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Abstract—The acid-catalyzed Pictet—Spengler reaction of D-tryptophan methyl ester with piperonal in acetic acid has been reported, the
best stereoselectivity (cis/trans = 92:8) was obtained with benzoic acid as the catalyst. The Pictet-Spengler reaction of D-tryptophan
methyl ester hydrochloride with piperonal in various solvents has been extensively studied, the solvent-dependence of stereoselectivities
could be principally attributed to the solubility-difference between cis and trans products 5-HCl in the used solvent, the best stereoselec-
tivity (cis/trans = 99:1) was obtained using nitromethane or acetonitrile as the solvent. A base-catalyzed epimerization at 12a-position of
Cialis 1 (tadalafil) in a DMSO-containing solvent was also exploited. Cialis, 12a-epi-Cialis 2, deuterium-labeled 3,3,12a-d5-Cialis 3, and
3,3,12a-ds-12a-epi-Cialis 4 were efficiently synthesized from D-tryptophan methyl ester hydrochloride.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Recently the asymmetric Pictet—-Spengler reaction has
attracted much attention,'® because it is an important
and useful tool to construct chiral synthons containing
tetrahydroisoquinolines or tetrahydro-B-carbolines struc-
tural moieties. The acid-catalyzed Pictet—Spengler reaction
of D-tryptophan methyl ester with piperonal is the key step
in the synthesis of tadalafil (Cialis, 1)°'¢ which is a cGMP
specific Type V phosphodiesterase (PDES) inhibitor similar
to sildenafil (Viagra)!” and vardenafil (Levitra)'® and has
an improved PDE5/PDES6 selectivity compared to sildena-
fil.!°~2! These three agents are well tolerated and have been
approved as first-line therapy for ED in recent years.??
However the moderate cis stereoselectivity of the particular
Pictet—Spengler reaction of D-tryptophan methyl ester with
piperonal??® retards large-scale preparation of the pharma-
ceutically valuable compound 1, hence an endeavor should
be made to develop a practical synthesis of 1 with a high
stereoselectivity. Herein, we would like to disclose the
results of our recent studies aiming at efficient, highly
stereoselective syntheses of 1 and its analogues. Our studies
include: (a) the acid-catalyzed stereoselective Pictet—Spen-
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gler reaction of D-tryptophan methyl ester with piperonal
in acetic acid; (b) the stereoselective Pictet—Spengler reac-
tion of D-tryptophan methyl ester hydrochloride with
piperonal in various solvents; (c) the epimerization of com-
pound 1 under basic conditions; (d) convenient syntheses
of Cialis 1, 12a-epi-Cialis 2, deuterium-labeled 3,3,12a-
ds-Cialis 3, and 3,3,12a-d;-12a-epi-Cialis 4.

2. Results and discussion

The trifluoroacetic acid-catalyzed Pictet—Spengler reaction
of D-tryptophan methyl ester with piperonal in dichloro-
methane gives a mixture of cis and trans tetrahydro-f-
carboline derivative 5 in a 3:2 ratio.?? This disappointing
stereoselectivity means that the mixture of cis-5 and
trans-5 is hard to separate without chromatography, and
may accordingly make the reaction hard to scale up.

We are interested in improving the stereoselectivity of the
Pictet—Spengler reaction of D-tryptophan methyl ester with
piperonal aiming at a practical synthesis of compound 1
and its analogues. At first, we tried the Pictet—Spengler
reaction of D-tryptophan methyl ester with piperonal in
acetic acid with or without an additive acid as a catalyst.
Some results are included in Table 1. As can be seen in
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Table 1. Acids-catalyzed stereoselective Pictet—Spengler reaction of tryp-
tophan methyl ester with piperonal in acetic acid at rt

Table 2. The solvent effect on the Pictet-Spengler reaction of tryptophan
methyl ester hydrochloride with piperonal

Entry Acids (catalyst) Time (h) Yield (%) Selectivity (cis:trans)
1 None 85 80 55:45
2 Formic acid 20 78 70:30
3 Benzoic acid 16 86 92:8
4 Salicylic acid 22 84 74:26
5 D-Tartaric acid 28 65 85:15
6 L-Tartaric acid 28 67 86:14
7 CF;COOH 24 70 72:28
8 HCl1 22 82 80:20
9 H;PO, 24 60 64:36

10 H;BO; 30 70 75:25

Table 1, the reaction took a long time and gave a poor
stereoselectivity in the absence of acid catalyst (Table 1,
entry 1), the addition of acid catalyst improved the stereo-
selectivities and also increased the reaction rate, benzoic
acid gave the best yield and the highest stereoselectivity
(Table 1, entry 3).

Though the high selectivity (92:8) could be obtained with
benzoic acid as a catalyst, it was not satisfactory yet and
we should not stop searching for an alternative method
to get better results. During the course of our study, a pat-
ent?* issued to Lilly Icos described a modified Pictet—Spen-
gler reaction of D-tryptophan methyl ester hydrochloride
with piperonal in isopropanol. Wu and his co-workers also
reported an improved synthesis of 1.2°> These two methods
overcame the drawback of using the corrosive trifluoroace-
tic acid (TFA) and improved the yield and purity of the
desired cis-5, however there are still some problems to be
solved. For example, the nature and limitation of the
modified Pictet—Spengler reaction should be further studied
and better understood, the effect of solvents should also be
studied in detail.

