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General Information: Optical rotations were measured on a Perkin-Elmer 241 digital polarimeter with a

sodium lamp at ambient temperature and are reported as follows:  [a]l (c g/100mL).  Infrared spectra were
recorded on a Nicolet Avatar 360 FT-IR spectrometer.  1H NMR spectra were recorded on Bruker Avance-300
(300 MHz) or DMX-500 (500 MHz) spectrometers.  Chemical shifts are reported in ppm from tetramethylsilane
with the solvent resonance as the internal standard (deuterochloroform:  d 7.26 ppm).  Data are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), integration,
coupling constants (Hz), and assignment.  13C NMR spectra were recorded on a Bruker Avance-300 (75 MHz)
spectrometer with complete proton decoupling.  Chemical shifts are reported in ppm from tetramethylsilane with
the solvent as the internal standard (deuterochloroform:  d 77.0 ppm).  Mass spectra were obtained on a VG-7070
or Fisons Autospec high resolution magnetic sector mass spectrometer.  

Analytical thin layer chromatography was performed on EM Reagent 0.25 mm silica gel 60-F plates.  Flash
chromatography was performed as previously described on EM silica gel 60 (230-240 mesh).1  Analytical high
performance liquid chromatograph (HPLC) was performed on a Hewlett Packard 1100 liquid chromatograph
equipped with a variable wavelength UV detector (deuterium lamp, 190-600 nm), using a Daicel Chiralcelª OD-H
column (250 ´ 4.6 mm) (Daicel Inc.).  HPLC grade isopropanol and hexanes were used as the eluting solvents.

All experiments were carried out under a nitrogen atmosphere in oven or flame-dried glassware using standard
inert atmosphere techniques for introducing reagents and solvents.  Dichloromethane (CH2Cl2) was distilled from
CaH2 under N2.  Tetrahydrofuran was distilled from potassium/benzophenone ketyl.  Diethylether was distilled
from sodium/benzophenone ketyl.  All other commercially obtained reagents were used as received.

Diisopropyl carbamic acid 2-bromophenyl ester chromium tricarbonyl (6).  To a 0 ¡C
solution of 0.22 g of chiral amine 5 (0.86 mmols) in 1.0 mL of THF was added 0.60 mL of n-
BuLi (0.88 mmols, 1.47 M in hexanes).  This yellow solution was stirred for five minutes at 0
¡C and then transferred via cannula to a -78 ¡C solution of 0.30 g of arene chromium tricarbonyl

3 (0.84 mmols) in 1.8 mL of THF.  The resulting reaction mixture was stirred at -78 ¡C for 2 h.  A solution of 0.30
g of dibromotetrachloroethane (0.92 mmols) in 7.2 mL of Et2O was added to the reaction mixture via cannula.  The
reaction was then allowed to warm slowly to ambient temperature over 12 h.  The reaction mixture was filtered
through a plug of silica gel and concentrated in vacuo.  The chiral amine base (5) was separated from the product
via silica gel chromatography using hexanes as the eluent.  The title compound was quickly washed off the silica
gel using EtOAc and concentrated in vacuo as a yellow film.  This was brought into a drybox and recrystallized at -
23 ¡C using Et2O/pentane mixtures.  The resulting yellow crystals were stored in the drybox at -23 ¡C indefinitely:
[a]20

589
  = +2.86¡ (95 %ee, c 0.7, CH2Cl2); 

1H NMR (d6-acetone) d 6.18 (d, J = 6.4 Hz, 1 H), 5.90 (d, J = 6.6 Hz,
1 H), 5.75 (dd, J = 6.0, 6.0 Hz, 1 H), 5.47 (dd, J = 6.2, 6.2 Hz, 1 H), 4.16-3.98 (m, 2 H), 1.37 (d, J = 5.8 Hz, 6 H),
1.29 (d, J = 6.6 Hz, 6 H); 13 C NMR (d6-acetone)
d 233.1, 152.4, 131.5, 98.2, 94.0, 92.4, 91.3, 89.8, 47.9, 21.6, 20.6, 20.4; EI-MS m/e 436 (M+), 421, 408 (M+-
CO), 380 (M+-2CO), 350, 300 (M+-Cr(CO)3), 272, 223, 194, 173, 144, 128; HPLC (90/10 hexanes/iPrOH, 1
mL/min)  Rt  = 19.65, 24.31.

