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A Highly Active Catalyst for Palladium-Catalyzed Table 1. Catalytic Amination of Aryl Chlorides and Bromides
Cross-Coupling Reactions: Room-Temperature X N I Ve
Suzuki Couplings and Amination of Unactivated Aryl R—Q NGRS e n{j ;1 2
Chlorides L MeN
Nen N R=\; 7\
. -N(nBu), -N(Me)Ph N O
David W. Old, John P. Wolfe, and Stephen L. Buchwald* 1:R=4_h}\;/zj,;95% 05" H;[,_});igct%% . FQ_;EO ot

2: R=4-MeO, X=Cl; 90% 5: R=4-MeO, X=Cl; 95% 9: R=4-CN, X=Cl; 96%°"'
Department of Chemistry 3: R=4-Me, X=Br; 96%°" 6: R=2,5-Me,, X=Cl; 96% [10: R=2.5-Me,, X=Br, 975"
Massachusetts Institute of Technology Nt kMo XoBr 96%%T] T A-a-COMe, XBr;81%7
Cambridge, Massachusetts 02139 R*@”’; 12 At ClOMe, X8 827

"
EN e - n
Receied June 29, 1998 13: R=2,5-Me,, X=CI: 99% Meo/© \©\ME M O% N(H)B

14: R=4-COpMe, X=Cl; 83%" . 17: X=Cl, 89%°+"
5+ 2.6 Mey, X<Br. 86%°" 16: X=Cl, 93%

Palladium-catalyzed €N bond-forming reactions have evolved [__]- Reaction run at 1.

into a versatile and efficient synthetic transformafiorlowever, # Reaction conditions: 1.0 equiV of aryl halide, 1:% equiv of amine,
the lack of a general palladium-based catalyst for aryl chloride 1-4 equiv of Na@u, 0.5 mol % Pg(dbay, 1.5 mol % ligand (1.5

- . : L/Pd), toluene (2 mL/mmol halide), 80C. Reactions were complete
3 _ ) )
substitution reaction? as well as the elevated reaction temper in 11—-27 h: reaction times have not been minimizé&eaction run

atures often required, prompted us to search for new, more active,ith 0.025 mol % Pg(dba). ¢ Reaction run at 106C. @ Reaction run
ligands. at room temperature in DME solveritReaction run with 1.5 mol %
'H NMR studies in our laboratories of the amination reactions Pdy(dba}.  Reaction run with 2.5 mol % RBtiba}. 9 Reaction run using
of aryl bromides catalyzed by BINAP/Pd(OAcuggested that ~ KsPQ,, DME solvent." Reaction run using Pd(OAg)KsPQ,, DME
oxidative addition was rate limiting.For aryl chlorides, oxidative ~ solvent.! One of the two runs only proceeded to 98% conversion.
addition can be anticipated to be even more sluggish. To facilitate’ Réaction run with Pd(OAg) ligand 1, C$CO; as catalyst, ligand,
this slow step, we began to explore the use of electron-rich Znﬂi\??)?eb;sz'ngrln%selﬁ’::g' [ArBr] = 1 M. "[ArBr] =2M."15
phosphine liganda352 After some experimentation, we focused q y ’
our efforts on the preparation of electron-rich bidentate phos- .
phinest We first prepared the known 2;Bis(dicyclohexylphos- To demonstrate the eff|ca_1(_:y of tIQé_Pd(_O) catalyst system, we
phino)-1,1-binaphthyl () and found thatl/Pd(0) constituted a have prepargd several aniline derivatives from aryl chlqudes
reasonably effective catalyst for the coupling of pyrrolidine with ('I_'able 1, entries 1, 2,46, 8, 9, 13, and 16). Secondary amines
4-chlorotoluene. This important result, taken together with our 9'V€ excellent results in the couphng procedur.e (Table.l., entries
experience with bidentate monophosphines PBMe and 1,2, 4-6, 8, and 9), and the arylation of a primary aniline can
PPFA® prompted us to prepare aminophosphine ligarf@able also be_ a_lccompllsh_ed (Table 1, entry 16). Primary alkylz?\mln_es
1)7 In comparison tal, use of ligand2 is generally superior &€ €fficient coupling partners provided the aryl chloride is
and significantly expands the scope of palladium-catalyzed aryl Substituted at the ortho position (Table 1, entry 13), or through
chloride transformations. Herein, we demonstrate that the the use of ligand (Table 1, entries 14 and 17). Catalyst levels
2/Pd(0) catalyst system is highly active and allows for the room- &S low as 0.05 mol % Pd have been achieved in the reaction of
temperature amination of aryl bromides and the first example of chlorotoluene W'th dn-bytylamlne .(Table 1, entry 1).
a room-temperature amination of an aryl chloride. Moreover, _Civen the high reactivity of this catalyst, we explored the
this system functions as the first general catalyst for room- ?oousr?(l:lbt”rllgt ggt‘r:]a;%lni% d?(ljjésr(;?lr:j]_;eryr/?%erg?]iliggsa(r'nrg]bellgolnsénXY:s
temperature Suzuki coupling reactions of aryl chlorides. 3,7, 10, and 15) reacted readily at foom temperature when DME
(1) (a) Wolfe, J. P.; Wagaw, S.; Buchwald, S.1.Am. Chem. S0d996 was employed as the solvent. The experimentally simple

118 7215-7216. (b) Marcoux, J.-F.; Wagaw, S.; Buchwald, S.JL.Org. ; ; ;
Chem 1997 62, 1568-1569. (¢) Wolfe, J. P.. Buchwald. S. . Org. Chem.  Procedure did not require crown ether or other additiés.