With these problems in mind, we then extensively studied
the condition and possible mechanism of the reaction.
Table 2 shows the solvent effect on the Pictet-Spengler
reaction of D-tryptophan methyl ester hydrochloride with
piperonal. As can be seen in Table 2, 14 solvents have
been examined to observe their impact on the yields and
stereoselectivities. Isopropanol, butanol, pentanol, nitro-
methane, acetonitrile, 1,2-dichloroethane, and 1,2-dime-
thoxyethane were suitable solvents and gave good to high
yields and excellent stercoselectivities (Table 2, entries 1,
2, 69, 14, and 15). Methanol, dimethylsulfoxide, and
N,N-dimethylformamide gave only moderate yields and
low stereoselectivities (Table 2, entries 3, 12, and 13). After
comparing the experiments performed in various solvents,
it was found that the solvents in which product hydrochlo-
ride salt of 5 (5-HCI) has low solubility gave better results
than the solvents in which the product 5-HCI has good sol-
ubility. For example, 5-HCI has less solubility in nitro-
methane or acetonitrile, it did not dissolve during the
reaction, and precipitated from the reaction solution, the
best stereoselectivity was obtained. While product 5-HCI
dissolved in solvents such as methanol, DMSO, or DMF,
the reaction mixture became a clear solution during the
reaction, and the worst stereoselectivity was obtained. It

Entry Solvent Temp. (°C) Time (h) Yield (%) Selectivity
(cis:trans)
1 i-PrOH 83 8 92 97:3
2 i-PrOH 83 16 93 97:3
3 MeOH 65 19 71 46:54
4 EtOH 78 20 75 88:12
5 PrOH 97 10 79 90:10
6 BuOH 118 3 82 95:5
7 Pentanol 120 8 80 96:4
8 CH;NO, 101 4 94 99:1
9 CH;CN 81 8 91 99:1
10 THF* 65 27 58" 95:5
11 CHCl, 61 34 80 89:11
12 DMSO® 90 20 54 50:50
13 DMF® 90 20 52f 51:49
14 DCE! 83 23 93 96:4
15 DME*® 85 14 89 97:3
# Tetrahydrofuran.
® Dimethylsulfoxide.

¢ N,N-Dimethylformamide.

41,2-Dichloroethane.

¢ 1,2-Dimethoxyethane.

"The reactions were slow, 10-30% of the starting material was recovered.

was deduced that the solubility difference between cis- and
trans-5-HCI played an important role and was the key
factor for stereoselectivity, a good solvent should let the
desired cis product cis-5-HCI precipitate from the solution
and leave the undesired trans product trans-5-HCI dissolve
in the mother liquor. The solubility of cis- and trans-5-HCl
was measured in isopropanol, the ratio of solubility of cis-
and trans-5-HCI in i-PrOH is 1:6.4 at room temperature
(0.182 g/100 mL for cis, 1.17 g/100 mL for trans) and 1:11
at refluxing temperature (0.291 g/100 mL for cis, 3.218 g/
100 mL for trans). The big difference of the solubility of
cis- and trans-5-HCI favors good stereoselectivity.

It should be pointed out that when less polar solvents such
as benzene, toluene, carbon tetrachloride, hexane, and pen-
tane were used, the Pictet—Spengler reaction did not take
place smoothly, and it took a long time and by-products
were formed.

Some experiments helpful for understanding and elucidat-
ing the details of the Pictet-Spengler reaction of p-trypto-
phan methyl ester hydrochloride with piperonal were
performed. By monitoring the reaction by TLC, we found
that the reaction produced both cis-5-HCI and trans-5-HCI
in almost equal amounts at the beginning, and then the
trans-5-HCI gradually transformed into cis-5-HCl in a sol-
vent (CH3CN, CH;NO,, etc.) with relatively less dissolving
capacity for 5-HCI. Especially when the starting material
disappeared, the transformation went too fast, and finally
produced almost only cis-5-HCI after suction leaving only
a little of trans-5-HCI in the mother liquor. The above fact
obviously suggested that an epimerization equilibrium
between cis-5-HCl and trans-5-HCl existed during the reac-
tion, the major driving force of the transformation of cis
-5-HCl into trans-5-HCI was the large solubility difference
between them. Several designed experiments summarized
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in Table 3 also supported this suggestion. When we treated
a mixture of cis- and trans-5-HCI of various ratios by
refluxing for 8 h in different solvents, it was observed that
the solvents (i-PrOH, CH;CN, and CH;NO,) with a low
dissolving capacity could transform the starting mixture
of 5-HCl with lower ratio (cis:trans) into product 5-HCl
with higher ratio (Table 3, entries 1, 2 and 6, 7), meanwhile
the solvents (CH3;0H and DMSO) with a good dissolving
capacity could transform the starting mixture of 5-HCI
with higher ratio into product 5-HCl with lower ratio
(Table 3, entries 4 and 5).

Table 3. The epimerization of a mixture of cis- and trans-5-HCI after
refluxing for 8 h in different solvents

Entry Starting 5 Solvent Product 5 Yield (%)
(cis:trans) (cis:trans)
1 46:54 i-PrOH 97:3 90
2 88:12 i-PrOH 97:3 89
3 97:3 i-PrOH 97:3 94
4 99:1 MeOH 47:53 70
5 99:1 DMSO* 52:48 65
6 46:54 CH;CN 99:1 90
7 46:54 CH;NO, 99:1 92

#Stirring at 80 °C for 8 h.

