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ABSTRACT: An efficient Mn-catalyzed aerobic oxidative hydroxyazidation of olefins for synthesis of β-azido alcohols has been 
developed. The aerobic oxidative generation of azido radical employing air as the terminal oxidant is disclosed as the key process 
for this transformation. The reaction is appreciated by its broad substrate scope, inexpensive Mn-catalyst, high efficiency, easy 
operation under air, and mild conditions at room temperature. This chemistry provides a novel approach to high value-added β-
azido alcohols which are useful precursors of aziridines, β-amino alcohols, and other important N- and O-containing heterocyclic 
compounds. This chemistry also provides an unexpected approach to azido substituted cyclic peroxy alcohol esters. A DFT 
calculation indicates that Mn catalyst plays key dual roles as an efficient catalyst for the generation of azido radical and a stabilizer 
for peroxyl radical intermediate. Further calculation reasonably explains the proposed mechanism for the control of C-C bond 
cleavage or for the formation of β-azido alcohols. 

INTRODUCTION 
The synthesis of organic azides always attracts considerable 
attention,1,2 because organoazides are highly valuable and in-
teresting compounds, and have been widely employed in or-
ganic synthesis as precursors of a great number of N-
containing molecules.3 Moreover, the practical click chemistry 
further promotes their use in bioconjugation.4 Additionally, 
owing to their remarkable biological activities, the azido moie-
ties have been applied to design lead compounds for drug dis-
covery.5a During the past decades, organic azides have 
achieved a significant position at the interface between chemi-
stry, medicine, biology, and material science.5 Particularly, β-
azido alcohols are ubiquitous structural motifs in organic mo-
lecules.6-8 Featuring of high potential chemical reactivity, 
these compounds are of particular synthetic utility.6 In addition, 
the high value-added β-azido alcohol can serve as direct pre-
cursors of aziridines7a,b and β-amino alcohols,7c,d both of which 
are important building blocks7a-d and widely exist in biologi-
cally active compounds, e.g., β-adrenergic receptor blockers 
and immune stimulants.7e-g β-Azido alcohols also show signifi-
cant importance in the chemistry of carbohydrates and nucleo-
sides.8 

Traditionally, β-azido alcohols are prepared through ring-
opening of corresponding epoxides9a,b or their variants.9c Re-
duction and subsequent substitution of α-bromo ketones pro-
vide a complementary way to β-azido alcohols.9d-e However, 
these methodologies suffer from multi-step synthesis and li-
mited substrate scope. To develop simple and efficient ap-
proach to β-azido alcohols from readily available substrates is 
still highly desired. 

In recent years, the alkene difunctionalization has become 
an extremely powerful strategy in organic synthesis as evi-

denced by many elegant works.2,10,11 Despite the significances, 
there are still some challenging issues: 1) The alkene difunc-
tionalization dominantly focuses on relatively active olefins 
such as styrenes, as well as less sterically hindered terminal 
alkenes. In contrast, the widely existing unactivated or internal 
alkenes are usually hard to undergo the difunctionalization; 2) 
Although the regioselective intra-molecular alkene difunctio-
nalizations have been developed well, regioselective control of 
inter-molecular alkene difunctionlization still desires more 
attention; 3) Stoichiometric organic or transition-metal salt 
oxidants, such as PhI(OAc)2, benzoquinone, CuII, or AgI, are 
generally required in previous alkene difunctionalization reac-
tions. Dioxygen has been thought as an ideal oxidant in terms 
of green and sustainable chemistry.12,13 Furthermore, the air, a 
mixture containing about 20% (v/v) oxygen gas, shows more 
advantages over pure oxygen in aspect of accessibility, safety, 
and cost. Replacement of these oxidants with molecular oxy-
gen or air represents a significant fundamental challenge. 

Scheme 1. Strategy Design to Construct β-Azido Alcohols. 
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Under this strategy, many elegant aerobic alkene difunctio-
nalization methods have been developed tolerating unactivated 
or internal alkenes.14,15 Inspired by these significant works, we 
hypothesized that the privileged motifs, β-azido alcohols, 
could be obtained by the alkene difunctionalization strategy. 
Recently, we developed a TEMPO-catalyzed oxygenation and 
nitrogenation of alkenes for the synthesis of oxo nitriles via 
C=C double bond cleavage (a, Scheme 1).16 However, the 
mechanism was unclear. After the azido radical addition and 
the generation of peroxide radical II, how does the C-C bond 
cleavage occur? How can we control the C-C bond cleavage 
process? If the peroxide radical II is stabilized, probably we 
can achieve the β-azido alcohol synthesis through the simple 
aerobic alkene difunctionalization. According to these ques-
tions, we hypothesized that if the intra-molecular H abstrac-
tion of the peroxide radical II occurred leading to the carbon 
radical intermediate III, then the C-C bond cleavage rear-
rangement was triggered to afford oxo nitriles (b, Scheme 1). 
Alternatively, when the peroxide radical II could abstract a H-
atom from other inter-molecular H-source, the corresponding 
β-azido peroxy alcohols IV should be produced. Azido peroxy 
alcohols IV can be easily transformed into β-azido alcohols (b, 
Scheme 1). Therefore, the high value-added β-azido alcohols 
could be simply prepared by the alkene difunctionalization 
strategy through the aerobic generation of azido radicals 
process participated by molecular oxygen or air. 

Herein, we report a novel and efficient Mn-catalyzed aero-
bic oxidative hydroxyazidation of alkenes by using ambient air 
as oxidant (c, Scheme 1). The mechanistic studies and DFT 
calculation reasonably explain the proposed the mechanism 
for the control of C-C bond cleavage or for the formation of β-
azido alcohols (b, Scheme 1). This protocol consequently pro-
vides a mild and efficient method for the synthesis of high 
value-added β-azido alcohols which are usually prepared 
through a multi-step transformation from alkenes or ketones.9 
This transformation is also appreciated by its high regioselec-
tivity and wide substrate scope ranging from styrenes to unac-
tivated olefins and internal alkenes. Additionally, unexpected 
cyclic peroxy alcohol esters can be obtained, which makes the 
reaction more interesting and valuable. 

