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P-Phenyl-2,2,6,6-tetramethylphosphorinan-4-ol: An Air-Stable P,O-Type
Ligand for Palladium-Mediated Cross-Coupling Reactions
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A two-step entry to a chemically robust, hindered P,O-type
phosphorinane-based ligand and its application toward Pd-

mediated cross-coupling reactions of unactivated aryl chlo-
rides is presented.

Introduction

Palladium-catalyzed bond-forming reactions have been
extensively investigated over the last few decades. Many of
these reactions are now routinely employed in effecting
carbon-carbon and carbon-heteroatom bond connections,
often with remarkable chemo- and stereoselectivity and
complete positional control.!?l Applications towards the
synthesis of agrochemicals, pharmaceuticals and fine chem-
icals continue to advance.’! The continued improvements
to supporting ligands has expanded the scope of substrates
that enter such catalytic cycles to include the most challeng-
ing unactivated (electron-rich), sterically demanding aryl
chlorides.

A difficulty in the development of phosphane ligands for
Pd-mediated cross-coupling chemistry remains the advance-
ment of chemically robust (particularly to molecular oxy-
gen) ligands of applicability to a range of challenging cross-
coupling reactions. The P-disubstituted-biarylphosphanes
(for example SPhos and A, Figure 1) introduced by Buch-
wald and co-workers have allowed for remarkable advances
along these lines™ although the capricious nature of indi-
vidual ligands to activate a given substrate has also been
documented. Pd complexes of the ligand SPhos (Figure 1)
proved generally applicable in Suzuki—Miyaura reactions of
congested aryl bromides while, most interestingly, the triar-
ylphosphane A (Figure 1) proved highly effective in activa-
ting ortho-substituted electron-rich aryl chlorides.® Acti-
vation of other electron-rich aryl chlorides with biaryl li-
agnds has been reported to be problematic in other cases.P]
The use of ferrocene-based triarylphosphane ligands has
also been reported in the Suzuki cross-coupling of unacti-
vated, hindered aryl chlorides.[*e-41]
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Figure 1. Selected examples of hemilabile phosphane ligands.

The development of novel structural classes of ligand
that can effect these problematic cross-coupling reactions is
an active area of investigation. Select examples include the
P,O-type indolylphosphanes B introduced by Kwong and
co-workers,[ and the pyrrole and imidazole based systems
C introduced by Beller (Figure 1).” A modified indolyl-
phosphane was recently reported that proved highly effec-
tive in the synthesis of hindered biaryl systems.[®! Other
useful sterically demanding, conformationally restricted li-
gands have been developed containing N-heterocyclic car-
bene ligands.!®! The desire to activate inexpensive, readily
available aryl chlorides has been a driving force behind the
development and application of many of these ligands.[®-*]

We have been interested in the development of a robust,
readily available ligand based on a phosphorinane scaffold
(Figure 2, 1b, 2b).['9 This ligand architecture incorporates
a variably substituted phosphane within a rigid, bulky di-
tert-butyl-like framework. We recently reported that Pd
complexes of the P-cyclohexyl-4-hydroxy-substituted ligand
2b were most efficient in a range of Suzuki-Miyaura reac-
tions with aryl chlorides, including hindered, electron-rich
systems such as 2,4-dimethoxychlorobenzene.
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Figure 2. Bi- and monodentate complexes of ligands 2alb.
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The P,O-type ligand 2b incorporates a novel mono-
dentate/bidentate design feature involving a chair-boat con-
formational flip. The remote 4-hydroxy substituent was de-
signed to allow formation of a reactive monodentate L,-
Pd° species through a ring flip to the chair conformer as
shown at the bottom of Figure 2, to stabilize the unsatu-
rated catalyst in the boat conformer outside of the catalytic
cycle and as a means of assisting reductive elimination pro-
cesses. Ligand 2b proved highly effective in activating aryl
chlorides in the Suzuki-Miyaura reaction,!'°d nonetheless
the ligand itself was prone to oxidation. The reactivity
of Pd-catalysts derived from certain P-aryl-biarylphos-
phanes*®4¢9kl a5 well an expected increase in stability
prompted us to investigate the reactivity of the correspond-
ing P-phenylphosphorinan-4-ol ligand 2a. In this paper, we
report the short synthesis of ligand 2a, its remarkable sta-
bility to molecular oxygen under aerobic conditions as well
as its versatility in effecting a range of problematic Pd-
mediated cross-coupling reactions.

Results and Discussion

The required P-phenylphosphorin-4-ol ligands 2a and P-
cyclohexylphosphorin-4-ol 2b were prepared as outlined in
Scheme 1. Tandem inter- and intramolecular Michael ad-
dition of the primary phosphane to phorone!'!l followed by
LAH-mediated ketone reduction provided access to both
ligands on a multi-gram scale.

o)
RPH, 0 J( LiAH,  HO
D NS e
150 °C, 15h P-R THF,-10°C P-R
1aR=Ph 2aR =Ph
1b R=Cy 2bR=Cy

Scheme 1. Synthesis of ligand 2a/b.

The stability of ligands 2a and 2b to aerobic conditions
was monitored over a period of one month (Figure 3). Both
ligands proved to be robust on short-term exposure to oxy-
gen, however ligand 2a proved to be exceptionally stable.
This phosphane stability is reminiscent of that observed
with bulky P-substituted, constrained ortho-substituted bi-
arylphosphanes.'>?1 The biarylphosphanes are conforma-
tionally restrained through restricted Aryl-P bond rotation
while ligand 2a is intrinsically restrained within the phos-
phorinane ring; inversion at phosphorus is unlikely under
ambient conditions. A chair-to-chair ring flip on 2a would
also require introduction of the bulky Ph and hydroxy sub-
stituents into axial positions. It is not clear, using the
Barder-Buchwald model'*! why oxidation of 2a cannot
readily proceed from the axial lone pair on phosphorus in
2a, we note only that both types of ligand consist of a con-
formationally restricted sterically hindered phosphane. A
marked dichotomy in primary phosphane stability was also
recently described by Gilheany and co-workers.l'??! A unify-
ing concept that explains the unusual stability of certain
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phosphanes is elusive although clearly the introduction of
one aryl group (contrasting 2b to 2a) contributes signifi-
cantly to the stability of ligand 2a.

Progress of ligand oxidation

80%

3 u Ligand 2a

S 60% : T

o

o Ligand 2b

8 40% B

Q

8 =

: sl ’ iT ‘ ._Ii EI 7 ” )

°\0%ywlclcl‘|fl‘ e o T
1 3 65 7 9 91 13 45 17 19 21. 231 25:27'29:31

Time [d]

Figure 3. Bar graph showing the phosphane oxide formation moni-
tored by 3'P-NMRU!'?4 for ligands 2a and 2b.

