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1. General information

Reactions were monitored by thin layer chromatography (TLC) using UV light or KMnOs to
visualize the course of reaction. Purification of reaction products was carried out by flash
chromatography on silicagel. Chemical yields refer to pure isolated substances. The optical rotation
[a]o was measured using Anton Paar MCP 5500. Infrared (IR) spectra were obtained using a
SHIMADZU TRTracer-100. The HRMS spectra were measured on Waters Premier GC-TOF MS
(El) or Bruker maXis impact spectrometer using electron spray ionization (ESI) method. Chiral
HPLC analysis was performed on a Shimadzu L C-20AD instrument using Daicel chiral columns at
25 € and a mixture of HPLC -grade hexanes and isopropanol as eluent. *H, *C, and °F NMR were
recorded using a Bruker DPX-400 or 500 MHz spectrometer. Chemical shifts were reported in ppm
from tetramethylsilane with the solvent resonance as the internal standard. The following
abbreviations were used to designate chemical shift multiplicities: s= singlet, d = doublet, t = triplet,
g = quartet, m = multiplet.

Unless mentioned, al reactions were performed under N> atmosphere. Anhydrous CH2Cl», and
THF were prepared by Innovative Technology PS-MD-5. Anhydrous toluene was prepared by
distillation over sodium-benzophenone ketyl prior to use. Absolute MeOH, EtOH and 'PrOH were
prepared by first dried over anhydrous Na.SOa, then treated by Mg chips, distilled and stored under
N2 atmosphere. Ni(COD)2 was purchased from Sigma-Aldrich and used as received. The 1,3-enynes
la-1x!M and laa-1ac™™ were prepared according to the corresponding literatures. FBSM 2 were
prepared following the reported methods.!? Diethyl fluoromalonate 4 was commercialy available

and distillation before use.

List of abbreviation:

Entry Chemical name Abbreviation
1 Petroleum ether PE
2 Ethyl acetate EtOAC
3 Tetrahydrofuran THF
4 Ethanol EtOH
5 Methanol MeOH
6 Dichloromethane CH2Cl2

1(a) Yang, S--Q.; Wang, Y.-F,; Zhao, W.-C.; Lin, G.-Q.; He, Z.-T. J. Am. Chem. Soc, 2021, 143, 7285. (b) Adamson, N. J.; Jeddi, H.;
Malcolmson, S. J. J. Am. Chem. Soc. 2019, 141, 8574.
2 (@) Sankar, U.; Mahalakshmi, S.; Balasubramanian, K. K. Synlett, 2013, 24, 1533. (b) Urban, M.; Franc, M.; Hofmanova M.;
Cisafovab, |.; Vesely J. Org. Biomol. Chem. 2017, 15, 9071.
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2. Selected conditionsfor reaction optimization

Table S1: Selected optimization of chiral ligands for hydromonofluoromethylation of 1w and 2a.?

SO,Ph
F
SO,Ph
2a (0.1 mmol)

Ni(COD); (10 mol%)
Ligand (11 mol%)
DABCO (1 equiv)

EtOH, 60 °C

H

O/g.wsozph
I Dsoppn

3u

MeO ! PPh,
MeO PPh,
O L3

85%, 60.5:39.5 er

60 °C: 82%, 74.5:25.5 er

40°C: 71%, 79:21 er

58%, 52.5:47.5 er

OMe
MeO l PPh,
MeO ] PPh,
L14
OMe

66%, 69:31 er

OO P(Tol),
SO
L12
74%, 70:30 er

PCyZ
PPh,

Fe

L==2

trace

PAr,

o) O PAr,

ol L13a

(Ar = 3,5-Bu2-4-MeOCgH,)
72%, 68.5:31.5 er

P
Ph
L5

Ph,
Ph
Cp/\/

“Ph

26%, 58:42 er

a Conditions: 1w (0.15 mmol), 2a (0.10 mmol), Ni(COD)2 (10 mol%), ligand (11 mol%), and DABCO (1.0 equiv), at 25 °C for
3 din EtOH (1.0 mL), unless otherwise noted. The yield was determined by *H NMR analysis of the crude product using 1,3,5-
trimethoxybenzene asinternal standard. er was determined by chira HPLC analysis.

Table S2: Selected optimization of chiral ligands for hydromonofluoromethylation of 1x and 2a.2

Ni(COD); (10 mol%)

SO,Ph Ligand (11 mol%)
Z Y+ F - SO,Ph
Bn DABCO (1 equiv) W 2
SOzPh Bn SO,Ph
EtOH, 60 °C H F
1x 2a (0.05 mmol) 3u
o] 0
= 0 1) X 1
|
C[N\Ipw, PPh, 0 PPh, F o PPh,
_ PPh, o PPh, o PPh,
v QU ¢ X1
Bu o) F" o
L1 L2 L4 L9

10%, 84.5:15.5 er 40%, 56.5:43.5 er 24%, 90:10 er

O AP
2 P'Bu, i} ' PPh, PPh,
1)
= PCyz aPth PCyz — PBuz

27%, 61.5:38.5 er

Fe F‘e Fle Fe
< L10 <= u1s < L6 <& L17
30%, 95:5 er NR 50%, 71.5:28.5 er 43%, 73:27 er

(40 °C)
a Conditions: 1x (0.075 mmol), 2a (0.05 mmol), Ni(COD)2 (10 mol%), ligand (11 mol%), and DABCO (1.0 equiv), at 60 °C for
2 d in EtOH (0.5 mL), unless otherwise noted. The yield was determined by *H NMR analysis of the crude product using 1,3,5-
trimethoxybenzene as internal standard. er was determined by chira HPLC analysis.



Table S3: Selected conditions for optimization of hydromonofluoroalkylation.?

EtO,C

CO,Et

+ %

Ni(COD), (x mol%)
Ligand (1.1x mol%) H

: : e o
4 (0.05 mmol) 1aa (1.5 equivs) ' ’ 3aa F
"""""""""""""""""""""""""""""""""""" Ar=aMeCeH,  Ar=35(Me),CeHs
200, KO, 0, SO
@ENI P., O PPh, F O PPh,  MeO PA, O PAr,
7 . - (O O PPh, F><O O PPh, MeO O PAr, <o PAr,
Bu o] Fo o]
L1 L4 L9 L13b
SURN IR
‘Bu .d <= <> Ph
L11 L19 L10 L7 ent-L8
Entry Ligand X T (°C) yield (%)° erc
1 L1 10 60 trace -
2 L4 10 60 22 92:8
3 L9 10 60 trace -
4 L18 10 60 10 84:16
5 L13b 10 60 20 85:15
6 L11 10 60 14 95:5
7 L19 10 60 NR¢ -
8 L10 10 60 85:15
9 L7 10 60 79:21
10 ent-L8 10 60 90.5:9.5
11 L1l 20 60 30 95.5
12° L11 20 60 43 95:5
13 L1l 20 80 50 92:8

a Conditions: 1aa (0.075 mmol), 4 (0.05 mmol), Ni(COD)2 (10 mol%), ligand (11 mol%), and DABCO (1.0 equiv), at 25 °C
for 2d in EtOH (0.25 mL), unless otherwise noted. ® The yield was determined by *H NMR analysis of the crude product using
1,3,5-trimethoxybenzene as internal standard. ¢ Determined by chiral HPLC analysis. ¢ No reaction. 2.0 equivs DABCO was

used.



3. Thestructure of 1,3-enynes 1 used in this hydromonofluoromethylation
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4. Enantioselective hydromonofluoromethylation of 1,3-enynes 1 with FBSM 2

4.1 Procedurefor enantioselective hydromonofluoromethylation of 1,3-enynes 1 with 2

Ni(COD), (10 mol%) MeO PPh, H
SO,Ar L3 (11 mol%) MeO PPh; i
=X ¥ o . SO,Ar
Z E=X( DABCO (1.0 equiv O L3
] SOAr (1.0 equiv) T\'[_/\sozAr
EtOH, 25 °C
(@ = aryl or alkyl) 2 (0.25 mmol) 3

In a glove box, to a Schlenk tube equipped with a stirring bar were successively added
Ni(COD)2 (6.9 mg, 10 mol%), and (R)-MeO-BIPHEP L3 (16.0 mg, 11 mol%), followed by the
addition of absolute EtOH (2.5 mL). The resulting mixture was stirred at room temperature for 15
min, and then added DABCO (28.0 mg, 1.0 equiv) and FBSM 2 (0.25 mmol, 1.0 equiv). After being
stirred for another 5 min, to the mixture was added 1,3-enynes 1 (0.375 mmol, 1.5 equivs). After it
take out from the glove box, the reaction mixture was stirred at 25 °C until full conversion. The
reaction was monitored by TLC analysis. After full consumption of 2, the reaction mixture was
concentrated under vacuum. The crude residue was purified by silica gel column chromatography
using PE/EtOAc (6:1, v/v) as the eluent to afford the desired products 3. (Note: 20 mol% of Ni

catalyst was used in the case of products 3t-3u, and 3aa-3ac)

Ph <—CF(SO,Ph), Product 3a was obtained in 94% y|e|d as a yeHOW oil (3 dayS) HPLC

o:'\ )
H . H analysis (Chirace AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t,

(maor) = 23.16 min, t- (minor) = 25.49 min) gave the isomeric composition of the product: 96:4 er;
[0]p® = -67.9 (c = 0.1, CHCl3); *H NMR (400 MHz, CDCl3): § 7.94 (d, J = 8.0 Hz, 4H), 7.74-7.66
(m, 2H), 7.57-7.51 (m, 4H), 7.30-7.26 (m, 2H), 7.23-7.18 (m, 3H), 6.16 (dt, J = 6.4, 2.4 Hz, 1H),
5.69-5.63 (m, 1H), 3.27-3.20 (m, 2H); 3C NMR (100 MHz, CDCls): & 207.7, 135.3 (d, J = 1.9 Hz),
135.1, 134.9, 133.2, 130.87, 130.85, 130.83, 129.0 (d, J = 2.3 Hz), 128.6, 127.3, 127.1, 114.0 (d, J =
266.0 Hz), 95.9, 85.4 (d, J = 8.1 HZ), 30.8 (d, J = 18.9 Hz); °F NMR (376 MHz, CDCl3): & -141.58
(s, 1F); IR (neat): 1448, 1348, 1265, 1151, 1078, 732, 721, 682, 667, 597; HRMS (ESI): Exact mass
calcd for CozH1oFNaOsS,; [M+Na] *: 465.0601, Found: 465.0599.



—CFsoph), analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t;
=
b | (mgjor) = 24.68 min, t; (minor) = 28.19 min) gave the isomeric composition

FE Product 3b was obtained in 88% yield as a yellow oil (3 days). HPLC

of the product: 96:4 er; [a]p? = 1.2 (¢ = 0.3, CHCl3); *H NMR (300 MHz, CDCl3): § 7.96-7.92 (m,
4H), 7.76-7.67 (m, 2H), 7.59-7.51 (m, 4H), 7.23-7.19 (m, 2H), 7.01-6.94 (m, 2H), 6.14 (dt, J = 6.3,
2.7 Hz, 1H), 5.72-5.64 (m, 1H), 3.27-3.24 (m, 1H), 3.20 (dt, J = 7.5, 2.4 Hz, 1H); 13C NMR (100
MHz, CDCl3): § 207.6 (d, J = 2.4 Hz), 162.0 (d, J = 245.1 Hz), 135.3 (d, J = 1.4 Hz), 135.1, 134.9,
130.87, 130.85, 129.06, 129.04, 128.6 (d, J = 4.0 Hz), 115.6 (d, J = 30.0 Hz), 114.0 (d, J = 265.8
Hz), 95.0, 85.7 (d, J = 8.1 Hz), 30.9 (d, J = 18.9 Hz); °F NMR (376 MHz, CDCl3): & -114.67 (s, 1F),
-141.45 (s, 1F); IR (neat): 1730,1697, 1599, 1338, 1155, 1080, 910, 837, 752, 559 cm; HRMS
(ESI): Exact mass calcd for C23H1sF2NaOsS, [M+Na] *: 483.0512, Found: 483.0505.

cl Product 3c was obtained in 93% yield as a yellow oil (3 days). HPLC

Q —CF(sopn), analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t,
=

o H (magjor) = 30.99 min, t; (minor) = 33.83 min) gave the isomeric composition

of the product: 95.5:4.5 er; [a]p® = -67.2 (¢ = 0.03, CHCl3); *H NMR (400 MHz, CDCl3): § 7.93 (d,
J = 8.4 Hz, 4H), 7.75-7.68 (m, 2H), 7.58-7.52 (m, 4H), 7.25-7.16 (m, 4H), 6.13 (dt, J = 6.8, 2.4 Hz,
1H), 5.72-5.69 (m, 1H), 3.26-3.24 (m, 1H), 3.23-3.19 (m, 1H); 3C NMR (100 MHz, CDCl3): §
207.8, 135.3 (d, J = 1.7 Hz), 135.0, 134.9, 132.9, 131.8, 130.8, 129.0 (d, J = 1.7 Hz), 128.7, 128.3,
114.0 (d, J = 266.0 Hz), 95.0, 85.8 (d, J = 8.2 Hz), 30.8 (d, J = 18.9 Hz); °F NMR (376 MHz,
CDCl3): § -141.24 (s, 1F); IR (neat): 1583,1491, 1448, 1336, 1151, 1080, 908, 835, 727, 557 cm'™;
HRMS (ESI): Exact mass calcd for CosHisFCINaOsS, [M+Na]*: 499.0211, Found: 499.0208.

cl Product 3d was obtained in 94% vyield as a yellow oil (3 days). HPLC

C%: —CF(so,Ph), analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t;
"

Ho gq H (major) = 46.15 min, t. (minor) = 34.72 min) gave the isomeric composition

of the product: 93:7 er; [a]o® = -270.4 (¢ = 0.17, CHCl3); *H NMR (400 MHz, CDCls): § 7.96-7.92
(m, 4H), 7.74-7.66 (m, 2H), 7.58-7.51 (m, 4H), 7.23-7.15 (m, 3H), 7.12-7.10 (m, 1H), 6.11 (dt, J =
6.4, 2.4 Hz, 1H), 5.73-5.68 (m, 1H), 3.26 (dd, J = 7.6, 2.4 Hz, 1H), 3.22 (dd, J = 7.6, 2.8 Hz, 1H);
13C NMR (100 MHz, CDCls): § 207.9, 135.4 (d, J = 3.5 Hz), 135.3, 135.0, 134.8, 134.4, 130.87,
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130.85, 130.82, 130.81, 129.8, 129.1 (d, J = 1.3 Hz), 127.3, 126.9, 125.2, 113.9 (d, J = 266.2 Hz),
95.0, 86.0 (d, J = 8.2 Hz), 30.7 (d, J = 18.8 Hz); °F NMR (376 MHz, CDCls): § -141.58 (s, 1F); IR
(neat): 1508,1448, 1346, 1165, 1080, 912, 729, 684, 563, 557 cm; HRMS (ESI): Exact mass calcd
for CasH1sFCINaOaS, [M+Na]*: 499.0211, Found: 499.0209.

+—CF(SO,Ph),

VARERY analysis (Chiralcel AD-H, 'PrOH/hexane = 15/85, 1.0 mL/min, 254 nm; t;
3e

C%;C' Product 3e was obtained in 90% vyield as a yellow oil (3 days). HPLC

(major) = 21.01 min, t; (minor) = 21.95 min) gave the isomeric composition
of the product: 97:3 er; [a]p?® = -28.9 (c = 0.04, CHCl3); 'H NMR (400 MHz, CDCl3): § 7.93 (d, J =
7.6 Hz, 4H), 7.74-7.67 (m, 2H), 7.56-7.50 (m, 4H), 7.39 (dd, J = 7.6, 1.6 Hz, 1H), 7.32-7.30 (m, 1H),
7.19-7.10 (m, 2H), 6.60 (dt, J = 6.4, 2.4 Hz, 1H), 5.74-5.69 (m, 1H), 3.32-3.15 (m, 2H); *°C NMR
(100 MHz, CDCl3): 6 208.4, 135.3, 135.0, 134.8, 132.1, 131.0, 130.8, 129.5, 129.0 (d, J = 2.6 HZ),
128.8, 128.3, 126.9, 113.9 (d, J = 266.0 Hz), 92.3, 85.7 (d, J = 8.4 Hz), 30.7 (d, J = 18.9 HZ); *°F
NMR (376 MHz, CDCl3): & -141.26 (s, 1F); IR (neat): 1583, 1477, 1336, 1151, 908, 750, 727, 682,
557 cm; HRMS (ESI): Exact mass calcd for CxsHisFCINaOsS, [M+Na]*: 499.0211, Found:

499.0213.
. Product 3f was obtained in 94% vyield as a yellow oil (4 days). HPLC
3
Q analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t;
<~—CF(S0,Ph),
g -=§H (magor) = 23.52 min, t; (minor) = 28.47 min) gave the isomeric composition

3f

of the product: 95.5:4.5 er; [a]p®® = -18.3 (¢ = 0.05, CHCl3); *H NMR (400
MHz, CDCl3): & 7.94-7.91 (m, 4H), 7.74-7.67 (m, 2H), 7.57-7.51 (m, 6H), 7.35 (d, J = 8.0 Hz, 2H),
6.21-6.20 (m, 1H), 5.80-5.75 (m, 1H), 3.29-3.21 (m, 2H); 3C NMR (100 MHz, CDCl3): & 208.4,
137.2 (d, J = 1.2 Hz), 135.4, 135.3, 135.0, 134.8, 130.8 (q, J = 1.5 Hz), 129.07, 129.06, 129.0 (q, J =
32.2 H2), 127.2, 1255 (g, J = 3.9 Hz), 124.1 (g, J = 270.3 Hz), 113.9 (d, J = 266.1 HZ), 95.1, 86.1 (d,
J=8.1Hz), 30.7 (d, J = 19.0 Hz); °F NMR (376 MHz, CDCls): & -62.42 (s, 3F), -141.24 (s, 1F); IR
(neat): 1749, 1323, 1269, 1181, 1064, 1016, 877, 846 cm™; HRMS (ESI): Exact mass calcd for
C24H18FsNaOsS, [M+Na]*: 533.0475, Found: 533.0469.



NG Product 3g was obtained in 94% yield as a orange oil (3 days). HPLC
Q —CF(so,Ph), analysis (Chiralcel AD-H, 'PrOH/hexane = 50/50, 0.8 mL/min, 254 nm; t,
3g | (major) = 33.24 min, t, (minor) = 29.29 min) gave the isomeric composition

of the product: 95:5 er; [a]p? = -131.1 (c = 0.3, CHCl3); *H NMR (400 MHz, CDCl3): § 7.93-7.90
(m, 4H), 7.76-7.69 (m, 2H), 7.58-7.52 (m, 6H), 7.37-7.45 (m, 2H), 6.21 (dt, J = 6.4, 2.4 Hz, 1H),
5.86-5.81 (m, 1H), 3.33-3.16 (M, 2H); *C NMR (100 MHz, CDCls): § 208.8, 138.5, 135.4 (d, J =
15Hz), 134.9, 134.7, 132.3, 130.8, 129.1, 127.6, 118.9, 113.8 (d, J = 266.1 Hz), 110.4, 95.2, 86.5 (d,
J=8.1Hz), 30.6 (d, J = 19.0 Hz); ®F NMR (376 MHz, CDCl3): & -141.04 (s, 1F); IR (neat): 1726,
1448, 1336, 1163, 1151, 1080, 910, 752, 727, 682, 557 cm; HRMS (ESI): Exact mass calcd for

Co4H1sFNNaOsS; [M+Na] *: 490.0553, Found: 490.0549.

Me02C Product 3h was obtained in 91% yield as a yellow oil (3 days). HPLC
«—crsoph), analysis (Chiralcel AD-H, 'PrOH/hexane = 50/50, 0.8 mL/min, 254 nm;

M\
3h tr (mgor) = 32.78 min, t (minor) = 27.09 min) gave the isomeric

composition of the product: 95:5 er; [o]p?° = -31.2 (¢ = 0.02, CHCl3); *H NMR (300 MHz, CDCl3):
8 7.94-7.89 (m, 6H), 7.70-7.63 (m, 2H), 7.55-7.47 (m, 4H), 7.29 (d, J = 8.4 Hz, 2H), 6.20-6.17 (m,
1H), 5.78-5.70 (m, 1H), 3.87 (s, 3H), 3.30-3.21 (m, 2H); *C NMR (125 MHz, CDCls): & 208.6,
166.7, 138.2, 135.3 (d, J = 3.4 Hz), 134.9, 134.7, 130.74, 130.73, 129.8, 129.0 (d, J = 2.1 Hz), 128.7,
126.9, 113.8 (d, J = 265.9 Hz), 95.4, 85.9 (d, J = 8.1 H2), 52.0, 30.6 (d, J = 18.9 Hz): 1°F NMR (282
MHz, CDCl3): 6 -141.21 (s, 1F); IR (neat): 1716, 1448, 1348, 1280, 1153, 1080, 906, 723, 682, 557,
511 cmt; HRMS (ESI): Exact mass calcd for CosH21FNaOsS, [M+Na]*: 523.0656, Found: 523.0654.

0= Product 3i was obtained in 53% yield as a yellow oil (4 days). HPLC
—CR(so,pn), anaysis(Chiracel AD-H, 'PrOH/hexane = 50/50, 0.8 mL/min, 254 nm;
"
H
3i

H tr (mgor) = 38.77 min, t (minor) = 32.39 min) gave the isomeric
composition of the product: 93:7 er; [a]po® = 3.3 (c = 0.1, CHCl3); H
NMR (300 MHz, CDCl3): § 9.96 (s, 1H), 7.93 (d, J = 8.1 Hz, 4H), 7.80 (d, J = 8.1 Hz, 2H), 7.76-
7.67 (m, 2H), 7.58-7.51 (m, 4H), 7.41 (d, J = 8.1 Hz, 2H), 6.25-6.23 (m, 1H), 5.84-5.76 (m, 1H),
3.31-3.21 (m, 2H); 3C NMR (125 MHz, CDCl3): & 209.0, 191.6, 140.0, 135.4 (d, J = 2.9 Hz), 135.2,

135.0, 134.8, 130.8, 130.1, 129.1 (d, J = 1.8 Hz), 127.6, 113.9 (d, J = 265.9 Hz), 95.5, 86.2 (d, J =

8



8.1 Hz), 30.6 (d, J = 18.9 Hz); 1°F NMR (282 MHz, CDCl3): § -141.24 (s, 1F); IR (neat): 1693, 1602,
1448, 1348, 1165, 1080, 912, 750, 729, 684 cm?’; HRMS (ESI): Exact mass calcd for
Co4H19FNaOsS, [M+Na]*™: 493.0550, Found: 493.0556.

MeOC
Product 3j was obtained in 92% yield as a yellow oil (3 days). HPLC

. ={\_CF(302P“)2 analysis (Chiralcel AD-H, 'PrOH/hexane = 40/60, 1.0 mL/min, 254 nm;

3j ; tr (mgor) = 35.93 min, t; (minor) = 33.28 min) gave the isomeric
composition of the product: 96.5:3.5 er. [a]o® = -9.5 (c = 0.03, CHCl3); 'H NMR (500 MHz,
CDCl3):8 7.95 (d, J = 8.5 Hz, 4H), 7.91-7.89 (m, 2H), 7.77-7.70 (m, 2H), 7.59-7.54 (m, 4H), 7.36 (d,
J =85 Hz, 2H), 6.24 (dt, J = 6.0, 2.5 Hz, 1H), 5.81-5.77 (m, 1H), 3.34-3.21 (m, 2H), 2.60 (s, 3H);
13C NMR (125 MHz, CDCl3): & 208.8, 197.5, 138.5, 135.8, 135.4 (d, J = 2.8 Hz), 135.0, 134.8,
130.8, 129.1 (d, J = 2.0 HZ), 128.7, 127.2, 113.9 (d, J = 265.6 Hz), 95.4, 86.0 (d, J = 8.1 Hz), 30.6 (d,
J = 19.0 Hz), 26.5; °F NMR (376 MHz, CDCl3): & -142.26 (s, 1F); IR (neat): 1732, 1682, 1448,
1340, 1267, 1153, 1080, 754, 684, 592, 563 cm?’; HRMS (ESI): Exact mass calcd for
CosH21FNaOsS, [M+Na]*: 507.0707, Found: 507.0711.

MeQO

Product 3k was obtained in 91% yield as a yellow oil (3 days). HPLC

C%: —CF(s0,Ph), analysis (Chiralcel AD-H, 'PrOH/hexane = 30/70, 1.0 mL/min, 254 nm;
N

ak N tr (mgor) = 23.12 min, t (minor) = 26.74 min) gave the isomeric

composition of the product: 95.5:4.5 er; [o]p?° = -4.4 (¢ = 0.2, CHCl3); *H NMR (400 MHz, CDCl3):
8 7.96-7.93 (m, 4H), 7.74-7.67 (m, 2H), 7.57-7.52 (m, 4H), 7.18 -7.14 (m, 2H), 6.84-6.81 (m, 2H),
6.12 (dt, J = 6.4, 2.4 Hz, 1H), 5.65-5.60 (M, 1H), 3.79 (s, 3H), 3.25-3.22 (m, 1H), 3.21-3.18 (M, 1H);
13C NMR (100 MHz, CDCl3): § 207.3, 159.0, 135.3, 135.2, 135.0, 130.9, 129.03, 129.01, 128.2,
125.4, 114.13 (d, J = 266.0 Hz), 114.09, 95.3, 85.2 (d, J = 8.1 Hz), 55.3, 31.1 (d, J = 18.7 Hz); 1F
NMR (376 MHz, CDCl3): 6 -141.56 (s, 1F); IR (neat): 1732, 1599, 1512, 1448, 1249, 1151, 835,754,
684, 559 cm; HRMS (ESI): Exact mass calcd for CosaH21FNaOsS, [M+Na]*: 495.0706, Found:
495.0711.



Mo Product 3l was obtained in 90% yield as a yellow oil (3 days). HPLC
Q analysis (Chiralcel AS-H, 'PrOH/hexane = 30/70, 1.0 mL/min, 254 nm; t;
-=‘\;_CF(SOZPh)2 (major) = 28.74 min, t- (minor) = 24.65 min) gave the isomeric

’ composition of the product: 93.5:6.5 er; [a]p® = -0.4 (c = 0.01, CHCl3);
IH NMR (400 MHz, CDCl3): & 7.94 (d, J = 6.8 Hz, 4H), 7.73-7.66 (m, 2H), 7.56-7.51 (m, 4H), 7.13-
7.07 (m, 4H), 6.13 (dt, J = 6.4, 2.8 Hz, 1H), 5.65-5.60 (M, 1H), 3.26-3.18 (M, 2H), 2.32 (s, 3H); °C
NMR (100 MHz, CDCl3): & 207.5, 137.1, 135.3 (d, J = 1.8 Hz), 135.2, 135.0, 130.8, 130.2, 129.3,
129.0 (d, J = 2.3 Hz), 127.0, 114.1 (d, J = 266.0 Hz), 95.7, 85.2 (d, J = 8.1 HZ), 30.9 (d, J = 18.9 HZ),
21.2; %F NMR (376 MHz, CDClg): § -141.57 (s, 1F); IR (neat): 1734, 1343, 1238, 1155, 1043, 756,
684, 592, 559 cm™; HRMSS (ESI): Exact mass calcd for CosH21FNaO4S, [M+Nal*: 479.0757, Found:

479.0763.

Product 3m was obtained in 88% yield as a yellow oil (3 days). HPLC
~—CF(s0,Ph), analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm;

.
am t(major) = 16.61 min, t,(minor) = 17.56 min) gave the isomeric composition

of the product: 95.5:4.5 er; [0]p® = -115.3 (¢ = 0.2, CHCl3); 'H NMR (400 MHz, CDCl3):5 7.93 (d,
J = 8.0 Hz, 4H), 7.72-7.65 (m, 2H), 7.55-7.49 (m, 4H), 7.16 (t, J = 7.6 Hz, 1H), 7.07 (s, 1H), 7.03-
7.00 (M, 2H), 6.12 (dt, J = 6.4, 2.4 Hz, 1H), 5.67-5.62 (m, 1H), 3.32-3.15 (m, 2H), 2.30 (s, 3H); 2C
NMR (100 MHz, CDCls): § 207.7, 138.1, 135.3 (d, J = 2.4 Hz), 135.1, 134.9, 133.0, 130.8, 129.0 (d,
J=2.6Hz), 128.4, 128.1, 127.7, 124.2, 114.0 (d, J = 265.9 Hz), 95.9, 85.2 (d, J = 8.2 Hz), 30.8 (d, J
= 18.9 Hz), 21.2; 1%F NMR (376 MHz, CDCls): § -141.47 (s, 1F); IR (neat): 1583, 1448, 1346, 1153,
1080, 908, 773, 752, 725, 682, 599, 559 cmt; HRM'S (ESI): Exact mass calcd for CaaHaFNaOsS,
[M+Na]*: 479.0757, Found: 479.0755.

: Product 3n was obtained in 72% yield as a yellow oil (3 days). HPLC

< CF(SOzPh): - analysis (Chiralcel OD-H, 'PrOH/hexane = 25/75, 1.0 mL/min, 254 nm;
"
Aog M t((mgor) = 16.17 min, t{(minor) = 18.46 min) gave the isomeric

composition of the product: 95.5:4.5 er; [a]p?® = -203.5 (c = 0.2, CHCl3); *H NMR (400 MHz,
CDCl3):5 7.95 (d, J = 8.0 Hz, 4H), 7.74-7.68 (m, 2H), 7.57-7.52 (m, 4H), 7.26-7.24 (m, 1H), 7.12 (s,
3H), 6.34 (d, J = 6.4 Hz, 1H), 5.64-5.59 (m, 1H), 3.26 (d, J = 6.8 Hz, 1H), 3.21 (d, J = 7.6 Hz, 1H),
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2.31 (s, 3H); 3C NMR (100 MHz, CDCl3): § 208.3, 135.3 (d, J = 1.0 Hz), 135.1, 134.9, 131.5,
130.9, 130.4, 129.0 (d, J = 2.0 HZ), 127.7, 127.2, 126.1, 114.0 (d, J = 266.2 Hz), 93.2, 84.5 (d, J =
8.2 Hz), 30.9 (d, J = 18.9 Hz), 19.8; 1%F NMR (376 MHz, CDCl3): § -141.75 (s, 1F); IR (neat): 1450,
1342, 1157, 1080, 732, 686, 563 cm™!; HRMS (ESI): Exact mass calcd for CoaH21FNaOsS, [M+Na]*:
497.0758, Found: 497.0765.

n-CsHq4

Product 3o was obtained in 91% vyield as a yellow oil (3 days). HPLC

Q <—CF(so,Ph), analysis(Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm:;
N

30 N tr (major) = 15.99 min, t, (minor) = 18.34 min) gave the isomeric

composition of the product: 95.5:4.5 er; [a]p®® = -23.8 (¢ = 0.04, CHCl3); *H NMR (400 MHz,
CDCl3): 6 7.94 (d, J = 8.0 Hz, 4H), 7.72-7.65 (m, 2H), 7.55-7.50 (m, 4H), 7.15-7.08 (m, 4H), 6.15-
6.12 (m, 1H), 5.65-5.60 (M, 1H), 3.26-3.18 (m, 2H), 2.56 (t, J = 7.6 Hz, 2H), 1.62-1.55 (m, 2H),
1.36-1.26 (m, 4H), 0.88 (t, J = 6.8 Hz, 3H); 3C NMR (100 MHz, CDCl3): & 207.6, 142.2, 135.3 (d, J
= 2.3 Hz), 135.2, 135.0, 130.8, 130.4, 129.0 (d, J = 2.2 Hz), 128.7, 127.0, 114.1 (d, J = 266.1 Hz),
95.7, 85.1 (d, J = 8.1 Hz), 35.6, 31.4, 31.1, 30.9 (d, J = 18.9 Hz), 22.5, 14.0; *°F NMR (376 MHz,
CDCl3): & -141.54 (s, 1F); IR (neat): 1448, 1348, 1313, 1153, 1080, 908, 752,727, 682, 596, 555 cm
1 HRMS (ESI): Exact mass calcd for CosHzoFOsS, [M+H]*: 513.1564, Found: 513.1563.

HO
Product 3p was obtained in 71% yield as a yellow il (3 days). HPLC

<—CF(s0:Ph),  analysis (Chiralcel AS-H, 'PrOH/hexane = 40/60, 1.0 mL/min, 254 nm;
™
3p tr (magjor) = 51.38 min, t; (minor) = 37.21 min) gave the isomeric

H
composition of the product: 95:5 er; [o]p?° = -50.2 (c = 0.04, CHCl3); *H NMR (400 MHz, CDCl5):
8 7.94 (d, J = 7.6 Hz, 4H), 7.74-7.68 (m, 2H), 7.57-7.52 (m, 4H), 7.29-7.22 (m, 4H), 6.17-6.16 (m,
1H), 5.69-5.64 (M, 1H), 4.66 (s, 2H), 3.26-3.20 (m, 2H): 3C NMR (100 MHz, CDCls): 5 207.7,
140.1, 135.3 (d, J= 1.4 Hz), 134.9, 134.7, 132.3, 130.7, 129.0 (d, J = 2.0 Hz), 127.2, 127.1, 114.0 (d,
J=266.3 Hz), 95.6, 85.3 (d, J = 8.1 Hz), 64.6, 30.7 (d, J = 18.8 H2); 2°F NMR (376 MHz, CDCl3): 5
-141.36 (s, 1F); IR (neat): 1448, 1348, 1165, 1155, 1080, 902, 721, 682, 596, 557 cm™; HRMS (ESI):

Exact mass cacd for Co4H21FNaOsS, [M+Na] *: 495.0707, Found: 495.0703.
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. )v Product 3q was obtained in 60% yield as a yellow oil (3 days).
oﬁ% F NMR analysis of the crude mixture revealed that the dr value
XO ° O_Q son Was>20:1; [of] p?’ =-17.5 (¢ = 0.3, CHCI3); *H NMR (400 MHz,
o .=;‘H_$S°2P“ CDCls): 7.94 (d, J = 7.6 Hz, 4H), 7.75-7.67 (m, 2H), 7.58-7.52

(m, 4H), 7.26 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 6.15
(dt, J = 6.4, 2.4 Hz, 1H), 5.68-5.63 (M, 1H), 4.66-4.54 (m, 3H), 4.43 (d, J = 2.4 Hz, 1H), 4.23 (dd, J
= 8.0, 1.6 Hz, 1H), 3.92 (dd, J = 12.8, 2.0 Hz, 1H), 3.73 (d, J = 12.8 Hz, 1H), 3.25 (dd, J = 7.6, 2.4
Hz, 1H), 3.21 (dt, J= 7.2, 2.0 Hz, 1H), 1.54 (s, 3H), 1.42-1.41 (m, 6H), 1.33 (s, 3H): 3C NMR (100
MHz, CDCl3): 6 207.8, 137.3, 135.3, 135.2, 135.0, 132.5, 130.91, 130.9 (t. J = 1.9 Hz), 129.0, 127.9,
127.0, 114.1 (d, J = 266.1 Hz), 108.9, 108.5, 102.7, 95.6, 85.4 (d, J= 7.8 Hz), 73.4, 71.5, 71.0, 70.2,
70.1, 61.0, 30.8 (d, J = 18.7 Hz), 26.6, 25.8, 25.4, 24.0; *°F NMR (376 MHz, CDCl3): § -141.58 (s,
1F); IR (neat): 1448, 1350, 1251, 1165, 1112, 1070, 910, 731, 684 cm™t; HRMS (ESI): Exact mass
calcd for CasHzgFNaO10S, [M+Na]*: 737.1861, Found: 737.1867.

CO Product 3r was obtained in 93% yield as ayellow solid (3 days). m.p. =

:(\—CF(SOZP")Z 115-116 °C; HPLC analysis (Chiralcel AS-H, 'PrOH/hexane = 40/60,
H
3r

: 1.0 mL/min, 254 nm; t; (maor) = 33.17 min, t; (minor) = 28.41 min)

gave the isomeric composition of the product: 93:7 er; [o]p?° = -163.6 (¢ = 0.3, CHCl3); *H NMR
(400 MHz, CDCls): § 7.95-7.93 (m, 4H), 7.78-7.68 (m, 4H), 7.66-7.62 (m, 2H), 7.56-7.48 (m, 4H),
7.46-7.40 (m, 3H), 6.34-6.32 (m, 1H), 5.77-5.72 (m, 1H), 3.31-3.25 (m, 2H); 3C NMR (100 MHz,
CDCl3): 6 208.3, 135.3 (d, J = 3.3 Hz), 135.1, 134.9, 133.5, 132.7, 130.87, 130.86, 130.84, 130.83,
130.76, 129.0 (d, J = 3.0 Hz), 128.2, 127.7, 127.6, 126.2, 126.0, 125.8, 124.8, 114.0 (d, J = 265.9
Hz), 96.2, 85.6 (d, J = 8.2 HZ), 30.9 (d, J = 18.8 HZ): F NMR (376 MHz, CDCl3): & -141.39 (s, 1F):
IR (neat): 1448, 1336, 1151, 1078, 906, 821, 723, 682, 599, 557 cm™; HRMS (ESI): Exact mass
calcd for Co7H21FNaOsS, [M+Na] *: 515.0757, Found: 515.0751.

S Product 3s was obtained in 69% yield asayellow solid (3 days). m.p. = 120
\ .
Q/i: SCF(SOPh);  -122 °C; HPLC analysis (Chiralcel AD-H, 'PrOH/hexane = 30/70, 1.0
=
3s N mL/min, 254 nm; t; (maor) = 23.33 min, t; (minor) = 25.27 min) gave the

isomeric composition of the product: 93:7 er; [a]o?® = -209.1 (¢ = 0.2, CHCl3); *H NMR (400 MHz,
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CDCla): § 7.94-7.92 (m, 4H), 7.74-7.67 (m, 2H), 7.57-7.51 (m, 4H), 7.26-7.23 (m, 1H), 7.09-7.08
(m, 1H), 7.04 (dd, J = 4.8, 1.2 Hz, 1H), 6.24 (dt, J = 6.8, 2.4 Hz, 1H), 5.63-5.58 (m, 1H), 3.28-3.13
(m, 2H); *C NMR (100 MHz, CDCls): § 208.1, 135.3 (d, J = 3.0 Hz), 135.1, 134.9, 134.3, 130.84,
130.82, 130.81, 129.0 (d, J = 2.5 Hz), 126.5, 125.9, 121.6, 114.0 (d, J = 266.1 Hz), 90.4, 84.6 (d, J =
8.2 Hz), 31.0 (d, J = 18.8 H2); °F NMR (376 MHz, CDCl3): § -141.40 (s, 1F); IR (neat): 1448, 1346,
1313, 1151, 1080, 908, 750, 682, 559 cm; HRMS (ES|): Exact mass calcd for CorHi7FNaOsSs
[M+Na]*: 471.0165, Found: 471.0176.

The reaction (0.25 mmol) was carried out at 40 °C for 4 days using
C%( :(CHSOZP“E Ni(COD)2 (6.8 mg, 10 mol%), (S)-difluorphos (L9, 18.8 mg, 11 mol%),

and DABCO (28.0 mg, 1.0 equivs). Product 3t was obtained in 67% yield
as a yellow oil. HPLC analysis (Chiralcel AD-H, 'PrOH/hexane = 30/70, 1.0 mL/min, 230 nm; t;
(major) = 7.70 min, t, (minor) = 10.37 min) gave the isomeric composition of the product: 76.5:23.5
er. [a]o?® = -86.9 (c = 0.2, CHClI3); 'H NMR (400 MHz, CDCls3): & 7.94 (d, J = 8.4 Hz, 4H), 7.74-
7.70 (m, 2H), 7.56 (t, J = 7.2 Hz, 4H), 5.14-5.07 (m, 2H), 3.21-3.05 (m, 2H), 1.94-1.85 (m, 1H),
1.69-1.58 (m, 5H), 1.29-1.06 (m, 3H), 1.02-0.91 (m, 2H); 3C NMR (100 MHz, CDCl3): § 205.6,
135.4, 135.2, 135.1, 130.9 (d, J = 1.4 Hz), 129.0, 128.9, 114.3 (d, J = 266.2 Hz), 98.4, 81.9 (d, J =
7.9 Hz), 36.8, 32.7 (d, J = 2.5 Hz), 31.3 (d, J = 18.7 HZ), 26.0, 25.9; °F NMR (376 MHz, CDCl3): &
-142.32 (s, 1F); IR (neat): 1448, 1346, 1313, 1153, 1080, 754, 736, 684, 567 cm*; HRMS (ESI):
Exact mass calcd for CasHosFOsS, [M+H]*: 449.1251, Found: 449.1241.

\—5: :(*CF(Sozph)z The reaction (0.25 mmol) was carried out at 40 °C for 4 days using
3u Ni(COD). (13.8 mg, 20 mol%), Josiphos SL-009-1 (L 10, 37.6 mg, 22

mol %), and DABCO (56.0 mg, 2.0 equivs). Product 3u was obtained in 43% yield as a yellow ail.
HPLC anaysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t. (major) = 15.52
min, tr (minor) = 22.30 min) gave the isomeric composition of the product: 95:5 er; [a]p?® = -33.4 (c
= 0.1, CHCI3); 'H NMR (400 MHz, CDCl3): § 7.94-7.89 (m, 4H), 7.73-7.68 (m, 2H), 7.58-7.52 (m,
4H), 7.30-7.26 (M, 2H), 7.21-7.14 (m, 3H), 5.19-5.08 (M, 2H), 3.21-2.95 (m, 2H), 2.64 (t, J = 8.0,
2H), 2.29-2.23 (m, 2H); 3C NMR (100 MHz, CDCl3): § 206.7, 141.4, 135.3, 135.2 (d, J = 1.7 Hz),
130.86, 130.85, 130.83, 128.9 (d, J = 1.7 Hz), 128.4, 128.3, 125.9, 114.3 (d, J = 266.1 Hz), 91.7,
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81.6 (d, J = 8.2 Hz), 35.1, 31.0 (d, J = 18,5 HZ), 29.7; 1°F NMR (376 MHz, CDCl3): § -141.95 (s,
1F); IR (neat): 1450, 1342, 1157, 1080, 1026, 995, 871, 732, 678 cml; HRMS (ESI): Exact mass
calcd for CosH24FO4S, [M+H]*: 471.1095, Found: 471.1083.

F Product 3v was obtained in 82% yield as a yellow ail (3 days). HPLC
0 Q ¢ analysis(Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t,

0y
C%: _:—)\S/©/ (major) = 24.07 min, tr (minor) = 29.00 min) gave the isomeric
. F Y

(0]
3v © composition of the product: 95.5:4.5 er; [a]p?° = -294.9 (¢ = 0.3, CHCl3);

IH NMR (400 MHz, CDCls): & 7.99-7.96 (m, 4H), 7.32-7.18 (m, 9H), 6.18 (dtt, J = 6.8, 2.8 Hz, 1H),
5.69-5.63 (M, 1H), 3.23 (dd, J = 7.6, 2.4 Hz, 1H), 3.19 (dd, J = 7.6, 2.4 Hz, 1H); 3C NMR (100
MHz, CDCl3): § 207.8, 168.3 (d, J = 2.0 Hz), 134.09-134.04 (m), 133.99-133.95 (m), 133.1, 131.0
(d, 3 = 3.0 Hz), 130.7 (d, J = 3.0 Hz), 128.7, 127.5, 127.1, 116.7 (d, J = 1.0 HZ), 116.5 (d, J = 2.0
Hz), 113.9 (d, J = 265.0 Hz), 96.1, 85.2 (d, J = 9.0 Hz), 31.0 (d, J = 19.0 Hz); °F NMR (376 MHz,
CDCl3): & -99.65 (s, 1F), -99.69 (s, 1F), -141.15 (s, 1F); IR (neat): 1589, 1491, 1348, 1242, 1149,
1080, 906, 837, 729, 650 cm™; HRMS (ESI): Exact mass calcd for CasHi7FsNaOsS, [M+Na]™*:
501.0413, Found: 501.0401.

