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This Perspective highlights how the methodology of reaction progress kinetic analysis can provide a
rapid and comprehensive kinetic profile of complex catalytic reaction networks under synthetically relevant
conditions in a fraction of the number of experiments required by classical kinetic analysis. This approach
relies on graphical manipulation of the extensive data sets available from accurate in situ monitoring of
reaction progress under conditions where two concentration variables are changing simultaneously. A
series of examples from Pd-catalyzed coupling reactions of aryl halides demonstrates how a wealth of
kinetic information may be extracted from just three experiments in each case. Even before proposing a
reaction mechanism, we can determine reaction orders in substrates, propose a resting state for the catalyst,
and probe catalyst stability. Carrying out this kinetic analysis at the outset of a mechanistic investigation
provides a framework for further work aimed at seeking a molecular-level understanding of the nature
of the species within the catalytic cycle. To be considered plausible, any independent mechanistic proposal
must be shown to be consistent with this global kinetic analysis.

Introduction profiles of individual steps in a cycle should, wherever possible,
be studied independently from the global kinetics of the cycle.
These two lessons make it evident that kinetics figure
prominently in mechanistic analysis of catalytic reactions. In
that same review, however, Halpern noted that a widespread
limitation of mechanistic research at that time was the prepon-
derance of structural and spectroscopic studies that failed to
relate their findings to the kinetics of the catalytic reaction cycle
termed “global” or “phenomenological” kinetics for the re-
mainder of this review). Twenty-five years later, this remains
an apt comment. Despite the tremendously increased accuracy
of experimental kinetic measurements, despite a proliferation
of in situ tools that allow us to look inside a catalytic cycle

Twenty-five years ago, Halpern reviewed the role of transi-
tion-metal complexes in catalysis, an area of research that at
the time was itself only about 25 years @éldlhat review
highlighted the mechanistic elucidation of the homogeneous
hydrogenation of olefins using Wilkinson’s catalyst and using
cationic Rh complexes with chelating chiral phosphine ligands.
It is remarkable that today these two examples remain among
the most comprehensive kinetic and mechanistic analyses eve
accomplished on catalytic reaction networks. In addition to their
fundamental scientific significance, these examples have pro-
vided us with a valuable pedagogical approach to such

n:ve(sjngaqons. 'I('jwot “t%ke-hdome Iess%?—lsﬁr’om 'E[hISIWOI’k Sﬂllt while the reaction is proceeding, and despite the increased
stand us in good stead and are worth repeating: (a) wha youfacility of data manipulation methods, global kinetic analysis

see may not be what you get within a catalytic cycle; that is, on catalytic networks is largely carried out the way we did at

observable or isolable species can be confirmed as true catalytic:[h . ; L
: . oo . e e beginning of the last century. In particular, catalytic kinetic
intermediatesonly via kinetic evidence; and (b) the kinetic g g y.-\np y

studies under conditions where two substrate concentrations
change simultaneously remain rare. Kinetic measurements of

" Department of Chemistry. _ ) the global catalytic cycle are often seen as the tedious and
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points; thus, the global kinetic analysis of the catalytic cycle is linearizing the rate equation for simple catalytic networks in
asked only to confirm what has already been proposed. order to extract kinetic parameters from the slope and intercepts.
This Perspective illustrates how the methodology of reaction Reactions involving two different substrate concentrations are
progress kinetic analysis can turn this conventional approach problematic, however, because a separate linear plot must be
around: we advocate doing the global catalytic reaction kinetics constructed for each substrate in turn while holding the other
first, not last! Reaction progress kinetic analysian provide a concentrations constant. This is where our graphical approach
rapid and comprehensive understanding of the concentrationoffers a key advantage: rapid extraction of kinetic information
driving forces operating on a steady-state catalytic cycle at the may be accomplished in a minimum number of carefully
outset rather than at the end of a mechanistic investigation, in designed experiments where two substrate concentrations are
a fraction of the time and number of experiments that would changing at once. As will be described, this methodology relies
be required in a classical kinetic approach. Acquiring this on constructing plots of various functions involving reaction
information even before a reaction mechanism is proposed canrate vs substrate concentration, which we term “graphical rate
limit the number of plausible reaction pathways under consid- equations”. While this methodology may be considered a subset
eration and can inform the experimental direction of other of the field of differential kinetics, what we offer differs from
mechanistic tools we might employ. For example, this kinetic differential methods as taudftand practicet today; it aims
knowledge can give clues about what species might and mightto appeal to chemists preferring a visual, graphical, approach
not be isolable and which stoichiometric steps might and might to global kinetics, while making use of the wealth of information
not be feasible to study independently. contained in the voluminous data sets readily obtained by
A number of examples of Pd-catalyzed aryl halide coupling accurate in-situ monitoring of reaction progress.
reactions will serve to demonstrate how reaction progress kinetic
analysis provides a kinetically informed approach to mechanistic Reaction Calorimetry as a Kinetic Tool

study. A tremendous body of synthetic and mechanistic work  Mechanistic studies by our group focus on detailed reaction
has been assembled for these reactfofmffering pertinent  progress kinetic analysis using in situ tools that provide a
illustrations of the Halpern admonitions noted above. Some of virtually continuous temporal reaction rate profile. Our experi-
these reaction networks have been characterized by a *homeomental technique of choice in many cases is reaction calorimetry.
pathic’® concentration of active Pd within the cycle, with large  This technique has a long history as a mechanistic and
reservoirs of spectator Pd species identifiable and in some caseglevelopment tool in a number of areas of industrial chemfs#s
isolable'® Several reaction systems within this class have lent including biocatalysis, polymerization, and pharmaceuticals.
themselves to careful stoichiometric study of individual st€ps,  Consider a catalytic reaction proceeding in the absence of side
providing valuable information about the catalytic reaction reactions or other thermal effects. The energy characteristic of
network. the transformatiorrthe heat of reactiom\Hx,—is manifested
Before discussing how our kinetic analysis helps to inform each time a substrate molecule is converted to a product
the mechanistic investigations of several Pd-catalyzed aryl halidemolecule. This thermodynamic state function serves as the
coupling reactions, we give a brief introduction to the methodol- proportionality constant between the heat flow, and the
ogy of reaction progress kinetic analysis and to the in situ kinetic reaction rate (eq ¢ When the reaction under study is the

