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Abstract The synthesis, characterization and liga-
tional properties of a series of small macrocyclic
cages are discussed,.
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INTRODUCT | ON

The chatllenge of designing and synthesizing new macro-
cyclic compounds in order to achieve new chemical
properties is one of the most fascinating aspects of
the macrocyclic chemistry. The present report will
review the chemistry of a series of small synthetic

cages with the general formula reported in Figure 1.
CHj
N
X=NH, L1
N\ x/\N X=§, L2
X=0, L3

N
CHs

FIGURE 1. General formula indicating the macrocyctic

cages belonging to the series,
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The presence of a ’tridimensional’ cavity allows to ex-
plore the influence of this molecular topology on the
chemical properties of these compounds. The chemistry
of these compounds is very much influenced by three
main characteristics: i) size of the cavity; ii)
rigidity; iit) nature of the donor atoms. The size of
the cavity is very small and only small ions can be
encapsulated. Rigidity is the second important
characteristics: the presence of short ethylenic chains
on the twelve-membered macrocycle makes this part of
the molecule rather rigid, The two methyl groups fur-
ther contributes to the gverall rigidity. The only part
of the molecule which is retatively more flexible is
the unit which bridges the two unmethylated nitrogen
atoms, which contains twoe propylenic chains., Finally

the donor atoms, which are all or mainly nitrogens.

Synthesis of cages

The synthetic strategy followed for the preparation of
these macrocycles is schematically reported in Figure
2. The +irst important.step, which is common for all
cages, is the preparation of a trans-dimethylated
twelve membered tetra-azamacrocycle {(1). The synthesis
of this key-compound is fully described in ref.1. The
creation of the tridimensional cavity, by bridging with
the appropriate unit the two secondary nitrogen atoms,
is the second step of the synthesis. In the synthesis
of the nitrogen derivative? 12,17-dimethy!-1,5,9,12,17-
pentaazabicyclo[7.5.5]nonadecane (L1) the key step is
represented by the formation of the macrobicyclic com-
pound 12,17~-dimethyl-%-tosyl1-1,5,9,12,17-pentaazabi-
cyclo[7.5.5)}nonadecane (3) (see Figure 2). The stirred

suspension constituted by powdered sodium carbonate,
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CHs

(2)

CHs CHj
H2804 conc. Red.
exchange BoHg

HalL1 BI’3‘H20 L2,L3

FIGURE 2. 8Synthetic route followed to obtain the

cages.

compounds (1) and (2) was refluxed for 32 h. The yield
of this reaction was found to be 314, Longer reaction
times resulted in markedly ltower vyields, The tosyl
group was removed by using concentrated 967 suifuric

acid3, the final product was purified as trihydro-
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bromide monohydrate salt (HzL1)Brz-Ho0. White crystals
of the slightly solubte monoperchiorate salt HL1-Cl10,4
were isolated by addition of concentrated sodium
perchlorate solution to the aqueocus solution of the
trihydrobromide salt. The synthesis of the sulphur
derivative?d (La). 12,17-dimethyt-5-thia-1,9,12,17-
tetraazabicyclo[7.5.8)nonadecane was carried out by
using, as bridging unit, the chloride derivative (4) of
the 3,3’-thiodipropionic acid. By using high dilutiaon
technigue the bicyclic thiocdiamide (6) was obtained.
The reduction of the last product with diborane in dry
THF yielded impure (L&). The Ffinatl purification was
achieved by sublimation in vacuo at 80 °C of the impure
mixture. The monoperchiorate salt (L2)-C104 was ob-
tained by adding a slight excess of perchloric acid in
ethanol to an ethanolic solution of the free cage. The
synthesis of the ¢xygen derivative® t2,17-dimethyl1-5-
oxo-1,9,12,17-tetraazabicyclo{7.5.5}nonadecane (L3) has
been carried out by using as bridging unit the B,B’-
Oxydipropionic acid chlioride (85), obtained by chlorina-
tion of the corresponding acid. The last product was
obtained by acidic hydrolysis of the commercial
dinitritle,. The final product was purified as monc-
perchlorate salt (HL3)'Cl10,4. It is worthwhile to note
that all the synthesis so far used for obtaining the
macrocyclic cages of the series are non-templated
synthesis. This means that at the end of the synthetic
route what we obtain is the free, or at most the
monoprotonated cage, which can be used for studying

both protonation and metal complex formation reactions.
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Frotonation behavior

