Copper-Catalyzed Cross-Nucleophile Coupling of B-Allenyl Silanes with
Tertiary C-H Bonds: A Radical Approach to Branched 1,3-Dienes

Qi-Chao Shan, Lu-Min Hu, Wei Qin, and Xu-Hong Hu*
Institute of Advanced Synthesis, School of Chemistry and Molecular Engineering, Nanjing Tech University,
Nanjing 211816, China

ias_xhhu@nijtech.edu.cn (X.-H. Hu)

Table of Contents

1 General methods S2
2 Optimization of the reaction conditions S3
3 Preparation of the starting materials S3
3.1 Preparation of B-allenyl silanes 1a-1q S3
3.2 Preparation of tertiary hydrocarbons 2b—2q S9
4 The general procedure 5 (GP5) for the synthesis of 3 S13
5 Scale-up synthesis of product 3aa S13
6 Derivatization reactions of product 3aa S14
6.1 Synthesis of compound 4 S14
6.2 Synthesis of compound 5 S14
6.3 Synthesis of compound 6 S15
6.4 Synthesis of compound 7 S15
6.5 Synthesis of compound 8 S16
7 Mechanistic exploration experiments S16
7.1 Radical trapping experiments S16
7.2 By-product tracking experiment S17
8 NMR data of the products S18
9 References S26
10 NMR spectra of the starting materials S27
11 NMR spectra of all the products S51

Sl



1. General methods

Experiments involving moisture and/or air sensitive components were performed in oven-dried glassware by
using Schlenk line techniques with a four-port dual-bank manifold under a nitrogen atmosphere. Commercial
solvents and reagents were purchased from Energy-Chemical, Aladdin Bio-Chem Technology, and J&K Scientific,
and were used without further purification.

Analytical thin layer chromatography (TLC) was performed using Merck 60 F254 precoated silica gel plate (0.2
mm thickness). Subsequent to elution, plates were visualized using UV radiation (254 nm) on Spectroline Model
ENF-24061/F 254 nm. Further visualization was possible by staining with basic solution of potassium
permanganate or acidic solution of ceric molybdate, followed by heating on a hot plate. Flash chromatography was
performed using Nuotai silica gel (200 — 300 mesh) with distilled solvents. Columns were typically packed as slurry
and equilibrated with petroleum ether prior to use.

Proton nuclear magnetic resonance (*H NMR) and carbon nuclear magnetic resonance (*3C NMR)
spectroscopy were performed on a Bruker Advance 400 MHz and JEOL 400 MHz spectrometers. Chemical shifts
for 'H NMR spectra are reported as in units of parts per million (ppm) downfield from SiMes (6 0.0) and relative to
the signal of chloroform-d (J = 7.264, singlet). Multiplicities were given as: s (singlet); d (doublet); t (triplet); q
(quartet); dd (doublet of doublets); ddd (doublet of doublets of doublets); dddd (doublet of doublets of doublets of
doublets); dt (doublet of triplets); m (multiplet), etc. The number of protons (n) for a given resonance is indicated
by nH. Coupling constants are reported as a J value in Hz. Carbon nuclear magnetic resonance spectra (*3C NMR)
are reported as 6 in units of parts per million (ppm) downfield from SiMes (6 = 0.0) and relative to the signal of
chloroform-d (6 = 77.00, triplet). To clarify the complete signal assignments, “x number” indicates the multiple
carbons due to the superposition of chemical shifts.

High resolution mass spectral analysis (HRMS) was performed on Water Q-TOF Premier mass spectrometer
(Thermo Electron Corporation). Gas chromatography-mass spectromter (GC-MS) analysis was conducted on a
Thermo Scientific DSQ Il single quadrupole GC/MS instrument with Thermo Fisher Scientific GC column TG-5MS

(30 m x 0.25 mm x 0.25 pm).
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2. Optimization of the reaction conditions

Table S1. Effect of Oxidants on the Reaction?

TMS Me
| | COaEt
H Me CuBr, (20 mol%)
+ - - | CO,Et
N Et0,C CO,Et oxidant (2 equiv)
DMSO, 70°C, 12 h
1a 2a 3aa
entry oxidant yield (%)°
1 DTBP 44
2 TBHP n.d.
3 TBPB n.d.
4 BPO n.d.
5 LPO n.d.
6 A92003 n.d.

2Reaction conditions: 1a (0.15 mmol), 2a (0.225 mmol), CuBr; (20 mol%) and oxidant (0.3 mmol) in DMSO (1.5 mL) at 70 °C for

12 h. bYield of isolated product. n.d. = not detected; TBHP = tert-butyl hydroperoxide; TBPB = tert-butyl peroxybenzoate; BPO =

benzoyl peroxide; LPO = lauroyl peroxide.

Table S2. Effect of Solvents on the Reaction?

TMS Me
| CO,Et
H.  _Me CuBr, (40 mol%) |<
~ DTBP (3 equi | COoH
x Et0,C CO,Et (3 equiv)
solvent, 60 °C, 12 h
1a 2a 3aa
entry solvent yield (%)°
1 DMSO 70
2 DMF n.d.
3 PhCI n.d.
4 1,2-DCE n.d.
5 THF trace
6 toluene n.d.
7 CHsCN 13

2Reaction conditions: 1a (0.21 mmol), 2a (0.15 mmol), CuBr, (40 mol%) and DTBP (0.45 mmol) in solvent (1.5 mL) at 60 °C for

12 h. ®Yield of isolated product. n.d. = not detected. 1,2-DCE = 1,2-dichloroethane.

3. Preparation of the starting materials

3.1 Preparation of B-allenyl silanes 1a-1q
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3.1.1 Compounds la—1m were prepared according to the general procedure 1 (GP1)!
OH
Pd(PPh3),Cl,
' cu _ MSsCLEGN
R
TMSCH,MgClI T™S
CuCN, LiCl
THF, 0°Cto-78°C,2h R ~

1a-1m

(1) To a solution of aryl iodide (5 mmol, 1.0 equiv) and propargyl alcohol (840.5 mg, 15 mmol, 3.0 equiv) in
triethylamine (25 mL, 0.2 M) was added Pd(PPh3)2Cl2 (35.1 mg, 0.05 mmol, 1 mol%) and Cul (47.6 mg, 0.25 mmol,
5 mol%) under N2 atmosphere. The resulting mixture was stirred at ambient temperature for 12 h. After completion
of the reaction as monitored by TLC, the reaction mixture was diluted with EtOAc (20 mL) and filtered through a
short pad of Celite®. The filtrate was concentrated in vacuo and the crude residue were purified by flash column
chromatography (petroleum ether/EtOAc) on silica gel to afford the propargylic alcohol S1.

(2) To a solution of the individual propargylic alcohol S1 (1.0 equiv) and triethylamine (2.0 equiv) in CH2Cl2

(0.2 M) was added methanesulfonyl chloride (1.5 equiv) dropwise at 0 °C under N2 atmosphere. The reaction
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mixture was allowed to warm to room temperature. After full conversion, saturated aqueous NaHCOs (10 mL) was
added to quench the reaction and the aqueous layer was extracted with CH2Clz (15 mL x 3). The combined organic
extracts were washed with H20 (20 mL) and brine (10 mL), dried over Na2SO4 and concentrated in vacuo. The
crude products were purified by flash column chromatography (petroleum ether/EtOAc) to afford S2.

(3) To an ice-cooled suspension of CUCN (3.0 equiv) and LiCl (6.0 equiv) in anhydrous THF (0.1 M) was added
a solution of Me3SiCH2MgClI (1.0 M in Et20, 2.5 equiv). After being stirred for 25 min, the mixture was cooled to -
78 °C and a solution of S2 (1.0 equiv) in THF (5 mL) was added dropwise. After 2 h, the reaction was quenched
with saturated aqueous NH4ClI (5 mL). The reaction mixture was extracted with Et2O (20 mL x 3). The combined
organic layers were washed with brine (10 mL), dried over Na2SO4 and concentrated in vacuo. The crude products

were purified by flash column chromatography (petroleum ether/EtOAc) to afford B-allenyl silanes 1a-1m.

3.1.2 Compounds lo-1q were prepared according to the general procedure 2 (GP2)!

R R
" OH
/ \ __ RCHO, n-Buli = MsCl Et;N = OMs
— THF, -78 °C to rt CHyCl, 0°Ctort, 2h
s3 s4

TMSCH,MgCl ™S
CuCN, LiCl
N
THF, -78°C, 2 h \]
R
10-1q

(1) To a 100 mL round bottom flask equipped with a stir bar was added phenylacetylene (1.02 g, 10 mmol, 1.0
equiv) and THF (20 mL) and then cooled to -78 °C. n-BuLi (2.5 M in hexane, 4.0 mL, 1.0 equiv) was added dropwise
and the slightly yellow solution was stirred for 30 min. The corresponding aldehyde (10.0 mmol, 1.0 equiv) was
added and the mixture was allowed to warm to room temperature and further stirred for 1 h. After completion, the
reaction was quenched with aqueous HCI (1.0 M) and then extracted with CH2Cl2 (20 mL x 3). The combined
organic layers were washed with brine (10 mL), dried over Na2SO4, and concentrated in vacuo. The crude product
was purified by flash column chromatography (petroleum ether/EtOAc) to provide the corresponding propargylic
alcohol S3.

(2) To a solution of the individual propargylic alcohol S3 (1.0 equiv) and triethylamine (2.0 equiv) in CH2Cl2
(0.2 M) was added methanesulfonyl chloride (1.5 equiv) dropwise at 0 °C under N2 atmosphere. The reaction
mixture was allowed to warm to room temperature and stirred for 2 h. After completion, saturated aqueous NaHCO3
(15 mL) was added and the aqueous layer was extracted with CH2Cl2 (15 mL x 3). The combined organic extracts
were washed with H20 (20 mL) and brine (10 mL), dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (petroleum ether/EtOAc) to afford S4.

(3) To anice-cooled suspension of CUCN (3.0 equiv) and LiCl (6.0 equiv) in anhydrous THF (0.1 M) was added
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a solution of Me3SiCH2MgClI (1.0 M in Et20, 2.5 equiv). After being stirred for 25 min, the mixture was cooled to -
78 °C and a solution of the S4 (1.0 equiv) in THF (5 mL) was added. After 2 h, the reaction was quenched with
saturated aqueous NH4ClI (5 mL). The reaction mixture was extracted with Et2O (20 mL x 3). The combined organic
layers were washed with brine (10 mL), dried over Na2SO4 and concentrated in vacuo. The crude products were

purified by flash column chromatography (petroleum ether/EtOAc) to afford B-allenyl silanes 1o-1q.

Trimethyl(2-phenylbuta-2,3-dien-1-yl)silane (1a)
™S The title compound was prepared according to GP1 and isolated as a colorless oil (647.8 mg,
3.20 mmol, 64%). *H NMR (400 MHz, Chloroform-d) & 7.42 — 7.37 (m, 2H), 7.30 — 7.26 (m, 3H),
~ 4.94 (t, J = 2.5 Hz, 2H), 1.57 (t, J = 2.5 Hz. 2H), 0.12 (s, 9H). The spectral data matched those
reported previously.[!

Trimethyl(2-(p-tolyl)buta-2,3-dien-1-yl)silane (1b)
™S The title compound was prepared according to GP1 and isolated as a colorless oil (616.7
mg, 2.85 mmol, 57%). 'H NMR (400 MHz, Chloroform-d) & 7.30 (d, J = 8.2 Hz, 2H), 7.12 (d,
" = J =8.0 Hz, 2H), 5.01 (t, J = 2.6 Hz, 2H), 2.34 (s, 3H), 1.79 (t, J = 2.6 Hz, 2H), 0.02 (s, 9H).
° 13C NMR (101 MHz, Chloroform-d) 6 209.0, 136.0, 134.3, 128.9 x 2, 126.0 x 2, 102.1, 77.1,

21.0, 18.5, -1.0 x 3. HRMS (ESI) m/z: [M + H]* Calcd for C14H21Si 217.1407; Found: 217.1413.

(2-(4-(tert-Butyl)phenyl)buta-2,3-dien-1-yl)trimethylsilane (1c)
™S The title compound was prepared according to GP1 and isolated as a colorless oil (775.4
mg, 3.00 mmol, 60%). *H NMR (400 MHz, Chloroform-d) & 7.25 (s, 4H), 4.92 (t, J = 2.7 Hz,
5 = 2H), 1.70 (t, J = 2.6 Hz, 2H), 1.23 (s, 9H), -0.06 (s, 9H). 13C NMR (101 MHz, Chloroform-
. d) 6 209.2, 149.3, 134.4, 125.8 x 2, 125.1 x 2, 102.0, 77.2, 34.4, 31.3 x 3, 18.4, -1.0 x 3.

HRMS (ESI) m/z: [M + H]*" Calcd for C17H27Si 259.1877; Found: 259.1882.

(2-(3-Methoxyphenyl)buta-2,3-dien-1-yl)trimethylsilane (1d)
T™S The title compound was prepared according to GP1 and isolated as a colorless oil (611.2
Meo\©/\\L,§ mg, 2.63 mmol, 53%). 'H NMR (400 MHz, Chloroform-d) & 7.26 — 7.21 (m, 1H), 7.02 (d, J
=7.8 Hz, 1H), 6.98 (t, J = 2.1 Hz, 1H), 6.75 (ddd, J = 8.2, 2.6, 0.8 Hz, 1H), 5.04 (t, J = 2.6
Hz, 2H), 3.82 (s, 3H), 1.80 (t, J = 2.6 Hz, 2H), 0.04 (s, 9H). 3C NMR (101 MHz, Chloroform-d) & 209.2, 159.4,

138.9,129.0, 118.7,112.0, 111.7, 102.2, 77.3, 55.1, 18.5, -1.1 x 3. HRMS (ESI) m/z: [M + H]* Calcd for C14H210Si

233.1356; Found: 233.1362.

(2-(4-Chlorophenyl)buta-2,3-dien-1-yl)trimethylsilane (1e)
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TMS
Dk\
Cl

The title compound was prepared according to GP1 and isolated as a colorless oil (698.6
mg, 2.95 mmol, 59%). *H NMR (400 MHz, Chloroform-d) & 7.35 — 7.30 (m, 2H), 7.27 (g, J =
1.1 Hz, 1H), 7.26 — 7.25 (m, 1H), 5.03 (t, J = 2.6 Hz, 2H), 1.76 (t, J = 2.6 Hz, 2H), 0.01 (s,

9H). 3C NMR (101 MHz, Chloroform-d) 6 209.2, 136.0, 132.1, 128.4 x 2, 127.5 x2, 101.7,

77.9, 18.5, -0.9 x 3. HRMS (ESI) m/z: [M + H]* Calcd for C1sH1sCISi 237.0861; Found: 237.0866.

4-(1-(Trimethylsilyl)buta-2,3-dien-2-yl)benzonitrile (1f)

TMS
@L\
NC

The title compound was prepared according to GP1 and isolated as a colorless oil (534.3
mg, 2.35 mmol, 47%). *H NMR (400 MHz, Chloroform-d) & 7.58 (d, J = 8.5 Hz, 2H), 7.49 (d,
J=8.5Hz, 2H), 5.12 (t, J = 2.6 Hz, 2H), 1.79 (t, J = 2.7 Hz, 2H), 0.02 (s, 9H). 3C NMR (101

MHz, Chloroform-d) 6 210.1, 142.7, 132.0 x 2, 126.7 x 2, 119.3, 109.7, 102.0, 78.5, 18.2, -

1.0 x 3. HRMS (ESI) m/z: [M + H]* Calcd for C14H1sNSi 228.1203; Found: 228.1208.

