
FULL PAPER

Generation of a Small Library of Highly Electron-Rich 2-(Hetero)Aryl-
Substituted Phenethylamines by the Suzuki�Miyaura Reaction: A Short

Synthesis of an Apogalanthamine Analogue

Prasad Appukkuttan,[a] Amparo Baiget Orts,[a] R. Prakash Chandran,[a][‡] Jan. L. Goeman,[b]

Johan Van der Eycken,[b] Wim Dehaen,[a] and Erik Van der Eycken*[a]

Keywords: Apogalanthamine / Biaryls / Cross coupling / Microwave irradiation / Palladium

The Suzuki−Miyaura reaction is presented as a versatile pro-
cedure for the synthesis of a small library of highly electron-
rich 2-[4,5-dimethoxy-2-(hetero)arylphenyl]ethylamines. Mi-
crowave-irradiation accelerates the reaction tremendously
and furnishes superior yields. The difficult oxidative addition
of the catalyst to a highly electron-rich and ortho-substituted
system could be performed easily, and the proto-de-
boronation during cross-coupling reactions involving the

Introduction

Phenethylamines (PEAs) and their structural analogues
are of great importance in modern chemistry, due to their
potential for application in molecular recognition processes
and targeted drug discovery. Vast numbers of recently syn-
thesized biologically active molecules and natural products
feature a substituted (hetero)arylethylamine unit in their
core structure.[1] Introduction of bulky substituents and aryl
moieties often enhances the biological activity of phenethyl-
amines and phenylalanines, by altering the conformational
features of the molecules and thereby promoting their selec-
tive binding to the active site. 2-Aryldopamines are interest-
ing examples belonging to this class, as they are weak
stimulators of dopamine-sensitive adanylate cyclase (D1-
dopamine receptor activity)[2] and potent inhibitors of the
dopaminergic D2 agonists in the brain striatum.[3] Introduc-
tion of aryl moieties to enhance the binding features is
further supported by the fact that 2-aryl-or (2-naphthyl)-
phenylalanines and tryptophans show stronger binding
properties than their 2-H counterparts in molecular recog-
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highly electron-withdrawing (2-formylphenyl)boronic acid
could be minimized. Enhanced yields and complete compat-
ibility with aqueous conditions were found. This strategy was
developed en route towards the synthesis of an apogalan-
thamine analogue.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

nition studies.[4] The presence of electron-rich substituents
on the aryl rings of PEAs is often regarded as a factor in
their interesting physiological and biological activities. The
creation of a small library of highly electron-rich PEAs is
therefore an interesting task.

Despite their potential biological activities, there has
been scarcely any effort done to develop a high-yielding and
general pathway for the synthesis of electron-rich arylethyl-
amines featuring a 2-aryl or 2-heteroaryl substitution pat-
tern. The available literature is almost exclusively based
either on modification of a pre-selected biaryl core or the
use of Grignard-type reagents.[5] Ladd and co-workers[6]

used the ingenious Meyers procedure,[7] based on the site-
specific cross-coupling of a Grignard reagent with suitably
substituted isoxazolines, for the generation of the biaryl
skeleton. However, most of these methods demand sensitive
reaction conditions and long reaction times, delivering the
products in low yields. This makes them unsuited for the
generation of small libraries of analogues for screening for
possible biological activity.

Transition-metal catalyzed Suzuki,[8] Stille,[9] or Negi-
shi[10] reactions are powerful tools for the synthesis of
aryl�aryl- and aryl�heteroaryl-containing molecules; there
has been a plethora of recent literature about their appli-
cation for the synthesis of biologically active natural prod-
uct analogues.[11] To the best of our knowledge, however,
these coupling reactions have hardly been investigated for
the synthesis of 2-aryldopamines or 2-aryl PEAs bearing
highly electron-donating substituents.[12] Presumably this is
attributable to the difficult oxidative addition of the tran-
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sition metal to the C�X bond of the electron-rich aromatic
ring, the complexation of the amine nitrogen with the cata-
lyst, and also the unfavorable steric factors imposed by the
substrate.[13] Even though these problems could possibly be
minimized by the use of palladacycles or bulky phosphane
ligands, long synthetic manipulations and sensitive reaction
conditions are often required.[14] The application of focused
microwave irradiation has been demonstrated as a valuable
tool in accelerating the rate and yield of organic reactions
in general, as is evident from the enormous amount of lit-
erature published in recent years.[15] It is also apparent that
the transition metal-catalyzed cross-coupling reactions
greatly benefit from microwave irradiation, with many reac-
tions being performed under mild conditions, and in some
cases even in water.[16]

From our expertise in transition metal C�C and C�B
bond-forming reactions, we became interested in the syn-
thesis of a small library of 2-aryl- and 2-heteroaryl-4,5-dial-
koxy PEAs as part of a program to develop novel receptor
ligands for binding studies. We chose the Suzuki�Miyaura
cross-coupling for the generation of the biaryl axis, due to
its milder reaction conditions, increased yields, and lack of
toxic by-products. Although the reactions were less satisfac-
tory under conventional heating conditions, owing to the
extremely electron-rich nature of the aryl ring, microwave-
irradiation was found to improve the cross-coupling re-
markably. We also chose to extend our methodology en
route towards a short total synthesis of analogues of the
apogalanthamine family. Several members of these Amaryl-
lidaceae alkaloids feature a unique 5,6,7,8-tetrahydrobenzo-
[c,e]azocine skeleton,[17] and show very promising alpha-ad-
renergic, antiserotonin, and antihepatitic activities. In this
contribution we report the elaboration of a total synthesis
of 10,11-dimethoxy-5,6,7,8-tetrahydro-dibenzo[c,e]azocine.
The superiority of microwave irradiation over experiments
under conventional heating conditions is also discussed in
this case.

