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Molecular Pacman: Folding, Inclusion, and X-ray Structures of Tri- and
Tetraamino Piperazine Cyclophanes
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Abstract: Reaction of piperazine and
1,3-bis(bromomethyl)-2-nitrobenzene

under high-dilution conditions yields
cyclic trimeric trinitro, tetrameric tetra-
nitro, and pentameric pentanitro piper-
azine cyclophanes. Reduction of the
nitro groups with SnCl, under acidic
conditions produces the corresponding
triamino and tetraamino piperazine cy-
clophanes. The solution studies of both
nitro and amino piperazine cyclo-

amino and the tetrameric tetraamino
cyclophanes resulted in crystals suita-
ble for X-ray diffraction studies. In the
crystalline state the amino-functional-
ized cyclophanes manifest an extraordi-
nary circular intramolecular hydrogen-
bonding network that leads to a fixed
3D structure. Hydrogen bonding in the
triamino trimer leads to orientation of
all three of the amino groups on the
same side of the macrocycle, namely,
the rcc conformation, whereas the tet-

During the crystallization process one
acetonitrile guest is enclosed into the
cavity of the tetraamino cyclophane,
which gives a crystalline inclusion com-
plex with remarkable resemblance to
the famous Pacman motif. The folding,
which mimics the behavior of some
cyclic peptides and pyrroles, is induced
by intramolecular hydrogen bonding
from the amino groups to the tertiary
amine groups of the piperazines. The

phanes at 30°C by 'H NMR spectros-
copy shows symmetrical structures
owing to the fast conformational ex-
change, whereas the low temperature
studies of the tetraamino piperazine cy-
clophane reveals interesting dynamic
behavior that indicates additional intra-
molecular interactions. Careful crystal-
lizations of the trimeric trinitro and tri-

compact

tion

Introduction

Intensive research over recent years in the area of host-
guest chemistry has set high demands on designing more ad-
vanced structural features and functionalities for macrocy-
clic host compounds. Our attention has been focused on the
design of structurally reinforced macrocycles, such as resor-
cinarenes.!! Recently we have turned our interest back to pi-
perazine subunits? instead of the more commonly used eth-
ylenediamine moiety in azacrown-type cyclophanes. Pipera-
zine, which is a cyclic bis-secondary amine compound with a
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cavity of the tetraamino tetramer is
markedly smaller than in the corre-
sponding, but nonfolded, tetranitro
tetramer and the guest/host volume
ratio (packing coefficient) for the ace-
tonitrile and the cavity is approximate-
ly 50%, which indicates a good size
match for acetonitrile inclusion.

conformation.

1,4-diazacyclohexane skeleton, easily undergoes N-alkyla-
tion reactions with bis-functionalized electrophiles, which
leads to highly preorganized, often quite rigid, cyclophanes
with binding sites and cavities for a variety of guests.”!

The importance of preorganization and rigidity is mani-
fested in many macrocycles, for example, resorcinarenes can
bind suitably sized quests through cation—t or C—H---m inter-
actions!* or spherands selectively bind Li* and Na* ions
owing to an excellent size match and favorable spatial orien-
tation of the donor atoms.” Piperazine moieties have been
effectively used for rigidification and preorganization, as
demonstrated by Kihara and co-workers in their highly se-
lective Li+ host.l") Piperazine has generally been incorporat-
ed into small tetradentate azamacrocycles to improve size
selectivity for transition metals. In these complexes the pi-
perazine has been found to exist in the boat conforma-
tion.®®” In larger piperazine-based macrocyclic structures
the piperazine adopts the energetically more favorable chair
conformation,® in which the N-substituents are in the equa-

WWILEY

Inte rs_;_ien_;e‘ — 3297



CHEMISTRY—

A EUROPEAN JOURNAL

torial positions. These cyclophanes are generally prepared
by nucleophilic substitution with suitable benzylic halides
under high dilution conditions.>*! Also larger spacers,
such as azobenzene units, have been used instead of ben-
zene to introduce larger ring size and photoresponsive func-
tionality.”¥ Piperazine-based macrocycles are known to
form inclusion complexes with small guests, typically solvent
molecules.”%*'”l Macrocyclic transition-metal complexes
have also been reported.”>!!) Herein we report the synthesis
and characterization of three new piperazino cyclophanes
with different sizes and functional groups. The solution
structures and dynamic behavior was studied by 'H NMR
spectroscopy and the solid-state structures of the macrocy-
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cles and their inclusion complexes were investigated with
single-crystal X-ray diffraction.

