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1. General Methods

All reactions were carried out in oven- or flame- dried glassware under an atmosphere of nitrogen, unless
stated otherwise. For quantitative flash chromatography, distilled technical grade solvents were used.
THF, Et,0, toluene, hexane and CH,Cl, were dried by passage over activated alumina under nitrogen
atmosphere (H,O content < 7 ppm, Karl-Fischer titration). All chemicals were purchased and used as
received unless stated otherwise. Chromatographic purification was performed as flash chromatography
using Macherey-Nagel silica 40-63, 60 A, using the solvents indicated as eluent with 0.1-0.5 bar pressure.
TLC was performed on Merck silica gel 60 F254 TLC plastic or aluminium plates and visualized with UV
light, permanganate CAN or p-anisaldehyde stains. Melting points were measured on a calibrated Blchi
B-540 melting point apparatus using open glass capillaries. *H-NMR spectra were recorded at room
temperature on a Brucker DPX-400 400 MHz spectrometer in chloroform-d, all signals are reported in
ppm with the internal chloroform signal at 7.26 ppm or DMSO signal at 2.50 ppm as standard. The data is
being reported as (s = singlet, d = doublet, t = triplet, g = quadruplet, gi = quintet, m = multiplet or
unresolved, br = broad signal, integration, coupling constant(s) in Hz, interpretation). **C-NMR spectra
were recorded with 1H-decoupling on a Brucker DPX-400 100 MHz spectrometer in chloroform-d, all
signals are reported in ppm with the internal chloroform signal at 77.0 ppm or DMSO signal at 39.5 ppm
as standard. Infrared spectra were recorded on a JASCO FT-IR B4100 spectrophotometer with an ATR
PROA410-S and a ZnSe prism and are reported as cm-1 (w = weak, m = medium, s = strong). High
resolution mass spectrometric measurements were performed by the mass spectrometry service of ISIC at
the EPFL on a MICROMASS (ESI) Q-TOF Ultima API. Iron-Alumina complex was synthesized
following the procedure of Tietze.! Diastereoisomeric mixtures have been assigned by 2D NMR
experiments including COSY/ROESY/HSQC/HMBC. Commercialy available N-Vinyl Phthalimide
[3485-84-5], N-Vinyl-2-pyrrolidone [88-12-0], Diethyl Ethylidenemalonate [1462-12-0], Benzaldehyde
[100-52-7], 4-Chlorobenzaldehyde [104-88-1], 4-Methoxybenzaldehyde [123-11-5], 2-
Methoxybenzaldehyde [135-02-4], and trans-Cynnamaldehyde [14371-10-9] were used.

! Organic Syntheses, Vol. 71, p. 167 (1993); Coll. Vol. 9, p.310 (1998).
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2. Synthesis of starting materials
2.1 Synthesis of Enamides and Alkylidene Malonates
(E)-2-(Prop-1-en-1-yl)isoindoline-1,3-dione (12)

O (@]
Br nBuyNi [RuClx( PPhs)z]
NK + B —— N
<: DMF — 150 °C _\—
O

20 h, rt O 12 h

9 10 11

Following a modified procedure, allyl bromide (10) (2.6 mL, 30 mmol, 1.1 eq) was added dropwise at
room temperature to a suspension of potassium phthalimide (9) (5.0 g, 27 mmol, 1 eq) and BusNI (0.50 g,
1.4 mmol, 0.05 eq) in DMF (10 mL). The mixture was stirred for 20 h at room temperature, and then H,O
(20 mL) was added. The precipitate was isolated by filtration, dried, and recrystallized from isopropanol
to give 2-allylisoindoline-1,3-dione (11) (3.4 g, 18 mmol, 68% vyield).

2-Allylisoindoline-1,3-dione (11) (2.0 g, 11 mmol, 1 eq) was added in a sealed tube under nitrogen
atmosphere to [RuCl,(PPhs),] (0.10 g, 0.11 mmol, 0.01 eq). The solids were heated at 150 °C during 12 h
and the reaction was cooled down to room temperature. The black mixture was dissolved in toluene and
filtered on a celite pad. The solvents were evaporated and the brown orange solid was recrystallized in
ethanol (20 mL). (E)-2-(prop-1-en-1-yl)isoindoline-1,3-dione (12) (1.15 g, 6.10 mmol, 58% yield) was
collected as a yellow solid from the first recrystallization.

IH NMR (400 MHz, CDCls) 5 7.86 (dd, 2 H, J = 5.2, 3.1 Hz, Phth), 7.72 (dd, 2 H, J = 5.2, 3.0 Hz, Phth),
6.64-6.54 (M, 2 H, CH=CH), 1.85 (d, 3 H, J = 5.1 Hz, CHy).

'H NMR data match literature report.?
(E)-2-Styrylisoindoline-1,3-dione (14)

o 0
Phl
N_\\ Pd cat. N \
Ph
o o)
13 14

Following a reported procedure,® a mixture of phenyl iodide (816 mg, 4.00 mmol, 1 eq), N-
vinylphthalimide (13) (693 mg, 4.00 mmol, 1 eq), Cy,NMe (1.17 g, 6.00 mmol, 1.5 eq), TBAB (1.29 g,
4.00 mmol, 1 eq) and palladium acetate (1.00 mg, 4.00 pmol, 0.001 eq) in DMF (8 mL) was heated at 120
°C (oil bath temperature) in a pressure tube after 5 cycles of vacuum/N,. After 1.5 h, the yellow solution
was poured into toluene (40 mL) and rinsed with toluene (10 mL). This solution was filtered through a pad
of celite and concentrated under vacuum. To the yellow oil was added ethanol (20 mL). The precipitated
solid was recovered by filtration and rinsed with ethanol. (E)-2-styrylisoindoline-1,3-dione (14) (700 mg,
2.77 mmol, 69% yield) was obtained as a yellow powder.

'H NMR (400 MHz, CDCl3)  7.91 (dd, 2 H, J = 5.5, 3.1 Hz, Phth), 7.77 (dd, 2 H, J = 5.4, 3.1 Hz, Phth),
7.66 (d, 1 H, J = 15.2 Hz, CH=CH), 7.51-7.45 (m, 2 H, ArH), 7.40-7.32 (m, 3 H, ArH), 7.30-7.24 (m, 1 H,
CH=CH).

Data match literature report.®

2 Stojanovic, A.; Renaud, P.; Schenk, K. Helv. Chim. Acta, 2004, 81, 268.
3 Alacid, E.; Najera, C. Adv. Synth. Catal. 2008, 350, 1316.
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1-Vinylthymine (16).

o O
Me Pd(OAc), cat. Me NH
NH > |
| /§ TMSOTf N /§O
N (@] vinyl acetate
H NEt; \
15 16

Following the described procedure of Racine et al.!, thymine (15) (0.50 g, 3.9 mmol, 1.0 eq),
diacetoxypalladium (0.036 g, 0.16 mmol, 0.04 eq) were suspended in DMF (10 mL) in a flame-dried
sealed microwave vial under nitrogen atmosphere. Vinyl acetate (0.82 g, 9.5 mmol, and 2.4 eq),
triethylamine (1.3 mL, 9.5 mmol, 2.4 eq) and TMSOTT (1.7 mL, 9.5 mmol, and 2.4 eq) were added to the
reaction mixture and stirred at 70 °C for 24 hours. The reaction mixture was cooled down to room
temperature and the solvent was removed under reduced pressure. The crude mixture was purified by
column chromatography, eluting with a mixture of ethyl acetate/ pentane (7:3). The pure 1-vinylthymine
(16) (0.44 g, 2.8 mmol, 73% yield) was obtained as white solid.

R¢ 0.32 (3:7 Pentane/Ethyl acetate).

'H NMR (400 MHz, Chloroform-d) & 8.52 (s, 1 H, NH), 7.34 (d, J = 1.3 Hz, 1 H, thymine C=C-H), 7.20
(dd, J = 16.0, 9.1 Hz, 1 H, vinyl-CH), 5.07 (dd, J = 16.0, 2.2 Hz, 1 H, vinyl-CH,), 4.92 (dd, J = 9.1, 2.2
Hz, 1 H, vinyl-CH,), 1.99 (d, J = 1.3 Hz, 3 H, thymine-CHs).

3C NMR (101 MHz, Chloroform-d) & 163.4, 149.2, 134.6, 129.7, 112.2, 100.7, 12.7.
NMR values correspond to the literature.*
1-Vinylfluorouracil (18)

o 0
F \fJ\NH Pd(OAc)pcat.  F &%
NS0 i N0
H NEts R
17 18

Following the described procedure of Racine et al.,* fluorouracil (17) (0.52 g, 3.9 mmol, 1.0 eq) and
diacetoxypalladium (0.036 g, 0.16 mmol, 0.04 eq) were suspended in DMF (10 mL) in a flame-dried
sealed microwave vial under nitrogen atmosphere. Vinyl acetate (0.82 g, 9.5 mmol, 2.4 eq), triethylamine
(1.3 mL, 9.5 mmol, 2.4 eq) and TMSOTT (1.7 mL, 9.5 mmol, 2.4 eq) were added to the reaction mixture
and stirred at 70°C for 24 hours. The reaction mixture was cooled down to room temperature and the
solvent was removed under reduced pressure. The crude mixture was purified by column chromatography,
eluting with a mixture of ethyl acetate/ pentane (5:5). The pure 1-vinylfluorouracil (18) (0.31 g, 2.0 mmol,
50% yield) was obtained as white solid.

R 0.35 (6:4 Pentane/Ethyl acetate).

'H NMR (400 MHz, DMSO-d6) & 12.01 (s, 1H, N H), 8.43 (d, J = 7.1 Hz, 1 H, F-uracil C=C-H), 7.07
(ddd, J =16.0, 9.2, 1.9 Hz, 1 H, vinyl-CH), 5.36 (dd, J = 15.9, 2.0 Hz, 1 H, vinyl-CH,), 4.88 (dd, J = 9.2,
2.0 Hz, 1 H, vinyl-CH,).

4 Racine, S.; de Nanteuil, F.; Serrano, E.; Waser, J. Angew. Chem. Int. Ed. 2014, 53, 8484-8487.
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'H NMR values are in accordance with the spectra performed in chloroform in the literature.*

Dimethyl 2-methylenemalonate (20)

ProNH-TFA
Formaldehyde 10 ')
6 0o TFA
—_—
~ M ~ ~o o~
@) (0)
19 20

Following the described procedure of De Nanteuil et al.,” paraformaldehyde (2.7 g, 90 mmol, 2.0 eq) and
diisopropylamine 2,2,2-trifluoroacetate (9.7 g, 45 mmol, 1.0 eq) were added in a flame dried 250 mL
round flask with a condenser. Then, tetrahydrofuran (65 mL), dimethyl malonate (19) (5.1 mL, 45 mmol,
1.0 eq) and trifluoroacetic acid (0.35 mL, 4.5 mmol, 0.1 eq) were added into the flask under nitrogen
atmosphere and the suspension was stirred to reflux for 2 hours. Paraformaldehyde (2.7 g, 90 mmol, 2.0
eq) was added to the reaction mixture and the reflux was restarted for 12 hours. The reaction mixture was
cooled to room temperature and THF was removed under reduced pressure. The crude product was
dissolved in diethyl ether (25 mL) and filtrated trough cotton. The organic layer was washed two times
with 1 M HCI (25 mL), the aqueous layers were combined and washed three times with diethyl ether (50
mL). The combined organic layers were dry over magnesium sulfate, filtrated and concentrated under
reduced pressure. The crude mixture containing 20 was obtained as colorless oil (2.5 g).

'H NMR (400 MHz, Chloroform-d) & 6.58 (s, 2 H, CH,), 3.83 (s, 6 H, ester CH).
'H NMR values correspond to the literature.”

2.2 Synthesis of Cyclobutanes
Dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-dicarboxylate (4a)

1) iProNH-TFA
paraformaldehyde, TFA
O O THF, reflux, 8 h PhthN_ COzMe

MeO OMe 2) FeCl3-Al,03 5 mol%
DCM, 0 °C
19 16 h 4a
PhthN
13

Following a reported procedure,” dimethyl malonate (19) (1.32 mL, 11.6 mmol, 2 eq), diisopropylamine
2,2,2-trifluoroacetate (2.49 g, 11.6 mmol, 2 eq), paraformaldehyde (0.695 mg, 23.1 mmol, 4 eq) and
trifluoroacetic acid (89.0 uL, 1.16 mmol, 0.2 eq) were added to tetrahydrofuran (20 mL). A condenser was
added and the suspension was stirred at reflux for 2 h. Paraformaldehyde (0.695 mg, 23.1 mmol, 4 eq) was
added and the reflux was continued for 6 h. The reaction was cooled to room temperature and the
tetrahydrofuran was removed under reduced pressure (300 to 50 mbar at 45°C). The crude was dissolved
in diethyl ether (25 mL) and filtered through cotton in a separatory funnel. The organic layer was washed
twice with 1 M HCI (25 mL). The aqueous layers were combined and extracted with diethyl ether (25
mL). The organic layers were combined, dried over anhydrous Na,SO,, filtered and concentrated under
reduced pressure to give dimethyl 2-methylenemalonate crude (20) as colorless oil.

5 De Nanteuil, F.; Waser, J. Angew. Chem. Int. Ed. 2013, 52, 9009-9013.
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The iron trichloride supported on alumina (1.00 mmol/g, 289 mg, 0.289 mmol, 0.05 eq) was weighted in
an oven-dry flask in a glovebox. The flask was closed with a silicon septum, taken out of the glovebox and
put under positive pressure of nitrogen and dichloromethane (5 mL) was added. 2-vinylisoindoline-1,3-
dione (13) (1.00 g, 5.77 mmol, 1 eq) was dissolved in dichloromethane (5 mL) and added to the yellow
suspension. Finally, the crude dimethyl 2-methylenemalonate (20) was dissolved in dichloromethane (5
mL) and added to the reaction in one portion. The reaction was stirred at room temperature for 16 h and
then filtered over a basic alumina plug, eluting with ethyl acetate. The solvents were evaporated and the
brown solid was purified by column chromatography on Biotage (SNAP cartridge KP-SIL 50 g, 95:5 to
4:6 Hexane/Ethyl acetate) affording cyclobutane 4a (1.55 g, 4.89 mmol, 85% yield) as a colorless solid.

R¢ 0.45 (1:1 Hexane/Ethyl acetate).

IH NMR (400 MHz, CDCls) § 7.93 (m, 2 H, Phth), 7.80 (m, 2 H, Phth), 5.17 (¢, 1 H, J = 10.9 Hz, N-C-H),
3.16 (s, 3 H, CO,CHy), 2.98 (s, 3 H, CO,CHa), 2.58 (m, 1 H, CH,), 2.25 (m, 1 H, CH,), 1.48 (m, 1 H,
CH,), 1.33 (dt, 1 H, J = 13.6, 10.4 Hz, CH,).

C NMR (101 MHz, CDCl;) § 170.6, 168.7, 168.3, 134.3, 131.9, 123.5, 59.0, 53.2, 53.0, 47.9, 24.7, 21.9.

Data match literature report.

Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-methylcyclobutane-1,1-dicarboxylate (4b)
1) (iProNH-TFA)

paraformaldehyde, TFA
o o THF, reflux, 8 h PN, *QzMe
COzMe
MeOMOMe 2) FeClg-Al,03 5 mol%
DCM, 0 °C Me
16 h
19 PhthN 4b
Me
12

Following a reported procedure,® dimethyl malonate (19) (1.22 mL, 10.7 mmol, 2 eq), diisopropylamine
2,2,2-trifluoroacetate (2.30 g, 10.7 mmol, 2 eq), paraformaldehyde (0.640 mg, 21.4 mmol, 4 eq) and
trifluoroacetic acid (82.0 pl, 1.07 mmol, 0.2 eq) were added to tetrahydrofuran (20 mL). A condenser was
added and the suspension was stirred at reflux for 2 h. Paraformaldehyde (0.640 mg, 21.4 mmol) was
added and the reflux was continued for 6 h. The reaction was cooled to room temperature and the
tetrahydrofuran was removed under reduced pressure. The crude was dissolved in diethyl ether (25 mL)
and filtered through cotton in a separatory funnel. The organic layer was washed twice with 1 M HCI (25
mL). The aqueous layers were combined and extracted with diethyl ether (25 mL). The organic layers
were combined, dried over anhydrous Na,SO,, filtered and concentrated under reduced pressure to give
dimethyl 2-methylenemalonate crude as colorless oil.

The iron trichloride supported on alumina (1.00 mmol/g, 267 mg, 0.267 mmol, 0.05 eq) was weighted in
an oven-dry flask in a glovebox. The flask was closed with a silicon septum, taken out of the glovebox and
put under a positive pressure of nitrogen. Dichloromethane (5 mL) was added. The reaction was cooled to
0 °C and (E)-2-(prop-1-en-1-yl)isoindoline-1,3-dione (12) (1.00 g, 5.34 mmol, 1 eq) was dissolved in
dichloromethane (5 mL) and added to the yellow suspension dropwise. Finally, the crude dimethyl 2-
methylenemalonate was dissolved in dichloromethane (5 mL) and added to the reaction mixture dropwise.
The reaction mixture was stirred at room temperature for 4 h and then filtered over a basic alumina plug,
eluting with ethyl acetate. The solvents were evaporated and the brown solid was purified by column
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chromatography on Biotage (SNAP cartridge KP-SIL 50 g, 95:5 to 4:6 Hexane/Ethyl acetate) affording
cyclobutane 4b (1.53 g, 4.62 mmol, 86% yield) as a colorless solid.

R¢ 0.26 (7:3 Hexane/Ethyl acetate).
Mp 112.1-114.3 °C.

'H NMR (400 MHz, CDCl5) & 7.83 (m, 2 H, Phth), 7.72 (m, 2 H, Phth), 4.96 (d, 1 H, J = 10.3 Hz, N-C-
H), 3.71 (m, 4 H, CO,CH; and C-H-CHs), 3.60 (s, 3 H, CO,CHj), 3.00 (dd, 1H, J = 10.9, 9.3 Hz, CH,),
1.74 (dd, 1 H, J = 11.5, 9.5 Hz, CH,), 1.16 (d, 3 H, J = 6.6 Hz, CH3).

C NMR (101 MHz, CDCls) & 170.4, 168.6, 168.3, 134.2, 131.8, 123.4, 56.3, 54.9, 53.0, 52.9, 32.1, 29.9,
19.3.

Data match literature report.”
Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-phenylcyclobutane-1,1-dicarboxylate (4c)
Cone FeCI3-AI203 PhthN COzMe

PhthN. MeOZC\W - CO,Me
DCM

20 PR 4c

14 Ph

Following a slightly modified procedure,” in the glovebox, iron trichloride supported on alumina (1.00
mmol/g, 282 mg, 0.282 mmol, 0.05 eq) was added to a microwave vial. The vial was sealed with a Teflon
septum and taken out of the glovebox. Dry dichloromethane (5 mL) was added and (E)-2-
styrylisoindoline-1,3-dione (14) (1.41 g, 5.64 mmol, 1 eq) was dissolved in dry dichloromethane (5 mL)
and added to the iron trichloride. Dimethyl 2-methylenemalonate (20) (1.63 g, 11.3 mmol, 2 eq) was
dissolved in dry dichloromethane (5 mL) and added dropwise over 2 h. When the addition was finished,
the reaction was stirred for 4 h at room temperature. Then, dimethyl 2-methylenemalonate (406 mg, 2.82
mmol, 0.5 eq) was dissolved in dry dichloromethane (2 mL) and added in one portion. The reaction was
stirred at reflux for 2 h, and then filtered over a pad of alumina, eluted with ethyl acetate and concentrated
under vacuum. The crude product was purified by column chromatography (SiO,, 9:1 to 7:3 Pentane/Ethyl
Acetate) affording cyclobutane 4c (1.74 g, 4.42 mmol, 78% vyield) as a colorless oil.

R¢ 0.28 (7:3 Hexane/Ethyl acetate).

IH NMR (400 MHz, CDCls) 5 7.63 (dd, 2 H, J = 3.7, 2.1 Hz, Phth), 7.55 (dd, 2 H, J = 3.8, 2.1 Hz, Phth),
7.29-7.24 (m, 4 H, Ph), 7.23-7.19 (m, 1 H, Ph), 5.52 (dd, 1 H, J = 7.4, 0.4 Hz, N-C-H), 4.86-4.96 (m, 1 H,
H-C-Ph), 3.76 (s, 3 H, CO,CHs), 3.65 (s, 3 H, CO,CH), 3.25 (ddd, 1 H, J = 7.7, 6.5, 0.4 Hz, CH,), 2.21
(dd, 1 H, J = 7.8, 6.9 Hz, CH,).

