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Abstract

Reaction conditions have been developed for refractory heteroaryl–heteroaryl Suzuki–Miyaura 

cross-couplings. The reported method employs neopentyl heteroarylboronic esters as nucleophiles, 

heteroaryl bromides and chlorides as the electrophiles, and the soluble base potassium 

trimethylsilanolate (TMSOK) under anhydrous conditions. The addition of trimethyl borate 

enhances reaction rates by several mechanisms, including (1) solubilization of in situ-generated 

boronate complexes, (2) preventing catalyst poisoning by the heteroatomic units, and (3) buffering 

the inhibitory effect of excess TMSOK. The use of this method enables cross-coupling of diverse 

reaction partners including a broad range of π-rich and π-deficient heteroaryl boronic esters and 

heteroaryl bromides. Reactions proceed in good yields and short reaction times (3 h or less).
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INTRODUCTION

Heterocyclic compounds constitute important structural components of small molecules 

in the agrochemical and pharmaceutical industries.1 In a recent survey of all small-

molecule drugs approved by the FDA between 2015 and June 2020, 88% were found to 

contain one or more N-heterocyclic subunits.2 Among the molecules surveyed, pyridines, 

piperidines, piperazines, pyrimidines, pyrazoles, and indoles are the five most represented 

N-heterocycles, respectively. The prevalence of nitrogen-bearing heterocycles in drug design 

is a consequence of the ability of these functional groups to modulate polarity, solubility, 

lipophilicity, and hydrogen-bonding properties of small molecules, and in turn their 

corresponding ADMET (absorption, distribution, metabolism, excretion, toxicity) profiles.3 

Therefore, the continued development of synthetic methods to access these structures 

remains of considerable interest.

One class of reactions that represents an attractive approach to the incorporation of 

heterocycles is the Suzuki–Miyaura cross-coupling reaction owing to its predictability, 

functional group compatibility, late-stage amenability, and low toxicity profile for boron-

derived nucleophiles.4,5 These attributes have rendered the Suzuki–Miyaura cross-coupling 

a powerful tool to synthetic chemists for the mild construction of carbon–carbon bonds. To 

this point, a 2014 study found that among 125 papers published in the J. Med. Chem., the 

Suzuki–Miyaura cross-coupling was the single most employed C-C bond-forming reaction.6 

Moreover, advances in ligand and catalyst design have provided considerable progress to 

enable room-temperature cross-couplings,7 the cross-coupling of challenging electrophiles,8 

as well as the ability to effect the cross-coupling of heteroaryl reaction partners.7c,9 In 

particular, ligands and precatalysts designed by Buchwald and co-workers have enabled 

access to certain heteroaryl–heteroaryl Suzuki–Miyaura cross-couplings by virtue of the 

activated nature of these catalyst systems (Scheme 1).9i

Despite these important advances, challenges in heteroaryl Suzuki–Miyaura cross-couplings 

persist. Highly polar heterocyclic compounds exhibit poor solubility in many organic 

solvents10 and Lewis-basic atoms in heterocyclic structures have been shown to promote 

catalyst deactivation under Suzuki–Miyaura conditions.9b,i,11,12 Moreover, the propensity 

for heteroaryl boronic acids to undergo competitive in situ protodeboronation has been 
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well described by Lloyd-Jones and co-workers.13,14 Numerous strategies have been 

developed to attenuate the protodeboronation of heteroaryl boronic acids. For example, 

one common approach employs super-stoichiometric amounts of the labile organoboron 

reaction partner.15 However, this strategy is not atom-economical. More practically, masking 

strategies to protect the labile parent boronic acid have been developed, notably with 

MIDA boronates9e,f,16 and trifluoroborate salts,15,17 enabling the slow-release of the 

reactive boronic acid in situ. Micellar approaches have also been shown to promote 

heteroaryl–heteroaryl couplings in aqueous media using mild conditions.9j,k The use of 

copper additives has also enabled the cross-coupling of challenging heteroaromatic boron 

nucleophiles as a secondary transmetalation partner.9f,18,19 Additionally, Lloyd-Jones and 

co-workers have also demonstrated the ability of copper (and other Lewis acids) to attenuate 

protodeboronation pathways by binding to Lewis-basic heterocycles.13 Alternatively, the use 

of strictly anhydrous reaction conditions has been reported to dissuade protodeboronation 

pathways.20,21 However, the use of anhydrous reaction media can introduce new challenges 

associated with poor solubility and attendant problems associated with mass-transfer 

phenomena and limitations to high-throughput applications.

