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Ditopic salophen-UQO, receptors 1—4 and 7 co-crystallize with tetramethylammonium (TMA) chloride and fluoride salts
producing good quality crystals amenable for X-ray diffraction characterization. The arrangement of the receptor and
salt units in the crystal lattice is such that tetrameric ball-shaped assemblies are formed, where an inner cluster of four
TMA cations are surrounded by an outer shell of four UO»-bound anions. These elaborate architectures, which occur in
all cases, regardless of a certain degree of structural modification on the receptors, lead to lattices that belong to non-
centrosymmetric (NCS) space groups. Interestingly, the tetragonal symmetry of the tetrameric ball-shaped assemblies
is either retained (/4) or lost (R3c and /43d) at the lattice level, without compromising the NCS nature of the crystal
lattices. The principal X-ray investigation on TMAX (X=CI/F) co-crystals, that is, 1-(TMA)CI, 2-(TMA)CI, 3-(TMA)CI,
4-(TMA)CI, 7-(TMA)CI, and 7-(TMA)F, is accompanied by NMR and electrospray ionization (ESI) mass spectrometry
studies to gather additional insight on the modality of formation of the solid state structures observed. The important
role of cation-sr interactions in the receptor-salt recognition process is renewed and strengthened by comparison with
NMR titration data with a novel reference compound, the salophen-UO, complex 8. Given the importance of NCS and
polar crystalline solids in the development of functional materials, this study shows that this property can be introduced
into elaborate host—guest systems, as those which assemble in the architectures described here, thus expanding its

field of applicability.

Introduction

Material chemistry is a central topic in modern science.'
Among the many features which materials possess, the
symmetry elements present in the crystal lattice have a crucial
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effect in determining the material properties. Whenever in a
given crystalline material the molecular components are
ordered so that they do not show a center of inversion,
namely, in a non-centrosymmetric lattice, a series of inter-
esting properties, such as pyro-, ferro-, and piezo-electricity,
may occur.” Non-centrosymmetric (NCS) space groups are
the majority, 21 over the 32 crystallographic point groups
lack of a center of symmetry,’ and they include chiral and
polar space groups as subcategories. Indeed, for the sake of
clarity, it must be stressed that not all the NCS space groups
are polar, although in the literature controversy on the term
polar is quite frequently encountered.* Despite the large
number of NSC crystal structures reported in the literature,

(3) Pidcock, E. Chem. Commun. 2005, 3457-3459. Curtin, D. Y.; Paul, I. C.
Chem. Rev. 1981, 81, 525-541.

(4) (a) Bomfin, J. A. S.; Filgueiras, C. A. L.; Alan Howie, R.; Low, J. N.;
Skakle, J. M. S.; Wardell, J. L.; Wardell, S. M. S. V. Polyhedron 2002, 21,
1667-1676. (b) Cieslinski, M.; Steel, P. J.; Lincoln, S. F.; Easton, C. J. Supramol.
Chem. 2006, 18, 529-536. (c) Kiviniemi, S.; Sillanpaa, A.; Nissinen, M.;
Rissanen, K.; Lamsa, M. T.; Pursiainen, J. Chem. Commun. 1999, 897-898.

Published on Web 11/23/2010 pubs.acs.org/IC



11474 Inorganic Chemistry, Vol. 49, No. 24, 2010

Scheme 1. Molecular Formulae for the Uranyl Salophen Complexes 1—8
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the knowledge acquired so far is not sufficient to predict, with
rare exceptions,” whether or not a given species will produce a
NCS crystal structure, especially when dealing with achiral
molecules.

Both experimental and computational studies aimed to
gather data on structure-properties relationships mainly focus
on simple molecules that are easily modified and tractable.®
However, although less common, NCS and polar materials
can be obtained by more elaborate packing motifs,” espe-
cially when the molecular components have a tendency to
self-assemble into complex architectures.*

In the course of our studies on ditopic receptors we have
established a family of uranyl salophen complexes as efflclent
binders for several classes of organic and inorganic ion pairs.®
In particular, we have demonstrated that receptors 1 and 2
(Scheme 1) bind hard halides via coordination with the UO,
center, and, at the same time, they make use of the two adjunct
aromatic side arms to further stabilize, via cation-sr interac-
tions, the tertiary receptor-anion-cation adducts. Such tern-
ary complexes for tetramethylammonium (TMA) chloride
were characterized by X-ray diffraction on single crystals
grown by slow evaporation solution of 1 and 2 in the presence
of (TMA)CI, as described in (our) previous communications.*

An intriguing feature of the solid state complexes of
(TMA)Cl with 1 and 2 is provided by their particular organi-
zation of the receptors and of the salt units to form tetrameric
ball-shaped assemblies, [([TMA)4]@[(Cl-1)4] and [ TMA),]@
[(C1-2)4], constituted of an inner cluster of four TMA cations
surrounded by an outer layer of four chloride-uranyl salo-
phen complexes. These tetramers are further arranged into a
lattice devoid of any center of inversion and thus crystallize in
NCS space groups (/4 and R3c). At variance with simpler and

S
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more common cases, the repeating unit is constituted by the
compact tetrameric assembly of defined geometry composed
of eight molecular species (four receptors and four ion pairs).

Notably, very different behavior has been observed when
the TMA cation was replaced with tetrabutylammonium
(TBA). The large size of the TBA cation prevents the form-
ation of the closed shell-like structure specific to the small
TMA and instead leads to a columnar staking of alternate
cation/UQO,-anion units.®

Given the scarcity of similarly structurally complex cases,
we set out on a detailed structural study of these systems and
of newly synthesized derivatives.

With this in mind, uranyl salophens 3—6 (Scheme 1),
bearing a series of different substituents, were synthesized
(see Experimental Section) in order verify the amount of
structural modification that such structures could endure
without significantly altering the nature of the crystal lattice.
Complex 7 (Scheme 1), in which the upper benzenoid ring is
replaced with the heterocyclic thiophene moiety, was also
synthesized for comparison.

The crystal structures of 1 and 2 with (TMA)CI were
obtained in previous investigations.®° We were able to
obtain good quality single crystals of the 3-, 4-, and
7-(TMA)CI complexes, and of 7-(TMA)F complex. Co-
crystallization of receptors 5 and 6 with (TMA)CI, under
the same conditions, failed to produce the desired com-
plexes. However, the crystal structure of the solvated
receptor 6 was also obtained.

The importance of cation-r interactions in such systems is
well documented.® To gain more insight on the overall
contribution of cation-7 interactions on the process of for-
mation of the tetrameric aggregates, compound 8 (Scheme 1),
which lacks of aromatic side arms and is decorated with
cyclohexyl moieties instead, was studied by '"H NMR and
electrospray ionization (ESI) mass spectrometry. This al-
lowed to assess its binding affinity to (TMA)CI in solution
and in the gas phase, in direct comparison with 1. The solid
state structure of solvated receptor 8 is also reported.

Experimental Section

2-Allyloxy-3-hydroxy-benzaldehyde. Synthesis already described
in J. Am. Chem. Soc. 1988, 110, 4992.

