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Abstract—The present report describes a stereoselective synthesis of 1,4-dihydro-4-phenyl isoquinolinones 5 based on a stereoselective
Friedel-Crafts type cyclization. Cyclization precursors 1 were prepared in two steps, from the readily available (S)-mandelic acid, in
60—-80% overall yield. The stereoselective electrophilic cyclization was accomplished in 20—86% yield and with 20—97% ee. In the course
of this work, the presence of the amide carbonyl was found to be particularly important to guarantee a stereospecific process during the

electrophilic aromatic substitution.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Among the diverse tetrahydroisoquinoline derivatives of
pharmacological interests, 4-aryl-1,2,3,4-tetrahydroiso-
quinolines constitute an important class of biological active
compounds which exhibit inhibitor properties with impor-
tant neurotransmitters.! Despite their interesting neuro-
pharmacological activity, stereoselective preparation of
4-aryl tetrahydroisoquinolines is rarely reported in litera-
ture. The stereocontrol of this motif, i.e. the gem-diaryl
methane, still remains a challenge in stereoselective
synthesis. To the best of our knowledge, aside from some
resolution processes,” only two stereoselective method-
ologies have been developed to have access enantiopure
4-aryl-1,2,3,4-tetrahydroisoquinolines. The first one relies
on a diastereoselective protonation of chiral lactam
enolates.® The second strategy, based on a deracemisation
process, was accomplished in the presence of (—)-sparteine
as external chiral ligand.* In both cases, these method-
ologies produced satisfactory to high levels of stereoinduc-
tion. We wish to report herein, a complementary approach
involving, as the key step of this work, a stereoselective
Friedel—Crafts type cyclization of 1 (Fig. 1).

The stereochemical course of the Friedel-Crafts reaction
usually proceeds with almost complete racemization
attributed to the intermediate formation of a carbonium
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ion. Among the few examples of stereoselective Friedel—
Crafts alkylations reported in the literature, one can quote
the stereospecific alkylation of benzene by (4-)-propylene
oxide> and the stereospecific alkylation of benzene with
(8)-alkyl 2-(sulfonyloxy)propionate.® Both examples make
use of a Lewis acid (AICl;) providing modest to fair
stereoselectivity. More recently, Branchaud reported an
intramolecular stereoselective Friedel—Crafts alkylation of
an episulfonium ion using BF3-E,0.” These isolated
examples are encouraging and prompted us to undertake
further investigations to assess the potential of Friedel-
Crafts alkylations in the stereoselective preparation of
4-aryl tetrahydroisoquinolines (Fig. 2).
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Figure 1. Previously reported routes to have access to enantiopure 4-aryl-
1,2,3,4-tetrahydroisoquinolines: (a) diastereoselective protonation of
lactam enolates; (b) deracemization processes; (c) stereoselective
Friedel-Crafts type cyclization.
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Figure 2. Literature data related to stereospecific Friedel—Crafts
alkylation.
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2. Results and discussion
2.1. Preparation of the cyclization precursors 1

The required precursors 1 are prepared in a few steps from
the readily available (S)-mandelic acid and aldehydes 2a—e.
Amines 3a—e are obtained in 63—100% yields following a
standard procedure of reductive amination. The commer-
cially available (S)-mandelic acid was first protected as its
O-acetyl mandelic acid 4 and then condensed, after
activation into its acid chloride, with amines 3a—e to give
the desired cyclization precursors la—e in 64—-95% yields.
It should be noticed that DIEA showed to be the only base
tested in this condensation which provided la—e without
racemization. All other bases, such as triethylamine and
DMAP led to partial racemization (Table 1).

2.2. Stereoselective cyclization of 1c to 1,4-dihydro-4-
phenyl isoquinolinone 5S¢

The cylization was first conducted with 1¢, in CH,Cl,, in
the presence of concentrated sulfuric acid as promoter of

Table 2. Cyclization of 1c. Reagents and conditions: (a) H,SO4/CH,Cl,,
4 h; (b) BH5/THF, reflux, 12 h

| N
=
cO :
° () O (b)
N__ 55%-86% N_ 86%
(S)-1¢c (S)-5¢
ee>97% ee=63-87% ee 90%
Entry Temperature (°C) Yield (%) ee” (%)
1 35 55 63
2 20 63 63
3 0 77 81
4 —15 86 87
5 —25 30 Not measured

? Determined by chiral HPLC analysis.

the cyclization (Table 2). Under these conditions, 1,4-di-
hydro-4-phenylisoquinolone Sc is obtained in 30-86%
yields. The stereoselectivity of the cyclization ranged from
63 to 87% ee, the best result in terms of yield and
stereocontrol being obtained at —15°C (Table 2, entry 4).
Attempts to improve the stereoselectivity by conducting the
reaction at lower temperature resulted in low conversion to
the cyclization product 5c¢ (Table 2, entry 5). At this stage
it appeared important to make certain that the cyclized
product Sc did not racemize under the cyclization
conditions. To this end, the enantiomerically enriched
isoquinolone Sc¢ (ee=87%) was subjected to the cyclization
conditions (H,SO4/CH,Cl,, rt, 12h), after which chiral
HPLC analysis of 5c reveals no erosion of the optical purity.
Subsequent reduction of Sc into the known 4-phenyl-1,2,
3,4-tetrahydroisoquinoline 6¢ was accomplished in 86%
yield (ee=90%). Absolute configuration of 6¢ was assigned
as (S) by comparison of optical rotation with the previously
reported data in the literature.® Consequently, the cycliza-
tion proceeds with inversion of configuration at the reacting
centre pointing out the SN2 nature of this process.

Table 1. Preparation of the cyclization precursors. Reagents and conditions: (a) CH;COCI, rt; (b) R?NH,/MeOH, rt, 2 h then NaBH,, 0°C, 1 h; (c) SOCl,,

reflux, 4 h then CH,Cl,, 0°C—rt, (i-Pr),EtN/12 h

O\ 63-100% O\/

CHO COOH
2a-e %2 64.95% 4
1 2 OAc

1a: R'=2-Br; R°= Me

1b: R'=2-NOy; R’= Me i 0

1¢: R'=H; R?= Me | P N

1d: R'=3-OMe; R?= Bn R1/ “R?

