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ABSTRACT: Biaryls are extremely important structural motifs in 

natural products, biologically active components and 

pharmaceuticals. Selective synthesis of biaryls by distinguishing 

the subtle reactivity difference of distal arene C−H bonds are 

significantly challenging. Herein we embarked on exploring the 

para-selective C−H arylation which is contemplated by a unique 

combination of a meta-directing group and norbornene as 

transient mediator. Upon direct meta-C−H palladation, one bond 

relay palladation has been envisioned in presence of 

norbornene and subsequently para-C−H arylation is achieved for 

sulfonates, phosphonates and phenols bearing 2,6-

disubstitutions. The protocol is amenable with electron deficient 

aryl iodides. Multisubstituted arenes and phenols were obtained 

by postsynthetic modification of the products. The protocol 

allowed to synthesize hexa-substituted benzene by sequential 

selective distal C−H functionalization. 

An unprecedented upsurge has been observed over last few 
decades to perform the site selective transformations of inert 

C−H bonds.  The selective C−H functionalizations eventually 
enriched synthetic toolbox to build up molecular complexity that 
are present in natural products, drug molecules and 
pharmaceuticals.1 In this regard, directing group (DG) assisted 

C−H functionalization has been considered as one of the 
successful approaches. However, major success stories evolved 

around the proximal ortho-C−H activation as it provides required 
impetus to overrule steric or electronic controlled 
functionalizations by the formation of stable five to six 
membered metallacycle.2 Selective functionalizations at distal 
meta- and para-position still remained less developed. While a 
few elegant approaches are known to expand the scope of 

arene meta-C−H functionalizations,3 in contrary, para-selective 

C−H functionalization4 are significantly limited to a few scaffolds. 
Nevertheless, Itami and co-workers have developed a protocol 
for para-selective borylation by utilising steric governance of 
ligand under iridium catalysis in 2015 (Scheme 1b).5 
Chattopadhyay and co-workers demonstrated a L-shaped 
template to perform the Ir-catalyzed borylation of alkyl benzoate 
(Scheme 1c).6 Hiyama and co-workers have disclosed a C4-
selective alkylation of pyridine by utilizing the nickel and Lewis 
acid catalysis (Scheme 1d).7 Nakao group has revealed para-
alkylation with nickel and para-borylation by iridium catalyst in 
association with Lewis acid.8 A Ru-catalyzed para-selective 
alkylation was achieved by Frost (Scheme 1e)9a and Zhao group 
(Scheme 1f)9b,c in 2017 and 2018, respectively. While all these 
reports are centered around borylation and alkylation, in 2015, 
we reported a D-shaped template to promote para-selective 

olefination under palladium catalysed conditions (Scheme 1a).10a 
Subsequently we have expanded the scope of functionalization 
in a para-selective fashion by employing Pd10b-d as well Rh11 
catalyst. Very recently, in 2020, Yu group has revealed an 
elegant protocol for para-selective arylation of hydrocinnamic 
acid (Scheme 1g) with the help of Pd/norbornene co-operative 
catalysis.12 The method also demonstrated a bimetallic 
approach where one end of a heterocycle is docked with a 

palladium-bound template and the distal C−H bond at the other 

end undergoes C−H activation by the appended cyano group 
subsequently further one bond relay process in presence of 
norbornene permits the selective functionalization at the 

“previously inaccessible remote C−H bond” of heterocycles. 
Controlling such a complex catalytic process, which enables 

site-selective distal C−H arylation of a wide range of 
heterocycles and hydrocinnamic acids, by proper combination of 
reagents will certainly be beneficial for modern organic synthesis.  
Scheme 1. Prior reports on para-selective functionalization 

 
Biaryls are significantly important building blocks in 
pharmaceuticals and agrochemicals owing to its stability and 
easy installation in organic-frameworks which provides required 
geometric rigidity and it is also well known as a unique spacer in 

organic materials.13 Additionally, it’s extended -conjugation can 
manipulate several physico-chemical properties such as 
conductance, light absorption and emission or magnetic 
properties which plays a crucial role in developing optoelectronic 
devices, liquid crystals and in several other organic materials.14 
Therefore, it is extensively important to incorporate an arene ring 
selectively at para-position which will accelerate the 
development related to biaryl synthesis. We, in particular, were 

interested in para-C−H arylation relying on DG-assisted strategy. 
Unfortunately, till date, our D-shaped assembly for para-

selective C−H functionalizations by palladium is successful only 
for olefination,10a,b acetoxylation,10a,e silylation10c ketonisation10d 
and cyanation10f reaction. However, the urge to find an alternate 
approach that would allow us to diversify the scope of para-
functionalizations, in particular, arylation has driven us to explore 
the potential of one bond palladium relay Catellani chemistry.15 
Inspired by the Pd-norbornene co-operative catalysis for meta-

C−H functionalization with the help of ortho-DG,16 we envisaged 
that our previously developed meta-DG can facilitate the meta-

C−H palladation, subsequent norbornene coordination and -
migratory insertion will result a palladium relay process towards 

para-C−H activation. This para-C−H palladated species will now 
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provide a platform to incorporate several functional moieties 
selectively at the para-position with suitable electrophilic 
coupling partner.  

