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a b s t r a c t

An efficient method of copper-catalyzed 1,2-dihydroxylaminations of alkenes have been demonstrated
under air conditions by using PhI(OAc)2 as oxidant to furnish the dioxygenated products in 20e81%
yields. This provided an alternative methodology to synthesis of dioxygenated products, which were
easily transformed into diols under the reductive conditions. Furthermore, a free-radical addition
mechanism was proposed in this transformation.

� 2015 Published by Elsevier Ltd.
Scheme 1. Hydroxylamination of alkenes.
1. Introduction

Alkenes are abundant simple chemical feedstocks and organic
molecules, which have been widely applied in organic synthesis,
and methods for their efficient, selective functionalization are at-
tractive to construct more complex molecules.1 Among these
methods, direct 1,2-difunctionalization of alkenes has attracted
considerable attention, providing the most efficient strategy for the
construction of functionalized organic compounds.2 In recent years,
a series of metal-catalyzed dioxygenation of alkenes have been
developed,3 particularly, where Sharpless asymmetric dihydrox-
ylation has been applied in the industry.4 Despite the significance of
these reactions, these kinds of 1,2-dihydroxylaminations were
rarely reported. It was revealed that N-hydroxyphthalimide (NHPI)
can generate the phthalimide N-oxyl (PINO) radical under the ox-
idizing conditions, which is an active catalytic species to realize
CeH bond functionalization.5 Recently, NHPI was also utilized as
a stoichiometric reactant in organic synthesis to construct the CeO
bond.6 Very recently, our group found that NHPI can be also utilized
as a stoichiometric reactant for radical addition of alkenes,7 and
a variety of 1,2-dioxygenation products can be easily obtained using
NHPI under ambient conditions (Scheme 1-a).7b Herein, we found
that when using PhI(OAc)2 as oxidants, copper-catalyzed dihy-
droxylaminations of alkenes could be realized (Scheme 1-b).
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2. Results/Discussion

We started this research by investigating the reaction of styrene
1a with NHPI 2a using CuCl as a catalyst, N-fluorobi-
s(phenylsulfonyl)amine (NFSI) as the oxidant in 1,2-dichloroethane
(DCE), and 3awas produced with 65% yield (Table 1, entry 1). When
the oxidant was changed to PhI(OAc)2, a much better yield was
obtained (entry 2). Increasing the loading of PhI(OAc)2 to 2.2 equiv,
tp://dx.doi.org/10.1016/j.tet.2015.09.040
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Table 1
Optimization of reaction conditions for 3aa

Entry Catalyst Oxidant Solvent T (�C) Yield (%)b

1 10% CuClþ10% Phen 1.5 equiv NFSIc DCE 80 65%
2 10% CuClþ10% Phen 1.5 equiv PhI(OAc)2 DCE 80 78%
3 10% CuCl 1.5 equiv PhI(OAc)2 DCE 80 66%
4 10% CuCl 2.2 equiv PhI(OAc)2 DCE 80 80%
5 10% CuBr 2.2 equiv PhI(OAc)2 DCE 80 70%
6 10% CuI 2.2 equiv PhI(OAc)2 DCE 80 67%
7 10% Cu(OAc)2 2.2 equiv PhI(OAc)2 DCE 80 56%
8 10% CuCl2 2.2 equiv PhI(OAc)2 DCE 80 76%
9 10% CuBr2 2.2 equiv PhI(OAc)2 DCE 80 58%
10 10% CuCl 2.2 equiv PhI(OAc)2 CH3CN 80 60%
11 10% CuCl 2.2 equiv PhI(OAc)2 Toluene 80 40%
12 10% CuCl 2.2 equiv PhI(OAc)2 DMF 80 0%
13 10% CuCl 2.2 equiv PhI(OAc)2 CH3CH2OH 78 0%
14 d 2.2 equiv PhI(OAc)2 DCE 80 68%

The entry in bold means the best reaction conditions.
a Reaction conditions: 1a (0.3 mmol), 2a (2.2 equiv, 0.66 mmol), and solvent

(2.0 mL), 12 h.
b Isolated yield.
c NFSI¼N-fluorobis(phenylsulfonyl)amine.

