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Abstract

Chelating paracyclophanes that are sterically constrained to a gregt extent have been synthesized and characterized by X-ray
crystallography and NMR spectroscopy: the macrocycles studied are 2.9,18,25-tetraoxo-4,7,20,23-tetrakis(carboxymethy1)-
1,4,7,10.17,20,23 26-o0ctaaza[10.10]paracyclophane, abbreviated as (Lpd)H,, and its 2,5-dimethyl-p-phenylene and tetramethyl-p-
phenylene derivatives, abbreviated as (Ldmpd)H, and (Ltmpd)H,. respectively. Steric interaction between tetramethylphenyviene
and amide groups in the tetramethyl derivative defines the conformation of the macrocyclic cavity, and causes unusual
spectroscopic and chemical properties including the extreme line-broadening of 'H NMR signals and the low basicits of amino
nitrogen; such properties are not observed for the other macrocycles. in which steric interaction between phenvlene and amide
groups is less effective. The complexation of the highly strained ligand (Ltmpd)H, with Cu** ions has been studied by X-ray
crystallography and solution electronic spectroscopy. The macrocycle forms a binuclear complex of [Cu.(LH _)]* - tvpe in which
four amide nitrogen atoms are deprotonated and each metal ion is coordinated to two amide nitrogen atoms and two amino
nitrogen atoms. In the binuclear chelate molecule, the severe contraction of the macrocyclic ring forces the phenylene groups
distorted to a boat form, due to the steric effect of the tetramethyl substituents. As a result, the metal-ligand charge-transfer
interaction in the binuclear complex differs from that in the mononuclear chelate of the same macrocycle, © 2001 Elsevier Science
B.V. All rights reserved.

Keywords: Crystal structures; Copper complexes; Macrocyclic complexes; Binuclear complexes

1. Introduction

Preorganization of ligand molecules is a major strat-
egy for the molecular design of receptors that have a
high molecular recognition capability toward specific
metal ions [1-7]. When a macrocyclic ligand is proto-
nated or coordinated to a metal ion, the conformation
of the ligand molecule is altered. When such a confor-
mational change is obstructed by the introduction of
bulky groups into a macrocyclic ligand, the resulting
macrocycle will show complexation properties that dif-
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fer from those of the parent macrocycle, even when the
electron densities on the donor atoms are not influenced
by the introduced groups. This is an approach to the
preorganization of macrocycles. This paper reports a
novel example in which macrocycles that have an iden-
tical ring size and an identical arrangement of donor
atoms show different acidities, spectroscopic properties
and coordination properties due to a difference in steric
effects.

Reactions between ethylenediaminetetraacetic (edta)
dianhydride and aromatic diamines (such as
p-phenylenediamine) provide a series of amide-based
chelating paracyclophanes represented by macrocycle 1
(Fig. 1) in which two edta units and two diamine units
are linked by amide bonds [8-10]; macrocyele 1 is

reserved
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abbreviated as (Lpd)H, that indicates the diamine unit
and the number of acidic protons. Il the conforma-
tional change of the ligand upon metal complexation
can be hindered by the introduction of bulky groups
into the phenylene groups of (Lpd)H,, the resulting
macrocycle will be ideal for studying the steric effect on
metal complexation, because the substituent groups do
not directly influence the electron density and conse-
quently electron-donating capability of the donor
atoms. On the basis of this presumption, we have
synthesized dimethyl and tetramethyl derivatives,
(Ldmpd)H, (2 in Fig. 1) and (Limpd)H, (3 in Fig. 1).
and studied their solid state structures and solution
properties related to molecular motion. For studying
the steric effect on metal complexation, Cu®* is the
best central metal because the Cu’* complex of the
amide-based cyclophane is expected to show a struc-
tural conversion between structures A and B in Fig. 1
depending on pH. as reported for the Cu** complexes
of (Lpd)H, [10,11]. The solution electronic spectra and
X-ray structure of the binuclear Cu** complex of the
tetramethyl derivative 3 have shown the formation of a
highly strained metal chelate molecule as a result of a
steric interaction between tetramethyl-p-phenylene and
amide groups.

A
vﬁ;«w”

1 [Lpd)Ha =
2 (Ldmpd)Hs: m-H,I‘-b CH,
3 (LmpdHe Ry=Rp=CHy

° R R j’\
ﬁi‘é*
-.s,;u Ry l

‘05,’_) e Hi N;}'U
° ?ﬁ"z’ °

Structure A [Cul )0

0 Ry R, ©
Structure B [CuglLH )%

Fig 1. Chelating paracyclophanes studied and the possible structures
of the binuclear Cu® * chelates.