Me Product 3w was obtained in 85% yield as a yellow oil (3 days). HPLC

=

3w composition of the product: 96:4 er; [a]p® = -130.3 (¢ = 0.3, CHCl3);

IH NMR (400 MHz, CDCl3):  7.83-7.80 (m, 4H), 7.34-7.17 (m, 9H), 6.15 (dt, J = 6.4, 2.4 Hz, 1H),
5.68-5.62 (M, 1H), 3.23 (dd, J = 7.6, 2.4 Hz, 1H), 3.19 (dd, J = 7.6, 2.4 Hz, 1H), 2.45 (s, 3H), 2.40 (s,
3H); 3C NMR (100 MHz, CDCl3): § 207.6, 146.7, 133.3, 132.1, 131.9, 130.9 (d, J = 1.0 Hz), 130.8

(d, J = 1.0 Hz), 129.6, 128.5, 127.2, 127.0, 113.8 (d, J = 265.3 Hz), 95.8, 85.6 (d, J = 8.0 Hz), 30.9

tr (mgor) = 25.44 min, t (minor) = 31.64 min) gave the isomeric

Q og\SQ: e anaysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm;
—/ F 5

(d, J = 19.1 Hz), 21.8 (d, J = 3.6 Hz); **F NMR (376 MHz, CDCl3): § -142.03 (s, 1F); IR (neat):
1450, 1342, 1265, 1157, 1080, 732, 686, 648, 594 cml; HRMS (ESI): Exact mass calcd for
CosH24FOsS, [M+H]™: 471.1095, Found: 471.1086.
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Product 3x was obtained in 98% yield as a yellow solid (3 days). m.p. =

&L 108-109 °C; HPLC analysis (Chiralcel OD-H, 'PrOH/hexane = 10/90, 1.0
Q j\s mL/min, 254 nm; t; (mgor) = 34.90 min, tr (minor) = 40.53 min) gave
3x the isomeric composition of the product: 95.5:4.5 er; [a]p® = -366.4 (C =
0.4, CHCl3); *H NMR (400 MHz, CDCl3): & 8.42 (d, J = 9.6 Hz, 2H), 7.84-7.79 (m, 7H), 7.75 (d, J
=8.0 Hz, 1H), 7.67-7.62 (m, 2H), 7.57-7.53 (m, 2H), 7.25-7.21 (m, 4H), 7.20-7.17 (m, 1H), 6.12 (ct,
J=6.4, 2.4 Hz, 1H), 5.82-5.76 (m, 1H), 3.41 (dd, J = 7.6, 2.4 Hz, 1H), 3.37 (dd, J = 7.2, 2.4 Hz, 1H);
13C NMR (100 MHz, CDCl3): § 207.8, 135.8, 133.4, 133.35, 133.3, 131.9, 131.8, 131.7, 131.6,
130.0 (d, J = 3.0 Hz), 129.6, 129.0, 128.5, 127.88, 127.86, 127.73, 127.7, 127.3, 127.1, 124.5, 114.6
(d, J = 265.7 Hz), 95.9, 85.6 (d, J = 8.4 HZ), 30.7 (d, J = 18.8 Hz); °F NMR (376 MHz, CDCl3): & -
140.60 (s, 1F); IR (neat): 1496, 1334, 1149, 1072, 856, 817, 740, 686, 640 cm; HRMS (ESI): Exact
mass calcd for Cz1H23FOsNaS; [M+Na] *: 565.0914, Found: 565.0902.

The reaction (0.25 mmol) was carried out at 60 °C for 6 days using

Q _ & CR(SOzPh: - Nj(COD)2 (13.8 mg, 20 mol%), (S,9-Benzp* (L 11, 15.5 mg, 22 mol%), and
=

" 3aa M DABCO (56.0 mg, 2.0 equivs). Product 3aa was obtained in 43% yield as a

colorless oil. HPLC analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t;
(maor) = 16.14 min, t; (minor) = 13.55 min) gave the isomeric composition of the product: 91.5:8.5
er; [a]o® = -120.2 (c = 0.1, CHCl3); *H NMR (400 MHz, CDCl3):8 7.94-7.88 (m, 4H), 7.72-7.67 (m,
1H), 7.66-7.62 (m, 1H), 7.56-7.46 (m, 4H), 7.29-7.16 (m, 5H), 5.90-5.87 (m, 1H), 3.37-3.22 (m, 2H),
1.79 (dd, J = 2.8, 1.6 Hz, 3H); *3C NMR (100 MHz, CDCl3):5 206.2, 135.3, 135.2, 135.12, 135.11,
134.2, 131.0 (d, J = 1.4 Hz), 130.8 (d, J = 1.3 Hz), 128.9, 128.5, 127.1, 127.0, 115.3 (d, J = 269.5
HZz), 94.8 (d, J = 3.3 Hz), 94.2, 34.1 (d, J = 17.2 HZ), 19.6 (d, J = 2.0 Hz); IR (neat): 1450, 1342,
1265, 1149, 1080, 825, 732, 686, 624, 601 cmt; HRMS (ESI): Exact mass calcd for CoqH2FOsS,
[M+H]": 457.0938, Found: 457.0932.

The reaction (0.25 mmol) was carried out at 60 °C for 4 days using
,:\:‘_CF(S%P“’Z Ni(COD)2 (13.8 mg, 20 mol%), (SS)-Benzp* (L 11, 15.5 mg, 22 mol%),

H M
3ab and DABCO (56.0 mg, 2.0 equivs). Product 3ab was obtained in 39%

yield as ayellow oil. HPLC analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm;
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tr(mgor) = 15.80 min, t,(minor) = 13.28 min) gave the isomeric composition of the product: 94.5:5.5
er; [a]p® = -134.4 (c = 0.1, CHCI3); 'H NMR (400 MHz, CDCl3): & 7.94-7.89 (m, 4H), 7.71-7.62
(m, 2H), 7.54-7.46 (m, 4H), 7.12-7.07 (m, 4H), 5.87-5.84 (m, 1H), 3.36-3.21 (M, 2H), 2.32 (s, 3H),
1.77 (dd, J = 3.2, 1.6 Hz, 3H); 3C NMR (100 MHz, CDCls): § 206.0, 136.7, 135.3, 135.15, 135.13,
135.1, 131.2, 130.9 (d, J = 1.5 Hz), 130.8 (d, J = 1.3 Hz), 129.2, 128.9, 127.0, 115.3 (d, J = 269.3
Hz), 94.6 (d, J = 3.2 Hz), 94.0, 34.2 (d, J = 17.3 HZ), 21.2, 19.6 (d, J = 2.2 HZ); °F NMR (376 MHz,
CDClg): & -144.16 (s, 1F); IR (neat): 1342, 1265, 1157, 1080, 732, 609, 547, 532, 462 cm}; HRMS
(ESI): Exact mass calcd for CosH24FOsS, [M+H]™: 471.1095, Found: 471.1088.

F
The reaction (0.25 mmol) was carried out at 60 °C for 5 days using

:{‘_CHSOZPMZ Ni(COD)2 (13.8 mg, 20 mol%), (SS)-Benzp* (L 11, 15.5 mg, 22 mol%),
sac " and DABCO (56.0 mg, 2.0 equivs). Product 3ac was obtained in 44%

yield as ayellow solid. m.p. = 105-106 °C; HPLC analysis (Chiralcel AD-H, 'PrOH/hexane = 20/80,
1.0 mL/min, 254 nm; t; (major) = 17.57 min, t, (minor) = 15.76 min) gave the isomeric composition
of the product: 94:6 er; [a]p?° = -89.9 (¢ = 0.1, CHCl3); *H NMR (400 MHz, CDCl3): § 7.92-7.88 (m,
4H), 7.72-7.63 (M, 2H), 7.55-7.47 (m, 4H), 7.21-7.18 (m, 2H), 6.99-6.93 (M, 2H), 5.91-5.88 (M, 1H),
3.30 (t, J = 2.0 Hz, 1H), 3.25 (dd, J = 3.6, 2.0 Hz, 1H), 1.79 (dd, J = 2.8, 1.6 Hz, 3H); 3C NMR
(100 MHz, CDCl3): 6 206.0 (d, J = 2.5 Hz), 161.9 (d, J = 244.6 Hz), 135.23, 135.18, 135.14, 130.9
(d, J = 1.4 HZ), 130.8 (d, J = 1.3 HZ), 130.2 (d, J = 3.2 Hz), 128.96, 128.95, 128.6 (d, J = 7.9 H2),
115.4 (d, J = 21.5 Hz), 115.3 (d, J = 269.5 Hz), 95.1 (d, J = 3.0 Hz), 93.3, 34.3 (d, J = 17.4 HZ), 19.6
(d, J = 2.2 Hz); ®F NMR (376 MHz, CDCl3): & -115.21 (s, 1F), -144.18 (s, 1F); IR (neat): 1504,
1450, 1342, 1157, 1080, 848, 732, 686, 609, 547, 532 cmt; HRMS (ESI): Exact mass calcd for
C24H21FO4S, [M+H]*: 475.0849, Found: 475.0838.
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5. Enantioselective hydromonofluor oalkylation of 1,3-enynes 1 with 4

Ni(COD), (10 mol%) MeO PPh,

H
CO,Et L3 (11 mol%) MeO PPh, :
A F ? " o> CO,Et
DABCO (1 equiv) L3 W
CO.Et I Dcogk
EtOH (0.2 M), 25 °C
1 4 (0.25 mmol) 5

In a glove box, to a Schlenk tube equipped with a stirring bar were successively added
Ni(COD)2 (6.9 mg, 10 mol%), and (R)-MeO-BIPHEP L3 (16.0 mg, 11 mol%), followed by the
addition of absolute EtOH (1.25 mL). The resulting mixture was stirred at room temperature for 15
min, and then added DABCO (28.0 mg, 1.0 equiv) and diethyl fluoromalonate 4 (0.25 mmol, 1.0
equiv). After being stirred for another 5 min, to the mixture was added 1,3-enynes 1 (0.375 mmol,
1.5 equivs). After it take out from the glove box, the reaction mixture was stirred at 25 °C until full
conversion. The reaction was monitored by TLC analysis. After full consumption of 4, the reaction
mixture was concentrated under vacuum. The crude residue was purified by silica gel column
chromatography using PE/EtOAc (25:1-20:1, v/v) as the eluent to afford the desired products 5.
(Note: 20 mol% of Ni catalyst was used in the case of products 5v-5w, and 5aa-5ac)

Ph < CF(COzEY,  Product 5a was obtained in 98% vyield as a colorless oil (3 days). HPLC

.
sa | analysis (Chiralcel OJH, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm; t;

(major) = 25.87 min, t; (minor) = 32.16 min) gave the isomeric composition of the product: 95.5:4.5
er; [o]p? = -174.5 (c = 0.02, CHCl3); *H NMR (400 MHz, CDCl3): § 7.31-7.26 (m, 4H), 7.21-7.17
(m, 1H), 6.19 (dt, J = 6.8, 2.0 Hz, 1H), 5.56-5.50 (m, 1H), 4.32-4.20 (m, 4H), 3.03 (dt, J = 7.6, 2.4
Hz, 1H), 2.97 (dt, J = 7.6, 2.0 Hz, 1H), 1.30 (t, J = 7.2 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H); 3C NMR
(100 MHz, CDCl3): 6 207.4, 165.7 (d, J = 25.5 Hz), 165.6 (d, J = 25.3 Hz), 133.6, 128.5, 127.1,
126.9, 95.3, 93.9 (d, J = 198.7 Hz), 86.6 (d, J = 3.7 Hz), 62.7, 62.67, 34.5, 34.2, 13.9, 13.8; °F
NMR (376 MHz, CDCl3): § -166.40 (s, 1F); IR (neat): 1749, 1460, 1369, 1199, 1084, 1012, 873,
752, 692, 628 cm; HRMS (ESI): Exact mass calcd for CizH2FOs [M+H]*: 307.1340, Found:
307.1337
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F Product 5b was obtained in 94% yield as a colorless oil (3 days). HPLC
analysis (Chiralcel OD-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm; t;
~—CF(CO,EY),

= (major) = 9.29 min, t, (minor) = 8.17 min) gave the isomeric composition
H
b

H

5 of the product: 96.5:3.5 er; [a]o® = - 1025 (c = 0.2, CHCl3); 'H NMR

(400 MHz, CDCl3): § 7.26-7.21 (m, 2H), 7.01-6.96 (m, 2H), 6.16 (dt, J = 6.4, 2.4 Hz, 1H), 5.56-5.50
(m, 1H), 4.33-4.19 (m, 4H), 3.08-3.01 (m, 1H), 3.00-2.91 (m, 1H), 1.31 (t, J = 7.2 Hz, 3H), 1.27 (t, J
= 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): § 207.2 (d, J = 2.3 Hz), 165.6 (d, J = 26 Hz), 165.5 (d,
J =26 Hz), 162.0 (d, J = 244.9 Hz), 129.6 (d, J = 3.3 Hz), 128.3 (d, J = 7.9 Hz), 1155 (d, J = 21.5
Hz), 94.4, 93.8 (d, J = 198.9 Hz), 86.8 (d, J = 3.6 Hz), 62.72, 62.7, 34.3 (d, J = 21.0 Hz), 13.9, 13.8;
19 NMR (376 MHz, CDCls): § -115.02 (s, 1F), -166.41 (s, 1F); IR (neat): 1747, 1508, 1300, 1222,
1157, 1093, 1012, 839, 698,536 cm’; HRMS (ESI): Exact mass calcd for Ci7H1sF2NaOs [M+Na]*:
347.1065, Found: 347.1062.

Cl

Product 5¢c was obtained in 95% vyield as a yellow oil (3 days). HPLC
<CF(COEY), analysis (Chiralcel OJH, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm; t;

N
sc | (mgor) = 27.11 min, t. (minor) = 25.81 min) gave the isomeric

composition of the product: 97.5:2.5 er; [a]p?® = -23.1 (c = 0.03, CHCl3s); *H NMR (400 MHz,
CDCl3): & 7.27-7.24 (m, 2H), 7.21-7.18 (m, 2H), 6.15 (dt, J = 6.4, 2.4 Hz, 1H), 5.57-5.52 (m, 1H),
4.33-4.23 (M, 4H), 3.04-3.01 (m, 1H), 2.99-2.95 (m, 1H), 1.31 (t, J = 7.2 Hz, 3H), 1.27 (t, J = 6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3): § 207.4, 165.6 (d, J = 25 Hz), 165.5 (d, J = 25 Hz), 132.7, 132.2,
128.7, 128.1, 94.5, 93.8 (d, J = 199.0 Hz), 87.0 (d, J = 3.6 H2), 62.8, 62.7, 34.2 (d, J = 21.0 Hz),
14.0, 13.9; °F NMR (376 MHz, CDCl3): § -166.43 (s, 1F); IR (neat): 1593, 1477, 1336, 1151, 1078,
908, 790, 752, 682, 555 cml; HRMS (ESI): Exact mass calcd for CizHisFCINaOs [M+Na]*:
363.0769, Found: 363.0764.

¢]]
Product 5d was obtained in 97% yield as a yellow oil (3 days). HPLC
.:-\"_CF(COZE”Z analysis (Chiralcel OJH, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm; t,
H
5d

H
(magor) = 20.46 min, tr (minor) = 24.13 min) gave the isomeric

composition of the product: 98:2 er; [a]p? = -270.5 (c = 0.3, CHCI3); *H NMR (400 MHz, CDCl53):
8 7.26-7.24 (m, 1H), 7.21 (d, J = 7.6 Hz, 1H), 7.17-7.12 (m, 2H), 6.14 (dt, J = 6.4, 2.4 Hz, 1H),
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5.60-5.55 (M, 1H), 4.36-4.22 (m, 4H), 3.04 (dd, J = 7.6, 2.4 Hz, 1H), 2.98 (dd, J = 7.6, 2.4 Hz, 1H),
1.31 (t, J=7.2 Hz, 3H), 1.28 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): § 207.5, 165.6 (d, J
=25Hz), 165.5(d, J = 25Hz), 135.7, 134.5, 129.7, 127.1, 126.7, 125.1, 94.4, 93.8 (d, J = 199.1 Hz),
87.2 (d, J= 3.8 Hz), 62.8, 62.7, 34.2 (d, J = 20.0 Hz), 13.93, 13.88; 1%F NMR (376 MHz, CDCl3): &
-166.37 (s, 1F); IR (neat): 1749, 1508, 1307, 1278, 1259, 1082, 763, 750 cm; HRMS (ESI): Exact
mass calcd for C17H1sFCINaO4 [M+Na]*: 363.0769, Found: 363.0772.

C%; Product 5e was obtained in 95% yield as a yellow oil (3 days). HPLC
cl

:_\:‘_CF(COZE‘)z analysis (Chiralcel OJH, 'PrOH/hexane = 5/95, 1.0 mL/min, 254 nm; t

se | (mgjor) = 10.97 min, t; (minor) = 11.81 min) gave the isomeric composition
of the product: 97.5:2.5 er; [a]p® = -23.1 (¢ = 0.06, CHCl3); *H NMR (400 MHz, CDCl3): § 7.43 (d,
J=8.0Hz 1H), 7.32 (d, J= 8.0 Hz, 1H), 7.20 (t, J = 7.2 Hz, 1H), 7.12 (t, J = 7.6 Hz, 1H), 6.66-6.64
(m, 1H), 5.60-5.55 (m, 1H), 4.33-4.19 (m, 4H), 3.06-3.03 (m, 1H), 3.00-2.97 (m, 1H), 1.31 (t, J =
6.8 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): § 208.1, 165.6 (d, J = 25 Hz),
165.5 (d, J = 25 Hz), 132.0, 131.4, 129.5, 128.5, 128.2, 126.8, 93.8 (d, J = 198.8 Hz), 91.7, 86.8 (d,
J=3.6Hz), 62.7, 34.2 (d, J = 21 Hz), 13.9, 13.8; 1%F NMR (376 MHz, CDCl3): & -166.31 (s, 1F); IR
(neat): 1749, 1477, 1306, 1288, 1082, 875, 763, 742, 623 cm™; HRMS (ESI): Exact mass calcd for
Ci17H18FCINaO4 [M+Na]*: 363.0769, Found: 363.07609.

Br,
Product 5f was obtained in 91% yield as a yellow oil (3 days). HPLC

STCF(COEY:  gnalysis (Chiralcel AD-H, 'PrOH/hexane = 5/95, 0.8 mL/min, 254 nm; t

5f_\ : (maor) = 11.06 min, t- (minor) = 10.07 min) gave the isomeric
composition of the product: 97:3 er. [a]p?° = -184.2 (¢ = 0.2, CHCl3); *H NMR (500 MHz, CDCl3):
8 7.42-7.40 (m, 2H), 7.14 (d, J = 8.0 Hz, 2H), 6.14-6.13 (m, 1H), 5.55-5.52 (m, 1H), 4.32-4.22 (m,
4H), 3.03-3.00 (m, 1H), 2.99-2.96 (M, 1H), 1.32-1.29 (m, 3H), 1.28-1.26 (m, 3H); 3C NMR (125
MHz, CDCls): & 207.5, 165.6 (d, J = 20 Hz), 165.5 (d, J = 20 Hz), 132.7, 131.7, 128.4, 120.8, 94.6,
93.8 (d, J=199.0 Hz), 87.1 (d, J = 3.7 Hz), 62.81, 62.77, 34.2 (d, J = 21.0 Hz), 14.0, 13.9; °F NMR
(376 MHz, CDCl3): & -166.43 (s, 1F); IR (neat): 1747, 1489, 1302, 1242, 1068, 1008, 856, 833, 501

cm; HRMS (ESI): Exact mass calcd for Ci7H1sBrFNaOs [M+Na]*: 407.0264, Found: 407.0271.
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F3C Product 5g was obtained in 96% yield as a colorless oil (3 days). HPLC
Q crcoe, dyss (Chirace OJH, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm; t;
5°9=‘H (magjor) = 22.79 min, t; (minor) = 19.24 min) gave the isomeric
composition of the product: 98:2 er; [a]p® = - 106.1 (c = 0.1, CHCl3); H
NMR (400 MHz, CDCl3): § 7.54 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 6.24-6.21 (m, 1H),
5.63-5.58 (M, 1H), 4.33-4.25 (m, 4H), 3.07-3.03 (m, 1H), 3.01-2.98 (m, 1H), 1.31 (t, J = 6.8 Hz, 3H),
1.27 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): & 208.1, 165.6 (d, J = 25 Hz), 165.5 (d, J =
25 Hz), 137.6 (d, J = 1.5 Hz), 129.0 (q, J = 32.1 Hz), 127.0, 1255 (q, J = 3.9 Hz), 124.1 (q, J =
270.2 Hz), 94.5, 93.7 (d, J = 199.2 Hz), 87.3 (d, J = 3.7 Hz), 62.83, 62.81, 34.1 (d, J = 21 Hz), 14.0,
13.9; 1%F NMR (376 MHz, CDCl3): 6 -62.48 (s, 3F), -166.39 (s, 1F); IR (neat): 1749, 1323, 1244,
1182, 1064, 1053, 1016, 877, 846 cmt; HRMS (ESI): Exact mass calcd for CigHisFaNaOs [M+Na]*:
397.1033, Found: 397.1033.

oo 0 Product 5h was obtained in 94% yield as a yellow oil (3 days). HPLC
e

analysis (Chiralcel OJH, 'PrOH/hexane = 10/90, 1.0 mL/min, 254 nm;
~—CF(CO,Et),
=
H
5h

tr (major) = 44.21 min, t. (minor) = 39.83 min) gave the isomeric
" composition of the product: 96.5:3.5 er; [a]p®® = -49.0 (c = 0.06,
CHCl3); *H NMR (400 MHz, CDCl3): § 7.97 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 6.23 (ctt,
J=6.4, 2.0 Hz, 1H), 5.63-5.57 (m, 1H), 4.33-4.22 (m, 4H), 3.91 (s, 3H), 3.07-3.04 (m, 1H), 3.01-
2.98 (m, 1H), 1.31 (t, J = 7.2 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): &
208.3, 166.8, 165.6 (d, J = 26 Hz), 165.5 (d, J = 26 Hz), 138.7, 129.9, 128.7, 126.7, 94.9, 93.8 (d, J
=199.3 Hz), 87.1 (d, J = 3.7 Hz), 62.80, 62.76, 52.0, 34.1 (d, J = 21.1 Hz), 13.95, 13.89; **F NMR
(376 MHz, CDCl3): § -166.37 (s, 1F); IR (neat): 2924, 1751, 1718, 1608, 1437, 1278, 1111, 1018,

738 cm; HRMSS (ESI): Exact mass calcd for CigH21FNaOs [M+Na]*: 387.1214, Found: 387.1209.

0 Product 51 was obtained in 62% yield as a ydlow oil (3 days). HPLC

analysis (Chiralcel AD-H, 'PrOH/hexane = 10/90, 1.0 mL/min, 254 nm; tr

~—CF(CO,E), Lo . , _ : : : .
— (major) = 14.01 min, tr (minor) = 13.09 min) gave the isomeric composition

=
. H
. of the product: 96:4 er; [o]p® = -5.0 (¢ = 0.01, CHCl3); *H NMR (400 MHz,

CDCls): § 9.97 (s, 1H), 7.82 (d, J = 7.6 Hz, 2H), 7.43 (d, J = 7.6 Hz, 2H), 6.27-6.26 (m, 1H), 5.66-
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5.60 (M, 1H), 4.34-4.22 (m, 4H), 3.08-3.05 (m, 1H), 3.02-3.00 (m, 1H), 1.34-1.26 (m, 6H); 2C
NMR (100 MHz, CDCls): § 208.6, 191.6, 165.5 (d, J = 25 Hz), 165.4 (d, J = 25 Hz), 140.4, 135.1,
130.0, 127.3, 94.9, 93.7 (d, J = 199.1 Hz), 87.3 (d, J = 3.6 Hz), 62.84, 62.81, 33.9 (d, J = 21.1 Hz),
14.0, 13.9; 2%F NMR (376 MHz, CDCls): § -166.42 (s, 1F); IR (neat): 1747, 1693, 1602, 1303, 1209,
1082, 1012, 854, 837, 790 cm’; HRMS (ESI): Exact mass calcd for CisHioFNaOs [M+Na]*:
357.1109, Found: 357.1100.

0 Product 5] was obtained in 98% yield as a yellow oil (3 days). HPLC

analysis (Chiralcel OD-H, 'PrOH/hexane = 10/90, 1.0 mL/min, 230 nm;
~—CF(CO,Et),
=
H
5j

tr (mgor) = 13.86 min, t; (minor) = 12.88 min) gave the isomeric
" composition of the product: 95:5 er; [a]o?® = -17.1 (c = 0.04, CHCl3);
IH NMR (400 MHz, CDCl3): & 7.90 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 6.26-6.23 (m, 1H),
5.63-5.58 (M, 1H), 4.36-4.21 (m, 4H), 3.07-3.04 (m, 1H), 3.01-2.98 (m, 1H), 2.59 (s, 3H), 1.33-1.26
(m, 6H); 3C NMR (100 MHz, CDCl3): § 208.4, 197.5, 165.5 (d, J = 26 Hz), 165.4 (d, J = 26 H2),
138.9, 135.7, 128.7, 126.9, 94.9, 93.7 (d, J = 199.3 Hz), 87.1 (d, J = 3.6 Hz), 62.81, 62.77, 34.0 (d, J
= 21.1 Hz), 265, 14.0, 13.9; %F NMR (376 MHz, CDCl3): & -166.36 (s, 1F); IR (neat): 2926, 1749,
1682, 1303, 1267, 1084, 1051, 1014, 854, 501 cm?; HRMS (ESI): Exact mass calcd for

CioH21FNaOs [M+Na]*: 371.1265, Found: 371.1258.

MeO Product 5k was obtained in 85% yield as a yellow oil (3 days). HPLC
Q —CF(COE, analysis (Chiralcel AD-H, 'PrOH/hexane = 5/95, 1.0 mL/min, 254 nm; t;
YOI Y (maor) = 12.37 min, t- (minor) = 11.41 min) gave the isomeric

5k
composition of the product: 96.5:3.5 er; [a]p?® = -56.6 (¢ = 0.2, CHCl3);

IH NMR (400 MHz, CDCls): § 7.20 (d, J =8.4 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 6.17-6.14 (m, 1H),
5.52-5.47 (m, 1H), 4.33-4.19 (m, 4H), 3.80 (s, 3H), 3.03-3.00 (m, 1H), 2.98-2.94 (m, 1H), 1.33-1.26
(m, 6H); 3C NMR (100 MHz, CDCls): § 207.0, 165.8 (d, J = 25 Hz), 165.7 (d, J = 25 Hz), 158.9,
128.1, 125.9, 114.1, 94.8, 94.0 (d, J = 198.6 Hz), 865 (d, J = 3.7 Hz), 62.8, 62.7, 55.3, 34.6 (d, J =
21.1 Hz), 14.0, 13.9; 1°F NMR (376 MHz, CDCls): 5 -166.49 (s, 1F); IR (neat): 2924, 1749, 1599,
1512, 1246, 1026, 854, 825, 607, 597 cm:; HRMS (ESI): Exact mass calcd for CigHz1FNaOs
[M+Na]*: 359.1265, Found: 359.1261.
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y Product 51 was obtained in 92% yield as a yellow oil (3 days). HPLC
e

analysis (Chiralcel AD-H, 'PrOH/hexane = 5/95, 1.0 mL/min, 230 nm; t
~—CF(CO3Et), . . . . . . "
= (mgjor) = 7.38 min, t; (minor) = 6.66 min) gave the isomeric composition

H
! of the product: 96.5:3.5 er; [a]o® = -20.6 (c = 0.03, CHCl3); 'H NMR

(400 MHz, CDCl3): & 7.16 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 8.0 Hz, 2H), 6.16 (dt, J = 6.4, 2.4 Hz,
1H), 5.53-5.48 (m, 1H), 4.34-4.21 (m, 4H), 3.02 (dt, J = 7.6, 2.0 Hz, 1H), 2.98-2.95 (m, 1H), 2.32 (s,
3H), 1.30 (t, J = 7.2 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): § 207.2, 165.7
(d, J = 25 Hz), 165.6 (d, J = 25 Hz), 136.9, 130.6, 129.3, 126.8, 95.1, 94.0 (d, J = 198.7 Hz), 86.4 (d,
J =3.7 Hz), 62.72, 62.67, 34.5 (d, J = 21.0 Hz), 21.1, 14.0, 13.9; °F NMR (376 MHz, CDCl3): & -
166.48 (s, 1F); IR (neat): 1749, 1514, 1369, 1305, 1201, 1084, 1012, 856, 732, 702 cm™; HRMS
(ESI): Exact mass calcd for CigH21FNaO4 [M+Na] *: 343.1316, Found: 343.1312.

Product 5m was obtained in 93% yield as a yellow oil (3 days). HPLC
—CF(CO.Et), analysis (Chiradcel OJH, 'PrOH/hexane = 5/95, 1.0 mL/min, 254 nm; t;

=
H (major) = 12.27 min, t; (minor) = 15.08 min) gave the isomeric composition

5m
of the product: 97.5:2.5 er; [a]p?° = -88.2 (¢ = 0.1, CHCl3); *H NMR (400 MHz, CDCl3): § 7.18 (t, J
= 7.6 Hz, 1H), 7.09-7.06 (m, 2H), 7.01 (d, J = 7.2 Hz, 1H), 6.16 (dt, J = 6.8, 2.4 Hz, 1H), 5.54-5.51
(m, 1H), 4.32-4.21 (m, 4H), 3.04-3.02 (M, 1H), 2.99-2.96 (M, 1H), 2.33 (s, 3H), 1.31 (t, J = 7.2 Hz,
3H), 1.26 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): § 207.4, 165.7 (d, J = 25 Hz), 165.6 (d,
J =25 Hz), 138.2, 133.5, 128.4, 128.0, 127.5, 124.1, 95.3, 94.0 (d, J = 198.7 Hz), 86.5 (d, J = 3.7
Hz), 62.73, 62.7, 34.4 (d, J = 21 HZ), 21.3, 14.0, 13.9; %F NMR (376 MHz, CDCls): & -166.45 (s,
1F); IR (neat): 2984, 1749, 1368, 1290, 1242, 1082, 848, 790, 690 cm™; HRMS (ESI): Exact mass

calcd for CigH21FNaO4 [M+Na]*: 343.1316, Found: 343.1312.

~—CF(CO,Et), . . - :
= analysis (Chiralcel OJ-3, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm; t;
H H

C%; Product 5n was obtained in 98% yield as a colorless oil (3 days). HPLC

(major) = 26.72 min, t, (minor) = 25.68 min) gave the isomeric composition
of the product: 97.5:2.5 er; [a]p® = -203.5 (¢ = 0.3, CHCl3); 'H NMR (400 MHz, CDCl3): § 7.33 (d,
J=7.2 Hz, 1H), 7.16-7.09 (m, 3H), 6.38 (dt, J = 6.4, 2.4 Hz, 1H), 5.52-5.47 (m, 1H), 4.31-4.19 (m,
4H), 3.05-3.02 (M, 1H), 2.99-2.96 (m, 1H), 2.34 (s, 3H), 1.30 (t, J = 6.8 Hz, 3H), 1.26 (t, J = 7.2 Hz,
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3H): 23C NMR (100 MHz, CDCls): & 208.0, 165.7 (d, J = 26 Hz), 165.6 (d, J = 25 Hz), 135.0, 131.8,
130.4, 127.4, 127.0, 126.1, 94.0 (d, J = 198.7 Hz), 92.5, 85.7 (d, J = 3.7 Hz), 62.72, 62.66, 34.5 (d, J
= 21.2 Hz), 19.7, 14.0, 13.9; °F NMR (376 MHz, CDCl3): § -166.30 (s, 1F); IR (neat): 1751, 1465,
1372, 1242, 1080, 910, 763, 732, 702, 624 cmr’; HRMS (ESI): Exact mass calcd for CigHz1FNaOs
[M+Na]*: 343.1316, Found: 343.1306.

T Product 50 was obtained in 96% yield as a colorless oil (3 days). HPLC
,=.\~“_CF(COZEt)2 analysis (Chiralcel OJ-H, 'PrOH/hexane = 5/95, 1.0 mL/min, 254 nm; t,

"ose " (maor) = 15.09 min, tr (minor) = 11.78 min) gave the isomeric
composition of the product: 97:3 er; [o]p® = -52.7 (¢ = 0.08, CHCl3); 'H NMR (400 MHz, CDCl3):
§7.18 (d, J = 7.6 Hz, 2H), 7.10 (d, J = 8.0 Hz, 2H), 6.18-6.15 (m, 1H), 5.53-5.48 (m, 1H), 4.33-4.21
(m, 4H), 3.02 (dt, J = 7.2, 2.4 Hz, 1H), 2.96 (dt, J = 7.6, 2.0 Hz, 1H), 2.57 (t, J = 7.6 Hz, 2H), 1.62-
1.55 (m, 2H), 1.32-1.24 (m, 10H), 0.88 (t, J = 6.4 Hz, 3H); 3C NMR (100 MHz, CDCls):5 207.3,
165.7 (d, J = 25 Hz), 165.6 (d, J = 25 Hz), 142.1, 130.8, 128.6, 126.8, 95.1, 94.0 (d, J = 198.8 Hz),
86.4 (d, J = 3.7 Hz), 62.7, 62.6, 35.6, 34.5 (d, J = 21 Hz), 31.4, 31.1, 14.0, 13.96, 13.88; 1%F NMR
(376 MHz, CDCl3): & -166.43 (s, 1F); IR (neat): 2930, 1749, 1512, 1303, 1242, 1199, 1082, 875,
854, 736, 536 cml; HRMS (ESI): Exact mass calcd for Co2H2oFNaOs [M+Na]*: 399.1942, Found:

399.1941.

HOH,C
i Product 5p was obtained in 82% yield as a yellow oil (3 days). HPLC

_ :{‘_CF(COZE”Z analysis (Chiralcel OJ-H, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm;

5p tr (maor) = 22.41 min, tr (minor) = 25.80 min) gave the isomeric
composition of the product: 97:3 er; [a]p® = -22.2 (¢ = 0.02, CHCl3); *H NMR (400 MHz, CDCl3):
§ 7.30-7.25 (m, 4H), 6.19 (dt, J = 6.4, 2.4 Hz, 1H), 5.56-5.50 (M, 1H), 4.65 (s, 2H), 4.32-4.21 (m,
4H), 3.03 (dt, J = 7.6, 2.4 Hz, 1H), 2.97 (dt, J = 7.6, 2.0 Hz, 1H), 1.86 (s, br, 1H), 1.31 (t, J = 7.2 Hz,
3H), 1.27 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCl3): § 207.5, 165.7 (d, J = 25 Hz), 165.6 (d,
J=25Hz), 139.9, 133.0, 127.2, 127.0, 95.0, 93.9 (d, J = 198.9 Hz), 86.63 (d, J = 3.7 Hz), 65.0, 62.8,
62.7, 34.4 (d, J = 21 Hz), 14.0, 13.9; 1%F NMR (376 MHz, CDCl3): 6 -166.42 (s, 1F); IR (neat): 1747,
1390, 1303, 1244, 1084, 1011, 856, 829, 777, 538 cm’; HRMS (ESI): Exact mass calcd for
CigH21FNaOs [M+Na]*: 359.1265, Found: 359.1262.
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9% Product 5q was obtained in 94% yield as a yellow oil (3 days).

\\O
Xofg‘o F NMR analysis of the crude mixture revealed that the dr value
(6]
_Q: coEt  was >20:1; [a]o® = -261.58 (¢ = 0.46, CHCI3); *H NMR (400
s o F MHz, CDCl3): 7.21-7.15 (m, 4H), 6.1-6.10 (m, 1H), 5.48-5.42

(m, 1H), 4.58-4.46 (m, 3H), 4.35 (s, 1H), 4.22-4.15 (m, 5H), 3.84 (d, J = 12.8 Hz, 1H), 3.65 (d, J =
13.2 Hz, 1H), 3.56-3.49 (m, 2H), 2.95 (d, J = 6.4 Hz, 1H), 2.90 (d, J = 6.4 Hz, 1H), 1.47 (s, 3H),
1.34 (s, 6H), 1.26 (s, 3H), 1.23-1.17 (m, 6H); 3C NMR (100 MHz, CDCl3): § 207.3, 165.6 (d, J =
25 Hz), 165.5 (d, J = 25 Hz), 137.0, 132.8, 127.7, 126.7, 108.8, 108.4, 102.6, 95.0, 93.8 (d, J =
198.6 Hz), 86.5 (d, J = 3.8 Hz), 73.3, 71.3, 70.9, 70.0, 69.97, 62.7, 62.6, 60.9, 34.3 (d, J = 20.9 H2),
26.5, 25.7, 25.3, 23.9, 13.9, 13.8; °F NMR (376 MHz, CDCla): § -166.53 (s, 1F); IR (neat): 1751,
1381, 1249, 1203, 1112, 1068, 908, 756, 727, 648 cm™;HRMS (ESI): Exact mass calcd for
CaoH30FNaO10 [M+Na]*: 601.2419, Found: 601.2421.

o)

g Product 5r was obtained in 64% yield as a yellow oil (3 days). HPLC
,:{CF(C%E"Z analysis (Chiralcel OD-H, 'PrOH/hexane = 5/95, 1.0 mL/min, 230 nm; t;
"os N (mgor) = 11.56 min, t; (minor) = 9.66 min) gave the isomeric

composition of the product: 95.5:4.5 er; [a]p® = -95.5 (c = 0.1, CHCl3); 'H NMR (400 MHz,
CDCl3): 6 6.79 (d, J = 1.6 Hz, 1H), 6.75-6.69 (m, 2H), 6.12 (dt, J = 6.4, 2.4 Hz, 1H), 5.94 (s, 2H),
5.54-5.49 (m, 1H), 4.35-4.22 (m, 4H), 3.02 (dt, J = 7.6, 2.4 Hz, 1H), 2.97-2.94 (m, 1H), 1.31 (t, J =
7.2 Hz, 3H), 1.28 (t, J = 7.2 Hz, 3H); 3*C NMR (100 MHz, CDCl3): & 206.9, 165.7 (d, J = 26 Hz),
165.6 (d, J = 25 Hz), 148.0, 146.9, 127.6, 120.7, 108.3, 106.7, 101.0, 95.2, 93.9 (d, J = 198.9 Hz),
86.8 (d, J = 3.7 Hz), 62.8, 62.7, 34.5 (d, J = 21.0 Hz), 14.0, 13.9; °F NMR (376 MHz, CDCl3): § -
166.46 (s, 1F); IR (neat): 1747, 1505, 1489, 1305, 1246,1203, 1096, 1037, 929, 877 cm™; HRMS
(ESI): Exact mass calcd for C1gH20FOs [M+H]*: 351.1238, Found: 351.1234.

CO Product 5s was obtained in 96% yield as a yellow oil (3 days). HPLC
=% analysis (Chiralcel OJH, 'PrOH/hexane = 20/80, 1.0 mL/min, 254 nm;

H H
5s tr (major) = 30.94 min, t, (minor) = 40.29 min gave the isomeric

composition of the product: 95:5 er. [a]p?° = -89.5 (¢ = 0.07, CHCl3); *H NMR (400 MHz, CDCl3):
§ 7.80-7.76 (m, 3H), 7.65 (s, 1H), 7.47-7.41 (m, 3H), 6.38-6.37 (m, 1H), 5.64-5.59 (m, 1H), 4.35-
4.20 (m, 4H), 3.08 (d, J = 7.6 Hz, 1H), 3.03 (d, J = 7.6 Hz, 1H), 1.32 (t, J = 6.8 Hz, 3H), 1.26 (t, J =
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7.6 Hz, 3H); 3C NMR (100 MHz, CDCla): & 207.9, 165.7 (d, J = 26 Hz), 165.6 (d, J = 25 H2),
133.5, 132.7, 131.1, 128.2, 127.6, 126.2, 125.8, 125.7, 124.7, 95.7, 93.9 (d, J = 198.7 Hz), 86.9 (d, J
= 3.8 Hz), 62.8, 62.7, 34.4 (d, J = 21 Hz), 14.0, 13.9; °F NMR (376 MHz, CDCl3): 5 -166.35 (s, 1F);
IR (neat): 1747, 1303, 1242, 1201, 1143, 1128, 1082, 906, 856, 754, 538 cm!; HRMS (ESI): Exact
mass calcd for Co1H21FNaO4 [M+Na]*: 379.1316, Found: 379.1311.

O Product 5t was obtained in 83% vyield as a yellow oil (3 days). HPLC
_ CFCOE, analysis (Chiralcel OJ-3, 'PrOH/hexane = 5/95, 1.0 mL/min, 230 nm; t
™\
’
5t

" (magjor) = 37.60 min, t; (minor) = 36.52 min) gave the isomeric

composition of the product: 95:5 er; [a]o® = -56.4 (¢ = 0.2, CHCI3); *H NMR (400 MHz, CDCl3):$
8.15 (d, J = 8.4 Hz, 1H), 7.85-7.82 (m, 1H), 7.74 (d, J = 8.4 Hz, 1H), 7.56-7.41 (m, 4H), 6.89 (dt, J
= 6.4, 2.4 Hz, 1H), 5.62-5.56 (M, 1H), 4.31-4.11 (m, 4H), 3.10-3.08 (m, 1H), 3.05-3.02 (M, 1H),
1.29 (t, J = 7.2 Hz, 3H), 1.19 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCls): § 208.7, 165.7 (d, J
=25 Hz), 165.6 (d, J = 25 Hz), 133.8, 130.7, 129.8, 128.6, 127.7, 126.1, 125.7, 125.6, 125.5, 123.4,
94.0 (d, J = 198.8 Hz), 91.8, 85.6 (d, J = 3.7 H2), 62.72, 62.71, 34.5 (d, J = 21.1 Hz), 14.0, 13.8; 1°F
NMR (376 MHz, CDCl3): 6 -166.21 (s, 1F); IR (neat): 1751, 1465, 1373, 1303, 1249, 1149, 1087,
856, 779, 748, 547 cm!; HRMS (ESI): Exact mass caled for CaH22FO4 [M+H]™: 357.1497, Found:
357.1484.

