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ABSTRACT: Pd(II)-catalyzed intermolecular 1,2-aminooxygenation and 1,2-oxyamination of conjugated dienes have been
developed. The chemoselective preparation of a variety of 2-functionalized and 3-functionalized 1,4-benzoxazine derivatives was
accomplished via the adjustment of a coordinating solvent. Oxygen was successfully used in this oxidative difunctionalization of
alkenes. Good yields and selectivities were obtained for most products. A product bearing a spiro structure was also obtained
from a 2,3-disubstituted-1,3-diene.

Difunctionalization of alkenes is one of the most basic and
efficient transformations in organic synthesis.1−4 Among

these transformations, vicinal aminooxygenation and oxy-
amination of alkenes are very important processes2−4 because
of their broad use for the synthesis of catalysts and ligands,
biologically active molecules, and natural products.5 Over the
past few decades, a number of metal-catalyzed and metal-free
methods have been designed.2−4 Palladium, one of the most
commonly used metals, has also been applied to the vicinal
aminooxygenation and oxyamination of alkenes.4 In particular,
several palladium-catalyzed transformations have been devel-
oped for isolated alkenes, mainly using a Pd(II)/Pd(IV)
catalytic cycle in the presence of a strong oxidant such as
iodobenzene diacetate or hydrogen peroxide.4e−l However, in
studies concerning the difunctionalization of conjugated
dienes,6 aminooxygenation or oxyamination strategies are
limited because of the mechanistic differences with reactions
involving isolated alkenes. Even so, the issue is worthy of
research since the double bonds preserved in the difunction-
alization products can be further functionalized. Bac̈kvall
previously reported a Pd(II)-mediated 1,4-oxyamination via a
Pd(II)/Pd(0) process. The reaction proceeds via the initial
formation of a π-allylpalladium intermediate; a nitrogen source
is then added to achieve the 1,4-oxyamination (Scheme 1a).4d

Despite these successful examples, there are currently no
reports concerning Pd(II)-catalyzed oxidative vicinal amino-
oxygenation or oxyamination of conjugated alkenes.7 In
addition, for the majority of palladium-catalyzed reactions,

selective control remains challenging (Scheme 1b).8 Further-
more, it is uncommon to use molecular oxygen as a terminal
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Scheme 1. Aminooxygenation and Oxyamination of
Conjugated Dienes Involving Palladium
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oxidant in Pd(II)-catalyzed oxidative difunctionalization re-
actions.9 During our research on the palladium-catalyzed
functionalization of alkenes,10 we developed a Pd(II)-catalyzed
chemoselective intermolecular 1,2-aminooxygenation and 1,2-
oxyamination of conjugated dienes, mainly via the adjustment
of a coordinating solvent (Scheme 1c). Molecular oxygen was
successfully used in the reaction as a terminal oxidant. A variety
of interesting functionalized 1,4-benzoxazine derivatives, a
structural motif found in numerous biologically active
molecules, were successfully prepared selectively.5c−f

Our study began with the reaction of N-tosyl protected 2-
aminophenol 1a with isoprene 2a, using 1,4-benzoquinone
(BQ) as the oxidant and 10 mol % Pd(OAc)2 as the catalyst.
The reaction was carried out in a series of solvents under a
nitrogen atmosphere at 70 °C for 24 h (Table 1, entries 1−6).