2. Experimental
2.1 Syntheses of macrocveles

Macrocycle 1, (Lpd)H,, was synthesized by a reac-
tion between ethylenediaminetetraacetic (edta) dianhy-
dride (Aldrich) and p-phenylenediamine (Aldrich 97%,
grade) by the method reported previously [10]. A simi-
lar method was used for the synthesis of (Ltmpd)H,.
2,3,5,6-Tetramethyl-p-phenylenediamine (2.1 g, Aldrich
97% grade) dissolved in dry dimethylformamide (DMF,
90 ml) was added dropwise in a period of 4 h to edta
dianhydride (3.0 g) suspended in DMF (200 ml) with
vigorous stirring under a nitrogen atmosphere. After
the resulting mixture was stirred overnight, any solid
formed was removed by filtration. The filtrate was
concentrated to an oil, to which ethanol (30 ml) was
added. The solid formed was collected by filtration. The
solid obtained was suspended in water (40 ml). To the
suspension, solid Li,CO; was added little by little until
a clear solution was obtained. The resulting solution
(pH = 7.5) was concentrated to half the initial volume,
to which ethanol (20 ml) was added. The solid formed
was collected by filtration and dried in vacuum, and
then washed by suspending in methanol (20 ml)

Sovernight, The solid separated was mixed with a small
amount of water so as to form a mull, which was
dissolved by adding methanol. Concentration of the
resulting methanol solution gave the product as its
lithwum salt. When an aqueous solution of the lithium
salt was acidified with dilute HCI until the pH was
approximately 2, the product was obtained in the acid
form. and was collected by filtration, successively
washed by suspending in water. collected by filtration
again and dried in vacuum. Yield: 10%. Anal. Found:
C, 5223; H, 693 N, 1203 Cale. for
C4HsN;0,,4H,0: C, 52.62; H, 7.07; N, 12.27%. 'H
NMR (H,0-d,/Na,CO,, pD 10.2, DSS): é =1.85 (s,
24H, assigned to CH,), 2.94 (s, 8H, Hb in Fig. 1); 3.33
(s, 8H, Ha); 3.42 (s, 8H, He). “C NMR (H,O-d,/
KOH-d, pD 10.6, DSS): 6 = 17.29 (methyl); 55.97 (Cb);
61.10, 62.27 (Ca, Cc); 134.76, 134.99 (phenylene C-N,
C-Me); 176.94 (CONH); 181.89 (CO5). Mass spectrum
(ESI): m/z=839.7 ((M—H]". 100%); 419.6 (M —
2HF -, 32%).

The use of 2,5-dimethyl-p-phenylenediamine (Aldrich
97% grade) as the diamine source gave (Ldmpd)H,. The
process of purification was similar to that for
(Ltmpd)H,. Yield: 8%. Anal. Found: C, 53.74; H, 5.68;
N, 13.76. Cale. for CyHN,0,.H.0: C, 53.86; H,
6.28; N, 13.95%. '"H NMR (H,0-d,/Na.CO,, pD 10.6,
DSS): 6 = 1.96 (s, 12H, CH;): 2.88 (s, 8H. Hb); 3.29 (s,
8H, Ha); 3.44 (s, 8H, He); 6.98 (s, 4H. phenylene H).
“C NMR (H,0-d,/KOH-d, pD 1.8, DSS); 4 =19.29
(methyl); 5554 (Ch). 60.88. 61.39 (Ca. Cc); 129.80
(phenylene C-H) 133.64. 13470 (phenylene C-N.
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Table |

Crystallographic data for Li;H (Ltmpd) 10H,0, 3(Lpd)H, 2HCI- 24H,0, and K [Cuy(Limpdll )] [1H,0

Li.H,(Ltmpd) 10H,0

Li,CyH oy NyO 5 10H,0

Chemical formula

Temperature (K) 170 X
Space group P1 (No. 2)
Unit cell dimensions
a (A) 8.689(1)
b (A) B.728(1)
c (A) 18.993(4)
a(*) 102.25(1)
) 90.48(2)
7 () 108.98(2)
V(A 1326.4(4)
z 1
Peasc (Mgm ) 1293
p (mm~") 0.104
R\WR, [[>2a(N]* 0.0635/0.1357

183

HLpd)iH 2HOE 24H,0 Ku[Cuy(LimpdHl )] 11H,0

CagH 3N 1,0, C1-24H,0 K Cu,CyH N0, 1TH.0

300 170

PI (No. 2) P2 in(No. 14
13443145 12.664(1)
14.8469(6) 14.789(1)
17.4663(T) 15.707(1)
714941 90

85.056(1) 94.43142)
83.448(1) 90

3279.6(2) 2932 8(4)

| 2

1.363 1.489

0.152 1.089
0.0793/0.2127 0.0847/0.2248

* R, = X|F, — FJ/TF,; wR2 = (E{w(F,? = F.V)/Ew(F, FII'* w=1/[g(F, %) +(aP) +bP), P=[2F.? 4+ max(F, *0)}/3; a=0.065] and b=0
for Li;Hy(Ltmpd) 10H;0; a = 0.1 and b =0 for 3(Lpd)H, 2HCI-24H,0; a = 0.1 and b= 12.0 for K,[Cu,(LtmpdH _,)] 11H,0.

