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Synthesis of Planar Chiral Carbazole Derivatives Bearing a

[2.2]Paracyclophane Skeleton

Petra Lennartz,”) Gerhard Raabe,® and Carsten Bolm*!®!

Abstract: The synthesis of planar chiral carbazoles bearing a
[2.2]paracyclophane backbone is described. Starting from
readily available 4-bromo[2.2]paracyclophane planar chiral

carbazoles are obtained in a two-step synthesis by Pd-cata-
lyzed C—N cross-coupling and subsequent oxidative cycliza-
tion.
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1. Introduction

Since the first directed synthesis of [2.2]paracyclophane
(1a, Figure 1) by Cram and Steinberg in 1951 there has
been an ongoing interest in the unique chemistry of this

Figure 1. [2.2]Paracyclophane (1a) and planar chiral carbazole 2a.

class of compounds.”’ In general, [2.2]paracyclophanes
have two benzene rings, which are connected by two eth-
ylene bridges, resulting in a boat-like shape of the
arenes.’! Aryl substitution can lead to planar chiral com-
pounds, which have successfully been applied as ligands,
auxiliaries or catalysts in stereoselective reactions.l! Al-
though many [2.2]paracyclophanes with heterocyclic sub-
stituents have been described, only a few compounds
with heterocycles fused to one of the benzene rings are
known.”®! This may not be surprising considering that the
synthesis of 4,5-disubstituted [2.2]paracyclophanes is
mainly restricted to the wuse of 4-hydroxy-
[2.2]paracyclophane derivatives as starting materials.”*
Regioisomeric mixtures have often been obtained when
other monosubstituted [2.2]paracyclophanes were ap-
plied.”! For the functionalization of more “classical”
arenes efficient ortho-directing groups have been found,
which opened new pathways for metal-catalyzed direct
C-H arylations."” Both inter- and intramolecular cou-
pling reactions have been developed, and among the
latter oxidative biaryl couplings have proved particularly
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useful for the preparation of heterocycles including carba-
zoles.!'!

In continuation of our studies on the synthesis of disub-
stituted [2.2]paracyclophanes’ %! we became interest-
ed in planar chiral carbazoles such as 2a (Figure 1),
which we hypothesized to be relevant for polymer and
materials science due to the extended m-system of the car-
bazole core.'” From a synthetic point of view, their prep-
aration by metal-catalyzed direct functionalization/aryla-
tion was expected to provide new insights and opportuni-
ties in the chemistry of [2.2]paracyclophane modifica-
tions.

2. Results

Carbazoles 2 were envisaged to be accessible by two ap-
proaches: First, direct ortho-arylation of amide 4 fol-
lowed by intramolecular oxidative C—N bond formation
(Scheme 1, path a),™ or, second, via diarylamine 5 and
subsequent oxidative C—C coupling reaction (path b).['%)
Initial attempts to directly arylate 4-amido-
[2.2]paracyclophanes 4 (with R'=OrBu or Et; Scheme 1,
path a) under conditions similar to those reported for the
direct arylation of anilides!"® remained unsuccessful. It
was therefore decided to follow pathb (Scheme 1). As
first step diarylamine syntheses by palladium-catalyzed
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Scheme 1. Retrosynthetic approaches to carbazoles 2.

Buchwald-Hartwig aminations were investigated. Al-
though such cross-couplings are common for C—N bond
formations,'” only a few examples of this reaction using
[2.2]paracyclophanes as aryl components are known. %18l
Moreover, to the best of our knowledge, only a single
report covered the use of aniline derivatives as N-nucleo-
philes.™ For our study, the readily available 4-bromo-
[2.2]paracyclophane (1b, Scheme 1)) was chosen as aryl
halide. Although 1b can also be prepared in its enantio-
merically pure form,”™'®! each experiment reported here
was carried out using racemic substrates. In the presence
of NaOrBu as base and aniline (6a) as nitrogen nucleo-
phile, 4-N-(phenyl)amino[2.2]paracyclophane (5a) was
formed in good yields within 4 h using Pd,(dba); and 2-di-
cyclohexylphosphino-2',4’,6'-triisopropylbiphenyl (X-
Phos) as ligand in toluene (Table 1, entries 1-7). Starting
with Smol% of Pd,(dba); and 15% of the ligand the
product was formed in 79% yield. A brief screening of
the reaction conditions revealed that a reduction of the
Pd,(dba); loading to 3 mol % was possible (entry 2). With
less than 3 mol% of Pd,(dba); the yield decreased (en-

Table 1. Optimization of the Pd-catalyzed C—N cross-coupling of 4-
bromol[2.2]paracyclophane (1b) with aniline (6a).

Br NH,
G- T L0

Pd,(dba),, ligand,
NaOtBu

toluene

75-100 °C
1b 6a 5a
Entry Pd,(dba),/ligand Ligand t T Yield
(mol %) h 9 (%)
1 5/15 X-Phos 4 75 79
2 3/9 X-Phos 4 75 81
3 2/6 X-Phos 4 75 66
4 1/3 X-Phos 4 75 45
5 1/3 X-Phos 16 75 51
6 1/3 X-Phos 16 100 68
7 1/3 X-Phos 24 100 68
8 3/9 S-Phos 4 75 78
9 3/9 BINAP 4 75 0
10 3/0 - 4 75 0
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tries 3 and 4) and neither raising the temperature nor ex-
tending the reaction time improved the results (entries 5
7). Two other ligands, BINAP and dicyclohexylphosphi-
no-2',6'-dimethoxybiphenyl (S-Phos), were tested. In the
presence of BINAP no product was formed, and when S-
Phos was used similar results than obtained with X-Phos
(entries 8,9) were achieved. Noteworthy, in the absence
of a ligand no product was formed (entry 10).

Under the optimized reaction conditions, both elec-
tron-rich (R=Me, iPr) and electron-poor (R=F, CF;,
CO,Me) anilines could be coupled to the [2.2]paracyclo-
phane backbone in good to excellent yields (Table 2, en-
tries 1-7). Attempts to directly couple 2-aminophenol
failed. However, after protection of the hydroxyl group
with triisopropylsilyl ~chloride,”™ the corresponding
amino[2.2]paracyclophane 5h was formed in 64 % yield
(entry 8).

With phenylamino[2.2]paracyclophanes 5a-h in hand
their oxidative cyclizations to give the corresponding car-
bazoles 2a-h were investigated. Amine Sa was chosen as
model compound (Table 3). Initial studies were conduct-
ed wusing a stoichiometric amount of Pd(OAc),
(1 equiv)?"! and acetic acid (AcOH) as solvent. With air
as oxidant, carbazole 2a was formed in 61% yield

Table 2. Pd-catalyzed =~ C—N  cross-coupling  of  4-bromo-

[2.2]paracyclophane (1b) with anilines 6.

Pd,(dba); (3 mol%),

Br NHz  X-Phos (9 mol%),
O + Ny NeOBu O C
| /7R toluene,
75°C, 4-6h
1b 6 5a-h
Entry  Product/yield Entry  Product/yield

H
L
CF.

