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Abstract

Regioselective carbohydroxylation and aminohydroxylation of α-olefins were developed by a 

photoredox catalyst and pyridine N-oxide. This approach offers the catalytic and direct conversion 

of unactivated alkenes to a series of primary alcohols, including those bearing β-quaternary 
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carbon centers and β-amino alcohols. The regioselective difunctionalization is enabled by the 

radical addition of α-olefin from the pyridine N-oxy radical, which is generated from readily 

available pyridine N-oxide via photoredox catalyzed single-electron oxidation. A combination 

of experimental and computational mechanistic studies was employed to lend support for the 

proposed reaction mechanism that proceeds via interwoven radical steps and polar substitution. 

The implications of this method for regioselective difunctionalization of α-olefins were further 

demonstrated by the examples of carboetherification, carboesterification, and lactone formation.

Graphical Abstract

1. INTRODUCTION

Primary alcohols are one of the fundamental substrates in organic chemistry, and they 

have broad usefulness in pharmaceutical, agrochemical, and bulk/fine chemical industries.1 

Their synthesis from terminal alkenes via regioselective (anti-Markovnikov) hydration 

represents a direct and compelling synthetic route using abundantly available substrates.2 

Primary aliphatic alcohols are commonly accessed through a two-step redox process (Figure 

1A). For instance, the two-step hydroboration-oxidation sequence is a robust and widely 

applied approach to achieve anti-Markovnikov hydration of alkenes.3 In industry, the Ziegler 

process and hydroformylation/hydrogenation prevail in producing primary alcohols.4 In 

addition, the synthesis of primary alcohols has been reported by transition metal-catalyzed 

regioselective hydrogenation of epoxides.5 However, these transformations generally require 

stoichiometric oxidation/reduction and multistep operations. To address these challenges, 

tremendous efforts have been made in developing direct and catalytic production of primary 

alcohols from olefins and water through transition metal catalysis and photoredox catalysis.6 

The Grubbs group demonstrated a triple relay catalysis system for one-pot anti-Markovnikov 

hydration of styrenes with water (Figure 1B).7 A photoredox approach was reported by the 

Lei group using an acridinium photocatalyst that enables the single-electron oxidation of 

styrenes and multisubstituted alkenes to achieve the synthesis of primary alcohols (Figure 

1B).8 Despite these significant achievements, the reported catalytic approaches to primary 

alcohols share the common limitations to styrenes or multisubstituted olefin substrates. 

For example, α-olefins are beyond the scope of anti-Markovnikov hydration in modern 

photoredox chemistry due to their challenging single-electron oxidation.6b

The radical addition of unsymmetrical olefins represents an alternative powerful strategy 

for regioselective (anti-Markovnikov) construction of the carbon-heteroatom bond at the 

less-substituted carbon of alkene. Although impressive nitrogen-,9 sulfur-,10 and halide-
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centered11 radical-mediated catalytic anti-Markovnikov addition reactions of unactivated 

olefins were developed, the corresponding oxygen-centered radical-mediated reactions 

remain elusive. Recently, seminal work from Han et al.,12 Ready and Leng,13 and 

Glorius et al.,14 respectively, demonstrated photoredox-catalyzed oxygen-centered radical 

mediated anti-Markovnikov hydrooxygenation of unactivated olefins (Figure 1C). These 

methodologies provide evidence for applying oxy radicals in the regioselective addition 

of unactivated alkenes. However, substrate prefunctionalization and employment of 

stoichiometric oxygen radical precursors were required in these protocols.

