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SUMMARY

The biaryl motif is a building block in many drugs, agrochemicals, andmaterials, and as such it is highly

desirable as a synthesis target. The state-of-the-art process for biaryl synthesis from ubiquitous car-

boxylic acids is decarboxylative cross-coupling involving loss of carbon dioxide (CO2). However, the

scope of these methods is severely limited, mainly due to specific substitution required to promote

decarboxylation. The present report implements a decarbonylative version with loss of carbon mon-

oxide (CO) that enables to directly engage carboxylic acids in a Suzuki-Miyaura cross-coupling to pro-

duce biaryls as a general methodwith high cross-coupling selectivity using awell-defined Pd(0)/(II) cat-

alytic cycle. This protocol shows a remarkably broad scope (>80 examples) and is performed in the

absence of exogenous inorganic bases. In a broader context, the approach shows promise for routine

applications in the synthesis of biaryls by carefully controlled decarbonylation of prevalent carboxylic

acids.

INTRODUCTION

The biaryl motif is a privileged subunit in chemical science (Hassan et al., 2002; Horton et al., 2003; Burke

and Marques, 2015). The importance of biaryls is highlighted by the wide presence in pharmaceuticals,

functional materials, and natural products in both industrial and academic research (Brown and Boström,

2016; Yet, 2018). The biaryl architecture is at the heart of widely prescribed antihypertensive and anticancer

agents, which, in addition to the huge economic benefit, save the lives of millions of patients annually (Fig-

ure 1A) (Urquahart, 2018). The tremendous success of the conventional Suzuki-Miyaura cross-coupling of

aryl halides has provided multiple avenues to generate biaryl architectures of key significance to the chem-

ical industry (Miyaura and Suzuki, 1995; Lennox and Lloyd-Jones, 2014; Molander et al., 2013; Colacot,

2015). Since the 2010 Nobel Prize in Chemistry (Suzuki, 2011), more than 12,000 publications address the

improvements to the conventional Suzuki-Miyaura cross-coupling, signifying the great advantage of imple-

menting this transformation (Scifinder, 2019). Although effective, the conventional Suzuki-Miyaura cross-

coupling of aryl halides suffers from major limitations, including (1) the use of less available aryl halides,

(2) the requirement for stoichiometric inorganic base to trigger transmetallation, and (3) generation of toxic

halide waste.

The major breakthrough in using ubiquitous carboxylic acids as substrates for the synthesis of biaryls was

achieved in 2006 involving the extrusion of carbon dioxide (–CO2, Figure 1B; Gooßen et al., 2006). In this

carefully engineered design, the use of a copper(I) co-catalyst lowers the decarboxylation barrier and de-

livers aryl nucleophiles to [Ar–Pd–X] intermediates (X = Cl, Br). Despite severe limitations mainly with

respect to the reaction scope, this seminal report has sparked new interest in decarboxylative cross-cou-

plings of ubiquitous carboxylic acids as advantageous substrates in homogeneous catalysis (Gooßen

et al., 2008; Dzik et al., 2012). Recent years have witnessed the development of unconventional precursors

for the biaryl synthesis, including aryl ethers (Tobisu et al., 2008), acetates (Guan et al., 2008), pivalates

(Quasdorf et al., 2008), carbamates (Quasdorf et al., 2011), sulfamates (Quasdorf et al., 2011), and ammo-

nium salts (Blakey and MacMillan, 2003; Tasker et al., 2014). Further progress has been realized in using

aroyl precursors, including anhydrides (Gooßen and Paetzold, 2004), esters (Muto et al., 2015), amides

(Shi et al., 2016; Ji and Hong, 2017), and acyl fluorides (Malapit et al., 2018) under Rh and Ni catalysis. In

an alternative direction, the combined use of photocatalysis and Ni catalysis has effectively addressed

the limitation of cross-coupling of C(sp3) centers (Tellis et al., 2014; Zuo et al., 2014), whereas fundamental

studies on ligand design have tackled the challenge of enantiodivergent (Zhao et al., 2018) and conjunctive

(Zhang et al., 2016) Pd-catalyzed Suzuki cross-coupling. However, none of these methods have the key
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Figure 1. Background and Reaction Development

(A) Examples of top-selling pharmaceuticals containing the biaryl structure.

(B) Enzymatic decarbonylation in nature.

(C) Decarboxylative cross-coupling of carboxylic acids (loss of CO2): current state of the art.

(D) Proposed decarbonylative cross-coupling of carboxylic acids (loss of CO).

(E) Mechanism of the classic and decarbonylative Suzuki cross-coupling.

(F) Development of decarbonylative Suzuki cross-coupling. Dppb, 1,4-bis(diphenylphosphino)butane; PCy3, tricyclohexylphosphine; piv, pivaloyl.
advantage of directly engaging the pervasive carboxylic acid functional group in the Suzuki-Miyaura cross-

coupling to generate highly useful biaryls.

This report implements a decarbonylative version of Suzuki-Miyaura cross-coupling with loss of carbon

monoxide that enables to directly engage carboxylic acids in a redox-neutral pathway to generate biaryls

with high selectivity using a well-defined Pd(0)/(II) catalytic cycle (–CO, Figure 1C) (Zhao and Szostak, 2019).
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As (1) significantly more carboxylic acids than aryl halides are commercially available and (2) carboxylic

acids form an intrinsic part of advanced bioactive products and functional materials, undoubtedly the

direct Suzuki-Miyaura cross-coupling of carboxylic acids as electrophilic components represents a modular

approach to precisely construct biaryl building blocks. Furthermore, the orthogonal properties of carbox-

ylic acids and the exploitation of carbon monoxide loss (CO versus CO2, carbon dioxide) offer unique op-

portunities for catalysis. The C–C bond formation by cross-coupling of boronic acids is a fundamental re-

action in organic synthesis that has found widespread application in various areas of chemistry. This report

demonstrates the first example of a general utilization of ubiquitous carboxylic acids in the Suzuki cross-

coupling for the synthesis of biaryls.
RESULTS AND DISCUSSION

Weanticipated that carboxylic acids can be galvanized into the decarbonylative (Murphy et al., 2015; Ryter and

Tyrrell, 2000; Cheesbrough and Kolattukudy, 1984) Suzuki-Miyaura manifold (Figures 1D and 1E) through in

situ activation, a process that is reminiscent of the classical activation of carboxylic acid derivatives in organic

synthesis and has been utilized to great effect in decarboxylative cross-couplings of C(sp3) electrophiles (Qin

et al., 2016; Edwards et al., 2017; Fawcett et al., 2017). We targeted Pd catalysis and in situ activation as two key

design elements to execute high catalytic efficiency, modularity, and practical significance. Studies showed

that oxidative addition of a C–O bond of anhydrides occurs with high selectivity (Gooßen et al., 2008; Dzik

et al., 2012); however, unselective decarbonylation and transmetallation lead to ketone products. Given this

challenge, we hypothesized that a union of a sterically hindered O-acyl group and a bidentate ligand would

favor decarbonylation (vide infra, TS7, Figure 2B), providing a simple and practical access to biaryls directly

from carboxylic acids. Extensive optimization identified two catalytic systems that led to vastly different out-

comes in the cross-coupling of 4-acetyl-benzoic acid with 4-MeO(C6H4)-B(OH)2 (2.0 equiv.) as the model reac-

tion (Figure 1F and Supplemental Information): (1) Pd(OAc)2 (5 mol %)/1,4-bis(diphenylphosphino)butane

[dppb] (10 mol %), piv2O (2.0 equiv.), Et3N (2.0 equiv.), dioxane, 160�C: biaryl: ketone = 85:15 selectivity

(82% yield of the biaryl); (2) Pd(OAc)2 (5 mol %)/PCy3 (10 mol %), piv2O (2.0 equiv.), Et3N (2.0 equiv.), dioxane,

160�C: biaryl: ketone = 18:82 selectivity (68% yield of the ketone). Selected key optimization results are pre-

sented in Table 1. It is noteworthy that an inorganic base is not required (entries 3–6), establishing a practical

parallel to the Ni(0)-catalyzed method (Malapit et al., 2018) and that there is a good correlation between the

efficiency and the ligand bite angle (entries 9–15) (Miyaura and Suzuki, 1995; Lennox and Lloyd-Jones, 2014).

Note that the absence of piv2O resulted in no reaction, in agreement with our design (not shown).

At this point, extensive density functional theory (DFT) studies were conducted to provide insight into the

origin of the reaction selectivity and determine the reaction pathway (Figure 2, for the Cartesian coordi-

nates, see Data S1, related to Figure 2). Note that the reaction is efficient in the absence of an inorganic

base (Lennox and Lloyd-Jones, 2013; Malapit et al., 2018), which implies generation of the transmetalla-

tion-active [Ar–Pd–X] intermediate that could directly engage in transmetallation with a boronic acid under

functional-group-tolerant inorganic-base-free conditions. The computed reaction energy profile with Pd/

dppb catalyst is shown in Figure 2A (see the Supplemental Information for DFT calculation details). From

the substrate-coordinated complex 4, the acyl C–O bond cleavage via TS5 generates the LPd(acyl) (OPiv)

intermediate 6. This acylpalladium intermediate undergoes decarbonylation through TS7, and subsequent

CO extrusion leads to the arylpalladium species 9. From 9, the boronic acid coordinates to allow the trans-

metallation via TS11, leading to intermediate 12. In TS11, the pivalic leaving group acts as an intramolec-

ular base, which transfers the boronic acid to the corresponding boronate and promotes the transmetal-

lation process. This suggests that the overall transformation does not require an external base, which is

consistent with the experimental conditions. Therefore, the design of anhydride not only controls the

desired C–O bond activation but also plays a critical role in the base-free transmetallation. After the trans-

metallation, 12 dissociates PivOB(OH)2 to form intermediate 13, which undergoes C–C reductive elimina-

tion through TS14 to generate the product-coordinated complex 15. Final product liberation of 15 pro-

duces the biaryl cross-coupling product and regenerates the active palladium catalyst. Based on the

computed free energy profile, the acylpalladium species 6 is the on-cycle resting state, and the transme-

tallation step via TS11 is the rate-limiting step with a 31.8 kcal/mol overall barrier (6 to TS11).

The mechanistic model provides a rationale for the ligand-controlled chemoselectivity of competing ary-

lation and acylation. The computed chemoselectivities of dppb ligand are included in Figure 2B. From the

acylpalladium intermediate 6, decarbonylation and transmetallation determines the chemoselectivity (TS7

versus TS17) if the CO extrusion is considered irreversible from a reaction kinetics perspective. Our
iScience 19, 749–759, September 27, 2019 751



Figure 2. DFT-Calculated Reaction Energy Profile and Chemoselectivities of Pd-Catalyzed Decarbonylative Suzuki-Miyaura Cross-Coupling of

Benzoic Pivalic Anhydride

(A) Computed reaction energy profile.

(B) Chemoselectivity of dppb ligand.

(C) Chemoselectivity of PCy
3
ligand.

All energies are in kcal/mol. Hydrogens are omitted for clarity in the transition state diagrams. DFT calculation details are provided in Transparent Methods

in the Supplemental Information.
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Entry Variation from Standard Conditions Yield (%)a,b

1 No change 82 (15)

2 No H3BO3 49 (9)

3 Na2CO3 instead of Et3N 52 (15)

4 K2CO3 instead of Et3N 51 (23)

5 Added Na2CO3 80 (12)

6 Added K2CO3 71 (13)

7 Pyridine instead of Et3N 43 (6)

8 DMAP instead of Et3N 43 (<2)

9 PPh3 instead of dppb 24 (61)

10 PCy3HBF4 instead of dppb 15 (68)

11 DavePhos instead of dppb <2 (<2)

12 dppp instead of dppb <10 (<2)

13 dpppe instead of dppb 44 (21)

14 BINAP instead of dppb 27 (27)

15 XantPhos instead of dppb 26 (3)

Table 1. Summary of Optimization and Control Reaction Conditions

Standard conditions: Carboxylic acid (1.0 equiv.), Ar–B(OH)2 (2.0 equiv.), Pd(OAc)2 (5 mol %), dppb (10 mol %), Et3N (2.0 equiv.), piv2O (2.0 equiv.), H3BO3 (2.0

equiv.), dioxane, 160�C, 15 h.

GC< gas chromatography; NMR, nuclear magnetic resonance; dppb, 1,4-bis(diphenylphosphino)butane; piv, pivaloyl; Et3N, triethylamine; DMAP, 4-dimethyla-

minopyridine; dppp, 1,3-bis(diphenylphosphino)propane; dppe, 1,2-bis(diphenylphosphino)ethane; BINAP, 2,20-bis(diphenylphosphino)-1,10-binaphthalene.
aDetermined by GC/1H NMR.
bYields of the ketone product are shown in parentheses. See Table S2 in Supplemental Information for details.
computations indicate that TS7 is 1.1 kcal/mol more favorable than TS17, which agrees well with the exper-

imental observations that dppb ligand leads to arylation product. In contrast, for PCy3 ligand, the acylation

pathway is more favorable by 2.1 kcal/mol (TS21 versus TS22, Figure 2C). The detailed free energy profile of

PCy3 ligand is included in the Supporting Information. This reversed selectivity is due to the denticity

change of the ligands. Bidentate dppb ligand favors the decarbonylation step, because TS7 has two phos-

phine coordinations, whereas TS17 only has one phosphine coordination. This change of ligation does not

exist for monodentate PCy3 ligand because both transition states TS21 and TS22 have one phosphine co-

ordination, which is why the chemoselectivity is reversed. Therefore, the ligand denticity is a useful

approach to control the chemoselectivity in the Pd-catalyzed Suzuki-Miyaura cross-coupling of carboxylic

acids (see the Supplemental Information for additional studies on the mechanism).

Synthetically, the key advantage of this approach is that carboxylic acids are directly engaged in the syn-

thesis of biaryls without separate preactivation steps. The released by-products in the process are CO

and a mild organic acid pivOH (pKa = 5.0), which alleviate the potential side reactions, while at the same

time this approach obviates toxic and more expensive activating reagents (e.g., TFFH [tetramethyl fluoro-

formamidinium hexafluorophosphate]) (Malapit et al., 2018) and, importantly, is performed on the bench-

top using commercially available, air- and moisture-stable reagents, which supersedes previous methods

using air-sensitive Ni(0). This results in a broadly applicable gateway to the Suzuki-Miyaura cross-coupling

of carboxylic acids under redox-neutral conditions.
iScience 19, 749–759, September 27, 2019 753



Figure 3. Scope of the Decarbonylative Suzuki-Miyaura Cross-Coupling of Carboxylic Acids: Carboxylic Acid

Scope

(A) Scope of carboxylic acids.

(B) Late-stage functionalization.

(C) Sequential cross-coupling.

Conditions: Carboxylic acid (1.0 equiv.), Ar–B(OH)2 (2.0 equiv.), Pd(OAc)2 (5 mol %), dppb (10 mol%), Et3N (1.5 equiv.),

piv2O (1.5 equiv.), H3BO3 (1.5 equiv.), dioxane, 160�C, 15 h. dppb, 1,4-bis(diphenylphosphino)butane; piv, pivaloyl.
The scope of this process is remarkably broad. In all examples, carboxylic acids were used directly without any

preactivation steps. As shown in Figure 3A, a wide range of carboxylic acid substrates are compatible,

including tolerance to many functional groups that might be exploited in a myriad of downstream transforma-

tions. Esters (3a), ketones (3b), aldehydes (3c), trifluoromethyl groups (3d), tosylates (3e), and nitriles (3f)
754 iScience 19, 749–759, September 27, 2019



provide the biaryl products in high yields. Steric substitution, including ortho-alkyl (3g), ortho-thiomethyl (3h),

ortho-methoxy (3i), as well as 1-naphthyl (3j), proved compatible. Note that decarboxylative biaryl syntheses

typically require an activating substituent to favor decarboxylation (Gooßen et al., 2006, 2008; Dzik et al., 2012),

whereas this is not needed in the present process. Polyaromatic (3k) and heterocyclic substrates (3l–3p), such

as naphthalene, quinoline, pyridines, benzofuran, and benzothiophene, gave the cross-coupling adducts with

high selectivity. Notably, owing to the activating role of carboxylic acids in the conventional cross-coupling

strategies (Miyaura and Suzuki, 1995; Lennox and Lloyd-Jones, 2014), the present process can be readily uti-

lized in the synthesis of terphenyls, including push-pull compounds (3q), and conjugated stilbenes (3r), which

are widely exploited in the synthesis of functional materials (Beller and Blaser, 2012). Furthermore, electroni-

cally unactivated carboxylic acids (3t) as well as reactive functional groups, such as chloro (3u), ester (3v), ke-

tone (3w), trifluoromethyl ether (3y), and phenolic ester (3z), also delivered the corresponding biaryls in good

to excellent yields. The latter example is particularly noteworthy as it highlights compatibility of the present

process with highly activated phenolic esters, which can be reacted under forcing Ni catalysis (Muto et al.,

2015). This unique selectivity is predicated on selective activation of carboxylic acid derivatives enabled by

transition metal catalysis (resonance energy, PhC(O)–Opiv = 5.1 kcal/mol versus PhC(O)–OPh, 9.3 kcal/mol,

barrier to rotation) (Zhao and Szostak, 2019).

The synthetic potential of this method is showcased in the direct functionalization of pharmaceuticals and

bioactive natural products (Figure 3B), including probenecid (3aa), flufenamic acid (3ab), diflufenican (3ac),

and tocopherol (3ad), highlighting the potential impact of the present protocol for late-stage introduction

of biaryl architectures directly exploiting the carboxylic acid functional group. The utility of this direct cross-

coupling strategy is further emphasized by the unique capacity of carboxylic acids to act as traceless activating

groups (Figure 3C). To this end, metal-catalyzed C–H functionalizations directed by a carboxylic acid (3ae) as

well as metal-free electrophilic halogenation (3af) significantly expand the pool of carboxylic acid precursors

available for cross-coupling (Twilton et al., 2017; Knappke and Jacobi von Wangelin, 2010). The combination

with decarbonylative borylation (Liu et al., 2018) to furnish organoboranes directly from carboxylic acids (3ag)

and valorization of toluenes (3ah) (Figure 3C) offers a new opportunity for adopting in synthetic processes.