1997 62, 6066-6068. (d) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, Broadly speaking, the room-temperature amination of aryl

S. L.Acc. Chem. Resin press. (e) Driver, M. S.; Hartwig, J. B. Am. Chem. bromides displays the same scope as the reactions of aryl chlorides
Soc.1996 118 7217-7218. (f) Hartwig, J. FSynlett1997 329340. at 80°C. Aryl bromides containing functional groups sensitive

(2) Grushin, V. V.; Alper, HChem. Re. 1994 94, 1047-1062. X .

(3) For existing protocols for the amination of aryl chlorides, see ref 4 t0 NaQ-Bu could be converted to the corresponding aniline
and: (?g)WoIfe, J. P, Buchwaldf, S. 0. Alrln. Chem. Sod.9|97, 119 6054 derivative by using KPQ, as the base. In these reactions (Table
6058. Riermeier, T. H.; Zapf, A.; Beller, Mlop. Catal.1997, 4, 301— i i i
309. (c) Reddy, N. P.; Tanaka, Metrahedon Lett1997 38, 4807-4810. 1, entries 11 af‘o.' 12), heating a_t .% was required due to the
(d) Nishiyama, M.; Yamamoto, T.; Koie, Yetrahedron Lett1998 39, 617— decre_ased basicity and/o_r SQ|Ub|I|ty OO _ _

620. (e) Yamamoto, T.; Nishiyama, M.; Koie, Yetrahedron Lett1998§ 39, Using 2/Pd(0), the amination of an aryl chloride (albeit an
2367-2370. activated one) at room temperature could also be achieved for

(4) Hartwig and Hamann have recently reported similar NMR experiments. . . . o
They have also shown that electron-rich bidentate bis-phosphines can be usedne first _Ume? Thus, the coupling op-chlorobenzonitrile and
for the Pd-catalyzed amination of aryl chlorides and room-temperature morpholine was catalyzed by 2.5 mol % Riba), 7.5 mol %2,

aminations of aryl bromides and iodides: Hamann, B. C.; Hartwig, J. F. i i
AM. Chem. So@098 120, 7369-7370. and Na@Bu in DME at room temperature to provide the

(5) (a) Shen, WTetrahedron Lett1997, 38, 5575-5578. (b) Beller, M.; corregponding ani!ine deriV.at.ive in 96% yield (Table 1, entry 9)
Fischer, H.; Herrmann, W. A_; fele, K.; Brossmer, CAngew. Chem., Int. In light of the high reactivity of this new catalyst system in
Ed. Engl. 1995 34, 1848-1849. (c) Bumagin, N. A.; Bykov, V. V. inati i ine i ility i
Tetrahedron1997, 53, 14437-14450. (d) Mitchell, M. B.. Wallbank, P. J. a_rfrfunatlon reactlclms, we procee?e‘j to examine its utility in feveral
Tetrahedron Lett1991, 32, 2273-2276. () Firooznia, F.- Gude, C.. Chan,  different Pd-catalyzed €C bond-forming reactions. Pd-catalyzed
K.; Satoh, Y.Tetrahedron Lett1998 39, 3985-3988. (f) Cornils, B.Org. Suzuki coupling reactiodi®f aryl chlorides are usually inefficient
Process Res. De 1998 2, 121—-127. (g) Indolese, A. FTetrahedron Lett. if the aryl halide does not contain electron-withdrawin
1997 38, 3513-3516. (h) Saito, S.; Oh-tani, S.; Miyaura, Bl.Org. Chem. . ygzﬂ . . . 9
1997 62, 8024-8030. substituents®' While nickel catalysts are more effective at