General Procedure A: Suzuki coupling of bromide (6) with arylboronic acids.  A 25 mL Schlenk flask
was charged with 0.44 g of bromide 6 (1.0 mmol), 2.0 mmols of the boronic acid, and 0.058 g of Pd(PPh3)4 (0.05

                                                
1 Still, W. C.; Kahn, M.; Mitra, A.  J. Org. Chem. 1978, 43, 2923-2925.
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mmols) and then fitted with a reflux condenser and septum in a glovebox.  To this flask was added 13 mL of
methanol and 1.3 mL of aqueous Na2CO3 solution (2.6 mmols).  The reaction mixture was subjected to three
freeze/pump/thaw cycles in order to degas the solvents.  The reaction mixture was heated to reflux for 0.5 h and
then quenched with 2.0 mL of saturated aqueous NH4Cl solution.  The organics were extracted into EtOAc (3 X 20
mL).  The combined organics were dried over MgSO4, filtered, and concentrated in vacuo.  The product was
purified by silica gel chromatography using EtOAc/hexane mixtures as the eluent.

Diisopropylcarbamic acid, 2-naphthalen-1-yl-phenyl ester chromium tricarbonyl (7a):
General Procedure A was followed using 344 mg of 2-naphthylboronic acid (2.0 mmols).
Purification by flash chromatography (20% EtOAc in hexanes) gave 362 mg (75 %) of the title
compound: 1H NMR (d6-acetone) d 7.98 (dd, J = 8.2, 8.2 Hz, 2 H), 7.78 (d, J = 7.3 Hz, 1 H),
7.73 (d, J = 7.7 Hz, 1 H), 7.62 (dd, J = 8.2, 8.2 Hz, 1 H), 7.56 - 7.44 (m, 2 H), 6.15 (dd, J = 6.6,
6.6 Hz, 1 H), 6.09 (d, J = 7.6 Hz, 1 H), 5.88 (d, J = 6.5 Hz, 1 H), 5.44 (dd, J = 6.7, 6.7 Hz, 1 H),

3.58 - 3.40 (m, 2 H), 0.96 (d, J = 6.5 Hz, 3 H), 0.75 (d, J = 6.4 Hz, 3 H), 0.70 - 0.50 (m, 6 H); 13C NMR (d6-
acetone) d 234.3, 151.7, 132.0, 130.2, 129.4, 129.1, 128.7, 128.3, 127.4, 126.9, 126.6, 126.2, 124.5, 108.2, 101.0,
97.7, 88.0, 87.8, 47.5, 46.9, 20.6, 20.3, 20.0; EI-MS m/e 483 (M+), 451, 423, 399 (M+-3CO), 356, 347 (M+-
Cr(CO)3), 338, 324, 271, 256, 220, 202, 189, 165, 151, 128; HPLC (90/10 hexanes/iPrOH, 1 mL/min) Rf = 6.06,
7.28.

Diisopropylcarbamic acid, 2'-methylbiphenyl-2-yl ester chromium tricarbonyl (7b):
General Procedure A was followed employing 272 mg of 2-methylphenylboronic acid (2.0
mmols).  Purification by flash chromatography (10% EtOAc in hexanes) gave 282 mg (63 %)
of the title compound: 1H NMR (d6-benzene) d 7.73 (d, J = 6.7 Hz, 1 H), 7.10-6.94 (m, 3 H),
4.87-4.83 (m, 2 H), 4.63 (dd, J = 6.4, 6.4 Hz, 1 H), 3.96 (dd, J = 6.0, 6.0 Hz, 1 H), 3.71 (m, 1

