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1,2,3,4-Tetrahydroisoquinolines (THIQs), a class of highly
important molecular skeletons abundant in natural alkaloids
and biologically active compounds, are often used as key
intermediates for the synthesis of pharmaceutical drugs and
drug candidates.!"! To date, synthetic efforts have focused on
introducing chirality at the C1 position with configurational
integrity by employing the following synthetic methodolo-
gies:® 1) the formation of the six-membered ring through
a Bischler-Napieralski cyclization/reduction® or a Pictet—
Spengler reaction, 2) the C,—C, connectivity approach by
attaching nucleophilic or electrophilic carbon units to the C1
position of tetrahydroisoquinoline derivatives,” and 3) the
asymmetric hydrogenation of alkylidene-1,2,3 4-tetrahydroi-
soquinoline derivatives.”l However, these methods have some
limitations, such as a limited substrate scope and the need for
stoichiometric amounts of a chiral auxiliary. In contrast to 1-
substituted THIQs, the synthesis of 3-substituted THIQs has
rarely been achieved,””! although their unique structural and
diverse biologic properties have been noted.’! Accordingly,
the development of more general and straightforward syn-
thetic methods toward 1- and 3-substituted THIQs is in high
demand. Although asymmetric hydrogenation of substituted
isoquinolines is considered the most attractive and straight-
forward synthetic protocol, isoquinoline is regarded as the
most challenging substrate in asymmetric hydrogenation. An
efficient catalytic system has not even been found for the
reduction of isoquinolines in a nonenantioselective manner.”!
Nonetheless, the recent development of an asymmetric
hydrogenation of aromatic and heteroaromatic compounds
was remarkable,'"?"! and Zhou and co-workers reported the
catalytic asymmetric hydrogenation of isoquinolines,
although the substrate scope is limited and an activating
reagent is sometimes required (Scheme 1).!
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Scheme 1. Asymmetric hydrogenation of isoquinoline derivatives.

As part of our continuing interest in the asymmetric
hydrogenation of N-heteroaromatic compounds using halo-
gen-bridged dinuclear iridium(IIT) complexes,”” we previ-
ously reported the additive effect of aryl amine derivatives in
the asymmetric hydrogenation of quinoxalines,”" where the
addition of more-basic aliphatic amines retarded the reaction,
presumably because of their tight coordination to the iridium
center. These findings strongly suggested that the difficulties
of catalytic hydrogenation of isoquinolines upon catalysis by
iridium complexes might be due to the strong basicity of the
corresponding THIQs. This hypothesis prompted us to study
the asymmetric hydrogenation of isoquinolinium chlorides to
give the corresponding tetrahydroisoquinolinium chlorides,
thus avoiding the deactivation of the iridium catalyst and
providing a direct transformation of isoquinolines to THIQs
in an enantioselective manner by a simple basic workup
(Scheme 1).

We first examined the asymmetric hydrogenation of the 3-
phenylisoquinolinium salt 2a-HCI with H, (30 bar) and the
catalyst [{Ir(H)[(S)-binap]},(n-Cl);]Cl (1a) in methanol at
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30°C for 20 hours. As expected, the intended reaction
afforded 3-phenyl-1,2,3,4-tetrahydroisoquinoline (3a) with
99% conversion and 57 % ee after a basic workup. Encour-
aged by the successful hydrogenation of the isoquinolinium
salt, we screened the reaction conditions’™ and finally
selected [{Ir(H)[(S)-difluorphos]},(u-Cl);]Cl (1¢) as catalyst
and a 10:1 mixture of 1,4-dioxane/isopropanol as solvent
based on the catalytic activity and enantioselectivity. The
reaction under these optimized conditions produced 3a in
96 % ee with 99% conversion [Eq. (1)]. In sharp contrast,

x-Ph
-
_NHCI

1c¢ (1 mol%)

H, (30 bar) + Ph 0
1,4-dioxane/iPrOH (10:1) NH

2a-HCI 30°C, 20 h 3
then basic workup 99% conv.
96% ee

however, asymmetric hydrogenation of 3-phenylisoquinoline
(2a) under the optimized reaction conditions resulted in low
conversion and low enantiomeric excess [Eq.(2)], thus

1¢ (1 mol%)

~Ph H, (30 bar) @Ph
2
N 1,4-dioxane/iProH (10:1) NH @
2a 30°C,20h 2

59% conv.
37% ee

demonstrating the clear advantages of using the salt. Another
advantage of employing the salt is the easy synthesis of
unprotected THIQs, whereas the activation approach®! with
an acylating agent requires a deprotection step to obtain
secondary amines.