5e: 77%

H
! N\©/Me

5f:57%

N
N oL CA G

5a: 81%

H
N
) OO LG U

5b: 73%

H
N
3 O O \©\(Me
Me

5¢c: 64%

H
N
) @F :

5d: 76%

O OMe

59:78%

H OTIPS

ij

5h: 64%

[a] Reaction conditions: 1b (1.0 equiv), aniline derivative 6
(1.2 equiv), Pd,(dba); (0.03 equiv), X-Phos (0.09 equiv), NaOtBu
(1.4 equiv) in toluene (4 mLmmol™" of 1b) at 75°C.
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Table 3. Optimization of the oxidative cyclization of 4-N-
(phenyl)amino|2.2]paracyclophane (5a).F!

Pd(OAc),

o><|dant

O \© addmve
O solvent OS
120 °C, 14 h
5a
Entry Solv. Pd(OAc), Oxidant Yield
(mol %) (%)
1 AcOH 100 air 610
2 AcOH 20 air 49
3 AcOHH 20 air 35
4 AcOHY 20 air 22
5 PivOH 20 air traces
6 TFA 20 air 0
7 DMF 20 O, (1 atm) traces
8 DMSO 20 O, (1 atm) 0
9 AcOH/ 20 air 42
toluene

10 AcOHHM 20 air 35
11 AcOH 20 O, (1 atm) 35
12 AcOH 20 benzoquinone 37
13 AcOH 20 K,S,04 13
14 AcOH 20 Phl(OAc), 0
15 AcOH 20 Cu(OAc), 0
16 AcOH 20 AgOAc 25
17 AcOH 20 airl? 60
18 AcOH 10 air!” 29

[a] The reactions were performed in a 10 mL round bottom flask
using 0.4 mmol of 5a and 4 mL of the given solvent. [b] For 2 h.
[c] At 100°C. [d] For 18 h. [e] Molecular sieve 4 A (50 mg) was
added. [f] Air was introduced into the solution, and the reaction
time was reduced to 8 h.

(entry 1). The regioselectivity of the oxidative C—C bond
formation was confirmed by 'H and *C NMR spectrosco-
py as well as X-ray crystal structure analysis. For the
latter, single crystals of 2a were obtained from a ben-
zene/pentane solvent mixture. An ORTEP plot of 2a is
given in Figure 2. The [2.2]paracylophane unit of the mol-
ecule shows the typical structural features of this class of
compounds. Thus both phenyl rings deviate significantly
from planarity, and the sum of bond angles in the rings
amount to about 717°. The deviation of the para carbon
atoms (C18, C21 and C8, C11) from the least squares
plane defined by the remaining four atoms of each ring
(C16, C17, C19, C20 and C7, C9, C10, C12) is 0.15-
0.16 A. These values coincide with the one obtained for
parent [2.2]paracyclophane in an ab initio calculation
(MP2/6-31 +G*).) The exocyclic C¢HsN unit, which
forms a carbazole moiety with one of the aromatic rings
of the [2.2]paracyclophane, is essentially planar, and no
atom of this group deviates from the best plane defined
by its atoms (N, C1-C6) by more than 0.02 A.
Encouraged by this first result (Table 3, entry 1), the
catalyst loading was reduced. In the presence of 20 mol %
of Pd(OAc), 5a was formed in 49% yield after 14 h
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Figure 2. Structure of racemic 2a in the solid state.

(entry 2). Increasing the reaction time or decreasing the
temperature resulted in lower yields (entries 3 and 4). In
the absence of Pd(OAc), no product was formed. In a
control experiment it was shown that 2a was not stable
under the reaction conditions (AcOH, 10mol% of
Pd(OAc),, 120°C). After 24 h only 45% of 2a was recov-
ered. Unfortunately, the decomposition products could
not be identified. To avoid the harsh reaction conditions
and the decomposition of 2a several solvents were tested
(entries 5-8). Whereas in pivalic acid (PivOH), DMF and
DMSO no reaction took place or only traces of 2a were
formed, use of trifluoroacetic acid led to complete de-
composition of 5a (entry 6). To increase the solubility of
5a a 1:1 mixture of AcOH/toluene was tested, but no pos-
itive influence on the reaction outcome was observed
(entry 9). Also the presence of water did not affect the re-
action. Neither the addition of molecular sieves (entry 10)
nor the use of dry acetic acid improved the previous re-
sults. Next, the oxidant was varied. Oxygen, benzoqui-
none, K,S,0;4 PhI(OAc),, Cu(OAc), and AgOAc were
tested (entries 11-16), but none was superior to air.
Direct introduction of the oxidant air into the solution
led to full conversion of 5a after only 8 h, and carbazole
2a was obtained in 60 % yield (Table 3, entry 17). A de-
crease of the amount of Pd(OAc), to 10 mol% lowered
the yield of 2a to 29% (entry 18).

Because additives had a positive impact on the catalyst
performance in other C—H activation processes,!'*"**%!
and with the goal to further improve the yield of 2a, the
effects of various acids and donor ligands on the oxidative
cyclizations of Sa under the optimized conditions were
examined (Table 4). Whereas the presence of trifluorace-
tic acid, 1,10-phenanthroline, X-Phos and S-Phos blocked
the catalysis or led to a lower yield of 2a (entries 1-4),
addition of pivalic acid and 3.4,5-trifluorobenzoic acid
(TFBA) resulted in an improvement (entries 5-8). Hence,
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Table 4. Effect of additives on the oxidative cyclization of 4-N-
phenylamino[2.2]paracyclophane (5a).”!

Enty  Pd(OAc),  Additive Yield (%)
(mol %) (mol %) of 2a

1 10 trifluoroacetic acid (30) 0

2 10 1,10-phenanthroline (10) 0

3 10 X-Phos (15) 0

4 10 S-Phos (15) 25

5 10 pivalic acid (30) 30

6 10 pivalic acid (30) 370

7 20 pivalic acid (60) 62

8 10 3,4,5-trifluorobenzoic acid (30) 50

[a] The reactions were performed on a 0.4 mmol scale in a 10 mL
Schlenk tube with 4 mL of AcOH at 120°C for 8 h, and compressed
air was introduced into the solution. [b] Reaction time of 30 h.

the best yields of 2a was observed, when either 30 mol %
of TFBA (with 10 mol% of Pd(OAc),) or 60 mol% of
pivalic acid (with 20 mol % of Pd(OAc),) were present in
the reaction mixture (Table 4, entries 7 and 8). Then, the
yields for 2a were 50% and 62 %, respectively, which
compared well to the 29% yield under identical condi-
tions in the absence of an additive (Table 3, entry 18).

Hypothesizing that a N-substituted product was more
stable under the oxidative reaction condition, N-methy-
lated diaryl amine 7a was submitted to the palladium cat-
alysis (Scheme 2). However, no C—C bond formation oc-
curred, and the corresponding carbazole 8a was not de-
tected.

Me

Me
NO i OS ]
7a

Scheme 2. Attempted conversion of N-methylated [2.2]paracyclo-
phanyl amine (7 a) into the corresponding carbazole 8a.

