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A convenient and general asymmetric transfer hydrogen-
ation of a wide array of 1-aryl-3,4-dihydroisoquinoline deriv-
atives using a [Ru'Cl(n®-benzene)TsDPEN] complex in com-
bination with a 5:2 HCOOH-Et;N azeotropic mixture as a
hydrogen source was developed. Under mild reaction condi-
tions, the described catalytic transformation secured a practi-
cal synthetic access to the corresponding valuable chiral 1-
aryltetrahydroisoquinoline units with high atom economy, a
broad substrate scope, high isolated yields (up to 97 %) and

good to excellent enantioselectivities (up to 99 % ee). It was
found that the stereochemical outcome of the reaction was
strongly influenced by both the structure of the catalyst and
the substituents present on the substrate. The synthetic util-
ity of the present protocol has been demonstrated through
the asymmetric synthesis of several biologically important
alkaloids including the antiepileptic drug agent 1c, as well
as (-)-nor-cryptostyline alkaloids I and II.

Introduction

Chiral 1-substituted tetrahydroisoquinoline (THIQ) scaf-
folds are important structural units that can be found in a
wide variety of naturally occurring alkaloids and synthetic
analogues.'! These compounds often exhibit significant
pharmaceutical activities, including a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor antago-
nistic,! histamine H; antagonist and serotonin reuptake in-
hibitory,! bradycardia,® multidrug resistance (MDR) re-
versal,®! and antidiabetic properties.) Some of them are
also potent cytotoxic agents with antitumorall’”! and antimi-
crobial activities.'®] Consequently, the incorporation of the
THIQ moiety has become an important synthetic strategy
in drug discovery for the development of novel chemothera-
peutic agents.”] Within this class of compounds, those bear-
ing an aryl substituent at their C-1 positions are of particu-
lar interest because of their broad spectrum of biological
and pharmaceutical properties (Figure 1). For example,
synthetic solifenacin (1a) is a competitive muscarinic acetyl-
choline receptor antagonist currently used in the treatment
of overactive bladder.['” Compounds 1b and 1c are potent
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antagonists of the dopamine D; and AMPA receptors,
respectively.’l These receptors, which mediate dopamine
and glutamate fast synaptic neurotransmission in the cen-
tral nervous system, play a major role in a wide range of
neurological and psychiatric disorders, including epilepsy,
Huntington’s, Alzheimer’s and Parkinson’s diseases. Cryp-

0 @ 1a: solifenacin
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1d: R' = H, R?=R3 = OCH,0 (+)-cryptostyline
1e: R' = H, R2=R3 = OCHj (+)-cryptostyline
1f: R! = R? = R® = OCHj (+)-cryptostyline

Figure 1. Selected bioactive 1-aryl-tetrahydroisoquinolines.
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tostylines 1d—f have been isolated from Cryptostylis fulval'!l
and belong to 1-aryl-N-methyl-THIQ alkaloids. These com-
pounds have been used as valuable pharmacological probes
for investigating and understanding the pathophysiological
roles of peptides in the central and peripheral nervous sys-
tems. These peptides include the D; dopamine receptor, an
antagonist of the substance P and a peptide neurotransmit-
ter.l'?l Another significant THIQ compound with interest-
ing biological activity is the bicyclic chelate platinum(II)
complex (1g) having a 1-aryl-THIQ moiety as a chelating,
nonlabile ligand that displays cytotoxic activity against
L1210 murine leukemia cells two times higher than the
well-established antitumor cis-diaminedichloroplatinum(II)
complex.[!3]

It is therefore not surprising that during the last two dec-
ades, intense research efforts have been devoted to the de-
velopment of efficient methods for the synthesis of chiral 1-
substituted THIQ derivatives in both academia and indus-
try.l'¥ To date, the most commonly employed synthetic
routes for the preparation of such a framework rely on three
main strategies: 1) the Bischler—Napieralski cyclization of
B-arylethylamide followed by reduction of the resulting 3,4-
dihydroisoquinoline, 2) the Pictet-Spengler reaction, which
involves the condensation of B-arylethylamine with an alde-
hyde to form the six-membered ring, and 3) the C,—C, con-
nectivity approach, which relies on the introduction of nu-
cleophilic or electrophilic carbon units at the C-1 position
of the isoquinoline core. Although these protocols have
proved to be highly effective, there are some drawbacks as-
sociated with these methods, such as a limited substrate
scope and the use of stoichiometric amounts of chiral
sources as either substrates or reagents. Accordingly, a more
general and straightforward route for the synthesis of such
compounds with a high level of selectivity is still needed.
With particular emphasis on economical and ecologically
valuable processes, asymmetric hydrogenation (AH)['3 and
asymmetric transfer hydrogenation (ATH)!'®! of 1-substi-
tuted 3,4-dihydroisoquinolines (DHIQs) are among the
most direct and convenient strategies to access enantiomer-
ically pure 1-substituted THIQ frameworks. A variety of
chiral metal catalysts, including Ir, Rh, Ru and Ti-based
systems have been successfully used in the asymmetric re-
duction of 1-alkyl-3,4-DHIQs,'7!81 providing the corre-
sponding 1-alkyl-THIQ derivatives with moderate to excel-
lent enantioselectivities. In sharp contrast, and despite the
obvious biological potential of 1-aryl-substituted THIQs,
only very limited examples of AHI%19¢.19dl and ATHI?0! of
challenging 1-aryl-substituted 3,4-DHIQs have been re-
ported so far in the literature. In 2011, Zhang et al.l'% de-
scribed a general and highly enantioselective asymmetric
hydrogenation of a broad range of l-aryl-3,4-DHIQs with
ee values ranging from 79 to 99% using [{Ir(H){(S,S)-
(f)-binaphane} },(p-I)3],"T- complex. In 2012, we showed
that the (R)-3,5-diMe-Synphos ligand developed in our
groupl!®l was also an efficient ligand for the Ir-catalyzed
asymmetric hydrogenation of a broad range of 1-aryl-3,4-
DHIQs with ee values up to 94%.1°91 Ruzi¢ and Zanotti-
Gerosa et al.l'd demonstrated the feasibility of developing
6504
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an efficient Ir-(S)-P-Phos-catalytic process for the prepara-
tion of the urinary antispasmodic drug solifenacin!'®
through asymmetric hydrogenation of the hydrochloride
salt of 1-phenyl-DHIQ with 95% yield and ee values up to
97%. Mashima et al.l' reported in 2013 the asymmetric
hydrogenation of few isoquinolinium chloride salts using
[{Ir(H){(S)-difluorphos} }»(u-Cl);],*CI-  with ee values
ranging from 96 to 99 %.

