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I General information
'H and 3C NMR spectra were recorded on a Bruker 14A04336 (600 MHz) spec-

trometer. Chemical shifts were reported in parts per million (ppm), and the residual
solvent peak was used as an internal reference: proton (chloroform & 7.26), carbon
(chloroform & 77.0) or tetramethylsilane (TMS 6 0.00) was used as a reference. Multi-
plicity was indicated as follows: s (singlet), d (doublet), t (triplet), g (quartet), m (mul-
tiplet), dd (doublet of doublet), bs (broad singlet). Coupling constants were reported in
Hertz (Hz). All high resolution mass spectra (HRMS) were obtained on a micrOTOF-
Q 11 10269 spectrometer. For thin layer chromatography (TLC), TLC plates were used,
and compounds were visualized with a UV light at 254 nm. Further visualization was
achieved by staining with iodine, or potassium permanganate solution followed by heat-
ing using a heat gun. Flash chromatography separations were performed on 300-400
mesh silica gel. The cyanohydrins are commercially available or synthesis via the

known procedures!



Il General Procedure for preparation of product from cyanohydrins

NiCl, (5 mol%)
n-| 0,
HO CN BuPAd, (10 mol%) O ©CN
+ ,CHO -
R “Me R LIOH (3.0 equiv.) R R2
1 2 1,4-dioxane, 4A MS 3

100°C

Method A: To a vial equipped with a dried stir bar was added aldehydes (0.2 mmol)
ketone cyanohydrins (0.4 mmol) NiCl> (5 mol%), ligand L* (5 mol%), LiOH (0.6
mmol), 100 mg 4A MS and anhydrous dioxane (1 mL) in the glovebox. The reaction
mixture was taken outside the glovebox and allowed to stir at room temperature for 30
min. After then, the reaction mixture was allowed to stir at 100 °C for 18 hours. The
crude reaction mixture was concentrated under reduced pressure and directly purified

by silica gel chromatography to give pure products.

NiCl, (5 mol%)
o] OH "BuPAd, (10 mol%) O OCN
) _
R® NC” TR* LiOH (3.0 equiv.) R3 R4
1,4-dioxane, 4A MS
4 5 3

100 °C

Method B: To a vial equipped with a dried stir bar was added ketones (0.2 mmol)
aldehyde cyanohydrins (0.4 mmol) NiClz (5 mol%), ligand L* (5 mol%), LiOH (0.6
mmol), 100 mg 4A MS and anhydrous dioxane (1 mL) in the glovebox. The reaction
mixture was taken outside the glovebox and allowed to stir at room temperature for 30
min. After then, the reaction mixture was allowed to stir at 100 °C for 18 hours. The
crude reaction mixture was concentrated under reduced pressure and directly purified

by silica gel chromatography to give pure products.

I11 Characterization of products
4-0x0-2,4-diphenylbutanenitrile (3aa)?
o ©oN The title compound was prepared according to the general procedure
as described. Silica gel flash column chromatography was performed
Saa using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hexane:ethyl ace-
tate = 5:1) resulting in a white solid in 82% yield (method A), 83% yield (method B).
IH NMR (600 MHz, CDCls) § 7.91 (d, J = 7.6 Hz, 2H), 7.58 (t, J = 7.1 Hz, 1H), 7.44
(m, 4H), 7.38 (t, J = 7.1 Hz, 2H), 7.32 (t, J = 7.1 Hz, 1H), 4.59-4.52 (m, 1H), 3.71 (dd,

J=17.9 Hz, 8.0 Hz, 1H), 3.50 (dd, J = 17.9 Hz, 5.7 Hz, 1H).
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13C NMR (151 MHz, CDCl3) & 194.66, 135.79, 135.36, 133.87, 129.28, 128.84, 128.38,
128.11, 127.51, 120.63, 44.49, 31.94.

4-(4-chlorophenyl)-4-oxo-2-phenylbutanenitrile (3ba)?

The title compound was prepared according to the general proce-
(0] CN

dure as described. Silica gel flash column chromatography was per-
Cl

3ba formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 70% yield (method A) and 75%
yield (method B).
IH NMR (600 MHz, CDCl3) § 7.78 (d, J = 7.7 Hz, 2H), 7.39-7.29 (m, 6H), 7.27 (d, J =
5.9 Hz, 1H), 4.47 (t, J = 7.6 Hz, 1H), 3.62 (d, J = 17.7 Hz, 7.6 Hz, 1H), 3.39 (d, J =
17.2 Hz, 1H).
13C NMR (151 MHz, CDCl3) § 193.49, 140.48, 135.13, 134.09, 130.36-128.85, 128.46,
127.46, 120.42, 44.48, 31.94.

4-(4-bromophenyl)-4-oxo-2-phenylbutanenitrile (3ca)?

o on The title compound was prepared according to the general proce-

dure A as described. Silica gel flash column chromatography was
Br

3ca performed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 90% yield.
'H NMR (600 MHz, CDCls) 6 7.70 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H), 7.36-
7.29 (m, 4H), 7.26 (t, J = 7.1 Hz, 1H), 4.46 (dd, J = 7.7 Hz, 6.1 Hz, 1H), 3.60 (dd, J =
17.9 Hz, 8.1 Hz, 1H), 3.38 (dd, J = 17.9 Hz, 5.9 Hz, 1H).
13C NMR (151 MHz, CDCl3) § 193.73, 135.11, 134.47,132.19, 129.57, 129.33, 129.22,
128.47, 127.47, 120.43, 44.4, 31.93, 29.69.

4-(4-fluorophenyl)-4-oxo-2-phenylbutanenitrile (3da)?
o N The title compound was prepared according to the general proce-

- O O dure A as described. Silica gel flash column chromatography was

3da



performed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hexane:ethyl acetate =
5:1) resulting in a white solid in 85% yield.

1H NMR (600 MHz, CDCls) & 7.60 (d, J = 4.5 Hz, 2H), 7.34 (d, J = 7.4 Hz, 2H), 7.30
(t, 3= 7.4 Hz, 2H), 7.25 (t, J = 7.2 Hz, 1H), 7.19 (d, J = 12.7 Hz, 1H), 7.04 (t, J = 4.1
Hz, 1H), 4.47 (t, J = 7.0 Hz, 1H), 3.57 (dd, J = 17.3 Hz, 7.8 Hz, 1H), 3.36 (dd, J = 17.3
Hz, 6.3 Hz, 1H).

13C NMR (151 MHz, CDCls3) § 187.42, 142.76, 135.06, 134.73, 132.56, 129.30, 128.40
(d, J=13.7 Hz), 127.49, 120.37, 44.81, 31.99.

4-0x0-2-phenyl-4-(p-tolyl)butanenitrile (3ea)?
o o The title compound was prepared according to the general proce-
dure as described. Silica gel flash column chromatography was per-
3ea formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 72% yield (method A) and 77%
yield (method B).
IH NMR (600 MHz, CDCl3) § 7.74 (d, J = 7.1 Hz, 2H), 7.29 (m, 5H), 7.18 (d, J = 6.4
Hz, 2H), 4.48 (s, 1H), 3.61 (dd, J = 17.7 Hz, 7.8 Hz, 1H), 3.40 (dd, J = 17.7 Hz, 3.8 Hz,
1H), 2.33 (s, 3H).
13C NMR (151 MHz, CDCl3) & 194.22, 144.86, 135.45, 133.37, 129.50, 129.25, 128.33,
128.23, 127.50, 120.67, 44.38, 31.96, 21.66.

4-(4-methoxyphenyl)-4-oxo-2-phenylbutanenitrile (3fa)?

The title compound was prepared according to the general proce-
O CN

dure A as described. Silica gel flash column chromatography was
~o

“a performed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 86% yield.

'H NMR (600 MHz, CDCl3) § 7.83 (d, J = 8.7 Hz, 2H), 7.36 (d, J = 7.4 Hz, 2H), 7.32

(t, 3= 7.5 Hz, 2H), 7.26 (t, J = 7.2 Hz, 1H), 6.86 (d, J = 8.7 Hz, 2H), 4.50 (t, J = 6.9

Hz, 1H), 3.80 (s, 3H), 3.60 (dd, J = 17.6 Hz, 7.9 Hz, 1H), 3.38 (dd, J = 17.6 Hz, 6.0 Hz,

1H).



13C NMR (151 MHz, CDCl3) § 193.03, 164.12, 135.49, 130.44, 129.23, 128.88, 128.30,
127.49,120.72, 114.00, 55.53, 44.16, 32.01.

4-(2-chlorophenyl)-4-oxo-2-phenylbutanenitrile (3ga)*

o The title compound was prepared according to the general procedure

CN
A as described. Silica gel flash column chromatography was per-
Cl

39a formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 65% yield.
IH NMR (600 MHz, CDCl3) § 7.40 (d, J = 7.4 Hz, 1H), 7.35-7.28 (m, 6H), 7.28 — 7.22
(m, 2H), 4.46 (t, 3 = 7.1 Hz, 1H), 3.63 (dd, J = 17.9 Hz, 8.0 Hz, 1H), 3.46 (dd, J = 17.9
Hz, 6.3 Hz, 1H).
13C NMR (151 MHz, CDCl3) § 197.53, 137.67, 134.87, 132.67, 131.36, 130.77, 129.54,
129.28, 128.46, 127.51, 127.19, 120.23, 48.30, 32.26.