BACKGROUND

A 2018 report from this laboratory unambiguously demonstrated the ability of boronic 

esters to undergo transmetalation without prior hydrolysis to the parent boronic acid using 

stoichiometric amounts of arylpalladium hydroxide complexes.22 Moreover, the identity 

of the boronic ester significantly influences the rate of transmetalation such that many 

esters react faster than the parent boronic acid. Our group sought to apply this mechanistic 

insight into a preparative, catalytic application. This goal was realized with the disclosure of 

a novel method for the cross-coupling of neopentyl arylboronic esters under anhydrous, 

homogeneous reaction conditions using the soluble base potassium trimethylsilanolate 

(TMSOK) (Scheme 2).23

The anhydrous nature of this cross-coupling method precluded hydrolysis of the boronic 

ester coupling partner. Accordingly, the increases in transmetalation rate observed under 

stoichiometric conditions were successfully translated to other catalytic systems. When this 

method was compared with three existing Suzuki–Miyaura cross-coupling examples from 

the literature,24 a >10-fold decrease in reaction time was observed in all cases (Scheme 3). 

Notably, the only change in conditions from the original reports are the use of a boronic 

ester in place of the boronic acid, and the use of potassium trimethylsilanolate as the base 

under anhydrous conditions. Thus, boronic ester identity was established as a new parameter 

for optimization.

Despite the generality of the previously described method, only a select number of 

heteroaromatic nucleophiles and electrophiles reacted successfully under the optimized 

conditions. These examples include thienyl, furanyl, 6-substituted pyridyl, and Boc-

protected pyrrolyl nucleophiles, as well as benzoyl-protected indolyl and pyridyl 

electrophiles. In view of the challenges associated with catalyst deactivation, it was 

assumed that more Lewis-basic heterocycles led to deleterious coordination of the palladium 

catalyst. This hypothesis was corroborated by the addition of 0.5 equiv of pyridine or 
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1-methylimidazole to a previously optimized cross-coupling leading to a loss in reactivity 

(Scheme 4). Longer reaction times or increases in temperature did not restore reactivity.

RESEARCH PLAN

In 2007, Hartwig and co-workers demonstrated the beneficial effect of triethyl- and 

triphenylboranes as additives for palladium-catalyzed aminations of azines.25 This 

study demonstrated that the ability of boron additives to coordinate to Lewis-basic 

azine substrates both electronically activated the aryl ring for reductive elimination 

and mitigated competitive catalyst deactivation. We speculated whether other Lewis-

acidic additives could afford similar benefits under the anhydrous Suzuki–Miyaura 

coupling conditions. Specifically, could other soluble Lewis acids enhance reactivity by: 

(1) promoting solubilization of challenging heterocyclic substrates, particularly under 

anhydrous conditions, (2) attenuating catalyst deactivation processes by coordination of the 

Lewis acid to Lewis-basic heteroatoms, and (3) buffering the inhibitory effect of TMSOK 

observed in the previous communication.23 Additionally, employing anhydrous reaction 

conditions in concert with a soluble Lewis acid was envisaged to attenuate competitive 

protodeboronation. With these goals in mind, a program was formulated to explore the 

effect of soluble Lewis acid additives with the original reaction conditions to allow the 

cross-coupling of refractory reaction partners.

RESULTS

Preliminary Investigations of Trimethyl Borate.