Scheme 2. Proposed design for para-C−H functionalization 

 
We anticipated and faced a series of potential issues for 

implementing the proposed para-C−H functionalization with 

norbornene (Scheme 2). Upon initial meta-C−H palladation (B) 
involving meta-DG, direct meta-functionalization can lead to the 
meta-functionalized products (C), which will prevent further 
palladation relay. On the other hand, if the meta-functionalization 
is overridden by the faster norbornene coordination and 
subsequent migratory insertion to allow the expected palladium 

relay, then there are two probable paths of C−H palladation; 
path A: ortho-palladation (D), which again prohibits desired distal 

C−H activation, Path B: the expected para-C−H palladation (E). 
In either case, reductive elimination leads to the formation of the 
benzocyclobutane moiety (F and G, respectively), which 

precludes the possibility of further C−H functionalization. 

Table 1. Optimization of template and DGs 

 
Nevertheless, a faster electrophilic oxidative addition can 
suppress the unwanted cyclobutane formation. Finally, a 

sequence of reductive elimination, -carbon elimination and 
protonation is followed to produce the desired para-
functionalized compound (I) and extrusion of norbornene. 
Similar reaction sequence is also followed in Path B to deliver 
the potential side product H. Yet another impending challenge is 

the competitive binding between active norbornene and the 

weak coordinating DG, which may prevent the initial meta-C−H 
activation.  
Despite the aforementioned difficulties, we devoted our focus in 
finding a prudent combination of substrate, catalyst, ligand, 
norbornene derivative and electrophile. We started with 
phenylmethane sulfonate scaffold (T1) in presence of 
norbornene carboxylate (NBE-CO2Me) (2 equiv.), Pd(OAc)2 (10 
mol%), N-Ac-Gly-OH  (20 mol%), AgOAc (2 equiv.) and methyl-
4-iodobenzoate (2 equiv.).15h, 16b Unfortunately, we failed to 
detect desired para-arylated compound. We remained 
unsuccessful while 2-methyl phenylmethane sulfonate scaffold 
(T2) was treated in a similar fashion. These observations led us 
to realize that the steric congestion should be increased in the 

transition state of -carbon elimination step. Hence, it is 
important to provide an ortho-substitution to ensure the 
necessary steric pulse. The proposition was also established by 

the study of Catellani and Dong.15b-d, 15k It was found that the -
carbon elimination was facilitated by the presence of ortho-
disubstitution.  

Table 2. para-C−H Arylation of sulfonate scaffolds 

 
Encouraged by these studies, we were delighted to obtain the 
para-selective arylation while 2,6-dichlorobenzylsulfonyl ester 
was treated with methyl-4-iodobenzoate in presence of 
Pd(OAc)2 (10 mol%), N-Ac-Gly-OH (20 mol%), AgOAc (2 equiv.), 
and NBE-CO2Me (2 equiv.) in HFIP at 80 °C in 56% yield with 
para:others >20:1 selectivity. Incorporation of 2,6-disubstitution 
was beneficial in two ways; (i) it eliminates the possibility of 
norbornene relay to ortho-position and the subsequent side 

reactions, (ii) it provides the propulsive drive for -carbon 
elimination, one of the crucial steps of the catalytic process. 
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With the T3 template we carried out the optimization study for 
other potential directing group including weak co-ordinating 

cyano based DGs (DG1 to DG3) as well as strong -coordinating 
pyrimidine-based DG (DG4), which we have extensively studied  
recently. Simple 2-cyanophenol DG (DG1) was found to be 
inferior compared to the other cyano-based DGs, whereas DG2 
was found to be superior than DG3 and DG4. Briefly accounting 
on different norbornene derivatives, it was observed that 
norbornene carboxylate (N3) provided better reactivity in 
comparison to N1 and N2. Finally the detailed optimization 
studies revealed that 10 mol% Pd(OAc)2, 20 mol% N-Ac-Gly-OH, 
3 equiv. AgOAc and 1.5 equiv. NBE-CO2Me were required to 
achieve the maximum yield and selectivity in presence of 3 
equiv. of iodoarene at 110 °C in HFIP.  

Table 3. para-C−H Arylation of phosphonate scaffolds 

After having the optimized reaction conditions in hand, we 
turned our focus in diversifying the reaction scope. para-Arylated 
sulfonate scaffolds can act as important synthones in organic 
synthesis. Upon hydrolysis, sulfonic acid can be derived and the 
corresponding salts are used in coupling reactions. To diversify 
the scope of sulfonate scaffolds we tested several aryl iodides 
bearing ester (3a and 3b) or nitro (3c) groups to provide the 
desired para-arylated compounds in good to excellent yields and 
selectivity. As mentioned earlier, 2,6-disubstitution was 

unavoidable15b-d,15k,12  to harness the desired palladium relay 
reactivity to achieve para-selective arylation. Therefore, we 
diversified the scope of arenes with respect to various 2,6-
disubstituted templates. ortho-Chloro-fluoro-di-substituted 
sulfonate scaffolds (1d – 1k) were compatible under the reaction 
conditions and produced the desired product up to 81% (3d) 
yield in >20:1 selectivity. Strikingly, electron deficient di-fluoro 
substituted scaffolds have also been successfully employed for 
the desired biaryl synthesis under the present protocol without 
compromising yields and selectivity (3l and 3m). The desired 
biaryl compounds were confirmed by X-ray crystallography (3h 
and 3k).  