C-Me); 176.36 (CONH); 181.80 (CO;5 ). Mass spectrum
(ESI): m/=783.2 ([M — H]~, 100%).

2.2, X-ray crystal analyses

Diffraction data were collected with graphite-
monachromated Mo Ka radiation (4 =0.71073 A) on a
Bruker SMART 1000 X-ray diffractometer equipped
with a CCD area detector. Data processing was carried
out with the software package Bruker sAINT version
6.01, and structure determination was performed by the
use of a Bruker SHELXTL version 5.1 software package.
The scattering factors were taken from the Interna-
tional Tables for Crystallography, Vol. C, Table
6.1.1.4. The crystallographic data are summarized in
Table 1.

Single crystals of Li.[(Ltmpd)H.]'10H,O were ob-
tained by diffusing ethanol into an aqueous solution
that was prepared by adding a minimum amount of
solid Li,CO, to a suspension of the macrocycle in a
small amount of water in a small-bore tube. A colorless
plate-like crystal with approximate dimensions of
0.03 x 0.10 x 0.25 mm® was mounted on a glass fiber
with an inert oil and transferred to a cold nitrogen
stream of the diffractometer. The data collection was
performed at a temperature of 170 K: 0 < 268 < 56.3°;
total reflections ( + 4, +k, +/)=15097; unique reflec-
tions = 5884. The structure was solved by direct meth-
ods followed by Fourier syntheses. Hydrogen atoms
were added at idealized positions for the ligand
molecule and at peak positions for water molecules,
and they were constrained to ride on the atoms to
which they are bonded.

Single crystals of 3[(LpdiH.]}-2ZHCI-24H.O were
grown by diffusing HCI vapor into an aqueous solution

that was prepared by adding solid Na,CO, to a suspen-
sion of the ligand in a small amount of water (pH =~ 8).
The crystals were highly efflorescent. A prismatic crys-
tal with approximate dimensions of 0.17 x 0.20 x 0.47
mm® was sealed in a glass capillary together with the
mother liquor, and the data collection was carried out
at 300 K: 0<28 <350° total reflections (+h, +k,
+ 1) =17 748: unique reflections = 11486. Carbon and
oxygen atoms in a carboxylate group and two water
molecules were disordered. Hydrogen atoms were in-
cluded in the refinement in the same manner as for
Li;[(Ltmpd)H.J 10H,O, but the hydrogen atoms of
most solvent molecules were excluded.

Single crystals of K, [Cuy(LtmpdH_,)]'11H,O in
which four amide nitrogen atoms are deprotonated
were obtained as follows. When excess CuCl, was
added to an aqueous solution of the lithium salt of the
ligand, a pale blue solid formed immediately. The
product was dissolved in a small amount of 0.1 M
KOH in a small-bore tube. Ethanol was added to the
surface of the resulting deep brownish green solution.
After the interface between the two liquid layers disap-
peared in a week, acetone was diffused into the result-
ing solution. Deep blue green crystals were obtained in
a few weeks. A plate-like crystal with approximate
dimensions of 0.05 x 0.18 x 0.43 mm’ was sealed in a
glass capillary together with the mother liquor; the
crystal was highly efflorescent. The data collection was
performed at 170 K: 0<28<50° total reflections
(+h, 4k £1)=28421; unique reflections = 5158,
Empirical absorption corrections were applied by using
the program SADABS: T, =0.553 and T, =0.969.
The crystal contained disordered water molecules that
were readily liberated. Some of the water molecules
were disordered in several positions. These molecules
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were refined isotropically, and their occupancies were
determined in such a manner that their displacement
parameters were almost identical.

2.3. Spectrascopic measurements .

The NMR spectra were obtained with a Bruker AM
250 spectrometer for H,O-d, solutions at a probe tem-
perature of approximately 23°C. The internal reference
was sodium  2,2-dimethyl-2-silapentane-5-sulfonate
(DSS). A minimum quantity of dilute KOH-d solution
or dilute DCI was used for adjusting the pD of the
sample solutions. The pH value of each sample solution
was measured with a long-stem combination electrode
inserted into the NMR sample tube after NMR experi-
ments. The electrode was calibrated with standard
aqueous buffers, and the measured pH values were
converted to pD values by the relation pD = pH,...q +
0.44 [12,13). Solution electronic spectra were recorded
on a Perkin—Elmer Lambda 2 UV-Vis spectrometer.
The ligands were dissolved in 0.01 M NaCl solution by
adding an equimolar amount of solid Na.CO;; the
water solubilities of the macrocycles markedly de-
creased with decreasing pH at pH <7. The pH values
of sample solutions were adjusted by using 0.01 M HCI
and 0.01 M NaOH so that the ionic strength was kept
constant. Sample solutions of the Cu®~ complexes were
prepared from stock solutions of CuCl, and the appro-
priate ligands. The mass spectra were obtained by the
use of a JEOL HX [10A spectrometer.

