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Highlights
o Synthesis of bis(4-pyrrolidinopyridine-«O)[meso-tetra(para-bromophenyl)porphyrinato)]
magnesium(Il) (1).
e IR, UV-vis, fluorescence, *H MNR and mass spectroscopy investigations on (1).
o Single crystal X-ray molecular structure and Hirshfeld surface analysis of (1) are reported.
e Cyclic voltammetry investigation on (1).
e DFT, MEP and QTAIM theoretical studies on complex 1.
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Abstract

We hereby report the synthesis of a new hexacoordinated magnesium(ll) metalloporphyrin with the
formula [Mg(TBrPP)(4-pypo-«0)2] (1) where TBrPP is the meso-tetra(para-bromophenyl)porphyrinate
and (4-pypo-«O) is the O-bonded 4-pyrrolidinopyridine axial ligand. This Mg(ll) coordination is
considered the linking isomer of the already known N-bonded 4-pyrrolidinopyridine (4-pypo-xN) with
the formula [Mg(TTP)(4-pypo-xN)2] where TTP is the meso-tetra(p-tolyl)porphyrinate. Complex 1 was
characterized by elemental analysis, IR, *H NMR, UV/Vis and fluorescence spectrometric techniques,
cyclic voltammetry measurements as well as single-crystal X-ray diffraction analysis. The Wingx
supported program PLATON and the Hirshfeld surface analysis were both used to elucidate the
intermolecular interactions in the crystal lattice of complex 1.

Computational studies at DFI/B3LYP-D3/6-31G(d,p)-LanL2DZ level of DFT were used to elucidate the
minimum energy geometry, the HOMO and LUMO molecular orbitals characteristics and the reactivity
of complex 1. The molecular electrostatic potential (MEP) calculations on complex 1 have been made
to determine the electrophilic-nucleophilic character of our new Mg(11) metalloporphyrin. Furthermore,
the quantum theory atom in molecule (QTAIM) calculations were performed to get more insights into
the type of interactions between the [Mg(TBrPP)] moiety and the two 4-pyrrolidinopyridine axial ligands

of complex 1.
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1. Introduction

For many decades, porphyrins have been the subject of intense research in numerous areas such as
artificial photosynthesis, molecular electronic devices, electrochemical sensors and electrocatalysis.
Since the sixteens, porphyrin complexes with open-shell paramagnetic d transition metal ions such as
Fe(Il), Fe(l11), Co(Il) and Mn(l11) have been extensively studied as they serve especially as biomimetic
models for hemoproteins [1]. Diamagnetic metalloporphyrins with the divalent metals Zn(11), Cd(ll) and
Mg(I1) were also studied since the seventies, especially those with Zn?* as the center ion. Notably the
center metals of porphyrin complexes with zinc, cadmium and magnesium are unambiguously in the +2
oxidation state. This makes these diamagnetic species ideal for studying the effect of the axial
coordination of ligands without worrying about the change of the oxidation state of the center metal
during the reaction for instance which is not the case with open-shell paramagnetic d transition metal
ions such as Fe**, Co?" and Mn**. During the last fifteen years, we and other research groups reported
many investigations on Mg(ll) metalloporphyrins [2-6]. These magnesium(ll) porphyrinic species are
known to exhibit higher fluorescence quantum yields and longer excited state lifetimes compared to
those of other metalloporphyrins such as Zn(l1) porphyrin complexes [7]. Mg(lIl) porphyrins have been
tested in many areas such as catalysis [8-12], sensors [13,14] and environmental applications [15,16].
It is also noteworthy that all known structures of cadmium(ll) porphyrin complexes are pentacoordinate
because of the large size of the Cd?* ion which cannot fit the size of a porphyrin macrocycle.

An inspection of the Cambridge Structural Database (CSD Version 5.43, last update September 2022)
[17] shows that magnesium(I1) porphyrin complexes can be pentacoordinated or hexacoordinated. In the
case where the axial ligand X is anionic such as N3” and SCN" the corresponding metalloporphyrin is in
all cases pentacoordinate type [Mg(Porph)X]- (Porph = porphyrinate). This is not the case if the axial
ligand L is a neutral N-donor or O-donor where we can have either a pentacoordinated complex of type
[Mg(Porph)(L)] or a hexacoordinated coordination compound type [Mg(Porph)(L).]. Predicting the
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coordination polyhedron of the central metal Mg?* for a given porphyrin and a given neutral axial ligand
L is not so straightforward. Indeed, in the case where the axial ligand is H2O, with TPP (meso-
tetraphenylporphyrinate) one expects to obtain the hexacoordinated complex [Mg(TPP)(H20).] whereas
with TBrPP (meso-tetra(para-chlorophenyl)porphyrinate), one expects to obtain the pentacoordinated
complex [Mg(TBrPP)(H20)] since for the two meso-arylporphyrins, H atom (for TPP) is less donor
than the Br atom (for TBrPP). However, in the solid state, the complexes [Mg(TPP)(H20)] [18] and
[Mg(TBrPP)(H20)2] [19] are obtained. In a previous paper [4] we reported the preparation, the
spectroscopic, electrochemical and the structural of the 4-pyrrolidinopyridine Mg(ll) meso-
tetratolylporphyrin with the formula [Mg(TTP)(4-pypo-&N)2] (TTP = meso-tetratolylporphyrin, 4-pypo-
&N = N-coordinated 4-pyrrolidinopyridine) (Scheme 1).

In order to get more insights into the chemistry of magnesium(ll) porphyrin compounds, their
coordination type with neutral ligands as well as their spectroscopic, electrochemical properties, a new
hexacoordinated bis(4-pyrrolidinopyridine-O)[meso-tetra(para-
bromophenyl)porphyrinato) Jmagnesium(Il) porphyrin with the formula [Mg(TBrPP)(4- pypo-«O)]

(1) (4-pypo-O = 4-pyrrolidinopyridine-O) is investigated.

This new Mg(ll) meso-arylporphyrin complex could be considered the linking isomer of the
[Mg(TTP)(4-pypo-&N)2] [4] for which the 4-pyrrolidinopyridine axial ligand is N-bonded to Mg(ll)
while in our new [Mg(TBrPP)(4-pypo-«0)2] (1) the 4-pyrrolidinopyridine ligand is O-bonded to Mg(11)
(Scheme 1).

