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Abstract
Remote C4-H functionalization of a-naphthoic acids is highly challenging due to the presence of
proximally more accessible C-H bonds at the C2 and C8 positions. Herein, we report the �rst palladium-
catalysed direct C4 arylation of 1-naphthamides with high regioselectivity and excellent functional group
compatibility. The regioselectivity of this one-step reaction could be switched to the C7 position by simply
changing the directing group under otherwise identical conditions. Diverse aryl couples were found
compatible for both C4 and C7 arylation. Control experiments and kinetic studies were carried out to
identify the mechanistic motives of the unique selectivity switch.

Full Text
The development of regio- and stereo-selective reactions that nevertheless preserve atom-economy is the
ultimate goal in the �eld of organic synthesis. Transition metal catalysis has been ever bringing us closer
to this goal by allowing simpler and more e�cient pathways to synthesizing large and complex
molecules.1 For instance, the discovery of cross-coupling reactions revolutionized the synthesis of multi-
aryl molecules by signi�cantly reducing the number of the synthetic steps needed.2,3 However,
requirement of pre-functionalized reactants is the preeminent pitfall of cross-coupling reactions,
especially ones involving complex molecular structures. Traditional multi-step synthesis routes to such
precursors are no longer deemed effective and the development of newer methodologies with superior
e�ciencies is continuously needed. The other main elementary concern in these reaction systems is their
control over regio-selectivity. The dilemma caused by the presence of ubiquitous C-H bonds has often
been addressed via the directing group strategy.8-12 In directed approaches, the relatively accessible
formation of thermodynamically favourable 5 or 6-membered metallacycles usually leads to proximal
functionalization via C-H activation.13-16 In contrast, functionalizing distal C-H bonds remains challenging
to a great extent due to thermodynamic and entropic reasons alike.  Many efforts have been dedicated to
reach such distal positions, primarily through the installation of heavy and rigid directing groups.8,17-21

Anyways, the processes of installation and post-functionalization removal of the aforementioned
directing auxillaries reverts us back to the initial question of e�ciency and atom economy. All things
considered, development of non-directed methods or ones that involve lighter directing groups is
imperative to the context of the current scenario of synthetic chemistry.

Naphthalene is among the simplest of polycyclic arenes and it is found at the core of numerous bioactive
and industrially important molecules. Substituted naphthalenes, including a-naphthoic acid derivatives,
have diverse applications in the synthesis of pharmaceuticals, photochemicals, plant growth hormones,
dyes, and other useful materials. 22 The classical functionalization of naphthalene and their derivatives
usually obeys electronic guidance; however, only a limited scope of functional groups could be
incorporated, and the presence of two rings often complicates regio-selectivity. Moreover, synthesizing
halide substituted naphthalene derivatives for cross-coupling reactions is a challenge in its own right.23-25
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Therefore, selective distal C-H functionalization of naphthalene derivatives is a stimulating demand in
synthetic chemistry.

There are several examples of existing transition metal-catalysed C-H functionalization of a-substituted
naphthalene. Most of these examples are directing group-assisted proximal ortho-functionalizations
mediated by the formation of thermodynamically stable metallacycles. 26-27 Similarly, diverse peri-C-H
functionalizations have been accomplished via the formation of favourable metal coordinated
intermediates.28,29 However, reports of installation of any functional groups at other positions have been
scarce. In this direction, the C3-H activation of a-substituted naphthalenes was achieved via both the
meta-directed approach30-33 and the Catellani approach34 using norbornene as a transient mediator. Lu
and co-workers reported Cu-catalysed para tosylation of 1-naphthamine via single electron transfer (SET),
albeit while offering a narrow scope of reaction substrates.35 Similarily, palladium catalysed C4
alkylation of 1-naphthaldehyde has been demonstrated via radical intermediacy by Zhou’s group.36 The
only example of distal arylation was reported by You’s group via aryl migration to the C7 position.37

However, to the best of our knowledge, no examples of C4-arylation of any a-substituted naphthalene
derivatives have been reported so far.