The thermodynamic stability difference between cis- and
trans-5-HCI could also significantly contribute to the high
stereoselectivity, because the ratio of cis- and trans-5-HCl
obtained in i-PrOH is 32:1 (Table 2, entries 1 and 2), while
the solubility-difference is only 1:11. The cis isomer, in
which 3,4-methylenedioxyphenyl and methoxycarbonyl
groups on the piperidine ring are both in equatorial posi-
tions in the chair conformation, is probably more stable
than the trans isomer.

A possible mechanism for the epimerization between cis-
and trans-5-HCIl is proposed in Scheme 1. There are two
reasonable pathways'->>27 for acid-catalyzed epimerization
of cis and trans intermediates 5S-HCI. Path A involves scis-
sion of the carbon-nitrogen bond, rotation of the carbon-
carbon bond, and reformation of a carbon-nitrogen bond.
Path B involves double migration of the double bond cat-
alyzed by acid. If the epimerization follows path B, then
deuterium would have been incorporated into the tetra-
hydro-B-carboline at the C-1 position upon protonation
of the olefinic intermediate in the deuterated media. If
the epimerization follows path A, then deuterium would
not have been incorporated into the tetrahydro-f-carboline
because there was no exchange of a proton at all between
the tetrahydro-B-carboline scaffold and the deuterated
media. When we operated the reaction in a mixed solvent
of acetonitrile and heavy water (20:1), we did not get any
evidence of the incorporation of a deuterium atom at the
C-1 position of the tetrahydro-B-carboline by the analysis
of "TH NMR and MS, which implies that the epimerization
of cis- and trans-5-HCI follows the mechanism of path A
exclusively.

It is noteworthy that the scope of the above-described sol-
vent-dependent highly stereoselective Pictet—Spengler reac-
tion is quite limited. Unlike D-tryptophan methyl ester
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Scheme 1. Possible mechanism for acid-catalyzed epimerization of cis and
trans intermediate 5-HCI.

hydrochloride, the Pictet-Spengler reaction of D-trypto-
phan ethyl ester hydrochloride or D-tryptophan propyl
ester hydrochloride with piperonal gave only a moderate
cis/trans stereoselectivity in isopropanol, 1,2-dimethoxy-
ethane, nitromethane or acetonitrile, probably due to the
low solubility-difference of the corresponding cis and trans
products. When we tried the Pictet-Spengler reaction of D-
tryptophan methyl ester hydrochloride with other alde-
hydes such as benzyl aldehyde, 2-chlorobenzyl aldehyde,
salicylaldehyde, or vanillin in isopropanol, 1,2-dimethoxy-
ethane, nitromethane or acetonitrile, only moderate cis/
trans stereoselectivity could be obtained.

Scheme 2 depicts an efficient and stereospecific synthesis of
Cialis 1 as well as 12a-epi-Cialis 2. Pictet-Spengler reaction
of D-tryptophan methyl ester hydrochloride with equal
molar piperonal by refluxing for 4 h in nitromethane affor-
ded cis-5-HCl in 98% ee and 94% yield. The hydrochloride
salt of cis tetrahydro-B-carboline derivative cis-5-HCIl was
directly treated with 1.5 equiv of chloroacetyl chloride in
dichloromethane at 0 °C in the presence of 3 equiv of tri-
ethylamine to form N-chloroacetyl tetrahydro-B-carboline
derivative 6 in 92% yield. Then compound 6 reacted with
5 equiv of methylamine overnight in DMF at room temper-
ature to furnish Cialis 1 in 95% yield.

When we operated the reaction of compound 6 with
methylamine in DMSO, we found that the reaction pro-
duced both 1 and its epimer 12a-epi-Cialis 2. The amount
of 2 increased as the temperature elevated. Jiang et al.?®
have also observed that a small amount of 12a-epi-Cialis
2 formed during the cyclization of compound 6 with methyl-
amine in methanol at 50 °C because of the simultaneous
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Scheme 2. Synthesis of Cialis and 12a-epi-Cialis. Reagents and conditions:
(a) 1equiv of piperonal, refluxing in nitromethane for 4h, 94%; (b)
1.5 equiv of chloroacetyl chloride and 3 equiv of triethylamine, 0-5 °C for
2h in CH,Cl,, 92%; (c) 5 equiv of methylamine, rt overnight in DMF,
95%; (d) 2 equiv of DBU, 83 °C for 5 h in a mixed solvent of DMSO and i-
PrOH (1:5), 98%.

epimerization of 1. To understand the epimerization of 1
at the C-12a position more clearly, we tried the epimer-
ization of 1 in different solvents using various bases as
the catalyst. Table 4 summarizes the outcomes of epimer-
ization of 1 into 2. It should be pointed out that DMSO
was crucial for the epimerization, the reaction took place
smoothly in DMSO or a mixed solvent containing DMSO,
while it was very slow in other solvents. When a strong
base such as potassium hydroxide or potassium terz-butox-
ide was used, the reaction was fast, but the yield was not
high (Table 4, entries 1 and 2). A weak base such as
DBU or potassium carbonate turned out to be a suitable

Table 4. The base-catalyzed epimerization of Cialis at the C-12a position
to form 12a-epi-Cialis 2

Entry  Solvent (ratio)  Base (equiv)  Condition Yield (%)

