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Abstract: A method is presented for
the high-throughput monitoring of re-
action kinetics in homogeneous cataly-
sis, running up to 25 coupling reactions
in a single reaction vessel. This method
is demonstrated and validated on the
Sonogashira reaction, analyzing the ki-
netics for almost 500 coupling reac-
tions. First, one-pot reactions of phe-
nylacetylene with a set of 20 different
meta- and para-substituted aryl bro-
mides were analyzed in the presence of

In addition, the temperature-depen-
dent Sonogashira reactions were exam-
ined for 21 different ArX (X=Cl, Br,
I) substrates, and the corresponding ac-
tivation enthalpies and entropies were
determined by means of Eyring plots:
Arl  (AH"=48-62kJmol™'; AS*=
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—71-—39 Jmol ' K NO,—OMe),
ArBr (AH"=54-82kJmol™!, AS*=
—55-11Jmol ' K), and ArCl (AH"=
95-144 kJmol ™, AS*=—6-
100 Jmol™" K). DFT calculations estab-
lished a linear correlation of AH™ and
the Kohn-Sham HOMO energies of
ArX (X=Cl, Br, I) and confirmed
their involvement in the rate-limiting
step. However, despite different C—X
bond energies, aryl iodides and elec-
tron-deficient aryl bromides showed

17 different Pd—phosphine complexes.

Introduction

The Sonogashira reaction is used for coupling aryl- and
vinyl halides!" or alkyl halides™ with terminal acetylenes.
It is a versatile C—C bond formation reaction that tolerates
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similar activation parameters.

a variety of functional groups and conditions.”*?? Sonoga-
shira coupling is applied for producing pharmaceutical inter-
mediates, liquid crystals, polymers, and materials with speci-
alized optical and electronic properties.” ¥ Despite these
numerous applications, our mechanistic understanding of
the Sonogashira reaction is limited.”**! This is because the
Sonogashira reaction, like other coupling reactions, has a
complex catalytic cycle that involves several steps.[*'#"! One
approach for unravelling the reaction mechanism is to study
the kinetics of the (rate-limiting) elementary steps, such as,
oxidative addition,* reductive elimination,*! or transmeta-
lation® in detail, all of which, however, need to be known
(see Figure 1).°! The widespread belief is that the oxida-
tive addition of the aryl halide determines the turnover for
cross-coupling reactions,*? although Kozuch and Shaik sug-
gested an integrated rate function for the entire catalytic
cycle.d

Alternatively, one can study the influence of different
structural and compositional variables on the outcome of
the catalytic reaction, and identify the key factors by statisti-
cal analysis. For this, a large and diverse dataset is required.
In the case of the palladium-catalyzed Sonogashira reaction,
this means a large number of different substituents in the re-
actants, as well as a variety of ligand-Pd complexes. The
problem is that this approach is time-consuming and labor-
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Figure 1. Simplified consensus mechanism for the Sonogashira reaction
by using bulky phosphines.

intensive, and therefore unpopular. However, this problem
can be solved if reactions are performed in parallel. Kagan
and co-workers pioneered a technique termed “one-pot
multisubstrate screening”,”> in which several reactions
with a single catalyst are carried out simultaneously in one
reaction vessel to increase the number of substrates studied
and to obtain yield and ee data much faster. We have modi-
fied and extended this method to now make it a reliable
technique for the collection of a large amount of kinetic
data in homogeneous catalysis. Previously, high-throughput
screening (HTS) techniques have been used primarily for
speeding up the optimization of Sonogashira catalysts.?"-3:%
Ideally, our approach leads to the identification of a number
of quantitative steric and electronic parameters which allow
the prediction of the efficiency of a given cross-coupling re-
action. Notably, Fairlamb and co-workers have attempted to
achieve this by evaluating the electronic properties of the
modified dba (dibenzylideneacetone) type of ligands in [Pd,-
(dba);] and their effect on Suzuki and Heck cross-coupling
reactions.”’>"!

Herein, we present a method for high-throughput moni-
toring of reaction kinetics in homogeneous catalysis.** We
demonstrate and validate this method on the Sonogashira
reaction, analyzing the rate constants for almost 500 cross-
coupling reactions in three sets. Complementing the high-
throughput experimental approach, we then applied DFT
calculations and statistical analysis tools, extracting mecha-
nistic information from the data. Importantly, this approach
gives an unbiased view of the factors that control the cata-
lytic cycle.

Results and Discussion
Concept validation for Sonogashira cross-coupling: The one-

pot multisubstrate screening concept has several key advan-
tages: First and foremost, it is fast. This concerns the actual
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reactions, as well as their analysis. The time required for the
quantitative analysis of the products is drastically reduced,
because all products are separated and quantified simultane-
ously. Moreover, as the reactions are performed simultane-
ously in the same flask, the conditions are truly identical.
This method enables a good sampling of the catalyst and re-
action space, and the conclusions are less likely to be biased
by the choice of experiments. However, there are also limi-
tations: First, the reactions studied must be selective, as the
formation of numerous by-products may impede the quanti-
tative analysis. Fortunately, the Sonogashira reaction is com-
pliant in this respect: The only undesired product resulting
from Pd** ions observed is the Hay coupling product, 1,4-di-
phenyl-butadiyne, formed with a yield of <0.3%. Second,
the rates of individual product formation in each batch
should all be within two orders of magnitude.” In the case
of very fast reactions, approximating the reactant concentra-
tion becomes increasingly difficult, whereas in the very slow
cases the effective catalyst concentration per substrate does
not remain constant once the faster coupling reactions are
completed. This is illustrated in Figure 2, which shows the
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Figure 2. Conversion versus time curves and determination of the initial
rates of the product-forming reaction. Subset of data taken from MS-25
screen. “R” symbols denote the para-substituent on the aryl bromide,
whereas R? is the correlation coefficient of the linear fit.