RESULTS AND DISCUSSION 
Initially, styrene 1a was chosen as model substrate for the 
designed aerobic oxidative azidation approach under ambient 
air. According to the above hypothesis, these reactions were 
investigated in the presence of H2O. However, when the reac-
tion was catalyzed by TEMPO,16 no desired product was de-
tected with most of styrene 1a remained (entry 1, Table 1). We 
then envisioned that if an appropriate metal catalyst was added, 
the transition metal might donate an electron to the peroxide 
radical II to form a peroxo-metal complex which probably 
could promote the generation of β-azido peroxy alcohols IV (b, 
Scheme 1). Therefore, various single-electron catalysts such as 
CuBr2, FeBr2, and MnBr2 were examined (entries 2-4, Table 1, 
also see SI). We were glad to find that styrene 1a was con-
verted into a mixture of 3a and 3a' (see SI) when MnBr2 (5 
mol %) was employed (entry 4). This intriguing result reveals 
that MnBr2 is suitable for both azido radical generation and 
peroxyl radical intermediate stabilization. With the further 
addition of PPh3 (1.0 equiv) to reduce the generated peroxy 
alcohols, β-azido alcohol 3a was obtained in 87% yield (entry 

5). Further screening of other azide sources showed that only 
TMSN3 could enable this hydroxyazidation transformation 
(entries 6 and 7). Other Mn salts such as Mn(OAc)2, 
Mn(OAc)3•2H2O, and MnO2 could also execute this reaction 
but with lower efficiencies (entries 8-10). Moreover, when the 
reaction was carried out under pure O2, a similar result was 
obtained (cf. entries 5 and 11). As expected, the reaction under 
Ar atmosphere did not work (entry 12), which indicates the 
vital participation of molecular oxygen in this reaction. During 
the screening of this reaction, trace amount of diazidation 
product was detected as byproduct (see SI). 

Table 1. Optimization of the Reaction Conditions.a 

 
a Reaction conditions: 1a (0.3 mmol), 2 (0.6 mmol), H2O (10 
equiv), catalyst (5 mol %) in MeCN (2 mL) at room temperature 
for 24 h under air. b Isolated yields of 3a. c PPh3 (1.0 equiv) was 
added after 24 h and the mixture was stirred for another 10 min. d 

Determined by 1H NMR. e 1a (3 mmol) was used. 

Notably, even when the loading of MnBr2 was reduced to 1 
mol %, the reaction afforded 3a in 72% yield (entry 13), 
which demonstrates high catalytic efficiency of this MnBr2-air 
oxidative system for generation of azido radical. In the past 
decades, reactions with the generated azido radicals showed 
significant availability in synthesis of organic azides.1,2,3c 
However, despite the significance of these reactions, the con-
ventional initiations of azido radicals limited their further ap-
plications, because: (1) Oxidation of the azide anion has been 
well explored by employing stoichiometric oxidants3c,17 such 
as peroxides,3c transition-metal salts,17a,b and hypervalent 
iodine compounds.17c-f However, these strong oxidants may 
cause limited functional groups compatibility, low atom econ-
omy, and equivalent reduction wastes. (2) Employ certain 
azide compounds as an alternative azido radical precursor, 
such as halo-azides18a,b and azide-iodine(III) reagents.18c How-
ever, these reagents need to be pre-prepared and are usually 
unstable. (3) Electro- and photo-chemistry have been applied 
in the single electron transfer (SET) process of the azide anion 
to the azido radical,19 yet limitation also exists, such as limited 
substrate scope and low efficiency. Therefore, the present 
chemistry provides a simple, mild, and efficient protocol to 
generate azido radicals. 

With the optimum conditions in hand, we next explored the 
scope of terminal styrenes in the presence of TMSN3 2a (2.0 
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equiv), MnBr2 (5 mol %), and H2O (10 equiv) in MeCN under 
air at room temperature. The results were summarized in 
Scheme 2. As expected, a series of styrenes bearing both elec-
tron-donating groups (R = OMe, tBu, Me) or electron-
withdrawing groups (R = Cl, Br, I, CF3, NO2) furnished the 
transformation producing the desired β-azido alcohols in high 
efficiencies (Scheme 2). Halo substituents on the phenyl ring 
were well tolerated (3c, 3o, and 3p). o-, m-, and p-Methyl  

Scheme 2. Substrate Scope of Terminal Styrenes.a 

 
a Reaction conditions: 1 (0.3 mmol), 2a (0.6 mmol), MnBr2 (5 
mol %), H2O (10 equiv) in MeCN (2 mL) under air at room tem-
perature. Yield of isolated product after PPh3 (1.0 equiv) workup. 
b 2a (0.9 mmol) was used at 40 oC. c This reaction was carried out 
at 15 oC. 

styrenes in which the methyl showed different steric hindrance 
resulted in 92%, 84%, and 78% yields, respectively (3f-h). It 
is noteworthy that α-methyl, phenyl, and cyclohexyl styrenes 
performed well under the standard conditions giving the cor-
responding β-azido alcohol products in excellent yields (3n-x). 
Both of α- and β-vinyl substituted naphthalene were tolerated 
in this reaction and showed almost the same efficiency (3u-v). 
In addition, heteroaromatic alkenes bearing benzofuryl and 
thienyl were also compatible under these reaction conditions, 
giving the expected products (3w-x) in 87% and 86% yields, 
respectively. Moreover, pentafluorostyrene which performs a 
potential bioactivity was a good candidate for this transforma-
tion in 70% yield (3i). Notably, the vinyl phenylmethanol 
bearing a hydroxyl group which is sensitive to the oxidative 
environment delivered the product (3l) in 67% yield. 

Inspired by the above results, we turned our attention to in-
ternal styrenes which show bulky steric hindrance. As shown 
in Scheme 3, 1,2-disubstituted styrenes were firstly surveyed 
under the standard reaction conditions. trans-Anethole (4a), a 
natural bioactive molecule, was transformed into the corres-
ponding product in high yield. Besides, cinnamyl alcohol was 
also tolerated affording 5b in 74% yield. Moreover, the reac-
tions of benzo cyclic substrates from five- to seven-membered 
rings proceeded smoothly to produce the cyclic β-azido alco-
hols in good yields (5c-e). To our delight, trisubstituted sty-
renes which display bulkier hindrance provided β-azido substi-
tuted tertiary alcohols in excellent yields (5f-h). 

Scheme 3. Substrate Scope of Internal Styrenes.a 

 
a Reaction conditions: 4 (0.3 mmol), 2a (0.6 mmol), MnBr2 (5 
mol %), H2O (10 equiv) in MeCN (2 mL) under air at room tem-
perature. Yield of isolated product after PPh3 (1.0 equiv) workup. 
b at 10 oC. 

Gratifyingly, the unactivated alkenes which were of chemi-
cal inertness in previously reported olefin difunctionalizations, 
performed well under the standard conditions (Scheme 4). (2-
Methylallyl)benzene (4i) bearing a sensitive benzyl position 
delivered the product 5i in 86% yield. It is noteworthy that the 
reaction of 1-decene afforded 5j in 42% yield. Additionally, 
trisubstituted 4k containing a hydroxyl group produced a diol 
product 5k in 62% yield. Moreover, the reaction was applica-
ble to simple cis-cyclo-hexene, octylene, and dodec-1-ene, as 
demonstrated by the formation of 5l-n in 47%, 72%, and 62% 
yields, respectively. These results demonstrate that the effi-
cient protocol could be applied to the hydroxyazidation of 
various aliphatic alkenes. 

