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ABSTRACT

B(OH), 0.02-1% Pd-L

=
RE )N KO
+ [ =R toluene
=
Cl 100 °C
and heteroaryl-Cl

up to 99% yield R'=_Ph, Cy, ,‘_pr\
R & R% = Me, MeO, NH,, COOMe, C(O)Me, py R'=2-Me, 2-Me0, 4-Me

This study describes a new class of easily accessible indolyl phosphine ligands, prepared via an efficient protocol involving Fischer indolization
from readily available phenylhydrazine and substituted acetophenones. This versatile ligand scaffold provides beneficial features, including
high potential of steric and electronic tunability. The air-stable indolyl phosphines in combination with a palladium metal precursor provide
highly effective catalysts for Suzuki —Miyaura coupling of unactivated aryl chlorides, and the catalyst loading down to 0.02 mol % can be
achieved.

Transition-metal-catalyzed cross-coupling reactions havethe reactions. Hence, the strategic design of ligands with
become an extremely versatile protocol in organic synthesisappropriate steric/electronic natures and great diversity is
for the connection of two different fragments via the crucial in dealing with challenging and problematic substrates
formation of either carboncarbon and/or carberhetero- in this area.

atom bondg.More specifically, the SuzukiMiyaura reac- Recently, various observations and comments have been
tion represents one of the most powerful methods for the made that palladium complexes derived from sterically bulky
construction of diversified biaryls, and they have a myriad and electron-rich phosphines are effective catalysts foEC—
of applications in pharmaceutical, material, and agricultural bond coupling processes from aryl chloridds. particular,
chemistry? It has been recognized that the ligand employed the Pt-By by Fu* and Koie$ the ferrocenyl-based dialkyl-

in these processes has significant impact on the outcome ofphosphines by Hartwif the elegantly designed biphenyl-
based dialkylphosphines by Buchwdldnd the heteroaro-
matic dialkylphosphines by Bellérare highly versatile

(1) (@) de Meijere, A., Diederich, F., Edd#4etal-Catalyzed Cross-
Coupling Reactions2nd ed.; Wiley-VCH: Weinheim, Germany, 2004;
Vols. 1 and 2. (b) Beller, M.; Bolm, CTransition Metals for Organic
Synthesis, Building Blocks and Fine Chemicasd ed.; Wiley-VCH: (2) (@) King, A. O.; Yasuda, N. I@rganometallics in Process Chemistry
Weinheim, Germany, 2004; Vols. 1 and 2. (c) Nigeshi, E., Handbook Larsen, R. D., Ed.; Springer-Verlag: Berlin, Heidelberg, 2004; pp-205
of Organopalladium for Organic SynthesWiley-Interscience: New York, 245. (b) Miyaura, N.Top. Curr. Chem2002,219, 11. (c) Suzuki, A. In
2002; Vols. 1 and 2. (d) Tsuji, Palladium Reagents and Catalysts, 2nd Modern Arene Chemistry; Astruc, D., Ed.; Wiley-VCH: Weinheim,

ed.; Wiley: Chichester, 2004. (e) Yin, L. X.; LiebscherChem. Re. 2007, Germany, 2002; pp 53106. (d) Suzuki, AJ. Organomet. Chen2002,
107, 133. (f) Corbet, J.-P.; Mignani, @hem. Re»2006,106, 2651. (9) 653, 54.

Roglans, A.; Pla-Quintana, A.; Moreno-Manas, @hem. Re»2006,106, (3) For a pertinent review, see: Littke, A. F.; Fu, G.Ahgew. Chem.,
4622. (h) Molander, G A.; Ellis, NAcc. Chem. Re007,40, 275. Int. Ed.2002,41, 4176.
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Although a variety of ligands have been introduced, the
rapid assembly of structurally diverse ligand systems via sim-

ﬂ\ & v ple synthetic methods is still important for the development
=y iy N PR TN of versatile catalysts for widespread applications of couplin
Pt-Bus Fe PRe (\ NR . Y P pp . ping
P}‘/@j’;h R R=Cy.tBu [[ Lg N reactions. Herein, we report a new class of indolyl-type
Ph . ’ -5 . . . . .
Fugroup & Ph O R'=NMez H R_g . R = alkyls phosphine ligands (Figure 2), which can be directly prepared
Koie group  Hariwig group Buchwald group Be-I[eryg’riug \éfgﬁ%de

Figure 1. Recent developments on phosphorus ligands.

