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ABSTRACT: Challenging Suzuki−Miyaura cross couplings asso-
ciated with novel crop protection active ingredients from Corteva
Agriscience, Arylex and Rinskor, can be performed in water using
parts per million (ppm) levels of a Pd catalyst. Each coupling
required a distinct set of reaction conditions to achieve maximum
selectivities and chemical yields. By way of comparison, this
chemistry is not only performed under environmentally responsible
aqueous micellar conditions, but also involves lowering loadings
(3−5 times) of endangered palladium than used previously to
attain a more sustainable process.

Crop management is a highly challenging process, as
weeds1 can be very effective competitors for essential

nutrients.2 Moreover, control of weeds is oftentimes quite
demanding, and consequently, can lead to decreased overall
crop production.3 As the world’s population continues to
increase, improved approaches to maximize crop production
are essential. Corteva Agriscience has been actively involved in
developing several classes of herbicides, especially those within
the auxinic family, given their known effectiveness against
broadleaf weeds. The discovery of “2,4-D” in 1945 propelled
herbicide use as a weed killer for crop protection (Figure 1).4

Today, however, far more than just the activity of herbicides is
required5 and, hence, two recent herbicides, Arylex and
Rinskor,6 have been commercialized and studied in detail by
Corteva. These offer numerous advantages, relative to previous
molecules in this class (Figure 1). These new properties, in
particular, include (a) dramatic reduction in residual levels of
metabolites in soil due to hydrolysis, (b) reduction in use rate,
and (c) an increase in their range of effectiveness toward
various weeds.7 These and related advances in herbicide
science in the f ield by the team responsible for development of
Rinskor led to an ACS Presidential Green Chemistry
Challenge Award, acknowledging its favorable environmental

and toxicity profile.8 Nonetheless, in the laboratory, syntheses
of Rinskor, as well as that of its predecessor, Arylex, are
continuously evolving, with efforts aimed at exploring
improvements most notably with regard to sustainability.
The route to Arylex first disclosed in 2016 uses microwave

heating at 110 °C in a 1:1 mixture of acetonitrile and water,6 or
in a toluene:water:acetonitrile mixture at 65 °C.9 Considering
the endangered status of Pd, the loading of non-recycled
palladium catalyst used for this coupling is high (2−5 mol %,
or 20 000−50 000 ppm). Similarly, an earlier route involving
biaryl coupling en route to Rinskor requires high levels of Pd
catalyst (3 mol %) in an acetonitrile:dimethoxyethane:water
mixture and affords the biaryl in a modest 58% yield.10

Reducing palladium usage is of continuing interest and focus
during process development and optimization.12b

Our continuing efforts to provide new technologies based on
sustainable chemistry11 in recyclable water, using Nature as the
perfect model, utilize nanomicelles as nanoreactors.12 As an
integral part of these studies, we have shown that this approach
enables especially valued13 Pd-catalyzed cross coupling
reactions to be run at the parts per million (ppm) level.14

More recently, our focus has broadened to include applications
to numerous target molecules of synthetic interest. Here, most,
if not all, of the chemistry involved is performed in water,
much of which can be telescoped (i.e., where several steps can
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Figure 1. Evolution of herbicides used in crop protection.
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be performed in a single pot).15 In this report, we describe the
“greening” of the crucial biaryl syntheses of both Arylex and
Rinskor. Hence, not only can these couplings now be done
using water with minimal organic cosolvent as the reaction
medium, but also, with only a few thousand ppm of Pd catalyst
(a 10-fold reduction), these biaryls can now be realized making
these couplings far more environmentally attractive.
Initially, in our academic laboratories, the Suzuki−Miyaura

coupling toward Arylex was investigated, involving an extensive
screening of the associated ligands on Pd. The presence of 10%
cosolvent imparted an important element, i.e., facile stirring of
reaction mixtures, with ethyl acetate being observed as the
preferred choice (see the elecronic Supporting Information
(ESI)). Unfortunately, none of the ligands generally used for
SM couplings led to acceptable results (i.e., poor chemical
yields; see Table 1, entries 1−5). Note that, in all of these

