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Abstract:  

Since the seminal work by Mukaiyama, many research groups reported 

hydrofunctionalization of olefin with different metal hydrides in situ. Despite the rapid 

development of MHAT (metal-catalyzed hydrogen atom transfer)-derived reactions, the need 

for using different catalyst systems to accommodate different reactivities makes it not 

appealing. Here, we describe a two-step process to access a broad range of 

hydrofunctionalization of olefins. The first step involves a cobalt-catalyzed formation of 

TEMPO adduct from olefins. The reaction demonstrates a broad substrate scope and functional 

group tolerance. The second step involves a photocatalytic nucleophilic addition to generate a 

new C-C, C-N, C-O, C-F, and C-Cl bond. Interestingly with our methodology, nucleophilic 

fluorination could be achieved with a short reaction time, showing its potential in PET 

applications. Combining the two steps, a net hydrofunctionalization of olefins with a broad 

range can be achieved by simply changing the nucleophiles in the second step. A two-step 

diastereoselective hydration of olefins was also demonstrated by employing the bulkiness of 

TEMPO. 

 
. 

Introduction 

Olefins are popular starting material in organic synthesis, and metal-

hydride-catalyzed hydrogen atom transfer (MHAT) has been demonstrated to be 

a robust and powerful strategy for forming carbon-carbon and carbon-heteroatom 

bonds from olefins (through a radical intermediate). Metal hydrides based on 

abundant first-row transition metals have relatively weak M-H bonds, and thus 

demonstrate high reactivity towards even unactivated olefins.1-5 Typical MHAT 

reactions proceed under mild conditions, give good chemo- and regio-selectivity, 

and tolerate a broad range of functional groups. The synthetic utility of MHAT-

initiated reactions is demonstrated by the rapidly growing applications of MHAT 

in total synthesis.6-7 In a typical MHAT-initiated hydrofunctionalization, a 

transition metal hydride transfers a hydrogen atom to the less substituted carbon 

of an olefin and thus generates a more substituted and more stable carbon-

centered radical (Scheme 1a)8-14. The radical can then react with a range of 

radicalophiles, via addition to unsaturated bonds, atom transfer reactions, and so 

on, to give the hydrofunctionalization products. This strategy has been employed 

by many research groups with earth-abundant metals, such as Co,15-33 Mn,34-35, 

and Fe.36-43 
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Scheme 1: Hydrofunctionalization of olefins via MHAT: prior work 

and this work 

 
Despite the rapid development of MHAT-derived reactions, different 

catalyst systems have been required for different reactivities. For example, the 

Carreira group developed different metal catalysts to achieve hydrohydrazination, 

hydroazidination, and hydrocyanation of olefins (Scheme 1b)15-16, 35. In this 

regard, the Boger group has reported an iron(III)/NaBH4 system which can 

facilitate a broad range of C-N, C-O, C-S, and C-C bond-forming reactions 

(however, the iron complex is used in stoichiometric amount, and the borohydride 

and radical traps are used in superstoichiometric amounts) (Scheme 1c)38. The 

Herzon group44 reported a cobalt system for the same purpose, but it suffered 

from the same issues: not catalytic and a large excess of the other reagents needed.  

In view of the work of Knowles45-46  and others47-48  on the generation of 

carbocations from oxidizing TEMPO (2,2,6,6-tetramethylpiperidinyloxy) 

adducts, we felt that a two-step catalytic sequence using TEMPO adducts could 

access a broad range of hydrofunctionalizations of olefins (Scheme 1d). The first 

step involves H• transfer from an in situ generated metal hydride followed by 

TEMPO trapping, to give TEMPO adducts. With the TEMPO adducts, the 

photocatalytic system developed by the Knowles group45 can then be employed 

to form various C-X bonds. Taken together, the two steps will give a net 

hydrofunctionalization of olefins. By changing the nucleophiles, various 

hydrofunctionalization products can be accessed, thus obviating the need to 

develop different MHAT systems.  

 

Synthesis of TEMPO Adducts  
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Existing methods for the generation of TEMPO adducts from olefins are 

not very general. Hawker and his co-workers49  have used a manganese catalyst 

to prepare TEMPO adducts from styrenes — but only those with substituents on 

the phenyl ring. We had no success when we tried to extend this reaction to 

internal alkenes such as β-methyl styrene and 1,2-dihydronapthalene and 

aliphatic alkenes such as 2-methyl-4-phenyl-1-butene. Boger and his co-

workers38  have used an Fe(III)/NaBH4 system to make TEMPO adducts from 

internal aliphatic alkenes, but they have had to use a large excess of the iron 

complex, and have obtained only moderate yields. 

