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Abstract: Kinetic studies using reaction calorimetry were carried out under synthetically relevant conditions
to study the mechanism of the amination of bromobenzene with primary and secondary amines using
Pd,(dba)s/BINAP mixtures as well as preformed (dba)Pd(BINAP), (p-tolyl)(Br)Pd(BINAP), and Pd(BINAP),
complexes. The presence of a significant induction period in the reaction was attributed to the slow activation
of the catalytic precursor, resulting in an increase in the concentration of active species within the catalytic
cycle. The induction period can mask the true kinetics of the reaction, which exhibits positive order
dependences on aryl bromide and amine and zero-order dependence on base. It is also determined that
the bis-ligand complex Pd(BINAP), does not play a role directly on the catalytic cycle. In addition to the
conventionally accepted pathway involving oxidative addition of the aryl halide to (BINAP)Pd as the first
step, a pathway initiated by addition of the amine to the catalyst is proposed and supported by kinetic
modeling of sequential reaction experiments. A subtle dependence of the reaction mechanism on the relative
concentrations of substrates is revealed in these studies. The dependence of the catalyst resting state on
reaction conditions is also discussed. This work suggests that conclusions from kinetic studies may be
meaningful only for the conditions under which they are carried out, calling into question the use of
conventional kinetic methods in this system.

Introduction thought to be followed by coordination of the amine, deproto-
nation with base, and reductive elimination to yield the aryl
?mlne (eq 1yc¢ Alternatively, Hartwig has suggested that
oxidative addition of the aryl halide could be followed by
reaction with the base to yield a Pd-alkoxide intermediate when

nistic studies of this reaction have focused on understanding DP.PF ": used aj th;ehllgand..dThls slpe0|ﬁsdt.hen react§ Wlt&trt‘e
the nature of the intermediate species in the catalytic cycle and"jlmo'lne 0 pr(()jw te' el. (gmlt_:gbary pafladium species tha
on rationalizing the effects of different ligands and additives undergoes reductive elimination.

on its efficiency? While the mechanism of the amination of @ F - @B P Catalvred
: . . . or reviews, see: (a) Brase, S.; de Meijere, AMetal-Catalyze ross-
aryl halides appears to be complex in comparison with the Coupling Reactions Diederich, F.. Sténg’ P. J. Eds_;ywney_VCH:

Over the past few years, the Pd-catalyzed amination of aryl
halides has become a widely used synthetic method because o
developments that have helped to improve selectivity and
functional group toleranckSeveral recent kinetic and mecha-
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The present paper reports kinetic studies of the Pd/BINAP- this aids in determining the reaction orders in substrate
catalyzed amination of bromobenzen® (ith primary (- concentrations, the separate determination of the individual
hexylamine2a) and secondaryN-methylpiperazine2b) amines elementary step rate constants is more difficult in such experi-
performed with reactant concentrations typical of those used in ments.
carrying out synthetic operations. In-situ experimental studies

kK [A][B][cat]
@—Br + HNRR — @—N(R')R+ NaBr + R'OH (1) r= k_l _2|_ k,[A] + kt?g] @)
NaOR" 1 1 2
1 2 _ d[B]
monitoring the entire course of the reaction were combined with © ~ dt kaodB] [A]>[B]
a mechanistic approach to kinetic modeling to provide a detailed k K [A]lcat] o
analysis of the reaction mechanism. The reaction exhibits an Kobs = k_, + k([Bl, — [Alg) + (K, + K)[A] 3)
induction period which can mask the true kinetic dependences -1 T2 0 1o
on substrate concentrations. A process for catalyst activation ~ —d[A] |
via binding of amine and loss of dba is proposed. Under = g — KodAl [Bl>[A]
conditions of excess amine, the reaction is well described by a k; ko[ B[cat], oy
simple kinetic model that involves amine binding to Pd prior Kops= K .+ k(AL — [Bl) + (k. + K)[E] (4)
to oxidative addition of the aryl halide. Our findings reveal that -1 7 MU 0 1772
oxidative addition to (R(RNH)Pd(BINAP) proceeds faster than
does oxidative addition to Pd(BINAP). _ B_efore the_ advent of powerful cqmputer methods a_md accurate
in-situ experimental tools, extracting the concentration depend-
Background ences in eq 2 was not possible without resorting to the

The protocol used here for collecting and analyzing kinetic Simplifications of egs 3 and 4. However, the combination of
data differs from that of classical kinetic measurements and, accurate and voluminous data collection together with computer
for that reason, deserves some comment. Most kinetic studiessimulations allows us to treat the full rate expression of eq 2
of Cata|ytic reactions are conducted under conditions far direCtIy without mathematical S|mp||f|Cat|0n Since there is no
removed from those of practical synthesis. Concentration ratios "eed to hold each concentration variable constant in turn,
are typically distorted in experiments designed to determine the reactions may be carried out under conditions much closer to
individual concentration dependences of different reactants. Inthose employed in typical synthetic operations. In these
addition, initial rate measurements are often employed, typically concentration ranges, neither substrate is present in large excess,
when the catalyst has undergone only a very limited number of and both substratesA] and [B] change simultaneously and
turnovers. Recent studies of Heck coupling reactions suggest,continuously over the course of the reaction.
however, that results obtained in this way may provide a The protocol we outline here uses the in-situ experimental
misleading mechanistic pictufé.High excess concentrationin ~Method of reaction calorimetry (see Experimental Section) to
one reactant can perturb the chemistry of the catalytic cycle, provide an accurate concentration profile over the course of a
shifting the rate-limiting step and the relative abundance of reaction carried out using synthetically relevant substrate
different intermediate®In addition, it has been shown that the ~concentration ratios. Each datum point during a reaction
slow activation of a precatalyst may be manifested as anomalous(typically collected every 230 s) is equivalent to a separate

substrate concentration dependentces. classical kinetic experiment at a different set of substrate
concentrations. Thus, a single reaction can contain information
Scheme 1 equivalent to that which would requiteundredsof separate
¢ cat” A classical kinetic measurements to obtain. These data are then

