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1. Procedures

Caution! Decomposition of excess PCl; (step A) should be carried out
carefully in a fume-hood because hydrogen chloride is evolved in the highly
exothermic hydrolysis reaction.

A. (R)-(-)-(1,1'-Binaphthalene-2,2'-dioxy)chlorophosphine [1].2 A
250-mL, single-necked round-bottomed flask, equipped with a magnetic
stirring bar, a reflux condenser, a three-way flow-controlled stopcock is
flame-dried and purged with nitrogen. All joints are greased. The nitrogen
outlet is connected to a gas scrubber trap (Note 1). The flask is charged with
(R)-(+)-1,1’-bi(2-naphthol) (7.0 g, 24.5 mmol) (Note 2) and phosphorus
trichloride (20.5 mL, 32.3 g, 235 mmol, 9.6 equiv) (Note 3) followed by 1-
methyl-2-pyrrolidinone (20 uL, 0.2 mmol, 0.008 equiv) (Note 4). The flask
Is placed in an oil bath preheated to 92 °C. The solid dissolves within 5 min.
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The flask is swirled to dissolve the solid on the side. During this period, HCI
evolves rapidly and the solution becomes yellow. The solution is kept at
reflux for 10 min, then the oil bath is removed and the reaction mixture is
allowed to cool to ambient temperature. The remaining phosphorus
trichloride and HCI are removed under reduced pressure (7 mmHg) (Note 5)
for 2 h, leaving a foamy wax. After venting the flask with nitrogen, diethyl
ether (30 mL) (Note 6) is added to dissolve the solid. The solvent and traces
of phosphorus trichloride are removed under reduced pressure (7 mm Hg)
for 2 h, leaving a pale-yellow solid. The flask is connected to high vacuum
(0.05 mm Hg) for 12 h to afford 9.08 g (106 %) of the desired product as
off-white powder containing traces of diethyl ether (Note 7 and 8).

B. (R)-2,2’-Binaphthoyl-(S,S)-di-(1-phenylethyl)aminoylphosphine
[3].° A 250-mL, three-necked flask equipped with a rubber septum,
nitrogen inlet, and a temperature probe (Note 9) is flame-dried and purged
with nitrogen. The flask is charged with anhydrous THF (35 mL) (Note 10)
and (-)-bis-[(S)-1-phenylethyllamine (2, 1.69 mL, 7.39 mmol ) (Note 11).
The solution is cooled to —78 °C in a dry ice-acetone bath. n-Butyllithium
(4.62 mL, 7.39 mmol, 1.6 M solution in hexanes, 1.0 equiv) (Note 12) is
added dropwise over a 15 min period maintaining the internal temperature
below —68 °C until the addition is complete, resulting in a pale-pink solution
(Note 13). The contents of the flask are warmed to —30 °C in about 30 min
and immediately cooled to —78 °C for an additional 1 h, which results in the
solution becoming dark pink. A solution of (R)-(-)-1,1'-binaphthyl-2,2’-
dioxychlorophosphine (1, 2.85 g, 8.13 mmol, 1.1 equiv) in dry THF (10 mL)
Is then introduced dropwise via syringe maintaining the solution temperature
below —68 °C. The solution is maintained at —78 °C for an additional 2 h
before it is warmed to ambient temperature and allowed to stir for 12 h. The
solvent is removed by rotary evaporation (23 °C, 20 mmHg) to afford a pale-
yellow oil mixed with a white solid (Note 14). The residue is dissolved in 5
mL of dichloromethane, then is loaded onto a silica gel column (150 g, 50
cm x 5 c¢cm) and is eluted with 2 L of pentane/dichloromethane, 4:1 (Note
15). Removal of the solvent from the eluate by rotary evaporation (23 °C,
20 mmHg) followed high vacuum (~ 0.05 mm Hg) affords 3.43 g (86%) of
(R)-2,2’-binaphthoyl-(S,S)-di(1-phenylethyl)aminoyl-phosphine (3) as a
white foam, mp 106-110 °C (Note 16). This product can be crushed into a
powder and weighed as needed.
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2. Notes

1. The gas scrubber trap contains 200 mL of ag. 6 N KOH solution.

2.  (R)-(+)-1,1°-Bi-(2-naphthol), 99%, was purchased from Alfa
Aesar and was used as received.