Trimethyl(2-(4-(trifluoromethyl)phenyl)buta-2,3-dien-1-yl)silane (19)

T™MS
@J\
F3C

The title compound was prepared according to GP1 and isolated as a colorless oil (567.8
mg, 2.10 mmol, 42%). *H NMR (400 MHz, Chloroform-d) 6 7.57 — 7.45 (m, 4H), 5.07 (t, J
= 2.4 Hz, 2H), 1.79 (t, J = 2.6 Hz, 2H), 0.00 (s, 9H). 3C NMR (101 MHz, Chloroform-d) &

209.7, 141.3, 128.3 (q, J = 32.3 Hz), 126.3 x 2, 125.0 x 2 (q, J = 3.9 Hz), 124.3 (q, J =

271.8 Hz), 101.8, 77.9, 18.3, -1.1 x 3. 1%F NMR (377 MHz, Chloroform-d) 5 -62.18. HRMS (ESI) m/z: [M + H]* Calcd

for C14H18F3Si 271.1124; Found: 271.1130.

Trimethyl(2-(4-nitrophenyl)buta-2,3-dien-1-yl)silane (1h)

TMS
Q&
O,N

The title compound was prepared according to GP1 and isolated as a colorless oil (494.7
mg, 2.00 mmol, 40%). *H NMR (400 MHz, Chloroform-d) 6 8.15 (d, J = 9.0 Hz, 2H), 7.54
(d, J=8.9 Hz, 2H), 5.14 (t, J = 2.6 Hz, 2H), 1.82 (t, J = 2.6 Hz, 2H), 0.03 (s, 9H). 3C NMR

(101 MHz, Chloroform-d) 6 210.3, 146.0, 144.7, 126.6 x 2, 123.4 x 2, 101.8, 78.4, 18.2, -

1.1 x 3. HRMS (ESI) m/z: [M + H]* Calcd for C13H1sNO2Si 248.1101; Found: 248.1107.

Ethyl 4-(1-(trimethylsilyl)buta-2,3-dien-2-yl)benzoate (1i)

™S The title compound was prepared according to GP1 and isolated as a colorless oil (823.3
/@/\\L,\ mg, 3.00 mmol, 60%). *H NMR (400 MHz, Chloroform-d) 6 7.97 (d, J = 8.6 Hz, 2H), 7.46
X
EtO,C

(d, J = 8.5 Hz, 2H), 5.08 (t, J = 2.6 Hz, 2H), 4.36 (q, J = 7.2 Hz, 2H), 1.81 (t, J = 2.6 Hz,

2H), 1.39 (t, J = 7.2 Hz, 3H), 0.01 (s, 9H). 3C NMR (101 MHz, Chloroform-d) & 209.8,

166.5,142.2,129.4 x 2,128.2,125.9 x 2, 102.1, 77.7, 60.8, 18.2, 14.3, -1.1 x 3. HRMS (ESI) m/z: [M + H]* Calcd

for C16H2302Si 275.1462; Found: 275.1467.
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(2-(3-Bromophenyl)buta-2,3-dien-1-yl)trimethylsilane (1j)
T™S The title compound was prepared according to GP1 and isolated as a colorless oil (787.6
Br ) mg, 2.80 mmol, 56%). 'H NMR (400 MHz, Chloroform-d) 6 7.55 (t, J = 2.0 Hz, 1H), 7.31 (ddt,
S J=8.9,6.0, 1.3 Hz, 2H), 7.16 (t, J = 7.9 Hz, 1H), 5.07 (t, J = 2.5 Hz, 2H), 1.76 (t, J = 2.6 Hz,
2H), 0.02 (s, 9H). 1*C NMR (101 MHz, Chloroform-d) § 209.2, 139.8, 129.6, 129.3, 129.1, 124.6, 122.4, 101.5, 77.9,

18.3, -1.1 x 3. HRMS (ESI) m/z: [M + H]* Calcd for C1sH1s"°BrSi 281.0356; Found: 281.0361.

(2-(2-Fluorophenyl)buta-2,3-dien-1-yl)trimethylsilane (1k)
™S The title compound was prepared according to GP1 and isolated as a colorless oil (517.8 mg,

2.35 mmol, 47%). 'H NMR (400 MHz, Chloroform-d) 6 7.31 — 7.29 (m, 1H), 7.19 (dddd, J = 8.1,

S
™S 7.0,5.0, 1.8 Hz, 1H), 7.08 (td, J = 7.5, 1.3 Hz, 1H), 7.01 (ddd, J = 11.1, 8.1, 1.3 Hz, 1H), 4.88 (t,

J=2.6 Hz, 2H), 1.84 (td, J = 2.6, 0.9 Hz, 2H), -0.04 (s, 9H). 13C NMR (101 MHz, Chloroform-d)
5209.4 (d, J = 1.4 Hz), 160.0 (d, J = 248.4 Hz), 129.7 (d, J = 3.9 Hz), 128.3 (d, J = 8.3 Hz), 126.5 (d, J = 12.5 Hz),
123.8(d, J = 3.8 Hz), 115.9 (d, J = 22.7 Hz), 97.8, 75.1 (d, J = 1.5 Hz), 21.0 (d, J = 2.9 Hz), -1.3 x 3. 1°F NMR (377

MHz, Chloroform-d) 6 -112.96. HRMS (ESI) m/z: [M + H]* Calcd for Ci3H1sFSi 221.1156; Found: 221.1161.

Trimethyl(2-(o-tolyl)buta-2,3-dien-1-yl)silane (1l)
™S The title compound was prepared according to GP1 and isolated as a colorless oil (586.4 mg,

2.71 mmol, 54%). *H NMR (400 MHz, Chloroform-d) 6 7.28 — 7.23 (m, 1H), 7.21 — 7.13 (m, 3H),

AN
N 4.78 (t, J = 2.7 Hz, 2H), 2.40 (s, 3H), 1.78 (t, J = 2.7 Hz, 2H), -0.00 (s, 9H). 3C NMR (101 MHz,

Me
Chloroform-d) 6 207.5, 138.6, 135.5, 130.5, 127.9, 126.7, 125.7, 101.1, 74.6, 23.0, 20.5, -1.2 %

3. HRMS (ESI) m/z: [M + H]* Calcd for C14H21Si 217.1407; Found: 217.1413.

Trimethyl(2-(naphthalen-2-yl)buta-2,3-dien-1-yl)silane (1m)
T™MS The title compound was prepared according to GP1 and isolated as a colorless oil (517.5
) mg, 2.05 mmol, 41%). *H NMR (400 MHz, Chloroform-d) & 7.78 (ddd, J = 6.9, 4.6, 1.8 Hz,
OO > 2H), 7.75 —7.70 (m, 2H), 7.62 (dd, J = 8.6, 1.9 Hz, 1H), 7.48 — 7.37 (m, 2H), 5.10 (t, J = 2.6
Hz, 2H), 1.92 (t, J = 2.6 Hz, 2H), 0.04 (s, 9H). 23C NMR (101 MHz, Chloroform-d) & 209.9, 134.5, 133.4, 132.2,
127.9, 127.5, 127.5, 126.0, 125.5, 125.3, 123.9, 102.6, 77.7, 18.4, -1.0 x 3. HRMS (ESI) m/z: [M + H]* Calcd for

C17H21Si 253.1407; Found: 253.1413.

Trimethyl(2-(thiophen-3-yl)buta-2,3-dien-1-yl)silane (1n)

™S The title compound was prepared according to GP1 and isolated as a colorless oil (427.2 mg,
2.05 mmol, 41%). *H NMR (400 MHz, Chloroform-d) 6 7.24 (dd, J = 5.0, 2.9 Hz, 1H), 7.12 (dd, J

4 N

S I N -50,1.3Hz, 1H), 7.01 (dt, J = 3.0, 1.2 Hz, 1H), 5.00 (td, J = 2.5, 0.9 Hz, 2H), 1.74 (t, J = 2.6 Hz,
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2H), 0.03 (s, 9H). 13 C NMR (101 MHz, Chloroform-d) & 209.5, 139.3, 126.9, 125.1, 119.2, 98.6, 77.1, 19.3, -1.1 x

3. HRMS (ESI) m/z: [M + H]* Calcd for C11H17SSi 209.0815; Found: 209.0820.

Trimethyl(2-phenylhepta-2,3-dien-1-yl)silane (10)
T™S The title compound was prepared according to GP2 and isolated as a colorless oil (974.5 mg,

3.99 mmol, 40%). 'H NMR (400 MHz, Chloroform-d) & 7.40 (dd, J = 8.5, 1.4 Hz, 2H), 7.29

ﬁ (dd, J = 8.5, 7.0 Hz, 2H), 7.20 — 7.14 (m, 1H), 5.41 (tt, J = 6.9, 2.4 Hz, 1H), 2.09 (dt, J = 7.7,
Pr

6.9 Hz, 2H), 1.80 (dd, J = 4.6, 2.4 Hz, 2H), 1.51 (h, J = 7.4 Hz, 2H), 0.97 (t, J = 7.3 Hz, 3H),

0.01 (s, 9H). 13C NMR (101 MHz, Chloroform-d) 6 204.2, 138.5, 128.0, 126.1 x 2, 126.1 x 2, 102.4, 93.1, 31.6,

22.7,19.0, 13.9, -1.1 x 3. HRMS (ESI) m/z: [M + H]* Calcd for CisH25Si 245.1720; Found: 245.1725.

Trimethyl(2-phenylocta-2,3-dien-1-yl)silane (1p)
- The title compound was prepared according to GP2 and isolated as a colorless oil (784.7 mg,
3.04 mmol, 30%). *H NMR (400 MHz, Chloroform-d) 6 7.44 — 7.37 (m, 2H), 7.32 — 7.28 (m,
%] 2H), 7.20 — 7.13 (m, 1H), 5.46 — 5.37 (M, 1H), 2.11 (q, J = 7.1 Hz, 2H), 1.85 — 1.74 (m, 2H),
’ 1.49 —1.36 (m, 4H), 0.91 (t, J = 7.2 Hz, 3H), 0.01 (s, 9H). 13C NMR (101 MHz, Chloroform-d)
0204.1,138.5,128.0 x 2, 126.1, 126.1 x 2, 102.5, 93.3, 31.6, 29.2, 22.4, 19.0, 14.0, -1.1 x 3. HRMS (ESI) m/z: [M

+ H]* Calcd for C17H27Si 259.1877; Found: 259.1882.
(2,5-Diphenylpenta-2,3-dien-1-yl)trimethylsilane (1q)

™S The title compound was prepared according to GP2 and isolated as a colorless oll

(1.26 g, 4.11 mmol, 41%). *H NMR (400 MHz, Chloroform-d) 6 7.38 — 7.31 (m, 6H),

m 7.31 — 7.21 (m, 4H), 5.51 (it, J = 6.7, 2.4 Hz, 1H), 2.86 (td, J = 7.5, 2.1 Hz, 2H),

2.56 — 2.44 (m, 2H), 1.82 (d, J = 2.5 Hz, 2H), 0.07 (s, 9H). 3C NMR (101 MHz,

Chloroform-d) 6 204.3, 141.7, 138.1, 128.6 x 2, 128.3 x 2, 128.0 x 2, 126.2, 126.1 x 2, 125.8, 103.0, 92.5, 35.7,

315, 18.9, -1.1 x 3. HRMS (ESI) m/z: [M + H]* Calcd for C21H27Si 307.1877; Found: 307.1882.

3.2 Preparation of tertiary hydrocarbons 2b-2q
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2b 2c 2d 2e 2f
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CO,Et
29 2h 2i 2j 2k

NC.__CN NC.__CN

EtOZCYCN EtOZCYSOZPh NCYTS NCYCN
Me Me Me Me
o~ "o
-/
21 2m 2n 20 2p 2q F

Compounds 2b-2d, 2f, 2k, and 2| were commercial available. Compounds 2e, 2g—2j were prepared according
to the general procedure 3.1 Compound 2mB], 2n[4, and 20! were prepared according to the known procedures.

Compounds 2p and 2q were prepared according to the general procedure 4.1

3.2.1 The general procedure 3 (GP3) for the synthesis of 2e, 2g-2j

NaH
Et0,C
EtO,C._ _CO.Et + R—pr 2
~ THF, 1t 12 h T

R

CO,Et

To a stirred solution of diethyl malonate (1.60 g, 10 mmol, 1.0 equiv) in THF (10 mL) was added NaH (60% in
mineral oil, 0.42 mg, 10.5 mmol, 1.05 equiv) in several portions at room temperature. The mixture was stirred at
this temperature for 10 min. R-Br (1.0 equiv, 10 mmol) was slowly added to the mixture, then the solution was
stirred for 12 h at room temperature. After completion of the reaction (as judged by TLC), the reaction mixture was
qguenched with saturated aqueous NH4Cl (10 mL) and extracted with EtOAc (30 mL x 3). The combined organic
phase was washed with brine (10 mL), dried over Na2SQzg, filtered and concentrated in vacuo. The residue was

purified by flash column chromatography (petroleum ether/EtOAc) to give a-substituted malonates 2e, 2g—2;.

Diethyl 2-(2-oxopropyl)malonate (2e)
EtO,C.__CO,Et The title compound was prepared according to GP3 and isolated as a colorless oil (1.54 g,

\[ 7.12 mmol, 71%). *H NMR (400 MHz, Chloroform-d) 6 4.20 (qd, J = 7.1, 2.4 Hz, 4H), 3.85 (t,
Ac
J=7.2 Hz, 1H), 3.06 (d, J = 7.1 Hz, 2H), 2.21 (s, 3H), 1.27 (t, J = 7.2 Hz, 6H). The spectral

data matched those reported previously.!]
Diethyl 2-(cyclopropylmethyl)malonate (2g)

S10



EtO,C._CO,Et The title compound was prepared according to GP3 and isolated as a colorless oil (1.61 g,
7.51 mmol, 75%). 'H NMR (400 MHz, Chloroform-d) & 4.20 (g, J = 7.1 Hz, 4H), 3.44 (t, J =
7.5Hz, 1H), 1.80 (t, J = 7.3 Hz, 2H), 1.27 (t, J = 7.1 Hz, 6H), 0.79 — 0.68 (m, 1H), 0.49 - 0.41

(m, 2H), 0.12 — 0.06 (m, 2H). The spectral data matched those reported previously.

Diethyl 2-(cyclopentylmethyl)malonate (2h)

EtO,C CO,Et The title compound was prepared according to GP3 and isolated as a colorless oil (1.52 g,
6.27 mmol, 63%). *H NMR (400 MHz, Chloroform-d) 6 4.19 (q, J =7.2 Hz, 4H), 3.44 (t, J = 7.7
Hz, 1H), 1.79 (t, J = 7.3 Hz, 2H), 1.75 — 1.65 (m, 4H), 1.26 (t, J = 7.1 Hz, 6H), 1.22 — 1.10 (m,

3H), 0.91 (dd, J = 12.9, 9.7 Hz, 2H). The spectral data matched those reported previously.!

