Electronic Supplementary Material (ESI) for Catalysis Science & Technology.
This journal is © The Royal Society of Chemistry 2018

Electronic Supplementary Information

Ni-Catalysed Intramolecular [4+4]-Cycloadditions of Bis-dienes
towards Eight-membered Fused Bicyclic Systems: A Combined
Experimental and Computational Study

Nuria Llorente,? Héctor Fernandez-Pérez,® Antonio Bauza,® Antonio Frontera*cand Anton
Vidal-Ferran*ab

3 Institute of Chemical Research of Catalonia (ICIQ) & The Barcelona Institute of Science and
Technology (BIST), Av. Paisos Catalans 16, 43007 Tarragona, Spain

b |CREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain

¢ Departament de Quimica, Universitat de les Illes Balears (UIB), Ctra. de Valldemossa km 7.5,
07122 Palma de Mallorca, Spain

Contents
1.1, General REMArKS. ......cocuii ittt s sneee e S1
1.2. Experimental Procedure and Characterization Data for Ligand L6 ...............ccccceevrnnnnnn. S1
1.3.  Synthesis of Cycloaddition Substrates ...............ccccoeciiiiiiiiiiii e S2
1.4. General Methodology for the Cycloaddition Reactions ..............ccccccoevivieiiiiciier e, S12
1.5. Characterization of [4+4] Cycloaddition Products..............c..cccevcvieiiiiciiee e, S12
1.6. Single Crystal X-Ray Structure Determinations.................ccccceeeiiiiiiiieccciiee e, S16
1.7. Theoretical Methods.............cocoiiiiiiiiii e S18
1.8. Copies Of NIMIR SPECEIA ........c.uuiiiiiiiiiie ittt e s s e e s arae e e ssnnaeeeeeas S20

1.9. Cartesian COOTAINATES ...........ooivvvieeieeeiieeeee et e ettt e et e et b e s e e e setaaasseeeseasanaseees S47



Electronic Supplementary Information

EXPERIMENTAL SECTION

1.1. General Remarks

All syntheses were carried out on chemicals as purchased from commercial sources, unless
otherwise stated. Air and moisture sensitive manipulations or reactions were run under inert
atmosphere using anhydrous and deoxygenated solvents, either in a glove box or with standard
Schlenk techniques. All solvents were dried by using a Solvent Purification System (SPS). Silica gel
60 (230—400 mesh) was used for column chromatography. Silica gel impregnated with silver
nitrate was used to isolate the [4+4] and the [4+2]-cycloaddition products 2 and 3, respectively. It
was prepared according to a procedure previously reported in the literature.! NMR spectra were
recorded in CDCl; unless otherwise cited, on a Bruker Avance 300 MHz, 400 MHz or 500 MHz
Ultrashield spectrometers. 'H NMR and 3C{*H} NMR chemical shifts are quoted in ppm relative to
residual solvent peaks. 3'P{*H} NMR chemical shifts are quoted in ppm relative to 85% phosphoric
acid in water. High-resolution mass spectra (HRMS) were recorded by using either ESI or APCI
ionization method in positive mode. Conversion, and selectivity for the cycloaddition products
were determined by 'H NMR spectroscopy from the crude mixtures, using 1,3,5-
trimethoxybenzene as internal standard. Melting points were measured in open capillaries and are
uncorrected.

1.2. Experimental Procedure and Characterization Data for Ligand L6

Hs;B
‘\'\IﬁIe 0] Ph DABCO '\I!’Ie 0] Ph
By > \n/ . By \n/
0 Tol, 60 °C 0
50% yield L6

The required amounts of phosphino-borane adduct? (0.233 g, 0.925 mmol) and 1,4-
diazabyciclo[2.2.2]octane (DABCO, 0.212 g, 1.85 mmol) were loaded into a flame-dried Schlenk
flask to which dry toluene (5.0 mL) was added. The reaction mixture was heated at 60 °C and
stirred during 24 h. After that, the toluene solvent was completely removed under high vacuum.
Finally, the resulting residue was redissolved in diethyl ether (5.0 mL) and passed through a short
pad of silica (2.0 cm x 1.5 cm). Evaporation of the diethyl ether under high vacuum afforded the
desired ligand L6 as a colorless liquid (0.109 g, 0.46 mmol, 50% vyield, see Figure S6 to Figure S8).
1H NMR (500 MHz, CDCl5) & 8.05 — 8.03 (m, 2H, Harom), 7.57 — 7.54 (m, 1H, Harom), 7.45 — 7.42 (m,
2H, Harom), 4.69 (dd, 2y = 13.1 Hz, 2,1, = 5.6 Hz, 1H, CHH-PMe!Bu), 4.55 (dd, %,y = 13.1 Hz, 2Jyp =
4.0 Hz, 1H, CHH-PMe'Bu), 1.13 (d, 3Jyp = 12.0 Hz, 9H, Bu), 1.09 (d, %y.r = 3.4 Hz, 3H, Me) ppm.
13C{1H} NMR (125 MHz, CDCl;) § 166.8 (d, 3/c.p = 2.8 Hz, C=0), 133.1 (CHgrom), 130.2 (Cq arom), 129.8
(CHarom), 128.5 (CHyrom), 63.0 (d, Yep = 20.4 Hz, CH,-PMeBu), 27.5 (d, Zcp = 13.1 Hz, 3 x CHs, 'Bu),

1T.-S. Li, J.-T. Li and H.-Z. Li, J. Chromatogr. A, 1995, 715, 372.

2 The racemic sample of the corresponding starting phosphino-borane adduct has been previously prepared
in our research group, see the following reference: J. R. Lao, J. Benet-Buchholz and A. Vidal-Ferran,
Organometallics 2014, 33, 2960.
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4.2 (d, Yep =17.2 Hz, CH;, Me) ppm. 31P{1H} NMR (202 MHz, CDCl;) 6 -13.2 (s, PMe!Bu) ppm. HRMS
(ESI*) m/z calcd for C;3H,50,PNa [M+Na]* 261.1015, found 261.1015.

1.3. Synthesis of Cycloaddition Substrates

1.3.1. Synthesis of (E)-5-(((E)-penta-2,4-dien-1-yl)oxy)penta-1,3-diene (1a)

M socl, P q
/\/\/
OH DCM, 0°C to rt
80% yield

Thionyl chloride (2.03 mL, 28.0 mmol) was added dropwise to a solution of 1,4-
pentadiene-3-ol (2.31 mL, 23.3 mmol) in dichloromethane (DCM, 55.0 mL) at O °C. The reaction
mixture was allowed to warm to room temperature and stirred for 2 h. The reaction was then
guenched with water (15.0 mL) and the two phases organic and aqueous were separated. The
aqueous phase was extracted with DCM (2 x 15.0 mL). The combined organic phases were dried
over magnesium sulfate and concentrated in vacuo. The desired 5-chloropenta-1,3-diene was
obtained by distillation of the mixture (b.p. = 73 °C, p = 0.32 bar) as a colorless oil (2.79 g, 76%
yield, E:Z isomers = 95:5). All spectroscopic data were consistent with those previously reported in
the literature.3

Z>CHO

] MeOH DIBAL-H
o Py, DMAP -
< B e

41% yield o) 0°C to rt
O 68% yield

ag. NaOH, cat. TBA-CI  ~/ \\

N OH > O
DCM, rt \/\_/
66% yield

(TBA-CI = tetra-n-butylammonium chloride)

A mixture of Meldrum’s acid (10.00 g, 69.4 mmol) and methanol (2.81 mL, 69.4 mmol) was
heated at 80 °C for 20 h. Evaporation of acetone under reduced pressure gave the desired mono-
methyl malonate as colorless oil (8.19 g, quantitative yield), which was directly used in the
following step without further purification. All spectroscopic data were consistent with those
previously reported in the literature.*

Acrolein (3.1 mL, 41.7 mmol) was added to a mixture of mono-methyl malonate (8.19 g,
62.4 mmol), anhydrous pyridine (12.0 mL), and 4-N,N-dimethylaminopyridine (0.406 g, 3.33

3 A.Z. Gonzalez and F. D. Toste, Org. Lett., 2010, 12, 200.
4 (a) For the synthetic method, see: D. Craig and F. Grellepois, Org. Lett., 2005, 7, 463; (b) For the
spectroscopic data, see: S. Niwayama, H. Cho and C. Lin, Tetrahedron Lett., 2008, 49, 4434.
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mmol), and the reaction mixture was heated to 50 °C and allowed to stir at this temperature for
24 h. The reaction mixture was allowed to reach room temperature and separated between water
(15.0 mL) and diethyl ether (30.0 mL). The aqueous phase was then extracted with diethyl ether (3
x 30.0 mL). The combined organic phases were washed with brine (1 x 30 mL), dried over
magnesium sulfate and the solvents evaporated to dryness. The resulting residue was purified by
distillation (b.p. = 56 °C, p = 0.27 bar) to afford methyl (E)-penta-2,4-dienoate as a colorless liquid
(1.92 g, 41% vield). All spectroscopic data were consistent with those previously reported in the
literature.®

Diisobutylaluminum hydride (DIBAL-H, 1.0 M in hexane, 21.0 mL, 21.0 mmol) was added
over 5 min to a solution of methyl (E)-penta-2,4-dienoate (1.18 g, 10.5 mmol) in anhydrous diethyl
ether (25.0 mL) at 0 °C. The mixture was stirred at this temperature for 20 min, and at room
temperature for 4 h. The reaction was cooled to 0 °C and quenched carefully with 2M aqueous HCI
solution until the pH of the mixture was 5-6. The aqueous phase was separated and extracted with
diethyl ether (2 x 15.0 mL). The combined organic phases were washed with brine (1 x 25.0 mL),
dried over magnesium sulfate and concentrated in vacuo to afford the desired (E)-penta-2,4-dien-
1-ol (0.600 g, 68% yield) as a colorless oil which was immediately used for the following step
without further purification. All spectroscopic data were consistent with those previously reported
in the literature.®

A mixture of 5-chloropenta-1,3-diene (4.00 g, 39.0 mmol), (E)-penta-2,4-dien-1-ol (2.1 g,
25.0 mmol), tetra-n-butylammonium chloride (0.368 g, 1.32 mmol), and 50% aqueous NaOH (9.99
g, 250 mmol) in DCM (10.0 mL) was vigorously stirred at room temperature overnight. The
reaction mixture was then poured into 15.0 mL of distilled water, the organic phases separated,
and the aqueous phase extracted with pentane (5 x 40.0 mL). The combined organic phases were
washed with brine (1 x 50.0 mL), dried over magnesium sulfate, and concentrated under reduced
pressure. The resulting residue was purified by distillation (b.p. = 62 °C, p = 0.35 mbar) to yield the
desired product 1a as colorless oil (2.49 g, 66% vyield, E,E:E,Z isomers = 95:5, see Figure S9 and
Figure S10). *H NMR (400 MHz, CDCl;) § 6.39 — 6.23 (m, 4H), 5.77 (dt, J = 15.0 Hz, J = 6.0 Hz, 2H),
5.21 (d, J = 17.6 Hz, 2H), 5.09 (d, J = 8.4 Hz, 2H), 4.02 (d, J = 6.0 Hz, 4H) ppm. 3C{*H} NMR (125
MHz, CDCl;) 6§ 136.5, 133.4, 130.1, 117.7, 70.3 ppm. All spectroscopic data were consistent with
those previously reported in the literature.”

1.3.2. Synthesis of dimethyl (E)-2-(penta-2,4-dien-1-yl)malonate (1b)

MeO,C._CO,Me Clo e
NaH GOMe NaH MeO,C 7 N\
NN
7 THF/DMSO (9:1) © CO;Me  THF/DMSO (9:1) MeOC %
0°Ctort 0°Ctort 1b
60% yield 35% yield

5 ). Rodriguez and B. Waegell, Synthesis, 1988, 534.

6 ). Llaveria, A. Beltran, M. M. Diaz-Requejo, M. |. Matheu, S. Castillon and P. J. Perez, Angew. Chem., Int. Ed.,
2010, 49, 7092.