H), 3.24 (m, 1 H), 2.20 (s, 0.3 H), 2.13 (s, 2.7 H), 0.93-0.73 (m, 12 H); 13C NMR (d6-acetone) d 234.4, 138.0,
134.4, 133.0, 130.8, 129.6, 126.5, 110.0, 100.4, 97.5, 88.2, 87.3, 47.9, 46.8, 29.4, 21.0, 20.2; EI-MS m/e 447 (M+),
419 (M+-CO), 391 (M+-2CO), 363 (M+-3CO), 311 (M+-Cr(CO3)), 235, 184, 165, 152, 128, 115; HPLC (90/10
hexanes/iPrOH, 1 mL/min) Rt = 5.26, 7.75.

Diisopropylcarbamic acid, 2'-methoxybiphenyl-2-yl ester chromium tricarbonyl (7c):
General Procedure A was followed using 304 mg of 2-methoxyphenylboronic acid (2.0
mmols). This compound was prepared as stated in General Procedure A with the following
additional purification steps.  The combined EtOAc layers were washed with 1N NaOH (3 X 10
mL), saturated aqueous NaHCO3 (1 X 10 mL), and brine (1 X 10 mL).  The organic layers were

then dried over MgSO4, filtered, and concentrated in vacuo as in the general procedure. Purification by flash
chromatography (20% EtOAc in hexanes) gave 306 mg (66 %) of the title compound: 1H NMR (d6-acetone)
d 7.81 (d, J = 7.2 Hz, 1 H), 7.49 - 7.39 (m, 3 H), 6.00 - 5.90 (m, 2 H), 5.80 (d, J = 6.6 Hz, 1 H), 5.33 (dd, J = 6.0,
6.0 Hz, 1 H), 3.78 (s, 3 H), 3.95 - 3.65 (m, 2 H), 1.19 (d, J = 6.4 Hz, 3 H), 1.11 (d, J = 6.4 Hz, 3 H), 1.02 (d, J =
6.8 Hz, 3 H), 0.96 (d, J = 6.7 Hz, 3 H); 13C NMR (d6-acetone) d 234.6, 177.5, 168.0, 158.5, 151.8, 134.3, 132.0,
131.2, 121.1, 111.8, 105.3, 100.5, 96.7, 88.5, 56.0, 47.7, 47.0, 21.1, 20.5; EI-MS m/e 407 (M+-2CO), 379 (M+-
3CO), 364, 327 (M+-Cr(CO3)), 200, 184, 169, 157, 139, 128; HPLC (90/10 hexanes/iPrOH, 1 mL/min) Rt = 7.91,
8.78.

Diisopropylcarbamic acid, 4'-fluorobiphenyl-2-yl ester chromium tricarbonyl (7d):
General Procedure A was followed employing 280 mg of 4-fluorophenylboronic acid (2.0
mmols).  Purification by flash chromatography (20% EtOAc in hexanes) gave 329 mg (73 %)
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of the title compound: 1H NMR (d6-acetone) d 7.57 (dd, J = 1.2, 5.4 Hz, 2 H), 7.24 (t, J = 8.7 Hz, 2 H), 6.04 (d, J
= 6.4 Hz, 1 H), 5.94 (dd, J = 1.2, 6.5 Hz, 1 H), 5.73 (d, J = 6.6 Hz, 1 H), 5.46 (dd, J = 1.1, 6.5 Hz, 1 H), 4.00 (m, 1
H), 3.75 (m, 1 H), 1.19-0.84 (m, 12 H); 13C NMR (d6-acetone) d 234.1, 163.7 (d, J = 245.6 Hz), 152.6, 142.8,
133.2 (d, J = 7.7 Hz), 131.2, 115.9 (d, J = 21.6 Hz), 107.3, 98.6, 96.7, 89.7, 88.6, 47.8, 47.3, 21.2, 20.5, 20.2; EI-
MS m/e 451 (M+), 423 (M+-CO), 395 (M+-2CO), 367 (M+-3CO), 239, 188, 159, 151, 128; HPLC (90/10
hexanes/iPrOH, 1 mL/min)Rt = 9.06, 9.86.

