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Asymmetric Transfer Hydrogenation of Ketimines by Indoline as
Recyclable Hydrogen Donor
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ABSTRACT: The chiral phosphoric acid catalyzed enantioselective transfer hydrogenation of various ketimines was achieved by
the use of 2-aryl indoline as the hydrogen donor. Corresponding chiral amines were obtained in good chemical yields with
excellent enantioselectivities.

he demand for enantiomerically pure compounds has been RO,C COR H H
steadily increasing in the fields of biochemistry and II ©:N>_ Ar @, Ar
pharmaceutical chemistry in recent years. Chiral amines, in N s
particular, are important building blocks in those fields, and it is Hantzsch ester Benzothiazoline Indoline
thus imperative to develop synthetic methods for the @) 2) ®)
construction of stereogenic centers bearing nitrogen. The l l
asymmetric reduction of the C=N bond is one of the most

straightforward approaches to afford the chiral amines.' ROLC COR N H

Although a range of methods for the reduction of ketimines z ﬁ z ©: S—ar N

by means of chiral transition metal catalysts have been N S ©/\/)*Ar

developed,” drawbacks persist, including the limited substrate Hantzsch pyridine Benzothiazole Indole

scope and the danger of handling high-pressure hydrogen gas.
Inspired by the manner by which nature conducts reduction

using NAD(P)H, an asymmetric transfer hydrogenation was
developed, which employs hydrogen donors in the presence of

Figure 1. Molecular structures of hydrogen donors and their oxidized
structures (Hantzsch ester, benzothiazoline, and indoline).

chiral organocatalysts.>* Whereas Hantzsch ester 1 is well- reaction and be easily regenerated to the corresponding indoline
known and the most frequently used hydrogen donor,” we by a simple reduction method.” We wish to report herein the
recently developed an asymmetric transfer hydrogenation that phosphoric acid catalyzed transfer hydrogenation of aromatic
uses benzothiazoline 2 as the hydrogen donor and chiral ketimines and the reductive amination of aliphatic ketones using
phosphoric acid (Figure 1).° Benzothiazoline can be used for a indoline as the hydrogen donor.

range of reduction reactions to furnish chiral amines with high An initial attempt to perform the proposed transfer
optical purity. Benzothiazoline has an S,N-acetal structure; thus, hydrogenation was carried out by using aromatic imine Sa and
the hydrolysis of benzothiazoline proceeds in the presence of an excess amount of racemic 2-phenylindoline 3a 11110 the
water. Although we have recently developed oxidative kinetic presence of a catalytic amount of chiral phosphoric acid 4 (10
resolutions of indoline 3 derivatives involving hydrogen transfer mol %) and molecular sieves S A (5 AMS) at 50 °C (Scheme 1).
to aromatic imines, the transfer hydrogenation of various imines When 1.4 equiv of rac-3a was employed for the transfer

hydrogenation, target product 6a was obtained in 71% yield with
85% ee and the remaining indoline 3a was recovered in 62%
yield with 91% ee. From this result, it was found that one
enantiomer of indoline preferentially participated in the
hydrogen transfer to imine Sa.” The use of 2.0 equiv of rac-3a

was not fully examined.” As the sulfur atom of benzothiazoline is
substituted by a carbon atom in the molecular structure of
indoline, we can expect that indoline 3 would have higher
stability than benzothiazoline and would be a more useful
hydrogen donor.® However, another problem persisted: it was
difficult to regenerate 2 by the reduction of benzothiazole due to
the high stability of benzothiazole. We envisioned that the Received: August 22, 2014

indole would be cleanly recovered after the hydrogenation Published: September 25, 2014
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Scheme 1. Effect of Hydrogen Donor Loading
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resulted in an 87% yield with 93% ee, and the hydrogen donor
loading of 2.5 equiv produced the best result (quant, 95% ee).