Arylation is one of the most challenging yet important functionalization processes from both the
synthetic and biological points of view. Arylation can enhance bioactivity of a molecule by providing
additional non-covalent interactions. In materials science, aryl group incorporation is used to upsurge
physicochemical properties and to provide rigidity to organic frameworks. The extended p-conjugation is
also advantageous for numerous organic materials.38-40 Therefore, we pursued selective arylation of 1-
naphthoic acids at distal positions. We believed an in-situ produced aryl radical can be directed by the
electronic factors of a-naphthoic acid to substitute at the C4 position. At the outset, we employed various
metal catalysts and aryl radical precursor combinations with a-naphthoic acid, however, these attempts
were met with failure. Careful analysis revealed catalyst poisoning by the acid could be taking place,
making it unavailable for catalysis. Therefore, we converted the acid moiety into a less coordinative
amide with diisopropylamine.  To our delight, 4-nitro-iodobenzene, in the presence of palladium acetate,
provided 65% of exclusively C4-arylated product of N,N-diisopropyl-1-naphthamide in HFIP, con�rmed by
X-ray crystallography (3g, CCDC in Fig. 2). This is the �rst example of para-arylation of naphthalene
derivatives. Subsequently, we began optimizing the initial conditions and varied all possible adjustable
parameters to maximize the yield. Changing the palladium catalyst to other complexes did not improve
the reaction. The fact that the use of additional ligands either deprived the reaction performance or was
otherwise neutral to the yield was indicative of acetate being the most suitable ligand. Various silver
based oxidizing agents were tested, however Ag(TFA) remained optimal. Hence, it was evident that
acetate has a special role to play in this reaction. We eventually tested a number of different solvents,
among which, �uorinated solvents yielded promising results. Anyways, HFIP proved to be supreme
compared to these other �uorinated solvents. Finally, temperature and time optimization to 100 °C and 24
h respectively raised the yield to as high as 95%.
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With the optimized condition in hand, the scope of the reaction was examined and found to be excellent.
At �rst, a series of electron withdrawing aryl iodides were tested; –NO2, -F, -CO2R, -CF3 groups at different
positions were well tolerated and provided good to excellent yields. Various electron donating groups
such as –Me, -tBu, -OMe at the para- and/or the meta- positions also performed well. Interestingly,
biphenyl iodide and naphthyliodide also provided 73% and 69% yields of highly conjugated products
respectively. Moreover, bioactive aryl iodides, strychninyl and arbutinyl were also successfully
incorporated at the para position of 1a.

The scope with respect to substituted naphthamides has also been diversi�ed; –Me, -OMe, -Ar
substitution at different positions did not compromise the results of the reaction. Remarkably, 1-
anthracenamide also provided 81% yield of C4 arylation, exclusively. 2-isopropyl-1H-
benzo[de]isoquinoline-1,3(2H)-dione resulted in a para-arylated �uorescent material under the standard
reaction conditions. Notably, bulky aryl substituents such as pyrene, trimethylphenyl, dimethoxyphenyl,
biphenyl etc. at the C5 position did not prevent the reaction, instead highly conjugated molecules were
successfully obtained. Crystallographic studies con�rmed that both the substituent aryl rings are
parallelly stacked in the solid state. However, installation of a benzyl group at the C5 position completely
shuts down the reaction, probably due to sterics.

In order to evaluate the response of other arylating agents towards this protocol, we tested various aryl
bromides and aryl boronic acids. We observed that, although all other conditions remained unchanged,
an elevated temperature of 130 °C is required for obtaining synthetically useful yields in these cases.
Nonetheless, the adjusted conditions delivered selective para arylation of N,N-diisopropyl-1-naphthamides
with a number of differently substituted aryl bromides and aryl boronic acids in moderate yields. For
instance, –COMe, -X, -Ph substituted aryl boronic acids reacted well and as expected –Cl or –F
substituted aryl bromides reacted selectively at the C-Br bond.

