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1. General information

All reactions were carried out under an inert atmosphere of dry N in Schlenk tube. Tetrahydrofuran and
toluene were distilled from sodium and benzophenone prior to use. Dichloromethane and dichloroethane
were distilled from CaHo prior to use. All other reagents and solvents were used as received from commercial
sources, unless specified otherwise, or prepared. 'H, 3C, F NMR spectra were recorded on Bruker
AVANCE 400 MHz or 500 MHz, '"H NMR and *C NMR chemical shifts were determined relative to internal
standard TMS at & 0.0 and ’F NMR chemical shifts were determined relative to CFCl; as external standard.
Chemical shifts (8) are reported in ppm, and coupling constants (J) are in Hertz (Hz). The following
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad. Melting points were determined using a hot stage apparatus. HRMS (EI) and HRMS
(ESI) were determined on Waters Micromass GCT Premier, Agilent Technologies 6224 TOF LC/MS, and
APEX III 7.0 TESLA FTMS spectrometers, respectively.

2. Optimization of reaction conditions

2.1 Condition screening of propargylic esters and alkenes

Table S1
o)
>R . 7 Cat. OHC)f C <:>
S\ — o /\©\ DCE(2 mL), 80 °C, 24h ROCO
1 2a 3
Entry R Cat. (mol%) 2 (eq) Yield®
1 -OCHjs (1a) Rh,(OPiv)4 (5) 5.0eq 73%
2 -OCH3(1a) PtCl, (5) 5.0 eq N.D.
3 -OCH3 (1a) PPhsAuCI/AgOTT (5) 5.0 eq N.D.
40 -OCH3(1a) Rh2(OPiv)4 (5) 5.0 eq trace
5 -OBn (1b) Rh,(OPiv)4 (5) 5.0eq 82%
6 -Bu (1c) Rh,(OPiv)s (5) 5.0 eq 80%
7 -Ph (1d) Rh2(OPiv)4 (5) 5.0 eq 74%
8 -CHs (1e) Rh2(OPiv)4 (5) 5.0 eq 94%
9 -CHs (le) Rh,(OPiv)4 (1) 5.0eq 84%
10° -CHs (Le) Rh2(OPiv)4 (1) 5.0 eq 97%
11° -CHs (Le) Rh2(OPiv)4 (1) 2.0 eq 95%(82%)°

Reaction condition: the reactions were stirred with 1 (0.2 mmol), 2a and catalyst in 2 mL DCE at 80 °C for
24 h; Yields were based on *H NMR analysis with 4-Nitrotoluene as internal standard.? NMR vyield. "60 <C.
°reaction time :48 h. %isolated yield. DCE: 1,2-dichloroethane



2.2 Condition screening of propargylic esters and alkynes

Table S2
(0]
N0 e 0O
AN— CHO Sol., 80 °C, 36 h H;COCO
1e 4a 5

Entry Cat.(mol%) Sol.(mL) le/4a(eq) Yield

1 Rh,(OPiv)4 (1) DCE(1.0) 4a(2.0 eq) 55%

2 PPhsAuCI/AgOTf (5) DCE(1.0) 4a(2.0 eq) N.D.

3 PtCl3 (5) DCE(1.0) 4a(2.0 eq) N.D.

4 Rh,(OPiv)4 (1) Toluene(1.0) 4a(2.0 eq) 36%

5 Rh2(OPiv)4 (1) CH3CN(1.0) 4a(2.0 eq) trace

6 Rh2(OPiv)4 (1) PhCF3(1.0) 4a(2.0 eq) trace

7 Rhz(OPiv)4 (1) DCE(0.7) 4a(2.0 eq) 55%

8 Rh,(OPiv)4 (1) DCE(0.5) 4a(2.0 eq) 34%

92 Rh,(OPiv)4 (1) DCE(0.7) 4a(2.0 eq) 28%

10 Rh2(OPiv)4 (1) DCE(1.0) 4a(5.0 eq) trace
11° Rh,(OPiv)4 (1) DCE(1.0) 1e(5.0 eq) 56%(55%)°
12° Rh,(OPiv)4 (1) DCE(3.0) 1e(5.0 eq) 71%(62%)°

13b Rhz(OPiv)4 (1) DCE(3.0) 1e(4.0 eq) 60%

14b Rhz(OPiv)s (1) DCE(3.0) 1e(2.0 eq) 49%

Table 2. Condition screening of propargylic esters and alkynes. Reaction condition: the reactions were stirred
with 1e (0.2 mmol) , 4a and catalyst in DCE at 80 °C for 36 h; Yields were based on *H NMR analysis with
4-Nitrotoluene as internal standard. 2 Reaction temperature is 60 <C.° The reactions were stirred with 1e, 4a
(0.2 mmol) and catalyst in DCE at 80 °C for 72 h. ®Isolated yield. DCE: 1,2-dichloroethane



3. Preparation of the substrates

The related substrates are listed below

The substrates of propargylic esters
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3.1 General procedure for preparation of propargylic esters
General Procedure Al:

R NaHCO3 (10 eq) R
\ ) i DMAP (0.1 o) >=O Dess-Martin (1.2 eq) /L_O
HO OH . )J\ DMAP (0.1 eq) g oH q N o
_ Cl R DCM, 0 °C-rt \%/ DCM, 0 °C \%<
1 s2 s3 1 H

To astirred solution of but-2-yne-1,4-diol S1 (30 mmol, 3.0 equiv) in DCM (100 mL) maintained at 0 <C,
N,N-diisopropylethylamine (33 mmol, 3.3 equiv) and 4-dimethylaminopyridine(1 mmol, 0.1 equiv) was
added. Then, acyl chloride S2 (10 mmol, 1.0 equiv) was slowly added over 15 min at the same temperature.
The reaction mixture was warmed to room temperature and then stirred for additional 4 h monitored by TLC
(SiO., petroleum ether/ethyl acetate = 3:1). After completed, the reaction was diluted with DCM and
quenched with water (30 mL). The layers were separated and the aqueous phase was extracted with DCM (3
x50 mL). The combined organic layers were washed with brine (50 mL), dried over anhydrous Na,SOs,
filtrated and concentrated under reduced pressure. The residue was purified by silica gel chromatography
(petroleum ether/ethyl acetate 5:1) to afford the desired product S3.

To the solution of S3 (5 mmol, 1.0 equiv) in 10 mL DCM at 0 <C, NaHCOs (50 mmol, 10.0 eq) and DMP
(6.0 mmol, 1.2 equiv) was added and the mixture was stirred at room temperature for about 30 min. After the
complete consumption of S3 determined by TLC, the reaction mixture was then quenched with sat. aqueous
NazS;03. The organic layer was separated. The aqueous layer was extracted with DCM (2 x 10 mL). The
combined organic layers were washed with brine (50 mL), dried upon anhydrous Na,SOsa, filtered and
concentrated. The resulting residue was flash chromatographed (PE: EA = 20:1) on silica gel to afford the
product 1.

The substrates such as 1a, 1b, 1c, 1d, lewere synthesized according to General procedure A.
Methyl (4-oxobut-2-yn-1-yl) carbonate (1a)
/ Yellow liquid, purified by chromatography (PE/EA = 20/1, Rf = 0.5); *H NMR (400 MHz,
Q Chloroform-d) & 9.24 (s, 1H), 4.93 (s, 2H), 3.86 (s, 3H). *C NMR (126 MHz,
>:O Chloroform-d) & 175.80, 154.92, 88.65, 85.57, 55.49, 54.63. HRMS (ESI) [M+H]*
O O calculated for CeH704*: 143.0339, found: 143.0339.

H

XZR-5 8 (0.172) 1: TOF MS ES+
160 143.0339 1.02¢3

%
1

m/z

Lt e e e e e e RO, S s S e e e e e
143.025 143.030 143.035 143.040 143.045

4-oxobut-2-yn-1-yl 2-phenylacetate (1b)

/—Ph Yellow liquid, purified by chromatography (PE/EA = 20/1, Rf=0.5); *H NMR (500 MHz,
0 Chloroform-d) 8 9.19 (s, 1H), 7.73 — 7.18 (m, 5H), 5.20 (s, 2H), 4.90 (s, 2H). **C NMR
>:O (126 MHz, Chloroform-d) 6 175.85, 154.31, 134.62, 128.84, 128.71, 128.46, 88.67, 85.67,
o o 70.52,54.69.
\;«
H



4-oxobut-2-yn-1-yl pivalate (1c)
Yellow liquid, purified by chromatography (PE/EA = 20/1, Rf = 0.5); *H NMR (500
>:O MHz, Chloroform-d) & 9.23 (s, 1H), 4.86 (s, 2H), 1.24 (s, 9H). 3C NMR (101 MHz,
Chloroform-d) & 177.28, 175.99, 89.87, 84.83, 51.30, 38.68, 26.90. HRMS (ESI)
o Zof [M+H]* calculated for CsH1505*: 168.0859, found: 169.0867.

H
XZR-6 7 (0.155) 1: TOF MS ES+
100- 169.0867 3.43e3
E'Q_
0 T T T T T T T T T T T T ™ m/z
169.080 169.082 169.084 169.086 169.088 169.090 169.092
4-oxobut-2-yn-1-yl benzoate (1d)
Ph Yellow liquid, purified by chromatography (PE/EA = 20/1, Rf = 0.5); *H NMR (500
>=O MHz, Chloroform-d) 6 9.24 (s, 1H), 8.12 —8.00 (m, 2H), 7.71 — 7.55 (m, 1H), 7.47 (t, J
o o ° 7.8 Hz, 2H), 5.10 (s, 2H). **C NMR (101 MHz, Chloroform-d) & 176.01, 165.53,
A\ /< 133.70, 129.89, 128.84, 128.58, 89.68, 85.26, 51.84. HRMS (ESI) [M+H]* calculated
_ ’ for C11HyO3*: 189.0546, found 189.0552.
XZR-17 (0.155) Cm (6:8) 1: TOF MS ES+
100 189.0552 9.05e5
0 T T T m/z
189.055 189.056 189.057

4-oxobut-2-yn-1-yl acetate (1e)
Yellow liquid, purified by chromatography (PE/EA = 20/1, Rf = 0.5); *H NMR (500

>:O MHz, Chloroform-d) 6 9.23 (s, 1H), 7.27 (s, 1H), 4.86 (s, 2H), 2.14 (d, J = 1.2 Hz, 3H).
o 0 C NMR (126 MHz, Chloroform-d) & 175.90, 169.85, 89.56, 85.08, 51.30, 20.48.
\%q HRMS (ESI) [M+Na]* calculated for CsHsO3Na*:149.0209, found 149.0210.
H
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General Procedure B2:

DIPEA (1.5 eq) o
DMAP (0.05 eq) >\
HO, CH3COCI (1.5 eq)
——Ph - > 0 o
DCM, 0°C, N, ——=——Ph
S4

1f

To a stirred solution of propargyl alcohol S4 (500 mg, 3.8 mmol, 1.0 eqiv) in DCM (10 mL) maintained
at 0 <C, N,N-diisopropylethylamine (4.56 mmol, 1.2 equiv) and 4-dimethylaminopyridine(0.38 mmol, 0.1
equiv) was added. Then, acetyl chloride (4.56 mmol, 1.2 equiv) was slowly added over 15 min at the same
temperature. The reaction mixture was warmed to room temperature and then stirred for additional 2 h
monitored by TLC (SiO2, petroleum ether/ethyl acetate 100:1). After completed, the reaction was diluted
with DCM (30 mL) and quenched with water (5 mL). The layers were separated and the aqueous phase was
extracted with DCM (3 x50 mL). The combined organic layers were washed with brine (50 mL), dried over
anhydrous Na,SOy, filtrated and concentrated under reduced pressure. The residue was purified by silica gel
chromatography (petroleum ether/ethyl acetate 5:1) to afford the desired alkynylic ester 1f in 84% yield (556
mg).

3-phenylprop-2-yn-1-yl acetate(1f)?

o) Known compounds, Yellow liquid, purified by chromatography (PE/EA =20/1, Rf = 0.5);
}; H NMR (400 MHz, Chloroform-d) & 7.52 — 7.45 (m, 2H), 7.38 — 7.30 (m, 3H), 4.93 (s,
o 2H), 2.15 (s, 3H).
= pn

General Procedure C3:

DIPEA (1.5 eq)

0
n-BuLi (1.05 eq) TBAF(1.2 eq) DMAP (0.05 eq) )
TBSO _ CICOOCH; (2.0 eq) TBSO O CHCOOH(12eq) T P CHCOCI(15eq) o
T Dry THF, -78°C, Ny Yo—  THF, 0°C, air — _ DCM,0°C, N, =
S$6, 10 mmol S7 S8 o—

1h

Under N, atmosphere, the solution of n-BuLi (10.5 mmol, 1.05 equiv) in hexane (1.6 mol/L) was added
dropwise into the solution of S6 (10mmol, 1.0 equiv) in anhydrous THF at -78 °C over 10 minutes. The
resulting mixture was stirred at -78°C for 1 h. Methyl chloroformate (20 mmol, 2.0 equiv) was added drop-
wise via a syringe. Stirring was continued for 1.5 hours at -78 °C and the reaction was allowed to warm to
room temperature monitored by TLC (SiOy, petroleum ether/ethyl acetate 100:1). After completed, the
reaction mixture was then quenched with sat. aqueous NH4Cl. The organic layer was separated. The aqueous
layer was extracted with diethyl ether (2 x 20 mL). The combined organic layers were washed with brine (50



mL), dried upon anhydrous Na,SOs, filtered and concentrated. The residue was purified through silica gel
flash column chromatography (eluents: EtOAc and hexanes) to yield the desired compound S7 in 69% vyield.

