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SUPPORTING INFORMATION

Enantioselective Catalytic Addition of HCN to Ketoimines.  Catalytic Synthesis of

Quaternary Amino Acids

Petr Vachal and Eric N. Jacobsen*

Harvard University, Department of Chemistry and Chemical Biology, Cambridge, MA 02138

General: TMSCN was purchased from Aldrich and distilled before use. (R,R)-1,2-Diaminocyclohexane was
resolved by literature methods.1 Preparation of 1a and 1b was carried out in fritted 20 mL disposable
chromatography columns. Resin-bound intermediates and products were isolated in the columns by filtration and
rinsed with DMF, THF, dichloromethane, methanol, and toluene (sequence repeated 3 times).2 D-tert-Leucine was
prepared in 99% ee according to our previously reported procedure.2 Imines 2a3, 2b4, 2e5, 2f6, 2g7, 2h8, 2i9, 2m10

have been reported previously. All other chemicals were purchased from commercial suppliers and used without
further purification.

Preparation of Catalyst 1c:2

4-Pivoyl-2-tert-butylphenol:11 A 50 ml round bottom flask was charged with 1.00 g (6.02 mmol) of 2-tert-
butylhydroquinone, 717 mg (10.53 mmol, 1.75 equiv.) of imidazole, 110 mg (0.903 mmol, 0.15 equiv.) of DMAP,
and dichloromethane (12 mL). Pivoyl chloride (799 mg, 1.1 equiv.) was added at 0 °C via syringe and the reaction
mixture was allowed to stir for 4h, and then was diluted with dichloromethane (100 mL). The mixture was washed
with saturated solution of ammonium chloride and dried over sodium sulfate.  Solvents were removed in vacuo and
the residual yellow oil was purified by flash chromatography on silica gel (eluent 10% AcOEt/hexanes) yielding
1.46 g (97% yield) of a white solid, IR (thin layer) 3462, 1728 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.34 (s, 9H),
1.38 (s, 9H), 4.81 (s, 1H), 6.60 (d, J = 8 Hz, 1H), 6.74 (dd, J1 = 8 Hz, J2 = 2 Hz, 1H), 6.89 (d, J = 1 Hz); 13C NMR
{1H} (400 MHz, CDCl3) δ 177.7, 151.7, 144.4, 137.3, 120.2, 119.5, 117.0, 39.4, 35.0, 29.7, 27.6.
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4-Pivoylaldehyde-2-tert-butylsalicylaldehyde:11 A 100 ml round bottom flask was charged with 1.45 g (5.79
mmol) of 4-Pivoyl-2-tert-butylphenol, 0.604 g (2.32 mmol, 0.4 equiv.) of SnCl4, 0.993 g (9.26 mmol, 1.equiv.) of
2,6-lutidine, and 15 mL of toluene.  The reaction mixture was allowed to stir 45 min at 0 °C, and then for an
additional 15 min at room temperatur.  Paraformaldehyde (1.06 g, 35.3 mmol, 6.1 equiv.) was added at room
temperature and the reaction mixture was then heated to reflux for 48 h.  To the reaction mixture, 50 mL of water
was added, followed by acidification to pH = 2 with 2N HCl.  The organic layer was separated, filtered and dried
over sodium sulfate. Solvents were removed in vacuo and product was obtained by flash chromatography on silica
gel (10% AcOEt/Hexanes) as a yellow solid (1.16 g, 72 % yield).  The product can also be recrystallized from
methanol. IR (thin layer) 3360, 1750, 1654 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.36 (d, J = 2 Hz, 9H), 1.41 (d, J =
2 Hz, 9H), 7.14 (m, 2H), 9.82 (s, 1H), 11.69 (s, 1H); 13C NMR {1H} (400 MHz, CDCl3) δ 196.5, 177.7, 159.0,
143.5, 140.5, 128.0, 123.2, 119.8, 39.5, 35.1, 29.1, 27.2.