Next, we examined the effect of a substituent of indoline.
When indoline 3b and alkyl-substituted indoline 3¢ were used
for the transfer hydrogenation, 6a was obtained in 18% and 49%
yields with 63% ee and 76% ee, respectively. The use of 2-aryl
indolines 3d—3h improved both chemical yields and enantio-
selectivities, and indoline 3h bearing a 3,5-xylyl group at the 2-
position was the best choice for this transfer hydrogenation. To
our delight, changing the solvent from benzene to mesitylene
further enhanced both yield and enantioselectivity (entry 8,
Table 1). In addition, 6a was obtained in a quantitative yield
without loss of enantioselectivity despite the lower catalyst
loading (entry 9, Table 1). Finally, the optimum reaction
conditions were established as follows: 5 mol % (R)-4, imine §
(1.0 equiv), and 2-(3,5-xylyl)indoline 3h (2.5 equiv) in the
presence of S A MS in benzene at 50 °C.

Table 1. Effect of Substituent at 2-Position of Indoline®
10 mol % (R)-4

H
N
R
NPMP

NHPMP
rac-3 (2.5 equiv) -
al 5 AMS, benzene CIJ©/\
5a 50°C,1d 6a
entry R yield (%)” ee (% ee)®
1 H (3b) 18 63
2 Me (3¢) 49 76
3 pECH, (3d) 92 94
4 p-MeOCGH, (3e) 99 93
s m-MeOCH, (3f) 92 98
6 2-naphthyl (3g) 81 98
7 3,5-xylyl (3h) quant 99
8¢ 3,5-xylyl (3h) quant >99
ghe 3,5-xylyl (3h) quant >99

“Conditions: Reactions were carried out on a 0.1 mmol scale with
starting material Sa (0.1 mmol), 3 (0.25 mmol), (R)-4 (10 mol %),
and 5 A MS (50 mg) in benzene (0.1 M) at 50 °C for 3 days. YIsolated
yields. “Determined by chiral HPLC analysis. “Mesitylene was used as
solvent. °(R)-4 (S mol %) was used.
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With the optimum reaction conditions in hand, we examined
the substrate scope of this asymmetric transfer hydrogenation of
aromatic imines (Scheme 2). The reaction was found to tolerate

Scheme 2. Substrate Scope of Chiral Phosphoric Acid
Catalyzed Asymmetric Transfer Hydrogenation Using
Indoline™"*

NAT 5 mol % (R)-4 NHAr
il = 3h (2.5 equiv) 7
Lz 5 AMS, mesitylene -
50°C, 1d
5 6
NHPMP NHPMP
cl :
PN ON
6b (79%) 6¢ (quant) 6d (79%)
er=99.6:0.4 er=99.7.0.3 er=99.3.0.7
NHPMP Br
NHPMP NHPMP pMe0 :
2-naphthyl” ™ ptol” > H
6e (91%) 6f (91%) 6g (quant) 6h (97%)
er=99.0:1.0  er=99.802  er=99.90.1 er=99.7:0.3
NHTMP
NHTMP NHTMP MeOD/\ NHPMP
PR PMPTS  MeO PR
6i (quant) 6] (98%) 6k (82%) 6l (69%)
er=999:01 er=999.0.1 er=99.6:0.4 er=98.7:1.3

“Conditions: Reactions were carried out on a 0.1 mmol scale with
starting material 5 (0.1 mmol), 3h (0.25 mmol), (R)-4 (5 mol %), and
5 AMS (50 mg) in mesitylene (0.1 M) at 50 °C for 3 days (details in
Supporting Information). * Isolated yields. ¢ Determined by chiral
HPLC analysis. PMP = p-methoxyphenyl. TMP = 3,4,5-trimethoxy-
phenyl.

electron-withdrawing halo and nitro compounds, albeit with
slightly lower yields in the latter. Ketimine Se having a sterically
hindered 2-naphthyl group was also employed for this reaction,
and 6e was obtained in 91% yield with 98% ee. Corresponding
amines 6f—6h were also obtained in high to excellent yields with
>99% ee’s. Ketimines 5i, §j, and Sk bearing a 3,4,5-trimethoxy-
phenyl group on nitrogen'" also proved to be suitable substrates
(>99% ee). Ketimine Sl could also be converted to the
corresponding amine 61 with 97% ee.

