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1. General information

All reagents were obtained from commercial suppliers unless otherwise stated.
Toluene was distilled over sodium and tetrahydrofuran (THF) was distilled from
potassium sodium alloys; Dichloromethane was distilled from calcium hydride. DMF
was stirred with CaH. and distilled under reduced pressure. Flasks were flame-dried
under vacuum and cooled under a stream of nitrogen or argon.

Visualization was achieved under a UV lamp (254 nm and 365 nm), and by
developing the plates with phosphomolybdic acid or p-methoxybenzaldehyde in
ethanol. Flash column chromatography was performed using silica gel (200-300 mesh)
with solvents distilled prior to use.

Nuclear magnetic resonance [*H and *C NMR] spectra were determined on
Bruker AVIII-400 [*H NMR (400 MHz), *C NMR (100 MHz)] and AVI11I-600 [*H
NMR (600 MHz), 3C NMR (150 MHz)] spectrometers. The following abbreviations
are used for the multiplicities: s: singlet, d: doublet, t: triplet, g: quartet, quint: quintet,
m: multiplet, br d: broad doublet, br s: broad singlet for proton spectra and carbon
spectra. Coupling constants (J) are reported in Hertz (Hz).

High resolution mass spectral (HRMS) data were obtained with an ionization
mode of ESI.

The following abbreviations are used: FCC: flash column chromatography; PE:
petroleum ether; EtOAC: ethyl acetate; DCM: dichloromethane; THF: tetrahydrofuran;
DMF: N,N-dimethylformamide; TBS: tert-butyldimethylsilyl; TMS: trimethylsilyl;
TBSOTT: tert-butyldimethylsilyl triflate; Tf: trifluoromethanesulfonyl; quant:
quantitative; dppf: 1,1'-bis(diphenylphosphino)ferrocene
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2. Experimental procedure

Compound 2
To a stirred solution of R-(-)-carvone (7.5 g, 50 mmol) in CH2Cl2/H20 (500
mL, 1:1), CeCls 7H.0 (55.5 g, 150 mmol) was added. The mixture was
: vigorously stirred and diluted NaCIlO (64 mL, 10-13% available chlorine,
A 150 mmol) was added dropwise for 5 min. After 30 min, saturated aqueous
Na>SO3 was added and the mixture was extracted with CH2Cl2. The combined organic
layers were washed with brine, dried over Na2SOs, filtered and concentrated in vacuo.
The residue was purified by FCC (PE-EtOAc, 10:1) to give 2 (6.5 g, 65%) as a yellow
liquid. *H NMR (400 MHz, CDCls) 6 6.70 (m, 1H), 5.20 (s, 1H), 4.99 (s, 1H), 4.05 (d,
J=12.0 Hz, 1H), 4.02 (d, J = 12.0 Hz, 1H), 2.90 (m, 1H), 2.59 (ddd, J = 16.0, 4.0, 1.2
Hz, 1H), 2.50 (m, 1H), 2.31 (dd, J = 16.0, 13.0 Hz, 1H), 2.26 (m, 1H), 1.72 (s, 3H); 13C
NMR (100 MHz, CDCls) ¢ 198.8, 146.6, 143.9, 135.6, 115.1, 46.9, 43.0, 37.8, 31.4,
15.6; HRMS(ESI) m/z calcd. for C10H14CIO (M+H)" 185.0728, found 185.0733.

Compound 3
To a stirred solution of diisopropylamine (12.2 mL, 86.7 mmol) in THF
(100 mL) n-BuLi (54.2 mL, 1.6 M in hexane, 86.7 mmol) was added

