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Abstract: Two previous mechanistic studies of the amination of aryl halides catalyzed by palladium
complexes of 1,1'-binaphthalene-2,2'-diylbis(diphenylphosphine) (BINAP) are reexamined by the authors
of both studies. This current work includes a detailed study of the identity of the BINAP-ligated palladium
complexes present in reactions of amines with aryl halides and rate measurements of these catalytic
reactions initiated with pure precatalysts and precatalysts generated in situ from [Pd,(dba)s] and BINAP.
This work reveals errors in both previous studies, and we describe our current state of understanding of
the mechanism of this synthetically important transformation. 3P NMR spectroscopy shows that several
palladium(0) species are present in the catalytic system when the catalyst is generated in situ from [Pd.-
(dba)s] and BINAP, and that at least two of these complexes generate catalytic intermediates. Further,
these spectroscopic studies and accompanying kinetic data demonstrate that an apparent positive order
in the concentration of amine during reactions of secondary amines is best attributed to catalyst
decomposition. Kinetic studies with isolated precatalysts show that the rates of the catalytic reactions are
independent of the identity and the concentration of amine, and studies with catalysts generated in situ
show that the rates of these reactions are independent of the concentration of amine. Further, reactions
catalyzed by [Pd(BINAP),] with added BINAP are found to be first-order in bromoarene and inverse first-
order in ligand, in contrast to previous work indicating zero-order kinetics in both. These data, as well as
a correlation between the decay of bromobenzene in the catalytic reaction and the predicted decay of
bromobenzene from rate constants of studies on stoichiometric oxidative addition, are consistent with a
catalytic process in which oxidative addition of the bromoarene occurs to [Pd(BINAP)] prior to coordination
of amine and in which [Pd(BINAP),], which generates [Pd(BINAP)] by dissociation of BINAP, lies off the
cycle. By this mechanism, the amine and base react with [Pd(BINAP)(Ar)(Br)] to form an arylpalladium
amido complex, and reductive elimination from this amido complex forms the arylamine.

Introduction these errors in data and conclusions and describe our current
Palladium complexes of 1:binaphthalene-2!iylbis- state of understanding of the mechanism of this synthetically

(diphenylphosphine) (BINAP) and other bisphosphines are important transformation.

catalysts for the amination of aryl halid®3This reaction has In 20007 a series of synthetic, spectroscopic, and kinetic

become a widely used practical synthetic method feiNtbond studies on the oxidative addition of aryl bromides to [Pd-

formation and has been the subject of intensive mechanistic (BINAP)z] and [Pd(DPPF;) and on the catalytic amination of
analysis. In 2000 and 2002, two papers were published in this bromoarenes catalyzed by these two compounds were reported.
journal describing kinetic and mechanistic studies on the These data indicated that the catalytic process occurred by a
(BINAP)Pd-catalyzed amination of bromobenzene. Each of pathway (Scheme 1) in which oxidative addition of the
these papers contained errors. In the current article we correctoromoarene occurred to [Pd(BINAP)], which was generated by
dissociation of ligand from [Pd(BINAR). Subsequent work

(1) Hartwig, J. F. InHandbook of Organopalladium Chemistry for Organic  indicated that a minor pathway involving displacement of a
SynthesisNegishi, E. 1., Ed.; Wiley-Interscience: New York, 2002; Vol.
1, p 1051. (3) Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.; Liable-Sands, L.
(2) Muci, A. R.; Buchwald, S. LTop. Curr. Chem2002 219 131. M.; Guzei, I. A.J. Am. Chem. So@00Q 122, 4618.
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of studies that provide further insight into the mechanism of
this important catalytic process. These studies have led to
mechanistic conclusions that modify both reaction schemes.

Results and Discussion

1. Identification of the Major Catalyst Components and
the Rates of Reactions with Pure Precatalysts. A. Identity
of the Palladium Complexes in the Catalytic SolutionsTo
interpret rate data on a catalytic process and to draw mechanisms
that correspond to these rate data, information should be gained
on the identities of the species present in the catalytic process.
In some cases, these observed species may be true intermediates,
but in other cases they lead to intermediates by reversible or
irreversible processes. The kinetic data reported in 2002 were
collected on reactions with a catalyst generated in ditiS]
by combining BINAP and Pgdba} and incubating at 60C
with alkoxide fa 1 h (Scheme 3)in some other experiments,
BINAP, Pd(dba}, base, and amine were incubated prior to
addition of the bromoarene. No information on the palladium
complexes in solution was provided. Thus, these and related
reactions with various combinations of amine, base, and aryl
halide were monitored by'P NMR spectroscopy to identify
the major palladium complexes in solution.