We observed that palladium black precipitated quickly in
noncoordinating solvents (DCE and toluene) and polar
solvents (DME and 1,4-dioxane) (entries 1−4). To our delight,
in the coordinating solvent MeCN, the oxidative cyclization
proceeded smoothly to give the desired 2-functionalized
product 3a with moderate selectivity (entry 5). Intriguingly,
the 3-functionalized product 4a was obtained with high
selectivity with the coordinating solvent DMSO (entry 6).
These results indicate that the coordination between palladium
and the coordinating solvent MeCN or DMSO could facilitate
the reactions. We therefore optimized the reaction conditions
using the solvents MeCN (entries 7−12) and DMSO (entries

13−21) to achieve the chemoselective 1,2-aminooxygenation
and 1,2-oxyamination, respectively. When the oxidant was
changed to O2 (1 atm) in MeCN, the reaction proceeded with
a lower yield and a higher selectivity (entry 7). Catalytic
amounts of Cu(OAc)2 (20 mol %) had a negative effect on the
reaction (entry 8). Considering the solubility of isoprene (2a)
in the reaction system, we carried out the reactions in a sealed
tube. Fortunately, the reaction provided the desired product in
92% yield with 9/1 selectivity (entry 9). This may be due to the
increase of 2a in the reaction system in a sealed tube. A slightly
higher yield of 94% was obtained in a pressure vessel with 10
atm O2 (entry 10). Reducing the amount of Pd(OAc)2 led to a
corresponding reduction in yield (entry 11). Performing the
reaction in a sealed tube with air led to an obvious decrease in
the yield, indicating the importance of the concentration of
oxygen in the reaction mixture (entry 12). We also carried out
the reaction with the noncoordinating solvents DCE and
toluene in a sealed tube of O2 or a pressure vessel with O2 (10
atm) (see the Supporting Information). However, only a trace
amount of product was obtained in all cases, indicating the
importance of the coordinating solvents (MeCN and DMSO)
for this reaction. Using the promising reaction conditions
identified with MeCN, we first attempted the reaction in
DMSO using O2 at 1 atm (entry 13) or a high pressure (10
atm) (entry 14), but both results were unsatisfactory. We
therefore continued to optimize the reaction conditions using
BQ as the oxidant. In consideration of the Diels−Alder reaction
between 2a and BQ resulting in the consumption of isoprene, a
series of BQ reagents with different substituents were used for
the reaction (entries 15−18). With the exception of p-chloranil
(entry 16), other types of benzoquinones all led to improved
yields (entries 15, 17, and 18) compared with BQ (entry 6).
We next utilized 2,5-dimethyl-BQ and oxygen as oxidants to
further improve the yield (entries 19−21). The yield of product
4a increased to 78% using 2,5-dimethyl-BQ and oxygen (sealed
tube) as oxidants (entry 21).
With the above optimized reaction conditions (method A:

Table 1, entry 9; method B: Table 1, entry 21) in hand, a
variety of N-toluenesulfonyl-protected 2-aminophenols 1 were
studied to explore the substrate scope and selectivity (Table 2).
We first surveyed the reaction in MeCN using method A. For
5-substituted 2-aminophenol substrates with either electron-
donating or electron-withdrawing substituent groups, the
reaction proceeded well, giving the corresponding products in
good yields and selectivities (3b−h). Similar reactivity was
observed for 4-substituted 2-aminophenol substrates (3i−o). A
substrate possessing a 4,5-dimethyl group provided its
corresponding product in good yield and selectivity (3p). A
4,5-dichloro-substituted substrate (3q) provided poor reac-
tivity. For a 3-substituted 2-aminophenol substrate, low
reactivity and inverse selectivity were observed (3r), which
might be attributed to the effect of the steric bulk. For a
naphthalene substrate, the reaction provided a high yield and
good selectivity when method A was used (3s).
The reaction was also investigated in DMSO using method

B, as shown in Table 3. For 5-substituted 2-aminophenol
substrates with either electron-donating or electron-with-
drawing substituent groups, chemoselective control could be
achieved using method B. The corresponding products were
obtained in good yields and selectivities (4b−h). For 4-
substituted 2-aminophenol substrates, chemoselective control
was also generally achieved in good yields and selectivities (4i−
o). A substrate bearing a 4,5-dimethyl group also gave a