3. Results and discussion
3.1. X-ray structures of the macrocycles

Fig. 2 shows the molecular structure of [Li(H,0),); -
[(Ltmpd)H,]* ~. An electron-density peak assignable to

Fig. 2. Molecular structure of [Li(H,0),].[(Ltmpd)H;]. The molecule
has an inversion center. The atoms are shown at the 50% probability
level. Intramolecular hydrogen bonds: d[N(1)O(6)] = 2 848(3) A,
LIN() — H--O(6)] = 14815 d[N(3)-O2)] =2 750(2) A, £ [N(3) —
H--(2)] = 149.0°

H was located at a position close to N(3) with a
distance of 0.95 A reasonable for an N-H bond,
whereas no peak was visible near N(2). Thus, the
protonated amino nitrogen was unequivocally identified
to be N(3). The protonated amino nitrogen N(3) forms
an intramolecular hydrogen bond with O(2) in the
other >NCH,CO; unit that is not protonated at its
nitrogen or oxygen atom. The molecular planes of the
two phenylene rings in a molecule are parallel to each
other with a face-to-face distance of 4.417(3) A, the
closest C-C distance being 4.250(4) A for C(12)-C(19).
These distances are much longer than the van der
Waals contact (3.4 A) predicted for the face-to-face
stack of aromatic molecules and still longer than the
C-C distance 4.0 A predicted for the van der Waals
contact of methyl groups [14]. The least-squares planes
of the amide groups are rotated by 59.77(10) and
67.12(8)° from the phenylene ring plane due to the
steric effect of methyl groups. This steric effect between
the methyl and amide groups results in (1) the long
intramolecular face-to-face distance between the phen-

Molecule Il

Fig. 3. Structures of molecule 1 (top), [(Lpd)H,]", and molecule 11
(bottom), [(Lpd)H.] *, involved in 3(Lpd)H, 2HCI-24H.0. The atoms
are shown at the 30%, probability level. Molecule I has an inversion
center. Atoms C(4), O(2) and O43) in a carboxylate group in molecule
1 are disordered at two positions; only one (labeled A) of the
positions is shown for each atom for clanity. Hyvdrogen bonds: in
molecule 1, d[N(1)-O2A)] = 275911 A, £[N(1) = H-024)] =
149.5% in molecule 11 d[i9)-O(18)] = 29445 A N9 -
H-O{18)] = 138.1°
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Table 2
Geometrical parameters related to paraphenylene groups in [il lrndeH ] + [CuyfL lmpdil O L [(LpdH,P and [(Lpd)H,)*
[(Ltmpd)H - [Cu (LtmpdH .J]' [(Lpd}ll*]" [(LpdiH ]
Deviations tAJ of atoms from the Icasl -squares plane of the p- phn.nylc.m: ring*
Cill)para 0.007(2) 0.031(5p¢ 041" <0.01 C(27) <0.01
C(14)0n 0.017(2) 0.030(5) 0045011 ® <01 C3m <0.01
N imige 0.109(3) 0.086(10) 0.100(16) ® ~0.010(6) N(5) 0.077(6)
N4 i 0.053(3) 0.129(10) 0.146(16) ® 0.037(6) N(12) 0.077(6)
L&{ ) —0.060(4) —0.104(13) ~0.087(14) ® N(8) 012N
C{18)y,, 0.021(4) —=0.100(13) —-0.085(15) " N9 0.042(7)
Cl1P) s —0.170(4) ~0.058(13) —~0.044(15)*
C(20)p4, 0.126(4) =0.13%(13) =0.121(15)®
Distances (A) between the least-squares planes of two p-phenylene rings in a molecule
4.417(3) 3411(8) 3.442(8) ¢ 3432(5) edge-to-face
Angles (°) between the amide and phenylene ring planes
59.77(10) £6.5(3) 11.7(4) 12.3(2) 28.9(3)
67.12(8) 87.8(3) 26.4(2) 3.6(4) 9.3(3)

* The positive sign indicates deviation toward the other p-phenylene ning in the same molecule, and the negative sign indicates devialion to the
opposite direction; for N(5) and N{12) bonded to the edge-stacked phenylene ring in [(LpdjH.]*, the sign of deviation is not defined,

® Deviations from the least-squares plane of four carbon atoms C(12), C(13), C(15) and C(16) which are in the plane within a deviation of 0.004
A; the phenylene ring is distorted in a boat form with dihcdral angles, 3.7-3.9°.