To the solution of S7 (1.1 g, 4.83 mmol,1.0 equiv) in 2 mL THF, acetic acid (1.2 equiv) and TBAF (1.2
equiv) was added and the mixture was stirred at room temperature at overnight. After the complete
consumption of S7 determined by TLC, the reaction mixture was filtered through silica gel and the filtrate
was concentrated by rotary evaporator. The resulting residue was flash chromatographed (PE: EA = 5:1) on
silica gel to afford the product S8 in 50 yield.

To a stirred solution of propargyl alcohol S8 (239 mg, 2.1 mmol, 1.0 eqiv) in DCM (10 mL) maintained
at 0 <C, N,N-diisopropylethylamine (3.15 mmol, 1.5 equiv) and 4-dimethylaminopyridine(0.105 mmol, 0.05
equiv) was added. Then, acetyl chloride (3.15 mmol, 1.5 equiv) was slowly added over 15 min at the same
temperature. The reaction mixture was warmed to room temperature and then stirred for additional 2 h
monitored by TLC (SiO,, petroleum ether/ethyl acetate 100:1). After completed, the reaction was diluted
with DCM (30 mL) and quenched with water (5 mL). The layers were separated and the aqueous phase was
extracted with DCM (3 %50 mL). The combined organic layers were washed with brine (50 mL), dried over
anhydrous Na,SOy, filtrated and concentrated under reduced pressure. The residue was purified by silica gel
chromatography (petroleum ether/ethyl acetate 5:1) to afford the desired alkynylic ester 1h in 99% yield (324

mg).
The substrates such as 1h were synthesized according to General procedure C
Methyl 4-acetoxybut-2-ynoate (1h)3
Known compounds, Yellow liquid, purified by chromatography (PE/EA = 5/1, Rf =

Q 0.5); 'H NMR (400 MHz, Chloroform-d) & 4.80 (s, 2H), 3.81 (s, 3H), 2.13 (s, 3H).
o> o  “CNMR (101 MHz, Chloroform-d) 8 169.87, 153.27, 8128, 52.91, 51.23, 20.52

General Procedure D*:

n-BuLi (1.05 eq)
TBSO CH;CHO (2.0 eq) _ TBSQ OH  DMP(1.05eq) TBSQ 0

~ Dry THF, -78°C, N, - /\ DCM, 0°C, air o <

$6, 10 mmol S9 S10

o)
DIPEA (1.5 eq) 5

TBAF(1.2 eq) DMAP (0.05 eq) g o
CH,COOH (1.23eq) HO O CH3COCI (1.5 eq) N /<
THF, 0°C, air o ( DCM, 0°C, N,

S11 1i

Under N, atmosphere, the solution of n-BuLi (10.5 mmol, 1.05 equiv) in hexane (1.6 mol/L) was added
dropwise into the solution of S6 (10mmol, 1.0 equiv) in anhydrous THF at -78 °C over 10 minutes. The
resulting mixture was stirred at -78°C for 1 h. Acetaldehyde (20 mmol, 2.0 equiv) was added dropwise via a
syringe. Stirring was continued for 1.5 hours at -78 °C and the reaction was allowed to warm to room
temperature monitored by TLC (SiO,, petroleum ether/ethyl acetate 100:1). After completed, the reaction
mixture was then quenched with sat. aqueous NH4CI. The organic layer was separated. The aqueous layer
was extracted with diethyl ether (2 x 20 mL). The combined organic layers were washed with brine (50 mL),
dried upon anhydrous Na;SOs, filtered and concentrated. The residue was purified through silica gel flash
column chromatography (eluents: EtOAc and hexanes) to yield the desired compound S9 in 83% yield.



To the solution of S9 (8.3 mmol, 1.0 equiv) in 10 mL DCM at 0 <C, DMP (8.7 mmol, 1.05 equiv) was
added and the mixture was stirred at room temperature for about 30 min. After the complete consumption of
S9 determined by TLC, the reaction mixture was filtered through silica gel and the filtrate was concentrated
by rotary evaporator. The resulting residue was flash chromatographed (PE: EA = 20:1) on silica gel to afford
the product S10 in 67% yield.

To the solution of S10 (1.42 g, 6.7 mmol, 1.0 equiv) in 2 mL THF, acetic acid (1.2 equiv) and TBAF (1.2
equiv) was added and the mixture was stirred at room temperature at overnight. After the complete
consumption of S7 determined by TLC, the reaction mixture was filtered through silica gel and the filtrate
was concentrated by rotary evaporator. The resulting residue was flash chromatographed (PE: EA = 5:1) on
silica gel to afford the product S11 in 66% yield.

To a stirred solution of propargyl alcohol S11 (6.6 mmol, 1.0 equiv) in DCM (30 mL) maintained at 0 <C,
N,N-diisopropylethylamine (9.9 mmol, 1.5 equiv) and 4-dimethylaminopyridine(0.33 mmol, 0.05 equiv) was
added. Then, acetyl chloride (9.9 mmol, 1.5 equiv) was slowly added over 15 min at the same temperature.
The reaction mixture was warmed to room temperature and then stirred for additional 2 h monitored by TLC
(SiO., petroleum ether/ethyl acetate 100:1). After completed, the reaction was diluted with DCM (30 mL)
and quenched with water (5 mL). The layers were separated and the aqueous phase was extracted with DCM
(3 <50 mL). The combined organic layers were washed with brine (50 mL), dried over anhydrous Na,SOsu,
filtrated and concentrated under reduced pressure. The residue was purified by silica gel chromatography
(petroleum ether/ethyl acetate 10:1) to afford the desired alkynylic ester 1i in 99% yield (914 mg).

The substrates such as 1i were synthesized according to General procedure C.

4-oxopent-2-yn-1-yl acetate (1i)*

Known compounds, Yellow liquid, purified by chromatography (PE/EA = 10/1, Rf = 0.7);

% 'H NMR (500 MHz, Chloroform-d) & 4.75 (s, 2H), 2.29 (s, 3H), 2.06 (s, 3H). 3C NMR
(126 MHz, Chloroform-d) 6 183.58, 169.85, 85.26, 84.87, 51.34, 32.39, 20.48.

0 __ o)

4. General procedure for tandem Rh(ll)-catalyzed 1,3-acyl migartion/[2
+ 2] cycloaddition of propargylic esters with alkenes

To a 1,2-dichloroethane solution of 1 (0.2 mmol, 2.0 mL) in Schlenk tube with a magnetic bar was added
Rh2(OPiv)4 (0.002 mmol, 1 mol%, 1.3 mg) with various styrene derivatives 2 (2.0 equiv) at 30 <C under Na.
The sealed tube was then stirred at 80 <C under nitrogen atmosphere for 48 h. The mixture was then
concentrated and the residue was purified by chromatography on silica gel (eluent: ethyl acetate/petroleum
ether) to afford the desired product 3.

Methyl (2-oxo-1-(3-(p-tolyl)cyclobutylidene)ethyl) carbonate (3aa)
OHC Yellow liquid, 23.3 mg, 62%, purified by chromatography (PE/EA =
>_<>_©7 10/1, Rf = 0.4):*H NMR (500 MHz, Chloroform-d) 3 9.50 (s, LH), 7.15
MeOOCO o (d, 3 = 9.3 Hz, 4H), 3.87 (s, 3H), 3.80 — 3.60 (m, 2H), 3.37 (ddt, J =
17.6, 8.4,3.7 Hz, 1H), 3.28 (ddd, J = 16.6, 7.5, 3.5 Hz, 1H), 3.08 (ddd,
J=17.9,7.6,3.3Hz, 1H), 2.34 (s, 3H). *C NMR (126 MHz, Chloroform-d) § 181.66, 153.55, 153.17, 140.18,

139.82, 136.57, 129.39, 126.19, 55.74, 37.58, 36.51, 35.18, 21.04. HRMS (ESI) [M+Na]* calculated for
Ci1sH1604Na* : 283.0941, found 283.0948.

10



XZR-4 13 (0.276) 1: TOF MS ES+
§06- 283.0948 5.70e4

%
1

o

— T T T T T T T T T T T T T T T T iz
283.090 283.100 283.110 283.120

2-0x0-1-(3-(p-tolyl)cyclobutylidene)ethyl benzoate(3ba)
OHC Yellow liquid, 31.3 mg, 51%, purified by chromatography (PE/EA =
> < > < > 10/1, Rf = 0.4); 1H NMR (500 MHz,Chloroform-d) 8 9.60 (s, 1H), 8.13
BnOOCO o (dd, J =8.3, 1.4 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.47 (t, J = 7.8 Hz,
2H), 7.20-7.12 (m, 4H), 3.81 - 3.68 (m, 2H), 3.41 -3.28 (m, 2H), 3.14

~2.99 (M, 1H), 2.34 (s, 3H). °C NMR (101 MHz, Chloroform-d) & 182.04, 164.03, 153.85, 140.38, 139.83,
136.48, 133.75, 130.34, 129.38, 128.69, 128.57, 126.24, 37.85, 36.78, 35.23, 21.06.

2-0x0-1-(3-(p-tolyl)cyclobutylidene)ethyl pivalate(3ca)
OHC Yellow liquid, 38.9 mg, 68%, purified by chromatography (PE/EA = 10/1,
Rf =0.4); 'H NMR (500 MHz, Chloroform-d) 6 9.50 (s, 1H), 7.16 (s, 4H),
‘BUOCG T 3.81-3.51 (m, 2H), 3.32-3.18 (m, 2H), 3.00 (ddd, J = 18.8, 7.6, 3.3 Hz,
1H), 2.34 (s, 3H), 1.31 (s, 9H). *C NMR (126 MHz, Chloroform-d) &
181.90, 176.05, 152.80, 140.44, 139.87, 136.44, 129.35, 126.21, 39.07, 37.49, 36.56, 35.22, 27.19, 21.04.
HRMS (ESI) [M+Na]* calculated for CigH2,03Na* : 309.1461, found 309.1452.

XZR-3 15 (0.310) 1: TOF MS ES+
=
100+ 309.1452 2.07e4
2]
7z
309.130 309.135 309.140 309.145 309.150 309.155 309.160

Benzyl (2-oxo-1-(3-(p-tolyl)cyclobutylidene)ethyl) carbonate (3da)
OHC Yellow liquid, 46.4 mg, 69%, purified by chromatography (PE/EA =
10/1, Rf = 0.4); *H NMR (500 MHz, Chloroform-d) § 9.51 (s, 1H), 7.45
- — 7.33 (m, 6H), 7.16 (s, 4H), 5.24 (s, 2H), 3.79 — 3.50 (m, 2H), 3.31
PhOCO (dddd, J = 30.3, 16.5, 8.0, 3.8 Hz, 1H), 3.05 (ddd, J = 17.9, 7.5, 3.2 Hz,
1H), 2.34 (s, 3H). **C NMR (101 MHz, Chloroform-d) & 181.64, 153.48, 152.55, 140.18, 139.84, 136.55,
134.61, 129.37, 128.74, 128.67, 128.35, 126.19, 70.71, 37.60, 36.53, 35.17, 21.03.

11



2-0x0-1-(3-(p-tolyl)cyclobutylidene)ethyl acetate(3ea)
OHC Yellow liquid, 40 mg, 82%, purified by chromatography (PE/EA = 10/1,
Rf = 0.4); *'H NMR (500 MHz, Chloroform-d) & 9.50 (s, 1H), 7.16 (s,
— 4H), 3.85 — 3.48 (m, 2H), 3.29 (dddd, J = 16.6, 10.5, 7.3, 3.5 Hz, 2H),
H3COCO 3.03 (ddd, J = 17.8, 7.3, 3.1 Hz, 1H), 2.34 (s, 3H), 2.25 (s, 3H). 1°C
NMR (126 MHz, Chloroform-d) 6 181.87, 168.27, 153.67, 140.32, 139.78, 136.52, 129.37, 126.20, 37.74,
36.60, 35.14, 21.04, 20.26. HRMS (ESI) [M+Na]* calculated for C1sH1603Na* : 267.0991, found 267.0983.

x10 3 |+ESI Scan (1.288 min) Frag=175.0V 20210708-ZSF-XZR1.d
1.4 267.0983
1.2
14
0.8
0.6
04
02

267.096  267.097 267.098 267.099 2671  267.101 267102 267103 267104 267105  267.106
Counts vs. Mass-to-Charge (m/z)

2-0x0-1-(3-phenylcyclobutylidene)ethyl acetate (3eb)
OHC Yellow liquid, 35.4 mg, 77%, purified by chromatography (PE/EA = 10/1,
Rf = 0.4); *H NMR (500 MHz, Chloroform-d) § 9.50 (s, 1H), 7.39 — 7.32
H.COCO T (m, 2H), 7.30 — 7.25 (m, 3H), 3.78 (p, J = 8.0 Hz, 1H), 3.73 - 3.65 (m, 1H),
3 3.49 -3.22 (m, 2H), 3.06 (ddd, J = 17.1, 7.3, 3.2 Hz, 1H), 2.25 (s, 3H). 13C
NMR (126 MHz, Chloroform-d) & 181.86, 168.26, 153.36, 143.30, 139.81, 128.72, 126.87, 126.29, 37.59,
36.47, 35.44, 20.25. HRMS (ESI) [M+Na]* calculated for C14H140sNa* : 253.0835, found 253.0830.