measurement tools we employ. predominant source of heat flow, the fractional heat evolution
. . o at any point in time is identical to the fraction conversion of
A Graphical Approach to Reaction Progress Kinetics the limiting substrate (eq 2). Fraction conversion is then related

We define reaction progress kinetic analysis asahalysis to the conpentratiqn 01_‘ the Iimiting substrat.e via eq 3. First and
of experimental data acquired over the course of a reaction ~ foremost in any kinetic study using reaction calorimetry, we
under synthetically relevant (non-pseudo zero order) sub- must confirm the validity of the method for the system under
strate concentrations. Typically, this involves reactions where ~ Study by showing that eq 2 holds. Comparing the temporal
the concentrations of two or more substrates decrease simultaffaction conversion obtained from the heat flow measurement
neously over the course of the reaction. Analysis of reaction With that measured by an independently verified measurement
progress data may be carried out at several different levels. Int€chnique, such as chromatographic sample analysis or FTIR
its most comprehensive form, reaction progress kinetic analysis®" NMR spectroscopy, confirms the use of the calorimetric
employs detailed kinetic modeling involving numerical integra- Method.

tion of the differential equations describing the rates of .

elementary steps in a proposed reaction network. Such meth- g= Aern-(reaCtlon)-rate (1)
odology may be employed using data from any experimental volume

technique that can deliver an accurate measure of how concen- f‘ q(t)dt

trations change as a function of reaction progress. Methods using fraction conversior= f = fﬁnal-p—
differential changes in concentration with time date back to the /. b ot

time of van't Hoff'2 even if they are less commonly employed 0

than methods that use concentration data directly. [substrate}= [substrate](1 — f) 3)

The methodology of reaction progress kinetic analysis to be )
described in this Perspective offers a graphical approach 1h€ above analysis may be extended to more complex
requiring less mathematical prowess than that described aboveSyStéms with multiple reactions according to eq 4 for a system
Because organic chemists have been slow to embrace suctff] reactions under study:

kinetic modeling tools, classic i i .
g , al graphical approaches to catalytic (reactlon

kinetic analysis dating back to the early 20th centémr? remain q= Volume)-ZAernj-(rate) (4)
]

popular mechanistic tools todd§.These methods focus on
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Reaction calorimetry has been used to study both parallel 0.005 -
and consecutive reaction pathwa&ys?’ Information about
temporal product profiles from an independent technique and/ 0.000 !
or calculations of theoretical heats of reaction are used to 0 10 20 30 40 50
partition the heat flow appropriately between the different time (min)
reactions, and kinetic modeling methods may be applied to the
data to assess proposed reaction networks. 11 p .

It must be noted that the graphical methodology to be
described in this Perspective can treat multiple reactions only
if the system exhibits time-independent stoichiometry. This same
caveat applies equally to classical linearization techniques such
as the LineweaverBurk or other reciprocal plots. Detailed
kinetic modeling approaches using reaction progress data
collected via reaction calorimetry or other techniques do not
suffer from this constraint. 0.2 — conversion from heat flow

It is also important to note that many commercial reaction * conversion from NMR
calorimeters are not suitable for monitoring reactions that are 0
very fast (less than ca. 5 min) or very slow (longer than ca. 0 10 20 30 40
8 h). In the former case, accounting for the time lag of heat time (min)
flow through the reactor walls can become inaccurate; in the
latter case, the signal becomes too low to provide accurate Figyre 1. Reaction progress profile for the reaction in Scheme 1
measurement of rate. obtained using reaction calorimetry afid NMR spectroscopy. (a)

We may illustrate the use of reaction calorimetry with the Reaction rate vs time. NMR spectroscopic data are converted from
simple example shown in Scheme 1, a textbook case of ancenversion to rate by differentiation. (b) Fraction conversion vs time.
uncatalyzed DielsAlder transformation. Reaction rate obtained Rate data from heat flow are converted to conversion via eq 2.
from monitoring the heat flow of this reaction is plotted as a
function of time in Figure 188 These data may be converted
to fraction conversion vs time using eq 2, as shown in Figure
1b. In Figure 1b we also compare the reaction calorimetry
conversion profile to that obtained frold NMR spectroscopic
monitoring of the reaction. The close agreement between the
two techniques confirms that reaction calorimetry provides a
valid measure of reaction progress.

Figure 1 illustrates another key advantage of reaction calo-
rimetry as a kinetic tool. With this method, rate is obtained
directly without the need to differentiate a concentration profile,
as must be done in order to convert NMR data to reaction rate.

0.8

0.6

04

fraction conversion

Reaction Progress Kinetic Analysis: Introductory
Examples

Classical kinetic studies of a reaction such as that shown in
Scheme 1 are typically carried out under conditions where
the concentration of one of the substrates is fixed while the
rate dependence of the other substrate’s concentration is
probed. This is accomplished either by using initial rate
measurements, where neither substrate’s concentration changes
significantly in a given experiment, or by employing pseudo-
The issue of converting concentration data to rate has beenz_ero-order conditions, where only one _substrate’s concentra-

tion changes. These procedures require a large number of

discussed previoush?.In Figure 1a, the blue circles show that " . q d ffici id
considerable scatter may result when the rate is determined from SPEtitiVe experiments to produce data sufficient to provide a

the NMR concentration profile, and smoothing functions are record of reaction rate over a range of concentrations of both
often applied. substrates.