Next, the substrate scope was investigated (Table 5).
On the basis of the previous results, the catalysis reac-
tions were performed under conditions as described in
Table 4, entry 7, using 60 mol% of pivalic acid as addi-
tive. To our delight, all aryl [2.2]paracyclophanyl amines
(5b-h) underwent oxidative cyclizations providing the
corresponding planar chiral carbazoles 2b-h in moderate
to good yields. Even the sterically more hindered ortho-
substituted substrates 5g and 5h reacted well, and carba-
zoles 2g and 2h were obtained in similar yields than un-
substituted 2a (entries 7 and 8 versus entry 1). Electronic
variations of the aryl core had a more pronounced impact
and both electron-rich (2b, 2¢ and 2 f; entries 2, 3 and 6)
as well as electron-poor carbazoles (2d and 2e; entries 4
and 5) were only formed in moderate yields. Probably
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‘m

Product/yield

2e: 22% (traces)[®!

Table 5. Scope of the oxidative cyclization.?

C

5a-h

Pd(OAc), (20 mol%),
P\vOH (60 mol%), air

ACOH 120 °C,8h

Entry  Product/yield Entry

H
N

CF3

j—
v

2a: 62% (50%)!

H
O
Me 6

2b: 38%

Me

N
ZT

2f: 30%

OMe
H
N

Me

w
~N

- 379
2¢:37% 2g: 58% (45%)1]

H
Ay o
Foo8

2h: 59%

oTIPS

N

2d: 30%

[a] Reaction conditions: Aryl [2.2]paracyclophanyl amines 5a-h
(0.4 mmol), Pd(OAc), (0.2 equiv), pivalic acid (0.6 equiv) in acetic
acid (4 mL) at 120°C for 8 h; compressed air was introduced into
the solution. [b] Use of Pd(OAc), (10 mol%) and TFBA (30 mol %)
as additive.

due to steric reasons only a single regioisomer (2f) was
observed starting from amine 5 £.["°*2¢!

As demonstrated before, the Pd(OAc),/TFBA combi-
nation could also be used, but generally this catalyst
system led to lower yields as compared to the application
of 20% and 60% of Pd(OAc), and pivalic acid, respec-
tively (Table 5, entries 1, 5 and 7).

3. Summary

An access to carbazoles with fused [2.2]paracyclophane
skeletons has been developed. The reaction sequence is
short and involves only two palladium-catalyzed synthetic
steps. Starting from 4-bromo[2.2]paracyclophane (1b)
Buchwald-Hartwig aminations provide intermediates that
undergo aerobic oxidative cyclizations leading to the tar-
geted carbazoles in moderate to good yields. Although
the catalyst loading in the second step is still high (10—
20 mol %), the general strategy is appealing due to the
conceptional simplicity of the one-step double C—H acti-
vation/functionalization. The expertise gained in these in-
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tramolecular direct arylations of [2.2]paracyclophanes will
now serve as the basis for subsequent studies focusing on
intermolecular variants. Those shall provide a range of
4,5-disubstituted [2.2]paracyclophane derivatives that are
otherwise difficult to prepare. Since many of those are
planar chiral, stereochemical implications and resulting
opportunities will finally be investigated.

Experimental Section
General Methods

Unless otherwise stated, all starting reagents were commercially
available and used as received. Toluene was freshly distilled with
sodium/benzophenone ketyl radical under nitrogen. NaOsBu was
grinded with a mortar before use. 4-Bromo[2.2]paracyclophane
(1b) was synthesized as described in the literature!"! and purified
by column chromatography (pentane/DCM =9:1). All paracyclo-
phane derivatives are used and prepared as racemates. Reactions
were monitored by thin layer chromatography (TLC) using silica
gel 60 F254 plates and visualized with UV radiation at 254 nm.
Column chromatography was performed using silica gel (Acros,
35-70 um, 60 A). Melting points were measured with a Biichi
Melting Point B-540 apparatus. 'H, '*C and '"F NMR were re-
corded either on a Varian Mercury 300, a Varian Inova 400 or
Varian VNMR 600 spectrometer in CDCI; using TMS as internal
standard. Chemical shifts () are reported in ppm and coupling
constants (/) are given in Hz. IR spectra were acquired on a Per-
kinElmer Spectrum FT-IR 100 spectrometer. Mass spectra were
recorded on a Finnigan SSQ 7000 spectrometer. HRMS were re-
corded on a Finnigan MAT 95. Elemental analyses were per-
formed on an Elementar Vario EL instrument.

General Procedure for the N-Arylation: GP1 (Tables 1 and 2)

A Schlenk tube containing a stir bar was dried under vacuum
and charged with Pd,(dba); (0.03 equiv), X-Phos (0.09 equiv),
bromide 1b (1-4 mmol), NaOrBu (1.4equiv) and amine
(1.2 equiv), if solid. The tube was sealed with a rubber septum,
evacuated and backfilled with argon three times. Amine
(1.2 equiv), if liquid, and toluene (0.25m) were added by syringe,
and the septum was replaced by a glass stopper. The solution
was stirred at 75°C (preheated oil bath) for 4-6 h, then cooled to
room temperature, diluted with ethyl acetate and filtered over a
pad of Celite. The solvent was removed under reduced pressure
and the product purified by column chromatography.

4-N-(Phenyl)amino[2.2]paracyclophane (5a): The title com-
pound was prepared according to GP1 using Pd,(dba); (82 mg,
0.090 mmol), X-Phos (129 mg, 0.270 mmol), bromide 1b (862 mg,
3.00 mmol), NaOrBu (404 mg, 4.20 mmol) and aniline (335 mg,
3.60 mmol) in toluene (12 mL) at 75°C for 4.5 h. Purification by
column chromatography (gradient: pentane/Et,0=19:5 to pen-
tane/DCM =7:3) provided the title compound as a white solid
(724 mg, 81%): m.p. 184-186°C; 'H NMR (400 MHz, CDCl,):
0="7.25-721 (m, 2H), 7.01 (dd, J=7.7 and 1.7 Hz, 1H), 6.95-
6.92 (m, 2H), 6.90-6.86 (m, 1H), 6.60 (dd, /=8.0 and 1.9 Hz,
1H), 6.48-6.43 (m, 3H), 6.38 (dd, /=9.0 and 1.6 Hz, 1H), 5.87
(d, /=19 Hz, 1H), 5.55 (br s, 1H), 3.12-2.87 (m, 7H), 2.73-2.66
(m, 1H); "CNMR (100 MHz, CDCl;): 6=143.5, 141.1, 140.0,
139.4, 138.9, 135.7, 133.4, 132.6, 131.2, 131.1, 129.0 (2C), 127.3,
126.8, 125.8, 120.0, 115.9 (2C), 35.3, 34.9, 33.9, 33.8; IR (KBr):
7=3373, 2925, 2852, 1592, 1565, 1491, 1433, 1306, 1284, 881 cm™';
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MS (EI): m/z (%)=299 ([M]", 76), 194 (100), 180 (13); elemen-
tal analysis calcd for C,,H,N: C88.25, H7.07, N 4.68; found:
C87.88, H7.09, N 4.64.

