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Three types of lower-lower rim linked biscalix[4]arenes that
contain carboxylic ester (1) and/or amicde functions (2 and 3)
at their remaining phenolic oxygen atoms were synthesized.
The homo- and heterodinuclear lanthanide ion complexes
based on these ligands were used to study the energy trans-
fer between different lanthanide ions, Photophysical studies
comparing the luminescence properties of the homodinu-

Introduction

The research concerning luminescence properties of lantha-
nide 1on complexes 1s mainly focused on the shielding of
lanthanide ions from effective quenchers in the first coordi-
nation sphere!!), Recently, we have shown that also the en-
capsulating ligand can contribute significantly to lumi-
nescence quenching!?l, The absorption coefficients of lan-
thanide ions are low compared to organic molecules and
efficient excitation is therefore not possible!dl, This prob-
lem can be overcome by making use of organic sensitizers
that are efficiently excited and that transfer the excitation
energy to the lanthanide ionslPl. The same principle is ap-
plied in lasers and optical amplifiers by making use of Yb**
ions as a codopant. The broad absorption band of Yb**
with a high absorption coefficient relative to other lantha-
nide ions renders more efficient excitation of Yb>* possible.
The excited Yb?* ions transfer their energy to another lan-
thanide ion, which emits light in a wavelength region that
is of interest for certain applications, e.g. Er** can be used
for optical amplification at 1.55 pml*. The excitation ef-
ficiency is largely increased by making use of organic sensit-
izers, since the absorption coefficients of organic sensitizers
are 3—4 orders of magnitude larger than the absorption
coefTicient of Yb3+. However, the use of this energy transfer
process in the current telecommunication network renders
energy transfer studies from one lanthanide ion to another
important. Until now inorganic matrices were used for op-
tical amplifiers, but organic molecules may provide more
versatile systems. For that reason heterodinuclear organic
complexes were designed in which the intra-lanthanide ion-
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clear Eu®* complex and the heterodinuclear Eu®*-Nd3* com-
plex of 2 indicated thal energy transfer is likely to occur from
Bu®t to Nd* with an efficiency of > 50%. The luminescence
properties turned out to be strongly solvent dependent,
which is atiributed to structural changes leading to different
positions of the lanthanide ions in the cavities provided by
the biscalix|4]arene,

10n distance is relatively short (< 13 fi). To perform energy
transfer studies, the direct excitation of exclusively the do-
nor ion is preferred over sensitized excitation via the ligand.
The energy transfer studies can be performed by either de-
tection of the luminescence of the acceptor lanthanide ion
after excitation of the donor ionl, or by a decrease in life-
time of the luminescent excited state of the donor ion due
to the presence of the acceptor ionl%, The latter method is
most frequently used because it is easy. The ultimate goal
of this study is the application of organic lanthanide 1on
complexes in optical amplifiers that are compatible with
polymeric waveguides. Despite the commonly used Yb**-
Er’* combination in optical amplifiers, in our work the
combination Eu’*-Nd3t, that can serve as a model for
Yb**-Er?*, has been used for energy transfer studies be-
cause the luminescence properties of Eu®* and Nd** ions
are easier to studyl’),

Calix[4]arenes!® are well-known building blocks in supra-
molecular chemistry because selective functionalization at
the upper and/or lower rim is possible, These building blocks
have been combined with several other building blocks, like
resorcinarenes®! cyclodextrins!'®, terphenyls!'!l, and por-
phyrinst'2l, By combining two or more calix[4}arenes, either
by lower-lower, lower-upper, or upper-upper rim linkages, it
is also possible to create ligands with more than one cavity
for ion encapsulation!'3l, The interest in biscalix[4]arenes
originates from the presence of two building blocks that can
both be used as a molecular platform to introduce func-
tional groups, containing donor atoms that are able to coor-
dinate to lanthanide ions. The hexa-ester!'¥! biscalix[4)arene
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1 synthesized by McKervey et al.l!>! is an example that con-
tains a sufficient number of donor atoms and is syntheti-
cally easily accessible.

In this paper, the syntheses of hexa-esters linked wia
amide spacers (1) that vary in rigidity and length (Scheme
1), are described. Furthermore, biscalix[4]arenes containing
amide groups (2) instead of ester functions were synthesized
to get further insight in the complexation behavior of the
calix[4]arenes. By combining the differently functionalized
calix[4]arenes, non-symmetric biscalix[4]arenes (3) were
synthesized that may complex different lanthanide iomns.
Molecular modeling was used to get more insight in the
structural properties of the biscalix[4]arenes. Photophysical
studies were performed with a homodinuclear Eu** com-
plex and a heterodinuclear Eu**-Nd>* complex in order to
determine whether energy transfer may indeed occur in

such organic dinuclear lanthanide complexes.

Scheme 1

1R=1r+BuocrH, R =R" = OFEt

2R = t-Bu, R’ = R" = NE},
3R = -Bu, R’ = OFt, R” = NEt,

— _d_o_ (CH,),, (CHp)g, (CH,),, (CH,)s
a b C d e f

Results and Discussion

Synthesis

Hexa-Ester Biscalix[4 ]arenes 1ig, and 1y (Scheme 2):
The starting material p-fert-butylcalix[4]arene was con-
verted to tetraethyl ester 5 (R = tert-butyl)'9 and sub-
sequently hydrolyzed to the triethyl ester monoacid deriva-
tive 6 (R = tert-butyl)!'’], both by literature procedures.
Coupling of the calix[4]arene to a diamine spacer unit was
performed by a slightly modified literature procedure!s],
Triethyl ester monoacid chloride 7 (R = rert-butyl) was ob-
tained from 6 by refluxing in oxalyl chloride, and was re-
acted with 0.5 mol equivalents of the appropriate diamine
in dichloromethane, in the presence of triethylamine as a
base. In all cases the main product was accompanied by
tetraethyl ester 5 (R = terz-butyl). The way of formation of
this product is not known but the amount of this side prod-
uct 1s dependent on the spacer unit, i.e. a larger amount in
case of a more rigid and/or a shorter spacer.

Biscalix[4]arenes 1s, Were purified by recrystallization,
in most cases from a mixture of dichloromethane and meth-
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anol (v/v ca. 95:5), and obtained in high yields (65—76%),
Hexa-esters 1,3, were fully characterized by 'H-, 3C-NMR.
and IR spectroscopy, FAB mass spectrometry, and elemen-
tal analysis. The 'H-NMR spectra all clearly show the am-
ide hydrogen atoms at 8 = 9.5 in case of an aromatic spacer,
and at &6 = 8.4—8.5 for aliphatic spacer units. Furthermore,
three AB-q systems were observed; at 0 =~ 4.9 and § = 4.6
(J = 16 Hz) for the methylene hydrogen atoms of the two
opposite pendant ester groups, and at & = 4.8 and 6 = 3.2
and 0 = 4.7 and 0 =~ 3.2 (J/ = 13 Hz) for the hydrogen
atoms of methylene groups connecting the aromatic rings
of the calix[4]arenes. The hydrogen atoms of the remaining
methylene groups of the pendant ester and amide groups
give two singlets at 0 = 4.6—4.7 and at 0 =~ 4.5—4.6, respec-
tively. The integrated peak areas in the '"H-NMR spectrum
demonstrate the 2:1 calix[4]arene:spacer ratio. The FARB
mass spectra all show the main peak at the calculated value
of [M + H + Na]* and [M + 2 H]™ or [M + H]%, and
elemental analysis mdicates the presence of one or {wo
water molecules in the compounds 13,. |
The same type of hexa-esters without substituents at the
upper rim (ly) were also prepared by this route starting
from de-zert-butylated calix[4]arene!'®l, The formation of
these hexa-esters was fully confirmed by the same charac-
tenzation methods as used for 1;g,. The three AB-(q systems
in the 'H-NMR spectrum are present at more or less the
same positions, whereas the signals attributed to the amide
hydrogen atoms are present at 8 = 9.7 and at § = 8.4—8.6
for the aromatic and aliphatic spacers, respectively, The
highest peak in the FAB mass spectra correspond to the
calculated value of [M + 2 H]" or [M + H + Nal]*™ and
the products are pure based on elemental analysis. The p-

phenylene linked biscalix[4]arene (14b) contains one mol-
ecule of water.

Recrystallization of 1ga from a mixture of dichlorometh-
ane and methanol (v/v ca. 95:5) resulted i crystals, of
which the structure was determined by single X-ray analysis
(Figure 1 and Table 3).

The X-ray structure of 1ga clearly shows the pinched cone
conformation of the two calix[4]arene units that are connec-
ted by a m-phenylene spacer. The spacer is positioned more
or less in between the two calix[4]arenes, thereby forcing
the amide oxygen atoms to rotate away from the possible
coordination sphere. Some of the other carbonyl oxygen
atoms also point out off the cavity. The molecule has a Cs
symmetry and contains two molecules of water (not
shown). Further crystal structural data are collected in
Table 3,

Hydrolysis of the hexa-esters in 1 M KOH/MeCH was
performed in order to convert the carboxylic ester groups
into carboxylic acids, resulting in ligands that can form
overall neutral complexes. In case of 1,5,b, the FAB mass
spectrum shows a peak at m/z 1856.3 that can be attributed
to the mass of the Na™ complex of the hexa-acid['4l, How-
ever, the 'H-NMR spectra were all broad and attempts to
1solate overall neutral homodinuclear Eu3* complexes were
not successful, due to their low solubility.
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Scheme 2

OR' R=tBuorH

HNO/CH,CL/
CH,COOH

4R =H —d BrCH,COOEt
5 R' = CH,COOEt [CH,CN/AT

N oA —
Vi ———
%
Q&L;éé ﬁHﬁFﬁEiﬁQ:.
y | \ ;

\ /

.

Hexa-Amide Biscalix[4 ]arenes 2 (Scheme 3): The syn-
thetic route leading to biscalix[4]arene hexa-amides!' 2
starts with the monoprotection of p-tert-butylcalix{4]arene,
which was performed by a slightly modified literature
procedure!'), using ten equivalents 3-bromo-1-propene in
N, N'-dimethylformamide using one equivalent of CsFF as
a base, Calix[4larene 8 was trialkylated with 2-chloro-
N, N'-diethylacetamide in acetonitrile in the presence of a
catalytic amount of KI and K,CO; as a base. After work
up and recrystallization from acetonitrile, compound 9
was obtained in 57% yield. The 'H-NMR spectrum shows
two multiplets around 8 = 5.2 for the hydrogen atoms of
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the 2-propenyloxy group, whereas a singlet at 6 = 5.12
and an AB-q system at 6 = 5.05 and 4.55 (J = 13.7 Hz)
were observed for the methylene hydrogen atoms of the
pendant arms. The highest peak in the FAB mass spec-
trum is observed at 1050.9 and corresponds to [M -+
Nal]™. Deprotection of 10 was performed with Pd(PPhj),
and E3N-HCOOH in a mixture of ethanol and wateri?Yl,
The product was purified by recrystallization from aceto-
nitrile and obtained in 77% vyield., From the 'H-NMR
spectrum, it was obvious that the 2-propenyloxy group
was removed; a singlet at 8 = 8.09 for the phenolic
hydrogen atom was observed. The FAB mass spectrum of
10, which was pure based on elemental analysis, shows
the main peak at 1011.0, which corresponds to the Na™
complex of 10. Three different spacer units 11b, 11e, and
11f were prepared by reaction of the corresponding dia-
mine with chloroacetyl chloride in a mixture of ethyl
acetate and water, using K,CO; as a base. These spacers
were obtained in 70—79% vyield, and characterized by
‘H-NMR spectroscopy. Finally, the hexa-amides 2 were
prepared by alkylation of 10 with 0.5 mo!l equivalents of
the spacer unit 11, a catalytic amount of KI, and K,CO,
as a base. Acidic work-up and recrystallization resulted
in the biscalix[4]arenes 2, which were pure according to
elemental analysis, in = 64% yield. |
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Scheme 3
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In all cases, the 2:1 calix[4]arene/spacer ratio was obvious
from the intensities in the 'H-NMR spectra. For compound
2b a singlet was observed at & = 7.74 for the hydrogen
atoms of the aromatic spacer. An AB-q system at 6 = 5.08
and 4.79 (J = 15.1 Hz) and two singlets at 5 = 4.85 and
4.80 represent the methylene hydrogen atoms for the pen-
dant arms. The 'H-NMR spectra of the biscalix{4]arenes,
2e and 2f, that are linked via aliphatic spacers, show mul-
tiplets for the hydrogen atoms of the spacer, whereas the
AB-q system and the two singlets for the methylene hydro-
gen atoms of the pendant arms are situated at & = 5.2 and
4.8, and at & = 4.8 and 4.5, respectively. The FAB mass
spectra of 2b and 2f showed the highest peak at the calcu-
lated value of [M + 2 H + Na]™, i.e. 2188.0 and 2196.2,
respectively; for 2e the main peak was observed at 2167.4
(IM + H + Na]™). |