Triethyl butane-1,1,4-tricarboxylate (2i)

EtO,C CO,Et The title compound was prepared according to GP3 and isolated as a colorless oil (1.46 g,
5.32 mmol, 53%). *H NMR (400 MHz, Chloroform-d) & 4.25 — 4.15 (m, 4H), 4.11 (9, J= 7.1
Hz, 2H), 3.33 (t, J = 7.5 Hz, 1H), 2.33 (t, J = 7.5 Hz, 2H), 1.97 — 1.87 (m, 2H), 1.69 — 1.60

CO,Et
(m, 2H), 1.31 — 1.20 (m, 9H). The spectral data matched those reported previously.®!

Diethyl 2-(2-((tert-butyldimethylsilyl)oxy)ethyl)malonate (2j)
EtO,C._ _CO,Et The title compound was prepared according to GP3 and isolated as a colorless oil (2.32 g,
7.28 mmol, 73%). 'H NMR (400 MHz, Chloroform-d) & 4.23 — 4.14 (m, 4H), 3.65 (t, J = 5.7 Hz,
OTBS 2H), 3.58 (t, J = 7.2 Hz, 1H), 2.10 (q, J = 6.2 Hz, 2H), 1.26 (t, J = 7.1 Hz, 6H), 0.87 (s, 9H),

0.02 (s, 6H). The spectral data matched those reported previously.

3.2.2 Synthesis of 2mBl

o)
g\ON . MeYCOZEt Bu,NI, KI PhOZSYCOZEt
a
©/ Br DMF, rt, 4 h Me
2m

To a solution of sodium benzenesulfinate (0.82 g, 5 mmol, 1.0 equiv) in DMF (30 mL) was added ethyl 2-
bromopropionate (1.09 g, 6 mmol, 1.2 equiv), tetrabutylammonium iodide (184.7 mg, 0.5 mmol, 0.1 equiv),
potassium iodide (1.00 g, 6 mmol, 1.2 equiv). The reaction mixture was stirred at room temperature for 4 h and
then quenched with saturated agueous NaHCO3 (10 mL). The mixture was extracted with CH2Cl2 (20 mL x 3). The
combined organic extracts were washed with brine (10 mL), dried over Na2SO4. Removal of the solvent in vacuo
gave 2m (831.1 mg, 3.43 mmol, 69%). 'H NMR (400 MHz, Chloroform-d) & 7.89 (dd, J = 8.4, 1.3 Hz, 2H), 7.74 —
7.66 (m,1H), 7.58 (t, J = 7.7 Hz, 2H), 4.11 (q, J = 7.1 Hz, 2H), 4.05 (q, J = 7.2 Hz, 1H), 1.57 (d, J = 7.1 Hz, 3H),

1.16 (t, J = 7.2 Hz, 3H). The spectral data matched those reported previously.?!
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3.2.3 Synthesis of 2n

CH3l, DBU Ts_CN
benzene, rt, 1 h CHg,
2n

Ts _CN

To a stirred solution of tosylacetonitrile (390.5 mg, 2 mmol, 1.0 equiv) and DBU (334.9 mg, 2 mmol, 1.1 equiv)
in benezene (10 mL) was added CHasl (567.8 mg, 4 mmol, 2.0 equiv) and the solution was stirred at room
temperature for 1 h. The precipitated DBU-HI salt was removed by filtration and the residue was concentrated in
vacuo to give the crude product. The crude product was purified by flash column chromatography (petroleum
ether/EtOAc) to give a colorless liquid 2n (226.0 mg, 1.08 mmol, 54%). *H NMR (400 MHz, Chloroform-d) & 7.88

(d, J=8.1Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 3.97 (q, J = 7.2 Hz, 1H), 2.48 (s, 3H), 1.69 (d, J = 7.2 Hz, 3H).

3.2.3 Synthesis of 20!

CHjl, DIPEA NC.__CN
CH,Cl,, 0°Ctort, 6 h CHj
20

NC._CN

To a solution of malononitrile (330.3 mg, 5 mmol, 1.0 equiv) and N,N-diisopropylethylamine (DIPEA, 646.2 mg,
5 mmol, 1.0 equiv) in CH2Clz (10 mL) was added CHal (709.7 mg, 5 mmol, 1.0 equiv) at 0 °C, then the solution was
allowed to warm to room temperature and stirred for 4 h. The reaction mixture was concentrated in vacuo to give
crude product, which was purified by flash column chromatography (petroleum ether/EtOAc) to afford a colorless
liquid 20 (152.2 mg, 1.9 mmol, 38%) 'H NMR (400 MHz, Chloroform-d) 6 3.79 (g, J = 7.3 Hz, 1H), 1.79(d, J = 7.3

Hz, 3H). The spectral data matched those reported previously. [

3.2.4 The general procedure 4 (GP4) for the synthesis of 2p and 2q®
NC CN

NaH, DMSO
CN + R-Br

~ THF, 0°C to 60 °C, 4 h R
2p and 2q

NC

To a stirred suspension of NaH (60% in mineral oil, 0.40 g, 10 mmol, 1.0 equiv) in THF (30 mL) at 0 °C was
added a solution of malononitrile (0.65 g, 10 mmol, 1.0 equiv) in THF (10 mL). After 30 min, DMSO (5 mL) and a
solution of alkyl bromide (10 mmol 1.0 equiv) in THF (10 mL) were added, and the mixture was heated to 60 °C
and stirred for 4 h. The reaction mixture was quenched with saturated aqueous NH4Cl (10 mL), and extracted with
Et20 (30 mL x 3). The organic layer was washed with H20 (10 mL) and brine (10 mL), dried over Na2SOas, and
concentrated in vacuo. The residue was purified by silica gel column chromatography (petroleum ether/EtOAc) to

give 2p and 2qg.

2-(2-(1,3-Dioxolan-2-yl)ethyl)malononitrile (2p)
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NC. _CN The title compound was prepared according to GP4 and isolated as a colorless oil (701.3 mg, 4.22
mmol, 42%). *H NMR (400 MHz, Chloroform-d) & 4.93 (t, J = 3.8 Hz, 1H), 4.05 (t, J = 7.5 Hz, 1H),
4.02 - 3.93 (m, 2H), 3.92 — 3.81 (m, 2H), 2.19 (g, J = 7.1 Hz, 2H), 1.99 (td, J = 6.9, 3.8 Hz, 2H). 13C
NMR (101 MHz, Chloroform-d) 6 112.8 x 2, 102.7, 65.2 x 2, 29.4, 25.4, 22.4. HRMS (ESI) m/z: [M

+ HJ* Calcd for CsH11N202 167.0815; Found: 167.0820.

2-(5-Fluoropentyl)malononitrile (29)
NC. _CN The title compound was prepared according to GP4 and isolated as a colorless oil (591.5 mg,
3.84 mmol, 38%).2H NMR (400 MHz, Chloroform-d) & 4.46 (dt, J = 47.2, 5.8 Hz, 2H), 3.72 (t, J
= 6.8 Hz, 1H), 2.13 — 1.88 (m, 2H), 1.83 — 1.61 (m, 4H), 1.55 — 1.48 (m, 2H). 3C NMR (101
MHz, Chloroform-d) 6 112.4 x 2, 83.5 (d, J = 165.2 Hz), 30.7, 29.8 (d, J = 19.8 Hz), 26.2, 24.3
(d, J = 4.8 Hz), 22.5. 2°F NMR (377 MHz, Chloroform-d) & -218.96. HRMS (ESI) m/z: [M + HJ*

Calcd for CsH12FN2 155.0979; Found: 155.0982.

4. The general procedure 5 (GP5) for the synthesis of 3

R2
TMS CuBry (40 mol%) R? /
j\\ EWG' DTBP (3.0 equiv)
17X, * H EWG?2 1
R =3 DMSO, 60 °C, 12 h EWG
) R3 EWG?
R
1 2 3

An oven-dried 10 mL Schlenk tube equipped with a stir bar was charged with CuBr2 (13.4 mg, 0.06 mmol, 40
mol%) and the tube was evacuated and backfilled with N2 for 3 times. 1 (0.21 mmol, 1.4 equiv), 2 (0.15 mmol, 1.0
equiv), DTBP (65.8 mg, 0.45 mmol, 3.0 equiv) and DMSO (1.5 mL) were successively added via syringe under N2
atmosphere. The sealed tube was placed into a preheated oil bath at 60 °C with stirring for 12 h. After cooling to
room temperature, the mixture was diluted with water (10 mL). The layers were separated and the aqueous layer
was extracted with CH2Cl2 (10 mL x 3). The combined organic layers were rinsed with brine (10 mL), dried over
Na2S04, and concentrated in vacuo. The resultant residue was purified by flash column chromatography (petroleum

ether/EtOAc) on silica gel to afford 3.

5. Scale-up synthesis of product 3aa

T™MS CuBr, (40 mol%) MeCOZEt
CO,Et DTBP (3.0 equiv) COLEL
. ¥ H—éco Et 2
x ™ 2=" DMSO0,60°C, 12 h
1a 2a 3aa

An oven-dried 50 mL Schlenk tube equipped with a stir bar was charged with CuBr2 (89.3 mg, 0.4 mmol, 40

mol%) and the tube was evacuated and backfilled with N2 for 3 times. 1la (283.3 mg, 1.4 mmol, 1.4 equiv), 2a
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(174.2 mg, 1 mmol, 1.0 equiv), DTBP (438.7 mg, 3 mmol, 3.0 equiv) and DMSO (10 mL) were successively added
via syringe under N2 atmosphere. The sealed tube was placed into a preheated oil bath at 60 °C with stirring for
12 h. After cooling to room temperature, the mixture was diluted with water (40 mL). The layers were separated
and the aqueous layer was extracted with CH2Cl2 (30 mL x 3). The combined organic layers were rinsed with brine
(10 mL), dried over anhydrous Na2SOy, filtered and the filtrate was concentrated in vacuo. The resultant residue
was purified by flash column chromatography (petroleum ether/EtOAc) on silica gel to afford the coupling product

3aa (214.7 mg, 0.71 mmol, 71%).

6. Derivatization reactions of product 3aa

6.1 Synthesis of compound 4

0
Me 0 O
CO,Et

NPh
COEt + [ N=Ph " liene. 170°C. 24 h Me ‘

Et0,C CO,Et O
3aa 4, 81%

To a solution of 3aa (30.2 mg, 0.10 mmol, 1.0 equiv) in toluene (3.0 mL) was added N-phenylmaleimide (34.6
mg, 0.20 mmol, 2.0 equiv), then the mixture was stirred at 170 °C for 24 h. Toluene was removed in vacuo, and
the reaction mixture was purified by flash column chromatography (petroleum ether/EtOAc) on silica gel to afford
the compound 4 as a colorless oil (38.5 mg, 0.081 mmol, 81%). *H NMR (400 MHz, Chloroform-d) & 7.51 — 7.43
(m, 2H), 7.42 — 7.36 (M, 1H), 7.35 — 7.29 (m, 2H), 7.27 (t, J = 1.6 Hz, 1H), 7.24 — 7.15 (m, 2H), 7.15 — 7.04 (m, 2H),
3.89 (q, J = 7.1 Hz, 2H), 3.68 — 3.47 (m, 2H), 3.37 — 3.28 (m, 2H), 2.90 (dd, J = 15.0, 3.0 Hz, 1H), 2.73 — 2.66 (m,
2H), 2.61 — 2.49 (m, 1H), 1.43 (s, 3H), 1.14 (t, J = 7.1 Hz, 3H), 1.04 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz,
Chloroform-d) 6 178.6, 178.2, 170.7, 170.5, 141.2, 137.6, 132.1, 131.4, 129.2 x 2, 128.7, 128.3 x 2, 127.9 x 2,
127.2,126.6 x 2, 62.61, 61.4, 59.9, 40.2, 40.1, 34.1, 29.3, 22.4, 13.8, 13.6. HRMS (ESI) m/z: [M + H]* Calcd for

C2sH30NO6 476.2068; Found: 476.2073.

6.2 Synthesis of compound 5

0
Me O O
CO,Et

‘ 0
COEt *+ || O {jiuene, 170°C, 36 h Me

EtO,C CO,Et O

(0]
3aa 5,72%

To a solution of 3aa (30.2 mg, 0.10 mmol, 1.0 equiv) in toluene (3 mL), maleic anhydride (19.6 mg, 0.20 mmol,
2.0 equiv) was added, then the mixture stirred at 170 °C for 36 h. Toluene was removed in vacuo, and the reaction

mixture was purified by flash column chromatography (petroleum ether/EtOAc) on silica gel to afford the compound
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5 as a colorless oil (29.0 mg, 0.072 mmol, 72%). *H NMR (400 MHz, Chloroform-d) & 7.27 (d, J = 6.7 Hz, 2H), 7.24
—7.18 (m, 1H), 7.09 — 6.99 (m, 2H), 3.94 — 3.86 (M, 1H), 3.84 — 3.75 (m, 3H), 3.50 — 3.40 (m, 2H), 2.79 (dd, J =
15.0, 2.4 Hz, 1H), 2.70 — 2.60 (m, 2H), 2.60 — 2.51 (m, 1H), 1.38 (s, 3H), 1.16 (dt, J = 13.9, 7.1 Hz, 6H). 13C NMR
(101 MHz, Chloroform-d) 6 173.7, 173.4, 170.6, 170.4, 140.9, 137.8,131.7, 128.1 x 2, 128.0 x 2, 127.5,61.7, 61.7,
60.0, 40.8, 40.4, 33.4, 29.4, 22.1, 13.7, 13.7. HRMS (ESI) m/z: [M + H]* Calcd for C22H2507 401.1595; Found:

401.1600.

6.3 Synthesis of compound 6

CN

M
°Co,Et NC
com Moy

[e]
NC CN toluene, 160°C, 12 h

EtO,C CO,Et
3aa 6, 71%

To a solution of 3aa (30.2 mg, 0.10 mmol, 1.0 equiv) in toluene (3 mL) was added tetracyanoethylene (25.6
mg, 0.20 mmol, 2.0 equiv), then the mixture stirred at 160 °C for 12 h. Toluene was removed in vacuo, and the
reaction mixture was purified by flash column chromatography (petroleum ether/EtOAc) on silica gel to afford the
compound 6 as a colorless oil (30.5 mg, 0.071 mmol, 71%). 'H NMR (400 MHz, Chloroform-d) 6 7.40 — 7.32 (m,
3H), 7.09 (dd, J = 6.6, 2.9 Hz, 2H), 4.21 — 3.89 (m, 4H), 3.31 (s, 2H), 3.27 (s, 2H), 1.28 — 1.22 (m, 9H). 3C NMR
(101 MHz, Chloroform-d) 6 169.6 x 2, 137.0, 131.9, 129.1, 128.9 x 2, 128.1 x 2, 126.2, 110.4 % 2, 110.2 x 2, 62.4
x 2,59.5,40.5, 38.0, 37.7, 35.1, 22.1, 13.8 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C24H23N4O4 431.1714; Found:

431.1719.