[Mg(TTP)(4-pypo-&N),] [Mg(TBrPP)(4-pypo-x0),] (1)

Scheme 1. Schematic representations of [Mg(TTP)(4-pypo-&N).] [4] and [Mg(TBrPP)(4-pypo-x0).] (1).
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Furthermore, the DFT, MEP calculations, the Topological Quantum Theory of Atoms in Molecules
(QTAIM) and the Non-Covalent Interactions - Reduced Density Gradient (NCI-RDG) analyses were
performed on complex 1 to better understand the reactivity of this new Mg(Il) porphyrin species and
investigate the interactions between the [Mg(TBrPP)] moiety and the two 4-pyrrolidinopyridine axial

ligands.
2. Experimental Section
2.1. Materials and methods

IR and UV-vis spectroscopy: Solid IR spectra were obtained with a PerkinElmer Spectrum Two FTIR
spectrometer. The UV/Vis spectra were recorded with a WinASPECT PLUS (validation for SPECORD
PLUS version 4.2) scanning spectrophotometer.

MS spectrometry: Electrospray (ESI) spectra were carried out using an amaZon speed ion trap
instrument and the ESI-HRMS spectra were recorded using the LTQ Orbitrap XL apparatus (Thermo
Scientific) equipped with an electrospray ionization (ESI) source. Dichloromethane solutions were used
for the analysis.

Emission spectroscopy: The emission spectra were recorded at room temperature with a Horiba
Scientific Fluoromax-4 spectrofluorometer. The luminescence lifetime measurements were performed
for excitation at L =450 nm using the second harmonic of a titanium—sapphire laser (picosecond Tsunami
laser spectra physics 3950-M1BB and 39868-03 pulse picker doubler) at an 800 kHz repetition rate.
Fluotime 200 from AMS technologies was used for the decay acquisition. It consists of a GaAs
microchannel plate photomultiplier tube (Hamamatsu model R3809U-50) followed by a time-correlated
single photon counting system from Picoquant (PicoHarp300). The ultimate time resolution of the
system is close to 30 ps. The luminescence decays were analysed with the FLUOFIT software available
from Picoquant. The mission quantum yields were determined at room temperature in dichloromethane
solutions by using the optically dilute method. [Zn(TPP)] in an air-equilibrated dichloromethane solution
was used as a quantum yield standard (¢ = 0.031) [20].

Electrochemistry: Cyclic voltammetry (CV) experiments were performed with a CH-660B potentiostat
(CH Instruments). All analytical experiments were conducted at room temperature under an argon
atmosphere (argon stream) in a standard one compartment, three-electrode electrochemical cell. Tetra-n-

butylammonium perchlorate (TBAP) was used as a supporting electrolyte (0.2 M) in dichloromethane
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previously distilled over calcium hydride under argon. An automatic ohmic drop compensation procedure
was systematically implemented before the CV data were recorded with electrolytic solutions containing
the studied compounds at concentrations of ca. 102 M. CH Instruments vitreous carbon (¢ = 3 mm)
working electrodes were polished with 1 mm diamond paste before each recording. The Ag/AgNO3 0.01
M (TBAP 0.2 in CHCl,) redox couple was used as the reference electrode. The potential of the
ferrocene/ferrocenium redox couple was used as an internal reference (86 mV vs. Ag/AgNQOs under our
experimental conditions). For comparison with previously published data, all potentials given in the text
and in Table 5 have been converted to values relative to the saturated calomel electrode (SCE) according
to the following relationship: E(SCE) = E(Ag/AgNO3) + 298 mV.

2.2. Synthesis
2.2.1. Synthesis of [Mg(TBrPP)]

Solvents were appropriately distilled and dried before use and the reagents employed were commercially
available and were used as received without further purification. The meso-tetra(para-
bromophenyl)porphyrin  (H>TBrPP) and the Mg(ll)-metallated porphyrin [Mg(TBrPP)] starting
materials were prepared as described in the literature [21,22]. The *H NMR spectra of H,TBrPP and
[Mg(TBrPP)] starting materials are reported in the supplementary information (Figures S3 and S4).

2.2.2. Synthesis of [Mg(TBrPP)(4-pypo-x0)2] (1)

[Mg(TBrPP)] (30 mg, 0.031 mmol) and 4-pyrrolidinopyridine (90 mg, 0.608 mmol) were dissolved in
5 mL of dichloromethane and stirred at room temperature overnight. The color of the solution changed
to green blue. The obtained compound crystallizes by slow diffusion of n-hexane through the
dichloromethane solution to give dark-blue crystals (40 mg, 82 %) after one week.

Elemental analysis calcd (%) for Cs2H6BraMgNgO2, C 58.22, H 3.63, N 8.76; found: C 59.61, H 3.88,
N 8.79; (ESI) (dichloromethane): m/z [Mg(TBrPP)(L)2]* (L = 4-pypo, CgeHioN20) calcd for
Ce2H4sBraMgNsgO2: 1274.03; found 1277.09; UV-Vis:  Amax (nm) in CH2Cly: 427, 564, 604; FT-IR [solid
neat, v (cm~1)]: v[CH Porph] 2970-3024, v[v(C=C) and [v(C=N) porph)] 1583 cm™; [v(C=C) and
[v(C=N) O-pyp0)]1692, [v(C=0) O-pypo ligand] 1719-1745 cm™; *H NMR (300 MHz, CDCl3§ (ppm):
8.84 (HB-pyrrol), 8.05 (Ho,o Porph), 7.86 (Hmm Porph), 7.92 (HL O-pypo), 7.12(HL- O-pypo), 2.44 (Hy
O-pypo), 3.68 (He O-pypo) and 2.06 (Hr O-pypo).
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2.3. X-ray structure determination