Results and Discussion

The synthesis route to cyclophanes 3 to 7 is depicted in the
Scheme 1. Trinitro trimer 3 was synthesized by using a modi-
fication of our published procedures from piperazine 1 and
1,3-bis(bromomethyl)-2-nitrobenzene 2.2l The synthesis
was performed under high-dilution conditions in a mixture
of THF/acetonitrile in the presence of excess potassium car-
bonate (see Experimental Section). A mixture of cyclo-

N%N Nj N
NO, N NO, Osz
N

NH, g N
N
N N
HoN
N
N_/\N
H-bonding
folding H-bonding
folding

Scheme 1. Synthetic route for the preparation of cyclophanes 3 to 7. Hydrogen bonding and folding in 6 and 7 are also shown.
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phanes 3, 4, and 5 was isolated in an overall yield of 35 %,
but owing to difficulties in the purification step, the isolated
yields for 3 and 4 were only 8 and 3 %, respectively. Pentani-
tro pentamer 5 was only separated as a minor product
during silica gel column chromatography and identified by
means of TLC and ESI-MS analyses. Triamino trimer 6 and
tetraamino tetramer 7 were synthesized by reduction of the
nitro groups with tin(II) chloride in concentrated hydrochlo-
ric acid and isolated in yields of 66 and 72 %, respectively.

The '"H NMR spectroscopy study of 3 at 30°C suggests a
highly symmetrical structure in which the signals from three
aromatic protons are averaged into one singlet. Also pipera-
zine protons are shown as one broad singlet. Crystallization
from a mixture of acetonitrile/CH,Cl, (1:1) produced crys-
tals that were suitable for X-ray diffraction. The X-ray struc-
ture of 3 is shown in Figure 1. As expected, the piperazine
units are in the energetically preferred chair conformation
and the nitro groups of the aryl spacers have a syn—anti—anti

Figure 1. An ORTEP plot showing the numbering scheme (top) and a
van der Waals (VDW) representation (bottom) of 3. Hydrogen atoms are
omitted for clarity and ellipsoids are drawn at the 40 % probability level.
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conformation. The cavity in 3 is too small and deformed to
include even the small acetonitrile solvent molecule and is
also blocked by the short intramolecular O44---O50 distance
(4.95 A).®l Within the crystal lattice, the cavity in 3 is
blocked by the aryl rings and nitro groups of the adjacent
molecules, which leaves insufficient space for inclusion of
any solvent molecule.

Reduction of the nitro groups in 3 to give triamino trimer
6 changes the appearance of the aryl protons in the
'"H NMR spectrum, which now has a triplet at 6 =6.55 ppm
and a doublet at 6 =6.94 ppm, compared with the singlet for
3. Recrystallization from a mixture of acetonitrile/CH,Cl,
(1:1) produced crystals that were suitable for X-ray diffrac-
tion (Figure 1. Like trimer 3, compound 6 also did not form
an inclusion complex with a solvent molecule owing to the
twisting and small size of the cavity. Compound 6 has an ex-
ceptional all syn conformation of the three amino groups as
a result of intramolecular hydrogen bonds between the lone
pairs of the piperazine nitrogen atoms and the hydrogen
atoms of the amino group. Intramolecular hydrogen bonding
strongly affects the conformations of the piperazine units. In
contrast with 3, two of the piperazine units in 6 have adopt-
ed a less-favored conformation in which the N39---C42 and
N22--C21 bonds are axial instead of in the sterically more
favorable equatorial orientation (Figure 2).

