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Five new barrel-shaped macrobicyclic compounds capable of complexation with anions have been pre-
pared. Intermediate triamines were prepared in one-step using a triple Mitsonobu reaction, thereby short-
ening the overall synthetic sequence. A previously prepared benzene-bridged hexaazamacrocycle was pre-

pared in only four-steps.
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There is great interest in macrocyclic host ligands capa-
ble of selective recognition of metal cations, anions and
neutral molecules [1]. After Pedersen published his data
on complexation of cations by the crown ethers [2,3],
many research centers began to prepare macrocyclic lig-
ands for selective affinity for cations [4-6]. Although
complexation of anions by macrocyclic compounds was
recognized from nearly the same time, the main research
effort has been devoted to complexation of cations by the
macrocyclic ligating agents.

More recently, there has been great interest in macro-
cyclic host ligands capable of selective recognition of
anions. A number of reviews and books have been pub-
lished concerning this topic [7-16]. Compared to cations,
anions are large and have a variety of geometries, such as
spherical, linear, planar, tetrahedral, and octahedral. The
size and geometry of the anions dictate the size and shape
of the binding sites in ligands. For this reason, a number
of rigid three-dimensional cyclophane molecules (see
structure below) have been synthesized [17,18], but spe-

A, B = oxygen atoms
or

A.B = nitrogen atoms

cific synthetic details for these ligands were not pub-
lished. The aromatic rings on each end of the barrel-like
compounds provide rigidity and, thereby, improve the pre-
organization of the binding sites for cooperative binding
of guest anions. The molecular architecture of these anion
binding systems, which require ligating heteroatoms in
specific sites, is a particular challenge for synthetic
chemists.

A general route for the production of these molecules
has been achieved from two readily accessible trifunction-
alized parts [19,20]. The benzene-bridged macrocyclic
compounds containing either nitrogen or oxygen donor
atoms have been prepared in many steps [17]. Occasion-
ally, similar cyclophanes have been prepared by one-step
macrocyclizations which required six or more bonds to be
formed during the reaction. However, only a few macro-
cycles containing additional benzene rings were prepared
in this way and in low yields [21]. We have reported the
synthesis of macrobicyclic polyethers using a five-step
process from 1,3,5-benzenetricarboxylate [22] and more
recently, the synthesis of hexaazamacrobicyclic ligands
[21].

We now report the synthesis of nitrogen- and
oxygen-containing benzene-bridged macrobicyclic sys-
tems. Our preparation of these mixed oxygen-nitrogen
donor bicyclic systems uses a triple Mitsonobu reaction
for the preparation of the intermediate triamines [4,8].
This process provides a shortcut in the overall synthesis
by allowing a tripod connection strategy involving the
formation of only three bonds in the final ring closure
step. A modified four-step synthesis of a benzene-bridged
hexaazamacrobicyclic compound, which was obtained
previously by an eight-step process [17], is also reported.
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Results and Discussion.

Schemes 1-3 show the preparation of trifunctionalized
compounds 3, 4, 8, 9, and 16 which were used for the
final ring closure steps in the preparation of the macrobi-
cyclic ligands. Starting triol 2 (Scheme 1) was obtained
after treatment of phloroglucinol 1 with ethylene carbon-
ate in the presence of tetracthylammonium bromide in
dimethylformamide [23,24]. Up to now, only a short com-
munication concerning 2 has been reported [24]. Other
attempts to prepare 2, such as treating phloroglucinol with
tetrahydropyran protected bromoethanol, were unsuccess-
ful. Compound 4 was prepared from 2 after four-steps via
a Gabriel reaction to obtain the amino groups from the
triol as shown in Scheme 1. We discovered a shorter,
two-step transformation using the Mitsonobu reaction and
commercially available N-(tert-butoxycarbonyl)-p-tolu-
enesulfonamide. This method was used by us for a similar
transformation from a tribromide to a trisaminotosyl com-
pound [21]. The Mitsonobu reaction with N-(tert-butoxy-
carbonyl)-p-toluenesulfonamide has previously been used
to introduce one amine function [25-27]. The triple
Mitsonobu reaction was carried out in tetrahydrofuran in
the presence of triphenylphosphine and diethyl azodicar-
boxylate to give a yield of about 60%. Separation of the
desired product from the diethyl azodicarboxylate and
minor by-products was done on a silica gel column.
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Intermediate 8 was prepared from 1,3,5-tris(hydroxy-
methyl)benzene (6) in a similar way using a triple Mitso-
nobu transformation in the second step (Scheme 2).
Starting triol 6 was prepared as reported from trimethyl
1,3,5-benzenetricarboxylate (5) [28-30]. Pertosylated
hexaaza intermediate 12 was prepared from 6 via 1,3,5-
tris(bromomethyl)benzene (10). Compound 10 was
treated with 11 [21] to give 12 in a 61% yield. New syn-
thon 11 allows the synthesis of macrobicycle 25 in only
four rather than the eight-steps previously reported for
this compound [17]. The tert-butoxycarbonyl protecting
group was removed in hydrochloric acid or thermally in
dimethylformamide at 120° [31].
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Cme