The scope of the method with respect to the boronic acid coupling partner was also investigated, as shown in

Figure 4. Pleasingly, we found that a wide range of aryl boronic acids are amenable to this biaryl Suzuki-Miyaura

cross-couplingprocess, includingdeactivatedelectron-deficient boronic acidsbearinganarrayof sensitive func-

tionalgroupspoised for furthermodification, suchasketones (3ai), esters (3aj), aldehydes (3ak), andnitriles (3am).

Furthermore, electron-rich boronic acids that could lead to a competing ketone formation (3an) (Malapit et al.,

2018) as well as fluorinated (3ao-3aq) (Campbell and Ritter, 2015) and sterically hindered boronic acids (3ar) are

effectively coupled in this protocol. Substitution at the unconjugated 3-position was well-tolerated (3at-3av).

Moreover, we found that various heterocyclic as well as polyaromatic substrates cross-couple in this redox-

neutral protocol with high efficiency (3aw-3ba). The utility of this method is further demonstrated in the direct

synthesis of biaryls bearing electrophilic carbonyl (3bb-3bi) and halogen handles (3bj-3bm) for subsequent

manipulation by the traditional nucleophilic addition or cross-coupling strategies.

Studies were conducted to determine steric limits of the current protocol (Figure 4B). Ortho-substituted

biaryls are important structural motifs in biologically active products and functional materials. We found

that 2,6-disubstitution on the boronic acid component is well-tolerated, including various useful functional

groups on the carboxylic acid cross-coupling partner (3bn-3bs). The steric limits of the present protocol are

reached with tri-ortho-substituted biaryls (3bu) as well as with 2,20-bis-ortho-substituted biaryls (3bv).

These results bode well for future catalyst optimization efforts to promote decarbonylative coupling to-

ward multiply ortho- substituted biaryls. Finally, to further demonstrate the powerful opportunity in late-

stage derivatization of pharmaceuticals (Blakemore et al., 2018), we conducted a series of direct reactions

with probenecid (3bw-3cc) and flufenamic acid (3cd-3ce) that allow for selective modification of the active

core. Clearly, the ubiquity of the carboxylic acid unit in biologically active molecules highlights the advan-

tage of the direct decarbonylative biaryl cross-coupling strategy.

Several additional points are to be noted. (1) In analogy to the classical Pd-catalyzed Suzuki-Miyaura cross-

coupling of aryl halides electron-rich boronic acids couple preferentially, whereas electron-deficient

electrophiles are more reactive, consistent with facility of metal insertion. (2) Sterically hindered electro-

philes and boronic acids are more reactive, consistent with decarbonylation favored by steric demand of

acylmetals. It should be noted that more electron-deficient carboxylic acids are also likely to undergo faster
iScience 19, 749–759, September 27, 2019 755



Figure 4. Scope of the Decarbonylative Suzuki-Miyaura Cross-Coupling of Carboxylic Acids: Boronic Acid Scope

(A) Scope of boronic acids.

(B) Cross-coupling of ortho-substituted boronic acids.

(C) Late-stage functionalization.

Conditions: Carboxylic acid (1.0 equiv.), Ar–B(OH)2 (2.0 equiv.), Pd(OAc)2 (5 mol %), dppb (10 mol %), Et3N (1.5 equiv.),

piv2O (1.5 equiv.), H3BO3 (1.5 equiv.), dioxane, 160�C, 15 h. The extension of scope/conditions in passing from Ni to Pd,

including functional group tolerance to sulfonates, phenols, anilines, ortho-biphenyls, trifluoromethylethers, and

benchtop setup using air-stable catalysts and reagents, low catalyst loading (see Scheme S6), as well as a simple one-pot

procedure should be noted.
oxidative addition. (3) The reaction is scalable (86% yield on gram scale) and efficient at low catalyst loading

(81% yield, 0.25 mol% [Pd]). (4) Finally, the reaction setup can be further simplified by using commercially

available precatalyst (PdCl2(dppb), 5 mol%, 70% yield). These facts bode well for a broad spectrum of

applications in various aspects of synthetic chemistry.
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Furthermore, it is worthwhile to note that the vast majority of biaryl products reported here cannot be

synthesized using currently available methods engaging ubiquitous carboxylic acids. Typically,

only ortho-substituted or electronically biased benzoic acids are suitable substrates for decarboxylative

Suzuki cross-coupling, whereas the present method could be employed for any functionalized

position on the benzene ring of carboxylic acids as well as for electron-donating, electron-neutral, or

electron-withdrawing carboxylic acid substrates. In the same vein, decarboxylative Suzuki cross-coupling

typically requires bimetallic catalysis, whereas the present catalytic system only needs palladium single

metal catalyst as a consequence of well-controlled decarbonylation. The absence of an exogeneous

base represents a significant advantage because it enables much broader scope and generality. The

prevalence and orthogonal nature of carboxylic acids enable the preparation of biaryls that are not

easily accessible by other cross-coupling methods using halides or pseudohalides as cross-coupling

partners. The use of palladium represents a significant advantage because it enables much broader toler-

ance and is more universally applicable than nickel. As a key design strategy, the present method involves

a one-pot process directly involving ubiquitous carboxylic acids in which all reaction components are

combined at the same time, which enables operational simplicity and rapid testing not available by other

methods.

In conclusion, decarbonylative biaryl synthesis from carboxylic acids represents a powerful tool for the

synthesis of complex biaryls using ubiquitous and orthogonal carboxylic acid cross-coupling partners.

This decarbonylative strategy embodies a complementary approach to the traditional loss of carbon diox-

ide. The broad substrate scope, operational simplicity, and the potential to apply in complex molecule syn-

thesis make it evident that decarbonylative cross-couplings (Stephan et al., 1998; Zhang et al., 2018; Meng

and Szostak, 2015; Liu et al., 2019) will likely have a major impact in the modern era of organic synthesis.

Future studies will focus on expanding the scope of the present protocol and mechanistic investigations

of decarbonylative cross-coupling protocols involving carboxylic acids.
Limitations of the Study

Tetra-substituted biaryls as well as aryl bromides are not suitable, which supports similar rate of the

oxidative addition step of C–Br and C–O bonds. H3BO3 is required for the efficient biaryl synthesis,

which supports O-protonation and prevents protodeboronation. Although cross-coupling of electron-

rich arenes is feasible (3h, 3i), this also shows some limitations of the method. Future studies will

focus on the development of more active catalyst systems to expand the substrate scope of the decarbon-

ylative coupling.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.08.021.
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Figure S1. DFT-calculated reaction energy profile of the Pd/PCy3-catalyzed Suzuki-Miyaura 

cross-coupling of benzoic pivalic anhydride with C–O bond cleavage of pivalic acid, related to 

Figure 2 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S2. 1H NMR spectrum of 3a, related to Figure 3 

Figure S3. 13C NMR spectrum of 3a, related to Figure 3 



 

 

Figure S4. 1H NMR spectrum of 3b, related to Figure 3 

Figure S5. 13C NMR spectrum of 3b, related to Figure 3 



 

 

Figure S6. 1H NMR spectrum of 3c, related to Figure 3 

Figure S7. 13C NMR spectrum of 3c, related to Figure 3 



 

 

Figure S8. 1H NMR spectrum of 3d, related to Figure 3 

Figure S9. 13C NMR spectrum of 3d, related to Figure 3 



 

 

 

 

Figure S10. 19F NMR spectrum of 3d, related to Figure 3 



  

 

Figure S11. 1H NMR spectrum of 3e, related to Figure 3 

Figure S12. 13C NMR spectrum of 3e, related to Figure 3 



 

 

Figure S13. 1H NMR spectrum of 3f, related to Figure 3 

Figure S14. 13C NMR spectrum of 3f, related to Figure 3 



 

 

Figure S15. 1H NMR spectrum of 3g, related to Figure 3 

Figure S16. 13C NMR spectrum of 3g, related to Figure 3 



 

 

Figure S17. 1H NMR spectrum of 3h, related to Figure 3 

Figure S18. 13C NMR spectrum of 3h, related to Figure 3 



 

 

Figure S19. 1H NMR spectrum of 3i, related to Figure 3 

Figure S20. 13C NMR spectrum of 3i, related to Figure 3 



 

 

Figure S21. 1H NMR spectrum of 3j, related to Figure 3 

Figure S22. 13C NMR spectrum of 3j, related to Figure 3 



 

 

Figure S23. 1H NMR spectrum of 3k, related to Figure 3 

Figure S24. 13C NMR spectrum of 3k, related to Figure 3 



 

 

Figure S25. 1H NMR spectrum of 3l, related to Figure 3 

Figure S26. 13C NMR spectrum of 3l, related to Figure 3 



 

 

Figure S27. 1H NMR spectrum of 3m, related to Figure 3 

Figure S28. 13C NMR spectrum of 3m, related to Figure 3 



 

 

Figure S29. 1H NMR spectrum of 3n, related to Figure 3 

Figure S30. 13C NMR spectrum of 3n, related to Figure 3 



  

 

Figure S31. 1H NMR spectrum of 3o, related to Figure 3 

Figure S32. 13C NMR spectrum of 3o, related to Figure 3 



 

 

Figure S33. 1H NMR spectrum of 3p, related to Figure 3 

Figure S34. 13C NMR spectrum of 3p, related to Figure 3 



 

 

Figure S35. 1H NMR spectrum of 3q, related to Figure 3 

Figure S36. 13C NMR spectrum of 3q, related to Figure 3 



 

 

 

 

 

Figure S37. 19F NMR spectrum of 3q, related to Figure 3 



 

 

Figure S38. 1H NMR spectrum of 3r, related to Figure 3 

Figure S39. 13C NMR spectrum of 3r, related to Figure 3 



 

 

Figure S40. 1H NMR spectrum of 3s, related to Figure 3 

Figure S41. 13C NMR spectrum of 3s, related to Figure 3 



 

 

Figure S42. 1H NMR spectrum of 3t, related to Figure 3 

Figure S43. 13C NMR spectrum of 3t, related to Figure 3 



 

 

Figure S44. 1H NMR spectrum of 3u, related to Figure 3 

Figure S45. 13C NMR spectrum of 3u, related to Figure 3 



 

 

Figure S46. 1H NMR spectrum of 3v, related to Figure 3 

Figure S47. 13C NMR spectrum of 3v, related to Figure 3 



 

 

Figure S48. 1H NMR spectrum of 3w, related to Figure 3 

Figure S49. 13C NMR spectrum of 3w, related to Figure 3 



 

 

Figure S50. 1H NMR spectrum of 3x, related to Figure 3 

Figure S51. 13C NMR spectrum of 3x, related to Figure 3 



 

 

Figure S52. 1H NMR spectrum of 3y, related to Figure 3 

Figure S53. 13C NMR spectrum of 3y, related to Figure 3 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S54. 19F NMR spectrum of 3y, related to Figure 3 



  

 

Figure S55. 1H NMR spectrum of 3z, related to Figure 3 

Figure S56. 13C NMR spectrum of 3z, related to Figure 3 



 

 

Figure S57. 1H NMR spectrum of 3aa, related to Figure 3 

Figure S58. 13C NMR spectrum of 3aa, related to Figure 3 



 

 

Figure S59. 1H NMR spectrum of 3ab, related to Figure 3 

Figure S60. 13C NMR spectrum of 3ab, related to Figure 3 



 

 

 

 

 

Figure S61. 19F NMR spectrum of 3ab, related to Figure 3 



  

 

Figure S62. 1H NMR spectrum of 3ac, related to Figure 3 

Figure S63. 13C NMR spectrum of 3ac, related to Figure 3 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S64. 19F NMR spectrum of 3ac, related to Figure 3 



 

 

Figure S65. 1H NMR spectrum of 3ad, related to Figure 3 

Figure S66. 13C NMR spectrum of 3ad, related to Figure 3 



  

 

Figure S67. 1H NMR spectrum of 3ae, related to Figure 3 

Figure S68. 13C NMR spectrum of 3ae, related to Figure 3 



 

 

Figure S69. 1H NMR spectrum of 3af, related to Figure 3 

Figure S70. 13C NMR spectrum of 3af, related to Figure 3 



 

 

Figure S71. 1H NMR spectrum of 3ag, related to Figure 3 

Figure S72. 13C NMR spectrum of 3ag, related to Figure 3 



 

 

Figure S73. 1H NMR spectrum of 3ah, related to Figure 3 

Figure S74. 13C NMR spectrum of 3ah, related to Figure 3 



 

 

Figure S75. 1H NMR spectrum of 3ai, related to Figure 4 

Figure S76. 13C NMR spectrum of 3ai, related to Figure 4 



 

 

Figure S77. 1H NMR spectrum of 3aj, related to Figure 4 

Figure S78. 13C NMR spectrum of 3aj, related to Figure 4 



 

 

Figure S79. 1H NMR spectrum of 3ak, related to Figure 4 

Figure S80. 13C NMR spectrum of 3ak, related to Figure 4 



 

 

Figure S81. 1H NMR spectrum of 3al, related to Figure 4 

Figure S82. 13C NMR spectrum of 3al, related to Figure 4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S83. 19F NMR spectrum of 3al, related to Figure 4 



 

 

Figure S84. 1H NMR spectrum of 3am, related to Figure 4 

Figure S85. 13C NMR spectrum of 3am, related to Figure 4 



 

 

Figure S86. 1H NMR spectrum of 3an, related to Figure 4 

Figure S87. 13C NMR spectrum of 3an, related to Figure 4 



 

 

Figure S88. 1H NMR spectrum of 3ao, related to Figure 4 

Figure S89. 13C NMR spectrum of 3ao, related to Figure 4 



 

 

 

Figure S90. 19F NMR spectrum of 3ao, related to Figure 4 



 

 

Figure S91. 1H NMR spectrum of 3ap, related to Figure 4 

Figure S92. 13C NMR spectrum of 3ap, related to Figure 4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S93. 19F NMR spectrum of 3ap, related to Figure 4 



 

 

Figure S94. 1H NMR spectrum of 3aq, related to Figure 4 

Figure S95. 13C NMR spectrum of 3aq, related to Figure 4 



 

 

 

 

Figure S96. 19F NMR spectrum of 3aq, related to Figure 4 



 

 

Figure S97. 1H NMR spectrum of 3ar, related to Figure 4 

Figure S98. 13C NMR spectrum of 3ar, related to Figure 4 



 

 

Figure S99. 1H NMR spectrum of 3as, related to Figure 4 

Figure S100. 13C NMR spectrum of 3as, related to Figure 4 



 

 

Figure S101. 1H NMR spectrum of 3at, related to Figure 4 

Figure S102. 13C NMR spectrum of 3at, related to Figure 4 



 

 

Figure S103. 1H NMR spectrum of 3au, related to Figure 4 

Figure S104. 13C NMR spectrum of 3au, related to Figure 4 



 

 

 

Figure S105. 19F NMR spectrum of 3au, related to Figure 4 



 

 

Figure S106. 1H NMR spectrum of 3av, related to Figure 4 

Figure S107. 13C NMR spectrum of 3av, related to Figure 4 



 

 

Figure S108. 1H NMR spectrum of 3aw, related to Figure 4 

Figure S109. 13C NMR spectrum of 3aw, related to Figure 4 



 

 

Figure S110. 1H NMR spectrum of 3ax, related to Figure 4 

Figure S111. 13C NMR spectrum of 3ax, related to Figure 4 



 

 

Figure S112. 1H NMR spectrum of 3ay, related to Figure 4 

Figure S113. 13C NMR spectrum of 3ay, related to Figure 4 



 

 

Figure S114. 1H NMR spectrum of 3az, related to Figure 4 

Figure S115. 13C NMR spectrum of 3az, related to Figure 4 



 

 

Figure S116. 1H NMR spectrum of 3ba, related to Figure 4 

Figure S117. 13C NMR spectrum of 3ba, related to Figure 4 



 

 

Figure S118. 1H NMR spectrum of 3bb, related to Figure 4 

Figure S119. 13C NMR spectrum of 3bb, related to Figure 4 



 

 

Figure S120. 1H NMR spectrum of 3bc, related to Figure 4 

Figure S121. 13C NMR spectrum of 3bc, related to Figure 4 



 

 

Figure S122. 1H NMR spectrum of 3bd, related to Figure 4 

Figure S123. 13C NMR spectrum of 3bd, related to Figure 4 



 

 

Figure S124. 1H NMR spectrum of 3be, related to Figure 4 

Figure S125. 13C NMR spectrum of 3be, related to Figure 4 



 

 

 

 

 

 

 

 

 

Figure S126. 1H NMR spectrum of 3be, related to Figure 4 



 

 

Figure S127. 1H NMR spectrum of 3bf, related to Figure 4 

Figure S128. 13C NMR spectrum of 3bf, related to Figure 4 



 

 

Figure S129. 1H NMR spectrum of 3bg, related to Figure 4 

Figure S130. 13C NMR spectrum of 3bg, related to Figure 4 



  

 

Figure S131. 1H NMR spectrum of 3bh, related to Figure 4 

Figure S132. 13C NMR spectrum of 3bh, related to Figure 4 



 

 

 

Figure S133. 19F NMR spectrum of 3bh, related to Figure 4 



  

 

Figure S134. 1H NMR spectrum of 3bi, related to Figure 4 

Figure S135. 13C NMR spectrum of 3bi, related to Figure 4 



 

 

Figure S136. 1H NMR spectrum of 3bj, related to Figure 4 

Figure S137. 13C NMR spectrum of 3bj, related to Figure 4 



 

 

Figure S138. 1H NMR spectrum of 3bj, related to Figure 4 



 

 

Figure S139. 1H NMR spectrum of 3bk, related to Figure 4 

Figure S140. 13C NMR spectrum of 3bk, related to Figure 4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S141. 1H NMR spectrum of 3bk, related to Figure 4 



 

 

Figure S142. 1H NMR spectrum of 3bl, related to Figure 4 

Figure S143. 13C NMR spectrum of 3bl, related to Figure 4 



 

 

Figure S144. 1H NMR spectrum of 3bm, related to Figure 4 

Figure S145. 13C NMR spectrum of 3bm, related to Figure 4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S146. 19F NMR spectrum of 3bm, related to Figure 4 



 

 

Figure S147. 1H NMR spectrum of 3bn, related to Figure 4 

Figure S148. 13C NMR spectrum of 3bn, related to Figure 4 



 

 

Figure S149. 1H NMR spectrum of 3bo, related to Figure 4 

Figure S150. 13C NMR spectrum of 3bo, related to Figure 4 



 

 

Figure S151. 1H NMR spectrum of 3bp, related to Figure 4 

Figure S152. 13C NMR spectrum of 3bp, related to Figure 4 



 

 