The general utility of the ligand 2a was next investigated
in a series of Pd-mediated cross-coupling processes. Condi-
tions for the Suzuki-Miyaura reaction were readily iden-

Table 1. Suzuki cross-coupling reactions using ligand 2a.[l

Ligand 2a, 3.0 mol-%
Pd(OACc)z, 1.0 mol-%

Ar-X  + PhB(OH), . > Ar-Ph
Cs,CO0g3, 3.0 equiv.
3 4 toluene, 110 °C 5
Entry R-X Boronic acid Product5  Isolated yield
of 5 (%)
cl B(OH Ph
VLN A
o) o}
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cl B(OH Ph
TS > > G > L
cl B(OH), Ph
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Qe B(OH) Ph
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8 73%
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LI Gl A
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11 S| (OF)2 ® 96%
Br B(OH), Ph
12 94%
wld O e g

[a] Reaction conditions: 1.0 equiv. of aryl halide, 2.0 equiv. of bo-
ronic acid, 3.0 equiv. of Cs,CO;, Pd(OAc), 1.0 mol-%, ligand
3.0 mol-%, toluene 5.0 mL, 110 °C, 12-16 h. [b] Isolated product
after column chromatography.
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tified using 1.0 mol-% palladium(II) acetate and cesium carb-
onate as base. Little to no conversion occurred at room
temperature using ligand 2a under these conditions and the
reactions were performed under a standard condition in tol-
uene at 110°C. A selection of examples is reported in
Table 1, focusing on aryl chlorides. A series of electron-rich,
electron-deficient and sterically hindered ortho-substituted
chlorobenzene derivatives could readily be activated with
the Pd complex of 2a and coupled with arylboronic acids
(entries 1 to 7). Also of interest was the efficient cross-cou-
pling of the electron poor 4-acetylphenylboronic acid with
chlorobenzene (entry 9). As expected, bromo- and iodo-
benzene derivatives reacted without incident providing the
corresponding biaryls in high yield.

The effectiveness of ligand 2a in Suzuki-Miyaura cross
coupling was further investigated in the synthesis of a range
of hindered biaryls from unactivated aryl chloride sub-
strates and hindered, ortho-substituted arylboronic acids.
The results are summarized in Table 2. The reactions pro-
ceeded slowly in toluene at 110 °C under the conditions re-
ported in Table 1. For example, 1-chloro-2,4-dimethoxyben-
zene (Table 2, entry 3) reacted with phenylboronic acid in
the presence of 1.0% Pd and 3.0% 2a to give the biaryl
in 74% yield after 16 h. The reactions involving the more

Table 2. Suzuki cross-coupling reactions using ligand 2a.[l

Ligand 2a, 6.0 mol-%
Pd(OAC),, 2.0 mol-%

ARX +  PhB(OH), _ > Ar-Ph
Cs,CO3, 3.0 equiv.
3a 4a toluene, 110 °C 5a
Entry  R-X Boronic acid Product 5a  Isolated yield

of 5a (%)!!

MeO. O
; @ovvle B(OH), 65%
MeO OMe MeO OMe
OMe
o Me 58%
5 @Me B(OH), ® ¢ °
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[a] Reaction conditions: 1.0 equiv. of aryl halide, 1.5 equiv. of bo-
ronic acid, 3.0 equiv. of Cs,CO;, Pd(OAc), 2.0 mol-%, ligand
6.0 mol-%, toluene, 48 h. [b] Isolated yield after column
chromatography. [c] Pd(OAc), 1.0 mol-%, ligand 3.0 mol-%, 16 h.
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challenging hindered pairings proved to be slower as ex-
pected, however increasing the catalyst loading (Pd 2.0%,
2a 6.0%), and reaction time to 48 h, allowed good conver-
sion and we were able to isolate the sterically hindered bi-
aryl products in fairly good yield. In most cases, elevated
temperatures (110 °C) are required to activate challenging
aryl chlorides. The mild conditions (room temp. to 40 °C)
employed using the Buchwald catalyst highlight another of
the remarkable features of the biaryl catalyst.[*?l In other
examples, Beller’s pyrrole-based system!®) and Fu’s ferro-
cene-based ligand™e! allowed cross-coupling of select chal-
lenging aryl chlorides at 60 and 70 °C respectively.

We next investigated the use of palladium complexes of
the same ligand 2a in the Buchwald-Hartwig amination re-
action.!'31 We had previously found catalysts prepared from
P-isobutyl-2,2,6,6-tetramethylphosphorinane and the pre-
cursor Pd,(dba); to be highly active in this reaction per-
formed in toluene or ionic liquid media.l'3°! Efficient amin-
ation protocols are of much current interest in the synthesis
of pharmaceutical intermediates!!#l as well as functionalized
triarylamines which are the key components in a variety of
materials including organic photoconductors, light-emitting
diodes and photovoltaic cells.['>] Complicating factors have
been identified in the reaction, particularly where weakly

Table 3. Amination reactions using ligand 2a.[#!

Ligand 2a, 3.0 mol-%
Pdy(dba)s, 1.0 mol-%

Ar-X  + R'R?NH » Ar-NR'R?

NaOtBu, 1.4 equiv.
1 2 dioxane, 100 °C 6
Entry  RX Amine Producte  'Solated yield
of 6 (%)*!

=

1 =)o O_NH ~D>ND0  90%
) ~x

2 ONHO)-Cl ONH  ONIDIN DO  95%
I —

3 B Q_NH ~DNDo 9%
S =

4 MeO{ )-Cl O_NH  MeOod DN O  86%

5 MeoCp-cl KO NH: MeODNHE)  gas

o2}

Ph—~C)-Br Ph-@é\lj@ 94%

Ph-N)

MeO

Ph-@-N-@— 90%
@,

92%

7 Ph=)-Br

8 Ph-{)Br

[a] Reaction conditions: 1.0 equiv. aryl halide, 1.2 equiv. amine,
1.4 equiv. NaO¢Bu, 1.0 mol-% Pd,(dba);, 3.0 mol-% ligand, diox-
ane 4.0mL, 100°C, 12h. [b] Isloated yield after column
chromatography.
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nucleophilic diarylamines are employed and anionicl'3°! and
solvent effects!'® described. A highly effective catalyst was
readily generated from ligand 2a and shown to be effective
in the cross-coupling of a series of amines with aryl halides
as summarized in Table 3. Amination of aryl chlorides, in-
cluding electron-rich 4-methoxychlorobenzene, proceeded
efficiently with morpholine as well as with a weaker aniline
nucleophile. In addition, diarylamines, including hindered
ortho-substituted derivatives could be coupled to aryl bro-
mides providing valuable, differentially substituted triaryl-
amines in good yield.