As we will see in the next sections, the graphical manipula- Reaction progress kinetic analysis allows extraction of the
tions we develop in the methodology of reaction progress kinetic S@me kinetic information with significantly fewer experiments.
analysis presented here rely onhaghly accurate,virtually The key to this analysis lies in making use of the reaction
continuous account of the relationship between reaction rate Stoichiometry. For the simple DietsAlder reaction of Scheme
and substrate concentratioifthe enhanced accuracy as well as 1, @ mass balance tells us that for each molecule of dlene
increased data density (20 data points per minute in Figure 1)consumed, one molecule of dienoptliés also consumed. This
offered by reaction calorimetric monitoring make this our relationship is quantified in eq 5. The parameter of interest for
method of choice, wherever possible, for this type of kinetic our analysis is thelifferencebetween the initial concentrations
analysis. As is revealed by the examples presented here as welbf the two substrates. This parameter is a constant in any given
as in the references cited, a wide range of catalytic systems isexperiment, and we call it the excess, @}, [with units of
amenable to this experimental protocol. molarity (eq 6)?° The quantity § allows us to relate the two
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FIGURE 2. Reaction progress profiles from reaction calorimetric monitoring of two reactions of Scheme 1 carried out using different values of
excess ¢]: (a) reaction rate vsl]; (b) reaction rateff] vs [1].

substrates’ concentrations at any point during the reaction (eqovercomes this problem with a simple procedure to “normalize”

7). the value of rate at any given time by concentration at that same
given time. This is shown in eq 9 for normalization I2},[and
(2o —[2] = (1], — [1] ®) a similar normalization may be performed dij.[
el = [2]o ~ [T ©) normalized rate= r[a7t]e= k-[1] 9)
[2] =[] +[1] (7)

N ) Equation 9 introduces a new “graphical rate equation” plotted
The excessq can be large, small, positive, or negative. When Figure 2b, which now has the function ra@/pn they-axis.

pseudo-zero-order conditions i2] fare employed,d] is > [1]. As predicted by eq 9, we obtain a straight line with slepé&,
Under conditions of practical synthetic experimentd, ig confirming that the reaction is first order i]]
usually small, and1] and [2] are only slightly different from The order in ]] is not the only information available from
each other. These synthetically relevant conditions are employedine gata plotted as this normalized function in Figure 2b. The
in reaction progress kinetic analysis. fact that the two curves from two reactions carried out at two
different [g] values fall on top of anotheti.e., they “overlay*—
Experimental Protocols is significant. Looking back at eq 7, we see that any two
The key to the graphical methodology developed in this r_eactions with diffe_rent values oé][havediffererltconcerltr_a-
Perspective lies in defining two different experimental proto- tions of 2 at any given concentration df The overlqy n
cols: (a) “different exces€]’ experiments and (b) “same excess Figure ,2b shows that the funcnqn (ra@}[lfs nqt a funcnon Of,
[€]” experiments. We will use the simple Diel\lder reaction _[2], wh‘!ch teIIs_ us t”hat the reaction exhibits first-order kinetics
of Scheme 1 to help illustrate how reaction progress data from n the’ normallzgd subs_traté[. . .
only two separate reactions can determine reaction orders in_-€U'S summarize the information we obtain from a plot of
both substrates1] and [2]. Then we turn to a catalytic aldol n.ormgllzed rate” vs concentration for tyvo reactions carried out
reaction to demonstrate how one further experiment can confirm With different values of ¢ such as in Figure 2b: .
whether the catalyst concentration remains constant over the ° OVerlay”between the two curvesreveals that the reaction
course of the reaction. exhibits first-order kinetics in concentration of the “normalized”
(a) “Different Excess [€]” Experiments. In the case of the sgbstrate. Thus, .the ovqufiy !n Figure Z,b c'onf.irms that the
uncatalyzed DielsAlder reaction, we know a priori that this ~ Di€lS—Alder reaction exhibits first-order kinetics i][
bimolecular elementary reaction exhibits overall second-order * 1he shape of the curvereveals the reaction order in the

kinetics as given by eq 8. concentration of t.he spbsf[ratg plotted asx{w(is variable; for .
example, the straight line in Figure 2b confirms that the reaction
rate= k-[1]+[2] (8) exhibits first-order kinetics in1].

This example demonstrates for a simple case how a reaction

Figure 2a plots rate vsl], our simplest “graphical rate  rate law may be comprehensively defined in two substrates by
equation,” for two reactions carried out at different values of justtworeaction progress experiments employing tliferent
the excessq). Note that in such a plot the direction of reaction values of excesse]. A classical kinetics approach involving
progress is from right to left, with substrate being consumed initial rate measurements would require perhaps a dozen separate
over the course of the reaction. The curvature in the plots shownexperiments to obtain the same information.
in Figure 2a reveals the classical difficulty in extracting reaction  (b) “Same Excess” ExperimentsWe now describe a second
orders under conditions where two substrate concentrations areset of experiments that are critical to this methodology when it
changing at the same time. Reaction progress kinetic analysisis carried out orcatalytic systems. Determining reaction orders

4714 J. Org. Chem.Vol. 71, No. 13, 2006
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SCHEME 2 The proline-mediated aldol reaction in Scheme 2 was carried
0 ) O OH out under the two sets of conditions shown in Tablé? 1,
L-proline . . . Lo
0 H employing the same catalyst concentration but different initial
)]\ * DZ’\gSCO concentrations of the two reactants. These initial concentrations
4 5 cl :' are chosen such that the value of the excegsig the same in

the two experiments, although more conventionally reported
TABLE 1. Comparison of the Initial Conditions of Two Reactions parametersfor example, the number of equivalents of acetone
Carried out at the Same Excessd] and Their Concentrations during and the catalyst mol %differ between the two experiments.
the Reaction What is the significance of this choice of conditions? Table 1
shows that the initial conditions of Experiment 2 are identical
expt 1: initial conditions ~ 2.5M 05M 2M  OM to the concentrations of reactants found in Experiment 1 at the
ggt i g‘éf,f)"c‘zonr:fg:ggz %ggm 8:%2” 5% 8."35 M point when it reaches 50% conversion (Table 1, bold entries).

