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ABSTRACT: A palladium-catalyzed asymmetric addition of
arylboronic acids to nitrostyrene is reported. The catalytic
system employing iPr-IsoQuinox as a chiral ligand in MeOH
solvent under an air atmosphere provides the chiral diary-
lsubstituted products in high yields with good enantioselectiv-
ities. A variety of functionalized nitrostyrenes can be used, and the method tolerates some variation in arylboronic acid scope.
The stereochemical outcome can be explained using a stereochemical model.

Transition-metal-catalyzed asymmetric additions of organo-
metallic reagents to electron-deficient double bonds

represent useful strategies for the construction of C−C bonds
and chiral centers, and is widely applied in total syntheses of
complex chiral molecules.1 The addition of hard organometallic
reagents to electron-deficient double bonds has been well-
studied, with such procedures usually employing chiral copper
complexes as catalysts.2 For additions using soft organometallic
nucleophiles such as arylboron reagents (e.g., Hayashi−Miyaura
reactions), rhodium complexes using chiral diphoshpines, dienes,
and sulfur-olefins etc. as ligands perform as efficient catalysts
showing high activity and enantioselectivity.3 Conversely, using
palladium catalysts in such reactions represents an attractive
alternative due to their lower cost compared to rhodium
catalysts. Therefore, considerable effort has been directed toward
the development of palladium-catalyzed asymmetric additions of
arylboron reagents.4 Although several palladium catalyst systems
have been developed by Miyaura,5 Minnard,6 Lu,7 Shi,8 Stoltz,9

Jiang,10 Zhang,11 Hayashi/Lu,12 and Pullarkat,13 the substrate
scope is still limited.14

Nitroalkene compounds, of which the nitro group can be
readily manipulated after addition reactions to construct
important building blocks for the synthesis of pharmaceuticals
as well as natural products, have been described as “synthetic
chameleons’’.15 Owing to their importance, transition-metal-
catalyzed additions of arylboron reagents to nitroalkenes have
attracted much attention. The Hayashi group developed the first
rhodium-catalyzed highly enantioselective addition of arylbor-
onic acids to α-substituted nitroalkenes employing a Rh/Binap
catalyst.16 Diaryl-substituted chiral ternary stereocenters are
common structural motifs present in a number of natural
products, pharmaceuticals, and bioactive compounds.17 To
construct these types of scaffolds, the Feringa group developed
a Rh/phosphoramidite catalytic system for the addition of
arylboron to nitrostyrene, but generally with low enantioinduc-
tion.18 High enantioselectivity was first achieved for simple

nitrostyrene by Lin/Xu and coworkers using a chiral diene/Rh
catalytic system.19 After this report, the Liao,20a Wan,20b Wu,20c

and Iuliano20d groups reported their own highly efficient
rhodium catalysts. The Lu group reported the first achiral
catalytic system for the palladium-catalyzed addition of phenyl-
boronic acid to nitrostryene, but the desired product was only
obtained in modest yield (only one example was described).21

The Gutnov group reported the enantioselective addition of
arylboronic acids to strongly activated 2-nitroacrylate using
Miyarua’s cationic chiraphos/Pd catalytic system.22 The
procedures are far from optimal; thus, the development of
efficient palladium-catalyzed asymmetric additions of arylbor-
onic acids to nitrostyrenes is still highly desired.
Inspired by the work of the Lu and Stoltz groups,7,9,23 we

recently developed a [Pd(TFA)2/Nicox/TFE] catalytic system
for the highly enantioselective addition of arylboronic acids to
cyclic ketimines.11 In continuation of our research concerning
asymmetric addition reactions with nitroalkenes,24 we herein
report the first palladium-catalyzed asymmetric addition of
arylboronic acids to nitrostyrenes (Scheme 1).
Using simple nitrostyrene 1a as the standard substrate and p-

tolylboronic acid as the boron reagent, conditions were
investigated employing 5 mol % of Pd(TFA)2 and 7.5 mol %
of ligand (Table 1). Initially, different alcohol solvents were
investigated since these types of solvents had shown special
effects in our previous studies (entries 1−4).11 We were pleased
to find that the addition proceeded smoothly in MeOH to give
the desired product in 85% yield with 90% ee (entry 1). The
reaction showed lower enantioselectivity in EtOH; however,
poor results were obtained when using TFE and t-AA as solvents
(entries 2−4). DCE was previously found to be the best solvent
for the palladium-catalyzed asymmetric addition of arylboronic
acids to cyclic enones;9 however, very low reactivity was observed
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for the linear nitrostyrene substrate (entry 5). DMF, DMSO, and
toluene inhibited the addition reaction, either completely or
partially (entries 6−8). Subsequently, ligand screening was
conducted (entries 9−14). An iPr group at the chiral position
showed the best chiral inducing ability (entries 1 vs 9,10). Nicox
bearing a CO2Me group on the pyridine gave the desired product
with lower enantioselectivity (entry 11). No reaction occurred
using the sterically hindered ligand Quinox (entry 12).