A dark blue single crystal of dimensions 0.40 x 0.20 x 0.12 mm of complex (1) was chosen for an X-ray
diffraction study. Crystal evaluation and data collection were performed on a Bruker-AXS-Enraf-Nonius
Kappa APEXII diffractometer equipped with a CCD area detector with Mo Ka. radiation of wavelength
(L =0.71073 A) at 200(2) K during data collection. The data were scaled and corrected for absorption
correction using SADABS-2004/1 (Bruker, 2004) [23,24] and refined by full-matrix least-squares
techniques based on F? by using the SHELXL-2014 program [25]. All non-hydrogen atoms were refined
with anisotropic atomic displacement parameters. C-bound hydrogen atoms were included in
geometrically calculated positions and N-bound hydrogen atoms were initially located from a difference
Fourier map and subsequently included using a riding model. Drawings were made using ORTEP3 for
windows [26] and MERCURY [27] correction using SADABS-2004/1 (Bruker, 2004) [23]. The
structure was solved by direct methods by using SIR-2014 [24] and refined by full-matrix least-squares
techniques on F? by using the SHELXL-2014 program [25]. All non-hydrogen atoms were refined with
anisotropic atomic displacement parameters. C-bound hydrogen atoms were included in geometrically
calculated positions and N-bound hydrogen atoms were initially located from a difference Fourier map
and subsequently included using a riding model. Drawings were made using ORTEP3 for Windows [26]
and Mercury [27]. The crystallographic data and structural refinement details of 1 are shown in Table 1.

Selected bond lengths and angles for this compound are listed in Table 2.

Table 1. Crystal data and structural refinement for [Mg(TBrPP)(4-pypo-x0)-] (1).

Formula C52H44Br4MgN802
M.W. 1277.01
Crystal System triclinic
Crystal P-1

a(A) 9.5600 (19)
b (A) 11.746 (2)
c(A) 12.911 (3)
a(®) 87.45 (3)
B(°) 70.06 (3)
7(°) 79.44 (3)

V (A% 1339.6 (6)
z 1

Ppeaic.] g.cm 1.583

wul mm? 3.070
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F(000) 640

Crystal size (mmd) 0.40x0.20x 0.12

Crystal Color violet

Crystal Shape block

T(K) 150 (2)

emin - emax (0) 2.303-26.000

Limiting indices -11<h<11,-14<k<14,-15<1<15
R(int) 0.0620

Total/Unique data 26067/5095

Observed data [lo> 20(F)] 4025

Parameters 349

S [Goodness of fit] 1.123

R:®, WR2" [Fo> 40(Fo)] R; = 0.0578, wR, = 0.1421
WR2" [all data] R1=10.0795, wR; = 0.1585
CCDC 2220695

*:R1 =X||Fol-{Fc|l/ZIFol.”:wR2 ={Z[w(|Fol*-Fcl’)VZ[w(IFo )}

Table 2. Selected bond lengths (A) and angles (°) of complex I.

Magnesium coordination polyhedron

Mg-N1 2.071(4) N2-Mg-N1 90.98(14)
Mg-N2 2.071(4) N2-Mg-01 94.50(15)
Mg-O1 2.223(4) N1-Mg-O1 89.83(15)

4-pyrrolidinopyridine (4-pypo-x0) Axial ligand

01-C23 1.224(6)

N3-C23 1.364(7) N4-C29 1.330(8)
N3-C26 1.466(7) N4-C30 1.329(8)
01-C23-N3 125.3(5) C23-N3-C27 124.7(4)
01-C23-C24 126.8(5) C23-N3-C26 113.4(4)
N3-C23-C24 107.9(5) C30-N4-C29 115.6(5)

3. Results and Discussion
3.1. Synthesis of [Mg(TBrPP)(4-pypo-x0)2] (1)

The bis(4-pyrrolidinopyridine-xO)[meso-tetra(para-bromophenyl)porphyrinato]magnesium(l1)
complex with the formula [Mg(TBrPP)(4-pypo-x0)2] (1) was prepared by the same protocol than that
used to prepare what we are going to refer to as the linkage isomer [Mg(TTP)(4-pypo-«N).] [4] by
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reacting the [Mg(TBrPP)] starting material with an excess of 4-pyrrolidinopyridine in dichloromethane
at room temperature (Scheme 2).

[\
\NAO B
et
| P
P Y . SN i o
Br—_ /_/ “"" ai-"\_{-‘.- .ﬁ}—&
N ) M N | - Excess of 4-pyrrolidinopyridine
[ 1 (Dichloromethane, Room Temperature
[Mg(TBrPP)] [Mg(TBrPP)(4-pypo-x0)s]

Scheme 2. Synthetic scheme of [Mg(TBrPP)(4-pypo-x0).] (1).

As shown by the X-ray molecular structure (see crystallographic section 3.4), for complex 1, the two 4-
pyrrolidinopyridine axial ligands are coordinated to the Mg?* center ion through the oxygen atom and
not through the nitrogen atom of the pyridyl group of the 4-pyrrolidinopyridine. Therefore, complex 1
with the formula [Mg(TBrPP)(4-pypo-x0)z] could be considered the linking isomer of the already
reported [Mg(TTP)(4-pypo-xN)2] complex [4] even though in both “isomers” we have different
porphyrinates (TBrPP and TPP, respectively).

The preference of O-binding in Mg(TBrPP)(4-pypo-x0)2] (1) over N-binding in [ [Mg(TTP)(4-pypo-
&N)2] is straightforward. The four electron-withdrawing para-bromo groups of the (4-pypo-x0O) isomer
(1) makes the Mg?* center relatively harder compared to the four electron-donating para methyl groups
of the (4-pypo-&N) linking isomer.

The subtle change in the electronic properties of the porphyrin ligand is probably responsible for the
linkage isomerism. This is confirmed by the cyclic voltammetry data for these two isomers (see cyclic

voltammetry section).



Journal Pre-proof

3.2. Mass spectrometry, IR and 'H NMR spectroscopies

The electrospray ionization (ESI) mass spectrum of complex 1 depicted in Figure 1 shows the presence
of the [Mg(TTP)(4-pypo-x0)2+5H]>* fragment. This is an indication of the existence of the bis(4-pypo-
x0)-Mg(I)-TCPP (1) species in solution.

x.10%
430.95
3.10*
[Mg(TBrPP)(4-pypo-&0),+5H] "
2.10%4 T
l\_/un.nav
11041 996,84
462,99 813,15 : 1384.99
522,07 666.06718.36 845.17 |
0- " BRI LI R TR W oL S it
400 500 600 700 800 900 1000 1100 1200 1300 mlz
m/z

Figure 1. ESI spectrum of [Mg(TTP)(4-pypo-x0),] (1), recorded in dichloromethane with a concentration of
5.10° M.