Conclusion

A short, efficient synthesis of a new sterically hindered
P,O-type phosphane ligand involving double Michael ad-
dition of phenylphosphane to phorone is described. Ligand
2a proved to be significantly more stable under aerobic con-
ditions in comparison to the P-cyclohexyl derivative 2b.
Palladium complexes could be readily formed from ligand
2a that proved efficient in activating a range of aryl halides,
including challenging electron-rich and ortho-substituted
derivatives in the Suzuki-Miyaura reaction, as well as cou-
pling amines and weakly nucleophilic diarylamines with a
range of aryl halides. Although activation of the most chal-
lenging aryl chlorides required heating, with few excep-
tionsl#P4¢-%kl the phosphorinane ligand 2a compares favour-
ably with other phosphanes in effecting cross-coupling reac-
tions with hindered, unactivated aryl chlorides.[*s#6:>°1 At-
tractive features of this scaffold are the rapid synthetic ac-
cess to the ligand 2a, in two steps from commercial materi-
als, and further tunability possible through varying the
nature of the secondary phosphane employed and derivati-
zation of the remote hydroxy group. Further modifications
to ligand 2a along these lines and application to other
metal-mediated cross-coupling processes are under investi-
gation.

Experimental Section

General: Reactions were carried out under nitrogen in oven-dried
glassware. Monocyclohexylphosphane and phenyldichlorophos-
phane were obtained from Cytec industries, all other fine chemicals
were obtained from Aldrich. CIMS were run on a Micromass
Quattro Ultima spectrometer fitted with a direct injection probe
(DIP) with ionization energy set at 70 eV and HRMS (EI) were
performed with a Micromass Q-Tof Ultima spectrometer. 'H, 1*C
and 3'P spectra were recorded on a Bruker 200 and AV 600 spec-
trometer in CDCl; with TMS as internal standard. Chemical shifts
(0) are reported in ppm downfield of TMS and coupling constants
(J) are expressed in Hz. All *'P NMR experiments were measured
relative to an external standard (H3;POy, 0 ppm).

Caution: All phosphanes should be considered to be pyrophoric.
Contact with atmospheric oxygen must be avoided, particularly
during the thermal addition reactions.

General Procedure for Synthesis of 2,2,6,6-Tetramethyl-P-phenyl-
phosphorinone (la): Sodium metal (5.2 g, 0.225 mol) was stirred
vigorously in dry dioxane (40 mL) in a 100 mL reaction vessel, fit-
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ted with a central condenser and side connector sealed with a Tef-
lon®-coated silicone septa, under N, at 110 °C for 30 min to melt
and break apart the sodium. Dichloro-phenylphosphane (6.8 mL,
50 mmol) was added dropwise via syringe; approximately 0.5 mL
was added first followed by the dropwise addition of the remainder
over a 2-hour period. The reaction mixture was stirred overnight
(16 h) at 110 °C forming a yellow precipitate of the disodium salt
of phenylphosphane. The condenser was connected to a stillhead
under N,, the solvent was removed and reaction mixture dried un-
der high vacuum at 60-80 °C. The vacuum pump was equipped
with an in-line dry-ice trap to collect volatiles. Dry diether (50 mL)
was injected into the reaction flask and the disodium salt of phenyl-
phosphane slurry was quenched with degassed glacial acetic acid
(7.5mL, 0.125 mol) at —10 to 0 °C with dropwise addition over a
period of 5 h under N, flow to remove liberated hydrogen and pre-
vent pressure build-up. The ether was evaporated (50 °C) under N,
flow. The product phenylphosphane was then fractionally distilled
under nitrogen at 120 °C and 180 °C into sealed reaction vessels
cooled to 0 °C. The first fraction (collected at 120 °C) was essen-
tially of acetic acid; the second fraction (180 °C) was of phenyl-
phosphane (5.0 g, 45 mmol, 90%). Overall distillation takes up to
4-5h. The phenylphosphane so obtained was used immediately.
Phorone (8.6 mL, 55 mmol) was injected into the flask containing
phenylphosphane (no solvent) and the reaction mixture was stirred
at 150 °C for 15 h. Volatile compounds were stripped off at 100 °C
under high vacuum to give the product as a light-brown liquid that
solidified on cooling. This crude product was distilled under high
vacuum. A first fraction (145-155 °C/1 Torr) was collected yielding
1a (5.8 g, 47%). A higher boiling fraction (190-210 °C/0.5 Torr)
contained the phosphane oxide. 'H NMR (200 MHz, CDCls,
25°C): 6 = 7.60-7.90 (m, 2 H, Ar-H), 7.30-7.55 (m, 3 H, Ar-H),
2.75-3.10 (m, 2 H, CH,), 2.15-2.45 (m, 2 H, CH,), 1.32 (d, J =
18 Hz, 6 H, CH3), 0.93 (d, J = 11 Hz, 6 H, CH3) ppm. '3C NMR
(50 MHz, CDCls): 0 = 211.7, 135.9, 135.5, 128.4, 128.3, 129.7, 52.9,
35.2 [d, J(P,C) = 18 Hz], 31.0 (d, Jpc = 31 Hz), 30.1 (d, Jpc =
9 Hz) ppm. 3'P NMR (81 MHz, CDCls): 6 = 20.37 ppm.

General Procedure for Synthesis of P-Phenyl-2,2,6,6-tetrameth-
ylphosphorinan-4-ol (2a): An oven-dry two-neck flask containing a
magnetic stirring bar and a pressure-dropping funnel was charged
with LiAIH, (0.152 g, 4.027 mmol). LiAlH, was degassed at high
vacuum and backfilled with argon. Dry THF (10.0 mL) was added
and the suspension cooled to —10 °C. P-phenyl-2,2,6,6-tetrameth-
ylphosphorin-4-one 1a (0.500 g, 2.013 mmol) was dissolved in THF
(15.0 mL) and transferred to the LAH suspension dropwise via a
pressure-dropping funnel. The addition was completed in one hour
and the reaction mixture was further stirred for 12 h. The reaction
mixture was quenched by dropwise addition of 2-3 mL degassed
10% NaOH solution and stirred until the precipitate dissolved. The
reaction mixture was filtered through a pad of celite under argon,
using degassed ethyl acetate to wash. Solvent was removed under
high vacuum and the material was purified over silica gel
chromatography (2.5X45cm, 20% EtOAc/hexanes, Ry = 0.18)
yielding 2a (0.430 g, 85.4%) as a colorless solid. '"H NMR
(200 MHz, CDCls, 25°C): 6 = 7.75 (br. s, 2 H, Ar-H), 7.43-7.39
(m, 3 H, Ar-H), 4.15-3.78 (m, 1 H, CHOH), 2.06-1.73 (m, 4 H,
CH,), 1.39-1.38 (m, 6 H, CH3), 1.15-1.05 (m, 6 H, CH3) ppm. 13C
NMR (50 MHz, CDCls): 6 = 137.2 (d, Jpc = 23 Hz), 129.7, 127.7
(m), 66.1, 51.1 (d, Jpc = 12 Hz), 32.7-31.9 (m, 2 C), 26.5 (d, Jpc
=4.5 Hz) ppm. 3'P NMR (81 MHz, CDCl): 6 = 21.7 ppm. HRMS
(CI*-TOF): calculated for C;sH,oOP: 250.1487, found 250.1497.

