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A series of 2-dialkylphosphino=alkoxy-1,1-binaphthyl ligandsa—c and8a—c) have been prepared
conveniently by a lithium-initiated ring-opening reaction of dinaphthofuran, followed by selective
phosphorylation. These compounds displayed a remarkable air and moisture stability, both in solid form
and in solution. Application of these phosphine ligands in palladium-catalyzedilind forming reactions
revealed the crucial roles of the steric bulk of the substituents on the phosphorus atom governing the
catalytic activity. Specifically, 2-dtert-butylphosphino-2isopropoxy-1,binaphthyl 8b) proved to be

the most effective for the aminations of aryl halides with primary amines, while the less bulky
2-dicyclohexyl-2-methoxy-1,1-binaphthyl 6a) was more effective for the aminations with secondary
amines. The steric and electronic effects of the ligands were analyzed to account for these observations.

O

Base, solvent

Introduction hydride, which in turn undergoes a reductive elimination to give
the reduced arene and Pd(0) species. Thus, one of the major
Palladium-catalyzed €N bond forming reactions have challenges confronted in the development of more efficient
evolved into a versatile and efficient Synthetic transformatign. amination Cata|y5ts for ary| halides is to shut down these
However, in the coupling of more challenging substrates, unproductive side reactioRgRecently developed bulky, electron-
reduction of the aryl halide is a frequently observed side rich monophosphine ligands showed high activity for assisting
reaction. Specifically, in the reaction of electron-rich aryl the palladium-catalyzed amination reaction of aryl halides,

halides, reduced arenes are major byproducts. Furthermore, thissspecially the unreactive aryl chlorides? Nevertheless,
side product arises when the palladium amide undergoes

pB-hydride elimination to generate an imine and an aryl palladium
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significant room for improvement remains. For example, further SCHEME 1.

Synthe

sis  of

commercial development of this important synthetic methodol- alkoxy-1,1-binaphthyl (6a—c)?

ogy will necessitate the discovery of simple, inexpensive, and
readily accessible ligands, with similar, if not better, ability at
assisting metal-catalyzed aryl amination compared to the present
state of the art ligand¥.

MOP-type ligands, the monodentate phosphines possessing
a binaphthyl skeleton, have been extensively investigated and
applied in asymmetric catalytic reactiots?> The fine-tuning
of the steric and electronic factors of the phosphine ligands can
be realized in MOP-type ligands by the introduction of diverse
alkoxy groups and different substituents on the phosphorus
atom?6-28 The MOP ligands, to which a dialkylphosphino group
was introduced, possess the electron-rich, bulky characteristics
and have been proven to dramatically influence the activity for
the palladium-catalyzed aminations. In this paper, we report the
concise synthesis of a series of bulky and electron-rich MOP-
type ligands, 2-dialkylphosphind-alkoxy-1,1-binaphthyl 6a—c
and8a—c), and demonstrate the application of these ligands in

palladium-catalyzed amination reactions and the effect of the

substituents on these ligands.

Results and Discussion

1. Synthesis of Ligands 6ac and 8a—c. Buchwald et al.
reported the synthesis of electron-rich MOP ligands of similar
structural motif?® In the reported process, the critica-€ bond
forming reaction was achieved from naphthyl bistriflate using
10% palladium catalyst in moderate yields. Our synthesis for
this class of bulky and electron-rich MOP liganda{c and
8a—c) featured a facile route from readily available binaphthol,
but without the use of expensive trifluoromethanesulfonic
anhydride and precious metals.

The synthesis of 2-dicyclohexylphosphinbatkoxy-1,1-
binaphthyl 6a—c) is shown in Scheme 1. Thus 1:Hi(2-
naphthol) was dehydrated with an HY zeolite to form the
dinaphthofurar® in high yield2223Reductive opening df with
lithium metal at room temperature in the mixture solvent of
Et,O and toluene afforded the intermediate dilithium sAlt
The dilithium salt2' reacts with chlorodicyclohexyl phosphine
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2-Dicyclohexylphosphino:2

L, OO O
sen 00 0
: I PCYz : : :P(O)Cyz fg
P(O)CY2 h PCy 6a: R=Me
6b: R="Pr
6¢: R=Bn

aReagents and conditions: (a) HY zeolite (80,03 = 16), 1,2-
dichlorobenzene, 18tC, 94%; (b) Li/EO/toluene; (c) CyPCl; (d) HO,
83% (3 steps); (€) ¥D/CH;Cly, 90%; (f) NaH/THF; (g) RX/KCOs/acetone
or MexSQy, 58-72% (2 steps); (h) HSiG! EtsN/toluene, 73-87%.

directly in high yield to form the racemic 2-dicyclohexylphos-
phino-2-hydroxybinaphthyl 3. Surprisingly, all attempts to
alkylate the free hydroxyl group oB failed due to the
vulnerability of compound toward oxidation. Toward this end,
we elected to oxidiz& into its corresponding oxidé. While
the resulting phosphine oxidé was practically insoluble in
many solvents, such as GEl,, MeOH, or EtOAc, it can be
transformed into a soluble sodium salt by treating it with NaH,
which underwent etherification reaction with a variety of
alkylating agents (MgsQy, 'PrBr, and BnCl) to gives. The
alkylated phosphine oxidgcan be easily reduced with HSiLI
EtsN to give the desired phosphine ligar@lsThese crystalline
ligands can be exposed in air for hours without detectable
change. Attempts to quench the dilithium s&lwith chlorodi-
cyclohexyl phosphine oxide directly led to the formation of
2-dicyclohexylphosphino-2dicyclohexylphosphinoxylbi-
naphthyl as the major product.

