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A Cu(l)-catalyzed direct addition of alkynes to imines was devel-
oped. The process is simple and provides a diverse range of
propargylamines in high enantiomeric excess and good yield both
in water and in toluene. The absolute configuration of such
addition products has been determined by x-ray crystallography.

As in the case for the addition reaction of carbanions to the
carbonyl group of aldehydes and ketones (1-4), the addition
of organometallic reagents to the C=N bonds of imines or imine
derivatives is an important reaction in organic synthesis (5-9). The
carbon—carbon bond-forming method, which uses alkynes as a
carbon nucleophile source, is a useful method in synthesis (10, 11).
The resulting alkynyl amine derivatives can undergo further trans-
formations and are versatile synthetic tools (12-14). However, the
reactive alkynilides are usually prepared from terminal alkyne by
using highly reactive organometallic reagents such as BuLi (15, 16),
EtMgBr (17, 18), or LDA (19, 20) in a separate step, and many
metal alkynilides are not easy to handle because the reaction must
be carried out under anhydrous solvent, inert atmosphere, and low
temperature conditions. Therefore, the development of a method
for the direct alkynylation of imines that does not use a stoichio-
metric amount of highly reactive organometallic reagent and can be
performed under mild conditions would be highly desirable. Ad-
ditionally, there has been greater interest in recent years in devel-
oping environmentally friendly reactions in aqueous media (21, 22).

Optically active propargyl amines are important synthetic inter-
mediates for the synthesis of various nitrogen compounds and are
components of bioactive compounds or natural products (23-25).
Recently, great efforts have been made to develop the methodology
for generating propargylamines (26-33). Some direct alkynylations
of carbonyl compounds with terminal alkynes have been reported
(34-37). Miura (38) has reported the addition of acetylene to
nitrones in the presence of a catalytic amount of Cul with K,CO3
as the base and phosphine- and nitrogen-containing compounds as
the ligands in N,N’-dimethylformamide at 80°C under nitrogen, to
give a (2 + 2) coupling product along with a redox product, alkynyl
imine. Carreira (39-41) has used a Zn(II)-catalyzed process in
CH,Cl, for the addition of terminal alkynes to nitrones to form
propargyl N-hydroxyamine adducts and recently reported (42) the
addition of terminal alkynes to imines by an iridium catalyst in
toluene or under neat conditions. Ishii (43) reported an “unex-
pected” case of the addition of alkyne to imine by an Ir(I) catalyst.
Jiang (44) has reported the addition of terminal alkynes to imines
by using ZnCl, and Et;N as catalysts and TMSCI as the Lewis acid
for the activation of imines. Methods for the catalytic preparation
of optically active propargyl amines are still limited (10-14, 30, 31).

One of our ongoing interests is in the development of transition
metal-catalyzed carbon—carbon bond formation in water (45-48).
We have recently reported the efficient addition reaction of phe-
nylacetylene to aldehydes catalyzed by [Ru]-[In] in a mildly basic
aqueous media (49). In extending our addition reaction method-
ology, we found that phenylacetylene can also react with an imine
in the presence of a catalytic amount of Cu(I) and Ru(Ill) in
aqueous media to give the desired adducts (50). This reaction
provides a convenient and efficient method for the preparation of
propargyl amines. We have subsequently extended this methodol-
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ogy to the enantioselective addition of terminal alkynes to imines
catalyzed by a chiral Cu(I)-bis(oxazolinyl)pyridine (pybox) com-
plex in water or toluene (51). In this article, we present a full
description of our work.

Experimental Procedures

All experiments were carried out under an inert atmosphere of
nitrogen. All solvents and reagents were purchased and used
without prior purification. Water was deoxygenated by nitrogen.
Flash column chromatography was performed over 30-60 wm of
silica gel purchased from Sorbent Technologies (Somerset, NJ). 'H
NMR and 3C NMR spectra were recorded at 400 and 100 MHz,
respectively, and referenced to the internal solvent signals. IR
spectra were recorded by Thermo Nicolet (Madison, WI) Inter-
ferometer. Gas chromatography/MS data were obtained by using
an HP-5890 Series IT Gas Chromatograph and an HP-5989A Mass
Spectrometer (Hewlett—Packard). Enantiomeric excess (ee) was
determined by using HPLC with a Chiralcel OD (Chiral Technol-
ogies, Exton, PA) column and 1/20 hexane/isopropanol as an
eluent. High-resolution mass spectra (HRMS) were made by Bin
Xin (Institute of Chemistry, Chinese Academy of Sciences, Beijing).

General Procedure for the Nucleophilic Addition of Alkynes to Imines
Catalyzed Cu/Ru in Water. The mixture of aldehyde (2 mmol) and
aniline (2.4 mmol) was heated at 60°C for ~2 h. A mixture of
ruthenium trichloride (10 mg, 0.06 mmol, 3 mol %) and Cu(I)
bromide (85 mg, 0.6 mmol, 30 mol %) was added, then phenyl-
acetylene (250 ul, 2.4 mmol) and water (2 ml) were added into the
mixture by a syringe under an inert atmosphere of nitrogen. After
stirring at room temperature for 10 min, the mixture was heated at
the temperature (shown in Table 1) and stirred overnight. The
reaction mixture was then poured into water and extracted with
either diethyl ether or methylene chloride. The organic layer was
washed with water and dried over anhydrous Mg,SO.. The solvent
was removed in vacuo. After flash column chromatography on silica
gel with EtOAc/hexane (1/40) as the eluent, the product was
isolated as a yellowish oil. Some of products were purified further
by recrystallization from methylene chloride/hexane to give pale
yellow prisms.

