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Abstract Three iron(IlI) complexes with ligands derived from N-ethyl-N-(2-
aminoethyl)salicylaldiminate (H, 1; 5-Br, 2; 3-OMe, 3 substituents at the phenyl group)
were prepared and the X-ray crystal structures of 1 and 2 are reported. NMR studies of
solutions of these complexes in DMSO allowed for investigation of their magnetic
behaviour and‘paramagnetic relaxation contribution. The relaxivities measured ranged
from 0.35 t0 0.80 mM™" s for proton Larmor frequencies from 0.01 to 300 MHz, in
agreement with.those known for other iron(Ill) based contrast agents. Biological studies
on colonic epithelial Ts4 cell monolayers showed that the compounds exert toxic effects
only at concentrations higher than 100 uM while coincidently reducing colonic
epithelial secretory function. These two features make these complexes good candidates
for further development in order to be used as MRI contrast agents.

1. Introduction

Magnetic Resonance Imaging (MRI) is a widely used technique for visualising
anatomical soft tissue, using non-ionizing radiation and displaying excellent spatial
resolution [1]. However, it has a limited sensitivity when compared with other imaging
techniques (e.g. optical or nuclear) [2,3], due to the abundance of the water signal
monitored [4]. Thus, efforts to improve this shortcoming focus mainly on chemical
substances which enhance MRI contrast [5].

The field of MRI contrast agents has been dominated by trivalent gadolinium (Gd™)
complexes [5-8] as they are paramagnetic with seven unpaired electrons [5]. However,
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concerns regarding Gd** toxicity [9-11] are directing research towards the use of other
metals as paramagnetic contrast agents. This resulted in an expansion of non-lanthanide
based contrast agents (e. g.: Mn(Il) [12-16], Fe(Il)/Fe(Ill) [17-24], Co(Il)/Co(III)
[25,26] and Ni(Il) [27]). Among these, iron is a biocompatible metal and
paramagnetism is observed for high-spin (HS) Fe(Il) and both high-spin and low-spin
(LS) Fe(Ill) octahedral species [28,29]. Recently, the approaches to iron based contrast
agents focused on either design of molecular compounds [19,23] or development of
nanoparticles [14,30,31].

Schiff bases were shown to be a versatile class of ligands for coordination chemistry
[32]. These ligands can be tailored to contain groups bearing labile protons (e. g.“OH or
NH) thus increasing the solvent NMR relaxivity (r) produced by the contrast agent. This
enhancement is magnetic field dependent and the parameters that describe the
paramagnetic relaxation can be obtained, for instance, through a magnetic field
dependence of the spin-lattice relaxivity (r;) study usually called Nuclear Magnetic
Relaxation Dispersion (NMRD) [16]. This effect is observed by measuring solvent spin-
lattice relaxation rates over a broad range of magnetic fields corresponding to proton
Larmor frequencies (V. y) from 10 kHz to hundreds of MHz, in general.

We have been investigating this class of ligands aiming at finding new examples of
paramagnetic systems using Fe(Ill) [33]. Given that these complexes contain iron and
have protons that can easily exchange with the solvent we decided to investigate their
potential as contrast agents.

Administration of contrast agents is commonly done either orally or intravenously.
Ingested contrast agents will, inevitably, come into contact with the epithelial lining of
the gastrointestinal (GI) tract. The GI epithelial barrier is a monolayer of cells that
serves several key functions, such as the transporting of fluid and electrolytes to and
from the gut lumen. The absorption and secretion of fluids across the epithelial barrier is
driven by osmotic gradients, which in turn are generated by the active transport of ions.
CI secretion, the primary driving force for fluid secretion, is promoted by hormones and
neuroimmune agonists, which bind to cell surface receptors and increase cytosolic
second messengers, most notably cyclic AMP (cAMP) and Ca®*. These second
messengers then interact with the transport proteins of the Cl secretory pathway to
stimulate fluid secretion into the gut lumen [34]. Employing the newly synthesised
potential contrast agents, we show their effects on colonic epithelial cell survival and
function.

Here we report the synthesis of compounds of the general formula [Fe(R-salEen),]Cl
(salEen = N-ethyl-N-(2-aminoethyl)salicylaldiminate; R = H, 1; 5-Br, 2; 3-OMe, 3) and
present the X-ray crystal structures for both [Fe(H-salEen);]C1-0.5H,O (1) and [Fe(Br-
salEen),]C1-0.5H,O (2). The magnetic behaviour in solution assessed by the Evans’
method [35], NMRD profiles in DMSO solutions, cell toxicities and their effects on CI
secretion.

