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Preface 

The thesis entitled “Development of Novel Carboxylation Reactions and Chemoselective 

Transformation of Carboxylic Acids” presents sustainable strategies to employ carbon dioxide 

(CO2) and formic acid (HCOOH) as C-1 feedstock to synthesize carboxylic acids and 

subsequently to transform carboxylic acids chemo- and regioselectively to produce value-

added materials. 

The increasing concentration of atmospheric CO2 is becoming a huge threat to 

mankind due to global warming and abnormal changes in the global climate. Therefore, there 

is an urgent need to utilize CO2 and other bulk chemicals which are produced in large 

quantities and cause serious threats to the environment. From economic and environmental 

standpoints, CO2 is an excellent C1 source; besides, other renewable and inexpensive bulk 

chemicals are ideal starting materials for the synthesis of value-added fine chemicals, 

polymer materials etc. However, from the synthetic standpoint, activation of CO2 is still 

problematic and challenging because in CO2, carbon is in the highest oxidation state which is 

thermodynamically stable and kinetically very inert in the many reaction conditions. As a 

result, most of the known studies till date used highly reactive substrates and/or very harsh 

and energetic reaction conditions to activate CO2 which made those methods limited and not 

generalized enough to fulfill environmental or economical requirements. Particularly, in past 

decades, catalytic coupling of CO2 with high energy substrates like epoxides, aziridines, 

carbonates etc. have been developed. To make CC bonds with CO2, the use of carbon 

nucleophiles is limited to Grignard or organolithium compounds. Currently, CO2 is used in 

industries to produce bulk chemicals such as urea, salicylic acid, cyclic/poly carbonates. The 

reduction to methanol, CO or conversion to benzoic acid has been far less investigated as 

these processes require high activation energy which is unfavorable and this high energy 

barriers can only be overcome by the help of catalysts. In the last decade, transition-metal 

catalysis has shown potential to activate inert CO2 through uphill catalysis. However, owing 

to its inherent kinetic and thermodynamic stability of CO2, most of the transformations 

require high temperatures, high pressure, and stoichiometric amounts of organometallic 

reductants that leads to accidental and environmental hazards. Inspired by the natural 

photosynthesis and development of photoredox catalysis, photocatalytic conversion of CO2 

into value-added products has emerged as a benign and practical approach in organic 

synthesis. Recently, in addition to CO2, researchers exploited its reduced form formic acid 
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(HCOOH) as another inexpensive, renewable, and non-toxic C-1 feedstock for carboxylation 

and carbonylation reactions. Intrigued by these, we have performed 

carboxylation/hydorxycarbonylation with these two benign C-1 source for synthesizing 

carboxylic acids in green and mild approach. Besides, carboxylic acids and its derivatives 

constitute common units in various natural products, bioactive compounds and synthetic 

intermediates. Upon successful attempts of producing carboxylic acids, transformation of the 

same would be performed using sustainable reaction conditions and new catalytic methods to 

produce library of pharmacophores. 

 Firstly, we would present a detailed general review to understand the modern 

sustainable modes of carboxylation reactions with CO2 and the different strategies to convert 

carboxylic acids to a diverse range of important class of compounds. To circumvent the 

existing difficulties of carboxylation reactions with CO2 using classical methods, 

photocatalysis have emerged as state-of-the-art technique for carboxylation with CO2. In this 

chapter, we would chronologically portray the developments of sustainable 

photocarboxylation reactions to synthesize carboxylic acids. Then, the salient modes of 

reactions would be overviewed to convert carboxylic acids to produce value-added products. 

Here, we would discuss metal, metal-free, photo-, and electrocatalytic strategies for 

decarboxylative couplings, carboxyl group directed CH activations, and CH activation 

towards lactone formation starting from carboxylic acid substrates. 

Secondly, organic photoredox-catalyzed, acylative photocarboxylation of alkene with 

CO2 would be presented. The acyl radical is generated from the corresponding α-

ketocarboxylic acids through decarboxylation and attaches to the β-position of the vinyl 

arenes, while CO2 molecule attaches to the α-position to yield the γ-keto carboxylic acid 

product. Notably here, both the decarboxylation and carboxylation events would take place at 

single operation behaving against “Le Chatelier’s principle”. 

 Thirdly, a palladium catalyzed hydroxycarbonylation of aryldiazonium salt with 

formic acid (HCOOH) has been developed to produce aryl carboxylic acids. The method is 

also applicable on anilines via in-situ formation of diazonium salts. Here, we have been able 

to eliminate the high toxicity of convenient carbonyl source carbon monoxide (CO) by 

replacing it with commonly available HCOOH where HCOOH acts as CO-surrogate. 

Lastly, we would present a copper-powder catalyzed strategy for synthesis of 

privileged seven-membered lactones, dibenzo[c,e]oxepin-5(7H)-ones through a highly 
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chemoselective benzylic C(sp3)‒H activation from biaryl carboxylic acids. Here remarkably, 

the formation of widely explored six-membered lactone via C(sp2)‒H activation has 

successfully been bypassed under our conditions. Here we used copper powder as catalyst 

along with di-tert-butyl peroxide (DTBP) as oxidant. Later, due to the potential hazards of 

stoichiometric DTBP, we would replace it with O2 by coupling copper catalysis with 

photocatalysis. This is probably the first example of confluence between metallic copper 

catalysis and photocatalysis to capture gaseous O2. A 1,5-aryl migration through Smiles 

rearrangement would also be discussed using similar condition. The methodology presented 

is scalable, applied to the total synthesis of a very important bioactive natural product 

Alterlactone. The catalyst is recyclable too. Very interestingly, one demonstration has been 

shown where the reaction has been performed without any added external catalyst in a 

copper-bottle. Additionally, a range of diverse reactivities via CH activation of different 

substrates have been found with our catalytic condition. 

So, the major objectives of this thesis would be concentrated on photo- and transition 

metal catalytic transformation of CO2 and HCOOH to synthesize diverse range of carboxylic 

acids. And then it would represent copper/photocatalyzed benzylic C(sp3)H oxidation 

chemistry with O2 or peroxide to transform carboxylic acids to provide different class of 

compounds, which are difficult to synthesize otherwise. 
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I.1. Introduction 

Although non-toxic, being the most crucial greenhouse gas, CO2 (carbon dioxide) is 

tremendously responsible for global warming.1 The problem has been enormously accelerated 

since industrial revolution fossil-fuel combustion and other human activities that resulted in 

ever-increasing concentration of CO2 in the environment. As, there is no possibility of giving 

up the industrial benefits, the realizable job to control the problem is to minimize the “carbon 

footprint”2 in the industrial processes. Replacement of the troublesome technologies with 

sustainable ones and reutilization of the emitted CO2 to produce other value-added products 

are the main two approaches for attaining sustainability. From the synthetic chemistry point of 

view, enormous effort has been dedicated to accomplish the long-cherished goal of “waste to 

wealth” conversion. Motivated by the strict guidelines from EPA (environment protection 

agencies), this field has regained upsurge lately. 

“Circular carbon economy” employing CO2 is a timely concept in today’s energy 

research.3 Still, as CO2 is highly abundant, cheap and non-toxic in nature4, contrary to its 

counterpart CO (carbon monoxide), CO2 is a potentially suitable C-1 source in the synthetic 

organic chemistry field. Additionally, carboxylic acids and its derivatives are prevalent in 

various bioactive compounds, natural products, 5 and are commonly used as synthetic 

intermediates for value-added product synthesis6. Some significant advancement has been 

realized from this concept of CO2 utilization reaction for synthesis of fine chemicals (Figure 

1).7 In the last 15 years, with the advancement of transition-metal catalysis, a huge development 

has been executed for transition-metal catalyzed direct carboxylation reaction using CO2 as C-

1 feedstock. Here, transition-metal catalysts are used along with (super)stoichiometric amount 

of metal reductants, which are environmentally toxic in nature.8 

 

Figure 1. Utilization of Carbon Dioxide (CO2). 
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So, the evident drawback lies in huge amount of toxic metal waste generation, which bars this 

approach for industrial use. Now, inspired by the natural photosynthesis, which uses direct 

solar energy for capturing and utilizing CO2; chemists have engaged themselves to nearly 

mimic the technology in laboratory scale, though the advancement is still a way behind the 

dream. 

Having said all these, the main barrier to make these goals “hard-to-achieve” is the 

inertness of CO2. As CO2 carries the carbon at the most oxidized state, it is kinetically very 

inert and thermodynamically stable. Thus, activating CO2 molecule is very tough task to 

execute. Most of the traditional approaches are using nucleophilic organometallic reagents. As 

stated earlier, considerable amount of work has been performed for generating new C-C bonds 

using CO2 breaking C−H, C−X (X= (pseudo)halides) or C−B bonds catalyzed by transition 

metals. Despite broad range of reaction scopes, the harsh and toxic nature of the requisite metal 

reductants and other reaction conditions makes these methods impractical in industrial scale. 

Additionally, plenty of substrates are incompatible in this approach for carboxylation for their 

instability under elevated temperature. 

As the world has leaned towards green and sustainability, carboxylation approaches 

call for state-of-the-art technologies led by renewable energy sources. During last decade, 

photoredox chemistry has rapidly emerged.9 With this huge development of photoredox 

chemistry, various challenging chemical transformations have been eased to execute. As we 

know, natural photosynthesis deals with CO2 fixation by plants with solar light under ambient 

temperature and pressure; mimicking the same inside laboratory to execute “artificial 

photosynthesis”10 is the most cherished goal to the scientists. If succeeded, this would change 

the whole dimension of the world’s need. Likewise, researchers have applied photocatalysis 

either solely or merging it with the transition metal (TM) catalysis to abolish the use of toxic 

metal reductants to afford carboxylation mostly under balloon pressure and at ambient 

temperature. Despite being comparatively newer in research, this strategy has been quite 

fruitful and explorative in this short time also. Photocatalysis has been applied for direct 

carboxylation reactions of unsaturated hydrocarbons such as alkenes, alkynes etc., 

carboxylation through the activation of C−H, C−O, C−N, or C−X (X = (pseudo)halide) bonds 

as well as for carboxylative difunctionalization of alkenes. This newer developments would be 

reviewed here and a comparative discussion between transition-metal catalyzed carboxylation 



Photocarboxylation Reactions with CO2 and Transformation of Carboxylic Acids: 
Journey towards Sustainability  

 

 

5 

 

and photocarboxylation has also been made for better understanding towards availing 

sustainibility. 

Besides being prevalent in synthetic drugs, designer fuels or fine chemicals, carboxylic 

acids and its derivatives are very important substrates for various valuable transformations. 

After discussing the latest developments of state-of-the-art carboxylation techniques via 

photocatalysis for synthesis of diverse range of carboxylic acids, various type of reactivities of 

the carboxylic acids would be briefly overviewed.  

 

Figure 2. Transformation of carboxylic acids. 

We would have a understanding on using carboxylic acids as synthons for decarboxylation 

reactions, carboxy group directed C−H activation and lactone ring formation via C-H activation 

to give privileged synthetic compounds (Figure 2). 

I.2. Towards sustainable carboxylation strategies 

As we know, historically, the carboxylation reactions with CO2 were developed by the 

involvement of Grignard or organolithium type highly nucleophilic organometallic complexes, 

where nucleophilic organic part combines with CO2 molecule to provide carboxylic acids after 

aqueous work up. (Scheme 1, i). Though, this strategy is used in certain cases, very low 

functional group tolerance makes this process limited to very selective transformations only. 

Moreover, the sensitive nature of the organometallic substrates (readily decompose at aerial 

condition and ambient temperature) and the essential requirement of excessive high pressure 

of CO2 or dry ice or super-critical CO2 (scCO2) make these processes to be usable only with 

special set-up. 

Huge evolution of transition-metal catalysis in the past two decades extremely eased 

the carboxylation processes and also broadened its scopes to variety of substrates bearing a 

wide range of functional groups (Scheme 1, ii). Instead of using preformed organometallic 

CO2 COOH

Decarboxylation

Directed 

C−H activation

Intramolecular 

C−H lactonization
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substrate, on use of a TM catalyst (Pd, Ni, Co, Rh, Cu etc.) along with a (super)stoichiometric 

metal reductant (Mn, Zn or Et2Zn), an appropriate organometallic compound bearing low 

valent TM generates which executes the carboxylation mainly at elevated temperature. Besides 

broad functional group tolerance, here 1 atm of CO2 mostly suffices the requirement for 

carboxylation. Thus, TM catalyzed carboxylation has emerged rapidly having a huge step 

forward to sustainability and better applicability. This approach has extensively been used for 

performing carboxylation of organic (pseudo)halides, alkenes, alkynes etc. 

Despite immense improvement of TM-catalyzed carboxylation, the 

(super)stoichiometric use of hazardous metallic reducing agents make these less 

environmentally benign and left a huge scope for advancement. 

 

Scheme 1. Chronological developments of carboxylation techniques towards sustainability. 

To remove the formation of toxic metal waste and simultaneously reduce the required 

temperature of the carboxylation processes, a state-of-the-art technique was badly necessary. 

Photoredox catalysis successfully served the purpose in the last few years. Firstly, it has been 

coupled with TM-catalysis to stop the use of metal reductants and using organic reducing agent 
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in their stead. Additionally, this technique has been successful to carboxylate the organic 

substrates with atmospheric pressure of CO2 and at room temperature (Scheme 1, iii). 

To attain utmost sustainability, further research on photocarboxylation has been able to 

be applied solely for the purpose, even without any TM catalyst. In some occasions, even no 

reducing agents are required at all. The photocatalyst alone can also furnish the carboxylation 

under balloon pressure of CO2 and at ambient temperature with broad functional group 

tolerance (Scheme 1, iv). Even catalyst-free (photo)carboxylation techniques have started to 

be discovered in recent times (Scheme 1, v). 

I.3. Conceptual framework 

Due to the previously mentioned disadvantages of TM-catalysis, transforming CO2 in 

more sustainable strategies under its atmospheric pressure has become an important goal to 

synthetic chemists. As natural photosynthesis process captures CO2 under solar light, to take 

the full advantage of the recent development of photoredox catalysis, chemists turned attention 

to realize photoctalyzed CO2 utilization. Depending on the patterns of the carboxylation 

reactions with CO2, a brief understanding on the mechanisms has been depicted in Scheme 2. 

As we see, vastly developed TM-catalysis essentially uses (super)stoichiometric amount of 

metal reducing agents, for example Mn, Zn, Et2Zn etc. Here, in the process, active 

organometallic complex is formed as intermediate which captures CO2 and insert this to the 

organic substrates. 2) Then, non-metallic sacrificial electron donors are used in place of the 

metal reductants in TM-catalysis taking synergistic assistance of photoredox catalysis.  

 

Scheme 2. General Mechanisms for Carboxylation Reactions. 
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Here, intermediately formed organometallic complex carries the transformation. 3) As it is 

weakly electrophilic, CO2 is susceptible to be attacked nucleophilically by an appropriate 

anionic intermediate as per the HSAB principle. But the main challenge resides in the fact of 

high kinetic inertness of CO2. With the sole help of photocatalysis, in absence of additional 

TM-catalyst, stable carbanions could be formed, which react with CO2 or a heteroatom 

containing organic substrate. In case of latter, nucleophilic heteroatom (N or O) attacks CO2. 

4) Making CO2 to undergo single-electron (SET) reduction of molecule leading to –•CO2 

(radical anion) which couples with another radical which should be transient and stabilized or 

with unsaturated compounds to make new C−C bond. But this has been very rarely developed 

as CO2 possesses extremely high negative reduction potential (E0 = −2.21 V vs SCE in DMF). 

To surpass this high energy barrier, that too via mild approaches, photocatalytic condition or 

external application of high potential is on demand. To understand the developments of 

photocatalytic CO2 fixation in the past decade, the discussion will be focused and classified 

based upon the binding modes of CO2. 

I.4. Comparative mechanisms of TM catalyzed carboxylation and 

photocarboxylation 

 As viewed in the previous section, we would now look at the detailed carboxylation 

mechanism associated with the conventional TM- catalysis and photocatalysis. 

 For example, during carboxylation of aryl- or alkyl- (pseudo)halides via TM-catalysis, 

first oxidative addition takes place by transition metal M, and the metal goes to higher oxidation 

state (MII). As the organometallic complex having TM of higher oxidation state are not suitably 

nucleophilic to execute carboxylation, the metal reductant (here Zn) reduces the TM to lower 

oxidation state (MI), which captures CO2 and furnishes carboxylation (Scheme 3, i). 

 Contrastingly, when TM-catalysis is merged with photocatalysis for the same 

transformation, in lieu of metal reductant, photocatalysis serves the critical reduction process 

to step-down the oxidation state of the metal in the organometallic intermediate. Regarding 

photocatalysis, the photocatalyst (PC) excites by light irradiation to PC*, and subsequently get 

reduced to PC•– by organic reducing agent (commonly tertiary amines, R3N, such as iPr2NEt, 

HEH etc.) This PC•– reduces the oxidized transition metal (MII) and itself regenerates PC 

(Scheme 3, ii). 
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On sole use of photocatalysis without TM-catalysis gives carboxylation mainly via 

carbanion formation. Photocatalysis directly reduces the substrate to generate active carbanion 

which nuclephilically attack CO2 to furnish the carboxylation. Here also, the organic reductive 

quencher (ED) sacrificially reduces the PC* (Scheme 3, iii) 

 Alternatively, some transformations involve redox neutral process, e.g., carboxylative 

bifunctionalization of alkenes. Here, in place of organic reducing agent one substrate itself acts 

as reductant and reduces the PC* to give PC•– itself converts to an active radical. The radical 

attaches to the alkene generating another alkyl radical which is reduced by PC•– to produce 

alkyl carbanion. Subsequently, he carbanion attaches to CO2 to provide carboxylation products 

(Scheme 3, iv). 

 

Scheme 3. Mechanistic pathways of various carboxylation techniques. 
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I.5. Photocatalyzed carboxylation reactions 

Photoredox catalysis has appeared as a powerful and versatile synthetic tool to the 

synthetic chemists, in the last decade, strengthening the ever-growing sustainable development. 

This has been extensively used either by coupling with TM catalysis or solely, to fulfil a vast 

range of important transformations. Similarly, carboxylation reactions have also been realized 

by photocatalysis in similar approaches. Depending on the mode of catalysis, we would 

compartmentalize the developments to discuss. As stated in Scheme 1, photocatalysis mainly 

deals with three approaches for carboxylation i.e., capture of CO2 by organometallic complex, 

nucleophilic addition of an anion to CO2 and SET reduction of CO2. 

I.5.1. Transition-metal (TM) / photoredox dual catalytic carboxylation reactions with 

CO2 

Encouraged from the huge development of TM / photoredox dual catalysis in organic 

synthesis, chemists utilized the same for fixation of CO2 in organic molecules. Handful of 

transformations have been realized where CO2 has been used as C-1 source to make one or new 

C-C bonds from several organic compounds. As TMs have been used, the capture of CO2 is 

mainly done by the organometallic complex formed in situ. 

I.5.1.1. Synergistic TM/photoredox catalyzed carboxylation of C−(pseudo)halide / 

C−O / C−N bonds 

TM catalysis has extensively been used for carboxylation of organic (pseudo)halides in 

the last 15 years.8c Because of the discussed pitfalls, a sustainable and mild approach was call 

of the time. 

In constant search for developing sustainable methods for carboxylation, first in 2017, 

Martin and Iwasawa made the breakthrough by discovering synergistic Pd/photoredox 

catalyzed carboxylation strategy for aryl halides (bromides / chlorides) with CO2 (atmospheric 

pressure) at room temperature and under blue LED irradiation using Ir(ppy)2(dtbpy)PF6 as the 

photocatalyst (Scheme 4, i).11 Here, they used Pd(OAc)2 as catalyst and PhXPhos as the ligand. 

Additionally, iPr2NEt serves the role of reductant under photocatalytic condition instead of 

using metallic reducing agents. Both of the electron-rich and deficient aryl bromides yielded 

carboxylation products in satisfactory yields under the reaction condition. Substituting 

PhXPhos with another electron-donating ligand tBuXPhos, made the condition compatible for 
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aryl chlorides also. Notably, electron deficient substrates yielded slightly higher for their facile 

oxidative addition to Pd. 

 

Scheme 4. Dual catalyzed carboxylation reactions of C−(pseudo)halides. 
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Shortly after this development, the König group realized photocarboxylation of aryl 

and aliphatic bromides (including 10, 20 and 30 ones) via a mild and efficient strategy using a 

Nickel/photoredox dual catalysts (Scheme 4, ii).12 Here, they used 4-CzIPN as organic 

photocatalyst and HEH (Hantzsch’s ester) as the reducing agent. Notably, used base K2CO3 

can also serve the role of carboxylation agent in addition to the externally applied CO2 

(balloon). Further, they expanded the substrate scope to aryl triflates (limited examples) for the 

synthesis of benzoic acids. 

Encouraged by these two works, our group13 and Iwasawa’s group14 disclosed two 

independent but nearly alike Pd/visible-light dual photoredox catalyzed techniques for 

carboxylation of aryl triflates to synthesize carboxylic acids (Scheme 4, iii).  

 

Scheme 5. One-pot carboxylation of phenol and carboxylation utilizing ex situ formed CO2. 

Importantly, Iwasawa’s protocol14 had been successful too for carboxylation of alkenyl 

triflates. Notably, we had shown diverse practical utility13 of this strategy like one-pot synthesis 

of benzoic acids directly from phenols, synthesis of commercial drug molecules e.g., 

Adapalene and Bexarotene, in-situ lactonization. Additionally, we demonstrated an interesting 

approach for reutilizing ex-situ generated CO2 for carboxylation reaction using a H-shaped 

vessel (Scheme 5).13 This particular development has potential in strategic sector to transform 

CO2 from fuel combustion and industrial waste to value-added products, if instead of emitting 

it to nature, we can bypass the released CO2 to other carboxylation-chamber.  
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Scheme 6. Mechanism of defluorinative C−F carboxylation of gem-difluoroalkenes. 

Notably, related to this, later, another interesting strategy for reusing in situ liberated CO2 has 

been realized by Yu 15 where both the incidents of carboxylation and decarboxylation reactions 

took place in single chamber and ended up in forming a single product (discussed in details at 

section I.5.2.2.2). 

After aforementioned developments of carboxylation strategies by cleaving C−Cl, 

C−Br and C−O bonds, an elegant methodology to achieve defluorinative carboxylation 

cleaving C-F bond of gem-difluoroalkenes was developed by the Feng’s group using 

Pd/photoredox dual catalysis (Scheme 4, iv).16 Contrary to the general ionic mechanism via 

oxidative addition, here at first, PC•– reduces one C-F bond forming radical 10A which 

complexes with LPd0 to generate PdI species 10B. Then 10B reacts with CO2, successive 

migratory insertion generates Pd(I)-carboxyl complex 10D. Then, 10D gets reduced by SET 

from PC•– to yield α-fluoroacrylic acids and to regenerate Pd(0) species. Here also, iPr2NEt acts 

as reductive quencher which reduces photoexcited PC to form PC•– (Scheme 6). It is necessary 

to mention here that at the same time, this transformation via non-photocatalytic and copper-

catalyzed methods was executed independently by the Yu17 group and Wu and Zhou18. 

Up to this point, the discussed reactions led to C(sp2)-carboxylic acids only. To 

synthesize C(sp3)-carboxylic acids via cooperative TM/photocatalysis, Iwasawa disclosed a 

Pd/photoredox catalyzed approach to carboxylate benzyl alcohol derivatives (Scheme 4, v).19 

Via their method, benzylic carbonates, acetates, pivalates and others could be transformed to 

substituted phenylacetic acids efficiently. In this report, they synthesized anti-inflammatory 

drugs (±)-Naproxen and Felbinac. 
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 Lately, the Xi group reported an elegant visible light/Ni dual catalytic approach for the 

direct carboxylation of allylic alcohols at room temperature to form new C-C bonds (Scheme 

4, vi).20 Various aryl and alkyl allylic alcohols provided smooth result here. Hantzsch ester was 

used as reductant. It was found that CO2 and the little amount of water, that Ni(OTf)2 contains, 

forms carbonates from allylic alcohols to pre-activate them. Therefore, Ni(OTf)2 generates Ni-

allylic complex and then, carboxylation at terminal end is achieved. 

I.5.1.2. Dual TM/photoredox catalyzed carboxylation of C−H bonds 

Beyond a doubt, attaining C−H carboxylation reactions directly by cleaving C−H bonds 

would be the most beneficial development. In this strategy, pre-functionalization of the 

substrates could be excluded which would improve atom-economy and minimize the number 

of steps. 

 

Scheme 7. Carboxylation of allylic C(sp3)−H bonds mediated by copper / light. 

Based on the previous inspiring developments21, Murakami and co-workers disclosed 

a strategy for allylic C−H carboxylation in 2016 under UV irradiation. Here, ketone was taken 

in catalytic amount as photosensitizer and copper complex was used as the TM-catalyst 

(Scheme 7).22 The ketone is excited by UV irradiation at first.  
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Scheme 8. Dual Ni/photoredox catalyzed C(sp3)−H carboxylation. 
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Then, it reacts with substrate 16A to form homoallyl alcohol 16B. Therefore, allyl transfer 

takes place between 16C and CO2 with a C−C bond cleavage and thus copper-catalyzed 

carboxylation is achieved (Scheme 7). Though, this example is not truly of synergistic dual 

catalysis, it has been discussed here as photosensitizer and metal catalyst have been used 

together for the carboxylation reaction. 

C−H carboxylation cleaving high energetic C(sp3)−H bonds remained unfulfilled for 

ages, even with classical TM-catalysis with metal reductants. In 2017, the Martin group broke 

the ice by reporting a strategy for remote C(sp3)−H carboxylation of alkyl halides using Ni-

catalyzed “chain walking” reaction.23 Here, Mn was used as the sacrificial reducing agent. 

Encouraged by the aforementioned findings of  ipso-carboxylation aromatic (pseudo)halides 

by TM/photoredox dual catalysis 11-14, via similar Ni-catalyzed “chain walking” fashion, 

Martin and co-workers, in 2019, achieved remote C(sp3)-H carboxylation in an alkyl bromide 

using Ni/photoredox catalysis replacing their previous Ni/Mn catalytic system (Scheme 8, i).24 

They replaced stoichiometric metal reductant with organic reductant. With varying the ligands, 

they performed carboxylation at both terminal primary and benzylic C(sp3)−H bonds under 

mild conditions. Mechanistically, oxidative addition of C−Br bond takes place and generates 

21B, an alkyl-Ni complex. Then, following β-H elimination, alkene derivative forms. 

Successive migratory insertion, nucleophilic addition of Ni(I) species to CO2, and SET 

reduction affords the carboxylated product (Scheme 8, ii). 

Continued from their previous findings of ketone sensitized photocarboxylation 

reactions under UV irradiation, Murakami and co-workers expanded their strategy for benzylic 

C(sp3)−H carboxylation (Scheme 8, iii).[24] Here, notably, primary benzylic groups furnished 

way better result than secondary ones. The ketone is excited and subsequently forms 23B 

(benzylic radical) which is captured by Ni(0) and forms Ni(I)-complex 23C. 23C captures CO2 

to yield the carboxylated product 24B (Scheme 8, iv). 

In this same report25, the authors extended their protocol for successful carboxylation of 

more challenging C-H bonds in saturated hydrocarbons e.g., n-pentane, cyclopentane or 

cyclohexane albeit the TON is low. 

I.5.1.3. Carboxylation of unsaturated organic substrates with TM/photoredox dual 

catalysis 
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As alkenes are easily available abundant substrates, carboxylation has been 

investigated26 rigorously on alkenes since long time. As far as monocarboxylation is concerned, 

the other end of the alkene might be functionalized with either hydrogen or another functional 

group. Keeping carboxylation as an integral part, the discussion has been done depending on 

the functionalization apart from the carboxylation. 

I.5.1.3.1. Hydrocarboxylation of alkenes/alkynes (unsaturated hydrocarbons) 

using dual catalysis 

 After the Lapidus group27 reported an initial findings in 1978 on hydocarboxylation of 

alkenes by Pd- and Rh- catalysis, several other groups including the Martin,28 Tsuji,29 

Iwasawa,30 Skrydstrup,31 Ma,32 Fujihara,33 and others34 contributed amply to this field. Alone 

transition metal catalysis using reductants like Mn, Zn or Et2Zn has been able to meet excellent 

regioselectivity. Still, for the constant developments towards sustainability, chemists engaged 

themselves for developing milder methods removing metal reductants, which also would 

broaden the functional group tolerance. 

 First in 2017, inspired from the prior works, Iwasawa’s group realized 

hydrocarboxylation of alkenes for synthesizing α-carboxylated products by Rh/photoredox 

catalysis (Scheme 9, i).35 Here, along with Rh(I) catalyst, [Ru(bpy)3](PF6)2 and iPr2NEt were 

used as photocatalyst and reductive quencher, respectively. Handful of electron-deficient 

alkenes were compatible under the reaction condition. In spite of long reaction time, moderate 

yields, they pioneered this field. 

Driven by the drawbacks of the previous methodology, in 2019, the same group 

disclosed a much upgraded catalytic strategy with BI(OH)H (benzimidazoline derivative), as 

the sacrificial electron donor.36 

 As we have seen, the regioselectivity guided carboxylation on α-site of the alkenes, i.e., 

Markovnikov carboxylation took place. Achieving anti-Markovnikov carboxylation to produce 

β-carboxylated product remained unreported until 2018 when the König group realized 

Ni/photoredox dual catalytic carboxylation following both Markovnikov and anti-

Markovnikov paths controlled by ligand (Scheme 9, ii).37 Varying the ligand from neocuproine 

to 1,4-bis-(diphenylphosphino)butane (dppb), the fashion of carboxylation shifted from 

Markovnikov to anti-Markovnikov paths.  
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Scheme 9. Dual catalytic hydrocarboxylation of alkenes. 

Irrespective of electronic nature of the substrates, the ligands successfully guided the 

regioselectivity by altering the mechanism. On the use of neocuproine (L2), formed Ni(II)-H 

species attaches to double bond at the α-position of alkene (27A) and generates Ni(II)-alkyl 

complex 27B. Then Ni(I)-alkyl complex 27C is formed by reduction of Ni(II). Therefore, 27C 

undergoes nucleophilic attack irreversibly on CO2 to give Markovnikov product 28A. On the 

other hand, when dppb is used as ligand (L12), first Ni(0)-L complex combines with CO2 to 

form stablilized 3-membered lactone. Then, the lactone complex reacts with substrate 27A 

where Ni(II) goes to α-position (27E) of alkene and carboxylate group resides at β-position. 
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27E is reduced by photocatalysis and selectively yields β-carboxylated product 29A (Scheme 

9, iii). 

 In 2019, the Wu group achieved  dual Co/Ir photoredox catalyzed carboxylation of 

alkynes, another class of unsaturated hydrocarbon (Scheme 10).38 

 

Scheme 10. Dual Co / photoredox catalyzed hydrocarboxylation of alkynes. 

In this report, handful of acrylates were produced from internal alkynes by experiencing 

carboxylation at alkyl substituted ends, selectively. On taking terminal alkynes as substrates, 

[2+2+2] cycloaddition took place between one molecule of CO2 and two molecules of alkyne 

resulting in formation of heterocyles. It is worth mentioning here that, Louie and co-workers 

previously developed a  similar [2+2+2] cycloaddition reaction with CO2 with nickel-

catalysis.39  

I.5.1.3.2. Carboxylative bifunctionalization of alkenes by dual catalysis 

 Besides hydrocarboxylation reactions, a huge effort has been put to perform 

carboxylation and to incorporate another functional group at two ends of the olefins i.e., 

difunctionalization40 with carboxylation as an integral part, at single operation. This research 

of bifunctionalization with selective α-carboxylation has adequately been contributed by solely 

photocatalysis, which would be discussed in later sections. As far as dual catalytic approach is 

concerned, one very interesting selective β-carboxylation strategy was developed by Yu and 

co-workers41 for thiocarboxylation of alkenes with CO2 and thiols (Scheme 11) using iron 

promoter. Here, under the visible light irradiation, in presence of tBuOK, FeCl3 combines with 
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thiols to form Fe/S complex and following natural “iron-sulfur world” hypothesis, under visible 

light, the Fe/S complex acts like electron transfer promoter. In the presence of thiol, FeCl3, and 

tBuOK, visible light was absorbed during UV-vis spectroscopic studies and strong reduction 

potential peak was observed during CV measurement. Evidently, the high CO2 to (E0 = −2.21 

V vs SCE in DMF) potential barrier was crossed by this reduction potential of −2.32 V.  

 

Scheme 11. Fe-catalyzed thiocarboxylation of alkenes. 

Therfore, the formed –•CO2 combines with the styrenes at β-end, forming the stabilized benzylic 

radical. And the combination of the benzyl radical and thiol radical yields the thiocarboxylated 

product (Scheme 11). This report shows one very rare strategy of achieving SET reduction of 

CO2 to form –•CO2 under visible light. 

I.5.2. Photocarboxylation with CO2 induced by only photocatalysts, free from 

synergistic TM-catalysis 

The developed synergistic TM/photoredox dual catalytic carboxylation reactions have 

successfully omitted the use of (super)stoichiometric metal reductants, and the field is 

continuously emerging. Additionally, to reach more sustainability and energy efficiency, 

excluding the use of any TM (transition metal) catalyst by using photocatalysis is another 

daunting challenge to chemists. Contrary to the dual catalytic approach where mainly the low-

valent TM-complex captured CO2 to afford carboxylation, here, as TM is not present the 

strategy has to find a different mechanism. So, the main mechanisms those would play crucial 

role here are a) generation of one carbanion which nucleophilically attacks on CO2 or b) 

formation of –•CO2 from CO2 by SET reduction and subsequent addition of the –•CO2 to 

unsaturated bonds or another suitable radical (Scheme 2). 



Photocarboxylation Reactions with CO2 and Transformation of Carboxylic Acids: 
Journey towards Sustainability  

 

 

21 

 

I.5.2.1. Carboxylation of C−H bonds by photocatalysis solely 

In 2015, the Murakami group was first able to directly carboxylate benzylic C(sp3)-H 

bonds of o-alkylphenyl ketones under UV or solar irradiation without using any external 

catalyst under 1 atm of CO2 (Scheme 12, i).21 On irradiation by UV, the benzophenone is 

excited via photoenolization and followed by [4+2] cycloaddition between  o-quinodimethanes 

and CO2,benzylic carboxylation was achieved. 

As discussed earlier, developing a general strategy for CO2 to −•CO2 SET reduction is 

worth searching for, owing to its very high reduction potential barrier. Jamison and co-workers, 

in 2017, utilized non-metallic organic compound p-terphenyl as photosensitizer under UV 

light. They performed carboxylation of C(sp3)−H in amines with CO2 (0.34 MPa) to synthesize 

α-amino acids in continuous-flow (Scheme 12, ii).42 As we have seen, commonly used TM 

containing photocatalysts are not capable to cross the high potential barrier for SET reduction 

of CO2. On the other hand, organic photosensitizer p-terphenyl (E0 = −2.63 V vs SCE in DMF) 

is used to reduce CO2 for HCOOH synthesis under UV irradiation.  

 

Scheme 12. TM free photocatalytic C−H carboxylation. 
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The authors judiciously chose to use p-terphenyl instead of more common Ru- or Ir- 

photocatalysts for their anticipated transformation via photoreduction of CO2 to produce −•CO2.  

 

Scheme 13. Photocatalytic remote C−H carboxylation. 
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On α-carboxylation of N-benzylpiperidine, α-amino acid was afforded in 92% yield after 10 

min in continuous flow. In contrast, when the same reaction was performed in the batch with 

continuous CO2 bubbling instead of continuous flow, even after 2 h, only 30% product was 

formed. As stated in the mechanism, under UV irradiation, excited to p-terphenyl* forms from 

p-terphenyl. Then, p-terphenyl* gets reduced to p-terphenyl•– by SET from the tertiary amine 

37 and amine radical cation 37A is generated. Then, p-terphenyl•– performs SET reduction on 

CO2 to produce and regenerates p-terphenyl in the ground state. CF3COOK acts as base and 

abstracts one proton from 37A to produce 37B, a stable benzylic radical. 37B combines with –

•CO2 to afford α-amino acid 38 (Scheme 12, iii). 

In 2019, independently, the Murakami group25 on benzylic C(sp3)-H bonds 

carboxylation by Ni/photoredox dual catalysis under UV, was also  revealed by the König 43 

group. which appeared as another elegant and practical approach for the same transformation 

by 4-CzIPN induced visible light catalysis (Scheme 12, iv). Contrary to Murakami’s protocol, 

König’s strategy is better applicable to afford carboxylation at 20-benzylic positions to afford 

2-arylpropionic acids. Here, triisopropylsilanethiol was used as HAT catalyst along with the 

organic photocatalyst 4-CzIPN. With this methodology, various bio-active compounds e.g., 

fenprofen, naproxen, flurbiprofen were successfully synthesized. As per proposed mechanism 

(Scheme 12, iv), one CN group of 4-CzIPN is substituted by ethylbenzene 39A under light 

with the help of thiol that acts as HAT catalyst and 2,3,4,6-tetra(9H-carbazol-9-yl)-5-

(phenylethyl)benzonitrile (4-CzPEBN) is produced. This 4-CzPEBN enters to the catalytic 

cycle. RSH (triisopropylsilanethiol) reduces the excited 4-CzPEBN* to form 4-CzPEBN•− and 

converts to RSH•+. Therefore, electrophilic thiyl radical is formed via deprotonation from 

RSH•+ (BDE(S-H) = 88.2 kcal mol-1).  RS• takes up one proton from 39A’s benzylic position 

(BDE(C-H) = 85.4 kcal mol-1) to produce benzyl radical 39B and regenerates RSH. Thereafter, 

39B is reduced by SET from 4-CzPEBN•− to give benzyl carbanion 39C regenerate active 4-

CzPEBN. Finally, 39C attacks CO2 to furnish the expected product 40A (Scheme 12, iv). 

Inspired by these precedents and other contemporary developments of photocatalytic 

bifunctionalization reactions of alkenes 40a, 40c, in 2020, Yu and co-workers reported an 

enthralling strategy for remote benzylic C(sp3)−H carboxylation combining remote C−H 

functionalization and HAT (Scheme 13, i).44 •CF3 precursor which functionalized the pendent 

unactivated olefin and subsequently, carboxylation took place at remote benzylic C(sp3)-H 

bonds to furnish library of amino acids. Mechanistically, •CF3 attaches to pendent alkene 41A 
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at the terminal position and forms radical 41B. Therefore, 1,5-HAT takes place and gives rise 

to 41C, more stable benzyl radical. −•PC reduces 41C to form benzylic carbanion 41D which 

attacks to give rise to the expected carboxylated product 42A (Scheme 13, ii). 

 Very recently, the Xi group reported an interesting approach to synthesize spirocyclic 

carboxylic acids from CO2 and benzyl o-halogenated aryl ethers via sequential 

dearomatization/carboxylation reaction under room temperature (Scheme 13, iii).45 4-CzIPN 

was used as the photocatalyst along with reductive quencher DIPEA in DMSO solvent. A 

variety of functional groups tolerated the reaction condition to yield satisfactorily. According 

to the proposed mechanism, DIPEA reduces the excited photocatalyst (4-CzIPN*) to generate 

and then aryl halide 43 gets reduced by PC•– to form aryl radical 43A. Then 43A undergoes 

intramolecular 5-exo radical cyclization to produce dearomatized and cyclized intermediate 

43B which is reduced again by photocatalysis to give rise to aryl anion 43C. Nucleophilic 

attack on CO2 by 43C followed isomerization afforded the carboxylated product 44 (Scheme 

13, iv). 

I.5.2.2. Carboxylation of unsaturated hydrocarbons with solely photocatalysis 

Here also, based on the chronology, the discussions would be done based on two modes 

i.e., hydrocarboxylation or carboxylative bifuntionalization (other than protonation) of alkenes. 

I.5.2.2.1. Photoredox catalyzed hydrocarboxylation of alkenes/alkynes 

(unsaturated hydrocarbons) 

In previous sections, we have witnessed some Markovnikov i.e., α-carboxylation 35-36 

and only one β-carboxylation (albeit lower yield)37 of olefin by TM/photoredox dual catalysis. 

Delightedly, the sole use of photocatalysis without any TM-catalyst has been able to 

achieve β-carboxylation of alkene in continuous flow by the Jamison group, in 2017. They 

utilized their pioneering discovery42 of para-terphenyl photosensitized SET reduction of CO2 

under UV light to realize anti-Markovnikov β-carboxylation (Scheme 14).46 Here also, UV 

irradiation excites p-terphenyl to p-terphenyl*. Thereafter, as discussed earlier, p-terphenyl* 

reduces CO2 by SET to produce −•CO2 which subsequently attaches to the styrene 45 at the β-

position and forms stable benzylic radical 45A. On protonation by the added water, selectively 

the expected anti-Markovnikov monocarboxylated product 46 is yielded. Deuteration 

experiment proved water to be the main proton source (Scheme 14). Both α- and β- substituted 
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styrenes provided fair yields under this condition and various functional groups were also 

tolerated. 

 

Scheme 14. Direct β-selective carboxylation of styrenes by solely photocatalysis. 

I.5.2.2.2. Photocatalyzed carboxylative difunctionalization of alkenes 

As alkene bifunctionalization allows us to increase molecular complexity just by a 

single operation, this field is experiencing huge attention to synthetic chemistry community.47 

Getting insight from the prior developments of photocatalyzed bifunctionalization of alkenes, 

carboxylation reactions have been integrated here successfully as one of the two 

functionalizations. 

In 2017, the Martin group, reported a redox-neutral protocol for photocatalyzed 

carboxylative dicarbofunctionalization of styrene substrates with several C centred radical and 

CO2 (Scheme 15, i).48 Mainly, CF3SO2Na was used as •CF3 precursor and [Ir(ppy)2(dtbpy)]PF6 

was taken as photocatalyst. 

To demonstrate the mechanism, on photo-excitation the photocatalyst (PC) goes to PC* 

i.e., here Ir(III) converts to Ir(III)* which is reduced to Ir(II) by SET from the radical precursor 

CF3SO2Na to generate •CF3. Then •CF3 combines with the β-terminal of the styrene 47A and 

stabilized radical at benzylic position (47B) is formed. 47B is then reduced by SET from Ir(II) 
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and benzylic carbanion 47C is formed along with regeneration the Ir(III) catalyst. As a result, 

the benzylic carbanion 47C undergoes nucleophilic addition to CO2 to furnish the 

difunctionalized product with -carboxylation. They had also used cesium oxalates, 

ArCH2BF3K and CHF2Na as other radical precursors (Scheme 15, ii). 

Following Martin’s work, using conceptually similar strategies several other groups49 

developed carboxylative bifunctionalization of activated alkenes or styrenes with CO2 taking 

suitable photocatalysts under visible light. Mechanistically, the examples followed the similar 

path as depicted in Scheme 15 ii, just changing the radical precursor and appropriate PC in 

each case. The formation of benzylic carbanion is the key step for carboxylation and carbanion 

has been confirmed by coupling with other electrophiles e.g., ketones instead of CO2. 

In 2018, the Wu group developed 4-CzIPN catalyzed light mediated 

carbocarboxylation and silacarboxylation of activated alkenes (Scheme 15, iii).49a 

 

Scheme 15. Various difunctionalizing carboxylation of Alkenes. 

In 2019, the Yu group developed photocatalyzed phophonocarboxylation enamides i.e., 

activated alkenes using 4-CzIPN as organic photocatalyst (Scheme 15, iv).49b From phosphites 
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and phosphene oxide, phosphorus centred radicals form and accomplish 

phosphonocarboxylation under CO2 atmosphere. 

In 2020, the Xi group, synthesized several γ-amino acids from styrenes by 

photocatalyzed dicarbofunctionalization with CO2 and amines (Scheme 15, v).49c 

Though aryl halides are easily available and of low-cost, use of same as aryl group 

precursor in photocatalyzed bifunctionalization reactions have scarcely been reported because 

of aryl halide’s high value of reduction potential. In 2020, the Li group successfully used aryl 

halides as aryl radical precursor for Meerwein-arylation type photocatalyzed 

carbocarboxylation of styrenes with CO2 (Scheme 16, i).50 Here DABCO and HCO2K were 

used as HAT reagent and low-cost sacrificial reductant, respectively. 

 

Scheme 16. Photocatalyzed carboarylation of alkenes. 
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As per proposed mechanism, from HCO2K, DABCO produces −•CO2, which is a strong 

reductant which efficiently reduce aryl halide (even aryl chlorides) 59A to produce aryl radical 

(59B). 59B combines with to styrene 58A at its β-position to give benzylic radical 60A. By the 

aforementioned path, under photocatalysis, α-carboxylated product 60C is achieved (Scheme 

16, i). Notably, when aryl halides remained absent, 24% of dicarboxylated product formed 

where mono-carboxylated product was achieved in 10%, which intimates the involvement of 

−•CO2. In 2022, the same group extended this strategy to functionalize enamides for 

carbocarboxylation with CO2 and aryl iodides (Scheme 16, ii).51 

 

Scheme 17. Photocatalyzed dearomative arylcarboxylation of indoles. 

In 2020, Yu and co-workers reported an elegant photocatalytic approach to achieve 

difficult-to-synthesize indoline-3-carboxylic acids from indoles and CO2 by dearomative 

arylcarboxylation (Scheme 17).52. Here, the aryl bromide moiety in the substrate acted as aryl 

radical precursor intramolecularly. As here dearomatization is integrated with 

bifunctionalization, it is more challenging than the prior reports of olefin bifunctionalizations. 

Yu and co-workers, recently in 2021, very interestingly reutilized in situ liberated CO2 

via decarboxylation of one acid for another carboxylation reaction under Ar atmosphere 

without any external CO2, via photocatalysis by Ir(III) catalyst (Scheme 18, i).15 They realized 

carbocarboxylation of styrenes, where in situ formed CO2 acts as carboxylating source and 

another functionalizing agent is a C-centred radical that originates from the decarboxylation of 

various acids such as alkyl carboxylic acids, α-amino acids, and peptides, following the same 
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general mechanism (Scheme 15, ii). The only difference here is that despite having low 
p

CO2 

(partial pressure), the in situ formed CO2 sufficiently performs carboxylation reaction. 

 

Scheme 18. Carbocarboxylation of alkenes with carboxylic acid/esters and in situ or external 

CO2. 

Subsequently, the Sun group reported another carboxylative bifunctionalization 

reaction of styrene combining decarboxylation and carboxylation in the same reaction 

condition of Ru(III) photocatalysis to synthesize variety of γ-lactams and α,α-disubstituted γ-

amino acids (Scheme 18, ii).53 Here, they used sodium glycinates as the decarboxylative agent 

which give rise to the C-centred radical that attaches to styrene at the -position. Contrary to 

Yu’s report, here the in situ generated CO2 was not sufficient to provide satisfactory yield, 

hence applying external CO2 (balloon) was necessary. 

Soon after this report, the same group bifunctionalized styrenes with commercially 

available n-membered (n = 4, 5 or 6) cyclic ketone oximes and CO2 under Ir-photocatalysis to 

synthesize ε-, ζ-, η-cyanocarboxylic acids (Scheme 19, i).54 Besides, they used acyclic ketone 

oximes in place of cyclic ones which afforded γ-keto acids in satisfactory yields (Scheme 19, 

ii). 
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Scheme 19. Photocatalyzed carboxylative bifunctionalization of styrenes with CO2 and 

ketone oximes. 

 

Scheme 20. Photocatalyzed oxy-difluoroalkylation of allylamines with CO2. 
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In the same line, He’s interesting work from 2017 for carboxylative cyclization 

combining allylamines, perfluoroalkyl iodides, and CO2 is worth mentioning here (Scheme 20, 

i).55 Perfluoroalkyl iodides acted as radical source and along with the CO2, construct the 

cyclized oxazolidinone. 

In 2018, the Yu group, performed light mediated oxy-difluoroalkylation of allylamines 

with difluoroalkyl bromides and CO2 using Ru-photocatalyst to synthesize variety of 

difluoroalkylated 2-oxazolidinones (Scheme 20, ii).56 As the proposed mechanism, first, CO2 

is captured by the nucleophilic amine 85A to generate carbamate 85B. DABCO reduces the 

excited Ru(II) photocatalyst to form Ru(I) that reduces BrCF2COOEt to give •CF2COOEt, then 

it adds to -position of the double bond of 85B and generates stable benzylic radical 85C. 

Oxidation of by photoexcited Ru(II) oxidizes 85C and produces benzylic carbocation 85D. 

Then the product 87A forms via subsequent cyclization (Scheme 20, ii). 

As we discussed in this section, generation and involvement of benzylic carbanions or 

carbanions stabilized by adjacent EWGs is the essential event for the carboxylation reaction 

(Scheme 15, ii) and the chemoselectivity is also guided mainly by the substrates’ electronic 

nature. Without help of TM-catalysis, carboxylation of unbiased alkenes has not been 

successful till date, as reducing an unbiased carbon radical to generate carbanion is very 

difficult. So, crossing this difficulty to utilize photocarboxylation techniques for unbiased 

simple alkenes are the upcoming challenge that demands further studies. 

I.5.2.2.3. Dicarboxylation of alkenes with photocatalysis 

As we discussed in the previous section, the carboxylation of alkene is confined to 

monocarboxylation mainly at α-position with a different functionalization at -position. The 

dicarboxylation of alkenes would be another important reaction capable of synthesizing various 

fine chemicals but till date, this has merely been reported. In 2018, the Martin group developed 

an Ni-catalyzed strategy57 to synthesize adipic acids via dicarboxylation of 1,3-dienes using 

Mn as reductant. Contrastingly, even with the help of TM-catalysis, no report is available where 

decarboxylation takes place at the both ends of one single double bond. To delight, in 2021, 

Yu came up with an elegant strategy for photocatalyzed decarboxylation of alkenes, 

(hetero)arenes or allenes with balloon pressure of CO2, two equivalent of which with respect 

to the olefin substrate would be required for the reaction. They used 4-CzIPN along with 

DIPEA as the organic photocatalyst and the sacrificial electron donor, respectively (Scheme 
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21).58 Mechanistically, PC is photoexcited PC* and is reduced to PC•− by SET from DIPEA. 

Then, alkene 88A is reduced to give alkene radical anion 88B which attacks electrophilic CO2 

and forms stable benzylic radical 88C.  

 

Scheme 21. Photocatalyzed Dicarboxylation of Alkenes. 

From here, photocatalysis generates benzylic carbanion 88D and another carboxylation takes 

place to furnish the dicarboxylated product 89A (Scheme 21). 

I.5.2.3. Photocatalyzed hydrocarboxylation of imines 

Capturing and utilizing CO2 to synthesize α-amino acids would be of great interest in 

bioorganic chemistry.59 As we witnessed the development of alkene hydrocarboxylation, the 

same strategies have great potential to be extended to imines. Thus, the Yu group extended the 
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TM-free photocatalyzed alkene hydrocarboxylation technique to afford imine 

hydrocarboxylation, enamides yielding α, α-disubstituted α-amino acids (Scheme 22, i).60 

Here, 4-CzIPN and iPr2NEt were used as the photocatalyst and the sacrificial organic reducing 

agent, respectively. As shown in the general mechanism with alkenes, here α-amino benzylic 

carbanions formed and furnishes carboxylation. 

 

Scheme 22. Hydrocarboxylation of imines. 

Almost at the same time, independently Walsh and co-workers performed Ir(III)-

photocatalyzed imine hydrocarboxylation to synthesize α, α-disubstituted α-amino acids 

(Scheme 22, ii).61 Here they took primarily as electron donor and additionally, Cy2NMe 
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protected the formed carboxylated product from decarboxylation and made it isolable by 

simple filtration. 

I.5.2.4. Photocatalytic carboxylative difunctionalization of carbonyls 

In 2020, the König group performed carboxylative bifunctionalization of carbonyl 

compounds under 3 atm CO2 (Scheme 23, i).62 Interestingly here, Wolff-Kishner (WK) 

reaction merging with photocatalytic radical generation gave the alkyl carbanions with α-

functionalization, which are the prime intermediate to afford carboxylation. 

 

Scheme 23. Umpolung carboxylation of carbonyl compounds. 

Following this, the Yu group reported an elegant approach for synthesis of plethora of  

α-hydroxycarboxylic acids by performing umpolung carboxylation by Ir(III)-photocatalysis 
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directly from carbonyl compounds (Scheme 23, ii).63 Here, they used chlorosilanes which are 

Lewis acidic, to protect/activate the carbonyl groups. Performing Stern-Volmer experiment and 

other detailed control experiments, mechanism was proposed. First, DIPEA reduce the 

photoexcited Ir(III) photocatalyst to give Ir(II). Carbonyl group gets protected and activated by 

TMSCl forming 104A and as reduction potential is decreased than that of carbonyl, Ir(II) 

reduces 104A forming α-siloxylbenzyl radical (104B) and regenerates Ir(III). Again, another 

photoredox catalytic cycle reduces 104B to form 104C, a benzyl carbanion. 104C combines 

with CO2 and affords the carboxylated product 105 (Scheme 23, ii). 

I.5.2.5. Photocatalyzed carboxylation of C−N/O/F bonds 

Being stable and crystalline, chemists have used organoammonium salts as 

electrophiles in TM-catalysis64 and for direct C−N carboxylation65 for affording expected 

products along with amines as side-product.  

 

Scheme 24. Photocarboxylation of benzylic alcohols. 
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Very judiciously, in 2018, for Ir-photocatalyzed carboxylation of organoammonium 

salt, the Yu group reutilized the in situ formed amine and bypassed the use of external 

(super)stoichiometric organic sacrificial electron donor, commonly DIPEA or HEH (Scheme 

24, i).66 They have been able to reuse the in situ released amine even it was in very low 

concentration, for the carboxylation of primary, secondary, tertiary, and allylic ammonium 

salts. In 2021, the same group realized benzylic C(sp3)−F photocarboxylation cleaving C−F 

bond (Scheme 24, ii).67 Here, they used 4-CzIPN as photocatalyst and Et3SiH as reducing 

agent. 