Non-Symmetric Biscalix[4]arenes 3 (Scheme 4): By
combination of triethyl ester monoacid chloride 7 (R =
tert-butyl) and tris(diethylyacetamide functionalized with a
primary amine 14, the non-symmetric biscalix{4larenes 3
were prepared (Scheme 4). For this synthesis, the BOC-pro-
tected spacers 12d and 12f were synthesized, in the same
way as the spacer units 11, from a mono-BOC-protected
diamine and chloroacetyl chloride in a 1:1 ratio. The prod-
ucts were subsequently purified by flash column chroma-
tography. The spacers 12 were characterized by 'H-NMR
spectroscopy, and used in the alkylation of 10. This alky-
lation reaction was carried out in a 1:1 ratio, as described
for 2, The 1:1 coupling of the spacer unit to the calix[4]ar-
ene was obvious from the 'H-NMR spectra, showing a
broad tnplet for the amide hydrogen atom at & = 8.9, and
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%e, 11e [ = (CH,),
of, 11f [J= (CH,).

two singlets, corresponding to four hydrogen atoms, at & =
4.8 and 4.5 for the methylene hydrogen atoms of the pen-
dant arms. Furthermore, a singlet at 8 = 1.44, that can be
attributed to the tert-butyl part of the BOC protective
aroup, was observed. In both cases, FAB mass spectrometry
gave the main peak at [M + Na]*; 1225.0 for 13d and
1266.9 for 13f, Deprotection of 13 leading to the primary
amine was petrformed by passing HCl gas through a solu-
tion of 13 in dichloromethane. The products were obtained
as HCI salts in nearly quantitative yields after evaporation
of the solvent and purification by trituration with aceto-
nitrile. The absence of the singlet in the 'H-NMR spectrum,
and the highest peak in the FAB mass spectra at the calcu-
lated value of [M + H]", show that primary amines 14 were
formed. These amines were coupled in a 1:1 fashion Lo
monoacid chloride derivative 7 using the same conditions
as were employed for the formation of hexa-esters 1. These
non-symmetric biscalix[4]arenes were recrystallized from di-
chloromethane and methanol. Derivative 3d, which 1s
linked via the short spacer, required also Sephadex column

chromatography to remove tetraester 5 that was formed as
side product.

The 'H- and PC-NMR spectra of 3 clearly show the
presence of ester and amide moieties in a 1:1 ratio, and
both show a combmation of the signals observed in the
corresponding spectra of hexa-esters 1.5, and hexa-amides
2. The products are pure based on elemental analysis, and
the FAB mass spectra show the main peak at the calculated

value of [M + H + Na|™, 1.e. m/z = 2072.1 and 2114.53 for
3d and 3f, respectively.
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Scheme 4

3
7

10 R =H —:' ,.

13 R = CH,CONH—{___FHNHBOC .f
I

14 R = CH,CONH—T___1NH, :[

i CICH,CONH—{__HNHBOC (12)/
KI/ K,CO,/ CH,CN/AT

ii HCI {gas)/CHCI,

Complexation of Lanthanide Ions: Dilterent methods
were used to complex Eu’t ions by the biscalix[4]arenes
(see Experimental Section). In all cases the biscalix[4]arene
was dissolved i acetone, acetonitrile, or one of these sol-
vents in combination with dichloromethane. Subsequently,
two equivalents of Eu(NO,);-6 H,O were added followed
by stirring overnight either at room or reflux temperature.
The white solids were collected either by filtration or evap-
oration of the solvents. Luminescence studies revealed that
hexa-ester 1,z,b does not complex BEu’* ions. After stirring
m acetone at room temperature (preparation method 1)
only “free” Eu®" ions in solution were detected as was con-
cluded from the luminescence lifetimes. Also the precipitate
that was collected after refluxing overnight in acetonitrile
(preparation method 2) did not show any detectable lumi-
nescence indicating that no Eu®* ions were present. Except
preparation method 1a, all preparation methods for Eu**
complexes of the hexa-amide 2b?!l were successful. How-
ever, the formation of the complexes seemed to be slow
probably because the ligand is present as its Na™ com-
plex!?2, The highest yield was achieved in refluxing aceto-
nitrile (preparation method 3).

The Eu’* complexes were characterized by mass spec-
trometry, IR spectroscopy, and elemental analysis. The lan-
thanide ion content was approximately 4% higher than the
calculated value, which might be the result of coordination
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to the outer sphere of the biscalix[4]arene. Complexation
was detected by IR spectroscopy showing two carbonyl
stretching vibrations at 1651 and 1623 cm™!, compared to
one vibration at 1660 cm™' for the free ligand 2b. In ad-
dition, biscalix[4]arene 2b was complexed with one equiva-
lent of Eu?* and one equivalent of Nd** by the same
method. This complex also shows two carbonyl stretching
vibrations in the IR spectrum at lower wavenumbers coms-
pared to the free ligands. The biscalix[4]arene showed a
slight preference for Nd’* as was revealed by an ionic dis-
tribution Eu?t:Nd** of 1:1.3 as determined by X-ray [luor-
escence. Since 1ip,b was not able to complex Eu’t ions,
complexation studies with the non-symmetric calix[4]arenes
(3) were not performed. Apparently the complexation reac-
tions are controlled by thermodynamic aspects.

Molecular Modeling

Molecular simulations®*! were performed to get more in-
sight in the structural properties of the biscalix[4]arenes,
and particularly to get an impression ol the influence of the
type of spacer on the intra-lanthanide ion-ion distance. The
dinuclear lanthanide ion complexes of the hexa-ester bisca-
lix[4]arenes with the various spacers that have been synthe-
sized were subjected to molecular mechanics calculations n
the gas phase. In case of neutral ligands it was assumed
that the nitrate anions do coordinate to the lanthanide ion

2591



FULL PAPER

F. C. J M. van Veggel, D. N. Reinhoudt et al.

complex, and therefore the anions were positioned arbi-
trarily in the first coordination sphere of the lanthanide
ions. An energy minimum and the intra-lanthanide ion-1on
distance were calculated for two utmost conformations
(Table 1), i.e. the so-called cis and #rans conformations (Fig-
ure 2).

Figure 2. cis and trans conformation of biscalix[4]arene

H B @

cis conformation

&)

e

frans conformation

Subsequently, molecular dynamics calculations with a
production phase of 50 ps in an OPLS box of chloro-
form[?39 were performed with these minimized structures
(Table 1). The resulting structures closely resemble the MM
minimized structures; the largest deviation in the intra-lan-
thanide ion-ion distances calculated by MM and MD calcu-
lations was 17%. In all complexes the nitrate anions remain
coordinated to the lanthanide ions and the number of bi-
dentate coordinated nitrates is increased in all cases relative
to the structure calculated from MM simulations. The type
of anion coordination seems to be mainly dependent on the
conformational properties of the complexing biscalix[4]ar-
ene, which determines the degree of coordination of the lan-
thanide ions. That calix[4]arene cavities are occupled with

a molecule of chloroform as was also observed by Wipff
et al.l?4,

Photophysical Studies

The photophysical properties of the dinuclear complexes
2h:Eu, and 2b-Eu-Nd in chioroform, acetonitrile, tetra-
hydrofuran (THF), and methanol were studied'®!, The [u-
minescence spectra of the chloroform, acetonitrile, and
THF solutions show the typical Dy — ’F; transitions at
590, 615, 650, and 695 nm, after ligand-mediated excitation

Table 1. Calculated energies E (kcal/mol) and intra-lanthanide ion—1ion distances d [A] in the biscalix[4]arenes with various spacers from
molecular mechanics and dynamics

cis conformation

trans conformation

MM MD MM MD

E d pia A0} Ad) E d Ao (Ab) Adfe
15,2 ~1006 9.5 ~453 9.5 <1% —997 8.0 ~397 8.0 <1%
12 —961 9.2 —499 10.3 12% —984 3.5 ~377 3.0 6%
1,p,b ~1010 5.8 —293 5.9 2%, ~995 9.5 ~464 10.1 %
T —591 6.7 ~121 6.9 3% ~572 9.0 ~150 3.8 2%
1,5,d ~577 6.9 ~119 7.8 12% ~561 1.3 —74 13.3 17%
1.6 ~1023 6.4 ~261 5.7 L1% —994 11.9 —556 12.3 3%
1,5.f —~ 558 11.8 —117 12.3 5% —997 13.4 —~555 12.2 10%

—y

[ + 20 keal/mol. — P + 0.3 A. — I The difference in the distances calculated by MM and MD relative to the shortest calculated distance.

The lanthanide ions are pulled out of the calix[4larene
cavities by the coordmating nitrate anions. As a conse-
quence, the phenolic oxygen atoms do not coordinate to the
lanthanide 1ons, and the coordination sphere is occupied by
the four carbonyl moieties and the nitrate oxygen atoms.
One of the carbonyl oxygen atoms directly linked to the
spacer does not coordinate to the lanthanide ion in case
of the n-propyl and n-hexyl linked biscalix[4]arenes in the
trans conformation.

The nitrate anions coordinate to the lanthanide 1ons via
one oxygen atom or in a bidentate fashion. In case of the
cis conformation of biscalix[4]arene linked via the p-phenyl-
ene and the n-butyl spacer one nitrate anion acts like a
bridge between the two lanthanide 1ons. In most cases the
cis conformation 1§ the most stable one, except for 1ya and
1.5,f The distance between the lanthanide ions is shorter
in the trans conformation than in the c¢is conformation
when the calix[4]arenes are linked via an aromatic spacer,
whereas the aliphatically-linked biscalix[4]arene has a larger
intra-lanthanide ion-ion distance in the trans conformation.

23592

at 300 nm (Figure 3a) or after direct excitation of the Eu*"
ion at 393 nm (not shown). The relative intensities of the
emussion after 300 nm and 393 nm are dependent on the
solvent and on the concentration. For these complexes, di-
rect Eu®t excitation is more efficient than ligand-mediated
excitation, which might be a result of the large distance be-
tween the aromatic sensitizing units of the calix[4]arene and
the Eu** ion or the quenching via low-lying LMCT (ligand-
to-metal-charge-transfer) bands. Ungaro et al.l®?! showed
that ligand-mediated excitation of Eu*t complexed by a sin-
gle calix[4]arene that is functionalized with four diethyl-
amide groups is not efficient. In this complex low-lying
LMCT bands are present that significantly deactivate the
Eu?* luminescence; this is also likely to occur in our com-
plexes. Moreover, the elemental analysis showed the pres-
ence of three water molecules in 2b. Water molecules are
known to coordinate strongly to Eu’t and can conse-

quently have a significant effect on the complexation and
luminescence properties of the Eu®* ion. The water mol-

ecules might pull the Eu’* ions out of the biscalix[4]arene

Liebigs Ann./Recueil 1997, 25872600
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or expel the nitrate anions out of the first coordination
sphere. This might be the reason for the more efficient di-
rect excitation relative to sensitized excitation. Since the
water molecules were already present in 2b prior to com-
plexation we assumed that the effects on complexation and
luminescence are quite similar in the solvents chloroform,
acetonitrile, and THE

On the other hand, the complexes behave differently in
methanol, as is indicated by the red-shift of the most in-
tense emission band to 624 nm (Figure 3a). This emission
band has a shoulder at 614 nm, at which wavelength the
peak maximum is usually found. Furthermore, two ad-
ditional emission bands are present at 570 and 600 nm,
whereas the band at 580 nm is broadened. The band around
680 nm 15 also red-shifted in [Dy4]methanol. These spectra
indicate that the Eu’*t jon experiences a different chemical
environment in [D4]methanol than in the solvents chloro-
form, acetonitrile, and THFE. This might be the result of the
strongly coordinating O—0O group present in this solvent.
This type of Eu®* emission is not the typical luminescence
that is normally observed!?!l/] and can completely disappear
upon the addition of small amounts of water, resulting in
Eu’* luminescence of solvated ions. Probably the water
molecules coordinate to the Eu’* ion, thereby expelling the
methanol molecules and nitrate anions out of the first coor-
dination sphere of the Eu®*. However, the crystal water
molecules that were present prior to complexation are also
expected to coordinate to Eu’™.

