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Abstract—The Pd-catalyzed arylation of cyclam, cyclen, and azacrown ethers by aryl halides was studied. Cofacial biscyclam and
bisazacrown were synthesized by direct bonding of the anthracenyl spacer to a nitrogen atom of macrocycles. © 2002 Elsevier
Science Ltd. All rights reserved.

The synthesis of cofacial metallodiporphyrins has
played a significant role in the investigation of electron
transfer and of the activation of small molecules (such
as dihydrogen, dioxygen, dinitrogen, water, or ammo-
nia) and has also enabled us to understand the mecha-
nism of photosynthesis.1,2 Pacman A and B porphyrins
were also used to prepare various binuclear catalysts
which can be employed for dioxygen reduction.3,4 Other
types of face-to-face porphyrins have also been investi-
gated and interesting applications have been found, for
instance, for molecular recognition.2,5,6 The distance
between the two porphyrin rings as well as the rigidity
of the spacer group play a crucial role in the chemical
properties of cofacial diporphyrins.7 Over the last
decade, the use of saturated bismacrocyclic ligands
instead of porphyrins has been studied because of their
easier synthesis.8 They contain two polyazamacrocycles
which are linked, either through aliphatic (or aromatic)
spacers bonded to nitrogen atoms or through two
covalently bonded carbon atoms.9,10 Recently, the syn-
thesis of a variety of bismacrocycles bound through
aryl spacers has been described by our group.11 How-
ever, so far, only aliphatic or benzyl-type linkers have
been used to prepare these models; direct bonding of
two polyazamacrocycles to an aryl spacer can hardly be
achieved with known synthetic procedures, and this fact
strictly limits any progress in this area.

Here we show that the Pd-catalyzed amination reaction
of aryl halides can be a useful tool to synthesize new
model compounds which are saturated analogues of
cofacial porphyrins containing a rigid spacer group.
Over the past 5 years the Pd-catalyzed carbon�nitrogen
bond formation became a remarkable method in
organic chemistry.12 However, the Pd-catalyzed aryla-
tion of polyazamacrocycles might pose several prob-
lems, given that the secondary amines are known to be
the most reluctant substrates in Pd-catalyzed arylation.
Indeed, the formation of stable palladium complexes
with polyamines and polyazamacrocycles can also be
observed, thus hindering the catalytic reaction.13 For
this reason, we have already studied the catalytic aryla-
tion of cyclam 1 and cyclen 2, which are typical repre-
sentatives of saturated tetraazamacrocycles. The
reaction of cyclam with aryl halides (chloro-, bromo-,
iodosubstituted benzenes, 1-bromonaphthalene, 4-bro-
mobiphenyl, and 9-bromoanthracene) was tested using
various combinations of a palladium source with sup-

Scheme 1.
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porting ligands: Pd(dba)2, Pd(OAc)2, PdCl2, dppf,
BINAP, tBu3P, P(o-Tol)3, P(Cy)3 but none of them
proved to be suitable for our purpose. We have only
noted the full or partial reduction of aryl halides into
the corresponding hydrocarbons. Yet, the reaction of
cyclam with 4-bromobiphenyl and 4-bromobenzonitrile
using PPF-OMe,14 afforded N-arylated cyclams 3 and 4
in 20–22% yields (Scheme 1). It is remarkable to note
that among numerous derivatives of cyclam,15 only the
N-arylated molecules containing electron-withdrawing
groups on the aromatic substituents were obtained by
aromatic nucleophilic substitution. Thus, the Pd-cata-
lyzed arylation of cyclam leads to a wider range of
tetraazamacrocycles possessing aromatic substituents
directly bonded to the nitrogen atom.

The possible Pd-catalyzed arylation of cyclam led us to
study the synthesis of saturated analogues of cofacial
diporphyrins. The 1,8-disubstituted anthracene was
chosen as a spacer since we had carried out the amina-
tion of 1,8-dichloroanthracene with primary and sec-
ondary amines.16 During the first experiments, we used
the catalytic system Pd(dba)2/BINAP instead of the
expensive PPF-OMe. The reaction of 1,8-dichloroan-
thracene with cyclam in the presence of 4–8 mol% of
Pd(dba)2/BINAP and tBuONa only led to the forma-
tion of anthracene, which is the reduction product of
the starting dichloride. The same reaction starting from
the less basic cyclen 2 in the presence of 5 mol%
Pd(dba)2/BINAP has been more successful, yielding a
mixture of monocyclen substituted anthracenes 5, 6
together with the free anthracene (Scheme 2). Neverthe-
less, a prolonged heating of the reaction mixture and
the use of a greater amount of the catalyst precursor
did not produce biscyclen substituted anthracene.