1a-
1e: R'=3-OMe; Rz?f\( Me ae
Ph

Entry Aldehyde 2/amine Compound 3, yield (%) Compound 1, yield (%)
1 2a (R'=2-Br, R?>=Me)/MeNH, 3a, 89 1a, 89 (ee>97%)*
2 2b (R'=2-NO,, R>=Me)/MeNH, 3b, 63 1b, 98%"
3 2¢ (R'=H, R’=Me)/MeNH, 3c, 88 1c, 75 (ee>97%)*
4 2d (R'=3-OMe, R>=Bn)/BnNH, 3d, 98 1d, 64 (ee>97%)*
5 2e [R'=3-OMe, R*=CH(Me)Ph]/(S)-NH,CH(Me)Ph 3e, 93 le, 64 (de>97%)*

# Determined by chiral HPLC analysis.
® The optical purity was not measured.
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Scheme 1. Comparison of this work with previously reported similar
Friedel-Crafts type cyclization. Reagents and conditions: (a) HBF,
OMe,/CH,Cl,, —20°C; (b) H,SO4/CH,Cl,, —15°C, 4 h.

2.3. Influence of the carbonyl group in the stereo-
chemical outcome of the cyclization

The cyclization reaction of similar enantiopure substrates
has been reported by Davies yielding 1-phenyl 1,2,3.4-
tetrahydrobenzazepine with almost complete racemization.’
These literature data suggest that, in our case, the carbonyl
group is essential to ensure the stereoselectivity of the
cyclization (Scheme 1).

To ascertain the influence of the carbonyl group in the
stereocontrol of this cyclization, lactam 1¢ (ee>97%) was
reduced prior to treating the resulting alcohol 7¢ (ee>97%)
under the best cyclization conditions selected with 1c.
Treatment of enantiopure 7¢ in CH,Cl, with sulphuric acid
at —15°C during 4 h, afforded 6a in 62% yield in a racemic
form (Scheme 2). The use of other acidic conditions such as
pTsOH, TFA or BF;-Et,0O resulted in the recovery of the
starting material. Only TfOH and TiCl; provided the
cyclization product 6¢, however, with complete racemiza-
tion. These results clearly demonstrate that the amide
carbonyl constitutes a critical structural feature to give rise
to a stereoselective process.

©V \67%©\/ N< 62°/ N

(S)-1c (S)-7c
ee>97% ee>97%

(rac)-6¢c

Scheme 2. Reagents and conditions: (a) LIAIH4/THF, rt, 12 h; (b) H,SO4/
CH,Cl,, —15°C, 4 h.

Although the role of the carbonyl group in the stereo-
chemical outcome of the cyclization is not well established,
one can presume that the electron withdrawing effect of the
carbonyl amide would prevent the formation of the benzylic
carbonium ion, allowing a SN2 type process to take place.

2.4. Variation on the aromatic ring: cyclization of
la,d,ef

To study the scope and limitations of this electrophilic
cyclization, we next investigated the reactivity of la,d,e.f
differently substituted at the benzene ring. Whereas la
cyclized in 70% yield with excellent stereoselectivity
(ee=90%),'° cyclization of 1d provided 5d in a poor yield
(20%), however, in a somewhat higher enantioselectivity
(ee>97%). It should be added that only 5d arising from the

»

D N.
R( = N~R2 R( = RZ
5a:70%; ee= 90% (S)
5d:20%; ee>97% (S)

1a: R'= 2-Br; R?>= Me
1d: R'= 3-OMe; R?= Bn

Scheme 3. Reagents and conditions: (a) H,SO4/CH,Cl,, —15°C, 4 h.

cyclization at the para position with respect to the methoxy
group was observed throughout this work. The modest yield
observed in the cyclization of 1d may be attributed to partial
O-demethylation at the benzene ring,!! which further may
generate tarry materials. To circumvent this limitation,
attempt to conduct the cyclization of 1d at lower
temperatures (—40°C) resulted in the recovery of the
starting material (Scheme 3).

Substrate 1e presents an additional chiral appendage at the
nitrogen amide offering the opportunity to observe an
eventual match/mismatch effect on the stereoselectivity of
the cyclization. Both epimers (R,S)-1e and (S,5)-1e were
prepared and subjected to cyclization. In both cases, the
cyclized product Se was obtained in up to 97% ee with
opposite absolute configuration at C-4. No evidence of a
match/mismatch situation, which could have been promoted
by the presence of the chiral appendage was observed. The
absolute configuration at the gem diarylmethane position of
Se, easily deduced from X-ray analysis,!? confirmed the
inversion of configuration during this stereoselective
electrophilic cyclization process (Scheme 4).

We turned our attention to the cyclization of 1g, precursor
of (S)-Nomifensine.!> Upon treatment with ammonium
formate and Pd/C, 1b afforded the corresponding amine 1f
(93%) which was acetylated to give 1g in 90% yield. This
protection of the amino group prevents the formation of
benzadiazepines, as already reported in the cyclization of 1f
under similar conditions.!* Cyclization of 1g afforded 5f in
85% yield and 22% ee (S). The modest stereoselectivity
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Scheme 4. Reagents and conditions: (a) H,SO4/CH,Cl,, —15°C, 4 h;
(b) X-ray structure of (S,S5)-5e obtained by cyclization of (S,5)-1e.
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Scheme 5. Reagents and conditions: (a) HCOONH,4/Pd/C/CH,Cly, rt, 4 h;
(b) MeCOCI/NEt3/CH,Cl,, rt, 4 h; (¢) H,SO4/CH,Cl,, —15°C, 4 h.

obtained with 1g may be explained partly by conformational
considerations. Interestingly, whereas cyclization pre-
cursors 1a,b,c,d,e are obtained as a mixture of two amide
rotamers, 'H NMR spectra of 1f and 1g revealed the
presence of a single rotamer. To account for this, one can
assume that the conformational equilibrium would shift in
favor of the conformation which contains an intramolecular
hydrogen bond between the amide carbonyl and the NH
group present in both compounds 1f and 1g as illustrated in
Scheme 5. A NOESY experiment of 1g furnished
conformational information consistent with the presence
of this intramolecular hydrogen bond. In such a confor-
mation, the two reacting centers seemed too far to promote
the ring closure. This unreactive conformation in conjunc-
tion with the electron withdrawing effect of the acetamido
group, decrease the rate of the cyclization and may account
for the poor stereoselectivity observed with 1g.