4-N-(4'-Methylphenyl)amino[2.2]paracyclophane (5b): The title
compound was prepared according to GP1 using Pd,(dba),
(56 mg, 0.061 mmol), X-Phos (86 mg, 0.18 mmol), bromide 1b
(574 mg, 2.00 mmol), NaOrBu (269 mg, 2.80 mmol) and 4-meth-
ylaniline (257 mg, 2.40 mmol) in toluene (8 mL) at 75°C for
5.5 h. The product was purified by column chromatography (pen-
tane/Et,0=49:1) providing the title compound as a pale orange
solid (489 mg, 78%): m.p. 130-131°C; 'HNMR (300 MHz,
CDCl;): 6=7.06-7.00 (m, 3H), 6.88 (d, J=8.4 Hz, 2H), 6.59 (dd,
J=7.8 and 1.7 Hz, 1H), 6.46-6.40 (m, 3H), 6.33 (dd, J=7.7 and
1.5Hz, 1H), 5.83 (d, /=12 Hz, 1H), 5.46 (br s, 1H), 3.12-2.83
(m, 7H), 2.73-2.63 (m, 1H), 2.30 (s, 3H); *C NMR (75 MHz,
CDCly): 6=141.2, 140.9, 140.9, 139.4, 139.0, 135.8, 133.4, 132.6,
131.2, 130.2, 129.8, 129.6 (2C), 127.4, 126.1, 124.8, 116.8 (2C),
35.2, 35.0, 33.7, 33.7, 20.6; IR (KBr): #=3370, 2922, 2852, 1612,
1590, 1512, 1475, 1412, 1300, 890, 804, 714 cm™'; MS (EI): m/z
(%)=313 ([M]*, 84), 312 (54), 209 (89), 208 (100), 194 (44), 193
(49), 104 (21), 91 (12), 78 (10); elemental analysis calcd for
C,HiN: C88.13 H 7.40, N 4.47; found: C 87.91, H 7.49, N 4.39.

4-N-(4'-Isopropylphenyl)amino[2.2]paracyclophane (S5c): The
title compound was prepared according to GP1 using Pd,(dba),
(55 mg, 0.060 mmol), X-Phos (86 mg, 0.180 mmol), bromide 1b
(575 mg, 2.00 mmol), NaOsBu (269 mg, 2.80 mmol) and 4-isopro-
pylaniline (326 mg, 2.41 mmol) in toluene (8 mL) at 75°C for
4.5 h. Purification by column chromatography (pentane/ethyl
acetate =97:3) provided the title compound as a pale yellow
solid (489 mg, 78%): m.p. 143-144°C; 'HNMR (300 MHz,
CDCl;): 6=7.11 (d, J=8.4 Hz, 2H), 7.04 (dd, J=7.8 and 1.5 Hz,
1H), 6.91 (d, J=8.4 Hz, 2H), 6.61 (dd, J=7.9 and 1.7 Hz, 1H),
6.48-6.42 (m, 3H), 6.34 (dd, J=8.1 and 1.5 Hz, 1H), 5.85 (d, /=
1.5Hz, 1H), 5.48 (br s, 1H), 3.15-2.82 (m, 8H), 2.74-2.65 (m,
1H), 1.26 (d, J=6.9 Hz, 6H); *C NMR (75 MHz, CDCl;): 6=
141.2, 141.1, 140.9, 140.8, 139.4, 139.0, 135.7, 133.4, 132.6, 131.2,
130.3, 127.5, 127.0 (2C), 126.2, 124.9, 116.6 (2C), 35.2, 34.9, 33.7,
33.6, 33.3, 24.1 (2C); IR (KBr): 7=3387, 3017, 2955, 2926, 2888,
2855, 1594, 1512, 1478, 1418, 1296, 825, 714 cm™'; MS (EI): m/z
(%) =341 (IM] ", 100), 326 (18), 237 (26), 194 (89), 104 (20); ele-
mental analysis caled for C,;Hy,N: C87.93, H7.97, N 4.10;
found: C 87.75, H 8.11, N 4.06.

4-N-(4-Fluorophenyl)amino[2.2]paracyclophane (5d): The title
compound was prepared according to GP1 using Pd,(dba);
(55 mg, 0.060 mmol), X-Phos (86 mg, 0.18 mmol), bromide 1b
(575 mg, 2.00 mmol), NaOrBu (270 mg, 2.80 mmol) and 4-fluo-
roaniline (266 mg, 2.40 mmol) in toluene (8 mL) at 75°C for 5 h.
The product was purified by column chromatography (pentane/
DCM=7:3) providing the title compound as a white solid
(485 mg, 76%): m.p. 176-178°C; 'H NMR (400 MHz, CDCl,):
0=7.01 (dd, J=7.8 and 2.0 Hz, 1H), 6.97-6.88 (m, 4H), 6.60 (dd,
J=8.0 and 2.0 Hz, 1H), 6.47-6.41 (m, 3H), 6.36 (dd, J=7.8 and
2.0 Hz, 1H), 5.79 (d, J=1.7 Hz, 1H), 5.44 (br s, 1H), 3.10-2.85
(m, 7H), 2.73-2.65 (m, 1H); "CNMR (100 MHz, CDCl,): § =
157.4 (d, Jor=239 Hz), 141.3, 140.8, 139.7, 139.3, 138.9, 135.8,
133.5, 132.7, 131.2, 130.4, 127.4, 126.5, 125.0, 118.0 (d, Jo,=7 Hz)
(20), 115.6 (d, Jor=23 Hz) (20C), 35.2, 34.9, 33.7, 33.6; ’F NMR
(376 MHz): 0=-123.8; IR (KBr): #=3359, 2924, 2851, 1593,
1503, 1413, 1302, 1213, 886, 820, 716 cm™'; MS (EI): m/z (%)=
317 (IM], 56), 213 (95), 212 (100), 198 (12), 104 (14), 91 (12); el-
emental analysis caled for C,,H,)FN: C83.25, H 6.35, N 4.41;
found: C 83.10, H 6.46, N 4.36.
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4-N-(4'-Trifluoromethylphenyl)amino[2.2]paracyclophane  (Se):
The title compound was prepared according to GP1 using
Pd,(dba); (55 mg, 0.060 mmol), X-Phos (86 mg, 0.18 mmol), bro-
mide 1b (574 mg, 2.00 mmol), NaO7Bu (270 mg, 2.81 mmol) and
4-trifluoromethylaniline (387 mg, 2.40 mmol) in toluene (8 mL)
at 75°C for 5 h. Purification by column chromatography (gradi-
ent: pentane/DCM =3:1 to 7:3) provided the title compound as a
white solid (563 mg, 77 % ): m.p. 185-187°C; '"H NMR (300 MHz,
CDCLy): 6=7.44 (d, J=8.5Hz, 2H), 6.95 (dd, J=7.9 and 1.7 Hz,
1H), 6.89 (d, J=8.5 Hz, 2H), 6.61 (dd, /J=7.9 and 1.7 Hz, 1H),
6.53-6.44 (m, 4H), 5.90 (d, /=1.5Hz, 1H), 5.74 (br s, 1 H), 3.11-
2.88 (m, 7H), 2.77-2.67 (m, 1H); *CNMR (75 MHz, CDCl,):
0=146.9, 141.5, 139.5, 139.1, 138.3, 136.0, 133.7, 133.3, 132.9,
131.2, 128.8, 127.7, 127.3, 126.5 (q, Jor=4 Hz) (2C), 121.1 (q,
Jer=33 Hz), 114.1 (2C), 35.2, 34.8, 34.0, 33.8, CF; was not ob-
served; YFNMR (282 MHz): 6=-61.3; IR (KBr): 7#=3364,
2929, 2852, 1616, 1523, 1483, 1322, 1284, 1103, 1063, 827 cm™';
MS (EI): m/z (%)=367 (IM]*, 65), 263 (100), 262 (98), 248 (10),
194 (30), 193 (38), 104 (25), 78 (10); elemental analysis calcd for
CiH,FsN: C75.19, H5.49, N3.81; found: C75.26, HS5.52,
N 3.59.

