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ABSTRACT: A chemo- and enantioselective cross-aza-
benzoin reaction between enals and isatin-derived ketimines
is disclosed. The high chemoselectivity (of the acyl anion
reaction over enal @- and f-carbon reactions) is enabled by the
electronic and steric properties of the N-heterocyclic carbene
organocatalyst.

R

= Vi
| o] R - Homoenolate Reaction
2 Minimized

(o] o]
o B A - - :
. 30 ¥ ocHN #R | * Acyl Anion Reaction
R/\/']\H NHC =3 2
= Dominated
) + NBoc M.. o - Enolate Reaction
\{/\ﬁz chemoselective N Not Observed

N up to 76% yield
R up to 98:2 er

he formation of different products from identical

substrates in a precise and selective manner is attractive
in organic synthesis. In the arena of N-heterocyclic carbene
(NHC) organocatalysis," the addition of a carbene catalyst to
an @f-unsaturated aldehyde (enal) can lead to reactive
intermediates bearing at least three reactive carbon centers of
the enal: the enal f-carbon (homoenolate intermediate),” a-
carbon (enolate intermediate),” and carbonly carbon (acyl
anion intermediate equivalent) (Scheme 1a).* In 2004, the
Bode™ group and Glorius™ group reported the NHC-catalyzed
generation of homoenolates from enals and their annulation
with aldehydes to synthesize y-lactones, in which the enal f-
carbon behaved as a reactive nucleophilic carbon. This
homoenolate chemistry was then further extensively explored
by a number of researchers, including Nair,* You,2d Zhong,ze
Scheidt,Zf Rovis,*® Chi,z}1 Liu,* and Ye.” The reactivity of the
enal a-carbon has also been relatively well studied. A selective
p-carbon protonation of the NHC-bound homoenolate
intermediate generates an enolate intermediate with a reactive
enal a-carbon that can undergo inter- and intramolecular
reactions, as disclosed by Bode,™ Glorius,™ Scheidt,* You,>*
Nair,*® and Chi.*

However, in contrast to enal a- and f-carbons, the enal
carbonyl carbon as a reactive nucleophilic carbon (acyl anion
intermediate) for asymmetric reactions is much less studied. To
the best of our knowledge, so far there are only three successful
examples using the carbonyl carbons of enals as nucleophiles to
construct chiral building blocks. In 2011, the Rovis group
reported an elegant Stetter reaction of enals with nitroalkenes
using catechol as a crucial additive.** At about the same time,
our group discovered a highly enantioselective Stetter reaction
of enals with modified chalcones.* Very recently, Ye and co-
workers developed an asymmetric benzoin reaction of enals
with trifluoromethyl ketone-derived ketimines catalyzed by a
chiral NHC catalyst containing a hydroxyl group.*
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Scheme 1. NHC Catalyst-Controlled Generation of Different
Reactive Intermediates from Enals
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Here we report a cross-aza-benzoin reaction of enal with
isatin-derived ketimine involving the enal carbonyl carbon as a
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nucleophilic reactive carbon (Scheme 1b). The reaction is
highly chemoselective: potential side reactions between the enal
a- and f-carbons with the ketimine substrate are either not
observed or largely suppressed. The cross-aza-benzoin reaction
is enantioselective and affords 3-aminooxindoles bearing a
quaternary stereogenic center with high enantioselectivities.
Such 3-aminooxindoles are found as core skeletons in a variety
of biologically active compounds exhibiting numerous signifi-
cant pharmaceutical properties, such as the vasopressin VIb
receptor antagonist SSR- 149415°*" and the potent gastrin/
CCK-B receptor antagonist AG-041R.>

Notably, the same set of substrates (enals and isatin-derived
ketimines) can undergo a cyclization reaction to form y-lactams
involving the enal f-carbon as a reactive nucleophilic center
(homoenolate intermediate), as previously reported by our
group (Scheme 1b). " The key factor that controls the
chemoselective reactions of the enal - and carbonyl carbons
is the NHC catalysts. As documented in Bode’s study® and
indicated by reactions from others,”*”* an NHC catalyst with
an electron-rich, sterically bulky substituent such as the N-
mesityl group on the triazolium ring favors homoenolate
reactions, while the electron-deficient, less hindered azolium
salts, such as the N- pentafluorophenyl derivatives, are preferred
for acyl anion reactions. Specifically in our reactions (Scheme
1b), aminoindanol-derived NHC with a N-mesityl substituent
previously explored by Bode favors the B-carbon pathway to
form annulation products; the more electron-deficient and less
bulky NHC catalyst with a N-pentafluorophenyl substituent
prefers the carbonyl carbon reaction to afford cross-aza-benzoin
products (Scheme 1b).