The IR spectra of the H>TBrPP free base porphyrin and the [Mg(TBrPP)] starting material are depicted
in Figures S1 and S2 while the IR spectrum of complex 1 is illustrated in Figure 2. The absorption bands
corresponding to the v(CH) stretching frequency of H,TBrPP and [Mg(TBrPP)] are shown between
2970 and 2840 cm™* while the deformation frequency §(CCH) of the meso-arylporphyrin moiety appears
at 966 and 1002 cm™ for HoTBrPP and the metalated porphyrin, respectively [28]. The absorption bands
of complex 1 shown between 3090 and 2881 cm™ are attributed to the v(CH) stretching vibration of both
TBrPP porphyrinate and the 4-pypo-xO axial ligand. The presence of this axial ligand is confirmed by a
strong absorption band at 1690 cm™ attributed to the v(C=0) stretching of the carbonyl group of this
ligand.

10
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© 85 1 (3090-2881)
[
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80 (1690)
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(995)
75
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. Neat IR spectrum of [Mg(TBrPP)(4-pypo-x0)2] (1).

The 'H NMR spectra of H,TBrPP and the [Mg(TBrPP)] starting material are shown in Figures S3 and
S4 which are characteristic of meso-arylporphyrin species. Our new Mg(Il) hexacoordinated porphyrin
coordination compound (1) exhibits a *H NMR spectrum very similar to that of the [Mg(TPP)(4-pypo-
&N)2] [4] (Figure 3) related compound in which the 4-pyrrolidinopyridine ligand is coordinated to the
Mg center metal through the nitrogen atom of the pyridyl group of the axial ligand. Thus, the H, Hr’,
He, Hg and Hsprotons of the 4-pyrrolidinopyridine of both two coordination compounds present chemical

shifts very close (Table 3) indicating that the N/O coordinating mode does not affect the HMR resonance
of these two linking isomers.

11
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Hy
8.84
Ho,o How
B.05 7.86
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9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 10 0.5 0.0
ppm

Figure 3. 'H NMR spectrum of [Mg(TBrPP)(4-pypo-x0),] (1) recorded in CDCl; at room temperature with
concentration C ~10° M.

Table 3. Chemical shift values complex 1 and [Mg(TTP) (4-pypo-«N)-].

Complex HpB-pyrrolic ~ H-phenyl HL/HL’ He/Hg/Hf Ref.
[Mg(TTP)(4-pypo-&N)2] 8.84 8.06, 7.33 8.06/7.50 3.68/2.52/2.09 [4]
[Mg(TBrPP)(4-pypo-x0)-] 8.84 8.05, 7.33 7.82/7.12 3.68/2.44/2.06 t.w.

3.3. Photophysical properties

The UV/Vis spectrum of 1 (Figure 4) presents a strong B band, known as the Soret band,
corresponding to the S, «— S transition centered at 427 nm and two weaker absorption bands [Q(1,0)
and Q(0,0)] corresponding to the So «— S; transition with values of 565 and 604, respectively. These
values are practically the same as those of the [Mg(TTP)(4-pypo-&N)2] linking isomer [4].

12
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In the same Figure 4 is shown the fluorescence spectrum of 1 for which the fluorescence bands Q(1,0)
and Q(0,0) correspond to the S «<— Sy transition. The Amax values of these bands are 610 nm and 655 nm,
respectively. These values are also practically the same as those of the [Mg(TTP)(4-pypo-«N)2] linking

isomer.

14 Soret Band Q(o,1) 80000

12 Q (0,1) 70000
10 Absorption Emission 60000 ‘é‘
& 50000 >
S 08 =
5 40000 £
2 o6 So ¢S, So ¢Sy 5
E soo00 <
0,4
Q(0,0) 20000
1,0
02 al {‘ 10000

0,0 0

L) T T T Ll
400 500 600 700 800
Wavelength (nm)

Figure 4. UV/Vis spectrum (in blue) and fluorescence spectrum (in red) of complex 1. The spectra were recorded
at room temperature in dichloromethane with concentrations ~ 10 M.

The energy (in nm) and the electronic transitions of the [Mg(TBrPP)(4-pypo-x0)2] (1) complex were
calculated at the B3LYP/GENECP level of theory from the theoretical absorption spectrum. The UV/vis
absorption spectrum of complex 1 in dichloromethane solution is displayed in Figure 5. The theoretical
Soret band is observed at 414 nm while the theoretical Q band is centred at 578 nm. These values are
considered close to the experimental values of the Soret and the Q(0,1) bands (compared to 427 and 565
nm, respectively). A zoom performed by the software on the Q band (Figure 5-b), gives only a second

theoretical absorption band located at 582 nm, which is experimentally visualized at 604 nm.

13
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Figure 5. Theoretical UV/Vis spectrum complex 1. (a): full-range spectrum, (b): Spectrum enlargement in Q
band region.

We determined the experimental optical energy gap (Eg-obt) of complex 1 from the (ahv)? versus the
photon energy (E = hv) [29] where a is the absorption coefficient, h is the Planck constant and v is the
frequency (v =1/ L) (Figure S5). The Eg.opt €energy value is 2.247 eV which is an indication that our Mg-
TBrPP-(4-pypo-0) derivative is considered a semi-conductor. On the other hand, the calculated energy
gap is found to be equal to 2.55 eV.

As a conclusion of this photophysical study on complex 1, it can be said that the electronic properties of
magnesium(I1) complexes with meso-porphyrins do not depend on either the para-substituted groups in

the phenyl positions of the meso-porphyrins or on the type of the axial ligand.

3.4. X-ray Molecular Structure of [Mg(TBrPP)(4-pypo-«0):]

Complex 1 crystallized in the triclinic crystal system with a P-1 space group and one formula per unit
cell (Z = 1). The asymmetric unit of 1 is made by one half [Mg(TBrPP)(4-pypo-«0O).] coordination

compound. In Figure 6 is illustrated the Ortep view of this new magnesium(l1) metalloporphyrin.