[ Offers extra tunability. ﬂ Offers potential of steric

. . . . . . Provides ortho-steric and electronic fine tuning.
(Figure 1). Moreover, phosphine ligands with hemilabile hinderance by indolyl

coordinating ability have been reported to be effective in  scaffold. A
. . . . Minimizes ortho-steric .
coupling reactions with low catalyst loadifig. hinderance by pyrrolyl R

Among various supporting ligands reported, phosphorus &l TN 7
donor ligands that possess-R bonds in the ligand scaffold
remain sporadically studied.In fact, aminophosphines can
be conveniently prepared from the deprotonation of amine
followed by quenching with chlorophosphine. The unique
electron-donating capability of these ligands reported by
Woollins and co-worket$ showed that phosphine containing
N—P bound amino groups could provide an unusually

electron-richo-donor character on the phosphorus atom. indole synthesis. This diversified ligand scaffold offers

Recently, Verkade reported the triaminophosphine, pro- . S . .
azaphosphatranes (Figure 1), which were synthesized by theremarkably high tunability in both steric and electronic

; o - R properties.
rgactlon of trlamlng V\.”t? P(NMgs at 175°C for. 48 h tq We designed this new class of ligand based on several
give a colorless liquid? These conceptually interesting

lioands are effective in cross-counling reactidhs strategic points: (1) the starting materials should be inex-
9 pling ' pensive and readily available; (2) the ligand synthesis should

(4) For selected references, see: (a) Littke, A. F.; Dai, C.; Fu, G. C. be simple and straightforward (an elimination of metal/

Am. Chem. So@00Q 122, 4020. (b) Netherton, M. R.; Dai, C.; Neuschiitz, halogen exchange (from ArBr or Arl) would be even more

K.; Fu, G. C.J. Am. Chem. So@001,123, 10099. (c) Kirchhoff, J. H.. advantageous); (3) the ligand diversity should be easily
Netherton, M. R.; Hills, I. D.; Fu, G. CJ. Am. Chem. SoQ002, 124, ibl d should . | id hiah | | of
13662. (d) Kudo, N.; Perseghini, M.; Fu, G. 8ngew. Chem., Int. Ed.  accessible and should conveniently provide a high level o

2006,45, 1282. _ steric and electronic fine-tuning.
61§5) Nishiyama, M.. Yamamoto, T.; Koie, etrahedron Lett1998 39, To fulfill the above criteria, we chose the commercially

(6) For selected references, see: (a) Stambuli, J. P.; Kuwano, R.; Hartwig, available and inexpensive phenylhydrazine and acetophe-
J. F.Angew. Chem., Int. EQR002,41, 4746.(b) Kataoka, N.; Shelby, Q.; - i _
Stambuli, J. P.; Hartwig, J. B. Org. Chem2002,67, 5553. r?O.neS as the precursors.. 2 Aryl!ndOIe ScaffOId.S Were ef

