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Abstract 

Carboxylation of C(sp2) Bromides Enabled by Metallophotoredox Dual Catalysis and Sodium 

Formate 

By Drason Zhang 

In recent years, photoredox-mediated processes have seen a resurgence in popularity due 

to their ability to enable novel reactivity via pathways involving thermally inaccessible 

intermediates. These photoredox processes include single-electron transfer and energy transfer 

processes, which are attractive due to their ability to occur under mild conditions that enable high 

functional group tolerance. Previous work has developed formate salts as precursors to the carbon 

dioxide radical anion (CO2
•−) via hydrogen-atom transfer (HAT) under photochemical conditions; 

this radical anion was shown to undergo a variety of processes, including Giese-type addition to 

electron-deficient olefins. Given this, our group wondered if CO2
•− could instead be leveraged as 

a partner in C-C bond formation cross-coupling, which would enable facile access to carboxylic 

acids: a common organic functional group in natural products, pharmaceutical agents, and more. 

This report focuses on the successful development of such a method that leverages a 

metallophotoredox/HAT triple catalysis reaction manifold: utilizing visible light, 4CzIPN, nickel, 

and formate salts as a source of CO2
•−, we are able to construct a wide variety of carboxylic acids 

bearing diverse functional groups from simple (hetero)aryl or vinyl C(sp2)-bromide starting 

materials. Of note, we report that catalytic amounts of N-phenyl-bis(trifluoromethanesulfonamide) 

play an essential role in carboxylation. Overall, we have developed a mild method enabling facile 

access to carboxylic acids from readily available starting materials. 
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Chapter 1: Shining Light on Photoredox Methods 

1.1 A Brief Discussion on the Development of Synthetic Methods 

“The desire to translate a strategy to a reality can serve as a powerful impulse to explore new 

chemistry to close the gaps identified by the analysis.” 

—S. J. Danishefsky1 

 At the inception of chemical synthesis as a field, the methods available to chemists were 

limited to simple nucleophile-electrophile transformations (Fig. 1A).2 Though simple by today’s 

standards, this kind of reactivity enabled a number of impressive total syntheses, including R. B. 

Woodward’s seminal synthesis of strychnine in 1954.3 This achievement must not be 

understated; Sir Robert Robinson remarked that “for its molecular size it is the most complex 

substance known,” emphasizing the challenge surmounted through the efforts of Woodward’s 

group.4 Note, however, that often early syntheses were undertaken to confirm the structure of a 

complex natural product, explaining why only simple and well-understood reactions were used.2  

The advent of modern spectroscopic techniques in the early-mid 1900s enabled a 

departure from this paradigm; a combination of UV/vis, infrared, and mass spectroscopy 

provided key information about the structure of isolated natural products. The development of 

NMR spectroscopy in the 1960s in combination with crystallographic techniques completed the 

Figure 1. (a) Selected examples of early synthetic methods. (b) Selected examples of transition metal catalysis. 
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modern panacea for structural elucidation, opening up the field of synthetic chemistry towards 

the challenge of developing new methods, identifying unique reactivity patterns, and applying 

one’s creativity to the synthesis of a target. In the words of Reinhard Hoffman: “Synthesis itself 

became an object of research: the way is the goal.”2 

In such a setting, many powerful methods have been developed, enabling a variety of 

bond disconnections useful in synthesis; one shining example is transition metal catalysis, 

enabling powerful carbon-carbon bond formations through methods like olefin metathesis or 

Suzuki coupling (Fig. 1B).2 Many other examples can be found in the myriad fields ranging from 

electrochemistry to organocatalysis to photoredox catalysis. Of particular relevance to this work 

is the latter, which has proven itself to be an incredibly powerful tool for accessing small 

molecule activation.5–12 

1.2 An Introduction to Visible Light Photoredox Catalysis 

“The goal is always finding something new, hopefully unimagined, and better still, hitherto 

unimaginable.” 

—K. B. Sharpless13 

 Though the field of catalysis is broad, encompassing numerous subfields, one uniting 

feature is the overarching goal of enabling novel pathways of reactivity. One subfield that meets 

this goal extremely well is that of photoredox catalysis, wherein visible light excitation enables 

generation of reactive intermediates that are thermally inaccessible.5,6 Such reactivity stems from 

the ability of polypyridyl ruthenium or iridium complexes and organic dyes (known collectively 

as photocatalysts) to “exchange” visible light energy for chemical energy via electronic 

excitation, resulting in an excited state that can undergo single-electron transfer (SET) processes 

with other organic molecules or organometallic complexes. 5–12  
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Consider the characteristics of Ru(bpy)3
2+

 as a model for other transition metal 

photocatalysts: under visible light, the species absorbs a photon, causing the excitation of a 

metal-centered d-orbital electron to an empty bipyridyl ligand π* orbital (a process termed metal-

to-ligand charge transfer, MLCT).14,15 This occurs rather than excitation from a t2g orbital to an 

eg orbital, due to the Laporte orbital selection rule which forbids d → d transitions. Similarly, 

electronic selection rules dictate that the excited state must be in the singlet spin state; rapid 

intersystem crossing causes the formation of a lower energy triplet spin excited state, which is 

sufficiently long-lived  to engage in single-electron transfer processes.5,6,15,16 As a unique feature 

of the excited state, *Ru(bpy)3
2+ is both more oxidizing and more reducing than the ground state: 

a low-energy hole in the t2g orbital allows the excited state to accept an electron, while the 

occupied high energy π* easily donates an electron. Such characteristics enable pathways that 

proceed through oxidative and reductive quenching of the excited state (Scheme 1).5,6,17 

Notably, it has been demonstrated that many organic compounds are also capable 

photocatalysts, providing easily accessible, inexpensive, and ultimately more sustainable 

Scheme 1. Oxidative and reductive quenching pathways of *Ru(bpy)
 3

2+
. 