Further, we sought to assess the effect of the protecting group on our developed method. The protecting
group was found necessary to mitigate the coordination strength of the acid, therefore the extent of
coordination with the metal was presumed to be sensitive to the steric bulk and the electronic nature of
the alkyl substituents. However, will there be any direct effect on the selectivity and reactivity of the
reaction upon varying the protecting group? Accordingly, we considered dimethylamine and
monomethylamine at �rst as protecting groups in decreasing order of steric bulk. Interestingly, N,N-
dimethyl-1-naphthamide produced a 1:1 mixture of C4:C7 arylated products under optimized condition,
whereas N-methyl-1-naphthamide resulted in exclusive C7 arylation with excellent yield. Upon introducing
a higher order of steric bulk in the form of dicyclohexylamine, the reaction did not proceed at all,
indicating that catalyst coordination is necessary for the functionalization and that the extent of
coordination dictates site selectivity. A plethora of N-substituted amides were then tested, and it was
observed that all mono-substituted amides favoured C7 arylation predominantly while di-substituted
ones, except dimethylamide and dicyclohexyl amide, resulted in C4 arylation instead.



Page 5/13

The scope for C7 arylation was found to be equally excellent. Variation with respect to aryl iodides,
naphthalene substituents and protecting groups were carried out, and good to excellent yields were
obtained. Strained rings such as cyclopropyl and cyclobutyl amides were also tolerated under the
reaction conditions. Notably, compared to the previous report by You with aryl boronic acids, assistance
of �uorine ion oxidants was not required in this methodology for C7 arylation.

To get an insight into the underlying mechanism of C4-selective arylation, we performed a number of
kinetic studies and controlled experiments. Naturally, in the absence of either the metal catalyst or the
silver tri�uoroacetate salt, the reaction did not proceed at all. In the presence of added radical scavengers
such as (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO), butylated hydroxyanisole (BHT),
diphenylstyrene etc., no desired product was obtained neither, although no other scavenged products
were observed anyways. The orders of the C4 arylation reaction were found to be 0.9, 0.82 and 0.02 with
respect to the catalyst, ArI and naphthamide. Further, the order with respect to AgTFA was observed to be
1.07. This suggests the involvement of Pd(OAc)2, ArI and AgTFA in the rate limiting step and hints that
naphthamide presumably enters the cycle at a later stage. Hammett studies with different substituents at
the para position of the aryl iodide resulted in a small positive reaction constant of r = 0.71, thus
discarding the possibility of ionic intermediate formation to a great extent. Based on these evidence, we
proposed a mechanism where the aryl iodide �rst reacts with the catalyst to generate an aryl radical in
the presence of the silver species.36 Subsequently, electronically directed radical addition takes place at
the C4 position of the palladium coordinated substrate. The resulted radical species A is then oxidized to
form the cationic species B which undergoes elimination to generate the intermediate C. On the contrary,
the C7 arylation showed orders of 0.85 and 1.3 with respect to the Pd catalyst and naphthoic acid and
0.19 order with respect to the ArI. This is indicative of catalyst incorporation at the C8 position followed
by aryl migration, as depicted by You.37

In conclusion, we have developed a straightforward methodology for selective distal C4 and C7 arylation
of naphthoic acid derivatives. The reaction regioselectivty can be switched simply by changing the
protecting group. The most common arylating reagents i.e. ArI, ArBr and ArB(OH)2 are compatible for the
arylation of a wide range of 1-naphthoic acid derivatives. We were able to tabulate a series of protecting
groups for both C4 and C7 regio-selectivities, thus providing a higher potential and a broader �exibility
towards complexity incorporation at the acid centre as well. Kinetic and controlled experiments are
evocative of two different mechanisms depending on the nature of the protecting group. Extensive
mechanistic studies are underway in our laboratory in order to achieve further selective functionalization
at the remaining positions of naphthalene derivatives.

Methods
para-arylation of a-naphthamide: An oven-dried screw cap reaction tube was charged with a magnetic
stir-bar, Pd(OAc)2 (7 mol% 1.6 mg for 0.2 mmol), AgTFA (1.5 equiv., 33 mg), a-naphthamide (0.1 mmol,
25.5 mg) and aryl iodide (1.2 equiv., 0.12 mmol). Then 1 mL of HFIP was added. The reaction mixture
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was stirred vigorously on a preheated oil bath at 120 °C along. The reaction was carried out for 12 h and
the reaction mixture was diluted with EtOAc and �ltered through a celite pad. The desired arylation
product was isolated by column chromatography using silica gel (100-200 mesh size) and petroleum
ether/ethyl acetate as the eluent.