Besides, the use of the very promising tri-tert-
butylphosphine as a supporting ligand in this reaction
also failed.17

In order to avoid an undesirable reduction of the
dichloride derivative, N,N �,N�-trisubstituted derivatives
of cyclam should be used: indeed, they seem more
suitable than the free cyclam which contains four sec-
ondary amino groups capable of participating in the
reduction of dichloroanthracene. The reactions of
N,N �,N�-trimethylcyclam 7 promoted by the Pd com-
plex (Pd(dba)2, 16 mol%) with tBu3P generated a
monocyclam derivative of anthracene 8 in 45% yield.
Only traces of the aimed biscyclam product 9 were
detected in the mass spectrum. Further attempts to use
Pd(dba)2/BINAP as a catalytic system (16 mol%),
resulted in the formation of the target compound 9 in
10% yield together with the monosubstituted anthra-
cene 8 (35%) (Scheme 2).

This preparation of the aimed cofacial biscyclam led us
to demonstrate the applicability of such a methodology
regarding the synthesis of biscrown substituted anthra-
cene. Previously, only a few aryl substituted azacrown
ethers were known.18 The reaction of 1-aza-4,7,10,13-
tetraoxacyclopentadecane 10 with 1,8-dichloroan-
thracene in the presence of Pd(dba)2/BINAP gave the
target face-to-face bisazacrown 11 in 11% yield (Scheme
3).

In conclusion, we have shown that the Pd-catalyzed
amination reaction is a convenient tool for the prepara-
tion of aryl substituted tetraazamacrocycles and aza-
crown ethers including saturated analogues of
face-to-face porphyrins. Despite the fact that up to now

Scheme 2.

Scheme 3.
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yields have been low, this is a unique methodology
for the one-pot synthesis of such demanded molecules
which uses commercially available materials as start-
ing compounds. Moreover, these compounds are
important ligands for the complexation of a great
variety of metal ions and for the study of their reac-
tivity towards oxygen and other small molecules. This
work is in progress in our group.

Synthesis of 1,8-N,N �-bis(4,8,11-trimethyl-1,4,8,11-tetra-
azacyclotetradecyl-1) anthracene 9: A two-necked
flask filled with argon was charged with 1,8-
dichloroanthracene (247 mg, 1 mmol), N,N �,N�-
trimethylcyclam (484 mg, 2 mmol), Pd(dba)2 (92 mg,
0.16 mmol), BINAP (110 mg, 0.178 mmol), tBuONa
(400 mg, 4 mmol) and 10 ml of dioxane. The reaction
mixture was refluxed for ca. 100 h, then dioxane was
evaporated in vacuum, and the solid residue was
taken in dichloromethane (30 ml), washed three times
with 10 ml of water, dried over Na2SO4, evaporated
in vacuum and chromatographed on silica (CH2Cl2/
MeOH/NH3(aq)=10:3:1). Yield of 9 after chromato-
graphy 67 mg (10%). 1H NMR (200 MHz, CDCl3)
�H ppm (JHH, Hz): 1.71 q (4H, 6.4), 1.75 q (4H, 6.4),
2.17 s (6H), 2.20 s (6H), 2.30 s (6H), 2.34–2.68 m
(24H), 3.38 t (4H, 6.6), 3.48 t (4H, 6.8), 7.11 d (2H,
7.0), 7.35 t (2H, 7.7), 7.65 d (2H, 8.3), 8.33 s (1H),
9.26 s (1H). 13C NMR (50 MHz, CDCl3) �C, ppm:
24.0 (4C), 43.6 (4C), 43.8 (2C), 50.5 (2C), 51.9 (2C),
53.3 (2C), 53.4 (2C), 53.7 (2C), 54.8 (2C), 55.0 (2C),
55.5 (2C), 116.5 (2C), 119.4 (1C), 123.1 (2C), 125.2
(2C), 126.6 (1C), 128.1 (2C), 133.0 (2C), 149.6 (2C).
[M+] 658.7.

Synthesis of 1,8-N,N �-bis(1-aza-4,7,10,13-tetraoxacyclo-
pentadecyl-1)anthracene 11: 1,8-Dichloroanthracene
(123 mg, 0.5 mmol), 1-aza-4,7,10,13-tetra-
oxapentadecane 10 (264 mg, 1.0 mmol), tBuONa (200
mg, 2.1 mmol), Pd(dba)2 (23 mg, 0.04 mmol) and
BINAP (62 mg, 0.1 mmol) were dissolved in dioxane
(40 ml) in a Schlenk flask under argon. The reaction
mixture was refluxed for 48 h. The reaction mixture
was cooled down to room temperature and concen-
trated in vacuum. The residue was taken in
dichloromethane (30 ml), washed with water, dried
over Na2SO4 and evaporated in vacuum. The residue
was chromatographed on silica using CH2Cl2/MeOH
(100:3). Yield of 11 36 mg (11%). 1H NMR (200
MHz, CDCl3) �H, ppm (JHH, Hz): 3.60–3.80 m (40H),
7.23 d (2H, 7.2), 7.35 t (2H, 4.2), 7.67 d (2H, 8.6),
8.33 s (1H), 9.15 s (1H). 13C NMR (50 MHz, CDCl3)
�C, ppm: 54.3 (4C), 70.3 (4C), 70.6 (4C), 70.8 (4C),
71.0 (4C), 117.0 (2C), 119.6 (1C), 123.4 (2C), 125.4
(2C), 126.9 (1C), 128.4 (2C), 133.2 (2C), 148.7 (2C).
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