In fact, from this point onward the two experiments exhibit

identical [acetone] at any given [aldehyde] throughout the course
in [substrate] from rate measurements in catalytic reactions of both reactions. This “same][ experimental protocol leads
implicitly requires that the active catalyst concentration remains to another form of graphical “overlay” plot that yields valuable
unchanged during the kinetic measurement. Catalyst activationkinetic information: if the two experiments described in Table
and deactivation are common phenomena that can change the are plotted together as reaction rate vs [aldehyde], the two
active catalyst concentration. A quandary in conventional kinetic curves will fall on top of one another (“overlay”) over the range
analysis is how to be certain that such effects do not complicate of [aldehyde] common to botbnly if the rate is not significantly
the kinetic analysis under any given set of reaction conditions. jnfluenced by changes in the overall catalyst concentration
Initial rate methods are often employed in the hope of avoiding ithin the cycle, including catalyst activation, deactivation, or
the need to address the problem of catalyst deactivation; yroduct inhibition. Such plots are shown for the case of the
however, initial rates can be problematic for kinetic analysis in ya5ction in Scheme 2 in the absence of water and in the presence

cases where induction behavior of a precatalyst is observed. ¢ \yater in Figure 3a and b, respectivéThe plots do not
Extensive spectroscopic studies are sometimes carried out to '

b h inth , ¢ Miic i di overlay in the absence of water, but they do when water is
observe changes in the concentration of catalytic intermediates, ) ocont The “overlay” in these “sam@’[experiments in Figure
but a case must be made to show that such experiments do i

fact probeacti talvst speci b means that the total concentration of active catalyst within
actpr .eac e ca ay§ s.p cles. ) ) _ the cycle is constant and is the same in the two experiments

Reaction progress kinetic analysis offers a reliable alternative \here water is present. Once conditions for obtaining constant
method to assess the stability of the active catalyst concentraﬂoncata'yst concentration during reactions are found, we may

f:jg.;'n based on ”our Cof‘cept chi exce_be]s d[n k;:ontrast to our proceed in probing substrate concentration dependences with
It ereni e>f<ciess expe_rlme?ts t%:c” N Ia vae’ NOW WE Carty ¢onfidence that the complicating influence of a changing active
out a set of two experiments at tisamevalue of excessd. catalyst concentration is absent.

We use the proline-mediated aldol reaction shown in Scheme )
2 as our illustrative example. Oxazolidinone formation between ~ NOW that we have established the protocol of “same excess”
proline and aldehydes or ketones has been obséhaet this and “different excess” experiments to probe for reaction orders
reaction can effectively decrease the active catalyst concentra-2nd for catalyst stability, we turn to several examples of Pd-
tion. It has recently been shown that the addition of water can catalyzed ArX coupling reactions to illustrate the power of this
suppress this catalyst deactivatirdere, we describe how two ~ methodology to treat the complex rate behavior characteristic
reaction progress experiments carried out at the same exceséf catalytic reactions. We use the same graphical approach
[€] can be used to confirm the deactivation of proline in the developed in the first part of this Perspective, designing a total
absence of added water as well to demonstrate that prolineof three experiments for each of the four Case Studies presented

component acetoneé aldehydes [€] product6

concentration remains constant when water is present. in Schemes 36.
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FIGURE 3. Comparison of rate vs [aldehydB]for two reactions of Scheme 2 carried out at the same exeg®sth initial conditions as given
in Table 1 (magenta dots, experiment 1; blue dots, experiment 2): (a) no water added; (b) 0.1 M water added to the reaction.
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Pd-Catalyzed ArX Coupling Reactions: Four Case

Studies
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FIGURE 4. Conversion vs time measured by reaction calorimetry (eq
2, solid blue lines) and by GC analysis of samples extracted over time
(magenta circles) for the reactions of Case Ill and Case IV shown in
Schemes 5 and 6, respectively.

by combining the requirement to check for catalyst stability
(same §] experiments) with the requirement for determining
reaction order in [ArX] and [Nu] (differentg] experiments).
Simple examination of the concentration profiles in Figure 5
sheds little light on concentration dependences in [ArX] and
[Nu] in most of these cases. The capability of our methodology
to unravel the information hidden in these data is revealed as
we replot them in the form of one of the three “graphical rate
equations”, eqs 10ac. The first equation gives a simple plot
of rate vs concentration, while the next two present rate
“normalized” by one substrate’s concentration plotted against
the other substrate’s concentration. Our task is to seek “overlay”
in each of Cases-IV between data points in the three
experiments using one of these graphical rate equations.

rate vs [ArX] (10a)
rate/[ArX] vs [Nu] (10b)
rate/[Nu] vs [ArX] (10c)

Reaction progress data have been obtained by reaction

calorimetric monitoring of the four different reactions shown In plotting the data from reaction progress measurements in

in Schemes 36. These examples include a Heck reaction he form of these graphical rate equations, we typically consider

catalyzed by two different Pd complexes, a Sonogashira reaction,ye gata from ca. 2680% conversion, leaving out the beginning

and a Buchwald/Hartwig amination reaction. Reaction calorim- 54 end of the reaction. Many reactions exhibit induction periods

etry as a valid measure of rate was verified for each case by 4t the outset and at high conversions we find that normalization

comparing conversion obtained from heat flow (eq 2) to that py ihe |imiting substrate becomes inaccurate as its concentration

obtained by sampling and GC analysis. This is illustrated in approaches zero.