Scheme adapted from Prier et al. (2013).
6
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alternatives to the prototypical ruthenium and iridium photocatalysts.9,18–21 Similarly to transition 

metal photocatalysts, these organic photocatalysts rely on an appropriately long-lived triplet 

excited state that allows for non-radiative photoinduced electron transfer pathways, undergoing 

similar reductive or oxidative quenching cycles to that of Ru(bpy)3
2+ (vide supra).9,22 

The uniquely powerful chemistry of these photocatalysts has been leveraged for a diverse 

array of transformations. This stunning level of variety can be illustrated by the seminal reports 

of photoredox catalysis from the groups of Yoon, MacMillan, and Stephenson, demonstrating the 

application of photoredox to different reaction types (Figure 2).23–25  

These initial reports serve to highlight advantages of visible light photoredox reaction 

manifolds: the avoidance of harsh reaction conditions enable tolerance of easily oxidized or 

reduced moieties (e.g., alkenes, esters, arenes, silyl ethers, and carbamates), while also being 

environmentally benign.23–25 Not only this, but the MacMillan group’s merging of photoredox 

Figure 2. First reports of photoredox catalysis in synthetic methodology development. 
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catalysis with organocatalysis showcased the potential of dual or multi-catalytic systems, 

involving photocatalysts in conjunction with covalent, non-covalent, hydrogen atom transfer, and 

transition metal catalysis.5,24 

1.3 Shiny Acids: Photoredox-Catalyzed Carboxylation 

“Is it a blue LED or a white LED with a blue filter?” 

—C. A. Sanchez 

 In recent years, the power of photoredox catalysis has been brought to bear in efforts to 

generate carboxylic acids. Carboxylic acids are desirable for several reasons; not only are they 

one of the most prevalent structural motifs in pharmaceutically and biologically relevant 

molecules, but they are also a highly desirable and synthetically valuable lynchpin enabling a 

wide variety of transformations.26–28 Often, the carboxylic acid is constructed via (a) oxidation of 

aldehydes/primary alcohols, (b) hydrolysis of amides, esters, and nitriles, or (c) addition of 

organometallic species into CO2. While these methods are versatile and are frequently used in 

organic synthesis, the catalytic conversion of organic (pseudo)halides to carboxylic acids has 

been recognized as complementary to the classical methods.29 

 The groups of Martin and Iwasawa have disclosed several methods for achieving this 

catalytic conversion. Initial reports utilized carbon dioxide as a carboxylate source and leveraged 

insertion of a metal-alkyl/aryl species into the weak CO2 electrophile, followed by Zn/Mn 

reduction to turn over the catalytic Pd/Ni species (Figure 3A). Follow up work explored 

carboxylation under a metallophotoredox system, which improved upon the environmental 

effects by transitioning away from the usage of excess metal reductants. However, this method 

requires the usage of additives like Cs2CO3 as base (Figure 3B). The scope of these reactions 
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was thus expanded to include both aryl and alkenyl triflates as pseudohalides, and eliminate the 

need for additives (Figure 3C).30–33 

 While these advances are impressive, our group felt that there would be room for further 

development. Recently, the Jui group reported a protocol for accessing the radical anion of 

carbon dioxide (CO2
•−) via a polarity matched hydrogen atom transfer (HAT) between an 

electrophilic thiyl radical and a formate salt. In addition, the nucleophilic and reductive reactivity 

of the radical anion was evaluated.34 Inspired by this and pioneering work by Molander et al. in 

dual photoredox/transition metal catalysis, we imagined that reactivity of the CO2
•− could be 

expanded by binding it to a metal center, allowing it to act as a one-carbon building block in 

catalytic cross-coupling reactions to yield carboxylates.35 

 This report will thus focus on the development of the aforementioned reactivity, enabling 

the construction of a wide variety of carboxylic acids bearing diverse functional groups under 

mild conditions from (hetero)aryl or vinyl C(sp2)-bromide starting materials. 

Figure 3. Previously reported methods for carboxylating aryl (pseudo)halides. 



7 
 

Chapter 2: Development of a Novel Carboxylation Method 

2.1 Initial Foray into Non-Photocatalysis Land 

“Ph.Ds. are made at the bench.” 

—A. R. LeBlanc 

At the onset of this study, my mentor Gavin imagined that CO2
•− could act as both a 

reductant and nucleophilic cross-coupling, partner proposing the following catalytic cycle as a 

potential reactive pathway (Scheme 2, top). 

Scheme 2. (Top) Initial design and proposed catalytic cycle. (Bottom) Various 

reaction conditions and reagents screened, with primarily undesired products or 

starting material observed. 
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However, after in-depth screening of various catalysts, ligands, and radical initiators (for HAT), 

it was found that the reaction consistently returned protodehalogenated products, homocoupled 

products, or just starting material (Scheme 2, bottom). Though discouraging, Gavin 

hypothesized that perhaps the proposed system placed too much responsibility on CO2
•− to both 

act as a nucleophile and reduce our metal center to regenerate the catalytic species; perhaps an 

additional active species whose role was to reduce the metal center would enable more efficient 

turnover of the catalyst. This is where I joined the project, adding considerably more to Gavin’s 

workload by making him mentor me. 

2.2 Hopping on the Photoredox Catalysis Train 

“I can’t change the direction of the wind, but I can adjust my sails to always reach my 

destination.” 

—Jimmy Dean 

 With this new hypothesis, Gavin and I turned to the use of visible light photoredox 

catalysis. We rationalized that not only would the excited state of a photocatalyst be capable of 

oxidizing an HAT agent to activate it, but it would also be able to expel an electron to reduce the 

transition metal center, turning over itself and the transition metal species catalytically. Thus, this 

kind of reactivity would leverage three intertwined catalytic cycles: a photocatalyst, transition 

metal, and HAT agent. 

 To begin our exploration here, we decided to utilize a nickel catalyst, given strong 

literature precedent that indicated nickel was competent in single-electron processes.35–37 

Following the Jui lab’s precedent in HAT from formate using a thiol as the HAT agent, we 

elected to also begin by using thiols, with sodium formate as the formate source.34 4CzIPN was 

selected as the photocatalyst due to its accessibility compared to other photocatalysts; the 

synthesis is operationally simple (essentially a dump and stir) and utilizes cheap starting 
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materials, accompanied by easy purification, making it especially attractive when compared to 

the prices of iridium and ruthenium photocatalysts (Scheme 3).38 

 With this system as our starting point, we set out to achieve the desired transformation on 

0.1 mmol scale of our model substrate, 4-bromobenzonitrile (an electron-deficient arene), 

through a screen of different thiol sources to identify an optimal HAT agent (Table 1).  