Scheme 4. Substrate Scope of Unactivated Aliphatic Al-
kenes.a 

 
a Reaction conditions: 4 (0.3 mmol), 2a (0.6 mmol), MnBr2 (5 
mol %), H2O (10 equiv) in MeCN (2 mL) under air at room tem-
perature. Yield of isolated product after PPh3 (1.0 equiv) workup. 
b at 40 oC. 

Interestingly, when conjugated diene 4o was employed as 
substrate (Scheme 5), 1,2-addition product 5o was obtained in 
86% yield without any 1,4-addition result.20 In this transfor-
mation, 1.2 equiv TMSN3 was used to avoid a further difunc-
tionalization of 5o. Besides, changing electronic effect of the 
phenyl ring showed no effect on the regioselectivity, merely 
offering 1,2-addition products 5p and 5q in yields of 61% and 
91%, respectively. The conjugate enyne 4r produced the de-
sired product 5r in 51% yield, without the detection of the 
azide/alkyne cycloaddition product4 or the alkyne addition 
product.21 
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Scheme 5. Substrate Scope of Other Kinds of Alkenes.a 

 
a Reaction conditions: 4 (0.3 mmol), 2a (0.6 mmol), MnBr2 (5 
mol %), H2O (10 equiv) in MeCN (2 mL) under air at room tem-
perature. Yield of isolated product after PPh3 (1.0 equiv) workup. 
b 1.2 equiv TMSN3 was used. c at 10 oC. d 1.5 equiv TMSN3 was 
used. e at 40 oC. f 3.0 equiv TMSN3 was used. 

Furthermore, trans-methyl cinnamate was transformed to 5s 
in 51% yield with 1.5:1 diastereoselectivity. This kind of 
product could be easily converted into the corresponding im-
portant β-hydroxy-α-amino acid. Finally, α,β-unsaturated ester 
4t was tested, affording 5t in 66% yield. 

To our surprise, when we used 2-vinylbenzoic acids as sub-
strates which usually underwent lactonization to construct 
kinds of substituted lactons,22 unexpected cyclic peroxy alco-
hol esters were produced (Scheme 6). When 6a was tested as 
substrate, product 7a was offered in excellent yield (92%). 
Besides, bromo substituent on the phenyl ring was well tole-
rated, producing 7b and 7c in 77% and 80% yields, respective-
ly. 6d containing a naphthyl group also reacted smoothly, giv-
ing 7d in 85% yield. This transformation should undergo a 
facile intramolecular nucleophilic substitution of –OOH to 
carboxyl group. 

Scheme 6. Substrate Scope of 2-Vinylbenzoic Acids.a 

 
a Reaction conditions: 6 (0.3 mmol), 2a (0.6 mmol), MnBr2 (5 
mol %), H2O (10 equiv) in MeCN (2 mL) under air at 10 oC. 
Yield of isolated product. 

After having been proven a wide substrate scope tolerance, 
this reaction was applied to complex bioactive molecules con-
taining alkenyl group. To be specific, 8a bearing a steroid 
scaffold furnished the transformation, giving 9a in 79% yield 
(Eq 1). Additionally, 8b derived from (+)-δ-tocopherol was 
suitable for the reaction by switching the solvent from MeCN 
to EA to enhance its solubility, affording the desired 9b in 
70% yield (Eq 2). These two products may have potential 
utilities in medicinal chemistry. 

It is noteworthy that the β-azido alcohol products could be 
widely applied in direct and efficient synthesis of many  

 
bioactive molecules as useful building blocks (Scheme 7). For 
instance, β-amino alcohol 10a and aziridine 10e can be easily 
prepared from 3d through a simple reduction reaction and a 
Staudinger reaction.23a Furthermore, 10d, an analogue to many 
pharmaceutically active β-adrenergic receptor blockers such as 
(R)-pronethalol and (R)-nifenalol,24 was afforded quantitative-
ly via the reduction of the azide and subsequent reductive al-
kylation process with acetone. Additionally, lactam 10c and 
oxazoline 10j were directly synthesized in excellent yields 
from 3d and 3a respectively through hydroxyl-group-assisted 
Schmidt reaction. Undoubtedly, click reaction was employed 
to yield β-hydroxy triazole 10b which was regarded as a 
“drug-like” molecule.7g Moreover, a more complex heterocyc-
lic scaffold 10i can be synthesized through a reported two-
steps transformation.23b Oxazolidinone 10k can also be 
achieved by the reaction of 3a with CO2/PMe3.

23c Besides, 
maintaining the azido group intact, the hydroxyl group could 
be converted into other useful functional groups, such as es-
ter,24 amino,23d and fluoro23e groups (10f-10h, Scheme 7). 
These representative transformations clearly demonstrate the 
versatilities of β-azido alcohols in organic chemistry. 

Scheme 7. Further Transformations of β-Azido Alcohols. 

 
Reaction conditions: a 3d (0.3 mmol), 10% Pd/C (10 mg) in EtOH 
(2 mL) under H2 (1 atm) at 25 oC. b 3a (1 mmol), DMAD (1.1 
equiv) in water (8 mL) at 70 oC. DMAD = dimethyl acetylenedi-
carboxylate. c 3d (0.3 mmol), cyclohexanone (1.5 equiv), 
BF3•OEt2 (4.0 equiv) in DCM (3 mL) at -84 oC, then 50% KOH 
(1 mL). d 3d (0.2 mmol), acetone (1.1 equiv), PtO2 (5 mol %), 4 Å 
MS (90 mg) in MeOH (2 mL) under H2 (1atm) at 35 oC. e benzal-
dehyde (0.5 mmol), 3a (1.1 equiv), BF3•OEt2 (2.0 equiv) in DCM 
(1 mL) at 0 oC, then saturated NaHCO3 (30 mL). 

To get insight into the mechanism, (Z) and (E)-1,2-
diphenylethenes Z-11 and E-11 were tested under the standard 
conditions, resulting the same diastereoselectivity (1.1:1) and 
almost the same yield (85% and 88%, respectively) (Eq 3). 
Besides, 18O2 and H2

18O isotopic labeling experiments were 
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investigated. As expected, the oxygen atom of 3a originated 
from molecular oxygen rather than water (Eqs 4 and 5). 

