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Abstract

This paper describes a new method for the transannular functionalization of the γ-C-H bonds in 

alicyclic amines to install C(sp3)–halogen, oxygen, nitrogen, boron, and sulfur bonds. The key 

challenge for this transformation is controlling the relative rate of Cγ–H versus Cα–H 

functionalization. We demonstrate that this selectivity can be achieved by pre-complexation of the 

substrate with Pd prior to the addition of oxidant. This approach enables the use of diverse 

oxidants that ultimately install various heteroatom functional groups at the γ–position with high 

site- and diastereoselectivity.

Entry for the Table of Contents

An approach to selectively transform Cγ–H bonds of alicyclic amines to Cγ(sp3)–halogen, 

oxygen, nitrogen, boron, and sulfur bonds is described. This method is enabled via the pre-

complexation of the amine substrate with palladium followed by the addition of oxidant to yield 

bioactive motifs functionalized at the γ–position.
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Alicyclic amines bearing various substitution patterns are common structural motifs in 

bioactive molecules.[1] Conventional synthetic routes to these structures require multi-step 

sequences to assemble the appropriately functionalized alicyclic amine cores.[2] Approaches 

involving the late-stage C–H functionalization of pre-assembled alicyclic amines would 

complement existing synthetic routes and thus streamline the diversification of these motifs. 

Over the past several decades, numerous methods have been developed for functionalization 

at the activated Cα–H position of alicyclic amines (Scheme 1a, kα).[3] These studies have 

shown that the proximity of the Cα–H bond to nitrogen greatly enhances its reactivity 

towards oxidative functionalization.[4] For example, C(sp3)–H bonds α to nitrogen have 
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relatively low bond dissociation energies (~90 kcal/mol).[5] Furthermore, oxidation of 

nitrogen to a radical cation renders the Cα–H site highly acidic (pKa ~ 16) relative to 

unactivated C(sp3)–H bonds.[6] In contrast, the C(sp3)–H bonds that are remote from 

nitrogen (for example, Cγ–H) are typically much less reactive than Cα–H, making it 

significantly more challenging to selectively target these sites.

Conceptually, the selective γ-functionalization of alicyclic amines requires controlling the 

relative reactivity of the Cα–H (Scheme 1a, kα) versus Cγ–H sites (Scheme 1a, kγ). To date, 

most successful efforts have achieved selectivity through modification of the substrate. 

Common strategies involve (a) blocking the Cα–H sites with other substituents (thus 

decreasing kα),[7] (b) protonating the amine nitrogen to electronically deactivate Cα–H (thus 

decreasing kα),[8] or (c) employing a directing group to accelerate Cγ–H functionalization 

(increasing kγ).[9] In an example of the latter, our group recently demonstrated that installing 

a directing group on the amine nitrogen can enable transannular Cγ–H activation via a boat-

like intermediate (Int-1, Scheme 1b).[10] When the Pd catalyst for this transformation is 

paired with a mild aryl iodide (ArI) oxidant, kγ is significantly greater than kα. As such, 

directed transannular C–H arylation outcompetes background α-functionalization (Scheme 

1b, entry I).

An important goal for enhancing the utility of this transformation is to broaden the scope of 

functional groups that can be introduced at Cγ. In principle, this can be achieved by 

replacing the aryl iodide with an alternative oxidant (oxidant–X) that is designed to transfer 

the functional group of interest (X). However, in practice, changing to alternative, more 

kinetically reactive oxidants (for example, N-halosuccinimides, hypervalent iodine reagents, 

electrophilic fluorinating reagents) results in a dramatic increase in kα, such that the 

background α-functionalization pathway predominates (Scheme 1b, entry II; vide infra for 

examples). In this report, we present a strategy to address this challenge that leverages the in 
situ formation of Pd(II) amine complexes to enable selective transannular Cγ–H 

functionalization with a wide range of oxidants.

Initial studies targeted the Pd-catalyzed transannular Cγ–H bromination of 1-A with N-

bromosuccinimide (NBS). Notably, NBS has been successfully employed in related Pd-

catalyzed ligand-directed C(sp3)–H bromination reactions (of non-amine containing 

substrates),[11] while 1-A was shown to be an effective substrate for transannular Cγ–H 

arylation with PhI. At 100 °C in tert-amyl alcohol, 1-A reacts with PhI to afford the Cγ–H 

phenylation product in 30% yield, with no detectable background α-functionalization 
products (kα << kγ). However, when NBS was used in place of PhI under otherwise 

analogous catalytic conditions, none of the Cγ–H bromination product γ-Br was detected 

(Scheme 2). Instead, α-oxidation products α-N and α-O were formed in 30% and 30% 

yield, respectively (Scheme 2).[12] When this reaction was conducted in the absence of Pd 

catalyst, α-N and α-O were obtained in nearly identical yields of 25% and 31%. These 

results demonstrate that with NBS, the rate of background α-oxidation (kα) is significantly 

greater than that of Pd-catalyzed γ-oxidation (kγ).