Because of steric demands for the perfect circular hydro-
gen bonding array cannot be met owing to the small size of
6, the remaining piperazine unit relaxes the strain by adopt-
ing the more favorable conformation with equatorial nitro-
gen substituents, which explains the absence of a sixth hy-
drogen bond between N43 and N8. A completely circular
hydrogen-bonding array would require that one nitrogen
substituent in all three piperazine units would have to be in
an axial position, which is sterically impossible in 6. The hy-
drogen bond distances range from 2.836(3) to 2.940(3) A
(Table 1), which suggests a moderately strong interactions.!'"]
The protonation of 6 forms a hexaammonium cation and
preliminary molecular modeling studies reveal a perfectly
preorganized binding site for tetrahedral triply charged
anions, such as PO,*", through strong hydrogen bonding to
the protonated N43, N44, and N45 atoms. Detailed complex-
ation and modeling studies with various anionic guests will
be reported elsewhere.

Recrystallization of 6 from CH,Cl,/methanol mixture re-
sulted in us obtaining the crystal structure of the methanol
solvate 6:MeOH. As in 6, the amino groups in 6:-MeOH
occupy the same side of the cyclophane and a methanol
molecule is bound to one of the amino groups with a weak
hydrogen bond (N44-H44B--046, 3.045(4) A; Figure 3). The
cyclophane skeleton retains its configuration despite the
methanol binding and leading to the breakdown of one of
the hydrogen bonds. The cavity of 6 is too small to include
the methyl group of the methanol, and thus, it is located on
the top of the macrocyle.

The synthesis (Scheme 1) results in a mixture of 3, 4, and
5. In our previous study on the same system we reported the
crystal structure of 4-MeCN.**! The crystals were grown
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Figure 2. An ORTEP plot (top) and a VDW representation (bottom) of
6. Hydrogen atoms (except for -NH,) are omitted for clarity, hydrogen
bonds are shown with dotted lines, and the thermal displacement param-
eters are shown at the 40 % probability level.

from a solution in acetonitrile/ethanol. Cyclophane 4 has a
rigid 36-membered ring with a large, roughly ellipsoidal

Table 1. Hydrogen bonds lengths [A] and angles [°] between specific donors and acceptors in 6, 6-MeOH and

Figure 3. An ORTEP plot (top) and a VDW representation (below) of
6-MeOH. Hydrogen atoms (except for -NH,) are omitted for clarity, hy-
drogen bonds are shown with dotted lines, and the thermal displacement
parameters are shown at the 40 % probability level.

cavity. As for 4, our previous studies on other large pipera-
zine cyclophanes have shown that solvent molecules are

7@MeCN-2 CH,Cl,.

6-MeOH 7@MeCN - 2CH,CI,
D-H-A d X d X d X
N43-H43B--N39 2.849(3) 139(3) 2.824(4) 137(4)
N44-H44A--N11 2.940(3) 135(2) 2.931(4) 137(4)
N44-H44B--N22 2.926(3) 136(2) - -
N45-H45A--N25 2.922(3) 135(2) 2.853(3) 140(3)
N45-H45B--N36 2.836(3) 139(2) 2.867(4) 137(3)
N44-H44B--046 - - 3.045(4) 129(3)
046-H46--N8l#! - - 2.878(4) 164(3)
N57-H57A-N53 2.970(5) 139(5)
N57-H57B--N8 2.956(5) 138(4)
N58-H58B--N22 2.828(6) 136(4)
N58-H58A-N11 2.934(6) 139(4)
N59-H59B--N25 2.989(5) 133(5)
N59-HS59A--N36 2.899(6) 140(4)
N60-H60B--N39 2.897(6) 136(4)
N60-H60A-~N50 2.873(6) 135(4)

[a] Symmetry transformations used to generate equivalent atoms: —x+3/2,y+1/2,—z+3/2.
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easily included into the cavity.”!
Although the volume of the
cavity in 4 is difficult to reliably
measure, a value of approxi-
mately 190 A> was obtained
from a calculation by using
PLATON (VOIDS).I"! Figure 4
shows the X-ray structure of
the inclusion complex with one
acetonitrile guest. The cavity is
too small to simultaneously in-
clude two acetonitrile mole-
cules (the molecular volume of
acetonitrile is 53.2 A%l and
thus the molecule that is includ-
ed is located in the corner of
the cavity. The nitro groups in 4
symmetrically occupy the upper
and lower parts of the cyclo-
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Figure 4. An ORTEP plot (top) and a VDW representation (below) of
4-MeCN.!

phane, which leads to the anti—anti—syn—syn conformation of
the nitrobenzene spacers.”