Diisopropyl carbamic acid, biphenyl-3-yl ester chromium tricarbonyl (7e):  General
Procedure A was followed employing 244 mg of phenylboronic acid (2.0 mmols).  Purification
by flash chromatography (20% EtOAc in hexanes) gave 277 mg (64 %) of the title compound:
1H NMR (d6-acetone) d 7.55-7.51 (m, 2 H), 7.46-7.40 (m, 2 H), 6.04 (dd, J = 1.2, 6.6 Hz, 1 H),

5.94 (dd, J = 1.1, 6.3 Hz, 1 H), 5.72 (dd, J = 1.0, 6.7 Hz, 1 H), 5.45 (dd, J = 6.0, 5.7 Hz, 1 H), 3.99 (m, 1 H), 3.79
(m, 1 H), 1.17 (d, J = 6.5 Hz, 3 H), 1.15-1.10 (m, 9 H); 13C NMR (d6-acetone)
d 234.3, 135.0, 131.1, 129.5, 129.1, 98.7, 96.7, 89.6, 88.7, 47.8, 47.7, 
21.2, 20.5; EI-MS m/e 433 (M+), 377 (M+-2CO), 349 (M+-3CO), 306, 273, 221, 205, 170, 151, 128, 115; HPLC
(90/10 hexanes/iPrOH, 1 mL/min) Rt = 7.94, 12.64.

General Procedure B: Synthesis of triphenylphosphine chromium tricarbonyl and its derivatives.  To a -
78 ¡C solution of 0.38 g diphenylphosphine (2.05 mmols) in 2 mL of THF was added 1.39 mL of nBuLi (2.04
mmols).  To this orange Ph2PLi solution was added 1.0 mmol of the carbamate in 3 mL of THF via cannula.  The
reaction was stirred at -78 ¡C for 20 min. and then allowed to warm slowly to room temperature.  The reaction was
stirred at ambient  temperature until complete consumption of the starting material was evidenced by TLC.  The
reaction mixture was passed through a plug of silica gel and concentrated in vacuo.  The product was then purified
by silica gel chromatography using EtOAc/hexane mixtures as the eluent.

Triphenylphosphine chromium tricarbonyl (8): General Procedure B was followed employing
357 mg of compound 3 (1.0 mmol).  Purification by flash chromatography (10% EtOAc in hexane)
gave 382 mg (96 %) of the title compound: 1H NMR (d6-acetone) d 7.51-7.39 (m, 10 H), 5.80 (t, J

= 6.1 Hz, 1 H), 5.56 (dd, J = 6.3, 6.3 Hz, 1 H), 5.41 (d, J = 6.2 Hz, 1 H); 13C NMR (d6-acetone) d 233.8, 136.0 (d,
J = 12.0 Hz), 134.8 (d, J = 20.0 Hz), 130.5, 129.8 (d, J = 6.9 Hz), 104 (d, J = 12.0 Hz), 100.0 (d, J = 16.8 Hz),
96.3, 93.4 (d, J = 6.9 Hz); EI-MS m/e 398 (M+), 370 (M+-CO), 342 (M+-2CO), 314 (M+-3CO), 262, 183, 152,
128, 108.

(2-Naphthalen-1-yl-phenyl)diphenylphosphine chromium tricarbonyl (9a): General
Procedure B was followed using 483 mg of compound 7a (1.0 mmol).  Purification by flash
chromatography (5% EtOAc in hexanes) gave 456 mg (87 %) of the title compound: [a]20

