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Abstract: Decarbonylative borylation of carboxylic acids is reported. 

Carbon electrophiles are generated directly after reagent-enabled 

decarbonylation of the in situ accessible sterically-hindered acyl 

derivative of a carboxylic acid under catalyst controlled conditions. 

The scope and the potential impact of this method are demonstrated 

in the selective borylation of a variety of aromatics (>50 examples). 

This strategy was used in the late-stage derivatization of 

pharmaceuticals and natural products. Computations reveal the 

mechanistic details of the unprecedented C–O bond activation of 

carboxylic acids. By circumventing the challenging decarboxylation, 

this strategy provides a general synthetic platform to access 

arylpalladium species for a wide array of bond formations from 

abundant carboxylic acids. The study shows a powerful combination 

of experiment and computation to predict decarbonylation selectivity.  

Carboxylic acids are considered as ideal substrates for organic 

synthesis.[1–3] Transition-metal-catalyzed cross-coupling 

reactions of carboxylic acids proceed via decarboxylative or 

decarbonylative pathways.[4,5] While decarboxylative cross-

coupling reactions have been utilized to great extent to generate 

aryl nucleophiles,[6] the development of decarbonylative 

reactions to provide aryl electrophiles has met with limited 

success (Figure 1).[7,8] In contrast to decarboxylative cross-

couplings which typically generate aryl nucleophiles or are 

performed under oxidative conditions, decarbonylative manifold 

proceeds under redox-neutral conditions and employs readily 

accessible activated carboxylic acid derivatives that permit 

selective oxidative addition of a carboxylic acid to a low valent 

metal center.[4,8] While several activators have been employed in 

the past (e.g. acid chlorides, anhydrides, esters, amides), all of 

these reagents are limited by stability to the reaction conditions, 

selectivity of the oxidative insertion step, and ease of 

preparation from carboxylic acids, typically necessitating a 

separate step involving chromatographic purification[9] which 

hinders the broad applicability of these methods.  

The control of decarbonylation (vs. more straightforward 

acyl-coupling)[10–12] has remained an enduring challenge to the 

development of direct redox-neutral cross-coupling reactions of 

common carboxylic acids in the cross-coupling arena.[4–8] Given 

the widespread availability and the tremendous potential of the 

direct cross-coupling of carboxylic acids, we envisioned that the 

overall net decarbonylative-like process could be achieved by 

 

Figure 1. Cross-coupling of aryl halides and carboxylic acids. 

sequential C(acyl)–O bond activation and controlled 

decarbonylation, which engages carboxylic acids in a modular 

decarbonylative cross-coupling platform.[4,5] This strategy will 

furnish carbon–heteroatom bonds via the classical oxidative 

addition mechanism[13] under redox-neutral conditions, with the 

goal of providing an effective solution to the routine application 

of carboxylic acids as ubiquitous cross-coupling partners in 

chemical synthesis (Figure 1). 

We first targeted decarbonylative borylation of carboxylic 

acids because of the key importance of aryl–boron bonds in 

diverse areas of chemical science (Figure 2).[14] Previous studies 

have shown that decarbonylative borylation of esters and 

amides with Ni and Rh catalysis is feasible;[15] however, no 

method for either the versatile Pd-catalyzed borylation[16] of 

these substrates or much more broadly applicable borylation of 

carboxylic acids[1,2,10–12] in any form are currently available, 

which underscores the challenge that these substrates present 

to decarbonylative processes. 

The proposed coupling was examined using benzoic acid 

and B2pin2 as model substrates. To our delight, we found that 

the combination of Pd(OAc)2 (5 mol%) and dppb (10 mol%) in 

the presence of piv2O (1.5 equiv), and Et3N (1.5 equiv) as base 

delivered the desired coupling product in 95% yield on a gram 

scale.[17] A summary of key optimization results is presented in 

the SI. In all cases examined, formation of acyl products was not 

detected in crude reaction mixtures, consistent with high 

capability of the metal catalyst to facilitate decarbonylation.  

