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Enantiomerically pure tertiary amines with a tetrahydroiso-
quinoline (THIQ) core or tetrahydro-p-carboline® (THC) core
are important in natural alkaloids (Fig. 1). Their promising
pharmacological activities such as anti-tumor, anti-amoebic,
anti-inflammation, and anti-virus have attracted much atten-
tion of chemists and pharmaceutists."” For example, (R)-carne-
gine was significant in inhibition of human monoamine
oxidase A and B.? Besides, (R)-harmicine also displayed potent
antimicrobial and anti-HIV activities.” Several strategies were
developed for the enantioselective synthesis of these types of
tertiary amines, such as asymmetric nucleophilic addition of
iminium salts, cross-dehydrogenative coupling reaction and
annulation.” The complexity and speciality of structures and
multiple reaction steps impeded the further development of
enantioselective synthesis of THIQs and THCs. However, devel-
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Fig. 1 Selected biologically active molecules of tertiary amines.
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[Ir(COD)Cll, and chiral diphosphine ligands as catalyst, furnishing chiral N-alkyl tetrahydroisoquinolines and
N-alkyl tetrahydro-f-carbolines with up to 96% ee and 88% ee, respectively. The hydrogenation provides a
direct, simple and efficient protocol toward chiral tertiary amines. Meanwhile, asymmetric hydrogenation at
the gram scale was also conducted smoothly without loss of reactivity and enantioselectivity.

oping a direct, convenient and efficient methodology for the
synthesis of enantiomerically pure tertiary amines is important
and desirable.

Asymmetric hydrogenation of iminium salts bearing a di-
hydroisoquinoline (DHIQ) or dihydro-B-carboline (DHC) moiety
should be the preferred approach for obtaining tertiary amines
in terms of simplicity and atom economy. Although the
enantioselective hydrogenation of imines has been widely
developed,® iminium salts are still challenging substrates for
the asymmetric hydrogenation to tertiary amines with only a
few examples. Asymmetric hydrogenation of iminium salts is
of significant disadvantage as regards the following aspects
that need to be settled: (1) the decreased coordination ability
of substrate to catalyst results in less control of the enantio-
selectivity; (2) the strong coordinative nitrogen atom of the
product can easily poison the catalyst. In 2005, Czarnocki and
co-workers initially reported the Ru/TsDPEN-catalyzed enantio-
selective hydrogenation of iminium salts using HCOOH/Et;N
as hydrogen source, furnishing (R)-crispine A with up to 96%
yield and 92% ee (Scheme 1, eqn (1)).” Subsequently, several
other groups also achieved the Ru/diamine-catalyzed asym-
metric transfer hydrogenation of cyclic iminiums bearing a
DHIQ core or DHC core.® Notably, NAD(P)H-dependent
reductase, which received wide attention of chemists, was suc-
cessfully applied in the asymmetric reduction of cyclic
iminium salts to furnish tertiary amines, such as 2-alkyl
THIQs® and 1-alkyl indolines with up to 92% ee and 99% ee
respectively, but only 40% conversion for 2-alkyl THIQs
(Scheme 1, eqn (2) and (3))."°

Iridium-catalyzed asymmetric hydrogenation of imines and
heteroaromatics has been rapidly and widely developed in the
past few years."" Iridium/diphosphine catalyst also provided
great promise for the asymmetric hydrogenation of iminium
salts from the following aspects. First, in general, iminium
salts exhibited higher reactivity than the corresponding
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Scheme 1 Synthetic strategies for asymmetric hydrogenation of cyclic
iminium salts to chiral tertiary amines.

imines. Second, the Brensted acid generated in situ during the
hydrogenation could form salts with the tertiary amine pro-
ducts, which efficiently decreased the coordination ability of
reduction products with catalyst. In 2009, iridium-catalyzed
asymmetric hydrogenation of iminium salts to primary amines
was initially and successfully achieved by the Zhang and
Gosselin group with excellent results.'” Besides, by employing
alkyl bromides, chloroformates and Brensted acids as sub-
strate activators, iridium-catalyzed asymmetric hydrogenation
of heteroaromatics has been developed via the formation of
pyridinium and isoquinolinium salts in the past decade.'?
Notably, we realized deracemization of tertiary amines via
iminium salt intermediates using the redox combination of
NBS oxidation and iridium-catalyzed asymmetric hydrogenna-
tion."* Inspired by these previous researches, we turned our
attention to the asymmetric hydrogenation of cyclic iminium
salts. Herein, we report an iridium-catalyzed asymmetric
hydrogenation of cyclic iminium salts with high enantio-
selectivity (Scheme 1, eqn (4)).

