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Abstract

The palladium-catalyzed monoamination of symmetric dibromobenzenes can be performed using a catalyst based on Pd,dba; and BINAP in
the presence of NaO(#-Bu). The analogous transformation of non-symmetric bromoiodobenzenes is most effectively performed with Xantphos as
the ligand, while reactions with BINAP were non-selective. These transformations can be scaled uneventfully to >10 g quantities. They do not
require drybox or Schlenk techniques, and all reagents are weighed out in air. The resulting monobromoanilines are versatile intermediates for

further synthetic transformations.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Dibromobenzenes and selectively functionalized iodinated
aryl bromides are readily prepared by well-established
synthetic methods such as diazotization, directed ortho-metal-
ation, and bromination/iodination reactions. A selective mono-
amination of such compounds would provide versatile
intermediates for further chemical elaboration as outlined in
Scheme 1. The remaining bromide substituent can be utilized
in the construction of C—C, C—N, C—0, or C—S bonds via
transition metal-catalyzed cross-coupling reactions. Lith-
ium—bromide exchange or Grignard reagent formation can
be used as routes to metalated species, which may be used
as ‘classic’ nucleophiles as well as participate in palladium-
catalyzed Negishi (after transmetalation to zinc) and Kumada
reactions. Finally, secondary anilines lend themselves to more
traditional chemical transformations such as alkylation and
acylation, and they are easily converted into sulfonamides
and ureas.
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Scheme 1. Chemical utility of products originating from monoamination of
dihalogenated aromatics.

Many medicinal chemistry programs focus on aromatic scaf-
folds. Palladium-catalyzed cross-coupling reactions are widely
used to prepare the desired molecules." Chlorine is often an
important substituent in the final molecules, leaving the medic-
inal chemist with iodides and bromides in addition to nona-
flates/triflates as the reactive sites in cross-coupling reactions.
In view of the nature of medicinal chemistry, the advantages
in terms of speed associated with an easy-to-perform, regio-
selective reaction of an aryl bromides/iodides would greatly
out-weigh the higher price of these compounds compared to,
e.g., chlorobenzenes. In our experience, the highly active ‘mod-
ern’ catalysts are often difficult to control when it comes to
polyhalogenated arenes, while their less reactive ‘classic’ coun-
terparts offer better regio- and chemoselectivities.
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Figure 1. Ligand optimization experiments. Reactions were performed on 1.0 mmol

scale using 2.5% Pd,dba; and 5—10% ligand in dry toluene (2.5 mL) in closed

vials at 80 °C for 20 h. GC yields were determined using n-dodecane as internal standard and are indicated by the colored bars across the range of ligands evaluated

(denoted by capital letters).

The Buchwald—Hartwig reaction has revolutionized the
synthesis of phenyl piperazines and related privileged struc-
tures.” This transformation that couples amines to aryl halides
in the presence of a palladium or nickel catalyst was first re-
ported in the mid-1980s.” Despite the broad substrate scope of
the currently available catalyst systems, only few examples of
selective monoarylation of dihalogenated benzenes are reported
in the literature.* The present paper describes solutions to this
problem in the form of general protocols for the monoamination
of symmetric dibromobenzenes and for the selective aryl iodide
amination of non-symmetric bromoiodobenzenes, respectively.

2. Results and discussion

An in-house medicinal chemistry project required access
to multigram quantities of 4-(3-bromo-2-methylphenyl)-

morpholine (1). It was decided to test the monoamination of
commercially available 2,6-dibromotoluene (2) to arrive at
the desired molecule in a single step. Based on our experience
with the palladium-catalyzed aryl amination reaction, it was
anticipated that the choice of a ligand for the palladium cata-
lyst would be a non-trivial matter. Despite the significant ad-
vances in aryl amination chemistry, it is fair to state that
matching the palladium with a ligand suited for the reaction
remains largely a matter of trial and error experimentation.’

A selection of commercially available, air-stable catalyst
precursors was studied for the reaction with no attempts to
exclude air from the reactions (cf. Fig. 1).° This approach
was associated with the risk that several ‘good’ catalysts might
potentially escape our attention. It was decided that this disad-
vantage would be more than out-weighed by the identification
of a robust catalyst system.
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Good to high yields of the desired monoamination product 1
was observed in reactions involving ferrocene ligands,’
BINAP,® DPEphos,” and the two ‘original’ Buchwald ligands.'°
On the other hand, Davephos, 10 X-phos, 10 PPFA,'! and P(o-tol)
mediated non-selective reactions with significant amounts of
hydrodehalogenation products 3 and 5 and/or bisamination
product 4. The carbene ligands'* gave complex mixtures except
for the di-iso-propyl ligand (J in Fig. 1) used by Hartwig for the
amination of chloroarenes,13 which in this case gave almost
quantitative yield of the diamination product 4. P(z-Bu);, used
as Fu’s salt,'* was non-selective and failed to promote full con-
version of the substrate. Very low conversion of 2 was observed
with Xantphos as the ligand,'> an important finding for the selec-
tive monoamination of non-symmetric bromoiodobenzenes. No
significant conversion of 2 was observed in the absence of
palladium and/or ligand. In a similar manner, Xantphos was
identified as a suitable ligand from the same set of catalyst
precursors for the monoamination of bromoiodobenzenes.

Comparative studies with DPPF, BINAP, and DPEphos for
the coupling of 1,2-dibromobenzene and morpholine led to
the conclusion that BINAP was the ligand of choice for the
desired monoamination of symmetric dibromobenzenes,
although DPPF could be used as well (cf. Table 1, entry 1).
With BINAP as the ligand, the reaction occurred with compara-
ble yields with Pd,dbas, Pddba,, and even PdCl,, while a slightly
lower yield was obtained with Pd(OAc),. Pd(DPPF)Cl,/CH,Cl,
was a much less efficient catalyst.

Table 1 summarizes reactions of dibromobenzenes with
nitrogen coupling partners. Good yields were obtained with
primary aliphatic amines as well as with cyclic secondary ali-
phatic amines. The substrate scope also included sterically
and electronically diverse anilines. The commercially available
ammonia equivalents allyl amine'® and benzophenone imine'”
as well as benzylamine could be used in the reaction with dibro-
mobenzenes. The presence of ortho-substituents did not reduce
the yield of the reaction. In line with the literature,'® lower yields
were obtained with acyclic, secondary aliphatic amines.

As stated in the introduction, this protocol was developed as
apart of amedicinal chemistry project. Gratifyingly, the reaction
was directly scaleable to multigram scale to produce the building
blocks required toward this end (Table 1, entries 1, 8, 12, and 13).
These were used for the preparation of Lu 37-211 and related
compounds, which are dual D4 receptor antagonists and seroto-
nin reuptake inhibitors and as such potential antipsychotics.
Previously, the Lu 37-211 series had been prepared via the
iron-assisted Pearson reaction on solid phase.'® While this was
a powerful tool to prepare small amounts of product in a combi-
natorial setting, it was very tedious on larger scale. Conversely,
the current method enabled the expedient preparation of gram
quantities of the lead compounds as exemplified in Scheme 2.
This procedure was generally applicable and was used to prepare
more than thirty new analogues of Lu 37-211. The pharmacolo-
gical profiles of these compounds will be reported in due course.

It was not possible to achieve the regioselective monoamina-
tion of non-symmetric dibromobenzenes with BINAP as the
ligand. To overcome this regioselectivity issue, we turned our
attention to the higher reactivity of aryl iodides relative to aryl

bromides to rely on bromoiodobenzenes as starting materials
for the synthesis of non-symmetric bromoanilines. In these
cases, BINAP was a suboptimal ligand, while good results
were obtained with Xantphos (cf. Table 2).19 The reaction oc-
curred with exquisite selectivity for the iodide and, as expected,
the reaction times were generally much shorter than for the aryl
bromides. Equally good results were obtained with aliphatic
amines as with anilines. One of the prepared compounds (Table
2, entry 2) has been used previously in the synthesis of the anti-
bacterial agent linezolid, where the intermediate was prepared
from 1,2-difluoro-4-nitrobenzene via a classic SyAr-reaction
with morpholine followed by reduction and diazotization.?
No attempts were made to minimize the catalyst loadings
during this work. The relatively high loading of 5% palladium
was chosen to ensure expedient production of the target mol-
ecules and does as such represent a ‘typical’ medicinal chem-
istry approach in which the timely isolation of the product is
more important that the cost of the employed reagents. How-
ever, the example in Table 2, entry 5 demonstrates that, at least
for aryl iodides, the palladium loading can be reduced to 1%
with comparable yield at the expense of a longer reaction time.