1 DMSO KOH (2) rt, 4 h 82

2 DMSO t-BuOK (3) 0°C,0.5h 83

3 DMSO DBU* (3) 70°C, 10h 91

4 DMSO (1) DBU (2) 70°C, 10h 96
THF (5)

5 DMSO (4) KCO; (2) 65°C, 15h 95
H,0 (1)

6 DMSO (1) DBU (3) 85°C,9h 97
DME? (9)

7 DMSO (1) DBU (2) 83°C,5h 98
i-PrOH (5)

#1,8-Diazabicyclo[5,4,0Jundec-7-ene.
®1,2-Dimethoxyethane.

catalyst, and the yield was high (Table 4, entries 3-7). Cia-
lis 1 was almost quantitatively transformed into 12a-epi-
Cialis 2 in a mixed solvent (DMSO—-i-PrOH = 1:5) in the
presence of 2 equiv of DBU after refluxing for 5 h.

We supposed that the base-catalyzed epimerization of Cia-
lis 1 proceeded via an enolate 7 by enolization because the
proton adjacent to the carbonyl group at C-12a position
was acidic (Scheme 3). To verify this assumption, we tried
the epimerization of 1 in a deuterated solvent. When the
reaction was performed in the mixed deuterated solvent
(DMSO-d¢-THF-D,0 = 1.5:6:1) using anhydrous K,CO3
as a base and refluxing at 65 °C for 16 h, we found out that
not only the acidic proton on C-12a was replaced by a deu-
terium atom, but also two acidic protons on C-3 were also
replaced by two deuterium atoms due to the formation of
another enolate 8 under the basic condition, thus 3,3,12a-
ds-12a-epi-Cialis 4 could be obtained in 97% yield. If we
want to prepare deuterated Cialis, we let the reaction to
stop at the mid-point before Cialis 1 is totally transformed
into 12a-epi-Cialis 4. When the reaction was performed in
a mixed deuterated solvent (DMSO-d¢—THF-D,O =
4.5:18:1.5) in the presence of 1equiv of anhydrous
K,COs3, and the refluxing was allowed to continue only
for 6.5 h, rapid cooling and quenching with an acid affor-
ded 3,3,12a-d5-Cialis 3 in 33% vyield and 3,3,12a-d5-12a-
epi-Cialis 4 in 65% yield. Two deuterated compounds 3
and 4 may be useful for measuring the plasma concentra-
tion of these drugs using GC-MS techniques.?®3 Percent-
ages of deuterium-labeling in 3 and 4 obtained from the
above procedure were higher than 83% at the C-12a posi-
tion and 90% at the C-3 position. Unfortunately when we
tried to purify 3 and 4 by recrystallization in some solvents,
almost no change in the purity was obtained at all. For
example, even after two recrystallizations in 1,2-dichloro-
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Scheme 3. Preparation of deuterated Cialis 3 and deuterated 12a-epi-
Cialis 4. Reagents and conditions: (a) 1 equiv of K,CO3;, DMSO-ds-THF—
D,0 =1.5:6:1, 65°C for 16 h, to form 4 in 95% yield; (b) 1equiv of
K,CO3;, DMSO-ds-THF-D>0 = 4.5:18:1.5, 65 °C for 6.5 h, to form 3 in
33% yield and 4 in 65% yield.
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ethane, only 84% of C-12a position and 94% of C-3 posi-
tion in 4 were occupied by deuterium atoms, and 84% of
C-12a position and 90% of C-3 position in 3 were occupied
by deuterium atoms.

3. Conclusion

In summary, reaction conditions, possible mechanism,
scope, and limitation of the highly stereoselective Pictet—
Spengler reaction of D-tryptophan methyl ester hydrochlo-
ride with piperonal were studied extensively. The solvent-
dependence of the yield and cis stereoselectivity of the
Pictet—Spengler reaction was revealed and rationalized.
Cialis was efficiently synthesized from D-tryptophan methyl
ester hydrochloride in three steps in 82% overall yield, and
12a-epi-Cialis was obtained from Cialis in an almost quan-
titative yield in a solvent containing DMSO under basic
conditions. A base-catalyzed epimerization of Cialis in
a deuterated solvent was also studied, and deuterium-
labeled 3,3,12a-d5-Cialis and 3,3,12a-d5-12a-epi-Cialis were
prepared.

4. Experimental
4.1. General methods

Melting points are uncorrected. NMR spectra were ac-
quired on Bruker AM-500, chemical shifts of "H NMR
were given on the delta scale as parts per million (ppm)
with tetramethylsilane (TMS) as the internal standard. IR
spectra were recorded on Nicolet Magna IR-550. Mass
spectra were recorded on HP5989A. Optical rotation was
measured on WZZ-1S automatic polarimeter at room tem-
perature. Column chromatography was performed on silica
gel. HPLC analysis was performed with an Agilent/HP
1100 series equipped with an Alltech ELSD 2000ES detec-
tor. All solvents were purified by standard procedures. All
chemicals were analytically pure. The p-tryptophan methyl
ester hydrochloride was prepared according to a known
procedure.?*

4.2. Typical procedure of acid-catalyzed Pictet—Spengler
reaction of D-tryptophan methyl ester with piperonal in
acetic acid

