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ABSTRACT

0.05 mol % Pd(OAc),

! o)
RJ©/ i \)Losu

1.5 equiv

1.5 equiv iPr,NEt ¢)
Acetonitrile

160-200 °C
5-20 min residence time

R

up to 99% in situ yield
78-85% isolated yield

High-yielding Heck reactions are demonstrated using 0.05 mol % Pd(OAc), without phosphine ligands. These reactions are run in a mesoscale
flow reactor which allows precise control of reaction times and temperatures. Profiling yield and selectivity versus Pd loading shows 500 ppm to
be optimal for aryl iodides; higher loadings favor side reactions caused by Pd(ll) species. Aryl halides are examined via concise Design of

Experiment to expand the scope and optimize conditions.

The Heck reaction is a versatile method for the forma-
tion of C—C bonds between alkenes and aryl or alkyl
halides.' Typically catalyzed by palladium—phosphine
complexes, this reaction has seen use across a wide variety
of substrates and has been employed on large scale for
the synthesis of pharmaceutical intermediates.>® More
widespread adoption of Heck chemistry on industrial
scale is challenged by the need for high catalyst loadings
(1—5 mol %). This adds cost, especially as the cost of
palladium increases. High catalyst loadings also increase
the difficulty of purging palladium and ligands to prevent
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poisoning downstream chemistry or contamination of ac-
tive pharmaceutical ingredients.>* Consequently, there re-
mains a significant need to develop new techniques for
Heck reactions with reduced palladium loading and little
or no phosphine ligand.

The ligand-free Heck reaction is not new; Heck and
Mizoroki both introduced the reaction between aryl io-
dides and activated alkenes in the early 1970s with ligand-
free PACl, or Pd(OAc),.” The addition of tetraalkylam-
monium salts improved the ligand-free Heck reaction, and
subsequent work has broadened the scope further to
include aryl bromides and chlorides.®” This reaction re-
mains limited by the requirement for high temperatures
and, in some cases, extended reaction times.®

Flow reactors directly address these challenges by pro-
viding straightforward access to the high temperatures
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needed for the ligand-free Heck reaction without the
extended heating and cooling ramps required in batch
reactors.” Because of their relatively low volumes, flow
reactors can be run at temperatures and pressures far
beyond those obtainable using standard glass equipment,
obviating the need for high boiling solvents which are
difficult to remove during workup. High temperatures
accelerate the reaction; thus the catalyst only needs to be
stable for 5—20 min, allowing elimination of ligands and
potentially reduced loadings. Flow Heck reactions have
been demonstrated with both hetero- and homogeneous
catalysts,'® and Kappe recently reported an example with
Pd(OAc),."" Here, we describe the optimization of fast
ligand-free flow Heck reactions with Pd(OAc), and show
that very low catalyst loadings are essential to minimize
byproducts.

Scheme 1. Heck Catalyst Cycle and Palladium Aggregation
Pathway
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The primary challenge in running Heck chemistry is to
facilitate the desired coupling reaction while minimizing
byproduct formation and catalyst deactivation. The main
catalytic cycle for the Heck reaction is unimolecular in
Pd, and its rate increases with increased Pd concentra-
tion (Scheme 1, steps a—d).'® The undesired reduction
product (Ar—H) and biaryl product (Ar—Ar) are formed
via bimolecular pathways through reactions between
[Pd—Ar] species and [Pd—H] species (step e) or [Pd—Ar]
species (step f). Catalytically active Pd(0) species also
convert to nonactive palladium black via agglomeration
in a pathway which is also higher-order in Pd (step g).”*
Since the Pd loading will affect the rate of the main
catalytic cycle, which is unimolecular in Pd, and the rate
of undesired processes, which are higher order in Pd,
differently, we focused first on optimizing the catalyst
loading.

ArX
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Figure 1. Yield of the Heck product, the reduction product
(Ar—H), and the biaryl product (Ar—Ar) calibrated against an
internal standard as a function of Pd(OAc), loading.'>!? (A)
Reactions of p-iodobenzonitrile with n-butylacrylate (1.5 equiv
of olefin, 1.5 equiv of iPr,NEt, acetonitrile, 200 °C, 5 min). (B)
Reactions of p-bromobenzonitrile with n-butylacrylate
(1.5 equiv of olefin, 1.5 equiv of iPr,NEt, 0.1 equiv of BuyNBr,
acetonitrile, 200 °C, 5 min).'"* The very narrow error bars
illustrate the reproducibility between runs.