Almost parallelly with  Iwasawa’s Pd/photoredox dual catalytic carboxylation19 to 

synthesize C(sp3)-carboxylic acids from benzylic alcohol, independently Yu reported another 

solely photocarboxylation strategy for the same transformation catalyzed by 3DPA2BFN or 4-

DPAIPN (Scheme 24, iii).68 

I.5.3. Catalyst-free photocarboxylation with CO2 

With rapid development of photocatalyst induced photocarboxylation reactions, 

investigation to develop the technique even without any photocatalyst has also been started. As 

discussed, photocatalyst induced technique mainly deals with carbanion formation followed by 

nucleophilic attack on CO2, but the SET reduction of CO2 has not been utilized widely. EDA 

(electron-donor and acceptor) or visible-light induced CTC (charge-transfer-complex) could 

lead to SET activation of CO2, hypothetically. 

Encouraged by their own findings of photocatalyzed thiocarboxylation of alkenes, in 

2020, for the first time, the Yu group developed visible light induced but TM (transition metal) 

and PC (photocatalyst)-free hydrocarboxylation of activated alkenes or styrenes with CO2 to 

give challenging β-carboxylation in anti-Markovnikov fashion (Scheme 25, i).69 Here, CTC is 

formed under blue LED irradiation between the aromatic thiol taken in 2.0 equiv and the 

styrene. Then either of the styrene and CO2 undergoes SET reduction by the formed CTC and 

respective radical anion is obtained which executes carboxylation at -position of alkene anti-

Markovnikov fashion (Scheme 25, i). 

In 2021, Xi and co-workers synthesized plethora of α-ketocarboxylic acids by directly 

carboxylating acyl silanes under catalyst-free photocatalysis (Scheme 25, ii).70 As they 

proposed the mechanism, the acyl silane 115 excites under light and goes to its singlet state. 

Then 1,2-silyl shift takes place from 115* to generate siloxycarbene 115A as an intermediate 
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and 115A remains in the resonance with 115B which attacks CO2 and forms cesium 

carboxylate 115C. On hydrolysis of 115C, the ketocarboxylate (116) is afforded (Scheme 25, 

ii).  

In 2021, Yu disclosed external photocatalyst free photocatalytic strategy for 

carbocarboxylation of styrenes (Scheme 25, iii).71 

 

Scheme 25. Visible-light mediated carbocarboxylation of styrenes by external photocatalyst-

free photocatalysis. 

Wisely, 4-alkyl DHP was utilized as photoexcited reductants as well as the alkyl radical 

precursor. As per mechanism, with the help of base, alkyl radical (•R’) is produced from 118 

(4-alkyl DHP) under light irradiation. •R’ attaches to styrene 117A at its β-position and forms 

one stabilized benzyl radical. Photoexcited 4-alkyl DHP reduces 117B to give the 117C 
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(benzylic carbanion). 117C nucleophilically attack CO2 to yield the difuntionalized product 

119A (Scheme 25, iii).  

Though not for synthesis of carboxylic acids, in 2019, He’s work to synthesize exo-

iodo-methylene 2-oxazolidinones by a metal-free approach via photocatalytic carboxylative 

cyclization of propargylic amines with CO2 and I2 demands mention here (Scheme 25, iv).72 

Further, the iodine-substituted 2-oxazolidinones could be transformed to produce other hard-

to-achieve value-added chemicals. 

I.6. Reviewing photocarboxylation to synthesize carboxylic acids 

To conclude, a detailed description of the modern carboxylation technique via 

photocatalysis has been presented. With the progress of civilization and ever-growing 

pollution, the world has leaned towards using renewable energy sources. Being the most viable 

energy source, visible or solar light is being utilized profoundly in organic synthesis. Therefore, 

plenty of photocarboxylation techniques have been developed utilizing CO2 as C-1 feedstock. 

Unlike typical TM catalyzed techniques, use of (super)stoichiometric metal reducing agents 

have completely been stopped here. And mostly, 1 atm pressure of CO2 is sufficient and could 

be done at room temperature. Handful of challenging carboxylation reactions have been 

executed using these photocatalytic strategies. 

Despite significant growth, photocarboxylation techniques are still at budding stage and 

suffer from various pitfalls. Firstly, in comparison with TM catalyzed C−X carboxylation, the 

substrate variation still remains narrow. Specifically, most of carboxylation of the C−X bonds 

took place either with the C(sp2)- or benzylic C(sp3)- center which is a stabilized one; on the 

contrary, carboxylation cleaving unbiased C(sp3)−X bonds has not been developed yet. 

Secondly, direct carboxylation breaking unactivated C−H bonds has hardly been developed. 

With simultaneous development of the photocatalyzed directing group (DG)-assisted or DG-

free C−H activation reactions, this major field of unbiased C−H carboxylation drew attention. 

Thirdly, in spite of noteworthy discoveries on carboxylation reactions of alkenes, the substrates 

are mostly limited to styrenes or activated alkenes, as the intermediate radicals or anions at 

benzylic or α-position are stabilized. So far, the normal unbiased alkenes have never been used 

for the same. Selective carboxylation of unbiased alkenes demands further improvements and 

remains a long-cherished goal. Fourthly, SET activation of CO2 has seldom been executed 

compared to two-electron activation of substrate. Though, the former is achievable with 
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photocatalysis in selective cases, finding a general method and a wide use of the same has not 

been discovered till date. Last but not the least, after all these photocatalytic developments, the 

techniques are still at developing age as of now, so they are only apt for bench scale synthesis 

and far from industrial use. Few times, continuous-flow techniques have shown the potential 

to be applicable in large scale.  Attention nowadays also is devoted towards further 

improvement of the strategies so that these could be implemented in strategic sector. 

In brief, notable breakthroughs for sustainable photocatalytic carboxylation have been 

discovered in the past few years which strengthened the effort of green and sustainable 

developments. Despite the need of immense improvements to be accepted in strategic sector, 

the developments definitely paved the path. To achieve “low-carbon economy”, this modern 

technique would obviously widen the scopes and once it is apt for industrial scale, the real 

essence of “waste to wealth” transformation would be experienced to accomplish the synthesis 

of value-added materials from waste greenhouse gas CO2. 

I.7. Transformation of carboxylic acids 

 As discussed earlier, carboxylic acids are ubiquitous in various natural products, fine 

chemicals, and synthetic drugs. Besides, carboxylic acids (both aliphatic and aromatic) are very 

important building blocks in organic synthesis to conduct variety of transformations to produce 

diverse range of compounds.  

 

Scheme 26. Transformation of carboxylic acid via different reaction modes. 
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Being readily available and non-toxic, carboxylic acids are often used as starting materials, 

substrate precursor, synthetic intermediates. Industrially also, carboxylic acids are used as bulk 

chemical to synthesize solvents, pharmaceuticals, or agrochemicals. In addition to commonly 

established text-book methodologies, carboxylic acids can be obtained from reaction between 

available substrates and gaseous CO2 utilizing the photocatalytic strategies, as we discussed in 

detail and further could be used as versatile substrate to afford new C−C bond formations. If 

we summarize the recent developments of transformations from carboxylic acids, it could be 

distinguished as following divisions based on the nature of reactivity. Those are, a) carboxy 

group acting as chemo- and regioselective leaving group in the form of traceless gaseous CO2 

via decarboxylation giving rise to new C−C bonds (decarboxylative cross-coupling reactions), 

b) carboxy group acting as directing group for selective C−H functionalization, without 

decarboxylation, c) carboxy group as traceless directing group giving C−H functionalization 

and decarboxylation simultaneously, and d) carboxylic acid leading towards lactone formation 

via C−H activation or iodolactonization with alkene (Scheme 26). As substantial work has 

been executed in each field, we would briefly discuss these to get an overall understanding. 

I.7.1. Decarboxylative reactions of carboxylic acids 

 Carboxylic acids have been extensively used as synthons for new C−C bond formation 

via decarboxylation methods.73 As mentioned earlier, easily removable bi product i.e., gaseous 

CO2 which is non-toxic too, makes these approach user-friendly and practical. We would like 

to take an overview of the developments of decarboxylation reactions over the years. 

I.7.1.1. History of decarboxylative reactions 

  Historically, Kolbe electrolysis from 1848 is the oldest decarboxylative reaction for 

C−C bond formation.74 Here, on electrochemical condition, radicals are generated via 

decarboxylation of carboxylic acids and subsequent dimerization gives the product (Scheme 

27, i).75 In addition to the requirement of specialized laboratory equipment for the reaction, the 

scope of the reactions is restricted to only homocouplings. Therefore, executing cross-

couplings via electrolysis is hardly achievable only in selected cases. Hunsdiecker reaction is 

another classic decarboxylative reaction where oxidative decarboxylation is enabled by 

stoichiometric amount of silver salt giving rise to alkyl radicals and those are trapped by 

halides.76 Recent progresses have shown that catalytic amount of metal salts can lead to 

decarboxylative halogenation (Scheme 27, ii).77 Therefore, Barton decarboxylation is another 
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example to give decarboxylative reduction of carboxylic acids.78 Here, activators (such as N-

hydroxypyridine-2-thione, AIBN) are required to activate carboxy groups and toxic tin 

hydrides are used as H• source.79  

 

Scheme 27. History of decarboxylation reactions. 

This method is mainly used in the last defunctionalization step at the end of any natural product 

synthesis (Scheme 27, iii). Copper-catalyzed Ullman decarboxylative cross-coupling 

discovered by Nilsson in 1966 for C(sp2)–C(sp2) bond formations paved the way for modern 

TM catalyzed decarboxylation reactions (Scheme 27, iv).80  From the beginning of twenty first 

century, with huge surge of TM catalysis, decarboxylative cross-coupling have been performed 

with TM catalysis at elevated temperature (Scheme 27, v).73a, 73b, 73d Decarboxylative Heck-
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type olefinations81 or Suzuki reactions73c, 82 have extensively been studied. Owing to the pitfalls 

of this method and with the development of photoredox catalysis, photochemical 

decarboxylative cross-couplings have been developed in the last few years (Scheme 27, vi).83  

In the successive section, we would have a comparative discussion of these two recent 

strategies. 

I.7.1.2. Recent decarboxylative strategies: a comparative overview on TM catalyzed 

and photocatalyzed decarboxylative reactions 

As stated earlier, in the last two decades, huge research has been performed for the 

development of TM catalyzed decarboxylative cross-couplings and emerged as a modern 

strategy alternative to regular cross-coupling or C−H functionalization reactions (Scheme 28, 

iii). Here, in place of aryl halides (Scheme 28, i), aryl carboxylic acids give rise to formation 

of organometallic species (Scheme 28, vi). Here, unlike the cross-coupling or C-H activation, 

a mechanistically distinct decarboxylative metalation occurs in lieu of oxidative addition or 

transmetalation to form organometallic species which subsequently couple with electrophiles 

affording the desired products after reductive elimination (Scheme 28, vi).  

 

Scheme 28. Comparative overview on TM catalyzed and photocatalyzed decarboxylative 

reactions. 
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However, these approaches are usually limited to aryl carboxylic acids; alkyl acids which are 

more abundant in biomass, does not satisfy these conditions. Besides, requirement of high 

temperatures and use of metal catalysts leave these methods with ample scope of 

improvements.  

To fulfil the voids, therefore, photochemical alternatives for decarboxylative cross-

couplings have been emerged rapidly. Using light over conventional heat as the energy source 

delivers milder reaction conditions. Despite developments of some UV-light mediated 

decarboxylation reactions, decomposition issue of various substrates and formation of several 

bi products are major drawbacks. Nowadays, radicals are formed from carboxylic acids under 

visible-light photocatalysis. Contrary to TM catalyzed strategy, this strategy mainly deals with 

radical mechanism where no organometallic species is involved. And, mainly for this reason, 

photocatalytic strategy is apt for decarboxylative couplings from alkyl acids as their 

corresponding radicals are more stabilized than the aryl ones. On the other hand, metal-

catalyzed strategy is the best one for aryl carboxylic acids.  

For example, different type of decarboxylative transformations have been shown 

schematically for both aromatic and aliphatic carboxylic acids. 

Aromatic carboxylic acids 

As discussed, aromatic carboxylic acids mainly undergo decarboxylation under TM 

catalyzed conditions. Representative examples of different types of transformations have been 

presented here with respective years of discovery. As we see, protodecarboxylation of aryl 

carboxylic acid was discovered by Gooßen84, Lin85, Kozlowski86, Nolan87, Jiao88 groups with 

different metals (Scheme 29, i). Decarboxylative Heck type vinylation was discovered by the 

Myers group (Scheme 29, ii).89 When it comes to decarboxylative arylation by cross-coupling 

approach, Gooßen’s work90 is notably important (Scheme 29, iii). Decarboxylative arylation 

by direct C-H activation was performed firstly by Crabtree in 2008 (Scheme 29, iv),91 where 

the photocatalytic version of this under lower temperature and milder condition was first 

discovered by the Glorius group92 in 2017 (Scheme 29, iv). 

Alkyl carboxylic acids 

As per the reports available, decarboxylation of aliphatic carboxylic acids has been 

developed more by photoredox catalysis.  
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Scheme 29. Decarboxylative reactions of aromatic carboxylic acids. 

Some of the representative examples have been shown here. For protodecarboxylation, 

the metal-catalyzed version is by the Baran group93 whereas Wallentin94 showed the 

photochemical path (Scheme 30, i).Similarly, alkylation was performed both by metal-93 and 

photoredox95 catalyzed methods (Scheme 30, ii). An example of decarboxylative alkenylation 

is given where Baran group96 performed by via metal catalysis, whereas Macmillan97 

developed the photocatalytic path (Scheme 30, iii).  

α-keto carboxylic acids 

α-keto carboxylic acids are the other type which has extensively used for decarboxylative 

transformations. As these are very prone towards decarboxylation, additional to of metal 

catalyzed methods, photocatalytic or metal-free methods have also been developed 

successfully. For example, decarboxylative alkylation with α-keto carboxylic acids have been  
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Scheme 30. Decarboxylative reactions of alkyl carboxylic acids. 

performed by metal-free condition in very high temperature (Scheme 31).98 The same has been 

performed by reaction between the acid and activated alkene via photocatalysis (Scheme 31).99 

More examples of this type would be discussed in Chapter IV. 

 

Scheme 31. Decarboxylative reactions of α-keto carboxylic acids. 

I.7.2. Carboxy groups as directing group in C−H activation, without decarboxylation 

Directly functionalizing carbon–hydrogen bonds are always sought-after target for 

increasing structural complexity.100 Due to the inertness and high bond energy of C−H bonds 

and difficulty to achieve regio- and chemoselectivity between similar C-H bonds, the process 

did not meet high success till 2000. Over the last two decades, a huge improvement has been 

performed in C−H activation field.101  
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Scheme 32. Carboxy groups as directing group in C−H activation, without decarboxylation. 

When it comes to using carboxylic acids as synthons, there are many electrophilic and 

nucleophilic displacement reactions, which essentially depend on the inherent reactivity of the 

functional group. With the development of C−H activation, the same has been efficiently 

applied for functionalizing carboxylic acids.102 Contrary to classical approaches, 

prefunctionalization step can be completely avoided in C−H activation and provides a more 
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atom-efficient and straightforward approach in the field of organic synthesis. To improve 

chemo- and regioselectivity between two otherwise indistinguishable C−H bonds, installation 

of directing groups (DG), which coordinate with TMs and invites the appropriately positioned 

C−H bond to be activated, are required. Carboxylic acids also have been protected with various 

directing groups and different functional moieties have been incorporated at different positions 

of carboxylic acid. But, as far as directing groups are concerned, there also two additional steps 

are required i.e., i) DG incorporation before C−H activation, ii) postfunctionalization DG 

removal. Alternatively, carboxylic acids have directly been used where the carboxy group itself 

acted as directing groups for selective C−H functionalization. Here, aryl carboxy group 

coordinates with the transition metal catalysts and mostly the ortho C−H group is activated to 

provide ortho-substituted aryl carboxylic acid. Some representative examples have been shown 

in the Scheme 32, those are, ortho-arylation of benzoic acids by Daugulis103 (Scheme 32, i), 

ortho-alkylation of benzoic acids104 (Scheme 32, ii) and aryl acetic acids(Scheme 32, iii)105 by 

Yu, ortho-allylation by Gooen106 (Scheme 32, iv), and ortho-olefination by Ackermann107 

(Scheme 32, iv). 

I.7.3. Carboxy group as traceless directing group giving C-H functionalization and 

decarboxylation simultaneously 

Continuing with previous section, recently carboxylic acids have been exploited many 

times as traceless directing groups, where after the anticipated transformation by carboxylate-

directed C-H activation, the carboxy group leaves via decarboxylation. First, Larrosa 

performed ortho-arylation of 2-substituted aryl carboxylic acids via Pd catalysis with Ag2CO3 

as the oxidant (Scheme 33, i).108 Another two examples have been shown where Gooen group 

executed ortho-etherification (Scheme 33, ii)109 and olefination (Scheme 33, iii)110 with Cu 

and Ru catalysis, respectively. 

Larrossa and co-workers extended their methodology to develop a very interesting approach 

for meta-arylation of phenols with help of carboxylic acid as traceless directing group. They in 

situ formed salicylic acids via base mediated reaction with gaseous CO2(Scheme 34).111 And 

then in one-pot fashion, they performed ortho-arylation of salicylic acid via carboxy group 

directed PEPPSI-IPr catalyzed C−H activation with successive protodecarboxylation 

furnishing the meta-arylated. Thus, carboxy group can deliver distal C−H activation indirectly 



Chapter I 
 
 

 

48 

 

with the help of its intrinsic property to undergo protodecarboxylation under metal-catalyzed 

conditions. 

 

Scheme 33. Carboxy group as traceless directing group giving C−H functionalization and 

decarboxylation simultaneously. 

 

 

Scheme 34. meta-arylation of phenols by employing carboxy group as traceless directing 

group. 
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I.7.4. Carboxylic acid leading towards lactone formation via C-H activation 

 In the last decade, with the huge development of C−H activation, carboxylic acids have 

extensively been used as nucleophile or radical precursor for synthesizing lactones via 

intramolecular C−H activation of a pendant C−H bond.  

Transition-metal catalyzed C(sp2)−H lactonization 

Biaryl lactone derivatives are used as precursor of many natural products and found as 

key structural motifs in many pharmaceuticals and natural products. Martin first developed 

copper-catalyzed method for carboxyl group directed C-O cyclization via C−H activation to 

construct biaryl lactone with using benzoyl peroxide (BPO) as oxidant (Scheme 35, i).112 

Almost at the similar time, Wang developed Pd(II)/Pd(IV)-catalyzed method (Scheme 35, 

ii)113, Gevorgyan reported similar Cu-catalyzed method (Scheme 35, iii).114 The Xu group in  

 

Scheme 35. Metal catalyzed C(sp2)−H lactonization. 

2015, disclosed C(sp2)−H activation for same transformation in presence of silver catalyst and 

(NH4)2S2O8 as oxidant in open flask condition at room temperature (Scheme 35, iv).115 

Subsequently,  Zhu reported external oxidant free, mild, efficient Co/photoredox dual catalytic 

methodology (Scheme 35, v).116 At the same time, independently Lei group also reported 
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exactly same strategy via Co/photoredox dual catalysis (Scheme 35, vi).117 Several other 

reports are also available for this transformation under metal catalysis. 

Metal catalyzed C(sp3)−H lactonization 

The Sames group in 2001, synthesized lactone from L-valine in presence of aqueous 

K2PtCl4 and stoichiometric CuCl2 as oxidant (Scheme 36, i).118 In 2011, Martin et al. reported 

Pd catalyzed, N-acyl protected amino acid assisted benzolactone formation from 2-alkyl 

benzoic acid derivatives (Scheme 36, ii).119 In 2020, Yu et al. developed lactonization of 

aliphatic acids through β-C(sp3)-H activation (Scheme 36, iii).120 Visible light mediated γ-/δ-

lactonization was disclosed by Hong et al. using 2,4,6-triphenylpyrylium tetrafluoroborate as 

 

Scheme 36. Metal catalyzed C(sp3)−H lactonization. 

photocatalyst (Scheme 36, iv).121 The Costas group reported Mn-catalyzed carboxylic acid 

directed γ-C−H oxidation to construct γ-lactone in high enantiomeric excess (up to 99%) 

(Scheme 36, v).122 The Yu group in 2020, reported lactonization of 2-methyl benzoic acid 

through Pd(II)/Pd(0) catalysis (Scheme 36, vi).123 Recently a practical, mild, visible light 
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mediated magnesium catalyzed C(sp3)−H lactonization protocol from easily available 2-alkyl 

benzoic acid has been developed by the Jin group (Scheme 36, vii).124 

Metal free lactonization 

In 2007, the Kita group synthesized aryl lactones from benzoic acids and carboxylic 

acids using combination of hypervalent iodine with KBr (Scheme 37, i).125 Continuing with 

their own metal-catalyzed lactonization, the Martin’s group reported a mild, metal free protocol 

to synthesis of benzolactones from 2-aryl benzoic acids with using 4-iodotoluene as catalyst 

and stoichiometric amount of AcOOH as oxidant in HFIP solvent (Scheme 37, ii).126 A metal 

free, photocatalyzed dehydrogenative lactonization was reported by Gonzalez-Gomez 

(Scheme 37, iii).127  

 

Scheme 37. Metal free lactonization. 

Electrochemical lactonization 

In 2018, the Zhang group disclosed an electrochemical strategy toward synthesis of 

dibenzolactones from 2-aryl benzoic acids via C(sp2)−H activation and 5-membered lactone 

from 2-alkyl benzoic acids via C(sp3)−H activation (Scheme 38). They used metal free, oxidant 

free electrocatalytic condition with Pt as both the electrodes and nBuNBF4 as redox- 

mediator.128  
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As electrocatalysis is experiencing a renaissance during present days in the synthetic 

organic chemistry field, a lot more developments on single electron activation of carboxylic 

acids, some acylation reactions are expected to come down the line.  

 

Scheme 38. Electrochemical lactonization. 

I.8. Conclusion 

 As we have discussed in this chapter, carboxylic acids could be synthesized from 

organic substrates using gaseous CO2, which is a widely abundant, non-toxic, cheap waste 

material evolved from fossil fuel combustion and the industries. Substituting the available TM 

catalytic methods in high temperature, photocatalysis has been able to afford carboxylation 

under atmospheric or balloon pressure of CO2 via milder techniques by removing toxic metal 

wastes and under ambient temperature. Diverse range of carboxylic acids have been prepared 

from different types of substrates cleaving C−H/heteroatom bonds with photocatalysis. A 

chronological development has been portrayed here to reach toward more sustainable 

methodology. First, the TM catalysis has been merged with photoredox catalysis to remove the 

use of toxic metal reductants (Zn, Mn, Et2Zn) by using organic non-toxic reductants (HEH, 

DIPEA etc.) and to lower the reaction temperature to room temperature. Secondly, use of TM 

catalysts has also been stopped with sole use of photoredox catalysis with using just the 

photocatalysts, where sometimes even the organic reducing agents are also not required. 

Thirdly, any type of catalyst-free photocatalysis for carboxylation reactions has been discussed. 

Upon successful synthesis of carboxylic acids via these mild carboxylation approaches, we 

have briefly reviewed the reactivities of carboxylic acids towards diverse directions. Many 

valuable organic transformations have been performed via decarboxylative coupling of 
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carboxylic acids. Here also, a comparative and critical analysis has been done between TM 

catalyzed and photocatalyzed decarboxylation techniques. Then, carboxy groups have been 

used as directing groups in C−H activation where two types of reaction have been observed, 

one is synthesis of ortho-substituted aryl carboxylic acids and another one is subsequent 

removal of carboxy group via decarboxylation instantaneously after the C−H activation. 

Finally, lactone formation following different techniques via C−H activation has been 

discussed where metal catalyzed, metal-free, photo- and electrocatalyzed techniques have been 

shown as examples. 
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II.1. Introduction 

 The vicinal difunctionalisation of alkenes has emerged as a resourceful synthetic 

approach to get access to densely functionalized molecular framework.1 In the past decade, 

extensive research has been successfully carried out categorically on hydrofunctionalisation or 

difunctionalisation including minimum one C−X (X = heteroatom) bond formation by 

transition metal or transition metal-photoredox dual catalytic systems.2 Installation of two 

carbon subunits through the C-C double bond can rapidly increase the molecular complexity. 

In this line, regioselective dicarbofunctionalisation has attracted organic chemist’s attentation 

recently due to the synthetic application and associated synthetic challenges.3 In the established 

methods of dicarbofunctionalization, inclusion of transition metal generates problems due to 

β-hydride elimination, homocoupling, isomerization, or proto-demetalation. Driven by the 

challenges, with the upsurge of photoredox catalysis, chemists have developed solely 

photocatalytic difunctionalization of alkenes. Thus, acylative difunctionalization is also an 

interesting approach to increase molecular complexity by installing acyl functional group at 

one of the ends of the alkene.  

 

Scheme 1. Photocatalyzed difunctionalization of alkenes. 
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Fu disclosed photocatalytic acylative hydrofunctionalization of activated alkenes where acyl 

group was originated from α-oxocarboxylic acids.4 Lei and co-workers extended this approach 

to hydrofunctionalization of styrenes.5 Intrigued by the present developments of 

photocatalyzed carboxylative difunctionalizations,6 herein, instead of hydrofunctionalization, 

we present acylative carboxylation of alkenes with α-oxocarboxylic acids and CO2. Here, α-

oxocarboxylic acids would undergo decarboxylation to furnish acyl functionality and CO2 

provides the carboxylation. Before going to the details about the present work, for better 

understanding, we would briefly discuss about the earlier developments on photocatalyzed 

difunctionalization reactions of alkenes. 

II.2. Review of the previous developments 

II.2.1. Photocatalyzed difunctionalization of alkenes with nucleophiles via carbocation 

intermediate 

Molander and other groups have established photoredox/nickel dual-catalysis as a 

remarkable tool for alkene 1,2-difunctionalizations, the electrophilic coupling partner is mainly 

limited to sp2-halide systems.2a, 2f, 2g, 7 Recently, radical-polar crossover paradigm solely by 

photocatalysis has emerged as another potent concept to accomplish olefin difunctionalisation 

via ionic intermediates to accomplish reductive coupling of two electrophiles with alkene.2d, 8 

In this approach, generally a radical attach to one end of C−C double bond of olefin  gives rise 

to a radical at the other end which reacts with another nucleophile or electrophile in the 

successive steps via ionic intermediates. Here, we would briefly discuss the developments of 

difunctionalization of alkenes via cationic intermediate with which an incoming nucleophile 

would react to provide difunctionalization product. 

Recently, the Molander group reported an intermolecular 1,2-dicarbofunctionalization 

of alkene with organotrifluoroborates 7 as carbon-centered nucleophiles and alkyl-N-

(acyloxy)phthalimide esters 6 (redox-active) as radical precursors (Scheme 2, i).8a Different 

category of organotrifluoroborates acted as amenable nucleophiles to afford carboalkynylation, 

carboalkenylation, carboallylation, and carboarylation via radical/polar crossover mechanism. 

A range of tertiary alkyl radicals were generated from the redox active esters which added to 

the olefinic double bond to furnish the dicarbofunctionalization in good yield whereas 

secondary alkyl radical furnished the product in lower yield. Vinyl arenes bearing no 

substitution, electron-donating, and electron-withdrawing groups as well as many labile and 
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sensitive groups at the ortho-, meta-, and para-positions exhibited the desired transformation 

with good efficiency. According to the mechanistic scenario postulated by the authors, first the 

Ir(III)-photocatalyst gets excited by the blue LED irradiation followed by single electron 

oxidation to Ir(IV) (E1/2 [IrIV/Ir*III] = 1.88 V vs. SCE) by the redox active ester 6 (Ered ½ = 

1.26 V vs. SCE for 1-methylcyclohexyl-N- hydroxyphthalimide ester) induces the formation 

of C(sp3)-hybridized radical 6A. It adds to the double bond to form relatively stable benzylic 

radical intermediate 6B (Eox ½ = 0.37 V vs. SCE) which undergoes SET oxidation by Ir(IV) 

(E1/2 [Ir
IV/IrIII] = 0.77 V vs. SCE) to form the cationic intermediate 6C restoring the ground 

state of photocatalyst. Organotrifuoroborate nucleophiles then attack 6C to furnish the desired 

1,2-dicarbofunctionalized product 8. 

 

Scheme 2. Photocatalytic difunctionalization of alkenes via carbocation intermediate. 

A rare example of three-component dicarbofunctionalization of vinyl arenes by visible-

light-promoted method using unbiased and unsubstituted benzylic radicals was reported by 

Glorius and co- workers in 2018 (Scheme 2, ii).9 The author’s judiciously designed and used 

of benzylic pyridinium salts 9 as radical precursors to unlock the potential of this strategy. 

Several heavily functionalized 1,1-diarylalkanes 11 were prepared by this undirected protocol 

by the combination of abundant styrenes 1, benzylic amines, and electron-rich heterocycles 10. 

Amino acid and dipeptide derived Katritzky salts were also well-suited for this transformation 

although the reaction was limited to styrene substrates. Mechanistically, the Katritzky salt 

undergoes photocatalysed SET process to generate the benzyl radical 9A which adds to the 

double bond of styrene in anti-Markovnikov fashion. The radical intermediate 9B undergoes 
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SET oxidation to form cationic intermediate 9C followed by nucleophilic attack by arene 10 

to furnish the desired polynuclear product 11. 

II.2.2. Photocatalyzed difunctionalization of alkenes with CO2 via carbanion 

intermediate 

Alternative to carbocation intermediate, photocatalysis has been successfully able to 

generate carbanion intermediates too via another radical/polar crossover, so that an incoming 

electrophile can react with this and increase the molecular complexity. Lately, despite being 

feebly electrophilic, owing to its high abundance, renewable and nontoxic nature, profound 

research has been directed towards utilization of CO2 as an ideal one-carbon (C1) synthon in 

fine and bulk chemical synthesis by photocatalyzed methods.10 Consequently, visible-light-

induced regioselective carbocarboxylation, phosphonocarboxylation, silacarboxyaltion, 

thiocarboxylation of alkenes with CO2 have been successfully realized with various radical 

precursors by the Martin, Yu, and Wu groups.6d-f 

In 2017, the Martin group reported a redox-neutral protocol for photocatalyzed 

carboxylative dicarbofunctionalization of styrene substrates with several C centred radical and 

CO2 (Scheme 3, i).6d  

 

Scheme 3. Photocatalytic carbocarboxylation of styrenes and general mechanism. 

Mechanistically (Scheme 3, ii), on photo-excitation the photocatalyst (PC) goes to PC* i.e., 

here Ir(III) converts to Ir(III)* which is reduced to Ir(II) by SET from the radical precursor 

CF3SO2Na to generate •CF3. Then •CF3 combines with the β-terminal of the styrene 1 and 

stabilized radical at benzylic position (1A) is formed. 1A is then reduced by SET from Ir(II) 

and benzylic carbanion 1B is formed along with regeneration the Ir(III) catalyst. As a result, 
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the benzylic carbanion 1B undergoes nucleophilic addition to CO2 to furnish the 

difunctionalized product with -carboxylation. They had also used cesium oxalates, 

ArCH2BF3K and CHF2Na as other radical precursors (Scheme 3, i).Following this work, using 

conceptually similar strategies, several other groups6c, 6e, 6f developed carboxylative 

bifunctionalization of activated alkenes or styrenes with CO2 taking suitable photocatalysts 

under visible light.  

 

Scheme 4. Photocatalytic carboxylative difunctionalizations of alkenes. 
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Mechanistically, the examples followed the similar path as depicted in Scheme 3 (ii), just 

changing the radical precursor and appropriate PC in each case.  

The formation of benzylic carbanion is the key step for carboxylation and carbanion 

has been confirmed by coupling with other electrophiles e.g., ketones instead of CO2. 

In 2018, the Wu group developed 4-CzIPN catalyzed light mediated 

carbocarboxylation and silacarboxylation of activated alkenes (Scheme 4, i).6e 

In 2019, Yu developed photocatalyzed phophonocarboxylation enamides i.e., activated 

alkenes using 4-CzIPN as organic photocatalyst (Scheme 4, ii).6f From phosphites and 

phosphene oxide, phosphorus centred radicals form and accomplish phosphonocarboxylation 

under CO2 atmosphere. 

In 2020, the Xi group, synthesized several γ-amino acids from styrenes by 

photocatalyzed dicarbofunctionalization with CO2 and amines (Scheme 4, iii).6c 

Though aryl halides are easily available and of low-cost, use of same as aryl group 

precursor in photocatalyzed bifunctionalization reactions has scarcely been reported because 

of aryl halide’s high reduction potential. In 2020, the Li’s group successfully used aryl halides 

as aryl radical precursor for the Meerwein-arylation type photocatalyzed carbocarboxylation 

of styrenes with CO2 (Scheme 4, iv).6b Notably, when aryl halides remained absent, 24% of 

dicarboxylated product formed where mono-carboxylated product was achieved in 10%, which 

intimates the involvement of −•CO2. In 2022, the same group extended this strategy to 

functionalize enamides for carbocarboxylation with CO2 and aryl iodides (Scheme 4, iv).11 

Above all these developments, the scope of carbocarboxylation is very less as per 

literatures.6b, 6c, 11 To achieve the same, one ineteresting strategy would be decarboxylation of 

carboxylic acids followed by addition to alkene and subsequent carboxylation with CO2. 

Recently, in this manner, the Yu group6a and the Sun group12 separately utilized amino acids 

as a precursor of alkyl-radical for alkylative carboxylation of alkene with or without external 

carbon dioxide for the same using metal based photocatalysts. To this end, Yu and co-workers, 

interestingly, reutilized in situ liberated CO2 via decarboxylation of one amino acid for 

carboxylation reaction under Ar atmosphere without any external CO2, by Ir(III) catalyst 

(Scheme 5, i).6a They realized that carbocarboxylation of styrenes, where in situ formed CO2 

acts as carboxylating source and another functionalizing agent is a C-centred radical that 
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originates from the decarboxylation of various acids such as alkyl carboxylic acids, α-amino 

acids, and peptides, following the same general mechanism (Scheme 3, ii). However, the major 

attractive feature of this methodology is that despite having low 
p

CO2 (partial pressure), the in 

situ formed CO2 sufficiently performs carboxylation reaction offering amino acids as a 

bifunctional reagent. 

Subsequently, the Sun group reported another carboxylative bifunctionalization 

reaction of styrene combining decarboxylation and carboxylation in the same reaction 

condition of Ru(III) photocatalysis to synthesize variety of γ-lactams and α,α-disubstituted γ-

amino acids (Scheme 5, ii).12 Here, they used sodium glycinates as the decarboxylative agent 

which give rise to the C-centred radical that attaches to styrene at the -position. Contrary to 

Yu’s report, here the in situ generated CO2 was not sufficient to provide satisfactory yield, 

hence applying external CO2 (balloon) was necessary. 

 

Scheme 5. Photocatalytic decarboxylative carboxylation of alkenes. 

II.3. Present work 

However, decarboxylative acylation and carboxylation of alkene with carbon dioxide 

has never been attempted. Continuing with our constant effort13 to develop carboxylation 

reactions and using carboxylic acids as synthetic intermediates, we were intrigued to take the 
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challenge. With this aim we targeted acyl radical to be the primary radical component to attach 

to the C-C double bond. Acyl radical is a reactive nucleophilic radical with an established 

propensity to add to the olefinic double bond by aforesaid manner and it can be easily accessed 

from α-ketocarboxylic acid via single-electron transfer of the corresponding carboxylate by 

photocatalytic oxidation and successive decarboxylation.4-5, 14 We anticipated that addition of 

acyl radical to styrenyl double bond would generate the key radical intermediate which could 

attach to CO2 via radical polar crossover under appropriate condition. If succeeded, we could 

afford carbocarboxylation/carboxyacylation of olefins from commodity chemicals with regio- 

and chemoselective control to generate valuable all-carbon quaternary centre. Notably, under 

CO2 atmosphere, to give the decarboxylation satisfactorily and finally affording carboxylation, 

the system would have to behave against “Le Chatelier’s principle”15, which has been achieved 

here under transition-metal free mild photocatalytic condition. Remarkably, the substrates and 

intermediate of these protocols are redox active and are both oxidized or reduced by SET 

process during the redox-neutral reaction mechanism avoiding the necessity for stoichiometric 

external oxidants or reductants. 

 We report here, a practically useful methodology for the decarboxylative acylation and 

carboxylation of styrenyl alkenes using 1 atm gaseous CO2 to furnish γ-keto acids (Scheme 1). 

Notably, this redox-neutral three-component alkene difunctionalization reaction underwent 

smoothly under the mild conditions using organic photocatalyst and without any oxidant or 

reductant. The extruded CO2 from the α-ketocarboxylic acids (when taken in super-

stoichiometric amounts) was reused without any external CO2 albeit in moderate yields. 

II.4. Results and discussion 

We optimized our reaction conditions taking 1,1-diphenylethylene 1a, 4-

methoxyphenylglyoxalic acid 2a as the representative substrates (Table 1−4). Now, when a 

mixture of 1a and 2a were subjected under CO2 atmosphere upon irradiation with 5W blue 

LED (λmax = 455 nm) in the presence of only 1 mol % of Ru(bpy)3Cl2.6H2O as the 

photocatalyst, Cs2CO3 as the base in acetonitrile solvent, we pleasingly detected the formation 

of the desired product 5a in 16% yield (entry 1, Table 1). After screening the solvents, polar 

solvent DMSO provided the best result (Table 1). 

Here, during carbocarboxylation, after accomplishing decarboxylation, the reduced 

photocatalyst would be required to reduce the benzyl radical to produce benzylic carbanion so 
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that it can react with electrophilic CO2. As the glyoxylic acid 2a has E1/2
red

 (acid/acyl radical) 

= −1.00 V vs SCE, we anticipated that the use of PC having similar but slightly lesser negative 

E1/2
red

 (PC*/ PC•–) value than −1.00 V (vs SCE) would serve the purpose. On varying the 

photocatalysts, Ir(ppy)2(dtbpy)PF6 having E1/2 (Ir
III/IrII) = −0.31V vs SCE, 4-CzIPN having E1/2 

(PC•– / PC) = −0.31V vs SCE16 provided improved yield (entries 6, 7, Table 2). 

Table 1. Screening of solvents for carbocarboxylation 

 

Entry Solventa Yield of 5a (%) 

1 MeCN 16 

2 THF 25 

3 DMF 31 

4 DMA 28 

5 DCE trace 

6 DMSO 37 

7 PhCH3 trace 

8 HFIP 10 

9 NMP trace 

aAll solvents are anhydrous. 

On further screening of several photocatalysts, bases and solvent, it was found that 

irradiation with 455 nm blue LEDs for 12 h under CO2 balloon pressure with 1.0 equivalent of 

2a in presence of 1 mol % of 4-CzIPN in DMSO solvent furnished the desired carboxylated 

product 5a in 81% yield (entry 8, Table 2). 
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Table 2. Screening of photocatalysts for carbocarboxylation 

 

Entry Photocatalyst Yield of 

5a (%) 

1 Ru(bpy)3Cl2.6H2O 37 

2 fac-Ir(ppy)3 43 

3 p-terphenyl ND 

4 Xanthone ND 

5 Rose bengal trace 

6 Ir(ppy)2(dtbpy)PF6 70 

7 Ir[dF(CF3)(ppy)]2(dtbpy)PF6 67 

8 4-CzIPN 81 

9 Ru(bpy)3(PF6)2 32 

10 4-DPAIPN 44 

Remarkably, instead of expensive Cs2CO3, non-carbonated base LiCl had furnished 

comparable yield (entry 1, Table 3). 

Table 3. Screening of bases for carbocarboxylation 
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Entry Base Yield of 

5a (%) 

1 Cs2CO3 81 

2 CsF 51 

3 K2CO3 67 

4 KOtBu 41 

5 Na2CO3 33 

6 Li2CO3 30 

7 LiCl 74 

8 Et3N trace 

9 iPr2NEt trace 

10 CsOAc 35 

11a Cs2CO3 78 

a3 equiv. of Cs2CO3. 

No expected product was detected in absence of light and photocatalyst (entries 3, 4, 

Table 4). With an ambition to reutilize the released CO2 from α-ketocarboxylic acid, the 

reaction was performed under argon without external CO2 furnishing 30% yield (entry 6, Table 

4). The partial pressure of CO2 (PCO2) was sufficiently increased to provide 58% of the desired 

product using 6.0 equiv of 2a (entry 8, Table 4) without addition of external CO2. However, 

to approach in greener direction and minimize the wastage, use of super-stoichiometric amount 

of 2a was avoided at present investigation. Reaction under O2 atmosphere completely sieged 

the formation of 5a and the phenylglyoxylic acid converted to deleterious benzoic acid rapidly 

(entry 7, Table 4). 

Upto this, as entry 1, Table 4 provided the best result, we decided to proceed with this 

as optimized condition. As the final reaction mixture contains remaining 2a, product 5a and 

side-product benzoic acid, for better isolation, in-situ esterification was performed in most of 

the cases with late addition of MeI into the reaction mixture. 
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Table 4. Control experiments for carbocarboxylation 

 

Entry Variation from “Standard 

condition” 

Yield of 

5a (%) 

1 None 81 

2 Without Cs2CO3 trace 

3 Without 4-CzIPN nd 

4 Without blue LEDs nd 

5 Without 4-CzIPN, without blue 

LEDs 

nd 

6 Ar instead of CO2 30 

7 O2 instead of CO2 nd 

8 Ar instead of CO2 and 6 equiv. of 

2a 

58 

9 Ar instead of CO2 and 6 equiv. of 

2a, LiCl instead of Cs2CO3 

47 

 

Thereafter, with the acceptable reaction condition for carboxyacylation/ 

carbocarboxylation in hand i.e., under “standard condition”, generality of the substrates was 

evaluated (Table 5). Substituted aryl α-keto carboxylic acids containing electron-donating 

groups like Me, OMe, iBu, Ph (5a-5d, 5h, 5o, 5q, 5u-5y) and withdrawing groups like F, Cl, 

Br (5f, 5g) provided good to moderate yields under the standardized reaction condition. The 

formation of said product was further confirmed by x-ray structure of 5b’ (CCDC: 2161689) 

derived from 5b on hydrolysis (Table 7).  
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Table 5. Substrate scope of decarboxylative acylcarboxylation of alkene under blue LED 

irradiationa,b 

 

[a]Reactions were performed in 0.2 mmol scale. [b] Isolated yields have been referred. 

Similarly, while styrene part was varied, α-substituted styrene having electron donating 

substitution such as OBn, Me, OMe (5j-5k, 5n-5q) and withdrawing substitution as Cl, CO2Me 

(5m, 5s-5t) underwent the reaction smoothly.  
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Interestingly, heterocycle 2-oxo-2-(thiophen-2-yl)acetic acid furnished the desired product in 

high yield (5r, 5t). To our delight, the styrenes without any α-substitution also provided fair 

yields where both donating groups as Me, tBu (5w, 5x) and withdrawing group CN (5z) were 

compatible. Naphthyl styrene also provided satisfactory results (5aa, 5ab) in our reaction 

condition. Interestingly, easily hydrolysable allyloxy, propargyloxy groups were well-tolerated 

(5p, 5u) in this mild condition. To expand the scope beyond substituted phenylglyoxylic acids, 

the condition was applied to 2-(methyl(phenyl)amino)-2-oxoacetic acid (5ac). And notably, 

the 1o aliphatic ketocarboxylic acids provided only the expected products (5ad-5af) via 

decarboxylation. Further decarbonylation to furnish alkyl radical has not taken place unlike 

that comes from 2o or 3o aliphatic ketocarboxylic acids owing to the relative lesser stability of 

resultant 1o-alkyl radical than 2o or 3o alkyl radicals. 

Therefore, to demonstrate the practical utility of the method, we checked the reaction 

under sunlight irradiation. To our delight, when blue LED was replaced in the “standard 

condition” with the sunlight irradiation (22.570 N, 88.360 E at 1100 hrs) the standard reaction 

between 1a, 2a and CO2 provided the expected product in 60% yield within 5 h.  

Table 6. Substrate scope of decarboxylative acylcarboxylation of alkene under sunlight 

irradiationa,b 

 

[a]Reactions were performed in 0.2 mmol scale. [b]Isolated yields have been referred. 

To check the generality of this method, several substrates were prepared to react under 

this condition (Table 6). As shown in the Table 4, both the donating and withdrawing groups 

survived the reaction condition yielding the expected product satisfactorily (5a-d, 5p, 5q). 
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Heterocycle moiety is also well-tolerated (5r, 5ag). Allyloxy, adamantine carboxylate 

substituted styrenes provided higher yields under sunlight irradiation (5p, 5ah-5ai). 

To demonstrate the utility, further transformation of the product 5b was pursued 

(Scheme 6). On NaBH4 reduction of 5b, the in situ formed 2o alcohol reacts with the 

carboxylate group from the same molecule and lactonizes to form fused heterocycle 30b. 

 

Scheme 6. Product derivatization. 

To shed light in the mechanism, we conducted several mechanistic experiments 

(Scheme 7). Radical inhibition experiment with 2.0 equiv of radical scavenger TEMPO 

(2,2,6,6- tetramethylpiperidin-1-yl)oxyl) completely shut down the reaction with full recovery 

of starting olefin which suggests that a probable radical mechanism is controlling the reaction 

(Scheme 7, i). Radical addition followed by ring opening occurs with olefin 1aa in the radical-

clock experiment to give 31 which indicates the generation of benzylic radical intermediate 

from styrene for carbocarboxylation (Scheme 7, ii). It gives further information that, no 

radical-radical coupling between benzylic radical and CO2 took place and there must be a 

radical-polar crossover in the carboxylation process. Next, as there is possibility of 

carboxylation from the carbonate base, we chose to confirm the source unambiguously. As, use 

of LiCl instead of Cs2CO3 furnished comparable yield (entry 3, Table 3), the possibility of 

Cs2CO3 to be the main carboxylating agent could be practically excluded. To clearly 

understand about the carboxylating agent, we performed isopope-labeling experiment. We 

performed a reaction with 13CO2 taking 2-vinylnaphthalene 1ab and 4-methylphenylglyoxylic 

acid 2d as formal substrates which ended up in formation of [13C]-5ab with 80% 13C 

incorporation (Scheme 7, iii). This provides strong evidence that the new carboxyl group is 

originated from the external CO2, although a little percentage could arise from the 

decarboxylation of glyoxylic acid as per our result under absence of external CO2 (Entry 6, 8, 

Table 4; Scheme 7, iv). Light on-off experiment for both of the reactions suggests that 

continuous light irradiation is essential for the sequential C-C bond formation although 

possibility of short-lived radical chains cannot be excluded (Scheme 7, v). 
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Based on the control experiments and previous literature precedence16-17 a probable 

mechanism has been portrayed in Scheme 8. The excited state of the photo catalyst (under 

Standard condition, 4-CzIPN* : E1/2
red = 1.35 V vs SCE) undergoes reduction by the carboxylate 

anion (E1/2
ox ≈ +1.0 V vs. SCE) to produce acyl radical via decarboxylation.16-17 

 

Scheme 7. Control experiments. 

The reactive acyl radical promptly adds to the terminal position of styrenyl double bond 

to form the more stable benzylic radical intermediate A which is persistent in nature. Then, 

SET could take place between A and reduced photocatalyst (PC•‒) (E1/2
red = −1.21 V vs SCE) 
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to produce carbanion B.18 It could attack CO2 nucleophilically to deliver the carboxylated 

product C, which on methylation or protonation, furnishes the expected product 5. 

II.5. Conclusion 

In conclusion, we have developed an organo phtoredox-catalyzed, three-component 

acylative carboxylation of styrene from α-ketocarboxylic acid and CO2 to afford γ-keto 

carboxylic acids. The carboxylation reaction takes place at 1 atm pressure following a 

decarboxylation process with organic photocatalyst, behaving against “Le Chatelier’s 

principle”.15 

 

Scheme 8. Plausible mechanism. 

This reductive coupling is initiated through the addition of acyl radical, which is generated via 

photoredox-mediated decarboxylation of α-ketocarboxylic acid followed by β-addition to the 

vinyl arenes furnishing a stabilized benzylic radical. This incipient radical is further reduced 

by the photocatalyst to the corresponding carbanion that attacks CO2. Interestingly, the reaction 

proceeds promptly under the sunlight irradiation. The acyl radical is generated selectively from 

the aryl and alkyl α-ketocarboxylic acids and no aryl or alkyl radical was generated via further 

decarbonylation. 
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II.6. Experimental section 

II.6.1. General information 

The uncorrected melting points were measured using open end capillary tubes. On silica gel 

plates (Merck silica gel 60, f254), TLC was conducted out, and the spots were visualized under 

UV light (254 and 365 nm) and with DNP stain. X-ray of crystals was recorded in Bruker D8 

Venture with a Photon-III detector instrument. 1H NMR was recorded at 400 MHz (JEOL-

JNM-ECZ400S/L1) frequency; 13C NMR spectra were recorded at 100 MHz (JEOL-JNM-

ECZ400S/L1) frequency in CDCl3, DMSO-D6 solvent using TMS as the internal standard. 

Chemical shifts were evaluated in parts per million (ppm), with tetramethylsilane serving as a 

reference at 0.0 ppm. The acronyms s=singlet, d=doublet, t=triplet, q=quartet, and m=multiplet 

are used to describe multiplicities. In Hertz unit, coupling constants, J, were reported (Hz). 

Utilizing the ESI (Q-TOF, positive ion) technique, HRMS (m/z) were measured. All 

commercial reagents were used without further purification, unless otherwise noted. 

II.6.2. Preparation of starting materials 

General procedure for preparation of substituted olefins (1) 

Slightly modifying a literature protocol19, these were prepared by Wittig reaction as 

follows. 

 

A clean and oven-dried round-bottom flask was charged with CH3PPh3Br (1.5 equiv.) 

and THF (carbonyl substrate concentration = 0.2 M), NaH (1.5 equiv.) was added in portion to 

the suspension at 0 °C. The resulting mixture was warmed up to ambient temperature and 

stirred for 1 h. The yellow suspension was cooled to 0 °C again followed by addition of the 

carbonyl substrate (1 equiv.). The mixture was then given one to twelve hours of additional 

stirring at room temperature. After the reaction was completed, the solvent was evaporated 

under reduced pressure, and then the reaction mixture was extracted with EtOAc (40 mL), 

deionized water (20 mL × 2) followed by washing the resulting organic layer with brine (20 

mL), and finally the combined organic layer was passed through anhydrous Na2SO4 for drying 

and the mixture was concentrated by evaporating the solvent under reduced pressure. Then, the 

crude product was purified with column chromatography (eluting with petroleum ether/ethyl 

acetate) to afford the substituted olefin substrates 1. 
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Synthesis of α-oxocarboxylicacid  

The α-oxocarboxylic acids were prepared from oxidation of corresponding methyl 

ketones by SeO2 according to the reported procedure.20 

II.6.3. Procedure for optimization of the carbocarboxylation reaction 

An oven-dried Schlenk tube (10 mL) was charged with 2a (43.2 mg, 0.24 mmol, 1.2 

equiv), photocatalyst and a stirring magnet-bar. Therefore, it was transferred to glovebox, 

where the base was to added. The tube was then taken out of the glove box, evacuated and 

back-filled with CO2 successively for three times. Therefore, under continuous CO2 flow, 

solvent and 1a (35 μL, 1.0 equiv., 0.2 mmol) were added with syringe and subsequently the 

tube is sealed. The reaction was stirred for 12 hours with irradiating with a 30 W blue LED 

lamp (set at a distance of 3 cm, and a cooling fan was set up to hold the reaction temperature 

constant at 25~30 °C). After 12 hours, the light was switched off, the Schlenk tube was opened 

and to the mixture, methyl iodide (24.9 μL, 0.4 mmol, 2.0 equiv.) was added and continued to 

stir at room temperature for additional 4 hours. Then, the reaction mixture was extracted with 

EtOAc (30 mL), water (10 mL × 2), followed by washing the resulting organic layer with brine 

(20 mL), and finally the combined organic layer was passed through anhydrous Na2SO4 for 

drying and the mixture was concentrated by evaporating the solvent under reduced pressure. 

By column chromatography (SiO2, eluting with hexane/ethyl acetate 93:7), the crude product 

was purified to provide the desired product 5a. 

II.6.4. General experimental procedures 

General experimental procedures for carbocarboxylation under blue LED 

irradiation (Table 3). 

An oven-dried Schlenk tube (10 mL) with a stirring bar inside was charged with 1 (0.2 

mmol, 1.0 equiv, if solid), 4-CzIPN (1.5 mg, 0.002 mmol, 1.0 mol %), 2 (0.24 mmol, 1.2 equiv) 

and taken into glovebox where Cs2CO3 (130.3 mg, 0.4 mmol, 2.0 equiv) was added. The tube 

was then taken out, evacuated, and subsequently refilled with CO2 for three times. Therefore, 

under continuous CO2 flow, anhydrous DMSO (3.0 mL) and 1 (if liquid) were added with 

syringe and subsequently the tube is sealed. The reaction was stirred for 12 hours with 

irradiating with a 30 W blue LED lamp (set at a distance of 3 cm, and a cooling fan was set up 

to hold the reaction temperature constant at 25~30 °C).  After 12 hours, the light was switched 

off, the Schlenk tube was opened and to the mixture, methyl iodide (24.9 μL, 0.4 mmol, 2.0 

equiv.) was added and continued to stir at room temperature for additional 4 hours. Then, the 
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reaction mixture was extracted with EtOAc (30 mL), deionized water (10 mL × 2), followed 

by washing the resulting organic layer with brine (20 mL), and finally the combined organic 

layer was passed through anhydrous Na2SO4 for drying and the mixture was concentrated by 

evaporating the solvent under reduced pressure. By column chromatography (SiO2, eluting 

with hexane/ethyl acetate), the crude product was purified by to provide the desired product. 

