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ABSTRACT
The synthesis of two novel Uranyl-salophen complexes, 1 and 2, decorated with ethynyl substituents, 
and the study in chloroform of their binding properties toward three different tetrabutylammonium 
halide salts, i.e. fluoride, chloride, bromide, are here reported. Such derivatives proved to be efficient 
halide receptors. The presence of two ethynyl groups in the para position, with respect to the 
phenoxide oxygens, seemed to be accountable for the moderate emission shown by complex 1. 
Surprisingly, instead, complex 2 does not show such property. The possibility of 1 to form dimers 
in non-coordinating solvents provides an explanation for such difference, since emission can be 
induced by the aggregation. This finding provides an unprecedented example of aggregation 
induced emission (AIE) for metal salophen derivatives. Moreover DFT calculations provide theoretical 
insight to the formation of host-guest complexes. Their stabilities were calculated in vacuum and in 
chloroform and the results are perfectly in agreement with the experimental data.

Introduction

Nowadays a main focus of supramolecular chemistry is the 
design and study of luminescent and colorimetric sensors 
for anions (1). It is well known that anions play an essential 
role in many chemical and biological processes. Inorganic 
and biotic anions such as acetate, phosphate, and halide 
are involved in the activity of enzymes, transport of hor-
mones, protein synthesis, and DNA regulation. Moreover, 
environmentally important anions such as nitrate and 
phosphate constitute a large part of current pollutants 
that cause eutrophication of rivers. For these reasons, over 
recent years, we have seen the development of a huge 

number of artificial anion receptors that can act as chem-
osensors, efficiently changing their photophysical proper-
ties in the presence of anions, and showing high sensitivity 
and low detection limit. Different types of non-covalent 
interactions are exploited to achieve recognition, ranging 
from hydrogen bond, anion-π interactions to hydropho-
bic effects etc. (2–4). Within these, an important binding 
motif is metal coordination, that has its roots in classical 
coordination chemistry (5).

Among the different metals that can be coordinated by 
these ligands, there is the hexavalent uranyl dication, UO2+

2
 

which displays a pentagonal bipyramidal coordination 
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5-bromo-2-hydroxybenzaldehyde is commercially avail-
able, while 5-bromo-3-tert-butyl-2-hydroxybenzaldehyde, 
3b, was prepared according to Scheme 2. Compounds 4a 
and 4b were obtained through Sonogashira coupling reac-
tions (13) between the proper hydroxybenzaldehyde, 3a 
or 3b, ethynyltrimethylsilane in the presence of bis(triphe-
nylphosphine)palladium(II) dichloride and copper iodide 
in triethylamine. After deprotection, derivatives 5a and 5b 
(14) were reacted with 1,2-phenylendiamine in the pres-
ence of UO2(OAc)2·2 H2O in methanol. After 24 h at room 
temperature, a bright orange powder, 1, or a red powder, 2, 
were obtained and isolated without further purification (SI).

Results and discussion

Absorption spectra of the uranyl complexes display differ-
ent bands between 300 and 450 nm which can be assigned 
to π→π* transitions of the phenyl ring and of the azome-
thine chromophore. The farthest energy band is assigned 
to n→π* transition involving the promotion of the lone pair 
electrons of nitrogen atom to the anti-bonding π* orbital6a.

The appearance of an emission band in the case of 1 
with a maximum at 479  nm characterised by moderate 
quantum yield (ΦF = 0.021 ± 0.001) in chloroform, Figure 2,  
let us think that this was due to the introduction of ethynyl 
groups.

geometry in which the apical positions are occupied by 
the two oxygen atoms, while four of the five equatorial 
positions are engaged with the N2O2 donor atoms. Thus, 
an equatorial position remains available for substrates 
that can be complexed through Lewis acid-base inter-
actions (6). It was found that such complexes behave 
as highly efficient receptors for anions. The recognition 
event can be easily detected by UV-vis or NMR spectros-
copy following variations induced by the presence of the 
anion. Moreover uranyl cation and salophen ligands are 
fluorescent on their own, while the corresponding com-
plexes hardly emits (7). Therefore only few examples of 
luminescent uranyl salophen complex based receptors 
have been reported till now (8).