The reactions of compounds generated from BINAP and Pd

by bromoarene prior to oxidative addition occurred in paréllel. (dba) with amine and base are summarized in Scheme 4. We
In this mechanism, the complex [Pd(BINAPvas proposed first describe transformations starting with pure palladium
to lie on the catalytic cycle because the rate behavior had beenphosphine complexes. The combination of BINAP ang|dfah)
measured to be zero order in ArBr and added ligand. alone generates free dba and [Pd(BINAP)(db&)f (vhich was

In 2002, Blackmond, Buchwald and co-workereported the Pd(0y-dba complex included in the mechanisms of the 2002
studies of in situ catalyst activation in amination reactions report® Purified complexl reacts with Na®m (Am = CMe,-
initiated with mixtures of Pgldbay and BINAP and with pure  Et) andN-methylpiperazine or with Natdm and octylamine
[PA(BINAP),] as catalyst precursor. Kinetic modeling of reac- at 60 or 65°C to form the new dinuclear complex [Pd-
tions catalyzed by mixtures of Fdba) and BINAP supported  (BINAP)]x(dba) @). This complex presumably forms because
the proposal, shown in Scheme 2, that rate-limiting oxidative the amine adds to dba by a Michael addition under the basic
addition of ArX occurs to an amine-bound Pd complex and that conditions’ The dinuclear palladium complex was isolated in
oxidative addition to [Pd(BINAP)(amine)] is faster than oxida- 85% vyield and characterized by spectroscopy and X-ray dif-
tive addition to [Pd(BINAP)]. This work also proposed a role fraction (see Supporting Information).
of the amine substrate in catalyst activation using BINAP and  When complexl was generated in situ from [Rdba)] and
Pa(dba) mixtures in which the amine displaced dba to form BINAP in the presence of amine and base, the Pd(0) species
the palladium(0) amine complex [Pd(BINAP)(amine)]. In ad- was different. The results of these reactions are shown in
dition, these studies proposed an alternate interpretation of theScheme 5, and tféP NMR spectra of these mixtures are shown
results of ref 3, suggesting that the apparent zero-order kineticsin Figure 1. When [Pg{dba}], BINAP, base, andN-methylpip-
in [ArBr] could be rationalized by a slow activation of a erazine were mixed at once and stirred at’60) a mixture of
precatalyst complex. These studies implied that [Pd(BINAP) dimer 2 and [Pd(BINAP)] (3) was formed in a 0.7:1.0 ratio
lay off of the catalytic cycle and fed [Pd(BINAP)] into the cycle . .
by ligand dISSOCIat!On. B (5) (S:wgni]' goéogglgzrllilg“ Blackmond, D. G.; Buchwald, SJLAm.

To address the differences between these mechanistic propos-(6) Amatore, C.; Broeker, G.; Jutand, A.; Khalil, &.Am. Chem. S0d.997,
als, the authors of both previous papers report herein a series 7) EI-I'Jrft;e ?e]éz:ftsilon of free dba with NaOtBu and either the primary or secondary

amine rapidly consumes dba at room temperature and generates several
products.

(4) Alcazar-Roman, L. M.; Hartwig, J. FOrganometallics2002 21, 491.
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Figure 1. (Top) 3P NMR spectra obtained during the reaction of
3-bromoanisole (0.13 M) witN-ethylpiperazine (0.93 M) catalyzed by d
(dba) (5.0 mM) and BINAP (10 mM) 1-IS) at 60°C. (Bottom)3P NMR
spectra during the same reaction with octylamine.
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or N-methylpiperazine 2ldba
| Naé;\fn +[PA(BINAP),]  (3)

+ products from the combination

[Pd(BINAP)(dba)] of dba, amine, and base
generated in situ (1-1S)

Scheme 6

HoNCgH47
3-bromoanisole [(BINAP)Pd],(dba) (2)

S +[Pd(BINAP)] 3)
1h  [PA(BINAP)(dba) (1) + products from the combination

BINAP + g0 °C [(BINAP)Pd],(dba) (2) of dba, amine, and base

Pdy(dba), ——
Pk o+ PABNARLI9)

N [(BINAP)Pd],(dba) (2)
] - - + [Pd(BINAP),] (3)
Ngg:gr{:gfrﬁrsizllene + products from the combination
of dba, amine, and base

after 1 h, and in a 1:1 ratio after 3 h. When jRiba}], BINAP,
base, and octylamine, instead bfmethylpiperazine, were
mixed at once and stirred at 6C, a mixture of dimer2 and
monomer3 was formed in a 0.2:1.0 ratio after 1 h, and in a
0.3:1.0 ratio after 3 h. Although the precise ratios2ofo 3
varied from experiment to experiment, the amount of bis-BINAP
3 was always larger in reactions of primary amines than in
reactions of secondary amines.