4-ox0-2-phenyl-4-(o-tolyl)butanenitrile (3ha)

o ON The title compound was prepared according to the general procedure

A as described. Silica gel flash column chromatography was per-
formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 72% vyield.
IH NMR (600 MHz, CDCl3) § 7.48 (t, J = 10.3 Hz, 1H), 7.31 (m, 5H), 7.25 (t, J = 7.1
Hz, 1H), 7.16 (t, J = 8.1 Hz, 2H), 4.46 (t, J = 7.1 Hz, 1H), 3.55 (dd, J = 17.6 Hz, 8.0
Hz, 1H), 3.36 (dd, J = 17.6 Hz, 6.2 Hz, 1H), 2.41 (s, 3H).
13C NMR (151 MHz, CDCl3) § 198.02, 139.05, 136.20, 135.29, 132.32, 132.18, 129.26,
128.57, 128.37, 127.50, 125.87, 120.62, 46.86, 32.22, 21.39.

HRMS (ESI): m/z Calcd. for [C17H1sNO, M+H]": 272.1046; Found: 272.1047.

4-(3-chlorophenyl)-4-oxo-2-phenylbutanenitrile (3ia)*



G ON The title compound was prepared according to the general procedure

A as described. Silica gel flash column chromatography was per-

Cl 3ia

formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 65% yield
IH NMR (600 MHz, CDCl3) & 7.81 (s, 1H), 7.71 (d, J = 7.3 Hz, 1H), 7.48 (d, J = 7.4
Hz, 1H), 7.38-7.29 (m, 5H), 7.27 (d, J = 5.9 Hz, 1H), 4.46 (s, 1H), 3.62 (dd, J = 17.6
Hz, 7.4 Hz, 1H), 3.40 (dd, J = 17.8 Hz, 2.9 Hz, 1H).
13C NMR (151 MHz, CDCl3) § 193.47, 137.24, 135.28, 135.05, 133.81, 130.18, 129.34,
128.50, 128.23, 127.47, 126.15, 120.34, 44.62, 31.90.

4-(3-methoxyphenyl)-4-oxo-2-phenylbutanenitrile (3ja)

o The title compound was prepared according to the general procedure

A as described. Silica gel flash column chromatography was per-
formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 85% yield.
IH NMR (600 MHz, CDCl3) & 7.40-7.24 (m, 8H), 7.04 (d, J = 7.7 Hz, 1H), 4.46 (t, J =
6.7 Hz, 1H), 3.75 (s, 3H), 3.62 (dd, J = 17.9 Hz, 8.0 Hz, 1H), 3.41 (dd, J = 17.9 Hz, 5.8
Hz, 1H).
13C NMR (151 MHz, CDCl3) § 193.49 , 159.02 , 136.11 , 134.31 , 128.78 , 128.25 ,
127.35,126.47,119.59 (d, J = 9.4 Hz), 119.36, 111.41 , 54.47 , 43.54 , 30.97 .
HRMS (ESI): m/z Calcd. for [C17H1sNO2, M+H]*: 288.0995; Found: 288.1000.

4-(naphthalen-2-yl)-4-oxo-2-phenylbutanenitrile (3ka)?

o on The title compound was prepared according to the general proce-

dure A as described. Silica gel flash column chromatography was

3ka performed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in
hexane:ethyl acetate = 5:1) resulting in a white solid in 53% vyield.
IH NMR (600 MHz, CDCls) & 8.32 (s, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.84 (d, J = 8.2
Hz, 1H), 7.79 (dd, J = 11.8, 8.6 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.5 Hz,

1H), 7.39 (d, J = 7.4 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.26 (t, J = 7.4 Hz, 1H), 4.54
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(dd, J = 7.7 Hz, 6.2 Hz, 1H), 3.77 (dd, J = 17.7 Hz, 8.0 Hz, 1H), 3.56 (dd, J = 17.7 Hz,
6.0 Hz, 1H).

13C NMR (151 MHz, CDCl3) § 194.56, 135.90, 135.40, 133.12, 132.42, 130.03, 129.61,
129.31, 128.94, 128.79, 128.40, 127.86, 127.55, 127.08, 123.50, 120.67, 44.59 , 32.07.

4-0x0-2-phenyl-4-(thiophen-2-yl)butanenitrile (31a)?
The title compound was prepared according to the general procedure
\\S as described. Silica gel flash column chromatography was performed
3la using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hexane:ethyl ace-
tate = 5:1) resulting in a white solid in 82% yield(method A), 80% yield (method B).
IH NMR (600 MHz, CDCl3) § 7.60 (t, J = 3.9 Hz, 2H), 7.34 (d, J = 7.3 Hz, 2H), 7.30
(t,J=7.5Hz, 2H), 7.25 (t, J = 7.2 Hz, 1H), 7.07-7.02 (m, 1H), 4.47 (t, J = 7.0 Hz, 1H),
3.56 (dd, J = 17.3 Hz, 7.8 Hz, 1H), 3.36 (dd, J = 17.3 Hz, 6.3 Hz, 1H).
13C NMR (151 MHz, CDCl3) § 197.44, 166.20, 140.29, 133.93, 129.82, 128.18, 52.40 ,

26.80.

4-ox0-2-phenylhexanenitrile (3ma)

Q@ N The title compound was prepared according to the general procedure
\)ZKQ as described. Silica gel flash column chromatography was performed
using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hexane:ethyl acetate = 5:1) result-
ing in a white solid in 40% yield(method A), 45% yield (method B).

IH NMR (600 MHz, CDCl3) § 7.32-7.24 (m, 5H), 4.30 (dd, J = 7.5 Hz, 6.6 Hz, 1H),
3.08 (dd, J = 17.7 Hz, 7.8 Hz, 1H), 2.86 (dd, J = 17.7 Hz, 6.3 Hz, 1H), 2.40 (dq, J =
17.8 Hz, 7.3 Hz, 1H), 2.30 (dq, J = 17.8 Hz, 7.3 Hz, 1H), 0.99 (t, J = 7.3 Hz, 3H).

13C NMR (151 MHz, CDCls) § 205.89, 135.16, 129.24, 128.35, 127.36, 120.43, 47.53,
36.18, 31.69, 7.46.

HRMS (ESI): m/z Calcd. for [C12H13NO, M+H]": 210.0889; Found: 210.0892.

4-cyclopropyl-4-oxo-2-phenylbutanenitrile (3na)



o GN The title compound was prepared according to the general procedure A

V)tj@ as described. Silica gel flash column chromatography was performed
using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hexane:ethyl acetate

= 5:1) resulting in a white solid in 57% yield.
H NMR (600 MHz, CDCls) & 7.33-7.24 (m, 5H), 4.30 (dd, J = 7.9 Hz, 6.2 Hz, 1H),
3.24 (dd, J =17.7 Hz, 7.9 Hz, 1H), 3.02 (dd, J = 17.7 Hz, 6.1 Hz, 1H), 1.81 (tt, J= 7.8
Hz, 4.5 Hz, 1H), 1.05 (m, 1H), 0.98 (m, 1H), 0.86 (m, 2H).
13C NMR (151 MHz, CDCls) § 205.24, 135.23, 129.19, 128.28, 127.35, 120.44, 48.47,
31.73,20.77,11.43, 11.32.

HRMS (ESI): m/z Calcd. for [C1sH1sNO, M+H]*: 222.0889; Found: 222.0890.

2-(4-fluorophenyl)-4-oxo-4-phenylbutanenitrile (3ab)?

T ™ The title compound was prepared according to the general proce-
F dure A as described. Silica gel flash column chromatography was
- performed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-

ane : ethyl acetate = 5:1) resulting in a white solid in 83% vyield.
'H NMR (600 MHz, CDCls) & 7.84 (d, J = 7.4 Hz, 2H), 7.52 (t, J = 7.4 Hz, 1H), 7.39
(t, J = 7.8 Hz, 2H), 7.34 (dd, J = 8.6 Hz, 5.1 Hz, 2H), 7.00 (t, J = 8.6 Hz, 2H), 4.49 (t,
J=6.9 Hz, 1H), 3.63 (dd, J = 17.9 Hz, 7.4 Hz, 1H), 3.43 (dd, J = 17.9 Hz, 6.4 Hz, 1H).
13C NMR (151 MHz, CDCls) & 194.44, 163.37, 161.73, 135.68, 133.97, 131.12 (d, J =

3.2 Hz), 129.34 (d, J = 8.3 Hz), 128.87, 128.09, 44.43, 31.22.

2-(4-chlorophenyl)-4-oxo-4-phenylbutanenitrile (3ac)?

o on The title compound was prepared according to the general proce-

dure A as described. Silica gel flash column chromatography was
Cl

3ac performed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-
ane:ethyl acetate =5:1) resulting in a white solid in 77% yield.
IH NMR (600 MHz, CDCl3) & 7.84 (dd, J = 8.3, 1.1 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H),
7.40 (t, J = 7.8 Hz, 2H), 7.33-7.26 (M, 4H), 4.49 (t, J = 6.9 Hz, 1H), 3.63 (dd, J = 17.9

Hz, 7.4 Hz, 1H), 3.43 (dd, J = 17.9 Hz, 6.4 Hz, 1H).
9



13C NMR (151 MHz, CDCl3) § 194.32, 135.62, 134.47, 134.01, 133.82, 129.45, 128.96,
128.88, 128.09, 44.27, 31.34.

2-(4-bromophenyl)-4-oxo-4-phenylbutanenitrile (3ad)?

i ™ The title compound was prepared according to the general proce-

Br dure as described. Silica gel flash column chromatography was per-
formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 73% yield (method A), 78% yield
(method B).
IH NMR (600 MHz, CDCls) 6 7.83 (d, J = 7.5 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.43
(d, J = 8.2 Hz, 2H), 7.39 (t, J = 7.6 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 4.46 (t, J = 6.8
Hz, 1H), 3.62 (dd, J = 17.9 Hz, 7.4 Hz, 1H), 3.42 (dd, J = 17.9 Hz, 6.4 Hz, 1H).
13C NMR (151 MHz, CDCl3) § 194.32, 135.62, 134.37, 134.00, 132.41, 129.28, 128.88,
128.09, 122.50, 120.15, 44.19, 31.42.