2. Experimental

2.1. Syntheses

N-ethylethylenediamine, salicylaldehyde, 5-bromosalicylaldehyde, o-vanillin,
iron(IIT) chloride hexahydrate, iron(II) chloride and all the solvents were purchased and
used without further purification. IR transmittance spectra were obtained on a Nicolet
Nexus 6700 FTIR spectrophotometer in the 400-4000 cm™ range with 4 cm™ resolution
using KBr pellets.



2.1.1. [Fe(salEen),]Cl-xH,0O (1-xH,0): Salicylaldehyde (214 pL, 2 mmol) was
added to a solution of N-ethylethylenediamine (210 puL, 2 mmol) in methanol (30 mL)
and left stirring for 15 minutes. Iron(IIl) chloride hexahydrate (270 mg, 1 mmol) was
added to the previous mixture and left stirring for 1 h. The mixture was filtered and
needle shaped dark brown crystals of 1:0.5H,O were obtained by slow evaporation in
methanol (81 mg, 14 %). IR (KBr): Vimax/em™' 3095 (Vau, m), 2924-2853 (Ven, m), 1629
(Veans 8), 1598 (8¢c—c, m), 1296 (Vco, s). Anal. found (caled) for CyoH34CIFeN4O4- 2H,0:
C51.99 (51.83); H 6.32 (6.72); N 10.95 (10.99).

2.1.2. [Fe(5-Br-salEen);]Cl-xH>0O (2.xH>0): The same procedure as for the synthesis
of compound 1 was used, starting from N-ethylethylenediamine (210 uL, 2 mmol) in
methanol (30 mL), 5-bromosalicylaldehyde (402 mg, 2 mmol) and iron(Il) chloride
(127 mg, 1 mmol). The mixture was filtered and needle shaped dark brown crystals of
2:0.5H,0 were obtained by slow evaporation in methanol (85 mg, 13 %). IR (KBr):
Vimax/em™' 3078 (Vng, m), 2970-2858 (Vey, m), 1633 (Veens 8), 1590 (8c—c, m), 1295 (vc.
N, 8). Anal. found (calcd) for CsH3:Br,CIFeNsO4-2H,0: C 39.09 (39.52); H 4.33
(4.57); N 8.22 (8.38).

2.1.3. [Fe(3-OMe-salEen),]Cl (3): The same procedure used to synthesise compound
1 was used for compound 3 synthesis, starting from N-ethylethylenediamine (210 uL, 2
mmol) in methanol (30 mL), o-vanillin (304 mg, 2 mmol) and iron(Il) chloride (127 mg,
1 mmol). A dark green microcrystalline solid was filtered, washed with methanol and
dried under vacuum (116 mg, 20 %). IR (KBr): Via/em™' 3063 (Vnu, M), 2994-2831
(Ven, W), 1633 (Veon, 8), 1598 (8c=c, m), 1308 (vcn, s). Anal. found (calcd) for
Co4H34CIFeN,4Oy: C 53.48 (53.89); H 6.50 (6.60); N 10.39 (10.48).

2.2. General procedures for X-ray crystallography

Crystals suitable for single-crystal X-ray analysis were obtained for 1:0.5H,O and
2:0.5H;0, as described in the synthetic procedures. The data were collected using
graphite monochromated Mo-Ky, radiation (A = 0.71073 A) on a Bruker AXS-KAPPA
APEX II diffractometer equipped with an Oxford Cryosystem open-flow nitrogen
cryostat. Cell parameters were retrieved using Bruker SMART software and refined
using Bruker SAINT on all observed reflections. Absorption corrections were applied
using SADABS [36]. The structures were solved and refined using direct methods with
program SIR2004 [37] using WINGX-Version 1.80.01[38] SHELXL [39,40] system of
programs. All non-hydrogen atoms were refined anisotropically and the hydrogen atoms
were inserted in idealised positions and allowed to refine riding on the parent carbon
atom. The molecular diagrams were drawn with ORTEP-3 for Windows [41] included
in the software package.

Both structures refined to a good convergence, even though crystals of 2:0.5H,O
were of poor quality presenting low ratio of observed/unique reflections. SIMU and
ISOR restraints were applied in order to prevent some atoms from turning non-positive-
definite.

It was not possible to locate the hydrogen atoms of the H,O molecules in both
structures of 1:0.5H,0 and 2:0.5H,0.

Flack parameter x obtained for 2:0.5H,O is meaningless (0.44(2)). The crystal is
most likely a 50/50 inversion twin. No absolute configuration determination is possible.
For crystallographic experimental data and structure refinement parameters see Table 1.
Data for structures 1 and 2 were deposited in CCDC under the deposit numbers CCDC
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1018927-1018928 and can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.uk/data_request/cif.