We initially used a fixed residence time (5 min) and
temperature (200 °C) to profile the reaction between
p-iodobenzonitrile and n-butyl acrylate (Figure 1A). In
this study, the palladium acetate loading was varied from
0.002 to 2 mol %. The data are presented as the in situ
yields of the Heck product, reduction product (Ar—H),
and biaryl product (Ar—Ar) as a function of Pd loading."?
This differs from the more traditional graph of yield as a
function of time; here the reaction time is fixed at 5 min.'®
The use of an automated flow reactor simplified the collec-
tion of these data, and replicates at each Pd concentration
showed excellent reproducibility.'>!” Notably, product

(15) All in situ yields determined against an internal standard,
biphenyl, included in the reaction.

(16) de Vries uses this type of graph to illustrate the impact of Pd
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yield dramatically peaks at the low loading of 0.05 mol %
Pd(OAc),."” At lower Pd loadings (20—500 ppm), the
product yield increases with Pd concentration. At 500 ppm,
the aryl iodide is virtually consumed (product distribution:
85% product, 4% Ar—H, and 3% Ar—Ar, accounting for
95% of the reaction mass). As the loading is further
increased from 500 to 2000 ppm Pd, the amount of
reduction product, Ar—H, and biaryl product, Ar—Ar,
increase, attenuating the yield of the desired product.

Palladium loading has a different impact on the reaction
of p-bromobenzonitrile with n-butylacrylate (Figure 1B).
Quaternary ammonium salts are typically included in
ligand-free reactions with aryl bromides, and here tetra-
butylammonium bromide was used.'"'®'* The Pd loading
was varied from 0.001 mol % (10 ppm) to 2 mol % in
reactions run at 200 °C for 5 min. Atlow Pd loadings (0.001
to 0.05 mol %), the yield of product increases from a 10%
to 88% yield as the Pd loading increases. This part of the
graph is very similar to the aryl iodide case. Interestingly,
as the catalyst loading was further increased from 0.05 to
2 mol %, the yield increased slightly and then leveled off.
Also, the biaryl product (Ar—Ar) and reduction product
(Ar—H) are observed in very low amounts (< 1%) in all
aryl bromide reactions, in contrast to the aryl iodide case.

The differing effect of catalyst loading on product
distribution in the p-iodobenzonitrile and p-bromobenzo-
nitrile reactions in Figure 1 is consistent with a change in
the catalyst resting state due to changes in the oxidizing
power of the aryl halide and thus relative rates in the
catalytic cycle.?”

The increased formation of byproducts (Ar—Ar and
Ar—H) observed in reactions of p-iodobenzonitrile imply
an increasing concentration of Pd(IT) [Pd—Ar] species and
thus a PA(II) resting state. This is consistent with literature
findings that the oxidative insertion is facile with aryl
iodide substrates, and the palladium will be observed as
Pd(II) rather than Pd(0).%?' In the aryl bromide case, the
insertion of Pd(0) into the Ar—Br bond is slow, resulting in
a Pd(0) resting state. The Pd(0) concentration will increase
as the loading of Pd(OAc), increases, and the concentra-
tion of Pd(IT) species will remain small. Consequently,
Ar—Ar and Ar—H formation will be slow even at higher
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catalyst concentrations. Also, because the Pd is largely in
the Pd(0) oxidation state, stabilizing salts such as BuyNBr
have a beneficial effect on the yield, as has been observed
previously.'®

Table 1. Isolated Yields from Aryl lodide Reactions

0.05 mol % Pd(OAc),
1.5 equiv iProNEt o

! o Acetonitrile \
R/©/ \)LOBU 200 °C, 5 min WOBU
1.5 equiv R 1-5
product R isolated yield®
1 H 83%
2 CN 81%
3 Cl 85%
4 Me 81%°
5 OMe 78%°

@ Chromatographed yield, ~1 g scale. 200 °C, 9 min residence time.
€160 °C, 20 min residence time.