4-0x0-4-phenyl-2-(p-tolyl)butanenitrile (3ae)?

o N The title compound was prepared according to the general procedure
A as described. Silica gel flash column chromatography was per-
3ae formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 66% yield.

IH NMR (600 MHz, CDCls) & 7.84 (d, J = 7.6 Hz, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.38
(t, J= 7.7 Hz, 2H), 7.23 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.8 Hz, 2H), 4.48-4.39 (m,
1H), 3.62 (dd, J = 17.9 Hz, 7.9 Hz, 1H), 3.40 (dd, J = 17.9 Hz, 6.0 Hz, 1H), 2.26 (s,
3H).

13C NMR (151 MHz, CDCl3) & 194.74 , 138.24, 135.84, 133.82, 132.32, 129.91, 128.82,
128.10, 127.36, 44.53, 31.56, 21.04.

2-(4-methoxyphenyl)-4-oxo-4-phenylbutanenitrile (3af)?

10



Q CON The title compound was prepared according to the general proce-

O dure as described. Silica gel flash column chromatography was per-
formed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 76% yield (method A), 79% yield
(method B).
IH NMR (600 MHz, CDCls) 6 7.85 (d, J = 7.7 Hz, 2H), 7.52 (t, J = 7.2 Hz, 1H), 7.39
(t, J=7.4 Hz, 2H), 7.27 (d, J = 7.4 Hz, 2H), 6.83 (d, J = 7.4 Hz, 2H), 4.45 (t, J = 6.7
Hz, 1H), 3.73 (s, 3H), 3.62 (dd, J = 17.8 Hz, 7.6 Hz, 1H), 3.42 (dd, J = 17.8 Hz, 6.2 Hz,
1H).
13C NMR (151 MHz, CDCls3) § 194.76, 159.59, 135.85, 133.82, 128.81, 128.66, 128.08,
127.24, 120.85, 114.65, 55.36, 44.56, 31.17.

2-(2-chlorophenyl)-4-oxo-4-phenylbutanenitrile (3ag)?

The title compound was prepared according to the general procedure

O CN
A as described. Silica gel flash column chromatography was per-
3agCI formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 56% yield.

IH NMR (600 MHz, CDCls) 5 7.87 (d, J = 7.8 Hz, 2H), 7.61 (d, J = 7.5 Hz, 1H), 7.53
(t, J =7.2 Hz, 1H), 7.40 (t, J = 7.5 Hz, 2H), 7.36 (d, J = 7.8 Hz, 1H), 7.26 (dt, J = 23.7
Hz, 7.3 Hz, 2H), 4.85 (d, J = 9.3, 1H), 3.60 (dd, J = 17.9 Hz, 9.4 Hz, 1H), 3.46 (dd, J =
17.9 Hz, 4.0 Hz, 1H).

13C NMR (151 MHz, CDCl3) § 194.41, 135.67, 133.89, 132.75, 130.31, 129.88, 129.49,
128.84, 128.12, 127.77, 119.65, 42.42, 30.07.

2-(2-bromophenyl)-4-oxo-4-phenylbutanenitrile (3ah)*

P ™ The title compound was prepared according to the general procedure
O Br A as described. Silica gel flash column chromatography was per-
3ah

formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 75% yield.

11



IH NMR (600 MHz, CDCl3) & 7.87 (d, J = 7.3 Hz, 2H), 7.62 (d, J = 7.7 Hz, 1H), 7.53
(t, J=8.4 Hz, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.33 (t, = 7.5 Hz, 1H), 7.16 (dd, J = 13.8
Hz, 6.3 Hz, 1H), 4.85 (dd, J = 9.2 Hz, 3.6 Hz, 1H), 3.58 (dd, J = 17.9 Hz, 9.7 Hz, 1H),
3.45 (dd, J = 17.9 Hz, 3.1 Hz, 1H).

13C NMR (151 MHz, CDCl3) & 194.35, 135.66, 134.46, 133.89, 133.64, 130.08, 129.50,
128.84, 128.42, 128.13, 122.87, 119.72, 42.73, 32.49.

2-(2-methoxyphenyl)-4-oxo-4-phenylbutanenitrile (3ai)?

o on The title compound was prepared according to the general procedure
A as described. Silica gel flash column chromatography was per-

3ai formed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 90% yield
'H NMR (600 MHz, CDCls) & 7.86 (d, J = 7.6 Hz, 2H), 7.50 (t, J = 7.3 Hz, 1H), 7.42
(d, J=7.5Hz, 1H), 7.38 (t, J = 7.6 Hz, 2H), 7.25 (t, J = 7.7 Hz, 1H), 6.92 (t, J = 7.4
Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 4.69 (dd, J = 8.9 Hz, 4.7 Hz, 1H), 3.78 (s, 3H), 3.57
(dd, J = 17.8 Hz, 9.1 Hz, 1H), 3.42 (dd, J = 17.8 Hz, 4.6 Hz, 1H).
13C NMR (151 MHz, CDCl3) § 195.33, 156.31, 136.00, 133.65, 129.78, 128.95, 128.75,
128.09, 123.24, 121.11, 120.54, 111.10, 55.59, 42.19, 27.48.

2-(3-methoxyphenyl)-4-oxo-4-phenylbutanenitrile (3aj)?

o0 ©N The title compound was prepared according to the general procedure
A as described. Silica gel flash column chromatography was per-

% O< formed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 68% yield:
'H NMR (600 MHz, CDCls) & 7.84 (d, J = 7.6 Hz, 2H), 7.51 (t, J = 7.3 Hz, 1H), 7.38
(t, J=7.7 Hz, 2H), 7.22 (t, J = 7.9 Hz, 1H), 6.92 (d, J = 7.5 Hz, 1H), 6.88 (s, 1H), 6.78
(dd, J = 8.2 Hz, 1.7 Hz, 1H), 4.45 (dd, J = 7.8 Hz, 6.0 Hz, 1H), 3.73 (s, 3H), 3.64 (dd,
J=17.9 Hz, 8.1 Hz, 1H), 3.42 (dd, J = 17.9 Hz, 5.8 Hz, 1H).
13C NMR (151 MHz, CDCls3) § 194.65, 160.23, 136.76, 135.78, 133.87, 130.35, 128.83,

128.11, 120.52, 119.64, 113.82, 113.35, 55.37, 44.47, 31.93.
12



2-(benzo[d][1,3]dioxol-5-yl)-4-0x0-4-phenylbutanenitrile (3ak)?

o on The title compound was prepared according to the general proce-

°> dure A as described. Silica gel flash column chromatography was
(0]

3ak performed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 70% yield.
IH NMR (600 MHz, CDCls) & 7.89-7.82 (m, 2H), 7.52 (t, J = 7.4 Hz, 1H), 7.40 (t, J =
7.8 Hz, 2H), 6.84-6.79 (m, 2H), 6.72 (d, J = 7.9 Hz, 1H), 5.89 (s, 2H), 4.41 (t, J = 6.9
Hz, 1H), 3.60 (dd, J = 17.8 Hz, 7.6 Hz, 1H), 3.41 (dd, J = 17.8 Hz, 6.3 Hz, 1H).
13C NMR (151 MHz, CDCl3) & 194.63, 148.35, 147.70, 135.76, 133.89, 128.84, 128.10,
121.02, 120.68, 108.77, 107.96, 101.46, 44.54, 31.59.

2-(naphthalen-2-yl)-4-oxo-4-phenylbutanenitrile (3al)*

o oN The title compound was prepared according to the general proce-
dure A as described. Silica gel flash column chromatography was

! performed using hexanes and ethyl acetate (10:1) (Rf = 0.50 in

hexane:ethyl acetate = 5:1) resulting in a white solid in 58% vyield.
IH NMR (600 MHz, CDCls) & 7.89-7.82 (m, 3H), 7.82-7.73 (m, 3H), 7.51 (t, J = 7.4
Hz, 1H), 7.47-7.40 (m, 3H), 7.38 (t, J = 7.8 Hz, 2H), 4.66 (dd, J = 7.6 Hz, 6.3 Hz, 1H),
3.72(dd, J =17.9 Hz, 7.9 Hz, 1H), 3.52 (dd, J = 17.9 Hz, 6.0 Hz, 1H).
13C NMR (151 MHz, CDCls) § 194.63, 135.74, 133.91, 133.35, 132.9, 132.55, 129.32,
128.85, 128.13, 127.94, 127.75, 126.84, 126.76, 126.69, 124.83, 120.64, 44.53, 32.009.

2-(naphthalen-1-yl)-4-oxo0-4-phenylbutanenitrile (3am)

o ©N The title compound was prepared according to the general procedure
O ‘O A as described. Silica gel flash column chromatography was per-
3am formed using hexanes and ethyl acetate (10:1) (Rf = 0.50 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 89% vyield.
H NMR (600 MHz, CDCl3) & 7.88-7.81 (m, 4H), 7.78 (d, J = 8.3 Hz, 1H), 7.71 (d, J

= 7.1 Hz, 1H), 7.53-7.47 (m, 2H), 7.44 (m, 2H), 7.37 (t, J = 7.8 Hz, 2H), 5.24 (dd, J =
13



9.7 Hz, 4.0 Hz, 1H), 3.79 (dd, J = 18.1 Hz, 9.7 Hz, 1H), 3.48 (dd, J = 18.1 Hz, 4.0 Hz,
1H).

13C NMR (151 MHz, CDCl3) § 194.91, 135.69, 134.17, 133.93, 130.81, 129.76, 129.47,
129.34, 128.85, 128.17, 127.29, 126.33, 125.93, 125.54, 122.02, 120.68, 43.74, 29.06.
HRMS (ESI): m/z Calcd. for [C20H1sNO, M+H]*: 308.1046; Found: 308.1048.

