%CT

L9°0L
€L°0L

00°LTT
£€8°8C1
8T'IET
yeIel
0T°€et
creel
el
€LYET
68 Vel
Y0'SEL
LY'8E1
LS'8ET

——

3C NMR, CDCls

_OiPr
OiPr

O\\

5i

10

10

30

40

70

80

90

100

110

120

130

(ppm)

f1

S46



6L°LT —

3P NMR, CDCl

OiPr

5i

f1 (ppm)

'"H NMR, CDCly

Ong

N
I:’\

o)

)

5j

0'¢
6'C

e TOO'T
= eot

= Heo

f1 (ppm)

S47



0 XT AT NN O N~
o T AN YOCOoOoONnNOC NalieN) < ®© v
AR B i i Bl A \2 \n S ]
M Mnnenomenon®nonNA v oo (==}
- O © < < a A
N v N v
3C NMR, CDCl;4
0
A\ /O
R
go
Cl
5j
[l
L] ol A P .
170 160 150 140 130 120 110 100 80 70 60 50 40 30 20 10 -10
f1 (ppm)
o
n
I
3P NMR, CDCl;4
O\\ /O\/\
R Cl
0
cl
5j
I
100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 —40 -50 -60 =

£1 (ppm)

S48



1€
€T
PET
LS°T 9
8571 7

"H NMR, CDCly

J

=€9
- =0'€

— ke

FLO'T

= 1001

2.0

2.5

7.

8.0

T
10.5

11.0

(ppm)

1

0991
L9791
99°81

LTSy —

9¢7Ts ~
1€L5~\
S0'79
01'c9

S0'801
L8601 ~
98¢l
96°€ll

§9°9C1
99'9C1 /

91I'SLT —

3C NMR, CDClj4

30

10

50

60

70

110

120

140

150

160

T
170

(ppm)

1

S49



S6'LT —

3P NMR, CDClj

£1 (ppm)

9L~
69°L”

A

16'S

"H NMR, CDClj

MeO

109
- Wm_.v

- Hise

Y

Fieo

10

£1 (ppm)

S50



o — 00 S ® o < o~ — <
< <t oS n o o~ ~ v (o B ) o0 o~ o~ NN NN~
o0 ISE=] - =89 e e = * i N = ATy T
©~ O O <t T nen oo —— 00— — [ I S e B e B = o)
— —— — —— —— o © wy A o T o I o o I o I L ]
v vV I I N
3C NMR, CDCl;4
o )
\i:’/o
\J
o)
0
MeO™ O
10
luj ol & YW
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)
3P NMR, CDClj %
o
o
o )
\iD/O
\_/
0
0
MeO™ ~O
10
J{t
90 80 70 60 50 40 30 20 10 10 20 40 50 60 70 80 90

£1 (ppm)

S5l



95 1,
817

$9°¢
Nw,m/
8¢

68'¢

or'L
L
vIi'L
vI'L
8€'LT
oL

89°L
oL'L

"H NMR, CDCls

H\mmum

10°€

Root
160

1o

3.0

5

(ppm)

1

€881 —

95'sy
8T°TS .
IS'sS~

8LSOT —

€T611

91°9T1 /
ov.aﬁ/
TP LTI
y1'6Cl 7
Om.@ﬁ“

Nm.mﬂ\

88°SEl
S8LST —

8€CLT —

3C NMR, CDClj4

10

20 10

30

180 170 160 150 140 130 120 110 100 90 80
(ppm)

190

200

f1

S52



wr—

oL'1
L1

LTT~
6TCT

v9'€
hw.m/
L8'E
88'¢
68°¢
68'¢

99~
99

L6'9 W

86'9

859
/

"H NMR, CDCl,

]

OMe

Fooo
Hee

o€
6T

Isec
Tooz

60
160
860

(ppm)

1

06'ST ~
£971T\

_m.va

€€°6T

STLE—
0Ty —

08°'1S —

68°L9 —

S6'TIT —

8L°0T1 M
09°€z1

o0r°0g1 —
85791\

YO'LST —

TE8LT —

31C NMR, CDCl;

(0]

OMe

-10

10

20

40

60

90

110

160 150 140 130

T
170

(ppm)

1

S53





