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General procedures:All reactions were run under,Nn solvents dried using a Solvent Purification
System (SPS). Dry toluene was purchased from AldAdl experiments were monitored by analytical
thin layer chromatography (TLC) performed on aluammnsilica-gel TLC sheets (Merck 6sk).
Chromatographic purifications were performed urftish conditions on 400-630 mesh silica gel and
using mixtures of hexane/EtOAc. NMR spectra wereorged at room temperature on a Varian
Mercury 400, Varian Unity 300 or Bruker 250 appasatH-NMR and *C-NMR spectra were
referenced to residual solvent peak®-NMR spectra were referenced with phosphoric amidt'F-
NMR spectra were referenced by the spectrometethowi any external reference. Signal
multiplicities in the3C spectra were assigned according to DEPT and H8&@riments. High-
resolution mass spectra were recorded using atrasdecay ionization spectrometer. IR spectra were
recorded in an FT-IR apparatus. Compourdd4 were prepared following previously described

procedures,?

! a) Fustero, S.; Fernandez, B.; Bello, P.; del PGzpArimitsu, S.; Hammond, G. Brg. Lett.2007,

9, 4251-4253 and literature cited therein. b) Arimjt&y; Fernandez, B.; del Pozo, C.; Fustero, S.;
Hammond, G. BJ. Org. Chem2008 73, 2656-2661See, also: c) Fustero, S.; Bello, P.; Fernandez,
B.; del Pozo, C.; Hammond, G. B. Org. Chem2009 74, 7690-7696.

% a) Hamper, B. CJ. Org. Chem1988 53, 5558. b) Hamper, B. @rg. Synth1992, 70, 246.
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General procedure for the stoichiometric intermolealar Pauson-Khand reactions

To a solution of the alkyne (1 equiv.) in toluenasaadded a solution of §€0) (1.1 equiv.) in
toluene (10mL/mmol alkyne) under,NT'he mixture was stirred at room temperature ftwodr, until
the alkyne had been totally consumed (as determinyedLC). The solvent was removed under
vacuum, and the crude alkyne-cobalt complex wdgeeithromatographed on silica gel or directly
used without purification.

The alkyne-cobalt complex was placed in a Schiedie tand dissolved in toluene (10mL/mmol
complex). Norbornadiene (10 equiv.) was added, #ral reaction mixture was heated at the
temperature and for the time indicated below faxheeompound. The reaction mixture was filtered
through silica to remove cobalt impurities, and sodvent was removed under vacuum. The residue
was purified by silica gel chromatography.

N-Benzyl-2,2-difluoro-2-(1-oxo0-3a,4,7,7a-tetrahydrdH-4,7-methano-inden-2-yl)-acetamide
(7). The general procedure was followed starting frokyra¢ 1 (63 mg, 0.3 mmol). The intermediate