General Procedure for Carbocarboxylation Under Sunlight Irradiation (Table 3) 

An oven-dried Schlenk tube (10 mL) with a stirring bar inside was charged with 1 (0.2 

mmol, 1.0 equiv, if solid), 4-CzIPN (1.5 mg, 0.002 mmol, 1.0 mol %), 2 (0.24 mmol, 1.2 equiv) 

and taken into glovebox where Cs2CO3 (130.3 mg, 0.4 mmol, 2.0 equiv) was added. The tube 

was then taken out, evacuated and subsequently refilled with CO2 for three times. Therefore, 

under continuous CO2 flow, anhydrous DMSO (3.0 mL) and 1 (if liquid) were added with 

syringe and subsequently the tube is sealed. The reaction was stirred under direct sunlight (at 

Kolkata, 22.570 N, 88.360 E from 1100 hrs in December) for 5 hours. After completion, the 

light was switched off, the Schlenk tube was opened and to the mixture, methyl iodide (24.9 

μL, 0.4 mmol, 2.0 equiv.) was added and continued to stir at room temperature for additional 

4 hours. Then, the reaction mixture was extracted with EtOAc (30 mL), deionized water (10 

mL × 2), followed by washing the resulting organic layer with brine (20 mL), and finally the 

combined organic layer was passed through anhydrous Na2SO4 for drying and the mixture was 

concentrated by evaporating the solvent under reduced pressure. By column chromatography 

(SiO2, eluting with hexane/ethylacetate), the crude product was purified by to provide the 

desired product. 

II.6.5. Crystal data of 5b’ 

The crystal of compound 5b’ were grown in chloroform-hexane solvent system by slow 

evaporation procedure. The crystal data was collected in X-ray spectroscopy (Bruker D8 

Venture with a Photon-III detector instrument), and the data was analyzed using OLEX2 

software. The structure is given below. The corresponding cif file is uploaded separately as 

supporting information. 
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Thermal ellipsoid of 5b’. Ellipsoids are represented with 50% probability. 

Table 7. Crystal data and structure refinement for 5b’. 

Identification code 5b’ 

Empirical formula C44H36O6 

Formula weight 660.73 

Temperature/K 298.0 

Crystal system triclinic 

Space group P-1 

a/Å 8.9980(2) 

b/Å 11.5521(2) 

c/Å 18.5351(4) 

α/° 79.7640(10) 

β/° 84.2930(10) 

γ/° 67.4670(10) 

Volume/Å3 1750.20(6) 

Z 2 

ρcalcg/cm3 1.254 

μ/mm-1 0.663 

F(000) 696.0 

Crystal size/mm3 0.2 × 0.2 × 0.2 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.848 to 136.656 
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Index ranges -10 ≤ h ≤ 10, -13 ≤ k ≤ 13, -22 ≤ l ≤ 22 

Reflections collected 59503 

Independent reflections 6396 [Rint = 0.0782, Rsigma = 0.0395] 

Data/restraints/parameters 6396/0/453 

Goodness-of-fit on F2 1.098 

Final R indexes [I>=2σ (I)] R1 = 0.0684, wR2 = 0.1755 

Final R indexes [all data] R1 = 0.0788, wR2 = 0.1871 

Largest diff. peak/hole / e Å-3 0.27/-0.38 

II.6.6. Characterization data 

4-(4-methoxyphenyl)-4-oxo-2,2-diphenylbutanoic acid (5a)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (61.3 mg, 82%). 1H NMR (400 MHz, CDCl3): δ 7.92 (d, J = 8.8 Hz, 2H), 7.30-7.26 

(m, 8H), 7.23-7.20 (m, 2H), 6.90 (d, J = 8.8 Hz, 2H), 4.17 (s, 2H), 3.85 (s, 3H); 13C NMR (100 

MHz, CDCl3): δ 196.3, 176.4, 164.0, 142.6, 130.7, 129.6, 128.7, 128.1, 127.1, 113.9, 57.7, 

55.6, 47.3; HRMS (ESI, m/z) calcd. For C23H20O4 [M]+: 360.1362; found: 360.1359. 

Methyl 4-oxo-2,2,4-triphenylbutanoate (5b)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (51.6 mg, 72%). 1H NMR (400 MHz, CDCl3): δ 7.95-7.92 (m, 2H), 7.54 (t, J = 7.2 
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Hz, 1H), 7.43 (t, J = 8 Hz, 2H), 7.32-7.29 (m, 4H), 7.27-7.18 (m, 6H), 4.20 (s, 2H), 3.74 (s, 

3H); 13C NMR (100 MHz, CDCl3): δ 196.5, 173.7, 143.2, 136.9, 133.3, 128.8, 128.6, 128.0, 

128.0, 126.9, 51.1, 52.5, 48.3; HRMS (ESI, m/z) calcd. For C23H21O3 [M+H]+: 345.1491; 

found: 345.1494. 

Methyl 4-(4-isobutylphenyl)-4-oxo-2,2-diphenylbutanoate (5c)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellowish white solid (64.0 mg, 80%). 1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 8 Hz, 2H), 

7.32-7.25 (m, 7H), 7.23-7.18 (m, 5H), 4.18 (s, 1H), 3.73 (s, 3H), 2.51 (d, J = 7.6 Hz, 2H), 1.87 

(sept., J = 6.8 Hz, 1H), 0.90 (s, 3H), 0.88 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.14, 

173.85, 147.85, 143.30, 134.68, 129.38, 128.81, 128.06, 128.00, 126.88, 57.07, 52.51, 48.30, 

45.46, 30.20, 22.39; HRMS (ESI, m/z) calcd. For C27H29O4 [M+H]+: 401.2117; found: 

401.2112. 

Methyl 4-oxo-2,2-diphenyl-4-(p-tolyl)butanoate (5d)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (55.8 mg, 78%). 1H NMR (400 MHz, CDCl3): δ 1H NMR (400 MHz, Chloroform-

d) δ 7.83 (d, J = 8 Hz, 2H), 7.31 – 7.25 (m, 7H), 7.23 – 7.17 (m, 5H), 4.17 (s, 2H), 3.74 (s, 3H), 

2.39 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.10, 173.84, 144.13, 143.29, 134.45, 129.33, 

128.80, 128.20, 128.00, 126.89, 57.11, 52.52, 48.26, 21.72; HRMS (ESI, m/z) calcd. For 

C24H23O3 [M+H]+: 359.1647; found: 359.1648. 
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Methyl 4-([1,1'-biphenyl]-4-yl)-4-oxo-2,2-diphenylbutanoate (5e)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (51.2 mg, 61%). 1H NMR (400 MHz, CDCl3): δ 8.02-8.00 (m, 2H),  7.66-7.64 (m, 

2H), 7.61-7.59 (m, 2H), 7.48-7.44 (m, 2H), 7.41-7.39 (m, 1H), 7.34-7.26 (m, 8H), 7.23-7.19 

(m, 2H), 4.23 (s, 2H), 3.75 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.08, 173.80, 146.02, 

143.22, 139.90, 135.60, 129.05, 128.81, 128.68, 128.36, 128.04, 127.35, 127.32, 126.95, 57.16, 

52.56, 48.39; HRMS (ESI, m/z) calcd. For C29H25O3 [M+H]+: 421.1804; found: 421.1799. 

Methyl 4-(4-fluorophenyl)-4-oxo-2,2-diphenylbutanoate (5f)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

brown solid (49.2 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 1H NMR (400 MHz, Chloroform-

d) δ 7.97-7.93 (m, 2H), 7.30-7.25 (m, 7H), 7.24-7.18 (m, 3H), 7.09 (t, J = 8.4 Hz, 2H), 4.15 (s, 

2H), 3.74 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 194.98, 173.70, 165.88 (d, J = 254 Hz), 

143.07, 133.36 (d, J = 3 Hz), 130.72 (d, J = 9 Hz), 128.76, 128.05, 126.99, 115.76 (d, J = 22 

Hz), 57.19, 52.58, 48.21; HRMS (ESI, m/z) calcd. For C24H23O3 [M+H]+: 359.1647; found: 

359.1647. 

Methyl 4-(4-bromophenyl)-4-oxo-2,2-diphenylbutanoate (5g)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellow solid (57.4 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 4.8 Hz, 2H), 7.36-
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7.34 (m, 3H), 7.28-7.22 (m, 3H), 7.16-7.12 (m, 3H), 7.02 (s, 1H), 6.65 (d, J = 8 Hz, 2H), 3.70 

(s, 2H), 3.67 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 192.72, 173.79, 154.19, 142.85, 142.44, 

141.50, 139.17, 136.33, 131.05, 129.85, 129.25, 128.63, 128.49, 128.40, 128.07, 128.02, 

127.85, 127.12, 124.28, 62.04, 52.39, 44.52; HRMS (ESI, m/z) calcd. For C23H20BrO3 [M+H]+: 

423.0596; found: 423.0602. 

Methyl 4-(2,4-dimethylphenyl)-4-oxo-2,2-diphenylbutanoate (5h)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (54.3 mg, 73%). 1H NMR (400 MHz, CDCl3): δ 7.49 (d, J = 8 Hz, 2H), 7.32-7.26 

(m, 6H), 7.25-7.18 (m, 4H), 7.03-7.02 (m, 2H), 4.11 (s, 2H), 3.76 (s, 3H), 2.34 (s, 3H), 2.32 (s, 

3H); 13C NMR (100 MHz, CDCl3): δ 200.08, 173.88, 143.29, 141.99, 138.52, 135.22, 132.87, 

128.81, 128.51, 128.01, 126.89, 126.30, 57.26, 52.48, 51.06, 21.43, 21.16; HRMS (ESI, m/z) 

calcd. For C25H25O3 [M+H]+: 373.1804; found: 373.1800. 

Methyl 4-(naphthalen-2-yl)-4-oxo-2,2-diphenylbutanoate (5i)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellowish white solid (51.2 mg, 65%). 1H NMR (400 MHz, CDCl3): δ 8.46 (s, 1H), 7.99 (dd, 

J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.94 (d, J = 7.2 Hz, 1H), 7.87-7.84 (m, 2H), 7.61-7.52 (m, 2H), 

7.36-7.34 (m, 4H), 7.30-7.26 (m, 4H), 7.23-7.19 (m, 2H), 4.34 (s, 2H), 3.76 (m, 3H); 13C NMR 

(100 MHz, CDCl3): δ 196.48, 173.83, 143.24, 135.70, 134.24, 132.52, 129.68, 129.63, 128.84, 

128.63, 128.55, 128.06, 127.86, 126.96, 126.93, 123.86, 57.28, 52.59, 48.44; HRMS (ESI, m/z) 

calcd. For C27H23O3 [M+H]+: 395.1647; found: 395.1645. 
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Methyl 2-(4-(benzyloxy)phenyl)-4-oxo-2,4-diphenylbutanoate (5j)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (70.2 mg, 78%). 1H NMR (400 MHz, CDCl3): δ 7.95-7.93 (m, 2H), 7.55 (t, J = 8 

Hz, 1H), 7.46-7.26 (m, 12H), 7.23-7.21 (m, 2H), 6.89-6.86 (m, 2H), 5.02 (s, 2H), 4.19 (s, 2H), 

3.74 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.59, 174.00, 157.63, 143.49, 137.07, 136.97, 

135.52, 133.29, 130.04, 128.67, 128.07, 127.61, 126.93, 114.22, 70.08, 56.49, 52.54, 48.50; 

HRMS (ESI, m/z) calcd. For C30H27O4 [M+H]+: 451.1909; found: 451.1911. 

Methyl 4-oxo-2,4-diphenyl-2-(p-tolyl)butanoate (5k)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (58.0 mg, 81%). 1H NMR (400 MHz, CDCl3): δ 7.95-7.93 (m, 2H), 7.54 (t, J = 7.6 

Hz, 1H), 7.43 (m, 2H), 7.33-7.30 (m, 2H), 7.27-7.25 (m, 1H) , 7.24-7.17 (m, 4H), 4.19 (s, 2H), 

3.73 (s, 3H), 2.29 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.55, 173.92, 143.36, 140.24, 

136.97, 136.60, 133.25, 128.80, 128.76, 128.66, 128.60, 128.08, 127.98, 126.86, 56.78, 52.51, 

48.41, 21.01; HRMS (ESI, m/z) calcd. For C24H23O3 [M+H]+: 359.1647; found: 359.1634. 

Methyl 2-(4-methoxyphenyl)-4-oxo-2,4-diphenylbutanoate (5l)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 
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yellow gel (57.6 mg, 77%). 1H NMR (400 MHz, CDCl3): δ 7.95-7.92 (m, 2H), 7.54 (t, J = 7.6 

Hz, 1H), 7.45-7.41 (m, 2H), 7.34-7.31 (m, 2H), 7.28-7.26 (m, 2H), 7.24-7.18 (m, 3H), 6.81-

6.77 (m, 2H), 4.18 (s, 2H), 3.76 (s, 3H), 3.73 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.58, 

174.01, 158.32, 143.51, 136.97, 135.23, 133.27, 129.99, 128.68, 128.07, 128.04, 126.90, 

113.33, 56.46, 55.27, 52.51, 48.49; HRMS (ESI, m/z) calcd. For C24H23O4 [M+H]+: 375.1596; 

found: 375.1588. 

Methyl 2-(4-chlorophenyl)-4-oxo-2,4-diphenylbutanoate (5m)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (55.2 mg, 73%). 1H NMR (400 MHz, CDCl3): δ 7.94-7.91 (m, 2H), 7.55 (t, J = 7.6 

Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 7.30-7.25 (m, 5H), 7.24-7.19 (m, 4H), 4.17 (ABq, J = 49.6 

Hz, 2H), 3.73 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.27, 173.45, 142.89, 141.61, 136.74, 

133.45, 132.81, 130.62, 128.73, 128.38, 128.33, 128.07, 127.99, 127.28, 56.64, 52.66, 48.25; 

HRMS (ESI, m/z) calcd. For C23H20ClO3 [M+H]+: 379.1101; found: 379.1094. 

Methyl 2,2-bis(4-methoxyphenyl)-4-oxo-4-phenylbutanoate (5n)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellowish white solid (58.2 mg, 72%). 1H NMR (400 MHz, CDCl3): δ 7.94-7.91 (m, 2H), 7.53 

(t, J = 7.8 Hz, 1H), 7.44-7.40 (m, 2H), 7.25-7.22 (m, 3H), 7.18 (d, J = 9.2 Hz), 6.81-6.78 (m, 

4H), 4.14 (s, 2H), 3.76 (s, 6H), 3.72 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.66, 174.22, 
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158.29, 137.01, 135.52, 133.24, 129.87, 129.72, 128.66, 128.06, 113.36, 113.33, 55.79, 55.28, 

52.48, 48.60; HRMS (ESI, m/z) calcd. For C25H25O5 [M+H]+: 405.1624; found: 405.1623. 

Methyl 2,2,4-tris(4-methoxyphenyl)-4-oxobutanoate (5o)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (65.1 mg, 75%). 1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 8.8 Hz, 2H), 7.22 (d, 

J = 8.8 Hz, 4H), 6.89 (d, J = 8.8 Hz, 2H), 6.78 (d, J = 8.8 Hz, 4H), 4.08 (s, 2H), 3.84 (s, 3H), 

3.76 (s, 6H), 3.72 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 195.15, 174.32, 163.61, 158.23, 

135.66, 130.34, 130.10, 129.87, 113.77, 113.29, 55.81, 55.57, 55.27, 52.44, 48.26; HRMS 

(ESI, m/z) calcd. For C26H27O6 [M+H]+: 435.1808; found: 435.1820. 

Methyl 2-(2-(allyloxy)-4-methoxyphenyl)-4-oxo-2,4-diphenylbutanoate (5p)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellowish white solid (58.5 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 7.93-7.90 (m, 2H), 7.53-

7.49 (m, 1H), 7.42-7.38 (m, 4H), 7.29-7.26 (m, 2H), 7.24-7.20 (m, 2H), 6.42 (dd, J1 = 8.8 Hz, 

J2 = 2.4 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 5.85-5.75 (m, 1H), 5.28-5.17 (m, 2H), 4.38-4.31 (m, 

4H), 3.74 (s, 3H), 3.64 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 197.28, 174.76, 159.79, 156.72, 

140.26, 137.68, 132.97, 132.84, 132.00, 128.83, 128.48, 128.04, 127.81, 126.89, 124.00, 

117.46, 103.80, 100.14, 69.29, 56.02, 55.31, 52.46, 42.90; HRMS (ESI, m/z) calcd. For 

C26H25O4 [M+H]+: 401.1753; found: 401.1760. 
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Methyl 2-(4-(benzyloxy)phenyl)-4-(4-methoxyphenyl)-4-oxo-2-phenylbutanoate (5q)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellow gum (82.6 mg, 86%). 1H NMR (400 MHz, CDCl3): δ 7.94-7.91 (m, 2H), 7.42-7.19 (m, 

12H), 6.92-6.85 (m, 4H), 5.01 (s, 2H), 4.14-4.13 (m, 2H), 3.85 (s, 3H), 3.74 (s, 3H); 13C NMR 

(100 MHz, CDCl3): δ 195.11, 174.12, 163.66, 157.59, 143.66, 137.10, 135.68, 130.38, 130.06, 

130.05, 128.71, 128.67, 128.04, 127.61, 126.87, 114.18, 113.81, 70.07, 56.52, 55.59, 52.50, 

48.17; HRMS (ESI, m/z) calcd. For C31H29O5 [M+H]+: 481.2015; found: 481.2022. 

Methyl 4-oxo-2,2-diphenyl-4-(thiophen-2-yl)butanoate (5r)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellow solid (58.1 mg, 83%). 1H NMR (400 MHz, CDCl3): δ 7.68 (dd, J1 = 3.6 Hz, J2 = 1.2 

Hz, 1H, 7.58 (dd, J1 = 5.2 Hz, J2 = 1.2 Hz, 1H),  7.33-7.26 (m, 7H), 7.25-7.19 (m, 3H), 7.08-

7.06 (m, 1H), 4.13 (s, 2H), 3.74 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 189.46, 173.60, 

144.08, 142.97, 133.72, 131.85, 128.80, 128.12, 128.06, 127.02, 57.26, 52.63, 48.63; HRMS 

(ESI, m/z) calcd. For C21H19O3S [M+H]+: 351.1055; found: 351.1055. 

Methyl 2-(4-chlorophenyl)-4-oxo-2-phenyl-4-(p-tolyl)butanoate (5s)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 
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colourless gum (51.7 mg, 66%). 1H NMR (400 MHz, CDCl3): δ 7.86-7.83 (m, 2H), 7.53 (dd, 

J1 = 5.6 Hz, J2 = 2.0 Hz, 1H), 7.39-7.35 (m, 2H), 7.31-7.25 (m, 4H), 7.23-7.16 (m, 4H), 4.48 

(ABq, J = 18.8 Hz, 2H), 3.70 (s, 3H), 2.39 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 196.09, 

173.67, 144.03, 139.70, 134.69, 133.85, 133.12, 130.91, 129.31, 128.82, 128.51, 128.18, 

128.10, 127.28, 125.92, 58.33, 52.86, 43.16, 21.70; HRMS (ESI, m/z) calcd. For C24H21ClO3 

[M+H]+: 393.1257; found: 393.1249. 

Methyl 4-(1-methoxy-1,4-dioxo-2-phenyl-4-(thiophen-2-yl)butan-2-yl)benzoate (5t)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (58.8 mg, 72%). 1H NMR (400 MHz, CDCl3): δ 7.57 (dd, J1 = 4 Hz, J2 = 1.2 Hz, 

1H, 7.52 (dd, J1 = 5.2 Hz, J2 = 1.2 Hz, 1H),  7.39 (dd, J1 = 4.8 Hz, J2 = 0.8 Hz, 1H), 7.33-7.31 

(m, 3H), 7.11 (dd, J1 = 4 Hz, J2 = 1.2 Hz, 1H), 7.01 (dd, J1 = 5.2 Hz, J2 = 4 Hz, 1H), 6.83-6.80 

(m, 4H), 4.14 (s, 2H), 3.76 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 192.71, 189.65, 158.60, 

144.88, 143.24, 133.61, 133.48, 132.56, 131.68, 130.83, 129.87, 127.99, 127.32, 113.61, 61.95, 

55.28, 50.25; HRMS (ESI, m/z) calcd. For C23H21O5S [M+H]+: 411.1266; found: 411.1269. 

Methyl 4-(4-methoxyphenyl)-4-oxo-2-phenyl-2-(4-(prop-2-yn-1-yloxy)phenyl)butanoate 

(5u)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

colourless gum (58.3 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 7.92-7.90 (m, 2H), 7.31-7.27 

(m, 3H), 7.24-7.19 (m, 4H), 6.91-6.83 (m, 4H), 4.62 (d, J = 7.2 Hz, 2H), 4.11 (s, 2H), 3.85 (s, 

3H), 3.73 (s, 3H), 2.49 (t, J = 2.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 195.03, 174.02, 
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163.65, 156.33, 143.54, 136.29, 130.35, 130.09, 130.01, 128.63, 128.04, 126.89, 114.16, 

113.79, 78.67, 75.57, 56.51, 55.86, 55.57, 52.50, 48.13; HRMS (ESI, m/z) calcd. For C27H25O5 

[M+H]+: 429.1702; found: 429.1689. 

Methyl 4-oxo-2,4-diphenylbutanoate (5v)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

brown solid (44.7 mg, 75%). 1H NMR (400 MHz, CDCl3): δ 7.96-7.92 (m, 2H), 7.34-7.26 (m, 

5H), 6.92-6.89 (m, 2H), 4.27 (dd, J1 = 10.4 Hz, J2 = 4 Hz, 1H), 3.95-3.88 (m, 1H), 3.85 (s, 3H), 

3.21 (dd, J1 = 17.6 Hz, J2 = 4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 196.19, 174.05, 163.73, 

138.59, 132.75, 130.45, 129.61, 128.98, 127.92, 127.59, 113.82, 55.56, 52.39, 46.51, 42.56; 

HRMS (ESI, m/z) calcd. For C18H19O4 [M+H]+: 299.1283; found: 299.1287. 

Methyl 2-(4-(tert-butyl)phenyl)-4-oxo-4-(p-tolyl)butanoate (5w)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

colourless gum (49.3 mg, 73%). 1H NMR (400 MHz, CDCl3): δ 7.87-7.85 (m, 2H), 7.36-7.34 

(m, 2H), 7.29-7.26 (m, 2H), 7.23 (d, J = 8 Hz, 2H), 4.26 (dd, J1 = 10.4 Hz, J2 = 4 Hz, 1H), 3.91 

(dd, J1 = 18 Hz, J2 = 10.4 Hz, 1H), 3.69 (s, 3H), 3.23 (dd, J1 = 18 Hz, J2 = 4 Hz, 1H), 2.39 (s, 

3H), 1.31 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 197.48, 174.18, 150.48, 144.17, 135.42, 

134.07, 129.35, 128.30, 127.52, 125.91, 52.35, 45.97, 42.90, 34.57, 31.40, 21.74; HRMS (ESI, 

m/z) calcd. For C22H27O3 [M+H]+: 339.1960; found: 339.1969. 
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Methyl 4-oxo-4-phenyl-2-(p-tolyl)butanoate (5x)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white crystalline solid (38.9 mg, 69%). 1H NMR (400 MHz, CDCl3): δ 7.97-7.95 (m, 2H), 7.55 

(tt, J1 = 7.2 Hz, J2 = 1.2 Hz, 1H), 7.44 (t, J = 8 Hz, 2H), 7.23 (d, J = 8 Hz, 2H), 7.15 (d, J = 8 

Hz, 2H), 4.26 (dd, J1 = 10 Hz, J2 = 4 Hz, 1H), 3.92 (dd, J1 = 17.2 Hz, J2 = 9.6 Hz, 1H), 3.68 (s, 

3H), 3.24 (dd, J1 = 18 Hz, J2 = 4 Hz, 1H), 2.33 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 197.81, 

174.11, 137.37, 136.52, 135.43, 133.37, 129.69, 128.68, 128.17, 127.77, 52.40, 46.02, 42.93, 

21.14; HRMS (ESI, m/z) calcd. For C18H19O3 [M+H]+: 283.1334; found: 283.1326. 

Methyl 2-([1,1'-biphenyl]-4-yl)-4-(3,4-dimethoxyphenyl)-4-oxobutanoate (5y)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (52.5 mg, 65%). 1H NMR (400 MHz, CDCl3): δ 7.61 (dd, J1 = 8 Hz, J2 = 2 Hz, 

1H), 7.57 (m, 4H), 7.52 (d, J = 2 Hz, 1H), 7.44-7.41 (m, 4H), 7.34 (tt, J1 = 7.2 Hz, J2 = 2 Hz, 

1H), 6.86 (d, J = 8.4 Hz, 1H), 4.33 (dd, J1 = 10.0 Hz, J2 = 4 Hz, 1H), 3.95-3.88 (m, 7H), 3.72 

(s, 3H), 3.29 (dd, J1 = 18 Hz, J2 = 4.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 196.26, 174.06, 

153.59, 149.12, 140.65, 137.54, 129.73, 128.88, 128.36, 127.71, 127.48, 127.13, 122.92, 

110.21, 110.12, 56.16, 56.06, 52.48, 46.27, 42.44; HRMS (ESI, m/z) calcd. For C25H25O5 

[M+H]+: 405.1702; found: 405.1702. 

Methyl 2-(4-cyanophenyl)-4-oxo-4-phenylbutanoate (5z)  
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This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (36.9 mg, 63%). 1H NMR (400 MHz, CDCl3): δ 7.96-7.92 (m, 2H), 7.64-7.61 (m, 

2H), 7.56 (tt, J1 = 8 Hz, J2 = 1.2 Hz, 1H), 7.48-7.43 (m, 4H), 4.36 (q, J= 4.4 Hz, 1H), 3.90 (q, 

J=9.2 Hz, 1H), 3.69 (s, 3H), 3.30 (dd, J1= 18 Hz, J2 = 4.8 Hz, 1H); 13C NMR (100 MHz, 

CDCl3): δ 197.4, 163.2, 148.0, 138.1, 131.4, 130.9, 130.2, 128.2, 127.8, 127.5, 126.1, 126.0, 

113.4, 55.5, 49.7, 43.8, 42; HRMS (ESI, m/z) calcd. For C18H16O3 [M+H]+: 294.1130; found: 

294.1133.  

Methyl 4-(4-methoxyphenyl)-2-(naphthalen-2-yl)-4-oxobutanoate (5aa)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

reddish white solid (45.9 mg, 66%). 1H NMR (400 MHz, CDCl3): δ 7.97-7.94 (m, 2H), 7.83-

7.80 (m, 4H), 7.48-7.45 (m, 3H), 6.92-6.90 (m, 2H), 4.45 (dd, J1= 6 Hz, J2 = 4 Hz, 1H), 3.98 

(dd, J1 = 18 Hz, J2 = 10.4 Hz, 1H), 3.85 ( s, 3H), 3.69 (s, 3H), 3.30 (dd, J1 = 18 Hz, J2 = 4Hz, 

1H); 13C NMR (100 MHz, CDCl3): δ 196.13, 174.06, 163.76, 135.99, 133.57, 132.78, 130.47, 

129.62, 128.73, 127.89, 127.74, 126.76, 126.42, 126.10, 125.91, 113.84, 55.56, 52.45, 46.62, 

42.54; HRMS (ESI, m/z) calcd. For C22H21O4 [M+H]+: 349.1440; found: 349.1444. 

Methyl 2-(naphthalen-2-yl)-4-oxo-4-(p-tolyl)butanoate (5ab)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white solid (47.2 mg, 71%). 1H NMR (400 MHz, CDCl3): δ 7.89-7.87 (m, 2H), 7.83-7.80 (m, 

4H), 7.49-7.44 (m, 3H), 7.24-7.23 (m, 2H), 4.46 (dd, J1 = 10.0 Hz, J2 = 4.0 Hz, 1H), 4.02 (dd, 

J1 = 18.0 Hz, J2 = 10.0 Hz, 1H), 3.70 (s, 3H), 3.33 (dd, J1 = 18.0 Hz, J2 = 4.0 Hz, 1H), 2.39 (s, 
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3H); 13C NMR (100 MHz, CDCl3): δ 197.28, 174.01, 144.26, 135.93, 134.03, 133.57, 132.79, 

129.38, 128.75, 128.31, 127.90, 127.74, 126.77, 126.43, 126.12, 125.90, 52.47, 46.57, 42.76, 

21.74; HRMS (ESI, m/z) calcd. For C22H20O3 [M+H]+: 332.1412; found: 332.1413. 

Methyl 2-(4-(benzyloxy)phenyl)-4-(methyl(phenyl)amino)-4-oxo-2-phenylbutanoate (5ac) 

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellow solid (71.9 mg, 83%). 1H NMR (400 MHz, CDCl3): δ 7.43-7.27 (m, 8H), 7.26-7.18 (m, 

4H), 6.90-6.86 (m, 2H), 5.03 (s, 2H), 3.73 (s, 3H), 3.55 (s, 3H), 3.46 (s, 2H); 13C NMR (100 

MHz, CDCl3): δ 173.65, 171.22, 157.80, 142.67, 137.01, 134.74, 129.86, 128.67, 128.54, 

128.08, 127.62, 127.14, 114.26, 57.03, 52.65, 51.75, 43.88; HRMS (ESI, m/z) calcd. For 

C31H30NO5 [M+H]+: 480.2175; found: 480.2169. 

Methyl 4-oxo-2,2,6-triphenylhexanoate (5ad)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

white gum (40.9 mg, 55%). 1H NMR (400 MHz, CDCl3): δ 7.26-7.16 (m, 13H), 7.08-7.06 (m, 

2H), 3.68 (s, 3H), 3.58 (s, 2H), 2.79 (t, J = 7.6 Hz, 1H), 2.62 (t, J = 7.6 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 206.42, 173.61, 142.92, 140.91, 128.69, 128.52, 128.37, 128.04, 126.99, 

126.15, 57.12, 52.51, 52.10, 44.88, 29.54; HRMS (ESI, m/z) calcd. For C25H24O3 [M+H]+: 

373.1804; found: 373.1801. 

Methyl 4-oxo-2,2-diphenylpentanoate (5ae)  
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This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

colourless gummy liquid (29.9 mg, 53%). 1H NMR (400 MHz, CDCl3): δ 7.28-7.20 (m, 10 H), 

3.71 (s, 3H), 3.64 (s, 2H), 2.07 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 205.02, 173.64, 142.99, 

128.69, 128.04, 127.00, 57.05, 52.54, 30.72; HRMS (ESI, m/z) calcd. For C18H18O3 [M+H]+: 

283.1334; found: 283.1334. 

Methyl 4-oxo-2-phenyl-2-(p-tolyl)pentanoate (5af)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

colourless gummy liquid (29.6 mg, 50%). 1H NMR (400 MHz, CDCl3): δ 7.26-7.19 (m, 5H), 

7.13-7.11 (m, 2H), 7.07-7.05 (m, 2H), 3.70 (s, 3H), 3.61 (d, J = 2.4 Hz, 2H), 2.30 (s, 3H), 2.07 

(s, 3H); 13C NMR (100 MHz, CDCl3): δ 205.10, 173.77, 143.14, 139.99, 136.66, 128.76, 

128.69, 128.51, 127.98, 126.92, 56.73, 52.71, 52.50, 30.74, 21.02; HRMS (ESI, m/z) calcd. 

For C19H20O3 [M+H]+: 297.1491; found: 297.1499. 

4-(1-methoxy-1,4-dioxo-2-phenyl-4-(thiophen-2-yl)butan-2-yl)phenyl (3r,5r,7r)-

adamantane-1-carboxylate (5ag)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as ash 

coloured solid (88.7 mg, 84%). 1H NMR (400 MHz, CDCl3): δ 7.67 (dd, J1 = 4.0 Hz, J2 = 1.2 

Hz, 1H), 7.59 (dd, J1 = 4.8 Hz, J2 = 0.8 Hz, 1H), 7.32-7.26 (m, 6H), 7.24-7.21 (m, 1H), 7.09-

7.07 (m, 1H), 6.96-6.93 (m, 2H), 4.15-4.05 (m, 2H), 3.73 (s, 3H), 2.06-2.01 (m, 9H), 1.78-1.71 

(m, 6H); 13C NMR (100 MHz, CDCl3): δ 189.27, 176.10, 173.44, 149.91, 143.99, 142.78, 
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140.10, 133.76, 131.86, 129.99, 128.70, 128.14, 127.14, 120.93, 56.80, 52.66, 48.70, 41.11, 

38.81, 36.53, 27.98; HRMS (ESI, m/z) calcd. For C32H32O5S [M+H]+: 529.2049; found: 

529.2061. 

Methyl 2-(2-(allyloxy)-4-methoxyphenyl)-4-(2,4-dimethylphenyl)-4-oxo-2-

phenylbutanoate (5ah)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellow gel (53.1 mg, 58%). 1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 8.0 Hz, 1H), 7.44-7.42 

(m, 2H), 7.33-7.27 (m, 2H), 7.23-7.17 (m, 2H), 7.00-6.96 (m, 2H), 6.40 (dd, J1 = 8.8 Hz, J2 = 

2.8 Hz, 1H), 6.34 (d, J = 2.4 Hz, 1H), 5.79-5.69 (m, 1H), 5.22-5.13 (m, 2H), 4.37-4.16 (m, 4H), 

3.74 (s, 3H), 3.64 (s, 3H), 2.31 (s, 3H), 2.25 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 201.22, 

174.69, 159.80, 156.77, 141.35, 140.68, 138.09, 136.22, 132.96, 132.59, 131.71, 128.95, 

128.82, 128.52, 127.74, 126.77, 126.50, 126.11, 124.17, 117.37, 103.82, 100.28, 69.28, 56.20, 

55.34, 52.40, 45.88, 21.37, 21.10; HRMS (ESI, m/z) calcd. For C29H30O5 [M+H]+: 459.2171; 

found: 459.2172. 

Methyl 2-(2-(allyloxy)-4-methoxyphenyl)-4-(2,4-dimethoxyphenyl)-4-oxo-2-

phenylbutanoate (5ai)  

 

This was synthesized following the optimized protocol and purified in column chromatography 

(Stationary medium is SiO2, and eluting solvent is 90:10 hexane/ethyl acetate) affording as 

yellow gel (66.6 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 7.63 (dd, J1 = 8.4 Hz, J2 = 2.0 Hz, 

1H), 7.44-7.40 (m, 3H), 7.29-7.21 (m, 4H), 6.84 (d, J = 8.4 Hz, 1H), 6.43 (dd, J1 = 8.4 Hz, J2 
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= 2.4 Hz, 1H), 6.37 (d, J = 2.8 Hz, 1H), 5.86-5.76 (m, 1H), 5.21 (qq, J1 = 15.6 Hz, J2 = 2.0 Hz, 

2H), 4.39-4.30 (m, 4H), 3.92 (s, 3H), 3.85 (s, 3H), 3.75 (s, 3H), 3.64 (s, 3H); 13C NMR (100 

MHz, CDCl3): δ 195.86, 174.85, 159.76, 156.75, 153.12, 148.96, 140.37, 133.02, 132.01, 

130.95, 128.85, 127.79, 126.85, 124.10, 122.52, 117.33, 110.29, 109.91, 103.80, 100.13, 69.27, 

56.14, 55.99, 55.30, 52.45, 42.37; HRMS (ESI, m/z) calcd. For C29H30O7 [M+H]+: 491.2070; 

found: 491.2077. 

II.6.7. Product derivatization 

 

In a clean 25 mL round bottom flask, methyl 4-oxo-2,2,4-triphenylbutanoate (5b) (68.8 mg, 

0.2 mmol, 1 equiv.) was charged and to it 2 mL methanol was added. Therefore, the solution 

was set up for stirring at. At 0 0C, sodium borohydride (NaBH4) (15.1 mg, 0.4 mmol, 2 equiv.) 

was added to the mixture and the flask was closed. Then, the reaction mixture was allowed to 

stir at room temperature for 5 hours. After that, 5 mL 2(N) HCl was added dropwise to the 

reaction mixture to quench the excess NaBH4. Then, the reaction mixture was extracted with 

EtOAc (40 mL), deionized water (15 mL × 2), followed by washing the resulting organic layer 

with brine (20 mL), and finally the combined organic layer was passed through anhydrous 

Na2SO4 for drying and the mixture was concentrated by evaporating the solvent under reduced 

pressure. By column chromatography (SiO2, eluting with hexane/ethylacetate 98:2), the crude 

product was purified by to provide 30b as white solid (39 mg, 61%). 1H NMR (400 MHz, 

CDCl3): δ 7.47-7.26 (m, 15H), 5.32 (q, J = 5.2 Hz, 1H), 3.30 (dd, J1 = 12.8 Hz, J2 = 4.8 Hz, 

1H), 2.94 (dd, J1 = 12.8 Hz, J2 = 10.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 176.96, 141.73, 

139.62, 138.41, 129.18, 128.87, 128.77, 128.49, 127.97, 127.81, 127.49, 127.41, 125.76, 78.07, 

58.79, 46.35; HRMS (ESI, m/z) calcd. For C32H32O5S [M+H]+: 315.1385; found: 315.1297. 

II.6.8. Control experiments 

Radical inhibition experiment 
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An oven-dried Schlenk tube (10 mL) with a stirring bar inside was charged with 2a (43.2 

mg, 0.24 mmol, 1.2 equiv), 4-CzIPN (1.5 mg, 0.002 mmol, 1.0 mol %), 2 (0.24 mmol, 1.2 

equiv), TEMPO (0.4 mmol, 62.5 mg, 2.0 equiv.) and taken into glovebox, where Cs2CO3 (130.3 

mg, 0.4 mmol, 2.0 equiv) was added. The tube was then taken out, evacuated and subsequently 

refilled with CO2 for three times. Therefore, under continuous CO2 flow, anhydrous DMSO (3 

mL) and 1a (35 μL, 1.0 equiv., 0.2 mmol) was added with syringe and subsequently the tube 

is sealed. The reaction was stirred for 12 hours with continuous irradiation from a 30 W blue 

LED lamp (kept at a distance of 3 cm, and a cooling fan was set to keep the reaction temperature 

constant at 25~30 °C). After 12 hours, the light was switched off, the shlenk tube was opened 

and to the mixture, methyl iodide (24.9 μL, 0.4 mmol, 2.0 equiv.) was added and continued to 

stir at room temperature for additional 4 hours. Then, TLC was checked which showed no 

formation of expected product 5a. 

Radical-clock Experiment 

 

An oven-dried Schlenk tube (10 mL) with a stirring bar inside was charged with 2a 

(43.2 mg, 0.24 mmol, 1.2 equiv), 4-CzIPN (1.5 mg, 0.002 mmol, 1.0 mol %) and taken into 

glovebox, where Cs2CO3 (0.4 mmol, 130.3 mg, 2.0 equiv) was added. The tube was then taken 

out, evacuated and subsequently refilled with CO2 for three times. Therefore, under continuous 

CO2 flow, anhydrous DMSO (3.0 mL) and radical-clock substrate 1aa (0.2 mmol, 1.0 equiv., 

28.8 mg) were added with syringe and subsequently the tube is sealed. The reaction was stirred 

for 12 hours with continuous irradiation from a 30 W blue LED lamp (kept at a distance of 3 

cm, and a cooling fan was set to keep the reaction temperature constant at 25~30 °C). After 12 

hours, the light was switched off, the shlenk tube was opened and to the mixture, methyl iodide 

(24.9 μL, 0.4 mmol, 2.0 equiv.) was added and continued to stir at room temperature for 

additional 4 hours. After that, TLC was checked which showed no formation of expected 

product 5a, instead ring opening product 31 was achieved with column chromatography 

(eluting with petroleum ether/ethyl acetate 97:3) as colourless liquid (25.3 mg, 73%). 1H NMR 

(400 MHz, CDCl3): δ 7.98-7.94 (m, 2H), 7.31-7.23 (m, 5H), 6.93-6.91 (m, 2H), 5.99 (t, J = 7.2 
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Hz, 1H), 4.13 (s, 2H), 3.85 (s, 3H), 2.18 (pent., J = 7.6 Hz, 2H), 1.07 (t, J = 7.6 Hz, 3H); 13C 

NMR (100 MHz, CDCl3): δ 196.86, 195.78, 163.56, 163.43, 143.02, 140.65, 134.39, 133.95, 

132.81, 130.81, 130.58, 130.07, 128.51, 128.35, 128.17, 126.83, 126.75, 126.11, 126.10, 

113.79, 113.69, 55.56, 55.51, 48.48, 40.45, 22.65, 22.62, 14.45, 14.03; HRMS (ESI, m/z) calcd. 

For C32H32O5S [M+H]+: 281.1542; found: 281.1544. 

13C-labelling experiment for carbocarboxylation 

 

An oven-dried Schlenk tube (10 mL) with a stirring bar inside was charged with 2-

vinylnaphthalene (30.8 mg, 0.20 mmol, 1.0 equiv.), 2d (39.4 mg, 0.24 mmol, 1.2 equiv), 4-

CzIPN (1.5 mg, 0.002 mmol, 1.0 mol %) and taken into glovebox, where Cs2CO3 (0.4 mmol, 

130.3 mg, 2.0 equiv) was added. The tube was then taken out, evacuated and subsequently 

refilled with 13CO2 for three times. Therefore, under continuous 13CO2 flow, anhydrous DMSO 

(3.0 mL) was added with syringe and subsequently the tube was sealed. The reaction was stirred 

for 12 hours with continuous irradiation from a 30 W blue LED lamp (kept at a distance of 3 

cm, and a cooling fan was set to keep the reaction temperature constant at 25~30 °C). After 12 

hours, the light was switched off, the shlenk tube was opened and to the mixture, methyl iodide 

(24.9 μL, 0.4 mmol, 2.0 equiv.) was added and continued to stir at room temperature for 

additional 4 hours. Then, the reaction mixture was extracted with EtOAc (40 mL), deionized 

water (15 mL × 2), followed by washing the resulting organic layer with brine (20 mL), and 

finally the combined organic layer was passed through anhydrous Na2SO4 for drying and the 

mixture was concentrated by evaporating the solvent under reduced pressure. By column 

chromatography (SiO2, eluting with hexane/ethylacetate 97:3), the crude product was purified 

to provide the desired product [13C]-5ab as white solid (47.9 mg, 72% with 80% 13C 

incorporation). 1H NMR (400 MHz, CDCl3): δ 7.89-7.87 (m, 2H), 7.83-7.80 (m, 4H), 7.49-

7.44 (m, 3H), 7.23-7.22 (m, 2H), 4.48-4.43 (m, 1H), 4.01 (qd, J1 = 10.0 Hz, J2 = 2.8 Hz, 1H), 

3.69 (d, J = 4 Hz, 3H), 3.33 (dq, J1 = 18.0 Hz, J2 = 4.0 Hz, 1H), 2.39 (s, 3H); 13C NMR (100 

MHz, CDCl3): δ 197.28, 174.01, 144.26, 135.93, 134.03, 133.57, 132.79, 129.38, 128.75, 

128.31, 127.90, 127.74, 126.78, 126.43, 126.12, 125.89, 52.47, 46.55 (d, J = 57 Hz, 46.27, 

42.76, 21.75; HRMS (ESI, m/z) calcd. For C22H20O3 [M+H]+: 333.1491; found: 333.1389. 
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Carbocarboxylation reaction under argon (Ar) atmosphere 

 

An oven-dried Schlenk tube (10 mL) with a stirring bar inside was charged with with 2-

vinylnaphthalene (30.8 mg, 0.20 mmol, 1.0 equiv.), 2d (39.4 mg, 0.24 mmol, 1.2 equiv), 4-

CzIPN (1.5 mg, 0.002 mmol, 1.0 mol %) and taken into glovebox, where Cs2CO3 (0.4 mmol, 

130.3 mg, 2.0 equiv) was added. The tube was then taken out, evacuated and subsequently 

refilled with Ar for three times. Therefore, under continuous Ar flow, anhydrous DMSO (3.0 

mL) was added with syringe and subsequently the tube is sealed. The reaction was stirred for 

12 hours with continuous irradiation from a 30 W blue LED lamp (kept at a distance of 3 cm, 

and a cooling fan was set to keep the reaction temperature constant at 25~30 °C). After 12 

hours, the light was switched off, the shlenk tube was opened and to the mixture, methyl iodide 

(24.9 μL, 0.4 mmol, 2.0 equiv.) was added and continued to stir at room temperature for 

additional 4 hours. Then, the reaction mixture was extracted with EtOAc (40 mL), deionized 

water (15 mL × 2), followed by washing the resulting organic layer with brine (20 mL), and 

finally the combined organic layer was passed through anhydrous Na2SO4 for drying and the 

mixture was concentrated by evaporating the solvent under reduced pressure. By column 

chromatography (SiO2, eluting with hexane/ethylacetate 97:3), the crude product was purified 

to provide the desired carboxylated product 5ab as white solid (10.0 mg, 15%). 

Light On-Off Experiment  

Here, the standard reaction was set-up and stirred sequentially under light and in dark 

with a certain interval. The corresponding increase of product and decrease of starting material 

concentration was monitored using 1,2,3,4,5-pentafluoro-6-methylbenzene as internal 

standard. The relative concentration of the substrates and the corresponding product were 

calculated and presented graphically (Scheme 7, v). 
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II.7. Representative 1H and 13C spectra 

 

1H spectra of 5a 

 

13C spectra of 5a 
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1H spectra of 5b 

 

13C spectra of 5b 
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1H spectra of 5c 

 

13C spectra of 5c 
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1H spectra of 5d 

 

13C spectra of 5d 
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1H spectra of 5e 

 

13C spectra of 5e 
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1H spectra of 5f 

 

13C spectra of 5f 
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1H spectra of 5g 

 

13C spectra of 5g 
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1H spectra of 5h 

 

13C spectra of 5h 
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1H spectra of 5i 

 

13C spectra of 5i 
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1H spectra of 5j 

 

13C spectra of 5j 
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1H spectra of 5k 

 

13C spectra of 5k 
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1H spectra of 5l 

 

13C spectra of 5l 



Transition Metal-free, Visible Light Mediated Decarboxylative Acylation and 
Carboxylation of Alkenes with CO2 

 
 

117 
 

 

1H spectra of 5m 

 

13C spectra of 5m 
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1H spectra of 5n 

 

13C spectra of 5n 
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1H spectra of 5o 

 

13C spectra of 5o 
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1H spectra of 5p 

 

13C spectra of 5p 
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1H spectra of 5q 

 

13C spectra of 5q 
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1H spectra of 5r 

 

13C spectra of 5r 
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1H spectra of 5s 

 

13C spectra of 5s 
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1H spectra of 5t 

 

13C spectra of 5t 
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1H spectra of 5u 

 

13C spectra of 5u 
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1H spectra of 5v 

 

13C spectra of 5v 
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1H spectra of 5w 

 

13C spectra of 5w 
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1H spectra of 5x 

 

13C spectra of 5x 
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1H spectra of 5y 

 

13C spectra of 5y 
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1H spectra of 5z 

 

13C spectra of 5z 
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1H spectra of 5aa 

 

13C spectra of 5aa 
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1H spectra of 5ab 

 

13C spectra of 5ab 



Transition Metal-free, Visible Light Mediated Decarboxylative Acylation and 
Carboxylation of Alkenes with CO2 

 
 

133 
 

 

1H spectra of 5ac 

 

13C spectra of 5ac 
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1H spectra of 5ad 

 

13C spectra of 5ad 
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1H spectra of 5ae 

 

13C spectra of 5ae 
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1H spectra of 5af 

 

13C spectra of 5af 
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1H spectra of 5ag 

 

13C spectra of 5ag 
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1H spectra of 5ah 
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13C spectra of 5ah 

 

1H spectra of 5ai 

 

13C spectra of 5ai 
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1H spectra of 30b 

 

13C spectra of 30b 
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1H spectra of 31 

 

13C spectra of 31 
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III.1. Introduction 

Aryl carboxylic acids or its derivatives are ubiquitous structural motifs in a plenty 

number of pharmaceuticals, natural products, dyes, polymers.1 Apart from that, carboxylic 

acids are very important synthons for accomplishing various otherwise tough transformations.2 

A handful amounts of methods have already been developed for synthesizing aryl carboxylic 

acids since ages e.g., direct oxidation of aromatic alcohols, aldehydes or alkyl arenes.3 Carbon-

monoxide has been extensively used too for the same though CO is extremely toxic and not 

recommended environmentally.4 Alternatively, CO2 has been also used lately for direct 

carboxylation of organic (pseudo)halides to produce aryl carboxylic acids, though not yet 

extensively being used in industry.5 However, the essential requirement of harsh reaction 

condition makes these methods limited to few functional groups and sensitive to many 

substrates. On the other hand, anilines are widely available, low-cost organic compounds. 

Additionally, anilines or substituted anilines represent a large family of important structure 

units that exist specially in agrochemicals as well as bioactive compounds, pigments, 

optoelectrical materials.6 So, directly accessing aryl carboxylic acids from anilines i.e., to form 

C−C bond cleaving C−N bond, will lead to the formation of various pharmacophore or related 

moieties directly from agrochemicals or any other readily available sources. As the previously 

developed strategies have hardly been successful here, it continues to be a challenge to the 

chemists. In line with our constant efforts for development of mild carboxylation techniques, 

we wished to accomplish the same.  

III.2. Reviewing the previous developments 

III.2.1. Carbonylation of C-N bonds with carbon monoxide (CO) 

Though the transformation of anilines to produce aryl carboxylic acids had been a long-

lasting problem, in 2015, Wangelin7 and Xiao8 independently at the same time, reported two 

similar strategies for metal-free and photocatalytic alkoxycarbonylation of aryl diazonium salts 

with very high pressure of carbon monoxide (CO) (Scheme 1, i, ii). Wangelin7 used Eosin Y 

as the photocatalyst and under 50 bar of CO, diazonium salts underwent alkoxycarbonylation 

at room temperature and green LED irradiation. Xiao8 executed the similar reaction under blue 

LED irradiation and 80atm of CO with using fluorescein as organic photocatalyst. They both 

directly afforded range of aryl esters by performing the reaction in alcohol (MeOH, iPrOH, 

tBuOH etc.) solvent. After detailed mechanistic studies, they proposed the mechanism (Scheme 
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1, iii). First, aryl diazonium salt 1 undergoes SET reduction by photoexcited photocatalyst (PC) 

to produce aryl radical 1A and PC•+.  

 

Scheme 1. Photocatalyzed alkoxycarbonylation of aryl diazonium salts. 

Under high pressure of CO, 1A captures CO and forms acyl radical adduct 1B. Then 1B reduces 

PC•+ to give acyl cation 1C and regenerates PC. The alcohol which has been taken as solvent 

then attacks 1C nucleophilically to furnish the aryl ester product 2.  

Subsequently, Bousquet reported another photoredox catalyzed hydroxycarbonylation 

method for benzoic acid synthesis from anilines via pre-isolated or in-situ generated diazonium 

salts (Scheme 2).9 Here, using Ru(bpy)3Cl2 as the photocatalyst and under 10 bar of CO, they 

had taken 20 equiv. of water which led to hydroxycarbonylation under photocatalysis following 

a similar mechanism. The method was satisfactorily compatible for in-situ generated 

diazonium salts too which provided the direct access to benzoic acids from anilines. Notably, 
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this method requires lesser elevated pressure of CO compared to the previous 

alkoxycarbonylation reactions. 

 

Scheme 2. Photocatalyzed hydroxycarbonylation of diazonium salts and anilines. 

Despite being photocatalytic at ambient temperatures, requirement of elevated pressure 

(10-80 bar) of highly poisonous carbon monoxide makes these methods potentially dangerous 

and thus strive for further improvement. Additionally, these methods had shown limited 

examples to synthesize iodo/bromo group bearing benzoic acids. 

III.2.2. Carbonylation using formic acid as CO surrogate 

Though carbonylation reaction with carbon monoxide is a well-accepted industrial 

approach since the last century, lately, the chemists around the globe have been engaging 

themselves to investigate for more sustainable and greener C-1 source instead of CO for its 

high toxicity, flammability and need of specialized equipment for handling. Out of various 

other potential carboxylating/carbonylating sources (e.g., HCOOH, CO2, oxalyl chloride etc.), 

formic acid stands out to be one of the most useful sources for its high solubility, low cost and 

high abundance. The first example of this kind was presented by Cacchi’s group in 2003, where 

they used lithium formate to synthesize variety of aryl or vinyl carboxylic acids from 

corresponding halides or triflates via palladium-catalyzed carbonylation (Scheme 3, i).10 Here, 

they had taken acetic anhydride as activator which releases CO in situ from formate salt. 

Following this fashion, encouraged by the contemporary evolvement of the C−H 

functionalization, in 2004, Nozaki realized hydroxy-carboxylation of aromatic compounds 
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(Scheme 3, ii).11 Here for the first time, they had been able to execute carboxylation and 

hydroxylation in a single reaction. Later in 2014, the Shi group reported a palladium-catalyzed  

 

Scheme 3. Various carbonylation reactions with in situ generated CO from formic 

acids/formats. 

methodology for hydroxycarbonylation of olefins using HCOOH as CO surrogate (Scheme 3, 

iii).12 Subsequently in 2015, Zhou reported Pd-catalyzed hydroxycarbonylation of alkynes to 

synthesize various acrylic acids (Scheme 3, iv).13 In 2016, Fu reported the similar 

transformation of alkynes with Ni-catalysis (Scheme 3, v).14 In 2017, the same group realized 

Pd-catalyzed carbonylation of allylic alcohols to synthesize β,γ-unsaturated carboxylic acid 

(Scheme 3, vi).15 In 2016, the Wu group synthesized benzaldehydes from aryl iodides using 

HCOOH as both CO and hydride source (Scheme 4, i).16 Here also, they took help of Pd-

catalysis and used Ac2O as the activator to liberate CO from HCOOH. At the same year, they 

reported another work to afford Pd-catalyzed hydroxycarbonylation of aryl halides to 

synthesize aryl carboxylic acids (Scheme 4, ii).17 Extending these two works, the same group 

realized a ligand-controlled Pd-catalyzed protocol to synthesize aromatic aldehydes and 

carboxylic acids using HCOOH as CO precursor (Scheme 4, iii).18 They discovered that 
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monodentate ligands such as PPh3 or PCy3 led to aromatic aldehydes whereas bidentate ligand 

such as xantphos led to aromatic carboxylic acid. Here, they used DCC as the activator or 

dehydrating agent. Up to this, the all methods required (super)stoichiometric amount of 

dehydrating agent (Ac2O, Piv2O, DCC etc.).  