Recently, our group and others have reported a photocatalytic strategy for pyridine N-

oxy radical generation through single-election oxidation of pyridine N-oxides.15 This 

strategy has been explored in the development of various radical cascade reactions and 

C─H functionalizations.15 In view of the body of literature on alkene addition by 

oxy radicals and the versatile reactivity of pyridine N-oxy radicals, we hypothesized 

that the photocatalytically generated electrophilic pyridine N-oxy radicals might initiate 

the regioselective addition of α-olefins at the terminal carbons in accordance with 

the persistent radical effect and favored polarity matching (Figure 2). The resulting 

more stable carbon radial intermediate can undergo a Giese-type reaction with an 

electrodeficient alkene to generate an N-alkoxypyridinium intermediate. We proposed that 

the N-alkoxypyridinium intermediate might react with water through substitution to furnish 

the primary alcohol product, achieving regioselective carbohydroxylation. Herein, we report 

an organophotoredox/pyridine N-oxide catalyzed regioselective carbohydroxylation and 

aminohydroxylation of α-olefins (Figure 2). The carbohydroxylation successfully delivered 

a series of primary alcohols, including those bearing β-quaternary carbon centers and 

medicinally relevant pyridine cores. Additionally, the examples of aminohydroxylation 

provided a new method for the production of β-amino alcohols. These results point the 

way to a catalytic and direct approach with modular control of regioselectivity for the 

difunctionalization of α-olefins by a dual photoredox/pyridine N-oxide catalytic system via 

interwoven radical steps and polar substitution.

2. RESULTS AND DISCUSSION

2.1. Development and Optimization.

To test the principle, a proposed carbohydroxylation of 1-hexene with benzalmalononitrile 

as the radical trapping agent and water as the nucleophile was chosen as the model reaction 

(Figure 3A). Based on our and others’ previous studies, 9-mesityl-10-methylacridinium 

(Mes-Acr-MeClO4, PC1, E1/2
red* = +2.06 V vs SCE) was first examined as the photoredox 

catalyst to initiate the photoinduced single-electron oxidation of pyridine N-oxides for the 

generation of N-oxy radicals.6b,15 Meanwhile, the selection of 1-hexene as the model α-

olefin substrate is based on its high oxidation potential (E1/2
ox > + 2.50 V vs SCE),16 which 

is outside of the oxidation range of the acridinium excited state. We started our investigation 

with a survey of pyridine N-oxides by the reaction of 1-hexene with benzalmalononitrile 

PC1 under irradiation with a blue LED light in acetonitrile/water (10:1) (Figure 3A).

In line with our hypothesis, when 20 mol % pyridine N-oxide (1a) was applied, the 

desired carbohydroxylation product 2 (d.r. = 1:1) was obtained in 14% yield with exclusive 
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regioselectivity, and unreacted radical acceptor was recovered (Figure 3A, entry 1). 

However, along with the formation of primary alcohol 2, an ortho-alkylation product 3 
(13%) was generated from the reaction of 1a (Figure 3B). Based on Miura et al.’s report 

on photocatalyzed ortho-alkylation of pyridine N-oxides,17 the formation of 3 is rationalized 

via an intramolecular radical ortho-addition followed by β─N─O and β─C─C bonds 

scissions with losing formaldehyde fragment.17 To suppress the competing ortho-alkylation, 

ortho-disubstituted N-oxides 1b–1e (entries 2–6) were screened. 2,6-Dichloropyridine N-

oxide 1b was the most efficient for the desired carbohydroxylation (entry 2). It is worth 

mentioning that when 2,6-dibromopyridine N-oxide 1d was applied, the allylic alkylation 

product 4 of 1-hexene with benzalmalononitrile was obtained in 34% yield (4, Figure 3C). 

Compound 4 is formed through allylic C─H functionalization with 1d as an H atom transfer 

(HAT) agent, while the alkylation product was not detected when 1b was examined.18

Following the promising results, extensive condition optimizations, including surveys of 

photocatalysts, solvents, and additives, were performed (see Tables S1-S4 in the Supporting 