580 = -
266¡ (97 %ee, c 0.41, acetone);  1H NMR (CDCl3) d 8.12 (d, J = 7.1 Hz, 1 H), 7.77 (d, J = 7.1 Hz, 1 H), 7.63 (d, J
= 7.1 Hz, 1 H), 7.56 (dd, J = 7.1, 7.1 Hz, 1 H), 7.47 - 7.27 (m, 3 H), 7.22 (d, J = 7.1 Hz, 2 H), 7.10 (d, J = 6.6 Hz,
2 H), 6.99 - 6.91 (m, 4 H), 6.87 (dd, J = 6.6, 6.6 Hz, 2 H), 5.56 (dd, J = 6.4, 6.4 Hz, 1 H), 5.52 (d, J = 6.2 Hz, 1 H),
5.38 (dd, J = 6.2 Hz, 1 H), 4.87 (d, J = 6.4 Hz, 1 H); 13C NMR (CDCl3) d 232.9, 134.7, 134.4 (d, J = 4.8 Hz),
134.0, 133.8, 131.1, 132.4, 132.3, 131.5 (d, J = 4.8 Hz), 129.5 (d, J = 4.8 Hz), 129.3, 129.0 (d, J = 4.8 Hz), 128.2,
128.1 (d, J = 4.8 Hz), 126.6, 125.7, 125.4, 125.1, 124.8, 117.3, 111.3, 98.9, 94.2, 92.1, 89.4; EI-MS m/e 513, 492,
440 (M+-3CO), 404, 387 (M+-Cr(CO)3), 362, 347, 327, 310, 255, 233, 220, 202, 183, 155, 128, 108.

(2'-Methylbiphenyl-2-yl)diphenylphosphine chromium tricarbonyl (9b): General
Procedure B was followed employing 447 mg of compound 7c (1.0 mmol).  Purification by flash
chromatography (10% EtOAc in hexanes) gave 366 mg (75 %) of the title compound: [a]20

580  = -
279.9¡ (97 %ee, c 3.8, CH2Cl2); 

1H NMR (d6-acetone) d 7.87 (d, J = 6.5 Hz, 1 H), 7.46-7.18 (m, 12 H), 6.80 (d, J
= 6.5 Hz, 1 H), 5.86 (dd, J = 6.2, 6.2 Hz, 1 H), 5.77 (d, J = 6.5 Hz, 1 H), 5.68 (dd, J = 1.2, 7.4 Hz, 1 H), 4.94 (d, J
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= 6.5 Hz, 1 H), 1.58 (s, 2.5 H), 1.41 (s, 0.5 H); 13C NMR (d6-acetone) d 234.3, 138.4 (d, J = 12.0 Hz), 135.8,
135.3 (d, J = 20 Hz), 134.5 (d, J = 21.5 Hz), 132.2, 131.3, 130.7, 130.4, 129.6 (d, J = 8.6 Hz), 129.4 (d, J = 8.9
Hz), 127.1, 125.9, 111.6, 100.6, 98.8, 96.6, 95.9, 93.4, 92.7, 91.8, 20.1; EI-MS m/e 488 (M+), 460 (M+-CO), 404
(M+-3CO), 351 (M+-Cr(CO3)), 337, 326, 277, 259, 202, 165, 152.

(2'-Methoxybiphenyl-2-yl)diphenylphosphine chromium tricarbonyl (9c): General
Procedure B was followed using 463 mg of compound 7b (1.0 mmol).  Purification by flash
chromatography (10% EtOAc in hexanes) gave 318 mg (63 %) of the title compound: [a]20

580 = -
167¡ (95 %ee, c 0.7, CH2Cl2); 

 1H NMR (d6-acetone) d 7.74 (m, 1 H), 7.42-7.23 (m, 10 H), 7.05-6.92 (m, 2 H),
6.65 (d, J = 7.8 Hz, 1 H), 5.75-5.63 (m, 3 H), 4.96 (d, J = 6.1 Hz, 1 H), 3.20 (s, 3 H); 13C NMR (d6-acetone)
d 234.3, 158.3, 136.4 (d, J = 7.5 Hz), 136.2, 135.9 (d, J = 19.5 Hz), 135.5, 134.8 (d, J = 20.3 Hz), 131.3, 130.5,
129.9, 129.6 (d, J = 5.6 Hz), 129.1 (d, J = 6.0 Hz), 128.8, 125.2, 120.4, 117.3, 110.8, 100.4, 95.3, 92.7, 83.1, 54.9;
EI-MS m/e 504 (M+), 476 (M+-CO), 436, 420 (M+-3CO), 353, 337, 277, 257, 228, 202, 183, 170, 152, 139, 107.

