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Environmentally friendly Miyaura Borylations allowing
for green, 1-pot borylation/Suzuki-Miyaura couplings†

Chandler B. Nelson, Scott J. L’Heureux, Madison J. Wong, Simone L. Kuhn, Erika Ghiglietti
and Bruce H. Lipshutz ∗

Current routes to boronic acids and their corresponding esters to be used in subsequent Suzuki-
Miyaura (SM) cross couplings impact the cost, waste, and safety concerns associated with generating
these materials. A new method for installing the ethyl pinacol boronic ester, or B(Epin) derivative
leads to stable borylated products under near-neat conditions using high concentrations of a green
solvent and moderate reaction temperatures, catalyzed by relatively low palladium loadings. Alterna-
tively, the newly fashioned Ar-B(Epin) can be generated in situ and used directly in the same pot for
SM reactions leading to aromatic and heteroaromatic residues characteristic of the biaryl products
being formed. An array of complex targets, including API-related products, can be generated via
this green and environmentally responsible methodology.

1. Introduction
There are few chemical processes as omnipresent as the Suzuki-
Miyaura (SM) coupling in modern organic synthesis. In fact,
decades after the watershed paper by Suzuki and Miyaura1 the
reaction was reported to be the second most utilized transforma-
tion in the pharmaceutical industry.2 Beyond this, the SM cou-
pling has also been extensively used in the synthesis of agrochem-
icals,3–6 natural products,7–10 and in organic materials.6,11–13

Nonetheless, in cases where such a transformation has seen such
widespread use due to its value to so many chemical processes,
the cost, waste, hazards, and environmental impact14–18 associ-
ated with its use can also be considerable. While several recent
developments serve to greatly improve the efficiency and environ-
mental responsibility of the SM coupling reaction,19–23 a major
hurdle that remains is the traditional manner in which the re-
quired boronic acid or ester coupling partner is obtained. While
the Miyaura borylation24 is an attractive alternative to commonly
used cryogenic lithium halogen exchange protocols,25,26 or C-H
activation procedures involving non-sustainable levels of iridium-
based catalysis,27–29 it often necessitates high loadings of palla-
dium,24,30–32 high temperatures,30,32–35 and the use of relatively
dilute and waste-generating organic solvents.30,32,33 Moreover,
the prepared boronic esters or acids can be difficult to isolate,
and have varying shelf lives and stabilities.36–38 Each of these
factors serve to increase the expense, energy demand, reliance
on petroleum feedstocks, and organic waste associated with per-
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Fig. 1 Borylation/Suzuki-Miyaura Couplings

forming critical sp2-sp2 couplings, which are typically biaryl in
nature. Hence, there is a definitive need for a more reliable and
more environmentally responsible borylation protocol that not
only allows for ease of preparation, but also is applicable to use in
subsequent "green" 1-pot SM couplings that are environmentally
friendly (Figure 1).

Among the recent advances towards more efficient Miyaura bo-
rylations, installation of the boronic acid residue via Pd-catalyzed
couplings with bis-boronic acid (BBA) are perhaps the most fa-
vored.39,40 This is likely due to its reliance on moderate-to-low
catalyst loadings, reasonable reaction temperatures (40-80 °C),
and relatively green solvents (e.g., 2-MeTHF and EtOH). How-
ever, when these newly prepared boronic acids are then applied
to 1-pot SM couplings, catalytic efficiency typically drops and
loadings of 1 mol % or greater tend to be required,39,40 espe-
cially in cases involving highly functionalized substrates. Fur-
thermore, though seemingly more atom economical, significant
excesses of BBA are employed.39,40 Importantly, BBA is also
known to decompose readily in the presence of heat, oxygen,
Pd(II) species, and moisture.41,42 Beyond complicating handling,
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such decomposition can generate hydrogen gas posing significant
safety concerns at scale.41,42 Additionally, the use of these gener-
ated boronic acids can be prone to protodeborylation and other
unwanted side products,43,44 thereby lowering the efficiency of
the overall process and requiring a potentially tedious separation.

