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Scheme 1. Construction of Axially Chiral Structure by Using
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B ifunctional organocatalysts have significantly contributed to N NR,
the field of asymmetric synthesis." In these catalysts, the ATSHE S

(thio)urea and tertiary amino functional groups cooperatively e i O’H
realize the simultaneous activation of a nucleophile and an ONg
electrophile in a suitable spatial configuration. Previously, we >
have used these organocatalysts for several asymmetric Q
cyclization reactions via intramolecular hetero-Michael addi-
tion,” in which multipoint recognition by the catalysts stabilizes
the specific conformations of the substrates in the transition state bifunctional catalyst 3a® in CH,Cl, at —40 °C. As expected,
before the construction of a chiral center. Inspired by the success tribromide 2a was obtained in good yield with moderate
of these results, we envisaged that the utility of this class of small- enantioselectivity (Table 1, entry 1). Second, the solvents were
molecule catalysts could be expanded by translating the screened, and among those tested, THF was identified to be the
molecular torsion induced by bifunctional organocatalysts into most suitable solvent, demonstrating high enantioselectivity,
axial chirality. Recently, although some organocatalysts have albeit with an unsatisfactory product yield (Table 1, entry 5).
been reported to be useful for the enantioselective syntheses of Third, the effect of temperature on the reaction was studied:
axially chiral compounds,” thus far, methods employing this type higher temperatures improved the product yield while
of bifunctional organocatalysts have rarely been developed.* maintaining excellent enantioselectivites (Table 1, entries 6
Here, we demonstrate the novel competence of bifunctional and 7); hence, we selected 0 °C as the reaction temperature for
organocatalysts as an efficient avenue for the asymmetric further investigations. Meanwhile, the effect of various
construction of axially chiral compounds. brominating reagents besides NBA (DBH (4b), NBS (4c), and

In this study, we report the highly enantioselective aromatic NBP (4d)) was also studied. Figure 1 shows their chemical
electrophilic bromination of 1-(3-hydroxyphenyl)isoquinoline 2- structures. As can be seen, no significant effects were observed
oxides (Scheme 1). The 1-(3-hydroxyphenyl)isoquinoline 2- with respect to the yields and enantioselectivities (Table 1,
oxide substrates have an isoquinoline N-oxide moiety, which can entries 8—10). Next, the effect of different catalysts was also
interact with a hydrogen-bond donor, and a phenol moiety, investigated; other cinchona-alkaloid-derived catalysts® also
which can interact with a hydrogen-bond acceptor; such exhibited good stereoselectivities similar to that obtained with
interactions are expected to twist the molecule in one direction. the use of 3a (entry 6), and the use of 3¢ and 3d afforded the
Meanwhile, the axially chiral N-oxides obtained are promising opposite enantiomer of the product with high enantioseélectivities
chiral ligands or organocatalysts in organic synthesis,” although (Table 1, entries 11-13). Moreover, catalyst 3e,” with a
thus far, their catalytic enantioselective synthesis has been cyclohexanediamine framework, also afforded a quantitative

product yield with a slightly lower enantioselectivity (Table 1,

underdeveloped, to the best of our knowledge. p
entry 14). On the other hand, catalyst 3f° which has a

Table 1 shows the optimization of reaction conditions. First,
we investigated the reaction between 1-(3-hydroxyphenyl)-
isoquinoline 2-oxide (1a) and N-bromoacetamide (NBA, 4a) as Received: April 22, 2015
the brominating reagent with 10 mol % of quinidine-derived Published: May 16, 2015
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Table 1. Optimization of Conditions”

X
| NG
catalyst (10 mol %) Z 00
brominating reagent (3 equiv) Br. Br
solvent, temp., 24 h O
OH
Br
1a 2a
brominating temp. yield ee

entry catalyst reagent solvent (°C (%)* (%)
1 3a NBA (4a) CH,Cl, —40 95 54
2 3a NBA (4a) toluene —40 7 74
3 3a NBA (4a) EtOAc —40 S0 93
4 3 NBA (4a) Et,0 —40 <5 -
S 3 NBA (4a) THE —40 2 99
6° 3a NBA (4a) THF 0 99 99
74 3a NBA (4a) THF 25 99 97
8¢ 3a DBH (4b) THF 0 99 98
9 3a NBS (4c) THF 0 99 98
10° 3a NBP (4d) THE 0 99 98
11°  3b NBA (4a) THF 0 99 98
12° 3¢ NBA (4a) THE 0 85 -96
13¢ 3d NBA (4a) THF 0 84 —94
14° 3e NBA (4a) THF 0 99 —91
15° 3f NBA (4a) THF 0 46 1
166  3g NBA (4a) THF 0 91 -4

“Reactions were run using la (0.1 mmol), the brominating reagent
(03 mmol), and the catalyst (0.01 mmol) 1n the solvent (10 mL).