Most of the rate measurements by reaction calorimetry were

conducted by incubating [R@ba)], BINAP, and NaQAm
prior to the addition of amine and aryl halide. The compositions
of the solutions generated from heating fithay], BINAP,
and Na@Am for 1 h were different from that just shown to
form from heating of these three species with antigEheme

6 shows a summary of the palladium complexes formed from

combining [Pd(dba}], BINAP, and NaQAm. After 1 h of
incubation of [Pd(dba)], BINAP, and Na@Am at 60°C, the
three complexes [Pd(BINAE]) [Pd(BINAP)(dba)], and [Pd-
(BINAP)]2(dba), as well as free BINAP, are all present.

The reactions catalyzed by the material formed fromy{Pd
(dbay], BINAP, and Na@Am were also monitored b$P NMR
spectroscopy. In the catalytic reactionsNsfnethylpiperazine
with either PhBr (as reported in 2002) or 3-bromoanisole with
complex1 generated in situ, both dim& and bis-BINAP3
were present!P NMR spectra were obtained of four sequential
reactions. The first was initiated with a 7:1 ratio of amine to

bromoarene, and the three subsequent reactions were run afteﬁf3

addition of sequential portions of additional ArBr. This proce-
dure of addition of multiple sequential portions of ArBr mimics

3586 J. AM. CHEM. SOC. = VOL. 128, NO. 11, 2006

a procedure in the 2002 report. These experiments showed that
the ratio of2 to 3 was relatively constant (2:3) after the first
portion of bromoarene had reacted. However, the amount of
free BINAP decreased initially, signals f@rand 3 decreased

in intensity, and broad or poorly resolved resonances in the
region of coordinated BINAP grew in intensity.

These data lead to several conclusions about the palladium
complexes in solution. The major palladium(0) species is [Pd-
(BINAP),] (3); significant amounts of dinuclear complex [Pd-
(BINAP)]2(dba) @) are present; the ratios @fto 3 depend on
the conditions by which the catalyst is generated; and complexes
2 and3 are decomposing over the time of the catalytic reactions
of secondary amines. The catalyst decomposition and depen-
dence of the ratio o to 3 on the type of amine are important
for understanding the rate data. The identificatio2 ahd3 as
the major species allows one to propose a mechanism for the
catalytic process that begins with a precatalyst defined by
spectroscopic data.

B. Relative Rates of Reactions Initiated with Pure Forms
of the Observed Palladium Complexes in the Catalytic
Solutions. To determine the contributions of the different Pd-
(0) species to the rate of the catalytic process, the relative rates
of the catalytic aminations initiated with isolated [Pd(BINAP)-
(dba)] @), dinuclear2, and bis-BINAP comple were studied.
Because the reactions of PhBr and 3-bromoanisole contained
the same three Pd(0) species, because ttadue of a 3-methoxy
group is only 0.1, and because the concentration of 3-bromoani-
sole is easily followed by'H NMR spectroscopy, these
comparisons were conducted with 3-bromoanisole instead of
PhBr. However, reactions of PhBr catalyzed IS were
monitored by GC to ensure that the conclusions about induction
periods and relative rates of reactions of primary and secondary
amines would be the same for reactions of PhBr and 3-bro-
moanisole.

The reactions of some of these complexes occurred with
induction periods, and reactions of both amines initiated with
mononuclear dba complet occurred with long induction
periods. The rates of reaction of the different catalysts were
measured after the induction period by the procedure in the 2002
report, in which sequential portions of aryl bromide were added
to a mixture of the other reaction components. The decay of
aryl bromide in each sequential reaction was monitoredHby
NMR spectroscopy.

The rates of the reactions df-methylpiperazine with
3-bromoanisole, conducted with isolaté®, and3 as precata-
lyst, obtained by'H NMR spectroscopy at 5%C are illustrated

S 0.14 :

) 0.12 (BINAP)Pd(dba) —* E

5 0.10 Buy (" PA(BINAP), (3)

= 0.08 ". ....i"‘ﬁ"porﬁonofArBr 9
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£ 0.04 . %00 TEN)
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Figure 2. Comparison of the rates of reactionfmethylpiperazine (0.93

M) with 3-bromoanisole catalyzed by [Pd(BINAP)(dba)) (10 mM), [Pd-
INAP)]»(dba)] @) (10 mM), and [Pd(BINAPy (3) (10 mM) at 50°C.