General Procedure for the Enantioselective Addition of Alkynes to
Imines Catalyzed by Pybox 5-Cu(OTf) Complex in Toluene and Water.
The mixture of aldehyde (0.2 mmol) and aniline (0.24 mmol) was
heated at 60°C for ~2 h. Pybox 5 (6 mg, 0.2 mmol, 10 mol %) and
Cu(I) triflate toluene complex (10 mg, 0.2mmol, 10 mol %) were
added, then alkyne (0.3 mmol) and solvent (0.5 ml) were added to
the mixture by a syringe under an inert atmosphere of nitrogen. The
mixture was stirred at room temperature or at 35°C for 2-4 days.

This paper was submitted directly (Track ) to the PNAS office.

Abbreviations: ee, enantiomeric excess; HRMS, high-resolution MS; pybox, bis(oxazoli-
nyl)pyridine.
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Table 1. Direct addition of alkynes to imines

Solvent/temperature, °C/

Entry Aldehyde Aniline Alkyne time, days Yield, %
1 PhCHO PhNH, PhCCH H,0/60/1 91
2 4-CH3CgH4CHO PhNH, PhCCH H,0/60/1 87
3 4-CoHsCgH4CHO PhNH, PhCCH H,0/60/1 86
4 4BuCgH4CHO PhNH, PhCCH H,0/60/1 86
5 4-CICgH4CHO PhNH, PhCCH H,0/70/1 920
6 3-ClICgH4CHO PhNH, PhCCH H,0/70/1 89
7 4-BrCgH4sCHO PhNH, PhCCH H,0/70/1 95
8 3-BrCgH,CHO PhNH, PhCCH H,0/70/1 93
9 1-NaphCHO PhNH, PhCCH H,0/70/1 96

10 2-NaphCHO PhNH, PhCCH H,0/70/1 75

11 4-PhCgH4CHO PhNH, PhCCH H,0/70/1 85

12 4-CH30CgH4CHO PhNH, PhCCH H,0/70/1 52

13 4-CF3CgH4CHO PhNH, PhCCH H,0/35/1 87

14 4-NCCgH4CHO PhNH, PhCCH H,0/45/1 40

15 4-O,NCgH4CHO PhNH, PhCCH H,0/45/1 27

16 (CH3)3CCHO PhNH, PhCCH H,0/35/1 64

17 (CoHs),CHCHO PhNH, PhCCH H,0/45/1 47

18 c-CgH11CHO PhNH, PhCCH H,0/45/1 58

19 PhCHO 4-BrCgH4sNH> PhCCH Neat/45/1 82

20 PhCHO 4-CICgH4NH, PhCCH Neat/45/1 87

21 PhCHO 4-CH3CgH4NH> PhCCH Neat/45/1 77

22 PhCHO 4-CH30CgH4NH, PhCCH Neat/45/1 55

23 PhCHO PhNH, HCCH DMF/22/0.5 78

24 PhCHO PhNH, n-C3H;CCH Neat/45/1 86

25 PhCHO PhNH, Et3SiCCH Toluene/45/1 83

26 PhCHO PhNH, CI(CH3)4CCH H,0/60/1 57

27 PhCHO PhNH, HO(CH3)4CCH H,0/60/1 80

28 PhCHO PhNH, HO(CH,),CCH H,0/60/1 82

29 PhCHO PhNH, A H,0/60/1 75

A, 1-Ethynyl-1-cyclohexanol.

The mixture in water was extracted with diethyl ether or methylene
chloride. The organic layer was washed with water and dried over
anhydrous Mg,SO,. The solvent was removed in vacuo. The residue
was filtered through silica gel with methylene chloride. The reaction
mixture in toluene was filtered through silica gel with methylene
chloride directly. After flash column chromatography with EtOAc/
hexane (1/40) as the eluent, the product was isolated as a yellowish
oil, and some were purified further by recrystallization from ethyl
acetate/methylene chloride/hexane to give pale yellow prisms.

rac-N-(1,3-diphenyl-2-propynyl)aniline. HPLC (Daicel Chiralcel OD,
hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min) tg = 14.8 min, tg
= 18.0 min, ee = 0%; IR (film): viax 3402 (m), 2225 (W), 1600 (s),
1502 (s), 1316 (s), 1179 (s) cm~!; TH NMR (CDCl; 400 MHz, ppm):
8 7.70-7.64 (m, 2H), 7.46-7.18 (m, 10H), 6.83-6.77 (m, 3H), 5.51
(s, 1H), 436 (s, 1H); *C NMR (CDCls, 100 MHz, ppm): & 146.7,
139.9, 132.0, 129.4, 129.0, 128.6, 128.5, 128.4, 127.6, 123.0, 118.9,
114.4, 88.6, 85.3, 50.9; HRMS calc. for C,1H7N, 283.1361; found,
283.1362.