Results and Discussion

We started our synthesis from the commercially available
2-(3,4-dimethoxyphenyl)ethylamine (Scheme 1). The re-
gioselective bromination of the amine was carried out with
bromine in acetic acid at room temperature, providing 2 in
89% yield. In order to avoid problems involving complex
formation between the amine-nitrogen and palladium(0)
during the biaryl coupling, the free amine was protected
as the carbamate by treatment with Cbz�O-succinimide in

Scheme 2. Suzuki�Miyaura cross-coupling of the phenethylamine 3 with various boronic acids 4a�l
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dioxane, in the presence of 1  NaOH solution. After 12 h
of stirring at ambient temperature, the desired compound 3
was isolated in 93% yield.

Scheme 1. Synthesis of benzyl [2-(2-bromo-4,5-dimethoxyphenyl)-
ethyl]carbamate (3)

Our next goal was to carry out Suzuki�Miyaura cross-
coupling reactions between the phenethylamine 3 and vari-
ous boronic acids, aiming at the generation of a small li-
brary of the target PEAs. We started our experiments with
phenylboronic acid (4a) as the coupling partner. A mixture
of the boronic acid 4a, the phenethylamine 3, NaHCO3 as
the base, and tetrakis(triphenylphosphane)palladium(0) as
the catalyst in a mixture (1:1) of N,N-dimethylformamide
(DMF) and water was sealed in a vial (aluminium/Teflon
crimp) and was irradiated in the cavity of a monomode
CEM-Discover apparatus[18] at 120 °C, with an irradiation
power of 100 W (Scheme 2, Table 1).

The reaction was found to proceed smoothly, and the ex-
pected biaryl compound 5a was isolated in good yield (83%,
Table 1, Entry 1), together with traces of unchanged start-
ing material. Increasing the reaction temperature to 140 °C
was found to drive the reaction to completion, and the
product 5a was isolated in excellent yield (94%, Table 1, En-
try 2). Sodium hydrogencarbonate (3 equiv.) and tetrakis-
(triphenylphosphane)palladium(0) (5 mol %) were found to
be the base and catalyst of choice, though cesium carbonate
also gave equivalent results (90%, Table 1, Entry 3). Lower
amounts of catalyst and base were found to diminish the
yield considerably (Table 1, Entries 8�11). Although a mix-
ture of ethylene glycol dimethyl ether (DME) and water
(1:1) was found to furnish compatible yields, the reaction
turned out to be slow (20 min, Table 1, Entries 12�13).
Experiments without the use of any transition metal cata-
lyst met with failure, and the starting amine 3 was reisolated
untouched. On the basis of these initial results, we decided



A Short Synthesis of an Apogalanthamine Analogue FULL PAPER

Table 1. Optimization experiments for cross-coupling of the phenylethylamine 3 and boronic acid 4a

Base (equiv.) Catalyst (mol %) Solvent Time (min) T (°C) Yield (%)Entry

1 NaHCO3 (3) Pd(Ph3P)4 (5) DMF/H2O 10 120 83
2 NaHCO3 (3) Pd(Ph3P)4 (5) DMF/H2O 10 140 94
3 Cs2CO3 (3) Pd(Ph3P)4 (5) DMF/H2O 10 140 90
4 Na2CO3 (3) Pd(Ph3P)4 (5) DMF/H2O 10 140 82
5 NaHCO3 (3) Pd(dppf)Cl2 (5) DMF/H2O 10 140 78
6 NaHCO3 (3) Pd2(dba)3 (5) DMF/H2O 10 140 61
7 NaHCO3 (3) Pd(Ph3P)2Cl2 (5) DMF/H2O 10 140 87
8 NaHCO3 (2) Pd(Ph3P)4 (5) DMF/H2O 10 140 81
9 NaHCO3 (1) Pd(Ph3P)4 (5) DMF/H2O 10 140 69

10 NaHCO3 (3) Pd(Ph3P)4 (4) DMF/H2O 10 140 80
11 NaHCO3 (3) Pd(Ph3P)4 (2.5) DMF/H2O 10 140 73
12 NaHCO3 (3) Pd(Ph3P)4 (5) DME/H2O 10 140 79
13 NaHCO3 (3) Pd(Ph3P)4 (5) DME/H2O 20 140 91

to extend the scope of our study by including a series of
commercially available boronic acids (Table 2).

Naphthylboronic acid (4b, Table 2, Entry 2) gave an ex-
cellent yield of 89% in 10 min at 140 °C. When electron-
withdrawing groups were present (Table 2, Entries 3 and 4)
the reactions required slightly more time (15 min) and the
products 5c and 5d were isolated in good yields (86% and
84%, respectively). The proto-deboronation of 4c and 4d
caused by the electron-withdrawing groups could be suc-
cessfully diminished upon microwave irradiation. The (4-
bromophenyl)boronic acid (4e) was found to be unsuitable
for cross-coupling reaction (Table 2, Entry 5), as it resulted
in homocoupling and polymerization of the boronic acid,
as was evident from CI-MS. The electron-rich boronic acids
4f�i gave satisfactory yields (Table 2, Entries 6�9), though
the free hydroxy group of 4i was seen to diminish the yield
slightly (Table 2, Entry 9, 79%). Heterocyclic compounds
were successfully introduced at the 2-position with good to
excellent yields (Table 2, Entries 10�12). The correspond-
ing furan 5j and pyridine 5k analogues were isolated in
good to excellent yields (Table 2, Entries 10�11, 85%, and
90%, respectively). However, the reaction with (5-methylthi-
ophen-2-yl)boronic acid (4l) met with failure (Table 2, En-
try 12), as the compound was too unstable under the reac-
tion conditions and exclusive formation of 2-methylthio-
phene was found.