he decay of the first portion of the bromoarene is shown for reactions
initiated with catalystd and2, and the decay of the first and third portions
of bromoarene are shown for reactions initiated with catedyst
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Figure 3. Comparison of the decay of 3-bromoanisole during the reactions g4 pre-incubation
of 3-bromoanisole (0.13 M) withN-methylpiperazine (0.93 M) and ’ /
octylamine (0.93 M) catalyzed by 10 mM-IS at 60 °C. This plot
corresponds to the reaction of the first portion of aryl bromide in the 0.02 55 min
experiments in which sequential portions of ArBr are added. pre-incubation
0
by the curves in Figure 2. Clearly, the relative reactivities of 0 25 50 75 100 125 150
the precatalysts aré < 3 < 2. The reaction initiated with time (min)

occurs with a long induction period, and the initial rate with
this catalyst was too slow to measure. The reaction initiated
with 2 occurred without an induction period and with an initial
rate that was (1.3 0.1) x 104 M st at 50°C. The reaction

of these same reagents initiated with bis-BINAP comlex

the absence of added BINAP occurred with a small induction
period (vide infra)} By NMR spectroscopy, the third and fourth
portions of 3-bromoanisole reacted with the same decay profile.
Whether the initial rate of reaction of the first portion of aryl
bromide ((3.5+ 0.2) x 1075 M s™1) or the third portion of
ArBr ((5.2 £ 0.2) x 1075 M s is used for comparison, the
initial rate of reactions with [Pd(BINAR) as precatalyst was
smaller than that of reactions withas precatalyst and larger
than that of reactions witll as precatalyst. Thus, the long
induction period during reactions catalyzed®biS results from

the transformation ot to 2, 1 to 3, or 1 to a combination of
and3.

2. Evaluation of the Induction Periods of Reactions
Initiated with 1-IS by 'H NMR Spectroscopy. Because the
data in section 1 showed that the distribution of Pd(0) complexes
depended on subtle differences in the conditions of catalyst
incubation, differences in the induction period were tested by
monitoring the reactions of octylamine aNeimethylpiperazine
by IH NMR spectroscopy, in parallel with the same batch of
catalyst. [Pg(dba)] was incubated with BINAP and N&@m
for 1 h, and the resulting solution was split into two portions.
To one portion was added octylamine, and to the other portion
was added\N-methylpiperazine. To both reactions were added
four sequential portions of 3-bromoanisole, and the decay of
each portion of 3-bromoanisole was monitored!blyand 3P
NMR spectroscopy in parallel in two instruments.

Instead of the reaction of the primary amine occurring with
a much shorter induction period than the reaction of the
secondary amine or with no induction period at all, as reported
in 2002, the reactions of the two amines with the same batch
of catalyst occurred with induction periods of nearly identical
length. An overlap comparison of the decay of the reactions of
octylamine andN-methylpiperazine is shown in Figure 3.

Further rate measurements by reaction calorimetry after
incubation of a mixture of the catalyst components with both

Figure 4. Comparison of the decay of ArX during sequential reactions of
PhBr (0.13 M) withN-methylpiperazine (0.93 M) and octylamine (0.93
M) catalyzed by 10 mML-IS at 60°C. Influence of preincubation time on

the rate of the first reaction in the sequence. (Inset) Comparison of second
reactions in the same sequence.

shows that the first sequential reactionMimethylpiperazine
with PhBr usingl-IS is significantly faster when the incubation
time is increased by just 10 min. This large difference in catalyst
activation presumably arises because the combination of amine
and base serves as a better nucleophile for Michael addition to
the dba than either base or amine alone. Figure 4 also shows
that the length of the induction period does not affect the rate
behavior of the catalyst once it attains steady state. If, however,
the mixture of Pg(dba} and BINAP is incubated with Na@m

and the reaction is initiated by addition of amine and bro-
moarene, then less of the more reactive dinucdamgenerated
than if the two catalyst components are incubated with alkoxide
and amine together. Thus, the procedure for incubation affects
the absolute measured rates of reaction.

3. Evaluation of Concentration Dependences for Amine
and PhBr in Reactions Catalyzed by a Mixture of Pddbas
and BINAP. The 2002 study by Blackmond, Buchwald, and
co-workers$ reported concentration dependences of aryl halide
and primary or secondary amine in amination reactions employ-
ing catalysts generated in situ by combining BINAP ang-Pd
(dba} with alkoxide base and amine prior to addition of the
bromoarene. Consecutive reactions were monitored using reac-
tion calorimetry by injecting equal aliquots of PhBr successively
into the reaction mixture containing the catalyst and an excess
of amine and base. After the initial induction period in the first
reaction in the sequence, decreasing reaction rates for each
consecutive reaction in the series were observed for secondary
amines but not for primary amines.