rac-N-[1-(4-methylphenyl)-3-phenyl-2-propynyl]aniline. HPLC (Dai-
cel Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min)
tr = 14.4 min, tg = 16.3 min, ee = 0%; IR (film): vmax 3402 (m),
2225 (w), 1601 (s), 1501 (s), 1316 (s), 1180 (m) cm~'; 'H NMR
(CDCl3, 400 MHz, ppm): 8 7.58 (d,J = 8.0 Hz, 2H), 7.48-7.43 (m,
2H), 7.34-7.29 (m, 3H), 7.28-7.22 (m, 4H), 6.85-6.80 (m, 3H), 5.50
(s, TH), 4.20 (br, 1H), 2.41 (s, 3H); '3C NMR (CDCl;, 100 MHz,
ppm): 6 146.8, 138.2, 137.0, 132.0, 129.8, 129.4, 128.5, 128.5, 127.5,
123.1, 118.9, 114.4, 88.9, 85.2, 50.7, 21.5; HRMS calc. for CooH 9N,
297.1518; found, 297.1517.
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rac-N-[1-(4-ethylphenyl)-3-phenyl-2-propynyl]aniline. HPLC (Daicel
Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min) tg
= 13.7 min, tg = 14.9 min, ee = 0%; IR (film): vimax 3402 (m), 2207
(W), 1601 (s), 1501 (s), 1316 (s), 1180 (s) cm~!; 'H NMR (CDCl;,
400 MHz, ppm): 8 7.58 (d, J = 7.6 Hz, 2H), 7.45-7.40 (m, 2H),
7.35-7.22 (m, 7H), 6.85-6.80 (m, 3H), 5.49 (s, 1H), 4.25 (br, 1H),
2.70 (g,J = 7.6 Hz, 2H), 1.26 (t,J = 7.6 Hz, 3H); *C NMR (CDCl;,
100 MHz, ppm): & 146.8, 144.5, 137.2, 132.0, 129.4, 128.5, 128.5,
128.5, 127.6, 123.1, 118.8, 114.4, 88.9, 85.1, 50.7, 28.8, 15.8; HRMS
calc. for CosHaoN (M+H), 312.1747; found, 312.1748.

rac-N-[1-(4-chlorophenyl)-3-phenyl-2-propynyl]aniline. HPLC (Dai-
cel Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min)
tr = 21.6 min, tg = 26.6 min, ee = 0%; IR (film): vmax 3411 (m),
2234 (w), 1602 (s), 1502 (s), 1316 (s), 1180 (m) cm™!; 'H NMR
(CDCl3, 400 MHz, ppm): 6 7.64-7.59 (m, 2H), 7.46-7.42 (m, 2H),
7.42-7.37 (m, 2H), 7.35-7.28 (m, 3H), 7.28-7.21 (m, 2H), 6.87-6.75
(m, 3H), 5.50 (s, 1H), 4.23 (br, 1H); *C NMR (CDCl; 100 MHz,
ppm): 8 146.5, 138.5, 134.1, 132.0, 129.5, 129.2, 128.9, 128.8, 128.6,
122.8, 119.2, 114.5, 88.2, 85.7, 50.4; HRMS calc. for Cy;H;6CIN,
317.0971; found, 317.0966.

rac-N-[1-(4-bromophenyl)-3-phenyl-2-propynyl]aniline. HPLC (Dai-
cel Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min)
tr = 22.9 min, tg = 28.6 min, ee = 0%; IR (film): vmax 3375 (m),
2217 (w), 1602 (s), 1502 (s), 1316 (s), 1179 (m) cm™!; '"H NMR
(CDCl3, 400 MHz, ppm): 8 7.56-7.51 (m, 4H), 7.43-7.39 (m, 2H),
7.33-7.27 (m, 3H), 7.26 (m, 2H), 6.84-6.72 (m, 3H), 5.47 (s, 1H)
4.25 (br, 1H); 3C NMR (CDCl;, 100 MHz, ppm): § 146.3, 139.0,
132.1, 132.0, 129.5, 129.3, 128.8, 128.5, 122.7, 122.3, 119.2, 114.5,
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88.0, 85.7, 50.5; HRMS calc. for C,;H¢BrN, 361.0466; found,
361.0453.

rac-N-[1-(4-phenylphenyl)-3-phenyl-2-propynyllaniline. HPLC (Dai-
cel Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min)
tr = 27.7 min, tg = 32.6 min, ee = 0%; IR (film): vmax 3402 (m),
2225 (w), 1601 (s), 1501 (s), 1316 (s), 1180 (m) cm~!; 'H NMR
(CDCl3, 400 MHz, ppm): 8 7.88 (d,J = 8.0 Hz, 2H), 7.81-7.73 (m,
4H), 7.63-7.55 (m, 4H), 7.54-7.47 (m, 1H), 7.46-7.39 (m, 3H), 7.38
(d,J = 8.0 Hz, 2H), 7.01-6.92 (m, 3H), 5.70 (s, 1H), 4.35 (br, 1H);
I3C NMR (CDCl;, 100 MHz, ppm): § 147.0, 141.4, 141.0, 139.2,
132.2, 129.7, 129.3, 128.8, 128.7, 128.2, 128.0, 127.9, 127.6, 123.2,
119.1, 114.6, 89.0, 85.6, 50.8; HRMS calc. for C,;H,1N, 359.1674;
found, 359.1672.