Fmoc-D-tert-Leucine: was prepared12 from D-tert-Leucine.2 Recrystallization of 3.65 g of crude product from 130
mL of 10:1 hexanes/AcOEt yielded 2.85 g (78% overall) of optically pure Fmoc-D-tert-Leucine (>99.9% ee by
chiral HPLC analysis).
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To a solution of 2.10 g of Fmoc-D-tert-Leucine (5.94 mmol, >99.9% ee) and 2.07 mL of DIPEA (11.9 mmol, 2.0
equiv) in acetonitrile (50 mL), 2.25 g of HBTU (5.95 mmol, 1.0 equiv) was added.  After 1 min, 649 µL of benzyl
amine (5.95 mmol, 1.0 equiv) was added and the reaction stirred for 2 h. The mixture was combined with
dichloromethane (100 mL) and H2O (100 mL) and organic layer separated. The organic phase was washed with H2O
(2 X 50 mL), dried over Na2SO4, and concentrated in vacuo. The solid residue was dissolved in 45 mL of 5:4
methanol/diethyl amine, stirred for 25 min and partitioned between 350 mL of CHCl3 and 150 mL H2O.  The
organic phase was washed with H2O (100 mL), dried over Na2SO4 and concentrated in vacuo.  Purification by silica
gel chromatography (3% MeOH/CH2Cl2) afforded 895 mg of a white solid (68% yield, 2 steps); mp 53-54 °C; IR
(KBr) 3303, 1650 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.33 (m, 5H), 7.05 (s, 1H), 4.45 (d, J = 0.9 Hz, 1H), 4.43 (d,
J = 0.9 Hz, 1H), 3.14 (s, 1H), 1.41 (s, 2H), 1.01 (s, 9H); 13C NMR {1H} (100 MHz, CDCl3) δ 173.4, 138.5, 128.5,
127.8, 127.3, 64.3, 43.0, 34.1, 26.7; HRMS (CI) m/z (MH)+ calcd 221.1654, found 221.1658.
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PNP-Ester:  To a solution of the amine (860 mg, 3.90 mmol), pyridine (631 µL, 2 equiv.), and CH2Cl2 (30 mL) was
added p-nitrophenyl chloroformate (803 mg, 1.02 equiv.).  This mixture was allowed to stir for 30 min then the
solvent was removed in-vacuo.  The resulting residue was purified by silica gel chromatography (5%EtOAc/CH2Cl2)
to yield a 1.411 mg of a white solid in 94% yield: IR (KBr) 3324, 2965, 1731, 1654, 1524, 1489, 1347, 1212 cm-1;
1H NMR (400 MHz, CDCl3) δ 8.13 (m, 2H), 7.27 (m, 3H), 7.17 (m, 4H), 6.59 (s, 1H), 6.24 (d, J = 9.4 Hz, 1H), 4.41
(dd, J = 6.0, 14.9 Hz, 1H), 4.23 (J = 6.0, 14.9 Hz, 1H), 4.08 (d, J = 9.4 Hz, 1H), 1.05 (s, 9H); 13C NMR {1H} (100
MHz, CDCl3) δ 170.0, 155.6, 153.4, 144.7, 137.4, 128.7, 127.6, 127.5, 125.0, 121.8, 63.2, 43.5, 34.9, 26.5; HRMS
(CI) m/z (M+Na)+ calcd 408.1536, found 408.1538.
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Solution Phase Catalyst (1c):  (1) To a solution of the PNP ester (1.38 g, 3.58 mmol) and 30 mL of CH2Cl2 was
added (S,S)-1,2-diaminocyclohexane (1.22 g, 3 equiv.) and allow to stir for two minutes, followed by addition of
diisopropyl ethylamine (687 µL, 1.1 equiv.). The reaction mixture was allowed to stir for an additional 40 min.  The
resulting mixture was partitioned between CH2Cl2 (150 mL) and 2% aq. Na2CO3 (30 mL).  The organic layer was
washed with twice with 20% aq. Na2CO3 (30 mL ea.), dried over Na2SO4, filtered and the solvent removed under
reduced pressure. The resulting residue (1.30 g) was dissolved in MeOH (25 mL).  This solution was treated with
aldehyde (996 mg, 1.0 equiv.) and allowed to stir for 40 min.  The solvent was removed by reduced pressure and the
resulting residue was purified by silica gel chromatography (25% EtOAc/Hexane) to yield 1c as a yellow solid (1.85
g, 83%, 2 steps). The overall yield for 1c from Fmoc-D-tert-Leucine was 53% (5 steps). IR (KBr) 3309, 2960, 1752,
1684, 1550, 1437, 1270, 1150, 1116 cm-1; 1H NMR (400 MHz, C6D6) δ 14.32 (s, 1H), 8.08 (s, 1H), 7.23 (d, J = 2.6
Hz, 1H), 7.12 (m, 2H), 7.08 (m, 2H), 7.02 (d, J = 2.6 Hz, 1H), 7.00 (t, J = 7.1 Hz, 1H), 6.67 (m, 1H), 5.63 (m, 1H),
4.59 (m, 1H), 4.37 (dd, J = 14.8, 6.6 Hz, 1H), 4.29 (d, J = 9.1 Hz, 1H), 3.86 (dd, J = 14.8, 4.6 Hz, 1H), 3.43 (m, 1H),
3.15 (m, 1H), 1.95 (m, 1H), 1.68- 1.0 (m, 7H), 1.51 (s, 9H), 1.30 (s, 9H), 1.05 (s, 9H); 13C NMR {1H} (100 MHz,
CDCl3) δ 177.4, 172.0, 164.3, 158.1, 157.7, 141.7, 138.5, 130.1, 128.4, 127.4, 127.1, 122.6, 121.2, 118.1, 70.3, 61.5,
54.0, 43.1, 38.9, 34.8, 34.7, 31.5, 29.1, 27.1, 26.7, 24.2, 23.6, 22.6; HRMS (ES) m/z (M+) calcd 621.4016, found
621.3986.
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General procedure for the preparation of N-allyl substituted imines:  A flame dried 250 mL round bottom flask
was charged with activated 3Ǻ molecular sieves (30g) and 50 mL CH2Cl2 (freshly distilled from CaH2).  To this
mixture, substrate (40 mmol) was added followed by syringe addition of allyl amine (1.5 equiv., 60mmol) at room
temperature. Reaction progress was followed by 1H NMR (15-48 h). The sieves were removed by filtration and
washed with CH2Cl2 (10 mL).  The filtrate was collected and volatiles were removed in vacuo.  The imines thus
prepared were used in the Strecker reactions without any additional purification.

