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Enantioselective Markovnikov Addition of Carbamates to Allylic 
Alcohols for the Construction of α-Secondary and α-Tertiary 
Amines

Ana Bahamonde‡, Buthainah Al Rifaie‡, Victor Martín-Heras, Jamie R. Allen, and Matthew 
S. Sigman*

Department of Chemistry, University of Utah, 315 S 1400 E, Salt Lake City, UT 84112, United 
States

Abstract

Herein we describe the development of a Pd-catalyzed enantioselective Markovnikov addition of 

carbamates to allylic alcohols for the construction of α-tertiary and α-secondary amines. The 

reaction affords a range of β-amino alcohols, after reduction of the aldehyde in situ, which contain 

a variety of functional groups in moderate yields and moderate to good enantioselectivities. These 

products can be readily oxidized to β-amino acids, valuable building blocks for the synthesis of 

biologically active compounds. Mechanistic studies indicate that C–N bond formation occurs via a 

syn amino-palladation mechanism, an insight which may guide future reaction development given 

the limited number of enantioselective syntheses of α-tertiary amines.

Graphical Abstract

Owing to the ubiquity of chiral alkyl amines in natural products and pharmaceuticals, 

methods for constructing C–N bonds in a catalytic enantioselective manner are of great 

value.1 While a number of enantioselective approaches for the generation of chiral amines 

have been reported, in the context of our studies, the most relevant transformation is alkene 
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hydroamination.1,2 This direct and efficient method to form C–N bonds often eliminates the 

necessity for prior functionalization of the starting materials and uses readily available 

synthetic precursors. Perhaps the most synthetically useful advances are highlighted by the 

recent reports of Cu-catalyzed hydroamination of activated olefins (i.e., styrenes), which 

provide aliphatic amines in high yields and enantioselectivities.2,3 Expansion of this 

methodology to the use of unactivated 1,2-disubstituted alkenes has been realized by the 

Buchwald group (Figure 1A).4 Elegant mechanistic investigations of this reaction have 

revealed the critical role of attractive dispersive interactions between the bulky bidentate 

phosphine ligands and the olefin substituents in the consequential anti-Markovnikov 

hydrocupration step (intermediate A, Figure 1).5 These insights expose why the method is 

sensitive to steric effects on the alkene with only effective catalysis presented for 1,2-

disubstituted alkenes to access α-secondary amines to date.

In order to access α-tertiary amines using a hydroamination strategy, a Markovnikov 

addition to trisubstituted alkenes would be required, which has not been reported. An 

inspiration to develop such a method originates from the prevalence of chiral α-tertiary 

amines in alkaloids and biologically active compounds.6 Indeed, these highly congested 

amines cannot be accessed using any of the most commonly used enantioselective 

approaches1,2 and are currently accessed via indirect strategies such as reduction of N-

sulfonyloxaziridines,7 or diastereoselective intramolecular cyclizations.6 Ideally, the 

development of a catalytic enantioselective strategy would be both complementary and 

enabling.

In this context, we envisioned that a transition metal-catalyzed enantioselective addition of 

amines to trisubstituted olefins in a Markovnikov fashion may be possible using an aza-

Wacker-type process.8 This strategy was inspired by our recently reported Pd/PyrOx-

catalyzed intermolecular addition of phenols to disubstituted allylic alcohols.9 We 

hypothesized that a related catalytic system could enable the coupling of carbamates to tri-

and di-substituted allylic alcohols to generate β-amino aldehydes (3, Figure 1B). These 

products are particularly interesting as they can be readily oxidized to form β-amino acids, 

which are common chiral building blocks.10 Additionally, β-amino acids are common 

precursors β-lactams.11 Notably, the intermolecular addition of phenols or other heteroatom 

nucleophiles to trisubstituted alkenes have not been reported in an enantioselective fashion.