Initial studies explored the effect of the Lewis acid trimethyl borate as a reaction 

additive owing to its chemically benign character compared with the pyrophoricity 

and radical reactivity associated with alkylboranes.26 The initial investigation began by 

evaluating the effect of trimethyl borate on the Suzuki–Miyaura cross-coupling of 2-(4-

bromophenyl)-1,3,4-oxadiazole 1b. This heteroaromatic electrophile was previously found 

to be unreactive under our optimized reaction conditions when paired with neopentyl 4-

fluorophenylboronic ester 2a. Heating this reaction mixture at reflux for 6 h yielded only 

a trace of cross-coupled product by 1H NMR analysis (Scheme 5A). However, addition of 

3.0 equiv of trimethyl borate afforded a 21% yield of cross-coupled product under otherwise 

identical conditions (Scheme 5B).

The initial reactivity change observed in Scheme 5 inspired an evaluation of the effect 

of trimethyl borate on the previously unreactive heteroaromatic nucleophile neopentyl 5-

pyrimidyl-boronic ester 2b (Table 1). To our delight, quantitative coupling was observed 

in the presence of trimethyl borate. Coupling of boronic ester 2b in 1,4-dioxane 

with 1-bromo-4-fluorobenzene 1c using a 1,1'-bis(diphenylphosphino)-ferrocene Buchwald 

precatalyst exhibited “on/off” reactivity in the presence/absence of trimethyl borate (Table 

1). Notably, no cross-coupling was observed in the absence of trimethyl borate after 1 

h. Trimethyl borate loadings ranging from 0.6 to 2.4 equiv were observed to be equally 

effective in promoting the desired cross-coupling. Additionally, a control experiment was 

carried using 0.6 equiv of tris(trimethylsilyl) borate in place of trimethyl borate to preclude 

the in situ generation of potassium methoxide as the operative base (Scheme 6). Under 
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otherwise identical reaction conditions to those shown in Table 1, the reaction proceeded 

quantitatively as observed with 0.6 equiv of trimethyl borate.

Optimization of Boronate Solubility.

The preliminary identification of operative reaction conditions led to evaluation of reaction 

homogeneity. Heteroaromatic substrates often present challenges with solubility (vide infra), 

particularly in anhydrous reaction media. It was observed experimentally that the primary 

limitation for solubility arose from the in situ generation of four-coordinate boronate 

complexes by the treatment of neopentyl heteroarylboronic esters with TMSOK. Among 

the initial neopentyl heteroarylboronic esters examined, neopentyl 4-pyridylboronic ester 2c 
was exceptionally challenging in this regard. Therefore, homogeneity optimization efforts 

were designed around boronic ester 2c.

The effect of different boronic esters on reaction homogeneity was first explored (Scheme 

7A). 4-Pyridylboronic esters derived from neopentyl glycol 2c, tetrahydrofuran-3,4-diol 5, 

cis-cyclopentane-1,2-diol 6, and cis-cyclohexane-1,2-diol 7 were evaluated in the presence 

of 2.4 equiv of trimethyl borate in 1,4-dioxane at reflux. Each ester was treated with 

1.4 equiv of TMSOK and the resulting solubility was established visually. Notably, only 

the neopentyl-derived boronic ester 2c and the cis-cyclopentane-1,2-diol derived ester 6, 

afforded homogeneous reaction mixtures. Therefore, in view of the availability of neopentyl 

boronic esters, 2c was chosen as the preferred candidate for subsequent optimization.

Next, four borate additives were tested under similar conditions using boronic ester 2c 
(Scheme 7B). Tris(trimethylsilyl) borate, triisopropyl borate, and tri-n-butyl borate all 

affoorded heterogeneous reaction profiles for the in situ-generated boronate complex. Only 

trimethyl borate afforded a homogeneous reaction mixture. Therefore, the additive trimethyl 

borate was selected for further optimization. Additionally, six reaction solvents were tested 

using the optimal boronic ester and borate additive (Scheme 7C). In accordance with 

previous reports, acetonitrile was found to react with TMSOK.27 Diglyme and NMP were 

also found to interact unfavorably with the soluble base. Although toluene and 1,4-dioxane 

were compatible with TMSOK, only 1,2-dimethyoxyethane was found to enable entirely 

homogeneous reaction conditions and was thus chosen as the solvent of choice.

Ligand Optimization.