Table 1
Selected crystallographic experimental data and structure refinement parameters for
1:0.5H,0 and 2-0.5H,0.
1-0.5H,0 2:0.5H,0
Emplrlcal C44H60C12F62N805 C44H56BI'4C12F62N805
formula
Formula weight 963.60 1279.21
Temperature
(K) 150(2) 150(2)
Crystal system Orthorhombic Monoclinic
Space group Fdd2 P2,
a(A) 18.230(4) 10.282(2)
b(A) 53.905(11) 25.841(6)
c(A) 9.8130(18) 10.606(2)
a(®) 90 90
B(°) 90 116.136(10)
Y(®) 90 90
V(A% 9643(3) 2529.8(9)
Z, Peac (gcm™) 8, 1.327 2, 1.679
H(mm™) 0.763 3.889
Crystal size 0.12x0.12x0.04 0.20x0.04x0.04
Crystal colour brown brown
Crystal shape plate prism
Refl. collected 26883 21449
Unique refl.
[lg(int)] 4187 [0.0984] 7157 [0.0989]
R1 [>206(D)] 0.0591 0.0845
wR2 [>206(D)] 0.1207 0.2011
GooF 1.046 1.043

2.3. NMR Studies

2.3.1. Evans’ method: Magnetic measurements of complexes 1 and 2 in solution

were performed at room temperature (rt) by 'H NMR using the Evans’ method [35] on a
Bruker Avance 400 spectrometer operating at 400.14 MHz at a constant temperature of
298.15 K. The measurements for each compound at different concentrations ([c] = 100,
50, 10 and 5 mM) were performed in standard 5 mm NMR tubes containing the
paramagnetic samples dissolved in DMSO-d¢ with an inert reference of 0.03 % TMS,
against a reference insert tube filled with the same solvent (0.03 % TMS in DMSO-de)
and their shift measured in Hz.

2.3.2. NMRD measurements: The proton spin—lattice relaxation time, 7, was
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measured over vy, range from 10 kHz to 300 MHz. In the range 10 kHz — 8.9 MHz,
the data were obtained with a home-developed fast field-cycling (FFC) relaxometer
operating with a polarization and detection fields of 0.215 T and a switching time less
than 3 ms [42]. For frequencies between 10 and 91 MHz, a variable-field iron-core
magnet and a 300 MHz Bruker Avance II spectrometer were used and 77 was measured
applying the inversion recovery sequence.

2.3.3. Self-diffusion measurements: The diffusion coefficient, D, expressed in m>s’,
was measured using the stimulated spin-echo sequence [43] on a Bruker Avance 1l 300
MHz spectrometer equipped with a Diff 30 gradient unit. D was obtained from.the echo
decay using the stimulated echo sequence according to

I=1,expl-y*g*6*D(A - 6/3)] Eq. (1)

where vy is the proton’s gyromagnetic ratio, g is the magnetic field gradient strength, ¢ =
1 ms is the gradient pulse length, A = 20 ms is the delay between the gradients pulses.

2.4. Biological essays

2.4.1. Sample preparation: Stock solutions (1 M) of compounds 1-3 were prepared
by dissolving these in non-anhydrous DMSO. Solutions of different concentrations (1
nM, 100 nM, 10 uM, 100 uM and 500 uM) were further prepared by dissolving aliquots
of the stock solution in Ringer’s solution containing (in mM): 40 Na*, 5.2 K*, 1.2 Ca*,
1.2 Mg*, 119.8 CI, 25 HCO;5", 0.4 H,PO,~, 2.4 HPO,*", and 10 glucose.

2.4.2. Electrophysiological Measurements: Tgs cell monolayers, cultured as
previously described [44], were mounted in Ussing chambers (aperture = 0.6 cm?),
voltage-clamped to zero potential difference and bathed in Ringer’s solution, and
monitored for changes in short circuit current (Als.) using a VCC MCS8 Voltage Clamp
(Physiological Instruments, San Diego, CA). Under such conditions secretagogue-
induced Al reflect.changes in electrogenic Cl secretion [45]. Results were normalised
and expressed as Al (LA cm’z).

2.4.3. Transepithelial electrical resistance (R,,) measurements: R, Q cm’ used as a
measure “of intestinal epithelial barrier integrity was measured directly using an
epithelial volt meter (EVOM?2).

2.4.4. Lactate dehydrogenase (LDH) Assay: Lactate dehydrogenase (LDH) release,
used as a measure of toxicity, from Tg4 intestinal epithelial cells, was measured using a
commercially available kit (Sigma-Aldrich, Gillingham, UK). Tg4 cell monolayers were
cultured on permeable supports for 7 — 14 days until the R, had stabilised. Cells were
then treated bilaterally with compounds 1-3 for 24 hours. Following this, equal aliquots
of apical and basolateral culture media were analysed for the presence of LDH by
spectrophotometry.