Table 1. Optimization of the Reaction Conditionsa

entry solvent oxidant yield (%)b 3a/4ac

1 DCE BQ trace >20/1
2 toluene BQ trace >20/1
3 DME BQ nd −
4 1,4-dioxane BQ trace >20/1
5 MeCN BQ 33 5/1
6 DMSO BQ 27 <1/20
7 MeCN O2 (1 atm) 23 9/1
8d MeCN Cu(II) + O2 (1 atm) nd −
9 MeCN O2 (sealed tube) 92 9/1
10 MeCN O2 (10 atm) 94 8/1
11e MeCN O2 (sealed tube) 57 9/1
12 MeCN air (sealed tube) 22 9/1
13 DMSO O2 (sealed tube) 7 <1/20
14 DMSO O2 (10 atm) 7 <1/20
15 DMSO duroquinone 38 <1/20
16 DMSO p-chloranil trace <1/20
17f DMSO BQ1 54 <1/20
18g DMSO BQ2 53 <1/20
19 DMSO BQ1 + O2 (1 atm) 66 <1/20
20 DMSO BQ1 + O2 (10 atm) 79 <1/20
21 DMSO BQ1 + O2 (sealed tube) 78 <1/20

aThe reaction was carried out with 1a (0.1 mmol, 1 equiv), 2a (1
mmol, 10 equiv), and oxidant (0.2 mmol, 2 equiv) in the solvent (1
mL) in the presence of Pd(OAc)2 (10 mol %) at 70 °C for 24 h, unless
otherwise noted. bIsolated yields of the two chemoselective products.
cDetermined by 1H NMR analysis. d20 mol % Cu(OAc)2 was used.

e5
mol % Pd(OAc)2 was used. fBQ1 = 2,5-dimethyl-BQ. gBQ2 = 2,6-
dimethyl-BQ.
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promising result (4p). However, a 4,5-dichloro-substituted
substrate gave its corresponding product in only moderate yield
(4q). The effect of the steric bulk was also significant, as
evidenced by the use of a 3-substituted 2-aminophenol
substrate. The desired product was obtained in low yield but
with good selectivity using method B (4r). High yield and good
selectivity were observed for a naphthalene substrate (4s).
We next turned our attention to investigating the scope of

conjugated dienes (Table 4). We found that for linear dienes, in
addition to isoprene (2a) (entry 1), 1,3-butadiene (2b) also
underwent conversion in good yield with moderate selectivity
using method A (entry 2, 3t). The inversion of chemo-
selectivity was also achieved using method B in moderate yield

with high selectivity (entry 2, 4t). For 2,3-dimethylbuta-1,3-
diene (2c), the corresponding 2-functionalized product was
obtained in high yield and selectivity using method A (entry 3,
3u). Two isomers were obtained in 73% total yield with an
approximately 1:1 ratio using method B (entry 3, 4u).
Interestingly, for 2,3-disubstituted-buta-1,3-diene 2d, the spiro
product 3v (entry 4) was obtained in 68% yield using method
A. For (E)-penta-1,3-diene (2e), the diene underwent
conversion in 67% yield with 2:1 selectivity using method A
(entry 5, 3w). Interestingly, internal difunctionalization of the
diene occurred using method B, giving the corresponding
product in 58% yield (entry 5, 4w). For the ring compound 1,3-
cycloheptadiene (2f), the reaction proceeded well in 65% yield
with 2:1 selectivity using method A (entry 6, 3x).
The 2-functionalized and 3-functionalized products were able

to partake in several transformations using different reaction
conditions. Compound 5 was obtained through dihydroxylation
of alkene 3a in 58% yield, along with a small amount of ketone
product (Scheme 2a). Additionally, the catalytic product 4t
could be oxidized to its corresponding acid 7 in 68% yield,
which could then be reduced to afford a prostaglandin D2
receptor antagonist5f in 88% yield (Scheme 2b). In addition, 4t

Table 2. Scope of 2-Aminophenols in MeCNa,b

aThe reactions were carried out with 1 (0.1 mmol, 1 equiv) and 2a (1
mmol, 10 equiv) in the presence of Pd(OAc)2 (10 mol %) in MeCN
(1 mL) at 70 °C for 24 h under oxygen in a sealed tube. bIsolated
yields of the two chemoselective products are shown. The ratios were
determined by 1H NMR analysis. cThe reaction was performed with
O2 (10 atm). d5 mol % Pd(OAc)2 was used.