Scheme 2. Scope of the reaction.
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the yield was increased to 80% (entry 4). Next, other copper cata-
lysts were screened including CuBr, CuI, Cu(OAc)2, CuCl2, and CuBr2,
where CuCl gave the best result (entries 4e9). In addition, other
solvents were also screened, such as, CH3CN, toluene, DMF, and
CH3CH2OH, and DCE was found to be the better one. No product
was observed using DMF or CH3CH2OH as solvents (entries 12 and
13). When copper catalyst was omitted, a 68% yield of 3a was ob-
tained (entry 14). In our opinion, the copper catalyst can accelerate
the reaction.

With the optimal reaction condition in hand (Table 1, entry 4),
we subsequently investigated the substrate scope of this highly
selective method (Scheme 2). A series of substituted styrenes can
readily be converted into the corresponding products in good to
excellent yields. (E)-Prop-1-enylbenzene can be well tolerated in
this reaction, providing a mixture of diastereoisomers (3b, dr¼5:2)
in 45% yield. When 4-bromostyrene was used, a 50% yield of the
product 3c was obtained. 4-Fluorostyrene can give a 71% yield of
the product 3d, and 4-chlorostyrene gave a similar result (3e in 72%
yield). When a sterically demanding ortho substituted Cl was
imbedded in styrene, a slightly lower yield was obtained (3f in 67%
yield). 3-Bromostyrene gave a better result (3g in 81% yield). (E)-
1,2-Diphenylethene was also tolerated, and a very low yield was
obtained due to the steric hindrance (3h in 20% yield). a-Methyl
styrene gave the corresponding product 3i in moderate yield.
Similarly, 4-fluoro-a-methyl styrene can deliver a 50% yield of
product 3j. The styrene with an electron-withdrawing group (CN)
can also give the product 3k in 49% yield. However, the styrenewith
an electron-donating group (OAc) gave a mixed product. When
cyclohexene was employed as a substrate, cyclohexenyl-PINO (3l)
was selectively obtained in moderate yield. Unfortunately, the re-
action couldn’t happen when norbornene was used as substrate
under the standard conditions.

In order to gain insight into the mechanism, the control exper-
iments were carried out (Scheme 3). When 2.0 equiv of TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxy) was added into the reaction
system, the desired transformation was found to be completely
inhibited. In addition, when 2.0 equiv of BHT (2,6-di-tert-butyl-4-
Please cite this article in press as: Xia, X.-F.; et al., Tetrahedron (2015), h
methylphenol) was applied in the reaction system, a 20% yield of
the product was separated, providing further evidence that a radi-
cal addition mechanism was involved in this transformation.

Scheme 3. Mechanistic experiment.
According to the results of mechanistic experiment and pre-
vious report,6c,7 a possible reaction pathway is shown in Scheme 4.
First, NHPI is oxidized to give the oxygen-centered radical PINO in
the presence of copper catalyst and PhI(OAc)2. PINO then quickly
reacts with styrene to give radical A, which can be further oxidized
to cation B in the presence of PhI(OAc)2. Last, cation Bwas attacked
by nucleophile NHPI to give the product 3a. In our previous work,7b

when acid was used as catalyst, water as nucleophile can quickly
attack the cation intermediate B, and alcohol product was obtained.
Under this reaction condition, alcohol products were not observed.
ttp://dx.doi.org/10.1016/j.tet.2015.09.040



Scheme 4. Proposed mechanism.
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Last, the product 3a can be easily transformed into 1-
phenylethane-1,2-diol 4 in moderate yield by cleavage of the
NeO bond with Mo(CO)6, and 1,2-diol 4 was obtained in 65% yield
(Scheme 5).6c

Scheme 5. Transformation of the product 3a.
3. Conclusions

In conclusion, we have developed an efficient copper-catalyzed
highly 1,2-dihydroxylamination of olefins using PhI(OAc)2 as oxi-
dant. A radical addition process was involved in this transformation
with the formation of two CeO bonds in one step. The product can
be further transformed into diol under the reductive conditions.
Further investigations on the mechanism and synthetic application
of these reactions are ongoing in our group.

