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Comprehensive Kinetic Screening of Catalysts Using Reaction Calorimetry
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Abstract: rate, since the pseudo-zero-order rate constant incorporates
The protocol based on reaction calorimetry which is described ~ the concentration of the excess substrate

in this paper offers a multidimensional kinetic and stability y

profile of a catalyst candidate in liquid and multiphase reac- A + B — products @)

tions. The scale-transparent picture of catalyst properties

provided by this method should make it generally useful for rate= k'A]

rapid screening of candidates for catalytic process steps as well K'=k[B,l; [B] =large (3)

as for fundamental kinetic and mechanistic studies of organic ) . ) ]
reactions. In the example described here, new Pd complexes The Pd-catalyzed coupling of aryl halides with olefins

with nitrogen-based ligands were found to be more active than ~ (Heck reactioh Scheme 1) is a powerful method for
phosphapalladacycles in the Heck coupling of aryl halides with ~ laboratory-scale and industrial synthe’sisd recent research
olefins. has focused on development of catalysts of improved activity

and stability® In this context, we are exploring new Pd
complexes with nitrogen-based ligands as phosphine-free
alternative catalysts. Our model reaction between typical aryl

Introduction bromides4 and olefin5 is shown in Scheme 1. We compare

An ever-present problem in pharmaceutical process . . 3 g
research and development is the search for reliable method h; catal|yt|c beh{ahwohr T)ft_palla.?acyclaé ang 2, r? |mer|g d
of choosing a catalyst in cases where the total effort allocated,. complexes with chetating nirogen- or pnosphorus-base

for catalyst discovery, process development, and scale-upl'g"’Il\r/:ds.’t"’lr.]d a rptc;]nomerltg Pdhco:r}lp[é‘)wnh !:jnlnebh%ﬁ nds. id
of a reaction step must be combined in a rapid timeline. We onitoring ot tne reaction heat flow provides both a rapi

report here a method for comprehensive catalyst screening""cwIty assessment and a temporal kinetic profile of the

for liquid- and multiphase conditions which uses reaction catalyst candidate in the reaction of interest. For an isother-

calorimetry to provide a rapid kinetic profile of the catalytic ”?a' _rf_eact;on_(tj:arned ?Ut na batcthh relzactgr II n the aﬁsencteho{
reaction as well as a comprehensive picture of catalyst;']gnl 'f[:anf;: € reai:_ ons, an ent_ ap?/t E:r?n%e St OWSI da
“lifetime”, including initial performance, stability, and € rate of the reaction 1s proportional o the heat evolved.

deactivation characteristics. These features are important both q(t) = instantaneous heat flowy (J/s)
for fundamental understanding of catalytic mechanisms and dn AH.. = heat of reaction. J/mol
for scale-up and commercial use of a catalyst. It may be d(t)=AHq . ’
applied as a general screening protocol to a wide variety of dn_ reaction rate (mol/s)
catalysts and catalytic reactions carried out under realistic dt
conditions. In special cases, the method may be used as a ftq(t)dt
rapid “one-pot” screening of multiple catalyst candidates. 9, Conversior= 1oof°tf—
, ddt

Experimental Section
Small aliquots of substrat& are injected into a solution
in the reaction calorimeter which contains a very small

t = reaction time
t; = time of reaction at 100% conversion of substrdfd

amount of the catalyst and a large excess of subsBate The reaction commences with the injection of a small
reactions of the type aliquot of an aryl bromidd (typically 5 mmol) to the well-

stirred reaction calorimeter (Mettler RC1) containing 500 mL

A+BS products (1) of dimethyl acetamide (DMA) as solvent, a small amount
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of catalystl, 2, or 3 (typically 10—50umol), NaOAc as
base (typically 200 mmol) and a large exces$ @ypically
200 mmol). Conversions of the aryl bromide to the
corresponding-butyl cinnamate coupling produétwere
found by GLC analysis to be 95%, indicating that the heat

shown in Figure 4. Peak heights and peak breadths for a
family of pulses combine to provide a rapid visual assessment
of both activity and stability for the three catalysts. The
results show that the two nitrogen-based catalgsésd 3
consistently outperformed the benchmark phosphapallada-

flow trace obtained reflects the rate of the reaction of interest. cycle catalystin terms of activity. Palladacyc2gave peak