Product 5u was obtained in 55% yield as a yellow oil (3 days). HPLC
ﬁiz _ <CF(CO:EY, anaysis (Chiralcel OJH, 'PrOH/hexane = 10/90, 1.0 mL/min, 254 nm; tr
5u H (mgjor) = 21.00 min, t; (minor) = 28.48 min) gave the isomeric composition
of the product: 95.5:4.5 er; [a]p® = -49.7 (c = 0.2, CHCl3); *H NMR (400 MHz, CDCls): § 7.27-
7.25 (m, 1H), 7.09 (d, J = 2.8 Hz, 1H), 7.06 (d, J = 5.2 Hz, 1H), 6.26 (dt, J = 6.4, 2.4 Hz, 1H), 5.49-
5.43 (m, 1H), 4.33-4.22 (m, 4H), 3.06-2.90 (m, 2H), 1.31 (t, J= 7.2 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H);
13C NMR (100 MHz, CDClg): & 207.8, 165.7 (d, J = 25 Hz), 165.6 (d, J = 25 Hz), 134.8, 126.4,
125.9, 121.2, 93.9 (d, J = 198.8 Hz), 89.9, 85.8 (d, J = 3.7 Hz), 62.8, 62.7, 34.5 (d, J = 21.1 H2),
14.0, 13.9; 1%F NMR (376 MHz, CDCl3): § -166.51 (s, 1F); IR (neat): 1749, 1369, 1269, 1244, 1201,
1149, 1084, 1012, 856, 788 cml; HRMS (ESI): Exact mass calcd for CisH17FNaO4S [M+Na]™*:
335.0724, Found: 335.0714.
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The reaction (0.25 mmol) was carried out at 40 °C for 4 days using
<:§:. :(*CF(COzEt)z Ni(COD)2 (6.9 mg, 10 mol%), (S)-difluorphos (L9, 18.8 mg, 11 mol%), and
Hog DABCO (28.0 mg, 1.0 equivs). Product 5v was obtained in 47% yield as a
yellow oil. HPLC analysis (Chiralcel AS-3, 'PrOH/hexane = 0.5/99.5, 1.0 mL/min, 230 nm; t; (major)
= 6.37 min, t; (minor) = 6.85 min) gave the isomeric composition of the product: 87.5:12.5 er; [a]p®
=-40.3 (c = 0.1, CHClI3); 'H NMR (400 MHz, CDCl3): 5.15-5.04 (m, 2H), 4.35-4.23 (m, 4H), 2.91-
2.88 (m, 1H), 2.85-2.82 (m, 1H), 2.00-1.91 (m, 1H), 1.75-1.68 (M, 4H), 1.64-1.60 (m, 1H), 1.31 (td,
J=6.8, 1.6 Hz, 6H), 1.29-1.04 (m, 5H); 3C NMR (100 MHz, CDCls): § 205.2, 165.8 (d, J = 25 Hz),
165.7 (d, J = 25 HZ), 96.7, 94.2 (d, J = 198.6 Hz), 83.2 (d, J = 3.8 HZ), 62.6, 62.5, 36.9, 35.0 (d, J =
20.9 Hz), 32.84, 32.8, 26.1, 25.9, 14.0, 13.9; %F NMR (376 MHz, CDCl3): & -166.57 (s, 1F); IR
(neat): 1751, 1450, 1303, 1242, 1087, 1049, 748, 493 cm; HRMS (ESI): Exact mass calcd for
Ci7H26FO4 [M+H]*: 313.1810, Found: 313.1802.

The reaction (0.25 mmol) was carried out a 60 °C for 4 days using
~—CF(CO,Et)
= “* Ni(COD). (13.8 mg, 20 mol%), (SS)-Benzp* (L11, 15.5 mg, 22 mol%),

Me
5aa

and DABCO (56.0 mg, 2.0 equivs). Product 5aa was obtained in 26% yield
as a colorless oil. HPLC analysis (Chiralcel OJH, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm;
tr(major) = 16.74 min, t{(minor) = 22.59 min) gave the isomeric composition of the product: 97:3 er;
[a]p? = -55.4 (¢ = 0.05, CHCI3); *H NMR (400 MHz, CDCl3): § 7.30-7.23 (m, 4H), 7.20-7.15 (m,
1H), 6.09-6.06 (M, 1H), 4.25-4.11 (m, 4H), 3.08-2.92 (m, 2H), 1.87 (dd, J = 2.8, 1.0 Hz, 3H), 1.24 (t,
J=7.2Hz 3H), 1.21 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): § 204.2, 165.9 (d, J = 26
Hz), 165.8 (d, J = 26 Hz), 134.6, 128.5, 126.94, 126.89, 96.5, 94.7, 94.4 (d, J = 200.4 Hz), 62.7,
62.6, 38.5 (d, J = 20.4 Hz), 19.8 (d, J = 1.5 HZ), 13.9, 13.8; 1°F NMR (376 MHz, CDCl3): & -165.67
(s, 1F); IR (neat): 1751, 1450, 1373, 1303, 1249, 1165, 1049, 856, 748, 694 cm™; HRMS (ESI):
Exact mass calcd for C1gH22FO4 [M+H]*: 321.1497, Found: 321.1492.

F
The reaction (0.25 mmol) was carried out a 60 °C for 4 days using

< CF(COEY:  Nij(COD), (13.8 mg, 20 mol%), (S9-Benzp* (L 11, 15.5 mg, 22 mol%),
5ab and DABCO (56.0 mg, 2.0 equivs). Product 5ab was obtained in 45%
yield as a yellow oil (3 days). HPLC analysis (Chiralcel AD-H, 'PrOH/hexane = 2/98, 1.0 mL/min,
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230 nm; t; (mgjor) = 9.86 min, t; (minor) = 9.00 min) gave the isomeric composition of the product:
99:1 er; [a]p?° = -58.9 (¢ = 0.1, CHCl3); *H NMR (400 MHz, CDCl3):8 7.24-7.18 (m, 2H), 7.00-6.95
(m, 2H), 6.07-6.03 (M, 1H), 4.23-4.12 (m, 4H), 3.02-3.01 (M, 1H), 2.96 (d, J = 2.4 Hz, 1H), 1.86 (dd,
J=2.8, 1.0 Hz, 3H), 1.26-1.20 (m, 6H); 3C NMR (100 MHz, CDCl3): & 203.8 (d, J = 2.4 Hz), 165.8
(d, J=25Hz), 165.7 (d, J = 26 Hz), 161.9 (d, J = 244.3 Hz), 130.6 (d, J = 3.3 Hz), 128.3(d, J=7.9
Hz), 115.5, 115.3, 96.7, 94.3 (d, J = 200.5 Hz), 93.8, 62.7, 62.6, 38.5 (d, J = 20.4 Hz), 19.8, 13.9,
13.8; 19F NMR (376 MHz, CDCl3): & -115.47 (s, 1F), -165.79 (s, 1F); IR (neat): 1751, 1512, 1303,
1257, 1226, 1157, 1087, 1049, 848, 732, 702, 570 cm; HRMS (ESI): Exact mass calcd for
Ci1sH21FO4 [M+H]*: 339.1402, Found: 339.1398.

6. Synthetic utility

6.1 Procedure for the tandem synthesis of fluoromethyl-tethered allenes 6 and D-6

Ni(COD), (10 mol%) MeO PPh,

L3 (11 mol%) MeO PPh; H
S0,Ph ) ) x
= X . F 2 DABCO (1 equiv) L3 Mg (10.0 equivs) A-
SO2Ph EtOH, 25 °C CH3OH or T\CXZF
CD3OD, rt
1 (0.375 mmol) 2a (0.25 mmol) X=HorD
6 or D-6

In a glove box, to a Schlenk tube equipped with a stirring bar were successively added
Ni(COD)2 (6.9 mg, 10 mol%), and (R)-MeO-BIPHEP L3 (16.0 mg, 11 mol%), followed by the
addition of absolute EtOH (2.5 mL). The resulting mixture was stirred at rt for 15 min, and then
added DABCO (28.0 mg, 1.0 equiv) and FBSM 2a (0.25 mmol, 1.0 equiv). After being stirred for
another 5 min, to the mixture was added 1,3-enynes 1 (0.375 mmol, 1.5 equivs). After it take out
from the glove box, the reaction mixture was stirred at 25 °C until full conversion. The reaction was
monitored by TLC analysis. After full consumption of 2a, the reaction mixture was concentrated
under vacuum, and the residue was filtrated over a short pad of silicagel to give the crude product 3,

which was used for the next reductive desulfonylation step.

To a solution of above crude products 3 in absolute MeOH (2.5 mL) or CD3OD (2.5 mL) was
added activated Mg (60.0 mg, 10 equivs) in one portion at 0 °C under N2 atmosphere. The reaction
was dtirred at rt until full consumption of 3 monitored by TLC or GC-MS analysis. After adding
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water (3 mL) and dilute HCI (3 mL, 2 N), the reaction mixture was extracted with CH2Cl> (10 mL x
2). The combined organic layers were dried over NaxSOs, and concentrated under reduced pressure.
The obtained residue was purified by flash chromatography with PE as the eluent to provide the
desired CH2F- or CD2F-tethered alenes 6 or D-6. (In the case of 6b and D-6b, PE/CH.CI, (10:1,
viv) was used as the eluent). The products D-6 have 100% deuterium incorporation at

monofluoromethyl group according to the 1H NMR analysis.

Product 6a was obtained in 82% vyield as a colorles oil. HPLC analysis

:\</ S CHF(Chirdcel OD-H, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t; (major) =
M\

e 11.11 min, tr (minor) = 12.54 min) gave the isomeric composition of the

product: 95.5:4.5 er; [a]p® = 0.7 (c = 0.08, CHClI3); *H NMR (400 MHz, CDCl3): § 7.33-7.28 (m,
4H), 7.23-7.17 (m, 1H), 6.19 (dt, J = 6.4, 2.8 Hz, 1H), 5.62-5.56 (m, 1H), 4.61 (t, J = 6.0 Hz, 1H),
450 (t, J = 6.0 Hz, 1H), 2.59-2.47 (m, 2H); **C NMR (100 MHz, CDCls): § 205.9, 134.2, 128.6,
127.0, 126.7, 95.3, 90.0 (d, J = 7.6 Hz), 82.8 (d, J = 166.7 Hz), 29.9 (d, J = 20.6 Hz); °F NMR (376
MHz, CDCls): § -217.85 (s, 1F); IR (neat): 1722, 1452, 1271, 1176, 1070, 1028, 1001, 713, 700 cm
1 HRMS (EI-GCQTOF): Exact mass cacd for CiiHuF [M]*: 162.0839, Found: 162.0841.

MeO

Product 6b was obtained in 82% yield as a yellow oil. HPLC analysis

+—CHF  (Chiralcel OD-H, 'PrOH/hexane = 1/99, 1.0 mL/min, 254 nm; t. (major) =
™

6b 8.82 min, t: (minor) = 9.64 min) gave the isomeric composition of the product:

95:5 er; [o]p? = -7.4(c = 0.1, CHCl3); *H NMR (400 MHz, CDCl3): & 7.23-7.20 (m, 2H), 6.87-6.83
(m, 2H), 6.16 (dt, J = 6.4, 2.8 Hz, 1H), 5.59-5.54 (m, 1H), 4.61 (t, J = 6.0 Hz, 1H), 4.49 (t, J = 6.4
Hz, 1H), 3.80 (s, 3H), 2.57-2.52 (m, 1H), 2.51-2.46 (m, 1H); 3C NMR (100 MHz, CDCl3): § 205.4,
158.8, 127.8, 126.5, 114.1, 94.7, 89.9 (d, J = 7.5 HZz), 82.9 (d, J = 166.6 Hz), 55.3, 30.1 (d, J = 20.5
Hz); 1%F NMR (376 MHz, CDCl3): § -217.82 (s, 1F); IR (neat): 1743, 1600, 1577, 1512, 1302, 1249,
1172, 1161, 1031, 835 cm™; HRMS (GC-TOF MS): Exact mass calcd for C12H13FO [M]*: 192.0945,
Found: 192.0948.

Product 6¢c was obtained in 68% yield as a colorless oil. HPLC analysis

_ s CHF (Chiralcel OD-H, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t. (major) =

H H
6¢c
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10.53 min, t; (minor) = 12.53 min) gave the isomeric composition of the product: 93:7 er; [a]p® = -
22.4 (¢ = 0.07, CHCl3); 'H NMR (400 MHz, CDCls): & 7.18 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 8.0 Hz,
2H), 6.17 (dt, J = 6.4, 3.2 Hz, 1H), 5.59-5.54 (m, 1H), 4.61 (t, J = 6.4 Hz, 1H), 4.49 (t, J = 6.0 Hz,
1H), 2.58-2.52 (m, 1H), 2.52-2.46 (m, 1H), 2.32 (s, 3H); 1*C NMR (100 MHz, CDCl3): & 205.7,
136.8, 131.2, 129.3, 126.6, 95.1, 89.9 (d, J = 7.7 HZ), 82.9 (d, J = 166.6 HZ), 30.0 (d, J = 20.5 H2),
21.2; F NMR (376 MHz, CDCl3): § -217.80 (s, 1F); IR (neat): 1724, 1670, 1604, 1512, 1178, 1111,
1066, 1037, 910, 879, 844, 732, 505 cm™; HRMS (EI-GCQTOF): Exact mass calcd for CioHisF
[M]*: 176.0996, Found: 176.0998.

n-CsRn Product 6d was obtained in 75% vyield as a yellow oil. HPLC analysis
—ctr  (Chiralcel OD-H, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t, (major) =
H sd_\H 9.25 min, tr (minor) = 14.48 min) gave the isomeric composition of the
product: 93:7 er; [a]p?® =-25.9 (c = 0.1, CHCl3); 'H NMR (400 MHz, CDCl3): § 7.18 (d, J = 8.0 Hz,
2H), 7.11 (d, J = 8.0 Hz, 2H), 6.17 (dt, J = 6.4, 3.2 Hz, 1H), 5.59-5.54 (m, 1H), 4.61 (t, J = 6.4 Hz,
1H), 4.49 (t, J = 6.0 Hz, 1H), 2.59-2.46 (m, 4H), 1.63-1.56 (m, 2H), 1.37-1.26 (m, 4H), 0.88 (t, J =
6.8 Hz, 3H); 3C NMR (100 MHz, CDCl3): § 205.7, 141.9, 131.4, 128.7, 126.6, 95.1, 89.9 (d, J = 7.7
Hz), 82.9 (d, J = 166.7 Hz), 35.6, 31.4, 31.2, 30.0 (d, J = 20.6 Hz), 22.5, 14.0; °F NMR (376 MHz,
CDCl3): § -217.79 (s, 1F); IR (neat): 1512, 1458, 1381, 1219, 1080, 1041, 1018, 972, 879, 841, 771
cmt; HRMSS (EI-GCQTOF): Exact mass calcd for CisHoiF [M]*: 232.1622, Found: 232.1626.

R Product 6e was obtained in 68% yield as a yellow oil. HPLC anaysis (Chiralcel

Q —chr  OD-H, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t- (major) = 7.34 min, tr
=

Hoee M (minor) = 7.71 min) gave the isomeric composition of the product: 93.5:6.5 er;

[]o® = -0.4 (c = 0.06, CHCl3); 'H NMR (400 MHz, CDCl3): § 7.27-7.22 (m, 2H), 7.02-6.96 (m,
2H), 6.18-6.15 (m, 1H), 5.62-5.57 (m, 1H), 4.61 (td, J = 6.4, 0.8 Hz, 1H), 4.49 (td, J = 6.4, 0.8 Hz,
1H), 2.58-2.53 (m, 1H), 2.52-2.47 (m, 1H); 3C NMR (100 MHz, CDCls): § 205.7 (d, J = 2.3 Hz),
161.9 (d, J = 244.5 Hz), 130.2 (d, J = 3.4 Hz), 128.1 (d, J = 8.0 Hz), 1155 (d, J = 21.6 Hz), 94.4,
90.4 (d, J = 7.1 Hz), 82.7 (d, J = 166.8 Hz), 30.0 (d, J = 20.6 Hz); °F NMR (376 MHz, CDCl3): § -
115.38 (s, 1F), -218.00 (s, 1F); IR (neat): 1728, 1597, 1512, 1265, 1234, 1157, 1018, 841, 756, 462

cmt; HRMSS (EI-GCQTOF): Exact mass caled for CiaHioF2 [M]*: 180.0745, Found: 180.0746.
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—CD,F .
.= (Chiralcel OD-H, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t. (mgjor) =
H

D-6a

C%: Product D-6a was obtained in 63% vyield as a colorless oil. HPLC analysis

9.49 min, t, (minor) = 10.99 min) gave the isomeric composition of the product:
95.4:4.5 er; [a]p® = -46.4 (c = 0.06, CHCI3); *H NMR (400 MHz, CDCl3): § 7.30-7.29 (m, 4H),
7.21-7.17 (m, 1H), 6.21-6.17 (m,1H), 5.61-5.56 (m, 1H), 2.54 (dd, J = 7.2, 2.8 Hz, 1H), 2.48 (dd, J
=7.2,2.8 Hz, 1H); 3C NMR (100 MHz, CDCl3):5 205.9, 134.2, 128.6, 127.0, 126.7, 95.3, 90.0 (d, J
= 7.6 Hz), 83.4-80.8 (m, CD2F), 29.7 (d, J = 20.6 Hz); °F NMR (376 MHz, CDCl3): & -219.06~-
219.15 (m, 1F); IR (neat): 1952, 1599, 1496, 1149, 1087, 1072, 949, 877, 775, 731, 690, 628 cm'™;
HRMS (EI-GCQTOF): Exact mass calcd for C11HeD2F [M]*: 164.0965, Found: 164.0966.

MeQ

Product D-6b was obtained in 67% yield as a colorless oil. HPLC analysis
~—CDF  (Chiralcel OD-H, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm; t; (major) =
™
" peb " 6.48 min, t; (minor) = 6.87 min) gave the isomeric composition of the product:

95:5 er; 'H NMR (500 MHz, CDCl3):8 7.23-7.20 (m, 2H), 6.86-6.84 (m, 2H), 6.16 (dt, J = 6.5, 3.0
Hz, 1H), 5.58-5.54 (m, 1H), 3.80 (s, 3H), 2.53 (dd, J = 7.0, 2.5 Hz, 1H), 2.48 (dd, J = 7.0, 2.5 Hz,
1H); 3C NMR (125 MHz, CDCls): § 205.4, 158.8, 127.8 126.5, 114.1, 94.7, 89.9 (d, J = 7.7 Hz),
83.2-81.2 (m, CD2F), 55.3, 29.9 (d, J = 20.5 Hz); 2°F NMR (376 MHz, CDCls): § -219.05~-219.13
(m, 1F); IR (neat): 1728, 1604, 1512, 1465, 1249, 1165, 1033, 910, 833, 732, 462 cm™:; HRMS (EI-
GCQTOF): Exact mass calcd for C12HuD2FO [M]*: 194.1070, Found: 194.1071.

Product D-6¢ was obtained in 74% vyield as a colorless oil. HPLC analysis
~—CD,F (Chiralcel OD-H, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t- (major) =

=
H pec 10.41 min, t, (minor) = 12.13 min) gave the isomeric composition of the

product: 93:7 er; [a]p®® = -54.8 (¢ = 0.08, CHCI3); *H NMR (400 MHz, CDCl3): & 7.18 (d, J = 8.0
Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H), 6.18-6.15 (m, 1H), 5.59-5.54 (m, 1H), 2.54 (dd, J = 7.2, 2.8 Hz,
1H), 2.48 (dd, J = 7.2, 2.8 Hz, 1H), 2.32 (s, 3H); **C NMR (100 MHz, CDCl3): & 205.6, 136.7,
131.2, 129.3, 126.6, 95.1, 89.9 (d, J = 7.6 Hz), 83.2-81.1 (m, CD2F), 29.8 (d, J = 20.5 Hz), 21.2; °F
NMR (376 MHz, CDCl3): § -219.01~-219.10 (m, 1F); IR (neat): 1952, 1512, 1448, 1149, 1087, 949,
910, 879, 839, 821, 732, 592, 557 cm; HRMS (GC-TOF MS): Exact mass calcd for C12HuFD2
[M]*: 178.1121, Found: 178.1124.
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n-C5H11

Product D-6d was obtained in 82% yield as a colorless oil. HPLC analysis

Q <CD,F  (Chiralcel OD-H, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t, (major) =
BN

" b.ea 9.28 min, t; (minor) = 14.43 min) gave the isomeric composition of the

product: 92.5:7.5 er; [a]p? = -13.7 (¢ = 0.04, CHCI3); *H NMR (400 MHz, CDCl3): & 7.20 (d, J =
8.0 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 6.17 (dt, J = 6.4, 2.8 Hz, 1H), 5.59-5.54 (m, 1H), 2.58-2.55 (m,
2H), 2.53-2.46 (m, 2H), 1.63-1.55 (m, 2H), 1.37-1.25 (m, 4H), 0.88 (t, J = 6.0 Hz, 3H); 3C NMR
(100 MHz, CDCl3):6 205.7, 141.9, 131.4, 128.7, 126.6, 95.1, 89.8 (d, J = 7.7 Hz), 83.5-82.6 (m),
81.9-80.9 (m), 35.6, 31.4, 31.2, 29.8 (d, J = 20.6 Hz), 22.5, 14.0; 1°F NMR (376 MHz, CDCl3): & -
219.01~-219.09 (m, 1F); IR (neat): 1724, 1697, 1672, 1604, 1089, 950, 908, 729, 648 cm™; HRMS
(GC-TOF MS): Exact mass calcd for CigH19D2F [M]*: 234.1747, Found: 234.1751.

F

Product D-6e was obtained in 54% yield as a colorless oil. HPLC analysis

—CD,F

= (Chiralcel OD-3, 'PrOH/hexane = 0.1/99.9, 1.0 mL/min, 254 nm; t. (major) =

H H
D-6e 7.44 min, t; (minor) = 7.85 min) gave the isomeric composition of the product:

93:7 er; [0]p® = -9.6 (c = 0.02, CHCI3); *H NMR (500 MHz, CDCl3):5 7.26-7.23 (m, 2H), 7.01-
6.97 (m, 2H), 6.18-6.15 (m, 1H), 5.61-5.57 (m, 1H), 2.54 (dd, J = 6.5, 2.5 Hz, 1H), 2.49 (dd, J = 6.5,
2.5 Hz, 1H); 3°C NMR (125 MHz, CDCl3): § 205.7 (d, J = 2.4 Hz), 161.9 (d, J = 244.1 Hz), 130.2 (d,
J=3.2Hz), 128.1 (d, J = 8.0 Hz), 115.4 (d, J = 21.6 Hz), 94.4, 90.3 (d, J = 7.0 Hz), 83.1-81.0 (m,
CD2F), 29.7 (d, J = 20.5 Hz); °F NMR (376 MHz, CDCl3): § -115.39 (s, 1F), -219.23~-219.31 (m,
1F); IR (neat): 1512, 1226, 1157, 1087, 949, 910, 841, 732, 478, 447 cm™; HRMS (EI-GCQTOF):
Exact mass cacd for Ci1HsD2F> [M]™: 182.0871, Found: 182.0870.

6.2 Gram-scale synthesis of functionalized monofluoroalkylated allene 5a

Ni(COD), (5 mol%) MeO PPh,

L3 (5.5 mol%) MeO PPh, "
CO,Et  DABCO (1.0 equiv) O L3 <
/\ + F= PR CO,Et
Ph CO,Et EtOH, 25°C, 5d by COzEt
1a (7.5 mmol) 4 (5.0 mmol) 5a (1.39 g)

In a glove box, to a Schlenk tube equipped with a stirring bar were successively added
Ni(COD). (68.7 mg, 5 mol%), (R)-MeO-BIPHEP L3 (145.5 mg, 5.5 mol%), followed by the
addition of absolute EtOH (25 mL). The resulting mixture was stirred at room temperature for 15
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min, and then added (560.0 mg, 1.0 equiv) and 4 (890.5 mg, 5.0 mmol). After being stirred for
another 5 min, to the mixture was added 1,3-enyne 1a (1440 mg, 7.5 mmol, 1.5 equivs). After it take
out from the glove box, the reaction mixture was stirred at 25 °C until full conversion. The reaction
was monitored by TLC analysis. After full consumption of 4, the reaction mixture was concentrated
under vacuum. The crude residue was purified by silica gel column chromatography using
PE/EtOAC (6:1, v/v) as the eluent to afford the desired product 5a (1.39 g, 91%) as yellow ail.
HPLC analysis (Chiralcel OJ-H, 'PrOH/hexane = 2/98, 1.0 mL/min, 254 nm; t; (major) = 20.31 min,

tr (minor) = 22.64 min) gave the isomeric composition of the product: 97:3 er.

6.3 Transformations of product 5a

H H H H
. CO,Et NaBH, (5.0 equivs) . CH,OH
N CO,Et NG CH,OH
@ F THF/MeOH (v:v = 1:1) @ F
0°Ctort,12h ;
5a (1.0 mmol)

To a stirred solution of 5a (308.5 mg, 1.0 mmol, 1.0 equiv) in a mixed solvent of THF (5 mL)
and MeOH (5 mL) was slowly added NaBHa at 0 °C. The resulting suspension was stirred at rt for
overnight. After quenching with H>O (20 mL ), the solution was extracted with CH2Cl> (20 mL x 3).
The combined organic layers were successively washed with saturated NH4Cl (ag., 10 mL) and
brine (10 mL), and then dried over N&SO4 and concentrated under reduced pressure. The obtained
residue was purified by flash column chromatography using PE/EtOAc (1/1, v/v) as the eluent to
afford fluorinated allene diol 7 (197.1 mg, 89% yield) as a white solid, m.p. = 65-66 °C. The
absolute configuration and structure of 7 were confirmed by its X-ray diffraction. HPLC anaysis
(Chiralcel OJH, 'PrOH/hexane = 30/70, 1.0 mL/min, 254 nm; t. (major) = 13.05 min, tr (minor) =
14.13 min) gave the isomeric composition of the product: 96.5:3.5 er; [a]p®® = -8.97 (c = 0.01,
CHCl3); *H NMR (400 MHz, CDCls): § 7.33-7.25 (m, 4H), 7.22-7.18 (m, 1H), 6.18 (dt, J = 6.8, 2.0
Hz, 1H), 5.58-5.53 (m, 1H), 3.91-3.86 (m, 2H), 3.84-3.78 (M, 2H), 2.57 (dd, J = 8.0, 2.4 Hz, 1H),
2.52 (dd, J = 7.6, 2.4 Hz, 1H), 2.37 (s, br, 2H); 3C NMR (100 MHz, CDCl3): § 206.9, 134.0, 128.7,
127.1, 126.7, 97.40 (d, J = 173.2 HZ), 94.7, 88.1 (d, J = 7.9 HZ), 64.4 (d, J = 16.8 Hz), 64.2 (d, J =
17.0 Hz), 32.3 (d, J = 21.8 Hz); 1% NMR (376 MHz, CDCls): § -172.23 (s, 1F); IR (neat): 3354,
2931, 1494, 1452, 1049, 968, 881, 767, 694, 628 cm'; HRMS (ESI): Exact mass calcd for
Ci13H1sFNaO2 [M+Na]™: 245.0948, Found: 245.0947.
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H H H H

= CO,Et NaOH (2.2 equivs) . COOH
CO,Et COOH
F DCM/MeOH (viv = 6:1), tt, 3h
5a (0.2 mmol) 8

Compound 5a (61.2 mg, 0.2 mmol, 1.0 equiv) was dissolved in a mixed solvent of MeOH (0.2
mL) and CH2Cl> (1.2 mL), followed by the addition of NaOH (17.6 mg, 0.44 mmol, 2.2 equivs).
The reaction mixture was stirred at room temperature (rt) until full conversion of 5a (ca. 3 h). Then
water and HCI (2 N) were added, the resulting mixture was extracted with EtOAc (10 mL x3). The
combined organic phases were successively washed with brine and water (10 mL, each), and then
dried over NaxSOs, filtrated, and concentrated under vacuum to afford the analytically pure product
8 (47.3 mg, 95% yield) as white solid; m.p. = 86-88 °C; [0]p?® = -13.6 (¢ = 0.1, CHCl3); *H NMR
(400 MHz, CD30D): & 7.30-7.25 (m, 4H), 7.21-7.15 (m, 1H), 6.23 (dt, J = 6.4, 2.4 Hz, 1H), 5.57-
5.51 (m, 1H), 2.98 (dt, J = 8.0, 2.4 Hz, 1H), 2.94-2.91 (m, 1H); 3C NMR (100 MHz, CDs0OD): 5
208.3, 169.2 (d, J = 25.6 Hz), 169.0 (d, J = 25.3 Hz), 135.2, 129.6, 128.1, 127.9, 95.9, 95.2 (d, J =
195.0 Hz), 87.9 (d, J = 3.7 Hz), 35.6 (d, J = 21.2 Hz); 9F NMR (376 MHz, CD30D): & -166.73 (s,
1F); IR (neat): 1743, 1325, 1269, 1163, 1118, 1064, 970, 848, 692 cm™t; HRMS (ESI): Exact mass
calcd for CizH11FOsNa[M+Na]*: 273.0534, Found: 273.0534.

CH,0H PPh3AuCI (5 mol%)

F
H CH,OH CH,0OH
— F AgOTs (5 mol%) /\/Fg
(R) *
o e

CHCl3, -30 °C, 12 h o

7 (0.1 mmol)

To a stirred solution of PPhsAuUCl (2.5 mg, 5 mol%) and silver p-toluenesulfonate (1.4 mg, 5
mol%, AgOTs) in CHCI3 (1 mL) was added 7 (22.2 mg, 0.1 mmol) at -30 °C. After full consumption
of 7 by TLC analysis, the reaction mixture was directly purified by flash column chromatography
using PE/EtOAc (2/1, v/v) as the eluent to afford 9 (16.8 mg, 75% yield) as a yellow oil; 1°F NMR
analysis of the crude mixture revealed that the dr value was 2:1. Mgjor isomer of 9: HPLC analysis
(Chiralcel AD-3, 'PrOH/hexane = 5/95, 1.0 mL/min, 254 nm; t (major) = 27.63 min, tr (minor) =
25.37 min) gave the isomeric composition of the product: 98:2 er; [a]p® = -16.3 (¢ = 0.1, CHCl3);
IH NMR (400 MHz, CDCls): § 7.39-7.37 (m, 2H), 7.33-7.29 (m, 2H), 7.27-7.22 (m, 1H), 6.65 (d, J
=16.0 Hz, 1H), 6.18 (dd, J = 16.0, 6.8 Hz, 1H), 4.81-4.75 (m, 1H), 4.15-3.97 (m, 2H), 3.89-3.75 (m,
2H), 2.43-2.34 (m, 1H), 2.19 (s, 1H), 1.91-1.77 (m, 1H); 3C NMR (100 MHz, CDCls): § 136.3,

132.2, 128.5, 128.0, 127.9, 126.5, 105.0 (d, J = 177.1 Hz), 79.6, 74.3 (d, J = 27.0 Hz), 65.4 (d, J =
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26.4 Hz), 41.5 (d, J = 21.8 HZ); °F NMR (376 MHz, CDCls): § -155.85 (s, 1F); IR (neat): 1496,
1450, 1373, 1219, 1041, 964, 887, 756, 694, 671 cm; HRMS (ESI): Exact mass calcd for
C13H16FO2 [M+H]*: 223.1129, Found: 223.1124. Minor isomer of 9;: HPLC analysis (Chiralcel AD-
H, 'PrOH/hexane = 15/85, 1.0 mL/min, 254 nm; t; (major) = 9.84 min, t. (minor) = 8.79 min) gave
the isomeric composition of the product: 98:2 er; [a]o® = -3.0 (c = 0.03, CHCl3); *H NMR (400
MHz, CDCl3): § 7.41-7.39 (m, 2H), 7.34-7.30 (m, 2H), 7.27-7.23 (m, 1H), 6.61 (d, J = 16.0 Hz, 1H),
6.32 (dd, J = 16.0, 7.2 Hz, 1H), 4.58 (dd, J = 14.4, 7.2 Hz, 1H), 4.21 (dd, J = 20.0, 11.2 Hz, 1H),
3.91-3.77 (m, 3H), 2.44-2.33 (m, 1H), 2.19-2.07 (m, 1H), 2.04-2.01 (m, 1H); 3C NMR (100 MHz,
CDCl3): 6 136.3, 132.0, 128.8, 128.6, 127.9, 126.6, 105.0 (d, J = 179.0 Hz), 80.2, 74.4 (d, J = 26.4
Hz), 65.2 (d, J = 26.9 Hz), 41.0 (d, J = 22.5 HZ); 1%F NMR (376 MHz, CDCl3): & -153.79 (s, 1F); IR
(neat): 1489, 1450, 1373, 1040, 946, 910, 802, 732, 694, 648 cm™;HRMS (ESI): Exact mass calcd
for C1sH16FO2 [M+H]*: 223.1129, Found: 223.1124.

0}
CH,0H . .
H CH,OH Triphosgene (3.0 equivs) O—<
— F EtsN (2.0 equivs) g O
® H = F
DCM, 0°Cto rt, 12 h om Ny
7 (0.1 mmol) 10

To a stirred solution of 7 (22.2 mg, 0.1 mmol, 1.0 equiv) in CH2Cl2 (1 mL) was successively
added EtsN (20.2 mg, 0.2 mmol) and triphosgene (44.5 mg, 0.15 mmol) at -30 °C. The reaction
mixture was naturally warmed to rt and stirred for overnight. After full consumption of 7 by TLC
analysis, the reaction mixture was directly purified by flash column chromatography using
PE/EtOAC (2/1, viv) as the eluent to afford 1,3-dioxan-2-one 10 in 65% yield (16.1 mg) as ayellow
oil; HPLC analysis (Chiralcel OD-H, 'PrOH/hexane = 30/70, 1.0 mL/min, 254 nm; t; (major) =
39.47 min, t; (minor) = 32.91 min) gave the isomeric composition of the product: 96.5:3.5 er; [a]p®
=-18.0 (c = 0.04, CHCl3); 'H NMR (400 MHz, acetone-de): & 7.22 (s, 2H), 7.21 (d, J = 1.2 Hz, 2H),
7.13-7.08 (m, 1H), 6.24 (dt, J = 6.4, 2.4 Hz, 1H), 5.58-5.52 (m, 1H), 4.69-4.65 (m, 1H), 4.61-4.55
(m, 1H), 4.49-4.40 (m, 2H), 2.61 (dd, J = 7.6, 2.4 Hz, 1H), 2.55 (dd, J = 7.6, 2.4 Hz, 1H); 13*C NMR
(125 MHz, acetone-de): 6 208.1, 147.6, 134.9, 129.7, 128.2, 127.9,95.9, 89.2 (d, J=177.1 Hz), 87.4
(d, 3= 4.9 Hz), 73.2 (d, J = 12.7 Hz), 73.0 (d, J = 12.9 Hz), 32.7 (d, J = 21.2 HZ); '°F NMR (376
MHz, acetone-ds): & -168.88 (s, 1F); IR (neat): 1774, 1458, 1259, 1242, 1147, 1072, 910, 841, 766,
684 cmt; HRMSS (ESI): Exact mass calcd for Ci14H13FNaOs [M+Na]*: 271.0741, Found: 271.0740.
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H H
: F 3 F
Ph/\ DCM Ph/\

PhB(OH), + * OH _ > ’Y\E\ol
H rt, 24 h 1 H B

OH
(0.1 mmol) 7 (1.1 equivs)

To asolution of 7 (24.3 mg, 0.11 mmol) in CH2Cl2 (2 mL) was added phenylboronic acid (12.1
mg, 0.1 mmol). The resulting mixture was stirred at room temperature for overnight. After then, the
reaction mixture was concentrated under vacuo, and the crude residue was purified by flash column
chromatography (hexane/ethyl acetate = 5/1) to afford 11 in 90% yield (27.5 mg) as a white solid.
m.p. = 79-80 °C; HPLC analysis (Chiralcel AS-3, 'PrOH/hexane = 10/90, 0.5 mL/min, 254 nm; t
(major) = 35.51 min, t; (minor) = 44.47 min) gave the isomeric composition of the product: 96.5:3.5
er; [a]o® = -1.1 (c = 0.01, CHCl3); *H NMR (400 MHz, CDCl3): § 7.83-7.81 (m, 2H), 7.46-7.41 (m,
1H), 7.37-7.27 (m, 6H), 7.24-7.20 (m, 1H), 6.22 (dt, J = 6.8, 2.4 Hz, 1H), 5.60-5.54 (m, 1H), 4.33-
4.23 (m, 2H), 4.17-4.04 (m, 2H), 2.51 (dd, J = 7.6, 2.4 Hz, 1H), 2.46 (dd, J = 8.0, 2.4 Hz, 1H); :3C
NMR (100 MHz, CDCl3): 6 207.0, 133.9, 133.6, 130.9, 128.7, 127.6, 127.3, 126.8, 95.2,91.6 (d, J =
176.7 Hz), 86.8 (d, J = 5.9 HZ), 66.9 (d, J = 9.5 Hz), 66.7 (d, J = 9.5 Hz), 33.4 (d, J = 21.3 Hz); *°F
NMR (376 MHz, CDCls): & -169.17 (s, 1F); IR (neat): 1597, 1465, 1350, 1311, 1249, 1172, 1095,
879, 817, 694 cm!; HRMS (GC-TOF MS): Exact mass calcd for CigH1sF*°BO, [M]*: 307.1415,
Found: 307.1413.

CO,Et

PrMgCI (8.0 equivs) CON(OMe)Me
H CO,Et
. F HN(OMe)Me-HCI (4.0 equivs) H CON(OMe)Me
SR i~ "
THF, 0 °C-rt PH H
12
5a (0.2 mmol)

To astirred solution of 5a (61.2 mg, 0.2 mmol) and HN(OMe)Me:-HCl (78.5 mg, 0.8 mmal), in
THF (2 mL) was added'PrMgBr (0.7 mL, 2.5M in THF) at 0 °C. The reaction mixture was allowed
to stir at room temperature until full conversion of 5a. After quenching with H.O (10 mL), the
solution was extracted with CH>Cl> (10 mL x 3). The combined organic layers were successively
washed with sat. NH4Cl (ag., 10 mL) and brine (10 mL), and then dried over Na»SO4 and
concentrated under reduced pressure. The residue was purified by silicagel column chromatography
(PE/EtOAC = 4:1, viv) to afford 12 (51.9 mg, 77% yield) as ayellow oil; HPLC anaysis (Chiralcel
OD-H, 'PrOH/hexane = 40/60, 1.0 mL/min, 254 nm; t- (major) = 6.53 min, t- (minor) = 8.14 min)
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gave the isomeric composition of the product: 97:3 er; [a]p®® = -33.6 (¢ = 0.1, CHCl3); *H NMR
(400 MHz, CDCls): § 7.29 (d, J = 4.0 Hz, 4H), 7.21-7.16 (m, 1H), 6.17-6.14 (m, 1H), 5.68-5.62 (m,
1H), 3.66 (s, 3H), 3.57 (s, 3H), 3.18 (s, 3H), 3.13 (s, 3H), 3.07-2.83 (M, 2H); 3C NMR (100 MHz,
CDCl3): §207.2, 167.8 (d, J = 23.6 Hz), 167.5 (d, J = 24.4 Hz), 134.0, 128.4, 126.89, 126.87, 94.6,
93.8 (d, J = 188.0 Hz), 87.5 (d, J = 4.3 Hz), 61.6 (d, J = 2.4 Hz), 61.3 (d, J = 1.5 Hz), 34.3 (d, J =
21.9 Hz), 33.1; 1% NMR (376 MHz, CDCls): & -158.89 (s, 1F); IR (neat): 1668, 1458, 1381, 1201,
1112, 985, 912, 727, 692, 520 cm; HRMS (ESI): Exact mass calcd for Ci7H2FN204 [M+H]*:
337.1558, Found: 337.1551.

CH,OH '%0 R —0
H CH,OH DIC (2.6 equivs) o H
— F o H O
H DMAP (0.4 equivs) .
* OH H
CH,Cl,, rt, overnight

7 (92% ee) (2.4 equivs)

To asolution of 7 (11.2 mg, 0.01 mmol) and carboxylic acid-based drug (0.24 mmol, 2.4 equivs)
in CH2Cl2 (1.2 mL) were added DMAP (12.2 mg, 0.04 mmol) and DIC (32.0 mg, 0.26 mmoal). The
resulting suspension was stirred at rt for overnight. After adding H2O (5 mL), the reaction mixture
was extracted with CH2Cl> (10 mL x 3). The combined organic layers were dried over NaxSOa, and
concentrated under reduced pressure to give the residue, which was purified by flash column

chromatography (PE/EtOAcC, 4/1, v/v) to afford the corresponding drug derivatives 13a-13c.

\j\ . Product 13a was obtained in 99% yield as a colorless oil from (S)-naproxen
Wi (55.2 mg) (12 h).%F NMR analysis of the crude mixture revealed that the
3%,4 OO dr value was >20:1; [a]p® = -36.1 (¢ = 0.2, CHCl3); '"H NMR (400 MHz,
T e /(;h I CDCly): 8 7.56-7.50 (m, 5H), 7.48 (s, 1H), 7.23-7.14 (m, 4H), 7.12-7.08 (m,
134 1H), 7.04-7.00 (m, 4H), 6.96 (s, 2H), 5.85-5.83 (M, 1H), 5.20-5.15 (M, 1H),
4.18-3.97 (m, 4H), 3.80 (s, 3H), 3.79 (s, 3H), 3.73-3.66 (M, 2H), 2.23-2.06

(m, 2H), 1.44 (dd, J = 7.2, 1.2 Hz, 3H), 1.41 (dd, J = 7.2, 1.6 Hz, 3H).: 3C NMR (100 MHz, CDCl3):
o 207.1, 173.63, 173.61, 157.6, 135.0, 133.74, 133.69, 133.67, 129.24, 129.21, 128.83, 128.81,
128.6, 127.2, 127.1, 127.0, 126.7, 126.1, 126.0, 125.9, 119.0, 105.54, 94.7, 94.2 (d, J = 178.1 Hz),
87.0(d, J = 7.1 Hz), 64.0 (d, J = 20.7 Hz), 63.7 (d, J = 21.0 Hz), 55.2, 45.21, 45.19, 32.6 (d, J = 21.6
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Hz), 18.09, 18.07; °F NMR (376 MHz, CDCl3): 5 -167.66 (s, 1F); IR (neat): 1736, 1604, 1263,
1149, 1064, 852, 810, 732, 692 cmt; HRMS (ESI): Exact mass calcd for CaHzoFNaOs [M+Na]*:
669.2623, Found: 669.2629.

Product 13b was obtained in 94% yield as a foam soild from

(0] (0]
NMO O)géAN
ne S s—{ oy febuxostat (75.9 mg) (72 h). m.p. = 107-108 °C; HPLC analysis
F .
(Chiralcel 1A, 'PrOH/hexane = 15/85, 1.0 mL/min, 254 nm; t,
H,,(' H

'BuO Ph 13b OBu (major) = 74.38 min, t, (minor) = 70.63 min) gave the isomeric
composition of the product: 96:4 er; [a]p® = -26.8 (¢ = 0.2, CHClI3); *H NMR (400 MHz, CDCl3): &
8.11 (dd, J = 9.2, 2.4 Hz, 2H), 8.06-8.02 (m, 2H), 7.30-7.23 (m, 4H), 7.20-7.15 (m, 1H), 6.99 (dd, J
= 8.8, 1.6 Hz, 2H), 6.23 (dt, J = 6.4, 2.4 Hz, 1H), 5.65-5.60 (M, 1H), 4.68-4.53 (M, 4H), 3.90 (d, J =
6.4 Hz, 4H), 2.77-2.74 (m, 8H), 2.26-2.16 (m, 2H), 1.10 (s, 6H), 1.09 (s, 6H); 3C NMR (100 MHz,
CDCl3): 6 207.5, 167.83, 167.80, 162.60, 162.59, 162.26, 162.24, 161.07, 161.05, 133.5, 132.6,
132.1, 128.7, 127.3, 126.8, 125.7, 120.5, 120.4, 115.3, 112.6, 102.97, 102.95, 95.3, 94.1 (d, J =
179.0 Hz), 87.1 (d, J = 7.6 Hz), 75.7, 64.9 (d, J = 5.1 Hz), 64.7 (d, J = 4.3 Hz), 33.3 (d, J = 21.8 H2),
28.1, 19.0, 17.58, 17.56; F NMR (376 MHz, CDCl3): & -166.74 (s, 1F); IR (neat): 2922, 2852,
1720 1604, 1508, 1460, 1255, 1085, 1010 cm?’; HRMS (ESI): Exact mass calcd for

CasHsFNaNaOsS, [M+Na]*: 841.2500, Found: 841.2518.