4-N-(3'-Methylphenyl)amino[2.2]paracyclophane (5f): The title
compound was prepared according to GP1 using Pd,(dba);
(55 mg, 0.060 mmol), X-Phos (86 mg, 0.18 mmol), bromide 1b
(575 mg, 2.00 mmol), NaOrBu (271 mg, 2.82 mmol) and 3-meth-
ylaniline (257 mg, 2.40 mmol) in toluene (8 mL) at 75°C for
6.5 h. Purification by column chromatography (gradient: pen-
tane/Et,0=97:3 to pentane/DCM =7:3) provided the title com-
pound as a pale yellow solid (354 mg, 57%): m.p. 169-171°C;
'"H NMR (300 MHz, CDCl,): §=7.17-7.11 (m, 1H), 7.03 (dd, J=
7.9 and 2.0 Hz, 1H), 6.78-6.71 (m, 3H), 6.62 (dd, /=79 and
2.0 Hz, 1H), 6.50-6.37 (m, 4H), 5.87 (d, J=1.7 Hz, 1H), 5.52 (br
s, 1H), 3.16-2.89 (m, 7H), 2.76-2.66 (m, 1H), 2.33 (s, 3H);
BCNMR (75 MHz, CDCly): 6=143.5, 141.1, 140.2, 139.5, 138.9,
138.9, 135.8, 133.5, 132.7, 131.3, 131.2, 128.9, 127.4, 126.7, 125.8,
120.9, 116.7, 113.0, 35.2, 34.8, 33.8, 33.7, 21.5; IR (KBr): #=3369,
2925, 2855, 1591, 1477, 1303, 1161, 873, 768, 703 cm™'; MS (EI):
m/z (%)=313 ((M]*, 100), 208 (91), 193 (37), 104 (19), 91 (11),
78 (10); elemental analysis caled for C;sH,;N: C 88.13, H 7.40,
N 4.47; found: C 87.86, H 7.70, N 4.34.

4-N-(2'-methoxycarbonylphenyl)amino[2.2]paracyclophane (5g):
The title compound was prepared according to GP1 using
Pd,(dba); (54 mg, 0.059 mmol), X-Phos (86 mg, 0.18 mmol), bro-
mide 1b (574 mg, 2.00 mmol), NaO7Bu (269 mg, 2.80 mmol) and
methyl anthranilate (362 mg, 2.39 mmol) in toluene (8§ mL) at
75°C for 5 h. The product was purified by column chromatogra-
phy (pentane/ethyl acetate=19:1) providing the title compound
as a yellow solid (621 mg, 87%): m.p. 159-161°C; "H NMR
(400 MHz, CDCl;): 6=9.42 (br s, 1H), 8.00 (dd, /=8.0 and
1.7 Hz, 1H), 7.23 (ddd, J=8.3, 7.0 and 2.0 Hz, 1H), 7.14 (dd, J=
8.3 and 1.7 Hz, 1H), 6.91 (d, /=8.1 Hz, 1H), 6.69 (ddd, J=8.1,
7.0 and 1.0 Hz, 1H), 6.59-6.45 (m, 5H), 6.08 (d, J=1.7 Hz, 1H),
4.01 (s, 3H), 3.15-2.92 (m, 7H), 2.74-2.67 (m, 1H); "CNMR
(75MHz, CDCly): 0=169.2, 147.7, 141.3, 139.6, 139.0, 138.5,
135.6, 134.3, 134.2, 133.5, 132.8, 131.6, 131.4, 129.8, 128.6, 127.8,
116.5, 113.4, 110.6, 51.8, 35.2, 34.8, 33.8, 33.7; IR (KBr): #=3309,
2931, 1674, 1588, 1513, 1491, 1449, 1233, 1086, 749 cm™; MS
(ED: m/z (%)=357 (IM]", 64), 253 (78), 221 (51), 194 (83), 193
(100), 165 (15), 104 (52), 78 (19), 59 (10); elemental analysis
caled for C,,H,;NO,: C80.64, H 6.49, N 3.92; found: C 80.27,
H 6.69, N 3.86.

4-N-(2'-triisoproylsilyloxy)amino[2.2]paracyclophane (S5h): The
title compound was prepared according to GP1 using Pd,(dba);
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(55 mg, 0.060 mmol), X-Phos (86 mg, 0.18 mmol), bromide 1b
(575 mg, 2.00 mmol), NaOrBu (269 mg, 2.80 mmol) and 2-(triiso-
propylsilyloxy)aniline® (637 mg, 2.40 mmol) in toluene (8 mL)
at 75°C for 4 h. Purification by column chromatography (pen-
tane/ethyl acetate=97:3) provided a mixture of the title com-
pound and X-Phos. The latter compound was removed by a
second column chromatography (pentane/DCM =9:1) to provide
the title compound as a white solid (606 mg, 64%): m.p. 99—
101°C; '"HNMR (300 MHz, CDCl,): 6=7.05 (dd, J=7.9 and
1.7Hz, 1H), 6.88 (dt, J=7.9 and 1.6 Hz, 2H), 6.79 (td, J=7.9
and 1.5 Hz, 1H), 6.70-6.61 (m, 2H), 6.50 (d, /J=7.7 Hz, 2H),
6.43-6.38 (m, 2H), 6.15 (br s, 1H), 5.94 (d, /=1.7 Hz, 1H), 3.19-
2.90 (m, 7H), 2.81-2.71 (m, 1H), 1.57-1.42 (m, 3H), 1.28 (d, /=
7.0 Hz, 18H); *C NMR (75 MHz, CDCl,): 6 =143.0, 141.1, 139.7,
139.5, 139.0, 135.6, 135.0, 133.5, 132.7, 132.7, 131.3, 127.6, 127.6,
127.1, 121.1, 118.3, 117.3, 112.4, 35.3, 34.9, 33.9, 33.8, 18.2 (6C),
13.1 (3C); IR (KBr): 7=3419, 2940, 2863, 1591, 1509, 1441, 1251,
1200, 913, 880, 749 cm™'; MS (EI): m/z (%)=471 ([M]*, 100),
428 (18), 367 (42), 238 (11), 193 (16), 104 (18), 59 (15); elemental
analysis calcd for C;H,NOSi: C78.93, H8.76, N 2.97; found:
C78.85, H8.95, N 2.84.