7 R. Hertel, J. Mattay and J. Runsink, J. Am. Chem. Soc., 1991, 113, 657.
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A solution of dimethyl malonate (4.5 mL, 39.4 mmol) in anhydrous tetrahydrofuran (THF,
2.5 mL) was added to a suspension of anhydrous NaH (0.538 g, 21.3 mmol) in anhydrous DMSO
(6.0 mL) and THF (75.0 mL) at 0 °C. After 30 min at 0 °C, a solution of previously prepared 5-
chloropenta-1,3-diene (1.63 g, 15.9 mmol) in anhydrous THF (4.0 mL) was added dropwise. The
resulting mixture was allowed to warm to room temperature and stirred overnight. The reaction
mixture was then quenched with distilled water (15.0 mL), diluted with diethyl ether (25.0 mL).
The two phases (organic and aqueous) were separated. The aqueous phase was then extracted
with diethyl ether (3 x 25.0 mL), and the resulting combined organic phases were washed with
water (3 x 15.0 mL), dried over magnesium sulfate, and concentrated in vacuo. Finally, the
resulting residue was purified distillation (b.p. = 78 °C, p = 0.12 mbar) to give the desired product
(dimethyl (E)-2-(penta-2,4-dien-1-yl)malonate) as colorless oil (1.88 g, 60% yield). All spectroscopic
data were consistent with those previously reported in the literature.?

A solution of the previously prepared dimethyl (E)-2-(penta-2,4-dien-1-yl)malonate (0.842
g, 4.25 mmol) in anhydrous THF (2.0 mL) was slowly syringed into a suspension of anhydrous NaH
(0.134 g, 5.31 mmol) in anhydrous DMSO (1.5 mL) and THF (19.5 mL) at 0 °C. After 30 min at 0 °C,
a solution of 5-chloropenta-1,3-diene (1.34 g, 8.5 mmol) in anhydrous THF (2.0 mL) was slowly
added. The resulting mixture was warmed to room temperature and stirred overnight, and then
guenched with distilled water (10.0 mL). THF was evaporated to dryness and the resulting residue
was diluted with diethyl ether (15.0 mL). The two phases (organic and aqueous) were separated.
The aqueous phase was then extracted with diethyl ether (2 x 15.0 mL), and the resulting
combined organic phases were washed with water (3 x 15.0 mL), dried over magnesium sulfate,
and concentrated under reduced pressure. Purification by distillation (b.p = 92 °C, p = 0.02 mbar)
gave the desired substrate 1b as colorless oil (0.393 g, 35% yield, E,E:E,Z isomers = 95:5, see Figure
S11 and Figure S12). *H NMR (500 MHz, CDCl;) § 6.24 (dt, J=17.0 Hz, J = 10.3 Hz, 2H), 6.05 (dd, J =
15.1 Hz, J = 10.5 Hz, 2H), 5.47 (dt, J = 15.2 Hz, J = 7.6 Hz, 2H), 5.09 (d, J = 17.0 Hz, 2H), 4.98 (d, J =
10.3 Hz, 2H), 3.67 (s, 6H), 2.62 (d, J = 7.7 Hz, 4H) ppm. 3C{*H} NMR (125 MHz, CDCl;) § 171.0,
136.5, 135.2, 127.7, 116.5, 58.0, 52.4, 36.0 ppm. All spectroscopic data were consistent with those
previously reported in the literature.?

1.3.3. Synthesis of 4-methyl-N,N-di((E)-penta-2,4-dien-1-yl)benzenesulfonamide (1c)

Ts—NH, ~7 N\

AN ——F TsN

NaH M
DMF
1c
75% yield

To a cooled (0 °C) suspension of NaH (95%, 0.531 g, 21.0 mmol) in DMF (12.0 mL) was
added a solution of p-toluenesulfonamide (1.5 g, 8.76 mmol) in DMF (12.0 mL). The mixture was
stirred at 0 °C for 30 min, after which a solution of previously prepared 5-chloropenta-1,3-diene
(2.61 g, 21.9 mmol) in DMF (6.0 mL) was added. The resulting mixture was stirred at room
temperature for 2 h. The reaction was quenched by the addition of saturated aqueous solution of

8 ). M. Takacs and E. C. Lawson, Organometallics, 1994, 13, 4787.
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NH,CI (20.0 mL) at 0 °C, and extracted with ether (3 x 25.0 mL). The combined organic phases were
dried over magnesium sulfate, filtered, and concentrated in vacuo. The residue was purified by
silica gel column chromatography (Hexane:EtOAc, 100:0->80:20) to afford the target substrate 1c
as a yellow oil (1.94 g, 75% vyield, E,E:E,Z isomers = 95:5, see Figure S13 and Figure S14). *H NMR
(400 MHz, CDCl5) & 7.69 (d, J = 8.3 Hz, 1H), 7.28 (d, J = 7.9 Hz, 2H), 6.24 (dt, J = 16.8 Hz, J = 10.3 Hz,
2H), 6.06 (dd, J = 15.2 Hz, J = 10.5 Hz, 2H), 5.48 — 5.41 (m, 2H), 5.15 (d, J = 16.8 Hz, 2H), 5.07 (d, J =
10.8 Hz, 2H), 3.81 (d, J = 6.7 Hz, 4H), 2.42 (s, 3H) ppm. 3C{*H} NMR (125 MHz, CDCl;) & 143.3,
137.5, 135.9, 134.9, 129.7, 127.8, 127.3, 118.0, 48.6, 21.6 ppm. All spectroscopic data were
consistent with those previously reported in the literature.®

1.3.4. Synthesis of (2E,4E)-1-(((E)-penta-2,4-dien-1-yl)oxy)hexa-2,4-diene (1d)

HO\/W

ag. NaOH, cat. TBA-CI /\/_\\
O,

DCM, rt N Me
56% yield

PN

1d

A mixture of (2E,4E)-hexa-2,4-dien-1-ol (1.00 g, 9.88 mmol), previously prepared 5-
chloropenta-1,3-diene (1.58 g, 15.4 mmol), tetra-n-butylammonium chloride (0.146 g, 0.524
mmol), and 50% aqueous NaOH (3.95g g, 98.8 mmol) in dichloromethane (4.0 mL) was vigorously
stirred at room temperature overnight. The reaction mixture was then poured to distilled water
(14.0 mL). The phases were separated, and the aqueous phase was extracted with pentane (5x 7.0
mL). The combined organic phases were washed with brine (2 x 7.0 mL), dried over magnesium
sulfate, filtered and concentrated under reduced pressure. Finally, the resulting residue was
purified by distillation (b.p = 44 °C, p = 0.019 mbar) to afford the target substrate 1d as a colorless
liquid (0.904 g, 56% vyield, E,E:E,Z isomers = 95:5, see Figure S15 and Figure S16). *H NMR (500
MHz, CDCl;) § 6.34 (dt, J = 16.8 Hz, J = 9.7 Hz, 1H), 6.27 — 6.17 (m, 2H), 6.05 (ddd, J = 15.0 Hz, J =
10.6 Hz, J = 1.2 Hz, 1H), 5.77 (dt, J = 15.2 Hz, J = 6.0 Hz, 1H), 5.70 (dq, J = 15.0 Hz, J = 6.8 Hz, 1H),
5.62 (dt, J = 15.1 Hz J = 6.5 Hz, 1H), 5.20 (d, J = 16.8 Hz, 1H), 5.08 (d, J =9.7 Hz, 1H), 3.99 (t, / = 6.5
Hz, 4H), 1.75 (d, J = 6.8 Hz, 3H) ppm. 3C{H} NMR (125 MHz, CDCl;) 6 136.5 (CH=), 133.4 (CH=),
133.2 (CH=), 130.9 (CH=), 130.3 (CH=), 130.1 (CH=), 126.7 (CH=), 117.5 (CH,=), 70.6 (CH,), 70.1
(CH,), 18.2 (CH;3) ppm. Compound 1d is too unstable to provide a good high-resolution mass
spectrum under analysis conditions (using APCI as ionization source).

1.3.5. Synthesis of (E)-2-methyl-5-(((E)-penta-2,4-dien-1-yl)oxy)penta-1,3-diene (1e)

Me ph,p” “CO,Et o Me Chio X
DIBALH
Ox X -, OH aq. NaOH, cat. TBA-CI _/~7 N\
DCM, refl N7 oH o~ 0
CM, reflux DCM, -78 °C DCM, rt M
56% Yield 81% Yield 48% yield

Me
1e

9 M. Takimoto and M. Mori, J. Am. Chem. Soc., 2002, 124, 10008.
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To a 250 mL round-bottom flask equipped with a stirring bar was added 95%
(carbethoxymethylene)-triphenylphosphorane (7.98 g, 21.8 mmol) and 90% methacrolein (2.0 mL,
21.8 mmol) in dichloromethane (80.0 mL). The reaction mixture was stirred at reflux for 2 h, then
cooled to 23 °C and concentrated in vacuo. Pentane (250.0 mL) was added to the concentrate to
precipitate triphenylphosphine oxide. The mixture was filtered through Celite and the solvent
evaporated to dryness. The filtration and evaporation steps were repeated until no white solid
appeared. Removal of the solvent yielded ethyl (E)-4-methylpenta-2,4-dienoate pure (1.7 g, 56%
yield), which was directly used in the following step without further purification. All spectroscopic
data were consistent with those previously reported in the literature.®

Previously obtained unsaturated ester (1.6 g, 11.4 mmol) was dissolved in dry DCM (14.0
mL) and cooled to —78 °C. To this solution, DIBAL-H (1.0 M in hexane, 28.5 mL, 28.5 mmol) was
added dropwise and the reaction mixture was stirred at this temperature for 30 min. The reaction
then was quenched with methanol (5.0 mL), saturated aqueous solution of Rochelle salt (120.0
mL) and diethyl ether (120.0 mL). The mixture was stirred vigorously at room temperature until
there was sufficient separation of the two phases. The organic layer was separated and aqueous
phase was extracted twice with DCM (2 x 20.0 mL). The combined organic extracts were washed
with water and brine, dried over magnesium sulfate and finally concentrated in vacuo. The
mixture was distilled (b.p = 77 °C, p = 6.8 mbar) to yield (E)-4-methylpenta-2,4-dien-1-ol pure
(0.908 g, 81% yield). All spectroscopic data were consistent with those previously reported in the
literature.!

A mixture of (E)-4-methylpenta-2,4-dien-1-ol pure (0.45 g, 4.59 mmol), previously
prepared 5-chloropenta-1,3-diene (0.863 g, 7.15 mmol), tetra-n-butylammonium chloride (0.0675
g, 0.243 mmol), and 50% aqueous NaOH (1.83 g, 45.9 mmol) in DCM (2.0 mL) was vigorously
stirred at room temperature overnight. The reaction mixture was then poured to distilled water
(6.0 mL). The phases were separated, and the aqueous phase was extracted with pentane (5 x 3.0
mL). The combined organic phases were washed with brine (2 x 3.0 mL), dried over magnesium
sulfate, filtered, and concentrated under reduced pressure. The target substrate 1e was obtained
pure after distillation of the crude (b.p. = 43 °C, p = 0.031 mbar) (0.360 g, 48 % vyield, E,E:E,Z
isomers = 95:5, see Figure S17 and Figure $18). *H NMR (500 MHz, CDCl;) 6 6.39 — 6.22 (m, 3H),
5.81 — 5.70 (m, 2H), 5.20 (dd, J = 16,2 Hz, J = 1.5 Hz, 1H), 5.08 (dd, J = 9.9 Hz, J = 1.5 Hz, 1H), 4.97
(s, 2H), 4.04 (dd, J = 6.0 Hz, J = 1.3 Hz, 2H), 4.01 (dd, J = 5.9 Hz, J = 1.0 Hz, 2H), 1.85 (s, 3H) ppm.
1B3C{*H} NMR (125 MHz, CDCl;) 6 141.5 (C=), 136.4 (CH=), 135.6 (CH=), 133.4 (CH=), 130.1 (CH=),
126.0 (CH=), 117.6 (CH,=), 116.9 (CH,=), 70.8 (CH,), 70.3 (CH,), 18.6 (CH3) ppm. HRMS (APCI*): m/z
calcd for C;1H170 [M+H]* 165.1274, found 165.1274.