reaction profiles for a subset of three substrates selected
from a 25 multisubstrate screen (MS-25). As soon as the fast
substrates are converted, the apparent rate for the formation
of the “slow” tolanes increases, as more and more catalyst is
available for their conversion. Finally, the substituents at the
aryl bromides must not react with one another. Considering
these limitations, one must first validate the one-pot multi-
substrate screening prior to application in the Sonogashira
coupling reaction.

Thus, we first studied whether the relative reaction rates
(by using standard procedures) match those from the multi-
substrate screens. To answer this crucial question, we deter-
mined the initial Sonogashira coupling rates for three differ-
ent substrates (R=—H, —OMe, and —CO,Et, see Table 1) in
three individual reaction vessels. Analogous data were then
obtained from several multisubstrate screens of various sizes
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Table 1. Verification of the Sonogashira coupling “one-pot multisubstrate screen”.l”!
Br

“ [Pd] _ /
R n=1-25

Screen R: p-NO, p-CN p-COMe p-CO,Et p-CF; p-F H p-Me p-OMe

3 xsolo - - - 2.07+£0.3 - - 1 - 0.6+0.09
MS-2 - - - 2.194+0.16 - - =1 - -

MS-3 - - - 2.44+0.18 - - = - 0.57+0.04
MS-5 - - - 2.49+0.18 2.1£0.16 - = 0.6+£0.05 0.59+0.04
MS-9 8.95+0.89 6.35+0.54 3.72+0.26 2.36+0.17 2.13+£0.16 0.8440.05 =1 0.6+0.05 0.56+0.04
MS-25 9.14+0.91 6.294+0.53 3.9+0.27 2.554+0.19 2.04+0.16 0.834+0.05 =1 0.614+0.05 0.57+0.04
average - - - 2.354+0.17 2.12+0.16 - 0.6+£0.05 0.58+0.04

[a] Conditions: HNiPr,, 80°C, Na,PdCl,, Cul, rBu;P-HBF,=4:3:4. The remaining 16 R groups in MS-25: 0-CN, m-SOMe, 0-COMe, 0-CO,Et, p-SOMe,
m-COMe, m-CF;, m-CO,Et, m-F, 0-Me, m-Me, 0o-OMe, m-OMe, m-NMe,, p-tBu, p-NMe,.

(MS-2, MS-3, MS-5, MS-9, and MS-25), each carried out in
a single reaction vessel. Table 1 lists the relative rates ob-
tained from these experiments (normalized for H=1).
Indeed, we found that the relative rates for a given substrate
were all within the experimental error. They were independ-
ent of the number of substrates in the multisubstrate screen.
This is apparent when comparing various experiments in-
cluding the aryl bromides with R=p-CO,Et and p-OMe,

Table 2. Sonogashira cross-coupling reactions of 20 different aryl bro-
mides in the (20 x 1) screen with the various Pd-phosphine catalysts as de-
fined by the respective 17 phosphines. Phosphine used: Ad,PBn;
AdPCy,; tBu,PBn; Ad,PtBu; Ad,PEt; PtBu;; PsecBu;; nBus; rBu,PiPr;
Cy,PBn; PiPr;; PCy;; Cy,PtBu; CyPrBu,; Cy,PiPr; iPr,PtBu; iPr,PCy.

1 2 3

R® R

which have been studied in the entire test screens. For p- Aryl bromide Tolane R! R’
CO,Et, the deviation from the average of 2.35 is <10%, 1a 3a H H
whereas the deviation of p-OMe (average 0.58) is <4 %. 1b 3b CF; H
We also tested whether a change in the total concentra- i; gfl f/le g

tion of the aryl bromide or the phenylacetylene influences 1e 3e OMe H
the relative rates. In addition to the concentration 1f 3f CN H
Y (ArBr)=0.1m for the sum of all aryl bromides used in all 1g 3g Bu H
experiments, we also studied X(ArBr)=0.2m. For both mul- i:‘ ::‘ I(\:IgMe E
tisubstrate experiments (MS-5, RC¢H,Br; R=—CF;, —H, — 1j 3j COZZEI H
CH;, —OMe, —COMe) the relative rates were identical 1k 3k NMe, H
within the experimental error (see the Supporting Informa- 1m 3m S(O)Me H
tion for details). These results validate the one-pot multisub- In 3n H CF;
strate screening for acquiring kinetic data in Sonogashira 10 :0 E ;e
cross-coupling reactions, and therefore we proceeded with 11(; 32 H OMe
the mechanistic studies. 1r 3r H Ac

1s 3s H NMe,
Ligand and aryl bromide substituent effects: In the first set It 3t H COEt