In addition, the form of the rate profile reported in 2002 was
different for reactions of secondary and primary amines, with
primary amines exhibiting slightly less than overall first-order
kinetics compared to apparent first-order kinetics for secondary
amines. The data used in ref 5 for kinetic modeling of the
mechanism in Scheme 2, comprising the second, third, and
fourth reactions in the sequence farhexylamine andN-

the amine and the base show that the activation behavior ismethylpiperazine, have recently been reproduced at both MIT

extremely sensitive to the conditions of incubation. Figure 4

and Imperial Colleg&.This different kinetic behavior of the

(8) Rosner, T.; Pfaltz, A.; Blackmond, D. @. Am. Chem. SoQ001, 123
4621.

(9) Data obtained in 2002 and in 2005 from MIT and Imperial College agree
within 5%.
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Figure 5. Comparison of the rates of reaction of 3-bromoanisole with time (s)
octylamine (0.93 M) oiN-methylpiperazine (0.93 M) catalyzed by 10 mM Ei : : ~ .
o . jgure 6. Comparison of the rates of reaction of 3-bromoanisole (0.13 M)
2 at 50°C (top) and by 10 mM3 with 2 mM added BINAP at 7GC catalyzed by 10 mM2 at 50°C (top) and by 10 mMB with 2 mM added

(bottom). The reaction of octylamine is shown with red diamonds, and the g\ AP at 70

- h 2 e . °C (bottom) with different concentrations of amine. The
reaction ofN-methylpiperazine is shown with blue squares.

reaction with 0.45 M amine is shown with blue squares, and the reaction
with 1.0 M amine is shown with red squares.

aryl halide in the presence of the two different amines along
with the apparent dependence of rate on the concentration of
secondary amine led to the suggestion that the amine must be
involved in the mechanism prior to the rate-limiting step.

This proposal was recently reevaluated by the Yale authors
with a set of new experiments that probed the dependence of
rate on the identity and concentration of the amine. Data were
sought that would reveal whether this difference in rate was o 3000 6000 9000 12000
due to chemistry that occurred directly on the catalytic cycle time (s)
or from chemistry that occurred off of the catalytic cycle. TO Figure 7. Decay of 3-bromoanisole during the sequential reactions of
study this, the rates of the reactions of primary and secondary3-bromoanisole witiN-methylpiperazine catalyzed by 5.0 mM Rdba)

. . . + 10 mM BINAP at 60°C. The initial concentration df-methylpiperazine
amines initiated with purg and3 as precatalyst were measured, was 0.93 M, and 0.13 M 3-bromoanisole was added five times. Legend:

in this case byH N_MR spectroscopy..lf the difference in rat? blue, decay of the first portion of 3-bromoanisole; red, decay of the second
were due to chemistry on the catalytic cycle, then the relative portion of 3-bromoanisole; green, decay of the third portion of 3-bromoani-

ates of reactions of the two amines withthese pure complexesiol ek v 11 s o Srenedis bty
should mimic the relative rat_es pf reactions of the two amines - oo oN-methylpiperazine of 1.1 M.
with the catalyst generated in situ.

The data on the reactions of 3-bromoanisole initiated with the reactions catalyzed by pugeand 3, the decays of aryl
pure 2 and with pure3 contrasted with the reactions of PhBr bromide from reactions of 3-bromoanisole with 0.45 and 1.0
initiated with 1-1S. The decay of 3-bromoanisole during M concentrations ofN-methylpiperazine in the presence of
reactions with octylamine was indistinguishable from that during NaOtAm catalyzed by 10 mM (Figure 6, top), or 10 m\V8
reactions withN-methylpiperazine when catalyzed by p&e with 2 mM added BINAP (Figure 6, bottom), were measured
These data are shown at the top of Figure 5. These reactionsat 50 °C. As shown clearly by the two plots in Figure 6, the
were conducted with 10 mM dimeri2 as catalyst (2 mol % reactions with the 2-fold different concentrations of amine were
overall, 8 mol % based on each portion of bromoarene). indistinguishable.

Likewise, the decay of 3-bromoanisole during reactions with  To test whether the decrease in rate measured for reactions
octylamine was indistinguishable from that during reactions with of secondary amines catalyzed by the mixture of,(Eloa)]
N-methylpiperazine when catalyzed by pieThese data are  and BINAP was due to a dependence of the rate on the
shown at the bottom of Figure 5. These reactions were conductedconcentration of amine or other factors that retard catalytic
with 10 mM 3 as catalyst (2 mol % overall, 8 mol % based on reactions, such as catalyst decay, product inhibition, or change
each portion of bromoarene) in the presence of 2 mM added in medium, the rates of reactions of five portions of ArBr were
BINAP (0.4 mol % overall, 1.6 mol % based on each portion measured, but an amount Nfmethylpiperazine was added to

of ArBr). the fifth portion of aryl bromide tdncreasethe concentration

4. Evaluation of the Dependence of the Rate on the of amine 2-fold. These reactions are shown in Figure 7. The
Concentration of Amine. If the dependence of the rate of the decay of the first portion of bromoarene (shown in blue) is slow
actual catalytic cycle depended on the concentration of amine,because of the induction period discussed in section 2. Most
then a dependence of the rate on the concentration of amineimportant for assessing the dependence of the rate on the
should be observed during reactions initiated with the pure concentration of amine, the decay of ArBr after the concentration
catalyst precursord and3. To determine the order in amine of  of amine was increased 2-fold (shown in pink) is inconsistent