Interestingly, the IsoQuinox chiral ligand performed well with
higher enantioselectivities (entries 13 and 14). Finally, reaction
under an O2 atmosphere gave comparable results to that of
reactions carried out under air, but slightly lower yields were
obtained under a N2 atmosphere (entries 15 and 16). Thus, the
optimized reaction conditions were found to include using iPr-
IsoQuinox as the chiral ligand in MeOH solvent under an air
atmosphere.
With the optimized conditions in hand, we tested the substrate

scope using p-tolylboronic acid as a nucleophile (Scheme 2).

Both electron-withdrawing and -donating groups are well
tolerated (3aa−3ia). Substrates bearing electron-withdrawing
groups at the para or meta positions showed higher reactivity
than those bearing electron-donating groups, although the
enantioselectivities are similar (3aa−3ga). The highest ee was
obtained when the ortho position was substituted with a Cl group
(3ha). However, substitution at the ortho position with an OMe
group gave the lowest ee (3ia). Fused-ring substrates and
disubstituted substrates are also compatible with the reaction
conditions and gave their corresponding products in high yields
with high enantioselectivities (3ja−3la). However, no reaction
occurred using aliphatic nitroalkene as the substrate.

Scheme 1. Asymmetric Addition of Arylboron to Nitrostyrene

Table 1. Condition Screeninga,g

entry solvent ligand yield (%)b ee (%)c

1 MeOH iPr-Pyox 85 90
2 EtOH iPr-Pyox 86 86
3 TFE iPr-Pyox 43 60
4 t-AA iPr-Pyox 16 75
5 DCE iPr-Pyox 19 71
6 toluene iPr-Pyox NR −
7 DMF iPr-Pyox 42 60
8 DMSO iPr-Pyox NR −
9 MeOH tBu-Pyox 82 81
10 MeOH Bn-Pyox 91 85
11 MeOH iPr-Nicox 84 87
12 MeOH iPr-Quinox NR −
13d MeOH tBu-IsoQuinox 91 91
14 MeOH iPr-IsoQuinox 92 93
15e MeOH iPr-IsoQuinox 92 93
16f MeOH iPr-IsoQuinox 86 93

aReactions were carried out on a 0.20 mmol scale using 5 mol %
Pd(TFA)2, 7.5 mol % ligand and p-Me-C6H4B(OH)2 (0.30 mmol) in
unpurified solvent (1.0 mL) at 40 °C for 24 h under an air
atmosphere. bYield of isolated product. cDetermined by HPLC using a
chiral Daicel column. The absolute configuration was determined by
comparing the optical rotation and retention time of 3aa with that of
the literature.19,20 dReaction time was 45 h. eThe reaction was carried
out in O2 (balloon). fThe reaction was carried out in N2.

gTFA =
trifluoroacetic acetate, TFE = trifluoroethanol, t-AA = tert-Amyl
alcohol; DCE = 1,2-dichloroethane.

Scheme 2. Substrate Scopea,b,c

aReactions were carried out on a 0.20 mmol scale using 5 mol %
Pd(TFA)2, 7.5 mol % ligand, and p-Me-C6H4B(OH)2 (0.30 mmol) in
MeOH (1.0 mL) at 40 °C for 24 h under an air atmosphere. bYield of
isolated product. cEe was determined by HPLC using a chiral Daicel
column.
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The arylboronic acid scope was also investigated (Scheme 3).
Electron-rich arylboronic acids are more reactive than electron-

deficient ones due to the higher nucleophilicity of the more
electron-rich aryl group (3ab−3af). The ee decreased when
using eletron-deficient arylboronic acids (3ae and 3af).
Arylboronic acids possessing meta-substituents also gave the
addition products in high yields, but with slightly lower ee’s (3ag,
3ah). The addition of naphthyl boronic acid also showed high
reacitivity and enantioselectivity (3ai). The use of piperonyl
boronic acid resulted in the highest ee (3aj). A good yield and ee
were also obtained for a diMe-substituted arylboronic acid (3ak).
Additions of phenylboronic acid were examined using p-Cl and o-
Cl nitrostyrene. Both substrates were converted to the desired
products with good results (3cl and 3hl).
To test the practicality of our methodology, a gram-scale