In the literature several approaches have been pursued 
to solve the problem of having very good receptors for 
specific targets, though weakly emissive, to use them in 
sensing. Different strategies have been adopted includ-
ing for example the attachment to the ligand molecular 
framework of anthracene (9) and/or pyrene units (10) with 
high fluorescence quantum yields (ΦF), or the extension of 
π-conjugation and the introduction of electron withdraw-
ing groups (11) as substituents (12).

Such considerations have prompted us toward the 
synthesis of two new uranyl-salophen complexes, 1–2, 
bearing ethynyl substituents as chromophoric groups. 
Here we report the synthesis of such derivatives and how 
the introduction of the ethynyl substituents on the ligand 
skeleton affects their association behavior toward a series 
of halides, fluoride, chloride and bromide, and their pho-
toluminescent properties (Figure 1).

Results and discussion

Synthesis

The new compounds were obtained according to 
Scheme 1.

Figure 1. Structure of compounds 1 and 2.

Scheme 1. Synthetic route to Uranyl-salophen complex 1–2.

Scheme 2.  Synthetic route to 5-bromo-3-tert-butyl-2-
hydroxybenzaldehyde, 3b.
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Before starting an exploratory study of the affinity of 
1 towards a series of halides based on emission varia-
tions, we performed standard UV-vis titrations measuring 
absorption variations in CHCl3 using tetrabutylammonium 
(TBA) salts of fluoride, chloride and bromide.

The addition of increasing amount of standard solu-
tions of the TBA salt in chloroform to the solution of 1, 
caused variations of the absorbance spectrum, see Figure 3  
due to the well known strong affinity of uranyl salophen 
complexes towards halides (15).

Typical titration experiments are reported in Figure 3. 
Reproducible absorbance changes in the 280–550  nm 
region caused by the enhancement of anion concentra-
tion at 25 °C were observed. The presence of sharp isos-
bestic points and the close adherence of titration data to 
the binding isotherm of a 1:1 complexation phenomenon 
lead to estimate association constants higher than 106 M−1 
for fluoride and 105 M−1 for chloride. Instead in the case 
of TBABr, the titrations data were not reproducible and 
the values obtained appeared to be dependent on com-
plex concentration, i.e. in the host concentration range 

of 5·10−5–5·10−6  M, the calculated association constants 
assume values between 3·103 and 2·104 M−1.

In 2007 Ikeda et al. reported that in non-coordinating 
solvents like chloroform, Uranyl-salophen complexes with-
out substituents in the ortho position to the phenolic oxy-
gens are present as dimeric complexes [(UO2(salophen)]2 
even at low concentration (10−5–10−6 M) (16). In the dimer, 
the two salophen units are held together through the 
coordination of the phenoxide oxygen of one salophen 
ligand to the fifth equatorial coordination site of the other 
Uranyl center. Likely, this occurs also in the case of complex 
1. This assumption is confirmed by the 1H-NMR spectrum 
in CDCl3 in which the aromatic signals appear quite broad. 
Indeed the addition of a small amount of a competitive 
guest, for example one or two drops of a coordinating sol-
vent such as pyridine, leads to a well resolved spectrum 
characterised by sharp signals. To avoid dimerization, a 
likely reason for the irreproducibility of measurements in 
the case of weaker binders, we introduced two tert-butyl 
groups in the 3,3′ positions, 2. UV-vis titrations with the 
three TBA halides, F−, Cl−, and Br−, were performed using 
this time complex 2. Very good affinities for fluoride and 
chloride, with association constants higher than 106 and 
105 M−1, respectively, were measured, Table 1, and accu-
rate, although lower values, as expected, were obtained 
in the case of bromide, i.e. 7·103  M−1 (Figure 4). These 
data are perfectly reproducible and independent of host 
concentration. Moreover, unexpectedly no emission was 
observed in this case.