Curves are for
reactions of the first
to fifth portions of
ArBr. The pink curve
was obtained after
doubling [amine]

[3-bromoanisole] (M
o
o
[s2]
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with a positive order in amine. This fifth portion of 3-bro-
moanisole did not decay with a faster rate than the fourth
portion. The same lack of an increase in rate was observed if
the additionalN-methylpiperazine was added along with the
third portion of aryl bromide. These experimental results have
been confirmed by Blackmond, Buchwald, and co-workers.

These experiments show conclusively that the amination
reaction does not exhibit positive order kinetics in secondary
amine concentration. Instead, the apparent positive order in
amine can be attributed to catalyst deactivation occurring during
the reactions of secondary amines that were modeled. This
catalyst deactivation is supported by #e NMR spectroscopic
evidence provided in section 2, showing that the decrease in
concentration of2 and 3 is more significant for secondary
amines compared to primary amines in similar consecutive
reaction sequences.

5. Evaluation of Concentration Dependences on PhBr and
BINAP in Reactions Catalyzed by [Pd(BINAP)]. The data
shown in Figure 3 for reactions conducted with pure Pd-
(BINAP), in the absence of added ligand corroborate similar
observations reported by Blackmond, Buchwald, and co-workers
in ref 5. That report suggested that increasing rate could be
attributed to an increase in the active catalyst concentration
within the cycle over time. The slow step in the reaction
sequence catalyzed by [Pd(BINAP)n the absence of added
BINAP was suggested to be the introduction of [Pd(BINAP)]
from the off-cycle [Pd(BINAP)] complex, in analogy to an
earlier example of false zero-order kinetics in Heck coupfing.
The anomalous zero-order kinetics shown at early stages of th
reaction of Figure 3 for the [Pd(BINAR))system with no added
ligand may thus be rationalized by an increase in the concentra-
tion of active catalyst at early stages of the reaction.

When the [Pd(BINAPj-catalyzed reaction is carried out with
2 mol % added BINAP, however, the induction period is not
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Figure 8. Reaction progress kinetic profiles for reactions of PhBr with
n-hexylamine at 60C after the induction period. (a) Reactions using-Pd
dba/BINAP mixtures at 0.014 M Pd or Pd(BINAPRt 0.01 M Pd with
0.002 M BINAP added: [PhBg]~ 0.13-0.15 M; [amine} ~ 0.85 M;
[NaOtAm], = 0.85 M. Data are plotted as rate vs fraction conversion of
PhBr. Magenta squares and blue circles, reactions usipgbB¢BINAP
mixtures from MIT laboratories in 2002 and 2005, respectively; green
triangles, reaction using Pd(BINAPjrom Imperial College laboratories

gin 2005. (b) Reactions carried out at same [‘excess(.70 M. Blue circles,

[PhBr]p = 0.31 M, [amine} = 1.01 M, [NaQAm]o = 1 M; magenta squares,
[PhBrly = 0.15 M, [amine} = 0.85 M, [NaQAm], = 0.85 M. Data from
Imperial College in 2005, plotted as reaction rate vs [PhBr]. Note that
reaction progress is from right to left in panel (b).

more reactive2 appears to compensate for the lower concentra-
tion of 3 generated with the 1:1 ratio of metal to ligand. This

observed, and the system obeys steady-state kinetics that argjgher reactivity of2 is illustrated by comparison of the rates

zero order in the concentration of amine and close to first-order
in the concentration of ArX for both primary and secondary
amines, as was shown in Figures 5 and 6. This confirms that

of reactions catalyzed by the two complexes at 50 antiC7i
Figure 6. The identicalorm of these rate curves is consistent
with a reaction through a common intermediate, regardless of

the reactions show no dependence on the concentration ofe provenance of the Pd precursor.

identity of the amine for the [Pd(BINAR]) catalyst system, just
as was found above for the Rithas/BINAP system. This
observation of the absence of an induction period under these
conditions contrasts with the induction period described in 2002
by Buchwald, Blackmond, and co-workers that has not been
reproduced.