rac-N-[1-(2-naphthyl)-3-phenyl-2-propynyl]aniline. HPLC (Daicel
Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min) tg
= 27.7 min, tg = 30.7 min, ee = 0%; IR (film): vmax 3411 (m), 2277
(m), 1601 (s), 1501 (s), 1316 (s), 1180 (m) cm~!; '"H NMR (CDCl;,
400 MHz, ppm): 6 8.30-8.25 (m, 1H), 8.04-7.94 (m, 3H), 7.90-7.84
(m, 1H), 7.66-7.58 (m, 4H), 7.44-7.33 (m, SH), 6.99-6.90 (m, 3H),
5.80 (s, 1H), 4.40 (s, 1H); 3C NMR (CDCl;, 100 MHz, ppm): &
147.0, 137.6, 133.8, 133.6, 132.3, 129.7, 129.2, 128.8, 128.7, 128.6,
128.2,126.8, 126.7, 126.5, 125.8, 123.2, 119.1, 114.6, 89.0, 85.8, 51.2;
HRMS calc. for CosHi9N, 333.1518; found, 333.1507.

rac-N-[1-(4-trifluoromethylphenyl)-3-phenyl-2-propynyl]-aniline. HPLC
(Daicel Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5
ml/min) tg = 22.6 min, tg = 30.2 min, ee = 0%; IR (film): viax 3402
(m), 2199 (w), 1602 (s), 1502 (s), 1320 (s), 1162 (s) cm™!; '"H NMR
(CDCl3, 400 MHz, ppm): 6 7.88 (d,J = 8.0 Hz, 2H), 7.76 (d,J =
8.0 Hz, 2H), 7.58-7.53 (m, 2H), 7.43-7.38 (m, 3H), 7.38-7.32 (m,
2H), 6.95 (td, J = 7.6, 0.8 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H), 5.67
(s, TH), 4.35 (br, 1H); 3C NMR (CDCl; 100 MHz, ppm): 6 146.5,
144.2,132.2,130.6 (q,J = 32.7 Hz), 129.7, 129.0, 128.7, 128.0, 126.1
(q,J = 3.8 Hz), 124.5 (q, J = 271.1 Hz), 122.7, 119.4, 114.5, 88.0,
86.1, 50.7; HRMS calc. for CyH;6F5N, 351.1235; found, 351.1227.

rac-N-(1,3-diphenyl-2-propynyl)-4-bromoaniline. HPLC (Daicel
Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min) tg
= 19.7 min, tg = 22.0 min, ee = 0%; IR (film): viax 3403 (m), 2225
(w), 1596 (s), 1492 (s), 1311 (s), 1180 (m) cm~!; 'H NMR (CDCl;,
400 MHz, ppm): & 7.67 (d, J = 7.6 Hz, 2H), 7.48-7.41 (m, 4H),
7.41-7.35 (m, 1H), 7.35-7.28 (m, SH), 6.70-6.64 (m, 2H), 5.48 (s,
1H), 4.21 (s, 1H); *CNMR (CDCl; 100 MHz, ppm): § 145.8,139.5,
132.3,132.1,129.2, 128.8, 128.6 (2C), 127.6, 122.8, 116.0, 110.6, 88.2,
85.6, 50.8; HRMS calc. for C;1H;6BrN, 361.0446; found, 361.0458.

rac-N-(1,3-diphenyl-2-propynyl)-4-chloroaniline. HPLC (Daicel
Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min) tg
= 17.7 min, tg = 20.4 min, ee = 0%; IR (film): vpay 3408 (m), 2225
(W), 1598 (s), 1495 (s), 1311 (s), 1175 (m) cm™~!; 'H NMR (CDCl;,
400 MHz, ppm): 6 7.72 (d, J = 7.6 Hz, 2H), 7.52-7.45 (m, 4H),
7.45-7.38 (m, 1H), 7.38-7.23 (m, 3H), 7.25-7.20 (m, 2H), 6.70-6.64
(m, 2H), 5.48 (s, 1H), 4.21 (s, 1H); 3C NMR (CDCls, 100 MHz,
ppm): 8 145.4, 139.6, 132.1, 129.4, 129.2, 128.8, 128.7, 128.6, 127.7,
123.5, 122.9, 115.6, 88.3, 85.7, 51.0; HRMS calc. for Cy;H;6CIN,
317.0971; found, 317.0967.

rac-N-(1,3-diphenyl-2-propynyl)-4-methylaniline. HPLC (Daicel
Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min) tg
= 15.8 min, tr = 16.6 min, ee = 0%; IR (film): vimax 3404 (m), 2225
(W), 1616 (s), 1520 (s), 1300 (s), 1184 (m) cm~'; 'H NMR (CDCl;,
400 MHz, ppm): & 7.72 (d, J = 7.6 Hz, 2H), 7.50-7.42 (m, 4H),
7.42-7.36 (m, 1H), 7.35-7.30 (m, 3H), 7.08 (d,J = 8.0 Hz, 2H), 6.76
(d, J = 7.6 Hz, 2H), 5.53 (s, 1H), 4.09 (br, 1H), 2.32 (s, 3H); *C
NMR (CDCl3, 100 MHz, ppm): 8 144.6, 140.2, 132.1, 130.0, 129.1,
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128.6, 128.5, 128.3, 128.1, 127.6, 123.2, 114.6, 89.0, 85.3, 51.3, 20.8;
HRMS calc. for CH 9N, 297.1518; found, 297.1510.