2.4.5. Statistical Analysis: All biological data are expressed as mean + standard error
of the mean (sem) for a series of n experiments. Student’s t-test was used to compare
paired data. One-way analysis of variance with the Student—-Newman—Keuls (SNK)
multiple comparisons post-test was used when three or more groups of data were
compared. p values < 0.05 were considered to be statistically significant.



2.5. Stability tests in aqueous solutions

The stability of aqueous solutions of complexes 1-3 was followed by UV-vis and NMR.
UV-vis spectra of a 1x10* mol L™ aqueous solution of [Fe:(H20)6]3 * the three
compounds in DMSO (1x10™* mol L") and the three complexes in H,O (obtained by
dilution of a 1x10~ mol L' stock DMSO solution with H,O to 1x10™* mol L") were
recorded on a Shimadzu 50/60 Hz spectrometer. The aqueous solutions of the three
complexes were recorded at t =0 h, t=24 h, t =48 h and t = 196 h. NMR spectra of the
three complexes were also recorded in DMSO-d° and in a mixture of DMSO—d6/DzO
(70/30). NMR studies were carried out for all three compounds at times t =0 h, t=24 h
and t = 196 h. Stability studies show that the most stable compound to_hydrolysis is by
far complex 2 and the least stable complex 1. These studies can be found in the
supplementary information.

3. Results and Discussion

3.1. Syntheses

The synthesis of complexes 1-3 was made as described in Scheme 1. Complex 1 was
first reported by Clément et al. [46] and 1-xH,O is now reported. Complex 2 was
synthesised with crystallisation water molecules (2:xH,0) and complex 3 was obtained
in its unsolvated form. The complexes were characterised by elemental analysis, IR and
complexes 1:0.5H>O and 2:0.5H»>O were also structurally characterised by single
crystal X-ray diffraction. The IR spectra of all three complexes presented the
characteristic C=N stretching band at 1633 cm'l, which confirms the successful
formation of the imine. Furthermore, the IR spectra of both 1-xH,0O and 2:-xH,O
indicate the presence of water molecules (Fig. S2 and Fig. S3)

B H
N~
X HoN ™ AN
&7 oH &7 oH
A'R=H LaR=H
B:R=5Br Lg: R =5-Br
C:R=3-OMe Lc: R = 3-OMe
FeCly 6H,0
or FeCl,
cl
DN
P
R SN
/o
N—NH Z /|
N
1:R=H
2:R=5-Br
3: R =3-OMe
Scheme 1. General method used in the synthesis of complexes 1-3.

3.2. X-ray studies
Complex 1 crystallises in the orthorhombic system, space group Fdd2, with one
[Fe(salEen),]" cation, one ClI” anion and half a water molecule in the asymmetric unit.
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An ORTEP view of 1-:0.5H,0 is depicted in Fig. 1 and selected bond distances and
angles (data obtained at 150 K) are listed in Table 2. The iron(Ill) is octahedrally
coordinated by two oxygen, two nitrogen(amine) and two nitrogen(imine) atoms
belonging to two salEen ligands bound in the meridional coordination mode. The Fe-O
bond lengths (1.885(4) and 1874(4) A) are shorter than the Fe-N(imine) (1.917(5) and
1.927(5) A) distances, which are shorter than the Fe-N(amine) ones (2.036(5) and
2.069(5) A). Compared to the literature, these values suggest a LS Fe(Ill) centre [33,47—
50].

The crystal structure of 1:0.5H,O comprises alternating layers of [Fe(salEen);]
cations and CI™ anions parallel to the ac plane with H,O molecules located in-the void
spaces (Fig. 2). The layers are interconnected through short intermolecular-contacts
between neighbouring cations and through hydrogen bonds between the amine groups
of the salEen cations and the CI" anions (N1-H1---Cl1 and N3-H3:--Cl1, d(D---A) =
3.269(6) and 3.192(6) A, respectively).

ci1

Fig. 1. ORTEP-3 diagram of 1:0.5H,O with co-crystallised H,O, using 30 %
probability level ellipsoids. Hydrogen atoms are omitted for clarity.



Fig. 2. Mercury packing diagram of 1:0.5H,O viewed along the ¢ axis showing the
layers of [Fe(salEen),]* cations alternating with CI” anions and H,O molecules.
Hydrogen bonds between the amine groups of the salEen cations and the CI” anions are
represented as light blue dashed lines.