Reaction calorimetric studies of reactions catalyzed by a
mixture of Pddba and BINAP, incubated with amine and base
prior to addition of aryl bromide and of [Pd(BINAR)under
conditions similar to the reactions shown in Figures 5 and 6,
illustrate a positive dependence on the concentration of ArBr
and reveal (1) that the reaction of primary amines with the two
catalysts gives a similar rate profile and (2) that the reaction
catalyzed by [Pd(BINAR] plus BINAP fortuitously occurs at
about the same rate per Pd added to the system as the reactio

Figure 8b reveals the important point that the catalytic cycle
exhibits a steady state in catalyst concentration under the
conditions of these reactiod%As described in a recent review
of reaction progress kinetic analydiswhen “overlay” is
demonstrated as in Figure 8b between kinetic plots of rate vs
[ArX] from two experiments carried out at the same values of
[“excess”] ([“excess”]= [aminel, — [ArX] o), the absence of
an increase or decrease of [catalyst] within the cycle is
established.

The dependence of the rate on the concentration of aryl halide
revealed in Figures-68 contradicts the order in aryl halide from
a mechanism in which [Pd(BINAR) lies on the reaction
pathway. Rate constants determined in the studies on the
stoichiometric oxidative additidA may be used to predict the

n

catalyzed by the [Pddba}]/BINAP mixture (Figure 8a).
Although the 1:1 stoichiometry of metal to ligand allows for
only half the concentration of active catalyst to form, the
spectroscopic studies reported in the first section of this paper
show that a mixture of complex&and3 is formed from the
mixture of [Pd(dba}] and BINAP. Thus, the presence of the

(10) If a set of reactions similar to those in Figure 6 had been carried out with
Pd.dba/BINAP, a lack of overlay between the two curves could have
confirmed that catalyst deactivation, rather than positive order kinetics in
[secondary amine], accounted for the rate profiles observed in Figure 1b

f re

(11) Blackmond, D. GAngew. Chem., Int. EQ005 44, 4302.

(12) These data were obtained as part of concurrent work on the oxidative
addition of bromoarenes to [Pd(BINAP)n the presence and in the absence
of amine: Shekhar, S.; Ryberg, P.; Hartwig, JOFg. Lett.2006 8, 851.
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Figure 9. Decay of 3-bromoanisole during the catalytic reaction of
3-bromoanisole wititN-methylpiperazine catalyzed by 10 mM [Pd(BINAP)
in the presence of 2 mM BINAP, predicted by the rate constants obtained
from the study of stoichiometric oxidative addition of 3-bromoanisole to (B|NAp)pd/Ar (B|NAP)pdiAr
[PA(BINAP),] at 70°C. “NR'R2 Br
A
k
_ 110° %
-
- 810° .
[}
2 510° ROH +NaBr ~ NHR'R2 + NaOR
@ 410° the amine adds bromoarene to generate a five-coordinate Pd-
5210° (1) product or the product amine is displaced associatively by
0 ) ) ) ) BINAP from the 16-electron complex [Pd(BINAP)(product)]
00 05 [FJH%r] (I\1/|)5 20 25 to regenerate [Pd(BINAR) The rate equation for the mecha-
nism in Scheme 7 is provided in eq 1. This equation was derived
810°
—~ —d[ArX] ki,
N 5 = ArBr][Pd 1
S 5
g€ 410°[ ) ) ) ) o
@ 5 using the steady-state approximation and simplifications based
22107t on experimental knowledge of the relative rate constants of
= 010° . . . ) different steps from studies of stoichiometric oxidative addition
00 20 40 60 80 100 and reactivity of arylpalladium halide and arylpalladium amido
[BINAP] (mM) complexes. The derivation of this equation and the approxima-
Figure 10. Dependence of the rate of the reaction of 6:207 M tions to simplify the full rate equation are provided in Supporting

bromobenzene with 13 mM hexylamine catalyzed by 1.26 8With 2.3 ; -~ : —_ I .
mM BINAP at 50°C on the concentration of PhBr (top) and of the rate of Information. The steady-state approximation is valid in this case

the reaction of 2.0 M bromobenzene with 13 mM hexylamine catalyzed by Pecause no intermediates accumu!ate, as de'FermineﬂPby
1.26 mM 3 with 2.3-9.2 mM BINAP on the concentration of BINAP ~ NMR spectroscopy. Further, numerical simulation of the pal-
(bottom). ladium species in the catalytic system using known and

decay of bromoarene by a pathway with [Pd(BINAR)n the estimated rate constants for the individual steps that lead to a

reaction pathway under similar conditions. Figure 9 shows that ¢l0se fit to the experimental decay of bromoarene shows that
the catalytic reaction is much faster than predicted for this the palladium complexes within the cycle by this mechanism

mechanism from the rate constants of the study of oxidative Would not accumulate. These equations demonstrate that a

addition and exhibits positive order kinetics at concentrations "€action by the pathway in Scheme 7 will be zero-order in
of [ArX] and [BINAP] where the mechanism with fod] on amine, first-order in bromoarene, and inverse first-order in added