The synthesis of 2-diert-butylphosphino-2alkoxy-1,1-
binaphthyl @a—c) is shown in Scheme 2. Because of the
increased steric hindrance, direct reaction of dilithium galt
with di-tert-butyl chlorophosphine fails to yield appreciable
amounts of product. However, when a catalytic amount of Cul
was employed, 2-diert-butylphosphino-2hydroxylbinaphthyl
7 was obtained in high yield. Unlike 2-dicyclohexylphosphino-
2'-hydroxybinaphthyB, the hydroxy phosphin@ proved to be
stable enough to be alkylated directly with p&&y, 'PrBr, or
BnCl to afford the alkylated ligand®a—c, respectively. These
ligands were also air-stable both in solid form and in solution.
The stability of these ligands greatly simplifies the synthetic
process and is advantageous for their practical applications in
catalytic reactions.

2. Effects of Substituents on Phosphine Ligands in the Pd/
Ligand (6a—c and 8a—c)-Catalyzed Amination of Aryl
Chloride. The most challenging amination reactions are the
coupling of aryl halides with primary aliphatic amines. Reduc-
tive dehalogenation of aryl halides is more of a problem when
primary amines are used as a nitrogen donor than when

J. Org. ChemVol. 71, No. 17, 2006 6523
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SCHEME 2. Synthesis  of
alkoxy-1,1-binaphthyl (8a—c)?

a I | Li bc l !
0O — —
0 OOt o
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d e l l

PtBu,
—_—

e

8

2-Ditert-butylphosphino-2-

PtBu,
OH

8a: R=Me
8b: R=iPr
8c: R=Bn

aReagents and conditions: (a) Ligex and toluene; (b¥Bu.PClI, Cul;
(c) Hx0, 67% (3 steps); (d) NaH/THF; (e) RX (or M&Qy), K.CO3, acetone,
49-74% (2 steps).

TABLE 1. Ligand Effects in the Pd/Ligand-Catalyzed Amination
of Aryl Chloride with n-Butylamine?

QCI *+ H,;NBu — @NHBU
11a

monoarylation diarylation
entry ligand R R yield (%, GC) yield (%, GC)

1 6a Cy Me 38.7 1.1
2 6b Cy iPr 93.4 5.4
3 6¢C Cy Bn 61.1 3.8
4 8a ‘Bu Me 68.0 0

5 8b Bu iPr 98.0 0

6 8c Bu Bn 85.7 0.7
7 9 39.9 5.6
8 10 16.4 1.7

a2 Reaction conditions: chlorobenzene (1.0 mmoRputylamine (1.2
mmol), NaGBu (1.4 mmol), Pd(dba)0.010 mmol), ligand (0.015 mmol),
toluene, 11C°C, 24 h.

Xie et al.

MezN O

9

PCy> PCy;

10

FIGURE 1. The structures of ligandd and 10.

Apparently, our replacement of the diphenylphosphino group
of MOP ligands with the more basic and bulkier dicyclohexyl-
phosphino or dtert-butylphosphino group makes the MOP
ligands more effective toward insertion into the-Cl bond of

the aryl chlorides.

Extensive studies have demonstrated that subtle changes in
geometric, steric, and/or electronic properties of ligands may
lead to dramatic variations of reactivity and selectivity in
transition-metal-catalyzed reactiofis* Therefore, the influence
of different substituents of our ligands on the activity of the
catalyst was studied. The results are listed in Table 1. Both the
substituent on the phosphorus atom and the alkoxy group
contributed to the catalytic activity of the ligands. LigarGis
and8b with aniso-propoxy group were the most effective for
the amination reaction. The catalytic activity increased with an
increase of the steric hindrance of the dialkylphosphino group
or alkoxy group. This is in accordance with the report that the
steric hindrance of these ligands facilitates the formation of
highly active, (monophosphine) palladium(0) compléXég>.36
and promotes the reductive elimination during theNCbond
forming stept”:37:38 The existence of an alkoxy group at the
ortho-position of phosphine may lend itself to form a hemilabile
coordination with the palladium center, which would also
increase the electron density and stability of the palladium
center®1925|n addition, the hemilabile coordination between
the aryl palladium amine and the alkoxy group may reduce the
propensity of3-hydride elimination of the amine to occti#?
This may also contribute to the increased catalytic activity of

secondary amines are used. Often times, bidentate bisphosphine@Ur ligands. At the same time, sterically bulky ligangs—c

have to be usetf,3% and even in these cases, the product is
often contaminated with secondary and tertiary amines from
competing mono- and diarylatidi.Furthermore, because aryl

and 8a—c showed high selectivity for monoarylation versus
diarylation. The selectivity increased obviously with the increase
of the steric bulk of the dialkylphosphino group. However,

chlorides are more readily available, less expensive, and lesschanging the alkoxy group on the ligands does not have a

reactive than aryl bromides and aryl iodides, the palladium-
catalyzed amination of aryl chlorides is of greater industrial
significance and potential. Therefore, we chose the aminations
of chlorobenzene wittm-butylamine as the model reaction to
test the limit on activity, selectivity (secondary vs tertiary
amines), and efficiency of our ligands.