3. Conclusion

This stereoselective Friedel—Crafts type cyclization pro-
vides a new and straightforward strategy, starting from
commercially available (S)-mandelic acid, to control the
benzylic stereochemistry of 1,4-dihydro-4-phenyl iso-
quinolinones 5. Subsequent reduction furnish the corre-
sponding enantio-enriched 1,2,3,4-dihydro-4-phenyl
isoquinolines. In the course of this work, the presence of
the amide carbonyl in precursors 1 appeared to be critical to
ensure a high level of stereocontrol. This electrophilic
cyclization, akin to a SN2 process, was accomplished in
acceptable yields and stereoselectivities ranging from 20 to
97% ee. Lastly, it should be noted that if this cyclization
affords high degree of stereocontrol with aromatics
sufficiently reactive toward electrophilic aromatic substi-
tution, the main limitation of this method is the modest
results observed with electron-poor aromatics.

4. Experimental
4.1. General methods
The infra-red spectra were recorded on a Beckmann IR 4250

spectrometer. The 'H and '>C NMR spectra were recorded
on a 300 MHz Bruker apparatus (AVANCE 300). Spectra

were recorded in deuteriochloroform or in hexadeuteriodi-
methylsulfoxide (DMSO-dg). Chemical shift are given in
ppm with TMS or HMDS as internal reference. Chemicals
were purchased from Aldrich Co. and Janssen Co. and,
unless otherwise stated, were used without further purifi-
cation. Flash chromatography was performed with silica 60
(70-230 mesh from Merck) and monitored by thin layer
chromatography with silica plates (Merck, Kieselgel 60
F»s4). Benzylmethylamine was commercially available. The
following compounds were prepared by literature methods.

4.2. Reductive amination of aldehydes 2

4.2.1. 2-(Bromobenzyl)-methylamine (3a). Procedure
(A). To a solution of methanol (50 mL) and 2-bromo-
benzaldehyde (4.02 g, 22 mmol) was added a 40% aqueous
solution of methylamine (2.44 mL, 28 mmol). After stirring
at room temperature for 15 min, the solution was cooled to
0°C prior to adding sodium borohydride (0.41 g, 11 mmol)
portion wise. The resulting solution was stirred at room
temperature for 1h. After addition of water (50 mL),
methanol was evaporated under vacuum and the resulting
aqueous phase extracted with CH,Cl, (3X50 mL). The
combined organic layers are dried (MgSO,) and evaporated
affording 3a as a colorless oil (3.81 g, 89%). The product
was used in the next step without further purification.
'"H NMR (300 MHz, CDCl3) & 7.25 (1H, d, J=9.0 Hz),
7.10-6.79 (3H, m), 3.54 (2H, s), 2.16 (3H, s), 1.46 (1H, s).
13C NMR (60 MHz, CDCls) & 138.76, 132.45, 129.94,
128.26, 127.08, 123.71, 55.39, 35.56. IR (neat) 3320, 2846,
1440, 1025, 750 cm ™. Anal. calcd for CgH,oNBr: C, 48.03;
H, 5.04; N, 7.03. Found: C, 47.82; H, 5.06; N, 6.93.

4.2.2. 2-(Nitrobenzyl)methylamine (3b). According to the
procedure (A) from 2-nitrobenzaldehyde (5.05 g, 33 mmol),
a 40% aqueous solution of methylamine (3.74 mL,
43 mmol), methanol (40 mL), sodium borohydride (0.63 g,
17 mmol). Amine 3b was obtained as an orange oil (3.60 g,
63%). '"H NMR (300 MHz, CDCl3) § 7.63 (1H, d, J=
9.0 Hz), 7.29-7.26 (2H, m), 7.12-7.06 (m, 1H), 3.66 (2H,
s), 2.12 (3H, s), 1.83 (1H, s). 13C NMR (60 MHz, CDCl;) &
149.11, 135.20, 133.21, 130.62, 128.05, 124.79, 52.73,
36.06. IR (neat) 3334, 2851, 1530, 1345, 789, 730 cm ™.
Anal. caled for CgH(N,O,: C, 57.82; H, 6.07; N, 16.86.
Found: C, 57.58; H, 6.08; N, 16.93.

4.2.3. 3-(Methoxybenzyl)benzylamine (3d). According to
the procedure (A) from 3-methoxybenzaldehyde (6.05 g,
44.4 mmol), benzylamine (5.80 mL, 53.1 mmol), methanol
(90 mL), sodium borohydride (4.0 g, 106 mmol). Amine 3d
was obtained as a yellow oil (10.00 g, 100%). '"H NMR
(300 MHz, CDCl53) 6 7.39-7.25 (6H, m), 6.97 (2H, m), 6.83
(dd, 1H, J=8.0 Hz, J=2.5 Hz), 3.83 (5H, m), 3.82 (2H, s),
2.05 (1H, s). '3C NMR (60 MHz, CDCl5) & 159.83, 141.97,
140.26, 129.47, 128.53, 128.27, 127.06, 120.54, 113.68,
112.57, 55.27, 53.16, 53.13. IR (neat) 3342, 2834, 1601,
1585, 1489, 1454, 1264 cm™'. Anal. calcd for C,sH,7NO:
C, 79.26; H, 7.54; N, 6.16. Found: C, 79.23; H, 7.49; N,
6.34.

4.2.4. (S)-N-(3-Methoxybenzyl)-1-phenylethylamine (3e).
According to the procedure (A) from 3-methoxybenzalde-
hyde (8.0 g, 58.7 mmol), (S)-phenylethylamine (9.0 mL,
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69.8 mmol), methanol (120 mL), sodium borohydride
(4.40 g, 116 mmol). Amine 3d was obtained as a yellow
oil (13.0 g, 93%). '"H NMR (300 MHz, CDCl3) & 7.39-7.21
(6H, m), 6.91-6.78 (3H, m), 3.89-3.82 (m, 4H), 3.88 (1H,
d, J/=13.3 Hz), 3.58 (1H, d, J=13.3 Hz), 1.65 (1H, s), 1.39
(3H, d, J=6.6 Hz). 13C NMR (60 MHz, CDCls) & 159.39,
145.27, 142.03, 128.97, 128.59, 128.37, 128.13, 120.04,
113.34, 111.90, 57.10, 54.63, 51.23, 24.20. IR (neat) 3025,
2961 cm™!. Anal. caled for C;¢H;oNO: C, 79.63; H, 7.94;
N, 5.80. Found: C, 79.85; H, 8.10; N, 5.74.