4. Experimental section

4.1. General information

Column chromatography was carried out on silica gel
(200e300 mesh). Unless noted, 1H NMR spectra were recorded on
400 MHz in CDCl3, 13C NMR spectra were recorded on 100 MHz in
CDCl3. IR spectra were recorded on an FT-IR spectrometer and only
major peaks are reported in cm�1. Melting points were determined
on a microscopic apparatus and were uncorrected. All new prod-
ucts were further characterized by HRMS (high resolution mass
spectra), high resolution mass spectrometry (HRMS) spectra was
obtained on a micrOTOF-Q instrument equipped with an ESI
source; copies of their 1H NMR and 13C NMR spectra are provided.
Commercially available reagents and solvents were used without
further purification.

4.1.1. Typical procedure for the synthesis of products 3. To a solution
of N-hydroxyphthalimide (2, 0.66 mmol, 107.6 mg) in DCE (2.0 mL)
was added styrene (1, 0.3 mmol), CuCl (10%, 0.03 mmol, 3.0 mg),
PhI(OAc)2 (212.5 mg, 2.2 equiv, 0.66 mmol). The reaction mixture
was then stirred for 12 h at 80 �C in air. After the reaction, the
Please cite this article in press as: Xia, X.-F.; et al., Tetrahedron (2015), ht
resulting mixture was quenched with water and extracted twice
with EtOAc (10 mL). The combined organic extracts were washed
with brine (10 mL), dried over Na2SO4 and concentrated. Purifica-
tion of the crude product by flash column chromatography afforded
the product 3 (petroleum ether/ethyl acetate as eluent (6:1)).

3a, mp¼180e181 �C, white solid, 1H NMR (400 MHz, CDCl3):
7.66e7.79 (m, 8H), 7.55e7.58 (m, 2H), 7.34e7.36 (m, 3H), 5.85e5.87
(m, 1H), 4.91e4.95 (m, 1H), 4.54e4.58 (m, 1H); 13C NMR (100 MHz,
CDCl3): 163.3, 162.9, 134.4, 134.2, 128.6, 128.0, 123.4, 123.3, 85.6,
79.2; HRMS (ESI) m/z: calcd for C24H16N2O6Na: MþNaþ¼451.0906;
found: 451.0901. IR (cm�1): 2924, 1788, 1733, 1653, 1540, 1462,
1394, 1375, 1187, 1131, 1076, 1021, 972, 878, 700.

3b, dr¼5:2, mp¼174e176 �C, 1H NMR (400 MHz, CDCl3):
7.82e7.85 (m, 0.9H), 7.65e7.78 (m, 10H), 7.59e7.61 (m, 2.9H),
7.27e7.32 (m, 4.2H), 5,83 (d, J¼8.0 Hz, 0.4H), 5.66e5.67 (m, 1.0H),
4.98e5.01 (m, 0.4H), 4.88e4.95 (m, 1.0H), 1.69 (d, J¼4.0 Hz, 3.0H),
1.24 (d, J¼8.0 Hz, 1.2H); 13C NMR (100 MHz, CDCl3): 163.6, 163.2,
134.4, 134.3, 134.2, 128.1, 123.5, 123.4, 123.3, 89.4, 88.6, 84.6, 15.7,
14.5; IR (cm�1): 3070, 2937, 1790, 1731, 1466, 1373, 1188, 1126, 1081,
1016, 979, 877, 700; HRMS (ESI) m/z: calcd for C25H18N2O6Na:
MþNaþ¼465.1063; found: 465.1052.