%105 [+ESI Scan (0.544 min) Frag=175.0v 20210708-2SF-XZR14.d
- 2530830
64
54
44
3_
2_
il 254 0
. ) 257.1139
sl 255.0904 256.2624 | 2581174

2515 252 2525 253 2535 254 2545 255 2555 256 2565 257  25/5 258 '
Counts vs. Mass-to-Charge (m/z)

1-(3-(4-(tert-butyl)phenyl)cyclobutylidene)-2-oxoethyl acetate(3ec)
Yellow liquid, 20.2 mg, 36%, purified by chromatography (PE/EA =
OHC 10/1, Rf = 0.4); *H NMR (500 MHz, Chloroform-d) § 9.50 (s, 1H),
>:<>—@‘Bu 7.38 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 3.80 — 3.60 (m,
H;COCO 2H), 3.34 — 3.24 (m, 2H), 3.13 — 2.99 (m, 1H), 2.24 (s, 3H), 1.32 (s,
9H). 3C NMR (126 MHz, Chloroform-d) & 181.89, 168.26, 153.71,

149.87, 140.28, 139.78, 126.04, 125.60, 54.72, 37.69, 36.56, 35.08, 34.49, 31.35, 20.23. HRMS (ESI)
[M+Na]* calculated for C1gH2,03Na* : 309.1461, found 309.1455.
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:(10‘;3> +ESI Scan (0.636 min) Frag=175.0V 20210708-ZSF-XZR11.d
4 5: 309.1455
3.5
2.5
1.54

14 310.1487
05 |

3082 3084 3086 3088 309 3092 3094 3096 3098 310 3102 3104 3106 3108 311 3112 3114
Counts vs. Mass-to-Charge (m/z)

1-(3-(4-methoxyphenyl)cyclobutylidene)-2-oxoethyl acetate(3ed)
Yellow liquid, 36.4 mg, 70%, purified by chromatography (PE/EA
OHC =5/1, Rf = 0.4); 'H NMR (500 MHz, Chloroform-d) § 9.49 (s, 1H),
>:<>—©—o|v|e 7.20 (d, J=8.6 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 3.80 (s, 3H), 3.76
H,COCO —3.63 (m, 2H), 3.36 — 3.22 (m, 2H), 3.05 — 2.96 (m, 1H), 2.24 (s,
3H). °C NMR (126 MHz, Chloroform-d) & 181.92, 168.29, 158.50,

153.71, 139.78, 135.45, 127.35, 114.10, 55.34, 37.91, 36.77, 34.85, 20.23. HRMS (ESI) [M+Na]* calculated
for C1sH1s04Na* : 283.0941, found 283.0936.

%103 |+ESI Scan (0.561 min) Frag=175.0V 20210708-ZSF-XZR2.d

354
2.5
1.54

054 2822784 284.0964

282 2825 283 2835 284 2845 285 2855 286 2865 287 2875
Counts vs. Mass-to-Charge (m/z)

4-(3-(1-acetoxy-2-oxoethylidene)cyclobutyl)phenyl acetate(3ee)
Yellow liquid, 38.0 mg, 66%, purified by chromatography (PE/EA
OHC =10/1, Rf=0.4);*H NMR (500 MHz, Chloroform-d) & 9.49 (s, 1H),
>=<>-@OA0 7.39-7.23 (m, 2H), 7.20 — 6.99 (m, 2H), 3.91 — 3.53 (m, 2H), 3.31
H3COCO (dddt, J=17.1, 14.8, 7.5, 3.6 Hz, 2H), 3.03 (ddd, J = 17.6, 7.5, 3.3
Hz, 1H), 2.30 (s, 3H), 2.24 (s, 3H). 3C NMR (126 MHz,

Chloroform-d) 5 181.87, 169.61, 168.25, 149.44, 140.88, 139.83, 127.38, 121.82, 37.70, 36.57, 35.00, 21.10,
20.23. HRMS (ESI) [M+Na]* calculated for C16H160sNa* : 331.0890, found 331.0885.

%1035 [+ESI Scan (0.503 min) Frag=175.0V 20210708-ZSF-XZR7.d

311.0885

0915

14 312.0915

306.1327 308.0791 313.0937 315.1182

>4 | A | | A ]
305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320 321
Counts vs. Mass-to-Charge (m/z)
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1-(3-(4-(chloromethyl)phenyl)cyclobutylidene)-2-oxoethyl acetate(3ef)
OHC Yellow liquid, 33.4 mg, 60%, purified by chromatography
>:<>_QCH | (PE/EA=10/1, Rf=0.4); 'H NMR (500 MHz, Chloroform-d) 5
H.COCG 2% 950 (s, 1H), 7.38 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 8.2 Hz, 2H),
3 4.58 (s, 2H), 3.85 - 3.64 (m, 2H), 3.38 — 3.17 (m, 2H), 3.04 (ddd,
J=17.7,7.5,3.4Hz, 1H), 2.25 (s, 3H). *C NMR (126 MHz, Chloroform-d) 5 181.87, 168.23, 152.83, 143.65,

139.84, 129.00, 126.74, 4591, 37.54, 36.44, 35.20, 20.24. HRMS (ESI) [M+Na]* calculated for
C1sH15Cl0O3Na* : 301.0602, found 301.0599.

x103 [+ESI Scan (0.546 min) Frag=175.0V 20210708-ZSF-XZR3.d
5.5

45

3.5

251

1.54

0.5

3004 3006 3008 301 3012 3014 3016 3018 302 3022 3024 3026 3028 303 3032
Counts vs. Mass-to-Charge (m/z)

1-(3-(3-bromophenyl)cyclobutylidene)-2-oxoethyl acetate (3eg)
Yellow solid, M.P: 104-105 <C, 29.0 mg, 47%, purified by

OHC chromatography (PE/EA = 10/1, Rf = 0.4); 1H NMR (500 MHz,
Chloroform-d) & 9.49 (s, 1H), 7.41 (t, J = 1.8 Hz, 1H), 7.39 (dt, J = 7.3,
_ 1.8 Hz, 1H), 7.25 — 7.18 (m, 2H), 3.79 — 3.65 (m, 2H), 3.47 — 3.24 (m,

H5COCO oH), 3.16 — 2.97 (m, 1H), 2.25 (s, 3H). 13C NMR (126 MHz,
Chloroform-d) & 181.83, 168.21, 152.12, 145.61, 139.88, 130.30, 129.98, 129.58, 124.91, 122.82, 37.39,
36.32, 35.08, 20.23. HRMS (ESI) [M+Na]* calculated for C14H13BrOsNa* : 330.9940, found 330.9935.

x10 4 |+ESI Scan (0.660 min) Frag=175.0V 20210708-ZSF-XZR13.d
9.

330.9 330.95 331 331.05 331.1 331.15 331.2 33125 331.3 331.35
Counts vs. Mass-to-Charge (m/z)
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1-(3-(4-fluorophenyl)cyclobutylidene)-2-oxoethyl acetate(3eh)
OHC Yellow liquid, 32.3mg, 65%, purified by chromatography (PE/EA =

H COCO> T <> < > F 7.24 (dd, J = 8.5, 5.4 Hz, 1H), 7.04 (dd, J = 9.6, 7.7 Hz, 1H), 3.81 —
3 3.60 (m, 1H), 3.30 (dddd, J = 23.8, 16.3, 7.8, 3.8 Hz, 1H), 3.01 (ddd,

= 245.2 Hz), 152.70, 139.84, 139.03 (d, J = 3.5 Hz), 127.82 (d, J = 8.1 Hz), 115.52 (d, J = 21.4 Hz), 37.75,
36.66, 34.85, 20.23. 1F NMR (471 MHz, Chloroform-d) & -115.88. HRMS (ESI) [M+Na]* calculated for

10/1, Rf = 0.4); *H NMR (500 MHz, Chloroform-d) § 9.50 (s, OH),
J=17.9, 7.3, 3.1 Hz, OH), 2.25 (s, 1H). 3C NMR (126 MHz, Chloroform-d) 5 181.85, 168.25, 161.71 (d, J
CuH1sFOsNa* : 271.0741, found 271.0736.

x103
3.5

+ES| Scan (1.481 min) Frag=175.0V 20210708-ZSF-XZR6 4

et

N
254
24
154
1]
054 272.0766

oL

272 273 274 275 276 277 279 280

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

270

1-(3-(4-chlorophenyl)cyclobutylidene)-2-oxoethyl acetate (3ei)
OHC Yellow liquid, 35.4 mg, 67%, purified by chromatography (PE/EA =
10/1, Rf = 0.4); *H NMR (500 MHz, Chloroform-d) § 9.49 (s, 1H),

>:<>_©’C' 7.32(d, J=8.1 Hz, 2H), 7.21 (d, J = 8.1 Hz, 2H), 3.81 — 3.59 (m, 2H),
H3COCO 3.30 (dddd, J = 26.2, 16.0, 7.5, 3.5 Hz, 2H), 3.01 (ddd, J = 17.6, 7.2,
2.9 Hz, 1H), 2.25 (s, 3H). 3C NMR (126 MHz, Chloroform-d) & 181.88, 168.29, 152.64, 141.78, 139.85,
132.60, 128.83, 127.72, 37.57, 36.47, 34.91, 20.27. HRMS (ESI) [M+Na]* calculated for C14H13CIOsNa™ :
287.0445, found 287.0441.

5 |+ESI Scan (1.271 min) Frag=175.0V 20210708-ZSF-XZR5.d

287.0441

289.0411

288.0471

290,[0“3

291 ?3?8

283 2885 283 2895 280 2905 291 2915 292

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

2855 286 2865 287 2875

1-(3-(4-bromophenyl)cyclobutylidene)-2-oxoethyl acetate (3ej)
OHC Yellow solid, M.P: 109-110 < 49.9 mg, 81%, purified by
>=<>—©78r chromatography (PE/EA = 10/1, Rf = 0.4); 1H NMR (500 MHz,
H,COCO Chloroform-d) & 9.49 (s, 1H), 7.47 (d, J = 8.2 Hz, 2H), 7.15 (d, J =
8.1 Hz, 2H), 3.78 — 3.65 (m, 2H), 3.30 (dddd, J = 28.5, 16.5, 7.1, 3.0

Hz, 1H), 3.01 (dg, J = 17.7, 3.2 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) 3 181.85, 168.24, 152.41,
142.29, 139.86, 131.79, 128.08, 120.64, 37.49, 36.40, 34.99, 20.24. HRMS (ESI) [M+Na]* calculated for
C14H13BrOsNa* : 330.9940, found 330.9935.
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x103 [+ESI Scan (0.548 min) Frag=175.0V 20210708-ZSF-XZR4.d

930 9935

0.6

[=]
n
N

330.97 330.98 33099 331 331.01 33102 331.03 331.04 331.05 331.06 331.07 331.08 331.09 3311 33111
Counts vs. Mass-to-Charge (m/z)

2-0x0-1-(3-(4-(trifluoromethyl)phenyl)cyclobutylidene)ethyl acetate (3ek)
OHC Yellow liquid, 24.5 mg, 41%, purified by chromatography (PE/EA
>:<>—©—0F3 = 5/1, Rf = 0.6): 'H NMR (500 MHz, Chloroform-d) 8 9.51 (s, 1H),
H,COCO 7.62 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 3.88 (s, 3H), 3.98
—3.81 (m, 1H), 3.74 (ddt, J = 16.3, 8.8, 3.7 Hz, 1H), 3.45 (ddt, J =
17.8,8.7, 3.5 Hz, 1H), 3.34 (ddd, J = 16.9, 7.5, 3.5 Hz, 1H), 3.12 (ddd, J = 17.9, 7.6, 3.5 Hz, 1H). 3°C NMR
(101 MHz, Chloroform-d) 6 181.72, 153.12, 151.91, 147.11, 139.91, 129.08, 126.95, 126.70, 125.70 (g, J =

3.7 Hz), 55.81, 37.17, 36.21, 35.26. °F NMR (471 MHz, Chloroform-d)  -62.50. HRMS (ESI) [M+Na]*
calculated for CisH13F3O3sNa* : 321.0709, found 321.0701.

x10 3 |+ESI Scan (0.699 min) Frag=175.0V 20220118ZSF-XZR28.d

O = N W Bk - W W
e D TRy O o S

32106 321.085 321.07 321075 321.08 321.085 321.09
Counts vs. Mass-to-Charge (m/z)

1-(3-(4-nitrophenyl)cyclobutylidene)-2-oxoethyl acetate (3el)
OHC Reddish brown liquid, 19.3 mg, 35%, purified by chromatography
>=<>—©—No (PE/EA = 20/1, Rf = 0.5); *H NMR (500 MHz, Chloroform-d) 5
H.COCG 2950 (s, 1H), 8.28 — 8.18 (m, 2H), 7.53 — 7.38 (m, 2H), 3.90 (p, J =
3 8.1 Hz, 1H), 3.78 (ddt, J = 16.6, 8.7, 3.2 Hz, 1H), 3.47 — 3.30 (m,
2H), 3.08 (ddd, J=17.8,7.5, 3.5 Hz, 1H), 2.26 (s, 3H). *C NMR (126 MHz, Chloroform-d) & 181.85, 168.21,

150.70, 146.93, 139.99, 127.26, 124.04, 37.27, 36.30, 35.33, 20.22. HRMS (ESI) [M+Na]" calculated for
C14H13NOsNa* : 298.06822, found 298.0680.