(4'-Fluorobiphenyl-2-yl)diphenylphosphine chromium tricarbonyl (9d): General Procedure
B was followed employing 451 mg of compound 7d (1.0 mmol).  Purification by flash
chromatography (10% EtOAc in hexanes) gave 374 mg (76 %) of the title compound: [a]20

580 = -
115.3¡ (95 %ee, c 0.6, CH2Cl2);

 1H NMR (d6-acetone) d 7.44 - 7.32 (m, 12 H), 7.00 (t, J = 8.8 Hz, 2 H), 5.83 (dd,
J = 6.4, 6.4 Hz, 1 H), 5.72 - 5.68 (m, 2 H), 4.97 (d, J = 6.6 Hz, 1 H); 13C NMR (d6-acetone) d 233.8, 163.7 (d, J =
245.6 Hz), 135.7 (d, J = 20.9 Hz), 134.7 (d, J = 21.1 Hz), 133.8 (m, 4 C), 130.6, 130.4, 129.7 (d, J = 7.1 Hz),
115.4 (d, J = 21.8 Hz), 107.5, 106.4, 98.1, 96.8, 94.7, 94.2; EI-MS m/e 408 (M+-3CO), 372, 355 (M+-Cr(CO3)),
295, 277, 246, 217, 201, 183, 170, 149, 128, 105.

Biphenyl-2-yl-diphenylphosphine chromium tricarbonyl (9e): General Procedure B was
followed employing 433 mg of compound 7e (1.0 mmol).  Purification by flash chromatography
(10% EtOAc in hexanes) gave 270 mg (57 %) of the title compound: [a]20

589 = -116.25¡ (95 %ee, c
0.8, CH2Cl2);

  1H NMR (d6-acetone) d 7.44-7.20 (m, 15 H), 5.83 (dd, J = 6.3, 6.3 Hz, 1 H), 5.70-5.66 (m, 2 H),
4.99 (d, J = 6.3 Hz, 1 H); 13C NMR (d6-acetone) d 233.1, 134.8 (d, J = 20.0 Hz), 133.8 (d, J = 20.6 Hz), 130.9,
129.7, 129.4, 129.0, 128.8 (d, J = 6.8 Hz), 128.6, 127.7, 97.2, 96.4, 93.7, 93.5; EI-MS m/e 474 (M+), 446 (M+-
CO), 406, 390 (M+-3CO), 353, 337 (M+-Cr(CO)3), 277, 259, 228, 199, 183, 170, 152, 128, 115.

Allylic alkylation of 1,3-diphenyl-2-propenyl acetate (11):
A flame-dried 10 mL round-bottom flask was charged with 0.013
g of compound 9a (0.025 mmols) and 0.005 g of (allylPdBr)2

(0.0095 mmols) and purged with nitrogen.  The solid mixture
was dissolved in 0.5 mL of CH2Cl2.  The resulting yellow solution was allowed to stir for twenty minutes at room
temperature.  To this solution was added 0.076 mL of dimethyl malonate (0.66 mmols) and 0.163 mL of bis-
trimethylsilylacetamide (0.66 mmols).  A solution of 0.111 g 1,3-diphenyl-2-propenyl acetate 11 (0.44 mmols) in
1.0 mL CH2Cl2 was transferred via cannula to the reaction solution.  To the reaction solution was added 0.004 g
KOAc (0.04 mmols) under a stream of nitrogen.  After 15 h the reaction was quenched with 5 mL of H2O.  The
product was extracted into EtOAc.  The organics were dried over MgSO4, filtered, and concentrated in vacuo.
Silica gel chromatography using 90:10 hexanes:EtOAc as the eluent yielded product 12 as a clear, colorless oil
(97%, 90%ee).
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X-Ray data for Pd(II) complex 10.
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X-Ray data for phosphine 9c.
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