General procedure for benzyl substituted imines: A flame dried 250 mL round bottom flask was charged with
activated 3Ǻ molecular sieves (30g) and 50 mL CH2Cl2 (freshly distilled from CaH2).  To this mixture, substrate (40
mmol) was added followed by syringe addition of benzyl amine (generally 1 equiv., 40mmol; in case of 2m, volatile
ketone was used in excess of 10%) room temperature. Reaction conversion was followed by 1H NMR (15-60 h). The
sieves were removed by filtration and washed with CH2Cl2 (10 mL).  The filtrate was collected and solvent was
removed in vacuo. Further purification was accomplished by vacuum distillation or recrystallization.

 2c: Product was obtained as a white solid in 70% yield after recrystallization from
hexanes; IR (thin film) 1627 cm-1; 1H NMR (400 MHz, CDCl3) δ 2.34 (s, 3H), 4.28 (m,
2H), 5.26 (dm, J = 8 Hz, 1H), 5.37 (dm, J = 10 Hz, 1H), 6.26 (m, 1H), 7.53 (m, 2H), 7.87
(m, 2H), 7.93 (m, 1H), 8.15 (dm, J = 10 Hz, 1H), 8.23 (m, 1H); 13C NMR {1H} (400 MHz,
CDCl3) δ 166.1, 138.5, 136.3, 134.2, 133.2, 129.0, 128.1, 127.8, 126.9, 126.8, 126.4,

124.5, 115.5, 55.1, 15.9; HRMS (CI) m/z (MH)+ calcd 210.1283, found 210.1292.

2d: Product was obtained as a clear oil in 97% yield; IR (thin film) 1662 cm-1; 1H NMR
(500 MHz, CDCl3) δ 1.81 (s, 3H), 2.59 (t, J = 3 Hz, 2H), 2.92 (t, J = 3 Hz, 2H), 3.96 (m,
2H), 5.13 (m, 2H), 6.02 (m, 1H), 7.18-7.32 (m, 5H); 13C NMR {1H} (500 MHz, CDCl3)
δ 170.3, 142.0, 136.7, 136.3, 128.6, 128.6, 126.1, 115.2, 44.4, 32.9, 18.0; HRMS (EI) m/z
(M+) calcd 187.1361, found 187.1367.

2j: Product was obtained as a clear oil in 78% yield after vacuum distillation. (125
°C/0.05Torr); IR (thin film) 1637 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.41 (s, 3H), 4.87 (s,
2H), 7.44 (m, 1H), 7.54 (m, 2H), 7.63 (m, 2H), 7.78 (d, J = 8 Hz, 2H), 8.11 (d, J = 8 Hz,
2H); 13C NMR {1H} (500 MHz, CDCl3) δ 164.9, 144.5, 140.7, 131.7, 131.5, 128.9, 128.1,
127.5, 127.1, 125.5 (q, J = 16 Hz), 56.2, 15.9; HRMS (EI) m/z (M+) calcd 277.1078, found
277.1073.

2k: Product was obtained as a clear oil in 71% yield after vacuum distillation (175
°C/0.6Torr), IR (thin film) 1634 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.35 (s, 3H), 4.80 (s,
2H), 7.29-7.53 (m, 6H), 7.59 (d, J = 8 Hz, 1H), 7.85 (d, J = 8 Hz, 1H), 8.14 (s, 1H); 13C
NMR {1H} (500 MHz, CDCl3) δ 164.8, 143.3, 140.6, 132.9, 130.2, 130.1, 128.8, 128.1,
127.1, 125.7, 123.0, 56.1, 16.1; HRMS (EI) m/z (M+) calcd 287.0309, found 287.0295.

2l: Product was obtained as a clear oil in 41% yield after vacuum distillation (150 °C/0.6Torr); IR
(thin film) 1652 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.37 (s, 0.8H), 2.44 (s, 2.2H), 4.28 (d, J =
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15 Hz, 0.75H), 4.44 (d, J = 15 Hz, 0.75H), 4.77 (s, 0.5H), 7.21-7.68 (m, 9H); 13C NMR {1H} (500 MHz, CDCl3)
δ 169.5, 168.1, 144.9, 141.0, 140.2, 140.1, 133.2, 133.2, 130.1, 129.9, 129.6, 128.8, 128.7, 128.4, 128.3, 128.1,
127.9, 127.6, 127.1, 120.5, 119.6, 57.8, 56.2, 28.4, 20.2; HRMS (EI) m/z (M+) calcd 287.0309, found 287.0302.

2n: Product was obtained as a white solid in 79% yield after recrystallization from
hexanes; IR (thin film) 1633 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.37 (s, 3H), 3.85 (s,
3H), 4.74 (s, 2H), 6.96 (d, J = 8 Hz, 2H), 7.41 (d, J = 8 Hz, 2H), 7.45 (m, 3H), 7.92 (m,
2H); 13C NMR {1H} (500 MHz, CDCl3) δ 166.1, 158.7, 141.4, 133.0, 129.9, 129.1, 128.5,

127.1, 114.1, 55.6, 55.4, 16.1; HRMS (EI) m/z (M+) calcd 239.1310, found 239.1312.

2o: Product was obtained as a white solid in 77% yield after recrystallization from pentane;
IR (thin film) 1633 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.39 (s, 3H), 4.81 (s, 2H), 7.48 (m
3H), 7.67 (dd, J1 = 8 Hz, J2 = 20 Hz 4H), 7.97 (m, 2H); 13C NMR {1H} (500 MHz, CDCl3)
δ 166.9, 145.2, 145.2, 141.0, 130.2, 129.2, 128.6, 128.3, 127.0, 125.6 (q, J = 15 Hz), 55.4,

16.2; HRMS (EI) m/z (M+) calcd 277.1078, found 277.1067.