4.2.5. (S)-Acetyl mandelic acid (4). A solution of acetyl
chloride (4.8 mL, 68 mmol) and (S)-mandelic acid (4.09 g,
27 mmol) was stirred at room temperature for 12 h. After
evaporation of the volatile material, (S)-acetyl mandelic
acid 4 was obtained as a white solid (5.30 g, 100%) and used
without further purification in the next step. '"H NMR
(300 MHz, CDCl3) 6 11.06 (1H, s), 7.36—7.24 (5H, m), 5.80
(1H, s), 3.88 (1H, d, /=13.3 Hz), 2.04 (3H, s). '3C NMR
(60 MHz, CDCl3) 6 174.58, 170.64, 133.17, 129.58, 128.97,
127.78, 74.20, 20.69. IR (neat) 3013, 1753, 1688, 1205,
1046, 700 cm™!. Anal. caled for C;oH,004: C, 61.85; H,
5.19. Found: C, 61.93; H, 5.15. Mp (benzene) 98°C. [a]F=
+151 (c 2.55, acetone). The optical purity was determined
by HPLC analysis using a Chiracel OD column (250X
4.6 mm; 10 pm). Chromatographic conditions: injection:
20 pL (0.5 mg of 4 in 10 mL of hexane). Eluent: hexane/
2-propanol/HCOOH: 98/2. Flow rate: 1 mL/min. Pressure:
300 psi. Temperature: 17°C. UV detection: A=254 nm.
Retention time: 28.7 min [(S)-enantiomer] and 31.3 min
[(R)-enantiomer]. ee>98% ().

4.3. Condensation of amines 3 with (S)-acetyl mandelic
acid (4)

4.3.1. (S)-N-Methyl-N-(2-bromomethyl)-2-acetyloxy-2-
phenylethanamide (1a). Procedure (B). To a solution of
(S)-acetyl mandelic acid (1.01 g, 5.23 mmol) in CH,Cl,
(40 mL) and DMF (two drops), was slowly added oxalyl
chloride (0.46 mL, 5.23 mmol). The solution was gently
stirred for 1 h and the volatile materials were evaporated
under vacuum to give (S)-2-acetoxy-2-phenylacetyl
chloride. The residue was diluted in CH,Cl, (40 mL) and
the resulting solution was cooled to —20°C. A solution of
2-(bromobenzyl)-methylamine (0.872 g, 4.36 mmol) and
N-ethyldiisopropylamine (2.22 mL, 13.1 mmol) in CH,Cl,
(40 mL) was slowly added over a period of 10 min at —20°C
and then stirred at room temperature for 4 h. After washings
with water (3X30 mL), the dichloromethane phase was
dried (MgSQ,). Evaporation in vacuo afforded a thick oil
which was purified over silica gel column chromatography
(eluent: CH,Cl,) to give compound la in 89% yield.
Compound 1a was obtained as a mixture of two rotamers
which interconvert via rotation about the amide N-CO
bond (ratio 7/3). '"H NMR (300 MHz, CDCl5) 6 7.45-7.00
(9H, m), 6.17 (0.7H, s), 5.96 (0.3H, s), 4.65 (1.4H, dd,
J=16.2Hz, J=159Hz), 443 (0.6H, dd, J=17.4Hz,
J=18 Hz), 2.92 (1H, s), 2.86 (2H, s), 2.12 (2H, s), 2.04
(1H, s). '3C NMR (60 MHz, CDCl3) & 171.05, 168.68,
168.61, 135.60, 134.54, 133.53, 132.88, 129.68, 129.59,
129.21, 129.17, 128.91, 128.87, 128.68, 128.60, 127.95,
127.70, 123.51, 74.14, 73.66, 53.98, 51.57, 34.95, 34.85,
20.99, 20.88. IR (neat) 2960, 1729, 1661, 1238, 768 cm™ ..

Anal. calcd for C;gHgNOsBr: C, 57.46; H, 4.82; N, 3.72.
Found: C, 57.59; H, 4.61; N, 3.37. [a]3’=+86.15 (¢ 0.325,
CHCl3). The optical purity was determined by HPLC
analysis using a Chiracel OJ column (250X4.6 mm; 10 pm).
Chromatographic conditions: injection: 20 pL (0.5 mg of
la in 10 mL of hexane). Eluent: heptane/2-propanol: 92.5/
7.5. Flow rate: 1 mL/min. Pressure: 300 psi. Temperature:
18°C. UV detection: A=230 nm. Retention time: 18.4 min
[(S)-enantiomer] and 24.0 min [(R)-enantiomer]. ee>97%

(S).

4.3.2. (S)-N-Methyl-N-(2-nitrobenzyl)-2-acetyloxy-2-
phenylethanamide (1b). According to the procedure (B)
from (S)-acetyl mandelic acid (0.40 g, 2.06 mmol) in
CH,Cl, (15 mL) and DMF (two drops), oxalyl chloride
(0.18 mL, 2.06 mmol), 2-(nitrobenzyl)-methylamine (0.285 g,
1.72 mmol) and N-ethyldiisopropylamine (0.98 mL, 5.15
mmol) in CH,Cl, (15 mL). Compound 1b was obtained as
an orange oil in 98% yield. Compound 1b was obtained as a
mixture of two rotamers which interconvert via rotation
about the amide N-CO bond (ratio 7/3). 'H NMR
(300 MHz, CDCl3) 6 7.90 (0.7H, d, J=8.4Hz), 7.83
(0.3H, d, J=8.4 Hz), 7.42-7.07 (8H, m), 6.11 (0.7H, s),
5.85 (0.3H, s), 5.00 (0.7H, d, J=17.4 Hz), 4.81 (0.3H, d,
J=19.2 Hz), 4.61 (0.3H, d, J=20.0 Hz), 4.55 (0.7H, d,
J=17.4Hz), 2.84 (3H, s), 1.99 (2H, s), 1.93 (1H, s). 3C
NMR (60 MHz, CDCl3) 6 170.79, 168.80, 148.12, 147.41,
133.99, 133.84, 132.95, 132.24, 129.54, 129.41, 128.99,
128.95, 128.57, 128.34, 127.89, 127.77, 125.18, 124.96,
73.93, 50.26, 49.33, 35.35, 34.62, 20.61, 20.54. IR (neat)
3456,2938, 1667, 729 cm™ . Anal. calcd for C,gH;sNO;Br:
C, 63.15; H, 5.30; N, 8.18. Found: C, 62.95; H, 5.28; N,
8.10.