3. Conclusion

In summary, we have developed procedures for the selec-
tive monoamination of symmetric dibromobenzenes and of
non-symmetric bromoiodobenzenes using catalysts based on
Pd/BINAP and Pd/Xantphos, respectively. The procedure can
be scaled up to >10 g with comparable yields.

4. Experimental
4.1. General

Thin layer chromatography (TLC) was conducted on
Merck, Silica gel 60 F,s4, and visualized by exposure to UV
light or appropriate staining reagents. TLC R/-values refer to
the eluent used in column chromatography. Melting points
(open capillary method) were taken using a Biichi Melting
Point B-540 (Biichi, Switzerland) and are uncorrected. Flash
chromatography was performed using Merck Silica Gel 60
(40—63 pm). 'H and '*C NMR spectra were recorded at ambi-
ent temperature on a Bruker Avanche AV-500 at 500 MHz and
125 MHz, respectively. Chemical shifts (6) are reported in
parts per million relative to tetramethylsilane (TMS) or resid-
ual solvent, and coupling constants (/) are given in hertz. GC/
FID analyses were performed on a Shimadzu GC-2010
equipped with AOC-20i auto injector and AOC-20s auto
sampler; column: Supelco Equity-1 fused silica capillary
column (30 mx0.25 mm, 0.25 um film). Unless otherwise
noted, starting materials obtained from commercial suppliers
were used as received. All new compounds (and previously
reported, but unsatisfactorily described compounds) have
been fully characterized, including combustion elemental
analysis data and/or HRMS data. Elemental analyses were
performed by Dr. Johannes Theiner (Mikroanalytisches Labo-
ratorium, Universitidt Wien, Austria). HRMS were recorded by
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Entry Bromoiodobenzene Amine/imine Product Time (h) Isolated yield (%)
2-Br: 7-16 73, 75,* 67°
Br. Br 0 ¢ godgae cof
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= 4-Br: 16 70, 74*
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(continued on next page)
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Entry Bromoiodobenzene Amine/imine

Product Time (h) Isolated yield (%)

15

H&U
HZNO

16

18

19

BrULO " N
Jene

H
N

/@ N 4 71
Br Ph

W

86

H
N
@ 14 76
Br OMe

Icac B
Br o

Reactions were performed on 2.0—3.0 mmol scale using 2.5% Pd,dba; and 7.5% BINAP in toluene (2.5 mL/mmol) in closed vials at 80 °C (reaction times and

catalyst loading have not been optimized).
# >10 mmol scale.
® 10% DPPF instead of BINAP.
¢ 5% Pddba, and 7.5% BINAP.
4 59 Pd(DPPF)CL,/CH,CL.
¢ 5% PdCl, and 7.5% BINAP.
5% Pd(OAc), and 7.5% BINAP.
€ 1.2 equiv amine.

Dr. Henrik Pedersen and Dr. Jens Christian Madsen (Medici-
nal Chemistry Research, H. Lundbeck A/S) on a micrOTOF
(Bruker Daltonics), operating in the positive ion mode using
electrospray ionization (ESI) or APPI. All compounds pre-
pared were judged to be >95% pure by 'H NMR spectroscopy
and were homogeneous by TLC.

4.1.1. 1-(3-Bromo-2-methylphenyl)morpholine (1; Table 1,
entry 12)

Starting from 2,6-dibromotoluene (2) (500 mg, 2 mmol)
and morpholine (174 mg, 2 mmol), general procedure A
(16 h) afforded the title compound as a yellow oil (426 mg,
83%). R=0.34 (heptane/EtOAc 6:1). '"H NMR (500 MHz,

2.5% Pd,dbay,
5% P(t-Bu),-HBF,

o @ toluone, 807G 21 B°°N©N Q
BocN"™Y
L_NH

1 93% 6
E

1) HCI/MeOH
2) 1 equiv 7, 1.5 equiv

DIPEA, CH5CN, 75°C, 24 h N/\ ho

R N ’ N NS
H
QT\/E” Lu 37211

N= 7
H

93% (over 2 steps)

Scheme 2. Synthesis of Lu 37-211.

CDCls) 6 7.30 (dd, 1H, J=7.9, 1.2 Hz), 7.03 (dd, 1H, J=8.0,
7.9 Hz), 6.98 (dd, 1H, J=8.0, 1.2 Hz), 3.87—3.82 (m, 4H),
2.90—2.86 (m, 4H), 2.39 (s, 3H); '*C NMR (125 MHz,
CDCl3) ¢ 153.0, 133.0, 127.8, 127.5, 126.7, 118.2, 67.4
(20), 52.7 (2C), 18.4. HRMS (ESD): m/z caled for
C,;H,;sBrNO (MH™) 256.0332, found 256.0331.

4.1.2. 3-Bromo-2-methylaniline

A reaction flask equipped with a condenser was charged
with 1-bromo-2-methyl-3-nitrobenzene (106.8 g, 0.49 mol),
activated carbon (10.9 g), FeCl;-6H,0 (800 mg, 3 mmol,
0.6% Fe), MeOH (250 mL), and a stir bar. The mixture was
refluxed for 10min. Then H,NNH,-H,O (37.2mL,
0.77 mol, 1.55 equiv) was added drop-wise over 1.5 h. After
refluxing for 7 h, the reaction mixture was allowed to cool
to rt before filtering through a pad of Celite. The colorless
filtrate was concentrated in vacuo, and the resulting residue
was redissolved in EtOAc, dried (MgSQO,), and filtered. Con-
centration in vacuo afforded the title compound as a pale yel-
low oil (91.6 g, quant.). R=0.47 (heptane/EtOAc 7:3). 'H
NMR (500 MHz, CDCl;) in agreement with the literature.?!
3C NMR (125 MHz, CDCly) 6 145.9, 127.7, 126.0, 122.9,
122.0, 114.2, 17.0.

4.1.3. 2,6-Dibromotoluene (2)
This compound is commercially available, but since it is
rather expensive we have developed the following scaleable
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Entry Bromoiodobenzene Amine Product Time (h) Isolated yield (%)
| )
1 2.5 72
HN
Br Br
F F (o
2 ! ? N 1 88
HN\)
Br Br
Cl | Cl H
3 /©/ HaN o~ /©/ N 0.5 90
Br Br
| Cl
¢ | H,N v
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B
Br ' Br Br
F ! F. H\/\
5 \C[ NN, \C[ NMe, 40 83+P
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Reactions were performed on 2.0 mmol scale using 2.5% Pd,dba; and 10% Xantphos in toluene (2.5 mL/mmol) in closed vials at 80 °C (reaction times and catalyst

loading have not been optimized).
# 1.2 equiv amine.

b Reaction performed on 40 mmol scale with 0.5% Pd,dbas and 2.0% Xantphos.

route. The Sandmeyer catalyst (CuBr) was prepared according
to Hartwell.?? CuSO,-5H,O (249.7 g, 1.0 mol), NaBr
(144.1 g, 1.4 mol, 1.4 equiv), and H,O (1 L) was placed in
a 2-L conical flask. The mixture was gently heated while stir-
ring to get a dark green solution. Na,SO3 (63.0 g, 0.5 mol,
0.5 equiv) was added in small portions over a 10-min period.
The resulting white suspension was stirred for 10 min before
cooling to rt. The suspension was filtered through a Biichner
funnel, and the white filter cake was washed with H,O
(2x50 mL). The filter cake was dried overnight in vacuo at
60 °C to afford CuBr as a gray-white solid (136.9 g, 95%).
3-Bromo-2-methylaniline (25.0 g, 0.13 mol) was placed in
a three-necked flask equipped with thermometer and stir bar.
48% HBr (40 mL, 2.6 equiv) was added and the resulting
pink suspension was briefly heated to 60 °C. After cooling
to 0°C on an ice-water bath, NaNO, (9.27 g, 0.13 mol,
1.0 equiv) in H,O (17 mL) was added drop-wise keeping the
internal temperature <5 °C by the addition of small pieces
of ice. The resulting yellow suspension was stirred, while
CuBr (10.6 g, 74 mmol, 0.55equiv) was weighed into
a three-necked flask followed by 48% HBr (9.1 mL,
0.6 equiv). The latter mixture was gently refluxed as the diazo-
nium salt suspension was continuously added from a dropping
funnel. After complete addition of the diazonium salt suspen-
sion, gentle reflux was continued for 1 h before cooling to rt.
The reaction mixture was extracted with 1,2-dichloroethane
(3x100 mL) and the combined organic extracts were filtered
to remove a white precipitate before concentrating in vacuo.
The residue was purified by chromatography (heptane) to

afford the title compound as a colorless oil (20.9 g, 62%).
R=0.74. 'H (500 MHz, CDCl3) and °C NMR (125 MHz,
CDCl3) in agreement with the literature.”