Figure 4. Parts a-d of Figure 6 show “overlay” plots for the reactions
In each reaction, we designate the aryl halide concentrationof Cases +1V. Next, we describe what these plots teach us

as [ArX] and we give the second substrate (alkene, alkyne, or ghout the concentration dependence of rate on [ArX] and [Nu]

amine) the designation [Nu]. We will now see how our set of jj each of the Cases-1V, followed by a discussion of possible

three experiments, two “same excess” and one further “different mechanistic implications of these kinetic conclusions.

excess” experiment, allow us to characterize the global catalytic  Case 1. Pd(P{-Bu)s)--Catalyzed Heck Coupling of Butyl

kinetics of each cycle even before considering possible mech-acrylate with 4-Bromobenzaldehyde.Figure 6a shows that

anisms for these reactions. plots of rate/[ArX] vs [Nu] (eq 10b) give curves that overlay
Reaction Progress Kinetic Analysis of CasesIV as horizontal lines. This reveals that the catalyst concentration
Parts a-d of Figure 5 show kinetic data from reaction is stable and that the reaction is

calorimetric monitoring of each of the four reactions of Cases e first order in [ArX]

I—IV shown in Schemes-36. In each case, profiles from three e zero order in [Nu]

reactions are shown: two reactions carried out at the same to give the global rate expression

excess, and one reaction is carried out at a different excess value

[e]. This set of three experiments defines our kinetic analysis rate(d] [ArX] (11)

4716 J. Org. Chem.Vol. 71, No. 13, 2006
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FIGURE 5. Plots of concentration vs time in the four ArX coupling reactions shown in Schem@sFots derived from reaction calorimetry data
using eqs 3. In each case, two reactions have been carried out under conditions of identical excess and one at a different excess as detailed in
the figures: (a) reaction of Scheme 3; (b) reaction of Scheme 4; (c) reaction of Scheme 5; (d) reaction of Scheme 6.

Case Il. Palladacycle-Catalyzed Heck Coupling of Butyl The shape of the profile in this case is indicative of saturation
Acrylate with 4-Bromobenzaldehyde.Figure 6b shows that  kinetics in [ArX], as in the MichaelisMenten form given by
plots of rate/[Nu] vs [ArX] (eq 10c) give curves that overlay as eq 13. This may be inverted to give the equation in “double
horizontal lines. This reveals that the catalyst concentration is reciprocal form” (eq 14). In both equation¥max is the

stable and that the reaction is maximum value of the rate function (rate/[Nu]) aKg is the
o first order in [Nu] Michaelis constant, which is related in an inverse fashion to
« zero order in [ArX] the degree of interaction between ArX and catalyst. As shown

in Figure 7, plotting the reciprocal form in eq 14 gives a straight

to give the global rate expression ! ) : -
line from which a Michaelis constaity of ca. 0.04 M may be

rate[) [Nu] (12)  derived.
rate _ VimalArX]
Note that these orders in substrate in Case Il are opposite [NU] Ko+ [ArX] (13)
those found in Case | for the same reaction catalyzed by a M
different Pd catalyst. _ K
Case lll. Pd(P(t-Bu)s).-Catalyzed Sonogashira Coupling (rate) Po w1 + L (14)
. -BU)3)2- = v
[Nu] Vinax [AXX] - Vinay

of Phenylacetylene with 4-Bromoacetophenond-igure 6c
shows that plots of rate/[Nu] vs [ArX] (eq 10c) give curves  Case IV. Pd/(binap)-Catalyzed Amination of 3-Tri-
that overlay but do not exhibit straight lines. This reveals that fluoromethylbromobenzene.Figure 6d shows that plots of rate
the Cata'ySt concentration is stable and that the reaction is VS [Ar)(] (eq 10a) give curves that Over|ay as horizontal lines.
« first order in [Nu] This reveals that the catalyst concentration is stable and that
o complex order in [ArX] the reaction is
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FIGURE 6. Plots of graphical rate equations for the four ArX coupling reactions shown in Schentededived from reaction calorimetry data

shown in Figure 5. In each case, two reactions have been carried out under conditions of identical excess and one at a different excess as detailed
in the figures: (@) reaction of Scheme 3, data from Figure 5a, graphical rate eq 10b; (b) reaction of Scheme 4, data from Figure 5b, graphical rate
eq 10c; (c) reaction of Scheme 5, data from Figure 5c, graphical rate eq 10c; (d) reaction of Scheme 6, data from Figure 5d, graphical rate eq 10a.

e zero order in [ArX]
e zero order in [Nu]
to give the global rate expression

rate= constant

Overlay Plots: The Details

(15)

kinetic analysis plots such as Figure-Ghis the following: How

these two cases no longer exhibit overlay when we choose these
graphical rate equations instead of those we used in Figure 6.
This lack of overlay tells us that the reaction rate law doets
follow the relationship suggested by the form of equation we
have plotted, i.e., the reaction dowst exhibit first-order kinetics

in concentration of the normalized substrate. In some examples,
we may find that curves of differen¢][do not overlay no matter

A question that often arises in discussions of reaction progressWhich graphical rate equation we choose; that result would
suggest that the reaction exhibits complex orders in both

do we know which of the “graphical rate equations” of eqs Substrates.