As the results shown in Table 1 demonstrate, ligafatsc
and 8a—c proved to be efficient for the palladium-catalyzed
aminations of chlorobenzene. Research by the groups of Hartwig
and Buchwald indicated that the oxidative addition was the rate-
limiting step in the palladium-catalyzed amination reaction of
aryl halide. This is particularly true for aryl chloride, where

significant impact on the selectivity. Clearly, reaction of a
sterically hindered complex with the larger secondary alkyl
arylamines is less favorable than reaction with the corresponding
primary amines$® Furthermore, the activity and selectivity of
our ligands were also compared with that of two commercialized
monophosphine ligand® @nd 10) which are used frequently

in the palladium-catalyzed €N bond formation. The results
are listed in Table 1. Five of our ligands exhibited better catalytic
activity, and the other showed similar activity in the amination
reaction. The steric bulkiness of the binaphthyl skeleton, the

(33) Zhang, Z.; Qian, H.; Longmire, J.; Zhang, X.Org. Chem200Q

oxidative addition was more sluggish. The use of electron-rich 65‘(22)23,;1” der Veen, L. A.; Boele, M. D. K.; Bregman, F. R.. Kamer, P.
phosphine ligands could indeed increase the electron density aic. J.; van Leeuwen, P. W. N. M.; Goubitz, K.; Fraanje, J.; Schenk, H.; Bo,

the palladium center and facilitate the oxidative addifiéh3?

(29) Wolfe, J. P.; Buchwald, S. L. Org. Chem200Q 65, 1144.

(30) Driver, M. S.; Hartwig, J. FJ. Am. Chem. Sod.996 118 7217.

(31) Barrios-Landeros, F.; Hartwig, J. & Am. Chem. So@005 127,
6944.

(32) Grushin, V. V.; Alper, HChem. Re. 1994 94, 1047.
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(36) Galardon, E.; Ramdeehul, S.; Brown, J. M.; Cowley, A.; Hii, K.
K.; Jutand, A Angew. Chem., Int. E002 41, 1760.

(37) Wolfe, J. P.; Tomori, H.; Sadighi, J. P.; Yin, Y.; Buchwald, S. L.
J. Org. Chem200Q 65, 1158.
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TABLE 2. Amination of Aryl Bromides with Primary Amine Catalyzed by Pd/8b 2

entry aryl halide amine product ﬁgﬁgg’ Pd
Br @NHBU 1.0 mol%
1 © H,NBu o8
11a Pd(dba)2

I~
2
C N{*_< 1.0 mol%
)VNHQ 87
13a

Pd(dba),

[\
o]
e

94
2 Pd(dba),

) L0 mol%
O
12a

w
@

@NHPh 2.0 mol%
)

~
@

142 Pd(dba),
NHBu

Br /Ej 2.0 mol%

5 /@ H,NBu eo 87
MeO b Pd(dba),
Br >_® 2.0 mol%

o O, wee Y
MeO NH; Pd(dba),

12b

Br / < 2.0 mol%

7 /©/ )VNHZ MeOONH 64
MeO Pd(dba),

13b

Br Meo@»NHPh 2.0 mol%

8 Q ) 84
MeO 14b Pd(dba)z

O

<o { :@ 2.0 mol%

9 H,NBu o NHB 91
oj@a e ’ Pd(dbay),

Pd(dba),

H
O N Ph
0 2.0 mol%
0 < ©—( < D/ T 92
Br NH, o
12¢
H
o o N 2.0 mol%
1 <ODL @NHZ <O 98
Br
14c

Pd(dba),

aReaction conditions: 1.0 equiv of aryl halide, 1.2 equiv of amine, 1.4 equiv of'BlgQigand 8b/Pd = 1.5/1, toluene, 110C. The reaction was
complete within 12-24 h.° The reaction was conducted at 20.