Information). Mes-(tBu)2Acr-PhBF4 (PC2, E1/2
red* = +2.15 V vs SCE)6b,19 proved to be 

the most efficient photocatalyst (entry 7). Upon solvent screening, acetone was identified 

as the optimized solvent (entry 8). The necessity of water in achieving the desired 

carbohydroxylation was validated by a control experiment (entry 9). In consideration of 

the proton transfer sequence (Figure 2), various acid additives were examined (entries 10–14 

and Table S3). The highest reaction efficiency was obtained when acetone was applied as a 

solvent with the addition of 2.0 equiv of trichloroacetic acid (TFA) (entry 11). In addition 

to presumably facilitating proton transfer, TFA is also found to promote the nucleophilic 

substitution step. It occurs through hydrogen bonding formations between trifluoroacetate, 

N-alkoxypyridinium intermediate, and water. This process is discussed in more detail in a 

later section by computational modeling of the reaction.

Encouragingly, as shown in Figure 3D, when the reaction of 2-ethyl-1-butene (E1/2
ox = 

+2.43 V vs SCE) was subjected to 20 mol % 1b in the presence of PC2 and TFA in 

acetone/water under blue light irradiation (condition A), the primary alcohol product 5 was 

obtained in high isolated yield (82%) with exclusive regioselectivity. Considering the ready 

availability of pyridine N-oxides, the loading of 1b was increased to 50 mol % in the 

reaction of 1-hexene, and 2 can be produced in satisfactory yield (74%, entry 15 and Figure 

3D, condition B). In the absence of pyridine N-oxide, the control reaction of 1-hexene, 

benzalmalononitrile, and water, solely catalyzed by the photocatalyst under blue light, did 

not participate in the proposed carbohydroxylation, and unreacted substrates were recovered 

(entry 18). This result aligns with reports from Nicewicz and others that α-olefins are 

generally nonoxidizable by the acridinium excited state.8,10f,16,18 Omitting the photocatalyst 

or the performance of the reaction in the dark leads to no reaction, revealing its crucial role 

(entries 19 and 20).

2.2. Reaction Scope.

On the basis of this knowledge of the optimized reaction, substrate generality was 

investigated. We first examined electron-deficient alkenes as radical acceptors in 

the regioselective carbohydroxylation of 2-ethyl-1-butene (condition A) and 1-hexene 
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(condition B). Various electron-deficient alkenes, including vinylpyridines, vinylpyrazine, 

tert-butyl methacrylate, and α-(trifluoromethyl)styrene, reacted smoothly, generating the 

corresponding primary alcohols in good to moderate yields (Figure 4, 6–12). In the cases 

of vinylpyridines, it is presumed that they were protonated by TFA, becoming more 

electrophilic to facilitate the Giese radical addition. 4-Vinylpyridine was found to be less 

reactive than 2-vinylpyridine, producing 8 in 58% yield.

With regard to the omnipresence of the pyridine scaffold in pharmaceuticals, agrochemicals, 

and natural products, we then conducted a study of the scope of α-olefins using 2-

vinylpyridine as the radical acceptor. Generally, β, β-disubstituted α-olefins (condition 

A) exhibited higher reactivity than monosubstituted α-olefins (condition B). 2-Methyl-1-

pentene underwent efficient regioselective carbohydroxylation (13). Exomethylene 

containing 4-methylene-1-tosylpiperidine reacted successfully to generate 14 in 75% yield. 

The structure of primary alcohol product 14 was identified spectroscopically and confirmed 

by X-ray diffraction analysis.20

Furthermore, we evaluated α-olefins with various functional groups (15–20). Olefins 

containing ketones, esters, nitrile, and chloro-substituent were compatible with this reaction, 

affording primary alcohols in good to moderate yields (15–19). However, bromo-substituted 

alkene furnished the desired product 20 in low yield (32% yield) even with 50 mol 

% N-oxide loading. In addition to terminal olefins, internal and cyclic alkenes (21–25) 

were carbohydroxylated to give the corresponding alcohol products in moderate reaction 

yields with low diastereoselectivities. The alcohol product generated from dimethyl hex-3-

enedioate underwent intramolecular transesterification, delivering lactone product 26 in 

36% yield. Notably, camphene was a good substrate for this transformation, giving the 

carbohydroxylation product 27 in 71% yield with a stereoselectivity ratio of 10:1. Moreover, 

this protocol can be applied to a terminal alkene tethered Ibuprofen derivative (28). Indeed, 

our current method exhibits certain substrate limitations. Our attempts on alkenals and 

unprotected olefinic amines did not yield the desired primary alcohol products. The method 

presented here for regioselective carbohydroxylation allows the generation of various 

primary alcohols from unactivated α-olefins and water directly. Remarkably, it provides a 

direct approach to the synthesis of primary alcohols containing β-quaternary carbon centers.