O:<Ar Ar>::0 Product 13c was obtained in 99% yield as a foam solid from

N 1Q o N indomethacin (83.8 mg) (11 h). m.p. = 71-72 °C; HPLC
QJ\H* ? O% analysis (Chiralcel AD-H, 'PrOH/hexane = 50/50, 1.0 mL/min,
LIS e M 254 nm; t (major) = 37.59 min, t (minor) = 43.97 min) gave

N AT 4CiGH the isomeric composition of the product: 95:5 er; [a]o?° = -86.8

(c = 0.3, CHCl3); 'H NMR (400 MHz, CDCls): § 7.63-7.59 (m, 4H), 7.44-7.40 (m, 4H), 7.28-7.24
(m, 2H), 7.20-7.15 (m, 3H), 6.91 (t, J = 2.8 Hz, 2H), 6.83 (d, J = 9.2 Hz, 2H), 6.64 (dd, J = 9.2, 2.4
Hz, 2H), 6.06 (dt, J = 6.4, 2.0 Hz, 1H), 5.34-5.32 (m, 1H), 4.30-4.15 (m, 4H), 3.78 (s, 6H), 3.65 (s,
2H), 3.63 (s, 2H), 2.46-2.36 (m, 2H), 2.33 (s, 3H), 2.32 (s, 3H); 3C NMR (100 MHz, CDCl3): &
207.1, 169.9, 168.2, 156.0, 139.2, 136.0, 133.8, 133.5, 131.1, 130.7, 130.3, 129.1, 128.7, 127.2,
126.8, 115.0, 111.9, 111.78, 111.76, 101.1, 95.0, 94.2 (d, J = 192.8 Hz), 87.0 (d, J = 7.7 Hz), 64.3 (d,
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J = 20.6 Hz), 64.0 (d, J = 20.3 Hz), 55.6, 32.9 (d, J = 20.6 Hz), 30.0, 13.2; 2%F NMR (376 MHz,
CDCl3): & -167.20 (s, 1F); IR (neat): 2957, 1743, 1682, 1591, 1477, 1317, 1222,1141, 1087,
925,833,754,736,692 cml; HRMS (ESI): Exact mass calcd for CsiHasCl2FN2NaOs [M+Na]*:
923.2273, Found: 923.2283.

F coMe o o CO,Me
H COOH HATU (4.0 equivs)
) y COOH . CO,Me DIPEA (10.0 equivs) i . N
HN—YY !
DCM, 0 °C-rt, 24 h y
8 (0.1 mmol) (2.2 equivs) H.---( 14

Ph

To asolution of carboxylic acid 8 (31.4 mg, 0.1 mmol) and amino acid or dipeptide (2.4 equiv)
in anhydrous CH2Cl> (3.0 mL) was added HATU (4.0 equivs) at 0 °C. After being stirred for 10 min,
DIPEA (10.0 equiv) was added to the reaction mixture. The resulting solution was warmed to rt and
stirred for 24 hours. After adding H20 (5 mL), the reaction mixture was extracted with CH2Cl> (5
mL x2). The organic phases were dried over anhydrous NaxSO4 and concentrated in vacuo to give
the residue, which was purified by flash column chromatography (PE/EtOAc = 2/1, v/v) to furnish
the desired products.

MeO__ O o
EHJZ;L phenylalaninate (47.5 mg). m.p. = 97-98 °C; °F NMR analysis of the crude

Hine

o Ox-°Me Product 14a was obtained in 85% yield as a white solid from methyl L-
RS

FHH Ph
/<- mixture revealed that the dr value was >20:1; [a]p® = -63.8 (c = 0.1,
Pn 14 CHCls); *H NMR (400 MHz, CDCl3): & 7.30-7.16 (m, 13H), 7.09-7.03 (m,
4H), 6.13 (dt, J = 6.4, 2.4 Hz, 1H), 5.33-5.27 (M, 1H), 4.89-4.83 (m, 1H), 4.82-4.77 (m, 1H), 3.69 (s,
3H), 3.68 (s, 3H), 3.17-3.03 (m, 4H), 2.94-2.72 (m, 2H); 3C NMR (100 MHz, CDCls):  207.4,
170.85, 170.80, 165.9 (d, J = 22 Hz), 165.6 (d, J = 23 Hz), 135.30, 135.26, 133.7, 129.12, 129.10,
128.64, 128.63, 128.5, 127.3, 127.2, 127.1, 126.9, 95.6 (d, J = 199.9 Hz), 95.3, 86.5 (d, J = 2.9 H2),
53.35, 53.29, 52.4, 37.8, 37.7, 36.5 (d, J = 21.6 Hz); 2°F NMR (376 MHz, CDCl3): 5 -170.50 (s, 1F);
IR (neat): 3418, 3340, 3001, 1743, 1697, 1512, 1180, 910, 725, 702, 648 cm™’; HRMS (ESI): Exact

mass calcd for CasHz406FN2 [M+H]™: 573.2395, Found: 573.2392.
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§ H Product 14b was obtained in 99% yield as a white solid from
@j\: o o /g“;@ methyl L-tryptophanate 56.0 mg). m.p. = 101-102 °C; *F NMR
Meof”)lg/?ku I oMe analysis of the crude mixture revealed that the dr value was >20:1;

y : . [o]o? = -6.1 (c = 0.05, CHCl3): 'H NMR (400 MHz, CDCl3): &

Ph 8.10 (s, 1H), 7.99 (s, 1H), 7.49 (d, J = 8.0 Hz, 2H), 7.30-7.11 (m,

Hi

11H), 7.09-7.04 (m, 2H), 6.76 (t, J = 2.4 Hz, 2H), 6.09 (dt, J = 6.4, 2.4 Hz, 1H), 5.38-5.33 (m, 1H),
4.91-4.86 (m, 1H), 4.81-4.76 (m, 1H), 3.63 (s, 3H), 3.59 (s, 3H), 3.32-3.19 (M, 4H), 2.96-2.74 (m,
2H); 13C NMR (100 MHz, CDCl3):  207.3, 171.4, 171.3, 166.2 (d, J = 21.9 Hz), 165.5 (d, J = 22.8
Hz), 136.1, 133.7, 128.5, 127.09, 127.06, 126.9, 123.3, 123.1, 122.2, 122.1, 119.6, 119.5, 1184,
118.2, 111.4, 111.3, 109.0, 108.9, 95.9 (d, J = 200.0 Hz), 95.2, 86.5 (d, J = 2.9 Hz), 52.8 , 52.7,
52.52, 52.48, 36.4 (d, J = 21.1 Hz), 27.5, 27.4; °F NMR (376 MHz, CDCl3): & -170.03 (s, 1F); IR
(neat): 3410, 3348, 1743, 1689, 1512, 1435, 1350, 1211, 910, 732 cm’; HRMS (ESI): Exact mass
calcd for Ca7H3s0sN4F [M+H]*: 651.2613, Found: 651.2598.

7. Experimentsand DFT mechanistic studies

7.1 Deuterium labeling study

Ni(COD), (10 mol%) MeO PPh;

L3 (11 mol%) MeO PPh,
DABCO (1.0 equiv) L3
A
Ph/\
Ph
C,Hs0D, 25 °C, 72 h
1a (0.15 mmol) 95% recov.

Z

In a glove box, to a Schlenk tube equipped with a stirring bar were successively added
Ni(COD). (2.8 mg, 10 mol%), and (R)-MeO-BIPHEP L3 (6.4 mg, 11 mol%), followed by the
addition of absolute EtOD (1.0 mL). The resulting mixture was stirred at room temperature for 15
min, and then added DABCO (11.2 mg, 1.0 equiv). After being stirred for another 5 min, to the
mixture was added 1,3-enyne la (0.15 mmol). After it take out from the glove box, the resulting
mixture was stirred at 25 °C for 3 days. The reaction mixture was concentrated under vacuum to
give the crude residue, which was purified by silica gel column chromatography to recovery 1,3-

enyne l1a (18.2 mg, 95% recovery).
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Fig. S1 The deuterium incorporation ratio of the recovered 1,3-enyne la.
O\ /O O\ /O O\\ //O O\\ //o
Ph/S\l/S\Ph DABCO (1.0 equivs) Ph/s S‘pho
F C,oHs0D, 25°C, 72 h F' D (52% D)

2a (0.1 mmol)

In a glove box, to a Schlenk tube equipped with a stirring bar were successively added
Ni(COD)2 (2.8 mg, 10 mol%), and (R)-MeO-BIPHEP L3 (6.4 mg, 11 mol%), followed by the
addition of absolute EtOD (1.0 mL). The resulting mixture was stirred at room temperature for 15
min, and then added DABCO (11.2 mg, 1.0 equiv) and FBSM 2a (0.1 mmol, 1.0 equiv). After it
take out from the glove box, the resulting mixture was stirred at 25 °C for 3 days. The reaction
mixture was concentrated under vacuum to give the residue, which was directly analyzed by H

NMR analysis with CDCls.

7e97 =
[

—0.000

\ /7 \\ /7

Ph” “Ph
F D (52% D)

Fig. S2 The recovered FBSM 2a with 52% D incorporation.
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Ni(COD), (10 mol%)

L3 (11 mol%) D (87% D)
\ 7/ \ 7/ . / AN
s ¢ P DABCO (1.0 equiv) . SO,Ph =
PAUYTTPR P N fsopn © P
F C,Hs0D, 25°C, 3 d H F °-2
2a (0.1 mmol) 1a (1.5 equivs) D-3a, 55% yield 1a, 53% recov.

In a glove box, to a Schlenk tube equipped with a stirring bar were successively added

Ni(COD)2 (2.8 mg, 10 mol%), and (R)-MeO-BIPHEP L3 (6.4 mg, 11 mol%), followed by the

addition of absolute EtOD (1.0 mL). The resulting mixture was stirred at room temperature for 15

min, and then added DABCO (11.2 mg, 1.0 equiv) and FBSM 2a (0.1 mmol, 1.0 equiv). After being

stirred for another 5 min, to the mixture was added 1,3-enyne 1a (0.15 mmol, 1.5 equivs). After it

take out from the glove box, the reaction mixture was stirred at 25 °C for 3 days. The reaction was

monitored by TLC analysis. After full consumption of 2a, the reaction mixture was concentrated

under vacuum. The crude residue was purified by silica gel column chromatography using

PE/EtOAC (6:1, v/v) asthe eluent to afford the desired products D-3a with 55% yield, along with the

recovery of 1a (53% recov.).

D (87% D)

@.WSOQPh
1 Dsopn
3a, 55% yield

|

——
= ———

2,007 —mme—-

Tl
5.79")

0.13=

=g .\.76# L

Fig. S3 The product 3a with 87% D (0.87 D) incorporation at the methyl group (in EtOD).
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7.2 DFT calculations

All the DFT calculations were performed with the Gaussian 16! 3! programs. Geometry
optimization and frequency calculations were carried out at the PBE0-D3(BJ)[“/def2-SV P! level of
theory. All the transition states have only one imaginary frequency, while the stationary points do not.
Single-point energy was calculated at the level of PBEO-D3(BJ)/def2-TZVP/PCMI® (ethanol). The
reported free energy in solution includes Gibbs free energy correction at temperature of 298.15 K
and pressure of 1 atm. Considering the overestimation of the entropy contribution, the free energies
were corrected by +2.6 (or —2.6) kcal/mol for one-to-two (or two-to-one) molecular conversions,
based on the free-volume theory.[] The 3D plots for the molecules were created with CY Lview 20.8

For the initia transformation of Ni(COD)», the ligand exchange between L3 and one COD
molecule, followed by the ligand exchange between la and the other COD molecule forming
intermediate A, which is the active species in the catalytic cycle, is the most favorable pathway.
Such aprocess is highly exergonic by 26.8 kcal/mol. While all other pathways for the transformation
of Ni(COD). are significantly endergonic (Fig. $4).

For the protonation of intermediate A, various proton sources were considered, including
ethanol, 2a, and protonated DABCO by 2a (BH*), corresponding to TSbl, TScl, and TSI,
respectively (Fig. Sb). The results indicate that the most favorable pathway for protonation is the
case of BH* as proton source with the lowest energy barrier of 25.2 kcal/mol. In addition, the direct
oxidative addition of ethanol by Ni(0) is also unfavorable with the energy barrier over 60 kcal/mol.
The above results demonstrate that the successful reaction needs the presence of both DABCO (B)
and 2a. Notably, this step is completely distinct with the traditional Pd-catalyzed
hydrofunctionalizations of 1,3-enynes*® as well as Ni-catalyzed hydrofunctionalization of 1,3-

dienes.®

8 Frisch, M. J. et al. Gaussian 16 Rev. C.02 (Wallingford, CT, 2019).
4 () Adamo, C. & Barone, V. J. Chem. Phys. 1999, 110, 6158. (b) Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. J. Chem. Phys.
2010, 132, 154104.
5Weigend, F. & Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297-3305.
6 (a) Miertus, S., Scrocco, E. & Tomasi, J. Chem. Phys. 1981, 55, 117. (b) Mennucci, B., Cancg, E. & Tomasi, J. J. Phys. Chem. B
1997, 101, 10506. (c) Tomasi, J., Mennucci, B. & Cammi, R. Chem. Rev. 2005, 105, 2999.
7 Benson, S. W. The Foundations of Chemical Kinetics; Krieger: Malabar, FL (1982).
8 Legault, C. Y. CY Lview20 (Universitéde Sherbrooke, 2020).
9 Cheng, L.; Li, M.-M.; Xiao, L.-J; Xie, J.-H.; Zhou, Q.-L. J. Am. Chem. Soc. 2018, 140, 11627. (b) Flaget, A.; Zhang, C.; Mazet. C.
ACSCatal. 2022, 12, 15638.
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Figg $4 Free energy profile for transformation of Ni(COD), a the PBEO-D3(BJ)/def2-
TZVP/PCM (EtOH)//PBEO-D3(BJ)/def2-SVP level.
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Fig. S5 Free energy profile for transformation of A at the PBEO-D3(BJ)/def2-TZV P/PCM (EtOH)//PBEO-
D3(BJ)/def2-SVP level.
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For the nucleophilic attack step after protonation, the direct nucleophilic attack of INT1 by 2a~
is unfavorable by the energy barrier of 29.8 kcal/mol, indicating the transformation to #3-coordinated
isomer INT2 is an essential step (Fig. S6). Besides, the nucleophilic attack to the 2-position of
butadienyl ligand of INT2R via TSel yielding 1,3-butadiene compound is also unfavorable than
which needs to overcome the high energy barrier of 29.9 kcal/mol, while the case of 4-position via

TS3R only needs the energy barrier of 9.4 kcal/mol, indicating that this reaction also has excellent

regioselectivity.
AG(kcal/mol) t
Ph Ph =
\}P/ / - / /\p H, y—CF(SO,Ph),
MeO. m MeO, \ . |
= RN
ANC) i —_—
8 NG \\P\ Ph
\ PR b
INT3R
(9.1)
Ph Ph ¥ Ph
\ 2a- 5 N\ Ph
MeO > \ \ MeO >Ni\ \ z MeO > \_
§\P \ L\!\P [ >so,ph éﬁp CF(SO,Ph),
ST\ Ph Y Ph =\
Ph Ph Ph
INT2R TSe1 INTe1
(2.5) (32.4) (3.7)
l/Za-
Ph = SO,Ph *
\ S Ph Phy <
MeO P\ \ MeO \ . _-—F /P\ H,,' CF(SO2Ph),
R
~p \\‘ \ F’/NI Y S\P/ \ o
L e T / en \ <\ H
PR >4 ©.50.Ph PR Ph P B
2
oY
F INT3R
INT2R.2a- TS3R (-9.1)
(10.8) (11.9)

Fig. S6 Free energy profile for transformation of INT1 at the PBEO-D3(BJ)/def2-TZV P/PCM (EtOH)//PBEO-

D3(BJ)/def2-SVP level.

3D plots, thermochemistry infor mation, and optimized Cartesian coordinatesfor all of the stationary point
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Ni(COD).

Thermal Correction to Free Energy = 0.325422

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —2131.72451186

au.

Cartesian Coordinates (Angstroms):

Ni  0.000017
—1.456759
—0.942074
—1.310302
—0.720655
—2.572772
—3.484657
—2.832304
—1.310295
—1.456779
—2.187939
—3.093172
—1.635114
—0.720624
—0.942073
—2.572847
—2.832546
—3.484642
—2.187936
—1.635069
—3.093121
1.456783
0.942089
1.310300
0.720646
2.572834
3.484675
2.832440
1.310291
1.456711
2.187979
3.093195
1.635171
0.720658
0.942000
2.572736
2.832239
3.484630
2.187927
1.635087
3.093163

ITOITOIIIITOOOIITIOIOIOIIOIIOIIIITIOOOZIIOIOIO

L3

Thermal Correction to Free Energy = 0.525665

a.u.

Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —2299.00078768

a.u.

—0.000018
0.406638
0.463592
1.508153
2.343260

—0.615936

—0.147302

—0.935136

—1.508139

—0.406602

—1.844703

—2.391053

—2.551261

—2.343230

—0.463456
0.615899
0.935022
0.147243
1.844708
2.551176
2.391150
0.406597
0.463464
1.508136
2.343232

—0.615927

—0.147268

—0.935113

—1.508136

—0.406598

—1.844696

—2.391061

—2.551242

—2.343257

—0.463520
0.615964
0.935179
0.147324
1.844713
2551276
2.391065

0.000004
—1.455887
—2.418782
—0.624644
—1.017768
—1.383364
—0.984832
—2.404729

0.624718

1.455922
—0.552359
—0.222639
—1.193237

1.017840

2418812

1.383327

2.404674

0.984626

0.552439

1.193382

0.222739

1.455912

2.418808

0.624703

1.017841

1.383339

0.984756

2.404691
—0.624695
—1.455927

0.552357

0.222613

1.193266
—1.017816
—2.418810
—1.383429
—2.404798
—0.984940
—0.552391
—1.193252
—0.222685

Cartesian Coordinates (Angstroms):

C
C
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
=)
P
C
C
C
C
H
C
H
C
H
H
H
C
C
C
C
H
C
H
C
H
H
H
C
C
C
C
H
C
H
C
H
H
H
C

—0.479482
—1.708331
—2.272914
—1.610956
—0.394855
0.167791
0.144154
1.210082
1.734907
1.205300
0.151291
—0.377447
—3.228183
—2.047123
0.105252
2.550729
1.613795
—0.254000
—2.513652
1.847031
—4.228266
—4.768261
—5.042686
—6.091390
—4.148167
—6.357291
—4.631077
—6.887231
—6.500144
—6.976038
—7.922036
—1.881848
—2.101160
—1.213832
—1.697384
—2.600582
—0.793079
—1.014938
—1.041510
—1.884864
—0.259596
—0.708246
2.625521
3.989643
1.776072
4.493647
4.667154
2.283063
0.707675
3.644792
5.561929
1.605059
4.042477
3.330065

—1.582130
—1.061673
—1.504246
—2.457533
—2.993500
—2.565401
—1.114016
—0.202174
0.247935
—0.217021
—1.130393
—1.583493
—1.096984
—2.796715
—3.746138
0.973141
0.136047
—1.479392
0.193947
0.383146
0.159648
1.130043
—0.904884
1.032593
1.966057
—1.009483
—1.662957
—0.036896
1.798251
—1.849861
—0.112412
1.766651
2.935696
1.860516
4.176195
2.867818
3.100745
0.957219
4.260300
5.079588
3.157862
5.229335
1.974291
2.250708
2.988529
3.512032
1.473358
4.241484
2.791178
4.509847
3.711483
5.015494
5495711
—0.679382

—0.115820
—0.546826
—1.750461
—2.514971
—2.094589
—0.888932
1151711
1.160748
2.381878
3.577931
3.585363
2.375592
—2.086297
—3.457941
—2.704112
2.387334
4.528132
4.535134
0.539304
—0.468984
—0.126845
-0.977976
0.287804
—1.410432
—1.309658
—0.156157
0.961385
—1.005703
—2.074758
0.168490
—1.348467
—0.171998
0.571710
—1.399212
0.081992
1.542670
—1.878789
—1.978595
—1.146788
0.667755
—2.830424
—1.525644
0.022780
—0.123037
0.491914
0.197425
—0.483615
0.820073
0.610063
0.671085
0.080276
1.188520
0.924183
—0.716252



4.000469
3.800822
5.123686
3.631765
4.931429
3.269659
5.594894
5.637503
5.290407
6.477692
1.322991
—1.398872
2.085418
2.364206
3.002662
1.553951
—2.085886
—2.907152
—1.441298
—2.507530

IITITOIIITOOOITIIITOITOITIOOO

COD

—1.351552
—0.811353
—2.127045
—1.274083
—1.579506
—0.305041
—2.240377
—2.647184
—1.667014
—2.847634
—3.040979
—2.456596
—3.930783
—3.492172
—4.123762
—4.884045
—2.822115
—3.478704
—3.376485
—1.941295

0.312823
—2.028785
0.033885
1.337939
—2.307565
—2.840260
—1.275255
0.846499
—3.336137
—1.490153
—0.386765
2.281119
—1.152392
—2.125891
—0.582939
—1.321217
3.443013
3.128149
4.148137
3.958147

Thermal Correction to Free Energy = 0.149525

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —311.773511342

au.

Cartesian Coordinates (Angstroms):

—0.028787
—0.322147
1.198583
1.794428
—1.085966
—0.655348
—1.778514
—1.198582
0.028788
—1.913543
—2.730109
—2.429624
—1.794427
0.322148
1.085965
1.778513
0.655346
1.913543
2.429626
2.730108

ITOIITIOIITIIITOOOITIITOITOIO

Ethanol

1.689305
2.616775
1.232395
1.845598
1.086411
0.702368
1.885929
—1.232396
—1.689305
—0.004698
—0.317242
0.438981
—1.845601
—2.616777
—1.086410
—1.885928
—0.702366
0.004698
—0.438982
0.317244

—0.219352
—0.725598
—0.498463
—1.185768
0.665789
1.600104
0.972488
—0.498462
—0.219349
—0.019660
0.658886
—0.890039
—1.185767
—0.725592
0.665792
0.972493
1.600106
—0.019657
—0.890034
0.658890

Thermal Correction to Free Energy = 0.055056

a.u.

Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —154.928619084

a.u.
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Cartesian Coordinates (Angstroms):

C -1.215948 —0.216988 —0.000006
C 0.092409  0.537478 0.000007
H -1.286266 —0.860759  0.889596
H -2.071247  0.474902 0.000043
H -1.286298 -0.860678 —0.889664
H 0.137187 1.199643  —0.889201
H 0137178 1.199641 0.889215
O 1142020 —0.395222  0.000014
H 1974517  0.086083  —0.000099

la

Thermal Correction to Free Energy = 0.109218
au.

Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM (ethanol) Level = -385.483426238
au.

Cartesian Coordinates (Angstroms):

C -3.282008 0.163761  -0.000186
C -2691079 -1.100076 -0.000126
C -1306645 -1.227139 -0.000010
C -0487450 -0.083015 0.000046
C -1.093507 1.186966  -0.000005
C -2.478768 1.304503  -0.000122
H -4.370256 0.259833  -0.000277
H -3316101 -1.996197 -0.000171
H -0.839952 -2.214027 0.000040
H -0.460823 2.076590 0.000048
H -2.937107 2.296276  -0.000163
C 0931278 -0.207738 0.000194
C 2146705  -0.305165 0.000267
C 3557771  -0.451705 0.000048
C 4433986 0.565888 0.000001
H 3933663 -1.482207 -0.000074
H 5509533 0.375845  -0.000155
H  4.099349 1.606212 0.000106
2a

Thermal Correction to Free Energy = 0.177773
au.

Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —1698.22449671
au.

Cartesian Coordinates (Angstroms):

C -1.509564 —1.283825  0.468668

H 2381899 -1.935758  0.281660

F —0.974467 —1.508018  1.683880

S —2.209158 0.413548 0.393042

O -3.066297 0.428548 —0.782150

O —2.722869  0.633964 1.738741

S —0.299765 —1.784020 —0.829161

O -0.271471 —3.237575 —0.723431

O —0.676762 —1.101293 —2.059384

C 1259385 —1.154256 —0.264980

C 1863940 -—1.721747  0.857962



1.880655  —0.161383 —1.017097
3.102778  —1.234981  1.261925
1368552  —2.528348  1.399477
3.127775 0.303734  —0.609312
1.382084 0.230713  —1.904422
3.730703  —0.224327  0.531266
3.588403  —1.656540  2.144592
3.628914 1.083584  —1.186402
4.707174 0.147417 0.850693
—0.837121  1.500441 0.132453
0.001221 1.791310 1.208618
—0.669463  2.077440  —1.123543
1.054950 2.676635 1.006836
—0.182461  1.334108 2.182600
0.380156 2975416 —1.303769
—-1.355267 1811681  —1.929993
1.237859 3.269912  —0.243650
1.729955 2.914155 1.831556
0.527404 3448796  —2.277006
2.059660 3.974541  —-0.392236

—4.035033 2341517 —0.886662
—1.141534 —1.513832  0.902642
—1.271748 —0.290442  1.522619
—2.118162  —2.271373  0.045677
—2.398185 —3.170386  0.625352
—1.590449 -2.664793  —0.841050
-0.362111 —2.167796  1.303327
—0.562835 —0.100067  2.335759
—2.462732  0.645709 1.531789
—2.293613  1.359302 2.350880
-3.360142  0.077265 1.823133
—2.733371  1.495521 0.290396
—1.866341  2.164633 0.188514
—3.603261  2.146687 0.496600
0.595996 4161013  —0.010957
0.442626 2.761873  —0.588696
1.476120 4.206402 0.650381
0.713639 4918672  —0.803108
—0.284714  4.423958 0.596118
—0.427449 2771416  —1.293415
1.326529 2.565643  —1.245258
0.299253 1.839943 0.418128

C
C
H
C
H
C
H
H
H
C
C
C
C
H
C
H
C
H
H
H

OITIIIXITITOOIIOIIOIIIIOOONOI

NiH(EtO)(COD)2

Thermal Correction to Free Energy = 0.395235 H —0.762547 0.255643 —0.886642
au.

Electronic Energy at the PBEO-D3(BJ)/def2- 2a”

TZVP/PCM(ethanol) Level = —2286.59223884 Thermal Correction to Free Energy = 0.164479
au. au.

Cartesian Coordinates (Angstroms): Electronic Energy a the PBEO-D3(BJ)/def2-
Ni  0.241069 —0.034372 0.034112 TZVP/PCM(ethanol) Level = —1697.74218518
C 2006878 —1.166710  1.412094 au.

H 1431670 —1.457384  2.298580 Cartesian Coordinates (Angstroms):

C 2298617 0.145670 1.270954 C -1.892810 —0.578210  0.490375
H  1.933849 0.836104 2.035795 F —-1.511221 -0.903174  1.779512
C 2519953 —2.278637  0.537520 S -1.871808  1.133700 0.251297
H 3514004 -2.007136  0.155920 O 2501948 1475238 —1.023739
H 2673913 -3.176373  1.156255 O 2360130 1.716834 1.507077
C 0.908813 —1.451636 —1.276352 S —1.110873 -1.636269 —0.625405
C 148789%  —0.202594 —1.535076 O -—1.487751 —3.011744 —0.281011
C 1584430 —2.631634 —0.628751 O 1287814 —1.130379 —1.989444
H 2.146452  —3.206944 —1.389064 C 0.651422  —1.566843  —0.279847
H 0.800352 -3.319230 —0.271257 C 1137081 —2.108471  0.912030
H 0.050232 —1.718863 —1.903968 C 1505719 -0.929225 —1.176526
H 1014870 0.392168  —2.323018 C 2491445 1988315  1.212367
C 2.920614 0.181484  —1.215861 H 0.444787  —2.615092 1.585775
H  3.253608 0.929773  —1.950697 C 2860552 —0.821636 —0.871457
H 3572517  —0.692118 —1.373128 H 1.084048  —0.525318 —2.098476
C 3129453 0.769659 0.188189 C 3354688 —1.346299  0.322505
H 2868327 1.836008 0.169539 H 2879068 —2.403851  2.146720
H  4.198966 0.715076 0.463994 H 3533458 —0.313641 —1.567099
C 3222662 —0.434584 —1.344618 H 4417284  —1.252763 0.562732
H -3.296066 —0.681917 —2.410265 C —0.172743  1.703650 0.113181
C 2944104 0.840798 —1.037646 C 0676723 1.582308 1.214965
H —2.846673 1532223 —1.883933 C  0.290674 2.214539  —1.096232
C 3409875 —1.580248 —0.394099 C 2004376 1.980248 1.097412
H -3.976113 —1.263807  0.492190 H  0.283817 1.171769 2.147031
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C 1618431 2628570  —1.199063 H -1.214847 —0.373211  2.053713
H -0.409346 2271074 —1.932504 H -1.216157 -1.815334  1.029183
C 2475197 2512730  —0.105202 C 0.734134  -0.824701  1.159525
H  2.680377 1.872940 1.949649 H 1158003 —0.379100  2.069885
H  1.988386 3.038754  —2.143029 H 1156664 —1.831441 1.037381
H 3518615 2827932  -0.190804 N —1.270603  0.000388 0.000765

N

H

1212428  —0.000317  —0.000705

B 2.236676  —0.000621  —0.001301
Thermal Correction to Free Energy = 0.154450
au. (COD)Ni‘la
Electronic Energy a the PBEO-D3(BJ)/def2- Thermal Correction to Free Energy = 0.281413
TZVP/PCM(ethanol) Level = —345.067638732 au.
au. Electronic Energy a the PBEO-D3(BJ)/def2-
Cartesian Caoordinates (Angstroms): TZVP/PCM(ethanol) Level = —2205.43725681
C 0778117 1.252503  —0.559730 au.
C -0.778012 1252425 —0.560049 Cartesian Coordinates (Angstroms):
H 1184395 2.083712 0.039323 Ni  —0.815247 0.229927 —0.009119
H  1.184782 1.361056  —1.578390 —2.671963  0.754603  —0.793092
H -1.184636  2.083858 0.038460 —2.430218 1596650 —1.450966
H -1.184254 1360478 —1.578930 —2.651112  0.997225 0.565255
C 0778060 —0.141498  1.364600 —2.428174  2.019182 0.890194
H 1184275  —1.075940 1.784897 —3.281367 —0.456334 —1.461344
H 1184758 0.686376 1.967967 —4.124259  —0.829627 —0.862579
C -0.778139 —0.141148  1.364591 —3.714317 —0.154441 —2.427316
H -1.184797 -1.075210  1.785304 —1.232589  —1.705810 —0.603321
H —1.184453 0.687187 1.967584 —1.477964 —1.597471 0.749948
C -0.778097 —1.111208 —0.804563 —2.251109 —1.572957 —1.704546
H —1.184415 —2.047538 —0.388612 —2.766885  —2.536495  —1.878405
H —1.184697 —1.008664 —1.823875 —1.702971 —1.357528 —2.635320
C 0.778071  —1.111074 —0.804773 —0.258993 —2.102319 —0.911528
H 1184681 —2.047516 —0.389358 —0.667546  —1.883966  1.429383
H 1184361 —1.007997 —1.824154 —2.835783  —1.407529 1.385454
N —1.266937 0.000052  —0.000081 —2.865574 —1.951528 2.341997
N  1.266937 —0.000024 —0.000016 -3.611681 —1.868766  0.758207
—3.154203  0.074474 1.643926
BH* —2.679553  0.382573 2.589074
Thermal Correction to Free Energy = 0.169438 —4.241576  0.210877 1.798499
au. 4809025 —1.463037  0.039847

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —345.526583440
au.

Cartesian Coordinates (Angstroms):

C 0732706 —0.592512 —1.294455
—0.816451 —0.572547 —1.250218
1.155301 0.016181  —2.105555
1155571  —1.604113  —1.363916
-1.217617  0.017368  —2.085983
—1.217253  —1.590881 —1.349125
0.734149 1.416600 0.133659
1.157652 1.814224 1.066135
1.157042 1.982237  —0.707883
—0.814987  1.369739 0.129751
—1.215136  1.798921 1.058790
—1.215771 1965024  —0.702383
—0.815035 —0.796538  1.121844

3.655584  —2.162397  0.393944
2419586  —1.522976  0.385261
2310309 —0.167053  0.033412
3.484463 0.525876  —0.318333
4717142  —0.116976  —0.319154
5779263  —1.965503  0.043390
3.720180 —3.215926  0.677066
1516362 —2.070189  0.662694
3.409627 1577970 —0.601836
5.616999 0.436100  —0.600042
1.029978 0.502400 0.018750
0.402304 1635323 —0.086616
0.431821 3.072241  —0.155920
1.458200 3.840311 0.246453
—0.470452  3.565044  —0.539418
1.403550 4.930718 0.191518
2.369210 3.399732 0.661166

ITITTOOOOIITITIITOOOOO0OOIIOIIOIIITIOOOIIOIZOIO

OITOIITIOIITIITTITO
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0.701672  —5.688033 —2.066293

L3-Ni(COD) —2.275254  —5.504959  1.229296
Thermal Correction to Free Energy = 0.707554 -0.701253 —5.688188  2.066041
au. —0.730897  0.727940 2.616594

—2.484865  1.394109  —2.704350
0.731212 0.728108  —2.616735
2.484420 1.393803 2.704585

—3.529941 —1.819497  0.585344

—4.255429  0.844986 1.185186
3529971  —1.819380 —0.585151
4.255419 0.845693  —1.184897

—1.340961 —0.329063  4.796614

—4.585278  2.388339  —3.524010
1.341557  —0.328851 —4.796677
4.584600 2.388242 3.524613

—4.158947 —2.868526  2.747287

—6.327987  1.916713 0.386898
4159247  —2.868381  —2.747024
6.327734 1917615  —0.386228

—3.062425 —2.128588  4.858164

—6.526804  2.668953  —1.981692
3.063024  —2.128384 —4.858037
6.526211 2.669465 1.982514

—0.117961  —4.052093  —3.470645
0.118174  —4.052206  3.470501

—0.000066 1772323  —0.000024
1978043  —4.632835 —2.765189

—-1.977719 —4.633163  2.765017
0.996803 3173807  —1.153795
1.762457 2662273  —1.747290

—0.322211  3.071840  —1.594002

—0.501767 2510785  —2.519679
1.493475 4322110 —0.297423
0.924206 5230627  —0.553424
2.538668 4543639  —0.563240
0.322102 3.072130 1.593624

—0.996930  3.173979 1.153407
1.410391 4.045234 1.212246
1.287396 4.996751 1.766637
2.370996 3.632533 1.547607
0.501655 2.511290 2.519434

—1.762551  2.662569 1.747056

—1.493673  4.322101 0.296829

—2.538903  4.543558 0.562560

—0.924513  5.230718 0.552724

—1.410495  4.045021  —1.212802

—2.371093  3.632317  —1.548173

—1.287429  4.996462  —1.767308

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —4118.98062991
au.

Cartesian Coordinates (Angstroms):
—1.618320  0.347071  —0.104731
1.618260 0.347155 0.104736
1.063493  —3.915333 —1.045512
—1.063272  —3.915469  1.045364
—0.299530  —2.052705 —0.683361
0.299595  —2.052712  0.683282
—1.279431 —1.149885 —1.132349
1279438  —1.149848  1.132298
0.110619  —3.100496 —1.538274
—0.110470  —3.100566  1.538159
—0.447261 —3.252987 —2.807473
0.447415  —3.253052  2.807357
—1.858690 —1.335749 —2.395611
1.858698 —1.335696  2.395561
—1.444101 —2.373603 —3.218490
1444180 -2.373601  3.218410
1516070 —4.981946 —1.825042
—1.515728 —4.982171 1.824842
—2.113233  -0.453361  1.478583
—3.230179  0.990099 —0.713264
2.113395 —0.453209 —1.478547
3.229978 0.990306 0.713489
—1.501220 —0.044367  2.665642
—3.341854 1460584  —2.031825
1501534  —-0.044203 —2.665680
3.341458 1.460561 2.032148
—3.065106 —1.479698  1.514387
—4.320378  1.175540 0.147221
3.065266  —1.479553 —1.514248
4.320224 1.176066  —0.146866
—1.837247 —0.645923  3.876444
—4.520965 2.041105 —2.489870
1837722  —0.645733 —3.876451
4.520432 2.041191 2.490403
—3.409764 —2.072797 2.725668
—5.492895  1.780432  —0.304738
3.410075  —2.072639  —2.725493
5.492602 1.781071 0.305307
—2.795275 —1.657637  3.908658
—5.604335 2203441  —1.626751
2.795751  —1.657448  —3.908559

ITOITOITITTOO0OO0ITITOIOIOIIZIIIIIIIIIIIIIIIIIIIIIIIIT
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5.603851 2.203863 1.627407 L Ni
—2.653157 —0.674734 —2.736245 Thermal Correction to Free Energy = 0.526680
2.653101  —-0.674615  2.736222 au.
—1.905526  —2.503355  —4.200582 Electronic Energy a the PBEO-D3(BJ)/def2-
1905605  —2.503344  4.200503 TZVP/PCM(ethanol) Level = —3807.13110430
2.275641  —5.504688 —1.229513 au.
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Cartesian Coordinates (Angstroms):

P
P
@]

o
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1.775577
—1.775627
—0.992859

0.992993

0.325255
—0.325221

1.323208
—1.323204
—0.062373

0.062467

0.486953
—0.486830

1.880373
—1.880356

1.454441
—1.454369
—1.359769

1.359845

2.252640

3.367116
—2.252661
—3.367172

1.753911

3.244521
—1.753973
—3.244560

3.048471

4.647130
—3.048431
—4.647204

2.061746

4.365876
—2.061796
—4.365914

3.370268

5.773156
—3.370219
—5.773227

2.878712

5.636375
—2.878711
—5.636431

2.655352
—2.655368

1.888430
—1.888344
—2.088602
—0.493913

2.088551

0.493935

1.093344

2.242655
—1.093450
—2.242681

—0.036127
0.036091
1.115598

—1.115499
0.672019

—0.671955
1.066820

—1.066788
1.571868

—1.571786
2.853771

—2.853698
2.350613

—2.350582
3.233680

—3.233629
1.914079

—1.913899

—1.595750
0.677468
1.595756

—0.677555

—2.785997
1.612643
2.785978

—1.612992

—1.646295
0.348469
1.646359

—0.348344

—4.011943
2.238351
4.011956

—2.238748

—2.873913
0.959386
2.874008

—0.959309

—4.057417
1.910917
4.057486

—1.911101
2.655744

—2.655737
4.235130

—4.235082
1.335792
2.151939

—1.335521

—2.151812

—2.724069
1.831545
2.724006

—1.832064

—1.038180
—1.038159
3.162858
3.162821
1.284825
1.284847
0.372814
0.372882
2.299103
2.299119
2.371417
2.371478
0.462620
0.462749
1.445621
1.445744
4.247851
4.247893
—0.206168
—1.629261
—0.206203
—1.629156
—0.745789
—2.666427
—0.745918
—2.666087
0.944504
—1.170556
0.944509
—1.170650
—0.162077
—3.204358
—0.162264
—3.203962
1.518892
—1.721247
1.518838
—1.721295
0.966748
—2.730974
0.966595
—2.730773
—0.242087
—-0.241911
1.501755
1.501911
4.830704
4.891084
4.830813
4.891033
—1.615061
—3.050498
—1.615220
—3.050027
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H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
Ni
H
H

3.389930
4.772254
—3.389847
—4.772344
1.656148
4.249529
—1.656227
—4.249550
4.001993
6.767406
—4.001895
—6.767490
3.126687
6.521545
—3.126681
—6.521600
0.164601
—0.164402
—0.000027
—1.832606
1.832801

L 3Ni-EtOH
Thermal Correction to Free Energy = 0.602297

a.u.

—0.719143
—0.398243
0.719229
0.398576
—4.934262
2.971518
4.934254
—2.972120
—2.907226
0.688229
2.907365
—0.687981
—5.018471
2.388632
5.018563
—2.388853
3.556038
—3.555958
—0.000002
2.857586
—2.857379

1.410921
—0.384767
1.410999
—0.385063
—0.584542
—4.006390
—0.584802
—4.005803
2.410392
—1.357171
2410371
—1.357380
1.424482
—3.158112
1.424282
—3.157872
3.139434
3.139470
—2.066554
3.923387
3.923521

Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —3962.08272942

a.u.

Cartesian Coordinates (Angstroms):

P
P

O0000000000000000000000O0

1.660100
—1.667882
—0.821426

1.279152

0.403615
—0.158646

1.319950
—1.154538

0.038110

0.336171

0.541908
—-0.128214

1.842827
—1.622464

1.445480
—1.106184
—1.181738

1.792060

2.365565

3.119970
—2.280448
—3.227103

1.907009

2.866298
—2.018273
—3.093318

0.699775
0.550732
—3.393811
—3.674332
—1.544520
—1.831797
—0.506694
—1.053943
—2.404781
—2.970684
—2.213780
—3.313713
—0.339739
—1.414072
—1.180494
—2.527529
—4.321933
—4.834230
—0.379301
1.647505
—0.006163
0.919897
—0.204241
2.625917
0.815192
1.827337

—0.133479
—0.246746
1.697513
—0.399540
0.962782
—0.390365
1.217417
—1.011352
2.017827
—1.059347
3.306539
—2.331107
2.507146
—2.282840
3.538581
—2.933589
2.675882
—0.982558
—1.436507
0.464999
1.394826
—1.170615
—2.745693
1.446827
2.496219
—2.230599
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3.308070
4.401078
—2.968712
—4.499485
2.390054
3.865590
—2.447066
—4.190455
3.800089
5.396315
—3.411280
—5.604065
3.340992
5.138435
—3.150236
—5.452794
2.569244
—2.395561
1.851279
—1.472401
—1.857440
—0.303414
2.521467
1.003224
1.141449
1.862381
—1.454254
—2.103908
3.643520
4.622192
—3.130304
—4.635708
2.015035
3.649764
—2.226230
—4.063164
4.541678
6.388022
—3.956934
—6.592658
3.723077
5.922692
—3.490589
—6.320385
0.239315
0.270215
—0.061455
—1.712305
2.305735
—1.827567
—0.405515
—1.909855
—2.493593
—2.148837
—0.346512

—1.379020
1.596819
—1.209168
0.415018
—1.007486
3.496522
0.453631
2.194052
—2.174007
2483474
—1.564986
0.797106
—1.989818
3.431496
—0.735871
1.679663
0.449558
—0.813331
—1.037493
—2.794500
—5.040343
—4.864839
—5.245932
—5.586637
0.552697
2.689811
1.738539
2.255095
—1.542391
0.859293
—1.885929
—0.276479
—0.872753
4.234317
1.098805
2.895436
—2.947815
2.428468
—2.501505
0.399998
—2.619705
4.120480
—1.021432
1.974687
—2.864612
—4.181808
1.841686
—3.845855
—4.620995
4.663081
4.796865
4.901634
5.331811
3.618020
4.654042

—1.166834
—0.099131
1.592931
—0.879990
—3.776346
1.872530
3.771136
—3.005781
—2.198922
0.313364
2.864993
—1.640703
—3.504570
1.301571
3.956341
—2.709451
2.703376
—2.764626
4.543312
—3.928231
2.193485
3.068352
—0.272733
—1.161505
—2.937397
1.881436
2.334985
—2.424866
—0.139365
—0.873497
0.750538
—0.046559
—4.793677
2.649998
4.625044
—3.834401
—1.983446
—0.143305
3.007468
—1.395879
—4.312128
1.623674
4.955002
—3.304951
4.126229
—2.855261
—0.325786
3.519340
—1.936486
—0.084510
0.389562
—1.155152
0.479322
0.053012
1.484312
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H  0.000517 5.797635 0.158502
O 0382034 3.808121  —0.266098
H 1313728 3.905770  —0.027516

L 3Ni-2a

Thermal Correction to Free Energy = 0.729400

au.

Electronic Energy a the PBEO-D3(BJ)/def2-

TZVP/PCM(ethanol) Level = —5505.37652780

au.