The four nitro groups in 4 were reduced (Scheme 1) to
the corresponding amino groups and cyclophane 7 was ob-
tained. Recrystallization from a mixture acetonitrile/CH,Cl,
(1:1) led to the formation of crystals that were suitable for
X-ray diffraction. The X-ray structure revealed a drastic
change in the overall conformation of the cyclophane with
simultaneous encapsulation of an acetonitrile molecule. In
addition two CH,Cl, molecules were found to reside in the
crystal lattice. Figure 5 shows a plot of 7@MeCN-2 CH,Cl, in
which the cyclophane has folded into a shell-like conforma-
tion. The resemblance to the famous NAMCO video game
motif Pacman!'” from 1980s is striking. Folding of the cyclo-
phane follows the same pattern as that for trimer 6, but as a
result of the larger size and more flexible nature of the
tetramer, the 3D structure of 7 is completely different from
that of corresponding tetranitro analogue 4 (Figure 4.). The
anti-syn—anti-syn conformation and the larger number of
aminophenyl spacers in 7 provides enough space for the op-
timal conformation for all piperazine subunits, that is, all ni-
trogen substituents are in equatorial positions and all of the
free electron pairs of the nitrogen atoms are involved in hy-
drogen bonding. The hydrogen-bonding pattern is shown in
Figure 5 and the distances and angles are listed in Table 1.
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Figure 5. An ORTEP plot (top) and a VDW representation (below) of
7@CH;CN-2 CH,Cl,. Two CH,Cl, molecules and hydrogen atoms (except
amino hydrogen atoms) are omitted for clarity, and the thermal displace-
ment parameters are shown at 30 % probability level.

The hydrogen bonds in 7 form a cyclic array, which is typ-
ical for self-folding cavitands and provides additional stabili-
zation through co-operative effects.'® The folding in 7 is
unique for piperazine-based cyclophanes, whilst a figure-of-
eight motif is sometimes observed in cyclic peptides!'” and
pyrroles®™ and is the simplest example of intramolecular
folding of a large macrocycle. Among the non-natural cyclo-
peptides, the tryptophane derived 22-membered macrocycle
has been shown to fold into a left-handed double helix.”
The figure-of-eight motif is a helical arrangement, in which
the major controlling factor appears to be stabilization as a
result of intramolecular hydrogen bonding or aromatic m—mx
interactions. The geometric constraints in the cyclic struc-
tures greatly reduce the conformational freedom and for
those molecules of a suitable size, flexibility and intramolec-
ular interactions leads to the formation of a figure-of-eight
motif, 12!

The volume of the roughly spherical cavity in 7 (after re-
moval of the enclosed acetonitrile) is 110 A® (calculated
with  PLATON).'! This volume is approximately 45%

— 3301
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smaller than the corresponding cavity of 4 despite the fact
that both tetramers have identical spacer connections and
formal ring sizes. The cavity is approximately 9.7 A deep
and the bottom of it is almost closed because the C3--C31
distance is 3.83 A (see Figure 5). The methyl part of the ace-
tonitrile guest is loosely pinched between two aryl groups
with a distance of 3.860(7) A (C44--C63) and a weak C—
H--xt interaction of 3.953(8) A (C63--C18). The C=N moiety
of the acetonitrile guest has weak interactions to the methyl-
ene groups of the piperazine spacers with distances of
3.642(6) (C54-+N61) and 3.546(6) A (N61--C13).

