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N-tertiary-butyl sulfinyl squaramide:

Increased lipophilicity
Increased acidity

Additional chiral steric group
Additional chiral Lewis base
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ABSTRACT: A new chiral HBD system, N-tert-butyl sulfinyl squaramide, was designed and synthesized. The core N-tert-butyl
sulfinyl squaramide with an 1-aminoindan-2-ol skeleton was found to be an efficient catalyst in the enantioselective Friedel—

Crafts alkylation of indoles and acyl phosphonates.

nspired by the mechanistic studies of enzyme catalysis where

hydrogen bonding serves a key role in substrate activation,
single or dual HBD motifs have been a prominent feature in
organocatalysts.' In 1994, Curran and Kuo demonstrated for the
first time that urea derivatives are competent organic catalysts in
the allylation of cyclic sulfinyl radicals with allyltributylstannane.”
Pioneered by Jacobsen, Schreiner, and Takemoto, thiourea
derivatives have become a frequent core of hydrogen-bonding
type organocatalysts over the years.” In 2008, Rawal applied a
chiral squaramide-based organocatalyst in a Michael addition of
1,3-dicarbonyl compounds to nitro olefins and observed excellent
chemical efficiency and stereocontrol.* Looking back at the
process of development of hydrogen-bond catalysts, acidity is a
key element to the design and optimization of a new catalyst.’
Acidity influences the proton-donating ability of the catalyst and is
generally consistent with hydrogen-bond strengthening. This is
also consistent with the development of the order of the catalyst
discovery from urea to thiourea, and then to the squaramide.
Among the three skeletons, squaramides often show better
catalytic efficiencies than the corresponding (thio)ureas.
Although a broad range of important asymmetric transformations
has been realized by chiral squaramide catalysis,” some drawbacks,
such as strong self-aggregation and poor solubility in nonpolar
solvent, still limit the application of squaramides in organo-
catalysis. To date, only one example was reported. Through
squaramide-based metal—organic framework (MOF) derivatives,
detrimental self-association of the catalyst is prevented, and the
biorelevant Friedel—Crafts reaction between indole and f-
nitrostyrene is accelerated dramatically.” Furthermore, the
relatively lower acidity of squaramide hinders the development
of squaramide-type catalysts. As a result, novel strategies for the
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development of highly efficient chiral HBD catalysts that can
overcome these shortcomings are highly desirable.

Recently, Ellman and co-workers have developed a new class of
urea catalysts that contain the N-sulfinyl group, which serves as a
chiral controlling element and an acidifying center.® Comparing
the acidities between N-tert-butylsulfinyl substituted (thio)urea
and 3,5-bis(trifluoromethyl)phenyl substituted (thio)urea, we
found that the N-tert-butylsulfinyl showed stronger electronic
effects than the latter (Figure 1). In addition, the tertiary butyl of
the N-sulfinyl is a well-known lipid soluble group. Based on these
aspects, we envisioned that a new hydrogen bond system that
combines squaramide with N-tert-butyl sulfinyl group could solve
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Figure 1. Rational design of N-tert-butyl sulfinyl squaramide catalysts.
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the drawbacks of squaramide catalysts. The N-tert-butyl sulfinyl
squaramide is proposed to improve the solubility and the acidity
of the squaramide catalyst. The presence of a sulfinyl oxygen can
serve as a hydrogen-bond accepting site, enabling dual or
bifunctional activation modes that enrich the catalytic potential of
the N-tert-butyl sulfinyl squaramide. Herein, we report the design
and synthesis of N-tert-butyl sulfinyl squaramides’ and their
application in the asymmetric Friedel—Crafts reaction of indoles
with acyl phosphonates.'”"" The Jorgensen model (I) and our
proposed model for catalysis (II) were also investigated (Figure
1).