General Procedure for the Syntheses of Aldehydes 9—11 and
13. To a suspension of NaH (0.022 mol, 60% in oil), prewashed
with n-pentane, in dimethylsulfoxide (DMSO, 10 mL), was
added dropwise a solution of 2,3-dihydroxybenzaldehyde
(1.5 g,0.01 mol) in DMSO (5 mL) at 20—25 °C, under N, atmo-
sphere. After 1 h of stirring, a solution of the proper p-substi-
tuted benzyl bromide (or chloromethyl-cyclohexane) (0.01 mol)
in DMSO (25 mL) was added at 20—25 °C, and stirring was
continued for 12—24 h, whereupon the mixture was poured
into water (50 mL) and extracted with CHC1; (3 x 25 mL).
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Scheme 2. Synthesis for the Aldehydes 9—13 and for the Salophen-UO, Complexes 3—8¢
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“Receptors 1 and 2 (Scheme 1) have been previously described.®

The aqueous layer was acidified with 6 M HCI to adjust the pH
to 2—4, and it was again extracted with CHC13 (3 x50 mL). The
latter combined CHC1; layers were washed with 1 M HCI (2 x
50 mL), concentrated and filtered over silica gel (CHCI5) to give
pure aldehydes 9—11 as a yellow solid (Scheme 2).

9: Yield: 78%, "H NMR (CDCls, 250 MHz): & 11.06 (s,
1H, —OH), 6 9.89 (s, 1H, CHO), 6 7.37—7.15 (m, 6H), 6 6.94 (t,
1H), 6 5.56 (s, 2H, CH,—0), >*C NMR (CHCl;, 63 MHz): ¢
194.5, 161.5, 153.6, 147.2, 139.4, 134.5, 131.5, 129.3, 127.9, 122.3,
120.6, 72.0. Mass spectrum (EI), mjz 307 (M*, caled for
C4H1BrO5 307.14). Elemental analysis: calcd for C;4H;;BrOs,
C 54.75, H 3.61; found: C 55.63, H 3.95.

10: yield 42%. Mp. 127.9 C°. "H NMR (CDC13, 250 MHz): 0
11.07 (s, 1H, —OH), 6 9.91 (s, IH, CHO), 6 7.38—6.85 (m, 7H),
5.11 (s, 2H), 6 3.80 (s, 3H, CH;0—). '*C NMR (CDCI3, 63
MHz): 6 193.5, 159.9, 151.9, 148.0, 130.4, 129.5, 123.5, 121.8,
120.6, 120.1, 114.7, 70.8, 55.9. Mass spectrum (EI): m/z 258
(M, caled for C;sH ;40,4 258.27). Elemental analysis: calcd for
CysH 1404, C, 69.76; H, 5.46; found: C 71.2, H 5.98.

11: yield 75%; '"H NMR (CDCl;, 250 MHz): 6 11.02 (s,
1H, —OH), 6 9.91 (s, 1H, CHO), 6 7.35—7.11 (m, 6H), 6 6.89 (t,
1H), 6 5.51 (s, 2H, CH,—0), § 2.35 (s, 3H, CH3-). ’°C NMR
(CDCI3, 63 MHz): 6 196.6, 152.5, 147.4, 138.1, 133.7, 129.5,
127.7, 125.4, 121.3, 119.6, 71.6, 21.4. Mass spectrum (EI), m/z
242 (M, caled for CsH 405 242.27). Elemental analysis: calcd
for CsH 405, C, 74.36; H, 5.82; found: C 75.41, H 6.23.

12a: 2-Allyloxy-3-hydroxy-benzaldehyde (0.5 g) is dissolved
in CH3CN (15mL), and K,COj5is added (0.65 g). After 30 min a
solution 0.73 g of p-nitrobenzyl bromide in CH3;CN (5 mL) is
added. After 6 h no starting products are detectable on TLC,
and 50 mL of water are added. The solution is extracted with
CHCl; (4x30mL), and the combined organic layers are washed
with water (2 x 50 mL) and dried with Na,SO,. The solvent is
then evaporated in vacuo. Column SiO2/(CHCl;:cyclohexane
25%)—CHCI;) afforded the desired product. Yield: 83%. 'H
NMR (CDCly): 6 10.44 (s, 1H, CHO); 6 8.27 (2H, d, /= 8.5 Hz),

0 7.63 (2H, d, 8.5 Hz), 0 7.49—7.11 (3H, m), 6 6.078 (1H, m),
0 5.34(2H, m), 0 5.24 (2H, s), 0 4.68 (2H, d, 6 Hz); '*C (DMSO-
d6, 63 MHz): 6 192.357, 150.859, 147.045, 146.794, 144.642,
139.78, 128.252, 123.506, 122.868, 121.329, 119.551, 119.234,
116.76 69.031, 63.65; Mass spectrum (EI), m/z 313 (M, calcd
for C;7H;sNOs 313.1). Elem. analysis: calced for C;7H;sNOs C,
65.17; H, 4.83; N, 4.47; found: C 66.23, H 5.23, N 4.23.

12: A 1 g portion of 12a is added with 350 mg of SeO, and
180 mg of acetic acid in dioxane (35 mL). The solution is refluxed
for 3 h, then 50 mL of water is added. The solution is extracted
with CH,Cl, and the organic phase dried over Na2SO4. Column
SiO,,CH,Cl,/cyclohexane(20% )—CH,Cl,/acetone (10%). Yield:
85%. 'H NMR (DMSO-d6, 250 MHz): 6 10.45 (1H, s), 6 10.27
(1H, s); 0 8.26 (2H, d, J=8.75Hz), 0 7.78 (2H, d, J=8.75 Hz)
07.3(2H, m)); 6 6.90 (1H, t, 8 Hz), 6 5.37 (2H, s); Mass spectrum
(EI), m/z 273 (M, caled for C4H,;NOs 273.24); °*C NMR
(DMSO-d6, 63 MHz): 6 192.4, 150.8, 147.0, 146.8, 144.6, 128.2,
123.5,122.9,121.3, 119.5, 119.2, 69.0; Elemental analysis: calcd
for C;4H1NOs C, 61.54; H, 4.06; N, 5.13; found: C 62.42, H
4.98, N 4.89.

13: yield 65%; '"H NMR (DMSO-d6, 250 MHz): 6 10.24
(1H, s), 6 10.09 (1H, s, broad), 6 7.22 (2H, d, J=7.5Hz), 6 6.89
(1H,t,J=7.5Hz),d 3.83 (2H, d, J= 6.2 Hz), 1.78 (6H, m), 1.1
(5H, m); >*C NMR (DMSO, 63 MHz): 6 192.6, 150.7, 147.7,
122.4,120.5,119.2,118.6, 73.9, 36.9, 29.1, 26.0, 25.2; Mass spec-
trum (EI), m/z 234 (M™, caled for C4H,305 234.13). Elemental
analysis: caled for C14H 305 C, 71.77; H, 7.74; found: C 70.25,
H 7.89.

