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Abstract

The  reactions of the (triflato)(meso-tetra(para-methoxyphenyl)porphyrinato)manganese(IIl)
([IMn"(TMPP)(SOsCF5)] complex with an excess of 4-dimethylaminopyridine (DMAP) and
hexamethylenetetramine (HMTA) have been examined. These reactions yield -crystalline
[Mn"(TMPP)(DMAP),](0.1C1)(0.9SO3CF3)-2CHCIl3 (I) and [Mn"(TMPP)(HMTA)2](SO3CF3)-2CH:Cl,
(IT) complexes, respectively. The hyper d-type electronic spectra of I-II are characteristic for high-spin (S
= 2) Mn(III) metalloporphyrins with very redshifted Soret bands. A cyclic voltammetry investigation was
carried out on these two Mn(III) coordination compounds. The crystal structures of the solid complexes I-
II were determined by X-ray single-crystal diffraction and elucidated by Hirshfeld surface approach.
Furthermore, bioactivity of the H;TMPP free base, the [Mn"(TMPP)(SO3CF3)] starting material and
complexes I-I1, was assessed by a set of in vitro tests checking for antioxidant, antibacterial and antifungal

(against several strains) effects.
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1-Introduction

For more than a century porphyrin and porphyrin metal complexes, known as metalloporphyrins, have
attracted considerable interest after the pioneering works of Willstatter and Fischer [1,2]. These
tetrapyrrolic aromatic compounds have been first used as models for hemoproteins and over the years, a
great deal of concerted efforts has brought to light substantial understanding of the structure-function of
synthetic porphyrins and metalloporphyrins. It is noteworthy that since the report of the synthetic methods
of porphyrins by Adler-Longo in 1967 [3] and Lindsey in 1986 with yields ca. and above 20%, the number
of published investigations of porphyrinic compounds kept growing exponentially. In addition, metal
complex porphyrins and porphyrin-like species such as expanded porphyrins [4] have been used in the area
of catalysis [5,6] nonlinear optics, solar energy conversion and in a number of medical applications such as
in photodynamic therapy (PDT) of cancers [7,8]. On the other hand, manganese porphyrins have been of
interest to many researchers after the pioneering work of Boucher [9—-12]. In the early 1960s and the 1970s,
the great interest in these metalloporphyrins stemmed from (i) the role of manganese in the release of
oxygen from water in photocatalysis reactions [13] and (ii) the important catalytic properties of these
compounds which can mimic those of P450 cytochromes [14] functionalization of both unsaturated and
saturated hydrocarbons as well as more complex molecules. Thereby, Groves et al [15], reported that
catalytic amounts of the manganese porphyrin [Mn'"(TPP)CI], in the presence of iodosylbenzene mediated
the efficient oxygenation of cyclohexane to afford cyclohexanol as the major product. In 2017, Groves et
al., reported an investigation concerning the selective C-H functionalization of aliphatic molecules [16].
More recently, in 2020, it has been reported by Mo et al.[17], the use of coordinated and grafted manganese
porphyrin to mesoporous and macroporous chitosan as catalyst in the oxidation of ethylbenzene.

Notably, the center ion in manganese metalloporphyrins is present in the II, III, IV and V oxidation states
and up to date, 43, 201, 5 and 3 Mn(II), Mn(III), Mn(IV) and Mn(V) porphyrin complex structures are
respectively reported in the Cambridge Structural Database (CSD Version 5.42, last update April 2021)
[18]. The large number of published manganese(Ill) porphyrin structures testifies to the high stability of
these compounds under ambient laboratory conditions. It has been noticed that Mn(I1I) metalloporphyrins

can be coordinated to one or two axial ligands and the majority of these 3d* complexes are high-spin for

which the ground state electronic configuration of the Mn(III) center metal is [(dxy)1 (d,)? (dyz)l (d,2)1].
The majority of these Mn(Ill) high-spin metalloporphyrins are neutral pentacoordinate type
[Mn'"'(Porph)X] where X is an ionic monodentate ligand such as CI-, Br, NO,, NOs, OAc™ and TCA
(trichloroacetate) [19-22]. Manganese(IIl) high-spin porphyrin complexes are also present as six-
coordinated porphyrin cations type [Mn"'(Porph)(L).]", Y~ where Y is the counterion and L designates N-

donor or O-donor neutral axial ligand such as: pyridine, imidazole piperidine and dimethylformamide



(DMF) [23]. Furthermore, several structures of hexacoordinated high-spin Mn(IIl) neutral porphyrin
complexes type [Mn"(Porph)X(L)] (X = ionic ligand and L = neutral monodentate ligand)] have been
reported, e.g. [Mn'"(TPP)Cl(py)] and [Mn"(TPP)CI(DABCO)] |23].

On the other hand, in the last decade, several investigations on antibacterial antifungal activities of
porphyrins and metalloporphyrins have been reported [24-27]. Nevertheless, no antibacterial or antifungal
activities using manganese metalloporphyrins studies are so far reported in the literature.

In this work and in continuation on our studies on the synthesis and characterization of metalloporphyrins,
we report herein our investigation concerning the reaction of 4-dimethylaminopyridine (DMAP) and
hexamethylenetetramine (HMTA) axial ligands  with  the (triflato)(meso-tetra(para-
methoxyphenyl)porphyrinto)manganese(Ill)  ([Mn(TMPP)(SOsCF3)]  leading to the  bis(4-
dimethylaminopyridine)[(meso-tetra(para-methoxyphenyl)porphyrinto) manganese(Ill) (I) and the
bis(hexamethylenetetramine)[(meso-tetra(para-methoxyphenyl)porphyrinto)manganese(Ill)  (II) ion
complexes. The UV/Vis, IR, and cyclic voltammetry characterization of I-II as well as the X-ray molecular
structure and the Hirshfeld surface analysis of these two high-spin (S =2) Mn(III) porphyrins are reported.
Furthermore, the antibacterial, antifungal and antioxidant activities of I-II, the H;TMPP free base porphyrin
and the [Mn"(TMPP)(SO;CF;)] starting material were also performed.

2. Experimental Section

2.1. Materials and methods

All reagents employed were commercially available and were used as received without further purification.
All manipulations were carried out under aerobic conditions. The synthesis of the meso-tetra(para-

methoxyphenyl)porphyrin (H;TMPP) was performed according to the Adler — Longo method [3].

Spectroscopy UV/Vis and IR: The UV/Vis spectra were recorded with a WinASPECT PLUS (validation
for SPECORD PLUS version 4.2) scanning spectrophotometer. Fourier-transformed IR spectra were

recorded on a PerkinElmer Spectrum Two FT-IR spectrometer.

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 the supporting electrolyte (0.2 M) in dichloromethane
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. 10> M. CH Instruments vitreous carbon (¢ = 3 mm) working



electrodes were polished with 1 pm diamond paste before each recording. The Ag/AgNO3 0.01 M (TBAP
0.2 in CH2Cl>) 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/AgNOs3 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) by using the following relationship:

E(SCE) = E(Ag/AgNO3) + 298 mV.

2.2. Synthesis

The meso-tetra(para-methoxyphenyl)porphyrin (H;TMPP) was prepared by using the Alder and Longo
method [3].

2.2.1 Synthesis of [Mn""'(TMPP)(OAc)]

In a 100 mL one-necked balloon, H; TMPP (240 mg, 0.330 mmol) was dissolved in DMF (30 mL) with an
excess of Mn(OAc)2.4H>0 (240 mg, 0.98 mmol). The reaction was refluxed under magnetic stirring for 4
hours at 150°C. The mixture was washed with water and after filtration the obtained precipitate was dried
under vacuum. The solid was crystallized using chloroform / n-hexane to get dark green solid (232 mg,
yield 83%). CsoH3oMnN4Og (846.82) Calcd: C 70.92, H 4.64, N 6.62, found: C 71.57, H 4.81, N 6.86;
UV/Vis (CH2CL): Amax (loge) = 382(5.98), 407(5.96), 482(6.08), 586(5.42), 624(5.44). IR (solid, cm™):
2996-2853 [v(CH) porphyrin], 1713 [v(C=0, OAc)], 1244 [v(C-O, OAc)], 998 [6(CCH) porphyrin].