2-(furan-2-yl)-4-oxo-4-phenylbutanenitrile (3an)?

0 ©oN The title compound was prepared according to the general procedure

O
M A as described. Silica gel flash column chromatography was per-

3an

formed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hexane:ethyl acetate = 5:1)
resulting in a white solid in 77% yield.

IH NMR (600 MHz, CDCl3) & 7.88 (dd, J = 8.3, 1.1 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H),
7.41 (t, J = 7.8 Hz, 2H), 7.31 (d, J = 1.1 Hz, 1H), 6.31 (d, J = 3.3 Hz, 1H), 6.28 (dd, J
=3.2, 1.9 Hz, 1H), 4.60 (t, J = 6.9 Hz, 1H), 3.65-3.56 (M, 2H).

13C NMR (151 MHz, CDCl3) & 194.28, 146.94, 143.14, 135.61, 133.99, 128.88, 128.14,
118.36, 110.86, 108.24, 40.71, 26.02.

4-0x0-4-phenyl-2-(thiophen-2-yl)butanenitrile (3a0)?

O cN The title compound was prepared according to the general procedure
% A as described. Silica gel flash column chromatography was per-
formed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hexane:ethyl acetate = 5:1)
resulting in a white solid in 67% yield (method A), 69% yield (method B).

'H NMR (600 MHz, CDCls) & 7.90-7.86 (m, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.42 (t, J =
7.8 Hz, 2H), 7.22-7.17 (m, 1H), 7.09 (d, J = 3.5 Hz, 1H), 6.91 (dd, J = 5.1 Hz, 3.6 Hz,
1H), 4.79 (t, J = 6.8 Hz, 1H), 3.69 (dd, J = 17.8 Hz, 7.3 Hz, 1H), 3.56 (dd, J = 17.8 Hz,
6.5 Hz, 1H).

13C NMR (151 MHz, CDCl3) & 194.26, 137.04, 135.63, 134.02, 128.89, 128.15, 127.18,
126.73, 125.90, 44.59, 27.27.

2-(1H-indol-3-yl)-4-o0x0-4-phenylbutanenitrile (3ap)
14



The title compound was prepared according to the general proce-

O . L dure A as described. Silica gel flash column chromatography was
’ performed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 51% yield.

IH NMR (600 MHz, CDCls) 5 8.21 (s, 1H), 7.85 (d, J = 7.5 Hz, 2H), 7.62 (d, J = 7.9

Hz, 1H), 7.50 (t, J = 7.4 Hz, 1H), 7.38 (t, J = 7.7 Hz, 2H), 7.33 (d, J = 8.1 Hz, 1H), 7.22

(d, J=2.0 Hz, 1H), 7.18 (t, J = 7.4 Hz, 1H), 7.11 (t, J = 7.5 Hz, 1H), 4.77 (dd, J = 7.9,

5.9 Hz, 1H), 3.70 (dd, J = 17.9, 8.1 Hz, 1H), 3.60 (dd, J = 17.9, 5.7 Hz, 1H).

13C NMR (151 MHz, CDCl3) § 195.31, 136.50, 135.88, 133.82, 128.81, 128.11, 125.00,

122.93, 122.89, 120.79, 120.39, 118.36, 111.77, 109.76, 42.94, 23.73.

HRMS (ESI): m/z Calcd. for [C1sH14aN20, M+H]": 297.0998; Found: 297.1003.

2-benzyl-4-oxo-4-phenylbutanenitrile (3aq)

The title compound was prepared according to the general procedure
O A as described. Silica gel flash column chromatography was per-
formed using hexanes and ethyl acetate (10:1) (Rf = 0.50 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 64% yield.

IH NMR (600 MHz, CDCl3) & 7.84 (dd, J = 8.3 Hz, 1.1 Hz, 2H), 7.53 (dd, J = 10.6 Hz,
4.3 Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 7.29-7.24 (m, 2H), 7.21 (dd, J = 7.1 Hz, 5.0 Hz,
3H), 3.47 (dq, J = 13.2 Hz, 6.6 Hz, 1H), 3.28 (dd, J = 17.9 Hz, 6.5 Hz, 1H), 3.17 (dd, J
=17.9 Hz, 6.9 Hz, 1H), 2.94 (qd, J = 13.7 Hz, 7.0 Hz, 2H).

13C NMR (151 MHz, CDCl3) § 195.25, 136.41, 135.93, 133.86, 129.20, 128.86, 128.04,
127.49, 121.42, 39.79, 37.55, 28.21.

HRMS (ESI): m/z Calcd. for [C17H1sNO, M+H]*: 272.1046; Found: 272.1043.

2-cyclohexyl-4-oxo-4-phenylbutanenitrile (3ar)

e oN The title compound was prepared according to the general procedure
M as described. Silica gel flash column chromatography was performed
3ar

using hexanes and ethyl acetate (10:1) (Rf = 0.50 in hexane:ethyl ac-

etate = 5:1) resulting in a white solid in 83% yield (method A), 82% yield (method B).
15



IH NMR (600 MHz, CDCl3) § 7.88 (d, J = 7.4 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.41
(t, J=7.7 Hz, 2H), 3.31 (td, J = 9.3 Hz, 3.3 Hz, 1H), 3.17 (dt, J = 20.0 Hz, 5.7 Hz, 2H),
1.82 (d, J = 6.3 Hz, 1H), 1.72 (d, J = 10.5 Hz, 3H), 1.62 (d, J = 11.2 Hz, 1H), 1.52 (s,
1H), 1.25-1.06 (m, 5H).

13C NMR (151 MHz, CDCls) § 195.55, 136.07, 133.74, 128.82, 128.05, 120.97, 38.97,
38.45, 32.55, 31.46, 29.20, 25.99, 25.86, 25.81.

2-(2-(methylthio)ethyl)-4-oxo-4-phenylbutanenitrile (3as)

. The title compound was prepared according to the general procedure
Ws/ A as described. Silica gel flash column chromatography was per-

e formed using hexanes and ethyl acetate (10:1) (Rf = 0.40 in hex-

ane:ethyl acetate = 5:1) resulting in a white solid in 32% yield.
'H NMR (600 MHz, CDCls) & 7.88 (d, J = 7.3 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.43
(t, J = 7.8 Hz, 2H), 3.50-3.42 (m, 1H), 3.38 (dd, J = 17.8 Hz, 6.4 Hz, 1H), 3.23 (dd, J
=17.8 Hz, 6.9 Hz, 1H), 2.71 (dt, J = 13.2 Hz, 6.6 Hz, 1H), 2.61 (dt, J = 7.9 Hz, 6.3 Hz,
1H), 2.08 (s, 3H), 1.95-1.87 (m, 2H).
13C NMR (151 MHz, CDCls) § 194.93, 135.87, 133.90, 128.88, 128.04, 121.23, 40.50,
31.43, 31.25, 25.43, 15.44.
HRMS (ESI): m/z Calcd. for [C13H1sNOS, M+H]": 256.0767; Found: 256.0769.

3-methyl-4-oxo-2,4-diphenylbutanenitrile (8)

The title compound was prepared according to the general procedure
O CN

A as described. Silica gel flash column chromatography was per-

8 formed using hexanes and ethyl acetate (10:1) (Rf = 0.30 in hex-
ane:ethyl acetate = 5:1) resulting in a white solid in 31% yield (method A), 25% yield
(method B).

'H NMR (600 MHz, CDCl3) § 7.99-7.84 (m, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.40 (t, J =
7.8 Hz, 2H), 7.35 (d, J = 7.2 Hz, 2H), 7.29 (t, J = 7.6 Hz, 2H), 7.22 (t, J = 7.3 Hz, 1H),
4.93 (d, J = 8.0 Hz, 1H), 3.83-3.65 (m, 1H), 1.00 (d, J = 7.2 Hz, 3H).
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2-((3S, 8R, 9S, 10R, 13S, 14S)-3-hydroxy-10,13-dimethyl-17-o0x0-2, 3, 4, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17-tetradecahydro-1H-cyclopenta[a]phenanthren-16-yl)-2-
phenylacetonitrile (10)
o The title compound was prepared according to the general pro-

. - cedure B as described. Silica gel flash column chromatography
HO ‘@ ’ Q was performed using hexanes and ethyl acetate (6:1) (Rf =0.40
in hexane:ethyl acetate = 3:1) resulting in a white solid in 57% vyield.
IH NMR (600 MHz, CDCl3) § 7.50-7.43 (m, 2H), 7.36 (dt, J = 15.1 Hz, 5.0 Hz, 2H),
7.30 (d, J = 7.4 Hz, 1H), 5.35-5.28 (m, 1H), 3.51-3.43 (m, 1H), 2.83 (ddd, J = 15.8 Hz,
6.6 Hz, 1.9 Hz, 1H), 2.45-2.32 (m, 1H), 2.26 (dd, J = 5.2 Hz, 2.2 Hz, 1H), 2.20 (d, J =
2.7 Hz, 1H), 2.16-2.09 (m, 1H), 2.07-1.96 (m, 1H), 1.92 (ddd, J = 12.9 Hz, 4.3 Hz, 2.5
Hz, 1H), 1.84-1.69 (m, 3H), 1.69-1.58 (m, 3H), 1.54-1.40 (m, 3H), 1.37-1.25 (m, 3H),
1.00 (s, 3H), 0.92 (s, 3H).
13C NMR (151 MHz, CDCl3) § 209.61, 141.19, 135.99, 135.65, 133.08, 130.32, 128.68,
120.83, 71.62, 50.38, 49.92, 47.34, 42.25, 37.16, 36.75, 31.62, 31.60, 31.23, 30.95,
29.37,20.44,19.47, 14.23.