The effect of base on Miyaura borylations is yet another no-
table area where recent improvements involving use of sterically
hindered and electron-rich carboxylates allow for benign reaction
conditions and more attractive palladium loadings.45,46 Work to
date using this technology, however, lacks substrate complexity,
and has shown limited options for use in 1-pot carbon-carbon
bond formation.45,46 Hence, it is apparent that there exists a
need for a green (and hence, safer), benign borylation protocol
that provides access to stable, and if desirable, isolable borylated
products that can also be formed in situ and used directly in 1-pot
Suzuki-Miyaura couplings.

2. Results and discussion

2.1. Optimization

Initial optimization leading to a general and green borylation pro-
tocol focused on the use of micellar catalysis, where low loadings
of Pd catalysis are available and lead to highly efficient couplings,
even involving challenging educts.20,47 Utilization of bis-ethyl
pinacolato boronic ester (B2Epin2) was selected, as a recent com-
munication highlights the enhanced stability (when compared to
boronic acid and Bpin derivatives) of these analogous boronic es-
ters to water, as well as their reported ease of isolation and im-
proved yields of SM couplings under traditional reaction condi-
tions.44

Table 1 Ligand optimization

B2Epin2 (1.1 equiv)

Pd(OAc)2 (1 mol %)
Ligand (Pd:P 1:2), KOAc (3 equiv)
2 wt. % TPGS-750-M/H2O [0.5 M]

55 °C, 18 h

Br B
OO

Et
Et

Et
Et

OO

A B

O

O

Entrya Ligand Yield (A%)b Yield (B%)b

1 QPhos 46 9
2 [t-Bu3PH]BF4 80 trace
3 DPPF 38 trace
4 XPhos 25 trace
5 SPhos 26 trace
6 DPPP trace trace
7 EvanPhos trace trace
8 AmPhos 82 trace
9 DavePhos 42 trace
10 RuPhos 36 trace

aReactions run on a 0.25 mmol scale. bYield determined via qNMR using 1,3,5-
trimethoxybenzene as an internal standard.

Initial ligand screening utilized potassium acetate, which is
used broadly for Miyaura borylation procedures,24,30 along with
4-bromoanisole as a model substrate. Both AmPhos48 and t-Bu3P
(as its [t-Bu3PH]BF4 complex)49 emerged as effective ligands on

palladium for selectively producing the borylated Epin-containing
product, along with only trace amounts of undesired homocou-
pled material (Table 1).‡

Table 2 Base optimization

B2Epin2 (1.1 equiv)

Pd(OAc)2 (1 mol %)
Ligand (Pd:P 1:2), Base (3 equiv)
2 wt. % TPGS-750-M/H2O [0.5 M]

55 °C, 18 h

Br B
OO

Et
Et

Et
Et

OO

A B

O

O

Entrya Ligand Base Yield (A%)b Yield (B%)b

1 [t-Bu3PH]BF4 KOAc 80 trace
2 [t-Bu3PH]BF4 K2CO3 40 10
3 [t-Bu3PH]BF4 KF 34 trace
4 [t-Bu3PH]BF4 K2HPO4 78 trace
5 [t-Bu3PH]BF4 K3PO4 tracec sig.c

6 [t-Bu3PH]BF4 2-KEHd 60 trace
7 [t-Bu3PH]BF4 tBuOK 19 33
8 [t-Bu3PH]BF4 TEA 27 25
9 AmPhos NaOAc tracec tracec

10 AmPhos K2HPO4 73 8
11 AmPhos 2-KEHd 87 trace

aReactions run on a 0.25 mmol scale. bYield determined via qNMR using 1,3,5-
trimethoxybenzene as an internal standard. cQualitative assessment based off TLC
of crude reaction mixture ("sig." = significant). dPotassium 2-ethylhexanoate.