In order to further explore the synthetic potential of the photoredox-catalyzed regioselective 

difunctionalization of α-olefins, we next applied this protocol to the aminohydroxylation 

of α-olefins (Figure 5). Diisopropyl azodicarboxylate (DIAD) was utilized as the carbon 

radical trapping agent. Gratifyingly, upon employing 50 mol % 1b and acridinium 

photocatalyst (condition B), the desired aminohydroxylation products were successfully 

produced from various α-olefins in acceptable to good yields (26–31). In addition to 

α-olefins, internal alkenes, e.g., cyclohexene, were examined under the photocatalytic 

condition. However, the allylic C─H amination product of cyclohexene 35 (46%) was 

obtained as the major reaction outcome, with the generation of the desired alcohol product 

in low yield. The synthetic usefulness of the aminohydroxylation products was then 

exemplified by preparing the hydrazide-containing oxazolidin-2-one 37 from base-promoted 

cyclization of 29 (Figure 5b). Following established procedures,21 the subsequent reaction of 
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37 with methyl bromoacetate in the presence of cesium carbonate gave the oxazolidinone 38 
via the nitrogen–nitrogen bond cleavage.

2.3. Mechanistic Studies.

Previous studies from our group and others have demonstrated the photoredox-catalyzed 

generation of pyridine N-oxy radicals through single-electron oxidation from pyridine 

N-oxides. It was further validated by the fluorescence quenching experiments and 

electrochemical studies of an acridinium photocatalyst, 2,6-dichloropyridine N-oxide, and 

α-olefins (Figure 6A). The Stern–Volmer fluorescence quenching analysis determined that 

the light-excited photocatalyst Mes-(tBu)2Acr+* was quenched by 2,6-dichloropyridine N-

oxide (1b, Ksv = 34.2) rather than α-olefin or benzalmalononitrile. It is consistent with our 

electrochemical studies that the excited photocatalyst Mes-(tBu)2Acr+* (E*red = 2.15 V vs 

SCE) oxidizes 1b (E1/2
ox = +2.06 V vs SCE) via photoinduced single-electron oxidation. As 

documented, α-olefins (e.g., 1-hexene: E1/2
ox > + 2.50 V vs SCE; 2-ethyl-1-butene: E1/2

ox 

= +2.43 V vs SCE) are outside of the oxidation range of the acridinium excited state, which 

excludes the pathway of alkene cation radical generation from α-olefins. Furthermore, the 

generation of a carbon radical upon alkene addition by N-oxy radical addition was evidenced 

by the cyclization/carbohydroxylation of 1,6-heptadiene (Figure 6B). The disubstituted 

cyclopentane 32 was obtained in 52% yield and was afforded through an intramolecular 

radical addition to the pendant alkene.

As outlined in our research design (Figure 2B), it is proposed that upon the Giese-type 

reaction the resulting N-alkoxypyridinium intermediate undergoes nucleophilic substitution 

with water to yield the alcohol product and regenerates pyridine N-oxide. Early reports 

from Katritzky and Lunt provided evidence for the reactivity of N-alkoxypyridinium salt 

in nucleophilic substitution reactions and pyridine N-oxide regeneration.22 Another possible 

pathway involving reductive cleavage of the N─O bond in N-alkoxypyridinium may lead 

to alcohol product generation.23 However, the use of a catalytic amount of 1b in producing 

the alcohol products suggests regeneration of N-oxide. To reveal the origin of the hydroxyl 

group in the product and elucidate the mechanism, an isotopic labeling experiment using 

H2
18O (95 atom % 18O) as the nucleophile was performed for carbohydroxylation of 

2-ethyl-1-butene (Figure 6C). Under the optimized reaction conditions (condition A), the 

primary alcohol product was obtained in 78% yield with 18O/16O = 92/8. This result 

demonstrates the nucleophilic substitution step of N-alkoxypyridinium with water for 

alcohol production, and the achieved catalytic use of 1b further validates our hypothesis.