Excitingly, we found that 4-bromobenzonitrile could be carboxylated in moderate to good yields 

in the conditions described by Table 1, with cyclohexanethiol (entry 1) as HAT catalyst 

furnishing the highest yield of the desired product. However, this initial hit did not translate well 

to other substrates. Specifically, electron-rich arenes (3-bromoanisole was used as the model 

Scheme 3. Synthesis of 4CzIPN and price comparison with other common 

photocatalysts. 

Table 1. Initial HAT catalyst screen on electron-deficient arenes. Yields determined via 
1
H 

NMR using CH
2
Br

2
 as an internal standard. 
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electron-rich substrate) were unable to be carboxylated, indicating potential kinetic mismatches 

between the desired organometallic processes and CO2
•− formation (Table 2, entry 1). 

Both 4CzIPN (E1/2[PC•+/PC*] = -1.2 V vs SCE) and CO2
•− (E1/2

o = -2.2 V vs SCE) are 

competent reducing agents for generating the active nickel(0) species (E1/2
red[NiII/Ni0] = -1.2 V 

vs SCE).34,39,40 This activity may cause accumulation of Ni(0), which may then undergo catalyst 

deactivation pathways given the sluggish rate of oxidative addition into electron-rich/neutral aryl 

halides when compared to electron-deficient aryl halides.41–43 It is also possible that the thiol 

HAT agent could also play a role catalyst deactivation; the Lewis basicity of thiol could lead to a 

tendency to coordinate the nickel metal center and poison the catalyst.44–46 As such, a variety of 

different HAT agents were screened (Table 2). Hoping to negate potential coordination to the 

metal, sterically hindered thiols were examined and found to be unproductive in the system 

(Table 2, entries 2-3), as were alternative electrophilic HAT catalysts (Table 2, entries 4-6). We 

hypothesized that unorthodox HAT agents may provide a solution to this challenging problem, 

Table 2. HAT catalyst screen for electron-rich arenes. Yields determined via 
1
H NMR using 

CH
2
Br

2
 as an internal standard. 
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and thus we examined the use of phenyl triflimide (1), commonly used to trap enolates as 

triflates. We expected that oxidation of this species would yield an electrophilic N-centered 

radical, or that reduction would result in rapid radical anion fragmentation to the nitrogenous 

anion (2) and the electrophilic sulfinyl radical (3) (Figure 4A, top).  

Figure 4. (A) Initial and current hypotheses for pathways towards productive HAT agents from 

phenyl triflimide and formate. (B) 19F NMR spectra for phenyl triflimide with and without 

formate, demonstrating degradation of phenyl triflimide. 
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Gratifyingly, 15 mol % of this reagent furnished the carboxylated product of 3-

bromoanisole in almost quantitative yield, leading us to question the specific activity of this 

species (Table 2, entry 7).  

 Cyclic voltammetry of the standard reduction potential of the phenyl triflimide indicated 

an irreversible reduction potential of Ep/2 = -0.90 V vs SCE (see Supporting Information). This 

indicated to us that a single-electron transfer between 4CzIPN (E1/2[PC•+/PC*] = -1.2 V vs SCE) 

and phenyl triflimide is favorable, resulting in the reduction of the species. Hoping to confirm 

this action, 19F NMR’s were taken of phenyl triflimide with and without formate; intriguingly, 

the 19F NMR instead revealed that with formate in solution, phenyl triflimide (1) degrades to 

trifluoro-N-phenylmethanesulfonamide (2) and sodium trifluoromethanesulfonate (5) (Figure 

4B) (see Supporting Information). Though this cannot rule out the formation of a sulfinyl radical, 

it led us to consider other potential pathways. 

Complete consumption of phenyl triflimide is observed when formate is present; given 

the highly electrophilic character of the species, it may react with formate to generate 4, which is 

also highly electrophilic. This can react with another equivalent of formate, leading to formic 

anhydride (6) and 5 (Figure 4A, bottom). Control experiments using 2 and 5 revealed no product 

formation, indicating that they were incapable of acting as the HAT agent (Table 3, entries 2-3). 

As such, we hypothesize that it is sub-stoichiometric amounts of a reagent produced from the 

interaction between formate and phenyl triflimide that is responsible for HAT catalysis in the 

reaction system. Replacing phenyl triflimide with either methanesulfonyl chloride or p-

toluenesulfonyl chloride—whose reactivity is analogous to phenyl triflimide—resulted in good 

to high yields, providing some amount of support for our hypothesis (Table 3, entries 4-5). 

However, the specific reactive HAT agent remains to be identified, and mechanistic elucidation 
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eludes us. Further studies must be done in order to elaborate on the complexity of this reaction 

mechanism. We currently propose the following set of catalytic cycles as a potential operative 

pathway, leaving the HAT catalytic cycle vague given the reports above (Figure 5).  

Table 3. HAT control experiments to provide support for hypothesized mechanism. Yields 

determined via 
1
H NMR using CH

2
Br

2
 as an internal standard. 

 

Figure 5. Proposed mechanistic pathways for the metallophotoredox/HAT catalytic cycles, with the 

specific HAT agent unknown. 
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A final solvent screen with our effective HAT catalyst in hand revealed that the initial 

conditions of 1:1 mixture of Dioxane:DMSO continue to be optimal for our reaction (Table 4, 

entry 1). 

In addition to this, control experiments were conducted, revealing that 4CzIPN, phenyl 

triflimide, formate salt, and blue LED light were all essential for carboxylation to occur, with 

products completely undetected in the absence of each. Unexpectedly, carboxylation occurred 

under ambient atmosphere when no air-free precautions were taken, albeit with a drop in yield, 

indicating that the reactive system may be less sensitive than anticipated (Table 5). 

Table 4. Solvent optimized screen for electron-rich arenes with phenyl triflimide as the new HAT agent. 