The precursor compound of the series (Lt1) can take up

at maximum three protons, even if potentially five
protonation sites are available. in the solid state
mono- and tri-protonated salits of L4 have been
obtained. In agqueous solution this macrocycle behaves

as a very weak base in the third protonation step

(logkg<2 for the stepwise equilibria (1) and as

Hepogybt Gt ey i =l (1)
moderate base in the second protonation step (log
K2=68.41)2+8, In the first protonation step Li behaves
as an extremely strong base: the proton c¢can not be
removed even in strong alkaline solution. The 13¢

n.m.r. spectra of HLi* in water and in 3 moel dm-3 KOH
solution are +the same. The spectrum of HLI{Y species

(see Figure 3) shows six sharp signals accounting for

a b
+ Cfg
b N
N/\/\,d\N H/V\N
b
. CH3 ;
[ f

VL VN W W

r T I T l L) I L]
60 50 40 30 PPM

FIGURE 3. '3C n.m.r. spectrum of the HLi* species

with the retlative assignments.
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an overall Cgy, symmetry, possibly time averaged among
lower~-symmetry conformers and/or tautomers. Mo changes
in both the pure water and 3 mol dm-3 KOH spectra were
detected after one week. The assignments were made by
using APFT technique8:? and two-dimensional tH-13¢
n.m.r. The H n.m.r. spectrum of [HL1])(C104) in dry
CD3CN or CDClz shows a complicate multiplet pattern
(see Figure 4) between 1.5 and 3.0 p.p.m., where the

2.28
—’_-—
— o3
N\
FIGURE 4. 'H n.m.r. =spectrum of [HL1)(C104) in dry
CD3CN

signal of the methyl group is recognizable at 2.28
p.p.m, and a8 broad signal at 9.3 p.p.m. The last
signal, which integrates +for two protons, is at-
tributable to the ‘trapped’ deshielded -NH*z protons,

This signal disappears by adding two equivalents of
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CH3zOH or water, due to excessive linewidth, indicating
intermediate or fast proton exchange on the n.m.r. ex-
periment time-scale with ‘externail’ active hydrogens.
The experimental +findings, i.e. the extremely high
basicity (unmeasurable in aqueous solution) and the
fast proton exchange, aillow us to cilassify L1 as ‘FAST
PROTON SPONGE”’ . in order to better investigate the
origin of both the high thermodynamic stability and the
high Kinetic lability of the monoprotonated species
HL1*, the X-ray crystal structure of the [HL1]Br salt
was carried out.!'® Good crystals for X-ray analysis
were obtained by sliow diffusion of diethyl ether into a
concentrated solution of the [HLY)Br salt in tetra-
hydrofuran. in Figure 5 a view of the HLY'Y cation is

FIGURE 5. View of the HL1+ cation showing only part
of the labelling scheme.
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reported. The structure shows that the five nitrogen
atoms are located at the apices of a slightly distorted
sguare pyramid, with the four tertiary nitrogens {form-
ing the basal plane and the secondary nitrogen atom the
vertex. The nitrogen atoms are in the endo
conformation, the ethylenic chains are all below the
basal plane. The structural data confirm that protona-
tion occurs on the secondary amino group. The two
hydrogen atoms H29 ang H30, bonded to the secondary
nitrogen Ni6, form hydrogen bonds with N7 and Nt
respectively. The H---N distances, 2.28 and 2.04 &,
show that these hydrogen bonds are rather weak!!, per-
haps due to the steric repulsions between the secondary
nitrogen and the methyl groups and/or to internal con-
straints of the macrocyclic backbone. However, each
nydrogen of the NHp* group further interacts with both
bridgehead nitrogen atoms. The distances of these
hydrogen bonds are 2.44 and 2.76 R respectively. In
conclusion the array of six hydrogen bonds between the
hydrogen atoms of the NHo* group with the four tertijary
nitrogen atoms makes the structure particulariy stable
from the thermodynamic point of view, albeit no single
hydrogen bond is peculiarly strong. These structural
features of the HL1* species allow also to explain the
fast protonation/deprotonation Kinetic. indeed, the
hydrogen atoms of the NHa+ group, since they lie on the
*surface’ of the molecule, can easily interact with the
solvent and be in fast exchange with the active
hydrogen atoms of the solvent molecules. These results
are in sharp contrast with the behavior observed for
the monoprotonated forms of the [1.1.1] cryptand!@,13
and diazabicycloaikanes'4, where the proton, located