C NMR (101 MHz, CDCls) § 158.8, 157.4, 157.2, 134.0, 128.8, 126.6, 124.1, 122.9, 122.5, 119.7, 63.1,
61.4,60.7,60.7,48.4,42.9.

Data match literature report.®

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-dicarboxylate (4d)

FeCI3-A|203 COzEt
PRthN_ |, EtO,C._CO,Et PhthN CO,Et
| DCM
13 21 Me 4d Me

Following a slightly modified procedure,® in the glovebox, iron trichloride supported on alumina (1.00
mmol/g, 289 mg, 0.289 mmol, 0.1 eq) was added to a microwave vial. The vial was sealed with a Teflon
septum and taken out of the glovebox. Dry dichloromethane (3 mL) was added. Diethyl 2-
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ethylidenemalonate (21) (1.07 g, 5.77 mmol, 2 eq) and 2-vinylisoindoline-1,3-dione (13) (500 mg, 2.89
mmol, 1 eq) were dissolved in dry dichloromethane (4 mL). The solution was then added dropwise to the
iron trichloride. The reaction was stirred at 40 °C for 16 h. Then the reaction was filtered over a pad of
alumina, eluted with ethyl acetate and concentrated under vacuum. The crude product was purified by
column chromatography (SiO,, 8:2 Pentane/Ethyl Acetate), affording cyclobutane 4d (806 mg, 2.24
mmol, 78 % vyield, 1.1:1 dr determined by integration of the peaks at 5.58 (maj) and 4.91 (min) in the
crude 'H NMR, as a pale yellow oil.

R¢ 0.25 (7:3 Hexane/Ethyl acetate).

'H NMR (400 MHz, CDCI;) on a 1.1(maj):1(min) mixture & 7.84-7.79 (m, 3.8 H, Phth maj + min), 7.72-
7.67 (m, 3.8 H, Phth maj + min), 5.58 (ddd, J = 10.0, 8.3, 1.2 Hz, 1 H, N-C-H min), 4.91 (dd, J = 10.9, 8.7
Hz, 0.9 H, N-C-H min), 4.27-4.18 (m, 3.8 H, CO,CH, maj + min), 4.17- 3.91 (m, 3.8 H, CO,CH, maj +
min), 3.65-3.54 (m, 1 H, CH cyclobutane maj), 3.27-3.12 (m, 1.9 H, CH, cyclobutane maj + min), 2.78
(ddg, J =10.7, 8.1, 7.0 Hz, 0.9 H, CH cyclobutane min), 2.46 (dt, J = 10.8, 8.5 Hz, 0.9 H, CH; cyclobutane
min), 1.98 (ddd, J = 11.7, 10.0, 5.4 Hz, 1 H, CH; cyclobutane maj), 1.32 (d, J = 7.0 Hz, 2.7 H, CH3 min),
1.28-1.21 (m, 5.7 H, CO,CH,CH3 maj + min), 1.14 (d, J = 7.3 Hz, 3 H, CH3 maj), 1.05 (t, J = 7.1 Hz, 2.7
H, CO,CH,CH; min), 0.90 (t, J = 7.1 Hz, 3 H, CO,CH,CH; maj).

C NMR (101 MHz, CDCl3) 8 170.2, 168.5, 168.4, 168.3, 168.1, 167.5, 134.1, 134.0, 132.0, 131.8,
123.3, 123.2, 62.4, 62.0, 61.7,° 61.6, 60.9, 47.5, 45.1, 33.8, 31.1, 29.6, 28.7, 16.5, 16.2, 14.2, 14.0, 13.9,
13.6.

Data match literature report.®

Dimethyl 2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)cyclobutane-1,1-dicarboxylate (22)

(0) H
20 SN
Me NH  FeClyAlL,Oq =0

| k Me—\_pN CO:Me

N0
DLcone

\

16 22

Following an adapted described procedure of De Nanteuil et al.,®> 5-methyl-1-vinylpyrimidine-2,4(1H,3H)-
dione (16) (0.43 g, 2.9 mmol, 1.0 eq) and iron trichloride supported on alumina (1.0 mmol/g, 0.57 g, 0.57
mmol, 0.2 eq) were added in a flame dried microwave vial under nitrogen atmosphere. Then, dry
dichloromethane (7 mL) and a solution of crude freshly prepared dimethyl 2-methylenemalonate (20)
(0.82 g, 5.7 mmol, 2.0 eq) in dichloromethane (3 mL) were added into the vial and the reaction mixture
was stirred at room temperature for 14 hours. The reaction mixture was filtrated over a pad of alumina
eluting with ethyl acetate (25 mL) and concentrated under reduced pressure. The crude mixture was
purified via column chromatography, eluting with a mixture of ethyl acetate/ pentane (6:4 to 9:1). The
pure product 22 (0.36 g, 1.2 mmol, 43% yield) was obtained as a white solid.

R¢ 0.21 (2 :8 Pentane/Ethyl acetate).
Mp 180.4- 182.1°C.

'H NMR (400 MHz, Chloroform-d) & 7.99 (s, 1 H, NH), 7.05 (d, J = 1.3 Hz, 1 H, thymine C=C-H), 5.33
(t, J =9.2 Hz, 1 H, cyclobutane-CH), 3.77 (s, 3 H, ester CH3), 3.69 (s, 3 H, ester CHs), 2.79 — 2.67 (m, 2
H, cyclobutane-CH,), 2.35 (g, J = 8.5 Hz, 1 H, cyclobutane-CH,), 2.27 — 2.16 (m, 1 H, cyclobutane-CH,),
1.93 (d, J = 1.2 Hz, 3 H, thymine-CHj).

® Two peaks under this signal as determined by HMBC.
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3C NMR (101 MHz, Chloroform-d) § 170.0, 168.8, 163.9, 151.0, 137.7, 110.3, 59.1, 55.0, 53.2, 53.1,
23.7,22.8,12.5.

IR 3190 (W), 3034 (W), 2958 (w), 2361 (m), 1733 (s), 1690 (s), 1439 (w), 1278 (m), 1113 (w), 915 (W),
735 ().

HRMS (ESI) calcd for Cy3H16N,NaOg™ [M+Na]* 319.0901, found 319.0904.

Dimethyl 2-(3-benzoyl-5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)cyclobutane-1,1-
dicarboxylate (4e).

H Bz
(@] ,\i (0] l\i
\/40 Bz-Cl \740
Me— X\ _N CO,Me Me—™\\ N CO;Me

DMAP
CO,Me NEt; CO5,Me

22 4e

Following an adapted described procedure of Racine et al.,* in a flame dried microwave vial under
nitrogen atmosphere, cyclobutane 22 (0.32 g, 1.1 mmol, 1.0 eq) and dimethyl-4-aminopyridine (0.13 g,
1.1 mmol, 1.0 eq) were dissolved in dry dichloromethane (10 mL). Then, triethylamine (0.60 mL, 4.3
mmol, 4.0 eq) was added and the solution was cooled to 0 °C. Benzoyl chloride (0.38 mL, 3.2 mmol, 3.0
eq) was added dropwise and the reaction mixture was stirred at room temperature for 14 hours. A
saturated solution of NaHCO; (8 mL) was added to the reaction mixture and the layers were separated.
The aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined organic layers were
washed with 1 M HCI (2 x 40 mL) and with water (30 mL), dried over MgSO, and concentrated under
reduced pressure. The crude product was purified by column chromatography, eluting with a mixture of
pentane/ ethyl acetate (4:6 to 2:8). The pure product 4e (0.37 g, 0.93 mmol, 86% yield) was obtained as
colorless foam.

R 0.32 (4:6 Pentane/Ethyl acetate).
Mp 153.8-155.4°C.

'H NMR (400 MHz, Chloroform-d) & 7.96 — 7.90 (m, 2 H, Ar-H), 7.65 — 7.59 (m, 1 H, Ar-H), 7.50 — 7.44
(m, 2 H, Ar-H), 7.16 (d, J = 1.2 Hz, 1 H, thymine C=C-H), 5.17 (t, J = 9.5 Hz, 1 H, cyclobutane-CH), 3.69
(s, 3 H, ester CHz), 3.66 (s, 3 H, ester CHs), 2.94 — 2.82 (m, 1 H, cyclobutane-CHy), 2.74 (td, J = 11.0, 3.1
Hz, 1 H, cyclobutane-CH,), 2.35 (dtd, J = 11.6, 8.8, 3.1 Hz, 1 H, cyclobutane-CH,), 2.18 (dt, J =11.7, 8.9
Hz, 1 H, cyclobutane-CH,), 1.95 (d, J = 1.2 Hz, 3 H, thymine-CHy).

3C NMR (101 MHz, Chloroform-d) & 170.2, 168.9, 168.7, 162.8, 150.1, 138.7, 135.0, 131.6, 130.7,
129.1, 110.4, 58.8, 56.9, 53.3, 53.2, 23.9, 22.7, 12.6.

IR 3006 (W), 2959 (W), 2358 (W), 2257 (W), 1737 (s), 1702 (m), 1655 (s), 1438 (m), 1266 (s), 1107 (m),
984 (w), 914 (w), 733 (s).

HRMS (ESI) calcd for CooH20N,NaO;" [M+Na]* 423.1163; found 423.1168.
Dimethyl 2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)cyclobutane-1,1-dicarboxylate (23)

H
Q 20 0] '\]

NH  FeCly-AlLO; =0
L ——— NN COMe
N
K © COzMe
18 23
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Following an adapted described procedure of De Nanteuil et al.,® 5-fluoro-1-vinylpyrimidine-2,4(1H,3H)-
dione (18) (0.60 g, 3.8 mmol, 1.0 eq) and iron trichloride supported on alumina (1.0 mmol/g, 0.77 g, 0.77
mmol, 0.2 eq) were added in a flame dried microwave vial under nitrogen atmosphere. Then, dry
dichloromethane (8 mL) and a solution of crude freshly prepared dimethyl 2-methylenemalonate (20) (2.2
g, 15 mmol, 4.0 eq) in dichloromethane (2 mL) were added into the vial and the reaction mixture was
stirred at room temperature for 14 hours. The reaction mixture was filtrated over a pad of alumina eluting
with ethyl acetate (50 mL) and concentrated under reduced pressure. The crude mixture was purified via
column chromatography, eluting with a mixture of ethyl acetate/ pentane (5:5 to 2:8). The pure product 23
(0.78 g, 2.6 mmol, 67% yield) was obtained as a colorless oil.

R¢ 0.28 (4:6 Pentane/Ethyl acetate).

'H NMR (400 MHz, Chloroform-d) & 9.54 (s, 1 H, NH), 7.36 (d, J = 6.1 Hz, 1 H, F-uracil C=C-H), 5.28
(t, J =9.0 Hz, 1 H, cyclobutane-CH), 3.78 (s, 3 H, ester CHa), 3.73 (s, 3 H, ester CHs), 2.68 — 2.61 (m, 2
H, cyclobutane-CHy), 2.41 — 2.32 (m, 1 H, cyclobutane-CHy), 2.32 — 2.25 (m, 1 H, cyclobutane-CH,).

3C NMR (101 MHz, Chloroform-d) & 169.7, 168.8, 156.8 (d, J = 26.7 Hz), 149.7, 140.2 (d, J = 237.5
Hz), 126.3 (d, J = 33.7 Hz), 59.0, 55.2, 53.3, 53.3, 23.7, 23.0.

IR 3211 (W), 3085 (W), 2960 (W), 2362 (W), 2336 (W), 1726 (s), 1439 (W), 1361 (W), 1273 (m), 1110 (w),
915 (W), 735 (m).

HRMS (ESI) calcd for C1,H13FN,NaOg™ [M+Na]* 323.0650; found 323.0654.

Dimethyl 2-(3-benzoyl-5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)cyclobutane-1,1-
dicarboxylate (4f)

0 NH o ,\jBZ
\]40 Bz-Cl \FO
FN\_N CO,Me —>  FX_pN COMe
DMAP
CO,Me NEt, CO,Me
23 4af

Following an adapted described procedure of Racine et al.,* in a flame dried microwave vial under
nitrogen atmosphere, 23 (0.70 g, 2.3 mmol, 1.0 eq) and dimethyl-4-aminopyridine (0.28 g, 2.3 mmol, 1.0
eq) were dissolved in dry dichloromethane (12 mL). Triethylamine (1.3 mL, 9.3 mmol, 4.0 eq) was added
and the solution was cooled to 0°C. Then, benzoyl chloride (0.81 mL, 6.9 mmol, 3.0 eq) was added
dropwise and the reaction mixture was stirred at room temperature for 16 hours. A saturated solution of
NaHCO; (8 mL) was added to the reaction mixture and the layer were separated. The aqueous layer was
extracted with dichloromethane (2 x 20 mL). The combined organic layers were washed with 1 M HCI (2
x 40 mL) and with water (30 mL), dried over MgSQO, and concentrated under reduced pressure. The pure
product 4f (0.61 g, 1.5 mmol, 65%) was obtained as colorless foam.

R 0.55 (4:6 Pentane/Ethyl acetate).
Mp 60.9- 62.5°C.

'"H NMR (400 MHz, Chloroform-d) & 7.93 — 7.89 (m, 2 H, Ar-H), 7.66 — 7.59 (m, 1 H, Ar-H), 7.50 — 7.43
(m, 3 H, Ar-H and F-uracil C=C-H), 5.12 (t, J = 9.4 Hz, 1 H, cyclobutane-CH), 3.69 (s, 3 H, ester CH,),
3.64 (s, 3 H, ester CHs), 2.73 (q, J = 10.0 Hz, 1 H, cyclobutane-CH,), 2.66 — 2.58 (m, 1 H, cyclobutane-
CH,), 2.33 (dtd, J = 10.6, 8.4, 2.4 Hz, 1 H, cyclobutane-CH,), 2.23 (dt, J = 11.6, 8.9 Hz, 1 H, cyclobutane-
CHy,).

3C NMR (101 MHz, Chloroform-d) & 169.8, 168.7, 167.1, 156.3 (d, J = 27.1 Hz), 148.6, 139.8 (d, J =
239.4 Hz), 135.5, 131.0, 130.9, 129.3, 127.1 (d, J = 33.6 Hz), 58.7, 56.8, 53.4, 53.3, 23.9, 22.8.
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IR 3090 (w), 3009 (w), 2958 (w), 2361 (w), 2262 (w), 1723 (s), 1668 (s), 1598 (w), 1445 (m), 1357 (w),
1266 (s), 1106 (m), 982 (w), 912 (m), 851 (w), 732 (s).

HRMS (ESI) calcd for C19H37N,FNaO;" [M+Na]" 427.0917; found 427.0920.

2.3 Synthesis of Enol Ethers
General procedure for the synthesis of TBS enol ethers (GP1)
O OTBS

NaHMDS, TBSCI
Me >
THF, 0 °C
R R

24 7

Ketone 24 (1 eq) is dissolved in dry THF (20 mL) under nitrogen atmosphere and cooled down to 0 °C.
NaHMDS (1.2 eqg, 1.9 M in THF) is added dropwise. The orange solution is stirred at room temperature
for 1 hour and then cooled to 0 °C. The chlorosilane (1.2 eq) is dissolved in THF (3 mL) and added
dropwise. The reaction is stirred at room temperature for 2 hours and then concentrated under reduced
pressure. The crude oil is filtered through a silica plug, eluting with 250 mL hexanes, concentrated under
reduced pressure and purified by bulb to bulb distillation.

Tert-butyldimethyl((1-phenylvinyl)oxy)silane (7a)
OTBS

Acetophenone (24a) (580 mg, 4.82 mmol, 1 eq) in anhydrous THF (5 mL) is added in an oven-dried flask
sealed with a septum and under N, atmosphere. The solution is cooled down to -78 °C and a 2 M solution
of NaHMDS (2.94 mL, 5.88 mmol, 1.22 eq) is added dropwise. The cold bath is removed and the pale
yellow solution is stirred for 1 hour at room temperature. The reaction is cooled again at -78 °C and tert-
butylchlorodimethylsilane (871 mg, 5.78 mmol, 1.2 eq) is added dropwise. The reaction is stirred at room
temperature for 5 hours after what the solvent is directly removed under reduced pressure. The resulting
orange oil is purified by column chromatography on triethylamine-deactivated silica (100 % Hexane).
Tert-butyldimethyl((1-phenylvinyl)oxy)silane (7a) (960 mg, 4.10 mmol, 85% yield) is obtained as a
colorless oil which can be re-purified by short path distillation in case of degradation with time.

'H NMR (400 MHz, CDCl3) & 7.65-7.60 (m, 2 H, Ar), 7.39-7.29 (m, 3 H, Ar), 4.89 (d, 1 H, J = 1.7 Hz,
C=CH,), 442 (d, 1 H, J = 1.7 Hz, C=CH,), 1.00 (s, 9 H, Si(CH3),C(CHj)s), 0.21 (s, 6 H,
Si(CH;3),C(CHy)s).

3C NMR (101 MHz, CDCls) § 156.0, 137.8, 128.2, 128.1, 125.3, 90.9, 25.9, 18.4, -4.6.

Data match literature report.”

Tert-butyl(1-(4-methoxyphenyl)vinyl)oxy)dimethylsilane (7b)

7J.-F. Zhao, B.-H. Tan, T.-P. Loh Chem. Sci. 2011, 2, 349.
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OTBS

MeO

Following GP1, 1-(4-methoxyphenyl)ethanone (24b) (2.0 g, 13 mmol, 1 eq), NaHMDS (8.4 mL, 16
mmol, 1.2 eq and tert-butylchlorodimethylsilane (2.4 g, 16 mmol, 1.2 eq) were reacted. Tert-butyl(1-(4-
methoxyphenyl)vinyl)oxy)dimethylsilane (7b) (2.5 g, 9.5 mmol, 71%) was obtained as a colorless oil.

IH NMR (400 MHz, DMSO-ds) & 7.54 (d, J = 8.9 Hz, 2 H, Ar), 6.93 (d, J = 8.9 Hz, 2 H, Ar), 4.89 (d, J =
1.8 Hz, 1 H, CH, vinyl), 4.32 (d, J = 1.8 Hz, 1 H, CH, vinyl), 3.77 (s, 3 H, OMe), 0.98 (s, 9 H, OTBS),
0.20 (s, 6 H, OTBS).

C NMR (101 MHz, DMSO) § 159.4, 154.7, 129.5, 126.2, 113.5, 89.4, 55.1, 25.7, 18.0, -4.7.
NMR data of 7b corresponded to the reported spectra.?
Tert-butyl(1-(4-fluorophenyl)vinyl)oxy)dimethylsilane (7c)

OTBS

F

Following GP1, 1-(4-fluorophenyl)ethanone (24c) (2.0 g, 15 mmol, 1 eq), NaHMDS (9.1 mL, 17 mmol,
1.2 eq and tert-butylchlorodimethylsilane (2.6 g, 17 mmol, 1.2 eq) were reacted. Tert-butyl(1-(4-
fluorophenyl)vinyl)oxy)dimethylsilane (7c) (0.80 g, 3.2 mmol, 22%) was obtained as a colorless oil.

'H NMR (400 MHz, DMSO-ds) 5 7.65 (dd, J = 9.0, 5.5 Hz, 2 H, Ar), 7.21 (t, J = 8.9 Hz, 2 H, Ar), 5.00
(d, J = 2.1 Hz, 1 H, CH, vinyl), 4.43 (d, J = 2.0 Hz, 1 H, CH, vinyl), 0.98 (d, J = 0.8 Hz, 9 H, OTBS),
0.21 (d, J = 0.9 Hz, 6 H, OTBS).

3C NMR (101 MHz, DMSO) & 162.1 (d, J = 245.5 Hz), 153.9, 133.5 (d, J = 3.2 Hz), 126.9 (d, J = 8.4
Hz), 115.1 (d, J = 21.6 Hz), 91.1, 25.6, 17.9, -4.8.

IR 2891 (W), 2866 (W), 2821 (W), 2788 (W), 1564 (w), 1470 (w), 1456 (m), 1456 (m), 1351 (m), 1311 (w),
1144 (s), 1144 (s), 1122 (s), 1085 (m), 1060 (s), 1060 (s), 823 ().