4.14. N-(2-Methylphenyl)morpholine (3)

This compound was prepared according to Hartwig et al.'*"
with the following modifications: a vial was charged with
Pd(OAc), (9.0 mg, 2 mol % Pd), P(t-Bu);-HBF, (Fu’s salt'*)
(9.3 mg, 1.6 mol %), NaO(#-Bu) (231 mg, 1.2 equiv), 2-bro-
motoluene (342 mg, 2 mmol), morpholine (174 mg, 2 mmol),
toluene (5 mL), and stir bar. The vial was sealed with a crimp
cap and stirred at rt for 24 h. The viscous reaction mixture was
taken up in Et,O (30 mL) and filtered through a pad of Celite.
The filtrate was concentrated on 1—2 g of silica. Column chro-
matography (heptane/EtOAc 6:1) yielded the title compound
as a colorless oil (299 mg, 85%). R~=0.42. 'H NMR
(500 MHz, CDCl;) and '*C NMR (125 MHz, CDCl5) in agree-
ment with the literature.'*°

4.1.5. 4,4'-(2-Methyl-1,3-phenylene)dimorpholine (4)

A vial was charged with Pd,dba; (34 mg, 5 mol % Pd),
BINAP (70 mg, 7.5 mol %), NaO(+-Bu) (404 mg, 4.2 mmol,
2.8 equiv), 2,6-dibromotoluene (2) (375 mg, 1.5 mmol), mor-
pholine (314 mg, 3.6 mmol, 2.4 equiv), toluene (5 mL), and
stir bar. The vial was sealed with a crimp cap and placed in
a preheated heating block (100 °C) for 17 h. The reaction mix-
ture was diluted with Et,O (30 mL) and filtered through a pad
of Celite. Concentration on 1—2 g of silica followed by col-
umn chromatography (heptane/EtOAc 6:1) afforded the title



2944 S.B. Larsen et al. | Tetrahedron 64 (2008) 2938—2950

compound as an off-white solid (267 mg, 68%). An analyti-
cally pure sample was obtained by recrystallization as a white
powder, mp 134.9—135.9°C (MeOH). R~=0.17. '"H NMR
(500 MHz, CDCl3) ¢ 7.18 (t, 1H, J=8.0 Hz), 6.80 (d, 2H,
J=8.0 Hz), 3.89—3.82 (m, 8H), 2.95—2.89 (m, 8H), 2.31 (s,
3H); 3C NMR (125MHz, CDCl3) ¢ 152.8 (2C), 127.0,
126.8, 114.1 (2C), 67.6 (4C), 52.4 (4C), 13.4. Anal. Calcd
for CisH»,N»O0,: C, 68.67; H, 8.45; N, 10.68. Found: C,
68.76; H, 8.41; N, 10.53.

4.2. Ligand screening experiments

In air, a 4-mL vial was charged with Pd,dbas (22.9 mg,
5 mol % Pd), ligand, NaO(#-Bu) (115 mg, 1.2 mmol, 1.2 equiv),
and 2.5mL of a stock solution (2,6-dibromotoluene (2)
(0.400 M), morpholine (0.400 M), and n-dodecane (0.100 M)
in toluene). A stir bar was added before sealing the vial with
a screw cap. All vials were simultaneously placed in a preheated
aluminum block thermostat (80 °C) and left to stir for 20 h. The
vials were removed from the heating block and allowed to cool
to rt. Samples for GC/FID analysis were prepared in the follow-
ing manner: 400 pL of crude reaction mixture was transferred to
pentane (400 pL) to precipitate inorganic materials. This mix-
ture was filtered (0.45 pm membrane filter) and 500 pL filtrate
was transferred to 1500 uL. EtOAc. The latter solution was di-
luted further (100 pL to 750 pL of EtOAc) before GC injection.

4.3. General procedure A

In air, a vial was charged with reagents: Pd,dbas (46 mg,
5 mol % Pd), BINAP (93 mg, 7.5 mol %), NaO(#-Bu) (231 mg,
2.4 mmol, 1.2 equiv), aryl halide (2.0 mmol), and amine or
imine (2.0 mmol, 1.0 equiv). Toluene (5 mL) and stir bar were
added before sealing the vial and placing it in a preheated alumi-
num block thermostat (80 °C; an oil bath can be used as well, but
the ‘alu-block’ was preferred because it eliminated the ‘mess’ of
handling a classic oil bath). For larger scale (i.e., >2 mmol),
reactions were conducted in reaction flasks connected to
a Schlenk line providing a positive pressure of N, (at the outset,
head space was flushed, but no solvent degassing or other mea-
sures were undertaken).

4.3.1. 4-(2-Bromophenyl)morpholine (Table 1, entry 1)
Starting from 1,2-dibromobenzene (472 mg, 2 mmol) and
morpholine (174 mg, 2 mmol), general procedure A (16 h)
afforded the title compound as a slightly yellow oil (355 mg,
73%). R=0.33 (heptane/EtOAc 6:1). '"H NMR (500 MHz,
CDCl3) and *C NMR (125 MHz, CDCl5) in agreement with
the literature.* Using other ligands or palladium-sources, the
following results were obtained: Substituting DPPF (111 mg,
10 mol %) for BINAP in general procedure A (16 h), the title
compound was obtained as a pale yellow oil (324 mg, 67%).
Substituting Pd(dba), (58 mg, 5 mol % Pd) for Pd,dba; in gen-
eral procedure A (7 h), the title compound was obtained as a pale
yellow oil (347 mg, 72%). Using Pd(OAc), (23 mg, 5 mol %
Pd) instead of Pd,dbas in general procedure A (7 h), the title
compound was obtained as a pale yellow oil (325 mg, 67%).

Using PdCl, (18 mg, 5 mol % Pd) in general procedure A
(7 h), the title compound was obtained as a pale yellow oil
(352 mg, 73%). Using [PdADPPFCl,/DCM] (82 mg, 5 mol %
Pd) for Pd,dba; in general procedure A (7 h) gave the title com-
pound as a pale yellow oil (235 mg, 48%).

4.3.2. 4-(3-Bromophenyl)morpholine (Table 1, entry 1)
Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
morpholine (174 mg, 2 mmol), general procedure A (16 h)
afforded the title compound as a pale yellow oil (312 mg,
64%). R~=0.27 (heptane/EtOAc 6:1). '"H NMR (500 MHz,
CDCl3) 6 7.12 (dd, 1H, J=8.2, 8.0 Hz), 7.02 (dd, 1H, J=2.3,
1.9 Hz), 6.98 (ddd, 1H, J=7.8, 1.7, 0.8 Hz), 6.82 (ddd, 1H,
J=83, 2.4, 0.8 Hz), 3.84 (t, 4H, J=4.7 Hz), 3.14 (t, 4H,
J=4.7Hz); *C NMR (125 MHz, CDCl;) & 152.6, 130.5,
123.4,122.8,118.6,114.2,66.9 (2C), 49.0 (2C). NMR in agree-
ment with reported® data run at lower spectrometer frequency.

4.3.3. 4-(4-Bromophenyl)morpholine (Table 1, entry 1)

Starting from 1,4-dibromobenzene (472 mg, 2 mmol) and
morpholine (174 mg, 2 mmol), general procedure A (16 h) af-
forded the title compound as off-white crystals (339 mg, 70%).
R=0.20 (heptane/EtOAc 6:1). A small amount of material was
recrystallized from MeOH to afford a bright-white powder, mp
114.2—115.0 °C (1it.?® mp 112—113 °C). 'H NMR (500 MHz,
CDCl;) in agreement with the literature.””  °C NMR
(125 MHz, CDCl3) ¢ 150.3, 131.9 (2C), 117.3 (2C), 112.2,
66.8 (2C), 49.2 (20).

4.3.4. 2-Bromo-N-(diphenylmethylene)aniline (Table 1,
entry 2)

Starting from 1,2-dibromobenzene (472 mg, 2 mmol) and
benzophenone imine (363 mg, 2 mmol), general procedure A
(20 h) afforded the title compound as an oil, solidifying on
standing to afford the title compound as yellow crystals
(537 mg, 80%). R=0.62 (toluene). A small amount of material
was recrystallized from MeOH to afford bright-yellow rod-
shaped crystals, mp 105.0—105.5 °C (lit.*® mp 103—105 °C).
"HNMR (500 MHz, CDCl3) in agreement with the literature.”®
3C NMR (125 MHz, CDCl;) 6 169.6, 150.3, 138.9, 136.2,
132.5, 131.2, 129.7 (2C), 129.0, 128.8 (2C), 128.4 (2C), 128.0
(2C), 127.6, 124.3, 121.3, 115.4. '3C NMR not in agreement
with the literature®® reporting only 14 carbon signals.