 
To further unravel the mechanism, the density functional 

theory (DFT) calculation investigation into the MnBr2-
catalyzed hydroxyazidation of olefins to β-azido alcohols was 
first conducted (Figure 1).25 Initially, MnII

 is easily oxidized to 
MnIII which oxidizes TMSN3 to deliver azido radical feasibly, 
requiring free energy of only 2.0 kcal/mol. When azido radical 
is formed, its addition to indene 4c is facile, with an activation 
free energy of only 6.9 kcal/mol to give the intermediate INT1 
that is further trapped by dioxygen to furnish INT2 barrier-
lessly. Consequently, complex INT3 is produced by the reac-
tion of INT2 with MnII catalyst. Then, complex INT3 is fur-
ther hydrolyzed to provide 13 with the formation of MnIII cata-
lyst to complete the catalytic circle. Therefore, MnBr2 plays 
dual roles as an efficient catalyst for the generation of azido 
radical and a stabilizer for peroxyl radical intermediate. When 
INT2 oxidizes TMSN3 through homolytic substitution process 
to initiate azido radical and offer INT4, it is endergonic by 7.9 
kcal/mol, indicating a disfavored pathway in comparison with 
Mn-catalytic pathway. 

MnBr2 MnBr2OH
O2, H2O

G = 2.7 kcal/mol

+ TMSN3
+ N3MnBr2OH MnBr2 + TMSOH

G = 2.0 kcal/mol

N3

O OMnBr2
MnBr2

-17.7 H2O

N3

O OH

MnBr2OH

-4.8

INT3

13

N3

N3

O O

0.0

6.9

-4.3

-9.2

‡

N3

TS1

N3

O2

G
(kcal/mo)

INT1

INT2

4c

2.3

N3

O O

INT1-O2

-1.3

INT4

N3

O OTMS

TMSN3

N3

 
Figure 1. DFT-computed energy profiles for MnBr2-
catalyzed hydroxyazidation of 4c to β-azido alcohol. 

The DFT calculation on our previous TEMPO-catalyzed 
oxo nitriles synthesis through C=C double bond cleavage16 
was also conducted (Figure 2). TEMPO reacts with TMSN3 to 
give TEMPOTMS and azido radical, which is endergonic by 
32.2 kcal/mol. This indicates that TEMPO is not an efficient 
oxidant for the generation of azido radical, in accord with the 
heat condition and long reaction time. After the generation of 
INT2 through the same radical addition and oxygenation 

processes, the intra-molecular H-abstraction through transition 
state TS2 requires an activation free energy of 26.4 kcal/mol 
to afford INT5. The following fragmentation is a stepwise 
process. Firstly, the α-azido radical induces the thermal azido 
N-N bond cleavage with the release of N2 through TS3, which 
only requires an activation free energy of 1.5 kcal/mol. This is 
a highly exergonic process by 56.8 kcal/mol to afford INT6. 
The next C-C bond cleavage and OH radical release occur 
through TS4 in a significantly asynchronous fashion, but real-
ly undergo a concerted process, as further determined by in-
trinsic reaction coordinate (IRC) analysis of the transition state 
structure (see Figure S4 and S5 in SI for details). This pyroly-
sis process is also feasible with an activation free energy of 
only 12.7 kcal/mol and highly exergonic by 40.8 kcal/mol to 
deliver oxo nitrile 14. Another stepwise fragmentation includ-
ing O-O bond cleavage followed by C-C bond cleavage and 
N2 release is unfavorable (see Figure S2 in SI for details). The 
formed OH radical can react with TMSN3 via a homolytic 
substitution reaction at silicon through TS5 with an activation 
free energy of 15.4 kcal/mol to regenerate azido radical to 
complete the catalytic circle. 

Alternatively, INT2 could oxidize TMSN3 through TS6 to 
give azido radical and INT4 with an activation free energy of 
30.7 kcal/mol, which is unfavored over TS2 by 4.3 kcal/mol. 
The inter-molecular H-abstraction of INT4 by in-situ formed 
azido radical provides INT7 feasibly with a free energy barrier 
of 11.8 kcal/mol. The consequent fragmentation is an analogi-
cal stepwise process as above mentioned that thermal azido N-
N bond cleavage removes N2 almost barrierlessly, followed by 
C-C bond cleavage and TMSO radical release feasibly to give 
rise to oxo nitrile 14. Another stepwise fragmentation includ-
ing O-O bond cleavage followed by C-C bond cleavage and 
N2 release is unfavorable (see Figure S3 in SI for details). The 
formed TMSO radical can react with HN3 or TMSN3 to gener-
ate azido radical to complete the catalytic circle. The comitant 
TMSOH or TMS2O can be further detected by GC-MS.16  

Reviewing the whole energy profiles, we found that the 
pathway through TS2 is the prominent process and the intra-
molecular H-abstraction is the rate-determining step, in accord 
with the heat conditions.16 The alternative pathway through 
TS6 is the minor process. 

Additional experiments were conducted to further under-
stand the differences between the two catalytic systems. 
Firstly, H2O (10 equiv) was added in the former reaction, re-
sulting in no difference (cf. Eqs 6 and 7). Then, using MnBr2 
as catalyst under 80 oC in oxygen, the oxo nitrile 15 (32% 
yield) and β-azido alcohol 5g (15% yield) were obtained. The 
results support the DFT calculation: 1) By using MnBr2, a 
more stable complex INT3 can formed easily, which contri-
buted to the formation of 5g (Eq 8); 2) Under the heating con-
ditions, the generation of INT5 is possible to produce oxo 
nitrile 15. Besides, when 16 was employed under 80 oC in 
open air, it cannot be efficiently transformed to ketone 17 
through C-C bond cleavage with the recovery of 16 in 59% 
yield (Eq 9), which demonstrates that once 16 is formed, it 
cannot easily undergo C-C bond cleavage. 
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Figure 2. DFT-computed energy profiles for TEMPO-catalyzed oxygenation and nitrogenation of 4c to afford oxo nitrile 14 
through C=C double bond cleavage. 

 
On the basis of the above results, a plausible mechanism 

was proposed (Scheme 8). Initially, under the standard condi-
tions, MnBr2 catalyst26 is oxidized to MnIII or MnIV

 by dioxy-
gen.27 Subsequently, MnIII

 oxidizes TMSN3 to azido radical A. 
MnIV can also participate in the oxidation of TMSN3 to form 
azido radical A with the generation of MnIII catalyst.17b,27,28 The 
generated azido radical A then attacks alkene at sterically less 
hindered position, producing carbon radical B which is 
trapped by molecular oxygen to form peroxyl radical C. Ac-
cording to the DFT calculation, it is favored for the peroxyl 
radical C to undergo Mn-participated SET and protonation 
processes to afford β-azido peroxy alcohols D. In comparison, 
the pathway through INT4 is disfavored. Finally, β-azido pe-
roxy alcohol D is reduced by PPh3 to form β-azido alcohol 3.  