Figure S153. 1H NMR spectrum of 3bq, related to Figure 4 

Figure S154. 13C NMR spectrum of 3bq, related to Figure 4 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S155. 19F NMR spectrum of 3bq, related to Figure 4 



 

 

Figure S156. 1H NMR spectrum of 3br, related to Figure 4 

Figure S157. 13C NMR spectrum of 3br, related to Figure 4 



 

 

Figure S158. 1H NMR spectrum of 3bs, related to Figure 4 

Figure S159. 13C NMR spectrum of 3bs, related to Figure 4 



 

 

Figure S160. 1H NMR spectrum of 3bt, related to Figure 4 

Figure S161. 13C NMR spectrum of 3bt, related to Figure 4 



 

 

Figure S162. 1H NMR spectrum of 3bu, related to Figure 4 

Figure S163. 13C NMR spectrum of 3bu, related to Figure 4 



 

 

Figure S164. 1H NMR spectrum of 3bv, related to Figure 4 

Figure S165. 13C NMR spectrum of 3bv, related to Figure 4 



 

 

Figure S166. 1H NMR spectrum of 3bw, related to Figure 4 

Figure S167. 13C NMR spectrum of 3bw, related to Figure 4 



 

 

Figure S168. 1H NMR spectrum of 3bx, related to Figure 4 

Figure S169. 13C NMR spectrum of 3bx, related to Figure 4 



 

 

Figure S170. 1H NMR spectrum of 3by, related to Figure 4 

Figure S171. 13C NMR spectrum of 3by, related to Figure 4 



 

 

Figure S172. 1H NMR spectrum of 3bz, related to Figure 4 

Figure S173. 13C NMR spectrum of 3bz, related to Figure 4 



 

 

Figure S174. 1H NMR spectrum of 3ca, related to Figure 4 

Figure S175. 13C NMR spectrum of 3ca, related to Figure 4 



 

 

Figure S176. 1H NMR spectrum of 3cb, related to Figure 4 

Figure S177. 13C NMR spectrum of 3cb, related to Figure 4 



 

 

Figure S178. 1H NMR spectrum of 3cc, related to Figure 4 

Figure S179. 13C NMR spectrum of 3cc, related to Figure 4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S180. 19F NMR spectrum of 3cc, related to Figure 4 



 

 

Figure S181. 1H NMR spectrum of 3cd, related to Figure 4 

Figure S182. 13C NMR spectrum of 3cd, related to Figure 4 



 

 

 

 

Figure S183. 19F NMR spectrum of 3cd, related to Figure 4 



 

 

Figure S184. 1H NMR spectrum of 3ce, related to Figure 4 

Figure S185. 13C NMR spectrum of 3ce, related to Figure 4 



  

 

 

 

 

 

 

 

 

 

 

Figure S186. 19F NMR spectrum of 3ce, related to Figure 4 



Supplemental Tables 

Table S1. Table of energies, related to Figure 2.a 

Structures ZPE tcH tcG E H G 
Imaginary 

Frequency 

4 0.720759  0.768242  0.631103  -2585.076110  -2584.307868  -2584.445007   

TS5 0.719659  0.766234  0.634892  -2585.056356  -2584.290122  -2584.421464  219.5i 

6 0.721010  0.768049  0.634402  -2585.084588  -2584.316539  -2584.450186   

TS7 0.718489  0.765785  0.633776  -2585.045331  -2584.279546  -2584.411555  265.6i 

8 0.718602  0.766500  0.633911  -2585.057358  -2584.290858  -2584.423447   

9 0.711880  0.756666  0.630785  -2471.763250  -2471.006584  -2471.132465   

10 0.837748  0.892049  0.737099  -2879.871451  -2878.979402  -2879.134352   

TS11 0.835418  0.889795  0.736457  -2879.856567  -2878.966772  -2879.120110  272.2i 

12 0.836135  0.891635  0.733007  -2879.877414  -2878.985779  -2879.144407   

13 0.664032  0.705341  0.586658  -2356.942849  -2356.237508  -2356.356191   

TS14 0.662757  0.703609  0.585497  -2356.928693  -2356.225084  -2356.343196  316.6i 

15 0.665036  0.706460  0.582992  -2356.982031  -2356.275571  -2356.399039   

16 0.182078  0.191889  0.147524  -463.048132  -462.856243  -462.900608   

TS17 0.845338  0.901703  0.742053  -2993.180885  -2992.279182  -2992.438832  274.8i 

18 0.192113  0.203769  0.154571  -576.351077  -576.147308  -576.196506   

19 0.725325  0.764631  0.648919  -1865.903522  -1865.138891  -1865.254603   

20 0.725188  0.764422  0.650581  -1865.912683  -1865.148261  -1865.262102   

TS21 0.722477  0.761875  0.648158  -1865.879980  -1865.118105  -1865.231822  258.6i 

TS22 0.850548  0.898210  0.767258  -2274.031585  -2273.133375  -2273.264327  275.7i 

TS-S1 0.724397  0.762829  0.652398  -1865.890644  -1865.127815  -1865.238246  39.5i 

S2 0.852963  0.900590  0.767260  -2274.046953  -2273.146363  -2273.279693   

S3 0.851908  0.900421  0.764789  -2274.053930  -2273.153509  -2273.289141   

S4 0.677439  0.713181  0.605797  -1751.077163  -1750.363982  -1750.471366   

TS-S5 0.677117  0.712121  0.607739  -1751.072247  -1750.360126  -1750.464508  230.5i 

S6 0.679487  0.714702  0.609314  -1751.114793  -1750.400091  -1750.505479   

S7 0.722884  0.762930  0.647756  -1865.890254  -1865.127324  -1865.242498   

S8 0.715378  0.752583  0.642984  -1752.586757  -1751.834174  -1751.943773   

CO 0.005036  0.008341  -0.014102  -113.285648  -113.277307  -113.299750   

PhB(OH)2 0.125189  0.134020  0.091304  -408.123464  -407.989444  -408.032160   

PhCOOPiv 0.237711  0.253481  0.194092  -691.139846  -690.886365  -690.945754   

PivOB(OH)2 0.171429  0.184212  0.132914  -522.945261  -522.761049  -522.812347   

aZero-point correction (ZPE), thermal correction to enthalpy (TCH), thermal correction to Gibbs free energy (TCG), 

energies (E), enthalpies (H), and Gibbs free energies (G) (in Hartree) of the structures calculated at the M06/6-

311+G(d,p)-SDD-SMD(1,4-dioxane)//B3LYP/6-31G(d)-LANL2DZ level of theory. 

 



Table S2. Selected optimization in decarbonylative Suzuki-Miyaura coupling of carboxylic 

acids, related to Table 1.a 

 

entry [Pd] ligand base 

 

additive 1:2:base:additive: 

piv2O (equiv) 

Yieldb  

(3:3’) (%) 

1 5% Pd(OAc)2 10% dppb -- -- 1 : 2.0 : 2.0 : 0 : 2.0 14 : 3 

2 5% Pd(OAc)2 10% dppb Et3N -- 1 : 1.5 : 1.5 : 0 : 1.5 70 : 7 

3 5% Pd(OAc)2 10% dppb Et3N -- 1 : 2.0 : 2.0 : 0 : 2.0 67 : 8 

4 5% Pd(OAc)2 10% dppb Et3N -- 1 : 3.0 : 3.0 : 0 : 2.0 60 : 25 

5 5% Pd(OAc)2 10% dppb Et3N -- 1 : 4.0 : 4.0 : 0 : 2.0 58 : 11 

6 5% Pd(OAc)2 6% dppb Et3N -- 1 : 2.0 : 2.0 : 0 : 2.0 42 : 6 

7 2.5% Pd(OAc)2 5% dppb Et3N -- 1 : 2.0 : 2.0 : 0 : 2.0 76 : 3 

8c 5% Pd(OAc)2 10% dppb Et3N -- 1 : 2.0 : 2.0 : 0 : 2.0 49: 9 

9 5% Pd(OAc)2 10% dppb Na2CO3 -- 1 : 2.0 : 2.0 : 0 : 2.0 52 : 15 

10 5% Pd(OAc)2 10% dppb K2CO3 -- 1 : 2.0 : 2.0 : 0 : 2.0 51 : 23 

11 5% Pd(OAc)2 10% dppb  K3PO4 -- 1 : 2.0 : 2.0 : 0 : 2.0 <2 : <2 

12 5% Pd(OAc)2 10% dppb Et3N  Na2CO3 1 : 2.0 : 2.0 : 2.0 : 2.0 59 : 12 

13 5% Pd(OAc)2 10% dppb Et3N  K2CO3 1 : 2.0 : 2.0 : 2.0 : 2.0 39 : 19 

14 

15 

16 

17 

18 

19 

20 

5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

2.5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

10% dppb  

10% dppb 

10% dppb 

10% dppb 

5% dppb 

10% dppb 

10% dppb 

Et3N  

Et3N  

Et3N 

Et3N 

Et3N 

Et3N 

Na2CO3 

K3PO4 

H3BO3 

AdCO2H 

PivOH 

PivOH 

H2O 

H3BO3 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 1.2 : 1.2 : 1.2 : 1.2 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

3 : 5 

82 : 15 

<2 : 0 

73 : 4 

56 : <2 

64 : 25 

54 : 8 

21 5% Pd(OAc)2 10% dppb K2CO3 H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 59 : 9 

22 5% Pd(OAc)2 10% dppb Et3N Na2CO3, 

H3BO3 

1 : 2.0 : 2.0 : 2.0 : 2.0 :2.0 80 : 12 

23 5% Pd(OAc)2 10% dppb Et3N K2CO3, 

H3BO3 

1 : 2.0 : 2.0 : 2.0 : 2.0 :2.0 71 : 13 

24 5% Pd(OAc)2 10% dppb DIPEA H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 69 : 14 

25 5% Pd(OAc)2 10% dppb Bu3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 60 : 4 

26 5% Pd(OAc)2 10% dppb DMAP H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 43 : <2 

27 5% Pd(OAc)2 10% dppb Pyridine H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 43 : 6 

28 5% Pd(OAc)2 10% dppb NMM H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 53 : 13 



29 5% Pd(OAc)2 10% dppb Et2NH H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 21 : 3 

30d 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 44 : 9 

31e 5% Pd(OAc)2 10% dppb  Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 80 : 7 

32f 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 50 : 14 

33g 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 73 : 12 

34 5% PdCl2 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 55 : 4 

35 10% Pd2(dba)3 20% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 79 : 9 

36 5% Pd2(dba)3 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 70 : 10 

37 2.5% Pd2(dba)3 5% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 80 : 10 

38 10% Pd2(dba)3 40% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 31 : 2 

39 5% Pd2(dba)3 20% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 67 : 10 

40 2.5% Pd2(dba)3 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 66 : 8 

41 5% Pd(dba)2 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 59 : 8 

42 5% PEPPSI 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 0 : 0 

43 5% Neolyst 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 <2 : 0 

44 5% Pd(OAc)2 10% dppm Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 9 : 2 

45 5% Pd(OAc)2 10% dppe Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 0 : 0 

46 5% Pd(OAc)2 10% dppp Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 5 : <2 

47 5% Pd(OAc)2 10% dpppe Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 44 : 21 

48 5% Pd(OAc)2 10% dpphex Et3N  H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 18 : 33 

49 5% Pd(OAc)2 10% BINAP Et3N  H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 27 : 27 

50 

51 

52 

53 

54 

55 

56 

5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

5% Pd(OAc)2 

10% DPEPhos 

10% XantPhos 

10% dppf 

20% PCy3HBF4 

20% PCy2Ph 

20% PCyPh2 

20% PPh3 

Et3N  

Et3N  

Et3N 

Et3N 

Et3N 

Et3N 

Et3N 

H3BO3 

H3BO3 

H3BO3 

H3BO3 

H3BO3 

H3BO3 

H3BO3 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

1 : 2.0 : 2.0 : 2.0 : 2.0 

47 : 14 

26 : 3 

41 : 8 

15 : 68 

13 : 87 

17 : 72 

24 : 61 

57 5% Pd(OAc)2 20% DavePhos Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 <2 : <2 

58 5% Pd(OAc)2 20% XPhos Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 <2 : <2 

59 5% Pd(OAc)2 20% SPhos Et3N H3BO3 1 : 2.0 : 2.0 : 2.0 : 2.0 <2 : <2 

60 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 1.2 : 1.2 : 1.2 : 1.2 48 : 7 

61 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 1.5 : 1.5 : 1.5 : 1.5 79 : 6 

62 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 1.5 : 4.5 : 2.0 : 2.0 79 : 9 

63 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 2.0 : 1.5 : 1.5 : 1.5 82 : 8 

64 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 1.5 : 1.5 84 : 8 

65 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 1.0 : 2.0 82 : 15 

66 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 1.5 : 2.0 82 : 11 

67 5% Pd(OAc)2 10% dppb Et3N H3BO3 1 : 2.0 : 2.0 : 4.0 : 2.0 77 : 14 



68 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 2.0 : 4.0 : 2.0 : 2.0 75 : 10 

69 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 2.0 : 4.0 : 4.0 : 2.0 82 : 10 

70 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 3.0 : 1.5 : 2.0 : 2.0 77 : 14 

71 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 3.0 : 4.5 : 2.0 : 2.0 63 : 12 

72 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 2.0 : 1.5 : 1.5 : 1.5 72 : 15 

73h 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 2.0 : 1.5 : 1.5 : 1.5 48 : 10 

74i 5% Pd(OAc)2 10% dppb Et3N  H3BO3 1 : 2.0 : 1.5 : 1.5 : 1.5 38 : 11 

aConditions: carboxylic acid (1.0 equiv), boronic acid (1.2-4.0 equiv), base (1.5-4.5 equiv), 1,4-dioxane (0.20 M), 160 

°C, 15 h; bDetermined by 1H NMR and/or GC-MS; c140 °C; dToluene; e0.10 M; f0.50 M;  g100 mg MS; h120 °C; i100 

°C. 3 = 1-(4'-methoxy-[1,1'-biphenyl]-4-yl)ethan-1-one; 3’ = 1-(4-(4-methoxybenzoyl)phenyl)ethan-1-one. 

 

 



Transparent Methods 

Computational Details 

All density functional theory (DFT) calculations were performed with Gaussian 09 package (Frisch 

et al., 2010). Geometry optimizations of all the minima and transition states were carried out at the 

B3LYP (Becke et al., 1993; Lee et al., 1988) level of theory, with the LANL2DZ (Hay et al., 1985; 

Wadt et al., 1985; Hay et al., 1985) basis set for Pd and the 6-31G(d) basis set for the other atoms. 

Vibrational frequencies were computed at the same level of theory to evaluate its zero-point 

vibrational energy (ZPVE) and thermal corrections at 298 K, and to check whether each optimized 

structure is an energy minimum or a transition state. On the basis of the gas-phase optimized 

structures, the single point energies were calculated with the M06 functional developed by Truhlar 

and coworkers (Zhao et al., 2008; Zhao et al., 2008) and a mixed basis set of SDD (von Szentpaly 

et al., 1982; Dolg et al., 1987; Schwerdtfeger et al., 1898) for Pd and 6-311+G(d,p) for other atoms. 

Solvation energy corrections were calculated using the SMD model (Marenich et al., 2009) with 

1,4-dioxane as the solvent. The 3D diagrams of computed species were generated using CYLView 

(Legault, 2009). In order to adjust the Gibbs free energies from 1 atm to 1 mol/L, a correction of 

RTln(cs/cg) (about 1.9 kcal/mol) is added to energies of all species. cs is the standard molar 

concentration in solution (1 mol/L), cg is the standard molar concentration in gas phase (0.0446 

mol/L), and R is the gas constant. Extensive conformational searches are conducted to ensure that 

the most stable conformers are located. 

 

 

 



List of Known Compounds/General Methods 

All starting materials reported in the manuscript have been previously described in literature or 

prepared by the method reported previously. All experiments involving palladium were performed 

using standard Schlenk techniques under argon atmosphere unless stated otherwise. All solvents 

were purchased at the highest commercial grade and used as received or after purification by 

passing through activated alumina columns or distillation from sodium/benzophenone under 

nitrogen. All solvents were deoxygenated prior to use. All other chemicals were purchased at the 

highest commercial grade and used as received. Reaction glassware was oven-dried at 140 °C for at 

least 24 h or flame-dried prior to use, allowed to cool under vacuum and purged with argon (three 

cycles). All products were identified using 1H NMR analysis and comparison with authentic 

samples. GC and/or GC/MS analysis was used for volatile products. All yields refer to yields 

determined by 1H NMR and/or GC or GC/MS using an internal standard (optimization) and isolated 

yields (preparative runs) unless stated otherwise. 1H NMR and 13C NMR spectra were recorded in 

CDCl3 on Bruker spectrometers at 500 (1H NMR) and 125 MHz (13C NMR). All shifts are reported 

in parts per million (ppm) relative to residual CHCl3 peak (7.27 and 77.2 ppm, 1H NMR and 13C 

NMR, respectively). All coupling constants (J) are reported in hertz (Hz). Abbreviations are: s, 

singlet; d, doublet; t, triplet; q, quartet; brs, broad singlet. GC-MS chromatography was performed 

using Agilent HP6890 GC System and Agilent 5973A inert XL EI/CI MSD using helium as the 

carrier gas at a flow rate of 1 mL/min and an initial oven temperature of 50 °C. The injector 

temperature was 250 °C. The detector temperature was 250 °C. For runs with the initial oven 

temperature of 50 °C, temperature was increased with a 10 °C/min ramp after 50 °C hold for 3 min 

to a final temperature of 220 °C, then hold at 220 °C for 15 min (splitless mode of injection, total 

run time of 22.0 min). High-resolution mass spectra (HRMS) were measured on a 7T Bruker 

Daltonics FT-MS instrument (for HRMS). Melting point was measured on MeltEMP (laboratory 

devices). All flash chromatography was performed using silica gel, 60 Å, 300 mesh. TLC analysis 

was carried out on glass plates coated with silica gel 60 F254, 0.2 mm thickness. The plates were 

visualized using a 254 nm ultraviolet lamp or aqueous potassium permanganate solutions. 1H NMR 

and 13C NMR data are given for all compounds. 1H NMR, 13C NMR and HRMS data are reported 

for all new compounds.  