rac-N-[1-(3-bromophenyl)-3-phenyl-2-propynyl]aniline. HPLC (Dai-
cel Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min)
tr = 19.3 min, tg = 29.7 min, ee = 0%; IR (film): vmax 3402 (m),
2251 (w), 1602 (s), 1503 (s), 1316 (s), 1179 (s) cm™!; 'H NMR
(CDCl3, 400 MHz, ppm): 8 7.86 (s, 1H), 7.62 (d,J = 8.4 Hz, 1H),
7.53-7.43 (m, 3H), 7.36-7.23 (m, 6H), 6.86 (dt,J = 7.2,1.2 Hz, 1H),
6.79 (dd, J = 8.4, 1.2 Hz), 5.51 (s, 1H), 4.36 (br, 1H); *C NMR
(CDCls, 100 MHz, ppm): & 146.4, 142.4, 132.1, 131.5, 130.6, 129.6
(20), 128.8, 128.6, 126.2, 123.1, 122.7, 119.2, 114.5, 88.0, 85.9, 50.5;
HRMS calc. for C;;H;6BrN, 361.0466; found, 361.0455.

R-N-[1-(3-bromophenyl)-3-phenyl-2-propynyl)aniline. HPLC (Daicel
Chiralcel OD, hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min) tg
= 19.2 min (R), tr = 29.5 min (S), ee = 95%. Spectroscopic data
were identical to those of the racemic compound.

N-[1-(3-chlorophenyl)-3-phenyl-2-propynyllaniline. IR (film): vmax
3411 (m), 2216 (w), 1602 (s), 1502 (s), 1320 (s), 1188 (m) cm™}; 'H
NMR (CDCls, 400 MHz, ppm): & 7.72 (s, 1H), 7.62-7.58 (m, 1H),
7.50-7.45 (m, 2H), 7.38-7.31 (m, 5H), 7.30-7.25 (m, 2H), 6.87 (t,
J=7.2Hz, 1H), 6.80 (d,J = 8.4 Hz, 2H), 5.53 (s, 1H), 4.25 (br, 1H);
13C NMR (CDCl;, 100 MHz, ppm): § 146.5, 142.2, 134.9, 132.1,
130.4, 129.6, 128.8, 128.6, 128.6, 127.8, 125.7, 122.8, 119.2, 114.5,
88.0, 85.8, 50.5; HRMS calc. for C;H;CIN, 317.0971; found,
317.0968.

N-[1-(4-tert-butylphenyl)-3-phenyl-2-propynyl]aniline. IR (film): vmax
3402 (m), 2207 (m), 1602 (s), 1507 (s), 1316 (s), 1184 (m) cm™%; 'H
NMR (CDCls, 400 MHz, ppm): 87.61 (d,J = 8.0 Hz, 2H), 7.48-7.41
(m, 4H), 7.32-7.28 (m, 3H), 7.28-7.22 (m, 3H), 6.85-6.80 (m, 3H),
5.50 (s, 1H), 4.25 (br, 1H), 1.36 (s, 9H); *C NMR (CDCl3, 100 MHz,
ppm): 8 151.4, 146.7, 136.8, 132.0, 129.4, 128.5, 128.5, 127.4, 126.0,
123.1, 118.9, 114.5, 88.8, 85.2, 50.6, 34.9, 31.6; HRMS calc. for
CosHpsN, 339.1987; found, 339.1988.

N-[1-(4-methoxyphenyl)-3-phenyl-2-propynyllaniline. IR (film): vpax
3402 (m), 2198 (w), 1601 (s), 1506 (s), 1302 (s), 1171 (s) cm™!; 'H
NMR (CDCl3, 400 MHz, ppm): 6 7.60 (d,J = 8.4 Hz, 2H), 7.46-7.41
(m, 2H), 7.32-7.28 (m, 3H), 7.27-7.20 (m, 2H), 6.95 (d,J = 8.4 Hz,
2H), 6.85-6.79 (m, 3H), 5.47 (d,J = 5.6 Hz, 1H), 4.13 (d,J = 5.6
Hz, 1H), 3.82 (s, 3H); '*C NMR (CDCl;, 100 MHz, ppm): § 159.7,
146.9, 132.1, 132.0, 129.4, 129.0, 128.8, 128.5, 128.5, 123.1, 118.8,
114.3, 89.0, 85.1, 55.6, 50.3; HRMS calc. for C;,H19NO, 313.1467;
found, 313.1458.

N-[1-(4-cyanophenyl)-3-phenyl-2-propynyl]aniline. IR (film): vmax
3366 (m), 2225 (s), 1602 (s), 1501 (s), 1316 (s), 1193 (m) cm~!; 'H
NMR (CDCls, 400 MHz, ppm): 6 7.78 (d,J = 8.0 Hz, 2H), 7.67 (d,
J = 8.0 Hz, 2H), 7.50-7.45 (m, 2H), 7.37-7.31 (m, 3H), 7.30-7.24
(m, 2H), 6.87 (t,J = 7.2 Hz, 1H), 6.77 (d,J = 8.4 Hz, 2H), 5.59 (d,

/CI)I\.-ll"I(”l) i
R' H )
(a) ) X R
R—=RulL;— NHRY
(b) _
‘.F:hincu(i) R™
R H

Fig. 1. Two routes for the addition of metal alkynilide to an activating
aldehyde or an activating imine.
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R H—=—=

O Rl" HN,R
+R=NHy—> || ————
RJLH = R*H CuBriRuCl; RN
rt-70°C, 1day R"

Scheme 1. [Adapted with permission from ref. 50 (Copyright 2002, The
Royal Society of Chemistry).]