Scheme 8. Proposed Mechanism. 

 

CONCLUSION 
In conclusion, we have developed a highly efficient Mn-
catalyzed aerobic oxidative hydroxyazidation of olefins for the 
direct synthesis of β-azido alcohols, which are important and 
useful building blocks in various organic synthesis. This che-
mistry discloses a novel MnBr2 initiating azido radical genera-
tion under ambient air. The inexpensive Mn-catalyst, neutral 
conditions, using air as oxidant, broad substrate scope, and 
high value-added products make this protocol very practical 
and attractive. The mechanistic studies and DFT calculation 
reasonably explain the proposed mechanism for the control of 
C-C bond cleavage or for the formation of β-azido alcohols. 
Further applications and mechanistic study of this transforma-
tion are ongoing in our laboratory. 
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Experimental details, NMR spectra, and computational details. 
This material is available free of charge via the Internet at 
http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

jiaoning@bjmu.edu.cn 

Author Contributions 
§These authors contributed equally.  
 
Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT 

Financial support from National Basic Research Program of Chi-
na (973 Program) (grant No. 2015CB856600) and National Natu-
ral Science Foundation of China (Nos. 21325206, 21172006), and 
National Young Top-notch Talent Support Program are greatly 
appreciated. We thank Yujie Liang in this group for reproducing 
the results of 3v and 5k. 
 

REFERENCES 

(1) For some recent azidation reactions, see: (a) Banert, K.; Berndt, 
C.; Firdous, S.; Hagedorn, M.; Joo,Y.-H.; Rüffer, T.; Lang, H. 
Angew. Chem., Int. Ed. 2010, 49, 10206. (b) Lubriks, D.; Soko-
lovs, I.; Suna, E. J. Am. Chem. Soc. 2012, 134, 15436. (c) Tang, 
C.; Jiao, N. J. Am. Chem. Soc. 2012, 134, 18924. (d) Deng, Q.; 
Bleith, T.; Wadepohl, H.; Gade, L. H.; J. Am. Chem. Soc. 2013, 
135, 5356. (e) Song, W.; Kozhushkov, S. I.; Ackermann, L. An-
gew. Chem., Int. Ed. 2013, 52, 6576, and references therein. (f) 
Xie, F.; Qi, Z.; Li, X. Angew. Chem., Int. Ed. 2013, 52, 11862. 
(g) Vita, M. V.; Waser, J. Org. Lett. 2013, 15, 3246. (h) Liu, Z.; 
Liu, J.; Zhang, L.; Liao, P.; Song, J.; Bi, X. Angew. Chem., Int. 
Ed. 2014, 53, 5305. (i) Klahn, P.; Erhardt, H.; Kotthaus, A.; 
Kirsch, S. F. Angew. Chem., Int. Ed. 2014, 53, 7913. (j) Galligan, 
M. J.; Akula, R.; Ibrahim, H. Org. Lett. 2014, 16, 600. (k) Yin, 
H.; Wang, T.; Jiao, N. Org. Lett. 2014, 16, 2302. (l) Fan, Y.; 
Wan, W.; Ma, G.; Gao, W.; Jiang, H.; Zhu, S.; Hao, J. Chem. 
Commun. 2014, 50, 5733. (m) Sharma, A.; Hartwig, J. F. Nature 
2015, 517, 600. 

(2) For diazidation, see: (a) Snider, B. B.; Lin, H. Synth. Commun. 
1998, 28, 1913. For aminoazidation, see: (b) Sequeira, F. C.; 
Turnpenny, B. W.; Chemler, S. R. Angew. Chem., Int. Ed. 2010, 
49, 6365. (c) Sequeira, F. C.; Chemler, S. R. Org. Lett. 2012, 14, 
4482. (d) Zhang, B.; Studer, A. Org. Lett. 2014, 16, 1790. (e) Su, 
H.; Li, W.; Xuan, Z.; Yu, W. Adv. Synth. Catal. 2015, 357, 64. 
For oxyazidation, see: (f) Zhang, B.; Studer, A. Org. Lett. 2013, 
15, 4548. (g) Zhu, L.; Yu, H.; Xu, Z.; Jiang, X.; Lin, L.; Wang, 
R. Org. Lett. 2014, 16, 1562. For trifluoromethylazidation, see: 
(h) Wang, F.; Qi, X.; Liang, Z.; Chen, P.; Liu, G. Angew. Chem., 
Int. Ed. 2014, 53, 1881. (i) Yang, M.; Wang, W.; Liu, Y.; Feng, 
L.; Ju, X. Chin. J. Chem. 2014, 32, 833. For arylazidation, see: (j) 
Yuan, Y.; Shen, T.; Wang, K.; Jiao, N. Chem. Asian J. 2013, 8, 
2932. (k) Qiu, J.; Zhang, R. Org. Biomol. Chem. 2014, 12, 4329. 
For cyanoazidation, see: (l) Xu, L.; Mou, X.-Q.; Chen, Z.-M.; 
Wang, S.-H. Chem. Commun. 2014, 50, 10676. For hydroazida-
tion, see: (m) Waser, J.; Nambu, H.; Carreira, E. M. J. Am. 
Chem. Soc. 2005, 127, 8294. (n) Waser, J.; Gaspar, B.; Nambu, 
H.; Carreira, E. M. J. Am. Chem. Soc. 2006, 128, 11693. (o) Ka-
pat, A.; Kӧnig, A.; Montermini, F.; Renaud, P. J. Am. Chem. Soc. 
2011, 133, 13890. (p) Leggans, E. K.; Barker, T. J.; Duncan, K. 
K.; Boger, D. L. Org. Lett. 2012, 14, 1428. For selenoazidation, 
see: (q) Tiecco, M.; Testaferri, L.; Sand, C.; Tomassini, C.; Ma-

rini, F.; Bagnoli, L.; Temperini, A. Angew. Chem., Int. Ed. 2003, 
42, 3131. 

(3) For reviews on organoazides, see: (a) Bräse, S.; Gil, C.; Knepper, 
K.; Zimmermann, V. Angew. Chem., Int. Ed. 2005, 44, 5188. (b) 
Minozzi, M.; Nanni, D.; Spagnolo, P. Chem. Eur. J. 2009, 15, 
7830. (c) Bräse, S.; Banert, K. Organic Azides: Syntheses and 
Applications; Wiley-VCH: Weinheim, 2010. (d) Driver, T. G. 
Org. Biomol. Chem. 2010, 8, 3831. (e) Lapointe, G.; Kapat, A.; 
Weidner, K.; Renaud, P. Pure. Appl. Chem. 2012, 84, 1633. (f) 
Chiba, S. Synlett 2012, 23, 21. 

