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Pd-Catalyzed P-C Cross-Coupling of Aryl Bromides and Triflates
with Hydroxymethylphosphine Sulfide Derivatives

Hidetoshi Ohta, Qian Xue, and Minoru Hayashi*

Abstract: The development of a versatile process for phosphine  and triflates: Pd(OAc)./gs be highly effective
synthesis has attracted considerable interest because [Scheme 1(b)]. T second-generation
organophosphines are indispensable for organic synthesis.  approach was dem -selective triple coupling
Previously, we developed a Pd-catalyzed P-C coupling reaction for ~ sequence from 1 mmetrically substituted
hydroxymethylphosphine sulfide derivatives with various aryl iodides  triarylphosphine su
as a method for preparing a variety of triarylphosphine derivatives.
However, the catalyst system for aryl iodides did not activate aryl
bromides and triflates, which are more readily available than aryl

produce an u

(a) Previous worl

iodides. Herein, we report a new and effective catalyst system for Arr— Art<l $
the P-C coupling of various aryl bromides and triflates with BzO P _ Pd cat. Pd cat. Ar3’r|J\Ar*
hydroxymethylphosphine sulfides. An application of the new method F RO Ar?

was demonstrated with the sequential synthesis of an
unsymmetrically substituted triarylphosphine sulfide using multiple
couplings of an orthogonally protected precursor.

t. = Pd,(dba)z*CHCla/dppf

b) This work
s Pd(OAc),/dippf
H Ar—Br w/o TBAB

|
P _OH -+ —————— Ph,P-Ar
Ar—OTf DBU

Tertiary phosphines play an important role in organic synthesis
as reagents, organocatalysts, and ligands in transition metal
catalysis."! Therefore, considerable effort has been devote
developing efficient and versatile synthetic methodologie
preparing tertiary phosphines.?””! However, it remains diffi€ult to
introduce several different substituents onto a single ph
atom in a selective manner.®! Previously, we repo
catalyzed deformylative P—C coupling reaction that
stepwise and selective introduction of seve
substituents onto a single phosphorus atom usi
phosphine sulfide 1 with protected a

[:> [ Sequential triple couplings from 1 ]

Scheme 1.%°-C coupling of hydroxymethylphosphine sulfide derivatives.

e 1. Survey of ligands for the coupling of aryl bromides."

0,
hydroxymethyl groups [Scheme 1(a)].”! & S on . émg:oﬁ: E;;S(f‘c)z o E.
triarylphosphine sulfides were easily purified because of t GIENY + ——— 2
o . , loluene
stability and low polarity. They were subsequently converted 2 3a 100 BC, 0.5 h 4a
the corresponding phosphines by reducing the P=S bong."'”
Therefore, the P—C coupling provides g highly versatile me Entry  Ligand Yield Entry  Ligand Yield
for synthesizing a wide range of tria (%] (%]
to the disclosed P-C coupling me t of ]
. - ) 1 Dippf 93 13 PPh; 0
expensive aryl iodides as the coupling P-C
coupling reaction would be morg valuable if less i 2 Dppf 45 14 P(o-tol)s 0
more widely available aryl bro ,
which are readily prepare 3 (S)-(R)-Josiphos 27 15 P(n-Bu)s 0
derivatives, would als 4 Dtbpf 0 16 P(n-Octyl)s 0
both aryl bromides and
iodides and could not b i i 5 (S)~(-)-Binap 33 17 PCy; 0
catalyst, Pdy(dba)s:
. 6 Xantphos 9 18 P(t-Bu)s 0
catalyst P-C coupling of
hydroxymethylph ith various aryl bromides 7 Dppe 0 19 PCy,H 0
8 Dppp 0 20 P(NMe,); 0
[a] . Hayashi
ience and Biotechnology ° Dppb 0 21 JohnPhos 0
nd Engineering
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[a] Reaction conditions: 2 (0.25 mmol), 3a (1.2 eq), Pd(OAc), (2 mol%),
ligand (6 mol%), DBU (2.0 eq), toluene (2.5 mL), 100 °C, 0.5 h. [b] The
formal names and structures of all the ligands can be found in the
Supporting Information. [c] Calculated from the *'P NMR ratio.

In most transition-metal catalyzed reactions, the organic
ligands surrounding a metal center have considerable influence
on catalytic performance."” Therefore, we first investigated the
effect of various ligands in the reaction of 2 with phenyl bromide
(3a) (Table 1). The catalyst generated from Pd(OAc), and dippf
showed high catalytic activity, yielding triphenylphosphine sulfide
(4a) in 93% yield (entry 1). Other ferrocenylphosphine ligands,
dppf and Josiphos, were less effective, yielding 4a in 45% and
27% vyields, respectively (entries 2 and 3). In contrast, the
reaction with dtbpf gave no coupling adduct (entry 4). Binap and
xantphos yielded low amounts of 4a (entries 5 and 6). A wide
selection of other ligands were screened, including bidentate
phosphines (entries 7-12), monodentate phosphines (entries
13-23), and an N-heterocyclic carbene (entry 24), which did not
yield 4a. Thus, we determined that dippf was the best ligand for
the P—C coupling of 2 with 3a.