 

Scheme 4. Carbonylation/hydroxycarbonylation of aryl halides with in situ generated CO. 

The Wu group first reported a hydroxycarbonylation of vinyl iodides or aryl 

iodides/bromides to produce corresponding acrylic or aryl carboxylic acids using catalytic 

amount of DCC as activator (Scheme 4, iv).19 

 

Scheme 5. Carbonylation with ex situ generated CO. 

Besides these developments, Skrydstrup’s group utilized HCOOH as ex-situ CO 

precursor for carbonylation reaction (Scheme 5).20 Here, taking a H-shaped vessel, they 
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produced CO in one chamber which bypassed to another chamber via joint where the 

carbonylation reaction took place. 

III.3. Present work 

As we reviewed here, in all these strategies, a dehydrant activates the HCOOH by 

liberating CO in-situ or ex-situ which inserts in transition-metal catalytic cycle. Almost all the 

methods are requisite of very high temperature and tertiary amines where the halides are the 

main groups to react. However, a general method for carbonylation of aryl diazonium 

compounds keeping the halide groups unreacted using HCOOH as C-1 source has not been 

developed till date. If the hypothesis is realized, we would be able to synthesize iodo/bromo 

benzoic acids directly from corresponding diazonium salt in CO-free method which has not 

been reported earlier. Thus, continued with our effort on developing mild carboxylation 

techniques, we report here, a novel hydroxycarbonylation of aryl diazonium tetrafluoroborate 

with formic acid at palladium catalyzed method excluding tertiary amine at moderate 

temperature keeping halide group intact. Contrary to the related term “carboxylation” where 

carboxy group is installed directly, here the used term is “hydroxycarbonylation” to clearly 

convey that the primary transformation is carbonylation followed by hydroxylation; though 

both lead towards carboxylic acids. 

III.4. Results and discussion 

To start the investigation, 4-methoxy phenyl diazonium tetrafluoroborate 1a was 

chosen as model substrate. Firstly, xantphos was used as ligand for its large bite angle giving 

rise to better possibility of anhydride formation and subsequent acid product. To our delight, 

the targeted 4-methoxybenzoic acid 3a was yielded at 18% when mixture of 1a and 2.0 equiv 

of HCOOH (90% solution in water) 2 in toluene solvent was heated with 2.0 equiv of Ac2O as 

dehydrating agent, 1% of Pd(OAc)2 as catalyst with 2% xantphos at 60 oC for 4 hours (Entry 

1, Table 1). Encouraged by the initial result, we went on varying the dehydrating agents like 

DCC, Piv2O among which DCC provided better result with 30% of 3a (Entry 3, Table 1). Next, 

when DMF was taken as solvent, the yield of 3a was increased to 43% (Entry 6, Table 1).  

Table 1. Optimization of hydroxycarbonylation of diazonium salta 
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Entry X Ligand Dehydrating 

Agent 

solvent yield 

(%)b 

1 2 Xantphos Ac2O toluene 18 

2 2 Xantphos Piv2O Toluene 15 

3 2 Xantphos DCC Toluene 30 

4 2 Xantphos DCC DCE 28 

5 2 Xantphos DCC DMSO 25 

6 2 Xantphos DCC DMF 43 

7 6 Xantphos DCC DMF 85 

8c 6 Xantphos DCC DMF 12 

9 6 X-phos DCC DMF 25 

10 6 PCy3 DCC DMF 46 

11 6 Brettphos DCC DMF 21 

12 6 dppf DCC DMF 27 

13 7 Xantphos DCC DMF 82 

14d 6 Xantphos DCC DMF 73 

15e 6 Xantphos DCC DMF 68 

16f 6 Xantphos DCC DMF 83 

aReactions were performed in 0.2 mmol scale and overall isolated yields have been reported. 

cadditional addition of 2 equiv Et3N. dat 70 0C. eat 80 0C. freaction was run for 5h. 

Since, carbonylation reaction on diazonium salts require elevated pressure of CO, we thought 

of increasing the amount of HCOOH and DCC as well to produce CO in more efficient way 

and greater amount. Satisfactorily, 6 equiv. of 2 with 2 equiv of DCC furnished 85 % yield 

(Entry 7). Additional amount of Et3N reduced the yield massively to 12% unlike the previous 

methods of hydroxycarbonylation of haloarenes (Entry 8). Further variation of other ligands 

exacerbated the outcome. Altering the temperature or highering the reaction time diminished 
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the yield of 3a (Entry 14-16). So, the condition from entry 7 (Table 1) was chosen as optimized 

one. 

With the standardized reaction condition in hand, we proceeded to evaluate the 

generality of the substrates. Plenty of electron donating and electron withdrawing groups 

survived well at para position (3a-m, Table 2) furnishing high yields irrespective of the 

electronic nature. Substrates bearing both types of electron-donating and withdrawing groups 

as substitution at meta position also yielded satisfactorily (3n-s, Table 2). Polycyclic and 

heterocylic aryl benzoic acids were also synthesized successfully with this 

hydroxycarbonylation reaction in moderate yields (3y, 3ad, 3ae, Table 2). Besides, various 

polysubstituted aryl diazonium salts underwent the reaction providing good to moderate yields 

(3z, 3aa-ac, 3af-ai, Table 2). Most importantly, the halogens bromo and iodo groups were very 

Table 2. Scope of hydroxycarbonylation of diazonium saltsa 

  

aReactions were performed in 0.2 mmol scale and overall isolated yields have been reported. 

cReaction in 10 mmol scale. 

well tolerated in our reaction condition. On the contrary to previously reported procedures, 

where the halo groups are itself hydroxycarbonylated via similar reaction conditions, here we 

are successful to synthesize targeted iodo- or bromo benzoic acids in good yields. 
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Following this substrate scope exploration, we were curious to check whether in-situ 

formed diazonium salt from primary amine would be fruitful in our reaction condition. If 

successful, we would be able to achieve benzoic acids directly from the aniline moieties which 

had been otherwise scarcely reported. Intrigued by the previously developed reactions of in-

situ formed diazonium salts, we started the reaction taking p-anisidine. Therefore, taking 

additional amount of 2 equiv of camphor sulphonic acid (CSA) and 1.5 equiv. of tert-butyl 

nitrite in the standard reaction condition and running the reaction for 16 hours resulted in the 

formation of expected 4-methoxybenzoic acid 3a in 71% yield. 

Then, generality of the developed one pot hydroxycarbonylation of anilines was 

explored with different anilines. As shown in Scheme 6, the substituted anilines yielded 

satisfactorily irrespective of the electronic nature. Delightedly, the heterocyclic anilines 

furnished very good yield in this direct method (3am, 3an, Scheme 6) whereas the 

corresponding diazonium salts were less compatible under the former condition. 

 

aReactions were performed in 0.2 mmol scale and overall isolated yields have been reported. 

Scheme 6. Scope of the in situ-generated diazonium salts hydroxycarbonylation.a 

 To explore the practicality of the developed method, we conducted two gram-scale 

reactions and facile derivatization of products. First, reaction with 1e was conducted in 10 

mmol scale furnishing 71% 3e which was subsequently converted to corresponding ester 25e 

for further transformations (Scheme 7a, i). Heck, Suzuki reaction on 25e afforded the 

corresponding products 27e and 29e respectively in high yields (Scheme 7b, i). When 25e was 

subjected to photoredox catalyzed carboxylation reaction with 13CO2, it ended up with 
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dicarboxylated product 8e in 72% yield with 90% 13C in new carboxyl group (Scheme 7b, i). 

In this way, we were able to produce dicarboxylated product with different isotopes 30e starting 

from bromoaniline in just 4 steps. Next, we performed the standard reaction with 1m in 10 

mmol scale yielding 75% of 3m (Scheme 7a, ii). After methylation, on performing Wittig 

reaction, styrene 31m was afforded in fair yield (Scheme 7b, ii). 

 

Scheme 7. Gram-scale reaction and product derivatization. 
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From the above results and precedant reports, a plausble mechanism is proposed 

(Scheme 8). Initially, oxidative addition of in-situ generated Pd0 to C−N bond of the 

aryldiazonium tetrafluoroborate 1 resulted in formation of aryl palladium cationic complex 10. 

Dehydrant DCC gave rise to formation of carbon monoxide (CO) from formic acid 2 and one 

molecule of CO inserted to aryl palladium complex 10 to deliver acylpalladium complex 11. 

Subsequently, ligand exchange of BF4
− with another molecule of formic acid afforded complex 

12. Large bite angle of bidentate ligand xantphos forced the incoming HCOOH molecule to 

bind to Pd with tetrafluoroborate 1 resulted in formation of aryl palladium cationic complex 

10.  

 

Scheme 8. Plausible Mechanism. 

Dehydrant DCC gave rise to the formation of carbon monoxide (CO) from formic acid 2 and 

one molecule of CO inserted to aryl palladium complex 10 to deliver acylpalladium complex 

11. Subsequently, ligand exchange of BF4
− with another molecule of formic acid afforded 

complex 12. Large bite angle of bidentate ligand xantphos forced the incoming HCOOH 

molecule to bind to Pd with its one oxygen atom in η1 mode. On subsequent reductive 

elimination from complex 12, benzoic formic anhydride 13 was formed and Pd0 is regenerated 

to continue the cycle. Anhydride 13 decomposed to yield desired benzoic acid 3 upon release 

of one molecule of CO, which took part in follow up reactions. 
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III.5. Conclusion  

To summarize, we have successfully developed a novel palladium catalyzed strategy 

for direct benzoic acid synthesis from aryl diazonium salt preformed or synthesized in situ. 

Here, HCOOH acts as CO surrogate on reacting with dehydrant DCC. Interestingly, we have 

been able to make the halo groups intact unlike the precedant similar methods. This strategy 

has satisfactorily been utilized to synthesize a variety of benzoic acids directly from aryl 

diazonium salts or anilines with broad functional group tolerance. 

III.6. Experimental section 

General information 

The uncorrected melting points were measured using open end capillary tubes. On silica 

gel plates (Merck silica gel 60, f254), TLC was conducted out, and the spots were 

visualized under UV light (254 and 365 nm) and with DNP stain. X-ray of crystals was 

recorded in Bruker D8 Venture with a Photon-III detector instrument. 1H NMR was recorded 

at 400 MHz (JEOL-JNM-ECZ400S/L1) frequency; 13C NMR spectra were recorded at 100 

MHz (JEOL-JNM-ECZ400S/L1) frequency in CDCl3, DMSO-D6 solvent using TMS as the 

internal standard. Chemical shifts were evaluated in parts per million (ppm), with 

tetramethylsilane serving as a reference at 0.0 ppm. The acronyms s=singlet, d=doublet, 

t=triplet, q=quartet, and m=multiplet are used to describe multiplicities. In Hertz unit, coupling 

constants, J, were reported (Hz). Utilizing the ESI (Q-TOF, positive ion) technique, HRMS 

(m/z) were measured. All commercial reagents were used without further purification, unless 

otherwise noted. 

General experimental protocol (Method A) for preparation of arene diazonium salts 

(1) 

The corresponding aniline (24) (20 mmol) was taken in a clean and oven-dried 100 mL 

round-bottom flask. Then it was cooled in an ice bath and to it, tetrafluoroboric acid solution 

(48 wt % in H2O, 52 mmol, 6.8 mL) was added at 0 °C. Instantaneously, precipitate forms and 

minimum amount of deionized water was added to it to dissolve the precipitate. Then, sodium 

nitrite (NaNO2) solution in deionized water (1.4 g, 20 mmol NaNO2 in 4 mL water) was added 

dropwise with continuous stirring. After addition, it was kept on stirring for additional 30 mins 

at 0 °C. After that, the formed precipitate was filtered, washed with diethyl ether (Et2O) (4 × 
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40 mL). Then, the residue was dissolved in minimum amount of acetonitrile (MeCN) and was 

recrystallized with MeCN/Et2O and subsequently filtered with washing to furnish the pure 

arene diazonium salt (1). 

General experimental protocol (Method B) for hydroxycarbonylation of arene 

diazonium salts (1) with in situ generated CO 

The aryldiazonium salt (0.2 mmol, 1 equiv.), Pd(OAc)2 (0.5 mg, 0.002 mmol, 0.01 

equiv.), Xantphos (2.3 mg, 0.004 mmol, 0.02 equiv.) and DCC (82.5 mg, 0.4 mmol, 2 equiv.) 

were weighed and transferred into an oven-dried 15 mL pressure tube with teflon cap. 

Subsequently 3mL DMF was added to the reaction tube. Then, 90% formic acid solution in 

water (61.4 μL, 6 equiv.) was added via microsyringe and the tube is sealed after successfully 

purging with argon. After that, the mixture was heated at 60 0C with continuous stirring for 4 

hours. After completion of the reaction (checked with TLC), the reaction mixture was taken in 

a separatory funnel and 30 mL of deionized water was added. Then it was extracted with ethyl 

acetate (3 × 30 mL) and the combined organic layer was washed with brine (30 mL). The 

combined organic layer was passed through anhydrous Na2SO4 for drying and the mixture was 

concentrated by evaporating the solvent under reduced pressure. By column chromatography 

(SiO2, eluting with hexane/ethyl acetate), the crude product was purified to provide the desired 

benzoic acid product (3). 

General experimental protocol for one-pot hydroxycarbonylation of anilines (24) via 

in situ generation of diazonium salt 

The aniline (0.2 mmol, 1 equiv.), tert-butylnitrite (1.5 equiv., 0.3 mmol, 35.7 μL), 

camphor sulfonic acid (2 equiv., 0.4 mmol, 92.92 mg), Pd(OAc)2 (0.01 equiv., 0.002 mmol, 

0.5 mg), Xantphos (0.02 equiv., 0.004 mmol, 2.3 mg) and DCC (82.5 mg, 0.4 mmol, 2 equiv.) 

were successively weighed and transferred into an clean and oven-dried 15 mL pressure-tube 

with teflon cap. Subsequently 3mL DMF was added to the reaction tube. Then, 90% formic 

acid solution in water (61.4 μL, 6 equiv.) was added via microsyringe and the tube is purged 

with argon and sealed. After that, this was heated at 60 0C with continuous stirring for 4 hours. 

Then, in a separatory funnel, the reaction mixture was extracted with EtOAc (3 × 30 mL), 

deionized water (2 × 10 mL), followed by washing the resulting organic layer with brine (20 

mL), and finally the combined organic layer was passed through anhydrous Na2SO4 for drying 

and the mixture was concentrated by evaporating the solvent under reduced pressure. By 
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column chromatography (SiO2, eluting with hexane/ethylacetate), the crude product was 

purified by to provide the desired product (3). 

Experimental procedure for gram-scale synthesis of 4-bromobenzoic acid (3f) from 4-

bromophenyldiazonium tetrafluoroborate 

The 4-bromophenyldiazonium tetrafluoroborate (10 mmol, 1 equiv., 2.69 g), Pd(OAc)2 

(0.01 equiv., 0.1 mmol, 22.4 mg), Xantphos (0.02 equiv, 0.2 mmol, 2.3 mg) and DCC (2 equiv., 

20 mmol, 4.12 g) were weighed and transferred into an oven-dried and clean 100 mL pressure-

tube with teflon cap. Subsequently 20 mL DMF was added to the reaction tube. Then, 90% 

formic acid solution in water (3.1 mL, 6 equiv.) was added via syringe and the tube is sealed 

after successfully purging with argon. After that, the mixture was heated at 60 0C with 

continuous stirring for 4 hours. Then, the reaction mixture was extracted with EtOAc (3 × 200 

mL), washing the resulting organic layer with deionized water (500 mL) and brine (100 mL), 

and finally the combined organic layer was passed through anhydrous Na2SO4 for drying and 

the mixture was concentrated by evaporating the solvent under reduced pressure. By column 

chromatography (SiO2, eluting with hexane/ethylacetate), the crude product was purified by to 

provide the desired 4-bromobenzoic acid (3f) as white solid (1.4 g, 71%). 

Experimental procedure for gram-scale synthesis of 4-benzoylbenzoic acid (3m) from 

4-benzoylphenyldiazonium tetrafluoroborate 

The 4-benzoylphenyldiazonium tetrafluoroborate (10 mmol, 1 equiv., 2.9 g), Pd(OAc)2 

(0.01 equiv.,  0.1 mmol, 22.4 mg), Xantphos (0.02 equiv., 0.2 mmol, 2.3 mg) and DCC (2 

equiv., 20 mmol, 4.12 g) were weighed and transferred into an oven-dried and clean 100 mL 

pressure-tube with teflon cap. Subsequently 20 mL DMF was added to the reaction tube. Then, 

90% formic acid solution in water (3.1 mL, 6 equiv.) was added via syringe and the tube is 

sealed after successfully purging with argon. After that, the mixture was heated at 60 0C with 

continuous stirring for 4 hours. Then, the reaction mixture was extracted with EtOAc (3 × 200 

mL), washing the resulting organic layer with deionized water (500 mL) and brine (100 mL), 

and finally the combined organic layer was passed through anhydrous Na2SO4 for drying and 

the mixture was concentrated by evaporating the solvent under reduced pressure. By column 

chromatography (SiO2, eluting with hexane/ethylacetate), the crude product was purified by to 

provide the desired 4-benzoylbenzoic acid (3m) as white solid (1.7 g, 75%). 
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Product derivatization 

Heck reaction between methyl 4-bromobenzoate (25e) and 4-methoxystyrene (26) 

Into a 15 mL pressure tube, was added methyl 4-bromobenzoate (25e, 0.2 mmol, 1 

equiv., 42.6 mg), 4-methoxystyrene (26, 1.1 equiv., 0.22 mmol, 29.5 mg), palladium acetate 

(0.05 equiv., 0.01 mmol, 2.24 mg), triphenylphosphine (0.1 equiv., 0.02 mmol, 5.24 mg), 

triethylamine (1.5 equiv., 0.3 mmol, 41.8 μL), potassium carbonate (2 equiv., 0.4 mmol, 55.2 

mg). Then, 2 mL dry DMF was added and before sealing the tube, it was flushed with argon. 

Therefore, the mixture was heated at 120 0C with continuous stirring for 12 h. Then, in a 

separatory funnel, the reaction mixture was extracted with EtOAc (3 × 30 mL), deionized water 

(2 × 10 mL), followed by washing the resulting organic layer with brine (20 mL), and finally 

the combined organic layer was passed through anhydrous Na2SO4 for drying and the mixture 

was concentrated by evaporating the solvent under reduced pressure. By column 

chromatography (SiO2, eluting with hexane/ethylacetate), the crude product was purified by to 

provide methyl (E)-4-(4-methoxystyryl)benzoate (27e). 

Suzuki reaction between methyl 4-bromobenzoate (25e) and 4-

methoxyphenylboronic acid (28) 

Into a 15 mL pressure tube, was added methyl 4-bromobenzoate (25e, 0.2 mmol, 1 

equiv., 42.6 mg), 4-methoxyphenylboronic acid (28, 1.1 equiv, 0.22 mmol, 33.4 mg), 

tetrakis(triphenylphosphine)palladium(0) (0.05 equiv, 0.01 mmol, 11.5 mg), potassium 

carbonate (2 equiv, 0.4 mmol, 55.2 mg). Then, 2 mL dry DMF was added and before sealing 

the tube, it was flushed with UHP argon for 1 min. Therefore, the mixture was heated at 120 

0C with continuous stirring for 20 hours. Then, in a separatory funnel, the reaction mixture was 

extracted with EtOAc (3 × 30 mL), deionized water (2 × 10 mL), followed by washing the 

resulting organic layer with brine (20 mL), and finally the combined organic layer was passed 

through anhydrous Na2SO4 for drying and the mixture was concentrated by evaporating the 

solvent under reduced pressure. By column chromatography (SiO2, eluting with 

hexane/ethylacetate), the crude product was purified by to provide methyl 4'-methoxy-[1,1'-

biphenyl]-4-carboxylate (29e). 
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Photocatalyzed carboxylation of methyl 4-bromobenzoate (25e) with 13CO2 

A DMA solution (1.0 mL) of 25e (42.6 mg, 0.2 mmol, 1 equiv.) with palladium acetate 

(1.1 mg, 0.005 mmol,2.5 mol%), PhXPhos (2.1 mg, 0.01 mmol, 5.0 mol%), Ir(ppy)2(dtbpy)PF6 

(4.56 mg, 0.005 mmol, 2.5 mol%), additive and iPr2NEt (195.5 mg, 0.6 mmol, 3.0 equiv.) was 

prepared in a shlenk under a nitrogen atmosphere. Then the gas phase was replaced by 

atmospheric pressure of 13CO2, and the reaction vessel was put in a water bath placed at a 

distance of 10 mm from light sources. The mixture was irradiated with visible light (λirr. = 425 

nm) using two Kessil blue LED lamps for 6 h in the closed system. After irradiation, the 

reaction was quenched with water and then the mixture was extracted with ethyl acetate three 

times. The combined aqueous layer was acidified with 1N HCl aq., and then extracted with 

ethyl acetate three times. The combined organic layer was passed through anhydrous Na2SO4 

for drying and the mixture was concentrated by evaporating the solvent under reduced pressure. 

By column chromatography (SiO2, eluting with hexane/ethylacetate), the crude product was 

purified by to provide [13C]-4-(methoxycarbonyl)benzoic acid (30). 

III.7. Characterization data 

4-methoxy benzoic acid (3a) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 70:30 hexane/ethyl 

acetate) affording as white solid (25.8 mg, 85%). 1H NMR (400 MHz, DMSO-d6) δ 12.63 (s, 

1H), 7.90 (d, J = 8.8 Hz, 2H), 7.02 (dd, J = 7.8, 2.4 Hz, 2H), 3.84–3.81 (m, 3H). 13C NMR (100 

MHz, DMSO-d6) δ 167.48, 163.30, 131.81, 123.46, 114.26, 55.88. 

Benzoic acid (3b) 
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This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (20.0 mg, 82%). 1H NMR (400 MHz, DMSO-D6 + 2 drops 

CDCl3): δ 12.89 (br s, 1H), 7.92-7.89 (m, 2H), 7.57 (dd, J1 = 7.6 Hz, J2 = 1.6 Hz, 1H), 7.47-

7.43 (m, 1H); 13C NMR (100 MHz, DMSO-D6 + 2 drops CDCl3) δ 167.84, 133.37, 131.28, 

129.78, 129.05. 

4-chlorobenzoic acid (3c) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (27.4 mg, 88%). 1H NMR (400 MHz, DMSO-D6): δ 13.11 (br 

s, 1H), 7.88 (d, J = 8.8 Hz, 2H), 7.47 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, DMSO-D6) δ 

166.97, 138.31, 131.61, 130.15, 129.18. 

4-(tert-butyl)benzoic acid (3d) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (29.5 mg, 83%). 1H NMR (400 MHz, DMSO-D6): δ 12.72 (br 

s, 1H), 7.83 (d, J = 8.8 Hz, 2H), 7.47 (d, J = 8.8 Hz, 2H), 1.25 (s, 9H); 13C NMR (100 MHz, 

DMSO-D6) δ 167.77, 156.32, 129.71, 128.57, 125.88, 35.30, 31.39. 

4-iodobenzoic acid (3e) 
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This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (38.5 mg, 78%). 1H NMR (400 MHz, DMSO-D6): δ 13.07 (br 

s, 1H), 7.82 (d, J = 7.6 Hz, 2H), 7.64 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, DMSO-D6) δ 

167.42, 138.08, 131.58, 130.80, 101.65. 

4-methylbenzoic acid (3h) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (23.9 mg, 88%). 1H NMR (400 MHz, DMSO-D6): δ 12.73 (br 

s, 1H), 7.79 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 2.30 (s, 3H); 13C NMR (100 MHz, 

DMSO-D6) δ 167.83, 143.51, 129.61, 128.56, 21.61. 

4-(trifluoromethyl)benzoic acid (3i) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (26.30 mg, 69%). 1H NMR (400 MHz, CDCl3): δ 13.43 (brS, 

1H), 8.08 (d, J = 8.0 Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 166.71, 

13.10, 133.02 (q, J = 31.8 Hz), 130.60, 126.06-125.97 (m). 

4-acetylbenzoic acid (3j) 
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This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (26.69 mg, 81%). 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J = 

8.8 Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 

171.09, 146.58, 139.98, 130.82, 129.04, 128.37, 128.02, 127.41, 127.26. 

4-phenylbenzoic acid (3l) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (39.78 mg, 88%). 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J = 

8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 7.6 Hz, 2H), 7.47 (t, J = 8.0 Hz, 2H), 7.40 

(t, J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 171.09, 146.58, 139.98, 130.82, 129.04, 

128.37, 128.02, 127.41, 127.26. 

4-benzoylbenzoic acid (3m) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (39.78 mg, 88%). 1H NMR (400 MHz, DMSO-D6): δ 13.29 

(br s, 1), 8.06 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.8 Hz, 2H), 7.73-7.70 (m, 2H), 7.66 (t, J = 7.6 

Hz, 2H), 7.53 (t, J = 7.6 Hz, 2H); 13C NMR (100 MHz, DMSO-D6) δ 195.90, 167.18, 141.07, 

137.03, 134.51, 133.62, 130.26, 130.15, 129.93, 129.21. 
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4-ethoxybenzoic acid (3n) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (24.9 mg, 75%). 1H NMR (400 MHz, DMSO-D6): δ 12.55 

(brS, 1H), 7.85-7.82 (m, 2H), 6.95 (d, J = 8.4 Hz, 2H), 4.05 (q, J = 7.2 Hz, 2H), 1.30 (t, J = 6.8 

Hz, 3H); 13C NMR (100 MHz, DMSO-D6) δ 167.53, 162.66, 131.87, 123.32, 114.70, 63.96, 

15.03. 

3-(methoxycarbonyl)benzoic acid (3o) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (27.0 mg, 75%). 1H NMR (400 MHz, DMSO-D6): δ 13.26 (br 

s, 1), 8.44 (t, J = 1.6 Hz, 1H), 8.16-8.13 (m, 2H), 7.62 (t, J = 8.0 Hz, 1H), 3.84 (s, 3H); 13C 

NMR (100 MHz, DMSO-D6) δ 166.94, 166.03, 134.25, 133.69, 131.87, 130.53, 130.25, 

129.86, 52.90. 

3-nitrobenzoic acid (3p) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (22.7mg, 68%). 1H NMR (400 MHz, DMSO-D6): δ 8.53-8.52 
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(m, 1H), 8.38-8.36 (m, 1H), 8.27-8.25 (m, 1H), 7.73 (t, J = 8.0 Hz, 1H);13C NMR (100 MHz, 

DMSO-D6) δ 165.99, 148.32, 135.82, 132.93, 130.95, 127.75, 124.14. 

3-bromobenzoic acid (3s) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (26.3mg, 66%). 1H NMR (400 MHz, DMSO-D6): δ 8.00-7.99 

(m, 1H), 7.91-7.88 (m, 1H), 7.80-7.78 (m, 1H), 7.46-7.42 (m, 1H);13C NMR (100 MHz, 

DMSO-D6) δ 166.49, 136.12, 133.61, 132.26, 131.42, 128.80, 122.24. 

2-(methylthio)benzoic acid (3t) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (24.2 mg, 72%). 1H NMR (400 MHz, DMSO-D6): δ 12.9 (br 

s, 1), 7.85 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.49 (t, J = 8.0 Hz, 1H), 7.30 (d, J = 8 Hz, 1H), 

7.15 (t, J = 7.6 Hz, 1H), 2.35 (s, 3H); 13C NMR (100 MHz, DMSO-D6) δ 167.89, 142.98, 

132.99, 131.44, 127.87, 125.08, 123.98, 15.31. 

2-bromobenzoic acid (3x) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (21.9 mg, 55%). 1H NMR (400 MHz, DMSO-D6): δ 7.70-7.66 
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(m, 2H), 7.45-7.37 (m, 2H); 13C NMR (100 MHz, DMSO-D6) δ 167.89, 134.28, 133.05, 

131.10, 128.24, 120.44. 

1-naphthoic acid (3y) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (23.4 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 9.10 (d, J = 

8.4 Hz, 1H), 8.42 (dd, J1 = 7.2 Hz, J2 = 1.2 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 8.4 

Hz, 1H), 7.68-7.64 (m, 1H), 7.56 (q, J = 7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 173.53, 

134.76, 134.04, 131.99, 131.74, 128.81, 128.21, 127.92, 126.42, 126.02, 125.70, 124.63. 

3,4,5-trimethylbenzoic acid (3z) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 

acetate) affording as white solid (22.0 mg, 72%). 1H NMR (400 MHz, DMSO-D6): δ 6.83 (s, 

2H), 2.19 (s, 9H); 13C NMR (100 MHz, DMSO-D6) δ 171.37, 138.53, 134.16, 133.03, 128.50, 

21.15, 19.82. 

6-methoxynicotinic acid (3ad) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in 

column chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl 
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acetate) affording as white solid (22.0 mg, 72%). 1H NMR (400 MHz, DMSO-D6 + 2 drops 

CDCl3): δ 12.99 (br s, 1H), 8.68 (dd, J1 = 2.4 Hz, J2 = 0.4 Hz, 1H), 8.10 (dd, J1 = 8.4 Hz, J2 = 

2.4 Hz, 1H), 6.86 (dd, J1 = 8.8 Hz, J2 = 0.8 Hz, 1H), 3.88 (s, 3H); 13C NMR (100 MHz, DMSO-

D6 + 2 drops CDCl3) δ 166.68, 149.99, 140.39, 120.93, 111.05, 54.36. 

pyrene-1-carboxylic acid (3ae) 

 

This was synthesized following the optimized protocol ‘Method A’ and purified in column 

chromatography (Stationary medium is SiO2, and eluting solvent is 80:20 hexane/ethyl acetate) 

affording as white solid (33.5 mg, 68%). 1H NMR (400 MHz, DMSO-D6 + 2 drops CDCl3): δ 

13.29 (br s, 1H), 9.19 (d, J = 9.6 Hz, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.37 (dd, J1 = 8.0 Hz, J2 = 

1.6 Hz, 2H), 8.37-8.28 (m, 3H), 8.21 (d, J = 8.8 Hz, 1H), 8.10 (d, J = 7.6 Hz, 1H); 13C NMR 

(100 MHz, DMSO-D6 + 2 drops CDCl3) δ 169.59, 134.11, 131.13, 130.62, 130.35, 129.99, 

129.68, 128.95, 127.74, 127.24, 127.01, 126.72, 125.18, 124.99, 124.52, 123.94. 
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III.8. Representative 1H and 13C spectra 

 

 

1H and 13C spectra of 3b 
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1H and 13C spectra of 3c 
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1H and 13C spectra of 3d 
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1H and 13C spectra of 3e 
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1H and 13C spectra of 3h 
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1H and 13C spectra of 3i 
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1H and 13C spectra of 3j 
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1H and 13C spectra of 3l 
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1H and 13C spectra of 3m 
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1H and 13C spectra of 3p 
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1H and 13C spectra of 3o 
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1H and 13C spectra of 3t 
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1H and 13C spectra of 3y 
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1H and 13C spectra of 3z 
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1H and 13C spectra of 3ad 
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1H and 13C spectra of 3ae 

 

 



Chapter III  
 

 
 

186 
 

III.9. References 

(1) (a) Patai, S. In Carboxylic Acids and Esters (1969), 1969; pp i-xiv; (b) Hajduk, P. J.; 

Bures, M.; Praestgaard, J.; Fesik, S. W. J. Med. Chem. 2000, 43, 3443-3447. 

(2) (a) Majumdar, N. ACS Catal. 2022, 12, 8291-8324; (b) Begam, H. M.; Nandi, S.; Jana, 

R. Chem. Sci. 2022, 13, 5726-5733; (c) Manna, K.; Begam, H. M.; Samanta, K.; Jana, R. Org. 

Lett. 2020, 22, 7443-7449; (d) Nandi, S.; Mondal, S.; Jana, R. iScience 2022, 25, 104341; (e) 

Dzik, W. I.; Lange, P. P.; Gooßen, L. J. Chem. Sci. 2012, 3, 2671-2678; (f) Rodríguez, N.; 

Goossen, L. J. Chem. Soc. Rev. 2011, 40, 5030-5048; (g) Gooßen, L. J.; Rodríguez, N.; Gooßen, 

K. Angew. Chem. Int. Ed. 2008, 47, 3100-3120; (h) Patra, T.; Maiti, D. Chem. Eur. J. 2017, 

23, 7382-7401. 

(3) (a) Sam, D. J.; Simmons, H. E. J. Am. Chem. Soc. 1972, 94, 4024-4025; (b) Schmieder-

van de Vondervoort, L.; Bouttemy, S.; Heu, F.; Weissenböck, K.; Alsters, Paul L. Eur. J. Org. 

Chem. 2003, 2003, 578-586; (c) Yamazaki, S. Org. Lett. 1999, 1, 2129-2132; (d) Wang, F.; 

Xu, J.; Li, X.; Gao, J.; Zhou, L.; Ohnishi, R. Adv. Synth. Catal. 2005, 347, 1987-1992; (e) 

Urgoitia, G.; SanMartin, R.; Herrero, M. T.; Domínguez, E. Chem. Commun. 2015, 51, 4799-

4802; (f) Bastock, T. W.; Clark, J. H.; Martin, K.; Trenbirth, B. W. Green Chem. 2002, 4, 615-

617. 

(4) (a) Beller, M.; Wu, X.-F. J. C. S. E. A. S. 2013; (b) Peng, J.-B.; Geng, H.-Q.; Wu, X.-

F. Chem 2019, 5, 526-552; (c) Quintero-Duque, S.; Dyballa, K. M.; Fleischer, I. Tetrahedron 

Lett. 2015, 56, 2634-2650; (d) Wu, X.-F.; Fang, X.; Wu, L.; Jackstell, R.; Neumann, H.; Beller, 

M. Acc. Chem. Res. 2014, 47, 1041-1053; (e) Zechen Wu, C. C., Yanghui Zhang. 2021, 41, 

2155-2174. 

(5) (a) Nandi, S.; Jana, R. Asian J. Org. Chem. 2022, 2022, e202200356; (b) Ran, C.-K.; 

Chen, X.-W.; Gui, Y.-Y.; Liu, J.; Song, L.; Ren, K.; Yu, D.-G. Sci. China Chem. 2020, 63, 

1336-1351; (c) Matthessen, R.; Fransaer, J.; Binnemans, K.; De Vos, D. E. Beilstein J. Org. 

Chem. 2014, 10, 2484-2500; (d) Pradhan, S.; Roy, S.; Sahoo, B.; Chatterjee, I. Chem. Eur. J. 

2021, 27, 2254-2269; (e) Zhang, G.; Cheng, Y.; Beller, M.; Chen, F. Adv. Synth. Catal. 2021, 

363, 1583-1596; (f) Fan, Z.; Zhang, Z.; Xi, C. ChemSusChem 2020, 13, 6201-6218; (g) Yan, 

S.-S.; Fu, Q.; Liao, L.-L.; Sun, G.-Q.; Ye, J.-H.; Gong, L.; Bo-Xue, Y.-Z.; Yu, D.-G. Coord. 

Chem. Rev. 2018, 374, 439-463; (h) Tortajada, A.; Juliá-Hernández, F.; Börjesson, M.; 

Moragas, T.; Martin, R. Angew. Chem. Int. Ed. 2018, 57, 15948-15982; (i) Tsuji, Y.; Fujihara, 

T. Chem. Commun. 2012, 48, 9956-9964; (j) Davies, J.; Lyonnet, J. R.; Zimin, D. P.; Martin, 



One-pot Hydroxycarbonylation of Anilines via Diazonium Salt en route to Benzoic Acids: 
Formic Acid as C-1 Source 

 
 

187 
 

R. Chem 2021, 7, 2927-2942; (k) Artz, J.; Müller, T. E.; Thenert, K.; Kleinekorte, J.; Meys, R.; 

Sternberg, A.; Bardow, A.; Leitner, W. Chem. Rev. 2018, 118, 434-504; (l) Grignard, B.; 

Gennen, S.; Jérôme, C.; Kleij, A. W.; Detrembleur, C. Chem. Soc. Rev. 2019, 48, 4466-4514; 

(m) Bhunia, S. K.; Das, P.; Nandi, S.; Jana, R. Org. Lett. 2019, 21, 4632-4637. 

(6) (a) Hartwig, J. F.; Shekhar, S.; Shen, Q.; Barrios-Landeros, F. In PATAI'S Chemistry of 

Functional Groups, 2009; (b) Mary, A.; Kanagathara, N.; Baby Suganthi, A. R. Materials 

Today: Proceedings 2020, 33, 4751-4755; (c) Leitch, J. A.; Frost, C. G. Synthesis 2018, 50, 

2693-2706. 

(7) Majek, M.; Jacobi von Wangelin, A. Angew. Chem. Int. Ed. 2015, 54, 2270-2274. 

(8) Guo, W.; Lu, L.-Q.; Wang, Y.; Wang, Y.-N.; Chen, J.-R.; Xiao, W.-J. Angew. Chem. 

Int. Ed. 2015, 54, 2265-2269. 

(9) Gosset, C.; Pellegrini, S.; Jooris, R.; Bousquet, T.; Pelinski, L. Adv. Synth. Catal. 2018, 

360, 3401-3405. 

(10) Cacchi, S.; Fabrizi, G.; Goggiamani, A. Org. Lett. 2003, 5, 4269-4272. 

(11) Shibahara, F.; Kinoshita, S.; Nozaki, K. Org. Lett. 2004, 6, 2437-2439. 

(12) Wang, Y.; Ren, W.; Li, J.; Wang, H.; Shi, Y. Org. Lett. 2014, 16, 5960-5963. 

(13) Hou, J.; Xie, J.-H.; Zhou, Q.-L. Angew. Chem. Int. Ed. 2015, 54, 6302-6305. 

(14) Fu, M.-C.; Shang, R.; Cheng, W.-M.; Fu, Y. ACS Catal. 2016, 6, 2501-2505. 

(15) Fu, M.-C.; Shang, R.; Cheng, W.-M.; Fu, Y. Chem. Eur. J. 2017, 23, 8818-8822. 

(16) Qi, X.; Li, C.-L.; Wu, X.-F. Chem. Eur. J. 2016, 22, 5835-5838. 

(17) Li, C.-L.; Qi, X.; Wu, X.-F. ChemistrySelect 2016, 1, 1702-1704. 

(18) Wu, F.-P.; Peng, J.-B.; Meng, L.-S.; Qi, X.; Wu, X.-F. ChemCatChem 2017, 9, 3121-

3124. 

(19) Wu, F.-P.; Peng, J.-B.; Qi, X.; Wu, X.-F. J. Org. Chem. 2017, 82, 9710-9714. 

(20) Brancour, C.; Fukuyama, T.; Mukai, Y.; Skrydstrup, T.; Ryu, I. Org. Lett. 2013, 15, 

2794-2797. 

 



 



 

 

Chemo- and Regioselective 

Benzylic C(sp3)–H Oxidation 

Bridging the Gap between 

Hetero- and Homogeneous 

Copper Catalysis 

 

Rose 

Bengal Total synthesis of 

Alterlactone

or

Chapter IV 



 



Chemo- and Regioselective Benzylic C(sp3)–H Oxidation bridging the Gap between 
Hetero- and Homogeneous Copper Catalysis 

 
 

191 

 

IV.1. Introduction 

In spite of immense development of C‒H functionalization reactions in the last two 

decades, attaining a particular regio-, chemo-, and stereoselective functionalization among 

more than one similar C‒H bonds continues to be a daunting challenge.1 So, nowadays, the 

foremost research area is executing chemo-, regio- and stereoselective transformation in a pool 

of vulnerable C‒H bonds in nondirected fashion by judiciously developing the catalytic 

system.2 In the last decade, we have witnessed several reports on intermolecular benzylic C‒H 

acetoxylation with palladium,3 copper,4 iron5 catalysis or metal-free6 conditions via the 

formation of either an acyloxy radical species or a metal-carboxylate intermediate. Herein, we 

represent a benzylic C(sp3)−H benzoyloxylation using a copper-catalyzed intramolecular C−H 

activation technique where the both benzylic C(sp3)−H and the benzoic acid moiety comes 

from the same substrate. Before going into detail, we would have a brief outlook on the 

previous developments for better understanding and present status of this field. 

IV.2. Reviewing the previous developments 

IV.2.1. Developments of transition-metal catalyzed benzylic C(sp3)−H activation 

reactions  

 

Scheme 1. Different copper-catalyzed benzylic C(sp3)−H activation reactions. 
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The Stahl and other groups performed intermolecular benzylic C(sp3)‒H 

functionalization in feedstock chemicals with copper catalysis to synthesize pharmacophores 

(Scheme 1).7 In 2019, Stahl realized copper-catalyzed benzylic arylation from reaction 

between benzyl arenes and aryl boronic acids (Scheme 1, i). The same group, in 2020, executed 

benzylic etherification using alcohol as nucleophile (Scheme 1, ii). In similar manner, Landais 

realized benzylic amination from alkyl (20) arenes (Scheme 1, iii). In an interesting copper-

catalyzed strategy, Wang and co-workers executed enantioselective cyanation of remote 

C(sp3)−H bond initiated by nitrogen-centered radical (Scheme 1, iv). 

 

Scheme 2. Synthesis of benzylic esters via intermolecular C(sp3)−H activation. 

The Patel group unveiled the synthesis of benzyl esters from surplus amount of 

methylarenes employing Cu(II)/TBHP system (Scheme 2).4, 8 In 2012, they synthesized 

benzylic esters from aldehydes and alkyl arenes using the latter as solvent.  

 

Scheme 3. Access to benzylic alcohols directly from benzylic arenes. 
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Continuing with this research, in 2014, in place of aldehydes, they used cyclic ethers or 

cycloalkanes to produce benzylic esters via four and six consecutive C(sp3)−H cleavages by 

copper catalysis. Recently, benzylic alcohols were directly synthesized from alkyl arenes by 

the Ritter group using bis(methanesulfonyl)peroxide as an oxidant with copper (II)-catalyst and 

subsequent hydrolysis (Scheme 3),9 which was a long cherished challenge to the chemists. 

At all these developed methods, the alkyl arenes are required in large excess with 

respect to the other coupling partner. Still, affording selective coupling product via benzylic 

activation taking alkylarene in equimolar amount with the coupling partner remains very 

scarcely developed. 

IV.2.2. Developments of intramolecular C−H activation reactions towards lactone 

synthesis 

Alternatively, a reaction pattern has been lately emerged where starting from a substrate 

having a tethered carboxylic acid, intramolecular C‒H oxidation is executed by using pendant 

carboxyl group as the coupling partner.10 

IV.2.2.1. Metal catalyzed C(sp2)-H activation for lactone synthesis 

In 2013, Martin realized the intramolecular C(sp2)−H activation of ortho-aryl benzoic 

acid to synthesize six-membered lactones via copper catalysis using benzoyl peroxide (BPO) 

as oxidant (Scheme 4, i).11 

 

Scheme 4. Copper-catalyzed intramolecular C(sp2)−H activation towards 6-membered 

lactones. 

Subsequently, this protocol was extrapolated by several groups using other metals or metal-

free conditions via the single electron activation of aryl carboxylic acids for the similar 

transformation.12 Almost at the similar time of Martin’s work, Gevorgyan reported similar Cu-

catalyzed method (Scheme 4, ii).13 Pd(II)/Pd(IV)-catalyzed method (Scheme 5, i)12c was 
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developed Wang. In 2015, the Xu group disclosed silver catalyzed approach with (NH4)2S2O8 

as oxidant in open flask “Condition A” at room temperature (Scheme 5, ii).12a 

 

Scheme 5. Pd- and Ag-catalyzed intramolecular C(sp2)−H activation towards 6-membered 

lactones. 

Subsequently, Zhu reported external oxidant free, mild, efficient Co/photoredox dual catalytic 

methodology (Scheme 6, i).12i At the same time, independently Lei group also reported similar 

strategy via Co/photoredox dual catalysis (Scheme 6, ii).12e Several other reports are also 

available for this transformation with help of metal catalysis. 

 

Scheme 6. Cobalt-photoredox dual catalyzed intramolecular C(sp2)−H activation towards 6-

membered lactones. 

IV.2.2.2. Metal catalyzed C(sp3)-H activation for lactone synthesis 

The Bois group reported the synthesis of six and five-membered lactones by copper-

catalyzed intramolecular benzylic C‒H acetoxylation (Scheme 7, iii).14 The Sames group in 

2001, synthesized lactone from L-valine in presence of aqueous K2PtCl4 and stoichiometric 

CuCl2 as oxidant (Scheme 7, i).15 In 2011, Martin et al. reported Pd catalyzed, N-acyl protected 

amino acid assisted benzolactone formation from 2-alkyl benzoic acid derivatives (Scheme 7, 

ii).16 In 2020, Yu et al. developed lactonization of aliphatic acids through β-C(sp3)-H activation 

(Scheme 7, iv).10a Visible light mediated γ-/δ-lactonization was disclosed by Hong et al. using 

2,4,6-triphenylpyrylium tetrafluoroborate as photocatalyst (Scheme 7, v).17 The Costas group 

reported Mn-catalyzed carboxylic acid directed γ-C−H oxidation to construct γ-lactone in high 

enantiomeric excess (up to 99%) (Scheme 7, vi).18 Yu group in 2020, reported lactonization of 
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2-methyl benzoic acid through Pd(II)/Pd(0) catalysis (Scheme 7, vii).19 Recently a practical, 

mild, visible light mediated magnesium catalyzed C(sp3)−H lactonization protocol from easily 

available 2-alkyl benzoic acid has been developed by Jin group (Scheme 7, viii).20 

 

Scheme 7. Metal catalyzed C(sp3)−H activation for lactone synthesis. 

IV.2.2.3. Metal-free catalyzed C−H functionalization for lactone synthesis 

In 2007, the Kita group synthesized aryl lactones from benzoic acids and carboxylic acids 

using combination of hypervalent iodine with KBr (Scheme 8, i).21 Continuing with their own 

metal-catalyzed lactonization, Martin’s group reported a mild, metal free protocol to synthesis 

of benzolactones from 2-aryl benzoic acids with using 4-iodotoluene as catalyst and 

stoichiometric amount of AcOOH as oxidant in HFIP solvent (Scheme 8, ii).22 A metal free, 

photocatalyzed dehydrogenative lactonization was reported by Gonzalez-Gomez (Scheme 8, 

iii).23 In 2018, the Gilmour group developed an interesting photocatalyzed method for 6-
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membered lactone synthesis via similar intramolecular C(sp2)−H lactonization using (−)-

riboflavin as the photocatalyst (Scheme 8, iv).24 

 

Scheme 8. Metal-free catalyzed C−H functionalization for lactone synthesis. 

IV.2.3. Chemoseletive C(sp2)‒H vs C(sp3)‒H activation  

Despite the fact that chemists have developed C‒H functionalization methodologies 

extensively with soluble copper-complexes or CuNPs (copper-nanoparticles),25 the economic 

use of simple copper(0) powder to achieve the same has rarely been reported, probably for the 

letter’s poor solubility.26 Besides, to achieve the cost effectiveness as well as high catalytic  

efficiency and selectivity, efforts are being given on the merger between homo- and 

heterogeneous catalysis.27 Specifically, development of chemoseletive sp2 vs sp3 C‒H 

activation has not been done with using inexpensive copper(0) powder as catalyst. Kozlowski 

group achieved this chemoselective sp2 vs sp3 C‒H activation in a single reaction with 

palladium-catalysis (Scheme 9).28 

 

Scheme 9. Chemoseletive C(sp2)‒H vs C(sp3)‒H activation. 

IV.2.4. Dibenzooxepinones and their synthesis 
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Dibenzooxepinones are very important class of compounds as their analogs are prevalent in 

various natural products and bioactive chemicals with activity against tumors, cytotoxicity, 

tyrosine kinase inhibitors, and microtubules (Figure 1).29 

 

Figure 1. Naturally occurring dibenzooxepinones. 

In most of the cases, this dibenzo[c,e]oxepin-5(7H)-one motifs are synthesized through 

a series of biaryl coupling and lactonization that forms C-O bonds. (Scheme 1b).30 As presented 

in the  Scheme 10, the procedures are limited to the oxidations of biaryl alcohols (Funk, 

2020)30c, aldehydes (Ryu, 2009; Akiyama, 2017)30b, 30d or benzoic acids (Baidya, 2018)30a. 

However, for lactone production, these techniques are either constrained to symmetrical biaryls 

or prefunctionalized benzyl alcohols. 

 

Scheme 10. Synthesis of symmetric dibenzooxepinones. 

The Tang group recently revealed a elegant strategy to selectively produce 7-membered 

biaryl lactones where electron-deficient olefins were iodolactonized (Scheme 11).31  
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Scheme 11. Synthesis of symmetric dibenzooxepinones via lactonization. 

In 2015, the Shi group disclosed a  rhodium(III)-catalyzed  method for cross-coupling 

between aryl carboxylic acids and benzyl thioethers to synthesize dibenzooxepinones (Scheme 

12).32  Here, first the thioether directed C−H activation took place followed by the lactonization 

where the thioether group serve as a traceless directing group and is removed under the reaction 

condition.  However, here prefuctionalization of benzylic position was required as benzyl 

thioethers were synthesized from the corresponding 1o benzylic bromide and the methodology 

was limited to 1o benzylic positions. Though, here dibenzooxepinones having different 

substitutions at two aryl rings are achievable, use of costly Rh catalyst, requirement of 

prefuctionalization and no reactivity for 2o benzylic position left this with ample scope for 

further improvement. 

 

Scheme 12. Synthesis of unsymmetric dibenzooxepinones via Rh-catalyzed C−H activation. 

IV.3. Present work 

Surprisingly, the simple intramolecular benzylic C–H oxidation of a suitable biaryl 

carboxylic acid (1) that would result in the formation of seven-membered biaryl lactone has 

not been investigated. This could be possibly because of the immidiacy of unfavoured eight-

membered metallacycle in case of seven-membered ring formation where six membered ring 

formation via arene C−H bond activation are facile for the involvement of favourable seven-

membered metallacycle. However, energetically, benzylic C(sp3)‒H bond (85-90 kcal/mole) is 

weaker than C(sp2)‒H bonds (110-115 kcal/mole).28a, 33 Contrary to the traditional two electron 

approach, we hypothesized that single electron activation of the 2'-alkyl-[1,1'-biphenyl]-2-
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carboxylic acids followed by hydrogen atom transfer (HAT) might serve the purpose, thereby 

selectively supplying seven-membered lactones. If successful, this novel disconnection method 

might be used to synthesize a number of dibenzooxepinones, which are widely prevalent in 

pharmaceuticals and natural products. Intrigued  by the precedents, we investigated an 

orthogonal reaction to produce dibenzooxepinones by intramolecularly oxidising the benzylic 

C(sp3)−H bonds of 2'-alkyl-[1,1'-biphenyl]-2-carboxylic acids 1 (Scheme 13). 

 

Scheme 13. Development of intramolecular benzylic C(sp3)−H activation towards 

dibenzooxepinones. 

Furthermore, fulfilling the hypothesis, similar dibenzo[c,e]oxepin-5(7H)-ones were 

produced from the 2,2'-dialkyl-substituted biaryls by taking advantage of the subtle difference 

in reactivity of the two alkyl groups from two different aryl rings. To delight, low-cost copper 

powder is used as an oxidant together with organic peroxide. It is fascinating that potentially 

dangerous peroxide has been substituted by molecular oxygen using a photocatalytic 

combination system of rose bengal, an organic photocatalyst, and copper powder. To the best 
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of our knowledge, bulk metallic copper/photocatalysis has been used for the first time here to 

couple O2 in benzylic C(sp3)−H oxidation, despite their being publications for copper 

salt/photoredox34 or copper/O2 systems35. Interestingly, the copper powder is converted into a 

reactive, substrate-bound, and soluble complex during the reaction to accomplish highly 

chemoselective sp2 vs sp3 C−H oxidation (Scheme 1d). Through the cleavage of the ortho C−O 

bond, the corresponding biaryl ether undergoes 1,5-aryl shift with the assistance of a carboxylic 

acid radical. Finally, using just simple filtration, the precipitated heterogeneous catalyst is 

collected and reutilized for further runs, providing the advantages of both homo- and 

heterogeneous catalyst. 

IV.4. Results and discussion 

We had chosen 2'-methyl-[1,1'-biphenyl]-2-carboxylic acid 1a as the model substrate 

to understand and optimize the condition for benzylic C(sp3)−H activation competing with 

C(sp2)−H activation (Table 1, Part A). Delightedly, employing catalytic CuI with 2 equiv. of 

DTBP (di-tert-butyl peroxide), we were able to produce 52% of our desired product 2a as well 

as the 25% of corresponding methyl ester 2a' (Entry 1).36 It could be presumed that the radical-

radical interaction of the carboxyl radical and the methyl radical produced from the DTBP 

results in the formation of 2a'. Solvents, metal catalysts, and oxidants were rigorously studied 

to increase the yield of 2a and subsequently decrease the generation of 2a'. After optimization 

of the solvents, the optimum solvent was discovered to be α,α,α-trifluorotoluene. Surprisingly, 

we discovered that copper(II) catalysts and other oxidants including TBHP and TBPB 

performed worse than copper(I)/DTBP (Entry 7, 9). After that, we concentrated on using low-

cost copper(0) metal as a catalyst, which finally would be oxidised in situ to higher oxidation 

states. To our delight, DTBP was successfully used with metallic copper (mesh size < 420 µm) 

to produce 2a in 82% yield along with 12% 2a' after heating at 110 oC for 36 hours (Entry 11, 

Table 1). We hypothesised that the methyl radical may be trapped by the use of an external 

radical trapping agent to hinder the generation of 2a' (Entry 11). According to the hypothesis, 

adding 2.0 equiv of TEMPO prevented the production of 2a' while improving yields of the 

targeted lactone product 2a to 83% (Entry 12). Notably, identical yields were obtained for the 

reaction using commercial copper nanoparticles (CuNPs) with a 25nm particle size (Entry 10). 