(4) For click chemistry, see: (a) Kolb, H. C.; Finn, M. G.; Sharpless, 
K. B. Angew. Chem., Int. Ed. 2001, 40, 2004. (b) Rostovtsev, V. 
V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem., 
Int. Ed. 2002, 41, 2596. (c) Wang, Q.; Chan, T. R.; Hilgraf, R.; 
Fokin, V. V.; Sharpless, K. B.; Finn, M. G. J. Am. Chem. Soc. 
2003, 125, 3192. (d) Wu, P.; Feldman, A. K.; Nugent, A. K.; 
Hawker, C. J.; Scheel, A.; Voit, B.; Pyun, J.; Fréchet, J. M. J.; 
Sharpless, K. B.; Fokin, V. V. Angew. Chem., Int. Ed. 2004, 43, 
3928. (e) Barner-Kowollik, C.; Du Prez, F. E.; Espeel, P.; 
Hawker, C. J.; Junkes, T.; Schlaad, H.; Camp, W. V. Angew. 
Chem., Int. Ed. 2011, 50, 60. (f) Thirumurugan, P.; Matosiuk, D.; 
Jozwiak, K. Chem. Rev. 2013, 113, 4905. 

(5) (a) Huryn, D. M.; Okabe, M. Chem. Rev. 1992, 92, 1745. (b) 
Kolb, H. C.; Sharpless, K. B. Drug Discovery Today 2003, 8, 
1128. (c) Meldal, M.; Tornoe, C. W. Chem. Rev. 2008, 108, 
2952. (d) Sletten, E. M.; Bertozzi, C. R. Acc. Chem. Res. 2011, 
44, 666. 

(6) (a) Badiang, J. G.; Aubé, J. J. Org. Chem. 1996, 61, 2484. (b) 
Sahasrabudhe, K.; Gracias, V.; Furness, K.; Smith, B. T.; Katz, 
C. E.; Reddy, D. S.; Aubé, J. J. Am. Chem. Soc. 2003, 125, 7914. 
(c) Chiba, S.; Xu, Y.-J.; Wang, Y.-F. J. Am. Chem. Soc. 2009, 
131, 12886. 

(7) (a) Tanner, D. Angew. Chem., Int. Ed. 1994, 33, 599. (b) Swee-
ney, J. B. Chem. Soc. Rev. 2002, 31, 247. (c) Ager, D. J.; Pra-
kash, I.; Schaad, D. R. Chem. Rev. 1996, 96, 835. (d) Bergmeier, 
S. C. Tetrahedron 2000, 56, 2561. (e) Ding, H. X.; Liu, K. K.-C.; 
Sakya, S. M.; Flick, A. C.; O’Donnell, C. J. Bioorg. Med. Chem. 
2013, 21, 2795. (f) Liu, K. K.-C.; Sakya, S. M.; O’Donnell, C. J.; 
Flick, A. C.; Li, J. Bioorg. Med. Chem. 2011, 19, 1136. (g) Ku-
mar, A.; Ahmad, I.; Chhikara, B. S.; Tiwari, R.; Mandal, D. Bio-
org. Med. Chem. Lett. 2011, 21, 1342.  

(8) Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297. 
(9) (a) Larrow, J. F.; Schaus, S. E.; Jacobsen, E. N. J. Am. Chem. 

Soc. 1996, 118, 7420. (b) Spelberg, J. H. L.; van Hylckama 
Vlieg, J. E. T.; Tang, L.; Janssen, D. B.; Kellogg, R. M. Org. 
Lett. 2001, 3, 41. (c) Lohray, B. B.; Ahuja, J. R. J. Chem. Soc., 
Chem. Commun. 1991, 95. (d) Watanabe, M.; Murata, K.; Ika-
riya, T. J. Org. Chem. 2002, 67, 1712. (e) Patonay, T.; Kónya, 
K.; Juhász-Tóth, É. Chem. Soc. Rev. 2011, 40, 2797. 

(10) For reviews on alkene difunctionalization, see: (a) Kolb, H. C.; 
VanNieuwenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 
2483. (b) Zeni, G.; Larock, R. C. Chem. Rev. 2004, 104, 2285. (c) 
Muñiz, K. Chem. Soc. Rev. 2004, 33, 166. (d) Minatti, A.; Muñiz, 
K. Chem. Soc. Rev. 2007, 36, 1142. (e) Jensen, K. H.; Sigman, 
M. S. Org. Biomol. Chem. 2008, 6, 4083. (f) Heinrich, M. R. 
Chem. Eur. J. 2009, 15, 820. (g) Francesca, C.; Goti, A. Nat. 
Chem. 2009, 1, 269. (h) McDonald, R. I.; Liu, G.; Stahl, S. S. 
Chem. Rev. 2011, 111, 2981. (i) Donohoe, T. J.; Callens, C. K. 
A.; Flores, A.; Lacy, A. R.; Rathi, A. H. Chem. Eur. J. 2011, 17, 
58. (j) Wolfe, J. P. Angew. Chem., Int. Ed. 2012, 51, 10224. (k) 
Chemler, S. R.; Bovino, M. T. ACS Catal. 2013, 3, 1076. (l) Me-
rino, E.; Nevado, C. Chem. Soc. Rev. 2014, 43, 6598. (m) Rome-
ro, R. M.; Wöste, T. H.; Muñiz, K. Chem. Asian J. 2014, 9, 972. 

(11) For some resent examples on alkene difunctionalization, see: (a) 
Liwosz, T. W.; Chemler, S. R. J. Am. Chem. Soc. 2012, 134, 
2020. (b) Saini, V.; Sigman, M. S. J. Am. Chem. Soc. 2012, 134, 
11372. (c) Martínez, C.; Muñiz, K. Angew. Chem., Int. Ed. 2012, 
51, 7031. (d) Han, B.; Yang, X.-L.; Fang, R.; Yu, W.; Wang, C.; 