IV Procedure of gram scale reaction

To a vial equipped with a dried stir bar was added o-Anisaldehyde (5 mmol) aceto-
phenone cyanohydrin (10 mmol) NiCl> (5 mol%), ligand L (5 mol%), LiOH (300
mol%), 300 mg 4A MS and anhydrous dioxane (10 mL) in the glovebox. The reaction
mixture was taken outside the glovebox and allowed to stir at room temperature for 30
min. After then, the reaction mixture was allowed to stir at 100 °C for 18 hours. The
crude reaction mixture was concentrated under reduced pressure and directly purified

by silica gel chromatography to give pure product 1.12 g, 85% vyield.
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V The mechanism study.

To a vial equipped with a dried stir bar was added Chalcone 11 (0.2 mmol), p-Tolu-
aldehyde (0.2 mmol), acetophenone cyanohydrin (0.4 mmol), NiClz (5 mol%), ligand
L (5 mol%), LiOH (0.6 mmol), 100 mg 4A MS and anhydrous dioxane (1 mL) in the
glovebox. The reaction mixture was taken outside the glovebox and allowed to stir at
room temperature for 30 min. After then, the reaction mixture was allowed to stir at
100 oC for 18 hours. The crude reaction mixture was concentrated under reduced pres-
sure and given *H NMR. We got the corresponding products 3aa and 3ae with the ratio
of 1.05:1, which shows that the cyano group from the cleavage of C-CN bond of cya-
nohydrin was a free anion in this nickel-catalyzed protocol and has the same oppor-

tunity to conjugated addition to each chalcone.

e
HO_ CN 1eq. NiCl, (5 mol%)
. _n-BUPAd, (10 mol%)
o
P> LiOH (3.0 equiv.)
O 1,4-dioxane, 4A MS O O
2eq. 100 °C

LZF-1H Qoo e %
¥ SEBTESEEE
1.7F-542 2522349359
o FEFFFF

O CN. d
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To a vial equipped with a dried stir bar was added Chalcone 11 (0.2 mmol), aceto-
phenone cyanohydrin (0.4 mmol), under standard conditions in the glovebox. The re-
action mixture was taken outside the glovebox and allowed to stir at room temperature
for 30 min. After then, the reaction mixture was allowed to stir at 100 °C for 18 hours.
The crude reaction mixture was concentrated under reduced pressure and given ‘H
NMR. We got the corresponding products 3aa with 89% yield, and the hydrogen-bor-
rowing product 12 was not observed, showing that cleavage the C-CN bond is more

easy than the C-H bond in cyanohydrins.

. (0]
)\ Standard Conditions G CN
+ =
Ph OH Ph)K/\Ph PhMPh + Ph)K/\Ph
5a 1 3aa 12
not observed
LZF-1H SR EFI=0d88
L7F-723 R I I IS
N R e
(0] CN . ¢

T T T T T T T T T T T T T T T T T T
10.5  10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
. )

In order to observe the role of nickel in this cyano borrowing reaction, the 3P NMR
and HIMS were tested. As it shown below, the peak of the mixture of NiCL, and "Bu-
PAd; in 3P NMR spectrum is 24.04 ppm, but after the addition of acetophenone cyano-
hydrin 1a, the 31P was remove to 51.34 ppm and 68.76 ppm, which means that the nickel
was interacted with the cyanohydrins. Additionally, HIMS was tested under the standard

procedure A, we found the fragment of [("BuPAd2)2Ni(CN)(1a)]. All these results could
19



prove that the coordination of CN toward Ni.

Desktop

o z
LZF-1306 x
I
130 110 90 80 70 60 50 40 30 20 10 0 -10 -30 =50 =70 =90 -110 -130 -150 -170 -190 -210 -230
f1 (ppm)
The 3P NMR of the mixture of NiCL, and "BuPAd5.
LZF-13C z o
LZF-1184-d ; 2
g =z
HO CN
NiCl,+BuPAd, +
I
|
|
130 110 90 80 70 60 50 40 30 20 10 0 -10 -30 =50 =70 =90 -110 -130 -150 -170 -190 -210 -230

1 (ppm)

The 3P NMR of the mixture of NiCL,, "BuPAd: and acetophenone cyanohydrin 1a.
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Intens. +MS, 0.1-0.2min #4-9
x108 |

755.5572 ("BuPAd2).Ni(CN)(1a)
N 415.3451 /

945.6554 1129.8296

l 571.3837
. |

200 ' 400 ' 600 ‘ 800 ' 1000 ‘ 1200 miz

The HIMS of the reaction mixture under standard condition.

In order to understand the role of nickel catalyst in mechanism, we have tested every
step of the reaction in the presence and absence of the nickel catalyst in 1 h and 18 h,
respectively, as it shows in figure 1. We found that the nickel catalyst improves the con-

jugate 1,4-addition of the cyano group to chalcone.

H [v)
HO o [Ni] (5 mol%) o
L (10 mol%)
S
©)< Base (3.0 equiv.) ©)k
Solvent, 4A MS
1a 100 °C 1h 18 h
with [Ni] 100% 100%
without [Ni] 100% 100%
[NI] (5 mol%) o
0,
CHO (10 mol%) -
©/ Base (3.0 equiv.) O O
Solvent, 4A MS
100 °C 3h
with [Ni] 82% Yield
without [Ni] 80% Yield
[Ni] (5 mol%)
L (10 mol%)
©)§ Base 3 0 equiv.) ‘)V\‘
Solvent, 4A MS
100 °C
18 h
with [Ni] 85%
without [Ni] 42%

The control experiments with other Lewis acid catalyst, such as Ti(O"Pr), was tested,
and got 35% Yield. The Bronsted acid catalyst, such as benzoic acid (PhCO2H) was used
in this cyano-borrowing reaction, 23% Yield was obtained. These control experiments
shown that the acid could improve the reaction, but nickel catalyst was the optimal
choose. All these control experiments shows that the Lewis acid was the role playing for
nickel complex, and the oxidation number of Ni does not change through the cyano bor-

rowing process.
21



HO ¢N

@* O
1a 2a

Cat. (10 mol%)
- .

O CN
Base (3.0 equiv.)

Solvent, 4A MS .l .l

100 °C 3aa

Cat. = Ti(O"Pr)4 (Lewis acid): 35% Yield
Cat. = PhCO,H (Bronsted acid): 23% Yield

LiOH is very important in this nickel-catalyzed cyano borrowing process, and the reaction with

different equivalents of LiOH were tested, the results were listed as below. The transformation did

not work while catalytic amounts was tested, and trace desired product was obtained with one equiv-

alent LiOH. But the desired product 3 was obtained in 64% yield while two equivalent of LiOH was

introduced to the cyano borrowing reaction, and 85% yield was achieved under the standard reaction

conditions.
NiCl, (5 mol%) o cN
HO CN CHO "BuPAd, (10 mol%)

o M @ LiOH (X equiv.) Ph%
1a 2a 1,4-dio1x§geo,C4A MS 3
Entry LiOH (eq.) Yield (%)

1 0.2 NR
2 0.5 NR
3 1.0 Trace
4 2.0 64
5 3.0 85

In addition, LiOH was very important in this transformation, not just work as the base for the Aldol

condensation, but also important in the “Borrowing” and “Returning”. As it shows below, the nickel

catalyzed cyano borrowing reaction has no activity at the absence of LiOH. Low conversion was

achieved for the decyanoation of the cyanohydrins and no Micheal addition was occurred without

the addition of LiOH. Overall, lithium hydroxide is the key additive for the transformation.
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a) _
HO c©N NiCl,

T O e
Ddioxane, O O
100°C, 2 h
NR
b)
NiCl,
Y% BuPAd, o
E——
Ddioxane, (j)k 30% Conv.
100°C, 2 h
c)
HO ¢N o NiCl, o oN
Ph Ph Ddioxane, O O
100°C, 2 h
NR

VI References

1, Huang, X.; Wang, W. Synlett 2017, 28, 439-444.

2, Lin, S.; Weli, Y.; Liang, F. Chem. Commun., 2012, 48, 9879-9881.
3, Wang, Y.; Chen, X. F. Eur. J. Org. Chem. 2013, 4624—463.

4, Zhang, J.; Liu, X.; Wang, R. Chem. Eur. J. 2014, 20, 4911 — 4915.

23


http://pubs.rsc.org/en/results?searchtext=Author%3AShaoxia%20Lin
http://pubs.rsc.org/en/results?searchtext=Author%3AYing%20Wei
http://pubs.rsc.org/en/results?searchtext=Author%3AFushun%20Liang

VIl NMR of products

8LY'E
88¥°¢
80S°¢
8IS°¢
689°¢
wLe
6IL°¢
ceLe
9¢Sy
8¥Sy
8SSY

~

1eL
el
SECL
99¢'L
LLEL
06€°L
61F'L
(434
1S¥'L
'L
S9S°L
LLS'L
685°L
¥06'L
LI6'L

e s | ——

LZF-138

CN

3aa

E80°1
90'1

Mo._
0'C
w/ 0

101
20T

10.0 9.5

10.5

V61—

ror' vy —

+08°9L
888°9L
910°LL
00T°LL
6TT'LL
TIeLL

0€9°0T1 —
o1s'LTl
601°8C1 W
08¢°8T1
6£8'8T1 \
18T°6C1 \
wyeel

9sesel
o6LsEl

79961 —

LZF-138

CN

3aa

20 10

30

50

80

110

130

170

£1 (ppm)

24



8LEE
wow.m/
S6S°€
L09'¢
¥79'¢
LE9'E

LYy —

SoT'L
SLTL
LIEL
9TeL
PreL
9S€’L
0LEL
LLLL
06L°L

LZF-1H
LZF-384-1

CN

Cl

3ba

Fo0'1
o1

T
10.0

T
10.5

0

T
L.