HRMS (ESI) calcd for Cy,FH,; KOS [M+K]" 291.0977; found 291.1180.
Methyl 4-(1-(tert-butyldimethylsilyl)oxy)vinyl)benzoate (7d)
OTBS

MGOZC

Following GP1, methyl 4-acetylbenzoate (24d) (1.0 g, 5.6 mmol, 1 eq), NaHMDS (3.5 mL, 6.7 mmol, 1.2
eq and tert-butylchlorodimethylsilane (1.0 g, 6.7 mmol, 1.2 eq) were reacted. Methyl 4-(1-(tert-
butyldimethylsilyl)oxy)vinyl)benzoate (7d) (0.50 g, 1.7 mmol, 31%) was obtained as a colorless oil.

'H NMR (400 MHz, DMSO-ds) & 8.07 — 7.86 (m, 2 H, Ar), 7.86 — 7.68 (m, 2 H, Ar), 5.20 (d, J = 2.2 Hz,

1 H, CH, vinyl), 459 (d, J = 2.2 Hz, 1 H, CH, vinyl), 3.86 (s, 3 H, OMe), 0.98 (s, 9 H, OTBS), 0.22 (s, 6
H, OTBS).

8 Ventura, D. L.; Li, Z.; Coleman, M. G.; Davies, H. M. L. Tetrahedron 2009, 65, 3052.
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C NMR (101 MHz, DMSO) § 165.8, 153.9, 141.4, 129.2, 125.0, 93.8, 52.1, 30.7, 25.6, 18.0, -4.8.

IR 2888 (w), 2866 (w), 2821 (w), 2820 (w), 2787 (w), 1583 (s), 1464 (w), 1146 (m), 1106 (s), 937 (m),
926 (m), 828 (m).

HRMS (ESI) calcd for C16H»50,Si" [M+H]" 293.1567; found 293.1560.
(Z2)-Tert-butyldimethyl((1-phenylprop-1-en-1-yl)oxy)silane (7€)

oTBS
x _Me

Following GP1, propiophenone (24e) (1.0 g, 7.5 mmol, 1 eq), NaHMDS (4.7 mL, 8.9 mmol, 1.2 eq) and
tert-butylchlorodimethylsilane (1.3 g, 8.9 mmol, 1.2 eq) were reacted. (Z)-Tert-butyldimethyl((1-
phenylprop-1-en-1-yl)oxy)silane (7€) (0.51 g, 2.0 mmol, 27%) was obtained as a colorless oil, which was
used directly in the [4+2] annulation step.

3. Optimization of the [4+2] Annulation

Optimization procedure for SnCl, and TiCly:

Preparation of the SnCl, solution: in an oven dried flask, under nitrogen atmosphere, SnCl, (0.22 g, 0.10
mL, 0.86 mmol) were added to dry dichloromethane (1.9 mL) to make a 0.43 M solution.

Preparation of the TiCl, solution: in an oven dried flask, under nitrogen atmosphere, TiCl, (0.17 g, 0.10
mL, 0.91 mmol) were added to dry dichloromethane (1.9 mL) to make a 0.46 M solution.

The cyclobutane 4 (0.050 mmol, 1 eq) was dissolved in dry dichloromethane (1.0 mL), and added in an
oven dried microwave vial under nitrogen atmosphere. The aldehyde 5a (0.075 mmol, 1.5 eq) was then
dissolved in dry dichloromethane (0.50 mL) and added. The Lewis acid solution was then added dropwise
to the reaction mixture. The reaction was quenched with triethylamine (0.10 mL), and concentrated under
vacuum. The crude mixture was then dissolved in CDCI; and analyzed by 'H NMR.

Optimization procedure for other Lewis acids:

In the glovebox, the Lewis acid was added to a microwave vial. The vial was sealed with a Teflon septum
and taken out of the glovebox. Dry dichloromethane (0.50 mL) was added. The cyclobutane 4 (0.050
mmol, 1 eq) was dissolved in dry dichloromethane (0.50 mL) and added. The aldehyde 5a (0.075 mmol,
1.5 eq) was then dissolved in dry dichloromethane (0.50 mL) and added. The reaction was then filtered
over a pad of alumina, eluted with ethyl acetate and concentrated under vacuum. The crude mixture was
then dissolved in CDCI; and analyzed by *H NMR.

1
CO,R? R
PhthN 2 CO,R?
CO,R? 0 Catalyst R 2
B A SRR
1 Ph
R R PhthN~ O Ph
4 5e 6
0.05 mmol 1.5 eq
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Entry Catalyst (mol%) Time T Solvent | Conversion® | dr® | R,RR?
1 FeCl;-Al,O5 (20 mol%) 40 min | rt DCM >95%° 2:1 H, H, Me
2 SnCl, (20 mol%) 25N rt DCM >95%° 6:1 H, H, Me
3 Hf(OTf), (20 mol%) 25h |t DCM | >95%° 9:1 | H,H, Me
4 Yb(OTf); (20 mol%) 25h |rt DCM <5%° - H, H, Me
5 Sn(OTf), (20 mol%) 25h rt DCM <5% - H, H, Me
6 Cu(OTf), (20 mol%) 25h rt DCM <5% - H, H, Me
7 AUCI (20 mol%) 25N rt DCM <5% - H, H, Me
8 AuCl; (20 mol%) 25h |t DCM | >95%° - H, H, Me
9 TiCl, (20 mol%) 25N rt DCM 88%° 5:1 H, H, Me
10 In(OTf); (20 mol%) 25h |t DCM | >95% 9:1 |[H,H, Me
11 Sc(OTf); (20 mol%) 25h |t DCM | >95% 13:1 | H, H, Me
12 Sc(OTf)3 (20 mol%) 7h reflux | DCM <5%° - Me, H, Me
13 In(OTf)3 (20 mol%) 18h |[reflux | DCM | 34% 451 | Me, H, Me
1
14 FeCl; (100 mol%) 18 h rt DCM >95% f6:1:1 Me, H, Me
15 SnCly, (20 mol%) 25h |t DCM | <5%¢ - Me, H, Me
16 SnCl,4 (100 mol%) 2.5h -40 °C | DCM >95%° - Me, H, Me
17 FeCl;-SiO, (100 mol%) 18 h rt DCM >050%° - Me, H, Me
18 FeBr; (100 mol%) 18h |t DCM | >95%° - Me, H, Me
19 FeCls-Al,O5 (100 mol%) 25h |rt ACN <5%* - Me, H, Me
20 FeCls-Al,O5 (100 mol%) 25h |rt MeOH | <5% - Me, H, Me
21 FeCl;-Al,05 (100 mol%) 25h rt DMF <5% - Me, H, Me
22 FeCl;-Al,05 (100 mol%) 25h rt THF <5% - Me, H, Me
23 FeCl;-Al,O;3 (100 mol%) 18 h rt Toluene | 76%° - Me, H, Me
24 FeCl3-Al,O; (100 mol%)° [ 5h rt DCM | >95%° - Me, H, Me
25 FeCls-Al,O5 (100 mol%) 5h rt DCM >05% 5.1 Me, H, Me
26 INOTf; (20 mol%) 5h reflux | DCM 7% 51 H,Me, Et
27 AICI; (20 mol%) 24 h reflux [ DCM 45%° 4:1 H,Me, Et
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28 TfOH (20 mol%) 18h | reflux | DCM 61%° 1.7:1 | H,Me, Et
29 FeCls-Al,03 (20 mol%) 30h | reflux | DCM 89%° 3:1 | H,Me, Et
30 FeCls-Al,O3 (20 mol%) 1h reflux | DCE >05%° - H,Me, Et
31 FeCls-Al,05 (20 mol%)" 25h |rt DCM 86%° 3:1 | H,Me, Et
32 FeCl;-Al,05 (100 mol%) 2.5h rt DCM >05%° 1.2:1 | H,Me, Et
33 FeCls-Al,03 (100 mol%) 18h | -30°C | DCM <5%° - H,Me, Et
34 FeCls-Al,03 (100 mol%) 20h | -20°C | DCM >95% 4:1 | H,Me, Et
35 FeCls-Al,03 (100 mol%) 2h 0°C | DCM >95% 4:1 | H,Me, Et
36 FeCls-Al,03 (50 mol%) 55h |[0°C |DCM 90% 4:1 | HMe, Et
37 FeCls-Al,03 (100 mol%) 18h |t DCM >95% 5:1 | Ph, H, Me
38 ScOTf; (20 mol%) 4h rt DCM <50%¢ - Ph, H, Me
39 YbOTf; (20 mol%) 4h rt DCM <5%° - Ph, H, Me
40 SnCl, (100 mol%) 4h rt DCM <5%* - Ph, H, Me
41 FeCl; (100 mol%) 18h |t DCM >950%° - Ph, H, Me
42 FeBr; (100 mol%) 18 h rt DCM >05%° - Ph, H, Me

*Estimated by 'H NMR of the crude mixture based on the ratio of product to starting material;
®Determined by *H NMR of the crude; ‘Complex mixture of products was observed in the *H NMR of the
crude; “No product detected; *Degradation; ‘Not reproducible; %Open flask; "3 equivalents of aldehyde.

Optimization procedure for cyclobutane 4e and 4f

The Lewis acid was added in a flame dried microwave vial and under nitrogen atmosphere. Then, dry
dichloromethane and benzaldehyde (5a) (7.7 pL, 0.076 mmol, 1.5 eq) were added into the flask. A
solution of cyclobutane 4 (20 mg, 0.050 mmol, 1.0 eq) in dry dichloromethane was added dropwise to the
reaction mixture. The reaction mixture was filtrated on a pad of silica eluting with ethyl acetate (10 mL)
and concentrated under reduce pressure. The crude product was dissolved in ethanol (1.8 mL) and
ammonium hydroxide solution (0.6 mL, 60 eq, 25 %) was added. The resulting solution was stirred for 16
hours and the solvent was removed under reduced pressure. The crude mixture was purified by column
chromatography eluting with a mixture of ethyl acetate/ pentane (5:5 to 9:1).

Bz
(@) 1

N%O
O Ph Lewis acid
Me— X\ _N CO.Me -+ Y TR EeE

CH,Cl, rt

4e
0.05 mmol

then NH,OH, EtOH

S15




Entry Catalyst (mol%b) Time Conversion® | Yield"
1 Hf(OTf), (20 mol%) 14 h > 95 % 51%
2 FeCl3-Al,0; (20 mol%) 14 h > 95 % 59%
3 Hf(OTf), (20 mol%) 30 min > 95 % 76%
4 FeCl;-Al,O5 (100 mol%) 30 min >95% 62%
5 Hf(OTf), (20 mol%) 15 min > 95 % 84%
6 FeCls-Al,O5 (100 mol%) 15 min > 95 9% 70%
7 Hf(OTf), (10 mol%) 15 min > 95 % 87%

*Estimated by "H NMR of the crude mixture based on the ratio of product to starting material, ° *H NMR
yield (traces of benzamide originated from the protecting group)
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4. Scope of the [4+2] Annulation
4.1 General Procedures

General Procedure for the [4+2] annulation reaction of dimethyl 2-(1,3-dioxoisoindolin-2-
yhcyclobutane-1,1-dicarboxylate (4a). (GP2)

PhthN_O.__R

CO,Me
PhthN 2 O-__R Sc(OT)s
CoMe + Y - CO,Me

H DCM, rt, 2.5 h CO,Me
4a 5 6

In a glovebox, scandium triflate (19.7 mg, 0.0400 mmol, 0.2 eq) was added to a microwave vial. The vial
was sealed with a Teflon septum and taken out of the glovebox. Dry dichloromethane (2 mL) was added.
The cyclobutane 4a (0.200 mmol, 1 eq) was dissolved in dry dichloromethane (2 mL) and added. The
aldehyde 5 (0.300 mmol, 1.5 eq) was then dissolved in dry dichloromethane (2 mL) and added. The
reaction was stirred at room temperature for 2.5 h, and then filtered over a pad of basic alumina, eluted
with ethyl acetate and concentrated under vacuum. The crude product was purified by column
chromatography using the indicated solvents.

General Procedure for the [4+2] annulation reaction of dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-
methylcyclobutane-1,1-dicarboxylate (4b). (GP3)

PhthN CO,Me 0. R PhthN_ _O. R
ELcone s Y FeCly Al,04 e CO,Me
. e
e H DCM, rt, 5 h CO,Me
4b 5 6

In a glovebox, iron trichloride supported on alumina (1.00 mmol/g, 200 mg, 0.200 mmol, 1 eq) was added
to a microwave vial. The vial was sealed with a Teflon septum and taken out of the glovebox. Dry
dichloromethane (2 mL) was added. The cyclobutane 4b (0.200 mmol, 1 eq) was dissolved in dry
dichloromethane (2 mL) and added. The aldehyde 5 (0.300 mmol, 1.5 eq) was then dissolved in dry
dichloromethane (2 mL) and added. The reaction was stirred at room temperature for 5 h, and then filtered
over a pad of basic alumina, eluted with ethyl acetate and concentrated under vacuum. The crude product
was purified by column chromatography using the indicated solvents.

General Procedure for the [4+2] annulation reaction of diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-
methylcyclobutane-1,1-dicarboxylate (4d). (GP4)

CO,Et PhthN _O.__R

PhthN .
(@) R FeCI3 A|203
ELCOZEt + Y >~ COyMe

M H DCM, 0°C, 2 h z CO,Me
ad V¢ 5 Me ¢
dr1.1:1
trans:cis

In a glovebox, iron trichloride supported on alumina (1.00 mmol/g, 200 mg, 0.200 mmol, 1 eq) was added
to a microwave vial. The vial was sealed with a Teflon septum and taken out of the glovebox. Dry
dichloromethane (2 mL) was added. The vial was cooled down at 0 °C with an ice/water bath. The
cyclobutane 4d (0.200 mmol, 1 eq) was dissolved in dry dichloromethane (2 mL) and added dropwise.
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The aldehyde 5 (0.300 mmol, 1.5 eq) was then dissolved in dry dichloromethane (2 mL) and added
dropwise. The reaction was stirred at 0 °C for 2 h, and then filtered over a pad of basic alumina, eluted
with ethyl acetate and concentrated under vacuum. The crude product was purified by column
chromatography using the indicated solvents.

General Procedure for the [4+2] annulation for the synthesis of nucleoside analogues (GP5)

Bz
RNV 0 _N__0
1i7§0 OxR? 10 mol % Hf(OTH), Y X
REN\_N. COMe + Y AN N O R
1 come  H CH,Cly, 1t R
4e:R'=Me 2 5 then NH,OH, EtOH, rt 6 CO.Me
4 R'=F CO,Me

Hf(OTf), (21 mg, 0.030 mmol, 0.1 eq) was added in a flame dried 25 mL flask and under nitrogen
atmosphere. Then, dry dichloromethane (4.5 mL) and aldehyde 5 (0.45 mmol, 1.5 eq) were added into the
flask. A solution of cyclobutane 4 (0.30 mmol, 1.0 eq) in dry dichloromethane (1.5 mL) was added
dropwise to the reaction mixture and stirred at room temperature for 15 minutes. The reaction mixture was
filtrated on a pad of silica eluting with a mixture of ethyl acetate/ pentane (8:2) and concentrated under
reduce pressure. The crude product was dissolved in ethanol (6 mL) and ammonium hydroxide solution
(1.8 mL, 60 eq, 25 %) was added. The resulting solution was stirred for 16 hours. The solvent was
removed under reduced pressure and the crude product was dissolved in ethyl acetate (25 mL) and
extracted with water (3 x 50 mL). The organic layer was dried over magnesium sulfate, filtrated and
concentrated under reduced pressure. The crude mixture was purified by column chromatography eluting
with a mixture of ethyl acetate/ pentane (5:5 to 9:1). The product was recrystallized in ethanol (2 mL).

General Procedure for the [4+2] annulation with enol ethers (GP6)

R2
COyMe N PhthN =R~
PhthN 2
\(OTBS 20 mol % SnCl, OTBS
CO.Me + 1 - CO,Me
R 4A MS, CH,Cl, -40 °C CO,Me
4a 7

4A MS pellets (ca 20 mg) were added in an oven dried 5 mL round bottom flask. The flask was closed
with a silicon septum and three cycles of vacuum/N, were performed. Aminocyclobutane 4a (0.200 mmol,
1 eq) and silyl enol ether 7 (0.300 mmol, 1.5 eq) were dissolved in dichloromethane (2 mL) and added to
the reaction flask. The solution was cooled to -40 °C using an acetonitrile/N, bath. A solution of tin
tetrachloride (0.43 mol/L, 93.0 uL, 0.0400 mmol, 0.2 eq,) was added dropwise and the reaction was stirred
at -40 °C until full conversion was observed by NMR. The reaction was then quenched by adding
triethylamine (0.1 mL) and the solvent was removed under reduced pressure. The reaction was purified by
column chromatography on Biotage (SNAP cartridge KP-SIL 25 g, 95:5 to 4:6 Hexane/Ethyl acetate)
affording the aminocyclohexanes.

4.2 Scope of the [4+2] annulation
Dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-phenyldihydro-2H-pyran-3,3(4H)-dicarboxylate (6aa)
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PhthN O

6aa CO,Me
COzMe

Following the general procedure GP2, dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and benzaldehyde (5a) (31.8 mg, 0.300 mmol, 1.5 eq)
were stirred at room temperature for 2.5 h. The crude oil was purified by column chromatography (SiO,,
8:2 Pentane/Ethyl Acetate) affording dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-phenyldihydro-2H-pyran-
3,3(4H)-dicarboxylate (6aa) (78.0 mg, 0.184 mmol, 92% yield) as a white solid.

dr 16:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 5.82
and 5.67.

The major cis diastereoisomer was characterized. A strong correlation between the signals at 5.67 and
5.21 was observed. In addition, a large coupling constant (J = 11.6 Hz) of the signal at 5.67 suggests that
this proton is in axial position in anti-periplanar relationship with one proton of the neighboring CH..

1 mmol scale reaction :

In a glovebox, scandium triflate (24.6 mg, 0.0500 mmol, 0.05 eq) was added to a microwave vial. The vial
was sealed with a Teflon septum and taken out of the glovebox. Dry dichloromethane (4 mL) was added.
The cyclobutane 4a (317 mg, 1 mmol, 1 eq) was dissolved in dry dichloromethane (3 mL) and added. The
benzaldehyde (5a) (159 mg, 1.50 mmol, 1.5 eq) was then dissolved in dry dichloromethane (3 mL) and
added. The reaction was stirred at room temperature for 5 h, and then was filtered over a pad of alumina,
eluted with ethyl acetate and concentrated under vacuum. The crude product was purified by column
chromatography (SiO,, 8:2 Pentane/Ethyl Acetate) affording dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-
phenyldihydro-2H-pyran-3,3(4H)-dicarboxylate (6aa) (342 mg, 0.808 mmol, 81% yield) as a white solid.

dr 13:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 5.82
and 5.67.

Rt 0.25 (7:3 Pentane/Ethyl Acetate).
Mp 167-170 °C.

'H NMR (400 MHz, CDCl5)? 7.87 (dd, J = 5.5, 3.1 Hz, 2 H, Phth), 7.73 (dd, J = 5.5, 3.0 Hz, 2 H, Phth),
7.40 —7.36 (m, 2 H, Ph), 7.27 — 7.20 (m, 3 H, Ph), 5.67 (dd, J = 11.6, 3.0 Hz, 1 H, N-C(H)-0), 5.21 (s, 1
H, O-C(H)-Ph), 3.68 (s, 3 H, OCHs3), 3.63 (s, 3 H, OCH3), 3.35 —3.21 (m, 1 H, CH,), 2.79 (ddd, J = 13.7,
4.4,3.1 Hz, 1 H, CH,), 2.29 (ddd, J = 13.6, 13.6, 4.3 Hz, 1 H, CH,), 1.78 (dddd, J = 13.5, 4.3, 3.0, 3.0 Hz,
1 H, CH,).

C NMR (101 MHz, CDCls) § 170.9, 168.6, 167.0, 138.3, 134.3, 131.8, 127.8, 127.4, 127.3, 123.6, 82.2,
79.3,58.1, 52.6, 51.9, 32.3, 23.8.

IR 2953 (w), 1781 (w), 1722 (s), 1450 (w), 1440 (w), 1375 (m), 1262 (m), 1209 (w), 1082 (m), 1050 (m),
1012 (w).

HRMS (ESI) calcd for C,3H,;NNaO;" [M+Na]" 446.1216; found 446.1213.