Next, we optimized the reaction conditions to allow the
reaction to proceed at lower temperatures and Pd loadings
(Table 2). The reaction rates decreased when the temperaturgs
decreased: 4a was obtained in 74% yield at 80 °C and in
yield at 60 °C (entries 1 and 2). In the reaction at 60 J#&%
significant increase in the yield was not observed with longer
reaction time (entry 3), suggesting that the catalytically
species became deactivated. Increasing the amou
from 6 mol% to 8 mol% prevented the reductio
activity, producing 4a almost quantitatively after
Unfortunately, the reaction at 40 °C provided 4
yield, even after 24 h (entry 5). Thus, we Se
reaction temperature at 60 °C. Efficient P-C coupling
Pd loadings was achieved by adjusting the subs

4a was obtained quantitatively by
concentration from 0.1 mol/L to 0.5

quantitative yield (entries 8 and

Table 2. Optimization of €0

S X mol% Pd(OAc
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3 60 12 2 6 01 46

4 60 4 2 “8 0.1 98

5 40 24 2 \ 13

6 60 4 ! l m 39

7 60 4 .N'l 0.5" 99

8 60 2 gy 0.5‘ 0.5 0

9 60 " >99

05 ‘kz At
B Y

th}g\/OH 4 Br Y mol% dippf PhZEO
2 4a
Conc. of 2 Yield
[mol/L] [%]"
0.1 74
0.1 41

[a] Reaction conditio
dippf (Y mol%), DBU

NMR ratio. [c] The reac
mL of toluene. [{ e re
2.0 mL of toluene?

The P-C with various aryl bromides was
investigated (Table 3). In the presence of 1 mol% Pd catalyst, 2
was coupled "th 3a, p-tolyl bromide (3b), and m-tolyl bromide

2 (0.25 mmol), 3a
eq), toluene (2.5

2 eq), Pd(OAc); (X mol%),
. [b] Calculated from the *'P
1.0 mmol scale of 2 with 2.0
d on a 2.0 mmol scale of 2 with

) for 4 produce the corresponding products 4a—4c in
6, 96%, and 97% isolated yields, respectively (entries 1-3).
ally hindered o-tolyl bromide (3d) produced 4d in 71%
fter 24 h (entry 4). The reaction of electron-rich p-anisyl
3e) required a higher reaction temperature (80 °C) and
0l% Pd), providing 4e in 74% yield (entry 5). The
reaction various electron-poor aryl bromides (3f-3j)
possessing 'cyano, formyl, methoxycarbonyl, and nitro groups
yielded 4f—4j in 90-94% yield (entries 6—10). Furthermore, a
heteroaryl bromide, 2-thienyl bromide (3k), was converted to the
onding product (4k) in 92% yield (entry 11). For the
ons of 3a, 3b, 3f, and 3i, a lower catalyst loading (0.5
% Pd) was possible, producing the corresponding products
high yields (entries 1, 2, 6, and 9).

Table 3. P—C coupling of various aryl bromides.!

s 1 mol% Pd(OAc), s
4 mol% dippf thlg—R

th'F"\/OH 4+ Br-R
DBU, toluene, 60

2 3a-l 4a-
Entry R-Br Time [h] Product Yield [%]®
1 Ph- (3a) 4 4a 95 (96)
2 p-CH3-CeHa- (3b) 4 4b 96 (95)
3 m-CHa-CeHa- (3¢) 4 4c 97
4 0-CH;-CgHq- (3d) 24 ad 71
5 p-CH;0-CsH- (3e) 24 4e 741
6 p-NC-CoH,- (3f) 5 af 91 (93)
7 p-OHC-CgH,- (39) 9 4g 90
8 0-OHC-CgH,- (3h) 15 4h 92
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9 p-CH30,C-CgHa- (3i) 5 4 94 (92)
10 p-O,N-CgH,- (3j) 7 4j 91
11 2-Thienyl- (3k) 6 4k 92

[a] Reaction conditions: 2 (0.50-1.0 mmol), 3a-3I (1.2 eq), Pd(OAc), (1
mol%), dippf (4 mol%), DBU (2.0 eq), toluene (2 mL per 1.0 mmol of 2),
60 °C. [b] Isolated yield. [c] The reaction was performed on a 1.6 mmol
scale of 2 with Pd(OAc), (0.5 mol%), dippf (2 mol%), and toluene (1.6 mL).
[d] The reaction was performed on a 0.50 mmol scale of 2 with Pd(OAc), (2
mol%), dippf (8 mol%), and toluene (5 mL) at 80 °C.