2p: Product was obtained as a clear oil in 98% yield; IR (thin film) 1635 cm-1; 1H NMR
(500 MHz, CDCl3) δ 1.52 (s, 9H), 2.45 (s, 3H), 4.88 (s, 2H), 7.55 (m, 7H), 8.05 (m, 2H);
13C NMR {1H} (500 MHz, CDCl3) δ 166.0, 149.7, 141.5, 138.0, 130.0, 128.6, 127.8, 127.2,
125.7, 55.8, 34.9, 31.9, 16.1; HRMS (EI) m/z (M+) calcd 265.1830, found 265.1824.

2q: Product was obtained as a white solid in 77% yield after recrystallization from pentane;
IR (thin film) 1633 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.37 (s, 3H), 4.71 (s, 2H), 7.41 (d, J
= 8 Hz, 2H), 7.48 (m, 3H), 7.56 (d, J = 8 Hz , 2H), 7.95 (m, 2H); 13C NMR {1H} (500 MHz,
CDCl3) δ 166.6, 141.1, 140.1, 131.7, 130.1, 129.8, 128.6, 127.1, 120.6, 55.3, 16.3; HRMS

(EI) m/z (M+) calcd 287.0309, found 287.0295.

General procedure for preparation of racemic Strecker adducts: A 10 mL round-bottom flask equipped with a
stir bar was charged with a solution of substrate (1 mmol) in dichloromethane (2 mL). A solution of HCN (1.5
equiv., generated prior to the reaction from TMSCN and methanol; see General Procedure for Asymmetric Strecker)
in dichloromethane (1 mL) was added by syringe addition at 5 °C. The reaction was allowed to stir at 5 °C for 10h.
Solvents were removed in-vacuo. Racemic samples were used for chiral HPLC or GC analyses without further
purification.

Derivatization of Allyl Protected Strecker Adducts (for the purpose of chiral GC Analysis): To a 10 mL round
bottom flask, 10 mg of 3 was dissolved in 2 mL of dichloromethane and an excess trifluoroacetic anhydride was
added in one portion. Solvents were removed in vacuo and residual oil was dissolved in dichloromethane (3 mL).
The crude product was used for chiral GC or HPLC analyses without further purification.
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General procedure for asymmetric Strecker reaction: A 10 mL round-bottom flask equipped with a stir bar was
charged with 3.7 mg catalyst 1c (0.006 mmol, 0.02 equiv.), 2 mL of toluene and substrate (0.3 mmol) were
combined. The reaction was cooled to –75 ºC by means of a constant temperature bath.  In a separate 2 mL flask
equipped with a stir bar, 1 mL of toluene and 50 µL of TMSCN (1.25 equiv.) were combined.  This solution was
cooled to 5 ºC and 15 µL (1.25 equiv.) of methanol was added. The solution was allowed to stir for 2 h at 5 °C,
cooled to -78 °C and then added to the reaction flask by syringe addition. The reaction conversion was monitored by
either 1H NMR or HPLC analyses and upon the conversion >99%, the solvents were removed  in-vacuo. The
residual mixture of catalyst 1c and Strecker adduct 3 was separated either by recrystallization from hexanes or by
short column flash chromatography on silica gel or neutral alumina (eluent 20% AcOEt in hexanes) to afford 3.

3a: Product was obtained in 97% yield and 85% ee by Chiral GC analysis (as trifluoroacet
amide, γ-TA, 100 °C isothermal, tr(minor) = 93 min, tr(major) = 100 min); IR (thin film) 3327,
2224 cm-1; 1H NMR (500 MHz, CDCl3) δ 1.75 (s, 3H), 1.80 (s, 1H), 3.06 (m, 1H), 3.39 (m, 1H),
5.11 (m, 1H), 5.26 (m, 1H), 5.91 (m, 1H), 7.33-7.42 (m, 3H), 7.64 (m, 2H); 13C NMR {1H} (500
MHz, CDCl3) δ 140.1, 135.7, 129.2, 128.9, 125.8, 121.6, 116.7, 60.4, 48.1, 31.5; HRMS (CI)

m/z (MH)+ calcd 187.1235, found 187.1234.

3b: Product was obtained in 96% yield as a clear oil and 69% ee by Chiral HPLC analysis (S,S-
Whelco, 0.2% IPA/Hexanes, 1 mL/min, tr(minor) = 40 min, tr(major) = 45 min); IR (thin film)
3326, 2223 cm-1; 1H NMR (500 MHz, CDCl3) δ 1.92 (t, J = 8 Hz, 3H), 1.75 (s, 1H), 1.96 (m,
1H), 2.04 (m, 1H), 3.01 (dm, J = 9 Hz, 1H), 3.36 (m, 1H), 5.11 (dd,  J1 = 11 Hz, J2 = 6 Hz, 1H),
5.26 (dm, J = 9 Hz, 1H), 5.91 (m, 1H), 7.33-7.42 (m, 3H), 7.61 (m, 2H); 13C NMR {1H} (500

MHz, CDCl3) δ 138.4, 135.8, 129.0, 128.8, 126.5, 120.9, 116.7, 65.9, 47.9, 36.9, 9.1.