3c, mp¼112e114 �C, 1H NMR (400 MHz, CDCl3): 7.70e7.82 (m,
8H), 7.44e7.53 (m, 4H), 5.79e5.82 (m, 0.92H), 4.85e4.88 (m, 1.0H),
4.53e4.57 (m, 1.0H); 13C NMR (100 MHz, CDCl3): 163.4, 163.1, 134.5,
133.3, 132.1, 131.8, 129.9, 129.8, 128.8, 128.7, 123.9, 123.6, 123.5, 84.9,
78.8; IR (cm�1): 1790, 1732, 1373, 1188, 1133, 1082, 976, 876, 699;
HRMS (ESI) m/z: calcd for C24H15

81BrN2O6Na: MþNaþ¼530.9991;
found: 530.9967.

3d, mp¼106e108 �C, 1H NMR (400 MHz, CDCl3): 7.72e7.29 (m,
8.0H), 7.58e7.61 (m, 2.0H), 7.04e7.08 (m, 2.0H), 5.81e5.84 (m, 1H),
4.87e4.92 (m, 1H), 4.55e4.59 (m, 1H); 13C NMR (100 MHz, CDCl3):
163.4, 163.0, 134.5, 134.5, 134.3, 128.7, 123.4, 115.7, 115.5, 84.8, 78.9;
IR (cm�1): 1787, 1732, 1607, 1513, 1372, 1223, 1187, 1126, 1079, 975,
876, 698; HRMS (ESI) m/z: calcd for C24H15FN2O6Na:
MþNaþ¼469.0812; found: 469.0798.

3e, mp¼107e109 �C, 1H NMR (400 MHz, CDCl3): 7.69e7.81 (m,
8.0H), 7.54e7.57 (m, 2H), 7.33e7.35 (m, 2H), 5.80e5.83 (m, 1H),
4.85e4.90 (m, 1H), 4.54e4.58 (m, 1H); 13C NMR (100 MHz, CDCl3):
163.4,163.0,135.6,134.5,134.3,132.7,128.7,123.6,123.5,123.4, 84.9,
78.8; IR (cm�1): 2925, 1790, 1732, 1373, 1187, 1129, 1081, 1016, 975,
876, 699; HRMS (ESI) m/z: calcd for C24H15ClN2O6Na:
MþNaþ¼485.0516; found: 485.0538.

3f, oil, 1H NMR (400 MHz, CDCl3): 7.86 (d, J¼8.0 Hz, 1H),
7.71e7.83 (m, 8H), 7.29e7.36 (m, 3H), 6.30 (d, J¼8.0 Hz, 1H),
4.87e4.92 (m, 1H), 4.50e4.53 (m, 1H); 13C NMR (100 MHz, CDCl3):
163.3, 162.9, 134.4, 132.0, 130.3, 129.5, 128.9, 128.8, 128.7, 127.1,
123.5, 123.4, 82.4, 79.3; IR (cm�1): 3066, 2937, 1790, 1738, 1731,
1467, 1372, 1187, 1130, 1081, 1017, 976, 912, 877, 700; HRMS (ESI)m/
z: calcd for C24H15ClN2O6Na: MþNaþ¼485.0516; found: 485.0556.

3g, mp¼95e97 �C, 1H NMR (400 MHz, CDCl3): 7.70e7.81 (m,
9H), 7.57 (d, J¼8.0 Hz, 1H), 7.47e7.49 (m, 1H), 7.25e7.29 (m, 1H),
5.77e5.79 (m, 1H), 4.85e4.88 (m, 1H), 4.53e4.57 (m, 1H); 13C NMR
(100MHz, CDCl3): 163.3,162.9,136.5,134.5,134.3,132.6,131.1,130.1,
128.8, 128.6, 126.6, 123.5, 122.5, 84.9, 79.1; IR (cm�1): 3081, 2948,
1790, 1731, 1467, 1372, 1187, 1130, 1081, 1017, 976, 876, 700; HRMS
(ESI) m/z: calcd for C24H15BrN2O6Na: MþNaþ¼529.0011; found:
529.0049.