1u 3u H S(O)Me

of reactions (Table 2), we studied the influence of various
meta- and para-substituted aryl bromides and various Pd—
phosphine ligand complexes on the Sonogashira reaction
rate. In a typical experiment, one equivalent of an equimo-
lar stock solution of mixed aryl bromides 1a-1u (the nota-
tion 11 is omitted to avoid confusion) was stirred in HNiPr,
with 0.001 equivalents (0.1 mol%) of the catalyst complex
for ten minutes. The reaction was then initiated by adding
1.05 equivalents of phenylacetylene. The Sonogashira cou-
pling reactions were performed according to a procedure re-
cently described by us; all of the tolanes synthesized for this
study have been prepared before and their characterization
data reported in detail elsewhere."? Reaction progress was
monitored by quantitative GC analysis. In total, we mea-
sured the initial reaction rate constants for 20 substituted
aryl bromides in the presence of 17 different phosphine li-
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gands (nBu;P, Cy,PBn, PCy,;, iPrPCy,, iPr,PCy, iPr;P,
secBu;P, tBuPiPr,, AdPCy,, BuPCy,, tBu,PCy, Ad,PEt,
Bu,PiPr, Bu;P, 1Bu,PBn, Ad,PrBu, Ad,PBn) (Ad=1-ada-
mantyl, Bn=benzyl). All of the phosphines under investiga-
tion were trialkylphosphines, the steric bulks of which were
modified in a systematic manner. For the Ad,PR series of
phosphines Ad,PrBu, Ad,PiPr, Ad,PBn, Ad,PEt, the size of
the R group was modified. With the butyl series nBu;P,
secBu;P, and rBu;P, the degree of branching was modified
and, within the R,PBn series Cy,PBn, rBu,PBn, Ad,PBn,
the nature of R was varied. Within the series PCys,
tBuPCy,, tBu,PCy, tBu;P, the cyclohexyl groups were re-
placed by Bu groups. The steric bulk was expected to in-
crease in a steady manner. However, the sum reactivities of
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the respective Pd-complexes
(SR;=0.078, 0.48, 0.52, 1.00),
see Table 3) did not show the
expected smooth increase in
activity. PCy; is poor, but
beyond a critical threshold of
steric bulk, represented by
tBuPCy,, the catalytic activity
did not change drastically.
From this observation, as well
as from the analysis of the re-
maining series of phosphines
we concluded that highly
active catalysts require at least
one tertiary and two secondary
carbon atoms attached to the
phosphorus atom for good ac-
tivity. As soon as two tertiary
carbon atoms are present, the
third substituent on the phos-
phorus atom can be almost
any group without compromis-
ing very high activity catalysts.
This may explain why some
groups showed excellent cata-
lytic activities with Pd-phos-
phine complexes of the latter
type, for example, Bu,PMe,"”!
Ad,PnBu,®®! and Bu,POH.[!
This yielded a set of 340 reaction profiles with 340 corre-
sponding rate constant (k) values. Figure 3 shows the
entire set of rate constants for the various substrate/ligand
combinations.

Table 3. Sum reactivities SR;, reaction constants p and o, correlation co-
efficient (R* (0/0) for comparison only) for all reactions at 80°C.1*!

Phosphine SR, p(para) R*(a,,,,) R*(0),,.)

Cy,PBn 0.031 0.948 0.931 0.894

PCy; 0.078 1.057 0.969 0.888
iPrPCy, 0.085 1.018 0.951 0.860
iPr,PCy 0.10 1.123 0.905 0.823

iPr;P 0.13 1.038 0.935 0.932
secBu;P 0.18 0.975 0.977 0.863
tBuPiPr, 0.44 0.991 0.918 0.917
AdPCy, 0.45 0.891 0.939 0.859
tBuPCy, 0.48 0.893 0.973 0.791
tBu,PCy 0.52 0.921 0.972 0.762
Ad,PEt 0.56 0.931 0.989 0.822
tBu,PiPr 0.72 0.963 0.923 0.842

tBu;P 1.00 0.790 0.970 0.828
tBu,PBn 1.07 0.813 0.928 0.909
Ad,PBu 1.26 0.821 0.930 0.728
Ad,PBn 1.33 0.834 0.960 0.866

[a] The sum reactivity SR; is defined by Equation (1).

1 - rrarx(PR3)
SRi — . - 1
Z rR,ArX(tBuSP) @

Rgubstrate —
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Figure 3. Rate constant (reactivity 1000h™") for 340 Sonogashira reactions of 20 aryl bromides with phenylace-
tylene, applying 17 different Pd—phosphine complexes. Solvent: HNiPr,, T=80°C; catalyst: Na,PdCl,, Cul,
phosphonium salt: 4:3:4. Reactivities are low-conversion tof.