Argon or oxygen atmosphere diminished the yield (Entry 14, 15). To mention, we employed 

TEMPO for only a small number of substrates those yielded a substantial amount of the ester 

product with condition of Entry 11, since in spite of reducing the side reaction, it did not 

increase the yield of 2a considerably.  
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Up to this point, although it was possible to synthesize 7-membered lactones under 

acceptable synthetic conditions, one of the fundamental problems of using super stoichiometric 

amounts of peroxide—its explosive character in the development of large-scale processes, 

remains an unresolved issue. Not only that, if we are successful in getting rid of DTBP, we 

would be able to avoid the formation of detrimental methyl ester 2a'. 

Table 1. Optimization for intramolecular benzylic C(sp3)−H activation towards 

dibenzooxepinones 

 

Entry Catalyst 

(20 mol %) 

Oxidant Solvent Yield (%) 

2a/2a‘ 

Part A. With peroxide as oxidant 

1 CuI DTBP (2.0 eq) DCE 52/25 

2 CuI DTBP (2.0 eq) PhCl 60/27 

3 CuI DTBP (2.0 eq) PhCF3 65/20 

4 Cu(OAc)2 DTBP (2.0 eq) PhCF3 46/35 

5 Cu(OTf)2 DTBP (2.0 eq) PhCF3 41/32 

6 CuO DTBP (2.0 eq) PhCF3 35/40 

7 CuI TBHP (2.0 eq) PhCF3 40/38 

8 CuI BPO (2.0 eq) PhCF3 20/0 

9 CuI TBPB (2.0 eq) PhCF3 38/20 

10 CuNPs DTBP (2.0 eq) PhCF3 80/18 

11 Cu(0) DTBP (2.0 eq) PhCF3 82/12 

12c Cu(0) DTBP (2.0 eq) PhCF3 83/0 

13d Cu(0) DTBP (2.0 eq) PhCF3 69/0 

14e Cu(0) DTBP (2.0 eq) PhCF3 75/18 

15f Cu(0) DTBP (2.0 eq) PhCF3 56/27 

Part B. With gaseous O2 as oxidant 

16 Cu(0) O2 (purged) PhCF3 20/0 

17g Cu(0) O2 (purged) PhCF3 20/0 

18h Cu(0) O2 (purged) PhCF3 ND 

19i Cu(0) O2 (purged) PhCF3 10/0 

20j Cu(0) O2 (purged) PhCF3 Trace 

21k Cu(0) O2 (purged) PhCF3 ND 

22l Cu(0) O2 (purged) PhCF3 30/0 

23m Cu(0)/EY O2 (purged) PhCF3 45/0 

24m Cu(0)/RB O2 (purged) PhCF3 72/0 

25m Cu(0)/ 

Ru(bpy)3Cl2 

O2 (purged) PhCF3 35/0 

26l,m Cu(0)/RB O2 (purged) PhCF3 50/0 
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aAll reactions were carried out in 0.2 mmol scale. bYields refer to here are overall isolated 

yields. cadditional amount of 2 eq. TEMPO. dadditional 2 eq. BHT. eunder Ar atmosphere. 

funder O2 atmosphere. gadditional 30 mol% of Et3N. hadditional 30 mol% of ethylenediamine. 

iadditional 30 mol% of pyridine. jadditional 30 mol% of Bpy. kadditional 30 mol% of 

terpyridine. ladditional 30 mol% of TMEDA was used. munder 32 W CFL 

Fascinated by the intriguing works by Powers37, Freakley38 and others39 on capturing molecular 

oxygen, we hypothesized that combining aerial oxygen as a terminal oxidant for this 

conversion would be synthetically viable and appealing (Table 1, Part B). During 

investigation, it was found that treating 1a at 110 oC under oxygen atmosphere using catalytic 

copper powder in PhCF3 produced 20% of the desired product 2a (Entry 16). The yield was 

not further increased by additionally using several nitrogen-containing ligands (Entry 17-22). 

Rueping and others have shown how metal-catalyzed C−H activations/oxidations could be 

performed with molecular oxygen merging with visible light photoredox catalysis.40 In this 

line, we concentrated on readjusting the reaction conditions under the light-mediated dual 

catalytic conditions with copper and one photosensitizer. Gratifyingly, irradiating 1a with 

white CFL (46 W) at 110 oC, applying just 1 mol% eosin Y (EY) along with catalytic copper 

powder under oxygen atmosphere yielded 2a in 45% (Entry 23). After systematic screening of 

other photocatalysts, it was found that 1 mol% rose bengal (RB) (Entry 24) increased the yield 

of 2a to 72% and the unreacted substrate was recovered. We had accepted this as another 

optimized condition for using molecular oxygen as oxidizing agent and denoted it as 

“Condition B”, where the optimized condition with DTBP as oxidant was represented as 

“Condition A”. And with these both conditions, generality of the substrates were checked. 

Substrate scope 

To test the scope of this lactonization under these optimal conditions, the necessary 

biaryl substrates containing methyl and carboxylic acid at the 2,2'-positions were synthesized 

by Suzuki-Miyaura cross-coupling. Gratifyingly, the benzylic oxidation process produced 

seven-membered lactones in good to moderate yields from a variety of substrates, as 

demonstrated in Table 2.  
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Table 2. Substrate scope of Dibenzo[c,e]oxepin-5(7H)-ones a,b 
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“Condition A”: 20 mol% Cu, 2.0 equiv. DTBP, PhCF3, 110 oC, air, 36-48 h. “Condition B”: 

20 mol% Cu, 1 mol% Rose Bengal, PhCF3, 110 oC, O2, 32 W CFL, 36-48 hrs. aAll reactions 

were carried out in 0.2 mmol scale. bYields refer to the overall isolated yields. cadditionally 

2.0 equiv TEMPO was used 

On both rings A and B, electron-donating groups such as Me, OMe, OEt, and OBn provided 

average to good yields. (2b-g, 2m, 2q, 2r, 2v-2x, Table 2). Substrates bearing electron 

withdrawing groups including F, Cl, and NO2 afforded moderate to good yield of the products 

(2h-l, 2n, 2p, 2s, 2z, 2aa, Table 2). It's interesting to note that aryl- and ethyl-substituted 

diarylmethanes also underwent the expected reaction chemo- and regioselectively (2l, 2o, 2t, 

2y, 2aa, Table 2), which was a shortcoming in earlier C−H activation techniques..30a, 32 Better 

yields were achieved from diarylmethanes (1t, 1y), most likely as a result of two aryl groups 

activating the one benzylic C−H bond. Notably, substrates with multiple methyl groups only 

reacted at the ortho benzyl moiety, leaving the other methyl groups unaffected (2b, 2e, 2i, 2k, 

2m, 2n, 2q, 2w, Table 2).  

Unexpected Smiles rearrangement while attempting towards 8-membered lactone 

 

Condition: 20% Cu, 2 equiv DTBP, PhCF3, 110 oC, air, 36 h. All reactions were carried out 

in 0.2 mmol scale. Yields refer to the overall isolated yields. ain 0.5 mmol scale 

Scheme 14. Smiles rearrangement. 
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Thus, carboxylic acid could play a significant role in the intramolecular benzylic C-H 

activation that leads to the production of the seven-membered lactone. 

We synthesised the corresponding biaryl ether 3a and tested the reaction under 

“Condition A” in order to discover whether the production of an 8-membered lactone was 

feasible. Surprisingly, contrary to the formation of anticipated product 4a', Smile’s 

rearrangement product 2-hydroxyphenyl 2-methyl benzoate 4a was produced in 62% yield 

(Scheme 14). Earlier, our group and others have reported that this Smiles type rearrangement 

produces and involves a carboxyl radical for C−O bond cleavage and 1,5-aryl migration.41 The 

range of 2-aryloxybenzoic acids with various substituents on both the aryl benzoic acid and 

phenol components was then investigated. These compounds delivered moderate to good 

yields under the reaction condition (Scheme 14). Similar yields were also obtained by 

reproducing the procedure at 0.5 mmol scale, which was a serious obstacle under our previous 

condition (4a, Scheme 14).41a 

Double benzylic C(sp3)−H activation leading to dibenzooxepinones 

We envisaged that the 2,2'-alkyl biaryls might be converted into the same lactone product 

2a by properly regulating the reactivities between of two different alkyl moieties, where one 

of them would be converted into the carboxylic acid while another one would be activated 

selectively to give the similar reactivity as 1a did. This led us to prepare 2,2'-dimethyl-1,1'-

biphenyl (5a) and subjecting it to “Condition A”.  

 

Reaction condition: 20% Cu, 2 equiv DTBP, PhCF3, 110 oC, O2, 36 h. All reactions were 

carried out in 0.2 mmol scale. Yields refer to the overall isolated yields. 

Scheme 15. Lactonization through double benzylic C-H activation. 
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Fortunately, the anticipated 7-membered lactone 2a—which is produced by cleaving the 

benzylic C−H bond four times—was obtained in 52% yield. The yield was increased even 

more, reaching 65% while the system was purged with O2 (Scheme 15). In addition to 

unsubstituted benzyl, the desired product was also produced by the selective oxidation of 

methyl to carboxylic acid on phenyl- and methyl-substituted substrates. Interestingly, when 

unsummetrical biary substrates were taken, the corresponding lactone products were produced 

in modest amounts via the generation of carboxylic acid from CH3, Cl, OMe substituted-aryl 

methyls (Scheme 15). Lower isolated yields were found for 5d-f where the substrates were 

also could not be recovered. This is because an inseparable mixture of products probably 

caused by the lactonization of the other methyl group, was obtained. 

Total synthesis of Alterlactone: Demonstrating the synthetic utility of the methodology 

Alterlactone42 is a natural product comprising of dibenzooxepinones and is normally 

extracted from endophytic fungi Alternaria sp. This has been proven to be Nrf2 activator in 

PC12 cells, neuroprotective43 cytotoxic against L5178Y cells.29b  

 

Scheme 16. Total synthesis of Alterlactone. 
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Starting with acetal-protected phloroglucinol acid and 3,4-hydroxytoluene, we were 

able  synthesize Alterlactone 18 in 10 steps (Scheme 16). We used our light-mediated dual 

catalytic methodology in this total synthesis at a late stage, which led to the dibenzooxepinone 

17 to give Alterlactone 18 on global deprotection of three benzyl groups. This method is cost 

effective compared to the earlier synthetic method42, ours is more affordable for the use of low-

cost copper(0)-catalyst . 

Strategic demonstration and derivatization of product 

Thereafter, we had hypothecated that if the reaction was performed in a copper-vessel, 

it might occur even without adding any external copper-catalyst just by scratching the vessel's 

wall. 

 

Scheme 17. Practical demonstration and product derivatization. 
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Gratifyingly, the model substrate 1a conducted the reaction efficiently in a 2.0 mmol scale 

under “Condition A”, resulting in 55% isolated yield of 2a (Scheme 17, i). The model reaction 

was then carried out in 10 mmol scale under “Condition B” to test the scalability. Delightedly, 

the reaction was robust and provided 68% of the expected product 2a (Scheme 17, 

ii).  Dibenzo[c,e]oxepin-5-thione 19, a radical polymerization initiator44, was produced in 43% 

yield by thiolating dibenzo[c,e]oxepin-5-one 2a with 0.5 equiv Lawesson's reagent (Scheme 

17, iii). Finally, the corresponding benzyl alcohol 20 was produced in 92% yield by base 

hydrolysis of compound 2a (Scheme 17, iv). 

Different substrates showing diverse reactivity 

A variety of reactions were conducted to examine the compatibility of the designed 

catalytic systems to variously designed substrates (Scheme 18). It is interesting to note 

that substrate 1ab underwent dearomatization to produce spirolactone 24 instead of giving the 

desire eight membered lactone. In reaction under “Condition A” (Scheme 18, i), indole 1af 

underwent activation of C(sp2)−H, which produced 6-membered indole dione 

25 via subsequent oxidation at the C-3 position and dearomatization (Scheme 18, ii). When 

benzyl alcohol was taken in place of benzoic acid, i.e., substrate 26, oxidation produced 

fluorenone 27 via C(sp2)−H activation instead of the seven membered lactone via C(sp3)−H 

activation (Scheme 18, iii). Intriguingly, seven membered lactam 29 was afforded from the 

benzenesulfonamide 28 via C(sp3)−H activation under “Condition A” (Scheme 18, iv). With 

our constant effort to broaden the reaction scope towards eight-membered lactone20, we started 

with substrate 30, but it also showed different reactivity to afforded five-membered lactone 31 

selectively instead of providing the desired one (Scheme 18, v). Thus, these results opened a 

broad arena for a diverse synthetic protocol for five and seven-membered lactone synthesis via 

C−H activation. 

Mechanistic study 

We conducted a number of control and spectroscopic studies to understand the 

underlying cause of the high degree of chemoselectivity. 

Radical quenching experiment 

During optimization, we noticed that the methyl-radical produced by the decomposition 

of DTBP caused methyl ester 3a.  
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Scheme 18. Diverse reactivities. 

By adding 2.0 equiv of TEMPO under optimal reaction conditions, this esterification was 

completely stopped, and an aliquot of the reaction mixture was taken that detected the TEMPO 

methyl radical adduct by ESI-MS (Scheme 19). A TEMPO adduct with 1a (M+-H) at benzylic 

or carboxylate (22a or 22a') position was found in the ESI-MS (Scheme 19) and the expected 

reaction to give 2a was completely suppressed. 

Understanding selectivity between competitive C(sp2)‒H and C(sp3)‒H activation 

It's interesting to note that under the Martin's reaction condition,11, only the 6-

membered lactone 23a was produced in 72% by selective C(sp2)−H activation from 1a. 
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Contrastingly, , we have been able to produce 7-membered lactone 2a selectively under 

“Condition A” and B in 82% and 72% yields respectively (Scheme 20, i). 

 

Scheme 19. Radical quenching experiment. 

We observed that, for this chemoselectivity, not only the energy difference (sp2 C‒H bond vs 

benzylic sp3 C‒H; 110-115 vs 85-90 kcal/mole),33 but the character of radical initiator cum 

oxidant might be quite important. We discovered from rigorous control investigations (Scheme 

20) that external oxidants such as DTBP, TBHP, and TBPB those could produce at least one 

equivalent of methyl radical were efficient for benzylic C(sp3)−H activation. Therefore, BPO 

was unsuccessful in our trial, in contrast to Martin's condition where it was an effective oxidant 

for activating the C(sp2)−H bond. From here, we can conclude that the methyl radical produced 

by β-methyl scission of the tert-butyl oxo radical could lead to the selective weak benzylic C-

H bond cleavage and methane production. While in situ produced benzoyl or phenyl radicals 

(through decarboxylation) likely favor C(sp2)-H bond activation. Further investigation is 

necessary to understand the cause of the chemoselectivity in our established peroxide-free 

“Condition B”. 

Addition of external substituted benzoic acids 

Super stoichiometric (2.0 equiv) amount of benzoic acid was added to the reaction 

mixture under both conditions A and B to determine whether the reaction occurs via inner- or 

outer-sphere copper complex.  
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Scheme 20. Competitive reactivities between C(sp2)−H and C(sp3)−H activation. 
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Scheme 21. Addition of external substituted benzoic acids. 

Surprisingly, only the required lactonization products in modest yields were produced via 

intramolecular reaction and no intermolecular benzoxylation compounds were detected. 

Similar outcomes were also achieved by electronically rich 4-methoxy or electronically poor 4-

nitro benzoic acid (Scheme 21). 

Addition of external N-containing ligands 

Furthermore, common external ligands such as pyridine, bipyridine, 1,10-

phenathroline, TMEDA etc. effected negatively in the reaction outcome (Scheme 22) 

suggesting that copper 

might generate an inner sphere soluble complex binding with the substrate 1a which was 

further supported by the spectroscopic studies. 

 

Scheme 22. Addition of external N-containing ligands. 

Visual colour change during reaction 

We were curious to understand the genesis of the active catalyst and its oxidation state as 

insoluble copper(0) powder was utilized as the initial catalyst. Under the “Condition A” 

(Figure 2)45, we observed a evident colour change in the reaction medium.  
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Figure 2. Visual colour change during the reaction under “Condition A”. 

After 6 hours, the insoluble Cu powder visually changed into slightly suspended particles and 

took on a bright blue coloration. After 12 hours, it changed into an intensely blue, transparent 

solution, indicating the appearance of Cu(II)-species. Finally, the solution returns to being 

turbid and greenish.  

UV-Vis experiment 

“Condition A”: At 3 hour intervals, we recorded UV-Vis absorption spectra from the 

reaction mixture in order to unambiguously confirm the presence of Cu(II) species. After 3 

hours, the distinctive Cu(II) peak at 684 nm developed, and its intensity increased as the 

reaction progressed (Figure 3)46. The following spectra is from the standard reaction with 

“Condition A”. Aliquots were taken at 1h, 3h, 6h, 12h, 18h. We can visualize the formation of 

Cu(II) clearly from the spectra which comes at 684nm. The formation started from 1h itself 

and after 3h, it shows intense signature peak. We have shown the UV-Vis absorption peak of 

pure substrate also which comes at 274 nm and that of pure copper too which is insoluble in 

the solvent, hence does not show any peak. 

 

Figure 3. UV-Vis absorption spectra of standard reaction under “Condition A”. 

Colour 
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“Condition A” excluding 1a and DTBP (i.e., only copper): As from the above reaction 

it was evident that Cu(II) had been formed, now it was our conjecture that whether Cu(0) 

converts to Cu(II) on its own with aerial oxidation under elevated temperature. 

To prove, we set up a reaction taking Cu(0) (2.54mg) in 2 mL PhCF3 in a 15 mL 

pressure tube, sealed and heated with constant stirring at 100 oC. Aliquots were taken at 

different times as depicted in the graph. But no significant absorption had been shown at any 

time from which we can satisfy our conjecture. So, from here, we can easily conclude that at 

least alone Cu(0) cannot undergo oxidation to convert to Cu(II). 

“Condition A” excluding 1a (i.e., Cu+DTBP): To test the obvious necessity of the 

substrate 1a for the formation of Cu(II) species, next reaction was set up taking a mixture of 

Cu (0) (2.54 mg), DTBP (36.7 μL) in 2 mL PhCF3 in 15 mL pressure tube, sealed and heated 

with continuous stirring at 110 oC. Aliquots were taken at different times as depicted in the  

 

Figure 4. UV-Vis absorption spectra of reaction with “Condition A” excluding 1a. 

graph. But absolutely no significant absorption had been shown at any time to prove the 

formation of Cu(II) species (Figure 4). So, from here, we can easily conclude that the substrate 

is very much essential for formation of Cu(II) species. It is probable as the substrate can act as 

a ligand and stabilize the formed Cu(II). So, it is evident that at “Condition A”, Cu(II) is formed 

and stabilized, for which the substrate is essential. 

“Condition B”: Similar spectral patterns were also visible in the UV-Vis spectra from 

“Condition B”, indicating the formation of Cu(II) species to control the process (Figure 5).  
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Figure 5. UV-Vis absorption spectra of standard reaction with “Condition B”. 

Standard reaction was set up with 1a substrate and aliquots were taken at different times to 

record UV-Vis absorption. The spectra clearly shows the formation of Cu(II) species just after 

1h. And further, the intensity increases over time. We had recorded UV-Vis absorption of only 

rose Bengal (RB) catalyst and have shown in the diagram. 

“Condition B” without 1a (i.e. Cu+O2+RB): Here also, like “Condition A”, to prove the 

necessity of substrate 1a for the formation of Cu(II), the following experiment was performed. 

In a 15 mL pressure tube was taken Cu powder (1.27 mg), RB (2mg) and PhCF3 was added. 

The vessel was purged with O2 and sealed. The mixture was heated at 110 oC with continuous 

stirring under irradiation of white light from two white CFL each from 5cm apart. Aliquots 

were taken midway and UV-VIS absorption were recorded that is depicted here. It clearly 

shows no peak corresponding to Cu(II). So it proved that the copper (0) cannot oxidize to Cu(II) 

under O2 atmosphere with photosensitizer and light without the substrate 1a. Hence 1a helps 

the formation of Cu(II) and stabilizes it which drives the forward reaction. 

“Condition B” excluding RB (i.e. 1a + O2): Having the established fact that 1a is 

essential, it is now to test the necessity the use of photosensitizer RB.  

 

Figure 6. UV-Vis absorption spectra of reaction with “Condition B” excluding RB. 
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So, one reaction was set up with “Condition B” but without the addition of RB and UV-VIS 

absorption were recorded in situ. The result shows that Cu(II) forms after 9 hours. On the 

contrary Cu(II) was formed after only 1 hour in the reaction in the standard reaction with 

“Condition B” (Figure 6). So, it is evident that the use of RB facilitates the reaction in forward 

direction. Hence, photoredox catalyst under light irradiation may accelerate the formation of 

active Cu(II) catalyst by molecular oxygen.  

XPS analysis 

However, we did not observe the involvement of Cu(III) species under either of the two 

conditions. XPS analysis further validated the copper's oxidation state. And in both the reactions, similar 

pattern comes up. The peaks at 931.0 and 950.9 eV are assigned to Cu 2p3/2 and 2p1/2 of Cu(II). And 

the intense satellite peak at 942 eV confirms the presence of Cu(II) (Figure 7).47 

 

 

Figure 7. XPS analysis. 

Characterization of the recovered catalyst 

After the reaction was finished, a fairly clear blue solution turned opaque, leading us to 

conclude that copper (oxide or hydroxide) nanoparticles (CuNPs) might have formed. 

According to the transmission electron microscopic (TEM) image of both reaction mixtures, it 

was observed that copper nanoparticles with a diameter of 2–5 nm had formed (Figure 8). In 

fact, Entry 10, Table 1 shows that preformed nanoparticles (CuNPs) also catalyzed the 

reaction. However, the particles made in situ from the copper powder may be of different sizes 

and not homogeneous throughout the system leaving some particles being beyond the 

nanometer range. 
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Figure 8. TEM image of recovered catalyst. 

Plausible mechanism 

From the control and spectroscopic studies, we hypothesised the following as a likely 

mechanism (Scheme 23). To generate an active methyl radical under “Condition A”, DTBP 

first goes through homolytic cleavage, then goes through β-methyl scission. One proton is 

removed from the benzylic position of 1a by •CH3, which then emits CH4, forming the 

corresponding benzylic radical species. Gas chromatography of the sample retrieved from the  
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Figure 9. Gas chromatography spectra of headspace gas (under “Condition A”). 

reaction vessel verified the development of CH4 (Figure 9). Cu(0) then forms a carboxylate to 

produce reactive intermediate I, which is promptly stabilised by the production of an eight-

membered copper complex II. After that, it proceeds via reductive elimination to produce 

product 2a and regenerates Cu(0), which propels the reaction onward. Additionally, some of 

the •CH3 is absorbed by the carboxyl group of the substrate, producing the unwanted 2a'.  

Under “Condition B”, (Scheme 23), the copper-peroxide radical generated from an oxygen 

molecule by photosensitization is believed to be responsible for the benzylic C-H activation. 

Under light irradiation, RB (rose bengal) excites and goes to RB which produces singlet 

oxygen (1O2) by transfering energy to triplet oxygen (3O2).
48 The 1O2 is then scavenged by the 

Condition A Condition B
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Cu(0), which then interacts with the carboxyl group49 of 1a to produce the copper(II)-peroxo 

intermediate50 III, which goes through two simultaneous SETs. III acts as the active catalyst. 

The intermediate benzylic radical IV is produced when this copper-peroxo radical removes one 

proton from the proximal benzylic site. After then, an 8-membered Cu(II) complex V forms 

while a hydroperoxyl radical is produced, which propagates the chain51 to continue to react 

with another molecules of 1a. Cu(0) is regenerated from reductive elimination of complex 

V and the final product 2a is obtained. In either scenario, initial benzylic C−H bond oxidation 

to benzyl alcohol followed by lactonization under copper catalysis is possible. However, no 

comparable benzyl alcohol from the reaction mixture could be found either by isolation or by 

MS characterization. Additionally, under our reaction conditions, the equivalent benzyl alcohol 

20, which was produced by hydrolyzing the lactonized product 2a, converted back to lactone 

product 2a in only 7% yield. As a result, the first step of benzylic oxidation to alcohol might 

not be possible. 

 

Scheme 23. Plausible mechanism of copper(0) catalyzed benzylic C(sp3)-H activation of 2'-

alkyl-[1,1'-biphenyl]-2-carboxylic acids. 

In Scheme 15, one benzylic C(sp3)−H group of 5a first undergoes  oxidation to provide 

the equivalent benzoic acid 2a highly oxidative condition52, after which the mechanism 

consistent with “Condition A” is followed to produce the product 2a (Scheme 24). Notably, 
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the 1o benzylic C(sp3)−H (i.e. CH3 group) initially oxidises to benzoic acid in the substrates 5p, 

5u, and it is followed by the activation of the 2o benzylic C(sp3)−H activation and subsequent 

cyclization to produce the products.  

 

Scheme 24. Plausible mechanism of copper(0) catalyzed double benzylic C(sp3)-H activation 

of 2,2'-biaryls. 

Further research is required to determine the governing factor of the sequence of 

oxidation and activation of the two benzylic C(sp3)−H groups when any substitution is present 

in either ring (5d-f). 

Recyclability of the catalysts 

Gratifyingly, a metallic precipitate formed in each condition once the reaction was 

finished (Figure 10) and the residue was full of dispersed CuNPs (indicated from TEM). So, 

in order to increase the catalyst's utility, we wanted to recover and recycle it.53 After one batch 

of the reaction, it was filtered, washed with ethyl acetate and another batch of reaction was set 

up with the residue. Similarly subsequent four batches were reported in each “Condition A” 

and the result was satisfactory. 
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Figure 10. Turbidity after reactions. 

 

Figure 11. Recyclabilities of the catalytic systems. 

For “Condition A”, the yields were 82%, 75%, 66%, and 48% respectively (Figure 11). And 

the same for “Condition B” were 72%, 68%, 65% and 55% (Figure 11). We were unable to 

further increase the catalytic activity of the residue by washing the it with acetic acid54 or 

organic solvents55. Still, the transformation of inexpensive copper powder into a substrate-

bound homogeneous catalyst for highly chemoselective benzylic oxidation, and eventual 

precipitation out to facilitate catalyst recovery, is a unique and fascinating example.  

IV.5. Conclusion 

Here, we described a low-cost method for chemoselectively activating benzylic C(sp3)-

H for the direct synthesis of seven-membered dibenzo[c,e]oxepin-5(7H)-ones. Remarkably, 

molecular oxygen took the oxidant's role substituting hazardous di-tert-butyl peroxide (DTBP) 

while merging copper catalysis with organic photosensitizer. Intriguingly, the copper powder 

is transformed into a highly reactive, substrate-dependent soluble catalyst during the reaction 

to achieve a high degree of chemoselective benzylic C(sp3)−H oxidation while preventing the 

synthesis of six-membered lactones via the C(sp2)−H bond activation. Finally, to maximize the 

advantages of both homogeneous and heterogeneous catalyst, the heterogeneous catalyst is 

precipitated out and recovered for subsequent runs by easy filtration. The reaction proceeds 

Condition A

Condition B
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through a SET (single electron transfer) mechanism, is scalable and the protocol has been 

applied to carry out the total synthesis of Alterlactone, a cytotoxic natural product. Further 

investigations on Cu(0)/photoredox/O2 catalytic system is being explored in our laboratory. 

Limitations of the study: Despite developing sustainable conditions for lactone formation via 

selective benzylic C(sp3)−H oxidation, it is restricted to 7-membered lactones only. Smiles 

rearrangement was furnished from the substrate class 3 via 1,5-aryl migration and not afforded 

8-membered lactones. And while exploring the substrate scopes, we found that primary amines, 

aldehydes were not compatible under either condition. After four cycles, it was found that the 

recovered catalyst had a lower catalytic efficiency, suggesting scope for improvement. 

IV.6. Experimental section 

IV.6.1. General information 

Each air-sensitive reagent handling was done in a dry argon environment. Unless 

otherwise specified, all commercial chemicals were procured from the chemical manufacturers 

Sigma Aldrich, TCI, Acros, or Spectrochem and utilised without further purification. Before 

usage, solvents were distilled and dried using conventional techniques. The spots were visible 

using UV light (254 and 365 nm) or by charring the plate after dipping it in KMnO4 or vanillin 

charring solution. TLC was run on silica gel plates (Merck silica gel 60, f254). In CDCl3 

solvent, 13C NMR spectra were recorded at 75 MHz (Bruker-DPX), 100 MHz (JEOL-JNM-

ECZ400S/L1), and 150 MHz (Bruker-Avance) frequencies using TMS as the internal standard. 

1H NMR was recorded at 400 MHz (JEOL-JNMECZ400S/L1) and 600 MHz (Bruker-Avance) 

frequency. Chemical shifts were determined in parts per million (ppm), with tetramethylsilane 

serving as a reference point at 0.0 ppm. The terms s=singlet, d=doublet, t=triplet, q=quadruplet, 

m=multiplet, br=broad, and ABq=AB quartet were all used to describe multiplicities. In Hertz 

unit, coupling constants, J, were reported (Hz). The ESI technique was used to measure HRMS 

(m/z) (Q-Tof Micro mass spectrometer). Dichloromethane was used to grow the crystals, and 

the Bruker D8 Venture with a Photon-III detector instrument was used to record the crystal 

data. Using a cuvette having length of 1 cm, room temperature absorption spectra were 

acquired by a Shimadzu UV-Vis spectrophotometer. All the samples' emission spectra were 

recorded using a FluoroMax-P (HORIBA JobinYvon) luminescence spectrophotometer. A 

JEOL JEM 2100F transmission electron microscope was used to capture the TEM 

(transmission electron microscopic) and STEM (scanning transmission electron 



Chapter IV 
 

 
 

222 

 

microscopic) images. Equipped with a Scienta Omicron SPHERA analyzer, an Omicron 

electron spectrometer was used to conduct the X-ray photoelectron spectroscopy (XPS) studies. 

With a GC instrument with a TCD and the model number 7890B (G3440B), serial no. 

CN14333203, the in situ evolved gas was detected. A gas tight syringe was used to syringe 500 

μL of gas into the GC's inlet from the head space of the H cell's working chamber. 

IV.6.2. Preparation of starting materials 

IV.6.2.1. General protocol for synthesis of 2'-alkyl-[1,1'-biphenyl]-2-carboxylic 

acids (1) 

This synthesis was performed following slightly modifying a reported protocol.56 

Preparation of corresponding ethyl esters of 2-bromo/iodo/hydroxy benzoic acids57 

 

In a clean and oven-dried RB, corresponding benzoic acid (5 mmol) was charged and 

15 mL MeOH was added to make a solution. 10 drops of conc. H2SO4 were added and the 

mixture was refluxed at 80 oC overnight. After completion, the solvent was evaporated under 

reduced pressure and extracted with ethyl acetate (50 mL) after washing with deionized water 

(50 mL). Finally, the combined organic layer was passed through anhydrous Na2SO4 for drying 

and the mixture was concentrated by evaporating the solvent under reduced pressure. Then, the 

crude product was purified with column chromatography (eluting with petroleum ether/ethyl 

acetate) to afford the corresponding ester. 

Preparation of methyl 2-(((trifluoromethyl)sulfonyl)oxy)benzoate from methyl 

salicylates 

 

In a clean and oven-dried RB, methyl salicylate (5mmol) was taken dissolving it in 

anhydrous DCM (10 mL) and was kept for stirring at 0 °C. While stirring, triethylamine (1.4 

ml, 2eq) was added to it at 0 °C. Then maintaining 0 °C, trifluoromethanesulfonic anhydride 
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(1 ml, 6 mmol) was added dropwise over 5 min. Thereafter, the resulting clear solution was 

stirred at room temperature for 16 hours. After completion, water was added to quench the 

reaction. Therefore, this was extracted with CH2Cl2 (5 × 15 mL) and in a separatory funnel, it 

was washed with deionized water (20 ml) and brine (10 ml). The combined organic layer was 

filtered through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure to give a liquid. Then, the crude product was purified with column chromatography 

(eluting with petroleum ether/ethyl acetate) to afford methyl 2-

(((trifluoromethyl)sulfonyl)oxy)benzoate as colorless liquid. 

Suzuki coupling between 2-bromo/iodo benzoate or methyl 2-

(((trifluoromethyl)sulfonyl)oxy)benzoate and 2-alkyl aryl boronic acid  

 

To a solution of The corresponding 2-bromo/iodo benzoate or methyl 2-

(((trifluoromethyl)sulfonyl)oxy)benzoate (1 mmol) was taken in a dry 25 mL round-bottom 

flask and dissolved in anhydrous DMF (5 ml). The corresponding 2-alkyl aryl boronic acid (1.2 

equiv., 1.2 mmol), Pd(PPh3)4 (5 mol%) and activated K2CO3 (3 equiv., 3 mmol) were 

successively added to it. Then, the reaction mixture was kept for stirring for 20 hours at 90 oC 

strictly under inert atmosphere. After completion, the mixture was extracted with EtOAc and 

rinsed with ice-cold water (30 mL) and brine (30 mL). The combined organic layer was filtered 

through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure to give a liquid. Then, the crude product was purified with column chromatography 

(eluting with petroleum ether/ethyl acetate) to afford the desired product. 

Hydrolysis of methyl esters 

 

Corresponding ester was taken in a round-bottom flask and NaOH (sodium hydroxide) 

solution in water-ethanol (1:1) was added to dissolve it. Then, the mixture was heated at 60 oC 
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for overnight with continuous stirring. After completion, the solvent was concentrated under 

vacuum and 6 (N) HCl was added to neutralize the remaining solution. Thereafter, the mixture 

was extracted with EtOAc and rinsed with ice-cold water (30 mL) and brine (30 mL). The 

combined organic layer was filtered through anhydrous sodium sulfate for drying, the solvent 

was evaporated under reduced pressure to give a liquid. Then, the crude product was purified 

with column chromatography (eluting with petroleum ether/ethyl acetate) to afford the 2'-alkyl-

[1,1'-biphenyl]-2-carboxylic acid 1. 

IV.6.2.2. General protocol for the synthesis of 2-aryloxybenzoic acids (3) 

The synthesis was performed following literature procedure41a. 2-halobenzoic acid (1.0 

equiv., 6.2 mmol) was taken in a clean and oven-dried 100 mL round bottom flask with 

magnetic stir bar inside and 50 mL DMF solvent was added to dissolve it. Then subsequently, 

corresponding phenol (2.0 equiv., 12.4 mmol), copper(I) iodide (0.28 mmol, 53 mg), DBU(1,8-

diazabicyclo[5.4.0]undec-7- ene) (3.0 equiv., 18.6 mmol, 2.6 mL), pyridine (0.1 mL) were 

added to the mixture. The resulting solution was heated under nitrogen atmosphere at 160 °C 

with continuous stirring. After completion, typically 2 h (indicated by TLC), the reaction 

mixture was taken in 0 0C, acidified with HCl (3 M). Precipitate formed in acidification process 

and whole suspension was extracted with DCM (dichloromethane) (70 mL), washed with  ice-

cold water (60 mL) and brine (30 mL). The combined organic layer was filtered through 

anhydrous sodium sulfate for drying, the solvent was evaporated under reduced pressure to 

give a liquid. Then, the crude product was purified with column chromatography (eluting with 

petroleum ether/ethyl acetate) to afford the solid product. 

IV.6.2.3. Protocol for synthesis of 2-alkyl-2'-methyl-1,1'-biphenyls (5) 

Successively, the suitable 2-alkyl aryl boronic acid (1.2 equiv., 1.2 mmol), Pd(PPh3)4 (5 

mol%), and activated K2CO3 (3 equiv., 3 mmol) were added to a solution of the appropriate 2-

iodo toluene (1 equiv., 1 mmol) in toluene (5 mL) and ethanol (2.5 mL). Then, the reaction 

mixture was heated at 90 oC under inert atmosphere with continuous stirring for 20 hours. 

Thereafter, the mixture was extracted with EtOAc and rinsed with water (30 mL) and brine (30 

mL). The combined organic layer was filtered through anhydrous sodium sulfate for drying, 

the solvent was evaporated under reduced pressure to give a liquid. Then, the crude product 

was purified with column chromatography (eluting with petroleum ether/ethyl acetate) to 

afford the desired 2-alkyl-2'-methyl-1,1'-biphenyl 5. 
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IV.6.3. Experimental protocols for copper(0)-catalyzed chemo- and regioselective 

intramolecular benzylic C(sp3)–H oxidation of 2'-alkyl-[1,1'-biphenyl]-2-carboxylic acids 

(1) 

IV.6.3.1. General “Condition A” 

 

In a clean and oven-dried pressure tube (15 mL) with magnetic stir-bar inside, substrate 

1 (1 equiv., 0.2 mmol), copper powder (20 mol%, 0.04 mmol, 2.54 mg) were taken. Therefore, 

PhCF3 (α,α,α-trifluorotoluene (2 mL) was added to it via syringe. Then, DTBP (2 equiv., 0.4 

mmol, 36.7 μL) was added with microsyringe and the vessel was sealed. Thereafter, reaction 

mixture was heated at 110 oC with continuous stirring for 36 hours. Thereafter, after 

completion, it was allowed to reach room temperature, the mixture was extracted with EtOAc 

(2 X 30 mL) and rinsed with water (30 mL) and brine (30 mL). The combined organic layer 

was filtered through anhydrous sodium sulfate for drying, the solvent was evaporated under 

reduced pressure to give a liquid. Then, the crude product was purified with column 

chromatography (eluting with petroleum ether/ethyl acetate) to afford the corresponding 

dibenzo[c,e]oxepinones. 

IV.6.3.2. General “Condition B” 

 

In a clean and oven-dried pressure tube (15 mL) with magnetic stir-bar inside, substrate 

1 (1 equiv., 0.2 mmol), copper powder (20 mol%, 0.04 mmol, 2.54 mg) were taken. Therefore, 

PhCF3 (α,α,α-trifluorotoluene (2 mL) was added to it via syringe. The vessel was purged with 

UHP (ultra-high pure) O2 for 1 minute and sealed promptly. Thereafter, for 30 hours, reaction 

mixture was heated at 110 oC under continuous irradiation from two white CFLs (each CFL: 

32 W and set at 5cm distance from the reaction vessel). Thereafter, after completion, it was 
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allowed to reach room temperature, the mixture was extracted with EtOAc (2 X 30 mL) and 

rinsed with water (30 mL) and brine (30 mL). The combined organic layer was filtered through 

anhydrous sodium sulfate for drying, the solvent was evaporated under reduced pressure to 

give a liquid. Then, the crude product was purified with column chromatography (eluting with 

petroleum ether/ethyl acetate) to afford the corresponding dibenzo[c,e]oxepinones. 

 

Figure 12. Reaction set up for “Condition B”. 

IV.6.4. Experimental protocol for the copper(0)-catalyzed Smiles rearrangement of 2-

phenoxybenzoic acids, (Related to Scheme 3) 

 

To an clean and oven-dried pressure tube (15 mL), 2-phenoxybenzoic acids (1.0 equiv., 

0.2 mmol), copper(0) powder (20 mol%, 0.04 mmol, 2.54 mg) were charged and PhCF3 (α,α,α-

trifluorotoluene (2 mL) was added to it via syringe. Then, DTBP (2 equiv., 0.4 mmol, 36.7 μL) 

was added with microsyringe and the vessel was sealed. Thereafter, reaction mixture was 

heated at 110 oC with continuous stirring for 36 hours. Thereafter, after completion, it was 

allowed to reach room temperature, the mixture was extracted with EtOAc (2 X 30 mL) and 

rinsed with water (30 mL) and brine (30 mL). The combined organic layer was filtered through 

anhydrous sodium sulfate for drying, the solvent was evaporated under reduced pressure to 

give a liquid. Then, the crude product was purified with column chromatography (eluting with 

petroleum ether/ethyl acetate) to afford the expected product. 
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IV.6.5. Experimental protocol for copper(0)-catalyzed double C(sp3)−H activation of 

2-alkyl-2'-methyl-1,1'-biphenyls (5) 

To an clean and oven-dried pressure tube (15 mL) with magnetic bar inside, substrate 5 (1.0 

equiv., 0.2 mmol), copper(0) powder (20 mol%, 0.04 mmol, 2.54 mg) were charged and PhCF3 

(α,α,α-trifluorotoluene (2 mL) was added to it via syringe. Then, DTBP (2 equiv., 0.4 mmol, 

36.7 μL) was added with microsyringe. 

 

The vessel was purged with UHP (ultra-high pure) O2 for 1 minute and sealed promptly. 

Thereafter, reaction mixture was heated at 110 oC with continuous stirring for 36 hours. 

Thereafter, after completion, it was allowed to reach room temperature, the mixture was 

extracted with EtOAc (2 X 30 mL) and rinsed with water (30 mL) and brine (30 mL). The 

combined organic layer was filtered through anhydrous sodium sulfate for drying, the solvent 

was evaporated under reduced pressure to give a liquid. Then, the crude product was purified 

with column chromatography (eluting with petroleum ether/ethyl acetate) to afford the 

corresponding dibenzooxepinones. 

IV.6.6. Spectral data 

dibenzo[c,e]oxepin-5(7H)-one (2a) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (34.4 mg, 82% 

with “Condition A” and 30.2 mg, 72% with “Condition B”). mp 98-102 oC. 1H NMR (600 

MHz, CDCl3):δ 7.99 (d, J = 7.8 Hz, 1H), 7.65-7.69 (m, 2H), 7.61 (d, J = 7.8 Hz, 1H), 7.51-

7.56 (m, 2H), 7.42-7.47 (m, 2H), 5.03 (d(br), J = 41.4 Hz, 2H); 13C NMR (150 MHz, CDCl3): 
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δ 170.23, 138.96, 137.25, 134.81, 132.55, 131.93, 130.65, 130.12, 128.67, 128.65, 128.55, 

128.42, 69.18. HRMS (ESI, m/z) calcd. for C14H10O2Na [M+Na]+: 233.0578; found: 233.0576. 

11-methyldibenzo[c,e]oxepin-5(7H)-one (2b) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (35.4 mg, 79% 

with “Condition A” and 31.4 mg, 70% with “Condition B”). mp 110-112 oC. 1H NMR (600 

MHz, CDCl3):δ 7.89 (dd, J1 = 7.8 Hz, J2 =1.2 Hz, 1H), 7.58 (td,  J1 = 7.8 Hz, J2 =1.2 Hz, 1H), 

7.48 (dd, J1 = 7.2 Hz, J2 =1.2 Hz, 1H), 7.38 (dd, J1 = 6.6 Hz, J2 =2.4 Hz, 1H), 7.27-7.30 (m, 

2H), 4.90 (ABq, J = 8 Hz, 2H); 13C NMR (150 MHz, CDCl3): δ 170.59, 137.54, 136.62, 135.97, 

135.78, 132.87, 131.59, 130.83, 130.76, 130.30, 128.11, 126.23, 70.05, 21.28. HRMS (ESI, 

m/z) calcd. for C15H13O2 [M+H]+: 225.1006; found: 225.1205. 

3-methoxy-11-methyldibenzo[c,e]oxepin-5(7H)-one (2c) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (34.0 mg, 67% 

with “Condition A” and 27.0 mg, 53% with “Condition B”). mp 118-120 oC. 1H NMR (400 

MHz, CDCl3):δ 7.34-7.40 (m, 3H), 7.24-7.26 (m, 2H), 7.12 (dd, J1 = 8 Hz, J2= 4Hz, 1H), 4.90 

(ABq, J =12 Hz, 2H), 3.89 (s, 3H); 13C NMR (100 MHz, CDCl3): δ170.54, 159.09, 137.52, 

136.53, 135.81, 132.91, 132.81, 131.86, 128.49, 127.69, 126.25, 118.21, 114.30, 70.31, 55.70, 

21.40. HRMS (ESI, m/z) calcd. for C16H14O3Na [M+Na]+: 277.0841; found: 277.0841. 
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3-methoxydibenzo[c,e]oxepin-5(7H)-one (2d) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (29.4 mg, 61% 

with “Condition A” and 26.2 mg, 54% with “Condition B”). mp 116-122 oC. 1H NMR (600 

MHz, CDCl3):δ 7.61 (d, J = 7.8 Hz, 1H), 7.51-7.55 (m, 2H), 7.48 (d, J = 3 Hz, 1H), 7.45 (dd, 

J1=7.2 Hz, J2= 1.2 Hz, 1H), 7.39 (td, J1= 7.2 Hz, J2= 1.2 Hz, 1H), 7.22 (dd, J1= 9Hz, J2= 3Hz, 

1H), 5.01 (d(br), J = 30.6 Hz, 2H), 3.91(s, 3H); 13C NMR (150 MHz, CDCl3): δ 170.06, 159.46, 

138.77, 134.32, 131.69, 131.60, 130.16, 130.04, 128.44, 128.16, 127.96, 120.04, 115.20, 69.34, 

55.64. HRMS (ESI, m/z) calcd. for C15H12O3Na [M+Na]+: 263.0684; found: 263.0690. 

10-methyldibenzo[c,e]oxepin-5(7H)-one (2e) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a gummy syrup, (25.8 mg, 

58% with “Condition A” and 27.2 mg, 61% with “Condition B”). 1H NMR (600 MHz, 

CDCl3):δ 7.96 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 7.64 (td, J1=7.8 Hz, J2=1.2 Hz, 1H), 7.58-

7.59 (m, 1H), 7.49 (td, J1=7.2 Hz, J2=1.2 Hz, 1H), 7.44 (s, 1H), 7.33 (d, J=7.8 Hz, 1H), 7.22 

(d, J = 7.8 Hz, 1H), 5.04 (ABq, J= 12 Hz, 2H), 2.43 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 

170.36, 140.07, 138.86, 137.39, 132.43, 132.06, 131.89, 130.76, 129.28, 128.55, 128.47, 

128.27, 68.93, 21.42. HRMS (ESI, m/z) calcd. for C15H13O2 [M+H]+: 225.0916; found: 

225.0919. 
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9-methoxydibenzo[c,e]oxepin-5(7H)-one (2f) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (38.0 mg, 79% 

with “Condition A” and 31.2 mg, 65% with “Condition B”). mp 155-158 oC. 1H NMR (400 

MHz, CDCl3):δ 7.95 (dd, J1 = 6 Hz, J2= 1.6 Hz, 1H), 7.62 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 

7.52-7.57 (m, 1H), 7.45 (td, J1=7.6 Hz, J2= 1.6 Hz, 1H), 7.05 (dd, J1=8 Hz, J2= 1.6 Hz, 1H), 

6.97 (d, J = 2.4 Hz, 1H), 4.97 (d(br), J = 40 Hz, 2H), 3.87 (s, 3H); 13C NMR (100 MHz, CDCl3): 

δ 170.48, 159.97, 137.35, 136.24, 132.62, 132.13, 131.51, 130.25, 10.02, 128.43, 127.85, 

115.70, 113.94, 69.37, 55.62. HRMS (ESI, m/z) calcd. for C15H13O2 [M+H]+: 241.0865; found: 

241.0870. 

9-bromo-3-methoxydibenzo[c,e]oxepin-5(7H)-one (2g) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (42.6 mg, 67% 

with “Condition A” and 45.2 mg, 71% with “Condition B”). mp 172-178 oC. 1H NMR (400 

MHz, CDCl3):δ 8.09 (d, J = 2.4 Hz, 1H), 7.73 (dd, J1= 8.4 Hz, J2= 2 Hz, 1H), 7.53 (d, J = 8.4 

Hz, 1H), 7.41 (d, J= 8.4 Hz, 1H), 7.05 (dd, J1= 8.4 Hz, J2= 1.2 Hz, 1H), 6.97 (d, J= 1.4 Hz, 

1H), 4.97 (d(br), J = 16.8 Hz, 2H), 3.87 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 168.95, 160.25, 

136.20, 136.00, 135.65, 134.72, 131.74, 130.43, 130.00, 129.89, 121.77, 115.87, 114.16, 69.40, 

55.66. HRMS (ESI, m/z) calcd. for C15H12O3Br [M+H]+: 318.9970; found: 318.9978. 
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2-chlorodibenzo[c,e]oxepin-5(7H)-one (2h) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (33.2 mg, 68% 

with “Condition A” and 34.2 mg, 70% with “Condition B”). mp 140-142 oC. 1H NMR (400 

MHz, CDCl3):δ 7.92 (d, J = 12 Hz, 1H), 7.63 (d, J= 12 Hz, 1H), 7.60 (d, J = 4 Hz, 1H), 7.53-

7.57 (m, 1H), 7.45-7.49 (m, 3H), 5.01 (d(br), J = 16 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 

167.79, 139.00, 138.98, 137.85, 134.90, 133.68, 129.40, 129.12, 128.72, 128.69, 128.64, 69.22. 

HRMS (ESI, m/z) calcd. for C14H10O2Cl [M+H]+: 245.0369; found: 245.0371. 

11-methyl-3-nitrodibenzo[c,e]oxepin-5(7H)-one (2i) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (30.1 mg, 57% 

with “Condition A” and 25.8 mg, 48% with “Condition B”). mp 198-200 oC. 1H NMR (400 

MHz, CDCl3):δ 8.76 (d, J = 2.4 Hz, 1H), 8.41 (dd, J1= 4.8 Hz, J2= 2.4 Hz,  1H), 7.67 (d, J = 

4.8 Hz, 1H), 7.32-7.45 (m, 3H), 4.95 (ABq, J = 12.4 Hz, 2H), 2.43 (s, 3H); 13C NMR (100 

MHz, CDCl3): δ 168.26, 142.00, 137.08, 135.91, 133.50, 133.16, 131.79, 129.73, 126.87, 

126.32, 125.22, 70.13, 21.30. HRMS (ESI, m/z) calcd. for C15H12NO4 [M+H]+: 270.0766; 

found: 270.0769. 
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3-fluorodibenzo[c,e]oxepin-5(7H)-one (2j) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (31.0 mg, 68% 

with “Condition A” and 26.4 mg, 58% with “Condition B”). mp 166-168 oC. 1H NMR (400 

MHz, CDCl3):δ 7.69 (dd, J1 = 9 Hz, J2= 3 Hz, 1H), 7.61-7.65 (m, 2H), 7.53 (td, J1 = 7.8 Hz, 

J2= 1.8 Hz, 1H), 7.34-7.47 (m, 3H), 5.01 (d(br), J = 12 Hz, 2H); 13C NMR (100 MHz, CDCl3): 

δ 168.93, 162.30 (d, JC-F =248.9 Hz), 138.13, 134.56, 133.65 (d, JC-F= 3.5 Hz), 132.56, 132.49, 

130.92 (d, JC-F = 7.7 Hz), 130.37, 128.80 (d, JC-F = 4 Hz), 128.57, 120.14 (d, JC-F = 21.3 Hz), 

118.61 (d, JC-F = 23.6 Hz), 69.41 . HRMS (ESI, m/z) calcd. for C14H10FO2 [M+H]+: 229.0665; 

found: 229.0669. 

2-fluoro-9,11-dimethyldibenzo[c,e]oxepin-5(7H)-one (2k) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (36.8 mg, 72% 

with “Condition A” and 32.4 mg, 63% with “Condition B”). mp 174-176 oC. 1H NMR (600 

MHz, CDCl3):δ 7.89-7.91 (m, 1H), 7.20 (s, 1H), 7.13-7.17 (m, 2H), 7.10 (s, 1H), 4.87 (ABq, J 

= 36 Hz, 2H), 2.38 (s, 3H), 2.37 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 169.72, 163.52 (d, JC-

F = 251.2 Hz), 138.72, 138.70, 136.43, 135.80, 133.69, 133.47, d, JC-F = 9.3 Hz), 127.82, 

127.13, 117.05 (d, JC-F = 22.3 Hz), 115.1 (d, JC-F = 21.4 Hz), 70.03, 21.09, 20.94. HRMS (ESI, 

m/z) calcd. for C16H13FO2Na [M+Na]+: 279.0797; found: 279.0800. 
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2-fluoro-7-methyldibenzo[c,e]oxepin-5(7H)-one (2l) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a gummy liquid, (25.6 mg, 

53% with “Condition A” and 23.2 mg, 48% with “Condition B”).1H NMR (600 MHz, CDCl3):δ 

8.01-8.03 (m, 1H), 7.50-7.59 (m, 4H), 7.29 (dd, J1 = 3.6 Hz, J2 = 2.4 Hz, 1H), 7.51-7.56 (m, 

2H), 7.22 (td, J1= 8.4 Hz, J2 = 2.4 Hz, 1H), 5.29 (q, J = 6 Hz, 1H), 1.86 (d, J = 6 Hz, 3H); 13C 

NMR (150 MHz, CDCl3): δ 168.97, 163.12 (d, JC-F = 259.5 Hz), 140.16 (d, JC-F = 9 Hz), 137.53 

(d, JC-F = 17 Hz), 134.25 (d, JC-F = 9 Hz), 129.71, 129.15, 128.89, 124.10, 115.72 (d, JC-F = 22.5 

Hz), 115.41 (d, JC-F = 22.5 Hz), 73.09, 16.83. HRMS (ESI, m/z) calcd. for C15H11O2F [M+H]+: 

243.0821; found: 243.0824. 