dialkylphosphino group, and the alkoxy group jointly contributed be aminated witim-butylamine in good yield without bisaryl-
to the higher activity. ation (Table 2, entry 5 and Table 3, entry 6); coupling of aniline
3. Pd/8b-Catalyzed Amination of Aryl Halides with with bromobenzene could even be conducted at room temper-
Primary Amines. Due to the higher activity and stability of  ature to give diphenylamine in 91% yield (Table 2, entry 4).
ligand 8b, the utility of the PdBb catalyst for the general = The amination of aryl halide substrates bearing a base-sensitive
aminations of aryl halides was further investigated to determine functional group with primary amines was also accomplished
its scope and limitations. Tables 2 and 3 show that th&W°d/ in high yield when CgC0O; was employed as the stoichiometric
catalyst was highly effective for both electron-rich and electron- base and Pd(OAg)was employed as the palladium source
deficient aryl halides, and a variety of primary amines were (Table 3, entries 7 and 8). Furthermore, the catalyst was effective
suitable coupling partners. Also, the Bld/catalyst provided for the amination oN-heteroarene halide, which was generally
high selectivity for monoarylation of primary aliphatic amines. coupled with amines in poor yield due to the coordination of
For example, the electron-rich and unhindered aryl halide could the heteroatom with the active palladium center. The aminations

J. Org. ChemVol. 71, No. 17, 2006 6525
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TABLE 3. Amination of Aryl Chlorides with Primary Amine Catalyzed by Pd/8b 2

yield (%,
entry aryl halide amine product isolated) Pd

Cl @NHBU 1.0 mol%

1 ©/ H.NBu \_7/ 98
a Pd(dba),

=\

cl = N\ // 1.0 mol%

2 @ )< Wall 94
NH, Pd(dba),
12a :
Cl @NHPh 1.0 mol%

ot om C
14a Pd(dba),

OMe

e C[ 2.0 mol%

4 [::j: H,NBu NHBU 95
Cl 1d PCI(C")B.)2

OMe

OMe C[ 2.0 mol%

5 [::]i <::>}*NH2 NHPh 89
Cl 14d Pd(dba)z

NHBu

~ cl /@r 2.0 mol%

6 H,NBu 91
MeQ™ P ; MeO b Pd(dba),
cl /@N”B“ 2.0 mol%

7 Q HNBu 91°
MeOOC : Meooc . Pd(OAc),
ch /@N”Ph 2.0 mol%

8 <::>%—NH2 91°
Me0OC MeOOC e Pd(OAC),

NHBuU

cl NN 2.0 mol%

9 SN H:NBu N 928
_ Pd(dbay),

15
Q!
X

cl NH, NH 2.0 mol%

10 SN Q N 82
_ P Pd(dba),

-
o

aReaction conditions: 1.0 equiv of aryl halide, 1.2 equiv of amine, 1.4 equiv ofBladigand 8b/Pd = 1.5/1, toluene, 110C. The reaction was
complete in 12-24 h.? Reaction run at 80C. ¢ Reaction run using GEO; as base and DME as solvent.

of 1-chloroisoquinoline with 4-methylaniline amdbutylamine bulkiness were used to catalyze the coupling of aryl halide with
were accomplished in high yield (Table 3, entries 9 and 10). secondary amines. Coupling of chlorobenzene with dibutylamine
4. Pd/Ligand (8b, 6a, and 8a)-Catalyzed Amination of Aryl catalyzed by Pda occurred in high yield without byproduct
Halides with Secondary Amineslt has been reported that the  (entry 7), while the reaction catalyzed by Babr PdBb gave
steric bulkiness of a ligand makes the nucleophilic attack of lower yields (entries 6 and 8). The efficiency of coupling
the secondary amine on a three-coordinated palladium complexbetween aryl halides and secondary amines improved substan-
difficult.3® Therefore, the sterically bulky ligan@b was tially with the ligand6a, while ligand 8a was unimpressive.
investigated in the arylation of secondary amines. Table 4 Therefore, the dialkylphosphino group of the ligand plays a
indicates that the P8l catalyst showed fair activity for assisting major role in determining the rate of nucleophilic attack of the
the amination of aryl halide with secondary cyclic and aromatic secondary amine. This is consistent with the selectivity of
amines. Therefore, ligand&a and 8a with the smaller steric ligands for monoalkylation of primary amines. The @al/
catalyst was also effective for the coupling of a variety of
secondary amines with functionalized aryl halide. The amination

(39) Hamann, B. C.; Hartwig, J. B. Am. Chem. S0d.998 120, 3694.
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TABLE 4. Amination of Aryl Halide with Secondary Amines Catalyzed by the Pd/Ligand$

- . . yield (%,
entry aryl halide amine ligand  catalyst product isolated)
Br 1.0 mol% Ph,N
1 @ PhANH  Sb 61
Pd(dba), 17
Br H 1.0 mol% @
S S
Pd(dba), 18
Cl 1.0 mol% Ph,N
3 ©/ PhLNH  8b 60
Pd(dba), 17
cl H 2.0 mol% @
N CARNO S
Pd(dba), 18
cl H 2.0 mol% @
N GG S
Pd(dba), 18
Cl 2.0 mol% @NBUZ
6 ©/ HNBu,  8b 30
Pd(dba), 19a
a 2.0 mol% @—NBUZ
7 ©/ HNBu,  6a 89
Pd(dba)2 19a
cl 2.0 mol% @Nsuz
8 ©/ HNBu,  8a 32
Pd(dba), 19a
Ph
¢l H 1.0 mol% )
9 ©/ @/ ~ 8 Ve 69
Pd(dba), 208
NBu2
Br 3.0 mol% ©/
10 Q HNBu,  6a 77
Veo : Pddba), O
/©Cl 3.0 mol% /@( e ;
11 HNBu 6a 96
MeOOC ’ Pd(dba), ~ MeO9C 19¢
Ph
cl N 3.0 mol% MeoocON’
12 /@ @( S~ 6a Ve 98’
MeOOC Pd(dba), 20b
o H 2.0 mol% N :
13 SN @/ ~ 8 SN 61
P Pd(dba), P