4.3.5. 3-Bromo-N-(diphenylmethylene)aniline (Table 1,
entry 2)

Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and ben-
zophenone imine (363 mg, 2 mmol), general procedure A (20 h)
afforded the title compound as a yellow solid (481 mg, 72%).
R=0.64 (toluene). An analytically pure sample was obtained by re-
crystallization as yellow needle-shaped crystals, mp 67.6—68.8 °C
(MeOH). '"H NMR (500 MHz, DMSO-dg) 6 7.69—7.61 (m, 2H),
7.55 (tt, 1H, /=74, 1.3 Hz), 7.50—7.44 (m, 2H), 7.39—7.31 (m,
3H), 7.20—7.13 (m, 2H), 7.12—7.03 (m, 2H), 6.90 (dd, 1H,
J=19, 1.8 Hz), 6.71 (ddd, 1H, J=7.6, 1.9, 1.5 Hz); °C NMR
(125 MHz, DMSO-d¢) 6 168.6, 152.8, 138.3, 1354, 131.3,
1304, 128.9 (20), 128.8, 128.7 (2C), 1284 (2C), 128.1 (20),
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125.6,122.9, 121.3, 119.6. Anal. Calcd for CoH4,BrN: C, 67.87;
H, 4.20; N, 4.17. Found: C, 67.70; H, 4.18; N, 4.08.

4.3.6. 4-Bromo-N-(diphenylmethylene)aniline (Table 1,
entry 2)

Starting from 1,4-dibromobenzene (472 mg, 2 mmol) and
benzophenone imine (363 mg, 2 mmol), general procedure A
(20 h) afforded the title compound as a yellow, highly viscous
oil (477 mg, 71%). R,=0.58 (toluene). A small amount of mate-
rial was dissolved in MeOH, the solution becoming turbid with
the addition of a drop of water. The supernatant was removed,
and the residue was concentrated in vacuo to afford a fine yellow
powder, mp 81.3—83.0°C (lit.** mp 82—83°C). 'H NMR
(500 MHz, CDCl3) in agreement with the literature.”® °C
NMR (125 MHz, CDCl3) 6 169.0, 150.4, 139.5, 136.0, 131.6
(20), 131.1, 129.6 (2C), 129.5 (2C), 129.0, 128.4 (2C), 128.2
(20), 122.9 (2C), 116.4. >*C NMR not in agreement with the lit-
erature” reporting 13 carbon signals including one at 103.6 ppm.

4.3.7. tert-Butyl 4-(2-bromophenyl)piperazine-1-
carboxylate (Table 1, entry 3)

Starting from 1,2-dibromobenzene (472 mg, 2 mmol) and
tert-butyl piperazine-1-carboxylate (373 mg, 2 mmol), general
procedure A (24 h) afforded the title compound as a slightly
yellow, highly viscous oil (464 mg, 68%). R~=0.49 (heptane/
Et,0 1:1). 'H NMR (500 MHz, CDCl3) 6 7.57 (ddd, 1H,
J=8.0, 7.4, 1.5Hz), 7.27 (dd, 1H, J=7.9, 1.5 Hz), 7.02 (dd,
1H, J=8.0, 1.5 Hz), 6.93 (ddd, 1H, J=7.9, 7.4, 1.5 Hz), 3.61
(t, 4H, J=4.7 Hz), 2.98 (t, 4H, J=4.6 Hz), 1.49 (s, 9H); °C
NMR (125 MHz, CDCl;) ¢ 155.0, 150.6, 134.0, 128.5, 124.8,
121.2, 120.2, 79.9, 51.8 (2C), 44.5 (br s, 2C, rotamer), 28.6
(3C). HRMS (ESI): m/z caled for C;5H,,BrN,O, (MH™)
341.0859, found 341.0855.

4.3.8. 1-Benzyl-4-(2-bromophenyl)piperazine (Table 1,
entry 3)

Starting from 1,2-dibromobenzene (472 mg, 2 mmol) and
1-benzylpiperazine (353 mg, 2 mmol), general procedure A
(20 h) afforded the title compound as a viscous, slightly orange
oil (479 mg, 72%). R=~0.30 (heptane/Et,O 1:1). '"H NMR
(500 MHz, CDCl3) 6 7.55 (dd, 1H, J=7.9, 1.5 Hz), 7.39—7.30
(m, 4H), 7.29—7.22 (m, 2H), 7.05 (dd, 1H, J=8.0, 1.5 Hz),
6.90 (ddd, 1H, J=7.8, 7.4, 1.5 Hz), 3.59 (s, 2H), 3.07 (br s,
4H), 2.65 (br s, 4H); *C NMR (125 MHz, CDCl;) 6 150.9,
138.3, 134.0, 1294 (2C), 128.4 (2C), 1284 (1C), 127.2,
124.4, 121.1, 120.0, 63.3, 53.5 (2C), 51.8 (2C). HRMS (ESI):
m/z caled for C7H,BrN, (MH™) 331.0804, found 331.0815.

4.3.9. 1-(2-Bromophenyl)indoline (Table 1, entry 4)

Starting from 1,2-dibromobenzene (708 mg, 3 mmol) and in-
doline (358 mg, 3 mmol), general procedure A (24 h) afforded
the title compound as a colorless, viscous o0il (694 mg, 84%).
R/~0.88 (pentane/(i-Pr),0 10:1). "H NMR (500 MHz, DMSO-
de) 0 7.74 (dd, 1H, J=8.0, 1.3 Hz), 7.51—7.39 (m, 2H), 7.24—
7.12 (m, 2H), 6.96 (ddd, 1H, J=7.9, 7.9, 1.1 Hz), 6.69 (ddd,
1H, J=7.4, 7.4, 1.0 Hz), 6.23 (d, 1H, J=7.8 Hz), 3.84 (br s,
2H), 3.10 (t, 2H, J=8.3 Hz); '*C NMR (125 MHz, DMSO-dj)

6 149.1, 143.7, 133.8, 130.0, 129.2, 127.4, 126.8, 126.0,
124.8, 121.3, 118.6, 108.6, 53.9, 28.3. HRMS (ESI): m/z caled
for C1,H,3BrN (MH ™) 274.0226, found 274.0216.

4.3.10. 6-Bromo-3 4-methylenedioxy-N-(diphenylmethylene )-
aniline (Table 1, entry 5)

Starting from 1,2-dibromo-4,5-methylenedioxybenzene
(560 mg, 2 mmol) and benzophenone imine (363 mg, 2 mmol),
general procedure A (19 h) afforded the title compound as an oil,
affording yellow crystals on standing (504 mg, 66%). R=0.29
(heptane/TBME 10:1). An analytically pure sample was obtained
by recrystallization as a bright-yellow powder, mp 98.7—99.9 °C
(MeOH). 'H NMR (500 MHz, CDCl;) 6 7.81—7.75 (m, 2H),
7.48 (tt, 1H, J/=7.4, 1.3 Hz), 7.44—7.37 (m, 2H), 7.35—7.27 (m,
3H), 7.21-7.15 (m, 2H), 6.92 (s, 1H), 6.09 (s, 1H), 5.85 (s, 2H);
3C NMR (125 MHz, CDCly) 6 170.1, 147.3, 144.4, 1442,
139.0, 136.3, 131.2, 129.6 (2C), 129.1, 128.8 (2C), 128.4 (2C),
128.2 (2C), 112.1, 105.6, 102.5, 101.6. Anal. Calcd for
CyoH14BrNO,: C, 63.18; H, 3.71; N, 3.68. Found: C, 63.10; H,
3.66; N, 3.69.