Complex 2 crystallises in the monoclinic system, space group P2;, with two
[Fe(salEen),]" cation, two CI” anions, and one water molecule in the asymmetric unit.
An ORTEP view of 2:0.5H,O (only one of the molecules, molecule 1, and the co-
crystallised water molecule are shown) is depicted in Fig. 3 and selected bond distances
and angles for both molecules I and 2 (data obtained at 150 K) are listed in Table 2.
Similarly to 1-0.5H,O, the coordination. around each iron(Ill) centre is distorted
octahedral with two salEen ligands bound in the meridional coordination mode. In both
molecules 1 and 2, the Fe-O bond lengths are shorter than the Fe-N(imine) distances,
which are shorter than the Fe-N(amine) as observed for complex 1. Although molecules
1 and 2 are very similar, they are crystallographically different: the Fe-O and Fe-N bond
distances are longer in molecule 2 than in molecule 1. The values observed for these
molecules suggest a LS Fe(Ill) centre in molecule I and a HS Fe(IIl) centre in molecule
2 [33,47-50].

The crystal packing of 2:0.5H,O depicted in Fig. 4 shows alternating layers of
[Fe(salEen),]" cations and CI” anions parallel to the ac plane. Co-crystallised H,O
molecules are located between the CI™ anions. As observed in the structure of 1-0.5H,O
the ‘layers are interconnected through short intermolecular contacts between
neighbouring cations and through hydrogen bonds between the amine groups of the
salEen cations and the CI™ anions (N1-H1---Cl1 and N3-H3---Cl1). The H,O molecule is
hydrogen bonded to both anions of molecules 1 and 2 (Table 3).



Br2

Br1
cit
Fig. 3. ORTEP-3 diagram of 2:0.5H,O (molecule 1) with co-crystallised H,O, using 30
% probability level ellipsoids. Hydrogen atoms are omitted for clarity.

 F ﬁgfﬁ, A

Fig. 4. Mercury packing diagram of 2:0.5H,O viewed along the ¢ axis, showing the
layers of [Fe(salEen),]" cations alternating with CI” anions and H,O molecules.
Hydrogen bonds between the amine groups of the salEen cations and the CI™ anions are
represented as light blue dashed lines.

Table 2 .
Selected bond lengths (A) and angles (°) for 1-:0.5H,0 and 2-0.5H,0.
1:0.5H,0 2:0.5H,0
molecule I  molecule 2
Fe(1)-0(1) 1.885(4) 1.866(11) 1.955(12)



Fe(1)-O(2) 1.874(4) 1.870(12) 1.938(12)
Fe(1)-N(1) 2.069(5) 2.048(13) 2.192(14)
Fe(1)-N(2) 1.927(5) 1.939(13) 2.077(17)
Fe(1)-N(3) 2.036(5) 2.052(15) 2.223(14)
Fe(1)-N(4) 1.917(5) 1.903(15) 2.097(15)
0(2)-Fe(1)-0(1) 93.1(2) 93.2(5) 94.9(5)
O(2)-Fe(1)-N4) 93.4(2) 95.0(6) 86.4(5)
O(1)-Fe(1)-N4) 89.1(2) 85.5(5) 93.7(5)
O(2)-Fe(1)-N(2) 86.7(2) 86.6(5) 96.0(6)
O(1)-Fe(1)-N(2) 93.4(2) 93.7(5) 87.9(6)
N(4)-Fe(1)-N(2) 177.6(2) 178.2(6) 177.0(6)
0(2)-Fe(1)-N(3) 177.4(2) 177.6(5) 163.8(5)
O(1)-Fe(1)-N(3) 86.7(2) 88.4(6) 94.2(6)
N(4)-Fe(1)-N(3) 84.1(2) 83.3(6) 79.7(6)
N(2)-Fe(1)-N(3) 95.9(2) 95.1(6) 97.7(6)
O(2)-Fe(1)-N(1) 89.1(2) 86.9(5) 88.6(5)
O(1)-Fe(1)-N(1) 175.3(2) 177.0(5) 165.5(5)
N(4)-Fe(1)-N(1) 95.0(2) 97.5(5) 100.6(5)
N(2)-Fe(1)-N(1) 82.6(2) 83.3(5) 77.7(6)
N(3)-Fe(1)-N(1) 91.3(2) 91.6(6) 86.0(6)
Table 3
Hydrogen bonds between the cationic and anionic layers in 1:0.5H,0O and 2:0.5H,O0.
D-H--A distance (A) angle (°)
D-H H-A DA D-H---A
1-0.5H,0
N(1)-H(1)---CI(1) 0.91 2.36 3.269(6) 177
N(3)-H(3)---CI(1) 0.91 2.28 3.192(6) 177
2:0.5H,0
molecule 1
N(1)-H(1)---CI(1) 091 232 3.227(16) 171
N(3)-H(3)---CI(1) 0.91 238  3.264(18) 163
0@3)--Cl(1) 3.251
molecule 2
N(1)-H(1)---CI(1) 0.91 234 3.220(16) 162
N(3)-H(3)---CI(1) 0.91 242 3.286(19) 159
0@3)--Cl(1) 3.141
DFT calculations (Gaussian09 [51], PBEO [52,53], 6-31G** [54-58] and