® Small amount of other compound (less than 5%) observed by *H NMR (probably other diastereoisomer).
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H COzMe

CO,Me
phthNH L0/ PR 2
5.67 |-l\—/|4-|5.2‘1
ROESY

Dimethyl 2-(4-chlorophenyl)-6-(1,3-dioxoisoindolin-2-yl)dihydro-2H-pyran-3,3(4H)-dicarboxylate
(6ab)

Cl

PhthN.__O
6ab CO,Me
CO,Me

Following the general procedure GP2, dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and 4-chlorobenzaldehyde (5b) (42.2 mg, 0.300 mmol,
1.5 eq) were stirred at room temperature for 2.5 h. The crude oil was purified by column chromatography
(SiO,, 8:2 Pentane/Ethyl Acetate) affording dimethyl 2-(4-chlorophenyl)-6-(1,3-dioxoisoindolin-2-
yl)dihydro-2H-pyran-3,3(4H)-dicarboxylate (6ab) (69.0 mg, 0.151 mmol, 75% vyield) as a white solid.

dr 17:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 5.86
and 5.6.

The major diastereoisomer is the cis, in analogy with the *H NMR spectrum of 6aa.
R¢ 0.33 (7:3 Pentane/Ethyl Acetate).
Mp 169-176 °C.

'H NMR (400 MHz, CDCl,)° only maj diastereoisomer characterized & 7.87 (dd, J = 5.5, 3.0 Hz, 2 H,
Phth), 7.74 (dd, J = 5.5, 3.0 Hz, 2 H, Phth), 7.34 — 7.28 (m, 2 H, Ph), 7.23 — 7.18 (m, 2 H, Ph), 5.66 (dd, J
=11.7, 3.0 Hz, 1 H, N-C(H)-0), 5.16 (s, 1 H, O-C(H)-Ph), 3.68 (s, 3 H, OCHj), 3.65 (s, 3 H, OCH3), 3.27
(dddd, J = 13.5, 13.5, 11.6, 4.4 Hz, 1H), 2.78 (ddd, J = 13.7, 4.3, 2.9 Hz, 1 H), 2.27 (ddd, J = 13.6, 13.6,
4.3 Hz, 1 H), 1.78 (dddd, J = 13.5, 4.3, 3.0, 3.0 Hz, 1H).

3C NMR (101 MHz, CDCI5) only maj diastereoisomer characterized & 170.8, 168.3, 167.0, 136.8, 134.4,
133.5,131.7,128.9, 127.4, 123.7, 81.6, 79.3, 58.0, 52.7, 52.0, 32.2, 23.7.

IR 2953 (W), 1782 (W), 1724 (s), 1439 (w), 1375 (s), 1344 (w), 1262 (m), 1210 (m), 1075 (m), 1052 (m),
1014 (w).

HRMS (ESI) calcd for CpsHsCINNaO,* [M+Na]* 480.0820; found 480.0820.

Dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)dihydro-2H-pyran-3,3(4H)-dicarboxylate
(6ac)

OMe

PhthN__O

6ac CO,Me
CO,Me

Following the general procedure GP2, dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and 4-methoxybenzaldehyde (5c¢) (40.8 mg, 0.300 mmol,
1.5 eq) were stirred at room temperature for 2.5 h. The crude oil was purified by column chromatography
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(Si0,, 8:2 to 6:4 Pentane/Ethyl Acetate) affording dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-(4-
methoxyphenyl)dihydro-2H-pyran-3,3(4H)-dicarboxylate (6ac) (74.6 mg, 0.165 mmol, 82% vyield) as a
white solid.

dr 6:1, diastereoisomeric ratio was calculated in *"H NMR of the isolated product integrating peaks at 5.79
and 5.65.

The major diastereoisomer is the cis, in analogy with the "H NMR spectrum of 6aa.
Rs 0.22 (7:3 Pentane/Ethyl Acetate).
Mp 154-161 °C.

'H NMR (400 MHz, CDClI,)° on a 6(maj):1(min) mixture § 7.89 — 7.77 (m, 2.3 H, Phth maj + min), 7.75 —
7.65 (m, 2.3 H, Phth maj + min), 7.37 — 7.33 (m, 0.3 H, Ph min), 7.33 — 7.27 (m, 2 H, Ph maj), 6.86 — 6.80
(m, 0.3 H, Ph min), 6.80 — 6.73 (m, 2 H, Ph min), 6.08 (s, 0.15 H, O-C(H)-Ph min), 5.79 (dd, J = 10.4, 5.3
Hz, 0.15 H, N-C(H)-O min), 5.65 (dd, J = 11.7, 3.0 Hz, 1 H, N-C(H)-O maj), 5.13 (s, 1 H, O-C(H)-Ph
maj), 3.87 (s, 0.45 H, OCH3 min), 3.76 (s, 0.45 H, OCH3 min), 3.74 (s, 3 H, OCH3; maj), 3.67(s, 3 H,
OCHj; maj), 3.66 (s, 3 H, OCH3 maj), 3.40 (s, 0.45 H, OCH; min), 3.28 (m, 1 H, CH, maj), 2.85 — 2.69 (m,
1.15 H, CH; maj + min), 2.69 — 2.58 (m, 0.3 H, CH, min), 2.26 (ddd, J = 13.6, 13.6, 4.3 Hz, 1 H, CH,
maj), 1.97 — 1.88 (m, 0.15 H, CH, min), 1.81 — 1.72 (m, 1 H, CH, maj).*

BC NMR (101 MHz, CDCIs) only maj diastereoisomer characterized 6 170.9, 168.6, 167.0, 159.1, 134.3,
131.8,130.4, 128.7, 123.6, 112.6, 82.0, 79.3, 58.1, 55.1, 52.6, 52.0, 32.2, 23.8.

IR 2954 (w), 1782 (W), 1725 (s), 1615 (W), 1515 (W), 1462 (w), 1440 (w), 1376 (m), 1347 (w), 1253 (m),
1210 (w), 1076 (m), 1045 (m).

HRMS (ESI) calcd for Cy4H,3NNaOg" [M+Na]* 476.1316; found 476.1319.

Dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-(2-methoxyphenyl)dihydro-2H-pyran-3,3(4H)-dicarboxylate
(6ad)

MeO

PhthN.__O

6ad CO,Me
COzMe

Following the general procedure GP2, dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and 2-methoxybenzaldehyde (5d) (40.8 mg, 0.300 mmol,
1.5 eq) were stirred at room temperature for 2.5 h. The crude oil was purified by column chromatography
(SiO,, 65:35 Pentane/Ethyl  Acetate) affording dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-(2-
methoxyphenyl)dihydro-2H-pyran-3,3(4H)-dicarboxylate (6ad) (82.8 mg, 0.183 mmol, 91% vyield) as a
white solid.

dr 8.5:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at
6.37 and 5.25.

The major diastereoisomer is the cis, in analogy with the "H NMR spectrum of 6aa.
R¢ 0.18 (7:3 Pentane/Ethyl Acetate).
Mp 87-97 °C.

'H NMR (400 MHz, CDCls)° only maj diastereoisomer characterized & 7.90 — 7.81 (m, 2 H, Phth), 7.81 —
7.66 (m, 2 H, Phth, 1 H, Ph), 7.24 —7.16 (m, 1 H, Ph), 6.93 (dd, J = 7.5 Hz, 1 H, Ph), 6.75 (d, J = 8.1 Hz,

10 Over-integrated due to overlap with water in CDCls.
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1 H, Ph), 5.64 (dd, J = 11.5, 3.0 Hz, 1 H, N-C(H)-0), 5.25 (s, 1 H, O-C(H)-Ph), 3.76 (s, 3 H, OCHs), 3.75
(s, 3 H, OCH;), 3.55 (s, 3 H, OCH), 3.03 — 2.85 (m, 1 H, CH,), 2.72 (ddd, J = 14.1, 3.8, 3.8 Hz, 1 H,
CH,), 2.61 —2.50 (m, 1 H, CH,), 1.80 (dddd, J = 13.5, 3.5, 3.5, 3.5 Hz, 1 H, CH,).

3C NMR (101 MHz, CDCls) only maj diastereoisomer characterized & 169.4, 168.9, 167.1, 155.8, 134.3,
131.8, 130.5, 128.8, 126.3, 123.6, 119.9, 108.8, 79.4, 76.4, 57.6, 55.2, 52.3, 52.1, 32.1, 24.2.

IR 2954 (w), 1765 (W), 1724 (s), 1600 (w), 1495 (w), 1464 (w), 1439 (w), 1376 (m), 1293 (w), 1256 (m),
1200 (w), 1111 (w), 1073 (m), 1050 (m).

HRMS (ESI) calcd for C,,H,3NNaOg” [M+Na]* 476.1316; found 476.1312.
(E)-Dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-styryldihydro-2H-pyran-3,3(4H)-dicarboxylate (6ae)
PhthN O X Ph

6ae CO,Me
CO,Me

Following the general procedure GP2, dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and cinnamaldehyde (5e) (39.6 mg, 0.300 mmol, 1.5 eq)
were stirred at room temperature for 2.5 h. The crude oil was purified by column chromatography (SiO»,
9:1 to 8:2 Pentane/Ethyl Acetate) affording (E)-dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2-styryldihydro-2H-
pyran-3,3(4H)-dicarboxylate (6ae) (85.7 mg, 0.191 mmol, 95% yield) as a white solid.

dr 2:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 5.84
and 5.63.

The major diastereoisomer is the cis, in analogy with the *H NMR spectrum of 6aa.
Rt 0.3 (7:3 Pentane/Ethyl Acetate).
Mp 88-92 °C.

'H NMR (400 MHz, CDCI,)° on a 2(maj):1(min) mixture & 7.90 — 7.81 (m, 3 H, Phth maj + min), 7.79 —
7-68 (m, 3 H, Phth maj + min), 7.45 —7.39 (m, 1 H, Ph min), 7.38 — 7.31 (m, 3 H, Ph maj + min), 7.30 —
7.17 (m, 3.5 H, Ph maj + min),** 6.85 (dd, J = 15.8, 1.5 Hz, 0.5 H, CH vinyl min), 6.67 (dd, J = 16.0, 7.2
Hz, 1 H, CH vinyl maj), 6.54 (d, J = 16.1 Hz, 1 H, CH vinyl maj), 6.28 (dd, J = 15.8, 6.4 Hz, 0.5 H, CH
vinyl min), 5.84 (dd, J = 11.2, 3.4 Hz, 0.5 H, N-C(H)-O min), 5.63 (dd, J = 11.8, 3.0 Hz, 1 H, N-C(H)-O
maj), 5.47 (ddd, J = 6.4, 1.5, 1.5 Hz, 0.5 H, O-C(H)-vinyl min), 4.60 (dd, J = 7.2, 0.9 Hz, 1 H, O-C(H)-
vinyl maj), 3.94 (s, 1.5 H, OCH3; min), 3.90 (s, 3 H, OCH; maj), 3.70 (s, 1.5 H, OCH3; min), 3.67 (s, 3 H,
OCH; maj), 3.08 (dddd, J = 13.7, 13.7, 11.7, 4.4 Hz, 1 H, CH, maj), 2.88 — 2.78 (m, 0.5 H, CH; min), 2.75
(ddd, J = 13.6, 4.4, 2.8 Hz, 1 H, CH, maj), 2.67 (dddd, J = 14.3, 3.9, 3.9, 1.6 Hz, 0.5 H, CH, min), 2.37
(ddd, J = 13.9, 13.9, 4.1 Hz, 0.5 H, CH, min), 2.23 (ddd, J = 13.7, 13.7, 4.2 Hz, 1 H, CH, maj), 1.82
(dddd, J =13.8, 3.9, 3.9, 3.9 Hz, 0.5 H, CH, min), 1.75 (dddd, J = 13.6, 13.6, 4.2, 2.8 Hz, 1 H, CH, maj).

C NMR (101 MHz, CDCls) § 170.4, 169.5, 168.9, 168.8, 167.4, 167.1, 136.5, 136.2, 135.9, 134.4,
134.3, 132.9, 131.8, 131.7, 128.6, 128.4, 128.2, 127.8, 126.8, 126.8, 125.9, 123.6, 123.6, 121.7, 82.8, 79.0,
77.2,72.9,58.1,57.1, 53.3, 53.0, 52.8, 52.6, 31.6, 25.2, 23.8, 23.7.

IR 3027 (w), 2953 (w), 1781 (w), 1724 (s), 1452 (w), 1442 (w), 1376 (m), 1269 (w), 1253 (w), 1209 (w),
1071 (m), 1010 (w).

HRMS (ESI) calcd for C,sH,3NNaO;" [M+Na]" 472.1367; found 472.1371.

Dimethyl 6-(1,3-dioxoisoindolin-2-yl)-5-methyl-2-phenyldihydro-2H-pyran-3,3(4H)-dicarboxylate
(6ba)

11 Over-integrated due to overlap with CHCI; peak.
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Following the general procedure GP3, dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-methylcyclobutane-
1,1-dicarboxylate (4b) (66.3 mg, 0.200 mmol, 1 eq) and benzaldehyde (5a) (31.8 mg, 0.300 mmol, 1.5 eq)
were stirred at room temperature for 5 h. The crude oil was purified by column chromatography (SiO,, 8:2
Pentane/Ethyl Acetate) affording dimethyl 6-(1,3-dioxoisoindolin-2-yl)-5-methyl-2-phenyldihydro-2H-
pyran-3,3(4H)-dicarboxylate (6ba) (56.0 mg, 0.128 mmol, 64% yield) as a white solid.

dr 5:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 2.73
and 2.56.

The major diastereoisomer is the cis-trans, in analogy with the *H NMR spectrum of 6bb.
Rt 0.36 (7 :3 Pentane/Ethyl Acetate).
Mp 79-86 °C.

'H NMR (400 MHz, CDCI3) on a 5(maj):1(min) mixture & 7.88 (dd, J = 5.4, 3.0 Hz, 2 H, Phth maj), 7.82
(dd, J =5.5, 3.1 Hz, 0.4 H, Phth min), 7.74 (dd, J = 5.5, 3.0 Hz, 2 H, Phth maj), 7.71 (dd, J = 5.5, 3.1 Hz,
0.4 H, Phth min) 7.45 — 7.41 (m, 0.4 H, Ph min), 7.40 — 7.35 (m, 2 H, Ph maj), 7.34 — 7.18 (m, 3.6 H, Ph
maj + min),"* 6.24 (s, 0.2 H, O-C(H)-Ph min), 5.33 (d, J = 10.5 Hz, 0.2 H, N-C(H)-O min), 5.26 (d, J =
10.6 Hz, 1 H, N-C(H)-O maj), 5.18 (s, 1 H, O-C(H)-Ph maj), 3.89 (s, 0.6 H, OCH3 min), 3.68 (s, 3 H,
OCH; maj), 3.62 (s, 3 H, OCH; maj), 3.47 — 3.34 (m, 1 H, Me-CH maj), 3.33 (s, 0.6 H, OCH3 min), 3.09 —
2.96 (m, 0.2 H, Me-CH min), 2.72 (dd, J = 13.7, 4.2 Hz, 1 H, CH, maj), 2.55 (dd, J = 14.2, 3.6 Hz, 0.2 H,
CH, min), 2.42 (dd, J = 14.2, 13.1 Hz, 0.2 H, CH; min), 1.95 (dd, J = 13.7, 12.4 Hz, 1 H, CH, maj), 0.95
(d, J=8.0 Hz, 0.6 H, CH; min), 0.93 (d, J = 6.8 Hz, 3 H, CH; maj).

3C NMR (101 MHz, CDCI;)* & 170.7, 169.5, 168.7, 167.9, 167.1, 138.2, 137.5, 134.34, 134.30, 131.7,
128.1, 128.0, 127.8, 127.6, 127.4, 127.3, 123.6, 123.5, 84.9, 82.2, 81.0, 77.3, 76.2, 59.9, 59.3, 53.2, 52.6,
52.5,51.9,40.5,34.4,27.7, 27.0, 16.9, 16.2.

IR 2956 (W), 1774 (W), 1727 (s), 1461 (w), 1439 (), 1376 (m), 1261 (m), 1214 (w), 1090 (w), 1026 (w).
HRMS (ESI) calcd for C,,H,3NNaO;" [M+Na]™ 460.1367; found 460.1367.

Dimethyl 2-(4-chlorophenyl)-6-(1,3-dioxoisoindolin-2-yl)-5-methyldihydro-2H-pyran-3,3(4H)-
dicarboxylate (6bb)

o]
PhthN.__O
6bb CO,Me
Me' CO,Me

Following the general procedure GP3, dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-methylcyclobutane-
1,1-dicarboxylate (4b) (66.3 mg, 0.200 mmol, 1 eq) and 4-chlorobenzaldehyde (5b) (42.2 mg, 0.300
mmol, 1.5 eq) were stirred at room temperature for 5 h. The crude oil was purified by column
chromatography (SiO,, 8:2 Pentane/Ethyl Acetate) affording dimethyl 2-(4-chlorophenyl)-6-(1,3-
dioxoisoindolin-2-yl)-5-methyldihydro-2H-pyran-3,3(4H)-dicarboxylate (6bb) (58.0 mg, 0.123 mmol,
62% yield) as a white solid.

dr 5:1, diastereoisomeric ratio was calculated in "H NMR of the isolated product integrating peaks at 5.35
and 5.25.

S23



The major cis-trans diastereoisomer was characterized. Strong correlations between the signals at 5.25 and
5.14, and between 5.25 and 0.92 were observed. In addition, a large coupling constant (J = 10.6 Hz) of the
signal at 5.25 suggests that this proton is in axial position in anti-periplanar relationship with the proton of
the neighboring CH.

R¢ 0.38 (7:3 Pentane/Ethyl Acetate).
Mp 81-90 °C.

'H NMR (400 MHz, CDCls)® on a 5(maj):1(min) mixture 5 7.87 (dd, J = 5.6, 3.2 Hz, 2 H, Phth maj), 7.83
(dd, J=5.5, 3.1 Hz, 0.4 H, Phth min), 7.75 (dd, J = 5.5, 3.1 Hz, 2 H, Phth maj), 7.71 (dd, J = 5.6, 2.8 Hz,
0.4 H, Phth min), 7.41 —7.35 (m, 0.4 H, Ph min), 7.34 — 7.24 (m, 2.4 H, Ph maj + min), 7.23 - 7.16 (m, 2
H, Ph maj), 6.22 (s, 0.2 H, O-C(H)-Ph min), 5.35 (d, J = 10.4 Hz, 0.2 H, N-C(H)-O min), 5.25 (d, J = 10.6
Hz, 1 H, N-C(H)-O maj), 5.14 (s, 1 H, O-C(H)-Ph maj), 3.87 (s, 0.6 H, OCH; min), 3.68 (s, 3 H, OCH;
maj), 3.64 (s, 3 H, OCH; maj), 3.44 — 3.35 (m, 1 H, Me-CH maj), 3.34 (s, 0.6 H, OCH; min), 3.05 — 2.94
(m, 0.2 H, Me-CH min), 2.71 (dd, J = 13.7, 4.2 Hz, 1 H, CH, maj), 2.50 (dd, J = 14.2, 3.5 Hz, 0.2 H, CH,
min), 2.40 (dd, J = 14.3, 13.1 Hz, 0.2 H, CH, min), 1.93 (dd, J = 13.7, 12.4 Hz, 1 H, CH, min), 0.95 (d, J =
6.6 Hz, 0.6H, CH;min), 0.92 (d, J = 6.6 Hz, 3 H, CH; maj).

C NMR (101 MHz, CDCly)* § 170.7, 170.5, 169.4, 168.4, 167.9, 167.1, 136.7, 136.2, 134.4, 133.8,
133.5, 131.7, 129.0, 128.9, 128.2, 127.4, 123.7, 123.6, 84.8, 81.5, 81.3, 75.4, 60.2, 59.2, 53.2, 52.7, 52.5,
52.0,40.4, 34.5, 27.6, 26.7, 17.0, 16.2.

IR 2975 (w), 2882, (W), 1780 (W), 1726 (s), 1377 (m), 1263 (m), 1215 (w), 1084 (m), 1021 (w).
HRMS (ESI) calcd for CaH2,CIKNO;* [M+K]* 510.0716; found 510.0715.