Having identified the optimal conditions, we next examined 

the scope of this new aryl–B forming reaction using common 

carboxylic acids substrates (Figure 2A). As shown, the scope of 

the reaction is very broad and tolerates an extensive array of 

carboxylic acids, including simple (2a-d) and sterically-hindered 

carboxylic acids (2e-h, 2x), as well as those bearing diverse 

neutral, electron-donating and electron-withdrawing substituents 

(2d-w). Perhaps the most notable feature of new method is the 

capacity to tolerate a broad palette of functional groups that are 

poised for further manipulation or form key components in 

synthetic campaigns across all research settings, including 

halides (2l, 2v-w), nitriles (2m, 2q), esters (2n, 2r, 2am, 2an), 

ketones (2o, 2s, 2at), aldehydes (2p, 2t), amides (2ap, 2ar), 

phenols (2ak), anilines (2u, 2ao, 2aq, 2as), nitrogen- (2y, 2aa,  
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Figure 2. Scope of decarbonylative borylation. [a] Carboxylic acid (1.0 equiv), Pd(OAc)2 (5 mol%), dppb (10 mol%), B2pin2 (1.5 equiv), 
Et3N (1.5 equiv), piv2O (1.5 equiv), dioxane, 160 °C, 15 h. [b] Performed using PhCOCO2H. [c] Performed using B2nep2. 

[d] PhI (1.5 equiv), 
[Ru(p-cym]Cl2]2 (4 mol%), PCy3HBF4 (8 mol%), K2CO3 (1.0 equiv), NMP, 100 °C, 15 h. [e] PhBr (1.2 equiv), Pd(OAc)2 (3 mol%), Na2CO3 
(2.0 equiv), EtOH/H2O, 100 °C, 15 h. [f] PhNHMe (1.0 equiv), Pd2(dba)3 (1 mol%), Xphos (5 mol%, K2CO3 (2.0 equiv), t-BuOH, 110 °C, 
15 h. See SI for experimental details. 
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Figure 3. DFT-calculated reaction energy profile and chemoselectivity of C–O bond activation of [Pd(dppb)]-catalyzed decarbonylative 
borylation of benzoic pivalic anhydride. See SI for computational details. 

2ab, 2ac, 2as), sulfur- (2z, 2ad, 2af) and oxygen-heterocycles 

(2ae, 2ao), amines (2u, 2ao), lactams (2ap), sulfonate esters 

(2ai), sulfonamides (2aj), trifluoromethyl ethers (2al). It is 

particularly noteworthy that this protocol provides direct access 

to late-stage derivatization of drugs (probenecid, 2aj), pesticides 

(diflufenican, 2as), bioactive probes (estrone, 2at) and natural 

products (tocopherol, 2au). Clearly, these reactions are enabled 

by the direct utilization of the carboxylic acid functional handle, 

and further illustrate the outstanding functional group tolerance 

of the protocol.  

As a further evidence of the synthetic utility of this new aryl–

B forming method, we demonstrated illustrative protocols for 

sequential cross-coupling exploiting orthogonal properties of 

carboxylic acids to provide high-value traceless mode of 

reactivity, including C–H arylation/borylation (2av),[18] Suzuki-

Miyaura cross-coupling/borylation (2i),[19] and 

amination/borylation (2aw)[20] according to the Buchwald 

protocol (Figure 2B). We note that, at present, aliphatic 

carboxylic acids are not tolerated due to facile beta-hydride 

elimination. The reaction tolerates the presence of Bpin residues.  