Data availability: The authors declare that the main data supporting the �ndings of this study are
available within the article and its Supplementary information �les. Further data are available from the
corresponding author on request. Source data are provided with this paper.

Declarations
Acknowledgements: We thank SERB India for funding to DM for carrying out this activity (Grant no.
CRG/2018/003951). We would also like to acknowledge NSF (CHE-2029932), Robert A. Welch
Foundation (D2034-20200401), and Texas Tech University for �nancial support.

Author contributions: SKP, JPB and ME performed of the experiments. DM and HG supervised and
directed the progress. JPB, SKP, ME, HG and DM prepared the manuscript.  

Funding: This activity was supported by SERB, India (CRG/2018/003951), NSF (CHE-2029932), Robert A.
Welch Foundation (D2034-20200401).

Competing interests: The authors declare no competing interests.

References
1. Reedijk, J. & Poeppelmeier, K., Comprehensive Inorganic Chemistry II, Elsevier, (2013)

2. Bi�s, A., Centomo, P., Zotto, A. D. & Zecca, M. Pd Metal Catalysts for Cross-Couplings and Related
Reactions in the 21st Century: A Critical Review. Chem. Rev. 118, 2249–2295 (2018)

3. Campeau, L.-C. & Hazari, N. Cross-Coupling and Related Reactions: Connecting Past Success to the
Development of New Reactions for the Future. Organometallics 38, 3–35 (2019)

4. Davies, H. M. L. & Morton, D. Recent Advances in C–H Functionalization. J. Org. Chem. 81, 343–350
(2016)

5. Abrams, D. J., Provencher, P. A. & Sorensen, E. J. Recent Applications of C-H Functionalization in
Complex Natural Product Synthesis. Chem. Soc. Rev. 47, 8925–8967 (2018)

�. Crabtree, R. H. & Lei, A. Introduction: CH Activation. Chem. Rev. 117, 8481–8482 (2017)

7. Gandeepan, P. et al. 3d Transition Metals for C–H Activation. Chem. Rev. 119, 2192–2452 (2019)

�. Das, J., Guin, S. & Maiti, D. Diverse Strategies for Transition Metal Catalyzed Distal C(Sp3)–H
Functionalizations. Chem. Sci. 11, 10887–10909 (2020)

9. Ali, W., Prakash, G. & Maiti, D. Recent Development in Transition Metal-Catalysed C–H Ole�nation.
Chem. Sci. 12, 2735 (2021)



Page 7/13

10. Rej, S. & Chatani, N. Rhodium-Catalyzed C(sp2)- or C(sp3) – H Bond Functionalization Assisted by
Removable Directing Groups. Angew. Chem. Int. Ed. 58, 8304 – 8329 (2019)

11. Rogge, T. et al. C–H activation. Nat. Rev. Methods Primers 1, 43 (2021)

12. Woźniak, Ł. et al. Catalytic Enantioselective Functionalizations of C–H Bonds by Chiral Iridium
Complexes. Chem. Rev. 120, 10516–10543 (2020)

13. Sambiagio, C. et al. A Comprehensive Overview of Directing Groups Applied in Metal-Catalysed C–H
Functionalisation Chemistry. Chem. Soc. Rev. 47, 6603–6743 (2018)

14. Youn, S. W. & Cho, C.-G. Transition-Metal-Catalyzed Ortho-Selective C–H Functionalization Reactions
of Free Phenols. Org. Biomol. Chem. 19, 5028–5047 (2021)

15. Zhang, M. et al. Recent Advances in Directed C–H Functionalizations Using Monodentate Nitrogen-
Based Directing Groups. Org. Chem. Front. 1, 843–895 (2014)