21

a Reaction conditions: 1.0 equiv of aryl halide, 1.2 equiv of amine, 1.4 equiv ofBla@igand/Pd= 1.5/1, toluene, 110C. The reaction was complete
in 12—24 h.P Reaction run using GEOs; as base and DME as solvent.

of methyl 4-chlorobenzoate with secondary amines was also phino-2-isopropoxy-1,kbinaphthyl 8b) exhibited both high
accomplished in high yield when g30; was employed as the  efficiency and high selectivity for the amination of aryl halide

stoichiometric base (entries 11 and 12). with primary amines, while the less bulky 2-dicyclohexyi-2
_ methoxy-1,1-binaphthyl 6a) was more effective for the ami-
Conclusions nations with secondary amines. The electron-rich, sterically

The application of bulky and electron-rich MOP-type ligands bulky ligands and the presence of a hemilabile coordination site
in palladium-catalyzed €N bond forming reactions revealed Of the ligands contributed to their effectiveness. The high
that the size of the substituents on the phosphine ligands iscatalytic activity of MOP ligands for the amination of aryl halide
crucial in determining the catalytic activity. 2-Dgrt-butylphos- with both primary amines and secondary amines may be realized
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by tuning the substituents on the phosphino group. Furthermore,

the catalytic activity of the synthesized ligands matches or
exceeds that of some of the best phosphine liga@ids¢ 10)

Xie et al.

2-Dicyclohexylphosphino-2-alkoxy-1,1-binaphthyl (6a—c). A
typical procedure was given for the preparation of 2-dicyclohexy-
Iphosphino-2methoxy-1,1-binaphthyl 6a).28 To a mixture of5a

reported previously. Combined with the expedient synthesis and (4-30 9, 8.60 mmol) and BNl (40.4 g, 40.0 mmol) in toluene (200

stability, these MOP-type ligands may facilitate the practica
usefulness and expand the scope of theNCbond forming
reactions.

Experiment Section

2-Dicyclohexylphosphino-2-hydroxybinaphthyl (3). To a solu-
tion of 1,2-bi-2-naphthol (80.0 g, 280 mmol) in 1,2-dichlorobenzene
(500 mL) was added HY zeolite (45.0 g, Si@I,0; = 16), and
the mixture was heated to 18G for 4 h with stirring. After cooling

| mL) was added GBiH (13.7 g, 100 mmol) at 0C. The reaction

mixture was stirred at 120C for 5 h. After cooling to room
temperature, the mixture was diluted with@tand quenched with
saturated NaHC® The resulting suspension was filtered through
Celite, and the solid was washed with@&t The combined organic
layer was dried over MgSQand concentrated under reduced
pressure to givéa as a white solid (4.30 g, 76%): mp 19800

°C; 'H NMR (400 MHz, CDC}) 6 0.90-1.80 (m, 22 H), 3.75 (s,

3 H), 6.90 (d,J = 8.8 Hz, 1 H), 7.12-7.28 (m, 4 H), 7.39-7.46

(m, 2 H), 7.76-8.01 (m, 5 H);*3C NMR (100 MHz, CDC}) ¢
26.4,26.5,27.2,27.3,27.5, 27.6, 29.8, 29.9, 30.4, 30.5, 30.55, 30.6,

to 80°C, the reaction mixture was filtered and concentrated under 34.3, 34.5, 35.2, 35.4, 55.5, 112.2, 123.1, 125.7, 125.9, 126.2, 126.7,
reduced pressure. Methanol (100 mL) was added to the residue t0126.9, 127.8, 127.82, 128.5, 129.1, 129.6, 133.3, 133.5, 134.3,

obtain a yellowish crystal, which was washed with methanol and
dried in vacuo to give pure binaphthofura?) (70.5 g, 94%). To

a suspension of lithium chip (6.10 g, 870 mmol) in®&{200 mL)
was added dropwise a solution@{15.7 g, 58.0 mmol) in toluene
(250 mL), and the mixture was stirred at room temperature for 4 h
to achieve the complete conversion of the starting material. After
the removal of excess lithium by filtration, @3Cl (16.4 g, 70.0
mmol) was added by a syringe to the solution cooled t€pand

the mixture was stirred fa2 h atroom temperature to give a white
precipitate, which was filtered, washed with,@t(50 mL x 2),
dried in vacuo, and dissolved in GEl, (200 mL). The solution
was neutralized wit 3 N HCI, washed with KD (50 mL x 2),