compared to computer simulations of eq 2. Good agreement
between the experimental data and the kinetic model helps to
B Kz K1 /) k lend support to the mechanistic proposal; poor agreement
A* suggests that the proposed mechanism may not be valid. In
addition, the computer simulation provides a unique solution
Consider as an example the two-substrate reaction shown infor the individual elementary step rate constants in the expres-
Scheme 1, involving the reversible binding of substraeith SIOH.BW!th these constants'm hand, extr{ipolat!on of mechanlstlc
a catalyst species ¢alb form a reactive intermediafe*, which conclusions to o_ther experimental condmons_ls straightforward.
adds substrat® to form the productC and complete the ~ FOr €xample, this may be used to help predict cases where the
catalytic cycle. Application of steady-state kinetics gives the 'ate-limiting step shifts during the course of the reacfion.
rate expression shown in eq 2. This expression is complex It is important to.note that the gxperlmental protocol using
because it contains both substrate concentrations as variablescOntinuously changing concentrations and eq 2 involves no loss
However, whenA] and [B], respectively, are held constant in of accuracy compared to those of experiments which make use

high excess as in classical kinetic measurements, eq 2 reduce8f the simplified eqs 3 and 4. Similarly, it should be emphasized
to the simple first-order kinetics shown in eqs 3 and 4. While

(8) The data required to obtain a unique solution may be determined for a
particular mechanistic model. For example, in the catalytic cycle shown in

(6) Rosner, T.; Le Bars, J.; Pfaltz, A.; Blackmond, D. I Am. Chem. Soc Scheme 1, two experiments carried out at different initial concentrations
2001, 123 1848. of the two substrates such that the quantity ¢[A] [B]o) is different for

(7) Rosner, T.; Pfaltz, A.; Blackmond, D..@. Am. Chem. So001, 123 the two reactions were sufficient to provide a unique solution for the three
4621. elementary step rate constants.
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that the use of egs 3 and 4 simplifies only the mathematics, butargon for 2 h. The solvent was further purified by passing it under

not the chemistry, of the system under study. argon pressure through two packed columns of alumina and copper-
The relative concentrations of catalytic species for the (1) oxide 1 Bromobenzené was purchased from Lancaster and further

example in Scheme 1 can be derived from eq 2 and are shownPU"ified by washing with concentrate,50; and then washing with

in egs 5 and 6. These equations demonstrate how the cataIySE saturated solution of NaHGOfollowed by distillation from Cakl

- L o -methylpiperazine3b) andn-hexylamine 2a) were purchased from
species partitioning between [¢aand [A*] within the cycle Aldrich Chemical Co. and distilled from Catprior to use. Tris-

depends on substrate concentrations. Quantitative determinationibenzylideneacetone)dipalladium(O) arg-BINAP were acquired
of the relative fractions of different species is only possible when from strem Chemicals, Inc. and used without further purification.
the individual rate constants are known. Since these values aresodium tert-amylate (Na®m) was purchased from Aldrich. All
not obtained in classical kinetic experiments, it is often assumed reagents were handled and stored in a nitrogen-filled glovebox.
that one species within the cycle may be identified as the “resting Chromatographic measurements were recorded on an Agilent 6890
state” of the catalyst. For example, in the cycle shown in Scheme Series GC systemH NMR spectra were obtained on Bruker AM 400
1, the resting state of the catalyst under conditions where eq 3MHz, Varian Mercury 300 MHz, or Varian Unity 300 MHz Fourier
holds may be the intermediate speciég][formed when A] transform NMR spectrometerdP{*H} NMR spectra were obtained
binds to the catalyst. Under conditions where eq 4 holds, the on a \_/arlan Mercury 300 MHz spectrometer operating at the corre-
resting state may be the unligated catalyst specie$][dathen Sp"”"'”? frequency.. )
neither substrate is present in large excess, however, it may Material Pregara“o”' (9-(BINAP)Pd(dba) was prepared as previ-
happen that either no single dominant resting state exists or elseOUSIy reported? Pd(BINAP) was prepared as follows.A solution

. . . of NaOH (0.24 g, 6.0 mmol) in MeOH (5 mL) was added to a yellow
the resting state will change over the course of the reaction.

. . . _ heterogeneous mixture of [Pd(allyl)€([0.04 g, 0.11 mmol) in MeOH
This will often be the case for reactions carried out under (3 ) The resulting clear yellow solution was degassed by three

synthetically relevant conditions. Mechanistic insights based on freeze-pump-thaw cycles, and9-BINAP (0.27 g, 0.43 mmol) in
the altered conditions of the classical measurement may thustoluene (10 mL) was added to give a dark red solution. After additional
provide a distorted view of the partitioning of the catalytic degassing (three times), the mixture was stirred overnight at room
species in the reaction, as it will be carried out practically. This temperature. The solvent was removed in vacuo on a Schlenk line,
may occur even without taking into account the possibility that washed with MeOH (2x 5 mL), and dried under vacuum to afford a
different mechanisms may operate at very different substrate dark red solid (0.115 g, 0.09 mmol, 78% NMR (400 MHz, GD):
concentration&10 0 8.37 (br's, 8H), 7.82 (br d, 4H), 7.45 (br s, 8H), 7-3839 (m, 8H),
7.18-7.29 (m, 16H), 7.037.08 (m, 4H), 6.83-6.87 (m, 4H), 6.18 (t,
K., + k[B] J=7.3 Hz, 4H), 5.88 () = 7.6 Hz, 4H).3P NMR (GDs): 27.8 (s).
! 2 [cat]total (5) Reaction Procedure.Reactions were performed in the Buchwald
ko + K[A] + k[B] laboratories at MIT in a stirred 16-mL screw capped vial with a PTFE
septa under a positive pressure of argon. The reaction vial (typically
Ki[A] [cat] (6) 4.2-mL reaction volume) was placed in the sample compartment of a
H T otal reaction calorimeter (Omnical, SuperCRC) with an empty vial placed
in the reference compartment. The stirred vial was maintained under
isothermal conditions at 333 K. The calorimeter recorded the difference
in heat flows from the sample versus reference cells at data collection
rates up to 30 mint (2 min~! used in this work). Reactions were