10 A, P. Marcus, A. S. Lee, R. L. Davis, D. J. Tantillo and R. Sarpong, Angew. Chem., Int. Ed., 2008, 47, 6379.
11 (a) For the synthetic method see: J.-H. Zhou, S.-H. Cai, Y.-H. Xu and T.-P. Loh, Org. Lett., 2016, 18, 2355; (b)
For the spectroscopic data see: M. T. Lai, D. Li, E. Oh and H. W. Liu, J. Am. Chem. Soc., 1993, 115, 1619.
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1.3.6. Synthesis of (E)-3-methyl-5-(((E)-penta-2,4-dien-1-yl)oxy)penta-1,3-diene (1f)

1) BuLi, -78 °C to 0 °C
) SN0 Chao N

Br

+

Me O Me
78"C o RT LiAIH NaOH, cat. TBA-CI 72\
PhsP-Me s e Ny 29 NaOH, cat Om
THF Et,0 DCM, rt w
' Reflux o/ \i
86% yield 79% yield 57% yield Me
1f

A solution of n-butyllithium (2.5 M in hexane, 6.0 mL, 15.0 mmol) was added dropwise at —
78 °C to a solution of methyltriphenylphosphonium bromide (5.32 g, 14.6 mmol) in dry THF (50.0
mL). The mixture was allowed to reach 0 °C and stirred for 1 h. After cooling to =78 °C, ethyl (E)-3-
methyl-4-oxo-2-butenoate (2.00 g, 13.6 mmol) dissolved in dry THF (20.0 mL) was slowly added.
The mixture was stirred for 24 h at room temperature. The reaction was then hydrolyzed with
water (30.0 mL), and extracted three times with diethyl ether (3 x 50.0 mL). The combined organic
phases were dried with magnesium sulfate and the solvent was evaporated under reduced
pressure. The mixture was dissolved in pentane (50.0 mL), filtered through Celite, and then
concentrated in vacuo. The filtration and concentration steps were repeated three times, until no
white solid appeared, to obtain the pure product ethyl (E)-3-methylpenta-2,4-dienoate (1.6 g, 86
% yield). All spectroscopic data were consistent with those previously reported in the literature.!?

Ethyl (E)-3-methylpenta-2,4-dienoate (0.50 g, 3.57 mmol) was added to a suspension of
LiAIH, (0.203 g, 5.35 mmol) in absolute diethyl ether (7.5 mL) under a N, atmosphere. The mixture
was heated to reflux for 1 h and quenched by the addition of ice-cooled water. The residue formed
was dissolved by addition of 10% H,SO, (8.0 mL). The phases were separated and the aqueous
phase was extracted with diethyl ether (3 x 10.0 mL). The combined organic phases were washed
with a saturated solution of Rochelle salt (1 x 10.0 mL), dried over magnesium sulfate, and the
solvent was removed under reduced pressure. The residue of (E)-3-methylpenta-2,4-dien-1-ol was
pure enough for use in the next step without further purification (0.275 g, 79 % yield). All
spectroscopic data were consistent with those previously reported in the literature.*?

A mixture of (E)-3-methylpenta-2,4-dien-1-ol (0.80 g, 8.15 mmol), previously prepared 5-
chloropenta-1,3-diene (1.53 g, 12.7 mmol), tetra-n-butylammonium chloride (0.12 g, 0.432 mmol),
and 50% aqueous NaOH (3.26 g, 81.5 mmol) in DCM (3.5 mL) was vigorously stirred at room
temperature overnight. The reaction mixture was then poured into distilled water (10.0 mL). The
phases were separated, and the aqueous phase was extracted with pentane (5 x 5.0 mL). The
combined organic phases were washed with brine (2 x 5.0 mL), dried over magnesium sulfate,
filtered, and concentrated in vacuo. The desired substrate 1f was purified by distillation (b.p. = 34
°C, p = 0.04 mbar) (0.762 g, 57 % yield, E,E:E,Z isomers = 95:5, see Figure S19 and Figure S20). H
NMR (400 MHz, CDCl;) 6 6.45 — 6.24 (m, 3H), 5.80 (dt, /= 15.0 Hz, J = 6.5 Hz, 1H), 5.65 (t, / = 6.4 Hz,
1H), 5.25 (d, J = 5.6 Hz, 1H), 5.20 (d, J = 5.7 Hz, 1H), 5.11 (d, J = 10.6 Hz, 1H), 5.06 (d, J = 10.7 Hz,

12,5, Yildizhan and S. Schulz, Synlett, 2011, 2831.
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1H), 4.14 (d, J = 6.4 Hz, 2H), 4.04 (d, J = 6.5 Hz, 2H), 1.80 (s, 3H) ppm. C{'H} NMR (100 MHz,
CDCl5) 6 140.9 (CH=), 137.1 (C=), 136.4 (CH=), 133.4 (CH=), 130.2 (CH=), 128.4 (CH=), 117.7 (CH,=),
113.0 (CH,=), 70.4 (CH,), 66.6 (CH,), 12.2 (CHs) ppm. HRMS (APCI*): m/z calcd for CiHi,0 [M+H]*
165,1274, found 165.1277.

1.3.7. Synthesis of dimethyl 2-((E)-hexa-3,5-dien-1-yl)-2-((E)-penta-2,4-dien-1-yl)malonate

(1g)
1. LDA, -78 °C
2. HMPA, -78 °C LiAH,
XX COEL MCO2Et N\/\OH
THF Et,0
0°Ctort
21% vyield
97% vyield

A flame-dried 500 mL Schlenk flask was loaded with dry THF (165.0 mlL) and
diisopropylamine (DIPA, 12.1 mL, 85.6 mmol) and cooled to —78 °C. n-butyllithium (34.2 mL, 85.6
mmol) was then added dropwise and the reaction mixture was stirred at =78 °C for 1 h in order to
form LDA in situ. Hexamethylphosphoramide (HMPA, 12.4 mL, 71.3 mmol) was then slowly added
to the mixture. After 30 min stirring at —78 °C, ethyl sorbate (10.7 mL, 71.3 mmol) in THF (25.0 mL)
was added dropwise, resulting in a red-orange solution. The reaction was stirred at —78 °C for 1 h
and then ethanol (35.0 mL) was added. The reaction was then quenched by pouring the mixture to
a 1L round-bottom flask containing water (140.0 mL) and glacial acetic acid (25.0 mL). After
diluting with hexane (100.0 mL), the two phases were separated, and the aqueous phase was
extracted with hexane (3 x 125.0 mL). The combined organic phases were washed with saturated
NaHCO; (2 x 75.0 mL), brine (2 x 75.0 mL), and dried over magnesium sulfate. The solvent was
evaporated to dryness. The crude mixture containing the desired product and the starting material
was purified by column chromatography on silica gel impregnated with AgNO; (10%)!
(Hexane:Acetone, 100:0->80:20) to yield the desired ethyl (E)-hexa-3,5-dienoate (2.14 g, 21 %
yield). All spectroscopic data were consistent with those previously reported in the literature.’

To a flame-dried Schlenk flask was introduced LiAlH, (0.512 g, 13.5 mmol), suspended in
anhydrous diethyl ether (10.0 mL), and cooled at 0 °C. Then, a solution of ethyl (E)-hexa-3,5-
dienoate (1.35 g, 9.63 mmol) in anhydrous diethyl ether (3.0 mL) was slowly cannulated to the
previous suspension. The reaction mixture was allowed to reach room temperature and stirred for
4.5 h. The reaction was recooled at 0 °C, diluted with diethyl ether (15.0 mL), and carefully
quenched with saturated aqueous solution of Rochelle salt (25.0 mL). The biphasic mixture was
vigorously stirred overnight. The two phases were then separated and the aqueous phase was
extracted with diethyl ether (2 x 50.0 mL). The combined organic phases were washed with brine
(1 x 50.0 mL), dried over magnesium sulfate, filtered, and concentrated in vacuo to provide the
desired product (E)-hexa-3,5-dien-1-ol as yellowish liquid (0.92 g, 97% crude yield) in a pure form,
which was immediately used for the following step without further purification.

13 C. A. Miller and R. A. Batey, Org. Lett., 2004, 6, 699.
14 B. DeBoef, W. R. Counts and S. R. Gilbertson, J. Org. Chem. 2007, 72, 799.
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1. NaH, DMM
MsCl, NEt, 2.KI,75°C, 18h  \e0,C X
P S P S A
HO X MsO X
DCM, 0 °C THF CO,Me
quant. 65% vyield
of
NN MeO,C
NaH MeO,C 7 N
THF/DMSO (9:1) N\ S
0°Ctort
. 19
48% yield

To a solution of (E)-hexa-3,5-dien-1-ol (0.74 g, 7.09 mmol) and triethylamine (1.99 mL,
14.2 mmol) in DCM (22.0 mL) at 0 °C was added methanesulfonyl chloride (0.58 mL, 7.44 mmol).
The reaction mixture was stirred at 0 °C for 1 h, after which it was poured into a cooled 1 M HCI
aqueous solution (15.0 mL). The aqueous phase was then extracted with DCM (3 x 25.0 mL). The
combined organic phases were washed with brine (1 x 25.0 mL), dried over magnesium sulfate,
filtered and the solvent evaporated to dryness to yield the crude mesylate compound as yellowish
oil in quantitative yield (1.249 g), which was immediately used for the following step without
further purification. All spectroscopic data were consistent with those previously reported in the
literature.?®

In a 100 mL two-necked round-bottom flask under inert atmosphere, to a suspension of
NaH (0.323 g, 12.8 mmol) in anhydrous DMF (10.0 mL) was added a solution of dimethyl malonate
(1.65 mL, 14.2 mmol) in anhydrous THF (18.5 mL). The mixture was stirred at room temperature
for 15 min. After that, a solution of (E)-hexa-3,5-dien-1-yl methanesulfonate (1.25 g, 7.09 mmol) in
anhydrous THF (17.0 mL) was slowly added followed by adding Kl (0.235 g, 1.42 mmol) as solid.
The resulting reaction mixture was heated at 75 °C and stirred overnight. After 18 h, the mixture
was quenched with saturated aqueous NH,Cl (25.0 mL) and extracted with diethyl ether (3 x 30.0
mL). The combined organic phases were dried over magnesium sulfate and concentrated in vacuo.
Finally, the residue was purified by silica gel column chromatography (Hexane:Diethyl ether,
100:0->90:10) to yield the target product dimethyl (E)-2-(hexa-3,5-dien-1-yl)malonate as colorless
oil (0.9811 g, 65% yield). All spectroscopic data were consistent with those previously reported in
the literature.?®

NaH (0.140 g, 5.56 mmol) was added to a 50 mL bottom flask under inert atmosphere.
Anhydrous THF (19.0 mL) and DMSO (2.0 mL) were syringed to the flask and the resulting solution
was cooled to 0 °C. Then, a solution of dimethyl (E)-2-(hexa-3,5-dien-1-yl)malonate (0.975 g, 4.59
mmol) in anhydrous THF (2.5 mL) was slowly added. The resulting reaction mixture was allowed to
reach room temperature and was stirred for 1 h. Then, the mixture is re-cooled to 0 °C and a
solution of 5-chloropenta-1,3-diene (0.69 g, 5.79 mmol) in anhydrous THF (2.0 mL) was added
dropwise. The resulting mixture was allowed to reach room temperature and stirred overnight.

155, Thamapipol and E. P. Kuendig, Org. Biomol. Chem., 2011, 9, 7564.
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Then, the mixture was quenched with distilled water (15.0 mL). The THF solvent was evaporated
to dryness, the resulting residue was partitioned between diethyl ether (40.0 mL) and water (10.0
mL), and the two phases were separated. The organic phase was washed with distilled water (3 x
15.0 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. Finally, the resulting
residue was purified by silica gel column chromatography (Hexane:Diethyl ether, 90:10) to afford
the desired compound 1g as yellow oil (0.620 g, 48% vyield, E,E:E,Z isomers = 95:5, see Figure S21
and Figure S22). 'H NMR (400 MHz, CDCl;) 6 6.33 — 6.23 (m, 2H), 6.12 — 6.02 (m, 2H), 5.67 — 5.60
(m, 1H), 5.54 — 5.46 (m, 1H), 5.15 — 5.08 (m, 2H), 5.03 — 4.96 (m, 2H), 3.71 (s, 6H), 2.70 — 2.68 (m,
2H), 2.05 — 1.93 (m, 4H) ppm. 3C{*H} NMR (100 MHz, CDCl;) 6 171.6 (C=0), 137.1 (CH=), 136.7
(CH=), 135.1 (CH=), 133.5 (CH=), 131.8 (CH=), 127.9 (CH=), 116.7 (CH,=), 115.7 (CH,=), 57.7 (C-
(CO,Me),), 52.6 (2 x CH;, CO,Me), 36.3 (CH,), 32.2 (CH,), 27.3 (CH,) ppm. HRMS (ESI*): m/z calcd
for C4¢H,,04Na [M+Na]* 301.1410, found 301.1414.

