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Figure 1. Dependence ok.s on [base] and [Br] for the reaction of

Palladium-catalyzed cross-coupling reactions of aryl halides PhClandN-methylbenzylamine catalyzed lyleft) or a 1:1 combination
are now common synthetic procedures. However, aryl chloride of 1 and Pd(DBA) (right).
substrates have become useful only since the discovery of
unusually reactive catalysts bearing sterically hindered alkyl- reaction of p-Me-CsH,Cl with N-methylbenzylamine in the
monophosphine and sterically hindered carbene ligarid#ryl presence of Na®@Bu base, 10 mol % Pd[RBu);]» (1), and 1%
halide aminations were some of the first coupling reactions of added P¢Bu); showed onlyl and free ligand by'P{*H} NMR
aryl chlorides at low temperaturé&®Much effort has since been  spectroscopy. Treatment @falone with excess amine led to no
devoted to ligand and reaction design, but little mechanistic change in thé'P{*H} or 'H NMR spectra ofl. Treatment ofl
information has been generated. One study, conducted nearly 10wvith NaO+-Bu also led to no discernible change in tHe{'H}
years ago on the oxidative addition of aryl chloritleto a NMR spectrum, but did lead to a small change in tReNMR
modestly active Pd(0) catalyst for Heck coupling and carbonyl- line shape of thé-Bu resonance fot. Thus, a small amount of
ation of aryl chlorides, remains the sole quantitative mechanistic adduct may be formed reversibly, but the negligible change in
study on aryl chloride coupling. the'H NMR line shape implied that any adduct was only a minor

Oxidative addition of aryl chlorides to a mono- or bisphosphine component of the reaction solution afids the major species.
Pd(0) complex is generally considered the turnover-limiting step  Three conventional classes of mechanisms for the amination
of a catalytic cycle that involves oxidative addition, transmeta- of aryl chlorides with Pd(0) comples as the catalyst resting
lation, and reductive elimination. Yet, several results are incon- state are turnover-limiting, oxidative addition of ArCl to bispho-
sistent with this proposal. Heck, Suzuki, amination, and etheri- sphine complexl, turnover-limiting oxidative addition to a
fication reactions require different temperatures and reaction timesmonophosphine comple® formed by ligand dissociation, and
for the same aryl halide and cataly$t¢-10.121420 Most relevant reversible oxidative addition of aryl halide @ followed by
to the work presented here, aryl halide aminations with weak and irreversible reaction with either base or amine. We recently
strong bases require dramatically different temperatures andshowed that R{Bu)s-ligated arylpalladium halide complexes
catalyst loading&!® We provide evidence that the catalytic reductively eliminate aryl halide rapidff. This result makes
reaction of aryl chlorides with amine and alkoxide base occurs reversible oxidative addition possible. Each of these pathways
by two concurrent mechanisms. One of these mechanismscan be distinguished by the dependenci.gfon the concentra-
involves direct participation of the base in the oxidative addition tion of added ligand, aryl halide, amine, and base.
step. This pathway dominates when a highly active catalyst Kinetic measurements were conducted on the reaction of
containing a 1:1 ratio of RBu)s and palladium is used. N-methylbenzylamine with excess chlorobenzene and excess

Identification of the major palladiumphosphine complex in alkoxide base in the presence of 10%1.95 mM) and 1% R{
solution is important for interpretation of the kinetic data. The Bu)s in tolueneds solvent at 90°C with [N-methylbenzylamine]

= 19.5 mM, [NaOCE{f] = 91.4 mM, and [ArCl]= 97.5 mM to
1) Nishi M.; Y to, T.; Koie, Yletrahedron Lett199§ 39, X . ;
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Scheme 1.Concurrent Mechanisms for Amination of ArCl by  proposed analogy between the effect of coordinated halide in

Pd/P¢-Bu); Consistent with the Rate Data previous studies and that of coordinated base uncovered here.
ACI NaO-tBu  ACI Added [N(GH17)4Cl had no measurable effect ¢, showing
[LPA(OR)] k' A the absence of medium or ionic strength effects and weak binding
e Na* o Z(Q/_T_Pd\ by the hard Ct. However, added [N(Hs7)4Br led to the
NaCl Ar cl HNRR' dependence di,ns on the softer [Br] shown in Figure 1, which
tral  anionic path LPd+L pathA ks NaOR was even stronger than the effect of added alkoxide or phenoxide.
“oR NaCl Importantly, they-intercept, which corresponds to the rate constant
K / k‘ﬂ"“ A HOR for the bromide independent pathway, was identical to that which
HNR, 4 Ar PdL LPd i i
LPd p 1)2 SNAR we assigned to the rate constant for the base-independent pathway
in reactions containing Na®Bu or the phenoxide base and no
HOR NR2 AR ANR,
2 2

halide.