The presence of Nd** in 2b-EwNd was obvious from the
typical Nd** emission band at 1060 nm that was observed
after ligand-mediated excitation (Figure 3b). Moreover, lu-
minescence lifetime measurements were performed with the
same solutions, and the results are reported in Table 2. The
lifetimes of 2b:Eu, dissolved in chloroform and acetonitrile
are equal within the experimental error, whereas the Eu®™*
lnminescence 1s deactivated slightly more efficiently in THE.
This might be an effect of the difference in the chemical
environment around the Eu’* ion, because THF contains
an oxygen atom that can coordinate to lanthanide itons.
Upon addition of small amounts of water, the Eu’* lumi-
nescence 18 extinguished in both acetonitrile and THE,
which might indicate that more than three strongly com-
plexing water molecules are required to pull the Eu”™ ions
out of the biscalix[4}arene. The lifetime of the complex 1s
relatively short in [D4)methanol and the solution contains
a large fraction of Eu?* ions that have a long lifetime, 1.9
ms, which probably corresponds to free Eu’™ ions in solu-
tion[?%, This is supported by the presence of a short-living
component in non-deuterated methanol (0.13 ms). In meth-
anol, a different complex seems to exist than in the other
solvents. Perhaps the strongly coordinating methanol mol-
ecules are more capable of pulling the Eu’* ion out off the
cavity resulting in coordination only to the carbonyl oxy-
gens of the amide functionsi?®, The MD simulations
showed that the Eu?* ion only coordinates to the four cax-
bonyl oxygens of a hexa-ester in an OPLS box of chloro-
form. This indicates that also in the less competing solvents
the phenolic oxygen atoms do not coordinate to the lantha-
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FFigure 3. Emission spectra after excitation at 300 nm of a) Zb-Eu,
in THF and [Dy)methanol and b) 2b-EuNd in THF 1n the NIR
region of the spectrum
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nide ion, as was supposed for methanol. Another possibility
is that the strongly coordinating methanol molecules expel
the nitrate anions out off the first coordination sphere of
the Eu’™ ion. The explanation is supported by the extinc-
tion of luminescence upon the addition of water. The num-
ber of coordinating O—H high-energy vibrational modes
in methanol was estimated to be 2.7 by using “Horrocks
equation”?7l, However, this value has to be treated with
care since the presence of the water molecules has a large
effect on the luminescence lifetimes, and hence on the calcu-
lated number of O—H oscillators. If the Eu** ions coordi-
nate only to the carbonyl oxygen atoms in case of methanol
as a solvent, the C—H high-energy vibrational modes of the
NEt,; groups and the crystal water molecules might act as
efficient deactivators, leading to the short lifetime 1n
D methanol. The present results do not allow a defini-
tive explanation.

The most striking feature of the results reported in Table
2 is the decrease in lifetime of the Eu’" luminescent state
after excitation at 300 nm when Nd°* is present. Based on
literature datalli6] it was expected that the decay curve
would be biexponential, since the composition of the com-
plex is expected to be statistical. However, only a mono-
exponential decay curve was observed in all solvents, indi-
cating that the composition of the mixture of complexes 1s
apparently not statistical. The only difference for the Eu?*
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Table 2. Lifetimes [ms] of the 3Dy state of 2b'Eu, and 2b-EuNd in
different solvents, after excitation at 300 nm and detection at 614
nm, and energy transfer efficiencies (ET)"

EuE EuNd ET %]
TR TEutt
CHCl; 1.02 0.30 51
CHs;CN (0.93 0.32 60
THF 0.74 0.29 6]
CD,0OD 0.39[! 0.38 <]
CH,OHM 0,26l —[1]

4l Data fitting of the decay curves all show two components, one
corresponding to the comrlex and the other to solid particles
Present (= 0.10 ms). — ! Relative decrease of the lifetime. —
] Detected at 624 nm. — 1 Contains a large fraction with a life-
time of 1.9 ms. — [ Contains a large fraction with a lifetime of
0.1 ms. — ¥ Signal too weak,

in the homo- and heterodinuclear complex is the presence
of Nd3* instead of another Eu** ion. Therefore, it is as-
sumed that the Nd** ion is acting as an energy acceptor.
The relative lifetime decrease ET is most pronounced in
acetonitrile and the ET values given in Table 2 are equal to
the efficiency of energy transfer if this is the only additional
deactivation pathway compared to the homodinuclear com-
plex. In this case it is assumed that the symmetry around
the Eu’* ion remains essentially the same, thus the radiative
decay of Eu®* is equal for both homo- and heterodinuclear
complexes. Based on the proposed different structural
properties of the complex in methanol, 1t was expected that
the efficiency of energy transfer from Eu’* — Nd** would
be different in this solvent compared to chloroform, aceto-
nitrile, and THF. However, the Eu®* lifetime did not de-
crease at all, which might be a result of the high concen-
tration of high-energy vibrational solvent O—H/C—H or l1-
gand C—~H modes around the Eu?* ion, leading to rela-
tively short luminescence lifetimes. The lifetime in the
homodinuclear complex 1s of the same order of magnitude
as the lifetime of Eu* luminescence in the heterodinuclear
complex. Therefore, the energy transfer to Nd** might be
obscured by other deactivation pathways. No definitive ex-
planation can be given with the present results®],

Concluding Remarks

Differently linked (p-tert-butyl-)biscalix[4]arenes with six
carboxylic ester functions (1) were synthesized but it was
not possible to isolate dinuclear Eu®* complexes with these
ligands. On the other hand, dinuclear Euw**-Eu’* and
Eu’*-Nd** complexes with the p-phenylene linked hexa-
amide!'* biscalix[4]arene 2 could be isolated. The lumi-
nescence properties of these complexes are strongly depen-
dent on the solvent. Solvents that strongly compete with

the organic ligand for complexation seem to pull the lantha-
nide ions out of the cavity.

The lifetime of the Eu** luminescent state is significantly
decreased in the heterodinuclear Eu*t-Nd** complex com-
pared to the homodinuclear Eu** complex in chloroform,
acetonitrile, and tetrahydrofuran. It is assumed that the
Nd** ion acts as an energy acceptor since no other ad-
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ditional deactivation pathways were introduced. This im-
plies that the Eu?* — Nd** energy transfer is very efficient
(> 50%). Further studies using other lanthanide ion combi-
nations are under investigation.

The asymmetric biscalix[4]arene (3) was synthesized,
however, complexation studies were not performed due to
the low complexation ability of the ester functions of 1.

Akzo Nobel Central Research b.v. Arnhem is gratefully acknowl-
edged for financial support.

Experimental Section

General: Melting point: Reichert melting point apparatus (uncor-
rected), — NMR: Bruker AC 250 spectrometer spectra, CIDCl, as
solvent (unless otherwise stated), TMS as internal standard. — MS:
Finnigan MAT 90 spectrometer [m-NBA (nitrobenzyl alcohol) as
a matrix, unless otherwise stated]. — IR: Biorad 3200 or Nicolet
SSXC FT-IR spectrophotometer. — Elemental analysest®?; Carlo
Erba EA1106. The Eu’* content was determined by destroying the
ligand in the presence of concentrated nitric acid and concentrated
perchloric acid. The remaining acids were evaporated, the salts dis-
solved in Q; water, followed by the addition of an acetate buffer to
keep the pH at 5—5.5, and a drop of pyridine was added. After
heating to 60°C a titration with an aqueous solution of 0.01 m
EDTA (ethylenediamine tetraacetate) was carried out using xylenol
orange as an indicator. CH,Cl, was distilled from CaCl; and ethyl
acetate from K,COs prior to use. CHyCN, MeOH, and acetone
were dried over molecular sieves (3 A) for at least 3 d. The complex
EtyN - HCOOH was obtained prior to use by distillation under re-
duced pressure (17 Torr) of an equimolar mixture of formic acid
and Et;N at 70°C. All other chemicals were of reagent grade and
were used without further purification, Column chromatography
was performed using silica gel 60 (particle size: 0.040—0.063 mm,
2230—400 mesh) from Merck, All reactions were carried out under
an argon atmosphere. 25-[(Carboxylato)methoxy]-26,27,28-{ris-
[(ethoxycarbonyl)-methoxyjcalix{4]arene 6 (R = tert-butyl or H)
was prepared according to literature proceduresto7],

General Procedure for the Synthesis of the Biscalix{4]arenes
1ga—f: Biscalix[4]arenes 1za—f were prepared according to a
slightly modified literature procedurel!”]. Triester-monoacid 6 (R =
tert-butyl or H) was refluxed in oxalyl chiloride (5 ml) for 2 h. After
evaporation of the remaining oxalyl chloride, the monoacid chlo-
ride was dissolved in dichloromethane (30 ml) under an argon al-
mosphere. A solution of 0.5 mol equivalents of the corresponding
diamine and triethylamine in dichloromethane (12 ml) was slowly
added. The reaction mixture was stirred overnight at room tem-
perature and subsequently quenched with an aqueous acetic acid
solution (5%, 25 ml). The layers were separated and the organic
layer was washed twice with water (50 ml), followed by evaporation
of the solvent. The product was recrystallized from CH,Cl,/MeOH

(v/v = 95:5) unless staled otherwise. Compound 1,5,d was [ully
characterized by McKervey et al.[!5],

1,3-Bis{25- [ (aminocarbonyl)methoxy ]-5,11,17,23-tetrakis( {,1-
aimethyletiyl)-26,27,28-tris[ ( ethoxycarbonyl )methoxy Jealix 4 ]-
arene jbenzene (1ip,a): The reaction was performed using 6 (R =
tert-butyl) (0.50 g, 0.52 mmol), 1,3-phenylenediamine (30 mg, 0.28
mmol), and Et;N (0.30 ml, 2.1 mmol). A white solid was obtained
in 76% yield. m.p: 132-134°C, - 'H NMR: 6 = 9.59 (br. s, 2 H,
NH), 8.33 (br. s, | H, ArH®2c¢") 7.5—7.4 (m, 2 H, ArHpaeen), 730
(br. 5, 1 H, ArH®rer) 6,87, 6.73, 6.66 (s, 16 H, ArH), 5.01 and
4.68 [AB-q, 8 H, J = 16.2 Hz, OCH,C(0)], 4.84, 4.72, 3.25, 3.23
(AB-q, 16 H, J = 13.0 Hz, ArCH,Ar), 4.70, 4.66 [s, 8 H,
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OCH,C(O) and OCH,C(O)N], 420 (q, 4 H, 7 = 7.1 Hz,
OCH,CH,),4.1-3.9 (m, 8 H, OCH,CH3), 1.24, 1.14 [t, 18 I, J =
7.1 Hz, OCH,CH;), 1.14, 1.04, 0.98 [s, 72 H, C(CH;);}, — *C
NMR: & = 170.6, 170.2 [s, C(O) and C(O)N], 168.3 (5, ArC-
INspacery 1 153,2, 152.8, 152.6 (s, ArC-0), 145.5, 145.4, 145.3 (s, ArC-
tBu), 138.4 (d, ArCspacen) 133.8—132.4 (5, ArC), 125.8—125.4 (d,
ArC-H), 74.8, 71.6 [t, OCH,C(O)N and OCH,C(O)], 60.7 (t,
OCH,CH;), 33.9, 33.8 [s, C(CHa3)4], 32.0 (t, ArCH,Ar), 314, 31.2
[q, C(CH3)3], 14.1 (q, OCH,CH,). — IR (KBr): v = 1759 (C=
Oesten) 1698 (C=041dey em ™!, — MS (FAB); m/z: 2024.8 [[M + H
+ Na)¥], 2002.6 [(M + H)*]. — Cj3H;56N.055-H,O (2020.6):
caled. C 72.52, H 7.88, N 1.39; found C 72.27, H 7.93, N 1.4%,