4.3.11. 3-Bromo-N-(3-morpholino-n-propyl)aniline (Table
1, entry 6)

Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
3-morpholinopropylamine (288 mg, 2 mmol), general proce-
dure A (8 h) afforded the title compound as a slightly orange,
viscous oil (408 mg, 68%). R=0.50 (EtOAc/EtzN 8:1). '"H
NMR (500 MHz, CDCl3) 6 7.00 (dd, 1H, J=8.0, 8.0 Hz),
6.78 (dd, 1H, J=7.9, 1.5 Hz), 6.74—6.69 (m, 1H), 6.49 (dd,
1H, J=8.1, 1.5 Hz), 4.80 (br s, 1H), 3.74 (t, 4H, J=4.6 Hz),
3.17 (td, 2H, J=6.6, 4.6 Hz), 2.56—2.30 (m, 6H), 1.78 (tt,
2H, J=6.5, 6.4 Hz); '*C NMR (125 MHz, CDCl3) 6 150.1,
130.6, 123.5, 119.8, 115.0, 111.6, 67.2 (2C), 57.7, 53.9
(20), 43.3, 25.3. HRMS (ESI): m/z calcd for C;3H,(BrN,O
(MH™) 299.0754, found 299.0755.

4.3.12. 2-(tert-Butyldimethylsilyloxy)ethanamine (Table 1,
entry 7)

A 500-mL, flame-dried, three-necked flask was charged with
DMAP (916 mg, 8 mmol, 0.1 equiv), TBDMSCI (12.41 g,
83 mmol, 1.1 equiv), ethanolamine (4.58 g, 75 mmol), 1,2-
dichloroethane (150 mL), and a stir bar. The flask was sealed
with septa and evacuated/backfilled with N, three times before
adding EtzN (15.6 mL, 113 mmol, 1.5 equiv) while stirring.
The white, turbid reaction mixture immediately became more
viscous. After stirring for 6h, the reaction mixture was
quenched with MeOH (50 mL). The resulting transparent and
colorless solution was stirred vigorously for 5 min, before
concentrating in vacuo. The residue was purified by column
chromatography (EtOAc/Et;N 8:1) to afford the title compound
as a colorless 0il (10.70 g, 81%). R=0.35 (visualized by ninhy-
drin spray reagent giving a pink stain). '"H NMR (500 MHz,
CDCl3) 6 3.62 (t, 2H, J=5.3 Hz), 2.77 (t, 2H, J=5.3 Hz), 1.32
(br s, 2H), 0.91 (s, 9H), 0.07 (s, 6H); '*C NMR (125 MHz,
CDCl3) 0 65.5, 44.6, 26.1 (3C), 18.5, —5.2 (2C). HRMS
(APPI): m/z caled for CgHx,NOSi (MH') 176.1465, found
176.1463.
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4.3.13. 3-Bromo-N-(2-(tert-butyldimethylsilyloxy)ethyl -
aniline (Table 1, entry 7)

Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and 2-
(tert-butyldimethylsilyloxy)ethylamine (351 mg, 2 mmol), gen-
eral procedure A (8 h) afforded the title compound as a colorless
oil (388 mg, 58%). R~=0.27 (heptane/(i-Pr),O 40:3). 'H NMR
(500 MHz, CDCls) 6 7.00 (dd, 1H, J=8.0, 8.0 Hz), 6.81 (ddd,
1H, J=7.9, 1.8, 0.7 Hz), 6.76 (dd, 1H, J=2.1, 2.0 Hz), 6.53 (ddd,
1H, J=8.1, 2.2, 0.6 Hz), 4.11 (br s, 1H), 3.80 (t, 2H, J=5.4 Hz),
3.18 (td, 2H, J=5.4, 5.4 Hz), 0.91 (s, 9H), 0.07 (s, 6H); "*C
NMR (125 MHz, CDCls) 6 149.9, 130.6, 123.4, 1204, 115.8,
112.1, 61.6, 45.9, 26.0 (3C), 18.5, —5.2 (2C). HRMS (ESI): m/z
calcd for C4H,sBrNOSi (MH™) 330.0883, found 330.0889.

4.3.14. 1-(3-Bromophenyl)pyrrolidine (Table 1, entry 8)

Starting from 1,3-dibromobenzene (472 mg, 2.0 mmol) and
pyrrolidine (171 mg, 2.4 mmol, 1.2 equiv), general procedure
A (4.5h) afforded the title compound as a colorless oil
(353 mg, 78%). R=0.47 (heptane/(i-Pr),O 40:3). 'H NMR
(500 MHz, CDCl5) and '>C NMR (125 MHz, CDCl3) in agree-
ment with the literature.*®

4.3.15. 1-(3-Bromo-2-methylphenyl)pyrrolidine (Table 1,
entry 8)

Starting from 2,6-dibromotoluene (2) (5.00 g, 20 mmol) and
pyrrolidine (1.42 g, 20 mmol), general procedure A (2.5 h) af-
forded the title compound as a colorless oil (3.01 g, 68%).
R=0.72 (heptane). "H NMR (500 MHz, CDCl5) 6 7.16 (d, 1H,
J=7.8 Hz), 6.94 (t, 1H, J=8.0 Hz), 6.88 (d, 1H, J=8.0 Hz),
3.13—3.07 (m, 4H), 2.37 (s, 3H), 1.96—1.88 (m, 4H); "°C
NMR (125 MHz, CDCl3) 6 151.4, 129.7, 127.1, 127.0, 125.2,
115.6, 51.6 (2C), 24.9 (2C), 20.2. Anal. Calcd for C;;H;4BrN:
C, 55.02; H, 5.88; N, 5.83. Found: C, 55.26; H, 5.87; N, 5.72.

4.3.16. 3-Bromo-N-iso-propylaniline (Table 1, entry 9)
Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
isopropylamine (118 mg, 2 mmol), general procedure A (4 h)
afforded the title compound as a slightly tan oil (288 mg, 67%).
R~=0.44 (heptane/EtOAc 6:1). '"H NMR (500 MHz, CDCl5)
0 6.99 (dd, 1H, J=8.0, 8.0Hz), 6.76 (ddd, 1H, J=7.8, 1.8,
09 Hz), 6.70 (dd, 1H, J=2.1, 2.0 Hz), 6.47 (ddd, 1H, J=8.2,
2.3, 0.8 Hz), 3.58 (septet, 1H, J=6.3 Hz), 3.30 (very br s, 1H),
1.20 (d, 6H, J=6.3 Hz); '*C NMR (125 MHz, CDCl;) 6 148.9,
130.6, 1234, 119.6, 115.6, 112.0, 44.2, 22.9 (2C). HRMS
(EST): m/z caled for CoH,sBrN (MH ) 214.0226, found 214.0225.

4.3.17. 3-Bromo-N-tert-butylaniline (Table 1, entry 9)
Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
tert-butylamine (146 mg, 2 mmol), general procedure A (23 h)
afforded the title compound as a pale yellow oil (231 mg,
51%). R=0.21 (heptane/(i-Pr),O 40:3). "H NMR (500 MHz,
CDCl;) 6 6.98 (dd, 1H, J=8.0, 8.0 Hz), 6.86 (dd, 1H, J=2.1,
2.0Hz), 6.82 (ddd, 1H, J=7.9, 1.8, 0.8 Hz), 6.61 (ddd, 1H,
J=8.2, 2.3, 0.8 Hz), 3.58 (br s, 1H), 1.34 (s, 9H); '"H NMR in
agreement with previously reported® data run at lower spectrom-
eter frequency; '°C NMR (125 MHz, CDCl;) ¢ 148.4, 130.3,

123.0, 120.6, 119.1, 115.1, 51.6, 30.0 (3C). HRMS (ESI): m/z
caled for C1oH,sBrN (MH™) 228.0382, found 228.0381.

4.3.18. N-Allyl-3-bromoaniline (Table 1, entry 9)

Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
allylamine (114 mg, 2 mmol), general procedure A (5 h) af-
forded the title compound as a slightly tan oil (209 mg,
49%). R=0.26 (heptane/(i-Pr),O 40:3). '"H NMR (500 MHz,
CDCl3) ¢ 7.00 (dd, 1H, J=8.0, 8.0 Hz), 6.81 (ddd, 1H,
J=7.8, 1.8, 0.8 Hz), 6.74 (dd, 1H, J=2.1, 2.1 Hz), 6.51 (ddd,
1H, J=8.2, 2.3, 0.8Hz), 591 (ddt, 1H, J=17.2, 10.3,
5.3 Hz), 5.27 (ddt, 1H, J=17.2, 3.2, 1.7 Hz), 5.18 (ddt, 1H,
J=10.3, 3.0, 1.5 Hz), 3.87 (br s, 1H), 3.74 (ddd, 2H, J=5.3,
1.6, 1.6 Hz); °C NMR (125 MHz, CDCl3) 6 149.4, 134.8,
130.6, 123.4, 120.3, 116.7, 115.6, 111.8, 46.4. HRMS (ESI):
m/z caled for CoHpBrN (MH™) 212.0069, found 212.0070.