Table 5. Control experiments. 
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With our optimized conditions now in hand, we set out to identify the hetero(aryl) 

substrates amenable to carboxylation under our reaction manifold (Table 6). Neutral and 

electron-rich aryl bromides were found to undergo carboxylation in good yield (7-12, 51-91%), 

as well as electron-deficient aryl bromides (13-20, 76-98%). Substituents were well tolerated at 

the meta and para positions, but not at the ortho position, presumably due to steric issues around 

the metal center. Examples of ortho-substituted arenes that were poor substrates in this system 

include 2-bromotoluene and 2-bromobenzonitrile. 

A number of functional groups including primary alcohols, ketones, aldehydes, and 

sulfonamides were tolerated, highlighting the mild nature of the reported carboxylation. As 

testament to this, neither of the carbonyl groups in 15 and 16 showed reduction to the benzylic 

alcohol despite being in range of reduction by CO2
•−.47 This indicates preferential binding of 

CO2
•− to the nickel catalyst over single-electron transfer to the benzylic carbonyl groups. In 

addition, despite the formyl C-H bond in 19 being labile with a similar BDE to formate, there is 

no indication of ketone formation from the acyl radical derived from the aldehyde.40 Halogens 

Table 6. Substrate scope of metallophotoredox-catalyzed carboxylation with formate. Isolated yields are reported unless 

stated otherwise. a Reaction performed on 0.1 mmol scale, yields determined by 1H NMR using CH2Br2 as an internal 

standard. 
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were also tolerated, and preferential reactivity at the C-I bond over the C-Br bond was 

demonstrated. Excitingly, a variety of heterocycles such as dioxolane, indole, and indazole 

smoothly underwent carboxylation in moderate yields (21-23, 50-66%), and we report 

cyclohexene bromide as a representative vinyl C(sp2) bromide which was easily carboxylated in 

good yield (24). Interestingly, scale up and isolation of the carboxylated vinyl bromide proved 

more challenging than anticipated; though NMR yields could be determined, isolation at the 0.5 

mmol scale failed in our hands. 

Chapter 3: The Finale 

“No quote from me would be appropriate for an honors thesis.” 

—G.C. Smith 

 To summarize this report; we have developed an effective protocol for the carboxylation 

of C(sp2) bromides, which utilizes sodium formate salts as the CO2 source. A distinct advantage 

that utilizing formate has over previously reported methods is that it obviates the need for 

gaseous reagents, simplifying reaction setup and reducing synthetic effort, due to the crystalline 

and bench-stable nature of sodium formate. In addition, usage of phenyl triflimide enables in situ 

generation of an active HAT agent; leveraging phenyl triflimide in this way is poorly 

precedented in the literature, though it appears to enable abstraction of the formyl hydrogen in 

formate and is potentially underutilized as an HAT agent. Further mechanistic studies must be 

undertaken in order to better understand the specific role of phenyl triflimide and identify the 

particular species responsible for HAT activity, shining a light on the complex nature of the 

reaction mechanism. Overall, we have demonstrated the successful carboxylation of 

electronically distinct hetero(aryl)/vinyl bromides under mild catalytic conditions, achieving our 

initial goal with some intriguing tidbits for further research. 
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Supporting Information 

I. General Information 

General Reagent Information 

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, Acros Organics, Combi-Blocks, 

Oakwood Chemicals, Astatech, and TCI America and used as received, unless stated otherwise. 

All reactions were set up on the bench top and conducted under argon atmosphere while subject 

to irradiation from blue LEDs (LEDwholesalers PAR38 Indoor Outdoor 16-Watt LED Flood 

Light Bulb, Blue; or Hydrofarm® PPB1002 PowerPAR LED Bulb-Blue 15W/E27 (available 

from Amazon). Flash chromatography was carried out using Siliaflash® P60 silica gel obtained 

from Silicycle. Thin-layer chromatography (TLC) was performed on 250 µm SiliCycle silica gel 

F-254 plates. Visualization of the developed chromatogram was performed by fluorescence 

quenching or staining using KMnO4, p-anisaldehyde, or ninhydrin stains. DMSO was purchased 

from Fisher Scientific and was distilled over CaH2 and degassed by sonication under vacuum and 

stored under nitrogen. Photoredox catalyst 4CzIPN was prepared according to literature 

procedures. 

General Analytical Information 

Unless otherwise noted, all yields refer to chromatographically and spectroscopically (1H NMR) 

homogenous materials. New compounds were characterized by NMR and HRMS. 1H and 13C 

NMR spectra were obtained from the Emory University NMR facility and recorded on a Bruker 

Avance III HD 600 equipped with cryo-probe (600 MHz), Bruker 400 (400 MHz), INOVA 600 

(600 MHz), INOVA 500 (500 MHz), INOVA 400 (400 MHz), or VNMR 400 (400 MHz), and 

are internally referenced to residual solvent signals. Data for 1H NMR are reported as follows: 

chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 

dd = doublet of doublets, dt = doublet of triplets, ddd= doublet of doublet of doublets, dtd= 

doublet of triplet of doublets, b = broad, etc.), coupling constant (Hz), integration, and 

assignment, when applicable. Data for decoupled 13C NMR are reported in terms of chemical 

shift and multiplicity when applicable. High Resolution mass spectra were obtained from the 

Emory University Mass Spectral facility. 

Abbreviations 

DMSO = dimethyl sulfoxide  

DMF = dimethylformamide  

THF = tetrahydrofuran  

DCM = dichloromethane  

TLC = thin layer chromatograph 

TEA = triethylamine  

EtOAc = ethyl acetate 

MeCN = acetonitrile 

LCMS = liquid chromatography mass spectrometry 

GCMS = gas chromatography mass spectrometry  
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MeOH = methanol 

General Photoredox Reaction Setup 

To run multiple reactions, an appropriately sized 3D printed carousel was used, which exposed 

the reactions to the blue light evenly (photo 1). A 15 W LED array lamp was used as a blue light 

source (photo 2,3). These lamps were routinely used for up to 12 reactions at a time (photo 2,3).  

The blue LEDs were positioned approximately 6 inches above the reaction vials for good light 

coverage without overheating the reactions (photo 2,3). 