We believed that it might be possible to make TEMPO adducts by H• 

transfer to olefins from metal hydrides, although we expected competition from 

the exothermic transfer of H• to the oxygen of TEMPO. The O-H bond of 

TEMPO-H is 69.6 kcal/mol while the bond dissociation energy (BDE) of M-H 

within a typical isolable HAT catalyst HCpCr(CO)3 is 62 kcal/mol.50 Moreover, 

metal hydrides generated in situ are even weaker, with BDE of Co(salen)-H 

estimated to be around 42 kcal/mol and BDE of Fe(acac)2–H to be only 17-20 

kcal/mol.51-52 We tried a number of Fe and Mn complexes that proved ineffective 

(even with high catalyst loading), but obtained moderate yields with simple cobalt 

salts (Co(acac)2 and Co(acac)3), and better results with cobalt salen complexes. 

   Extensive optimization on both the ethylene amine backbone and the 

salicylaldehyde moiety revealed Co(4MesalentBu,tBu) as the optimal catalyst with a 

loading of 2.5 mol% (See ESI for details). With sodium borohydride as the 

hydride donor, and tert-butyl hydroperoxide as the oxidant, the reaction was 

conducted at room temperature with a mixture of ethanol and water as solvents. 

The major byproduct in this reaction is a Markovnikov hydration product, 

presumably derived from oxygen reacting with the radical generated by MHAT, 

a mechanism similar to the Mukaiyama hydration. The catalyst loading can be 

reduced to 0.5 mol% and still gives a 72% yield.  

With the optimal conditions in hand, the substrate scope of this 

transformation was evaluated (Scheme 2). The reaction works well with styrenes 

substituted with either electron donating or electron withdrawing groups (2a-2f). 

An ortho substituent on the phenyl ring (2g) does not reduce the yield 

significantly, and an internal alkene (2i) is also well tolerated. Aliphatic alkenes 

also prove to be good substrates for this reaction. Monosubstituted (2n), 1,1-

disubstituted (2j-2m), 1,2-disubstituted (2o, 2p), and trisubstituted olefins (2j) all 

give good yields.  
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Scheme 2: Substrate scope of Co-catalyzed TEMPO adduct formation 

from olefins 

 
 

Photocatalytic Nucleophilic Substitution on TEMPO Adducts  

With the synthesis of TEMPO adducts solved, we moved on to explore the 

substitution of TEMPO adducts with various nucleophiles. Upon irradiation, the 

excited Ir photocatalyst oxidizes TEMPO adducts which undergoes mesolytic 

cleavage to give carbocations. The carbocations then get trapped with a broad 

range of nucleophiles to access net nucleophilic substitution products. They 

demonstrated that this reaction could be applied to a broad range of C-, N-, and 

O-centered nucleophiles (Scheme 3). Starting from the TEMPO adduct made 
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from our aforementioned cobalt catalysis, the photocatalytic substitution worked 

well to offer some new products, with C-C, C-N, or C-O bond formation.  

 

Scheme 3: Photocatalytic substitution of TEMPO adducts by the 

Knowles group  

 
 

We decided to explore the possibility of applying other nucleophiles with 

respect to hydrofunctionalization of olefins (Scheme 4a). Various fluoride 

sources were tested for a net hydrofluorination of olefins. Triethylamine 

trihydrofluoride gave the best yield of 81%, while other fluoride sources 

including KHF2, NH4F and Olah reagent (pyridine•xHF) all gave a yield of less 

than 20%. Other nucleophiles were also explored. Chlorination and bromination 

products were obtained with collidinium chloride and bromotrimethylsilane, 

respectively, offering a complementary approach to Ohmiya’s work.53. Electron-

rich arene, such as 1,3-dimethoxybenzene also works well as a nucleophile. When 

acetonitrile was used as the reaction solvent, a Ritter-type54 product was 

generated, albeit in a relatively low yield. With TMSCN, a cyanation product was 

obtained with a 29% yield. Given the growing presence of fluorine in 

pharmaceuticals and agrochemicals, as well as the wide use of 18F in positron 

emission tomography  
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Scheme 4. Exploration of other nucleophiles in photocatalytic 

substitution 
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(PET) imaging,55 we decided to explore the hydrofluorination of our substrates  