Next, we compared the reactivity of two hydrogen donors,
benzothiazoline and indoline (Scheme 3).'> Whereas the
transfer hydrogenation that used benzothiazoline 2a resulted
in good yield with 97% ee, the chemical yield and
enantioselectivity of 6a were further improved to >99% with
>99% ee when indoline 3h was used. These results indicate that
indoline 3h is the effective reagent for the asymmetric transfer
hydrogenation catalyzed by chiral phosphoric acid.

To further test the flexibility of this methodology, we
performed the enantioselective reductive amination of aliphatic
ketones.” Using S mol % (R)-4 and 2.5 equiv of 3h in
mesitylene (80 °C) gave desired product 7a in a quantitative
yield with 95% ee. It is worth noting that the use of
benzothiazoline 2a resulted in a much lower yield due to the
low stability of 2a under the reaction conditions employed

(Scheme 4).
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Scheme 3. Comparison of Reactivity and Selectivity between
Indoline and Benzothiazoline®**

10 mol % (R)-4

NPMP NHPMP
Hydrogen donor B
(2.5 equiv) /@/\
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cl 50°C, 3d c
5a 6a

3h (quant, er = 99.7:0.3)

39 (92%, er = 99.5:0.5)

H
o0

P9y

“Conditions: Ractions were carried out on a 0.1 mmol scale with
starting material $ (0.1 mmol), 3 or 2a (0.25 mmol), (R)-4 (10 mol
%), and S A MS (50 mg) in mesitylene (0.1 M) at 50 °C for 3 days
(details in Supporting Information). ® Isolated yields. ¢ Determined by
chiral HPLC analysis.

2a (94%, er = 98.4:1.6)

Scheme 4. Substrate Scope of Enantioselective Reductive
Amination Using Indoline™"*

(R)-4 (5 mol %)

amine + ketone 3h (2.5 equiv)
(1.0 equiv) (1.5 equiv) 5 A MS, mesitylene
80°C,3d
NHPMP NHPMP NHPMP
PR TN n—CGH13/\ [

7a (quant, 95% ee) 7b (77%, 97% ee) 7c (71%, 95% ee)

NHPMP
o R

< D/\/\
O

7f (94%, 97% ee)

NHPMP
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7d (77%, 81% ee)

H§/©/Br

79 (76%, 96% ee)

NHPh

n-CgHyi >
7e (quant, 94% ee)

NHPMP NHPMP
7h (69%, 96% ee)  7i(97%, 91% ee)

“Conditions: Reactions were carried out on a 0.1 mmol scale with
amine (0.1 mmol), ketone (0.15 mmol), 3h (0.25 mmol), (R)-4 (5
mol %), and S A MS (50 mg) in benzene (0.1 M) at 80 °C for 3 days
(details in Supporting Information). * Isolated yields. ¢ Determined by
chiral HPLC analysis.

Then, we tried to regenerate indoline from the recovered
indole (Scheme S). When recovered indole 8h was treated with
tin powder and concentrated HCI in EtOH at 80 °C, indoline
3h was obtained in 92% yield."® In addition, we discovered that
the recovered indoline 3h could also be converted to the indole
8h in very high efficiency using a catalytic amount of Pd/C in
toluene at 110 °C (98% yield)."* Using the two-step reaction
process, racemic indoline, which could be employed for the
asymmetric transfer hydrogenation, could be fully recovered.
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Scheme 5. Regeneration of Indoline and Indole

H Sn (5 equiv) H
O N O concd HCI O N
/ E{OH, 80°C, 3 h
8h 3h
92% vyield
H H
N O 5wt % Pd/C N
toluene, AcOH 7
110 °C, 30 min
3h 8h
98% yield