4-(N-Methyl-N-phenyl)amino[2.2]paracyclophane (7a):® Under
an argon atmosphere 5a (299 mg, 1.00 mmol) was dissolved in
DMF (5 mL), and NaH (125 mg, 3.13 mmol) was added in small
portions at 0°C. The solution was warmed to room temperature
and stirred for 2 h. Mel (444 mg, 3.13 mmol) was slowly added
and the solution was stirred over night. Water (20 mL) was
added and the product was extracted with ethyl acetate (3x
25 mL), dried over Na,SO, and the solvent removed in vacuo.
Purification by column chromatography (pentane/ethyl acetate =
19:1) provided the title compound as a white solid (256 mg,
82%): m.p. 142-143°C; 'HNMR (300 MHz, CDCl;): 6=7.24—
7.18 (m, 2H), 7.01-6.98 (m, 2H), 6.90 (tt, /=7.4 and 1.2 Hz,
1H), 6.78 (dd, J=7.8 and 2.0 Hz, 1H), 6.60 (dd, /J=7.8 and
1.7Hz, 1H), 6.51 (dd, /=79 and 1.7 Hz, 2H), 6.38-6.31 (m,
2H), 6.01 (d, /J=1.5Hz, 1H), 3.42 (s, 3H), 3.13-2.87 (m, 6H),
2.69-2.60 (m, 1H), 2.54-2.44 (m, 1H); "CNMR (75 MHz,
CDCly): 6=150.7, 145.6, 140.9, 140.1, 138.8, 136.2, 133.6, 132.9,
132.8, 131.1, 129.4, 129.0 (2C), 127.5, 123.8, 121.0, 119.4 (20),
40.6, 35.4, 35.3, 34.9, 34.5; IR (KBr): #=1702, 1596, 1479, 1340,
1283, 1113, 1054, 835, 749 cm™'; MS (EI): m/z (%)=313 ([M]",
100), 208 (69), 194 (20), 104 (24), 78 (14); elemental analysis
caled for C,;H;N: C88.13, H7.40, N4.47;, found: C 87.88,
H 7.30, N 4.34.

General Procedure for the Oxidative Cyclization: GP2 (Tables 4
and 5)

A 10 mL Schlenk tube equipped with a reflux condenser, and a
stir bar was dried under vacuum. The tube was charged with
Pd(OAc), (0.20 equiv), PivOH (0.6 equiv) and AcOH (2 mL).
The solution was stirred for 5min. Aryl [2.2]paracyclophanyl
amines 5a-h (0.4 mmol) and AcOH (2 mL) were added to the
yellow solution. Dry air was introduced into the solution with a
Teflon tube, and the solution was stirred at 120 °C. After approxi-
mately 15-30 min the solution turned black. After 8 h the solu-
tion was cooled to room temperature, diluted with ethyl acetate
(50 mL), washed with NaHCO; (50 mL) and water (50 mL),
dried over MgSO,, and the solvent was removed under reduced
pressure. The residue was purified by column chromatography.

[2]Paracyclo[2](1,4)carbazolophane (2a): The title compound
was prepared according to GP2 using Pd(OAc), (18 mg,
0.080 mmol), PivOH (25 mg, 0.24 mmol) and amine 5a (120 mg,
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0.401 mmol) in AcOH (4 mL) for 8 h. Purification by column
chromatography (pentane/Et,0=9:1) provided the title com-
pound as a white solid (75 mg, 62%): m.p. 239-241°C; '"H NMR
(400 MHz, CDCl;): 6=8.06 (d, J=8.0 Hz, 1H), 7.87 (br s, 1H),
7.46 (d, J=8.0 Hz, 1H), 7.40 (dt, J=7.6 and 1.1 Hz, 1H), 7.28-
7.24 (m, 1H), 6.63 (d, J=7.4Hz, 1H), 6.56 (d, /J=7.4Hz, 1H),
6.50 (dd, /=79 and 1.9 Hz, 1H), 6.36 (dd, /=7.7 and 1.9 Hz,
1H), 5.94 (dd, J=7.7 and 1.9Hz, 1H), 523 (dd, /J=7.7 and
1.9 Hz, 1H), 4.03-3.98 (m, 1H), 3.40-3.31 (m, 1H), 3.16-2.91 (m,
6H); "CNMR (75 MHz, CDCly): 6=140.0, 138.8, 137.9, 137.3,
135.7, 132.0, 131.5, 131.0, 126.4, 126.3, 125.4, 125.3, 124.8, 124.5,
122.4, 122.2, 119.6, 110.6, 33.9, 33.7, 33.2, 31.1; IR (ATR): 7=
3392, 2924, 1592, 1572, 1499, 1456, 1394, 1322, 1299, 1247, 1026,
905, 871, 805, 747 cm™'; MS (EI): m/z (%)=297 (IM]", 39), 193
(100), 192 (11), 165 (4), 149 (4), 104 (2); HRMS (EI) calcd for
C,HyN: 297.1512; found: 297.1510 [M]*.

[2]Paracyclo[2]6-methyl(1,4)carbazolophane (2b): The title com-
pound was prepared according to GP2 using Pd(OAc), (18 mg,
0.080 mmol), PivOH (25 mg, 0.24 mmol) and amine 5b (126 mg,
0.402 mmol) in AcOH (4 mL) for 8 h. The product was purified
by column chromatography (pentane/Et,0=9:1) providing the
title compound as a light yellow solid (47 mg, 38 % ): m.p. 208-
210°C; 'H NMR (300 MHz, CDCl,): 6=7.86 (d, J=0.5 Hz, 1H),
7.75 (br s, 1H), 7.35 (d, /=82 Hz, 1H), 7.23 (dm, /=82 Hz,
1H), 6.61 (d, J=7.4 Hz, 1H), 6.56-6.50 (m, 2H), 6.37 (dd, /J=7.8
and 1.9 Hz, 1H), 5.96 (dd, J=7.7 and 2.0 Hz, 1H), 5.29 (dd, J=
7.7 and 1.9 Hz, 1H), 4.05-3.98 (m, 1H), 3.38-3.26 (m, 1 H), 3.17-
2.93 (m, 6H), 2.58 (s, 3H); "CNMR (75 MHz, CDCl,): 6=
140.3, 137.9, 137.3, 137.0, 135.7, 131.9, 131.4, 130.8, 128.8, 126.3,
126.2, 126.1, 125.4, 125.2, 124.5, 122.2, 122.1, 110.2, 33.9, 33.7,
33.2,31.0, 21.3; IR (ATR): 7=3399, 2923, 2855, 1591, 1500, 1470,
1437, 1389, 1308, 1246, 1184, 905, 873, 797, 725 cm™'; MS (EI):
m/z (%)=311 ([M]*, 40), 207 (100), 206 (17), 204 (6), 191 (6),
104 (7); HRMS (ESI) caled for CyH,,N: 312.1747; found:
312.1753 [M+H]*.

