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ABSTRACT

Pd(dba)y, 0.02-2 mol%
Ligand 1, 0.08-2 mol%

NaO-t Bu, DME
rt-100°C

ArCl + NHRR' Ar-NRR'

Ar = unactivated aryl,
heteroaryl

NHRR'=1"and 2’ aryl;
2° acyclic and cyclic alkyl; imino

(71% - quant.)

A catalytic system for the mild amination of aryl chlorides is described. This system consists of a Pd(0) precursor and a dihydroimidazoline
carbene ligand, which is generated in situ from its protonated tetrafluoroborate salt (2). Using this catalyst, aryl and heteroaryl chlorides react
with secondary amines and anilines within hours at room temperature. Turnover numbers as high as 5000 are obtained at elevated temperatures
for reaction of morpholine with an unactivated aryl chloride.

The palladium-catalyzed amination of aryl halitidshas of amines’® Concurrent with this work, several groups have
experienced remarkable advances in substrate scope andxplored the use of Arduengo’s heterocyclic carbene
reaction rates in recent years. Koie et al. reported the use ofligand$—* as phosphine analogues for cross-couplings.
tri-tert-butylphosphine to obtain high turnover numbers for Hermand?-15 initially reported the synthesis of palladium
reactions of bromoarenes with piperazine and diarylaminescomplexes of heterocyclic carbene ligands and their use for
at elevated temperaturésWe initially reported the use of Heck reactions. Nolan has demonstrated that sterically
sterically hindered alkylphosphines to observe room-tem- hindered versions of these ligands, such as the chloride salt
perature amination reactions with aryl bromides and to allow of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene, are ef-
these reactions to be conducted under milder conditions with
aryl chlorides and tosylatés.
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fective for the amination of aryl chlorides, albeit at elevated ||

temperature®® Trudell and Nolan have also studied their Table 1. Amination of Aryl Chlorides Using Pd(dba)l®
use in Kumada and Suzuki coupling of aryl chloridésy

' Pd(dba) /1 ,
at elevated temperatures. Most recently, Grubbs showed that ~ ArCl ~ +  NHRR Ar-NRR
H 1.0 mmol 1.2 mmol 1.5eq NaO-tBu, DME

ruthenium complexes of the saturated, and therefore more
electron donating, analogues of Nolan and Trudell’s ligands ey awci amine product T/C time  yield
create highly active olefin metathesis catalysts based on cl —\ —
rutheniunmz® . /©/ HN D @N\_/O o ap  quant

As part of an effort to develop high-throughput screening B B
methods for cross-coupling activity with libraries of phos- 2 BN @Nﬁ T e
phines and related ligandswe found that the saturated B
carbene ligands used by Grubbs, specifically lighiiBigure 3 N GH @NH 70 sn 40%°
1),2° provide unusually fast reactions for the palladium- e nCahra

H
4 H,N—Ph /©/ N-pn rt 18h 829654
h
Ph Ph
5 HN=( 4@;,\?_ 55 18h  94%°
“BF,

Ph
+
NN 7N ™\
6 HN\_/NH N\_/NH 100 3h 71%%€
VAR N
1 7 HN\_/O N\_/O 100 7h quant!
Figure 1. Dihydroimidazolium saltl for the amination reaction cl Ph s .
of aryl chlorides. 8 HN Ph Moo feh 9T%
. . . . 5 HoN @*NH it ah 88%
catalyzed coupling of aryl chlorides with amines at room d
temperature. This reactivity, presumably, results from the
combination of strong electron donating ability and severe cl o hll
steric demands ofl. We report herein the scope of the NCQ/ HN /@( Pt 3 or
NC

amination chemistry using remarkably active catalysts bear-
ing these dihydroimidazoline ligands. In most cases, these Q/Cl I\ —

reactions are faster or equal in rate to those using any  weo NI <:> NP o e
previously reported catalyst systérhUse of ligand1 in ~

these reactions also allows for the first room-temperature 12 | 2 X
coupling of chloropyridines and the highest reported turn- v =N
overs for the amination of unactivated aryl chlorides. g A
Protonated imidazoline ligands, suchlasre air stable and 13 |N/ = P 2n e