Table 4. para-C−H Arylation of phenol scaffolds 

 

The generality of the protocol was further examined with respect 
to the benzylphosphonate scaffolds. Organophosphonates are 
prevalent structural motifs in bio-organic, pharmaceuticals, 
agrochemicals and in oragnocatalysis.17 Organophosphonates 
are also well known synthones in synthetic chemistry that 
includes alkene synthesis via Horner-Wadsworth-Emmons 
reaction.18 Therefore, a range of 2,6-disubstituted 
benzylphosphonate were employed for late stage para-arylation 
under the present reaction conditions. Substituents, irrespective 
of their steric and electronic nature are well tolerated under the 
present conditions. Electron rich and sterically encumbered 2,6-
dimethyl substituted phosphonate scaffolds delivered the para-
arylated products smoothly up to 75% yield in excellent 
selectivity (6a). 2,6-Dihalo substituted arenes (6j - 6r) or 2-
fluoro-6-trifluoromethyl substituted arenes (6s - 6u), which are 

electronically poor substrates and C−H activation step is 
retarded, have easily delivered the para-arylated products 
without compromising in yields and selectivity. Aryl iodides 
containing electron withdrawing groups at ortho-, meta-, para- or 
even ortho-para-positions were easily coupled to deliver the 
desired products.  
To diversify the scope of this protocol, we later on embarked on 
exploring the scope for para-arylation of phenols. A simple route 
to para-arylation of phenols will certainly be beneficial for drug 
diversification, natural product synthesis and biologically active 
components preparation. In this regard, we were able to 
demonstrate that both the electron rich and electron deficient 
phenol can be para-arylated under present reaction conditions. 
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A number of aryl iodides bearing functional groups such as ester, 
acyl, amide, nitro have been utilized for para-arylation (Table 4).  

Scheme 3. Removal of directing group 

 
Scheme 4. Importance of present protocol via postsynthetic modification 

The directing group was successfully removed from the para-
arylated compounds to diversify the synthetic scope of present 
protocol (Scheme 3). para-Arylated phenylmethane sulfonic acid 
(10) and para-arylated phenylmethane phosphonic acid (12) 
were obtained in 78% and 74% yields, respectively, under basic 
hydrolysis of 3a and 6m (Scheme 3, eq. 1 and eq. 2, 
respectively). After procuring the para-arylation by palladium 
relay process, a direct meta-functionalization can be achieved 
with the help of appended meta-DG. In this context, para-
arylated compound, 6m was employed under meta-olefination 
conditions and a di-meta-olefinated compound (13) was 
obtained in 66% yiled (Scheme 4, eq. 1). Thus a hexa-
substituted benzene, 13 is easily accessible using this 
sequential functionalization strategy. Fully functionalized phenol, 
15 which is difficult to prepare by other methods, was also 
synthesized using this protocol (Scheme 4, eq. 3). Neverthless, 
carboxylate directed ortho-functionalization of appended para-

aryl group was also amenable without any interefernce from 
meta-DG. ortho-Acetoxylation of lower benzene in 6m was thus 
offered 14 in 61% yiled (Scheme 4, eq. 2).  
In summary, a para-selective arylation has been achieved 
employing our previously developed simple cyanophenol based 
meta-directing group. To attain the para-selective 
functionalization we relied on one bond relay palladation in 
presence of norbornene as the transient mediator. The scope of 
the protocol is demonstrated with respect to sulfonate, 
phosphonate and phenol substrates. Electron deficient, 
activated aryl iodides are coupled with 2,6-disubstituted arenes 
with precise para-selectivity. Notably, 2,6-disubstitution is 
unavoidable to harness the desired reactivity. Successful 
removal of appended directing group resulted in functionalized 
phenylmethane sulfonic acid and phenylmethane phosphonic 
acid. Sequential multifunctionalizations were also achieved to 
derive fully substituted benzene and phenol.  
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Directing group assisted regioselective C-H functionalization at distal position has drawn significant attention in recent years. 

Palladium-norbornene cooperative catalysis, typically known as Catellani reaction, was recently investigated to effectuate distal 

meta- and para-C-H functionalization. In the present report, we demonstrated para-selective arylation of sulfonates, phosphonates 

and phenols derivatives bearing 2,6-disubstitutions with the help of a suitable meta-directing group in association with Pd and 

norbornene cooperative catalysis. The present protocol allows to synthesize hexa-substituted arenes easily via sequential 

regioselective C-H functionalization. 
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