Recent advances in computational studies render DFT 

calculations a reliable tool in predicting mechanisms of catalytic 

cross-coupling reactions.[21,22] To gain insight into the proposed 

Pd(0)/(II) decarbonylative cross-coupling platform, density 

functional theory (DFT) calculations were performed elucidating 

the mechanistic details and origins of chemoselectivity of the C–

O bond activation (Figure 3). The computed free energy profile 

of the overall catalytic cycle of decarbonylative borylation is 

shown in Figure 3A. The C–O bond activations of carboxylic acid 

anhydride via TS5 and TS16 are facile and reversible, leading to 

two acylpalladium species 6 and 17 in equilibrium.[23] 

Subsequent decarbonylation via TS7 is significantly more 

favorable than the decarboxylation via TS18, which corroborates 

the proposed decarbonylative strategy to activate carboxylic 

acid.[24] The arylpalladium intermediate 9 then undergoes the 

transmetallation[25] and reductive elimination[26] to produce the  
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Figure 4. DFT-calculated free energy changes of decarbonylative borylation of acylpalladium. Free energies in kcal/mol are in parenthesis. 

decarbonylative borylation product 15. The computations 

suggest that the acylpalladium intermediate 6 is the resting state 

of the catalytic cycle, and that the transmetallation step via TS11 

is the rate-determining step with an overall barrier of 32.0 

kcal/mol (6 to TS11).[27] We also attempted to locate the four-

membered ring transmetallation transition state.[25a,28] However, 

all the computations led back to the six-membered ring TS11. 

The substituent of carboxylic acid anhydride controls the 

chemoselectivity of C–O bond activation and functionalization by 

steric effects. Figure 3B shows the free energy changes of the 

two competing C–O bond activation pathways. Both 

transformations have the transmetallation step determines the 

overall catalytic efficiency, and the C–O bond activation of 

benzoic acid is more favorable by 4.7 kcal/mol (TS11 vs. TS21, 

Figure 3C). This is consistent with the experimental observations 

that only the C–O bond of benzoic acid is cleaved. The detailed 

free energy changes of the reaction pathway involving C–O 

bond activation of pivalic acid are included in the Supporting 

Information (Figure S1). 

To understand the origins of the chemoselectivities of C–O 

bond activation, the decarbonylative borylation of a series of 

acylpalladium species were studied (Figure 4). From the 

LPd(COPh)(OPiv) intermediate 6, the decarbonylative borylation 

TS11 is 32.0 kcal/mol higher in free energy. Changing the 

pivalate group to benzoate group barely affects the overall 

barrier, the corresponding transmetallation barrier is 31.1 

kcal/mol (23 to TS25). In addition, the comparisons between 23 

and 26 suggest that the benzoylpalladium and acetylpalladium 

intermediates have similar transmetallation barriers. Only with 

the pivaloylpalladium species 17, the decarbonylative borylation 

barrier increases to 35.3 kcal/mol, which clearly suggests that 

the steric repulsions of the tBu group lead to the high barrier of 

decarbonylative borylation and shut down the corresponding C–

O bond cleavage pathway. The steric effects of the tBu group 

are reflected by the highlighted angle in the transmetallation 

transition states; the angle of TS21 is significantly larger than 

those of the other transmetallation transition states (TS11, TS25 

and TS28). These results highlight the importance of anhydride 

design to achieve the desired C–O bond cleavage of carboxylic 

acid. The calculations revealed the mechanistic details of the 

unprecedented C–O bond activation of carboxylic acids. By 

circumventing the challenging decarboxylation, this strategy 

provides a general synthetic platform to access arylpalladium 

species for a wide array of C–X bond formations from abundant 

carboxylic acids. 

In conclusion, this work demonstrates that a combination of 

experiment and computations serves as a powerful tool to 

navigate selectivity of decarbonylative processes of carboxylic 

acids. With all the benefits that carboxylic acids bring to 

chemical science, this approach will greatly expand the pursuit 

of a wide variety of cross-coupling reactions.  
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challenging decarboxylation, this strategy provides a general synthetic platform to 

access arylpalladium species for a wide array of bond formations from abundant 

carboxylic acids. Computations illustrate the origin of activation selectivity. 
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