3. Phosphorus trichloride, Reagentplus®, 99%, was obtained from
Sigma-Aldrich Company and was fractionally distilled under nitrogen before
use. Excess PCl; ensures complete dissolution of the binaphthol.

4. 1-Methyl-2-pyrrolidinone 99.5% was purchased from Sigma-
Aldrich Company and was used as received. The submitters employed a
procedure that did not use 1-methyl-2-pyrrolidone and the reaction time was
16 h.

5. Three liquid nitrogen traps were used.

6. Diethyl ether (Fisher, BHT stabilized, HPLC grade) was dried by
percolation through two columns packed with neutral alumina under a
positive pressure of argon.

7.  (R)-(-)-1,1-Binaphthyl-2,2’-dioxychlorophosphine when stored
in a dry nitrogen atmosphere is stable in excess of six months at ambient
temperature.

8. The product displayed the following physicochemical properties:
'H NMR (400 MHz, CDCls) &: 8.02 (d, J = 8.80 Hz, 2 H), 7.97 (dd, J, =
8.20 Hz, J, = 3.40 Hz, 2 H), 7.55 (dd, J; = 8.80 Hz, J, = 0.80 Hz, 1 H), 7.52-
7.45 (m, 3 H), 7.45-7.41 (m, 2 H), 7.35-7.29 (m, 2 H); *C NMR (100.6
MHz, CDCly) &: 147.8, 147.2, 132.7, 132.4, 131.9, 131.5, 130.9, 130.1,
128.5, 127.0, 126.9, 126.7, 126.5, 125.7, 125.5, 124.44, 124.38, 123.1,
121.6, 121.1; **P NMR (101.33 MHz, CDCl,) §: 178.5.

9. A digital thermometer (Omega Instruments Digicator Model
400A with J-type thermocouple leads) was used.

10. Reagent-grade tetrahydrofuran (Fisher, BHT stabilized, HPLC
grade) was dried by percolation through two columns packed with neutral
alumina under a positive pressure of argon.

11. The submitters employed (-)-bis-[(S)-1-phenylethyl]lamine from
Sigma-Aldrich Company. Because the free base was not available, the
checkers prepared (-)-bis-[(S)-1-phenylethyllamine from (-)-bis-[(S)-1-
phenylethyl]amine hydrochloride (97%; Sigma-Aldrich Company) using the
following procedure. A 500-mL, round-bottomed flask equipped with a
magnetic stir bar is charged with (-)-bis-[(S)-1-phenylethyl]amine
hydrochloride (3.3 g, 12.6 mmol), ag. 6 N KOH solution (60 mL, 360 mmol,
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28 equiv) and methyl tert-butyl ether (MTBE, 60 mL, ACS grade, Sigma-
Aldrich Company). The mixture is stirred vigorously for 6 h. The biphasic
mixture is poured into a 500-mL separatory funnel and the aqueous layer is
separated. The aqueous layer is extracted with MTBE (2 x 40 mL). The
organic extracts are combined, dried over anhydrous MgSO, (10 g), filtered
through a sintered glass funnel (6 cm x 6 cm), which is subsequently rinsed
with MTBE (20 mL). The solvent is removed via rotary evaporation (23 °C,
20 mmHg). The product is purified by Kugelrohr distillation (air bath
temperature 150 °C, 0.15 mmHg) to provide 2.8 g (98%) of the free base as
a clear colorless liquid with the following physicochemical properties: *H
NMR (400 MHz, CDCl,) 6: 7.37-7.22 (m, 10 H), 3.52 (g, J = 6.6 Hz, 2 H),
1.59 (s (broad), 1 H), 1.29 (d, J = 6.6 Hz, 6 H); *C NMR (100.6 MHz,
CDCl;) §: 145.8, 128.4, 126.6, 55.0, 25.0; IR (CHCIl;) cm™: 3082, 3061,
3025, 2960, 2924, 2863, 1602, 1492, 1469, 1451, 1368, 1202; MS (EI, 70
eV) m/z (%): 225 (2), 210 (58), 148 (3), 120 (10), 105 (100) 77 (17); HRMS
(El) calcd for CygHioN: 225.1517. Found: 225.1520. Anal. Calcd. for
CieHigN: C, 85.28; H, 8.50; N, 6.22. Found: C, 84.90; H, 8.60; N, 6.36. [a]p
-170 (c 3.5, MeOH).