In conclusion, we have developed an asymmetric transfer
hydrogenation of aromatic ketimines and a reductive amination
of aliphatic ketones catalyzed by chiral phosphoric acid in the
presence of indoline as the hydrogen donor. Various chiral
amines were obtained in good yields with excellent
enantioselectivities. Indoline proved to be an efficient hydrogen
donor. The salient features are as follows: (1) Asymmetric
transfer hydrogenation of aryl and aliphatic ketimines proceeded
with high enantioselectivity. (2) 2-Aryl indoline could be
regenerated by the reduction of 2-aryl indole after asymmetric
transfer hydrogenation. (3) 2-Aryl indoline exhibited higher
stability than benzothiazoline as a hydrogen donor in
phosphoric acid catalyzed transfer hydrogenation.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedures, analytical data for all new compounds,
NMR spectra for the products, HPLC charts. This material is
available free of charge via the Internet at http://pubs.acs.org.

H AUTHOR INFORMATION
Corresponding Author

*E-mail: takahiko.akiyama@gakushuin.ac.jp.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was partially supported by a Grant-in-Aid for
Scientific Research on Innovative Areas “Advanced Trans-
formation by Organocatalysis” from the Ministry of Education,
Culture, Sports, Science and Technology, Japan, and a Grant-in-
Aid for Scientific Research from the Japan Society for the
Promotion of Science.

B REFERENCES

(1) (a) Breuer, M,; Ditrich, K.; Habicher, T.; Hauer, B.; Kefeler, M.;
Stiirmer, R.; Zelinski, T. Angew. Chem., Int. Ed. 2004, 43, 788. (b) Sutin,
L.; Anderson, S.; Bergquist, L.; Castro, V. M.; Danielsson, E.; James, S.;
Henriksson, M.; Johansson, L.; Kaiser, C.; Flyren, K,; Williams, M.
Bioorg. Med. Chem. Lett. 2007, 17, 4837.

(2) For selected reviews on the asymmetric hydrogenation of imine
derivatives using a transition metal complex, see: (a) Tang, W.; Zhang,
X. Chem. Rev. 2003, 103, 3029. (b) Blaser, H. U.; Malan, C.; Pugin, B;
Spindler, F.; Steiner, H.; Studer, M. Adv. Synth. Catal. 2003, 345, 103.
(c) Tararov, V. L; Borner, A. Synlett 2005, 203. (d) Gladiali, S;
Alberico, E. Chem. Soc. Rev. 2006, 35, 226. (e) Fleury-Brégeot, N.;
Fuente, V.; Castillon, S.; Claver, C. ChemCatChem 2010, 2, 1346.
(f) He, Y.-M.; Fan, Q.-H. Org. Biomol. Chem. 2010, 8, 2497. (g) Xie, J.-
H.; Zhu, S.-F.; Zhou, Q.-L. Chem. Rev. 2011, 111, 1713. (h) Yu, Z.; Jin,
W.; Jiang, Q. Angew. Chem., Int. Ed. 2012, 51, 6060.

dx.doi.org/10.1021/01502486f | Org. Lett. 2014, 16, 5312—5315



Organic Letters

(3) For pioneering works of chiral phosphoric acid catalyzed transfer
hydrogenation, see: (a) Rueping, M.; Sugiono, E.; Azap, C.;
Theissmann, T.; Bolte, M. Org. Lett. 2005, 7, 3781. (b) Hoffmann,
S.; Seayad, A.; List, B. Angew. Chem, Int. Ed. 2005, 44, 7424.
(c) Storner, R. L; Carrera, D. E;; Ni, Y.; MacMillan, D. W. C. J. Am.
Chem. Soc. 2006, 128, 84. For seminal works of chiral phosphoric acid,
see: (d) Akiyama, T; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem., Int.
Ed. 2004, 43, 1566. (e) Uraguchi, D.; Terada, M. J. Am. Chem. Soc.
2004, 126, 5356. For selected reviews of chiral phosphoric acid
catalyzed reactions, see: (f) Akiyama, T. Chem. Rev. 2007, 107, 5744.
(g) Terada, M. Synthesis 2010, 1929. (h) Parmar, D.; Sugiono, E.; Raja,
S.; Rueping, M. Chem. Rev. 2014, 114, 9047.