3c: Product was obtained in 97% yield as a clear oil and 89% ee by Chiral HPLC analysis
(Chiralcel OD,  1% IPA/Hexanes, 1 mL/min, tr(minor) = 10.7 min, tr(major) = 11.4 min);
IR (thin film) 3328, 2223 cm-1; 1H NMR (500 MHz, CDCl3) δ 1.81 (s, 1H), 1.88 (s, 3H),
3.10 (d, J = 8 Hz, 1H), 3.46 (m, 1H), 5.17 (d, J = 8 Hz, 1H), 5.32 (d, J = 13 Hz, 1H), 5.96
(m, 1H), 7.56 (m, 2H), 7.74 (m, 1H), 7.90 (m, 3H), 8.19 (s, 1H); 13C NMR {1H} (500
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MHz, CDCl3) δ 137.3, 135.6, 133.6, 133.3, 129.3, 128.5, 127.9, 127.0, 126.9, 126.4, 123.0, 121.7, 116.9, 60.7, 48.2,
31.3; HRMS (EI) m/z (M+) calcd 236.1313, found 236.1309.

3d: Product was obtained in 98% yield as a clear oil and 41% ee by Chiral GC analysis (γ-
TA, 90 °C isothermal, tr(minor) = 378 min, tr(major) = 399 min); IR (thin film) 3320, 2219
cm-1; 1H NMR (400 MHz, CDCl3) δ 1.42 (t, J = 8 Hz, 1H), 1.51 (s, 3H), 1.99 (m, 2H),
2.82 (m, 2H), 3.41 (t, J = 6 Hz, 2H), 5.17 (dd, J1 = 6 Hz, J2 = 1 Hz, 1H), 5.29 (dm, J = 8
Hz, 1H), 5.93 (m, 1H), 7.24 (m, 3H), 7.33 (m, 2H); 13C NMR {1H} (400 MHz, CDCl3)

δ 140.7, 135.7, 128.8, 128.6, 126.5, 122.2, 117.0, 55.7, 47.8, 42.1, 30.8, 25.3; HRMS (CI) m/z (MH)+ calcd
215.1548, found 215.1537.

3e: Product13 was obtained in 97% as a clear oil and 90% ee by Chiral HPLC analysis (Chiralcel
OD, 3% IPA/Hexanes, 1 mL/min, tr(minor) = 9.8 min, tr(major) = 12.4 min).

3f: Product was obtained in 98% yield as a clear oil and 91% ee by Chiral HPLC analysis
(Chiralcel OD, 3% IPA/Hexanes, 1 mL/min, tr(major) = 8.4 min, tr(minor) = 9.9 min); IR (thin
film) 3321, 2223 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.83 (s, 3H), 1.98 (s, 1H), 2.47 (s, 3H),
3.65 (d, J = 12 Hz, 1H), 3.97 (d, J = 12 Hz, 1H), 7.32 (d, J = 8 Hz, 2H), 7.63-7.44 (m, 5H),
7.69 (d, J = 8 Hz, 2H); 13C NMR {1H} (400 MHz, CDCl3) δ 139.4, 138.6, 137.2, 129.9, 128.8,

128.6, 127.6, 125.8, 121.7, 60.7, 49.9, 31.7, 21.6; HRMS (EI) m/z (M+) calcd 250.1470, found 250.1466.

3g: Crude product was obtained as a solid (quantitative as a mixture with catalyst) in 93% ee.
Recrystallization from hexanes afforded product in 76% overall yield as white needles and
>99.9% ee by Chiral HPLC analysis (Catalyst 1c remained dissolved in the mother liquid).
(Chiralcel OD, 3% IPA/Hexanes, 1 mL/min, tr(major) = 15.9 min, tr(minor) = 19.5 min); IR
(thin film) 3323, 2224 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.80 (s, 3H), 2.02 (d, J = 5 Hz,

1H), 3.58 (m, 1H), 3.93 (d, J = 10 Hz, 1H), 7.26-7.42 (m, 5H), 7.59 (d, J = 6 Hz, 2H), 7.65 (d, J = 6 Hz, 2H); 13C
NMR {1H} (400 MHz, CDCl3) δ 139.4, 139.1, 132.4, 128.9, 128.6, 127.8, 127.8, 123.0, 121.2, 60.4, 49.8, 31.5, mp
= 79.9-80.1 °C (hexanes); [α]D

23 = -58.6° (c = 1.0, CH2Cl2); HRMS (EI) m/z (M+) calcd 314.0418, found 314.0414.

3h: Crude product was obtained as a solid (quantitative as a mixture with catalyst) in 93%
ee. Recrystallization from hexanes afforded product in 79% overall yield as white needles
and >99.9% ee by Chiral HPLC analysis (Catalyst 1c remained dissolved in the mother
liquid). (Chiralcel OD, 10% Ethanol/Hexanes, 1 mL/min, tr(major) = 17.9 min, tr(minor) =
27.3 min); IR (thin film) 3328, 2227 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.83 (s, 3H), 2.07

(s, 1H), 3.51 (d, J = 12 Hz, 1H), 3.93 (d, J = 12 Hz, 1H), 7.28-7.51 (m, 5H), 7.92 (d, J = 8 Hz, 2H), 8.27 (d, J = 8
Hz, 2H); 13C NMR {1H} (400 MHz, CDCl3) δ 148.2, 147.1, 138.4, 128.8, 128.4, 127.8, 127.0, 124.4, 120.5, 60.6,
50.0, 31.6, mp = 141.2-141.4 °C (hexanes); [α]D

23 = -81.5° (c = 1.0, CH2Cl2); HRMS (CI) m/z (MH)+ calcd
282.1243, found 282.1253.