dropwise at —78 °C. After 30 min, compound 2 (10.7 g, 57.8 mmol) was

cl added dropwise. The reaction mixture was allowed to stir for 15 min
after which methacrolein (8.1 g, 115.6 mmol) was added dropwise. The reaction
mixture stirred at —78 °C for 4 h, the reaction was quenched with saturated aqueous
NH4Cl at —78 °C. After 20 min, the reaction mixture was allowed to warm to room
temperature, then was diluted with ether and washed with water. The aqueous layer was
extracted with ether. The combined organic layers were washed with brine, dried over
Na2SOg, filtered and concentrated in vacuo. The residue was purified by FCC (PE-
EtOAc, 8:1) to give 3 (13.2 g, 90%) as a white solid. tH NMR (400 MHz, CDCls) ¢
6.67 (m, 1H), 5.29 (s, 1H), 5.04 (s, 1H), 5.02 (s, 1H), 5.00 (s, 1H), 4.25 (dd, J = 6.8, 6.0
Hz, 1H), 4.09 (d, J = 11.9 Hz, 1H), 4.05 (d, J = 11.8 Hz, 1H), 2.98 (dd, J = 10.2, 5.1
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Hz, 1H), 2.69-2.62 (m, 2H), 2.57 (d, J = 5.4 Hz, 1H), 2.42 (m, 1H), 1.83-1.71 (m, 6H);
13C NMR (100 MHz, CDCls) ¢ 200.5, 145.7, 145.3, 142.8, 135.1, 117.0, 113.5, 75.2,
53.1, 47.5, 38.9, 28.4, 16.9, 15.8; HRMS(ESI) m/z calcd. for C14H20CIO2(M+H)*
255.1146, found 255.1139.

Compound 4

To a stirred solution of 3 (1.7 g, 6.6 mmol) in CHCl, (15 mL), 2,6-
O\\\OTBS lutidine (1.4 g, 13.2 mmol) was added. After 10 min, TBSOTf (2.6
\ g, 9.9 mmol) was added and the solution was stirred for 16 h at room
Cl temperature. The reaction was quenched with H2O and extracted
with CH2Cl> three times. The combined organic layers were washed with brine, dried
over Na>SOyg, filtered and concentrated in vacuo. The residue was purified by FCC (PE-
EtOAc, 40:1) to give 4 (2.4 g, 98%.) as a white solid. *H NMR (400 MHz, CDCls) ¢
6.56 (M, 1H), 5.17 (s, 1H), 4.99 (s, 1H), 4.98 (s, 1H), 4.95 (s, 1H), 4.41 (d, J = 9.5 Hz,
1H), 4.10 (d, J = 11.9 Hz, 1H), 4.01 (d, J = 11.9 Hz, 1H) , 2.89 (m, 1H), 2.72-2.62 (m,
2H), 2.33 (dd, J = 19.9, 4.7 Hz, 1H), 1.76 (s, 3H), 1.74 (s, 3H), 0.84 (s, 9H), -0.05 (s,
3H), -0.06 (s, 3H); *C NMR (100 MHz, CDCls) 6 198.6, 145.7, 145.5, 140.4, 134.8,
116.2,114.1,77.8,54.0, 47.5, 37.3, 26.4, 25.6, 18.0, 16.1, 15.7, -4.8, -5.3; HRMS(ESI)

m/z calcd. for C20H34ClOSi(M+H)* 369.2011, found 369.2010.

Compound 5
To astirred solution of trimethylsilylacetylene (1.6 mL, 11.4 mmol)
in dry DMF (28 mL) was sequentially added K.COs (1.9 g, 13.3

mmol), tetrabutylammonium iodide (280 mg, 0.8 mmol), and

copper(l) iodide (72 mg, 0.4 mmol) at room temperature. After 15
min, compound 4 (1.4 g, 3.8 mmol) was added, and the reaction mixture was stirred for
12 h. Then the reaction was quenched with H»O, extracted with Et,O three times. The
combined organic layers were washed with brine, dried over Na,SOs, filtered and
concentrated in vacuo. The residue was purified by FCC (PE-CH2Cl», 10:1) to give 5
(1.41 g, 87%) as a white solid. *H NMR (400 MHz, CDCls) 6 6.52 (m, 1H), 5.10 (s,
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1H), 4.98 (s, 1H), 4.94 (s, 1H), 4.83 (s, 1H), 4.39 (d, J = 9.6 Hz, 1H), 2.98 (s, 2H), 2.72-
2.60 (m, 3H), 2.32 (dd, J = 19.7, 4.8 Hz, 1H), 1.76 (s, 3H), 1.73 (s, 3H), 0.84 (s, 9H),
0.14 (s, 9H), -0.05 (s, 6H); *C NMR (100 MHz, CDCls) 6 198.7, 146.0, 144.2, 140.5,
134.7,113.8, 112.9, 103.5, 87.5, 77.8, 54.0, 39.9, 29.7, 26.6, 25.7, 18.1, 16.2, 16.0, 0.0,
-4.9, -5.3; HRMS(ESI) m/z calcd. for CasHa30,Si2(M+H)* 431.2796, found 431.2801.