At the outset of our study, 2-methyl-1-phenyl-3,4-dihydro-
isoquinolin-2-ium iodide 1a, which can be synthesized through
the reaction of iodomethane and 1-phenyl-3,4-dihydroiso-
quinoline,"** was chosen as the model substrate for investigation.
To our delight, in the presence of [Ir(COD)Cl],/(R)-SynPhos,
the hydrogenation of 1a was conducted smoothly in THF with
25% ee and 63% conversion to furnish the desired tertiary
amine 2a (Table 1, entry 1). The reaction produced one equi-
valent of hydriodic acid, which could efficiently inhibit the
coordination of metal and tertiary amine product via the for-
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Table 1 The evaluation of reaction parameters?

©;> [I(COD)CIL/L @G
.
N - N_
> Solvent, H, (1000 psi), 50 °C H
Ph ! Ph
1a (R)-2a
Entry Solvent L Conv.? (%) ee ‘(%)
1 THF L1 63 25
2 Dioxane L1 52 47
3 Toluene L1 20 46
4 MeOH L1 >95 39
5 DCM L1 69 6
6 DCE L1 93 86
7 DCE L2 88 71
8 DCE L3 85 93
9 DCE L4 89 91
104 DCE L3 >95 91
0 o
:: < F>< O

PPh, PPh, O pph, F O PPh,

PPh, PPh, o PP, ¢ 0 PPh,
[ OO <0 O FXO O
L1: (R)-SynPhos L2: (R)-BINAP L3: (R)-SegPhos L4: (R)-DifluorPhos
“Reaction conditions: 1a (0.1 mmol), [Ir(COD)Cl], (1 mol%),

L (2.2 mol%), H2 (1000 psi), solvent (3.0 mL), 24 h, 50 °C.
b Determined by "H NMR analysis with 1,3,5- trlmethoxybenzene as the
internal standard. “ Determined by HPLC analys1s 70 °C.

mation of salt. Encouraged by this promising result, we then
turned our attention to the solvent effect (entries 2-6). To our
surprise, the ee value dramatically increased to 86% ee in
dichloroethane (DCE), which was quite different from that in
dichloromethane (DCM) (entry 6). Some commercially avail-
able chiral diphosphine ligands were screened (entries 7-9).
(R)-SegPhos proved to be the best choice with 93% ee but mod-
erate conversion. With temperature increased to 70 °C, a full
conversion with slightly reduced ee of 91% was achieved (entry
10). Thus, the optimized reaction conditions were established:
[Ir(COD)Cl],/(R)-SegPhos/DCE/70 °C/1000 psi Ho.

With the aforementioned optimal reaction conditions in
hand, a variety of 1-substituted 2-alkyl 3,4-dihydroisoquinolin-
2-ium salts were subsequently evaluated to demonstrate the
generality and practicality of this method. As expected, a
diverse array of substrates could be smoothly and effectively
transformed, giving the corresponding products in excellent
enantioselectivity and yield (Table 2). For X = I, the electronic
properties of the substituent on the 1-aryl ring had a marginal
effect on the reactivity and enantioselectivity (entries 1-7).
However, the enantioselectivity is sensitive to the electronic
properties of the substituent on the 7-position. The electron-
withdrawing group chloro and the strongly electron-donating
group methoxy both gave a slightly lower enantioselectivity
(entries 8-10). The reaction was performed smoothly in the
standard condition with 1-phenethyl-substituted substrate but
with only 26% ee, which may be ascribed to the deficiency of
n-n stacking interaction between the catalyst and substrate
(entry 11). Notably, the current system was highly compatible
with benzyl bromide substrates with high enantioselectivity
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Table 2 Asymmetric hydrogenation of 2-alkyl 3,4-dihydroisoquinolin-
2-ium salts?