4.3.3. (S)-N-Methyl-N-benzyl-2-acetyloxy-2-phenyl-
ethanamide (1c). According to the procedure (B) from
(S)-acetyl mandelic acid (0.40 g, 2.06 mmol) in CH,Cl,
(15 mL) and DMF (two drops), oxalyl chloride (0.18 mL,
2.06 mmol), benzylmethylamine (0.208 g, 1.72 mmol) and
N-ethyldiisopropylamine (0.88 mL, 5.16 mmol) in CH,Cl,
(20 mL). The crude product was purified by flash chroma-
tography (SiO,/eluent: cyclohexane/ethyl acetate 80/20)
to give compound 1c¢ as a yellow oil in 75% yield. [a]¥=
+78.86 (c 0.875, CHCl3). Compound 1¢ was obtained as a
mixture of two rotamers which interconvert via rotation
about the amide N-CO bond (ratio 7/3). 'H NMR
(300 MHz, CDCl3) 6 7.49-7.13 (10H, m), 6.22 (0.3H, s),
6.21 (0.7H, s), 4.68—4.53 (1.4H, d, /=14.4 Hz), 4.57-4.22
(0.6H, d, J/=16.5 Hz), 2.89 (1H, s), 2.82 (2H, s), 2.19 (2H,
s), 2.15 (I1H, s). 3C NMR (60 MHz, CDCl3) & 170.95,
168.33, 136.69, 135.63, 134.15, 133.74, 129.55, 129.21,
129.16, 128.94, 128.82, 128.72, 127.92, 127.51, 126.93,
74.04, 73.68, 52.72, 51.49, 34.36, 33.96, 21.01, 20.93. IR
(neat) 2934, 1659, 1237, 704cm~!. Anal. caled for
CisH1oNO3: C, 72.71; H, 6.44; N, 4.71. Found: C, 72.85;
H, 6.61; N, 4.55. The optical purity was determined by
HPLC analysis using a Chiracel OD column (250X4.6 mm;
10 wm). Chromatographic conditions: injection: 20 pL
(0.5mg of 1c in 10 mL of hexane). Eluent: heptane/
2-propanol: 90/10. Flow rate: 1 mL/min. Pressure: 400 psi.
Temperature: 20°C. UV detection: A=230 nm. Retention
time: 14.5 min [(S)-enantiomer] and 10.8 min [(R)-enantio-
mer]. ee>97% (S).
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4.3.4. (S)-N-Benzyl-N-(3-methoxybenzyl)-2-acetyloxy-2-
phenylethanamide (1d). According to the procedure (B)
from ($)-acetyl mandelic acid (0.20 g, 1.03 mmol) in
CH,Cl, (10 mL) and DMF (two drops), oxalyl chloride
(0.09 mL, 1.03 mmol), 3-methoxybenzylmethylamine
(0.195g, 0.86mmol) and N-ethyldiisopropylamine
(044 mL, 2.58 mmol) in CH,Cl, (20mL). The crude
product was purified by flash chromatography (SiO-/eluent:
cyclohexane/ethyl acetate: 80/20) to give compound 1d as a
yellow oil in 64% yield. [a]3’=+28.8 (¢ 0.250, CHCly).
Compound 1d was obtained as a mixture of two rotamers
which interconvert via rotation about the amide N-CO
bond (ratio 1/1). 'H NMR (300 MHz, CDCls) & 7.59-7.09
(11H, m), 6.84-6.59 (3H, m), 6.21 (0.5H, s), 6.19 (0.5H, s),
5.09-4.84 (1H, m), 4.59-4.42 (1H, m), 4.25-4.09 (2H, m),
3.79 (1.5H, s), 3.74 (1.5H, s), 2.21 (3H, s). '3C NMR
(60 MHz, CDCl5) 6 171.01, 170.94, 168.54, 168.48, 160.33,
160.02, 138.35, 137.15, 136.81, 135.46, 133.95, 133.91,
129.97, 129.67, 129.26, 129.19, 128.99, 128.93, 128.86,
128.69, 128.36, 127.95, 127.81, 127.56, 127.53, 127.16,
120.58, 119.39, 114.01, 113.80, 112.85, 111.98, 74.25,
55.46, 55.30, 49.31, 48.22, 48.05, 20.96. IR (neat) 3030,
1667, 1235, 1049, 752 cm™!. Anal. calcd for C,5sH,5sNOy:
C, 74.42; H, 6.25; N, 3.56. Found: C, 74.15; H, 6.31; N,
3.47. The optical purity was determined by HPLC analysis
using a Chiracel OD column (250%X4.6 mm; 10 pm).
Chromatographic conditions: injection: 20 wL (0.5 mg of
1d in 10 mL of hexane). Eluent: heptane/2-propanol: 90/10.
Flow rate: 1 mL/min. Pressure: 400 psi. Temperature:
20°C. UV detection: A=230 nm. Retention time: 10.3 min
[(S)-enantiomer] and 8.8 min [(R)-enantiomer]. ee>97%

().