14



Journal Pre-proof

An inspection of Table 4 shows that pentacoordinate magnesium(Il) meso-arylporphyrins present values of
the mean plan equatorial distance between the center metal Mg(ll) and the nitrogen atoms of pyrrole rings
(Mg—Np) ranging between 2.082 and 2.110 A. These distances are longer than those of hexacoordinate
Mg(ll) metalloporphyrins which are ~ 2.070 A. This is the case of [Mg(TBrPP)(4-pypo-x0)] (1) with a
Mg—Np = 2.071(4) A. The Mg—O(4-pypo-x0O) bond length of complex 1 is 2.223(4) A which is close to that
of the hexacoordinate biaqua species [Mg(TBrPP)(H20).] [19] with a Mg—O(H.0) distance of 2.221 A.

O
Br2' i

Figure 6. Ortep diagram of [Mg(TBrPP)(4-pypo-«0).] (1).

The two 4-pypo-«O trans axial ligands are parallel and bisect two neighboring pyrrole rings as is the
case of the majority of metalloporphyrins and hemoproteins (Figure 7-a). Both Figures 7-a and 7-b show
that the two para-bromophenyl rings close to the two 4-pypo-x0O axial ligands are tilted away from their
normal positions, i.e., nearly perpendicular to the plan of the porphyrin core. Thereby, we get a minimum

interaction between the 4-pypo-xO axial ligands and these two phenyl groups.
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(a) (b)

Figure 7. Ortep views showing the orientation of the two 4-pyrrolidinopyridine axial ligands.

Table 4. Selected bond lengths [A] and angles [°] for [Mg(TBrPP)(4-pypo-x0):] (1) and a selection of several
related Mg(Il) meso-arylporphyrins.

Complex Mg__ Ny Mg—X.° Ref.

Pentacoordinated magnesium(l1) meso-porphyrins

[Mg(TPP)(H.0)]¢ 2.092(7) 2.012 (6) [30]
[Mg(TBIPP)(4,4-bpy)]¢ 2.090(3) 2.143(5) [31]
[Mg(TCIPP)(DMAP)]¢f 2.082(3) 2.130 (4) [6]
[Mg(TBrPP)(HIm)]° 2.094(2) 2.120 (3) [2]
[K(222)][Mg(TPP)(NCO)]° 2.110 2.047 [3]

Hexacoordinated magnesium(l1) meso-porphyrins

[Mg(TPP)(pipz)]* 2.073 2.423 [32]
[Mg(TPP)(py)2]** 2.072 2.376 [33]
[Mg(TBrPP)(pyz)2]' 2.070(3) 2.350(4) [31]
[Mg(TPP)(1-Melm)z]em 2.071(6) 2.297(8) [32]
1IMg(TPP)(H20):].(18-C-6)°" 2,071 2.213 [34]

[Mg(TBIPP)(H0):] 2.069 2.221 [19]
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[Mg(TPP)(4-Mepy)2]*° 2.070 2.385 [32]

[Mg(TTP)(4-pypo-&N).]° 2.070(3)* 2.310(3)/2.292(3)* [4]
2.076(3)** 2.302(3)**

[Mg(TBrPP)(4-pypo-«0),] (1) 2.071(4) 2.223(4) t.w.

3 M—N, = average equatorial Mg-nitrogen pyrrole rings distance, ®: Mg—X. = center metal Mg-axial ligand distance, :
TPP = meso-tetraphenylporphyrinate, 9: 4,4’-bpy = 4,4'-bipyridine, ¢: TCIPP = meso-tetrakis(para-
chlorophenyl)porphyrinate, : DMAP = 4-dimethylaminopyridine, 9% HIm = imidazole, " 222 = cryptand-222, I:
pipz = piperazine, ¥: py = pyridine, : pyz = pyrazine, ™ 1-Melm = 1-Methylimidazole, ": 18-C-6: 18-crown-6, °:
4-Mepy = 4-Methylpyridine N-oxide, P: TTP = meso-tetra(p-tolyl)porphyrinate, *: for the full molecule 1, **:
for the half molecule 2.

We notice that in both two [Mg(TBrPP)(4-pypo-x0).] and [Mg(TPP)(4-pypo-«0)2] linking isomers, the
two 4-pyrrolidinopyridine axial ligands are parallel.

Asiillustrated in Figure 8, the crystal packing of 1 presents small voids (~1% of the unit cell and a volume
of ~13 A%) parallel to the [100] direction located between [Mg(TBrPP)(4-pypo-x0)2] molecules.

Figure 8. Packing diagram of complex 1 showing voids down the a axis. A ball radius of 1.2 A and a grid of 0.7
A were used to calculate the voids.
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In the crystal lattice of 1, two [Mg(TBrPP)(4-pypo-x0)2] molecules are linked together by weak r-rt
interactions involving Cg--Cg interactions between the centroid Cg3 of the five membered ring N3/C23-
C24-C25-C26 of a 4-pypo-xO axial ligand of a nearby [Mg(TBrPP)(4-pypo-«0O)2] complex and the
centroid Cg4 of the pyridyl ring N4/C29-C28-C27-C31-C32 of a 4-pypo-xO axial ligand of a
neighboring [Mg(TBrPP)(4-pypo-x0),] molecule and vis verso. The Cg3...Cg4 distance is 3.998 (4) A
(Figure 9, Table S1).

Figure 9. Drawing illustrating the Cg-Cg = intermolecular interactions in complex 1.

The crystal packing of 1 is made by [Mg(TBrPP)(4-pypo-«0O)2] molecules parallel to the a axis which
are linked by weak intermolecular interactions types C—H-N, C—H--O, C—H--Br and C—H-:Cg as

shown in Figure S6. The values of these intermolecular interactions are reported in Table S2.
3.5. Hirshfeld Surface Analysis

A Hirshfeld surface analysis on complex 1 was performed with the CrystalExplorerl7.5 program [35]
using standard surface resolution with the three-dimensional dnorm surfaces plotted over a fixed color
scale of -0.0979 (red) to 1.7267 (blue) a.u. The three-dimensional dnorm surface of 1 is illustrated in
Figure 10. In the two drawings of the latter figure, are shown the C31—H31--O1 distance between the
carton C31 of one 4-pypo-xO axial ligand and the oxygen O1 of one 4-pypo-xO axial ligand of a
neighboring [Mg(TBrPP)(4-pypo-«0)] and the C7—H7--Brl non-conventional hydrogen bond between
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the carbon C7 of pyrrole ring of one [Mg(TBrPP)(4-pypo-«0O)2] molecule and the bromine atom Br1l of
a TBrPP porphyrinate of a nearby [Mg(TBrPP)(4-pypo-x0).] molecule.