1,4-Bis{25- [ (aminocarbony!)methoxy]-5,11,17,23-tetrakis( 1,1-
dimethylethyl)-26,27,28-tris[ ( ethoxycarbonyl)methoxy Jcalix [4 ]-
arene tbenzene (1,p,b): Calix[4]arene 6 (R = fert-butyl) (1.00 g, 1.04
mmol)} was coupled to 1,4-phenylenediamine (60 mg, 0.57 mmol)
in the presence of Et;N (0.60 ml, 4.2 mmol), and 1,p,b was ob-
tained as a white solid in 72% yield. m.p. 258—260°C. — 'H NMR;
0 = 9.52 (br. s, 2 H, NH), 7.69 (s, 4 H, ArH®**r), .86, 6.65, 6.56
(s, 16 H, ArH), 4.99 and 4.63 [AB-q, 8§ H, 7 = 162 Hz,
OCH,C(0)], 4.78, 4.65, 3.20, 3.18 (AB-g, 16 H, J = 13.0 Hz, Ar-
CH,ATY), 4.57, 4.56 [s, 8 H, OCH,C(0O) and OCH,C{O)N], 4.18 (q,
4 H, J = 7.1 Hz, OCH,CH,), 4.0-3.9 (m, 8§ H, OCH,CH,), 1.23,
1.10 [t, 18 H, J = 7.1 Hz, OCH,CH,], 1.11, 0.96, 0.89 [s, 72 H,
C(CHj)4]. = MC NMR: & = 170.6, 170.0 [s, C(O) and C(Q)N],
168.3 (s, ArC-N®vacery 1533, 152.6, 152.5 (s, ArC-Qy), 145.6, 145.3,
145.3 (s, ArC-tBu), 134.5 (d, ArCsPer), 133.9—132.2 (s, Ar(O),
125.9—~125.4 (d, Ar-H), 121.9 (d, ArC-Hseeer) 749 71,7, 71.4 |t,
OCH,C(O)N and OCH,C(O)], 60.7 (t, OCH,CHj), 34.0, 33.8 [s,
C(CHs3)s), 32.0 (t, ArCH,Ar), 31.5, 31.3, 31.2 [q, C(CHa)s], 14.2,
14.1 (q, OCH,CH3). — IR (KBr): v = 1758 (C=0%*T), 1638 (C=
Qumidey oy —~1 — MS (FAB); m/z: 2003.0 [((M + 2 F)*J, 2025.6 (M
+ H + Nﬂ)+]. = C122H156N3022'2 HZO (2038‘6)' caled, C 7188,
H 7.91, N 1.37; found C 71.82, H 7.63, N 1,48,

1,3-Bis {25-[ (aminocarbonyl )methoxy ]-5,11,17,23-tetrakis(1,1-
dimethylethyl)-26,27,28-tris[ (ethoxycarbonyl)methoxy [calix (4 ]-
arene jpropane (1,g,d): Compound 6 (R = rert-butyl) (0.50 g, 0.52
mmol), 1,3-diaminopropane (22 pl, 0.26 mmol), and Et3N (0.30 ml,
2.1 mmol) were used as reagents, and recrystallization yielded 1,5,d
in 76% yield. m.p. 152—153°C, — '"H NMR: 8 = 8.40 (br. t, 2 H,
NH), 6.86, 6.77, 6.73 [s, 16 H, ArH], 4.98 and 4.71 [AB-q, 8§ H,
J = 16,1 Hz, OCH,C(0)], 4.77, 4.74, 3.23, 3.21 (AB-q, 16 H, J =
13.0 Hz, ArCH,AT), 4.65, 448 [s, § H, OCH,C(O) and OCH,-
C(O)N1, 4.21, 4.19 (q, 12 H, / = 7.1 Hz, OCH,CH;), 3.5-3.4 (m,
4 H, NCH,»**1) 2.1—1.9 (m, 2 H, CH,%%¢), 1.27, 1.24 (1, 18 H,
J = 7.1 Hz, OCH,CH>), 1.13, 1.05, 0.96 [s, 72 H, C(CHaj)4). — 1*C
NMR: & = 170.7, 170.1, 170.0 [s, C(O) and C(O)N], 153.2, 152.9
(s, ArC-0), 1454, 145.1 (s, ArC-rBu), 133.6—132.2 (5, Ar(C),
125.8—1254 (d, ArC-H), 74.6, 71.5 [t, OCH,C(O)N and
OCH,C(0)], 60.7, 60.6 (t, OCH,CHas), 374 (t, NCH,Paery, 339,
33.8, 33.7 [s, C(CH3)3], 32.0 (t, ArCH,Ar), 31.4, 31.3 [q, C(CH;)4],
not observed (CH,SPacer), 14.2 (g, OCH,CH;3). — IR (KBr): ¥ =
1759 (C=02t¢7), 1679 (C=0*midey cm~*F, — MS (FAB); m/z: 1969.0
(M + 2 H)™], 1990.6 [M + H + Na)™]. = Cy19H5N3025 H,0
(1986.6): caled. C 71.95, H 8.12, N 1.41; found C 71.65, H 7.99,
N, 1.51.

1,4-Bis {25-[ ( aminocarbonyl)methoxy [-3,11,17,23~tetrakis(1,1-
dimethylethyl)-26,27,28~tris[ (ethoxycarbonyl )methoxy Jcalix[4 ]-
arene }butane (13.€): Coupling of 6 (R = fert-butyl) (1.00 g, 1.04
mmol) and 1,4-diaminobutane (60 pl, 0.57 mmel), in the presence
of Et;N (0.60 mi, 4.2 mmol), yielded 1ig.e after recrystallization
from a mixture of chloroform and acetonitrile (4:1) in 65% vyield.
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m.p. 201-203°C. — 'H NMR: & = 841 (br. t, 2 H, NH), 6.87,
6.77, 6.66 [s, 16 H, ArH], 4.95 and 4.66 [AB-g, 8 H, J = 16.1
Hz, OCH,C(0)}], 4.74, 4.69, 3.23, 3,22 (AB-q, 16 H, J = 13.0 Hz,
ArCH,Ar), 4,67, 4.50 [s, 8 H, OCH,C(O) and OCH,C(O) N}, 4.22,
421 [q, 12 H, J = 7.1 Hz, OCH,CH;], 34-33 (m, 4 H,
NCH-®pacery  1,8—1,7 (m, 4 H, CH,spaeery, 128, 1.27[t, I8 H, J =
7.1 Hz, OCH,CH4], 1.12, 1.07, 0.99 s, 72 H, C(CH3);]. — °C
NMR: 6 = 170.5, 170.2, 170.1 [s, C(O) and C{O)N], 153.1, 152.9
(s, ArC-0), 145.5, 145.3 (s, ArC-tBu), 133.5-132.5 (s, ArC), 125.8,
125.5 (d, ArC-H), 746, 717, 71.6 [t, OCH,C(O)N and
OCH,C(0)], 60.7, 60.6 (t, OCH,CH,), 39.3 (t, NCH,*reer), 33.9,
33.8 [5, C(CH3)3], 32.0 (t, AI'CH;AI'), 31.4, 31.3 [q, C(CH3)3], 27,7
(t, CH,Paer) 142 (q, OCH,CH,). — IR (KBr): ¥ = 1759 (C=
Qester) 1673 (C=Qamidey ey ~! — MS (FAB); mi/z: 1982.9 [(M + 2
H)+], 2005.6 [(M +~ H + Nﬂ)-i-]. — C[?_(]H.lﬁONZOzz'Q HEO (20186):
calcd. C 71.40, H 8,19, N 1.39; found C 71.22, H 8.04, N 1.78.

1,6-Bis {25-[ (aminocarbony!)methoxy [-5,11,17,23-tetrakis(1,1-
dimethylethy!)-26,27,28-tris{ (ethoxycarbonyl)methoxy [calix[4 ] -
arene Jhexane (1g,0): The double calix[4]arene 1;p,f was oblained
in 67% vyield from 6 (R = tert-butyl) (1.49 g, 1.45 mmol), 1,6-
diaminohexane (84 pl, 0.73 mmol), and Et;N (0,90 ml, 6.3 mmol).
m.p. 134—136°C. — 'H NMR: § = 8,35 (br. t, 2 H, NH), 6.81,
6.80, 6.71 (s, 16 H, ArID, 4.92 and 4.65 [AB-q, 8 H, J = 16.1
Hz, OCH,C(O)|, 4.75, 4.67, 3.25, 3.22 (AB-q, 16 H, J = 13.0 Hz,
ArCH,AT), 4.70, 4.51 s, 8 H, OCH,C(O) and OCH,C(O)N], 4.20
(q, 12 H, J = 7.1 Hz, OCH,CHj;), 3.4—3.3 (m, 4 H, NCH,Per),
1.7—1.6 (m, 4 H, CH,*""), 1.4—1.3 (m, 4 H, CH,), 1.28, 1.27 (t,
18 H, J = 7.1 Hz, OCH,CH-), 1.10, 1.09, 1.03 [s, 72 H, C(CHs)a).
- I3C NMR: 6 = 170.4, 170.1 [s, C(O) and C(O)N], 153.2, 152.9
(s, ArC-0), 145.5, 145.3 (s, ArC-tBu), 133.3—-132.6 (s, ArC), 125.8,
125.5 (d, ArC-H), 745, 718, 714 [t OCH,C(O)N and
OCH,C(0O)], 60.7, 60.5 (t, OCH,CHa,), 39.5 (t, NCH,Picer) 339,
33.8 s, C(CHa3)4], 32.0 (t, ArCH,AY), 31.4 [q, C(CHj3)s), 30.2, 27.3
(t, CH,%P3en) 14.2 (g, OCH,CH,). — IR (KBr): ¥ = 1758 (C=
Qestery 1680 (C=0mide) cm~!, ~ MS (FAB); m/z: 2033.5 [(M + H
-+ NEL)+], 2011.7 [(M 4+ 2 I’I)+] — ngI‘Im;;NgOgg‘ 2 HZO (2046*7):
calcd. C 71.60, H 8.27, N 1.37; found C 71.73, H 8,13, N 1.23,

1,3-Bis {25-[(aminocarbony!l)methoxy ]-26,27,28-tris[ (ethoxy-
carbonyl)methoxy Jcalix[4 Jarene }benzene (1ya). The reaction of 6
(R = H) (0.51 g, 0.69 mmol) and 1,3-phenylenediamine (40 mg,
0.37 mmol) in the presence of Et;N (0.40 ml, 2.8 mmol) gave white
crystals in 51% yield. m.p. 137—140°C, — '"H NMR: § = 9.71 (br.
s, 2 H, NH), 8.35 (br. s, I H, Arpswer), 7.5-7.4 (m, 2 I,
ArHseneenry 729 (br. s, 1 H, ArHspeeen), 7.0-6.9 (m, 8 H, ArH),
6.9—6.8 (im, 4 H, ArH), 6.5-6.4 (m, 2 H, ArH), 6.4—0.3 (m, 2 H,
ArH), 6.34, 6,19 (d, 8 H, J = 7.6 Hz, ArHP*™), 5.01 and 4.62 [AB-
q, 8 H, J == 16.4 Iz, OCH,C(O)], 4.83, 4.70, 3,28, 3.26 (AB-q, 16
H, J = 13.9 Hz, ArCH,Ar), 4.53, 4.49 [s, § H, OCH,C(O) and
OCH,C(O)N], 4.24 (q, 4 H, J = 7.1 Hz, OCH,CI,), 4.1-4.0 (m,
8§ H, OCH,CHa\), 1.29, 1.15[t, 18 H, J = 7.1 Hz, OCH,CH;]. —
BC NMR: & = 170.7, 169.5 [s, C(O) and C{O)N], 167.8 (s, ArC-
Nspacety - 157.0, 1549, 154.6 (s, ArC-0), 138.1 (d, ArCspuaeen),
135.7—133.1 (s, ArC), 129.4—122.9 (d, ArC-H), 74.3, 71,6, 71,2 [t,
OCH,C(O)N and OCH,C(0)], 60.9, 60.8 (t, OCIT,CHs;), 31.5, 31.0
(t, ArCH,Ar), 14.2, 14.1 [q, OCH,CH;], — IR (KBr). ¢V = 1757
(C=08%en), 1694 (C=0midey em~!, — MS (FAB); m/z: 1554.1 [(M
+ 2 H)*], 1577.9 [(M + 2 H + Na)™), — CgHgaN704, (1553.7):
calcd. C 69.57, H 5.97, N 1.80; found C 69.24, H 5.88, N, 2.00.