PIsolated yields. “Reactions were run for 6 h. “Reaction was run for 5
h. 1.5 equiv of 4b was used for the reaction.

Ar = 3,5-(CF3),CeH3

(e}

Ay

b e e o

NBA (4a) DBH (4b) NBS (4c) NBP (4d)

Figure 1. Brominating reagents.

significantly less basic nitrogen atom, failed to attain
enantioselectivity (Table 1, entry 15). Moreover, quinidine
(3g) also demonstrated enantioselectivity significantly lesser
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than those exhibited by catalysts 3a—3e (Table 1, entry 16).
These results demonstrate the significance of the bifunctionality
of the catalyst containing amino and urea functional groups
toward enantioselectivity.

Next, the substrate scope was investigated, and the robustness
of this synthetic method was confirmed. Table 2 shows the

Table 2. Substrate Scope”

R =z ‘ A
- @
3a (10 mol %) x>~ Ngo
NBA (4a, 3 equiv) Br Br
THF,0°C,6h
OH
Br
1 2
A A X
N _n® N
09 F 09  Br 09
Br. Br Br. Br Br. Br
OH OH OH
Br Br Br
2a 2b 2c
99% 99% 97%
99% ee 93% ee 93% ee
NO,
U O
@
~ N \o e ~ N \O e
Br. O Br Me Br Br
OH OH
Br Br
2d 2e 2f
99% 99% 92%
94% ee 98% ee 96% ee

“Reactions were run using 1 (0.1 mmol), 4a (0.3 mmol), and 3a (0.01
mmol) in THF (10 mL). Yields represent material isolated after silica
gel column chromatography.

results. For substrates bearing fluoro and bromo functional
groups on the isoquinoline ring, the desired products 2b and 2¢
were obtained with high enantioselectivities. Moreover, a nitro
group was also tolerated, affording the corresponding product 2d
in high enantioselectivity. Furthermore, a substrate with a methyl
group near the biaryl axis yielded the brominated product 2e in
excellent yield and enantioselectivity. In addition, a derivative
bearing an expanded 7-conjugate plane afforded the brominated
product 2f in good yield and stereoselectivity. Moreover, as
shown in Scheme 2, substrates bearing substituted phenols were
also investigated. A meta substituent on the phenol ring did not
affect the reaction, affording 2g in excellent yield and
enantioselectivity. Moreover, when the reaction was carried out
using 1h, which has a substituent ortho to the hydroxy group,
dibromination proceeded with quantitative yield with excellent
enantioselectivity. Meanwhile, the absolute configuration of 2a
was determined by X-ray analysis (see the Supporting
Information for details), and the configurations of all other
examples were assigned analogously.

To gain insight into the reaction mechanism, the reactions
were performed using substrates previously monobrominated at
the ortho positions of the biaryl axis, and almost racemic
products were obtained in both reactions (Scheme 3). These
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Scheme 2. Reactions of Substrates with Substituted Phenols
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Scheme 3. Reactions of Monobrominated Substrates
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results imply that the bromination at an ortho position of the axis
is the enantiodetermining step in this reaction, and once one of
the ortho positions is brominated, no racemization occurs by
bond rotation during the course of further bromination.”

In addition, this protocol could also be applied to the synthesis
of an axially chiral benzamide (Scheme 4),%8 indicating the
feasibility of this method with the use of this bifunctional
organocatalyst. By using 10 mol % 3a and 3 equiv 4a with EtOAc
at —40 °C, benzamide Sa was tribrominated to afford ogtically
active benzamide 6a in high yield and enantioselectivity.

In summary, we present a novel, highly enantioselective
synthesis of axially chiral isoquinoline N-oxides using bifunc-

Scheme 4. Asymmetric Synthesis of Benzamide
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tional organocatalysts. This method efficiently produces axially
chiral N-oxides, which are promising chiral catalysts in organic
synthesis. Notably, this is the first example of the use of simple
bifunctional organocatalysts for the asymmetric synthesis of
axially chiral biaryls. In addition, good-to-excellent enantiose-
lectiveties were accomplished with a range of substrates. Thus,
this methodology demonstrates utility for further application in
the synthesis of various axially chiral compounds. Further studies
regarding the detailed clarification of the reaction mechanism
and application of this methodology to the construction of other
axially chiral structures are currently underway and will be
reported in due course.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures including spectroscopic and analytical
data. The Supporting Information is available free of charge on
the ACS Publications website at DOI: 10.1021/jacs.5b04151.