A solution of bD-tryptophan methyl ester (8.57 g,
39.27 mmol) in 50 mL of acetic acid was transferred into
a three-necked round-bottom flask equipped with a stirring
bar and a thermometer. The mixture was cooled down to
0°C by an ice bath, piperonal (6.50 g, 43.30 mmol) and
benzoic acid (1.12 g, 9.17 mmol) were then added. After
stirring was continued at 0-5°C for about 16 h, TLC
showed that the reaction was complete. The products were
allowed to partition between dichloromethane (200 mL)
and 10% aqueous ammonia, the aqueous solution was ad-
justed to pH 9-10. After the extraction of aqueous solution
once more with dichloromethane (100 mL), the organic
extracts were combined and dried over anhydrous magne-
sium sulfate. Evaporation of the solvent gave a residue
which was purified by chromatography (eluant: CH,Cl,—

CH;0H =99:1) to give the cis-product (1R,3R)-1-(3,4-
methylenedioxyphenyl)-2,3,4,9-tetrahydro-9 H-pyrido[3,4-b}
indole-3-carboxylic methyl ester cis-5 (10.88 g, 31.05 mmol)
in 79% yield and trans-product (1S,3R)-1-(3,4-methylene-
dioxyphenyl)-2,3.4,9-tetrahydro-9 H-pyrido[3,4-bJindole-3-
carboxylic methyl ester trans-5 (0.95 g, 2.71 mmol) in 7%
yield.

cis-5: mp 153-155°C (lit.23 154-155 °C), [a]g) =+252 (¢
1.0, CHCly) {lit.?® [o]}) = +24.4 (¢ 1.0, CHCly)}, 'H
NMR (acetone-dg) o 8.01 (s, 1H), 7.48 (dd, J=6.9 Hz;
1.2 Hz, 1H), 7.24 (dd, J="7.1 Hz; 0.9 Hz, 1H), 6.96-7.05
(m, 2H), 6.93 (dd, 79 Hz; 1.6 Hz, 1H), 6.85 (d, J=
1.6 Hz, 1H), 6.81 (d, J=7.9 Hz, 1H), 5.97 (d, J= 0.8 Hz,
1H), 5.96 (d, J=09Hz, 1H), 521 (s, 1H), 3.90 (dd,
J=11.1 Hz; 4.1 Hz, 1H), 3.76 (s, 3H), 3.07-3.13 (m, lH),
2.85-2.92 (m, 1H). MS (m/z, relative intensity) 350 (M ",
100), 333(23), 291(46), 274(24), 263(49), 233(25), 204(32),
169(23), 144(16), 115(11), 77(5), 44(4). IR (KBr film)
3315, 2930, 1700, 1479, 1435, 1238, 1039, 740 cm .

trans-5: mp 186-188 °C (1it.2* 188 °C), [o]5 = +33.1 (c 1.0,
CHCly) {lit.?3 [oc]g):+32.4 (¢ 1.0, CHCly)}, '"H NMR
(acetone-dg) 6 9.72 (s, 1H), 7.48 (d, J="7.8 Hz, 1H), 7.27
(d, J=8.0Hz, 1H), 6.97-7.07 (m, 2H), 6.81 (d, J=
0.8 Hz, 1H), 6.72-6.78 (m, 2H), 5.95 (d, J= 0.9 Hz, 1H),
5.94 (d, 0.9 Hz, 1H), 5.34 (s, 1H), 391 (dd, J=6.9 Hz;
5.3 Hz, 1H), 3.65 (s, 3H), 3.10-3.17 (m, 1H), 2.96-3.03
(m, 1H). MS (m/z, relative intensity) 350 (M', 86),
333(34), 289(52), 274(39), 262(45), 233(44), 204(100),
169(58), 144(33), 115(34), 102(19), 77(10), 63(14). IR
(KBr film) 3316, 2893, 1705, 1479, 1438, 1238, 1040,
744 cm™'.

4.3. Typical procedure for a Pictet—Spengler reaction of
D-tryptophan methyl ester hydrochloride with piperonal in
different solvents (for example, in nitromethane)

A powder of D-tryptophan methyl ester hydrochloride
(10.00 g, 39.26 mmol) was added into a solution of pipero-
nal (5.90 g, 39.30 mmol) in 100 mL of nitromethane. The
suspension was then heated to reflux, refluxing was contin-
ued for 4 h while stirring, and the reaction was monitored
by TLC. After the reaction was complete, the mixture was
gradually cooled to room temperature and then to 0 °C.
After standing in a refrigerator for about 2 h, the product
as a pale yellow solid was collected on a Biichner funnel
by suction and washed with a small amount of fresh nitro-
methane. The product was dried in a warm air to produce
(1R,3R)-1-(3,4-methylenedioxyphenyl)-2,3,4,9-tetrahydro-
9H-pyrido[3,4-bJindole-3-carboxylic methyl ester hydro-
chloride 5-HCI %14.27 g, 36.89 mmol) in 94% yield, mp
239-241 °C, [oc]f) =4929 (¢ 1.1, MeOH). 'H NMR
(DMSO-dg) 6 10.84 (s, 1H), 10.68 (s, 1H), 10.23 (s, 1H),
7.53 (d, J=7.8Hz, 1H), 7.28 (d, J=28.1 Hz, 1H), 7.11
(dd, J=7.4Hz; 7.7 Hz, 1H), 7.01-7.07 (m, 3H), 6.99 (s,
1H), 6.09 (s, 2H), 5.80-5.90 (m, 1H), 4.70-4.80 (m, 1H),
3.83 (s, 3H), 3.24-3.39 (m, 2H). MS (m/z, relative intensity)
351 (M1, 21), 350 (M, 100), 333(24), 291(46), 274(24),
263(48), 233(25), 204(32), 169(23), 144(16), 115(11), 77(5).
IR (KBr film) 3204, 2910, 2524, 2422, 2387, 2280, 1742,
1569, 1506, 1492, 1450, 1331, 1307, 1257, 1238, 1096,
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1039, 932, 814, 747, 613 cm~'. HPLC analysis after neu-
tralization of the sample showed that it contained 99% of
cis-isomer and 1% of trans-isomer. HPLC details: column:
Fuji silysia Cig, 4.6 x 200 mm; temperature: 25 °C; mobile
phase: CH3;CN-H,O = 50:50; wave length of UV
Det. = 280 nm; injection volume: 10 pL; flow rate: 1 mL/
min; retention time: 11.1 min for frans-isomer, 12.5 min
for cis-isomer.