6.4 Synthesis of compound 7

Me
Me

CO,Et LiAIH, (3.0 equiv) |
COEt  Et0,0°Ctort, 2h |

OH

OH

3aa 7,91%

Lithium aluminium hydride (11.4 mg, 0.30 mmol, 3.0 equiv) was taken up in Et2O (1 mL) and then cooled to 0
°C. To the 0 °C stirred grey mixture was added dropwise 3aa (30.2 mg, 0.1 mmol, 1.0 equiv) in a solution of Et2O
(1 mL). The resulting mixture was warmed to room temperature and stirred for 2 h. The mixture was cooled back
to 0 °C and carefully quenched with H20 (5 mL) to give a white milky mixture, which was then extracted with Et2O
(10 mL x 3). The combined organic layers were washed with brine (5 mL) and purified by flash column
chromatography (CH2Cl2/CH30H) on silica gel to afford the compound 7 as a colorless oil (19.9 mg, 0.091 mmol,
91%). 'H NMR (400 MHz, Chloroform-d) & 7.43 — 7.38 (m, 2H), 7.34 — 7.27 (m, 3H), 5.38 (d, J = 1.5 Hz, 1H), 5.36

(d, J = 1.8 Hz, 1H), 5.27 (d, J = 1.6 Hz, 1H), 5.09 (d, J = 1.8 Hz, 1H), 3.59 (d, J = 11.2 Hz, 2H), 3.48 (d, J = 11.0
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Hz, 2H), 2.04 (br s, 2H), 0.93 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 151.5, 150.7, 140.4, 128.5 x 2, 128.0,
126.3 x 2, 117.3, 115.8, 68.3 x 2, 45.8, 19.9. HRMS (ESI) m/z: [M + H]* Calcd for C14H1902 219.1380; Found:

219.1385.

6.5 Synthesis of compound 8

Me Me
COzEt BFg.Etzo (1 .0 eqUIV) COzEt
COzEt  cH,CN, 100°C, 10 h O‘ CO,Et
Me
3aa 8,74%

To a solution of 3aa (30.2 mg, 0.10 mmol, 1.0 equiv) in acetonitrile (2 mL) was added boron trifluoride etherate
(14.6 mg, 0.10 mmol, 1.0 equiv, 46.5% in Et20). Then, the mixture stirred at 100 °C for 10 h under N2 atmosphere.
Acetonitrile was removed in vacuo and the reaction mixture was purified by flash column chromatography
(petroleum ether/EtOAc) on silica gel to afford the compound 8 as a colorless oil (22.4 mg, 0.074 mmol, 74%). *H
NMR (400 MHz, Chloroform-d) & 7.39 (d, J = 7.3 Hz, 1H), 7.33 = 7.28 (m, 2H), 7.20 — 7.16 (m, 1H), 4.30 — 4.12 (m,
4H), 3.43 (d, J = 2.3 Hz, 2H), 2.05 (t, J = 2.2 Hz, 3H), 1.77 (s, 3H), 1.25 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz,
Chloroform-d) 6 171.5 x 2, 146.9, 141.7, 137.0, 136.9, 126.2, 124.8, 123.1, 118.8, 61.7 % 2, 56.0, 39.7, 22.5, 14.0

x 2,12.0. HRMS (ESI) m/z: [M + H]* Calcd for CisH2304 303.1591; Found: 303.1596.

7. Mechanistic exploration experiments

7.1 Radical trapping experiments

™S
H  Me TEMPO (3.0 equiv) N

N Et0.C CO-Et standard conditions 0
2 2 trace
1a 2a EtO,C CO,Et

(1.4 equiv) (0.15 mmol) 9, 86%

An oven-dried 10 mL Schlenk tube equipped with a stir bar was charged with CuBr2 (13.4 mg, 0.06 mmol, 40
mol%), 2,2,6,6-tetramethylpiperidine N-oxide (TEMPO, 70.3 mg, 0.45 mmol, 3.0 equiv) and the tube was evacuated
and backfilled with N2 for 3 times. 1a (42.5 mg, 0.21 mmol, 1.4 equiv), 2a (26.1 mg, 0.15 mmol, 1.0 equiv), DTBP
(65.8 mg, 0.45 mmol, 3.0 equiv) and DMSO (1.5 mL) were successively added via syringe under N2 atmosphere.
The mixture was stirred at 60 °C for 12 h under N2 atmosphere. After cooling to room temperature, the mixture was
diluted with water (10 mL). The layer was separated and the aqueous layer was extracted with CH2Cl2 (10 mL x
3). The combined organic layers were rinsed with brine (10 mL), dried over Na2SO4, and concentrated in vacuo.
Traces of the coupling product 3aa was observed by TLC analysis. The resultant residue was purified by flash

column chromatography (petroleum ether/EtOAc) on silica gel to afford 9 (42.5 mg, 0.129 mmol, 86%). *H NMR
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(400 MHz, Chloroform-d) 6 4.63 — 4.01 (m, 4H), 1.73 (s, 3H), 1.65 - 1.38 (m, 6H), 1.27 (t, J = 7.2 Hz, 6H), 1.22 (s,
6H), 1.02 (s, 6H). 13C NMR (101 MHz, Chloroform-d) 6 170.2 x 2, 85.3, 61.5 x 2, 60.1 x 2, 40.6 x 2, 32.9 x 2, 20.5

x 2,17.8, 16.8, 13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C17H32NOs 330.2275; Found: 330.2281.

TMS | Ve
H Me BHT (1.0 equiv) |<C02Et
* ~ " CO,Et
AN EtO,C CO,Et standard conditions |
1a 2a 3aa
(1.4 equiv) (0.15 mmol) trace

An oven-dried 10 mL Schlenk tube equipped with a stir bar was charged with CuBr2 (13.4 mg, 0.06 mmol, 40
mol%), 2,6-di-tert-butyl-4-methylphenol (BHT, 33.1 mg, 0.15 mmol, 1.0 equiv) and the tube was evacuated and
backfilled with N2 for 3 times. 1a (42.5 mg, 0.21 mmol, 1.4 equiv), 2a (26.1 mg, 0.15 mmol, 1.0 equiv), DTBP (65.8
mg, 0.45 mmol, 3.0 equiv) and DMSO (1.5 mL) were successively added via syringe under N2 atmosphere. The
mixture was stirred at 60 °C for 12 h under N2 atmosphere. After cooling to room temperature, the mixture was
diluted with water (10 mL). The layer was separated and the aqueous layer was extracted with CH2Cl2 (10 mL x
3). The combined organic layers were rinsed with brine (10 mL), dried over Na2SOs, and concentrated in vacuo.

Traces of the desired product 3aa was observed from *H NMR spectrometry of the crude mixture.

7.2 By-product tracking experiment

TMS Me_ Me
+ "Me 3aa + Me >LMe
N Et0,C CO,Et  Standard conditions M&;/SI‘O
1a 2a 10
(1.4 equiv) (0.15 mmol) Detected by GC-MS

Following the standard conditions for the preparation of 3aa, by-product 10 in the reaction crude mixture was
detected by GC-MS analysis (CH2Clz as solvent) in comparison with commercial available tert-

butoxytrimethylsilane.
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Figure S1. GC-MS spectrum for commercial available tert-butoxytrimethylsilane
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Figure S2. GC-MS spectrum of the reaction mixture

8. NMR data of the products
Diethyl 2-methyl-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3aa)
MeCO £ The title compound was prepared according to GP5 and isolated as a yellow oil (31.8
COzEt mg, 0.105 mmol, 70%). *H NMR (400 MHz, Chloroform-d) & 7.41 — 7.35 (m, 2H), 7.32
—7.25(m, 3H), 5.44 (s, 1H), 5.37 (d, J = 1.3 Hz, 1H), 5.32 (s, 1H), 5.22 (d, J = 1.4 Hz,
1H), 4.09 (dddd, J = 17.9, 10.7, 7.1, 3.6 Hz, 4H), 1.52 (s, 3H), 1.21 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz,
Chloroform-d) 6 171.1 x 2, 148.8, 146.4, 140.6, 128.0 x 2, 127.6, 127.2 x 2, 120.5, 116.0, 61.5 x 2, 59.4, 22.0,

13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C1sH2304 303.1591; Found: 303.1588.

Diethyl 2-methyl-2-(3-(p-tolyl)buta-1,3-dien-2-yl)malonate (3ba)
MeCOZEt The title compound was prepared according to GP5 and isolated as a yellow oil
CO,Et  (33.5mg, 0.106 mmol, 71%). 'H NMR (400 MHz, Chloroform-d) 5 7.29 (d, J = 8.2
Me Hz, 2H), 7.10 (d, J = 7.9 Hz, 2H), 5.44 (d, J = 0.6 Hz, 1H), 5.36 (d, J = 1.5 Hz, 1H),
5.33 (s, 1H), 5.18 (d, J = 1.5 Hz, 1H), 4.20 — 4.03 (m, 4H), 2.33 (s, 3H), 1.53 (s, 3H), 1.23 (t, J = 7.1 Hz, 6H). '3C
NMR (101 MHz, Chloroform-d) 6 171.2 x 2, 148.6, 146.4, 137.7, 137.4, 128.7 x 2, 127.1 x 2, 120.3, 115.2, 61.5 %

2,59.3,21.9, 21.1, 13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for CieH2504 317.1747; Found: 317.1753.

Diethyl 2-(3-(4-(tert-butyl)phenyl)buta-1,3-dien-2-yl)-2-methylmalonate (3ca)
MeCOZEt The title compound was prepared according to GP5 and isolated as a yellow oil

CO,Et (35.1 mg, 0.098 mmol, 65%). *H NMR (400 MHz, Chloroform-d) 6 7.35 — 7.29 (m,

t-Bu 4H), 5.44 (d, J = 0.7 Hz, 1H), 5.38 (d, J = 1.5 Hz, 1H), 5.33 (d, J = 0.8 Hz, 1H),
5.18 (d, J = 1.5 Hz, 1H), 4.09 (qq, J = 10.7, 7.1 Hz, 4H), 1.55 (s, 3H), 1.31 (s, 9H), 1.21 (t, J = 7.1 Hz, 6H). 13C
NMR (101 MHz, Chloroform-d) 6 171.2 x 2, 150.6, 148.5, 146.4, 137.6, 126.8 x 2, 124.9 x 2, 120.3, 115.3, 61.5 %

2,59.4,345,31.3 %3, 22.0,13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C22H3104 359.2217; Found: 359.2222.
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Diethyl 2-(3-(3-methoxyphenyl)buta-1,3-dien-2-yl)-2-methylmalonate (3da)
The title compound was prepared according to GP5 and isolated as a yellow oil

M
°COo,Et
CO,Et (31.3 mg, 0.094 mmol, 63%). 'H NMR (400 MHz, Chloroform-d) 6 7.21 (t, J=7.9

MeO

Hz, 1H), 6.99 (dt, J = 7.7, 1.3 Hz, 1H), 6.95 (dd, J = 2.6, 1.7 Hz, 1H), 6.81 (ddd, J
=8.1, 2.6, 0.9 Hz, 1H), 5.45 (s, 1H), 5.40 (d, J = 1.4 Hz, 1H), 5.35 (s, 1H), 5.23 (d, J = 1.5 Hz, 1H), 4.19 — 4.03 (m,
4H), 3.80 (s, 3H), 1.53 (s, 3H), 1.23 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) & 171.1 x 2, 159.3,
148.6, 146.2, 142.0, 129.0, 120.6, 119.7, 116.1, 113.1, 112.9, 61.5 x 2, 59.3, 55.2, 21.9, 13.8 x 2. HRMS (ESI)

m/z: [M + H]* Calcd for C19H250s 333.1697; Found: 333.1702.

Diethyl 2-(3-(4-chlorophenyl)buta-1,3-dien-2-yl)-2-methylmalonate (3ea)
MeCOZEt The title compound was prepared according to GP5 and isolated as a yellow oil (32.3
CO.Et  mg, 0.096 mmol, 64%). '"H NMR (400 MHz, Chloroform-d) & 7.35 — 7.31 (m, 2H),
Cl 7.27 —7.25 (m, 2H), 5.46 (s, 1H), 5.37 (d, J = 1.3 Hz, 1H), 5.32 (s, 1H), 5.24 (d, J =
1.2 Hz, 1H), 4.20 — 3.99 (m, 4H), 1.53 (s, 3H), 1.22 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, Chloroform-d) § 171.0
x 2,147.7,146.0, 139.1, 133.5, 128.6 x 2, 128.2 x 2, 120.8, 116.5, 61.6 x 2, 59.3, 22.0, 13.9 x 2. HRMS (ESI) m/z:

[M + HJ* Calcd for C18H22ClO4 337.1201; Found: 337.1207.

Diethyl 2-(3-(4-cyanophenyl)buta-1,3-dien-2-yl)-2-methylmalonate (3fa)
MeCOZEt The title compound was prepared according to GP5 and isolated as a yellow oil
CO,Et  (27.8 mg, 0.085 mmol, 57%).'*H NMR (400 MHz, Chloroform-d) & 7.63 — 7.56 (m,
NC 2H), 7.54 — 7.48 (m, 2H), 5.52 (s, 1H), 5.49 (d, J = 0.9 Hz, 1H), 5.39 (d, J = 1.0 Hz,
1H), 5.32 (s, 1H), 4.11 (qq, J = 10.7, 7.1 Hz, 4H), 1.54 (s, 3H), 1.22 (t, J = 7.1 Hz, 6H). *C NMR (101 MHz,
Chloroform-d) 6 170.8 x 2, 147.4, 145.5, 145.3, 132.0 x 2, 127.8 x 2, 121.5, 118.8, 118.7, 111.2, 61.7 % 2, 59.3,

22.2,13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C1sH22NO4 328.1543; Found: 328.1549.

Diethyl 2-methyl-2-(3-(4-(trifluoromethyl)phenyl)buta-1,3-dien-2-yl)malonate (3ga)
MeCOZEt The title compound was prepared according to GP5 and isolated as a yellow oil

CO,Et (31.2 mg, 0.084 mmol, 56%). "H NMR (400 MHz, Chloroform-d) & 7.60 — 7.46 (m,

F3C 4H), 5.50 (s, 1H), 5.45 (d, J = 1.1 Hz, 1H), 5.34 (d, J = 1.1 Hz, 1H), 5.33 (s, 1H),
4.10 (qq, J = 10.8, 7.1 Hz, 4H), 1.55 (s, 3H), 1.22 (t, J = 7.1 Hz, 6H). 'C NMR (101 MHz, Chloroform-d) § 171.1 x
2, 147.8, 146.0, 144.4 (q, J = 1.3 Hz), 129.7 (q, J = 32.4 Hz), 127.7 x 2, 125.2 x 2 (q, J = 4.1 Hz), 124.3 (9, J =
272.1 Hz), 121.3, 117.9, 61.7 x 2, 59.4, 22.3, 14.0 x 2. °®F NMR (376 MHz, Chloroform-d) & -62.38. HRMS (ESI)

m/z: [M + H]* Calcd for C19H22F304 371.1465; Found: 371.1470.

Diethyl 2-methyl-2-(3-(4-nitrophenyl)buta-1,3-dien-2-yl)malonate (3ha)
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MeCOZEt The title compound was prepared according to GP5 and isolated as a yellow oil

COEt (19.9 mg, 0.057 mmol, 38%). 'H NMR (400 MHz, Chloroform-d) & 8.19 — 8.14 (m,

O2N 2H), 7.65 — 7.54 (m, 2H), 5.55 — 5.52 (m, 2H), 5.43 (d, J = 0.9 Hz, 1H), 5.34 (s,
1H), 4.20 — 4.00 (m, 4H), 1.56 (s, 3H), 1.22 (t, J = 7.1 Hz, 6H). 1*C NMR (101 MHz, Chloroform-d) & 170.8 x 2,
147.3,147.1,147.1, 145.5, 128.0 x 2, 123.4 x 2, 121.7, 119.2, 61.7 x 2, 59.3, 22.2, 13.9 x 2. HRMS (ESI) m/z: [M

+ HJ* Calcd for C1sH22NOe 348.1442; Found: 348.1447.