[catk] =

A = kAT + kB

An important consideration in kinetic measurements either
by classical methods using egs 3 and 4 or in our protocol using

eq 2is that th_e total concentration of catalyst V_V't_h'n the catalytic initiated by adding one component to a thermally equilibrated reaction
cycle [catfora is assumed to be constant. If this is not the case, yixtyre containing all of the other components. Initial concentrations
anomalous reaction orders in substrate may be obsérded. o different components were varied within synthetically useful ranges,
decrease in [catla due to catalyst deactivation will affekgs as given in the Results Section. A typical reaction was conducted by
in egs 3 and 4, and the reaction order Aj gnd B] will thus adding Pg(dba) and BINAP (Pd/L= 1:1; 2 mol % Pd based on the
appear to béigher than the true kinetic order. Similarly, an  concentration ofl unless otherwise noted) in toluene to a thermally
increase in [cat}. during the reaction will cause the reaction equilibrated reaction mixture consisting of 0.71 M bromobenzene, 1.07
orders in substrate to appdawer than their true kinetic order. M N-methylpiperazine, 1.0 M Na@m, and dodecane as an internal
It may also be the case that some fraction of the catalyst is standard. The reaction mixture was in each case a yellow homogeneous

present in the form of inactive species not participating in the solution. The order (_Jf addition a_nd mixing time of substrates and
. catalyst was also varied as described in the text.
catalytic cycle, even for a system at steady state. Such spectator™ 7" : ) )
Kinetic Data Analysis. The use of reaction calorimetry to study

species may often be_observ_able by s_pectroscoplc methods, evePeaction kinetics has been described previolsn energy balance
when catalyst species active within the network are not.

o . L . around the reaction vessel demonstrates that, for the case of a single
However, monitoring .the.reactlon klngtlcs can help to provide reaction occurring, the reaction heat flog, is proportional to the
clues about the species in the catalytic cycle, even when they
are not detectable by other methods.

(11) (a) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K,
. . Timmers, F. JOrganometallics1 996,15, 1518. (b) Alaimo, P. J.; Peters,
Experimental Section D. W.; Arnold, J.; Bergman, R. Gl. Chem. Educ2001, 78, 64.
. ) (12) Wolfe, J. P.; Wagaw, S.; Buchwald, S. L.Am. Chem. Socl996 118
General Considerations.Toluene was purchased from J. T. Baker 7215.
in CYCLE-TAINER solvent delivery kegs and vigorously purged with ~ (13) fgégsg-z: f;_uggann. D.; Gessler, S.; Harms, X.Organomet. Chem.
(14) (a) Blackmond, D. G.; McMillan, C. R.; Ramdeehul, S.; Schorm, A.; Brown,

(9) Alcazar-Roman, L. M.; Hartwig, J. FOrganometallics2002 21, 491. J. J. Am. Chem. So@001, 123 10103. (b) Rosner, T.; Sears, P. J.; Nugent,
(10) In ref 9, Hartwig and co-workers found that kinetic studies of the oxidative W. A.; Blackmond, D. GOrg. Lett 200Q 2, 2511. (c) LeBlond, C.; Wang,
addition of 1 to Pd(BINAP) carried out at ] < 0.1 M were not in J.; Larsen, R. D.; Orella, C. J.; Forman, A. L.; Landau, R. N.; Laquidara,
agreement with those carried out at substrate concentrations-of 06 J.; Sowa, J. R., Jr.; Blackmond, D. G.; Sun, Y.FKermochim. Actd996
They invoked a change in mechanism to rationalize these results. 289 189.
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Figure 1. Reaction heat flow and fraction conversion vs time for the concentration of [2b] (M)

amination of bromobenzeng,(0.71 M) withN-methylpiperazineZb, 0.86
M) using NaQAm (1.0 M) as base and a 0.5:1 mixture of,Rthay and
BINAP (2 mol % Pd based orl]p) as catalyst.

reaction rater, whereAH, is the heat of reaction andlis the reaction
volume.

q = Aernvr (7)

Figure 2. Reaction rate vs concentratioh] for the amination ofl with
[2b]. [1]o = 0.71 M; initial concentrations of2b]o as listed in the figure;
[NaCtAm]o = 1.0 M (1.4 equivalents); 1:1 Pd/BINAP from RKdba) 2
mol % Pd based onl],. Vertical lines mark ] = 0.35 M during each
reaction. Vertical hatch marks show the point whelje=f 0.35 M in each
reaction.

dependences on substrate concentrations or dependences that
vary between zero and a positive order as substrate concentra-

The heat of reaction from integration of the observed heat flow versus tions decrease.

time curves gave an average value of 182 kJ/n@%. The observed
heat flow profiles can be used to obtain the fractional conversion of
aryl halides by calculation of the fractional area under the temporal

Figure 2 shows the rate profile for reactions carried out by
varying the initial concentration dN-methylpiperazine 2b),
while employing the same initial concentration of the aryl

heat flow curve by eq 8, where the numerator represents the area undebromide, base, and catalyst. Plotted here as reaction rate versus

the heat flow to any time poirttand the denominator represents the
total area under the heat flow curve.

tq dt

fractional conversion=

8
T ®

amine concentration2p], in all cases the reaction showed a
characteristic rise in rate over the first half of the reaction before
assuming positive order kinetics in substrates. The positive
dependence onl] may be seen by examining the rates of
different reactions as they intersect any vertical line drawn in
Figure 2, which represents equal concentration2lefand
different concentrations of for the different reactions. The

Kinetic parameters were determined by fitting the reaction rate data POsitive Orqef in2b] may a!so be d.iscerned by identifying sets
obtained from the heat flow to an analytical rate equation using the of data points corresponding to different concentrationgtof

Solver program in Excel (Microsoft).
Results

Figure 1 shows a typical reaction heat flow profile as a
function of time for an amination reaction initiated by adding
a mixture of Pd(dba} and BINAP (2 mol % Pd based d) in
toluene to a reaction vial containing 0.71 M bromobenzéie (
1.07 M N-methylpiperazine 4b), and 1.0 M Na®\m at 60
°C. Conversions obtained both from the heat flow (eq 8, solid

at equal concentrations &f one such set of points is highlighted
in Figure 2 by the small vertical lines marking the point where
[1] = 0.35 M in each of the four reactions. Reactions with the
primary amine2a also exhibited an induction period, although
it was less significant, with the rate reaching a maximum at
~20% conversion, or 10 turnovers.