4.4. Pictet—Spengler reaction of p-tryptophan methyl ester
hydrochloride with piperonal in a deuterated solvent

A powder of Dp-tryptophan methyl ester hydrochloride
(2.00 g, 7.85 mmol) was added into a solution of piperonal
(1.30 g, 8.66 mmol) in a mixed solvent of 20 mL of aceto-
nitrile and 1 mL of D,O. The suspension was then heated
at reflux; refluxing was continued for 32 h while stirring.
The mixture was allowed to cool to room temperature
and then to 0 °C. The pale yellow solid was collected on
a Biichner funnel by suction and washed twice with fresh
acetonitrile. The product (2.66 g, ©. 88 mmol) was then
obtained in 88% vyield after drying. '"H NMR and MS
analyses of this product showed that it was identical with
the sample (5-HCI) which was obtained from the reaction
in a non-deuterated solvent.

4.5. (1R,3R)-1-(3,4-Methylenedioxyphenyl)-2-chloroacetyl-
2,3,4,9-tetrahydro-9 H-pyrido|3,4-blindole-3-carboxylic
methyl ester 6

Compound 5-HCl (14.27 g, 36.89 mmol), triethylamine
(11.20 g, 110.68 mmol) and 200 mL of dichloromethane
were added into a three-necked round-bottom flask which
was equipped with a mechanical stirrer and a thermometer.
A powder of 5-HCI dissolved after stirring for about
15 min at room temperature, a clear solution was obtained
and then cooled to 0 °C by an ice bath. Chloroacetyl chlo-
ride (6.25 g, 55.34 mmol) was added slowly within 30 min
keeping the inner temperature below 5 °C. The reaction
continued for around 2h at 0-5°C and was monitored
by TLC. After the reaction was complete, an aqueous solu-
tion of potassium carbonate (10%, 160 mL) was added and
stirred vigorously. The organic phase was separated and
dried over anhydrous magnesium sulfate. Removal of sol-
vents under reduced pressure gave a crude product which
was purified by recrystallization in the mixed solvent of
methanol and water (8:2) to afford the compound 6
(14.49 g, 33.95 mmol) in 92% yield, mp 230-232 °C (lit.?*
233°C), [y = —126.0 (¢ 1.1, CHCly) ({lit.? [of}) =
—125.4 (¢ 1.17, CHCly)}. 'H NMR (DMSO-dg) ¢ 10.87
(s, 1H), 7.54 (d J=78Hz, 1H), 7.27 (d, J=8.0 Hz,
1H), 7.09 (dd, J=72Hz, 7.8Hz, 1H), 7.02 (dd,
J=74Hz; 74 Hz, 1H), 6.80 (d, J=28.1 Hz, 1H), 6.75 (s,
1H), 6.63 (s, 1H), 6.45 (d, J=28.1 Hz, 1H), 5.97 (d,
J=10.1 Hz, 2H), 5.20 (d, J=6.7Hz, 1H), 4.84 (d, J=
13.9Hz, 1H), 443 (d, J=139Hz, 1H), 3.46 (d,
J =159 Hz, 1H), 3.07 (dd, J=15.9 Hz; 6.9 Hz, 1H), 3.02
(s, 3H). MS (m/z, relative intensity) 428 (M+2, 5), 426
(M™, 15), 391(20), 349(100), 331(5), 289(32), 274(13),
262(6), 231(4), 204(13), 169(6), 144(2), 115(3), 102(2),
77(3). IR (KBr film) 3245, 2945, 1734, 1657, 1501, 1486,

1435, 1414, 1309, 1285, 1236, 1211, 1157, 1037, 934, 870,
806, 745, 692 cm ™!