Guided by the previous optimizations, eight, third-generation Buchwald precatalysts were 

then surveyed to identify the optimal ligand for reactivity in reaction between 1c and 2c 
(Table 2). The precatalyst bearing the CataCXium A ligand was found to be uniquely 

competent at promoting Suzuki–Miyaura cross-coupling under these reaction conditions. 

Further optimization of the continuous variables was carried out by a design of experiment 

(DoE) campaign (see Supporting Information) to maximize yield. The optimized reaction 

conditions employ 3 mol% of Pd-CataCXium A-G3 precatalyst, 3.0 equiv of trimethyl 

borate, 1.1 equiv of neopentyl heteroarylboronic ester, and 1.2 equiv of TMSOK.
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Evaluation of Reaction Scope.

The generality of the optimized reaction conditions was explored in more complex 

heteroaryl–heteroaryl Suzuki–Miyaura cross-coupling reactions using a variety of π-rich 

and π-deficient nucleophiles and electrophiles (Table 3). π-Rich neopentyl 2-furyl- 

and n-Bocpyrrolyl-2-boronic esters coupled with heterocyclic electrophiles in which the 

bromine atom was attached to one or more heteroatom-bearing carbons (81–89% yield). 

Both 1,3- (3fh, 3gh) and 1,4-diazines (3dg, 3dc) performed successfully as reaction 

electrophiles. Notably, highly protodeboronation-prone13,14 neopentyl 1-methylpyrazolyl- 

and 3,5-dimethylisox-azolylboronic esters were productively coupled under the anhydrous 

reaction conditions.28 Neopentyl 1-methylpyrazo-lylboronic esters also coupled with both 

quinoline (3ii) and isoquinoline (3ji) substrates. 6-Bromoquinoline electrophiles were highly 

reactive partners for both π-rich (3ii) and π-deficient nucleophiles (3nb), affording the 

desired products in 5–10 min. The electrophile for product 3kj, derived from nicotinic acid, 

highlights the compatibility of tert-butyl esters using this method. However, TMSOK was 

found to cleave methyl and ethyl esters, consistent with previous reports.29 Additionally, 

2-aminopyridine electrophiles are suitable under the optimized reaction conditions (3lj), 
despite their known ability to deactivate transition metal catalysts.30

π-Deficient neopentyl 5-pyrimidylboronic esters are well suited as nucleophiles affording 

coupling product in good isolated yields (70–77%). The quinazolinone electrophile 

corresponding to product 3mb was highly insoluble in DME but running the reaction 

in 1,4-dioxane afforded slightly better solubility and conversion. Neopentyl 2-chloro-5-

pyrimidylboronic esters do not suffer from competitive side-reactivity (3hk). Nitrogen 

rich 8-bromocaffeiene was also successfully coupled under the optimized reaction 

conditions (3ob). 3- and 4-pyridylboronic esters reacted smoothly with a variety of 

electrophiles. However, the highly labile pinacol 2-pyridylboronic ester underwent apparent 

protodeboronation. Interestingly, the imidazopyridyl electrophile leading to product 3pl 
reacted more efficiently using Pd-PPh3-G3 as the precatalyst in place of Pd-CataCXiumA-

G3. Oxadiazole (3bl) and unprotected indole (3qc) were also compatible with the reaction 

conditions. However, unprotected imidazoles were observed to confer no reactivity and 

methyl-protected imidazoles reacted in poor yields. Additionally, some electron-deficient 

pyrimidyl electrophiles (e.g., 2-chloro-5-nitropyrimidine) underwent competitive SNAr with 

TMSOK. A table of problematic substrate pairs is included in the Supporting Information.

DISCUSSION

Purity of TMSOK.

The purity of TMSOK was found to influence the course of the reaction. Some batches 

of TMSOK significantly lowered the rate of cross-coupling, resulting in reaction stalling.31 

Quantitation of the potassium content of a problematic batch of TMSOK by ICP analysis 

showed a significantly lower value than theoretical (see Supporting Information). Moreover, 

samples from this batch were found to be largely insoluble in diethyl ether. These 

observations are consistent with an early report by Tatlock and Rochow suggesting the 

presence of potassium hydroxide as a contaminant.32 While the stock solutions of TMSOK 
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used in this report were prepared under atmospheric conditions, it is recommended that bulk 

TMSOK be stored in a dry atmosphere and sourced in high purity.31

Role of Trimethyl Borate on Solubility.