(7) For selected references, see: (a) Wolfe, J. P.; Tomori, H.: Sadighi, ficiently synthesized by Fischer indole synthesis in good
J. P.;Yin, J.; Buchwald, S. LJ. Org. Chem2000,65, 1158. (b) Yin, J; yields (Scheme 1). Notably, the modified Fischer indolization
Rainka, M. P.; Zhang, X.; Buchwald, S. 0. Am. Chem. So002,124,
1162. (c) Nguyen, H. N.; Huang, X.; Buchwald, S.1.Am. Chem. Soc.
2003, 125, 11818. (d) Walker, S. D.; Barder, T. E.; Martinelli, J. R;;
Buchwald, S. LAngew. Chem., Int. EQ004,43, 1871. (e) Barder, T. E.; 3 3 o
Walker, S. D.; Martinelli, J. R.; Buchwald, S. 0. Am. Chem. So@005, Scheme 1. Synthetic Protocol for Diversified Indolyl
127, 4685. (f) Billingsley, K. L.; Anderson, K. W.; Buchwald, S. Angew. Phosphines
Chem., Int. Ed2006,45, 3484. (g) Billingsley, K.; Buchwald, S. 0. Am.

E.g. R=Ph, Cy, #-Bu.

Offers high potential of
ligand tunability.

E.g. steric and electronic properties, by
the incorporation of different aryl rings.

Figure 2. Proposed ligand design with high potential of tunability.

from commercially available 2-phenylindole (1a). Further
derivatization of this ligand can be easily achieved by Fischer

Chem. Soc2007,129, 3358.
(8) For selected references, see: (a) Zapf, A.; Jackstell, R.; Rataboul, ©\
F.; Reirmeier, T.; Monsees, A.; Fuhrmann, C.; Shaikh, N.; Dingerdissen, N” " 2 Fischer-Indole
U.; Beller, M.Chem. Commur2004 38. (b) Harkal, S.; Rataboul, F.; Zapf, s H Synthesis
A.; Fuhrmann, C.; Reirmeier, T.; Monsees, A.; Beller,Adlz. Synth. Catal o 71-79%
2004 346, 1742. For areview, see: (c) Zapf, A.; Beller, @hem. Commun >_</:\\
2005, 431. Mg =
(9) (&) Kwong, F. Y.; Lam, W. H.; Yeung, C. H.; Chan, K. S.; Chan, A.
S. C.Chem. CommurR004, 1922. (b) Bei, X.; Turner, H. W.; Weinberg,
W. H.; Guram, A. S.; Petersen, J. . Org. Chem1999,64, 6797.
(10) (a) Clarke, M. L.; Cole-Hamilton, D. J.; Woollins, J. D. Chem.
Soc., Dalton Tran2001, 2721. (b) Schareina, T.; Kempe Ahgew. Chem.,
Int. Ed.2002 41, 1521 (c) Cheng, J.; Wang, F.; Xu, J.-H.; Pan, Y.; Zhang, 2f,
Z. Tetrahedron Lett2003,44, 7095. (d) Cho, S.-D.; Kim, H.-K.; Yim,
H.-s.; Kim, M.-R.; Lee, J.-K.; Kim, J.-J.; Yoon, Y.-Tetrahedron2007,
63, 1345. ) o ) )
(11) Clarke, M. L.; Cole-Hamilton, D. J.; Slawin, A. M. Z; Woollins, J.  was successful in synthesizing sterically hindered 2
D. Chem. Commur2000, 2065. substituted 2-arylindole’$.The straightforward deprotonation
(12) (a) Urgaonkar, S.; Nagarajan, M.; Verkade, JT€rahedron Lett. ry : g p
2002,43, 8921. (b) Urgaonkar, S.; Xu, J.-H.; Verkade, JJB0rg. Chem
2003,68, 8416. (c) Kingston, J. V.; Verkade, J. &.Org. Chem2007, (13) For reviews, see: (a) Verkade, J. Tap. Curr. Chem2002,233,
72, 2816. 1. (b) Urgaonkar, S.; Verkade, J. Gpecialty Chem2006,26, 36.
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of 2-arylindole 1 by n-BuLi and trapping the lithiated prepared ligan@d and2e. These ligands, bearing artho-
intermediate by CIPRafforded the corresponding indolyl substituted group on the bottom ring, displayed exceedingly
phosphines2 in excellent yields (Scheme 1). Essentially high activity in the Suzuki-Miyaura reaction of aryl chloride
complete conversion was observed that highlighted the easgentries 5 and 6). A 93% yield was observed when the
of purification by single crystallization. Particularly note- catalyst loading was lowered to 0.2 mol % (entry 8).
worthy is that this class of ligand exhibits high air stability Moreover, ligands withortho-substituents on the aryl ring