Aerial Oxidation of Ligands 2a and 2b: (Figure 3) Reactions were
conducted in clean dry NMR tubes. The ligand 2a (15.0 mg,
0.060 mmol) and ligand 2b (15.0 mg, 0.058 mmol) were dissolved
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in CDCl; (2.0 mL) in separate NMR tubes. The tubes were
clamped and a continuous stream of dry air was slowly passed
through a Teflon® tube connected to the top of the NMR tubes.
Solvent volume was maintained on a daily basis and 3'P NMR was
carried out (Figure 3) over a period of one month to determine the
degree of phosphane oxide formation. The percent oxidation was
calculated as the ratio of the integral of the peak corresponding to
the phosphane oxide divided by the sum of the integrals corre-
sponding to the starting phosphane and phosphane oxide, multi-
plied by 100.

General Procedure for Suzuki-Miyaura Cross Coupling: (Table 1)
An oven-dried Schlenk flask, equipped with a magnetic stirring
bar was charged with phenylboronic acid (85.5 mg, 0.701 mmol),
Cs,CO; (342.1 mg, 1.050 mmol) and ligand 2a (2.62 mg,
0.010 mmol). After evacuation and refilling with nitrogen,
4-chloroanisole (50.0 mg, 0.350 mmol), Pd(OAc), (0.78 mg,
0.0030 mmol), and freshly distilled toluene (5.0 mL) were injected
sequentially. The system was further evacuated and flushed with
nitrogen thrice and then placed into preheated oil bath (110 °C)
for 12 h. After completion of reaction, the reaction mixture was
quenched with water and diluted with ethyl acetate. Organic layer
was separated and aqueous layer was washed with EtOAc. The
combined organic phases were dried with MgSQOy,, filtered and the
solvent was removed at reduced pressure. The crude product was
then purified by column chromatography to give 4-methoxybi-
phenyl in (0.0555 g, 86%) as a colourless solid. The physical and
spectroscopic data of all biphenyl compounds (Table 1, entry 1-12)
were identical to those previously described.[!0c17a-17¢]

4-Phenylacetophenone: (Table 1, entry 1) 'H NMR (200 MHz,
CDCls, 25°C): 6 = 8.04 (d, J = 8.0 Hz, 2 H, Ar-H), 7.71-7.62 (m,
4 H, Ar-H), 7.49-7.45 (m, 3 H, Ar-H), 2.64 (s, 3 H, COCH;) ppm.
13C NMR (50 MHz, CDCls): 6 = 197.8, 145.8, 140.0, 135.9, 129.0
(2 C), 129.0 (2 C), 128.3, 127.3 (2 C), 127.3 (2 C), 26.7 ppm.

4-Phenylbenzaldehyde: (Table 1, entry 2) 'H NMR (200 MHz,
CDCls, 25 °C): 6 = 10.06 (s, 1 H, HCO), 7.98 (d, J = 8.0 Hz, 2 H,
Ar-H), 7.77-7.63 (m, 4 H, Ar-H), 7.50-7.46 (m, 3 H, Ar-H) ppm.
13C NMR (50 MHz, CDCly): 6 = 192.0, 147.2, 139.7, 135.2, 130.4
(2 C), 129.1 (2 C), 128.5, 127.5 (2 C), 127.4 (2 C) ppm.

4-Methylbiphenyl: (Table 1, entry 3) '"H NMR (200 MHz, CDCl;,
25°C):0=17.70 (d, J = 7.0 Hz, 2 H, Ar-H), 7.63-7.59 (m, 2 H, Ar-
H), 7.54-7.46 (m, 3 H, Ar-H), 7.38-7.34 (m, 2 H, Ar-H), 2.50 (s, 3
H, CH;) ppm. 3C NMR (50 MHz, CDCl;): § = 141.3, 138.5,
137.2, 129.6 (3 C), 128.9 (3 ©), 127.1 (3 C), 21.2 ppm.

4-Methoxybiphenyl: (Table 1, entry 4) 'H NMR (200 MHz, CDCl;,
25°C):0=17.68 (d, J = 6.6 Hz, 2 H, Ar-H), 7.58-7.43 (m, 5 H, Ar-
H), 7.10 (d, J = 8.4 Hz, 2 H, Ar-H), 3.93 (s, 3 H, OCH3) ppm. 13C
NMR (50 MHz, CDCl;): 6 = 159.3, 141.0, 136.0, 128.9 (2 C), 128.3
(2 C), 1269 (3 C), 114.4 (2 C), 55.4 ppm.

Biphenyl: (Table 1, entry 5) 'H NMR (200 MHz, CDCls, 25 °C): §
= 7.82-7.78 (m, 4 H, Ar-H), 7.66-7.53 (m, 6 H, AR-H) ppm. 13C
NMR (50 MHz, CDCl): 6 = 141.5 (2 C), 129.0 (3 C), 127.5 (4 C),
127.4 (3 C) ppm.

4-Methylbiphenyl: (Table 1, entry 6) 'H NMR (200 MHz, CDCl;,
25°C):0=17.70 (d, J = 7.0 Hz, 2 H, Ar-H), 7.63-7.59 (m, 2 H, Ar-
H), 7.54-7.46 (m, 3 H, Ar-H), 7.38-7.34 (m, 2 H, Ar-H), 2.50 (s, 3
H, CH;) ppm. 3C NMR (50 MHz, CDCl;): § = 141.3, 138.5,
137.1, 129.6 (3 C), 128.9 (3 ©), 127.1 (3 C), 21.2 ppm.

2-Aminobiphenyl: (Table 1, entry 7) '"H NMR (200 MHz, CDCl;,
25°C): 6 = 7.47-7.35 (m, 5 H, Ar-H), 7.17-7.13 (m, 2 H, Ar-H),
6.88-6.80 (m, 2 H, Ar-H), 3.77 (s, 2 H, NH,) ppm. 3C NMR
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(50 MHz, CDCl5): 0 = 143.5, 139.5, 130.5, 129.1 (2 C), 128.9 (2 C),
128.5, 127.8, 127.2, 118.7, 115.6 ppm.

2-Methoxybiphenyl: (Table 1, entry 8) '"H NMR (200 MHz, CDCl;,
25°C): 6 = 7.63-7.56 (m, 3 H, Ar-H), 7.50-7.43 (m, 4 H, Ar-H),
7.05 (d, J = 8.8 Hz, 2 H, Ar-H), 3.90 (s, 3 H, OCH;) ppm. '*C
NMR (50 MHz, CDCl,;): 6 = 159.2, 141.0, 133.8, 128.8 (2 C), 128.2
(2 C), 126.8 (2 C), 126.7 (2 C), 114.3, 55.4 ppm.

4-Phenylacetophenone: (Table 1, entry 9) 'H NMR (200 MHz,
CDCl;, 25°C): 0 = 8.06 (d, J = 8.0 Hz, 2 H, Ar-H), 7.71-7.62 (m,
4 H, Ar-H), 7.49-7.45 (m, 3 H, Ar-H), 2.64 (s, 3 H, CH;0) ppm.
13C NMR (50 MHz, CDCls): 6 = 197.8, 145.8, 140.0, 135.9, 129.0
(2C), 129.0 (2 ©), 128.3, 127.3 (2 C), 127.3 (2 C), 26.7 ppm.