CO,Me
CO,Me
:

0.92

Pht;@aiﬁj‘r;

5.25 U 5.14

ROESY

Dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2,5-diphenyldihydro-2H-pyran-3,3(4H)-dicarboxylate
(6ca)

CO,Me .
PhthN ZouMe ) (? FeCly-Al,O4 _ PhtN_O
D Ph  DCM,rt, 16 h 6ca Cco,Me
Ph Ph CO,Me
4c 5a

In a glovebox, iron trichloride supported on alumina (1.00 mmol/g, 200 mg, 0.200 mmol, 1 eq) was added
to a microwave vial. The vial was sealed with a Teflon septum and taken out of the glovebox. Dry
dichloromethane (2 mL) was added. Dimethyl 2-(1,3-dioxoisoindolin-2-yl)-3-phenylcyclobutane-1,1-
dicarboxylate (4c) (79.0 mg, 0.200 mmol, 1 eq) was dissolved in dry dichloromethane (2 mL) and added.
Benzaldehyde (5a) (31.8 mg, 0.300 mmol, 1.5 eq) was then dissolved in dry dichloromethane (2 mL) and
added. The mixture was stirred at room temperature for 16 h and then filtered over a pad of basic alumina,
eluted with ethyl acetate and concentrated under vacuum. The crude oil was purified by column
chromatography (SiO,, 8:2 Pentane/Ethyl Acetate) affording dimethyl 6-(1,3-dioxoisoindolin-2-yl)-2,5-

12 Some peaks are not resolved in the aromatic region.
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diphenyldihydro-2H-pyran-3,3(4H)-dicarboxylate (6¢ca) (53.0 mg, 0.106 mmol, 53% yield) as a white
solid.

dr 6:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 4.70
and 4.25.

R¢ 0.16 (8 :2 Pentane/Ethyl Acetate).
Mp 222-228 °C.

'H NMR (400 MHz, CDClI3) on a 5(maj):1(min) mixture & 7.94 — 7.57 (m, 4.8 H, Phth maj + min)," 7.54
—7.10 (m, 12 H, 2 x Ph maj + min),** 6.34 (s, 0.2 H, O-C(H)-Ph min), 5.83 (d, J = 10.8 Hz, 1 H, N-C(H)-
O maj), 5.81 (d, J = 10.4 Hz, 0.2 H, N-C(H)-O min) 5.42 (s, 1 H, O-C(H)-Ph maj),*® 4.70 (ddd, J = 12.8,
10.9, 4.1 Hz, 1 H, Ph-C(H)-CH, maj), 4.25 (ddd, J = 13.9, 10.8, 3.3 Hz, 0.2 H, Ph-C(H)-CH, min), 3.92 (s,
0.6 H, OCH; min),” 3.68 (s, 3 H, OCH; maj)," 3.66 (s, 3 H, OCH; maj),**3.34 (s, 0.6 H, OCH; min),"
2.89 (dd, J = 13.7, 4.2 Hz, 1 H, CH, maj), 2.75 (dd, J = 14.2, 3.4 Hz, 0.2 H, CH, min), 2.42 (dd, J = 13.2,
13.2 Hz, 1 H, CH, maj),"* 2.01 — 1.91 (m, 0.6 H, CH, min).

3C NMR (101 MHz, CDCls) only maj diastereoisomer characterized & 170.5, 168.6, 166.9, 139.0, 138.1,
134.2,128.9, 127.9, 127.7, 127.6, 127.5, 127.4, 127.3, 123.5, 83.0, 82.3, 59.1, 52.7, 52.0, 40.7, 39.1.

IR 3064 (W), 3034 (W), 2953 (W), 1723 (s), 1438 (W), 1374 (m), 1254 (m), 1216 (m), 1065 (m).
HRMS (ESI) calcd for CogHasKNO;* [M+K]* 538.1268; found 538.1277.

Diethyl 6-(1,3-dioxoisoindolin-2-yl)-4-methyl-2-phenyldihydro-2H-pyran-3,3(4H)-dicarboxylate
(6da)

PhthN__O

6da CO,Et
Me

Following the general procedure GP4, diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-
dicarboxylate (4d) (71.9 mg, 0.200 mmol, 1 eq) and benzaldehyde (5a) (31.8 mg, 0.300 mmol, 1.5 eq)
were stirred at 0 °C for 2 h. The crude oil was purified by column chromatography (SiO,, 8:2
Pentane/Ethyl Acetate) affording diethyl 6-(1,3-dioxoisoindolin-2-yl)-4-methyl-2-phenyldihydro-2H-
pyran-3,3(4H)-dicarboxylate (6da) (58.8 mg, 0.126 mmol, 63% yield, 95% pure) as a white solid.

dr 3:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 5.82
and 5.71.

The major diastereoisomer is the cis-trans, in analogy with the *H NMR spectrum of (6db)

R¢ 0.41 (7:3 Pentane/Ethyl Acetate).

Mp 133-139 °C.

'H NMR (400 MHz, CDCI3)* on a 3(maj):1(min) mixture & 7.85 (ddd, J = 8.4, 5.4, 3.1 Hz, 2.6 H, Phth
maj + min), 7.71 (ddd, J = 8.5, 5.5, 3.1 Hz, 2.6 H, Phth maj + min), 7.53 — 7.43 (m, 2 H, Ph maj), 7.33 (m,
0.6 H, Ph min), 7.25 — 7.13 (m, 3.9 H, Ph maj + min), 5.82 (dd, J = 11.8, 3.0 Hz, 1 H, N-C(H)-O maj),
5.71 (dd, J = 11.8, 2.9 Hz, 0.3 H, N-C(H)-O min), 5.48 (s, 1 H, O-C(H)-Ph maj), 5.17 (s, 0.3 H, O-C(H)-

Ph min), 4.26 — 3.90 (m, 5.2 H, 2 x OCH, maj + min), 3.69 (dddd, J = 10.7, 7.0, 7.0, 7.0 Hz, 1 H, CH,
maj), 3.40 (m, 0.3, CH, min),"” 3.06 — 2.94 (m, 1 H, Me-CH maj),"’ 2.60 — 2.48 (m, 0.3 H, Me-CH min),"

13 Overlapping with signals of impurities (probably other diastereoisomers present in less than 10% each).
14 95% pure (other diastereoisomer not characterized and 5% impurity).
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1.75-1.63 (m, 0.3 H, CH, min),"**" 1.56 (ddd, J = 13.4, 3.1, 3.1 Hz, 1 H, CH, maj),*" 1.26 (d, J = 7.2 Hz,
3 H, CH3; maj), 1.25 (d, J = 6.8 Hz, 0.9 H, CH3; min), 1.20 (m, 3.9 H, OCH,CH3 maj + min), 1.09 (t, J =
7.1 Hz, 0.9 H, OCH,CHs min), 0.88 (t, J = 7.2 Hz, 3 H, OCH,CH; maj).

C NMR (101 MHz, CDCls)" & 170.2, 169.5, 168.6, 167.1, 167.0, 166.7, 138.8, 138.5, 134.2, 131.8,
128.2, 127.6, 127.3, 127.2, 127.1, 123.5, 123.5, 83.2, 79.3, 77.2, 76.7, 75.3, 62.9, 61.4, 60.9, 60.7, 60.5,
60.3, 39.2, 32.8, 31.2, 30.5, 17.5, 16.4, 14.0, 13.7, 13.3.

IR 2982 (w), 2983 (w), 2904 (w), 1780 (w), 1723 (s), 1464 (w), 1373 (s), 1287 (w), 1258 (m), 1230 (m),
1201 (m), 1090 (m), 1048 (m), 1033 (m).

HRMS (ESI) calcd for CosHsNO;" [M+H]" 466.1860; found 466.1852.

Diethyl 2-(4-chlorophenyl)-6-(1,3-dioxoisoindolin-2-yl)-4-methyldihydro-2H-pyran-3,3(4H)-
dicarboxylate (6db)

Cl

PhthN_ O

6db CO,Et
I CO,Et
Me

Following the general procedure GP4, diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-
dicarboxylate (4d) (71.9 mg, 0.200 mmol, 1 eq) and 4-chlorobenzaldehyde (5b) (42.2 mg, 0.300 mmol,
1.5 eq) were stirred at 0 °C for 2 h. The crude oil was purified by column chromatography (SiO,, 8:2
Pentane/Ethyl  Acetate) affording dimethyl  2-(4-chlorophenyl)-6-(1,3-dioxoisoindolin-2-yl)-5-
methyldihydro-2H-pyran-3,3(4H)-dicarboxylate (6db) (81 mg, 0.162 mmol, 81% yield, 90% pure) as a
colorless oil.

dr 3:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 5.80
and 5.69.

The major cis-trans diastereoisomer was characterized. Strong correlations between the signals at 5.80 and
5.44,5.80 and 1.27-1.17, and 5.44 and 1.27-1.17 were observed. This suggests an axial orientation for the
three substituents. In addition, a large coupling constant (J = 12 Hz) of the signal at 5.80 suggests that this
proton is in axial position in anti-periplanar relationship with a proton of the neighboring CH,.

R¢ 0.43 (7:3 Pentane/Ethyl Acetate).

'H NMR (400 MHz, CDCl5)™ on a 3(maj):1(min) mixture & 7.92 — 7.77 (m, 2.6 H, Phth maj + min),*
7.77 — 7.65 (m, 2.6 H, Phth maj + min), 7.48 — 7.38 (m, 2 H, Ph maj), 7.31 — 7.23 (m, 0.6 H, Ph min),*!
7.23-7.13 (m, 2.6 H, Ph maj + min),"® 5.80 (dd, J = 12.0, 2.8 Hz, 1 H, N-C(H)-O maj), 5.69 (dd, J = 11.8,
2.9 Hz, 0.3 H, N-C(H)-O min), 5.44 (s, 1 H, O-C(H)-Ph maj), 5.13 (s, 0.3 H, O-C(H)-Ph min), 4.28 — 3.89
(m, 5.2 H, 2 x OCH, maj + min), 3.82 — 3.67 (m, 1 H, CH, maj),"**" 3.43 — 3.30 (m, 0.3 H, CH, min),"’
3.04-2.91 (m, 1 H, Me-CH maj),"” 2.57 — 2.45 (m, 0.3 H, Me-CH min),"” 1.68 (ddd, J = 13.5, 3.6, 3.6 Hz,
0.3 H, CH, min),*” 1.55 (ddd, J = 13.4, 2.8, 2.8 Hz, 1 H, CH, maj),"" 1.27 — 1.17 (m, 7.8 H, 2 x CH; maj +
min, 2 x OCH,CH; maj + min),*® 1.12 (t, J = 7.1 Hz, 0.6 H, OCH,CH; min),*® 0.94 (t, J = 7.2 Hz, 3 H,
OCH,CHj; maj).

1590 % pure.
16 Overlapping with signals of another diastereoisomer present in less than 10% and impurity.
17 Attributed by HSQC.
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3C NMR (101 MHz, CDCI3)* § 170.2, 169.4, 168.3, 167.1, 167.0, 166.6, 137.4, 137.1, 134.3, 134.3,
133.4,131.7, 129.7, 128.8, 128.3, 127.8, 127.4, 127.2, 123.6, 82.6, 79.3, 76.5, 75.4, 62.8, 61.5, 61.1, 60.9,
60.7, 60.2, 39.3, 32.8, 31.1, 30.4, 17.6, 16.3, 14.04, 13.98, 13.8, 13.5.

IR 2982 (w), 2983 (w), 2904 (w), 1780 (w), 1723 (s), 1464 (w), 1374 (s), 1287 (w), 1258 (m), 1230 (m),
1201 (m), 1090 (m), 1043 (m), 1033 (m).
HRMS (ESI) calcd for C,sH,6NO,CINa™ [M+Na]* 522.1290; found 522.1277.

H HCOzMe
H COzMe
PhthN O—L-Ar
1 M 31.27-1.17

A 5.44
ROESY

5.80

Diastereoisomeric resolution of diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-
1,1-dicarboxylate (86)

CO,Et ) CO,Et
PhthN\DLCOQEt | In(OTf), PhthN CO,Et
+
> DCM, rt, 2 h I:l./
Me MeO Me
4d 5d 4d
dr1.1:1 dr 14:1

In a glovebox, indium triflate (22.5 mg, 0.0400 mmol, 0.2 eq) was added to a microwave vial. The vial
was sealed with a Teflon septum and taken out of the glovebox. Dry dichloromethane (2 mL) was added.
Diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-1,1-dicarboxylate (4d) (71.9 mg, 0.200 mmol,
dr 1.1:1, 1 eqg) was dissolved in dry dichloromethane (2 mL) and added. 2-Methoxybenzaldehyde (5d)
(22.5 mg, 0.300 mmol, 1.5 eq) was then dissolved in dry dichloromethane (2 mL) and added. The reaction
was stirred at room temperature for 2 h, and then was filtered over a pad of alumina, eluted with ethyl
acetate and concentrated under vacuum. The crude product was purified by column chromatography
(SiO,, 85:15 Pentane/Ethyl Acetate) affording diethyl 2-(1,3-dioxoisoindolin-2-yl)-4-methylcyclobutane-
1,1-dicarboxylate (4d) (42.4 mg, 0.117 mmol, quantitative yield for the major diastereoisomer) as a pale
yellow oil.

dr 14:1, diastereoisomeric ratio was calculated in *H NMR of the isolated product integrating peaks at 5.58
and 4.91.

The major trans diastereocisomer was characterized. Strong correlations between the signals at 5.58 and
1.98, 5.58 and 1.14, and 1.98 and 1.14 were observed.

R¢ 0.44 (6:4 Pentane/Ethyl Acetate).

'H NMR (400 MHz, CDCls) only maj diastereoisomer characterized & 7.82 (dd, J = 5.4, 3.0 Hz, 2 H,
Phth), 7.70 (dd, J = 5.5, 3.0 Hz, 2 H, Phth), 5.58 (ddd, J = 9.9, 8.3, 1.2 Hz, 1 H, N-CH), 4.21 (g, J = 7.1
Hz, 2 H, OCH,),” 3.97 (m, 2 H, OCH,),** 3.65 — 3.54 (m, 1 H, CHs-CH), 3.20 (ddd, J = 11.7, 10.0, 8.3
Hz, 1 H, CH,), 1.98 (ddd, J = 11.7, 10.0, 5.4 Hz, 1 H, CH,), 1.23 (t, J = 7.1 Hz, 3 H, OCH,CHs), 1.14 (d, J
=7.3Hz, 3H, CHj), 0.90 (t, J = 7.1 Hz, 3 H, OCH,CH).

18 One aromatic carbon not resolved.
1% Overlapping with signals of the minor diastereoisomer.
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3C NMR (101 MHz, CDCls) only maj diastereoisomer characterized & 168.5, 168.4, 168.1, 134.1, 131.8,
123.3, 62.0, 61.7,61.6, 45.1, 31.1, 28.7, 16.2, 14.2, 13.6.

IR 2980 (W), 2943 (W), 2911 (W), 2876 (W), 1779 (W), 1719 (s), 1465 (w), 1376 (s), 1335 (W), 1256 (S),
1216 (m), 1153 (w), 1116 (w), 1091 (w), 1041 (m).

HRMS (ESI) calcd for CioH,:NNaOg™ [M+Na]* 382.1261; found 382.1265.

1.14

H Me
1.98 b
Hi\__ZaH
558 H' CO,Et

PhthN  CO,Et

ROESY

Dimethyl (5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2-phenyldihydro-2H-pyran-3,3(4H)-

dicarboxylate (6ea)
@) H @)
Theo
Me

Following the general procedure GP5, using benzaldehyde (5a) (46 pL, 0.45 mmol, 1.5 eq) cyclobutane
4e (120 mg, 0.300 mmol, 1.0 eq), a mixture of diastereoisomers (20:1 by integration of methyl esters at
3.52 ppm and 3.49 ppm) 6ea (102 mg, 0.255 mmol, 85% NMR yield)® was obtained after column
chromatography as a colorless foam. After recrystallization in ethanol, the pure product 6ea (94 mg, 0.23
mmol, 78% isolated yield) was obtained as a colorless foam and as a mixture of diastereoisomers (> 20:1
by integration of methyl esters at 3.52 ppm and 3.49 ppm).

R 0.27 (3:7 Pentane/Ethyl acetate).
Mp 226.2- 227.9 °C.

'H NMR (400 MHz, Chloroform-d, major diastereoisomer) & 8.38 (s, 1 H, NH), 7.40 - 7.35 (m, 2 H, Ar-
H), 7.34 — 7.27 (m, 4 H, Ar-H and thymine C=C-H), 5.96 (dd, J = 11.1, 2.9 Hz, 1 H, tetrahydropyran-
NCH), 5.23 (s, 1 H, tetrahydropyran-CH), 3.68 (s, 3 H, ester CHs), 3.52 (s, 3 H, ester CHy), 2.74 — 2.64
(m, 1 H, tetrahydropyran-CH,), 2.38 (tdd, J = 12.6, 11.0, 4.1 Hz, 1 H, tetrahydropyran-CH,), 2.25 (td, J =
13.4, 4.1 Hz, 1 H, tetrahydropyran-CH,), 1.99 (d, J = 1.2 Hz, 3 H, thymine-CH3), 1.97 — 1.90 (m, 1 H,
tetrahydropyran-CHy,).

3C NMR (101 MHz, Chloroform-d, major diastereoisomer) & 170.3, 169.2, 163.4, 149.9, 137.5, 135.4,
128.5,127.7, 1275, 111.6, 82.3, 82.1, 57.1, 52.8, 52.0, 31.6, 26.6, 12.8.

IR 3191 (w), 3041 (W), 2954 (w), 2361 (W), 1725 (s), 1693 (s), 1461 (w), 1271 (s), 1096 (w), 1043 (w),
915 (w), 735 (m).

HRMS (ESI) calcd for CyH2,N,NaO;" [M+Na]* 425.1319, found 425.1324.

CO,Me
COZMG

Dimethyl 2-(4-fluorophenyl)-6-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)dihydro-2H-
pyran-3,3(4H)-dicarboxylate (6ef).

20 Benzamide as impurity which is not possible to separate by column chromatography.

S28



H
(@) N\(O
Tl o
Me

Following the general procedure GP5, using 4-fluorobenzaldehyde (5f) (48 pL, 0.45 mmol, 1.5 eq)
cyclobutane 4e (120 mg, 0.300 mmol, 1.0 eq), a mixture of diasterecisomers (12:1 by integration of
methyl esters at 3.54 ppm and 3.49 ppm) 6ef (99 mg, 0.24 mmol, 79% NMR yield)®® was obtained after
column chromatography as a colorless foam. After recrystallization in ethanol, the pure product 6ef (88
mg, 0.21 mmol, 70% isolated yield) was obtained as a colorless foam and as a mixture of diastereoisomers
(12:1 by integration of methyl esters at 3.54 ppm and 3.49 ppm).

R 0.30 (3:7 Pentane/Ethyl acetate).
Mp 94.8- 96.9°C.

'H NMR (400 MHz, Chloroform-d, major diastereoisomer) 6 8.06 (s, 1 H, NH), 7.40 — 7.33 (m, 2 H, Ar-
H), 7.29 (d, J = 1.3 Hz, 1 H, thymine C=C-H), 7.03 - 6.95 (m, 2 H, Ar-H), 5.95 (dd, J = 11.3, 2.9 Hz, 1 H,
tetrahydropyran-NCH), 5.21 (s, 1 H, tetrahydropyran-CH), 3.69 (s, 3 H, ester CHs), 3.54 (s, 3 H, ester
CH,), 2.74 — 2.63 (m, 1 H, tetrahydropyran-CH,), 2.48 — 2.32 (m, 1 H, tetrahydropyran-CH,), 2.32 — 2.20
(m, 1 H, tetrahydropyran-CH,), 1.99 (d, J = 1.2 Hz, 3 H, thymine-CHs), 1.93 (dq, J = 9.3, 3.3 Hz, 1 H,
tetrahydropyran-CH,).

¥C NMR (101 MHz, Chloroform-d, major diasterecisomer) 6 170.3, 169.1, 163.6, 162.5 (d, J = 225.5
Hz), 150.2, 135.2, 133.4 (d, J = 3.3 Hz), 129.3 (d, J = 8.1 Hz), 114.6 (d, J = 21.4 Hz), 111.8, 82.0, 81.6,
57.0,52.8,52.1, 31.4, 26.5, 12.8.

IR 3203 (W), 3055 (W), 2961 (W), 2361 (W), 2255 (W), 1724 (s), 1691 (s), 1515 (w), 1464 (w), 1267 (s),
1229 (m), 1100 (m), 1050 (m), 913 (m), 735 (m).

HRMS (ESI) calcd for C°H*FN°NaO™ [M+Na]* 443.1225; found 443.1224.

COZMe
CO,Me

Dimethyl  2-(4-methoxyphenyl)-6-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)dihydro-2H-
pyran-3,3(4H)-dicarboxylate (6ec).