reaction using substrate 1a and boronic acid 2c was carried out
(eq 1). The product 3ac was obtained with results comparable to
those shown in Scheme 3 using the same reaction conditions.
When 1mol % of catalyst was used, the reactivity was lowered but
the ee was still high (57% yield with 92% ee; see Supporting
Information).
The chiral induction can be explained using the model shown

in Figure 1.25 The nucleophilic aryl group coordinated to the Pd

center is trans to the oxazoline of IsoQuinox, and the
nitrostyrene is cis to the oxazoline. The sterically disfavored
intermediate (B), in which the substrate coordinates to the
palladium with the −NO2 group oriented downward (si-face)
close to the isopropanyl group of IsoQuinox, leads to the
optically minor product (S)-3aa. DFT calculations showed that
the energy of the transition state TsS was 8.3 kcal/mol. The
intermediate A is more sterically favored. The energy of the
corresponding transition state TsR is 4.5 kcal/mol.
In conclusion, a palladium-based catalytic system was

developed for the asymmetric addition of arylboronic acids to
nitrostyrenes. The catalyst system provided the desired chiral
nitro products with good enantioselectivities and yields (up to
96% ee and 96% yield). A range of nitrostyrenes and arylboronic
acids are tolerant to the reaction conditions. A stereochemical
model was also proposed to explain the chiral induction during
the catalytic cycle.
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Scheme 3. Arylboronic Acid Scopea,b,c

aReactions were carried out on a 0.20 mmol scale using 5 mol %
Pd(TFA)2, 7.5 mol % ligand, and arylboronic acid (0.30 mmol) in
MeOH (1.0 mL) at 40 °C for a certain time under an air atmosphere.
bYield of isolated product. cEe was determined by HPLC using a chiral
Daicel column. dReaction time was 65 h.

Figure 1. Stereochemical model.
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Dieǵuez, M. Chem. Rev. 2008, 108, 2796. (e) Harutyunyan, S. R.; den
Hartog, T.; Geurts, K.; Minnaard, A. J.; Feringa, B. L. Chem. Rev. 2008,
108, 2824. (f) Jerphagnon, T.; Pizzuti, M. G.; Minnaard, A. J.; Feringa, B.
L. Chem. Soc. Rev. 2009, 38, 1039. (g) Thaler, T.; Knochel, P. Angew.
Chem., Int. Ed. 2009, 48, 645.
(3) Hayashi, T.; Yamasaki, K. Chem. Rev. 2003, 103, 2829. (b) Fagnou,
K.; Lautens, M. Chem. Rev. 2003, 103, 169. (c) Yoshida, K.; Hayashi, T.
In Modern Rhodium-Catalyzed Organic Reactions; Evans, P. A., Ed.;
Wiley-VCH: Weinheim, 2005; pp 55−77. (d) Miyaura, N. Bull. Chem.
Soc. Jpn. 2008, 81, 1535. (e) Edwards, H. J.; Hargrave, J. D.; Penrose, S.
D.; Frost, C. G. Chem. Soc. Rev. 2010, 39, 2093. (f) Feng, X.; Du, H.
Asian J. Org. Chem. 2012, 1, 204. (g) Tian, P.; Dong, H.-Q.; Lin, G.-Q.
ACS Catal. 2012, 2, 95. (h) Li, Y.; Xu, M.-H. Chem. Commun. 2014, 50,
3771. (i) Dong, H.-Q.; Xu, M.-H.; Feng, C.-G.; Sun, X.-W.; Lin, G.-Q.
Org. Chem. Front. 2015, 2, 73.
(4) (a) Gutnov, A. Eur. J. Org. Chem. 2008, 4547. (b) Yamamoto, Y.;
Nishikata, T.; Miyaura, N. Pure Appl. Chem. 2008, 80, 807. (c) Miyaura,
N. Synlett 2009, 2039. (d) Berthon-Gelloz, G.; Hayashi, T. In Boronic
Acids, Vol. 1, 2nd ed.; Hall, D. G., Ed.; Wiley-VCH: Weinheim, 2011;
Chapter 5, pp 263−313. (e) Sun, Y.-W.; Zhu, P. L.; Xu, Q.; Shi, M. RSC
Adv. 2013, 3, 3153.
(5) (a) Nishikata, T.; Yamamoto, Y.; Miyaura, N.Angew. Chem., Int. Ed.
2003, 42, 2768. (b) Nishikata, T.; Yamamoto, Y.; Gridnev, I. D.;
Miyaura, N. Organometallics 2005, 24, 5025. (c) Nishikata, T.;
Yamamoto, Y.; Miyaura, N. Chem. Lett. 2005, 34, 720. (d) Nishikata,
T.; Yamamoto, Y.;Miyaura, N.Chem. Lett. 2007, 36, 1442. (e)Nishikata,
T.; Yamamoto, Y.; Miyaura, N. Tetrahedron Lett. 2007, 48, 4007.
(f) Nishikata, T.; Yamamoto, Y.; Miyaura, N. Adv. Synth. Catal. 2007,
349, 1759.
(6) (a) Gini, F.; Hessen, B.; Minnaard, A. Org. Lett. 2005, 7, 5309.
(b) Gottumukkala, A. L.; Matcha, K.; Lutz, M.; de Vries, J. G.; Minnaard,
A. J. Chem.Eur. J. 2012, 18, 6907.
(7) (a) Liu, G.; Lu, X. J. Am. Chem. Soc. 2006, 128, 16504. (b) Song, J.;
Shen, Q.; Xu, F.; Lu, X. Org. Lett. 2007, 9, 2947. (c) Zhou, F.; Yang, M.;
Lu, X.Org. Lett. 2009, 11, 1405. (d) Dai, H.; Yang, M.; Lu, X. Adv. Synth.
Catal. 2008, 350, 249. (e) Dai, H.; Lu, X. Tetrahedron Lett. 2009, 50,
3478.
(8) (a) Tao, Z.; Shi, M. Chem.Eur. J. 2008, 14, 3759. (b) Ma, G.-N.;
Zhang, T.; Shi, M. Org. Lett. 2009, 11, 875. (c) Liu, Z.; Shi, M.
Tetrahedron 2010, 66, 2619. (d) Zhang, T.; Xu, Q.; Zhang, R.; Zhang, T.;
Shi, M. J. Org. Chem. 2010, 75, 3935. (e) Wang, F.; Chen, F.; Qu, M.; Li,