1.3.8. Synthesis of (E)-6-(((E)-penta-2,4-dien-1-yl)oxy)hexa-1,3-diene (1h)

Clhao XX
ag. NaOH, cat. TBA-Cl o~/ \\
N >"0H
DCM, rt w
39% yield

1h

A mixture of (E)-hexa-3,5-dien-1-ol (0.92 g, 9.37 mmol), previously prepared 5-
chloropenta-1,3-diene (1.15 g, 11.2 mmol), tetra-n-butylammonium chloride (0.138 g, 0.497
mmol), and 50% aqueous NaOH (3.75 g, 93.7 mmol) in DCM (10.0 mL) was vigorously stirred at
room temperature overnight. The reaction mixture was then poured to distilled water (20.0 mL).
The phases were separated and the aqueous phase was extracted with pentane (5 x 15.0 mL). The
combined organic phases were washed with brine (2 x 20.0 mL), dried over magnesium sulfate,
filtered, and concentrated under reduced pressure. The residue was purified by distillation (b.p =
57 °C, p = 0.16 mbar) to afford the target substrate 1h in a pure form as colorless liquid (0.600 g,
39% isolated yield, E,E:E,Z isomers = 95:5, see Figure S23 and Figure S24). 'H NMR (400 MHz,
CDCl3) 6 6.39 — 6.21 (m, 3H), 6.16 — 6.08 (m, 1H), 5.81 — 5.68 (m, 2H), 5.23 — 5.08 (m, 3H), 5.00 —
4.97 (m, 1H), 4.03 — 4.01 (m, 2H), 3.48 (t, J = 6.8 Hz, 2H), 2.41 — 2.36 (m, 2H) ppm. 3C{'H} NMR
(100 MHz, CDCl5) 6 137.2 (CH=), 136.5 (CH=), 133.2 (CH=), 132.8 (CH=), 131.3 (CH=), 130.3 (CH=),
117.6 (CH,=), 115.6 (CH,=), 71.1 (CH,), 89.8 (CH,), 33.2 (CH;) ppm. HRMS (APCI*): m/z calcd for
C11Hy,0 [M+H]* 165.1274, found 165.1279.
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1.3.9. Synthesis of N-((E)-hexa-3,5-dien-1-yl)-4-methyl-N-(penta-2,4-dien-1-yl)
benzenesulfonamide (1i)
/\/\/\
1. TsNCO, THF ] /@/ HO NN PN
2. Pd(OAc),/LiBr, DMF DIAD, PPhg 7 N
M /’%/\/N\/S\ TsN
OH 50% yield Jo THF N\~
64% yield i
(E:Z ratio = 88:12) (E,E:E,Z ratio = 88:12)

To a flame-dried 100 mL Schlenk flask was introduced 1,4-pentadien-3-ol (1.0 g, 11.7
mmol) and 4-methylbenzenesulfonyl isocyanate (2.04 mL, 12.8 mmol). Anhydrous THF (50.0 mL)
was syringed to the flask and the resulting mixture was stirred at room temperature under inert
atmosphere for 2 h. After that, the THF solvent was removed under vacuum and the resulting
residue was dissolved in DMF (60.0 mL). Then, palladium acetate (0.131 g, 0.583 mmol) and
lithium bromide (4.09 g, 46.6 mmol) were added. The reaction mixture was heated at 90 °C and
the reaction was stirred overnight. Then, the reaction mixture was allowed to reach room
temperature. Diethyl ether (600.0 mL) was added and the organic phase was washed with distilled
water (3 x 150.0 mL) and brine (3 x 150.0 mL), dried over magnesium sulfate, filtered, and
concentrated Jjn vacuo. Finally, the resulting residue was purified by silica gel column
chromatography (Cyclohexane:EtOAc, 100:0->70:30) to yield the desired product 4-methyl-N-
penta-2,4-dienyl-benzenesulfonamide as a white solid (1.38 g, 50% isolated vyield, E:Z isomers =
88:12).¢ All spectroscopic data for the E isomer were consistent with those previously reported in
the literature.®

To a flame-dried 50 mL Schlenk flask under argon atmosphere, a solution of diisopropyl
azodicarboxylate (DIAD, 1.57 mL, 7.58 mmol) and triphenylphosphine (1.99 g, 7.58 mmol) in
anhydrous THF (30.0 mL) was prepared at 0 °C. After the solution was stirred for 1 h, a solution of
4-methyl-N-penta-2,4-dienyl-benzenesulfonamide (1.50 g, 6.32 mmol) and (E)-hexa-3,5-dien-1-ol
(0.66 g, 6.32 mmol) in anhydrous THF (10.0 mL) was added at 0 °C. The reaction mixture was
slowly allowed to reach room temperature and stirred for 3 h. The solvent was then evaporated to
dryness and the resulting mixture was purified by silica gel column chromatography
(Cyclohexane:EtOAc, 100:0->80:20) to yield the desired substrate 1i as colorless oil (1.29 g, 64%
yield, E,E:E,Z isomers = 88:12, see Figure S25 and Figure S26).

The two EE- and E,Z-isomers were respectively isolated in a pure form by semi-
preparative HPLC using a Daicel Chiralpak® IA column (98:2 hexane/EtOH; 5 mL/min) on a 10 mg
scale. Semi-preparative HPLC analysis, Daicel Chiralpak® IA column (25 cm x 0.46 cm),
hexane/EtOH (95:5), 1 mL/min, 254 nm, ti(Z,E-isomer) = 14.3 min, tg(E,E-isomer) = 16.3 min.

16 The preparation of 4-methyl-N-penta-2,4-dienyl-benzenesulfonamide was performed using the
experimental procedure reported in the following reference: A. Lei and X. Lu, Org. Lett. 2000, 2, 2357. Under
the same experimental conditions, the authors of the paper claimed that the reaction was regioselective
affording exclusively the E isomer. In our hands after several times, we were able to isolate the target
product as a mixture of E:Z isomers = 88:12.
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E,E-1i (see Figure S27 and Figure $28): 'H NMR (500 MHz, CDCl;) 6 7.70 — 7.68 (m, 2H),
7.30 - 7.28 (m, 2H), 6.29 — 6.21 (m, 2H), 6.13 — 6.00 (m, 2H), 5.57 — 5.46 (m, 2H), 5.19 — 4.99 (m,
4H), 3.84 (d, J = 6.6 Hz, 2H), 3.19 — 3.16 (m, 2H), 2.42 (s, 3H), 2.33 — 2.28 (m, 2H) ppm. 13C{*H} NMR
(125 MHz, CDCl3) 6 143.3, 137.3, 136.9, 135.9, 134.6, 133.4, 133.0, 130.8, 130.6, 129.8, 128.4,
127.3, 126.0, 120.2, 118.2, 116.1, 49.9, 47.0, 44.8, 32.1, 32.0, 21.6 ppm. All spectroscopic data for
the E,E isomer were consistent with those previously reported in the literature.’

E,Z-1i (see Figure $S29 and Figure S30): *H NMR (500 MHz, CDCl;) & 7.70 — 7.68 (m, 2H,
Harom), 7.30 = 7.28 (m, 2H, Hyom), 6.58 — 6.51 (m, 1H) 6.29 — 6.21 (m, 1H), 6.12 — 6.00 (m, 2H), 5.58
—5.52 (m, 1H), 5.29 — 5.20 (m, 3H), 5.12 — 5.08 (m, 1H), 5.01 — 4.99 (m, 1H), 4.00 — 3.98 (m, 2H),
3.19 — 3.16 (m, 2H), 2.42 (s, 3H, Me), 2.34 — 2.29 (m, 2H) ppm. 3C{*H} NMR as DEPTQ135 (125
MHz, CDCls) 6 143.4 (Cq arom), 137.2 (C4 arom), 136.9 (CH=), 133.4 (CH=), 133.0 (CH=), 130.8 (CH=),
130.6 (CH=), 129.8 (CH,iom), 127.4 (CHaom), 126.0 (CH=), 120.2 (CH,=), 116.1 (CH,=), 47.0 (CH,),
44.9 (CH,), 32.1 (CH,), 21.6 (CH3;, Me) ppm. HRMS (ESI*): m/z calcd for C;gH,3NO,SNa [M+Na]*
340.1342, found 340.1350.

1.4. General Methodology for the Cycloaddition Reactions

A solution of the substrate (1.00 mmol) and ligand (0.21 mmol) in anhydrous and
deoxygenated toluene was prepared under inert atmosphere. Ni(cod), (0.10 mmol) was added
dropwise from a stock solution in anhydrous toluene. The resulting mixture was carefully heated
at 60 °C under argon atmosphere and stirred for 24 h. After that, the reaction mixture was allowed
to reach room temperature and oxidized to air for 1 h. The mixture was filtered through a short
pad of silica and further eluted with diethyl ether. The filtrate was concentrated in vacuo and the
resulting crude mixture was analyzed by NMR spectroscopy. Purification of the desired product
was achieved by column chromatography on silica gel impregnated with silver nitrate (10%).*

1.5. Characterization of [4+4] Cycloaddition Products

Product cis-2a was prepared following the general procedure starting from

) substrate 1a (0.076 g, 0.50 mmol), ligand L2 (37.9 mg, 0.11 mmol), and
O(:E) Ni(cod), (14.1 mg, 0.050 mmol). It was obtained as colorless liquid (0.040 g,
H 56% yield, see Figure S31 and Figure $32). *H NMR (400 MHz, CDCl3) § 5.60 —
cis-2a 5.56 (m, 2H), 5.40 (dd, J = 11.1 Hz, J = 2.3 Hz, 2H), 4.02 (dd, J = 8.0 Hz, J = 6.9

Hz, 2H), 3.60 (dd, J = 8.0 Hz, J = 6.1 Hz, 2H), 3.32 (bs, 2H), 2.63 — 2.60 (m, 2H),
2.08 — 2.05 (m, 2H) ppm. 3C{*H} NMR (100 MHz, CDCl3) 6 129.7, 129.1, 74.1, 43.7, 28.1 ppm. All
spectroscopic data were consistent with those previously reported in the literature.’”

Product cis-2b was prepared following the general procedure starting

H
MeO-C from substrate 1b (0.095 g, 0.36 mmol), ligand L2 (42.6 mg, 0.12
MeOiC mmol), and Ni(cod), (11.1 mg, 0.039 mmol). It was obtained as
H colorless liquid (0.050 g, 56% yield, see Figure S35 and Figure $36). *H

cis-2b

7). W. Park, J. E. Park, J. H. Park, M. R. Hong, S. M. Kim, Y. K. Chung and C. H. Kim, Synlett, 2016, 27, 455.
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NMR (500 MHz, CDCl;) 6 5.51 (dt, J = 11.0 Hz, J = 5.5 Hz, 2H), 5.39 (dd, J = 11.0 Hz, J = 2.5 Hz, 2H),
3.73 (s, 6H), 3.19 (bs, 2H), 2.56 — 2.52 (m, 4H), 2.15 (dd, / = 13.6 Hz, J = 7.5 Hz, 2H), 2.02 - 1.99 (m,
2H) ppm. B3C{*H} NMR (125 MHz, CDCl;) 6§ 173.3, 173.0, 131.7, 128.8, 57.8, 52.92, 52.87, 43.4,
41.2, 28.1 ppm. All spectroscopic data were consistent with those previously reported in the
literature.’