£1 (ppm)

0r6'1e—

SLY' vy —

Ew.on
wmo.hhw
0vTLL

LI¥0TI —
6SY°LTI
24141 V
681°6T1
81€°6C1
687°6T1

060'¥€T
wﬁ.mm_\

8101

leve6l —

LZF-13C
LZF-384-1

I

CN
3ba

Cl

10

T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100
£1 (ppm)

210

25



09€°¢
0LEE
06€°€
66€°¢
€867
965°¢
€19°¢
979°¢
Shr'y
SSv'y
8S¥'Y
897’

LyTL
6ST'L
0LTL
86T'L
1eL
€TeL
9¢€€’L
8YEL
LIS'L
1eS°L
689°L
€0L°L

LZF-1H
LZF-437

CN

Br

3ca

ik

301
E80'1

01

11y
2661
00T

10.0 9.5 9.0

10.5

£1 (ppm)

9z6'1€ —

ovr' vy —

xvx.ch
cac.hhw
wTLL

Ter 0Tl —
69v'LTI
LY'STI V
81T6T1
LTE6TI

P61'TEL \
SLY'vEl

801°S€El

CN

3ca

Br

|

I

10

40 20

150 140 130 120 110 100 90 80 70 60
£1 (ppm)

160

190 180

200

26



BE0'L |
SH0'Lq
0L
6L1°L
00T'L A
6£T°L
1STLA
€97'L ]
w6TL
YOEL 4
91¢'L
seeL
ossL

==

s6s°L Q
€09

LZF-1H
LZF-430

CN

3da

I

=I'T
HI'1

01

el

[l
(4
6’1

)mo.w

10.0 9.5 9.0

10.5

£1 (ppm)

L86°1€ —

8%y —

ccw.cw
Nno.www
€8TLL

8Ly

SE8Tl /

ShrsTl
967621 7
095°TEL W
YELbEl

09LTYT —

YTrL81 —

LZF-13C
LZF-430

CN

3da

30 20

40

190 180 170 160 150 140 130 120 110 100 90 80 70 60
£1 (ppm)

200

27



9T¢T—

8LE'E
8¢e'E
Lov'e
viv'e
T6s°€
$09°¢
w9t
S€9°¢

187y —

TLTL

Nw_.h/
6¥T'L~\L
YOE'L—

s/
veLL
L

LZF-1H
LZF-383-1

CN

3ea

Fsra
FL01

Wno.n

Teee

0.0

0.5

4.0

s

6.5 6.0 5.0
1 (ppm)

7.0

10.5 10.0 9. 9.0 8.5

11

9917 —

656'1€ —

8LEYY —

omw.oh
wvo.hhv
09TLL

€L9°0TI
96¥'LTT /
9TT'8T1
§TERTL
LyTetl
00s°621
oLgeel I
[44%
098'vv1 —

ECTYO1 —

LZF-13C
LZF-383-2

CN

3ea

10

130 120 110 100 90 80 70 60 50 40 30 20 10
£1 (ppm)

140

200 190 180 170 160

210

28



19¢°¢
1Le¢
06€°¢
00t'¢
185°¢

¥65°¢
019°¢ \
€09°¢ \
66L'¢
687y
005y W
TSy

7589
30597
SSeL W

L9E°L

9T8'L
0r8’L V

LZF-1H
LZF-428-1

CN

3fa

=6'1

0°1
0T
0T

£1 (ppm)

600TE —
6ST'vy —

0€5°6S —

06L9L
_oo.gv
€ITLL

€007IT —

reLott —

00€'8CI
mww.wﬂw
ceTect
6£1°0€T
ror'SEl s/

YTry9r —

CN

3fa

20 10

30

130 120 110 100 90 80 70 60 50
1 (ppm)

140

190 180 170 160

200

29



ovp'e
Isv'e
0LY'E
08¥'¢
019°¢
¥79'¢
0r9°¢
$S9°¢
0st'y
9ty
LYY

weTL
WTL
0ST'L
6ST'L
0LTL
S6T'L
80€°L
8TEL
€eeL
PEEL
6£€°L
06€°L
€0v'L

LZF-1H
LZF-387-1

CN
3ga

0T
901

00’1

1T
Z6's
260

T
10.0 9.5

T
10.5

£1 (ppm)

09T'TE —

66T 87 —

_vw,ow
mmo.?w
YITLL

67T 0Tt —
€61°LT1

905171 ->
wovser 7
0L9°TET
DL “
L99°LET

CN

Cl

3ga

150 140 130 120 110 100 90 80 70 60 50 40 30 20
£1 (ppm)

160

200 190 180

10

30



1yc—

Iree
1s¢e¢
0LE'E
08€°¢
€E5°E
9IrsE
w95
9LS'E

vvv.v
vmv.v W
iad

6vIL
€©rL
9LT'L
9€TL
8YT'L
09T'L
L8TL
00€'L
TIeL
9TEL
6£€°L
08%°L
orL

LZF-1H
LZF-388-1

CN

3ha

901
901

=Y
S

10.5

£1 (ppm)

6e1T—

0TTTe—

€989y —

wa.wh
vco.hhw
SLTLL

f@.om_
an.mN_/
661'LTT
€LERTI
TLS'8TI
9T 6Tl —
6L1°TEL

reeeel
£6TSEL
oo_.cm_\

8+0°6€1

n

16861 —

LZF-388-F

LZF-13C

CN

3ha

'

110

T T
150 140 130

T
160

£1 (ppm)

31



6LEE
8€°¢
60¥'¢
€Ir'e
865°¢
609°¢
979°¢
6€9°¢

197y —

YoT'L
YLTL
LIgL
TeeL
weL
PLY'L
98%'L
LOL'L
6ILL
LO8'L

SN

LZF-1H
LZF-385-1

CN

3ia

Cl

E80°1
ELO'T

7501
L0'S
AL6°0
=160
660

2.5

3.0

10.5 10.0 9.5 9.0 8.5

0

11.

£1 (ppm)

968'1¢ —

0T9'vy —

m_w.cn
mNo.RW
LETLL

6v1°9C1
691'LT1
0€T'8T1
L6Y'8TI
LEE6TI -7
on_.om_ 7

[AEE331 7
SYo'sel
08T'sEl

1T LEL

LZF-13C
ZF-

CN

3ia

Cl

190 180 170 160 150 140 130 120 110 100 90 80 70 60
£1 (ppm)

200

32



88¢€°¢
86€°¢
81¥'¢
8Tr'e
S6S°€
609°¢

§T9'¢
wmo.m\
6¥L'E

ISty
vy W
LYY

9¢£0°L
6v0°L
LYTL
6ST'L
TTL
88TL
w0eL
PIEL
6£€°L
0S€'L
89¢€°L
8LEL
T6eL

LZF-1H
LZF-386-1

CN

sl

81
1€C
(424

8.0

8.5

9.0

10.0

10.5

£1 (ppm)

996'0¢ —

SYS ey —

99" PS —

cvw.mw
Nmo.owW
Y9T9L

VIV TIT—

%2:
s19611 "
L9t

TS
ovesel [
esLsel/
L0EHE1

Lorost/

810°6ST —

2

g

5
\

LZF-13C
LZF-386

CN

3ja

190 180 170 160 Bl 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

200

33



9¢s°¢
9ps°€
995°¢
sLse
osLe
voL'E
08L'€
€6L°€
sTsr
9¢sh
Sesh
132
89T'L
£0€'L
91€L
8$TE'L
6LEL
16€L 1
69v'L |
8L
152
Lzs'L
07S°L A
€LLL
L8L°LA
T6LL
LOS'L A
€68
8L~

¥68°L
806'L W

0Te'8 —

LZF-1H
LZF-431

ﬁ'ut

CN

0O
3ka

901
Eso1

Lezteiin

-0.5

0.0

10.0

10.5

1 (ppm)

PLOTE —

vwm.gv.