Control experiments investigating the effect of trimethyl borate on boronic ester solubility 

were carried out using neopentyl 4-pyridyl- (2c) and 1-methylpyrazolylboronic esters (2i). 
The addition of 1.2 equiv of TMSOK to a boronic ester solution in DME, with and without 

trimethyl borate, produced significantly different solubility profiles (Scheme 8). For each 

boronic ester, the presence of 3.0 equiv of trimethyl borate led to homogeneous reaction 

mixtures. Notably, reaction homogeneity was maintained upon cooling to room temperature. 

Conversely, in the absence of trimethyl borate, highly heterogeneous reaction mixtures 

were observed with concomitant loss of stirring. The improvements in solubility are likely 

attributable to N-to-B coordination of the TMSOK· boronate complex with trimethyl borate 

as well as changes in the corresponding aggregation state.

Role of Trimethyl Borate on Base Deactivation.

The heteroaryl–heteroaryl coupling of 2-(4-bromophenyl)-1,3,4-oxadiazole 1b with 

neopentyl 3-pyridylboronic ester 2l was chosen as a model system to investigate an 

additional benefit of trimethyl borate as a reaction additive. The original disclosure from 

this laboratory for the TMSOK-promoted, Suzuki–Miyaura cross-coupling of neopentyl 

arylboronic esters with aryl halides found a strong dependence on base loading.23 

Employing super-stoichiometric amounts of TMSOK for slow cross-coupling reactions 

resulted in catalyst deactivation and incomplete conversion. A protocol was therefore 

developed that employed two additions of base over time. To investigate the effect of 

super-stoichiometric amounts of TMSOK in this system, 1.2 equiv of TMSOK was added 

in one addition at the outset of the reaction in the presence and absence of trimethyl borate 

(Scheme 9). Remarkably, only a trace of cross-coupled product was observed by 1H NMR 

analysis after 60 min in the absence of trimethyl borate, consistent with the deactivation 

observed previously. However, when 3.0 equiv of trimethyl borate was present, the reaction 

afforded a 65% yield under otherwise identical conditions. This buffering of the inhibitory 

effect of excess TMSOK was found to be a general phenomenon across all substrate pairs 

allowing for a single addition of TMSOK in all entries shown in Table 3.

Generality of the Effect of Trimethyl Borate.

To demonstrate the generality of the reaction additive, three additional substrate pairs from 

Table 3 were monitored by 1H NMR analysis in the presence and absence of trimethyl 

borate (Scheme 10). Each substrate combination was found to give a higher yield of cross-

coupled product in the presence of trimethyl borate. Cross-coupling to give product 3lj 
was significantly inhibited in the absence of trimethyl borate. However, the effect of base 

inhibition was found to be less pronounced in the formation of cross-coupled product 3ji. 
Notably, the beneficial effect of trimethyl borate was preserved when the ligand PPh3 was 

used in place of CataCXium A for the formation of cross-coupled product 3pl.
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Effect of Trimethyl Borate on Reaction Rates.

The model coupling reaction was also investigated using sub-stoichiometric amounts of 

TMSOK. By precluding the inhibitory effect of excess TMSOK, the intrinsic rate increase 

associated with the presence of trimethyl borate was assessed. When 0.9 equiv of TMSOK 

was used in the absence of trimethyl borate, an 13% yield was observed by 1H NMR 

analysis after 60 min (Scheme 11). However, when 3.0 equiv of trimethyl borate was 

employed, a 81% yield was observed by 1H NMR analysis after 60 min. The ~6 times 

increase in reaction rate is potentially attributable to N-to-B coordination with trimethyl 

borate, mitigating catalyst inhibition and enabling turnover. The increase in substrate 

solubility enabled by trimethyl borate is also likely operative in the observed rate increase. 

The slightly greater reactivity observed using sub-stoichiometric loadings of TMSOK with 

trimethyl borate, in comparison to super-stoichiometric loadings with trimethyl borate, 

highlights the competing nature of excess base under the optimized reaction conditions. 