10a—c to use in any given case? The answer is that, a priori, Another question that arises concerning overlay plots is: how
we do not know! We simply try each one in turn until we find good does the overlay need to be? This may be answered
a relationship that exhibits “overlay”. Consider Cases | and II. rigorously with a statistical examination of the data that can
Figure 8 reveals what we would have found if we had tried eq give tolerances on the reaction orders obtained; we may find
10c instead of eq 10b for Case | and if we had tried eq 10b that a reaction exhibits first-order kinetids5%, for example.
instead of eq 10c for Case Il. We see that in each case the twoTypically, however, we find that what appears by eye to be a
“same E]” experiments still exhibit overlay; this is expected, reasonable overlay will give a good enough estimate of reaction
because confirmation of catalyst stability is independent of how order for us to make use of in our subsequent mechanistic
we plot the data. However, the “differerd][ experiments for investigations.
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400 by the same group where the rate was independent of [affitte].
1 K -—004M The discrepancy was rationalized by the fact that amine
aso4 M concentrations in the earlier studies had been too low to detect
1 R°=0.998 the dependence. Thus, studies carried out at either anomalously
= 300 high or anomalously low concentrations can lead to misleading
= ] 28 results for reaction orders in substrate concentration. This
~ 250 H highlights a particular advantage of reaction progress kinetic
= ] analysis: because we employ reactant concentrations in a range
& 200 similar to those used in synthetic experiments, we can be assured
o ] that the kinetic information we derive will be relevant to the
o 150 practical reaction carried out under these conditions. As has been
® N pointed out previously! the pseudo-zero-order conditions of
=~ 100 [ symbol ‘ [AXTo (M) | [PhAck (M) | [e] (M) classical I_<inetic experiment; must b_e_interpreted with the caveat
] 3] 0.06 0.62 0.76 that the distorted concentration conditions may alter the observed
50 O [ om 078 | 0.67 kinetics.
A oas 0.80 0.64 |
0 ——t ——————1—t —t——t N —— ———t .. . . . . .
o o5 i s 100 1s8 180 175 Mechanistic Implications Derived from the Kinetic Plots

The reaction orders in substrate concentration for the ex-
amples of CasesHIV have been obtained by carrying out just
three experiments in each of these four cases. Streamlining the
acquisition of kinetic information even before proposing a
reaction mechanism allows us to limit our consideration to
It is also important to keep in mind that the reaction orders mechanisms we know to be consistent with the observed

obtained via these overlay plots are strictly valid only over the kinetics. Inany case, it is important to emphasize that proposed
range of concentrations under which the plots were made, andmechanisms are necessarily only hypotheses; we may disprove
extrapolation of the findings to concentrations outside this range & mechanism with experimental evidence but we cannot claim
should be made with caution. This message is equally importantto prove it because alternate scenarios may be found that are
for kinetic investigations carried out by classical methods, also consistent with the data.

especially under pseudo-zero-order conditions. For example, For these four examples, one general mechanism that may
stoichiometric studies of the oxidative addition of ArX to Pd be shown to be consistent with the data in all cases involves
complexes in the presence of phenylacetyléBgsimilar to the oxidative addition of ArX to an active Pd species as the
the Sonogashira reaction of Case Ill) showed the rate to befirst step in the cycle, followed by addition of either the alkene,
suppressed by increasing concentrations18f’ This was alkyne, or amine as Nu. With this hypothesis, the differences
suggested to be due to competitive coordination of the terminalin the reaction orders in substrate for the four cases may be
alkyne to Pd. However, those studies were carried out underrationalized by a shift in the rate-limiting step and catalyst
conditions where 58200 equiv ofLl3were employed compared  resting state from one case to another.

to the aryl halide, possibly accentuating the level of competition ~ Simplified*? catalytic cycles based on this mechanistic
beyond what might be found under synthetically realistic hypothesis are given in Scheme 7 and are described below.
conditions. Similarly, a recent study of stoichiometric oxidative These proposals are presented as possible scenarios consistent
addition of ArX to Pd(binap)showed a small dependence of with the kinetics we observe, to facilitate other experimental

reciprocal concentration [Ar)(]'1

FIGURE 7. Data from Figure 6c replotted in double-reciprocal form.

the rate on the presence of amfien contrast to earlier work

1.2

mechanistic probing for further support or refutation.

1a symbol | (A (M) | [Nulo (M) | [e] o) 1b
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FIGURE 8. Alternative graphical rate equations for the examples shown in Schemes 3 and 4. The rate function plottgebaistimeach case

results in overlay for the same][experiments but not for the experiments carried out at differglptridicating in each case that the reaction does

not exhibit first-order kinetics in the normalized substrate concentration: (a) reaction in Scheme 3 and Figure 5a; (b) data from reaction in Scheme
4 and Figure 5b.
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SCHEME 7. Proposed Mechanisms for the Reaction easier when we know at the outset from the global kinetics what
Examples of Schemes-36 Based on the Kinetic Analysis a proposed mechanism requires.