Page 7 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

Duan, X.-Y.; Liu, S. Angew. Chem., Int. Ed. 2012, 51, 8816. (e) 
Hopkins, B. A.; Wolfe, J. P. Angew. Chem., Int. Ed. 2012, 51, 
9886. (f) Matsuda, N.; Hirano, K.; Satoh, T.; Miura, M. J. Am. 
Chem. Soc. 2013, 135, 4934. (g) Sahoo, B.; Hopkinson, M. N.; 
Glorius, F. J. Am. Chem. Soc. 2013, 135, 5505. (h) Xie, Y.; Hu, 
J.; Xie, P.; Qian, B.; Huang, H. J. Am. Chem. Soc. 2013, 135, 
18327. (i) Kong, W.; Feige, P.; de Haro, T.; Nevado, C. Angew. 
Chem., Int. Ed. 2013, 52, 2469. (j) Zhang, H.; Pu, W.; Xiong, T.; 
Li, Y.; Zhou, X.; Sun, K.; Liu, Q.; Zhang, Q. Angew. Chem., Int. 
Ed. 2013, 52, 2529. (k) Wei, W.-T.; Zhou, M.-B.; Fan, J.-H.; Liu, 
W.; Song, R.-J.; Liu, Y.; Hu, M.; Xie, P.; Li, J.-H. Angew. 
Chem., Int. Ed. 2013, 52, 3638. (l) Zhu, R.; Buchwald, S. L. An-
gew. Chem., Int. Ed. 2013, 52, 12655. (m) Jiang, X.-Y.; Qing, 
F.-L. Angew. Chem., Int. Ed. 2013, 52, 14177. (n) Zhu, H.; Chen, 
P.; Liu, G. J. Am. Chem. Soc. 2014, 136, 1766. (o) Wang, F.; 
Wang, D.; Mu, X.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2014, 
136, 10202. (p) Lu, D.-F.; Zhu, C.-L.; Jia, Z.-X.; Xu, H. J. Am. 
Chem. Soc. 2014, 136, 13186. (q) Pan, Z.; Pound, S. M.; Rondla, 
N. R.; Douglas, C. J. Angew. Chem., Int. Ed. 2014, 53, 5170. (r) 
Tomita, R.; Yasu, Y.; Koike, T.; Akita, M. Angew. Chem., Int. 
Ed. 2014, 53, 7144. (s) Schweitzer-Chaput, B.; Demaerel, J.; 
Engler, H.; Klussmann, M. Angew. Chem., Int. Ed. 2014, 53, 
8737. (t) Cheng, J.-K.; Loh, T.-P. J. Am. Chem. Soc. 2015, 137, 
42. 

(12) For reviews on using oxygen as terminal oxidant, see: (a) Stahl, 
S. S. Angew. Chem., Int. Ed. 2004, 43, 3400. (b) Stahl, S. S. 
Science 2005, 309, 1824. (b) Punniyamurthy, T.; Velusamy, S.; 
Iqbal, J. Chem. Rev. 2005, 105, 2329. (c) Sigman, M. S.; Jensen, 
D. R. Acc. Chem. Res. 2006, 39, 221. (d) Shi, Z.; Zhang, C.; 
Tang, C.; Jiao, N. Chem. Soc. Rev. 2012, 41, 3381. (e) Wu, W.; 
Jiang, H. Acc. Chem. Res. 2012, 45, 1736. (f) Allen, S. E.; Wal-
voord, R. R.; Padilla-Salinas, R.; Kozlowski, M. C. Chem. Rev. 
2013, 113, 6234. (g) Ryland, B. L.; Stahl, S. S. Angew. Chem., 
Int. Ed. 2014, 53, 8824. 

(13) For some recent reactions on using oxygen as terminal oxidant, 
see: (a) Lee, Y. E.; Cao, T.; Torruellas, C.; Kozlowski, M. C. J. 
Am. Chem. Soc. 2014, 136, 6782. (b) Esguerra, K. V. N.; Fall, Y.; 
Petitjean, L.; Lumb, J.-P. J. Am. Chem. Soc. 2014, 136, 7662. (c) 
Ling, F.; Li, Z.; Zheng, C.; Liu, X.; Ma, C. J. Am. Chem. Soc. 
2014, 136, 10914. (d) Huang, X.; Li, X.; Zou, M.; Song, S.; 
Tang, C.; Yuan, Y.; Jiao, N. J. Am. Chem. Soc. 2014, 136, 14858. 
(e) Liang, Y.-F.; Jiao, N. Angew. Chem., Int. Ed. 2014, 53, 548. 
(f) Handa, S.; Fennewald, J. C.; Lipshutz, B. H. Angew. Chem., 
Int. Ed. 2014, 53, 3432. (g) Xu, C.; Zhang, L.; Luo, S. Angew. 
Chem., Int. Ed. 2014, 53, 4149. (h) Tang, C.; Jiao, N. Angew. 
Chem., Int. Ed. 2014, 53, 6528. (i) Huo, C.; Yuan, Y.; Wu, M.; 
Jia, X.; Wang, X.; Chen, F.; Tang, J. Angew. Chem., Int. Ed. 
2014, 53, 13544. (j) Li, X.; Liu, X.; Chen, H.; Wu, W.; Qi, C.; 
Jiang, H.; Angew. Chem., Int. Ed. 2014, 53, 14485. (k) Liu, J.; 
Zhang, X.; Yi, H.; Liu, C.; Liu, R.; Zhang, H.; Zhuo, K.; Lei, A. 
Angew. Chem., Int. Ed. 2015, 54, 1261. (l) Xu, B.; Lumb, J.-P.; 
Arndtsen, B. A. Angew. Chem., Int. Ed. 2015, 54, 4208. 

(14) For some selected examples, see: (a) Kotov, V.; Scarborough, C. 
C.; Stahl, S. S. Inorg. Chem. 2007, 46, 1910. (b) Jensen, K. H.; 
Pathak, T. P.; Zhang, Y.; Sigman, M. S. J. Am. Chem. Soc. 2009, 
131, 17074. (c) Schmidt, V. A.; Alexanian, E. J. Angew. Chem., 
Int. Ed. 2010, 49, 4491. (d) Wang, Y.; Zhang, L.; Yang, Y.; 
Zhang, P.; Du, Z.; Wang, C. J. Am. Chem. Soc. 2013, 135, 
18048. (e) Lu, Q.; Zhang, J.; Wei, F.; Qi, Y.; Wang, H.; Liu, Z.; 
Lei, A. Angew. Chem., Int. Ed. 2013, 52, 7156. (f) Toh, K. K.; 
Biswas, A.; Wang, Y.-F.; Tan, Y. Y.; Chiba, S. J. Am. Chem. 
Soc. 2014, 136, 6011. (g) Hu, M.; Song, R.-J.; Li, J.-H. Angew. 
Chem., Int. Ed. 2015, 54, 608. 

(15) For examples in our group, see: (a) Su, Y.; Sun, X.; Wu, G.; Jiao, 
N. Angew. Chem., Int. Ed. 2013, 52, 9808. (b) Shen, T.; Yuan, 
Y.; Song, S.; Jiao, N. Chem. Commun. 2014, 50, 4115.  

(16) Wang, T.; Jiao, N. J. Am. Chem. Soc. 2013, 135, 1692. 