3,9,11-trimethyldibenzo[c,e]oxepin-5(7H)-one (2m) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (39.2 mg, 78% 

with “Condition A” and 29.2 mg, 58% with “Condition B”). mp 163-165 oC. 1H NMR (400 

MHz, CDCl3):δ 7.69-7.70 (m, 1H), 7.32-7.38 (m, 2H), 7.18 (s, 1H), 7.08 (s, 1H), 4.85 (ABq, J 

= 12 Hz, 2H), 2.43 (s, 3H), 2.37 (s, 3H), 2.36 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 170.98, 

137.97, 137.83, 136.47, 135.97, 134.87, 133.58, 133.23, 131.77, 131.48, 131.17, 130.32, 

127.01, 70.22, 21.25, 21.06, 21.01. HRMS (ESI, m/z) calcd. for C17H16O2Na [M+Na]+: 

275.1048; found: 275.1049. 
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10-chloro-3-(5-chloro-2-methylphenyl)dibenzo[c,e]oxepin-5(7H)-one (2n) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (55.2 mg, 75% 

with “Condition A” and 47.0 mg, 64% with “Condition B”). mp >200 oC. 1H NMR (600 MHz, 

CDCl3):δ 7.96 (d, J = 1.2 Hz, 1H), 7.70 (s, 1H), 7.61-7.67 (m, 1H), 7.44 (s, 2H), 7.28-7.29 (m, 

2H), 7.25-7.23 (m, 1H), 5.05 (ABq, J = 12.6 Hz, 2H), 2.29 (s, 3H); 13C NMR (150 MHz, 

CDCl3): δ 169.47, 141.59, 141.06, 140.24, 136.10, 134.83, 133.73, 133.31, 133.19, 132.59, 

131.89, 131.58, 130.67, 130.01, 129.43, 128.73, 128.63, 128.56, 128.01, 68.42, 19.88. HRMS 

(ESI, m/z) calcd. for C21H15O2Cl2 [M+H]+: 369.0449; found: 369.0453. 

7-methyldibenzo[c,e]oxepin-5(7H)-one (2o) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (22.8 mg, 51% 

with “Condition A” and 24.6 mg, 55% with “Condition B”). mp 148-150 oC. 1H NMR (400 

MHz, CDCl3):δ 7.97 (d, J = 8 Hz, 1H), 7.65 (td, J1= 8 Hz, J2= 1.2 Hz, 1H), 7.59 (td, J1 = 8 Hz, 

J2= 1.2 Hz, 2H), 7.44-7.55 (m, 4H), 5.27 (q, J = 6.4 Hz, 1H), 1.84 (d, J = 6.4 Hz, 3H); 13C 

NMR (100 MHz, CDCl3): δ 170.04, 138.77, 137.64, 137.44, 132.58, 131.42, 131.01, 129.66, 

129.05, 128.87, 128.64, 128.46, 124.03, 73.19, 16.96. HRMS (ESI, m/z) calcd. for C15H13O2 

[M+H]+: 225.0916; found: 225.0919. 
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10-chlorodibenzo[c,e]oxepin-5(7H)-one (2p) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (34.6 mg, 71% 

with “Condition A” and 33.2 mg, 68% with “Condition B”). mp 154-156 oC. 1H NMR (600 

MHz, CDCl3):δ 8.00 (d, J = 12 Hz, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.64 (s, 1H), 7.55-7.60 (m, 

2H), 7.41 (s, 2H), 4.99 (d(br), J = 24 Hz, 2H); 13C NMR (150 MHz, CDCl3): δ 169.75, 140.61, 

136.00, 135.90, 133.22, 132.74, 132.14, 130.67, 129.92, 129.06, 128.60, 128.57, 68.33. HRMS 

(ESI, m/z) calcd. for C14H10O2Cl [M+Na]+: 245.0369; found: 245.0372. 

 

9,11-dimethyldibenzo[c,e]oxepin-5(7H)-one (2q) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (38.4 mg, 81% 

with “Condition A” and 33.2 mg, 70% with “Condition B”). 1H NMR (600 MHz, CDCl3):δ 

7.90 (d, J = 7.8 Hz, 1H), 7.58 (t, J = 6H, 1H), 7.47 (t, J = 7.8 Hz, 2H), 7.21 (s, 1H), 7.11 (s, 

1H), 4.89 (ABq, J = 12 Hz, 2H), 2.39 (s, 3H), 2.38 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 

170.68, 138.04, 136.43, 136.41, 135.92, 135.90, 134.69, 133.53, 131.53, 130.75, 130.25, 

127.78, 126.95, 70.09, 21.13, 20.93. HRMS (ESI, m/z) calcd. for C16H15O2 [M+H]+: 239.1072; 

found: 239.1079. 
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3-methoxy-[1,3]dioxolo[4',5':4,5]benzo[1,2-c]benzo[e]oxepin-5(7H)-one (2r) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (35.2 mg, 62% 

with “Condition A” and 40.8 mg, 72% with “Condition B”). mp 178-180 oC. 1H NMR (400 

MHz, CDCl3):δ 7.41-7.43 (m, 2H), 7.17 (dd, J1 = 4.8 Hz, J2 = 2.8 Hz, 1H), 7.03 (s, 1H), 6.03 

(s, 2H), 4.87 (ABq, J = 12 Hz, 2H), 3.88 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 170.22, 

159.24, 149.25, 147.44, 133.33, 131.44, 130.13, 129.92, 128.45, 120.13, 115.16, 108.79, 

108.51, 101.75, 69.11, 55.74. HRMS (ESI, m/z) calcd. for C16H12O5Na [M+Na]+: 307.0582; 

found: 307.0597. 

4-fluorodibenzo[c,e]oxepin-5(7H)-one (2s) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (30.6 mg, 67% 

with “Condition A” and 23.2 mg, 51% with “Condition B”). mp 96-98 oC. 1H NMR (600 MHz, 

CDCl3):δ 7.68 (d, J = 12 Hz, 1H), 7.63-7.59 (m, 1H), 7.54-7.57 (m, 1H), 7.46-7.48 (m, 2H), 

7.39 (d, J = 7.2 Hz, 2H), 7.24-7.27 (m, 1H), 5.04 (ABq, J = 12 Hz, 2H); 13C NMR (150 MHz, 

CDCl3): δ 169.18, 163.23 (d, JC-F = 364.5 Hz), 139.01, 137.93, 137.42, 134.88, 132.92 (d, JC-F 

= 9 Hz), 131.58, 130.28, 129.19, 128.82, 128.54, 124.16 (d, JC-F = 3Hz), 116.11 (d, JC-F = 22 

Hz), 68.92. HRMS (ESI, m/z) calcd. for C14H10O2F [M+H]+: 229.0665; found: 229.0674. 
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7-phenyldibenzo[c,e]oxepin-5(7H)-one (2t) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (47.0 mg, 82% 

with “Condition A” and 40.2 mg, 70% with “Condition B”). mp 162-170 oC. 1H NMR (600 

MHz, CDCl3):δ 8.03 (d, J = 7.8 Hz, 1H), 7.65-7.75 (m, 3H), 7.58 (t, J = 7.2 Hz, 1H), 7.41-7.52 

(m, 6H), 7.29 (t, J = 7.2 Hz, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.25 (s, 1H); 13C NMR (150 MHz, 

CDCl3): δ 169.42, 138.56, 138.46, 137.29, 135.73, 132.68, 131.46, 130.73, 129.54, 128.90, 

128.78, 128.55, 128.52, 128.45, 128.40, 127.38, 126.97, 78.99. HRMS (ESI, m/z) calcd. for 

C20H14O2Na [M+Na]+: 309.0891; found: 309.0444. 

[1,3]dioxolo[4',5':4,5]benzo[1,2-c]benzo[e]oxepin-5(7H)-one (2u) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (36.2 mg, 71% 

with “Condition A” and 31.6 mg, 62% with “Condition B”). mp 148-150 oC. 1H NMR (600 

MHz, CDCl3):δ 7.94 (dd, J1 = 8 Hz, J2 = 1.2 Hz, 1H), 7.62 (td, J1 = 7.6 Hz, J2 = 1.6 Hz, 1H), 

7.44-7.51 (m, 2H), 7.07 (s, 1H), 6.90 (s, 1H), 6.04 (s, 1H), 4.88 (ABq, J = 12 Hz, 2H); 13C 

NMR (100 MHz, CDCl3): δ 170.40, 149.31, 147.96, 137.33, 133.45, 132.59, 131.95, 130.53, 

129.13, 128.43, 128.12, 108.90, 108.82, 101.86, 68.94. HRMS (ESI, m/z) calcd. for C15H11O4 

[M+H]+: 255.0657; found: 255.0659. 

 



Chapter IV 
 

 
 

238 

 

9,10-bis(benzyloxy)dibenzo[c,e]oxepin-5(7H)-one (2v) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 94:6 hexane/ethyl acetate) as a white solid, (71.6 mg, 85% 

with “Condition A” and 74.2 mg, 88% with “Condition B”). mp 152-154 oC. 1H NMR (400 

MHz, CDCl3):δ 7.94 (dd, J1 = 8 Hz, J2 = 1.6 Hz, 1H), 7.59 (td, J1 = 7.6 Hz, J2 = 1.6 Hz, 1H), 

7.31-7.46 (m, 12 H), 7.18 (s, 1H), 7.00 (s, 1H), 5.22 (s, 4H), 4.85 (d(br), J = 52 Hz, 2H); 13C 

NMR (100 MHz, CDCl3): δ 170.48, 150.13,149.33, 137.32, 136.83, 136.76, 132.54, 132.40, 

132.09, 130.61, 130.26, 128.72, 128.70, 128.54, 128.46, 128.27, 128.15, 127.98, 127.46, 

127.32, 115.39, 114.89, 71.72, 71.52, 68.96. HRMS (ESI, m/z) calcd. for C28H23O4 [M+H]+: 

423.1596; found: 423.1602. 

9-methoxy-10-methyldibenzo[c,e]oxepin-5(7H)-one (2w) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (38.0mg, 75% 

with “Condition A” and 38.6 mg, 76% with “Condition B”). mp 160-164 oC. 1H NMR (400 

MHz, CDCl3):δ 7.94 (d, J = 8 Hz, 1H), 7.61 (t, J = 8 Hz, 1H), 7.40-7.46 (m, 2H), 6.87 (s, 1H), 

4.96 (d(br), J = 48 Hz, 2H), 3.89 (s, 3H), 2.29 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 170.60, 

158.10, 137.55, 133.68, 132.50, 132.08, 130.98, 130.91, 130.39, 128.83, 128.37, 127.66, 

109.88, 69.39, 55.69, 16.33. HRMS (ESI, m/z) calcd. for C16H14O3 [M]+: 254.0943; found: 

254.0916. 
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9-ethoxydibenzo[c,e]oxepin-5(7H)-one (2x) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 95:5 hexane/ethyl acetate) as a white solid, (36.0 mg, 71% 

with “Condition A” and 37.0 mg, 73% with “Condition B”). mp 100-102 oC. 1H NMR (600 

MHz, CDCl3):δ 7.97 (d, J = 7.8 Hz, 1H), 7.63 (td, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 7.61 (d, J = 

7.8 Hz, 1H), 7.49-7.57 (m, 2H), 7.45-7.48 (m, 1H), 6.97-7.06 (m, 2H), 4.97 (d(br), J = 73 Hz, 

2H), 4.11 (q, J = 7.2 Hz, 2H), 1.46 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3): δ 170.39, 

159.22, 137.29, 136.07, 132.48, 132.00, 131.19, 130.10, 129.86, 128.29, 127.67, 116.08, 

114.31, 69.28, 63.77, 14.73. HRMS (ESI, m/z) calcd. for C16H15O3 [M+H]+: 255.1021; found: 

255.1021. 

3-phenylbenzo[c]naphtho[2,1-e]oxepin-1(3H)-one (2y) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (49.0 mg, 73% 

with “Condition A” and 51.6 mg, 77% with “Condition B”). mp 184-186 oC. 1H NMR (400 

MHz, CDCl3):δ 8.38 (d, J = 8 Hz, 1H), 8.11-8.27 (m, 1H), 7.41-7.79 (m, 9H), 7.31 (td, J1 = 8 

Hz, J2 = 1.2 Hz, 1H), 6.81 (d, J = 8 Hz, 1H), 6.25 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 

167.81, 139.21, 138.76, 135.66, 135.28, 133.19, 132.34, 130.99, 129.23, 128.68, 128.64, 

128.38, 128.27, 127.65, 127.26, 126.96, 126.79, 126.09, 124.43, 123.57, 118.92, 117.36, 78.88. 

HRMS (ESI, m/z) calcd. for C24H16O2Na [M+Na]+: 359.1048; found: 359.1057. 
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6-chlorobenzo[c]naphtho[2,1-e]oxepin-1(3H)-one (2z) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (41.6 mg, 71% 

with “Condition A” and 42.2 mg, 72% with “Condition B”). mp 188-190 oC. 1H NMR (400 

MHz, CDCl3):δ 8.33 (d, J = 8 Hz, 1H), 8.07 (d, J = 8 Hz, 1H), 7.91 (d, J = 8 Hz, 1H), 7.76 (d, 

J = 1.2 Hz, 1H), 7.67-7.58 (m, 3H), 7.45-7.40 (m, 2H), 4.98 (ABq, J = 12 Hz, 2H); 13C NMR 

(100 MHz, CDCl3): δ 168.14, 140.95, 136.13, 133.98, 133.93, 133.38, 132.44, 131.18, 129.93, 

129.06, 128.80, 128.47, 128.31, 127.92, 127.51, 126.88, 125.42, 68.15. HRMS (ESI, m/z) 

calcd. for C18H12O2Cl [M+H]+: 295.0526; found: 295.0531. 

6-chloro-3-methylbenzo[c]naphtho[2,1-e]oxepin-1(3H)-one (2aa) 

 

Following the general procedures A and B, the expected product was obtained using column 

chromatography (SiO2, eluting with 97:3 hexane/ethyl acetate) as a white solid, (40.2 mg, 65% 

with “Condition A” and 33.2 mg, 54% with “Condition B”). mp 160-162 oC. 1H NMR (600 

MHz, CDCl3):δ 8.42 (d, J = 8.4 Hz, 1H), 8.08 (d, J = 9 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.76 

(d, J = 8.4 Hz, 1H), 7.68-7.64 (m, 2H), 7.56-7.61 (m, 3H), 7.51 (t, J = 7.8 Hz, 1H), 5.32 (q, J 

= 6 Hz, 1H), 1.88 (d, J = 6.6 Hz, 3H).; 13C NMR (150 MHz, CDCl3): δ 168.22, 138.85, 138.05, 

135.14, 132.96, 131.99, 130.77, 129.51, 129.29, 128.57, 128.12, 127.69, 127.00, 126.64, 

125.93, 123.85, 72.76, 16.53. HRMS (ESI, m/z) calcd. for C19H14O2Na [M+Na]+: 297.0891; 

found: 297.0898. 
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o-tolyl 2-hydroxybenzoate (4a)41b 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 96:4 

hexane/ethyl acetate) as a colourless oil, (28.6 mg, 62%). 1H NMR (400 MHz, CDCl3): δ 10.56 

(s, 1H), 8.12 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 7.56 (td, J = 8.0 Hz, 1.6 Hz, 1H), 7.27-7.32 (m, 2H), 

7.23 (td, J = 8.0 Hz, 1.6 Hz, 1H), 7.14 (dd, J = 8.0 Hz, 1.2 Hz, 1H), 7.06 (dd, J = 8.8 Hz, 1.2 

Hz, 1H), 6.99 (td, J = 7.6 Hz, 1.2 Hz, 1H), 2.26 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 168.8, 

162.3, 148.8, 136.6, 131.5, 130.43, 130.40, 127.2, 126.7, 121.9, 119.6, 117.9, 111.8, 16.3. 

Phenyl 2-hydroxybenzoate (4b)41b 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 96:4 

hexane/ethyl acetate) as a colourless oil, (30.2 mg, 64%). 1H NMR (600 MHz, CDCl3): δ 10.53 

(s, 1H), 8.10 (d, J = 7.8 Hz, 1H), 7.55 (t, J = 8.4 Hz, 1H), 7.47 (t, J = 8.4 Hz, 2H), 7.33 (t, J = 

7.2 Hz, 1H),7.23 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 8.4 Hz, 1H), 6.99 (t, J = 7.2 Hz, 1H); 13C 

NMR (150 MHz, CDCl3): δ 168.9, 162.2, 150.1, 136.5, 130.3, 129.6, 126.4, 121.6, 119.4, 

117.8, 111.8. 

4-(Benzyloxy)phenyl 2-hydroxybenzoate (4c)41a 
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Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) as a white solid, (40.8 mg, 64%). 1H NMR (400 MHz, CDCl3): δ 10.52 

(s, 1H), 8.05 (dd, J = 8.0 Hz, 1.6 Hz, 1H), 7.52 (td, J = 7.8 Hz, 2.0 Hz, 1H), 7.31-7.44 (m, 5H), 

7.10-7.14 (m, 2H), 7.01-7.03 (m, 3H), 6.96 (t, J = 8.0 Hz, 1H), 5.07 (s, 2H); 13C NMR (100 

MHz, CDCl3): δ 169.3, 162.2, 156.9, 143.7, 136.8, 136.5, 130.4, 128.7, 128.2, 127.5, 122.5, 

119.5, 117.9, 115.7, 111.9, 70.5. 

4-Chlorophenyl 2-hydroxybenzoate (4d)41a 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 96:4 

hexane/ethyl acetate) as a white solid, (28.4 mg, 57%). 1H NMR (600 MHz, CDCl3): δ 10.40 

(s, 1H), 8.05 (d, J = 7.8 Hz, 1H), 7.55 (t, J =7.8 Hz, 1H), 7.42 (d, J = 9.0 Hz, 2H), 7.17 (d, J = 

9.0 Hz, 2H), 7.05 (d, J = 8.4 Hz, 1H), 6.98 (t, J = 7.8 Hz, 1H); 13C NMR (150 MHz, CDCl3): δ 

168.6, 162.2, 148.5, 136.7, 131.8, 130.3, 129.7, 123.0, 119.6, 117.9, 111.5. 

4-Methoxyphenyl 2-hydroxybenzoate (4e)41b 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 96:4 

hexane/ethyl acetate) as a colourless oil, (29.4 mg, 61%). 1H NMR (400 MHz, CDCl3): δ 10.51 

(s, 1H), 8.05 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 7.50-7.54 (m, 1H), 7.09-7.12 (m, 2H), 7.02 (dd, J = 

8.0 Hz, 0.8 Hz, 1H), 6.93-6.97 (m, 3H), 3.82 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 169.4, 

162.2, 157.8, 143.6, 136.5, 130.4, 122.5, 119.5, 117.9, 114.7, 111.9, 55.7. 
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4-bromophenyl 2-hydroxybenzoate (4f)41a 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 96:4 

hexane/ethyl acetate) as a white solid, (28.2 mg, 48%). 1H NMR (400 MHz, CDCl3): δ 10.36 

(s, 1H), 8.03 (dd, J = 8.0 Hz, 1.6 Hz, 1H), 7.51-7.57 (m, 3H), 7.08-7.12 (m, 2H), 7.03 (d, J = 

8.4 Hz, 1H), 6.99 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 168.6, 162.3, 149.3, 

136.8, 132.7, 130.4, 123.5, 119.6, 119.6, 118.0, 111.6. 

Naphthalen-2-yl 2-hydroxybenzoate (4g)41a 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 96:4 

hexane/ethyl acetate) as a white solid, (34.0 mg, 65%). 1H NMR (400 MHz, CDCl3): δ 10.51 

(s, 1H), 8.13 (dd, J = 8.0 Hz, 1.6 Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.83-7.89 (m, 2H), 7.68 (d, 

J = 2.4 Hz, 1H), 7.49-7.58 (m, 3H), 7.34 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 7.05 (dd, J = 8.4 Hz, 0.8 

Hz 1H), 6.99 (t, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 169.2, 162.3, 147.8, 136.6, 

133.8, 131.8, 130.5, 129.8, 127.9, 127.8, 126.9, 126.1, 120.9, 119.6, 118.8, 117.9, 111.9. 

2-Methoxyphenyl 2-hydroxybenzoate (4h)41b 
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Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) as a white solid, (26.0 mg, 53%). 1H NMR (400 MHz, CDCl3): δ 10.47 

(s, 1H), 8.10 (dd, J = 8.0 Hz, 1.2 Hz, 1H), 7.50-7.54 (m, 1H), 7.25-7.29 (m, 1H), 7.15 (dd, J = 

8.0 Hz, 1.6 Hz, 1H), 7.00-7.04 (m, 3H), 6.99-6.94 (m, 1H), 3.82 (s, 3H); 13C NMR (100 MHz, 

CDCl3): δ 168.5, 162.1, 151.2, 139.2, 136.3, 130.7, 127.5, 122.9, 120.9, 119.5, 117.8, 112.7, 

111.9, 56.0. 

3-Methoxyphenyl 2-hydroxybenzoate (4i)41a 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) as a colourless oil, (34.0 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 10.48 

(s, 1H), 8.06 (dd, J = 8.0 Hz, 1.6 Hz, 1H), 7.53 (td, J = 8.4 Hz, 1.6 Hz, 1H), 7.34 (t, J = 8.0 Hz, 

1H), 7.02 (dd, J = 8.0 Hz, 0.8 Hz, 1H), 6.96 (td, J = 8.0 Hz, 1.2 Hz, 1H), 6.84-6.87 (m, 1H), 

6.78-6.81 (m, 1H), 6.76 (t, J = 2.4 Hz, 1H), 3.82 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 168.9, 

162.3, 160.7, 151.1, 136.5, 130.4, 130.1, 119.5, 117.9, 113.8, 112.3, 111.9, 107.8, 55.58. 

phenyl 4-chloro-2-hydroxybenzoate (4j)41 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 96:4 

hexane/ethyl acetate) as  a colourless oil, (30.0 mg, 61%). 1H NMR (400 MHz, CDCl3): δ 10.62 

(s, 1H), 8.03 (d, J = 8.8 Hz, 1H), 7.46-7.50 (m, 2H), 7.34 (t, J = 7.2 Hz, 1H), 7.22-7.24 (m, 

2H), 7.09 (d, J = 2.0 Hz, 1H), 6.98 (dd, J = 8.4 Hz, 2.0Hz, 1H); 13C NMR (100 MHz, CDCl3): 

δ 168.4, 162.7, 150.0, 142.4, 131.4, 129.7, 126.6, 121.6, 120.3, 118.1, 110.6. 
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Phenyl 2-hydroxy-4-nitrobenzoate (4k)41a 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 9:1 

hexane/ethyl acetate) as a yellowish solid, (25.8 mg, 50%). 1H NMR (400 MHz, CDCl3): δ 

10.71 (s, 1H), 8.25 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 2.0 Hz, 1H), 7.78 (dd, J = 8.8 Hz, 2.0 Hz, 

1H), 7.47 (t, J = 7.6 Hz, 2H), 7.34 (tt, J = 7.6 Hz, 1.2 Hz, 1H), 7.20-7.23 (m, 2H); 13C NMR 

(100 MHz, CDCl3): δ 167.7, 162.6, 153.0, 149.7, 131.8, 129.9, 127.0, 121.4, 116.7, 113.8, 

113.4. 

Phenyl 2-hydroxy-5-nitrobenzoate (4l)41a 

 

Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 9:1 

hexane/ethyl acetate) as a yellowish solid, (26 mg, 50%). 1H NMR (400 MHz, CDCl3): δ 11.16 

(s, 1H), 9.02 (d, J = 2.8 Hz, 1H), 8.40 (dd, J = 9.2 Hz, 2.8 Hz, 1H), 7.47 (t, J = 8.0 Hz, 2H), 

7.34 (tt, J = 7.2 Hz, 1.2 Hz, 1H), 7.21-7.24 (m, 2H), 7.15 (d, J = 9.2 Hz, 1H); 13C NMR (100 

MHz, CDCl3): δ 167.8, 166.7, 149.7, 140.3, 131.2, 129.9, 127.1, 127.0, 121.4, 119.0, 111.8. 

4-Chlorophenyl 2-hydroxy-5-nitrobenzoate (4m)41a 
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Following the experimental protocol for copper(0)-catalyzed Smiles rearrangement, the 

expected product was yielded using column chromatography (SiO2, eluting with 9:1 

hexane/ethyl acetate) as a white solid, (28.2 mg, 45%). 1H NMR (400 MHz, CDCl3): δ 11.03 

(s, 1H), 8.98 (d, J = 2.8 Hz, 1H), 8.41 (dd, J = 9.2 Hz, 2.8 Hz, 1H), 7.42-7.45 (m, 2H), 7.17-

7.19 (m, 2H), 7.15 (d, J = 9.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 167.5, 166.7, 148.1, 

140.3, 132.6, 131.4, 130.0, 127.1, 122.8, 119.1, 111.5. 

IV.6.7. Step-by-step experimental protocol for total synthesis of Alterlactone (21) 

(related to Scheme 16) 

5,7-dihydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (7)58 

This synthesis was performed slightly modifying a previously reported protocol.58 In a 

250 mL round-bottom flask, 2,4,6- trihydroxybenzoic acid monohydrate 6 (10.0 g, 58.8 mmol) 

was dissolved in trifluoroacetic acid (100 mL), and cooled to 0 0C. Then, acetone (15 mL) and 

trifluoroacetic anhydride (70 mL) were added to it. After being gradually warmed to room 

temperature, the mixture was stirred for 12 hours. Thereafter, after completion, it was allowed 

to reach room temperature, solvent was evaporated under reduced pressure. Then, saturated 

aqueous NaHCO3 solution (200 mL) was added to it and the mixture was extracted with EtOAc 

(3 × 200 mL) and rinsed with water (2 × 300 mL) and brine (2 × 300 mL). The combined 

organic layer was filtered through anhydrous sodium sulfate for drying, the solvent was 

evaporated under reduced pressure to give a liquid. Then, the crude product was purified with 

column chromatography (eluting with petroleum ether/ethyl acetate 4:1) to afford the 

corresponding 7 (9.7 g, 79%) as light-yellow solid. 

5-Hydroxy-7-methoxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one (8)58  

Triphenyl phosphine (PPh3) (23.5 mmol, 6.2 g), DIAD (23.5 mmol, 4.6 mL) were 

added to a stirring solution of compound 7 (21.4 mmol, 4.5 g) in methanol (23.5 mmol, 0.9 

mL) in dichloromethane (DCM) (50 mL) at 0 °C. After being gradually warmed to room 

temperature, the mixture was stirred for 3 hours. Thereafter, after completion acc. to TLC, it 

was allowed to reach room temperature, water (30 mL) was added to the solution for quenching 
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and was extracted with DCM (2 × 50 mL) and rinsed with water (2 × 60 mL) and brine (2 × 60 

mL). The combined organic layer was filtered through anhydrous sodium sulfate for drying, 

the solvent was evaporated under reduced pressure to give a liquid. Then, the crude product 

was purified with column chromatography (eluting with petroleum ether/ethyl acetate 9:1) to 

afford 8 (4.6 g, 95%) as white solid. 

7-Methoxy-2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-5-yl trifluoromethanesulfonate 

(9)58  

To a solution of 8 (5.0 g, 25.7 mmol) in anhydrous DCM (40 mL), anhydrous pyridine 

(51.5 mmol, 4.2 mL) and trifluolomethanesulfonic anhydride (38.6 mmol, 6.5 mL) were added 

at 0 oC. Then the mixture was stirred for 2 hours at 0 ºC. After completion, water (50 mL) was 

added to quench and it was extracted with DCM (3 × 50 mL). The combined organic layer was 

filtered through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure to give a liquid. Then, the crude product was purified with column chromatography 

(eluting with petroleum ether/ethyl acetate 3:1) to afford 9 (7.7 g, 92%) as white solid. 1H NMR 

(400 MHz, CDCl3):δ 6.47 (d, J = 8 Hz, 2H), 3.84 (s, 3H), 1.69 (s, 6H); 13C NMR (100 MHz, 

CDCl3): δ 165.70, 158.92, 157.20, 149.93, 123.58, 120.38, 117.19, 114.00, 106.67, 105.42, 

105.41, 105.40, 101.20, 100.94, 56.39, 25.53. 

4-bromo-5-methylbenzene-1,2-diol (14) 

This synthesis was performed slightly modifying a previously reported procedure.59 4-

methylcatechol (10) (1.24 g, 10 mmol, 1 equiv.) was dissolved in acetonitrile (10 mL) and to 

this solution, a solution of N-bromosuccinimide (NBS) (1.05 equiv., 10.5 mmol, 1.86 g) in 

MeCN (10 mL) at 0 0C. The solution was then stirred for additional 20 minutes at ambient 

temperature. After that, water (100 mL) was added to quench it and extracted with EtOAc (3 × 

50 mL). The combined organic layer was filtered through anhydrous sodium sulfate for drying, 

the solvent was evaporated under reduced pressure to yield 4-bromo-5-methylbenzene-1,2-diol 

(11) (2 g, 99%) as a white solid and was used for the next step without further purification. 

(((4-bromo-5-methyl-1,2-phenylene)bis(oxy))bis(methylene))dibenzene (12) 

The synthesis was performed by benzylation of 11. In a 100 mL round-bottom flask 

closed with guard tube, suspension of compound 11 (1 equiv., 1 g, 5 mmol) and K2CO3 (2.5 

equiv.,1.7 g, 12.5 mmol) was taken and DMF solvent (20 mL) was added to it. Then, the flask 

was closed with guard tube and stirred at ambient temperature for 20 minutes. Therefore, BnBr 
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(benzyl bromide) (12.5 mmol, 2,5 equiv., 1.5 mL) was added to it dropwise. Then again, the 

mixture was stirred at room temperature after closing the flask-mouth with guard tube for 

additional 5 hours. After that, the reaction was quenched with 50 mL of ice-cold water and 

washed three times with 50 mL of ethyl acetate. The combined organic layer was filtered 

through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure to give a liquid. Then, the crude product was purified with column chromatography 

(eluting with petroleum ether/ethyl acetate 95:5) to afford (((4-bromo-5-methyl-1,2-

phenylene)bis(oxy))bis(methylene))dibenzene (12) (1.81 g, 95%) as a colourless gel.  

2-(4,5-bis(benzyloxy)-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (13) 

In a clean and dry pressure tube (30 mL), bromo arene 12 (1.15 g, 3 mmol, 1 equiv.), 

bis(pinacolato)diboron (839 mg, 1.1 equiv.) were charged and dioxane (15 mL) was added. 

Then, PdCl2 (palladium chloride) (26.6 mg, 5 mol%), DPPF (1,1′-Ferrocenediyl-

bis(diphenylphosphine)) (166.3 mg, 10 mol%), potassium acetate (KOAc) (590 mg, 2 equiv.) 

was added successively. The pressure-tube was sealed under argon atmosphere and was heated 

at 110 oC with continuous stirring for 20 hours. After completion, the solution was diluted with 

deionized water (50 mL) and extracted with EtOAc (3 × 50 mL). The combined organic layer 

was filtered through anhydrous sodium sulfate for drying, the solvent was evaporated under 

reduced pressure. Then, the crude product was purified with column chromatography (eluting 

with petroleum ether/ethyl acetate 95:5) to afford borylated compound 13 (1.16 g, 90 %) as 

white solid. 1H NMR (400 MHz, CDCl3):δ 7.24-7.48 (m, 12H), 5.15 (s, 2H), 5.13 (s, 2H), 2.46 

(s, 3H), 1.32 (s, 12H); 13C NMR (100 MHz, CDCl3): δ 151.29, 146.19, 139.91, 137.80, 137.35, 

128.52, 127.72, 127.30, 122.90, 116.50, 83.34, 71.92, 70.84, 24.99, 21.82. 

5-(4,5-bis(benzyloxy)-2-methylphenyl)-7-methoxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-

4-one (14) 

In an oven-dried pressure tube (30 mL), aryl triflate 9 (356 mg, 1.00 mmol), 13 (516 

mg, 1.20 mmol), Cs2CO3 (cesium carbonate) (813 mg, 2.50 mmol), palladium chloride (PdCl2) 

(8.8 mg, 5mol%) and S-Phos (purity 97%, 41.0 mg, 10 mol%) were charged in the glove-box. 

Then, under Ar atmosphere, dioxane/H2O (7:1, 10 mL) was added to the vessel. The tube was 

taken out of the glove box and was heated at 80 °C with continuous stirring for 20 h. After 

completion, it was cooled to room temperature, quenched with saturated NH4Cl solution (10 

mL) and was extracted with EtOAc (2×30 mL). The combined organic layer was filtered 
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through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure. Then, the crude product was purified with column chromatography (eluting with 

petroleum ether/ethyl acetate 9:1) to afford 14 (428.4 mg, 84 %) as colourless gel. 1H NMR 

(400 MHz, CDCl3):δ 7.26-7.48 (m, 10H), 6.83 (s, 1H), 6.72 (s, 1H), 6.43 (d, J = 2.4 Hz, 1H), 

6.37 (d, J = 2.4 Hz, 1H), 5.05-5.20 (m, 4H), 3.81 (s, 3H), 2.03 (s, 3H), 1.72 (s, 6H); 13C NMR 

(100 MHz, CDCl3): δ 164.67, 158.96, 158.61, 148.64, 146.89, 146.59, 137.65, 133.18, 128.52, 

128.50, 128.43, 127.78, 127.70, 127.65, 127.49, 116.43, 113.14, 105.85, 105.11, 100.68, 71.99, 

71.40, 55.77, 26.26, 25.32, 19.52. HRMS (ESI, m/z) calcd. for C32H31O6 [M+H]+: 511.2121; 

found: 511.2123. 

Benzyl 3,4',5'-tris(benzyloxy)-5-methoxy-2'-methyl-[1,1'-biphenyl]-2-carboxylate (15) 

This was synthesized by slightly modifying the literature procedure.57 NaH (60 % 

purity, 30 mg, 1.5 equiv.) was added to a solution of 14 (325 mg, 0.5 mmol, 1 equiv.) in DMF-

water (5 mL, 8:1) in a 25 mL round bottom flask with a guard tube and stirred for 10 minutes. 

After that, BnBr (benzyl bromide) (1.48 mL, 2.5 equiv.) was added dropwise at 0 oC with 

stirring continuously. The mixture was warmed to room temperature and stirred for 20 hours. 

Therefore, it was quenched with ice-cold water (20 mL) and extracted with EtOAc (2×30 mL). 

The combined organic layer was filtered through anhydrous sodium sulfate for drying, the 

solvent was evaporated under reduced pressure to give the crude product 15. This was used 

without further purification at the next step. 

3,4',5'-tris(benzyloxy)-5-methoxy-2'-methyl-[1,1'-biphenyl]-2-carboxylic acid (16) 

To a KOH (potassium hydroxide) (168 mg, 6 equiv.) solution in water-ethanol (1:1), 

corresponding crude ester 15 was added. The reaction solution was then refluxed at 100 oC 

with constant stirring for 24 hours. After that, the solution was concentrated under reduced 

pressure and neutralized with 6 (N) HCl. Then, the solution was extracted with EtOAc. The 

combined organic layer was filtered through anhydrous sodium sulfate for drying, the solvent 

was evaporated under reduced pressure. Then, the crude product was purified with column 

chromatography (eluting with petroleum ether/ethyl acetate 7:3) to afford 16  

(243 mg, 87%) is yielded as white solid. 1H NMR (400 MHz, CDCl3):δ 7.27-7.46 (m, 15H), 

6.80 (s, 1H), 6.75 (s, 1H), 6.53 (d, J= 2.4 Hz, 1H), 6.31 (d, J = 2.4 Hz, 1H), 5.07-5.15 (m, 6H), 

3.77 (s, 3H), 2.04 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 163.55, 161.63, 157.73, 148.46, 
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146.22, 144.77, 137.58, 135.79, 133.30, 128.83, 128.52, 128.43, 127.79, 127.65, 127.58, 

127.44, 116.50, 116.35, 108.30, 99.17, 71.58, 71.38, 71.32, 55.64, 19.59. 

4,9,10-tris(benzyloxy)-2-methoxydibenzo[c,e]oxepin-5(7H)-one (17) 

In a clean and oven-dried pressure tube (15 mL) with magnetic stir-bar, 16 (0.1 mmol, 

56 mg), copper powder (20 mol %, 0.04 mmol, 1.2 mg) and rose Bengal (RB) (1 mol%, 0.002 

mmol, 1 mg) was charged. Then, PhCF3 (2 mL) was added and the pressure-tube was sealed 

promptly during purging with UHP O2. Therefore, the mixture was heated at 110 oC for 30 

hours with continuous irradiation from two white CFLs (each CFL: 32 W and set at a distance 

of 5 cm). After the completion (monitored with TLC), it was allowed to reach room temperature 

and then water (30 mL) was added. The mixture was extracted with EtOAc (2 x 40 mL). The 

combined organic layer was filtered through anhydrous sodium sulfate for drying, the solvent 

was evaporated under reduced pressure. Then, the crude product was purified with column 

chromatography (eluting with petroleum ether/ethyl acetate 9:1) to afford protected 

Alterlactone 17 (42.8 mg, 77%) as colourless gel. 1H NMR (400 MHz, CDCl3):δ 7.29-7.48 (m, 

15H), 7.14 (s, 1H), 6.96 (s, 1H), 6.55 (d, J= 2 Hz, 1H), 6.32 (d, J = 2 Hz, 1H), 5.11-5.28 (m, 

6H), 4.80 (ABq, J = 12 Hz, 2H), 3.77 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 166.67, 162.30, 

159.46, 149.73, 149.43, 139.80, 137.01, 136.77, 136.43, 132.14, 130.23, 129.20, 128.74, 

128.73, 128.69, 128.67, 128.55, 128.14, 128.04, 127.94, 127.40, 127.32, 127.17, 127.14, 

127.13, 115.47, 114.74, 114.03, 104.81, 100.50, 71.74, 71.50, 71.18, 68.22, 55.60. HRMS 

(ESI, m/z) calcd. for C16H31O6 [M+H]+: 559.2121; found: 559.2132. 

4,9,10-Trihydroxy-2-methoxydibenzo[c,e]oxepin-5(7H)-one, Alterlactone (18)42 

To a stirred solution of protected alterlactone 17 (27.9 mg, 50.0 μmol) in ethyl acetate-

ethanol (1:1), Pd/C (10 mol%, 300 μmol, 32.0 mg,) was added. The mixture was stirred under 

H2 atmosphere at rt for 7 hours. After completion (indicated by TLC), the whole mixture was 

filtered.  The filtrate was concentrated under reduced pressure to afford alterlactone (18) as a 

colourless solid (14 mg, 50.0 μmol, quant.). 1H NMR (600 MHz, DMSO-d6):δ 10.21 (brS, 1H), 

9.47 (br S, 1H), 9.38 (brS, 1H), 7.04 (s, 1H), 6.91 (s, 1H), 6.51 (d, J = 2.4 Hz, 1H), 6.46 (d, J 

= 2.4 Hz, 1H), 4.87-4.79 (m, 2H), 3.82 (s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 168.77, 

162.26, 159.99, 146.60, 145.91, 140.08, 129.88, 126.65, 115.55, 109.48, 105.08, 100.83, 67.84, 

55.41. HRMS (EI, m/z) calcd. for C15H12O6 [M+H]+: 288.0634; found:288.0636. 

Spectroscopic data is in full accordance with the reported one42. 
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IV.6.8. Protocol for external catalyst-free intramolecular benzylic C(sp3)−H oxidation 

of 2'-methyl-[1,1'-biphenyl]-2-carboxylic acid in copper bottle 

In a clean and dry 500 mL copper bottle (commercially drinking water bottle), 

substance 1a (424 mg, 2.0 mmol) was added and dissolved in PhCF3 (10 mL). Therefore, DTBP 

(4.0 mmol, 2 equiv.) was added with a microsyringe and vessel was sealed with the cap. Then, 

the bottle was heated at 110 oC with continuous stirring for 36 hours. After the completion 

(monitored with TLC), it was allowed to reach room temperature and then water (100 mL) was 

added.  

 

The mixture was extracted with EtOAc (2 x 100 mL). The combined organic layer was filtered 

through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure. Then, the crude product was purified with column chromatography (eluting with 

petroleum ether/ethyl acetate 9:1) to afford dibenzo[c,e]oxepin-5(7H)-one 2a (231 mg, 55%) 

as white solid. 

 

Figure 13. Experimental set up for reaction in copper bottle. 

IV.6.9. Experimental protocol for the standard reaction with 1a in “Condition B” in 

gram-scale 
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In a clean and oven-dried pressure tube (100 mL) with magnetic stir-bar inside, 

substrate 1a (10 mmol, 1 equiv., 2.12 g), copper powder (20 mol %, 2 mmol, 127 mg) were 

taken. Therefore, PhCF3 (α,α,α-trifluorotoluene (20 mL) was added to. The vessel was purged 

with UHP (ultra-high pure) O2 for 1 minute and sealed promptly. Thereafter, for 30 hours, 

reaction mixture was heated at 110 oC under continuous irradiation from two white CFLs (each 

CFL: 32 W and set at 5 cm distance from the reaction vessel). Thereafter, after completion, it 

was allowed to reach room temperature, the mixture was extracted with EtOAc (2 X 300 mL) 

and rinsed with water (300 mL) and brine (300 mL). The combined organic layer was filtered 

through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure to give a liquid. Then, the crude product was purified with column chromatography 

(eluting with petroleum ether/ethyl acetate 3:97) to afford the dibenzo[c,e]oxepin-5(7H)-one 

2a (1.42 g, 68%) as white solid. 

IV.6.10. Product derivatization 

Protocol for synthesis of dibenzo[c,e]oxepan-5-thione (DOT, 19)44 via thiolation of 

dibenzo[c,e]oxepin-5(7H)-one (2a) 

 

To a solution of dibenzo[c,e]oxepan-5-one 2a (42 mg, 0.2 mmol) in anhydrous toluene 

(2 mL), Lawesson’s Reagent (57 mg, 0.12 mmol, 0.6 equiv.) was added was refluxed for 22 

hours. Then, the reaction mixture was concentrated under reduced pressure and purification 

was performed by column chromatography (SiO2, hexane–ethyl acetate, 4:1) to afford yellow 

crystals of 23 (19.43 mg, 43%). 1H NMR (600 MHz, CDCl3) δ 8.18 (d, J = 8.4 Hz, 1 H), 7.66 

(d, J = 7.2 Hz, 1 H), 7.62 (t, J = 8.4 Hz, 1 H), 7.52-7.57 (m, 2 H), 7.46 (t, J = 6.6 Hz, 3 H), 5.20 

(ABq, J= 1.2 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 216.04, 139.06, 134.55, 134.49, 133.93, 

132.05, 130.30, 128.74, 128.55, 128.40, 128.07, 73.79. 
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Protocol for hydrolysis of dibenzo[c,e]oxepin-5(7H)-one (2a) to synthesize of 2'-

(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylic acid (20) 

The solution of dibenzo[c,e]oxepan-5-one 2a (42 mg, 0.2 mmol) potassium hydroxide 

(KOH) solution of water-ethanol (1:1) was refluxed for overnight. Then the mixture was 

concentrated under reduced pressure and was neutralized with 6 (N) HCl. The mixture was 

extracted with EtOAc and rinsed with water and brine. The combined organic layer was filtered 

through anhydrous sodium sulfate for drying, the solvent was evaporated under reduced 

pressure to give a liquid. 

 

Then, the crude product was purified with column chromatography (eluting with petroleum 

ether/ethyl acetate) to afford the 2'-(hydroxymethyl)-[1,1'-biphenyl]-2-carboxylic acid (20) as 

white solid  

(42 mg, 92%). 1H NMR (400 MHz, DMSO-d6) δ 7.89 (dd, J1 = 2 Hz, J2 = 1.6 Hz, 1 H), 7.52 

(qd, J1 = 8 Hz, J2 = 1.6 Hz, 2 H), 7.43 (td, J1 = 8 Hz, J2 = 1.6 Hz, 1 H), 7.32 (td, J1 =8 Hz, J2 = 

1.6 Hz, 1 H), 7.23 (tt, J1 = 7.2 Hz, J2 = 1.6 Hz, 2 H), 7.02 (dd, J1 = 7.6 Hz, J2 = 1.2 Hz, 1H), 

4.80 (brS, 1H), 4.35 (ABq, J= 13.2 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 169.76, 141.31, 

140.33, 138.35, 131.44, 131.01, 130.90, 129.52, 128.56, 127.19, 127.15, 126.83, 126.39, 61.79. 

IV.6.11. Representative crystal structures 

Crystal structure of compound 2b 

The crystals were grown in chloroform solvent. The pure compound was dissolved in 

chloroform and slow evaporation led to the crystal 2b. The crystal data was collected in X-ray 

spectroscopy (Bruker D8 Venture with a Photon-III detector), and the data was analyzed using 

OLEX2 software. The structure is given below. 
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X-ray determined molecular structure of 2b, CCDC: 2105616 

 

 

Table 3. Crystal data and structure refinement for 2b 

Identification code SNAN-494_a 

Empirical formula C15H12O2 

Formula weight 224.25 

Temperature/K 298 

Crystal system monoclinic 

Space group P21/n 

a/Å 6.761(10) 

b/Å 13.096(19) 

c/Å 13.88(2) 

α/° 90 

β/° 103.633(18) 

γ/° 90 

Volume/Å3 1194(3) 

Z 4 

ρcalcg/cm3 1.247 

μ/mm-1 0.082 

F(000) 472.0 

Crystal size/mm3 0.45 × 0.35 × 0.25 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.336 to 49.992 

Index ranges -7 ≤ h ≤ 8, -15 ≤ k ≤ 15, -16 ≤ l ≤ 12 
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Reflections collected 9034 

Independent reflections 2089 [Rint = 0.0438, Rsigma = 0.0325] 

Data/restraints/parameters 2089/0/155 

Goodness-of-fit on F2 0.763 

Final R indexes [I>=2σ (I)] R1 = 0.0418, wR2 = 0.1195 

Final R indexes [all data] R1 = 0.0457, wR2 = 0.1258 

Largest diff. peak/hole / e Å-3 0.24/-0.16 

 

Crystal structure of compound 2t 

The crystals of 2t were grown, and the data was collected and analyzed at same procedure 

with that of 2b. 

 

X-ray determined molecular structure of 2t, CCDC: 2105617 

 

Table 4. Crystal data and structure refinement for 2t 

Identification code SNAN760_0m_a 

Empirical formula C40H28O4 

Formula weight 572.62 

Temperature/K 100.0 

Crystal system orthorhombic 
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Space group Pca21 

a/Å 14.9718(4) 

b/Å 10.7966(3) 

c/Å 17.1600(5) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2773.82(13) 

Z 4 

ρcalcg/cm3 1.371 

μ/mm-1 0.697 

F(000) 1200.0 

Crystal size/mm3 0.3 × 0.25 × 0.18 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 8.188 to 133.462 

Index ranges -16 ≤ h ≤ 17, -11 ≤ k ≤ 12, -20 ≤ l ≤ 20 

Reflections collected 44507 

Independent reflections 4862 [Rint = 0.0575, Rsigma = 0.0309] 

Data/restraints/parameters 4862/1/397 

Goodness-of-fit on F2 1.052 

Final R indexes [I>=2σ (I)] R1 = 0.0662, wR2 = 0.1748 

Final R indexes [all data] R1 = 0.0671, wR2 = 0.1760 

Largest diff. peak/hole / e Å-3 0.74/-0.33 

Flack parameter 0.26(8) 
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IV.7. Representative NMR spectra 

 

 

1H and 13C spectra of 2a 
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1H and 13C spectra of 2b 
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1H and 13C spectra of 2e 
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1H and 13C spectra of 2h 
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1H and 13C spectra of 2j 
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1H and 13C spectra of 2m 
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1H and 13C spectra of 2n 
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1H and 13C spectra of 2o 
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1H and 13C spectra of 2r 
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1H and 13C spectra of 2t 
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1H and 13C spectra of 2u 
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1H and 13C spectra of 2v 
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1H and 13C spectra of 2y 
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1H and 13C spectra of 2z 
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1H and 13C spectra of 4a 
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1H and 13C spectra of 4b 
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1H and 13C spectra of 4c 
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1H and 13C spectra of 4f 
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1H and 13C spectra of 4g 
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1H and 13C spectra of 4l 
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1H and 13C spectra of 4m 



Chapter IV 
 

 
 

278 

 

 

 

 

1H and 13C spectra of 9 
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19F spectra of 9 
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1H and 13C spectra of 13 
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1H and 13C spectra of 14 
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1H and 13C spectra of 16 
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1H and 13C spectra of 17 
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1H and 13C spectra of 18 
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1H and 13C spectra of 19 
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1H and 13C spectra of 20 
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1H and 13C spectra of 24 
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1H and 13C spectra of 27 
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1H and 13C spectra of 29 
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1H and 13C spectra of 31 
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Summary of the work 

Historically, carbon dioxide (CO2) found many applications in organic chemistry 

from reaction medium e.g., super critical carbon dioxide (scCO2) or CO2-expanded liquid 

(CXL) system; extraction (natural products), separation (supercritical fluid chromatography); 

to chemo-, regio-, and stereoselective transformation via the formation of transient 

intermediates i.e., carbonate, carbamate etc. Recently, researchers exploited CO2 and its 

reduced form formic acid (HCOOH) as inexpensive, renewable, and non-toxic C1 feedstocks 

for carboxylation and carbonylation reactions.  However, owing to its inherent kinetic and 

thermodynamic stability of CO2, most of the transformations require high temperatures, high 

pressure, and stoichiometric amounts of organometallic reductants that leads to accidental 

and environmental hazards. Inspired by the natural processes, photocatalytic conversion of 

CO2 into value-added products has emerged as a benign and practical approach in organic 

synthesis.  

In addition to CO2, using HCOOH as C-1 feedstock has also appeared as ever-

growing research field. Mainly, carboxylation reactions to synthesize carboxylic acids have 

been performed using these two benign C-1 source. 

Besides, carboxylic acids and its derivatives constitute common units in various 

natural products, bioactive compounds and synthetic intermediates. Upon successful attempts 

of producing carboxylic acids, transformation of the same would be performed using 

sustainable reaction conditions and new catalytic methods to produce library of 

pharmacophores. 

 The major objectives of this thesis have been concentrated on photo- or metal 

catalytic transformation of CO2 and HCOOH to synthesize diverse range of carboxylic acids 

and subsequently, transformation of carboxylic acids to achieve various type of potential 

bioactive compounds using sustainable catalytic methods. 

 Firstly, a detailed general review has been presented to understand the modern 

sustainable modes of carboxylation reactions with CO2 and the mild techniques to convert 

carboxylic acids to a diverse range of compounds. Although CO2 is an excellent C1 source, 

due to its inherent thermodynamic stability and kinetic inertness most of the carboxylation 

reactions using CO2 are far from practical as they require high pressure of CO2, harsh 

conditions, high energy input etc. To circumvent this, photocatalysis has emerged as state-of-
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the-art and promising techniques for carboxylation with CO2. In this chapter, we presented 

the chronological development of modern photocarboxylation reactions mainly to synthesize 

carboxylic acids aiming towards sustainable development. Then, the prime modes of 

reactions have been discussed to convert carboxylic acids to produce value-added products. 

Here, we have discussed metal, metal-free, photo-, and electrocatalytic strategies for 

decarboxylative couplings, carboxyl group directed CH activations, and C-H activation 

towards lactone formation starting from carboxylic acid substrates. 

Secondly, a visible light mediated, organic photoredox-catalyzed acylative 

carboxylation of alkene has been developed. The acyl radical is generated from the 

corresponding α-ketocarboxylic acids through decarboxylation and attacks regioselectively at 

the β-position of the vinyl arenes. The incipient benzylic radical is further reduced to the 

corresponding anion by the photoredox-catalyst and reacts with the slightly electrophilic 

carbon dioxide to furnish 1,2-acylation-carboxylation product. As, decarboxylation to liberate 

CO2 and carboxylation to employ CO2 these two events are taking place at single operation, 

the reaction condition has been developed so that it could behave against “Le Chatelier’s 

principle”. Remarkably, α-ketocarboxylic acids undergo decarboxylation selectively and 

further decarbonylation was not observed under this reaction condition. 

 Thirdly, a palladium catalyzed hydroxycarbonylation of aryldiazonium salt has been 

developed. The method has also been realized on anilines via in-situ formation of diazonium 

salts. For this transformation, convenient carbonyl source carbon monoxide (CO) has been 

replaced with commonly available formic acid. By doing so, we have been successful to 

eliminate the toxicity of CO or any special high-pressure equipment. Unlike the previous 

similar procedures, reaction time is shorter, catalyst loading is low, temperature is lesser and 

finally the halide groups survive the reaction condition. Remarkably, via this method we have 

been able to synthesize dicarboxylic acid with different isotopes successfully, which is 

otherwise hardly possible. Here, common dehydrant DCC has been used as an activator of 

HCOOH by liberating CO in-situ. 

Finally, we have presented strategy for expedient synthesis of privileged seven-

membered lactones, dibenzo[c,e]oxepin-5(7H)-one through a highly chemoselective benzylic 

C(sp3)‒H activation. Selective C‒H functionalization in a pool of proximal C‒H bonds, 

predictably altering their innate reactivity is a daunting challenge. Here remarkably, the 

formation of widely explored six-membered lactone via C(sp2)‒H activation is suppressed 
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under the present conditions. Primarily, the reaction proceeded smoothly on use of 

inexpensive metallic copper catalyst and di-tert-butyl peroxide (DTBP). Owing to the hazards 

of stoichiometric DTBP, further, we have developed a sustainable metallic copper/rose 

bengal dual catalytic system to utilize molecular oxygen replacing DTBP. This is a rare and 

probably the first example where metallic copper has been coupled with photocatalysis to 

capture gaseous O2. A 1,5-aryl migration through Smiles rearrangement was realized from 

the corresponding diaryl ether substrates instead of expected eight membered lactones. The 

present methodology is scalable, applied to the total synthesis of cytotoxic and 

neuroprotective natural product Alterlactone. The catalyst is recyclable and the reaction can 

be performed in a copper-bottle without any added external catalyst. Additionally, using same 

catalytic condition, a range of different substrates have shown diverse and interesting reaction 

patterns via CH activation. 