These conditions were then verified using larger scale
reactions. A variety of aryl iodide substrates provided 78%
—85% 1isolated yields after chromatography (Table 1).
Additional investigations focused on delineating the influ-
ence of residence time and temperature on the reaction of
each substrate. To optimize time and temperature simul-
taneously, a DoE (Design of Experiment) optimization
sequence was executed for each aryl iodide. In the auto-
mated flow system, the DoE requires <400 mg of aryl
iodide and <1 h of experiment setup time.*** Visualiza-
tion of a selection of these experiments®* illustrates the
impact of substrate electronics on the reaction with unique
response surfaces and optimal conditions for each aryl
iodide (Figure 2).

Because of the substrate dependence observed with the
aryl iodides, a similar DoE was applied to the aryl bro-
mides (Figure 2, Table 2).*> These experiments served to
define the method scope rapidly and to illustrate the
extremely divergent impact of time and temperature on
each substrate’s reactivity.

Thus Heck reactions with a range of aryl iodides
and electron-poor aryl bromides can be run with very
low loadings of a simple palladium catalyst, 0.05 mol %
Pd(OAc), without any phosphine ligands, by a 5—20 min
exposure to 160—200 °C. Stabilizing ligands are not re-
quired because the catalyst only needs to be active for these
short residence times. Flow reactors provide easy access to

(22) Optimization experiments on the Conjure varied the tempera-
ture between 160 and 200 °C and the time between 5 and 20 min (see SI).
Reactions were 0.6 M in aryl halide.

(23) Design Expert Version 7.1.5 (Stat-Ease Inc.) was used to gen-
erate the contour plots captured in Figure 2. The data can be found in the
SI.

(24) Figure 2 is a small multiple graph. For more information on
small multiples, see: Tufte, E. R. The Visual Display of Quantitative
Information, 2nd ed.; Graphics Press LLC: Cheshire, CT, 2001; p 42.

(25) The catalyst loading has not yet been further evaluated for the
electron-rich aryl bromide substrates.

Org. Lett,, Vol. 15, No. 17, 2013



200

190

180

170

160
200

temperature (°C)

190

180

170

160

5 8.75 12.5 16.25 20 5 8.75

125 16.25 20 5 8.75 125 16.25 20
time (min)

Figure 2. Effect of residence time and temperature on the yield of reactions between aryliodides and aryl bromides with n-butyl acrylate.
All reactions run with 1.5 equiv of iPr,NEt and 0.05 mol % Pd(OAc), in acetonitrile. The aryl bromide reactions included 0.1 equiv of
BuyNBr. Contour lines represent reaction predicted yields. Red circles represent data points.

Table 2. In situ Yield from Optimized Aryl Bromide Reactions

0.05 mol % Pd(OAc),
1.5 equiv iPryNEt

Br o  O1eauivBuNBr o
Acetonitrile Rxn
R/©/ * \)J\OBU time, temp /@MOBu
1.5 equiv R
R in situ yield temp time
H 8% 200 °C 5 min
CN >99%" 180 °C 5 min
Cl 52% 160 °C 5 min
Me 12% 200 °C 5 min
OMe 12% 200 °C 5 min
CF, 90%”° 160 °C 5 min

“Tsolated yield is 71% at 200 °C, 5 min. * Conversion.

high reaction temperatures even with low boiling solvents
such as acetonitrile. Automated flow reactors offer the
further advantage of easily profiling continuous variables
such as the catalyst loading, reaction temperature, and
residence time. Profiling the Heck reactions against the
catalyst loading showed a distinct peak in yield and
selectivity at 0.05 mol % Pd(OAc), for aryl iodides which

(26) This is consistent with earlier findings in ligand-free Heck
reactions; see refs 7a and 11.
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minimized byproducts seen at higher loadings.?® Profiling
reactions vs time and temperature provided a unique
response surface for each substrate, allowing high yielding
conditions to be identified with rapid experiment setup and
<400 mg of substrate. The ability to study continuous
variables easily in an automated fashion complements
traditional batch reaction catalyst screening that focuses
on categorical variables and often uses higher catalyst
loadings.
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