the cycle should begin to be saturated in [ArX]. Iigaqd. The equilibrium relationship betwee® and PdL
These inconsistencies led the Yale group to repeat the Manifested by the rate law for Scheme 7 holds for any case
measurements of the order of the catalytic reaction in bro- Where a reversible “dead-end” step is linked to a steady-state
moarene and added ligand from ref 3. Inspection of the primary Catalytic cycle:® Equation 1 indicates that equilibrium may be
data and laboratory records makes clear that an error had beefgStablished between a species off the cycle, such asd a
made when conducting the experiments that led to observationSPecies within the catalytic cycle, such as PdL, at concentrations
of the same reaction rate in experiments stated to have variedthat would provide a non-equilibrium steady-state concentration
concentrations of ligand and bromobenzene. The set of experi-Of PdL in an identical stoichiometric reaction sequence.
ments by the experimentalist in the current work (Figure 10) ~ Several lines of data indicate that the major pathway for the
clearly shows that the reaction is first-order in bromoarene and Catalytic process is the mechanism in Scheme 7. First, the zero-
inverse first-order in ligand. This is contrary to the previous ©Order dependence of the rate on the concentration of amine,
report, where the kinetic data implied that the rate of the first-order dependence of the observed rate constants on the
oxidative addition process and the rate of the catalytic cycle concentration of bromoarene, and inverse dependence on the
both depended only on the rate of dissociation of BINAP. concentration of ligand measured most recently are consistent
6. Mechanistic ConclusionsA pathway is shown in Scheme with the rate equation for reaction by the mechanism in Scheme

7 in which the bromoarene reacts with [Pd(BINAP)], and [Pd- 7, but are inconsistent with the rate equations for mechanisms

(BlNAP)] is generated by_diSSO_Ciation of the pI’OdUCt amine, (13) Cornish-Bowden, A. lfrundamentals of Enzyme Kineti¢®ortland Press:
rather than the pathways in which a palladium(0) complex of London, 1995; p 88.
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in Schemes 1 and 2. Second, the observation of an induction Most generally, these studies show the importance of com-
period during reactions conducted with [Pd(BINAR)s catalyst bining rate data on a catalytic system with both spectroscopic
in the absence of any added ligand makes it unlikely that [Pd- measurements and kinetic data on stoichiometric reactions that
(BINAP),] lies directly on the reaction pathway. Third, the provide information about the mechanism of the individual steps
predicted decay of bromoarene by the mechanism in Scheme 7of the catalytic cycle. A comparison of the saturatiorkips at

from the rate constants measured independently by studying thehigh bromoarene concentration in the stoichiometric oxidative
stoichiometric oxidative additidf accounts for a majority of  addition and the first-order dependence on bromoarene in the
the rate constant of the observed catalytic process. These dataatalytic pathway demonstrates that the reaction orders of linear
provide strong evidence that a mechanism in which bromoareneand cyclic reaction sequences can differ when they include a
reacts with [Pd(BINAP)], and [Pd(BINAP)] is generated by [Pd- common reversible step that lies off the catalytic pathway. The
(BINAP),] lying off the cycle, is the major pathway. One could deepest insight into the mechanism of a catalytic process is
also consider that the difference between predicted and observedbtained by a series of techniques, including catalytic rate
rates leaves open the potential that one or more additional minormeasurements, methods that identify the components present
pathways contribute to the total observed rate constant or thatin the catalytic system, and quantitative and qualitative measure-
the rate constants measured in the medium of the oxidative ments of rates of stoichiometric reactions under wide ranges of
addition process are slightly different from those for the same concentrations.
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Studies of the identity of the palladium(0) species in the
reactions of aryl halides with amines catalyzed by a complex
generated in situ, and studies of the rates of reactions catalyze
by pure palladium components in this system, have shown that Note Added after ASAP Publication. After this paper was
the palladium-catalyzed amination occurs by a mechanism in published ASAP on March 1, 2006, corrections were made to
which the bromoarene undergoes oxidative addition prior to Scheme 7 and in the next-to-last sentence in the last paragraph
reaction with amine (Scheme 7), and not by a pathway in which of section 2 of the Results. The corrected version was published
amine coordinates to the palladium(0) prior to oxidative addition, ASAP March 6, 2006.
as had been postulated in Scheme 2. At the same time, new
data on the order of the reactions of [Pd(BINARyith added
BINAP in the concentration of ArBr and BINAP show that [Pd-
(BINAP)] lies off the catalytic cycle, and not directly on the
cycle, as had been postulated in Schenie 1. JA045533C

Supporting Information Available: Experimental procedures
and raw kinetic data (PDF, CIF). This material is available free
of charge via the Internet at http://pubs.acs.org.
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