           

         Photo 1                                       Photo 2              Photo 3 

 

II. General Procedures 

General Procedure for Photoredox Reactions: 

A 20 mL screw-top test tube was charged with 4CzIPN (1 mol%), sodium formate (1.5 equiv), 

mesna (20 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (15 mol%) and [4,4’-Bis(1,1-

dimethyl)-2,2’-bipyridine] nickel (II) bromide (10 mol%)) and substrate (1 equiv., if solid). The 

tube was equipped with a stir bar and was sealed with a PTFE/silicon septum. The atmosphere 

was exchanged by applying vacuum and backfilling with argon (this process was conducted a 

total of three times). Under argon atmosphere, the indicated degassed solvent (0.1 M) was added 

via syringe followed by the substrate (if liquid, 1.0 equiv). The resulting mixture was stirred at 

1400 RPM for 16 h under irradiation by blue LEDs. 1M HCl was added and then the reaction 

mixture was extracted with ethyl acetate (3 x). The organic layer was dried over MgSO4 and 

concentrated. The residue was purified on silica using the indicated solvent mixture as eluent to 

afford the title compound.  
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III. Electrochemical Measurements & 19F Spectra 

Electrochemical potentials were obtained with a standard set of conditions according to literature 

procedure.47 Cyclic voltammograms (CVs) were collected with a VersaSTAT 4Potentiostat. 

Samples were prepared with 0.1 mmol of substrate in 10 mL of 0.1 M tetra-n-butylammonium 

hexafluorophosphate in dry, degassed acetonitrile. Measurements employed a glassy carbon 

working electrode, platinum wire counter electrode, 3M NaCl silver-silver chloride reference 

electrode, and a scan rate of 100 mV/s. Reductions were measured by scanning potentials in the 

negative direction and oxidations in the positive direction; the glassy carbon electrode was 

polished between each scan. Data was analyzed using Microsoft Excel by subtracting a 

background current prior to identifying the maximum current (Cp) and determining the potential 

(Ep/2) at half this value (Cp/2). The obtained value was referenced to Ag|AgCl and converted to 

SCE by subtracting 0.035 V. 

Cyclic Voltammogram for Phenyl Triflimide 

 

19F Spectra of Phenyl Triflimide, Sodium Formate + Phenyl Triflimide 

Samples were prepared using 0.015 mmol of phenyl triflimide (A) alongside a combination of 

0.015 mmol phenyl triflimide and 0.15 mmol sodium formate (B) using 1-bromo-3-

fluorobenzene as an internal standard. 

Spectra B shows trifluoro-N-phenylmethanesulfonamide at -75.56 ppm, alongside sodium 

trifluoromethanesulfonate at -77.76 ppm. These chemical shifts are consistent with previously 

reported literature spectra.48 
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III. Preparation of Starting Materials 

 

 

 

2,4,5,6-Tetrakis(carbazole-9-yl)-4,6-dicyanobenzene (4CzIPN) (S1): To a flame dried round 

bottom flask was added carbazole (1.67 g, 10.0 mmol) in anhydrous THF (40 mL). Sodium 

hydride (60% in oil, 0.60 g, 15.0 mmol) was carefully added portion wise to the solution. After 

30 minutes, tetrafluoroisopthalonitrile (0.40 g, 2.00 mmol) was added and allow to stir at room 

temperature for 16 h. Water (2 mL) was then added carefully, and the reaction mixture was then 

concentrated in vacuo. The resulting solid was then washed with water and ethanol then 

recrystallized from hexanes/DCM to yield the product as a vibrant yellow solid (1.4 g, 89% 

yield). The physical and spectral properties were consistent with reported values.39 

1H NMR (400 MHz, CDCl3): δ 8.21 (d, J = 7.8 Hz, 1H), 7.49 (t, J = 7.9 Hz, 2H), 7.33 (d, J = 7.5 

Hz, 2H), 7.24-7.19 (m, 4H), 7.14-7.20 (m, 8H), 6.83 (t, J = 7.8 Hz, 4H), 6.63 (t, J = 7.6 Hz, 2H).  

 

[4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (S2): Following a previously 

reported synthesis, a flame-dried round bottom flask was charged with NiBr2(glyme) (0.616 g, 

2.0 mmol, 1 equiv.) and 4,4’-di-tert¬-butyl-2,2’-bipyridyl (0.536 g, 2.0 mmol, 1 equiv.) before 

being placed under argon. Anhydrous THF (60 mL) was added, and the reaction mixture was 

stirred for 20 h.  The resulting green solid was filtered off and washed with diethyl ether to 

afford the title compound as a green solid that was used without further purification. 

 

 

 

1-benzyl-6-bromo-1H-indole (S3): To a flame-dried round bottom flask was added 6-

bromoindole (0.98 g, 5.0 mmol, 1 equiv.) followed by anhydrous DMF (5 mL). The reaction 

mixture was cooled to 0°C and sodium hydride (0.24 g, 6.0 mmol, 1.2 equiv.) was added portion 

wise. The mixture was stirred for thirty minutes at 0°C and then benzyl bromide (0.9 mL, 7.5 

mmol, 1.5 equiv., dissolved in 2.5 mL DMF) was added slowly. The reaction mixture was 

allowed to warm to room temperature and stirred overnight. After cooling back down to 0°C, the 

reaction was quenched with water (5 mL), extracted three times with ethyl acetate, dried over 

MgSO4 and concentrated in vacuo. The crude reaction mixture was then purified by silica 

chromatography (2.5 % EtOAc/Hexanes as the eluent) to afford the title compound as an off 

white solid (1.08 g, 76% yield).49 
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1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 8.4 Hz, 1H), 7.45-7.41 (m, 1H), 7.36-7.27 (m, 3H), 

7.21 (dd, J = 8.4 Hz, 1.7 Hz, 1H), 7.12-7.03 (m, 3H), 6.52 (dd, J = 3.1, 1.0 Hz, 1H), 5. 28 (s, 2H). 

1-bromocylcohex-1-ene (S4): To a flame-dried round bottom flask was added triphenyl 

phosphite (6.8 g, 22.0 mmol, 1.1 equiv.). The atmosphere was exchanged three times with argon 

and equipped with an argon balloon.  Anhydrous CH2Cl2 was added (60 mL) and the reaction 

was cooled to -78°C. Bromine (1.2 mL, 24.0 mmol, 1.2 equiv.) was added slowly and allowed to 

stir for five minutes before the slow addition of triethylamine (3.6 mL, 26.0 mmol, 1.3 equiv.).  