Biphenyl: (Table 1, entry 10) '"H NMR (200 MHz, CDCls, 25 °C):
6 =7.82-7.78 (m, 4 H, Ar-H), 7.66-7.53 (m, 6 H, Ar-H) ppm. *C
NMR (50 MHz, CDCl;): 6 = 141.5 (2 C), 129.0 (3 C), 127.5 (4 C),
127.4 (3 C) ppm.

4-Methylbiphenyl: (Table 1, entry 11) '"H NMR (200 MHz, CDCl;,
25°C):0=17.70(d, J=7.0Hz, 2 H, Ar-H), 7.63-7.59 (m, 2 H, Ar-
H), 7.54-7.46 (m, 3 H, Ar-H), 7.38-7.34 (m, 2 H, Ar-H), 2.50 (s, 3
H, CH;) ppm. 3C NMR (50 MHz, CDCl;): § = 141.3, 138.5,
137.2, 129.6 (3 C), 128.9 (3 ©), 127.1 (3 ©), 21.2 ppm.

4-Methoxybiphenyl: (Table 1, entry 12) 'H NMR (200 MHz,
CDCl;, 25°C): 0 = 7.68 (d, J = 6.6 Hz, 2 H, Ar-H), 7.58-7.43 (m,
5 H, Ar-H), 7.10 (d, J = 8.4 Hz, 2 H, Ar-H), 3.93 (s, 3 H, OCH3)
ppm. 3C NMR (50 MHz, CDCI5): 6 = 159.3, 140.9, 136.0, 128.9
(20C), 128.3(2C), 1269 (3 C), 114.4 (2 C), 55.4 ppm.

General Procedure for Suzuki-Miyaura Cross Coupling: (Table 2)
An oven-dried Schlenk flask, equipped with a magnetic stirring bar
was charged with 2,3.,4-trimethoxy phenylboronic acid (27.0 mg,
0.128 mmol), Cs,CO; (83.4mg, 0.256 mmol) and ligand 2a
(1.28 mg, 0.0051 mmol). After evacuation and refilling with nitro-
gen, 4-chloroanisole (12.1 mg, 0.0854 mmol), Pd(OAc), (0.38 mg,
0.0017 mmol), and freshly distilled toluene (2.0 mL) were injected
sequentially. The system was further evacuated and flushed with
nitrogen thrice and then placed into preheated oil bath (110 °C) for
48 h. After completion of reaction, the reaction mixture was co-
oled, quenched with water and diluted with ethyl acetate. The or-
ganic layer was separated and aqueous layer was washed with
EtOAc. The combined organic phases were dried with MgSQy, fil-
tered and the solvent was removed at reduced pressure. The crude
product was then purified by column chromatography to give
2,2',3,4-tetramethoxybiphenyl in (0.0178 g, 65%) yield. The physi-
cal and spectroscopic data of all biphenyl compounds (Table 1a,
entry 1-7) were identical to those previously described.[#P-17¢:171]

2,2',3,4-Tetramethoxybiphenyl: (Table 2, entry 1) 'H NMR
(200 MHz, CDCl3, 25 °C): 6 = 7.40-7.21 (m, 2 H, Ar-H), 7.01-6.94
(m, 3 H, Ar-H), 6.73 (d, J = 8.8 Hz, 1 H, Ar-H), 3.92 (s, 3 H,
OCHs;), 3.91 (s, 3 H, OCH3;), 3.80 (s, 3 H, OCHj,), 3.73 (s, 3 H,
OCH3;) ppm. 3C NMR (50 MHz, CDCls): 6 = 156.0, 152.5, 152.0,
141.0, 130.4, 128.0, 126.4, 124.3, 122.6, 119.2, 109.6, 105.7, 59.7,
54.9, 54.9, 54.5 ppm.

2,3,4-Trimethoxy-2'-methylbiphenyl: (Table 2, entry 2) 'H NMR
(200 MHz, CDCl3, 25°C): 0 = 7.23-7.22 (m, 4 H, Ar-H), 6.86 (d,
J=8.6Hz, 1 H, Ar-H) 6.72 (d, J = 8.4 Hz, 1 H, Ar-H), 3.94 (s, 3
H, OCHj;), 3.92 (s, 3 H, OCH3), 3.58 (s, 3 H, OCH3;), 2.19 (s, 3 H,
CHj3) ppm. 3C NMR (50 MHz, CDCls): § = 153.0, 151.4, 136.9,
131.5, 130.1, 129.8, 127.3, 125.4, 125.0, 120.4, 111.1, 107.0, 61.1,
56.0, 55.7, 20.2 ppm.

2,4-Dimethoxybiphenyl: (Table 2, entry 3) 'H NMR (200 MHz,
CDCl;, 25°C): 0 = 7.56-7.55 (m, 2 H, Ar-H), 7.52-7.38 (m, 2 H,
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Ar-H), 7.36-7.30 (m, 2 H, Ar-H), 6.63-6.60 (m, 2 H, Ar-H), 3.88
(s, 3 H, OCH,), 3.82 (s, 3 H, OCH;) ppm. 3C NMR (50 MHz,
CDCly): § = 160.3, 157.5, 138.4, 131.3, 129.5 (2 C), 128.0 (2 C),
126.5, 123.6, 104.6, 99.0, 55.6, 55.5 ppm.

2-Methoxy-2'-methylbiphenyl: (Table 2, entry 4) 'H NMR
(200 MHz, CDCl3, 25°C): 6 = 7.47 (br. d, 2 H, Ar-H), 7.34-7.22
(m, 4 H, Ar-H), 7.07-6.97 (m, 2 H, Ar-H), 3.82 (s, 3 H, OCH3),
2.41 (s, 3 H, CH3) ppm. '3C NMR (50 MHz, CDCl;): 6 = 156.5,
136.7, 135.6, 130.9, 129.7, 129.5 (2 ©), 128.8 (2 C), 128.4, 120.8,
111.21, 55.60, 21.33 ppm.

2,2'-Dimethoxybiphenyl: (Table 2, entry 5) 'H NMR (200 MHz,
CDCl;, 25°C): 6 = 7.34-7.27 (m, 4 H, Ar-H), 7.01-6.97 (m, 4 H,
Ar-H), 3.79 (s, 6 H, OCH3) ppm. '*C NMR (50 MHz, CDCl): 6
=157.0 (2 O), 131.5 (2 C), 128.7 (2 C), 127.8 (2 C), 1204 (2 C),
111.1 (2 C), 55.7 (2 C) ppm.

2,2'-Dimethylbiphenyl: (Table 2, entry 6) 'H NMR (200 MHz,
CDCls, 25°C): 6 = 7.27-7.14 (m, 4 H, Ar-H), 7.011-7.02 (m, 4 H,
Ar-H), 2.07 (s, 6 H, CH3) ppm. '3C NMR (50 MHz, CDCls): § =
138.7(2C), 136.4(2C), 129.5(2 C), 128.7 (2 C), 127.8 (2 C), 126.4
(2C),21.2(2 C) ppm.