109°th

SY8'9L
nmc.tv

89TLL

£L9°0T1
HOS'ETI
080°LT1 4
9vs'LTI A
198°LT1
T0p'8T1
98L°8T1
TH6'8TI
90€°6T1 7]
719'621
L20°0€1
0THTEn
811€€1

|
]
:
F
i
r

£0v'sel
oesel d

095761 —

LZF-13C
LZF-431

CN

3ka

-10

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210

34



8€€¢
8Yee
99¢€°¢
LLEE ==
Prse ———
LSSE
€ELSE
98¢°¢

9ISty
891y W ——
08%'y

CN
3la

LE0'L

oL / _
150°L

8ETL

0sTL

9TL -—
€0€°L -

sieL  —
LEEL

6vEL

€65°L

109'L

909'L

LZF-1H
LZF-439-1

HI'1
F60'1

660

01
e
0T

00T

T T
10.0 9.5

T
10.5

1.0

108'9T —

S0Y'TS —

€08'9L
m_o.gv
LTTLL

£1 (ppm)

081°8C1 —
L18'6T1
ceoeel —

€6T0VT —

L61'99T —

LZF-13C
LZF-439-1

CN

3la

130 120 110 100 90 80 70 60 50 40 30 20 10
£1 (ppm)

140

200 190 180 170 160

110

35



1460
6860 W
19
voze
ziee
peet
L€
08¢
04T
814
658
0s8°C
98T
L8
cs0'€
890°¢
860°¢

98Ty
L6TY
66Ty
0rey

6€TLq
wTL
ShTLA
6vT'L
€5TLA
LSTLA
9TL
S9T'L A
89T'L
wUTLA
vLTL ]
6LT L
€37°L
987, 4
T6TL
96TL
Y0€'L
c1¢L
91¢L
veeLd

LZF-1H
LZF-432-3

CN

3ma

=10'¢

01
01
301
E90'1

£1 (ppm)

9L — -—
69°'1€ — —
819¢ — —
€S°LY— -—
18°9L
NO.NNW = —
YTLL
5
€7°0TT ~ m ]
9£LTL ®
SE8TI ~ o p——— |
voert
9I°gel — -]
68:507 — -
28
o
58

-10

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210

36



CN

3na

=]

0l
01
Tt
01

=01
=60'1

IS

0.0 0.5

0.5

5.5 5.0
1 (ppm)

6.0

6.5

9.0 8.5 7.0

10.0

10.5

el
(4341 >
§9L°0T—

9TLTE—

Uy'8y —

mwn.ch
cmm.owW
80T'LL

6£Y°0T1 —

PSELTI ~
y8T'8TL T
z61'6T1 7
sTTsEl

LZF-13¢
126-434-6
kS
5
|

CN

3na

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
£1 (ppm)

210

37



€Iv'e
er'e
(3449
13949
019°¢
w9t
0v9'e
ws9e
8LY'y
687y W
108y

869
9669

6TEL
8€€°L
€reL
wseL

8¢eL
S6¢°L N
80¥°L

0Is'L
ws'L
PESL
Pe8L
LY8'L

LZF-1H
LZF-464

CN
3ab F

301
901

0c
0T
10°1
90T

T
10.0 9.5

T
10.5

£1 (ppm)

SITIE—

9Ty —

m_w,ow
_mc.EW
EYTLL

€91911
80€9T1 V
[l
980°8C1
698'8T1 ~&
Ie6tl
69€°6T1

€89°6€l

9TLI91 ~
69€°€91 —

=
=
b
<
al
I

LZF-13C
LZF-464

3ab

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40
£1 (ppm)

200

38



Tir'e
£€Tr'e
wr'e
£Sh°E
e
ST9'¢
w'e
$9'¢
YLY'Y
98"y
Lov'Yy

~

ILTL
08T'L
L8TL
T6TL
ToeL
SOE'L
TIeL
9I€L
S8EL
86€°L
1y'L
PISL
LTSL
6€S°L
1e8°L
€E8°L
SY8'L
9¥8'L

LZF-1H
LZF-450-3

CN

Cl

3ac

—
]|

Il
=01

B0
20T
Moot

=£0'C

10.0 9.5

10.5

£1 (ppm)

were—

VLTV —

fw.cn
xNo.RW
0¥TLL

0Tz ot —
060°8C1
www.wN_W
6S6'8C1
6¥F6T1
LI8'EEl
110vel
[7Aa43
L19°s€l

=N
“
<+

61 —

LZF-13C
LZF-450-3

CN

Cl

3ac

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
£1 (ppm)

200

39



0v'€
Siy'e
PEP'E
L)
¥09°¢
919°¢
¥€9°¢
9Ir9'€

18544
[lad W
LYY

€ETL
wT'L
LLEL
06€'L
€0¥'L
STY'L
6EV°L
LOSL
61S°L
392
PT8L
9€8°L

S

LZF-1H
LZF-452

1]

Br

£1 (opm)

CN
3ad

10.0

10.5

Pr'ie —

€61ty —

SY8'9L
nmc.tv
69T'LL

8r1°0CI
0$°TCl
\

760°8TI1
€88°8TI /
8LT6TI L

60F TET ~_
€00°vEl —=
cnm.ﬁm_\

cosel

“

Y61 —

LZF-13C 2
LZF-452

Br
90 80 70 60 50 40 30 20 10

100
£1 (ppm)
40

CN
110

3ad

120

130

150 140

160

190 180

200




1977 —

S8¢e'E
S6¢°E
Siv'e
sTr'e
S6S°€
609°¢
§T9'¢
8€9°¢

(Usa4
(3244 W
€St

1ors
PITL

STTL
mmN.n/
L9E'L
orm.nw
T6e'L
orL
$0S'L
9IS°L

0€8°L
WL

LZF-1H
LZF-462

CN

3ae

e

ELOT
FL0'T

=001

%o.m
0T
m/wcd

0°1
€0'T

10.0 9.5

10.5

£1 (ppm)

9€0'1C—

196°1€ —

SESHY —

SY8'9L
wmc.tv
89TLL

L9L°0TT —
09€°LT1

96081~
LIS'8TI T

by
1e6clt
n_m.Nm_\

me.mm_\
6£8°SEl

6£T'8El

SEL'YOl —

LZF-13C
LZF-462

CN

3ae

190 180 170 160 150 140 130 120 110 100
£1 (ppm)

200

41



86€°¢
80¥'¢
LTr'e
8EP'E
S65°¢
L09°¢

ST9'e
LE9E \
8TLe

Claad
Lvv'y W
65ty

789
9¢€8°9 v.
S9TL
LLTL

18€°L
P6€'L
90%°'L

905°L
8IS°L
6TS'L
0¥8'L
€S8°L

LZF-1H
LZF-454

CN

3af

220C
50T

0'1
=0T

4.0

4.5

T
10.0 9.5

T
10.5

£1 (ppm)

W98y —

95€°6S —

66L9L
o_o.gv
wTLL

€SOVIT —
8¥8°0TI —
SYTLTI
780°8CTI V
+99'8¢1
1881
NNw.mm_*
mmw.mﬂ

065651 —

LSL'Y61 —

LZF-13C
LZF-454

CN

3af

60

70

T T T T T T
190 180 170 160 150 140 130 120 110 100 90
£1 (ppm)

T
200

42



ovp'e
Lyr'e
0LY'E
LLY'E
085°€ -F
S6S°€
609°¢
ST9'e

6£8'%
Elchd
S8y
w98y

0€T'LA
TWTLA
SST'LA
69T'L A
W8TLA
Y6TLA
6Y€'L
T9€°LA
63€°L ]
0p'L
pivLd
SIS°LA
Lzs'L
6€5°L
665°L
[ACYE
998°L 4
8L8'LA

e T

LZF-1H
LZF-449

CN

Cl
3ag

10.0

10.5

£1 (ppm)

L90°0€ —

81¥'Tr —

m_w.cw
_mo.EW
EYTLL

059611 —
ELLLTI
121°8Tl

8E]'BTI —¢
go6t'6Tl
088621

90€°0€T
orL'TEL
688°€El
1L9s¢el

90¥' 61 —

LZF-13C
LZF-449

CN

Cl
3ag

190 180 170 160 5 140 130 120 110 100 90 80 70 60 50 40
£1 (ppm)

200

43



0€P’e
9ev’E
09%°¢
Sor'e
§ss'e
s’
§86°¢
109°¢

9¢8't
I8t
IS8t
LS8t

LylL
091°L
L
081°L
LIEL
6TE°L
TweL

68€L
Nov.nw
ivL
SIS’L
6TS'L
ws'L
619°L
1€9°L
698'L
188°L

LZF-1H
LZF-451

CN

Br

3ah

tl (ppm) h

A==
PR

A AN

9.0

10.0 9.5

10.5

L8Y'TE—

LTLTy —

€€8°9L
mg.gv
LSTLL

1cLelt
L98'TTl /
EI'8TI /
€T'8TI
Tr8'8TI
10S°6TT ~¢
+80°0€1 —
8€9°¢€l
€68°¢€l
8SHPEL
LS9'SEL

6vErel —

LZF-13C
LZF-451

CN

Br

3ah

150 140 130 120 110 100
£1 (ppm)

160

190 180

200

44



6289
€89

906'9
816'9 W
0€6'9

YETL
www.nw
09T'L
88Y'L
00S°L
CIs'L
058°L
98°L

LZF-1H
LZF-453

01
W.wmoq
01
e

01
No0'1

90T

9.5

£1 (ppm)

ILY'LT—

oty —

T65°SS —

vmw.ww
wwc.tw
8LTLL

Pr$ 0TI
901'1T1

WTETI~O
160'8T1

omEN_W
mvo.wﬁ\
oLLeetly
@E.mﬂ\

866'SET

TIe9st —

190 180 170 160 150 140 130 120 110 100 90 80 70 60
£1 (ppm)

200

45



66€°¢
60¥'¢
6Th'E
(343
S19°e
879°¢ V
S9'E
859°¢ \
€eL'E
orv'y
(US a4
€Sy
3% a4

LLL9
6LL9
06L'9
€6L°9
$88°9
9169
626'9

€0T'L
NFN.FW
0€T'L
ILEL
¥8€°L
L6E'L
Lév'L
01s°L
wsL
9€8'L
8¥8'L

LZF-1H
LZF-463

CN

3aj

=01
e
=I¢

=20'1
»MS
01
2201
Rer
0’1
EHIT

T
10.0 9.5

T
10.5

9T6'1E —

LYYy —

§9€'$S —

wvw.cw
omc.EW
ILTLL

£1 (ppm)

ISEEN ~
1z8€i~"
8€9'611 ~_
9150t
901°8T1

cegsTl -\
8PE0E1
898°€€1—
8LsEl

9L'9€1 7

LTT09T —

©
3
3
<
2
I

LZF-13C
LZF-463

CN

3aj

10

40

70

80

90

110

130

150

T
180

T
190

T
200

£1 (ppm)