B AUTHOR INFORMATION

Corresponding Authors
*asano.keisuke.Sw@kyoto-u.ac.jp
*matsubara.seijiro.2e@kyoto-u.ac.jp

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Professor Takuya Kurahashi (Kyoto University) for X-
ray crystallographic analysis. This work was supported financially
by the Japanese Ministry of Education, Culture, Sports, Science
and Technology. KA. also acknowledges the Asahi Glass
Foundation, Toyota Physical and Chemical Research Institute,
and Tokyo Institute of Technology Foundation.

B REFERENCES

(1) (a) Okino, T.; Hoashi, Y.; Takemoto, Y. J. Am. Chem. Soc. 2003,
125, 12672. (b) Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X.; Takemoto,
Y. J. Am. Chem. Soc. 2005, 127, 119. (c) Vakulya, B.; Varga, S.; Csimpai,
A.; Sobs, T. Org. Lett. 2008, 7, 1967. (d) Hamza, A.; Schubert, G.; Soés,
T.; Papai, I. . Am. Chem. Soc. 2006, 128, 13151. (e) Connon, S. J.
Chem.—Eur. J. 2006, 12, 5418. (f) Zhu, J.-L.; Zhang, Y.; Liu, C.; Zheng,
A.-M.; Wang, W. J. Org. Chem. 2012, 77, 9813.

(2) (a) Asano, K.; Matsubara, S. J. Am. Chem. Soc. 2011, 133, 16711.
(b) Asano, K.; Matsubara, S. Org. Lett. 2012, 14, 1620. (c) Okamura, T;
Asano, K.; Matsubara, S. Chem. Commun. 2012, 48, 5076. (d) Fukata, Y.;
Asano, K,; Matsubara, S. Chem. Lett. 2013, 42, 355. (e) Fukata, Y.;
Miyaji, R;; Okamura, T.; Asano, K.,; Matsubara, S. Synthesis 2013, 45,
1627. (f) Miyaji, R.; Asano, K.; Matsubara, S. Org. Lett. 2013, 15, 3658.
(g) Fukata, Y.; Asano, K; Matsubara, S. J. Am. Chem. Soc. 2013, 135,
12160. (h) Miyaji, R.; Asano, K.; Matsubara, S. Org. Biomol. Chem. 2014,
12, 119. (i) Yoneda, N.; Hotta, A.; Asano, K.,; Matsubara, S. Org. Lett.
2014, 16, 6264.

(3) (a) Brandes, S.; Bella, M,; Kjeersgaard, A.; Jergensen, K. A. Angew.
Chem., Int. Ed. 2006, 45, 1147. (b) Brandes, S.; Niess, B.; Bella, M,;
Prieto, A.; Overgaard, J.; Jorgensen, K. A. Chem.—Eur. J. 2006, 12, 6039.
(¢) Li, G-Q; Gao, H.; Keene, C.; Devonas, M.; Ess, D. H.; Kiirti, L. J.
Am. Chem. Soc. 2013, 135, 7414. (d) De, C. K,; Pesciaioli, F.; List, B.
Angew. Chem., Int. Ed. 2013, 52, 9293. (e) Gustafson, J. L,; Lim, D
Miller, S. J. Science 2010, 328, 1251. (f) Pathak, T. P.; Miller, S. J. J. Am.
Chem. Soc. 2012, 134, 6120. (g) Barrett, K. T.; Miller, S. J. J. Am. Chem.
Soc. 2013, 135, 2963. (h) Barrett, K. T.; Metrano, A. J.; Rablen, P. R;;
Miller, S. J. Nature 2014, 509, 71. (i) Cozzi, P. G.; Emer, E.; Gualandi, A.
Angew. Chem., Int. Ed. 2011, SO, 3847. (j) Shirakawa, S.; Liu, K;
Maruoka, K. J. Am. Chem. Soc. 2012, 134, 916. (k) Liu, K.,; Wy, X.; Kan,
S. B. J,; Shirakawa, S.; Maruoka, K. Chem.—Asian ]. 2013, 8, 3214.

DOI: 10.1021/jacs.5b04151
J. Am. Chem. Soc. 2015, 137, 6766—6769


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b04151
mailto:asano.keisuke.5w@kyoto-u.ac.jp
mailto:matsubara.seijiro.2e@kyoto-u.ac.jp
http://dx.doi.org/10.1021/jacs.5b04151