At this point we decided to expand the scope of our
investigation towards the use of boronic acids bearing
highly electron-withdrawing substituents in the sterically
unfavorable ortho-position. We envisaged that the use of (2-
formylphenyl)boronic acid (6) in the Suzuki�Miyaura
cross-coupling with the phenethylamine 3 might afford a
useful intermediate for the synthesis of apogalanthamine
analogues, an intriguing class of natural products endowed
with interesting biological activity. As a typical member, the
natural Amaryllidaceae alkaloid buflavine (10) shows
α-adrenolytic, antiserotonin, and antihepatitic activities[19]

(Figure 1).
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Figure 1. Apogalanthamine analogues and Buflavine (10)

These compounds possess a rare 5,6,7,8-tetrahydrodi-
benzo[c,e]azocine skeleton composed of a biaryl ring system
linked through an eight-membered N-heterocyclic ring.
Only minor efforts towards the synthetic elaboration of the
apogalanthamine skeleton have been made, and only three
total syntheses of buflavine (10) have appeared in the litera-
ture.

The first synthetic sequences of the apogalanthamine
analogues were reported by Kobayashi et al.,[20] who con-
structed the biaryl axis by applying a copper()- or
nickel(0)-mediated Ullmann-type coupling or a photochem-
ical coupling, yielding the compounds in rather low yields.
Snieckus et al.[21] proposed a synthesis of buflavine (10)
based on the selective generation of a dialkoxy phenylbo-
ronic acid by ‘‘directed ortho metallation’’ (D.O.M.) of the
corresponding brominated compound and subsequent
cross-coupling with a suitable aldehyde as the key steps. Ru-
chirawat et al.[22] explored cross-coupling reactions between
dialkoxy phenylboronic acid and suitable ortho-halogenated
benzonitriles, followed by a Pictet�Spengler-type reaction.
Both strategies were based on cross-coupling between an
electron-rich boronic acid, avoiding the chance for proto-
deboronation, and an electron-withdrawing aryl halide,
making the transmetallation step easier.

In order to demonstrate the usefulness of our strategy in
promoting cross-coupling between highly electron-rich and
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Table 2. Suzuki�Miyaura cross-coupling between the phenylethyl-
amine 3 and various boronic acids 4a�l

[a] All reactions were carried out with 5 mol % of [Pd(Ph3P)4], 1.3
equiv. of boronic acid, and 3.0 equiv. of NaHCO3 in 1.5 mL each
of DMF and water, under microwave irradiation conditions at a
power level of 100 W. [b] Homocoupling and polymerization of the
boronic acid. [c] Decomposition of the boronic acid; the starting
amine was recovered completely.

hindered (aryl)ethylamines and boronic acids bearing
highly electron-withdrawing substituents in the sterically
unfavorable ortho position, we chose to synthesize 10,11-
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dimethoxy-5,6,7,8-tetrahydrodibenzo[c,e]azocine (9); its
specific substitution pattern in the aromatic rings should
present severe challenges to our strategy. Indeed, retrosyn-
thetic analysis shows that the success of the synthesis is
mainly predicated on the selective generation of the benzyl
[2-(2�-formyl-4,5-dimethoxybiphenyl-2-yl)ethyl]carbamate
(7). The eight-membered ring can be constructed through a
simple reductive amination of 7 (Scheme 3).

Scheme 3. Retrosynthetic analysis for the generation of 9

A careful literature survey, however, revealed that the
presence of electron-withdrawing groups, especially in the
ortho-position of the boronic acid, tend to destabilize the
compound during the Suzuki reaction, by making the C�B
bond weaker and thereby promoting the proto-debo-
ronation.[23] When an electron-rich aryl halide is used in
combination, the slow oxidative addition of the palladium
further enhances the proto-deboronation process. The avail-
able literature suggests the use of milder bases, nonaqueous
and therefore slower reaction conditions, and protection of
the boronic acid as the ester.[24] The Suzuki coupling be-
tween (2-formylphenyl)boronic acid[25] (6) and benzyl [2-
(3,4-dimethoxyphenyl)ethyl]carbamate (3) was therefore a
challenge to our methodology, and we carried out a number
of experiments to optimize the reaction parameters
(Table 3).

In a typical procedure, a mixture of the aryl bromide 3
and (2-formylphenyl)boronic acid (6, 1.3 equiv.) was ir-
radiated at 100 W maximum power for 15 min at 150 °C. A
variety of solvents was used (Table 3, Entries 1�8), as well
as different bases (Entries 8�12) and catalysts (Entries
12�16). The best conditions were found to be cesium car-
bonate or sodium hydrogencarbonate as bases (Entries 6
and 9) and tetrakis(triphenylphosphane)palladium(0) as
catalyst (Entry 6) in a 1:1 mixture of DMF or DME with
water (Entries 6 and 9, respectively). We were able to per-
form the reaction successfully in water as the sole solvent,
with a good yield of 72% (Entry 8). All the experiments
were also carried out under conventional heating con-
ditions, as can be seen in the table, but failed to furnish
good yields, benzaldehyde and the phenethylamine 3 being
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Table 3. Suzuki�Miyaura biaryl coupling between the phenethylamine 3 and (2-formylphenyl)boronic acid (6); a comparative study
between conventional heating and microwave (MW) irradiation

Entry[a] Base Catatalyst Solvent Temperature (°C) Yield (%)
Oil bath MW Oil bath MW

1 1 A PhMe 110 125 13 61
2 1 A DME 100 125 21 74
3 1 A DMF 150 150 25 78
4 1 A EtOH 87 125 16 73
5 1 A PhMe � water 150 150 12 51
6 1 A DMF � water 150 150 22 84
7 1 A DME � water 100 150 14 79
8 1 A water 100 150 10 72
9 2 A DMF � water 150 150 14 79

10 3 A DMF � water 150 150 11 61
11 4 A DMF � water 150 150 15 71
12 5 A DMF � water 150 150 14 68
13 1 B DMF � water 150 150 12 51
14 1 C DMF � water 150 150 19 72
15 1 D DMF � water 150 150 14 64
16 1 E DMF � water 150 150 17 41

[a] All reactions were carried out at 1 mmol scales with 1.3 equiv. of boronic acid, 3 equiv. of base and 5 mol % of catalyst, under
conventional heating conditions for 14 h and under microwave irradiation conditions for 15 min, at a power level of 100 W. 1 � Cs2CO3,
2 � NaHCO3, 3 � Na2CO3, 4 � K3PO4, 5 � Ba(OH)2; A � [Pd(Ph3P)4], B � Pd(OAc)2, C � [Pd2(dba)3], D � [Pd(Ph3P)2Cl2], E �
[Pd(dppf)Cl2]. The ratio between water and organic solvent was always 1:1.

isolated as the side products. Immersion of a sealed tube
containing the same mixture as described in Entry 6 in a
pre-heated oil-bath (200 °C), gave only a slightly elevated
yield of 37%. This, together with the highly accelerated
reaction times, clearly underlines the power of microwave
irradiation for performing the biaryl coupling between 3
and 6. We are currently expanding the scope of this reaction
towards the introduction of a series of aryl- and (heteroar-
yl)boronic acids bearing the destabilizing ortho-formyl
group.