2.2.2. Synthesis of [Mn"''(TMPP)(SO3CF3)]

The synthesis of the [Mn"(TMPP)(SO5CF3)] starting material was carried out under argon. In a Schlenk
tube containing [Mn(TMPP)(OAc)] (232 mg, 0.274 mmol) and silver triflate (1.1 eq, 0.301 mmol, 49,46
mg) was added 80 mL of distilled THF. The reaction mixture was stirred at room temperature overnight.
After filtration, the solvent was removed using rotavapor and dried under vacuum, then the crude product
was crystallized from n-hexane to get a pure dark green solid (252 mg, yield 98%). Cs9H3sF3MnN4+O7S
(936.83) Calcd: C 62.82, H 3.87, N 5.98, found: C 63.21, H 3.98, N 6.12; UV/Vis (CH2Cl2): Amax (loge) =
394(6.09), 410(6.06), 481(6.08), 577(5.53), 614(5.56). IR (solid, cm™): 3417 [v(OH) H20], 2960-2853
[V(CH) porphyrin], 1290, 1024, 1246, 1174, 633-603, 514 [vas(SO3), vs(SO3), vs(CF3), vas(CF3), 8(CF3),
3(S03)], 998 [3(CCH) porphyrin].

2.2.3. Synthesis of complexes I-11

[Mn"(TMPP)(SO;CF5)] (20 mg, 0.024 mmol) was mixed with an excess of the N-donor ligands 4-
dimethylaminopyridine (DMAP) and hexamethylenetetramine (HMTA) (13.4 equiv., 0.214 mmol) in 5 mL



of chloroform for I and dichloromethane for II, respectively. The reaction mixture was stirred at room
temperature for 1 h. Crystals of the desired complex were obtained by slow diffusion of n-hexane into the
chloroform or dichloromethane solution respectively (complex I: 28 mg, yield 85%, complex II: 31 mg,

yield 92%)

Complex I (CesoHssNsMnCls 1F27067S0.9) (1408.58) Caled: C 55.34, H4.15, N 7.96, found: 54.42, H 4.29,
N 8.11; UV/Vis (CH2CL): hmax (loge) = 394(6.02), 410(5.99), 483(6.05), 579(5.40), 617(5.45). IR (solid,
em™): 3002 [v(CH) DMAP], 2927-2834 [v(CH) porphyrin], 1268, 1241-1227, 1175-1150, 1026, 564-558,
533-524 [vas(SO3), vs(CF3), vas(CF3), vs(SO3), 8(CF3), 8(S03)], 998 [§(CCH) porphyrin].

Complex IT (Ce:HssF3C1sMnN12078) (1387.09) Caled: C 54.55, H 4.65, N 12.12, found: 54.73, H 4.83, N
12.39; UV/Vis (CH2Cl2): Amax (loge) = 396(6.08), 418(6.03), 488(6.05), 588(5.53), 626(5.62).

IR (solid, cm™): 2950-2844 [v(CH) porphyrin, HMTA], 1489-1460 [v(CH,) HMTA], 1283, 1244, 1174,
1024, 557-514 [vas(SO3), vs(CF3), vas(CF3), vs(SO3), 8(CF3), 8(S03)], 998 [§(CCH) porphyrin].

2.3. Biological Studies

2.3.1. Antibacterial screening

Pathogenic strains were cultivated on nutrient agar at 37 °C for 24 h, then, pure colonies were suspended
in 10 mL of 0.9% sterile saline solution then mixed for 5 min. Suspensions were adjusted to 0.5 McFarland
standard turbidity. 1 mL of bacterial suspension was spread over Mueller Hinton Agar medium plates and
incubated for 30 min at 37°C. Then, 6 mm diameter wells were dug in agar medium using sterile glassy
borer. The studied compounds were prepared in DMSO (1 mg/mL) leading to a final concentration of 10~
M and were introduced into the respective wells. One of the wells was supplemented with DMSO as
control). The plates were placed in a 37°C incubator for 24 h to allow bacterial growth. After 24 h, the
diameters of the clear zone of inhibition surrounding the sample were measured in millimeters by digital

caliper.
2.3.2. Antifungal activity

Yeasts Strains: three yeasts strains, Candida krusei ATCC6258, Candida albicans ATCC90028 and
Cryptococcus neoformans ATCC14116 were cultured on Sabouraud agar at 37°C for 48 h. Then, pure
colonies were suspended in 10 mL of 0,9% sterile saline solution, mixed well for 5 min and suspensions
were adjusted to 0.5 McFarland standard turbidity. 1 mL of yeast suspension was spread over Sabouraud
agar medium plates and incubated for 30 min at 37 °C. Then, 6 mm diameters wells were dug in agar

medium using sterile glassy borer. The studied species were prepared in DMSO (1 mg/mL) and introduced



into the respective wells, one of the wells was supplemented with DMSO as control. The plates were placed
in a 37 °C incubator for 48 h to allow yeast growth. After 48 h, the diameters of the clear zone of inhibition

surrounding the sample were measured in millimeters by digital caliper.

Fungal Strains: three fungi strains, Aspergillus flavus 15UA005, Aspergillus niger 15UA006 and
Aspergillus fumigatus ATCC204305 were cultured on inclined Sabouraud agar in Falcon tube 15 mL at 25
°C for 7 days. The spore of fungal strain was suspended in peptone water and counted to have 106
spores/mL. Then, 1 mL of fungal suspension was spread over Sabouraud agar medium plates and incubated
for 30 min at 25 °C. Then, 6 mm diameter wells were dug in agar medium using sterile glassy borers. The
studied compounds were prepared in DMSO (1 mg/mL) and introduced into the respective wells, one of
the wells was supplemented with DMSO as control. The plates were placed in a 25 °C incubator for five
days to allow fungal growth. The diameters of the clear zone of inhibition surrounding the sample were

measured in millimeters by digital caliper.
2.3.3. Antioxidant activity

e DPPH free radical scavenging assay: The DPPH (2,2-diphenyl-1-picrylhydrazyl) and the ABTS (2,2'-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) were used to evaluate the antioxidant activity of the
H,TMPP free base porphyrin, the [Mn"(TMPP)(SO3CF3)] starting material and complexes I-II.

For this investigation we used the 25 pg, 50 pug, 75 pg and 100 pg/ml concentrations of our four porphyrinic
species. We mixed 2 mL of the porphyrinic sample with 2 mL of 0.1 M of a sodium acetate buffer solution
(pH=15.5) and 1 mL of a methanol DPPH solution (0.5 M) was added. This mixture was shaken and left in
the dark for 30 min then, using a WinASPECT PLUS spectrophotometer, the absorbance was measured at
517 nm. Equation 1 (Eq. 1) were used to calculate the percentage of radical scavenging activity (RSA %):

RSA % =[(AC-AS) /AC] x 100 (Eq. 1)
where the AS is the absorbance, and the AC is the absorbance of control of the sample.
The IC50 (in pg/mL) which is the required concentration to scavenge 50% of free radicals was calculated

for each sample for comparison using equation 2 (Eq. 2):
% Inhibitor ABTS = (A, —5*)x100  (Eq.2)

where: - A; = the absorption of the sample
- A, = the absorption of reference (Vitamin C is used as standard)
e ABTS free radical scavenging assay:
The production of ABTS radical cations (ABTS+¢) was made by reacting 0.17 mM of a K»S,0s (potassium
persulfate) aqueous solution with a ABTS (2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) aqueous

stock solution (2 mM) at room temperature in the dark for 16 hours.



The absorption was measured at 734 nm (using a blank at 734 nm) and before use, the solution containing
the ABTS radical cations was diluted with ethanol to get an absorbance of 0.700 + 0.020. For each
porphyrinic sample, various DMSO concentrations (25 pg, 50 pg, 75 pg and 100 pg/ml) were added to the
ABTS solution. The ABTS scavenging ability was given in term of IC50 (Eq. 2) value while the percentage

of radical scavenging was calculated using Eq. 1.
2.4. X-ray structure determination

The X-ray intensity data for I-II were collected at 150 K with D8 VENTURE Bruker AXS and APEXII
Bruker-AXS diffractometers, respectively. These two diffractometers are equipped with a CCD camera and
a graphite-monochromator. The X-ray radiation used was the Mo-Ka radiation (A = 0.71073 A). The
intensity data for I-II were collected by the narrow-frame method at low temperature. Both unit cell
parameters for I-II were calculated and then refined from the full data collections. The reflections were
scaled and corrected for absorption effects using the SADABS program version (Bruker APEX2 2014)
[28]. For II, the counterion is made by one full triflate ion (SO3CF3)” but for I, the counterion is mostly
made by SO3CF3” with an occupancy factor or 90% and a minor occupancy of 10% is made by a chloride
ion. The hydrogen atoms were placed in calculated positions and treated as riding on their parent atoms.
The crystallographic data, the structural refinement details, and selected bond lengths and angles for I-I1

are reported in Tables | and 2.