We also investigated the P-C coupling of aryl triflates using
the Pd(OAc)./dippf catalyst (Table 4). The addition of a halide
salt was necessary to accomplish the reaction."”? As shown in
entry 1, the reaction of 2 with phenyl triflate (5a) did not occur
without any halide additives (entry 1). By adding LiCl and LiBr,
the coupling reaction proceeded to give 4a in 19% and 44%
yields, respectively (entries 2 and 3). Quantitative formation of
4a was achieved using TBAB as the halide ion source (entry 4).
Furthermore, the Pd loading could be reduced from 2 mol% to 1
mol% by increasing the substrate concentration (entry 5). Under
optimized conditions, various aryl triflates such as 5a, p-tolyl
triflate (5b), p-anisyl triflate (5¢), and p-cyanophenyl triflate (5d)
could be converted to the corresponding products in 91-96%
isolated yields (Table 5).

Table 4. Survey of additives for the coupling of aryl triflates.!

X mol% Pd(OAc),

ﬁ Y mol% dippf
Ph,P.__OH + TfO Z mol% additive
DBU, toluene
2 5a 60EC, 3 h
Entry Additive mol% of cat. Conc. of 2

X Y
1 None
2 LiCl
3 LiBr
4 TBAB
5 TBAB

ol), 5a (1.2 eqM(OAc)z (X mol%),
U (2.0 eq), toluene (4 mL), 60 °C, 3
[c] The reaction was carried out for
24 h. [d] The reaci
of toluene.
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Table 5. P—C coupling of various aryl triflates. @l
1 mol% Pd(OAc),
4

8l% dippf S
BA

'

: AV
A Time [h]‘ Product Yield [%]
~

1 Ph- (5a) 4a 94

2 p-CHa-CoHy- (5‘7 3 ‘~

3 p-CHSO-CGﬂc) 4 ‘ de 96
4 p-NC-CeH‘d) 4 ' af 91

jtionsY 0 mmol .2 eq), Pd(OAc), (1 mol%),
(1 eq), toluene (1.6 mL), 60 °C. [b]

The newly deve C coupling of aryl bromides and
triflates catalyzed by Pd(OAc)./dippf was applied to the stepwise
nthesis of unsymmetrically substituted triarylphosphine
fide fro Scheme 2). With our first-generation catalyst, we
dy showed that 1 can be selectively coupled with various
fodides by selecting the appropriate base [see Scheme
Similarly, the hydroxymethyl group in 1 was successfully
0 a p-tolyl group using P-C coupling with bromide 3b
-mediated conditions described above, providing
ated yield. The obtained 6 reacted efficiently with
3a and 5c in a stepwise and site-selective manner by selecting
the coupling conditions and was finally converted to
|phosphine sulfide 8 via 7 or 9.

dippf (4 mol%),
Isolated yield.

3b s
Pd(OAc)
H 2 P M
(0] dippf BzOv k e
_—
OTBDMS 5 toluene OTBDMS
60 °C 6 (82%)
]
Pd(OAc), B Me  Pd(OAc),
dippf k dippf, TBAB
—_— —
NaOEt, THF OTBDMS CsF, THF
60°C 7(97%) 60°C OMe
6 —| 8 (91%)
5¢ ﬁ, 3a
Pd(OAc), Pd(OAc),
dippf, TBAB MeO FL Me dippf
I ——— OTBDMS = 8(0%)
NaOEt, THF CsF, THF
60 °C 9 (90%) 60 °C

Scheme 2. Sequential triple P-C coupling from 1. Isolated yields are shown in
parentheses. Details of the reaction conditions: see the Supporting Information.

In summary, we have developed the P-C coupling of
hydroxymethylphosphine sulfide derivatives with various aryl
bromides and triflates, which are significantly more accessible
than aryl iodides. The new catalytic system was successfully
applied to the sequential triple coupling of orthogonally protected
precursor 1 to yield an unsymmetrically substituted
triarylphosphine sulfide. Further improvements to our P-C

This article is protected by copyright. All rights reserved.
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1, 1606; k) Y.-L. Zhao, G.-
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Experimental Section L. Zhao, G.-J. Wu, F.-S. Han, Chem. Co > 48, 5868; m) S.
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resulting mixture was extracted with ethyl acetate, and the combined [8]  a) Y. Nishigama, , T. Hosoya, Org. Lett., 2017,
organic layer was dried and evaporated to dryness. The residue was annenberg, R. Paciello, H. Jiao,
purified by column chromatography on silica gel to give the product. 2; c) O. Berger, J.-L. Montchamp,
d., 2013, 52, 11377; d) Z. S. Han, N. Goyal, M. A.
B. Qu, Y. Xu, Z. Li, J. T. Reeves, J.-N.
inberg, H. Lee, H. P. R. Mangunuru, Y. Zhang,
. . J. Song, G. Wang, C. H. Senanayake, J.
Am. Chem. Soc., 2 , 2474; e) Q. Xu, C.-Q. Zhao, L.-B. Han, J.
This work was partially supported by JSPS KAKENHI Grant Am. Chem. Soc., 2008, 130, 12648; f) G. Baccolini, C. Boga, M.