The "H NMR spectrum of 7@CH;CN in CDCl; shows that
the resonance of acetonitrile is deshielded by only 0.1 ppm
compared with the shift of acetonitrile itself in CDCl; at 0 =
2.10 ppm,”* thus indicating very weak or vanishing intermo-
lecular interactions between 7 and the acetonitrile guest in
chloroform. Therefore, the formation of 7@ CH;CN revealed
by the X-ray structure must happen during folding and crys-
tallization of the cyclophane. Additional proof for inclusion
of the acetonitrile guest during folding was obtained by dis-
solving the crystals of 7@MeCN-2 CH,Cl,, in pure CDCl; in
an NMR tube. After dissolution and subsequent slow evapo-
ration of the solvent, new crystals formed. These crystals
have a new different, triclinic crystal lattice (space group
P1) containing now chloroform instead of dichloromethane
as the lattice solvent, but still forms the same folded struc-
ture with acetonitrile included into the cavity. The size
match analysis of the guest in the cavity was carried out by
calculating the packing coefficient of the cavity (PC,,,) in
7. PC.piy is defined as V4, /Vayiy and was introduced by Me-
cozzi and Rebek, in which V4, is the van der Waals volume
and V., is the volume of the cavity.”” They reported that
inclusion into the cavity is largely determined by host—guest
volume-fit and they found that in the liquid phase the most
favorable PC,,;, is (55+9)%. In the solid state the corre-
sponding PC,;, is (63 +9) % . For Pacman complex 7, the
PC, iy is very close to 50 %, which is in a good agreement
with literature values that range from 29 to 64 % for similar
inclusion complexes.*!

Dynamic characteristics of 7 were also examined in solu-
tion through variable-temperature NMR spectroscopy ex-
periments. The 'H NMR spectra in CDCl; were recorded in
the temperature range from +30°C to —60°C, and the
effect of temperature on the spectra is illustrated in
Figure 6. At +30°C, the resonances from the benzylic and
piperazine ring protons were time-averaged into the singlets
at 0=3.56 and 2.18 ppm, respectively, owing to the confor-
mational equilibrium in the fast-exchange regime. Below
—10°C, the signal of the benzylic protons (0=3.56 ppm at
30°C) started to divide into two resonances at 6 =4.02 (a)
and 3.11 ppm (b) and the piperazine signal (0 =2.18 ppm at
30°C) gave rise to four resonances at 6 =2.91 (c), 2.24 (d),
2.05 (e), and 1.53 ppm (f). From this resonance pattern,
most clearly resolved in the spectrum at —60°C, one can
conclude that the slow chair—chair interconversion of the pi-
perazine unit makes its axial and equatorial protons non-
equivalent. These are further divided into two resonances
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Figure 6. Selected part of the temperature-dependent 'H NMR spectra of
7@MeCN-2 CH,(Cl, in chloroform.

by sterically hindered rotation around the C—C axis of the
benzylic system, which furthermore makes its methylene
protons diastereotopic and inequivalent.

Also the integrals of signals e and f become smaller com-
pared with those of ¢ and d (Figure 6.) along with decreasing
thermal motion, which indicates that the conformers partici-
pating in the dynamic processes are energetically unequal.
This inequivalence is suggested to arise from the hydrogen-
bond-stabilized conformation, which is close to the confor-
mation in crystalline state shown in Figure 5. When the pi-
perazine subunit is rotated 180° around the C—C axis, hydro-
gen bonding is hindered. Also the NH, signal at 0=
5.76 ppm shows increased broadening at temperatures
below —30°C, which refers to the increased hydrogen-bond
interactions.

Chem. Eur. J. 2008, 14, 3297 -3305
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Conclusion

The use of piperazine and functional or prefunctional spacer
groups offers a straightforward route for preparing function-
al piperazine cyclophanes of various sizes. The nitro group
in an aromatic spacer does not lead to N-alkylation during
the synthesis and thus results in nitro-functionalized pipera-
zine cyclophanes. The synthetically feasible reduction of the
nitro group to a more versatile amino group opens up fur-
ther possibilities for the functionalization of the cyclo-
phanes. The spatial proximity of the hydrogen-bond donat-
ing amino group and the tertiary amine as the hydrogen-
bond acceptor in piperazine moieties leads to unprecedent-
ed intramolecular interactions that have a dominating effect
on the overall conformation of the cyclophane. In the steri-
cally more strained trimeric cyclophane, the size of the mac-
rocycle is too small to allow the formation of a completely
circular hydrogen-bonding pattern, whereas in the larger
tetramer this is possible. In the trimer intramolecular hydro-
gen bonding forces the amino groups into the all-syn confor-
mation, thus allowing the construction of a functional site,
for example, for metal-ion coordination at the same side of
the cyclophane The same hydrogen-bonding interactions,
but now forming a complete circle, in the larger and slightly
more flexible tetramer leads to the folding of the cyclo-
phane into a shell-like tertiary structure capable of enclosing
an acetonitrile molecule inside the cavity formed in the crys-
talline state. As a result of in-
tramolecular hydrogen bonding
observed in these compounds,
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vent peak at 0=7.26 ppm and the center peak at d=77.00 ppm from
TMS as internal references for the 'H and "C NMR spectra, respective-
ly). Mass spectra were obtained by using a Micromass (ESI-TOF) spec-
trometer. The high dilution syntheses were performed with an Isco WIZ
peristaltic pump. Column chromatography was performed with Merck
silica gel 60 (0.040-0.063 mesh) and TLC was performed on Alugram sil
G/UV,;, plates. Elemental analyses were carried out by using a VariolEL
instrument from Elementar Analysensysteme.

