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ABSTRACT: Directed CH functionalization has been realized as a complementary tool to the traditional approaches for a straightforward access of non-proteinogenic amino acids; albeit such a process is restricted mostly up to the -position. In the present work, we demonstrate the diversification [(hetero)arylation] of amino acids and analogous aliphatic amines selectively at the remote -position by tuning the reactivity controlled by ligands. An organopalladium -C(sp3)H activated intermediate has been isolated and crystallographically characterized. Mechanistic investigations carried out experimentally in conjunction with computational studies shed light on the difference in the mechanistic picture depending on the substrate structure. 
	α-Amino acids (αAAs) are privileged moieties in both biological and chemical synthesis.[1] From a biosynthetic perspective, construction of the primary sequence in proteins uses a small set of proteinogenic αAAs. In contrast, nonproteinogenic AAs are being vastly utilized for the production of secondary metabolites.[2] The routes to avail these nonproteinogenic αAAs units in Nature are via enzymatic C−H functionalization of common proteinogenic αAAs.[3] Since the unnatural amino acids in peptide linkages often display superior bioactivity over their parent structures, engineering a protocol to decorate amino acids is a key research area in proteomics and drug discovery.[4] As a complementary tool to enzymatic catalysis, transition metal mediated C−H bond functionalization, could enable similar diversification of αAAs.[5] Over the years, this realization has been materialized to produce functionalized αAAs via α-, - and ɣ-C(sp3)H activation. While the α-functionalization of αAAs occurs mostly through single electron transfer or α-oxidation processes, the derivatizations at the primary or secondary - and ɣ-C(sp3)H positions leverage the coordination of the metal species from the directing group (DG) through favorable formation of cyclometallated intermediate (Scheme 1).[5,6] Generalization of this approach demands significant advancements by expanding the activation process beyond ɣ-C(sp3)H position engaging a series of αAAs and analogous amines.[7]
	Reaching out to the unattended distal position of amines, in particular of αAAs [such as δ-C(sp3)H of leucine] assisted by a directing group has to surpass certain hurdles. The intermediacy of a larger metallacycle (six-membered or more) is the pre-requisite for such remote activation, that is difficult to attain because of unfavorable thermodynamic parameters.[7m,8] Some elegant approaches on unusual δ-selectivity of isoleucine, guided by the Curtin-Hammett principle have been recently developed.[8a,8b] Some examples exist of intra- or intermolecular δ-C(sp3)−H functionalizations of certain conformationally biased substrates.[7m,8c,8d] In the present work we demonstrate how tuning of ligands play a crucial role in the δ-C(sp3)−H (hetero)arylation of amino acids and structurally analogous aliphatic amines (Scheme 1). 

Scheme 1. Directed C(sp3)–H functionalization of -amino acids
	To commence with the functionalization process at the remote δ-position of ethyl ester of leucine (1a), the effects of pyridine and pyridone based ligands were probed initially.[7a,9] 4-Benzyloxy-2(1H)-pyridone (L14) was the only promising ligand from the series of ligands tested.[10] Other reaction parameters were optimized using L14 as the ligand and it was observed that the use of Pd(OPiv)2 (10 mol%), Ag2CO3 (3 equiv) and CF3COONa (2 equiv) in tert-butyl methyl ether (TBME) solvent provided a significant enhancement in the product yield.[10] Finally, the influences of different directing groups were investigated and picolinic acid (PG1) turned out to be the best amongst the directing groups. These observations were further supported by computational studies (see ESI2 Section II.5).[10,11] 
	Leucine, homoleucine and structurally analogous amine derivatives were compatible as substrates under the present reaction conditions providing good yields of the δ-arylated products (1-8, Scheme 2). Despite the presence of two inequivalent δ-C(sp3)H positions in case of 8, arylation occurred selectively at the primary methyl CH over the secondary methylene CH. This was traced computationally to the unfavourable steric clashes between 𝜀-methyl group and the heterocyclic ring of the directing group and the distal methyl group on α-carbon (see ESI2, Section IV). We next proceeded to examine the feasibility of this transformation with alicyclic amines that have multiple competitive sites of reaction. In all these cases highly δ-selective mono-arylated products were obtained, keeping other accessible δ- and ɣ-sites intact (see ESI2, Section IV). Gratifyingly, a high degree of diastereoselectivity was observed in the products when the L-isomer of leucine derivative was subjected to the present transformation (13-14). The observed diastereoselectivity was further supported by DFT studies (ESI2 Figure S21).