At this stage, we faced the final ring-closure to generate
the eight-membered ring. However, several attempts at the
deprotection and consecutive reductive amination of the bi-
aryl compound 7 were unsuccessful. Standard deprotection
methods for the Cbz group, such as Pd�C/H2 in methanol
or transfer hydrogenation methods in the presence of cyclo-
hexene, ammonium acetate or formic acid, were found to
reduce the aldehyde to the corresponding alcohol and other
highly polar compounds. However, we found out that an
acid-mediated microwave-enhanced deprotection pro-
cedure, followed by a one-pot reductive amination, gave sat-
isfactory results (Scheme 4).

Microwave irradiation of a sample of the biaryl 7 in a
mixture of toluene and trifluoroacetic acid (3:1) for 3 min
at a ceiling temperature of 175 °C, at a maximum power of
100 W, yielded the imine 8. The reduction of 8 to the de-
sired apogalanthamine analogue 9 was effected by addition
of the crude mixture to a methanolic solution of an excess
of sodium cyanoborohydride at room temperature. Purifi-
cation by reversed-phase HPLC, by gradient elution with
acetonitrile and water containing NH4(OAc), yielded the
desired compound 9 in 73% overall yield
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Scheme 4. Ring closure of the biaryl 7 to the Apogalanthamine
analogue 9

Conclusion

We describe the synthesis of a small library of highly elec-
tron-rich 2-aryl and 2-heteroaryl PEAs through
Suzuki�Miyaura cross-coupling, in view of their presum-
ably interesting biological activities. A variety of electron-
rich, neutral, and electron-poor rings were successfully in-
troduced at the 2-position of the highly electron-rich 2-(3,4-
dimethoxyphenyl)ethylamine through microwave-enhanced
Suzuki�Miyaura cross-coupling reaction. Excellent yields
and high reaction rates were observed, without any real
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need for special catalysts or bulky ligands. A small library
of 2-aryl and 2-heteroaryl PEAs was obtained and will be
investigated for possible biological activity.

Next, the ‘‘near-impossible’’ cross-coupling between the
electron-rich and hindered bromo-phenethylamine 3 and
the electron-deficient and hindered (2-formylphenyl)bo-
ronic acid (6) was investigated. While this cross-coupling
reaction gave very poor results under conventional heating
conditions, excellent yields were obtained with microwave
irradiation and a dramatic acceleration of the reaction was
observed. Moreover, this reaction could be performed in
aqueous medium, even in water as the sole solvent. The
proto-deboronation could be avoided, clearly demonstrat-
ing the benefit of microwave irradiation. The strategy has
successfully been extended towards the synthesis of 10,11-
dimethoxy-5,6,7,8-tetrahydrodibenzo[c,e]azocine (9), an
interesting member of the Amaryllidaceae family; several
members of this alkaloid family show interesting biological
activity. This approach opens an easy route for the synthesis
of a library of highly substituted and heteroaryl-bearing
apogalanthamine analogues. This work is currently under
investigation.

Experimental Section

General Remarks: 1H and 13C NMR spectra were recorded with
Bruker AMX 400 or Bruker 300 Avance instruments. The 1H
chemical shifts are reported in ppm relative to tetramethylsilane,
with the residual solvent signal as an internal reference and 13C
with CDCl3 as internal standard. The low-resolution mass spectra
were obtained with a HP5989A MS instrument. High-resolution
mass spectra were recorded by use of a Kratos MS50TC and a
Kratos Mach III data system. The ion source temperature was
150�250 °C as required. High-resolution EI-mass spectra were per-
formed with a resolution of 10000. For thin layer chromatography,
analytical TLC plates (Alugram SIL G/UV254 and 70�230 mesh
silica gel (E. M. Merck)) were used. All compounds have been
characterized by 1H and 13C NMR/EI-MS. All commercially avail-
able compounds were used without any further purification.

Microwave Irradiation Experiments: All microwave irradiation
experiments were carried out in a dedicated CEM-Discover mono-
mode microwave apparatus, operating at a frequency of 2.45 GHz
with continuous irradiation power from 0 to 300 W with utilization
of the standard absorbance level of 300 W maximum power. The
reactions were carried out in 10-mL glass tubes, sealed with alu-
minium/Teflon crimp tops, which can be exposed to 250 °C and 20
bar internal pressure. The temperature was measured with an IR
sensor on the outer surface of the process vial. After the irradiation
period, the reaction vessel was cooled rapidly (60�120 s) to ambi-
ent temperature by gas jet cooling.