Diethyl 2-(3-(4-(ethoxycarbonyl)phenyl)buta-1,3-dien-2-yl)-2-methylmalonate (3ia)
The title compound was prepared according to GP5 and isolated as a yellow oil
MeCOzEt (35.9 mg, 0.096 mmol, 64%). 'H NMR (400 MHz, Chloroform-d) & 7.97 (d, J =
CO-E 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 5.51 — 5.46 (m, 2H), 5.34 (s, 2H), 4.37 (q,
H02C J =7.1Hz, 2H), 4.17 — 4.04 (m, 4H), 1.53 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H), 1.22
(t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) 6 171.0 x 2, 166.4, 148.1, 145.9, 145.1, 129.5, 129.4 x 2,
127.1 x 2,121.0, 117.7, 61.6 x 2, 60.9, 59.3, 22.0, 14.3, 13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C21H270s

375.1802; Found: 375.1808.

Diethyl 2-(3-(3-bromophenyl)buta-1,3-dien-2-yl)-2-methylmalonate (3ja)

MeCO Et The title compound was prepared according to GP5 and isolated as a yellow oil (31.9
2

CO,Et mg, 0.084 mmol, 56%). 1H NMR (400 MHz, Chloroform-d) & 7.53 (t, J = 1.9 Hz, 1H),

Br

7.39 (ddd, J=7.9,2.0,1.1 Hz, 1H), 7.32 (dt, J=7.8, 1.3 Hz, 1H), 7.17 (t, J = 7.9 Hz,
1H), 5.47 (s, 1H), 5.39 (d, J = 1.2 Hz, 1H), 5.33 (s, 1H), 5.27 (d, J = 1.2 Hz, 1H), 4.23 — 3.96 (m, 4H), 1.54 (s, 3H),
1.23 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) 6 171.0 x 2, 147.6, 145.9, 142.8, 130.6, 130.2, 129.6,
125.9, 122.2, 121.0, 117.2, 61.6 x 2, 59.2, 22.1, 13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for CisH22"°BrOa4

381.0696; Found: 381.0702.

Diethyl 2-(3-(2-fluorophenyl)buta-1,3-dien-2-yl)-2-methylmalonate (3ka)
MeCOZEt The title compound was prepared according to modified GP5 as the reaction was carried

COzEt  out at 80 °C and isolated as a yellow oil (29.4 mg, 0.092 mmol, 61%). *H NMR (400 MHz,

F Chloroform-d) & 7.26 (d, J = 1.8 Hz, 1H), 7.24 — 7.19 (m, 1H), 7.07 (dd, J = 7.5, 1.2 Hz,

1H), 7.05 — 6.98 (m, 1H), 5.40 (d, J = 1.0 Hz, 1H), 5.34 (d, J = 1.3 Hz, 1H), 5.31 (s, 1H), 5.23 (s, 1H), 4.21 — 4.05
(m, 4H), 1.62 (s, 3H), 1.22 (t, J = 7.1 Hz, 6H). 23C NMR (101 MHz, Chloroform-d) & 171.1 x 2, 159.8 (d, J = 248.8
Hz), 146.3, 142.4, 131.0 (d, J = 3.5 Hz), 129.1 (d, J = 8.2 Hz), 128.8 (d, J = 13.6 Hz), 123.6 (d, J = 3.8 Hz), 119.8,
119.6 (d, J = 3.4 Hz), 115.7 (d, J = 22.2 Hz), 61.6 x 2, 59.1, 21.9, 13.8 x 2. 1%F NMR (376 MHz, Chloroform-d) & -

114.05. HRMS (ESI) m/z: [M + H]* Calcd for CisH22FO4 321.1497; Found: 321.1502.
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Diethyl 2-methyl-2-(3-(o-tolyl)buta-1,3-dien-2-yl)malonate (3la)
MeCOZEt The title compound was prepared according to modified GP5 as the reaction was carried

CO,Et outat 80 °C and isolated as a yellow oil (16.1 mg, 0.051 mmol, 34%).*"H NMR (400 MHz,

Me Chloroform-d) & 7.23 — 7.00 (m, 4H), 5.30 (s, 1H), 5.18 (d, J = 1.1 Hz, 1H), 5.06 (s, 1H),

4.93 (s, 1H), 4.22 —4.13 (m, 4H), 2.24 (s, 3H), 1.75 (s, 3H), 1.26 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-
d) 6 171.3 x 2, 147.1, 146.0, 141.6, 136.1, 129.8, 129.7, 127.2, 125.3, 119.5, 117.1, 61.6 x 2, 59.1, 22.3, 19.7,

13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C19H2504 317.1747; Found: 317.1753.

Diethyl 2-methyl-2-(3-(naphthalen-2-yl)buta-1,3-dien-2-yl)malonate (3ma)
Me The title compound was prepared according to GP5 and isolated as a yellow oil
CO,Et
OO CO,Et (36.9 mg, 0.105 mmol, 70%). 'H NMR (400 MHz, Chloroform-d) & 7.85 — 7.76 (m,

4H), 7.56 (dd, J = 8.6, 1.8 Hz, 1H), 7.49 — 7.43 (m, 2H), 5.53 (s, 2H), 5.42 (s, 1H),
5.34 (d, J = 1.2 Hz, 1H), 4.19 — 4.00 (m, 4H), 1.57 (s, 3H), 1.21 (t, J = 7.1 Hz, 6H). 3C NMR (101 MHz, Chloroform-
d) 5171.2 x 2, 148.7, 146.3, 137.9, 133.1, 132.8, 128.2, 127.7, 127.5, 126.4, 126.1, 126.0, 125.3, 120.8, 116.5,

61.5 x 2,59.4, 22.0, 13.8 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C22H2504 353.1747; Found: 353.1753.

Diethyl 2-methyl-2-(3-(thiophen-3-yl)buta-1,3-dien-2-yl)malonate (3na)
MeCOZEt The title compound was prepared according to GP5 and isolated as a yellow oil (23.2 mg,

4 ] CO,Et 0.075 mmol, 50%). *H NMR (400 MHz, Chloroform-d) & 7.25 (dd, J = 5.0, 3.1 Hz, 1H),
S 7.20 (dd, J = 3.0, 1.3 Hz, 1H), 7.18 (dd, J = 4.9, 1.4 Hz, 1H), 5.45 — 5.43 (m, 2H), 5.37 (d,
J=0.6 Hz, 1H), 5.14 (d, J = 1.4 Hz, 1H), 4.19 — 4.08 (m, 4H), 1.56 (s, 3H), 1.23 (t, J = 7.1 Hz, 6H). 13C NMR (101
MHz, Chloroform-d) 6 171.3 x 2, 146.3, 143.2, 142.4, 126.2, 125.7, 123.0, 120.0, 114.4, 61.7 x 2, 59.5, 21.8, 14.0

x 2. HRMS (ESI) m/z: [M + H]* Calcd for C16H2104S 309.1155; Found: 309.1161.

Diethyl 2-methyl-2-(2-phenylhepta-1,3-dien-3-yl)malonate (30a)
The title compound was prepared according to GP5 and isolated as a yellow oil (34.8
Meggf mg, 0.100 mmol, 67%, E/Z = 9.1:1). *H NMR (400 MHz, Chloroform-d) & 7.46 — 7.42 (m,
) | = 2H), 7.34 — 7.27 (m, 3H), 5.83 (t, J = 7.3 Hz, 1H), 5.69 (d, J = 1.7 Hz, 1H), 5.12 (d, J =
P 1.6 Hz, 1H), 4.13 — 4.05 (m, 4H), 2.05 — 1.99 (m, 2H), 1.43 (s, 3H), 1.38 (dd, J = 14.6,
7.3 Hz, 2H), 1.21 (d, J = 7.1 Hz, 6H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) 5 171.8 x 2, 145.1,
139.6, 136.4, 134.6, 128.3 x 2, 127.7, 126.3 % 2, 116.3, 61.4 x 2, 59.9, 31.9, 22.7, 21.7, 14.0, 13.9 x 2. HRMS

(ESI) m/z: [M + H]* Calcd for C21H2004 345.2060; Found: 345.2066.

Diethyl 2-methyl-2-(2-phenylocta-1,3-dien-3-yl)malonate (3pa)
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M The title compound was prepared according to GP5 and isolated as a yellow oil (34.1
e
CO,Et

COLEL mg, 0.095 mmol, 63%, E/Z = 10:1). 'H NMR (400 MHz, Chloroform-d) & 7.49 — 7.41 (m,
| 2

; 2H), 7.33 = 7.28 (m, 3H), 5.82 (t, J = 7.3 Hz, 1H), 5.69 (d, J = 1.6 Hz, 1H), 5.12 (d, J =

- 1.5 Hz, 1H), 4.13 — 4.06 (m, 4H), 2.07 — 2.02 (m, 2H), 1.43 (s, 3H), 1.38 — 1.28 (m, 4H),
1.22 (d, J = 7.1 Hz, 6H), 0.84 (t, J = 7.1 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 171.7 x 2, 144.9, 139.5,
136.0, 134.6, 128.2 x 2, 127.6, 126.2 x 2, 116.2, 61.3 x 2, 59.7, 31.6, 29.5, 22.3, 21.5, 14.0, 13.9 x 2. HRMS (ESI)

m/z: [M + H]* Calcd for C22H3104 359.2217; Found: 359.2223.

Diethyl 2-(2,5-diphenylpenta-1,3-dien-3-yl)-2-methylmalonate (3ga)

The title compound was prepared according to GP5 and isolated as a yellow oil (33.7
Me
CO,Et

mg, 0.083 mmol, 55%, E/Z = 10:1). *H NMR (400 MHz, Chloroform-d) 6 7.38 — 7.34 (m,
| CO,Et

2H), 7.29 (dd, J = 2.6, 1.8 Hz, 1H), 7.24 — 7.22 (m, 3H), 7.19 — 7.13 (m, 2H), 7.11 — 7.08
(m, 2H), 5.88 (t, J = 7.3 Hz, 1H), 5.65 (d, J = 1.6 Hz, 1H), 5.02 (d, J = 1.5 Hz, 1H), 4.07
(ddd, J =10.7, 7.1, 3.5 Hz, 4H), 2.67 (dd, J = 8.6, 6.8 Hz, 2H), 2.39 — 2.34 (m, 2H), 1.42
(s, 3H), 1.20 (d, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) 5 171.5 x 2, 144.7,
141.6, 139.3, 137.0, 133.2, 128.5 x 2, 128.3, 128.2 x 2, 128.2 x 2, 127.6, 126.1 x 2, 125.8, 61.3 x 2, 59.6, 35.7,

31.9, 21.5, 13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for CasH3104 407.2217; Found: 407.2222.

Dimethyl 2-methyl-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3ab)
Me The title compound was prepared according to GP5 and isolated as a yellow oil (26.4 mg,
PhJ\H/kggzmz 0.096 mmol, 64%). 'H NMR (400 MHz, Chloroform-d) & 7.41 — 7.33 (m, 2H), 7.32 — 7.25
(m, 3H), 5.41 (s, 1H), 5.37 (d, J = 1.2 Hz, 1H), 5.34 (s, 1H), 5.20 (d, J = 1.2 Hz, 1H), 3.62
(s, 6H), 1.54 (s, 3H). 3C NMR (101 MHz, Chloroform-d) 6 171.5 x 2, 148.7, 146.2, 140.4, 128.1 x 2, 127.7, 127.2

x 2,120.5, 116.3,59.4 x 2, 52.6, 21.9. HRMS (ESI) m/z: [M + H]* Calcd for C16H1904 275.1278; Found: 275.1283.

Diethyl 2-ethyl-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3ac)
Me The title compound was prepared according to modified GP5 as the reaction was carried out
CO2Et 4t 70 °C and isolated as a yellow oil (31.3 mg, 0.099 mmol, 66%). *H NMR (400 MHz,
o O Chloroform-d) & 7.40 — 7.34 (m, 2H), 7.31 — 7.25 (m, 3H), 5.60 (d, J = 0.9 Hz, 1H), 5.35 (d,
J = 0.9 Hz, 1H), 5.30 (d, J = 1.3 Hz, 1H), 5.19 (d, J = 1.4 Hz, 1H), 4.10 — 3.94 (m, 4H), 2.02 (q, J = 7.4 Hz, 2H),
1.18 (t, J = 7.1 Hz, 6H), 0.90 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) & 170.1 x 2, 149.3, 145.0,
140.7, 127.9 x 2, 127.6, 127.3 x 2, 121.3, 115.9, 63.3, 61.1 x 2, 28.4, 13.9 x 2, 9.6. HRMS (ESI) m/z: [M + H]*

Calcd for Ci9H2504 317.1747; Found: 317.1753.

Diethyl 2-benzyl-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3ad)
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Ph The title compound was prepared according to GP5 and isolated as a yellow oil (35.1 mg,

CO,Et

Ph CO,Et
3H), 7.23 -7.17 (m, 5H), 5.41 (s, 1H), 5.38 (d, J = 1.2 Hz, 1H), 5.34 (s, 1H),5.25 (d, J =1.2

0.093 mmol, 62%). *H NMR (400 MHz, Chloroform-d) & 7.45 — 7.39 (m, 2H), 7.34 — 7.27 (m,

Hz, 1H), 4.03 — 3.84 (m, 4H), 3.40 (s, 2H), 1.10 (t, J = 7.2 Hz, 6H). 3C NMR (101 MHz, Chloroform-d) & 169.6 x 2,
149.4,144.1, 140.7, 136.6, 130.6 x 2, 127.9 x 2, 127.8 x 2, 127.6, 127.5 x 2, 126.8, 122.3, 115.9, 64.4, 61.2 x 2,

41.3,13.7 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C2aH2704 379.1904; Found: 379.1909.

Diethyl 2-(2-oxopropyl)-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3ae)

Ac The title compound was prepared according to GP5 and isolated as a yellow oil (32.1 mg,

CO,Et

Ph CO,Et
3H), 5.50 (s, 1H), 5.40 (d, J = 1.5 Hz, 1H), 5.35 (s, 1H), 5.17 (d, J = 1.4 Hz, 1H), 4.16 — 4.00

0.093 mmol, 62%). 'H NMR (400 MHz, Chloroform-d) 6 7.41 — 7.35 (m, 2H), 7.34 — 7.28 (m,

(m, 4H), 3.06 (s, 2H), 2.06 (s, 3H), 1.21 (t, J = 7.2 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) 5 204.8, 169.2 x 2,
148.7, 145.0, 139.6, 128.2 x 2, 128.0, 127.0 x 2, 120.8, 116.7, 61.7 x 2, 60.6, 48.2, 29.9, 13.8 x 2. HRMS (ESI)

m/z: [M + H]* Calcd for C20H250s 345.1697; Found: 345.1702.