HOUOH o

/\ /\
HO O\Q/O OH
(o] OH
—/

OH
1 TsCl 2 ‘
TsO o o or o 1) N-(tert-Butoxycarbonyl)-
p-toluenesulfonamide
" T 2) HCl

(0] OTs

_/ o)

s 2) NH,-NH,

3) TsCl

TsHN o o] NHTs

(o] NHTs
./



May-Jun 1998 Facile Synthesis of Benzene-bridged Azaoxamacrobicyclic Ligands 521
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1,3,5-Tris(2-tosyloxymethyl)benzene (16) was prepared The above five trifunctional intermediates 3, 4, 8, 9,
from 1,3,5-triacetylbenzene [32,33] by means of the and 16 were used for the preparation of the
Kindler modification of the Willgerodt reaction (Scheme 3).  benzene-bridged molecules as shown in Schemes 4-6. The

1,3,5-Benzenetriacetic acid (14) was reduced to Scheme 4

1,3,5-tris(2-hydroxyethyl)benzene (15) in a 45% yield. m
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reactions were carried out in dimethylformamide in the
presence of cesium carbonate using high dilution tech-
niques (syringe pumps) or without high dilution (see
Experimental). Removal of the p-toluenesulfonyl protect-
ing groups from 17, 19, 21, and 23 was achieved using
commercially available sodium amalgamate. This method
was superior to other methods such as hydrobromic acid
in acetic acid or lithium aluminum hydride reduction for
removal of the p-toluenesulfonyl groups from these ben-
zene-bridged macrobicyclic compounds.

Scheme 5
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EXPERIMENTAL

Proton and carbon nmr spectra were obtained at 200 MHz in
deuteriochloroform. Molecular weights were determined by
electron-impact high resolution ms. Starting compounds were
purchased from Aldrich, Fluka, Lancaster, Janssen, TCI and
Anachemia Chemical Companies. Other starting materials were
prepared as reported: 2-bromoethyl 2'-tetrahydropyranyl ether
[341, 1,3,5-tris(hydroxymethyl)benzene (6) [28-30], 1,3,5-tris-
(bromomethyl)benzene (10) [29], 1,3,5-tris(4-hydroxy-2-oxa-

Vol. 35

1-butyl)benzene (7) [22], and 1,3,5-tris[(tosyloxy)-2-oxa-1-butyl]-
benzene (9) [22]. Elemental analyses were not carried out on
new intermediates 2, 3, 4, 8, 12, 15, and 16. However, satisfac-
tory elemental analyses were obtained for all new macrobicyclic
ligands made from these intermediates.

1,3,5-Tris(2-hydroxyethoxy)benzene (2) (Scheme 1).