Scheme 2. -Mono-arylation of aliphatic amines
	Protected 2,4,4-trimethylpentan-2-amine (2a) under the same conditions proceeded with substantially higher conversion, albeit with an appreciable formation of undesired multiple arylated products. Lowering of aryl iodide equivalence and temperature along with the use of pyridine as ligand (L1) was able to out-compete the di-arylated product formation to a considerable extent maintaining an optimal balance between yield and mono-selectivity.[10] The revised condition was then employed for δ-arylation of 2,4,4-trimethylpentane-2-amine (2a) with an array of electronically diverse aryl iodides. The X-ray crystallographic structures of 16 and 24 unambiguously establish the formation of δ-selective arylated products. Gratifyingly, a range of aryl iodides derived from different naturally occurring products and drugs (31-43) could be effectively utilized (Scheme 3). The utility of the transformation was further showcased by introducing ferrocene moiety (44).
	In order to materialize heteroarylation, the ligand effect was re-investigated with 1-hydroxy isoquinoline (L12) turning out to be the best for this transformation.[10] The heteroarylation process was amenable to a variety of N, O, S heterocycles (45-55) (Scheme 4). It was intriguing to find that fluorogenic BODIPYs[12,13] could also be introduced at the δ-position of aliphatic amines (56-60) including the bioactive ones such as 3-pinanamine (60) (Scheme 5). The inclusion of pyridine and quinoline based ligands for reactions with a BODIPY pendant aryl iodide resulted in poor yields of the desired product, presumably due to competitive binding of the ligand to the boron center in BODIPY by fluoride substitution. Hence, these reactions were carried out under ligand-free conditions.
	After the mono-arylation, the vacant -sites were utilized for iterative tri-functionalization (Scheme 6). To achieve the sequential arylation process, mono- and di-arylation was initiated at 90 C keeping the third methyl group intact. However, when attempting the third arylation at the same temperature, the reaction failed completely with no traces of the tri-arylated product. Slight modification in the reaction conditions by increasing the reaction temperature to 130 C afforded the δ-hetero triarylated product (61). This strategy was then employed for triarylation with other aryl iodides of different electronic nature (62-86). Notably, even the heterocycle could be accommodated into the aliphatic amine at the third arylation stage (70). 

Scheme 3. Scope of aryl iodides
	The synthetic utility of the present transformation was elaborated by utilizing the δ-arylated products for the synthesis of tetrahydronaphthalene (Scheme 7A). The practicality was further demostrated by scaling up the arylation reaction up to gram level that afforded an acceptable yield of the product 15 (Scheme 7B). The directing group removal was achievable under mild conditions by converting the amide 4 to its Fmoc derivative (89, Scheme 7C).[8b]



Scheme 4. Scope of heteroaryl iodides


Scheme 5. BODIPY labelling of -C(sp3)H bonds of amines
	To obtain a mechanistic picture, we embarked on the synthesis of the organopalladium complex that might be involved in this transformation. The ligand (pyridine) bound [5,6]-fused cyclopalladated intermediate (Int A) was successfully isolated and characterized by different spectroscopic methods and X-ray crystallography.[10] Different control experiments carried out indicate Int A is a catalytically and kinetically viable precatalyst complying with the present transformation.[10] Reversibility experiments on a series of amine substrates in conjunction with the kinetics and order determination studies reveal an important correlation between substrate structure and mechanistic operation: those having a quaternary ɣ-center exhibit reversibility and no primary KIE while those without quaternary ɣ-center display irreversibility and CH activation is more likely to be the r.d.s. in these cases.[10]
	DFT investigations found that the reaction occurred with base-/ligand-assisted C–H activation, giving cyclopalladated 