General Procedure for the Synthesis of Receptors 3—8. To a
refluxing solution of 9—12 (3 mmol) in methanol (70 mL) is
added dropwise a solution of 1,2-benzenediamine (or 3,4-dia-
minothiophene) (1.5 mmol) in MeOH (25 mL). After 1.5 h
UO,(0OAc),-2H,0 (1.5 mmol) is added and reflux is maintained
for 15—30 min. The mixture is allowed to cool to room tem-
perature overnight. The red solid formed is filtered and dried in
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vacuo. Purification by column chromatography (SiO,/CHCl;
or CHClj:acetone 9:1) is performed in cases where simple cry-
stallization from methanol does not yield the pure compound.

3: Yield 50%, '"H NMR (DMSO-d6, 250 MHz): 6 9.59 (s 2H,
CH=N), 6 8.13—7.36 (m, 16H), 6 6.62 (t, 2H), d 5.33 (s, 4H).
3C NMR (DMSO-d6, 63 MHz): 6 169.2, 160.87, 149.6, 149.3,
138.7, 128.4, 127.7, 127.2, 126.1, 125.3, 123.4, 122.4, 119.7,
111.4, 74.3 ppm; Mass spectrum (ESI): m/z 977.27 (M+Na]™,
caled for C34H,4O6N>UBr,Na 977.4); Elemental analysis: caled
for C34H,406N,UBr, C 42.79, H 2.53, N 2.94; found C 42.12,
H 2.76, N 3.01.

4: Yield 56%, 'H NMR (CD50D, 250 MHz): 6 9.64 (s, 2H,
CH=N), 0 7.76—7.02 (m, 16H), 6 6.74 (t, 2H), 0 5.32 (s, 4H,
CH,—0), 6 3.88 (s, 6H, CH;0-); '*C NMR (CD;0D, 63
MHz): 6 167.5, 160.9, 150.3, 145.6, 137.9, 1354, 128.5, 128.1,
127.9, 126.8, 124.3, 121.8, 119.5, 112.7, 72.6, 57.3 ppm; Mass
spectrum (ESI), m/z 857.45 ((M+H]™, calcd for C34H30OgN,U
857.66); Elemental analysis: calcd for C36H30OgN,U C 50.47, H
3.53, N 3.27), found C 50.30, H 3.74, N 3.11.

5: Yield 50%, '"H NMR (DMSO-d6, 250 MHz): 6 9.61 (s 2H,
CH=N), 0 8.13—7.34 (m, 16H), 6 6.59 (t, 1H), 4 5.30 (s, 4H),
2.33 (s, 3H, CH3-). '*C NMR (DMSO-d6, 63 MHz): 6 166.2,
161.3, 149.7, 146.6, 136.7, 134.6, 128.7, 128.4, 127.9, 127.8, 124.4,
120.1, 119.9, 115.6, 70.5, 20.5 ppm; Mass spectrum (ESI), m/z
847.45 [M+Na] ™, caled for C34H300¢N>UNa 847.66); Elemen-
tal analysis: calcd for C3gH30O6N,-U C 52.43, H 3.67, N 3.40;
found: C 51.35, H 3.80, N 3.23.

6: Yield: 65%, '"H NMR (DMSO-d6, 250 MHz): 6 9.64 (s,
2H), 68.28 (d,4H, 8.5Hz),0 7.87 (d,4H, 8.5Hz), 6 7.76 (m, 2H),
0 7.55(m, 2H), 6 7.47 (d, 2H, 7.5 Hz), 6 7.32 (d, 2H, 7.7 Hz), 6
6.61 (t, 2H, 7.6 Hz), 6 5.56 (s, 4H). '3C (DMSO-d6, 63 MHz): &
171.2, 161.7, 149.2, 146.4, 139.8, 132.2, 130.8, 127.8, 127.1, 126.4,
124.4, 123.0, 121.4, 115.4, 73.2 ppm; Mass spectrum (ESI), m/z
909.53 ((IM+Na]™", calcd for C34H,4N40,,UNa 909.6; Elemen-
tal analysis: calcd for C34H,4N4O10U C, 46.06; H, 2.73; N, 6.32;
found: C 47.23, H 3.23, N 7.24.

7: Yield: 60%, '"H NMR (DMSO-d6, 500 MHz,): 6 9.71 (s,
2H), 6 7.96 (s,2H), 6 7.60 (d,4H, J="7.5Hz), 6 7.43 (tt,4H, J, =
1.5Hz, J,=7.6 Hz), 6 7.40 (dd, 2H, J, = 1.6 Hz, J, = 8.2 Hz),
07.36 (tt,2H, J; = 1.3 Hz, J,=2.2Hz, J;=7.4 Hz), 6 7.33 (dd,
2H, J, = 1.6 Hz, J, = 7.8 Hz), 6 6.63 ppm (t, 2H, J = 7.8 Hz);
13C NMR (DMSO0-d6, 126 MHz): 6 166.3, 161.3, 150.0, 147.9,
137.7,128.5, 128.2, 127.9, 124.3, 122.9, 119.8, 116.1, 111.4, and
70.5 ppm; Mass spectrum (ESI): m/z caled for C33H,7,0,N,SU
833.7[M+CH;0] ; found: 833.4; Elemental analysis: calcd. for
C3,H,406N,SU: C, 47.88; H, 3.01; N, 3.49; O; found: C, 46.93;
H, 3.24; N, 3.42.

8: Yield: 65%, '"H NMR (DMSO-d6, 500 MHz): 69.59 (2H, s),
0 7.74—=7.76 (2H, m), 6 7.52—7.54 (2H, m), ¢ 7.39 (2H, dd,
Jy =1.5Hz,J,=8.1Hz),07.24(2H,dd, J, =1.5Hz,J,=7.7 Hz),
06.59 (2H,t,J=7.8 Hz),04.99 (4H,d, J=7.0Hz), 6 1.78—1.81
(4H, m), 1.70—1.73 (2H, m), 6 1.24—1.39 (8H, m), and &
1.12—1.19 ppm (4H, m); '*C NMR (DMSO-d6, 126 MHz): ¢
166.4,161.1, 150.4, 146.8, 128.6, 127.2, 124.2,120.1, 118.7, 115.9,
74.0, 37.3,29.5, 26.1, 25.3 ppm; Mass spectrum (ESI): m/z caled.
for C55H4;0,N-U 839.8 [M+CH30] " ; found: 839.5; Elemental
analysis: caled. for C34H3304N,U+3 H,O (M, 862.796): C,47.44;
H, 4.92; N, 3.25. Found: C, 47.47; H, 4,79; N, 3.27.

