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1. Procedure

Caution! Triethylphosphine is extremely pyrophoric and has a strong odor.
Care must be taken to avoid exposure to air at all times. The reagent, the
reaction and its work-up should be handled in an adequately ventilated fume
hood while wearing gloves, safety glasses and laboratory coat.

A.  3,4-Dihydronaphthalene-1(2H)-one oxime. An oven-dried 250-
mL, three-necked, round-bottomed flask equipped with a reflux condenser,
nitrogen inlet adapter, glass stopper, and magnetic stir bar (octagonal; 5/16
inch diameter; 1 inch length) is charged with a-tetralone (20.0 g, 137 mmol,
1.0 equiv) (Note 1), methanol (120 mL) (Note 2), hydroxylamine
hydrochloride (10.5 g, 150 mmol, 1.1 equiv) (Note 3), and anhydrous
sodium acetate (12.3 g, 150 mmol, 1.1 equiv) (Note 4) at room temperature.
The flask is flushed with nitrogen, and the nitrogen inlet adapter is then
moved to the top of the condenser. A temperature probe is placed into the
third neck of the flask. The flask is heated at reflux in an oil bath. After one
hour at reflux, the reaction is complete (Note 5). The mixture is cooled to
room temperature, and methanol is removed on a rotary evaporator (20-30
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°C, 30 mmHg). The resulting slurry is re-dissolved in ethyl acetate (200 mL)
(Note 6), and 2 N aqueous NaOH (60 mL) 1s added. The mixture is
transferred to a separatory funnel (500 mL), and the organic phase is
separated, washed with DI water (100 mL) and brine (100 mL, 15 wt%), and
concentrated at reduced pressure on a rotary evaporator (3040 °C, ~30
mmHg) to give a brown crystalline solid (21.2 g, 96% yield) (Note 7) that
was used in the next step without further purification.

B.  N-(3,4-Dihydronaphthalene-1-yl)acetamide. An oven-dried 250-
mL, three-necked round-bottomed flask equipped with a reflux condenser,
thermometer, rubber septum, nitrogen inlet through rubber septum, and
magnetic stir bar (octagonal; 5/16 inch diameter; 1 inch length) is charged
with crude 3,4-dihydronaphthalen-1(2H)-one oxime (20.0 g, 124 mmol, 1.0
equiv) and toluene (freshly distilled and dry, 200 mL) (Note 8). The
resulting solution is flushed with nitrogen for 50 min at room temperature.
Triethylphosphine (Note 9) in a glass ampule is opened in a glove box, and
the liquid triethylphosphine is securely transferred into a Schlenk flask (oven
dried and cooled under nitrogen), sealed, and brought inside the fume hood.
Triethylphosphine (17.6 g, 22.0 mL, 149.0 mmol, 1.2 equiv) is thereafter
transferred into a properly marked volumetric container (oven dried and
cooled under nitrogen) via cannula from the Schlenk flask under a nitrogen
atmosphere (Figure 1). Triethylphosphine is then added directly to the
reaction mixture from the volumetric container via cannula over 1 min
(Figure 2). The reaction mixture is stirred at room temperature for 15 min.
Acetic anhydride (15.2 g, 14.1 mL, 149.0 mmol, 1.2 equiv) is charged to the
reaction using a syringe over 15 min (Note 10), which causes an exothermic
reaction and the temperature rises to 39 °C (measured by an inserted
thermometer immersed into the reaction mixture) (Figure 3). A yellow slurry
solution (Note 11) is formed thereafter. The rubber septum and thermometer
are quickly replaced with glass stoppers and the nitrogen inlet is moved to
the top of the condenser. The resulting slurry is heated to reflux in an oil
bath for 16 h, and reaction progress is monitored by HPLC or TLC (Notes
12 and 13). After complete conversion is achieved (Note 14), the reaction
mixture 1S cooled to room temperature (~25 °C), 6 N aqueous NaOH (60
mL) and fetra-n-butylammonium hydroxide in MeOH (1 N, 2.0 mL) (Note
15) are added. The mixture is stirred at room temperature for 2-3 h until
complete conversion of imide to enamide is achieved (Note 16). The
reaction mixture is diluted with ethyl acetate (500 mL) and transferred to a
1-L separatory funnel, where the organic phase is separated, washed with 1
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wt% acetic acid solution in water (100 mL), followed by brine (100 mL, 15
wt%) (Note 17).
Figure 1