Phosphine ligand steric effects: The ligand size influences
the catalytic activity of the Pd catalyst complexes. In gener-
al, the empirical rule that sterically demanding and electron-
rich phosphines yield high activity catalysts is confirmed.[’”!
We find, for example, that Pd-PCyj; is a relatively poor cata-
lyst, whereas Pd-rBu;P is 10-50 times more active in the
conversion of aryl bromides at 80°C. However, describing
the ligand effects by using only the Tolman cone angles’! is
insufficient. Modeling the entire sum of the reactivities’ da-
taset by using Tolman’s cone angles gives a poor correlation,
even when excluding the P(nBu); ligand that is distant from
the line (R?=0.44 for 17 observations). This may reflect fun-
damental problems of the Tolman approach especially con-
cerning PR, ligands with different R groups.”>" However,
it is likely that in this case the activity does not depend only
on steric effects, but rather on a combination of steric, elec-
tronic, and interaction effects (see below). We can isolate
the steric effect for some of the ligands, for example, for the
subset {P(iPr);; P(secBu)s; P(iPr),Bu; PiPr(tBu),; P(:Bu)s;
P(1-Ad),Bu}. The correlation coefficient for this subset is
R*=0.993 for six observations (Figure 4). In this subset, the
iPr residues are substituted either with 1-Ad or with /Bu
groups. These are both aliphatic anchor groups with spheri-
cal symmetry (as opposed to Bn or Cy).

Descriptor modeling and Hammett parameters: High-

throughput experiments as described here yield large
amounts of data with high precision and reproducibility. Ex-

Chem. Eur. J. 2008, 14, 2857 —2866
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Figure 4. Reactivity versus cone angle for six phosphine ligands, substitut-
ing iPr groups with rBu or 1-Ad groups.

tracting useful information from this data is a complex prob-
lem in itself. We approached the data analysis from two di-
rections, namely using ’blind’ statistical models (’black
models’) that employ no chemical knowledge, as well as de-
scriptor models based on physical organic chemistry. Start-
ing with the raw data, we modeled the rows and columns
separately with average value models, using the 0~ and the
cone angle parameters. The o~ parameter (o for the meta-
substituents) gives a very good model for the substituent
effect, with R*=0.930 for 16 observations (data given in
Table 3). In each case, the substituent values for the differ-
ent ligands are nicely clustered together (data not shown for
clarity) so the average gives a good representation of the
data spread.

Next we ran a ’blind model’ (i.e., a data-driven statistical
model), to see whether there are single effects or interaction
effects between the ligands and the substituents. In this
model, the entire dataset is represented by Equation (2),

kij = C + .’~Ci + Jjj + ﬁ)z,');j (2)

where C is the overall mean (4.15h™"), £, and j; denote the
total-mean-centered values of row i and column j, respec-
tively, and § is an interaction parameter. Using a goal-seek
function,”™ we found that $=0.22 yields a fit of R*=0.978
for all k values (323 observations). This shows that there is a
substituent effect, a ligand effect, and an interaction effect.
The interaction effect between the ligand and the substitu-
ent is important. If we omit the interaction parameter, R*=
0.803. Thus, the interaction parameter explains almost 20 %
of the variance in the data. It is unlikely that the substituent
has a steric effect, and even more unlikely that an electronic
substituent effect will interact with a steric ligand effect.
Thus, we observe here an interaction between a ligand elec-
tronic effect and a substituent electronic effect. The Ham-
mett o~ parameter’®"” is an excellent descriptor in this case.
Note, however, that the literature contains diverse reports:
Similar correlations were reported for Suzuki, "
Heck,®*) and carbonylation reactions®®! even though dif-
ferent Hammett parameters were used: Milstein and Herr-
mann reported that o, parameters yielded the best fits,
whereas other studies applied o, parameters. Even a 0; cor-
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relation to establish a stabilization of a positive charge in
the transition state was reported.®! To further understand
the mechanism, we studied the correlations of the reaction
rates, relative to R=H, by using also the ag, 0;, and 0,,., pa-
rameters."”! The correlation coefficients of the o) were not
as good as those for o, (Table 3). To distinguish between og
and o, correlations, one must study a number of different
substituents covering a large range of electronic effects.
NMe, is especially important in this respect.’® As expected,
0; gave poor correlation coefficients. The data for rBu;P
with R* (o),,)=0.83 versus R* (0,,,)=0.97 illustrate this
point (Figure 5). In contrast to the excellent correlations in
the para series, the meta Hammett parameters produce
linear fits with lower correlation coefficients (R?>=0.7-0.8).
We believe that this reflects the limited value of meta Ham-
mett parameters, as noted by Hansch et al.”®!

Opara

o«

i3

< |

k]

4-FE_H

-0'.44 02 04 06 08 10 12 14
4-ovMew ™ 102 4795 009 o (para)

A-04 R’=0097

Figure 5. One of the 17 Hammett plots determined for the rates of
tBu;P-based Pd-catalyst for the Sonogashira coupling of various 4-substi-
tuted aryl bromides (R=NMe,, Me, OMe, H, F, CF;, CO,Et, COMe,
S(O)Me, CN, NO,). R =reaction rate for variable substituent, R, = reac-
tion rate for reference substituent H.

We also correlated the sum reactivity (SR;) of a given cat-
alyst with the p values obtained from the slope of the linear
fit of relative reactivity versus the respective Hammett con-
stant. The data cluster in three distinct areas. First of all, the
Pd-PR; complexes of low activity (Cy,PBn, PCy;, iPrPCy,,
iPr,PCy, iPr;P, secBusP)®" give SR; p=0.95-1.12, the second
group of intermediate activity represented by the phos-
phines (AdPCy,, (Bu,PCy, rBuPiPr, Cy,PBn, (BuPCy,,
Ad,PEt) are characterized by p=0.89-0.99, and finally, the
high activity phosphines (Ad,PBn, BusP, Ad,PrBu,
tBu,PBn) by p=0.79-0.83.