J = 5.6 Hz,1H), 441 (d, ] = 5.6 Hz, 1H); 3C NMR (CDCls, 100

MHz, ppm): 6 146.3, 145.5, 132.9, 132.1, 129.6, 129.1, 128.7, 128.2,
122.5, 1194, 119.1, 114.5, 112.1, 87.5, 86.3, 50.6; HRMS calc. for
CoHi6No, 308.1314; found, 308.1301.

N-[1-(4-nitrophenyl)-3-phenyl-2-propynyl]aniline. IR (film): vy, 3405
(m), 2207 (m), 1599 (s), 1520 (s), 1347 (s), 1180 (m) cm~'; 'H NMR
(CDCl3, 400 MHz, ppm): 6 8.22 (d, J = 8.8 Hz, 2H), 7.80 (d,J =
8.8 Hz, 2H), 7.42-7.36 (m, 2H), 7.31-7.26 (m, 3H), 7.22-7.16 (m,
2H), 6.80 (t,J = 7.2 Hz, 1H), 6.69 (d,J = 8.0 Hz, 2H), 5.57 (d,J =
5.6 Hz, 1H), 4.30 (d,J = 5.6 Hz, 1H); '3C NMR (CDCl;, 100 MHz,
ppm): 8 147.9, 147.4, 146.1, 132.0, 129.6, 129.0, 128.6, 128.3, 124.3,
122.3, 119.5, 114.4, 87.1, 86.4, 50.5; HRMS calc. for C,1HsN>O»,
328.1212; found, 328.1194.

N-[1-(1,1-dimethylethyl)-3-phenyl-2-propynyl]aniline. IR (film): vpax
3411 (m), 1602 (s), 1501 (s), 1311 (s), 1225 (m) cm~!; 'H NMR
(CDCl3, 400 MHz, ppm): 6 7.40-7.33 (m, 2H), 7.30-7.20 (m, SH),
6.81-6.77 (m, 3H), 4.03 (s, 1H), 3.80 (br, 1H), 1.18 (s, 9H); 13C
NMR (CDCl;, 100 MHz, ppm): 6 147.8, 131.9, 129.5, 128.4, 128.2,
123.5, 118.5, 114.4, 89.4, 84.0, 56.8, 35.9, 26.8; HRMS calc. for
CioHN, 263.1674; found, 263.1674.

Crystal Data of R-N-[1-(3-bromophenyl)-3-phenyl-2-propynyl)aniline.
C21Hi¢NBr, mol wt. = 362.27, colorless, prism, orthorhombic, space
group P2,2,2; (no. 19), a = 5.3510(4), b = 8.39105, ¢ = 37.579(2) A,
volume (V) = 1687.3(2) A3, Z = 4, calculated density = 1.12 gem 3,
F(000) = 736, w(MoK,) = 24.42 cm™!. For detailed x-ray analysis,
please contact the corresponding author.

Supporting Information. For additional characterization of prod-
ucts, see the supporting information, which is published on the
PNAS web site.

Results and Discussion

Initially, we examined the reaction of an imine, which was readily
accessible via the in situ condensation of benzaldehyde with aniline,
with phenylacetylene by using the [Ru]/[In] catalytic system in
water (48). However, it did not provide any of the desired imine
addition product, although this catalyst was very effective for
alkyne-aldehyde addition. The failure of the reaction was attributed
to the inability of indium(III), although effective in activating
aldehyde (52-53) (Fig. 1, route a), to coordinate and activate the
imine effectively in water. It was speculated that copper ions (soft
Lewis acids) (54-56) may be effective in activating the imine (Fig.
1, route b). Subsequently, we found that the desired addition

\\Qﬂo @
=3
g S
T ofF O

Fig. 2. Some chiral bis(oxazolinyl) ligands used in our reaction. [Adapted
with permission from ref. 51 (Copyright 2002, American Chemical Society).]
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A
O =—ph HN
)]\ + Ar'—=NH,
Ar H Cu(OTf)/ Chiral ligand 5a, = Bl
Scheme 2.

product was formed in a moderate yield by using copper catalysts
in water (Scheme 1). Among the catalysts tested, copper salts such
as CuCl, CuCl,, CuBr, and Cul all showed moderate catalytic
activities, with CuSOs, Cu(OAc),, and CuCN being only slightly
active. CuBr was found to be the best catalyst among the copper
salts. By using 3 mol % RuCls as a co-catalyst, the yield of the
desired addition product was dramatically increased, but no imine
addition product was observed when RuCl; was used as the catalyst
alone. The reaction of 1.5 eq of phenylacetylene with imine in water
in the presence of 30 mol % Cu(I) bromine and 3 mol % RuCl; at
70°C for 15 h afforded the adduct in 90% yield. Further addition of
various ligands did not improve the yield.