sdd+polarization for Fe) were performed in order to estimate the energy difference
between the HS and the LS forms of complexes 1 and 2, using three models in the
geometry optimization: the cation, the cation with two N-HeeeCl hydrogen bonds, and
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this salt with one water molecule hydrogen bonded to the chloride ion (O-HeeeCl). The
introduction of the chloride modifies the bond lengths by ~0.01 to 0.07 A, while the
effect of the water molecule is even smaller. The second model (cation and chloride)
gives the best agreement with the experimental distances (details, Table S1 and Fig. S5
in supplementary material). For this model of complex 2, the Fe-O distances are 1.945
(HS) and 1.887 A (LS), the Fe-N(imine) distances 2.123 (HS) and 1.931 A (LS), and
the Fe-N(amine) distances 2.207 (HS) and 2.041 A (LS), in good agreement with the
distances observed in molecule 1 (LS) and molecule 2 (HS) and their assignment. The
HS-LS energy difference is 0.7 kcal mol™ lower for complex 2. It is thus more likely to
find the coexistence of the two structures in complex 2. On the other hand, the-model is
very simple and the value is indicative.

3.3. NMR studies

The magnetic behaviour in solution at rt of all three complexes was assessed by
NMR spectroscopy (magnetic molar susceptibility- ¥m and spin/lattice relaxation time-
T}). Unfortunately the solubility of compound 3 did not allow a correct determination of
both ynT and T values.

XmT values determined by the Evans’ method (Table 4, Fig. S6) show that at
different concentrations their values remain practically constant, with y,7T changing
from an average value of 4 cm’ mol™ K for compound 1 to 3 cm’ mol™ K for compound
2. Taking into account the spin only values for an octahedral Fe(III) complex for both
HS and LS configurations we can conclude that while compound 1 is essentially HS (=
90 %), compound 2 shows a mixture-of spin states (HS = 64 %). A similar ring
substituent effect has been reported by Tweedle and Wilson [59] and was also recently
observed by our group [33].

Table 4
JmT values obtained from "HNMR results in DMSO-dg for 1 and 2 at rt.

yy (cm3 mol™! K)

[c] 1 2
(mM) (R=H) (R=5-Br)
5 3.7 3.0
10 4.1 3.1
50 4.1 2.8
100 - 29

* Several attempts gave irreproducible results.

To assess the potential of the complexes as MRI contrast agents, we used NMRD to
determine their proton spin-lattice relaxivity enhancement effect (r;) and to gain insight
into the relaxation mechanisms of the solvent molecules. The source of relaxation
increase is the modulation by dynamics of the intermolecular dipole-dipole interaction
between the nuclear spin moment of the solvent molecules and the electron magnetic
moment of the magnetic species [16].

In general, the experimental measured 7; can be written as

1 1
n=ra 7 rlc] Eq. (2)
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where T4 is the observed relaxation time of the solvent (DMSO) in the absence of
paramagnetic molecules (s), [c] is the concentration of the ionic species (mM). r|
measures the efficiency of the agent referred to 1 mM concentration and it is expected
to be concentration independent (mM's™) [60].

'H T) can be affected by the presence of magnetic ions in two ways: (i) the so-called
inner-sphere (is) relaxation, associated to the protons bound temporarily to ions or ion
complexes, and (ii) the outer-sphere (0s) relaxation, which applies to protons that move
or diffuse close to magnetic ions or particles [61][16]. Then, the relaxivity defined in
Eq. (2) can be written as the sum of the two contributions

n =1+’ Eq. (3)
00000900 0y
o —~ oo 0g000 °
n—$ 10'F ««4««««‘«
10'g = f RIPRCR
E T A AAA
,T’" E 100:_ A MAMAMMAAAAA“ N
n ~ E
- - R R Y R R
= - 1t 10° 10° 10 10t
g Proton Larmor frequency (Hz)
— 0
10 QW“M
- LTI g
L ® 100mm
- 4 10mMm : " ’”
A 1mMm
Aol v v o ol 1
10

10*  10° 10° 10" 10°

Proton Larmor frequency (Hz)
Fig. 5. ri dependence with ¥ m-at concentrations 1, 10 and 100 mM for compound 2.
The inset shows the relaxation rate for the same samples.

Fig. 5 shows ry at three different concentrations (1, 10 and 100 mM) for complex 2,
using Eq. (2) with 74 = 0.52 s for a reference sample of DMSO. For 100 mM the best
match with the other two r; data sets was obtained using a different concentration, [c’] =
35 mM.