Compound 9
To a stirred solution of compound 5 (2.0 g, 4.6 mmol) in 10 ml of
otes THFat —78 <C was added of L-Selectride (7 mL, 1 M solution in

THF, 7.0 mmol). After stirring at —78 <C for 1 h, comins reagent

™S (5.5 g, 14.1 mmol) in 25 mL of THF was added. The resulting

solution was then allowed to warm to room temperature. After
stirring for overnight, the reaction was quenched with H2O, extracted with Et2O three
times. The combined organic layers were washed with brine, dried over Na;SOa,
filtered and concentrated in vacuo. The residue was purified by FCC (PE-CH2Cl>, 20:1)
to give 9 (2.2 g, 85%) as a yellow oil. *H NMR (400 MHz, CDCls3) § 5.25 (s, 1H), 5.02
(s, 1H), 4.96 (s, 1H), 4.90 (s, 1H), 4.22 (d, J = 6.4 Hz, 1H), 3.01 (d, J = 19.4 Hz, 1H),
2.96 (d, J = 19.5 Hz, 1H), 2.74 (m, 1H), 2.57 (m, 1H), 2.17 (m, 1H), 2.00 (dt, J =17.4,
4.4 Hz, 1H), 1.77 (s, 3H), 1.72-1.66 (m, 4H), 1.60 (m, 1H), 0.87 (s, 9H), 0.15 (s, 9H),
0.01 (s, 3H), 0.00 (s, 3H); 3C NMR (100 MHz, CDCls) § 145.3, 144.8, 143.4, 128.9,
118.4 (q, J = 317.9 Hz), 1135, 112.1, 103.8, 87.4, 78.0, 46.0, 39.8, 28.3, 26.8, 25.7,
22.6, 18.2, 18.1, 17.4, 0.04, -49, -51; HRMS(ESI) m/z calcd. for

CasHaaF304SSio(M+H)* 565.2445, found 565.2452.

Compound 10

To a stirred solution of compound 9 (412 mg, 0.73 mmol) in THF
(10 ml) was slowly added HF.pyridine (5 mL). After stirring for 1 h,

saturated aqueous Na>COz (20mL) was added, then the mixture was

diluted with ether and washed with water. The aqueous layer was
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extracted with ether. The combined organic layers were washed with brine, dried over
Na>SOg, filtered and concentrated in vacuo. The residue was purified by FCC (PE-
EtOAcC, 20:1) to give 10 (296 mg, 90%) as a yellow oil. 'H NMR (400 MHz, CDCls) §
5.26 (s, 1H), 5.08 (s, 1H), 5.03 (s, 1H), 4.96 (s, 1H), 4.27 (dd, J = 4.4, 4.2 Hz, 1H), 3.03
(d, J =19.24, 1H), 2.97 (d, J = 19.24, 1H), 2.86 (m, 1H), 2.58 (q, J = 4.4 Hz, 1H), 2.15
(m, 1H), 2.05 (dt, J = 17.5, 4.7 Hz, 1H), 1.79-1.77 (m, 4H), 1.72 (s, 3H), 1.67 (m, 1H),
1.59 (m, 1H), 0.15 (s, 9H); 3C NMR (100 MHz, CDCls) & 145.4, 144.7, 143.0, 129.9,
118.4 (g, J = 317.7 Hz), 113.0, 112.6, 103.6, 87.6, 77.3, 44.9, 40.9, 28.5, 26.6, 23.2,
18.4, 17.4, 0.0; HRMS(ESI) m/z calcd. for CaoHsoF304SSi(M+H)* 451.1581, found
451.1580.