X-ray Crystallography. Suitable single crystals for complexes
3-,4-, and 7-(TMA)Cl and 7-(TMA)F were obtained from slow
evaporation of a CH,Cl,/CHCI; solution of receptor with a
3—10 molar excess of (TMA)CI. Single crystals for the solvates
of receptors 6 and 8 were obtained by slow evaporation of a
receptor solution in acetone/DMF and MeCN/CHCl;, respec-
tively. The X-ray diffraction analyses were performed using a
Bruker-Nonius KappaCCD diffractometer equipped with
Apex II detector and utilizing graphite-monochromatized Mo—K,

(9) Hooft, R. W. COLLECT; Nonius BV: Delft, The Netherlands, 1998.
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(A =0.71073 A) radiation. Collect software’ was used for the
data measurement and DENZO-SMN'? for the processing.
Except for 4-(TMA)CI, all the structures were solved by direct
methods with STR97/SIR2004'! and refined by full-matrix least-
squares methods with WinGX-software,'? which utilizes the
SHELXL-97 module;'** 4-(TMA)Cl was solved by SHELXS.'?®
All C—H hydrogen positions were calculated in the idealized
positions by using a riding atom model after the anisotropic
refinement of all non-hydrogen atoms of the structure. If
possible, all N—H (or "N—H) hydrogens were located from
the electron density map and refined with restrained bond
distances using isotropic displacement parameters of 1.2U,,
(or 1.5U,,) of the attached N-atom. Most of the O—H hydro-
gens were located from the electron density map and refined as a
rotating group by using the same (1.2U,, or 1.5U,,) isotropic
displacement parameters. Detailed crystallographic data for all
structures are summarized in Table 1. In 4-(TMA)CI one of the
methyl group of the receptor (C24) is disordered over two
positions with fixed population parameter 0.5. Abs. corr.
(SADABS2002 or 2008)'* was applied to all structures except
for 4-(TMA)CI where the absorption correction was applied but
not used in the final refinement since it significantly reduced the
quality the results.

NMR Studies. '"H NMR spectra were recorded on a 250 MHz
Bruker Advance spectrometer. Triphenylmethane was used as
an internal standard. All "H NMR titrations were run at 25 °C
according to a published procedure.'® Each tested receptor was
washed with CHCl; (amylene stabilized, three times) prior to the
experiment.

ESI-MS Studies. ESI mass spectra were recorded on an LCT-
TOF mass spectrometer with an electrospray ion source (Micro-
mass LCT). Chloroform was used as spraying solvent in all experi-
ments. lonization parameters were adjusted as follows: capillary
voltage: 3100 V; cone voltage: 20 V; sample cone: 5 V; RF lens:
1000 V. Desolvation and source temperatures were 120° and 80 °C,
respectively. The S/N ratio was improved by scan average.

Results and Discussions

Salophen-UO, complex 1 and its derivatives 2—7 were
originally designed as receptors for contact ion pairs. The
UO»-center is known to be capable of strong coordination to
hard Lewis bases, such as chloride and fluoride, while
appropriately positioned aromatic side arms can provide
the countercation, TMA in these cases, with a suitable bind-
ing site which avoids the need of ion-pair dissociation. This
interaction model is well confirmed, especially when the
molecular ternary complex unit is highlighted. The crystal
structures of the complexes 1—4, and 7 with (TMA)CI and
7-(TMA)F, all show a quasi-identical conformation of the
hosts and the ion-pair guests (Figure 1). The U atom displays
a characteristic pentagonal bipyramidal 7-coordinate geo-
metry, where the two uranyl’s oxygens occupy the axial posi-
tions, while the tetradentate N>O, frame of the salophen
ligand encircles the uranium on the equatorial plane. The
anion (Cl™ or F~) completes the coordination sphere filling

(10) Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276, 307-326.

(11) Altomare, A.; Burla, M. C.; Cavalli, M.; Cascarano, G. L.; Giacovazzo,
C.; Gagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R. J. Appl.
Crystallogr. 1999, 32, 115-119.

(12) Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837-838.

(13) (a) Sheldrick, G. M. SHELXL-97; Institiit fir Anorganische Chemie
der Universitét Gottingen: Gottingen, Germany, 1998. (b) Sheldrick, G. M. Acta
Cryst. 2008, 464, 112—122.

(14) Sheldrick, G. M. SADABS 2002/2008; University of Gottingen: Gottingen,
Germany, 2002/2008.

(15) Arnecke, R.; Bohmer, V.; Cacciapaglia, R.; Dalla Cort, A.; Mandolini,
L. Tetrahedron 1997, 53, 4901-4908.
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Table 1. Crystallographic Data for 3-(TMA)CI, 4-(TMA)CI, 7-(TMA)CI, 7-(TMA)F, 6, and 8
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crystal
3-(TMA)CI 4-(TMA)CI 7-(TMA)CI 7-(TMA)F 6 8
formula (C34H24N>06Br,U) 3(C36H30N206U) C7oH7CLNgO 158Uy C3oHpuFNLOg - C3yHogN4O g 2(CayHyoNO4U),
(C4H;oNCD)-1/8 H,O  4(C4H,NCI) 3CHCly SU, C4H ;N U 2CG3HO 2.25C,H;N, 2H,0

space group 14 143d 14 14 Pnma P21/c
alA] 19.6629(2) 37.759(4) 18.9226(2) 18.9641(4) 9.4873(3) 26.1430(5)
b[A] 19.6629(2) 37.759(4) 18.9226(2) 18.9641(4) 16.9434(7) 14.6744(2)
c[A] 19.5797(4) 37.759(4) 19.5451(4) 19.0964(3) 23.8591(6) 18.7730(3)
o [deg] 90 90 90 90 90 90
£ [deg] 90 90 90 90 90 90.300(1)
y [doeg] 90 90 90 90 90 90
VIA’] 7570.1(3) 53835(23) 6998.4(2) 6867.8(2) 3835.3(2) 7201.8(2)
z 8 16 4 8 4 4
T[K] 173.0(1) 173.0(1) 123.0(1) 123.0(1) 123.0(1) 123.0(1)
Dcaic 1.870 1.661 1.732 1.733 1.737 1.643
u [mm™!] 6.518 3.930 4.824 4.843 4.302 4.562
6 max [deg] 24.70 25.71 25 25 25.03 25
© comp.[%] 100 99.1 99.7 100 99.8 99.9
no. reflns. 6424 8413 6060 6065 3516 12673
no. param. restrains 466 546 433 397 282 887

0 20 0 0 85 134
R1[1 > 20(])] 0.030 0.0526 0.0301 0.0323 0.0437 0.0537
wR2 [I > 20(1)] 0.056 0.1063 0.059 0.0582 0.0869 0.0964
GOF 1.053 1.061 0.989 1.026 1.056 1.040
Flack param. —0.015(6) —0.007(9) 0.037(6) 0.026(6) - -

Figure 1. vdW presentations of the X-ray structures of the ternary (TMA)Cl complexes with 1 (a), 2 (b), 3 (c), 4 (d), and 7 (e) and the 7-(TMA)F complex (f).
Color codes: C = gray, H = white, N = blue, O = red, S = gold, Cl = green, Br = dark red and F = greenish-yellow, U = purple.

the fifth equatorial position (see the Supporting Information,
Figure 1S). Anions are strongly bound to the UO,-center,
with distances in the range of 2.71—2.75 A for CI” and 2.17 A
for F~, respectively. The TMA cation maintains a strong
electrostatic interaction with the anion, although weakened

because of the reduced effective charge on the anion itself
caused by the UO,-coordination, which keeps the ion pair in
contact. In addition, the TMA cation establishes a series of
interactions with the surrounding, including CH- - - X™ (X =
Cl, F), CH---0, and cation- interactions. If we look
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Figure 2. Capped-stick presentation of the receptor shell and the vdW presentation of the cation cluster (in dark green) for the complex with 1 (a), 2 (b), 3 (c), 4
(d),and 7 (e) with (TMA)Cl and the 7-(TMA)F complex (f). Encapsulated and disordered solvent molecules were removed from 2-(TMA)CL, 3-(TMA)CI,
and 4-(TMA)Cl for clarity. Color codes: C = gray, H = white, N = blue, O = red, S = yellow, Cl = light green, Br = gold, and F = greenish-yellow,