So, in short, we have performed photocatalytic transformation of two gaseous systems 

 carbon dioxide (CO2) and oxygen (O2) to synthesize molecularly complex carboxylic acids 

and a 7-membered privileged biaryl lactones, respectively. And, we have executed transition-

metal catalyzed transformation of HCOOH to synthesize diverse range of carboxylic acids. 

Transformation of carboxylic acids has been developed to achieve various type of potential 

bioactive compounds using sustainable catalytic methods. 

Scope for the future work 

Despite noteworthy developments, the use of renewable and environmentally benign 

C-1 feedstock like CO2 or HCOOH in mild and green strategies is still at budding stage. The 

fantastic breakthroughs over the past few years paved the way. Still, huge improvements are 

required to be industrially accepted so that the continuous effort towards “low-carbon 

economy” is paid off.  

 In comparison with transition-metal catalyzed CX carboxylation with CO2, the 

substrate variation remains narrow in case of photocarboxylation. Specifically, most of 

carboxylation of the CX bonds took place either with the C(sp2)- or benzylic C(sp3)- 

center which is a stabilized one under visible-light catalysis; on the contrary, 

photocarboxylation cleaving unbiased C(sp3)X bonds has not been developed yet.  

 Direct carboxylation breaking unactivated CH bonds has hardly been developed. 

With simultaneous development of the photocatalyzed directing group (DG)-assisted 
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or DG-free CH activation reactions, this major field of unbiased CH carboxylation 

drew attention.  

 As far as carboxylation reactions of alkenes are concerned, the substrates are mostly 

limited to styrenes or activated alkenes, as the intermediate radicals or anions at 

benzylic or α-position are stabilized. So far, the normal unbiased long chain alkenes 

have never been used for the same. Selective carboxylation of unbiased alkenes 

demands further improvements and remains a long-cherished goal.  

 SET activation of CO2 has seldom been executed compared to two-electron activation 

of substrate. Though, the former is achievable occasionally with photocatalysis in 

selected examples, finding a general method and a wide use of the same has not been 

discovered till date.  

 Continuous-flow techniques have shown the potential to be applicable in large scale.  

Attention nowadays also is devoted towards further improvement of the strategies so 

that these could be implemented in strategic sector. 

 Metal-free activation of HCOOH has not been performed extensively, though, 

photocatalysis has been successful to do so in some occasions. A lot of efforts should 

be concentrated on this strategy to make this more sustainable. 

 The metallic-copper/photocatalyzed benzylic C(sp3)H oxidation with molecular O2 

only led to 7-membered lactones in our case. Access to 8- or 5-membered lactones via 

benzylic C(sp3)H activation with similar strategy has not been successful. Future 

work would be devoted to overcome these pitfalls. 
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Owing to the global environmental
policies for decarbonization, conver-
sion of waste CO2 into value-added
products is the research focus today.
Although CO2 is an excellent C1
source, due to its inherent thermody-
namic stability and kinetic inertness
most of the carboxylation reactions
using CO2 are far from practical as
they require high pressure of CO2,
harsh conditions, high energy input
etc. To circumvent this, photo- and
electrocatalysis have emerged as
state-of-the-art and promising
technique for carboxylation with CO2.
In this review, we chronologically
present the development of these
modern carboxylation reactions
aiming towards sustainable develop-
ment. More information can be
found in the Review by Ranjan Jana
et al.
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Abstract: Historically, carbon dioxide found many applica-
tions in organic chemistry from reaction medium e.g., super
critical carbon dioxide (scCO2) or CO2-expanded liquid (CXL)
system; extraction (natural products), separation (supercritical
fluid chromatography); chemo-, regio-, and stereoselective
transformation via the formation of transient intermediates
i. e., carbonate, carbamate etc. Recently, researchers have
exploited CO2 as an inexpensive, renewable and non-toxic C1
feedstock for carboxylation and carbonylation reactions.
However, owing to its inherent kinetic and thermodynamic

stability, most of the transformations require high temper-
atures, high pressure, and stoichiometric amounts of organo-
metallic reductants that leads to accidental and environ-
mental hazards. Inspired by the natural processes, photo- and
electrocatalytic conversion of CO2 into value-added products
has emerged as a benign and practical approach in organic
synthesis. Here in this review, we will discuss some recent
photo- and electrocatalytic methods and their comparison
toward sustainable development.

1. Introduction

Despite non-toxicity, having the most significant contribution
to the “greenhouse effect”, carbon dioxide (CO2) is heavily
responsible for global warming.[1] Moreover, the ever-growing
concentration of CO2 in nature since the industrial revolution
due to over-depletion of fossil fuel and other activities result in
acceleration of the problem. As, to overlook the industrial
benefits and technological advances is not at all an option, the
only mission is now to reduce the “carbon footprint”[2] from the
sources. Designing sustainable technologies replacing the
troublesome ones and reutilizing the CO2 to synthesize other
value-added products go hand in hand to fulfill this goal. To the
synthetic chemist’s community, “waste to wealth” conversion is
a long-cherished goal and enormous effort has been dedicated.
Due to the stringent pressure from environmental protection
agencies (EPA) this field has received renewed interest in recent
times.

Although, “circular carbon economy” using CO2 is an ideal
concept in energy research;[3] from synthetic chemistry point of
view, CO2 is an ideal C-1 source,[4] for its low-cost, high
abundance and non-toxicity compared to its counterpart
carbon monoxide (CO). Besides, carboxylic acids and its
derivatives constitute common units in various natural prod-
ucts, bioactive compounds[5] and synthetic intermediates.[6]

Several research groups made significant advancement from
concept, catalyst to industrial application of CO2 utilization
reaction for fine chemical synthesis (Figure 1).[7] With the
upsurge of transition-metal catalysis, in the past decade, a huge
effort has been put for direct use of CO2 as C-1 feedstock in
organic synthesis mainly using transition metal and environ-
mentally toxic (super)stoichiometric amount of metal
reductants.[8] But the obvious pitfall remained in the fact that
huge amount of toxic waste would have generated if these
methodologies start to be implemented in industrial scale. As
solar energy is the biggest source of energy and natural

photosynthesis utilizes the same to capture CO2 naturally;
mimicking the technology is the ultimate goal.

However, keeping these sugar-coats aside and flipping the
coin reveals the actual challenge that hindered to achieve these
goals till this long time. The carbon is in the most oxidized state
in CO2 and hence CO2 molecule is thermodynamically very
stable and kinetically inert. So, activating CO2 is itself a huge
task to do. The most traditional approaches deal with the use of
nucleophilic organometallic reagents. As stated, substantial
work has been done on use of CO2 to generate new C� C bonds
from C� B, C� X or C� H bonds with help of transition metal
catalysis. But the toxic and harsh nature of the reaction
conditions bar these methods to be applicable to variety of
substrates for their low stability under thermal condition.

For the continued effort for green and sustainable develop-
ments, carboxylation methods also demand for newer technol-
ogies utilizing renewable energy sources. For the last 8–9 years,
the photoredox chemistry has surged by storm.[9] With the quick
development, this chemistry has been successful to ease various
chemical transformations which were otherwise very challeng-
ing. Chemists elegantly merged this with the transition metal
catalysis to remove the metal reductants or used photo-
chemistry solely to achieve carboxylation reactions mainly at
ambient temperatures. Though, it is relatively newer with
respect to time, continuous engagement into utilizing this
strategy made it quite explorative and fruitful in this short time
too.

Talking about renewable energies, the world is now leaning
towards using electrical energy in place of direct combustion of
fuel. With the flow, the synthetic chemistry is also experiencing
a renaissance of electrochemistry.[10] Though it is in very early
stage to explore the challenges in carboxylation reactions, the
indication from the reported procedures proves its potential.
Compared to normal transition metal catalysis, both electro-
chemistry and photochemistry display complementary

[a] S. Nandi, Dr. R. Jana
Organic and Medicinal Chemistry Division,
CSIR – Indian Institute of Chemical Biology
Raja S. C. Mullick Road, Jadavpur, Kolkata 700032, West Bengal (India)
E-mail: rjana@iicb.res.in
This manuscript is part of a special collection on Carbon Dioxide Utilization
in Organic Chemistry Figure 1. Utilization of Carbon Dioxide (CO2).
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characteristics.[11] These two strategies have successfully been
utilized in direct carboxylation of alkenes, C� X, C� N, C� O or
C� H bonds, some very interesting alkene difunctionalization
reactions, which would be reviewed here. Though, some
interesting reviews are available for photocarboxylation
reactions[12] and couple of reviews are also there for
electrocarboxylation,[13] a comparative discussion of these two
state-of-the-art technologies is highly required to understand
the future route in this field to attain sustainability.

2. Conceptual framework

Owing to the aforementioned drawbacks of transition metal
catalysis, it has become a cherished goal for chemists to
transform CO2 in more sustainable pathways and at atmospher-
ic pressure. Inspired by the natural photosynthesis and the
current developments of photoredox catalysis, scientists over
the world hypothesized to utilize photocatalysis for the CO2

utilization. And electrocatalysis has upsurged as another
energy-efficient strategy in the past couple of years. Depending
on the precedents, it would be easier to proceed by under-
standing the possible mechanisms of carboxylation with CO2.
As shown in the ‘Scheme 1’, the well-developed transition metal
catalysis deals with stoichiometric amount of metal reductants.
The active organometallic complex can capture CO2 and insert
it to the organic compounds. 2) While the metal reductants are
replaced in transition-metal catalysis with non-metallic sacrificial
electron donor with synergistic help of photocatalysis, the
similar organometallic complex does the job. 3) Being feebly
electrophilic, CO2 is prone towards nucleophilic attack by a
suitable anionic intermediate, given that the anion should be
strong and stable enough to satisfy HSAB principle. The main
challenge of this strategy lies in the fact of CO2 being
thermodynamically very stable. With the help of photocatalysis
solely, the stable carbanions are formed which are made to
react with CO2 or a nucleophilic heteroatom containing
compound is carboxylated by attacking CO2 by the heteroatom.
4) SET reduction of CO2 to produce CO2 radical anion followed
by coupling with another transient but stabilized radical or with
unsaturated olefins to form C� C bond. Having said this, the
biggest challenge resides in the fact of CO2 having extremely
high reduction potential (E0 = � 2.21 V vs SCE in DMF), which is
supplemented by an overpotential of 0.1-0.6 V, generally. For
surpassing this high energy barrier in mild way, it demands the
use of suitable photocatalysts or high potential externally. We
will discuss the developments of CO2 fixation over the decade
coordinating them with this binding fashions.

3. Photocarboxylation

During the past decade, in the field of organic synthesis,
photoredox catalysis has emerged as a powerful tool when it
comes to sustainability as well as versatility. Varying over the
challenges, it has been used solely or combining with transition
metal catalysis. While talking about carboxylation, it has no
exception. We would like to compartmentalize the modes of
catalysis and discuss the developments for better understand-
ing. As mentioned earlier, the fashions of carboxylation via
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Scheme 1. General Mechanisms for Carboxylation Reactions.
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Chemo- and regioselective
benzylic C(sp3)–H oxidation bridging the gap
between hetero- and homogeneous copper catalysis

Shantanu Nandi,1 Shuvam Mondal,1 and Ranjan Jana1,2,*

SUMMARY

Selective C‒H functionalization in a pool of proximal C‒H bonds, predictably
altering their innate reactivity is a daunting challenge. We disclose here, an
expedient synthesis of privileged seven-membered lactones, dibenzo[c,e]oxe-
pin-5(7H)-one through a highly chemoselective benzylic C(sp3)‒H activation.
Remarkably, the formation of widely explored six-membered lactone via
C(sp2)‒H activation is suppressed under the present conditions. The reaction pro-
ceeds smoothly on use of inexpensive metallic copper catalyst and di-tert-butyl
peroxide (DTBP). Owing to the hazards of stoichiometric DTBP, further, we
have developed a sustainable metallic copper/rose bengal dual catalytic system
coupled with molecular oxygen replacing DTBP. A 1,5-aryl migration through
Smiles rearrangement was realized from the corresponding diaryl ether sub-
strates instead of expected eight-membered lactones. The present methodology
is scalable, applied to the total synthesis of cytotoxic and neuroprotective natural
product alterlactone. The catalyst is recyclable and the reaction can be performed
in a copper bottle without any added catalyst.

INTRODUCTION

Despite an impressive array of C‒H functionalization reported in the last decades, maintaining a high

degree of chemo-, regio-, and stereoselectivity in a plethora of ubiquitous C‒H bonds remains a major

challenge (Dalton et al., 2021; Gandeepan et al., 2019; Yi et al., 2017). The chemo- and regioselective trans-

formation in a pool of vulnerable C‒H bonds in nondirected fashion through the judicious choice of the

catalytic system is a prime research area (Khake and Chatani, 2020; Lerchen et al., 2018). In the past, copper

(Rout et al., 2012), iron (Lu et al., 2017), palladium-catalyzed (Ju et al., 2013), or metal-free (Feng et al., 2012)

intermolecular acetoxylation of benzylic C‒H bonds have been reported where the reaction proceeds

through the formation of a putative metal-carboxylate or acyloxy radical species. The Stahl group and

others reported copper-catalyzed intermolecular benzylic C‒H functionalization for the synthesis of phar-

macophores from feedstock chemicals (Chi et al., 2019; Hu et al., 2020a; Liu et al., 2020; Vasilopoulos et al.,

2017; Wang et al., 2019). The Ritter group reported a copper (II)-catalyzed synthesis of benzylic alcohols

from alkyl arenes employing bis(methanesulfonyl)peroxide as an oxidant followed by hydrolysis (Tanwar

et al., 2019). Synthesis of benzyl esters was unveiled by the Patel group using Cu(II)/TBHP and excess

amount of methylarenes (Rout et al., 2012, 2014). However, the scope of benzylic activation with equimolar

amount of alkylarene as coupling partner is still limited. Alternatively, intramolecular C‒H bond oxidation

by a tethered carboxylic acid is emerging to provide lactones directly (Cianfanelli et al., 2020; Das et al.,

2020; Zhuang and Yu, 2020). A copper-catalyzed five- and six-membered lactone formation through intra-

molecular benzylic C‒H acetoxylation was reported by the Bois group (Sathyamoorthi and Du Bois, 2016).

Alternatively, theMartin group accomplished the synthesis of a six-membered lactone from ortho-aryl ben-

zoic acid through copper-catalyzed C(sp2)‒H bond activation (Gallardo-Donaire and Martin, 2013). Subse-

quently, this protocol was extrapolated by several groups using other metals or metal-free conditions via

the single electron activation of aryl carboxylic acids (Scheme 1A). (Bhunia et al., 2019; Dai et al., 2015; Li

et al., 2013, 2018; Ramirez et al., 2015; Shao et al., 2018; Tao et al., 2018; Wang et al., 2014; Yang et al.,

2018; Zhang et al., 2018a, 2018b) Although soluble copper complexes or copper nanoparticles (CuNPs)

have been used for the C‒H functionalization (Aneeja et al., 2020; Guo et al., 2015b), the use of inexpensive

bulk Cu catalyst is extremely rare (Guo et al., 2015a; Meng et al., 2020). Recent efforts to bridge the gap

between hetero- and homogeneous catalysis for improved catalytic activity, selectivity, and cost efficiency
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is prevailing (Copéret et al., 2003; Cui et al., 2018; Liu and Corma, 2018; Van Velthoven et al., 2020). Partic-

ularly, inexpensive bulk copper catalysis for the chemoselective sp3 vs sp2 C‒H activation has not been

explored. Only a palladium-mediated chemoselective sp3 vs sp2 C‒H activation was disclosed by the Ko-

zlowski group (Curto and Kozlowski, 2015; Hong et al., 2019).

Dibenzooxepinones and their analogs are found in natural products and bioactive molecules exhibiting

antitumor, tyrosine kinase inhibitor, cytotoxic, and antimicrotubule activity (Figure 1). (Altemöller et al.,

2009; Aly et al., 2008; Colombel et al., 2010; Höller et al., 2000; Wu et al., 2008) Typically, this dibenzo

[c,e]oxepin-5(7H)-one motif is constructed by a sequence of biaryl coupling and C‒O bond-forming lacto-

nization (Scheme 1B). (Dana et al., 2018; Miyagawa and Akiyama, 2018; Omura et al., 2009; Tang et al.,

2020b) However, these methods are either limited to the symmetrical biaryls or prefunctionalized benzyl

alcohols for lactone formation. Recently, Tang et al. reported the synthesis of 7-membered biaryl lactones

via iodolactonization of electron-deficient olefins (Tang et al., 2020a). A rhodium(III)-catalyzed cross-

coupling of benzyl thioethers and aryl carboxylic acids exploiting two directing groups was reported by

the Shi group (Scheme 1C). (Zhang et al., 2015) However, synthesis of benzyl thioether from the corre-

sponding bromide was necessary where no benzylic substitution was tolerated. Surprisingly, the formation

of seven-membered biaryl lactone through simple intramolecular benzylic C‒H oxidation by the carboxylic

acid is not explored. This could be attributed to the fact that although benzylic sp3 C‒H bond cleavage is

energetically favorable compared to sp2 C‒H bond (85–90 kcal/mol vs 110–115 kcal/mol) (Blanksby and El-

lison, 2003; Curto and Kozlowski, 2015), the metal-catalyzed seven-membered ring formation is disfavored

A

B

C

Scheme 1. Approaches to access biaryl lactones
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compared to the corresponding six-membered ring due to the involvement of putative eight-membered

metallacycle. We hypothesized that contrary to the conventional two-electron pathway, a single electron

activation of the aryl carboxylic acid followed by hydrogen atom transfer (HAT) might activate the benzylic

C‒H bond selectively furnishing seven-membered lactones. If succeeded, a series of dibenzooxepinones

could be synthesized via this unusual disconnection approach which is prevalent in natural products and

pharmaceuticals. Intrigued by these precedents, we were motivated to explore an orthogonal reaction

for the formation of dibenzooxepinone through intramolecular benzylic C‒H oxidation of the correspond-

ing 20-alkyl-[1,10-biphenyl]-2-carboxylic acid 1. Furthermore, exploiting the subtle disparity in chemical

reactivity of the two alkyl groups, similar dibenzo[c,e]oxepin-5(7H)-ones were obtained from the corre-

sponding 2,20-dialkyl-substituted biaryls. Remarkably, inexpensive copper powder is used with organic

peroxide as an oxidant. Fascinatingly, hazardous peroxide has been replaced with molecular oxygenmerg-

ing copper powder catalyst with organic photocatalyst, rose bengal. Though there are some reports for

copper salt/photoredox (Barzanò et al., 2020; Shi et al., 2020; Tao et al., 2017; Zheng et al., 2020) or

copper/O2 systems (Liang et al., 2019), to the best of our knowledge, this is the first report for bulk metallic

copper/photocatalysis to couple with O2 in benzylic C‒H oxidation. Remarkably, a highly reactive, sub-

strate-dependent soluble catalyst is formed from the copper powder during the reaction to achieve

high degree of chemoselective sp3 vs sp2 C‒H oxidation (Scheme 1D). The corresponding diaryl ether un-

dergoes a carboxylic acid radical-assisted 1,5-aryl migration via ortho C‒Obond cleavage. Finally, the het-

erogeneous catalyst is precipitated out and recovered for subsequent runs by simple filtration offering dual

benefits of homo- and heterogeneous catalyst.

RESULTS AND DISCUSSION

Investigation of reaction conditions

To create a competitive innate C‒H activation scenario, we designed 20-methyl-[1,10-biphenyl]-2-carboxylic
acid 1a as a model substrate. To our delight, we achieved 52% of our desired product along with the cor-

responding methyl ester 2a0 using catalytic CuI in combination with di-tert-butyl peroxide (DTBP) (Tran

et al., 2014; Xia et al., 2013). Presumably, 2a0 is formed by the radical-radical coupling of methyl radical

generated from the DTBP and carboxyl radical. To improve the yield of 2a and diminish the formation of

2a0 systematically, the metal catalysts, oxidants, and solvents were examined (Table 1). a,a,a-trifluoroto-

luene was found to be the best solvent. Surprisingly, we found copper(II) catalysts as well as other oxidants

such as TBHP, DCP to be inferior to copper(I)/DTBP. Next, we focus to use inexpensive copper(0) metal as a

catalyst which eventually oxidized to higher oxidation states in situ. Gratifyingly, metallic copper (mesh

size 425 mm) with DTBP furnished 2a in 82% yield on heating at 110�C for 36 h along with the formation

of deleterious product 2a’ (Entry 11, Table 1). We speculated that the addition of an external radical trap-

ping agent might capture the methyl radical to siege the formation of 2a’. As hypothesized, the addition of

2.0 equiv of TEMPO suppressed the formation of 2a0 with an improved 83% yield of the desired lactone

product 2a (Entry 12, Table 1). Notably, reaction with commercial CuNPs (25nm particle size) also furnished

the reaction in similar yields (Entry 10, Table 1) whereas reaction under argon or oxygen atmosphere did not

improve the yield. As despite suppressing the side reaction, TEMPO did not improve the yield of 2a, we

used TEMPO only for few substrates which produced significant amount of the ester product. Inspite of

having an acceptable synthetic condition in hand to produce 7-membered lactones, one of the major

drawbacks of using super stoichiometric amount of peroxide remained an unsolved problem due to its

explosive nature in the large-scale process development. Furthermore, formation of deleterious methyl

ester 2a0 could be overcome if we succeed to eliminate DTBP. Intrigued by the captivating works on mo-

lecular oxygen by the Powers group (Maity et al., 2018a, 2018b), the Freakley group (Agarwal et al., 2017),

Figure 1. Biologically important dibenzooxepinone core
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and others (Sushkevich et al., 2017), we envisioned that the coupling of aerial oxygen as a terminal oxidant

for this transformation would be synthetically sustainable and attractive. To investigate, a reaction of 1a

with catalytic copper powder under the oxygen atmosphere PhCF3 afforded 20% of the desired product

Table 1. Optimization of 7-membered lactone formationa,b

Entry Catalyst (20 mol%) Oxidant Solvent Yield (%) 2a/2a‘

1 CuI DTBP (2.0 equiv) DCE 52/25

2 CuI DTBP (2.0 equiv) PhCl 60/27

3 CuI DTBP (2.0 equiv) PhCF3 65/20

4 Cu(OAc)2 DTBP (2.0 equiv) PhCF3 46/35

5 Cu(OTf)2 DTBP (2.0 equiv) PhCF3 41/32

6 CuO DTBP (2.0 equiv) PhCF3 35/40

7 CuI TBHP (2.0 equiv) PhCF3 40/38

8 CuI BPO (2.0 equiv) PhCF3 20/0

9 CuI TBPB (2.0 equiv) PhCF3 38/20

10 CuNPs DTBP (2.0 equiv) PhCF3 80/18

11 Cu(0) DTBP (2.0 eq) PhCF3 82/12

12c Cu(0) DTBP (2.0 equiv) PhCF3 83/0

13d Cu(0) DTBP (2.0 equiv) PhCF3 69/0

14e Cu(0) DTBP (2.0 equiv) PhCF3 75/18

15f Cu(0) DTBP (2.0 equiv) PhCF3 56/27

16 Cu(0) O2 (purged) PhCF3 20/0

17g Cu(0) O2 (purged) PhCF3 20/0

18h Cu(0) O2 (purged) PhCF3 ND

19i Cu(0) O2 (purged) PhCF3 10/0

20j Cu(0) O2 (purged) PhCF3 Trace

21k Cu(0) O2 (purged) PhCF3 ND

22l Cu(0) O2 (purged) PhCF3 30/0

23m Cu(0)/EY O2 (purged) PhCF3 45/0

24m Cu(0)/RB O2 (purged) PhCF3 72/0

25m Cu(0)/Ru(bpy)3Cl2 O2 (purged) PhCF3 35/0

26l,m Cu(0)/RB O2 (purged) PhCF3 50/0

aAll reactions were carried out in 0.2 mmol scale.
bYields refer to here are overall isolated yields.
cadditional amount of 2 equiv TEMPO.
dadditional 2 equiv BHT.
eunder Ar atmosphere.
funder O2 atmosphere.
gadditional 30 mol% of Et3N.
hadditional 30 mol% of ethylenediamine.
iadditional 30 mol% of pyridine.
jadditional 30 mol% of Bpy.
kadditional 30 mol% of terpyridine.
ladditional 30 mol% of TMEDA was used.
munder 32 W CFL.
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(Entry 16, Table 1). The combination of an array of nitrogen-containing ligands did not improve the yield

further (Entry 17–22, Table 1). Rueping and others have demonstrated the activation and utilization of

molecular oxygen merging visible-light photoredox catalysis in metal-catalyzed C–H activations (Fabry

and Rueping, 2016). In this line, we focused our attention to reoptimize the reaction condition under

copper/photosensitizer dual catalytic condition. Simply purging the reaction vessel with oxygen and using

1 mol% Eosin Y (EY) furnished the desired product in 45% yield under white CFL (46 W) irradiation at 110�C
(Entry 23, Table 1). Gratifyingly, the yield of the desired product was improved to 72% using 1 mol% Rose

Bengal (RB) (Entry 24, Table 1) along with the unreacted substrate. Next, we proceeded to examine the

substrate scope under this sustainable condition denoted as condition B and the corresponding yields

are represented along with previous DTBP condition A.

Substrate scope

The requisite biaryl substrates bearing methyl and carboxylic acid at the 2,20-position were prepared by

Suzuki-Miyaura cross-coupling to examine the scope of this lactonization under these optimized condi-

tions. Gratifyingly, a broad range of substrates underwent benzylic oxidation reaction to provide seven-

membered lactones in moderate to good yields as shown in Scheme 2. Electron donating groups such

as OMe, Me, OBn, and OEt on both rings A and B afforded moderate to good yields (2b-2g, 2m, 2q, 2r,

2v-2x, Scheme 2). Electron withdrawing groups such as NO2, Cl, and F bearing substrates also provided

moderate to a good yield of the product (2h-2l, 2n, 2p, 2s, 2z, 2aa, Scheme 2). Interestingly, besides methyl

group, ethyl and aryl-substituted diarylmethanes also underwent seven-membered lactonization reaction

chemo- and regioselectively (2l, 2o, 2t, 2y, 2aa, Scheme 2, Figure S2) which was a limitation in previous C–H

activation methods (Dana et al., 2018; Zhang et al., 2015). Diarylmethanes (1t, 1y) provided better yields

presumably due to activated benzylic C–H bond by two aryl groups. Notably, substrates bearing more

than one methyl groups react at the ortho benzyl moiety leaving others intact (2b, 2e, 2i, 2k, 2m, 2n, 2q,

2w, Scheme 2). Hence, carboxylic acid might have a crucial role for intramolecular benzylic C–H activation

to the formation of 7-membered lactone.

Attempt toward 8-membered lactone and serendipitous Smiles rearrangement

To examine the viability of the formation of 8-membered lactone, we prepared the corresponding

diaryl ether 3a and subjected to the reaction condition A. Interestingly, instead of the expected

product 4a0, 2-hydroxyphenyl 2-methyl benzoate 4a was obtained in 62% yield through C–O bond

cleavage and 1,5-aryl migration. The generation and involvement of carboxyl radical in this Smiles-

type rearrangement has been reported by our group and others (Hossian and Jana, 2016; Wang

et al., 2017). Subsequently, we examined the scope of 2-aryloxybenzoic acids with several substituents

on both the phenol and aryl benzoic acid components, which provided moderate to good yields under

the reaction condition (Scheme 3). The reaction was also reproduced in 0.5 mmol scale providing com-

parable yields which was a major limitation under our previous condition (4a, Scheme 3) (Hossian and

Jana, 2016).

Double benzyl C�H activation en route to 7-membered lactone

We anticipated that the lactonization product can be obtained from 2,20-alkyl biaryls by subtle tuning the

reactivity between two alkyl moieties where one of them would be oxidized to the corresponding carbox-

ylic acid. Therefore, 2,20-dimethyl-1,10-biphenyl (5a) was prepared and subjected to the reaction condition

A. Gratifyingly, the desired 7-membered lactone 2a was obtained in 52% yield which is formed through

4-fold benzylic C–H bond cleavage. The yield was further improved to 65% on purging O2. Besides unsub-

stituted benzyl, methyl- and phenyl-substituted substrates also furnished the desired product through the

selective oxidation of methyl to carboxylic acid. Surprisingly, in case of unsymmetrical biaryls, the corre-

sponding lactone products were obtained in moderate yields through the formation of carboxylic acid

of CH3, Cl, and OMe substituted-aryl methyls (Scheme 4). However, in case of 5d-f, an inseparable mixture

presumably due to the lactonization from the other methyl group was observed resulting in lower isolated

yields.

Synthetic utility: total synthesis of alterlactone

The synthetic utility of the present protocol was demonstrated through the total synthesis of a natural prod-

uct alterlactone (Cudaj and Podlech, 2012) which was isolated from the extract of endophytic fungi Alter-

naria sp. It is cytotoxic against L5178Y cells (Aly et al., 2008), neuroprotective, and Nrf2 activator in PC12
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Scheme 2. Substrate scope of Dibenzo[c,e]oxepin-5(7H)-ones a,b

Condition A: 20 mol% Cu, 2.0 equiv. DTBP, PhCF3, 110
�
C, air, 36–48 h. Condition B: 20 mol% Cu, 1 mol% Rose Bengal, PhCF3, 110

�
C, O2, 32 W CFL, 36–48 h.

aAll reactions were carried out in 0.2 mmol scale. bYields refer to the overall isolated yields. cAdditionally, 2.0 equiv TEMPO was used.
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cells (Hou et al., 2021). We have successfully achieved the expected product alterlactone 18 in 10 steps

starting from acetal-protected phloroglucinol acid and 3,4-hydroxytoluene (Scheme 5). In this total synthe-

sis, we have applied our methodology at a late-stage under the dual catalytic condition which provided

desired alterlactone after global deprotection of benzyl groups. This method is cost effective compared

to the previous method (Cudaj and Podlech, 2012).

Practical demonstration and product derivatization

Furthermore, we hypothesized that the reaction might take place by itching the wall of copper vessel

without any added copper catalyst. To our delight, the model substrate 2a underwent the reaction

smoothly under condition A in a 2.0 mmol scale furnishing 55% isolated yield of 3a (Scheme 6A). Then,

to check the scalability, model reaction was performed in 10 mmol scale under condition B. Gratifyingly,

the reaction is reproducible furnishing 68% of the desired product 3a (Scheme 6B). A thiolation reaction

of dibenzo[c,e]oxepan-5-one 2a with 0.5 equiv Lawesson’s reagent afforded dibenzo[c,e]oxepan-5-thione

19 in 43% yield (Scheme 6C) which is an initiator for radical polymerization (Bingham and Roth, 2019).

Finally, base hydrolysis of 2a afforded the corresponding benzyl alcohol 20 in 92% yield (Scheme 6D).

Diverse reactivities with different substrates

To explore the suitability of the developed catalytic systems to differently designed substrates, a range

of reactions were carried out (Schemes 7 and S1). Interestingly, in both the conditions, substrate 1ab,

which contains OH at the para and and two CH3 groups at two ortho positions of the second ring,

underwent dearomatization to yield spirolactone 24 instead of giving the eight-membered lactone.

When indole 1af was subjected to condition A, 6-membered lactone forms via C(sp2)�H activation

and subsequent oxidation at C-3 position furnished dearomatized indole dione 25. When benzyl alcohol

substrate 26 was taken instead of benzoic acid, oxidation led to the formation of fluorenone 27 in lieu of

the seven-membered lactone. Fascinatingly, the benzenesulfonamide 28 uderwent the C(sp3)-H activa-

tion to yield the seven-membered lactam 29 under condition A. In our trial to expand the scope of

eight-membered lactone formation (Chen et al., 2021), we took substrate 30, which showed a different

reactivity to afford five-membered lactone 31 selectively. Thus, a broad scope of diverse reactivities

Scheme 3. Smiles rearrangement

20% Cu, 2 equiv DTBP, PhCF3, 110
�
C, air, 36 h. All reactions were carried out in 0.2 mmol scale. Yields refer to the overall

isolated yields. ain 0.5 mmol scale.
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for the formation of seven- and five-membered lacotnization via C–H could be opened up using this cat-

alytic system.

Mechanistic study

To elucidate the origin of high degree of chemoselectivity, we performed several control and spectro-

scopic experiments.

a) Radical quenching experiment

During optimization, we observed the formation of methyl ester 3a by the methyl-radical which is formed

through the decomposition of DTBP. This esterification was completely arrested by the addition of

2.0 equiv of TEMPO in the optimized reaction condition leading to the formation of a methyl radical adduct

of TEMPO which was detected by the ESI-MS from an aliquot of reaction mixture (Scheme 8A(i)). After the

complete suppression of 2.0 equiv methyl radical generated from 2.0 equiv DTBP, excess amount of

TEMPO (e. g. 5.0 equiv) completely suppressed the formation of desired lactone 2a and a TEMPO adduct

with 1a (M+�H) at benzylic or carboxylate (22a or 22a0) position was detected in the ESI-MS (Schemes 8A(ii)

and S10).

b) Competitive experiment between C(sp2)‒H and C(sp3)‒H activation

Interestingly, when 1a was subjected to the Martin’s reaction condition (Gallardo-Donaire and Martin,

2013), only the 6-membered lactone 23a was obtained in 72% yield via C(sp2)�H activation selectively.

On the other hand, in our optimized condition A and B, selectively 7-membered lactone 2a was isolated

in 82% and 72% yields, respectively (Scheme 8B). Besides energy difference (benzylic sp3 C‒H vs sp2 C‒
H bond; 85–90 vs 110–115 kcal/mol) (Blanksby and Ellison, 2003), the nature of oxidant cum radical initiator

might have a crucial role for this chemoselectivity. From thorough control studies (Scheme S11), we

observed that external oxidants capable of generating at least 1 equiv of methyl radicals e.g., DTBP,

TBHP, and TBPB were effective. Hence, unlike the Martin’s condition where BPO was effective oxidant

for sp2 C‒H bond activation, was ineffective in our study. Presumably, the methyl radical generated

through b-methyl scission of tert-butyl oxo radical might result in selective weak benzylic C‒H bond cleav-

age and methane formation. Whereas, benzoyl radical or phenyl radical (via decarboxylation) generated in

situ probably prefers sp2 C‒H bond activation. However, the origin of chemoselectivity in our developed

peroxide-free condition B warrants further studies.

Scheme 4. Lactonization through double benzylic C-H activation

Reaction condition: 20% Cu, 2 equiv DTBP, PhCF3, 110
�
C, O2, 36 h. All reactions were carried out in 0.2 mmol scale. Yields

refer to the overall isolated yields.
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c) Addition of external substituted benzoic acids and ligands

To understand whether the reaction proceeds via inner- or outer-sphere copper complex, super stoichio-

metric (2.0 equiv) amount of benzoic acid was added to the reactionmixture under both conditions A and B.

Surprisingly, no intermolecular benzoxylation product was obtained except the desired lactonization prod-

ucts in moderate yields. Electron-rich 4-methoxy and electron-deficient 4-nitro benzoic acids also furnished

similar results (Schemes 8C and S12). Furthermore, common external ligands such as pyridine, bipyridine,

1,10-phenathroline, TMEDA etc. affected negatively in the reaction outcome (Scheme 8D) suggesting that

copper might generate an inner sphere soluble complex binding with the substrate 1a which was further

supported by the spectroscopic studies.

d) UV and XPS studies of the reaction mixture

Because Cu(0) powder was used as an initial catalyst, we were intrigued to elucidate the formation of

active catalyst and its oxidation state. Under the condition A (Figures 2A and S1) (Zhang et al., 2019),

visually the insoluble Cu powder was converted to slightly suspended particles and showed light blue

coloration after 6 h. Subsequently, it turned into an intense blue clear solution after 12 h indicating

the formation of Cu(II) species. Finally, the solution turns into greenish color and turbid again. To check

the presence of Cu(II) species unambiguously, UV-vis absorption spectra were recorded from the reac-

tion mixture at 3 h interval. Notably, characteristic peak at 684 nm of Cu(II) appeared after 3 h with

increasing intensity with the progress of the reaction (Figures 2B and S2) (Liang et al., 2020). No similar

Cu(II) peak was observed in the absence of substrate and/or DTBP (Figures S3 and S4). It indicates that

substrates may act as a ligand for the formation and stabilization of Cu(II) species. The UV-vis spectra

from condition B also exhibited a similar spectral pattern indicating the formation of Cu(II) species to

steer the reaction (Figures 2C and S5) where substrate was essential to stabilize the Cu(II) similarly (Fig-

ure S6). Notably, an intense peak of Cu(II) was observed just after 1 h using rose bengal/light (condition

B) whereas a weak peak of the same appeared after 8 h without rose bengal/light (Figure S7). Hence,

photoredox catalyst under light irradiation may accelerate the formation of active Cu(II) catalyst by mo-

lecular oxygen. However, the formation of Cu(III) species was not observed neither under condition A nor

condition B. The oxidation state of the copper was further confirmed by XPS analysis. Under the condi-

tion B, the characteristic peaks at 931.0 and 950.9 eV are assigned to Cu 2p3/2 and 2p1/2 of Cu(II). An

Scheme 5. Total synthesis of alterlactone
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intense satellite peak at 942 eV confirms the presence of Cu(II) species in the reaction mixture (Figure 2D).

(Maity et al., 2020) Similar peaks were also appeared in the condition A indicating the involvement of

Cu(II) in this reaction (Figure S9).

e) Characterization of the recovered catalyst

Because an almost clear blue solution became turbid after the completion of the reaction (Figure S9), we

assumed that copper (oxide or hydroxide) nanoparticles (CuNPs) might form. The transmission electron

microscopic (TEM) image of both reaction mixtures indicated the formation of copper nanoparticles of

2–5 nm diameter (Figures 2E and S10). In fact, the reaction also took place using preformed nanoparticles

(CuNPs), entry 10, Table 1. However, the size of the particles formed in situ from the copper powder may

vary beyond the nanometer range.

Plausible mechanism

From the control and spectroscopic experiments, we envisioned the plausible mechanism as follows.

Under condition A (Scheme 9), first DTBP undergoes homolytic cleavage followed by b-methyl

scission to generate active methyl radical .CH3 and abstracts one proton from benzylic position of

1a to emit CH4 and corresponding benzylic radical species are formed. The evolution of CH4 was

A

B

C

D

Scheme 6. Practical demonstration and product derivatization
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confirmed by gas chromatography of the sample taken from the reaction vessel (Figure S11).

Subsequently, Cu(0) forms carboxylate to generate reactive intermediate I which readily gets

stabilization by formation of 8-membered copper complex II. Thereafter, it undergoes reductive

elimination to yield product 2a and regenerates Cu(0) which continues the reaction in forward direction.

Besides, some amount of .CH3 is captured by the carboxyl group of the substrate to provide

undesired 2a’.

Under condition B (Scheme 9), the benzylic C–H activation is believed to be performed by copper-

peroxide radical formed from oxygen molecule via photosensitization. The RB is excited to RB* upon

A

B

C

D

E

Scheme 7. Diverse reactivities
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Scheme 8. Control experiments
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irradiation of light and subsequently transfers energy to triplet oxygen (3O2) to produce singlet

oxygen (1O2) (Wootton et al., 2002). Then, the Cu(0) scavenges the 1O2 and reacts with carboxyl

group (Hu et al., 2020b) of 1a to generate copper(II)-peroxo intermediate (Davydov et al., 2022; Kunishita

et al., 2008) III undergoing two simultaneous SET. Then, this copper-peroxo radical abstracts one

proton from proximal benzylic position to produce benzylic radical intermediate IV. Subsequently,

8-membered Cu(II) complex V is formed while hydroperoxyl radical is released which may propagate

the chain (Trammell et al., 2019) reacting with another molecule of 1a. Complex V undergoes reductive

elimination to furnish the final product 2a and Cu(0) is regenerated. In either cases, copper-catalyzed

initial oxidation of benzylic C–H bonds to benzyl alcohol followed by lactonization is plausible. However,

neither by isolation nor via MS characterization, corresponding benzyl alcohol was identified from the

reaction mixture. Furthermore, the corresponding benzyl alcohol 20, which was obtained through hydro-

lysis of the lactonized product 2a, converted back to lactone product 2a in only 7% yield under our re-

action condition (Scheme S13). Hence, initial benzylic oxidation to alcohol may not be a feasible

pathway.

In the case of Scheme 4, one benzylic C(sp3)�H group of 5a first oxidizes to the corresponding benzoic acid

2a under the highly oxidative condition (Mohammadpour and Safaei, 2020; Sutradhar et al., 2017) and then

follows the mechanism corresponing to the condition A to afford the product 2a (Scheme S14). Notably,

when there is one 2� and another 1� benzylic C(sp3)�H groups in the substrates (5p, 5u), the 1� benzylic

C�H (i.e. CH3 group) first oxidizes to benzoic acid followed by the activation of 2� benzylic C�H activation

and subsequent cyclization to achieve the products. And, when any substitution is present in either ring

(5d-f), the controlling factor of sequence of oxidation and activation of the two benzylic C(sp3)�H groups

demand further investigations.

Figure 2. Mechanistic study

(A) Digital photograph of in situ color change of standard reaction with condition A over time.

(B) UV-vis absorption spectra of standard reaction with condition A.

(C) In situ UV-vis absorption spectra of standard reaction with condition B.

(D) XPS analysis from condition B.

(E) TEM image of reaction mixture after 36 h from condition B.
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Recyclability of the catalysts

Fortunately, a metallic precipitation was appeared after the completion of the reaction. Hence, we in-

tended to recover and reuse the catalyst to enhance the practical utility (Pla and Gómez, 2016). After a

batch reaction, the catalyst was recovered by simple filtration, washed with ethyl acetate, and subjected

to the subsequent batch of reaction. Delightedly, 75% of our desired product 2a was isolated in the second

run. Similarly, a total of subsequent four batches of the same reaction were repeated without further addi-

tion of Cu catalyst furnishing 82%, 75%, 66%, and 48% yields, respectively (Figure 3). Similarly, the catalysts

including rose bengal were also recycled and reused in the Cu/O2 system (Condition B) as depicted in Fig-

ure 3. Washing the precipitate with organic solvents (Chen et al., 2006) or acetic acid (Argyle and Bartho-

lomew, 2015) to further enhance the catalytic activity went in vain . Still, this is rare and exciting example

where inexpensive copper powder is converted to the substrate-bound homogeneous catalyst for highly

chemoselective benzylic oxidation and finally, precipitate out facilitating catalyst recovery.

Conclusion

We disclosed here an inexpensive copper powder-catalyzed chemoselective benzylic sp3 C‒H activation

for the direct synthesis of seven-membered dibenzo[c,e]oxepin-5(7H)-ones. Remarkably, hazardous

oxidant di-tert-butyl peroxide (DTBP) was replaced by molecular oxygen merging with organic photosen-

sitizer. Interestingly, a highly reactive, substrate-dependent soluble catalyst is formed from the copper

powder during the reaction to achieve a high degree of chemoselective benzylic sp3 C‒H oxidation sup-

pressing the six-membered lactone formation via the sp2 C‒H bond activation. Finally, the heterogeneous

catalyst is precipitated out and recovered for subsequent runs by simple filtration offering maximum ben-

efits of homo- and heterogeneous catalyst. The reaction proceeds through a single electron transfer (SET)

Scheme 9. Plausible mechanism

Figure 3. Recyclability of the catalysts
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pathway, is scalable and applied to the total synthesis of cytotoxic natural product alterlactone. Further

exploration of Cu(0)/photoredox/O2 is undergoing in our laboratory.

Limitations of the study

Despite advantageous development of sustainable conditions for benzylic C(sp3)�H activation toward

lactone formation, it is limited to 7-membered lactones. The substrate class 3 furnished Smiles rearrange-

ment product via 1,5-aryl migration instead of 8-membered lactone formation. Aldehyde, primary amines

were incompatible under the reaction conditions. Recovered catalyst was found to be inferior in catalytic

efficiency after four runs, which could be a subject of further improvement.
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SUMMARY

Here, we present a protocol for the synthesis of dibenzo[c,e]oxepin-5(7H)-ones
starting from 20-alkyl-[1,10-biphenyl]-2-carboxylic acids. This technique uses two
copper(0)-catalyzed benzylic C(sp3)�H activation strategies taking either di-tert-
butyl peroxide or gaseous oxygen as an oxidant. We detail a photocatalytic ther-
mal approach for copper powder-catalyzed reaction with oxygen. We also
describe a procedure for catalyst recycling in both the strategies. The product
has been successfully synthesized both in mmol and gram scale.
For complete details on the use and execution of this protocol, please refer to
Nandi et al. (2022).

BEFORE YOU BEGIN

In the last two decades, huge development has been realized in the C�H activation field to ease the

direct functionalization of C�H bond avoiding the pre-functionalization step (Crabtree and Lei,

2017; Rogge et al., 2021; Yi et al., 2017). Despite the progress, achieving high chemo-, regio- or ster-

eoselectivity still remains as a tough task in absence of directing groups (Dalton et al., 2021; Lerchen

et al., 2018). Thus, for the non-directed C(sp3)�H bond activation, choosing weaker C(sp3)�H bonds

(e.g., benzyl, allyl etc.) over unbiased strong alkyl C(sp3)�H bonds have been more fruitful (Feng

et al., 2012; Golden et al., 2022; Liu et al., 2013, 2020; Lu et al., 2017; Manna et al., 2020; Nandi

and Jana, 2022; Rout et al., 2014; Suh et al., 2020; Vasilopoulos et al., 2017).

Including the aforementioned literatures, plenty of the prior intra-/intermolecular benzylic-C(sp3)�
H /C(sp2)�H activation strategies have been developed with copper catalysis (Begam et al., 2022;

Guo et al., 2015b; Hu et al., 2020; Liang et al., 2020; Tran et al., 2014; Zhang et al., 2017). The

Bois group achieved five- and six-membered lactones through Cu(II) catalyzed intramolecular

C(sp3)�H acyloxylation (Sathyamoorthi and Du Bois, 2016). Besides, following Martin (Gallardo-Do-

naire and Martin, 2013), other groups (Bhunia et al., 2019; Li et al., 2013, 2018; Ramirez et al., 2015;

Shao et al., 2018; Tao et al., 2018) accessed six-membered lactones via intramolecular C(sp2)�H

activation of ortho-aryl benzoic acids using metal/metal-free conditions. Though use of bulk copper

is worth aspiring (Guo et al., 2015a; Meng et al., 2020) for its low cost and easier handling, different

copper salts have been used in most of the cases.

Inspired from these precedents, we hypothesized to synthesize dibenzo[c,e]oxepin-5(7H)-ones from

20-alkyl-[1,10-biphenyl]-2-carboxylic acids via C(sp3)�H activation. Dibenzooxepinones, consisting

of seven-membered lactone rings are quite prevalent in various natural products, bio-active

STAR Protocols 3, 101781, December 16, 2022 ª 2022 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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compounds (Altemöller et al., 2009; Aly et al., 2008; Colombel et al., 2010). Recently, we have suc-

cessfully realized the hypothesis taking copper(0) powder as the catalyst in two related yet distinct

methodologies (Nandi et al., 2022), either using di-tertbutyl peroxide (DTBP) as oxidant or by effi-

ciently replacing hazardous DTBP with molecular oxygen (O2) taking additional help of photocatal-

ysis. For both the strategies, the catalyst is easily recovered by filtration and recycled. Contrary to the

previously available reports for synthesizing dibenzooxepinones, (Zhang et al., 2015), we have been

able to execute it in fewer steps avoiding the pre-activation of substrate using low-cost copper as

catalyst.

Therefore, the current protocol describes the stepwise synthesis of 7-phenyldibenzo[c,e]oxepin-

5(7H)-one starting from 20-benzyl-[1,10-biphenyl]-2-carboxylic acid utilizing two distinct methodolo-

gies, both catalyzed by easily available copper(0) powder. For complete use of this protocol, please

refer to (Nandi et al., 2022).

Preparation of the reagents and setting up the equipment

A complete list of reagents and equipment can be found in the ‘‘key resources table’’ and ‘‘materials

and equipment’’.

Preparation of reaction vessel for ‘‘condition A’’

Timing: 15 min

In this step, reaction vessel for Condition A is get ready. One pressure tube with Teflon cap labeled

as ‘‘vessel A’’ containing solution of 20-benzyl-[1,10-biphenyl]-2-carboxylic acid, copper powder and
di-tert butyl peroxide (DTBP) in a,a,a-Trifluorotoluene.

Note: Reaction vessel needs to be prepared fresh every time.

1. Preparation of ‘‘vessel A’’ (Table 1).

a. In one 15 mL pressure tube with Teflon cap, place one magnetic stir-bar.

b. Weigh out 42.4 mg (0.2 mmol) of 20-benzyl-[1,10-biphenyl]-2-carboxylic acid to the pressure

tube.

c. Add 2.5 mg of Cu powder (0.04 mmol).

d. Add 3 mL of a,a,a-Trifluorotoluene to the pressure tube with a syringe.

e. Add 74 mL (0.4 mmol) of DTBP with a microsyringe.

CRITICAL: DTBP is potentially explosive in nature. It should be handled with care. How-

ever, no such incident took place in our laboratory. Add DTBP at ambient condition in

the fume hood promptly. And do not leave the reagent container opened in the air. Unfail-

ingly, assure to close the container soon after taking the reagent.

f. Seal the tube.

CRITICAL: All the reactants need to be efficiently put into the vessel so that any of the par-

ticle do not adhere to the mouth or inner wall of the pressure tube.

Table 1. Preparation of ‘‘vessel A’’ solution

Chemical Final concentration Amount

20-benzyl-[1,10-biphenyl]-2-carboxylic acid (stored at room
temperature)

0.06 M 42.4 mg

Copper powder (stored at room temperature) 0.02 M 2.5 mg

DTBP (stored at 4�C) 0.13 M 74 mL

a,a,a-Trifluorotoluene N/A 3 mL
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Preparation of reaction vessel for ‘‘condition B’’

Timing: 25 min

In this step, reaction vessel for Condition B is arranged. One Teflon bushing pressure tube labeled as

‘‘vessel B’’ containing solution of 20-benzyl-[1,10-biphenyl]-2-carboxylic acid, copper powder, rose

bengal (RB) in a,a,a-Trifluorotoluene is prepared.

Note: Reaction vessel needs to be prepared fresh every time.

2. Preparation of ‘‘vessel B’’ (Table 2).

a. In one 15 mL pressure tube with Teflon cap, place one magnetic stir-bar.

b. Weigh out 42.4 mg (0.2 mmol) of 20-benzyl-[1,10-biphenyl]-2-carboxylic acid to the pressure

vessel.

c. Add 2.5 mg of Cu powder (0.04 mmol).

d. Add 2.0 mg of RB (0.002 mmol).

e. Add to the pressure tube 3 mL of a,a,a-Trifluorotoluene with a syringe.

f. Purge the tube with ultra-high purity (UHP) grade O2 gas for one minute and readily seal with

the cap.

CRITICAL: All the reactants need to be efficiently put into the vessel so that any of the par-

ticle do not remain sticked to the mouth or inner wall of the pressure tube.

Instrumental set-up for ‘‘condition A’’ (set-up A)

Timing: 30 min

Here, beside setting up the heater cum stirrer and clamp to perform the reaction under optimal con-

ditions, some key parameters such as temperature, rotation speed are also set. And this would be

denoted as ‘‘set-up A’’.

3. Set-up the heater cum stirrer.

a. Equip the IKA stirrer (IKA WORKS INC. 3581201 C-MAG HS 7 IKAMAG Hot Plate Magnetic

Stirrer, Glass Ceramics Heating Plate, 115 V in a fume hood (Figure 1A).

b. Take one dry and clean borosilicate glass flat-bottom bowl (1 L) for making the oil bath.

c. Fill the bowl with silicone oil.

d. Place the oil filled bowl on the magnetic stirrer.

e. Set one clamp on the stirrer so that the ‘‘vessel A’’ can be set.

f. Hang and dip one thermometer to the oil, vertically. Troubleshooting 2.

4. Digital screen interface of the stirrer.

a. Turn on the stirrer.

b. Set the temperature so that the oil bath temperature reaches to 110�C. (In our case, setting

digital reading of 145 was sufficient) (Figure 1C, yellow box).

c. Set the rotation regulator at in between 1 and 2 (500 rpm) (Figure 1C, red box).

Table 2. Preparation of ‘‘vessel B’’ solution

Chemical Final concentration Amount

20-benzyl-[1,10-biphenyl]-2-carboxylic acid (stored at room
temperature)

0.06 M 42.4 mg

Copper powder (stored at room temperature) 0.02 M 2.5 mg

rose bengal (RB) (stored at room temperature) 0.001 M 2.0 mg

a,a,a-Trifluorotoluene N/A 3 mL
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Instrumental set-up for ‘‘condition B’’ (set-up B)

Timing: 30 min

In this step, just like the previous one, beside setting up the magnetic stirrer and clamp to perform

the reaction under optimal conditions, some key parameters such as temperature, rotation speed

are also set. And this would be denoted as ‘‘set-up B’’.

5. Set-up the heater cum stirrer.

a. Equip the IKA stirrer (IKA WORKS INC. 3581201 C-MAG HS 7 IKAMAG Hot Plate Magnetic

Stirrer, Glass Ceramics Heating Plate, 115 V) in a fume hood (Figure 2A).

b. Place an oil bath on the stirrer, similar to ‘‘set-up A’’.

c. Set one clamp on the stirrer so that the ‘‘vessel A’’ can be set.

d. Hang and dip one thermometer to the oil, vertically. Troubleshooting 2.

Figure 1. Overview of the ‘‘reaction set-up A’’

(A) Instrumental set-up: (i) IKA hot plate magnetic stirrer, (ii) oil bath, (iii) clamp, (iv) hanging thermometer dipped in

oil.