Compound 11
To a stirred solution of triflate 10 (45 mg, 0.1 mmol) in DMF (10
mL) at room temperature was sequentially added EtsN (50.5 mg,

0.5 mmol), Pd(OACc)2 (11.2 mg, 0.05 mmol), dppf (55.4 mg, 0.1

mmol) and LiCl (4.2 mg, 0.1 mmol). The resulting mixture was
heated to 80 <C and stirred for 12 h under a CO atmosphere (1 atm)
before it was quenched with NH4Cl (10 mL, sat. ag.). The resulting mixture was
extracted with ether and washed with water. The aqueous layer was extracted with ether.
The combined organic layers were washed with brine, dried over Na;SOa, filtered and
concentrated in vacuo. The residue was purified by FCC (PE-EtOAc, 30:1) to give 11
(16.5 mg, 50%) as a white solid. 'H NMR (400 MHz, CDCls) 6 5.11 (s, 1H), 5.04 (s,
1H), 4.98 (m, 1H), 4.91 (s, 1H), 4.39 (d, J = 9.2 Hz, 1H), 2.88-2.79 (m, 3H), 2.39-2.21
(m, 2H), 2.15 (d, J = 2.3 Hz, 3H), 2.12 (m, 1H), 1.84 (m, 1H), 1.75 (s, 3H), 1.60 (m,
1H), 0.15 (s, 9H); 3C NMR (100 MHz, CDCls) ¢ 169.4, 149.2, 144.3, 141.0, 121.7,
117.3,113.0, 103.3, 87.5, 86.9, 44.7, 43.4, 33.4, 29.6, 25.7, 18.0, 16.1, 0.0; HRMS(ESI)
m/z calcd. for C2oH200,Si (M+H)* 329.1931, found 329.1936.

Compound 12
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To a stirred solution of lactone 11 (50 mg, 0.15 mmol) in MeOH (5 mL)
at room temperature was added K.COsz (62 mg, 0.45 mmol). The

resulting mixture was stirred for 1 h, then extracted with ether and

washed with water. The aqueous layer was extracted with ether. The
combined organic layers were washed with brine, dried over Na.SOs, filtered and
concentrated in vacuo. The residue was purified by FCC (PE-EtOAc, 8:1) to give 12
(25 mg, 65%) as a white solid. *H NMR (400 MHz, CDCls) 6 5.16 (s, 1H), 5.04 (s, 1H),
5.00 (m, 1H), 4.95 (s, 1H), 4.40 (d, J = 9.4 Hz, 1H), 2.85-2.77 (m, 3H), 2.40-2.23 (m,
2H), 2.15-2.11 (m, 4H), 2.12 (t, J = 2.6 Hz, 1H), 1.83 (m, 1H), 1.75 (s, 3H) , 1.62 (m,
1H); *C NMR (100 MHz, CDCls) § 169.3, 149.3, 144.0, 140.9, 121.7, 117.4, 113.1,
86.8, 80.7, 71.2, 44.9, 43.3, 33.4, 29.3, 23.9, 18.0, 16.1; HRMS(ESI) m/z calcd. for
C17H2102 (M+H)* 257.1536, found 257.1538.

Compound 13

To a stirred solution of the compound 12 (12 mg, 0.05 mmol) in
toluene (1 mL) was added Co2(CO)s (21 mg, 0.06 mmol) under an
argon atmosphere, the mixture was stirred at room temperature for 2