1�. Li, H., Li, B.-J. & Shi, Z.-J. Challenge and Progress: Palladium-Catalyzed sp3 C–H Activation. Catal.
Sci. Technol. 1, 191–206 (2011)

17. Dutta, U., Maiti, S., Bhattacharya, T. & Maiti, D. Arene Diversi�cation Through Distal C(sp2) – H
Functionalization. Science 372, 701–716 (2021)

1�. Rej, S., Das, A. & Chatani, N. Strategic Evolution in Transition Metal-Catalyzed Directed C–H Bond
Activation and Future Directions. Coord. Chem. Rev. 431, 213683–213720 (2021)

19. Leow, D., Li, G., Mei, T.-S. & Yu, J.-Q. Activation of Remote Meta-C–H Bonds Assisted By an End-on
Template. Nature 486, 518–522 (2012).

20. Porey, S. et al. Alkyne Linchpin Strategy for Drug:Pharmacophore Conjugation: Experimental and
Computational Realization of a Meta-Selective Inverse Sonogashira Coupling. J. Am. Chem. Soc 142,
3762–3774 (2020)

21. Bag, S. et al. Remote para-C–H Functionalization of Arenes by a D-Shaped Biphenyl Template-Based
Assembly. J. Am. Chem. Soc. 137, 11888–11891 (2015)

22. a) Watanabe, S., Kuzhiumparambil, U. & Fu, S. In Vitro Metabolism Of Synthetic Cannabinoid
AM1220 by Human Liver Microsomes and Cunninghamella Elegans Using Liquid Chromatography
Coupled with High Resolution Mass Spectrometry Forensic Toxicol. 36, 435–446, (2018) b) Anthony,
J. E. Functionalized Acenes and Heteroacenes for Organic Electronics. Chem. Rev. 106, 5028 (2006)
c) Bendikov, M., Wudl, F. & Perepichka, D. F. Chem. Rev. 104, 4891 (2004) d) Ukita, T. et al. 1-
Arylnaphthalene Lignan: A Novel Scaffold for Type 5 Phosphodiesterase Inhibitor. J. Med. Chem., 42,
1293–1305 (1999) e) Wang, C., Dong, H., Hu, W., Liu, Y., & Zhu, D. Semiconducting π-Conjugated
Systems in Field - Effect Transistors: A Material Odyssey of Organic Electronics. Chem. Rev. 112,
2208–2267 (2012) f) Ward, R. S. Lignans, Neolignans and Related Compounds. Nat. Prod. Rep. 16,
75–96 (1999) g) Watson, M. D., Fechtenkötter, A., & Müllen, K. Big Is Beautiful–“Aromaticity”
Revisited from the Viewpoint of Macromolecular and Supramolecular Benzene Chemistry. Chem.
Rev. 101, 1267–1300 (2001) i) Ye, Q. and Chi, C. Recent Highlights and Perspectives on Acene Based
Molecules and Materials. Chem. Mater. 26, 4046–4056 (2014) j) Zhao, Z. et al. Carbazolo[2,1-



Page 8/13

a]carbazole Diimide: A Building Block for Organic Electronic Materials. ChemPlusChem, 80, 57–61
(2015)

23. Daştan, A., Nawaz, T. M., Ülkü, D. & Balci, M. Bromination of Naphthalene and Derivatives: High
Temperature Bromination XI. Tetrahedron 55, 12853–12864 (1999)

24. Nose, M., Suzuki, H. & Suzuki, H. Nonacid Nitration of Benzenedicarboxylic and
Naphthalenecarboxylic Acid Esters. J. Org. Chem. 66, 4356–4360 (2001)

25. Su, B. & Hartwig, J. F. Iridium-Catalyzed, Silyl-Directed, peri-Borylation of C-H Bonds in Fused
Polycyclic Arenes and Heteroarenes. Angew. Chem. Int. Ed. 57, 10163–10166 (2018).