The induction behavior was unaffected by changes in a
number of reaction variables. Virtually superimposable rate
curves were obtained with base concentrations of 1.4 and 2 equiv

line in Figure 1) and from gas chromatographic analysis of side compared to that of the aryl bromide, as shown in Figure 3. If
by side reactions (data points in Figure 1) are also shown in the base was present in substoichiometric amounts, however,
the figure. The excellent correlation between data obtained from the rate became suppressed at higher conversions. Figure 3 also

these different methods confirms that the heat flow profile
provides a valid measure of reaction rate in this case.

The heat flow curve in Figure 1 exhibits an unusual form,
rising gradually for more thal h before attaining a maximum
after more than 50% of the aryl bromide was consumed,
equivalent to~25 turnovers. This apparent negative order

shows that the addition of 17 equiv of NaBr compared to Pd
did not influence the induction period and gave a maximum
rate within 10% of the reaction without added NaBr. The use
of a preformed (dba)Pd(BINAP) complex as the precatalyst
resulted in rate curves with induction periods similar to those
observed with reactions using Rdbal/BINAP mixtures,

behavior in substrate concentration is in contrast with the casesalthough the maximum rate was20% higher for reactions

of most catalytic reactions, which typically exhibit positive

using this complex (Figure 3).

J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002 14107
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| o gtandardl condli)tions 1
o equivalents base 1% o no premixing time
0.008+ ¢ 17 equivalents NaB 0© pre "o
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fraction conversion
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Figure 3. Reaction rate vs fraction conversion for the aminationf [ Fjgure 4. Reaction rate vs fraction conversion df ps a function of the
with [2b]. (O) Standard conditions defined as initial concentratidijs premixing time of all components prior to the additionlofo the reaction
0.71 M; [2b]o = 0.86 M; [NaGAm]o = 1.0 M; 1:1 Pd/BINAP from Pgt mixture. Bromobenzene (0.71 M) withN-methylpiperazine2b, 0.86 M)
(dba) 2 mol % Pd based oril]o. (0) Standard conditions except 1.5 M sing Na@Am (1.0 M) as base and a 0.5:1 mixture obRita)} and BINAP
base (2 equiv).¢) Standard conditions except 17 equiv of NaBr added to (2 mol % Pd based on [3) as catalyst. Time of premixing as given in the
the reaction mixture.«) Standard conditions except (dba)Pd(BINAP) used figure.
as catalyst.
) ) ) ) injections exhibiting well-behaved kinetic profiles. Moreover,

Reactions were also carried out using the isolated complex gach injection corresponds to a different ratio of substrate
(BINAP)Pd{-tolyl)Br as the precatalyst. This reaction was cqoncentrations J:[2]. Comparing the rate profiles of well-
extremely rapid, requiring less than 1 min to complete one pepayed reactions employing different relative concentrations
turnover of [i], at which time all of the precursor (BINAP)-  rqvides sufficient data for kinetic modeling. On the basis of
Pd(-toly)Br has presumably been consumed. However, the yhe results from the modeling, information regarding the

reaction still exhibited an induction period similar to that concentration dependences in both substrates can be obtained,
observed using R(tiba}/BINAP mixtures and the isolated Pd-\hich ultimately leads to the development of the reaction rate
(dba)(BINAP). At its maximum (which occurred after20 law.

turnovers), the rate was 15 times greater than the peak rate for Figure 5a and b show two sets of these reactions carried out
Pc(dba)/BINAP. However, the reaction rate rapidly declined yith sequential injections of four aliquots @finto a mixture

after this ma}ximum, suggesting deactivation of the active containing Petdba and BINAP, Na@Am, and either2a (n-
catalyst species. hexylamine) o2b (N-methylpiperazine). The Pd concentration
The induction period was influenced by the order in which js ~11 mol % on the basis of each aliquot hfcorresponding
reagents were mixed and by the mixing time between compo-to 2.7 mol % Pd based on the total four-reaction sequence.
nents prior to initiation of the reaction. Figure 4 shows the effect Figure 5b shows that, fdtb, the first injection in the sequence
of varying the time of premixing Pfdba) and BINAP with exhibited a lower initial rate and rate profile similar to those
the base and amine in the reaction vial. Increased amine-catalysbbserved in the reactions shown in Figure 4 with long premixing
interaction resulted in positive order initial rate profiles and times for the amine and catalyst. The three following reactions
significantly higher initial rates than those in reactions where exhibited high initial rates, no induction period, and well-
the catalyst was added last. The high initial rate eventually gave behaved positive order rate profiles. Figure 5a shows that, for
way to the characteristic rate profile observed in Figure 2 for 23, all reactions in the series gave positive order rate profiles,
reactions carried out without Cata'yst premixing. This behavior and the rate of the first reaction was 0n|y S||ght|y lower than
is suggestive of the combination of multiple reaction pathways. that of the second. The positive slope of each rate profile and
An experimental protocol involving a series of sequential the progressively lower peak heights for these sequential
reactions in a single vessel was designed both to provide furtherreactions suggest a positive rate dependence on both amine and
insight into the induction period and to aid in kinetic modeling. bromobenzene concentrations.
The reaction is initiated by adding an aliquot of substdate When this injection protocol was carried out using
a reaction mixture containing all other reagents. Concentrations Pd(BINAP), as the precatalyst, the results obtained were
of the amine2a or 2b and the base are in sufficient excess to significantly different, as shown in Figure 6 for reactionslof
allow full conversion of multiple sequential aliquots hfeach with 2b. The initial injection showed transient behavior similar

reaction initiated by injection of a further aliquot &fin the to that observed in the initial injection for this reaction using
same vessel. The number of turnovers previously experiencedPd;(dba} and BINAP. However, for each subsequent injection
by the catalyst increases with each aliquot bfreacted. in the series using Pd(BINAR)the initial reaction rate was

Therefore, we may infer that a steady state in catalyst higherrather than lower. The concave shape of the rate curves
concentration has been attained by observation of sequentiabecame less pronounced with each injection, as is demonstrated
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bromide, either the catalyst deactivated or the reaction proceeded
time (min) too slowly to monitor by reaction calorimetry.
Figure 5. Consecutive reactions with added aliquots of Ph&} ¢ 0.13