H O cobalt complex was not purified. Reaction tempeeand time: 75 °C for

4.3 h. After chromatography, was isolated in 40% yieldH NMR (400
NH

O “—Ph MHz, CDCk) = 1.27 (dJ = 10 Hz, 1H), 1.43 (d) = 10 Hz, 1H), 2.43

H

- (d,J =5 Hz, 1H), 2.83 (br s, 1H), 2.91 (br s, 1H),2(Br s, 1H), 4.49 (dd,
J=15 and 6 Hz, 1H), 4.58 (dd,= 15.0, 6.0 Hz, 1H), 6.23 (dd,= 6 and 3 Hz, 1H), 6.33 (dd,= 6
and 3 Hz, 1H), 7.12 (br s, 1H), 7.25-7.40 (m, 5H92 (s, 1H) ppm:*C NMR (100 MHz, CDGJ) =
41.4 (CH), 43.2 (CH), 43.8 (Cb), 44.3 (CH), 48.4 (CH), 53.7 (CH), 111.7 (t, &= 251 Hz), 127.8,
127.9, 128.9 (5CH), 136.9 (C), 137.4 (CH), 138.81(C142.3 (t, CJr = 25 Hz), 162.7 (t, CJr = 29
Hz), 166.2 (t, CHJr = 5 Hz), 204.8 (t,CJr = 2 Hz) ppm;*F NMR (376 MHz, CDGJ) o= -106.40 (d,
Jre = 268 Hz), -107.14 (dJer = 268 Hz) ppm; IR (film)v = 3334, 1707 ciy HRMS (ESI)
C1oH18F2NO; : calculated 330.1306, found 330.1310.
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2,2-Difluoro-N-(4-methoxy-phenyl)-2-(1-oxo0-3a,4,7,7a-tetrahydroi-4,7-methano-inden-2-
yl)-acetamide (8).The general procedure was followed starting frokyree 2 (70 mg, 0.23 mmol).
The intermediate cobalt complex was not purifieda&ion temperature
F and time: 70 °C for 24 h. The PKR addB8avas isolated as a white solid
AL 4 NH (47 mg, 48% yield). mp 161°¢H NMR (400 MHz, CDC{) = 1.35 (d,
Q J =9 Hz, 1H), 1.42 (d) = 9 Hz, 1H), 2.50 (br s, 1H), 2.59 @@= 6 Hz,
1H), 3.04 (br s, 1H), 3.27 (br s, 1H), 3.80 (s, 36126 (m, 2H), 6.89 (d,
J =9 Hz, 2H), 7.46 (m, 3H), 7.51 (d= 9 Hz, 2H), 7.57 (m, 2H), 8.64 (br s, 1H) ppHiC NMR (100
MHz, CDCk) d= 41.9 (CH), 43.5 (CH), 44.4 (CH), 53.3 (CH), 53.7 (CH), 58GHk), 112.9 (t, CJr
= 253 Hz), 114.4, 122.2, 128.5, 130.5 (7CH), 12%.8CH, J- = 2 Hz), 129.6 (C), 134.1 (C), 135.8 (t,
C, Jr = 24 Hz), 137.9 (CH), 138.6 (CH), 157.3 (C), 16(,1C, J- = 29 Hz), 179.6 (t, CJr = 2 Hz),
205.7 (t, CJ: = 3 Hz) ppm;**F NMR (376 MHz, CDGJ) 0= -103.72 (d,Jer = 266 Hz), -102.99 (d,
Jee = 265 Hz) ppm; IR (film)Umax, = 3321, 1700 cit HRMS (ESI) GsHxF.NO; : calculated
422.1568, found 422.1578
2,2-Difluoro-2-(1-oxo-3a,4,7,7a-tetrahydro-1H-4,7-mthano-inden-2-yl)-N-(1-phenyl-ethyl)-
acetamide(9). The general procedure was followed starting frokyra 3 (50 mg, 0.17 mmol). The