46



€6¢°¢
€0r'e
€Tw'e
(3349
185°¢
¥6S°¢
119°¢
€09'¢
86€Y
ocv.vW
1y

S68'S —

0IL'9
mmh.o/
8089
c_m.cw
789
¥8€°L
wom#W
0l1¥'L
60S°L
1s'L
PESL
6€8°L
0¥8'L
€S8°L

LZF-1H
LZF-482

>

CN

3ak

®
TN

0T
E90'1

=01
0T

S 1
01
80T

0
£1 (ppm)

06S'T1€ —

0rS'vyr —

_Nw,ow
mmc.nnW
YrTLL

9101 —

8S6°LOT ~_
€LL'80T

9L9°0T1 ~_
o

960'8T1 ~
€p8'8T1
T68'€€1 —
PoLSEL

10LLET~.
£5E8p1

STOV6I —

LZF-13C
LZF-482

%
(0]

CN
3ak

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
£1 (ppm)

200

47



00S°¢
01s°¢
0€s°€
0ors'e
00L'€
€ILe
0gL’E
(37789
(3584
€991
S99y
9L9Y

89€°Lq
18€°L
6€L
Lov'L
01v'L
STHLA
6TrL
N
hb°L A
Sy
bspL

c6v'L
SEN
8I5°L ﬁ

IsLL
SSLLA
L]
oLLL
vLLL ]
68L°L
£€08°L 1
sv8'L
€58°L
95824

LZF-1H
LZF-466

CN

3al

n

A A

4

L

901
01

I'c
0'¢
01

Hire

Aeo'e

T
10.0 9.5

T
10.5

£1 (ppm)

€60 —

SESYY —

ovw.on
Nmo.hh W
€9TLL

wooct
[4%: 8 44%
889°9C1
LSL'9TL
8€8°9T1
6€6°LT1T
LT1'8zTl
S8'8TL -7
1zeect \
§sszel
0€6'CEL
Sveeel
Y16'€EEl
SrL'SEL

979'v61 —

LZF-13C
LZF-466

CN

3al

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
£1 (ppm)

210

48



w
Fs
s
Fs
850'67—
s
-
Fo 6Ly
- vLEy
.
| <
[
-
[ ed
L= SS89L
i EQ.RW
SLTLL
= =0T |5
o =201
-
< <
-, £
g
o Z
O | 7=
N Gt

) O o 6L9°0C1
oNMM £ Fa zeoel
€€T . .

. -— =001 vrsIsTl
wes o) 3 o LT6'STI
mme [ 82€'9T1
a .
8L Lo
NS.L © 9v8'8T A
STrL - BEC6TI
SEV'L r< L9v'6Tl
iy €9L°61
95t | = 60801
L9vL e SE6'EET
60b'L ~ PLUBEL
287L = L 169's€1
R _
88°L - = -
96t°L F o
66L
005L ] .

L0SL ] e

015

TisL] Lo

YOL'L ] <

91L'L -

e Le

T6LL

0€8'L s

gL res P16p61 —
SS¥L O b
Ea 2 T
8y - 8§

90 80 70 60 50 40 30 20 10

100
1 (ppm)

190 180 170 160 150 140 130 120 110

200




695°¢
08S°¢
66S°¢
$09°¢
019°¢
919°¢
€€9°¢
9r9'¢

065t
109t W
€19t

8LT9
879
879
L8T9
Tre9
L1€9
€reL
SIeL
00¥'L
€1vL
9Tr'L
€CS°L
9€S°L
8YS'L
PLY'L
9LY'L
888°L
688L

N e v

LZF-1H
LZF-470

3an

0°1
60

960
=0T
01
=60C

T
10.0

T
10.5

£1 (ppm)

€209T—

TIL0Y —

vmw.ow
wwc.?w
LLTLL

0rT'80T —
SS80IT —

LSEBIT —

PP1I8TI ~
€88'8T1
S66'EET ~
1951

8elerl —
we'orl —

TwLTY6l1
£8TH61

LZF-13C
LZF-470

3an

40

60

70

110

140 130

150

£1 (ppm)

50



ws'e
4333
ILs¢
(4193
wo'e
¥89°¢
wLe
YIL'E

8Ly
S6L'Y
908t

€069
606'9
Tre’9
816'9
060°L
960°L
L81°L
S6I'L
Lel'L
Y0T'L
90T'L
90¥'L
8I¥'L
(434
6TS°L
Twe'L
PSSL
Tws'L
PLY'L
988°L

LZF-1H
LZF-471-2

3ao

860
2860
MMN. 1

0T
201
90T

10.0

10.5

£1 (ppm)

SLTLT—

€657y —

T18°9L
NNO.RW
VETLL

L6l
T06°5T1 -\
LzL9T1
b8ILTI
LPI'STI —
ssgszr/
S10pE1—
9z9's€l N
8E0'LET

3ao

40 30 20 10

50

70

80

110

130

140

170

£1 (ppm)

51



8LS'E
L8S'E
809°¢
L19°¢

vSLY
YL

1oLy

12104

ﬁ_L
wI'Lq
SLI'L
L81°L 4
viTL
81TL
0zs'L
peeL
y9€°L
LLELA
06€°L
16t°L
£05°L A
819°L

LLYE
169°¢
LoLe
ocLe

L

1€9°L A
V8L
958°L

90T'8 —

LZF-1H
LZF-481

CN

NH

3ap

==

-0.5

10.0

1 (ppm)

8TL'ET—

w6ty —

me.@h
rmo.hhw
8YTLL

65L°60T ~
89LTIT—
LSEBII
T6€°0TI M
06L°0T1
68°TT1
mmo.NN_\
66671
S01'8TI
m_w.mﬁ\‘
0z8'¢el
8LY'SEI
96¥'9¢€1

S61 —

LZFI3C
LZFRu81

NC

(0]

NH

3ap

20

30

40

190 180 0 160 150 140 130 120 110 100 90 80 70 60

100

1 (ppm)

52



868
76T
126
€67
6T
£56'T
96T

WE‘TF

——n

€0T'L
TITL
siTL
€L
9sTL
19T°L
L9T'L
8LTL
08T'L
6eL
LOY'L
0Ty'L
LIS'L
61S°L
6TS°L
Twe'L
PE]'L
9€8'L
8¥8'L
0S8°L

LZF-1H
LZF-467

CN

3aq

bk

60T
20T
=0'1
=00'T

0°€
6'1
J¢c4m
0°1
66’1

9.5

01T8T—

PSSTLE~
€6L°68—

_mw.on
mvo.hhw
YSTLL

£1 (ppm)

€T —
8€0°8TI

omw.ww_
wow.wm_w
1ozect
098°€€l \
re6'sel

60t'9€1

CN

o

3aq

10

40

60

70

110

150

T
190

T
200

£1 (ppm)

53



S e e

T0¥'L
:w.nw
LTY'L
LISL
omm.nN
ws'L

SLY'L \
L8Y'L

LZF-1H
LZF-487

CN

3ar

Fors
SO0

1T

WM_ €
01

=0T
=001

00T
B86'0

6’1

€18'sT
wmw.wmw.
gm.wm\
00T°6T -
mmv._m\

_mm.mm\ _
Sh8¢e

cg.xm\

£1 (ppm)
CN
3ar

696°0T1 — -——

8¥0'8TI ~ _

818'8¢1
6EL°€E1 — —_
990°9¢1 — -]

T
100
£1 (ppm)

T
140 130 110

150

170

54



8I¥'L
omv#W
PryL
LES'L
mwm.an
[

Em.n\
688'L

LZF-1H
F-

CN

3as

HI'C
B80°¢

60T
2001

00T
R660
00T

10.0 9.5

10.5

£1 (ppm)

LEY'ST —

0Er'ST—
wTie
_mv._mV.

961" 0% —

oon.ch
:o.www
€CTLL

LTTIc —

£10'8TI ~
9,881 "
968°€€1 —
L98'SE1

CN

3as

150 140 130 120 110 100 90 80 70 60
£1 (ppm)

160

190 180

200

55



L66 "
600 °
6€L "
asL

r9L
9LL
68L
126
S€6
88T
112
0¢g
1444
L2332
€€e
9€32
8€¢
082
8¢
062
€62
c0¢
S0¢€
Ive
eve
1€
rse

LG€°
98¢ ”
68¢ °
66¢ -
607~
482
L8V *
681 °
167 °
861 -
106 "
0¢ -
VIg -
G68 °

868
106
L06
606
116

[ e R e e e R N S e e S R R R R e R =

NN N NN

CN

0.5

1 (ppm)

869 'GT — —
€89 '62 — -
G566 LY — —
V1L 9L

SO YL
00Z "L2 J
z

80L '93T o

226 °LT1 /

6TV "83T o —_—

697 "8TT w -—]

1€9 °82T \ -

et .mf\ -

P8 9T \

L12 2V

898 102 — -

190 170 150 130 110 90 70 50 30 10 -10

210

1 (ppm)

56



——

160
=1¥T

Hzcr._

3.0 2.5 2.0

3.5

4.0
£1 (ppm)

5.0

5.5

6.0

el —
0LP61 <
65707 —
69€°6T
¥S6°0¢
TTIE
109'1€
wyie
Eﬁ\
esI'LE
8YTTH
gse Lr /¢
Em%\

¥8€°0S

619714~
96L°9L
woo.nnv
m_m.nn

P€8°0C1 —

189'8T1
91£°0E1 ~
180°€€1 —
be9'SEl -7
66°s€1 7
88111/

B-13C

L2%-1303
3
a
I

L7

10

0 0 30 20 10

5

60

140 130 120 110 100 90 80
£1 (ppm)

150

200 190 180 170

210

57