Experimental Procedures and Characterization Data 

General Procedure for Decarbonylative Suzuki-Miyaura Coupling of Carboxylic Acids. An 

oven-dried vial equipped with a stir bar was charged with carboxylic acid (neat, 1.0 equiv), 

boronic acid (neat, typically, 2.0 equiv), Pd(OAc)2 (typically, 5 mol%), ligand (typically, 10 

mol%), triethylamine (typically, 1.5 equiv), boric acid (typically, 1.5 equiv) and trimethylacetic 

anhydride (typically, 1.5 equiv), placed under a positive pressure of argon, and subjected to three 

evacuation/backfilling cycles under high vacuum. Dioxane (0.20 M) was added with vigorous 

stirring at room temperature, the reaction mixture was placed in a preheated oil bath at 160 °C, 

and stirred for the indicated time at 160 °C.  

 

Representative Procedure for Decarbonylative Suzuki-Miyaura Coupling of Carboxylic 

Acids. An oven-dried vial equipped with a stir bar was charged with 4-acetylbenzoic acid (neat, 

32.9 mg, 0.20 mmol), phenylboronic acid (neat, 48.8 mg, 0.40 mmol, 2.0 equiv), Pd(OAc)2 (2.3 

mg, 5 mol%), 1,4-bis(diphenylphosphino)butane (8.6 mg, 10 mol%), triethylamine (30.4 mg, 

0.30 mmol, 1.5 equiv), boric acid (18.6 mg, 0.30 mmol, 1.5 equiv) and trimethylacetic anhydride 

(55.9 mg, 0.30 mmol, 1.5 equiv), placed under a positive pressure of argon, and subjected to 

three evacuation/backfilling cycles under high vacuum. Dioxane (1.0 mL, 0.20 M) was added 

with vigorous stirring at room temperature, the reaction mixture was placed in a preheated oil 

bath at 160 °C, and stirred for 15 h at 160 °C. After the indicated time, the reaction mixture was 

cooled down to room temperature, diluted with CH2Cl2 (10 mL), filtered, and concentrated. 

Purification by chromatography on silica gel (ethyl acetate/hexane) afforded the title product. 

Yield 83% (32.6 mg). White solid. Characterization data are included in the section below. 

 

Representative Procedure for Decarbonylative Suzuki-Miyaura Coupling of Carboxylic 

Acids. Gram Scale. An oven-dried vial equipped with a stir bar was charged with probenecid 

(p-(dipropylsulfamoyl)benzoic acid, neat, 1.00 g, 3.50 mmol), phenylboronic acid (neat, 0.855 g, 

7.00 mmol, 2.0 equiv), Pd(OAc)2 (39.3 mg, 5 mol%), 1,4-bis(diphenylphosphino)butane (149.3 

mg, 10 mol%), triethylamine (0.531 g, 5.25 mmol, 1.5 equiv), boric acid (0.324 g, 5.25 mmol, 

1.5 equiv) and trimethylacetic anhydride (0.978 g, 5.25 mmol, 1.5 equiv), placed under a positive 

pressure of argon, and subjected to three evacuation/backfilling cycles under high vacuum. 

Dioxane (17.5 mL, 0.20 M) was added with vigorous stirring at room temperature, the reaction 



mixture was placed in a preheated oil bath at 160 °C, and stirred for 15 h at 160 °C. After the 

indicated time, the reaction mixture was cooled down to room temperature, diluted with CH2Cl2 

(50 mL), filtered, and concentrated. Purification by chromatography on silica gel (ethyl 

acetate/hexane) afforded the title product. Yield 86% (0.958 g). White solid. Characterization 

data are included in the section below. 

 

 

 
  



Mechanistic Studies 

A series of synthetic studies were performed to gain insight into the reaction mechanism and 

investigate factors involved in controlling the Pd-catalyzed decarbonylative Suzuki-Miyaura 

coupling of carboxylic acids (Schemes S1-S6). 

 

(1) To investigate whether benzoic pivalic anhydride was a possible reaction intermediate, 

benzoic pivalic anhydride 1S was prepared and subjected to the reaction conditions (Scheme S1). 

Formation of product 3S from 1S was observed using Pd-catalysis, suggesting that 1S could be a 

competent intermediate. Moreover, benzoic anhydride served as a competent intermediate under 

Pd-catalyzed conditions (45% yield, not shown). 

 

 
 

Scheme S1. Decarbonylative Suzuki-Miyaura of benzoic pivalic anhydride, related to 

Figure 1. Conditions: 1S (1.0 equiv), 4-MeO-C6H4-B(OH)2 (2.0 equiv), Pd(OAc)2 (5 mol%), 

dppb (10 mol%), Et3N (2.0 equiv), H3BO3 (2.0 equiv), dioxane (0.20 M), 160 °C, 15 h. 

 

(2) To investigate electronic effect on the decarbonylative coupling, intermolecular competition 

experiments between differently substituted carboxylic acids were conducted (Scheme S2). The 

experiments revealed that electron-deficient arenes are inherently more reactive than their 

electron-rich counterparts, consistent with facility of metal insertion and decarbonylation.   

 

 
 

Scheme S2. Intermolecular competition experiments in decarbonylative Suzuki-Miyaura 

coupling of carboxylic acids, related to Figure 1. Conditions: 1 (1.0 equiv each), PhB(OH)2 



(0.5 equiv), Pd(OAc)2 (5 mol%), dppb (10 mol%), Et3N (1.5 equiv), H3BO3 (1.5 equiv), piv2O 

(1.5 equiv), dioxane (0.20 M), 160 °C, 15 h. 

 

(3) To investigate steric effect on the decarbonylative coupling, intermolecular competition 

experiments between differently substituted carboxylic acids were conducted (Scheme S3). The 

experiments revealed that sterically-hindered carboxylic acids react preferentially, consistent 

with decarbonylation favored by steric demand of acylpalladium complexes.  

 

  

Scheme S3. Intermolecular competition experiments in decarbonylative Suzuki-Miyaura 

coupling of carboxylic acids, related to Figure 1. Conditions: 1 (1.0 equiv each), 4-t-Bu-C6H4-

B(OH)2 (0.5 equiv), Pd(OAc)2 (5 mol%), dppb (10 mol%), Et3N (1.5 equiv), H3BO3 (1.5 equiv), 

piv2O (1.5 equiv), dioxane (0.20 M), 160 °C, 15 h. 

 

(4) To investigate electronic effect on the boronic acid component on the decarbonylative 

coupling, intermolecular competition experiments between differently substituted boronic acids 

were conducted (Scheme S4). The experiments revealed that electron-rich boronic acids are 

inherently more reactive than their electron-deficient counterparts, consistent with facility of 

transmetallation.   

 

 
 

Scheme S4. Intermolecular competition experiments in decarbonylative Suzuki-Miyaura 

coupling of carboxylic acids, related to Figure 1. Conditions: 2 (1.0 equiv each), 3-py-CO2H 

(0.5 equiv), Pd(OAc)2 (5 mol%), dppb (10 mol%), Et3N (1.5 equiv), H3BO3 (1.5 equiv), piv2O 

(1.5 equiv), dioxane (0.20 M), 160 °C, 15 h. 



(5) To investigate steric effect on the boronic acid component on the decarbonylative coupling, 

intermolecular competition experiments between differently substituted boronic acids were 

conducted (Scheme S5). The experiments revealed that electron-rich boronic acids are inherently 

more reactive than their electron-deficient counterparts, consistent with decarbonylation favored 

by steric demand of acylpalladium complexes.   

 

 
 

Scheme S5. Intermolecular competition experiments in decarbonylative Suzuki-Miyaura 

coupling of carboxylic acids, related to Figure 1. Conditions: 2 (1.0 equiv each), 4-CF3-C6H4-

CO2H (0.5 equiv), Pd(OAc)2 (5 mol%), dppb (10 mol%), Et3N (1.5 equiv), H3BO3 (1.5 equiv), 

piv2O (1.5 equiv), dioxane (0.20 M), 160 °C, 15 h. 

 

(6) To investigate the effect of low catalytic loading on the decarbonylative coupling, the cross-

coupling was conducted at 0.25 mol% of Pd(OAc)2 (Scheme S6). Formation of product 3b from 

1b was observed without a noticeable decrease in yield, consistent with the high efficiency of 

this cross-coupling. The high catalytic efficiency is characteristic to Pd catalysis and bodes well 

for the future development of protocols in the redox-neutral decarbonylative cross-coupling 

manifold of carboxylic acids.  

 

 

 

Scheme S6. Decarbonylative Suzuki-Miyaura coupling of carboxylic acids at low catalyst 

loading, related to Figure 1. Conditions: 1 (1.0 equiv), PhB(OH)2 (2.0 equiv), Pd(OAc)2 (0.25 

mol%), dppb (0.5 mol%), Et3N (1.5 equiv), H3BO3 (1.5 equiv), piv2O (1.5 equiv), dioxane, 160 

°C, 15 h. 



 

Characterization Data of Cross-Coupling Products 

 

4-(Methoxycarbonyl)benzoic acid and phenylboronic acid (3a, Figure 3, Entry 1) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 92% yield (39.1 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.15-

8.13 (d, J = 8.3 Hz, 2 H), 7.70-7.68 (d, J = 8.3 Hz, 2 H), 7.66-7.65 (d, J = 7.6 Hz, 2 H), 7.51-7.48 

(t, J = 7.4 Hz, 2 H), 7.44-7.41 (t, J = 7.4 Hz, 1 H), 3.97 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

167.02, 145.65, 140.02, 130.13, 128.95, 128.92, 128.17, 127.30, 127.07, 52.15. The spectral data 

matched those reported in the literature (Liu et al., 2018).  

 

4-Acetylbenzoic acid and phenylboronic acid (3b, Figure 3, Entry 2) 

 

According to the general procedure, the reaction of 4-acetylbenzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 83% yield (32.6 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.07-8.05 (d, J = 

8.2 Hz, 2 H), 7.72-7.71 (d, J = 8.3 Hz, 2 H), 7.66-7.65 (d, J = 7.8 Hz, 2 H), 7.52-7.49 (t, J = 7.4 

Hz, 2 H), 7.44-7.42 (t, J = 7.4 Hz, 1 H), 2.67 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 197.79, 

145.81, 139.90, 135.87, 128.98, 128.94, 128.26, 127.30, 127.25, 26.69. The spectral data 

matched those reported in the literature (Shi et al., 2016).  

 



 

4-Formylbenzoic acid and phenylboronic acid (3c, Figure 3, Entry 3) 

 

According to the general procedure, the reaction of 4-formylbenzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 82% yield (29.9 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 10.09 (s, 1 H), 

7.99-7.98 (d, J = 8.2 Hz, 2 H), 7.79-7.78 (d, J = 8.1 Hz, 2 H), 7.67-7.66 (d, J = 7.4 Hz, 2 H), 

7.53-7.50 (t, J = 7.4 Hz, 2 H), 7.46-7.43 (t, J = 7.2 Hz, 1 H). 13C NMR (125 MHz, CDCl3) δ 

191.98, 147.24, 139.75, 135.22, 130.30, 129.04, 128.50, 127.72, 127.39. The spectral data 

matched those reported in the literature (Kadam et al., 2018).  

 

4-(Trifluoromethyl)benzoic acid and phenylboronic acid (3d, Figure 3, Entry 4) 

 

According to the general procedure, the reaction of 4-(trifluoromethyl)benzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 91% yield (40.5 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.73 (s, 4 H), 

7.64-7.63 (d, J = 7.6 Hz, 2 H), 7.52-7.49 (t, J = 7.5 Hz, 2 H), 7.46-7.43 (t, J = 7.4 Hz, 1 H). 13C 

NMR (125 MHz, CDCl3) δ 144.75, 139.79, 129.36 (q, JF = 32.3 Hz), 129.01, 128.21, 127.44, 

127.30, 125.73 (q, JF = 3.7 Hz), 124.34 (q, JF = 270.2 Hz). 19F NMR (471 MHz, CDCl3) δ -

62.39. The spectral data matched those reported in the literature (Shi et al., 2016).  

 

 

 



 

4-(Tosyloxy)benzoic acid and phenylboronic acid (3e, Figure 3, Entry 5) 

 

According to the general procedure, the reaction of 4-(tosyloxy)benzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 94% yield (61.0 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.79-7.76 (t, J = 

6.9 Hz, 4 H), 7.55-7.50 (m, 3 H), 7.47-7.44 (t, J = 7.5 Hz, 1 H), 7.39-7.34 (m, 3 H), 7.15-7.13 (d, 

J = 8.4 Hz, 1 H), 7.08-7.06 (d, J = 8.4 Hz, 1 H), 2.48 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

149.02, 140.18, 137.13, 132.74, 131.73, 129.96, 129.79, 128.87, 128.58, 128.25, 127.08, 122.67, 

21.74. The spectral data matched those reported in the literature (Lv et al., 2018).  

 

4-Cyanobenzoic acid and phenylboronic acid (3f, Figure 3, Entry 6) 

 

According to the general procedure, the reaction of 4-cyanobenzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 62% yield (22.3 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.76-7.70 (m, 4 

H), 7.62-7.61 (d, J = 7.4 Hz, 2 H), 7.53-7.50 (t, J = 7.3 Hz, 2 H), 7.47-7.44 (t, J = 7.2 Hz, 1 H). 

13C NMR (125 MHz, CDCl3) δ 145.70, 139.20, 132.62, 129.13, 128.68, 127.76, 127.25, 118.97, 

110.94. The spectral data matched those reported in the literature (Gan et al., 2018).  

 

 

 

 

 



 

2-Methylbenzoic acid and 4-methoxyphenylboronic acid (3g, Figure 3, Entry 7) 

 

According to the general procedure, the reaction of 2-methylbenzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 80% yield (31.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.30-

7.26 (m, 6 H), 7.00-6.98 (d, J = 8.6 Hz, 2 H), 3.89 (s, 3 H), 2.31 (s, 3 H). 13C NMR (125 MHz, 

CDCl3) δ 158.52, 141.56, 135.51, 134.39, 130.31, 130.27, 129.92, 126.99, 125.77, 113.50, 

55.30, 20.56. The spectral data matched those reported in the literature (Simpson et al., 2018).  

 

2-(Methylthio)benzoic acid and 4-methoxyphenylboronic acid (3h, Figure 3, Entry 8) 

 

According to the general procedure, the reaction of 2-(methylthio)benzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 97% yield (44.7 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.39-

7.33 (m, 3 H), 7.30-7.29 (d, J = 9.5 Hz, 1 H), 7.24-7.20 (m, 2 H), 7.01-6.99 (d, J = 8.6 Hz, 2 H), 

3.89 (s, 3 H), 2.40 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 159.06, 140.56, 137.30, 132.93, 

130.47, 130.07, 127.69, 125.09, 124.69, 113.54, 55.28, 16.00. The spectral data matched those 

reported in the literature (Sugahara et al., 2014). 

 

 

 



 

2-Methoxybenzoic acid and phenylboronic acid (3i, Figure 3, Entry 9) 

 

According to the general procedure, the reaction of 2-methoxybenzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 55% yield (20.3 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.58-7.57 (d, J = 

7.6 Hz, 2 H), 7.47-7.44 (t, J = 7.5 Hz, 2 H), 7.38-7.35 (t, J = 7.1 Hz, 3 H), 7.09-7.06 (t, J = 7.5 

Hz, 1 H), 7.04-7.02 (d, J = 8.6 Hz, 1 H), 3.85 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 156.49, 

138.57, 130.92, 130.75, 129.57, 128.64, 128.01, 126.94, 120.85, 111.25, 55.58. The spectral data 

matched those reported in the literature (Simpson et al., 2018).  

 

1-Naphthoic acid and phenylboronic acid (3j, Figure 3, Entry 10) 

 

According to the general procedure, the reaction of 1-naphthoic acid (0.20 mmol), phenylboronic 

acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 77% yield (31.5 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.95-7.94 (d, J = 

8.6 Hz, 2 H), 7.91-7.89 (d, J = 8.2 Hz, 1 H), 7.58-7.51 (m, 6 H), 7.48-7.45 (m, 3 H). 13C NMR 

(125 MHz, CDCl3) δ 140.79, 140.29, 133.82, 131.64, 130.10, 128.28, 127.65, 127.26, 126.95, 

126.05, 126.04, 125.79, 125.40. The spectral data matched those reported in the literature (Shi et 

al., 2016).  

 



 

2-Naphthoic acid and 4-methoxyphenylboronic acid (3k, Figure 3, Entry 11) 

 

According to the general procedure, the reaction of 2-naphthoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 60% yield (28.2 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.02 (s, 

1 H), 7.93-7.87 (m, 3 H), 7.76-7.74 (dd, J = 8.5 Hz, 1 H), 7.70-7.69 (d, J = 8.7 Hz, 2 H), 7.54-

7.48 (m, 2 H), 7.07-7.05 (d, J = 8.7 Hz, 2 H), 3.91 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

159.27, 138.17, 133.77, 133.66, 132.33, 128.45, 128.36, 128.07, 127.64, 126.25, 125.66, 125.46, 

125.05, 114.34, 55.41. The spectral data matched those reported in the literature (Muto et al., 

2015).  

 

Quinoline-6-carboxylic acid and phenylboronic acid (3l, Figure 3, Entry 12) 

 

According to the general procedure, the reaction of quinoline-6-carboxylic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 76% yield (31.2 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.95-8.95 (d, J = 

2.7 Hz, 1 H), 8.25-8.20 (m, 2 H), 8.03-8.01 (m, 2 H), 7.76-7.74 (d, J = 7.5 Hz, 2 H), 7.55-7.52 (t, 

J = 7.5 Hz, 2 H), 7.47-7.42 (m, 2 H). 13C NMR (125 MHz, CDCl3) δ 150.40, 147.70, 140.35, 

139.37, 136.28, 129.92, 129.27, 128.99, 128.49, 127.78, 127.49, 125.51, 121.50. The spectral 

data matched those reported in the literature (Okura et al., 2018).  

 

 



 

Nicotinic acid and phenylboronic acid (3m, Figure 3, Entry 13) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), phenylboronic 

acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 92% yield (28.6 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.88 (s, 1 H), 

8.63-8.62 (d, J = 4.5 Hz, 1 H), 7.91-7.90 (d, J = 7.9 Hz, 1 H), 7.62-7.61 (d, J = 7.5 Hz, 2 H), 

7.53-7.50 (t, J = 7.5 Hz, 2 H), 7.45-7.42 (t, J = 7.4 Hz, 1 H), 7.41-7.38 (m, 1 H). 13C NMR (125 

MHz, CDCl3) δ 148.49, 148.37, 137.87, 136.67, 134.39, 129.10, 128.12, 127.18, 123.56. The 

spectral data matched those reported in the literature (Muto et al., 2015).  