M) with (a) n-hexylamine (Ra]lo = 0.86 M)) and (b)N-methylpiperazine Discussion
([2b]o = 0.86 M), using Na®@m (1 M) as base and a 0.5:1 mixture of Nature of the Induction Period. The curves in Figures-13
0, i i . .
::]%(gt%?;”f a'?'eNQ;Seé TVEV’ based on each aliquot oblLPoints of - ¢ 104 tions where Rebay/BINAP mixtures and the (dba)-

Pd(BINAP) complex were used as precatalysts are consistent
in Figure 7b, where the reaction rate is plotted versus concentra-With Amatore’s detailed studies describing the slow dissociation
tion of 1 for the second, third, and fourth injections. With each ©f dba from Pd complexe$.In addition, the shape of the curves
consecutive reaction, the slope of the rate curve becomes moreF!0Sely resemble those of rate curves that have been reported
positive and shows less curvature, indicating an increase in the/© Heck coupling reactions using slowly dissociating pallada-
overall observed reaction order with each progressive reactionCYcles as catalyst precursdr3his suggests that the behavior
from close to zero order toward first order. When this series of 00Served here is due to the slow reaction of the precatalyst,
reactions was carried out with excess BINAP added to the resulting in a gradual increase in the amount of active Pd catalyst
reaction mixture, similar behavior was observed. Although in Presentin the catalytic cycle. Amatore has shown that oxidative
this case, the overall rate was significantly suppressed, decreas@ddition to the three-coordinate (dba)Pd(BINAP) can occur
ing by a factor of 3 when 0.3 equiv of excess BINAP was added. without the dissociation of dba, although Pd(BINAP) is more

When 1 equiv of excess BINAP was added, the rate became"’mive'l4b We suggest that the increasing rate is due to an
too slow to measure by reaction calorimetry increasing concentration of Pd(BINAP) formed from dissocia-

. T . tion of the dba from (dba)Pd(BINAP), since similar catalytic
Attempts to carry out this sequential injection protocol in

reverse (injecting sequential aliquots of the amine into a reaction (15) (a) Amatore, C.; Jutand, A.; Khalil, F.; 'Barki, M. A.; Mottier, L.

H i R Organometallics1993 12, 3168. (b) Amatore, C.; Broeker, G.; Jutand,
solution contammg_the catalyst, aryl brqmlde, and the base) were A Khalil F.J. Am. Chem. 504997 119 5176, (&) Amatore. C.- Jutand.
unsuccessful for either precatalyst. With a large excess of aryl A. Coord. Chem. Re 1998 178-180, 511.
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dence on both bromobenzene and amine concentrations, but it
also shows that the intrinsic kinetic dependences are convoluted
by the changing concentration of active Pd. In such cases, the
reliable determination of reaction orders cannot be made by
simple initial rate or single-point rate measurements.

In two recent kinetic studies on the amination reaction using
different Pd precatalysts, anomalous zero-order dependences on
substrates were reported. Using’@isphosphine) complexes,
van Leeuwen and co-workéPsobserved an induction period
when the reactions were carried out in the absence of added
halide ions, along with a zero-order dependence on aryl halide
and amine and a nonfirst-order dependence on [Pd]. Hartwig
and co-workers also reported zero-order substrate dependences
using Pd(BINAP) complexes as catalysts. The kinetic consid-
erations discussed above combined with recent findipgesent
an alternate rationalization of these observations. As described
in the Background section of this paper and in ref 7, an
observation ofapparentzero-order kinetics in substrates may
be made if the observed rate is limited by an external step which
increases the concentration of active Pd within the cycle.

The consecutive reaction protocol shown in Figure 6 for Pd-
(BINAP), precatalysts helps to illustrate this point. Hartwig and
co-workerd2 attributed their observation of zero-order kinetics
in substrate for reactions employing primary amines to a
mechanism in which Pd(BINAR)ies directly on the catalytic
cycle. The same mechanism was also invoked for reactions with
secondary amines, with observed deviations from zero-order
behavior attributed to catalyst deactivation or product inhibition.
If this mechanism holds, a plot of rate versus time should be a
straight line with zero slope for primary amines, and consecutive
reactions should give identical plots. For secondary amines,
deactivation or inhibition of the active catalyst should be
reflected in decreasing peak heights for each consecutive
reaction. However, the rate curves for the reactions in Figure 6
did not show this behavior. Thacreasein rate observed with
each subsequent reaction of aliquotdlafsing Pd(BINAP) is
consistent with neither a constant nor decreasing concentration
of Pd(BINAP), within the cycle. These results suggest instead

that the concentration of the active Pd(BINAP) catalyst within
the cycle isincreasingover time because of the slow loss of a
BINAP ligand from Pd(BINAP) lying externalto the cycle.
The shift in the observed overall reaction order from close to
zero-order toward first-order kinetics shown in Figure 6b is also
consistent with this proposal, as discussed in the Background
section. As a larger fraction of the Pd is introduced into the
catalytic cycle, the observed kinetics begin to manifest the true
positive reaction orders in substrate.

It should be noted that the reactions reported by Hartwig and
co-workerg were carried out using 10 mol % Pd(BINAP)
which corresponds approximately to the same number of
turnovers completed in the first injection shown in Figure 6, at
which point the catalyst concentration had clearly not attained
a steady state. Indeed, under our conditions, the data shown in
Figure 7b suggest that the catalyst was not completely activated
even after 40 turnovers, the equivalent of a reaction carried out
at 2.5 mol % catalyst.