¢ Distance of the least-squares plane of four ring carbon atoms, C(12), C(13), C(15) and C(16), from the corresponding plane of the other

p-phenylene group that faces the former.

ylene rings, and (2) the deviation of methyl carbon
atoms C(19) and C(20) from the phenylene plane (Table
2). The efTects of the methyl substituents are verified by
comparison with the X-ray structure of the unsubsti-
tuted cyclophane, (Lpd)H,.

The unit cell of 3[(Lpd)H,]2HCI-24H,O contains
three macrocyclic molecules, two of which are crystallo-
graphically equivalent. One molecule, labeled I in Fig.
3, has an inversion center and half the molecule is
unique, whereas two crystallographically equivalent
molecules, labeled II, are asymmetric. The protonated
nitrogen atom in molecule I is identified to be N(3) by
the same method as for [(Ltmpd)H.]~. A hydrogen
peak was located at a position of O(3A)-H = 1.15 A
and the C(4A)-O(3A) distance is approximately 0.1 A
longer than C(4A)-O(2A), whereas in the carboxylate
group C(8)0(4)0(5), two C-O distances are =~ 1.25 A
and their difference is not larger than 0.03 A. These
observations show that the carboxylate oxygen atom
O(3) is protonated. Molecule I, therefore, can be for-
mulated as [(Lpd)H.)’, in which two N-carboxymethyl
groups have the dipolar (or zwitterion) form, >NH™*
CH,CO;, and the other two have the neutral form
=NCH,CO,H. The protonated donor atoms in
molecule II are identified to be N(7), N(11), O(8), O(15)
and O(17) on the basis of the same criteria as for
molecule 1. Molecule II is, therefore, formulated as
[(Lpd)Hs]* in which three types of N-carboxymethyl
groups are involved: an =NH*CH,CO; group, two
=>NCH,CO,H groups, and an =NH*CH,CO,H
group. A counter-anion Cl~ is located at a position
apart by 3.114(4) A from the amide nitrogen N(12),

and these atoms are connected by a hydrogen bond.

a The composition of the crystal studied is, therefore.

described by [(Lpd)H ]™[(Lpd)H: Cl-]..

Molecule I, [(Lpd)H,]°, contains a slipped face-to-
face contact with an interfacial distance of 3.432(5) A,
which is nearly equal to the value, 3.4 A, predicted for
the van der Waals contact of aromatic molecules. In
molecule 11, [(Lpd)H:] ™, the phenylene groups form an
edge-to-face contact. Electrostatic interaction between
two phenylene groups stabilizes an edge-to-face con-
tact, and a face-to-face stack is stable only in the
slipped form [15]. Both types of contacts are formed in
this crystal. The molecular planes of amide groups in
molecules I and IT are rotated by 4-29° from the planes
of the phenylene groups to which they are bonded
(Table 2); the n-electron systems of the amide groups
are conjugated with the phenyl groups, whereas such a
conjugation is absent in the tetramethyl derivative.
Thus, the introduction of methyl groups in the aro-
matic groups results in the different conformations of
the macrocycles, which may be an important con-
trolling factor of metal complexation.

3.2. '"H NMR spectra and protonation of the
macrocycles in solution

Fig. 4 shows the '"H NMR spectra of (Ltmpd)H, at
different pD values, and the chemical shift and the full
width at half maximum (fwhm) of each signal are
plotted in Fig. 5 as functions of pD. At pD > 9 four
sharp peaks were observed, and hence four subunits in
a molecule are chemically equivalent due to rapid inter-
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nal fluctuation. All signals shifted downfield with de-
creasing pD at pD < 9. Simultaneously the linewidths
of the signals increased extraordinarily, except for the
methyl proton signal; at pD <8 only the methyl pro-
tons showed a well-defined signal. Such an extreme
line-broadening in 'H NMR spectra was not observed
for (Lpd)H, and (Ldmpd)H,. -

The chemical shift of the ith CH. proton (i=a, b,
etc. in Fig. 1) in (Lpd)*~ and (Ldmpd)'~ can be
explained by the following function of pD (Fig. 6):

5.(pD) = {30+ £,0,,8,10~""O}/{1 + £,8,10 "0}
(h

Here £, is the overall protonation constant at the nth
protonation step, d,, is the chemical shift of the ith
CH, proton in the completely deprotonated species
shown by the general formula L* ~, and 4,,, the chemi-
cal shift of the ith proton in the species formed at the
nth protonation step. Simulation curves obtained on
the basis of Eq. (1) are shown by the solid lines in Fig.
6; the parameters for the best fits are given in the
caption. For (Ltmpd)H,, simulation can be performed
only for the methyl group; other proton signals are
extremely broad, and hence the simulation curves are
shown tentatively by the use of the fi; value obtained
from the methyl proton signal. The increase in the 4,
value, 8,,—d,,_,, at the nth protonation step is re-
lated to an increase in proton population on the adja-
cent donor atom at the corresponding protonation step
[16,17]. The large simultaneous changes in 4,, of all
CH, proton signals in the pD region of 7-9 indicate
that the protonation in this pD region occurs predomi-
nantly at amino nitrogen atoms; the next protonation
at pD < 6 occurs at carboxylate oxygen atoms. The 'H
NMR spectra show that two edta units are equivalent