in both solid and solution statés. showed high activity to the sterically congested 2-chloro-
To evaluate the effectiveness of the new ligand series, wetoluene (entries 11 and 12).
chosep-chlorotoluene8aand phenylboronic acidaas model In addition to ligand optimizations, several bases, such as

substrates in the prototypical reaction (Table 1); 0.5 mol % KsPQi, CCO;, CsF, and K®Bu, were examined in the
presence of ligan@b. KsPO, was found to be the base of

choice for this catalytic system.
. T A range of aryl chlorides was examined using the
Table 1. Effectiveness of the Indolyl Phosphine Liga#d preliminary optimized reaction conditions (Table 2). Steri-

B(OH), 0.2-1%PdL = cally hindered aryl chlorides were coupled with arylboronic
4 1
RL KaPO4 R | -
N toluene N
Cl 100 °C

acid in excellent yields (entries-21). Functional groups, such

3a,3b  4a Ligand2 Ar
Table 2. Pd-Catalyzed Suzuki—Miyaura Coupling of AfCl
entry % Pd° ligand 2, Ar, R ArCLLR' % yield® B(OH), 0.02-1% Pd-2e
1 1 2a, Ph, Ph 4-Me ~2 R1—i | N KsPO4
2 1 2b, Ph, Cy 4-Me 93 L TR toluene
3 1 2¢, Ph, i-Pr 4-Me 73 ° . °C
4 1 2g, H, Cy 4-Me 55 ) —
5 1 2d, 2-MeCgHy, Cy 4-Me >99 entry ArCl Ar'B(OH), mol % Pd % yield
6 1 2e, 2-MeOCgHy4, Cy 4-Me >99 o
7 1 2f, 4-MeCgH,, Cy 4-Me 87 Q o) 2B/© Me S %
8 0.2 2e, 2-MeOCgHy, Cy 4-Me 93 Me
9d 0.2 2d, 2-MeCgHy, Cy 4-Me 84 @Me @ 02% 95
104 0.2 2e, 2-MeOCgHy, Cy 4-Me 91 o (HOB 24h
114 0.2 2d, 2-MeCeHy, Cy 2-Me 96 Ve Me Me
120 02 2 2-MeOCeH;, Cy  2-Me 88 @ O Me o
aReaction conditions: ArCl/PhB(ORK3PO, = 1:1.5:3; Pd(OAcyL cl
= 14 100°C for 24 h n toluene (2 mL) Lnder\® Mol % of Pd (rom /@ Me o
Pcb(dba)) with respect to ArCI¢ GC yields. =1:2. E;[ tons e
Me Me
L . . . . Q, 0.05% 98
of Pdy(dba) was initially applied in probing the ligand )b\ :@ 16h
efficiency. Ligand2a with a diphenylphosphino moiety (HO)B Ph
apparently provided no conversion, while the dicyclohexyl- @\ (HO),B O Me 00s% 85
phosphino and diisopropylphosphino analog@sand2c, j@ HeN O 24h
respectively, showed good to excellent catalytic activity B0 o
(entries 1—3). However, ligangg without the bottom Ar )k©\ C o Me O ‘ 01% o
ring showed significantly lower conversion (entry 4). These O 16h

comparative results demonstrated the crucial role of the aryl MeOOC
ring directly attached to the 2-position of the indole scaffold. g *°°°
The enhanced catalytic activity of these ligandb ¢s 2Q)

may due to the effect from the bottom aryl ring, which

Me
provides both steric bulkiness to the ligand and the potential Q MeO O O Mt o7