2-Methoxy-2'-methylbiphenyl: (Table2, entry 7) 'H NMR
(200 MHz, CDCl3, 25°C): 6 = 7.47 (br. d, 2 H, Ar-H), 7.34-7.22
(m, 4 H, Ar-H), 7.07-6.97 (m, 2 H, Ar-H), 3.82 (s, 3 H, OCH,;),
2.41 (s, 3 H, CH3) ppm. 3C NMR (50 MHz, CDCl): 6 = 156.5,
136.7, 135.6, 130.9 (2 C), 129.5 (2 C), 128.8 (2 C), 128.4, 120.8 (2
C), 55.60, 21.33 ppm.

General Procedure for the Buchwald-Hartwig Amination of Aryl Ha-
lides: (Table 3) An oven-dry Schlenk flask containing a magnetic
stirring bar was charged with ligand 2a (2.62 mg, 0.0100 mmol),
Pd,(dba); (3.20 mg, 0.00300 mmol) and NaOrBu (48.0 mg,
0.490 mmol)  under  nitrogen.  4-chloroanisole  (50.0 mg,
0.350 mmol), morpholine (0.0360 mL, 0.420 mmol) and freshly dis-
tilled dioxane (4 mL) were added sequentially. The reaction mixture
was degassed three times and stirred at 100 °C for 12 h. After cool-
ing to room temperature, 10 mL of EtOAc was added and the mix-
ture was washed with 5 mL of brine. The organic layer was sepa-
rated, dried with Na,SO, and concentrated under reduced pressure.
The crude product was purified by column chromatography to give
N-(4-methoxyphenyl)morpholine (0.059 g, 87%) yield. The physi-
cal and spectroscopic data of all other isolated compounds

(Table 2 entry 1-6) were identical to those previously descri-
bed [13d.13p.17¢.17d,17g.17h]

N-(4-Methylphenyl)morpholine: (Table 3, entry 1) 'H NMR
(200 MHz, CDCl;, 25°C): 0 = 7.15 (d, J = 4.6 Hz, 2 H, Ar-H),
6.88 (d, J = 8.6 Hz, 2 H, Ar-H), 3.92 (t, / = 44 Hz, 4 H, CH,0),
3.10 (t, J = 4.6 Hz, 4 H, CH,N), 2.32 (s, 3 H, CH3) ppm. '3C NMR
(50 MHz, CDCl3): 6 = 149.2, 129.8 (2 C), 129.7 (2 C), 116.1, 67.5
(2 C), 50.0 (2 C), 20.5 ppm.

N-(4-Nitrophenyl)morpholine: (Table 3, entry 2) 'H NMR
(200 MHz, CDCl;, 25°C): 0 = 8.19 (d, J/ = 9.4 Hz, 2 H, Ar-H),
6.87 (d, J/ = 9.4 Hz, 2 H, Ar-H), 3.91 (t, / = 4.6 Hz, 4 H, CH,0),
3.41(t, J = 4.6 Hz, 4 H, CH,N) ppm. '3C NMR (50 MHz, CDCl5):
0 =1549, 1394, 126.0 (2 C), 112.6 (2 C), 66.4 (2 C), 47.2 (2 O)
ppm.

N-(4-Methylphenyl)morpholine: (Table 3, entry 3) 'H NMR
(200 MHz, CDCl;, 25°C): 0 = 7.15 (d, J = 4.6 Hz, 2 H, Ar-H),
6.88 (d, J = 8.6 Hz, 2 H, Ar-H), 3.92 (t, / = 44 Hz, 4 H, CH,0),
3.10 (t, J = 4.6 Hz, 4 H, CH,N), 2.32 (s, 3 H, CH;) ppm. 13C NMR
(50 MHz, CDCl3): 0 = 149.2, 129.8 (2 C), 129.7 (2 C), 116.1, 67.5
(2 €), 50.0 (2 ©), 20.5 ppm.
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N-(4-Methoxyphenyl)morpholine: (Table 3, entry 4) 'H NMR
(200 MHz, CDCl;, 25°C): 6 = 6.92-6.91 (br. s, 4 H, Ar-H), 3.92
(t,J=4.4Hz,4 H, CH,0), 3.81 (s, 3 H, OCH3), 3.10 (t, J = 4.6 Hz,
4 H, CH;N) ppm. *C NMR (50 MHz, CDCls): § = 153.0, 144.5,
117.5(2 C), 1152 (2 C), 67.4 (2 C), 55.3, 54.8 (2 C) ppm.

4-Methoxy-N-phenylaniline: (Table 3, entry 5) '"H NMR (200 MHz,
CDCls, 25°C): 0 = 7.30-7.22 (m, 5 H, Ar-H), 7.14 (d, J = 8.8 Hz,
2 H, Ar-H), 6.97-6.88 (m, 5 H, Ar-H), 5.53 (s, | H, NH), 3.84 (s,
3 H, OCHj3) ppm. '*C NMR (50 MHz, CDCls): § = 155.3, 145.2,
135.8,129.4(2C), 122.3(2C), 119.6 (2 C), 115.7(2 C), 114.7 (2 O),
55.6 ppm. HRMS (EI*-TOF): calculated for C;3H3NO: 199.0997,
found 119.1004.

4-(Diphenylamino)biphenyl: (Table 3, entry 6) 'H NMR (200 MHz,
CDCls, 25°C): 0 = 7.63 (d, J = 7.0 Hz, 2 H, Ar-H), 7.54-7.42 (m,
4 H, Ar-H), 7.35-7.28 (m, 5 H, Ar-H), 7.20-7.11 (m, 6 H, Ar-H),
7.01-7.04 (m, 2 H, Ar-H) ppm. '3C NMR (50 MHz, CDCl,): 6 =
147.8 (2 ©), 147.2, 140.7, 135.2, 129.4 (3 C), 128.8 (2 C), 127.9 (2
C), 1269 (2 C), 126.7 (3 C), 124.5 (3 C), 124.0 2 C), 123.0 2 C)
ppm. HRMS (EI*-TOF): calculated for C,4H;oN: 321.1517, found
321.1508.

4-[(3-Methoxyphenyl)phenylamino]biphenyl: (Table 3, entry 7) 'H
NMR (200 MHz, CDCl;, 25 °C): 0 = 7.63 (d, J = 7.2 Hz, 2 H, Ar-
H), 7.54-7.42 (m, 4 H, Ar-H), 7.38-7.30 (m, 4 H, Ar-H), 7.28-7.17
(m, 4 H, Ar-H), 7.08-7.04 (m, 1 H, Ar-H), 6.75 (d, J = 7.8 Hz, 2
H, Ar-H), 6.63 (d, / = 8.0 Hz, 1 H, Ar-H), 3.77 (s, 3 H, OCH3)
ppm. *C NMR (50 MHz, CDCl,): 6 = 158.2, 147.8, 147.3, 140.7,
139.6 (2 C), 135.2 (2 C), 129.6, 129.4 (2 C), 128.8 (2 C), 127.9 (2 O),
126.9,126.7 (2 C), 124.5 (2 C), 124.0, 123.0, 122.6, 111.1, 56.4 ppm.
HRMS (EI*-TOF): calculated for C,sH,;NO: 351.1623, found
351.1642.