Table 1. Crystal data and structural refinements for I-11.

I I

Formula Ce49Hs3Cls.1F27MnNgOs.7S0.9 Cs3HesCL1sF3MnN1207S

Crystal System monoclinic triclinic

Crystal P2,/c P-1

a(A) 14.0868(16) 10.8335(6)

b(A) 11.8283(13) 11.9920(6)

c(A) 39.210(5) 14.0142(8)

a () 90.00 107.320(2)

L) 94.961(4) 96.831(2)

7(°) 90.00 110.833(2)

V(A3) 6508.8(13) 1572.05(15)

Z 4 1

pcalc./ g cm-3 1.437 1.465

X-ray radiation Mo Ka Mo Ka

w/ mm'! 0.549 0.486

F(000) 2898 718

Crystal size (mm?®) 0.38 x 0.06 x 0.06 0.40x0.30x0.17

Crystal Color black blue

Crystal Shape stick prism

T (K) 150(2) 150(2)

Gnin = Onax (°) 2.085-25.000 2.078 - 27.242

Limiting indices -16 <h<16,-13<k<14 -13<h<14,-15<k<13
-46 <1<46 -15<1<18

R(int) 0.0361 0.0323



Reflections collected/unique 56701 /11432 20995 /7035

Observed data [/, > 20(F,)] 9615 5479

Parameters/Rest 825/0 412/0

S [all data] 1.025 1.027

R4 WR [Fo > 40(F,)] R;=10.0593, wR>=10.1395 R;=0.0426, wR> =0.0991
[all data] R;=0.0721, wR>= 0.1473 R;=0.0626, wR,= 0.1111
Min./max. res. (eA?) 1.277/-1.067 0.819/-0.651

CCDC 2144173 2165563

iR, = Z||Fol| - |Fcl/ZlFol, *: wRy = {Z[w([Fol — [FcPYVZw(Fol*)’1}"™.

Table 2. Selected bond distances (A) and angles (°) in the molecular structures of complexes I-IL.

I

Manganese (III) coordination polyhedron of 1

Mn-N1 2.016(2) N1-Mn-N5 90.96(10)
Mn-N2 2.016(3) N2-Mn-N5 90.75(10)
Mn-N3 2.021(3) N3-Mn-N5 89.94(10
Mn-N4 2.024(3) N4-Mn-N5 89.86(10
Mn-N35 2.308(3) N1-Mn-N7 88.31(10)
Mn-N7 2.324(3) N2-Mn-N7 92.06(10)
N1-Mn-N2 89.54(10 N3-Mn-N7 90.81(10)
N1-Mn-N3 178.99(11) N4-Mn-N7 87.32(10)
N1-Mn-N4 90.51(10) N5-Mn-N7 177.08(10)
N2-Mn-N3 90.00(10) N3-Mn-N4 89.94(10)

N2-Mn-N4 179.38(11)

DMAP axial ligands of 1

N5-C53 1.342(4) N7-C56 1.345(4)
C53-C52 1.377(5) C56-C57 1.371(5)
C52-C51 1.411(5) C57-C58 1.409(5)
C51-C50 1.411(5) C58-C59 1.402(5)
C50-C49 1.375(5) C59-C60 1.369(5)
C51-N6 1.354(5) C58-N8 1.358(4)
N6-C54 1.450(5) N8-C61 1.448(5)
N6-C55 1.460(5) N8-C62 1.451(5)
C49-N5-C53 115.5(3) C60-N7-C56 115.1(3)
C50-C51-C52  119.7(3) C57-C58-C59  115.8(3)
N6-C51-C50 121.9(3) C58-N8-C61 121.7(3)
C54-N6-C55 119.1(3) C61-N8-C62 117.4(3)

11

Manganese (I1I) coordination polyhedron of 11

Mn-N1 2.006(2)
Mn-N2 2.012(2)
Mn-N3 2.439(2)

N1-Mn-N2 90.12(7)
N1-Mn-N5 90.68(6)
N2-Mn-N5 89.47(6)

HMTA axial ligand coordination polyhedron of 11




N3-C25 1.489(3) C30-N3 1.488(3)

C25-N4 1.462(3) C25-N3-Mn  111.15(12)
N4-C26 1.459(4) C29-N3-Mn  113.37(12)
C26-N5 1.468(3) C30-N3-Mn  110.98(12)
N5-C27 1.465(3) C25-N3-C29  107.15(18)
C27-N6 1.465(3) C25-N3-C30  107.40(19)
N6-C30 1.462(3) C29-N3-C30  113.37(12)

2.5. Hirshfeld surface analysis

The Crystal Explorer17.5 program has been utilized to obtain the Hirshfeld surfaces and the 2D Fingerprint
plots of our two manganese(Ill) porphyrin complexes I-II [20] based on the crystallographic CIF
(Crystallographic Information File). Equation 3 was used to calculate the different normalized contact
distances “dqom” Where “d.” is the distance from the point to the nearest nucleus external to the surface,
“d;” 1s the distance to the nearest nucleus internal to the surface and “vdW” is the van der Waals radii of

the atom [24].

. vdW aw
:dl_rlv L de—TeY Ea. 3
norm =~ paqw T —pdw (Eq. 3)
i e

3. Results and Discussion
3-1. Synthesis of I-11

The triflate manganese(I1I) [Mn"(TMPP)(SO;CF3)] complex was used as starting material because the
triflate is known to be easily substituted by other neutral or anionic ligands. The reaction of
[Mn'"(TMPP)(SO;CF;)] with an excess of 4-dimethylaminopyridine (DMAP) and
hexamethylenetetramine (HMTA) in chloroform and dichloromethane, respectively leads to the
hexacoordinated complexes I-II (Scheme 1). According to the X-ray diffraction study, the formula of I and
1 are: [Mn"(TMPP)(DMAP),](0.9SO5CF3)(0.1C1)-2CHCl; @ and
[Mn'( TMPP)(HMTA),](SO3CF3)-2CH,Cl, (II) respectively. The presence of the chloride ion (as 10% of

the total counterion moiety) in the lattice of I could come from the chloroform used as solvent.
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Scheme 1. Scheme of the synthesis of [Mn"(TMPP)(DMAP),](0.9SO;CF3)(0.1CI1)-2CHCI; (I) and
[Mn''(TMPP)(HMTA),](SO3CF5)-2CH,Cl, (II).

3-2. X-ray molecular structures of I-1I

Complex I crystallized in the monoclinic crystal system with P2;/c space group while complex II
crystallized in the triclinic crystal system with P-/ space group. The asymmetric unit of I is made by one
[Mn"(TMPP)(DMAP).]" ion complex, 0.9 (SO3CFs) and 0.1CI" as counterions and two chloroform solvent
molecules. For complex II, the asymmetric unit contains: one half [Mn"(TMPP)(HMTA),]* ion complex,
one half (SO3CF3)” counterion and one dichloromethane solvent molecule. Figure 1 illustrates the Ortep
drawing of the [Mn'(TMPP)(DMAP),]" ion complex while Figure 2 shows the Ortep diagram of the
[Mn"(TMPP)(DMAP),]" ion complex. The manganese polyhedral in complexes I-II are illustrated in

Figures 3 and 4.
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Fig. 1. ORTEP diagram of the [Mn(TMPP)(DMAP),|" ion complex (I) with thermal ellipsoids drawn at 40%
probability. The hydrogen atoms are omitted for clarity.

Cc24

02

c22

Fig. 2. ORTEP diagram the [Mn(TMPP)(HMTA),]" ion complex (II) with thermal ellipsoids drawn at 40%
probability. The hydrogen atoms are omitted for clarity. Symmetry code (i): -x, -y, -z.