%103 |+ESI Scan (0.946 min) Frag=175.0V 20220118ZSF-XZR29.d
44

35
a4
254
24
154
14
054

298066 298.0665 298.067 2980675 298.068 298.0685 293089 2980695 29807 2980705  298.071
Counts vs. Mass-to-Charge (m/z)
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1-(3-(2,6-dimethylphenyl)cyclobutylidene)-2-oxoethyl acetate(3em)
Yellow liquid, 20.2 mg, 36%, purified by chromatography (PE/EA = 10/1,

OHC Rf = 0.4);'H NMR (500 MHz, Chloroform-d) & 9.51 (s, 1H), 7.10 — 7.02
— (m, 2H), 6.98 (dd, J = 7.7, 1.9 Hz, 1H), 3.87 (p, J = 8.4 Hz, 1H), 3.74 —
H,COCO 3.60 (m, 1H), 3.36 — 3.23 (m, 2H), 3.07 (ddd, J = 18.3, 8.3, 3.4 Hz, 1H),

2.34 (s, 3H), 2.25 (s, 3H), 2.23 (s, 3H). **C NMR (126 MHz, Chloroform-
d) 6 181.91, 168.29, 153.43, 140.27, 139.65, 135.70, 132.64, 130.36, 127.39, 125.65, 36.43, 35.24, 33.09,
21.16, 20.25, 19.14. HRMS (ESI) [M+Na]* calculated for C15H160sNa* : 267.0991, found 267.0995.

%103 |+ESI Scan (0.564 min) Frag=175.0V 20210708-ZSF-XZR15.d

271.1306

.......

265.0833 | 272.1340

0 T r - T - = T T T r= T T T

264 265 266 267 268 269 270 271 272 273 274 275 276
Counts vs. Mass-to-Charge (m/z)

1-(3-(naphthalen-2-yl)cyclobutylidene)-2-oxoethyl acetate(3en)
OH Yellow liquid, 20.2 mg, 36%, purified by chromatography (PE/EA =

G ‘ 10/1, Rf = 0.4); 'H NMR (500 MHz, Chloroform-d) & 9.53 (s, 1H),
H.COCT - 7.95-7.77 (m, 4H), 7.69 (d, J = 1.8 Hz, 1H), 7.52 - 7.43 (m, 2H), 7.41
3 (dd, J =8.4, 1.9 Hz, 1H), 3.94 (p, J = 8.2 Hz, 1H), 3.76 (ddt, J = 15.5,

8.7, 3.6 Hz, 1H), 3.47 — 3.34 (m, 2H), 3.16 (ddd, J = 18.5, 7.7, 3.6 Hz,
1H), 2.26 (s, 3H). **C NMR (126 MHz, Chloroform-d) & 181.90, 168.28, 153.27, 140.59, 139.90, 133.37,
132.40, 128.63, 127.69, 127.66, 126.41, 125.82, 124.70, 124.61, 37.52, 36.39, 35.62, 20.27. HRMS (ESI)
[M+Na]* calculated for C1sH1603Na* : 303.0991, found 303.0988.

x104 [+ESI Scan (1.161 min) Frag=175.0V 20220118ZSF-XZR30.d
2 203.p58s

O = N W s o
. i T

30309 3030925 303095 3030975 3031 3031025 303105 3031075 30311 3031125 303.115 303.1175
Counts vs. Mass-to-Charge (m/z)

1-(3,3-diphenylcyclobutylidene)-2-oxoethyl acetate(3eo)
Yellow liquid, 39.2 mg, 64%, purified by chromatography (PE/EA = 10/1,
O Rf=0.4); *H NMR (500 MHz, Chloroform-d) § 9.50 (s, 1H), 7.31 (d, J=7.5

OHC Hz, 4H), 7.28 — 7.23 (m, 4H), 7.21 (s, 2H), 3.96 (s, 2H), 3.65 (s, 2H), 2.24
___ (s, 3H). *H NMR (500 MHz, Chloroform-d) & 9.50 (s, 1H), 7.31(d, J=7.5
H3COCO O Hz, 4H), 7.28 — 7.23 (m, 4H), 7.21 (s, 2H), 3.96 (s, 2H), 3.65 (s, 2H), 2.24
(s, 3H). HRMS (ESI) [M+Na]* calculated for CooH1s03Na* : 329.1148, found

329.1142.

17



105 |+ESI Scan (1.790 min) Frag=175.0V 20210708-ZSF-XZR10.d
5.5
5. 329.1142
454
4
35
34
2.5
24
154
1] 330.1173

= 3311201 31448

T

285 329 3295 330 3305 331 3315 332 3325 333 3335 334 3345
Counts vs. Mass-to-Charge (m/z)

1-(3-(2-methyl-2-phenylpropyl)-3-phenylcyclobutylidene)-2-oxoethyl acetate (3ep)

Yellow liquid, 43.5 mg, 60%, purified by chromatography (PE/EA = 10/1,
Rf = 0.5); 'H NMR (500 MHz, Chloroform-d) § 9.25 (s, 1H), 7.29 — 7.19
(m, 8H), 7.19 — 7.12 (m, 2H), 7.12 — 7.05 (m, 2H), 3.22 (dd, J = 16.5, 3.1
Hz, 1H), 3.04 — 2.89 (m, 2H), 2.67 (dt, J = 17.0, 3.4 Hz, 1H), 2.37 (d, J =
4.8 Hz, 2H), 2.19 (s, 3H). *C NMR (126 MHz, Chloroform-d) § 181.84,
168.15, 153.18, 148.19, 146.60, 140.05, 128.21, 128.07, 126.31, 126.21,
126.17, 125.77, 55.71, 44.13, 43.15, 41.23, 38.63, 30.03, 29.49, 20.22.
HRMS (ESI) [M+Na]* calculated for CaH2s03Na* : 385.1774, found

%103 |+ESI Scan (0.554 min) Frag=175.0V 20210708-ZSF-XZRS.d

o1 © 385.1768

3245 385 3855 386 3365 387 3875 388 2885 389 3355 390
Counts vs. Mass-to-Charge (m/z)

1-(3-methyl-3-phenylcyclobutylidene)-2-oxoethyl acetate(3eq)
OHC Yellow liquid, 36.2 mg, 74%, purified by chromatography (PE/EA = 10/1,
Rf = 0.5); 'H NMR (400 MHz, Chloroform-d) & 9.52 (s, 1H), 7.43 - 7.34
’ coco>:<>L© (m, 2H), 7.26 (ddt, J = 8.9, 3.7, 1.7 Hz, 3H), 3.57 (dd, J = 16.1, 3.3 Hz,
8 1H), 3.41 - 3.23 (m, 2H), 2.99 (dt, J = 16.6, 3.4 Hz, 1H), 2.27 (s, 3H), 1.59
(s, 3H). *C NMR (101 MHz, Chloroform-d) & 181.96, 168.19, 152.39, 148.51, 140.83, 128.59, 126.26,

124.82, 42.85, 41.65, 40.36, 30.61, 20.25. HRMS (ESI) [M+Na]* calculated for C1sH103Na* : 267.0991,
found 267.0995.
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%105 (+ES| Scan (0.564 min) Frag=175.0V 20210708-ZSF-XZR15.d
5 o J99
54
44
34
24
271.1306
14 268.1027
265.0833 | 2721340 274 2741
0 r - r r r r r r rt r —— r
264 265 266 267 268 269 270 27N 272 273 274 275 276

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

1-(3-(4-chlorophenyl)-3-methylcyclobutylidene)-2-oxoethyl acetate(3er)
Yellow liquid, 38.4 mg, 69%, purified by chromatography (PE/EA =
OHC, 10/1, Rf = 0.4); 'H NMR (500 MHz, Chloroform-d) & 9.48 (s, 1H),
— Cl 732(d, 3=8.4Hz, 2H), 7.16 (d, J = 8.5 Hz, 2H), 3.50 (dd, J = 16.4,
H3COCO 3.4 Hz, 1H), 3.32 (dt, = 16.4, 3.5 Hz, 1H), 3.22 (dd, J = 17.2, 3.4 Hz,
1H), 2.96 (dt, J = 17.2, 3.5 Hz, 1H), 2.24 (s, 3H), 1.54 (s, 3H). 13C NMR (126 MHz, Chloroform-d) & 181.92,

168.17, 151.37, 146.95, 140.86, 132.08, 128.70, 126.34, 42.81, 41.65, 30.45, 20.23. HRMS (ESI) [M+Na]*
calculated for C1sH15ClIOsNa* : 301.0602, found 301.0597.

x103 [+ESI Scan (0.554 min) Frag=175.0V 20210708-ZSF-XZR12.d

24
7 301.0597
74 3 597
6
5
44
3

202 NRG
2 | 303053

302.0628
1 Y (s i 305.0905
----- 207 0276

0 i | | i .

28 299 300 301 302 303 304 305 306 307 308 309 310 31 32 313
Counts vs. Mass-to-Charge (m/z)

(2)-1-(2-oxabicyclo[3.2.0]heptan-6-ylidene)-2-oxoethyl acetate (3es)

OHC Yellow liquid, 6.3 mg, 16% (NMR vyield with 4-nitrotoluene as internal standard.

— Note: 3es was unstable during purification with silica gel.), purified by

H,COCO o chromatography (PE/EA = 10/1, Rf = 0.4); *H NMR (500 MHz, Chloroform-d) &
9.41 (s, 1H), 4.87 (td, J = 6.0, 2.8 Hz, 1H), 4.24 — 4.15 (m, 1H), 3.97 — 3.92 (m,

1H), 3.77 (td, J = 4.6, 2.2 Hz, 1H), 3.43 (ddd, J = 18.9, 6.3, 2.8 Hz, 1H), 3.02 (ddd, J = 18.9, 3.9, 2.8 Hz,

1H), 2.25 (s, 3H), 1.99 — 1.95 (m, 2H). *3C NMR (126 MHz, Chloroform-d) & 182.02, 168.36, 153.53, 140.65,
75.22, 67.28, 48.22, 34.40, 29.87, 20.21.
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xzr-vi-168-2-cu-re. 10. fid

OHC

H,COCO ; JO

Jes, 16% NMR yield

\©\ 0.1 mmol
NO

2
internal standard ‘r

\

T T T T T T T T T T T T T
5 5 5.0 4.5 4.0 3.5
£1 (ppm)

1-(3-((tert-butyldimethylsilyl)methyl)cyclobutylidene)-2-oxoethyl acetate (3et)
- | Colorless liquid, 22.3 mg, 40%, purified by chromatography (PE/EA =
OHC Si% 20/1, Rf = 0.6); 'H NMR (500 MHz, Chloroform-d) & 9.47 (s, 1H), 3.45
>:<>—/ (ddt, J=15.9,7.7,3.7 Hz, 1H), 3.08 (ddt, J = 17.4, 7.7, 3.7 Hz, 1H), 2.81
H;COCO (ddd, J=16.6,7.2,3.6 Hz, 1H), 2.67 (dt, J = 15.3, 7.6 Hz, 1H), 2.53 (ddd,
J =175, 7.2, 3.6 Hz, 1H), 2.27 (s, 3H), 0.95 (dd, J = 7.7, 3.6 Hz, 2H),
0.91 (s, 9H), -0.00 (d, J = 1.9 Hz, 6H). 3C NMR (101 MHz, Chloroform-d) § 181.85, 168.27, 155.11, 139.37,
39.23, 37.86, 28.51, 26.39, 21.03, 20.24, 16.38, -5.67, -5.70. HRMS (ESI) [M+H]* calculated for

CisH27CIOsSi* : 283.1724, found 283.1731.

XZR-B2-20241105 42 (0.116) Cm (16:86) 1: TOF MS ES+
2831731 1.26e4
100+
2
0 T m/z
283.173

1-(3-(cyclohexyloxy)cyclobutylidene)-2-oxoethyl acetate (3eu)
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Colorless liquid, 10 mg, 20%, purified by chromatography (PE/EA = 15/1,

Q Rf = 0.5): 'H NMR (500 MHz, Chloroform-d) & 9.37 (s, 1H), 4.20 (p, J =

OHC 6.4 Hz, 1H), 3.51 — 3.38 (m, 1H), 3.24 (tt, J = 9.3, 3.9 Hz, 1H), 3.06 (dddt,

g J=148, 89,58, 3.2 Hz, 2H), 2.82 (ddd, J = 17.4, 6.1, 3.2 Hz, 1H), 2.16
>—< > (s, 3H), 1.87 — 1.61 (m, 6H), 1.61 — 1.40 (m, 4H). °C NMR (126 MHz,
H3COCO Chloroform-d) & 181.97, 168.20, 149.40, 140.59, 66.71, 40.10, 38.52,

32.68, 32.66, 29.71, 25.61, 24.14, 20.24. . HRMS (ESI) [M+Na]* calculated for C14H2004Na* : 275.1254,
found 275.1263.

XZR-AT-20241105 96 (0.239) 1: TOF MS ES+
100-2 275.1263 1.90e4
52
0 T T T T m/z
275.115 275.120 275125 275.130 275.135

(E)-1-(1-((tert-butyldimethylsilyl)oxy)bicyclo[4.2.0]octan-7-ylidene)-2-oxoethyl acetate (3ew)

OHC OTBS Colorless liquid, 14.2 mg, 21%, purified by chromatography (PE/EA = 20/1,
— Rf = 0.5);'"H NMR (500 MHz, Chloroform-d) § 9.30 (s, 1H), 3.17 — 3.07 (m,
H,COCO 1H), 3.00 (dd, J = 14.9, 2.1 Hz, 1H), 2.88 (d, J = 14.9 Hz, 1H), 2.11 (s, 3H),

1.89 —1.82 (m, 1H), 1.74 (dd, J = 14.3, 3.6 Hz, 1H), 1.59 — 1.29 (m, 6H), 0.77

(s, 9H), 0.00 (s, 6H). *C NMR (126 MHz, Chloroform-d) § 182.42, 168.42,
152.22, 141.06, 70.26, 53.37, 44.08, 36.62, 25.61, 22.08, 21.67, 20.33, 20.25, 17.80, -2.84, -2.96. . HRMS
(ESI) [M+Na]* calculated for C1gH3004SiNa* : 361.1805, found 361.1806.