1,4-Bis {25- [ (aminocarbonyl)methoxy [-26,27,28-tris [ (ethoxy-
carbonyl Jmethoxy [calix (4 Jarene fbenzene (1yh): Compound 1yb
was obtained as a white solid in 76% yield by reaction of 6 (R =
H) (0.50 g, 0.67 mmol), 1,4-phenylenediamine (40 mg, 0.37 mmol),
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and Et;N (0.40 ml, 2.8 mmol). m.p. 183—185°C. — '"H NMR: & =
9.66 (br. s, 2 H, NH), 7.77 (s, 4 H, AcHs**r), 7.1-7.0 (m, 8 H,
ArH), 6.9-6.8 (m, 4 H, ArH), 6.5-6.4 (m, 2 H, ArH), 6.4-6.3
(m, 2 H, ArH), 6.31, 6.14 (d, 8 H, J = 7.6 Hz, ArHP*"), 5.07 and
4.69 [AB-q, 8 H, J = 16.5 Hz, OCH,C(0O)), 4.82, 4.72, 3.29, 3.27
(AB-gq, 16 H, J = 13.8 Hz, ArCH,Ar), 4.51, 445 [s, 8 H,
OCH,C(O) and OCH,C(O)N], 4.26 (q, 4 H, J = 7.1 Hsz,
OCH,CH,), 4.2-4.1 (m, 8 H, OCH,CH;), 1.31,1.20 |t, I8 H, J =

7.1 Hz, OCH,CH;]. — *C NMR: & = 170.8, 169.4 [s, C(O) and

C(O)N], 167.6 (s, ArC-Nspacery  157.1, 154.8, 154.2 (s, ArC-Q),
135.8—133.0 (s, ArC), 134.3 (d, ArCspeeer), 129.4—121.9 (d, ArC-
H), 74.4, 71.6, 71.1 [t, OCH,C(O)N and OCH,C(O)], 60.9 (t,
OCH,CH,), 31.5, 30.9 (t, ArCH,Ar), 14.2 {q, OCH,;CH;). — IR
(KBr): ¥ = 1768 (C=0°t¢%), 1690 (C=0*™9%)y cm~!, — MS (FAB);
miz; 15540 [M + 2 H)*], 15767 (M + H + Na)™]. -
CogHgoN5045-H,0 (1571.7): caled, C 68,78, H 6.03, N 1.78; found
C 68.42, H 5.94, N 1.97,

1,2-Bis {25-[ (aminocarbonyl)methoxy [-26,27,28-tris[ (ethoxy-
carbonyl)methoxy Jcalix[4 Jarene }ethane (I1yc): The coupling was
performed using 6 (R = H) (0.50 g, 0.67 mmol), 1,2-diaminoethane
(22 i, 0.33 mmol), and Et;N (0.40 mi, 2.8 mmol). Recrystallization
led to 1yc in 59% yield. m.p. 175~177°C. — 'H NMR: § = 8.58
(br. s, 2 H, NH), 6.9-6.7 (m, 12 H, ArH), 6.5-6.4 (m, 2 H, ArH),
6.4—6.3 (m, 2 H, ArH), 6.38, 6.26 (d, 8 H, J = 7.3 Hz, ArHP*™),
5.01 and 4.61 [AB-q, 8 H, J = 16.5 Hz, OCH,C(O}}, 4.76, 4.72,
3.29, 3.25 (AB-q, 16 H, J = 13.7 Hz, ArCH,Ar), 4.53, 4.37 [s,
8 H, OCH,C(0O) and OCH,C(O)N], 4.22 (q, 12 H, J = 7.1 Haz,
OCH,CH,), 3.66 (br. s, 4 H, CH,%P2e"), 1.25 (t, 18 H, J = 6.9 Hz,
OCH,CH;). — “C NMR: & = 170.7, 169.8, 169.5 [s, C{O) and
C(O)N], 156.7, 1552 (s, ArC-0), 1353-1334 (s, Ar(C),
1292—-122.9 (d, ArC-H), 74.1, 714 [t, OCH,C(O)N and
OCH,C(O)], 61.0, 60.8 (t, OCH,CH;), 38.6 (1, NCH,%r#<r), 31,6,
31.0 (t, ArCH,Ar), 14.2 (q, OCH,CH;). — IR (KBr); ¥ = 1759
(C=0%ster), 1678 (C=08midey em~!, — MS (FAB); m/z: 1506.5 [(M
+ 2 H)+], 1528.2 [(M + H -+ Na)+]. """ CB5H92N2022 (1505.7)*
calcd. C 68.60, H 6.16, N 1.86; found C 68.35, H 6.26, N 2.07.

1,3-Bis {25-] (aminocarbonyl)methoxy J-26,27,28-tris[ (ethoxy-
carbonyl )methoxy Jcalix[4 Jarene }propane (lyd): Reaction of 6
(R = H) (0.50 g, 0.67 mmol) with 1,3-diaminopropane (27 i, $.32
mmol) 1n the presence of Et;N (0.40 ml, 2.8 mmol) gave 1yd as a
white solid in 61% yield. m.p. 173—174°C. — 'H NMR: § = 8.42
(br. s, 2 H, NH), 7.0—6.9 (in, 8 H, ArH), 6.9-6.8 (m, 4 H, ArH),
6.5-6.4 (m, 2 H, ArH), 6.4—6.3 (m, 2 H, ArH), 6.30, 6.14 (d, 8
H, J = 7.5 Hz, ArHP®™®), 500 and 4.62 [AB-q, 8 H, J = 16.5 Hz,
OCH,C(O)], 4.73,4.71, 3.24 (AB-q, 16 H, J = 13.9 Hz, ArCH,Ar),
4,48, 4.30 [s, 8 H, OCH,C(O) and OCH,C(O)N], 4.23, 4.18 (g, 12
H, J = 7.1 Hz, OCH,CH3), 3.6—-3.4 (im, 4 H, CH,Pa"), 2.1—-1.9
(m, 2 H, CH;%P#¢¢7), 1,28, 1.24 (t, 18 H, J = 7.1 Hz, OCH,CH,).
— BC NMR: § = 170.8, 169.5, 169.3 [s, C(O) and C(O)N], 157.0,
1549, 154.6 (5, ArC-0), 135.6—133.1 (s, ArC), 129.4-122.8 (d,
ArC-H), 74.0, 71.5, 71.2 [t, OCH,C(O)N and OCH,C(Q)], 60.8 (t,
OCH,CH,;), 37.2 (t, NCH,"P2¢er), 31,5, 30.9 (t, ArCH,AT), 30.3 (t,
CHyPacer), 14.2 (q, OCH,CH3). — IR (KBr): ¥ = 1756 (C=0ester),
1679 (C=08e) em~!, — MS (FAB); m/z: 15425 [M + H +
Na)*], 1519.9 [(M + H)*].— Cg7HgaN,0O9, (1519.7): caled. C 68.76,
H 6.23, N 1.84; found C 68.62, H 6.25, N 1.93.

25,26,27-Tris[ ( N,N-diethylaminocarbonyl)methoxyj-5,11,17,23-
tetrakis(1,1-dimethylethyl )-28-(2-propenyloxy )ealix (4 Jarene (9): A
mixture of monoallylated calix[4]arene 8 (5.00 g, 7.26 mmol),

K,CO5 (5.0 g, 36 mmol), a catalytic amount of potassium iodide,
and 2-chloro- N, N-diethylacetamide (2.70 ml, 26.2 mmol) in aceto-

nitrile (300 ml) was refluxed overnight. After cooling to room tem-
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perature, the salts were filtered off and the acetonitrile was evapao-
rated, The crude product was taken up in CH,Cl, (200 ml), washed
twice with a saturated aqueous solution of NH,CI (250 ml}, twice
with water (250 ml), and was subsequently dried over MgSQ,.
Recrystallization from acetonitrile gave pure 9 in 57% yield. m.p.
03-905°C, — '"H NMR: 5 = 6.94 (d, 4 H, J = 2.3 Hz, ArH), 6.63,
6.57 [d, 4 H, J = 2.4 Hz, ArH], 5.3-5.2 (m, 1 H, CH=CH,),
5.2-5.0(m, 2 H, CH=CH,), 5.12 [s, 2 H, OCH,C(Q)N], 5.05 and
4.55 [AB-q, 4 H, J = 13.7 Hz, OCH,C(O)N], 4.81, 4.66, 3.20, 3.14
(AB-q, 8 H, J = 13,9 Hz, ArCH,Ar), 4.65 (5, 2 H, ArOCH,),
3,5-3.2 (m, 12 H, NCH,CH;), 1.21, 0.94 [s5, 36 H, C(CH,),],
[.2—1.0 (m, 18 H, NCH,CH;). — PC NMR: 6 = 169.4, 1683 [s,
C(O)N], 154.2, 153.7, 153.4 (s, ArC-0), 144.8, 144.4 (s, ArC-1Bu),
137.9 (d, CH=CH,), 135.2—132.5 (s, ArC), 125.6—124.9 (d, ArC-
H), 115.1 (t, CH=CH,), 75.7, 72.2, 71.4 [t, OCH,;C(O)NN], 41.2,
40.6, 40.0, 39.5 (t, NCH,CHS3), 34.0, 33.9, 33.7 {s, C{CH),), 32.0
(t, ArCH,Ar), 31.6, 314, 313 [q, C(CH,);, 14.5, 13.1 (q.
NCH,CH,). — MS (FAB); m/z: 1050.9 [M + Na)*], 1029.0 [(M
+ HY*]. — CgsHosN3O7 (1028.5): caled, C 7591, H 9.11, N 4.0%,
found C 75.57, H 9.10, N 4.30.

25,26,27-Tris[( N,N-diethylaminocarbony!)methoxy]-5,11,17,23-
tetrakis( 1, 1-dimethylethyl)calix[4 Jarene (10): A mixture of 9 (3.00
g, 2.92 mmol), EtzN-HCOOH (0.52 g, 3.50 mmol), Pd{PPh;),
(0.25 g, 0.22 mmol) in ethanol (60 ml) and water (12 ml) was re-
Tuxed for 2 h, After cooling to room temperature, the solvents were
evaporated and the crude product was taken up imnto chloroform
(50 ml). The organic layer was washed twice with a saturated aque-
ous solution of NH4CI (50 ml) and twice with water (50 ml). After
drying over MgSO, and evaporation of the solvent the crude prod-
uct was recrystallized from acetonitrile (20 ml). Compound 10 was
obtained as a white powder in 77% yield. m.p. 225—-227°C, — 'H
NMR: o = 8.09 (s, 1 H, ArOH), 6.93, 6.87 [s, 4 H, ArH], 6.72,
6.69 (d,4 H, J = 24 Hz, ArH), 5.12 and 4.55 [AB-q, 4 I, J =
14,0 Hz, OCH,C(O)N], 5.06, 4.54, 3.24, 3.19 (AB-q, 8 I'l, J = 13.3
Hz, ArCH-Ar), 5.08 [s, 2 H, OCH,C(O)N], 3.5-3.2 (m, 12 H,
NCI‘IECH_';), 119, 1.17, {).97 [S, 36 H, C(CHg)g], 1.2—1.0 (ITI, 18 ['L_,
NCH,CH3). — PCNMR: 38 = 169,7, 168.6 [s, C(O)N], 154.4, 153.2
(s, ArC-O), 150.8 (s, ArC-OH), 146.1, 145.3, 140.7 (s, ArC-fBu),
134.3—128.0 (s, ArC), 126.0—125.0 (d, ArC-H), 73.2, 72.0 [t, OCI1-
;C(O)N], 41.2, 40.2, 40.1 (t, NCH,CH,), 34.2, 34.1, 33.9 [s
C(CH,)s], 32.4, 32.1 (t, ArCH-Ar), 31.9, 31.7, 31.5 [q, C(CH3)4l,
14.5, 13.4, 13.3 (q, NCH,CH,). — MS (FAB); m/z: 1011.0 [(M -+
Na)*1, 989.0 (M + H)*]. — C4HgoNLO4- HL,O (1006.4): C 73,99,
H 9.11, N 4,18; [ound C 73.96, H 9.00, N 4.25.