Product cis-2c was prepared following the general procedure starting from
substrate 1c (0.103 g, 0.34 mmol), ligand L2 (40.2 mg, 0.11 mmol), and

TS_N@ Ni(cod), (10.5 mg, 0.037 mmol). It was obtained as a white solid (0.041 g,
H 40% vyield, see Figure S37 and Figure S38). *H NMR (500 MHz, CDCl3) 6 7.73

cis-2¢ (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.49 (dt, J = 11.3 Hz, J = 5.6 Hz,
2H),5.09 (dd, J = 11.2 Hz, J = 2.3 Hz, 2H), 3.49 (dd, J = 9.5 Hz, J = 6.8 Hz, 2H),

3.19 (bs, 2H), 3.11 (dd, J = 9.5 Hz, J = 5.9 Hz, 2H), 2.60 — 2.47 (m, 2H), 2.43 (s, 3H), 2.05 — 1.97 (m,

2H) ppm. 3C{*H} NMR (125 MHz, CDCl;) 6 143.5, 134.3, 129.9, 129.8, 128.2, 127.6, 53.6, 42.6,
28.0, 21.7 ppm. All spectroscopic data were consistent with those previously reported in the

literature.l”

Product cis-2d was prepared following the general procedure starting from substrate 1d (0.062 g,
0.38 mmol), ligand L2 (28.5 mg, 0.079 mmol), and Ni(cod), (10.5 mg, 0.038 mmol). It was obtained
as colorless liquid (8.2 mg, 13% yield, see Figure S39 to Figure S41). *H NMR (800 MHz, CDCl;) 6
- v 5.61—-5.56 (m, 1H, H;), 5.36 (ddd, 3/y.u1 = 11.3 Hz, 3Jyp.49 = 6.1 Hz, 44,
w12 = 2.6 Hz, 1H, H,), 5.33 (dd, ¥usna = 10.7 Hz, 3Jpzo = 2.5 Hz, 1H, Hs),
5.29 (ddd, ans = 10.7 Hz, Yuanns = 7.3 Hz, Yuanwo = 2.5 Hz, 1H, Hy),
4.03 (dd, ys.ng = 3ush10 = 7.9 Hz, 1H, Hs), 4.00 (dd, 2.7 = 8.2 Hz, 3Jpe.
o = 6.2 Hz, 1H, Hg), 3.69 (dd, Yyyms = 8.3 Hz, 3Jyymo = 4.0 Hz, 1H, H,),
3.50 (dd, Yugns = 8.9 Hz, 3Jugrio = 8.0 Hz, 1H, Hs), 3.36 (bs, 1H, Ho), 3.25
(ddddd, *Ju10-49 = *Jn1o-ms = *Juio-ns = 8.0 Hz, Jyio.ns = 2.9 Hz, Yo = 2.5
Hz, 1H, Hyg), 3.02 — 2.97 (m, 1H, H44), 2.60 — 2.55 (m, 1H, Hy, or Hy3), 1.82 — 1.80 (m, 1H, H;, or Hy3),
1.04 (d, 3Jyen1s = 6.6 Hz, 3H, ) ppm. 13C{tH} NMR (125 MHz, CDCl;) § 136.6 (CH=, C;), 129.85 (CH=,
C.and Cy), 129.76 (CH=, C.and Cy), 126.3 (CH=, Cy), 75.0 (CH,, C,), 73.2 (CH,, C;), 44.4 (CH, C;), 43.4
(CH, Gy), 37.5 (CH,, Ce), 33.1 (CH, C), 22.0 (Me) ppm. HRMS (APCI*): m/z calcd for Cy;H;,0 [M+H]*
165.1274, found 165.1272.

Product cis-2f was prepared following the general procedure starting
Hy  H . from substrate 1f (0.115 g, 0.70 mmol), ligand L2 (52.7 mg, 0.14 mmol),
' and Ni(cod), (19.6 mg, 0.070 mmol). It was obtained as colorless liquid
(0.039 g, 35% vyield, see Figure S42 to Figure S44). *H NMR (800 MHz,

Hy I;-l Hg CDCI3) 5 5.56 - 5.53 (m, 1H, Hl), 5.39 (tq, 1H, 3-IH2»H10 = 3-/H2—H13 = 8.8 HZ,
® Me Ha 4-/H2-Me =1.3 HZ, Hz), 5.36 (ddd, 3-/H3-H1 =11.1 HZ, 3-/H3-H8 =6.9 HZ, 4JH3-H11 =
cis-2f | 2.9 Hz, Hs), 4.04 (dd, Yyane = 8.2 Hz, ¥uaps = 5.8 Hz, 1H, H,), 4.03 (dd,

2./|_|5_|.|7 = 3JH5»H9 =7.8 HZ, 1H, H5), 3.73 (dd, Z.IH4,H6 =8.2 HZ, 3-/H6—H8 =31 HZ,
1H, HG), 3.64 (dd, 3-/H7-H9 =10.2 HZ, 2J|_|5.|.|7 =7.9 HZ, 1H, H7), 3.53 (bS, 1H, Hg), 3.19 (ddd, 3JH9-H7 =10.2
Hz 3JH9—H8 =8.4 Hz 3JH9—H5 =7.8 HZ, 1H, Hg), 2.70 - 2.65 (m, 1H, Hlo), 2.51-2.47 (m, 1H, Hll or le),
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2.09 — 2.04 (m, 1H, Hq; or Hy,), 1.97 — 1.94 (m, 1H, Hy3), 1.67 (s, 3H, ) ppm. 3C{*H} NMR (100 MHz,
CDCl3) 6 134.9 (C=, Cy), 129.81 (CH=, C.and Cy), 129.78 (CH=, C.and Cy), 124.8 (CH=, C,), 75.4 (CH,,
C.), 70.8 (CH,, C)), 48.3 (CH, C), 42.1 (CH, Cp), 29.5 (CH,, C.), 26.4 (CH,, C), 23.2 (Me) ppm. HRMS
(APCI*): m/z calcd for Ci;H170 [M+H]* 165.1274, found 165.1272.

r } Product trans-2g was prepared following the general procedure
; starting from substrate 1g (0.151 g, 0.514 mmol), ligand L2 (38.8
mg, 0.11 mmol), and Ni(cod), (14.4 mg, 0.05 mmol). It was
obtained as a white solid (0.101 g, 67% yield, > 95% purity, see
-~ Figure S45 and Figure S46). M.p. = 85.6-87.9 2C. 'H NMR (400 MHz,
trans-2g CDCl3) 6 5.56 — 5.44 (m, 2H, H;-H,), 5.38 — 5.29 (m, 2H, Hi-H,), 3.76
== (5, 3H, Me), 3.70 (s, 3H, Me), 2.50 — 2.37 (m, 6H, Hs-H), 2.25 —
2.16 (M, 6H, Hyy-Hy,), 1.84 (dd, 2uisne = 13.6 HzZ, M3y = Hhisrna = Jizsno = 3.4 Hz, 1H, Hys), 1.71
(dt, 2Jy1a.m7 = 13.6 Hz, 3Jy14-413 = 3ham1s = 3.9 Hz, 1H, Hyy), 1.51 (dd, 2Jh1s.ns = 13.5 Hz, 3540 = 11.8
Hz, 1H, Hys), 1.26 — 1.16 (m, 1H, Hi) ppm. B3C{*H} NMR (100 MHz, CDCl;) 6 172.8 (C=0), 171.6
(C=0), 133.8 (CH=, Cyor C), 133.4 (CH=, Cyor C), 127.4 (CH=, C. or C,), 127.1 (CH=, C. or C;), 55.3
(Cq CJ), 52.8 (Me), 52.7 (Me), 42.7 (CH, C), 40.2 (CH, C,), 38.9 (CH,, C), 31.4 (CH,, C)), 30.6 (CH,,
Cy), 28.1 (CH,, Csor Cp), 27.8 (CH,, Csor C;) ppm. HRMS (ESI*): m/z caled for Ci6H,,0,Na [M+Na]*
301.1410, found 301.1417.

Product trans-2h was prepared following the general procedure
starting from substrate 1h (0.054 g, 0.310 mmol), ligand L2 (23.4 mg,
0.065 mmol), and Ni(cod), (8.7 mg, 0.031 mmol). It was obtained as
colorless liquid (0.033 g, 61% vyield, > 95% purity, see Figure S47 and
~ Figure S48). 'H NMR (400 MHz, CDCl;) 6 5.63 — 5.56 (m, 1H, H,), 5.55 —
trans-2h 5.48 (m, 1H, H,), 5.38 = 5.33 (m, 1H, Hs), 5.21 —5.17 (m, 1H, H,), 4.01 -
' ' 3.93 (m, 2H, Hs-Hg), 3.44 —3.37 (m, 1H, H;), 3.06 (dd, 2Jyg.ne = 3Jughe =
10.8 Hz, 1H, Hg), 2.70 — 2.62 (m, 1H, Hg), 2.60 — 2.50 (m, 3H, H;o, Hi; or Hys, and Hy, or Hyy), 2.29 —
2.20 (m, 2H, Hy; or Hys, and Hi, or Hy,), 1.75 — 1.70 (m, 1H, Hys), 1.51 — 1.40 (m, 1H, Hyg) ppm.
13C{*H} NMR (100 MHz, CDCl;) 6 133.4 (CH=, Cy), 129.6 (CH=, Cy), 128.7 (CH=, C,), 127.4 (CH=, Cy),
72.9 (CH,, C,), 68.4 (CH,, Cy), 43.2 (CH, C), 41.7 (CH, C), 33.8 (CH,, Cj), 28.2 (CH,, C. or C¢), 27.9
(CH,, C.or C) ppm. HRMS (APCI*): m/z calcd for C;;H,70 [M+H]* 165.1274, found 165.1271.

\

- ~ Samples of the product trans-2h (see Figure S49 and Figure S50) and

= the product cis-2h (see Figure S51 and Figure S52) were isolated in an
analytically pure form by semi-preparative HPLC using a Daicel
Chiralpak® IA column (hexane; 1 mL/min) on a 10 mg scale. Semi-
preparative HPLC analysis, Daicel Chiralpak® IA column (25 cm x 0.46
cm), hexane, 1 mL/min, 210 nm, ty(cis-isomer) = 13.5 min, tg(trans-

isomer) = 22.6 min. Characterization data for the product cis-2h: *H
NMR (500 MHz, CDCl3) 6 5.66 — 5.54 (m, 3H, Hy-Hs), 5.30 — 5.28 (m, 1H, H,), 3.93 (dt, 2/ys.he = 11.3
Hz, Zys.is = usie = 4.0 Hz, 1H, Hs), 3.67 (dd, 2Jpe.ns = 11.3 Hz, 2yeno = 4.0 Hz, 1H, Hg), 3.58 — 3.52
(m, 2H, Hy-Hg), 3.18 (bs, 1H, Hy), 2.86 — 2.75 (m, 2H, Hyo-H11), 2.56 — 2.53 (m, 1H, Hy,), 2.14 — 1.98
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(M, 2H, Hi3-H1a), 1.64 — 1.46 (m, 2H, Hys-Hys) ppm. 3C{H} NMR (125 MHz, CDCl3) 6 133.7 (CH=, Cy),
128.62 (CH=, C.), 128.60 (CH=, C4), 127.8 (CH=, C,), 70.7 (CH,, C,), 67.8 (CH,, Cy), 39.7 (CH, C)), 38.9
(CH, Gy), 30.1 (CH,, C;), 29.2 (CH,, C.), 26.8 (CH,, C) ppm. HRMS (APCI*): m/z calcd for Cy;H;;0
[M+H]* 165.1274, found 165.1274.

Product trans-2i was prepared following the general

Ve s procedure starting from substrate E,E-1i (0.107 g, 0.34
mmol), ligand L2 (25.5 mg, 0.071 mmol), and Ni(cod),

Ha (9.5 mg, 0.034 mmol). It was obtained as colorless
Hz liquid (0.084 g, 78% vyield, see Figure S55 and Figure

$56). *H NMR (500 MHz, CDCl) & 7.66 — 7.64 (m, 2H,
| Hurom, Hi-Hy), 7.34 = 7.32 (m, 2H, Hyrom, Ha-Ha), 5.60 -
trans-2i | 5.55(m, 1H, Hs), 5.53 - 5.48 (m, 1H, Hg), 5.33 - 5.29 (m,
1H, Hy), 5.25 = 5.22 (m, 1H, H), 3.88 — 3.82 (m, 2H, Ho-
Huo), 2.72 = 2.65 (m, 1H, Hyy), 2.47 — 2.37 (m, 5H, Me, Hy, or Hyg, and Hys or Hyy), 2.27 = 2.17 (m, 4H,
Hua, His, Hi OF Hyg, and His or Hyp), 1.91 (dd, 2o = s = 11.3 Hz, 1H, Hyg), 1.85 — 1.81 (m,
1H, Hyo), 1.51 — 1.42 (m, 1H, Hy,) ppm. BC{H} NMR (125 MHz, CDCl;) & 143.6 (C, 4rom), 133.5 (C,
wom), 132.4 (CH=, Cy), 129.8 (CHyom), 129.5 (CH=, C4), 129.4 (CH=, CJ), 127.9 (CH=, Cy), 127.8
(CHarom), 51.7 (CHy, C,), 46.7 (CHy, Cy), 42.3 (CH, Cy), 41.8 (CH, C), 32.3 (CH,, C), 27.9 (CH,, C.or Cy),
27.8 (CH,, C.or C), 21.7 (CH3, Me) ppm. HRMS (ESI*): m/z calcd for C;gH,,NO,S [M+H]* 318.1522,
found 318.1519.

