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Ab initio and DFT study of the structure of metal ion complexes with
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The structures of N-(4-benzalaniline)-15-crown-5 and N-(4 -benzalaniline)-15-crown-5 and their Li", Na', K*, Be*',
Mg, Ca**, Sr*" and Ba®" complexes are optimized using ab initio and DFT methods. It was found that in all cases the
M""-N distances (n = 1, 2) are longer than the average M"—O ones in the corresponding complexes and the metal—
nitrogen distances in the alkali metal complexes are longer than these in alkaline earth ones. The Li*, Na", Mg”" and
Ca’" cations fit to cavity size of the crown while the K', Sr*" and Ba®" cations, whose size is greater than the diameter of
the macrocycle cavity, protrude from the macrocycle. In all cases the conformation of the crown ether does not change

2+ . .
except the Be™ complex, where the conformation of the macrocycle is strongly deformed.
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INTRODUCTION

Crown ethers are widely used as complexing
agents that can capture selectively metal cations in
their cavity. Their ability to bind metal cations
depends on the cavity size, the nature of hetero-
atoms and substituents in the macrocycle. The
ability of crown ethers to selectively bind cations
makes them valuable components for constructing
cation-sensing molecular or supramolecular probes
[1]. The effects of metal coordination on the photo-
sensitive and spectral properties of crown ether
complexes have been studied [2-6].

During the last decades there is a constant
interest in the design of new chromo- and fluoroio-
nophores incorporating a N-phenylaza macrocycle
moiety due to the change of their absorption and
emission properties upon complexation and thus
serving as optical sensors [7-9].

It is suggested that due to conjugation between
the lone electron pair of the endocyclic nitrogen
atom and the aromatic system a charge transfer (CT)
is realized (the chromophoric system usually being
acceptor) resulting in the appearance of intense CT
band in the UV-Vis spectrum [10-14]. However, the
coordination capacity of the macrocycle is lowered
and the corresponding stability constants are much
lower than these with the parent macrocycle [11,
12]. Taking into account that the conjugation should
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depend on the acceptor properties of the chromo-
phoric group, we have designed and synthesized
new N-benzalaniline-15-crown-5 derivatives, con-
taining a weak acceptor group, namely a Schiff base
[15]. The obtained stability constant data confirm
the supposition for the formation of relatively stable
complexes [15]. The goal of this paper is to study
the complexation of these new N-benzalaniline-15-
crown-5 derivatives with alkali and alkaline earth
metal ions. 4b initio and DFT calculations on the
structure of N-(4 -benzalaniline)-15-crown-5 and N-
(4-benzalaniline)-15-crown-5, and their complexes
with alkaline and alkaline earth metal ions were
performed and the results obtained are discussed in
the present paper.

COMPUTATIONAL DETAILS

Geometry optimization of the structure of the
compounds investigated was performed by ab initio
methods and by density functional theory. The ab
initio calculations were carried out using the PC
GAMESS version [16] of the GAMESS (US) quan-
tum chemistry program package [17]. The structure
optimizations for the N-(4-benzalaniline)-15-crown-5
(L1) and N-(4 -benzalaniline)-15-crown-5 (L2) (Fig.
1), and their Li*, Na", K", Be*", Mg*, Ca®*, Sr*" and
Ba®" complexes were performed at a restricted
Hartree-Fock (RHF) level without any symmetry
constrains (C; symmetry was assumed). The mean
gradient threshold was 0.0001 hartree/Bohr. The ab
initio calculations were carried out with the
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Stewens-Basch-Krauss-Jasien effective core poten-
tials (ECP) and their concomitant basis sets for all
the atoms (ECP-31G) [18, 19]. The DFT geometry
optimizations using Becke’s three parameter hybrid
functional (B3LYP) [20] and 6-31G(d) basis set [21]
were also performed. The DFT geometry optimiza-
tion was carried out using the Gaussian 98 program
package [22]. The Sr*" and Ba®>" complexes with L1
have not been optimized at this level of theory
because of lack of basis sets for these elements.

BC NMR chemical shieldings were calculated
using the GIAO (gauge-including atomic orbitals)
approach [23] implemented in Gaussian 03 [24] at
DFT level of theory using 6-31+G(d) and 6-31+G(d,p)
basis sets. In order to compare with experiment, the
calculated absolute shieldings were transformed to
chemical shifts using the reference compound tetra-
methylsilane (TMS): 6 = J.ue(TMS) — Ocare- Both
Ocate(TMS) and 0., were evaluated with the same
method and basis set.