Cartesian Coordinates (Angstroms):
1.008836 —1.671896 —0.186781
0.926565 1.627079 0.013416
5.386792 0.903273  —0.481559
4942998  —1.195899  1.605375
3444831  —-0.390329 —0.418330
3.197468 0.204358 0.930288
2.608316  —1.354599 —1.003844
2.226490 1.178642 1.239584
4629960 —0.029248 —1.091111
4.041459  —0.260782  1.965254
4957733  —0.605175 —2.320333
3.917673 0.220486 3.268506
2947785  —1.942438  —2.228806
2.123812 1.667287 2.549061
4.115074 —1.563533  —2.877317
2.959648 1.190319 3.547702
6.600907 1279417  —1.061804
5814431 —-1.707901  2.569964
1494049  —2.372693  1.427253
0.249288  —3.049284 —1.112310
1.878701 1.925670  —1.518597
0.361397 3.335160 0.423698
0.815465  —1.937924  2.571567

—0.285244  —2.753257 —2.376739
1.409106 1412200 —2.729791

—0.412087  3.546890 1.578401
2540602  —3.295323  1.545992
0.053785  —4.325036 —0.574479
3.049915 2.694451  —1.496635
0.544207 4408717  —0.460707
1.181159 —2.426455 3.823897

-0.966795 —3.726609 —3.101308
2.112467 1.656371  —3.909050

—0.941411 4.804674 1.858399
2895091  —3.788029  2.799115

—0.644834 —5.293362 —1.295834
3.740775 2946598  —2.677156
0.001160 5661693  —0.181631
2217349  —3.351707  3.939114

—1.150944  —5.000636 —2.560494
3.276183 2421726  —3.884693

—0.734679  5.869057 0.982624
2.296008  —2.696300 —2.671919
1.377752 2.422245 2.791277

TITOO0OO0O000000000000000000000000000000000000T™T
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4378913  —2.019639  —3.834543 H 5756193 1234076 —1.648290
2.861658 1.574868 4.565551 C —4.725453 —2.514096 —1.858285
7.051040 2.023838  —0.392581 H -2.684607 —1.778499 —1.885808
7.290184 0422163  —1.159906 C —6.072973 -2.161682 —1.777340
6.450889  —2.441293  2.058134 H —7.508460 —0.551440 —1.631343
6.454731  —0.919460  3.003740 H —4.428367 -3.563210 —1.923536
0.013310 —1.201697  2.479110 H —6.838797 2941188 —1.779326
—0.183666 —1.743913  —2.784875

0.481588 0.835939  —2.740613 A

—0.648435  2.705055 2.233377 Thermal Correction to Free Energy = 0.661691
3.088345 —3.612255  0.654850 au.

0.441910 —4.561037  0.418501 Electronic Energy a the PBEO-D3(BJ)/def2-
3.424822 3.085157  —0.547541 TZVP/PCM(ethanol) Level = —4192.70487378
1.107650 4269363  —1.383648 au.

0.654648  —-2.074270  4.713758 Cartesian Coordinates (Angstroms):

—1.372678 —3.483146 —4.086280
1.744397 1.247489  —4.852889
—1.536722  4.944480 2.764181
3.708460 —4.512821  2.888178
—0.794480 —6.285153 —0.862111
4.648873 3.554538  —2.656252
0.154465 6.481325  —0.887877
2501283  —3.734759  4.922716
—1.694635 —5.762549 —3.124476
3.823300 2.614750  —4.810908
—1.159671  6.852325 1.198148
5.864699  —0.310837 —2.847528
4557695  —0.156507  4.065409
—0.409601 —0.024142  0.066008
6.456474 1735214  —2.057153
5268487  —2.216006  3.383914
—2.828101 1717975  —-0.076769
—2.032311 2479596  —0.056741
—4.036866  2.282390 0.157730
—2.907696  1.071467  —1.794557
—1.624662  0.439888  —2.128810
—3.404201 2196058  —2.578318
—2.270750  0.406094 1.194256
—1.688883  0.954384 2.458033
—2.037835 —1.017060  0.626561
—3.965851  0.106597 1.841648
—4.528704  1.033053 2.721101
—4.674244 —1.031856  1.469583
—5.815172  0.827661 3.208544
—3.948952  1.905944 3.025087
—5.960723 —1.237854  1.969060
—4.210702 —1.758102  0.802921
—6.535172  —0.308056  2.831665
—6.257434  1.554134 3.894758
—6.512956  —2.135209  1.679029
—7.543860  —0.469545  3.219949
—4.142475 —0.194476 —1.762815
—5.484754  0.178776  —1.698238
—3.744037 —1.526824 —1.847325
—6.452228 —0.820793  —1.695143

—-1.118755 1512974  —0.128722
0.921183  —1.075286  0.049409
—2.859106 —3.271289 —0.811490
—4.044189 —1.535665  1.299531
—2.176877 —1.050390 —0.571136
—1.762298 —1.429670  0.810267
—2.044471 0247812  —1.093143
—0.421682 —1.578602  1.206368
—2.757403  —2.052490 —1.376451
—2.782797 —1.686111 1.749697
-3.171179  —-1.770477 —2.679817
—2.471916  —2.054521  3.059941
—2.475610 0526999  —2.396860
—0.118034 —1.966251  2.518051
—3.027107 —0.479104 —3.179097
—1.137902 —2.193051  3.432639
—3.473011 —4.302466 —1.527005
—5.109418 —1.821951  2.157088
—2.049514  1.603071 1.442602
—1.538119  3.078369  —0.992944
0582652  —2.085766 —1.436596
2428383  —1.833352  0.773013
—1.321403  1.779536 2.623727
—0.695417  3.463697  —2.044954
0.706880  —1.474048 —2.688041
3.068213  —1.118352  1.796074
—3.444243  1.492180 1.501261
—2.611688  3.905402  —0.647134
0.196571  —3.429757 —1.360409
3.023784  —3.003989  0.294108
—1.979495  1.851410 3.849679
—0.940316  4.634408 —2.757000
0.454705  —2.197394 —3.851979
4.261299  —-1.576199  2.344113
—4.100288  1.576551 2.726578
—2.846972  5.085955  —1.351205
—0.041518 —4.154337 —2.525081
4228272  —3.454510  0.834313
-3.369037  1.753310 3.902011
—2.017572 5449679  —2.410490

O0000000000000000000000000000000000000T T
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0.084194  —3.538574 —3.771549 Thermal Correction to Free Energy = 0.662550

4847925 —2.745104  1.860037 au.

—2.374605 1535890 —2.798909 Electronic Energy a the PBEO-D3(BJ)/def2-
0.922024  —2.090928  2.821423 TZVP/PCM(ethanol) Level = —4192.69483552
—-3.355103  —-0.257317 —4.197544 au.

-0.893766  —2.488092  4.456028 Cartesian Coordinates (Angstroms):

—3.466340 —5.184462 —0.873639
—4.518044 —4.055088 —1.784592
—6.029023  —1.653095  1.581990
—5.088223  —2.871969  2.498649
—0.231126 ~ 1.848715 2.569581
0.174677 2845701  —2.283607
0.987512  —0.417980 —2.735630
2639911  —-0.171242  2.135205
—4.013812  1.312506 0.586265
—3.263521  3.636326 0.185938
0.063026  —3.901175 —0.383709
2559878  —3.560808 —0.521753
—1.403449  1.980338 4.768987
—0.272956 4921201  —3.573071
0542996  —1.709342 —4.825358
4753097  —-0.997779  3.129215
—5.189817  1.498209 2.765613
—3.683945  5.727688  —1.065079
—0.332504 —5.205956 —2.460559
4.688563  —4.364328  0.441013
—3.885477  1.811828 4.863456
—2.203194  6.376339  —2.959119
—0.110583  —4.107511 —4.684173
5.797839  —3.093087  2.272726
—3.600809 —2.549704 —3.308556
—3.260228 —2.232944  3.790579
0.984919 1.074892  —0.080650
—2.923571 —4.541549 —2.454315
—5.114344  —1.159342  3.040240
6.752042 0.212967 —0.014313
6.392123 1.327150 0.744874
5.093983 1.825605 0.688374
4.121449 1.208053  —0.118858
4.500614 0.088594  —0.878820
5801188  —0.399139  —0.832088
7771423  —0.177954  0.032005
7.131776 1.813167 1.386727
4.806557 2.692988 1.287616
3.745558  —0.401495 —1.497211
6.072393  —1.275010 —1.426515
2.754387 1674412 —-0.116128
1.939224 2.682110 0.012343
1.804639 4.116330 0.093679
2.822162 4986303  —0.022294
0.793155 4.507868 0.252394
2.653992 6.064729 0.043892
3.845834 4.642242  —0.197317

—1.738386  1.462477  —0.275056
0.845864 —0.659163  0.008360
—2.382313  —-3.623695 —0.801005
—2.781876  2.840192  —0.892184
—4.120088  2.704314  —1.285187
—4.588548  1.717465  —1.301980
—4.856169  3.820144  —1.676521
—4.268407  5.085235  —1.672865
—2.938361  5.229578  —1.283007
-2.198364  4.111917  —0.902115
—1.149969  4.214198 —0.612126
—2.384291 1.312287 1.439187
—1.476410 1418794 2.496220
-0.411917  1.530771 2.275593
—1.919082  1.358646 3.816235
—3.275650  1.199358 4.088915
—4.188882  1.098131 3.037891
—3.746722  1.153971 1.719772
—4.466462  1.064041 0.904535
1306311  —2.069203 —1.069008
0.761673  —3.347531 —0.918985
0.015793  —3.534754 —0.144795
1162220 —4.383844 —1.763669
2113759  —4.155328  —2.755087
2.265620 —1.843911 —2.066670
2711467  —0.851734 —2.172699
2338197 —0.476575  1.051933
3.226443  —1.528132  1.305022
3.043624  —2.510824  0.863244
4343940 -1.321932  2.110917
4585681 —0.067109  2.668434
3.708847 0.985634 2.414265
2.595462 0.783920 1.602612
1.927891 1.616976 1.364375
—2.183041 —1.300010 —0.623935
—2.327309 —0.019633 —1.183282
—2.695549  0.119923  —2.531249
—2.758937 1113589  —2.977738
—2.965079 —1.002954 —3.299436
—3.247619  —0.888970 —4.348663
—2.876623  —2.279827 —2.748680
—2.493118 —2.427503 —1.414578
—2.616466 —4.789590 —1.537160
—3.652764 —4.834372 —1.915747
—2.454167 —5.630559 —0.850716
—0.380442 —1.396967  1.171946
—0.014383 —1.690241  2.492556
1022873  —1.573658  2.807461
—0.971102 —2.110572  3.406690

OITIOOITOOOIOITIOOOIOOOO0OIOOIOOOIOOIOOOO0OIOOIOOOOITOOO0OT T

53



—0.678184 —2.331557  4.435899
—2.305417 —2.240167  3.032905
—2.678929 —1.956987  1.718081
—1.720851 —1.539349  0.772294
0.285386 1.238473  —0.894665
—3.946406 —2.029689  1.268768
—-1.919026  —4.881853  —2.388150
—4.954071 —2.441435  2.145827
—4.776280  —3.464233  2.522495
—5.051939 —1.755676  3.005598
—5.890813  —2.431414  1.574008
1.624945 1.645601  —2.312572
1.491030 0.955114  —3.156881
0.666525 2690622  —2.133808
0.985729 3.614157  —1.634217
—3.096976  —3.150833 —3.365082
—3.046910 —2.549707  3.768815
2.668885  —2.882769 —2.900222
2.930819 1665739  —1.753922
4.038215 1598641  —1.238622
0.732291  —5.380843 —1.636159
2428123  —4.969169 —3.413173
3421144  —-2.696309 —3.670607
5.039547  —2.144382  2.294115
5.474925 0.098082 3.280618
3.909068 1.976605 2.826987
—5.255092  0.980336 3.248154
—1.197970  1.431930 4.633560
—3.624823  1.155754 5.123536
—5.897119  3.700754  —1.987081
—4.848060  5.959067  —1.980205
—2.469687  6.216576  —1.283682
—0.089195  2.845788  —2.912639
5.280480 1455730  —0.567039
5.821917 2.509084 0.195893
5.981772 0.235097  —0.614059
7.012806 2.339903 0.892815
5.286231 3.459640 0.236517
7.173445 0.075740 0.083229
5564361  —0.591243 -1.192729
7.695118 1.123388 0.843237
7.415523 3.168425 1.481257
7.699478  —0.881335  0.038357
8.631712 0.994149 1.390798

5186498 —0.093507 —0.128176
2.818806  —0.055439  1.090372
2996592  —0.898707 —0.126571
2.134782 1.171906 1.102682
1999125 —-1.713188 —0.686366
3457700  —0.492670  2.271425
4281716  —0.896106  —0.712990
3.413866 0.280003 3.434255
4553822 —-1.677651 —1.837538
2.121561 1.955026 2.264331
2286432 2512915  —1.799755
2.756483 1.505765 3.415800
3.553865  —2.486432 —2.367039
4797514  —2.155693  3.294949
6.497991  —0.066050 —0.621579
2.337943 1610721  —1.734547
0.705015 3.384539  —0.166266
0.462843  —1.876222  1.738348
—0.562749  —-3.054307 —0.718303
1.988404 1.007394  —2.946382
—0.179622  3.754068 0.857845
—0.111926  —0.957617  2.622740
-0.921864 —3.025059 —2.074879
3.600212 2.199279  —1.586345
1.106422 4358181  —1.086732
1194955  —2.954700  2.248224
—0.942709 —4.153486  0.058240
2.896466 0.986391  —4.002671
—0.634113  5.063480 0.974294
0.020537  —1.118386  3.999112
-1.607676  —4.088888  —2.650229
4.499144 2187588  —2.648592
0.638517 5.669046  —0.979325
1313833  —3.125340  3.625623
—-1.652179  —5.209344 —0.516078
4.150307 1576802  —3.854688
—0.228748  6.027096 0.049197
0.727509  —2.210740  4.501362
—-1.977668  —5.184544 —1.870153
1.633470 2.929005 2.266509
1521332  —3.163217 —2.222625
2.747580 2.124035 4.316548
3.771127  -3.110107 —3.237134
5242115  —3.111190  2.990352
5603455 —1.461161  3.587319
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A-BH* 7.055169 0.634162 0.013051
Thermal Correction to Free Energy = 0.854016 6.974067  —1.059885 —0.564707
au. 1.002228 0.546976  —3.051302

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —4538.25183007
au.

Cartesian Caoordinates (Angstroms):

P 1128934 1.613317  —0.370581

P 0279726 —1.571653 —0.052411

O 4081892 -1.678672  2.188765

—0.513118  3.000433 1.573312
—0.619981 —0.086198  2.199981
—0.683144 —2.145078 —2.678431
3.881328 2.654628  —0.633560
1.780335 4092324  —1.902994
1689670  —3.649127  1.564974
—0.696451 —4.188524  1.120873
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2.624322
—1.310473
—0.409550
—1.878595

5.479808

0.958733

1.877727
—1.946117

4.860654
—0.589452

0.833122
—2.529397

3.900359

5.540494
—0.602672

4137727

6.532097
—5.552480
—5.289769
—4.227251
—3.391726
—3.653066
—4.727258
—6.390200
—5.921921
—4.018933
—2.975582
—4.905097
—2.310243
—1.892254
—2.228851
—3.397671
—1.465085
—3.580164
—4.194468
—4.955510
—5.939429
—4.712551
—3.912922
—3.085101
—6.793007
—6.345161
—2.933575
—4.368165
—4.836117
—4.126586
—2.151352
—2.825301
—4.313762
—5.718121
—3.683566
—3.676616
—2.991312
—4.472179
—5.291350

0.505159
5.337199
—0.383026
—4.050442
2.656061
6.415412
—3.974132
—6.060607
1.563800
7.054718
—2.343628
—6.014502
—0.060545
—1.663811
0.323395
—2.327930
0.290854
—2.510381
—1.418534
—0.563768
—0.789341
—1.911567
—2.754954
—3.176458
—1.231785
0.284174
—2.130114
—3.623765
0.116894
1.359917
2.704725
3.081068
3.471139
4.123861
2.362200
1.107678
1.554103
1.899002
—0.336653
1.938420
0.864204
2.551207
—0.664191
—1.175844
0.254093
2.479540
1.610784
2.644719
0.307187
—0.386122
2.574107
0.739598
0.425188
3.479811
0.227644

—4.944569
1.788211
4.683425

—3.707548

—2.535431

—1.709894
4.019826
0.102630

—4.684798
0.132077
5.580628

—2.317336
4.347697

—2.299189

—0.683193
4.162822

—1.665106

—2.313504

—3.143736

—2.867304

—1.756693

—0.949445

—1.215437

—2.531772

—4.015203

—3.523166

—-0.121327

—-0.577170

—1.425509

—1.536606

—1.942704

—2.494060

—1.771014

—2.766762

—2.705583
0.448325
1.555987

—0.273445
2.121668
1.773928
1.620471
1.333188
2497011
1.580720
3.215592
2.780957
2.250853
0.973955
4.181827
3.359287
3.782879
1.122021
0.385498
2482710

—0.115285
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N  —5.269562

TS1

1.588767

2.844677

Therma Correction to Free Energy = 0.849984

a.u.

Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —4538.23103774

au

Imaginary Frequency = 1207.0517i cm!
Cartesian Coordinates (Angstroms):

1.111341
0.057183
4.237940
4.960257
2.880686
2.743695
2.281697
1.574485
3.702284
3.879677
3.905678
3.836390
2.498560
1.543922
3.305568
2.669709
5.115846
6.149557
2.079272
0.852797
0.613806
—1.060543
1.495259
0.004534
0.342911
—1.668535
3.399050
1.378128
1.338344
—1.381459
2.223253
—0.295594
0.765862
—2.540087
4.117454
1.066767
1.750133
—2.276251
3.532004
0.233775
1.462675
—2.847579
2.052758
0.646977
3.479557
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1.573301
—1.391325
—2.472098

0.019673
—0.580644
—0.697921

0.440422
—1.129880
—1.521986
—0.387837
—1.443845
—0.492712

0.520862
—1.250726
—0.420490
—0.928908
—3.409399

0.288305

2.282181

2.952362
—2.569860
—2.361900

2.393376

2.733795
—2.330144
—1.688208

2.707488

4.231339
—3.713541
—3.705813

2.931025

3.764839
—3.228840
—2.357246

3.255906

5.268070
—4.617236
—4.365641

3.365480

5.038850
—4.378322
—3.698519

1.328335
—1.608506
—0.353727

0.469419
—0.569793
0.428303
—1.022827
0.551606
—0.926775
1.307220
—1.574915
1.209195
—1.706391
2.589366
—3.098428
2.688642
—2.969337
3.316549
—3.717322
0.991149
—1.715589
—0.900234
1.642654
0.710562
—1.648794
—2.166577
2.737167
2.061652
—2.718794
—0.700808
1.438408
0.348705
—1.423567
—3.225337
3.620590
3.037665
—3.573442
—1.759235
2.318496
1.324154
—2.265334
—3.021564
3.410164
2.668585
—3.347517
3.269944
—3.473721
4.392945
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2.641897  —1.024741 —4.805047 H -2.160844 —2.088928  1.051604
5445887  —4.058715  0.171001 H —3.774703 —2.268543  0.349860
5997137  —2.920539  1.439912 C -3.727216 —2.531644  2.552585
6.892269 0573222  —0.960301 C -3.065713 —0.587249  3.732317
6.511476  —0.601146  —2.258724 H -1.571664 —0.033637  2.166060
0.471912 2.040940 —2.321607 H -2.810679 1.197710 2.434238
—0.429263  1.744315 2.894261 H -2.925867 -3.113167  3.033089
—0.172223 —1.414436 2.356116 H -4.564704 -3.220700 2.368684
—1.476408 —0.622727 —2.873300 H -2.235154 -—1.164518  4.166879
3.868387 2.592999 0.279299 N —3.416267 —0.442269  1.306348
2.023275 4.429576 0.580818 H -2.820569  0.202143 0.239799
1592773  —-3.887701 —0.699576 H -3.377969  0.151367 4.485567
—0.938489  —4.244326  —0.584087 H —5.402250 —0.543066  0.660955
1.767176 3.007243 —4.214714 N —4.169118 —1.491015  3.464300
—0.951940  3.577844 4.473742

0.562598  —3.024156  4.091160 INT1-B

-3.000782 —1.817931 —4.403889 Thermal Correction to Free Energy = 0.853696
5.143059 3596896  —1.599288 au.

1.479969 6.264154 2.144388 Electronic Energy at the PBEO-D3(BJ)/def2-
2.305454  —5.511966 1.033173 TZVP/PCM(ethanol) Level = —4538.24242553
—2.521378 —5.413270 —2.075922 au.

4.100569 3.791821  —3.851432 Cartesian Coordinates (Angstroms):

—0.007782  5.853105 4.096982
1790682  —5.087307  3.432346
—3.539735 —4.221898 —4.011065
4532811  -2.173718  3.100314
4.707504  —0.240867  —3.702249
—0.733681  0.641284  —0.161183
4.614820 —4.025875  1.757003
6.025193 1121420  —2.428136
—6.110724  0.983784  —3.149275
—5.534218 2221964  —2.859040
—4.403057  2.301448  —2.054344
—3.817385  1.139162  —1.522505
—4.407895 —0.098138 —1.825054
—5.540316 —0.177446  —2.631230
—7.000805  0.926299 —3.779781
—5.973246  3.136497  —3.264738
—3.958584  3.273139  —1.832571
—3.950005 —1.013333 —1.446906
-5.975164 —1.153304 —2.861070
—2.615661 1.198957  —0.680227
—1.742040 2166771  —0.414349
—1.576363 3596151 —0.414774
—2.438027  4.454892 0.155110
—0.640050  3.985479  —0.831964
—2.227649  5.526516 0.187865
—3.360989  4.105200 0.626587
—4.839855 —0.133443  1.510733
—5.272757 —-0.753064  2.870024
—4.957066  0.959711 1.481494
—3.227569 —1.897911 1.227744
—2.635311  0.111606 2.420350
—6.123979  —1.436397  2.734485
—5.594665  0.026912 3.576089

1.114452 1.463796 0.755290

0.112941  —1.282860 —0.813628
4303737  —2.457589  —0.055345
4.977320 0.270520  —1.039524
2906838 —0.652535  0.415322

2773146  —0.487156 —1.058303
2.271061 0.180644 1.350670

1604550 —0.811566 —1.766445
3.735775 —1.693144  0.887885

3893782  —0.017194 —1.775746
3.908395  —1.893055  2.260360

3.829234 0.142664  —3.162727
2451273  —0.020042  2.725128

1547669  —0.661562 —3.156551
3.266794  —1.054867  3.166810

2658915  —0.183128 —3.841044
5189274  —-3.476825  0.326470

6.155666 0.679065  —1.682243
2.076721 2435161  —0.441835
0.798319 2.540865 2.191064

0.661610 —2.673026  0.223906
—1.058765 —1.985270 —2.028694
1.507220 2.786393 —1.670784
—0.161383  2.115696 3.119925

0.334707  —2.706725  1.583407
—-1.774221 —1.087019 —2.835263
3.392612 2.815652  —0.147042
1.409769 3.785969 2.357870

1421496  —3.710884 —0.332117
—1.324881 —3.355099 —2.132219
2.244306 3.523521  —2.593789
—0.486872  2.912987 4.211367

0.743395  —3.775415  2.376898
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—2.721717 —1.552189  —3.742389
4.118801 3564986  —1.068171
1.072308 4.588865 3.447304
1818922  —4.783014  0.461775

—2.281927 —3.816345 —3.034564
3.546912 3917645  —2.291169
0.129157 4.154595 4.375334
1479384  —4.817549  1.815003

—2.978665 —2.919320 —3.842150
1.967129 0.639070 3.446305
0.642947  —0.928198 —3.703788
3412571  —1.210686  4.238019
2617890  —0.067037 —4.926362
5544169  —3.943814 —0.600300
6.053905 —3.074569  0.880890
6.904953 0.825755  —0.894762
6.518960 —0.088332 —2.386432
0.489483 2466494  —1.909228

—0.669496  1.159205 2.976112

—0.225880 —1.882259  2.026865

—1.600002 —0.010363  —2.752083
3.855415 2.507209 0.793447
2.138931 4.144629 1.629390
1715121  —3.670420 —1.383862

—0.797393  —4.068054 —1.496454
1.800074 3.787813  —3.555729

—1.233795  2.571003 4.931304

—1.446506  3.642545 0.218575
—2.277053  4.385495 0.967249
—0.512802  4.090912  —0.141276
—2.049388  5.429711 1.194154
—3.195095  3.963084 1.385391
—5.030369 —1.001166  1.443284
—5.244544 —1.793945  2.765167
—5.298825  0.061874 1.547818
—3.269989  —2.484577  0.824707
—2.805509 —0.546880  2.132767
—6.008848 —2.577344  2.645992
—5.584116 —1.134920  3.579474
—2.211903  —2.526354  0.528689
—3.852275 —2.855224 —0.033452
—3.531745 —3.309101  2.114534
—2.993392 —-1.400231  3.415945
—1.752796  —0.532412  1.785821
—3.094110  0.504890 2.289111
—2.616697 —3.820319  2.454529
—4.294110 —4.086281  1.950220
—2.055849 —1.895098  3.718434
—3.624153 —1.087499  1.056699
—2.582780  0.351104  —0.307942
—3.317918 —0.778008  4.264920
—5.640492 —1.405745  0.620609
—3.995187 —2.423446  3.171888
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0.491703  —3.790476  3.439615 INT1

—3.272689 —0.839269 —4.359501 Thermal Correction to Free Energy = 0.674531
5.140775 3.870421  —0.832040 au.

1.549633 5.564046 3.566447 Electronic Energy at the PBEO-D3(BJ)/def2-
2400868  —5.596215 0.021783 TZVP/PCM(ethanol) Level = —4193.16165684
—2.484671 —4.887465 —3.103710 au.

4121722 4501334  -3.014024 Cartesian Coordinates (Angstroms):

—0.133520  4.787343 5.226075
1794385  —5.659588  2.435705
—3.728418 —3.285504 —4.547127
4540797  —2.700791  2.627417
4.688364 0.517138  —3.718328
—0.683489  0.656058  —0.055976
4686330 —4.240594  0.943589
6.013842 1.629601  —2.224000
—6.129052  2.140038  —2.893827
—5.317746  3.220118  —2.539381
—4.186752  3.024201  —1.755467
—3.848098  1.735531  —1.311393
—4.668706  0.655914  —1.674032
—5.799534  0.857104  —2.459703
—7.017819  2.301123  —3.508089
—5.570527  4.226913  —2.879803
—3.556836  3.872695  —1.484550
—4.403328 —0.344149 —1.325458
—6.428661  0.006837  —2.733476
—2.645399 1475380 —0.514757
—1.646054  2.239260 —0.047769

—0.475592  1.630291  —0.263447

0.202567  —1.602862 —0.059351
—4.170161 —-1.910164 —0.403832
—4.219996  0.278253 1.656667
—2.561740 —-0.224008 —0.406692
—2.213259 —0.683791  0.965898
—1.920073  0.842284  —1.057423
—1.047245 —1.408550  1.260301
—3.608842  —0.894491 —1.074952
—3.127410 —0.416139  2.006545
—3.989959 —0.507035 —2.362618
—2.863088 —0.850430  3.308687
—2.313142 1234670  —2.343099
—0.794038 —1.856839  2.561556
—3.342478  0.555895  —2.983894
—1.702862 —1.571080  3.573866
—5.254673  —2.595083  —0.973452
—5.209333  0.533112 2.618753
—1.043798  2.146659 1.379453
—0.154889  3.143302  —1.224865
—0.661692 —2.378965 —1.450093
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1414065  —2.825032  0.548241 C 6.9387%4 0.596100 0.587428
—0.221737  1.930371 2.490553 C  5.630346 1.026216 0.402828
0.547819 3.011477  —2.430858 C  4.658846 0.137361  —0.085146
—0.442339  —1.896417 —2.744096 C 5029816  —1.182336 —0.384045
2.328569  —2.408557  1.529155 C 6.341370 -1.607280 —0.199580
—2.298769  2.747787 1.542197 H 8330456 —1.049949  0.430137
—0.513661  4.415945  —0.773591 H  7.687679 1.293567 0.969313
—1.541701 —3.448542  —1.239928 H 5351173 2.054074 0.640447
1522345  —4.113482  0.014194 H 4278302 —1.884319 —0.756857
—0.649357  2.317677 3.757862 H 6.616074 —2.637533 —0.436148
0.862941 4134805  -3.186713 C  3.270482 0.556290  —0.261579
—1.098245 —2.480150 —3.824937 C 2526800 1.640543  —0.054109
3.315210  —3.276059  1.986273 C  2.696464 3.045698 0.210954
—2.714120  3.145244 2.809734 C  3.510026 3.853224  —0.486612
—0.183156 5541970 —1.527698 H 2050271 3.478340 0.983895
—2.185291 —4.035625 —2.325215 H 3.555357 4923856  —0.274084
2521170  —4.975189  0.466977 H 4131080 3470549  —1.301338
—1.892753  2.927999 3.916927 H 2682034 —0.390723 -0.616430
0.499302 5404082  —2.733673

—-1.966908 —3.550270 —3.615723 TS2R

3413651 —4.561894  1.453871 Thermal Correction to Free Energy = 0.675257
—1.823133 2.073501  —2.837787 a.u.

0.103678  —2.434996  2.782027 Electronic Energy a the PBEO-D3(BJ)/def2-
-3.651594  0.861316  —3.985927 TZVP/PCM(ethanol) Level = —4193.14971893
—1.509011 —1.920590  4.590366 au.

—5.559168 —3.356084 —0.244722 Imaginary Frequency = 32.0001i cm?
—6.104914 —1.918768 —1.164199 Cartesian Coordinates (Angstroms):

—6.008646  1.081447 2.105515
—5.622461 —0.402617  3.031537
0.748839 1.444431 2.359641
0.866819 2.022406  —2.772353
0.231715  —1.049932  —2.899921
2278481  —1.393343  1.933917
—2.957382  2.885020 0.681259
—1.038993  4.536687 0.175539
—1.734153  —3.808068 —0.226142
0.832995  —4.445351 —0.764387
—0.010319  2.139510 4.625291
1.407550 4.022316  —4.126749
—0.933098 —2.096412 —4.833900
4.021379  —2.939793  2.748297
—3.688195  3.623657 2.935334
—0.460618  6.534184  —1.165049
—2.863695 —4.876623 —2.163710
2.600687 —5.978005  0.041412
—2.225100  3.236044 4.911016
0.756694 6.288363  —3.321022
—2.477525 —4.010825 —4.464683
4194274  —5.240509  1.804898
—4.791225 —1.029486 —2.884252
—3.560899 —0.635391  4.117343
i 1.229875 0.342143  —0.246638
H —4.969462 —3.093414 —1.915479
H —4.821496  1.153204 3.444700
C 7299489 -0.719111 0.286409

0.452860 —1.316553  0.094331
-0.917391 1731572  —0.031647
—4.462580 —0.442983  1.275209
—3.729144  —2.426391 —0.862274
—2.233187 —0.938046  0.811368
—2.538097 —-0.446473 -0.561315
—0.981763  —1.425266  1.229717
—2.113842  0.800274  —1.043892
—3.303916 —0.937012  1.733595
—3.356450 —1.249152 —1.383942
—3.124725 —1.411803  3.034907
—3.719944  —0.809528 —2.660460
—0.819165 —1.927017  2.528251
—2.483754  1.242097  —2.318631
—1.886206 —1.914416  3.417129
—3.285187 0431849  —3.115105
—5.593247 —0.453477  2.106850
—4.582780 —3.264251 —1.596234
—0.130459 —2.091236 —1.441341

1747583  —2.405066  0.766547
—1.708433  1.975554 1.579115
—0.747001  3.368790  —0.806818
—0.024406 —1.413246 —2.659347

2.348890 —2.074818  1.991258
—0.955281 1.766264 2.738870

0.084830 3454359  —1.933627
—0.719444 3361789 —1.394871

2.256298  —3.475885  0.024982
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—3.054298  2.351016 1.675541 H  5.426830 0.481214  —1.679916
—1.358261 4525960 —0.313472 H  5.109115 0.848654 2.603444
—0.495497 —-2.005173 —3.827838 H  7.561148 1.176212 2.758167
3419000 —2.818461  2.474800 C 3.640541 0.427829 0.445784
—1.541066  1.935399 3.990327 C 2787223 0.247389  —0.580951
0.278685 4673707  —2.575242 C 2953160 0.179036  —2.022240
—1.175783  —3.953804 —2.568562 C 2997073 1.242768  —2.845845
3.334928 —4.214705  0.510799 H 2962226 —0.829236 —2.460987
-3.631629 2531403 2.929333 H  3.063722 1116805  —3.929502
—1.152959  5.747217  —0.953378 H  3.018583 2.263190 —2.451577
—1.065156  —3.276689  —3.784099 H 3212737 0.386719 1.455282
3915455  —3.891601  1.733798

—2.877657 2321241  4.084944 TS2®

—0.341368  5.822786  —2.084133 Thermal Correction to Free Energy = 0.675232
0.132919  —2.350068  2.843253 au.

—2.153821 2216298  —2.682148 Electronic Energy a the PBEO-D3(BJ)/def2-
—1.753299 —2.308671 4.426931 TZVP/PCM(ethanol) Level = —4193.14487429
—3.582970  0.772942  —4.109137 au.

-6.415831 —0.030081  1.517848 Imaginary Frequency = 35.6309i cm!

—5.860428 —1.478813  2.413275 Cartesian Coordinates (Angstroms):

—4.765685 —4.146642 —0.971088
—5.545226  —2.771050 —1.813385
0.407940  —-0.411513  —2.687755
1987675  —1.220518  2.569436
0.088120 1.450684 2.653906
0.584537 2557249 2313172
—0.829999 -3.881652 —0.440100
1819117  —3.734015 —0.940996
—3.653035  2.480896 0.770745
—1.988972  4.478346 0.576270
—0.422079 —1.467847 —4.775617
3.877401  —2.552309  3.429726
—0.954144  1.763235 4.894978
0.923047 4.729308  —3.455503
—1.624862  —4.949045 —2.533722
3.724093  —5.048401 —0.077717
—4.678189  2.835410 3.006219
—1.630817  6.648051  —0.562102
—1.428019 —3.743366 —4.702901
4761935 —4.470465  2.109357
—3.335990  2.459208 5.066992
—0.184201  6.782903  —2.580627
—3.947901 —1.400964  3.748507
—4.344565 —1.429777 —3.302551
1.055474 0.700324  —0.204316
—5.439571  0.165987 3.006709
—4.117790  —3.585541 —2.543627
7.872183 1.005242 0.627375
7.263586 0.805660 —0.613102
5.887966 0.629298  —0.703418
5.089646 0.641413 0.453179
5.717399 0.840169 1.694582
7.093373 1.022110 1.783176
8.953269 1.147617 0.691432
7.870360 0.790176  —1.521390

0.360926  —1.387802  0.087696
—0.784046  1.730700  —0.120084
—4.413172  —0.060299  1.445691
—3.965940 —-2.190301 —0.627564
—2.259813  —0.766928  0.901783
—2.604346  —0.305784 —0.472872
—1.032687 —1.341246  1.284173
—2.112786  0.883692  —1.028730
—3.280456 —0.636996  1.871751
—3.537193  —1.063058 —1.212225
—3.082360 —1.076976  3.182139
—3.950733  —0.630759 —2.476260
—0.857267 —1.809879  2.593504
—2.529047  1.318268  —2.291207
—1.875946 —1.674239  3.527525
—3.449035  0.556044  —3.002648
—5.499255  0.060318 2.326527
—4.924667 —2.981711 —1.278576
—0.379004 —-2.139179 —1.393010

1577755  —2.586074  0.717075
—1.473971  2.137722 1.503894
—0.460320  3.294453  —0.990165
—0.343569 —1.471438 —2.619636

2224945 2341534  1.938314
—0.691507  1.917649 2.642297

0.331311 3.229106  —2.148217
—1.033602 —3.373364 —1.286496

1986533  —3.674902 —0.060966
—2.775380  2.638544 1.633236
—0.909975 4537294  —0.531889
—0.942435 —2.038903  —3.740526

3.234096  —3.187746  2.385797
—1.204140  2.201031 3.905061

0.643625 4388834  —2.851461
—1.619482  —3.942682 —2.413009
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3.004050
—3.278703
—0.587081
—1.573628

3.625747
—2.495966

0.183951

0.065500
—2.141200
—1.729425
—3.786565
—6.309368
—5.839138
—5.133434
—5.859345

0.132939

1.949063

0.314337

0.704644
—1.091941

1.517032
—3.399282
—1.506970
—0.922261

3.726194
—0.595537

1.255013
—2.119258

3.312759
—4.289922
—0.940111
—2.037414

4.422915
—2.896579

0.434382
—3.866742
—4.666596

1.115660
—5.249914
—4.545627

7.888384

7.299084

5.944941

5.150416

5.765113

7.116553

8.951997

7.904510

5.506257

5.16339%4

7.573779

3.721108

2.858467

3.100186

2.763652

—4.515390
2.931526
5.696035

—3.277663

—4.278601
2.710679
5.624094

—2.306731
2.248177

—2.045005
0.890922
0.532224

—0.925153

—3.827906

—2.422940

—0.492426

—1.475897
1.502684
2.264393

—3.883621

—3.868675
2777737
4.602961

—1.507374

—2.987160
2.020701
4.329199

—4.910696

—5.361906
3.332280
6.663844

—3.726882

—4.939215
2.937343
6.535896

—0.967681

—1.215155
0.571038
0.697356

—3.366828
1.050755
0.749039
0.439874
0.426507
0.709643
1.026087
1.293694
0.745130
0.171400
0.686631
1.250458
0.114318
0.134604
0.581272

—0.080522

0.387288
2.897697
—1.235695
—3.639350
1.610542
4.031961
—2.394933
2.884582
—2.709956
4.544315
—3.986046
1.757429
2.686978
—0.612834
—1.454397
—2.685497
2.545164
2.533493
—2.507923
—-0.321974
—1.026726
0.746966
0.379874
—4.694138
3.339992
4.793658
—3.754569
—2.332134
—0.229915
2.999890
—0.872846
—4.520681
1.958095
5.022757
—2.941702
3.930228
—3.053531
—0.263329
3.192038
—2.240410
0.618300
—0.609498
—0.683432
0.476737
1.709473
1.780205
0.671240
—1.518805
—1.645278
2.622298
2.746550
0.467853
—0.571065
—1.941156
—3.063255
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H  3.586357 1563298  —2.045435
H 2968396 0.342295  —4.049957
H 2316403 —1.076789 —3.024305
H 3328581 —0.179178  1.446403
INT2R

Therma Correction to Free Energy = 0.677294
au.

Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —4193.18555889
au.

Cartesian Coordinates (Angstroms):
0591881  —1.159462  0.232061
—1.151064  1.645398  —0.006974
—4.524364 —1.129558  0.558338
—3.157029 —2.819666 —1.485612
—2.198209 —1.250909  0.479760
—2.312409 —0.725859  —0.907092
—0.974571 —1.563749 1.091941
—1.961797 0.585946 —1.262543
—3.394519 —1.461849  1.199211
—2.846951 —1.580496 —1.894462
—3.358074 —1.965186 2.502147
—-3.009527 —1.130743  —3.207285
—0.945185 —2.080926  2.393439
—2.146446 1.038115 —2.575017
—2.134202 —2.274540 3.086036
—2.663598  0.176145  —3.534450
—5.761048 —1.363260 1.179155
—3.758358 —3.710563 —2.387978
0.485425  —1.954045 —1.394344
1.864053 —2.076373  1.163897
—2.264631  1.650652 1.423468
—1.205329  3.332178  —0.703001
0.996363 —1.287970 —2.513032
2335804  —1.520268  2.362011
—1.730942  1.489597 2.705833
—0.350417  3.630023  —1.776851
—0.081841 —3.227328 —1.534335
2421020 —3.270366  0.696343
—3.646085  1.812373 1.254850
—1.994496  4.348527  —0.157322
0.938057 —1.890661 —3.767361
3.333649  —2.158851  3.089651
—2.571653  1.492257 3.815888
—0.309789 4913472 —2.311221
—0.125040 —3.829234 —2.788290
3431240  —3.901908  1.422789
—4.480103  1.827235 2.368625
—1.942501 5.637538 —0.689495
0.379514  —3.160497 —3.904643
3.886476  —3.350576  2.617941
—3.944685  1.664257 3.647488
—1.107163 5921599  -1.766431
0.002866  —2.343506  2.862305
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—1.903351
—2.109894
—2.807804
—6.531803
—5.903377
—3.947021
—4.716444
1.441733
1.935741
—0.655059
0.288548
—0.506880
2.081652
—4.067311
—2.648019
1.331639
3.695374
—2.153869
0.351748
—0.557272
3.865859
—5.556099
—2.561934
0.338982
4.680093
—4.603289
—1.070828
—4.278956
—3.411197
0.947607
—5.864881
—3.095658
8.049831
7.093565
5.744010
5.323338
6.296876
7.647649
9.110184
7.407128
5.005730
5.979518
8.391856
3.917554
2.859568
2487974
1.600645
2.599680
1.095577
1.667667
3.747023
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INT2%

2.064365
—2.679345
0.529758
—1.043112
—2.433075
—4.636869
—3.316754
—0.296357
—0.567035
1.344120
2.850025
—3.736194
—3.704624
1.910507
4.141168
—1.367105
—1.716455
1.356681
5.131342
—4.826770
—4.830510
1.964549
6.424749
—3.634179
—3.845401
1.671905
6.931533
—2.120049
—1.791305
1.000620
—0.777964
—3.932798
1.183863
2.184581
1.860498
0.526179
—0.471743
—0.146083
1.442062
3.225794
2.647442
—1.514336
—0.933455
0.125948
0.937499
2.285264
2.826838
2.772616
3.773704
2.526827
—0.954145

—2.847611
4.100179
—4.557708
0.467552
1.407022
—1.831783
—2.766986
—2.397250
2.717596
2.831160
—2.201428
—0.666066
—0.245655
0.251422
0.691852
—4.641178
4.020262
4.815662
—3.152719
—2.896109
1.046234
2.238560
—0.254068
—4.888266
3.182178
4.519106
—2.180694
3.063436
—3.975006
0.235918
2.108519
—3.241596
—0.148824
0.036584
0.100463
—0.028751
—0.201206
—0.264742
—0.194739
0.140675
0.269322
—0.289506
—0.403630
0.005144
0.086819
—0.069464
0.862332
—1.049963
0.659109
1.916014
—0.012054

Thermal Correction to Free Energy = 0.676312

a.u.
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Electronic Energy a the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —4193.18627199
au.

Cartesian Coordinates (Angstroms):

P 0631825 —1.160750  0.241949
—1.148388  1.628402  —0.073365
—4.478251 —1.142385  0.669464
-3.137594 —2.903206 —1.346140
—2.153835 —1.261040  0.541031
—2.311109  —0.779735  —0.858342
-0.916811 —1.561839  1.133519
—1.988458  0.523407 —1.266419
—3.333144 —1.452349  1.294403
—2.866868 —1.670595 —1.800778
—3.267489 —1.918643  2.609786
—-3.086428 —1.261730 —3.118615
—0.858946  —2.046738  2.446608
—2.229017 0.934735  —2.583005
-2.031164 —2.217514  3.172469
—2.772781 0.039562  —3.496219
—5.700088 —1.360118  1.324499
—3.759352 —3.828889 —2.198241
0477253  —-1.892379 —1.409743
1937035 —2.120881  1.086019
—2.255358  1.703721 1.362428
—1.195071 3.276586  —0.852907
0.901210  —1.157768  —2.521653
2413660 —1.650806  2.319152
—1.714334  1.612095 2.648982
—0.349254 3513684  —1.948363
—0.037930 —3.184447 —1.577669
2526230 —3.252392  0.514677
—3.639130  1.839997 1.192681
—1.987880  4.318106  —0.363441
0.808426  —1.710182  —3.797123
3440581  —2.315215  2.979267
—2.550654  1.657387 3.761350
—0.319919  4.763352  —2.558324
-0.116772  —3.735175 —2.852953
3567140 —3.908722  1.172952
—4.468716  1.898847 2.308519
—1.947395 5573250 —0.971821
0.301776  —2.998176  —3.962097
4.022933  —3.445759  2.403942
-3.926551  1.803643 3.591232
-1.120670  5.797002  —2.069393
0.098258  —2.305649  2.898323
—2.005338  1.954340 —2.894634
—1.983839 —2.597172  4.195477
—2.961116 0.361329  —4.522812
—6.487342  —1.064660  0.620298
—5.833509 —2.422694  1.588717
—3.909200 —4.742128 —1.609611
—4.738612  —3.461598  —2.548734
1301519  —0.149253 —2.385012
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1.986685
—0.635709
0.292335
—0.395334
2.187140
—4.065813
—2.636702
1.132876
3.801053
—2.127391
0.336133
—0.509423
4.024704
—5.546813
—2.569252
0.233578
4.839560
—4.581851
—1.093311
—4.175451
—3.507042
0.924060
—5.785735
—3.128377
7.979711
7.058279
5.703460
5.245720
6.180129
7.536670
9.043736
7.401950
4.986610
5.832280
8.252658
3.834303
2.845341
2.441485
1.512815
2.564824
0.964228
1.628253
3.596118

INT2R2a
Thermal Correction to Free Energy = 0.866940

au.