Journal of the American Chemical Society

Communication

(1) Shirakawa, S.; Wu, X.; Maruoka, K. Angew. Chem.,, Int. Ed. 2013, S2,
14200. (m) Cheng, D.-J,; Yan, L,; Tian, S.-K,; Wu, M.-Y,; Wang, L.-X;
Fan, Z.-L.; Zheng, S.-C.; Liu, X.-Y.; Tan, B. Angew. Chem., Int. Ed. 2014,
$3,3684. (n) Lu, S.; Poh, S. B.; Zhao, Y. Angew. Chem., Int. Ed. 2014, 53,
11041. (o) Ma, G.; Deng, J.; Sibi, M. P. Angew. Chem., Int. Ed. 2014, S3,
11818. (p) Chan, V; Kim, J. G.; Jimeno, C.; Carroll, P. J.; Walsh, P. J.
Org. Lett. 2004, 6, 2051. (q) Mori, K; Ichikawa, Y.; Kobayashi, M.;
Shibata, Y.; Yamanaka, M.; Akiyama, T. J. Am. Chem. Soc. 2013, 135,
3964. (r) Mori, K; Ichikawa, Y.; Kobayashi, M.; Shibata, Y.; Yamanaka,
M.; Akiyama, T. Chem. Sci. 2013, 4, 4235. (s) Armstrong, R. J.; Smith, M.
D. Angew. Chem.,, Int. Ed. 2014, 53, 12822. (t) Link, A.; Sparr, C. Angew.
Chem, Int. Ed. 2014, 53, 5458.

(4) For enantioselective syntheses of axially chiral allenes by
bifunctional organocatalysts, see: (a) Inokuma, T.; Furukawa, M,;
Uno, T.; Suzuki, Y.; Yoshida, K.; Yano, Y.; Matsuzaki, K.; Takemoto, Y.
Chem.—Eur. J. 2011, 17, 10470. (b) Inokuma, T.; Furukawa, M.; Suzuki,
Y.; Kimachi, T.; Kobayashi, Y.; Takemoto, Y. ChemCatChem 2012, 4,
983.

(5) For selected examples of chiral N-oxide catalysts, see: (a) Nakajima,
M,; Saito, M.; Shiro, M.; Hashimoto, S. J. Am. Chem. Soc. 1998, 120,
6419. (b) Saito, M.; Nakajima, M.; Hashimoto, S. Chem. Commun. 2000,
1851. (c) Zheng, K; Shi, J.; Liu, X.; Feng, X. J. Am. Chem. Soc. 2008, 130,
15770. (d) Yu, Z.; Liu, X.; Dong, Z.; Xie, M.; Feng, X. Angew. Chem.,, Int.
Ed. 2008, 47, 1308. (e) Yang, X.; Zhou, X; Lin, L.; Chang, L.; Liu, X,;
Feng, X. Angew. Chem., Int. Ed. 2008, 47, 7079. (f) Hrdina, R.; Opekar,
F.; Roithov4, ].; Kotora, M. Chem. Commun. 2009, 2314. (g) Malkov, A.
V.; Ramirez-Lopez, P.; Biedermannova, L.; RuliSek, L.; Duftkova, L.;
Kotora, M.; Zhu, F.; Kocovsky, P. J. Am. Chem. Soc. 2008, 130, 5341.
(h) Traverse, J. F.; Zhao, Y.; Hoveyda, A. H.; Snapper, M. L. Org. Lett.
2008, 7, 3151. For reviews, see: (i) Karayannis, N. M.; Pytlewski, L. L.;
Mikulski, C. M. Coord. Chem. Rev. 1973, 11, 93. (j) Chelucci, G;
Murineddu, G.; Pinna, G. A. Tetrahedron: Asymmetry 2004, 15, 1373.
(k) Malkov, A. V.; Kolovsky, P. Eur. J. Org. Chem. 2007, 29.
(1) Denmark, S. E.; Beutner, G. L. Angew. Chem., Int. Ed. 2008, 47,
1560. (m) Kotora, M. Pure Appl. Chem. 2010, 82, 1813. (n) Chen, J;
Takenaka, N. Chem.—Eur. J. 2009, 15, 7268. (o) Liu, X; Lin, L.; Feng,
X. Acc. Chem. Res. 2011, 44, 574.

(6) Catalysts 3a—3e were prepared according to previous studies (see
the SI for details): for 3a—3d, see ref 1c; for 3e, see ref 1a. Catalyst 3f was
purchased from Aldrich; see: Taylor, M. S.; Jacobsen, E. N. J. Am. Chem.
Soc. 2004, 126, 10558.

(7) The reaction conducted using 1 equiv of NBA (4a) afforded a
mixture of multiple products including monobromide 1i, while a small
amount of 1j was generated; the ee of 1i was >95% ee (see the SI for
details). Thus, we currently consider that the bromination at the ortho
position of the hydroxy group occurs before the bromination at the para
position of the hydroxy group.

(8) The reaction of 3-hydroxy-N,N-dicyclohexylbenzamide (Sb)
afforded the corresponding tribromide, 2,4,6-tribromo-N,N-dicyclohex-
yl-3-hydroxybenzamide (6b) in 99% yield with 79% ee; the absolute
configuration of 6b was determined by X-ray analysis (see the SI for
details).

6769

DOI: 10.1021/jacs.5b04151
J. Am. Chem. Soc. 2015, 137, 6766—6769


http://dx.doi.org/10.1021/jacs.5b04151