4.6. (6R,12aR)-2,3,6,7,12,12a-Hexahydro-2-methyl-6-(3,4-
methylenedioxyphenyl)-pyrazino-[2',1':6,1]pyrido[3,4-
blindole-1,4-dione Cialis, 1

Compound 6 (14.49 g, 33.95 mmol) was dissolved in
150 mL of DMF. An aqueous solution of methylamine
(30%, 17.57 g, 169.70 mmol) was added dropwise at room
temperature. After the addition was finished, the reaction
was continued overnight at rt and monitored by TLC.
When the reaction was complete, 500 mL of deionized
water was added slowly while the mixture was rapidly
stirred. Rapid stirring was continued for 2 h, and then
the suspension was filtered through a Biichner funnel by
suction and the cake was washed successively with deion-
ized water and isopropanol. The title compound 1
(12.51 g, 32.13 mmol) was obtained as an off-white solid
in 95% yield after drying. It was pure enough, but for in-
creased purity, compound 1 can be recrystalhzed from ace-
tic acid. Mp 300-301 °C ght 23.302-303 °C), [« ]D = +71 5
(c 1.0, CHCly) {lit.? [oc] +71.0 (¢ 1.0, CHCly)}. 'H
NMR (DMSO-dg) 6 11.02 (s, NH on the indole ring),
7.54 (d, 7.8 Hz, 1H), 7.29 (d, J=8.0 Hz, 1H), 7.05 (dd,
J=78Hz; 7.2Hz, 1H), 699 (dd, J=7.8 Hz; 7.1 Hz,
1H), 6.86 (s, 1H), 6.77 (s, 2H), 6.12 (s, 1H), 5.91 (s, 2H),
4.39 (dd, J=4.2 Hz; 11.6 Hz, 1H), 4.17 (d, J=17.2 Hz,
1H), 3.94 (d, J=17.1 Hz, 1H), 3.51 (dd, J=4.5Hz;
15.8 Hz, 1H), 2.96 (dd, J=11.8 Hz; 15.8 Hz, 1H), 2.92
(s, 3H). ’C NMR (DMSO-ds) 6 166.88, 166.56, 147.06,
146.08, 137.00, 136.23, 133.96, 125.78, 121.25, 119.34,
118.89, 118.10, 111.32, 107.98, 107.00, 104.78, 100.91,
55.52, 55.34, 51.47, 32.86, 23.16. MS (m/z, relative inten-
sity) 390 (M+1, 21), 389 (M™, 100), 317(5), 289(7),
268(10), 262(37), 233(9), 204(9), 169(4), 115(1), 102(1). IR
(KBr film) 3326, 2902, 1676, 1649, 1489, 1437, 1400,
1323, 1269, 1241, 1150, 939, 922, 746 cm~'. Anal. Calcd
for C,oH[9N3O04: C, 67.86; H, 4.92; N, 10.79. Found: C,
68.08; H, 4.63; N, 10.63.

4.7. (6R,12a5)-2,3,6,7,12,12a-Hexahydro-2-methyl-6-(3,4-
methylenedioxyphenyl)-pyrazino-[2',1':6,1]pyrido[3,4-
blindole-1,4-dione 2

Compound 1 (5.00 g, 12.84 mmol) was first dissolved in
dimethylsulfoxide (20 mL), isopropanol (100 mL) and
1,8-diazabicyclo[5,4,0Jundec-7-ene  (3.91 g, 25.68 mmol)
were then added. The reaction solution was heated at reflux
at 83 °C, and refluxing was continued for about 5 h. Iso-
propanol was removed by distillation under reduced pres-
sure, the residue was then cooled to room temperature. A
dilute HCI aqueous solution (100 mL) was gradually added
while stirring and an off-white solid precipitated. The off-
white solid was collected by suction and washed three times
with water. After drying in a warm air, the crude product
was purified by flash chromatography to give compound
2 (4.89 g, 12.56 mmol) in 98% yield, mp 295-296 °C (lit.>
287-289 °C for the sample containing 0.25 toluene),
[0 = —303.1 (¢ 1.2, CHCl3) {1it.23 [o]3y = —293.4 (c 1.2,
CHCIl;) for the sample containing 0.25 toluene}. 1H
NMR (DMSO-ds) 6 11.06 (s, NH on the indole ring),
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7.49 (d, J = 7.7 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.10 (dd,
J=72Hz; 7.9 Hz, 1H), 7.01 (dd, J = 7.7 Hz; 7.2 Hz, 1H),
6.86 (d, J = 8.0 Hz, 1H), 6.82 (s, 1H), 6.75 (d, J = 1.4 Hz,
1H), 6.60 (dd, J=1.1Hz 8.0Hz 1H), 599 (d,
J=6.5Hz, 2H), 424 (d, J=17.6Hz, 1H), 4.07 (dd,
J=4.1Hz; 11.8 Hz, 1H), 4.03 (d, J = 17.7 Hz, 1H), 3.25
(dd, J=42Hz 154Hz, 1H), 2.95 (dd, J=12.1 Hz;
148 Hz, 1H), 2.84 (s, 3H). '*C NMR (DMSO-dy) ¢
164.78, 162.37, 147.69, 147.33, 136.20, 132.92, 130.25,
125.94, 121.78. 118.99, 118.16, 111.36, 108.42, 108.21,
107.55, 101.32, 52.09, 50.94, 50.73, 32.69, 26.74. MS
(m/z, relative intensity) 390 (M"+1, 17), 389 (M™, 100),
360(1), 317(4), 289(7), 268(7), 262(26), 233(8), 204(8),
169(3), 115(1), 102(1). IR (KBr film) 3314, 2924, 1711,
1659, 1623, 1488, 1468, 1450, 1328, 1291, 1267, 1237,
1159, 1037, 931, 875, 789, 740, 607 cm~'. Anal. Calcd for
C»HoN3O4: C, 67.86; H, 4.92; N, 10.79. Found: C,
67.82; H, 4.83; N, 10.73.