Diethyl 2-fluoro-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3af)

CO,Et
CO,Et 0.096 mmol, 64%). 'H NMR (400 MHz, Chloroform-d) 6 7.40 — 7.22 (m, 5H), 5.57 (d, J = 3.0

F The title compound was prepared according to GP5 and isolated as a yellow oil (29.4 mg,

Hz, 1H), 5.48 — 5.40 (m, 2H), 5.35 (d, J = 2.0 Hz, 1H), 4.30 — 4.15 (m, 4H), 1.27 (t, J = 7.1

Hz, 6H). 13C NMR (101 MHz, Chloroform-d) & 165.4 x 2 (d, J = 26.9 Hz), 146.1, 142.1 (d, J = 19.7 Hz), 140.4,
128.1 x 2,127.9 x 2,127.8,123.1 (d, J =7.2 Hz), 116.8 (d, J = 2.4 Hz), 95.1 (d, J = 199.4 Hz), 62.8 x 2, 13.8 x 2.
19F NMR (376 MHz, Chloroform-d) & -150.84. HRMS (ESI) m/z: [M + H]* Calcd for C17H20FO4 307.1340; Found:

307.1342.

Diethyl 2-(cyclopropylmethyl)-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3ag)
The title compound was prepared according to GP5 and isolated as a yellow oil (30.5 mg,
CO,Et 0089 mmol, 59%). *H NMR (400 MHz, Chloroform-d) 57.40 — 7.34 (m, 2H), 7.30 - 7.25 (m,
Ph COzEt  3H),5.69 (d, J = 0.9 Hz, 1H), 5.36 (d, J = 1.1 Hz, 1H), 5.31 (d, J = 1.4 Hz, 1H), 5.21 (d, J =
1.4 Hz, 1H), 4.13 — 3.89 (m, 4H), 1.94 (d, J = 6.6 Hz, 2H), 1.18 (t, J = 7.1 Hz, 6H), 0.90 —
0.78 (m, 1H), 0.42 — 0.36 (m, 2H), 0.04 — -0.01 (m, 2H). 13C NMR (101 MHz, Chloroform-d) & 170.2 x 2, 149.4,
145.3, 140.7, 127.9 x 2, 127.6, 127.3 x 2, 121.4, 115.9, 62.7, 61.1 x 2, 40.3, 13.8 % 2, 6.9, 4.6 x 2. HRMS (ESI)

m/z: [M + H]* Calcd for C21H2704 343.1904; Found: 343.1909.

Diethyl 2-(cyclopentylmethyl)-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3ah)

The title compound was prepared according to modified GP5 as the reaction was carried out at 80 °C and isolated
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as a yellow oil (36.5 mg, 0.099 mmol, 66%). *H NMR (400 MHz, Chloroform-d) 6 7.39 — 7.34

(m, 2H), 7.30 — 7.22 (m, 3H), 5.73 (d, J = 0.9 Hz, 1H), 5.35 (d, J = 0.9 Hz, 1H), 5.29 (d, J =
CO,Et

Ph CO,Et L4 Hz 1H) 5.19 (d, J = 1.4 Hz, 1H), 4.08 — 3.88 (m, 4H), 1.93 (d, J = 5.5 Hz, 2H), 1.64 -

1.57 (m, 4H), 1.16 (t, J = 7.2 Hz, 6H), 1.13 — 1.02 (m, 1H), 0.94 — 0.85 (m, 2H). 3C NMR
(101 MHz, Chloroform-d) 5 170.4 x 2, 149.6, 145.3, 140.9, 128.0 x 2, 127.6, 127.5 x 2, 121.5, 116.1, 61.8 x 2,
61.1, 42.3,34.4 x 2, 34.3, 265, 26.3, 13.9 x 2. HRMS (ESI) m/z: [M + H]* Calcd for C23H3104 371.2217; Found:

371.2223.

Triethyl 5-methylene-6-phenylhept-6-ene-1,4,4-tricarboxylate (3ai)

CO,Et The title compound was prepared according to GP5 and isolated as a yellow oil (40.0

CO,Et

mg, 0.099 mmol, 66%). *H NMR (400 MHz, Chloroform-d) 6 7.38 — 7.33 (m, 2H), 7.30
Ph CO,Et

—7.25 (m, 2H), 7.25 — 7.22 (m, 1H), 5.62 (s, 1H), 5.36 (d, J = 0.9 Hz, 1H), 5.30 (d, J
= 1.4 Hz, 1H), 5.19 (d, J = 1.4 Hz, 1H), 4.11 — 4.03 (m, 4H), 4.02 — 3.94 (m, 2H), 2.21 (t, J = 7.5 Hz, 2H), 2.03 —
1.91 (m, 2H), 1.68 — 1.60 (m, 2H), 1.23 — 1.16 (m, 9H). 3C NMR (101 MHz, Chloroform-d) & 173.1, 169.9 x 2,
149.2, 144.7, 140.6, 127.9 x 2, 127.6, 127.3 x 2, 121.6, 116.1, 62.6, 61.3 x 2, 60.2, 34.4, 34.4, 20.6, 14.2, 13.8 x

2. HRMS (ESI) m/z: [M + H]* Calcd for C23H3106 403.2115; Found: 403.2121.

Diethyl 2-(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3aj)

OTBS The title compound was prepared according to GP5 and isolated as a yellow oil (46.7
CO,Et

mg, 0.105 mmol, 70%). 'H NMR (400 MHz, Chloroform-d) 6 7.38 (dd, J = 8.1, 1.6 Hz,
Ph CO,Et

2H), 7.32 — 7.26 (m, 3H), 5.63 (d, J = 0.8 Hz, 1H), 5.38 (d, J = 0.8 Hz, 1H), 5.33 (d, J =
1.3 Hz, 1H), 5.20 (d, J = 1.3 Hz, 1H), 4.09 — 3.96 (m, 4H), 3.73 — 3.65 (M, 2H), 2.34 — 2.23 (m, 2H), 1.18 (t, J= 7.1
Hz, 6H), 0.86 (s, 9H), 0.02 (s, 6H). 13C NMR (101 MHz, Chloroform-d) 5 169.9 x 2, 149.2, 144.7, 140.6, 127.9 x 2,
127.6,127.4 x 2, 121.6, 116.0, 61.3 x 2, 60.9, 59.9, 37.7, 25.9 x 3, 18.3, 13.8 x 2, -5.3 x 2. HRMS (ESI) m/z: [M +

H]* Calcd for C2sH390sSi 447.2561; Found: 447.2566.

Ethyl 2-acetyl-2-methyl-3-methylene-4-phenylpent-4-enoate (3ak)
Me The title compound was prepared according to GP5 and isolated as a yellow oil (15.5 mg,
Ph)kﬂ/Kingt 0.057 mmol, 38%). *H NMR (400 MHz, Chloroform-d) & 7.39 — 7.34 (m, 2H), 7.34 — 7.27 (m,
3H), 5.41 (d, J = 0.6 Hz, 1H), 5.36 (d, J = 1.2 Hz, 1H), 5.33 (d, J = 0.6 Hz, 1H), 5.16 (d, J =
1.2 Hz, 1H), 4.09 (qd, J = 7.1, 1.9Hz, 2H), 2.29 (s, 3H), 1.44 (s, 3H), 1.25 — 1.18 (m, 3H). 13C NMR (101 MHz,
Chloroform-d) 6 204.8, 171.4, 149.0, 146.6, 140.4,128.2 x 2,127.8,127.3 x 2,121.3, 116.0, 65.3, 61.5, 26.9, 20.6,

13.9. HRMS (ESI) m/z: [M + H]* Calcd for C17H2103 273.1485; Found: 273.1491.

Ethyl 2-cyano-2-methyl-3-methylene-4-phenylpent-4-enoate (3al)
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Me The title compound was prepared according to modified GP5 as the reaction was carried
Phjkn/kggza out at 70 °C and isolated as a yellow oil (23.7 mg, 0.093 mmol, 62%). 'H NMR (400 MHz,
Chloroform-d) 6 7.37 — 7.27 (m, 5H), 5.77 (s, 1H), 5.43 (d, J = 0.9 Hz, 1H), 5.42 (s, 1H), 5.32

(d, 3 = 0.9 Hz, 1H), 4.05 — 3.97 (m, 1H), 3.94 — 3.86 (m, 1H), 1.72 (s, 3H), 1.20 (t, J = 7.2 Hz, 3H). 13C NMR (101
MHz, Chloroform-d) 6 167.4, 146.8, 143.7,139.4,128.2 x 2, 128.1, 127.3 x 2,120.4, 119.2, 117.6, 63.0, 48.2, 23.3,

13.7. HRMS (ESI) m/z: [M + H]* Calcd for C16H1sNO2 256.1332; Found: 256.1338.

Ethyl 2-methyl-3-methylene-4-phenyl-2-(phenylsulfonyl)pent-4-enoate (3am)

Me The title compound was prepared according to modified GP5 as the reaction was carried

CO,Et
2 out at 50 °C and isolated as a yellow oil (34.1 mg, 0.092 mmol, 61%). *H NMR (400 MHz,

Ph SO,Ph
Chloroform-d) 6 7.97 (dd, J = 8.4, 1.3 Hz, 2H), 7.69 — 7.62 (m, 1H), 7.53 (dd, J =8.4, 7.1
Hz, 2H), 7.26 (s, 5H), 5.97 (d, J = 0.8 Hz, 1H), 5.58 (d, J = 0.7 Hz, 1H), 5.32 (d, J = 1.4 Hz, 1H), 493 (d,J=1.3
Hz, 1H), 4.01 — 3.68 (m, 2H), 1.80 (s, 3H), 1.06 (t, J = 7.2 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 167.5,
148.6,142.4,139.5, 136.6, 133.8, 132.0 x 2, 128.2 x 2, 128.1 x 2, 127.9, 126.8 x 2, 125.4, 116.4, 76.5, 62.2, 20.5,

13.5. HRMS (ESI) m/z: [M + H]* Calcd for C21H2304S 371.1312; Found: 371.1317.

2-Methyl-3-methylene-4-phenyl-2-tosylpent-4-enenitrile (3an)
M The title compound was prepared according to GP5 and isolated as a yellow oil (34.1 mg, 0.100
Ph)kﬂ/k? mmol, 67%). *H NMR (400 MHz, Chloroform-d) & 7.87 (d, J = 8.1 Hz, 2H), 7.39 (d, J = 8.0 Hz,
2H), 7.36 — 7.26 (m, 5H), 5.83 (s, 1H), 5.64 (s, 1H), 5.55 (s, 1H), 5.21 (s, 1H), 2.48 (s, 3H), 1.66
(s, 3H). 3C NMR (101 MHz, Chloroform-d) & 146.5, 146.2, 139.2, 139.1, 131.3 x 2, 130.6, 129.7 x 2, 128.6 x 2,
128.3,126.8,126.4 x 2,118.8,117.7, 65.7, 21.8, 20.8. HRMS (ESI) m/z: [M + H]* Calcd for C20H20NO-S 338.1209;

Found: 338.1215.

2-Methyl-2-(3-phenylbuta-1,3-dien-2-yl)malononitrile (3a0)
Me The title compound was prepared according to GP5 and isolated as a yellow oil (23.5 mg,
Phjkﬂ/kgz 0.113 mmol, 75%). *H NMR (400 MHz, Chloroform-d) & 7.45 — 7.32 (m, 5H), 5.96 (d, J = 0.5
Hz, 1H), 5.64 (d, J = 0.6 Hz, 1H), 5.58 (s, 1H), 5.49 (s, 1H), 1.84 (s, 3H). 13C NMR (101 MHz,
Chloroform-d) 6 144.8, 140.8, 138.3, 128.8, 128.7 x 2, 127.1 x 2, 121.7,119.5, 115.1 x 2, 36.3, 26.0. HRMS (ESI)

m/z: [M + H]* Calcd for C14H13N2 209.1073; Found: 209.1079.

Diethyl 2-(3-(1,3-dioxolan-2-yl)propyl)-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3ap)
0] The title compound was prepared according to GP5 and isolated as a yellow oil (26.9 mg,
CN oj 0.091 mmol, 61%). *H NMR (400 MHz, Chloroform-d) & 7.39 — 7.33 (m, 5H), 5.93 (s, 1H),
Ph CN 5.59 (s, 2H), 5.45 (s, 1H), 4.87 (t, J = 4.0 Hz, 1H), 3.92 — 3.75 (m, 4H), 2.17 — 2.08 (m,
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2H), 1.98 — 1.93 (m, 2H). 13C NMR (101 MHz, Chloroform-d) & 145.0, 139.8, 138.3, 128.8, 128.6 x 2, 127.2 x 2,
122.4,119.6,114.1 x 2, 102.2, 65.1 x 2, 41.8, 32.2, 29.7. HRMS (ESI) m/z: [M + H]* Calcd for C1sH10N202 295.1441;

Found: 295.1447.

Diethyl 2-(5-fluoropentyl)-2-(3-phenylbuta-1,3-dien-2-yl)malonate (3aq)

F The title compound was prepared according to GP5 and isolated as a yellow oil (30.2

CN

mg, 0.107 mmol, 71%). *H NMR (400 MHz, Chloroform-d) § 7.43 — 7.31 (m, 5H), 5.94
Ph CN

(s, 1H), 5,59 (s, 2H), 5.43 (d, J = 0.8 Hz, 1H), 4.40 (dt, J = 47.3, 5. 9 Hz, 2H), 2.00 —
1.88 (m, 2H), 1.72 — 1.58 (m, 4H), 1.42 — 1.31 (m, 2H). 3C NMR (101 MHz, Chloroform-d) & 145.1, 139.9, 138.3,
128.8 x 2,128.6 x 2, 127.1, 122.2, 119.7, 114.3 x 2, 83.5 (d, J = 164.8 Hz), 42.3, 37.9, 29.8 (d, J = 19.9 Hz), 25.1,

24.4 (d, J = 5.0 Hz). HRMS (ESI) m/z: [M + H]* Calcd for C1sH20FN2 283.1605; Found: 283.1610.
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11. NMR spectra of all the products

6L
vz T
NN.F\
zs1”/

Y0¥
SO’V 1
90V
90V 1
L0V
80V
60V
oﬁvgw

LWy~
Nf*&

ey
144
Lz's
NNM/.
[43° N
LE°S
thN

144°]

ST'L
9z’ L
82°L
8¢'L
0€’L
0€’L
LE°L
LE°L
LEL
6€°L
6€°L

CO,Et
CO,Et

Me

\\Jw 99

*60°¢

ey

»00'€
"66°L

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 -C
1 (ppm)

8.5

6'€lL —

0'cz —

Y65 ~
S L9

09k~
S0ZL~
e

9221\
o0gzL”

9ovL —
oV~
8’8Vl —

VUL —

10

50 40 30 20

60

70

80

20

1 (ppm)
S61

100
1H and *3C NMR spectra for product 3aa (400 MHz, CDCl3)

110

120

170 160 150 140 130

180

90



(AN
A
mNF\
€5°L

€€C—

8L'S
8L’S
€€°G
9¢'G
9¢°'S
144°]
144

==

60°L

L V
8¢’ LT
0€’L \ =

CO,Et

CO,Et

Me

A

e

L

=0v'9
80°¢

rez'e

fsz'y

£2¢3

- -

K1z
=0L'C

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6'€L —
Lie
m.—.NV

€6G ~
197

ST
€02l ~
(X AN

h.wN_.M

VLl
rier’
vovL ~
98yl

UL —

s

10

70 50

170 160 150 140 130 120 110 100 90
1H and 13C NMR spectra for product 3ba (400 MHz, CDCls)

180

90

S52



oc'L
vﬂv/
€Lt

X
GS'L —
NQvg
0¥
S0V 1
90V |
L0V
80V 1
607 |
60V |
oLV
%A
15 Aa
€LY
nﬁv#
1424
#ﬁ#\

9Ly

8L’S
wﬁm/
€€'S

€€'G
8€'G

6€°G

s

S'S

02
oﬂhg
0€°L1
1EL
1e LA
FAV AR
2L
ze'L]
zeL]
€eL]
ve'L
ve'L]
seL

CO,Et

Me

CO,Et

t-Bu

829
916
A X>

fszy

)
2299
O

7zev

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6°€l — D

0'¢ce — - 3

€1e~ :
S've— T3

V'6S ~ 3
S'19 7

€GLL — _ :
€0cCL _ <
6 Vel 3
8'9Z1 — -

9°LEL — 3
vovi

S8yl — —
90517

UL — -

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3ca (400 MHz, CDCls)

S53



(FAIRN
€L
vNF\
€5'L

08°¢
S0'¥ |
0¥ |
80V 1
80'¥ 1
607 |
oL¥
oLY
LY
LY
(4% A
Ly
Ly
IRa
Sy
CINA

gl
888,
08'9 1
289
289
2891
289
76°9
G6'9
669 -]
$6'9
86'9
869
00°Z 1
00°L
10°L ]
61°L ]
1zL]
gz'2!