Table 3. Scope of 2-Aminophenols in DMSOa,b

aThe reaction was carried out with 1 (0.1 mmol, 1 equiv), 2a (1 mmol,
10 equiv), and 2,5-dimethyl-BQ (2 equiv) in the presence of
Pd(OAc)2 (10 mol %) in DMSO (1 mL) at 70 °C for 24 h under
oxygen in a sealed tube. bIsolated yields of the two chemoselective
products are shown. The ratios were determined by 1H NMR analysis.
cThe reaction was performed with O2 (10 atm). d5 mol % Pd(OAc)2
was used.

Table 4. Scope of Conjugated Dienesa,b

aThe reactions were carried out with 1a (0.1 mmol, 1 equiv) and 2 (1
mmol, 10 equiv) in the solvent (1 mL) in the presence of Pd(OAc)2
(10 mol %) at 70 °C for 24 h. Method A: the reaction was carried out
in MeCN under oxygen in a sealed tube. Method B: the reaction was
carried out in DMSO with 2,5-dimethyl-BQ (2 equiv) under oxygen in
a sealed tube. bIsolated yields of the two chemoselective products are
shown. The ratios were determined by 1H NMR analysis. cConjugated
dienes 2c and 2d (3 equiv). dConjugated diene 2e (5 equiv).
eConjugated diene 2f (5 equiv) and O2 (20 atm).

Scheme 2. Further Derivation of 2-Functionalized and 3-
Functionalized 1,4-Benzoxazine Derivatives
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also underwent olefin metathesis using Grubbs II catalyst to
give the desired product in moderate yield (Scheme 2c), which
is a good complement for those conjugated dienes obtained
with difficulty.
In summary, we have developed a Pd(II)-catalyzed aerobic