T.; Liu, Y.; Shi, M. Chem. Commun. 2013, 49, 3360. (f) Gu, P.; Xu, Q.;
Shi, M.Organometallics 2013, 32, 7575. (g) For a review, see: Wang, F.;
Liu, L.-J.; Wang, W.; Li, S.; Shi, M. Coord. Chem. Rev. 2012, 256, 804.
(9) (a) Kikushima, K.; Holder, J. C.; Gatti, M.; Stoltz, B. M. J. Am.
Chem. Soc. 2011, 133, 6902. (b) Holder, J. C.; Marziale, A. N.; Gatti, M.;
Mao, B.; Stoltz, B. M. Chem.Eur. J. 2013, 19, 74. (c) Holder, J. C.;
Goodman, E. D.; Kikushima, K.; Gatti, M.; Marziale, A. N.; Stoltz, B. M.
Tetrahedron 2014, http://dx.doi.org/10.1016/j.tet.2014.11.048.
(10) Chen, J.; Lu, X.; Lou, W.; Ye, Y.; Jiang, H.; Zeng, W. J. Org. Chem.
2012, 77, 8541.
(11) (a) Yang, G.; Zhang, W. Angew. Chem., Int. Ed. 2013, 52, 7540.
(b) Quan, M.; Yang, G.; Xie, F.; Gridnev, I. D.; Zhang, W. Org. Chem.
Front. 2015, 2, 398.
(12) Jiang, C.; Lu, Y.; Hayashi, T.Angew. Chem., Int. Ed. 2014, 53, 9936.
(13) Wong, J.; Gan, K.; Chen, H. J.; Pullarkat, S. A. Adv. Synth. Catal
2014, 356, 3391.
(14) For Pd-catalyzed asymmetric addition of arylboronic acids to
unactivated olefins, see: (a) Mei, T.-S.; Werner, E. W.; Burckle, A. J.;
Sigman, M. S. J. Am. Chem. Soc. 2013, 135, 6830. (b)Mei, T.-S.; Patel, H.
H.; Sigman, M. S. Nature 2014, 508, 340.
(15) (a) Calderari, G.; Seebach, D. Helv. Chim. Acta 1985, 68, 1592.
(b) Berner, O. M.; Tedeschi, L.; Enders, D. Eur. J. Org. Chem. 2002,
1877.
(16) Hayashi, T.; Senda, T.; Ogasawara, M. J. Am. Chem. Soc. 2000,
122, 10716.
(17) For selected examples, see: (a) The Chemistry and Biology of
Isoquinoline Alkaloids; Phillipson, J. D., Roberts, M. F., Zenk, M. H., Eds.;
Springer: Berlin, 1985. (b) Neumeyer, J. L.; Baindur, N.; Yuan, J.; Booth,
G.; Seeman, P.; Niznik, H. B. J. Med. Chem. 1990, 33, 521. (c) Shah, J. H.;
Izenwasser, S.; Geter-Douglass, B.; Witkin, J. M.; Newman, A. H. J. Med.
Chem. 1995, 38, 4284. (d) Scott, J. D.; Williams, R. M. Chem. Rev. 2002,
102, 1669. (e) Gordaliza, M.; García, P. A.; Corral, J. M. M.; Castro, M.
A.; Zurita, M. A. G. Toxicon 2004, 44, 441. (f) Bentley, K. W. Nat. Prod.