The reaction mixture was stirred for another five minutes before the addition of cyclohexanone 

(2.1 mL, 20.0 mmol, 1 equiv.). The reaction mixture was warmed to room temperature overnight 

then refluxed for two hours. The crude reaction mixture was then concentrated and purified by 

silica chromatography (100% Hexanes as the eluent) to afford the title compound as a pale-

yellow oil (1.83 g, 56% yield). The physical and spectral properties match the reported values.50 

1H NMR (400 MHz, CDCl3): δ 6.04 (m, 1H), 2.42 (m, 2H), 2.08-2.07 (m, 2H)), 1.77-1.71 (m, 

2H), 1.64-1.58 (m, 2H). 

6-bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indazole (S5): To a round bottom flask was 

added 6-bromoindazole (0.493 g, 2.5 mmol, 1 equiv.) and CH2Cl2 (10 mL). The reaction 

mixture was cooled to 0°C and potassium hydroxide (0.168 g, 3.0 mmol, 3 equiv., dissolved in 

0.6 mL H2O) was added, followed by tetrabutylammonium bromide (0.080 g, 0.25 mmol, 0.1 

equiv.). SEM-chloride (0.49 mL, 2.75 mmol, 1.1 equiv.) was then added dropwise and stirred at 

0°C for 1 hour.  The reaction mixture was allowed to warm to room temperature, stirred 

overnight, quenched with H20 (10 mL) and extracted three times with DCM. The crude reaction 

mixture was dried over MgSO4, concentrated in vacuo, and purified via silica chromatography 

(5-10% EtOAc/Hexanes as the eluent) to afford the title compound as a light brown oil (0.412 g, 

50% yield). 

1H NMR (400 MHz, CDCl3): δ 7.97 (d, J = 1.0 Hz, 1H), 7.79-7.77 (m, 1H), 7.60 (dd, J = 8.6 

Hz, 0.7 Hz, 1H), 7.30 (dd, J = 8.5 Hz, 1.6 Hz, 1H), 5.70 (s, 2H), 3.56-3.50 (m, 2H), 0.91-0.85 

(m, 3H), -0.06 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 140.61, 134.24, 125.11 123.76, 122.32, 121.36, 112.92, 77.95, 

66.67 17.86, -1.11 -1.36, -1.61. 

HRMS (APCI) m/z: [M+] calcd. for C12H20ON2Si, 327.0523, found 327.0520. 

Rf: 0.47 (5% EtOAc/Hexanes). 
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IV. Preparation of Products from Substrate Table 

Benzoic Acid (7): Prepared according to the general procedure using bromobenzene (0.5 mmol, 

53 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 

g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 mol%), and 

[4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 mol%), in 

1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCl (10 mL), 

extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo. The crude 

reaction mixture was purified by silica chromatography (10% EtOAc/hexanes + 1% AcOH as the 

eluent) to afford the title compound as a pale-yellow solid (0.065 g, 86% yield). The physical 

and spectral properties were consistent with the reported values.51 

1H NMR (400 MHz, DMSO-d6): δ 12.94 (s, 1H), 7.95 (d, J = 7.3 Hz, 2H), 7.62 (t, J = 7.3 Hz, 

2H), 7.50 (t, J = 7.7 Hz, 1H). 

3-methylbenzoic acid (8): Prepared according to the general procedure using 3-bromotoluene 

(0.5 mmol, 61 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005 

mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 

mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 

mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCl 

(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.  

The crude reaction mixture was purified by silica chromatography (20% EtOAc/hexanes + 1% 

AcOH as the eluent) to afford the title compound as a pale-yellow solid (0.060 g, 88% yield).  

The physical and spectral properties were consistent with the reported values.52 

1H NMR (600 MHz, CDCl3): δ 7.95-7.90 (m, 2H), 7.43 (d, J = 7.6z Hz, 2H), 7.38 (t, J = 7.4 Hz, 

1H), 2.43 (s, 3H). 

4-methylbenzoic acid (9): Prepared according to the general procedure using 4-bromotoluene 

(0.5 mmol, 61 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005 

mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 

mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 

mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCl 

(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.  

The crude reaction mixture was purified by silica chromatography (20% EtOAc/hexanes + 1% 

AcOH as the eluent) to afford the title compound as a pale-yellow solid (0.060 g, 88% yield).  

The physical and spectral properties were consistent with the reported values.53 
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1H NMR (600 MHz, CDCl3): δ 7.95-7.90 (m, 2H), 7.43 (d, J = 7.6z Hz, 2H), 7.38 (t, J = 7.4 Hz, 

1H), 2.43 (s, 3H). 

 

 

3-(hydroxymethyl)benzoic acid (10):  Prepared according to the general procedure using 3-

bromobenzyl alcohol (0.5 mmol, 60 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 

equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) 

(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) 

bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the 

reaction was quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over 

MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica 

chromatography (20-50% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title 

compound as a white solid (0.039 g, 51% yield).   

1H NMR (400 MHz, DMSO-d6): δ 7.92 (s, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.54 (d, J = 7.7 Hz, 

1H) 7.44 (t, J = 7.6 Hz, 1H) 5.32 (bs, 1H), 4.55 (s, 2H). 

13C NMR (100 MHz, CDCl3): δ 167.46, 143.07. 130.77, 130.68, 128.31, 127.64, 127.21, 62.44. 

HRMS (APCI) m/z: [M+H] calcd. for C8H9O3, 153.0546, found 153.0546. 

Rf: 0.36 (40% EtOAc/Hexanes + 1% AcOH). 

3-methoxybenzoic acid (11): Prepared according to the general procedure using 3-bromoanisole 

(0.5 mmol, 63 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005 

mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 

mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 

mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCl 

(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.  

The crude reaction mixture was purified by silica chromatography (20-30% EtOAc/hexanes + 

1% AcOH as the eluent) to afford the title compound as a pale-yellow solid (0.065 g, 86% yield).  

The physical and spectral properties were consistent with the reported values.54 

1H NMR (400 MHz, DMSO-d6): δ 13.00 (s, 1H), 7.53 (dt, J = 7.6, 1.3 Hz, 1H), 7.44-7.38 (m, 

2H), 7.18 (ddd, J = 8.20, 2.7, 1.0 Hz, 1H), 3.80 (s, 3H). 