intermolecular chemoselective 1,2-aminooxygenation and 1,2-
oxyamination of conjugated dienes for the preparation of a
variety of 2-functionalized and 3-functionalized 1,4-benzoxazine
derivatives in different systems. The oxidative difunctionaliza-
tion of conjugated dienes was achieved using oxygen as oxidant.
For most of the products, good yields and selectivities were
obtained.
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Á.; Escudero-Adań, E. C.; Muñiz, K. Org. Lett. 2016, 18, 2998.
(5) (a) Ager, D. J.; Prakash, I.; Schaad, D. R. Chem. Rev. 1996, 96,
835. (b) Bergmeier, S. C. Tetrahedron 2000, 56, 2561. (c) Vianello, P.;
Bandiera, T.; Varasi, M. U.S. Pat. Appl. US 20030069236A1, 2003.
(d) Gao, H.; Stack, G. P. PCT Int. Appl. WO 2004024736A1, 2004.
(e) Blattes, E.; Lockhart, B.; Lestage, P.; Schwendimann, L.; Gressens,
P.; Fleury, M.-B.; Largeron, M. J. Med. Chem. 2005, 48, 1282. (f) Jiao,
P.-F.; Zhao, B.-X.; Wang, W.-W.; He, Q.-X.; Wan, M.-S.; Shin, D.-S.;
Miao, J.-Y. Bioorg. Med. Chem. Lett. 2006, 16, 2862.
(6) For selected palladium-catalyzed difunctionalizations of con-
jugated alkenes, see: (a) Bac̈kvall, J.-E.; Nordberg, R. E. J. Am. Chem.
Soc. 1981, 103, 4959. (b) Bac̈kvall, J.-E.; Nyström, J.-E.; Nordberg, R.
E. J. Am. Chem. Soc. 1985, 107, 3676. (c) Bar, G. L. J.; Lloyd-Jones, G.
C.; Booker-Milburn, K. I. J. Am. Chem. Soc. 2005, 127, 7308. (d) Du,
H.; Zhao, B.; Shi, Y. J. Am. Chem. Soc. 2007, 129, 762. (e) Piera, J.;
Persson, A.; Caldentey, X.; Bac̈kvall, J.-E. J. Am. Chem. Soc. 2007, 129,
14120. (f) Houlden, C. E.; Bailey, C. D.; Ford, J. G.; Gagne,́ M. R.;
Lloyd-Jones, G. C.; Booker-Milburn, K. I. J. Am. Chem. Soc. 2008, 130,
10066. (g) Liao, L.; Jana, R.; Urkalan, K. B.; Sigman, M. S. J. Am.
Chem. Soc. 2011, 133, 5784. (h) McCammant, M. S.; Liao, L.; Sigman,
M. S. J. Am. Chem. Soc. 2013, 135, 4167. (i) Cooper, S. P.; Booker-
Milburn, K. I. Angew. Chem., Int. Ed. 2015, 54, 6496. (j) Wu, X.; Lin,
H.-C.; Li, M.-L.; Li, L. L.; Han, Z.-Y.; Gong, L.-Z. J. Am. Chem. Soc.
2015, 137, 13476. (k) Liu, Y.; Xie, Y.; Wang, H.; Huang, H. J. Am.
Chem. Soc. 2016, 138, 4314. (l) Chen, S.-S.; Wu, M.-S.; Han, Z.-Y.
Angew. Chem., Int. Ed. 2017, 56, 6641.
(7) Just before our submission, a relevant reference concerning 1,2-
aminooxygenation was published as a just-accepted paper. See: Shen,
H.-C.; Wu, Y.-F.; Zhang, Y.; Fan, L.-F.; Han, Z.-Y.; Gong, L.-Z. Angew.
Chem., Int. Ed. 2018, 57, 2372.
(8) For selected Pd(II)-catalyzed examples concerning control of
selectivity, see: (a) Grimster, N. P.; Gauntlett, C.; Godfrey, C. R. A.;
Gaunt, M. J. Angew. Chem., Int. Ed. 2005, 44, 3125. (b) Chen, M. S.;
Prabagaran, N.; Labenz, N. A.; White, M. C. J. Am. Chem. Soc. 2005,
127, 6970. (c) Timokhin, V. I.; Stahl, S. S. J. Am. Chem. Soc. 2005, 127,
17888. (d) Beck, E. M.; Grimster, N. P.; Hatley, R.; Gaunt, M. J. J. Am.
Chem. Soc. 2006, 128, 2528. (e) Yang, G.; Zhang, W. Org. Lett. 2012,
14, 268. (f) Du, W.; Gu, Q.; Li, Z.; Yang, D. J. Am. Chem. Soc. 2015,
137, 1130.
(9) For diamination, see ref 6c. For dioxygenation, see: (a) Wang, A.;
Jiang, H.; Chen, H. J. Am. Chem. Soc. 2009, 131, 3846. (b) Zhu, M.-K.;
Zhao, J.-F.; Loh, T.-P. J. Am. Chem. Soc. 2010, 132, 6284. (c) Wickens,

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b00352
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00352
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00352
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b00352/suppl_file/ol8b00352_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1449522&id=doi:10.1021/acs.orglett.8b00352
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1449524&id=doi:10.1021/acs.orglett.8b00352
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1449527&id=doi:10.1021/acs.orglett.8b00352
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1450754&id=doi:10.1021/acs.orglett.8b00352
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
mailto:wanbin@sjtu.edu.cn
http://orcid.org/0000-0002-4788-4195
http://dx.doi.org/10.1021/acs.orglett.8b00352
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