3h, mp¼162e164 �C, 1H NMR (400 MHz, CDCl3): 7.64e7.73 (m,
8H), 7.30e7.32 (m, 4H), 7.12e7.14 (m, 6H), 6.08 (s, 2H); 13C NMR
(100MHz, CDCl3): 163.2,134.2,133.7, 128.9,128.7,127.9,123.3, 89.5;
IR (cm�1): 3064, 3035, 1790, 1736, 1734, 1372, 1187, 1129, 1081, 980,
876, 699; HRMS (ESI) m/z: calcd for C30H20N2O6Na:
MþNaþ¼527.1219; found: 527.1242.

3i, oil, 1H NMR (400 MHz, CDCl3): 7.87e7.89 (m, 2H), 7.68e7.83
(m, 8H), 7.39e7.41 (m, 2H), 7.32e7.36 (m, 1H), 4.73e4.79 (m, 2H),
2.10 (s, 3H); 13C NMR (100 MHz, CDCl3): 165.1, 162.8, 138.6, 134.3,
tp://dx.doi.org/10.1016/j.tet.2015.09.040
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126.9, 123.5, 123.3, 88.3, 81.7, 21.5; IR (cm�1): 3062, 1791, 1733,
1370, 1357, 1188, 1129, 1079, 1019, 876, 701; HRMS (ESI) m/z: calcd
for C25H18N2O6Na: MþNaþ¼465.1063; found: 465.1069.

3j, oil, 1H NMR (400 MHz, CDCl3): 7.86e7.90 (m, 2H), 7.69e7.82
(m, 8H), 7.06e7.10 (m, 2H), 4.67e4.78 (m, 2H), 2.06 (s, 3H); 13C NMR
(100 MHz, CDCl3): 165.1, 162.8, 134.6, 134.5, 129.2, 129.1, 128.8,
123.6, 123.5, 115.2, 114.9, 87.8, 81.5, 21.9; IR (cm�1): 3067, 2989,
1790, 1737, 1605, 1513, 1370, 1356, 1129, 1080, 1018, 876, 838, 702;
HRMS (ESI) m/z: calcd for C25H17FN2O6Na: MþNaþ¼483.0968;
found: 483.0982.

3k, mp¼159e160 �C, 1H NMR (400 MHz, CDCl3): 7.77e7.80 (m,
8H), 7.72e7.73 (m, 2H), 7.68e7.69 (m, 2H), 5.81e5.83 (m, 1H),
4.83e4.88 (m, 1H), 4.55e4.59 (m, 1H); 13C NMR (100 MHz, CDCl3):
163.3, 163.0, 139.5, 134.6, 132.3, 128.8, 128.6, 123.9, 123.7, 118.2,
113.4, 84.9, 78.6; IR (cm�1): 3066, 2929, 2230, 1789, 1734, 1467,
1372, 1187, 1129, 1018, 877, 700; HRMS (ESI) m/z: calcd for
C25H16N3O6

þ: MþHþ¼454.1039; found: 454.0996.
2-(cyclohex-2-en-1-yloxy)isoindoline-1,3-dione,mp¼63e64 �C,

3l, 1H NMR (400MHz, CDCl3): 7.82e7.84 (m, 2H), 7.72e7.77 (m, 2H),
6.06e6.09 (m,1H), 5.91e5.94 (m,1H), 4.74e4,75 (m,1H), 2.14e2.20
(m,1H),1.99e2.05 (m, 3H),1.82e1.87 (m,1H),1.59e1.66 (m,1H); 13C
NMR (100 MHz, CDCl3): 164.2, 134.9, 134.3, 128.9, 123.8, 123.4, 80.8,
27.2, 25.1, 18.1;
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