A variety of substrates were then examined in the reaction both
in water, in organic solvent, and under neat conditions, and the
results are summarized in Table 1. As shown in Table 1, this
catalytic system could be applied to a broad range of substituted
aromatic imines and aliphatic imines to afford the corresponding
phenylalkynylamines. In many examples, when a mixture of phe-
nylacetylene and an imine was treated with the RuCl;/CuBr
catalytic system in water, the addition reaction took place smoothly
giving a propargylamine in good yield. In most cases, we carried out
the reaction directly with a mixture of aldehyde, aniline, alkyne,
and CuBr/RuCl; in water, without the need to synthesize the
imines in a separate step. However, some imines were easily hy-
drolyzed in water, resulting in a mixture of aldehyde, imine, and
propargylamine.

To minimize the hydrolysis of these imines, we examined the
addition reaction in toluene and under neat conditions. We found
that the reactions were highly effective under neat conditions:
aromatic imines with electron-withdrawing groups were more
reactive, and the reaction was carried out at lower temperatures.
The imines with cyano and nitro substituents on the aromatic
aldehyde gave lower yields accompanied by the formation of some

Table 2. Enantioselective addition of phenylacetylene to
aromatic imines in toluene

Temperature, °C/ Yield, OR/

Entry Aldehyde Aniline time, days % ee %
1 PhCHO PhNH, 22/4 78 (+)96
2 PhCHO PhNH, 35/2 83 (+)93
3 4-CH3CgH4CHO  PhNH, 35/2 85 (+)92
4 4-CHsCgH4CHO  PhNH, 22/4 70  (+)96
5 4-CHsCgH4CHO  PhNH, 35/2 73 (+)95
6 4-CICgH4CHO PhNH, 22/4 85 (+)9%
7 4-CICgH4CHO PhNH, 35/2 90 (+)92
8 4-BrCgH4CHO PhNH, 22/4 87 (+)9%
9 4-BrCgH,CHO PhNH, 35/2 90 (+)92

10 3-BrCgH4,CHO PhNH, 22/4 85 (+)95

11 3-BrCgH4,CHO PhNH, 35/2 88 (+)92

12 4-PhCgH4CHO  PhNH, 22/4 81 (+)94

13 4-PhCgH4sCHO  PhNH, 35/2 85 (+)90

14 2-NaphCHO PhNH, 22/4 63 (+)88

15 2-NaphCHO PhNH, 35/2 67 (+)82

16 4-CF3CgH4CHO  PhNH, 22/4 71 (+)93

17 PhCHO 4-BrCgHy4NH, 35/2 93 (H)9

18 PhCHO 4-CICgH4NH; 35/2 92 (+H)9N

PhCHO 4-CH3CgH4NH, 35/2 93 (+)9%
OR, optical rotation.
Wei et al.
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Table 3. Enantioselective addition of phenylacetylene to
aromatic imines in water

Temperature, °C/ Yield, OR/

Entry Aldehyde Aniline time, days % ee %
1 PhCHO PhNH, 22/4 71 (+) 84
2 PhCHO PhNH, 35/2 77 (+)80
3 4-CH3CgH4CHO  PhNH, 35/2 86 (+)81
4 4-CoHsCgH4aCHO  PhNH, 22/4 68 (+)89
5 4-CyHsCgH4CHO  PhNH, 35/2 68 (+)78
6 4-CICgH4CHO PhNH; 22/4 70 (+)87
7 4-CICgH4CHO PhNH, 35/2 74  (+) 85
8 4-BrCgH4CHO PhNH, 22/4 63 (+)87
9 4-BrCgH4CHO PhNH, 35/2 74  (+) 85

10 3-BrCgH,CHO PhNH, 22/4 69 (+)85

1 3-BrCgH4CHO PhNH, 35/2 72 (+)82

12 4-PhCegH4CHO PhNH, 22/4 48 (+)84

13 4-PhCgH4CHO PhNH, 35/2 56  (+)82

14 2-NaphCHO PhNH, 22/4 57 (+)86

15 2-NaphCHO PhNH, 35/2 65 (+)78

16 4-CF3CgH4CHO  PhNH, 22/4 56  (+)87

17 PhCHO 4-BrCgH4NH, 35/2 82 (+)83

18 PhCHO 4-CICgH4NH, 35/2 77 (+)84

19 PhCHO 4-CH3CgH4NH, 35/2 68 (+)91

unidentified byproducts (the major product was the addition of
aldehyde to triple bond in alkyne to form an «,B-unsaturated
carbonyl compound). This catalytic system could also be applied to
aliphatic alkynes to afford the corresponding propargylamine. The
results are shown as entries 23-29 in Table 1.