o intermediate cobalt complex was not purified. Rieactemperature and

T

F . . .
= time: 75 °C for 9 h. The PKR addu&tvas isolated as a colorless oil (44

: NH
H pho :\_ph mg; 62% vyield; 1:1 mixture of diastereoisomerd). NMR(400 MHz,

~

o CDCly) = 1.07-1.31 (m, 2H), 1.41 (AB| = 10 Hz, 2H*), 1.55 (dJ = 7
Hz, 3H), 1.59 (dJ) = 7 Hz, 3H*), 2.41 (s, 1H), 2.49 (s, 1H*), 2.54 {= 6 Hz, 1H), 2.56 (d] = 6 Hz,
1H*), 2.96 (s, 1H), 3.05 (s, 1H*), 3.23 (br s, 1RdalH*), 5.12 (quint.J = 7 Hz, 1H), 5.13 (quint] =
7 Hz, 1H*), 6.19-6.29 (m, 2H and 2H*), 7.10-7.60, (I1H and 11H*) ppm**C NMR (100 MHz,
CDCl;) 0= 21.6 (CH), 21.8 (CH¥), 41.7 (CH), 41.8 (CH*), 43.4 (CH), 43.5 (CH*), 44.4 (CH and
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CH*), 49.6 (CH), 49.6 (CH*), 53.2 (CH and CH*), 53(CH), 53.6 (CH*), 112.9 (t, Gl = 253 Hz),
113.0 (t, C*,Jr = 253 Hz), 126.2 (2CH), 126.3 (2CH*), 127.6 (CHI27.7 (t, CHJ: = 2 Hz), 127.8
(CH¥), 127.8 (t, CH*,Jz = 2 Hz), 128.4 (4CH and 4CH*), 128.8 (CH), 128CH¢), 130.3 (CH),
130.4 (CH*), 134.1 (C), 134.3 (C*), 135.6 (t, &, = 25 Hz), 135.9 (t, C*Jr = 25 Hz), 137.9 (CH),
138.0 (CH*), 138.6 (CH), 138.6 (CH*), 142.0 (C),214 (C*), 162.5 (t, CJr = 29 Hz), 162.6 (t, C*,
Jr = 29 Hz), 179.0 (t, CJr = 3 Hz), 179.2 (d, C*Jr = 2 Hz), 205.2 (t, CJr = 3 Hz), 205.3 (m, C¥)
ppm;**F NMR (376 MHz, CDGCJ) = -104.28 (ABJr.r = 263 Hz), -104.02* (s) ppm; IR (filmy =
3321, 2975, 1707, 1624 EMHRMS (ESI) GeH24F2NO, calculated 420.1775, found 420.1778. The

signals marked with an asterisk correspond to drleeocdiastereomers.

Ethyl 4,4,4- Trifluoroproynoate triphenylphosphine pentacarbonyldicobalt (14).To a solution
of alkyne4 (1.5 g, 9.06 mmol) in hexanes (15 mL) was addeg(@D) (3.1

co PPhs

OC:C'O_/Clo:CO g, 9.06 mmol). The reaction was monitored by TLGteA2 h of stirring at
OoC (610
room temperature, the reaction mixture was conatedr and

F3C COOEt
14 chromatographed. The cobalt complek was isolated as a red oil (3.40 g,
83% yield).

To a solution of the cobalt complédd (1.6 g, 3.5 mmol, 1lequiv.) in toluene (15 mL) wakled
triphenylphosphine (2.2 g, 8.4 mmol, 2.2 equiv.heTmixture was stirred for 72 h at room
temperature. The solvent was partially removed umdeuum and the residue was directly purified by
silica gel chromatography. Compléx was isolated as a viscous red oil (2.03 g, 84%l)i&H NMR
(400MHz, GDg): 0.86 (t,J = 6.8 Hz, 3H), 3.75-3.84 (m, 2H), 6.93-6.99 (m,)9A44-7.50 (m, 6H)
ppm; F NMR (376.3 MHz): -49.8 ppm;*P NMR (121.4 MHz): +46.7 ppm; HRMS:

CooH»00,FPCaNa found 708.9467; calculated 708.9460.
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3-Oxo-2-trifluoromethyl-3a,4,7,7a-tetrahydro-3H-4,7methano-indene-1-carboxylic acid ethyl

ester (10): Stoichiometric PKRThe general procedure was followed starting

0O

(.

CF, from alkyne4 (500 mg, 3.01 mmol). The intermediate cobalt caxdll was

I

cooet hot purified. Reaction temperature and time: 70 f@ 4 h. After
10 chromatographyl0 was isolated as a yellow oil in 92% vyield.