The reaction of indole 3a and acyl phosphonate 4a in CH,Cl,
was first investigated. As shown in Table 1, (1R2S)-1-

Table 1. Optimization of Reaction Conditions®
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entry catalyst solvent t(°C) yield” (%) ee” (%)
1 2a CH,Cl, rt 92 3
2 2b CH,Cl, rt 93 76
3 2¢ CH,Cl, rt 70 3
4 2d CH,Cl, rt 68 4
5 2e CH,C, rt 75 -15
6 2f CH,Cl, rt 75 -29
7 2g CH,C, rt 70 22
8 2h CH,Cl, rt 70 50
9 2b CHCl, rt 92 85
10¢ 2b CHCl, 10 93 90
114 2b CHCI, 0 90 92
12° 2b CHCI, —20 85 94

“The reactions were performed with 0.1 mmol of 3a, 0.2 mmol 4a, and
0.01 mmol of catalyst 2 in 0.5 mL of solvent at the given temperature
for 1 d. "Isolated yields. “Determined by chiral HPLC analysis. “The
reaction was performed with 40 mg of 3 A molecular sieves in 2 mL of
CHCI, for 2 d. “The reaction was performed with 40 mg of 3 A
molecular sieves in 2 mL of CHCI, for 3 d.

aminoindan-2-ol-derived N-sulfinyl squaramide 2a afforded the
desired product 5a in 92% yield but only 3% e¢ (Table 1, entry 1),
while the diastereomer 2b promoted the addition in 93% yield
with 76% ee (Table 1, entry 2). trans-Aminoindanol-derived
squaramides 2c and 2d resulted in slightly lower yields and poor ee
values (Table 1, entries 3 and 4). Other amino alcohol-derived N-
tert-butyl sulfinyl squaramides 2e—g all resulted in low
enantioselectivities (Table 1, entries 5—7). For comparison,
conventional squaramide 2h, which contains the 3,5-bis-
(trifltuoromethyl)phenyl group, was also investigated in the
model reaction in which Sa was obtained in 50% ee (Table 1, entry
8). With the optimal catalyst 2b, we next screened other
conditions. CHCI, is shown to be a better solvent than CH,Cl,
(Table 1, entries 2 and 9). Decreasing the temperature of the
reaction along with addition of 3 A molecular sieves had a positive
effect on the enantioselectivity (Table 1, entries 10—12). The

optimal condition is shown in entry 12: with 10 mol % 2b and 3 A
molecular sieves in CHCl; at —20 °C, the reaction gave Sain 85%
yield with 94% ee.

We next explored the substrate scope. As shown in Scheme 1,
using other nucleophiles such as EtOH, BnNH,, or 4-Me-BnOH,

a,b,c

Scheme 1. Substrate Scope
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5q: R? = Et, 80% yield, 95% ee
5r:f R? = i-Pr, 60% yield, 93% ee
559 R? = Ph, 75% yield, 85% ee

5c: 80% yield, 93% ee

5k: 86% yield, 93% ee 51: 68% yield, 93% ee  5m: 60% yield, 88% ee

5n: 70% yield, 96% ee 50: 70% yield, 92% ee 5p:® 40% yleld 11% ee

“The reactions were performed with 0.1 mmol of 3, 0.2 mmol of 4,
O 01 mmol of 2b, and 40 mg of 3 A molecular sieves in 2 mL of CHCI3
—20 °C for 3 d. “Isolated yields. “Determined by chiral HPLC. “At
°C €0.1 mmol 3 and 0.1 mmol 4 at rt./In 1 mL of CHCI, at 0 °C.
2In 0.5 mL of CHCI, at 0 °C without 3 A molecular sieves.

the reactivities and enantioselectivities were unaffected (80—86%
yields and 93% ee for Sb—d). Five- or 6-position substituted
indoles also worked well with this Friedel—Crafts strategy. As a
result, the desired products Se—1 were obtained in good to
excellent yields and very good enantioselectivities (68—92%
yields and 86—95% ee). The reactivity is sensitive to the nature of
the substituent on the indole ring: electron-donating substituents
enhance the reactivity (Se-g, Sk), and electron-poor indoles
require higher temperatures (5i—j) to maintain acceptable
conversions. Substrates with substituent adjacent to the activation
site or attack site on the indole ring were also examined. To our
delight, the 7-methylindole transformed to the corresponding
methyl ester product Sn in 70% yield with 96% ee. The 2-
methylindole and 4-methylindole also gave the Friedel—Crafts
products in good yields and e values (Sm and So). However, only
40% yield and 11% ee were obtained for the desired product Sp in
the conversion of methyl protected indole, which indicates that
the N—H of the indole is essential for the stereocontrol of the
reaction.