XZR-B1-20241105 40 (0.113) Cm (12:109) 1: TOF MS ES+
1004 361.1806 1.72e5

!
. 361.2030
361175 361180 361185 361190 361195 361.200

m/z

21



2-0x0-1-(3-phenethylcyclobutylidene)ethyl acetate(3ex)
OHC

— Colorless liquid, 5.2 mg, 10%, purified by chromatography (PE/EA
H3;COCO =20/1, Rf = 0.5); 'H NMR (400 MHz, Chloroform-d) § 9.45 (s,
1H), 7.31 (dd, J = 8.1, 6.8 Hz, 2H), 7.26 — 7.20 (m, 1H), 7.20 - 7.14

(m, 2H), 3.35 (ddd, J = 17.1, 4.8, 3.0 Hz, 1H), 3.00 (dt, J = 9.4, 3.3 Hz, 1H), 2.82 (ddd, J = 16.9, 6.4, 3.9
Hz, 1H), 2.69 — 2.59 (m, 2H), 2.59 — 2.46 (M, 2H), 2.24 (s, 3H), 1.91 (g, J = 7.3 Hz, 2H). °C NMR (126
MHz, Chloroform-d) § 181.84, 168.25, 155.06, 141.43, 139.82, 128.47, 128.36, 126.03, 37.90, 35.64,
34.27, 33.47, 30.82, 29.72. HRMS (ESI) [M+Na]+ calculated for C16H1803Na+ : 281.1148, found
281.1149.

XZR-A8-20241105 115 (0.275) Cm (103:124) 1: TOF MS ES+

100- 281.1149 4.07e3
=

0 T T T T T T T T iz

281112 281114 281.116 281.118 281.120

5. General procedure for tandem Rh(ll)-catalyzed 1,3-acyloxy
migartion/[2 + 2] cycloaddition of propargylic esters with alkynes

To a 1,2-dichloroethane solution of 1 (1.0 mmol, 5.0 equiv, 3.0 mL) in Schlenk tube with a magnetic bar
was added Rh(OPiv)s (0.002 mmol, 1 mol%, 1.3 mg) with various styrene derivatives 2 (0.2 mmol, 1.0
equiv) at 30 T under N,. The sealed tube was then stirred at 80 T under nitrogen atmosphere for 36 h. The
mixture was then concentrated and the residue was purified by chromatography on silica gel (eluent: ethyl
acetate/petroleum ether) to afford the desired product 5.

(2)-2-0x0-1-(3-phenylcyclobut-2-en-1-ylidene)ethyl acetate (5ea)
OHC Yellow liquid, 28.3 mg, 62%, purified by chromatography (PE/EA =
H 10/1, Rf = 0.5): 'H NMR (400 MHz, Chloroform-d) & 9.46 (s, 1H),
- 7.58 — 7.54 (m, 2H), 7.49 — 7.45 (m, 3H), 6.77 (s, 1H), 3.77 —3.65 (m,
H,COCO 2H), 2.32 (s, 3H). °C NMR (101 MHz, Chloroform-d) & 181.88,

168.64, 159.45, 146.85, 132.91, 131.97, 131.25, 128.96, 126.89, 125.45, 34.00, 20.39. HRMS (ESI) [M+Na]*
calculated for C14H1,03Na* ; 251.0678, found 251.0676.

22



«104 |+ES| Scan (0.806 min) Frag=175.0V 20220118ZSF-XZR2.d
251.p676
6_
5_
24
24
14
25102 25104 25106 25108 2511 25112 25114 25116 25118 2512 25122 25124 251.26

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

(2)-2-ox0-1-(3-(p-tolyl)cyclobut-2-en-1-ylidene)ethyl acetate(5eb)

OHC Yellow liquid, 42.1 mg, 87%, purified by chromatography (PE/EA
CH3 = 10/1, Rf = 0.5); 'H NMR (500 MHz, Chloroform-d) & 9.41 (s,
H,COCO 1H), 7.43 (d, J =7.9 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 6.68 (s, 1H),

3.63 (s, 2H), 2.40 (s, 3H), 2.29 (s, 3H). ¥C NMR (126 MHz,
Chloroform-d) & 181.77, 168.64, 159.69, 147.30, 142.05, 132.68, 129.70, 129.33, 126.95, 124.46, 33.99,
21.74, 20.37. HRMS (ESI) [M+Na]* calculated for C1sH140sNa* : 265.0835, found 265.0832.

x105 [+ESI Scan (0.730 min) Frag=175.0V 20220118ZSF-XZR1.d
1.84 * 265/0832
1.6

1.4
1.2

14
0.8
0.6
0.4
0.2

0

265.082 265.083 265.084 265.085 265.086 265.087 265.088
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-butylphenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate (5ec)

OHC Yellow liquid, 49.4 mg, 87%, purified by chromatography (PE/EA
n-Bu = 10/1, Rf = 0.5); *H NMR (500 MHz, Chloroform-d) & 9.42 (s,
H,COCO 1H), 7.45 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 6.69 (s, 1H),
3.64 (s, 2H), 2.66 (t, J = 7.7 Hz, 2H), 2.29 (s, 3H), 1.65 — 1.57 (m,

2H), 1.36 (g, J = 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). *C NMR (126 MHz, Chloroform-d) § 181.76, 168.64,

159.73, 147.33, 147.06, 132.67, 129.52, 129.07, 126.99, 124.46, 35.79, 34.00, 33.31, 22.31, 20.37, 13.89.
HRMS (ESI) [M+Na]* calculated for CigH2003sNa* : 307.1304, found 307.1302.
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x104 [+ESI Scan (0.786 min) Frag=175.0v 20220118ZSF-XZR3.d
6. 307.4302
5.5
54
45-
354
3
2.5
24
154
14
0.5

307.12 307.125 307.13 307.135 307.14 307.145 307.15 307.155
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-(tert-butyl)phenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5ed)
OHC Yellow liquid, 44.3 mg, 78%, purified by chromatography (PE/EA
> ‘ . < =10/1, Rf=0.5); *H NMR (500 MHz, Chloroform-d) & 9.42 (s, 1H),
— O 7.48 (s, 5H), 6.70 (s, 1H), 3.65 (s, 2H), 2.30 (s, 3H), 1.34 (s, 9H).
H3COCO 13C NMR (126 MHz, Chloroform-d) & 181.81, 168.66, 159.64,

155.14, 147.38, 132.69, 129.28, 126.86, 125.96, 124.61, 35.15, 34.02, 31.11, 20.39. HRMS (ESI) [M+Na]*
calculated for C1gH2003Na* ; 307.1304, found 307.1300.

x105 [+ESI Scan (0.750 min) Frag=175.0v 20220118ZSF-XZR4.d
1.1+ 307.1300
14
0.5
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

307.12 307.125 307.13 307.135 307.14 307.145 307.15 307.155
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-methoxyphenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate (5ee)
OHC Yellow liquid, 44.9 mg, 87%, purified by chromatography (PE/EA
> ‘ . OMe = 5/1 Rf=05); "H NMR (500 MHz, Chloroform-d) 9.39 (d, J =
- 1.9 Hz, 1H), 7.51 — 7.44 (m, 2H), 6.99 — 6.93 (m, 2H), 6.60 (d, J =
H5COCO 1.5 Hz, 1H), 3.86 (d, J = 1.7 Hz, 3H), 3.64 — 3.59 (m, 2H), 2.29 (d,
J = 1.4 Hz, 3H). C NMR (126 MHz, Chloroform-d) 5 181.62, 168.67, 162.26, 159.50, 147.61, 132.34,

128.91, 124.87, 123.04, 114.49, 55.50, 34.01, 20.38. HRMS (ESI) [M+H]* calculated for CisHs04" :
259.0964, found 259.0965.
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x104 |+ESI Scan (0.712 min) Frag=175.0V 20220118ZSF-XZR7.d

25509  259.092 259.094 259.096 259.098 2591 255102 259.104  259.106 259108  259.11
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-ethoxyphenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5ef)
OHC Yellow liquid, M.P: 97-98 <C, 49.5 mg, 91%, purified by
OEt chromatography (PE/EA = 5/1, Rf = 0.5); 'H NMR (500 MHz,
H.COCO Chloroform-d) 6 9.39 (s, 1H), 7.47 (d, J = 8.7 Hz, 2H), 6.94 (d, J =
3 8.7 Hz, 2H), 6.59 (s, 1H), 4.09 (q, J = 7.0 Hz, 2H), 3.61 (s, 2H), 2.29
(s, 3H), 1.44 (t, J = 7.0 Hz, 3H). 3C NMR (126 MHz, Chloroform-d) & 181.61, 168.67, 161.69, 159.61,

147.70, 132.30, 128.93, 124.67, 122.89, 114.93, 63.81, 34.00, 20.37, 14.66. HRMS (ESI) [M+H]" calculated
for C16H1704" : 273.1121, found 273.1123.

%105 |+ESI Scan (0.706 min) Frag=175.0V 20220118ZSF-XZR10.d
144 Rl e
1.2

1
0.84
0.6
0.44

0.2

27309 273095 2731 273105 27311 27315 27312 273125 27313 273135 27314
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-(diphenylamino)phenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5eq)
OHC Yellow solid, M.P: 115-116 <C, 48.2 mg, 61%, purified by
NPh chromatography (PE/EA = 3/1, Rf = 0.4); 'H NMR (500 MHz,
H.COCT 2 Chloroform-d) 8 9.38 (s, 1H), 7.39 — 7.29 (m, 6H), 7.18 — 7.10 (m,
3 6H), 7.01 (d, J = 8.8 Hz, 2H), 6.56 (s, 1H), 3.60 (s, 2H), 2.28 (s,
3H). 13C NMR (126 MHz, Chloroform-d) § 181.48, 168.71, 159.42, 150.81, 147.95, 146.47, 132.24, 129.65,

128.35, 125.85, 124.66, 124.47, 122.61, 120.67, 34.01, 20.42. HRMS (ESI) [M+H]* calculated for
Co6H22NO3" : 396.1593, found 396.1591.

105 [+ESI Scan (0.758 min) Frag=175.0v 20220118ZSF-XZR16.d
i1

144 i b
124
14
02
064
0.4
024

3%6.154 396155 396.156 396.157 396158 396.159 39616 396161 396162 396163  396.164
Counts vs. Mass-to-Charge (m/z)
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(2)-2-ox0-1-(3-(m-tolyl)cyclobut-2-en-1-ylidene)ethyl acetate(5eh)
Yellow liquid, 35.3 mg, 73%, purified by chromatography (PE/EA = 10/1,
OHC Rf = 0.5. 'H NMR (500 MHz, Chloroform-d) & 9.43 (s, 1H), 7.35 — 7.32
O (M, 3H), 7.29 — 7.25 (m, 1H), 6.72 (s, 1H), 3.65 (s, 2H), 2.40 (s, 3H), 2.30
(s, 3H). *H NMR (500 MHz, Chloroform-d) & 9.43 (s, 1H), 7.35 - 7.32 (m,
3H), 7.29 — 7.25 (m, 1H), 6.72 (s, 1H), 3.65 (s, 2H), 2.40 (s, 3H), 2.30 (s,
3H). HRMS (ESI) [M+Na]* calculated for C15H1403Na* : 265.0835, found 265.0833.

H,COCO

«104 |+ESI Scan (0.747 min) Frag=175.0V 20220118ZSF-XZR5.d
s 65,0833

n
s
[

265074 265076 265078 26508 265082 265.084 265086 265088 26509  265.092
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(3-methoxyphenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5ei)
Yellow solid, M.P: 95-96 <C, 50.0 mg, 97%, purified by chromatography

HaCO (PE/EA = 5/1, Rf = 0.5); "H NMR (500 MHz, Chloroform-d) & 9.40 (d, J
OHC = 1.9 Hz, 1H), 7.44 — 7.38 (m, 1H), 7.31 (dd, J = 7.7, 1.9 Hz, 1H), 7.03 —
— 6.98 (M, 1H), 6.94 (d, J = 8.4 Hz, 1H), 6.75 (d, J = 1.6 Hz, 1H), 3.92 (d, J

H,COCO

= 1.9 Hz, 3H), 3.65 — 3.62 (m, 2H), 2.30 (d, J = 1.5 Hz, 3H). *°C NMR
(126 MHz, Chloroform-d) & 181.78, 168.66, 159.89, 156.22, 148.84, 132.84, 132.49, 129.39, 129.07, 121.06,
120.64, 110.89, 55.41, 34.89, 20.40. HRMS (ESI) [M+H]* calculated for CisH1sO4* : 259.0965, found
259.0962.