Catalytic PKR:Alkyne 4 (232 mg, 1.4 mmol, 1 equiv.), mono-phosphine cexk (98 mg, 0.14

mmol, 10 mol%) and norbornadiene (1.43 mL, 14 mrm0@lequiv.) were dissolved in toluene (6 mL).
The vessel was placed in a pressure reactor un@e(2(hars) and heated at 70 °C for 24 h. After
chromatography, compourid was obtained as a yellow oil (291 mg; 73% yiéld)NMR (400MHz,
CDCly): 1.38 (t,J = 7.2 Hz, 3H), 1.57 (s, 1H), 2.53 @@= 5.2 Hz, 1H), 2.99 (s, 1H), 3.10 (m, 2H),
4.40 (g,J = 6.8 Hz, 2H), 6.28 (dd] = 5.6, 3.2 Hz, 1H), 6.33 (dd,= 5.6, 3.2 Hz, 1H) pprfC NMR
(100MHz, CDCH): 13.9, 41.4, 43.0, 44.6, 49.5, 53.0, 62.6, 119.,6%r = 273 Hz), 137.7, 138.2,
164.3, 166.9 (q,6F = 3 Hz), 200.8 ppm*°F NMR (376.3 MHz): -63.3 ppm; IR: 3067, 2981, 2876,
1728, 1659, 1461, 1352, 1269, 1190, 1014, 723,d@8% HRMS: G4H130sFsNa found 309.0717;
calculated 309.0714

1-Nitromethyl-3-0x0-2,3,3a,4,7,7a-hexahydro-1H-4,ifethano-indene-1-carboxylic acid ethyl
ester (12a):

a) Using TBAF:-3KHO: The PK adducttO (90 mg, 0.31 mmol, 1 equiv.) was

H O
@ dissolved in nitromethane (5 mL), and TBAH,O (100 mg, 0.31 mmol, 1 equiv.)
H _\ COOEt was added in one portion at room temperature. €aetion mixture was stirred at
NO,
90 °C for 3 h. The volume was partially reducedamdcuum and the residue was
12a

purified by chromatography. The product was isalate a white solid (87 mg, 99% vyield).
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b) Using DBU (1 equiv.) and watefhe PK adduc10 (100 mg, 0.34 mmol, 1 equiv) was dissolved in

nitromethane (5 mL), and DBU (0.05 mL, 0.34 mmogduiv) and water (0.1 mL, 5.56 mmol, 16
equiv) were added. The reaction mixture was stiate@D°C for 1.5 h. The solvent was removed under
vacuum and the residue was purified by silica gebmatography, affording the desired product as a
pale yellow oil that solidified on standing (55 n&§% yield).

¢) Using DBU (0.2 equiv)The PK adductO (100 mg, 0.34 mmol, 1 equiv) was dissolved in

nitromethane (10 mL), and DBU (0.01 mL, 0.07 mn@2 equiv) was added. The reaction mixture
was stirred at 80°C for 18 h. The reaction was tooei by"*F-NMR, allowing us to follow the
disappearance of the starting material and theaappee of a new peak at aprox 155 ppm (no internal
reference was used) that we identified as HF-DB&Ja3sign this peak, HF-DBU was prepared from
aqueous HF and DBU. When no starting material cbaldbserved by TLC, the solvent was removed
under vacuum and the residue was purified by chtognaphy, affording the desired product as a pale
yellow oil that solidified on standing (35 mg, 36f¢ld).
The reaction was also performed igNO, and monitored by’F NMR. Two main new peaks were
found: xxx ppm assigned to free HF and xxx gsesd to HF-DBU.
mp 102°CH (400MHz, CDCH): 1.35 (t,J = 7.2 Hz, 3H), 2.08 (d] = 8 Hz, 1H), 1.44-1.47 (m, 2H),
2.42 (dt,J = 8 Hz,J = 1.2 Hz, 1H), 2.53 (dd] = 20.4 Hz,J = 1.2 Hz, 1H), 2.75-2.79 (m, 1H), 3.16-
3.21 (d,J = 1.2 Hz, 1H), 3.59 (d] = 20.4 Hz, 1H), 4.30 (dd),= 10.8 HzJ = 7.2 Hz, 1H), 4.38 (dq]
= 10.8 Hz,J = 7.2 Hz, 1H), 4.41 (d] = 14.8 Hz, 1H), 5.07 (dd] = 14.8 Hz,J = 1.6 Hz, 1H), 6.21-
6.27 (m, 2H);"*C (100MHz, CDCY): 14.1, 29.7, 44.4, 46.2, 47.4, 47.8, 49.8, 4845, 62.3, 80.8,
138.9, 139.0, 170.6, 214.9; IR: 2986, 2962, 289231 1555, 1372, 1225, 1196, 1182, 1011, 683;
HRMS: G4H1gNOs [MH™] found 280.1185; calculated 280.1185.
1-(1’-Nitroethyl)-3-0x0-2,3,3a,4,7,7a-hexahydro-1Hk 7-methano-indene-1-

