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Dedicated to Richard Heck who let fly the first arrow of transition-metal-catalyzed reactions for organic synthesis

Abstract: Nap-Phos, representing a new naphthyl-phenyl biaryl-
type phosphine ligand class and available by a short synthesis (4
steps, 71% overall yield), effectively catalyzes the Suzuki—Miyaura
(including highly hindered cases), hydrodehal ogenation, and Heck
reactions.
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In the last decade, the inspiration gained from the discov-
eries of the now-eminent transition-metal-catalyzed name
reactions! has been translated into extensive application to
synthetic problems, especially in pharmaceutical industry
practice? and has witnessed increased mechanistic under-
standing,’¢ to further drive the development of highly
active and selective catalysts.

Recognition that ligand variation constitutes the most
powerful tool in deriving the new catalytic advantage® has
resulted in a continuous superfluity of reports aimed to ex-
plore and exploit the subtle crosstalk between steric and
electronic parameters which determine the properties of
the catayst. In the growing catalogue of available
ligands, the phosphine-based systems are dominant,*
arguably followed by the N-heterocyclic carbenes;® how-
ever, a variety of others are being developed, including
ligandless protocols.®

Although ‘no universal guidelines “° as yet exist for phos-
phine ligands, insight into the critical contributions of
steric bulk and electron-donating ability of the ligand on
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Figurel Some effective ligands for the Suzuki—-Miyaura reaction.
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catalytic activity is emerging’ concurrently with wide-
ranging application, especially with respect to the Suzuki—
Miyaura methodology.? Thus, at the forefront of current
work, ligands such as S-Phos,® X-Phos,® and Cy-MAP°
(Figure1l) display high catalytic activity in Suzuki—
Miyaura reactions of hindered biaryls even at room tem-
perature and extremely low (ppm) catalyst loading.

We report on the design and synthesis of a new monoden-
tate P-ligand (Nap-Phos, 7) and its application to the
Suzuki—Miyaura, hydrodehalogenation, and Heck reac-
tions. Of the approximately 60 known biaryl phosphines
frameworks,* Nap-Phosis, to the best of our knowledge,
the first mixed naphthyl-phenyl P-ligand and is prepared
by non-metalation/metal—halogen exchange routes. Our
results, by implication, support concurring evidence of the
importance of bulk and electronic criteriain the P-ligand
structure and provide a new basis for future ligand devel-
opment for transition metal catalysis.

Cognizant of the difficulties associated with the construc-
tion of unsymmetrical, hindered ortho-substituted biaryl
P-ligand cores by direct coupling reactions,*6210 we
sought, in our approach to Nap-Phos (7), an effective
short synthesis whose accent was on the introduction of
ortho-P-functionality by a non-coupling route'® subse-
guent to aryl—aryl bond formation. In addition, a process,
which was based on commercia starting materials and
amenabl e to scale-up, was aspired.

Thus (Scheme 1), treatment (1 mmol scale) of naphtho-
quinone (1la) and 2-bromonaphthoquinone (1b) under
oxidative Heck! and Suzuki® conditions with the boronic
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Schemel Thesynthesisof Nap-Phos(7) in 4 stepsand 71% overall
yield.

acid 2 gave the aryl naphthoquinone 3 in 30% and 98%
yields, respectively, from commercialy available materi-
as. The Suzuki conditions furnished 3 in 77% yield on a
preparative (15 mmol) scale. Treatment with dicyclohex-
ylphosphine oxide in the presence of DBU?? afforded the
phosphine oxide (4, 82% yield),*® which was precipitated
from the reaction mixture with pentane and used without
additional purification. Methylation under mild condi-
tions afforded the dimethyl ether phosphinoxide 5 in
guantitative yield. Attemptsto reduce 5 to the correspond-
ing phosphine, with the intent to investigate its ligand
properties, failed but provided a remarkable result.