As far as ATH reactions of l-aryl-DHIQ derivatives is
concerned, Noyori et al.?%4 reported in 1996 the first exam-
ple of RuW/TsDPEN (TsDPEN = N-p-tolylsulfonyl-1,2-di-
phenylethylenediamine) catalyzed asymmetric reduction of
the l-aryl-DHIQ. Under mild reaction conditions, 1-
phenyl-3,4-dihydro-6,7-dimethoxyisoquinoline ~ was  ef-
ficiently converted into the corresponding 1-phenyl-THIQ
in 99% isolated yield and up to 84% ee using a 5:2 formic
acid—triethylamine azeotropic mixture as a hydrogen source.
Inspired by the research of Noyori’s group, good to excel-
lent ee values ranging from 84 to 99% were obtained by
Vedejs et al.?%] for the ATH reaction of a few 1-ortho-sub-
stituted aryl-3,4-dihydro-6,7-dimethoxyisoquinoline sub-
strates using similar Ru/TsDPEN catalysts. Wu et al.?%1 re-
ported in 2006 the ATH reaction of N-benzyl-1-phenyl-3.,4-
dihydro-6,7-dimethoxyisoquinolinium bromide to deliver
the corresponding N-benzylated THIQ in 94% yield and
95% ee by using a water-soluble ruthenium catalyst involv-
ing a surfactant in aqueous solution in the presence of so-
dium formate as a hydrogen source. In 2009, a similarly
high selectivity (94% ee) was obtained by Pihko et al.l?0d]
for the ATH reaction of 1-phenyl-DHIQ using the Noyori
Ru/TsDPEN catalyst in the presence of water soluble Lewis
acids for substrate activation. Kacer et al.[>° developed in
2013 a ruthenium-arene complex that bears an N-alkylsulf-
onyl diamine ligand for the ATH reaction of 1-substituted
3,4-DHIQs. By employing a 5:2 HCO,H-Et;N azeotropic
mixture, ee values up to 87% were obtained for the re-
duction of 1-alkyl-3,4-DHIQ derivatives, while significantly
lower selectivities were reached using 1-phenyl-3,4-dihydro-
6,7-dimethoxyisoquinoline and 1-p-Me-C4Hy-3,4-DHIQ
substrates, with 63% and 74 % ee, respectively. In 2014, the
group of Ward®? reported the asymmetric reduction of
1-phenyl-3,4-dihydroisoquinoline using an artificial imine
reductase based on the biotin-streptavidin technology.
Under optimized conditions, the [IrCp*Ptin.(,-ThrNH,)
Cl]SavWT catalyst used in combination with sodium for-
mate as a hydride source was identified as the best catalytic
system resulting in the quantitative formation of 1-phenyl-
1,2,3,4-tetrahydroisoquinoline with up to 63% ee. Although
some of the above-mentioned catalytic systems provide high
selectivity, all of them suffer from a narrow substrate scope.

As a continuation of our research program dedicated to
the synthesis of biologically relevant targets through metal-
catalyzed asymmetric reduction,?!! and inspired by the re-
search of Noyoril?4 and Vedejs,[?°°! we recently disclosed a
highly enantioselective asymmetric transfer hydrogenation
of 1-aryl-substituted 3,4-DHIQs using the [Ru'Cl(n°-benz-
ene)TsDPEN] complex in combination with a 5:2 HCO,H-
Et;N azeotropic mixture as a hydrogen source under mild
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conditions.?*T Encouraged by the efficiency of the above
mentioned ATH protocol, we report herein the full details
of our investigations in finding suitable reaction conditions
for the generalization of our method to a broader substrate
scope. Our approach allows a rapid access to a wide variety
of l-aryl-substituted THIQ derivatives in high yields and
enantioselectivities up to 99% ee. Additionally, the syn-
thetic utility of the present protocol has been demonstrated
through the total asymmetric synthesis of the antiepileptic
drug agent 1c, as well as (-)-nor-cryptostylines I and II.

Results and Discussion

Substrate Preparation

The 1-aryl-DHIQ compounds 5-10 required for our
study were readily prepared on large scale by using a two-
step reaction sequence according to a modified procedure
reported by Movassaghi.??! As illustrated in Scheme 1, the
sequence involves: 1) condensation of commercially avail-
able acyl chlorides with B-arylethylamines to give the corre-
sponding B-arylethylamides 2-4, 2) a Bischler—Napieralski
type cyclization of the resulting amides 2-4 using trifluoro-
methanesulfonic anhydride and 2-chloropyridine as the
base additive in refluxing CH,Cl, to afford the desired 1-
aryl-3,4-dihydroisoquinolines 5-10 in overall yields ranging
from 45 to 70%.