=

Me

CO,Et
CO,Et

MeO

A

L

l

¥92'9
70°¢

=0z’
tezy

joort
860
oL
60

Y-S
eea-Q
- O

30 25 20 15 10 05 00 <

3.5

45 4.0
1 (ppm)

80 75 70 65 60 55 5.0

8.5

8¢l —

6l —

¢SS ~
€765 ~
S'19 7

6¢CLL
LeLL —
L'oLL —
L6LLT
9'0C1L
0’6zl —

oevl ~
ol ~
9'8¥1L —

€6G1 —

LLLL—

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

180

1H and 13C NMR spectra for product 3da (400 MHz, CDCls)

S54



(AN
LT
vu.rw
€5'L

90V
1071
20V |
607 1
oLy
Lb
e
AR A
e 2 NW
3.4

SL'Yy
9L’y
ve's
SC'S /
ceG
LE°S
8¢'S \
'S

S¢'L
9¢’L
VXAV
LeL
ceL
€€°L
veL
veL
S€'L

CO,Et

Me

CO,Et

Cl

IS

K19
£00°¢

#8C
“66°L

0.0

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5

8.5

1 (ppm)

6°€lL —

0¢ce—

€65 ~
99~

goLL”
80Z1L "
7821\
9'8zL”
G'eelL —
L'6EL
09Vl

LIy~

0LLL—

-

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3ea (400 MHz, CDCls)

S55



02’1
2T
YT L
YSL
vo'y
90'Y
L0V
L0V
L0V
807 |
607 1
60V |
60V 1
0LY 1
0Lv
LY
LY
A% A
(1% A
€LY
142 A
SL'Y
SL'Y

9L’y

Ly

ze's

m@m/
6€°S

6¥°S

meN

2S’S

—

0S°L
051
05°Z 1
1S
25" LA
TS LA
€52 ,ﬁ
85°.
mm.L.
6527
65°L
09°2]
192
19°L ]
192’

CO,Et
CO,Et

Me

NC

roz'9
¥G6'¢C

Feoy

keqF
7001
6°0
6°0

v66°L
"o0°z

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6°€lL —

cee—

€765 ~
L'19

L
XTI
8'8LL
sz’
e'LZL ~
0'ZEL ~

€shln
] 4 Tl
viviL

8°0LL —

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3fa (400 MHz, CDCl5)

S56



YA
T

nwvw
s’

vo'Y
907 |
107
107
80V 1
60°% ]
60 |
oLy
e
ARE
mﬁv%
R
vy

SL'Y

Iy

£€'s

¢Qmw
ge'g

S¥'S

wtmN

0S°'S

0S°L
eS’L
SG°L
SG°L
LS°L

—_——

-

IR

CO,Et
CO,Et

F3;C

809

*66°¢C

Fozv

Jieo

fg6
oot

vy

30 25 20 15 10 05 00 <

3.5

45 4.0
1 (ppm)

80 75 70 65 60 55 5.0

8.5

oyl —

€ece—

v'6S ~
L9

N~
~
N
-
__
e T——

[ A T

10

50 40 30 20

60

70

-

80

100 90
1 (ppm)
S57

110

120

170 160 150 140 130

180




—-62.38

-220 -240 -260 -280 -300

-100 -120 -140 -160 -180 -200
1 (ppm)

100 80 60 40 20 0 -20 -40 -60 -80

1H, 13C and °F NMR spectra for product 3ga (400 MHz, CDCl3)

S58



Lz
et
ve'L
9G6°L
SO0'¥
L0'¥
80°¥
mo.._j
oLV
oLy
Ly
LY
A% A
A% A
€LY
N2
1454
1424
1% A\
2] % A
2] % 4

2] % 4

14

ve's
€v's /
€V'S
4]
14°8] N

14°8°]

—

SG°L
96°L
967,
LS°L
8G°L
8G°L
8G°L
874
91'8
LL'8
81’8
81’8
81’8

CO,Et
CO,Et

Me

O,N

.

Fzeo

F90'¢

foov

oL
=00'}

Yooz

Hoe

96’1

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6°€lL —

cee—

€65 ~
L9

T6LL~
gL —
vezL’
0szL”

m.m.v_‘/

(WA 41
—..h.vvw

€LVl

8°0LL —

vt

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3ha (400 MHz, CDCl3)

S59



0z’
1A%
vZ'L
8€°L
6€°L 1
LWL
€571
Yo'V
90’y
0¥
0¥
807 |
607 1
(U s
LY
A% 4
€LY
1454
1454
SLY
9LV
AN A
vaF
vaw

LSV
23 4
6EY

ov'y
ve's
8v’'S
meV
6v’'S

———

T AN
wir’
96°L~\
6627

CO,Et

Me

CO,Et

EtO,C

I

¥129
#Hee
e

feev
LT

#00°C
*66°L

Fe

25 20 15 1.0 05 0.0

3.0

3.5

45 4.0
1 (ppm)

80 75 70 65 60 55 5.0

8.5

6'€L 71
er\
0¢ce—

€65\
6'09
9°L9

LIl
TAAN
rq)

v.murw
56zL”7

LSl
6'SvL
L'gvl

V991 —
0'LLL —

e

80 70 60 50 40 30 20 10

90
1 (ppm)

180 170 160 150 140 130 120 110 100
IH and 13C NMR spectra for product 3ia (400 MHz, CDCls)

920

S60



2T
£z'L ]
sz'L

ve”/

S0
L0V
80V {
80V |
60
0LV
L
A% A
4% 4 ;W

T

vy
mF.vN

SL'Yy

pr s
mu.m/
€€°S A
6€°S
6€°G
'S
SLZq
IUR
6111
—.m.hg
1€ L7
ze L
€€
8¢/, A\
8¢,
8L
8¢
vz
oL
€52
€52
ysL

CO,Et
CO,Et

Br

ML A

=e9
£00'¢

%v—...v

(V)
¥.6°0

wﬂm.o
60

H\No._‘

2660
60

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6°€lL —

Lee—

2°6G ~
919~

L
0Lzl M
zezL
[ XTARN
9621\
zocl

w.onrw
8°Zvl
6'SPl ~
9L’

0'LLL—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3ja (400 MHz, CDCls)

S61



0zl
owr/
ez
5%t
L0
wo.‘j
60 |
oLY
oLy
LY
LY
LY
LY
vy
Sy
9LV
€26
LE'G |
€€°G |
ve's |
1288
or'S
ov'S
669 F
10°L {
10
10°Z 1
€0°L
v0°'L
$0°L Y
90°L |
90°L
2072
80°L~
T L
ze L
sz'L]
€T L
veL
SZ'L
9Z'L
L’

CO,Et
CO,Et

Me

€679

-9l°¢

L Lu‘q

&
N
<

g2

- -

0L
670

- wM—Nq.u.—.
0L

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

8'€L —

6’'lc —

176G ~
919~

~
=]
N
-
__
—

S'8G1 ~
(N3]

LLLL —

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

920

1 (ppm)

S62



—-114.05

-280 -300

-240 -260

-100 -120 -140 -160 -180 -200 -220
f1 (ppm)

100 80 60 40 20 0 -20 -40 -60 -80

1H, 13C and °F NMR spectra for product 3ka (400 MHz, CDCls)

S63



vzl
mﬂvw
82t
yzz
eLy
pLY
SLy
9Ly
9Ly
LY
8LV |
8LY
617 |
0zY
0zY |
ozy |
1zy ¥
zzv’/

€6’V

wo.m/
E.m/
8L's

0€'s ~
10°L7
20°L 1
80°. 1
60°L |
60°L 1|
60°L
0LL
b2
WA
€L
[N
vLz]
s1z]
9L
9L°L
91°L ]
IR
812’

—

Me

CO,Et
CO,Et

Me

|

14"

=G0'¢

ney

Jo0°L
00}
~00°L
ou

ey

40 35 30 25 20 15 10 05 0.0 -

1 (ppm)

75 70 65 6.0 55 4.5

8.0

8.5

6°€L —
L'6L~
€e —

176G ~
919~

VLA
G6LL~N
T

zizTL N
1°6T1

8621

LogL”
oIyl —
09vL —
Vvl

€L —

MMM-M

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

180

1H and 13C NMR spectra for product 3la (400 MHz, CDCls)

S64



0Z'L
(R
€TL 1
16717
Y0y
90y
L0
807
60°¥
60
60
oLy
v
Ana
LY
ZLv
LY
LY
SV
L
v
PEG |
s |
€G°G
£vL
SvL
Sy'L
Sh'L
oL
Ly
LyL]
vL
6v°L 1
6v°L 1
GG L
967/ |
16711
8G°L 1
R
61711
08°L
08",
182 +
18727

182
z8°L]
z8°L]
£8°L]
8L

—

Me

I UV

J

CO,Et
CO,Et

£ze9

*€0°¢

Fszy

223
N

::.u
Bg0°1
roz'y

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

8¢l —

0¢ce—

65 ~
S99

G'9Ll
8021
€6zl
0'9zZL
1'9zL
v'9z1L
S'.21
1121
zeeL”
8'zeL T
L'eet
6'L€L /
vl ~
L8yl

L —

W

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

180

1H and 13C NMR spectra for product 3ma (400 MHz, CDCls)

S65



TS
€L
TA
9G°L 1
90'V
L0'¥
L0'Y
80V
60V
oLy
oLy k
oLy
L'y
Ly
482
AN 4
LY
Ly
€LY
1494
SL'Y
SLY 1
9LV
ANA
8LV
8LV
0z’

€L's
vﬁm/
1€°G

1€°G

s

s

'S

1Ly
L2
8L°L1
81/
02,
0Z° LA
022
1z
veL]
szl
sz'L
9z'L |
yx )

—

Me

CO,Et
CO,Et

P—

=059
=10°¢

toey

+66°0
001
~16'L

6°0

670
q/ho.r

00 C

0.5

80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0

8.5

1 (ppm)

oyl —

8’'lc —

G'6G ~
L9

R ATRS
0'0ZL

Qnurw
L1'STL~
zozL”

revia
zerL”
oL’

€L —

‘“u‘h

e

u J‘Lw‘

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3na (400 MHz, CDCls)

S66



S8°0
180
68°0
6L°L
1z
€T’

S€'L
LE°L
6€°L

W7
vl
Lo’z
c0°C

.vo.w\

s0'¢C

S0O'¥
20’y
0¥y
80'¥y

Sv'L

Me

1

CO,Et
CO,Et

"pr

i

#1679

10°C
e
€0

/02
“ez'0

2144

1o
ol
=110
s
oL
Y001

JoE0
700°€
0
zz0

30 25 20 15 10 05 00 <

3.5

45 4.0
1 (ppm)

80 75 70 65 60 55 5.0

8.5

6'cl

o.ﬁv
L1z~
Lrze’

6°1€ —

676G
9

€91l —

£9Z1L
L1121
eazy
9vEL
v.aﬂ*
9°6€L

vevL”

8LLL —

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

180

f1 (ppm)

IH and 13C NMR a spectra for product 3oa (400 MHz, CDCls)

S67



z8°0
¥8°0 1
9870 |
6L°L |
T4%
€T
oc’L F
zeL
[
€C1
el
seL
Ge'L ]
9¢°L
1871
€71
6L |
VL]
202
$0'Z
90°Z
L0z’

———m =i

cL's
cL’s v
69°S
69°S
08'G ~
v8'S
8¢'L
62°L
0g’L
0€’L
€L
zeL,
vl
V'L
V'L
vvL
Sv'L

CO,Et

CO,Et

"Bu

(A
22’0
%m.o

Vo

va..v
JWN.M
€0

+80°C
ral]

0
Ny

1’0

ol
=010
/80°0
200°L

Yoo’

v62°0
*16'C
Ree'z

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6L
ovL

SLz~
ezz’
S'6Z~
oLe

L'6G
€197

9Ll —

z9zL
92217
zgzL
ovEL
o.wn_%
g6ElL

6L’

LVl —

I ‘ |

M

50

170 160 150 140 130 120 110 100 90 80 70

180

1 (ppm)

S68



sqc-T5a
phase sensit¥oNnoesy
H__H
H.
¢ €0,CH,CH;
CO,CH,CH3

Jl llll,lﬂjull

12 1" 10 9 8 6 5
f2 (ppm)

1H, 13C NMR and NOESY spectra for product 3pa (400 MHz, CDCl3)

S69

1 (ppm)



L1
611 1
(R A
A%
S€2]
LE°T
8€°Z |
S92
1921
z20v
€0V
0P
mo..:
90V
L0
L0V |
80°V 1
60V 1
o0LY
(TN
zLY
Z0°S
Z0°S 1|
S9°S 1
S9'G |
88'G |
80°L
80°L
oL’
oLL
91,1
8L°L Y
1z L
T L
T L
T L
€T'L1
€TL7
€T L
YL
82 LA
T
(TN
6z°L]
62L]
geL
Ge'L ]
G€L

18711
e’

AL9
poe
“eo

/102
~oz0
81z
“ez0

€ Hev

»00°L
“60°0
~60°0
oL
1o
"o

i, i, free
lo)e) wmtv
QO HFN
s z0

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6'€L —

Sl —

6'LE —
L'G€ —

9°6G
€19

8'G¢Cl
L'9ciL
921
(4145
(4145
€8¢l
s8¢l
ceet
0°L€lL
€'6<lL
9'Lvi
L'vvl

—

SLLL—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

90

f1 (ppm)

1H and '3C NMR spectra for product 3ga (400 MHz, CDCl3)

S70



vSsL—

[4: 53
0z's
0C's
ve's
LE°G
LE°S

—_—

N

LS |
T
9z’L
9zZ'L
9z'L
LZ°L
LT°L
LZ°L
8T°L
8Z°L1
6¢°L
62°L
6Z°L 1
62°L 1
0€°L
0€L
L€ LA
LE LA
Pe LA
GE LN
se L
se L
Se L]
9¢°L
282
€72

COzMe
002Me

Ph

i

-

¥60'€

*66°S

)
oo
CE)

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6’'lc —

9'¢S —
v'6S —

€9LL~
§0ZL~
2L

Lz
1ezL”

vovi —
[4:14 N
L8yl —~

SLLL—

80 70 60 50 40 30 20 10

90
1 (ppm)

180 170 160 150 140 130 120 110 100
1H and 13C NMR spectra for product 3ab (400 MHz, CDCl3)

920

S71



0
e
<
_

©
N
N~

i

0gL]

9€°L 1

8€°L
8e .’