Reactions carried out using the preformed oxidative addition
complex [p-tolyl)Br]Pd(BINAP) as a precatalyst showed that
such a species cannot be the predominant intermediate in the
catalytic cycle. These reactions also exhibited an induction

Figure 7. Comparison of experimental data to the kinetic model as based
on egs 9 and 10, plotted as reaction rate vs amine concentration. Points o
injection of 1 are marked witH. Data are from reactions shown in Figure

5 of Pd(dba)}/BINAP and1 with (a) primary aminea and (b) secondary
amine2b.

behavior was observed when we used either preformed (dba)-
Pd(BINAP) complex or Pgdba}/BINAP mixtures. Under
reaction conditions, this is considered to be virtually irreversible
because of the low concentration of dba and the probability that
it is destroyed through a subsequent reaction with amine or
base'é

Although the presence of an induction period in this catalyst
system could be predicted from Amatore’s stoichiometric studies
of the Pd(dba)/(BINAP) systett? and other complexé$athe
current work reveals the significant extent to which the overall
catalytic behavior may be influenced. This work also highlights
in general how such rate behavior may complicate attempts to
determine kinetic rate laws for the catalytic reaction. Figure 2
confirms that the reaction rate exhibits a positive-order depen-

(16) We are grateful to a referee for the suggestion concerning the interaction
of base with dba.

14110 J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002



Pd(BINAP)-Catalyzed Amination of Aryl Bromides ARTICLES

Scheme 2. Mechanism for Activation of Pd(BINAP) from

1 reaction of the primary amirais consistent with this proposal,
Pd;(dba)s/BINAP Mixtures?

since2a presents less steric hindrance to binding than does the

R(R')NH + Base
o — secondary amingb.
ka 7 ‘Napd(smp, Although the stoichiometric reaction in which the amine aids
{(@02)PI(BINAR) —>—o== AMXPABINAR) | R(R) | in the removal of dba would proceed for only the first turnover,
dba ax A / this suggests that a viable catalytic cycle may also be proposed
5 e\ b N R in which amine binding precedes oxidative addition of the aryl
§ (dbalPA(BINAP) —— E'd[DINA?;E:\/_R{R.)NH halide. Competition between the amine and the aryl bromide
e rewar— T : * — for the newly formed I_Dd(BINAP) ca’galyst may permit two
\ (RIRINHIPA(BINAP) < (dba)P(EINAP) separate viable catalytic cycles, depicted in Scheme 2. The
A paeinap) / dba degree to which each contributes to the overall rate may depend
REWN on the relative concentrations of amine and aryl bromide and
ArX + Base their relative affinities for the catalyst. For the reactions in Figure

2 The proposed reactions contained within the dashed lines are based o4, longer premixing times may help activate a larger fraction

gﬂ:‘aAtgfe's studie$® of the oxidative addition of aryl halides to Pd(dpa)  of the active catalyst via amine binding and dba elimination
' prior to introduction of I]. The appearance of two separate rate

period, even after the rapid conversion of the precursor Species_p.roc_e.sses, hoyvever, suggests '.[hat., after this first turnover, a
In addition, the maximum rate on a per Pd basis was signifi- significant fraction of the catalyst is diverted toward the pathway
cantly higher than that observed using s@ta)y/BINAP involving oxidative addition of I] as the first step.
mixtures. The reaction using preformed (dba)Pd(BINAP) com-  Kinetic Modeling of the Steady-State Catalytic Cycle.The
plex also gave a slightly higher maximum rate than that of Pd guantitative determination of concentration dependences in aryl
(dba)/BINAP mixtures. This suggests that the ultimate steady- bromide and. amine may be made using the consecutive 'reactlon
state catalyst concentration of active Pd within the cycle is dat@ shown in Figure 5a and b. The well-behaved reaction rate
sensitive to the nature of the precursor. Even when a steadypmf'les observed after the first injection indicate that the active
state is attained for catalysts using.fetba) as a precursor, a catalyst in the cycle has attained a constant concentration. The

significant portion of the total [Pd] may remain outside the rate profiles for each individual reaction suggest positive order
catalytic cycle as an unreactive spectator species. kinetics in bromobenzene, since the rate profiles decay as the

Proposed MechanismsFurther mechanistic information is ~ concentration of bromobenzene decreases. Comparison of
offered in the experiments varying the mixing time between maximum peak heights for consecutive injections also suggest

the catalyst and the amine. The curves in Figure 4 suggest that® ppsitive depenqlem_:e on an_1ine concentration, since the initial
a combination of fast and slow processes ultimately brings the amine corjcentratlon in the mixture was Iower.for each consecu-
catalyst to its steady-state concentration. Amatore and co-tive |n]ectlop. Bpth of these observatlo.ns are in ag.reement with
workers' detailed kinetic studies of the stoichiometric oxidative € rénds in Figure 2. The observation of identical rates for
addition of Arl to (dba)Pd(BINAP) showed that addition to the reactions using d|ffe_rent base concentrations is co_nS|stent with
complex without dba was much faster than addition to the a mechams_nj in which the base ent(_ars the catalytlc_cycle after
complex with the dba ligant The routes they proposed are the rate-llmltlng step. The suppression of the re_ac_tl_on rate at
represented by the pathways inside the dashed lines in SchemgIlgher conversions when ba.se.v.vas used as the limiting reagent
2, with the exception that we have depicted the elimination of suggests a shift in the rate-limiting step.

dba as irreversible under our reaction conditions. Since, in our "€ simplest interpretation of these experimental results for
case, the fast initial reaction is related to the mixing time trends in rate as a function of amine, aryl halide, and base
between the catalyst and the amine, we also propose twoconcentrations suggests two possible mechanisms, shown in
additional routes involving amine coordination, also shown in Schemes 3 and 4, which represent in more detail the two
Scheme 2. The three-coordinate metal center (R(R)Pd- catalytic cycles depicted in Scheme 2. Scheme 3 depicts the
(BINAP) produced upon substitution of amine for dba is more conventional pathway, where oxidative addition of the aryl
electron rich than (dba)Pd(BINAP) and could help accelerate bromide occurs first, and Scheme 4 shows initial binding of
the subsequent oxidative addition of the aryl bronfiti@he the amine. For generality, the first step is shown as being
amine association could be facilitated by the dissociation of one 'eversible in both cases, althoulghy for the reductive elimina-

of the diphenylphosphino groups of BINAP, resulting in a two- tion of PhBr shown in Scheme 2 is usually considered to be
coordinate Pd specié&The amine bound (monophosphine)Pd Very smaliz

would also accelerate the oxidative addition process, since the Steady-state treatment of the reactive intermediates leads to
metal center is more electron rich relative to a two-coordinate the rate expressions shown in egs 9 and 10 corresponding to
Pd(BINAP) species. Completion of the first turnover generates the mechanisms shown in Schemes 3 and 4, respectively. Rate
Pd(BINAP) or a solvated form of this complex, which from constants are defined in the schemes for the kinetically
this point on serves as the entry point for the catalytic cycle.
The fact that the induction period was less profound in the (19)

The addition of 60 equiv dfato a 0.015 M solution containing (BINAP)-
Pd(dba) inds-toluene resulted in two new signals along with the signals
corresponding to (BINAP)Pd(dba) #P NMR. Upon heating at 62C for

(17) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RP@hciples and
Applications of Organotransition Metal Chemistriniversity Science
Books: Sausalito, CA, 1987; p 324.