Thus, the absence of substituents close to the metal 
center in complex 1 favors the formation of dimers even 
in diluted solution. Since fluoride and chloride bind very 
strongly to uranyl, their additions immediately disrupt 
dimeric aggregates shifting the equilibrium completely 
toward the monomeric species. This leads to reliable and 
reproducible data for titrations as the model we apply 

Figure 2. (Colour online) UV-vis (red) and emission (blue) spectra 
of compound 1, c = 8.62 × 10−5 M, in CHCl3.

Figure 3. (Colour online) UV-vis titration curves in CHCl3 at 25 °C of host 1 with TBAF ([1] = 1.02·10−5 M) left, and TBACl ([1] = 2.98·10−5 M) 
right.
Insets: variation of the absorption at 420 nm against concentration; points are experimental, curves are calculated.
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Molecular modelling

In order to provide more theoretical insight into the geom-
etry of the host-guest complexes as well as into the energy 
of their formation, molecular modelling studies were per-
formed at the DFT level, using the B3LYP functional (19, 20) 
(see below). The minimum energy geometries of receptors 
1 and 2 are displayed in Figure 5.

As previously reported, the U–O distance, is significantly 
longer than the one corresponding to the axial oxygens 
(U=O) due to the overlap between the 6d and 5f orbitals 
of the uranium atom and the three p orbitals (or two p and 
one hybrid sp orbitals) of each axial oxygen providing the 
linear structure (21).

The O=U=O moiety is almost linear, Table 2. The two 
derivatives, 1–2, are expected to be folded with the aro-
matic substituted rings with a torsion angle of 43–45° with 
respect to the main plane of the U–N2O2 atoms (see Figure 
S1). This conformation would favour the coordination with 
guest molecules as no steric hindrance is expected around 
the fifth equatorial binding site of the metal.

Calculations on the halide complexes were also per-
formed and the resulting structures and main distances 
and angles are shown in Figures 6, S2 and Table 3.

Coordination with halides affects the environment 
around the metal atom and induces a slight deviation 
from O=U=O linearity (the angle becomes less than 180°). 
It should be noted that the U···X (X = F−, Cl−, Br−) calculated 
distances reproduce quite nicely those obtained from X-ray 
crystal diffraction in analogous host-guest uranyl-halide 
complexes (22, 23).

The energies for the formation of the adducts with the 
different halides (fluoride, chloride and bromide) were cal-
culated by DFT in the gas phase and in chloroform. The 
results are summarised in Table 4.

Inspection of Table 3 confirms the experimental data. 
The affinity for fluoride anion is the highest for both 
receptors, following the general trend F− > Cl− > Br− and 
indeed, the predicted energy for the complex formation 
with the bromide anion is clearly lower in all cases. The 
energies predicted for the host: guest interactions with 
receptor 2 are larger than those calculated for 1. This is in 

is that of a 1:1 complexation phenomenon (17). Instead 
for bromide, that has a lower affinity for the metal, at 
least three orders of magnitude less, the equilibrium 
between monomeric and dimeric species, Equation (1), 
is more important and concentration starts playing a 
crucial role. Indeed for complex 1 the binding constant 
with bromide decreases upon increasing complex con-
centration while for complex 2, in which dimer forma-
tion is prevented, the host-halide complex is formed 
immediately, and concentration is not influencing the 
measurements.

   � (1)

The unexpected finding that complex 2 does not show 
emissive properties suggests that the fluorescence that 
we observe for 1 should be ascribed to aggregation. Such 
phenomenon is known as aggregation-induced emission 
(AIE) and originates from the restriction of intramolecular 
rotation (18).

Figure 5. (Colour online) Optimised structures of 1 (left) and 2 (right).
Notes: Carbon (grey); oxygen (red); uranium (cyan); nitrogen (blue). Hydrogens are omitted for clarity.