(Scheme 4b). Various substituents on the aromatic ring of styrenes can be 

tolerated, including an ortho methyl (2g-F). The TEMPO adducts derived from 

para-CF3 styrene gave only 22% yield (2f-F), probably due to the destabilization 

of the benzylic carbocation by the electron-withdrawing group. The relatively low 

yield of para-F styrene is probably due to the low boiling point nature of the 

fluorination product (2d-F). A TEMPO adduct derived from an internal alkene 

also afforded the corresponding fluorination product in high yield (2i-F). The 

aromatic ring is not necessary for the reaction: a TEMPO adduct derived from an 

aliphatic alkene gave a 62% yield (2m-F). The Doyle group noted in their paper:56 

“The Knowles group introduced a methodology … the method was not shown to 

work with fluoride and the substrates can be challenging to access”. We 

demonstrated that fluoride can indeed be employed as the nucleophile in the 

photocatalytic substitution of TEMPO adducts. Moreover, a facile synthesis of 

TEMPO adducts was developed.  

When we shortened the reaction time for the synthesis of 2i-F to 30 minutes, 

an NMR yield of 82% was obtained (Scheme 4c). Given that 18F has a half-life 

of 110 minutes, this result shows the potential of applying this methodology to 

the synthesis of 18F-labelled pharmaceuticals.  Moreover, the use of fluoride as F 

source also makes it suitable for PET applications, since 18F is typically obtained 

in the form of fluoride ions.  In contrast, most previous reports on MHAT-

catalyzed hydrofluorination of olefins all used expensive electrophilic sources of 

fluorine, such as selectfluor, NFSI, and N-fluoropyridinium salt, which require 

multi-step synthesis from 18F2 .
21, 37, 44, 57 During the preparation of this manuscript, 

the Song Lin group58 combined Co-catalyzed MHAT and photoredox catalysis to 

achieve hydrofluorination of olefins also with triethylamine trihydrofluoride as 

the fluorine source, and demonstrates its application in the synthesis of 18F-

analogs. 

 

Diastereoselective Hydration of Olefins  

Given the prevalence of the alcohol functionality in pharmaceutical 

compounds and natural products, the hydration of olefins to alcohols is an 

important process in synthesis. The Mukaiyama hydration is one of the most 

commonly used methods for the Markovnikov hydration of olefins on a 

laboratory scale.59 The widely accepted mechanism involves MHAT from in situ 

generated metal hydride to an olefin. The resulting alkyl radical reacts with 

oxygen to install the oxygen functionality. Given the high reactivity and low 

steric bulk of O2, the Mukaiyama hydration typically gives negligible 

diastereoselectivity. The Studer group recently reported a possible solution with 

iron catalysis by employing substituted nitrobenzene as the oxygen donor in place 

of O2.
60 Given the steric bulk of the substituted nitrobenzene, the reaction gives 

high diastereoselectivity. 
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Reductive cleavage of the N-O bonds in TEMPO-derived alkoxyamines is 

well-established. Combined with the MHAT catalyzed TEMPO adduct formation, 

this two step-process can provide an alternative to formal hydration of olefins. 

Moreover, the bulky TEMPO may trap the carbon-centered radicals with high 

diastereoselectivity, which will be preserved in the following reductive cleavage 

step. Thus, the TEMPO adduct may serve as an intermediate for the 

diastereoselective hydration of olefins. During the evaluation of substrate scope 

for TEMPO adduct formation, we found only one diastereomer in the crude 1H-

NMR when using ⍺-, or β-pinene as the starting material. Reduction of the 

TEMPO adduct with Zn under acidic conditions gave the alcohol product as a 

single diastereomer in 81% yield (scheme 5). 

 

Scheme 5: Diastereoselective hydration of olefins 
 

 
 

Conclusion 

In summary, we have described a new two-step protocol for accessing a 

broad range of hydrofunctionalizations of olefin: TEMPO adduct formation from 

olefins and photocatalytic nucleophilic substitution of the TEMPO adducts. Upon 

extensive screening of the reaction conditions, a Co(salen) catalyst and NaBH4 

was found to be the optimal combination for TEMPO adduct formation from 

olefins. A broad range of substrates with distinct substitution patterns prove to be 

good substrates for this transformation. Combined with photocatalytic 

nucleophilic substitution previously reported by the Knowles group, various 

hydrofunctionalizations of olefins were accessed, including hydrofluorination, 

hydroazidation, hydroamination, hydroalkoxylation, hydroalkylation, and so on. 

Moreover, reductive cleavage of N-O bond following TEMPO adduct formation 

gave access to diastereoselective olefin hydration, benefiting from the bulky 

nature of TEMPO.  
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