(18) The dissociation of one of the diphenylphoshino groups of BINAP from
Pd(BINAP), to form a three-coordinate Pd species that undergoes oxidative
addition has previously been suggested (refs 2a and 9).

90 min, the signal intensity of the two new peaks increased, whiléthe
signals for (BINAP)Pd(dba) decreased in intensity. Although the identity
of the species corresponding to the new peaks iP¥ReNMR could not
be determined unambiguously, this result indicates that the amine interacts
with the precatalyst.

(20) Roy, A. H.; Hartwig, J. FJ. Am. Chem. So001, 123 1232.
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Scheme 3 Table 1. Rate Constants Calculated from Reaction Simulations
R(R)NAr + NaX Optimized According to the Data in Figure 5a and b to Eqs 9
R"OH and 102
(BINAP)Pd ArX [N]
1 G NNV, N
NaOR" primary amine secondary amine
K4 K4 model Eq. (9) | Eq. (10) [ Eq.(9) | Eq. (10)
parameter | Scheme 3| Scheme 4| Scheme 3| Scheme 4
R(R')NH ) \

(BINAP)Pd(ANX ki (Min.M7)|  4.43 1.06 37.00 2.88

r K4(min™) 0.05 0.05 11.88 11.88

(AnPd(BINAF)X k (Min.M™)|  1.06 4.43 2.88 37.00

ka
(k/kq) M) | 85.96 20.62 3.11 0.24
R(R)NH
gg a Comparisons between experimental and simulated data are shown in
Figure 7a and B122
Scheme 4 If Scheme 3 and eq 9 are valid, it is reasonable to assume
q
R(R)NAr + that the rate constants for the oxidative addition of the aryl halide
R“OH y

(BINAP)Pd R(R)NH
2a
2b

NaOR"
} K'y
R(R')NH

(BINAP)Pd(Ar)X

and its reductive elimination should be the same, regardless of
whether a primary or secondary amine binds in the subsequent
step. However, as shown in Table 1, these values differ
significantly and predict dramatically different values &f/(

k-1) for the oxidative addition of]] in the two cases. The model
predicts an anomalously high rate of reductive elimination
compared with the rate oxidative addition, especially for
secondary amines. Indeed, the first step in Scheme 3 is most

(R(R)NH)PA(BINAP) often written as irreversible; while fixing-1 = 0 can provide
k' a reasonably good fit of the data to the kinetic model for primary
amines, such simulations resulted in an extremely poor fit to
ArX the experimental data for secondary amines, as shown in Figure

1

meaningful steps occurring prior to deprotonation with the base.
[Pd}otar refers to the total concentration of Pd added to the

reaction.

Scheme 3- kK [ArX][amine][Pd]y.
(ArX first) k_; + k [ArX] + k,Jamine]

Scheme 4: Ky ko[ArX][amine][Pd];

7b. Roy and Hartwi$f have shown that the equilibrium constant
for the oxidative addition/reductive elimination of aryl halides

is very large Keg= 10?>—10P), which is not consistent with the
values ofky/k-; = 3—85 M1 found here. Thus, we may
conclude that Scheme 3 appears unlikely to be an accurate
description of the reactions shown in Figure 5. Scheme 4, with
amine binding preceding the oxidative addition &ff provides

a better description of the reaction under the conditions of these
experiments, where [amine]/[PhBr] at the beginning of the

(10) reactions ranges from 5.6 to 3.6:1.

The parameters determined in the kinetic model for Scheme

Consideration of these equations reveals that the two mech-4 provide further insight into the reaction mechanism. The model
anisms give mathematically equivalent reaction rate expressionspredicts that primary amines bind more strongly to the catalyst
and only the physical meaning assigned to the rate constantghan do secondary amines. The stronger binding of primary
differs from Scheme 3 to Scheme 4. Reaction simulations to amines may accelerate the catalyst activation process, consistent
this general form of the rate expression yield values for the rate with the observation that the induction period is less significant
constants which then may be examined to help choose whichfor primary amines. This is in agreement with results of
mechanism appears to be more consistent with general knowl-Amatoré®>17 concerning both electronic and steric effects on
edge about the reaction system. oxidative addition to Pd complexes.

Figure 7 compares reaction simulations to the experimental The kinetic model also addresses the “resting state” of the
data from Figure 5 for three consecutive reactions of both catalyst species present within the catalytic cycle. The relative
secondary and primary amines. The agreement between theabundance of the catalytic intermediates within the cycle may
experimental data and the simulation is excellent. The goodnessbe calculated according to eqs 11 and 12 under conditions where
of the fit to one simple equation for several sequential rate Scheme 4 holds. The relative fraction of species is dictated by
profiles over a range of relative substrate concentrations suggestdoth the concentration and the binding strength of the amine.
that a single mechanism may dominate these reactions. Tablg=igure 8 illustrates how the resting state of the catalyst is a
1 gives the rate constants predicted by the fit to the experimentaldynamic function of the concentrations of reactants and may
data for each mechanism. Consideration of the relative magni-change over the course of the reaction. For the primary amine
tudes of these parameters helps to assess which mechanism givégigure 8a), the resting state of the catalyst is evenly divided
a more realistic description of the observed reaction. between the two species at the beginning of the reaction, with

(amine first)  K.4'+ kj[amine]+ k[ArX]
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Pd(BINAP), under similar conditiond?® This suggests that the
amine-binding route shown in Scheme 4 is significantly more
efficient than reaction via the direct oxidative addition of the
aryl halide to the Pd catalyst.