4-methoxybenzoic acid (12): Prepared according to the general procedure using 4-bromoanisole 

(0.5 mmol, 63 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 4CzIPN (.005 

mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 

mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 
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mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M HCl 

(10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in vacuo.  

The crude reaction mixture was purified by silica chromatography (20-30% EtOAc/hexanes + 

1% AcOH as the eluent) to afford the title compound as a pale-yellow solid (0.039 g, 52% yield).  

The physical and spectral properties were consistent with the reported values.54 

1H NMR (400 MHz, DMSO-d6): δ 13.00 (s, 1H), 7.89 (d, J = 7.9, 2H), 7.02 (d, J = 8.8 Hz, 2H), 

3.82 (s, 3H). 

3-cyanobenzoic acid (13): Prepared according to the general procedure using 3-

bromobenzonitrile (0.5 mmol, 0.091g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 

equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) 

(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) 

bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the 

reaction was quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over 

MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica 

chromatography (20-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title 

compound as a white solid (0.062 g, 89% yield). The physical and spectral properties were 

consistent with the reported values.55 

1H NMR (400 MHz, DMSO-d6): δ 13.00 (s, 1H), 8.30-8.26 (m 1H), 8.25-8.20 (dt, J = 7.9, 1.4 

Hz, 1H), 8.13-8.07 (dt, J = 7.7, 1.3, 1H), 7.73 (t, J = 7.8 Hz, 1H). 

4-cyanobenzoic acid (14): Prepared according to the general procedure using 4-

bromobenzonitrile (0.5 mmol, 0.091g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 

equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) 

(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) 

bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the 

reaction was quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over 

MgSO4 and concentrated in vacuo. The crude reaction mixture was purified silica 

chromatography (20-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title 

compound as a pale-yellow solid (0.065 g, 86% yield). The physical and spectral properties were 

consistent with the reported values.56 

1H NMR (400 MHz, CDCl3): δ 8.22 (d, J = 8.4 Hz, 2H), 7.80 (d, J = 8.4 Hz, 2H). 

3-acetylbenzoic acid (15): Prepared according to the general procedure using 3-

bromoacetophenone (0.5 mmol, 66 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 
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equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) 

(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) 

bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the 

reaction was quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over 

MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica 

chromatography (20-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title 

compound as a white solid (0.065 g, 79% yield). The physical and spectral properties were 

consistent with the reported values.57 

1H NMR (400 MHz, CDCl3): δ 8.68 (s, 1H), 8.32 (d, J = 7.7 Hz, 1H), 8.23 (d, J = 7.9 Hz, 1H), 

7.62 (t, J = 7.8 Hz, 1H), 2.68 (s, 3H).  

3-formylbenzoic acid (16): Prepared according to the general procedure using 3-

bromobenzaldehyde (0.5 mmol, 0.093 g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 

equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) 

(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) 

bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the 

reaction was quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over 

MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica 

chromatography (20% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title compound as 

a pale-yellow solid (0.068 g, 91% yield). The physical and spectral properties were consistent 

with the reported values.58 

1H NMR (400 MHz, DMSO-d6): δ 13.37 (s, 1H), 10.09 (s, 1H), 8.44 (s, 1H), 8.24 (d, J = 7.6 

Hz, 1H), 8.14 (d, J = 7.7 Hz, 1H), 7.74 (t, J = 7.6 Hz, 1H). 

3-sulfamoylbenzoic acid (17): Prepared according to the general procedure using 3-

bromobenzenesulfonamide (0.5 mmol, 0.118 g, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 

1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) 

(0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) 

bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the 

reaction was quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over 

MgSO4 and concentrated in vacuo. The crude reaction mixture was purified by silica 

chromatography purified by silica chromatography (0-50% EtOAc/hexanes + 1% AcOH 

followed by 0-10% MeOH/CH2Cl2 as the eluent) to afford the title compound as a pale-yellow 

solid (0.077 g, 76% yield). The physical and spectral properties were consistent with the reported 

values.59 

1H NMR (400 MHz, DMSO-d6): δ 13.42 (bs, 1H), 8.39 (s, 1H), 8.14 (d, J = 7.8 Hz, 1H), 8.05 

(d, J = 8.1 Hz, 1H), 7.71 (t, J = 7.7 Hz, 1H), 7.50 (s, 2H). 
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3-fluorobenzoic acid (18): Prepared according to the general procedure using 1-bromo-3-

fluorobenzene (0.5 mmol,  56 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 

4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 

mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 

mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was 

quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and 

concentrated in vacuo. The crude reaction mixture was purified by silica chromatography (0-

50% EtOAc/hexanes + 1% AcOH followed by 0-10% MeOH/CH2Cl2 as the eluent) to afford the 

title compound as a white solid (0.058 g, 84% yield). The physical and spectral properties were 

consistent with the reported values.60 

1H NMR (400 MHz, DMSO-d6): δ 13.30 (bs, 1H), 7.80 (dt, J = 7.6, 1.3 Hz, 1H), 7.69-7.63 (m,  

1H), 7.61-7.54 (m, 1H), 7.53-7.46 (m, 1H).  

3-chlorobenzoic acid (19): Prepared according to the general procedure using 1-bromo-3-

chlorobenzene (0.5 mmol,  59 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 

4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 

mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 

mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was 

quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and 

concentrated in vacuo. The crude reaction mixture was purified by silica chromatography (0-

50% EtOAc/hexanes + 1% AcOH followed by 0-10% MeOH/CH2Cl2 as the eluent) to afford the 

title compound as a white solid (0.065 g, 83% yield). The physical and spectral properties were 

consistent with the reported values.61 

1H NMR (400 MHz, DMSO-d6) δ 13.34 (bs, 1H), 7.93-7.89 (m, 2H), 7.74-7.69 (m, 1H), 7.55 (t, 

J = 8.1 Hz, 1H). 