h. After the complete transformation of the starting material, the

reaction mixture was heated to 110 <C and stirred overnight. The
mixture was cooled down to room temperature and concentrated under reduced pressure,
the residue was purified by FCC (PE-EtOAc, 8:1) to give 13 (7 mg, 54%) as a white
solid. 'H NMR (600 MHz, CDCls) 6 7.06 (s, 1H), 5.00 (s, 1H), 4.93 (s, 1H), 3.85 (d, J
=10.4 Hz, 1H), 3.35 (d, J = 14.0 Hz, 1H), 3.02 (d, J = 14.0 Hz, 1H), 2.57 (d, J = 18.6
Hz, 1H), 2.23-2.14 (m, 6H), 2.05 (g, J = 5.8 Hz, 1H), 1.92 (m, 1H), 1.74 (m, 1H), 1.58—
1.52 (m, 4H); 3C NMR (150 MHz, CDCls) & 207.2, 168.6, 162.7, 153.2, 151.5, 145.6,
121.2,112.7,89.3, 48.9,45.7,41.1, 40.4, 35.1, 32.7, 28.9, 20.3, 19.2; HRMS(ESI) m/z
calcd. for C1sH2103 (M+H)* 285.1485, found 285.1493.

3. 'H and 13C spectra of compounds (next page)
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'H NMR of compound 2 (CDCls, 400 MHz)
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13C NMR of compound 2 (CDCls, 100 MHz)
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'H NMR of compound 3 (CDCls, 400 MHz)
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13C NMR of compound 3 (CDCls, 100 MHz)
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'H NMR of compound 4 (CDCls, 400 MHz)
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13C NMR of compound 4 (CDCls, 100 MHz)
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'H NMR of compound 5 (CDCls, 400 MHz)
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13C NMR of compound 5 (CDCls, 100 MHz)
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'H NMR of compound 9 (CDCls, 400 MHz)
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13C NMR of compound 9 (CDCls, 100 MHz)
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'H NMR of compound 10 (CDCls, 400 MHz)
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13C NMR of compound 10 (CDCls, 100 MHz)
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'H NMR of 11 (CDCls, 400 MHz)
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13C NMR of compound 11(CDCls, 100 MHz)
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'H NMR of compound 12 (CDClIs, 400 MHz)
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13C NMR of compound 12 (CDCls, 100 MHz)
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'H NMR of compound 13 (CDCls, 400 MHz)
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4. DFT results about regiochemistry and reaction process of

the Pauson-Khand reaction

4.1 Computational method

DFT calculations were performed with Gaussian 09.* Geometry optimizations of the stationary
points were carried out at the B3LYP level, 6-31G(d)? basis set was used for other atoms except Co,
which used LANL2DZ basis set and pseudopotential. Unscaled harmonic frequency calculations at
the same level were performed to validate each structure as either a minimum or a transition state
and to evaluate its zero-point energy and thermal corrections at 298 K. To improve the calculation
accuracy, single-point energy calculations were carried out using the B3LYP functional with the
SDD? basis set for Co and the 6-311+G(d)? basis set for the other atoms. Gibbs free energies in
solutions were obtained from sums of the large basis set gas-phase single-point energies, solvation
energies (AGsolv) and the gas-phase Gibbs free energy corrections, which were carried out at the
SMD(toluene)/ B3LYP /6-311+G(d)(SDD basis set for Co) level.2 All discussed energy differences
were based on Gibbs energies in toluene at 298 K. Standard state concentrations of 18.98 and 1.0
mol/L were used for toluene and all the other species, respectively. The keyword “5D” was used to

specify that five d-type orbitals were used for CO in the calculations.
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4.2 Gibbs energy profile for four competing pathways of Pauson-Khand reaction
and the whole reaction process

The computed Gibbs energy profile for the regioselective Pauson-Khand reaction of the enyne
12 catalyzed by Co02(CO)s in toluene is shown in Figure S1.2 According to the previous
computational studies, the regioselectivity of the PK reaction is plausibly controlled by the rate-
determining alkene insertion step.* We also analyze the different pathways of alkene regioselective
insertion progress (TS6 and TS7). All these pathways are disfavored compared to the type-Il1 PK

reaction pathway with an overall Gibbs energy of activation to TS1 is 32.7 kcal/mol.