A comprehensive screening of bases (Table 2)‡ that included
potassium triphosphate and potassium t-butoxide both led to sig-
nificant levels of homocoupling. Use of potassium fluoride, al-
though indicative of a good preference for the desired borylated
product, led to a limited extent of conversion. Surprisingly, the
electron-rich and sterically bulky potassium 2-ethylhexanoate (2-
KEH), which has recently been shown to improve Miyaura bory-
lations,41,46 differentiated the two ligands: use of [t-Bu3PH]BF4

performed markedly worse, while the yield using the AmPhos
ligand-based catalytic system improved, leading to sole employ-
ment of pre-ligated Pd(AmPhos)2Cl2 going forward50.

Use of 2-KEH led to another remarkable observation: heat-
ing the reaction contents containing 2-KEH and B2Epin2 to 55
°C led to a readily stirred solution, suggesting that solvent-free, or
highly concentrated reaction mixtures might be amenable. To test
such conditions, solid 5-bromo-1-methyl-1H-indole was selected
for this study. In the event, a high level of conversion and selectiv-
ity for the borylated product was realized by simply adding small
amounts of EtOAc to facilitate stirring. Notably, a Pd. catalyst
loading of only 0.25 mol % was needed.

2.2. Scope of Ar-BEpin products
The application of our optimized method using AmPhos allowed
for the installation of the desired BEpin boronic ester to an array
of functionalized (hetero)aryl halides. The moderate tempera-
ture of 55°C, low palladium loading of 0.25 mol %, and concen-

‡ For the complete list of screened ligands and bases, see the ESI†
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trated EtOAc [2.5 M] was conducive for moderate to excellent
yields. Noteworthy is the application to several heteroaromatic

Fig. 2 Scope of Ar-BEpin products
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R

0.5 mmol

aYield determined via qNMR using 1,3,5-trimethoxybenzene as an internal standard.
b Utilized 0.5 mol % of Pd. cat. (Pd:P 1:4). EtOAc conc. of [1.25 M]. cDilution to
[1.67 M] EtOAc d2 mmol scale. e0.3 mmol scale. f 0.25 mmol scale. gUnsuccessful
substrate.

compounds, and that each substrate was stable and isolable by
column chromatography. There is no readily apparent trend be-
tween moderately electron poor or rich substrates; however, cer-
tain highly electron deficient substrates gave poor conversion (see
compound 14 in Figure 2). It is hypothesized that in substrates
with heteroatoms that can coordinate to the catalyst (see com-
pound 15 in Figure 2), such coordination likely poisons the cat-
alyst and is, thus, deleterious to conversion. Furthermore, or-
tho substitution provides significant steric hindrance towards in-
stalling the bulky ethyl pinacol boronic ester (see compound 16
in Figure 2). Using 1-bromonaphthalene as a model for steric

impedance, Figure 3 shows that increasing reaction temperatures
can overcome the activation barrier in such cases. At highly el-
evated temperatures (≥ 85◦C), however, competing side prod-
uct (e.g. protodeborylation) formation was observed via proton
NMR.

Fig. 3 Temperature study
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2.3. Highly functionalized Ar-BEpin products
Borylations of highly functionalized substrates, such as X3 from
the Merck Informer Library,51 indomethacin, and the precursors
for abemaciclib52,53 and erdafitinib,54 required somewhat ex-
tended reaction times (24-48 h), a higher palladium loading (0.5
mol %), and/or higher reaction temperatures (70 °C). Moreover,
these higher molecular weight substrates often required slight di-
lution to maintain stirring. Nonetheless, the BEpin moiety could
be installed effectively for each of these complex substrates, fur-
ther highlighting this method’s applicability towards APIs and
late-stage functionalized molecules. The scope of functionalized
substrates (Figure 4) includes selected aryl chlorides (see prod-
ucts 17 and 19 in Figure 4), although, in harmony with recent
literature,36,40 replacement of AmPhos with XPhos proved more
amenable for aryl chlorides, loratadine and perphenazine (18 and
19).