The large p values for catalysts of low reactivity explain
that substituents at the aryl bromides strongly influence the
overall reactivity. This effect is less pronounced for catalysts
of intermediate activity and even smaller for those of high
activity. The lower sensitivity of high activity catalysts to-
wards the 4-substituents means that all elementary steps
that depend on this substituent are less important for the
overall rate. This includes the oxidative addition step. Signif-
icant changes in p indicate a change in the mechanism. It is
likely that catalytic reactions in each of the three clusters
occur through slightly different mechanisms. Jutand and co-
workers noted that depending on the bulk of the phosphine,
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the oxidative addition can occur through an associative or a
dissociative mechanism, in agreement with the different p
values we observe here.[*)

Using a smaller set of data, we also studied the substitu-
ent effects in the Sonogashira coupling of aryl iodides and
aryl chlorides by using rBu;P-based Pd-catalysts. For both
classes of compounds, o, gives better correlation coeffi-
cients than o) . However, with aryl chlorides the differen-
ces of R* between the 0, and the o7 fit are small. We at-
tribute this ambiguity to the smaller number of different
substrates (—NMe, omitted) studied in the temperature-de-
pendent reaction and not to a change in the correlation pat-
tern. The increasing bond strength C—X results in an in-
crease in the p values along the series of aryl chlorides (o=
1.3, 80°C) > aryl bromides (0=0.51, 80°C; 0.76, 50°C) > aryl
iodides (p=0.38, 50°C, see Table 4). The oxidative addition
rate slows down for stronger C—X bonds, becoming increas-
ingly important for the overall rate equation.

Table 4. Temperature-variable Hammett plots for the Sonogashira reac-
tion of aryl iodides, bromides, and chlorides with phenylacetylene, by
using the rBu;P-derived catalyst (R =see Figures 6 and 7).

X T [°C] 0(0,,.) R?

I 234 0.457 0.97
I 30 0.461 0.98
1 35 0.459 0.99
1 40 0.445 0.97
I 45 0.408 0.97
1 50 0.376 0.98
Br 40 0.921 0.95
Br 50 0.762 0.96
Br 60 0.675 0.95
Br 70 0.568 0.93
Br 80 0.508 0.89
Cl 80 1.336 0.98
Cl 95 1.097 0.95
Cl 108 0.98 0.90

Nonetheless, the large differences in the C—X bond ener-
gies (in CgHs—X; X= Cl 402, Br 337, T 272 kJmol)®! do
not translate into correspondingly large differences of rates
for the Sonogashira coupling reactions. At 50°C the mean
ratio of k. /kams: 1S about ten, whereas, at 80°C, k. /karc
reaches about 10000. This is much less than what could be
expected on the basis of the mean bond energy differences.
Hartwig noted that, with the exception of aryl chlorides, the
rate-limiting step is not the actual insertion of the palladi-
um(0) into the C—X bond, but rather the reorganization of
the ligand sphere preceding this step.””)

Temperature effects: To determine the activation parame-
ters AH" and AS™ for Sonogashira coupling we have per-
formed the multisubstrate coupling reactions of various aryl
halides 4-R-C¢H,-X (X =1, Br, Cl, R: NO,, CO,Et, CF;, H,
F, Me, OMe) with phenylacetylene at several different tem-
peratures. The resulting Eyring plots allow the calculation of

2862 —— www.chemeurj.org
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the activation parameters for all of the 21 coupling reactions
(Figures 6 and 7). It should be kept in mind that our data
come from the analysis of the whole reaction and not from
individual elementary steps.

AH*kJ mol™

Figure 6. Enthalpies of activation AH™ for the Sonogashira reactions of
4-R-C4H,-X and phenylacetylene by using a tBusP-derived Pd catalyst.

AS

Figure 7. Entropies of activation AS™ for the Sonogashira reactions of 4-
R-C4H,-X and phenylacetylene by using a tBu;P-derived Pd catalyst.

The enthalpies of activation AH™ are always positive.
There is, however, little change (14 kImol ™) in the series of
Arl  (48—62kJmol™!), slightly more differentiation
(28 kImol™!) with ArBr (54—82kJmol™') and, by far, the
biggest change (50 kImol™') with ArCl (94—144 kImol™).
This indicates the increasing importance of the oxidative ad-
dition step for the overall rate.

The entropies of activation provide information on the
degree of order in the transition state. It is interesting to ob-
serve large differences in the series of ArX (X=Cl, Br, I).
The large, negative values for Arl (—=71——37 Imol'K) are
indicative of a highly ordered transition state corresponding
to an associative mechanism. Again the spread of the AS*
values is larger for the ArBr reaction (—55—10Jmol™'K).
Although the highly activated aryl bromides show values
similar to those of aryl iodides, this changes drastically for
the deactivated aryl bromides. With the exception of the
nitro-substituted species, the entropies of activation for the
aryl chlorides are large and positive (—6—100 Jmol 'K).
Again aryl chlorides and the nonactivated aryl bromides
behave distinctly differently from the aryl iodides and the
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activated aryl bromides, the activation parameters of which
(AH™ and AS™) are similar. This is true, even though the C—
I and C—Br binding energies differ significantly. We con-
clude that the insertion of Pd into the C—X bond can hardly
be rate limiting in the Sonogashira coupling of aryl iodides
and activated aryl bromides.