143.2, 154.3%P NMR (162 MHz, CDCJ) 6 —7.9; IR (KBr, cnt?)

v 3051 (w), 2923 (s), 2846 (s), 1593 (m), 1508 (m), 1460 (w),
1269 (s), 1249 (s), 1081 (m), 815 (m), 806 (s), 747 (m); EiMS

481 (M, 1). Anal. Calcd for GH3;OP: C, 82.47; H, 7.76.
Found: C, 81.60; H, 7.622-Dicyclohexylphosphino-2isopro-
poxy-1,1-binaphthyl (6b): a white solid (87% yield); mp 156
154°C; *H NMR (400 MHz, CDC}) 6 0.82 (d,J = 5.6 Hz, 3 H),
0.88-1.85 (m, 25 H), 4.564.56 (m, 1 H), 6.92 (dJ =8.8 Hz, 1

H), 7.12-7.27 (m, 4 H), 7.36:7.44 (m, 2 H), 7.757.94 (m, 5 H);

13C NMR (100 MHz, CDC}) 6 22.1, 22.6, 26.4, 26.5, 27.2, 27.3,
27.5,29.98, 30.01, 30.1, 30.5, 30.61, 30.64, 34.6, 35.3, 35.4, 70.4,
115.4, 123.2, 125.49, 125.55, 126.0, 126.3, 126.4, 127.1, 127.5,

and concentrated under reduced pressure. To the residue was adderp7.7, 128.5, 129.1, 129.2, 133.4, 153P NMR (162 MHz,

MeOH (50 mL), and the mixture was stirred # h togive a white
solid. Filtration, washing with MeOH, and drying in vacuo gave
22.4 g (83%) of3: 'H NMR (400 MHz, DMSO)6 0.86-1.91 (m,
22 H), 6.67 (dJ = 8.4 Hz, 1 H), 7.29-6.98 (m, 5 H), 7.447.47
(m, 1 H), 7.74-7.96 (m, 5 H), 9.40 (s, 1 Hf'P NMR (162 MHz,
DMSO) 6 —9.0.
2-Dicyclohexylphosphinyl-2-methoxy-1,1-binaphthyl (5a—c).
A typical procedure was given for the preparation of 2-dicyclo-
hexylphosphinyl-2isopropoxy-1,-binaphthyl b).4° H,O, (20
mL, 30%) was added dropwise to the solution30f22.4 g, 48.0
mmol) in CH,Cl, (200 mL) at 0°C to give a white solid. The white
solid was filtered, washed with GBI, and MeOH, and dried in
vacuo to give4 (20.9 g, 90%). To a suspension4{8.00 g, 19.0
mmol) in 100 mL of THF was added NaH (1.50 g, 37.0 mmol) in
three portions, and the mixture was stirred for 30 min at room
temperature, during which time the white solid was dissolved. After

CDCl) 6 —8.0; IR (KBr, cnT?l) v 3055 (w), 2976 (w), 2923 (s),
2848 (s), 1593 (w), 1508 (m), 1445 (w), 1239 (s), 1116 (m), 1000
(m), 814 (m), 745 (s), 685 (w); EIM8Vz 509 (M*, 1), 451 (base
peak). Anal. Calcd for gH4,OP: C, 82.64; H, 8.13. Found: C,
82.22; H, 8.24.2-Dicyclohexylphosphino-2-benzyloxy-1,1-bi-
naphthyl (6¢): a white solid (73% yield); mp 160163 °C; H

NMR (400 MHz, CDC}) 6 0.83-1.85 (m, 22 H), 5.04 (s, 2 H),
6.91-7.94 (m, 17 H)13C NMR (100 MHz, CDC}) 6 26.3, 26.4,
27.2,27.3,27.4, 29.8, 29.96, 29.99, 30.00, 30.1, 30.3, 30.4, 30.57,
30.59, 34.4,34.5, 34.57, 34.58, 35.2, 35.4, 70.0, 114.3, 123.4, 125.8,
125.9, 126.0, 126.3, 126.7, 127.0, 127.2, 127.7, 127.9, 128.1, 128.7,
129.2, 129.5, 133.4, 133.5, 133.6, 134.4, 137.6, 153®BNMR

(162 MHz, CDC}) 6 —7.9; IR (KBr, cnt?) v 3051 (w), 2918 (s),
2846 (s), 1620 (w), 1592 (m), 1508 (m), 1446 (m), 1288 (w), 1224
(s), 1088 (m), 815 (m), 744 (m), 736 (s), 696 (w); EIM®z 557

(M*, 1), 451 (base peak). Anal. Calcd fogH4,0P: C, 84.14; H,

the removal of the solvent, the residue was dissolved in acetone7.42. Found: C, 84.13; H, 7.56.