S
R NH,
R =H, Me, OMe

European Journal
of Organic Chemistry

Optimization of the Reaction Conditions

For initial optimization of the reaction conditions, the
asymmetric transfer hydrogenation of 1-phenyl-3,4-dihydro-
6,7-dimethoxyisoquinoline (5a), which resulted in the for-
mation of THIQ 11a, was investigated as a model reaction
system. The experiments were conducted at 30 °C in dichlo-
romethane for 16 h using a 5:2 formic acid and triethyl-
amine azeotropic mixture as a hydrogen source in the pres-
ence of 1 mol-% of platinum group metal-based diamine
complexes (A-N). As shown in Table 1, the steric and elec-
tronic properties of both the n’-arene and the chiral di-
amine auxiliary ligands of the catalyst were critical factors
that greatly influenced the stereochemical outcome of the
process. Complete conversions were obtained when
Cp*Rh"-TsDPEN A and Cp*Ir'""'-TsDPEN B catalysts
were used. However, the reaction provided the desired
THIQ 11a in only racemic form (Table 1, entries 1-2). Sev-
eral [Ru''Cl(n®-arene)diamine] complexes,>3! which proved
to be highly efficient catalysts for the ATH reactions of
various prochiral unsaturated substrates were also tested for
this transformation (Table 1, entries 3—14). Almost no cata-
lytic activity was observed when the reaction was performed
with complexes C-D bearing either the TsDPEN or Ts-
DACH diamine ligand in combination with the n®-arene =
mesitylene (Table 1, entries 3-4, 15 and 11% conv.). Similar
results were achieved with complexes E-G possessing 1°-
arene = p-cymene, regardless of the nature of the chiral di-
amine (Table 1, entries 5-7, 8-15% conv.), while the use of

R1_'\
= Cl

o]
R' = H, Me, OMe, Ph, F, Cl, Br, |

1) Et3N (1.2 equiv.), DCM, 0 °C, 15 min
2) RCOCI (1.1 equiv.), overnight

MGOD/\
HN__O ©/\
MeO
_— or
R'— |
X

2: R' = H, Me, OMe,
Ph, F, Cl, Br, |

l\
_~ HN__O

R
HN__O

[o]
1/ r 1/
R—\| R—\I

3: R' = H, Me, OMe,
Ph, Cl, Br, |

4: R = Me, OMe,
R' = H, Me, OMe, Ph, Cl, Br

1) (CF3S0,)0 (1.1 equiv.), DCM, 78 °C,
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2) 2-Chloropyridine (1.1 equiv.), =78 °C to r.t.
3) NaOH (1 m)

R
~

MeO
Meoiié\‘ N
= =
R1— I R1_
X A |

5:R"=H, Me, OMe, 6:R'=H, Me, OMe, 7: R=6-Me, R'= H, Me, Ph, Cl, Br
Ph, F, Cl, Br, | Ph,Cl,Br,I 8 R=5-OMe, R'=H, Me,Cl, Br
9:
1

R =6-OMe, R'=H, Me, Ph, Cl, Br
0: R=7-OMe, R'=H, Me, Ph, CI, Br

Scheme 1. Synthesis of 1-aryl-DHIQ derivatives 5-10 (DCM = dichloromethane).
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complexes bearing a more electron-withdrawing group on
the TSDPEN ligand such as p-nitrobenzenesulfonyl (catalyst
H) or 3,5-bis(trifluoromethyl)benzenesulfonyl (catalyst I)
slightly improved the catalytic activity (Table 1, entries 8-9,
28-27% conv., 11-13% ee). A significantly higher conver-
sion was achieved with catalyst J containing the hexameth-
ylbenzene arene ring, but the desired product 11a was deliv-
ered as a racemate (Table 1, entry 10, 71% conv.). To our
delight, the use of complexes K-N having the less sterically
bulky n°-benzene as ligand led to a marked improvement
in the efficiency of the reaction, providing 11a in good to
excellent conversions with enantioselectivity values ranging
from 22 to 74% (Table 1, entries 11-14, 66-100% conv.).
Encouraged by these results, we further studied the im-
pact of the solvent and the temperature on the stereochemi-
cal outcome of the reaction. The results of these experi-

Table 1. Catalyst screening for ATH of 5a.[2l
L

MeO

MeO

(S,S)-Ru-Cat, (S/C 100)

ments are summarized in Table 2. Full conversions and
good isolated yields ranging from 77 to 90% were obtained
in all solvents examined, but the enantiomeric excesses of
the product proved to be highly solvent-dependent. Less
polar solvents such as THF, toluene, and dioxane afforded
THIQ 11a with higher enantioselectivities than did polar
aprotic solvents such as acetonitrile and DMF (Table 2,
compare entries 2-4 vs. 5-6). The best result with respect
to both selectivity and reactivity was obtained using 2-prop-
anol as the solvent (Table 2, entry 7, 90% yield, 82% ee).
The data presented in Table 2 also illustrates that the cata-
lytic activity of this process was greatly affected by the reac-
tion temperature. Lowering the temperature from 30 °C to
either 20 °C or 10 °C had no repercussion on the catalytic
efficiency (Table 2, compare entry 7, 90% yield, 82% ee vs.
entries 10-11, 86 and 87% yield, 81 and 80% ee); and a

NH
MeO ;

. O

2.0 equiv. HCO,H/EtN (5:2)
CH,Cly, 30 °C, 16 h

11a

Entry Catalyst Conversion!® [%] eell [%)]
1 A 100 0
2 B 100 0
3 C 15 n.d.
4 D 11 n.d.
5 E 15 n.d.
6 F 11 n.d.
7 G 8 n.d.
8 H 28 11
9 | 27 13
10 J 71 0
11 K 92 22
12 L 100 74
13 M 100 71
14 N 66 63