Key results for reaction optimization are summarized in
Table 1. Enal 1a and isatin-derived ketimine 2a were used as
the model substrates. In the absence of an NHC precatalyst, no
formation of product 3a or 4a was observed (Table 1, entry 1).
When aminoindanol derived precatalyst A® with a N-mesityl
substituent was used, the reaction afforded the homoenolate-
derived adduct 4a in 80% yield (entry 2), as reported in our
previous™ studies. Replacing the mesityl group on the NHC
precatalyst A with an electron-deficient substituent, such as
pentafluorophenyl (precatalyst B®) and 2,4,6-trichlorophenyl
(precatalyst C), changed the reaction outcomes and afforded
the desired cross-aza-benzoin product 3a as the major product
with moderate enantioselectivity (entries 3 and 4). Next we
moved to identify NHC catalysts with both good chemo- and
enantioselectivities and examined L-phenylalanine derived
precatalysts D—F. Similar effects of the N-aryl substituent on
the reaction chemoselectivities are observed. N-Mesityl
substituted precatalyst D'® favored the homoenolate reaction
(entry ), and the NHC catalysts E'' and F with smaller and
electron-deficient substituents favor the aza-benzoin reactions
(entries 6 and 7). To our delight, NHC precatalyst F with a
2,4,6-trichlorophenyl substituent allows a clean reaction with
the formation of 3a in 75% yield with excellent 97:3 er (entry
7). With F as the optimal precatalyst, we also examined the
solvent effect (entries 8—12). Nonpolar solvent toluene gave
product 3a in 62% yield with a slightly better 98:2 er (entry 8),
while CH,Cl, caused a slight decrease in both yield and
enantioselectivity (entry 9). Polar aprotic solvents such as THF,
EtOAc, and CH,CN were not effective for this reaction (entries
10—12). Finally, we found that 10 mol % of NHC precatalyst F
was enough to afford 3a with 72% yield and 97:3 er (entry 13).
The use of a substoichiometric amount of KOAc gives the
desired product in a slightly lower yield with same er values
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Table 1. Optimization of Reaction Conditions

MNBor BocHMN
/\)Dt (;ﬁF éjﬁ/fph
= +
Ph H
N

C 20 mol % NHC
KOAc (0.10 mmaol)

solvem (1.0 mL)
Mg, rt, 4 AMS

4-aMe
13(015 mmol} 2a(0.10 mmut] \("side” adduct)
M, Me, |
= A br=34 Yme D: Ar = Me
\ e e h
o ar B Ar=-§QF 5’ "“é E Ar= )‘-{?*F
BF,4 " BF, F F
[+ cl
c:m:?i‘} o Fihr=- c
____________________________ L S ./ S
conv of 2a yield of 3a  yield of 4a  er of
entry cat.  solvent (%) (%)* (%)* 3a”
1 - CHCL 0 - - -
2 A CHCl, 100 0 80 -
3 B CHClL 100 81 (78)° 7 62:38
4 C  CHClL 100 67 (66)° 13 87:13
s D  CHClL 100 9 72 -
6 E CHCl, 32 13 0 -
7 F  CHClL 100 75 (73)° 10 97:3
8 F  toluene 100 62 (58)° 13 98:2
9 F  CHCL 100 65 (60)° 18 94:6
10 F THF 27 10 3 -
11 F EtOAc 52 23 -
12 F CHCN 26 8 3 -
139 F CHClL 100 73 (72)¢ 9 97:3
14%¢ F  CHCL 100 68 10 97:3
15 F  CHCL 100 64 10 97:3

“Yield estimated via '"H NMR analysis using 1,3,5-trimethoxybenzene
as an internal standard. Enantiomeric ratio of 3a, determined via
chiral phase HPLC analysis; absolute configuration of the major
enantiomer was assigned based on X-ray structure of 3e (see Figure 1
and Supportmg Information). “Isolated yield based on 2a. %10 mol %
of F was used. “0.05 mmol of KOAc was used.0.02 mmol of KOAc
was used.