Results and Discussion
Figure 1 illustrates the form of the heat flow trace for a

heights three to four times lower than palladacyilevhich
exhibited the highest activity. A comparison of peak breadths
showed thaR achieved only one-half the number of pulses

pulse reaction as described above. The isothermal reactionnat1 completed in a given time period. Catalysjave the
commences instantaneously upon injection of the substrate highest initial activity although. was the most active later
Repetition of this pulse reaction allows a comprehensive jn the series of pulse reactions. Interestingly, the initial rate
picture of catalyst behavior as shown in Figure 2. for catalyst comparison from a single pulse reaction would have reversed
1. The height of the consecutive pulses increased at first, the order of activity for catalystsand3 because an induction

indicating that the catalyst exhibited an induction period

period was required forl to reach maximum activity,

before reaching its maximum activity. The pulse signal then yjtimately attaining a heat flow nearly 6 times that observed
remained fairly constant for a number of consecutive pulse for jts initial pulse. By the same token, the multipulse

reactions before finally decreasing.

Consecutive pulses from the multiple-pulse experiment
in Figure 2 have been superimposed in Figure 3 to highlight
these features. Figure 3a shows the catalyst's induction @

period, with the reaction rate increasing from the first to the g 5 ] . \

third pulse of reactant shown. After this induction period, ‘; ] . '\
several consecutive pulses are shown to give identical heat 4 Y
flow traces, confirming that the catalyst has reached a steady ] \
state (Figure 3b). The reaction rate data from this steady-§ 3 ] : \
state regime may be used to obtain intrinsic reaction kinetic = ] . \

information with confidence that competing rate processes -2 % 2] . \\
such as catalyst deactivation are absent. Finally, the rate of GS

catalyst deactivation and the processes by which each catalysﬂi
candidate deactivates may be studied by comparing later

pulses as shown in Figure 3c.
The catalytic properties of three different catalyst candi-
datesl, 2, and3 are compared in multiple-pulse reactions

(3) (@) Herrmann, W. A.; Brossmer, C.fée, K.; Reisinger, C.-P.; Priermeier,
T.; Beller, M.; Fischer, HAngew.Chem.,Int. Ed. Engl. 1995,34, 1844.
(b) Blaser, H.-U.; Spencer, Al. Organomet.Chem.1982,233, 267. (c)
Ben-David, Y.; Portnoy, M.; Gozin, M.; Milstein, BDrganometallicsL992
11, 1995. (d) Reetz, M. T.; Lohmer, G.; Schwickardi, m&xgew.Chem.,
Int. Ed. 1998, 37, 481—-83. (e) Klingerhdfer, S.; Heitz, W.; Oestreich, S.;
Forster, S.; Antonietti, MJ. Am.Chem.S0c.1997,119, 10116—10120. (f)
Bumagin, N. A.; Andryukhova, N. P.; Beletskaya, |. Metallorg. Khim.
1989,2, 911.

(4) Schmees, N. Ph.D. Dissertation, UniveitsKaln, 1998.
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Figure 1. Heat flow signal for the Heck coupling reaction
carried out by injecting 5 mmol of aryl halide 4 (R = -CHO; X

= Br) into a solution containing a 40-fold excess of olefin 5 (Y
= COOBu) and NaOAc in DMA solvent (500 mL) containing
10 gmol of catalyst 3 (See Scheme 1). Reaction temperature is
413 K. A heat flow datum point is collected every 2 s. See eqs
1 and 2 for the relationship between heat flow and reaction
rate.
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Figure 2. Heat flow signal for the Heck coupling reaction
carried out by injecting consecutive 5 mmol pulses of aryl halide
4 (R = -CHO; X = Br) into a solution containing a 20-fold
excess of olefin 5 (Y= COOBu) and NaOAc in DMA solvent
(500 mL) containing 50 gmol of catalyst 1 (See Scheme 1).
Reaction temperature is 413 K. A heat flow datum point is
collected every 2 s. See eqgs 1 and 2 for the relationship between

heat flow and reaction rate.