U = purple.

beyond the molecular units and focus on how such single
units are arranged with respect to each other in the solid state,
we discover that tetrameric, roughly ball-shaped 4:4 assem-
blies are formed. Through CH---Cl /F interactions the
TMA cations are connected into clusters of four, situated
inside the shell formed by the four receptors and shaped as
isosceles tetrahedrons of various dimensions, depending on
the receptor’s structure. With the exception of the tetrameric
assemblies of (TMA)Cl with receptors 2 and 4, which crystal-
lize in the trigonal R3¢ and cubic [43d space groups, respec-
tively (vide infra), all the others structures respond to the
tetragonal symmetry of the tetrameric units by crystallizing
into tetragonal space group /4.

Therefore, as mentioned before, the overall structure of the
assembly consists of an ion-cluster, composed of four TMA
cations, tightly encapsulated by a shell made of four receptor
molecules with UO,-bound CI™ (or F) anions. Such tetra-
meric assemblies for the complexes of 1—4 and 7 with
(TMA)CI and for 7 with (TMA)F are shown in Figure 2,
where the enclosing of TMA cations are more evidently
displayed, and in Figure 3, where the complete assemblies
vdW presentation are shown (See also the Supporting In-
formation, Figure 2S). The placement of each TMA cation
into the ball-shaped tetramer is such that multiple interac-
tions of varying nature between the cation and both the
receptors and the anions can be observed. For example, in the
crystal structure of the 3-(TMA)CI, the TMA cation estab-
lishes (i) cation-7 interactions with three adjacent aromatic
rings; (ii) CH: - -Cl ™ interactions with two of the four UO,-
bound anions; (iii) three CH- - -O interactions with three

oxygens belonging to the receptor’s frame. In this particular
case, amid the (TMA), unit a water molecule (disordered
over two positions) is inserted (Figure 2c), displaying contact
distances with one methyl of each TMA cation (CH- - -OH,
distance of 2.83 A) and a weak hydrogen bond with the
uranyl’s oxygens (H, O---O=U 2.77 A).

A similar pattern of interactions is present in all the
structures here reported, and it constitutes the driving force
for the assemblies’ formation. Table 2 lists the contact dis-
tances involving the TMA cation for complexes 1— 4 and
7 with (TMA)CI and for 7-(TMA)F, together with other
relevant structural data.

The role of the anion’s identity (fluoride vs chloride) can be
deduced by the comparison between 7-(TMA)CI and
7-(TMA)F complexes (See also the Supporting Information,
Figure 2S). As seen in Table 2, the nature of the anion does
not significantly influence the cation-7 interactions, whereas,
as the donor ability of the F -bound uranyl oxygens is
strongly increased with respect to the CI” complex, stronger
(and ca. 0.2 A shorter) H-bonds with the polarized TMA
methyl hydrogens are observed. The lower affinity of the
UO, center toward larger and softer anions, such as Br—
and I.,*¢ prevented the isolation of the corresponding
(TMA)Br and (TMA)I complexes.

Calculating the volumes of the cavities delimited by the
shell of receptor molecules and the volume of the TMAs
cluster can reveal interesting information about the assem-
blies, the intramolecular interactions which are responsible
for their formation, and in particular on how their size reflect
the changes in the receptor structure. While the position of
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Figure 3. vdW presentation of the (TMA)Cl complex with 1 (a), 2 (b), 3 (c), 4 (d), and 7 (e) and the 7-(TMA)F complex (f). Color codes: C = gray, H =
white, N = blue, O = red, S = yellow, Cl = light green, Br = gold, F = greenish-yellow, U = purple.

the anion is directly related to overall dimension of the
receptor (anions are bound to the UO,-center by strong
coordinative bonds), the cluster of four cations, which are
more loosely interacting, is more independent from the
receptor structure and may adapt its shape and its dimension to
the size of the cavity. By varying the substituent R (Scheme 1)
from the small R = H (1) to R = Br (3), R = OMe (4), and to
naphthyl side arms in 2, the cavity volumes increase, following
the receptor’s altered dimensions (Figure 1). The calculated
estimates for the cavity volumes'® for _complexes of 1—4 with
(TMA)CI are 570, 691, 623, and 597 A3, Not surprisingly, the
small receptor 1 generates the assembly which features the
smallest cavity (570 A) while 2, the receptor bearing the
bulkiest side arms, forms the assembly with the largest cavity
(691 A3) Thus, 51gn1ﬁcant changes, up to a 21% volume differ-
ence, are 1nduced by structural changes in the receptor’s unit.
The anion’s identity also exerts an effect on the internal
volume of the assembly, as seen by the comparison between
7-(TMA)CI and 7-(TMA)F. The former displays a volume

(16) The cavity size can be obtained from the crystal structure by
removing the cation cluster from the tetrameric assembly and then calculat-
ing the void volumes of the crystal lattice with the PLATON VOIDS module.
Such calculation gives the cavity volume of 572 Afor7- -(TMA)CI. A simpler
way to estimate the same volume is to measure the distance from the centroid
of the cavity (defined as the centroid of the four halide anions) to the uranyl
atom(s) and to calculate the volume of the resulting sphere as V = 4/37r°,
where 7 is the distance between the cavity centroid and the uranium atom(s).
The calculation made this way give for 7-(TMA)CI a volume of 570 A*,
essentially the same as obtained from the crystallographic data. Therefore
this second method has been considered as appropriate as the former, and it
has used to calculate all the other volumes.

essentially identical to the one of 1- (TMA)CI 570 A*, while
the volume of the latter shrinks to 544 A® because of the
smaller size, and stronger electrostatic interactions of F~. As
far as the encapsulated TMA cations are concerned, which
are the common structural units in the whole set of structures,
the change in the cavity volume is reflected in their separation
one from the others within the cluster.

As mentioned above, the TMA’s nitrogens are located at
the vertices of isosceles tetrahedrons, described by a set of two
N---N distances, whose averaged values, for the various
complexes, are the following: 5.8/6.8 (1-(TMA)CI), 6.3/8.2
(2-(TMA)CI), 6.0/7.5 3-(TMA)CI), 6.1/7.5 (4-(TMA)CI),
5.8/6.7 (T(TMA)CI) and 5.7/6.7 A (7-(TMA)F). Clearly,
altering the dimensions of the receptor structure induces
changes in the structure of the catlon cluster If the volumes
of such tetrahedrons are calculated,'” it is possible to note
that they suffer only moderate variations in volume, up to
about 10%, while their shape changes and may significantly
flatten, for example in 2-(TMA)CI. This clearly indicates
that, in spite of the necessity of maintaing a compact ion
cluster inside the ball-shaped aggregates, the external shell of
receptors is quite adaptable, and even with a 27% volume
change of the cavity (691 A3/ 544 A3) the characteristic ball-
shape is kept. In cases where the cavity is small, namely,
1-(TMA)CI, 7(TMA)CI, and 7-(TMA)F, the cations are
packed tightly (Figure 2), nearly in vdW contact between
each other. This is not always the case. In 3-(TMA)CI the

(17) Uspensky, J. V. Theory of Equations; McGraw-Hill Book Company,
Inc.: New York, 1948.
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Table 2. Selected Contact Distances (A) for the Salophen-UO, Complexes 1—4, 7, and (TMA)X (X = CI, F)

type of interaction

weak H-bond

*N—CH;- - -

Inorganic Chemistry, Vol.

miscellaneous interaction

- H;C—N*

weak H-bond
C43 .-
C42

X ..