In view of the feasibility of the nucleophilic substitution step, we envisioned that the scope 

of nucleophiles could be extended, e.g., alcohols and carboxylates for carbooxygenation. 

As predicted, the carboetherification product 33 could be obtained in 42% yield when 

tert-butanol was employed under the photoredox/pyridine N-oxide condition (Figure 6D). 

The use of acetic acid as the nucleophile was also attempted. With a brief condition 

screening, the desired regioselective carboesterification product 34 was yielded in 56% 

with excess acetic acid (10.0 equiv) in the presence of 2,6-lutidine (5.0 equiv). It is 

worth noting that the use of the buffer system of acetate and acetic acid is important to 

receive the observed reactivity of carboesterification. It is presumed that the addition of the 
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base is to deprotonate acetic acid in producing acetate to facilitate the substitution step. 

Moreover, we predicted that a regioselective lactonization of olefinic carboxylic acid could 

be achieved via the developed radical addition and polar substitution sequences. As shown 

in Figure 6D, γ-substituted δ-lactone 35 was successfully yielded from 4-pentenoic acid 

through photoredox/pyridine N-oxide catalyzed radical addition/cyclization. Although the 

unoptimized conditions produced 33–35 in moderate yields, these results provide a proof of 

principle for the photoredox/pyridine N-oxide protocol in the development of regioselective 

difunctionalization of α-olefins and heterocycle synthesis.

To provide more insight into the mechanistic understanding, we performed DFT 

calculations to evaluate the feasibility of our proposed mechanism. We modeled the 

reaction of 2-ethyl-1-butene and benzalmalonitrile catalyzed by PC2 and 1b using B3LYP-

D3(BJ)/6−31+G*24PCM25(acetone) calculations as executed in Gaussian ‘16.26 The results 

of our DFT evaluation of the free energy profile of the catalytic cycle including the SET 

steps are shown in Figure 7. Based on the experimentally determined redox potentials 

of PC2 and 1b, we estimate that the initial SET from 1b to PC2 is thermodynamically 

favored by ~0.7 kcal/mol.27 The resulting N-oxy radical (1b•) undergoes facile addition 

to 2-ethyl-1-butene (Figure 7, TSC─O, ΔG‡=0.7 kcal/mol) resulting in the tertiary carbon-

centered radical (Int1).28 The next step in the catalytic cycle involves the Giese-type addition 

of benzalmalonitrile to Int1 (Figure 7, TSC─C, ΔG‡=17.8 kcal/mol), which is rendered 

irreversible by a rapid SET from the reduced PC2 (ΔG= −18.1 kcal/mol) to the Giese-adduct 

(Int2). The resulting carbanion intermediate (Int3) is rapidly protonated (Figure 7, TSProt, 

ΔG‡=3.7 kcal/mol) by trifluoroacetic acid to form the N-alkoxypyridinium trifluoroacetate 

intermediate (Int4). Finally, we modeled the substitution of pyridine N-oxide from the 

N-alkoxypyridinium intermediate by water. In the lowest energy transition state for this step, 

water is activated by the trifluoroacetate counterion, which is dually H-bonded to water, and 

the C─H of the carbon that is attached to the N-alkoxypyridinium leaving group (Figure 

7, TSSub). This step is the rate-determining step in our computed free energy profile with a 

free energy barrier of 24.3 kcal/mol, which is reasonable for a reaction that proceeds at 45 

°C.29 These data substantiate the important role of trifluoroacetic acid in enhancing reaction 

efficiency. Integrating experimental and computational data supports a plausible mechanism 

for photoredox/pyridine N-oxide catalyzed regioselective difunctionalization of α-olefins, 

involving interwoven radical steps and polar substitution.