X [ICOD)CIL,/(R)-SegPhos O@
N R! N

R R DCE, H,, (1000 psi), T T
R? X R?
1 (Ry-2
Entry R/R'/R? X ield? (%) ee (%)
1 Me/H/C¢Hj I 99 (2a) 91 (R)
2 Me/H/3-MeCgH, I 99 (2b) 90 (-)
3 Me/H/4-MeCeH, I 97 (2¢) 90 (-)
4¢ Me/H/4-MeOCgH, I 91 (2d) 89 (-)
5 Me/H/4-FC¢H, I 94 (2e) 90 (-)
6 Me/H/4-CICgH, I 97 (2f) 87 (-)
7 Me/H/4-BrC¢H, I 98 (2g) 87 (=)
8 Me/Me/CgHj; I 97 (2h) 93 (-)
9° Me/MeO/CgHs I 91 (2i) 86 (—)
10 Me/Cl/CgH35 I 93 (2j) 84 (-)
11 Me/H/CH,CH,CgHj I 99 (2k) 26 (+)
12 Bn/H/CgHs Br 95 (21) 96 (-)
13 Bn/H/4-MeC¢H, Br 97 (2m) 95 (-)
14 Bn/H/4-MeOCgH, Br 96 (2n) 96 (-)
15 Bn/H/4-CIC¢H, Br 93 (20) 95 (-)
16° Bn/MeO/C¢Hs Br 91 (2p) 93 (=)
17 Bn/Cl/C¢Hj Br 96 (2q) 95 (-)

“Reaction conditions: 1 (0.2 mmol), [Irf(COD)Cl], (1 mol%), (R)-
SegPhos (2.2 mol%), H, (1000 psi), 24 h; X =1, DCE (5.0 mL), T =
70 °C; X = Br, DCE (3 0 mL) T = 50 °C. ?Isolated yields. ¢ Determined
by HPLC analy51s 4[1r(coD)Cl], (1.5 mol%), (R)-SegPhos (3.3 mol%).
€48 h.

regardless of the electronic properties of substituents in the
4-position of 1-aryl ring (entries 12-15). A slightly lower ee was
obtained when 7-methoxyl was introduced (entry 16).
Additionally, we evaluated the generality of our synthetic
methodology with regard to other types of iminium salts as
potential substrates, providing N-alkyl THCs (Scheme 2). To
our satisfaction, iminium salt 3b was also subjected to the
standard conditions with full conversion and 60% enantio-
selectivity. A modified condition was established by further
optimization of solvents and ligands. Using (R)-Cl-MeO-BiPhep
as chiral diphosphine ligand and toluene as solvent, a signifi-
cant improvement in enantioselectivity was observed from
60% ee to 84% ee (see ESIT). The electronic effect of 1-aryl of

N [I(COD)CI,
N— (R)-Cl-MeO-BiPhep { N—
Ar' Toluene, H, (1000 psi), 80 °C N “ar
H
N/
N/
N “
VO

(-)-4a,78%,88% ee  (-)-4b

w IZ
=

OMe

, 98%, 84% ee (-)-4¢, 83%, 88% ee

Scheme 2 Enantioselective
p-carbolines via hydrogenation.

synthesis of 2-methyltetrahydro-
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Scheme 3 Gram-scale experiment.

substrates was investigated under the modified optimal con-
dition, giving the desired products with moderate to excellent
yields and good enantioselectivities, which are significant
motifs of biological molecules.

To further highlight the practical utility of this attractive
protocol, the asymmetric hydrogenation of 11 was performed
at the gram scale to give the desired product 21 in 95% yield
and 96% ee (Scheme 3). With several simple transformations,
21 could also be conveniently converted into pharmaceutical
molecules such as (+)-solifenacin'® and (+)-FR115427."°

Notably, for the analogous simple acyclic iminium salts,
pure iminium salt substrates could not obtained under the
standard conditions described above, which might be ascribed
to low reactivity and existence of multiple isomers.

Conclusion

In conclusion, we have successfully developed an efficient and
convenient method for synthesis of N-alkyl tetrahydroiso-
quinolines or N-alkyl tetrahydro-f-carbolines through iridium-
catalyzed asymmetric hydrogenation of cyclic iminium salts in
good to excellent yields and with up to 96% ee and 88% ee,
respectively. Furthermore, cyclic tertiary amines, such as
N-alkyl tetrahydroisoquinolines as some of the most important
drug molecules, can be easily obtained through this single-
operation process without further alkylation. Further investi-
gations of related strategies are currently ongoing in our
laboratory.