‘U0,

X ..

Lewis acid—base

O=U

O-R

weak H-bond

N—H,CH---

cation-m

< ¢(C1—C6) 3.42
< +(C17—C21) 3.67
- +¢(C33—C38) 3.64

C54C- -

complex
1-(TMA)CI

-Cl13.68
Cl13.85

-Cl1 2.71

-023.54

C43--

-0103.16

C40- -

C41
C40
C42

-C91B (MeCN) 2.86

02--

CS53C---CllI 3.62

-Cl1 2.73

-O1B 3.36

C53- .

C53C---035B 3.33
C53C---030B 3.36

C53--

-¢(C37—39,C44—46) 3.38

2-(TMA)CI

-C92B (MeCN) 3.34

-O10B 3.34

-¢(C29B- C35B) 3.42

C52E--

wH,0---0102.77
wH,0---C512.83

C13.79
-C13.76

C54
C52--

-Cl1 2.72

-0103.44
0153.55

C53- -
C53

-026 3.28

C54--

- ¢(C1—C6) 3.57
-+¢(C33—C38) 3.65

C54
C53-
C52---¢(C17—C22) 3.84

3-(TMA)CI

C52B---Cl3 3.67 Cl3CH---Cl13.44

-Cl1 2.74

ul--

C52B---0100 3.35
C51A---0200 3.55

-+0103.45
-0153.41
-0283.14

C51B
C51B--
C53B---0333.58

CS53B--

-¢(C1—C6) 3.56
-¢(C27-C32) 3.39
-¢(C35—C40) 3.52

C53B--
C51A
C54B- -

4-(TMA)CI

49, No. 24, 2010

-Cl1 3.69

CSl1--

-ClI1 2.70

-023.56

CS1--

--0103.19
-0153.36

C52
C52--
C54

- ¢(C33—38) 3.57
<o ¢(C17—C22) 3.56

C53 -
C53

7-(TMA)CI

++026 3.50

C54--

-0313.24

-+ -c(C1—C4, S4) 3.48

C52

F13.46
F13.32

-F12.17

ul--

CS1 --- 02 3.66, 3.67, 3.40

-026

3.16 C54---0313.33
-0103.36
-0153.44

C54 -
C53 -
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Figure 4. Ball and stick (a) and CPK (b) presentations of the receptor 6
(only one orientation of the disorder of the coordinated acetone is shown,
the second acetone solvent molecule is excluded for clarity).

inner cluster allows a water molecule (disordered over two
sites) to fit in, while in 2-(TMA)CI, the MeCN solvent
molecules (also disordered), present in the crystallization
media, are included into the center of the ion cluster. More-
over, both 2<(TMA)CI and 4-(TMA)CI display unbound
(TMA)CI ion pairs, which fill the voids within the lattice.
Also, these two structures belong to NSC space groups (R3¢
and 143d). The change from 74 to trigonal R3¢ and cubic /43d
results from the trigonal nature of the unbound and solvated
TMACI ion pair situated on a 3-fold symmetry axis. It is
plausible to consider that having bulky side arms may render
the packing less efficient, with the consequence of the inclu-
sion of additional molecules in the lattice.

More interestingly, R3c is a truly polar space group, hence
2-(TMA)CI represents a even more exceptional case. Polar
materials not only may produce piezoelectricity, as all NCS
material, but they may possess a non-null macroscopic dipolar
moment (P # 0) defined on an exclusive direction in the
crystal lattice (defined polar axis in crystallographic terms).
This feature extends the material properties to pyroelectri-
city. In this respect, materials which linger on the boundary
between the organic and inorganic domains, as those pre-
sented here, may have advantages over purely inorganic, or
purely organic materials.

Unfortunately, we were not able to obtain a single crystal
for the (TMA)CI or (TMA)F complex with receptor 5, nor
with 6. In the latter case, such failure is probably due to the
effect of the substitution (R = NO,), which by reducing the
electron density on the side arms lowers the affinity for the
jon pair binding."® The reduced solubility of the receptor
itself led to difficulties in the crystallization attempts with
TMA salts in CHCl;. However, receptor 6 crystallized as a
solvate from an acetone solution, and its X-ray structure is
presented in Figure 4. When crystallized with no (TMA)CI
present, no higher order assemblies are formed. Notably, the
crystal lattice is stabilized by C(urom)-H+ + - O,N- interactions.

The six ball-shaped tetrameric assemblies described above,
and formed upon crystallization, present an arrangement
which seems to be quite general, and extremely favored in
the solid state for this type of salophen-UO, complexes when
co-crystallized with TMA halides salts. Most interestingly,
the presence of the NCS lattice is also a feature common to
all of these structures. As an example, Figure 5 shows the
crystal packing of the tetrameric ball-shaped units for
3-(TMA)CL.
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Figure 5. Orientation of the tetrameric ball-shaped aggregates (wireframe presentation) in the crystal lattice of 3-(TMA)CI. Two views, along the a-axis
(a) and along the h-axis (b), are shown. The turquoise arrows represent the direction of the alignment. One ball-shaped aggregate is shown in vdW

presentation.

a)

Figure 6. Spatial arrangements of tetrameric ball shaped aggregates in the surrounding of the unbound (TMA)Cl ion pair (in vdW presentation) in the

complexes of (a) 2-(TMA)CI, and (b) 4-(TMA)CI along the 3-fold axis.

As it is clearly seen, the ball-shaped assemblies are all
arranged with the same orientation in the crystal lattice and
no inversion center is present. Almost identical arrangements
are also found for 1- and 7-(TMA)CI and for 7-(TMA)F.
Notably, strong CH- - -7 interactions take place in between
the tetrameric shell units, which definitely contribute in
further stabilizing the assemblies (shortest CH- - - 7 distances
in 1- and 7-(TMA)Cl of 2.74 and 2.65 A, respectively, while
distances in 7-(TMA)F are 2.76 A).

As mentioned earlier, the space groups of 2- and 4-(TMA)-
Cl are different from the rest of the complexes. In fact, in
these two cases, unbound (TMA)CI ion-pairs are also con-
stituents of the lattice as they organize themselves between

(18) Unpublished results show how the substitution on the receptors’
sidearms with electron withdrawing groups lowers the affinity for (TMA)Cl
salt.

three tetramer units, thus introducing a 3-fold symmetry
element in the structure. This is clearly depicted in Figure 6
where the TMA cation is shown to interact with three
adjacent salophen-UO, receptors via cation-7 interactions.
Therefore, such forces not only appear to have a strong
influence on the formation process of the tetramer, but also in
directing the lattice architecture. It must be remembered that
in all cases, an excess of the TMA salts was present in the
crystallization mixture to favor the host—guest formation.