Scheme 6. Iterative (hetero)arylation of aliphatic amines


Scheme 7. Synthetic applications of -arylation protocol
intermediate that cycled through Pd(II)/Pd(IV) manifold.[14] Although the mononuclear picture provides a basic understanding of the reaction mechanism (ESI2 Section II.1), consideration of a potentially polynuclear Pd-catalyst is necessary.[15] Without any ligand, the lowest reaction barrier was 41.4 kcal mol-1 (Figure 1A), which was rather high due to enthalpic loss of the interactions between paddlewheel bridging ligands and Pd–Pd metal centres[16] when the trinuclear complex dissociated (Figure S5C path I). C–H activation via trinuclear complex (ts-A, Figure S5B) was also uncompetitive.[15a] Pyridine ligands coordinated to Pd metal, whose favourable interactions compensated for this enthalpic loss of trinuclear complex dissociation (Figure 1B); the exergonic formation of Pd(TFA)2L2 favored the dissociation.[14] The overall energy barrier decreased to 30.5 kcal mol-1, making the reaction faster than without pyridine. Although pyridine did not directly participate in OA or RE from computational studies (ESI2 Section II.1), it was essential in breaking up the trinuclear complex to access the mononuclear pathway since oxidative addition (OA) and reductive elimination (RE) were both catalyzed by mononuclear palladium catalyst, since Pd(II) metal is tetra-coordinating and a vacant coordination site on the metal is needed for the incoming aryl iodide. Pyridine ligand further coordinated to the end product of first arylation, giving a rather stabilized complex int-8’, making a second arylation thermally much less accessible (activation barrier of 50.1 kcal mol-1, ESI2 Section II.5). 



[image: C:\Users\Srimanta\Desktop\ANGEW-SUBMIT\Figure2.tiff]Figure 1. Mechanistic and computational data for δ-C(sp3)H arylation of substrate 2a
.
Figure 2. Computed Gibbs free energy profile for first arylation of substrate 3a. Blue pathway: with pyridone ligand L14; green pathway: with L14 and silver carbonate; black pathway: without L14 or silver carbonate. Bond distances in optimized structures are quoted in Å
This explains the excellent mono- over di-arylation selectivity in the presence of pyridine. Overall, C–H activation was found not to be the r.d.s., consistent with KIE studies and that OA was the overall r.d.s. (see ESI2 for details).
[bookmark: _GoBack]	A study on substrate 3a gave similar findings as for substrate 2a, with the r.d.s. being the OA step (black path, Figure 2). The inclusion of silver carbonate, in a fashion similar to the heterodimeric Pd–Ag catalytic species considered for C–H activation step by Houk and Schaefer,[17] lowered the activation barriers of OA/RE steps such that the C–H activation step became the r.d.s. (green path, Figure 2). The cooperative pyridone/silver carbonate binding lowered the high activation barrier for OA such that C–H activation became the overall r.d.s., corroborating experimental findings. Pyridone ligand L14 was crucial in giving highly organised TSs with favourable interactions which would not be possible with pyridine ligand L1. The absence of Thorpe-Ingold effect in substrate 3a (as compared to substrate 2a) renders the CMD r.d.s step more difficult. This was further demonstrated by isodesmic reactions[18] for the formation of pyridine-coordinated C–H activated complex for 2a and 3a (ESI2 Section III.5) where the formation of C–H activated complex for 3a was 1.2 kcal mol-1 higher than for 2a (measured by 𝛥𝛥H between these two reactions). Using pyridine in addition to a separate TFA ion as a base was not as good in positioning the C–H bond for activation; ligand L14 could coordinate to Pd-metal while carrying out the CMD step, giving more organised TS structure that would not be possible with separated pyridine and trifluoroacetate (Figure S18) (see ESI2 for details).
In summary, we have developed a protocol to avail the non-proteinogenic (hetero)arylated leucine and analogous amines via palladium catalyzed remote δ-C(sp3)H activation. The ligands were found to have pronounced effect in tuning the reactivity depending on the nature of substrates. The multi-faceted aspects of this transformation have been illustrated through: (i) the diastereoselective synthesis of δ-arylated leucine; (ii) incorporation of diverse natural products and drugs in amines; (iii) BODIPY labelling of bioactive amines and (iv) sequential (hetero)arylation. A six-membered organopalladium δ-C(sp3)H activated complex was isolated and found to be catalytically competent suggesting its intermediacy in this transformation. The experimental evidences and in-silico studies shed light on the substrate dependent mechanistic difference. 
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