Figure 10. Hirshfeld surfaces of complex 1 mapped over dnorm.

The two-dimensional fingerprint plots are depicted in Table S7. The Hirshfeld surface analysis shows
that in the crystal lattice of 1 are five major types of intermolecular non-conventional H bonds: H...H =
41.8%, Br...H=22.6%, C...H=21.1%, N...H=5.1% and O...H = 2.2% on the dnorm Surface.

The shape-index map of complex 1 (Figure 11-a) was generated in the range -1 to 1 A. Concave red
regions symbolize hydrogen-acceptor groups and convex blue regions symbolize hydrogen-donor
groups interaction on the sharp-index map and are represented by adjacent red and blue triangles. This
confirms the Cg--Cg = intermolecular interaction in the crystal lattice of 1 where Cg is the centroid of a
five of six-member ring (Figure 9, Table S2). The curvedness map of the complex 1 (Figure 11-b) was
generated in the range 4 to -4 A. This curvedness plot shows flat surface patches characteristic of planar

n-1t stacking.
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Figure 11. Shape Index surface (a) and curvedness surfaces (b) for complex 1.

3.6. Cyclic voltammetry

Porphyrin complexes with non-electroactive divalent Mg(ll) metal ion undergo three reversible one
electron oxidations and one or two one electron reductions of the porphyrin core [6]. The cyclic
voltammogram (CV) of complex 1, shown in Figure 12, was recorded in dichloromethane using the
tetra-n-butylammonium perchlorate (TBAP) as the supporting electrolyte (0.2 M). In the anode region
of the CV, three one-electron oxidation waves are present. The first, second and third waves [O1/R1,
02/R2 and O3/R3] are reversible with half-potential values of 0.76, 0.92 and 1.42 V, respectively (Figure
12, Table 5). The cathodic region of the CV of 1, shows only one reversible on-electron reduction wave
with E12 value of -1.50 V. All oxidations and reduction potential values of our TBrPP-Mg-(4-pypo-«O)

species are very close to those of the Mg(I1) metalloporphyrins reported in Table 5.
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Figure 12. Cyclic voltammogram of [Mg(TBrPP)(4-pypo-«0)2] (1). The solvent used is dichloromethane, and the
concentration is ca. 102 M in 0.2 M TBAP, 50 mV/s, vitreous carbon working electrode (&= 3 mm).

As reported above, the (4-pypo-«0O) - (4-pypo-&N) linkage isomerism is mainly related to the electron-withdrawing
effect of the para-bromo groups of the TBrPP porphyrinate and the electron-donating effect of the para-methyl
groups of the TPP porphyrinate. This phenomenon is reflected in the CV of [Mg(TBrPP)(4-pypo-x0)2] (1) verses
[Mg(TPP)(4-pypo-&N)2]. Indeed, the (4-pypo-xO) isomer has higher oxidation potentials 0.76 V and 1.42 V
compared to 0.62 V and 1.26 V of the (4-pypo-x0O) isomer. Similarly [Mg(TBrPP)(4-pypo-«0)2] (1) has a lower
reduction potential of -1.5 V vs -1.62 V of [Mg(TPP)(4-pypo-&N)2].
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Table 5. Potentials (in V vs SCE) of the investigated complex 1 and a selection of related magnesium(ll) meso-aryl-metalloporphyrins.

Compound Oxidation Reduction Ref.

1%t Porph. Oxid. 2%t Porph. Oxid. 3™ Porph. Oxid. 15t Porph. Red.

(O1LR1) (02,R2) (O3,R3) (R4,04)

E2? Eu2? Eu2? E2?
[Mg(TCIPP)(DMAP)]P¢ 0.63 0.91 1.22 -1.42 [6]
[Mg(TPP)(HMTA),]%¢ 0.73 0.99 - -1.45 [36]
{IMg(TPP)(pyz)]3n*f 0.65 0.95 - -1.65 [37]
[Mg(TTP)(4-pypo-&N),]? 0.62 1.04 1.26 -1.60 [4]
[Mg(TBrPP)(4-pypo-x0)2] (1) 0.76 0.92 1.42 -1.50 tw.

& Ey, = half-wave potential, ®: TCIPP meso-tetrakis(para-chlorophenyl)porphyrinate, °: 4-dimethylaminopyridine, ¢: TPP = meso-tetraphenylporphyrinate,
. HTMA = hexamethylenetetramine, ©: pyz = pyrazine, 9% TTP = meso-tetra(p-tolyl)porphyrinate.
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3.7. Theoretical study on the [Mg(TBrPP)(4-pypo-x0)2] (1)
3.7.1. HOMO-LUMO iso-surfaces

Figure 13 shows the frontier molecular orbitals of complex 1 while in Table 6 are summarized
several calculated reactivity parameters of 1 and the related [Mg(TTP)(DMAP)2] coordination
complex [5] taken as reference. The HOMO and LUMO iso-surfaces of 1 are localized in an
equiprobably way around the center ion Mg(ll). This demonstrates that the Mg?* cation pulls
electrons from the groups around it and fixes them close to it cyclically. The same interpretation is
obtained for HOMO-1 and LUMO+1 molecular orbitals. The calculated energy required to move
electrons from the = fundamental state (HOMO orbital) to the * first excited state (LUMO orbital)
known as the gap energy is 2.55 eV. This value which is very close to the experiment optical gap
energy (Eg-opt = 2.247 eV) indicates the semi-conductor character of our TBrPP-Mg-bis(4-pypo-x0O)
species (1). Therefore, 1 can be tested for sensor applications [38,39].