H
(@] NYO
T 0o
Me

Following the general procedure GP5, using p-anisaldehyde (5¢) (55 pL, 0.45 mmol, 1.5 eq) cyclobutane
4e (120 mg, 0.300 mmol, 1.0 eq), a mixture of diastereoisomers (5:1 by integration of methyl esters at
3.55 ppm and 3.49 ppm) 6ec (115 mg, 0.264 mmol, 88% NMR yield)® was obtained after column
chromatography as a slightly yellow foam. After recrystallization in ethanol, the pure product 6ec (99 mg,
0.22 mmol, 76% isolated yield) was obtained as a slightly yellow foam and as a mixture of
diastereoisomers (7:1 by integration of methyl esters at 3.55 ppm and 3.49 ppm).

R 0.26 (3:7 Pentane/Ethyl acetate).
Mp 97.4- 99.5 °C.

OMe

COzMe
CO,Me
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'H NMR (400 MHz, Chloroform-d, major diastereoisomer) 9.03 (s, 1 H, NH), 7.31 (d, J = 1.3 Hz, 1 H,
thymine C=C-H), 7.30 — 7.27 (m, 2 H, Ar-H), 6.86 — 6.78 (m, 2 H, Ar-H), 5.95 (dd, J = 11.1, 2.9 Hz, 1H,
tetrahydropyran-NCH), 5.16 (s, 1 H, tetrahydropyran-CH), 3.78 (s, 3 H, O-Me CHy), 3.67 (s, 3 H, ester
CHjy), 3.55 (s, 3 H, ester CH3), 2.74 — 2.61 (m, 1 H, tetrahydropyran-CH,), 2.35 (tdd, J = 12.6, 11.0, 4.1
Hz, 1 H, tetrahydropyran-CH,), 2.22 (td, J = 13.4, 4.1 Hz, 1 H, tetrahydropyran-CH,), 1.97 (d, J = 1.3 Hz,
3 H, thymine-CHs3), 1.95 — 1.88 (m, 1 H, tetrahydropyran-CH,).

3C NMR (101 MHz, Chloroform-d, major diastereoisomer) 6 170.3, 169.3, 163.7, 159.5, 150.2, 1354,
129.6, 128.8, 113.0, 111.6, 82.0, 82.0, 57.0, 55.3, 52.7, 52.1, 31.4, 26.6, 12.8.

IR 3191 (w), 3049 (w), 2954 (w), 2839 (w), 2360 (w), 2257 (w), 1687 (s), 1517 (w), 1461 (m), 1255 (s),
1109 (m), 1044 (m), 910 (m), 817 (w), 730 (S).

HRMS (ESI) calcd for for C,1H24N,NaOg" [M+Na]™ 455.1425; found 455.1428.

Dimethyl  2-(2-methoxyphenyl)-6-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)dihydro-2H-
pyran-3,3(4H)-dicarboxylate (6ed):

H
N O MeO

@)
Tl
Me

Following the general procedure GP5, using o-anisaldehyde (5d) (61 mg, 0.45 mmol, 1.5 eq) cyclobutane
4e (120 mg, 0.300 mmol, 1.0 eq), a mixture of diastereoisomers (10:1 by integration of methyl esters at
3.54 ppm and 3.40 ppm) 6ed (108 mg, 0.252 mmol, 84% NMR vyield)®® was obtained after column
chromatography as a white solid. After recrystallization in ethanol, the pure product 6ed (98 mg, 0.23
mmol, 76% isolated yield) was obtained as white solid and as a mixture of diastereoisomers (10:1 by
integration of methyl esters at 3.54 ppm and 3.40 ppm).

R 0.29 (3:7 Pentane/Ethyl acetate).

Mp 193.9- 196.2 °C.

'"H NMR (400 MHz, Chloroform-d, major diastereoisomer) & 8.05 (s, 1 H, NH), 7.77 (dd, J = 7.8, 1.7 Hz,
1 H, Ar-H), 7.39 (d, J = 1.4 Hz, 1 H, thymine C=C-H), 7.31 — 7.27 (m, 1 H, Ar-H), 7.01 (td, J = 7.6, 1.1
Hz, 1 H, Ar-H), 6.80 (dd, J = 8.3, 1.1 Hz, 1 H, Ar-H), 5.92 (dd, J = 11.0, 3.0 Hz, 1 H, tetrahydropyran-
NCH), 5.29 (s, 1 H, tetrahydropyran-CH), 3.77 (s, 3 H, O-Me CHj3), 3.69 (s, 3 H, ester CH3), 3.54 (s, 3 H,

ester CHs), 2.63 — 2.55 (m, 2 H, tetrahydropyran-CH,), 2.05 — 2.01 (m, 1 H, tetrahydropyran-CH,), 1.99
(d, J=1.3 Hz, 3 H, thymine-CHj3), 1.85 - 1.74 (m, 1 H, tetrahydropyran-CH,).

3C NMR (101 MHz, Chloroform-d, major diastereoisomer) 6 169.0, 168.9, 163.8, 156.2, 150.0, 135.7,
129.9, 129.4, 125.6, 120.3, 111.5, 109.4, 82.2, 76.4, 56.9, 55.5, 52.5, 52.3, 31.1, 27.3, 12.9.

IR 3191 (w), 3045 (w), 2955 (W), 2841 (), 2361 (w), 2338 (W), 2253 (W), 1731 (s), 1690 (s), 1464 (m),
1377 (w), 1259 (s), 1104 (m), 1047 (m), 914 (m), 733 (s).

HRMS (ESI) calcd for C,1H,4N,NaOg™ [M+Na]* 455.1425; found 455.1429.

COZMe
CO2Me

Dimethyl 6-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2-(thiophen-2-yl)dihydro-2H-
pyran-3,3(4H)-dicarboxylate (6eg).
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Me ~ _N O S
CO,Me
COZMe

Following the general procedure GP5, using thiophene-2-carbaldehyde (5g) (42 pL, .45 mmol, 1.5 eq)
cyclobutane 4e (120 mg, 0.300 mmol, 1.0 eq), a mixture of diasterecisomers (12:1 by integration of
methyl esters at 3.56 ppm and 3.54 ppm) 6eg (111 mg, 0.270 mmol, 90% NMR yield)*® was obtained after
column chromatography as a white foam. After recrystallization in ethanol, the pure product 6eg (97 mg,
0.24 mmol, 79% isolated yield) was obtained as white foam and as a mixture of diastereoisomers (7:1 by
integration of methyl esters at 3.56 ppm and 3.54 ppm).

R 0.24 (4:6 Pentane/Ethyl acetate).
Mp 186.4-188.3°C.

'H NMR (400 MHz, Chloroform-d, major diastereoisomer) 6 9.74 (s, 1L H, NH), 7.27 (d, J=1.4 Hz, 1 H, ,
thymine C=C-H), 7.23 (dd, J = 5.1, 1.2 Hz, 1 H, thiophene-H), 7.04 (dd, J = 3.5, 1.1 Hz, 1 H, thiophene -
H), 6.92 (dd, J = 5.1, 3.6 Hz, 1 H, thiophene -H), 5.95 (dd, J = 10.9, 2.8 Hz, 1 H, tetrahydropyran-NCH),
5.48 (d, J = 0.8 Hz, 1 H, tetrahydropyran-CH), 3.71 (s, 3 H, ester CH3), 3.56 (s, 3 H, ester CH3), 2.70 —
2.61 (m, 1 H, tetrahydropyran-CH,), 2.32 — 2.24 (m, 1 H, tetrahydropyran-CH,), 2.23 — 2.14 (m, 1 H,
tetrahydropyran-CH,), 1.95 (d, J = 1.3 Hz, 3 H, thymine-CH,), 1.92 (dd, J = 7.9, 2.3 Hz, 1 H,
tetrahydropyran-CH,).

C NMR (101 MHz, Chloroform-d, major diastereoisomer) & 170.2, 168.9, 163.6, 150.1, 139.8, 135.2,
126.2, 126.2, 125.5, 111.7, 82.1, 79.1, 57.4, 52.9, 52.5, 31.1, 26.5, 12.8.

IR 3195 (W), 3042 (W), 2954 (W), 2832 (W), 2362 (W), 2252 (W), 2252 (W), 1690 (s), 1441 (W), 1375 (W),
1271 (), 1103 (m), 1050 (w), 913 (m), 734 (m).

HRMS (ESI) calcd for CigH,0N,NaO;S* [M+Na]* 431.0883; found 431.0879.

(E)-dimethyl 6-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2-styryldihydro-2H-pyran-
3,3(4H)-dicarboxylate (6ee).

H
@) NYO
M LN @) X Ph
e
(;EC;?Me
CO,Me

Following the general procedure GP5, using cinnamaldehyde (5e) (57 pL, .45 mmol, 1.5 eq) cyclobutane
4e (120 mg, 0.300 mmol, 1.0 eq), a mixture of diastereoisomers (2.5:1 by integration of methyl esters at
3.72 ppm and 3.67 ppm) 6ee (104 mg, 0.243 mmol, 81% NMR yield)® was obtained after column
chromatography as a yellow foam. After recrystallization in ethanol, the pure product 6ee (89 mg, 0.21
mmol, 69% isolated yield) was obtained as yellow foam and as a mixture of diastereoisomers (2.5:1 by
integration of methyl esters at 3.72 ppm and 3.67 ppm).

R 0.37 (3:7 Pentane/Ethyl acetate).
Mp 73.7-75-5 °C.
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'H NMR (400 MHz, Chloroform-d) 6 9.03 (s, 1H, N H, major diastereoisomer), 8.91 (s, 1 H, NH, minor
diastereoisomer), 7.39 — 7.21 (m, 10 H, Ar-H, major and minor diastereoisomers), 7.18 (dd, J = 3.4, 2.0
Hz, 2 H, thymine C=C-H, , major and minor diastereoisomers), 6.79 (dd, J = 15.7, 1.1 Hz, 1 H, vinyl CH,
minor diastereoisomer), 6.61 — 6.49 (m, 2 H, vinyl CH, major diastereoisomer), 6.31 (dd, J = 15.7, 8.0 Hz,
1 H, , vinyl CH, minor diastereoisomer), 6.02 (dd, J = 11.2, 2.8 Hz, 1 H, tetrahydropyran-NCH, minor
diastereoisomer), 5.91 (dd, J = 11.0, 3.0 Hz, 1 H, tetrahydropyran-NCH, major diastereoisomer), 5.40 (d, J
= 8.0 Hz, 1 H, tetrahydropyran-CH, minor diastereoisomer), 4.68 (d, J = 5.3 Hz, 1 H, tetrahydropyran-CH,
major diastereoisomer), 3.87 (s, 3 H, ester CHs, minor diastereoisomer), 3.78 (s, 3 H, ester CHs, major
diastereoisomer), 3.71 (s, 3 H, ester CH3;, major diastereoisomer), 3.66 (s, 3 H, ester CHs;, minor
diastereoisomer), 2.65 (ddd, J = 13.6, 4.2, 2.7 Hz, 1 H, tetrahydropyran-CH,, major diastereoisomer), 2.58
—2.35 (m, 2 H, tetrahydropyran-CH,, minor diastereoisomer), 2.26 — 2.15 (m, 1 H, tetrahydropyran-CH,,
major diastereoisomer), 2.15 — 1.98 (m, 2 H, tetrahydropyran-CH,, major diastereocisomer and minor
diastereoisomer), 1.95 (d, J = 1.2 Hz, 3 H, thymine-CHs, major diastereoisomer), 1.93 (d, J = 1.3 Hz, 3 H,
thymine-CHg, minor diastereoisomer), 1.92 — 1.87 (m, 1 H, tetrahydropyran-CH,, major diastereoisomer),
1.56 — 1.43 (m, 1 H, tetrahydropyran-CH,, minor diastereoisomer).

C NMR (101 MHz, Chloroform-d) & 170.0, 169.6, 169.0, 168.3, 163.7, 163.7, 150.2, 150.1, 137.8,
136.5, 135.3, 135.3, 132.7, 128.8, 128.8, 128.6, 128.1, 127.1, 126.8, 125.2, 120.4, 111.6, 111.4, 81.8, 81.7,
76.1,57.0, 56.6, 53.4, 53.2, 53.0, 52.6, 30.7, 27.5, 26.8, 24.1, 12.8.**

IR 3730 (W), 2955 (W), 2361 (s), 2336 (), 1744 (M), 1699 (s), 1666 (m), 1442 (w), 1275 (m), 1099 (w),
976 (W), 914 (W), 736 (m).

HRMS (ESI) calcd for Cp,H,,N,NaO;" [M+Na]* 451.1476; found 451.1474.

Dimethyl  (5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2-phenyldihydro-2H-pyran-3,3(4H)-

dicarboxylate (6fa)
O N0

Following the general procedure GP5, using benzaldehyde (5a) (46 pL, 0.45 mmol, 1.5 eqg) and
cyclobutane 4f (121 mg, 0.300 mmol, 1.0 eq), a mixture of diastereoisomers (13:1 by integration of
methyl esters at 3.52 ppm and 3.48 ppm) 6fa (78 mg, 0.19 mmol, 64% NMR yield)?® was obtained after
column chromatography as a white foam. After recrystallization in ethanol, the pure product 6fa (68 mg,
0.17 mmol, 56% vyield) was obtained as white foam and as a mixture of diastereoisomers (>20:1 by
integration of methyl esters at 3.52 ppm and 3.48 ppm).

R 0.32 (5:5 Pentane/Ethyl acetate).
Mp 80.1- 81.7°C.

'H NMR (400 MHz, Chloroform-d, major diastereoisomer) & 9.95 (s, 1 H, NH), 7.63 (d, J = 5.8 Hz, 1 H,
Ar-H), 7.39 - 7.34 (m, 2 H, Ar-H), 7.33 — 7.27 (m, 3 H, Ar-H and F-uracil C=C-H), 6.01 — 5.93 (m, 1 H,
tetrahydropyran-NCH), 5.23 (s, 1H, tetrahydropyran-CH), 3.67 (s, 3 H, ester CH3), 3.52 (s, 3 H, ester
CHjy), 2.71 — 2.62 (m, 1 H, tetrahydropyran-CH,), 2.40 — 2.19 (m, 2 H, tetrahydropyran-CH,), 2.02 — 1.95
(m, 1 H, tetrahydropyran-CH,).

CO,Me
COzMe

2L 3 carbons of the minor diastereoisomer are not resolved.
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3C NMR (101 MHz, Chloroform-d, major diastereoisomer) & 170.1, 169.1, 156.98 (d, J = 26.6 Hz),
148.9, 140.93 (d, J = 238.5 Hz), 137.2, 128.5, 127.7, 127.4, 124.12 (d, J = 33.6 Hz), 82.2, 82.1, 56.9, 52.8,
52.1, 31.2, 26.5.

IR 3204 (w), 3064 (w), 2955 (w), 2361 (m), 2257 (w), 1717 (s), 1457 (w), 1368 (w), 1265 (s), 1103 (m),
1043 (w), 912 (s), 731 ().

HRMS (ESI) calcd for CigH1oFN,NaO;* [M+Na]" 429.1068; found 429.1065.

Dimethyl -2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-phenylcyclohexane-1,1-
dicarboxylate (8aa)

PhthN
OTBS

CO,Me
CO,Me

Following the general procedure GP6, using dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and tert-butyldimethyl(1-phenylvinyl)oxy)silane (7a)
(70.4 mg, 0.300 mmol, 1.5 eq), dimethyl -2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-
phenylcyclohexane-1,1-dicarboxylate (8aa) (105 mg, 0.190 mmol, 95 % yield) was obtained as a colorless
solid.

Mp 188.8-190.0°C.

'H NMR (400 MHz, CDCl5) & 7.83 (dd, J = 5.5, 3.0 Hz, 2 H, Phth), 7.72 (dd, J = 5.4, 3.1 Hz, 2 H, Phth),
7.44 —7.38 (m, 2 H, Ar), 7.26 — 7.21 (m, 3 H, Ar), 4.86 (tt, J = 12.5, 4.7 Hz, 1 H, N-C-H), 3.96 (dd, J =
13.6, 12.6 Hz, 1 H, CH,), 3.66 (s, 3 H, OMe), 3.64 (s, 3 H, OMe), 2.91 (td, J = 14.2, 3.7 Hz, 1 H, CH,
cyclohexane), 2.31 (dt, J = 13.8, 3.5 Hz, 1 H, CH,), 2.23 — 2.01 (m, 2 H, CH, cyclohexane), 1.88 — 1.74
(m, 1 H, CH, cyclohexane), 1.06 (s, 9 H, Si-'Bu), 0.14 (s, 3 H, Si-Me), -0.55 (s, 3 H, Si-Me).

C NMR (101 MHz, CDCls) § 170.1, 169.9, 168.4, 143.0, 134.1, 132.1, 128.8, 127.8, 126.5, 123.3, 79.7,
64.6, 52.3, 52.0, 46.6, 36.7, 29.4, 26.4, 25.3, 19.3, -1.3, -2.5.

IR 2953 (w), 2890 (), 2856 (W), 2361 (w), 2339 (W), 1735 (s), 1714 (s), 1373 (m), 1274 (m), 1245 (m),
1039 (m), 1038 (m).

The data for 8aa matches the reported values.’

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-(4-
methoxyphenyl)cyclohexane-1,1-dicarboxylate (8ab)

OMe

PhthN
"OTBS

COzMe
COZMe

Following the general procedure GP6, using dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (65.5 mg, 0.200 mmol, 1 eq) and tert-butyl(1-(4-
methoxyphenyl)vinyl)oxy)dimethylsilane (7b) (79.0 mg, 0.300 mmol, 1.5 eq), dimethyl -2-(tert-
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butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)cyclohexane-1,1-dicarboxylate
(8ab) (105.2 mg, 0.181 mmol, 90%) was obtained as a colorless solid.

'H NMR (400 MHz, CDCls) & 7.83 (dd, J = 5.5, 3.0 Hz, 2 H, Ar Phth), 7.71 (dd, J = 5.4, 3.1 Hz, 2 H, Ar
Phth), 7.34 —7.29 (m, 2 H, Ar), 6.91 — 6.64 (m, 2 H, Ar), 5.05 - 4.69 (m, 1 H, N-C-H), 3.92 (dd, J = 13.5,
12.6 Hz, 1 H, CH,), 3.79 (s, 3 H, OMe), 3.67 (s, 3 H, OMe), 3.64 (s, 3 H, OMe), 2.89 (td, J = 14.2, 3.7 Hz,
1 H, CHy), 2.30 (dt, J = 13.8, 3.5 Hz, 1 H, CH,), 2.22 — 1.96 (m, 2 H, CH,), 1.90 — 1.69 (m, 1 H, CH,),
1.05 (s, 9 H, OTBS), 0.14 (s, 3 H, OTBS), -0.50 (s, 3 H, OTBS).

BC NMR (101 MHz, CDCly) & 171.5, 171.2, 169.7, 160.12, 136.5, 135.4, 133.4, 131.2, 124.6, 113.0,
80.7, 65.8, 56.5, 53.6, 53.2, 47.8, 38.2, 30.7, 27.7, 26.6, 20.6, -0.0, -1.1.

IR 2953 (W), 2933 (W), 2856 (W), 1731 (s), 1712 (s), 1612 (w), 1373 (m), 1373 (m), 1254 (m), 1037 (5),
840 (m).

HRMS (ESI) calcd for C3;H,0NOgSi* [M+H]* 582.2518; found 582.2500.

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-(4-fluorophenyl)cyclohexane-
1,1-dicarboxylate (8ac)

PhthN
OTBS

COzMe
COzMe

Following the general procedure GP6, using dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and tert-butyl(1-(4-fluorophenyl)vinyl)oxy)dimethylsilane
(7c) (76.0 mg, 0.300 mmol, 1.5 eq), dimethyl -2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-
yl)-2-(4-fluorophenyl)cyclohexane-1,1-dicarboxylate (8ac) (113 mg, 0.198 mmol, 99%) was obtained as a
colorless solid.

'H NMR (400 MHz, CDCly) § 7.83 (dd, J = 5.5, 3.0 Hz, 2 H, Ar Phth), 7.72 (dd, J = 5.4, 3.0 Hz, 2 H, Ar
Phth), 7.48 — 7.34 (m, 2 H, Ar), 6.93 (dd, J = 9.3, 8.2 Hz, 2 H, Ar), 4.84 (tt, J = 12.6, 4.6 Hz, 1 H, N-C-H),
3.97 (dd, J = 13.6, 12.6 Hz, 1 H, CH,), 3.67 (s, 3 H, OMe), 3.64 (s, 3 H, OMe), 2.88 (td, J = 14.2, 3.7 Hz,
1 H, CH,), 2.31 (dt, J = 13.9, 3.4 Hz, 1 H, CH,), 2.22 — 1.94 (m, 2 H, CH,), 1.91 — 1.74 (m, 1 H, CH,),
1.05 (s, 9 H, OTBS), 0.17 (s, 3 H, OTBS), -0.51 (s, 3 H, OTBS).