Under conventional HSICI,/Et;N conditions,'® the de-
methylated product 6 was obtained, likely the result of
phosphinoxide—-HSiCl, coordination followed by hydride
reductive cleavage.’* Compound 6 resisted reduction to
the corresponding phosphine by several established pro-
cedures.™ To circumvent this difficulty, the 1-OMe group
was cleaved by taking advantage of the presumed coordi-
nation effect. Thus, treatment of 5 with Ti(i-PrO), and
(EtO);SiH to derivetitanium hydridein situ'® afforded the
corresponding 1-desmethoxy compound (81% yield)
which, upon standard reduction with HSiCl4/Et;N, gave 7
in 71% overall yield from the phosphinoxide 5.

Results of Suzuki—Miyaura cross-coupling reactions us-
ing Nap-Phos (7) are summarized in Table 1. For unhin-
dered cross-couplings, excellent yields of biaryl products

were obtained at somewhat above ambient temperatures,
even for unactivated aryl chlorides'”?? (entries 1 and 2).
As expected from previous results® more hindered cou-
pling partners require higher temperatures, aprotic sol-
vents, and higher ligand loading (entries 3-8). These
reaction conditions were optimized for the coupling of
2,6-dimethylbromobenzene with 2,4,6-trimethylphenyl
boronic acid (entry 3) using 5:1 ratio of ligand:[Pd] at
150 °C. These conditions proved aso effective for an
unactivated heterocyclic bromide (entry 9). Of significant
note, due to the connection to directed ortho-metalation
(DoM) chemistry,*® the high-yield coupling of a highly
hindered benzamide was achieved (entry 8).%°

In a second application of Nap-Phos, aryl bromide
hydrodebromination, a fundamental synthetic reaction of
considerable environmental relevance,®®¢ has been de-
monstrated. The above Suzuki coupling results indicating
the ready activation of the carbon—halogen bond by the
Nap-Phos-Pd catalyst are reflected in facile hydrode-
bromination (Table2): quantitative yields of products
were observed in 40-100 °C temperature ranges using 2
mol % of [Pd]-ligand (1:1) catalyst precursor. Interesting-
ly (entry 4), deuteriodehal ogenation using excess CD;0OD
and H,O isinefficient at 40 °C but suggests hydride trans-
fer with concomitant formation of formaldehyde.

In another preliminary study, the application of Nap-Phos
in the venerable Heck reaction®?? has also been realized
(Table 3). Thus, using typical Heck reaction conditions,?
products are obtained even for sterically hindered and
deactivated aryl bromides (entries 1 and 2) and ortho-sub-
stituted aromatics and heteroaromatics (entries 3-5)
derived by DoM tactics.'®

In conclusion, the efficacy of the first mixed naphthyl-
phenyl ligand, Nap-Phos (7) in Suzuki—-Miyaura, hy-
drodebromination, and Heck reactions has been demon-
strated. In the Suzuki protocol, Nap-Phos appears to be of
similar high activity to the current benchmark, S-Phos and
gives comparable results?® for difficult cases (entries 2—7,
Table 1). Moreover, highly substituted sterically hindered
bromo benzamides'® (entry 8) and deactivated hetero-
aromatic bromides (entries 9) afford excellent yields of
coupled products. The new catalytic reductive hydro-
debromination methodology provides an effective and
simple aternative to traditional, generally more harsh,
procedures.?*® The biaryl amide Suzuki (entry 8,
Table1) and Heck (entries 3-5, Table 3) products are
retrosynthetically related to DoM chemistry,'® a fact
which invites further synthetic exploration. Further
studies of Nap-Phos (7) and related new ligands is in
progress.?*