According to the following relationship between the conductivity parameter and the gap energy :

o =~ exp (i—i) .T , where Eq is the gap energy and ks is the Boltzmann constant, for [Mg(TBrPP)(4-

pypo-x0);] (1) a value of 12.80 eV indicates that this coordination compound could be utilized as
conductors [40,41]. The global reactive parameters are specified to identify the capacity of
[Mg(TBrPP)(4-pypo-x0)2] to accept or donate electrons. These parameters (Table 6) are very
important to confirm the stability and the chemical reactivity of the studied species. The
electrophilic index is calculated to be 2.99 eV indicating that this compound is an electrons-acceptor
system. In addition, the chemical hardness (1) value of 1.28 eV is an indication that material is hard,
which is also the case of the related Mg(Il) complex [Mg(TTP)(DMAP)2] species [5] (Table 6). The
negative value of the chemical potential (u = -3.77 eV) indicates that this compound is stable. This
value is quite higher than that of [Mg(TTP)(DMAP)2] (i = -2.831 eV). Therefore, according to the
values of the parameters depicted in Table 6, one can conclude that complex 1 is reactive, stable,

and a hard system.
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LUMO+1

AE= 2.55 eV AE=2.93 eV

Figure 13. HOMO-LUMO and HOMO-1 — LUMO+1 plots of complex 1.

Table 6. TD-DFT calculations of complex 1 and [Mg(TTP)(DMAP),] [5] at the B3LYP/LanL2DZ level
of theory (in dichloromethane solvent) of HOMO-LUMO energy gap, chemical potential, electronegativity,
global hardness, global softness, and electrophilicity index.

Function Values

Complex 1 [Mg(TTP)(DMAP).]

[5]

Enowmo (€V) -5.04 -4.108
ELumo (eV) -2.49 -1.555
ELumo-Enomo = Gap energy (eV)? 2.55 2.553
lonisation potential (eV)° 5.05 ~-4.108
Electron affinity (eV)° -2.49 ~-1.555
Chemical potential z (eV)¢ -3.77 -2.831
Mulliken electronegativity y ¢ 3.77 -
Global hardness 7 (V) 1.28 1.276
Global Softness S (eV)? 0.39 -
Global electrophilicity index y (eV)! 2.99 -

a: Gap energy = ELumo-Eromo, b: lonisation potential ~ -ELumo, C: Electron affinity ~ -ELumo, d: Chemical
potential 1 =12(ELumo + ELumo), e: Mulliken electronegativity = y = - g, f: Global hardness 7 =1/2(ELumo
- ELumo), g Global Softness S = 1/2#, i: Global electrophilicity index w = 1£1217.
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3.7.2. MEP and optimized structure of [Mg(TBrPP)(4-pypo-&x0)2] (1)

The geometry of complex 1 is optimized at the DFT-D3/B3LYP/GENECP level of theory [42-44].
based on the Cif file obtained from the X-ray diffraction analysis of 1. The H, C, N, O, Br, and the
Mg center metal are optimized at 6-311G(d, p), LanL2DZ [45], and 6-311G(d, p) [47], respectively.
The 3D molecular system was visualized by the Vesta package [47]. The calculated stable structure
is shown in Figure 14. The calculated Mg—O(4-pypo-x0) distance is 2.22 A which is very close to
the experiment distance value of 2.223(4) A and the theoretical C=0 bond length of the (4-pypo-
x0) ligand in 1 is 1.22 A which is also very close to the experiment value of 1.224(6) A.

The molecular electrostatic potential (MEP) calculations are very useful to identify the electrophilic
and nucleophilic sites in the studied compound and recently, it has appeared important to predict

the desired binding in a biological identification [41].

From 3D-MEP, three regions are obtained where the first is for a negative potential (electron-rich
zone), the second is specified for a negative potential (electron-poor zone), and the third has a zero
potential (neutral zone). From the MEP plots, it is demonstrated that our studied compound is
characterized as electrophilic. As a result, complex 1 can be used in sensor applications. It appears
to be a small red spot between the (4-pypo-x0) axial ligand and the magnesium center metal. The
blue color in a MEP map refers to the potential positive (V(r) <0 : electron-poor zone), the red is
used for potential negative values (V(r) > 0 : electron-rich zone) while the green color indicates (V
=0) a zero potential. Okulik et al., [48] reported that the blue arias indicate an electrophilic reactivity
while the red color illustrates the strongest repulsion in the MEP map. The MEP map for 1 is
depicted in Figure 15 where the color code is between -4.0.10 u.a (red color) and 4.0.10°° u.a. (blue
color). The red-colored regions are located around the N atom of the benzene group of ligands. The
blue color is shown in the two (4-pypo-«O) axial ligands indicating that [Mg(TBrPP)(4-pypo-x0)]

(1) presents an electrophilic aspect in these regions.
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Figure 15. MEP iso-surface of complex 1.

3.7.3. QTAIM and NCI-RDG analyses

Since the electronic and the geometrical parameters may not be enough to explain clearly the
intermolecular interactions between the two (4-pypo-x0) axial ligands and the [Mg(TBrPP)] moiety
we have studied the electronic density parameters of our complex using the quantum theory of atom

in molecule (QTAIM) [49-51]. The deficiency of the electronic charges in the interatomic path was
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identified by using the Non-Covalent Interactions (NCI) index [52,53]. The NCI-RDG analysis was
performed in order to get a visual representation of weak interactions within a system. The Multiwfn
program [54] was used to execute the QTAIM topological parameters using the bond critical points
(BCPs) in our compound from the wfn file generated from the chk file of the Gaussian 09 package
[55]. This powerful approach encompasses all the types of interactions that can be formed between
the [Mg(TBrPP)] moiety and the two axial ligands. The QTAIM theory can be used to calculate the
electron density (p(r)), Laplacian of electron density (V2p(r)), kinetic energy density (G(r)),
potential energy density (\V(r)) and total electron energy density (H(r)), the ellipticity of electron
density £(r) in the bonding characteristics and the estimated interaction energy (Eint) of two atoms.
Figure 16 depicts the AIM molecular graphs while the topological parameters are shown in Table 7
of complex 1. The selected Bond Critical Points (BCPs) between the [Mg(TBrPP)] moiety and the
two axial ligands (4-pypo-«QO) of complex 1 have been determined using QTAIM analysis. As
shown in Figure 16 and Table 7, these three moieties, form eight interactions (BCP1 — BCPg) among
them BCP1 and BCP2 correspond to the interactions of the Mg(Il) center ion and the oxygen atoms
01 and O1i (the centrosymmetric oxygen atom) of the two trans axial ligands (4-pypo-«O) of 1. In
Table 7, it is shown that the [Mg(TBrPP)(4-pypo-«x0)2] complex 1 has a positive value for the
Laplacian, indicating the presence of non-covalent interactions. The electronic density (p(r)) values
range from 0.0039 to 0.0206 a.u. The Laplacian of electron density V2p(r) varies from 0.0025 to
0.1537 a.u. It is demonstrated a week electrostatic interaction between [Mg(TBrPP)] and the 4-pypo-
xO axial ligand (Figure 17). This result is explained by the fact that V?p(r) > 0 and H(r) > 0. In
BCP1-2, low values of H(r) indicate that the two (4-pypo-«O) ligands are stabilized by coordination
bond type with the Mg(ll) center metal. This result is confirmed by the appearance of a green spot
between the two oxygen atoms O1 and O1' (O1' = symmetry related O1) of the two trans (4-pypo-
Q) axial ligands and the Mg center metal (Figure 17). In addition, the two (4-pypo-x0O) axial
ligands are symmetrically stabilized by forming four van der Waals bonds with the N and C atoms
of [Mg(TBrPP)(4-pypo-«0).] (1) (BCPs4 and BCPsg) which confirms the experimental results
obtained by X-ray diffraction (see crystallographic section) . This information is explained by the
appearance of green spots in the NCI index (Figure 17-a). These interactions are found to be less
stable than O-Mg interactions. In the RDG iso-surface, there is a wide band located between -0.015