The activation parameters for the oxidative addition of
chlorobenzene to Pd(dppe) were determined by Milstein
and Portnoy as AH* =118 kJmol ' and AS*=—-9 Jmol 'K
(£33 Jmol'K).’" These values agree remarkably well with
the activation parameter determined by us for the Sonoga-
shira cross-coupling of chlorobenzene (Figures 6 and 7). De-
spite this excellent correlation, one should remember that
activation parameters can vary, depending on the ring size
of the chelating phosphines.”” Nonetheless, this is strong
evidence for the oxidative addition being the rate-limiting
step in the Sonogashira coupling of aryl chlorides.

We are not aware of experimental activation parameters
for the oxidative addition of aryl bromides to palladi-
um(0).”**1 Fu and co-workers determined activation param-
eters for the corresponding reactions of alkyl bromides
(AH*=10kJmol™) that are significantly smaller than our
values for the aryl bromides.” Note that our values of AH*
and AS* for the Sonogashira coupling are different from the
AH*=69 kImol™ and AS*=-43Jmol 'K as determined
for the Heck coupling of acrylates.”™*! This comes as no
surprise as the cleavage of the much weaker C—I bond
during the Heck reaction will be less significant for the over-
all rate of the catalytic cycle than the oxidative addition of
the C—CI bond. Consequently, the overall activation barrier
can hardly be similar for aryl iodide Heck and the Sonoga-
shira coupling reactions. One step within the series of ele-
mentary steps comprising the oxidative addition is the
actual C—X bond scission,”! which can only be rate limiting
when the respective bond energies correlate with AH™.

Concept validation of the temperature-variable high-
throughput screening: To firmly establish the method of par-
allel multisubstrate screening for the determination of acti-
vation parameters, we performed extensive control experi-
ments.

First of all we repeated the multisubstrate experiments by
using a set of five 4-substituted aryl bromides (4-R =COMe,
CF;, H, Me, OMe) which were simultaneously reacted with
phenylacetylene in an MS-5 experiment at temperatures of
30, 40, 50, 60, 70, and 80°C. Each experiment was repeated
four times (MS-A, -B, -C, -D). The AH™ values thus ob-
tained (Tables 5 and 6) are virtually identical to the AH™
values determined in the MS-7 experiment described above
(Figures 6 and 7). This emphasizes the excellent reproduci-
bility and reliability of the parallel multisubstrate screening
approach. Next the more important question of whether the
multisubstrate approach is able to provide us with meaning-
ful activation parameters must be answered. We have there-
fore individually determined the activation parameters for
each of the five coupling reactions described above. The five
different aryl bromides were reacted separately with phenyl-
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Table 5. Activation enthalpies AH™ obtained from parallel multisubstrate
experiments. Each experiment was repeated four times (columns A, B, C,
and D); the fifth column is the average.

MS-A MS-B MS-C MS-D Average
[kKJmol™'] [kimol'] [kimol'] [kimol'] [kimol]

COMe 52.7+4.1 53.5+4.1 53.0+4.1 523+4 52.8+4.1
CF; 61.6+4.4 62.0+4.5 60.8+4.4 60.6+4.4 61.2+4.4
H 72.9+2.6 72.94+2.6 722+25 72.7+2.5 72.7+25
Me 80.7+5.6 80.0+5.5 80.4+5.5 80.8+5.6 80.5+5.6
OMe 822+6.4 84.0+6.6 83.0+£6.5 83.1+6.5 83.1+6.5

Table 6. Activation enthalpies AH™ obtained from single reaction experi-
ments. Each experiment was repeated four times (columns A, B, C, and
D); the fifth column is the average.

Solo-A Solo-B Solo-C Solo-D Average
[kJmol™'] [kImol™'] [kImol™'] [kImol™'] [kImol]

COMe 502+44  522+46  53.6+47 524446 521446
CF; 614+25 61.8£25 623+26  623+26  62.0+£25
H 72.6+23  723+23  724+23 723423 724423
Me 82.1+68 81.8+£6.8 81.7+68 81.4+6.8 81.8+6.8
OMe 84.9+66  84.0+6.6  83.8+6.5 833+6.5 84.1+6.6

acetylene at six temperatures between 30-80°C. Each reac-
tion was repeated four times and we thus studied a total of
180 coupling reactions. The activation enthalpies determined
are listed in Table 5. The most important conclusion is that
AH" and AS*, which are values determined in single reac-
tion experiments (solo), are identical (within the error of
the experiment) to those determined in the multisubstrate
(MS-5) experiment. These experiments unequivocally prove
that parallel multisubstrate screening is a viable and effi-
cient method for the study of cross-coupling reactions.