3. CONCLUSIONS

In summary, we have developed a direct and catalytic strategy for the regioselective 

carbohydroxylation of α-olefins via pyridine N-oxide/photoredox catalysis. The 

demonstrated concept was extended to the regioselective aminohydroxylation of unactivated 

olefins with azodicarboxylates. Various α-olefins were successfully functionalized in 

producing diverse functional-group-rich primary alcohols, showcasing the practicality, 

generality, and robustness of the present method. The mechanistic insights from 

experimental and computational studies reported herein highlight the centrality of 

interwoven radical and polar steps by photoredox/pyridine N-oxide catalysis in 

regioselective difunctionalization of α-olefins. We anticipate that an improved understanding 

of the reactivity and selectivity of pyridine N-oxy radicals will provide further opportunities 
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for catalyst optimization that support the ongoing expansion of alkene functionalization 

classes. For example, this may allow us to approach the enduring challenge of the anti-

Markovnikov hydration of α-olefins and apply this strategy in new synthetic contexts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Stepwise synthesis of primary alcohols. (B) Representative examples on 

catalytic synthesis of primary alcohols. (C) Photoredox catalyzed anti-Markovnikov 

hydrooxygenation of unactivated olefins.
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Figure 2. 
This work: photoredox/pyridine N-oxide catalyzed regioselective carbohydroxylation and 

aminohydroxylation of α-olefins with water for the synthesis of primary alcohols.
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Figure 3. 
(A) Reaction Optimization. (B) Reaction of pyridine N-oxide 1a. (C) Reaction of 2,6-

dibromopyridine N-oxide 1d. (D) Optimized conditions A and B. Reaction conditions: 

alkene (0.6 mmol, 3.0 equiv), benzalmalononitrile (0.2 mmol, 1.0 equiv), 20 mol % of 

N-oxide, and 5 mol % of photocatalyst in solvent/H2O = 10:1 (2.0 mL) under blue LED 

light (λmax = 456 nm, 34 W) for 20 h. b,Conversion of benzalmalononitrile. c,Yields 

were determined by analysis of the 1H NMR spectra of the reaction mixture using 

dibromomethane as an internal standard, and regioselectivity was determined by crude 1H 

NMR analysis.
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Figure 4. 
Synthetic scope for photoredox/pyridine N-oxide catalyzed regioselective 

carbohydroxylation of α-olefins. See the Supporting Information for full experimental 

details and conditions.
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Figure 5. 
(A) Synthetic scope for photoredox/pyridine N-oxide catalyzed regioselective 

aminohydroxylation of α-olefins. (B) Derivatization of 29. See the Supporting Information 

for full experimental details and conditions.
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Figure 6. 
(A) Evidence for pyridine N-oxide (1b) as a reductive quencher. (B) Carbon radical 

trapping by intramolecular cyclization of 1,6-heptadiene. (C) 18O Labeling experiment. (D) 

Regioselective carboetherification and carboesterification.
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Figure 7. 
Most likely catalytic cycle for the photoredox/pyridine N-oxide catalyzed regioselective 

carbohydroxylation of 2-ethyl 1-butene and benzalmalononitrile computed using B3LYP-

D3(BJ)/6−31+G* PCM(acetone). Numbers under each structure represent the free energy (in 

kcal/mol) of that structure relative to the energy of the N-oxy radical of 1b computed at 318 

K. The ΔG values on the arrows represent the thermodynamics of the SET steps while the 

ΔG‡ values correspond to the free energy barrier of the TS relative to the free energy of the 

preceding intermediate. All transition structures are rendered using CYLView 2.0 with key 

distances in angstroms (Å).
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