experiment predicts that long-term stability may be better
for catalystl than for3, since the consecutive pulse heights

decrease more rapidly for catalyt

Activity and stability of catalysts in Heck coupling
reactions are commonly reported in terms of integral
measures of catalyst activity. Turnover numbers (TON, moles
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productivity. Reaction rates are usually calculated in terms
of an average turnover frequency (TOF), simply as the total
TON divided by the total reaction time. In the Heck coupling
reaction studied in this example, TONs in the millions have
been reported for palladacycle$he time required to make
such measurements on a laboratory scale is on the order of i °
several days per catalyst candidate, and the average rates @ ]
obtained in such studies tend to minimize differences
between catalysts. Indeed, a systematic study of the relative
performance of the various catalysts which have been
developed for these reactions has not been reported previ-

ously.

Kinetic monitoring of reactions carried out under typical
reaction conditions (where the aryl halide/olefin concentration
ratio is 1:1.4 instead of a 20- to 40-fold excess of olefin as
in the rapid screening experiment) confirmed the conclusions
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of the screening experimgnts. Figu.re 5 shows heat flow tracesgjgyre 3. Heat flow pulses from Figure 2 superimposed to
for Heck coupling reactions carried out with a substrate: illustrate (a) catalyst induction period, pulses 1, 2, and 3; (b)
catalyst ratio of 10000:1. The induction period noted for steady-state catalyst behavior, pulses 4, 5, and 6; and (c) catalyst

catalystl in the multi-pulse experiment of Figure 4 is clearly
visible in Figure 5. Catalys? was significantly less active

(5) Hermann, W. A.; Brossmer, C.; Reisinger, C.-P.; Riermeier, T. Heled

K.; Beller, M. Chem.Eur. J. 1997,3, 1357.
(6) Gao, X.; Kagan, H. BChirality 1998,10, 120.

(7) The extremely high activity of catalysisand 3 in this reaction made it
unfeasible to compare these catalysts under the zero-order protocol describe

here.

deactivation, pulses 9-13.

than eitherl or 3, requiring a much longer reaction time
(>6 h compared to<2 h) to achieve full conversion. This
experiment confirmed the conclusion of the screening
experiments, which demonstrated that neither phosphine

Jigands nor a palladacycle structure is necessary for develop-

ment of an efficient Heck coupling catalyst.
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Figure 4. Comparison of catalysts 1, 2, and 3 in separate multiple pulse reaction experiments. Heck coupling reactions carried out

by injecting consecutive 5 mmol pulses of aryl halide 4 (R= -CHO; X = Br) into a solution containing a 40-fold excess of olefin 5

(Y = COOBu) and NaOAc in DMA solvent (500 mL) containing 10gmol of catalyst (See Scheme 1). Reaction temperature is 413

K. A heat flow datum point is collected every 2 s. See egs 1 and 2 for the relationship between heat flow and reaction rate.
Screening for Substrate ToleranceFigure 6 shows that  trace will appear as a constant horizontal signal as a function

this screening method may also be used to probe functionalof reaction time

group tolerance in catalytic reactions. In this case, we make

K
consecutive injections of small aliquots of different aryl A + B — products (6)
halides4 where the R-group (R or the halogen (X) has rate= k"

been changed. Clear differences in reactivity may be k' = KIAJ[B,] [AJ, [B(] = large @)