X-ray analysis:[”] Colorless crystals of trimers 3, 6, and tetramer 7 for
single-crystal X-ray diffraction analyses were grown in a mixture of
CH,CI, and acetonitrile by slow solvent evaporation. Trimer 6 was also
recrystallized from methanol/CH,Cl, to give a methanol-solvate crystal
structure. Suitable crystals were selected and analyses were performed by
using a Bruker Kappa Apex II diffractometer with graphite-monochrom-
atized Moy, (1=0.71073 A) radiation for macrocycles 6 and 7, and
graphite-monochromatized Cuy, (1=1.54184 A) radiation for macrocycle
3. Collect software® was used for the data measurement and DENZO-
SMN®! software was used for data processing. The structures were
solved by direct methods with SIR978! and refined by full-matrix least-
squares methods with WinGX-software,) which utilizes the SHELXL-97
module.”? All C—H hydrogen positions were calculated by using a riding
atom model and N—H hydrogen atoms were located from the electron
density map after anisotropic refinement of non-hydrogen atoms. Crystal-
lographic data for 3, 6, 6MeOH and 7@MeCN-2CH,Cl, is reported in
Table 2.

Synthesis

1,5,9(2)-Trinitro-1,5,9(1,3)-tribenzena-3,7,11 (1,4)-tripiperazinacyclophane
(3): Compound 3 was synthesized by using a modification of procedures
published for similar compounds.? 1,3-Bis(bromomethyl)-2-nitroben-
zene 2 (5.13 g, 16.61 mmol) was dissolved in acetonitrile (500 mL). Piper-
azine 1 (1.43 g, 16.61 mmol) was dissolved in the mixture of THF
(400 mL) and acetonitrile (100 mL). These solutions (500 mL, 0.33 mm)

Table 2. Crystallographic data for 3, 6, 6-MeOH, and 7@MeCN-2 CH,Cl,.