 

Picolinic acid and 4-methoxyphenylboronic acid (3n, Figure 3, Entry 14) 

 

According to the general procedure, the reaction of picolinic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 75% yield (27.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.68-

8.67 (d, J = 4.5 Hz, 1 H), 7.99-7.97 (d, J = 8.7 Hz, 2 H), 7.75-7.72 (t, J = 7.8 Hz, 1 H), 7.70-7.68 

(m, 1 H), 7.21-7.18 (t, J = 6.0 Hz, 1 H), 7.03-7.02 (d, J = 8.7 Hz, 2 H), 3.89 (s, 3 H). 13C NMR 

(125 MHz, CDCl3) δ 160.47, 157.15, 149.56, 136.68, 132.06, 128.18, 121.42, 119.83, 114.13, 

55.37. The spectral data matched those reported in the literature (Muto et al., 2015).  

 

 

 



4-(Dibenzo[b,d]furan-4-yl)benzoic acid and 4-methoxyphenylboronic acid (3o, Figure 3, 

Entry 15) 

 

According to the general procedure, the reaction of 4-(dibenzo[b,d]furan-4-yl)benzoic acid (0.20 

mmol), 4-methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 78% yield (54.7 mg). New compound. White 

solid. Mp = 189-191 °C. 1H NMR (500 MHz, CDCl3) δ 8.04-8.00 (t, J = 7.9 Hz, 3 H), 7.98-7.97 

(d, J = 7.5 Hz, 1 H), 7.77-7.75 (d, J = 8.2 Hz, 2 H), 7.69-7.64 (m, 4 H), 7.52-7.46 (m, 2 H), 7.41-

7.38 (t, J = 7.4 Hz, 1 H), 7.06-7.04 (d, J = 8.6 Hz, 2 H), 3.90 (s, 3 H). 13C NMR (125 MHz, 

CDCl3) δ 159.31, 156.22, 153.44, 140.25, 134.77, 133.35, 129.14, 128.16, 127.25, 126.96, 

126.69, 125.56, 124.97, 124.24, 123.26, 122.80, 120.70, 119.63, 114.32, 111.89, 55.39. HRMS 

calcd for C25H18O2Na (M+ + Na) 350.1301, found 350.1314. 

 

4-(Dibenzo[b,d]thiophen-4-yl)benzoic acid and 4-methoxyphenylboronic acid (3p, Figure 3, 

Entry 16) 

 

According to the general procedure, the reaction of 4-(dibenzo[b,d]thiophen-4-yl)benzoic acid 

(0.20 mmol), 4-methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 73% yield (53.5 mg). New compound. White 

solid. Mp = 198-200 °C. 1H NMR (500 MHz, CDCl3) δ 8.24-8.19 (m, 2 H), 7.89-7.87 (m, 1 H), 

7.84-7.83 (d, J = 8.1 Hz, 2 H), 7.75-7.73 (d, J = 8.2 Hz, 2 H), 7.66-7.65 (d, J = 8.7 Hz, 2 H), 

7.62-7.59 (t, J = 7.5 Hz, 1 H), 7.57-7.55 (m, 1 H), 7.52-7.48 (m, 2 H), 7.06-7.04 (d, J = 8.6 Hz, 2 

H), 3.91 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 159.38, 140.48, 139.63, 138.93, 138.59, 



136.73, 136.30, 135.84, 133.22, 128.63, 128.16, 127.05, 126.83, 126.81, 125.14, 124.39, 122.63, 

121.75, 120.43, 114.34, 55.38. HRMS calcd for C25H18OSNa (M+ + Na) 366.1073, found 

366.1065. 

 

4’-(Trifluoromethyl)-[1,1’-biphenyl]-4-carboxylic acid and phenylboronic acid (3q, Figure 

3, Entry 17) 

 

According to the general procedure, the reaction of 4’-(trifluoromethyl)-[1,1’-biphenyl]-4-

carboxylic acid (0.20 mmol), phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 78% yield (46.6 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 7.78-7.70 (m, 8 H), 7.68-7.66 (d, J = 7.8 Hz, 2 H), 7.51-7.48 (t, J = 7.5 Hz, 

2 H), 7.42-7.39 (t, J = 7.4 Hz, 1 H). 13C NMR (125 MHz, CDCl3) δ 144.23, 141.12, 140.41, 

138.60, 129.05 (q, JF = 56.8 Hz), 128.90, 127.72, 127.65, 127.61, 127.51 (q, JF = 220.7 Hz), 

127.29, 127.09, 125.78 (q, JF = 4.4 Hz). 19F NMR (471 MHz, CDCl3) δ -62.40. The spectral 

data matched those reported in the literature (Nakamura et al., 2015).  

 

(E)-2-Styrylbenzoic acid and 4-methoxyphenylboronic acid (3r, Figure 3, Entry 18) 

 

According to the general procedure, the reaction of (E)-2-styrylbenzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 82% yield (47.0 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.78-

7.76 (d, J = 7.4 Hz, 1 H), 7.43-7.33 (m, 9 H), 7.27-7.24 (t, J = 7.4 Hz, 1 H), 7.19-7.16 (d, J = 

16.3 Hz, 1 H), 7.09-7.05 (d, J = 16.3 Hz, 1 H), 7.02-7.00 (d, J = 8.6 Hz, 2 H), 3.91 (s, 3 H). 13C 



NMR (125 MHz, CDCl3) δ 158.85, 140.82, 137.70, 135.48, 133.29, 131.02, 130.29, 129.27, 

128.65, 128.07, 127.55, 127.45, 127.25, 126.55, 125.91, 113.59, 55.34. The spectral data 

matched those reported in the literature (Veld et al., 1978). 

 

[1,1’-Biphenyl]-2-carboxylic acid and 4-methoxyphenylboronic acid (3s, Figure 3, Entry 19) 

 

According to the general procedure, the reaction of [1,1’-biphenyl]-2-carboxylic acid (0.20 

mmol), 4-methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 56% yield (29.2 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 7.45-7.43 (m, 4 H), 7.27-7.21 (m, 3 H), 7.19-7.18 (m, 2 H), 7.09-7.08 (d, J 

= 8.6 Hz, 2 H), 6.79-6.78 (d, J = 8.6 Hz, 2 H), 3.80 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

158.30, 141.74, 140.49, 140.16, 133.91, 130.94, 130.64, 130.55, 129.89, 127.91, 127.48, 127.14, 

126.38, 113.35, 55.18. The spectral data matched those reported in the literature (Yadav et al., 

2017).  

 

Benzoic acid and 4-methoxyphenylboronic acid (3t, Figure 3, Entry 20) 

 

According to the general procedure, the reaction of benzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 51% yield (18.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.59-

7.55 (m, 4 H), 7.46-7.43 (t, J = 7.6 Hz, 2 H), 7.34-7.31 (t, J = 7.4 Hz, 1 H), 7.02-7.00 (d, J = 8.7 

Hz, 2 H), 3.88 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 159.15, 140.85, 133.80, 128.73, 128.17, 



126.76, 126.67, 114.21, 55.37. The spectral data matched those reported in the literature (Song et 

al., 2018). 

 

4-Chlorobenzoic acid and 4-methoxyphenylboronic acid (3u, Figure 3, Entry 21) 

 

According to the general procedure, the reaction of 4-chlorobenzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 59% yield (25.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.52-

7.49 (t, J = 8.3 Hz, 4 H), 7.41-7.39 (d, J = 8.5 Hz, 2 H), 7.01-6.99 (d, J = 8.7 Hz, 2 H), 3.88 (s, 3 

H). 13C NMR (125 MHz, CDCl3) δ 159.38, 139.29, 132.69, 132.52, 128.85, 128.03, 127.95, 

114.33, 55.39. The spectral data matched those reported in the literature (Keaveney et al., 2018). 

 

3-(Methoxycarbonyl)benzoic acid and phenylboronic acid (3v, Figure 3, Entry 22) 

 

According to the general procedure, the reaction of 3-(methoxycarbonyl)benzoic acid (0.20 

mmol), phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 52% yield (22.1 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.31 (s, 

1 H), 8.06-8.04 (d, J = 7.8 Hz, 1 H), 7.82-7.81 (d, J = 7.7 Hz, 1 H), 7.66-7.65 (d, J = 7.5 Hz, 2 

H), 7.56-7.53 (t, J = 7.7 Hz, 1 H), 7.51-7.48 (t, J = 7.7 Hz, 2 H), 7.42-7.39 (t, J = 7.4 Hz, 1 H), 

3.98 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 167.09, 141.50, 140.14, 131.56, 130.71, 128.91, 

128.88, 128.37, 128.30, 127.77, 127.19, 52.23. The spectral data matched those reported in the 

literature (Yadav et al., 2017).  

 



3-Acetylbenzoic acid and phenylboronic acid (3w, Figure 3, Entry 23) 

 

According to the general procedure, the reaction of 3-acetylbenzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 68% yield (26.7 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.21 (s, 1 H), 

7.97-7.96 (d, J = 7.7 Hz, 1 H), 7.83-7.81 (d, J = 7.6 Hz, 1 H), 7.66-7.64 (d, J = 7.3 Hz, 2 H), 

7.58-7.55 (t, J = 7.7 Hz, 1 H), 7.51-7.48 (t, J = 7.4 Hz, 2 H), 7.43-7.40 (t, J = 7.4 Hz, 1 H), 2.69 

(s, 3 H). 13C NMR (125 MHz, CDCl3) δ 198.12, 141.75, 140.21, 137.66, 131.77, 129.07, 

128.95, 127.84, 127.22, 127.21, 126.99, 26.79. The spectral data matched those reported in the 

literature (Liu et al., 2018). 

 

3-Chlorobenzoic acid and phenylboronic acid (3x, Figure 3, Entry 24) 

 

According to the general procedure, the reaction of 3-chlorobenzoic acid (0.20 mmol), 

phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 

mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 

1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 55% yield (20.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.60-7.58 (m, 3 

H), 7.50-7.46 (m, 3 H), 7.41-7.38 (m, 2 H), 7.35-7.34 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 

143.09, 139.83, 134.66, 130.00, 128.91, 127.88, 127.32, 127.27, 127.13, 125.32. The spectral 

data matched those reported in the literature (Keaveney et al., 2018).  

 

 

 



4-(Trifluoromethoxy)benzoic acid and 4-methoxyphenylboronic acid (3y, Figure 3, Entry 

25) 

 

According to the general procedure, the reaction of 4-(trifluoromethoxy)benzoic acid (0.20 

mmol), 4-methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 95% yield (51.0 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 7.58-7.57 (d, J = 8.6 Hz, 2 H), 7.53-7.51 (d, J = 8.6 Hz, 2 H), 7.29-7.28 (d, 

J = 8.1 Hz, 2 H), 7.02-7.00 (d, J = 8.6 Hz, 2 H), 3.88 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

159.44, 148.20, 139.64, 132.38, 128.17, 127.97, 121.25, 120.56 (q, JF = 255.3 Hz), 114.34, 

55.37. 19F NMR (471 MHz, CDCl3) δ -57.83. The spectral data matched those reported in the 

literature (Liu et al., 2013). 

 

4-(Benzoyloxy)benzoic acid and 4-methoxyphenylboronic acid (3z, Figure 3, Entry 26) 

 

According to the general procedure, the reaction of 4-(benzoyloxy)benzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 71% yield (43.3 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.26-

8.25 (d, J = 7.3 Hz, 2 H), 7.69-7.66 (t, J = 7.5 Hz, 1 H), 7.63-7.61 (d, J = 8.6 Hz, 2 H), 7.57-7.54 

(m, 4 H), 7.30-7.28 (d, J = 8.6 Hz, 2 H), 7.02-7.01 (d, J = 8.7 Hz, 2 H), 3.89 (s, 3 H). 13C NMR 

(125 MHz, CDCl3) δ 165.31, 159.22, 149.92, 138.71, 133.63, 133.00, 130.96, 130.22, 128.60, 

128.19, 127.80, 121.93, 114.27, 55.38. The compound has been previously reported (van Alpen 

et al., 1931). 

 

 



Probenecid and phenylboronic acid (3aa, Figure 3, Entry 27) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), phenylboronic acid 

(2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), triethylamine 

(1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) 

for 15 h at 160 °C, afforded after work-up and chromatography the title compound in 90% yield 

(57.2 mg). New compound. White solid. Mp = 50-51 °C. 1H NMR (500 MHz, CDCl3) δ 7.90-

7.88 (d, J = 8.4 Hz, 2 H), 7.73-7.71 (d, J = 8.4 Hz, 2 H), 7.64-7.62 (d, J = 7.2 Hz, 2 H), 7.51-7.48 

(t, J = 7.4 Hz, 2 H), 7.44-7.41 (t, J = 7.3 Hz, 1 H), 3.16-3.13 (t, J = 7.6 Hz, 4 H), 1.65-1.57 (m, 4 

H), 0.93-0.90 (t, J = 7.4 Hz, 6 H). 13C NMR (125 MHz, CDCl3) δ 145.09, 139.38, 138.77, 

129.05, 128.41, 127.59, 127.58, 127.29, 50.16, 22.13, 11.24. HRMS calcd for C18H23NO2SNa 

(M+ + Na) 340.1347, found 340.1383. 

 

Flufenamic acid and 4-methoxyphenylboronic acid (3ab, Figure 3, Entry 28) 

 

According to the general procedure, the reaction of flufenamic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 60% yield (41.2 mg). New compound. White solid. Mp = 144-145 °C. 1H 

NMR (500 MHz, CDCl3) δ 7.40-7.29 (m, 6 H), 7.24 (s, 1 H), 7.18-7.08 (m, 3 H), 7.00-6.98 (d, J 

= 8.7 Hz, 2 H), 5.69 (s, 1 H), 3.87 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 159.17, 144.38, 

138.93, 132.53, 131.77 (q, JF = 31.8 Hz), 131.13, 130.38, 129.81, 128.07, 124.10 (q, JF = 270.8 

Hz), 122.45, 119.94, 119.07, 118.75, 116.91 (q, JF = 3.8 Hz), 114.38, 113.42 (q, JF = 3.9 Hz), 



55.34. 19F NMR (471 MHz, CDCl3) δ -62.85. HRMS calcd for C20H16ONF3Na (M+ + Na) 

343.1179, found 343.1165. 

 

4-((N-(2,4-Difluorophenyl)-2-(3-(trifluoromethyl)phenoxy)nicotinamido)methyl)benzoic 

acid and 4-methoxyphenylboronic acid (3ac, Figure 3, Entry 29) 

 

According to the general procedure, the reaction of 4-((N-(2,4-difluorophenyl)-2-(3-

(trifluoromethyl)phenoxy)nicotinamido)methyl)benzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 66% yield (78.0 mg). New compound. White solid. Mp = 300-302 °C. 1H 

NMR (500 MHz, CDCl3) δ 8.04 (s, 1 H), 7.87-7.85 (d, J = 7.1 Hz, 1 H), 7.53-7.48 (m, 4 H), 

7.37-7.30 (m, 4 H), 7.17-7.16 (m, 2 H), 7.05-6.99 (m, 4 H), 6.72-6.68 (t, J = 9.0 Hz, 1 H), 6.66-

6.63 (t, J = 7.7 Hz, 1 H), 5.55-5.52 (d, J = 14.3 Hz, 1 H), 4.72-4.70 (d, J = 14.4 Hz, 1 H), 3.81 (s, 

3 H). 13C NMR (125 MHz, CDCl3) δ 167.15, 160.02 (q, JF = 268.0 Hz), 159.92 (q, JF = 269.5 

Hz), 157.42, 156.45, 153.22, 148.44, 138.78, 138.04, 134.75, 131.91 (q, JF = 32.6 Hz), 131.39 

(d, JF = 9.5 Hz), 130.79, 130.07, 130.01, 129.70, 128.75, 128.57, 128.19, 124.65, 121.61 (q, JF = 

3.8 Hz), 121.25, 120.88, 118.78, 118.37 (q, JF = 3.8 Hz), 111.33, 104.85 (q, JF = 24.2 Hz), 55.54, 

52.32. 19F NMR (471 MHz, CDCl3) δ -62.69, -107.80, -113.93. HRMS calcd for 

C33H23N2O3F5Na (M+ + Na) 613.1521, found 613.1527.  

 

4-((((S)-2,5,7,8-Tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl)oxy)methyl) 

benzoic acid and 4-methoxyphenylboronic acid (3ad, Figure 3, Entry 30) 

 



According to the general procedure, the reaction of 4-((((S)-2,5,7,8-tetramethyl-2-((4R,8R)-

4,8,12-trimethyltridecyl)chroman-6-yl)oxy)methyl)benzoic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 61% yield (76.5 mg). New compound. White solid. Mp = 145-147 °C. 1H 

NMR (500 MHz, CDCl3) δ 7.62-7.57 (m, 6 H), 7.03-7.01 (d, J = 8.6 Hz, 2 H), 4.75 (s, 2 H), 

3.89 (s, 3 H), 2.64-2.61 (t, J = 6.6 Hz, 2 H), 2.27 (s, 3 H), 2.22 (s, 3 H), 2.14 (s, 3 H), 1.89-1.77 

(m, 2 H), 1.55-1.53 (m, 3 H), 1.45-1.38 (m, 3 H), 1.35-1.28 (m, 12 H), 1.18-1.14 (m, 3 H), 1.13-

1.09 (m, 3 H), 0.90-0.87 (m, 12 H). 13C NMR (125 MHz, CDCl3) δ 159.20, 148.17, 140.39, 

136.47, 133.56, 128.16, 127.96, 127.75, 126.82, 125.98, 122.96, 117.62, 114.25, 114.18, 74.85, 

74.49, 55.38, 40.11, 39.39, 37.48, 37.44, 37.41, 37.31, 32.82, 32.73, 31.35, 28.00, 24.83, 24.46, 

23.92, 22.73, 22.64, 20.71, 19.77, 19.70, 12.91, 12.05, 11.84. HRMS calcd for C43H62O3Na (M+ 

+ Na) 649.4591, found 649.4616.  