96

z

[

= NO
[0} =
>R

X

S (Ho),B

=
@
o
>
=

metal-arener-interaction to the metal compléXTo inves- MeOOC
tigate the structural/catalytic activity effect of the ligand, we Me
(HO).B
\©\ \© MeO 05% 95

(14) There are no literature reports on the direct Fischer indolization in 24h
accessing ‘2substituted 2-arylindoles. Alternatively, these sterically hindered B(OH), NC.
indole templates can be prepared by transition-metal-catalyzed coupling ,, \©\ O ‘ 0.05% 96
methods, from indole €H activation (at the 2-position) with aryl halides. OO 16h

(15) There were no detectable phosphine oxide signaedfom 3P O
NMR when the solid-form ligand was allowed to stand either under air for
5 days or in solution-form for at least 5 days. In contrastBB; has been @Reaction conditions: ArCI/ArB(OHJK3sPO, = 1:1.5:3; Pd/L= 1:4,
shown to be destroyed in air within 2 h; see ref 7a. toluene (2 mL) under B mol % of Pd (from Pg(dba)) with respect to

(16) For metal-arena-interaction, see: (a) Reid, S. M.; Boyle, R. C.;  ArCl. PIsolated yields.
Mague, J. T.; Fink, M. JJ. Am. Chem. SoQ003,125, 7816. (b) Ref 7d.
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Table 3. Pd-Catalyzed Suzuki—Miyaura Coupling of
Heteroaryl and Alkenyl Chloride with Aryl or Alkylboronic
Acid?

S
B(OH), 0.025-1.0% Pd-2e [ —LR2
=
R1Q, N KsPO4 Z
* | —R? toluene N
Cl 100 °C | R
S
, \ k/s
entry  Het-ArCl Ar'B(CH), product mol % Pd % vield®
=N Me Me
IS RS WO R
Cl (HO)B \ /7
Me, Me  Me " Me
2 =N - 0.05% 99
(HO),B
\ /¢ \ / 16h
Me Me
Me Me
3 N Cl (HO)B N= 01% 90
\_/ \_/ 16h
Me
Me Me
Me B(OH),
—N =N
4 al ]/ 0.05% 95
Ore QO U
B(OH),
5 1.0% 85
e
o) o
05% ¢

24h
n-Bu

o

6 ME)K©\ Me/\/\B(OH)z Me
Cl

aReaction conditions: ArCI/ArB(OHJK3zPOs = 1:1.5:3; Pd/L= 1:4;
toluene (2 mL) under b mol % of Pd (from Pg(dba)}) with respect to
ArCl. blsolated yields.

as keto, amino, ester, and nitriles, were compatible in these
reaction conditions, and the catalyst loading range from 0.02

to 0.1 mol % of Pd was achieved (Table 2, entrie95nd

2798

11). Deactivated aryl chloride was coupled with boronic acid
in excellent yield (Table 2, entry 10).

Apart from functionalized aryl chlorides, heteroaryl and
alkenyl chlorides were effective substrates for Suzuki
Miyaura coupling (Table 3). In addition, preliminary studies
on the coupling of alkylboronic acid with aryl chloride were
successful (Table 3).

In summary, we have developed a new series of mono-
phosphine ligan@ bearing a diversified indolyl scaffold with
a N—P bound feature. These ligands are readily accessible
and could be easily fine-tuned via Fischer indolization from
various commercially available phenylhydrazine and sub-
stituted acetophenones. Palladium complexes derived from
these N—P type ligands provide comparable and sometimes
better results (e.g., catalyst loading) than present phosphorus
ligands with a N-P moiety for Suzuki-Miyaura coupling
of aryl chlorides. In view of the simplicity of the ligand
synthesis as well as the easy modification of the ligand
skeleton, we anticipate that further enhancements in reactivity
and versatility of the N-P type ligand series will be
attainable.
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