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Abstract

The development of new and practical 3-pentoxythiocarbonyl auxiliaries for Ir(I)-catalyzed C–H 

alkylation of azacycles is described. This method allows for the α-C–H alkylation of a variety of 

substituted pyrrolidines, piperidine and tetrahydroisoquinoline through alkylation with alkenes. 

While the practicality of these simiple carbamate type auxiliaries is underscored in the ease of 

installation and removal, the method’s novel reactivity is demonstrated in its ability to 

functionalize biologically relevant (L)-proline and (L)-trans-hydroxyproline, delivering unique 

2,5-dialkylated amino acid analogues that are not accessible by other C–H functionalization 

methods.

Graphical Abstract

The development of a carbamate type 3-pentoxythiocarbonyl auxiliary for Ir(I)-catalyzed C–H 

alkylation of azacycles is described. This method allows for the α-C–H alkylation of a variety of 

substituted pyrrolidines, piperidine and tetrahydroisoquinoline through alkylation with alkenes. 

This method can also be extended to biologically relevant (L)-proline and (L)-trans-

hydroxyproline delivering unique 2,5-dialkylated amino acid analogues.
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Alkyl amines, as in acyclic amines or azacycles, are ubiquitous building blocks in 

biologically and medicinally relevant compounds[1]. Indeed, the myriad of α-

functionalization methods is a testament of the importance of these fragments[2] with 
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methods ranging from directed α-lithiation[3] to transition metal-mediated or photochemical 

synthesis of reactive intermediates.[4–6] The former generates a metalated intermediate that 

can react with a variety of electrophiles while the latter result in the formation 

carbocation[4], iminium[5] and α-amino radical[6] intermediates from pyrrolidines that can 

be intercepted by suitable coupling partners. Direct C–H arylation catalyzed by various 

transition metal have also been developed[7,8]. In the realm of direct C–H alkylation and 

related transformations, examples include transition metal-catalyzed C–H activation in the 

absence (Ta[9], Ti[10], Ru[11] catalysts) or presence of directing groups on nitrogen (Ru[12], 

Ir[13] and Rh[14] catalysts) had been reported. These strategies generate versatile metal 

hydride species that can react with either alkenes or a variety of coupling partners such as 

alkynes and bis(pinacolato)diboron to deliver alkylated, alkenylated and borylated products. 

Nevertheless, the utility of these C–H activation methods has been undermined by harsh 

reaction conditions as in the case of the former and lack of practical directing groups in the 

case of the latter. As such, development of practical methods for α-C–H alkylation of 

pyrrolidines and piperidines remains an unsolved problem. The lack of a simple directing 

group for this transformation is mainly due to the unfavorable metal insertion into the α-C–

H bond.

In 2011, Shibata and co-workers reported the first α-C(sp3)–H alkylation of aliphatic amines 

by cationic Ir(I) catalyst utilizing pyridine directing group[15], an important demonstration of 

Ir(I)-catalyzed C–H activation reactions (Scheme 1A). Despite achieving high yields and 

enantioselectivity, the alkylation reaction was only suitable for primary amines thereby 

limiting its synthetic utility. In 2014, Opatz and co-workers developed the benzoxazole 

directing group, which allowed for the first time, the α-C–H alkylation of cyclic secondary 

amines including piperidine and tetrahydroquinoline by cationic Ir(I) catalytic system[16] 

(Scheme 1A).

The main drawback of the benzoxazole directing group is the difficulty associated with its 

removal as evidenced in the strongly basic or reducing conditions employed to render its 

deprotection. Herein we report the development of practical alkoxythiocarbonyl directing 

groups to enable the Ir(I)-catalyzed α-C–H alkylation of pyrrolidines and other biologically 

important azacycles. This readily removable carbamate type directing group is potentially 

applicable to other transition metal catalysts.

Previously, our group disclosed the development of thioamides as competent directing 

groups for Pd(II)-catalyzed racemic and enanantioselective α-arylation of azacycles with 

aryl boronic acid coupling partners (Scheme 1B)[8]. While these thioamides were competent 

in directing α-C–H cleavage, deprotection was often problematic. Furthermore, utilization of 

these thioamide directing groups to achieve α-C–H alkylation has been unsuccessful thus 

far. To overcome the limitations associated with the thioamide auxiliaries, we were 

interested in developing a new sulfur-based directing group that exhibits comparable 

reactivity to the thioamide auxiliaries, yet can also be readily removed. We were encouraged 

by the work of Hodgson and co-workers in which they demonstrated the ability of tert-
butoxy thiocarbonyl auxiliary to direct α-lithiation of azetidine in place of tert-butyl 