new tertiary structures or spa- Cyclophane 3 6 6-MeOH 7@MeCN-2 CH,Cl,
tial orientation of functional formula C3HysN,Oy C5Hs Ny C;;H5sN,O Cs,H;sCIN 5
groups for large macrocycles M, [g mol’]] 699.81 609.86 641.90 1024.05
can be designed and used to 7 [K] ) 173.0(1) 173.0(1) 173.0(1) 173.0(1)
. . wavelength [A] 1.54184 0.71073 0.71073 0.71073
Const.ruct . .Spatlally directed crystal system triclinic monoclinic monoclinic monoclinic
functionalities or new proper-  space group Pl P2,/n P2,n P2c
ties as a result of the folding « [A}] 12.523(3) 12.595(6) 12.2265(8) 19.243(4)
process. b [A] 13.196(3) 11.343(5) 11.8992(6) 12.129(4)
¢ [A] 13.816(2) 23.55(1) 25.084(3) 23.801(5)
a ] 98.14(1) 90 90 90
B1°] 110.17(1) 98.038(4) 90.444(4) 92.382(2)
Experimental Section 7 [ 116.928(9) 90 90 90
Vv [AY 1785.6(6) 3332(3) 3649.2(5) 5550(2)
-3
General methods: All chemicals and ;“‘k“ [gem™] ;302 ‘1"216 ‘1"168 ‘1"225
solvents were reagent grade, pur- 4 [mm-] 0744 0.075 0.073 0260
chased commercially, and used as re- F(000) 7;‘4 1'320 1'392 2i84
EZ‘;’ZG:I'W 11’3;3;11:(?3:‘;2;22‘3’3'Zr':étii‘; crystal size [mm’] 0.3x0.3x0.3 0.3x0.2x0.2 0.3x0.2x0.2 0.3x0.3x0.2
e on of Y L3 dimethyly_z_nitm_ 0 range [°] 3.65-63.42 2.43-25.00 2.94-25.00 1.06-25.00
benzene with N—br’omosuccinimi de 2 reflns col.lected 7824 11061 9377 16414
Melting points were measured with ;e.ﬂns umque 3707 663 1 8805466 4 84110350 37065477
Mettler Toledo FP62 apparatus. 'H dé;‘:g 5'77 6 5'8 56 6.413 9'7 64
and C NMR spectra were recorded restraints 0 1 6‘ 15 39
by usir;g Bruker Avance DPX 250 and parameters 461 431 450 673
DRX 500 FT NMR spectrometers op- G op ) 1.052 1.070 1.125 1.044
ertl‘“gfo"‘: tﬁi Ollf‘lnlnglgosMeilfr’a raezge; final R indices [7>20(1)] R, =0.0514, R,=0.0519, R, =0.0755, R, =0.0907,
6 afl’ 4 126 MHz, respecgvely’ o o wR,=0.1325 wR,=0.1073 wR,=0.1314 wR,=0.2257
BCNMR spectra. All samples were R indices (all data) R, =0.0638, R;=0.0828, R;=0.1094, R,=0.1347,
prepared in CDCL, at 30°C unless oth- L wR,=0.1436 wR,=0.1242 wR,=0.1492 wR,=0.2631
erwise stated (using the residual sol- AF peak/hole [e A~ 0.23/-0.21 0.20/-0.15 0.31/-0.30 0.87/-1.07
Chem. Eur. J. 2008, 14, 32973305 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 3303
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were added into the mixture of acetonitrile (400 mL), THF (100 mL),
and potassium carbonate (25 g, 180 mmol) heated at reflux by using a
peristaltic pump with a flow rate of 30 mLh™". The mixture was heated at
reflux for a total of 24 h and filtered hot. The solution was concentrated
to a volume of 1000 mL and allowed to stand in a refrigerator overnight.
Solid and colored impurities were filtered with activated charcoal. The
clear-yellowish solution was evaporated to dryness and the white residue
was dissolved in CH,Cl, (30 mL). After filtering insoluble impurities,
hexane (10 mL) was added and the product was recrystallized to give
white crystals, while standing at room temperature. (440 mg, 11%). De-
composition under 300°C; '"HNMR: 6=7.33 (s, 9H), 3.34 (s, 12H),
230 ppm (s, 24H); "CNMR: §=151.6, 130.9, 130.1, 129.7, 57.8,
52.7 ppm; MS: m/z: 700.4 [M+H*], 722.3 [M+Na*], 738.3 [M+K*]; ele-
mental analysis caled (%) for CyH,sNoOg'sCH,CL: C 61.08, H 6.42, N
17.74 % found: C 61.29, H 6.46, N 17.46.
1,5,9,13(2)-Tetranitro-1,5,9,13(1,3)-tetrabenzena-3,7,11(1,4)-tetrapiperazi-
nacyclophane (4): Compound 4 was synthesized as described above by
using a modified work up, which also provide an alternative synthetic
route for 3. The high-dilution reaction was performed by dissolving 2
(7.50 g, 24.28 mmol) and 1 (2.10 g, 24.38 mmol) in THF (500 mL) and