and 0.015 a.u. (Figure 17-b). Furthermore, the two (4-pypo-xO) ligands form weak interactions
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between several hydrogen atoms of these moieties and the carbon atoms of the phenyls in the para-

positions of TBrPP porphyrinate.

The calculated interaction energy (Eint) is determined by the equation of Espinosa et al. (Eint=
V(r)/2) [56]. From Table 7, it is found that the high interaction energy is located on BCP1, BCP»,
BCP4, and BCPs. The Ejn. values range from -10.5 kJ.mol™ to -13.12 kJ.mol. It is concluded that

the two O--Mg interactions are responsible for the stability of complex 1.

Table 7. The topological parameters calculated at selected bond critical points BCPs
(All parameters are given in a.u., except Ein is expressed in kJ.mol™) of complex 1.

BCP p(r) V2p(r) G(r) V(r) g(r) H(r) Eint.
BCP1  0.0205 0.1535 0.0111 -0.0109 0.02 0.0001 -13.12
BCP2 0.0206  0.1537 0.0111 -0.0109 0.02 0.0001 -13.12
BCPs  0.0132 0.0396 0.0092 -0.0091 0.70 0.0001 -10.50
BCPs  0.0143 0.0578 0.0123 -0.0101 0.28 0.0021 -5.251
BCPs 0.0132  0.0397 0.0092 -0.0091 0.69 0.0001 -10.50
BCPs  0.0143 0.0578 0.0123 -0.0101 0.28 0.0021 -5.25
BCP;  0.0039 0.0131 0.0025 -0.0018 0.82 0.0007 -0.26
BCPs  0.0039 0.0131 0.0025 -0.0018 0.82 0.0007 -0.26

p(r) = electron density, V?p(r) = Laplacian of electron density, G(r) = kinetic energy density,
V(r) = potential energy density, Ap(r) = the deformation density, H(r) = the energy density H(r),
and Ein = the estimated interaction energy (Ein, in kJ.mol™).
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Figure 16. AIM analyses of complex 1. Bond critical points (BCPs) are represented with small red spheres.
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Figure 17. (a): RDG function iso-surface with sign(i2) o(r) coloring scheme complex 1, (b): Reduced
Density Gradient analysis (RDG) iso-surface. with 1. is the second Hessian eigenvalue and sign(A.) is the
second largest eigenvalue of the electron density Hessian matrix.
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4. Conclusion

In summary, synthesis, spectroscopic and cycle voltammetry characterizations of the O-coordinated
4-pyrrolidinopyridine axial ligand (4-pypo-«0O) magnesium(Il) porphyrin complex [Mg(TBrPP)(4-
pypo-x0).] (1) is reported. The structural analysis by single crystal X-ray diffraction was elucidated.
Notably, the photophysical properties of complex 1 and those of the N-coordinated 4-
pyrrolidinopyridine axial ligand (4-pypo-&N) [Mg(TTP)(4-pypo-&N)2] linking isomer are almost
identical and in the solid state both isomers exhibit parallel (4-pypo-&N) and (4-pypo-xO) axial
ligands. In this paper, DFT, MEP and QTAIM methods were employed to investigate the various
features of complex 1. Thus, the DFT/TDDFT calculations show that complex 1 is reactive, stable,
and a hard system while the 3D-MEP ab initio calculations indicate that our TBrPP-Mg(11)-(4-pypo-
xN) species presents electrophilic properties. Finally, the QTAIM method indicates that the
interaction between the [Mg(TBrPP)] moiety and the (4-pypo-«QO) axial ligand is as expected a
coordination bond between the Mg(ll) center metal and the oxygen atom of the 4-

pyrrolidinopyridine ligand.
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We report the synthesis of the [Mg(TBrPP)(4-pypo-«0)2] (1) complex where TBrPP is the meso-
tetra(para-bromophenyl)porphyrinate and 4-pypo-«O is the O-bonded 4-pyrrolidinopyridine axial
ligand. This Mg(Il) coordination is considered the linking isomer of the already known N-bonded
4-pyrrolidinopyridine (4-pypo-&N) with the formula [Mg(TTP)(4-pypo-&N).] where TTP is the
meso-tetra(p-tolyl)porphyrinate. Complex 1 was characterized by elemental analysis, IR, *H NMR,
UV/Vis and fluorescence spectrometric techniques, cyclic voltammetry measurements as well as
single-crystal X-ray diffraction analysis.

Computational studies were used to elucidate the minimum energy geometry, the HOMO — LUMO

molecular orbitals characteristics and the reactivity of complex 1. The molecular electrostatic

potential (MEP) calculations on complex 1 have been made to determine the electrophilic-
nucleophilic character of our new Mg(l1) metalloporphyrin. Furthermore, the quantum theory atom
in molecule (QTAIM) calculations were performed to get more insights into the type of interactions

between the [Mg(TBrPP)] moiety and the two 4-pyrrolidinopyridine axial ligand of complex 1.
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