4.3.19. N-(3-Bromophenyl)-2,6-di-iso-propylaniline (Table
1, entry 10)

Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
2,6-di-iso-propylaniline (355 mg, 2 mmol), general procedure
A (5 h) afforded the title compound as a colorless oil (570 mg,
86%). R=0.39 (heptane/(i-Pr),O 40:3). 'H NMR (500 MHz,
CDCl;) 6 7.30 (dd, 1H, J=8.1, 7.2Hz), 7.22 (d, 2H,
J=7.9 Hz), 6.97 (t, 1H, J=8.0 Hz), 6.81 (ddd, 1H, J=7.9, 1.8,
0.9 Hz), 6.63 (br s, 1H), 6.37 (d, 1H, J=7.8 Hz), 5.15 (br s,
1H), 3.15 (septet, 2H, J=6.9 Hz), 1.14 (d, 12H, J=6.9 Hz);
3C NMR (125 MHz, CDCl3) ¢ 149.6, 147.7 (2C), 134.3,
130.7, 127.8, 124.2 (2C), 123.4, 120.7, 115.8, 111.6, 28.4
(2C), 24.0 (4C). HRMS (ESI): m/z caled for C;gH,3BrN
(MH™) 332.1008, found 332.1000.

4.3.20. 3-Bromo-N,N-di-n-propylaniline (Table 1, entry 11)

Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
dipropylamine (202 mg, 2 mmol), general procedure A (20 h)
afforded the title compound as a pale yellow oil (261 mg,
51%). R~=0.68 (heptane/EtOAc 6:1). '"H NMR (500 MHz,
CDCl3) 6 7.02 (dd, 1H, J=8.3, 7.9 Hz), 6.75—6.69 (m, 2H),
6.53 (ddd, 1H, J=8.3, 2.5, 0.5 Hz), 3.20 (t, 4H, J=7.7 Hz),
1.59 (tq, 4H, J=7.7, 7.4 Hz), 0.92 (t, 6H, J=7.4 Hz); °C
NMR (125 MHz, CDCl5) 6 149.6, 130.5, 123.7, 118.0, 114.4,
110.4,52.9 (2C), 20.4 (2C), 11.5 (2C). HRMS (ESI): m/z caled
for C;,HoBrN (MH™) 256.0695, found 256.0697.

4.3.21. 1-(3-Bromo-2-methylphenyl)piperidine (Table I,
entry 12)

Starting from 2,6-dibromotoluene (2) (5.00 g, 20 mmol) and
piperidine (1.70 g, 20 mmol), general procedure A (3.5 h) af-
forded the title compound as a colorless oil (4.26 g, 84%).
R~=0.52 (heptane/EtOAc 50:1). "H NMR (500 MHz, CDCl5)
0 7.24 (dd, 1H, J=7.8, 1.1 Hz), 6.99 (t, 1H, J=7.9 Hz), 6.94
(dd, 1H,J=7.9, 1.0 Hz), 2.80 (br s, 4H), 2.37 (s, 3H), 1.71 (pen-
tet, 4H, J=5.5Hz), 1.57 (br s, 2H); '*C NMR (125 MHz,
CDCl5) 6 154.7, 133.0, 127.3, 126.9, 126.5, 118.2, 53.8 (20),
26.6 (20), 24.4, 18.4. Anal. Calcd for C,,H,;cBrN: C, 56.71;
H, 6.35; N, 5.51. Found: C, 56.57; H, 6.23; N, 5.47.



S.B. Larsen et al. | Tetrahedron 64 (2008) 2938—2950 2947

4.3.22. tert-Butyl 4-(3-bromo-2-methylphenyl)piperazine-1-
carboxylate (Table 1, entry 13)

Starting from 2,6-di-bromotoluene (2) (7.50 g, 30 mmol)
and fert-butyl piperazine-1-carboxylate (5.59 g, 30 mmol),
general procedure A (3 h) afforded the title compound as an
oil, solidifying on standing to afford a yellow solid (8.69 g,
82%). R~=0.40 (heptane/EtOAc 6:1). An analytically pure
sample was obtained by recrystallization as a colorless trans-
parent powder, mp 71.5-72.2°C (heptane). 'H NMR
(500 MHz, CDCl3) 6 7.30 (dd, 1H, J=8.0, 0.6 Hz), 7.02 (t,
1H, J/=8.0 Hz), 6.94 (d, 1H, J=8.0 Hz), 3.57 (br s, 4H), 2.82
(br s, 4H), 2.39 (s, 3H), 1.49 (s, 9H); >*C NMR (125 MHz,
CDCl3) 6 155.0, 153.0, 133.1, 127.9, 127.5, 126.7, 1184,
80.0, 52.2 (2C), 44.7 (br s, 2C, rotamer), 28.6 (3C), 18.4.
Anal. Calcd for C;¢H,3BrN>O,: C, 54.09; H, 6.53; N, 7.89.
Found: C, 54.35; H, 6.54; N, 7.82.

4.3.23. 4-(3-Bromo-2-methylphenyl)thiomorpholine (Table
1, entry 13)

Starting from 2,6-dibromotoluene (2) (5.00 g, 20 mmol) and
thiomorpholine (2.07 g, 20 mmol), general procedure A (16 h)
afforded the title compound as an oil, solidifying on standing
to afford a white solid (4.50 g, 83%). R=0.23 (heptane). An
analytically pure sample was obtained by recrystallization as
a bright-white powder, mp 54.0—54.6 °C (heptane). '"H NMR
(500 MHz, CDCl3) 6 7.30 (dd, 1H, J=7.9, 1.1 Hz), 7.02 (t, 1H,
J=79 Hz), 6.96 (dd, 1H, J=8.0, 1.1 Hz), 3.18—3.06 (m, 4H),
2.80 (br s, 4H), 2.36 (s, 3H); '*C NMR (125 MHz, CDCl,)
0 1543, 1334, 1279, 127.5, 126.5, 119.2, 54.8 (2C), 28.5
(20), 18.3. Anal. Calcd for C{1H4BrNS: C, 48.54; H, 5.18; N,
5.15; S, 11.78. Found: C, 48.69; H, 5.23; N, 5.16; S, 11.56.

4.3.24. cis-4-(3-Bromo-2-methylphenyl)-2,6-dimethyl-
morpholine (Table 1, entry 14)

Starting from 2,6-dibromotoluene (2) (5.00 g, 20 mmol) and
cis-2,6-dimethylmorpholine (2.31 g, 20 mmol), general proce-
dure A (5 h) afforded the title compound as a faintly yellow
oil (4.30 g, 76%). R~=0.23 (heptane/EtOAc 25:1). '"H NMR
(500 MHz, CDCl3) ¢ 7.28 (d, 1H, J=7.9 Hz), 7.02 (t, 1H,
J=8.0 Hz), 6.95 (d, 1H, J=8.0 Hz), 3.89—3.81 (m, 2H), 2.89
(d, 2H, J=11.1 Hz), 2.42 (dd, 2H, J=11.5, 10.3 Hz), 2.38 (s,
3H), 1.21 (d, 6H, J=6.3 Hz); >*C NMR (125 MHz, CDCls)
o 1527, 133.0, 127.7, 127.5, 126.7, 118.3, 72.2 (2C), 58.3
(20), 19.1 (2C), 18.4. Anal. Calcd for C13H;3gBrNO: C, 54.94;
H, 6.38; N, 4.93. Found: C, 55.01; H, 6.18; N, 5.05.

4.3.25. 3-Bromo-N-cyclo-hexyl-N-methylaniline (Table 1,
entry 15)

Starting from 1,3-dibromobenzene (472 mg, 2 mmol) and
N-methylcyclohexylamine (226 mg, 2 mmol), general proce-
dure A (20 h) afforded the title compound as a pale yellow oil
(204 mg, 38%). R~=0.87 (toluene). '"H NMR (500 MHz,
CDCl3) 0 7.04 (dd, 1H, J=8.4, 7.9 Hz), 6.85 (dd, 1H, J=2.3,
2.1 Hz), 6.77 (ddd, 1H, J=7.8, 1.8, 0.8 Hz), 6.66 (dd, 1H,
J=8.4, 2.3 Hz), 3.51 (tt, 1H, J=11.4, 3.5 Hz), 2.75 (s, 3H),
1.89—1.80 (m, 2H), 1.79—1.72 (m, 2H), 1.72—1.65 (m, 1H),
1.50—1.30 (m, 4H), 1.19—1.07 (m, 1H); '*C NMR (125 MHz,

CDCly) 6 151.4, 130.4, 123.6, 118.8, 115.6, 111.5, 58.1, 31.2,
30.2 (2C), 262 (2C), 26.0. HRMS (ESI): m/z caled for
C3H,oBrN (MH™) 268.0695, found 268.0697.