2.4. Comparisons with existing literature
As illustrated in Table 3, several substrates were used for compar-
ison purposes with existing literature procedures. Products 1, 22,
and 18 show clear improvements in terms of yield, sustainability,
and potentially, cost. In general, the need for dilute environmen-
tally egregious solvents like dioxane55,56 is obviated, while metal
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Fig. 4 Scope of highly functionalized Ar-BEpin products
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0.3 mmol

aXPhos utilized. bUtilized 0.5 mol % of Pd. cat. c(Pd:P 1:4). d70 ◦C. e0.25 mmol scale. f 0.2 mmol scale. g0.125 mmol scale.

economy is amply documented, e.g., with 18 being made using
twenty times less palladium than the industrial process.57

2.5. 1-Pot cross electrophile couplings

By far, access to borylated aromatics and other sp2-containing C-B
bonds is for use in SM couplings.2–13 Developing a 1-pot protocol
towards this goal, however, proved to be more challenging than
initially anticipated. The obvious choice regarding the medium

Fig. 5 Scope of 1-pot cross-couplings with TPGS-750-M
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aRun on a 0.5 mmol scale with 0.8 equiv of bromide in the SM coupling. bRun on
0.3 mmol scale; conc. of [0.25 M] and 3 equiv. of K3PO4 in SM coupling. cRun on a
0.25 mmol scale.

for performing the SM coupling was the use of aqueous micel-
lar catalysis, given procedures already in hand.20,47 Best results
were obtained, therefore, when a different ligand (SPhos; 0.5
mol %) was added in the second, SM step. Unfortunately, with
the exceptions noted in Figure 5, the presence of excess B2Epin2

left over from the first reaction would borylate the bromide hav-
ing been added in the second step, resulting in significant homo-
coupling of this halide. Increasing the equivalents of the second
bromide added led to low levels of conversion. Attempts in uti-
lizing different ligands, loadings of palladium, bases, surfactants,
temperatures, and concentrations also proved to be ineffective.
Notwithstanding these setbacks, where applicable, use of TPGS-
750-M does allow for a 1-pot process that relies only on water,
concentrated EtOAc, reaction temperatures of 55 °C, and an over-
all palladium loading of only 0.25 mol %. Nonetheless, a more
generally applicable procedure was sought.

Another sustainable SM approach focused on an “on wa-
ter”58–61 reaction utilizing tetrabutyl ammonium bromide
(TBAB) as a phase transfer catalyst58 along with an inverted stoi-
chiometry, leading to complete consumption of the BEpin ester.
Although additional Pd. catalyst had to be added for the SM
coupling step, the ligated Pd bearing the same AmPhos ligand
could be used. Hence, a total loading of only 0.5 mol % of the
same palladium-containing catalyst is involved for the 1-pot, 2-
step process. Our developed two-step one-pot method showed
applicability to a diverse set of substrates, as shown in Figure
6. Even with the overall increased catalyst loading of 0.5 mol
% and temperature of 70°C for the SM reaction, heteroaromatic
halides and complex substrates can be efficiently coupled in the
same reaction vessel. This observation is supported by the quan-
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Fig. 6 General scope of 1-pot couplings
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titative late-stage formation of products 37 and 38 (Figure 6).
One limitation is brought about by the need for a relatively high
base loading. This is illustrated by compound 39 where there is
an acidic phenol and a base sensitive methyl ester. Nonetheless,
and especially relevant to the generation of APIs in the final step
of a synthesis, product 38 was analyzed via inductively coupled
plasma mass spectrometry (ICP-MS), shown to have residual pal-
ladium to the extent of 7.9 ppm. This is within the FDA guidelines
limit of 10 ppm palladium per dose per day62 and demonstrates
that complex biaryl products can be made without anticipating
further investments in time and materials for metal scavenging.

2.6. Gram scale preparation of anidulafungin precursor

To show the scalability of this process, a gram scale preparation
of compound 41, a significant precursor to the antifungal Anidu-
lafungin, was sought. In the borylation step, only slight dilution
with EtOAc was required for stirring purposes. Once completed,
the SM coupling called for addition of 2-MeTHF (10% v/v) with
addition of water to aid in stirring. The product was isolated in
99% yield via simple filtration (see ESI†), and the calculated en-
vironmental factor (E-Factor)63 of just 10.9 attests to the “green-

ness” of this new technology.§

Fig. 7 Gram scale 1-pot reaction and E-Factor
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§ See ESI† for E-Factor calculations.