easily prepared from inexpensive components: 2,6-diiso-
proylaniline, glyoxal, sodium borohydride, triethyl orthofor- fomssatina /1 (1) s 16 s dcatdcrenysas o2 o
mate, and ammonium tetrafluoroborate. by 'H NMR and GG ° 2mol% Pd /1 ¢ substrate conc. 2.0 M. © 4 equiv of amine. *
Table 1 provides results on the room_temperature amina- substrate conc. 2.9 M, 0.02 mol% Pd and 0.08 mol% ligand1.
tion of aryl chlorides using the optimized conditions, which
consisted of 0.022 mol % of the tetrafluoroborate salt of toluene. Milder bases such as,C&; and K;PO, were not
the protonated carbene and bis(dibenzylideneacetone)pallaeffective in these reactions and resulted in low conversion
dium (Pd(dba) as catalyst, sodiurtert-butoxide as base, of the arylated product. This finding is in accord with
and DME as solvert observations made by Grubbs and co-workers that alkoxides
The dimeric precatalyst R@lba} in place of Pd(dba)was are required to deprotonale®
equally effective in these reactions. In addition, Pd(QAc)  Using the optimal conditions, reactions of cyclic secondary
can be used: however, reaction times are slightly longer. amines with unactivated or even deactivated chloroarenes

DME or dioxane was comparable as the solvent and gaveoccurred within 5 h atroom temperature with only 1 mol %
the fastest reaction times, followed by reactions in THF and
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1999 64, 3804. A stir bar was added followed by 1.0 mL of ethylene glycol dimethyl ether
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(20) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. Brg. Lett.1999 1, temperature. The reaction was monitored by GC and after complete
953. consumption of aryl halide the mixture was adsorbed onto silica gel and