2�. Biafora, A., Krause, T., Hackenberger, D., Belitz, F. & Gooβen, L. J. ortho-C-H Arylation of Benzoic Acids
with Aryl Bromides and Chlorides Catalyzed by Ruthenium. Angew. Chem. Int. Ed. 55, 14752–14755
(2016)

27. Satoh, T., Kawamura, Y., Miura, M. & Nomura, M. Palladium- Catalyzed Regioselective Mono- and
Diarylation Reactions of 2-Phenylphenols and Naphthols with Aryl Halides. Angew. Chem. Int. Ed. 36,
1740–1742 (1997)

2�. Grigorjeva, L. & Daugulis, O. Cobalt-Catalyzed, Aminoquinoline-Directed C(sp2)-H Bond Alkenylation
by Alkynes. Angew. Chem. Int. Ed. 53, 10209–10212 (2014).

29. Moon, S., Nishii, Y. & Miura, M. Thioether-Directed peri-Selective C-H Arylation under Rhodium
Catalysis: Synthesis of Arene-Fused Thioxanthenes. Org. Lett. 21, 233–236 (2019).

30. Bera, M., Modak, A., Patra, T., Maji, A. & D. Maiti, Meta-Selective Arene C–H Bond Ole�nation of
Arylacetic Acid Using a Nitrile-Based Directing Group. Org. Lett. 16, 5760–5763 (2014)

31. Modak, A., Mondal, A., Watile, R., Mukherjee, S. & Maiti, D. Remote Meta C–H Bond Functionalization
of 2-Phenethylsulphonic Acid and 3-Phenylpropanoic Acid Derivatives. Chem. Commun. 52, 13916–
13919 (2016)

32. Bag, S. et al. Remote meta-C-H Cyanation of Arenes Enabled by a Pyrimidine-Based Auxiliary. Angew.
Chem. Int. Ed. 56, 12538 – 12542 (2017)

33. Gholap, A., Bag, S., Pradhan, S., Kapdi, A. R. & Maiti, D. ACS Catal. 10, 5347–5352 (2020)

34. Wang, X.-C. et al. Ligand-enabled meta-C–H activation using a transient mediator. Nature 519, 334–
338 (2015)

35. Li, J-M. et al. Copper-Catalyzed Remote C – H Functionalizations of Naphthylamides through a
Coordinating Activation Strategy and Single-Electron-Transfer (SET) Mechanism. ACS Catal. 7,
2661–2667 (2017)

3�. Jiao, Z., Lim, L. –H., Hirao, H., & Zhou, J. –S. Palladium-Catalyzed para-Selective Alkylation of
Electron-De�cient Arenes. Angew. Chem. Int. Ed. 57, 6294 – 6298 (2018)

37. Zhang, M. et al. F+ Reagent-Promoted Pd-Catalyzed C7–H Arylation of 1-Naphthamides. ACS Catal.
9, 11802–11807 (2019)

3�. Taylor, R. D., MacCoss, M., Lawson & A. D. G. Rings in Drugs. J. Med. Chem. 57, 5845–5859 (2014)



Page 9/13

39. Simonetti, M., Cannas, D. M., Just-Baringo, X., Vitorica-Yrezabal, I. J. & I. Larrosa Cyclometallated
Ruthenium Catalyst Enables Late-Stage Directed Arylation of Pharmaceuticals. Nat. Chem. 10,724–
731 (2018)

40. Segura, J. L. & Martin, N. Functionalized Oligoarylenes As Building Blocks For New Organic
Materials. J. Mater. Chem. 10, 2403–2435 (2000)

Figures

Figure 1

a) Protecting group-dependant C4 and C7 arylation of 1-naphthoic acid, b) Examples of relevant α-
naphthoic acid derivatives.  
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Figure 2

Scope of C4-arylation of N,N-diisopropyl-1-naphthamide derivatives with various aryl iodides. (Numbers in
the parentheses correspond to the CCDC number of respective crystal structure).
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Figure 3

Scope of C4-arylation with aryl boronic acids (6a-h) and aryl bromides (7a-g).

Figure 4

C4/C7 regio-selectivity dependence of amide protecting group.
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Figure 5

Arylation of different 1-naphthamides derived from various amines.

Figure 6

a) Hammett plot for C4-arylation, b) Probable mechanism for C4 arylation in a radical pathway.
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