4

==

= o

Rh\ r— Ru\NT ~RU~NTs ~Ru~NTs
o RP=NTs o7 T—NTs cl- s ci-N cr’
ZN\)‘Ph ZN\)‘Ph HZN\_)‘Ph HZNbH ZN\;_)‘Ph
A & B %, C pn pH E pPh
CF,
<=~ ~<= =< <<
Ru~ Ru~ }:?u\ Q F:{u\
ci- Y NMs cl- NTs ~NU=N's WU~N'S CF;
HN_S<pp HaN S<H “HN 1O, N Nt
L ¥ : Ph ;
F Ph ¢ H 5h 14 P
< = 0 = =
=/ 0, : .
- RU=NTs o RU-NS T - RU=NTS o RU=NTs TsN ’R\U\CI
HZN\E)‘Ph ZN\E)‘Ph " ZN\)‘Ph HZNH‘ H o H
J  Ph K Ph L Ph M Ph N

[a] Reactions were conducted using 1 mmol of substrate. [b] Determined by 'H NMR analysis of the crude product. [c] Determined by
chiral stationary phase-supercritical fluid chromatography (CSP-SFC). The absolute configuration of the product was assigned to be (R)

by comparison with literature data; n.d.: not determined.
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further decrease to 0 °C or —10 °C caused a significant drop
of the reaction rate while maintaining good levels of asym-
metric induction (Table 2, compare entry 7, 90% yield, 82%
ee vs. entries 12-13, 80% ee). Finally, performing the reac-
tion at 50 °C provided 11a in a good isolated yield of 87%
but with a lower enantioselectivity of 72% (Table 2, com-
pare entries 7 vs. 9). Interestingly, the catalyst loading could
be reduced from 1 to 0.5 mol-% without affecting the ste-
reochemical integrity of the new stereogenic center, al-
though a longer reaction time (30 h) was required to reach
completion (Table 1, compare entries 7 vs. 8).

Table 2. Optimization of the reaction conditions for ATH of 5a.[]

MeO MeO. < >
O | (5.5 RuCatL, (SiC 100) m” 5
P -RYNTs
MeO 2 equiv. HCOOH/EGN (5:2) Me© CIth Ph

‘ solvent, T (°C), 16 h @ B
5a 11a L

Entry  Solvent T[°C] Conv.P[%] Yield [%]  eeld [%)]
1 CH,Cl, 30 100 87 74
2 toluene 30 100 83 77
3 THF 30 100 80 70
4 dioxane 30 100 77 65
5 DMF 30 100 77 48
6 CH;CN 30 100 85 45
7 PrOH 30 100 90 82
glel PrOH 30 100 83 81
9 PrOH 50 100 87 72
10 PrOH 20 100 86 81
11 PrOH 10 100 87 80
12 PrOH 0 30 28 80
13 PrOH -10 30 27 80

[a] Reactions were conducted using 1 mmol of substrate. [b] Deter-
mined by '"H NMR analysis of the crude product. [c] Isolated
yields. [d] Determined by chiral stationary phase-supercritical fluid
chromatography (CSP-SFC). The absolute configuration of the
product was assigned to be (R) by comparison with literature data.
[e] Reaction run for 30 h with S/C = 200.

Through these screenings, the best reaction conditions
for the asymmetric transfer hydrogenation of the 1-phenyl-
3,4-dihydro-6,7-dimethoxyisoquinoline 5a were therefore
set as the following: 1mol-% of [RuCl(n®benzene)-
TsDPEN] catalyst L in combination with a 5:2 HCO,H-
Et;N azeotropic mixture as a hydrogen source, 2-propanol
as a solvent, at 30 °C for 16 h.

Scope and Limitation

With the optimized conditions for the catalytic asymmet-
ric transfer hydrogenation reaction of 5a in hand, the scope
and limitation of the present system were investigated
(Tables 3, 4, and 5). Toward this end, a full set of 1-aryl-
DHIQ derivatives, diversely substituted on the aromatic
rings, were synthesized (vide supra, Scheme 1). Initially, we
decided to study the ATH reaction of a wide range 6,7-
dimethoxy substituted isoquinoline derivatives Sa—t having
different substituents at the I-phenyl ring. As outlined by
the results shown in Table 3, both electron-donating or

Eur. J. Org. Chem. 2015, 6503-6514
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-withdrawing substituents were equally well tolerated, af-
fording the corresponding 1-aryl-6,7-dimethoxy-tetrahydro-
isoquinolines 11a-t in high isolated yields and good to ex-
cellent enantioinductions, varying from 69 to 99% ee
(Table 3, entries 1-20). The data of Table 3 also reveal that
the stercochemical outcome of this ATH process was
strongly influenced by the substitution pattern on the
pendant 1-phenyl group. For instance, DHIQ substrates
possessing either an electron-donating or electron-with-
drawing substituent such as methyl (5b), bromine (5d) or
chlorine (5e) on the meta position led to similar results in
terms of both reactivity and selectivity when compared to
those achieved for the unsubstituted model substrate 5a
(Table 3, entries 1 vs. 2, 4 and 5, 90-93% yield, 82-84% ee).
The only exception was the result obtained with the DHIQ
substrate Sc¢, which bears an electron-rich methoxy group.
For this substrate, a lower catalytic activity was obtained,
presumably due to a combination of disfavorable electronic
and steric effects (Table 3, entry 3, 83% yield, 69% ee). Re-
duction of para-substituted DHIQ substrates 5f—i uniformly
gave higher selectivity, irrespective of the electronic nature
of the substituents, providing the desired THIQ products
11f-i in excellent yields (90-92%) and enantioselectivities
(87-91% ee) (Table 3, entries 6-9). When the reaction was
performed with meta- and para-disubstituted DHIQs 5j and
5k, a marked drop of the catalytic efficiency was observed
(Table 3, entries 10-11, 85 and 87% yield, 75 and 82% ee,
respectively). Finally, a wide range of ortho-substituted
DHIQs 51-t bearing either electron-donating or electron-
withdrawing groups was also examined (Table 3, entries 12—
20). In all cases, the corresponding THIQ products 111-t
were isolated in excellent yields (83-97%) and with high
enantioselectivities ranging from 96 to 99% ee. These re-
sults clearly showed that steric rather than electronic effects
could be invoked to explain this remarkable influence on
the selectivity, as revealed by a comparison of the enantio-
meric excesses obtained when the reaction was carried out
with DHIQ substrates bearing a fluorine (5q), a chlorine
(5r), a bromine (5s) and an iodine (5t) on the ortho position.
Indeed, as can be seen from the data of Table 3, the selectiv-
ity of the reaction gradually increases when the size of the
halogen atom increases (Table 3, entries 17-20, 96 to
99% ee). Obviously, the presence of an ortho substituent not
only affected to a great extent the coplanarity between the
imine functionality and the l-aryl ring, but also efficiently
hindered one C=N enantioface, favoring a specific rotamer
in one of the two competing diastereomeric transition
states, thereby generating an asymmetric bias.