—0.746822  2.761497
1.489372 2.776378
2713602  —2.330757

—3.748131 —-0.712738

—3.620556  —0.454931
1.883615 0.187742
4.156324 0.499278

—1.132636  —4.665285

—1.940856  3.939817
1.575576 4.764684
4934727  —3.414633

—4.746254  —2.983760

—4.787847  0.713863
2.016674 2.176793
6.381384  —0.580417

—3.432328 —4.962254

—3.960227 2915173
1.844619 4.464427
6.780548  —2.543517

—2.055852  3.196130

—1.950093  —-3.850980
1.002488 0.378051

—0.746099  2.237034

—4.064415 -3.072156
1.256554  —0.208158
2.185239 0.280785
1.878835 0.310068
0.631816  —0.145363

—0.289971  —0.642553
0.018473  —0.670606
1502170  —0.232479
3.159308 0.636259
2.615345 0.680178

—-1.262861 —1.000156

—0.710769 —1.056186
0.245610 —0.107311
0.937715 0.452506
1.978242 1.287183
2.896427 0.769046
1.868665 2.375560
3.562903 1.441137
3.260750  —0.256972

—0.711376 ~ —0.583554

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —5890.93552931

au.

Cartesian Caoordinates (Angstroms):

P

P
O
O

—1.701016
—1.800514
—2.923078
—4.955771

1.364162  —1.081853
—0.590795  1.562674
—3.659187 —1.335384
—1.784531 —2.300085
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@]
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—2.462147
—3.612625
-1.712112
—3.483856
—2.167114
—4.900170
—1.150029
—6.027089
—0.717738
—4.621974
—0.443698
—5.878420
—2.613557
—6.177417
—3.402640
—1.267404
—1.147075
—2.180128
—3.561576
0.034625
0.225445
—2.606954
—4.510976
—2.213167
—1.995272
—2.025814
—4.819996
0.368691
0.742967
—2.884829
—5.769620
—1.869299
—1.469226
—2.294257
—5.927116
—0.579363
—0.100001
—2.724311
—-0.112339
—4.523197
0.358195
—6.761017
—3.322074
—2.727978
—5.975253
—6.595677
—2.681777
0.814354
0.915938
—2.728193
—4.387016
—3.228299
—3.066363
—1.686691
—4.936037

—1.368396
—1.227285
—0.286357
—0.856197
—2.672577
—1.492229
—2.894017
—1.399711
—0.519437
—0.739291
—1.807887
—1.012132
—4.987359
—2.164336
1.887071
2.583742
—2.293283
—0.192660
2.773440
2.632487
—2.473457
1.106950
1.532009
3.507823
—3.408057
—1.121395
3.285271
3.561122
—3.756698
1.467415
2.035456
4.440704
—4.688402
—0.753773
2.908535
4.468139
—4.865721
0.537095
0.298483
—0.451276
—1.972292
—0.926321
—5.611632
—5.196708
—2.401220
—3.057601
3.072599
1.959638
—1.630928
1.836484
0.855376
3.510788
—3.277436
—2.134529
3.978445

—1.401991
—0.471757
—1.899436
0.872434
—1.858168
—0.986178
—2.786364
—0.169598
—2.859057
1.682443
—3.291602
1.159241
—1.644058
—2.865143
—0.691432
—2.389137
1.656088
3.312773
0.378358
—2.907396
1.854938
3.618865
—1.466005
—2.857149
1.617248
4.345319
0.686928
—3.891600
2.022419
4.933471
—1.147866
—3.833015
1.774321
5.664393
—-0.071127
—4.358597
1.979217
5.961584
—3.241087
2.728396
—4.014294
1.797242
—1.084663
—2.722191
—3.917251
—2.369234
0.955320
—2.540786
1.855752
2.815412
—2.315145
—2.460405
1.455630
4.120434
1.523342
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1.390189 3575285  —4.278750 C 6.529397 —-0.691067  0.248816
1.818034 —3.869761  2.178129 C 5198567 —2.695259  0.608292
—3.220541  2.482490 5.158674 C 7517685 —1.465139 —0.352818
—6.636137  1.742946  —1.745757 H  6.642521 0.388268 0.360537
—2.621372 5152293  —4.182190 C 6.200973 —3.460115 0.017120
—2.136470  —5.553476  1.742524 H 4278094 -3.145668  0.981444
—2.162099 —1.485391  6.464942 C  7.355589 —2.847062 —0.467739
—6.917117  3.300087 0.174400 H 8426458 —0.987431 —0.726761
—0.312762  5.200475  —5.124584 H 6.073813 —4.541461 —0.072298
0.307990 —5.871591  2.108131 H 8137599 3449595 —0.936362
—2.930764  0.822239 6.995803

—0.903789  —3.902156 —3.118103 TSR

=7.021411 —1.604964 —0.565827 Thermal Correction to Free Energy = 0.864455
—0.501720  1.026617 0.730414 au.

—1.587259 —5.247994 —1.331804 Electronic Energy at the PBEO-D3(BJ)/def2-
—6.923988 —1.351274 —2.821847 TZVP/PCM(ethanol) Level = —5890.93124724
4.546577 5.864064 1.229823 au.

4.318540 4.611643 1.800759 Imaginary Frequency = 146.0799i cm?!

3.227895 3.844788 1.403708 Cartesian Coordinates (Angstroms):

2.344224 4.324111 0.423796
2.600159 5570295  —0.168450
3.685599 6.339734 0.240015
5.406365 6.462299 1.541921
5.007904 4.209261 2.546893
3.093602 2.840407 1.810259
1.931426 5935993  —0.952831
3.866570 7.313636  —0.222121
1.199291 3.521732  —0.025031
0.572825 2.639002 0.744931
0.385271 2.263049 2.080997
0.656852 0.944112 2.438833
—0.233213  2.897208 2.732375
1.496477 0.414691 1.984583
0.299873 0.567721 3.400225
0.904562 3.639999  —1.069601
3.383790 0.614242 0.096811
4.349043 1.315767  —0.569789
4.062687  —0.309949  1.385715
3.016184  —-1.239386  1.851610
4.699995 0.616979 2.321009
2.265340 —0.126819 —0.982614
2.252786 0.734780  —2.176695
0.988811  —0.393639  —0.274679
2789102  —1.726348 —1.571013
3.900147  —1.773778  —2.415045
2129178  —2.882994 —1.168444
4353653 —3.010118 —2.862033
4395710  —0.846494 —2.709819
2593210 —4.116018 —1.624022
1258637  —2.801928 —0.517994
3.700620 —4.180665 —2.469098
5226844  —3.061972 —3.516088
2.080967  —5.031033 —1.315344
4062150  —5.149423  —2.822673
5371840 —1.317327  0.715065

—2.151790 1381670 —0.684121
—1.797397 —1.299504  1.243202
—4.377986 —3.112672 —1.808038
—6.030601 —-0.619678  —1.539094
—3.359452  —1.048787 —1.417375
—4.176613  —0.992409 —0.173353
—2.464104 —-0.037504 —1.806798
—3.621035 —1.180890  1.102398
—3.492572  —2.191892 —2.232611
—5.566232 —-0.787868  —0.287954
—2.719731 —2.335426 —3.386452
—6.373674 —0.748173  0.851302
—1.699479 —-0.182782 —2.970862
—4.436243  —1.156924  2.240483
-1.826252  —1.329850 —3.742959
—5.801251 —0.935770  2.106378
—4.576202 —4.267404 —2.572198
—7.406752 —0.473035 —1.739784
—3.802121  2.034233  —0.282893
—-1.361755 2663039 —1.716014
—1.348128 —2.747462  0.237118
—1.486707 —1.804233  2.972139
—4.080510  2.382341 1.042176
0.004042 2.505601  —1.992997
—0.164332  —2.739222  —0.507565
—1.562365 —0.808648  3.958356
—4.781821 2205952  —1.268643
—2.009536  3.839339 —2.107812
—2.160108 —3.891262  0.245686
—1.093290 —3.095373  3.334827
—5.330132  2.895473 1.382096
0.707826 3501260  —2.661065
0.212827  —3.874408 —1.223178
—-1.286005 —1.110116  5.287888
—6.024068  2.732848  —0.927416
—1.299459  4.836517  —2.777201

OO0O00000000000000000000000000000O0000T™T
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—1.780448 —5.017894 —0.476344
—0.800031 —3.389895  4.666244
—6.300862  3.073125 0.397722
0.056902 4.670860  —3.052521
—-0.591972 —5.010259 —1.211042
—0.901751 —2.403686  5.643974
—0.996619  0.595514  -3.267001
—4.002075 —1.314218  3.228474
—1.216426  —1.445580 —4.641678
—6.436936 —0.912787  2.994683
—5.335129  —4.862356  —2.048200
—4.945045  —4.027723  —3.584980
—7.556929  —0.379524  —2.822845
-7.967369 —1.351110 —1.374233
—3.309601  2.240259 1.804333
0.544958 1617083 —1.661146
0.490932  —1.868685 —0.544272
—1.831022  0.214055 3.677007
—4.574017 1909769  —2.299540
—3.064046  3.994388 —1.873057
—3.095530 —3.891075  0.810592
—0.997896  —3.871550 2573351
—5.546472  3.156516 2.420424
1.778499 3.363374  —2.824515
1156615  —3.856281 —1.770612
—1.352440 —0.327519  6.047307
—6.783447  2.876200 —1.700120
—1.811127  5.756099  —3.071528
—2.411037 —5.910529 —0.460025
—0.480211 —4.398854  4.936331
—7.279439  3.480466 0.663637
0.612762 5464130 —3.558290
—0.290424 —5.900612 —1.768771
—0.666975 —2.637679  6.684959

0.981346  —0.144279  0.323359
1257358  —0.926933  2.003220
—0.566898  4.004535 0.451427
3.330052  —-0.100127  0.657880
4.097103 0.722690 1.429458
3.729706  —1.779831  0.906125
3.067687  —2.543961 —0.157465
3460045  —2.072961  2.316065
3.162002 0.501733  —0.976395
3.178648 1963250 —0.861652
1992028 —-0.160786  —1.583249
4.569260 0.037113  —1.959040
5.791243 0.657521  —1.694945
4442416  —0.951640 —2.930679
6.909841 0.272708  —2.425998
5.850140 1431238  —0.926808
5568768 —1.316454 —3.666282
3466546  —1.413013  —3.090102
6.797591  —0.707500 —3.414334
7.875599 0.742269  —2.226641
5486199  —2.083389 —4.440257
7.678621  —1.000910 —3.990221
5488463 —1.951973  0.685349
6.349305 —1.344235  1.601190
5972166  —2.655171 —0.414648
7.722060 —1.422813  1.385882
5939218 —0.819065  2.464879
7.348333  —2.735689 —0.611828
5.262415  -3.122967 —1.098039
8.221093  —2.115922  0.281481
8.408868 —0.947028  2.089924
7.740065 —3.281671 —1.473073
9.300081  —2.176197  0.119595
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—2.801550 —3.229999  —4.002899 TS3®

—7.445613 —0.571968  0.767108 Thermal Correction to Free Energy = 0.864305
—0.888873  0.671025 0.909174 au.

—3.651210 —4.863337 —2.657458 Electronic Energy at the PBEO-D3(BJ)/def2-
—7.797835 0.433159  —1.245247 TZVP/PCM(ethanol) Level = —5890.92481586
3.432326 6.135593 2.114751 au.

3.623737 4.753202 2.157958 Imaginary Frequency = 254.2622i cm!

2.600132 3.885181 1.796493 Cartesian Coordinates (Angstroms):

1.352674 4.387162 1.388758
1.180336 5.779601 1.325196
2.205911 6.646229 1.691003
4.242197 6.812829 2.397221
4.590398 4.343717 2461741
2.780214 2.809627 1.786308
0.221152 6.179558 0.984391
2.049231 7.726816 1.640560
0.240772 3.515474 1.006246
0.154270 2.202253 1.236615
0.746951 1.187157 2.021454
1051949  —-0.033745 1410184
0.788821 1.263839 3.115687

—3.031960  1.385525  —0.112067
—1.326435 —1.453687  0.529040
—4.455315 —3.222401 —1.891580
—6.377355 —1.540191 —0.244398
—3.897149 —-1.070817 —1.180548
—4.086784 —1.606224  0.196726
—3.558628  0.262594  —1.474106
-3.020179 —-1.915255  1.052578
—4.121396  —1.968833  —2.246400
—5.403870 —1.868559  0.625105
—3.991726  —1.550428 —3.572187
—5.643749 —2.417328  1.886529
—3.463816  0.680886  —2.808062

O0000000000T™T

64



I T I I IIIIIIIIIIIIIIIIIIIIITIOOOOOOOOOO0OOOOOO0O0O00000000000000000

—3.263980
—3.674089
—4.569565
—4.654794
—7.706551
—4.361116
—3.215162
—0.992320
—0.260148
—4.020932
—2.320148
—0.145713
—0.262714
—5.709776
—4.126960
—1.533888
0.630706
—5.018006
—2.364061
0.162863
0.589018
—6.702746
—4.157725
—1.226517
1.491383
—6.358197
—3.283220
—0.379249
1.468110
—3.231441
—2.430023
—3.589141
—4.758728
—4.900065
—5.491861
—8.316026
—7.862293
—2.967017
—1.554760
0.299865
—0.929767
—5.978299
—4.812303
—2.201554
0.680550
—4.745947
—1.655043
0.842634
0.589387
—7.753507
—4.870847
—1.644635
2.209582
—7.140098
—3.305747

—2.483913
—0.223113
—2.726548
—4.183410
—1.826616
1.252430
3.088865
—2.538740
—2.071973
1.080585
3.530287
—2.090129
—1.367463
1.336945
4.004170
—3.829011
—3.131991
0.988640
4.839922
—2.926869
—1.744145
1.259382
5.322618
—4.659235
—3.497989
1.080728
5.742015
—4.208856
—2.812814
1.718412
—2.735190
0.110957
—3.166597
—5.120758
—3.912206
—1.502918
—2.907403
1.007877
2.854242
—1.095588
—0.510174
1.450440
3.696094
—4.178067
—3.654969
0.842063
5.164158
—2.568565
—1.183477
1.336193
6.025649
—5.668178
—4.303626
1.012969
6.775889

2.308864
—3.840825
2.716085
—2.889125
0.082961
1.127924
—0.763987
—0.895427
1.870650
2472190
—1.752008
—1.914703
3.085128
0.758114
—0.226473
—0.958350
1.694782
3.441059
—2.216745
—2.984673
4.115776
1.729627
—0.682109
—2.032628
2.728585
3.070606
—1.680707
—3.047024
3.937421
—3.043396
2.964583
—4.877412
3.698047
—2.373894
—3.556021
—0.770292
0.245825
2.753358
—2.137060
—1.874463
3.218631
—0.294868
0.564370
—0.167366
0.738490
4.488614
—2.981496
—3.760336
5.052982
1.439325
—0.245184
—2.074743
2.566090
3.830922
—2.033029
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—0.133803
2.163123
—4.144144
—6.661665
—1.003665
—3.743843
—8.033279
3.032932
3.285479
2.280707
0.992292
0.748119
1.758090
3.828384
4.277183
2.511831
—0.253730
1.548918
—0.109771
—0.046503
0.773101
1.221414
0.914881
1.253310
1.489320
—1.066087
3.633393
4.208420
3.976824
3.513753
3.459803
3.837007
3.754923
2.901583
5.474927
6.563199
5.644052
7.847641
6.392729
6.936315
4.759927
8.033954
8.710453
7.086557
9.045554
5.744311
6.419051
6.424583
7.807302
5.852762
7.812660
5.854167
8.503000
8.350610
8.358819

—4.866273
—3.084788
—2.248732
—2.606659
0.710002
—4.336218
—1.278874
6.496608
5.179107
4.220448
4.567334
5.895486
6.852184
7.244988
4.883112
3.201583
6.174376
7.881006
3.602053
2.322840
1.325517
0.271665
1.256439
0.355046
—0.689810
3.995223
0.389243
1.494839
—1.033287
—2.193746
—0.765813
0.385598
1.801222
—0.577909
—0.173205
0.622971
—1.404370
0.170382
1.580855
—1.838352
—1.996013
—1.054000
0.776962
—2.797520
—1.400912
—1.169983
—0.230705
—2.174821
—0.294640
0.533340
—2.233675
—2.890370
—1.293806
0.435864
—3.015338

—3.884934
4.734303
—4.394438
2.226073
0.230484
—3.492966
0.984129
0.308044
—0.079594
—0.027437
0.413007
0.798096
0.747188
0.267190
—0.429571
—0.342724
1.137394
1.051372
0.467485
0.100645
—0.452805
0.353024
—1.540141
1.442239
—0.080569
0.829585
0.327352
0.886923
1.267888
0.496747
2.613712
—1.410739
—1.791802
—2.005076
—1.827033
—1.466875
—2.454107
—1.748296
—0.971867
—2.745264
—2.698226
—2.393584
—1.464325
—3.246850
—2.617874
1.440635
2.222488
0.757427
2.300021
2.757084
0.852451
0.163443
1.617003
2.904253
0.319487



H 9592734 —1.340517 1.683627

INT3R

Thermal Correction to Free Energy = 0.868711
au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —5890.96895937
au.

Cartesian Caoordinates (Angstroms):

P -1.792690 1485723  —0.772265
P —1.467326 —1.305341  0.973394
—5.411078  —2.147627  —0.976045
—6.113925  0.593458  —0.144089
—3.801109 —0.454419 —1.000995
—4.053625 —0.324725  0.464300
—2.890082 0.349574  —1.707576
—3.155248 —0.748329  1.461109
—4.550499 —1.415795 —1.710851
—5.294642  0.221305 0.858273
—4.370981 —1.589039 —3.084643
—5.618202  0.367589 2.208108
—2.720593 0.176259  —3.087249
—3.497290 —0.617752 2.813382
—3.453852 —0.790373  —3.762353
—4.714245 —-0.057921  3.176914
—-6.231013  —3.078107 —1.618597
—7.378189  1.101658 0.164726
—2.985577  2.570123 0.094757
—1.075861 2562042  —2.074991
—1.832538 —2.612611 —0.259990
—0.872558 —2.296843  2.411898
—2.670390  3.014689 1.382943
0.153048 2167162  —2.622385
—1.090148 —2.658738  —1.444088
—0.407072 —1.596283  3.535647
—4.192484 2965829  —0.495530
—1.653782 3.764760  —2.495736
—2.830285 —3.570457 —0.032274
—0.758976  —3.693001  2.407278
—3.550043  3.847421 2.071416
0.776371 2948881  —3.591400
—1.333548  —3.660668 —2.382543
0.134407  —2.268525  4.627431
—5.063355  3.808624 0.190370
—1.021028  4.550999  —3.457872
—3.061445 —4.575955 —0.966072
—0.201936 —4.365688 3.495324
—4.745218 4.247696 1.476116
0.192143 4143645  —4.010633
—2.313194 —4.621886 —2.144029
0.244032  —3.658854  4.609157
—2.008581  0.801228  —3.628324
—2.810280 —0.961160  3.586754
—3.314587 —0.926449 —4.837582
—4.969410  0.047059 4.234127

o
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—6.859960
—6.881257
—7.870866
—7.987318
—1.726465
0.634955
—0.324848
—0.459423
—4.461141
—2.594602
—3.436537
—1.097388
—3.298572
1.736858
—0.753684
0.487104
—5.998891
—1.478133
—3.833980
—0.118686
—5.432251
0.688608
—2.499101
0.682649
—4.935344
—6.567414
—0.363256
—5.642675
—7.312378
4.163148
3.961201
2.941503
2.098107
2.311341
3.329081
4.966386
4.610020
2.791376
1.664209
3.474696
1.033140
0.767736
1.103907
2.401363
0.761212
2.231680
3.054532
0.430849
3.282043
3.496308
4.958152
4.777562
5.409053
2.643484
3.512387

—3.531510
—2.598445
1.318162
0.369514
2.699625
1.255769
—1.901560
—0.506562
2.591263
4.103505
—3.516734
—4.264266
4.185787
2.627927
—3.685067
—1.700754
4.121595
5.492875
—5.325714
—5.455384
4.904791
4.764752
—5.408942
—4.187713
—2.346100
0.809605
0.509820
—3.872865
2.034745
5.713321
4.452298
3.628602
4.037301
5.311238
6.139526
6.358738
4.103330
2.647468
5.644241
7.125110
3.193115
1.922860
0.833614
0.043177
0.930558
—1.020898
0.412250
3.669537
0.115112
1.376491
—0.514724
—1.903501
0.505442
—0.754450
—0.346488

—0.841529
—2.371478
—0.791981
0.723864
1.834855
—2.264697
—1.625174
3.540353
—1.486119
—2.058542
0.875369
1.541480
3.079312
—4.001749
—3.308127
5.491780
—0.280405
—3.771297
—0.776696
3.469418
2.015444
—4.760414
—2.879349
5.458496
—3.628168
2.508939
0.506366
—2.109853
0.751055
2.080246
2.645298
2.183555
1.135992
0.582514
1.047196
2.444084
3.452653
2.634406
—0.234158
0.596984
0.589827
0.916971
1.747472
1.729385
2.789291
1.959454
2.541645
—0.191677
0.503917
0.073151
1.061833
1.478897
2.003619
—1.019178
—2.118463
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1.204242
2.812335
3.709052
1.989031
3.807256
4.307090
2.109340
1.262664
3.018166
4.502666
1.483244
3.104971
6.015117
6.344554
6.536276
7.192864
5.934744
7.396805
6.263787
7.714274
7.453279
7.823051
8.383342

INT3®

Thermal Correction to Free Energy = 0.868164

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —5890.97137747

au.

—0.463167
—2.492772
—3.188663
—3.135076
—4.569113
—2.641956
—4.511113
—2.572498
—5.224321
—5.135748
—5.024353
—6.306507
—0.462025
0.771818
—1.661337
0.789665
1.692681
—1.623746
—2.596114
—0.403121
1.742323
—2.551498
—0.378776

—1.090546
—0.754188
—1.560462
0.169239
—1.407347
—2.291447
0.320417
0.757724
—0.462418
—2.030569
1.052139
—0.340434
—0.354373
—0.914904
—0.831287
—2.016212
—0.498138
—1.925727
—0.338115
—2.520537
—2.482026
—2.314104
—3.383937

Cartesian Coordinates (Angstroms):

O000000000000000000O000T™T

—2.792223
—1.685569
—5.638797
—6.666058
—4.444340
—4.410827
—3.882608
—3.271227
—5.121669
—5.613445
—5.222565
—5.670746
—4.010960
—3.343410
—4.669793
—4.534330
—6.328927
—7.907969
—3.825655
—2.741189
—2.012657
—0.496868
—3.241410
—1.926180

1.638929
—1.504511
—2.375649
—0.501672
—0.465704
—1.084111

0.782160
—1.705459
—1.193297
—1.113012
—0.697069
—1.734371

1.282403
—2.353888

0.544133
—2.358671
—3.153684
—0.540560

1.710828

3.380697
—2.373043
—2.572221

1.365554

3.668630

0.087675
0.180739
—1.422756
0.709412
—0.805506
0.551632
—1.131959
1.087351
—1.808387
1.286435
—3.109143
2.535554
—2.434836
2.326642
—3.408923
3.041478
—2.356390
1.348526
1.593019
—0.490764
—1.392288
1.063182
2.815301
—1.596767
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—1.570692
—0.099421
—5.174024
—3.384035
—2.704038
0.199031
—3.993548
—1.793466
—1.817053
0.956648
—5.919771
—3.236273
—2.941235
1.269771
—5.332071
—2.449043
—2.501191
1.649831
—3.595156
—2.466045
—4.757264
—4.583501
—6.657988
—7.215676
—8.613185
—8.261695
—2.191640
—1.361131
—1.039573
—0.595079
—5.642865
—3.996504
—3.065423
—0.066957
—3.533076
—1.150559
—1.473731
1.275678
—6.968968
—3.739988
—3.474766
1.830765
—5.921895
—2.332733
—2.691414
2.513366
—5.728570
—6.594836
—0.940854
—5.680421
—7.880244
4.411845
4.088706
2.921321
2.047110

—1.787721
—2.190804
2.087486
4.437519
—3.589542
—3.598579
1.394769
4.973033
—2.411331
—2.834370
2.131646
5.746907
—4.215054
—4.229306
1.781125
6.017597
—3.625119
—3.851866
2.257449
—2.858908
0.941531
—2.860108
—4.057428
—2.627471
—0.009750
—1.576952
1.059859
2.864197
—0.833709
—1.351397
2.327787
4.244479
—4.038290
—3.880043
1.111278
5.176197
—1.945410
—2.505429
2436071
6.561243
—5.168617
—4.999701
1.807832
7.044522
—4.116872
—4.320068
—1.268547
—1.740401
0.534201
—3.450332
—0.035281
5.021705
3.797852
3.128611
3.666311

—2.582653
2.355411
1.554678
0.163264

—1.432334
0.416287
3.987623

—2.062415

—3.803818
2.990525
2.729168

—0.294314

—2.653100
1.049653
3.945646

—1.411134

—3.839710
2.334063

—2.688124
2.730851

—4.422987
4.011104

—1.827522

—2.751969
0.696113
1.491056
2.834785

—2.072525

—2.541972
2.851667
0.597443
1.045407

—0.503759

—0.604200
4.936765

—2.921887

—4.730179
3.981299
2.695241
0.232321

—2.680420
0.516892
4.865301

—1.765873

—4.797131
2.809539

—3.886529
3.112811
0.023105

—3.198937
2.329885

—1.208269

—1.798040

—1.446692

—0.487678



C 2370494 4.910803 0.078278
C 3542644 5577422  —0.269562
H  5.328697 5546302 —1.489111
H 4748948 3.360905  —2.552843
H  2.683552 2173003  —1.915771
H  1.686936 5.353308 0.808641
H  3.776985 6.540741 0.191390
C  0.795598 2998794  —0.110214
C 0494124 1.699931  —0.236213
C 0.959702 0.393873  —0.490781
C 1866213 —0.324081  0.488282
H  1.034037 0.046168  —1.530936
H 1717220 0.068293 1.504629
H 1635949 —1.398844  0.524011
H  0.023878 3.667457 0.289189
C 3350087 —0.236855  0.225722
F  3.818202 1.032627 0.179982
S 4232926 —-1.073899  1.660972
O 4416122 2485735  1.330303
O 3494812 —0.669825  2.856322
S 3737630 —1.012664 —1.417251
O 3413312 0.010325  —2.410787
O  3.000657 —2.318564 —1.440498
C 5497889  —-1.220135 —1.463359
C 6.298405 —0.092366 —1.648174
C 6.024577 —2.506526 —1.396447
C 7674788 —0.266747 —1.749100
H 5843711 0.898059  —1.709355
C 7403229 —2.665129 —1.516539
H 5350047 —3.350792 —1.245223
C 8222629 —1.549313 —1.690137
H 8322737 0.602090  —1.881426
H 7839859 —3.665535 —1.475040
H 9303667 —1.680294 —1.781167
C 5830498 —0.297596  1.748349
C  5.931905 1.054822 2.079639
C 6953522 —1.102051  1.582528
C  7.198827 1.617314 2.192649
H  5.034872 1.655015 2.234120
C 8215147 —0.528606  1.717582
H 6824080 —2.158834  1.345614
C  8.336651 0.828355 2.011132
H  7.297875 2.678161 2432311
H 9106230 —1.146326  1.586892
H  9.328165 1.277271 2.107391

3a®

Thermal Correction to Free Energy = 0.311749
au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —2083.75296017
au.

Cartesian Coordinates (Angstroms):

C -8201116  0.462215 0.393920

C -7.213630 —0.152134  1.167547

C 5930502 —0.321862  0.662540
C —5.606733 0.120470  —0.629864
C -6.605510 0735101 —1.397312
C -7.891772 0.904810 —0.890296
H -9.209213  0.594367 0.793631
H —7.448799 —0.502293  2.175602
H 5159132 —0.803854  1.268673
H -6.366229 1.083341  —2.405773
H -8.657274 1386231 —1.503655
C —4.259200 —0.042342 —1.193609
C —3.230789 —0.593160 —0.587155
C 2217325 -—1.141128  0.032375
C -1.256418 —0.355690  0.884059
H —2.035238 —2.217322 —0.075502
H -1.063474 —0.874345  1.835997
H —-1.659667 0.641613 1.111097
H —4.107244 0332801 —2.213616
C 0.089739 —0.127529  0.219812
F  —0.025332 0556763  —0.943092
S  1.091376 0.920434 1.396256
O 1654811 0.013244 2.391325
O 0.187706 2.002500 1.776280
S 0842917  —1.782473 —0.191342
O 0308647 —2.096130 —1.512407
O 0589418 —2.636239  0.963440
C 2589071  —1.552897 —0.367094
C 3072192 -1.023521 —1.563709
C 3431102 —-1.995269  0.649563
C 4448553 —0.916509 —1.732585
H 2373445 —0.715684 —2.343459
C 4806974 —1.895077  0.457782
H 2998086  —2.403880  1.563913
C 5310720 —1.356879 —0.726739
H 4851124  —0.498189 —2.657284
H 5489276  —2.243044  1.236445
H 6391341 —-1.282037 —0.870339
C 2407184 1.638354 0.446492
C 2113573 2.539059  —0.578946
C 3714161 1.366792 0.840165
C 3169619 3134082  —1.261066
H  1.078199 2.764665  —0.834762
C  4.759290 1.986477 0.160711
H  3.892825 0.676188 1.665276
C 4487834 2.857644  —0.892821
H 2962357 3.830812 —2.076112
H  5.790873 1.783078 0.455454
H 5311284 3.336250  —1.428108

3a°

Thermal Correction to Free Energy = 0.311755
au.

Electronic Energy at the
PBEO-D3(BJ)/def2-TZVP/PCM(ethanol) Level
=—2083.75295775 a.u.

Cartesian Coordinates (Angstroms):



8.201348 0.462389 0.393569

7213950 —0.151703  1.167517

5930762 —0.321595  0.662713

5.606847 0.120298  —0.629805
6.605532 0.734680  —1.397573
7.891853 0.904560  —0.890759
9.209494 0.594667 0.793116

7449238 —-0.501532  2.175660

5159456  —0.803374  1.269100

6.366135 1.082588  —2.406124
8.657282 1.385781  —1.504367
4250262  —0.042743  —1.193370
3.230855  —0.593209 —0.586596
2217330  —1.140892  0.033094

1256348  —0.355216  0.884485

2.035308 —2.217140 —0.074377
1063258 —0.873683  1.836494

1.659595 0.642125 1.111361

4.107251 0.331976  —2.213526
—0.089712 —0.127139  0.219994

0.025571 0.557160  —0.942892
—1.091652  0.920670 1.396228

—1.654910  0.013353 2.391290

—0.188258  2.002956 1.776293

—-0.842614 —1.782178 —0.191367
—0.308287 —2.095580 —1.512478
—0.588940 —2.636030  0.963332
—2.588804 —1.552884 —0.367059
—3.072035 —1.023515 —1.563636
—3.430745 —1.995483  0.649574
—4.448417 —0.916784 —1.732508
—2.373360 —0.715496  —2.343380
—4.806639 —1.895561  0.457801
—2.997649 —2.404087  1.563891
—5.310494 —-1.357399 —0.726689
—4.851070  —0.498495 —2.657185
—5.488869 —2.243722  1.236441
—-6.391131 —1.282787 —0.870285
—2.407579  1.638244 0.446346
—2.114153 2538866  —0.579213
—3.714507  1.366471 0.840050
—3.170317 3133588 —1.261415
—1.078825  2.764647  —0.835061
—4.759756  1.985877 0.160525
—3.893038  0.675924 1.665236
—4.488477  2.856949  —0.893129
—2.963192  3.830249  —-2.076555
—5.791299  1.782321 0.455302
—5.312018  3.335333  —1.428475
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TSal

Thermal Correction to Free Energy = 0.601176
au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —3962.03632786

69

au

Imaginary Frequency = 365.6466i cmt
Cartesian Coordinates (Angstroms):
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1.668178
—1.516887
—1.112637

1.165930

0.254137
—0.184225

1.179619
—1.048769
—0.231850

0.326877

0.183788
—0.015119

1.622897
—1.382802

1.117785
—0.868991
—1.624296

1.723436

2.395859

2.916482
—2.267134
—2.935787

2.002478

2.603837
—1.942678
—2.797129

3.320225

4.076299
—3.112793
—4.122252

2.530522

3.696367
—2.468215
—3.820239

3.851191

4.998527
—3.649195
—5.145379

3.455640

4.822411
—3.328626
—4.995961

2.371191
—2.040881

1.456373
—1.130490
—2.302728
—0.825329

2.368681

0.948612

1.260624

2.002187

—0.528036
—0.480916
3.249808
3.841001
1.546010
1.963407
0.512475
1.211066
2.270801
3.182566
1.954756
3.635046
0.224036
1.669167
0.938733
2.871979
4.024755
5.050717
0.639299
—1.700841
—0.180992
—0.913719
0.554137
—2.813728
—1.073411
—2.082861
1.614630
—1.827842
0.899893
—0.175721
1.433592
—3.736680
—0.900646
—2.508281
2.488261
—2.826832
1.064142
—0.601173
2.399551
—3.775402
0.164759
—1.767485
—0.554193
1.073527
0.708705
3.224044
4.757135
4.564273
5.400093
5.813255
—0.196082
—2.537194

0.059833
0.514928
—1.958488
—0.096466
—1.134250
0.230368
—1.357282
1.045444
—2.241811
0.725152
—3.536825
2.001484
—2.654037
2.327158
—3.731487
2.793353
—3.002539
0.326705
1.251856
—0.360688
—1.135443
1.596732
2.590544
—1.287376
—2.162898
2.352423
0.859610
0.445890
—1.408892
1.697098
3.533177
—1.580635
—3.440870
3.198842
1.804503
0.234876
—2.683352
2.539771
3.140891
—0.818644
—3.700971
3.292605
—2.808975
2.961868
—4.744624
3.794263
—2.546281
—3.541226
—0.489531
0.521341
2.877209
—2.169965
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—1.247958
—1.874247
3.614385
4.270723
—3.320467
—4.250247
2.212102
3.557440
—2.198668
—3.698003
4.580685
5.904494
—4.314872
—6.067777
3.872104
5.600183
—3.745435
—5.802034
—0.208370
0.390424
0.075486
—2.192824
2.335934
—-1.711710
—0.285177
—1.719927
—2.268058
—2.235696
—0.303341
0.215303
0.426411
1.725004

INTal

Thermal Correction to Free Energy = 0.602178

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —3962.05532297

au.

—1.889322
—2.662723
1.689514
—1.078822
1.642096
0.740320
1.369120
—4.453146
—1.597618
—3.424259
3.242556
—2.858676
1.906882
—0.019366
3.088659
—4.517525
0.300274
—2.098969
2.499429
4.569653
—1.833193
3.412959
4.920717
—4.619828
—4.433053
—5.028491
—5.308621
—3.651622
—4.050432
—5.422093
—3.584092
—3.415813

—1.945919
2.251648
—0.189989
1.217402
—0.635104
1.117837
4.576185
—2.395540
—4.237797
3.781783
1.498437
0.844923
—2.886999
2.609778
3.880007
—1.014512
—4.702168
3.951870
—4.395126
2.387488
0.432140
—3.724791
1.235957
—0.382398
—0.860018
0.639810
—1.038074
—0.358671
—1.906123
—0.907848
—0.019711
—0.680944

Cartesian Coordinates (Angstroms):

P
P

@)

O0000000000O0

—0.965840
1.430854
—1.526367
—3.514147
—1.364300
—1.232709
—1.407675
—0.061266
—1.580866
—2.423335
—1.824203
—2.443976
—1.685771
—0.096895
—1.886155

—1.345793
0.678563
3.291799
2.090638
1.094911
1.633837

—0.286282
1.606195
1.980192
2.133265
1.485749
2.604402

—0.783049
2.078014
0.110383

—0.038013
—0.537095
1.880910
—0.066874
1.108793
—0.278362
1.359359
—1.061033
2.181423
—0.854899
3.465585
—2.168846
2.637854
—2.382337
3.682428
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—1.275278
—1.745133
—4.747934
—2.301202
—0.185923
1.834349
2.816652
—-1.972214
0.250552
2.526521
3.744963
—3.641453
—0.654855
1.540479
3.021831
—2.979174
—0.664840
2.911459
4.865628
—4.643835
—1.108283
1.924302
4.137595
—4.314279
—1.252842
2.605945
5.058945
—1.750412
0.804968
—2.097131
—1.290258
—1.662230
—2.751176
—5.485108
—4.740829
—0.919717
0.389533
2.769779
3.585992
—3.894220
—0.693612
0.984258
2.305323
—2.718946
—0.783894
3.452538
5.594253
—5.690635
—1.458579
1.692054
4.294246
—5.103933
—1.867449
2.904217
5.936031

2.573334
4.231109
2.497032
—1.242635
—2.929989
1.237130
1.362635
—1.158523
—3.343780
0.326811
0.434653
—1.188240
—4.046367
2.516651
2.735006
—1.031713
—4.372013
0.696354
0.888470
—1.057902
—5.187475
2.877760
3.175997
—0.980138
—5.276847
1.968301
2.251461
—1.859948
2.037054
—0.264094
2.932883
5.220735
4.127978
2.352325
3.562475
—1.167455
—2.473185
—0.660503
—0.631449
—1.234491
—3.926759
3.221450
3.459784
—0.959974
—4.424486
—0.014875
0.166760
—1.020147
—6.013532
3.877787
4.245974
—0.876861
—6.079351
2.254865
2.601009

—2.922992
2.894055
—0.585743
—1.249792
0.258115
1.153999
—1.506771
—2.607330
1.654177
1.961702
—1.993790
—0.850002
—0.570213
1.633207
—1.701796
—3.560719
2.253511
3.248790
—2.691621
—1.807288
0.002662
2.922386
—2.406131
—3.161793
1.447304
3.732035
—2.904229
2.801771
—2.994745
4.686822
—3.954585
2427167
3.337182
0.214276
—0.875582
—2.903295
2.310854
1.553619
—1.774913
0.212007
—1.656947
1.010795
—1.306425
—4.619245
3.340433
3.877569
—3.069154
—1.495466
—0.621416
3.297922
—2.563967
—3.910147
1.865227
4.743619
—3.454971
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—1.977114
—3.365996
1.036077
—0.991468
—5.041500
4.038765
3.171057
4.896462
4.421976
3.465764
2.323430
3.765435
2.756495
1.256862

TSbl

Thermal Correction to Free Energy = 0.736875

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —4347.59769388

au.

2.167819
2.979672
—1.479978
4.150085
1.887261
—3.536186
—3.411001
—2.848226
—4.561429
—3.261773
—4.127077
—3.766175
—2.111550
—3.798460

4.301625
—2.611458
—0.476552

3.696999
—1.457916

0.835626
—0.409409

0.767655

0.970773

1.737159
—0.330258
—1.281414
—0.614876

1.557765

Imaginary Frequency = 1110.0593i cm*
Cartesian Caoordinates (Angstroms):

OO0OO0OITOOIOOOITIOOIOOOOOIOOIOOOOIOOO0OTT

—0.758564
0.075656
—4.317545
—0.846930
—2.035468
—2.987055
—2.011949
—0.804367
0.382290
0.360800
1.289364
—1.313468
—0.537159
0.367202
—0.924536
—2.084764
—2.862793
—2.480503
—3.101810
—0.838703
—1.601843
—1.675390
—2.275489
—2.208592
—0.787752
—0.235140
1.315380
1.476852
0.796945
2.512065
3.395762
3.249461

1.646255
—1.519528
—2.070356

3.281676

3.895437

3.366856

5.174301

5.859115

5.256678

3.973102

3.490503

2.082008

1.675185

1.089143

2.005341

2.745213

3.151837

2.821370

3.138084
—2.565648
—3.661481
—3.884971
—4.452685
—4.149744
—2.262772
—1.383701
—2.666411
—3.995807
—4.430186
—4.772206
—4.234075
—2.906472

—0.458433
0.017391
—0.241490
—1.287961
—1.705751
—1.615438
—2.257375
—2.392288
—1.979378
—1.437755
—1.124098
1.241756
2.331804
2.148606
3.628211
3.847192
2.762611
1.465478
0.626551
—1.184276
—0.757596
0.309594
—1.683613
—3.044970
—2.547753
—2.879532
0.724109
0.315654
—0.419212
0.835476
1.768231
2.170079
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2.227523
2.149534
—2.762654
—2.151551
—2.488663
—1.983896
—3.463833
—3.723298
—4.117740
—3.765740
—5.330534
—6.207442
—5.631467
—1.198348
—0.949312
—0.021073
—1.883286
—1.684705
—3.070982
—3.330069
—2.399019
1.012651
—4.442994
—4.974657
—5.412258
—5.825579
—5.010504
—6.219280
2.136292
1.874978
1.283634
1.741004
—4.878491
—3.783173
—1.469428
3.221806
4.089047
2.176853
2487823
1.565119
3.187449
3.415768
4.134191
2.551007
—2.860029
—2.739366
—1.428893
2.628195
4.207658
3.952124
—3.772637
—0.315025
—2.384838
—2.945064
—0.789128

—2.121883
—1.066256
—0.334763
0.682667
0.857404
1.621926
0.063025
0.205849
—0.919432
—1.121322
—2.877501
—2.282329
—3.562615
—1.334726
—1.707757
—2.220581
—1.424416
—1.718452
—0.765033
—0.397558
—0.680411
0.475616
0.251459
—3.470261
0.572510
—0.330016
1.245060
1.089917
—0.250833
—1.276368
0.848923
1.836716
—1.538218
—0.535800
—3.049848
—0.079315
0.075164
0.908055
2.253142
2.861039
2.449852
3.513120
1.889217
2.093354
—5.310314
—4.770763
—2.794564
—5.806958
—4.844273
—2.468328
3.734822
1.674503
3.007432
5.639514
6.862436

1.643602
1.918688
—0.406443
—1.157454
—2.509237
—3.101832
—3.093860
—4.145608
—2.353864
—1.019181
—0.766425
—1.076907
0.036444
1.329009
2.655501
2.910982
3.643845
4.677448
3.337927
2.015879
0.997274
—0.675348
1.623268
—1.626895
2.577268
3.061421
3.355238
2.042671
—2.219765
—2.508647
—2.575004
—2.700867
—2.828395
4.129900
—3.474103
—1.404102
—0.471951
0.974650
1.209673
1.197345
2.541262
2.717162
2.574443
3.366423
—1.340689
—3.771079
—4.535550
0.503507
2.171308
2.883196
2.926943
4.472434
4.864959
—2.584569
—2.824817
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1.333232
3.129819
0.478716
3.236270
5.540560
6.360604
6.157357
7.745275
5.889913
7.544546
5.526314
8.344102
8.366353
8.005035
9.432689

INTb1

Thermal Correction to Free Energy = 0.741672

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —4347.62601041

au.