(21) Shaughnessy, K. H.; Kim, P.; Hartwig, J. .. Am. Chem. Soc. purified by flash chromatography. All products in Table 1 have been
1999 121, 2123. previously characterized.
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of catalyst (entries 1 and 11). In all cases with this substrate
combination, yields exceeded 95%. Reactions to form scheme 1. Proposed Catalytic Cycle for Amination Reaction
sterically hindered diarylamines also occurred in short Pd, (dba) + L l—Pd—L
reaction times at room temperature. 2-Chlorotoluene reacted n m
with 2,6-dimethylaniline (entry 9) in ogl 4 h at room H
temperature with 1 mol % of catalyst. It should be noted, RN~ X
however, that sterically hinderegcondaryamines, such as @Y @Y
diphenylamine and dicyclohexylamine (not shown), did not L—Pd
provide coupling products, even at higher catalyst loadings
(2 mol %) and higher temperatures (70).
Reactions of acyclic secondary amines and less hindered L Pd““\Ar L Pd>
anilines occurred at room temperature using 2 mol % of “SNHR vy
catalyst with rates that were comparable to those vath
butylphosphine ligands. Dibutylamine afdmethylaniline HO-tB
reacted with 4- and 2-chlorotoluene, respectively (entries 2 uf\ L/’P d"“Ar
and 8), to form the coupled product in-887% yield, and NaO-1-Bu X" " NHRR' HNRR'
aniline reacted with 4-chlorotoluene in 82% vyield (entry 4).
N-Methylaniline reacted with the activated aryl chloride,
4-chlorobenzonitrile, in oM 3 h with 1 mol % of catalyst .
(entry 10). _tempe_ratures are roughly 8C lower than thqse for regcuons
This catalyst system was less effective for reactions of |nvoIV|_ng sterically hindered mor_mphosphlnes as I|ga9(9ds.
primary alkylamines with aryl chlorides than others reported Thus, it appears tg? tthe strong b'”d"".g of f[he_cg_rbene ligands
previously (entry 3%:'6 Reaction rates were slower, and to t.h € metal centef prevents competitive |nh|b_|t|on l:_)y the
substantial amounts of hydrodehalogenation product WereEg::qd're]?esﬁtsﬁr?eioizgze%ﬂ; ncl)ingr:r;wf];, Vgg:;girr?;%z;aio
observed. Even aryl chlorides withitho substituents reacted allaejium also reacted to iveg ood vields of counled
poorly, resulting in low conversion of the coupled product. product' a,t 55C complete co?wers%on ocycurred after 1% h
For this class of amine, Nolan’s unsaturated imidazolium pre ' o P . . .
ligand and hindered phosphine ligands appear to be more!Sing 2 mol % of catalyst. This reaction is also milder than
favorable, although not ideal those involving sterically hindered monophosphiffes.
Arylpipérazines are an important class of medicinal Alth_ough drybox procedures_ were us ed for the substrates
compound and have been prepared using the palladium-exam'ned in Table 1 a drybox it required to_successfully
catalyzed amination reaction with primarily aryl bromides pelr_g)rm these re;actlmns.l I(; or;ep(sje(tjof expelnor;ner;tls all gf the
and iodides as coupling partnér¥.0One reaction of an aryl 200' CO’T‘PO?ES So(t Bmo 00 (. ?]aja mot 7o OI ' ?r?
chloride was reported by Koie et al. using-B)s/Pd(dba) 0 equiv of Nattt .u) were weighed in air. In these
as catalyst resulting in an 88% conversion by GC analysis. expenments an addmonal half equivalent of alkoxide was
Using the carbene system, 4-chlorotoluene coupled with used In case 'quenchlng of t.he base occurred due to
piperazine to form thal-aryl product in moderate yield (entry adventitious moisture. The reaction flask was then evacuated
6); higher temperatures than those used for dialkyl monoam-"]lnd placed under_an atmosphe_re eftyl chloride, reag_ent
ines were necessary. grade DME (Aldrich), and amine were then added W|t_h_0ut
Coupling of bromopyridines using aryl bisphosphines has degassmg from bottles _store_d in air. Under these conditions,
been reported@ and the reaction of bromopyridines using the coupling of morpholine with 4-chlorotoluene gave a 95%
tert-butyl monéphosphines has been accomplisheiow- isolated yield, which was indistinguishable from that ob-
ever, when monophosphines are used, the reaction of pyridineserve<j when d“{box procedurels were used.
substrates is typically slower than reactions using simple 1he fast reaction rates for this catalyst system led us to
aromatic substraté®.The pyridine substrate may compete determine thg activity at hllgher temperatures with a lower
with the phosphine for coordination to palladidht®thereby catalyst loading. Wh.en using 0.02 _moI % of catalyst and
inhibiting the coupling reactions. Thus, the activity of the 0-08 mol % ofl, reactions of morpholine with chlorotoluene
palladium/carbene catalyst for reactions of chloropyridines ooccurrgd in essentially quantitative yields afieh at 100
is remarkable (entries 12 and 13). Morpholine reacted with ~C- This reaction provides 5000 turnovers. At this catalyst
2-chloropyridine in ont 3 h atroom temperature with 1 mol loading, the_ catalyst cost is roughly one tenth the cost of the
% of catalyst. Reaction with the less electron deficient Other reaction components, even with these structurally
3-chloropyridine also occurred at room temperature, this time SIMPIe reagents. In fact, the alkoxide is the most expensive
after 20 h when using 2 mol % of catalyst. These reaction reaction component when this catalyst loading is used. The
value of a system that would display higher turnover numbers
(23) Zhao, S.; Miller, A. K. Berger, J. Flippin, L. Aletrahedron Lett.  TOF this class of amination reaction is limited, unless it
1996 37, 4463. provides similar activity with a less costly base.
(24) Wagaw, S.; Buchwald, S. lJ. Org. Chem1996 61, 7240
(25) Paul, F.; Patt, J.; Hartwig, J. Brganometallics1995 14, 3030.
(26) Widenhoefer, R. A.; Zhong, H. A.; Buchwald, S.@rganometallics (27) Huang, J. K.; Schanz, H. J.; Stevens, E. D.; Nolan, S. P.
1996 15, 2745. Organometallics1999 18, 2370.
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The mechanism for this reaction is likely to follow that active phosphine ligands and these saturated carbene ligands
for previously reported systems, as shown in Scherh& 1. are in progress.
The catalyst resting state and the turnover limiting step are
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