Phlorogiucinol (12.6 g, 0.1 mole), 35 g (0.39 mole) of ethyl-
ene carbonate and 8 g of tetraethylammonium bromide were
added to 15 ml of dimethylformamide and mixed at 150° during
14 hours. After evaporation of the solvent, the residue was chro-
matographed on silica gel using methylene chloride/acetonitrile:
1/1, 1/2, 1/3 and 1/4 as eluants to give 10 g of 2 (39%), mp
102-104°; 'H nmr (perdeuterated acetone): 8§ 2.9 (m, 3H), 3.9
(m, 6H), 4.0 (m, 6H), 6.15 (s, 3H); 'H nmr (perdeuterated
dimethyl sulfoxide-deuteriochloroform): 8 3.85 (m, 9H), 4.05
(m, 6H), 6.15 (s, 3H).

1,3,5-Tris(3'-tosyloxy-1'"-oxapropyl)benzene (3) (Scheme 1).

Triol 2 (4.5 g, 0.075 mole) was dissolved in SO ml of pyridine.
Into this solution was added dropwise at 0°, 16 g (0.084 mole)
of p-toluensulfonyl chloride in 40 ml of pyridine. The resulting
mixture was stirred for 5 hours at 0-3°. The solution was poured
into a mixture of water, ice and 92 ml of concentrated hydro-
chloric acid. After stirring for a short time, the solution was
extracted three times by methylene chloride. The organic layers
were dried using anhydrous magnesium sulfate and the solvent
was evaporated. Chloroform and ethyl acetate in a ratio of 50:1
were added the residue and the material was thoroughly mixed.
The mixture was filtered and the filtrate dried. The solvent was
evaporated to give 8.8 g (70%) of 3, mp 138°; 1H nmr: & 2.4 (s,
9H), 4.05 (t, 6H), 4.35 (t, 6H), 5.9 (s, 3H), 7.35 (d, 6H), 7.8 (d,
6H).

1,3,5-Tris[4'-(p-toluenesulfonyl)-1'-0xa-4'-azabutyl]benzene
(Scheme 1) (4) and 1,3,5-Tris[5'-(p-toluenesulfonyl)-2'-oxa-5-aza-
pentyl]benzene (8) (Scheme 2).

N-(tert-Butoxycarbonyl)-p-toluenesulfanamide (12.2 g, 0.045
mole) and 23.6 g (0.09 mole) of triphenylphosphine were added
to the 100 ml of tetrahydrofuran under nitrogen. To the stirred
solution was added 2.58 g (0.01 mole) of 2, or 3 g (0.01 mole) of
7 and 12.9 g (0.074 mole) of diethyl azodicarboxylate in 20 ml
of tetrahydrofuran. After 18 hours, the solvent was evaporated
and the residue was chromatographed on a silica column (1500 g)
using toluene/ethyl acetate: 10/1 as eluant. The resuiting com-
pound (R¢ ~0.6 in toluene/ethanol: 5/1) containing some impu-
rity was added to a mixture of 200 ml of isopropy! alcohol satu-
rated with hydrochloric acid and 100 m] of methylene chloride.
After stirring 48 hours, the solution was evaporated and the
residue was crystallized from methanol to give 5.3 g (69%) of 4,
mp 163-164°; 1H nmr: & 2.4 (s, 9H), 3.2 (m, 6H), 3.9 (m, 6H),
5.95 (s, 3H), 6.5 (b, 3H) 7.3 (d, 6H), 7.8 (d, 6H) or 5.1 g of 8
(63%); TH nmr: 8 2.4 (s, 9H), 3.15 (m, 6H), 3.55 (m, 6H), 4.45
(s, 6H), 5.1 (t, 3H), 7.15 (s, 3H), 7.3 (d, 6H), 7.7 (d, 6H).

1,3,5-Tris[2,6-di(p-toluenesulfonyl)-2,6-diazahexyl]benzene
(12) (Scheme 2).