3i: Product was obtained in 98% yield as a clear oil and 88% ee by Chiral HPLC analysis
(Chiralcel OD, 3% IPA/Hexanes, 1 mL/min, tr(major) = 11.9 min, tr(minor) = 14.8 min);
IR (thin film) 3321, 2221 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.79 (s, 3H), 1.92 (s, 1H),
3.59 (d, J = 12 Hz, 1H), 3.84 (s, 3H) 3.89 (d, J = 12 Hz, 1H), 6.97 (d, J = 9 Hz, 2H), 7.29-
7.38 (m, 5H), 7.65 (d, J = 9 Hz, 2H); 13C NMR {1H} (400 MHz, CDCl3) δ 159.9, 139.3,
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132.0, 128.7, 128.5, 127.6, 127.0, 121.8, 114.4, 60.3, 55.7, 49.8, 31.7; HRMS (EI) m/z (M+) calcd 266.1419, found
266.1411.

3j: Crude product was obtained as a solid (quantitative as a mixture with catalyst) in 95%
ee. Recrystallization from hexanes afforded product in 75% overall yield as white needles
and >99.9% ee by Chiral HPLC analysis (Catalyst 1c remained dissolved in the mother
liquid). (Chiralcel OD, 10% IPA/Hexanes, 1 mL/min, tr(major) =  11.6 min, tr(minor) =
23.1 min); IR (thin film) 3323, 2225 cm-1, 1H NMR (400 MHz, CDCl3) δ 1.83 (s, 3H), 2.02

(s, 1H), 3.55 (d, J = 13 Hz, 1H), 3.95 (d, J = 12 Hz, 1H), 7.12-7.22 (m, 5H), 7.73 (d, J = 8 Hz, 2H), 7.89 (d, J = 8
Hz, 2H); 13C NMR {1H} (400 MHz, CDCl3) δ 144.0, 138.7, 131.3, 131.0, 128.8, 128.5, 127.8, 126.4, 126.2 (q, J =
17 Hz), 120.9, 60.7, 50.0, 31.6, mp = 111.2-111.3 °C (hexanes); [α]D

23 = -55.6° (c = 1.0, CH2Cl2); HRMS (EI) m/z
(M+) calcd 304.1187, found 304.1178.

3k: Product was obtained in 97% yield as a clear oil and 91% ee by Chiral HPLC analysis
(Chiralcel OD, 7% IPA/Hexanes, 1 mL/min, tr(major) = 8.8 min, tr(minor) = 11.9 min); IR
(thin film) 3322, 2224 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.78 (s, 3H), 1.85 (s, 1H), 3.58
(m, 1H), 3.90 (d, J = 12 Hz, 1H), 7.28-7.39 (m, 6H), 7.51 (dm, J = 8 Hz, 1H), 7.68 (dm, J =
8 Hz, 1H), 7.92 (s, 1H); 13C NMR {1H} (400 MHz, CDCl3) δ 142.5, 138.9, 132.1, 130.8,

128.9, 128.8, 128.5, 127.7, 124.6, 123.3, 120.9, 60.4, 49.9, 31.6.

3l: Product was obtained in 45% yield as a clear oil and 42% ee by Chiral HPLC analysis
(Chiralcel OD, 1% IPA/Hexanes, 1 mL/min, tr(major) = 29.3 min, tr(minor) = 33.3 min); IR (thin
film) 3323, 2220 cm-1; 1H NMR (500 MHz, CDCl3) δ 1.99 (s, 3H), 2.22 (m, 1H), 3.65 (dd, J1 =
12 Hz, J2 = 8 Hz, 1H), 3.95 (dd, J1 = 12 Hz, J2 = 4 Hz, 1H), 7.23-7.47 (m, 7H), 7.68 (dd, J1 = 8
Hz, J2 = 2 Hz, 1H), 7.92 (dd, J1 = 8 Hz, J2 = 2 Hz, 1H); 13C NMR {1H} (400 MHz, CDCl3)

δ 139.0, 136.5, 135.9, 130.4, 129.0, 128.8, 128.7, 128.3, 127.7, 121.2, 120.6, 61.1, 49.9, 27.7.
3m: Product was obtained in 98% yield as a clear oil and 70% ee by Chiral HPLC analysis
(Chiralcel OD, 0.5% IPA/Hexanes, 1 mL/min, tr(major) = 8.3 min, tr(minor) = 10.7 min); IR (thin
film) 3346, 2216 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.14 (s, 9H), 1.44 (s, 3H), 1.60 (s, 1H), 3.93
(s, 2H), 7.28-7.42 (m, 5H); 13C NMR {1H} (400 MHz, CDCl3) δ 139.9, 128.7, 128.4, 127.5, 122.3,

63.8, 49.8, 37.6, 25.5, 19.8.