@E& carboxylic acid ethyl ester(12b)The PK adduci0 (100 mg, 0.35 mmol, 1

= S7
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equiv.) was dissolved in nitroethane (10 mL), alhF (1M in THF, 0.15 mL, 0.14 mmol, 0.4
equiv.) was added. The reaction mixture was heatté8°C for 1.5 h. The solvent was partially
eliminated under vacuum and the residue was pdrifiesilica gel chromatography. The compound
12bwas isolated as a yellow oil that solidified carsting (58 mg, 57% vyield; 2:1 mixture of
diastereomers). mp 99°84-NMR (400MHz, CDC}): 1.32 (t,J=7 Hz, 3H), 1.38 (tJ=7 Hz, 3H*),
1.40-1.52 (m, 2H+5H*), 1.53 (d=7 Hz 3H), 2.10 (dJ=8 Hz 1H), 2.29 (m, 1H*), 2.41 (m, 1H),
2.48 (d,J=8 Hz, 1H*), 2.73 (m, 2H), 2.78 (m, 2H*), 3.98-3.19 (AH+1H*), 3.42 (d J=20 Hz 1H*),
3.63 (d,J=20 Hz 1H), 4.21-4.40 (m, 2H+2H*), 5.20 (d=7 Hz, 1H), 5.30 (q,)=7 Hz, 1H*), 6.19-
6.29 (m, 2H+2H*)C-NMR (100MHz, CDCJ): 14.2 (CH), 14.4 (CH*),14.8 (CH), 16.6 (CH?),
44.2 (CH*), 44.5 (CHF), 44.7 (CH), 45.6 (Ch), 46.8 (CH*), 47.1 (CH), 47.4 (CH*), 47.7 (CH),
51.1 (CH), 51.4 (CH*), 53.7 (C), 53.7 (C*), 55.2H€), 55.6 (CH), 62.4 (Ch), 62.6 (CH*), 85.5
(CH*), 87.6 (CH), 139.0 (CH*), 139.2 (CH), 139.2H¢),139.4 (CH), 170.5 (C*),171.3 (C), 215.3
(C*), 216.4 (C) ppm. IR: 2981, 1732, 1546, 1233%cHRMS: G4H2oNOs [M+H]" calculated:
294.13360, found: 294.13360
1-Cyano-3-o0xo0-2,3,3a,4,7,7a-hexahydro-1H-4,7-methaindene-1-carboxylic acid ethyl
ester(12c).Alkyne 10 (75 mg, 0.26 mmol, 1 eq) and KCN (170 mg, 2.60 mri6 equiv) were

o dissolved in acetonitrile (10 mL). The mixture wasated at 90°C for 2 h. The
H

@E& solvent was then removed under vacuum, and theeanas purified by silica gel
H éNCOOEt chromatography to afford2c as a pale yellow oil (32 mg, 50% yiefd)-NMR
12¢ (400MHz, CDC}): 1.26 (s, 2H), 1.42 (]=7 Hz, 3H), 1.57 (d,J=10 Hz 2H), 2.71