Our next goal was to study the influence of substituents
attached to the benzene ring of the isoquinoline core on the
stereochemical outcome of the reaction. For this purpose,
we first set out to examine the reactivity of various 1-aryl-
substituted DHIQ derivatives 6a-1 under the optimized
conditions using Ru'™-TsDPEN catalyst L. The results of
these experiments are reported in Table 4. Interestingly, the
ATH reaction of the unsubstituted DHIQ 6a gave the de-
sired THIQ 12a in a similarly high isolated yield but with a
significantly lower selectivity in comparison with the result
6507
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Table 3. ATH reaction of I-aryl-3,4-dihydro-6,7-dimethoxyisoquinoline derivatives Sa—t.[4]

MeO. s A . MeO @
(S.S)-Ru-Cat L, (S/C 100) m Ru
MeQ™ 7 N MeO ~NH oy s

’ 2.0 equiv. HCO,H/Et;N (5:2) = ZN\)‘Ph
5 [© Lgi iPrOH, 30 °C, 16 h 1 /:_Rﬂ L Ph
- X
Yield ee i
Entry Product ) ” Entry Product Yield ee
%) 2 Gl el

NH
1 11a © £l 82 (+) 19 11k O O N 87 82 (-)
MeO MeO
MeO

NH NH Me
Me
2 11b © 90 84 (+) 12 11 86 98 (+)
MeO
MeO
NH NH OMe

v, OM ",

3 1 ©/ © 83 69 | 13 11m @ 84 96 (+)
MeO MeO
MeO

NH NH Me
. B
4 1d @/ r £ 82 (+) 14 11n @\ 83 98 ()
MeO Me

MeO
NH NH OMe
- Cl .
5 11e ©/ 93 83 (+) 15 110 s 85 96 (+)
MeO’ MeO OMe
MeO e
NH NH ‘
6 1f ©\ 90 91 (+) 16 11p 86 98 (+)
MeO' Me MeO’
MeO MeO
NH NH F
oM ©\ 92 o1 | 17 11q @ o7 96 (+)*
MeO OMe MeO
MeO MeO
NH NH CI
8  11h ©\ 91 g7 | 18  M1r 93 98 (-)
MeO’ F MeO
MeO MeO
NH NH Br
9 11i ©\ 92 87 (- 19 11s @ 91 98 (-)
MeO’ (¢]] MeO
MeO MeO
NH |
109 14 O O OMe 85 759 | 20 1t © 92 99 (-)
MeO OMe MeO
MeO

[a] Reactions were conducted using 1 mmol of substrate. [b] Isolated yields. [c] Determined by chiral stationary phase supercritical-fluid
chromatography (CSP-SFC). [d] The (R,R)-Ru catalyst was used, giving the corresponding (S)-hydrogenated product. [e] Determined by
CSP-SFC on the N-tosylated product.

obtained for the reduction of 1-phenyl-3,4-dihydro-6,7-di- This considerable difference in selectivity could presum-
methoxyisoquinoline (Sa, Table4, entry 1, 90% yield, ably be attributed to the electron-releasing effect of the two
29% ee vs. Table 3, entry 1, 90% yield, 82% ee). methoxy groups, which increases the C=N double bond
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Table 4. ATH reactions of 1-aryl-3,4-dihydroisoquinoline deriva-
tives 6a-1.[4]

e Ccow| <
; N2 (S,S)-Ru-CatL, (S/C 100) ANH C|rr";u‘NTs
1 2
’ P 2.0 equiv. HCO,H/Et3N (5:2) = NHz\:)*ph
IRt JPrOH,30°C, 16 h 12()}—R1 Ph
6 X X L
Entry Product Yield ee
[%]" (%]
NH
1 12a © 90 29 (-)
NH CI
ol 12b @ 73 92 (-)
NH Br
3l 12¢ © 71 94 (-)
NH |
44 12d © 72 92 (-)
NH Me
5 12e © 77 84 (-)
NH OMe
6 12f I© 78 79 (+)
NH Me
7 12g /©\ 75 90 (+)
Me
NH ‘
8 12h 74 90 (-)
NH
9 12 m@)‘"e 88 36 (-)
NH
10 12j -~,©/0Me 93 33 (+)
NH
11 12k ©\ 87 36 (-)
Me
NH
12 12| /©\ 89 39 (+)
OMe

[a] Reactions were conducted using 1 mmol of substrate. [b] Iso-
lated yields. [c] Determined by chiral stationary phase supercritical-
fluid chromatography (CSP-SFC). [d] 80% conversion after 40 h of
reaction.