Mechanistically, this aza-Wacker-type8 reaction would involve a key Pd(II)-catalyzed 

Markovnikov addition to a trisubstituted allylic alcohol (intermediate C, Figure 1B). Studies 

of enantioselective intramolecular aza-Wacker reactions have shown that this 

aminopalladation step can occur via two different mechanisms: syn- and anti-
aminopalladation.12 The nature of this C–N bond-forming process may generate opposite 

enantiomers of product and has been shown to be highly dependent on the reaction 

conditions, particularly with respect to the amine nucleophile and catalyst employed.13 

Consequently, exquisite control of the aminopalladation event is likely required to achieve 

high levels of enantioselectivity. Subsequent β-hydride elimination and reinsertion would 

render intermediate E, which can undergo elimination to form a Pd(0) complex and release 

the desired product 3.14 The catalytic cycle is completed by oxidation of the Pd(0) species to 

regenerate the Pd(II) catalyst.

Bahamonde et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2019 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our optimization studies began by selecting trisubstituted allylic alcohol 1a and benzyl 

carbamate 2a as the model substrate and nitrogen nucleophile, respectively (Table 1). This 

amine source is viewed as particularly attractive because Cbz is commonly used as a 

protecting group in peptide coupling chemistry and can be readily removed. Initial 

evaluation of our previously developed catalyst system for the enantioselective Wacker-type 

phenol addition to allylic alcohols unfortunately resulted in a 6% yield (entry 1).9 Through 

substantial evaluation of the reaction conditions, the combination of CHCl3 as solvent and p-

benzoquinone (BQ) as the terminal oxidant resulted in 31% yield and 87:13 er of desired 

product 3a (entry 2). An enhancement in yield was observed when one equivalent of an 

organic base, 2,6-di-tert-butyl-4-methylpyridine (DTBMP), was added (entry 3). Notably, 

switching the oxidant from BQ to a Cu(II) salt under an aerobic atmosphere produced the 

desired product in significantly diminished yield (entry 4). Aiming to improve the moderate 

enantioselectivity (87:13 er) of the process, a series of PyrOx ligands were evaluated (see SI 

for more details).15 While L3 promoted this reaction in a higher er value (92:8), the reaction 

yield decreased (entry 5). Careful examination of this result revealed that the ligand is 

consumed under the reaction conditions. Increasing the ligand loading or adding more ligand 

after its consumption resulted in similar observations (entry 6). Interestingly, when the 

catalyst loading is reduced by half, a higher turnover number is obtained. Taking advantage 

of this observation, the reaction was carried out with the sequential addition of 3 batches of 

3 mol % Pd and 6 mol % L3, which resulted in an isolated yield of 66% and 92:8 er of the 

desired product (entry 8). The importance of multiple catalyst additions is illustrated in 

entries 8 and 9 wherein superior yields are obtained in comparison to a single addition of the 

catalyst. Unfortunately, using an excess of the carbamate (2a), a ratio of 3:1 

carbamate:olefin, the yield decreased to a 43% (not shown).

Considering the uniqueness of the Markovnikov addition of a carbamate to a trisubstituted 

alkene and the previously reported dependence of the aminopalladation mechanism on the 

reaction components,12 deuterated allylic alcohol 1e-d2 was subjected to the optimized 

conditions (Figure 2) to study the mode of insertion (syn or anti). Based on the assumption 

that the Pd does not dissociate from the alkene after the aminopalladation event,14 the 

relative stereochemistry between the deuterium and the amine is set by the nature of this 

step. As a result, the relative stereochemistry of the diastereomer formed would relate to the 

mechanism of the C–N bond formation. To accurately determine the stereochemical 

outcome of the reaction, the amino aldehyde was converted into cyclic carbamate 4 
following the route depicted in Figure 2b. A cis relationship between the deuterium and the 

benzyl group in compound 4 was determined by 1D-nOe suggesting that the reaction 

proceeds via a syn-aminopalladation mechanism.

As the next stage, we examined the scope of compatible allylic alcohols (Table 2A).16 A 

series of different alkyl and remote aryl substituents were evaluated with no significant 

effect on the enantioselectivity or yield of the process (3b-3e). The aldehyde products were 

reduced to the corresponding alcohols (3) to facilitate the isolation process and avoid 

product decomposition. It is notable that the catalyst can discriminate between an ethyl and a 

propyl group to yield 3d with a good level of enantioselectivity. Functional group tolerance 

was examined by incorporating a second olefin (3f), an acetonide (3g, 3h), a silyl-protected 
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alcohol (3i), an alkyl tosylate (3j), a chloride (3k), and an orthogonally protected amine (3l). 
In all cases, the reaction performs similarly to the model substrate wherein the amino 

alcohols are isolated in moderate yields with moderate to high enantioselectivities. 