For I, the manganese(Ill) center ion is chelated by the four pyrrole nitrogen atoms of the TMPP
porphyrinate and the two trans DMAP axial ligands (Figure 1). In the case of I1, as shown by Figure 2, the
Mn(III) center metal is chelated by the four pyrrole nitrogen atoms of the TMPP porphyrinate and the apical
positions are occupied by two HMTA ligands. The two Mn—N(DMAP) bond lengths for I are 2.308(3) and
2.324(3) A which are in the range [2.293 — 2.388] A of the related Mn(III)-DMAP non-porphynic
complexes (Table 3). In the case of II, the Mn—N(HMTA) distance is 2.439 (2) A which is slightly higher
than those of the related Mn(I1I)-HMTA non-porphyrinic complexes ranging between 2.194 and 2.342 A
(Table 3). It has been reported that pentacoordinated and hexacoordinated manganese(III)
metalloporphyrins are high-spin (S = 2) with the [(dxz. dyz)z. (dxy)l. (d,2)] ground state electronic
configuration [22,29]. The mean equatorial distance between the Mn(III) cation and the four nitrogen atoms
of the porphyrin macrocycle (Mn—Np) is 2.019(3) A for I and 2.009(2) A for IL. These values are very
close and in the [1.997(5) — 2.021(2)] A range for Mn(III) metalloporphyrins (Table 3).

For the Mn(IIT)-TMPP-DMAP derivative (I), the dihedral angle (¢) between the pyridyl groups of the trans
DMAP axial ligands is equal to zero (parallel orientation of these two cycles). For the same complex I, the
values of the dihedral angles (o) between the DM AP plane and the closest N(pyrrole)-Mn-N(DMAP) plane
is 38° which is close to that of the related magnesium(II) [Mg(TCIPP)(DMAP);] (TCIPP = meso-tetra(para-
chlorophenyl)porphyrinte) [24] with a ¢ value of 30° (Figure 5). Notably, the ¢ value in these Mn(III) and
Mg(IT) DMAP metalloporphyrins are quite close 45° which leads to a minimum nonbonded interaction

between the porphyrin core atoms and the planar axial ligand hydrogen atoms [30].



Fig. 3. View showing the manganese polyhedral in complex 1.

Fig. 4. View showing the manganese polyhedral in complex II.
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Fig. 5. Top view of the [Mn"(TMPP)(DMAP),]" ion complex showing the orientation of the two trans DMAP
axial ligands.

In Figure 6 is shown the formal diagrams of the porphyrin macrocycles of complexes I-II illustrating the
displacements of each atom from the mean plane of the 24-atom porphyrin core in units of 0.01 A.
Inspection of this figure shows that the porphyrin core of the Mn(IIT)-Porph-HMTA derivative (II) is
practically planar for which the maximum displacement value of an atom from the mean plane of the 24-
atom porphyrin core is 0.08 A. In contrast, the porphyrin macrocycle of the Mn(IIl)-Porph-DMAP
derivative (I) exhibits important ruffling and saddling deformations. It should be recalled that a ruffled
porphyrin macrocycle presents high values of the displacements of the meso-carbon atoms alternatively
above and below the porphyrin core while the saddle deformation is due to the displacement of the pyrrole
rings alternately above and below the mean porphyrin macrocycle [31]. The important deformation of the
porphyrin macrocycle of complex I compared to that of complex II can only be due to the nature of the
axial ligand since the same porphyrin (TMPP) is present for both complexes I-II. The two trans DMAP
axial ligands coordinated to the Mn (III) cation in the case of complex I are spherically hindered due to the
two methyl groups. In order to have the minimum interaction between the phenyl hydrogens of the TMPP
porphyrin and those of the DMAP ligand, the porphyrin macrocycle of complex I undergoes a significant
distortion, and the phenyls are no longer perpendicular to the mean plane of the porphyrin ring. Indeed, in
the case of complex II, the dihedral angles between the porphyrin core and the phenyl groups are 88.28°
and 61.81° while in case of complex I, these angles values are 75,96°, 75,76°, 58.19° and 57.94°.
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Fig. 6. Formal diagrams of the porphyrin macrocycles of I-II. (a): Complex I, (b): complex II and (¢): Porphyrin
core of I shown the ruffling and the saddling deformations. The displacements of each atom from the 24-atom core

plane in units of 0.01 A are illustrated.

The crystal packing of I is sustained by C—H"O, C—H...F, C—H"Cg (Cg = centroid of a pyrrole or pyridyl
rings), C—FCg (Cg: centroid of a phenyl ring) and C—ClCg (Cg = centroid of a pyridyl rings
intermolecular interactions) involving the [Mn(TMPP)(DMAP),]" ion complex, the two chloroform
solvents molecules (C64-CI1-CI2-C13 and C65-Cl14-C15-CI-6) and the (SO3CF3) counterion (Table S1,
Figure 7, and Figures S5-S6-S7). For 11, the crystal packing is made by C—HO, C—H*N, C—H'"Cl and
C—H+Cg (Cg = centroid of a pyrrole ring) interactions involving the [Mn"(TMPP)(HMTA).]" ion

complex, the (SO3CF3)” counterion and the dichloromethane solvent molecules (Table S2, Figure 8 and

Figure S8).

Table 3. Selected bond lengths [A] and angles [°] for I-II and several porphyrinic and non-porphyrinic

manganese(I1) complexes.

Complex Mn-N,* M-X° ¢° o! Ref.
Manganese(lll) meso-arylporphyrins
[Mn''(TMPP)CI] 1.998(4) 2.365(1) - - [18]
[Mnl(TPP)(CN)]° 2.009 2.1658 - - [32]
[Mn"(TPP)(2,6-1utO0),]C104%¢ 1.997(5) 2.262(4)/2.263(5) - - [33]
[Mn"(TPP)(HIm),]Cl*# 2.021(2) 2.285(2)/2.284(2) 38.0 12.4/12.6 [23]
{{Mn"(TPP)(Him),]}»° 2.020/2.019  2.185/2.279 0 28.1/35.9 [34]
{[Mn"'(TPP)(4,4’-bipy)2] }n° 2.012/2.010  2.321/2.362 - 12.6/11.8 [35]
[Mn"'(TCIPP)(py)] ™ 2.016(2) 2.216(3) - 33.02 [36]



[Mn"(TPP)(pip)a]* 2.018(2) 2.370(2) - 39.3 [23]

[Mn"(TPP)Cl(py)]** 2.007(1) 2.420(1)/2.469(4) - 30.7 [23]
[Mn"(TPP)CI(DABCO)]! 2.018(3) 2.612(3)/2.425(1) - - [23]
[Mn!(TPP)(TCA)]*™ 2.005(3) 2.053(3) - - [22]
[Mn'"(TBtPP)(TCA)]"" 2.008(4) 2.057(4) - - [37]
[Mn'(TMPP)(DMAP),]* I 2.019(3) 2.308(3)/2.324(3) 0 38.8:38.2 tw.
[Mn"( TMPP)(HMTA),]* II 2.009(2) 2.439(2) - - tw.

Non porphyrinc Manganese(Ill)-HMTA complexes

[Mn"(O)(L1)s(HMTA);]° - 2.180/2.342/2.194 - - [38]

{IMn™(O)(L1)s(HMTA),]}n° - 2.187/2.180 - - [39]
Non porphyrinc Manganese(Ill)-DMAP complexes

[Mn"'(N3)(L2)(DMAP)J? : 2.388 - - [40]

[Mn"(Pc)(DMPA),]¢ ; 2.293/2.307 - - [41]

2 M—Np = average equatorial manganese-nitrogen pyrrole distance, °: M—X| = metal-axial ligand distance

¢ ¢ = the dihedral angle between the pyridyl groups of the DMAP axial ligand, ¢: ¢ = dihedral angles between the
DMAP plane and the closest N(pyrrole)-Mn-N(DMAP) plane, ¢: TPP = meso-tetraphenylporphyrinate, ': 2,6-1utO
= 2,6-Lutidine N-oxide, ¢ Him = imidazole, i: TCIPP = meso-tetra(para-chlorophenyl)porphyrinate, ': pip =
pipyridine, *: py = pyridine, : DABCO = 1,4-diazabicyclo[2.2.2]octane, ™: TCA = trichloroactetate, ": TBrPP =
meso-tetra(para-bromophenyl)porphyrinate, o: L1 = pivalato-O,0, P: L2 = N,N'-bis(acetylacetone)-1,2-
ethylenedi-iminato, 9: Pc = phthalocyanine.