European Journal
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electron density and allows stronger C(sp?)H/n interactions
between the aromatic ring of the isoquinoline skeleton and
a hydrogen atom on the n°-benzene ligand, thus improving
C=N enantiofacial discrimination by the Ru" catalyst (see
Figure 2, vide infra). A similar trend was observed for all
1-aryl-substituted DHIQ derivatives 6b-1 tested irrespective
of the nature and position of the substituents present on
the pendant 1-phenyl ring. For instance, the ATH reaction
of substrates 6b-h having either electron-donating or elec-
tron-withdrawing substituents at the ortho position uni-
formly provided the corresponding 1-aryl THIQs 12b-h
with lower chemical and optical yields (Table 4, entries 2—
8, 71-78% yield, 79-94% ee vs. Table 3 entries 12-20, 83—
97% yield, 96-99% ee). This effect was even more pro-
nounced along the series of DHIQs 6i-1 possessing meta
and para substituents, although the desired reduced prod-
ucts 12i-1 were isolated in comparably high yields (Table 4,
entries 9-12, 87-93% yield, 33-39% ee vs. Table 3 entries
2-11, 83-93% yield, 69-91% ee).

To establish the effects of electron-rich substituents pres-
ent on the isoquinoline unit on the course of the reaction,
we subsequently applied our catalytic system to the ATH
reaction of a wide range of 1-aryl-substituted DHIQ deriva-
tives 7-10 bearing a methoxy or a methyl group at the 5-,
6-, or 7-position of the benzene ring of the isoquinoline
moiety. As outlined in Table 5, all substrates were efficiently
converted into the corresponding THIQ derivatives 13-16
in good yields ranging from 80 to 93 %. It was found, how-
ever, that the position of the substituents greatly influenced
the selectivity of the reaction. As expected, substrates 7a—c,
8a-e, 9a-d and 10a-f bearing either electron-donating or
electron-withdrawing groups at the ortho position of the 1-
phenyl ring generally displayed good to excellent enantiofa-
cial discrimination, leading to the targeted products 13a—c,
14a-e, 15a-d and 16a—f with good to excellent ee values in
the range of 84 to 95%, 91 to 96%, 79 to 93% and 92 to
96%, respectively (Table 5, entries 1-3, 8-12, 17-20, and
25-30). This result clearly confirmed that the presence of
ortho-substituents on the 1-phenyl ring is an essential and
sufficient parameter to achieve high levels of selectivity, as
previously observed for compounds St (Table 3, entries
12-20) and 6b-h (Table 4, entries 2-8), regardless of the
substitution pattern on the benzene ring of the isoquinoline
moiety. The data presented in Table 5 also show that the
presence of a methoxy group at the 5-position considerably
altered the selectivity of the reaction, because ee values
ranging from 3 to 34% were obtained for the reduction of
DHIQ derivatives 7d-g (Table 5, entries 4-7). For com-
pounds 14f-i and 15e-h that bear a methoxy or a methyl
groups at the 6-position, enantiomeric excesses ranging
from 33 to 60% and 27 to 53 %, respectively, were obtained
(Table 5, entries 13-16 and 21-24). Finally, a higher selec-
tivity was restored for the THIQ derivatives 16g—j having a
methoxy substituent at the 7-position of the benzene ring
of the isoquinoline scaffold (Table 5, entries 31-34, 54-80%
ee).

Based on the above results, it appears that the catalytic
efficiency of the process for this series of monosubstituted
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Table 5. ATH reactions of 1-aryl-3,4-dihydro-monosubstituted isoquinoline derivatives 7-10.1

X
!
(S.S)-Ru-Cat L, (SIC 100) R%H <&

) H Cl/r\:U\NTS
2.0 eguw. HCOOZH/Etg,N (5:2) /‘ HZN\:)‘ph
iPrOH, 30 °C, 16 h N 1 H
P L Ph
7: R =5-MeO 13: R = 5-MeO
8: R =6-MeO 14: R = 6-MeO
9: R=6-Me 15: R =6-Me
10: R =7-MeO 16: R =7-MeO
Yield ee i
Entry Product Entry Product Yield ee
[%]® %] %] %]
NH CI NH Me
1 13a MeO. , 85 92 (-) 18 15b “u 90 93 ()

Me’

NH Br NH OMe
2 13b MeO @ 87 95 (-) 19 15¢ © 82 79 (-)
Me’
NH Me NH ‘
3 13¢c MeO @ 87 84 (-) 20 15d 92 93 (-)
Me’
NH NH
4 13d MeO -~,©/C' 88 3 () 21 15e '«»©/C' 90 27 (9
Me
NH NH
5 13e MeO w@Me 86 17 ()9 22 15f "~©/Me 85 39 (-)
Me
NH NH
6 13f MeO ©\ 82 34 23 159 ©\ 86 53 ()
Cl Me Cl

NH NH
7 13g Meo\& @\ 84 159 24  15h /& @\ 93 50 (=)
Me Me’ Me
NH ClI NH CI
8 14a @ 90 96 (-) 25 16a QS\H @ 87 96 (-)
MeO

MeO
NH Br NH Br
9 14b /&@ 84 95 (-) 26 16b ;9 @ 89 95 (-)
MeO
MeO
NH Me NH Me
10 14c /&@ 92 92 () 27 16¢c g? @ 90 92 (+)
MeO
MeO
NH Me NH OMe
1 14d /i?@\ % 91 () 28  16d CSH @ 86 92 (+)
MeO Me
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Table 5. ( Continued)
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of Organic Chemistry