3n: Product was obtained in 97% yield as a clear oil and 93% ee by Chiral HPLC analysis
(Chiralcel OD, 10% IPA/Hexanes, 1 mL/min, tr(minor) = 6.4 min, tr(major) = 8.4 min); IR
(thin film) 3320, 2223 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.78 (s, 3H), 1.93 (s, 1H), 3.51
(d, J = 8 Hz, 1H), 3.78 (s, 3H) 3.84 (d, J = 8 Hz, 1H), 6.88 (d, J = 8 Hz, 2H), 7.28-7.44 (m,

5H), 7.73 (d, J = 8 Hz, 2H); 13C NMR {1H} (400 MHz, CDCl3) δ 159.0, 140.1, 131.3, 129.7, 129.1, 128.8, 125.8,
121.6, 114.1, 60.8, 55.6, 49.3, 31.7; HRMS (EI) m/z (M+) calcd 266.1419, found 266.1417.

3o: Product was obtained in  95% yield as a clear oil and 92% ee by Chiral HPLC analysis
(Chiralcel OD, 3% IPA/Hexanes, 1 mL/min, tr(minor) = 9.5 min, tr(major) = 16.0 min); IR
(thin film) 3322, 2224 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.82 (s, 3H), 1.98 (d, J = 5 Hz,
1H), 3.63 (m, 1H), 3.98 (d, J = 13 Hz, 1H), 7.37-7.58 (m, 5H), 7.59 (d, J = 8 Hz, 2H), 7.71

(d, J = 8 Hz, 2H); 13C NMR {1H} (400 MHz, CDCl3) δ 143.2, 139.6, 129.9, 129.6, 129.2, 129.0, 128.6, 125.7, 126.6
(q, 13 Hz), 121.3, 60.8, 49.3, 31.6; HRMS (EI) m/z (M+) calcd 304.1187, found 304.1199.

3p: Product was obtained in 95% yield as a clear oil and 89% ee by Chiral HPLC analysis
(Chiralcel OD, 3% IPA/Hexanes, 1 mL/min, tr(minor) = 5.7 min, tr(major) = 9.2 min); IR
(thin film) 3321, 2224 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.41 (s, 9H), 1.85 (s, 3H), 1.96
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(s, 1H), 3.62 (d, J = 12 Hz, 1H), 3.94 (d, J = 12 Hz, 1H), 7.37-7.51 (m, 7H), 7.80 (d, J = 8 Hz, 2H); 13C NMR {1H}
(400 MHz, CDCl3) δ 150.5, 140.1, 136.3, 129.2, 128.9, 128.3, 125.8, 125.7, 121.6, 60.9, 49.6, 35.0, 31.9, 31.8;
HRMS (EI) m/z (M+) calcd 292.1939, found 292.1935.

3q: For optimized yields and ee's, see: Synthesis of Optically Pure α-Methyl Phenylglycine.
Crude product was obtained as a solid (quantitative as a mixture with catalyst) in 92% ee.
Recrystallization from hexanes afforded product in 75% overall yield as white needles and
>99.9% ee by Chiral HPLC analysis (Catalyst 1c remained dissolved in the mother liquid).

(Chiralcel OD, 3% IPA/Hexanes, 1 mL/min, tr(minor) = 10.0 min, tr(major) = 14.7 min); IR (thin film) 3323, 2223
cm-1; 1H NMR (500 MHz, CDCl3) δ 1.80 (s, 3H), 1.86 (m, 1H), 3.51 (m, 1H), 3.84 (d, J = 8 Hz, 1H), 7.23 (d, J = 8
Hz, 2H), 7.35-7.46 (m, 5H), 7.68 (d, J = 8 Hz, 2H); 13C NMR {1H} (400 MHz, CDCl3) δ 139.6, 138.1, 131.7, 130.1,
129.2, 128.9, 125.7, 121.4, 94.7, 60.8, 49.2, 31.7, mp = 79.9-80.0 °C (hexanes); [α]D

23 = -81.8° (c = 1.0, CH2Cl2);
HRMS (CI) m/z (MH)+ calcd 315.0497, found 315.0508.

Synthesis of optically pure αααα-methyl phenylglycine (6):

(A) 3q using solid supported catalyst 1b at -40 °C: To a 25 mL round bottom flask, 1.00 g (3.47 mmol) of 2q and
0.580 g  (0.55 mmol/g, 0.10 equiv.) of 1c were combined with 6 mL of freshly distilled toluene.  The mixture was
allow to stir 5 min at room temperature, cooled to -40 °C and a solution of HCN, which was generated from 0.176
mL (1.25 equiv.) of anhydrous methanol and 0.578 mL (1.25 equiv.) of freshly distilled TMSCN as described
previously, and than cooled to –78 °C, was added (0.3 M solution).  The reaction mixture was allowed to stir gently
(stirring speed approximately 2 s-1) at –40 °C for 6 h, after which it was warmed to ambient temperature and stirred
in vacuo for 2h to remove excess HCN.  Catalyst was filtered off and washed with toluene (2 X 10 mL) and recycled
in identical reactions. The solvent was removed in vacuo at 25 °C to yield 1.09 g (quantitative yield) of a white
solid, 90% ee by chiral HPLC analysis. Recrystallization from hexanes (10.0 mL) afforded 841 mg (77% overall
yield), of white needles  and >99.9% ee by chiral HPLC analysis.(For spectroscopic and physical data see General
Section).
   