Synthesis of Benzyl [2-(2-Bromo-4,5-dimethoxyphenyl)ethyl]carba-
mate (3): Bromine (1.1 mL, 22 mmol) in acetic acid (10 mL) was
slowly added to a vigorously stirred solution of 2-(3,4-dimeth-
oxyphenyl)ethylamine (1, 3.4 mL, 20 mmol) in acetic acid (50 mL)
in a 250 mL round-bottomed flask. After 15 minutes, the bromin-
ated amine started precipitating out. Stirring was continued for an
additional 105 minutes and the mixture was filtered, washed with
dichloromethane (�3) and with petroleum ether (�3), and dried
under vacuum to yield 2 (4.63 g, 89%), which was used without
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further purification. NaOH solution (1 , 11 mL) was added at
room temperature to a vigorously stirred solution of 2 (2.60 g,
10 mmol) in dioxane (25 mL). Benzyloxy-N-carbonyloxy succinim-
ide (2.74 g, 11 mmol) in dioxane (25 mL) was added to this solu-
tion, and the resultant mixture was stirred at room temperature for
12 h, when TLC and CI-MS indicated the completion of the reac-
tion. Dioxane was removed under vacuum, the mixture was ex-
tracted with ethyl acetate (25 mL � 3), and the combined organic
layers were washed successively with saturated NaHCO3 solution,
5% citric acid solution, and finally with water. After drying over
MgSO4 and removal of the solvent under vacuum, analytically pure
product 3 was obtained as yellowish white crystals (3.664 g, 93%).
1H NMR (300 MHz, CDCl3): δ � 2.88 (t, J � 7.3 Hz, 2 H), 3.42
(q, J � 7.0 Hz, 2 H), 3.82 (s, 3 H), 3.77 (s, 3 H), 4.98 (br. s, NH),
5.01 (s, 2 H), 6.69 (s, 1 H), 6.98 (s, 1 H), 7.32 (m, 5 H) ppm. 13C
NMR (75 MHz, CDCl3): δ � 36.3, 41.4, 56.4, 56.6, 67.0, 113.9,
116.0, 127.4, 127.9, 128.5, 128.9, 129.0, 129.2, 129.8, 130.2,
130.5 ppm. DEPT (75 MHz, CDCl3): δ � �36.3, �41.4, 56.4, 56.5,
�67.0, 113.9, 116.0, 127.4, 128.5, 129.0, 129.2 ppm. LR-MS (EI)
[M�]: 394, 91 (100%). HR (EI) � MS: C18H20BrNO4 found
393.05749, calcd. 393.05757.

General Procedure for the Synthesis of Biarylamines 5a�d and 5f-
k by Suzuki�Miyaura Cross-Coupling: Synthesis of Benzyl [2-(4,5-
Dimethoxybiphenyl-2-yl)ethyl]carbamate (5a): Bromoamine 3
(197 mg, 0.5 mmol), phenylboronic acid 4a (79 mg, 0.65 mmol, 1.3
equiv.), and tetrakis(triphenylphosphane)palladium(0) ( 29 mg, 5
mol %) were suspended in DMF (1.5 mL) in a 10 mL reaction glass
vial containing a tiny stirring magnet. To this were added Cs2CO3

(490 mg, 1.5 mmol, 3 equiv.) and water (1.5 mL), and the vial was
sealed tightly with an aluminium-Teflon crimp top. The mixture
was irradiated for 10 min at a pre-selected temperature of 140 °C,
with an irradiation power of 100 W. After the reaction, the vial was
cooled to 60 °C by gas jet cooling. The crude mixture was par-
titioned between diethyl ether (25 mL) and water (25 mL), and the
aqueous layer was extracted with diethyl ether (3 � 25 mL). The
combined organic layers were dried on magnesium sulfate and sol-
vents were removed under reduced pressure to yield the crude prod-
uct 5a as a yellow oil. Column chromatography [silica gel, diethyl
ether/hexane (1:1)] afforded analytically pure 5a (184 mg, 94%) as
a pale yellow oil. 1H NMR (400 MHz, CDCl3): δ � 2.73 (t, J �

6.9 Hz, 2 H), 3.23 (q, J � 6.9 Hz, 2 H), 3.81 (s, 3 H), 3.84 (s, 3 H),
4.84 (t, NH), 5.02 (s, 2 H), 6.73 (s, 1 H), 6.78 (s, 1 H), 7.33 (m, 10
H) ppm. 13C NMR (100 MHz, CDCl3): δ � 36.5, 42.0, 52.9, 56.0,
66.5, 112.7, 113.6, 126.9, 127.7, 128.0, 128.3, 128.5, 129.4, 133.8,
134.7, 136.7, 141.4, 147.2, 148.3, 156.3 ppm. DEPT (100 MHz,
CDCl3): δ � �35.9, �42.0, 55.9, 56.0, �66.5, 112.7, 113.6, 126.9,
127.9, 128.0, 128.3, 128.5, 129.4 ppm. LR-MS (EI) [M�]: 391,
91(100%).

Synthesis of Benzyl [2-(4,5-Dimethoxy-2-naphthalen-2-ylphenyl)-
ethyl]carbamate (5b): Compound 5b was synthesized from amine 3
(197 mg) and 2-naphthylboronic acid (4b, 112 mg, 0.65 mmol, 1.3
equiv.). Column chromatography [silica gel, diethyl ether/hexane
(1:1)] afforded analytically pure product (196 mg, 89%) as a color-
less oil. 1H NMR (400 MHz, CDCl3): δ � 2.83 (t, J � 8.0 Hz, 2
H), 3.30 (q, J � 6.6 Hz, 2 H), 3.89 (s, 3 H), 3.92 (s, 3 H), 4.66 (t,
NH), 5.04 (s, 2 H), 6.68 (s, 1 H), 6.89 (s, 1 H), 7.39 (m, 3 H), 7.53
(m, 3 H), 7.88 (m, 6 H) ppm. 13C NMR (100 MHz, CDCl3): δ �

33.4, 42.5, 56.4, 56.5, 67.0, 113.0, 114.1, 126.4, 126.8, 127.4, 128.1,
128.2, 128.3, 128.4, 128.5, 128.9, 129.0, 132.7, 133.7, 134.6, 136.7,
138.2, 139.4, 147.7, 148.8, 156.7 ppm. DEPT (100 MHz, CDCl3):
δ � �33.6, �412.5, 56.4, 56.5, �67.0, 113.0, 114.0, 126.4, 126.8,
128.1, 128.2, 128.3, 128.4, 128.4, 128.5, 128.9, 129.0 ppm.
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Synthesis of Benzyl [2-(3�-Chloro-4,5-dimethoxybiphenyl-2-yl)ethyl]-
carbamate (5c): Compound 5c was synthesized from amine 3
(197 mg) and (3-chlorophenyl)boronic acid (4c, 101 mg, 0.65 mmol,
1.3 equiv.). Column chromatography [silica gel, diethyl ether/hex-
ane (1:1)] afforded analytically pure product (183 mg, 86%) as a
pale yellow oil. 1H NMR (400 MHz, CDCl3): δ � 2.73 (t, J � 6.4
Hz, 2 H), 3.26 (q, J � 6.4 Hz, 2 H), 3.84 (s, 3 H), 3.85 (s, 3 H),
3.86 (s, 3 H), 4.84 (br. s, NH), 5.05 (s, 2 H), 6.69 (s, 1 H), 6.78 (s,
1 H), 7.23 (m, 5 H), 7.42 (d, J � 8.7 Hz, 1 H), 7.55 (d, J � 8.7
Hz, 1 H), 7.83 (s, 1 H) ppm. 13C NMR (100 MHz, CDCl3): δ �

32.8, 42.0, 55.8, 56.1, 66.7, 112.7, 113.4, 119.8, 127.1, 127.7, 128.0,
128.1, 128.5, 129.4, 129.5, 133.6, 134.1, 143.2, 147.3, 148.7, 156.5,
157.8, ppm. DEPT (100 MHz, CDCl3): δ � �32.9, �42.1, 55.9,
56.0, �66.5, 113.6, 126.9, 127.9, 128.0, 128.3, 128.5, 129.4 ppm.
LR-MS (EI) [M�]: 425, 91 (100%).

Synthesis of Benzyl [2-(4�-Chloro-4,5-dimethoxybiphenyl-2-yl)ethyl]-
carbamate (5d): Compound 5d was synthesized from amine 3
(197 mg) and (4-chlorophenyl)boronic acid (4d, 101 mg,
0.65 mmol, 1.3 equiv.). Column chromatography [silica gel, diethyl
ether/hexane (1:1)] afforded analytically pure product (179 mg,
84%) as a yellowish oil. 1H NMR (400 MHz, CDCl3): δ � 2.74 (t,
J � 6.6 Hz, 1 H), 3.27 (dd, J � 6.6 Hz, 2 H), 3.86 (s, 3 H), 3.88
(s, 3 H), 4.73 (br. s, NH), 5.05 (s, 2 H), 6.69 (s, 1 H), 6.79 (s, 1 H),
7.22 (d, J � 8.0 Hz, 2 H), 7.35 (m, 7 H) ppm. 13C NMR (100 MHz,
CDCl3): δ � 32.8, 41.9, 55.8, 55.9, 65.2, 112.5, 113.2, 126.9, 127.5,
128.0, 128.5, 130.6, 132.0, 132.9, 133.3, 136.4, 139.7, 148.4,
156.1 ppm. DEPT (100 MHz, CDCl3): δ � �33.3, �42.4, 56.3,
56.4, �65.7, 113.0, 113.7, 127.4, 128.5, 129.1, 131.1, 132.4 ppm.
LR-MS (EI) [M�]: 425, 390, 91 (100%).

Synthesis of Benzyl [2-(4,5,3�-Trimethoxybiphenyl-2-yl)ethyl]carba-
mate (5f): Compound 5f was synthesized from amine 3 (197 mg)
and (3-methoxyphenyl)boronic acid (4f, 99 mg, 0.65 mmol, 1.3
equiv.). Column chromatography [silica gel, diethyl ether/hexane
(1:1)] afforded analytically pure product (187 mg, 89%) as a pale
yellow oil. 1H NMR (400 MHz, CDCl3): δ � 2.96 (t, J � 7.0 Hz,
2 H), 3.43 (dd, J � 6.7 Hz, 2 H), 3.83 (s, 3 H), 3.84 (s, 3 H), 3.88
(s, 3 H), 4.87 (br. s, NH), 5.08 (s, 2 H), 6.48 (s, 1 H), 6.73 (s, 1 H),
7307 (s, 1 H), 7.40 (m, 8 H) ppm. 13C NMR (100 MHz, CDCl3):
δ � 33.8, 41.8, 55.8, 55.9, 56.0, 65.2, 107.3, 112.2, 112.4, 111.3,
111.6, 111.9, 120.6, 123.0, 127.5, 128.0, 128.5, 136.5, 141.6, 147.4,
148.7, 153.4, 156.3 ppm. DEPT (100 MHz, CDCl3): δ � �34.3,
�42.3, 56.2, 56.3, 56.4, �66.9, 112.1, 112.4, 113.8, 121.1, 127.4,
128.4, 128.9, 130.8, 142.0 ppm. LR-MS (EI) [M�]: 421, 91 (100%).

Synthesis of Benzyl [2-(4,5,4�-Trimethoxybiphenyl-2-yl)ethyl]carba-
mate (5g): Compound 5g was synthesized from amine 3 (197 mg,
0.5 mmol) and (4-methoxyphenyl)boronic acid (4g, 99 mg,
0.65 mmol, 1.3 equiv.). Column chromatography [silica gel, diethyl
ether/hexane (1:1)] afforded analytically pure product (183 mg,
87%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3): δ � 2.74
(t, J � 7.3 Hz, 1 H), 3.25 (dd, J � 6.6 Hz, 2 H), 3.83 (s, 3 H), 3.84
(s, 3 H), 3.86 (s, 3 H), 4.66 (br. s, 1 H), 5.04 (s, 2 H), 6.71 (s, 1 H),
6.76 (s, 1 H), 6.92 (d, J � 8.8 Hz, 2 H), 7.20 (m, 5 H) ppm. 13C
NMR (100 MHz, CDCl3): δ � 32.8, 41.9, 55.2, 55.8, 55.9, 65.2,
112.5, 113.6, 114.7, 126.9, 127.5, 127.9, 128.0, 128.2, 128.5, 131.7,
134.3, 136.5, 140.8, 147.1, 148.0 ppm. DEPT (100 MHz, CDCl3):
δ � �33.2, �42.4, 55.7, 56.3, 56.4, �65.7, 112.9, 114.0, 127.4,
128.0, 128.5, 128.9, 130.8 ppm. LR-MS (EI) [M�]: 421, 91 (100%).