%104 [+ESI Scan (0.758 min) Frag=175.0V 20220118ZSF-XZR3.d
354
3
25
24
1.54
14
0.54
0

259.09 259.092 259,094 259.095 259.098 259.1 259.102 259.104
Counts vs. Mass-to-Charge (m/z)
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(2)-2-ox0-1-(3-(m-tolyl)cyclobut-2-en-1-ylidene)ethyl acetate(5ej)
OHC Yellow liquid, 29.0 mg, 60%, purified by chromatography (PE/EA =
10/1, Rf = 0.5); *H NMR (500 MHz, Chloroform-d) 5 9.43 (s, 1H), 7.34
(d, J=2.8 Hz, 3H), 6.72 (s, 1H), 3.65 (s, 2H), 2.40 (s, 3H), 2.30 (s, 3H).
H3COCO - 13C NMR (126 MHz, Chloroform-d) & 181.83, 168.63, 159.74, 147.05,

Hs  138.70,132.82, 132.15, 131.92, 128.84, 127.45, 125.26, 124.10, 34.01,
21.29, 20.37. HRMS (ESI) [M+Na]* calculated for C1sH1403Na* : 265.0835, found 265.0834.

x1 ; 5 |+ESI Scan (0.738 min) Frag=175.0V 20220118ZSF-XZR6 d
A 265.0834
22 G (32
2_
1.84
164
1.44
1.2
14
0.8
0.6
0.4
0.2

0

265.074 265076 265078 26508 265082 265084  265.086 265088 26509  265.092
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(3-methoxyphenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5ek)
OCH; Yellow solid, M.P: 93-94 <C, 41.3mg, 80%, purified by

OHC chromatography (PE/EA = 5/1, Rf = 0.5); 'H NMR (500 MHz,
_ O Chloroform-d) & 9.42 (s, 1H), 7.36 (t, J = 7.9 Hz, 1H), 7.13 (d, J =
H,COCG 7.6 Hz, 1H), 7.03 — 6.98 (m, 2H), 3.84 (s, 3H), 3.64 (5, 2H), 2.29 (s,

3H). 3C NMR (126 MHz, Chloroform-d) 5 181.87, 168.61, 159.92,
159.36, 146.76, 133.23, 132.95, 130.02, 125.74, 119.51, 117.14, 111.76, 55.38, 34.04, 20.36. HRMS (ESI)
[M+Na]* calculated for CisH1404Na* : 281.0784, found 281.0780.

%1035 [+ESI Scan (0.713 min) Frag=175.0V 20220118ZSF-XZR8.d

1.24

281 281.05 281.1 281.15 28122 281.25 2813
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-fluorophenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5el)
OHC Yellow solid, M.P: 125-126 <, 26.0 mg, 53%, purified by
F chromatography (PE/EA = 10/1, Rf = 0.5); 'H NMR (500 MHz,
H.COCO Chloroform-d) 6 9.43 (s, 1H), 7.63 — 7.45 (m, 2H), 7.14 (t, J = 8.6 Hz,
3 2H), 6.69 (s, 1H), 3.66 (s, 2H), 2.30 (s, 3H). *C NMR (126 MHz,
Chloroform-d) 5 181.82, 168.61, 164.40 (d, J = 253.9 Hz), 158.10, 146.41, 132.90, 129.05 (d, J = 8.9 Hz),

128.45 (d, J = 3.3 Hz), 125.01 (d, J = 2.3 Hz), 116.31 (d, J = 22.2 Hz), 34.07, 20.36. °F NMR (471 MHz,
Chloroform-d) 6 -106.89. HRMS (ESI) [M+Na]* calculated for C14H1:FO3Na* : 269.0584, found 269.0581.
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x104 [+ESI Scan (0.702 min) Frag=175.0V 20220118ZSF-XZR13.d

8- 2690581

6

5

44

3

24

14

0

269.05 269.052 269.054 269.056 263.058 269.06 269.062 269.084 269.066 269.068 269.07 269.072 269.074 269.076
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-chlorophenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5em)
OHC Yellow solid, M.P: 96-97 <C,40.0 mg, 61%, purified by
CI chromatography (PE/EA = 10/1, Rf = 0.5); 'H NMR (500 MHz,
H.COCO Chloroform-d) 6 9.37 (s, 1H), 6.36 (s, 1H), 4.55 (s, 4H), 4.20 (s, 5H),
3 3.56 (s, 2H), 2.28 (s, 3H). ¥C NMR (126 MHz, Chloroform-d) &

181.84, 168.58, 157.81, 146.15, 137.29, 133.11, 130.46, 129.33, 128.05, 125.95, 34.00, 20.36. HRMS (ESI)
[M+Na]* calculated for C14H1:ClO3Na* : 285.0289, found 285.0285.

%104 |+ESI Scan (0.734 min) Frag=175.0V 20220118ZSF-XZR12.d

285 h78
285.0285

285.022 285.024 285026 285028 28503 285032 285034 285036 285038  285.04
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-bromophenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5en)
Yellow solid, M.P: 90-91 <C,545 mg, 89%, purified by
OHC, chromatography (PE/EA = 10/1, Rf = 0.5); H NMR (500 MHz,
M— O Br Chloroform-d) § 9.43 (s, 1H), 7.58 (d, J = 8.5 Hz, 2H), 7.38 (d, J =
H;COCO 8.5 Hz, 2H), 6.75 (s, 1H), 3.66 (s, 2H), 2.30 (s, 3H). *C NMR (126

MHz, Chloroform-d) & 181.85, 168.55, 157.85, 146.10, 133.14, 132.28, 130.85, 128.19, 126.10, 125.73,
33.96, 20.36. HRMS (ESI) [M+Na]* calculated for C14H11BrOsNa* : 328.9784, found 328.9780.

x104 [+ESI Scan (0.735 min) Frag=175.0V 20220118ZSF-XZR11.d
4.54 328 9780

4
3.54
34

328.965 32897 328,975 328.98 328,985 328.99 328,995
Counts vs. Mass-to-Charge (m/z)
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(2)-2-ox0-1-(3-(4-(trifluoromethyl)phenyl)cyclobut-2-en-1-ylidene)ethyl acetate(5eo0)
Yellow solid, M.P: 160-161 <C, 26.1 mg, 44%, purified by
OHC chromatography (PE/EA = 10/1, Rf = 0.5); 'H NMR (500 MHz,
CF3 Chloroform-d) & 9.47 (s, 1H), 7.70 (d, J = 8.1 Hz, 2H), 7.63 (d, J =
H3COCO 8.1 Hz, 2H), 6.86 (s, 1H), 3.72 (s, 2H), 2.31 (s, 3H). 3C NMR (126
MHz, Chloroform-d) & 181.91, 168.52, 157.00, 145.38, 135.09,

133.57, 127.79, 126.93, 126.25, 125.96 (q, J = 3.8 Hz), 34.05, 20.35. F NMR (471 MHz, Chloroform-d) &
-62.99. . HRMS (ESI) [M+Na]* calculated for Ci1sH11F303sNa* : 319.0552, found 319.0548.

%104 |+ESI Scan (0.778 min) Frag=175.0V 20220118ZSF-XZR14.d
319.0548
34
254
24
1.54
14
0.5
319.02 319.03 319.04 319.05 319.06 319.07 319.08 319.09 3191
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-cyanophenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5ep)
OHC Yellow liquid, 22.3 mg, 44%, purified by chromatography (PE/EA
CN = 5/1, Rf = 0.6); H NMR (500 MHz, Chloroform-d) 3 9.47 (s, 1H),
H,COCO 7.74(d, J=8.4 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H), 6.89 (s, 1H), 3.72
(s, 2H), 2.31 (s, 3H). *C NMR (126 MHz, Chloroform-d) 5 181.98,

168.51, 156.18, 144.84, 135.79, 133.85, 132.69, 128.89, 127.04, 118.20, 113.94, 34.01, 20.36. HRMS (ESI)
[M+Na]* calculated for C1sH11NO3sNa* : 276.0631, found 276.0625.

x10 3 |+ESI Scan (0.628 min) Frag=175.0V 20220118ZSF-XZR15.d

276.9625

276.06 276.062 276.084 276.066 276.068 276.07 276.072 276.074 276.076
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-nitrophenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate (5eq)
Yellow liquid, 33.9 mg, 62%, purified by chromatography (PE/EA

OHC = 5/1, Rf = 0.6); 'H NMR (500 MHz, Chioroform-d) § 9.41 (s, 1H),

NOz 8.23 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H), 6.87 (s, 1H), 3.68

H3COCO (s, 2H), 2.24 (s, 3H). 13C NMR (126 MHz, Chloroform-d) & 182.02,
168.50, 155.70, 148.68, 144.67, 137.55, 133.98, 129.53, 127.39, 124.29, 34.14, 20.34.
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Methyl (2)-4-(3-(1-acetoxy-2-oxoethylidene)cyclobut-1-en-1-yl)benzoate (5er)
OHC Yellow solid, M.P: 95-96 <C, 40.1mg, 70%, purified by
COOMe chromatography (PE/EA = 5/1, Rf = 0.6); 'H NMR (500 MHz,
H.COCO Chloroform-d) 8 9.46 (s, 1H), 8.10 (d, J = 8.3 Hz, 2H), 7.59
3 (d, J = 8.3 Hz, 2H), 6.85 (s, 1H), 3.95 (s, 3H), 3.71 (s, 2H),
2.31 (s, 3H). 3C NMR (126 MHz, Chloroform-d) § 181.96, 168.55, 166.24, 157.63, 145.82, 135.77, 133.47,

131.93, 130.11, 127.75, 126.64, 52.40, 34.04, 20.35. HRMS (ESI) [M+Na]* calculated for C1sH140sNa* :
309.0733, found 309.0728.

x104 |+ESI Scan (0.741 min) Frag=175.0V 20220118ZSF-XZR18.d
3_ 10 7728
2.751

309.0625 309.065 303.0675 309.07 309.0725 309.075 309.0775 309.08 309.0825 309.085 309.0875 309.09
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(3-hydroxyphenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate (5es)
Yellow solid, M.P: 118-119 <C, 29.8 mg, 61%, purified by

0o chromatography (PE/EA = 3/1, Rf = 0.6); 'H NMR (500 MHz,
OHC Chloroform-d) 8 9.37 (s, 1H), 7.30 — 7.25 (m, 1H), 7.02 (d, J = 7.2 Hz,
— 1H), 6.94 (dd, J = 6.2, 2.8 Hz, 2H), 6.66 (s, 1H), 3.48 (s, 2H), 2.31 (s, 3H).

H3COCO 13C NMR (126 MHz, Chloroform-d) & 182.24, 169.40, 159.99, 156.64,
147.87, 133.14, 132.73, 130.12, 125.44, 119.31, 118.87, 113.45, 33.92, 20.43. HRMS (ESI) [M+Na]*
calculated for C14H1,04Na* : 267.0628, found 267.0624.

«104 |+ES| Scan (0.718 min) Frag=175.0V 20220118ZSF-XZR17.
6- 267 D524
5.5
54
454

4

35-
3
251
24
154
14
0.5-
0

267.054 267.056 267.058 267.06 267.062 267.064 267.066 267.068 267.07 267.072 267.074 267.076 267.078 267.08
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(4-formylphenyl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate (5et)
OHC Yellow solid, M.P: 148-149 <C, 33.3 mg, 65%, purified by
CHO chromatography (PE/EA = 5/1, Rf = 0.6); 'H NMR (500 MHz,
H,COCO Chloroform-d) & 10.06 (s, 1H), 9.47 (s, 1H), 7.96 (d, J = 8.2 Hz,
2H), 7.68 (d, J = 8.2 Hz, 2H), 6.90 (s, 1H), 3.74 (s, 2H), 2.31 (s,
3H). 3C NMR (126 MHz, Chloroform-d) & 191.25, 181.98, 168.53, 157.11, 145.40, 137.45, 137.10, 133.68,

130.16, 128.57, 127.21, 34.09, 20.36. HRMS (ESI) [M+Na]* calculated for C15H1204Na* : 279.0628, found
279.0624.
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x10 3 |+ESI Scan (0.808 min) Frag=175.0V 20220118ZSF-XZR19.d

2.75
254
2.25
24
1.75
1.54
1.254
14
0.751
0.5
0.254

279.06 279.061 279.062 279.063 279.064 279.065 279.066
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-([1,1'-biphenyl]-4-yl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate (5eu)
OHC Yellow solid, M.P: 156-157 <C, 35.9 mg, 59%, purified by
Q O O chromatography (PE/EA = 10/1, Rf = 0.6); H NMR (500 MHz,
’ coco>:‘_H Chloroform-d) 3 9.36 (s, 1H), 7.60 (d, J = 7.9 Hz, 2H), 7.53 (dd,
3 J=14.1,7.9 Hz, 4H), 7.39 (t, J = 7.6 Hz, 2H), 7.32 (d, J = 7.4
Hz, 1H), 6.68 (s, 1H), 3.60 (s, 2H), 2.23 (s, 3H). 3C NMR (126 MHz, Chloroform-d) & 181.88, 168.69,

159.09, 147.04, 143.96, 139.87, 132.88, 130.82, 129.02, 128.20, 127.58, 127.46, 127.10, 125.40, 34.06, 20.41.
HRMS (ESI) [M+H]* calculated for CxH1703* : 305.1172, found 305.1169.

x104 [+ESI Scan (0.781 min) Frag=175.0V 20220118ZSF-XZR20.d
554 205 1189

54
454

305.11 305112 305114 305116  305.118 305.12 305122 305124  305.126
Counts vs. Mass-to-Charge (m/z)

(2)-1-(3-(naphthalen-1-yl)cyclobut-2-en-1-ylidene)-2-oxoethyl acetate(5ev)
@ Red solid, M.P: 115-116 <C, 34.3 mg, 51%, purified by chromatography
] (PE/EA = 10/1, Rf = 0.6); *H NMR (500 MHz, Chloroform-d) § 9.37 (s,

OHC Fe 1H), 6.36 (s, 1H), 4.55 (s, 4H), 4.20 (s, 5H), 3.56 (s, 2H), 2.28 (s, 3H). *H
— <1 >7 NMR (500 MHz, Chloroform-d) & 9.37 (s, 1H), 6.36 (s, 1H), 4.55 (s, 4H),
H,COCO 4.20 (s, 5H), 3.56 (s, 2H), 2.28 (s, 3H).HRMS (ESI) [M+H]* calculated for

CigH17FeOs™ : 337.0522, found 337.0523.