4.3.5. (S)-N-[(S)-1-Phenylethyl]-N-(3-methoxybenzyl)-2-
acetyloxy-2-phenylethanamide (1e). According to the
procedure (B) from (S)-acetyl mandelic acid (0.20 g,
1.03 mmol) in CH,Cl, (10 mL) and DMF (two drops),
oxalyl chloride (0.09 mL, 1.03 mmol), (S)-N-(3-methoxy-
benzylamine)-1-phenylethylamine (0.207 g, 0.86 mmol)
and N-ethyldiisopropylamine (0.44 mL, 2.58 mmol) in
CH,Cl, (20 mL). The crude product was purified by flash
chromatography (SiO,/eluent: cyclohexane/ethyl acetate:
80/20) to give compound le as a yellow oil in 64% yield.
Compound le was obtained as a mixture of two rotamers
which interconvert via rotation about the amide N-CO
bond (ratio 7/3). '"H NMR (300 MHz, CDCl3) § 7.50-6.98
(10H, m), 6.80-6.40 (4H, m), 6.10 (1H, q, J/=7.5 Hz), 5.84
(1H, s), 4.72 (0.3H, d, J=11.8 Hz), 4.14 (0.7H, d, J=
18.2 Hz), 4.87 (0.7H, d, J=18.2 Hz), 3.75 (2H, s), 3.68—
3.57 (1.3H, m), 2.13 (1H, s), 2.07 (2H, s), 1.34 (2H, d, J=
8.6 Hz), 0.98 (1H, d, J=8.6 Hz). *C NMR (60 MHz,
CDCl;) 6 170.58, 170.08, 169.05, 168.15, 160.35, 159.55,
140.75, 140.20, 139.70, 139.20, 134.46, 133.66, 129.80,
129.70, 129.63, 129.31, 129.16, 129.09, 128.97, 128.91,
128.51, 127.99, 127.54, 127.48, 127.20, 119.37, 118.59,
113.67, 112.79, 112.11, 111.51, 75.32, 74.37, 55.43, 55.30,
54.98, 52.61, 46.51, 46.38, 20.93, 17.46, 17.18. Anal. calcd
for C,6H,7NO,: C, 74.80; H, 6.52; N, 3.35. Found: C, 74.76;
H, 6.30; N, 3.23.

4.3.6. (S)-N-Methyl-N-(2-aminobenzyl)-2-acetyloxy-2-
phenylethanamide (1f). To a solution of 1b (0.260 g,
0.76 mmol) in CH,Cl, (15 mL) was added ammonium

formate (0.480 g, 7.6 mmol) and 10% Pd/C (0.30 g). After
stirring for 4 h at room temperature, the solution was filtered
through a plug of celite and evaporated in vacuo affording 1f
as a yellow solid in 93% yield. 'H NMR (300 MHz, CDCl5)
6 7.77-7.62 (1H, m), 7.52-7.33 (4H, m), 7.08 (1H, t, J=
7.5Hz), 6.97 (1H, d, J=6.9 Hz), 6.63-6.57 (2H, m),
6.17(1H, s), 4.52 (2H, s), 2.80 (3H, s), 2.18 (3H, s). 13C
NMR (60 MHz, CDCl5) 6 170.84, 168.56, 146.31, 133.62,
131.97, 131.03, 129.60, 129.23, 128.94, 118.83, 116.96,
115.52, 73.82, 49.25, 33.52, 21.01. Anal. calcd for
CigH>oN>O3: C, 69.21; H, 6.45; N, 8.97. Found: C, 69.26;
H, 6.36; N, 8.64.

4.3.7. (S)-N-Methyl-N-(2-acetamidobenzyl)-2-acetyloxy-
2-phenylethanamide (1g). To a solution of 1f (0.201 g,
0.64 mmol) and triethylamine (0.25 mL, 1.78 mmol) in
CH,Cl, (15mL) was added acetyl chloride (0.13 mL,
1.83 mmol) at 0°C. The resulting solution was stirred at
room temperature for 4 h. After addition of water (15 mL)
and phases separation, the resulting aqueous layer was
extracted with CH,Cl, (2X15 mL). The combined organic
phases were dried (MgSQ,) and evaporated under vacuum.
The crude product was purified by chromatography (SiO,:
cyclohexane/ethylacetate: 60:40) to afford 1g in 90% yield.
[a]®=+0.73 (c 2.89, CHCl3). '"H NMR (300 MHz, CDCl3)
0 9.28 (1H, s), 8.40 (1H, d, /=9 Hz), 7.43-7.27 (6H, m),
7.12 (1H, d, J=9 Hz), 7.00 (1H, t, /=6 Hz), 6.13 (1H, s),
4.75 (1H, d, /=12 Hz), 4.30 (1H, d, /=12 Hz), 2.81 (3H, s),
2.21 (3H, s), 2.19 (2H, s). '3C NMR (60 MHz, CDCl;) &
170.64, 169.48, 169.35, 137.67, 132.93, 131.43, 129.64,
129.57, 129.18, 128.26, 123.74, 123.09, 121.71, 73.38,
49.34, 33.86, 24.49, 20.69. IR (neat) 3276, 1643, 1235,
759 cm™!. Anal. caled for Co0H»,N,O4: C, 67.78; H, 6.26;
N, 7.90. Found: C, 67.90; H, 6.31; N, 7.65. The optical
purity was determined by HPLC analysis using a Chiracel
OD column (250X4.6 mm; 10 um). Chromatographic
conditions: injection: 20 pL (0.5 mg of 1g in 10 mL of
hexane). Eluent: heptane/2-propanol: 85/15. Flow rate:
1 mL/min. Pressure: 400 psi. Temperature: 20°C. UV detec-
tion: A=230 nm. Retention time: 28.8 min [(S)-enantiomer]
and 21.5 min [(R)-enantiomer]. ee>97% (S).