(4) For reviews, see: (a) Burgess, V. A,; Davies, S. G.; Skerlj, R. T.
Tetrahedron: Asymmetry 1991, 2, 299. (b) Wang, N.-X.; Zhao, J. Synlett
2007, 278S. For selected works using NADH mimics in the
asymmetric hydrogenation, see: (c) Vasse, ].-L.; Goumain, S.; Levacher,
V.; Dupas, G.; Quéguiner, G.; Bourguignon, J. Tetrahedron Lett. 2001,
42, 1871. (d) Kanomata, N.; Nakata, T. Angew. Chem., Int. Ed. Engl.
1997, 36, 120. (e) Kanomata, N.; Nakata, T. J. Am. Chem. Soc. 2000,
122, 4563. (f) Li, X.; Tanner, D. D. Tetrahedron Lett. 1996, 37, 3275.
(g) Wang, N.-X; Zhao, J. Adv. Synth. Catal. 2009, 351, 304S.
(h) Procuranti, B.; Connon, S. J. Chem. Commun. 2007, 1421. (i) Xu,
H.-J.; Liu, Y.-C,; Fu, Y.; Wu, Y.-D. Org. Lett. 2006, 8, 3449. For seminal
studies on asymmetric transfer hydrogenation to imines catalyzed by an
organocatalyst, see: (]) Yang, . W.; Fonseca, M. T. H.; List, B. Angew.
Chem., Int. Ed. 2004, 43, 6660. (k) Ouellet, S. G.; Tuttle, J. B,;
MacMillan, D. W. C. J. Am. Chem. Soc. 2008, 127, 32. (1) Yang, J. W,;
Fonseca, M. T. H,; Vignola, N.; List, B. Angew. Chem., Int. Ed. 2005, 44,
108.

(S) For selected reviews on the organocatalyzed transfer hydro-
genation using a Hantzsch ester, see: (a) You, S.-L. Chem.—Asian J.
2007, 2, 820. (b) Connon, S. J. Org. Biomol. Chem. 2007, S, 3407.
(c) Ouellet, S. G.; Walji, A. M.; MacMillan, D. W. C. Acc. Chem. Res.
2007, 40, 1327. (d) Wang, C.; Wu, X; Xiao, J. Chem.—Asian J. 2008, 3,
1750. (e) Rueping, M.; Sugiono, E.; Schoepke, F. R. Synlett 2010, 852.
(f) Rueping, M.; Dufour, J.; Schopke, F. R. Green Chem. 2011, 13, 1084.
(g) Zheng, C; You, S.-L. Chem. Soc. Rev. 2012, 41, 2498.

(6) (a) Zhu, C.; Akiyama, T. Org. Lett. 2009, 11, 4180. (b) Zhu, C,;
Akiyama, T. Adv. Synth. Catal. 2010, 352, 1846. (c) Henseler, A.; Kato,
M.,; Mori, K; Akiyama, T. Angew. Chem., Int. Ed. 2011, 50, 8180.
(d) Zhu, C.; Akiyama, T. Synlett 2011, 1251. (e) Saito, K.; Akiyama, T.
Chem. Commun. 2012, 4573. (f) Zhu, C.; Akiyama, T. Tetrahedron Lett.
2012, 53, 416. (g) Sakamoto, T.; Mori, K.; Akiyama, T. Org. Lett. 2012,
14, 3312. (h) Saito, K;; Horiguchi, K; Shibata, Y.; Yamanaka, M.;
Akiyama, T. Chem.—Eur. ]. 2014, 20, 7616. Also, see: (i) Enders, D.;
Liebich, J. X; Rabbe, G. Chem.—Eur. J. 2010, 16, 9763. (j) Zhy, C. J;
Falck, R. ChemCatChem 2011, 3, 1850. (k) Zhou, J.-Q.; Sheng, W.-J,;
Jia, J.-H; Ye, Q;; Gao, J.-R;; Jia, Y.-X. Tetrahedron Lett. 2013, 54, 3082.
(1) Shibata, Y.; Yamanaka, M. J. Org. Chem. 2013, 78, 373l.
(m) Yamanaka, M.; Shibata, Y. J. Synth. Org. Chem.,, Jpn. 2014, 72, S80.