%104 |+ESI Scan (0.691 min) Frag=175.0V 20220118ZSF-XZR22.d

* 337|0523

337.051 337.0515 337.052 337.0525 2337.053 337.0535 337.054 337.0545 337.055 337.0555 337.056
Counts vs. Mass-to-Charge (m/z)
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(2)-2-ox0-1-(3-(thiophen-3-yl)cyclobut-2-en-1-ylidene)ethyl acetate(5ew)
Yellow solid, M.P: 150-151 <C, 43.1 mg, 92%, purified by chromatography
OHC / S (PE/EA=10/1,Rf=0.6); '"H NMR (500 MHz, Chloroform-d) § 9.40 (s, 1H),
>:<>/© 7.59(dd, J=2.9,1.2 Hz, 1H), 7.40 (dd, J =5.1, 2.9 Hz, 1H), 7.31 - 7.26 (m,
H,COCO 1H), 6.50 (s, 1H), 3.64 (s, 2H), 2.29 (s, 3H). *C NMR (126 MHz,
Chloroform-d) & 181.73, 168.60, 153.75, 147.80, 135.36, 132.97, 127.97,

127.45, 125.55, 124.32, 34.78, 20.36. HRMS (ESI) [M+Na]* calculated for C12H1003SNa* : 257.0243, found
257.0240.

%104 |+ESI Scan (0.798 min) Frag=175.0V 20220118ZSF-XZR23.d

57 §240
22/ 925U

3.5
3
254
24
1.5
14

0.51

0

25698 25699 257  257.01 25702 25703 257.04 25705 25706 257.07 257.08 257.09 257.1
Counts vs. Mass-to-Charge (m/z)

(Z2)-2-ox0-1-(3-(thiophen-2-yl) cyclobut-2-en-1-ylidene)ethyl acetate (5ex)

OHC S Yellow solid, M.P: 150-151 <C, 41.2 mg, 88%, purified by chromatography

>:<>—@ (PE/EA = 10/1, Rf = 0.6); *H NMR (500 MHz, Chloroform-d) & 9.38 (s,

H,COCO 1H), 7.57 (d, J = 5.0 Hz, 1H), 7.32 (d, J = 3.7 Hz, 1H), 7.13 (dd, J = 5.1,

3.7 Hz, 1H), 6.50 (s, 1H), 3.68 (s, 2H), 2.28 (s, 3H). 3C NMR (126 MHz,

Chloroform-d) & 181.59, 168.57, 152.00, 147.39, 136.17, 132.95, 131.37, 129.96, 128.62, 123.74, 35.39,
20.34. HRMS (ESI) [M+Na]* calculated for C12H100sSNa* : 257.0243, found 257.0239.

x105 |+ESI Scan (0.733 min) Frag=175.0V 20220118ZSF-XZR24.d

2 2579239
1.8
1.6
1.4
1.2

14
0.8
0.6
0.4
0.2

0

2568 25685 2569 25695 257 25705 2501 25715  25/2 25725 2503  251.35
Counts vs. Mass-to-Charge (m/z)
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6. Gram-scale reaction and synthetic applications

6.1 Gram-scale reaction of tandem Rh(ll)-catalyzed 1,3-acyl migartion/[2 + 2]
cycloaddition of propargylic esters

>=o . CHO
. o /@/\ Rh,(OPiv), (1 mol%) %
\+/< DCE(0.2 M), N,, 80°C OAc

1e, 9.7 mmol 2a, 2.0 eq 3ea, 1.54 g, 65%

Procedure for gram-scale reaction: To a 1,2-dichloroethane solution of 1e (9.7 mmol, 30 mL) in Schlenk
tube with a magnetic bar was added Rh,(OPiv). (0.097 mmol, 1 mol%, 59.2 mg) with 4-methylstyrene 2a
(2.0 equiv) at 30 <€ under N. The sealed tube was then stirred at 80 <C under nitrogen atmosphere for 96 h.
The mixture was then concentrated and the residue was purified by chromatography on silica gel (eluent:
ethyl acetate/petroleum ether = 30:1) to afford the desired product 3ea (1.54 g, 65%).

6.2 The derivatization of alkylidenecyclobutanes:
2-acetoxy-2-(3-(p-tolyl)cyclobutylidene)acetic acid(6a)®
COO The substrates 3e (48.8 mg, 0.2 mmol) was dissolved in '‘BuOH (1.5 mL)
< > < >—< and H,O (0.5 mL) at rt, NaClO2 (0.6 mmol, 3.0 equiv), KH2PO4 (0.8 mmol,
OAG 4.0 equiv) and 2-methylbut-2-ene (2 mmol, 10.0 egiv)was added into the
solution and then stirred for overnight monitored by TLC (SiO,,
dichloromethane /MeOH = 20:1). After completed, the reaction was diluted with DCM and quenched with
water (30 mL). The layers were separated and the aqueous phase was extracted with DCM (3 <5 mL). The
combined organic layers were washed with brine (3 mL), dried over anhydrous Na,SO., filtrated and
concentrated under reduced pressure. The residue was purified by silica gel chromatography (petroleum
dichloromethane /MeOH = 20:1) to afford the desired product 6a.(Yellow solid, 28.1 mg, 54%).

Purified by chromatography (DCM /MeOH = 20:1, Rf = 0.5). Colorless solid, M.P: 89-90 <C. *H NMR (500
MHz, Chloroform-d) § 7.07 (s, 4H), 3.55 (p, J = 8.9 Hz, 2H), 3.25 — 3.05 (m, 2H), 2.88 — 2.72 (m, 1H), 2.26
(s, 3H), 2.14 (s, 3H). 3C NMR (126 MHz, Chloroform-d) & 168.95, 167.09, 150.48, 141.05, 136.14, 130.67,
129.25, 126.26, 39.29, 37.10, 34.74, 21.03, 20.30. HRMS (ESI) [M+Na]* calculated for CisH1s04Na* :
283.0941, found 283.0945.

%108 [+ESI Scan (0.245 min) Frag=175.0v 20230513-2SF-XZR-4.d
Ly - 2830945
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1.024
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Ethyl (E)-4-acetoxy-4-(3-(p-tolyl)cyclobutylidene)but-2-enoate(6b)
COOEt Under N, atmosphere, the substrates 3e (48.8 mg, 0.2 mmol) was

J— dissolved THF at 0 <C, NaH(0.2 mmol, 1.0 eq) was added into the
_ solution and then stirred for 30 min. Then, PhsP=CHCOOELt was
OA added into the solution and stirred for 2 h and monitored by TLC

¢ (SiO., petroleum ether/ethyl acetate = 3:1). After completed, the
reaction was quenched with water (30 mL) and diluted with EA. The layers were separated and the aqueous
phase was extracted with EA (3 <2 mL). The combined organic layers were washed with brine (3 mL), dried
over anhydrous Na,SQq, filtrated and concentrated under reduced pressure. The residue was purified by silica
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gel chromatography (petroleum ether/ethyl acetate = 3:1) to afford the desired product 6b.(Yellow liquid,

62.3 mg, 99%).

Purified by chromatography (PE /EA = 3:1, Rf = 0.5). *H NMR (500 MHz, Chloroform-d) § 7.21 (d, J=15.5
Hz, 1H), 7.14 (d, J = 3.6 Hz, 4H), 5.75 (d, J = 15.5 Hz, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.60 (p, J = 8.1 Hz,
1H), 3.40 (ddt, J = 15.4, 8.7, 3.1 Hz, 1H), 3.07 (dddd, J = 27.5, 16.5, 8.1, 3.4 Hz, 2H), 2.82 (ddd, J = 17.4,
7.6, 3.7 Hz, 1H), 2.32 (s, 3H), 2.22 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H). 3C NMR (126 MHz, Chloroform-d) &
167.98, 166.77, 141.21, 140.17, 137.66, 136.10, 134.61, 129.23, 126.30, 115.44, 60.51, 36.91, 36.70, 34.31,
21.03, 20.43, 14.32. HRMS (ESI) [M+Na]* calculated for C19H2,0sNa* : 337.1410, found 337.1412.

x104 |+ESI Scan (0.298 min) Frag=175.0V 20230513-ZSF-XZR-3.d

2.554
2.544
2.534
2.524
251

2.5
2.49
2.48
2474
2.46+

2.454

33711412

33709 3371 237,11

33712 33713 33714 33715 33716 33717 33718
Counts vs. Mass-to-Charge (m/z)

Methyl (E)-4-((dimethoxyphosphoryl)oxy)-4-(3-(p-tolyl)cyclobutylidene)but-2-enoate(6c)®

COOMe

0=

O v
/ ~N
/P\\

o)
\

@)

Under N2 atmosphere, the substrates 3e (48.8 mg, 0.2 mmol) was
dissolved THF at 0 <C, NaH (0.2 mmol, 1.0 eq) was added into the
solution and then stirred for 30 min.  Then,
(MeQ),P(O)CH,COOMe was dropwise into the solution and
stirred for 2 h and monitored by TLC (SiOa, petroleum ether/ethyl
acetate = 3:1). After completed, the reaction was quenched with
water (30 mL) and diluted with EA. The layers were separated and
the agueous phase was extracted with EA (3 < 2 mL). The

combined organic layers were washed with brine (3 mL), dried over anhydrous Na,SO, filtrated and
concentrated under reduced pressure. The residue was purified by silica gel chromatography (petroleum
ether/ethyl acetate = 3:1) to afford the desired product 6d.(Yellow liquid, 43.9 mg, 60%).

Purified by chromatography (PE /EA = 3:1, Rf = 0.2). *H NMR (500 MHz, Chloroform-d) & 7.21 — 7.10 (m,
5H), 6.05 (d, J = 15.4 Hz, 1H), 3.85 (s, 3H), 3.82 (s, 3H), 3.76 (s, 3H), 3.60 (p, J = 8.2 Hz, 1H), 3.39 (dddd,
J=34.1,17.7, 9.8, 4.3 Hz, 2H), 3.04 (tdt, J = 16.1, 7.7, 3.9 Hz, 2H), 2.33 (s, 3H). *C NMR (126 MHz,
Chloroform-d) 6 167.32, 141.16, 138.60, 138.56, 137.35, 137.29, 136.09, 134.86, 134.84, 129.21, 126.29,
115.96, 54.94, 54.89, 51.71, 37.29, 36.77, 34.19, 21.02. 3'P NMR (202 MHz, Chloroform-d) & -2.93.HRMS
(ESI) [M+Na]* calculated for C1gH2306PNa* : 389.1124, found 389.1124.

%103 |+ESI Scan (0.263 min) Frag=175.0V 20230513-ZSF-XZR-5.d

1.344
13341
1.32
1.314

1.34
1.294
1.284
1.274
1.264
1.254
1.244
1.234

389,104 389,106

389,108 38911 389,112 389,114 389,116 389,118 389.12

Counts vs. Mass-to-Charge (m/z)
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(E)-4-hydroxy-1-(3-(p-tolyl)cyclobutylidene)but-2-en-1-yl dimethyl phosphate (6d)
Under N, atmosphere, the substrates 3e (48.8 mg, 0.2 mmol) was

_ dissolved THF at 0 <C, NaH(0.2 mmol, 1.0 eq) was added into the
_ solution and then stirred for 30 min. Then, (MeO),P(O)CH.COOMe
5 was dropwise into the solution and stirred for 2 h and monitored by

O TLC (SiO,, petroleum ether/ethyl acetate = 3:1). After completed,
/P\\O the reaction was quenched with water (30 mL) and diluted with EA.
O\ The layers were separated and the aqueous phase was extracted with

EA (3 x2 mL). The combined organic layers were washed with brine
(3 mL), dried over anhydrous Na;SOy, filtrated and concentrated under reduced pressure. The residue was
purified by silica gel chromatography (petroleum ether/ethyl acetate = 3:1) to afford the desired product
6¢.(Yellow liquid, 43.9 mg, 60%).

The substrates 6¢ (0.12 mmol, 1.0 equiv) was dissolved in toluene (1.0 mL) at 0 <C, LiAlIH4 (1.2 eqiv) was
added into the solution and then stirred for 2 h monitored by TLC (SiO,, petroleum ether/ethyl acetate = 1:1).
After completed, the reaction was quenched with water (1 mL) and. diluted with EA The layers were
separated and the aqueous phase was extracted with EA (3 <3 mL). The combined organic layers were
washed with brine (3 mL), dried over anhydrous Na,SOs, filtrated and concentrated under reduced pressure.
The residue was purified by silica gel chromatography (petroleum ether/ethyl acetate = 1:1) to afford the
desired product 6d.(Yellow liquid, 20.3 mg, 55%).