While the influence of each of these three parameters (i.e., solubility, buffering of base, and 

attenuation of Lewis-basic functional groups) varies among different substrate combinations, 

the use of trimethyl borate as a reaction additive has been found to be broadly beneficial.

CONCLUSIONS AND OUTLOOK

In summary, a novel method for the anhydrous, Suzuki–Miyaura cross-coupling of 

heteroaryl–heteroaryl reaction partners has been described. A broad range of previously 

inaccessible π-rich and π-deficient heterocycles are demonstrated to be compatible under 

the new reaction conditions using TMSOK as the base. The novelty of this methods 

stems from the use of the innocuous reaction additive trimethyl borate. Trimethyl borate 

influences the course of the reaction by: (1) promoting the solubilization of in situ-generated 

boronate complexes, (2) buffering base-promoted catalyst inhibition, and (3) attenuating the 

Lewis-basicity of heteroatomic subunits, thereby mitigating catalyst poisoning. Employing 

anhydrous reaction conditions in concert with trimethyl borate enables the coupling of 

many labile heteroaromatic nucleophiles susceptible to protodeboronation. The application 

of this method is therefore anticipated to be of value for the coupling of challenging 

boron-containing heteroaromatic nucleophiles. Additionally, the soluble nature of both 

TMSOK and trimethyl borate are envisioned to be highly amenable to high-throughput 

experimentation applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Heteroaryl-Heteroaryl Cross-Couplings by Buchwald and Co-workers
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Scheme 2. 
TMSOK-Promoted Coupling of Neopentyl Boronic Esters
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Scheme 3. 
Rate Enhancements of Known Reactions Using TMSOK
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Scheme 4. Catalyst Deactivation by Addition of Pyridine or 1-Methylimidazole
aYields determined by 19F NMR spectroscopy using 1.0 equiv of 1,2-difluorobenzene as an 

internal standard.
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Scheme 5. Initial Investigation of Trimethyl Borate Under Original Reaction Conditions
aYields determined by 1H NMR spectroscopy using 1.0 equiv of 1,3,5-trimethoxybenzene as 

an internal standard.
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Scheme 6. Control Experiment Using Tris(trimethylsilyl) Borate
aYields determined by 19F NMR spectroscopy using 1.0 equiv of 1-fluoronaphthalene as an 

internal standard.
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Scheme 7. 
Optimization of Boronate Solubility
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Scheme 8. 
Effect of Trimethyl Borate on Reaction Solubility
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Scheme 9. Effect of Trimethyl Borate on Base Inhibition
aYields determined by 1HNMR spectroscopy using 1.0 equiv of 1,3,5-trimethoxybenzene as 

an internal standard.

Kassel et al. Page 20

J Am Chem Soc. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 10. Generality of Trimethyl Borate on Base Inhibition
aYields determined by 1H NMR spectroscopy using 1.0 equiv of 1,3,5-trimethoxybenzene as 

an internal standard.
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Scheme 11. Effect of Trimethyl Borate on Reaction Rates
aYields determined by 1H NMR spectroscopy using 1.0 equiv of 1,3,5-trimethoxybenzene as 

an internal standard.
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Table 1.

Effect of Trimethyl Borate Loading on the Cross-Coupling of 2b

entry trimethyl borate (equiv) yield (%)
a

1 0.0 0

2 0.6 100

3 1.2 100

4 2.4 100

a
Yields determined by 19F NMR spectroscopy using 1.0 equiv of 1-fluoronaphthalene as an internal standard.
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Table 2.

Precatalyst Survey Using Buchwald Third-Generation Precatalysts

entry precatalyst yield (%)
a

1 Pd-P(Cy)3-G3 25

2 Pd-P(t-Bu)3-G3 4

3 Pd-CataCXium A-G3 100

4 Pd-dppb-G3 17

5 Pd-dppf-G3 34

6 Pd-JosiPhos-G3 0

7 Pd-SPhos-G3 10

8 Pd-XPhos-G3 32

a
Yields determined by 19F NMR spectroscopy using 1.0 equiv of 1-fluoronaphthalene as an internal standard.
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