General Procedure for the Preparation of Spacer Units 11: A solu-
tion of chloroacetyl chloride in EtOAc (20 ml) was added dropwise
to a mixture of the appropriate diamine and K,CO; in EtOAc and
water. The reaction mixture was stirred overnight, and the precipi-
tate was filtered off. The product was washed with cold EtOAc and
dried under vacuum. Compounds 11 were used as such.

N N'-Bis(chioromethyl) carbonyl-1,4-diaminobenzene {11b); The
reaction was performed using chloroacetyl chloride (8.63 mi, 0.} |
mol) 1,4-phenylenediamine (4.05 g, 37 mmol), and K,CO4 (25.6 g,
0.18 mmol) in a mixture of ethyl acetate (200 ml) and water (200
ml), and gave product 11b in 79%. 'H NMR ([D]PMSO): § =
10,33 (s, 2 H, NH), 7.56 (s, 4 H, ArH), 4.25 (s, 4 H, CH,Cl).

N, N'-Bis( chloromethyl) carbonyl-1,4-diaminobutane (11e); Spacer
11e was synthesized from chloroacetyl chloride (5.28 ml, 68 mmol)
1,4-diaminobutane (2.28 ml, 22,7 mmol), and K,CO, (14.5 g, 0,10
mol) in a mixture of ethyl acetate (150 ml) and water (150 mb), and
was obtained in 72% yield. 'H NMR: § = 6.69 (br. t, 2 H, NH),
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4.06 (5, 4 H, CH,Cl), 3.4-3.3 (m, 4 H, NCH,), 1.7-1.6 (m, 4
H, NCH,CH,).

N N'-Bis( chloromethy! ) carbonyl-1,6-diaminobutane (11f): The re-
action was carried out using chloroacetyl chloride (4.28 ml, 55
mmol), 1,6-diaminohexane (2.00 g, 17.2 mmol!), and K,CO4 (10.5
g, 76 mmol) in ethyl acetate (60 ml) and water (60 m}), leading to
11f in 70% yield. '"H NMR: 8 = 6.65 (br. t, 2 H, NH), 4.06 (s, 4
H, CH,CD, 34-33 (m, 4 H, NCH,), 1.6—15 (m, 4 H,
NCH,CH,), 1.4—1.3 (m, 4 H, NCH,CH,CH,).

General Procedure for the Preparation of Hexa-Amide Biscalix-
[4 Jarenes (2): A mixture of 10, K,CO,, a catalytic amount of KI,
and 0.5 mol equivalents of 11 in acetonitrile was refluxed for 16 h.
After cooling to room temperature, the solvent was evaporated and
the crude product was taken up into CH,Cl, (50 ml). The resulting
mixture was washed with a saturated aqueous NH,CI solutton (50
ml) and subsequently with water (50 ml), Compounds 2 were dried
over MgSQO,, and the solvent was evaporated.

1,4-Bis {25-[ (aminocarbonyl)methoxy ]-26,27,28-tris[ ( N, N-di-
ethylaminocarbonyl)methoxy ]-5,11,17,23~tetrakis(1,I~dimethyl-
ethyl)calix {4 Jarene }benzene (2b): The reaction of spacer unit 11b
(67 mg, 0,25 mmol) with 10 (0.50 g, 0.51 mmol) in the presence of
K,CO, (0.09 g, 0.65 mmol) was performed in acetonitrile (25 ml).
After work-up and recrystallization from acetonitrile, 2b was ob-
tained as a white powder in 65% yield. m.p. 293—-295°C, —~ 'H
NMR: § = 10.37 (s, 2 H, NH), 7.74 (s, 4 H, ArH®""), 6.9-6.8
(m, 8 H, ArH), 6.78, 6.65 (s, 8 H, ArH), 5.08 and 4.79 [AB-q, 8 H,
J = 15.1 Hz, OCH,C(O)N], 5.00, 4,93, 3.26, 3.23 (AB-q, 16 H,
J = 12.8 Hz, ArCH,Ar), 4.85, 4.80 [s, 8 H, OCH,C(O)N], 3,5—3.2
(m, 24 H, NCH,CH,), 1.12, 1.09, 0.99 [s, 72 H, C(CH,)5], 1.1-1.0
(m, 36 H, NCH,CH;). — *C NMR: 5 = 168.8, 168.6 [s, C{O)N],
153.6, 153.5 (s, ArC-0), 144.8 (s, ArC-tBu), 134,8 (Ar{spracer),
133.8—132.8 (s, ArC), 125.7-125.3 (d, ArC-H), 121.6 (d, Ar-
CHspacery 774 5, 71.4 [t, OCH,C(O)N], 40.9, 40.0 (t, NCH,CH,;),
33.8 [s, C{CH3)s], 32.1 (t, ArCH,Ar), 31.5, 31.4 [q, C(CHs)s), 14.2,
13.0 (g, NCH,CH,). — IR (KBr): ¥ = 1660 (C=0) cmi~ !, — MS
(FAB); m/z: 2188.0 [((M + 2 H + Na)*], 21652 [[M + 2 H)™]. —
C]34H136N3016'CH3CN‘3 HQO (22601) caled. C 72.28, H 870,
N 5.58; found C 72.20, H 8.61, N 5.75.

1,4-Bis{25-[ (aminocarbonyl Jmethoxy ]-26,27,28-tris[ ( N, N-di-
ethylaminocarbonyl)methoxy ]-5,11,17,23-tetrakis(1,1-dimethyl-
ethyl ) calix[4 Jarene }butane (2e): The reaction was performed using
11e (68 mg, 0.28 mmol), 10 (0.56 g, 0.57 mmol), and K,CO5 (83
mg, 0.68 mmol) in acetonitrile (25 ml). Recrystallization from a
mixture of acetonitrile and dichloromethane (20:1) gave 2e as a
white powder in 64% yield. m.p. 263—265°C. — 'H NMR: § =
9.07 (br. t, 2 H, NH), 6.9—-6.8 (m, 8 H, ArH), 6.73, 6.56 (s, 8§ H,
ArH), 5.18 and 4.80 [AB-q, 8 H, J = 15.1 Hz, OCH,C(O)N], 5.00,
4.84, 3.28, 3.22 (AB-q, 16 H, J = 12.8 Hz, ArCH,Ar), 4.79, 4.49 [s,
8 H, OCH,C(O)N], 3.5—3.2 (m, 28 H, NCH,CH; and NCH, P},
1,7--1.6 (m, 4 H, CH,*cen), 1,15, 1.05, 0.94 [s, 72 H, C(CHj;),),
1.2—1.0 (m, 36 H, NCH,CH,). — 3C NMR: § = 170.2, 168.9,
168.5 [s, C(O)N], 153.7, 153.6, 153.5 (s, ArC-Q), 144.7 (s, ArC-
(Bu), 133.7-132.3 (s, ArC), 125.9—-125.4 (d, ArC-H), 74.9, 71.8,
71.3 [t, OCH,C(O)N], 40.8, 40.7, 39.9, 39.8 (1, NCH,CH,), 39.6 (1,
NCH,Peer), 33,9, 33.8, 33.7 [s, C(CH3)1), 32.5, 31.7 (1, ArCH,Ar),
31.5, 31.3 [q, C(CH,)s]l, 27.9 (t, CH,*®), 14.3, 13,1 (q,
NCH,CH,). — IR (KBr): ¥ = 1658 (C=0) em~!. — MS (FAB);
miz: 2167.4 [(M + H + Nﬂ.)+]. — C132H190N301.5'H20 (2163.0)
caled. C 73.30, H 8.95, N 5.18; found C 73.10, H 8.7%, N 5.00.

1,6-Bis{25-[ (aminocarbony!)methoxy]-26,27,28-tris[ ( N, N-di-
ethylaminocarbonyl)methoxy J-5,11,17,23-tetrakis( 1, l-dimethyl-
ethyl)calix[4 ]arene }hexane (2f): The coupling was carried out
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using 11f (6.9 mg, 2.9 mmeol), 10 (51 mg, 51 mmol), K,CO5 (7.5
mg, 54 mmol), and acetonitrile (15 ml), Recrystallization from
methanol gave 2f as a white powder in 68% yield. m.p. 237—239°C,
~ ITH NMR: § = 9.02 (br. t, 2 H, NH), 6.87, 6.86, 6.74, 6.60 (s, 16
H, ArH), 5.17 and 4.80 [AB-q, 8 H, J = 15.0 Hz, OCH,C(O)N],
5.01, 4.83, 3.28, 3.23 (AB-q, 16 H, J = 12.8 Hz, ArCH,Ar), 4.80,
4,50 [s, 8 H, OCH,C(O)N], 3.5-3.2 (m, 28 H, NCH,CH, and
NCH,spaceny 1.7-~1.6, 1.4—1.3 (m, 8 H, CH,peeen), 1,15, 1.06, 0.95
(s, 72 H, C(CH,)s], 1.1—1.0 (m, 36 H, NCH,CH;). — *C NMR:
8 = 170.1, 168.9, 168.5 [s, C(O)N], 153.7, 153.6, 153.5 (s, Ar(C-O),
144.7 (s, ArC-tBu), 133.8—132.3 (s, ArC), 125.9-125.3 (d, ArC-
H), 74.8, 71.9, 71.3 [t, OCH,C(O)N], 40.8, 40.7, 39.9, 39.8 (i,
NCH,CH3), 39.8 (t, NCH,%Peer), 33,9, 33.8, 33.7 [s, C(CH;)4), 32.4
(t, ArCH,LAr), 31.5, 31.3 [q, C(CHs)s], 30.3, 274 (t, CFIL,%PT),
14.3, 13.1 (q, NCH,CH,). — IR (KBr): ¥ = 1659 (C=0) cm™!, -
MS (FAB); mfz: 2196.2 [(M + 2 H + Na)™*], 2173.5 [(M + 2 H)™].
- Cquw;;NgOm'HgO (2191.1)’ C 7346, H 9.02, N 5.11; found
C 73.17, H 8.97, N 5.01,

N-[(Chloromethyl)carbonyl]-N'-[(1,1-dimethylethoxy)-
carbonyl ]-1,3-diaminopropane (12d): The BOC-protected spacers 12
were synthesized as described for spacer units 11, using chloroace-
tyl chloride (0.56 ml, 7.2 mmol) in ethyl acetate (3 ml), and a mix-
ture of N-BOC-1,3-propanediamine (1.00 g, 5.7 mmol) and K,CO4
(3.2 g, 23 mmol) in EtOAc (20 ml) and water (20 ml). The solution
was stirred for 3 h at rocom temperature and the organic layer was
separated and dried over MgSO,. After purification by column
chromatography (3% MeOH in CH,Cl,), 12d was obtained as a
yellow powder in §2% yield. 'H NMR: & = 7.14 (br. t, 1 H, NH),
4.84 (br. t, 1 H, NHEY<), 4,03 (s, 2 H, CH,Cl), 3.35, 3.17 2 q, 4
H, J = 6.3 Hz, NCH,), 1.7—1.6 (quint, 2 H, J = 6.3 Hz, CH "¢},
1.41 [s, 9 H, C(CHa;)s3).