Purified by chromatography (PE /EA = 1:1, Rf = 0.3). *H NMR (500 MHz, Chloroform-d) & 7.08 (m, 4H),
6.07 (d, J = 15.6 Hz, 1H), 5.95 (dt, J = 15.6, 5.4 Hz, 1H), 4.18 (d, J = 5.4 Hz, 2H), 3.77 (d, J = 2.7 Hz, 4H),
3.75(d, J = 2.7 Hz, 4H), 3.48 (p, J = 8.2 Hz, 1H), 3.31 — 3.21 (m, 1H), 3.20 — 3.10 (m, 1H), 2.87 (ddt, J =
19.9, 12.1, 3.8 Hz, 2H), 2.26 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 141.85, 137.69 (d, J = 8.8 Hz),
135.88, 129.15, 127.71 (d, J = 5.7 Hz), 126.32, 121.48 (d, J = 3.0 Hz), 62.93, 54.84, 54.78, 36.47, 36.13,
34.46, 21.03. HRMS (ESI) [M+H]* calculated for C17H240sP* : 339.1356, found 339.1355.

%102 [+ESI Scan (0.840 min) Frag=175.0V 20230513-ZSF-XZR-6.d
3391355
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3391335 339.13¢ 3391345 339135 3391355  339.136 3391365 339137  339.1375
Counts vs. Mass-to-Charge (m/z)

2-hydroxy-1-(3-(p-tolyl)cyclobutyl)ethyl acetate (6e)
OH The substrates 3ea (0.2 mmol, 1.0 equiv) was dissolved in CH3OH (2.0
mL) at 0 <C, NaBHj4 (3.0 eqiv) was added into the solution and then stirred
W for overnight monitored by TLC (SiO», petroleum ether/ethyl acetate =
OAc 5:1). After completed, the reaction was quenched with water (2 mL) and.
diluted with EA The layers were separated and the aqueous phase was extracted with EA (3 <3 mL). The
combined organic layers were washed with brine (3 mL), dried over anhydrous Na,SO., filtrated and

concentrated under reduced pressure. The residue was purified by silica gel chromatography (petroleum
ether/ethyl acetate = 5:1) to afford the desired product 6e.(Colorless liquid, 35.2 mg, 71%).

Purified by chromatography (PE /EA = 5:1, Rf = 0.5). Four isomers determined by the 3C NMR of 6e, but
the dr value of 6e was difficult to determine. *H NMR (500 MHz, Chloroform-d) & 7.09 — 6.98 (m, 4H), 4.83
(td, J = 7.0, 3.1 Hz, 1H), 4.22 — 3.98 (m, 1H), 3.94 — 3.82 (m, 1H), 3.73 — 3.52 (m, 1H), 3.52 — 3.22 (M, 1H),
2.43 - 2.27 (m, 3H), 2.24 (d, J = 5.0 Hz, 3H), 2.03 (d, J = 8.5 Hz, 3H), 1.99 — 1.75 (m, 2H). *C NMR (126
MHz, Chloroform-d) 6 171.84, 171.78, 171.42, 171.37, 142.91, 142.64, 142.35, 142.10, 135.52, 135.47,
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135.39, 129.07,128.99, 128.97, 126.29, 126.24, 78.62, 78.56, 73.57, 73.09, 67.16, 66.96, 63.38, 63.16, 35.93,
35.83, 35.74, 33.64, 33.57, 32.26, 32.14, 32.00, 31.74, 31.55, 31.44, 30.98, 30.93, 30.73, 30.40, 21.23, 21.17,
21.02, 20.94. HRMS (ESI) [M+Na]+ calculated for C15H2003Na+ : 271.1304, found 271.1308.

x10 8 |+ESI Scan (0.315 min) Frag=175.0V 20230513-ZSF-XZR-2.d

114 27111308
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.014

27108 27095 271 27105 2711 27115 2712 27125 2713 27135 2714
Counts vs. Mass-to-Charge (m/z)
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7. General procedure for mechanism experiments

7.1 Intermediate exploration test

To a deuterium chloroform solution of 1e (0.2 mmol, 2.0 mL) in Schlenk tube with a magnetic bar was
added Rhy(OPiv)s4 (0.002 mmol, 1 mol%, 1.3 mg) with 4-methylstyrene 2a (0.4 mmol, 2.0 equiv) at 30 T
under N2. The sealed tube was then stirred at 80 <T under nitrogen atmosphere for 0 min, 1 h, 2 h, 3 h, 4 h, 5
h, 12 h, 24 h, 32 hand 46 h. Absorbing 500 uL mixture in the nuclear magnetoscope and doing NMR analysis.
As shown below, the *H-NMR of different time periods is showed.

S o . )@/\ Rh5(OPiv)4 (1 mol%) 4©_<>_<CHO
\%.{ CDCl; (0.1 M), Ny, 80°C OAc

1e 2a 3ea

3ea (9:48 ppm) _1e (9.21ppm) 5.87 ppm 3ea
/ /

46 h W e MULWJ N |
32h e | ||
24 h . ) “J_J QLMJ W |
12h L LI J .

5h % J R LL%MJLMM !
4h | I 1 I O WY Y M |
sh || B | N T I O N LLJ |
2h | L Ll P | _JLJ a
| || o ﬁ h
Inn | |
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£1 (ppm)

Figure S1. Intermediate experiments monitoring through real-time *H-NMR study
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As shown below, the 13*C-NMR of the combined reaction mixture contained 5.87 ppm chemical shift was
presented.

< o\l @ P

< < P q

O (@)} i up

S (@) oP oF

(@\ — - —=
|

21 205 200 195 190 185 180 175
1 (ppm)

bl ] | .

181.89 ppm
0

CHO|
y AN A s
O>L " 175.98 ppm

o
= cHo

M {

IO A |
Rh_(OPiv),
/‘ 199.42 ppm

[ — S

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

Figure S2. The 3C-NMR of the combined reaction mixture contained 5.87 ppm chemical shift

To a deuterium chloroform solution of 1e (0.2 mmol, 2.0 mL) in Schlenk tube with a magnetic bar was
added Rh,(OPiv)4 (0.002 mmol, 1 mol%, 1.3 mg) at 30 <C under N». The sealed tube was then stirred at
30 <C under nitrogen atmosphere for 48 h. Absorbing 500 uL mixture in the nuclear magnetoscope and
doing NMR analysis. As shown below, the nuclear magnetic spectrum is presented.
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Figure S3. Intermediate preparation experiments

7.2 The effect of foemyl group of 1,3-acyl migration

>_ AN . R
§ ) /@/\ Rh,(OPiv), (2 mol%) % o
=R o—/<

DCE, 80 °C,72h

1f, (R =Ph) 2a 3fa, (R = H, ND)

19, (R=H) 3ga, (R=H, ND)

1h, (R = COOMe) 3ha, (R = COOMe, ND)
1i, (R= COCHj) 3ia, (R= COCHs, ND)

To a 1,2-dichloroethane solution of 1 (0.15 mmol, 1.5 mL) in Schlenk tube with a magnetic bar was added
Rh2(OPiv)4 (0.003 mmol, 2 mol%, 1.8 mg) with 4-methylstyrene 2a (5.0 equiv) at 30 <C under N». The sealed
tube was then stirred at 80 <T under nitrogen atmosphere for 72 h. The mixture was then detected by GCMS
and *H-NMR.
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7.3 The evidence of Cooperative weak hydrogen bonding interactions

tBU tBu
H /\ sH' Hva
=@l 0772 OTBS
TBSO1 2 3 o o "Meee- \/—F\{I{ _______
BEB 4 v RuoPw il I
Ha H, Hp 200, O«
= >~ O
7, 0.05 mmol 0.025 mmol ) 7/ i
Bu Bu
mixture A

To deuterated chloroform (1.0 mL ) solution of 7 (0.05 mmol, 4.9 mg) in Schlenk tube with a magnetic bar
was added Rhz(OPiv)4 (0.025 mmol, 15.25 mg) at rt under N2. The sealed tube was then stirred at rt under
nitrogen atmosphere for 15 min. Then, the mixture A was identified by *H-NMR and *C-NMR.

Table S3. The NMR comparison between 7 and mixture A.

Selected corresponding *H NMR data (ppm)

7 Hp (9.24) Ha(4.51) 'Bu(0.92) CH3(0.14)
mixture A H’p (9.21) H’, (4.65) Bu’(0.96) CH=’(0.20)
Deviation -0.03 0.14 0.04 0.06

Selected corresponding **C NMR data (ppm)
7 CHO(176.40) | C2(94.84) | C3(84.19) | C1(51.52) | 25.68 1822 | -5.27
mixture A | CHO(177.21) | C2°(93.92) | C3°(83.62) | C1°(52.24) | 25.74 1829 | -5.19
Deviation 0.81 -0.92 -0.57 0.72 0.06 0.07 0.08
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Figure S4. The stacked NMR figures of 7 and mixture A. (up for *H NMR, down for **C NMR)
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4-((tert-butyldimethylsilyl)oxy)but-2-ynal (7)

A( Yellow liquid, purified by chromatograph (PE/EA = 20/1). *H NMR (400 MHz,
si” Chloroform-d) § 9.24 (s, 1H), 4.51 (s, 2H), 0.92 (s, 9H), 0.14 (s, 6H). *3C NMR (101
o} ~ o MHz Chloroform-d) 8 176.40, 94.84, 84.19, 51.52, 25.68, 18.22, -5.27. HRMS (ESI)

\ — /< [M+H]* calculated for CgH7O4*: 199.1149, found199.1150.

‘Bu _tBu 'H NMR (400 MHz, Chloroform-d) § 9.21 (s, 1H), 4.65 (s, 2H), 1.01

A H (s, 18H), 0.96 (s, 9H), 0.20 (s, 6H). 3C NMR (101 MHz, Chloroform-

O H"Go’o—éﬁ’H OTBS d)$§199.26, 177.21, 93.92, 83.62, 52.24, 40.72, 27.59, 25.74, 18.29,
/ -5.19.
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9. The X-ray diffraction analysis

9.1 Crystal data and structure refinement for 3ej (CCDC 2335728).

Single crystal of 3ej was grown from slow evaporation of DCM/PE solvent. A suitable crystal was selected
and measured on aSuperNova, Dual, Cu at zero, AtlasS2 diffractometer. The crystal was kept at 149.99(10)
K during data collection.

Datablock 2_211_1 - ellipsoid plot

- Prob = 50
@ Temp = 150
o
o c3
é G - Brl
= c4
|
o cl
ol
=]
[
[m)] cs
o
% Cc6 O
Z
o
[
Q.
@
=
=
5
a
Z -6 2.211_1 P12l/c1 R =0.11 RES= 0 -81 X
Ellipsoid plot of the crystal structure of 3ej (Prob =50, Temp = 150 K)
Identification code XZR-2-211-1
Empirical formula C14H13BrOs
Formula weight 309.15
Temperature/K 149.99(10)
Crystal system monoclinic
Space group P2i/c
alA 6.5459(6)
b/A 7.4134(4)
c/A 27.118(3)
a/° 90
p/° 96.115(9)
v/° 90
Volume/A3 1308.48(19)
Z 4
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Pealcg/cm?® 1.569

wmm'? 4.273

F(000) 624.0

Crystal size/mm? 0.13 %0.12 <0.08

Radiation Cu Ko (A =1.54184)

20 range for data collection/® 6.556 to 133.136

Index ranges -7<h<7,-8<k<8,-3<1<32
Reflections collected 2308

Independent reflections 2308 [Rint = ?, Rsigma = 0.1447]
Data/restraints/parameters ~ 2308/0/165

Goodness-of-fit on F? 2.595

Final R indexes [[>=20 (I)] R1=0.1337, wR2 = 0.3452
Final R indexes [all data] R1 =0.1451, wR, = 0.3523
Largest diff. peak/hole / e A3 3.42/-1.54

9.2 Crystal data and structure refinement for 5er (CCDC 2335731).

Single crystal of 5er was grown from slow evaporation of DCM/PE solvent. A suitable crystal was selected
and measured on aSuperNova, Dual, Cu at zero, AtlasS2 diffractometer. The crystal was kept at 149.99(10)

K during data collection.

Diatablock 1794 - ellipsoid plot
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Ellipsoid plot of the crystal structure of 5er (Prob = 50, Temp = 150 K)
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Identification code 179-4

Empirical formula C16H1405
Formula weight 286.27
Temperature/K 149.99(10)
Crystal system monoclinic

Space group P2,

alA 6.7856(4)

b/A 6.0442(4)

c/A 16.6292(9)

a/° 90

pB/° 92.683(5)

v/° 90

Volume/A3 681.27(7)

Z 2

pcalcglcm3 1.396

wmm? 0.871

F(000) 300.0

Crystal size/mm3 0.14 x0.12 x<0.11
Radiation CuKa (A=1.54184)
20 range for data collection/°5.32 to 146.87
Index ranges -5<h<8,-6<k<7,-20<1<19
Reflections collected 2502

Independent reflections 1897 [Rint = 0.0449, Rsigma = 0.0340]
Data/restraints/parameters ~ 1897/1/193

Goodness-of-fit on F? 1.141

Final R indexes [I>=20 (I)] R1=0.0834, wR, = 0.2455

Final R indexes [all data] R1=0.0853, wR, = 0.2464

Largest diff. peak/hole / e A30.53/-0.36

Flack parameter 0.1(3)

10. The NMR bidimensional study on compound 3ev

Based on the 'H-'H COSY and HMBC study on compound 3ev,. there was correlation between the C1 and
H3®in HMBC study. Meanwhile, there was no correlation between the H* and H2in *H-'H COSY. Therefore,
the head-to-tail product was determined.
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