4.8. (6R,12a5)-2,3,6,7,12,12a-Hexahydro-2-methyl-6-(3,4-
methylenedioxyphenyl)-3,3,12a-trideutero-pyrazino-
[2,1":6,1]pyrido|3,4-b]indole-1,4-dione 4

Compound 1 (0.50 g, 1.28 mmol), DMSO-ds (1.5 mL),
THF (6 mL), D>O (1 mL), and anhydrous potassium car-
bonate (177 mg, 1.28 mmol) were mixed together. The mix-
ture was stirred and then heated at 65 °C. A clear solution
was obtained, and the stirring was continued at this tem-
perature for 16 h. Afterwards THF was removed by distil-
lation under reduced pressure, the residual oil was cooled
to room temperature and diluted with 25 mL of 0.5M
HCI aqueous solution. The white solid precipitated and
was filtered to give crude product which was purified by
flash chromatography to afford compound 4 (0.48 g,
1.22 mmol) in 95% yield. After two recrystallizations in
1,2-dichloroethane, compound 4 was characterized as fol-
lows: [«]f) = —268.0 (¢ 1.2, CHCl3). "H NMR (CDCl3) 6
8.08 (s, NH on the indole ring), 7.53 (d, J = 7.8 Hz, 1H),
7.32 (d, J=8.0Hz), 7.22 (dd, /=79 Hz; 8.1 Hz, 1H),
7.16 (dd, J=7.2Hz; 7.1 Hz, 1H), 6.97 (s, 1H), 6.80 (s,
1H), 6.70 (s, 2H), 5.92 (d, J=3.6 Hz, 2H), 4.34 (dd,
J=4.1Hz, 119Hz, 0.16H at C-6 position), 4.13 (s,
0.06H at C-3 position), 3.98 (s, 0.06H at C-3 position),
3.5 (d, J=15.4Hz, 1H), 299 (s, 3H), 294 (d,
J=15.6Hz, 1H). MS (m/z, relative intensity) 393
(M*+1, 28), 392 (M™", 100), 391 (M"—1, 24), 363(2),
333(1), 318(7), 290(14), 271(14), 262(73), 233(29), 204(30),
170(15), 141(3), 116(6), 102(6), 89(2), 77(1), 63(1), 46(4).
IR (KBr film) 3325, 2918, 1662, 1642, 1620, 1554, 1501,
1487, 1441, 1403, 1273, 1239, 1095, 1038, 924, 872, 823,
745, 653, 606, 425cm” . HRMS(EI) m/z caled for
C22H16D3N304 (M+), 3921564, found: 392.1526.

4.9. (6R,12aR)-2,3,6,7,12,12a-Hexahydro-2-methyl-6-(3,4-
methylenedioxyphenyl)-3,3,12a-trideutero-pyrazino-
[2,1":6,1]pyrido|3,4-b]indole-1,4-dione 3

Compound 1 (1.50 g, 3.85 mmol), DMSO-ds (4.5 mL),
THF (18 mL), D,O (1.5 mL), and anhydrous potassium
carbonate (532 mg, 3.85 mmol) were mixed together. The
mixture was stirred and then heated to 65 °C. A clear solu-
tion was obtained, and the stirring was continued at this

temperature for 6.5 h. After THF was removed by distilla-
tion under reduced pressure, the residual oil was cooled to
room temperature and diluted with 45 mL of 0.5 M HCI
aqueous solution. The white solid precipitated and was fil-
tered to give crude product which was purified by flash
chromatography (eluent: ethyl acetate-dichloromethane—
petroleum ether = 1:2:6) to afford compound 3 (502 mg,
1.28 mmol) in 33% yield and compound 4 (990 mg,
2.52 mmol) in 65% yield. After two recrystallizations in
1,2-dichloroethane, compound 3 was characterized as fol-
lows: [06]12)0 = +87.1 (¢ 1.0, CHCL). '"H NMR (CDCly) §
7.84 (s, 1H), 7.61 (d, J=7.0 Hz, 1H), 7.27 (d, J =9.0 Hz,
1H), 7.13-7.21 (m, 2H), 6.86 (dd, J=1.7 Hz; 8.0 Hz,
1H), 6.73 (d, J=1.7Hz, 1H), 6.69 (d, J=8.0 Hz, 1H),
6.15 (s, 1H), 5.87 (dd, J=1.4 Hz; 11.6 Hz, 1H), 4.30 (dd,
J=43Hz 11.6Hz, 0.16H at C-6 position), 4.09 (s,
0.10H at C-3 position), 3.93 (s, 0.10H at C-3 position),
3.78 (d, J=16.0 Hz, 1H), 3.21 (d, J=15.9 Hz, 1H), 3.04
(s, 3H). MS (m/z, relative intensity) 393 (M*+1, 24), 392
(M™, 100), 391 (M"—1, 47), 363(2), 333(1), 318(10),
306(2), 290(11), 276(6), 276(6), 271(20), 262(74), 251(2),
243(4), 233(30), 218(3), 204(2), 170(21), 141(2), 131(3),
116(6), 102(8), 89(2), 77(2), 63(2), 46(6). IR (KBr film)
3323, 2902, 1672, 1645, 1626, 1488, 1423, 1396, 1329,
1242, 1155, 1099, 1038, 938, 920, 790, 745, 694, 625, 475,
435cm™ . HRMS(EI) m/z caled for C,H;cD3N3;O4
(M), 392.1564; found: 392.1565.
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