Shown in Figures 5 and 8 Simple examination of the three kinetic profiles of [ArX] vs
time plotted in Figure 5ad was not sufficient to get us there,
however; the information contained within these data becomes
clear only by manipulation via the “graphical rate equations”
of eqs 10a-c. The “overlay” we observe in the plots in Figure

6 represents a kind of “pattern-recognition” that clues us in to
particular relationships between rate and concentration defined
in each case by the particular graphical rate equation we chose

product g 1 product

l2

Casel Nu Casell to plot.
Probing the Nature of the Catalytic Intermediates
product "Bg" ArX
product ?/ The nature of the intermediates we propose in each case in
’5 o e Scheme 7 must be probed by drawing upon mechanistic tools
| i e I other than global kinetic analysis. We can, however, use our
z o %/ kinetically streamlined picture to give us clues about where to
NG begin further mechanistic analysis. For example, we might study
Case lll Case IV the stoichiometric oxidative addition of ArX to the Pd catalyst

in Case |. Our mechanistic proposal suggests that the rate of
this stoichiometric reaction should equal that of the catalytic
2 Proposed rate-limiting step and catalyst resting states are highlighted reaction. Spectroscopic studies (e3P NMR) might help to
by arrows and shaded rectangles, respectively. define the nature of the “Pd” species that is suggested to be the
resting state. Reaction of the isolated oxidative addition complex
in this case, however, may not provide a meaningful comparison
with catalytic dat#3 In Cases Il and Ill, formation and isolation
of oxidative addition complexes might allow study of their rate
of decay as reactants in the stoichiometric addition of nucleo-
phile, which could then be compared to the catalytic reaction
rates. In Case |V, the stoichiometric oxidative addition should
proceed faster than the rate measured for the catalytic cycle.
The nature of the Pd speciescontaining both ArX and Nu in
this case might be accessible with spectroscopic studies. If an
isolable species is found, the rate of the stoichiometric reaction
of this species with base could be compared to the catalytic

o In Case I, oxidative addition is proposed as the rate-limiting
step. The resting state for catalyst within the cycle under this
proposal would be the “Pd” species at the entry point to the
cycle.

e Case Il is consistent with addition of the nucleophile to the
oxidative addition complex as rate-limiting. The observed zero
order in [ArX] is consistent with the mechanism in Scheme 7
if the oxidative addition complex speciesi$ fully saturated,
suggesting thatylis the resting state within the cycle.

o Reaction of Nu with the oxidative addition complex may
be proposed as rate-limiting in Case lll, and saturation kinetics
may be invoked as in Case IlI, but here the curvature in the )
graphical rate equation plots of Figure 6¢ suggests that speciegeam'?n rate. o ] ]

I, is not fully saturated. These data are consistent with the ~While such mechanistic experiments are not the focus of this
mechanism in Scheme 7 with the catalyst within the cycle review, full mechanistic investigations of these examples will
partitioned between the “Pd” species and the oxidative addition P€ reported separately.

complex &, giving a complex order in [ArX]. The key point to keep in mind when planning experiments

« Zero-order behavior in both substrates as observed in Casefor further mechanistic analysis is this: once the global kinetics
IV implies that a step occurring after the addition of both have been defined, the burden of proof lies with all other
substrates is rate-limiting and that the resting state may be amechanistic tools to demonstrate consistency with what we have
species4 containing Nu added to the oxidative addition complex learned from these phenomenological catalytic kinetics. Obtain-
l1. ing this kinetic information at the outset of our investigation

Note that these mechanistic proposals make no attempt tomay eliminate unproductive mechanistic detours that might focus
define the structure of the “Pd” species that serves as the entryon species demonstrated by the kinetics to be unrelated to the
point to the cycle or the nature of intermediatesi I, in each catalytic cycle.
case; it is important to emphasize that the proposals in Scheme This point is underscored by two recent examples where
7 are as far as our kinetic data can take us. Consider, howeveryeaction progress kinetic analysis of the global kinetics of the
the wealth of information we have already been able to extract catalytic cycle has demonstrated that previously proposed
about these four examples from only three reaction experimentsmechanisms are incorret*445> Both examples involve the
in each case and where this information may take us. First, we amination of ArX catalyzed by Pd/binap in reactions similar to
can be certain that catalyst deactivation is not a factor in any of our Case IV. In one casg,ArX addition to an amine-bound
these reactions; second, we can learn how strongly the reactiorspecies was proposed to explain an apparent positive order
rate depends on each substrate; third, we can propose wherelependence on [secondary amine] that was ultimately found to
the “bottlenecks” in the cycle are; indeed, for a given proposed be due to catalyst deactivatiéhAn important lesson may be
mechanism, we can estimate the relative populations of proposedearned from this example: while the “sanm&’[experiments
intermediates even before we have acquired any information described here to test for catalyst deactivation were not reported
about what these species look like! Designing further experi- in that study, such experiments could have been used to discount
ments aimed at excluding possible mechanisms becomes muclihat mechanistic proposal from the outset. In the second
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SCHEME 8. Examples of “Off-Cycle” Species and Their Influence on the Resting State of the Catalyst

b Paina) |
"Pd" Ar¥ a WL - binap
?/ \{ product "pg" ArX

AT ™ My

product

aKey: (a) halide-bridged dimer formation in the Heck coupling example of Case II; (b) precatalyst reservoir in the amination reaction of refs®9, 44, an
45.

example, a species proposed to lie on the catalytic cycle wasa common feature of “dead-end stef§sissociated with catalytic
shown instead to lie off the cycfé When such off-cycle species  cycles. In addition, the stoichiometric oxidative addition of ArX
remain in equilibrium with intermediates on the catalytic cycle, to Pd(binap) exhibits a small dependence on amine concentra-
they are termed “dead-end” specféshis example and another  tion that is not observed in the catalytic reactions. In a further
case of an off-cycle species are described in the next section.analogy to the Halpern hydrogenation studies, in this case
observed discrepancies between stoichiometric and catalytic
Comments Concerning Off-Cycle or “Dead-End” Species kinetics helped to correct an incorrect proposed catalytic reaction