|

S B o T o e e o ot s IR J Ch B ey I e e

3.5 3.0 2.8 2.0
PPM

Fig. 4. '"H NMR spectra of (Ltmpd)H, at pD 10.4 (bottom), 8.3
(middle) and 7.5 (top). Concentration = 5 mM. internal reference =
DSS; temperature = 23°C
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Fig. 5. '"H NMR shifts é (referenced to DSS) vs. pD observed for
(Liumpd)H,; for labeling see Fig. 1. The vertical lines of the data
points indicate the FWHM values of the signals. The solid lines are
calculated by Eq. (1) with log §, = 7.30; 8y, o= 1.85, &y, = 1.98;
0.0=3.33,0,,=3.59,0,,=294,0,, =348, 4,,=342,4,,=3.85
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Fig. 6. 'H NMR shifts & (referenced to DSS) vs. pD observed for
(Lpd)H, (O) and (Ldmpd)H, ( x ); for labeling see Fig. 1. The § of
the methyl proton signal of (Ldmpd)H, is not included. The solid
lines are simulation curves obtained from Eq. (1) with the following
values of the parameters: for (Lpd)* ~. log §, = 7.77, log fi,=12.29,
log fiy= 1501, 6,0=3.28, §,, =366, 6,,=3.80, 8,,=3.96, 6,,=
284, 8,,=337, 6,,=337, 6,,=340, 6,,=342, 4 ,=397,
0.2=3950.:,=400.8,,=71108,,=7.19,6,,=722,8,,=724
for (Ldmpd)H,, log §, =782, log f.=12.18, log f,=14.25 4 ,=
329, 6, =364, 0,,=382 §,,=4.09, §,,=288, §,,=335
843 =3.35,8,,=337, 8.0=34, 0., =403, 6,,=401,5,;=408,
Gono =098, 6, =702, 6, =706, d,, = T7.02, the parameters for
the methyl protons, dyo=1.96, dpy; =2.06, Sy =205, dpyo =
2.05.

in solution throughout the pD range studied. Protona-
tion in two edta subunits occurs simultaneously in an
independent manner; [LH,)* ~ forms at the first proto-
nation step and [LH,]" at the second protonation step.
Since all the N-carboxymethyl groups in the [LH."

species are equivalent in solution, each acidic proton in
[LH.J ~ is shared by two amino nitrogen atoms in each
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=NCH,CH,;N< unit, and synchronously with this
prototropy the internal molecular motion occurs. This
internal motion in [(Lpd)H.]* and [(Ldmpd)H.]* ~ is
so fast that sharp 'H NMR signals are observed
throughout the pD range studied. In contrast. the
internal molecular motion in [(Ltmpd)H.; ~ is hin-
dered by the steric effect between the amide and te-
tramethylphenylene groups, and hence so sluggish as to
result in the extremely broad 'H NMR signals.

The f8, values determined from the 'H NMR signals
of a weak acid indicate the basicities of the donor
atoms in H,O-d, media. The log f, value, 7.30, deter-
mined for (Ltmpd)* ~ on the basis of the methyl proton
signal is significantly smaller than the corresponding
value 7.82 of (Ldmpd)*~ and 7.77 of (Lpd)*~; the
estimated uncertainty in the curve fitting was =+ 0.02,
which was smaller than the uncertainty +0.03 of the
conversion of pH,,,...4 to pD [13]. The lower basicity of
the amino nitrogen atoms in (Ltmpd)*~ can also be
interpreted by the steric effect of the te-
tramethylphenylene groups, as follows. The protonated
state of a weak acid is stabilized when an acidic proton
is shared by two electron-donor sites, and this stabiliza-
tion increases the basicity of the donor site. Such a
stabilization is less effective in [(Ltmpd)H,]" ~, because
the molecular reorientation accompanying proton ex-
change is hindered as shown by the line-broadening in
the NMR spectrum. The tetramethyl substituents are
too distant from the amino nitrogen atoms to influence
the electron density on the donor atoms, but the steric
effect of the methyl and amide groups decreases the
basicity of the amino nitrogen in (Ltmpd)* .