trials, starting material was hydrolyzed, and hence, this
observation indicated a need for a milder base. We eventually
found that potassium fluoride (KF)10 supplied the required
activation for an efficient coupling without hydrolyzing either
amide or ester functionality (Table 1, entry 6). In addition,
instead of the initially used, expensive XPhos ligand, we found
that triphenylphosphine could be used to give the desired
coupling product in similar yield (Table 1, entry 7). A modest
increase in temperature led to excellent conversion, and thus, a
very good isolated yield of biaryl 3 (Table 1, entry 8).
Replacing boronic ester 2 with the corresponding boronic acid
led to a significant decrease in chemical yield (Table 1, entry
9).

Both recycling and scale-up reactions were performed on a
10 mmol scale, and, as expected,15 each reaction led to a
similar yield. Moreover, the aqueous system could easily be
recycled several times with essentially identical yields being
obtained (see Scheme 1). The calculated E factor, which is

based on the amount of product (given in grams) divided by
the amount of waste generated (including water) (also given in
grams) was found to be 2.4, which was well below Sheldon’s16

E factor associated with the pharmaceutical industry.
The analogous Suzuki−Miyaura coupling involved in the

synthesis of the biaryl portion of Rinskor was studied next.
Typically, a trichloropicolinic acid (4) is the electrophilic
coupling partner used in this step. Previously optimized
conditions involving Arylex were applied here, albeit with twice
the catalyst loading. Surprisingly, none of the desired biaryl
product 9 was formed (see Scheme 2). We speculated that,
under the basic conditions, the corresponding (polar)
carboxylate salt might not gain entry to the inner lipophilic
micellar core, presumably where the reaction generally occurs.
Therefore, different esters of this acid were prepared

Table 1. Optimization toward ppm-Level Pd-Catalyzed
Suzuki−Miyaura Coupling in the Synthesis of Arylexa

aReaction conditions, unless otherwise mentioned: 1 mmol of 1, 1.2
mmol of 2, 2500 ppm (0.25 mol %) of Pd(OAc)2, 5000 ppm ligand,
and 2 equiv of base, stirred in 2 wt % TPGS-750-M/H2O, along with
10 vol % EtOAc at 45 °C for 12 h. bIsolated yield. cReaction was
performed at 70 °C. dReaction was performed using the
corresponding boronic acid at 70 °C.

Scheme 1. Recycling and E Factor Determination for ppm-
Level Pd-Catalyzed Suzuki−Miyaura Coupling toward the
Biaryl Portion of Arylexa

Scheme 2. Use of Optimized Conditions for Suzuki−
Miyaura Coupling toward the Rinskor Biaryl
Intermediatea,b

aReaction conditions unless otherwise noted: 1 mmol of 4/5/6/7, 1.2
mmol of 8, 5000 ppm of Pd(PPh3)2Cl2, 2 equiv of KF, stirred in 2
wt % TPGS-750-M/H2O, along with 10 vol % EtOAc at 45 °C.
bIsolated yields. cSubstrate 2 was used instead of 8.
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(compounds 5−7) and, as anticipated, this added lipophilicity
influenced reactivity, leading to some conversion (products
10−12). The most lipophilic substrate in this series, i.e., the
ester derived from 2-ethyl-hexanol, gave the best results,
including the observed stability of this ester toward the basic
reaction conditions. This added stability allowed use of a
stronger base, K3PO4·H2O, relative to KF, leading to a 35%
isolated yield of 12. Both the methyl and benzyl esters were
partially hydrolyzed when K3PO4·H2O was used as a base.
Since the previously optimized conditions for Arylex (Table