The inset in Fig. 5 shows the relaxation rate (1/7)) for the three different
concentrations studied. A clear effect on total measured relaxation rate is observed with
increasing concentration.

Fig. 6 shows the results of 1/T; vs. [c] for compound 2, [2], in the range 0-10 mM at
three different 1.y (100 kHz, 41 MHz and 300 MHz). A clear linear dependence is
observed, thus r; can be obtained using Eq. (2). The inset plot also shows the values of
1/T; at 100 mM where a clear deviation from the linear dependency is observed. This
deviation justifies the use of [c’] to obtain r; dispersion in Fig. 5. These r; values are on

the same order of magnitude respect to other Fe(Ill) complexes reported by Richardson
et al. [23].
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Fig. 6. 1/T; vs [2] at three different v g (100 kHz, 41 MHz and 300 MHz) and the
corresponding r; values. The inset plot also shows the values of 1/7; for 100 mM where
a clear deviation from the linear behaviour is observed. The dotted lines are a guide for
the eyes.

The fact that r; dispersions for 1, 10 and 100 mM in Fig. 5 show some differences
suggests that deviations from Eq. (2) might be expected.

Compound 2/DMSO 1mM

r, (mM'1s'1)

10-1 Ll 4| I 5| Lol 6| Lol - L1l - Ly .
10 10 10 10 10 10
Proton Larmor frequency (Hz)
Fig. 7. Fit of the r; dispersion for 1 mM of compound 2 using Eqs. (2) and (3). The
contributions of the is (dashed) and os (dash dot) to the total r; are also shown.

Fig. 7 shows the fit of the 1 mM solution for 2 using Eq. (2) with both models for is
and os for paramagnetic complexes [16]. Details on the relaxation models and fitting
parameters are presented in the supplementary material [62]. From the is model the
value obtained for the distance between a Fe’* ion and a communicating DMSO
molecule was rreg=4.70 + 0.07 A. From the contribution of the os model, the minimum
distance for the interaction between an Fe’* ion and an interacting DM SO molecule was
found to be Ry =22 + 1 A. This distance was obtained from the measured diffusion
constant of the DMSO molecules D = 7.1 x 10'° m* s, which is slightly smaller than D
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=74 x 10" m® s of the pure solvent. Additionally the correlation time of the
electronic zero-field-splitting (ZFS) relaxation ty = 1.2 = 0.2 ps, and the mean squared
fluctuation of the ZFS A* = (4.8 + 0.2) x 10% s were estimated from the fitting
parameters.

The r dispersions for the two remaining concentrations (10 and 100 mM) were also
fitted using the same model obtaining different values for t, and for the correlation time
associated with the inner sphere relaxation, t,y (see supplementary material). As a
consequence, the is and os paramagnetic relaxation contributions are affected, pointing
to a possible state of aggregation of individual molecules.

3.4. Biological tests

According to the NMR studies these compounds show potential as- MRI contrast
agents and it is important to estimate their toxicity and effect on cell regulation.

Treatment of Tgs4 cells with the compounds 1-3 for 24 hours. resulted in varying
degrees of LDH release. Of the three compounds studied, compound 3 was the least
toxic and significantly increased LDH release from Tgs monolayers only at
concentrations of 1 mM (see supplementary material). Compound 1 was the second
most toxic, causing a small, but significant, increase in LDH release at 500 uM (see
supplementary material). Compound 2 was the most toxic causing a high degree of cell
lysis at 500 uM (Fig. 8). Overall, these complexes exert toxic effects only at high
concentrations.
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Fig. 8. High concentrations of compound 2 exert toxic effects on T84 monolayers. a)
Tgs monolayers were treated bilaterally with compound 2 for 24 hours. An equal aliquot
of apical and basolateral medium was used to measure LDH release from the cells (n =
4 — 8). b) Tgs monolayers were treated with compound 2 at various concentrations (1
nM to 1 mM) over a 24 hr period during with R, was measured (n =4 — 8).