Experimental

A typical procedure for asymmetric hydrogenation of 1a

A mixture of [Irf(COD)Cl], (1.3 mg, 0.002 mmol) and (R)-
SegPhos (2.7 mg, 0.0044 mmol) in dichloroethane (1.0 mL)
was stirred at room temperature for 10 min in a nitrogen-filled
glove box. Subsequently, the catalyst was transferred by a
syringe to a solution of 2-methyl-1-phenyl-3,4-dihydroisoquin-
olin-2-ium iodide 1a (69.8 mg, 0.2 mmol) in 4.0 mL dichloro-
ethane. The hydrogenation was performed at 70 °C with a
hydrogen pressure of 1000 psi for 24 h. After carefully releasing
the hydrogen, the mixture was concentrated in vacuum and
further purification was performed by a silica gel column
eluted with hexanes/ethyl acetate to give the chiral product (R)-
2a as a pale oil (44 mg, 99% yield, 91% ee). Enantiomeric
excess was determined by HPLC (OD-H column, hexane/'PrOH
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98/2, 0.70 mL min~", 230 nm), 30 °C, ¢; = 6.0 min, ¢, = 6.3 min
(maj).

Acknowledgements

We are grateful for the financial support from National Natural
Science Foundation of China (21472188), the Youth Innovation
Promotion Association of the Chinese Academy of Sciences
(2014167) and Beijing National Laboratory for Molecular
Sciences (BNLMS).

References

1 (a) J. D. Scott and R. M. Williams, Chem. Rev., 2002, 102,
1669; (b) T. Kametani, H. Sugi and S. Shibuya, Tetrahedron,
1971, 27, 2409; (¢) S. Peng, M. Guo and E. Winterfeldt,
Liebigs Ann. Chem., 1993, 137.

2 (a) J. E. Saxton, in The Alkaloids: Chemistry and Physiology,
ed. R. H. F. Manske, Academic Press, New York, 1960, vol.
VII, p. 4; (b) W. Dopke, in The Alkaloids: Chemistry
andPhysiology, ed. R. H. F. Manske and R. G. A. Rodrigo,
Academic Press, New York, 1981, p. 20; (¢) R. Cao, W. Peng,
Z. Wang and A. Xu, Curr. Med. Chem., 2007, 14, 479;
(d) W. A. da Silva, M. T. Rodrigues Jr., N. Shankaraiah,
R. B. Ferreira, C. K. Z. Andrade, R. A. Pilli and L. S. Santos,
Org. Lett., 2009, 11, 3238.

3 (@) M. E. Bembenek, C. W. Abell, L. A. Chrisey,
M. D. Rozwadowska, W. Gessner and A. Brossi, J. Med.
Chem., 1990, 33, 147.

4 (a) J. L. Trujillo, M. J. Meyers, D. R. Anderson, S. Hegde,
M. W. Mahoney, W. F. Vernier, I. P. Buchler, K. K. Wu,
S. Yang, S. J. Hartmann and D. B. Reitz, Bioorg. Med. Chem.
Lett., 2007, 17, 4657; (b) L. Gupta, K. Srivastava, S. Singh,
S. K. Purib and P. M. S. Chauhan, Bioorg. Med. Chem. Lett.,
2008, 18, 3306.

5 For review, see: (@) W. Liu, S. Liu, R. Jin, H. Guo and
J. Zhao, Org. Chem. Front., 2015, 2, 288. For selected
reviews of enantioselective synthesis of cyclic tertiary
amines with a THIQ or THC core: (b) I. T. Raheem,
P. S. Thiara, E. A. Peterson and E. N. Jacobsen, J. Am. Chem.
Soc., 2007, 129, 13404; (¢) D. Huang, F. Xu, X. Lin and
Y. Wang, Chem. — Eur. J., 2012, 18, 3148; (d) E. Mons,
M. J. Wanner, S. Ingemann, ]J. H. van Maarseveen and
H. Hiemstra, J. Org. Chem., 2014, 79, 7380; (e) A. Ruiz-
Olalla, M. A. Wiirdemann, M. J. Wanner, S. Ingemann,
J. H. van Maarseveen and H. Hiemstra, J. Org. Chem., 2015,
80, 5125; (f) L. Benmekhbi, F. Louafi, T. Roisnel and
J.-P. Hurvois, J. Org. Chem., 2016, 81, 6721.