thioamide counterpart[17]. As such, we began our investigation examining the capability of 

the tert-butoxy thiocarbonyl directing group in directing α-C–H alkylation of pyrrolidine.
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While the tert-butoxy thiocarbonyl directing group proved to be unstable to our reaction 

conditions, we were pleased to find that its more acid-stable variant, namely the 

menthoxythiocarbonyl directing group, which was synthesized in two steps from (−)-

menthol via intermediate 1 (Scheme 2), gave a promising 45% yield of the desired 

hydroalkylated product in the presence of cationic [Ir(cod)2]BARF catalyst and ethyl 

acrylate coupling partner. The switch from tert-butoxythiocarbonyl to menthoxythiocarbonyl 

directing groups was based on two main considerations in mind. First, we hypothesized that 

the sterically imposing nature of the menthoxy group will enhance proximity-inducing 

effect[18] on the initial C–H activation step by Ir(I) catalyst. Second, the 

menthoxythiocarbonyl directing group can be synthesized in one step from (−)-menthol, a 

cheap and readily available chiral source with the potential for diastereoselective α-C–H 

alkylation. Encouraged by the initial hit with cationic [Ir(cod)2]BARF, we subsequently 

undertook screening for the most suitable non-coordinating counterions (BF4
−, PF6

−, OTf−), 

which were previously found to have a profound impact on catalyst’s reactivity[13]. To our 

delight, we found that triflate was the best counteranion, delivering the desired product in 

80% yield (Table 1).

With this result in hand, we were initially interested in investigating the coupling partner 

scope. While initial results were promising with electronically neutral terminal alkenes, it 

immediately became apparent that the (−)-menthol derived chiral auxiliary only gave rise to 

slight diastereoselectivity (1.5:1 dr). Addition of chiral bisdentate phosphine ligands resulted 

in a reduction in efficiency without any improvement in diasetereoselectivity (see 

Supporting Information).

Furthermore, with the menthoxythiocarbonyl auxiliary, extension of the current α-C–H 

alkylation methodology to piperidine was not successful with only trace product being 

obtained. In light of these limitations, we decided to opt for a simpler, achiral 

alkoxythiocarbonyl directing group derived from 3-pentanol. We hypothesized that, due to 

decreased steric bulk, this directing group might be more accommodating to the binding of 

more conformationally flexible substrates such as piperidines to Ir(I) center. We were 

delighted to observe that the 3-pentoxythiocarbonyl auxiliary enabled α-C–H alkylation of 

pyrrolidine with ethyl acrylate in an encouraging 65% yield. Further tuning of reaction 

conditions revealed the superiority of chlorobenzene as solvent over 1,2-dimethoxyethane 

due to improved material balance. Furthermore, reduction of the reaction time was key to 

limiting desulfurization of the thiocarbonyl directing group, improving the yield of the 

desired alkylated product 4a to 68% yield (Table 2).

With these optimized conditions in hand, the coupling partner scope was evaluated. A 

variety of terminal alkenes such as ethyl acrylate (4a), styrenes (4c and 4d), simple alkenes 

(4e–4g), allylbenzenes (4h–4k) are compatible coupling partners delivering the desired 

alkylated products in synthetically useful to excellent yields (Table 2). Interestingly, while 

ethyl acrylate is a competent coupling partner, acrylonitrile was not compatible with the 

current protocol. We were pleased to find that allyl nitrile, however, was a suitable coupling 

partner (4l) along with range of other alkenes with pendant functionalities such as 4-

bromobenzene (4k), ketone (4m), sulfone (4n) and phthalimide (4o) delivering products that 

can be subjected to further synthetic manipulations. For a number of coupling partners, such 
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as allylbenzenes (4h–4k) and alkenes with pendant functional groups (4l–4o), only di-

alkylated products were observed. Reducing the loading of the alkene coupling partners or 

reaction time did not change the exclusive formation of di-alkylated products.

Subsequently, the substrate scope for Ir(I)-catalyzed C–H alkylation was evaluated. Various 

2- and 3-substituted pyrrolidines (6a–6c) gave the desired alkylated products in synthetically 

useful yields (30–76%). We were pleased to observe that under our optimized reaction 

conditions, sterically incumbent and medicinally relevant bicyclic (6d) and spirocyclic 

pyrrolidines (6e) are suitable substrates. Furthermore, this method can also be extended to 

(L)-Proline (6f) and (L)-Hydroxyproline (6g), which feature frequently in investigational 

antiviral agents[19], delivering for the first time (L)-Proline and (L)-Hydroxyproline 

analogues with unique 2,5-substitution pattern with moderate diastereoselectivity. These 

unnatural amino acids will allow for investigation of new chemical space in peptide-based 

drug discovery which is currently undergoing a renaissance[20].