Dicyclohexyl[4-methoxy-3-(2-methoxyphenyl)naphth-2-
yl]phosphinoxide

A dried Schlenk tube containing a magnetic stirring bar was
charged with 5 (3.92 g, 7.7 mmol) and anhyd THF (50 mL). The
flask was capped with a rubber septum and evacuated and back-
filled with argon. This sequence was repeated three times. Then
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Tablel Suzuki-Miyaura Cross-Coupling Reaction Using Nap-Phos (7)
[Pddbag] (1 mol%)
% (HO):B_~ 7 (10 mol%)
| > S | K3POy4 (4 equiv), PhMe
Hal R! 150 °C, 18 h
Entry Ar-Hal Ar-B(OH), Product Yield (%)
NC,
NG OMe
1 98P, 98Pc
OMe PMe (98)°
Br (Cl) BOH): Q OMe
Me
) O Me 98b
Me Me Me (98)b
Br (Cl) B(OH), Me
Me Me
o
3 Q @ ’i 76
Me Me
Me Me Me O
Br B(OH), Me Me
Me
OMe
4 @ @\ 70
Me Me MeO OMe O
Me
Br B(OH)2 MeG
Me
O OMe
; L 5 n
Me Me OMe Me
Br B(OH); O
: 90 O e
OMe OMe OMe
Br B(OH), L,
7 OO OMe 624
OMe MeO OMe
Br B(OH), MeO O
MeO
OMe OMe
MeO oM
8 MeO OMe ©\ ¢ O ¢ ogd
OMe
Br B(OH), Et,N(O)C O
2
Et,N(O)C MeG
HeptO
o
; o 9 =
N_ .= OMe

B(OH),

2|solated yields obtained after silicagel chromatography or micro distillation. Products of the reactions of entries 2—4 contain about 4 mol%

of boronic acid homocoupling by-products according to GC-MS.
b Conditions: Pd(OAc), (2 mol%), Nap-Phos (7, 2 mol%), K ;PO,-H,0, anhyd MeOH, 40 °C.
¢ DMF as solvent, 40 °C.

4 Mesitylene as solvent, 150 °C.
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Table2 Catalytic Hydrodeha ogenation Using Nap-Phos (7)

R Pd(OACc), (2 mol%) R
| > 7 (2 mol%) | >
T K3PO4-H,0, MeOH &
16 h, 40 °C
Entry Ar—Ha Product Yield (%)

uant?
Me/©\ Me g
1L
quant
OMe X OMe

e

[N
<
<
©

Br

b

Br

OMe OMe
MeO. OMe MeO OMe b
3 guant
Br
Et,N(O)C Et,N(O)C

* \(ES\( \réY quanta

Br

OMe OMe

40°

(6]
z
D

d
w 0
=
D
z
D
d
o 0
Z
D

Et,N(0)C Et,N(0)C

2Yield based on GC-MS andlysis.

b Reaction at 100 °C.

¢ When CD30D or CD;0OH was used as solvent at 40 °C, the corre-
sponding deuterated product was obtained in 40% yield with above
95% d;-incorporation (NMR analysis).

HSi(OEt,)* (18.0 g, 20 mL, 108 mmol) and Ti(i-PrO), (4.4 g, 4.6
mL, 16 mmol) were sequentially added through the septum, and the
reaction mixture was slowly heated to 100 °C with vigorous stirring
during which time pyrophoric SiH, was liberated. Caution: SiH, is
apyrophoric gas and should be diluted at the outlet with argon. The
septum was replaced with a glass cap, the tube was sealed, and the
reaction mixture was vigoroudly stirred and heated at 100-110 °C
until 5 was almost completely consumed (3P NMR analysis). After
cooling to r.t., the mixture was evaporated under high vacuum, the
resulting solid residue was impregnated with silicagel (6 g) and the
material was subjected to column chromatography (40:1 hexane—
EtOAc to 5:3:0.2 hexane-EtOAc—-MeOH as eluents) to give 5
(0.08 g, 2%), 6 (0.04 g, 1%), dicyclohexyl[4-methoxy-3-(2-meth-
oxyphenyl)naphth-2-yl]phosphinoxide (3.0 g, 81%), and 7 (0.18 g,
5%). Pure dicyclohexyl[4-methoxy-3-(2-methoxyphenyl)naphth-2-
yl]phosphinoxide was obtained by recrystallization from hexane—
EtOAc, colourless crystals, mp 197-198 °C. 3P NMR (162 MHz,
CDCly): & = 48.3. *H NMR (400 MHz, CDCl,): = 855 (d, 1 H,
J=12.1Hz), 807 (d, 1 H, J=8.1 Hz), 8.02 (d, 1 H, J=8.1 Hz),
7.61(~t,1H,J=ca 7.9Hz), 7.57 (~t, 1H,J=ca 7.6 Hz), 7.48 (~t,
1H,J=ca 76Hz),7.18(d,1H,J=71Hz),708(t 1H,J=7.1
Hz),7.02(d, 1H,J=8.0Hz),3.75 (s, 3H), 3.63 (s, 3H), 1.94-0.97
(m, 22 H). 3C NMR (100 MHz, CDCly): § = 157.6, 154.4 (d, 1 C,
Jep =12.4 Hz), 133.5(d, 1 C, J.» = 12.4 HZz), 132.0 (d, 1 C,
Jep = 5.1 HZ), 131.2, 130.2 (d, 1 C, Jcp = 79.8 Hz), 129.9, 129.3,
129.0(d, 1 C, Jo p = 2.2Hz), 127.7,127.3(d, 1 C, J-_» = 10.3 H2),