The reaction was also applicable for f-ethyl- and f-isopropyl-
substituted acyl phosphonates, which gave 5q and Sr with very
good enantioselectivities. For the reaction of indole and -phenyl-
substituted acyl phosphonate, the product Ss was obtained in 75%
yield and 85% ee under the reoptimizing reaction conditions.’

The potential and synthetic application of this catalytic
approach was demonstrated by the transformations shown in
Figure 2. Using ammonia as the nucleophile, the 1 mmol scale
reaction was performed to give amide 6 in good yield and excellent
enantioselectivity. Reduction of the amide by LiAlH, gave the
chiral homotryptamine 7. The enantiomeric excess of 7 was
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Figure 2. Useful transformations of the product.

determined by analyzing the corresponding sulfonamide
derivative 8, which may serve as an inhibitor of mammalian 15-
lipoxygenase.'” Alternatively, 9 can be obtained by benzoyl
protection of 7. Treating 9 with the traditional Bischler—
Napieralski protocols with phosphoryl chloride in toluene gave
the 7-endo-trig cyclization product, chiral azepino[3,4-b]indole
10, in 64% yield and 94% ee.

To further evaluate the catalytic efficiency of our new catalyst, a
kinetic investigation was carried out.” The conversion versus time
profile for the Friedel—Crafts alkylation of indole 3a and acyl
phosphonate 4a using 10 mol % 2b and 2h was plotted in Figure
S1. The new catalyst 2b exhibited higher reactivity than the
conventional squaramide catalyst 2h. Furthermore, the acidities
of catalysts 2b and 2h were determined.” As shown in Figure S1,
the pK, values of catalysts 2b and 2h are 8.30 and 11.87,
respectively. This result indicated that the chiral N-tert-butyl
sulfinyl squaramide is more acidic than the corresponding 3,5-
bis(trifluoromethyl)phenyl type squaramide. This is consistent
with the order of reactivity.

Based on the optimization conditions shown in Table 1, all of
the catalysts gave the desired product in moderate to good yields.
However, the enantioselectivities differ significantly among them.
Previous mechanistic modes (Figure 3, TS1S and TSIR)'™
cannot fully explain the experiment results. Since the tert-butyl
sulfinyl derived organocatalysts have been identified as chiral
Lewis base for reduction of imines,'> a new mechanism was
proposed (Figure 3, TS2S and TS2R) in which the sulfinyl oxygen
of tert-butyl sulfinyl group as a Lewis base forms a hydrogen bond
with the indole N—H moiety, and the enone electrophile is
activated by the tridentate squaramide aminoindanol motif.

To determine how the catalyst promotes these reactions, we
performed DFT calculations.” Extensive explorations of a variety
of catalytic arrangements show that the most stable transition
state structure is TS2S, which involves SO activation of the indole,
while TS1S, lacking such activation, is 3.7 kcal/mol less stable
(Figure 3). TS2R is also more stable than TS1R by 0.9 kcal/mol
(Figure 3). This suggests that the model 2 better describes the
transition structures of this Friedel—Crafts reaction. The more
stable type 2 TSs can be explained by the stronger hydrogen bond
formed between the sulfinyl oxygen of the catalyst and the N—H
ofindole (1.76 and 1.74 A), interactions that are not present in the
first model. Instead weaker hydrogen bonds are observed
between the indole N—H and the hydroxyl oxygen of the catalyst
(1.94 and 2.01 A).

The model 2 TSs also explain the enantioselectivity. TS2S is 2.2
kcal/mol more stable than TS2R, which is in excellent agreement
with the experimental enantioselectivity of 94% ee. We explain this
result as follows: (1) a favorable electrostatic interaction between
the forming enolate oxygen and the electropositive hydrogen
alpha to the indole nitrogen at 2.44 A is observed in TS2S; *2)
an unconventional C—H---O hydrogen-bonding interaction
present in TS2S is likely to be crucial to inducing the

TS1R TS2R
31 2.2

Figure 3. Optimized structures of transition states. The C—H:-O
interactions are highlighted in green. The red dashed line indicates C—
H---x interaction. The bond lengths are in angstroms (A).