Fig. 7. Molecular structure of [Cuy(LimpdH _,)J* ~. The molecule
has an inversion center, The atoms are shown at the $0°% portability
level, The M-X distances (A) and X-M-Y angles (°); Cu-N(1)=
1.974(6); Cu-N(4)=1.956(6); Cu-N(2)=2060(7); Cu-N(3)=
2.044(7); Cu-0(2) = 2.642(6); Cu—0(4) = 2.478(6). Cu-Cu = 7.887(2);
N(D-Cu-—N(2) = 82.8(3); N(2)-Cu-N(3) =87.0(3); N(3)-Cu-N(4)=
83403, Ni{1}-Cu-Nid)= 109.3{2); N(2y-Cu-0{2) = 72.2(2);
N3 Cu-0td) = 77.0031 O2p-Cu-Od) = 145.92)

3.3 X-ray structure of [CuyLimpdH !

Single crystals of the Cu®* complex with (Limpd)H,
were obtained from a strong basic solution. The X-ray
structure shown in Fig. 7 indicates the formation of a
binuclear chelate formulated as [Cu(LtmpdH _)]* ™ in
which four amide nitrogen atoms are deprotonated.
Each metal ion is coordinated to two deprotonated
amide nitrogen atoms and two amino nitrogen atoms,
as schematically shown by Structure B in Fig. 1. The
resulting coordination geometry is a square planar with
a small tetrahedral distortion: four coordinated N
atoms deviate only by =0.2 A from the least-squares
plane of CuN,. The axial positions are occupied by
carboxylate oxygen atoms with very long Cu-O dis-
tances (selected bond distances and bond angles are
given in the figure caption). Each CuN, plane makes a
dihedral angle of 78.9(2)° with respect to the p-phenyl-
ene ring plane, and two p-phenylene groups are stacked
in a face-to-face manner. Amide nitrogen atoms N(1)
and N(4) that are coordinated to the same metal ion are
as close as 3.205(8) A, which is much shorter than the
interplane  distance permissible for tetramethyl-
phenylene groups that face each other: the van der
Waals radius is 1.7 A for aromatic carbon atoms and

%2.0 A for methyl groups [14]. For this reason, the amide
nitrogen atoms deviate from the p-phenylene ring
plane. In addition, the para-carbon atoms bonded to
the amide nitrogen atoms are also forced to deviate
from the p-phenylene ring plane toward the inside of
the macrocychic cavity (Table 2), resulting in the distor-
tion of the p-phenylene ring in a boat form with a
dihedral angle of 3.7-3.9°. The interatomic distance
between the para-carbon atoms that face each other,
C(11)-C(14), is 3.359(10) A, which is still shorter than
the van der Waals contact of carbon atoms, but, as a
result of the distortion in the boat form, other four ring
carbon atoms have looser interannular contacts:
C(12)-C(15) = 3.452(10), C(13)-C(16)' = 3.448(10) A;
the interplane distance is shown in Table 2. The dis-
tortion of a benzene ring in a boat form has been re-
ported for alkyl[n]paracyclophanes and dialkyl[n.n}-
paracyclophanes with short bridging chains [18-22].
Even for cyclophanes with a moderate chain length
(n=28-12), distortion in a boat is still significant as
shown by X-ray studies and ab initio calculations: for
example, the dihedral angle is 9° in [8]paracyclophane,
5° in [l2]paracyclophane and 3.7° in 3,10-dioxo-
2,5,8,11-tetraaza[l 2Jparacyclophane [23-25]. The X-ray
structure of [Cu,(LtmpdH _,)]*~ has shown that the
N-Cu-N coordination bonds are strong enough to
deform the m-electron ring, like the (-CH.-), bridges
in [n]- and [man]paracyclophanes. Since the van der
Waals radius of a methyl group is larger than that of a
carbon atom, the interatomic distance of a pair of
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Fig. 8. UV and necar-UV spectra of Cu’* chelates with (Limpd)*
(left) in the ratio [Cu)/([L]=0, 0.5, 1.0, 1.5 and 2.0 at pH 12. the
spectra of Cu” * Ldmpd)* = (right) in the ratio [Cu)/[L] =0, 1.0 and
2.0 at pH 12 The molar absorptivity is given for each ligand
molecule.

methyl carbon atoms facing each other should be
longer than that of the ring-carbon pair: in fact,
C(17)-C(19) = 3.581(13) and C(18)-C(20)' = 3.655(13)
A. Consequently, the methyl carbon atoms deviate
opposite to the direction in which the para-carbon
atoms deviate: four methyl groups deviate to the same
side, in contrast to the uncoordinated ligand in which
the deviation of the methyl carbon atoms is irregular
(Table 2). The distortion of the tetramethyl-p-phenyl-
ene ring is a result of the contraction of the highly
constrained ligand molecule upon metal complexation.