H Product cis-2i was prepared following the general procedure starting
Ts\@ from substrate E,Z-1i (15.0 mg, 0.0473 mmol), ligand L2 (3.57 mg,
0.0099 mmol), and Ni(cod), (1.33 mg, 0.0047 mmol). It was obtained as

H colorless liquid (8.3 mg, 55% yield, see Figure S57 and Figure S58). 'H

Cis-2i NMR (400 MHz, CDCl;) 6 7.65 — 7.62 (m, 2H), 7.33 — 7.31 (m, 2H), 5.61 —

5.51 (m, 3H), 5.20 — 5.16 (m, 1H), 3.52 — 3.47 (m, 1H), 3.31 — 3.25 (m,
2H), 2.74 — 2.52 (m, 5H), 2.43 (s, 3H), 2.14 — 1.97 (m, 2H), 1.67 — 1.58 (m, 2H) ppm. 3C{*H} NMR
(100 MHz, CDCl5) 6 143.5, 133.4, 132.1, 129.8, 128.9, 128.3, 128.2, 127.8, 49.7, 45.6, 39.6, 37.8,
29.1, 29.0, 26.9, 21.7 ppm. All spectroscopic data were consistent with those previously reported
in the literature.?”
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1.6. Single Crystal X-Ray Structure Determinations

Figure S1. ORTEP drawing (thermal ellipsoids drawn at a 50 % probability level) showing the
structure of product cis-2c.

Figure S2. ORTEP drawing (thermal ellipsoids drawn at a 50 % probability level) showing the
structure of product trans-2g.

Crystal preparation: Crystals of products cis-2c and trans-2g were grown by slow diffusion
in hexane/acetone (80:20, v/v). The crystals for these samples were selected using a Zeiss
stereomicroscope using polarized light and prepared under inert conditions immersed in
perfluoropolyether as protecting oil for manipulation.

Data collection: Crystal structure determination for product trans-2g was carried out using
a Apex DUO Kappa 4-axis goniometer equipped with an APPEX 2 4K CCD area detector, a
Microfocus Source E025 IuS using MoK, radiation, Quazar MX multilayer Optics as
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monochromator and an Oxford Cryosystems low temperature device Cryostream 700 plus (T =
—173 °C). Crystal structure determination for product cis-2c was carried out using a Rigaku
diffractometer equipped with a Pilatus 200K area detector, a Rigaku MicroMax-007HF microfocus
rotating anode with MoK, radiation, Confocal Max Flux optics and an Oxford Cryosystems low
temperature device Cryostream 700 plus (T = =173 °C). Full-sphere data collection was used with
w and @ scans. Programs used: Bruker Device: Data collection APEX-2,'® data reduction Bruker
Saint®® V/.60A and absorption correction SADABS.?° Rigaku device: Data collection and reduction
with CrysAlisPro?! and absorption correction with Scale3 Abspack scaling algorithm.??

Structure Solution and Refinement: Crystal structure solution was achieved using the
computer program SHELXT?3. Visualization was performed with the program SHELXle.?* Missing
atoms were subsequently located from difference Fourier synthesis and added to the atom list.
Least-squares refinement on F? using all measured intensities was carried out using the program
SHELXL 2015.2> All non-hydrogen atoms were refined including anisotropic displacement
parameters. CCDC 1834976 and 1834977 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

18 Data collection with APEX Il version v2013.4-1. Bruker (2007). Bruker AXS Inc., Madison, Wisconsin, USA.

19 Data reduction with Bruker SAINT version V8.30c. Bruker (2007). Bruker AXS Inc., Madison, Wisconsin,
USA.

20 SADABS: V2012/1 Bruker (2001). Bruker AXS Inc., Madison, Wisconsin, USA. See the following reference:
R. H. Blessing, Acta Crystallogr. 1995, A51, 33-38.

2! Data collection and reduction with CrysAlisPro 1.171.39.12b (Rigaku OD, 2015).

22 Empirical absorption correction using spherical harmonics implemented in Scale3 Abspack scaling
algorithm, CrysAlisPro 1.171.38.37f (Rigaku OD, 2015).

23 SHELXT; V2014/4 (Sheldrick 2014). See the following reference: G. M. Sheldrick, Acta Cryst. 2008, A64,
112.

24 SHELXle. See the following reference: C. B. Huebschle, G. M. Sheldrick and B. Dittrich, J. Appl. Crystallogr.
2011, 44, 1281.

25 SHELXL; SHELXL-2014/7 (Sheldrick 2014). See the following reference: G. M. Sheldrick, Acta Crystallogr. C
2015, C71, 3.
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1.7. Theoretical methods

The energies of all complexes included in this study were computed at the B level of
theory. The calculations have been performed by using the program TURBOMOLE version 7.0.%¢
For the calculations we have used the DFT-D functional with the latest available correction for
dispersion (D3).27 TS structures were characterized by means of frequency analysis calculations at
the BP86-D3/def2-TZVP level of theory. In order to reproduce solvent effects, we have used the
conductor-like screening model COSMO,?® which is a variant of the dielectric continuum solvation
models.?® We have used toluene as solvent. In order to give reliability to the results obtained using
the BP86 method we have performed single point calculations at the MP2/def2-TZVP level of
theory using toluene as a solvent.

boat \

conformation

(a)

chair conformation

Figure S3. Optimized structures in boat (a) and chair (b) conformations of TS-4 and TS-3,
respectively.

26 R, Ahlrichs, M. Baer, M. Haeser, H. Horn and C. Koelmel, Chem. Phys. Lett., 1989, 162, 165.
27S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys. 2010, 132, 154104.

28 A, Klamt and G. Schueuermann, J. Chem. Soc., Perkin Trans. 2, 1993, 799.

2 A, Klamt, WIREs Comput. Mol. Sci., 2011, 1, 699.
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(a) (b)

uncoordinated
d double bond

chair conformation

uncoordinated
double bond

boat C-Him
conformation

TS-6

TS-5

Figure S4. Optimized structures from in boat (a) and chair (b) conformations of TS-5 and TS-6,
respectively.

(b)

v
TS-5%is TS-6trans

Figure S5. Optimized structures of TS-5"; (a) and TS-64,4ns (b) yielding to compounds E,E-6h-7t,t-cis
and E,E-6h-wt,-trans, respectively with the L2 coordinated to the Ni metal center.

519



Electronic Supplementary Information

1.8. Copies of NMR Spectra
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Figure S6. 'H NMR spectrum for ligand L6
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Figure S7. 3C{*H} NMR spectrum for ligand L6
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Figure S8. 31P{*H} NMR spectrum for ligand L6
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Figure S11. 'H NMR spectrum for substrate 1b
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Figure S12. 3C{*H} NMR spectrum for substrate 1b
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Figure S14. 3C{*H} NMR spectrum for substrate 1c
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Figure $15. 'H NMR spectrum for substrate 1d

S24



Electronic Supplementary Information

O ANRO— M0
CNBOODO N ©- o~
NNDAHON — =Y=] ©
—rr T — ~~ —
ARy 2 \/
SN \/
O
N Me |
1d
E.EEEZ =955
* E,Z-isomer
cocl,
m * silicon
T I * grease
)

T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

1e
E.EEEZ =955

* E,Z-isomer

=
@
=
o
>
@

silicon

CDCl, grease
*

| ol U Ul Ja 4 I
6

. T 1
5 4 3 2 1 0 ppm
L)V P L
3 8 [¥38 =N 2
™l ™~ N <t ™l

Figure S17. 'H NMR spectrum for substrate 1e
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Figure $19. 'H NMR spectrum for substrate 1f
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Figure S20. 3C{*H} NMR spectrum for substrate 1f
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Figure $21. 'H NMR spectrum for substrate 1g
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Figure $23. 'H NMR spectrum for substrate 1h
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Figure S24. 3C{*H} NMR spectrum for substrate 1h
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Figure $25. 'H NMR spectrum for substrate 1i
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Figure $26. 3C{*H} NMR as DEPTQ135 spectrum for substrate 1i
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Figure S29.'H NMR spectrum for pure substrate E,Z-1i

S31



Electronic Supplementary Information

T
180

T
170

cocl,

Figure S31

lemaggar3y oo - ©
IOOONOANNNNE 5 8 b
SN\ | [
J
Ts<
SN,
nE
E,Z-1i
.y
u Ll o o L)
CDCI,
T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure $30. 3C{*H} NMR as DEPTQ135 spectrum for pure substrate E,Z-1i
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Figure $33. 'H NMR spectrum for product 3a (see entry 5 in Table 1)
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Figure S34. 3C{*H} NMR spectrum for product 3a (see entry 5 in Table 1)
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Figure $35. 'H NMR spectrum for product cis-2b (see entry 1 in Table 2)
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Figure S37. 'H NMR spectrum for product cis-2c (see entry 2 in Table 2)
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Figure $38. 3C{*H} NMR spectrum for product cis-2c (see entry 2 in Table 2)
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Figure $39. 'H NMR spectrum for product cis-2d (see entry 3 in Table 2)
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Figure S40. 3C{*H} NMR spectrum for product cis-2d (see entry 3 in Table 2)
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Figure S41. Stereochemical assignment of product cis-2d (see entry 3 in Table 2)

S37



Electronic Supplementary Information

Me
cDCl, T
H, H,
H.H,
H,-H, "
silicon
H" Hy H; HyoH, HH, grease grease
[
T T T T T 1
8 7 6 5 4 2 1 0 ppm
[ | /LN VA
B e =
=3 S [Bsg & &5 8
<= ol I<lolal ol olal <<l

Figure S42. 'H NMR spectrum for product cis-2f (see entry 5 in Table 2)
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Figure S43. 13C{*H} NMR spectrum for product cis-2f (see entry 5 in Table 2)
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Figure S44. Stereochemical assignment of product cis-2f (see entry 3 in Table 2)
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Figure $45. 'H NMR spectrum for product trans-2g (see entry 1 in Table 3)
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Figure S46. 13C{*H} NMR spectrum for product trans-2g (see entry 1 in Table 3)
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Figure S47. 'H NMR spectrum for product trans-2h (see entry 2 in Table 3).

5S40



Electronic Supplementary Information

<t O~
EEY o ps L b
- ~ © ~ < @ NN
\NI/ || WV
cocl,
aHec d
O % e
k - f * cis-2h
ITHh g
trans-2h
C,
C, c G,
“ * W e

T T T T T T T T T T

T
100 90 80 70 60 50 40 30 20 10 0 ppm

T
180 170 160 150 140 130 120 110

Figure $48. 3C{*H} NMR spectrum for product trans-2h (see entry 2 in Table 3)
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Figure S49. 'H NMR spectrum for the analytically pure sample of product trans-2h
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Figure S$50. 3C{*H} NMR spectrum for the analytically pure sample of product trans-2h
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Figure S51. 'H NMR spectrum for the analytically pure sample of product cis-2h
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Figure S52. 13C{*H} NMR spectrum for the analytically pure sample of product cis-2h
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Figure $53. 'H NMR spectrum for the mixture of products trans-2i:cis-2i (88:12, see entry 3 in
Table 3)

543



Electronic Supplementary Information

cocl,
H
Ts< .
N ® trans-2i
* Ccis-2i
H
trans-2i cis-2i
*%
|
b ., L.
* * ) Al A W1 i
T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O ppm

Figure S54. 13C{*H} NMR spectrum for the mixture of products trans-2i:cis-2i (88:12, see entry 3 in

Table 3)
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Figure S55. 'H NMR spectrum for pure product trans-2i (see Scheme 2, top)
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Figure S56. 13C{*H} NMR spectrum for pure product trans-2i (see Scheme 2, top)
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Figure S57. 'H NMR spectrum for pure product cis-2i (see Scheme 2, bottom)
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Figure S58. 13C{*H} NMR spectrum for pure product cis-2i (see Scheme 2, bottom)
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1.9. Cartesian coordinates

Structures from Figure 2
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Structures from Figure 3
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H 0.8074330 5

9715175
6198263

.2054179

1206187

.3465673

9564799

.2576319

4041415
0254625
1765717
1596668

.2247118
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0 5.7981836 2.4144767 1.6376716
@) 2.1317346 -5.3791809 2.7687637
@) -4.1755264 2.3038412 2.5404908
C 2.9640022 -6.33240617 2.1067376
H 3.0938507 -7.1571467 2.8159952
H 2.4898651 -6.7126245 1.1864883
H 3.9501840 -5.9048759 1.8591396
C -4.2758908 3.7205350 2.6892681
H -4.1338999 4.2378373 1.7254915
H -5.2899513 3.9102756 3.0574783
H -3.5439634 4.1032243 3.4204405
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C -0.7889482 2.01440611 2.0815541
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C -3.8942636 1.2829311 3.8482014
C -4.1408352 -1.2374001 2.9282498
C -2.6838985 -0.8890942 3.2825365
C -1.7130389 -1.3745535 2.1898718
C -0.3961241 -1.8426726 2.4643102
C 0.3661987 -1.2439794 3.4879441
H 0.2090573 1.5689333 3.9892948
H 1.2570467 2.3388214 2.6939239
H -0.6485378 2.6012729 1.1685617
H -2.6712821 1.3014832 1.3610380
H -1.8294659 0.8373521 4,.2889912
H -4.2107214 0.8871745 4.8263321
H -3.7892499 2.3719662 3.9649731
H -4.7530790 -1.3437976 3.8462705
H -4.1959244 -2.1897686 2.3811408
H -2.4404779 -1.4055250 4.2286231
H -2.1906248 -1.7737588 1.2911964
H 0.0761970 -2.5350620 1.7609856
H 1.4153074 -1.5097161 3.61460093
H -0.1152452 -0.8298992 4.3763484
0 -4.7093373 -0.2468910 2.0691755
Ni -0.2576363 0.0821507 1.9304811
C -4.9632748 0.9782230 2.7788735
H -5.9676054 0.9344719 3.2434089
H -4.9848144 1.7600543 2.0060603
P 0.6344612 -0.0461547 -0.13650612
C -0.3797303 -1.1135508 -1.2334795
C 0.1235426 -2.1356760 -2.0450277
C -1.7772426 -0.9224388 -1.2008816
C -0.7256980 -2.9431645 -2.8113170
H 1.1981372 -2.3181073 -2.0848744
C -2.6311099 -1.7012079 -1.9683184
H -2.1915424 -0.1551554 -0.5439402
C -2.1093040 -2.7227240 -2.7811389
H -0.2958856 -3.7337937 -3.4241764
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Structures from Figure 4
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C -4.2849744 -1
C -4.0823955 -0.
C -2.9493721 -0.
C -2.8583289 0
C -3.9925871 0.
C -3.0051841 -1.
C -2.2455890 -2.
C -2.8733377 -2.
C -2.1667371 -3.
C -0.7784323 -2.
H -3.5762576 -0.
H -5.1644640 -1.
H -4.8134472 -1.
H -2.2881760 0
H -2.2094634 1
H -3.6100947 1
H -4.7534547 1

.3380049 -0.