With this simple and effective method in hand, our next step was
to develop an efficient enantioselective alkyne-imine addition.
During our investigation, it was observed that CuBr alone could
provide the desired product, albeit in low conversions. It was
postulated that the low catalytic activity when using Cu(I) alone
could be due to the strong bonding and thus low reactivity of the
C—Cu bond of copper acetylides (57-58). We conceived that the
addition of a strongly coordinating and electron-rich ligand may
weaken the strong C—Cu bond. This postulate also provides op-
portunities for developing asymmetric alkyne-imine additions. Fol-
lowing this hypothesis, we examined a variety of chiral compounds
as ligands in the addition reaction of phenylacetylene with N-
benzylideneaniline with 10% CuBr as the catalyst. However, it was
both encouraging and disappointing to find that although the
reactivity was indeed enhanced significantly, no enantioselectivity
was observed with most of these chiral catalysts. On the other hand,
numerous enantioselective addition reactions with chiral copper—
bis(oxazoline) box complexes have been described during the past
two decades (59-61). Therefore, we decided to try chiral bis(ox-
azolinyl) ligands in our reaction and found that the desired enan-
tioselective addition product was formed with a low enantioselec-
tivity by using bidentate box 1 and 2 with CuBr complex as catalysts
in water (Fig. 2). On the other hand, tridentate bis(oxazolinyl)pyri-
dines (pybox) such as 3, 4, and 5 showed more enantioselective

Table 4. Enantioselective addition of alkynes to
N-benzylideneaniline

Solvent/temperature °C/ OR/

Entry Alkyne time, days Yield, % ee %
1 n-C3H,CCH Neat/22/4 55 (+) 71
2 Et3SiCCH Toluene/22/4 53 (+) 60
3 CI(CH3)4CCH Toluene/22/4 48 (+) 65
4 HO(CH,)4CCH Toluene/22/4 62 (+) 85
5 HO(CH,),CCH Toluene/22/4 58 (—) 82
Wei et al.

Table 5. Enantioselective addition of phenylacetylene to
N-benzylideneaniline in various solvents

Entry Solvent Yield, % ee %
1 Toluene 78 96
2 Benzene 74 97
3 Heptane 80 99
4 Dichloromethane 79 98
5 Chloroform 81 97
6 1,2-Dichloroethane 71 99.5
7 Carbon tetrachloride 25 99.4
8 1,4-Dioxane 82 98
9 Tetrahydrofuran 65 96

10 Ethyl acetate 53 98

11 Acetone 80 99

12 N,N-dimethylformamide 80 97

13 Acetonitrile 82 99

14 Methanol 85 88

15 Triethylamine 48 97

16 Water 71 84

catalytic activity. The optimal enantioselectivity of addition adducts
was observed with 5-CuBr complex (90% conversion and 24% ee
in water). The use of 5-Cu(OTf) complex instead of 5-CuBr
complex afforded the product with both high reactivity and enan-
tioselectivity (90% conversion and 83% ee in water). However, the
corresponding 5-CuSbF, complex was much less reactive but had
similar enantioselectivity (20% conversion and 78% ee in water).
The reaction of phenylacetylene and the imine catalyzed by
5-Cu(OTTf) proceeded with excellent enantioselectivity and in good
yield in toluene (78% isolated yield and 96% ee). The conversion
of the addition reaction increased effectively in the presence of a
slight excess of aniline.

Subsequently, the scope of the asymmetric alkyne-imine addition
was investigated (Scheme 2). As shown in Tables 2 and 3, this
catalytic system could be applied to a broad range of substituted
aromatic imines to afford the corresponding (+)-propargyl amine
in high enantioselectivity and good yields. In all cases, when a
mixture of phenylacetylene and imine was treated with pybox 5
complexed with Cu(OTY) in toluene, the addition reaction took
place smoothly, giving a (+)-propargyl amine. The reaction in
toluene provided slightly higher yields and enantioselectivities than
in water.

This catalytic system could be extended to aliphatic alkynes to
afford the corresponding propargyl amines. As shown in Table 4,

&

Ct ci

Fig. 3. The x-ray structure of R-N-[1-(3-bromophenyl)-3-phenyl-2-
propynyllaniline.
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various alkynes add to imines in toluene with good yields and
enantioselectivity. Phenylacetylene afforded better yields and en-
antioselectivity than other aliphatic alkynes. The effect of solvent on
the yield and enantioselectivity of the addition of phenylacetylene
to N-benzylideneaniline was examined (Table 5). Both the yield and
ee % are strongly affected by the reaction solvent.

To determine our product with greater certainty, we wanted to
ascertain the absolute configuration of the propargylamine. We
tried to correlate our products with known compounds in which the
absolute configuration was determined, but only racemic amines
were formed by following the literature procedures (62, 63).

Fortunately, three of the addition products could be grown into
single crystals from ethyl acetate/dichloromethane/hexane. With a
bromo-atom in the molecule serving as a structure marker, the
absolute configuration of one of our products was conveniently
established as (R) by x-ray crystallographic analysis (Fig. 3). The
structure was solved and refined by using the SHELXTL (Version 6.1,
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Bruker, Billerica, MA) software package, and the absolute struc-
ture was unambiguously determined [Flack parameter —0.009 (7)].
The absolute configuration of other products of the enantioselec-
tive addition can also be correlated with this structure from their
same optical rotation direction and similar order of elution.

In conclusion, we have developed a Cu(I) complex-catalyzed
direct addition of alkynes to imines. The process is simple and
provides a diverse range of propargylamines in high ee and good
yield both in water and in organic solvents. The absolute configu-
ration of such addition products has also been determined by x-ray
crystallography. The scope, mechanism, and synthetic application
of this enantioselective reaction, along with other C-C bond
formation reactions via C-H reactivity in water or in various
solvents, are under investigation.
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