A series of 3-substituted isoquinolinium salts was sub-
jected to asymmetric hydrogenation under the optimized
reaction conditions (Table 1). 3-Aryl-substituted isoquinoli-
nium salts were readily hydrogenated with high enantiose-
lectivity, regardless of the electronic effect of substituents on
the aryl group (entries 1-3). However, hydrogenation of 2d-
HCI and 2e-HCI, the aryl groups of which bear ortho
substituents, led to lower enantioselectivity, presumably
because of the steric hindrance of the substituent in ortho
position (entries 4 and 5). Benzyl- and cyclohexyl-substituted
substrates could also be hydrogenated with this catalytic
system (entries 6 and 7), affording the corresponding prod-
ucts with high to excellent enantioselectivity. The present
catalytic system could also be used for the reduction of 1-
substituted isoquinolinium salts with high efficiency, although
a much higher temperature (80°C) was required. Aryl-
substituted substrates gave the corresponding products 3h,
3i,and 3jin 96, 98, and 99 % ee, respectively (entries 8-10). It
is noteworthy that a bromo substituent on the aryl group was
tolerated, and the resulting aryl halide product (entry 10)
could be a useful substrate for cross-coupling reactions.
Substrates with benzyl (entry 12), cyclohexyl (entry 13), and
isopropyl (entry 14) substituents were also hydrogenated,
however, only moderate enantiomeric excesses were achieved
(31: 85% ee, 3m: 79% ee, 3n: 91 % ee, respectively). 1,3-
Disubstituted substrates are also possible substrates for this
catalytic reaction. As expected, the asymmetric hydrogena-
tion of 1,3-diphenyl-substituted substrate 20-HCI furnished
THIQ 30 with 98 % conversion and high selectivity (98 % ee,
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Table 1: Asymmetric hydrogenation of 1- and 3-substituted isoquinoli-
nium salts.?

xR 1c (1 mol%), Hy (30 bar) -
f

ZNH 4 4_dioxane/iPrOH (10:1), 20 h . NH
cl

R

R then basic workup R'
2-HCI 3
Entry  2-HCl R/R T 3 Conv. ee
[°C] 6" 9]

1 2a-HCl  Ph/H 30 3a 99 96 (+)
2 2b-HCl  4-OMe-CiH,/H 30 3b 99 95 (+)
3 2c-HCl  4-CF;-CgH,/H 30 3¢ 99 96 (+)
4 2d-HCl  2-Me-CgH,/H 30 3d 94 79 (+)
5 2e-HCl  2-OMe-CgH, /H 30 3e 93 81 (+)
6 2fHCl  Bn/H 30 3f 87 97 (+)
7 2g-HCl  Cy/H 30 3g 98 91 (+)
8l 2h-HCl  H/Ph 80 3h 99 96 (S)
9t 2i-HCl H/4-CF3-CeH, 80 3i 99 98 (+)
104 2j-HC H/4-OMe-CH, 80  3j 99 99 (S)
N4 2k-HCl  H/2-Br-CeH, 80 3k 75 96 (R)
128 2]-HCl H/Bn 50 31 63 85 (S)
139 2m-HCl  H/Cy 80 3m 99 79 (-)
149 2n-HCl  H/iPr 80 3n 98 91 (S)
151 20-HCl  Ph/Ph 80 30 98 98 (S,S)

[a] Reaction conditions: A mixture of isoquinoline (0.24 mmol), 1c
(2.4 umol), and solvent (3 mL) under H, atmosphere (30 bar) was
heated at 30°C for 20 h. [b] Determined by 'H NMR analysis. [c] Deter-
mined by HPLC analysis. [d] 4.8 umol of 1¢c was used. [e] 4.8 pmol of
[{Ir(H)[(S)-DM-segphos]},(u-Cl)5]Cl (1d) was used as the catalyst. DM-
segphos =5,5"-bis[di(3,5-xylyl) phosphino]-4,4"-bi-1,3-benzodioxole.