Figure 2
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The solution is then concentrated on a rotary evaporator (3040 °C,
~30 mmHg) to give a slurry (~80 g, ~85 mL) (Note 18). The slurry is then
heated in an oil bath to 100 °C (oil bath temperature) to form a clear
solution. The toluene solution is cooled to 90 °C and heptane (30 mL) (Note
19) is slowly charged to achieve a cloudy solution. The cloudy solution is
stirred at 90 °C for 10 min, until a thin slurry is formed (Note 20).
Additional heptane (70 mL) is charged over 5 min at 90 °C. The slurry is
stirred at 90 °C for an additional 20 min and then cooled to room
temperature over 2 h. After stirring at ambient temperature overnight (Note
21), the solid is collected by filtration on a Biichner funnel, washed with a
mixture of 40% toluene and 60% heptanes (v/v, 2 x 40 mL), and dried under
vacuum (45 °C at 15 mmHg for 5 h) to give an off-white crystalline solid
(20.2 g, 87% yield) (Notes 22 and 23).
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2. Notes

1. o-Tetralone (97% purity) was purchased from Aldrich Chemical
Company, Inc., and used as supplied.

2. Methanol, HPLC grade, was purchased from EMD Chemicals,
Inc., and used as supplied.

3. Hydroxylamine hydrochloride was purchased from Aldrich
Chemical Company, Inc., and used as supplied.

4. Sodium acetate (99% purity) was purchased from Aldrich
Chemical Company, Inc., and used as supplied.

5. The progress of the reaction can be monitored by thin layer
chromatography (TLC) on Multiformat (pre-scored to 5 x 20 cm) silica gel
60 F,s4 plates from Merck KGaA, elution with 10:90 (v/v) ethyl
acetate/hexanes, and visualization with UV light. R¢ values: tetralone, 0.40;
oxime, 0.30. Alternatively, the reaction can also be monitored by HPLC.
One drop of an aliquot was diluted with 1 mL of eluent and analyzed by:
Conditions A (submitters), Waters 2695 HPLC system using a C18 SunFire
column 3.5 pm, 4.6 x 150 mm; UV detection at 250 nm; eluent 40:60 of 0.1
vol% aqueous 85% phosphoric acid/acetonitrile, respectively at flow rate of
1 mL/min. Retention times for tetralone and oxime are 3.7 and 3.4 min,
respectively: Conditions B (checkers), Hewlett Packard 1100 HPLC system
using a Agilent narrow-bore ZORBAX SB-C18 column 5.0 pm, 2.1 x 150
mm; detection at 254 nm, 210 nm, 230 nm, and 280 nm ; eluent 95:5 of
H,0O:acetonitrile (0.1 vol% TFA) at a flow rate of 0.4 mL/min. Retention
time for tetralone and the oxime are 9.0 and 8.8 min, respectively. After 1 h
at reflux, the sample showed >99.0 area% of oxime.

6. Reagent grade ethyl acetate was purchased from EMD Chemicals,
Inc., and used as supplied (submitters).

7. The crude product displays the following physicochemical
properties: Mp 100-102 °C; '"H NMR (400 MHz, CDCl;) &: 1.84-1.91 (m, 2
H), 2.76 (t, 2 H, J=6.0 Hz), 2.84 (t, 2 H, J=6.7 Hz), 7.16 (d, 1 H, J=7.4
Hz), 7.18-7.28 (m, 2 H), 7.87 (d, 1 H, J = 7.7 Hz); °C NMR (100 MHz,
CDCl;) o: 21.2, 23.9, 29.8, 124.0, 126.4, 128.6, 129.2, 130.4, 139.8, 155.3;
HRMS (ESI) m/z caled. for C;0H;,NO ([M+H]") 162.0919; found 162.0912.

8. Reagent grade toluene was purchased from EMD Chemicals, Inc.,
and used as supplied (submitters).

9. Triethylphosphine (97% purity) was purchased from Cytec
Industries, Inc., and used as supplied (submitters), and in a glass ampule,
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purchased from Alfa Aesar, stock no: 30177, lot no: G25T018 (checkers).
Triphenylphosphine is also effective in this transformation, but removal of
the by-product, triphenylphosphine oxide, by flash chromatography, proved
difficult at scale. For scales >1 g, we recommend using triethylphosphine
which enables easy isolation of the enamide by crystallization from the
reaction mixture after work up.