3C NMR (101 MHz, CDCls) & 169.8, 169.7, 168.3, 134.0, 132.0, 130.5 (d, J = 8.0 Hz), 123.2, 113.1 (d, J
=21.1Hz),79.2,64.4,52.2,51.8,46.3,36.7,29.2, 26.2, 25.1, 19.1, -1.4, -2.5.%

IR 2953 (W), 2952 (W), 2857 (W), 2856 (W), 1735 (s), 1715 (s), 1375 (m), 1245 (m), 1244 (m), 1039 (m).
HRMS (ESI) calcd for CaHasFNNaO-Si* [M+Na]* 592.2137; found 592.2142.

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-(4-
(methoxycarbonyl)phenyl)cyclohexane-1,1-dicarboxylate (8ad)

22 Carbon with fluoride not resolved.
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CO,Me

PhthN N

Following the general procedure GP6, using dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (635 mg, 0200 mmol, 1 eq and methyl  4-(1-(tert-
butyldimethylsilyl)oxy)vinyl)benzoate (7d) (88.0 mg, 0.300 mmol, 1.5 eq). A mixture of two
diastereomers of dimethyl -2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-2-(4-
methoxycarbonyl)phenyl)cyclohexane-1,1-dicarboxylate (8ad) (99.6 mg, 0.163 mmol, 82%) was obtained
as a colorless solid.

dr = 2:1, Diastereoisomeric ratio was calculated in *H crude NMR integrating peaks at 0.17 and 0.12.
Analysis of isolated fractions of the chromatography column allowed the characterization of major cis
diastereomer.

'H NMR (400 MHz, CDCly) § 7.97 — 7.91 (m, 2 H, Ar), 7.84 (dd, J = 5.4, 3.0 Hz, 2 H, Ar Phth), 7.72 (dd,
J=5.4,3.0Hz, 2 H, Ar Phth), 7.55 — 7.48 (m, 2 H, Ar), 4.85 (tt, J = 12.5, 4.7 Hz, 1 H, N-C-H), 3.99 (dd,
J =136, 12.6 Hz, 1 H, CH,), 3.90 (s, 3 H, OMe), 3.66 (s, 3 H, OMe), 3.63 (s, 3 H, OMe), 2.90 (td, J =
14.2,3.7 Hz, 1 H, CH,), 2.32 (dt, J = 13.8, 3.4 Hz, 1 H, CH,), 2.21 — 2.01 (m, 2 H, CH,), 1.83 (dd, J =
13.1, 3.5 Hz, 1 H, CH,), 1.05 (s, 9 H, OTBS), 0.17 (s, 3 H, OTBS), -0.56 (s, 3 H, OTBS).

BC NMR (101 MHz, CDCl3) & 169.6, 169.6, 168.3, 166.9, 148.1, 134.0, 131.9, 129.2, 128.8, 127.6,
123.2,79.4,64.4,52.2,52.0, 51.9, 46.2, 36.5, 29.2, 26.2, 25.1, 19.1, -1.4, -2.5.

IR 2955 (W), 2955 (W), 2902 (W), 2902 (w), 2901 (w), 2901 (w), 2860 (W), 1716 (s), 1375 (m), 1375 (m),
1281 (m), 1281 (m), 1246 (w), 1040 (m), 1040 (m).

HRMS (ESI) calcd for Cs,H3gNNaOgSi* [M+Na]* 632.2286; found 632.2282.

)
hthN "¢ OTBS

H
CO,Me
CO,Me
ROESY

Dimethyl-2-(tert-butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-3-methyl-2-phenylcyclohexane-
1,1-dicarboxylate (8ae)

Following the general procedure GP6, using dimethyl 2-(1,3-dioxoisoindolin-2-yl)cyclobutane-1,1-
dicarboxylate (4a) (63.5 mg, 0.200 mmol, 1 eq) and (Z)-tert-butyldimethyl(1-phenylprop-1-en-1-
yl)oxy)silane (7e) (74.6 mg, 0.300 mmol, 1.5 eq), a mixture of two diastereomers of dimethyl -2-(tert-
butyldimethylsilyl)oxy)-4-(1,3-dioxoisoindolin-2-yl)-3-methyl-2-phenylcyclohexane-1,1-dicarboxylate
(8ae) (102 mg, 0.181 mmol, 90%) was obtained as a colorless solid.
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dr = 2:1, Diastereoisomeric ratio was calculated in *H crude NMR integrating peaks at 4.75 and 4.33.
Analysis of isolated fractions of the chromatography column allowed the characterization of each
diastereomer.

Major cis-diastereoisomer

'H NMR (400 MHz, CDCly) & 7.99 — 7.86 (m, 2 H, Ar Phth), 7.86 — 7.73 (m, 2 H, Ar Phth), 7.70 — 7.59
(m, 2 H, Ar), 7.32 — 7.24 (m, 3 H, Ar), 4.62 (td, J = 12.0, 4.7 Hz, 1 H, N-C-H), 4.38 (dg, J = 11.5, 6.8 Hz,
1 H, CH-Me), 3.71 (s, 3 H, OMe), 3.53 (s, 3 H, OMe), 3.03 — 2.80 (m, 1 H, CH,), 2.42 — 2.25 (m, 2 H,
CH,), 1.93 — 1.80 (m, 1 H, CHy), 1.17 (s, 9 H, OTBS), 0.92 (d, J = 6.8 Hz, 3 H, CH3), 0.42 (s, 3 H,
OTBS), 0.00 (s, 3 H, OTBS).

3C NMR? (101 MHz, CDCl3) & 169.8, 169.7, 168.6, 140.7, 134.1, 132.3, 131.6, 129.7, 127.2, 123.4,
85.5, 65.8, 52.2, 52.2, 51.5, 36.3, 29.4, 26.6, 25.4, 20.4, 13.6, -0.1, -1.6.

IR 2951 (W), 2950 (W), 2857 (W), 1736 (s), 1713 (s), 1372 (m), 1371 (m), 1276 (m), 1240 (m), 1134 (m),
1051 (m), 836 (w).

HRMS (ESI) calcd for CyiHaoNOSi* [M+H]* 566.2569; found 566.2563.

~

H M
PhthiN  \o' COTBS
e /. Ph

COzMe
CO,Me

ROESY

Minor trans-diastereoisomer

'H NMR (400 MHz, CDCly) & 8.11 — 8.01 (m, 2 H, Ar Phth), 7.81 (ddd, J = 7.7, 1.3, 0.7 Hz, 1 H, Ar),
7.63 (ddd, J = 7.0, 1.6, 0.7 Hz, 1 H, Ar), 7.56 — 7.37 (m, 5 H, Ar + Ar Phth), 4.76 (dd, J = 9.4, 7.2 Hz, 1
H, CH-Me), 4.15 (ddd, J = 12.3, 9.4, 2.9 Hz, 1 H, N-C-H), 3.87 (s, 3 H, OMe), 3.40 (s, 3 H, OMe), 2.88
(td, J = 14.2, 3.9 Hz, 1 H, CH,), 2.42 (dt, J = 14.2, 3.4 Hz, 1 H, CH,), 2.00 (dd, J = 13.3, 3.3 Hz, 1 H,
CH,), 1.63 — 1.46 (m, 1 H, CH,), 1.18 (d, J = 7.2 Hz, 3 H, CHa), 0.94 (s, 9 H, OTBS), -0.03 (s, 3 H,
OTBS), -0.34 (s, 3 H, OTBS).

3C NMR the sample was degraded and a mixture of the product and a side product was present (probably
the open product as there is a peak at 200 ppm).

IR 2955 (), 2859 (W), 1740 (m), 1703 (), 1702 (s), 1329 (w), 1272 (m), 1221 (w), 1093 (m), 1072 (m),
863 (W), 842 (W).

HRMS (ESI). calcd for CaiHaoNO-Si* [M+H]* 566.2569; found 566.2568.

e Hr\'
hthN ~y Ph

He "OTBS
CO,Me
CO,Me
ROESY

2 peaks of impurities are present in the aromatic area.

S36



5. Spectra of New Compounds

S37



8807
680 lo
0607 3
w0 e

. £7v
1Y 2l

l

P
STTY
STTY

mN.ﬁ) 1 .‘
T r Egpe st
~—czy €r'Te

Feoe

35

f1 (ppm)

8T — Fo
8T 744
142

o
sz1” e
ST L
%1 a
161
81
86 — _ T o sy
661 = 01 e
w0?
107
ore
81'e Fe
are
6re 8519
ore 919 W
e = 0
a3 =
e 7 T/ = Feot
Ve
85EN |
v — Ft
19€
e5E\
86> / = W 0wt 2
w0

4.5

(V42

wy

wy

vy . '
J3WOS|09.335BIP JOUIW T6'h W 5 = Fano L

€67

95°S

95's

95°S

15§ —

85

85§

88§

85§

65°S

09'§

09's

09's

5.0

CO,Et

lﬁ Foot B

CO,Et

6.0

sTeEer

49 Me

8LTET T
TveEr

6.5

PhthN

70

W0joIoyd 92°L ™
69'L

7.5

ot
oct N
i [——
[
8¢
8L
WL
€81

Eot
Feoe

80891\
0r'891 7

Ly'89T

'H 400 MHz
80

3¢ 100 MHz

CDCl,4

CDCl;

8.5

S38

f1 (ppm)

110 100 90

120

130

150 140

160

170

30



1000

2000

3000

ROESY

L-0.5
L0.0

(wdd) 14

L0.5
L15
L2.0

wn = wn = n
o~ [ae] o A -
1 1 1 1 1

L5.0
£5.5

L6.0
L 6.5

&= e

= = ==

32 30 28 26 24 22 20 18

34

3.6

38

62 60 58 56 54 52 50 48 46 44 42 40
f2 (ppm)

6.4

S39



S6°T
S6'T
ST'CH
1T
8T°C
6171
07z
[eard
€T
ey
€T
beT
e

9E°T
9€'T
LET
8ET—7
6€CT 7
e
we V.
vLT
vLT
9T
LLe
¥8'C
98T
68C
16¢C

€000 97°£

'H 400 MHz
CDCl,

99°€
69°€
69°€

mﬁ.m/
LTS —F
mﬁ.m\

9T°LA
9T°LA
L1, A
L1,

mv.Ng
NQ.NA
1L
12
6b°L
602
092
09'
09' T
192
e
292
€97~
voe 7
6L
¥
vm.nu\

v6'L

CO,Me

7
N CO,Me
4e

Fse0

Feee
Feo1

46’1

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)

).0

w9 —

SLTC~
68'€T

€TEs

9T'ES V
8895 —
S8'85

€1000 ¥8'9L

18¢C 101 MHz

CDCl,

€1000 8¥°LL

LE0TT —

oT'6eT ~
TL0ET W
€9°TET

€0'seT "
TL8ET ~

ET°0ST —

S879T —

S£'89T V.

98'89T
TZ°0LT ’

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

80

S40



S41




we
v'T

stz

9T

e

622 |
0€'Z |
bE'T
bE'T
sz
967
97
L€
867

667\
THZ N
e
YT~

9977
192
897
sz
0L

8€°7 | W

m@.mxw

il

et
97T
87

we

18°C
89°€
we

HERY
sT's
sTS W f
81's

€0AD 9T'L
9L
8y
8y
602 1
6L
052
152
[V
9L A
$9'L
$9'L

T |

99°L
99°4)
194

FEVR
89,7
6L
6L

] T

>

e
S6'L \
S6'L

'H 400 MHz
CDCl,

)
=
S K
®]

4f

0T
T

T
6'0

167
Fere

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

9.5

S8'C7C ~
s8'€z

6C°€S

8E'ES V.
LL9S —
£9'85 —

€10dd $8'9Z

18C 101 MHz

CDCl,

€000 8¥°LL

S6°9¢T /

67 LTT ~
97'67T ~
S8'0ET 7
PO'TET 7
05°SET
95'8ET ~
P60PT ~

98pT —

68'SST~,
o191~

TUL9T ~C
20891 ~
18691 =~

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

80

S42



S43




[ 1]

£9°€,

)

PhthN

89°€

s —

95
95
8957 —
695 \
08'S

12W0SI09.31SeIp J0UIl 78'S

wiojoi0lyd 9L
9L
£
LEL

CO,Me
COzMe

1H 400 MHz

6aa
CDClg

il

)

H\ 86'0

Foor

H\ 60

F o8z

9%'T

Ei0

Es0
F 900

Fiet
=081
Fort
Fer

75 70 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 15 10 0.5 0.0 0.5
f1 (ppm)

8.0

8.5

e

S6'1S
€978

[25

13¢C 100 MHz

CDCls

0€6L ™
6178

weer ™
yaarras

o W
8L/t

wisr”,
el
05881~

00491
15891
1601

140

90

100

110

120

130

150

160

170

30

f1 (ppm)

S44



T T T T T T T T T T T T T
3000 2000 1000
ROESY
. A
]
L1
00 12
00
L3
L4
@ LS5
g L6
]
| L7
L8
L9
T T T T T T T T T
70 6.8 6.2 6.0 5.8 5.6 54 5.2 5.0 4.8

f1 (ppm)



Cl

©
2
~
i1

e

[ 1]

0]

PhthN

COzMe

6ab

1H 400 MHz
CDCl,

CO,Me

9T

95
95
w957
89
Jawos|oa)selp Joul 98°S \
885

0€'L
€L
wL
L
YL
YL
SLL
S8'L
9L
8L
8L
88'L

S

=

A

0TL
0eL
wL
uI0joI0lY) 9'L

_

Eyor

Fan

Feor

H\ 00T

987

88T

160

Foot
Fano

Eeg1
w1

LA
Figt

6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 15 10 0.5 0.0 0.5
f1 (ppm)

70

7.5

8.0

8.5

SLeeT

Tee

0TS
€78

5085

3¢ 100 MHz

cDCl,

TE6L T
18787

e
W\
88871 ™
WTETN\
SSEET ™\
6EVET
WET T

86991
SE°89T
60001

140

90

100

110

120

130

150

160

170

30

f1 (ppm)

S46



T T T T T T T T T T T T T T T T T T T T T
3000 2000 1000

S47




OMe

o
8
~
-

I/ // / //

0]

PhthN

COzMe
CO,Me

6ac

'H 400 MHz
CDCl,

s

18'G
8097

w0J0.01YD 9T,
8T'L
6L %
bEL
beL
9L
69°L
L
1743
b'L

8L

/

-

Fig1
Fizo

Frot

W%D
81T

Feo
Foot
Faro

Furo

Fwt

€
S8'T
¥ vE0

Faee
Foer

75 70 6.5 6.0 5.5 5.0 45 40 35 3.0 25 20 15 10 0.5 0.0 05
f1 (ppm)

8.0

8.5

3¢ 100 MHz

cDCl,

e

e

0~
1978 <
ST'SS

085

£€6LT
€0’

YuT T

65°€CT

0L'821 ™
20E1
or1e1”

wrer

90°65T

00291
59891
€601

140

90

100

110

120

130

150

160

170

30

f1 (ppm)

S48



T T T T T T T T T T T T T T T T T T T T T
3000 2000 1000

S49




MeO

ST

A

'H 400 MHz
CDCl,

o

PhthN

CO,Me
COZMe

T
3]
©

JRWOSI0R.RISEIP JOUI £E°9 T
bL9
9’9
16'9
€69 W
569
6L
e
€L

wHojoI0lyd 97°L

[

N e

Eg0

66'0
B S6°0

W\ 00T

F g9t
Egg

Fuo

E0

Feoo

Feo
Fot

Fuo

Wmc.m
8.1

75 70 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 15 10 0.5 0.0 0.5
f1 (ppm)

80

8.5

13C 100 MHz

CDCl,

[872mn

mwe—

80°CS
344 7
1SS -
Ay

Sh'6L

w801 T

88611~
65621 ™
82921\
64821\
65081
08161~
8THEL ™

1851

90291~
98'891 >
gesor”

|

T
170

140

90

100

110

120

130

150

T
160

30

f1 (ppm)

S50



S51




€L
LT
YT
LT
SLT
9T
Ut
U
LT
8LT
€8T
61T
(44
we
€T
9T
e
9T
LET
S9T
we
€LT
€LT
(7
ST
9T
ey
LUe
8LT
S0€
90'E
90'€
0€
60
60
oT'e
£9°€7)
e
06°€
¥6°€ )

n

651

65

X Ph
CO,Me
COzMe

O

PhthN
6ae

U0J0I014D 9T°L "

1H 400 MHz
CDCl,

97t
1941
9%'S ]

9's
s
8v's |

a's |
195
295 ]
b9 |
595 ]
285 ]
€85 |
S8's 7Y
985
5z9
R,L
629
169
259
%9
599
99
899
09
€89
o
89
889
STL
Y

[ T

W

@ZL
vee |
seL] ﬁ
ot
WL
eL
€L
vl
YL
st
& ]
1]
o1

L L L

|

” // I | A

W S6'0

S0

Foot
Fevo

8¥'0
S0T

o0

M\mo.ﬁ

E 8T

2Z1

E 087

2Z1

Feo

90
B0t
1L
Fevo
W.a.o

60
Twvo
W b

887

€80

Fue
Fe

2.0 15 1.0 0.5 0.0 0.5

2.5

3.0

3.5

bLET
6LET W
wse

PoTE T

4.0
f1 (ppm)

8.0 7.5 70 6.5 6.0 5.5 5.0 4.5

8.5

3¢ 100 MHz

cDCl,

99'121
JAgxAs
b9'ECT
68'SZT
8,971
58921
6LLTT
1448
W
€9°821 <
1L7€T
9LTET \
Y6'TET
€EPET
9EVET
b6'SET
YTIET
SS'9ET

L0491
€191

64891
€6'897 7
5691 \
woLT

S52

f1 (ppm)

T
160 150 140 130 120 110 100 90

170

30



T T T T T T T T T T T T T T T T T T T T T
3000 2000 1000

S53




60
£6'0
¥6'0
$6'0

61
S6'T ]
S6'7T Y
86T}
8T
6£7 Y

W
W
WY

[
€57
957
157
002\
T\
€T
YT 7
667\
we
[ 7
€N\
8EE T F
e

/

////

0.0 0.5

0.5

35

1791 >
$6'91

66'97
69'L2

9EVE T

o)

PhthN
6ba

'H 400 MHz
CDCl,

[

<33

89°€
68°€ -

=
8
~

4.0
f1 (ppm)

4.5

3¢ 100 MHz

CDCl,

9L
9608~
8128

888

1201
68491 Y
(9891 7~

vS691 "/

69°0L1

T
160 150 140

170

30



S55



in
r<
Lo
] 3
L1917
Lwn o691~
3
160
€60
o0 o | o €09
g w0 2 e
681
€61 -
€61 . 8'bE
%1 Lo
57 8E0p
o'z
0T
€T Feo | o
8 :
: 075
e m.NmW
[£X4 T s
o R [0 61'ES
ot / £o wes =
wT¥ Pt 109
b7 L -
867\ oL
w0 [o
6677/
w0t
PEEN 89°0
9EEF Mﬁﬂm.c Lo AV A—
[ x
167
T o ~ b8
o€ 1 Foo | _§ b8
89°€ \\ r3s 848
69°€ -
— 8 -
O "
F<
L=
S\ w
=
. 001
s =2
: fo
a2 €0 |,
(65 “
@) 191
89°€21
L= WL
© e.wﬁ/
Z — Feo AR\
< w9 66821
E=] Lin 897€1
c © x.mmN
o 6re 0g'EET
e ObbET
wt 229l
Wl0J0I01YD 9Z°L F2 1L9€1
[
671 F 61
167 et
KL &0 |
N %4 - T
T ’ V 850 T
NN.N 8T M
= vt Feeo -
o o VL BT o5 o
8 < st S &
S0 . S0
T8 s i [Sa syt —
@) 981 s 2 O ssoct
;81
8L
8L -

S56

f1 (ppm)

110 100 90

120

150 1“10 130

160

170

30



ROESY

|
|
)
I
T T T T T T T T T LB — T T 1 T T T T T
8.2 8.0 78 76 74 72 70 6.8 6.6 6.0 5.8 5.6 4 5.2 5.0 4.8 4.6 44

L0.5

L2.0

L25

L4.0

L4.5

f1 (ppm)



-

o

PhthN
6ca

'H 400 MHz
CDCl,

CO,Me
COZMe

iAo

Ph

Y e

in
r<
Le
3
"
ra
L=
n
- 6068~
890
Feaotg
075
6>
e 6975
S
1065
E g0
F oo | o
[[en
T oo
n
1}_" [en
[
. 8078~
Foaolo 8628
=
F a0