6 (@) M. Rueping, E. Sugiono and F. R. Schoepke, Synlett,
2010, 852; (b) N. Fleury-Brgeot, V. de la Fuente, S. Castillén
and C. Claver, ChemCatChem, 2010, 2, 1346; (c) Z. K. Yu,
W. W. Jin and Q. B. Jiang, Angew. Chem., Int. Ed., 2012, 51,
6060; (d) J.-H. Xie and Q.-L. Zhou, Acta Chim. Sin., 2012, 70,

1128 | Org. Chem. front, 2017, 4, 1125-1129

10

11

12

13

View Article Online

Organic Chemistry Frontiers

1427; (e) A. Bartoszewicz, N. Ahlsten and B. Martin-Matute,
Chem. - Eur. J., 2013, 19, 7274.

J. Szawkalo, A. Zawadzka, K. Wojtasiewicz, A. Leniewski,
J. Drabowicz and Z. Czarnocki, Tetrahedron: Asymmetry,
2005, 16, 3619.

(@) J. Wu, F. Wang, Y. Ma, X. Cui, L. Cun, J. Zhu, J. Deng
and B. Yu, Chem. Commun., 2006, 1766; (b) J. Szawkalo,
S. J. Czarnocki, A. Zawadzka, K. Wojtasiewicz, A. Leniewski,
J. K. Maurin, Z. Czarnocki and J. Drabowicz, Tetrahedron:
Asymmetry, 2007, 18, 406; (¢) L. Evanno, J. Ormala and
P. M. Pihko, Chem. - Eur. J., 2009, 15, 12963;
(d) P. Roszkowski, J. K. Maurin and Z. Czarnocki,
Tetrahedron: Asymmetry, 2013, 24, 643; (e¢) J. Wang and
G. Evano, Org. Lett., 2016, 18, 3542; (f) C. Piemontesi,
Q. Wang and J. Zhu, Angew. Chem., Int. Ed., 2016, 55, 6556.
(@) S. Hussain, F. Leipold, H. Man, E. Wells, S. P. France,
K. R. Mulholland, G. Grogan and N. ]. Turner,
ChemCatChem, 2015, 7, 579; (b) G. A. Aleku, H. Man,
S. P. France, F. Leipold, S. Hussain, L. Toca-Gonzalez,
R. Marchington, S. Hart, J. P. Turkenburg, G. Grogan and
N. J. Turner, ACS Catal., 2016, 6, 3880.

(@) H. Li, Z.-]. Luan, G.-W. Zheng and J.-H. Xu, Adv. Synth.
Catal., 2015, 357, 1692; (b) H. Li, G.-X. Zhang, L.-M. Li,
Y.-S. Ou, M.-Y. Wang, C.-X. Li, G.-W. Zheng and J.-H. Xu,
ChemCatChem, 2016, 8, 724.

Selected reviews of iridium-catalyzed asymmetric hydrogen-
nation of imines: (@) S.-M. Lu, X.-W. Han and Y.-G. Zhou,
Chin. J. Org. Chem., 2005, 25, 634; (b) Y.-G. Zhou, Acc.
Chem. Res., 2007, 40, 1357; (¢) T. L. Church and
P. G. Andersson, Coord. Chem. Rev., 2008, 252, 513;
(d) J.-H. Xie, S.-F. Zhu and Q.-L. Zhou, Chem. Rev., 2011,
111, 1713; (e) D.-S. Wang, Q.-A. Chen, S.-M. Lu and
Y.-G. Zhou, Chem. Rev., 2012, 112, 2557; (f) A. Bartoszewicz,
N. Ahlsten and B. Martn-Matute, Chem. — Eur. J., 2013, 19,
7274; (g) Y.-M. He, F.-T. Song and Q.-H. Fan, Top. Curr.
Chem., 2014, 343, 145.