Fig. 7. View of the crystal lattice of I according to the [010] direction.



Fig. 8. View of the crystal lattice of II view along the [001] direction.

3.3. Hirshfeld Surface Analysis

Hirshfeld surface analysis is an invaluable tool for providing additional insight into intermolecular
interactions in the packing of chemical species in crystals [42]. Hirshfeld surfaces and the two-dimensional
fingerprint plots of our two synthetic Mn(III) porphyrin complexes (I-II) which are shown as transparent
to allow visualization of the asymmetric unit of the given crystal structure, are illustrated in Figures 9 and
10, respectively. These Hirshfeld surfaces have been mapped over a dyom range of -1.4978 A to 1.7435 A
for I and from -0,1923 A to 1,9321 A for IL

Fingerprint plots for different types of intermolecular interactions for I-II are also depicted in Figure S11
and S12. The red shaded areas on the Hirshfeld surface indicate the presence of close contacts and areas
without close contacts are shown in blue color. Hirshfeld surface analysis of complex I shows that the
proportion of H...H interactions has the most significant contribution (39.9%) to the total Hirshfeld surface.
For the same Mn(III)-TMPP-DMAP species (I), the other contributions are: H...C/C...H, H...O/O...H,
H...CI/Cl...Hand H...F/F...H are 19.2%, 13.3%, 13% and 7.3%, respectively (Figures S11 and S13). For
complex II, the most significant contribution is also H...H (46.4%) and the remain contributions are:
H...F/F...H, H...C/C...H, H...CI/CI...H and H...O/O...H are 18.3%, 9.8%, 9.3% and 7.9%, respectively
(Figures S12 and S13). These results are in concordance with those obtained by the PLATON program

mentioned above.



The shape-index surface indicating a red concave region represents the acceptor atom while a blue convex
region is indicative of a donor atom. As depicted in Figure S14-a, for I the presence of red area on several
pyrrole and phenyl rings of the TMPP porphyrinate, the pyridyl group of the DMAP ligand and the triflate
counterions indicate the existence of C—H"O and C—H"'Cg () interactions. The blue area in the shape-
index of I, are shown in the chloroform solvents and the counterion regions. In the case of I1, the red convex
areas are shown on the phenyl and pyrrole rings of the TMPP porphyrinate, the dichloromethane molecules
and the triflate counterion which confirms the C—H'O, C—H'Cl; C—H'F and C—H"'Cg intermolecular
interactions given by the PLATON program. For the same complex II, the convex blue areas are located
mostly around the HMTA axial ligand and the dichloromethane solvent molecules. As seen in Figure S14-
b (curvedness surface) the absence of flat green regions separated by blue outline is indicative of the absence

of n-m stacking intermolecular interaction for both complexes I-1I.

3.4. UV/Vis spectroscopy

UV/Vis spectroscopic studies on high-spin Mn(III) porphyrin complexes have been extensively studied,
especially the chloro-manganese(Ill)-tetraphenylporphyrin complex [Mn"(TPP)C1] [43—45]. These
Mn(III) metalloporphyrins present hyper d-type electronic spectra with a half unoccupied 3d metal orbitals
with eg symmetry [dm: d,, and dy,] (Figure 9) [10]. In the 360 — 420 nm region of the spectra of these
complexes, two principal absorption bands named VI and Va are shown. The absorption bands known as
bands V, QIV and QIII are shown between 470 and 700 nm (Figure 10). The QIII and QIV bands are
attributed to the 1 — m* porphyrin transition between the HOM a», orbital to the e,* LUMO orbital [46].
The band V known as the Soret band is attributed: (i) mostly to the porphyrin-Mn(III) charge transfer
(LMCT) between the ayu, a2, porphyrin orbitals to the half occupied d,, and d,,, (dm) orbitals of Mn(III)
and (ii) to the classic n-nt*: a;, — eg* transition [46]. In the near UV region of the spectra, the absorption
band VI is due to the electronic transition from the a2, porphyrin orbital to the a;, pure manganese d,2
orbitals while the Va absorption band mostly derives from an a2, — eg [dm: d,, and d,,,] LMCT excitation
[46] (Figure 9 and 10). It is noteworthy that the emplacement of the Soret band of manganese(III) porphyrin
coordination compounds gives information about the oxidation state of the central metal and the spin state
of these compounds [43]. Thus, the Amax values of the Soret band of high-spin (S = 5/2) manganese(II)
metalloporphyrins are between 437 and 445 nm. For high-spin (S = 2) Mn(III) porphyrins, the Amax values
are between 470 — 490 nm while low-spin Mn (III) metalloporphyrins present Soret band ~ 440 nm. For
Mn(IV) and Mn(V) porphyrin complexes, Amax values of the Soret band are at about 420 nm (Table 4). The
UV/Vis spectra of our Mn(IIl) porphyrin derivatives I-II are depicted in Figure 10 and in Table 4 are
summarized the UV/Vis data of several Mn(II), Mn(III), Mn(IV) and Mn(V) meso-arylporphyrins. The Amax



values for I-II of the VI, Va, V, QIV and QIII absorption bands are 394, 410, 483, 579, 617 and 396, 418,
488, 588, 626 nm, respectively. The Soret bands at ~ 485 nm for I-1II is an indication that these species are
high-spin (S =2) Mn(III) porphyrin complexes. The Soret band Amax value or the [Mn"(TMPP)(SO3CF3)]
which is 481 nm indicates that this species is also a high-spin Mn(III) porphyrin complex.



Table 4. UV/Vis data of complexes I-II and a selection of meso-arylporphyrins and manganese metalloporphyrins.

Complex Oxidation State Spin Solvent Soret Bands Q Bands Ref.
Amax (nm) (loge)
[Mn"(TMP)]* 11 512 CH:Cl, 437 - [43]
[Mn'/(TPP)J° 11 512 DMSO 437 ; [43]
[Mn'{(TpivPP)(2-MeHIm)]*¢ 1T 5/2 THF 444 535,573,613 [47]
[Mn''(TPP)(DABCO)]>¢ I 5/2 solid 340 453 526, 580, 619 [48]
[Mn!'(TPP)(py)]>* II 572 THF - 440 532,575, 613 [49]
[Mn!'(TBrPP)(TCA)]*" 11 2 CH,CL 380, 403 474 575,610 [22]
[Mn"(TPP(H,0)](SO;CF3)*  1II 2 CHCl3 386 474 570, 604 [S0]
[Mn"'(TPP)CI]° I 2 CHCl3 376 476 581, 617, 690 [45]
[Mn'"(TPP)(NO»)]° I 2 Benzene 380, 400 476 583, 620 [51]
[Mn"(TPP)(HIm),]CI" I 2 CHCIs - 478 - [23]
[Mn!"(TPP)(py).]C1>* 11 2 Pyridine 380 476 578, 613, 690 [45]
[Mn"[(TMPP)(OAc)] I 2 CHxCL, 382(5.98), 407(5.96), 482(6.08) 586(5.42), 624(5.44) tw.
[Mn"(TMPP)(SO;CF3)] I 2 CH2CL 394(6.09), 410(6.06), 481(6.08) 577(5.53), 614(5.56)  t.w.
[Mn"(TMPP)(DMAP)] (I) I 2 CH:Cl 394(6.02), 410(5.99), 483(6.05) 579(5.40), 617(5.45) tw.
[Mn"(TMPP)(HTMA),] (II) 1II 2 CH2CL 396(6.08), 418(6.03), 488(6.05) 588(5.53), 626(5.62) tw.
K[Mn"(TPP)(CN),]° 11 1 DMSO - 435 545, 668 [52]
K[Mn"(TPP)(Im),]** 11 1 DMSO - 435 545, 668 [52]
[Mn"(TMP)(OCH;),]* IV 3/2 Acetonitrile - 422 - [52]
[Mn™(TMP)(O)]* v 3/2 CH,CL 422 - [52]
[MnY(TPP)(N)]° \% - Chlorobenzene 424 . [51]

a: TMP = meso-tetramesitylporphyrinate, °: TPP = meso-tetraphenylporphyrinate, ¢: TpivPP = a,a,a,o-tetrakis(o-pivalamidophenyl) porphinate, ¢: 2-MeHIm = 2-
methylimidazole, ©: DABCO = 1,4-diazabicyclo[2.2.2]octane, : py = pyridine, ¢: TBrPP = meso-tetra(para-bromophenyl)porphyrinate, : TCA = trichloroacetate, /:
Him = imidarole, *: Im = imidazolate.
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Fig. 9. Diagram showing the energy levels of the d orbitals of Mn(III) of high-spin (S = 2) metalloporphyrins and
those of the HOMO and LUMO orbitals of the porphyrin [10].
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Fig. 10. Electronic absorption spectra of [Mn"(TMPP)(SOsCF5)] and I-II at ca. 10 M in dichloromethane.