Journal Name, [year], [vol.],1–8 | 5

Page 5 of 9 Green Chemistry



Table 3 Comparisons with existing literature

This work Literature

R = Et
0.25 mol %

55 °C
EtOAc [2.5 M]

overnight (18 h)
84% (96%)d

R = Et
0.5 mol %

55 °C
EtOAc [1.5 M]

24 h
91%

R = Et
0.5 mol %

55 °C
EtOAc [1 M]

44 h
84%

B

N

O

O

R
R

R

R

B
O

O

R
R

R

R

B
O

O

R
R

R

R

N

N

N
N

N

N

F

1

22

18

R = Me
1 mol %

90 °C
dioxane [0.68 M]
overnight (18h)

87%a

R = Me
5 mol %
100 °C

dioxane [0.27 M]
90 min
60 %b

R = Me
10 mol %

100 °C
DMSO [0.33 M]

16 h
73%c

aSelvita Pharmaceuticals patent (2016). 55 bAstex Pharmaceuticals patent (2012). 56

cPfizer patent(2019). 57 dYield determined via qNMR using 1,3,5-trimethoxybenzene
as an internal standard.

2.7. Multistep sequence: boscalid
A sequence that includes a borylation/SM coupling that is rep-
resentative of the options now available to the community is
shown in Figure 8. In the first step, borylation of 1-bromo-4-
chlorobenzene leads to an intermediate BEpin derivative that re-
acts exclusively at the bromide center. Without isolation, un-
der SM coupling conditions using newly introduced 1-bromo-2-
nitrobenzene, the targeted biaryl is formed. This coupling is done
within four hours, notwithstanding a 1:1 ratio of the Epin boronic
ester and second bromide reflecting steric hindrance of the ortho-
nitro group preventing potentially competing borylation and ho-
mocoupling. Simple workup of the biaryl product led to crude
material that underwent nitro reduction via carbonyl iron powder
(CIP)64 in aqeuous micellar media. Upon completion, the penul-
timate material was then used crude (after filtration away from
the CIP) in an amide coupling with 2-chloronicotinoyl chloride in
EtOAc. This afforded boscalid in 65% overall yield.

2.8. Mechanistic commments
A final important observation was made with regard to the stabil-
ity of these BEpin boronic esters. Generally, unreacted boronic
esters remain stable in basic aqueous media at these reaction
temperatures, which is consistent with the decomposition stud-
ies performed by Ikawa, Akai, and co-workers.44 This stability
is attributed to the ethyl "arms" of a BEpin, that provide steric
hindrance to the reactive p orbital on boron, translating into hy-
drolytic resistance. These observations have important mecha-
nistic implications for Suzuki-Miyaura couplings in which BEpin
derivatives smoothly participate. Thus, the implication is that it is
not the corresponding boronic acid that undergoes transmetalla-

Fig. 8 Multistep sequence: boscalid
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tion, but rather the intact aryl-BEpin. This notion is in agreement
with the findings by Denmark, et. al65,66 in which their mecha-
nistic studies found that glycol boronic esters can transmetallate
without the need to first hydrolyze to the corresponding boronic
acid. Nonetheless, more sterically hindered boronic esters haven’t
conclusively been determined to show similar behavior. Hence,
studies to elucidate the mechanistic picture for sterically hindered
Ar-BEpins are ongoing.

3. Conclusion
A sustainable and environmentally responsible borylation proto-
col has been developed that allows for facile installation of the
BEpin group into a variety of aromatic/heteroaromatic substrates.
These species can be utilized in subsequent Suzuki-Miyaura cross
couplings. There are several additional features associated with
the new technology of note:

• low loadings of Pd are involved

• green solvents/reaction media, such as recyclable EtOAc, or
water, are used

• a borylation/Suzuki-Miyaura 1-pot sequence leads to both
time and pot economies

• a scalable process

• low residual levels of Pd in the products, established via
ICPMS, is to be expected
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• multi-step sequences are amenable as illustrated by the syn-
thesis of boscalid
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