7.1798599 -0.
7.9316516 -2.
6.5034493 -2.

C 2

C 3.0827368 -0.
C 2.9283404 -1.
C 4.3742956 -0.
H 2.6513930 0.
C 4.2076724 -1.
H 2.3708398 -1
C 4.9405720 -1.
H 4.9268942 -0.
H 4.6694816 =2
C 0.7093856 1
C 1.5098286 2
c -0.0322603 1
C 1.5872216 3
H 2.0928150 2
C 0.0269358 3
H -0.6624002 1
c 0.8368462 4
H 2.2245880 4.
H -0.5468271 3
O 0.8252989 5
0 -3.0309745 -3
0 6.1924900 -2
C 1.6313633 6
H 1.4758509 7
H 1.3235189 6
H 2.7012378 6.
C -2.5510330 -4.
H -2.0281879 -5
H -3.4394848 -4,
H -1.8744993 -4.
c 6.9837964 -2.
H

H

H
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4364736
9720960
1334837
9624982
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7333200
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.5441812
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.5588303
.8326457
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.0908017
.0637203
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0805221
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1520063
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9758077
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.8059271
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.7178132
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.5588261
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.5059256
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.4490951
.3814618
.5408646
.0540945
4737741
.9531879
.0582465
.0115561
.8599689
.4892520
.2900493
.5548144
.1206334
.2714624
.3805258
.9527974
.1679001
.7289057
.4339762

9373363

0385574

BN WNDWONDN R

.9946164

.4647175
.7206117
. 7790075
.7293117
.7670296
.6610365
.5155579
.1083165
.7559175
.8028726
.2150205
.4896568
.9308459
.2960824
.7048393
.8192073
.7005220
.5893267
.8929115
.8014776
.2544960
.5442294
.5570001
.0047303
.1375586
.4830138
.5545766
.7893400
.3152912
.5796023
.0446548
.6182960
.9906349
.1527759
.3626361
.4681629
.1146739
.2983208
.8717714
.9662015
.0389764
.0622211
.3778463
.5394853
.3747694
.5482888
.3430412
.6609107
.7996943
.4546805
.2023401
.6233042
.7636642
.2085278

PSS DDNEFEFNMNOODODODO PN WNRERERPRPOORDNDWW

.2178993

.3312539
.5000383
.5246321
.1059124
.2112407
.6209414
.8056985
.8607285
.8092021
.8127965
.3613526
.191049¢6
.5214068
.6222190
.4308427
.8393624
.9408032
.0660691
.6293590
.0630550
.6860531
.4478864
.2134667
.8131278
.2578893
.3847554
.2438736
.7004786
.3759252
.0225916
.8262927
.0416950
.6725526
.0106141
.4150788
.6827486
.6352354
.8945030
.5086110
.4368501
.6354794
.8342048
.8747479
.2780771
.0196310
.1554571
.9950428
.2956590
.9499131
.8764500
.8956799
.2734384
.1928504
.6623630
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O 3.9442011 4.7469940 -0.3016580
O 5.1249186 -3.8591449 1.1437012
C 4.7728724 4.9606511 -1.4453482
H 4.1742605 5.0510938 -2.3672794
H 5.2976673 5.9041587 -1.2596047
H 5.5107040 4.1500053 -1.5671976
C 5.6834070 -4.6590546 0.1016324
H 6.5063676 -5.2164343 0.5622857
H 4.9427914 -5.3694897 -0.3033426
H 6.0782326 -4.0363807 -0.7189035
H -1.7825245 -3.0557177 -3.0679746
0 -2.6103077 -1.3429165 -4.7449900
C -3.0616701 -0.3007174 -5.6107390
H -3.6676572 -0.7934516 -6.3789470
H -3.6825184 0.4325832 -5.0691192
H -2.2167016 0.2206767 -6.0910209
H -0.9511090 2.2451819 2.9488349
0 -4.0875828 0.7386525 0.3464142
C -3.7740146 -0.4812009 -0.3357116
H -2.7294521 -0.4688612 -0.6762521
H -4.4318714 -0.5771400 -1.2199378
TS-5

C -2.5840170 -0.2954209 -3.5100698
C -2.9310517 -0.6252452 -2.2494055
C -2.4932420 0.0630700 -1.0202410
C -3.5922477 0.4472962 -0.0127364
C -5.0012825 0.6462396 -0.5530498
C -5.2316539 -1.0864598 1.6034313
C -3.7532337 -0.9774956 1.2668600
C -3.1256018 -2.1284601 0.5479757
C -1.9921439 -2.8768567 0.9389485
C -0.9531666 -2.3478421 1.7449549
H -1.9448212 0.5645522 -3.7198162
H -2.9220300 -0.8824824 -4.3653276
H -3.6062931 -1.4731513 -2.1121892
H -1.9348412 0.9746385 -1.2971100
H -3.2843927 1.3059465 0.5974895
H -5.6113250 1.2586516 0.1399286
H -4.9699030 1.1660125 -1.5235526
H -5.5283388 -0.1698186 2.1375678
H -5.4235694 -1.9247568 2.2957666
H -3.1702034 -0.6427419 2.1329202
H -3.7278924 -2.5556889 -0.2559170
H -1.7877358 -3.7909350 0.3706400
H -0.0396941 -2.9321222 1.8547026
H -1.1638541 -1.6614958 2.5716585
Ni -1.3567402 -1.1730438 0.0912504
P 0.5074229 -0.1263683 0.0641202
C 0.9157150 0.7144282 -1.5089905
C 1.5450989 1.9595563 -1.6073080
C 0.6031985 0.0234441 -2.6944423
C 1.8773603 2.5048501 -2.8508698
H 1.7755487 2.5291741 -0.7064014
C 0.9453976 0.5430672 -3.9353954
H 0.0536441 -0.9181750 -2.6338562
C 1.5890478 1.7882780 -4.0226205
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.3565117
.0265045
.3171173
.8786270
.4179635
.6747877
.9874039
.6902212
.2619836
.6490089
. 6262541
.6125996
.8260177
.5749457
.8631055
.7645642
.5566476
.5216442
.6648847
.8234459
.4756861
.5815140
.3161418
.7954214
.3217955
.4979600
.4691917
.1924279
.9460262
.6554747
.6898911
.6951928
.8770600
.5033099
.6330495
.8719660
.4895617
.6499634
.1180127
.1502560
.1656733

.2058824
.2438165
.9313855
.7834263
.3046348
.3234709
.6203073
.3404168
.7909924
.3169708
.9661637
.2355341
.5358091
.5600831

.4813799
.1166382
.5344956
.5343716
.3331581
.2157110
.3488651
.2190815
.7526302
.6490693
.6514745
.1653919
.7251181
.6148123
.7178427
.3706218
.6009366
.1658924
.1638988
.1274330
.9490331
.1234618
.5399312
.7231356
.2427659
.4521386
.9763792
.0065572
.6187195
.6249482
.1698301
.0148563
.2190386
.4937700
.6399353
.3027067
.5189248
.6061491
.2767225
.9473014
.3400350

.6379265
.5113766
.4591003
.3039709
.4258278
.2814652
.4459482
.9438009
.3877682
.1897723
.8830539
.5213604
.3466579
.0321635

OQCUTUWbhEMMWWWREFNRENRERFREPREPRPRPNORPRONMNRPEPOREON

(@}

OMNWWWWNRFROOORFENW

.8925663
.3797901
.6938084
.6475278
.9668276
.5158190
.3898515
.6743383
.9229637
.9845888
.2177149
.3571717
.7807547
.9599759
.7626300
.3512980
.9372526
.6543251
.3434708
.070784¢6
.4092462
.3105278
.2941577
.7675639
.9495917
.5289793
.2200920
.2677532
.7753136
.4710252
.2506886
.8554281
.2873189
.4329734
.5109600
.0284319
.9395853
.8170526
.3561413
.5903185
.0766497

.1539815
.2152791
.2447667
.8434077
.9485914
.5941628
.6595082
.1827285
.3834855
.9006667
.3460161
.7920107
.1452632
.1924590
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.6637251
.6043758
.3213697
.8525860
.1474966
.7668868
.3793366
.8050572
.6764844
.1270072
.4925964
.6414705
.3520636
.1079343
.4860881
.3782103
.8581051
.6182856
.9470340
.4066639
.5138762
.4024176
.9665985
.5103507
.1679450
.9614217
.7633881
.9238853
.6677536
.6082321
.4844142
.3477283
.7700686
.2129976
.7531250
.1492048
.0705852
.0757988
.8143545
.9275910
.7846305
.3279955
.1886826
.6023120
.5322661
.2673243
.7905338
.0460898
.8920106
.7106466
.1564586
.8395705
.6968326
.3164002
.4001858
.8030134
.3077108

O U U T WWNWONDN

.2936605
.4303272
.2427311
.7987593
.7972486
.3503654
.050929¢6
.0710684
.0465865
.1626017
.9806520
.4046488
.9040484
.9562122
.4982317
.3100320
.3386506
.8170893
.3673931
.8447110
.8967516
.8087567
.4383557
.8757073
.5530491
.3338295
.1792569
.2706182
.4936294
.7102528
.4917447
.8927587
.9467146
.6747071
.3158573
.8839206
.0313174
.4541040
.0774780
.2839295
.3366932
.3441158
.3304999
.5966517
.8480154
.5722030
.3681801
.0791758
.4571744
.5334199
.6175833
.2426910
.3183336
.1453038
.8800963
.1994281
.3457621

R wdh wkENOR

.9878542
.6167531
.4791475
.7082735
.7643932
.6702240
.8452368
.8381569
.2964958
.3447451
.0656257
.7708952
.1681184
.7645839
.8656028
.2204881
.5694040
.6977034
.2681047
.5091145
.8974202
.5848471
.4219358
.8399676
.8738377
.4070935
.5447148
.7664608
.1792100
.8354711
.1500990
.8964455
.5986380
.1049950
.9430879
.0795702
.6986027
.8551006
.1175324
.5838294
.8976260
.9015782
.6755354
.8740851
.5803982
.2124615
.2096536
.1816312
.1880549
.6201023
.3369841
.1071084
.6785026
.8195576
.3823938
.3709541
.8851870
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-4.9615200
-4.7868178
-5.3134161
-5.2883771

T = QO

E,Z-6h-m,mt-cis
-4.0027740
-2.4587158
-2.6631775
-1.9052738
-0.4305170

0.4901950

1.7442153

-4.4159231

-4.3514357

-2.3697320

-2.3736425

-2.0861497

-0.0198808

0.1350147

2.3359973

2.2650469

-4.0819208

i -0.1620553

-1.7179014
-1.2344120
-1.7546588
-2.4864440
-0.6275605
-0.1815995
-0.5434124

.5547944

-5.6517678

-4.2796367

0.4351321

-0.6116585

-0.1032528

-2.0036689

-0.9393519

0.9667991

-2.8453475

-2.4348699

-2.3183453

-0.5021556

-3.9202596

2.1312530

.7523560

.8169168

.0230385

.2248365

.0819601

.3518886

.6939901

.4777967

.6237732

.4360622

.3317029
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.4882969
.8553027
.0452817
.4400437