[2]Paracyclo[2]6-isopropyl(1,4)carbazolophane (2¢): The title
compound was prepared according to GP2 using Pd(OAc),
(18 mg, 0.080 mmol), PivOH (25 mg, 0.24 mmol) and amine Sc¢
(137 mg, 0.401 mmol) in AcOH (4 mL) for 8 h. Purification by
column chromatography (gradient pentane/Et,0=9:1 to 17:3 to
4:1) provided the title compound as a white solid (51 mg, 37%):
m.p. 128-130°C; '"HNMR (300 MHz, CDCL): 6=7.92 (s, 1H),
7.74 (br s, 1H), 7.38 (d, /J=8.0 Hz, 1H), 7.31 (dd, /=82 and
1.7Hz, 1H), 6.63 (d, /=74 Hz, 1H), 6.57 (d, /=7.4Hz, 1H),
6.53 (dd, /=79 and 2.0 Hz, 1H), 6.37 (dd, /J=7.9 and 2.0 Hz,
1H), 595 (dd, J=7.7 and 2.0 Hz, 1H), 524 (dd, /J=7.7 and
2.0Hz, 1H), 4.09-4.02 (m, 1H), 3.37-2.91 (m, 8H), 1.43 (d, /=
6.9 Hz, 6H); "C NMR (75 MHz, CDCl;): 6=140.3, 140.3, 137.8,
137.3, 137.2, 135.5, 131.9, 131.3, 130.6, 126.2, 126.2, 125.4, 125.3,
124.4, 123.6, 122.1, 119.6, 110.3, 34.3, 33.9, 33.8, 33.2, 31.0, 24.9,
24.8; IR (ATR): 7=3396, 2954, 2928, 2861, 1591, 1501, 1470,
1388, 1317, 1245, 907, 876, 803, 725 cm™'; MS (EI): m/z (%)=
339 ([M]*, 57), 235 (100), 220 (40), 204 (11), 104 (13); HRMS
(ESI) calcd for C,sH,N: 340.2060; found: 340.2064 [M +H] ™.

[2]Paracyclo[2]6-fluoro(1,4)carbazolophane (2d): The title com-
pound was prepared according to GP2 using Pd(OAc), (18 mg,
0.080 mmol), PivOH (25 mg, 0.24 mmol) and amine 5d (127 mg,
0.400 mmol) in AcOH (4 mL) for 8 h. Purification by column
chromatography (gradient pentane/Et,0=9:1 to 4:1) provided
the title compound as a light yellow solid (44 mg, 35%): m.p.
181-184°C; '"H NMR (300 MHz, CDCl;): 6=7.80 (br s, 1H), 7.73
(dd, /=9.7 and 2.5 Hz, 1H), 7.39-7.35 (m, 1H), 7.16 (td, /=9.0
and 2.5Hz, 1H), 6.65 (d, J=74Hz, 1H), 6.57 (d, /J=7.4Hz,
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1H), 6.52 (dd, J=7.9 and 2.0 Hz, 1H), 6.37 (dd, J=7.9 and
2.0Hz, 1H), 5.94 (dd, J=7.7 and 2.0 Hz, 1H), 529 (dd, J=7.7
and 2.0 Hz, 1H), 3.95-3.88 (m, 1H), 3.37-3.26 (m, 1H), 3.19-2.91
(m, 6H); ®C NMR (75 MHz, CDCL,): 6=157.6 (d, Joz =233 Hz),
141.1, 137.8, 137.3, 135.8, 135.1 (2C), 132.1, 131.5, 126.4, 126.3,
125.4 (d, Joe=10 Hz), 1252 (d, Jop=5 Hz), 124.5, 122.4, 112.7 (d,
Jee=26Hz), 111.1 (d, Jer=10Hz), 107.7 (d, Jor=24 Hz), 33.8,
33.5, 332, 31.0; “FNMR (282 MHz): 6=—1242; IR (ATR): 7=
3397, 2925, 1581, 1477, 1388, 1309, 1275, 1247, 1176, 1021, 961,
909, 862, 803, 731 cm™'; MS (EI): m/z (%)=315 ([M]*, 37), 211
(100), 210 (12), 183 (5), 157 (5), 104 (9); HRMS (ESI) calcd for
C,,H,,FN: 316.1496; found: 316.1498 [M + H]*.

[2]Paracyclo[2]6-trifluoromethyl(1,4)carbazolophane (2e): The
title compound was prepared according to GP2 using Pd(OAc),
(18 mg, 0.080 mmol), PivOH (25 mg, 0.24 mmol) and amine Se
(147 mg, 0.400 mmol) in AcOH (4 mL) for 8 h. The product was
purified by column chromatography (gradient pentane/Et,0=
4:1 to 7:3) providing the title compound as a light yellow solid
(32 mg, 22%): m.p. 189-191°C; '"H NMR (600 MHz, CDCl,): 6 =
8.32 (s, 1H), 8.03 (br s, 1H), 7.66 (d, J=8.4 Hz, 1H), 7.52 (d, /=
89Hz, 1H), 6.70 (d, /=7.4Hz, 1H), 6.64 (d, /=7.4Hz, 1H),
6.53 (dd, /=7.7 and 1.8 Hz, 1H), 6.39 (dd, /=7.7 and 1.8 Hz,
1H), 592 (dd, J=7.7 and 1.8 Hz, 1H), 522 (dd, /J=7.7 and
2.0 Hz, 1H), 4.02-3.98 (m, 1H), 3.36-3.30 (m, 1H), 3.20-3.00 (m,
5H), 2.96-2.91 (m 1H); "CNMR (150 MHz, CDCl,): 6 =140.6,
140.2, 137.8, 137.3, 136.0, 132.2, 131.9, 131.7, 127.3, 126.3, 125.4
(q, Jer=271 Hz), 125.0, 124.7, 124.6, 122.5, 121.9 (q, Jcr=32 Hz)
121.9 (q, Jcp=3 Hz), 119.7 (q, Jcr=5 Hz), 110.7, 33.8, 33.6, 33.1,
31.0; F (564 MHz): 6=-59.9; IR (ATR): #=23390, 2929, 1623,
1588, 1391, 1323, 1261, 1163, 1109, 1070, 886, 808, 716 cm™;
MS(EI): m/z (%)=365 (IM]", 60), 261 (100), 191 (10), 104 (18),
78 (6); HRMS (ESI) caled for C,H;oNF;: 366.1464; found:
366.1464 [M+H]".

[2]Paracyclo[2]7-methyl(1,4)carbazolophane (2 f): The title com-
pound was prepared according to GP2 using Pd(OAc), (18 mg,
0.080 mmol), PivOH (25 mg, 0.24 mmol) and amine 5f (125 mg,
0.399 mmol) in AcOH (4 mL) for 8 h. Purification by column
chromatography (pentane/Et,0=09:1) followed by a second
column chromatography (pentane/CHCl;=3:7) provided the
title compound as a white solid (37 mg, 30 %): m.p. 206-209°C;
"HNMR (300 MHz, CDCl;): 6=7.93 (d, J=7.9 Hz, 1H), 7.72
(br, 1H), 7.23 (s, 1H), 7.09 (d, /J=7.6Hz, 1H), 6.60 (d, J=
7.7Hz, 1H), 6.54 (d, J=7.7 Hz, 1H), 6.50 (dd, J=7.9 and 2.0 Hz,
1H), 6.37 (dd, /J=7.9 and 2.0Hz, 1H), 5.95 (dd, J=7.7 and
2.0Hz, 1H), 528 (dd, J=7.7 and 2.0 Hz, 1H), 4.01-3.94 (m,
1H), 3.38-326 (m, 1H), 3.16-2.90 (m, 6H), 2.56 (s, 3H);
BCNMR (75 MHz, CDCl;): 6=139.9, 139.3, 137.9, 137.2, 135.3,
134.9, 131.9, 131.4, 130.4, 126.3, 126.2, 125.5, 124.5, 123.1, 122.0,
122.0, 121.2, 110.7, 33.9, 33.6, 33.2, 31.1, 22.0; IR (ATR): 7=
3400, 3028, 2924, 2856, 1734, 1625, 1594, 1500, 1444, 1399, 1317,
1249, 1022, 926, 857, 800 cm™'; MS(EI): m/z (%)=311 ([M]",
71), 207 (100), 206 (25), 191 (6), 104 (11); HRMS (EI) calcd for
C,;H, N: 311.1669; found: 311.1668 [M] .