Synthesis of Benzyl [2-(4,5-Dimethoxy-4�-phenoxybiphenyl-2-yl)-
ethyl]carbamate (5h): Compound 5h was synthesized from amine 3
(197 mg) and (4-phenoxyphenyl)boronic acid (4h, 139 mg,
0.65 mmol, 1.3 equiv.). Column chromatography [silica gel, diethyl
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ether/hexane (1:1)] afforded analytically pure product (210 mg,
87%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3): δ � 2.78
(t, J � 7.0 Hz, 2 H), 3.29 (dd, J � 7.0 Hz, 2 H), 3.86 (s, 3 H), 3.88
(s, 3 H), 4.78 (br. s, NH), 5.05 (s, 2 H), 6.75 (s, 1 H), 6.79 (s, 1 H),
7.03 (d, J � 8.0 Hz, 2 H), 7.09 (d, J � 7.7 Hz, 2 H), 7.24 (d, J �

8.4 Hz, 2 H), 7.36 (m, 7 H) ppm. 13C NMR (100 MHz, CDCl3):
δ � 33.0, 41.9, 55.8, 55.9, 65.0, 112.4, 113.4, 118.3, 119.0, 123.3,
126.8, 127.9, 128.0, 128.4, 129.7, 130.6, 132.0, 133.9, 136.1, 141.0,
147.1, 148.1, 156.3, 156.9 ppm. DEPT (100 MHz, CDCl3): δ �

�33.3, �42.4, 56.3, 56.4, �65.6, 113.0, 113.9, 119.5, 123.9, 127.4,
128.5, 128.9, 130.2, 131.1, 132.4 ppm. LR-MS (EI): [M�]: 483, 91
(100%).

Synthesis of Benzyl [2-(4�-Hydroxymethyl-4,5-dimethoxybiphenyl-2-
yl)ethyl]carbamate (5i): Compound 5i was synthesized from amine
3 (197 mg) and [(4-hydroxymethyl)phenyl]boronic acid (4i, 99 mg,
0.65 mmol, 1.3 equiv.). Column chromatography [silica gel, diethyl
ether/hexane (1:1)] afforded analytically pure product (166 mg,
79%) as a colorless oil. 1H NMR (400 MHz, CDCl3): δ � 2.73 (t,
J � 7.0 Hz, 2 H), 3.22 (dd, J � 7.0 Hz, 2 H), 3.82 (s, 3 H), 3.86
(s, 3 H), 4.2 (br. s, OH), 4.69 (s, 2 H), 4.76 (br. s, NH), 5.01 (s, 2
H), 6.70 (s, 1 H), 6.77 (s, 1 H), 7.25 (d, J � 8.0 Hz, 2 H), 7.30 (d,
J � 8.0 Hz, 2 H), 7.35 (m, 5 H) ppm. 13C NMR (100 MHz,
CDCl3): δ � 32.8, 41.9, 55.8, 55.9, 64.8, 65.0, 112.6, 113.5, 126.8,
127.4, 128.0, 128.4, 129.4, 131.9, 134.4, 139.7, 140.6, 141.0, 147.2,
148.2, 156.2 ppm. DEPT (100 MHz, CDCl3): δ � �32.9, �42.0,
55.9, 56.0, �64.9, �65.1, 112.7, 113.5, 126.9, 127.5, 128.4, 129.5,
132.0 ppm. LR-MS (EI) [M�]: 421, 91 (100%).

Synthesis of Benzyl [2-(2-Furan-2-yl-4,5-dimethoxyphenyl)ethyl]car-
bamate (5j): Compound 5j was synthesized from amine 3 (197 mg)
and 2-furylboronic acid (4j, 73 mg, 0.65 mmol, 1.3 equiv.). Column
chromatography [silica gel, diethyl ether/hexane (1:1)] afforded ana-
lytically pure product (162 mg, 79%) as a pale yellow oil. 1H NMR
(400 MHz, CDCl3): δ � 2.74 (t, J � 6.7 Hz, 2 H), 3.25 (dd, J �

6.7 Hz, 2 H), 3.81 (s, 3 H), 3.83 (s, 3 H), 4.75 (br. s, NH), 5.02 (s,
2 H), 6.70 (s, 1 H), 6.76 (s, 1 H), 6.85 (m, 3 H), 7.30 (m, 5 H) ppm.
13C NMR (100 MHz, CDCl3): δ � 32.8, 42.0, 55.9, 56.0, 66.6,
112.7, 113.5, 115.2, 121.9, 126.9, 128.2, 128.5, 129.3, 134.6, 136.6,
142.9, 147.3, 148.4, 156.4, 159.5 ppm. DEPT (100 MHz, CDCl3):
δ � �32.8, �42.1, 55.9, 56.0, �66.6, 112.4, 112.7, 113.5, 115.2,
121.9, 128.0, 128.5, 129.3 ppm. LR-MS (EI) [M�]: 381, 91 (100%).
HR-MS (EI) : C22H23NO5 found 381.15768, calcd. 381.15762.