Rep. 2006, 23, 444. (g) Li, Y.; Cheng, W.; Zhu, C.; Yao, C.; Xiong, L.;
Tian, Y.; Wang, S.; Lin, S.; Hu, J.; Yang, Y.; Guo, Y.; Yang, Y.; Li, Y.;
Yuan, Y.; Chen, N.; Shi, J. J. Nat. Prod. 2011, 74, 1444.
(18) (a) Duursma, A.; Hoen, R.; Schuppan, J.; Hulst, R.; Minnaard, A.
J.; Feringa, B. L. Org. Lett. 2003, 5, 311. (b) Duursma, A.; Peña, D.;
Minnaard, A. J.; Feringa, B. L. Tetrahedron: Asymmetry 2005, 16, 1901.
(19) Wang, Z. G.; Feng, C. G.; Zhang, S. S.; Xu, M. H.; Lin, G. Q.
Angew. Chem., Int. Ed. 2010, 49, 5780.
(20) (a) Lang, F.; Chen, G.; Li, L.; Xing, J.; Han, F.; Cun, L.; Liao, J.
Chem.Eur. J. 2011, 17, 5242. (b) Xue, F.; Wang, D.; Li, X.; Wan, B. J.
Org. Chem. 2012, 77, 3071. (c) Huang, K.-C.; Gopula, B.; Kuo, T.-S.;
Chiang, C.-W.; Wu, P.-Y.; Henschke, J. P.; Wu, H.-L.Org. Lett. 2013, 15,
5730. (d) Jumdea, V. R.; Iulianoa, A. Adv. Synth. Catal. 2013, 355, 3475.
(21) Lu, X.; Lin, S. J. Org. Chem. 2005, 70, 9651.
(22) Petri, A.; Seidelmann, O.; Eilitz, U.; Leßmann, F.; Reißmann, S.;
Wendisch, V.; Gutnov, A. Tetrahedron Lett. 2014, 55, 267.
(23) (a) Dai, H.; Lu, X.Org. Lett. 2007, 9, 3077. (b) Lin, S.; Lu, X.Org.
Lett. 2010, 12, 2536.
(24) (a) Zhang, H.; Fang, F.; Xie, F.; Yu, H.; Yang, G.; Zhng, W.
Tetrahedron Lett. 2010, 51, 3119. (b) Zhao, L.; Shen, J.; Liu, D.; Liu, Y.;
Zhang, W. Org. Biomol. Chem. 2012, 10, 2840. (c) An, Q.; Shen, J.; Butt,
N. A.; Liu, D.; Liu, Y.; Zhang, W. Synthesis 2013, 45, 1612.
(25) For previous mechanism studies, see: (a) Nishikata, T.;
Yamamoto, Y.; Miyaura, N. Organometallics 2004, 23, 4317. (b) Lan,
Y.; Houk, K. N. J. Org. Chem. 2011, 76, 4905. (c) Peng, Q.; Yan, H.;
Zhang, X.; Wu, Y.-D. J. Org. Chem. 2012, 77, 7487. (d) Holder, J. C.;
Zou, L.; Marziale, A. N.; Liu, P.; Lan, Y.; Gatti, M.; Kikushima, K.; Houk,
K. N.; Stoltz, B. M. J. Am. Chem. Soc. 2013, 135, 14996.

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b00863
Org. Lett. 2015, 17, 2250−2253

2253

http://dx.doi.org/10.1016/j.tet.2014.11.048
http://dx.doi.org/10.1021/acs.orglett.5b00863