N-[{ Chloromethyl)carbonyl]-N'-[(1,1-dimethylethoxy)-
carbonyl]-1,6-diaminohexane (12f): Compound 12f was prepared in
the same way as described for 12d, using a solution of chloroacetyl
chloride (1,55 mi, 20 mmol) in EtOAc (8 ml), and a mixture of N-
BOC-1,6-hexanediamine (4.00 g, 16 mmol)} and K,CO; (8.88 g, 64
mmol) in EtOAc (50 ml) and water (50 ml), Column chromatogra-
phy (3% MeOH in CH,Cl,) gave 12f in 75% vicld, '"H NMR: § =
6.62 (br. t, 1 H, NH), 4.54 (br. t, 1 H, NHBO), 4.02 (5, 2 H,
CH,CD, 3.29, 3.10 (q, 4 H, J = 6.3 Hz, NCH,), 1.5—1.3 (n, 4 H,
CH,sraeeny 141 [s, 9 H, C(CH3)3), 1.4—1.3 (m, 4 H, CH,’ptcer),

25,26,27-Tris[( N, N-diethylaminocarbonyl)methoxy [-28~{N-[3-
(1,1-dimethylethoxy)carbonylamino Jpropyl( aminocarbony!)meth-
oxy}-5,11,17 23-tetrakis( 1, 1-dimethylethyljcalix{4 jarene (13d):
The alkylation was cartied out in the same way as described for
the biscalix[4]arenes 2, using 9 (2.00 g, 2.02 mmol), 12d (0.56 g,
2.23 mmol), K;CO4 (0.34 g, 2.42 mmol), a catalytic amount of K1,
and acetonitrile (100 ml). After evaporation of the solvent, 13d was
obtained as a foam in 58% yield, and was used as such for further
reactions. 'H NMR: 8 = 894 (br. t, 1 H, NH), 6.81, 6.71 (s, 4 H,
ArH), 6.8—6.7 (m, 4 H, ArH), 5.76 (br. t, 1| H, NHB9%), 5,05 and
4,73 [AB-q, 4 H, J = 149 Hz, OCH,C(O)N}, 4.99, 4,78, 3.21, 3.19
(AB-q, 8 H, J = 12.8 Hz, ArCH,Ar), 4.86, 4.59 [s, 4 H, OCH..
C(O)N], 3.5—3.4 (m, 2 H, NCH#{oc), 3.4~3.1 (im, 14 H, NCH,CHj;
and NCH,pacery 1. 8—~1.7 (m, 2 H, CH,yP*er), 144 [s, 9 H,
C(CH,)BO%, 1.2—1.1 (m, 18 H, NCH,CH,), 1,10, 1.07, 1.04 [s, 36
H, C(CH;);]. — 3C NMR: 6 = 1714 [s, C(O)NBOC] 168.7 [s,
C(O)N], 156.3, 153.7, 153.3 (s, ArC-O), 144.9 (s, ArC-fBu),
133.4—~132.7 (s, ArC), 125.8—125.3 (d, ArC-H), 74.4, 71.9, 71.6 [t,
OCH,C(O)N], 40.9, 40,0 [t, NCH,CHa,j, 37.1, 36.1 [t, NCH,%P#eer],
33.8 [s, C(CHas)s), 32.2 (t, ArCH,Ar), 31.8 (t, CEH,Pacer), 31.5, 31.4
[q, C(CHs)sl, 28.5 [q, C(CH3)5°%), 14.3, 13.1 (q, NCH,CH,). -
MS (FAB), mfz: 1225.0 [(M + Na)™], 1203.0 (M + H)"].
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25,26,27-Tris[ ( N,N-diethylaminocarbonyl)methoxy J-28- {N- G-
(1,1-dimethylethoxy )carbonylamine Jhexyl{ aminocarbonyl }meth-
oxy}-5,11,17,23-tetrakis(1,I-dimethylethyl)calix-
[4 Jarene (13f). The alkylation was carried out in the same way as
described for the biscalix[4]arenes 2, using 9 (2.00 g, 2.02 mmol),
12f (0.65 g, 2.22 mmol), K,CO; (0.34 g, 2.42 mmol), a catalytic
amount of K1, and acectonitrile (100 ml). Compound 13f was ob-
tained as a foam in 62% vield and was used for further reactions
without purification. '"H NMR: 8§ = 8.93 (br. t, 1 H, NH), 6.9—6.8
(m, 4 H, ArH), 6.83, 6.77 (s, 4 H, ArH), 5.11 and 4.76 [AB-q, 4 H,
J = 15.0 Hz, OCH,C(O)N], 5.01, 4.80, 3.23, 3.21 (AB-q, 8 H, J =
12.7 Hz, ArCH,Ar), 4.82, 4.52 [s, 4 H, OCH,C(O)N], 4.54 (br. t,
1 H, NHBOY), 34-3.2 (m, 14 H, NCH,CH; and NCH,®a¢%),
3,1-3.0 (m, 2 H, NCH{oc), 1.8—1.6 (m, 4 H, CH,2¢"), 1.44 [s,
9 H, C(CH3)5°%), 1.4~1.3 (m, 4 H, CH®r#ee), 1.2—1.1 (m, 18 H,
NCH,CH,), 1.11, 1.07, 0.98 [s, 36 H, C(CH3)3). — PC NMR: d =
170.3 [s, C(O)NBOC], 168.7 [s, C(O)N], 156.0, 153.9, 153.7 (s, ArC-
0), 145.1 (s, ArC-tBu), 133.7-133.0 (s, ArC), 125.7—125.4 (d,
ArC-H), 74.3, 72.3, 71.8 [t, OCH,C(O)N], 40.8, 40.0, (1,
NCH,CH,), 39.5 (NCH,®ra<r), 339 [s, C(CHaj)s, 32.1 (t, Ar-
CH,LAD), 31.6 (t, CH,SPcer) 314, 31.3 [q, C(CHa)4], 30.0, 29.8, 26.9,
26.6 (t, CHyPeer) 28 4 [q, C(CH5)5Y%), 14.2, 13.1 (q, NCH,CH3).
~ MS (FAB); m/z: 1266.9 [(M -+ Na)*], 1245.0 [M + H)™].

25-[ N-( 3-Amino )propyl{ aminocarbonyl )methoxy |-26,27,28- ¢y is-
[( N.N'-diethylaminocarbonyl)methoxyJ-5,11,17,23-tetrakis( 1, 1-di-
methylethyl)calix[4 Jarene (14d-HCI): HCl gas was led through a
solution of 13d (0.94 g, 0.78 mmol) dissolved in CH,Cl, (45 ml)
for 30 minutes. The solvent was evaporated and the white residue
was triturated with acetonitrile to give compound 14d-HCI in
nearly quantitative yield. m.p. 127—-129°C. — '"H NMR: § = 9.05
(br. t, 1 H, NH), 8.71 (br. s, 2 H, NH,), 6.95, 6,89, 6.79 (s, 8 H,
ArH), 5.38 [part of AB-q, 2 H, J = 15.0 Hz, OCH,C(O)N], 5.16
(part of AB-q, 2 H, J = 12.6 Hz, ArCH,Ar), 511 {5, 2 H, OCH-;-
C(O)N], 4.7—-4.5 [m, 6 H, OCH,C(O)N and ArCH,Ar] 3.6—3.3
(m, 1§ H, NCH,CH; and ArCH,Ar), 3.2-30 (m, 2 H,
NCH ety 32-2.1 (m, 2 H, CH™9, 13-~1.1 (m, 138 H,
NCH,CHa,), 1.10, 1.07, 1.02 [s, 36 H, C(CHj5)3]. — '*C NMR: & =
169.5, 169.1 [s, C(O)N], 152.6 (s, ArC-0), 146.1, [45.7 (s, ArC-
tBu), 134.2—-133.1 (s, ArC), 125.7—-125.4 (d, ArC-H), 74.2, 72.0,
71.5 [t, OCH,C(O)N], 41,7, 41.4 (1, NCH,CH,), 37.0, 35.8 (i,
NCH, racery 33,9 [s, C{CHj;)s], not observed (ArCH.Ar), 31.4 (t,
CH*Paeeny 31,3 [q, C(CHj)5), 26.9 (t, CH,®PeY), 13,9, 13.7, 13.0 (q,
NCH,CH3). — MS (FAB); m/z: 11033 [(M + H)*], 1125.1 [(M -+
H)™]. — Cg7HooNsOg-HCI-2 H,O (1175.1): caled. C 68.49, H 8.92,
N 5.96; found C 68.61, H 8.98, N 6.24.

25-[N-(6-Amino Jhexyl( aminocarbonyl)methoxy ]-26,27,28-1ris-
[(N.N'-diethylaminocarbonyl Jimethoxy }-5,11,17 23-1etrakis( 1,1 ~di-
methylethyl)calix[4 ]arene (14f-HCI): Compound 14{*HCI was ob-
tained in the same way as described for 13d, using HCI gas, and
13f (1.55 g, 1.25 mmol) dissolved in CH,Cl, (35 ml). After tritu-
ration with acetonitrile, a white powder was obtained in nearly
quantitative yield. m.p. 133—134°C. — 'H NMR: 8§ = 9.14 (br. t,
1 H, NH), 8.30 (br. s, 2 H, NHa,), 6.87, 6.79, 6.76 (s, 8 H, ArH),
498 [part of AB-q, 2 H, J = 15.7 Hz, OCH,C(O)N], 4.9-4.6 [m,
8 H, OCH,C(O)N and ArCH,Ar], 4.72 (part of AB-q, 2 H, J =
12.9 Hz, ArCHAr), 3.6—3.1 (m, 18 H, NCH,CH; and ArCH, A1),
3.1-3.0 (m, 2 H, NCH,*cer) 1.9—1.8, 1.7—1.6, 1.6~—1.3 (m, 8 H,
CHy¥picer) 1.2—-1.0 (m, 18 H, NCH,CH;), 1.13, 1.07, 1.03 [s, 36 H,
C(CH,)3]. — PCNMR: § = 170.6, 169.4, 168.8 [s, C(O)N], 153.3,
152.8 (s, ArC-0), 145.7 (s, ArC-tBu), 133.9—-1334 (s, ArC), 125.6
(d, ArC-H), 73.6, 72.2, 72.0 [t, OCH,C(O)N], 41.2, 40.6 (1,
NCH,CHa), 39.6 (t, NCH,%#n), 33 9 [s, C(CHs,)4], not observed
(ArCH,Ar), 31.4 (t, CH,P**¢%), 31.4, 31.3 [q, C(CH,),], 28.9, 27.1,

2593

26.2, 25.8 (t, CHyPeer), 14.3, 13.1 (q, NCH,CHa). — MS (FABY):
miz 11451 (M + H)*], 11668 [(M + Na)*] -
C?gHigsNSOg'HC1'HZO (11991) calcd, C 7012, H 908, N 5.84; ?
found C ¢9.86, H 8.99, N 6.12,

1-{25-[( Aminocarbony!)methoxy[-26,27,28-tris[ (N, N-
diethylaminocarbonyl)methoxy]-5,11,17,23-tetrakis(1,1-di-
methylethyl ) calix[4 ]arene }-3- {25-[ (aminocarbonyl Jmethoxy J-
5,11,17,23-tetrakis(1,1-dimethylethyl)-26,27,28~tris[(ethoxy-
carbonyl)methoxy Jcalix[4 Jarene }propane (3d). The coupling reac-
tion was performed in the same way as described for the hexa-
esters I, using 7 (0.25 g, 0.26 mmol) dissolved in dichloromethane
(20 ml), and a solution of 14d-HCI (0.29 g, 0.26 mmol), and E{;N
(77 ul, 1.0 mmol) in dichloromethane (10 ml). The product was
purified by recrystallization from CH,Cl,/MeOH, followed by Se-
phadex (LH20/MeOH) column chromotography. Compound 3d
was obtained as a white solid in 70% yield. m.p. 120—122°C, —~ H
NMR: § = 9.09, 8.38 (br. t, 2 H, NH), 6.9—6.8 (m, 8 H, ArH),
6.8—6.7 (m, 4 H, ArH), 6.61, 6.57 (s, 4 H, ArH), 5.18 [part of AB-
q, 2 H, J = 15.2 Hz, OCH,C(O)], 5.0—4.6 [m, 18 H, OCH,C(O)N
and OCH,C(0O) and ArCH,Ar], 4.51, 448 [s, 4 H, OCH,C(O)N
and OCH,C(O)], 4.3-4.1 (m, 6 H, OCH,CHa), 3.5—-3.1 (m, 24 H,
NCH,CH,, NCH;P* and ArCH,Ar), 2.1-2.0 (m, 2 I,
CHyspeeeny 1.3~1,1 (m, 9 H, OCH,CH,5), 1.15, 1.14, 1.04, 0.96, (.93
[s, 72 H, C(CH,)s], 1.1-1.0 (m, 18 H, NCH,CH,). — *C NMR:
§ = 170.7—168.5 [s, C(O)N and C(Q)], 153.8—152.8 (s, ArC-0),
145.4—144.77 (s, ArC-tBu), 133.8~132.2 (s, ArC), 125.8—125.3 (d,
ArC-H), 74 8, 74.6, 71.5, 71.3 [t, OCH,C(O)N and OCH,C(O}],
60.7, 60.6 (t, OCH,CH;), 40.9, 40.0 (t, NCH,CH,), 37.4 (1,
NCH,*Pawery 339 337 [s, C(CH3),], 32.5 (t, CH,*P2e¢"), 32,1 (Ax-
CHLAr), 31.5, 314, 313 [q, C(CH,)), 143, 14.2, 131 (q,
NCH,CH; and OCH,;CH;). — IR (KBr): ¥ = 1760 (C=0#*r),
1667 (C=0amidey em~1, — MS (FAB); m/z; 20721 [(M + H -+
Nﬂ)-l-], 2049 .9 [(M + I‘I)+]. - C|25H173N5019 (2049.8)‘ caled. C
73.25, H 8.51, N 3.42; found C 72.97, H 8.46, N 3.59.