(6) Zhang, X.; Mashima, K.; Koyano, K.; Sayo, N.; Kumobayashi, H.; promoting Suzuki coupling reactions of unactivated aryl chlorides,
Akutagawa, S.; Takaya, H. Chem. Soc., Perkin Trans1994 2309-2322.
(7) (@) Ligand 2 was prepared in three steps froMN-dimethyl-2- (8) Control experiments conducted in the absence of palladium afforded
bromoaniline. It is obtained as a crystalline solid and is stored and handled in no coupled products after 24 h at room temperature.
the air without any special precautions. (b) See Supporting Information for (9) Suzuki, A. InMetal-Catalyzed Cross-Coupling Reactipiederich,
complete experimental details. F., Stang, P. J., Eds.; Wiley-VCH: Weinheim, Germany, 1998; Chapter 2.
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Table 2. Suzuki Coupling and Ketone Arylation ' P A
moP i il B ArHN(R)R‘
Entry Halide Coupling Partner  Temp _ Pd Yield Product E(R)R‘ Path A N X w \N ~
1 Me cl PhB(OH) 100 05 96° Me oh P\{ A N P A
2 @_ 2 it 2.0 94 ‘@ N/Pd\x R'(R)u'Pd\x v
3 OMeOPNBOH), 100 10 947 Me—{ )—oMeOPh e N /
b Base C >Pd< " Base
. MeoO—CI PhB(OH), " 20 o MeOOPh N | N(R)R'
. BnCeHis 0 20 88 meo Oncsma AN(R)R'
Me, Me Figure 1.
7 QBr PhB(OH), too10 e QPh While the precise mechanistic details of the reactions promoted
e e by the2/Pd(0) catalyst system remain unknown, we believe that
MeUcw - MeOmTol the overall catalytic cycle for the amination reaction is similar to
8 e 2o B0 e that postulated for the BINAP/Pd-catalyzed amination of aryl
o : !
9 MeOLC OC' PRB(OH), t 20 80 Meo,C @_Ph bromides'® However, in reactions catalyzed @¥Pd, there may
be different pathways available for the amine coordination/
10 Me(O)COCI mToIB(OHY, too20 @@ Me(ow@mw deprotonation step. Our current view of the course of the reaction
o 0 involves binding of the amine to four-coordinate complex
-Tol . . . .
" Me@—c‘ Mej)LMe 80 30 79 Mew&” ° followed by deprotonation of the resulting five-coordinate com-
Me Me D plexll to givelll (Figure 1, path A). Alternatively, coordination
12 er Me\)bMe 30 82 Mew)'\(mxwyl of the amine substrate may occur after initial dissociation of the
e Me Me Me dimethylamino moiety of the ligand, followed by nucleophilic

aReaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boron attack of the amine substrate on three-coordifiammplexIV

reagent, 3.0 equiv of CsF, 02.0 mol % Pd(OAc), 0.75-3.0 mol % to.giveV. Deprotonat?on ol is foIIO\_/ved by rapid recomplex-
2 (1.5 L/Pd), dioxane (3 mL/mmol halide). Reactions were complete ation of the ligand amine group to givé (Figure 1, path B}®

in 19-30 h; reaction times have not been minimize@.0 equiv of If path B is operative, the recomplexation of the amine is
K3PQ; used in place of CsF.One of two runs only proceeded to 98%  presumably fast relative t8-hydride elimination since little or
conversion? Pch(dbay, NaOtBu used as catalyst, basePc(dbay, no reduced side product is observed. This notion is supported
NaHMDS used as catalyst, base. by the fact that CyPPh was not an effective ligand for any of
these Pd-catalyzed proces$g¥.amination reactions conducted
sterically hindered substrates are often problentéticFurther- with electron-rich monodentate phosphines as ligands such as

more, examples of Suzuki coupling reactions that proceed at roomCy;P or CyPPh demonstrated that reduction yfahydride
temperature are raf®and often require stoichiometric amounts  elimination can be a significant problem without a chelating group
of highly toxic thallium hydroxideé®¢ To the best of our  on the ligand. The relatively small size of the amine groug in
knowledge, no examples of room-temperature Suzuki couplings allows for the efficient coupling of both cyclic and acyclic
of an aryl chloride have been reported. secondary aminé$. That 2/Pd(0) can be employed in an
Suzuki coupling reactions of both aryl bromides and aryl amination procedure at the 0.05 mol % level (Table 1, entry 1)
chlorides proceed in high yield at room temperature using the suggests that the dimethylamino group also contributes to the
2/Pd(0) catalyst system and CG3fn dioxane solvent (Table 2,  stability of the catalyst.
entries 2, 5, and 710).°!2 These conditions allow for the Of special importance is that the results presented herein
coupling of both electron-rich and electron-deficient aryl chlorides indicate that the reactions of aryl chlorides in Pd-catalyzed
and tolerate the presence of base-sensitive functional groups. Anprocesses need not be limited by the rate of the oxidative addition
aryl—alkyl coupling reaction of an aryl chloride using an step? Efforts to design catalysts that maintain this high activity
alkylboron reagent generated in situ from 1-hexene and 9/BBN for oxidative addition, but in which the rates of other processes
was achieved at 50C. Suzuki coupling reactions of electron-  (e.g., transmetalation, reductive elimination, migratory insertion)
rich aryl chlorides could also be carried out using inexpensive are enhanced, are currently underway in our laboratories.

K3PO, with only 0.5 mol % palladium catalyst, although ) )
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(14) (a) Palucki, M.; Buchwald. S. lJ. Am. Chem. S0&997, 119, 11108~ for the dissociation of one phosphine of a chelating bis-phosphi@.In
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