M\ 007

M\ wT

Foar

F oo

%mm.ﬂ

8'S

—

8.0

8.5

3¢ 100 MHz

cDCl,

£5°ECT
[ kat
344
bl
[&yads
o
16°LCT \‘
9881
0Tper
60°8ET \_
PO6ET T

¥6'991
85897
6r'0L1

140

90

100

110

120

130

150

160

170

30

f1 (ppm)

S58



T T T T T T T T T T T T T T T T T T T T T
3000 2000 1000

S59




(0]

PhthN

6da

'H 400 MHz
CDCl,

e

ST

r

Bu
ot
53
g6

Fago
For

Foeo

Fuo

Fieo
Fuso

¥9'E
Wi,o
un
6v'T
HH\‘\‘mv.N

75 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0 05 0.0 0.5
f1 (ppm)

8.0

8.5

3¢ 100 MHz

cDCl,

PEET
89°€T W
(6E1” -

991"/

§S°LT

SS0E™
61'TE
4443

076

8209
6v°09

w9

609
819 \

6879

[ 47

1732
wiL
bE'6L M
(43

8yEet
SS'€Tt

80°£21
jxakas
ivias
yo'Lzn \

07’871
8LT€T

PUPET
£5°8€T \“
8L8ET

sr99r
96991
w0
09891 F
75691 \

8T°0LT

140

170

90

100

110

120

130

150

160

30

f1 (ppm)

S60



HSQC

el

S61

L-30

[-20

L-10

]

- S 10
— <0 o _
\YJ 2§
i s

= © @

#

- L4

50

- |

[e4

70

~§ [ 80

4.6 44 4.2 4.0 3.8 3.‘6 314 3‘.2 3.‘0 218 2‘.6 2.‘4 212 2‘.0 1.‘8 116 1‘.4 1.‘2 110 0‘.8 U.‘B 014 0‘.2 [].‘[]

f2 (ppm)
T T T T
3000 2000 1000




Cl

'H 400 MHz
CDCl, 6db CO,Et

R o R N R N - N I S = - o NN e SR MNP e SRR T TN NS T NS Y Y o
BIBIZNANRITILIIRIZILYRINCIBRRREREG T < M YEZ8SRRRIYSN SREBHIRRBLEBREVRIFRYIJLASKI S
RERRRRRRRRERRERE RN N RN RSN 506008060060 w w e B R RS I R Y R B (PPN ot (PN e s et ko ket [ A R M (=2 ==

ﬂfff T ;o Y I

1
202
3

2.89
293
0.98
291

9.0 8.5 8.0 7.

n
~
=)
o
«

3¢ 100 MHz

CDCly
YRRy s 2 8 R S 2 mwwo enEmoe
SEB588 < 3 & ofis i p=ay & Nos R g
ﬁﬁﬁﬁﬁﬁ S R dEE888 & &H&8 Sesads
S e —— FN = [ANAY4 S
|
[ i ! |
| | I ' J ‘ ‘ ‘
() Ll \ 1 L n L ol b
r T T T T T T T T T T T T T T T T T T
30 170 160 150 140 130 120 110 100 70 60 50 40 30 20 10 0 1

90 80
f1 (ppm)

S62



HSQC

0,

reo
D ¢

5.‘0 418 416 414 4‘.2 4‘.0 3‘.8 3.‘6 3.‘4 3.‘2 3.‘0 218 216 214
2 (ppm

2 (ppm)

Z‘.Z 2‘.0 1‘.8 1.‘6 1.‘4 1.‘2 110 018 016 0‘.4 0‘.2 0‘.0 -d.Z

L-20

L-10

L 40

f1 (ppm)

T T T T T T T T T T T
3000 2000

S63

T
1000



ROESY

@0
00

o
@

6.1

S64

£6.0

L6.5

f1 (ppm)



_a_‘
6T 1
6T 1
6T 1
£6'T
$6'T
S6'T
mm.AAA
961 1
66T
66T
sz
9z
82T
62T
£€°T
veT ﬁ
sez

T

9€°T
9€°T A
LETN
6£°C
(4 N
s9'C
99¢C
9T
69°C
69C
ose
ose

/I

z§

COZMe
COzMe

6ea

'H 400 MHz
CDCl,

€S — h—

¥6'S
S6°S

ey

€0 97°L
Yaara
Yaard
8T'L
62°L
~—— 6T, N
62 7
o€
ogs
1€
1€

.,

121
WB.M
Foot
Frot

F96'C
EHTE

Erot

Fros

0.5

1.0

3.5 3.0 2.5 2.0

4.0

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
f1 (ppm)

9.5

¥8CT — =

09°9¢ —

S§'TE—

P0'TS ~
08z~

s —

€100D +8'9L

s

3¢ 101 MHz

CDCl,

€0aD 8v'LL
9028~
ocz8

€9 TIT —

ov'LTT v

LYAVAA S
9'8¢T '

8E'SET —
°SLET —

v6'6vT —

8E'E9T —

TT°69T ~
€L

S65



S66




10

20

30

40

50

60

70

o5 1
06'T
06'T t
06'T |
. wn
26T L@
26T e
€6'T ] L b8 —
£6'1
€6'T =)
86'T [~
86'T
2T r
YT n
922 Fo Sb'9z —
e
veT L b TE —
SE'T W 4
€7 —— o L2
9£°Z
8€'T = oL
mm.N)W R === me 0
T 0T |
v9'T [
soz — Foo1r |
59'C TTZ6 ~
99T L2 v8'7s
89T L]
89'C 50°25 —
69°C r
69°C n
5 00 [ ™
89" Lw =00 |
Q
<
€000 v8'9L
L cognos:
n €000 8b°LL
Fo €918~
<+
6618~
(PN
ok
Find
o
0r's — E— — =01 | *
0
[~ wn
S6's 3 [
NM.M%. —_— M Fezo1r | M
86’ L 8LTIT ~
Lo BTT~_
in 89bTT
969 re
169
86'9 t
86'9
. o
00z 07 | o
X szezt
€0aD 92°L~_ o1 feeer
8cL Feo' se'eet
8TL 0C | w 6c°ceT >
5L [~ zeser
6L
€L r
o
o
L N
m " I 81°05T —
s - o =
—
L o
O o O =
AO.. (@) L2 0O O T9T ~_
(A Fseo | @ [ONA)] $O'EIT ~_
T T O swear =
— Fb [
" 60°69T ~
F o rzorr—
o
L=

80

90
f1 (ppm)

160 150 140 130 120 110 100
S67

170

80



S68




OMe

'H 400 MHz
CDCl,

Me

CO,Me

6ec

€6'S
+6'S

g

189
Nm.mW
€89 -
£8'9
wm.m\
€000 972
e
secf - —
7L
67L
o0gL
€L
€L
€L
€L

01’6 — —

T
0'€

Wo.ﬁ
0T

Fsot

F96'C
=56'C
For'e

F00'T

Froz

Froe

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)

).0

8¢ —

659C —

e —

6076 ~
vees
0£'ss —
€045~

—£1000 £8°0,

3¢ 101 MHz

CDCl,

€10aD 8v°LL

S.va

+0'Z8

T9TIT ~
20ETT

9L°8CT ~
9621~

8E'SET —

LT°0ST —

TS°6ST —

TLET —

0€°69T ~
SE0LT

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

80

S69



S70




PSE
89"

T

o) N O MeO
T

Me

'H 400 MHz
CDCl,

CO,Me
COzMe

6ed

8T'S —

16's
'S
v6'S
mm.m\
8.9
8.9
08'9
08'9
86'0
86'0
002
002
102
0L
'L
vN.&
sz
oz ]
€002 92°¢
cTe
8zs
8z,
662 ]
66 ]
ore
o]
8L+
8s2
106 —

B e

=88'C
=90°€
ETTE

=00'T

o1
ot
FisT
E90'T

For't

E26'0

0.5

1.0

3.5 3.0 2.5 2.0

4.0

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
f1 (ppm)

9.5

S8CT —

0€Le—
or'1E —

9zes

9b'ecs V.
6b'SS —~
489S 4

€100 8v°LL
TTee—

Tv'60T —
ST —

ST02T ~
19°'52T
0s°£21
bb62T W
18621

S9'GET —

S0°0ST —
TC9ST —
6L°€9T —

68°89T ~
T0'6¢

3¢ 101 MHz

CDCls

-10

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

210

S71



S72




'H 400 MHz
CDCl,

0s's
0s's v

¥6'S
S6°'S
L6'S
L6°S \.
069
€69
€69
¥6'9
v0'L
v0'L
v0'L
S0°L
S0°L
S0°L
€L
€L
YL
STL
€10ad 9T,
@7L
a7L
8TL
8TL

wm.wv

v6'8

LA

=
COzMe

MUNA

20°e
T
0T

=€6'C
=00

ET10'T

Boot
Ao
peee

Fee0

0.5

1.0

3.5 3.0 2.5 2.0

4.0

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
f1 (ppm)

9.5

8T —

9b'9C —

SO°TE —

8Y'7S
s6zs

s —

€120D +8'9L

——toaT ot
€1000 8v°£L \

3¢ 101 MHz

CDCls

[4N-7A

8028 '

LTI —

05°'SeT N

L1921 V

[ya-Tas

€TGET —

88'89T ~
LT°0LT —

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

80

S73



S74




06T 7
26T
26T
€67
€67
v6T
S6T
56T 1
107
€02
202
STZ
917
91T
612
022
£9.2

(X3
974
592
192
19T

99°€ 7
19
17e
8¢
8¢
89t
69t
'S 1
06°S
06°S 1

///// v

43

<6c

Ph

COZMe
COZMG

X

1H 400 MHz

629 1
€9 1
££9 1
s£9 1
059 1
w0 ﬁ
5591

959 1
099 1
4L°9
£4L°9

8,9

18'9 1

18'9 1
LT
1L
8T, ﬁ
8T,

8T, ~
61,
2L
€L
YTl

/

JU

sec
s
seLf ~
€000 9z°4
1z

8TL\E —_—

B

8T'L
8z,
62,
67,
0€'Z ]
[
o]
oc'
1€
16
[
[
bEL
bEL -
s —
98"

WNm.c

S0
H\mm.ﬁ
Ho.m

9T
M/Hﬂ.ﬁ
Tm.c

Fror

AT
=887
Tu6T
At

E00'T
E1v0

Fseo

Fovo

=9¢°T
Fasv

=08'C

ETE0
ET8'0

0.5

1.0

2.0

2.5

3.0

3.5

4.0

e —

ave—
697 ~
ssze”
1908 —

8525
B.Nmk
0T€S
R.mmﬂ
7

el

ST'9L
€100 ¥8'9L /

=Siodo-0L

5.0 4.5
f1 (ppm)

8.5 8.0 7.5 7.0 6.5 6.0 5.5

9.0

13¢C 101 MHz
CDCl,
~7 VY

9.5

.0

€1000 8¥'LL

mn.ﬂwv.

818

SETIT~,
8T~

6€°0CT —
9T'STT
8'9CT /
S0°LTT ~
—

80'8CT
9'8CT
9L'8CT
6L'8CT \

69°CET
0£'SET

T

v

L7 Uz

€0°0LT

80 70 60 50 40 30 20 10

90
f1 (ppm)

160 150 140 130 120 110 100
S75

170

80



S76




T

Os_N._O
b

CO,Me
CO,Me

€6'S
€6'S W.

6fa

¥6'S
Z 96'S \

L6°S

veL
[
€0ad 9z,
8L
6z,
ocsf
[
gL
ve'L
st
09,
192

F

166
666

oo/

'H 400 MHz
CDCl,

E6'C
Ere

Fsot

FT16C

ere

E10'T

0.5

3.0 2.5 2.0 1.5 1.0

3.5

4.0

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
f1 (ppm)

10.5

Ly'9C —

8T'TE —

80°CS =
9L'es 7
€695 —

€100D $8'9L
€1DAad 9T°LL
€000 8¥°LL 7

6028 N.

€8

96°€CT

6T°PCT V
en v
89421

8b'8¢CT \
6TLET —~
SL6ET —
T —

06'8bT —
S8°9ST ~\

erest

80'69T ~=
[44VAS

LY

3¢ 101 MHz

cDCl,

-10

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

210

S77



S78




—7.26 Chloroform

o o0 0w @ QN0 S ooy ~ 0w
RNRRRRR3BY 88 e & REHRER 34 N88
NNNNNNNN wwn ¥ T e ooy e e — -1 oo
r
F _/_ - = J J 4 -

400 MHz i

Chloroform

00 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05 -1

AL

|
S

f1 (ppm)
8e & 2L 8B LR o~ < w 5
mo 52 MM OO < he:] 0 o ~
Vo L =3 & = I
|\l | | |

—91

<
<
<

100 MHz |
Chloroform

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
f1 (ppm)

S79



I\Q l\w L{Qn vvv m N\;«
OTBS
B
7d
MeO,C 1 o _r _J_ J
400 MHz
DMSO
}l I|
1 ]
1 I |

—2.50 DMSO-d6

0.97
0.2t

ML

O 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 2.0 15

g 8
B 8
100 MHz
DMSO

f1 (ppm)

3 ¢ 23 ©

3 g & 8 a
|

—3066

1.0 05 0.0 -05 -1

—2564
—1798
4.78

210 200 190 180 170

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

f1 (ppm)

S80



050

-1

bT07
bO'1

07 L —_ L
Es

ot / (0T~

-0.5

000~
64T

202
€02

L502—

1.0 05 0.

0992~
5024 9.2
902 LoE”
902 L
L0'TH
80T f

60T
T2 = -
1z =

are

Na& S
[ 484 [
mﬁmg

ﬁ N =

LT8E—

8Ly—
pTES

mm,mmV
Ly 95—

°859—
8r'e
61'c
L8]

-10

0

10

0L/08—

0
o

Al

f1 (ppm)

BT —

S T—

OMe
OTBS
CO,Me
COzMe

AN
EET~
gesET—
sroe1”

8ab

S8'p1]
98'p]
83

oLS
oL
LL9
8.9
Wiojololp 92'L

0EL
1€ -~ =

€L +
ZEL

€L -

vEL

0LL B
TLL
cLL
TLL
8L
€81
£8L
¥8L

PhthN

81'09T—

E10N
bTILT
N

Jr

95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15

400 MHz
Chloroform

f1 (ppm)
S81

100 MHz

Chloroform
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20




150
PASIOR
v0'Tq
SO'T
9074
60711
o8

1871
811
£8'7

20z
20'Z
€0TY
€02 ﬁ

——

-0.5

I J
LLJ

PT6T—

S0z
S0z

20z Il
L0
80771
607
1124
e
A
zre
STz

1.0 05 0.0

PTST~ —
6192
€267

0L'9E—

TEOb— =

vm:m./.

feea—

A F

T LEYI— =
62°C

—
ra
n

0T6L—

oo s
@ 600 &
SRS

—_—

"
T

f1 (ppm)

0
o
2
—
-

00'ETT
1T€T ﬂv.

OTBS
COZMe
CO,Me

LTET—

roeT
SRS =
mmgmﬂ“m

T0bET

8ac

98'p
L8'p]
88

16'9
mm.mV
£€6'9

5697
WIOOIOMD SZL~_
U~

6L
oL
Oob'L
L

TLL =
TLL
L
€LL
8L r
€8¢
P8¢
8L

PhthN

£2'891
E.moHW =
08'691

s 7

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15

400 MHz
Chloroform
100 MHz
Chloroform

-10

0

10

50 40 30 20

f1 (ppm)
S82

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60




B
=
f

=1

I
05

Lwe—
ELET~
; 6Ly
60 082"

1.0 05 0.0

Tree—

Z8bb~
0505
9905
8805

£0€9—

-10

0

10

e08L—

f1 (ppm)

0 O
a0
™o
—
-/

28TTI~
STt
LTI
(8021~
SS0ET
o8] ozer”
8
88'p
68'p-
Wiojoiolp 9z
05t

69T —

CO,Me
PhthN 5
= OTBS
CO,Me
COzMe
8ad
.0 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15

15
asL
€S¢L

1L
(743
€LL
€LL

€8¢
€8¢ =
v8L
s8¢
16
6L F
6L
€67
YL
PEL

95's91
om,mBM
bz'891
v

i

400 MHz
Chloroform

J

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

Lpaiah b ad i
d

f1 (ppm)
S83

L

Lk g

100 MHz
Chloroform




PE'O
€00
60
v60 ( L

LT - 8T~
€5iE-
.

b |

-0.5

611
8|
bST
bST
oS
(51
(ST
851
86717
6611
207
202
ov'Z
%A
€57
5877
1871
887

ﬁ
!
|
ﬁ

ﬁ

¥S'9T~
wer—

1.0 05 0.0

9z'st
vo,mNW
mo,mm.\.
£L8T

PETP—

61CS
mm,mmW
PTES

L8€
€Ty
ST
STy
8Ty
(784
a4
AUy
8L

-10

0

10

wiojoolp 87
eeL
6ct
or Al
b2
il

[a 44
€L k

016—

EPL

(0]

%) (]

£33
Sk

¢ (@) =

i @ 00 §
Stz ", . L
Skt

WMMJ Qi
o =
e
Lt
bt Z
6L c
6L z
6L o
05¢ F
159
1529
5L
2sL r
29
292
€9
€92
b9
b9
b9
59¢
08¢
08¢
081 L
08¢
et
8L
8L
8L
508
s08
908
L08
L08

f1 (ppm)

8ae cis

£6'99T~.
8€'89T~
s1e91"

ff.f/
I
T

400 MHz
Chloroform
T

0 95 9.0 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5
s

f1 (ppm)
S84

100 MHz

Chloroform
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20




DU U
901
5801
9801
60T
01’1

i k 19T~
55T or'o-—
mwﬁgﬁ

=1

-0.5

s
s
08T
08'71
1871
238 |
€871
T/
e
817
b |
002
e |

FEL—

[ I 7T

|

Zpoz—
ob'SZN
z99t~
se6z— -

|

ce%eE—

1229
22z
€22
€2z
vee
sze
mmmﬁ
e
o'z
Vexd
622

2. |

62’
62z
ez
zez
ez
287
€8]

mmm4
87
umww
687

omN%

06C
ov'e ]
soe
o@vu
mw; [OIEN]
z€'b] =
b
vm¢¢
o'
s
s
S5
Es
s
65 L

ELO&OLO?D @NN./.

851
AN
e
101
e |
Ik
2t
e
€L L
€L
8L
z8¢
€8¢]
€8¢ ]
=
var ]
mmx¢
s8¢

A
mammW
¥Tcs

|

7

1869— -

€568—

&

ipl

/s
10 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0

f1 (ppm)

\OTBS
CO,Me
COzMe

Aty
Fraral

vmeHUm
95 TETN
e
orvEr”

TL0PT—

8ae trans

PhthN

65'891
mm.mmHW
SL'69T

I/
o A

400 MHz
Chloroform
100 MHz
Chloroform

-10

0

10

f1 (ppm)
S85

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20




067
067 {
LT
81z 1
6171
6171
o0zz |
o0zz |
177
e
22
627 1
33 |
€7
(=2
€€7
s€Z
oz ¥
oz
s97~
897
897
692
oz
osz
e
e
we
vz

99°F

SLe
SLE
SL'e

6T'S AN

s
ve's s

COzMe

22

Y0,
Y0, N.
€1Dad 9T’ L —

1H 400 MHz
CDCl,

=$0'€
=50'¢

Feot

Taso

bSCT —

€8°CC ~
vLge "

v1'Es
oees >
16057
bT'65 —

€10aD ¥8'9L

3¢ 101 MHz

CDCl,

€10aD 8¥'LL

LT0TT —

TLLET —

20'TIST —

16°€9T —

€8°'89T ~
10041

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

80

S86



S87




9T'e
@3
8T
6T
0ge
e
[4n4
€€T

veT
SE€T
9€C
8€C

65T
09C
19T
wc
€9°C
S9C

e

s \

6C°S
1€ 7

CO,Me

23

€00 922 ~_
SEL~
ocr

'H 400 MHz
CDCl,

6'0
T

—S0°E
=00

96'7Z ~ [
754 -
0£'ES V. J—
£€7°€S —_—
81'SS 7/ 3
86'85 — —
-
=
€100 ¥8'9L
€000 8L
60°9ZT ~ R
£v'9zT =
-
N
= —
S
l m -
g 0O
£8'89T ~ _
bL'69T = - =

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

80

S88



S89