The fastest rates for many reactions catalyzed by palladium
complexes of R{Bu); often occur with a 1:1 ratio of ligand to
Pd(dba).#61214 We evaluated whether reactions containing 1
equiv of P{-Bu)z per palladium generated by combinidgand
Pd(DBA), in a 1:1 ratio would show the same dependence of
kobs ON [base]. Reactions containing Na&u as base catalyzed
by 1 and Pd(DBA) occurred at only 70C. The major pathway
fn this case is clearly first order in base (Figure 1, right). Yet
reactions containing NaOCgias base were again essentially zero
order in base. These data, again, imply the operation of two
competing pathways. The relative contribution of the two paths
depends on the identity of the anions present. Considering our
results from the related catalyt we suggest that these two
pathways are a conventional neutral path A and an anionic one.
Further studies are required to fully understand the events prior

Kobs = kpath B + Kanionic path [anion}

was similar, but with an even larger slope. The same nonzero
y-intercept was observed.

The zero order behavior in [NaOGEts consistent with the
rate equation (eq 2)for reaction exclusively by path A. However,
the positive dependence kf,son [NaO1-Bu] is inconsistent with
eq 1. Moreover, these data are inconsistent with the rate expressio
for Path B in eq 2. This equation predicts a plotkgfs vs [base]
that intersect thg-axis at zero. One might imagine concurrent
reaction by Path A and Path B for reactions containing NaO-
Bu to account for the positive slope and nonzegrimtercept.
However, it is not possible for paths A and B to occur
simultaneously with the same base. These two paths follow the
same individual steps and differ only in which step is irreversible.

to reaction with aryl chloride, but displacement of the weaker
rate= —k — Kiko[PAL,J[ArCI] (1) binding DBA instead of R{Bu); could produce higher concentra-
bs bs [L] tions of anionic palladium and increase the fraction of catalysis
by a Pd(0)-alkoxide complex.
_ K1kKs[PAL,J[ArCI[NaOR] Our previous studies on aryl halide aminations catalyzed by
rate= —kypg bs = (k_, + kINaOR]L] 2 palladium complexes of BINAP and of DPPF showed rates that

were cleanly zero order in ba3e?® Consequently, the mechanism
for aryl halide amination when using the sterically hindered
monophosphine BBu); is distinct from that for reactions
catalyzed by complexes of bisphosphines.

During many methodological studies on cross-coupling, dif-
ferent bases generate different catalyst efficiencies, even when
oxidative addition is proposed to be turnover-limiting. Many
proposals have been used to explain anion effects on catalytic
cross-couplings. Halide and acetate anions have been proposed
to stabilize the palladium cataly®tform stable Pd(Il) intermedi-
ates from unstable arylpalladium triflato compleX&%,accelerate
transmetalatiod?3'and accelerate oxidative additiéfi®?Perhaps
the effect of base uncovered here will be common for Suzuki,
Heck, and aromatic carbetheteroatom couplings, which are
generally conducted with added base and catalysts bearing
monophosphines. We are currently conducting studies to evaluate

_ Kjkk[PdL,[NaORJ[ArCI] this proposal.

rate= —kypg bs ™ (K_, + k[ArCI)[L] Acknowledgment. We are grateful to the NIH (R01-GM55382) for
support of this work.

An alternative explanation that is consistent with our data
involves reaction by two concurrent pathways: one that follows
path A and is zero order in base (eq 1) and one that follows a
different path and is first order in base. Thkgsfor path A, which
is independent of [base], would correspond to the value of the
y-intercept of Figure 1.

Amatore and Jutand have shown an accelerating effect of
coordinated halide on the rates for oxidative addition of aryl
iodides to Pd(PPJy.2>2° Therefore, reversible displacement of
phosphine inl by tert-butoxide or 2,4,6-trtert-butylphenoxide
could initiate the second, base-dependent path. This ligand
exchange would form an anionic Pd(0) monophosphine complex
that could add aryl chloride (Scheme 1, left). The rate behavior
for this anionic path is shown in eq 3, and the total rate by both

paths would be described by the sum of eqs 1 and 3. We do not  gpporting Information Available: Experimental procedures, deri-

fully understand the relative magnitude of the effect by the anions. vation of rate equations, and kinetic plots (PDF). This material is available
However,~O-t-Bu is less hindered thanOCE% and 2,4,6-tri- free of charge via the Internet at http:/pubs.acs.org.
tert-butylphenoxide is softer tharOCE%. These properties may

lead to higher binding constants for reactiorterf-butoxide and JA016491K
2,4,6-tritert-butylphenoxide with Pd(0) than for reaction of (27) Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.; Liable-Sands,

~OCEt. L. M.; Guzei, I. A.J. Am. Chem. So@00Q 122, 4618.

. - . (28) The original study on the catalytic systems bearing bisphosphine
Measurements dfps for aryl chloride amination with added  jigands was conducted with NaOGEts base, but we have also shown that

halide using NaOCEtas base provided strong evidence for the the same reactions catalyzed by (BINARJ are zero order in base when
NaO+-Bu is used. See Supporting Information.
(24) See Supporting Information for full steady-state treatment, derivation, (29) Jeffrey, T.J. Chem. Soc., Chem. Commuaf884 1287.

and assumptions that generate the simplified rate equations. (30) Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G.P.Org. Chem.
(25) Amatore, C.; Jutand, A.; Suarez, A. Am. Chem. Sod. 993 115 1993 58, 5434.
9351. (31) Ohe, T.; Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457.

(26) Amatore, C.; Jutand, Al. Organomet. Chenl999 576, 254. (32) Amatore, C.; Jutand, AAcc. Chem. Re00Q 33, 314.