I-{25-[( Aminocarbonyl)methoxy ]-26,27,28-tris[( N, N -
diethylaminocarbonyl)methoxy]-5,11,17,23-tetrakis(1,1-di-
methylethyl)calix[4 Jarene }-6-{25-[ (aminocarbony! )methoxy [~
5.11,17,23-tetrakis(1,1-dimethylethyl)-26,27,28-tris[ ( ethoxyear-
bonyl)methoxy Jealix[4 Jarene }hexane (3f): The non-symmetric,
double calix[4]arene was prepared in the same way as described for
3d, using 7 (0.25 g, 0.26 mmol) dissolved in dichloromethane (2{)
ml), and a solution of 14f (0.30 g, 0.26 mmol), and Et;N (77 nl,
1.0 mmol) in dichloromethane (10 ml). Purification gave a whiie
solid in 68% yield. m.p. 106—108°C. — 'H NMR: § = 9.01, 8.38
(br. t, 2 H, NH), 6.9-6.8 (m, 4 H, ArH), 6.80, 6.74, 6.70, 6.61 (s,
12 H, ArH), 5.14 [part of AB-q, 2 H, J = 15.0 Hz, OCH,C(0O}],
4.99 (part of AB-q, 2 H, J = 12.8 Hz, ArCH,Ar), 4.9—-4.6 [im,
16 H, OCH,C(O)N and OCH,C(O) and ArCH,Ar], 4.51 [s, 4 H,
OCH,C(O)N and OCH,C(O)], 4.19 (q, 6 H, J = 7.2 Ilz,
OCH,CH3), 3.4-3.1 (m, 24 H, NCH,CH., NCH,P*" and Ar-
CHAr), 1.7-1.6, 1.4—1.3 (m, 8 H, CH,sr2e¢t) 1 3-1.2 (m, 9 I,
OCH,CH3), 1.13, 1.09, 1.08, 1.06, 1.02, 0.96 [s, 72 H, C(CHai)4].
1.2—1.0 {m, 18 H, NCH,CH,). — 3C NMR: 8 = 170.4—168.6 {s,
C(O)N and C(O)], 153.6—152.9 (s, ArC-0), 145.4—144.8 (s, Ar{-
tBu), 133.7—132.3 (s, ArC), 125.8—125.3 (d, ArC-H), 74.7, 74.5,
7.7, 714 ft, OCHL,COWN and OCH,C(O)], 60.7, 60.5 ({,
OCH,CHS,3), 40.9, 39.9 (t, NCH,CH,), 39.6 (t, NCH,%pacer), 33,9,
33.8, 33.7 [s, C(CHs)s], 32.4 (t, CH,Pcer), 32.0 (ArCH,AT), 31.5,
31.4, 31.3 [q, C(CH;)5}, 30.3, 27.3 (1, CHysp2ee), 143, 14.2, 13.1 (q,
NCH,CH; and OCH,CH;). — IR (KBr): ¥ = 1760 (C=Q¢%5ter),
1667 (C=08md¢) em~! — MS (FAB); m/z: 21145 [M + H -+
N&)+], 2092.6 [(M + 2 H)_t-], — Ci28H 70N505-2 H,0 (212749):
caled. C 72.25, H 8.67, N 3.29; found C 72.26, H 8.58, N 3.45.
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Procedures for Euw’t Complexation Reactions

Linub: 1) Dissolve calix[4]arene in acetone, add two equivalents
of Eu(NO,}); in acetone (stock solution), stir overnight, evaporate
solvent, dry under vacuum,

2) Dissolve calix[4]arene in CH,Cly/acetonitrile (1:1), add two
equivalents of Eu(NOs); in acetonitrile, reflux overnight, collect
precipitate, dry under vacuum,

2b: 1) Dissolve calix[4]arene in acetone/CH,Cl, (3:1), add two
equivalents of Eu(NQO;3); in acetone, stir overnight, a) evaporate
solvent or b) remove solvent with pipet, dry under vacuum,

2) As 1) reflux overnight, collect precipitate, dry under vacuum.
3) As 2) in acetonitrile.

{1,4-Bis[25-aminocarbonyl-26,27,28-tris[ ( N,N-diethylamino-
carbonpl)methoxy]-5,11,17,23-tetrakis( 1,1-dimethylethyl) calix-
[4 Jarene [benzene }dieuropium(3+ ) Hexanitrate(— ) (2b-2|Eu(NO3,);)):
Homodinuclear complex 2b-2[Eu(NO,),} was prepared by method
3, using biscalix[4jarene 2b (0.108 g, 49.9 umol) and a stock solu-
tion of 19.9 mM Eu(NO;);-6 H,O (5.02 ml, 99.9 pmol) in aceto-
nitrile. m.p. >300°C. — IR (KBr): ¥ = 1651, 1623 (C=0) cm™*,
— MS (MALDI); m/z; 2468.2 (M™), 2189.8 [[M~2Eu + Na -+
H)*). — CisqHg6EuzNgO6 (2468.9): caled. Eu'* 12.3; found
Fu’* 16.3.

{1,4-Bis[25-aminocarbonyl-26,27,28-tris[ ( N,N-diethylamino-
carbonyl)methoxy J-5,11,17,23-tetrakis( 1,1-dimethylethyl)calix[4 ]-
arene Jbenzene }europium( 3+ )neodymium(3+) Hexanitrate( —)
(Zb [Eu(NO3)5] [Nd(NO5)5]): Heterodinuclear complex 2b [Eu(INO;);)
[Nd(NO3);} was prepared by method 3, using biscalix[4]jarene 2b
(58.2 mg, 26.9 umol), and stock solutions of 6.14 mM
Eu(NQO;); 6H,O0 @439 ml, 269 pumol), and 6.71mM
Nd(NO3); - 5H,0 (4.01 ml, 26.9 umol) in acetonitrile. m.p. >300°C.
— IR (KBr): ¥ = 1651, 1621 (C=0) ey~ !, — MS (MALDI); m/z:
2466.1 [(M + 5)*], 2188.0 [M — Eu — Nd + Na)*], 2318 [(M —
Nd + H)+] - C134H136E11N3Nd015 (24612) calcd. Eu3t + Nd**
12.0%: found Bu** + Nd3* 15.9%. — XRF: Eu**/Nd** = 1:1.3.

X-ray Crystallographic Study: X-ray crystallographic analysis of
1ga: colorless prism, CopHoaN2Ogy, EW. = [553.74, monoclini:::,
spacegroup C2)/c, a = 36.169(1), b = 15.098(2), ¢ = 16.042(2) A,
B = 111.1(6)°, V = 8170.4(5) A3, Z = 4, D, = 1.26 glem?®, The
asymmetric unit consists of half a molecule. Data were collected on
an Enraf-Nonius diffractometer in the ©-20 scan mode. Graphite
monochromated Mo-K,, radiation, A = 0.71073 A. Of the 4001
independent reflections 1817 were taken as observed with [, >
2.50(1,) (2.5° < B < 20°). The structure was solved by direct meth-
ods using SIR921%% in the Enraf-Nonius software packagel®! and
was refined by full matrix least square methods with all atoms
treated anisotropically except for the two oxygens, which were
partly occupied in the water molecules. Hydrogen atoms were not
included. The weighting scheme used was w = 4F3/g*(F2), o*(F3) =
() + (pF%)> with p = 0.04. The resulting R factors were: R =
8.2%, R, = 9.9%. Crystal data arc given in Table 3. Crystallo-
graphic data (excluding structure factors) for the structures re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre. Copies of the data can be obtained free
of charge on application to The Director, CCIDC, 12 Union Road,
Cambridge, CB2 1EZ, U.K. [Fax: (internat,} + 44(0)1223/336033,
E-mail: deposit@chemcrys.cam.ac.uk] on quoting the depository
number CCDC-100724, the names of the authors, and the
journal citation.

Molecular Modeling: The protocol applied for molecular mech-
anics and dynamics calculations has been described by van Veggel
and Reinhoudt!*3%),
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Table 3. Data of the crystal structure of 1yal?l

L Ty

Formula ngngNzozg

M. 1553.74

crystal prism

crystal size 0.2 X 0.2 X 0.2 mm
color colorless

crystal system monaocliinic

space group C2/c .

a 36.169(3) A

& 15.098(1) A

¢ 16,042(1) A

3 111.15(1)°

V 8170(1)

Z 4

D, 1,26 glem?

i 0.084 cm ™!

T 140 K

Nonius CAD4 diffractometer 0/20scan
Mo-K,, A= 071073 A

D 8§—13°

Gmax 20°

hlk, ! —~34/32, —14/14, 0/15
Absorbtion correction: none

measured refiections 7963

independent reflections 4001

observed reflections 1817

[I > 2.5 o()] Ryt = 5.9%
Refinement on F

R(F) = 8.2%, wR{(F) = 9.9% S = 3.21

w = U[cXF); o(F) = o2 F)  o(F?) = [63(D+(p: F2}!"
(AlG)mx = 0.24 Apyax = 0.51 e/A*
Extinction correction o= g 1 gl
Extinction coefficient 4:1070

R — J———

2] Cell parameters from reorientation of matrices during measure-
ment, 3 standard reflections monitored cvery 200 reflections. intlen-
sity variations within statistical fluctuations, atomic scattering lac-
tors from:. International Tables for Crystallography 1992, vol. C,
Tables 4.2.6.8 and 6.1.1.4,

Photophysical Studies: Steady-state luminescence measurements
were performed with a PTI (Photon Technology International,
Inc.) Alphascan spectrofluorimeter. For excitation a 75-W quartz-
tungsten-halogen lamp followed by a SPEX 1680 double mono-
chromator was used. A PTI 0.25 m single monochromator was used
for separation of the emitted light, that was detected atl an angle of
90° from the excitation light. The signal [rom the Hamamatsu RY28
photomultiplier was led to a photon counting interface. For meas-
urements in the phase resolved mode, the excitation beam is modu-
[ated in mtensity at a frequency of 30—400 Hz by means of an
optical chopper. The modulated luminescence signal is sub-
sequently analyzed with a Stanford Research SR530 lock-in ampli-
fier, The frequency dependence of the phase shift and of the de-
modulation of the luminescence signal is [itted to well-known ex-
pressions applied to phase-resolved luminescence datal*?, For fas-
ter time resolved luminescence measurements, an Edinburgh
Analytical Instruments LP900 system was used, whiclh consisted of
a pulsed Xe lamp followed by a 0.25-m monochromator for exci-
tation and another 0.25-m monochromator, used for the separation
of light, positioned at an angle of 90° with respect to the first one,
The photons were transferred into electric signals by means of a
North Coast EO817P liquid nitrogen cooled Germanium detector,
and fed to a Tektronix fast digital oscilloscope. Because of the sen-
sitivity of the Eu’* luminescence lifetimes and intensities (o the
water content of the solutions, methanol was dried over molecular
sieves (3 A) prior to use and the lifetimes and luminescence spectra
were recorded using freshly prepared samples,
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