enantioselectivity.'> Both interactions are labeled in green. In
TS2S, the distance between the one C—H of tert-butyl and the
carbonyl oxygen is 2.26 A, which is shorter than the sum of van der
Waals radii of hydrogen and oxygen atoms. The theory of atoms in
molecules (AIM) have been used to investigate the interatomic
1nteract10ns on the basis of the topological properties of electron
density.'® The analysis of electron density at bond critical point
(BCP) and its derivatives was used to gain insight into the
hydrogen bonding."” Topological analysis of the electron density
distribution of C—H---O interaction in TS2S indicates that this
type of interaction is hydrogen-bonding.'® Using the parameters
derived from AIM analysis and the equation reported by Espinosa,
the estimated total hydrogen-bonding energies of TS2S and
TS2R are 41.4 and 38.0 kcal/mol (Table S2), respectively.'”*°
The estimated difference in total hydrogen-bonding energies is
3.4 keal/mol, which is close to the calculated relative free energy
difference (2.2 kcal/mol).

This analysis indicates that the difference in free energies is
mainly induced by hydrogen-bonding interactions between the
catalyst and the substrates. The estimated energies of C—H---O
hydrogen-bonding is approximately 3.0 kcal/mol. This inter-
action makes a key contribution to the stability of TS2S. In
addition, TS2S is also stabilized by a C—H:--winteraction between
the methyl of phosphonate and the aromatic ring of amino-
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indanol,>’ which is labeled in red. These three stabilizing
interactions are not present in TS2R. The energy difference
between the TS2S and TS2R arises from the collective favorable
electrostatic interactions observed in TS2S.

In summary, the design and synthesis of N-tert-butyl sulfinyl
squaramides is described. The newly designed HBD system
demonstrates many advantages over the conventional squar-
amide catalyst. The investigated N-tert-butyl sulfinyl squaramide
with a l-aminoindan-2-ol skeleton successfully catalyzes the
enantioselective Friedel—Crafts alkylations of indoles and acyl
phosphonate. Moreover, a new mechanism was proposed based
on the Lewis base properties of the sulfinyl oxygen. DFT
calculation indicated that C—H--O hydrogen-bonding is crucial
to induction of the observed enantioselectivity.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.orglett.7b00727.

Experimental procedures, characterization data, and
computational details (PDF)

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: xin_li@nankai.edu.cn.
*E-mail: houk@chem.ucla.edu.
ORCID

Xiao-Song Xue: 0000-0003-4541-8702
Xin Li: 0000-0001-6020-9170

K. N. Houk: 0000-0002-8387-5261
Jin-Pei Cheng: 0000-0001-8822-1577
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to the NNSFC (Grant Nos. 21390400 and
21421062) at Nankai University and the National Science
Foundation of the USA (CHE-11853 to K.N.H.) for financial
support.

B REFERENCES

(1) For selected reviews of HBD organocatalysis, see: (a) Schreiner, P.
R. Chem. Soc. Rev. 2003, 32, 289. (b) Takemoto, Y. Org. Biomol. Chem.
2005, 3, 4299. (c) Doyle, A. G.; Jacobsen, E. N. Chem. Rev. 2007, 107,
5713. (e) Connon, S. J. Chem. Commun. 2008, 44, 2499.

(2) Curran, D. P.; Kuo, L. H. J. Org. Chem. 1994, 59, 3259.

(3) () Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120,4901.
(b) Schreiner, P. R.; Wittkopp, A. Org. Lett. 2002, 4, 217. (c) Okino, T.;
Hoashi, Y.; Takemoto, Y. J. Am. Chem. Soc. 2003, 125, 12672.

(4) Pioneering work: (a) Malerich, J. P.; Hagihara, K.; Rawal, V. H. J.
Am. Chem. Soc. 2008, 130, 14416. For selected examples, see: (b) Qian,
Y.;Ma, G.Y; Lv, A. F.; Zhu, H. L.; Zhao, J.; Rawal, V. H. Chem. Commun.
2010,46,3004. (c) Yang, K. S.; Nibbs, A. E.; Turkmen, Y. E.; Rawal, V. H.
J. Am. Chem. Soc. 2013, 135, 16050.