(@) G. Hou, F. Gosselin, W. Li, J. C. McWilliams, Y. Sun,
M. Weisel, P. D. O'Shea, C.-y. Chen, I. W. Davies and
X. Zhang, J. Am. Chem. Soc., 2009, 131, 9882; (b) G. Hou,
R. Tao, Y. Sun, X. Zhang and F. Gosselin, J. Am. Chem. Soc.,
2010, 132, 2124.

For review, see: B. Balakrishna, J. L. Nufiez-Rico and
A. Vidal-Ferran, Eur. J. Org. Chem., 2015, 5293. Selected
reports on asymmetric hydrogenation of heteroaromatics
vig iminium salts: (a) S.-M. Lu, Y.-Q. Wang, X.-W. Han and
Y.-G. Zhou, Angew. Chem., Int. Ed., 2006, 45, 2260;
(b) Z.-S. Ye, M.-W. Chen, Q.-A. Chen, L. Shi, Y. Duan and
Y.-G. Zhou, Angew. Chem., Int. Ed., 2012, 51, 10181;
(¢) Z.-S. Ye, R.-N. Guo, X.-F. Cai, M.-W. Chen, L. Shi and
Y.-G. Zhou, Angew. Chem., Int. Ed., 2013, 52, 3685;
(d) R.-N. Guo, X.-F. Cai, L. Shi, Z.-S. Ye, M.-W. Chen and
Y.-G. Zhou, Chem. Commun., 2013, 49, 8537; (e) L. Shi, Y. Ji,
W.-X. Huang and Y.-G. Zhou, Acta Chim. Sin., 2014, 72, 820;
(f) W.-X. Huang, C.-B. Yu, L. Shi and Y.-G. Zhou, Org. Lett.,
2014, 16, 3324; (g) M.-W. Chen, Z.-S. Ye, Z.-P. Chen, B. Wu
and Y.-G. Zhou, Org. Chem. Front., 2015, 2, 586;

This journal is © the Partner Organisations 2017


http://dx.doi.org/10.1039/c7qo00060j

Published on 24 February 2017. Downloaded by QingDao University of Science and Technology on 21/06/2017 02:56:13.

Organic Chemistry Frontiers

(h) W.-X. Huang, C.-B. Yu, Y. Ji, L.-J. Liu and Y.-G. Zhou,
ACS Catal., 2016, 6, 2368; (i) W.-X. Huang, L.-]. Liu, B. Wu,
G.-S. Feng, B. Wang and Y.-G. Zhou, Org. Lett., 2016, 18,
3082; (j) J. Wen, R. Tan, S. Liu, Q. Zhao and X. Zhang,
Chem. Sci., 2016, 7, 3047; (k) M. Renom-Carrasco,
P. Gajewski, L. Pignataro, ]J. G. de Vries, U. Piarulli,
C. Gennari and L. Lefort, Chem. - Eur. J., 2016, 22, 9528;
(I) M. Renom-Carrasco, P. Gajewski, L. Pignataro, J. G. de
Vries, U. Piarulli, C. Gennari and L. Lefort, Adv. Synth.
Catal., 2016, 358, 2589.

This journal is © the Partner Organisations 2017

14

15

16

View Article Online

Research Article

Y. Ji, L. Shi, M.-W. Chen, G.-S. Feng and Y.-G. Zhou, J. Am.
Chem. Soc., 2015, 137, 10496.

R. Naito, Y. Yonetoku, Y. Okamoto, A. Toyoshima, K. Ikeda
and M. Takeuchi, J. Med. Chem., 2005, 48, 6597.

(@) M. Ohkubo, A. Kuno, K. Katsuta, Y. Ueda, K. Shirakawa,
H. Nakanishi, I. Nakanishi, T. Kinoshita and H. Takasugi,
Chem. Pharm. Bull, 1996, 44, 95; (b) M. Ludwig,
C. E. Hoesl, G. Hofner and K. T. Wanner, Eur. J. Med.
Chem., 2006, 41, 1003; (¢) X. Li and I Coldham, J. Am.
Chem. Soc., 2014, 136, 5551.

Org. Chem. Front, 2017, 4, 1125-1129 | 1129


http://dx.doi.org/10.1039/c7qo00060j

	Button 1: 