 

4-Methyl-[1,1’-biphenyl]-2-carboxylic acid and 4-methoxyphenylboronic acid (3ae, Figure 

3, Entry 31) 

 

According to the general procedure (Huang et al., 2016), m-toluic acid (1.0 mmol) was reacted 

with iodobenzene (1.5 equiv), [Ru(p-cym)Cl2]2 (4 mol%), tricyclohexylphosphine 

tetrafluoroborate (8 mol%) and K2CO3 (1.0 equiv) in N-methyl-2-pyrrolidone (0.20 M) for 15 h 

at 100 °C. The reaction mixture was charged with iodomethane (3.0 equiv), K2CO3 (2.5 equiv) 

and acetonitrile (0.50 M) and heated for 2 h at 60 °C. Work-up and chromatography afforded 

methyl 4-methyl-[1,1’-biphenyl]-2-carboxylate in 93% yield (210.5 mg). A 20 mL vial was 

charged with methyl 4-methyl-[1,1’-biphenyl]-2-carboxylate (0.93 mmol), NaOH (10.0 equiv), 

methanol (1 mL) and water (10 mL) and heated for 12 h at 80 °C. The organic solvent was 

removed and the reaction mixture was acidified with HCl (6.0 N, 5 mL). The precipitate was 

filtered and washed with water (3 × 10 mL) to afford the product in 90% yield (177.7 mg).  



White solid. The reaction of 4-methyl-[1,1’-biphenyl]-2-carboxylic acid (0.20 mmol), 4-

methoxyphenyl boronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 52% yield (28.6 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.39-

7.37 (d, J = 10.6 Hz, 1 H), 7.34-7.32 (d, J = 7.7 Hz, 1 H), 7.25-7.22 (t, J = 7.3 Hz, 4 H), 7.16-

7.15 (d, J = 6.7 Hz, 2 H), 7.08-7.07 (d, J = 8.4 Hz, 2 H), 6.78-6.77 (d, J = 8.3 Hz, 2 H), 3.80 (s, 3 

H), 2.45 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 158.27, 141.68, 139.98, 137.69, 137.15, 

134.03, 131.30, 130.89, 130.58, 129.90, 128.16, 127.85, 126.16, 113.32, 55.17, 21.10. The 

spectral data matched those reported in the literature (Campo et al., 2007).  

 

3’-Methoxy-[1,1’-biphenyl]-3-carboxylic acid and 2-methoxyphenylboronic acid (3af, 

Figure 3, Entry 32) 

 

According to the general procedure (Kraszkiewicz et al., 2006), iodine (3.0 mmol) and NaIO4 

(1.0 mmol) were dropwise added to stirred 95% H2SO4 (15.0 mL). Stirring was continued for 30 

min at 25 °C to give a dark brown iodinating solution containing ca. 7.0 mmol (1.17 equiv) of 

the I+ intermediate. Benzoic acid (6.0 mmol) was added in one portion to the iodinating solution 

containing the I+ intermediate (1.17 equiv) and the resulting solution was stirred for 1 h at 25 °C. 

Then the reaction mixture was slowly poured into stirred ice water (50 g). The crude solid 

product was filtered and washed with water (3 × 10 mL) to afforded 3-iodobenzoic acid in 72% 

yield (1.072 g). White solid. According to the general procedure (Huang et al., 2016), 3-

iodobenzoic acid (4.32 mmol), was charged with iodomethane (3.0 equiv), K2CO3 (2.5 equiv) 

and acetonitrile (10.0 mL) and heated for 2 h at 60 °C. Work-up and chromatography afforded 

methyl 3-iodobenzoate in 91% yield (1.031 g). According to the general procedure (Barder et al., 

2005), the reaction of 3-iodobenzoate (1.0 mmol), (3-methoxyphenyl)boronic acid (1.5 equiv), 

Pd2(dba)3 (1 mol%), SPhos (4 mol%) and K3PO4 (2.0 equiv) in toluene (0.25 M) for 15 h at 100 

°C, afforded after work-up and chromatography methyl 3’-methoxy-[1,1’-biphenyl]-3-

carboxylate in 98% yield (237.4 mg). White solid. A 20 mL vial was charged with methyl 3’-



methoxy-[1,1’-biphenyl]-3-carboxylate (0.98 mmol), NaOH (10.0 equiv) in methanol (1 mL) and 

water (10 mL) and heated for 12 h at 80 °C. The organic solvent was removed and the reaction 

mixture was acidified with HCl (6.0 N, 5 mL). The precipitate was filtered and washed with 

water (3 × 10 mL) to afford the product in 89% yield (199.1 mg). White solid. The reaction of 

3’-methoxy-[1,1’-biphenyl]-3-carboxylic acid (0.20 mmol), 2-methoxyphenylboronic acid (2.0 

equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 

equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 

15 h at 160 °C, afforded after work-up and chromatography the title compound in 67% yield 

(38.9 mg). New compound. Colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.78 (s, 1 H), 7.59-7.55 

(t, J = 8.1 Hz, 2 H), 7.52-7.49 (t, J = 7.5 Hz, 1 H), 7.42-7.36 (m, 3 H), 7.27-7.25 (d, J = 7.5 Hz, 1 

H), 7.20 (s, 1 H), 7.10-7.07 (t, J = 7.3 Hz, 1 H), 7.05-7.04 (d, J = 8.1 Hz, 1 H), 6.94-6.93 (d, J = 

7.8 Hz, 1 H), 3.90 (s, 3 H), 3.86 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 159.94, 156.53, 

142.96, 140.89, 139.00, 130.94, 130.59, 129.71, 128.78, 128.70, 128.53, 128.36, 125.85, 120.88, 

119.83, 112.98, 112.72, 111.26, 55.61, 55.32. HRMS calcd for C20H18O2Na (M+ + Na) 

313.1199, found 313.1202.  

 

Quinoline-6-carboxylic acid and 2-naphthylboronic acid (3ag, Figure 3, Entry 33) 

 

According to the general procedure (Liu et al., 2018), the reaction of 2-naphthoic acid (1.0 

mmol), bis(pinacolato)diboron (3.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (3.0 equiv) and trimethylacetic 

anhydride (3.0 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and 

chromatography 4,4,5,5-tetramethyl-2-(naphthalen-2-yl)-1,3,2-dioxaborolane in 76% yield 

(193.2 mg). White solid. According to the general procedure (Crawford et al., 2012), the reaction 

of 4,4,5,5-tetramethyl-2-(naphthalen-2-yl)-1,3,2-dioxaborolane (0.76 mmol), NaIO4 (3.0 equiv) 

in THF/H2O (2.8 mL/0.7 mL) for 48 h at room temperature, afforded after work-up 2-

naphthylboronic acid in 86% yield (112.4 mg). The reaction of 2-naphthylboronic acid (0.20 

mmol), quinoline-6-carboxylic acid (1.0 equiv), Pd(OAc)2 (5 mol%), 1,4-



bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 72% yield (36.8 mg). New compound. White 

solid. Mp = 144-146 °C. 1H NMR (500 MHz, CDCl3) δ 8.97 (s, 1 H), 8.28-8.24 (t, J = 8.8 Hz, 2 

H), 8.20 (s, 1 H), 8.16 (s, 2 H), 8.01-7.96 (m, 2 H), 7.93-7.89 (m, 2 H), 7.57-7.54 (m, 2 H), 7.49-

7.47 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 150.46, 147.77, 139.25, 137.63, 136.28, 133.71, 

132.83, 130.03, 129.41, 128.72, 128.54, 128.30, 127.72, 126.54, 126.39, 126.29, 125.80, 125.55, 

121.56. HRMS calcd for C19H13NNa (M+ + Na) 278.0940, found 278.0961.  

 

[1,1’-Biphenyl]-4-carboxylic acid and 2-methoxyphenylboronic acid (3ah, Figure 3, Entry 

34) 

 

According to the general procedure (Ni et al., 2016), methyl 4-methyl-1,1’-biphenyl (2.0 mmol) 

was reacted with KMnO4 (2.5 equiv), Na2CO3 (1.0 equiv) in H2O (0.2 M) for 8 h at 120 °C. The 

reaction mixture was filtered through a pad of celite, and the filtrate was acidified with HCl (6.0 

N, 5 mL). The precipitate was filtered and washed with water (3 × 10 mL) to afford [1,1’-

biphenyl]-4-carboxylic acid in 87% yield (344.9 mg). White solid. The reaction of [1,1’-

biphenyl]-4-carboxylic acid (0.20 mmol), 2-methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 

(5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 

equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, 

afforded after work-up and chromatography the title compound in 92% yield (47.9 mg). White 

solid. 1H NMR (500 MHz, CDCl3) δ 7.70-7.66 (m, 6 H), 7.51-7.48 (t, J = 7.2 Hz, 2 H), 7.43-

7.37 (m, 3 H), 7.11-7.08 (t, J = 7.3 Hz, 1 H), 7.06-7.04 (d, J = 8.2 Hz, 1 H), 3.88 (s, 3 H). 13C 

NMR (125 MHz, CDCl3) δ 156.58, 141.07, 139.78, 137.57, 130.85, 130.27, 129.95, 128.78, 

128.73, 127.21, 127.16, 126.81, 120.93, 111.29, 55.61. The spectral data matched those reported 

in the literature (Miguez et al., 2007).  

 

 

 



Nicotinic acid and 4-acetylphenylboronic acid (3ai, Figure 4, Entry 35) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 4-

acetylphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 86% yield (34.0 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.91 (s, 

1 H), 8.68-8.67 (d, J = 4.0 Hz, 1 H), 8.11-8.09 (d, J = 8.2 Hz, 2 H), 7.95-7.94 (d, J = 7.9 Hz, 1 

H), 7.72-7.71 (d, J = 8.3 Hz, 2 H), 7.45-7.42 (m, 1 H), 2.68 (s, 3 H). 13C NMR (125 MHz, 

CDCl3) δ 197.59, 149.30, 148.32, 142.35, 136.56, 135.50, 134.56, 129.16, 127.32, 123.73, 

26.72. The spectral data matched those reported in the literature (Adak et al., 2011).  

 

Nicotinic acid and 4-(methoxycarbonyl)phenylboronic acid (3aj, Figure 4, Entry 36) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 4-

(methoxycarbonyl)phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 98% yield (41.8 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.90 (s, 1 H), 8.66-8.65 (d, J = 3.8 Hz, 1 H), 8.17-8.15 (d, J = 8.3 Hz, 2 H), 

7.93-7.92 (d, J = 7.9 Hz, 1 H), 7.68-7.66 (d, J = 8.3 Hz, 2 H), 7.42-7.40 (m, 1 H), 3.96 (s, 3 H). 

13C NMR (125 MHz, CDCl3) δ 166.73, 149.26, 148.35, 142.22, 135.56, 134.52, 130.37, 129.76, 

127.10, 123.68, 52.26. The spectral data matched those reported in the literature (Muto et al., 

2015).  

 

 

 



Nicotinic acid and 4-formylphenylboronic acid (3ak, Figure 4, Entry 37) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 4-

formylphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 72% yield (26.4 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 10.11 (s, 

1 H), 8.93 (s, 1 H), 8.70-8.69 (d, J = 4.0 Hz, 1 H), 8.04-8.02 (d, J = 8.1 Hz, 2 H), 7.97-7.95 (d, J 

= 7.9 Hz, 1 H), 7.80-7.78 (d, J = 8.1 Hz, 2 H), 7.46-7.44 (m, 1 H). 13C NMR (125 MHz, 

CDCl3) δ 191.73, 149.56, 148.40, 143.77, 135.83, 135.36, 134.63, 130.49, 127.79, 123.76. The 

spectral data matched those reported in the literature (Rao et al., 2018).  

 

Nicotinic acid and 4-(trifluoromethyl)phenylboronic acid (3al, Figure 4, Entry 38) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 4-

(trifluoromethyl)phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 82% yield (36.6 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.88 (s, 1 H), 8.68-8.67 (d, J = 3.8 Hz, 1 H), 7.92-7.91 (d, J = 7.9 Hz, 1 H), 

7.77-7.71 (m, 4 H), 7.44-7.42 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 149.39, 148.36, 141.41, 

135.32, 134.54, 130.26 (q, JF = 32.6 Hz), 127.52, 126.07 (q, JF = 3.6 Hz), 124.10 (q, JF = 270.4 

Hz), 123.72. 19F NMR (471 MHz, CDCl3) δ -62.58. The spectral data matched those reported in 

the literature (Muto et al., 2015).  

 

 

 



Nicotinic acid and 4-cyanophenylboronic acid (3am, Figure 4, Entry 39) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 4-

cyanophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 70% yield (25.3 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.88 (s, 

1 H), 8.70-8.69 (d, J = 4.0 Hz, 1 H), 7.92-7.91 (d, J = 7.9 Hz, 1 H), 7.81-7.79 (d, J = 8.4 Hz, 2 

H), 7.72-7.71 (d, J = 8.4 Hz, 2 H), 7.46-7.44 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 149.73, 

148.22, 142.32, 134.85, 134.56, 132.91, 127.82, 123.85, 118.56, 111.99. The spectral data 

matched those reported in the literature (Wang et al., 2015).  

 

Nicotinic acid and 4-methoxyphenylboronic acid (3an, Figure 4, Entry 40) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 4-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 75% yield (27.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.84 (s, 

1 H), 8.57-8.56 (d, J = 4.6 Hz, 1 H), 7.86-7.84 (m, 1 H), 7.55-7.53 (d, J = 8.6 Hz, 2 H), 7.37-7.34 

(m, 1 H), 7.04-7.03 (d, J = 8.7 Hz, 2 H), 3.88 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 159.78, 

148.00, 147.88, 136.27, 133.88, 130.27, 128.24, 123.52, 114.57, 55.40. The spectral data 

matched those reported in the literature (Muto et al., 2015).  

 

 

 

 



Nicotinic acid and 4-fluorophenylboronic acid (3ao, Figure 4, Entry 41) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 4-

fluorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 76% yield (26.4 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.83 (s, 

1 H), 8.62-8.61 (d, J = 3.8 Hz, 1 H), 7.86-7.84 (d, J = 7.9 Hz, 1 H), 7.58-7.55 (m, 2 H), 7.40-7.37 

(m, 1 H), 7.21-7.18 (t, J = 8.6 Hz, 2 H). 13C NMR (125 MHz, CDCl3) δ 162.95 (d, JF = 246.3 

Hz), 148.48, 148.14, 135.78, 134.25, 133.98, 128.86 (d, JF = 8.1 Hz), 123.61, 116.10 (d, JF = 

21.5 Hz). 19F NMR (471 MHz, CDCl3) δ -114.19. The spectral data matched those reported in 

the literature (Muto et al., 2015).  

 

Nicotinic acid and 2-fluorophenylboronic acid (3ap, Figure 4, Entry 42) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 2-

fluorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 90% yield (31.2 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.82 (s, 

1 H), 8.64-8.64 (d, J = 3.9 Hz, 1 H), 7.91-7.90 (d, J = 7.8 Hz, 1 H), 7.48-7.39 (m, 3 H), 7.30-7.27 

(t, J = 6.0 Hz, 1 H), 7.24-7.20 (t, J = 9.0 Hz, 1 H). 13C NMR (125 MHz, CDCl3) δ 159.87 (d, JF 

= 247.1 Hz), 149.65 (d, JF = 3.1 Hz), 148.77, 136.37 (d, JF = 3.3 Hz), 134.10 (d, JF = 8.5 Hz), 

131.68, 130.51 (d, JF = 3.2 Hz), 129.99 (d, JF = 8.2 Hz), 124.71 (d, JF = 3.7 Hz), 123.29, 116.32 

(d, JF = 22.2 Hz). 19F NMR (471 MHz, CDCl3) δ -117.94. The spectral data matched those 

reported in the literature (Roesner et al., 2016).  

 



Nicotinic acid and 2,4-difluorophenylboronic acid (3aq, Figure 4, Entry 43) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 2,4-

difluorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 80% yield (30.6 mg). New compound. White solid. Mp = 54-56 °C. 1H 

NMR (500 MHz, CDCl3) δ 8.77 (s, 1 H), 8.64-8.64 (d, J = 3.8 Hz, 1 H), 7.86-7.84 (dd, J = 7.8 

Hz, 1 H), 7.46-7.39 (m, 2 H), 7.04-6.96 (m, 2 H). 13C NMR (125 MHz, CDCl3) δ 162.88 (dd, JF 

= 249.0 Hz), 159.95 (dd, JF = 249.7 Hz), 149.52 (d, JF = 2.9 Hz), 148.89, 136.24 (d, JF = 3.2 

Hz), 131.28 (dd, JF = 9.5 Hz), 130.89, 123.35, 121.93 (dd, JF = 13.9 Hz), 112.04 (dd, JF = 21.2 

Hz), 104.71 (dd, JF = 25.5 Hz). 19F NMR (471 MHz, CDCl3) δ -109.66, -113.37. HRMS calcd 

for C11H7NF2Na (M+ + Na) 214.0439, found 214.0431.  

 

Nicotinic acid and 2-methoxyphenylboronic acid (3ar, Figure 4, Entry 44) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 2-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 77% yield (28.6 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.81 (s, 

1 H), 8.60-8.59 (d, J = 3.9 Hz, 1 H), 7.91-7.90 (d, J = 7.9 Hz, 1 H), 7.42-7.34 (m, 3 H), 7.10-7.07 

(t, J = 7.5 Hz, 1 H), 7.04-7.03 (d, J = 8.3 Hz, 1 H), 3.85 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

156.57, 150.20, 147.81, 137.14, 134.42, 130.67, 129.66, 126.87, 123.04, 121.08, 111.30, 55.53. 

The spectral data matched those reported in the literature (Zhang et al., 2017).  

 



Nicotinic acid and 3-methoxyphenylboronic acid (3as, Figure 4, Entry 45) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 3-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 86% yield (31.9 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.87 (s, 

1 H), 8.62-8.61 (d, J = 4.2 Hz, 1 H), 7.90-7.88 (d, J = 7.9 Hz, 1 H), 7.44-7.37 (m, 2 H), 7.20-7.18 

(d, J = 7.4 Hz, 1 H), 7.13 (s, 1 H), 6.99-6.96 (m, 1 H), 3.90 (s, 3 H). 13C NMR (125 MHz, 

CDCl3) δ 160.15, 148.60, 148.35, 139.32, 136.56, 134.45, 130.16, 123.55, 119.62, 113.43, 

112.98, 55.38. The spectral data matched those reported in the literature (Muto et al., 2015).  