Figure 4. (Colour online) UV-vis titration curve in CHCl3 at 25 °C of 
complex 2 (inset, points are experimental, curve is calculated) and 
corresponding spectral variation with TBABr ([2] = 9.36·10−6 M).

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 0
6:

01
 0

5 
A

ug
us

t 2
01

7 

Authorquery:
Inserted Text
Please check and confirm whether the surnames and given names of the authors have been set correctly.

Authorquery:
Inserted Text
Please check and confirm whether the corresponding author and email address have been set correctly.



SUPRAMOLECULAR CHEMISTRY﻿    5

of their binding properties toward three different 
tetrabutylammonium halide salts, i.e. fluoride, chloride, 
bromide.

The presence of two ethynyl groups in the para posi-
tion with respect to the phenoxide oxygens, seemed to be 
accountable for the appearance of moderate emission in 1. 
UV-vis titration experiments highlighted the good affinity 
for TBAF (K > 106 M−1) and TBACl (K > 105 M−1) salts, while 
for TBABr measurements resulted to be not reproducible, 
depending on host concentration.

The possibility for 1 to form dimeric species in non-co-
ordinating solvents provides an explanation for the irre-
producibility as well as for the observed emission that can 
be induced by aggregation (AIE).

These considerations are supported by the fact that 
complex 2, in which the presence of two tert-butyl groups 
in the ortho position with respect to the phenoxide oxy-
gens prevents dimer formation, shows association con-
stants for fluoride and chloride, comparable with those 
obtained for 1. The binding affinity of 2 toward TBABr, 
K  =  7·103  M−1, was, in this case, reproducibly measured 
and proved to be independent of receptor concentration. 
Moreover complex 2 did not have any emission spectrum 
confirming that the moderate fluorescence shown by 1 is 
indeed due to dimerization.

DFT calculations provided theoretical insight into the 
formation of host-guest complexes. Their stabilities were 
calculated in vacuum and in chloroform and the results 
are in agreement with the experimental data since the 
energies for the host:guest interactions calculated in 
the case of receptor 2 are higher than those calculated 
for 1 where the different affinity strength towards hal-
ides, F− > Cl− >> Br−, influences the efficiency of dimer 
dissociation.
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agreement with the more stable monomeric species of 
complex 2, where the presence of the tert-butyl group pre-
cludes dimer formation. Additional non common halide···H 
hydrogen bonding interactions, that could be established 
between the different halides and the tert-butyl groups, 
may favor the stability of the resulting adducts (24).

Conclusions

Here, we reported the synthesis of two novel Uranyl-
salophen complexes, 1 and 2, and the study in chloroform  

Figure 6. (Colour online) Molecular modelling structure of 2-F (left), 2-Cl (middle) and 2-Br (right).
Notes: Hydrogens are omitted for clarity. Carbon (grey); oxygen (red); uranium (cyan); nitrogen (blue); fluoride (yellow); chloride (green) and bromide (brown).

Table 1. Binding constants, K (M−1) of 1 and 2 toward TBAX salts 
(X = F−, Cl−, Br−) in CHCl3 at 25 °C.

Complex F− Cl− Br−

1 >106 >106 –
2 >105 >105 7 × 103

Table 2.  Main distances calculated for optimised geometries of 
compounds 1 and 2.

Complex

Distance (Å) Angle (°)

U=O U-O U-N O=U=O U-O-C U-NH-C
1 1.787 2.271 2.579 179 135.36 125.06
2 1.787 2.274 2.563 179 137.69 124.86

Table 3.  Main distances calculated for optimised geometries of 
complexes 1 and 2 with fluoride, chloride and bromide.