(B) 3q using solution phase catalyst 1c at 5 °C (For reaction at -78 °C see general procedure for asymmetric
Strecker): To a 10 mL round bottom flask, 400 mg (1.39 mmol) of 2q and 17 mg (0.027 mmol, 0.02 equiv.) of 1c
were combined with 1.2 mL of freshly distilled toluene.  The mixture was cooled to 5 °C and a solution of HCN,
which was generated from  70 µL (1.25 equiv.) of anhydrous methanol and 231 µL (1.25 equiv.) of freshly distilled
trimethylsilyl cyanide as described previously, and than cooled to –78 °C, was added (0.5 M solution).  The reaction
mixture was allowed to stir at 5 °C for 8 minutes. The solvents were removed in vacuo to yield 451 mg of a solid,
87% ee by chiral HPLC. Washing the solids with pentane (1 mL) removed the catalyst 1c and afforded 415 mg of
white solid, which was recrystallized from hexanes (4.2 mL) yielding 315 mg (72% overall yield) of white needles
in >99.9% ee by chiral HPLC analysis. By concentration of the pentane wash followed by flash chromatography on
silica gel (eluent 30% AcOEt/hexanes), catalyst 1c was recovered in 97% yield and recycled in identical reactions.
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 (4q):  Mixed acetic formic anhydride, prepared14 from 12.5 mL (13.5 g, 0.132 mol) of acetic anhydride and 5.0 mL
(6.10 g, 0.133 mol) formic acid by heating at 60 °C, was cooled to 0 °C and added to 1.60 g (5.07 mmol, >99.9% ee)
of 3q.  The reaction  mixture was allowed to stir for 10 min and poured into cold water (150 mL) and extracted with
dichloromethane (300 mL). The organic layer was washed with 10% aqueous solution of sodium bicarbonate (300
mL) and dried over Na2SO4. The solvents were removed in-vacuo yielding 1.71 g (98% yield) of 4q as a clear oil;
IR (thin film) 2240, 1676 cm-1; 1H NMR (400 MHz, CDCl3) δ 2.02 (s, 3H), 4.57 (dd, J1 = 28 Hz, J2 = 16 Hz, 2H),
7.07 (d, J = 8 Hz, 2H), 7.19 (m, 2H), 7.27 (m, 1H), 7.40 (m, 4H), 8.65 (s, 1H); 13C NMR {1H} (400 MHz, CDCl3)
δ 162.5, 138.0, 137.2, 136.0, 131.8, 130.0, 129.8, 129.8, 129.2, 128.4, 126.0, 125.5, 121.7, 119.3, 61.0, 46.3,
28.9, HRMS (ES) m/z (MH)+ calcd 343.0446, found 343.0462.

(5q)  To a 250 mL round bottom flask, 1.70g of (4.95 mmol) of 4q was dissolved in 100 mL of conc. HCl. The
reaction mixture was then heated to 105 °C 3 h. Solvents were removed under reduced pressure to yield a white
solid. To remove ammonium chloride (byproduct of the hydrolysis of CN group), the solids were washed with water
(3 x 15 mL) to afford 1.75 g of 5q (95% yield) as its hydrochloric salt (It was also possible to extract 5q from pH =
6.8 with CHCl3/IPA=3/1 in 95% yield). IR (KBr) 1613 cm-1; 1H NMR (500 MHz, d6-DMSO) δ 1.65 (s, 3H), 3.60
(dd, , J1 = 30 Hz, J2 = 12 Hz, 2H), 7.35 (m, 5H), 7.53 (m, 4H); 13C NMR {1H} (400 MHz, d6-DMSO for 5q.HCl)
δ 171.9, 135.2, 133.6, 132.0, 131.9, 130.1, 129.5, 128.2, 122.9, 67.8, 47.1, 20.6; HRMS (ES) m/z (MH)+ calcd
334.0442, found 334.0439.

(6) To a 100 mL three-neck round bottom flask 1.11 g (3.00 mmol) of 5q was dissolved in a mixture of methanol
(30 mL), water (30 mL) and conc. HCl (10 mL) and under inert atmosphere of nitrogen 320 mg (1.24 mmol, 0.10
equiv.) of 10% (w/w) palladium on activated carbon was added. The reaction mixture was allowed to hydrogenate
under atmospheric pressure of hydrogen 10 h. The catalyst was removed by filtration through Celite® and the
solvents were removed in vacuo. The yellow solid residue was washed with AcOEt (3 x 10 mL) to yield 0.605 g
(3.00 mmol, quantitative yield) of 6 as a white solid, >99.9% ee by chiral GC analysis (as the N-trifluoroaceto-α-
methyl phenylglycine methyl ester, γ-TA, isothermal 120 °C, tr(major) = 7.7 min, tr(major) = 8.1 min); [α]D

23 = -
85.5° (c = 1.0, 1N HCl).15   
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Derivatization of αααα-methyl phenylglycine for Chiral GC Analysis: A 10 mL round bottom flask was charged
with 10 mg of 6 and 2 mL of dichloromethane. To this suspension, 1 mL of trifluoroacetic anhydride was added
followed by heating the reaction mixture to reflux for 2 minutes. Solvents were removed in vacuo and residual solids
were dissolved in methanol (3 mL). An excess of TMSCHN2 was added at room temperature and the reaction
mixture was allowed to stir for 5 minutes. The reaction mixture was used for Chiral GC analysis without further
purification.
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