(B) Zoom in on the required accessories: (i) 15 mL pressure-tube, (ii) Teflon cap of the pressure tube, (iii) magnet bar,

(iv) thermometer.

(C) The instrumental ‘‘set-up A’’. Yellow box: temperature interface. Red box: rotation regulator.

Figure 2. Overview of the ‘‘reaction set-up B’’

(A) Instrumental set-up: (i) IKA hot plate magnetic stirrer, (ii) oil bath, (iii) clamp, (iv) hanging thermometer dipped in

oil, (v) CFL stands.

(B) Zoom in on the required accessories: (i) 15 mL pressure-tube, (ii) Teflon cap of the pressure tube, (iii) magnet bar,

(iv) thermometer, (v) CFLs.

ll
OPEN ACCESS

4 STAR Protocols 3, 101781, December 16, 2022

Protocol



e. Set two white 23 W compact fluorescent lamps (CFLs) (Phillips Tornado T2 23WWWB22 220–

240 V 1BC/6) in light-stands.

f. Place the lamps each at opposite sides of themagnetic stirrer so that the lamps remain headed

towards oil bath at 5 cm apart.

6. Digital screen interface of the stirrer.

a. Turn on the stirrer (Figure 3).

b. Set the temperature so that the oil bath temperature reaches to 110�C. (In our case, setting

digital reading of 145 was sufficient (Figure 3, yellow box).

c. Set the rotation speed regulator at in between 1 and 2 (500 rpm) (Figure 3, red box).

d. Turn on two CFLs.

KEY RESOURCES TABLE

Figure 3. The instrumental ‘‘set-up B’’

Yellow box: temperature interface. Red box: rotation regulator.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Copper (powder, <425 mm, 99.5% trace metals basis) Sigma-Aldrich CAS 7440-50-8

20-benzyl-[1,10-biphenyl]-2-carboxylic acid Synthesized at our lab (Nandi et al., 2022)

Di-tert-butyl peroxide Sigma-Aldrich CAS 110-05-4

Rose bengal Sigma-Aldrich CAS 632-69-9

a,a,a-Trifluorotoluene Sigma-Aldrich CAS 98-08-8

Other

IKA WORKS INC. 7 IKAMAG Hot Plate Magnetic Stirrer IKA Ident. No. 0003581222

Microsyringe 50 mL, 700 series, removable needle Hamilton Cat. No. 20788

Tornado T2 23W WW B22 220–240 V 1BC/6 Philips Product code: 872790092972001

Oil bath, flat bottom Pyrex Item code: 1470/12D

Round bottom flask Borosil Product code: 4380A16

Pressure tube, 15 mL Sigma-Aldrich Product code: Z181099

Separating funnel Borosil Product code: 6400017

Erlenmeyer (conical) flask Borosil Product code: 4980021

Reagent bottles Borosil Product code: 1501021

Chromatography column Borosil Product code: 6100063

Thin layer chromatography using aluminum TLC plate,
silica gel coated with flourescent indicator F254

Supelco Cat no.: 105554

Silica gel for chromatography, Silica gel 60 (0.040–
0.063 mm) for column chromatography
(230–400 mesh ASTM)

Millipore CAS No.: 112926-00-8

(Continued on next page)
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MATERIALS AND EQUIPMENT

STEP-BY-STEP METHOD DETAILS

Part 1A: Synthesis of 7-phenyldibenzo[c,e]oxepin-5(7H)-one via ‘‘condition A’’

Timing: 36 h

In this step, the synthesis of 7-phenyldibenzo[c,e]oxepin-5(7H)-one 2 (Scheme 1) has been accom-

plished within 36 h on heating. As per the previous discussion, 20-benzyl-[1,10-biphenyl]-2-carboxylic
acid is converted to the product 2 on heating it at 110�C with Cu powder as catalyst and DTBP as

oxidant.

1. Set up the reaction (Figure 4). Troubleshooting 1.

a. Deal with the ‘‘set up A’’ for the reaction under ‘‘condition A’’.

b. Ensure that the stirrer is on and rotation speed is set at regulator reading 1 and 2.

c. Ensure that the temperature is set rightly.

d. Check the temperature reading in the thermometer. Troubleshooting 2.

Pause point:Once the oil bath temperature reaches at 110�C, the equipment is ready to be

run for the reaction and throughout the reaction, this temperature is required to be

maintained.

2. Run the reaction.

a. Dip the properly capped ‘‘vessel A’’ to the oil bath of ‘‘set up A’’ and attach it to the clamp.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Elecopto UV Cabinet for Chromatography analysis Elecopto Item part number: EO-111
ASIN: B089GNGKCC
Buying link: https://www.amazon.in/Elecopto-UV-Cabinet-
Chromatography-analysis/dp/B089GNGKCC/ref=sr_1_5?
crid=2IK85T9EVYP2Q&keywords=uv+cabinet&qid=
1653478071&sprefix=uv+cabinet+%2Caps%2C217&sr=8-5

Bruker-Avance 600 MHz NMR spectrometer Bruker N/A

Reagents

Reagents Storage temperature Maximum time for storage

20-benzyl-[1,10-biphenyl]-2-carboxylic acid room temperature more than two years

Copper powder room temperature more than two years

rose bengal (RB) room temperature more than two years

a,a,a-Trifluorotoluene room temperature more than two years

Di-tert-butyl peroxide 5�C two years

Ultra-high purity (UHP) O2 room temperature more than two years

Scheme 1. General scheme of the reaction under ‘‘condition A’’
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CRITICAL: Ensure that the reaction solvent front inside the ‘‘vessel A’’ is completely under

the oil front in such a way that the headspace of the vessel is not immersed into oil either.

b. Ensure that the magnetic stir-bar is stirring properly.

c. At the calculated time, to stop the heating, reduce the temperature to 0 (at digital screen) so

that the reaction temperature gradually reduces to the room temperature. The progress of the

reaction is checked by TLC.

Note: During the reaction under ‘‘condition A’’, an evident color change of the reaction solu-

tion could be observed as depicted in ‘‘Figure 4’’. As shown, the color changes from colorless

to blue to green. At the end of the reaction, green color appears and reaction becomes turbid,

which indirectly refers to the reaction completion, additional to TLC.

d. Check the temperature of the bath using thermometer, hung vertically in the oil bath (trouble-

shooting 2). When the temperature reduces to room temperature, raise the pressure vessel

from the oil and wash the outer wall with hexane and tissue paper.

e. Switch off the magnetic stirrer.

Part 1B: Synthesis of 7-phenyldibenzo[c,e]oxepin-5(7H)-one via ‘‘condition B’’

Timing: 36 h

In this step, the synthesis of 7-phenyldibenzo[c,e]oxepin-5(7H)-one 2 (Scheme 2) has been accom-

plished within 36 h on heating. As per the previous discussion, 20-benzyl-[1,10-biphenyl]-2-carboxylic
acid is converted to the product 2 on heating it at 110�C with Cu powder as catalyst and DTBP as

oxidant.

3. Set up the reaction (Figure 6). Troubleshooting 1.

a. Deal with the ‘‘set up B’’ for the reaction under ‘‘condition B’’.

b. Ensure that the stirrer is on and rotation regulator is set at in between 1 and 2.

c. Ensure that the temperature is set rightly.

d. Ensure that both the lights are on.

e. Check the temperature reading in the thermometer. Troubleshooting 2.

Pause point:Once the oil bath temperature reaches at 110�C, the equipment is ready to be

run for the reaction, and throughout the reaction, this temperature is must to be maintained.

Figure 4. Running the reaction at 110�C and color change time-by-time
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4. Run the reaction.

a. Dip the properly capped ‘‘vessel B’’ to the oil bath of ‘‘set up B’’ and attach it to the clamp.

CRITICAL: Ensure that the reaction solvent front inside the ‘‘vessel A’’ is completely under

the oil front in such a way that the headspace of the vessel is not immersed into oil either.

b. Ensure that the magnetic stir-bar is stirring properly.

c. At the calculated time, reduce the temperature to 0 (at digital screen) so that the reaction tem-

perature gradually reduces to the room temperature.

d. Switch off the lights.

e. Check the temperature in thermometer (troubleshooting 2). When the temperature reduces to

room temperature, raise the pressure vessel from the oil and wash the outer wall with hexane

and tissue paper.

f. Switch of the magnetic stirrer.

Part 2A: Catalyst recycling of ‘‘condition A’’

Timing: 2 h

As at the end of the reaction, the reaction medium became extremely turbid (Figure 7A) and full of

dispersed CuNPs (indicated from transmission electron microscope image i.e., TEM) (Nandi et al.,

2022), recyclability was checked. After one batch of the reaction, it was filtered, washed with ethyl

Scheme 2. General scheme of the reaction under ‘‘condition B’’

Figure 5. Image of TLC (run with 10% EtOAc in

hexane) from reaction mixture
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acetate and another batch of reaction was set up with the residue. Similarly subsequent four batches

were repeated and the result was satisfactory.

5. Filter the residue and set-up a new batch.

a. After completion, let the pressure tube settle as that allows the residues to be precipitated

better.

b. Isolate the precipitate by simple filtration by a funnel under air.

c. Wash the filtrand with ethyl acetate for several times (Figure 7A).

d. With filtrate, follow steps 3–16 (Part 2A) to isolate the product.

e. Let the filtrand dry under air for 1 h. It will be used as catalyst for subsequent batches.

f. Take back the recovered catalyst to another clean oven-dried pressure tube (Figure 7A).

g. As the filtrand would be used as catalyst, prepare the reaction vessel as discussed earlier

except the external addition of copper powder.

h. Run the reaction similarly for 36 h.

i. Follow steps 5a–5h (Part 2A).

Part 2B: Catalyst recycling of ‘‘condition B’’

Timing: 2 h

Similarly, as ‘‘condition A’’, the catalyst was recycled in case of ‘‘condition B’’.

6. Filter the residue and set-up a new batch.

a. Filter the residue and set-up a new batch of reaction following exactly similar manner as per-

formed for ‘‘condition A’’ following steps 5a–5i (Part 2A).

Figure 7. Practical utility of the protocol

(A) Recycling the catalyst, (B) Scale-up reaction under ‘‘condition B’’

Figure 6. Running the reaction at 110�C under CFL irradiation
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Part 3: Purification of the crude material

Timing: 1.5 h

Purify the crude material in similar manner for each type of reaction (under ‘‘condition A’’, ‘‘condition

B’’ or ‘‘catalyst recycling’’).

7. Upon completion of the reaction,

a. transfer the reaction mixture to a 125 mL separatory funnel.

b. Add 30 mL of deionized water and 30 mL of ethyl acetate (EtOAc).

c. Shake the separatory funnel vigorously.

d. Let it settle so that the aqueous phase is separated from the organic one.

Note: The thin-layer chromatography (TLC) (run with 10% ethyl acetate in hexane solution)

from the reaction mixture looks like Figure 5, under UV irradiation (365 nm).

8. Transfer the separated aqueous phase and organic phase, each in one 250 mL Erlenmeyer flask.

9. Take back the aqueous phase to the separatory funnel and add 30 mL of EtOAc to it.

10. Then,

a. Shake the separatory funnel vigorously.

b. Let the two phases to separate.

c. Transfer those similarly in their corresponding Erlenmeyer flasks.

11. For two times, repeat steps 9 and 10.

12. Transfer the combined organic phase into the separatory funnel and add 30mL of deionized wa-

ter to it. Shake the funnel vigorously and let it be stable so that the organic phase is separated

from the aqueous one.

13. Take the aqueous phase and discard it in the proper waste container.

14. For additional two times, repeat steps 12 and 13.

15. Now, add 30 mL of Brine to the separatory funnel containing the organic phase and repeat step

14.

16. Take the organic phase in a 100 mL round bottom flask by filtering it through anhydrous sodium

sulphate (Na2SO4) bed taken in a funnel.

17. Evaporate the solvent under reduced pressure in rotatory evaporator. (45�C, 240 mmHg,

�15 min).

18. Therefore,

a. Add 1 mL of dichloromethane (DCM) and 200 mg of silica (mesh size: 230–400) to the dried

crude material taken in round bottom flask.

b. Swirl the flask gently.

c. Evaporate the solvent under reduced pressure (40�C, 800 mbar, �5 min).

19. Perform column chromatography to purify the crude product (25 cm of silica, Ø of the column=

3.0 cm) eluting 97:3 (by volume) mixture of hexane/ethyl acetate (�300 mL).

20. Combine the collected fractions containing pure product and remove the solvent under vacuum

to achieve the desired product. Troubleshooting 3.

EXPECTED OUTCOMES

Condition A

7-phenyldibenzo[c,e]oxepin-5(7H)-one 2 appears as a white solid obtained in 82% isolated yield

(34.4 mg).

Condition B

7-phenyldibenzo[c,e]oxepin-5(7H)-one 2 appears as a white solid obtained in 72% yield (30.2 mg).

Troubleshooting 4.
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Catalyst recycling

For condition A, the yields were 82%, 75%, 66%, and 48% from respective batches.

Troubleshooting 5.

For ‘‘condition B’’, the yields were 72%, 68%, 65% and 55% from respective batches. Trouble-

shooting 5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analytical data

For 7-phenyldibenzo[c,e]oxepin-5(7H)-one (2).

1HNMR (600MHz, Chloroform-d) d 8.03 (d, J = 7.8 Hz, 1H), 7.65–7.75 (m, 3H), 7.58 (t, J= 7.2 Hz, 1H),

7.41–7.52 (m, 6H), 7.29 (t, J = 7.2 Hz, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.25 (s, 1H).

13C NMR (150 MHz, Chloroform-d) d 169.42, 138.56, 138.46, 137.29, 135.73, 132.68, 131.46,

130.73, 129.54, 128.90, 128.78, 128.55, 128.52, 128.45, 128.40, 127.38, 126.97, 78.99.

HRMS(ESI+): Calculated for C20H14O2Na [M+Na]+: 309.0891; found: 309.0444.

Scaling-up the reaction under ‘‘condition B’’

Under ‘‘condition B’’, we performed a reaction in 5 mmol scale, and the expected 7-phenyldibenzo

[c,e]oxepin-5(7H)-one was isolated in 62% yield (650.2 mg).

Under ‘‘condition B’’, we performed a reaction in 10 mmol scale, and gratifyingly, the expected

7-phenyldibenzo[c,e]oxepin-5(7H)-one was isolated in 68% yield (1.426 g) (Figure 7B).

LIMITATIONS

The protocol is only limited to 7-membered lactone formation.

TROUBLESHOOTING

Problem 1

Step 1, step 3: The temperature does not fix at 110�C according to thermometer reading.

Potential solution

The magnetic stirrers cum heaters can behave differently on different occasions. While setting 145

digitally was adequate for us to reach oil bath temperature at 110�C, at another environment, it

could be insufficient. But the main requirement is reaching the reaction temperature to 110�C. To
attain that, set the instrumental temperature (digital reading) accordingly.

Problem 2

Steps 1d, 2d, 3e, 4e: The thermometer reading is fluctuating over time.

Potential solution

Please take care that the thermometer should not touch the bottom of the bath to avoid erroneous

temperature measurements.

Problem 3

Step 19: Yield is lower than expected.

Potential solution

Check that the amount of solvent is taken as required. The headspace volume is important for the

reaction.
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Problem 4

Yield is lower than expected.

Potential solution

Check whether the reaction tube was fully purged with O2 efficiently and capped. Since, O2 is the

main oxidant here, slight deviation might affect the reaction yield enormously.

Problem 5

Yield is lower than expected.

Potential solution

Be assured to use the filtrand soon after filtration and drying within 1 h. Failing which, resting the

residue under air for longer time might affect the reaction outcome.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Ranjan Jana (rjana@iicb.res.in).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.
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ABSTRACT: We report herein a visible-light-promoted, highly
practical carboxylation of readily accessible aryl triflates at ambient
temperature and a balloon pressure of CO2 by the combined use of
palladium and photoredox Ir(III) catalysts. Strikingly, the stoichio-
metric metallic reductant is replaced by a nonmetallic amine
reductant providing an environmentally benign carboxylation
process. In addition, one-pot synthesis of a carboxylic acid directly
from phenol and modification of estrone and concise synthesis of pharmaceutical drugs adapalene and bexarotene have been
accomplished via late-stage carboxylation reaction. Furthermore, a parallel decarboxylation−carboxylation reaction has been
demonstrated in an H-type closed vessel that is an interesting concept for the strategic sector. Spectroscopic and
spectroelectrochemical studies indicated electron transfer from the Ir(III)/DIPEA combination to generate aryl carboxylate and
Pd(0) for catalytic turnover.

Due to stringent regulation by the Environmental
Protection Agency (EPA), petrochemical industries are

being forced to utilize CO2 that is produced during the
processing of fossil fuel.1 Moreover, carboxylic acids and their
derivatives are ubiquitously found in natural products,
biologically active compounds, and polymeric materials.2

Hence, there is an urgent call for the development of synthetic
methods using CO2 as an abundant, inexpensive, and nontoxic
C1 building block.3 An impressive array of transition metal-
catalyzed (Pd, Ni, and Cu) carboxylations of aryl, alkyl, alkenyl
halides, triflates, or (pseudo)halides has been developed in the
past few decades with CO2.

4 However, due to the inherent
thermodynamic stability of CO2, most of the transformations
require high temperatures, high pressures of CO2, and
stoichiometric amounts of organometallic reductants like
Et2Zn, AlEt3, Zn or Mn powder, etc. (Scheme 1), which
leads to accidental and environmental hazards.4 Therefore, to
explore the full potential of carboxylation reactions, the
development of a mild and practical catalytic protocol without
any stoichiometric metal additive is in high demand.
Previously, the group of Nielsen and Jutand reported

palladium-catalyzed electrosynthesis of aromatic and α,β-
unsaturated carboxylic acids from the corresponding triflates
with CO2.

5 Deleterious homocoupling, hydrolysis to phenol,
and reduced product formation at elevated temperatures lead
to the carboxylation products in moderate yields. However,
their mechanistic studies are intriguing for the development of
transition metal and photoredox dual catalysis.6 In recent
years, activation of inert CO2 for the synthesis of carboxylic
acids is emerging.7 In this vein, the group of Martin and
Iwasawa developed an elegant methodology for the carbox-

ylation of aryl bromides and chlorides combining palladium
and visible-light-photoredox iridium catalysts.8 Subsequently,
the group of König reported a nickel and organic photo-
sensitizer dual catalytic approach for the carboxylation of aryl
and alkyl bromides and a few aryl triflates using K2CO3 as a
CO2 source (Scheme 1).9 Thus, we were motivated to develop
a general method for carboxylation of aryl triflates using CO2
directly.
In 2015, Murakami and co-workers proposed the carbox-

ylation of o-alkylphenyl ketones with CO2 under ultraviolet-
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Scheme 1. Carboxylation Reaction with CO2
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light or solar-light irradiation.7a Jamison and co-workers
reported the α-carboxylation of inert amine in a continuous
flow via single-electron activation of CO2 under ultraviolet-
light irradiation.7c In 2015, Tsuji and co-workers published
cobalt- and nickel-catalyzed carboxylation of alkenyl and
sterically hindered aryl triflates utilizing CO2 with a metallic
reductant at elevated temperatures.3j Very recently, Mei and
co-workers published nickel-catalyzed carboxylation of aryl and
heteroaryl fluorosulfates by CO2 where 3.0 equiv of manganese
has been used as a reducing agent.10

We report herein a mild and general protocol for the
carboxylation of aryl or (hetero)aryl triflates with a balloon
pressure of CO2 combining Pd(OAc)2 and an iridium(III)
photocatalyst and i-Pr2NEt as the nonmetallic reducing agent
at room temperature (Scheme 1).
Our initial trials with 2-naphthyl triflate using nickel and

photoredox dual catalysts were not effective. Gratifyingly,
palladium complexes in combination with electron-rich ligands
such as xantphos and photocatalyst 1 provided 25% of the
desired carboxylation product in DMA (entry 1, Table 1). The
yield was further improved to 45% when photocatalyst Ir(4-F-
ppy)2(dtbpy)(PF6) 2 was used (entry 2, Table 1). The yield
was drastically improved to 82% by using Xphos ligand (entry
7, Table 1), and further screening reveals that 2.0 equiv of i-
Pr2NEt and Cs2CO3 are optimal reducing agents and bases,
respectively. The optimal yield of 89% was obtained with
davephos ligand and photocatalyst 3 (entry 12, Table 1).
Other organic dyes such as 4CzIPN, 5CzBN, and 3DPAFIPN
were found to be inferior compared to Ir catalyst 3. Our
control experiments reveal that all reagents are essential for
furnishing the desired product (for details, see the Supporting
Information).
Next, we examined the generality of the reaction with a

variety of ortho-, meta-, and para-substituted aryl triflates
furnishing corresponding carboxylic acids in excellent to
moderate yields (Scheme 2). As shown in Scheme 2, aryl
triflates with various functional groups such as cyano (2j),
trifluoromethoxy (2k), fluoro (2l), trifluoromethyl (2m), ether
(2b, 2f, 2h, 2q, 2w, 2ab, and 2ac), esters (2x), ketone (2z), or
NBoc or NHBoc (2y and 2aa) groups were well-tolerated
under the reaction conditions. This carboxylation reaction took
place selectively at the triflate group, leaving chloro (2g and
2ac) and bromo (2c) intact for further manipulations, which is
a remarkable contrast from Martin’s work.8 However, DMSO
solvent was found to be optimal for 2c, which may act as a
ligand to tune the electronic nature of the palladium complex
for selective oxidative addition.11 Gratifyingly, 4-allyl (2q)- and
2-allyl (2r)-substituted aryl triflates also provided moderate to
excellent yields. The sterically demanding substrate also
delivered the desired product in good to moderate yields (2i,
2n, 2p, and 2v). Overall, electron-rich substrates undergo
carboxylation faster than electro-deficient arenes. Interestingly,
heterocyclic triflates such as thiophene, indole, and carbazole
provided the corresponding carboxylic acids (2x, 2y, and 2ad)
in moderate yields. However, pyridine-3-triflate proved to be
unsuccessful for this transformation. Notably, triflate of (+)-δ-
tocopherol afforded the corresponding carboxylic acid (2ae) in
20% yield with 75% substrate recovery. The carboxylation of a
vinyl triflate derived from β-tetralone provided the correspond-
ing carboxylic acid in a 45% yield (2af) along with the
formation of the homocoupling product. Unfortunately, other
-OH derivatives of 2-naphthol such as tosylate, mesylate,
nonaflate, and benzylic and allylic triflates provided a very low

yield (<10%) of the carboxylation product under the optimized
reaction conditions.
To demonstrate the practical utility of this methodology,

one-pot carboxylation reaction starting from phenol was
performed to provide the desired product in good yield
(Scheme 3a). This methodology was applied for the late-stage
modification of estrone to provide the corresponding
carboxylated estrone in a 40% yield (2ag) (Scheme 3b).
Interestingly, bis-triflate of the corresponding 2,2′-biphenol
provided a lactone product directly through selective
monocarboxylation and subsequent lactonization 2ah (Scheme
3c).12 The late-stage carboxylation was also applied for an
expedient synthesis of adapalene 2ai (Scheme 3e), a Food and
Drug Administration-approved drug for acne treatment.13

Inexpensive 6-bromo-2-naphthol was used in this protocol
instead of expensive 6-bromo-2-naphthoic acid in earlier
methods.14 Furthermore, an improved synthesis of anticancer

Table 1. Optimization of the Reaction Conditionsa

entry catalyst ligand photocatalyst yield (%)

1 Pd(OAc)2 xantphos 1 25
2 Pd(OAc)2 xantphos 2 45
3 Pd(OAc)2 xantphos 4 not determined
4 Pd(OAc)2 xantphos 5 35
5 Pd(OAc)2 xantphos 3 50
6 Pd(PPh3)4 − 2 20
7 Pd(OAc)2 xphos 3 82
8 Pd(OAc)2 johnphos 3 50
9 Pd(OAc)2 ruphos 3 76
10 Pd(OAc)2 sphos 3 72
11 Pd(OAc)2 t-buxphos 3 50
12 Pd(OAc)2 davephos 3 91, 89b

13 Pd(OAc)2 davephos 3 80c

14 Pd(OAc)2 davephos 3 0,d 15e

aReactions were carried out with naphthyl triflate (0.1 mmol), a
catalyst (0.01 mmol), a ligand (0.02 mmol), a photocatalyst (0.002
mmol), Cs2CO3 (0.3 mmol), and i-Pr2NEt (0.3 mmol) under a CO2
atmosphere in 2.0 mL of DMA, followed by irradiation with blue
light-emitting diodes at room temperature for 24−36 h. Yields are
overall isolated yields. bTwo equivalents of Cs2CO3 and i-Pr2NEt
were used for 36 h. cDMSO was used. dAny reagent absent from the
optimized reaction conditions. eWithout Cs2CO3.
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drug bexarotene 2aj has been accomplished through late-stage
carboxylation reaction (Scheme 3f).15 This late-stage carbox-
ylation reaction is particularly attractive for isotope labeling for
metabolomic and imaging studies.16 Because of the emerging
trends in decarboxylative couplings, we have demonstrated this
carboxylation reaction in an H-type COgen closed vessel
originally designed by the group of Skrydstrup.17 Thus, CO2
was generated by metal-free decarboxylative iodination of 2,6-
dimethoxybenzoic acid developed by the group of Larrosa18

and diffused through the connector to the other arm to realize
carboxylation reaction (see the Supporting Information). This
demonstration could be useful for the strategic sectors to
execute two important classes of reactions without affecting the
environment.19

To elucidate the probable mechanistic pathway, we have
performed several control experiments. In the presence of
radical scavengers such as BHT and TEMPO, the yield of 2a
was reduced to 65% and 12%, respectively. Hence, TEMPO
may interfere with the redox cascade of Pd(II)/Ir(III) dual
catalysis. Typically, Pd(0) in the presence of electron-rich
ligands is known to undergo oxidative addition to the aryl
triflate to generate a Pd complex B [detected by HRMS from
the reaction mixture (see the Supporting Information)] via a
concerted pathway.20 However, from the cyclic voltammetric
analysis, the first reduction potentials of the ligated
naphthylpalladium triflate complex [(davephos)(2-naphthyl)-
(OTf)Pd] B (for the synthesis, see the Supporting
Information) and its corresponding cationic complex (with
BArF

−) were measured as −2.07 V (Figure S6a) and −2.02 V
(Figure S6c), respectively, which is much lower than that of
the reductant Ir(II) catalyst. Therefore, the reduction of Pd
complex B by the reduced Ir(II) catalyst is thermodynamically
unfavorable, which was also observed by the Martin group.8

Surprisingly, when cyclic voltammetry was performed under a
CO2 atmosphere, a new peak at approximately −1.15 V
(Figure S6b) appeared, which indicates that a new species may
be generated in the presence of CO2, which can be reduced by
the Ir(II) catalyst [with Ir(II) as the reductant, E1 = −1.51 V vs
SCE].21 In addition, we have performed fluorescence
quenching and electrochemical experiments to elucidate the
initial electron transfer process. The fluorescence of the excited
state of Ir(ppy)2(dtbpy)(PF6) [E1/2(PC*/PC

−) = +0.66 V vs
SCE at λmax = 570 nm in CH3CN]

22 was quenched by DIPEA
[Eox(DIPEA) = +0.65 V vs SCE in MeCN]23 with a rate of
0.69 M−1 (Figure S5). It was also quenched by Pd(OAc)2 at a
rate of 0.14 M−1 (Figure S3). However, the introduction of
davephos decreased the rate to 0.11 M−1 (Figure S4).
Furthermore, we have performed the emission lifetime
measurement of the excited state of Ir(ppy)2(dtbpy)(PF6) in
the presence of DIPEA, Pd(OAc)2, and 2-naphthyl triflate. The
excited state decay profile was changed in the presence of
DIPEA but almost identical with Pd(OAc)2 and 2-naphthyl
triflate, indicating the possibility of photoinduced electron
transfer of the 3MLCT excited state, which is reductively
quenched by the superior electron donor DIPEA (Figure S7).
From these control experiments, we propose that the

mechanism is closely related to that proposed by Iwasawa
and Martin; initially, a Pd(0) species is formed, which
undergoes oxidative addition to aryl triflates providing
intermediate B (Scheme 4). It may undergo carboxylation
with CO2 in a reversible manner to form intermediate C.24

Subsequent single-electron reduction by Ir(II) may generate
intermediate D, which was reduced by one more electron to
generate aryl carboxylate and Pd(0) for subsequent runs.
In conclusion, we have developed a practical carboxylation

of readily accessible aryl triflates with CO2 under palladium
and visible-light-iridium(III) dual catalysis at ambient temper-
ature and pressure. This mild and highly chemoselective
protocol is suitable for the modification of estrone and
synthesis of adapalene and bexarotene drugs via late-stage
carboxylation. Furthermore, an interesting decarboxylation−
carboxylation reaction has been demonstrated in an H-type

Scheme 2. Substrate Scope of the Carboxylation Reactione

aDMSO was used as a solvent. bXphos was used as a ligand. ct-
Buxphos was used as a ligand. dXantphos was used as a ligand. eAll
reactions are carried out with 0.2 mmol of aryl triflate.
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closed vessel that is a novel concept for the strategic sectors in
chemical industries for sustainable development.
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switch in copper-catalyzed
electrophilic C–H amination/migratory annulation
cascade: divergent access to benzimidazolone/
benzimidazole†

Hasina Mamataj Begam, Shantanu Nandi and Ranjan Jana *

We present here a copper-catalyzed electrophilic ortho C–H amination of protected naphthylamines with

N-(benzoyloxy)amines, cyclization with the pendant amide, and carbon to nitrogen 1,2-directing group

migration cascade to access N,N-disubstituted 2-benzimidazolinones. Remarkably, this highly atom-

economic tandem reaction proceeds through a C–H and C–C bond cleavage and three new C–N bond

formations in a single operation. Intriguingly, the reaction cascade was altered by the subtle tuning of

the directing group from picolinamide to thiopicolinamide furnishing 2-heteroaryl-imidazoles via the

extrusion of hydrogen sulfide. This strategy provided a series of benzimidazolones and benzimidazoles in

moderate to high yields with low catalyst loading (66 substrates with yields up to 99%). From the control

experiments, it was observed that after the C–H amination an incipient tetrahedral oxyanion or thiolate

intermediate is formed via an intramolecular attack of the primary amine to the amide/thioamide

carbonyl. It undergoes either a 1,2-pyridyl shift with the retention of the carbonyl moiety or H2S

elimination for scaffold diversification. Remarkably, inspite of a positive influence of copper in the

reaction outcome, from our preliminary investigations, the benzimidazolone product was obtained in

good to moderate yields in two steps under metal-free conditions. The N-pyridyl moiety of the

benzimidazolone was removed for further manipulation of the free NH group.
Introduction

At the threshold of an era of automated organic synthesis, the
cascade reaction encompassing C–H activation is emerging as
a powerful tool for the rapid construction and late-stage diver-
sication of functional molecules in a step- and atom-economic
manner.1 In this cascade process, a command to control che-
moselectivity using an inherent chemical reporter enables to
achieve rapid molecular diversity.2 However, the introduction
and removal of directing groups is one of the major drawbacks
in chelation-assisted C–H functionalization.3 To circumvent,
transient, traceless, and inherent directing group strategies
were unveiled.4 Very recently, the migration and incorporation
of a directing group into the target molecule has emerged as
a practical strategy in transition metal-catalyzed C–H func-
tionalization to access rapid molecular complexity maximizing
atom-economy.5 In this direction, cobalt and rhodium-catalyzed
SIR-Indian Institute of Chemical Biology,

ata-700032, West Bengal, India. E-mail:

(ESI) available: Optimization details,
stal data, NMR experiments. CCDC
2025280. For ESI and crystallographic
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33
stereoselective syntheses of tetra-substituted alkenes were re-
ported through the migration of the directing group.6 The
Ackermann group reported a cobalt-catalyzed pyridine-
directing group migration/annulation cascade in C–H activa-
tion.7 The Wang group reported manganese-catalyzed C–H
activation/enaminylation/DG migration cascade in an N-pyr-
imidyl protected indole system.8 The Huang group demon-
strated a multitasking directing group strategy for structural
diversication in C–H activation cascade.9 Very recently, the Li
group reported a Pd-catalyzed domino C4-arylation/3,2-
carbonyl directing group migration in indoles.10 To the best of
our knowledge, there is no report of a single atom of a directing
group (O vs. S) switch for scaffold diversication exploiting their
innate reactivity in the C–H functionalization/annulation
cascade. Benzimidazolone and benzimidazole are prevalent in
pharmaceuticals, agrochemicals, pigments, herbicides, and
ne chemicals (Fig. 1).11 The synthesis of these privileged
scaffolds primarily relies on ortho-phenylenediamine or ortho-
haloanilines.12 Recently, the oxidative annulation of anilides/
aniline is emerging as an attractive strategy for expanding the
substrate scope.13 The Zhang group reported the copper-
catalyzed synthesis of benzimidazolones and benzimidazoles
exploiting the SOMO-stabilized radical cation of diarylamines
(Scheme 1a).14 The electrophilic C–H amination has emerged as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biologically important imidazolone/imidazole core.

Scheme 1 Cascade synthesis of benzimidazole and
benzimidazolones.
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a benign alternative to construct N-heterocycles under mild
conditions.15 Although a Ru(II)-catalyzed O / N migration
during benzimidazole to benzimidazolone conversion is re-
ported,16 direct C-2 aryl migration is not reported. We disclose
here a novel single atom of a directing group switch strategy for
© 2022 The Author(s). Published by the Royal Society of Chemistry
the chemoselective synthesis of 1,3-dihydro-2H-naphtho[1,2-d]
imidazole-2-one via electrophilic ortho C–H amination, intra-
molecular cyclization, C/N 1,2-pyridyl shi or 2-(pyridin-2-yl)-
3H-naphtho[1,2-d]imidazole derivatives through an electro-
philic C–H amination/annulation cascade (Scheme 1b).

Contrary to the previous procedures, we observed an excel-
lent reactivity of the bicyclic system towards electrophilic ortho
C–H amination with secondary amines under our optimized
reaction condition.17 We hypothesized that C–H amination with
primary amine may initiate an annulation cascade via subse-
quent addition to the picolinamide directing group. The
incipient oxyanion may trigger the 1,2-migration of the direct-
ing group to provide benzimidazolone. Instead, thiophilic
copper may endorse the extrusion of hydrogen sulde to
provide benzimidazole from the corresponding thioamide
directing group (Scheme 1c). However, (1) copper-catalyzed C–H
amination with a primary amine is a formidable challenge due
to the catalyst inhibition;18 (2) a deleterious intramolecular
oxidative cyclization of the corresponding directing group may
impede the cascade process19 (Scheme 1d(i)); (3) competing peri-
and para-C–H amination of naphthalene should be sup-
pressed20 (Scheme 1d(ii)). Furthermore, C–H amination with
aliphatic primary amines is challenging and less explored.21

Results and discussion

We hypothesized that C–H amination with electrophilic
primary amine surrogates may overcome the catalyst inhibition
problem. To test our hypothesis, picolinamide-protected 1-
naphthylamine 1a, and 1.0 equiv. of O-benzoylhydroxylamine
2a was subjected to our previous reaction condition to afford
the expected imidazolone product 3a in 44% yield. In the course
of further optimization, DMSO was found to be the optimal
solvent and excellent yields of this tandem reaction, e.g., 93%
and 87% were obtained with just 5.0 and 1.0 mol% catalyst
loading, respectively (Table 1). Other copper catalysts, lower
reaction temperature, and 1.2 equiv. of 2a provided inferior
results. Free primary amines along with external oxidants such
as PIDA, K2S2O8 or Bz2O2 were able to furnish the desired
product in <5%, 12% and 32% yields, respectively. Using 1.2
equiv. of 2a along with 1.0 equiv. Bz2O2 the yield was dropped to
58%. Other metal catalysts such as Pd(OAc)2, Co(OAc)2,
Ni(OAc)2, Mn(OAc)2, FeCl2, and FeBr2 were less or ineffective for
this transformation (for detailed optimization, see the ESI†).
Other aminating reagents such as anthranil, benzisoxazole, or
oxime esters under the same condition could not afford any
desired product.

Under the optimized reaction condition, cyclic as well as
acyclic primary amines furnished the desired products in good
to high yields (Table 2). Cyclohexylamine provided an excellent
93% yield of the desired product (3a), whereas cyclopentyl,
cycloheptyl, and cyclooctylamines afforded slightly lower 78%,
65%, and 46% yields, respectively (3b–3d). In the case of acyclic
amines, yields increased with the increase in chain length (3e–
3g) and steric bulk. Surprisingly, sterically hindered sec-butyl
(3i), tert-butyl (3j), adamantylamine (3m) provided almost
quantitative yields exhibiting a positive inuence of steric bulk
Chem. Sci., 2022, 13, 5726–5733 | 5727
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Table 1 Optimization of the reaction conditionsa,b

Entry Catalyst X Oxidant Solvent Yieldb (3a)

1c Cu(OAc)2$H2O 10 — DMSO 44
2 Cu(OAc)2$H2O 10 — H2O 0
3 Cu(OAc)2$H2O 10 — MeCN 39
4 Cu(OAc)2$H2O 10 — Dioxane 62
5 Cu(OAc)2$H2O 10 — DMSO 90
6 Cu(OAc)2$H2O 5 — DMSO 93
7 Cu(OAc)2$H2O 2.5 — DMSO 90
8 Cu(OAc)2$H2O 1.0 — DMSO 87
9 Cu(OAc)2$H2O 0.5 — DMSO 72
10d Cu(OAc)2$H2O 0 — DMSO 0
11e Cu(OAc)2$H2O 2.5 — DMSO 56
12 Cu powder 5 — DMSO 83
13f Cu(OAc)2$H2O 10 PIDA DMSO >5
14g Cu(OAc)2$H2O 10 Bz2O2 DMSO 58
15 Pd(OAc)2 10 — DMSO >5
16 Co(OAc)2 10 — DMSO 20

a All reactions were carried out on a 0.2 mmol scale. b Yields refer to
here are overall isolated yields. c 1.0 equiv. 2a was used. d 25% ortho
aminated product was obtained. e Reaction was performed at room
temperature. f Free amine was used as amine source and 2.5 equiv.
PIDA as oxidant. g 1.0 equiv. Bz2O2 and 1.2 equiv. of 2a were used.
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of amines on the rearrangement cascade. Competition experi-
ment of 1a with 2m and 2n afforded 3m and 3n in 70% and
28%, respectively. Several substituted 1-naphthylamines
including methyl substitution at the C8 position provided high
to excellent yields of the desired products (3q–3y). Heterocyclic
amino quinoline and isoquinoline provided the rearranged
product in excellent yields (3z, 3aa). Delightedly, diverse (2-N-
heteroaryl) anilides serve as excellent directing groups and are
incorporated into the benzimidazolones (3ac–3ah). Interest-
ingly, 3-methyl picolinamide provided the corresponding N-
pyridyl product (3ac) via ipso-substitution. Similarly, the amides
of 5-methyl pyrazinoic (3ad, CCDC 2025269), quinaldic (3ae),
and pyrazinoic acid (3af, 3ag) also furnished in comparable
yields. Isoquinoline-1-carbamide provided a mixture of benzi-
midazolone 3ah and C–H amination product 3ah0. This may be
the result of an unfavourable tetrahedral intermediate due to
steric reasons. 6-Aminoquinoline provided the C–H amination
at the C5 position. Furthermore, sterically less hindered methyl
amine provided a corresponding 2-pyridylbenzimidazole (3aj,
CCDC 2025266), imparting the role of steric and trajectory of
the C–H amination on the subsequent rearrangement reaction.

We performed the reaction with various ortho, meta, para-
substituted anilines under the same condition and successfully
we got 30% rearranged product in 2-phenyl aniline and ortho
amination product (35%) in a 3,5-dimethoxy aniline system.
Aer getting these results, we turned our attention to optimize
5728 | Chem. Sci., 2022, 13, 5726–5733
these reactions (for detailed optimization; see the ESI†). Aer
several screenings of solvents, base or acid additives, ligands
there was no signicant improvement in the rearrangement
reaction of 2-phenyl aniline picolinamide. Increasing tempera-
ture to 100 �C product yield increased to 40%. Then, we per-
formed the reaction in different ortho-substituted anilines
(electron-donating bulky groups) to obtain rearranged benzi-
midazolones in moderate to good yields (3ak–3ao). Finally, we
were able to get an ortho C–H amination product in 3,5-dime-
thoxy aniline with 72% yield at 90 �C using 2.0 equiv. LiOtBu
(3ap). While 3,5-dimethyl substituted picolinamide furnished
the C–H amination product in 52% yield, the corresponding 3,5-
bis(triuoromethyl)aniline substrate remained unreactive
indicating a profound role of electronic nature (3aq, 3ar).
Besides cyclohexylamine, other amines also afforded the ortho
C–H amination products in moderate yields (3as–3au).
However, no benzimidazolones were formed even at a low
catalyst loading or additives, suggesting that an ortho substi-
tution w.r.t. picolinamide is crucial for the subsequent rear-
rangement reaction.

2-Pyridylbenzimidazoles are an important class of
compounds generally used as excellent ligands for metal
complexation and glukokinase activator.22 We turned our
attention to optimize the reaction for benzimidazole. Initially,
we started the optimization of benzimidazole with 1a and 2a. All
our efforts using different acidic solvents such as AcOH or TFE,
acid additives such as BzOH, TsOH, and high temperature (120
�C) to facilitate dehydration aer cyclization were in vain.
Gratifyingly, the corresponding picolinimidamide afforded the
imidazole product in 30% yield in 12 h. Since thioamides have
been proved as excellent directing groups in Pd- or Co-catalyzed
C–H functionalizations,23 we hypothesized that thiophilic
copper24 may trigger the liberation of hydrogen sulde from
thioamide instead of 1,2-pyridyl migration to furnish the
desired benzimidazole product. Hence, examining thio-
picolinamide 4a under the reaction condition resulted in the
desired 2-pyridylbenzimidazole exclusively albeit in a low yield.
Aer several screenings (for detailed optimization, see the
ESI†), using 3.0 equiv. of 2a, 20 mol% Cu(OAc)2$H2O and 1.2
equiv. of K2CO3 in DMSO at 90 �C under O2 atmosphere the
desired product was obtained in 88% yield. During the opti-
mization, we found K2CO3 and O2 to be crucial otherwise yield
dropped signicantly.

During the substrate scope studies, we observed a positive
inuence of the increasing chain length of the linear amines
(5c–5d, Table 3). Unlike imidazolones, the yields of isomeric
acyclic amines decreased with the increase in a-substitution
(5d–5g). Benzylamine, furylamine, adamantanemethylamine
and 4-amino-1-boc piperidine afforded the products in
moderate yields (5h–5k). Thioamides of 5-methyl pyrazine-2-
carboxylic acid and 2-quinaldic acids also provided the imid-
azole product in moderate yields (5l, 5m). Various substituted 1-
naphthylamines at different positions also underwent the
reaction providing the desired product in medium to good
yields (5n–5s). The reaction is also reproducible on a 2.0 mmol
scale demonstrating the practicability of this methodology. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of benzimidazolonesa,b,g

a All reactions were carried out in 0.2 mmol scale. b Yields refer to the overall isolated yields with respect to 1. c 2.0 mmol scale reaction. d 10 mol%
Cu(OAc)2$H2O is used. e Reaction temperature was 100 �C. f Additional 2.0 equiv. LiOtBu is used and reaction temperature was 90 �C. In the
competition experiment: 1a (0.20 mmol), 2m (0.50 mmol), 2n (0.50 mmol), Cu(OAc)2$H2O (0.01 mmol), dry DMSO (2.0 mL), N2, 80 �C, and 6 h.
g Reaction conditions: 1 (0.20 mmol), 2 (0.50 mmol), Cu(OAc)2$H2O (0.01 mmol), Dry DMSO (2.0 mL), N2, 80 �C, and 6 h.
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thio-picolinamide of monocyclic anilines under the same
condition mostly oxidized to picolinamide.

Intrigued by the initial C–H amination product formation
under the metal-free conditions (entry 10, Table 1), we
© 2022 The Author(s). Published by the Royal Society of Chemistry
wondered whether it can be re-optimized to achieve the desired
benzimidazolones. Initially, a mixture of C–H amination
product 1a0, imidazolone 3a and unreacted starting material
was obtained, which was subjected to the subsequent
Chem. Sci., 2022, 13, 5726–5733 | 5729
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Table 3 Substrate scope of benzimidazolesa,b,e

a All reactions were carried out in 0.2 mmol scale. b Yields refer to
overall isolated yields with respect to 4. c Picolinimidamide 4a0 used
as substrate. d Reaction in 2.0 mmol scale. e Reaction conditions: 4
(0.20 mmol), 2 (0.60 mmol), Cu(OAc)2$H2O (0.04 mmol), K2CO3 (0.24
mmol), dry DMSO (2.0 mL), O2, 90 �C, and 6 h.
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cyclization reaction (Table 4). However, the work-up of the
reaction mixture and the subsequent addition of benzoyl
peroxide converted the C–H amination product to the desired
Table 4 Optimization of the metal-free conditiona,b,e

Entry Amine source Equiv. of 2 Yieldb (3)

1 2a: R ¼ H 2.5 25
2 2a: R ¼ H 4.0 25
4 2a2: R ¼ 4-NMe2 4.0 65
5 2a3: R ¼ 4-CF3 4.0 10
6 2a4: R ¼ 4-tBu 4.0 20
7 2a5: R ¼ 4-OMe 4.0 41
8 2a6: R ¼ 3,5-di Cl 4.0 0
9 2a7: R ¼ pentauoro 4.0 25
10c 2b2: R ¼ 4-NMe2 4.0 44
11d 2a2: R ¼ 4-NMe2 4.0 70

a All reactions were carried out on a 0.1 mmol scale. b Yields refer to
here are isolated yields aer two steps with respect to 1. c Protected
cyclopentylamine was used and reaction time was 12 h. d Substrate 1r
was used. e Reaction conditions: 1st step: 1 (0.10 mmol), 2 (0.40
mmol), dry DMSO (1.0 mL), N2, 90 �C, and 48 h. 2nd step: Bz2O2 (0.75
equiv.), DMSO, N2, 80 �C, and 1 h.

5730 | Chem. Sci., 2022, 13, 5726–5733
annulation product. Increasing the amine source 2a to 4.0
equiv. or temperature to 90 �C did not improve the yield.
Gratifyingly, varying different substituents in the phenyl ring of
2, we observed that 4-NMe2 substitution furnished the product
in 65% yield. Protected cyclopentylamine afforded the desired
product in 44% yield in 12 h. Monocyclic substrates were
unreactive under metal-free conditions. Notably, the possibility
of metal contamination was excluded by using all new glass-
ware, freshly distilled solvents, and repeating the reaction at
least four times. Although, this metal-free, two-step process has
inherent limitations, we anticipate that it has profound mech-
anistic implications.

To gain insight into the reaction mechanism, when an equi-
molarmixture of 1r and 1acwas treated in our reaction condition,
3r and 3ac were formed and no cross-over product was isolated
suggesting an intramolecular 1,2-pyridyl migration (Scheme 2a).
Unsymmetrically-substituted 5-methyl pyrazine anilide 1ad
afforded the imidazolone product 3ad exclusively through ipso
C–N bond formation (Table 2). Either performing the reaction at
room temperature for a shorter time or quenching the reaction
aer 1.5 h, a mixture of the starting material, C–H amination
product 1a0, and rearranged product were observed. Heating
a preformed C–H amination product 1a0 in absence of 2a <5%
product was formed. However, a combination of copper catalyst
and O-benzoylhydroxylamine 2a (1.5 equiv.) or even benzoylper-
oxide alone furnished the desired 3a in high yields (Scheme 2b).
Therefore, besides an aminating agent, 2a also acts as an oxidant
for catalytic turnover. Furthermore, the imidazole product 5a was
not converted into the corresponding imidazolone 3a under the
Scheme 2 Control experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reaction condition, suggesting a plausible concerted cyclization/
1,2-pyridyl migration pathway (Scheme 2c). In place of picolina-
mide 1a, the corresponding benzanilide 6 or 7 did not furnish any
desired product (Scheme 2d). 7 does not undergo any rear-
rangement even in the presence of Bz2O2, suggesting that the
pyridyl-nitrogen is not only involved in the directed C–H amina-
tion but also in the subsequent steps. In both conditions, 7
underwent decomposition with 50% starting material recovery.
To examine the involvement of radicals in this C–H amination/
migratory annulation cascade, we performed the reaction in the
presence of 2.0 equiv. of TEMPO. The yield was slightly decreased
from 93% to 82% (Scheme 2e). Further, cyclization from a pre-
formed amination product 1a0 furnished an almost similar yield
in the presence of TEMPO. Hence, the single electron transfer
(SET) process may not be involved in the migratory cyclization
step. Then, we performed the time-dependent 1H NMR experi-
ment to get a clue about the intermediate of the rearrangement
reaction. We took 1a0 in a NMR tube in DMSO-d6 and 1.0 equiv. of
Bz2O2 was added to it for recording the time-dependent 1H NMR
spectra at room temperature (Fig. 2). Aer 5–7 min, a new peak
corresponding to Hb or Hb0 appeared at 8.71, which was slowly
decreased and nally diminished while the desired product was
formed. In this study, the chemical shi of the ortho proton of
pyridine (Ha) in 1a0 is indicative of the formation of intermediate
VII or VIIa0, which gradually shied to more upeld in the
intermediates and then in the product (Hd). It indicates that the
electron-withdrawing effect of the amide-carbonyl is no longer
persists in the intermediate pointing either of the intermediates
VII or VIIa0 (Hb or Hb0). Since the chemical shi value in the
intermediate is closer to the product than the starting material,
we assume that the new C–N bond may already have been
formed, which is in favor of the intermediate VIIa0 (for full
spectrum, see the ESI†).

A CuI/CuIII cycle may be involved in this cascade reaction as
reported by the Li, Gaunt, Stahl, and other groups.25 Based on
control experiments and the above literature reports, Cu(II) salt
rst undergoes disproportionation to form an active CuI species,
which undergoes oxidative addition toO-benzoylhydroxylamine 2
Fig. 2 Time-dependent 1H NMR experiment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
forming a CuIII complex, I (Scheme 3). This complex chelates with
the substrate 1 or 3 forming II, which then undergoes electro-
philic aromatic substitution type reaction generating III. Simi-
larly, intermediate IVmay also form under metal-free conditions.
The pyridine of the picolinamide may work as a proton shuttle
that abstracts ortho proton and delivers to the amide nitrogen
during rearomatization through V providing ortho amination
products VI. Next, a tetrahedral intermediate VII may form
through the intramolecular attack of the amine moiety to the
amide/thioamide carbonyl group. The nucleophilic nitrogenmay
attack at the ipso position of the pyridine moiety in the presence
of the second molecule of the CuIII-complex I, forming VIIa that
explains the need for an excess (2.5 equiv.) amount of O-ben-
zoylhydroxylamine.26 A similar kind of an intermediate, VIIa0 may
generate in the presence of Bz2O2 in the metal-free pathway. This
kind of a three-membered cyclic intermediate is claimed by the
Feng group for aryl migration.27 A similar O / C pyridyl migra-
tion through the de-aromatization of the pyridine ring was re-
ported.28 Then, a 1,2-pyridyl migration from C / N may take
place to furnish the corresponding benzimidazolone product 3
and regenerates the active CuI species. VIIa0 also furnishes the
product in a similar fashion. It is further supported by the fact
that electron-donating substitution (e.g. ethyl, isopropyl in case of
Scheme 3 Proposed reaction mechanism.

Chem. Sci., 2022, 13, 5726–5733 | 5731
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Scheme 4 Deprotection of the N-heteroaryls of the benzimidazolone
product.
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monocyclic anilines) at the o0-position has a positive inuence in
the reaction outcome. However, the tert-Bu group may hinder the
reaction slightly due to steric inhibition. Owing to the distinct
reactivity of thiol than the corresponding oxygen analogue,29

a putative 4-membered cyclic intermediate VIIb may form with
thiophilic copper from the tetrahedral thiolate intermediate
(Scheme 3). Subsequently, the elimination of hydrogen sulphide
provides the thermodynamically favourable benzimidazoles (5)
regenerating Cu(II). However, the exact mechanism is not clear at
this moment and warrants further studies.

Our efforts to utilize the pendant pyridine moiety for further
C–H functionalization (thioarylation, alkynylation) at the peri-
position remained unsuccessful at this moment. However, to
expand the synthetic utility of this migratory annulation
cascade, the pyridine and pyrazine moieties were deprotected
from the representative benzimidazolones (3a, 3ag) using a re-
ported condition providing 8a and 8b in 70% and 55% yield,
respectively (Scheme 4).30 The free –NH moiety can be further
manipulated to achieve further molecular diversity.
Conclusions

In conclusion, we have demonstrated a directing group-dependent
complete switch of product selectivity in copper-catalyzed electro-
philic C–H amination with protected primary amines. The benzi-
midazolones are formed via an unprecedented electrophilic ortho
C–H amination with primary amines, intramolecular cyclization,
and 1,2-directing group migration from carbon to the nitrogen
center. Remarkably, one C–H and C–C bond cleavage and three
new C–N bond formations take place in a single operation in this
migratory annulation cascade. Strikingly, by changing the picoli-
namide directing group to the corresponding thiopicolinamide,
the chemoselectivity is switched to form 2-pyridylbenzimidazoles
via the extrusion of H2S. Inexpensive copper catalyst, scale-up
synthesis, low catalyst loading, and controlled scaffold diversi-
cation are some of the practical aspects of this tandem reaction.
From the preliminary studies, the benzimidazolone product was
also obtained in good tomoderate yields in two steps under metal-
free conditions. The in-depth mechanistic studies and investiga-
tion of metal-free conditions of this divergent tandem reaction is
undergoing in our laboratory.
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