To 2.65 g (0.0075 mole) of 10 in 400 ml of dimethylform-
amide containing 20 g of potassium carbonate was added 11.1 g
(0.023 mole) of 11. The mixture was stirred at room temperature
for 48 hours. The solvent was evaporated and 400 ml of methyl-
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ene chloride and 200 ml of water were added. The mixture was
extracted 3 times with additional portions of methylene chloride.
The combined organic layers were dried using anhydrous mag-
nesium sulfate. The filtrate was evaporated and the residue was
chromatographed on 700 g of silica gel using toluene/tetrahydro-
furan/methylene chloride: 10/1/1 as eluants. The crude product
was added to a mixture of 60 ml of methanol and 30 m] of chlo-
roform containing 20 ml of hydrochloric acid and the resulting
mixture was refluxed for 24-48 hours. After cooling, the sol-
vents were evaporated to dryness. The residue was purified on
silica gel using toluene/tetrahydrofuran/methylene chloride:
10/1/1 and 5/1/1 as eluants to give 6 g (61%) of 12; 'H nmr: &
L5 (m, 6H), 2.40 (s, 9H), 2.45 (s, 9H), 2.7 (m, 6H), 3.1 (m, 6H),
4.2 (s, 6H), 5.4 (t, 3H), 7.2 (m, 15H), 7.70 (m, 12H).

1,3,5-Tris(2'-hydroxyethyl)benzene (15) (Scheme 3).

A mixture of 12.5 g (0.05 mole) of 14 and 100 ml of tetrahy-
drofuran was added to 600 ml of tetrahydrofuran containing 10 g
(0.26 mole) of lithium aluminum hydride under nitrogen. The
mixture was refluxed for 24 hours. After cooling, 10 ml of water
was slowly added and then 10 ml of 15% sodium hydroxide and
30 ml of water. The mixture was filtered and the residue was
washed with hot tetrahydrofuran. The solid was mixed with a
new portion of hot tetrahydrofuran and filtered. The tetrahydro-
furan solution was dried using anhydrous magnesium sulfate and
the solvent was evaporated. The residue was chromatographed
on silica gel using acetonitrile to give 4.5 g (42%) of 15, which
crystallized from ethyl acetate. The physical properties of 15
were the same as those reported [29].

1,3,5-Tris[(2'-tosyloxy)ethyl]benzene (16) (Scheme 3).

To 50 ml of pyridine containing 4.4 g (0.021 mole) of 15 was
added dropwise, 20 g (0.11 mole) of p-toluensulfonyl chloride in
40 ml of pyridine at 0-5°. After 5 hours, the mixture was poured
into 92 ml of hydrochloric acid and ice. The solution was
extracted 3 times with methylene chloride. The combined
organic layers were dried using anhydrous magnesium sulfate.
The solvent was evaporated and the residue chromatographed on
silica gel using chloroform/ethyl acetate: 50/1 and 20/1 as elu-
ants to give 12 g (85%) of 16, mp 70-72°; 'H nmr: 8 2.4 (s, 9H),
2.8 (t, 6H), 4.15 (t, 6H), 6.7 (s, 3H), 7.3 (d, 6H), 7.7 (d, 6H).

Preparation of Macrobiocyclic Compounds 17, 19, 21, 23 and 25
(Schemes 4-6).

The appropriate intermediate, 3, 9, 16 or 10 (0.01 mole) was
dissolved in 50 ml of dimethylformamide and placed in a
syringe. To a second syringe was added 0.01 mole of 4, 8 or 12
in 50 ml of dimethylformamide. The two mixtures were simulta-
neously added to 350 ml of dimethylformamide containing 50 g
of cesium carbonate at 70° over a 36-hour period. The resulting
solution was stirred at 75-80° for 48 hours. The dimethylform-
amide was evaporated, water and methylene chloride or chloro-
form were added and the material was thoroughly mixed and
separated. The aqueous layer was extracted three times and the
organic layers were dried using anhydrous magnesium sulfate.
After removing the solvent, the residue was chromatographed on
silica gel using methylene chloride/ethyl acetate: 100/1 or 50/1
or chloroform/ethyl acetate 10/1 (in the case of 21) as eluants to
give the crude N-tosylated products as follows. Satisfactory ele-
mental analyses were obtained for all final macrobicyclic lig-
ands (18, 20, 22, and 24) prepared from tosylated macrobicycles
17,19, 21 and 23.
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Product 17 was obtained in 50% yield; 1H nmr: 8 2.45 (s,
9H), 3.50 (t, 12H), 4.0S (t, 12H), 5.65 (s, 6H), 7.35 (d, 6H), 7.75
(d, 6H).