inside the intramolecular cavity, shows slow transfer
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reaction, The addition of the second proton to form the
HpL12% species produces marked changes in the 13¢
n.m.r. specira indicating consistent conformational
changes in the second protonation gstep. When the
average number of bound protons to Lt is8 2, two sets of
six signals in the '3C n.m.r. spectrum are present. One
set, accounting for ca. 804 of the total carbon,
belongs to one or more isomers in fast exchange with
HLt* and H3L13+. The second set instead, accounting for
ca. 207 of carbon, belongs to one or more isomers which
exchange slowly, on the n.m.r. time-scale, with all -the
apove species. The value of the second protonation con-
stant (logKp = 8.41) is sltightly smallier than those
usually found for the second protonation step of secon-
dary amino groups of monocyclic polyazacyclo-
atkanes'®, 16 Tne addition of the third proton to the
cage L1 to form HgL13* is difficult and the relative
equilibrium constant cannot be accurately measured in
the usual pH-range. LogKz is estimated to be less than
2. The electrostatic repulsions among close positive
charges can explain such low value for logks. For the
sSpecies H3L13+ only one set of six peaks is found for
the 3¢ n.m.r. spectrum. The interesting protonation
pehavior of L1 (PROTON SPONGE) is due to the presence
of the secondary nitrogen atom and to a suitable
molecular shape which allows hydrogen-bond framework
formation. To better understand the role played by the
group present in the di-propyienic bridging unit we
have synthesized the sulphur cage (L2), by replacing
the NMH group with sulphur, in this way the overatl
molecular topeology should not change, Both in the solid
state and in aqueous solution the cage L2 can take up
at most two protons., L2 behaves as a rather strong base
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in both protonation steps?  (logky=11.91; logKp=8.78).
As expected L2 does not show protonic sponge behavior
even if the stepwise protonation constants are unex-
pectedly high for tertiary nitrogen atoms. Y7 The step-
wise protonation enthalpies have been determined by
direct calorimetry. The results show that both protona-
tion steps are very exothermic reactions (AH%=—13.3 and
AH%=-11.5 Keal moi“). The high basicity of L2 in the
first protonation step is entirely due 1o a very
favorable aenthalpic term (AH%=-13.3 Kcal mcl“), This
means that the added proton should interact very
strongly with the tertiary nitrogen atoms to form the
monoprotonated speciss HL2Y, In other words the
hydrogen atom of the NHY group should be well embedded
within the electron density of all the nitrogen atoms.
As we have already seen in the case of the precursor
cage L1 the first proton is so0 strongly bound that it
cannot be removed in 3 mol dm~? KOH solution {PROTON
SPONGEY. The sulphur cage L2, in which one sulphur atom

has replaced the secondary nitrogen -NH in L{ without

substantial madification of the overall molecular
topology, is less basic than L{ and its basicity is
measurable. MHNevertheless the basicity of L2 is very

high for a compound having only tertiary nitrogens,
thus indicating the very important role played by the
molecular topology in the proton transfer reactions.