10. Reagent grade acetic anhydride was purchased from Aldrich
Chemical Company, Inc., and used as supplied.

11. A slight exotherm was observed with a temperature rise from
23 °C to 39 °C with formation of solid acylated oxime intermediate (Note
12).

12. The reaction can be monitored by HPLC analysis of a sample
prepared by diluting one drop of the reaction mixture with 1 mL of eluent..
Retention times of the intermediate, by-product, and product are depicted
below (HPLC conditions A: Waters 2695 HPLC system using a C18
SunFire column 3.5 pm, 4.6 x 150 mm; UV detection at 250 nm; eluent
40:60 of 0.1 vol% aqueous 85% phosphoric acid/acetonitrile, respectively at
flow rate of 1 mL/minute). By-product imide is formed as a result of
acylation of product enamide in presence of acetic anhydride. However, it is
hydrolyzed to the enamide with aqueous NaOH in presence of tetra-n-
butylammonium hydroxide.

PO ¥ § "
CO°

Acylated oxime intermediate By-product imide Product
R; 4.6 min R; 4.3 min R; 2.5 min

13. Alternatively, the progress of the reaction can also be monitored by
thin layer chromatography (TLC) on Silicycle precoated 250-um silica gel
60 F254 plates, elution with 40:60 ethyl acetate/hexanes, and visualization
with UV light. The Ry values for the starting material, intermediate and
product are given below with their structures.
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o X S
CO)°

Acylated oxime intermediate By-product imide Product
R; 0.9 R; 0.8 R; 0.2

14. The reaction solution was heated at reflux overnight to ensure
complete consumption of acylated oxime as determined by TLC (R¢ 0.9)
(Note 13). By HPLC (conditions A, Note 12), 69.7 area% product, R, 2.5
min; 21.5 area% 1mide, R;4.3 min .

15. Tetra-n-butylammonium hydroxide as a 1 N solution in MeOH
was purchased from Aldrich Chemical Company, Inc. and used as supplied.

16. After 2 h, HPLC analysis (conditions A, see Note 12) showed 92.4
area% of enamide (R;2.5 min) and no imide (R 4.3 min).

17. The color of the organic phase changes from dark brown to light
yellow after the acid wash. The pH of the aqueous phase was <7 as
determined by pH paper.

18. Toluene can be used to adjust the slurry to ~80 g or 85 mL.

19. Reagent grade heptane was purchased from EMD Chemicals, Inc.
and used as supplied.

20. Up to 50 mL of the total 100 mL heptanes may be required to form
a cloudy solution; however, in this case only 30 mL of heptanes was added.

21. The reaction mixture was stirred overnight for convenience only.
Stirring for 4-6 h at room temperature is typically sufficient.

22. The product displays the following spectroscopic properties: Mp
138-139 °C; 'H NMR (400 MHz, CDCls, mixture of rotamers) &: 1.94 (s,
0.7 H), 2.14 (s, 2.3 H), 2.33-2.36 (m, 1.5 H), 2.37-2.41 (m, 0.5 H), 2.75 (t,
1.5 H, J=7.9 Hz), 2.83 (bt, 0.5 H, J = 7.9 Hz), 5.95 (m, 0.25 H), 6.39 (t,
0.75 H, J=4.8 Hz), 6.83 (br s, 0.25 H), 7.00 (br s, 0.75 H), 7.12-7.22 (m, 4
H); °C NMR (100 MHz, CDCl;) &: 20.3, 22.1, 22.6, 24.1, 27.2, 27.5, 119.6,
120.6, 121.9, 125.9, 126.3, 126.8, 127.4, 127.8, 128.1, 131.5, 136.7, 169.2;
Anal. calcd. for C;,H3NO: C, 76.56; H, 7.50; N, 7.44; found: C, 76.30; H,
7.37; N, 7.40.

23. The purity of the product was determined to be >98 area% by
HPLC analysis [R; 2.5 min (conditions A), R; 7.4 min (conditions B) (Note
5)]. An analytical sample was prepared by dissolving 1 mg of sample in 5
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mL of eluent and analyzed on a Waters 2695 HPLC system (conditions A)
or Hewlett Packard 1100 HPLC system (conditions B) (Note 5).

Safety and Waste Disposal Information

All hazardous materials should be handled and disposed of in
accordance with “Prudent Practices in the Laboratory”; National Academy
Press; Washington, DC, 1995.