4-[Bis(2,4-Dimethylphenyl)amino]biphenyl: (Table 3, entry 8) 'H
NMR (200 MHz, CDCl;, 25°C): 0 = 7.64 (d, J = 7.2 Hz, 2 H, Ar-
H), 7.53-7.44 (m, 4 H, Ar-H), 7.39-7.30 (m, 1 H, Ar-H), 7.16-7.09
(m, 4 H, Ar-H), 7.01-6.93 (m, 4 H, Ar-H), 2.31 (s, 6 H, CHj;), 2.26
(s, 3 H, CH;) ppm. '3C NMR (50 MHz, CDCl,): § = 147.9, 145.6
(2 C), 140.9, 137.6 (2 ©), 133.8, 131.5 (2 C), 130.5 (2 C), 128.8 (2
O), 127.6 (2 C), 126.7 (3 C), 126.2 (2 C), 122.8 (2 C), 122.6 (2
C), 20.0 (2 C), 19.3 (2 C) ppm. HRMS (EI*-TOF): calculated for
C,3H,7N: 377.2144, found 377.2139.

Acknowledgments

We thank the Natural Sciences and Engineering Research Council
and Cytec Canada for financial support of this work.

[11 a) Y. Tamaru, Handbook of Organopalladium Chemistry for Or-
ganic Synthesis, vol. 2 (Ed.: E. Negishi), Wiley-Interscience,
New York, 2002; b) A. M. Rouhi, Chem. Eng. News 2004, 82,
49-58.

[2] a) J. Tsuji, Handbook of Organopalladium Chemistry for Or-
ganic Synthesis, vol. 1-2 (Ed.: E. Negishi), Wiley-Interscience,
New York, 2002; b) R. Martin, S. L. Buchwald, Acc. Chem.
Res. 2008, 41, 1461-1471; ¢) G. C. Fu, Acc. Chem. Res. 2008,
41, 1555-1564.

[3] C.Torborg, M. Beller, Adv. Synth. Catal. 2009, 351, 3027-3043.

[4] a) S. L. Buchwald, D. L. Surrey, Angew. Chem. Int. Ed. 2008,
47, 2-26; b) T. E. Barder, S. D. Walker, J. R. Martinelli, S. L.
Buchwald, J. Am. Chem. Soc. 2005, 127, 4685-4695; ¢) E. R.
Strieter, S. L. Buchwald, Angew. Chem. Int. Ed. 2006, 45, 925—
928; d) S. D. Walker, T. E. Barder, J. M. Martinelli, S. L. Buch-
wald, Angew. Chem. Int. Ed. 2004, 43, 1871-1876; ¢) S. Y. Liu,
M. 1. Choi, G. C. Fu, Chem. Commun. 2001, 2408-2409; f) F. Y.

6829

WWW.Eurjoc.org



FULL PAPER

E. Ullah, J. McNulty, V. Larichev, A. J. Robertson

Kwong, K. S. Chan, C. H. Yeung, A.S. C. Chan, Chem. Com-
mun. 2004, 2336-2337.

[5] D. A. Alonso, J. F. Civicos, C. Najera, Synlett 2009, 3011-3015.

[6] a)C. M. So, C. C. Yeung, C. P. Lau, F. Y. Kwong, J. Org. Chem.
2008, 73, 7803-7806; b) F. Y. Kwong, A.S. C. Chan, Synlett
2008, 1440-1448; c) C. M. So, W. K. Chow, P. Y. Choy, C. P.
Lau, F. Y. Kwong, Chem. Eur. J. 2010, 16, 7996-8001.

[7] T. Schulz, C. Torborg, B. Schaffner, J. Huang, A. Zapf, R. Kad-
rov, A. Borner, M. Beller, Angew. Chem. Int. Ed. 2009, 48, 918—
921.

[8] a) O. Navarro, R. A. Kelly, S. P. Nolan, J Am. Chem. Soc.
2003, 125, 16194-16195; b) G. Altenhoff, R. Goddard, C. W.
Lehman, F. Glorius, J. Am. Chem. Soc. 2004, 126, 15195-
15201.

[9] For earlier developments in the Pd-mediated Suzuki coupling
of aryl chlorides, see: a) D. W. Old, J. P. Wolfe, S. L. Buchwald,
J. Am. Chem. Soc. 1998, 120, 9722-9723; b) A. F. Littke, G. C.
Fu, Angew. Chem. Int. Ed. 1998, 37, 3387-3388; c¢) X. Bei, T.
Crevier, A. S. Guram, B. Jandeleit, T. S. Powers, H. W. Turner,
T. Uno, W. H. Weinberg, Tetrahedron Lett. 1999, 40, 3855-
3858; d) X. Bei, H. W. Turner, W. H. Weinberg, A. S. Guram,
J. L. Petersen, J. Org. Chem. 1999, 64, 6797-6803; e) J. P. Wolfe,
S. L. Buchwald, Angew. Chem. Int. Ed. 1999, 38, 2413-2416; f)
A. F. Littke, C. Dai, G. C. Fu, J Am. Chem. Soc. 2000, 122,
4020-4028; g) A. Schnyder, T. Aemmer, A. FE. Indolese, U. Pit-
telkow, M. Studer, Adv. Synth. Catal. 2002, 344, 495-498; h) J.
Yin, M. P. Rainka, X. X. Zhang, S. L. Buchwald, J. Am. Chem.
Soc. 2002, 124, 1162-1163; 1) N. Kataoka, Q. Shelby, J. P. Stam-
buli, J. F. Hartwig, J Org. Chem. 2002, 67, 5553-5566; j) J. F.
Jensen, M. Johannsen, Org. Lett. 2003, 5, 3025-3028; k) A.
Zapf, R. Jackstell, F. Rataboul, T. Riermeier, A. Monsees, C.
Fuhrmann, N. Shaikh, U. Dingerdissen, M. Beller, Chem.
Commun. 2004, 38-39; 1) F. Y. Kwong, W.H. Lam, C.H.
Yeung, K.S. Chan, A.S.C. Chan, Chem. Commun. 2004,
1922-1923; m) X. Bei, A. Hagemeyer, A. Volpe, R. Saxton, H.
Turner, A. S. Guram, J Org Chem. 2004, 69, 8626-8633; n)
K. W. Anderson, S. L. Buchwald, Angew. Chem. Int. Ed. 2005,
44, 6173-6177; o) N. Hadei, E. A. B. Kantchev, C. J. O’Brien,
M. G. Organ, Org. Lett. 2005, 7, 1991-1994.