The oxygen derivative (L3) has been the third cage of
the series so far synthesized. The presence of the
electronegative oxygen atom in the bridging unit allows
a better understanding of the role played by this group
on the protonation behavior of the cage. The cage L3
behaves as a diprotic base, both in solid state and

solution., The first proton cannot be remocved even in



18:50 23 January 2011

Downl oaded At:

SMALL SYNTHETIC MACROCYCLIC CAGES 13

strong alkaline solution5»13, showing a protonic sponge
behavior, In conclusion all the macrocyclic cages
belonging to the series are powerful proton receptors.
Two of them, the precursor compound Li1 and the oxygen
derivative L3 are FAST PROTON SPONGES. They compete
successfully with OH- in binding proton in agueocus
solution. interesting to note that if we replace the

solvent from pure water to water/DMSO mixture (5071 by

mole), in which the pKy=17.8, all protonation constants
are measurable, also those which are not in pure
water 8,

METAL COMPLEXES
Many metal ions: Li*, Na+*, K+, Be2+, Mgf+, A13+, (oi+,

Mi2*+, ©udt and Zn2* ware tested for complex formation
with the precursor cage Li. By using the 3¢ n.m.r.
spectroscopy no evidences for metal coordination were
found for Nat, K*, Be2+, and A13+, whereas only weak
interaction occurs for Mga+ ion., With all the other
metal ions, except lithium, solid complexes were iso-
lated by mixing the appropriate metal salt and [HL1]Br
in boiling methanol. Reaction times varied from {0 min
for copper to 24 h for cobalt and nickel complexes. For
the diamagnetic ions the formation of the compiex was
followed by 13¢ n.m.r., considerable variations in the
spectra were found when the metal ion was encapsulated.
In the case of the copper complex the ability of L1 to
encapsulate metal ions was confirmed by the X-ray crys-
tal structure analysis of [Culi{] (Cl0Og4)p-Ha0. The struc-
ture consists of [CuLi]2+ cations, {C104)- anions and
water molecules2, The copper ion is wholly enclosed by
the cage (see Figure 6) adopting a five-co-ordinate

geometry, which can be described as a distorted square
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pyramid with the secondary nitrogen in the apical
position., The M-N distances are whithin the range ex-

pected for Tfive-coordinated amine-copper complexes.

FIGURE 6. Drawing of the [CuL1]2+ cation.

The two angles N{2)-Cu-N(3) and N{(2)-Cu-N{4), not sub-
tended by chelate rings are 106.7 and 118.9 degrees,
These high values indicate an intramolecular repulsion
between the propylenic chains and the methyl groups. In
principle four diastereocisomers are possible for a
square-pyramidal complex of this cage. The methyl
groups and the hydrogen atom of the secondary amino
group can each assume two different configurations. The
copper complex however occurs as ohly one diastereo~

isomer. in solution the copper complex shows the same
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stereochemistry as in the sclid state as demonstrated
by its electronic spectrum which is diagnostic of a
distorted square-pyramidal structure. Another important
experimental evidence supporting the encapsulation is
the great inertness of the complex towards strong acid
solutions: samples of [Cul1}(CiO4)a dissolved in
perchloric acid of different concentration (0.1 up to
10 mol dm‘a) at 50 °C for many days did not show any
detectable decomposition. Cobalt and nickel ions are
also encapsulated into the cage cavity. The electronic
spactra of the cobalt and nickel complexes show essen-
tially the same features both in the sclid state and in
solution of CHzCHN or { mol dm-3 HCl. These spectra are
diagnostic of high-spin distorted square-pyramidal
gaametriea‘g for both complexes., Both complexes shows
great inertness towards acidic decomposition: no detec-
table changes were found in their electronic spectra on

standing for several days in strong acidic solutions.