Yield ee i
Entry Product ol . Entry Product Yield ee
(%] (%] [%]" %"
NH ‘ NH Me
12 14e 87 95 () 29 16e @\ 20 9 (-)
eO Me
MeO
) " )
13 14f ©/CI 85 33 () 30 16f 91 96 (-)
eO
MeO
NH NH
. Cl
14 14g ©/ Me 88 46 () 31 16g ”©/ 86 54 (-)
eO
MeO
NH NH
- M
15 14h ©\ 80 60 32  16h ©/ © 90 63 (-)
eO Cl
MeO
NH NH
16 14i ©\ 86 54 38 16 ©\ 83 80
eO Me cl
MeO
NH Br NH
17 15a @ a7 93 () 34 1gj ©\ 89 59 ()
Me Me
MeO

[a] Reactions were conducted using 1 mmol of substrate. [b] Isolated yields. [c] Determined by chiral stationary phase supercritical-fluid
chromatography (CSP-SFC). [d] Determined by CSP-SFC on the N-tosylated product.

stabilizing C(sp?)H/n

interaction
\
H addition to Si face pMeO
Ph-.,':'ZN\l/?u/ _of the iminium j@@
{S§/N O R NH
(s)

@

Figure 2. Origin of the enantioselectivity for the ATH reaction of
DHIQ 5a using the (S,S)-Ru catalyst.

stabilizing hydrogen

favored TS bond interaction

DHIQs 7-10 was most likely due to increased steric hin-
drance near the reactive center during the approach of the
Ru catalyst rather than electronic effects.

Origin of the Enantioselectivity

Based on mechanistic and computational studies, the
concerted outer-sphere mechanism of hydrogen transfer
from [Ru"H(n®%-arene)diamine] intermediate to ketones via

Eur. J. Org. Chem. 2015, 6503-6514
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a cyclic six-membered transition state is now relatively well
established and generally accepted.?* In sharp contrast, the
mechanism for the ATH reaction of imines using the same
Noyori-type catalyst has been much less explored.[>>! Until
recently, it has merely been assumed that both classes of
compounds (e.g., ketones and imines) follow the same
mechanistic pathway. Based upon several experiments,
Bickvall et al.>>#! in 2006 and Wills et al.?>2¢l in 2009
demonstrated that the mechanism for the reduction of
imines is different than the one that operates for ketones.
They suggested that an ionic, rather than a concerted
mechanism, wherein the imine is protonated prior to
hydrogen transfer is involved in the ATH reaction of imines.
In 2011, this ionic mechanism was supported by the contri-
butions of Kadcer et al.?>%2¢l using DFT calculations. As a
result, the selectivity observed in the ATH reaction of the
1-phenyl-3,4-dihydro-6,7-dimethoxyisoquinoline 5a using
[Ru'Cl(n®-benzene)(S,S)-TsDPEN)] as catalyst could be ex-
plained through the transition state model depicted in Fig-
ure 2. In the proposed favored TS, the metal hydride is de-
livered to the Si face of the DHIQ after acidic activation in
which the C=N bond of the iminium cation is not coordi-
nated to the NH, group of the TsDPEN ligand, leading
to the (R)-THIQ 11a as a major product enantiomer, as is
observed experimentally. Additionally, these DFT calcula-
6511
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tions also reveal that two attractive interactions which re-
tain the substrate at the active site of the ruthenium com-
plex and stabilize the TS appear to be crucial to the control
of the absolute product stereochemistry: 1) a C(sp*)H/r in-
teraction between the aromatic ring of the isoquinoline
skeleton and a hydrogen atom on the n®-benzene ligand and
2) a hydrogen bonding interaction between the C=NH"*
group of the substrate and an oxygen of the SO, fragment
of the TsDPEN ligand.

Synthetic Applications

To demonstrate the utility of our process, several 1-aryl-
THIQ derivatives of pharmaceutical interest have been pre-
pared (Scheme 2).

MeO

(R.R)-Ru-Cat L (S/C 100),

MeO
HCO,H/Ef;N (5:2, 2.0 equiv.) ©

iPrOH, 30 °C, 16 h

s NH

)-nor-cryptostyline |
7% yield, 82% ee

MeO.
O s NH
(R.R)-Ru-Cat L (S/C 100), MeO

MeO
MeO l
MeO
HCO,H/E;N (5:2, 2.0 equiv.)
] OMe
MeO

5§ (S)-(-)-nor-cryptostyline Il
85% yield, 75% ee

iPrOH, 30 °C, 16 h

) (S.S)-Ru-Cat L (S/C 100),

MeO HCOzH/Eth (5:2, 2.0 equiv.) MeO
O iPrOH, 30 °C, 16 h, m
MeO 92%, yield, 87% ee & N\n/
2) AcCl (1.1 equiv.), - 0
Et3N (1.5 equiv.),

CH,Cl,, 30 °C, overnight,
quant. Cl
(R)-17, AMPA receptor antagonist
up to 98% ee, 80% yield
(recryst. from methanol)

(1 gram scale)

Scheme 2. Synthesis of (S)-(-)-norcryptostylines I, II and AMPA
receptor antagonist (R)-17.