EXPERIMENTAL

The 'H and “C NMR spectra and 2D 'H/”C
heteronuclear correlations for CDCl; solutions were
recorded on a Varian Unity Plus-500 MHz spectro-
meter. Cross polarization (CP) magic angle spinning
(MAS) solid state °C NMR spectra were recorded
on a Bruker MSL-300 instrument at 75.5 MHz.
Powder samples were spun at 8.4 kHz in 4 mm ZrO,
rotor, a contact time of 1-4 ms, a repetition time of 6
s and a spectral width of 20 kHz were used for
accumulation of 500-800 scans. Chemical shifts
were calibrated indirectly through the glycine CO
signal recorded at 176.0 ppm relative to TMS.

N-(4-benzalaniline)-15-crown-5 was synthesized
according to a procedure described in Ref. [14].

RESULTS AND DISCUSSION

Structure of N-(4-benzalaniline)-15-crown-35
and N-(4 -benzalaniline)-15-crown-5

The structures of several free arylazacrown
ethers have been studied by X-ray diffraction and
they can be found in the Cambridge Structural Data-
base [25-31]. We found that the conformation of the
optimized structures for N-(4-benzalaniline)-15-
crown-5 (L1) and N-(4’-benzalaniline)-15-crown-5
(L2) are close to the experimentally determined ones
for aza-15-crown-5.

The optimized structure of N-(4-benzalaniline)-
15-crown-5, L1, is shown in Fig. 2. It is evident that
the macrocycle is positioned almost perpendicularly
to the other part of the molecule. The dihedral angle
between the planes of both benzene rings is 30
degrees. The optimized structure of N-(4’-benz-

alaniline)-15-crown-5, L2, is similar to L1.

The N-(4-benzalaniline)-15-crown-5 was studied
by NMR spectroscopy in solid state and in CDCl;
solution. The *C chemical shifts in the both cases
are close because of the similarity in the confor-
mations of the structure investigated in solution and
in solid state.
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N-(4’-benzalaniline)-15-crown-5 (L2)

Fig. 1. N-(4-benzalaniline)-15-crown-5 (L1) and
N-(4 -benzalaniline)-15-crown-5 (L2).
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Fig. 2. B3LYP/6-31G(d) optimized structure of
N-(4-benzalaniline)-15-crown-5.

The lack of multiple resonances in the *C NMR
CPMAS spectrum of the solid N-(4-benzalaniline)-
15-crown-5 indicates that there is one molecule in
the asymmetric unit of the crystal. The resonances
in the solid-state spectrum were assigned by
comparing with solution data and B3LYP/6-
31+G(d) and B3LYP/6-31+G(d,p) calculated
chemical shifts. The experimental and calculated
chemical shifts are collected in Table 1.

The broad signals appearing in the °C spectrum
of L1 indicate that dynamic processes involving
aromatic rings are present in the spectra of the
solids. The flip motion of the ring gives rise in the
spectrum to the equivalence of the ortho and meta
pair of CH resonances in the fast exchange limit.
The C1, C4, C9 and C13 resonances are unaffected
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by this event, yield narrow resonances in all spectra
and thus are easy to recognize. Broad resonances of
C2, C7 (at 129.0 ppm) and of C3, C5 (at 120.9 ppm)
in the spectrum of L1 indicate that the ring under-
goes some reorientation, and these dynamics affect
the NMR parameters.

Table 1. Experimental "*C and calculated carbon chemical
shifts (ppm) of N-(4-benzalaniline)-15-crown-5. The num-
bering of the atoms is given in Figure 1.

Atom Experimental Calculated
CDCl; Solid state B3LYP/ B3LYP/
6-31+G(d)  6-31+G(d,p)
Cl 125.01 126.20 119.48 120.54
C2 129.02 129.00 124.20 125.30
C3 120.93 120.90 110.67 111.70
c4 150.18 150.30 149.49 151.48
C5 120.93 120.90 121.72 122.87
C7 129.02 129.00 123.26 124.33
C8 160.14 161.70 152.49 153.64
C9 124.15 122.60 128.31 130.36
C10 130.68 134.10 128.21 129.23
Cl1 130.68 127.00 122.92 124.03
C12 111.26 113.50 128.29 129.39
Cl13 152.75 153.60 145.94 147.82
Cl4 111.26 113.50 117.45 118.46
Cl6 52.72 55.00 57.65 58.08
C17 52.72 52.70 56.83 57.12
C18 68.28 66.70 68.96 69.40
C20 70.06 70.10 70.73 71.07
C21 70.25 70.10 72.21 72.61
C23 71.31 72.00 72.08 72.55
C24 71.31 72.00 73.71 74.11
C26 70.25 70.10 73.51 73.93
C27 70.06 70.10 72.13 72.60
C29 68.28 66.70 70.22 70.66

The results obtained with the two basis sets are
close. The predictions of chemical shifts of atoms
C3, C8, C9 and C12 are with relatively high average
deviations because the dynamic processes in solu-
tion and in solid state are not taken into account in

calculations.