keal/mol

B3LYP/6-311+G(d)(SDD for Co)/B3LYP/6-31G(d)(LANL2DZ for Co)
AGenwe

type-ll PK reaction

type-l PK reaction
Figure S1. of the ive P: Khand reaction at the B3LYP/6-311+G(d) (SDD for Co)//B3LYP/6-31G(d)(LANL2DZ for Co) level in toluene solution.
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The full energy profile is given in Figure S2 to better understand the type-I1 Pauson-Khand
reaction. The catalytic cycle starts with the formation of Co /acetylene complex A, loss of CO,
which is then followed by coordination with ethylene giving the intermediate B. The subsequent
insertion of alkene into Co-metallocycle process delivers the complex C through the transition state
TS1. The activation energy from intermediate A to TS1 is 32.7 kcal/mol. After that, exothermic
coordination of CO with C delivers a more stable species F. The migratory insertion of CO on the
CH; side leads to the intermediate G via TS3. The subsequent CO coordination and reductive
elimination reaction affords the unexpected complex | via transition state TS5. Finally, a
dissociation process of intermediate | releases the type-11 PK product 13. We have also considered
another pathway involving CO migratory insertion into the Co-( alkynyl) carbon (via TS4), which

is disfavored than TS3 in the above discussed type-11 PK pathway (20.5 kcal/mol vs 36.0 kcal/mol).2

kcal/mol
AGevo

B3LYP/6-311+G(d)(SDD for Co)//B3LYP/6-31G(d)(LANL2DZ for Co)
(8Ggas)

[o]

o
| LH
HOA
H ¢o(CO),

o(CO),

(0C)Co,

co o,

o) HMﬁ\, \,‘00(00)3
: o ot
— =0
o 0.6
(L& S ; "
0 Me 1
H M H
o, H ° 6 0 E q Folcon 1
Z —Co(CO)3 H —/0(CO Co(CO)y
Wl " { Co(CO)s

Co(CO);
Co(CO)s

(00)3004/

16/ cQ

(12.6)

Figure S2. Energetics of the unusual Pauson-Khand reaction in the gas phase and toluene solution.
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5. Calculation data

TCG?Y SPE® SPEgas® SPEsai
A 0.309695 -1780.412916 -1782.37860495 -1782.39375022
B 0.308219 -1667.0612132 -1668.98612775 -1669.0028282
C 0.314778 -1667.0698675 -1668.99259769 -1669.00955086
D 0.308131 -1667.0532598 -1668.97867431 -1668.9957389
E 0.313126 -1667.0714604 -1668.99371408 -1669.0102329
F 0.322122 -1780.4102403 -1782.37562379 -1782.38771063
G 0.323076 -1780.4174817 -1895.71045863 -1782.3942155
H 0.329625 -1893.7348586 -1895.7307242 -1895.75132048
I 0.328983 -1893.776446 -1895.76743469 -1895.78680164
J 0.302153 -1667.0739334 -1669.00050448 -1669.01614215
K 0.309515 -1667.0613392 -1668.98676138 -1669.00415918
TS1 0.311701 -1667.0440459 -1668.96831619 -1668.98517615
TS2 0.311531 -1667.0325834 -1668.95644289 -1668.97355682
TS3 0.323511 -1780.3990812 -1782.35736816 -1782.37490204
TS4 0.324067 -1780.3748837 -1782.33259422 -1782.35067049
TS5 0.329555 -1893.7168335 -1895.71045863 -1895.73022336
TS6 0.313215 -1667.0238229 -1668.94845858 -1668.96584741
TS7 0.313318 -1667.0332427 -1668.95820652 -1668.97590323
co -0.014102 -113.3069138 -113.348826609 -113.344379056
2ina.u.

® thermal correction to Gibbs free energies at the level of B3LYP/6-31G(d) (LANL2DZ for Co)
¢ single-point energies at the level of B3LYP/6-31G(d) (LANL2DZ for Co) in the gas phase

d single-point energies at the level of B3LYP/6-311+G(d) (SDD for Co) in the gas phase

¢ single-point energies at the level of B3LYP/6-311+G(d) (SDD for Co) in toluene solution
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6. Cartesian coordinates of all stationary points
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. 39482500
. 87283700
. 27072800
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. 26825600
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. 64000300
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. 34638400
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. 08888700
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08701600
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. 68854400
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. 36814500
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. 01165200
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. 30328400
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