12. n-Butyllithium was obtained as a solution in hexanes from
Sigma-Aldrich Company and was doubly titrated by the method of Gilman.

13. The initial addition of the n-BuLi may cause a rapid rise in
temperature. Addition may need to be temporarily suspended upon onset of
the exotherm.

14. The submitters removed the small amount of solid by filtering the
reaction mixture through Celite (30 g) and rinsing with diethyl ether (3 x 80
mL) before the rotary evaporation.

15. Silica gel (Merck, grade 9385, mesh 230-400) was purchased from
Sigma-Aldrich  Company. Product was isolated from sixteen 50-mL
fractions. The product, R; = 0.10 (silica gel, pentane/dichloromethane, 4:1),
was visualized by UV and KMnQO,.

16. The product displayed the following physicochemical properties:
'H NMR (400 MHz, CDCl,) &: 7.93 (d, J = 8.80 Hz, 2 H), 7.88 (dd, J; =
7.80 Hz, J, =4.20 Hz, 2 H), 7.58 (d, J = 8.80 Hz, 1 H), 7.43 (d, J = 8.80 Hz,
1 H), 7.40-7.34 (m, 3 H), 7.28 (d, J = 8.00 Hz, 1 H), 7.25-7.16 (m, 2 H),
7.15-7.06 (m, 10 H), 4.49 (m, 2 H), 1.72 (d, J = 6.8 Hz, 6 H); *C NMR
(100.6 MHz, CDCl3) 6: 150.1, 150.0, 149.5, 142.8, 132.8, 132.7, 131.4,
130.4, 130.2, 129.4, 128.3, 128.1, 127.9, 127.7, 127.1, 127.07, 126.6, 126.0,
125.9, 124.7, 124.4, 124.1, 124.0, 122.4, 122.3, 121.73, 121.71, 52.3, 52.2,
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21.9; P NMR (101.3 MHz, CDCl;) &: 145.6; IR (thin film) cm™: 3069,
2971, 1617, 1590, 1506, 1495, 1375, 1326, 1231, 1203, 1134, 1070. MS
(ES, 70 eV) m/z (%): 539 (1), 538 (2), 450 (6), 434 (100), 315 (8), 268 (15),
239 (7), 105 (28). Anal. Calcd. for C36H3oNO,P: C, 80.13; H, 5.60; N, 2.60.
Found: C, 80.37; H, 5.63; N, 2.89. [a]p—-500.7 (c 1.8, EtOH).

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

Phosphoramidite ligands derived from biaryldiphenols were originally
introduced by Feringa for the asymmetric Cu-catalyzed conjugate addition
of dialkylzinc reagents to enones.®>*® These ligands have been found to have
extensive applications in asymmetric catalysis. Representative examples
since the publication of Feringa’s review® include, intramolecular Heck
reactions,” Cu-catalyzed Sy2’ substitutions of allylic halides with Grignard
reagents® and addition of organo-aluminum reagents to enones (Cu-
catalyzed)” and aldehydes (Ni-catalyzed)®, Rh°- and Ir'® -catalyzed
asymmetric hydrogenation of enamides, Ir-catalyzed allylic alkylations,™
aminations,* and etherifications,®* Rh-catalyzed arylation of enones** and
imines,” asymmetric Pd-catalyzed diamination of conjugated dienes,'® Rh-
catalyzed [2+2+2] cycloaddition of alkenyl isocyanates and terminal
alkynes,'”  asymmetric hydrovinylation of vinylarenes,"® strained
alkenes,®* and 1,3-dienes.?