(200 mL), and KCO; (13.1 g, 95.0 mmol) antPrBr (9.30 g, 76.0
mmol) were added. The reaction mixture was refluxed for 24 h
and filtered, and the solid was washed with . The combined

2-Di-tert-butylphosphino-2-hydroxybinaphthyl (7). To a sus-
pension of lithium chip (4.20 g, 600 mmol) inf&x (200 mL) was
added dropwise a solution 8f(16.1 g, 60.0 mmol) in toluene (250

organic layer was concentrated under reduced pressure to give anL), and the mixture was stirred at room temperature for 4 h. After

thick oil, which was chromatographed on silica gel (hexane/CH
Cl/EtOAc, 1:1:2) to givebb (5.70 g, 63%) as a white solidtH
NMR (400 MHz, CDC}) 6 0.72 (d,J = 5.6 Hz, 3 H), 0.94-1.83
(m, 25 H), 4.47-4.50 (m, 1 H), 6.88 (dJ = 8.0 Hz, 1 H), 7.16-
7.30 (m, 4 H), 7.3#7.50 (m, 2 H), 7.83 (dJ = 8.0 Hz, 1 H),
7.90-8.04 (m, 4 H); 3P NMR (162 MHz, CDCJ) o 48.0.
2-Dicyclohexylphosphinyl-2-methoxy-1,1-binaphthyl (5a):28: 40
72% yield;*H NMR (400 MHz, CDC}) 6 0.84-1.72 (m, 22 H),
3.76 (s, 3 H), 6.84 (dJ = 8.4 Hz, 1 H), 7.127.31 (m, 4 H),
7.41-7.64 (m, 2 H), 7.86 (dJ = 8.4 Hz, 1 H), 7.94 (d]) = 8.4
Hz, 1 H), 8.08.05 (m, 3 H);3P NMR (162 MHz, CDC}) ¢
48.0.2-Dicyclohexylphosphinyl-2-benzyloxy-1,1-binaphthyl (5¢):
38 58% yield; 'H NMR (400 MHz, CDC}) 6 0.52-1.76 (m, 22
H), 5.04 (q,J = 12.4 Hz, 2 H), 6.8%8.04 (m,17 H);3P NMR
(162 MHz, CDC}) o 48.3.

(40) Kawashima, Y.; Okana, K.; Nozaki, K.; Hiyama, Bull. Chem.
Soc. Jpn2004 77, 347.
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the removal of excess lithiuniBu,PCI (13.0 g, 72.0 mmol) and
Cul (900 mg, 4.80 mmol) were added to the solution &€0and
the mixture was stirred overnight at 4% to give a white
precipitate. The white precipitate was filtered, washed witfOEt
(50 mL x 2), dried in vacuo, and dissolved in GEl, (200 mL).
The solution was neutralized wi8 N HCI, washed with KO (50
mL x 2), and concentrated under reduced pressure. The residue
was triturated MeOH (50 mL), and the mixture was stirred for 2 h
to give a white solid. Filtration, washing with MeOH, and drying
in vacuo gave7 (16.6 g, 67%): '"H NMR (400 MHz, CDC}) 6
1.01 (d,J=11.2 Hz, 9 H), 1.20 (dJ = 11.2 Hz, 9 H), 4.70 (s, 1
H), 6.90 (d,J = 8.4 Hz, 1 H), 7.1+7.30 (m, 5 H), 7.56-7.53 (m,
1 H), 7.82-7.98 (m, 4 H), 8.11 (dJ = 8.4 Hz, 1 H);3P NMR
(162 MHz, CDC}) 6 25.2.
2-Di-tert-butylphosphino-2-methoxy-1,1-binaphthyl (8a—c).
A typical procedure was given for the preparation of Zeti-
butylphosphino-2isopropoxy-1,Ebinaphthyl 8b). To a suspension
of 7 (4.20 g, 10.0 mmol) in THF (100 mL) was added NaH (800
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mg, 20.0 mmol) in three portions, and the mixture was stirred for (t, J= 2.8 Hz, 2 H), 6.96-8.07 (m, 27 H);}*C NMR (100 MHz,

30 min at room temperature. After removal of the solvent, the CDCls) 6 30.8, 30.9, 31.2, 31.3, 32.3, 32.4, 32.5, 32.8, 69.8, 114.3,
residue was dissolved in acetone, thexCRx; (5.50 g, 40.0 mmol) 123.3,123.9,124.0,125.5,125.7, 125.8, 126.3, 126.9, 127.1, 127 .4,
and'PrBr (4.90 g, 40.0 mmol) were added. The reaction mixture 127.6, 127.7, 128.0, 128.1, 128.7, 129.3, 132.1, 133.37, 133.44,
was refluxed overnight, filtered, and the solid was washed with 134.28, 134.32, 136.3, 136.5, 137.5, 144.0, 144.4, 153.26, 153.30;
CH,Cl,. The combined organic layer was concentrated under 3P NMR (162 MHz, CDCJ) 6 24.8; IR (KBr, cntt) v 3060 (W),
reduced pressure. The residue was chromatographed on silica ge983 (w), 2954 (m), 2892 (m), 1593 (m), 1510 (m), 1473 (m),
(hexane/EtOAc, 25:1) to givBb (3.70 g, 74%) as a white solid: 1239 (s), 1068 (m), 821 (w), 801 (s), 744 (s), 684 (w); EIM&

mp 151-155°C; *H NMR (400 MHz, CDC}) 6 0.79 (d,J = 6.0 506 (M + 1, 1), 397 (base peak). Anal. Calcd fogs83/0P: C,

Hz, 3 H), 1.03 (dJ = 11.2 Hz, 9 H), 1.11 (dJ = 6.0 Hz, 3 H), 83.38; H, 7.39. Found: C, 83.54; H, 7.31.