For example, natural (S)-(—)-norcryptostylines I and II,
which are known to modulate glutamate neurotransmission
in the central nervous system,[!!:!?1 were obtained in good
yields and enantioselectivities (Scheme 2, 87% and 85%
yields, 82% and 75% ee, respectively) through the ATH re-
action of the corresponding DHIQ derivatives 5k and 5j
(vide supra, Table 2, entries 10 and 11). The above protocol
also provided an efficient and straightforward access to
compound (R)-17, which is a potent noncompetitive AMPA
receptor antagonist investigated in phase III trials as an
antiepileptic agent.””) The targeted THIQ (R)-17 has been
prepared on gram-scale using a two-step sequence depicted
in Scheme 2. Under the optimized reaction conditions,
DHIQ 5i was smoothly transformed to the corresponding
THIQ 11i (not shown) in excellent yield and good enantio-
selectivity (Scheme 2, 92% yield, 87% ee). Subsequent acet-
6512
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ylation, followed by a single recrystallization in methanol
afforded the desired product 17 in 80% isolated yield and
with an excellent enantiopurity up to 98% ee.

Conclusions

A general, efficient and highly enantioselective asymmet-
ric transfer hydrogenation reaction of a wide range of read-
ily available 1-aryl-3,4-dihydroisoquinoline derivatives has
been developed using a 5:2 formic acid and triethylamine
azeotropic mixture as a hydrogen source in the presence of
the [Ru'Cl(n%-benzene)(S,S)-TsDPEN] catalyst. Several ge-
neral tendencies emerged from these results. The reaction
has been found to accommodate a remarkably broad sub-
strate scope, providing the corresponding 1-aryl-tetrahydro-
isoquinoline scaffolds, which are versatile building blocks
of high utility to both organic and medicinal chemists, in
good to excellent yields and with unprecedented high levels
of enantioselectivity and wide scope. Our study also re-
vealed that the stereochemical outcome of the reaction was
strongly influenced by both the structure of the catalyst and
the position and nature of the substituents present on the
aromatic rings of the substrate. In particular, it was found
that the ATH reaction of substrates having two, rather than
one, electron-rich methoxy groups provided significantly
higher chemical yields (up to 97%) and enantioselectivities
(up to 99%). This can be explained through the existence
of stronger C-H/r attractive interactions between a C(sp?)-
H substituent on the n’-benzene ligand of the Ru complex
and the aromatic ring of the isoquinoline skeleton that
greatly stabilized the TS (see Figure 2, vide supra). In sharp
contrast, for l-aryl-substituted DHIQs that bear only one
substituent on the benzene ring of the isoquinoline moiety,
it can be concluded that the selectivity of the reaction de-
pends mainly on steric interactions, rather than electronic
effects. Finally, the mild reaction conditions, high yields,
operational simplicity and practicability render this process
an attractive and straightforward approach to the asymmet-
ric synthesis of 1-aryl-THIQ derivatives of pharmaceutical
interest.

Experimental Section

All reactions were run under an atmosphere of argon. Reaction
vessels were dried under vacuum and cooled under a stream of
argon. Dichloromethane and tetrahydrofuran were distilled prior
to use from calcium hydride and sodium/benzophenone, respec-
tively. Solvents, reagents and chemicals were purchased from
Sigma-Aldrich, Alfa Aesar, TCI and Acros Organic and were used
as purchased unless stated otherwise. Proton nuclear magnetic reso-
nance ('"H NMR) spectra were recorded using a Bruker AVANCE
300 (300 MHz). Chemical shifts are reported in delta () units, part
per million (ppm) downfield from tetramethylsilane (TMS) relative
to the singlet at 0 = 7.26 ppm for deuterated chloroform. Coupling
constants are reported in Hertz (Hz). The following abbreviations
are used: s singlet, d doublet, t triplet, q quartet, m multiplet, br.
broad. Carbon-13 nuclear magnetic resonance ('3C NMR) spectra
were recorded using a Bruker AVANCE 300 (75 MHz). Chemical
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shifts are reported in delta (J) units, part per million (ppm) relative
to the center line of the triplet at 6 = 77.0 ppm for deuterated
chloroform. '*C NMR spectra were routinely run with broadband
decoupling. High-resolution mass spectra were performed by the
Groupe de Spectrométrie de masse de I'Université Pierre et Marie
Curie (Paris). Enantiomeric excesses were determined by chiral su-
percritical fluid chromatography (SFC), on a BERGER instrument
equipped with a UV detector or by chiral stationary phase high
performance liquid chromatography (HPLC), on a Waters ¢2695
instrument equipped with a UV detector. Those analyses were per-
formed using Chiralcel columns and eluting with the solvent mix-
ture as indicated. Optical rotation values were recorded with a Per-
kin—Elmer 241 polarimeter at 589 nm (sodium lamp) and are given
in degem?g!.

General Procedure for Asymmetric Transfer Hydrogenation of
DHIQs: The 3,4-dihydroisoquinoline (1 mmol, 1 equiv.) and Ru
catalyst (0.010 mmol, 0.010 equiv.) were placed in a glass tube fitted
with a septum, outlet needle, and magnetic stirring bar. 2-Propanol
was then added, followed by the formic acid-triethylamine 5:2 aze-
otrope (2 mmol, 170 uL, 2 equiv.). The reaction mixture was stirred
at 30 °C until all the starting material had been consumed (TLC
monitoring). The reaction mixture was then neutralized by careful
addition of saturated NaHCO; (10 mL) (vigorous gas evolution).
After being stirred for an additional 10 min, dichloromethane
(10 mL) was added. After decantation, the resulting mixture was
extracted twice with dichloromethane (2 X 10 mL). The combined
organic layers were washed with water (10 mL) and brine (10 mL),
dried with anhydrous magnesium sulfate, filtered and concentrated
under reduced pressure. The residue was filtered through a pad of
silica gel using ethyl acetate as eluent. The solvent was removed
under reduced pressure, and the residue obtained was dried in
vacuo to give the desired chiral THIQ.

Supporting Information (see footnote on the first page of this arti-
cle): Supporting information for this article containing experimen-
tal procedures and characterization data for all new compounds is
available.
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