Finally, we were also able to demonstrate that this method could be used to alkylate 

piperidine (6h) and tetrahydroisoquinoline (6i) albeit in lower yields, in the presence of 

catalytic HBF4.Et2O as an additive. We also demonstrated the successful α-C–H alkylation 

of pyrrolidine 3 with allylacetone on large scale (1.0 mmol) delivering 4m with the same 

efficiency (68%, Scheme 3). The directing group could readily be removed by treatment 

with an aqueous solution of TFA (75% vol/vol) at 65 °C. The intermediate amine was 

immediately protected as an Fmoc-carbamate delivering 7 in 68% yield over two steps.

In conclusion, we have developed a novel and practical 3-pentoxythiocarbonyl directing 

group that allows for the α-C–H alkylation of a range of pyrrolidines, piperidine and 

tetrahydroisoquinoline. The synthetic utility of this simple carbamate derived directing 

group was further demonstrated in the α-C–H alkylation of important medicinally relevant 

motifs such as (L)-Proline and (L)-Hydroxyproline delivering, for the first time, unique 2,5-

di-alkylated proline analogues. Future efforts in our laboratories will focus on the 

development of enantioselective α-C–H alkylation utilizing the current 3-

penthoxythiocarbonyl directing group in the presence of chiral catalysts.

Experimental Section

General procedure for C–H alkylation

A 2-dram vial was charged with substrate 3 (20.2 mg, 0.1 mmol) and the vial was evacuated 

by passing through alternative cycles of vacuum/Argon. Degassed PhCl (0.5 mL) was then 

added to the above vial. In a separate 2-dram vial, under an Argon atmosphere (glovebox), 

[Ir(cod)2]OTf (5.7 mg, 0.01 mmol) was added followed by a solution of substrate 3 in 

degassed PhCl (0.5 mL). Subsequently, alkene (0.8 mmol) was added to the above reaction 

mixture and the reaction was allowed to stir at 85 °C, under an Argon atmosphere, for 6 or 

24 h. Upon completion, the reaction was filtered over Celite® and the filter cake was 

thoroughly washed with EtOAc: MeOH (9:1 v/v). Solvent was removed in vacuo to give a 

crude residue that was purified by preparative TLC. NB: addition of degassed PhCl and 

alkene was performed outside of glovebox.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
α-C–H Functionalizations of Azacycles
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Scheme 2. 
Installation of the menthoxythiocarbonyl directing group.
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Scheme 3. 
Large scale α-C–H alkylation of pyrrolidine and removal of 3-pentoxythiocarbonyl directing 

group. Reaction conditions: a. 3 (1.0 mmol), [Ir(cod)2]OTf (10 mol%), allylacetone (8 

equiv.), degassed PhCl, Ar (1 atm), 85 °C, 6 h, 68%; b. 75% TFA in H2O, 65 °C, 2 h; c. 

Fmoc-OSu (2 equiv.), Dioxane: saturated aqueous NaHCO3 solution (1:1 v/v), 16 h, rt, 68% 

over 2 steps.
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Table 1

Screening of non-coordinating counteranions[a,b]

Entry Counteranion (X) Yield 2a (%)

1 BARF 45%

2 BF4
− 64%

3 PF6
− 74%

4 OTf− 80%

[a]
Conditions: 2 (0.1 mmol), ethyl acrylate (8.0 equiv), [Ir(cod)2]X (10 mol%), degassed 1,2-dimethoxyethane (DME), 80 °C, Ar, 24 h.

[b]
The yields were determined by 1H NMR using mesitylene as internal standard.
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Table 2

Alkene coupling partner scope for Ir(I)-catalyzed C–H alkylation[a,b].

[a]
Conditions: 2 (0.1 mmol), alkene (8.0 equiv), [Ir(cod)2]OTf (10 mol%), degassed PhCl, 80 °C, Ar, 6 h.

[b]
Isolated yields are given here.

[c]
Only di-alkylated products (2,6-disubstituted) were obtained for these substrates,

[d]
Isolated yield given here was the yield of product obtained after removal of directing group.
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Table 3

Substrate scope for Ir(I)-catalyzed C–H alkylation[a,b]

[a]
Conditions: 2 (0.1 mmol), alkene (8.0 equiv), [Ir(cod)2]OTf (10 mol%), degassed PhCl, 80 °C, Ar, 6 h.

[b]
Isolated yields are given here.

[c]
HBF4.Et2O (10 mol%) was used as an additive.

[d]
Menthoxythiocarbonyl directing group was used.

[e]
Reaction was run for 24 h.
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