 

Nicotinic acid and 3,4-dimethoxyphenylboronic acid (3at, Figure 4, Entry 46) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 3,4-

dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 84% yield (36.2 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.85 (s, 1 H), 8.59-8.58 (d, J = 4.0 Hz, 1 H), 7.87-7.86 (d, J = 7.9 Hz, 1 H), 

7.38-7.36 (m, 1 H), 7.18-7.16 (m, 1 H), 7.11-7.11 (d, J = 1.8 Hz, 1 H), 7.01-7.00 (d, J = 8.3 Hz, 1 

H), 3.99 (s, 3 H), 3.96 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 149.47, 149.29, 148.07, 148.00, 

136.54, 134.07, 130.69, 123.53, 119.63, 111.70, 110.28, 56.04. The spectral data matched those 

reported in the literature (Muto et al., 2015).  

 

 



Nicotinic acid and 3-(trifluoromethyl)phenylboronic acid (3au, Figure 4, Entry 47) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 3-

(trifluoromethyl)phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 87% yield (38.9 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.92 (s, 1 H), 8.72-8.71 (d, J = 4.1 Hz, 1 H), 7.96-7.95 (d, J = 7.9 Hz, 1 H), 

7.85 (s, 1 H), 7.80-7.78 (d, J = 7.7 Hz, 1 H), 7.72-7.70 (d, J = 7.5 Hz, 1 H), 7.66-7.63 (t, J = 7.8 

Hz, 1 H), 7.49-7.46 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 148.69, 147.73, 138.47, 135.63, 

134.96, 131.79, 131.53, 130.47, 129.71, 128.08, 124.99 (q, JF = 3.4 Hz), 124.02 (q, JF = 3.7 Hz). 

19F NMR (471 MHz, CDCl3) δ -62.71. The spectral data matched those reported in the literature 

(Barder et al., 2005).  

 

Nicotinic acid and 3-acetylphenylboronic acid (3av, Figure 4, Entry 48) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 3-

acetylphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 98% yield (38.7 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.90 (s, 

1 H), 8.66-8.66 (d, J = 3.9 Hz, 1 H), 8.20 (s, 1 H), 8.02-8.01 (d, J = 7.7 Hz, 1 H), 7.95-7.93 (d, J 

= 7.9 Hz, 1 H), 7.82-7.80 (d, J = 7.7 Hz, 1 H), 7.63-7.60 (t, J = 7.8 Hz, 1 H), 7.44-7.41 (m, 1 H), 

2.69 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 197.78, 149.02, 148.29, 138.43, 137.90, 135.76, 



134.52, 131.67, 129.44, 128.05, 126.92, 123.69, 26.77. The spectral data matched those reported 

in the literature (Kuriyama et al., 2013).  

 

Nicotinic acid and thiophen-3-ylboronic acid (3aw, Figure 4, Entry 49) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), thiophen-3-

ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 80% yield (25.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.90 (s, 1 H), 

8.56-8.55 (d, J = 4.6 Hz, 1 H), 7.90-7.88 (d, J = 7.9 Hz, 1 H), 7.55-7.55 (d, J = 1.4 Hz, 1 H), 

7.48-7.46 (m, 1 H), 7.42-7.41 (m, 1 H), 7.36-7.34  (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 

148.21, 147.68, 138.80, 133.61, 131.60, 127.02, 125.93, 123.68, 121.48. The spectral data 

matched those reported in the literature (Muto et al., 2015).  

 

Nicotinic acid and naphthalen-2-ylboronic acid (3ax, Figure 4, Entry 50) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), naphthalen-2-

ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 86% yield (35.3 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 9.01 (s, 1 H), 

8.66-8.65 (d, J = 4.1 Hz, 1 H), 8.08 (s, 1 H), 8.04-8.02 (d, J = 7.9 Hz, 1 H), 8.00-7.98 (d, J = 8.5 

Hz, 1 H), 7.95-7.94 (d, J = 7.1 Hz, 1 H), 7.92-7.91 (d, J = 8.2 Hz, 1 H), 7.75-7.74 (d, J = 8.5 Hz, 

1 H), 7.58-7.54 (m, 2 H), 7.45-7.43 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 148.61, 148.55, 

136.63, 135.17, 134.61, 133.61, 132.90, 128.92, 128.26, 127.74, 126.64, 126.48, 126.20, 125.06, 

123.64. The spectral data matched those reported in the literature (Muto et al., 2015).  



Nicotinic acid and 6-methoxynaphthalen-2-ylboronic acid (3ay, Figure 4, Entry 51) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 6-

methoxynaphthalen-2-ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 98% yield (46.2 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 9.00 (s, 1 H), 8.64-8.63 (d, J = 4.0 Hz, 1 H), 8.03-8.00 (m, 2 H), 7.88-7.83 

(m, 2 H), 7.71-7.70 (d, J = 8.4 Hz, 1 H), 7.44-7.42 (m, 1 H), 7.23-7.20 (m, 2 H), 3.98 (s, 3 H). 

13C NMR (125 MHz, CDCl3) δ 158.16, 148.22, 148.01, 136.81, 134.57, 134.18, 132.83, 129.78, 

129.11, 127.73, 126.00, 125.50, 123.69, 119.56, 105.61, 55.39. The spectral data matched those 

reported in the literature (Lucas et al., 2008).  

 

Nicotinic acid and dibenzo[b,d]furan-4-ylboronic acid (3az, Figure 4, Entry 52) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 

dibenzo[b,d]furan-4-ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 69% yield (33.9 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 9.19 (s, 1 H), 8.69-8.69 (d, J = 3.8 Hz, 1 H), 8.28-8.26 (d, J = 7.9 Hz, 1 H), 

8.03-8.00 (m, 2 H), 7.64-7.62 (m, 2 H), 7.53-7.47 (m, 3 H), 7.42-7.39 (t, J = 7.6 Hz, 1 H). 13C 

NMR (125 MHz, CDCl3) δ 156.17, 153.37, 149.65, 148.82, 135.98, 132.26, 127.54, 126.52, 

125.19, 123.98, 123.51, 123.43, 123.03, 122.36, 120.81, 120.62, 111.89. The spectral data 

matched those reported in the literature (Ramakrishna et al., 2017).  



Nicotinic acid and dibenzo[b,d]thiophen-4-ylboronic acid (3ba, Figure 4, Entry 53) 

 

According to the general procedure, the reaction of nicotinic acid (0.20 mmol), 

dibenzo[b,d]thiophen-4-ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 65% yield (34.0 mg). New compound. White 

solid. Mp = 128-129 °C. 1H NMR (500 MHz, CDCl3) δ 9.00 (s, 1 H), 8.73-8.72 (d, J = 3.7 Hz, 

1 H), 8.24-8.22 (d, J = 7.8 Hz, 2 H), 8.11-8.10 (d, J = 7.8 Hz, 1 H), 7.88-7.86 (m, 1 H), 7.63-7.60 

(t, J = 7.5 Hz, 1 H), 7.53-7.47 (m, 4 H). 13C NMR (125 MHz, CDCl3) δ 149.35, 149.21, 139.30, 

138.75, 136.52, 136.31, 135.62, 135.53, 133.40, 127.09, 127.05, 125.29, 124.64, 123.54, 122.73, 

121.86, 121.27. HRMS calcd for C17H11NS (M+) 261.0607, found 261.0596.  

 

4-(Methoxycarbonyl)benzoic acid and p-tolylboronic acid (3bb, Figure 4, Entry 54) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), p-tolylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 91% yield (41.2 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.13-

8.11 (d, J = 8.3 Hz, 2 H), 7.68-7.66 (d, J = 8.3 Hz, 2 H), 7.56-7.55 (d, J = 8.0 Hz, 2 H), 7.31-7.29 

(d, J = 7.9 Hz, 2 H), 3.96 (s, 3 H), 2.44 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 167.08, 145.59, 

138.13, 137.10, 130.10, 129.67, 128.60, 127.12, 126.81, 52.11, 21.18. The spectral data matched 

those reported in the literature (Kloss et al., 2018).  

 



4-(Methoxycarbonyl)benzoic acid and 4-(tert-butyl)phenylboronic acid (3bc, Figure 4, 

Entry 55) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), 4-(tert-butyl)phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 82% yield (44.1 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.13-8.12 (d, J = 8.3 Hz, 2 H), 7.70-7.68 (d, J = 8.3 Hz, 2 H), 7.62-7.60 (d, 

J = 8.3 Hz, 2 H), 7.53-7.51 (d, J = 8.4 Hz, 2 H), 3.97 (s, 3 H), 1.40 (s, 9 H). 13C NMR (125 

MHz, CDCl3) δ 167.09, 151.36, 145.49, 137.06, 130.09, 128.63, 126.94, 126.85, 125.92, 52.11, 

34.65, 31.34. The spectral data matched those reported in the literature (Miao et al., 2017).  

 

4-(Methoxycarbonyl)benzoic acid and o-tolylboronic acid (3bd, Figure 4, Entry 56) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), o-tolylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 76% yield (34.4 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 8.13-

8.11 (d, J = 8.0 Hz, 2 H), 7.44-7.42 (d, J = 7.9 Hz, 2 H), 7.31-7.25 (m, 4 H), 3.98 (s, 3 H), 2.30 

(s, 3 H). 13C NMR (125 MHz, CDCl3) δ 167.09, 146.78, 140.88, 135.19, 130.51, 129.54, 

129.43, 129.29, 128.61, 127.85, 125.92, 52.15, 20.40. The spectral data matched those reported 

in the literature (Luan et al., 2017).  

 

 

 



4-(Methoxycarbonyl)benzoic acid and 2-(trifluoromethyl)phenylboronic acid (3be, Figure 

4, Entry 57) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), 2-(trifluoromethyl)phenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 85% yield (47.7 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.11-8.10 (d, J = 8.1 Hz, 2 H), 7.80-7.78 (d, J = 7.8 Hz, 1 H), 7.62-7.59 (t, 

J = 7.4 Hz, 1 H), 7.54-7.51 (t, J = 7.7 Hz, 1 H), 7.44-7.42 (d, J = 8.0 Hz, 2 H), 7.35-7.34 (d, J = 

7.5 Hz, 1 H), 3.97 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 166.89, 144.50, 140.31, 131.61, 

131.43, 129.50, 129.08, 128.40 (d, JF = 30.1 Hz), 127.88, 126.21 (d, JF = 5.2 Hz), 124.00 (d, JF = 

272.3 Hz), 52.19. 19F NMR (471 MHz, CDCl3) δ -56.81. The spectral data matched those 

reported in the literature (Tang et al., 2015). 

 

4-(Methoxycarbonyl)benzoic acid and 2-formylphenylboronic acid (3bf, Figure 4, Entry 58) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), 2-formylphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 73% yield (35.1 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 9.99 (s, 1 H), 8.18-8.16 (d, J = 8.2 Hz, 2 H), 8.08-8.07 (d, J = 7.7 Hz, 1 H), 

7.71-7.68 (t, J = 7.1 Hz, 1 H), 7.59-7.55 (t, J = 7.6 Hz, 1 H), 7.50-7.46 (t, J = 8.4 Hz, 3 H), 3.99 

(s, 3 H). 13C NMR (125 MHz, CDCl3) δ 191.79, 166.68, 144.69, 142.48, 133.72, 133.67, 



130.63, 130.11, 129.89, 129.67, 128.45, 127.99, 52.33. The spectral data matched those reported 

in the literature (Zhao et al., 2007).  

 

4-(Methoxycarbonyl)benzoic acid and 3,5-dichlorophenylboronic acid (3bg, Figure 4, Entry 

59) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), 3,5-dichlorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 62% yield (34.9 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.15-8.13 (d, J = 7.5 Hz, 2 H), 7.64-7.62 (d, J = 7.2 Hz, 2 H), 7.51 (s, 2 H), 

7.41 (s, 1 H), 3.97 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 166.63, 143.00, 142.81, 135.53, 

130.32, 128.14, 127.99, 127.07, 125.81, 52.27. The spectral data matched those reported in the 

literature (Ishiyama et al., 2003). 

 

4-(Methoxycarbonyl)benzoic acid and 3,4-difluorophenylboronic acid (3bh, Figure 4, Entry 

60) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), 3,4-difluorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 83% yield (41.2 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.14-8.12 (d, J = 7.5 Hz, 2 H), 7.62-7.61 (d, J = 7.4 Hz, 2 H), 7.47-7.43 (t, 

J = 8.6 Hz, 1 H), 7.36 (s, 1 H), 7.30-7.25 (m, 1 H), 3.97 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

166.75, 151.53 (dd, JF = 19.1 Hz), 149.55 (dd, JF = 20.4 Hz), 143.43, 137.12 (dd, JF = 5.6 Hz), 



130.27, 129.49, 126.90, 123.29 (dd, JF = 6.2 Hz), 117.78 (d, JF = 17.3 Hz), 116.26 (d, JF = 17.8 

Hz), 52.22. 19F NMR (471 MHz, CDCl3) δ -137.01, -138.70. The spectral data matched those 

reported in the literature (Tang et al., 2015). 

 

4-(Methoxycarbonyl)benzoic acid and benzo[d][1,3]dioxol-5-ylboronic acid (3bi, Figure 4, 

Entry 61) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), benzo[d][1,3]dioxol-5-ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 90% yield (46.2 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.10-8.09 (d, J = 7.6 Hz, 2 H), 7.61-7.59 (d, J = 7.5 Hz, 2 H), 7.14-7.12 

(m, 2 H), 6.93-6.92 (d, J = 7.7 Hz, 1 H), 6.04 (s, 2 H), 3.96 (s, 3 H). 13C NMR (125 MHz, 

CDCl3) δ 166.99, 148.34, 147.83, 145.30, 134.28, 130.11, 128.54, 126.69, 121.06, 108.72, 

107.65, 101.34, 52.10. The spectral data matched those reported in the literature (Wu et al., 

2013). 

 

4-(Trifluoromethyl)benzoic acid and 3-chlorophenylboronic acid (3bj, Figure 4, Entry 62) 

 

According to the general procedure, the reaction of 4-(trifluoromethyl)benzoic acid (0.20 mmol), 

3-chlorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 65% yield (33.4 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.74-

7.68 (m, 4 H), 7.61 (s, 1 H), 7.51-7.49 (d, J = 7.1 Hz, 1 H), 7.43-7.40 (m, 2 H). 13C NMR (125 

MHz, CDCl3) δ 143.31, 141.58, 134.96, 130.24, 129.99 (q, JF = 32.4 Hz), 128.23, 127.45, 



127.29, 125.88 (q, JF = 3.6 Hz), 125.45, 124.17 (q, JF = 270.4 Hz). 19F NMR (471 MHz, 

CDCl3) δ -62.50. The spectral data matched those reported in the literature (Sun et al., 2018).  

 

4-(Trifluoromethyl)benzoic acid and 4-chlorophenylboronic acid (3bk, Figure 4, Entry 63) 

 

According to the general procedure, the reaction of 4-(trifluoromethyl)benzoic acid (0.20 mmol), 

4-chlorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 54% yield (27.8 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.73-

7.67 (m, 4 H), 7.56-7.55 (d, J = 8.5 Hz, 2 H), 7.48-7.46 (d, J = 8.6 Hz, 2 H). 13C NMR (125 

MHz, CDCl3) δ 143.50, 138.20, 134.46, 129.20, 128.65 (d, JF = 32.8 Hz), 128.53, 127.29, 

125.86 (d, JF = 3.5 Hz), 124.20 (d, JF = 270.3 Hz). 19F NMR (471 MHz, CDCl3) δ -62.48. The 

spectral data matched those reported in the literature (Keaveney et al., 2018).  

 

3-Chlorobenzoic acid and m-tolylboronic acid (3bl, Figure 4, Entry 64) 

 

According to the general procedure, the reaction of 3-chlorobenzoic acid (0.20 mmol), m-

tolylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 73% yield (29.6 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.60 (s, 1 H), 

7.50-7.48 (d, J = 7.6 Hz, 1 H), 7.41-7.33 (m, 5 H), 7.23-7.21 (d, J = 7.0 Hz, 1 H), 2.45 (s, 3 H). 

13C NMR (125 MHz, CDCl3) δ 143.23, 139.82, 138.55, 134.60, 129.93, 128.81, 128.62, 127.91, 

127.31, 127.17, 125.32, 124.23, 21.52. The spectral data matched those reported in the literature 

(Goossen et al., 2004).  

 



3-Chlorobenzoic acid and 3-fluorophenylboronic acid (3bm, Figure 4, Entry 65) 

 

According to the general procedure, the reaction of 3-chlorobenzoic acid (0.20 mmol), 3-

fluorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 77% yield (31.9 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.58 (s, 

1 H), 7.48-7.36 (m, 5 H), 7.30-7.28 (m, 1 H), 7.11-7.08 (m, 1 H). 13C NMR (125 MHz, 

CDCl3) δ 163.19 (d, JF = 244.6 Hz), 142.06 (d, JF = 7.6 Hz), 141.78 (d, JF = 2.1 Hz), 134.82, 

130.41 (d, JF = 8.4 Hz), 130.12, 127.87, 127.29, 125.27, 122.76 (d, JF = 2.8 Hz), 114.71 (d, JF = 

21.0 Hz), 114.07 (d, JF = 22.1 Hz). 19F NMR (471 MHz, CDCl3) δ -112.71. The spectral data 

matched those reported in the literature (Sun et al., 2018).  

 

4-(Methoxycarbonyl)benzoic acid and 2,6-dimethoxyphenylboronic acid (3bn, Figure 4, 

Entry 66) 

 

According to the general procedure, the reaction of 4-(methoxycarbonyl)benzoic acid (0.20 

mmol), 2,6-dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 90% yield (49.1 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.11-8.09 (d, J = 8.3 Hz, 2 H), 7.46-7.45 (d, J = 8.3 Hz, 2 H), 7.35-7.31 (t, 

J = 8.4 Hz, 1 H), 6.69-6.68 (d, J = 8.4 Hz, 2 H), 3.95 (s, 3 H), 3.76 (s, 6 H). 13C NMR (125 

MHz, CDCl3) δ 167.27, 157.52, 139.46, 131.11, 129.31, 128.94, 128.38, 118.53, 104.23, 55.91, 

52.00. The spectral data matched those reported in the literature (Michelet et al., 2017).  

 



4-Acetylbenzoic acid and 2,6-dimethoxyphenylboronic acid (3bo, Figure 4, Entry 67) 

 

According to the general procedure, the reaction of 4-acetylbenzoic acid (0.20 mmol), 2,6-

dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 90% yield (46.2 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 8.03-8.02 (d, J = 8.2 Hz, 2 H), 7.49-7.48 (d, J = 8.1 Hz, 2 H), 7.35-7.32 (t, 

J = 8.4 Hz, 1 H), 6.70-6.68 (d, J = 8.4 Hz, 2 H), 3.77 (s, 6 H), 2.65 (s, 3 H). 13C NMR (125 

MHz, CDCl3) δ 198.00, 157.51, 139.75, 135.44, 131.30, 129.40, 127.75, 118.37, 104.22, 55.92, 

26.62. The spectral data matched those reported in the literature (Xu et al., 2010).  

 

4-Formylbenzoic acid and 2,6-dimethoxyphenylboronic acid (3bp, Figure 4, Entry 68) 

 

According to the general procedure, the reaction of 4-formylbenzoic acid (0.20 mmol), 2,6-

dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 64% yield (31.0 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 10.07 (s, 1 H), 7.95-7.93 (d, J = 8.0 Hz, 2 H), 7.56-7.55 (d, J = 8.0 Hz, 2 

H), 7.37-7.33 (t, J = 8.4 Hz, 1 H), 6.71-6.69 (d, J = 8.4 Hz, 2 H), 3.77 (s, 6 H). 13C NMR (125 

MHz, CDCl3) δ 192.26, 157.46, 141.27, 134.82, 131.81, 129.59, 129.09, 118.19, 104.21, 55.90. 