We hypothesized that these relative rates might be reversed by pre-assembling a complex 

between substrate 1-A and Pd (Scheme 3a).[13] This proposal was predicated on our 
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previous report showing that γ-H/D exchange is fast at the isolable Pd-complex 2-A 
(occurring at temperatures as low as 40 ºC).[13] This suggests that pre-complexation to Pd 

could enhance kγ versus kα in the NBS reactions. Indeed, the treatment of 1 equiv of 

complex 2-A with 1 equiv of NBS in t-amylOH at 100 ºC for 18 h led to the selective 

formation of γ-Br in 50% yield (Scheme 3a). Only traces (<1%) of α-N/α-O were detected 

in this reaction. γ-Br was formed as a single regio- and stereoisomer, as determined by 

NMR spectroscopy. As discussed below, this stereochemistry suggests that Cγ–Br bond 

formation occurs via an inner sphere process with retention of configuration. Changing the 

solvent to MeCN led to a higher (70%) yield of γ-Br, again with <1% of α-N/α-O.

To render this approach more practical, we next pursued a 2-step 1-pot approach to the in 
situ assembly/γ-functionalization of a 1-A/Pd complex. First, 1 equiv of 1-A, 1 equiv of 

Pd(OAc)2, and 1 equiv of pyridine were stirred at 100 ºC for 1 h in MeCN. NBS (1 equiv) 

was then added, and the mixture was heated at 100 ºC for an additional 18 h. This afforded a 

modest 22% yield of γ-Br with <1% of α-N/α-O (Scheme 3b). Conducting the analogous 

reaction in the absence of pyridine gave 70% yield of γ-Br, and the addition of 1 equiv of 

DMSO further improved the yield to 75% while maintaining high selectivity (<1% of α-N/
α-O).[14]

A proposed pathway for this sequence based on literature precedent for the individual steps 

is shown in Scheme 3c. Initial coordination of 1-A to Pd(OAc)2 affords 2-B, where L is 

likely MeCN or DMSO.[13],[15] Acetate-assisted transannular Cγ–H activation[10c], [16] 

(Scheme 3c, i) is followed by oxidation of this alkyl PdII intermediate to PdIV with NBS 

(Scheme 3c, ii).[17] C(sp3)–Br bond-forming reductive elimination from this highly reactive 

PdIV center[18] then proceeds via an inner sphere mechanism with retention of configuration 

at carbon[19] to afford the product γ-Br (Scheme 3c, iii).

We next explored the use of a series of different oxidants in this 2-step, 1-pot protocol in 

order to install diverse functional groups at the γ-position. As shown in Scheme 4, this 

approach enabled the formation of C–O, C–S, C–N, C–F, C–Cl, C–I, and C–B bonds in high 

γ-selectivity and modest to good isolated yields. The site- and stereoselectivity of each 

functionalization was established via 1H NMR spectroscopy (all products) as well as X-ray 

crystallography (for γ-I, γ-F, γ-OAc). In all cases, the major product derived from Cγ–H 

functionalization with retention of configuration during the C–X bond-forming step.[20]

Finally, we evaluated the scope of Cγ–H functionalization with respect to alicyclic amine 

substrates. The borylation reaction with B2Pin2 was selected for this study based on the 

versatility of the boronate ester products (which can be readily transformed into amines, 

alcohols, or C–C bonds).[21] As shown in Scheme 5, nitro, amino, cyano, chloro, bromo, 

boronate ester, and amide substituents were all well tolerated. Other bicyclic amines, 

including those derived from the bioactive molecules varenicline (10-BPin) and cytisine (12-
BPin) also reacted to afford Cγ–H borylated products with high selectivity.[22]

In summary, this report describes a strategy for the selective Cγ–H oxidation of alicyclic 

amines via pre-formation of amine-Pd complexes. This pre-complexation increases the 

relative rate of the desired Cγ–H activation versus competing background Cα–H oxidation. 
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This work adds to a growing suite of methods in which the use of stoichiometric Pd enables 

selective late-stage diversification of complex organic molecules.[23] While catalytic 

processes are often favored by the organic chemistry community, this stoichiometric 

approach provides rapid and selective access to numerous challenging-to-synthesize 

alicyclic amine derivatives. In the context of, for example, medicinal chemistry, the speed, 

selectivity, and diversity of products generated via this approach counterbalance the cost of 

the Pd. Ultimately, we anticipate that pre-complexation could prove valuable for tuning 

selectivity in other reactions of alicyclic amines as well as in metal-mediated C–H 

functionalizations of more diverse substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
(a) Competing Cα–H versus Cγ–H (b) Our strategy.
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Scheme 2. 
Pd-catalyzed C–H bromination with NBS.
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Scheme 3. 
(a) γ-Br with complex 2-A (b) In situ method for γ-Br. (c) Proposed pathway.
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Scheme 4. 
γ-functionalizations with in situ method.
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Scheme 5. 
Scope of Cγ–BPin functionalization.
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