Number JP15H00754 (Grant-in-Aid for Scientific Research on Mazza? J. Org. Chem., 2005, 70, 4774; g) S. Singh, K. M.

Acknowledgements

Innovative Areas “New Polymeric Materials Based on Element- Nicholaggghem. Commun., 1998, 149; h) S. Juge, J. P. Genet,
Blocks (No. 2401)’. We also thank Division of Applied Protein '\Tﬂe’ﬁ"e g” #ef'\f/l 1989, 3‘|1 $783i( Ot Y. Watanabe. Orc. L

. i, T. Mat . . Ohta, Y. Wat . Lett.
Research (APR), the Advanced Research Support Center ayash, atsuura, 1. Tanaka, & atanabe, trg. ~ett,

013, 15, 628.
(ADRES), Ehime University for the measurements of NMR N. L. Kilah, S. B. Wild in Science of Synthesis, Houben-Weyl
spectra.

of Molecular Transformations, Vol. 42, Georg Thieme Verlag,
008, p 618; b) Y. Unoh, Y. Yokoyama, T. Satoh, K. Hirano,

Keywords: P—C Coup”ng . ary| bromide * ary| triflate ¢ M. Mi , Org. Lett., 2016, 18, 5436; c) Y. Akai, T. Yamamoto, Y.

. . . . Nagata, T. Ohmura, M. Suginome, J. Am. Chem. Soc., 2012, 134,
hydroxymethylphosphine sulfide derivatives Pd catalyst
Y Y yip P y 11092; d) M. Yamamura, N. Kano, T. Kawashima, J. Am. Chem. Soc.,

2005, 127, 11954; e) R. Romeo, L. A. Wozniak, C. Chatgilialoglu,
etrahedron Lett., 2000, 41, 9899.

J. F. Hartwig, Organotransition Metal Chemistry: From Bonding to
Catalysis, University Science Books, Sausalito, 2010.

A. H. Roy, J. F. Hartwig, Organometallics, 2004, 23, 194.

[1] a) M. L. Clarke, M. J. Williams in Organophosphorus R
J. Murphy), Oxford University Press, New York, 2004,
G. Gilheany, C. M. Mitchell in The Chemistry of
Compounds, Vol. 1 (Ed.: F. R. Hartley), John Wile:
1990, p 151; c) J. L. Methot, W. R. Roush, Adv. Synth.
346, 1035.
[2] a) E. Hey-Hawkins, A. A. Karasik in Science of Synthesis, Houben
Weyl Methods of Molecular Transformations, Vol. 42, Georg Thjeme
Verlag, Stuttgart, 2008, p 71; b) D. Quin in A Gui
Organophosphorus Chemistry, John Wj Sons, New York, 2|

68.

[3] D. Enders, A. Saint-Dizier, M.-l. Lannou, A.
2006, 29.

[4] a)D. K. Wicht, D. S. Glueck in Eds: A
Togni, H. Gritzmacher), Wil i im, s 143; b) Y.

Okugawa, K. Hiranog M. hem. Int. Ed., 2016, 55,

5 04, 3079.
[5] i : . . -Q. , Z.-L. Wang, RSC

61

entsev, N. E. Borisova, Tetrahedron Lett.,
R. J. Phipps, M. J. Gaunt, J. Am. Chem.
Soc., 2016, 138, X. Chen, Z. Wang, Tetrahedron Lett.,
2016, 57, 3404; g) J. Yang, T. Chen, L.-B. Han, J. Am. Chem. Soc.,

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry 10.1002/ejoc.201701706

WILEY-VCH

Entry for the Table of Contents (Please choose one layout)

COMMUNICATION

4
Hidet hta n Xue, and Minoru

Hayashi
Pd(OAc),/dippf
.PS. o+ G wio TBAB $
PN PLIEN
R R Ar—OTf base R R Ar Cross-Coupling of

d Triflates with
osphine Sulfide

Aryl Bromides

A powerful method for the versatile phosphine synthesis: The P-C coupling of
hydroxymethylphosphine sulfide derivatives with various aryl bromides and triflate
to yield triarylphosphine sulfides has been developed. The new method was

successfully applied to the sequential triple coupling of an orthogonally protected
precursor to give an unsymmetrically substituted triarylphosphine sulfide.
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