Synthesis of Benzyl [2-(4,5-Dimethoxy-2-pyridin-4-ylphenyl)ethyl]-
carbamate (5k): Compound 5k was synthesized from amine 3
(197 mg, 0.5 mmol) and (benzofuran-2-yl)boronic acid (4k, 80 mg,
0.65 mmol, 1.3 equiv.). Column chromatography [silica gel, di-
chloromethane � methanol (19:1)] afforded analytically pure prod-
uct (176 mg, 90%) as a yellow oil. 1H NMR (300 MHz, CDCl3):
δ � 2.75 (t, J � 7.3 Hz, 2 H), 3.28 (q, J � 7.3 Hz, 2 H), 3.86 (s, 3
H), 3.88 (s, 3 H), 4.81 (br. s, 1 H), 5.00 (s, 2 H), 6.68 (s, 1 H), 6.80
(s, 1 H), 7.33 (m, 6 H), 7.46 (dt, 1J � 7.32, 2J � 2.93 Hz, 1 H),
7.55 (dt, 1J � 7.32, 2J � 1.47 Hz, 1 H), 7.67 (dd, J � 7.32, 6.59
Hz, 1 H) ppm. 13C NMR (75 MHz, CDCl3): δ � 32.7, 42.0, 55.9,
56.0, 66.6, 112.6, 113.7, 128.0, 128.1, 128.4, 128.5, 128.5, 131.2,
131.3, 131.9, 131.9, 132.0, 132.1, 147.5, 149.33, 156.1 ppm. DEPT
(75 MHz, CDCl3): δ � �33.2, �42.4, 56.4, 56.4, �67.0, 113.1,
113.1, 128.5, 128.8, 129.0, 132.6, 149.8 ppm. LR-MS (EI) [M�]:
392, 91 (100%).

Synthesis of Benzyl [2-(2�-Formyl-4,5-dimethoxybiphenyl-2-yl)ethyl]-
carbamate (7): Compound 3 (197 mg, 0.5 mmol), (2-formylphe-
nyl)boronic acid (6, 97.5 mg, 0.65 mmol, 1.3 equiv.), and tetrakis-
(triphenylphosphane)palladium(0) (29 mg, 5 mol %) were sus-
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pended in DMF (1.5 mL) in a 10 mL reaction glass vial. Water
(1.5 mL) and Cs2CO3 (490 mg, 1.5 mmol, 3 equiv.) were added, and
the vial was sealed tightly with an aluminium-Teflon crimp top.
The mixture was irradiated for 15 min at a pre-selected temperature
of 150 °C, with an irradiation power of 100 W. After the reaction,
the vial was cooled to 60 °C by gas jet cooling. The crude mixture
was partitioned between diethyl ether and brine, and the aqueous
layer was extracted with diethyl ether (3 � 10 mL). The combined
organic layers were dried on magnesium sulfate, and solvents were
removed under vacuum to yield the crude product as a yellow oil.
Column chromatography [silica gel, diethyl ether/hexane (2:1)] af-
forded 7 (177 mg, 84%) as a pale yellow oil. 1H NMR (400 MHz,
CDCl3): δ � 2.58 (m, 2 H), 3.21 (q, 2 H), 3.82 (s, 3 H), 3.88 (s, 3
H), 3.88 (s, 3 H), 4.75 (br. s, NH), 5.00 (s, 2 H), 6.68 (s, 1 H), 6.82
(s, 1 H), 7.32 (m, 6 H), 7.48 (t, 1 H), 7.60 (t, 1 H), 7.98 (d, 1 H),
9.77 (s, 1 H) ppm. 13C NMR (100 MHz, CDCl3): δ � 32.9, 41.5,
55.8, 66.4, 112.2, 113.5, 127.3, 127.8, 127.9, 127.9, 128.3, 129.2,
129.5, 131.2, 133.5, 134.1, 136.4, 144.6, 147.0, 148.8, 156.0,
192.1 ppm. DEPT (100 MHz, CDCl3): δ � �33.5, �42.0, 56.4,
�66.9, 112.7, 114.0, 127.8, 128.4, 128.4, 128.5, 128.9, 131.7, 134.1.
LR-MS (EI) [M�]: 419. HR-MS (EI): C25H25NO5 found
419.17320, calcd. 419.17327.

Synthesis of 10,11-Dimethoxy-5,6,7,8-tetrahydrodibenzo[c,e]azocine
(9): Compound 7 (84 mg, 0.2 mmol) was dissolved in dry toluene
(2.25 mL) and the solution was placed in a 10 mL reaction vial
containing a magnetic stirring bar. TFA (0.75 mL) was added, and
the vial was sealed tightly with an aluminium-Teflon crimp top.
The mixture was irradiated for 3 min at a pre-selected temperature
of 175 °C, with a power level of 100 W. After cooling down to 60
°C, the vial was opened and the contents were injected into a solu-
tion of sodium cyanoborohydride (61 mg, 1 mmol, 5 equiv.) in dry,
degassed methanol (5 mL), under argon. The resultant mixture was
stirred for an additional 2 h at room temperature. Excess K2CO3

was added to the mixture to neutralize the TFA, and after filtration
it was washed with MeOH (10 mL � 5). Solvents were removed
under vacuum, and the resultant yellowish white slurry was ex-
tracted with ethyl acetate (25 mL � 3). Removal of the solvent
under reduced pressure furnished the crude product, which was
further purified by reversed-phase HPLC (gradient elusion with
40% MeCN and 60% water containing 0.5% of NH4(OAc) to 100%
MeCN in 25 min, Retention time � 10 min) to furnish 39 mg of 9
(73% from 7) as a pale yellow oil. 1H NMR (400 MHz, MeOD):
δ � 2.67 (m, 2 H), 2.89 (m, 2 H), 3.78 (s, 3 H), 3.89 (s, 3 H), 4.36
(s, 2 H), 6.74 (s, 1 H), 6.95 (s, 1 H), 7.19 (d, J � 7.3 Hz, 2 H), 7.38
(dd, J2 � 7.3, J1 � 1.5 Hz, 2 H), 7.41 (dd, J2 � 7.3, J1 � 1.5 Hz,
2 H), 7.60 (d, J � 7.3 Hz, 2 H) ppm. 13C NMR (100 MHz, MeOD):
δ � 30.9, 40.3, 55.5, 55.6, 61.7, 113.1, 114.0, 127.0, 127.4, 128.0,
128.5, 130.1, 133.3, 139.4, 139.6, 148.2, 149.1 ppm. DEPT
(100 MHz, MeOD): δ � �31.0, �40.3, 55.5, 55.6, �61.7, 113.1,
114.0, 127.4, 128.0, 128.5, 130.1 ppm. LR(EI)-MS [M�]: 269
(100%). HR(EI)-MS: C17H19NO2 found 269.14169, calcd.
269.14160.
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