These findings indicate that, in these systems, the NCS,
and in one case, polar lattices are not achievable only by a
specific alignment of the tetrameric ball-shaped tetramers,
and therefore might be related with the intrinsic nature of the
salophen-UO, complexes.

As said before, although being not well understood, the
formation of NCS crystals is not rare a phenomenon, and
a CSD' search reveals a number of macrocyclic or N/O



11482 Inorganic Chemistry, Vol. 49, No. 24, 2010

Cametti et al.

Scheme 3. Molecular Formulae of Salen- and Salophen-UO, Complexes, and Other UO,-Complexes Whose Polar Crystal Structures Are Reported in

the Literature”

; 2 <\0/>
g =l
2 2

o/ No o/ %

12 13

“9.MeCN (YALSOU); 9-DMSO (NICQAS); 10 (SALOPV); 11-CF;80;~ (YOWFOF); 12-pyridine (NIPBUK); 13 (SOJKUX); 14-pyridine

(AYOJON); 15-MeOH (JODXOQ).

tetra- and penta-dentate ligands which form UO,-complexes
and that are reported to crystallize in polar space groups (see
Scheme 3). For example, in the crystal structures of the
complexes 9- MeCN (Ccm21), 9- DMSO (P21), 12-pyridine
(Pca2l), and 14- pyridine (Fdd2) (where the fifth equatorial
site of the UO, center is occupied by coordmated MeCN,
DMSO, or pyridine solvent molecules),** the molecular
entities are positioned in such a way to have all the U--
NMeCN, pyridine)» OF U + - Opmso) vectors parallel (or almost)
to each other. Worth noting, as an example which illustrates
the difficulty in predicting the occurrence of NCS packing, is
the case of 14- DMSO, which, contrary to its pyridine analo-
gue, crystallizes in a centrosymmetric space group (Pnma).”!

Molecules 10 (Ccm21) and 13 (Pca21) also crystallize in
NCS and polar space groups, this time, by orienting the
molecular concavity facing to one single direction. Although
in a less evident way, also molecules 11 (Ccm21) and 15 (P1)
crystallize into lattices with no center of inversion. In all case,
the repeating unit in the crystal architecture consists of the
molecular unit, or of'its solvate, and no aggregates or adducts
of higher complexity are found.

Indeed, these systems significantly differ, in terms of
complexity of the lattice architecture, from the structures
described in this work. The latter crystal structures show no
evident alignment of single molecular units, whereas globu-
lar, tetrameric ball-shaped aggregates are found. In light of a
hierarchical view,?> we can speculate that the organization of
the molecular components in NCS crystal lattices must be
induced at a certain stage in the crystal formation process. As

(19) Cambridge Structural Database (version 5.29, the AUG 2008 update,
456628 X-ray crystal structures); The Cambridge Crystallographic Data Centre:
Cambridge, U.K., 2008.

(20) Takao, K.; Ikeda, Y. Inorg. Chem. 2007, 46, 1550-1562. Bharara,
M. S.; Tonsk, S. A.; Gorden, A. E. V. Chem. Commun. 2007, 4006-4008. Gatto,
C. C.; Lang, E. S.; Kupfer, A.; Hagenbach, A.; Wille, D.; Abram, U. Z. Anorg.
Allg. Chem. 2004, 630, 735-741.

(21) Gatto, C. C.; Lang, E. S.; Jagst, A.; Abram, U. Inorg. Chim. Acta
2004, 357, 4405.

(22) Elemans, J. A. A. W.; Rowan, A. E.; Nolte, R.J. M. J. Mater. Chem.
2003, /3,2661-2670. Yan, Y.; Huang, J. Coord. Chem. Rev. 2010, 254, 1072—
1080. Yang, Y.; Wang, C. Chem. Soc. Rev. 2009, 38, 2576-2589. Kresge, C. T.
Adv. Mater. 2004, 8, 181-182.

pointed out by Mandolini et al., non-symmetrically substi-
tuted Salophen-UO, complexes bear an intrinsic chirality,”
because of their curved structural frame. Although the UO,-
complexes in Scheme 1 are symmetric, their isolated ternary
adducts formed by interaction with the ion pair, as presented
in Figure 1, are asymmetric in nature. In solution, this
intrinsically asymmetric conformation would be in equilibri-
um with its equivalent mirror image, simply obtainable by
exchanging the interacting side arm, and furthermore by the
flipping mode of the salophen-UO, frame.® In the solid
state, and in the crystallization process, the situation could be
different. Provided that a preferential interaction of TMA
with one of the two side arms is actually occurring, and were
the kinetics of this exchange between conformations is made
kinetically slow, for instance, by the formation of stable
intermediate aggregates, an intrinsically chiral object would
be formed. The fact that the tetrameric ball shaped aggre-
gates lack of a center of inversion is clearly in favor of this
interpretation; however, that cannot be the only factor which
determines the formation the observed structures.”*

The validity of the above interpretation relies on the
presence of a strong interaction which could favor the
formation of a non-symmetric intermediate species as direct-
ing element for the formation of these crystal structures.

"H NMR solution studies in CHCl; have already demon-
strated that receptor 1 strongl%/ associates to (TMA)CI (K =
17600 M~ ") in a 1:1 fashion.**¢ Such affinity for TMA is
severely reduced in the case of compound 8 (Scheme 1 and 3),
in which the aromatic side arms are replaced with aliphatic
cyclohexyl moieties.

As demonstrated by the titration plot in Figure 7, which
shows the 0 upfield shift of the TMA signals upon increase of

(23) Dalla Cort, A.; Mandolini, L.; Palmieri, G.; Pasquini, C.; Schiaffino,
L. Chem. Commun. 2003, 2178-2179.

(24) Alkali metal halides complexes with salophen-UO, have been re-
ported (see ref 8b). The dimeric assemblies which they feature are centro-
symmetric; hence, they do not crystallize in polar space groups. We speculate
that the stepwise formation of a tetrameric species (monomer-, dimer-,
trimer-, tetramer) intrinsically involves non centrosymmetric species
(trimer), while this not the case for dimeric species like the alkali metal
complexes.
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Figure 7. "H NMR titration plot of (TMA)Cl with receptor 8, in CDCl;
at 25 °C.

the complex 8 concentration, the phenyl to cyclohexyl sub-
stitution significantly affects the affinity, and the association
constant drops to about 130 M~'. Receptor 8 can be
considered an improved model with respect to 9, employed
in previous investigations (Scheme 3),%° as it takes better
into consideration the steric contribution of the two side
arms, especially in relation to the position that TMA must
adopt to maximize the electrostatic interaction with the UO»-
bound anionic species (which always remains the driving
force for the association with the cation). The fact that
receptor 8 is found to bind much less efficiently than 9,
suggests a more critical role of the cation-rr interactions est-
ablished between the TMA and the aromatic side arms of
these receptors than previously attributed.