The spectral data matched those reported in the literature (Heijnen et al., 2019). 

 



4-(Trifluoromethyl)benzoic acid and 2,6-dimethoxyphenylboronic acid (3bq, Figure 4, 

Entry 69) 

 

According to the general procedure, the reaction of 4-(trifluoromethyl)benzoic acid (0.20 mmol), 

2,6-dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 85% yield (48.0 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 7.68-7.66 (d, J = 8.1 Hz, 2 H), 7.50-7.48 (d, J = 8.0 Hz, 2 H), 7.36-7.33 (t, 

J = 8.4 Hz, 1 H), 6.70-6.69 (d, J = 8.4 Hz, 2 H), 3.77 (s, 6 H). 13C NMR (125 MHz, CDCl3) δ 

157.52, 138.10, 131.37, 129.39, 128.67 (q, JF = 31.9 Hz), 124.55 (q, JF = 3.8 Hz), 124.48 (q, JF = 

270.2 Hz), 118.09, 104.20, 55.89. 19F NMR (471 MHz, CDCl3) δ -62.38. The spectral data 

matched those reported in the literature (Pinxterhuis et al., 2016). 

 

4-Cyanobenzoic acid and 2,6-dimethoxyphenylboronic acid (3br, Figure 4, Entry 70) 

 

According to the general procedure, the reaction of 4-cyanobenzoic acid (0.20 mmol), 2,6-

dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 61% yield (29.2 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 7.70-7.68 (d, J = 8.0 Hz, 2 H), 7.49-7.48 (d, J = 8.0 Hz, 2 H), 7.36-7.33 (t, 

J = 8.3 Hz, 1 H), 6.69-6.68 (d, J = 8.4 Hz, 2 H), 3.76 (s, 6 H). 13C NMR (125 MHz, CDCl3) δ 

157.33, 139.54, 131.93, 131.38, 129.80, 119.38, 117.55, 110.29, 104.17, 55.87. The spectral data 

matched those reported in the literature (Liu et al., 2013). 



4-(Tosyloxy)benzoic acid and 2,6-dimethoxyphenylboronic acid (3bs, Figure 4, Entry 71) 

 

According to the general procedure, the reaction of 4-(tosyloxy)benzoic acid (0.20 mmol), 2,6-

dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 78% yield (60.0 mg). New compound. White 

solid. Mp = 146-147 °C. 1H NMR (500 MHz, CDCl3) δ 7.81-7.79 (d, J = 8.1 Hz, 2 H), 7.36-

7.34 (d, J = 8.1 Hz, 2 H), 7.29-7.28 (d, J = 8.4 Hz, 3 H), 7.04-7.02 (d, J = 8.5 Hz, 2 H), 6.67-6.65 

(d, J = 8.4 Hz, 2 H), 3.74 (s, 6 H), 2.48 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 157.54, 148.29, 

145.12, 133.05, 132.89, 132.28, 129.69, 129.03, 128.57, 121.39, 118.17, 104.26, 55.87, 21.72. 

HRMS calcd for C21H20O5SNa (M+ + Na) 407.0924, found 407.0925.  

 

Quinoline-6-carboxylic acid and 2,6-dimethoxyphenylboronic acid (3bt, Figure 4, Entry 72) 

 

According to the general procedure, the reaction of quinoline-6-carboxylic acid (0.20 mmol), 

2,6-dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 75% yield (39.8 mg). New compound. White 

solid. Mp = 104-106 °C. 1H NMR (500 MHz, CDCl3) δ 8.93-8.92 (d, J = 2.9 Hz, 1 H), 8.19-

8.14 (m, 2 H), 7.84 (s, 1 H), 7.75-7.73 (dd, J = 8.7 Hz, 1 H), 7.42-7.34 (m, 2 H), 6.74-6.72 (d, J 

= 8.4 Hz, 2 H), 3.77 (s, 6 H). 13C NMR (125 MHz, CDCl3) δ 157.77, 150.05, 147.41, 136.27, 

133.26, 132.69, 129.59, 129.19, 128.37, 128.10, 120.84, 118.65, 104.29, 55.95. HRMS calcd for 

C17H15NO2 (M
+) 265.1097, found 265.1093.  



1-Naphthoic acid and 2,6-dimethoxyphenylboronic acid (3bu, Figure 4, Entry 73) 

 

According to the general procedure, the reaction of 1-naphthoic acid (0.20 mmol), 2,6-

dimethoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-

bis(diphenylphosphino)butane (10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and 

trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after 

work-up and chromatography the title compound in 41% yield (21.7 mg). White solid. 1H NMR 

(500 MHz, CDCl3) δ 7.91-7.87 (m, 2 H), 7.58-7.55 (m, 1 H), 7.50-7.35 (m, 5 H), 6.76-6.74 (d, J 

= 8.4 Hz, 2 H), 3.66 (s, 6 H). 13C NMR (125 MHz, CDCl3) δ 158.50, 133.57, 132.68, 132.59, 

129.11, 128.18, 128.05, 127.45, 126.02, 125.47, 125.42, 125.35, 117.73, 104.21, 55.95. The 

spectral data matched those reported in the literature (Pinxterhuis et al., 2016). 

 

2-Methylbenzoic acid and 2-methoxyphenylboronic acid (3bv, Figure 4, Entry 74) 

 

According to the general procedure, the reaction of 2-methylbenzoic acid (0.20 mmol), 2-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 31% yield (12.3 mg). White solid. 1H NMR (500 MHz, CDCl3) δ 7.38-

7.35 (m, 1 H), 7.28-7.23 (m, 3 H), 7.21-7.20 (d, J = 7.2 Hz, 1 H), 7.18-7.16 (dd, J = 7.4 Hz, 1 H), 

7.05-7.02 (t, J = 7.4 Hz, 1 H), 7.00-6.98 (d, J = 8.3 Hz, 1 H), 3.79 (s, 3 H), 2.16 (s, 3 H). 13C 

NMR (125 MHz, CDCl3) δ 156.62, 138.64, 136.83, 131.02, 130.88, 130.01, 129.58, 128.55, 

127.29, 125.44, 120.45, 110.68, 55.42, 19.91. The spectral data matched those reported in the 

literature (Teng et al., 2018). 



Probenecid and 6-methoxypyridin-3-ylboronic acid (3bw, Figure 4, Entry 75) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), 6-methoxypyridin-

3-ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 74% yield (51.6 mg). New compound. White solid. Mp = 108-110 °C. 1H NMR 

(500 MHz, CDCl3) δ 8.44-8.44 (d, J = 1.7 Hz, 1 H), 7.90-7.88 (d, J = 8.2 Hz, 2 H), 7.84-7.82 

(dd, J = 8.6 Hz, 1 H), 7.67-7.65 (d, J = 8.2 Hz, 2 H), 6.88-6.87 (d, J = 8.6 Hz, 1 H), 4.02 (s, 3 H), 

3.15-3.12 (t, J = 7.6 Hz, 4 H), 1.65-1.57 (m, 4 H), 0.93-0.90 (t, J = 7.3 Hz, 6 H). 13C NMR (125 

MHz, CDCl3) δ 164.29, 145.38, 141.83, 138.90, 137.40, 128.34, 127.81, 126.97, 111.19, 53.71, 

50.15, 22.13, 11.22. HRMS calcd for C18H24N2O3SNa (M+ + Na) 371.1400, found 371.1376.  

 

Probenecid and 5-acetylthiophen-2-ylboronic acid (3bx, Figure 4, Entry 76) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), 5-acetylthiophen-2-

ylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 93% yield (68.0 mg). New compound. White solid. Mp = 148-150 °C. 1H NMR 

(500 MHz, CDCl3) δ 7.87-7.85 (d, J = 8.5 Hz, 2 H), 7.78-7.77 (d, J = 8.4 Hz, 2 H), 7.71-7.70 (d, 

J = 3.9 Hz, 1 H), 7.44-7.43 (d, J = 3.9 Hz, 1 H), 3.14-3.11 (t, J = 7.7 Hz, 4 H), 2.60 (s, 3 H), 

1.63-1.55 (m, 4 H), 0.92-0.89 (t, J = 7.4 Hz, 6 H). 13C NMR (125 MHz, CDCl3) δ 190.54, 

150.09, 144.61, 140.25, 136.95, 133.36, 127.90, 126.57, 125.40, 50.07, 26.67, 22.06, 11.21. 

HRMS calcd for C18H23NO3S2Na (M+ + Na) 388.1012, found 388.1011.  

 

 



Probenecid and pyrene-1-boronic acid (3by, Figure 4, Entry 77) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), pyrene-1-boronic 

acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), 

triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-

dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography the title 

compound in 81% yield (71.6 mg). New compound. White solid. Mp = 363-365 °C. 1H NMR 

(500 MHz, CDCl3) δ 8.27-8.25 (m, 2 H), 8.23-8.21 (d, J = 7.5 Hz, 1 H), 8.17-8.12 (m, 2 H), 

8.09-8.05 (m, 3 H), 8.04-8.02 (d, J = 8.2 Hz, 2 H), 7.99-7.97 (d, J = 7.9 Hz, 1 H), 7.80-7.78 (d, J 

= 8.2 Hz, 2 H), 3.26-3.23 (t, J = 7.6 Hz, 4 H), 1.73-1.66 (m, 4 H), 1.00-0.97 (t, J = 7.4 Hz, 6 H). 

13C NMR (125 MHz, CDCl3) δ 145.44, 139.02, 135.68, 131.45, 131.19, 131.12, 130.87, 128.39, 

128.11, 127.96, 127.34, 127.18, 126.26, 125.55, 125.20, 124.96, 124.79, 124.72, 124.49, 50.28, 

22.25, 11.29. HRMS calcd for C28H29NO2S (M+) 443.1914, found 443.1898.  

 

Probenecid and 3-cyanophenylboronic acid (3bz, Figure 4, Entry 78) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), 3-

cyanophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 98% yield (67.2 mg). New compound. Colorless oil. 1H NMR (500 MHz, 

CDCl3) δ 7.94-7.91 (t, J = 8.4 Hz, 3 H), 7.86-7.85 (d, J = 7.9 Hz, 1 H), 7.73-7.70 (t, J = 10.0 Hz, 

3 H), 7.64-7.61 (t, J = 7.8 Hz, 1 H), 3.16-3.13 (t, J = 7.6 Hz, 4 H), 1.64-1.57 (m, 4 H), 0.93-0.90 

(t, J = 7.4 Hz, 6 H). 13C NMR (125 MHz, CDCl3) δ 142.62, 140.74, 140.15, 131.73, 131.62, 

130.87, 129.95, 127.89, 127.67, 118.46, 113.37, 50.08, 22.07, 11.22. HRMS calcd for 

C19H22N2O2SNa (M+ + Na) 365.1294, found 365.1288.  



Probenecid and m-tolylboronic acid (3ca, Figure 4, Entry 79) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), m-tolylboronic acid 

(2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane (10 mol%), triethylamine 

(1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 equiv) in 1,4-dioxane (0.20 M) 

for 15 h at 160 °C, afforded after work-up and chromatography the title compound in 88% yield 

(58.4 mg). New compound. Colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.89-7.87 (d, J = 8.4 

Hz, 2 H), 7.72-7.71 (d, J = 8.3 Hz, 2 H), 7.44-7.42 (d, J = 9.4 Hz, 2 H), 7.40-7.37 (t, J = 7.5 Hz, 

1 H), 7.26-7.24 (d, J = 7.3 Hz, 1 H), 3.14-3.11 (t, J = 7.6 Hz, 4 H), 2.60 (s, 3 H), 1.63-1.55 (m, 4 

H), 0.92-0.89 (t, J = 7.4 Hz, 6 H). 13C NMR (125 MHz, CDCl3) δ 145.25, 139.41, 138.71, 

138.64, 129.13, 128.94, 128.06, 127.58, 127.53, 124.41, 50.12, 22.11, 21.53, 11.23. HRMS 

calcd for C19H25NO2SNa (M+ + Na) 354.1498, found 354.1485.  

 

Probenecid and 4-hydroxyphenylboronic acid (3cb, Figure 4, Entry 80) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), 4-

hydroxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 50% yield (33.4 mg). New compound. White solid. Mp = 82-84 °C. 1H 

NMR (500 MHz, CDCl3) δ 8.35-8.34 (d, J = 8.4 Hz, 2 H), 7.98-7.96 (d, J = 8.4 Hz, 2 H), 7.49-

7.46 (t, J = 7.8 Hz, 2 H), 7.25-7.24 (d, J = 7.8 Hz, 2 H), 3.17-3.14 (t, J = 7.7 Hz, 4 H), 1.63-1.56 

(m, 4 H), 0.93-0.90 (t, J = 7.4 Hz, 6 H). 13C NMR (125 MHz, CDCl3) δ 163.90, 144.92, 132.88, 

130.81, 129.64, 127.19, 126.28, 121.52, 49.96, 21.96, 11.19. HRMS calcd for C18H23NO3SK 

(M+ + K) 372.1036, found 372.1049.  

 

 



Probenecid and 3,5-difluorophenylboronic acid (3cc, Figure 4, Entry 81) 

 

According to the general procedure, the reaction of probenecid (0.20 mmol), 3,5-

difluorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 65% yield (46.0 mg). New compound. Colorless oil. 1H NMR (500 MHz, 

CDCl3) δ 7.92-7.90 (d, J = 8.4 Hz, 2 H), 7.69-7.67 (d, J = 8.4 Hz, 2 H), 7.15-7.14 (d, J = 6.3 Hz, 

2 H), 6.90-6.85 (m, 1 H), 3.15-3.12 (t, J = 7.6 Hz, 4 H), 1.63-1.56 (m, 4 H), 0.93-0.90 (t, J = 7.4 

Hz, 6 H). 13C NMR (125 MHz, CDCl3) δ 163.41 (dd, JF = 247.6 Hz), 142.60 (d, JF = 2.1 Hz), 

140.16, 132.20, 128.00 (d, JF = 238.7 Hz), 127.68 (d, JF = 26.1 Hz), 110.29 (d, JF = 26.0 Hz), 

103.64 (dd, JF = 25.2 Hz), 50.09, 22.07, 11.20. 19F NMR (471 MHz, CDCl3) δ -108.81. HRMS 

calcd for C18H21NO2SF2Na (M+ + Na) 376.1153, found 376.1148.  

 

Flufenamic acid and 2-methoxyphenylboronic acid (3cd, Figure 4, Entry 82) 

 

According to the general procedure, the reaction of flufenamic acid (0.20 mmol), 2-

methoxyphenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 56% yield (38.5 mg). New compound. White solid. Mp = 135-137 °C. 1H 

NMR (500 MHz, CDCl3) δ 7.42-7.39 (t, J = 7.6 Hz, 2 H), 7.38-7.27 (m, 4 H), 7.15-7.06 (m, 5 

H), 7.02-7.01 (d, J = 8.2 Hz, 1 H), 5.98 (s, 1 H), 3.74 (s, 3 H). 13C NMR (125 MHz, CDCl3) δ 

156.41, 144.99, 139.95, 131.85, 131.80, 131.57 (q, JF = 32.4 Hz), 130.81, 129.57, 129.32, 



128.32, 128.01, 124.17 (q, JF = 270.7 Hz), 122.60, 121.37, 119.53, 119.48, 116.21 (q, JF = 3.7 

Hz), 112.94 (q, JF = 3.6 Hz), 111.16, 55.64. 19F NMR (471 MHz, CDCl3) δ -62.83. HRMS 

calcd for C20H16NOF3 (M
+) 343.1179, found 343.1165.  

 

Flufenamic acid and 2-fluorophenylboronic acid (3ce, Figure 4, Entry 83) 

 

According to the general procedure, the reaction of flufenamic acid (0.20 mmol), 2-

fluorophenylboronic acid (2.0 equiv), Pd(OAc)2 (5 mol%), 1,4-bis(diphenylphosphino)butane 

(10 mol%), triethylamine (1.5 equiv), H3BO3 (1.5 equiv) and trimethylacetic anhydride (1.5 

equiv) in 1,4-dioxane (0.20 M) for 15 h at 160 °C, afforded after work-up and chromatography 

the title compound in 74% yield (49.1 mg). New compound. Colorless oil. 1H NMR (500 MHz, 

CDCl3) δ 7.42-7.30 (m, 6 H), 7.25-7.11 (m, 6 H), 5.63 (s, 1 H). 13C NMR (125 MHz, CDCl3) δ 

159.87 (d, JF = 245.0 Hz), 144.31, 139.82, 131.91 (d, JF = 3.4 Hz), 131.72, 131.67 (q, JF = 31.9 

Hz), 129.79 (d, JF = 8.1 Hz), 129.70, 129.12, 127.43, 126.21 (d, JF = 15.9 Hz), 124.66 (d, JF = 

3.5 Hz), 124.08 (q, JF = 270.8 Hz), 122.61, 120.11, 119.48, 116.94 (q, JF = 3.7 Hz), 116.05 (d, JF 

= 22.2 Hz), 113.63 (q, JF = 3.8 Hz). 19F NMR (471 MHz, CDCl3) δ -62.86, -114.15. HRMS 

calcd for C19H13NF4 (M
+) 331.0979, found 331.0995.  
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