5.783990
2.644838
0.651727
0.412378
0.111856
0.135783
0.120116
0.170123
0.129904
0.149834
0.094077
0.177071
0.190759
0.152961
0.203594

—2.085689
0.390639
—3.293201
0.492654
—0.380303
—1.522481
0.880505
—1.403720
—2.508648
0.999395
1.772030
—0.142065
—2.302965
1.990548
—0.050915

Cartesian Caoordinates (Angstroms):

OO0OO0OITOOIOOOITIOOIOOOOOIOOIOOOOIOOO0OTT

—0.587594
—0.017854
—4.233351
—-0.362114
—1.364398
—2.345540
—1.112362
0.139258
1.142072
0.894672
1.682224
—1.555414
—1.099099
—0.188811
—1.804818
—2.961552
—3.420756
—2.722718
—3.097641
—0.727878
—1.734040
—2.137801
—2.230547
—1.743042
—0.247471
0.522073
0.990202
0.959667
0.287769
1.793880
2.663268
2.703918

1.699421
—1.618639
—1.869838

3.320532

4.008910

3.551710

5.272354

5.866056

5.188379

3.920254

3.380524

2.168337

1.766366

1.157826

2.135855

2.905225

3.302153

2.933988

3.240754
—2.717120
—3.649853
—3.712272
—4.481993
—4.381936
—2.624198
—1.889529
—2.762723
—4.157326
—4.629640
—4.952172
—4.364480
—2.976015

—0.349588
0.173143
—1.066798
-1.176772
—1.873131
—2.018483
—2.402386
—2.238475
—1.548305
—1.026257
—0.492474
1.138688
2.398100
2.449529
3.541070
3.436820
2.179812
1.033447
0.055957
—1.117028
—0.829865
0.183396
—1.829787
—3.133626
—2.427918
—2.668990
1.189255
1.063046
0.344056
1.847264
2.764987
2.886796
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1.884094
1.933605
—2.591519
—1.782629
—1.787225
—1.137655
—2.618692
—2.615238
—3.467323
—3.458114
—5.155689
—5.888486
—5.685313
—1.505170
—1.554060
—0.717093
—2.667764
—2.703784
—3.743847
—3.699581
—2.576049
1.324062
—4.680230
—4.657486
—5.830018
—6.359397
—5.596429
—6.486833
2.534335
2492738
1.586871
1.834375
—4.117440
—4.602882
—0.752817
3.204205
4.324005
1.629257
2.084407
1.320441
2.452956
2.812406
3.242983
1.581085
—3.007203
—2.136570
—-0.372170
1.764230
3.316759
3.393147
—4.327331
—1.445409
—3.509344
—1.900600
0.333213

—2.171487
—1.075939
—0.224864
0.776367
0.983030
1.740269
0.229976
0.394948
—0.731597
—0.954635
—2.594450
—1.930685
—3.255119
—1.292208
—1.644707
—2.179741
—1.313194
—1.589621
—0.631474
—0.271909
—0.591525
0.548131
0.403286
—3.212547
0.750144
—0.141132
1.419177
1.280950
—0.218206
—1.301336
0.642621
1.699351
—1.312207
—0.371246
—3.448023
0.230619
0.313569
0.814339
2.060245
2.857804
2.056242
3.045090
1.313950
1.784766
—5.212783
—5.033413
—3.357092
—6.039181
—4.990079
—2.507674
3.906249
1.813033
3.198653
5.797540
6.857755

2.097614
2.173061
—0.828674
—1.391485
—2.780622
—3.221602
—3.596303
—4.676389
—3.052241
—1.675335
—1.826873
—2.318631
—1.128620
1.198905
2.552983
3.004199
3.314204
4.370818
2.750695
1.402370
0.615042
—0.148733
0.772865
—2.593624
1.487414
1.868465
2.333758
0.786228
—1.576936
—1.761228
—2.166016
—2.306391
—3.705760
3.368247
—3.431836
—0.448139
0.263001
1.690338
2.077239
1.911222
3.551724
3.879128
3.749513
4.167872
—1.589784
—3.918004
—4.451872
1.737296
3.378349
3.594186
2.091035
4.521186
4.336183
—2.947308
—2.654214
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2.126483
2.973867
0.867750
4.220185
5.687612
5.969835
6.764357
7.278213
5.145990
8.074868
6.559726
8.338735
7.476305
8.896846
9.366509

TScl

Thermal Correction to Free Energy = 0.860133

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —5890.90451436

au

5.644034
2.384737
0.233304
0.530615
0.151153
—0.062735
0.202734
—0.230802
—0.088562
0.034775
0.373220
—0.184171
—0.395961
0.075662
—0.314318

—1.418756
1.490974
—2.880483
1.331445
—0.245382
—1.605377
0.654285
—2.042597
—2.322512
0.216014
1.714766
—1.135084
—3.104743
0.935123
—1.482139

Imaginary Frequency = 825.6938i cm !
Cartesian Coordinates (Angstroms):

O0000000000000000000000000000TT

1.742959
1.352888
4.909733
5.979585
3.478855
3.937191
2.554087
3.133833
4.024852
5.269984
3.633196
5.784945
2.157100
3.668114
2.697271
4.977865
5.499748
7.326874
3.158476
0.971061
1.512123
0.776236
3.103284
—0.418937
0.779716
0.700725
4.295501
1.687193
2.394916
0.303851
4.159287

—0.216059
0.349486
—2.342328
—0.672429
—1.470649
—0.124379
—1.668568
0.772715
—2.599802
0.234868
—3.887939
1.466581
—2.961912
1.994811
—4.058283
2.334729
—3.409693
—0.419191
0.805139
—0.864625
—1.264051
1.487071
2.189392
—1.025680
—2.375415
2.856204
0.241355
—1.176868
—1.386977
1.031309
3.000787

1.700255
—1.543391
—1.728033

0.443152
—0.101182
—0.548112

0.937215
—1.276275
—0.747859
—0.255242
—0.377235
—0.661860

1.299125
—1.702656

0.639867
—1.390215
—2.410363

0.713048

2.255152

3.227561
—2.393853
—2.854823

2.056903

3.213442
—1.970675
—2.561296

2.847368

4.390527
—3.475478
—4.090510

2.464755
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—1.083684
0.919708
0.234405
5.342666
1.019466
2.521584

—0.187235
5.276474

—0.366959
1.782316

—0.207353
1.424217
3.061539
2.387468
5.382524
6.177518
6.083370
7.706932
7.912017
2.231413

—0.998183
0.113428
0.978995
4.379783
2.768466
2.989336
0.301591
4.110262

—2.171084
0.348233
0.179795
6.221916
1.585542
3.204428

—0.560845
6.102761

—0.887500
1.882230

—0.589494
4.041399
6.808090
0.377490
4.746962
7.456923

—2.552952

—1.908412

—1.428025

—1.573480

—2.209529

—2.700280

—2.936413

—1.785112

—0.934386

—2.304080

—3.191226

—1.499312
—3.593748
3.759715
1.056506
—1.650355
—2.602330
1.936329
2.436988
—1.813141
—3.709038
3.301548
—3.100699
2.680854
—5.067938
3.293198
—2.969502
—4.056370
—1.293021
—0.292806
2.621204
—0.771919
—2.285374
3.216839
—0.843396
—1.038010
—0.526447
—0.036283
4.078904
—1.592609
—4.459505
4.821531
0.609070
—1.884974
—2.687302
1.566264
3.074342
—2.175025
—4.664353
4.008007
—4.759836
1.751198
0.808255
—4.023112
0.478036
5.893140
5.900138
4.716288
3.496876
3.505630
4.690577
6.823711
6.838426
4.722168
2.573947
4.672662

4.342863
—2.631779
—3.510919

3.268521

5.517020
—4.141063
—5.029899

3.078629

5.495030
—3.719627
—4.751196

2.095502
—2.292526

0.920064
—1.724054
—3.152950
—1.731344

1.257846
—0.214860

1.558303

2.324437
—1.113650
—1.567970

2.943049

4.429050
—3.792740
—4.313418

2.295657

4.306302
—2.289092
—3.261935

3.738860

6.421889
—4.990223
—5.987717

3.403302

6.385520
—4.241649
—5.492118
—0.887386
—0.418725

0.397229
—2.934775

1.343197
—1.191839

0.047656

0.594819
—0.088724
—1.338869
—1.880076
—1.617750

0.594818

1.568737
—1.897419
—2.856371
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—1.043156
—0.418314
—0.392431
—1.505947
0.554062
—1.473189
—2.473754
—3.087195
—1.765389
—3.890231
—2.365127
—1.338938
—1.982551
—3.972920
—4.138798
—3.313425
—5.594617
—6.473337
—5.950153
—7.724198
—6.172524
—7.209100
—5.238072
—8.089979
—8.422880
—7.500992
—9.075032
—3.548361
—4.564465
—3.464734
—5.521002
—4.593173
—4.419685
—2.659807
—5.444476
—6.329088
—4.365383
—6.194473

INTcl

Thermal Correction to Free Energy = 0.863657

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —5890.92096493

au.

2.246810
1.950708
2.329363
2.689879
2.221336
2.899408
2.728790
0.483218
1.280246
0.997032
—1.024197
—1.360792
—0.775247
0.500547
1.908790
—0.435396
—0.133504
0.641208
—1.392348
0.117977
1.635726
—1.898619
—1.953522
—1.149086
0.707234
—2.885702
—1.552080
—2.345398
—2.332152
—3.334727
—3.341587
—1.540138
—4.349469
—3.289434
—4.350799
—3.344380
—5.141586
—5.145303

0.462010
1.605473
2.989581
3.654919
3.532750
4.727656
3.144616
—0.296799
—0.019854
—1.274582
—0.841215
0.161365
—2.232745
1.246508
1.604285
2.159880
0.882123
0.123699
1.358694
—0.190101
—0.208493
1.046341
1.964854
0.267661
—0.788407
1.411539
0.020125
—-0.836140
—1.792353
0.140539
—1.762690
—2.542907
0.145244
0.876484
—0.800831
—2.497348
0.895755
—0.788183

Cartesian Coordinates (Angstroms):

P

O000O0000 T

1.767206
1.475563
4.580398
5.927507
3.319182
3.967253
2.375662
3.283536
3.673657

0.514509
—0.155801
—3.103148
—0.887244
—1.518787
—0.505355
—1.203680

0.139785
—2.870894

1.636855
—1.602803
—0.698181

0.790175

0.462521
—0.416643

1.454874
—1.460253

0.267483
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5.336406
3.082615
5.999511
1.784565
3.958439
2.139684
5.304587
4.970778
7.299409
3.273078
0.976629
1.390068
0.964252
3.323700
—0.397493
0.471166
1.007267
4.369314
1.666241
2.243866
0.389386
4.455942
—1.068264
0.391261
0.520986
5.493119
0.988587
2.157616
—0.105533
5.538984
—0.377397
1.228899
—0.035062
1.045582
3.433057
1.675416
5.828159
5.701976
5.447035
7.566924
7.888289
2471133
—0.968233
—0.165657
1.397689
4.353852
2.729270
2.979462
0.303609
4.492700
—2.143642
—0.335445
0.548056
6.342057
1.531413

—0.231672
—3.877260
0.681941
—2.216998
1.036327
—3.541736
1.304291
—4.419662
—0.718386
1.532285
0.575736
—1.950258
0.629511
2.750879
0.310718
—2.735831
2.029866
1.123395
0.919904
—2.543471
—0.100931
3.557271
0.366557
—4.103682
2.682377
1.938793
0.977586
—3.909806
0.557859
3.154566
0.697637
—4.690926
1.945765
—1.961619
1.518873
—4.332369
2.008092
—4.368760
—4.890266
—1.360228
—1.026031
3.054700
0.082648
—2.268845
2.619717
0.151372
1.163346
—1.933624
—1.185711
4.503573
0.178150
—4.707341
3.773012
1.620058
1.253670

—0.225848
1.034242
—1.048132
2.220180
—2.296681
2.002121
—2.081108
—0.964644
1.001478
1.762505
3.279311
—1.910910
—3.170506
1.077948
3.337649
—1.211221
—3.257573
2.532490
4.448725
—2.850217
—4.214159
1.168601
4.557297
—1.462732
—4.385257
2.631220
5.664289
—3.100561
—5.338625
1.948157
5.720860
—2.408773
—5.430929
2.980932
—3.120835
2.596181
—2.732474
—1.781382
—0.086561
1.850536
0.119716
0.464073
2.433975
—0.460712
—2.423675
3.030669
4.415482
—3.380877
—4.137637
0.624255
4.559879
—0.913874
—4.432350
3.241086
6.571651
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2.818364 —4.368607 —3.840430 H —-2.060860 —2.756704  1.413972
—0.562425 —0.022741 —6.143395 C 4477607 —4.645552 —0.110117

6.425158 3.789710 2.021909 H 5558862 —4.068718 —1.890713
—0.906218  0.755033 6.675769 H -3.265150 —4.954684  1.651127

1159979  —5.762935 —2.611171 H —5.009160 —5.594231 —0.003768
—0.432934 2458628 —6.309696

3.342569  —4.922899  0.872577 TSd1R

7.053715 0.908461  —0.891612 Thermal Correction to Free Energy = 0.866336
0.465827 0.975584 0.022764 au.

4116483  —5.038320 —1.288997 Electronic Energy a the PBEO-D3(BJ)/def2-
7.549483 0.327489 1.251498 TZVP/PCM(ethanol) Level = —5890.90467182
—-3.075065  5.194237  —2.890355 au.

—2.472438 5651167 —1.716185 Imaginary Frequency = 51.5531i cm?

—1.766655  4.772644  —0.902505 Cartesian Coordinates (Angstroms):

—1.653586  3.41939%  —1.255610
—2.263640 2965402  —2.434036
—2.969368  3.849788  —3.243365
—3.631851  5.887474  —-3.525731
—2.556289  6.703039  —1.431820
—1.299186  5.125965 0.018479
—2.194251 1.906650 —2.696921
—3.444890  3.481940 —4.155752
—0.898492 2480412  —0.430364
—0.314688  2.487383 0.761765
—0.399556  3.262358 1971371
—-1.571198  3.567810 2.553466
0.540847 3.528084 2.469842
—1.592913  4.109297 3.503025
—2.526910  3.246017 2.125565
—3.395746  0.657531  —0.144411
—0.766410  1.510681  —1.043979
—4.280223 0920643  —1.158420
—2.355135 —0.644013  —0.528757
—1.246829 —0.664743  0.460056
—-1.997818 —0.487992 —1.950655
—4.192447  0.693118 1.395438
—4.669133  2.058809 1.622626
—3.328597  0.032225 2.383372
—5.647961 —0.321178  1.211939
—6.700612  0.137168 0.418277
—5.676205 —1.585252  1.797062
—7.787887  —0.702332  0.192077
—6.656887  1.139602  —0.009798
—6.772769  —2.412811 1.568923
—4.838434 —1.898545  2.421087
—7.823512 —1.975625  0.763010
—8.617543  —0.358089 —0.430115
—6.803506  —3.406860  2.021082
—8.680233  —2.629414  0.581863
—3.128547 —2.242784 —0.383676
—4.108794 —2.585032 —1.316576
—2.824734  —3.074643  0.692540
—4.785507 —-3.791400 —1.170870
—4.327946  —1.905776  —2.142616
—3.499504 —4.288011  0.817498

—2.438035 —0.922078  1.474031
—1.893888 1425632  —0.823072
—5.428450 —0.476814 —2.668351
—4.039688 —3.058667 —2.055287
—4.166798 —0.717186 —0.721143
—3.003328 —1.015948 —1.603959
—4.079217 —0.708553  0.681857
—1.936388 —0.121335 —1.801999
—5.413389 —-0.451093 —1.324137
—2.976400 —2.259221 —2.266528
—6.533987 —0.159522  —0.542128
—1.883845 —2.615609 —3.060376
—5.205789 —0.417795  1.461640
—0.847434  —0.479415 —2.603126
—6.420125 —0.143085  0.845169
—0.824973  —1.725851 —3.21489%4
—6.638994 —0.278984 —3.340143
—4.101572  —4.291856  —2.712225
—1.835898 —2.510905  0.826325
—2.830636  —1.202649  3.240435
—3.500970  2.222403  —1.129825
—0.653183 2520171  —1.589390
—0.487293 —2.610682  0.477886
—2.723156  —0.109752  4.108552
—4.203376 2767322  —0.050685
0.699866 2222057 —1.361780
—2.681287 —3.619508  0.675885
—3.235751 —2.440608  3.751667
—4.036230  2.309678  —2.421032
—0.995679  3.686226  —2.284156
0.026793  —3.818943  0.012381
—3.041134  —0.241609  5.457785
—5.429270  3.395443  —-0.257297
1.690764 3.064876  —1.855963
—2.160737  —4.825937  0.217675
—3.542347 —2.574692  5.104001
—5.255713 2948616  —2.626017
0.003296 4532307  —2.762048
—0.806080 —4.928036 —0.110139
—3.452017 —1.476026  5.957740
—5.954320 3488954  —1.545075

OO0O000000000000000000000000000000000O00O0000T™T
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1.345400 4221950  —2.551977
—5.128948 —0.410841  2.550082
—0.007274  0.203094  —2.726978
—7.298815  0.085319 1.452998

0.038051  —2.014307 —3.818821
—6.419810 —0.366655 —4.411833
—7.387602 —1.041868 —3.063578
—5.048832 —4.758620 —2.413108
—4.092632 —4.169731 —3.809582

0.168353  —1.740873  0.533051
—2.367995  0.848094 3.720223
-3.791617  2.678255 0.958098

0.996152 1331995  —0.797595
—3.750066  —3.529862  0.884241
—3.296503 —3.311260  3.097163
—3.500351 1862891  —3.261886
—2.043783  3.945351  —2.444037

1086443  —3.872260 —0.243947
—2.950233  0.619788 6.123353
-5.978709  3.808671 0.591477

2.735255 2.821951  —1.655325
—2.817458 —5.693218  0.111680
—3.847380 —3.548404  5.494397
—5.665781  3.023808  —3.636198
—0.273158  5.444464  —3.296513
—0.402832 —5.878770 —0.468111
—3.689779 —1.585783  7.018485
—6.914060  3.985381  —1.708353

2.126120 4893425  —2.917292

2988465  —1.192891  0.172062
2.858154  —2.228019  1.200378
1772904  —0.669902 —0.485436
5.312262 0.167771 1.598099
5.525648 1.519989 2.124829
5348778 —1.000934  2.478123
6.532315 —0.069155  0.320979
6.870379 1.006931  —0.500133
7.053467  —1.342943  0.103158
7.738699 0.793454  —1.567326
6.456943 1994216  —0.289030
7.925318  —1.542134  —0.964007
6.769255  —2.153342  0.776642
8.263621  —0.478386 —1.800296
8.013890 1626886  —2.218266
8.340041  —2.536127 —1.146102
8.945187  —0.640805 —2.638836
3.965876  —1.906231 —1.139166
4.243983  —1.142547 —2.274499
4471963  —3.194801 —0.987013
5.048742  —1.687082 —3.269845
3836717  —0.134330 —2.365692
5258389  —3.736850 —2.001975
4243761  —3.745023  —0.071830
5549549  —2.983941 —3.138253
5286793  —1.096030 —4.157144
5654162  —4.750233  —1.899227
6.176533  —3.406861  —3.926865

ITTTOIOIOOOOIIIOITIOZTIOOOOOO0OMWLOOMm

—7.493753 0.061886 —1.007962 TSel

—1.845479  —3.590003 —3.546314 Thermal Correction to Free Energy = 0.867326
—1.209833  0.827782 1.182509 au.

—7.057440  0.723128 —3.141750 Electronic Energy a the PBEO-D3(BJ)/def2-
—3.268730 —4.953514  —2.418009 TZVP/PCM(ethanol) Level = —5890.90145084
2.592367 5.347247 0.791515 au.

3.160527 4.141379 1.197901 Imaginary Frequency = 270.4078i cm™!

2.356744 3.096884 1.642593 Cartesian Coordinates (Angstroms):

0.964008 3.238288 1.700763
0.403772 4.460087 1.285441
1.205149 5.499890 0.831762
3.225291 6.166130 0.440700
4.241686 3.986829 1.173842
2.831362 2.158332 1.917545
—0.683603  4.580536 1.300620
0.744663 6.434722 0.503136
0.044359 2177746 2.132619
0.157854 0.824886 2.385361
1.088439  —0.149459  2.799140
2.346030 0.109348 3.250227
0.829296  —1.193860  2.608145
3.051580 —0.704471  3.432658
2.678276 1.118365 3.499839
—0.964292  2.593984 2.355283
3.766614 0.211995 0.814212
3.750340 1.217355  —0.130161

1.193541 0.876065  —1.259869
1811182  —0.550459  1.751211

5.809263 —1.009711 —0.050630
4357104  —1.906492  —2.458945
3.765233  —0.035036 —0.623684
3.207805 —1.412576 —0.490448
3.010728 1.092356  —0.998602
2385991  —1.823864  0.573111

5.152285 0.112219  —0.402544
3.580556  —2.365097 —1.463110
5.769714 1.356678  —0.531458
3.134957  —3.685243  —1.372522
3.644151 2.333690  —1.142659
1931112  —3.145394  0.654274

5.006604 2459010  —0.904540
2.310026  —4.063558  —0.315900
7.194603 —0.960129  0.123844

4772445  —2.784504  —3.464855

O000000000000000TT
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1278076  —0.283079 —2.690106
0.637926 2437380 —2.018289
3.382474 0.184176 2.329921
1165296  —1.434014  3.221705
0.683835  —1.546255 —2.648485
0.708727 3.613251  —1.253851
3.557697 1.570001 2.383591
—0.119610 —1.992349  3.118869
2.000792 0.090405  —3.832231
—0.027541  2.476674  —3.248025
4434762  —0.655702  2.720902
1824433 —1.473193  4.456241
0.770544  —2.403064 —3.744563
0.202912 4813108  —1.741281
4.759717 2.109881 2.834456
—0.708423 —-2.611614  4.217318
2.082086  —0.762324 —4.928853
—0.552614  3.676939  —3.726606
5.629616  —0.113607  3.185221
1223870  —2.084540  5.556421
1455933  —2.009380 —4.891502
—0.424564  4.849054  —2.985584
5.794052 1.270592 3.243771
—0.038797 —2.660892  5.439852
3.071478 3.203726  —1.462800

C 7479321  —0.283864  0.948901
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H 1286752 —3.452298 1478553
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
N

3915018  —3.208873 —4.013817
—3.130247  6.734073 0.896034
—2.548749  5.928077 1.876584
—2.173224  4.620060 1.591248
—2.374539  4.069697 0.310630
—2.971991  4.893935 —0.663865
—3.342183  6.202450 —-0.376916
—3.418754  7.763079 1.123399
—2.382509  6.326847 2.881160
—1.715965  4.008064 2.370605
—3.150753  4.478530  —1.658222
—3.807748  6.814194  —1.154636
—1.995414  2.717966  —0.064976
—-1.610097  1.744130 0.784435
—1.093593  1.563474 2.071826

0.260955 1.923023 2.264440
—1.631087  0.971510 2.819786

0.646317 2.825221 1.774302

0.717050 1.698309 3.234953
—2.133848 2452084  —1.115563
—2.897070  0.028252 0.604256
—2.871528 —0.646517  1.791803
—4.524725  0.653315 0.303993
—4.553088  1.181313  —1.054747
—4.844407  1.463751 1.473132
—2.050017 —0.877555 —0.605353
—0.787881 —1.244946  0.124322
—1.958095 —0.110629 —1.842054
—2.811701  —2.432803 —0.967396
—3.079388 —3.335832  0.064655
—3.175592  —2.694913 —2.287180
—3.728661 —4.525513 —0.243154
—2.794045 —3.101419  1.090911
—3.808542 —-3.900769 —2.580413
—2.954266  —1.952557 —3.056460
—4.087491 —4.811402 —1.562381
—3.957410 —5.237001  0.553118
—4.090341 —4.126316 —3.611514
—4.592655 —5.751495 —1.795721
—5.561872  —0.791497  0.361414
-5.902358 —1.332114  1.601371
—5.960803 —1.387518 —0.833903
—6.645312  —2.509176  1.637787
—5.591561 —0.820407  2.513778
—6.709310 —2.559973  —0.782339
—5.683210 —0.919378 —1.780125
—7.045868 —3.122015  0.449601
—6.923485 —2.945803  2.599952
—7.030546  —3.038907 —1.709857
—7.631297 —4.043970  0.484273

5.489020 3432655  —1.020564
1959355  —5.096403 —0.251680
7.515332 —1.979461  0.374570
7.710602 —0.638030 —0.797712
5.377881 —2.192988 —4.163144
5389819  —3.606093 —3.060109
0.183023  —1.874814 —1.740088
1.154044 3588734  —0.256827
2.760348 2.228924 2.041882
—0.658644 —1.926647 2.171971
2.502563 1.060835 —3.861744
—0.155090  1.562335  —3.828770
4320550 —1.739763  2.645076
2.808568 —1.016009  4.568720
0.300232  —3.388066 —3.692570
0.259112 5.714390 —1.127579
4.889798 3.194077 2.857252
—1.708642 —3.041198  4.120865
2.639165  —0.452412 —5.816502
—1.072636 3.689434  —4.687506
6.440437  —0.777078  3.496071
1749338 —2.103793  6.514272
1513210 —2.677298 —5.755137
—0.842486 5786424  —3.359467
6.734406 1.695838 3.603159
—0.507185 —3.136431  6.304909
6.836614 1.472387  —0.343670 INTel

3413580 —4.417189 —2.130081 Thermal Correction to Free Energy = 0.870244

i 0.142524 0.555170 0.847389 au.
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Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —5890.95008059

au.

Cartesian Coordinates (Angstroms):

P

ITIIIIIIITIOOOOOOO0OOOOOOO0000000000000000000000000000000T

1.585458
1.516822
5.641906
4.412515
3.873162
3.100484
3.369054
2.102190
5.221932
3.447897
6.042364
2.802378
4.211613
1.459116
5.528800
1.809025
6.982937
4.809469
1.658580
1.334429
3.077889
0.647358
0.824178
1.607744
3.337295
—0.691454
2.586599
0.677171
4.020204
1.172434
0.890960
1.279788
4512343
—1.468266
2.649454
0.345229
5.186728
0.389696
1.794335
0.653294
5435314
—0.927735
3.842258
0.688008
6.173279
1.304589
7.105177
7.657207
5.587649
5.230120
0.142373

1.271751
—1.295828
—1.775294
—1.358287
—0.279347
—1.474083

1.034906
—2.110979
—0.495470
—2.015429

0.564942
—3.151013

2.096508
—3.250674

1.857892
—3.757810
—2.060686
—1.822877

0.755662

3.080990
—1.100350
—2.630985
—0.247822

3.953365

0.126396
—2.851492

1.356048

3.598427
—2.132068
—3.351098
—0.624336

5.303964

0.318704
—3.796302

0.985712

4.949222
—1.944749
—4.288441
—0.002733

5.809422
—0.718852
—4.522598

3.120345
—3.744443

2.694458
—4.647985
—3.143512
—1.535081
—1.135106
—2.842997
—0.757485

—0.760437
1.487447
—0.052983
—2.738487
—0.356295
—0.811439
—0.342722
—0.049478
—0.000357
—2.067247
0.386346
—2.561394
0.011812
—0.552715
0.381004
—1.796957
0.210106
—3.994617
—2.530914
—0.931138
2.427066
2.409028
—3.026201
0.135815
3.046038
2.048712
—3.393722
—2.056679
2.532450
3.488745
—4.367593
0.058820
3.769270
2.712657
—4.732856
—2.129154
3.269157
4.163261
—5.225671
—1.078073
3.887893
3.774070
—0.017942
0.040065
0.662256
—2.181634
0.077090
—0.489194
—4.349694
—3.940091
—2.348809
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2.072451
2.618439
—1.121812
3.263084
0.412040
3.846485
2.197905
0.233910
1.495416
4.710835
—2.509317
3.371696
—0.166216
5.911624
0.816706
1.840631
0.385976
6.355384
—1.536119
7.076010
3.060527
0.229173
7.264478
3.974424
—1.665624
—1.452265
—1.746086
—2.261368
—2.490097
—2.192448
—1.432777
—1.060764
—1.593794
—2.903520
—2.374337
—2.669763
—2.290601
—1.143986
0.067149
—1.344030
0.095426
0.703935
—3.416193
—3.050210
—2.953450
—4.890730
—5.091925
—5.319465
—2.204939
—0.978805
—2.105220
—3.128240
—3.082337
—3.828859
—3.781349

3.572906
0.939107
—2.247684
2.123320
2.936110
—3.078080
—3.175193
—1.415110
5.961130
1.286407
—3.947544
1.467996
5.328804
—2.758549
—4.838772
—0.291531
6.866803
—0.570522
—5.257231
0.391393
—3.556888
0.389963
—1.795119
—1.812456
6.699801
5.642502
4.336701
4.049550
5.128002
6.434797
7.725115
5.841461
3.522513
4.924285
7.252366
2.719351
1.485743
1.070253
1.801509
0.309590
2.791684
1.706656
2.744333
0.325618
—0.794259
0.635184
1.192001
1.332787
—0.123203
—0.814116
1.052509
—1.376113
—2.689048
—1.017614
—3.666420

1.046847
2.929076
1.249753
—3.008528
—2.882358
2.014025
3.817410
—4.737895
0.904227
4.235803
2413328
—5.396472
—3.017282
3.354125
5.005550
—6.279121
—1.132486
4.458916
4.307363
0.683712
—3.538981
0.714530
1.244358
—4.715596
1.952210
2.840286
2.469023
1.190666
0.318114
0.690113
2.249971
3.841259
3.177872
—0.672874
—0.011912
0.757239
1.198599
2.013450
2.043613
2.775867
1.583840
2.930628
—0.042295
0.630672
1.391690
0.430177
—0.907557
1.632205
—0.982565
—0.493735
—1.830211
—1.813296
—1.342135
—2.963292
—2.042247



—2.495524
—4.511724
—3.827733
—4.490539
—3.763722
—5.061676
—5.029313
—5.615709
—5.622713
—6.256321
—6.240727
—5.149299
—6.885547
—6.254571
—6.867146
—6.246015
—7.391285
—7.356251
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F2o

—2.938504 —-0.457276
—2.012221 -3.658119
0.024042  —3.288331
—3.328736  —3.196293
—4.699758  —1.690203
—1.757245  —4.566606
—4.104165  —3.746064
—0.989244  0.475716
—1.709208  1.671766
—1.455566  —0.667758
—2.954840  1.695007
—1.296797  2.563477
—2.697394  —0.625037
—0.843082  —1.570064
—3.448802  0.548421
—3.538546  2.618143
—3.077530 —1.515082
—4.425398  0.576511

Thermal Correction to Free Energy = 0.119051

au.

Electronic Energy at the PBEO-D3(BJ)/def2-
TZVP/PCM(ethanol) Level = —385.870272651

au.

Cartesian Caoordinates (Angstroms):

—3.063490
—1.986364
—0.693286
—0.474226
—1.555810
—2.848286
—4.079552
—2.160786
0.146590
—1.385896
—3.691242
0.873550
2.041889
3.305764
4.036844
3.705965
5.039785
3.636537
0.969091
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0.609797  —0.095915
1.486521 0.065162
0.992046 0.146137
—0.393957  0.065662
—-1.272152  —-0.095254
—0.765090 —0.175667
1.005444  —-0.158719
2.562471 0.128888
1.679744 0.274726
—2.349694  —0.156303
—1.447508  —0.300387
—0.953170  0.151325
—0.412084  0.278106
0.106989 0.452665
0.459426  —0.649154
0.244049 1.465486
0.889985  —0.548018
0.322035  —1.659485
—2.056479  0.095411
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8. X-ray crystallographic data of 3s, 3ac, and 7

Data intensity of 3s''°1 was collected using a 'Bruker APEX-II CCD' diffractometer at
297.82(10) K. Data collection and reduction were done by using Olex2 and the structure was
solved with the ShelXS structure solution program using direct methods and refined by full-
matrix least-squares on F? with anisotropic displacement parameters for non-H atoms using
SHEL X-97. Hydrogen atoms were added at their geometrically idea positions and refined
isotropically. Crystal data for (3s)2: Ca2H34F208Ss, T = 297.82(10) K, triclinic, P1, a= 9.6128(3)
A, b =10.2795(3) A, ¢ = 12.5045(3) A, a = 103.159(2)°, B = 96.871(2)°, y = 116.633(3)° V =
1040.05(6) A3. Z = 1, peac = 1.432 g/cm®. 23484 reflections collected, 6878 [Rint = 0.0751, Rsgma
= 0.0557] independent reflections, R1 = 0.0531, wR> = 0.1504 (I>=2c (I)), R1 = 0.0555, wR> =
0.1541 (al data), GOF = 1.054, and 0.060(16) parameters.

PhO28 so,Ph
H ®

—
/ ~
T

Table $4. Crystal data and structure refinement for 3s.

Identification code 3s
Empirical formula CaoH34F208Ss
Formula weight 897.05
Temperature/K 297.82(10)
Crystal system triclinic
Space group P1

alA 9.6128(3)
b/A 10.2795(3)
c/A 12.5045(3)
a/® 103.159(2)
/e 96.871(2)
/° 116.633(3)
Volume/A3 1040.05(6)
Z 1
Peacg/cm?® 1.432

10 Supplementary crystallographic data have been deposited at Cambridge Crystallographic Data Center (CCDC number: 2275115).
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wmm-?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Datalrestraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=20 (I)]
Final R indexes[all data]
Largest diff. peak/hole/ e A3

Flack parameter

Table S5. Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters

3.562
464.0

0.39 x0.32 x0.26

CuKa (L = 1.54184)

7.508 to 134.15
-l1<h<11,-12<k<12,-14<1<14
23484

6878 [Rin = 0.0751, Regma = 0.0557]
6878/3/523

1.054

R; = 0.0531, wR, = 0.1504
Ry = 0.0555, R, = 0.1541
0.40/-0.45
0.060(16)

(A?x10%) for 3s. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Atom X
4 9462.9(14)
S5 7599.2(15)
2 12418.1(17)
3 10673.5(14)
S6 3883(3)
S 16292(3)
F1 13593(4)
08 5957(5)
F2 6886(5)
05 10255(5)
06 10188(6)
01 11447(7)
c9 12577(7)
03 10276(6)
07 8457(6)
04 9587(5)
c27 8300(8)
C33 10221(8)

c22 8973(7)

y y
2387.8(13) 8309.6(10)
2805.8(14) 6333.4(11)
6918.1(16) 13474.1(11)
7609.8(14) 11614.0(10)
7189(3) 6939(2)
2581(3) 13013(3)
9340(4) 12838(3)
2089(6) 5703(4)
294(4) 6796(3)
4021(5) 8867(4)
1733(6) 7587(4)
5305(5) 12928(4)
7792(6) 12321(5)
8513(6) 12431(4)
4419(5) 6907(4)
6000(5) 11086(4)
-146(7) 9001(6)
3405(8) 5513(6)
1445(7) 9338(5)

81

U(eaq)
46.4(3)

49.2(3)
54.5(4)
48.0(3)
88.0(6)
109.2(9)
65.3(9)
64.1(11)
63.7(9)
61.5(11)
64.4(11)
75.3(14)
46.5(12)
69.1(12)
61.9(11)
60.0(10)
57.9(14)
64.2(16)
47.0(12)



Atom
C4
Cc8

C10
Cc23
C3
02
C1
C37
C29
C2
C31
Cl16
C12
C28
Cc20
C25
C32
C17
C38
C7
C24
C5
Cll
C18
C30
C35
C34
C41
C36
C26
C6
C39
c21
C19
C15
C13

X
15805(8)
13267(7)
11446(8)
9288(9)
16532(9)
14052(6)
14979(10)
5555(8)
8009(8)
15107(10)
10423(10)
11190(7)
11444(12)
8687(7)
12443(10)
8282(9)
11064(9)
10751(8)
4543(8)
14930(8)
8976(11)
15897(9)
12253(9)
11142(10)
8911(10)
6221(7)
7473(7)
5219(8)
6582(7)
7972(9)
15395(7)
4532(8)
12028(9)
11979(10)
9838(9)
9936(12)

y
4449(8)
7135(8)
7588(7)
2312(8)

3549(10)
7554(7)
4268(10)
3924(8)
813(7)
3280(9)
1545(10)
8482(6)
9571(9)
2285(7)
10774(9)
-1(10)
3010(10)
7592(7)
4458(8)
7454(8)
1592(10)
5440(9)
9090(8)
8283(10)
438(9)
1858(7)
1811(6)
6679(7)
3434(7)
-848(8)
6443(8)
5415(7)
10092(8)
9867(11)
6572(9)
8587(12)

82

Z
12226(6)
11450(5)
14369(5)
10442(5)
12098(8)
14097(4)
13105(7)
8572(5)
4725(5)
13699(8)
4113(6)
10560(5)
15775(6)
5459(5)
10037(7)
10930(7)
4822(7)
9436(5)
8472(6)
11920(6)
11249(6)
11538(6)
15067(6)
8618(6)
4072(6)
8037(5)
7416(5)
6391(7)
8718(5)
9827(7)
11720(5)
7773(6)
10883(6)
8926(7)
14370(6)
15794(7)

U(eq)
63.1(15)

58.6(14)
51.8(13)
59.1(15)
81(2)
73.0(13)
77.5(19)
61.2(14)
56.7(13)
81(2)
74.0(18)
48.1(12)
78(2)
48.8(12)
77(2)
72.8(19)
76.7(19)
57.0(14)
62.2(15)
65.8(16)
74(2)
68.2(17)
61.9(15)
71.6(19)
68.4(17)
58.5(14)
46.0(12)
69.1(18)
57.8(13)
67.8(17)
62.6(15)
59.0(14)
65.6(17)
80(2)
70.7(18)
85(2)



Atom X y z U(eq)

C40 5438(9) 5724(9) 6948(6) 69.7(17)
Cc42 3650(8) 6139(9) 7837(7) 71.3(18)
C14 9168(11) 7093(12) 15113(8) 91(2)

Table S6. Anisotropic Displacement Parameters (A2x10 ) for 3s. The Anisotropic displacement
factor exponent takes the form: -2n?[h?a* 2U11+2hka* b* U1o+. .. ].

Atom Un U2 Uss U2s Uis Ui2
4 50.6(7) 49.4(7) 44.7(7) 16.4(6) 16.5(6) 27.3(6)
S5 55.7(7) 49.2(7) 46.8(7) 20.0(6) 16.5(6) 26.0(6)
) 70.3(9) 58.2(8) 46.3(7) 22.8(7) 18.3(7) 37.0(7)
3 52.3(7) 55.7(7) 43.9(7) 16.2(6) 15.7(6) 32.1(6)
6 72.3(11) 74.5(11) 121.3(17) 44.5(12) 19.2(11) 34.4(9)
s1 83.7(13) 90.5(15) 153(2) 64.2(17) 8.7(15) 35.5(12)
F1 62.0(19) 51.9(19) 67(2) 22.4(17) 2.5(17) 17.4(16)
08 54(2) 73(3) 68(3) 33(2) 13(2) 30(2)
F2 74(2) 44.4(17) 61(2) 16.3(15) 9.8(17) 21.4(16)
05 59(2) 45(2) 67(3) 17(2) 8(2) 16.7(19)
06 72(3) 86(3) 60(3) 27(2) 34(2) 54(3)
o1 114(4) 52(2) 61(3) 20(2) 27(3) 39(3)
o) 49(3) 51(3) 40(3) 16(2) 10(2) 24(2)
03 90(3) 93(3) 52(2) 21(2) 27(2) 67(3)
o7 83(3) 47(2) 58(3) 20(2) 26(2) 31(2)
04 52(2) 55(2) 63(3) 17(2) 14.5(19) 18.8(18)

c27 66(3) 50(3) 54(3) 14(3) 7(3) 28(3)
C33 58(3) 62(4) 55(4) 13(3) 19(3) 16(3)
c22 51(3) 56(3) 41(3) 18(2) 12(2) 32(3)
c4 62(3) 67(4) 59(4) 21(3) 6(3) 32(3)
C8 65(3) 85(4) 52(3) 33(3) 27(3) 50(3)
C10 61(3) 56(3) 38(3) 17(3) 12(2) 28(3)
c23 75(4) 63(3) 50(3) 17(3) 19(3) 43(3)
c3 66(4) 83(5) 95(6) 26(4) 8(4) 42(4)
02 73(3) 105(4) 61(3) 38(3) 16(2) 55(3)
c1 80(4) 90(5) 67(4) 28(4) 24(4) 43(4)
c37 62(3) 78(4) 49(3) 22(3) 20(3) 37(3)
C29 60(3) 54(3) 46(3) 12(3) 8(3) 23(3)
C2 79(4) 72(4) 82(5) 29(4) -8(4) 34(4)

C3l 77(4) 94(5) 56(4) 18(4) 20(3) 48(4)
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Atom
Cl6
C12
C28
C20
C25
C32
C17
C38

C7
C24
C5
Cl1
C18
C30
C35
C34
C41
C36
C26
C6
C39
c21
C19
C15
C13
C40

C42
Cl4

Un1
54(3)
114(6)
54(3)
75(4)
76(4)
62(4)
73(4)
60(3)
59(3)
96(5)
70(4)
71(4)
95(5)
90(5)
56(3)
47(3)
63(4)
58(3)
64(4)
57(3)
57(3)
76(4)
79(5)
66(4)
108(6)
80(4)
54(3)
75(5)

U2
50(3)
74(5)
52(3)
60(4)
93(5)
87(5)
56(3)
82(4)
83(4)
98(5)
97(5)
61(3)
90(5)
72(4)
63(3)
44(3)
48(3)
74(4)
57(4)
89(4)
59(3)
57(4)
97(6)
64(4)

117(7)

70(4)
76(4)

113(7)

Table S7. Bond Lengthsfor 3s

Atom

@ hrreee

Atom
05

06
c22
C34

o8

o7

L ength/A

1.442(4)
1.431(4)
1.766(5)
1.852(6)
1.432(5)
1.427(5)

Uss
46(3)
45(4)
38(3)
83(5)
74(5)
71(5)
49(3)
58(4)
77(4)
55(4)
65(4)
46(3)
46(4)
42(3)
61(4)
45(3)
82(5)
44(3)
77(5)
59(3)
57(3)
57(4)
72(5)
61(4)
59(4)
64(4)
90(5)
79(5)
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Atom
C8

C10
C10
Cc23
C1
C37

Ua2s
15(2)
11(3)
14(2)
33(4)
53(4)
25(4)
15(3)
28(3)
47(4)
35(4)
35(4)
12(3)
23(4)

5(3)
28(3)
17(2)
22(3)
17(3)
30(4)
39(3)
15(3)
18(3)
50(5)
13(3)
30(5)
26(3)
30(4)
27(5)

Uiz
13(2)
10(4)
10(2)
8(4)
28(4)
25(4)
11(3)
24(3)
28(3)
33(4)
26(3)
10(3)
19(4)
14(3)
19(3)
12(2)
4(3)
15(2)

6(3)
23(3)
9a3)
0(3)
21(4)
17(3)
38(5)
22(4)
18(3)
37(4)

Atom
C7

C11
C15
C24
Cc2
C38

Uiz
30(3)
52(5)
24(3)
21(3)
46(4)
27(4)
39(3)
41(3)
41(3)
63(5)
58(4)
29(3)
58(5)
46(4)
28(3)
19(2)
19(3)
34(3)
24(3)
41(3)
28(3)
31(3)
39(4)
17(3)
74(6)
38(4)
35(3)
39(5)

Length/A
1.492(8)

1.378(9)
1.390(9)
1.367(10)
1.426(11)
1.321(9)



Atom Atom L ength/A Atom Atom Length/A
S5 c28 1.756(6) C37 C36 1.306(8)
S5 C34 1.858(5) C29 C28 1.378(8)
2 o1 1.426(5) C29 C30 1.376(9)
2 C9 1.852(5) C31 C32 1.366(11)
2 C10 1.754(6) c31 C30 1.372(11)
2 02 1.434(5) C16 C17 1.385(8)
3 C9 1.842(6) C16 c21 1.405(9)
S3 03 1.425(4) C12 C11 1.394(10)
3 04 1.433(5) C12 C13 1.353(13)
S3 C16 1.756(6) C20 c21 1.399(10)
6 c41 1.744(8) C20 C19 1.374(13)
6 c42 1.695(8) C25 C24 1.394(12)
S C3 1.653(9) C25 C26 1.368(12)
S C2 1.799(10) c17 c18 1.372(10)
F1 C9 1.375(7) C38 C39 1.460(9)
F2 C34 1.381(6) C7 C6 1.291(9)
C9 C8 1.524(8) C5 C6 1.309(10)

c27 Cc22 1.394(8) C18 C19 1.379(12)
c27 C26 1.378(10) C35 C34 1.520(8)
C33 c28 1.387(8) C35 C36 1.506(9)
C33 C32 1.368(10) C41 C40 1.400(10)
C22 C23 1.374(8) C39 C40 1.428(10)
C4 C3 1.381(10) C39 c42 1.354(9)
C4 c1 1.430(10) C15 Cl4 1.374(11)
Cc4 C5 1.456(9) C13 C14 1.366(13)
Table S8. Bond Anglesfor 3s.