(S) For selected pK, scales of HBD-type catalyst: (a) Li, X.; Deng, H.;
Zhang, B.; Li,].Y.; Zhang, L.; Luo, S.-Z.; Cheng, J.-P. Chem. - Eur. ]. 2010,
16, 450. (b) Christ, P.; Lindsay, A. G.; Vormittag, S. S.; Neudorfl, J.-M.;
Berkessel, A.; O'Donoghue, A. C. Chem. - Eur.]. 2011, 17, 8524. (c) Jakab,
G.; Tancon, C; Zhang, Z. G.; Lippert, K. M.; Schreiner, P. R. Org. Lett.
2012, 14, 1724. (d) Kaupmees, K; Tolstoluzhsky, N.; Raja, S.; Rueping,
M,; Leito, L. Angew. Chem., Int. Ed. 2013, 52, 11569. (e) Ni, X; Li, X,;

Wang, Z.; Cheng, J.-P. Org. Lett. 2014, 16, 1786. () Ni, X; Li, X.; Cheng,
J--P. Org. Chem. Front. 2016, 3, 170.

(6) For a review, see: Aleman, J.; Parra, A.; Jiang, H.; Jorgensen, K. A.
Chem. - Eur. . 2011, 17, 6890.

(7) McGuirk, C. M.; Katz, M. J.; Stern, C. L.; Sarjeant, A. A.; Hupp, J. T ;
Farha, O. K.; Mirkin, C. A. J. Am. Chem. Soc. 2018, 137, 919.

(8) (a) Robak, M. T.; Trincado, M.; Ellman, J. A. J. Am. Chem. Soc. 2007,
129, 15110. (b) Kimmel, K. L.; Robak, M. T.; Ellman, J. A. J. Am. Chem.
Soc.2009, 131,8754. (c) Kimmel, K. L.; Weaver, J. D.; Ellman, J. A. Chem.
S8¢i.2012, 3,121. (d) Kimmel, K. L.; Weaver, J. D.; Lee, M.; Ellman, J. A. J.
Am. Chem. Soc. 2012, 134, 9058.

(9) For details, see the Supporting Information.

(10) For selected examples, see: (a) Jiang, H.; Paixdo, M. W.; Monge,
D.; Jorgensen, K. A. J. Am. Chem. Soc. 2010, 132, 2775. (b) Bachu, P.;
Akiyama, T. Chem. Commun. 2010, 46, 4112. (c) Liu, T.; Wang, Y.; Wu,
G.; Song, H.; Zhou, Z.; Tang, C.J. Org. Chem. 2011, 76,4119. (d) Pei, C.-
K; Jiang, Y.; Shi, M.; Wei, Y. Angew. Chem., Int. Ed. 2012, S1, 11328.
(&) Smith, S. R.; Leckie; Holmes, R.; Douglas, J.; Fallan, C.; Shapland, P.;
Pryde, D.; Slawin, A. M. Z,; Smith, A. D. Org. Lett. 2014, 16, 2506.
(f) Weise, C. F.; Lauridsen, V.H.; Rambo, R. S.; Iversen, E. H.; Olsen, M.-
L.; Jorgensen, K. A. J. Org. Chem. 2014, 79, 3537. (g) Chen, L.; Wu, Z.-].;
Zhang, M.-L.; Yue, D.-F.; Zhang, X.-M.; Xu, X.-Y.; Yuan, W.-C. J. Org.
Chem. 2015, 80, 12668.

(11) (a) Evans, D. A,; Scheidt, K. A.; Fandrick, K. R.; Lam, H. W.; Wy, J.
J. Am. Chem. Soc. 2003, 125, 10780. (b) Evans, D. A.; Fandrick, K. R;;
Song; Scheidt, K. A.; Xu, R. J. Am. Chem. Soc. 2007, 129, 10029. (c) Kang,
Y. K; Suh, K. H.; Kim, D. Y. Synlett 2011, 2011, 1125. (d) Ma, H.-L,; Xie,
L.; Zhang, Z.-H.; Li, J.-Q; Qin, Z.-H.; Fu, B. Adv. Synth. Catal. 2016, 358,
1011.

(12) Weinstein, D. S.; Liu, W.; Gu, Z.-X,; Langevine, C.; Ngu, K;
Fadnis, L.; Combs, D. W.; Sitkoff, D.; Ahmad, S.; Zhuang, S.-B.; Chen, X ;
Wang, F.-L.; Loughney, D. A; Atwal, K. S.; Zahler, R.; Macor, J. E;
Madsen, C. S.; Murugesan, N. Bioorg. Med. Chem. Lett. 2008, 15, 1435.