[f] cis:trans >99:1

d.r.>99%, entry 15). In sharp contrast to the 1- and 3-
substituted isoquinolinium salts, asymmetric hydrogenation
of the 4-phenylisoquinolinium salt 2p-HCI at 80°C provided
the corresponding THIQ 3p in almost racemic form (5% ee),
thus suggesting that the hydrogenation proceeded through
a mechanism that involves racemization at the C4 position
[Eq. (3)]-

Ph Ph

XN 1¢ (2 mol%), H, (30 bar)
" 3
~NH _ NH ©

1,4-dioxane/iPrOH (10:1)
2p-HCI cl 87, 200 3
P- then basic workup 99% c’;nv.
5% ee

Scheme 2 shows a plausible mechanism for the hydro-
genation of isoquinolinium salts 2-HCI. For the first reduction
step, three pathways are possible: 1,2 reduction, 1,4 reduction,
and 3,4 reduction. Among these possibilities, 3,4 reduction
can be excluded because of the general tendency of iridium
complexes to disfavor the hydrogenation of C=C bonds
compared with C=N bonds.**! The 1,2 and 1,4 reductions
afforded dihydroisoquinolinium salts 4-HCl and S-HCI,
respectively, which were in equilibrium through a predictable
enamine—imine tautomerization. Subsequently, 4-HCI and 5-
HCI were hydrogenated to the desired product, 3-HCI. The
second reduction of 4-HCl was a C=C reduction of the
enamine moiety, while the second reduction of 5-HCI was
a C=N reduction of the imine moiety. Because asymmetric
hydrogenation of unprotected enamines was presumed to
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Scheme 2. Possible pathways to THIQs from isoquinolinium salts.

proceed via the imine tautomer rather than directly through
hydrogenation of the enamine,? the C=N reduction of
iminium salt 5-HCI is assumed to be the major second
reduction pathway.

To elucidate the mechanism, we performed deuterium
labeling experiments using D, under the same hydrogenation
conditions as described above (Scheme 3). The asymmetric

90% (total)
DD
D” " 76%
) ~Ph 1a (1 mol%), D, (7.5 bar) Ph
a +
_ND _  1,4-dioxane/[Dg)iPrOH (10:1) NH

Cl 30°C,20h
then basic workup
99% conv.

D H 62% (total)
A

[D]-3a (84% ee)

90-97% (total)

DD
N 1a (2 mol%), D, (7.5 bar) D™
b -879
) _ND 1,4-dioxane/[Dg]iPrOH (10:1) Ny 8387%
cl 80°C, 20 h
Ph . PH D_87%

then basic workup

68% conv. [D]-3h (87% ee)

Scheme 3. Deuterium labeling experiments.

hydrogenation of 2a-HCl and 2h-HCl by D, (10 bar) followed
by a basic workup gave [D]-3a (85% ee) and [D]-3h
(72 % ee), respectively. Based on the deuterium content at
the C1 position (62 % ) of [D]-3a (the original hydrogen atom
at this position was partially replaced with a deuterium atom),
we concluded that the first step was reversible. This partial
incorporation of deuterium at the C1 position demonstrated
that the reoxidation of dihydroisoquinoline was slower than
its generation. On the other hand, the deuterium distribution
of [D]-3a and [D]-3h at the C4 position was determined to be
90% and 90-97 %, respectively, thus indicating that the
original hydrogen atom at the C4 position of isoquinoline
substrates was replaced with deuterium (Scheme 3a and b)
mainly as a result of the tautomerization between the partly-
reduced enaminium (4-HCl) and iminium (5-HCI) intermedi-
ates. The high deuterium content at the C4 position suggested
that the tautomerization between 4-HCl and 5-HCl was rapid,
which explained the low enantioselectivity observed in the
hydrogenation of the 4-phenylisoquinolinium salt 2p-HCl
[Eq. (3)]. Similar tautomerization between imine and enam-
ine was reported for asymmetric hydrogenation of 2,3-
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disubstituted indoles and 3,4-disubstituted isoquinoli-
nes.l'’¢2!" To gain further insight into the reaction mechanism,
we conducted experiments monitored by NMR spectroscopy
and obtained two important pieces of information: a) asym-
metric hydrogenation of the 3-substituted substrate 2a-HCl
under atmospheric pressure of H, afforded Sa-HCI, which
gradually converted to the final product 3a-HCI, and b) under
the same conditions, 1- and 4-substituted substrates could not
be reduced efficiently. Thus, 1,4 reduction rather than 1,2
reduction seemed more likely, because the substituent of the
Cl or C4 position clearly retarded the reaction, and the
substituent at the C3 position did not affect the reaction.’