The calculation of the concentrations of catalyst intermediates,
as shown in Figure 8, also demonstrates how the conditions of
classical kinetic experiments, which generally employ a 10-
fold difference in substrate concentrations, will present a
distorted view of the resting state of the catalyst. For example,
in reactions following Scheme 4 in which a 10-fold excess of
ArBr is employed, the intermediate (R{RH)Pd(BINAP) will
account for less than 3% of the totattive Pd for either
secondary or primary amines.

It is important to emphasize that the active Pd species within
the catalytic cycle may represent only a small fraction of the
total Pd present. Indeed, results using different catalyst precur-
sors suggest that, for the #dbay/BINAP system, a significant
concentration of Pd resides outside the catalytic cycle. Thus, a
kinetic determination of catalytic intermediate species and
resting state as described here provides a more meaningful
mechanistic analysis relative to spectroscopic observations,
which cannot distinguish between spectator and active species.

While the amine-binding cycle of Scheme 4 appears to
dominate when the amine/bromobenzene ratio is high, the
mechanism shown in Scheme 3 may become competitive under
conditions of high [ArBr], complicating the determination of
reaction orders and the distribution of catalyst intermediates.

Figure 8. Relative fractions of the catalytic species Pd(BINAP) and (R(R This may become an important concern in synthetic applications,

NH)Pd(BINAP) in Scheme 4 over the course of the reaction calculated typic?”)’ carried out using a slight excess _Of amine. As Fhe
using kinetic parameters taken from Table 1, according to eqs 11 and 12.reaction progresses, the [amine]/[ArBr] ratio increases continu-

Conditions correspond to the third injection in Figure 5, withy[= 0.13 ously as the limiting aryl bromide is consumed. Hence, it is
M-and (a) palo = 0.6 M and (b) gblo = 0.6 M. likely that, under synthetically relevant conditions, the relative
contribution to the overall rate from each of the pathways shown
in Schemes 3 and 4 will change, even over the course of a single
reaction. Such a subtle influence of substrate concentrations,
which may not only alter the distribution of catalyst species
but also change the reaction mechanism itself, emphasizes that
in some cases the conclusions of a kinetic study may not be

(R(R)NH)Pd(BINAP) increasing steadily over the course of the
reaction. For the secondary amine, however, the unbound
catalyst Pd(BINAP) remains-90% of the Pd present within
the catalytic cycle throughout the reaction (Figure 8Db).

(R(R)NH)Pd(BINAP) _ k’ﬂamme] general but, instead, may apply quite narrowly to the specific
[Pd]gta K_, + K_;[amine]+ Ky[ArX] conditions under which is it carried out.
(11) .
Conclusions
Pd(BINAP) K.y + KArX] e . o
= (12) Detailed kinetic studies of the amination of bromobenzene

[Pdlota K-y + kyfamine] + kp[ArX] with primary and secondary amines using(@ta)/BINAP

mixtures and Pd(BINAR) provide significant mechanistic

Figure 8 offers insight into the relative reactivity of Pd- information and highlight the complexity of these reactions. The
(BINAP) and (R(R)NH)Pd(BINAP) toward the oxidative ad-  true kinetic dependences on substrate concentrations can be
dition of the aryl halide. Under conditions where a large fraction masked when there is a slow formation of the active catalyst
of the Pd within the cycle is present as Pd(BINAP), such as that results in an induction period. The reaction is positive order
during the sequential reactions 21, it might be reasonable to  in both bromobenzene and amine concentrations and zero order
suppose that the aryl halide could compete successfully with in base concentration, results which are consistent with depro-
the amine for Pd(BINAP). However, the results of the kinetic tonation of the amine by the base occurring only after both
modeling demonstrate that oxidative addition to Pd(BINAP)
(Scheme 3 pathway) made no significant contribution to the
overall observed reaction which proceeded by the pathway in concentration of active Pd, although the absolute values will be normalized

. - . . : by the fraction of Pd present in the cycle.
Scheme 4. This may be rationalized by comparing our reactions 2z) The value given in Table 1 fdu/k_, differs slightly from that found by
using Pd(BINAP) with quantitative studies of the oxidative taking the ratio of the individual values shown in the table because of
.~ . roundoff error.

addition of 1 to Pd(BINAP) by Hartwig and co-worker%; (23) Thekossfor [1] = 0.1 M at the beginning of the third sequential reaction
allowing us to estimate that our reaction proceeded ap- N Figure 7a may be calculated asd10 2s * (ko = rate/[Pd]), which
proximately 25 times faster than the oxidative additiorl ad

(21) The values given in Table 1 assume that all of the Pd is present as active
catalyst. The relative trends in rate constants hold regardless of the actual

is 25 times greater than ttkg,s measured by Hartwig for oxidative addition
at [1] = 0.1 M to PA(BINAP) (kobs= 4 x 1074 s71 ref 9).
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amine binding and oxidative addition of bromobenzene have typically use concentration ratios distorted from ranges in which
taken place. It also precludes the intermediacy of a Pd-alkoxide synthetic protocols are normally carried out. In addition, the
complextalb presence of an induction period makes initial rate measurements
A mechanism in which the amine binds to the catalyst prior involving only the first few catalytic turnovers unreliable for
to oxidative addition of the aryl bromide is proposed to dominate providing meaningful kinetic data. Monitoring the reaction
at [amine]/[bromobenzene] ratios. Oxidative addition of bro- progress over time under synthetically relevant conditions
mobenzene to an (R(RIH)Pd(BINAP) complex proceeds more  provides information that allows mechanistic insight not possible
rapidly than direct oxidative addition to the Pd catalyst. The using conventional kinetic measurements and will enable the
amine also aids in activating the catalyst by facilitating the development of new and more efficient synthetic strategies for
displacement of dba. practical amination protocols.
A broader conclusion of these studies addresses the methods
by which kinetic data are conventionally obtained. The subtle
dependence of the reaction mechanism on relative substrat . . .
concentrations raises questions about the value of mechanistic erck, and Bristol-Myers Squibb for additional funds.
conclusions derived from standard kinetic experiments that JA026885R
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