(entries 14, 15). Since KOAc easily absorbs water in the air, we
chose to use 1 equiv of KOAg, as it is easier to weigh an
accurate amount of the base.

With the optimized reaction conditions in hand (Table 1,
entry 13), we then evaluated the scope of this cross-aza-benzoin
reaction (Scheme 2). A variety of enals with diverse electronic
and steric properties were first explored. The use of
cinnamaldehyde furnished the desired product 3a in 72%
yield with 97:3 er. Enals with electron-donating substituents
such as 4-Me and 4-OMe on their f-benzene ring led to the
corresponding cross-aza-benzoin products 3b and 3c respec-
tively in good yields and excellent enantioselectivities. The
presence of electron-withdrawing groups (3-F, 4-Cl, and 4-Br)
was also found to be compatible under the optimal conditions,
affording products 3d—f in moderate to good yields and
excellent er’s. The introduction of a heteroaryl substituent such
as the furyl and thienyl group provided the desired products 3g
and 3h in 52% yield, 92:8 er and 53% yield, 97:3 er,
respectively. It is worth noting that f-alkyl enals were tolerated.
For example, crotonaldehyde and 2-hexenal reacted effectively
to give products 3i (48% yield, 92:8 er) and 3j (50% yield, 93:7
er) respectively. Modifications on the isatin-derived ketimine
substrates were feasible. The N-methyl substituent of imine
substrate 2a could be replaced with other alkyl units such as an
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Scheme 2. Scope of Reactions”
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“Reaction for 8 h unless otherwise specified. * 12 h. ¢ Yield of
homoenolate product was around 70% estimated via '"H NMR analysis
using 1,3,5-trimethoxybenzene as an internal standard.

allyl (product 3k) and benzyl substituent (product 3l). N-
Phenyl substituted isatin-derived imine (product 3m), rarely
explored 1n previous reactions involving an isatin-type
substrate,'” reacted effectively as well in our reaction. The
substitution patterns on the isatin phenyl ring were also
investigated, and the use of 5-Me, 5-OMe, and 7-Me
substituted isatin derived ketimines furnished the desired
products 3n—p in good yields and excellent er’s. However,
when isatin derived ketimines with electron-withdrawing
substituents such as 5-Cl and 7-F on the isatin phenyl ring
were used, the reaction favored the homoenolate pathway,
affording cross-aza-benzoin products 3q and 3r in less than
10% yield.

The absolute configuration (R) of the stereogenic center in
compound 3e was unamblguously determined by X-ray
crystallographic analysis (Figure 1)."* The configurations of
other chiral quaternary 3-aminooxindole products were
assigned on the assumption of a uniform mechanistic pathway.

In summary, we have developed an NHC-promoted
intermolecular cross-aza-benzoin reaction of enals with isatin-
derived ketimines to afford chiral quaternary 3-aminooxindoles.
The chemoselectivity is controlled by the NHC catalysts, with
electron-deficient and sterically noncongested carbene catalysts
favoring the enal acyl anion reaction pathway and aza-benzoin
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Figure 1. ORTEP diagram of 3e.

reaction. The present study provides valuable motivations in
searching for catalyst-controlled chemoselective reactions,
allowing for convenient access to products of different scaffolds
by starting from the same set of readily available substrates.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedures and spectral data for all new
compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: robinchi@ntu.edu.sg.
*E-mail: basong@gzu.edu.cn.

Author Contributions
These authors contributed equally.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thankful for the generous financial support from the
Singapore National Research Foundation (NRF), Singapore
Economic Development Board (EDB), GlaxoSmithKline
(GSK), Nanyang Technological University (NTU), China’s
National Key program for Basic Research (No. 2010CB
126105), the National Natural Science Foundation of China
(No. 21132003), and Guizhou University (China). We thank
Dr. R. Ganguly and Y. Li (NTU) for assistance with X-ray
structure analysis.