Having ascertained that each of the three compounds caused LDH release when used
at high concentrations, we next wished to determine whether the compounds caused a
concomitant reduction in barrier function, measured as R,.. Compound 3 (500 uM, 24
hrs) reduced R, to 430.7 Q cm? compared to controls (812.5 Q cm?) (n=4 - 8, p=
0.01). Similarly to 3, compound 1 (500 uM, 24 hrs) reduced R, to 599.1 £ 58.6 Q cm?
compared to controls (1155.3 £42.2 Q cm2; n=5-6,p <0.001), whereas compound 2
(500 uM, 24 hrs) abolished R, while compound 2 (100 uM, 24 hrs) reduced R to
371.7 £55.6 u cm” compared to control (889.2 + 59.5 Q cm*; n=4 — 8, p <0.01). Thus
the compounds analysed reduce R, across Tgs colonic epithelial monolayers at
concentrations greater than 10 uM.
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Fig. 9. Compound 2 attenuates CI secretion across Tgs cells. a) Tg4 cell monolayers
were treated bilaterally with compound 2 (100 uM) in serum- free medium for 24 hrs.
Cells were then washed and mounted in Ussing chambers, and I;. responses to CCh
(100 uM) and FSK (10 uM) were measured (n = 6 — 8). b) Ts4 monolayers were treated
with compound 2 at various concentrations (1 nM to 100 uM) for 24 hrs before I
responses to CCh and FSK were measured (n =6 — 8).

Following barrier function measurements we went on to determine whether the
compounds altered transepithelial CI* secretion across Tgs monolayers, a primary
function of colonic epithelial cells. Pre-treatment of Tgs cell monolayers with the
compounds 1-3 for 24 hrs significantly attenuated subsequent CI secretory responses to
the Ca**- and cAMP-dependent secretagogues, carbachol (CCh) and forskolin (FSK),
Fig. 9. In 3 (500 uM)-treated monolayers, peak responses to CCh and FSK were 46.4 +
2.6 uA cm” (n =4 — 8; ns) and 45.8 + 6.7 uA cm” (n =4 — 8; p < 0.01) compared to
those in control cells of 76.2 + 12.7 uA cm™ and 100.5 + 13.0 pA cm™, respectively. In
1 (500 pM)-treated monolayers, peak responses to CCh and FSK were 45.3 + 8.8 uA
cm? (n= 6;ns) and 55.6 £ 5.6 HA cm™ (n = 6; p < 0.001) compared to those in control
cells of 74.2 + 11.0 pA cm™ and 135.8 9.5 LA cm™ respectively. Finally, in 2 (100
uM)-treated monolayers, peak responses to CCh and FSK were 32.5 + 6.3 uA cm™ (n =
6 —8;ns) and 47.0 £4.6 pA cm” (n=6-8; p <0.05) compared to those in control cells
of 86.2 + 18.8 uA cm” and 107.1 + 15.3 pA cm™ respectively. The effects of
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compounds 1-3 were concentration-dependent with anti-secretory effects occurring at
concentrations which concomitantly reduced barrier function and increased LDH
release. These results suggest that the reduction in agonist-stimulated Cl” secretion from
Tga cells elicited by compounds 1-3 may be due to their toxic effects. While the
reductions in CI* secretion appear to coincide with increased toxicity, further
investigations of this effect would elucidate what components of the CI" secretory
pathway are being affected by the compounds.

4. Conclusions

In this work we reported the synthesis and characterization of three iron(IIl)
complexes with ligands derived from N-ethyl-N-(2-aminoethyl)salicylaldiminate (H, 1;
5-Br, 2; 3-OMe, 3 substituents at the phenyl group).

Investigation of the magnetic behaviour of compounds 1 and 2 in DMSO solutions
showed that while compound 1 is predominantly in the HS state, compound 2 shows a
mixture of spin states. NMRD measurements showed that scarcely explored Fe(Ill)
complexes reduce the 71 as commonly observed for other contrast agents. The relaxivity
behaviour can be explained by a sum of inner and outer sphere spin-lattice relaxation
contributions. Biological assessment of cell toxicity and regulation showed that all three
compounds have a toxic effect only at high concentrations (> 100 uM), and the effects
reflect a reduction in colonic epithelial secretory function.

The hypothesis of association between individual molecules without spin coupling,
suggested by the analysis of the spin-lattice relaxation-data, will be explored as a future
development of the present work.

Finally, we can conclude that, despite the low toxicity, further studies are needed in
order to evaluate the potential of these complexes as MRI contrast agents. It would be
interesting to translate the NMR studies into a biological medium to assess their MRI
potential.
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Synopsis for the Graphical Abstract

Three new Fe(lll) compounds of general formula [Fe(R-salEen),]CI (R = H, 1; 5-Br, 2; 3-
OMe, 3) have been synthesised. The relaxivities for 2 are in agreement with those known for
other iron(lll) contrast agents and showed low toxic effects, thus making these good
candidates for MRI contrast agents.



Highlights

e Three new Fe(IIl) complexes of salen derivatives were synthesised.

e X-ray crystal structures of two complexes reported.

e The energy difference between spin states was calculated as ~7 kcal.mol™!
(DFT).

e The Fe(Ill) complexes reduce 71 as commonly observed for other contrast
agents.

e The compounds have a toxic effect only at high concentrations.

22