Complex

Distance (Å) Angle (°)

U-X U=O U-O U-N O=U=O U-O-C U-NH-C
1·F 2.115 1.797 2.380 2.757 172.26 136.16 125.08
1·Cl 2.708 1.788 2.345 2.748 172.51 136.44 125.11
1·Br 2.923 1.787 2.336 2.740 172.91 136.45 125.11
2·F 2.141 1.798 2.372 2.713 173.46 137.16 124.31
2·Cl 2.726 1.787 2.368 2.696 173.44 141.24 126.96
2·Br 2.936 1.786 2.369 2.689 173.63 141.52 126.34

Table 4. ΔE values (kcal/mol) calculated for the formation of 1 and 
2:halide adducts in gas phase and in CHCl3.

Gas CHCl3

1-F −129.76 −71.42
1-Cl −59.01 −15.93
1-Br −44.87 −7.04
2-F −135.35 −83.73
2-Cl −61.71 −24.94
2-Br −46.12 −14.83

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 0
6:

01
 0

5 
A

ug
us

t 2
01

7 

Authorquery:
Inserted Text
Figure 1 is not cited in the text and it is cited appropriately while editing. Please check and approve the edit.



6   ﻿ S. BARTOCCI ET AL.

(10) � Kim, J.S.; Quang, D.T. Chem. Rev. 2007, 107, 3780–3799.
(11) � Bartocci, S.; Sabaté, F.; Bosque, R.; Keymeulen, F.; Bartik, 

K.; Rodríguez, L.; Dalla Cort, A. Dyes Pigm. 2016, 135, 
94–101.

(12) � Li, X.; Gao, X.; Shi, W.; Ma, H. Chem. Rev. 2014, 114, 590–659.
(13) � Chang, K.-H.; Huang, C.-C.; Liu, Y.-H.; Hu, Y.-H.; Chou, P.-T.; 

Lin, Y.-C. Dalton Trans. 2004, 1731–1738.
(14) � Korich, A.L.; Hughes, T.S. Org. Lett. 2008, 10, 5405–5408.
(15) � (a) Antonisse, M.M.G.; Snellink-Ruël, B.H.M.; Ion, A.C.; 

Engbersen, J.F.J.; Reinhoudt, D.N. J. Chem. Soc. Perkin Trans. 
1999, 2, 1211–1218; (b) Brynda, M.; Wesolowski, T.A.; 
Wojciechowski, K. J. Phys. Chem. A 2004, 108, 5091–5099; 
(c) Cametti, M.; Nissinen, M.; Dalla Cort, A.; Mandolini, L.; 
Rissanen, K. J. Am. Chem. Soc. 2005, 127, 3831–3837; (d) 
Cametti, M.; Nissinen, M.; Dalla Cort, A.; Mandolini, L.; 
Rissanen, K. J. Am. Chem. Soc. 2007, 129, 3641–3648; (e) 
Dalla Cort, A.; Forte, G.; Schiaffino, L. J. Org. Chem. 2011, 
76, 7569–7572; (f ) Bodo, E.; Ciavardini, A.; Dalla Cort, A.; 
Giannicchi, I.; Yafteh Mihan, F.; Fornarini, S.; Vasile, S.; 
Scuderi, D.; Piccirillo, S. Chem. Eur. J. 2014, 20, 11783–11792; 
(g) Leoni, L.; Puttreddy, R.; Jurcek, O.; Mele, A.; Giannicchi, 
I.; Yafteh Mihan, F.; Rissanen, K.; Dalla Cort, A. Chem. Eur. J. 
2016, 22, 18714–18717.

(16) � Takao, K.; Ikeda, Y. Inorg Chem. 2007, 46, 1550–1562.
(17) � Thordarson, P. Chem. Soc. Rev. 2011, 40, 1305–1323.
(18) � (a) Mei, J.; Leung, N.L.C.; Kwok, R.T.K.; Lam, J.W.Y.; Tang, B.Z. 

Chem. Rev. 2015, 115, 11718–11940; (b) Wang, D.; Li, S.-M.; 
Zheng, J.-Q.; Kong, D.-Y.; Zheng, X.-J.; Fang, D.-C.; Jin, L.-P. 
Inorg. Chem. 2017, 56, 984–990.