Enantiomerically enriched substrates 2g and 2h were subjected to the reaction conditions 

resulting in excellent diastereoselectivities and good yields (3g and 3h).17 The stereocenter 

established by the enantioselective aza-Wacker process is conserved suggesting that the 

reaction is under complete catalyst control in the C‒N bond forming event.

To further explore the scope, disubstituted olefins were also evaluated. Similar conditions 

were found to be optimal although no improvement on the reaction yield is observed using a 

portion-wise addition. Additionally, PyrOx ligand L4 was selected to probe the substrate 

scope of disubstituted alkenols as lower enantioselectivity was obtained using ligand L3 (er 

= 84:16). Moderate yields and good levels of enantioselectivity in the reaction were obtained 

when olefins containing different alkyl groups, including the more sterically demanding 

cyclohexyl moiety, were employed (entries 3m-3p, Table 2B). Functional group tolerance 

was evaluated using protected alcohol 1q, and nitrile 1r. In both cases, the final product is 

obtained in a good er (3q and 3r); however, the use of a nitrile resulted in diminished yield. 

The absolute stereochemistry of the aminated product 3m was unambiguously assigned to 

be (R) via X-ray crystallography of a derivative. The preferential formation of the (R) 

enantiomer when a Z-alkenol is used, together with the syn-palladation mechanism, are 

consistent with the stereochemical models proposed in the redox-relay Heck reactions 

previously reported by our group.14a

As noted in the introduction, this reaction allows access to α-tertiary and α-secondary β-

amino acids. Therefore, a selection of amino alcohols products (3) from the aza-Wacker 

reaction were oxidized to the β-amino acids 5 in near quantitative yields, with no significant 

erosion of the enantiomeric ratio (Table 3).18

In summary, we have developed a Markovnikov addition of carbamates to tri- and 

disubstituted olefins. This Pd-catalyzed reaction generates α-tertiary and α-secondary β-

amino alcohols in moderate yields and moderate to good enantioselectivities, from which 

facile oxidation permits access to β-amino acids. An isotopic labeling experiment suggests 

that this bond formation occurs via a syn-aminopalladation pathway, an important insight 

given the established sensitivity of aminopalladation mechanism to reaction conditions in 

related intramolecular aza-Wacker reactions.12 Further mechanistic investigations are 

currently ongoing in our laboratory, as we envision that this methodology will inspire future 

studies of the asymmetric synthesis of α-tertiary heteroatom stereocenters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Enantioselective coupling of amines to olefins.
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Figure 2. 
Aminopalladation mechanistic studies
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Table 1:

Optimization of reaction conditionsa

aReactions were run on a 0.2 mmol scale. Yields were determined by 1H NMR spectroscopy using 1,3,5-

trimethoxybenze as internal standard. Enantiomeric ratios were determined by SFC. bPhCF3 used as solvent, 

carbamate 2a (2 equiv) and alkene 1a (1 equiv). dPd(CH3CN)2(OTs)2 and L3 were added in 3 batches of 3 

mol % and 6 mol % respectively. eYields in parentheses are of isolated material after reduction to the alcohol 

with NaBH4.
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Table 2:

Substrate scopea

aEach entry represents the average of two isolated yields on 0.3 mmol scale. The er values were determined by 

SFC. bZ-alkenol used as olefin. cOlefin synthesized in a 96:4 er with AD-mix-α, dr determined by 1H NMR 

spectroscopy. dOlefin synthesized in a 97:3 er with AD-mix-β, dr determined by 1H NMR spectroscopy. 
ePd(CH3CN)2(OTs)2 (6 mol %), L3 PyrOx (14 mol %), BQ (3 equiv), DTBMP (1 equiv), 3Å MS (300 mg/

mmol), carbamate 2 (1 equiv) and alkene 1 (3 equiv) were stirred for 14 h.
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Table 3:

Synthesis of α-secondary β-amino acids
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