This finding also easily explains the fact that all the cry-
stallization attempts made to obtain the (TMA)CI complex
with 8 in the solid state failed, and that only the solvated
receptor was successfully crystallized. The X-ray determined
structure of compound 8 is shown in Figure 8. It shows some
interesting features, as the UO,-complexes assemble in di-
meric structures which incorporate four water molecules, two
of them bound to the UO, center, while the other two interact
via H-bonds. This situation has definitely a strong resem-
blance with dimeric alkali metal salts complexes previously
observed by us.®®

If cation-7r interactions can therefore be considered rele-
vant for the assembly formation as observed in the crystalline
state, other intermolecular forces may also be responsible for
the occurrence of metastable intermediates which could
represent the directing unit in the crystal formation. Mass
spectroscopy have been extensively used for seeking species
which can be elusive and present in low concentration in
solution under certain conditions, (for example, at the
beginning of the crystallization process), but whose detection
can be accomplished under gas-phase conditions using ESI
mass spectrometry.25

We explored the possibility of the occurrence of recep-
tor-(TMA)CI aggregates of various composition by ESI
experiments, and at the same time, we compared the behavior
of receptor 1 to that of the novel reference compound 8.

(25) Miras, H. N.; Wilson, E. F.; Cronin, L. Chem. Commun. 2009, 1297—
1311. Zhu, H.-F.; Kong, L.-Y.; Okamura, T.-a.; Fan, J.; Sun, W.-Y.; Ueyama, N.
Eur. J. Inorg. Chem. 2004, 7, 1465-1473. Schalley, C. A. Mass Spectrom. Rev.
2002, 20, 253-309. Schalley, C. A. Int. J. Mass Spectrom. 2000, 194, 11-39.
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Figure 8. View of the receptor 8 (a) and its water-assisted dimer in ball
and stick (b) and vdW model (c).

When a mixture of 1 (1 x 107> M) and (TMA)C1 (5% 10> M)
were sprayed, peaks of composition [1-(TMA),CI]* (main
peak), [1-(TMA)]", and [1,-(TMA)]" were observed in the
mass spectrum. No significant peaks suggesting higher order
aggregates, more closely resembling to the ball-shaped tetra-
mers, were visible. A 2x 107> M solution of receptors 1 and 8
containing 0.5 equiv of (TMA)CI was also spayed in CHCl3
inducing a competition between the two receptors for the ion-
pair guest. The peaks of composition [1-(TMA),CI]™ (main
peak) and [8:(TMA),CI)]" were found in a 2:1 ratio, an
indication for a little preference of (TMA)CI for receptor 1
over complex 8, under the ESI-mass experiment conditions.
Other relevant peaks were observed for [1,-(TMA)],
[8,-(TMA)]", and [1-8-(TMA)]* with no relevant difference
in peak intensity between the former two, but with an evident
preference for the latter hetero species [1-8-(TMA)] ™. Under
these conditions, the specific cation-r interactions are appar-
ently much less significant, and electrostatic and vdW inter-
actions dominate. No peaks which could be considered as the
presence of higher aggregates of specific composition could
be found. These findings indicate that in the circumstances
under which the crystallizations occur, the high concentra-
tion, the cation-sr interactions which were found determinant
in solution phase, and the strong CH - - -7 interactions which
pack the tetrameric units into a ordered lattice, are all
prominent for the formation of the assemblies described in
this work.

Conclusions

The lack of a center of symmetry in a crystalline lattice, or
more stringently, the occurrence of polarity in crystallo-
graphic terms, are not rare events in crystal formation; this
notwithstanding, the factors which induce such ordering of
the molecular components are not always clear. In addition,
the properties which result from the non-centrosymmetry,
such as pyro-, ferro-, and piezo-electricity, are extremely
interesting, and they are subject of extensive investigations
for development of new functional materials." In view of the
strict necessity of a specific spatial organization for the obtain-
ment of the desired properties, regardless of the molecular
identity, it is highly valuable to explore any unusual aggrega-
tion motifs present, when leading to NCS and polar crystals,
to acquire useful information which could eventually shed
light into the mechanism of their formation.

Here, co-crystallization studies of TMA chlorides and
fluorides with salophen-UO, complexes 1—7, belonging to
a well-established class of ion pair receptors, show that the
occurrence of NCS crystal structures in their host—guest
complexes is a quite general phenomenon. Ball-shaped tetra-
mers composed of four ion-pairs amid a shell made of four re-
ceptors are the supramolecular units featured in the crystalline
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lattice. Such assemblies are quite robust and adaptable as
they may endure a certain degree of structural modification in
their basic molecular components and still retain their overall
shape, and an increase of up to about 27% in volume of the
internal cavity of the receptor shell is indeed tolerated.

In the majority of the structures presented here, the
ordering of the tetrameric ball-shaped aggregates results in
NCS packing in tetragonal symmetry (/4); however, in 2- and
4-(TMA)CI different spatial arrangements are observed
(space groups R3¢ and 143d, respectively). In these two cases,
each of the unbound (TMA)Clion pairs co-crystallized in the
lattice fits itself in between three adjacent receptor shells,
introducing an additional 3-fold symmetry element to the
whole crystal structure. These findings indicate that the NCS
arrangements and polarity are not necessarily achieved by the
alignment of the ball-shaped tetramers, as originally thought,
but must reside in the asymmetric nature of the tetrameric
aggregates themselves. The intrinsic chirality of asymmetric
[salophen-UO,—(TMA),(Cl),] adducts which may form
during the crystallization process could exert an influence
on establishing the observed non-centrosymmetry of the
lattice. In addition, the 2-(TMA)CI structure is polar; thus,
it may possess a macroscopic dipole moment which extends
the range of possible applications in the field of functional
materials. This feature makes these materials intriguing and
worth to be explored in more detail. In this respect, 'H NMR
and ESI-mass studies were undertaken to extrapolate from
solution- and gas-phase behavior some additional informa-
tion on the properties of the uranyl-salophen complexes and
on the way they assemble into the crystalline arrangements
observed. A novel reference compound, 8, was synthesized to
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assess the specific contribution of cation-s interactions to the
tetrameric assembly formation. "H NMR titrations experi-
ments with 8, which possesses aliphatic instead of aromatic
side arms, attribute to cation-sr interactions a more important
role in the overall energy balance for the host—guest com-
plexes formation in solution and, therefore, in the crystal-
lization process. Instead, the search in the gas-phase of higher
order aggregates failed, since only dimeric species are de-
tected by ESI-mass experiments.

The results reported here broaden the interest on salophen-
UO; complexes by showing that NCS crystalline solids can
be obtained from their host—guest complexes, thus expand-
ing their field of applications to the domains of material
chemistry. Indeed, piezo- and pyro-electricity are attractive
bulk properties of the material, which necessitate non-cen-
trosymmetric and polar arrangement to emerge.

Further studies aimed at the inclusion of novel species
amid the tetramer’s cavity, for example, neutral and multi-
charged compounds having large dipole moment and hyper-
polarizability, while maintaining the overall NCS and polar
organization in the crystal lattice, are currently underway.
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