3.5. Cyclic voltammetry investigation

Electrochemical studies on Mn(III) metalloporphyrins started in the early sixties [S53] and since 1982,
Kadish et al., published many cyclic voltammetry investigations on these 3d” transition metal
porphyrin coordination compounds [54-57]. The chloro-Mn(III) tetraphenylporphyrin complex was
the most studied [Mn"(Porph)X] type compounds (Porh = meso-artlporphyrin and X is an anionic



halogen or pseudo-halogen axial ligand) (Table 5). For these pentacoordinated Mn(III) complexes,
the voltammograms include: (i) two reversible one electron oxidation waves attributed to the
oxidation of the porphyrin core, (ii) one electron reversible wave corresponding to the Mn(I1I)/Mn(II)
reduction and (iii) two reduction waves attributed to the reductions of the porphyrin macrocycle [58].
The cyclic voltammogram of our [Mn"(TMPP)(SOsCF3)] starting material is illustrated in Figure
S15 while those of complexes I-II are depicted in Figure 11. The electrochemical data of these three
porphyrinic species as well as those of several Mn(III) metalloporphyrins are summarized in Table 5.
It is noteworthy that the voltammograms of our Mn(IlI)-DMAP-TMPP and Mn(I1II)-HMTA-TMPP
(I-IT) species are the first examples of voltammograms of [Mn""(Porph)(L).]" type ion complexes (L
= neutral axial ligand) and all the reported ones refer to pentaccordinated Mn(III) metalloporphyrins
type [Mn"(Porph)X] (X = ionic axial ligand). The half potential values of the first and second
oxidation waves [(O1,R1 and (O2,R2)]) for I-II are 1.11/1.09, 1.53/1.40 V, the Ei» of the
Mn(III)/Mn(1II) reduction wave (R3,03) of I-II are -0.24 and -0.15 V, respectively. The E1 values
of the first (R4,04) and second (R5,05) reduction waves for I-II are -1.48/-1.49 and -1.57/ -1.89 V,
respectively. For II, we noticed the presence of a third irreversible wave (O6) which could be
attributed to the third oxidation of the porphyrin ring. An inspection of the data in Table 5 revels that
the cyclic voltammograms of I-II resemble to those of the reported [Mn'(Porph)X] complexes and
the E12 values of the different waves are very close to those to these pentaccortdinated Mn(III)
derivatives. We also notice that the E1/, potential value of the Mn(III)/Mn(II) reduction (-0.15 V) of
complex II is more shifted toward negative values that that of complex I and the other Mn(III)
metalloporphyrins reported in Table 5 except of [Mn''(TPP)(OH)] for which the half wave potential
of the Mn(IIT)/Mn(II) reduction is -0.13 V. This indicates that complex II is easier to reduce than

complex L.
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Fig. 11. Cyclic voltammograms of I and II. The solvent used is the dichloromethane, and the concentration is ca.
103 M in 0.2 M TBAP, 50 mV/s, vitreous carbon working electrode (@ = 3 mm).



Table 5. Electrochemical data® for [Mn"(TMPP)(SOsCF3)], complexes I-II and a selection of Mn(III) meso-metalloporphyrins.

Solvent Oxidations Reductions Ref.

1%t Porph Oxid 2™ Porph Oxid Mn(III)/Mn(IT) 1" Porph Red 2™ Porph Red

(O1,R1) (O2,R2) zfg,OD (R4,04) (R5,05)

Eip° Ein Ein Ein Ein
[Mn"(TPP)CI]¢ CHClL, 1.14 - -0.29 -1.52 - [54]
[Mn"{(TPP)CI]¢ benzonitrile 1.28 1.64 -0.24 -1.31 -1.80 [56]
[Mn"{(TPP)(N3)]¢ CHxCL 1.18 - -0.34 -1.52 - [54]
[Mn''(TPP)I]® CH,Cl, - - -0.24 - - [54]
[Mn"(TPP)(CIO4)]° CHCL 1.28 1.64 -0.21 -1.47 -1.79 [56]
[Mn"(TPP)(NCS)]° CH,Cl, 1.19 - -0.25 -1.57 - [54]
[Mn"(TPP)(OH)]¢ CH:CN 1.34 1.60 -0.13 -1.43 - [58]
[Mn"/(TPP)(TCA)]*¢ CH,Cl, 1.34 1.58 -0.33 -1.48% -1.70 [22]
[Mn"(TBrPP)(TCA)]>¢ CH,Cl, 1.24 1.56 -0.38 -1.49 -1.70* [22]
[Mn"(TMPP)(SO;CFs] CH,CL, 1.08 1.37 -0.39 -1.60 -1.93%* this work
[Mn"(TMPP)(DMAP),]" (I) CHxCL 1.11 1.53 -0.24 -1.48 -1.57 this work
[Mn"(TMPP)(HMTA),] (II) CHxCL 1.09 1.40 -0.15 -1.49 -1.89 this work

2 Potentials are reported versus SCE, °: E;» = half wave potential, c: TPP = meso-phenylporphyrinate, ¢: TCA = trichloroacetate, ¢: TBrPP = meso-tetra(para-
bromophenyl)porphyrinate, *: irreversible wave.



3.6. Biological Studies
3.6.1. Antibacterial screening

Porphyrins, both natural and artificial, have relatively low toxic effects in vitro and in vivo. They are used
inter alia for their potential biological activities because of their ability to (7) stimulate peroxidase and
oxidase reactions [59], (ii) absorb photons, (iii) produce reactive oxygen species (ROS) [60], and (iv) be
partially localized through bacterial membrane lipid. Porphyrins form a class of compounds with prominent
potential as new factors and procedures versus pathogenic microorganisms due to their great molecular
engineering capability and a lot of different mechanisms by which they affect microbial and viral pathogens.
In the present work, the in vitro antibacterial action of the H,TMPP free base porphyrin, the
[Mn'"(TMPP)(SO;CF5)] starting materials and complexes I-II were tested against two strains of Gram-
positive (S. aureus (ATCC 25923) and B. cereus (ATCC 14579)) and two strains of Gram-negative (P.
aeruginosa (ATCC 27853) and E. coli (ATCC 35218)) by the well agar diffusion screening method
mentioned by Mahdhi et al.[61]. The antibacterial efficacy of these synthesized compounds was tested in
vitro towards a number of pathogenic bacteria and compared to that of the two standard antibiotics,
ampicillin and tetracycline [62,63]. Figure 12 exhibits the diameters of inhibition regions found using the

diffusion assay.
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Fig. 12. In vitro antibacterial activity of H,TMPP, [Mn!(TMPP)(SOsCFs3)] and I-II.