Considering the crown-ether moiety it becomes
apparent that the resonances of the two methylene
groups linked to the nitrogen atom appear at 52-55
ppm. In the solid state spectrum of L1 separate
signals were observed, while in CDCl; solution only
one signal at 52.72 was observed. The predicted
values differ by about 1 ppm.

Structure of N-(4-benzalaniline)-15-crown-5 and
N-(4’-benzalaniline)-15-crown-5 complexes

The geometry optimization of the complexes with
the metal cations was started from the optimized
conformation of the free N-(4-benzalaniline)-15-
crown-5 and N-(4’-benzalaniline)-15-crown-5. We
considered one mode of coordination and the type of
cation was varied. The alkaline (Li", Na", K") and
alkaline earth (Be%, Mg2+, Ca*", Sr*, Ba%) metal
ions were considered. The metal complexes of the
crown ethers are studied in dry acetonitrile, because
traces of water destroy the complexes (see [32] and
references therein). In our computational study the
influence of acetonitrile as solvent on the crown
ethers and the complexes was not taken into account.
The most important geometrical parameters of the
studied complexes, metal-nitrogen and metal-oxygen
distances, are presented in Tables 2 and 3.

The size-matching or size-selectivity effect is
typical for the crown ethers and is commonly
observed in their complexes with alkali and alkaline
earth metal ions [34]. This effect is referred to as
correspondence between the crown ether cavity size
and the ion diameter of preferentially bound cations.
Among the alkali cations, lithium and sodium fit
best to L1 and L2 while potassium is located above
the crown ether ring (the so-called “half-sandwich
structure”) (Fig. 3).

Table 2. Selected ab initio and DFT calculated distances (A) in N-(4-benzalaniline)-15-crown-5 complexes (M™"-L1)

(n =1, 2). Available experimental data are also given.

Distances M =Li" M=Na" M=K" M = Be*" M =Mg** M=Ca?* M=S" M=Ba>"
ECP DFT ECP ECP DFT ECP ECP DFT ECP DFT ECP DFT ECP ECP
M-N15 2.561 2437 2555 2561 2437 2555 1.808 1.788 2208 2215 2467 2498 2.598  2.867
(2.658)* (2.658)*
M-019 2.159 2.103 2267 2.159 2.103 2267 1.647 1.672 2.091 2.119 2208 2350 2366 2.552
(2.330) (2.330)
M-022 2248 2319 2369 2248 2319 2369 1.666 1.668 2.112 2.110 2234 2386 2420  2.629
(2.485)" (2.485)
M-025 2249 2244 2349 2249 2244 2349 2665 2.664 2114 2.126 2238 2415 2385  2.554
(2.443)" (2.443)
M-028 2214 2176 2315 2214 2176 2315 1.667 1.669 2.099 2.127 2222 2377 2393 259
(2.344) (2.344)
a Ref. [33].
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Table 3. Selected ab initio and DFT calculated distances (A) in N-(4 -benzalaniline)-15-crown-5 complexes (M™'—L2),

(n=1,2).
Distances M = Be? M =Mg* M = Ca®* M=Li" M=Na" M=K"

ECP  DFT ECP ECP DFT ECP ECP DFT ECP DFT ECP  DFT
M-NI15  1.781  1.790 2275 1781 1790 2275 2523 2441 2551 2472 3.007 2921
M-019  1.645 1.675 2087 1645 1675 2087 2158 2111 2267 2318 2643  2.639
M-022 1651 1673 2105 1651 1673 2105 2255 2283 2370 2357 2753 2728
M-025 3384 2669 2109 3384 2669 2109 2251 2240 2346 2351 2742 2739
M-028  1.640 1.672 2.098 1640 1672 2098 2219 2195 2319 2318 2670 2674

’
]

Li'-complex

Na'-complex

K -complex

Fig. 3. Two projections of the B3LYP/6-31G(d) calculated structures of N-(4-benzalaniline)-15-crown-5 complexes
(M'-L1).