4.4. Friedel-Crafts type cyclization of 1

4.4.1. (S)-N-Methyl-8-bromo-4-phenyl-1,4-dihydroiso-
quinolin-3-one (5a). Procedure (C). To a solution of la
(276 mg, 0.73 mmol) in CH,Cl, (1 mL) pre-cooled to
—15°C was slowly added H,SO4 (1 mL). The solution
was stirred at this temperature for 4 h. The reaction mixture
was poured on ice—water and neutralized with sodium
carbonate. The aqueous solution was extracted with CH,Cl,
(3%X20 mL). The combined organic phases were dried
(MgS0,) and evaporated under vacuum. The crude product
was purified by flash chromatography (SiO,/eluent: cyclo-
hexane/ethyl acetate: 70:30) to give 5a as a white solid in
70% yield and 90% ee (S). [a]y’=+61.49 (¢ 1.7, CHCl5). 'H
NMR (300 MHz, CDCl3) 6 7.52 (1H, d, J=7.5 Hz), 7.28—
7.05 (7H, m), 4.84 (1H, s), 4.53 (2H, s), 3.11 (3H, s). 3C
NMR (60 MHz, CDCl3) 6 169.26, 139.20, 137.91, 131.17,
130.95, 129.48, 128.9, 128.0, 127.97, 127.45, 121.22, 53.20,
52.33, 35.09. IR (neat) 3028, 2926, 1631, 1441, 1256,
716 cm™!. Anal. calcd for C;cH;4BrNO: C, 60.78; H, 4.46;
N, 4.43. Found: C, 59.72; H, 4.75; N, 4.43. The optical
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purity was determined by HPLC analysis using a Chiracel
OJ column (250%4.6 mm; 10 pm). Chromatographic con-
ditions: injection: 20 pL (0.5mg of 5a in 10 mL of
heptane). Eluent: heptane/2-propanol: 80/20. Flow rate:
1 mL/min. Pressure: 400 psi. Temperature: 17°C. UV
detection: A=230 nm. Retention time: 14.2 min [(S)-enan-
tiomer] and 18.7 min [(R)-enantiomer]. ee>90% (S).
Recrystallization of the crude product in isopropanol
afforded 5a in 40% yield and 97% ee (S). Mp 148°C.

4.4.2. (S)-N-Methyl-4-phenyl-1,4-dihydroisoquinolin-3-
one (5c¢). Compound 5c¢ was prepared according to the
general procedure (C) from 1lc¢ (0.214 mg, 0.72 mmol),
CH,CI, (1 mL) and H,SO,4 (1 mL). The crude product was
purified by flash chromatography (SiO,/eluent: cyclo-
hexane/ethyl acetate: 70:30) to give Sc as a white solid in
86% yield and 87% ee (S). [a]p=+22.04 (c 1.535, CHCly).
Mp 133°C. 'H NMR (300 MHz, CDCl3) & 7.28-7.11 (9H,
m), 4.84 (1H, s), 4.62 (1H, d, J=15Hz), 4.27 (1H, d,
J=15Hz), 3.08 (3H, s). '*C NMR (60 MHz, CDCl;) &
169.76, 139.14, 135.67, 131.52, 128.61, 128.42, 127.94,
127.56, 127.08, 127.00, 125.28, 52.65, 52.47, 35.17. IR
(neat) 2928, 1656, 1238, 761 cm™'. Anal. calcd for
CigHsNO: C, 80.98; H, 6.37; N, 5.90. Found: C, 81.05;
H, 6.55; N, 5.70. The optical purity was determined by
HPLC analysis using a Chiracel OD column (250%4.6 mm;
10 pm). Chromatographic conditions: injection: 20 pL
(0.5mg of Sc in 10 mL of heptane). Fluent: heptane/
2-propanol/formic acid: 90/9.5/0.5. Flow rate: 1 mL/min.
Pressure: 360 psi. Temperature: 18°C. UV detection: A=
254 nm. Retention time: 12.7 min [(S)-enantiomer] and
15.9 min [(R)-enantiomer]. ee=87% ().

4.4.3. (S)-N-Benzyl-7-methoxy-4-phenyl-1,4-dihydroiso-
quinolin-3-one (5d). Compound 5d was prepared according
to the general procedure (C) from 1d (0.236 mg,
0.585 mmol), CH,Cl, (1 mL) and H,SO, (1 mL). The
crude product was purified by flash chromatography
(SiOy/eluent: cyclohexane/ethyl acetate: 80:20) to give Sd
as a yellow oil in 20% yield and 97% ee (S). '"H NMR
(300 MHz, CDCl3) 6 7.46—6.66 (13H, m), 4.92 (1H, s), 4.72
(2H, s), 4.40 (1H, d, /=16.0 Hz), 4.15 (1H, d, J/=16.0 Hz),
3.77 (3H, s). 3C NMR (60 MHz, CDCl3) & 170.54, 158.76,
139.19, 136.75, 132.99, 129.71, 129.15, 128.91, 128.80,
127.99, 127.92, 127.60, 127.27, 113.99, 110.59, 55.48,
52.38, 50.37, 50.07. IR (neat) 3382, 3007, 1651, 1274,
755 cm™ L. Anal. caled for C53H,;NO,: C, 83.14; H, 6.16; N,
4.08. Found: C, 83.14; H, 6.25; N, 3.85. The optical purity
was determined by HPLC analysis using a Chiracel OD
column (250%4.6 mm; 10 pm). Chromatographic con-
ditions: injection: 20 pL (0.5 mg of Sd in 10 mL of
heptane). Eluent: heptane/2-propanol: 90/10. Flow rate:
1 mL/min. Pressure: 400 psi. Temperature: 15°C. UV
detection: A=230 nm. Retention time: 35.0 min [(S)-enan-
tiomer] and 23.0 min [(R)-enantiomer]. ee>97% (S).

4.4.4. (S,5)-N-(1-Phenylethyl)-7-methoxy-4-phenyl-1,4-
dihydroisoquinolin-3-one (5e). Compound Se was pre-
pared according to the general procedure (C) from le
(0.410 mg, 0.98 mmol), CH,Cl, (1 mL) and H,SO,4 (1 mL).
The crude product was purified by flash chromatography
(SiOy/eluent: cyclohexane/ethyl acetate: 80:20) to give Se
as a yellow oil in 20% yield and 97% de. 'H NMR

(300 MHz, CDCl5) 8 7.26-6.67 (13H, m), 6.10 (1H, q,
J=7.3 Hz), 4.90 (1H, ), 3.97 (1H, d, J=15 Hz), 3.83-8.78
(4H, m), 1.54 (3H, d, J=7.1 Hz).