B REFERENCES

(1) Selected recent reviews on NHC catalysis: (a) Enders, D.;
Balensiefer, T. Acc. Chem. Res. 2004, 37, 534. (b) Zeitler, K. Angew.
Chem., Int. Ed. 2005, 44, 7506. (c) Enders, D.; Niemeier, O.; Henseler,
A. Chem. Rev. 2007, 107, 5606. (d) Marion, N.; Diez-Gonzalez, S.;
Nolan, S. P. Angew. Chem., Int. Ed. 2007, 46, 2988. (e) Nair, V,;
Vellalath, S.; Babu, B. P. Chem. Soc. Rev. 2008, 37, 2691. (f) Rovis, T.
Chem. Lett. 2008, 37, 2. (g) Arduengo, A. J., III; Iconaru, L. I. Dalton
Trans. 2009, 6903. (h) Phillips, E. M,; Chan, A,; Scheidt, K. A.
Aldrichimica Acta 2009, 42, 5S. (i) Moore, J. L.; Rovis, T. Top. Curr.
Chem. 2010, 291, 77. (j) Biju, A. T.; Kuhl, N.; Glorius, F. Acc. Chem.
Res. 2011, 44, 1182. (k) Hirano, K.; Piel, L; Glorius, F. Chem. Lett.
2011, 40, 786. (1) Chiang, P.-C; Bode, J. W. In N-Heterocyclic
Carbenes; The Royal Society of Chemistry: 2011; p 399. (m) Nair, V.;
Menon, R. S; Biju, A. T.; Sinu, C. R;; Paul, R. R;; Jose, A.; Sreekumar,
V. Chem. Soc. Rev. 2011, 40, 5336. (n) Rong, Z. Q.; Zhang, W.; Yang,
G. Q; You, S.-L. Curr. Org. Chem. 2011, 15, 3077. (o) Vora, H. U,;
Rovis, T. Aldrichimica Acta 2011, 44, 3. (p) Cohen, D. T.; Scheidt, K.
A. Chem. Sci. 2012, 3, 53. (q) Bugaut, X.; Glorius, F. Chem. Soc. Rev.

dx.doi.org/10.1021/0l501286e | Org. Lett. 2014, 16, 3272—3275



Organic Letters

2012, 41, 3511. (r) Grossmann, A.; Enders, D. Angew. Chem., Int. Ed.
2012, S1, 314. (s) Vora, H. U; Wheeler, P.; Rovis, T. Adv. Synth.
Catal. 2012, 354, 1617. (t) Douglas, J.; Churchill, G.; Smith, A. D.
Synthesis 2012, 44, 2295. (u) Izquierdo, J.; Hutson, G. E.; Cohen, D.
T.; Scheidt, K. A. Angew. Chem., Int. Ed. 2012, 51, 11686. (v) Ryan, S.
J; Candish, L; Lupton, D. W. Chem. Soc. Rev. 2013, 42, 4906.
(w) Bode, J. W. Nat. Chem. 2013, S, 813.

(2) Selected examples of homoenolate chemistry: (a) Sohn, S. S.;
Rosen, E. L; Bode, J. W. J. Am. Chem. Soc. 2004, 126, 14370.
(b) Burstein, C.; Glorius, F. Angew. Chem., Int. Ed. 2004, 43, 6205.
(c) Nair, V,; Vellalath, S.; Poonoth, M.; Suresh, E. J. Am. Chem. Soc.
2006, 128, 8736. (d) Li, Y.; Zhao, Z.-A.; He, H.; You, S.-L. Adv. Synth.
Catal. 2008, 350, 1885. (e) Yang, L.; Tan, B.; Wang, F.; Zhong, G. J.
Org. Chem. 2009, 74, 1744. (f) Raup, D. E. A;; Cardinal-David, B,;
Holte, D.; Scheidt, K. A. Nat. Chem. 2010, 2, 766. (g) Zhao, X. D;
DiRocco, D. A,; Rovis, T. J. Am. Chem. Soc. 2011, 133, 12466. (h) Ly,
H.; Tiwari, B.; Mo, J.; Xing, C.; Chi, Y. R. Org. Lett. 2012, 14, 5412.
(i) Maji, B;; Ji, L.; Wang, S.; Vedachalam, S.; Rakesh, G.; Liu, X.-W.
Angew. Chem,, Int. Ed. 2012, S1, 8276. (j) Lv, H,; Jia, W.-Q; Sun, L.-
H,; Ye, S. Angew. Chem,, Int. Ed. 2013, 52, 8607.