P e

1 Y 1 i | ! ! !
60 50 40 30 PPM

FIGURE 7. '3C n.m.r. of the zinc complex of Li.
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The 3¢ n.m.r. spectrum of the zinc complex with L{ in-
dicates the encapsulation of the zinc ion. The spectrum
consists of nine sharp signals (see Figure 7) at room
temperature in water or DMS0O solution, The methy!
groups give rise to two signals., The spectrum is5 in-
dicative of Cg symmetry with the zinc atom and the
nitrogen atoms of the N-CHz and NH groups lying in the
symmetry plane., The zinc complex is also very inert
towards strong acid media; its 13¢ n.m. e, speatrum does
not change in 3 mel dm=—3 HGl for a few days. After 3
months at room temperature only ca. 204 of H3L13+ is
formed, the chemical shifts of the remaining complex
were unchanged. These results confirm the encapsulation
of the =zinc ion by the cage which involves all five
nitrogen donor atoms. The lithium ion reacts with HL1*Y
anly at high pH. tn 1 mol dm~3 KOH the formation of the
lithium complex is complete as demonstrated by the oc-
currence of a nine-line 3¢ n.m.r. spectrum, similar to
that of the zinc complex and indicating Cg symmetry.
With a 1:2 lithium to HL{* ratio the nine-line pattern
occurs along with the six-line pattern due to HLi¥. The
two patterns integrate for the same amounts of carbon,
indicating a {:1 metal-to-ligand ratio for the lithium
species. All signals are sharp, indicating slow ex-
change rates between the two species on the n.m.r.
time-scale. Upon addition of 1 mol dm-3 HC1 the 3¢
n.m.r., spectrum showed only signals due to H3L13+, in-
dicating the destruction of the lithium complex within
the recording time. The selective encapsulation of the
lithium ion by the cage L1 is a remarkable ligational
property of this cage. Even more interesting is the
fact that lithium can be encapsuiated but sodium ion is

not, showing {004 digscrimination between these two
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galkal ine ions.

The sulphur cage L2 shows a much less tendency to bind
metal ions than the other cages. A solid compound of
composition CulL2(Cli04)o was isolated and characteri-
zedd., The electronic s=pectra of the complex are the
same in the solid state and in solution and are diag-
nostic of a distorted square-pyramidal structure!?
(aqueous solution 10900 (€=164), 15100(€=221), 35900
cm-1 (€=1372)). The (CuLE)e+ is also very inert toward

acid solution: no appreciable decomposition was
detected after a week in 5 mol dm-3 perchloric acid
solution. As discussed previously Ffor the cage Li{,
these experimental evidences are consistent with the
hypothesis of the encapsulation of the copper(il) ion

into the cage cavity. The formation of (CuLE)E*, at
room tempersature, is rather sliow., Due to the long time
required to reach the chemical equilibrium in the reac-
tion between Cu{it) and LZ, a batchwise potentiometric
procedure was used to determine the stability constant
of (CuLg)e+.4,20 The enthalpy of ocomplex formation
reaction was determined by direct batch-microcalorime-
try. The thermodynamic paramethers +for the reaction
Cuft 4+ L2 = (CuL2)@t are: logkK=18.2, AH® =-14.0
Kcal mol~! and T A5°=10.8 Kcal mol~!. The stability of
the (CuLE}e* complex is5 not very high, but what is more
reievant is the extremely favorable entropic contribu-
tion to the overall stabiltity. The enthalpic contribu-
tion is also favorable but is not ilarge compared with
those For the formation of many Cu(ll)-polyaza macro-
oyslic unmplaxea."a‘ﬂaa The relatively low enthalpy of
formation indicates that unfavorable contributions to
the enthalpy of reaction, such as conformational

changes and desolvation, should play an impertant role
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in determining the overall enthalpy of formation of the
[C:uLE]2+ complex. Furthermore the very favorable
entropic term can be interpreted in terms of |igand
pre-orientation and large release of solvent molecules
as conssquence of the encapsulation of the Cu(ll) ion
in the cage cavity. We conclude therefore that the
thermodynamic parameters of formation of [CULE]E+ Cor-
firm the hypothesis that the Cu(li) ion is located in-
side the cavity.4 Although the ligational properties of
the oxygen cage L3 towards metal ions are still under
study, some preliminary results®:/18 jndicate that the
coordination behavior of L3 is somehow similar to that

of the precursor cage L1.
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