1.17 (d,J = 11.2 Hz, 9 H), 4.56-4.53 (m, 1 H), 6.93 (d) = 8.4 General Procedure for Catalytic Amination of Aryl Halide.

Hz, 1 H), 7.0~7.24 (m, 4 H), 7.347.45 (m, 2 H), 7.86-7.94 An oven-dried Schlenk flask was charged with Pd(gif&)-2 mol

(m, 4 H), 8.03 (dJ = 8.4 Hz, 1 H);13C NMR (100 MHz, CDC}) %) or Pd(OAc) (2 mol %), ligand (1.5-3 mol %), and a suitable

0 22.2, 22.6, 31.12, 31.15, 31.28, 31.31, 32.3, 32.4, 32.5, 32.7,base (1.4 equiv). The flask was evacuated and backfilled with
70.6, 115.3, 123.0, 124.5, 125.2, 125.4, 125.46, 125.52, 126.1,nitrogen; this sequence was repeated three additional times. The
127.0,127.4,127.6, 128.5, 129.1, 132.1, 133.4, 134.5, 136.4, 136.7flask was capped with a rubber septum. Aryl halide (1.0 equiv),
144.5, 144.8, 153.62P NMR (162 MHz, CDCJ) 6 24.8; IR (KBr, amine (1.2 equiv), and toluene were added through the septum via
cm™1) v 3048 (w), 2979 (m), 2954 (m), 2892 (m), 2860 (m), 1592 a syringe (aryl halides or amines that were solids at room
(m), 1508 (m), 1467 (m), 1326 (w), 1236 (s), 1114 (s), 998 (m), temperature were added prior to the addition of the base). The flask
802 (s), 685 (w); EIMSM/z 458 (M + 1, 1), 397 (base peak). was sealed, and the mixture was allowed to stir at room temperature
Anal. Calcd for GjH3/OP: C, 81.54; H, 8.17. Found: C, 81.56; or heated in an oil bath (118C) with stirring until the starting

H, 8.87. 2-Di-tert-butylphosphino-2-methoxy-1,-binaphthyl aryl halide was consumed as judged by GC analysis. The mixture
(8a): a white solid (49% yield); mp 190192 °C; IH NMR (400 was cooled to room temperature, diluted with diethyl ether (10 mL),
MHz, CDCk) ¢ 1.00 (d,J = 11.2 Hz, 9 H), 1.16 (dJ = 11.2 Hz, filtered through Celite, and concentrated under reduced pressure.
9H),3.71(s,3H),6.90 (d=8.4Hz, 1 H), 7.16-7.24 (m, 4 H), The crude material was purified by column chromatography on
7.37-7.46 (m, 2 H), 7.828.00 (m, 4 H), 8.05 (dJ = 8.4 Hz, 1 silica gel (EA/hexane).

H); 3C NMR (100 MHz, CDC}) ¢ 30.85, 30.87, 31.0, 31.2, 32.3,

32.4,32.5, 32.7,55.2, 112.3, 122.8, 122.98, 123.02, 125.5, 125.8, Acknowledgment. We thank the National Natural Science
126.3, 126.8, 127.4, 127.6, 127.7, 128.53, 128.55, 129.4, 132.1, 'Foundation of China, Chinese Academy of Sciences, and the
133.5,134.3, 136.1, 136.4, 154.04, 154.07, 1588ONMR (162 'Science and Technology Commission of Shanghai Municipality
MHz, CDCE) 6 24.9; IR (KBr, cnr?) » 3060 (w), 2988 (w), 2954  for financial support.

(m), 2892 (m), 1593 (m), 1508 (m), 1473 (m), 1269 (s), 1251 (s),
1081 (m), 805 (s), 683 (w); EIM8&Vz 399 (M" — OCH;, 6), 397
(base peak). Anal. Calcd for,gH330P: C, 81.28; H, 7.76. Found:
C, 81.29; H, 8.102-Di-tert-butylphosphino-2-benzyloxy-1,1-
binaphthyl (8c): a white crystal (74% yield); mp 147150 °C;

IH NMR (400 MHz, CDC}) 6 1.04 (dd,J = 2.4, 11.2 Hz, 9 H),
1.11 (ddJ= 2.8, 11.2 Hz, 9 H), 1.14 (d] = 2.4 Hz, 4.5 H), 5.01 JO060945K

Supporting Information Available: Detail experimental pro-
cedures for the amination reactions of aryl halide, and the spectral
data for all C-N coupling products and the ligand&(-c and8a—
¢). This material is available free of charge via the Internet at
http://pubs.acs.org.
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