(3) Selected examples of enolate chemistry: (a) He, M.; Struble, J. R;
Bode, J. W. J. Am. Chem. Soc. 2006, 128, 8418. (b) Burstein, C.;
Tschan, S.; Xie, X. L.; Glorius, F. Synthesis 2006, 2418. (c) Wadamoto,
M,; Phillips, E. M.; Reynolds, T. E.; Scheidt, K. A. J. Am. Chem. Soc.
2007, 129, 10098. (d) Li, Y.; Wang, X. Q.; Zheng, C.; You, S. L. Chem.
Commun. 2009, 5823. (e) Nair, V;; Paul, R. R;; Lakshmi, K. C. S;
Menon, R. S.; Jose, A,; Sinu, C. R. Tetrahedron Lett. 2011, 52, 5992.
(f) Fang, X. Q; Chen, X. K; Chi, Y. R. Org. Lett. 2011, 13, 4708.

(4) Selected examples of acyl anion chemistry: (a) DiRocco, D. A,;
Rovis, T. J. Am. Chem. Soc. 2011, 133, 10402. (b) Fang, X.; Chen, X;
Lv, H; Chi, Y. R. Angew. Chem.,, Int. Ed. 2011, 50, 11782. (c) Sun, L.-
H,; Liang, Z.-Q.; Jia, W.-Q;; Ye, S. Angew. Chem., Int. Ed. 2013, S2,
5803.

(5) () Gal, C. S.-L; Sylvain, D.; Brossard, G.; Manning, M.; Simiand,
J;; Gaillard, R.; Griebel, G.; Guillon, G. Stress 2003, 6, 199. (b) Bernard,
K; Bogliolo, S.; Ehrenfeld, J. Br. J. Pharmacol. 2005, 144, 1037.
(c) Ochi, M.; Kawasaki, K.; Kataoka, H.; Uchio, Y.; Nishi, H. Biochem.
Biophys. Res. Commun. 2001, 283, 1118.

(6) Mahatthananchai, J.; Bode, J. W. Chem. Sci. 2012, 3, 192.

(7) (a) Rovis, T. Chem. Lett. 2008, 37, 2. (b) Maji, B.; Breugst, M.;
Mayr, H. Angew. Chem., Int. Ed. 2011, S0, 6915. (c) Collett, C. J,;
Massey, R. S.; Maguire, O. R.; Batsanov, A. S.; O'Donoghue, A. C,;
Smith, A. D. Chem. Sci. 2013, 4, 1514.

(8) He, M,; Struble, J. R; Bode, J. F. J. Am. Chem. Soc. 2006, 128,
8418.

(9) Kerr, M. S.; Read de Alaniz, J.; Rovis, T. J. Org. Chem. 2008, 70,
5726.

(10) Piel, L; Steinmetz, M.; Hirano, K; Frohlich, R.; Grimme, S.;
Glorius, F. Angew. Chem., Int. Ed. 2011, 50, 4983.

(11) Sanchez-Larios, E.; Thai, K; Bilodeau, F.; Gravel, M. Org. Lett.
2011, 13, 4942.

(12) Shupe, B. H; Allen, E. E;; MacDonald, J. P.; Wilson, S. O,;
Franz, A. K. Org. Lett. 2013, 15, 3218.

(13) CCDC 978849 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Centre via www.ccdc.cam.ac.uk/
data_request/cif.

3275

dx.doi.org/10.1021/0l501286e | Org. Lett. 2014, 16, 3272—3275