Table3 Heck Reaction Using Nap-Phos (7)

Pd,(dba)s (2 mol%)
o}
Ar-Hal + /\f

7 (2-5 mol%)
OMe Cs,CO3 (2 equiv)

dioxane, 110 °C, 16 h OMe
Entry Ar—Ha Product Yield
(%)

U
(0]

3 Br 84
o)\NEt2
!
© LR -
N
~ 0~ TNEt,
o)
[
OMe
5 o 42
o
07 NER, (|)|//o
S
0”7 NEt,

3E:Z = 4.3:1 as determined by GC-MS and *H NMR analysis.

126.7,126.0(d, 1 C, Jo » = 2.2 Hz), 122.5, 120.0, 110.4, 61.7, 55.3,
379(d,1C, J.»=66.5Hz), 37.8 (d, 1 C, J-p = 65.1 Hz), 27.02,
26.99, 26.92, 26.89, 26.82, 26.69, 26.59, 26.57, 26.51, 26.46, 26.38,
26.28, 26.25, 25.77, 25.63, 25.59. IR (film): 1172, 1105 (P=0)
cm™. HRMS (El): m/z caled for CyH4,04P: 476.2480; found:
476.2475.

Dicyclohexyl[4-methoxy-3-(2-methoxyphenyl)naphth-2-
yl]phosphine (7)

To adtirred solution of dicyclohexyl[4-methoxy-3-(2-methoxyphe-
nyl)naphth-2-yl]phosphinoxide (3.5 g, 6.9 mmol) in degassed tolu-
ene (100 mL) under argon was sequentially added Et;N (50 mL) and
HSiCl; (6.7 g, 5 mL, 50 mmol). The flask was sealed and the mix-
ture was stirred and heated at 80 °C for 1618 h (the completion of
the reaction was ascertained by 3P NMR analysis). After cooling to
r.t., toluene (100 mL) and then 30% agq NaOH (50 mL) were added
under vigorous stirring. After 20 min, the organic layer was separat-
ed, dried (Na,SO,), and concentrated in vacuo to give a residue
which was purified by column chromatography (40:1 hexane—
EtOAc aseluent) to give 7 (2.6 g, 77% yield) asapale yellow solid
which undergoes slow oxidation in air. 3P NMR (162 MHz, CsDy):
8 =-10.2. 'H NMR (400 MHz, CsDg): § =8.35(d, 1 H, J = 8.1 Hz),
8.10,7.85(d, 1 H,J=8.1Hz), 7.52 (d, 1 H, J=7.1Hz), 7.44-7.36
(m, 3H), 714 (~t,1H, J=ca 7.5Hz), 6.82 (d, 1 H, J=8.1 Hz),
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356 (s, 3 H), 3.50 (s, 3 H), 2.35-0.93 (m, 22 H). 3C NMR (100
MHz, C4Dg): 6 = 157.5, 154.1 (d, 1 C, J- » = 8.8 Hz), 136.3(d, 1.C,
Jop = 22.0Hz), 135.2(d, 1 C, Jo_p = 32.2 Hz), 134.1, 133.2(d, 1.C,
Jop = 2.1 Hz), 128.9, 128.8, 128.3, 128.2 (d, 1 C, Jop = 2.9 Hz),
128.1, 126.2 (d, 1 C, J.p = 14.6 Hz), 122.8, 119.8, 110.1, 60.6,
54.5,35.2(d, 1 C, Jop = 144.9Hz), 35.0 (d, 1 C, J_p = 144.2 H2),
30.9, 30.7, 30.32, 30.27, 30.18, 30.09, 29.23, 29.15, 27.57, 27.50,
27.44, 2743, 27.39, 27.35, 27.28, 26.86, 26.85, 26.49. HRMS
(ESI): m/z caled for CyyH4,0,P + [H*]: 461.2609; found: 461.2588.