(br s, 1H), 2.78 (dJ=7 Hz, 1H), 2.96 (dJ=7 Hz 1H), 3.12 (br s, 1H), 4.41 (dd=7 and 2 Hz 2H),
6.16-6.26 (m, 2H)**C-NMR (100MHz, CDCY): 14.3 (CH), 29.9 (CH), 42.9 (CH), 43.9 (CH), 45.7
(CH), 50.3 (CH), 51.9 (CH), 52.1 (C), 63.8 (gH137.9 (CH), 138.9 (CH), 165.1 (C), 177.0 (C) ppm

IR: 2917, 2847, 2206, 1745, 1655¢tm
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1-Nitromethyl-4-oxo-cyclopent-2-enecarboxylic acicethyl ester (13a): Compoundl2a (63 mg,

0.20 mmol, 1 equiv.) was dissolved in dichloroethdd mL). Maleic anhydride

0
:Zj (97 mg, 1.0 mmol, 5 equiv.) and MeAll0.22 mL, 0.22 mmol, 1 equiv., 1M in
NCOOEt hexane) were successively added at room temperathesreaction mixture was
~
NO2  heated at 55 °C for 4 h. The solution was dilute8$0 (20 mL) and treated with
13a

HCI 1M. The organic layer was extracted with@&t3 x 10 mL), and dried over

MgSQ,. After filtration and evaporation of the solventbe residue was purified by silica gel
chromatography to give estéBaas a yellow oil (23 mg, 60% vyield¥ (400 MHz, CDCJ): 1.29 (t,J
= 7.2 Hz, 3H), 2.44 (d] = 18.8 Hz, 1H), 3.10 (d} = 18.8 Hz, 1H), 4.26 (g} = 7.2 Hz, 2H), 4.73 (d]
= 14.4 Hz, 1H), 4.88 (d) = 14.4 Hz, 1H), 6.39 (d) = 6 Hz, 1H), 7.56 (dJ = 6 Hz, 1H);C
(100MHz, CDCH): 13.9, 42.3, 54.2, 63.0, 78.5, 136.7, 158.8, 1.6204.4:"°F (376.3 MHz): -63.14;
IR: 2956, 2920, 2851, 1732, 1557, 1464, 1376, 12680.

3-Oxo-2-trifluoromethyl-3,3a,4,5,6,6a-hexahydro-petalene-1-carboxylic acid ethyl ester (15):
4 O Ethyl 4,4,4-trifluorobutynoate (300 mg, 1.8 mmolkeduiv.) was dissolved in toluene

CFs with Co,COg (615 mg, 1.8 mmol, 1 equiv.) and the mixture wasesl at room

T

cooet temperature for 2 h. The intermediate cobalt complas not purified. Cyclopentene
15 (1.6 mL, 18 mmol, 10 equiv.) was added, and thaltieg mixture was stirred at 65
°C for 24 h. After chromatography the PK addl&tvas isolated as a yellow oil (170 mg, 36% vyield);
'H NMR (400MHz, CDCY): 1.34-1.42 (m, 1H), 1.37 (8,= 7.2 Hz, 3H), 1.69-1.86 (m, 3H), 1.88-1.95
(m, 1H), 2.00-2.08 (m, 1H), 2.93-3.00 (m, 1H), 3563 (m, 1H), 4.39 (] = 7.2 Hz, 2H) ppm**C
NMR (100MHz, CDC}): 13.9, 24.0, 28.5, 30.0, 46.1, 50.7 & 1.2 Hz), 62.5, 119.8 (d,= 271 Hz),
131.6 (q,J = 32.9 Hz), 164.5, 168.2 (d,= 3.2 Hz), 203.9 ppm-F NMR (376.3 MHz): - 63.2 ppm;
IR: 2964, 2944, 2873, 1731, 1664, 1450, 1354, 14200, 945, 710. cth HRMS: GH140:F3

[MH ] found 263.0895; calculated 263.0895.
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'H-NMR (400MHz, CDCH})
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'H-NMR (400MHz, CDC})
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'H-NMR (400MHz, CDC#)
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'H-NMR (400MHz, CDCH})
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'H-NMR (400MHz, CDCH})
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