[2]Paracyclo[2]8-methoxycarbonyl(1,4)carbazolophane (2g): The
title compound was prepared according to GP2 using Pd(OAc),
(18 mg, 0.080 mmol), PivOH (25 mg, 0.24 mmol) and amine 5g
(143 mg, 0.400 mmol) in AcOH (4 mL) for 8 h. Purification by
column chromatography (pentane/Et,0=9:1) provided the title
compound as a light yellow solid (83 mg, 58 % ): m.p. 207-209°C;
'"HNMR (300 MHz, CDCL): 6=9.88 (br s, 1H), 827 (d, J=
7.7 Hz, 1H), 8.09 (dd, J=7.7 and 1.2 Hz, 1H), 7.30 (t, /=7.8 Hz,
1H), 6.71 (d, J=7.7Hz, 1H), 6.63 (d, J=7.7 Hz, 1H), 6.52 (dd,
J=7.8 and 1.9 Hz, 1H), 6.39 (dd, /=7.8 and 1.9 Hz, 1H), 5.96
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(dd, J=7.7 and 2.0 Hz, 1H), 5.19 (dd, J=7.7 and 2.0 Hz, 1H),
4.08 (s, 3H), 4.03-3.96 (m, 1H), 3.52-3.41 (m, 1H), 3.20-3.05 (m,
SH), 2.97-2.89 (m, 1H); *CNMR (75 MHz, CDCl,): 6 =168.2,
140.4, 139.5, 137.5 (2C), 135.7, 132.1, 131.6, 131.5, 127.6, 126.9,
126.5, 126.3, 126.0, 124.6, 124.5, 122.8, 118.6, 111.3, 51.9, 33.8,
33.6,33.0, 31.0; IR (ATR): #=23419, 2939, 1695, 1592, 1502, 1434,
1392, 1293, 1266, 1236, 1195, 1145, 867, 800, 743, 714 cm™"; MS
(EX): m/z (%)=355 ([M]*, 53), 251 (100), 219 (48), 190 (21), 164
(16), 104 (15); HRMS (ESI) caled for C,,H,NO,: 356.1645;
found: 356.1643 [M -+ H]"*.

[2]Paracyclo[2]8-triisopropylsilyloxy(1,4)carbazolophane  (2h):
The title compound was prepared according to GP2 using
Pd(OAc), (18 mg, 0.080 mmol), PivOH (25 mg, 0.24 mmol) and
amine Sh (189 mg, 0.401 mmol) in AcOH (4 mL) for 7.5 h. Pu-
rification by column chromatography (gradient pentane/Et,0=
49:1 to 19:1) provided the title compound as a light yellow solid
(111 mg, 59%): m.p. 125-129°C; 'HNMR (300 MHz, CDCl,):
0=790 (br s, 1H), 7.69 (d, /=82 Hz, 1H), 7.12 (t, J=7.8 Hz,
1H), 6.93 (dd, J=7.7 and 0.7 Hz, 1H), 6.64 (d, /=7.4 Hz, 1H),
6.57 (d, J=7.4Hz, 1H), 6.52 (dd, /=7.9 and 1.7 Hz, 1H), 6.38
(dd, J=7.7 and 2.0 Hz, 1H), 5.99 (dd, /=7.7 and 2.0 Hz, 1H),
5.27 (dd, J=7.7 and 1.9 Hz, 1H), 4.05-3.96 (m, 1H), 3.40-3.31
(m, 1H), 3.17-2.91 (m, 6H), 1.54-1.42 (m, 3H), 1.25 (dd, /=74
and 3.0 Hz, 18 H); "C NMR (75 MHz, CDCl;): §=141.5, 139.6,
137.9, 137.2, 135.8, 131.9, 131.4, 131.4, 130.8, 126.7, 126.3, 126.2,
126.1, 124.4, 122.4, 120.0, 115.3, 113.1, 34.0, 33.6, 33.2, 31.1, 18.1
(6C), 129 (3C); IR (ATR): 7=3430, 2939, 2862, 1620, 1572,
1495, 1458, 1391, 1306, 1260, 1106, 1061, 1006, 974, 879, 785,
726 cm™'; MS (El): m/z (%)=469 ([M]*, 44), 365 (100), 322
(11), 252 (8), 236 (12), 104 (13); HRMS (ESI) caled for
C;H,,ONSi: 470.2874; found: 470.2868 [M+H] ™.

Crystal structure analysis of racemic 2a: Crystals of 2a suitable
for X-ray structure determination were obtained from a ben-
zene/pentane mixture at room temperature. The compound crys-
tallizes in the centrosymmetric trigonal space group R3 (148,
hexagonal axes) with cell constants a=b=22.6870(6), c=
17.5427(5) A, and cell volume of V=7819.5(5) A>. Z=18 and a
molecular weight of 328.45 (vide infra) result in a calculated den-
sity of Peueq=1.255Mgm™ and an absorption coefficient of u=
0.547 mm~' (CuK, radiation, A=1.54178 A) A total number of
40818 data were collected at ambient temperature on a Bruker
APEX DUO CCD diffractometer. The structure was solved em-
ploying direct methods as implemented in the SHELXTL pro-
gram package.’ The data set was merged (r,,=0.032) to give
2667 reflections with 1>20(I), which were included into the final
full-matrix least-squares refinement on F employing XTAL3.7.”"]
The refinement converged at r=0.076 (r,,=0.090), a goodness of
fit $=1.430, a final maximum shift/error of 0.26-103, and a resid-
ual electron density of —0.87/40.59¢. All but two (vide infra)
non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were calculated in idealized positions and their U values
were fixed at 1.5 times the U,, of the relevant heavy atom prior
to final refinement. No refinement of hydrogen parameters. The
compound crystallizes together with one molecule of benzene
and a probably non-stoichiometric amount of severely disordered
pentane. While the benzene unit could be refined as described
above, this was not possible for the pentane unit. Thus the corre-
sponding density was absorbed by two carbon and two hydrogen
atoms, where the carbon parameters could be refined isotropical-
ly. Additional crystallographic data for the structure of 2a have
been deposited with the Cambridge Crystallographic Data
Centre (CCDC-832923). Copies can be obtained, free of charge,
on application to the Director, CCDC, 12 Union Road, Cam-
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