Among the alkaline earth cations, magnesium fits
to the cavity size of L1 and L2. Calcium is located
somewhat below the crown ether ring. Strontium
and barium like potassium are located above the
crown ether ring. We found that for the smallest
Be®" cation (ion radius 0.27 A [35]) the macrocycle
conformation is changed (Fig. 4).

The calculated M™—O and M""—N distances (n =
1, 2) are given in Tables 2 and 3. As can be seen, in
all cases the M™-N bonds are longer than the
corresponding average M""—O bonds. These data are
indicative of a weaker interaction of M"™" with the
nitrogen lone electron pair, e.g. the coordination is
realized mainly via the oxygen atoms. It should be
mentioned also that in the Be*" complex, one of the
oxygen atoms (namely O25) practically is not

involved in coordination (Tables 2 and 3).
CONCLUSION

The cations, whose size is equal to the size of the
macrocycle (Li", Na, Mg fit to cavity size of the
crown. The Ca®" is situated slightly below the crown
ether ring. The cations, whose size is greater than
the diameter of the macrocycle cavity (K, Sr**, Ba>)
protrude from the macrocycle. The complexation
does not change the conformation of the macro-
cycle. However, the conformation of the crown ether
ring is strongly deformed for the complex of the
smallest dication (Be®"). The dications are stronger
bound to crown ethers than the monocations. The
metal-nitrogen distance in the alkali metal com-
plexes are longer than these in alkaline earth ones.
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Be’*-complex

]
]

el

Mg**-complex

Ca’*-complex

]

Sr**-complex Ba’*-complex

Fig. 4. Two projections of the calculated structures of N-(4-benzalaniline)-15-crown-5 complexes (M>'—L1). Be*, Mg**
and Ca”" complexes are optimized at B3LYP/6-31G(d) level and Sr** and Ba>" complexes are optimized at ECP-31G level.
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U3CJIEABAHE C METOIUTE 4B INITIO 1 TOII HA CTPYKTYPATA HA KOMINIEKCHA
HA N-BEH3AJIAHWJIMH-15-KPAYH-5 C METAJIHM NOHU

B. Enues'*, C. Anrenosa’, H. MapKOBal, Us. BaBepz, Eux. Cranoesa’, M. Muresa®

I
Hnemumym no opeanuuna xumusi ¢ yenmop no umoxumusi, bvreapcka akademus na naykume, 1113 Cogus
2
Dapmayesmuuen paxynmem, Bapwascku meduyuncka ynusepcumem, Bapwaea, [lonua
3 Xumuuecku gpaxynmem, Coquiicku ynusepcumem, 6yn. ,, [Joiceiime bayuep Ne 1, 1164 Cogpus

Ilocsemena na axao. Hean FOxHo8cKku no nood Ha 70-ma my 200uHUHA

Iocrpnuna ua 30 suyapu 2008 r.; Ilpepabotena Ha 7 gpeBpyapu 2008 .
(Pesrome)

Crpykrypure Ha N-(4-6enzananunnn)-15-kpayH-5 u N-(4 -6ensananumun)-15-kpayn-5 u texuure Li7, Na*, K,
Be', Mg*, Ca®", Sr*" u Ba®" koMIUIeKkcH ca ONTMMH3HpPAHH 4pe3 H3OoN3BaHe Ha MeToauTe ab initio n TOII. Hamepero
e, 4e BbB BCHUKH CIydau pascrosausata M™—N (n = 1, 2) ca Ho-abJIry oT cpepuute pascrosuus M —O B CbOTBETHHTE
KOMIUIEKCH M, Y€ Pa3CTOSHHMATA METal—a30T MPH KOMIUIEKCHTE HAa AJIKAIHUTE METald Ca MO-IAbITU OT Te3H IpH
ankanosemunte. Li', Na', Mg®" u Ca®" katnonn nacsar Ha pasMepa Ha KyXMHATA Ha MAaKPOIHMKBIIA, JOKATO KATHOHHTE
K", Sr*" u Ba®™", uniito pa3Mep € IO-ToJIsIM OT HEMHMs JUaMeThp, Ca U3BbH PaBHUHATA HA MAaKpPOLMKbJIA. BbB BCUUKH
ciyuan KoH(OPMALMATA HA KOPOHHMS eTep He ce MpoMeHs. V3kmoueHne e KoMmiuiekchT ¢ Be’', mpu koiito
MaKpPOIMKBIBT € CHIHO TehOpMHUpaH.
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