4.4.5. (S,S5)-N-Methyl-8-acetamido-4-phenyl-1,4-dihy-
droisoquinolin-3-one (5f). Compound 5f was prepared
according to the general procedure (C) from 1f (0.101 mg,
0.286 mmol), CH,Cl, (1 mL) and H,SO, (1 mL). The crude
product was purified by flash chromatography (SiO,/eluent:
CH,Cl,/EtOH: 95/5) to give 5f as a white solid in 90% yield
and 20% ee (S). Mp 182°C. '"H NMR (300 MHz, CDCls) &
7.32-7.16 (5H, m), 7.15 (d, 2H, J=6.4 Hz), 7.04 (d, 1H,
J=7.2Hz),4.87 (s, 1H), 4.43 (1H, d, /=16 Hz), 4.14 (1H, d,
J=16 Hz), 3.07 (3H, s), 2.24 (3H, s). '3C NMR (60 MHz,
CDCl3) 6 170.02, 169.49, 138.58, 136.69, 133.04, 128.81,
128.42, 127.94, 127.34, 127.30, 126.45, 123.93, 5291,
49.44, 35.03, 23.58. IR (neat) 3289, 1633, 1263, 698 cm ™!,
Anal. caled for CigH;;gsN,O,: C, 73.45; H, 6.16; N, 9.52.
Found: C, 73.15; H, 6.17; N, 9.22. The optical purity was
determined by HPLC analysis using a Chiracel OD column
(250%4.6 mm; 10 pm). Chromatographic conditions: injec-
tion: 20 pL (0.5 mg of 5f in 10 mL of heptane). Eluent:
heptane/2-propanol: 85/15. Flow rate: 1 mL/min. Pressure:
320 psi. Temperature: 25°C. UV detection: A=254 nm.
Retention time: 30.1 min [(S)-enantiomer] and 18.9 min
[(R)-enantiomer]. ee=20% (S).

4.5. Reduction procedure of S5c and 1c

4.5.1. (S)-N-Methyl-4-phenyl-1,2,3,4-tetrahydroisoquin-
oline (6¢). To a solution of sodium borohydride (540 mg,
14.6 mmol) in dry THF (30 mL) was added dropwise
under argon a solution of iodine (740 mg, 5.8 mmol) in
THF (20 mL) at 0°C. The mixture was kept for additional
5 min, compound (S)-5¢ (1.37 g, 5.8 mmol) was then added
and the mixture was stirred under reflux overnight. After
cooling the solution to 0°C, methanol (15 mL) was added
dropwise and the resulting mixture was stirred at room
temperature for a further 30 min. Solvents were evaporated
to dryness and 20% aqueous NaOH (60 mL) was then added
to the residue. The solution was stirred for 4 h at room
temperature and then extracted with CH,Cl, (3%X40 mL).
The organic layer was washed with IN aqueous HCI
(10 mL). The resulting acidic aqueous phase was washed
with Et,O (3X10 mL). After neutralization with 2 M NaOH
(pH=6-7), the aqueous phase was extracted with CH,Cl,
(3X20 mL). The combined CH,Cl, layers were dried
(MgSO0,) and evaporated under vacuum to give 6¢ in 86%
yield as a thick colorless oil. [a]g'=+15.6 (¢ 1.15, MeOH).
'H NMR (300 MHz, CDCl3) & 7.35-7.05 (8H, m), 6.90
(1H, d, J=7.5Hz), 4.31 (1H, t, J=7.0 Hz), 3.80 (1H, d,
J=15Hz), 3.64 (1H, t, J/=15Hz), 3.08 (1H, dd, J=11.5,
5.0 Hz), 2.61 (1H, dd, J=11.5, 8.5 Hz), 2.46 (3H, s). 3C
NMR (60 MHz, CDCl5) 6 144.85, 137.04, 135.12, 129.29,
129.02, 128.28, 126.39, 126.23, 126.11, 125.90, 61.79,
58.45, 45.96, 45.89. IR (neat) 3060, 3023, 2967, 2937, 2875,
2839, 2779 cm~!. Anal. caled for C;¢H;7N: C, 86.05; H,
7.67; N, 6.27. Found: C, 86.11; H, 7.67; N, 6.34. The optical
purity was determined by HPLC analysis using a Chiracel
OD column (250%4.6 mm; 10 wm). Chromatographic
conditions: injection: 20 wL (0.5 mg of 6¢ in 10 mL of
hexane). Eluent: hexane/2-propanol: 90/10. Flow rate:
1 mL/min. Pressure: 400 psi. Temperature: 20°C. UV
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detection: A=230 nm. Retention time: 4.3 min [(S)-enantio-
mer] and 5.5 min [(R)-enantiomer]. ee=90% (S).

4.5.2. (S)-2-(N-Benzyl-N-methyl amino)-1-phenylethanol
(7¢). To a solution of 1c¢ (1.50 g, 5.06 mmol) in THF
(50 mL) was added LiAIH,4 (0.76 g, 20 mmol) at —78°C. the
solution was stirred at room temperature for 12 h. The
solution was treated was water (0.5 ml), 10% aqueous
NaOH (0.5 mL) and water (1 mL). The solution was filtered
on a Buchner funnel and the THF evaporated under vacuum.
The aqueous phase was extracted with CHCl3 (3X20 mL).
The combined organic layers were dried (MgSO,) evapo-
rated to afford 7¢ in 67% yield. [a]Z=+80.85 (¢ 10.7,
CHCl3). '"H NMR (300 MHz, CDCl3) § 7.33-7.22 (10H,
m), 4.66 (1H, dd, /=10.2, 3.8 Hz), 3.65 (1H, d, /=13 Hz),
3.43 (1H, d, J=13 Hz), 2.55-2.40 (2H, m), 2.22 (3H, 5). 13C
NMR (60 MHz, CDCl3) 6 142.23, 138.18, 129.07, 128.5,
128.33, 127.46, 127.33, 125.91, 69.43, 65.49, 62.33, 41.74.
IR (neat) 3340, 2795, 1453, 1024, 699 cm ™. Anal. calcd for
Ci6HoNO: C, 79.63; H, 7.94; N, 5.80. Found: C, 79.44; H,
7.97; N, 5.76. The optical purity was determined by HPLC
analysis using a Chiracel OJ column (250X4.6 mm; 10 pwm).
Chromatographic conditions: injection: 20 L (0.5 mg of 7¢
in 10 mL of hexane). Eluent: hexane/2-propanol: 90/10.
Flow rate: 1 mL/min. Pressure: 400 psi. Temperature:
18°C. UV detection: A=230 nm. Retention time: 9.2 min
[(S)-enantiomer] and 11.2 min [(R)-enantiomer]. ee>97%
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