2+

3.4. Electronic absorption spectra of Cu®* complexes
The X-ray study of [Cu,(LtmpdH _,)J*~ has shown
that the formation of the binuclear chelate results in
severe steric constraints of the coordinated ligand
molecule. This structural property influences the
metal—ligand charge-transfer interaction and conse-
quently metal-ligand charge-transfer bands in the near
UV region of the absorption spectrum. A solution of a
Cu? * ~(Ltmpd)H, mixture in the molar ratio [Cu]/[L] =
2 showed strong charge-transfer bands as shown in Fig.
8, in addition to a d-d band at 650 nm (log €
(M-'em~"') 2.7 per Cu) at pH 12. At pH <7, the
charge-transfer bands weakened rapidly with decreasing
pH: for example, the absorbance of the 450 nm band at
pH 3 is 40% of that at pH 12, Simultaneously, the d—d
band weakened and shifted to a longer wavelength;
Aman > 680 and log € 1.9 at pH 3. This spectral change
suggests the occurrence of interconversion between
Structure A formed in acidic solutions and Structure B
formed in basic solutions: in Structure B, the amide
nitrogen atoms are coordinated to the metal ion, as
shown by the X-ray study, and charge-transfer bands
via the Cu-N,_ ... bonds appear in the electronic spec-
tra of basic solutions; in Structure A, the coordination
of the amide oxygen atoms inhibits metal-ligand inter-
action, and the charge-transfer bands are absent in

the electromic  spectra  of acidic  solutions. In
[CuyLpdH _g)]'  the absence of methyl groups makes
it possible for two p-phenylene groups to be close to the
van der Waals contact, 3.4 A, without a severe distor-
tion of the groups. The distortion of p-phenylene
groups is, therefore, pronounced in the complex of the
tetramethyl derivative. In fact, the spectral pattern ob-
served for [Cuy(LtmpdH _,)]* ~ in the near UV region
is more complicated than that observed for
[Cus(LpdH I ~: the spectrum of the latter complex is
similar to that of [Cuy(LdmpdH _,)J* ~, which exhibits
a single charge-transfer band at 440 nm as shown in
Fig. 8.

In the solution spectra of Cu—~(Ltmpd)H, mixtures
with [Cu]/[L]<1 at pH 12, the 450 nm band disap-
peared and a new band was observed at 385 nm (Fig.
8). On the other hand, the 440 nm band of
Cu,«Ldmpd)H; was not shifted with [Cu]/[L] ratio,
although the band was intensified with increasing Cu” ~
concentration (Fig. 8). The latter type of spectral
change with [Cu]/[L] ratio has been commonly reported
for the Cu** complexes of (Lpd)H, and other related
macrocycles [9,10], The less common spectral change
observed for the Cu,~Ltmpd)H, system can be inter-
preted by assuming that: (1) the metal-ligand interac-
tion in the CulN, units of the binuclear chelate molecule
% different from that in the mononuclear chelate; (2)
solutions with [Cu]/[L]< 1 contain only the mononu-
clear species, and the binuclear species forms only when
[Cu] > [L]. Since amide nitrogen atoms are deproto-
nated only when coordinated to a metal ion. the
mononuclear metal chelate is formulated as
[Cu(LtmpdH _.)]*~. The presence of the uncoordi-
nated center in this mononuclear complex makes the
ligand molecule less strained than that in the binuclear
complex. Since the degree of the hgand distortion is
different between the mononuclear and the binuclear
chelates, assumption | is rational. Since the strain
energy in the binuclear chelate is larger than that in the
mononuclear chelate, the addition of a metal ion to the
uncoordinated center in the mononuclear chelate re-
quires a much higher energy than that for the forma-
tion of the mononuclear chelate, and hence assumption
2 is reasonable. Thus, the unusual spectral change with
[Cu]/[L] ratio is a result of the ring contraction of the
sterically constrained ligand molecule upon formation
of the binuclear chelate.

4. Conclusions

The steric effect between methyl substituents and
amide groups in (Ltmpd)H, defines the molecular dy-
namics that is observed in 'H NMR spectra, and
governs even the basicity of the amino nitrogen al-
though the electron densities on the donor atoms are
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not directly influenced. In the binuclear Cu’* chelate
of the macrocycle. the ligand molecule is distorted as a
result of the ring contraction. The resulting strain en-
ergy leads to spectroscopic properties differing from
those of the mononuclear Cu®* chelate. This is a good
example for preorganization of macrecyclic ligands, in
which the coordination properties are governed by the
steric effect without the electron densities on the donor
atoms being changed.

5. Supplementary material

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre, CCDC No. 155764 for compound
Li,H,(Ltmpd)-10H,0, CCDC No. 155765 for com-
pound 3(Lpd)H,2HCI-24H,0, and CCDC No. 155766
for compound K, [Cu,(LtmpdH _,)}-11H,0. Copies of
this information may be obtained free of charge from
The Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK (fax: + 44-1223-336033; e-mail: de-
posit@ccdc.cam.ac.uk or www:http://www.ccde.cam.ac.
uk).
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