3-bromobenzoic acid (20): Prepared according to the general procedure using 1-bromo-3-

iodobenzene (0.5 mmol,  64 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 g, 1.5 equiv.), 

4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.075 

mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.05 

mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was 

quenched with 1M HCl (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and 

concentrated in vacuo. The crude reaction mixture was purified by silica chromatography (10-

20% EtOAc/hexanes + 1% AcOH as the eluent) to afford the title compound as a light-yellow 
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solid (0.082 g, 82% yield). The physical and spectral properties were consistent with the reported 

values.62 

1H NMR (400 MHz, DMSO-d6): δ 13.32 (bs, 1H), 8.04 (t, J = 1.8 Hz, 1H), 7.93 (dt, J = 7.8, 1.3 

Hz, 1H), 7.86-7.82 (m, 1H). 

Benzo[d][1,3]dioxole-5-carboxylic acid (21): Prepared according to the general procedure 

using 5-bromo-1,3-benzodioxole (0.5 mmol, 60 µl, 1 equiv.), sodium formate (0.75 mmol, 0.051 

g, 1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-

bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-

2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 

mL). After 16 hours the reaction was quenched with 1M HCl (10 mL), extracted three times with 

ethyl acetate, dried over MgSO4 and concentrated in vacuo. The crude reaction mixture was 

purified by silica chromatography (20-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford 

the title compound as a white solid (0.055 g, 66% yield). The physical and spectral properties 

were consistent with the reported values.63 

1H NMR (400 MHz, DMSO-d6): δ 12.76 (s, 1H), 7.54 (dd, J = 8.3, 1.7 Hz, 1H), 7.36 (d, J = 1.7 

Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H), 6.12 (s, 2H).  

1-benzyl-1H-indole-6-carboxylic acid (22): Prepared according to the general procedure using 

1-benzyl-6-bromo-1H-indole (0.5 mmol, 0.143 g, 1 equiv.), sodium formate (0.75 mmol, 0.051 

g, 1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-

bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-

2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 

mL). After 16 hours the reaction was quenched with 1M HCl (10 mL), extracted three times with 

ethyl acetate, dried over MgSO4 and concentrated in vacuo. The crude reaction mixture was 

purified by silica chromatography (10-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford 

the title compound as a light-yellow solid (0.063 g, 50% yield). The physical and spectral 

properties were consistent with the reported values. 

1H NMR (400 MHz, DMSO-d6): δ 12.57 (bs, 1H), 8.05-8.04 (m, 1H), 7.77 (d, J = 3.0 Hz, 1H), 

7.63-7.61 (m, 2H), 7.31 (t, J = 7.1 Hz, 2H), 7.25 (t, J = 7.4 Hz, 1H), 7.16 (d, J = 7.4 Hz, 2H), 

6.59 (dd, J = 3.1, 0.9 Hz, 1H), 5.53 (s, 2H). 

13C NMR (100 MHz, DMSO-d6): δ 168.22, 138.07. 135.05, 132.78, 131.80, 128.63, 127.41, 

126.74, 123.47, 120.17, 120.11, 112.18, 101.39, 49f.16. 

HRMS (APCI) m/z: [M+H] calcd. for C16H14O2N, 252.1019, found 252.1015. 

Rf: 0.49 (30% EtOAc/Hexanes + 1% AcOH). 
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1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indazole-6-carboxylic acid (23): Prepared according 

to the general procedure using S5 (0.5 mmol, 0.143 g, 1 equiv.), sodium formate (0.75 mmol, 

0.051 g, 1.5 equiv.), 4CzIPN (.005 mmol, 0.0039 g, 1 mol%), N-phenyl-

bis(trifluoromethanesulfonimide) (0.075 mmol, 0.027 g, 15 mol%), and [4,4’-Bis(1,1-dimethyl)-

2,2’-bipyridine] nickel (II) bromide (0.05 mmol, 0.024 g, 10 mol%), in 1:1 DMSO/dioxane (5 

mL). After 16 hours the reaction was quenched with 1M HCl (10 mL), extracted three times with 

ethyl acetate, dried over MgSO4 and concentrated in vacuo. The crude reaction mixture was 

purified by silica chromatography (10-30% EtOAc/hexanes + 1% AcOH as the eluent) to afford 

the title compound as a light-yellow solid (0.066 g, 66% yield). The physical and spectral 

properties were consistent with the reported values. 

1H NMR (400 MHz, DMSO-d6): δ 13.13 (bs, 1H), 8.35 (d, J = 1.1 Hz, 1H), 8.25 (d, J = 1.0 Hz, 

1H), 7.89 (dd, J = 8.5, 0.8Hz, 1H), 7.75 (dd, J = 8.4, 1.3 Hz, 1H), 5.85 (s, 2H), 3.51 (t, J = 8.1 

Hz, 2H), 0.79 (t, J = 7.9 Hz, 2H), -0.13 (s, 9H). 

13C NMR: (400 MHz, DMSO-d6) δ 167.52, 139.15, 134.05, 128.96, 126.66, 121.46, 121.04, 

112.02, 76.96, 65.65, 17.11, -1.21, -1.47, -1.72.  

HRMS (APCI) m/z: [M+H] calcd. for C14H21O3N2Si, 293.1316, found 293.1313. 

Rf: 0.52 (30% EtOAc/Hexanes + 1% AcOH). 

Cyclohex-1-ene-1-carboxylic acid (24): Prepared according to the general procedure S3 (0.1 

mmol, 12 µl, 1 equiv.), sodium formate (0.15 mmol, 0.010 g, 1.5 equiv.), 4CzIPN (.0001 mmol, 

0.0008 g, 1 mol%), N-phenyl-bis(trifluoromethanesulfonimide) (0.015 mmol, 0.0053 g, 15 

mol%), and [4,4’-Bis(1,1-dimethyl)-2,2’-bipyridine] nickel (II) bromide (0.01 mmol, 0.0048 g, 

10 mol%), in 1:1 DMSO/dioxane (5 mL). After 16 hours the reaction was quenched with 1M 

HCl (10 mL), extracted three times with ethyl acetate, dried over MgSO4 and concentrated in 

vacuo. Dibromomethane (0.1 mmol, 7.0 µl, 1.0 equiv.) was added to the crude reaction mixture 

as an internal standard and the sample was analyzed via 1H NMR (d = 5 s), and the integral 

values were used to calculate product yield (80% yield by NMR).64 
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