In general, two procedures starting with phosphorus(l1l) chlorides
have been employed for the synthesis of phosphoramidites.”* Feringa used a
phosphoryl chloride [(RO),P-ClI], prepared by the base-mediated reaction of
a diol with PCl; followed by nucleophilic substitution of the chloride with a
secondary amine, or the corresponding lithium amide.> Alternatively a
series of biphenol-based phosphoramidites have been prepared by the
reaction of R,NPCI, with the requisite biphenol in the presence of a tertiary
amine.”* The procedure described here follows the former protocol with
minor revision starting with a high-yielding synthesis of the phosphoryl
chloride from the diol, neat phosphorus trichloride and catalytic amount of
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1-methyl-2-pyrrolidinone,?* followed by the use of a lithium amide to effect
the P-N bond formation. A number of other phosphoramidites, including
several new ones, were prepared by this general procedure. These, along
with the yields (starting from the diphenol) are shown in Figure 1. Use of
one of these ligands for asymmetric hydrovinylation is illustrated in the
following Organic Syntheses procedure.®

Figure 1. Structures and yields (from the corresponding diphenol) of

phosphoramidites synthesized by the two-step procedure (shown in brackets
are the best reported yields from literature)
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Appendix
Chemical Abstracts Nomenclature; (Registry Number)

(R)-(+)-1,1'-bi(2-naphthol): (R)-Binol; (18531-94-7)

Phosphorus trichloride (7719-12-2)

1-Methyl-2-pyrrolidinone (872-50-4)

(-)-Bis[(S)-1-phenylethyl]amine (56210-72-1)

(-)-Bis[(S)-1-phenylethyl]amine hydrochloride (40648-92-8)

n-Butyllithium (109-72-8)

(R)-(1,1'-Binaphthalene-2,2'-dioxy)chlorophosphine: (R)-Binol-P-Cl,
(155613-52-8)

(R)-2,2-Binaphthoyl-(S,S)-di(1-phenylethyl)aminoylphosphine; (11bR)-4-
[N,N-bis[(1S)-1-Phenylethyl]amino]-dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepin (415918-91-1)
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13C OBSERVE

expl stdl3c
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date Mar 16 2008 dn H1
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13C OBSERVE
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STANDARD 1H OBSERVE

expl stdlh
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N-1H-final.fid

“P-N

ACQUISITION
sfrq 399.951
tn H1
at 4.096
np 65536
sw 8000.0
fb 4400
bs 16
tpwr 63
pWw 7.8
dl 0
tof -425.7
nt 32
ct 32
alock n
gain not used
T ] ‘
10 9 8
L
3.97

Lo
3.86 9.57
1.00 4.98

ppm



STANDARD 1H OBSERVE

expl stdlh

o QRN A

e

.P—ClI

SAMPLE
date Mar 16 2008
solvent CDC13
file /export/home/~
userld/data/u400/n~
guyen/SN8-BINOL-P-~
Cl-1H.fid
ACQUISITION
sfrq 399.951
tn H1
at 4.096
np 65536
sw 8000.0
fb 4400
bs 16
tpwr 63
pWw 7.8
dl 0
tof -425.7
nt 16
ct 16
alock n
gain not used
T ] ]
10 9 8
L
2.02

2.00

0.8892
2.83.04

ppm



P31 OBSERVE - PHOSPHATE REGION

expl s2pul

SAMPLE DEC. & VT
date Mar 16 2008 dfrg 399.950
solvent CDC13 dn H1 O:P_C|
file /export/home/~ dpwr 48 0
userld/data/u400/n~ A
guyen/SN8-BINOL-P-~ -
Cl-P31.fid ®
ACQUISITION T
sfrq 161.903
tn P31
at 0.800
np 128000
sw 80000.0
fb 44000
bs 16
tpwr 50
pWw 9.7
dl 1.000
tof 0
nt 16
ct 16
alock n
gain not used
il n
in n
dp Yy
hs nn

A

240 220 200 180 160 140 120 100 80 60 40 20 0 -20 pPpm



P31 OBSERVE - PHOSPHATE REGION

(=]
(3]
expl s2pul ©
<
SAMPLE DEC. & VT o
date Mar 16 2008 dfrg 399.950
solvent CDC13 dn H1 S
file /export/home/~ dpwr 48 O.
userld/data/u400/n~ dof -1092.3 C)/P'_N
guyen/SN8-BINOL-P-~ dm nny
N-P31.fid dmm w
ACQUISITION dmf 13889
sfrq 161.903 dseq
tn P31 dres 1.0
at 0.800 homo
np 128000
sw 80000.0
fb 44000
bs 16
tpwr 50
pWw 9.7
dl 1.000
tof 0
nt 32
ct 32
alock n
gain not used

" r

240 220 200 180 160 140 120 100 80 60 40 20 0 -20 ppm