2) were seemingly not applicable to the biaryl of Rinskor, we

were forced to perform another screening of catalysts for this
SM coupling. Again, neither XPhos nor EvanPhos gave any
product (Table 2, entries 1 and 2). Remarkably, bidentate
ligands proved to be effective, with DPEPhos affording a 61%
yield of the targeted product (Table 2, entry 4), while
XantPhos increased the yield further to 73% (Table 2, entry 7).
Ferrocene-based ligands diphenylphosphinoferrocene (DPPF)
and di-t-butylphosphinoferrocene (DTBPF) showed moderate
conversions (Table 2, entries 5 and 6); however, each led to a
series of byproducts, with only DTBPF giving any of the
desired product (20% yield; see Table 2, entry 6). With
XantPhos, a 10 °C increase in reaction temperature improved
the yield even further (Table 2, entry 8). Use of the same
catalyst but in the preformed state (i.e., Pd(XantPhos)Cl2) led
to similar results (Table 2, entry 9). With this same catalyst,

but with a simple change in base to triethylamine, the
optimized conditions were in hand, both in terms of chemical
yield and cleanliness of the reaction profile (Table 2, entry 10).
Following the successful Suzuki−Miyaura coupling that

provided ester 12, its hydrolysis under aqueous conditions was
performed to give intermediate acid 9 (see Scheme 3). Using 4

equiv of NaOH at room temperature led to a 40% isolated
yield, whereas, at 55 °C, run overnight, a quantitative yield of
the desired acid was obtained. The reaction time could be
further reduced to 5 h by increasing the temperature to 70 °C.
These individually optimized steps, each performed in an

aqueous micellar medium, were then combined into a 1-pot
sequence. As seen in the images below (Scheme 4), NaOH was

added to the initial, smoothly stirred reaction slurry observed
in the SM coupling (Scheme 4, image a), resulting in an
orange-yellow colored emulsion (Scheme 4, image b). Once
saponification was complete, dilution with water: diethyl ether
(4:1) (Scheme 4, images c and d) and acidification of this
mixture with concentrated H2SO4 (Scheme 4, image e) led to

Table 2. Optimization of the ppm-Level Pd-Catalyzed
Suzuki−Miyaura Coupling toward the Biaryl Section of
Rinskora

aReaction conditions unless otherwise mentioned: 1 mmol of 7, 1.2
mmol of 8, 5000 ppm (0.50 mol %) of Pd(OAc)2, and 2 equiv of base,
stirred in 2 wt % TPGS-750-M/H2O, along with 10 vol % toluene at
45 °C. bIsolated yield. cReaction was performed at 55 °C. dPd-
(XantPhos)Cl2, 5000 ppm was used at 55 °C. eReaction was
performed using Et3N as a base at 55 °C.

Scheme 3. Hydrolysis of Ester 12 to the Desired Acid 9

Scheme 4. Large-Scale, One-Pot Synthesis of Rinskor Acid
Intermediate 9
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the formation of a white precipitate of product (Scheme 4,
images f and g) which could be easily filtered to afford acid 9 in
an overall yield of 82%.
Although ester 12 is an important intermediate en route to

Rinskor, this target herbicide is a benzyl ester (recall Figure 1),
in which case the direct use of the benzyl ester analogue of 12
in the SM coupling might avoid the in situ hydrolysis and re-
esterification steps. Therefore, coupling between aryl halide 6
and arylboronic acid 8 under the same conditions (55 °C for
18 h; see Scheme 5) gave biaryl 11, albeit in only 54% yield.

All of the aryl halide was consumed; however, most of the
remaining reaction material was attributed to the hydrolysis of
starting ester. By lowering the reaction temperature to 45 °C,
and then to 35 °C, the hydrolysis was slower, but the desired
biaryl benzyl ester 11 could be obtained in 79% yield. Under
these conditions, an attempt to perform this coupling at rt led
to 11 in only 60% yield.
In summary, aqueous micellar technology has been

efficiently applied to Suzuki−Miyaura couplings for the
syntheses of key biaryl subsections associated with Arylex
and Rinskor active ingredients from Corteva Agriscience. The
required catalyst loading was significantly lower than reported
for the preparation of these key intermediates, suggesting that
the adoption of processes akin to those described herein are
not only sustainable, but are also economically attractive.
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