Product 19 was obtained in 59% yield; !H nmr: & 2.4 (s, 9H),
3.4 (m, 12H), 3.7 (m, 6H), 4.1 (m, 6H), 4.4 (s, 6H), 5.75 (s, 3H),
6.8 (s, 3H), 7.4 (d, 6H), 7.8 (d, 6H).

Product 21 was obtained in 41% yield; 1H nmr: & 2.4 (s, 9H),
3.3 (t, 12H), 3.65 (t, 12H), 4.2 (s, 12H), 7.0 (s, 6H), 7.3 (d, 6H),
7.7 (d, 6H); ms: (low voltage) m/z 544.

Product 23 was obtained in 22% yield; 'H nmr: § 2.4 (s, 9H),
2.75 (t, 6H), 3.2 (m, 18H), 4.3 (s, 6H), 6.5 (s, 3H), 7.0 (s, 3H),
7.3 (d, 6H), 7.75 (d, 6H).

Product 25 was obtained in 66% yield, mp (foam) 158-160°;
IH nmr: 3 1.4 (m, 6H), 2.4 (s, 18H), 3.0 (t, 12H), 4.1 (s, 12H),
7.25 (s, 6H), 7.35 (d, 12H), 7.7 (4, 12H).

Anal. Calcd. for C69H78N601256: C, 6024, H, 5.71. Found:
C, 60.44; H, 5.90.

Preparation of Macrobicyclic Ligands 18, 20, 22 and 24
(Schemes 4-6).

Compound 17, 19, 21 or 23 (0.005 mole) was added to a mix-
ture of 200 ml of dioxane and 20 ml of methanol containing 20 mg
of anthracene and 10 g of sodium dihydrogen phosphate. While
stirring, 60 g of crushed 6% sodium amalgam was added and the
mixture was refluxed for 72 hours. After the reaction solution
was decanted, the mercury was disposed. The solution was
evaporated and methylene chloride was added to the residue.
After mixing, the material was filtered and evaporated. The
residue, dissolved in methanol and added to the top of the col-
umn, was chromatographed on a small amount of silica gel
using methanol/ammonium hydroxide: 40/1, 20/1 then 10/1 as
eluants to give the products as follows.

Product 18 had mp 173°; 1H nmr § 1.7 (m, 3H), 3.0 (t, 12H),
4.0 (t, 12H), 5.85 (s, 6H); ms: (CI) m/z 460.

Anal. Caled. for Cy4H33N;304: C, 62.72, H, 7.24. Found: C,
62.40, H, 7.62.

Product 20 was obtained in 90% yield, mp 101-102°; 'H nmr:
8 1.8 (s, 3H), 2.85 (t, 6H), 2.95 (t, 6H), 3.65 (t, 6H), 4.0 ( t, 6H),
4.4 (s, 6H), 5.95 (s, 3H), 7.05 (s, 3H); 13C nmr: § 48.3, 48.4,
67.1,70.0,72.4,94.9, 124.6, 138.6, 160.5.

Anal. Calced. for C27H39N306: C, 6464. H, 7.84. Found: C,
64.70; H, 7.93.

Product 22 was obtained in 76% yield, mp 78.5-80°%; 1H nmr:
82.9 (t, 12H), 3.55 (1, 12H), 4.55 (s, 12H), 4.75 (s, 3H), 7.25 (s,
6H).

Anal. Calcd. for C3iH45N304: C, 66.27; H, 8.34. Found: C,
66.39; H, 8.43.

Product 24 was obtained in 44% yield, mp 114-115°; !H nmr:
8 1.5 (b, 3H), 2.55 (s, 12H), 2.7 (t, 6H), 3.55 (t, 6H), 4.35 (s,
6H), 6.7 (s, 3H), 7.1 (s, 3H); 13C nmr: & 35.4, 48.5, 49.3, 68.7,
729, 127.0, 127.8, 138.6, 139.7; ms: (CI) m/z 455.

Anal. Caled. for C57H;3gN;305: C, 71.49; H, 8.66. Found: C,
71.26; H, 8.53.
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