[10]a) E. Ullah, J. McNulty, A. Robertson, Tetrahedron Lett. 2009,
50, 5599-5602; b) J. McNulty, Y. Zhou, Tetrahedron Lett. 2004,
45, 407-410; ¢) T. Brenstrum, J. Clattenburg, J. Britten, S. Za-
vorine, J. Dyck, J. McNulty, A. Capretta, Org. Lett. 2006, 8,
103-105.

[11] Phenylphosphane is available from Aldrich. It was found con-
venient to generate and use fresh product in-situ via the dis-
solving metal reduction of dichlorophenylphosphane; a) R. P.
Welcher, M. E. Castellion, V. P. Wystrach, J Am. Chem. Soc.
1959, 81, 2541-2547; b) R. P. Welcher, N. E. Day, J. Org. Chem.
1962, 27, 1824-1827.

[12]a) T. E. Barder, S. L. Buchwald, J. Am. Chem. Soc. 2007, 129,
5096-5101; b) R. M. Hiney, L.J. Higham, H. Muller-Bunz,
D. G. Gilheany, Angew. Chem. Int. Ed. 2006, 45, 7248-7251.

[13] For recent work on Buchwald—Hartwig amination, see: a) D. S.
Surrey, S. L. Buchwald, Angew. Chem. Int. Ed. 2008, 47, 2-26;
b) B. P. Fors, N. R. Davis, S. L. Buchwald, J Am. Chem. Soc.
2009, 731, 5766-5768; ¢) B. K. Lee, M. R. Biscoe, S. L. Buch-

6830

WWW.Eurjoc.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

wald, Tetrahedron Lett. 2009, 50, 3672-3674; d) J. Ruan, L.
Shearer, J. Mo, J. Bacsa, A. Zanotti-Gerosa, F. Hancock, X.
Wu, J. Xiao, Org. Biomol. Chem. 2009, 7, 3236-3242; ¢) B. P.
Fors, D. A. Watson, M. R. Biscoe, S. L. Buchwald, J Am.
Chem. Soc. 2008, 130, 13552-13554; f) O. L. Winkelmann, A.
Riekstins, S. P. Nolan, O. Navarro, Organometallics 2009, 28,
5809-5813; g) A. Rudolph, N. Reckelmann, M. Olivier, T. Sav-
ard, M. Lautens, J. Org. Chem. 2009, 74, 289-297; h) S. Tylor,
A. Nelson, 1. Collins, Synthesis 2009, 4, 561-566; 1) U. Schoen,
J. Messinger, M. Buchendahl, M. S. Prabhu, A. Knoda, Tetra-
hedron 2009, 65, 8125-8131; j) M. G. Organ, M. A. Hadi, S.
Avola, 1. Dubovyk, N. Hadei, E. Assen, B. Kentchev, C. J.
O’Brien, M. Sayah, C. Valente, Chem. Eur. J. 2008, 27, 6411—
6418; k) O. Esposito, P. M. P. Gois, A. K. D. Lewis, S. Caddick,
F. Geoffrey, N. Cloke, P. B. Hitchcock, Organometallics 2008,
27, 6411-6466; 1) H. Haung, H. Liu, H. Jiang, K. Chen, J. Org
Chem. 2008, 73, 6037-6040; m) C. V. Reddy, J. V. Kingston,
J. G. Verkade, J Org. Chem. 2008, 73, 3047-3062; n) A. A. Tra-
banco, J. A. Vega, M. A. Fernandez, J Org. Chem. 2007, 72,
8146-8148; o) J. McNulty, S. Cheekoori, T. P. Bender, J. A.
Coggan, Eur. J. Org. Chem. 2007, 1423-1428; p) N. Marison,
E. C. Ecarnot, O. Navarro, D. Amoroso, A. Bell, S. P. Nolan,
J. Org. Chem. 2006, 71, 3816-3821; q) N. Marison, O. Navarro,
J. Mei, E. D. Steven, N. M. Scott, S. P. Nolan, J Am. Chem.
Soc. 2006, 128, 4101-4111.

[14]a) M. K. Lakshman, J. H. Hilmer, J. Q. Martin, J. C. Keeler,
Y. Q. V. Dinh, F. N. Ngassa, L. M. Russan, J 4Am. Chem. Soc.
2001, 723, 7779-7787; b) M. R. Dobler, 1. Bruce, F. Ceder-
baum, N. G. Cooke, L. J. Diorazio, R. G. Hall, E. Irving, Tet-
rahedron Lett. 2001, 42, 8281-8284; ¢) S. D. Edmonson, A. Ma-
stracchio, E. R. Parmee, Org. Lett. 2000, 2, 1109-1112.

[15] For a representative synthetic perspective, see: a) C. Chen,
L. M. Yang, Org. Lett. 2005, 7, 2209-2211; b) M. C. Harris,
S. L. Buchwald, J Org. Chem. 2000, 65, 5327-5333; c) H. B.
Goodbrand, N. X. Hu, J Org Chem. 1999, 64, 670-674; d)
A.J. Paine, J Am. Chem. Soc. 1987, 109, 1496-1502; e) T. P.
Bender, H. B. Goodbrand, N. X. Hu, Process for arylamine
production, US Published Patent Application 20060111588 A1,
May 25, 2006; f) T. P. Bender, J. A. Coggan, Process for aryl-
amine  production, US Published Patent Application,
20060111583 A1, May 25, 2006.

[16] H. Christensen, S. Kiil, K. Dam-Johansen, Org. Process Res.
Dev. 2006, 10, 762-769.

[17]a) G. Adjabeng, T. Brenstrum, J. Wilson, C. Frampton, A. Ro-
bertson, J. Hillhouse, J. McNulty, A. Capretta, J Org. Chem.
2004, 69, 5082-5086; b) C. M. So, C. P. Lau, F. Y. Kwong, An-
gew. Chem. Int. Ed. 2008, 47, 8059-8063; c) H.S. Wang,
H. Y. C. Wang, Y. M. Pang, S. L. Zhao, Z. F. Chen, Tetrahe-
dron Lett. 2008, 49, 2634-2637; d) B. P. Fores, N. R. Davis,
S. L. Buchwald, J. Am. Chem. Soc. 2009, 131, 5766-5768; ¢) J.
McNulty, S. Cheekoori, T. M. Bender, J. A. Coggan, Eur. J.
Org. Chem. 2007, 9,1423-1428; f) Y. Itoh, A. Brossi, E. Hamel,
C. M. Lin, Helv. Chim. Acta 1988, 71, 1199-1209; g) J. Louie,
M. S. Driver, B. C. Hamann, J. F. Hartwig, J. Org. Chem. 1997,
62, 1268; h) D. Guo, H. Huang, Y. Zhou, J. Xu, H. Jiang, K.
Cheng, H. Liu, Green Chem. 2010, 12, 276-281.

Received: August 4, 2010
Published Online: October 25, 2010

Eur. J. Org. Chem. 2010, 6824-6830