(13) For selected examples, see: (a) Pei, D.; Wang, Z.; Wei, S.; Zhang,
Y.; Sun, J. Org. Lett. 2006, 8, 5913. (b) Pei, D.; Zhang, Y.; Wei, S.-Y,;
Wang, M.; Sun, J. Adv. Synth. Catal. 2008, 350, 619. (c) Wu, X; Li, Y.;
Wang, C.; Zhou, L.; Lu, X.; Sun, J. Chem. - Eur. ]. 2011, 17,2846. (d) Liu,
X. W,; Yan, Y.; Wang, Y. Q; Wang, C.; Sun, J. Chem. - Eur. J. 2012, 18,
9204. (e) Liu, X. W,; Wang, C,; Yan, Y.; Wang, Y. Q; Sun, J. J. Org. Chem.
2013, 78,6276. (f) Ye,J.-H.; Wang, C.; Chen, L.; Wu, X.-J.; Zhou, L.; Sun,
J. Adv. Synth. Catal. 2016, 358, 1042.

(14) For examples of the electrostatic interaction between the enolate
and nonclassical C—H, see: (a) Raymo, F. M.; Bartberger, M. D.; Houk,
K.N,; Stoddart, J. F. J. Am. Chem. Soc. 2001, 123,9264. (b) Cannizzaro, C.
E.; Houk, K. N. J. Am. Chem. Soc. 2002, 124, 7163. (c) Washington, L;
Houk, K. N. Angew. Chem., Int. Ed. 2001, 40, 448S.

(15) For a recent review of transition-state stabilization by C—H---O
interactions, see: (a) Johnston, R. C.; Cheong, P.H. Y. Org. Biomol. Chem.
2013, 11, 5057. For selected examples, see: (b) Xue, X.-S.; Li, X;; Yu, A.;
Yang, C,; Song, C,; Cheng, J.-P. J. Am. Chem. Soc. 2013, 135, 7462.
(c) Asari, A. H,; Lam, Y.; Tius, M. A.; Houk, K. N. J. Am. Chem. Soc. 2015,
137,13191.

(16) (a) Bader, R. F. W. Acc. Chem. Res. 1985, 18,9. (b) Bader, R. F. W.
Chem. Rev. 1991, 91, 893. (c) Matta, C. F; Boyd, R. J. The Quantum
Theory of Atoms in Molecules: From Solid State to DNA and Drug Design;
Wiley VCH; Weinheim, 2007.

(17) Grabowski, S. J. Chem. Rev. 2011, 111, 2597.

(18) (a) Koch, U.; Popelier, P. L. A. J. Phys. Chem. 1995, 99, 9747.
(b) Popelier, P. L. A. J. Phys. Chem. A 1998, 102, 1873. (c) Lipkowski, P.;
Grabowski, S. J.; Robinson, T. L.; Leszczynski, J. J. Phys. Chem. A 2004,
108, 10865.

(19) Ly, T.; Chen, F. J. Comput. Chem. 2012, 33, 580.

(20) Espinosa, E.; Molins, E.; Lecomte, C. Chem. Phys. Lett. 1998, 285,
170.

(21) (a) Takahashi, O.; Kohno, Y.; Nishio, M. Chem. Rev. 2010, 110,
6049. (b) Nishio, M. Phys. Chem. Chem. Phys. 2011, 13, 13873.
(c) Krenske, E. H,; Houk, K. N. Acc. Chem. Res. 2013, 46, 979.
(d) Wagner, J. P.; Schreiner, P. R. Angew. Chem., Int. Ed. 2015, 54, 12274.

DOI: 10.1021/acs.orglett.7b00727
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b00727
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b00727/suppl_file/ol7b00727_si_001.pdf
mailto:xin_li@nankai.edu.cn
mailto:houk@chem.ucla.edu
http://orcid.org/0000-0003-4541-8702
http://orcid.org/0000-0001-6020-9170
http://orcid.org/0000-0002-8387-5261
http://orcid.org/0000-0001-8822-1577
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b00727/suppl_file/ol7b00727_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.7b00727