(7) Saito, K; Shibata, Y.; Yamanaka, M.; Akiyama, T. J. Am. Chem. Soc.
2013, 135, 11740. In this report, the hydrogen transfer of indoline to
ketimine occurred highly enantioselecively.

(8) For examples of organocatalyzed transfer hydrogenation using
other hydrogen donors, see: (a) Imada, Y.; Iida, H.; Naota, T. J. Am.
Chem. Soc. 2008, 127, 14544. (b) Ramachary, D. B.; Reddy, G. B. Org.
Biomol. Chem. 2006, 4, 4463.

(9) Examples of in situ regenaration of a hydrogen donor, see:
(a) Chen, Q-A;; Wang, D.-S.; Zhou, Y.-G.; Duan, Y.; Fan, H.-J.; Yang,
Y.; Zhang, Z.J. Am. Chem. Soc. 2011, 133, 6126. (b) Chen, Q.-A.; Chen,
M.-W,; Yu, C.-B; Shi, L; Wang, D.-S; Yang, Y.; Zhou, Y.-G. J. Am.
Chem. Soc. 2011, 133, 16432. (c) Chen, Q.-A.; Gao, K; Duan, Y.; Ye,
Z.-S.; Shi, L.; Yang, Y.; Zhou, Y.-G. J. Am. Chem. Soc. 2012, 134, 2442.
(d) Ly, L.-Q; Li, Y.; Junge, K; Beller, M. Angew. Chem., Int. Ed. 2013,
52, 8382. (e) Chen, Z.-P.; Chen, M.-W.; Guo, R.-N.; Zhou, Y.-G. Org.
Lett. 2014, 16, 1406.

(10) Adair, G.; Mukherjee, S.; List, B. Aldrichimica Acta 2008, 41, 31.

(11) The 3,4,5-trimethoxyphenyl group can be easily removed under
oxidative conditions; see: (a) Nguyen, T. B.; Bousserouel, H.; Wang,

5315

Q.; Gueritte, F. Adv. Synth. Catal. 2011, 353, 257. (b) Zhang, G.-W.;
Wang, L.; Nie, J.; Ma, J.-A. Adv. Synth. Catal. 2008, 350, 1457. See also
ref 7.

(12) For a study on the difference in reactivity and selectivity between
benzothiazoline and the Hantzsch ester, see ref 6h.

(13) For examples, see: (a) Slitt, ].; Bergman, J. Tetrahedron 2002, S8,
9187. (b) Santangelo, E. M.; Liblikas, I.; Mudalige, A.; Térnroos, K. W.;
Norrby, P.-O.; Unelius, C. R. Eur. J. Org. Chem. 2008, 5915. (c) Hou,
X.-L.; Zheng, B.-H. Org. Lett. 2009, 11, 1789.

(14) For examples of synthesis of 2-phenylindole, see: (a) Tajima, N.;
Nakatsuka, S. Heterocycl. Commun. 2000, 6, 59. (b) Hara, T.; Mori, K;
Mizugaki, T.; Ebitani, K.; Kaneda, K. Tetrahedron Lett. 2003, 44, 6207.
(c) Amaya, T.; Ito, T.; Inada, Y.; Saio, D.; Hirao, T. Tetrahedron Lett.
2012, 53, 6144. (d) Wu, J.; Talwar, D.; Johnston, S.; Yan, M.; Xiao, J.
Angew. Chem,, Int. Ed. 2013, 52, 6983.

dx.doi.org/10.1021/01502486f | Org. Lett. 2014, 16, 5312—5315