Based on these control experiments, we concluded that
the present hydrogenation involved a 1,4 reduction and
subsequent C=N reduction, though a 1,2 reduction could not
be excluded as the first reduction, as reported by Zhou and
co-workers (Scheme 1).2!! Although the effects of the salt
were not clear, we speculate that the salt enhanced the
substrate reactivity by decreasing the aromaticity, and inhib-
ited the coordination of the amine product to a metal center
by forming the salt of the amine product. We previously
reported similar effects for the asymmetric hydrogenation of
quinolinium salts” in which enantioselectivity was
improved by the use of quinolinium salts. Other groups also
reported the asymmetric hydrogenation of heteroaromatic
compounds using Brgnsted acids.*!

To demonstrate the advantage of our synthetic protocol,
we applied this asymmetric hydrogenation as a key step in the
synthesis of the prescription drug solifenacin (Scheme 3),
which has antispasmodic effects and is used for the treatment
of an overactive bladder with or without urge incontinence.””
The scaled-up catalytic hydrogenation of 2h-HCl followed by
a basic workup gave the same results as the original reaction
on smaller scale (95% yield, 96 % ee; Table 1, entry 7). An
alkoxycarbonyl group was attached to the nitrogen atom
without loss of enantiomeric purity, thus achieving the
asymmetric synthesis of solifenacin (Scheme 4).

In summary, we developed the synthesis of chiral THIQs
by direct asymmetric hydrogenation of isoquinoline deriva-
tives. The salts of 1- and 3-substituted and 1,3-disubstituted
isoquinolines were hydrogenated by using [{Ir(H)[(S)-
difluorphos]},(u-Cl);]JCl (1¢) to afford the corresponding
THIQs in high enantiomeric excess. One of the advantages
of this catalytic system compared with traditional methods is
the easy access to chiral 3-substituted THIQs. Current efforts
are directed toward mechanistic studies of the hydrogenation
of isoquinolinium salts as well as the investigation of further
applications of this catalytic system to the asymmetric hydro-
genation of other N-heteroaromatic compounds.

SoNs oTFE< e PN

Ph O
2h-| HCI solifenacin

95% yleld, 96% ee 70% yield, 96% ee

Scheme 4. Synthetic application of Ir-catalyzed hydrogenation.
Reagents and conditions: a) 1c (1 mol %), 1,4-dioxane/iPrOH (10:1),
80°C, H, (30 bar), 24 h, then basic workup; b) CICO,C¢H,-4-NO,,
K,CO;, CH,Cl,, RT; ¢) (R)-quinuclidine-3-ol, NaH, toluene, reflux.
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Experimental Section

The dinuclear iridium complex (2.4 umol, 1.0 mol%) and the
isoquinolinium salt (0.24 mmol, 1 equiv) were added to a glass tube
in the reactor, and the tube was charged with argon gas. A 10:1
mixture of 1,4-dioxane/dry iPrOH (3 mL) was added to the glass tube
in the reactor through the inlet, the glass tube was charged with H,,
and the pressure was increased to required value. The reaction
mixture was stirred for 20 hours. After the release of H, from the
tube, the solvent was removed in vacuo (rotary evaporator). The
residual liquid was poured into a saturated solution of NaHCO; in
water, and extracted with ethyl acetate. The separated organic layer
was washed with brine and dried over Na,SO,. The conversions were
determined by 'H NMR analysis of the products after the basic
workup. The enantiomeric excesses were determined by HPLC
analysis.
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