. mechanism.
The Heck coupling example of Case Il above represents an

example where information about the nature of the active
intermediates is difficult to obtain directly due to the extremely Distinguishing between Mechanistic Possibilities
low concentration of catalytic species within the cycle. The
nature of the active Pdspecies presumably formed from the
dimeric palladacycle precursor is not known. However, Br-
bridged dimeric palladacycles have been isolated after Hec
coupling reactions of ArBr starting from acetate-bridged pal-
ladacycle precursof$. The reaction has also been shown to
exhibit close to half-order kinetics in [P&}:*’ These observa-

tions help to refine the mechanism proposed for Case Il in

Scheme 4 as shown in Scheme 8a, where a halide-bridged dime i - ok X
lies off the cycle in equilibrium with the oxidative addition faster and switches to positive order kinetics wherexylamine

species 1. The extremely high activity of the very low is employed as Nu instead of the deactivated hydraZdbne.

concentration of Pd employed (10M in Case 184 becomes Clearly, ligand dissociation cannot be rate-limiting if a change
all the more remarkable when we consider that most of the Pd N @ Subsequent step in the cycle increases the rate. Hence, we
is tied up as the off-cycle dimer. This case provides a good May discard the proposal of Pd(binapjing on the cycle as
analogy to the Wilkinson’s catalyst case, where the reaction P€ing inconsistent with the data.

proceeds via a minute concentration of a highly active species,

with a number of off-cycle species being observed, including Multi-Step Reactions as “Chameleons”

those incorporating reactants.

In Pd/binap-catalyzed amination reactions similar to our Case In Pd(binap)-catalyzed reactions of primary amines with
IV, the off-cycle species Pd(binagif)as been observed by NMR  PhBr, the major species is the off-cycle complex Pd(binap)
spectroscopy during the reacti&hBecause this was the only  In our analogous reaction of Case IV with thame catalyst
species observed, and because its concentration decreased Hyut different substrateswve suggested that the catalyst resting
no more than 15% over the course of the reaction, this complex state is intermediate in Scheme 7. Similarly, we saw in the
was proposed to lie directly on the catalytic cycle. Stoichiometric Heck reaction examples of Cases | and Il that gsme
studies suggested reversible ligand dissociation as the first andsubstratesvith different catalystsilso resulted in a shift in the
rate-limiting step?®#%48An alternate explanation involving slow,  rate-limiting step and resting state of the catalyst. This highlights
off-cycle activation of the Pd(binapwas suggesté#*® and a further comparison to the Wilkinson’s catalyst case studied
has since been supported by results showing conclusively thatby Halpern. Indeed, a multistep catalytic reaction mechanism
the global kinetics are not consistent with Pd(bindming on has been compared by Collman, Hegedus, Norton, and Finke
the cycle?® A refined mechanistic proposal with Pd(binaps to a chameleon because of the way in which such differences
the resting state lyingff the cycle is shown in Scheme 7b. can lead to subtle changes in the observed kinetics and

An interesting point in this example is that the reversible off- mechanisni.Reaction progress kinetic analysis has the particular
cycle ligand dissociation step exhibits different kinetics in [ArX] advantage of enabling the study of multistep reactions under
in a stoichiometric oxidative addition sequence than it does in conditions employing the “color of the chameleon” most likely
the global catalytic reaction under identical conditions. This is to be synthetically meaningful.

The observed overall zero-order kinetics in the Pd(binap)-

catalyzed amination reaction of Case IV is consistent with a
K rate-limiting step occurring after addition of the amine to the
oxidative addition complex (Scheme 6). However, zero-order
kinetics would also be observed if Pd(bingfi¢s on the cycle
and ligand dissociation is rate-limiting. Catalytic kinetic experi-
ments can be used to distinguish between these two possibilities.
We found that the reaction of Case IV proceeds significantly
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(20) Mathot, V. B. F.Thermochim. Act200Q 355 1—33.
(21) Kemp, R. B.; Lamprecht, Thermochim. Act200Q 348 1-17.

This Perspective highlights how a new graphical methodology (22) Ee';%isrgﬁ%cﬂlan lzrt;r(i)%QDS- 633 fastor, A.J.; Peerey, K. M.; Whiting, L.
derived from reaction progress kinetic analysis provides a rapid (,3) regenass, Wi. Thermal Anal1997, 49 1661.
and comprehensive global kinetic profile of complex catalytic  (24) Reaction rate is defined by ratel/v;-1/vol-d&/dt; £ = (n; — ny)/vi, where
reactions under practical synthetic conditions with a fraction £ is the extent of reaction;, is the stoichiometric coefficient of species
of the number of experiments required by classical graphical i, andn; and njp are the moles of specigsat timet and at time zero.
approaches to catalytic reaction cycles. A series of examples

Summary

definitions hold for reactions exhibiting time-independent stoichiometry.

Reaction rate and extent of reaction are species independent. These
from Pd-catalyzed coupling reactions of aryl halides demon-

A species-dependent rate may be defined for a constant volume system,
wherenj/vol = C;, asspecies rate= v;-rate = dCi/dt.

strates how the reaction orders in substrates and stability of the (25) wang, J.; Sun, Y.; LeBlond, C.; Bradley, J. S.: Blackmond, DStdies

catalyst may be quantitatively determined even before proposing
a reaction mechanism. To be considered plausible, any inde- (26)

in Surface Science and CatalysElsevier: Amsterdam, 1997.
LeBlond, C.; Wang, J.; Blackmond, D.; Forman, A.; Larsen, R.; Orella,
C.; Sun, Y.Thermochim. Actd 996 289 189.

pendent mechanistic proposal must be shown to be consistent (27) Landau, R. N.; Singh, U. K.: Gortsema, F. P.; Gomolka, S. C.; Lam, T.;

with this global kinetic analysis. The advantage of this approach

is that kinetic information rapidly obtained in this manner may

then be used to inform the direction of mechanistic studies,

providing a framework for further work seeking a molecular-

level understanding of the nature of the species within the

catalytic cycle.
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