4.3.26. 4-Bromo-N-cyclo-hexylaniline (Table 1, entry 16)

Starting from 1,4-dibromobenzene (472 mg, 2 mmol) and
cyclohexylamine (198 mg, 2 mmol), general procedure A
(3 h) afforded the title compound as a pale yellow solid
(437 mg, 86%). R=0.28 (heptane/(i-Pr),0 40:3). An analyti-
cally pure sample was obtained by recrystallization as a white
powder, mp 57.9—59.3°C (MeOH). 'H NMR (500 MHz,
CDCl3) ¢ 7.21 (d, 2H, J=8.9 Hz), 6.45 (d, 2H, J=8.9 Hz),
3.56 (br s, 1H), 3.19 (tt, 1H, J=10.2, 3.8 Hz), 2.09—1.96 (m,
2H), 1.81—1.70 (m, 2H), 1.69—1.58 (m, 1H), 1.42—1.29 (m,
2H), 1.28—1.05 (m, 3H); '*C NMR (125 MHz, CDCl,)
0 1464, 132.0 (2C), 114.8 (20), 108.3, 51.9, 33.4 (20),
26.0, 25.1 (2C). Anal. Calcd for C;,H ¢BrN: C, 56.71; H,
6.35; N, 5.51. Found: C, 56.62; H, 6.38; N, 5.39.

4.3.27. N-Benzyl-4-bromoaniline (Table 1, entry 17)

Starting from 1,4-dibromobenzene (472 mg, 2 mmol) and
benzylamine (214 mg, 2 mmol), general procedure A (4 h) af-
forded the title compound as a colorless oil (374 mg, 71%).
R/=0.23 (heptane/(i-Pr),0O 40:3). "H NMR (500 MHz, CDCl)
and '>C NMR (125 MHz, CDCl;) in agreement with the
literature. ™

4.3.28. N-(4-Bromophenyl)-4-methoxy-2-methylaniline
(Table 1, entry 18)

Starting from 1,4-dibromobenzene (472 mg, 2 mmol) and
4-methoxy-2-methylaniline (274 mg, 2 mmol), general proce-
dure A (14 h) afforded the title compound as a yellow-orange,
viscous oil (443 mg, 76%). R~=0.22 (heptane/TBME 10:1). '"H
NMR (500 MHz, DMSO-dg) 6 7.48 (br s, 1H), 7.22 (d, 2H,
J=8.9 Hz), 7.05 (d, 1H, J=8.6 Hz), 6.85 (d, 1H, J=3.0 Hz),
6.75 (dd, 1H, J=8.6, 3.0 Hz), 6.55 (d, 2H, J=8.9 Hz), 3.73
(s, 3H), 2.13 (s, 3H); ">C NMR (125 MHz, DMSO-dq)
0 156.1, 146.6, 134.5, 132.9, 131.5 (2C), 125.8, 116.1, 115.4
(20), 111.9, 107.6, 55.1, 18.0. HRMS (ESI): m/z calcd for
C4H,sBrNO (MH™) 292.0332, found 292.0328.

4.3.29. N-(4-Bromophenyl)-N-ethylbenzo[d][1,3]dioxol-5-
amine (Table 1, entry 19)

Starting from 1,4-dibromobenzene (472 mg, 2 mmol) and
N-ethyl-3,4-methylenedioxyaniline (330 mg, 2 mmol), general
procedure A (16 h) afforded the title compound as a colorless
oil (456 mg, 71%). R~=0.38 (heptane/(i-Pr),0 40:3). '"H NMR
(CDCl3, 500 MHz) 6 7.26—7.19 (m, 2H), 6.78 (dd, 1H, J=8.2,
1.3 Hz), 6.65—6.54 (m, 4H), 5.96 (s, 2H), 3.62 (q, 2H,
J=7.1Hz), 1.17 (t, 3H, J=7.1Hz); *C NMR (CDCls,
125 MHz) ¢ 148.6, 147.8, 145.0, 141.2, 131.8 (2C), 119.7,
117.1 (2C), 109.9, 108.9, 108.0, 101.5, 46.8, 12.6. HRMS
(ESI): m/z caled for C,sH;sBrNO, (MH") 320.0281, found
320.0277.
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4.3.30. tert-Butyl 4-(2-methyl-3-morpholinophenyl)piper-
azine-1-carboxylate (6)

4-(3-Bromo-2-methylphenyl)morpholine (1) (9.77 g,
38 mmol) and fert-butyl piperazine-1-carboxylate (8.53 g,
46 mmol) were added to a flask containing Pd,dbas (2.5%),
P(+-Bu);-HBF, (5%), and NaO(#-Bu) (1.4 equiv). Toluene
(100 mL) and a stir bar were added. The head space was purged
with N, and a positive pressure of N, applied throughout the
reaction, but the solvent was not degassed. The mixture was
stirred at 80 °C for 2 h. After cooling to rt, Et,O was added
(100 mL) before filtering through a pad of Celite. The filtrate
was concentrated in vacuo onto silica and purified by chroma-
tography to afford the title compound as a pale yellow solid
(12.83 g, 93%). R=0.23 (heptane/EtOAc 6:1). An analytically
pure sample was obtained by recrystallization from pentane as
fine bright-white needles, mp 109.4—110.3 °C (MeOH). 'H
NMR (500 MHz, CDCl3) ¢ 7.16 (t, 1H, J/=8.0 Hz), 6.79 (d,
1H, J=8.0 Hz), 6.76 (d, 1H, J=8.0 Hz), 3.87—3.82 (m, 4H),
3.56 (br s, 4H), 2.94—2.89 (m, 4H), 2.89—2.81 (m, 4H), 2.30
(s, 3H), 1.49 (s, 9H); '*C NMR (125 MHz, CDCls) 6 155.1,
152.8, 152.8, 127.2, 126.8, 114.3, 114.2, 79.8, 67.6 (2C), 52.4
(20), 52.0 (2C), 44.7/43.9 (2C, rotamer), 28.6 (3C), 13.3.
Anal. Calcd for C,oH31N303: C, 66.45; H, 8.64; N, 11.62.
Found: C, 66.57; H, 8.56; N, 11.60.

4.3.31. 3-(3-Bromopropyl)-5-fluoro-1H-indole (7)

Adopting Campos et al.’s procedure,”® 4-fluorophenyl-
hydrazine hydrochloride (15.0 g, 92 mmol) was added to
a three-necked reaction flask equipped with stir bar, condenser,
and septa, and a positive pressure of N, was applied. DMA
(150 mL) was added while stirring. Next, 4% aq H,SO,
(150 mL) was added, and the reaction mixture was heated to
100 °C. 3,4-Dihydro-2H-pyran (8.4 mL, 92 mmol) was added
drop-wise using a syringe. After full conversion of the starting
materials (as judged by TLC, ~4 h), the reaction mixture was
cooled to rt and extracted with EtOAc (3x300 mL). The com-
bined organic extracts were washed with H,O (3x300 mL).
The organic layer was concentrated in vacuo, and the residue
was purified by chromatography to afford 3-(5-fluoro-1H-in-
dol-3-yl)propan-1-ol as an orange, highly viscous oil
(14.72 g, 83%). R~0.25 (heptane/EtOAc 1:1). '"H NMR
(500 MHz, CDCl3) and '*C NMR (125 MHz, CDCl5) in agree-
ment with the literature.>® Under a positive pressure of Ny, 3-
(5-fluoro-1H-indol-3-yl)propan-1-ol (14.45 g, 75 mmol) was
dissolved in acetonitrile (150 mL), and PPh; (29.5 g,
112.5 mmol) was added to form a suspension. After cooling
to 0°C, CBry (37.3 g, 112.5 mmol) was added portion-wise
over a 10-min period. After full conversion (~ 3 h), the reac-
tion mixture was adsorbed on silica. Chromatography afforded
the title compound as a yellow oil (11.50 g, 60%). The com-
pound solidified upon storage at —20 °C as a brown solid,
mp below rt. R=0.21 (heptane/EtOAc 6:1). 'H NMR
(500 MHz, DMSO-dg) in agreement with the literature.>*
3C NMR (125 MHz, DMSO-ds) 6 156.7 (d, J=231.1 Hz),
133.0, 127.3 (d, J=9.6 Hz), 124.7, 113.1 (d, J=4.6 Hz),
1123 (d, J=9.7Hz), 109.0 (d, J=26.0Hz), 1029 (d,
J=22.8 Hz), 34.9, 33.0, 23.0.