observed between electron-rich and electron-poor aryl bro-
mides. Re-injection of a “control” substrate may be used to  If consecutive small aliquots of different catalysts are
provide information about how different substrates influence injected into this reaction mixture, the heat flow curve will
catalyst deactivation. A recent papeescribed a “one-pot”  appear as a series of steps representing the linear addition
screening method to compare different substrates in aof the rates of reaction of each catalyst species present in
catalytic reaction by designing analytical protocols for the mixture. The relative reactivity of each catalyst would
deconvoluting the products from the different reactions. That be discerned from the relative size of the step for each
concept could be coupled with the approach described hereinjection. This concept is illustrated in principle in Figure
to assess both reaction rate and product selectivity in a “one-7, where consecutive injections of equal aliquots of the same
pot” scheme for investigating substrate tolerance to inves- catalyst, Pd(OAg) resulted in a heat flow trace with constant
tigate the generality of a particular catalyst candidate for step sizes, demonstrating the accuracy of the methiden
effecting a particular class of reaction. this protocol is carried out with different catalysts, candidates
Extension to “One-Pot” Catalyst Screening.The ulti- exhibiting either much higher or much lower activity may
mate goal for rapid catalyst screening would be the develop- easily be selected by inspection of the size of each step in
ment of a method to screen multiple catalysts with consecu-the resulting heat flow trace.
tive injections into the same reaction mixture. For cases Limitations of the Method. It is important to note that
where alteration of catalytic properties through interaction the general exploitation of this calorimetric method for
between different catalyst species in solution can be ruled catalyst screening relies on a number of important conditions
out, the calorimetric method described here may also bebeing met. The test reaction must exhibit a heat of reaction
extended to a “one-pot” screening of multiple catalyst large enough and a reaction rate fast enough to afford a
candidates. A slightly different protocol is used in this case. reasonable heat flow signal. The existence of side reactions
When the reaction is carried out in a large excesbath must also be considered, since the global measurement of
reactants, the reaction rate may be made to exhibit overallthe heat flow will include any and all reactions taking place
pseudo-zero-order kinetics, and the corresponding heat flowsimultaneously in the system. When these conditions are met,
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Figure 5. Heat flow signal for the Heck coupling reaction carried out with all components added prior to start of the reaction. 100
mmol of aryl halide 4 (R = -CHO; X = Br), 140 mmol of olefin 5 (Y = COOBu) and NaOAc in DMA solvent (500 mL), 10uzmol
of catalyst 3 (See Scheme 1). Reaction temperature is 413 K. A heat flow datum point is collected every 2 s. See eqs 1 and 2 for
relationship between heat flow and reaction rate.
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Figure 6. Heat flow signal for the Heck coupling reaction carried out by injecting consecutive 5 mmol pulses of aryl halides 4 with
R and X groups as shown into a solution containing a 20-fold excess of olefin 5 §&¢ -COOBu) and NaOAc in DMA solvent (500
mL) containing 50 gmol of catalyst 1 (See Scheme 1). Reaction temperature is 413 K. A heat flow datum point is collected every
2 s. See egs 1 and 2 for relationship between heat flow and reaction rate.

this calorimetric method provides one of the most rapid and Conclusions
guantitative measurements of reaction rate available for A rapid screening protocol necessarily sacrifices detail
liquid- and multiphase reactions. in the information obtained in the interest of throughput, and
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Figure 7. Heat flow signal for the Heck coupling reaction
carried out under pseudo-zero-order conditions with consecutive
injections of 0.44 mmol Pd(OAc) catalyst. 200 mmol of aryl
halide 4 (R = -CHO; X = Br), 280 mmol of olefin 5 (Y =
COOBu) and NaOAc in DMA solvent (500 mL) (See Scheme
1). Reaction temperature is 413 K. A heat flow datum point is

collected every 2 s. See eqs 1 and 2 for relationship between

heat flow and reaction rate.

judicious decisions about this trade-off must be made. The

a multidimensional kinetic and stability profile in a matter
of hours. These experiments helped to identify new Pd
complexes with nitrogen-based ligands as catalysts which
are efficient, relatively stable, and more active than the
catalysts based on phosphine ligands which are traditionally
employed in Heck coupling reactions. This catalyst-screening
approach provides a rapid route to a comprehensive and
scale-transparent picture of catalyst properties and should
find widespread use for comprehensive catalyst screening
as well as for detailed kinetic and mechanistic studies of
catalytic organic reactions.
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