acetonitrile (500 mL), respectively. The solutions were added simultane-
ously with dropping funnels over 10 h into the boiling mixture of acetoni-
trile (500 mL) and potassium carbonate (32 g, 230 mmol). The resulting
mixture was heated at reflux for an additional 2 h and evaporated to dry-
ness. The residual solid was mixed with CH,Cl, (100 mL), filtered, and
thoroughly rinsed to dissolve all of the macrocycles. The yellowish filtrate
was mixed with silica gel and evaporated to dryness. The remaining solid
was poured onto a short silica gel column and rinsed first with a mixture
of THF/hexane (1:2) (200 mL), followed by elution of the product mix-
ture (2.0 g, 35%) of 3, 4 and 5 (minor) with a mixture of THF/hexane/
CH,CI, (1:2:3). Macrocycles 3 and 4 were isolated by fraction precipita-
tion. Macrocycle 3 was crystallized from the mixture of chloroform and
n-hexane as a white powder by standing at room temperature (467.8 mg,
8% ). Macrocycle 4 was crystallized as a white crystals from a mixture of
chloroform/acetonitrile (1:1) at room temperature (187.3 mg, 3%). De-
composition under 300°C; 'HNMR: 6=7.41-731 (m, 12H), 3.41 (s,
16H), 2.36 ppm (s, 32H); "CNMR 6=151.3, 130.5, 193.0, 129.7, 57.6,
53.0 ppm; MS: m/z: 933.4 [M+HT*], 955.5 [M+Na*].
1,5,9(2)-Triamino-1,5,9(1,3)-tribenzena-3,7,11(1,4)-tripiperazinacyclo-
phane (6): Compound 6 was prepared by using a modification of a proce-
dure published for similar compounds.*® Compound 3 (0.60g,
0.86 mmol) was dissolved in a solution of concentrated HCI (10 mL) and
tin(II) chloride (6.00 g, 26.59 mmol) at 0°C. The suspension formed was
mixed at room temperature under nitrogen for 20 min, heated in a boil-
ing water bath for 20 min, and allowed to cool under a flow of nitrogen
for another 20 min. The cooled suspension was filtered and the solid ma-
terial was rinsed with acetone (5mL) and CH,Cl, (5mL). The crude
product was neutralized with a mixture of water (5 mL) and concentrated
aqueous ammonia (10 mL) and extracted with CH,Cl,. The solution was
dried with Na,SO, and concentrated to a volume of 5mL. Hexane
(2mL) was added and the solution was allowed to evaporate at room
temperature to give a white crystalline product (343 mg, 66 % ). Decom-
position under 300°C; 'H NMR: 6=6.94 (d, >J(H,H) =7.42 Hz, 6H), 6.55
(t, *J(H,H)=7.42 Hz, 3H), 5.40 (brs, 6H), 3.58 (s, 12H), 2.38 (s, 24 H);
BCNMR: 6=146.6, 1302, 121.7, 117.1, 59.1, 51.1; MS: m/z: 610.4
[M+HT*], 632.4 [M+Na"]; elemental analysis calcd (%) for CygHggNy,: C
70.90, H 8.43, N 20.67; found: C 70.52, H 8.53, N 20.70 %.
1,5,9,13(2)-Tetraamino-1,5,9,13(1,3)-tetrabenzena-3,7,11,13(1,4)-tetrapiper-
azinacyclophane (7): Compound 7 was prepared as described above.
Macrocycle 4 (0.23 g, 0.24 mmol), tin(II) chloride (2.3 g, 10.2 mmol), and
concentrated HCI (2 mL) were used. After reduction, the white solid was
filtered and rinsed with acetone and CH,Cl,. The solid was mixed with
water (100 mL) and neutralized with concentrated aqueous ammonia
(20 mL) and extracted into CH,Cl,. The crude product was recrystallized
from a mixture of CH,Cl, and acetonitrile (1:1; 140 mg, 72 % ). Decompo-
sition under 300°C; '"HNMR: 0=6.84 (d, *J(H,H)=7.42 Hz, 8H), 6.57
(t, *J(H,H)=7.42 Hz, 4H), 5.76 (s, 8H), 5.30 (s, 0.5H, CH,CL,), 3.56 (s,
16H), 2.18 (s, 32H), 2.00 ppm (s, 3H, CH;CN); "CNMR: 6=146.9,
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130.2, 121.0, 117.0, 61.9, 52.5 ppm; MS: m/z=813.5 [M+H*], 835.5
[M+Nat*]; elemental analysis calcd (%) for CHggN»»CH;CN-'4sCH,Cl,:
C 67.49, H 8.30, N 20.26; found: C 67.77, H 8.67, N 20.12.
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