4.3.32. 4-(3-(4-(3-(5-Fluoro-1H-indol-3-yl)propyl)piperazin-
1-yl)-2-methylphenyl)morpholine (Lu 37-211)

tert-Butyl  4-(2-methyl-3-morpholinophenyl)piperazine-1-
carboxylate (6) (1.084 g, 3 mmol) was dissolved in a minimum
volume of MeOH/Et,O and stirred at rt. In the meanwhile,
MeOH (30mL) was rapidly stirred at 0°C, and AcCl
(10—15 equiv) was cautiously added drop-wise. The methanolic
HCI was added to the solution of 6, stirring until full conversion
according to TLC. After full conversion of the starting material,
the reaction mixture was concentrated in vacuo. The crude
hydrochloride salt was resuspended in 2—3 mL of saturated
brine, and the mixture was made alkaline (pH ~ 12) with 24%
aq NH;. The resulting mixture was exhaustively extracted with
THF. The combined organic extracts were dried (MgSO,),
filtered, and concentrated in vacuo. The free base was used
directly in the next step. The free base was reacted with 7
(768 mg, 3 mmol) in the presence of DIPEA (1.5 equiv) in ace-
tonitrile (40 mL) under N, and heated (70—80 °C) with stirring
until full conversion of starting materials (24 h) as determined by
TLC. After concentration in vacuo on silica, chromatography
afforded Lu 37-211 as a colorless, solid foam (1.22 g, 93%).
R=0.25 (heptane/EtOAC/EtzN 49:49:2). An analytically pure
sample was obtained by crystallization as a white powder, mp
126.0—126.6 °C (MeOH). 'H NMR (500 MHz, CDCl5) & 7.99
(brs, 1H), 7.28—7.22 (m, 2H), 7.15 (t, 1H, J=8.0 Hz), 7.03 (d,
1H, J=2.1 Hz), 6.93 (td, 1H, J=9.0, 2.5 Hz), 6.80 (d, 1H,
J=8.0 Hz), 6.76 (d, 1H, J=7.0 Hz), 3.87—3.82 (m, 4H), 3.00—
2.93 (m, 4H), 2.93—2.88 (m, 4H), 2.76 (t, 2H, J=7.6 Hz), 2.62
(br s, 4H), 2.50 (t, 2H, J=7.6 Hz), 2.38 (s, 3H), 1.94 (pentet,
2H, J=7.6Hz); *C (125MHz, CDCl;) 6 157.8 (d,
J=234.2 Hz), 153.0, 152.6, 133.0, 128.1, 127.0, 126.7, 123.1,
1169, 1142, 113.7, 111.7 (d, J=9.6Hz), 1104 (d,
J=26.4 Hz), 104.0 (d, J=23.2 Hz), 67.6 (2C), 58.6, 54.0 (20),
524 (20C), 519 (2C), 27.5, 23.1, 13.4. Anal. Calcd for
C,6H33FN4O: C, 71.53; H, 7.62; N, 12.83. Found: C, 71.73; H,
7.55; N, 12.80.

4.4. General procedure B

Equivalent to general procedure A with the following mod-
ifications: Xantphos (116 mg, 10 mol %) as ligand; amine or
imine (2.0—2.4 mmol, 1.0—1.2 equiv).

4.4.1. 1-(4-Bromo-2-methylphenyl)piperidine (Table 2,
entry 1)

Starting from 4-bromo-1-iodo-2-methylbenzene (594 mg,
2 mmol) and piperidine (170 mg, 2 mmol), general procedure
B (2.5h) afforded the title compound as a colorless oil
(365 mg, 72%). R=0.48 (heptane/(i-Pr),O 40:3). '"H NMR
(500 MHz, DMSO-dg) 6 7.32 (d, 1H, J=2.5Hz), 7.27 (dd,
1H, J=8.5, 2.4 Hz), 6.91 (d, 1H, J=8.5Hz), 2.73 (dd, 4H,
J=5.2, 5.0 Hz), 2.21 (s, 3H), 1.69—1.57 (m, 4H), 1.56—1.44
(m, 2H); *C NMR (125 MHz, DMSO-dg) ¢ 152.1, 135.2,
133.6, 129.3, 120.8, 115.5, 53.4 (2C), 26.6 (2C), 24.4, 17.8.
HRMS (ESI): m/z caled for C,HzBrN (MH™) 254.0539,
found 254.0538.
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4.4.2. 4-(4-Bromo-2-fluorophenyl)morpholine (Table 2,
entry 2)

Starting from 4-bromo-2-fluoro-1-iodobenzene (602 mg,
2 mmol) and morpholine (174 mg, 2 mmol), general proce-
dure B (1 h) afforded the title compound as a colorless oil
(459 mg, 88%). R=0.33 (heptane/(i-Pr),O 1:1). 'H NMR
(500 MHz, CDCl3) ¢ 7.21-7.17 (m, 2H), 6.80 (dd, 1H,
J=8.8, 8.6 Hz), 3.88—3.84 (m, 4H), 3.07—3.03 (m, 4H); "°C
NMR (125 MHz, CDCl;) ¢ 155.5 (d, J=250.9 Hz), 139.4
(d, J=8.3Hz), 127.7 (d, J=3.3Hz), 1199, 119.8 (d,
J=19.4Hz), 1140 (d, /=9.5Hz), 67.0 (2C), 50.9 (2C).
HRMS (ESI): m/z caled for C;oH;,BrFNO (MH™) 260.0081,
found 260.0079.

4.4.3. N-Allyl-4-bromo-2-chloroaniline (Table 2, entry 3)

Starting from 4-bromo-2-chloro-1-iodobenzene (635 mg,
2 mmol) and allylamine (137 mg, 2 mmol), general procedure
B (0.5h) afforded the title compound as a colorless oil
(444 mg, 90%). R=0.46 (heptane/(i-Pr),O 40:3). 'H NMR
(500 MHz, CDCl5) and '>C NMR (125 MHz, CDCl5) in agree-
ment with the literature.*

4.44. 4-Bromo-N-(4-bromophenyl)-2-chloroaniline (Table
2, entry 4)

Starting from 4-bromo-2-chloro-1-iodobenzene (635 mg,
2 mmol) and 4-bromoaniline (413 mg, 2.4 mmol), general
procedure B (0.5 h) afforded the title compound as an off-
white solid (697 mg, 96%). R,=0.48 (heptane/(i-Pr),0O 40:3).
An analytically pure sample was obtained by recrystallization
as a bright-white powder, mp 84.8—85.8 °C (MeOH). 'H
NMR (500 MHz, CD;CN) and 'C NMR (125 MHz,
CD;CN) in agreement with the literature.*® Anal. Calcd for
C,,HgBr,CIN: C, 39.87; H, 2.23; N, 3.88. Found: C, 39.80;
H, 2.15; N, 3.83.

4.4.5. N'<(2-Bromo-5-fluoro-phenyl)-N,N-dimethyl-ethane-
1,2-diamine (Table 2, entry 5)

Starting from 1-bromo-4-fluoro-2-iodobenzene (11.9 g,
39.5mmol) and N,N-dimethyl-ethylenediamine (3.66 g,
41.5 mmol), general procedure B (40 h; 0.5% Pd,dbas, 2.0%
Xantphos, 100 mL toluene). The crude mixture was filtered
through a pad of Celite. The filtrate was concentrated in vacuo.
The residue was partitioned between EtOAc (200 mL) and
H,O (200 mL). The organic layer was extracted with 10%
HCI (200 mL). The aqueous layer was basified with NaOH
and extracted with EtOAc (200 mL). The organic layer was
dried (MgSO,), filtered, and concentrated in vacuo to give
the title compound as a pale brown oil (8.52¢g, 83%). 'H
NMR (500 MHz, CDCl3) ¢ 7.32 (dd, 1H, J=6.05, 8.70 Hz),
6.33—6.24 (m, 2H), 5.04 (br s, 1H), 3.31 (app. q, 2H,
J=10.9 Hz), 2.59 (t, 2H, J=6.15Hz), 2.27 (s, 6H); "*C
NMR (125 MHz, CDCl;) ¢ 163.8 (d, /=243.1 Hz), 147.0 (d,
J=11.2Hz), 133.2 (d, J=10.4 Hz), 104.2 (d, J=23.4 Hz),
104.1 (d, J/=2.6 Hz), 99.0 (d, J=26.7 Hz), 57.9, 45.6 (2C),
41.5. HRMS (ESI): m/z caled for CyoH,4BrFN, (MH")
261.0397, found 261.0395.
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