(19) � Becke, A.D. J. Chem. Phys. 1993, 98, 5648–5652.
(20) � Lee, C.; Yang, W.; Parr, R.G. Phys. Rev. B 1988, 37, 785–789.
(21) � Venkateswara, R.P.; Rao, C.P.; Sreedhara, A.; Wegelius, E.K.; 

Rissanen, K.; Kolehmainen, E. J. Chem. Soc. Dalton Trans. 
2000, 56, 1213–1218.

(22) � Cametti, M.; Ilander, L.; Valkonen, A.; Nieger, M.; Nissinen, 
M.; Nauha, E.; Rissanen, K. Inorg. Chem. 2010, 49, 11473–
11484.

(23) � Cametti, M.; Nissinen, M.; Dalla Cort, A.; Mandolini, L.; 
Rissanen, K. Chem Commun. 2003, 2420–2421.

(24) � Brammer, L.; Bruton, E.A.; Sherwood, P. Cryst. Growth Des. 
2001, 1, 277–290.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Ministerio de Ciencia e Inno-
vación of Spain [AEI/FEDER, UE Projects CTQ2016-76120-P] and 
[CTQ2015-65040-P]; the CIRCC, Interuniversity Consortium of 
Chemical Catalysis and Reactivity for the fellowship; the Uni-
versità La Sapienza, project ‘Ricerca scientifica di Ateneo 2015’ 
[C26A15437J].

References

  (1) � (a) Gale, P.A.; Caltagirone, C. Chem. Soc. Rev. 2015, 44, 
4212–4227 and references therein; (b) Gunnlaugsson, T.; 
Glynn, M.; Tocci, G.M.; Kruger, P.E.; Pfeffer, F.M. Coord. Chem. 
Rev. 2006, 250, 3094–3117.

  (2) � Gibb, C.L.D.; Gibb, B.C. J. Am. Chem. Soc. 2011, 133, 7344–
7347.

  (3) � Berryman, O.B.; Bryantsev, V.S.; Stay, D.P.; Johnson, D.W.; 
Hay, B.P. J. Am. Chem. Soc. 2007, 129, 48–58.

  (4) � Anslyn, E.V.; Dougherty, D.A. Modern Physical Organic 
Chemistry; University Science Books: Sausalito, CA, 2006.

  (5) � (a) Bowman-James, K.; Bianchi, A.; García-España, E. Anion, 
Coordination Chemistry; Wiley-VCH: New York, NY, 2012; (b) 
O’Neil, E.J.; Smith, B.D. Coord. Chem. Rev. 2006, 250, 3068–
3080.

  (6) � (a) van Axel Castelli, V.; Dalla Cort, A.; Mandolini, L.; Pinto, 
V.; Reinhoudt, D.N.; Ribaudo, F.; Sanna, C.; Schiaffino, L.; 
Snellink-Ruël, B.H.M. Supramol. Chem. 2002, 14, 211–219; 
(b) Cametti, M.; Nissinen, M.; Dalla Cort, A.; Rissanen, K.; 
Mandolini, L. Inorg. Chem. 2006, 45, 6099–6101.

  (7) � Kunkler, H.; Vogler, A. Verlag Z. Naturforsh 2002, 57b, 301–
304.

  (8) � Hosseini, M.; Ganjali, M.R.; Veismohammadi, B.; Faridbod, F.; 
Abkenard, S.D.; Salavati-Niasari, M. Luminescence 2012, 27, 
341–345.

  (9) � (a) Yafteh Mihan, F.; Bartocci, S.; Credi, A.; Silvi, S.; Dalla Cort, 
A. Supramol. Chem. 2012, 25, 1–8; (b) Fabbrizzi, L.; Poggi, A. 
Chem. Soc. Rev. 1995, 24, 197–202.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 0
6:

01
 0

5 
A

ug
us

t 2
01

7 


	Abstract
	Introduction
	Results and discussion
	Synthesis
	Results and discussion
	Molecular modelling

	Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References