DFT calculations on aryl halide substrates: Scheme 1 out-
lines two different isodesmic reactions, both of which have
been used previously to evaluate the stability of poly(chloro-
benzene)s.'"”! We used these for evaluating the stability of
the C=X bond. Although the closed-shell reaction of type I
describes well the electronic situation of the oxidative addi-
tion to palladium(0), the radical type II reaction was includ-
ed for comparison (see Supporting Information). We consid-
er the closed-shell reaction of type I as the more realistic

reaction | (closed shell),

+ H
N e

reaction Il (open shell)

+ ;
QL ——+ L)
X=-Cl,-Br, -l

Y =-NO,, -CN, -CF3, -SOMe, -COMe, -COOEt, -F, -H,
-Me, -OMe, -NMe,

Scheme 1. Isodesmic reactions type I and II for evaluating substituent ef-
fects on aryl-halogen bond energies of various para-substituted (Y) halo-
gen benzenes (X) relative to their unsubstituted counterparts (Y =H).
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model, as the C—X scission in cross-coupling reactions is
probably not a free-radical process.!'"!]

In fact, there is no distinct and significant correlation be-
tween the calculated C—X bond strength that is, the AH or
AG values (as determined through B3LYP/6-3114++4G-
(d,p)!'%97 with the halogen atoms Cl, Br, and I represented
by Los Alamos LanL.2DZ!"™ effective core potentials, ECP)
from the isodesmic reactions of type I and II and the rela-
tive rate constants (log,okryru) obtained for the Sonoga-
shira reaction of the series of substituted aryl halides under
consideration. Based on this we believe that the actual
breaking of the C—X bond, that is, the insertion of palladi-
um(0), is not rate-limiting."® With a view to the arbitrary
choice of the reference state for the C—X bond strength, we
looked into other molecular parameters that could shed
some light on the role of the Sonogashira substrates in the
mechanism of the reaction.

The DFT-derived energies of the Kohn—-Sham molecular
orbitals (B3LYP/6-311++G(d,p)) are good descriptors in
this case. Both the HOMO and the LUMO energies are re-
lated to the Hammett o reaction parameters, although only
the HOMO energies (Epopmo) exhibit an almost linear corre-
lation. An ostensive relationship between AH™ and Ejopo is
shown in Figure 8. This correlation suggests that the aryl
halides participate in the turnover-determining step of the
Sonogashira reaction. Presumably, this step is preceded by
an end-on ligation of the halogen atom to the Pd atom, and
therefore can be regarded as an electron-donating step.””)
The higher the Eyoyo of the substrate, the more stable this
pre-complex should be, and the higher the rate-determining
activation barrier for subsequent steps. Thus, p-NMe,-substi-
tution makes the aryl halide a better ligand (high Eyomo),
whereas the p-NO, lowers the Eyomo, facilitating the ensu-
ing oxidative addition reaction. Although these effects are
most pronounced for the aryl chlorides, they decrease in the
order X=Cl>Br>1. Specifically, the correlation of an in-
trinsic property of the aryl halide with AH™ means that sig-
nificant steps influencing the overall rate must occur whilst
the aryl halides exist within the catalytic cycle (before the
insertion of palladium(0) into the C—X bond).

160.0 -
s X=ClI Me OMe
A X=Br %
14001 o x= -
ﬁ'| T -
120.0 CiFa QSQ/W
- ] ¥
[=} -
E 100.0]¥%2 —
2
= - Me-
M oM
S 80.0 i 1
1 CF3 ,GéOOE% I
60.0+ '*02/ s _—— ’F/?—i /fng OMe
1 - 5 “CFs CooEt
40.0 - NOg —————
-8.00 -7.50 -7.00 -6.50

HOMO energy/eV

Figure 8. Plot of experimental enthalpies of activation AH™ against calcu-
lated Kohn—-Sham HOMO energies for the series of substituted R-C4H,-
X. The regression coefficient (R?) values are 0.95, 0.96, and 0.90 for X =
Cl, Br, and I, respectively.
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Conclusion

Parallel multisubstrate screening is a valid experimental
method for studying Sonogashira cross-coupling reactions
and to establish structure-activity relationships. This ap-
proach will allow understanding of the factors which control
the outcome of Sonogashira reactions and ideally lead to a
set of steric and electronic parameters which govern such
coupling reactions. Ideally, this will allow prediction of the
rate at which coupling reactions occur. The ease and speed
of this approach enable the quantification of hundreds of re-
action profiles in a few weeks. The simultaneous screening
under identical conditions gives additional advantages, such
as the possibility of applying statistical models to the data
and extracting relevant mechanistic information. Moreover,
extensive verification experiments carried out for this study
provide firm concept validation.

Specifically, the Hammett correlations by using o, for
17 sets of Sonogashira reactions demonstrate the stabiliza-
tion of a negatively charged transition state for the coupling
reactions of all aryl halides (X=Cl, Br, I). For all 17 cata-
lysts a correlation of the sum reactivity SR; and p clusters
the data in three distinct areas: Low cone angle/poor activi-
ty catalysts result in large p values, intermediate cone angle
and activity give medium p values, and high cone angle and
activity gives small p values. For unbranched phosphines the
cone angle is correlated with the reactivity of the respective
Pd catalysts. The role of the aryl halide is emphasized by
DFT calculations, which link the Kohn-Sham HOMO
energy of the aryl halide with the activation enthalpy. The
correlation of the HOMO energy of the various substituted
aryl halides (X=Cl, Br, I) with activation enthalpy AH™ for
all of the 21 different aryl halides shows that the aryl halide
has to be involved in the rate-limiting step. We have demon-
strated parallel multisubstrate screening to be useful to un-
derstand coupling reactions; the parameterization of sub-
stituent and ligand effects is desirable to gain predictive
character.