.5465556
.6133502
.9405767
.8075327
.6029305
.0018672
.5177114
.3412520
.4171169
.0905842
.8662105
.7461633
.3061891
.7703881
.0359884
.8423306
.9812335
.3342308
.6765859
.1518266
.4742847
.3306342
.3513111
.8232227
.9230905
.7555856
.8276296
.0914278
.1473333
.1705668
.2417373
.9490942
.0657865
.4499824
.7484868
.1292477
.8194881
.8902070
.5687815
.7381291
.6025228
.3943574
.1274527
.8513837
.9031701
.2830188
7767774
.7954801
.6389250
.5127162
.4687466

OO NORFRPNRFPPFPORFRPROONWNONREFENRE R

.0707073
.4451164
.4046751
.3390207

.5656868
.6190647
.4485293
.7800736
.4606130
.4007327
.0505724
.2078103
.9686924
.8017436
.9303955
.3407605
.7282574
.4102919
.7780118
.1503095
.5966505
.9538585
.2768975
.1390792
.1086658
.3105733
.9370746
.8179148
.0117282
.1586558
.1733874
.4968161
.1469885
.2552701
.9988034
.2899034
.7600280
.9871665
.0502246
. 7133757
.7918249
.3205709
.0794213
.5196850
.3875103
.6997593
.1373935
.3119000
.9602589
.4178254
.0431146
.8670010
.8690854
.9327990
.4297168
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.4479838
.3530475
.0406724
.4458353
.1450074
.4512287
.0676217
.1323073
.9383750
.3716474
.2274475
.2653909
.0315694
.1121069
.3185638
.7412036
.2580066
.6221261
.0289313
.6089608
.0431570
.5727085
.7816951
-2.

1935758

E,Z-6h-mt,t-trans

-3.
-2.
-4.
.9245816
-1.
.8303561
.4906881
.0708743
.6370999
.3478080
.9204160
.4682867
.2123451
.6200613
.1651904
.1443659
.7397830
.2711058
i 0.
.3343478
.4196889
.1252805
.0804319
.0652146
.0204942
.0251140
.0015550
.9335548
.7888621
. 6439437
.6864369

-2

[@RaciN==iN= i@l i@ M RO M-I @ - @R siasiia s s sl s riias e iia sl s iR BIO NONONONONONS!
=

82273717
5921868
1504817

6610146

0379767

COoORRRRREENRRE

ON Wb W U1,

.9125242
7794762
.1875630
.2173398
.1948574
.1635328
.4866837
.5256317
.2202648
.4183485
.5542069
.4142554
.3287565
.5929312
.1382875
.6594846
.4130245
.1015933
.3330208
.1037040
.0392730
.3308538
.6271245
.8184195

.8959365
.0269804
.8821986
.4576736
.3025527
.5874614
.0440469
.8719072
.9455839
.1178010
.8539788
.9021334
.5227192
.9727713
.2526981
.1146081
.6938985
.0328453
.1444922
.2892338
.1018970
.8476619
.3748122
.4775947
.2921683
.8292874
.3430082
.8790139
.4620569
.2291559
.5372597

O OOOU P WEANONREWNREWORENDNDOORR

.9489715
.9086933
.3509763
.4312032
.3811125
.9131703
.49135006
.2203739
.3925143
.4508288
.4999566
.9529783
.5090638
.8752833
.1308033
.2624761
.6180832
.7405431
.0387915
.4921728
.3474988
.9609291
.4872882
.6677040

.2695899
.9862663
.4639817
.2670264
.0783755
.2183781
.0534786
.3437801
.9899551
.9166737
.3813814
.7253004
.3348271
.2129180
.2059073
.9225130
.2144914
.7500257
.1365190
.7813476
.8595855
.3225373
.3659639
.0200487
.0966213
.6455173
.4572996
.6854785
.3743031
.0192677
.0206063
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-0.7315462
-1.8321254
-1.8712142

0.1356491
-2.9635018
-1.8485839
-3.0000441
-1.8632426
-3.8485145

2.1623308
3.2042479
2.3892449
4.4399719
3.0406594
3.6054982
1.6035348
4.6413303
5.2275415
3.7871592
0.9934433
1.8162605
0.6066630
2.2285205
2.1674936
0.9978152
0.0008708
1.8072610
2.8710738
0.6958559
5.7981836
2.1317346
4.1755264
2.9640022
3.0938507
2.4898651
3.9501840
-4.2758908
-4.1338999
-5.2899513
-3.5439634

6.8863993

6.6202565

7.6986573

7.2195691

TIDIDQ@Dn oD IDoO@Dn@D oD QOooom QOO Doz O@Dn QI Q0
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Structures from Figure S5

.9245860
.2081594
.5581229
.5375371
.4029185
.2856905
.7964378
.6387761
.1778422
.6809305
.7523676
.1799510
.3184592
.3426593
.7554479
.1100991
.8309117
.3549155
.1469644
.8228285
.7342250
.1339436
.9306326
.4881939
.3247223
.4314998
.2368372
.6082417
.5690804
.4144767
.3791809
.3038412
.3324617
.1571467
.7126245
.9048759
.7205350
.2378373
.9102756
.1032243
.5045423
.1107735
.9962172
.5064101

ORFRP OO WWRNRERERENNMNDNNREF WONNNOONOOWORNNMNRPEPORFRPROONREFNRREP,ORRERRE

TS-5’; yielding to compound E,E-6h-rt,t-cis

-2.7873459
-3.5673336
-4.9525744
-5.3321375
-3.8271785
-3.0767056
-1.8662766
-0.8667645

OO NN NONON®!

-0

.2912903
.0733747
.6687431
.8084315
.6005938
.6167716
.2656377
.6711641

-0.
.3929658
.1891939
.3768377
.3664361
5711617
.9071787
.7145690

0

P OO K O

.2243389
.3666251
.7306793
.9740281
.8885808
.1990592
.0602574
.8611349
.1497621
.5150967
.4152106
.8115666
.0865846
.4141254
.1513514
.5658168
.2023935
.8372961
.1528803
.8729222
.198474¢6
.1897480
.7899964
.8048706
.7892346
.7628504
.0921242
.2303892
.8082303
.6376716
.7687637
.5404908
.1067376
.8159952
.1864883
.859139¢6
.6892681
.7254915
.0574783
.4204405
.7172812
.1650006
.2637506
.3867674

8497501
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.0120304 0.6695047 1.1250951
.3112528 1.0551273 1.1566609
.8948413 1.5384362 -0.4894069
.8182781 -1.1142369 2.0890371
.5896777 -2.8346524 1.6889615
.4112111 -1.4172375 2.3650923
.6548434 -3.0736052 -0.2340858
.5875201 -4.1330449 0.2990214
.0946728 -3.1769772 1.7975960
.1246214 -2.0264175 2.5614442
.8719225 -1.6677452 0.0600565
.4091044 -1.4817620 0.1131127
.9913980 -0.3094589 -0.3928096
.0077044 0.0621210 -0.1561428
.8940134 -0.3611342 -1.4852592
.4289599 -0.4014269 -0.0295668
.6142881 0.6686985 -1.5048260
.2569049 1.9108821 -1.5170053
.0963691 0.1690789 -2.7150620
.4055297 2.6366397 -2.7030680
.6421405 2.3381742 -0.5905658
.2530100 0.8694179 -3.9031405
.4642537 -0.7683762 -2.7087219
.9142156 2.1089124 -3.9066345
.9018924 3.6051300 -2.6751268
.9354791 -1.4553472 -0.1271650
.4624911 -2.0308394 1.0460499
.5413659 -1.7767268 -1.3464767
.5520185 -2.8885594 0.9995221
.0204716 -1.7868496 2.0129590
.6342933 -2.6477514 -1.4110585
.1682797 -1.3393748 -2.2730392
.1452431 -3.2098789 -0.2340472
.9661694 -3.3260517 1.9083901
.0764247 -2.8714293 -2.3803202
.7913701 0.6759641 1.4042875
.0727084 1.1683335 1.6874981
.2605613 1.0208424 2.2699790
.3048182 1.9958293 2.7884673
.9129762 0.8883537 1.0499845
.0489025 1.8435523 3.3683308
.2557827 0.6179947 2.0735135
.2377972 2.3414846 3.6337080
.3140325 2.3557022 2.9812277
.8622729 2.1095412 4.0437680
.3481121 3.1382883 4.7363538
.2084796 -4.0669038 -0.1750549
.6381437 3.6613021 5.0594198
.0274247 4.3027125 4.2511555
.4963863 4.2628409 5.9638067
.3604357 2.8542653 5.2665647
.8412939 -4.4275640 -1.4036094
.6502571 -5.1142504 -1.1314594
.1403083 -4.9399961 -2.0837741
.2656093 -3.5462938 -1.9135848
.1526315 0.4868429 -4.8398896

.0135321 2.7237841 -5.1230400
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1.6525371
1.6176780
1.1199348
2.7037770
.4818876
-2.2856883
-2.2995215
-2.4238025
-2.0582083
-3.3572599
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.9996033
.3047792
.7447521
.9399291
.8906710
.1596580
.4410112
.7088483
.9515453
.0071726

.1775540
.2291482
.5630953
.8491245
.6789177
.2694593
.2142494
.7560087
.9831475
.4591857

TS-6';10ns Yielding to compound E,E-6h-mt,t-trans

-1.9870405
-2.9878024
-4.4149352
-3.8595016
-2.9246933
-1.6491284
-0.8275022
-1.1073561
-2.9730233
-4.4245669
-4.7008793
-4.3268158
-3.2907793
-3.4248532
-1.3663126
0.1140448

-0.3648127

-2.1337286

-4.8770135
i -0.9630856

-5.4242548
.7516340
-6.3232641
0.4318611
-0.2543909
0.2283280
-1.4301448
-0.4273896
1.1167481
-2.0902355
-1.8402134
-1.5918314
-0.0284500
1.2744510
.0386182
.1663560
.6730244
.1436267
.7918909
.5909776
.5498913
.2731157
.6839023
.8703386
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-1.
.5285348
.2603668
.2315016
.3065726
.5761407
.3929000
.5980557
.8972352
.0624934
.6042914
.8902685
.7849330
.1430565
.0618867
.9704926
.4230007
.4034360
.2107990
.1416927
.0465963
.6998548
.8615750
.1224323
.4351379
.3534857
.6715593
.7656460
.8405499
.3489067
.5618366
.2937586
.0612207
.4738693
.9140535
.2571378
.5130050
.9691043
.0361034
.6133996
.0015105
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=2
=2

.2446432
0.
.5478269

4061112

9237404

2.
.3851006
.9173983
.3331852
.4745802
.4901535
.6594802
.6874200
.3041889
.0083379
.7473271
.5937340
.5981618
.4485111
.6429139
. 6405247
.4676302
.9714821
.0309006
.7468586
.2234619
.9077885
.9069029
.1705569
.3557246
.9648851
.8732379
.0601116
.5690704
.9623703
.3900926
.5646389
.4969945
.4426417
.4884934
. 7434593
.1296098
.5069746
.1191601
.4904629
.1810606
.8458593
.1422640
.6114706
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.9995061
.8675009
.0935220
.0349101
.9472690
.0032609
.0662697
.9572440
.9543147
.0776240
.2072729
.2417423
.9987792
.9095530
.7464279
.1153782
.7042458
.0717264
.5368113
.0066539
.3179323
.8713988
.5883225
.8675579
.8629637
.4995294
.7836431
.4499008
.8211782
.3163160
.1654713
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.1156291
.6740259
.8986023
.5742761
.4569556
.5482215
.5790284
.9628947
.9791255
.3692534
.1423934
.5217233
.9818332
.1865075
.5556897
.6838185
.6074970
.9203990
.9944739
.2284611
.3172361
.520929¢6
.7238896
.3657986
.4030430
.4953680
.0285123
.5457328
.0570269
.9585484
.3375631
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-6.
-4,
-5.
.5124634
.3080055
-0.
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-0.

3.
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.2107558
.8445156
.1650870
.1581536
.2340557
.5001042
.3937623
.4942750
.1912653
.8649622
.4346591
.0526340
.0799009
.6115897
.8830904
.7519487
-2.
-3.
-3.
.3520849

7366736
0207006
5032987

6209806

0480598
5358884
6766364

4084767
1633844
0139720
1789282
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