In a simple procedure, the mixture obtained in the preparation of
dicyclohexyl[4-methoxy-3-(2-methoxyphenyl)naphth-2-yl] phos-
phinoxide as described above, after fast filtration through a plug of
silica gel, was subjected to directly to the HSICl,/Et;N/PhMe/
80 °C/18 h conditionsto give, after normal work-up, 7in 90%yield.

Suzuki-Miyaura Cross-Coupling Reaction — General
Procedure

A Schlenk tube containing a magnetic stirring bar, powdered
K3PO,-H,0 (3 mmol, 3 equiv), aryl boronic acid (2 mmol, 2 equiv)
and MeOH (4 mL) was capped with a glass stopper and then evac-
uated and backfilled with argon. This sequence was repeated three
times. Theary! halide (1.0 mmol, 1.0 equiv; aryl halideswhich were
solids at r.t. were added as sat. solutionsin MeOH or C;Hg) and a
solution of ligand 7 (0.02 mmol, 0.02 equiv) in CgHg (0.2 mL) were
then added followed by a solution of Pd(OAc), (0.02 mmol, 0.02
equiv) in MeOH (1 mL). After 10 min, the reaction mixture was
heated at 40 °C with stirring until the aryl halide was completely
consumed as judged by GC analysis but not longer then 18 h. The
reaction mixture was cooled to r.t., diluted with H,O (20 mL), and
extracted with CH,Cl, (2 x 15 mL). The organic extract was dried
(Na,SO,) and concentrated in vacuo, and the crude material ob-
tained was purified by flash chromatography on silicagel.

Suzuki—-Miyaura Cross-Coupling Reaction —Hindered
Aromatics

The above cross coupling procedure was used with the following
changes: anhyd K;PO, (3 equiv) was used in lieu of K;PO,-H,0,
Pd,(dba); (2 mol%) was employed instead of a solution of
Pd(OAc),, a 5:1 ligand{Pd] ratio was applied, and reaction was
carriedoutin 1,3,5-Me;CzH; or 1,4-Me,CgH, or PhMeat 150 °Cfor
18 h.

Hydrodehalogenation Reaction

The general procedure for the cross coupling reaction described
above was used with the exclusion of the aryl boronic acid as fol-
lows: K;3PO,-H,0 (3 mmal, 3 equiv), and MeOH (4 mL) aryl halide
(2.0 mmol, 1.0 equiv), ligand 7 (0.02 mmol, 0.02 equiv) in C¢Hg
(0.2 mL), Pd(OAc), (0.02 mmol, 0.02 equiv) in MeOH (1 mL),
40°C, 18 h.

Heck Reaction

The general procedure for the cross-coupling reaction was used
with the following changes in reagents: anhyd Cs,CO; (3 equiv)
was used in lieu of K;PO,-H,0, methyl acrylate (2 equiv) was used
instead of the boronic acid, Pd,(dba); (1 mol%) was used instead of
asolution of Pd(OAC),, a2:1 ligand-{Pd] ratio was employed, and
reaction was carried out in dry dioxane at 150 °C for 18 h or at
200 °C under MW irradiation for 1 h.
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