Experimental Section

Gas chromatography: Two Perkin—-Elmer gas chromatographs were used:
A GC Autosystem for manual injection equipped with a split/splitless in-
jector system and a FID detector. A Clarus 500 GC with an autosampler
and equipped with a split/splitless injector system and a FID detector.
Chromatographic separation on both GC instruments was performed by
using a 15 mx0.25 mm, df 1.0 um Varian CP-Sil 8 CB column. Nitrogen
was used as carrier gas at flow rates between 0.3 and 0.4 mLmin ' and
helium with a programmed velocity of 25 cms™, respectively. For HETP
(height equivalent of a theoretical plate) experiments also H, and Ar
were used as carrier gas at different flow rates between 0.25 and
1.2 mLmin~". All the injections were made in the split flow mode with a
split ratio of either 20:1 or 50:1. For all analyses, the injector was main-
tained at 270°C and the detector at a temperature of 350°C. Signal ac-
quisition and data handling was performed by using the IntLink Clarus
data acquisition system and TotalChrome V6.3 Workstation (Perkin—
Elmer Inc., Shelton, Connecticut, USA). Quantification of the compo-
nents was accomplished by using two internal standards (dibenzofurane
and naphthalene) for screening experiments with GC separation runtimes
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greater than 45 min and by using one internal standard (dibenzofurane)
with faster runtimes. The concentration of the standards was the same as
for each of the substrates in the reaction (0.1/Mgmponents m)- Calibration
was performed with substrate/standard- and product/standard-ratio stock
solutions in the range of 1:1000 to 1:1 to obtain the calibration curves for
the respective GC system and detector. The concentrations of the cali-
bration levels were according to screening conditions 0.1 molL™" for the
sum of all components. A sample was taken at full conversion in all
screening experiments to approve calibration precision and trueness
under screening conditions. The validation process of the GC-FID and
GC-MS methods was performed according standard procedures!'” and
EURACHEM guidelines. The methods were validated in terms of limit
of detection (LOD), limit of quantification (LOQ), linearity, precision,
and trueness

Ready-made Sonogashira catalyst:'” All of the catalyst components
(Cul, Na,PdCl,, and (/Bu);P-HBF,) were mixed together and finely
ground with the inert salt HNiPr,,HBr. This mixture was used for all
screening experiments in which the reactivity of the substrates was the
key point of interest. The intention behind this procedure was the better
comparability combined with a small error in the Pd/Cu/P ratio. A mix-
ture of Cul (14.3 mg, 75 pmol) Na,PdCl, (29.4 mg, 100 umol) and phos-
phonium salt (rBu);P-HBF, (58.3 mg, 201 umol) was finely ground with
the inert salt HNiPr,-HBr (1898 mg). The molar ratio of Pd/Cu/P was
4:3:8 and the use of 20.0 mg of this mixture for a coupling reaction with
1 mmol of aryl halide equals a TON of 1000 at full conversion.

Separate-component catalyst: Each of the components (Na,PdCl,; Cul;
phosphine) were dispersed separately in HNiPr,-HBr and were weighed
together before starting the coupling reactions. Part A (palladium com-
position): Na,PdCl, (26.4 mg, 89.8 umol) was finely ground with the inert
salt HNiPr,-HBr (420.0 mg). Part B (copper composition): Cul (14.8 mg,
77.7 umol) was finely ground with the inert salt HN/Pr,-HBr (504.6 mg).
Part C (phosphine composition): The respective phosphine (89.8 umol)
was finely ground with the inert salt HNiPr,-HBr.

Stock solutions: For better comparability of the screening experiments
different stock solutions were prepared. Different aryl halides or acety-
lenes were weighed with the appropriate amount of the internal GC stan-
dard and then filled up with HNiPr, to reach the required concentration.
The solution was then siphoned into a Schlenk tube and was carefully de-
gassed by freeze and thaw cycles. The final concentration for the aryl
halide stock solutions was 1M for the sum of all components and (n(com-
ponents) M)~ for each of the internal GC standards (dibenzofurane and
naphthalene). The final concentration for the phenylacetylene stock solu-
tions was 0.5M for the sum of all components and also 0.5/n components
M for the internal GC standards.

Procedures for the Sonogashira coupling of aryl bromides and acety-
lenes: preparation of the GC standards: A mixture of the ready-made
Sonogashira catalyst (CMIX-1, 5.0 mg) and the respective aryl bromide
(5 mmol) in HN/Pr, (10 mL) was carefully degassed (freeze and thaw)
and was then heated to 80°C with vigorous stirring for 5 min. After the
addition of the respective acetylene (5.25 mmol), the precipitation of
HNiPr,-HBr indicated the start of the reaction and stirring was continued
until full conversion was achieved (GC control). After cooling to room
temperature, the reaction mixture was filtered and the precipitate
washed with diethyl ether (25 mL). The volatiles were removed under
vacuum and the residue was purified by flash column chromatography on
silica (heptane or cyclohexane/ethyl acetate).
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