(17) (a) Trahanovsky, W. S.; Robbins, M. D. J. Am. Chem. Soc. 1971, 
93, 5256. (b) Fristad, W. E.; Brandvold, T. A.; Peterson, J. R.; 
Thompson, S. R. J. Org. Chem. 1985, 50, 3647. (c) Tingoli, M.; 
Tiecco, M.; Chianelli, D.; Balducci, R.; Temperini, A. J. Org. 
Chem. 1991, 56, 6809. (d) Magnus, P.; Lacour, J.; Evans, P. A.; 
Roe, M. B.; Hulme, C. J. Am. Chem. Soc. 1996, 118. 3406. (e) 
Zhou, W.; Zhang, L.; Jiao, N. Angew. Chem., Int. Ed. 2009, 48, 
7094. (f) Matcha, K.; Narayan, R.; Antonchick, A. P. Angew. 
Chem., Int. Ed. 2013, 52, 7985. (g) Wei, X.; Li, Y.; Zhou, A.; 
Yang, T.; Yang, S. Org. Lett. 2013, 15, 4158. (h) Li, Z.; Zhang, 
C.; Zhu, L.; Liu, C.; Li, C. Org. Chem. Front. 2014, 1, 100. 

(18) (a) Hassner, A.; Levy, L. A. J. Am. Chem. Soc. 1965, 87, 4203. 
(b) Viuf, C.; Bols, M. Angew. Chem., Int. Ed. 2001, 40, 623. (c) 
Zhdankin, V. V.; Krasutsky, A. P.; Kuel, C. J.; Simonsen, A. J.; 
Woodward, J. K.; Mismash, B.; Bolz, J. T. J. Am. Chem. Soc. 
1996, 118, 5192.  

(19) (a) Schäfer, H. Angew. Chem., Int. Ed. 1970, 9, 158. (b) Harbour, 
J. R.; Issler, S. L. J. Am. Chem. Soc. 1982, 104, 903. (c) Gries-
beck, A. G.; Hundertmark, T.; Steinwascher, J. Tetrahedron Lett. 
1996, 37, 8367. (d) Griesbeck, A. G.; Lex, J.; Saygin, K. M.; 
Steinwascher, J. Chem. Commun. 2000, 2205. 

(20) For the position selectivity of 1,3-butadienes difunctionalizations, 
see: Lishchynskyi, A.; Muñiz, K. Chem. Eur. J. 2012, 18, 2212, and 
references therein. 

(21) (a) Chen, D.; Han, Z.; He, Y.; Yu, J.; Gong, L. Angew. Chem., 
Int. Ed. 2012, 51, 12307. (b) Lu, Q.; Zhang, J.; Zhao, G.; Qi, Y.; 
Wang, H.; Lei, A. J. Am. Chem. Soc. 2013, 135, 11481. (c) 
Zhang, C.; Feng, P.; Jiao, N. J. Am. Chem. Soc. 2013, 135, 
15257. (d) Ji, K.; Zhao, Y.; Zhang, L. Angew. Chem., Int. Ed. 
2013, 52, 6508. 

(22) For some recent lactonization reactions, see: (a) Nicolai, S.; 
Erard, S.; González, D. F.; Waser, J. Org. Lett. 2010, 12, 384. (b) 
Zhu, R.; Buchwald, S. L. J. Am. Chem. Soc. 2012, 134, 12462. 
(c) Hewitt, J. F. M.; Williams, L.; Aggarwal, P.; Smith, C. D.; 
France, D. J. Chem. Sci. 2013, 4, 3538. (d) Bunescu, A.; Wang, 
Q.; Zhu, J. Chem. Eur. J. 2014, 20, 14633. (e) Han, X.; Dong, C.; 
Zhou, H.-B. Adv. Synth. Catal. 2014, 356, 1275. (f) Parmar, D.; 
Maji, M. S.; Rueping, M. Chem. Eur. J. 2014, 20, 83. 

(23) (a) Molinaro, C.; Guilbault, A.; Kosjek, B. Org. Lett. 2010, 12, 
3772. (b) Li, R.; Jansen, D. J.; Datta, A. Org. Biomol. Chem. 
2009, 7, 1921. (c) Ariza, X.; Pineda, O.; Urpi, F.; Vilarrasa, J. 
Tetrahedron Lett. 2001, 42, 4995. (d) Rao, A. V. R.; Gurjar, M. 
K.; Kaiwar V. Tetrahedron-Asymmetry 1992, 3, 859. (e) Be-
naïssa, T.; Hamman, S.; Beguin, C.G. J. Fluor. Chem. 1988, 38, 
163. 

(24) Mesas-Sánchez, L.; Díaz-Álvarez, A. E.; Dinér, P. Tetrahedron 
2013, 69, 753. 

(25) Geometries and energies were calculated with 
B3LYP/(LANL2DZ: Mn; 6-31+G(d,p): others). All calculations 
were performed with Gaussian 09 (Frisch, M. J., et al.) See SI 
for more computational details. 

(26) For some recent Mn-catalyzed reactions, see: (a) Kim, J. Y.; Cho, 
S. H.; Joseph, J.; Chang, S. Angew. Chem., Int. Ed. 2010, 49, 
9899. (b) Kuninobu, Y.; Uesugi, T.; Kawata, A.; Takai, K. An-
gew. Chem., Int. Ed. 2011, 50, 10406. (c) Zhou, B.; Chen, H.; 
Wang, C. J. Am. Chem. Soc. 2013, 135, 1264. (d) Liu, W.; 
Groves, J. T. Angew. Chem., Int. Ed. 2013, 52, 6024. (e) He, R.; 
Jin, X.; Chen, H.; Huang, Z.; Zheng, Q.; Wang, C. J. Am. Chem. 
Soc. 2014, 136, 6558. (f) Haiges, R.; Buszek, R. J.; Boatz, J. A.; 
Christe, K. O. Angew. Chem., Int. Ed. 2014, 53, 8200. 

(27) (a) Stone, A. T. Environ. Sci. Technol. 1987, 21, 979. (b) Bard, 
A. J.; Faulkner, L. R. Electrochemical Methods: Fundamental 
and Applications; John Wiley and Sons: New York, 1990. (c) 
Pecoraro, V. L.; Baldwin, M. J.; Gelasco, A. Chem. Rev. 1994, 
94, 807. (d) Snider, B. B. Chem. Rev. 1996, 96, 339. (e) Cahiez, 
G.; Moyeux, A.; Buendia, J.; Duplais, C. J. Am. Chem. Soc. 
2007, 129, 13788. 

(28) Takashima, T.; Hashimoto, K.; Nakamura, R. J. Am. Chem. Soc. 
2012, 134, 1519.  

Page 8 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

 

9

 

Page 9 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