Atom Atom Atom Angle/° Atom Atom Atom Angle/°
05 4 Cc22 108.8(3) C4 C3 S1 113.1(7)
05 A C34 107.6(3) Cc2 C1 C4 116.1(8)
06 4 05 120.5(3) C36 C37 C38 177.5(7)
06 4 Cc22 109.4(3) C30 C29 C28 118.8(6)
06 4 C34 105.8(3) C1 C2 S1 104.1(7)

Cc22 4 C34 103.4(3) C32 C31 C30 120.6(7)
08 S5 C28 108.9(3) C17 C16 3 120.3(4)
08 S5 C34 103.0(3) C17 C16 c21 121.2(6)
o7 S5 08 119.7(3) c21 C16 3 118.5(5)
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Atom
o7
o7

C28
o1
o1
o1

C10
02
02
03
03
03
04
o4

C16

C42
C3
S3
F1
F1
F1

C8
C8

C26
C32
c27
Cc23
Cc23
C3
C3
C1
C7
C11
Cl1
C15

Cc24

Atom

A

g B8LBBBYBBBLBLBLBBLBAG

Cc27
C33
c22
c22
c22
Cc4
Cc4
Cc4
C8
C10
C10
C10

Cc23

Atom
C28
C34
C34

C9
C10
02
C9
C9
C10
C9
04
Cl6
C9
C16

c22
Cc28

c27
C1
C5
C5
C9

C15
S2

c22

Angle/°
110.3(3)
108.1(3)
105.7(3)
105.6(3)
110.2(3)
120.3(3)
107.8(3)
104.4(3)
107.8(3)
106.9(3)
120.6(3)
108.8(3)
106.4(3)
109.3(3)
103.5(3)
92.9(4)
95.4(4)
114.2(3)
105.8(3)
105.5(3)
110.6(5)

110.3(4)
110.3(4)

117.5(6)
118.3(7)
118.7(4)
118.6(5)
122.6(5)
111.1(7)
123.0(7)
125.9(7)
113.8(5)
119.4(5)
121.8(6)
118.8(5)

118.7(6)
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Atom
C13
C33
C29
C29
C19
C26
C31
C18
C37

C6
C23
C6
C10
C17
C3i
C36
A
F2
F2
F2
C35

C35
C40

C37
C25
c7
C40
C42
C42
C20
C20
Ci4
Ci12
C41
C39

C13

Atom
C12
C28
C28
C28
C20
C25
C32
C17
C38

Cc7
C24
C5
Cl1
Ci18
C30
C35
C34
C34
C34
C34
C34

C34
C41

C36
C26
C6
C39
C39
C39
c21
C19
C15
C13
C40
C42

Ci4

Atom
Cl1
S5
S5
C33
c21
C24
C33
C16
C39
C8
C25
c4
C12
C19
C29
C34

@ L A4

C35

RS

C35
c27
C5
C38
C38
C40
C16
C18
C10
Ci4
C39

C15

Angle/°
121.1(7)
118.1(5)
120.5(5)
121.5(6)
119.7(7)
120.9(6)
120.9(7)
119.7(6)
125.7(6)
124.1(7)
119.6(7)
124.8(7)
117.6(7)
119.6(7)
119.9(7)
115.4(5)
113.4(3)
104.2(4)
104.7(4)
106.7(5)
116.6(4)

110.1(4)
108.2(6)

121.8(6)
120.6(6)
178.6(8)
125.3(6)
123.4(6)
111.2(6)
118.0(7)
121.7(7)
118.2(7)
120.4(7)
114.2(7)
113.4(6)

120.8(8)



Table S9. Hydrogen Atom Coordinates (Ax10 %) and Isotropic Displacement Parameters (A2x10 %)
for 3s.

Atom X y z U(eq)
H27 8081.29 -712.96 8247.17 70
H33 10665.56 4398.48 6006.77 77
H8A 12564.55 6033.5 11137.91 70
H8B 13275.67 7560.89 10831.8 70
H23 9704.62 3367.98 10636.36 71
H3 17097.95 3494.05 115515 97
H1 14391.83 4765.3 13279.24 93
H29 6960.27 85.88 4671.19 68
H2 14676.97 3049.87 14303.1 97
H31 11017.09 1294.34 3653.42 89
H12 11950.01 10585.23 16242.65 94
H20 13030.61 11836.71 10226.13 93
H25 8027.44 -493.35 11474.21 87
H32 12086.44 3749.51 4835.26 92
H17 10193.05 6527.24 9236.08 68
H38 3768.5 4201.51 8883 75
H7 15678.27 8442.59 12385.54 79
H24 9225.78 2161.39 12007.06 88
H5 16345.17 5353.34 10924.66 82
H11 13299 9758.41 15065.83 74
H18 10844.38 7697.45 7860.95 86
H30 8496.5 -564.92 3604.09 82
H35A 5194.8 1374.2 7483.08 70
H35B 6106.81 1250.17 8544.92 70
H41 5701.1 6989.01 5825.23 83
H36 7561.75 4076.35 9255.91 69
H26 7535.6 -1906.29 9633.07 81
H21 12298.07 10686.93 11636.26 79
H19 12236.84 10330.6 8366.3 96
H15 9348.46 5567.91 13881.59 85
H13 9417.85 8930.2 16274.02 102
H40 6116.81 5324.04 6795.35 84
H42 2981.69 6067.24 8326.57 86

H14 8145.85 6420.07 15152.44 109
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Data intensity of 3acl'!l was collected using a 'Bruker APEX-II CCD' diffractometer at
297.96(14) K. Data collection and reduction were done by using Olex2 and the structure was
solved with the Shel XS structure solution program using direct methods and refined by full-matrix
least-squares on F? with anisotropic displacement parameters for non-H atoms using SHEL X-97.
Hydrogen atoms were added at their geometrically idea positions and refined isotropically. Crystal
datafor 3ac: CaaH20F204S,, T = 297.96(14) K, monoclinic, P21, a= 9.1305(2) A, b = 10.80990(10)
A, ¢ =23.0760(3) A, a=90°, B = 97.4390(10)°, y = 90° V = 2258.43(6) A 3. Z = 4, pcac = 1.396
g/cmd. 52769 reflections measured (7.728° < 20 < 134.096°), 8033 unique (Rn: = 0.0811, Rsigma =
0.0523) which were used in al calculations. The final R: was 0.0359 (I >= 2¢(I)) and WR> was
0.0968 (all data).

& 5%

T

. /@\.Wsozph
F Me F S02FN
3ac

Table S10 Crystal data and structure refinement for 3ac.

I dentification code 3ac
Empirical formula CasH20F204S,
Formula weight 474.52
Temperature/K 297.96(14)
Crystal system monaoclinic
Space group P2;

alA 9.1305(2)
b/A 10.80990(10)
c/A 23.0760(3)
a/° 90

/e 97.4390(10)
v/° 90
Volume/A3 2258.43(6)

Z 4

Peacg/cm® 1.396
w/mm 2.537

F(000) 984.0

1 Supplementary crystallographic data have been deposited at Cambridge Crystallographic Data Center (CCDC number: 2277305).
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Crystal size/mm?3 0.42 x0.36 x0.26
Radiation CuKa (A=1.54184)
20 range for data collection/® 7.728 to 134.096

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c (1)]
Final R indexes[al data]
Largest diff. peak/hole/ e A3
Flack parameter

[10<h<10,-12<k<12,-27<1<27
52769

8033 [Rin = 0.0811, Regma = 0.0523]
8033/1/579

1.034

R: = 0.0359, WR; = 0.0942

R: = 0.0397, WR, = 0.0968

0.28/-0.17

0.009(9)

Table S11 Fractional Atomic Coordinates (X104 and Equivalent | sotropic Displacement Par ameters
(A2x10°3) for 3ac. Ueis defined as 1/3 of the trace of the orthogonalised U, ; tensor.

Atom X y z U(eq)

S1 2672.8(9) 7427.7(7) -4327.2(3) 42.9(2)
S2 495.2(10) 6141.5(8) -3624.4(3) 52.1(2)
F1 -3870(4) 5747(3) -8079.0(13) 105.4(10)
F2 2641(2) 5078.4(16) -4071.6(7) 50.0(4)
01 1710(3) 8253(2) -4680.5(11) 61.2(7)
02 3294(3) 7787(2) -3751.6(9) 59.4(7)
O3 -303(3) 7270(3) -3719.3(11) 72.2(8)
04 -291(3) 4996(3) -3631.6(11) 72.9(8)
C1 -1682(4) 5573(3) -6670.7(15) 56.5(9)
Cc2 -2769(5) 5316(4) -7126.1(18) 64.6(10)
C3 -2818(5) 6015(4) -7627.6(17) 66.8(11)
C4 -1841(5) 6942(4) -7689.7(17) 69.9(11)
C5 -783(5) 7202(3) -7224.4(14) 58.5(9)
C6 -678(4) 6519(3) -6714.2(13) 46.3(8)
C7 526(4) 6785(3) -6238.4(14) 51.7(8)
C8 878(4) 6099(3) -5776.1(14) 50.5(8)
C9 1246(4) 5389(3) -5324.6(13) 47.3(8)
C10 558(4) 5624(3) -4771.4(13) 48.9(8)
Cl1 1618(3) 5997(3) -4239.8(12) 41.3(7)
C12 4123(4) 6966(3) -4708.5(14) 47.1(8)
C13 4091(4) 7279(4) -5291.7(14) 61.0(10)

cl4 5258(6) 6886(5) -5582.0(19) 83.8(15)
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Table S11 Fractional Atomic Coordinates (XL0#) and Equivalent | sotropic Displacement Par ameters

(A2x103) for 3ac. Ueqis defined as 1/3 of the trace of the orthogonalised U, ; tensor.

Atom X
C15
C16
C17
C18
C19
C20
c21
Cc22
C23
C24
S3
A
F3
F4
05
06
o7
08
C25
C26
c27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
Cc41

6391(6)
6425(5)
5289(4)
1708(4)
2513(5)
3390(5)
3462(5)
2645(5)
1765(5)
2244(5)
2667.0(9)
610.3(10)
-4525(3)
2773(2)
1681(3)
3209(3)
-307(3)
-51(3)
-1886(5)
-3077(5)
-3352(5)
-2522(5)
~1344(5)
-1004(4)
292(5)
786(4)
1265(4)
627(4)
1699(3)
4184(4)
4162(4)
5333(5)
6508(5)
6524(4)
5370(4)

6198(6)
5915(5)
6303(4)
6223(4)
5191(4)
5284(5)
6358(5)
7358(4)
7316(4)
4297(4)
4858.6(6)
3463.6(8)
3210(3)
2499.2(15)
5619(2)
5277(2)
4534(3)
2268(3)
2908(3)
2656(4)
3452(4)
4469(4)
4718(4)
3933(3)
4198(3)
3488(3)
2789(3)
2984(3)
3385(3)
4418(3)
4609(4)
4198(5)
3585(5)
3413(4)
3844(4)
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-5288(2)
-4717(2)
-4418.0(18)
-2967.2(13)
-2761.9(15)
-2227.9(17)
-1912.1(17)
-2119.9(15)
-2652.9(15)
-5351.6(16)
599.5(3)
1320.5(3)
-2962.0(13)
848.4(7)
217.9(11)
1173.7(10)
1222.7(12)
1326.0(11)
-1672.2(15)
-2083.3(17)
-2546.4(17)
-2615.1(17)
-2188.2(15)
-1716.5(14)
-1281.3(15)
-840.2(14)
-397.1(14)
169.7(14)
695.6(13)
249.7(13)
-345.4(14)
-608.6(17)
-286.4(19)
301.8(18)
573.9(15)

U(eq)

92.5(16)
80.3(13)
60.4(9)
51.9(8)
64.7(10)
74.8(12)
74.6(12)
68.6(11)
60.4(9)
64.3(10)
42.9(2)
49.4(2)
107.4(10)
49.0(4)
60.0(6)
59.3(6)
66.7(8)
68.7(7)
57.2(9)
67.2(10)
70.7(12)
71.0(12)
58.3(9)
48.7(8)
54.6(9)
52.3(8)
50.0(8)
52.9(8)
41.9(7)
42.4(7)
53.9(9)
73.1(12)
75.4(12)
68.1(10)
53.8(8)



Table S11 Fractional Atomic Coordinates (XL0#) and Equivalent | sotropic Displacement Par ameters
(A2x103) for 3ac. Ueqis defined as 1/3 of the trace of the orthogonalised U, ; tensor.

Atom
C42
C43
c44
C45
C46
Ca7
C48

X

1822(4)
2817(5)
3672(5)
3518(5)
2527(6)
1669(5)
2315(5)

3640(3)
2714(4)
2839(4)
3845(5)
4756(5)
4671(4)
1736(4)

z

1977.3(14)
2164.8(16)
2697.6(16)
3041.3(16)
2848.3(17)
2307.8(16)
-443.0(17)

U(eq)

48.1(8)
60.4(10)
67.1(11)
69.7(11)
77.2(13)
64.0(10)
67.9(11)

Table S12 Anisotropic Displacement Parameters (A2x10°3) for 3ac. The Anisotropic displacement
factor exponent takes the form: -2n?7[h%a*2U+2hka* b* Uiot...].

Atom
S1
S2
F1
F2
01
02
03
04
C1
Cc2
C3
C4
C5
C6
Cc7
C8
C9
C10
Cl1
C12
C13
C14
Ci15
C16
C17

Ui

39.4(5)
41.7(5)
86(2)
47.5(12)
55.3(16)
60.7(17)
57.3(18)
66.4(19)
63(3)
53(2)
55(3)
81(3)
69(3)
54(2)
59(2)
49(2)
48(2)
40(2)
36.4(18)
38(2)
55(2)
78(4)
61(3)
43(3)
41(2)

Uz
47.2(4)
73.3(6)

133(2)
53.2(10)
52.4(13)
74.9(15)

101(2)

96(2)
56(2)
71(2)
83(3)
75(3)
58(2)
47.1(17)
53.4(18)
59(2)
51.5(17)
58.6(19)
48.9(17)
56.2(18)
86(3)
123(4)
125(4)
95(3)
77(2)

Uss

42.1(4)
41.6(4)
83.1(17)
47.5(9)
76.0(16)
42.7(12)
59.4(15)
57.5(14)
50.5(19)
68(2)
57(2)
50(2)
47.0(18)
38.2(15)
41.3(17)
42.7(17)
40.1(16)
45.6(17)
38.1(14)
47.0(17)
43.1(17)
54(2)
98(4)
104(4)
62(2)
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Uz

-3.9(3)
4.7(4)
-12.1(16)
4.5(8)
14.8(12)
-18.7(11)
6.1(14)
5.2(14)
4.6(15)
-2.5(19)
-7.8(19)
10.9(18)
6.7(15)
0.4(12)
-2.7(14)
-7.8(14)
-5.9(13)
-0.8(14)
1.9(12)
-7.0(14)
-2.4(17)
-18(2)
-37(3)
-9(3)
-3.0(18)

Uiz
5.1(3)
6.8(3)
-42.5(15)
-0.8(8)
8.3(12)
7.4(11)
10.6(12)
12.0(13)
7.2(17)
-0.7(19)
-14.0(18)
-5.0(19)
0.0(16)
5.6(14)
1.9(15)
2.3(14)
-3.0(14)
-2.6(14)
3.0(12)
4.3(14)
9.1(15)
23(2)
30(3)
14(2)
3.8(17)

U

-2.1(3)
0.2(4)
-0.1(18)
9.5(9)
10.0(12)

-15.7(13)

29.1(16)

-32.6(16)

-7.4(18)
-8.6(19)
9(2)
5(2)
-6.9(18)
2.1(14)
-6.7(16)
-2.4(16)
-7.7(15)
-9.0(15)
2.8(13)
-8.7(15)
-17(2)
-24(3)
-11(3)
3(2)
0.8(18)



Table S12 Anisotropic Displacement Parameters (A2x10°3) for 3ac. The Anisotropic displacement
factor exponent takesthe form: -2a?[h%a*2U1+2hka* b* U +...].

Atom
C18
C19
C20
c21
Cc22
C23
C24
S3
A
F3
F4
05
06
o7
08
C25
C26
c27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
Cc41
C42

Ui

50(2)
80(3)
81(3)
74(3)
81(3)
64(3)
72(3)
40.1(5)
38.3(5)
87(2)
47.3(11)
54.2(16)
63.6(17)
49.9(17)
63.4(19)
64(3)
61(3)
64(3)
79(3)
64(3)
55(2)
60(2)
52(2)
52(2)
47(2)
35.8(18)
36.8(19)
43(2)
66(3)
50(3)
38(2)
39(2)
44(2)
66(3)
62(3)

Uz

70(2)
69(2)
89(3)
106(3)
84(3)
71(2)
62(2)
41.2(4)
63.8(5)
136(2)
46.5(10)
49.4(13)
65.3(15)
90(2)
79.1(17)
59(2)
73(2)
83(3)
82(3)
57(2)
50.1(17)
53.1(19)
53.6(19)
48.0(17)
62(2)
44.5(15)
49.3(16)
75(2)
112(4)
106(4)
91(3)
72(2)
60(2)
66(2)
83(3)

Uss

36.6(15)
43.8(18)
53(2)
44(2)
42.8(18)
49.4(18)
54(2)
46.6(4)
45.9(4)
87.5(18)
52.0(10)
76.1(16)
49.4(13)
58.9(15)
64.8(15)
49.3(18)
65(2)
56(2)
51(2)
54.0(19)
42.3(16)
51.2(19)
49.7(18)
46.7(17)
47.5(18)
44.3(15)
40.0(16)
42.2(16)
42.4(19)
72(3)
74(3)
48.5(18)
40.5(16)
48.9(18)
55(2)
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Uz

4.4(15)
7.0(16)
17(2)
3(2)

-10.0(19)

1.3(17)

-10.7(16)

-2.7(3)
3.5(3)

-16.6(17)

4.1(8)
13.0(11)

-19.1(11)

1.2(13)
3.4(13)
2.2(15)
7(2)
-10(2)
8.6(18)
7.1(16)
-1.1(13)
-1.5(15)
-9.6(15)
-7.2(14)
-4.9(14)
0.9(13)
-3.0(12)
5.7(15)
-2(2)
-16(2)
7(2)
5.4(15)
5.4(13)
3.3(16)
13.1(19)

Uiz

8.5(14)
3.6(17)
2(2)
5.8(19)
14.7(18)
18.7(17)
-7.0(18)
3.1(3)
4.7(3)

-33.1(15)

2.1(8)
7.2(13)
8.5(11)
1.7(12)

13.5(13)
8.4(17)
0.6(19)

-8.8(19)

2(2)
8.7(17)

10.4(15)
9.8(17)
1.1(15)

-6.3(15)

-1.6(15)
1.0(12)
1.2(13)

-2.8(14)

10.9(18)

18(2)
3.5(18)

-1.5(15)
7.1(14)
3.5(17)
1.1(18)

U

-1.2(17)
6(2)
12(2)
-12(3)
-12(2)
5(2)
10.3(19)
-0.7(3)
1.8(4)
-0.1(18)
9.4(8)
11.1(12)

-13.4(12)

25.8(14)

-24.5(15)

-1.8(17)
-8(2)
8(2)
18(2)
2.8(18)
4.3(15)
0.4(17)
-4.7(16)
-5.5(15)

-12.4(16)

3.8(13)
-5.8(14)
-1.5(17)

-2(3)
1(2)
5(2)

-2.8(17)

4.3(15)
13.8(19)

16(2)



Table S12 Anisotropic Displacement Parameters (A2x10°3) for 3ac. The Anisotropic displacement
factor exponent takesthe form: -2a?[h%a*2U1+2hka* b* U +...].

Atom
C45
C46
Cca7
C48

Ui

63(3)
89(3)
68(3)
80(3)

104(3)
91(3)
73(2)
60(2)

Table S13 Bond Lengthsfor 3ac.

Atom
S1
S1
S1

L N O

F2
C1
C1
Cc2
C3

C5
C6
Cc7
C8
C9
C9
C10
C12
C12
C13
Cl4
C15
Ci16

Atom

o1
02
Ci1
C12
(OX]
o4
Ci1
C18
C3
C11
Cc2
C6
C3

C5
C6
C7
C8
C9
C10
C24
C11
C13
C17
Cl4
C15
C16
C17

Length/A

Usz Uz
40.9(18) 3.0(19)
50(2) -19(2)
51.0(19) -1.8(17)
60(2) -13.8(17)
Atom Atom
14312) 3 05
14292) 3 06
1847(3) 3 Cc35
1755(3) S3 C36
1424(3) 4 o7
1430(3) 4 08
1862(3) 4 C35
1761(3) 4 ca2
1.354(4) F3 c27
1384(3) F4 Cc35
1377(5) C25 C26
1.386(5) C25 C30
1.377(6) C26 Cco7
1361(6) C27 c28
1377(5) C28 c29
1.382(4) C29 C30
1477(5) C30 cal
1.305(5) C31 c32
1302(5) C32 Cc33
1515(5) C33 C34
1498(5) C33 c48
1516(4) C34 Cc35
1.384(5) C36 c37
1.383(5) C36 ca1
1.396(6) C37 c38
1.379(7) C38 C39
1.349(7) C39 C40
1.384(6) CAO ca1
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Uiz

3.8(17)
6(2)
8.0(18)
-6.1(19)

Length/A

U

9(2)
13(3)
20(2)

9(2)

1.434(2)
1.427(2)
1.849(3)
1.757(3)
1.429(3)
1.428(3)
1.857(3)
1.767(3)
1.367(5)
1.383(3)
1.374(5)
1.382(5)
1.369(6)
1.357(6)
1.387(6)
1.383(5)
1.478(5)
1.307(5)
1.301(5)
1.514(5)
1.501(5)
1.520(4)
1.386(4)
1.382(5)
1.370(6)
1.392(6)
1.368(6)
1.376(5)



Table S13 Bond Lengthsfor 3ac.

Atom
C18
C18
C19
C20
c21
Cc22

Atom

C19
C23
C20
Cc21
C22
C23

Length/A

Table S14 Bond Anglesfor 3ac.

Atom
01
01
02
02
02
C12
03
03
03
04
04
C18
Cc2
C1
F1
F1
Cc4
C3
Cc4
C1
C5
C5
C8
C9
Cc8
Cc8
Cc24

Atom Atom
Sl Cl1
S1 C12
S1 o1
S1 C11
S1 C12
S1 C11
S2 04
S2 C11
S2 C18
S2 Cl1
S2 C18
S2 Cl1
C1 C6
Cc2 C3
C3 C2
C3 C4
C3 C2
Cc4 C5
C5 C6
C6 C7
C6 Cl
C6 Cc7
C7 C6
C8 Cc7
C9 C10
C9 C24
C9 C10

Angle/
107.07(15)
109.86(16)
120.04(17)
106.03(14)
108.00(15)
104.75(15)
119.61(18)
106.03(15)
110.01(18)
104.09(16)
108.17(17)
108.30(15)
120.8(3)
118.2(4)
118.2(4)
119.0(4)
122.8(4)
118.1(4)
121.3(4)
121.7(3)
118.8(3)
119.5(3)
125.3(3)
178.3(4)
118.9(3)
121.8(3)
119.2(3)

1.385(5)
1.385(5)
1.383(6)
1.368(7)
1.364(7)
1.380(5)

Atom
05
05
06
06
06
C36
o7
o7
08
08
08
Cc42
C26
c27
F3
C28
C28
c27
C30
C25
C25
C29
C32
C33
C32
C32
C48
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Atom Atom

C42 C43

C42 ca7

C43 c44

C44 C45

C45 C46

C46 ca7

Atom

S3 C35
S3 C36
S3 05
S3 C35
S3 C36
S3 C35
A C35
HA C42
A o7
A C35
A Cc42
A C35
C25 C30
C26 C25
c27 C26
c27 F3
c27 C26
C28 C29
C29 C28
C30 C29
C30 C3l
C30 C3l
C31 C30
C32 C3l
C33 C34
C33 C48
C33 C34

Length/A

1.383(5)
1.367(5)
1.375(5)
1.364(6)
1.372(6)
1.388(6)

Angle/°

107.21(14)
110.06(15)
120.21(16)
105.98(14)
108.28(15)
103.80(14)
106.05(15)
109.70(17)
119.61(18)
103.60(16)
108.00(16)
109.41(15)
121.6(4)
117.6(4)
118.4(4)
118.2(4)
123.5(4)
117.9(4)
120.9(4)
118.5(3)
121.9(3)
119.6(3)
125.5(4)
179.2(4)
118.1(3)
122.6(3)
119.2(3)



Table S14 Bond Anglesfor 3ac.
Atom

C9o

S1

F2

F2

F2

C10
C10
C13
C17
C17
C12
C15
Ci16
C15
Ci12
C19
C23
C23
C20
Cc21
Cc22
Cc21
Cc22

Atom Atom
Clo0 Cc1n
Cll1 <2
Cl1 <1
Cll1 <2
Cl1 cCi10
Cl1 <1
Cll1 <2
C12 s1
C12 s1
C12 (13
Ci13 cCi4
Ci4 C13
Cl5 cCi4
Cl6 C17
Cl7 Ci16
Cl8 <2
Cl8 <2
Ci18 C19
C19 cC18
C20 C19
cC21 C20
c22 C23
C23 C18

Angle/* Atom

115.8(3) C33
111.05(16) S3

106.8(2) F4
105.34(18) F4
111.9(3) F4
114.9(2) C34
106.4(2) C34
119.7(3) C37
119.2(3) 41
121.1(3) C41

118.1(4) C38
119.9(4) C37

121.6(4) C40
119.6(5) C39
119.7(4) C40
120.1(3) C43
118.1(3) 47
121.8(3) CA7
117.8(4) C44
121.2(4) C45
119.9(4) C44
121.1(4) C45
118.2(4) C42

Table S15 Torsion Anglesfor 3ac.

A
S1

S1
S2
S2
F1

o1
o1
O1
O1
o1

B
C12
C12
C18
C18
C3
S1
S1
S1
S1
S1

C
C13
C17
C19
C23
C4
C11
C11
C11
C12
C12

D
C14
Cl16
C20
Cc22
C5
S2
F2
C10
C13
C17

Angle/
-179.5(3)
178.9(3)
-176.6(3)
176.0(3)
179.8(4)
-84.74(19)
160.91(18)
36.1(3)
-8.2(3)
171.2(3)

3883¢L88

05
05

95

Atom

C34
C35
C35
C35
C35
C35
C35
C36
C36
C36
C37
C38
C39
C40
C41
C42
C42
C42
C43

C45
C46
C47

C37

C47
C28
C35
C35
C35
C36
C36

C35

88LBYLBL

C37
C36
C39
C38
C41
C36

Atom

C38
C40

C46
C29

F4
C34
Cc37
c41

Angle/®

116.7(3)
111.46(16)
107.02)
105.49(19)
111.6(3)
114.7(2)
106.2(2)
120.2(3)
118.9(2)
120.9(3)
118.6(4)
120.6(4)
120.2(4)
119.8(4)
119.9(3)
120.2(3)
117.9(3)
121.7(3)
118.8(4)
120.6(4)
119.8(4)
121.1(4)
118.0(4)

Angle/*

-176.8(3)
175.5(3)
-175.4(3)
174.3(3)
179.2(4)
-89.07(18)
156.06(19)
31.7(3)
-12.0(3)
170.1(3)



Table S15 Torsion Anglesfor 3ac.

A
02
02
02
02
02
03
03
o3
o3
o3
o4
o4
04
04
04
C1
C1
C1
Cc2
Cc2
Cc2

C3
C4
C4
C5

C6
C8
C9
C9
C9
C11
C11
C11
C11
C12

B

C10
C10
C10
S1

N

C D
Cll1 &2
Cll1 F2
Cl1 cCi10
Cl2 C13
Cl12 C17
Cll1 s1
Cll1 F2
Cl1 Ci10
Ci8 C19
Ci8 C23
Cll1 s1
Cll1 F2
Cl1 cC10
Ci18 C19
Ci18 C23
C3 K1
C3 ¢4
Cr C8
C6 C5
Cé6 C7
c4 G5
C5 Co6
Cé6 C1
Cé6 C7
Cr C8
c2 C3
Ci10 C11
Cl1 s1
Cl1 32
Cll1 F2
Cl2 C13
Cl2 C17
Ci8 C19
Ci8 C23
Cl1 &2

Angle/

44.5(2)
-69.8(2)
165.4(2)

-140.8(3)

38.6(3)

50.5(2)
165.8(2)
-75.2(3)
174.8(3)

-1.8(3)

177.57(17)
-67.2(2)
51.8(3)
42.5(4)
-134.1(3)
178.9(4)
0.0(7)
8.7(6)
-0.1(6)
-178.0(4)
-1.4(7)
2.1(6)

-1.4(6)

176.6(4)

-169.2(4)
0.8(6)
-116.5(4)
59.5(4)
-177.1(2)
-62.6(4)
106.5(3)
-74.1(3)
-69.8(3)
113.7(3)
158.62(16)

06
06
06
06
06
o7
o7
o7
o7
o7
08
08
08
08
08
C25
C25
C25
C26
C26
C26
C27
C28
C28
C29
C30
C32
C33
C33
C33
C35
C35
C35
C35
C36
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Q

26
C26
C30
C25
C25
C27
C28
C29
C29
C30
C25
C33
C34
C34
34

0

8Ly B

C35
C35
C35
C36
C36
C35
C35
C35
C42
C42
C35
C35
C35
C42
C42
c27
c27
C31
C30
C30
C28
C29
C30
C30
C31
C26
C34
C35
C35
C35
C36
C36
C42
C42
C35

F4
C34
Cc37
c41

F4
C34
c43
ca7

F4
C34
c43
Cc47
F3

c28
C32
c29
C31
c29
C30
C25
C31
C32
c27
C35

F4
Cc37
c41
c43
c47

Angle/*
40.5(2)
-74.4(2)
161.2(2)
-145.2(3)
36.9(3)
53.0(2)
168.8(2)
-72.6(2)
179.7(3)
4.2(4)
179.79(17)
-64.4(2)
54.2(2)
47.8(3)
-127.7(3)
179.5(4)
-0.6(7)
3.9(6)
0.2(6)
-179.0(4)
-0.8(7)
1.8(6)
-1.5(6)
177.6(4)
-175.2(4)
0.9(6)
-117.7(4)
59.3(4)
-177.2(2)
-62.7(4)
102.5(3)
-75.5(3)
-64.3(3)
120.2(3)
154.45(16)



Table S15 Torsion Anglesfor 3ac.

A
C12
C12
C12
C13
C13
Cl4
C15
C17
C18
C18
C18
C18
C19
C19
C20
c21
C23
C24

B
S1
S1
C13
C12
C14
C15
Cl16
C12

YUY

C19
C18
C20
c21
C22
C18
C9

C
Cl1
Cl1
C14
C17
C15
C16
C17
C13
Cl1
Cl1
Cl1
C20
C23
C21
C22
C23
C19
C10

D
F2
C10
C15
C16
C16
C17
C12
C14
S1
F2
C10
C21
C22
C22
C23
C18
C20
Ci11

443(2) C36
-80.5(3) C36
0.6(7) C36
-1.7(6) C37
-1.7(8) C37
1.1(8) C38
0.6(7) C39
1.1(6) CAl
-67.5(2) C42
47.8(2) C42
166.7(2) C42
0.0(7) C42
-0.5(6) C43
0.8(7) C43
-1.5(7) C44
1.3(6) C45
-0.2(6) CA7
67.7(4) C48

8 &8

C37
C36
C38
C39
C40
C36

RR R

3
C42
C44
C45
C46
C42
C33

C35
C35
C38
C4a1
C39

C41
C37
C35
C35
C35
C44
C47
C45
C46
C47
C43
C34

F4
C34
C39
C40
C40
c41
C36
C38

F4
C34
C45
C46
C46
Cc47
C42
Cc44
C35

Angle/*

39.6(2)
-84.8(3)
1.0(7)
-2.4(5)
-1.7(7)
0.3(7)
1.8(6)
1.0(6)
-65.2(2)
50.6(2)
169.2(2)
1.5(6)
-1.2(6)
-1.6(7)
0.3(7)
1.1(7)
-0.1(6)
67.5(4)

Table S16 Hydrogen Atom Coor dinates (Ax10 #) and | sotr opic Displacement Par ameters (A2x103) for

3ac.
Atom

H1
H2
H4
H5
H7
H10A
H108
H13
H14
H15
H16
H17
H19
H20

-1621.97
-3451.19
-1886.95
-126.16
1076.97
46.12
-177.3
3314.49
5270.73
7150.14
7208.6
5309.27
2465.32
3940.21

y
5106.55

4688.39
7386.53
7849.42
7499.41
4878.91

6270.9
7736.82
7088.67
5923.42
5461.65
6117.92
4459.49
4603.23

97

-6329.83
-7095.99
-8036.47
-7254.04
-6271.07
-4676.93
-4850.53
-5484.53
-5973.06
-5488.35

-4525.8
-4023.44
-2975.88
-2080.85

U(eq)

68
78

70
62
59
59
73
101
111
96
72
78
90



Table S16 Hydrogen Atom Coor dinates (Ax10 ) and | sotr opic Displacement Parameters (A2x102) for

3ac.
Atom

H21
H22
H23
H24A
H24B
H24C
H25
H26
H28
H29
H31
H34A
H34B
H37
H38
H39
H40
H41
H43
H44
H45
H46
H47
H48A
H48B
H48C

4066.7
2682.1
1224.17
2427.15
1783.32
3162.94
-1669.3
-3674.03
-2735.67
-775.77
799.82
165.32
-145.27
3368.57
5342.61
7285.44
7312.07
5388.93
2905.52
4361.09
4082.49
2429.8
1009.83
2477.44
1902.63
3237.89

y

6406.93
8078.81
8004.57
4170.34
3573.23
4446.21
2374.76
1970.63
4983.32
5423.07
4931.29
2217.42
3602.85
5007.32
4330.35
3291.53
3005.85
3748.61
2018.81
2232.49
3913.05
5441.86
5295.45

1634.9

988.97
1909.78

98

-1556.17
-1898.78
-2797.04
-5747.77
-5215.53
-5108.84
-1356.42
-2048.18
-2938.11
-2219.52
-1324.85
268.2
102.43
-561.51
-1006.27
-471.46
516.9
975.38
1934.59
2824.71
3405.33
3083.53
2174.45
-843.06
-307.62
-207.51

U(eq)

89
82
72
96
96
96
69
81
85
70

GRS

88
90
82
65
73
81

93
77
102
102
102



Data intensity of 70121 was collected using a 'Bruker APEX-II CCD' diffractometer at
297.75(10) K. Data collection and reduction were done by using Olex2 and the structure was
solved with the ShelXS structure solution program using direct methods and refined by full-
matrix least-squares on F? with anisotropic displacement parameters for non-H atoms using
SHEL X-97. Hydrogen atoms were added at their geometrically idea positions and refined
isotropically. Crystal datafor 7: C13H1sFO,, T = 297.75(10) K, monoclinic, P21, a= 5.7657(2) A,
b =8.4827(4) A, c = 12.1582(5) A, a = 90°, B = 99.606(4)°, y = 90°, V = 586.30(4) A%. Z = 2,
peac = 1.259 g/cm?. 10142 reflections collected, 1977 [Rin: = 0.0642, Rsgma = 0.0404] independent
reflections, R1 = 0.0387, wR2 = 0.1043 (I>=2¢ (1)), R1 = 0.0419, wR> = 0.1069 (all data), GOF =
1.128, and 0.0(2) parameters.

@ .
I

Table S17. Crystal data and structure refinement for 7.

Identification code 7
Empirical formula Ci3H1sFO2
Formulaweight 222.25
Temperature/K 297.75(10)
Crystal system monoclinic
Space group P21

alA 5.7657(2)
b/A 8.4827(4)
c/A 12.1582(5)
a/° 90

B/ 99.606(4)
v/° 90
Volume/A3 586.30(4)
z 2
Peacg/cm’ 1.259
w/mm*t 0.779

12 Supplementary crystallographic data have been deposited at Cambridge Crystallographic Data Center (CCDC number: 2275110).
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F(000)

Crystal size/mm?3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of -fit on F?

Final R indexes [[>=2c (I)]
Final R indexes[all datal
Largest diff. pesk/hole/ e A2
Flack parameter

236.0

0.33 x0.26 x 0.22

CuKa (A= 1.54184)

7.3741t0 134.132
-6<h<6,-10<k<9,-14<1<14
10142

1977 [Rint = 0.0642, Rsigma = 0.0404]
1977/1/146

1.128

R1=0.0387, wR> = 0.1043

R1 =0.0419, wR> = 0.1069
0.11/-0.13

0.0(2)

Table S18. Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters

(A?x10°) for 7. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

Atom X y z U(eq)
F1 -5714(3) -6181(2) -8837.6(13) 52.0(5)
o1 -7721(4) -3285(3) -9448.6(19) 57.9(6)
02 -1270(4) -5485(3) -9449.0(18) 58.8(6)
C1 -10226(6) -6583(5) -3874(3) 58.6(9)
c2 -10592(6) -5990(5) -2853(3) 68.0(10)
C3 -9044(7) -4938(5) -2284(3) 69.9(10)
C4 -7129(7) -4452(5) -2728(3) 65.8(9)
C5 -6770(6) -5006(4) -3747(3) 56.1(8)
C6 -8300(5) -6091(4) -4334(2) 48.8(7)
Cc7 -7876(7) -6744(5) -5410(3) 60.6(9)
C8 -6299(6) -6199(5) -5968(2) 60.9(8)
C9 -4708(6) -5622(5) -6483(3) 62.0(9)

C10 -5126(5) -4356(4) -7352(2) 50.8(7)
c1 -4484(5) -4783(3) -8475(2) 42.2(6)
C12 -5261(5) -3544(4) -9350(3) 52.9(7)
C13 -1879(5) -5136(4) -8390(3) 53.3(8)

Table S19. Anisotropic Displacement Parameters (A2x10 %) for 7. The Anisotropic displacement
factor exponent takes the form: -2n?[ha*2U+2hkar b* Uio+...].
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Atom
F1
O1
02
C1
C2
C3
C4
C5
C6
C7
C8
C9

C10
c11

C12
C13

Un1
51.5(10)
45.3(12)
43.8(11)
52.5(18)

64(2)
93(3)
75(2)
53.5(18)
49.4(16)
76(2)
75(2)
60.2(19)
47.6(15)
38.0(14)
45.8(16)
42.0(16)

U2
49.8(11)
62.0(17)
70.9(16)

63(2)
79(3)
67(3)
66(3)
60(2)
50.6(19)
56(2)
63(2)
81(3)
60(2)
43.9(17)
55(2)
66(2)

Table S20. Bond Lengths for 7

Atom
F1
O1
02
C1
C1
C2
C3
C4

Atom
Cc11
C12
C13

C2
C6
C3
C4
C5

L ength/A
1.413(3)
1.421(4)
1.421(4)
1.387(5)
1.389(4)
1.366(6)
1.370(5)
1.373(5)

Table S21. Bond Anglesfor 7.

Atom
C2
C3
C2
C3
C4
C1
C5

Atom
C1
C2
C3
C4
C5
C6
C6

Atom
C6
C1
C4
C5
C6
C7
C1

Uss
55.6(9)
66.9(14)
66.0(13)
58.6(19)
65(2)
54.1(19)
55.6(18)
55.3(18)
45.2(14)
49.4(18)
45.3(16)
45.3(16)
45.0(15)
44.7(14)
58.7(17)
52.3(16)

Anglef®
120.2(3)
120.4(3)
119.9(4)
120.3(4)
120.9(3)
120.4(3)
118.3(3)

101

U2s
-6.6(8)
16.4(11)

-16.7(11)

9.6(16)
13(2)
2.0(17)
-2.5(17)
3.8(15)
9.3(13)
2.8(15)
3.2(16)
5.4(16)
-5.1(14)
-3.0(12)
10.7(15)
-3.3(15)

Atom

C5
C6
C7
C8
C9
C10
c1l
C11

Atom
C8
C9
F1
F1
F1

C10
C12

Atom
C9
C10
c11
c11
Cc11
Cc11
Cc11

Uiz
11.9(7)
10.6(9)
22.3(9)
3.8(14)

23.9(16)
24.0(18)
8.5(16)
10.1(14)
4.4(12)
9.9(15)
12.1(14)
10.8(13)
6.7(12)
7.2(10)
12.3(13)
10.6(12)

Atom

C6
c7
C8
C9
C10
C11
C12
C13

Atom
C10
C1
C10
C12
C13
C13
C10

Uiz
-8.8(8)
3.9(10)

-12.6(10)

-9.7(15)
-2.6(19)

0(2)

-14.7(19)
-7.5(15)
3.1(13)
-2.7(17)
13.2(18)
20.6(18)
2.5(14)
-7.9(11)
-2.7(14)
1.0(14)

Length/A

1.388(5)
1.478(4)
1.306(5)
1.291(5)
1.497(5)
1.517(4)
1.510(4)
1.518(4)

Anglef®
124.8(3)
115.4(3)
107.2(2)
106.8(2)
107.2(2)
111.9(2)
112.3(3)



Atom Atom Atom Angle/° Atom Atom Atom Angle/°
C5 C6 Cc7 121.3(3) C12 C1u1 C13 111.0(2)
C8 Cc7 C6 124.0(4) o1 C12 Cc11 110.0(2)
C9 C8 Cc7 177.5(4) 02 C13 Cc11 111.8(2)

Table S22. Hydrogen Atom Coordinates (Ax10 ) and Isotropic Displacement Parameters (A2x10 3)
for 7.

Atom X y z U(eq)
H1 -8076.85 -2470.63 -9799.53 87
H2 61.83 -4881.73 -9548.72 71

H1A -11272.87 -7312.61 -4250.5 70
H2A -11899.26 -6311.31 -2554.96 82
H3 -9289.52 -4551.26 -1597.01 84
H4 -6067.46 -3744.07 -2335.95 79
H5 -5484.67 -4648.53 -4047.32 67
H7 -8788.35 -7594.47 -5708.22 73
H9 -3189.96 -6021.12 -6301.53 74

H10A -4229.04 -3431.82 -7069.37 61

H10B -6777.7 -4070.19 -7462.71 61

H12A -4423.93 -2567.72 -9144.97 63

H12B -4890.92 -3887.09 -10062.26 63

H13B -1470.86 -6025.8 -7894.72 64
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9. NMR spectra
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