All compounds displayed activity against most strains and the data revealed that the strains Gram-positive
(S. aureus and B. cereus) were the most sensitive compared to the gram-negative bacteria (P. aeruginosa
and E. coli) (Figure 12). The difference in sensitivity between both bacteria types against porphyrin

derivatives is probably caused by differences in cell membrane structure. Gram negative bacteria have an



outer membrane while gram-positive bacteria do not [64] The presence of an outer membrane causes
foreign molecules to be unable to diffuse easily through the cell wall. According to the findings of the
inhibition zones, the H;TMPP free base porphyrin was not active against P. aeruginosa and showed less
antibacterial activity against E. coli and B. cereus with an inhibition zone of 12 mm. The presence of
manganese in the porphyrinic core also affects the antibacterial activity. The [Mn"(TMPP)(SO;CF5)]
complex shows a zone inhibition diameter of 14 mm against S. aureus and P. aeruginosa. It also inhibited
E. coli (16 mm) and B. cereus (17 mm). On the other hand, the addition of the DMAP and HTMA axial
ligands to the triflate-Mn(II)-TMPP derivative (leading to I-II, respectively), slightly weakens the
antibacterial activity around 11 mm, except for the strain B. cereus, for which it exhibits a higher inhibition
zone around 18 mm. These values are also close to the standard drug tetracycline, which shows a diameter
~12 mm of inhibition zone vs P. aeruginosa and E. coli [62], but remain lower than the standard antibiotic
ampicillin, which owns 22 and 30 mm in diameter of zone inhibition against B. cereus and E. coli,
respectively [63]. According to the literature, the antibacterial activity of our compounds remains lower
compared to the non-porphyrinic synthesized compounds. For instance, Alswat et al. [65-67], synthesized
Zeolite based materials and investigated their antibacterial properties and according to the results, their
nanocomposites produced diameters of zones of inhibition between 24 and 28 mm against E. coli E266.
Notably, our findings are similar to those obtained for other metalloporphyrins such as [Mg(TPBP)] and
[M(TPP)] (TPBP = meso-(tetrakis-[4-(benzoyloxy)phenyl] = porphyrinate, TPP = meso-
tetraphenylporphyrinate, M = Fe(II), Ni(Il), Cu(Il), Zn(II) and Pt(II)) [68,69], where the activities are
equivalent to or much than those of the H;TMPP free base porphyrin. The increased activity of the Mn(I1I)-
complexes, with respect to the corresponding H;yTMPP free porphyrin, can be explained on the basis of
Overtone's concept and Tweedy's Chelation theory [70,71]. According to Overtone's concept of cell
permeability, the lipid membrane that surrounds the cell favors the passage of only the lipid soluble
materials as the liposolubility is an important factor which controls the activity. The chelation of the metal
ion decreases its polarity to a greater extent due to the overlap of the ligand orbital. Moreover, it increases
the delocalization of the z-electrons over the whole chelated ring and enhances the lipophilicity of the
complexes. This increased lipophilicity enhances the penetration of the complexes into the lipid membrane

and restricts further multiplicity of the microorganisms.

3.6.2. Antifungal activity

The antifungal activities of our four porphyrinic compounds present non attendance of inhibition zones
which were quantitatively evaluated towards three yeast strains (C. krusei ATCC6258, C. albicans
ATCC90028 and C. neoformans ATCCI4116) and three strains of fungal (4. flavus 15UA005, A. niger
15UA006 and A. fumigatus ATCC204305). Figure 13 depicts the diameters of inhibition regions defined

using the diffusion assay.
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Fig. 13. In vitro antifungal activity of H,TMPP, [Mn"(TMPP)(SO;CF3;)] and I-II.

It has been reported that porphyrin derivatives have potent antifungal properties [72,73]. Overall, the
current investigation clearly indicates that the three yeast strains have a superior reactivity compared to
those of the three fungi strains and that the yeast straining C. krusei is the most sensitive. For yeasts strains,
it is concluded that (i) the antifungal activity of the free base porphyrin increases upon coordination of
Mn(I1I) and (i) [Mn"(TMPP)(SO3CF3)] inhibited the growth of fungi more than the unmetalled porphyrin
under identical experimental conditions (Figure 13). This complex has shown 25 mm in diameter of zone
inhibition against C. krusei, 14 mm in diameter of zone inhibition against C. albicans and 16 mm against
C. neoformans. On the contrary, the HyTMPP free base porphyrin presents a higher inhibitory effect on the
growth of fungi (between 10 and 19 mm) than the manganese(Ill) metalloporphyrin. Furthermore, for
complexes I and I, the coordination of the two N-donor axial ligands DMAP and HTMA displayed lower
inhibition zones, and in some cases even superior, to the starting products. These manganese porphyrinic
coordination compounds showed a zone inhibition diameter between 16 and 23 mm and of 15 to 20 mm
against C. krusei and C. neoformans, respectively. They also inhibited 4. niger (12 - 14 mm) and were not
active against 4. flavus. These complexes exhibit less antifungal activity than the standard drug Nystatin
[74], which possessed a zone of inhibition at 29 mm against C. albicans and 19 mm against A. fumigatus.
According to the review of the literature, the antifungal efficacies of the manganese complexes are
analogous while in some circumstances are slightly greater to previously synthesized and studied
metalloporphyrins. For example, Singh et al. [74], synthesized several new meso-arylporphyrins complexes
[Metal ion = Cu(Il), Co(Il), Ni(Il)] and investigated their antifungal properties. These porphyrinic
complexes produced diameters of zones of inhibition between 15 mm and 22 mm against C. albicans and

between 10 mm and 19 mm against A. fumigatus. Moreover, our complexes are slightly more active than



Mn(III) and Co(II)-based porphyrin derivatives reported by Karimipour et al., (4. fumigatus between 9 mm
and 11 mm) [75] but remain in the same principles explaining the activity increase for the metal complexes
[76,77]. Depending on the rule of overtone for cellular permeability [76,77] and due to the lipophilicity as
an important factor in controlling the antifungal efficacy, the lipid membrane that surrounds the cell, allows
only lipid-soluble materials to pass in. According to the Tweet’s chelation theory [78], the metal ion's
polarity would be diminished to a greater degree because of the overlap of the porphyrin orbital and the
partial sharing of the metal ion's positive charge with the donor groups. As a result, the polarity of Mn-
porphyrin compounds is reduced, and their liposolubility is greatly increased. Metalloporphyrin's
penetration into lipid membranes is reinforced by this rise in lipophilicity which disturbs the cell's

respiration process.
3.6.3. Antioxidant activity

To test antioxidant activity and describe how antioxidant agents function, several antioxidant methods and
modifications have been suggested. The most used methods for determining the radical scavenging ability
of wvarious samples are the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and the 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical assay. DPPH and ABTS radicals are related with
known inflammatory results and have been often used to investigate the potential antioxidant activity of
compounds [79] which may also bear a potential anticancer and anti-inflammatory activity [80]. In vitro,
the capacity of H,TMPP, [Mn''( TMPP)(SO;CF3)], and complexes I-1II to scavenge DPPH, ABTS was

assessed to compare with that of the vitamin C as a reference composite (Figures 14 and 15).
3.6.3.1. DPPH free radical scavenging activity

The quite stable DPPH nitrogen-centered radical possesses a absorption property that decreases with
exposure to antioxidants [81]. It reacts with hydrogen donating function leading a color shift from purple
to yellow. The intensity of this phenomenon is related to the number of electrons captured [82], i.e., the
further the free radical scavenging capability of an antioxidant composite, the more DPPH is reduced, and
the sample becomes less purple in color. The scavenging activities of our four porphyrinic compounds were
evaluated against DPPH. IC50 values were surveyed, and the percentage values of the antioxidant activity

were given in Figure 14.
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Fig. 14. Emission DPPH radical scavenging activity of H,TMPP, [Mn"(TMPP)(SO;CF3)] and I-II.