Me
CO,Et
CO,Et

Ph

!

7.5

FL0°€
FL€°9

e

tsz'y

5853

/66'C
oz'z

65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -C

7.0

8.0

8.5

1 (ppm)

96 —
6°€lL —

v'8Z —

L9~
€€9

6'SLL
gL
€121 N
9221
62217

Loyl —
[°1 4
€6vl ~

LoLL —

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

920

f1 (ppm)

1H and 13C NMR spectra for product 3ac (400 MHz, CDCls)

S72



80°L
oLl
L

~—

ov'e
98¢ |
L8°¢ |
88°¢ 1
68°€ {
06°€ |
16°€ 1
26°€ 1
nm.m;
76°€ |

G6°€
96°€
96°€

svL’

CO,Et

CO,Et

Ph

229

60°C

Fsvv

- -

9TTy

JL0G
HZ'E

60"

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

L'eL—

€ —

9~
v'y9—

6'GLL
€ecel
8'9¢C1L
S'lCl
9°L¢CL
8'L¢CL
6°LCL
9°0€L
99¢€1L
L'ovi
447
14147

—e e ——

9691 —

N

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3ad (400 MHz, CDCl3)

S73



oc'L
1z
€Tl

90°2
20°¢ |
0¥ g/
mo.vg
Y0y |
Yo'y |
S0V |
90'Y |
10'¥ |
0¥ ;
60V 1
60'% |
oL¥
LYy
4% % )W
IR
LY
LY
§LE
t.m/
GE'S
mn.mw
ov's
0S°S
821
621
6271
0€°.L
0g°L
1€ 27
Le LA
22
2L
geL
9e°L
9¢°2 ]
1821
8€°L
8¢ L |
gL’

Ac

\

L

I

|

CO,Et
CO,Et

Ph

roo'e

Fere

Feiv

H\mm”o

670

60
H/mm..u

L'e
L'e

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

8¢l —

662 —

'8y —

9°09
L19”

IXTING
8'0Z1
0'LzL
o'szL
z'szL

9'6€L —
'Syl ~
L8yl —

691 —

8'v0¢C —

70 60 50 40 30 20 10

80

f1 (ppm)

20 210 200 190 180 170 160 150 140 130 120 110 100 90

1H and 13C NMR spectra for product 3ae (400 MHz, CDCls)

S74



SZ'L
prAas
62°L
[:1 % 4
6LY
(174 4
XA 4
[44 4
€Ty
ve'v
STV
9TV |
XA4
12V
mn.m;
mm.mg
nv.mg
EV'S |
€V'S |
44°R
1G°G 1
PANRE |
*TAVA
GT'L
2L
2L
mN.hg
82°L 1
62°L
62°L 1
0€°L 1
0€°L
1€°L
2EL
2e L
2€° L
€€ L
ve LA
e L]

Ge'L
geL
9€°L ]

.y
wmng

LE°L

CO,Et

CO,Et

Ph

or'9

iy

A0L
“00°L

Fezs

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

8'¢l —

8¢9 —

L'v6 ~
1'96 ~

8911
6911
0'€cL
L'ect
8'L21

m.hN_‘W
[:14%

vovi \
oevl
cevl
L'ovi

591~
g'goL

"

Uit L Ll

L

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

90

1 (ppm)

S75



—-150.84

e

-260 -280 -300

-240

-200 -220

-100 -120 -140 -160 -180
1 (ppm)

100 80 60 40 20 0 -20 -40 -60 -80

1H, 13C and °F NMR spectra for product 3af (400 MHz, CDCls)

S76



10’0
100
co'0
c0'0
9€°0 »
LE°0
8€°0
8€°0

CO,Et
CO,Et

Ph

¥90°¢C
60°C
oy
ov'9

fsoz

fezv

=001
200°1L
oL

g6

+86°C
91z

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

0

8¢l ~

€0y —

Lo~
1297

6'GLL~
iz
€121 \
9121
62217

Loyl —
€'Yl —~
vevl ~

c0LL—

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

180

1H and 13C NMR spectra for product 3ag (400 MHz, CDCls)

S77



76°€ |
S6°€
L6°€
16°€
86°€ 7

"

CO,Et
CO,Et

Ph

602
70'L
“sz'9
0Ly

0'C

hev

]
eeee
- -

vev'y
1A

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6°€lL —

€9z
g9z’
epe

vyve 7
XA

RTTRN
S1ZL
m.\.ﬁ/
921
08zL”

6’0Vl —
14
96¥1 ~

voLL —

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

180

f1 (ppm)

1H and 13C NMR spectra for product 3ah (400 MHz, CDCl3)

S78



9Ly
VL
6111
0z’ |
zTL
€211
€211
09°L |
0971
09°L
191
z9'L
€9'L
yo'L
S6°L
96°L
1671
661 |
61T

——

e

_‘N.Ng
eee

96°¢
86°¢ W
66°¢

L0V ]
LoV
€0t
S0V
sow |
S0V -
90V |
207 |
107 ]
80 1
60"V
Ly
61°G |
61°G |
0e's ]
0£'s 1
9¢°G 1
9e'g
29's
1z
1z
ves
geL]
G€L

9g°. ]
e’

CO,Et

CO,Et
CO,Et

Ph

96
H,.—q—..N

rie

480

= e

$288

-

_l po

cL'e

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

8'€L ~
N.v_‘\
9°0C —

vve
v've

1oL~
91z1L
n.\.ﬁ/
9/21L
62217

90Vl —
L'yl —
6yl ~

6691 —
LeLL —

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

920

f1 (ppm)

1H and 13C NMR spectra for product 3ai (400 MHz, CDCls)

S79



200 —

98°0
m—.._./
8Ll
oc’'L
wN.Ny
82 |
0€°Z 1
19°€ g’
69°¢ 1|
LL'E
L6°E |
86°€ |
66°€ 1
00V {
L0V {
0V Y
€0'¥
€0V
S0V ;W
90’y w

L0y
80’y

0z's
0z's /
€€'S V

el
LE°L
Le°L
LE°L
6€°L
6€°L

Ll
L°L
L2'L
:TAV
6C°L
gL

OTBS

CO,Et
CO,Et

Ph

=1v'9

=16°6

€9'9

sie

e
Fozy

B AR
AN

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

eG-—

g'el”
8L’
6'SZ\

LLE—

6°6S
m.owW
€19

0'9LL
91zL
iz
9121
62217

0¥l —
A 44
c6vl —

6691 —

=4

-10

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

180

f1 (ppm)

1H and 13C NMR spectra for product 3aj (400 MHz, CDCls)

S80



0zl
T
€T 1
[2d’%
622
90’V
L0V
L0V
80V
60V
60"V
oLy
oLy
oLy
N4
AR 2
ANE
LY
SL'S )
91°G |
mm.mg
vE'S ]
9g'S |
1€°G 1
s q
WS |
LZ°L
8L
8L
8Z'L
62°L
mN.hg
0€° L1
0gL
0g°L 1
LEL 1
1€°L 1
LeL A
Ze LA
2€° L
€€ L
€€ L
€eL
Ge L
9¢g°L ]
9¢°L
9g°L
L€°L 1
1871

geL’

COMe

Me

CO,Et

Ph

L'e
F90°¢

Hoe

Feoe

S S«

)
o o oo

L'e
(V4

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

6cL”
902 —
6°92

S'19 ~
€69 —

0'9Lb
ezl

elzh
gLzL
z'ezlL

vovie —
9'9vL
o'6vlL —

ViLL —

8'v0C —

70 60 50 40 30 20 10

80

1 (ppm)

20 210 200 190 180 170 160 150 140 130 120 110 100 90
1H and 13C NMR spectra for product 3ak (400 MHz, CDCls)

S81



8Ll
cN.—.W
[4A

L —

98'¢
88°¢ |
68°€ |
06°€ |
16°€
16°€ |
26°€
¥6°€
167€ Y
66°€
007
10'Y
Z0v
€0V
€0°Y |
S0P
ze's
ze's
s

ntmw
£v's

65
oﬂNA
om.hg
1eL
LEL
L€ LA
ze LA
€€'L
gL
€eL
veL
veL
veL]
GE' L]
ge's!

M
°CO,Et
CN

Ph

Joe

Fsoe

0L
6°0

400°L
160

670
Twm.c

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

L'eL—

€€ —

'8y —

0°€9 —

9LLL
NmFPM
vozL—
€221\
(:14

z'8zL

v'6ElL ~
LEpl~
g9yl —

v L91 —

el

J\,

80 70 60 50 40 30 20 10

90
1 (ppm)

180 170 160 150 140 130 120 110 100
1H and 13C NMR spectra for product 3al (400 MHz, CDCls)

920

S82



€6’V

4%

2e’S V
8G°S

38

L6°S V
LG L
€671 1
€671
SS°L
GG L
€97/
Y97,
9L
G9°L ww

S9°L
L9°L
96°L
96°L
86°L
86°L

== To.u

H0'L
=00'L
- 0L
0L
+— O
s
lo)e) “oL'g
Q — 12
= = %60'1L
_ /50T

Ph

45 40 35 30 25 20 15 10 05 0.0 -

5.0

80 75 7.0 6.5 6.0

8.5

1 (ppm)

S'€L—

S0 —

(A

S9L—

AAhondh

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

920

f1 (ppm)

1H and 13C NMR spectra for product 3am (400 MHz, CDCls)

S83



99°L —

8y'e —

12's
SS°'S /
v9'S

€8°S
8211
0€°L
L€°L
(AW
€€°L
€€°L
€L
120
GE€ L
GE LA
8¢ LT
oL \
98° L~
88 L/

—

CN

Ts

Ph

F90°¢

e

*00'L
Hn\._‘o._‘
0L
¥00°L

fore

H0'¢

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

8°0C
gz’

LG9 —

Ll
g8l
v'ozlL
8'9Z1L
£8zZ1L
9'8Z1
L'6ZL
90€L
e’
L'6EL~
zeeL”’
zovL~
sovL’

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

920

f1 (ppm)

1H and 13C NMR spectra for product 3an (400 MHz, CDCls)

S84



8L —

6v'S
mm.m%
¥9°'S
¥9°'S J
96'G
96'S
9gL ]
9€°L 1|
1€ LA
181+
8L 1
wm.i_
8¢€°L
6c L
6cL
ovL
WL ]
WL

M
°CN
CN

Ph

Fooe

B
6.0

ggis

fse'v

50 45 40 35 30 25 20 15 10 05 0.0

5.5

80 75 7.0 6.5

8.5

1 (ppm)

0'9¢ —

€9¢€ —

S 14N
S'6LL

h.FN_‘M
(AN

h.wNvM
8'8¢C1
€'8€L ~
8oVl
8 Vvl —

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

920

1H and 13C NMR spectra for product 3ao (400 MHz, CDCls)

S85



-
@
)

CN

Ph

—— ooz
= Hoz

=== [gov

———— 160

— 1

I

—— it

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

162~
cee

8’y —

1'69 —

ceolL —

AN
9'6LL
v.murw
iz
9821\
8'gzL

€8l —
geel
0'SyL—

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

80

1H and 13C NMR spectra for product 3ap (400 MHz, CDCls)

S86



1911

v6°L
v6°L
S6'L
96'L
ey
eV
sev ]
ias
Y ad
Rad
£V'S |
124
65°S |
v6'S
ve'L
Ge LA
S€°L
geL]
9e°2 ]
9¢°L
1871
L€°L 1
8€'L
geL’

—_—

———

—

CN

CN

Ph

112
Hovy
/00°Z

ﬁNmé

R
Yoz

#6670

Fzog

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

v've
v've

sz’
1'62

6'62 /
6'26—
ey —

L28~
[ 4: 0l

SYLLA
L'6LL
N.NNFM
Lz
w.mwvw
8'8Z1L
€8eL~
66cL”
LSl —

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

920

1 (ppm)

S87



—-218.88

-30C

-240 -260 -280

-200 -220

100 80 60 40 20 0 20 -40 -60 -80 -100 -120 -140 -160 -180
f1 (ppm)

1H, 13C and °F NMR spectra for product 3aq (400 MHz, CDCl3)

S88



0.0 -C

3
-
0.5

QMFV

9L’L g€l

1.0

vee~
€62\
RORN
Loy
oy

o
©
&

—

1.5

2.0

2.5

Qmm/
VL9~
9°L9

3.0

3.5

4.0

=
~
50 45
1 (ppm)

5.5

A%
€171

61°L1 [ 9'9¢21
02°L NNNrW

6.0

0T°L + 6°.21
£eLy . £8zL W

6.5

SZT'L 1'8z1L
1T 1A
be L~ =
LeL
zeL]
I
geL]
€eL
6€°L "
LWL
sl
StL ]
WL
il
6L

7.0

[A14%

viEl
I~ L'eel
9°LEL

A5 4%

7.5

THLO DT

NPh

(0]
2899699
N~ AN~NN

8.0

8.5

S0LL~
Loz’
T8LL
9817

9.0

Me
EtO,C CO,Et
).0 55

60 50 40 30 20 10

70

80

20

f1 (ppm)
S89

110 100

120

170 160 150 140 130

180

1H and 13C NMR spectra for product 4 (400 MHz, CDCls)



AN
1425
9171
VAN S
61711
wm.:
1672
15721
8G°C 1 ——
6S°C 1
6521 A
29°C

29
€9°C1
99°Z 4
19°C
LL'C W
LL°2 =
ow.ux

8¢

sp'e

mw.nv‘

sve R
ov'e | W =

op'e
L2°€]
8s¢ ]
6L°¢]
08°¢ |
08¢
zge]
z8e]
£8°¢ |
8g'c
06°¢
L6'¢
€6°¢

€0°L
v0'L
v0°L
S0°L N
90°L —

0O
0]
(0]

\z'L -
2 s
€L o)
€L o
9L (@)
. (0] N
il () €3
8z'L b
8Z'L

Fezo
ELe

/86°L
o'l
“zo'z

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

8.5

1 (ppm)

h.m_‘v

L'el

vee”
¥'6Z\
v'ee~
v'ov

8°0% L

0709\
L9
N.FOW

§2ZL
0’8zl
1’8zl /A
gL
8517
60vL

VoLl
9°0LL
v'eLl
L'eLL

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

180

f1 (ppm)

IH and 13C NMR spectra for product 5 (400 MHz, CDCl3)
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IH and 13C NMR spectra for product 6 (400 MHz, CDCls3)
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IH and 13C NMR spectra for product 7 (400 MHz, CDCls)
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1H and *3C NMR spectra for product 8 (400 MHz, CDCls3)
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IH and 13C NMR spectra for product 9 (400 MHz, CDCls3)
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