3. Discussion

Enantiomerically pure amines and their derivatives are valuable
building blocks for organic synthesis and are an important class of
biologically active compounds. In recent years, significant progress has been
made to access chiral amines catalytically by asymmetric hydrogenation of
enamides.” As a result, there has been an explosive growth in the
development of chiral ligands for the catalytic hydrogenation of enamides.
Despite the availability of a large number of catalysts for this
transformation, the methods for the synthesis of enamides from the
corresponding carbonyl compounds are still limited.” The procedure reported
by Burk et al.** in 1998 is still the most frequently used method for the small
scale preparation of enamides from ketones. Due to the difficulty with the
scale-up of this procedure, a few alternatives have been reported involving
palladium-catalyzed coupling of enol triflates or tosylates, derived from the
corresponding ketones, with acetamide.* The procedure reported herein
incorporates a similar approach as the Burk procedure, but is more scaleable
and high-yielding, specifically for the synthesis of tetralone-based
enamides.’

Various phosphines were found to be effective for this transformation
as depicted in Table 1. Due to the highly water-soluble nature of the
triethylphosphine oxide by-product, the use of triethylphosphine was
preferred, enabling easy isolation of enamide.
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Table 1. Effect of Various Phosphines on Enamide Formation®

NOH NHAc
toluene, reflux
entry phosphines reaction % yieldb
time (h)
1 PhsP 14 78
2 DPPE® 14 89
3 Et;P 16 89
4 (n-Bu)sP 169 84
5 (n-Oct)sP 14 72
6 (Cy)sP 38 78
7 (t-Bu)sP 38 trace
8 (EtO)sP 38 trace

a) Reaction conditions: phosphine (1.2 equiv), Ac,0 (1.2 equiv),
toluene, reflux. b) Isolated yield of enamide from ketoxime after
flash chromatography. c¢) 0.6 equiv of diphenyl phosphino-
ethane (DPPE) was used. d) Reaction was run in o-xylene.

A variety of benzylic ketones and non-benzylic ketones were
successfully converted to the corresponding enamides in reasonable yields
(Tables 2 and 3). The substituted tetralone-based enamide (entry 4, Table 2)
has been successfully scaled up to multi-kilogram scale.
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Table 2. Enamides from Benzylic Ketones via Oximes®

. enamide ;
entry ketone oxime reaction enamide enarrude
(% yield)®  time (h) (% yield)°
0 NHAc
0 NHAc
OMe OMe
o NHAc
MeO MeO
(0] NHAc
Ar Ar
Ar = 3,4-dichlorophenyl
0 NHAc
X
5 100 24 90
o NHAc
100 10 76
: e
o NHAC
7 ©)J\/ 99 10 m 58
o NHAc
X
8 99 23 58
o NHAc
eI :

a) Reaction conditions: (i) NH,OH<HCI (1.2 equiv), NaOAc (1.2 equiv), solvent, reflux;
(1) Et3P (1.2 equiv), AcyO (1.2 equiv), toluene, reflux. b) Crude yield of ketoxime. c)
Unoptimized isolated yield of enamide from ketoxime after column chromatography.
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Table 3. Enamides from Non-benzylic Ketones via Oximes®

entry ketone oxime i enamide  enamide enamide
(% yield) reaction 0/ il ANG
time (h) (% yield)
Q NHAG
1 100 22 @ 71
tBu tBu
0 NHAc
2 : 99 22 64
Ph Ph
o NHAC
3 )H/CN 98 28 /\(CN 54
Ph Ph

NHAc

0
4 ij/ 100 22 ©/ 540

a) Reaction conditions: (i) NH,OH * HCI (1.2 equiv), NaOAc (1.2 equiv), solvent, reflux; (ii)
EtsP (1.2 equiv), AcyO (1.2 equiv), toluene, reflux. b) Crude yield of ketoxime. c)
Unoptimized isolated yield of enamide from ketoxime after chromatography. d) Low yield is
due to physical loss during isolation. ¢) Only the depicted geometric isomer was isolated.
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Appendix
Chemical Abstract Nomenclature (Registry Number)

3,4-Dihydronaphthalene-1(2H)-one oxime; (3349-64-2)

Hydroxylamine hydrochloride: (5470-11-1)

a-Tetralone: 1(2H)-Naphthalenone, 3,4-dihydro-; (529-34-0)

N-(3,4-Dihydronaphthalene-1-yl)acetamide: Acetamide, N-(3,4-dihydro-1-
naphthalenyl)-; (213272-97-0)

Triethylphosphine; (554-70-1)

Acetic anhydride; (108-24-7)
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