The free radical scavenging activity of our four porphyrinic compounds is concentration dependent. The
rate of the free radical scavenging heightened as the composite solution concentration increases. With the
increasing concentration of the compounds, the free radicals of DPPH decrease and tend to stabilize. In
higher concentrations, the highest antioxidant activity was obtained for [Mn"(TMPP)(SOsCF;)] and
complex I with respect to complex II (Figure 14). By comparison with the H-TMPP free base porphyrin,
these Mn-metalloporphyrins show slightly higher antioxidant activity. Specifically, at 100 ug/mL and 75
png/mL they present antioxidant potential between 40% and 60%, with the same concentrations which are
much superior to complex II (32% at 100 pg/mL). By comparison with the already well-known
antioxidants, our synthetic species are slightly less active in the same range of concentrations. As far as
radical scavenging activity is concerned and at a concentration of 100 pg/mL, the vitamin C (Vit C), the
Butylated Hydroxy-Toluene (BHT) and the Epigallocatechin gallate (EGCG) for example reach
approximatively 70 and 80% [83—-85]. The results of the radical scavenging were also expressed in terms
of half-inhibition concentration (IC50) which denotes the concentration required to scavenge 50% of DPPH
radicals, such as the higher IC50 values representing lower antioxidant activity. The results we obtained
are as follows: 88.56 pg/mL for H;,TMPP, 74.91 pg/mL for [Mn"'(TMPP)(SOsCF3)], 85.7 ug/mL for
complex I, and >100 pg/mL for complex II. According to these IC50 values, the [Mn"'(TMPP)(SO3CF;)]
starting material and complex I show high activity and display close IC50 values and are slightly higher
than that of the H-TMPP free-base porphyrin. On the contrary, the lowest activity is observed for complex
IT (>100 pg/mL). In comparison with their analogs, our studied compounds are more active against DPPH
than the free ligands and even against other transition metal complexes [86—90]. The obtained results for
our porphyrinic species are in accordance with the fact that upon the coordination of a center ion, the

antioxidant activity increases slightly. This could be explained by the additional radical scavenging by the



metal center leading to the increase the ability of the porphyrinic species to scavenge free radicals by
stabilizing the unpaired electrons.

As already inspected and mentioned in the literature [91], the radical scavenging activity (and related
prevention of oxidative damage) is correlated to the standard reduction potential of the species, i.e. the
lower the value of the standard reduction potential of a compound, the better its electron donor character
is, which means that the compound exhibits stronger antioxidant properties. Complex II displayed the
highest value of reduction potential as compared to our other tested compounds. This indicates

also, that this species exhibits the weakest antioxidant activity.

The ABTS cation which has a blue color and absorbs light at 734 nm is reactive toward most known
antioxidant compounds capable of giving a hydrogen atom or an electron such as vitamin C, thiols and
phenolics. During the reaction, the color of the ABTS radical cation changes from blue to colorless
corresponding to its neutral form. In Figure 15 is shown the ABTS radical scavenging activities of the

H,TMPP free-base porphyrin, [Mn"(TMPP)(SO3CF3)] and complexes I-I1.
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Fig. 15. Emission ABTS radical scavenging activity of H;TMPP, [Mn"'( TMPP)(SO3CF3)] and I-II

As expected, free radical scavenging activity of our porphyrinic compounds is concentration dependent.
The results revealed that all compounds possess an inhibitory effect on ABTS+, and the highest antioxidant
activity was obtained for [Mn"(TMPP)(SOsCF3)]. Moreover, the values were significantly increased with
increasing concentrations. [Mn"(TMPP)(SOsCFs)] ion presents 27.3% ABTS radical formation inhibition
at 25 pg/mL which increases with increasing concentration to attain 56.45% at 100 pg/mL. Complex I
exhibit similar antioxidant activity with 55.36% ABTS radical formation inhibition, at 100 pg/mL. On the

other hand, complex II shows much lower activity (28.66 at 100 pg/mL) compared to the other tested



compounds and this difference could be attributed to the two DMAP axial ligands coordinated to Mn(III).
This also may be responsible for the higher antioxidant activity of this species, since it has a dimethylamine
group which is an important factor for the increase of the antioxidant activity [92]. Our four compounds
exhibit lower antioxidant activity than the standard vitamin C [87]. Moreover, and according to the
literature, our compounds exhibit lower antioxidant activity than those obtained with the meso-tetrakis[4-
(benzoyloxy)phenyl] porphyrin metallated by Co(II) (78% ABTS radical formation inhibition) [83]. Under
the reaction conditions used in our case, the IC50 value of H;TMPP is 90.49 pg/mL, while the IC50 values
for H;TMPP, [Mn"(TMPP)(SO3CF3)] and the complexes I-II are 77.11, 87.31, 90.49 and >100 pug/mL,
respectively. The RSA percentages can be classified in the following order: [Mn"(TMPP)(SOsCF3)] >
complex I > Ho,TMPP > complex II.

As a conclusion, the antioxidant activity results of the H-TMPP free-base porphyrin and its corresponding
manganese complexes against the free radicals DPPH' and ABTS '+ show that the [Mn"'( TMPP)(SO3CF;)]
displays higher scavenging activity than the H,TMPP free-base porphyrin and complex II, with decreasing
order as follows: [Mn"(TMPP)(SO3;CF5)] > complex I > H,TMPP > complex II. On the other hand, the
antioxidant activity of the Mn(IIl) complexes against the DPPH" radical are better than that against the
ABTS + radical.

As the manganese(I1l) metalloporphyrin shows stronger radical scavenging activity towards DPPH" than
towards ABTS '+ radical, the scavenging mechanism of DPPH’ by [Mn"(TMPP)(SO3CF)] was chosen to
be studied in detail. The DPPH" is characterized by two absorbances at 331 and 518 nm by UV/Vis. We
noticed that as the concentration of [Mn"(TMPP)(SO;CF3)] increases, the intensities of the two absorption
bands at 331 and 518 nm decrease to disappear completely while a new band located at 428 nm appears
(Figure 16). The 428 nm absorption band are maximized at 90 pg/mL then decreased upon increasing the
concentration of the Mn(III)-triflate complex to 105 or 120 pg/mL (Figure 16) due to the exchange of the
anion form of DPPH— to DPPH-H [93]. This observation could be an indication of the presence of DPPHe
in the reaction leading to the DPPH- anion form [94]. This UV/Vis study indicates the two steps mechanism
for the scavenging reaction of DPPH by [Mn"(TMPP)(SO3;CF3)] complex involving an electron transfer
followed by a proton transfer. The result agrees with those obtained using other coordination compounds

[93,95].
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Fig. 16. UV/Vis spectra monitoring the reaction between DPPH and [Mn"( TMPP)(SOsCF3)].
(a): ranging 15-90 pg/mL and (b): ranging 90—120 pg/mL.

4. Conclusion

In the present work we have synthesized the bis(4-dimethylaminopyridine) and the
bis(hexamethylenetetramine) = manganese(Ill) ions complexes with the  meso-tetra(para-
methoxyphenyl)porphyrin (I-II). These species were characterized by UV/Vis and IR spectroscopies and
elemental analysis. The hyper d-type electronic spectrum of I-II with a redshifted Soret band at ~ 488 nm
is an indication that these Mn(III) metalloporphyrins are high spin (S =2) complexes. The cyclic
voltammetry (CV) investigation on I-II are the first examples of voltammograms of [Mn"(Porph)(L):]"
type ion complexes (L = neutral axial ligand). The CV data for I-II present two reversible one electron
oxidation waves attributed to the oxidation of the porphyrin core, one electron reversible wave
corresponding to the Mn(III)/Mn(II) reduction and two reduction waves attributed to reductions of the
porphyrin macrocycle. These physicochemical studies of complexes I-II show that the Mn(III) ion and the
porphyrinic ring are the major responsible of the electronic properties of Mn(III) metalloporphyrins and
that the substituted groups at the para-phenyl positions of the meso-aryporphyrins as well as the nature of
the axial ligands have practically no role on the electronic properties of this type of Mn(III) complexes. The
molecular structures of I-II were determined by single crystal X-ray diffraction. The supramolecular
assemblies in the crystal of these two Mn(III) derivatives are assumed by non-classic C—HC, C—HO,
C—H"N, C—H"Cg, C—CICg and C—F~Cg (Cg are the centroids of pyrrole and phenyl rings)
intermolecular contacts. These intermolecular interactions were confirmed by Hirshfeld surface analysis.

The antibacterial efficacy of the H,TMPP free base porphyrin, the [Mn"(TMPP)(SOsCF3)] starting

material, and I-II were tested in vitro towards several pathogenic bacteria and compared to that of the



typical antibiotic tetracycline. These four porphyrinic species present quite different antibacterial inhibition
properties but close to the standard tetracycline drug. The antifungal activities of our four porphyrinic
species were evaluated towards three yeast strains and three strains of fungal. The antifungal activities of
these synthetic compounds differ from one entity to another and from one strain to another but overall, the
results obtained are encouraging. Furthermore, the in vitro capacity of the Ho-TMPP free-base porphyrin,
[Mn'"(TMPP)(SO;CF5)] and complexes I-II to scavenge DPPH and ABTS was tested. These investigations
revealed that the most active derivatives were [Mn"(TMPP)(SO;CF3)] and complex I.
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