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ABSTRACT: In this paper, we report density functional theory (DFT) studies to fully understand the
coordination interactions between 1,4-disubstituted 1,2,3-triazole derivatives and the metal center of
Zn(Il)-porphyrins. Coordination through the most electron-rich N3 atom of the triazole heterocycle is
more favorable. However, the energy difference between the N2- and N3-coordinated isomers is moderate
and the less stable is likely also present in the solution. The binding of 1,4-disubstituted 1,2,3-triazole
ligands to oxidized and reduced Zn(II)-porphyrins has been also investigated. Upon reduction, the
binding interactions are extremely weak and the formation of the complex is not favorable anymore. In
contrast, the binding energy is considerably increased upon oxidation of the Zn(II)-porphyrin moiety thus
leading to more stable complexes. The calculations fully support experimental findings and explain the
differences observed for the redox potentials of complexed and uncomplexed Zn(II)-porphyrin residues.

KEYWORDS: density functional
electrochemistry.

theory,

INTRODUCTION

The copper(I)-catalyzed alkyne-azide cycloaddition
(CuAAC) is without any doubt the most emblematic
reaction in the field of click chemistry [1-2]. Owing to its
reliability, specificity, and efficiency, the CuA AC reaction
has become an extremely useful synthetic tool. It has been
used to prepare a rich variety of compounds for applica-
tions in all fields of science [2]. As a result, 1,2,3-triazole
rings are more and more often present in the molecular
systems produced over the past two decades. For this
reason, the chemical and physical properties of 1,2,3-tri-
azole derivatives have been also intensively investigated
[3]. In particular, it has been shown that 1,2,3-triazoles
are potential ligands for transition metals due to the
presence of two unsubstituted sp*hybridized N atoms
in their heterocyclic structure [4]. In a monodentate

*Correspondence to: Jean-Francois Nierengarten, e-mail:
nierengarten @unistra.fr

Copyright © 2023 World Scientific Publishing Company

metalloporphyrin,

N-ligand, apical coordination,

coordination mode, 1,4-disubstituted-1,2,3-triazoles are
typically coordinated through the N3 nitrogen which is
the most electron-rich [4]. Such ligands are also interact-
ing with metalloporphyrins but the interaction is rather
weak when compared to pyridine or imidazole ligands
[5]. This has been ascribed to the significantly lower
basicity of the 1,2,3-triazole ring. The triazole-metallo-
porphyrin interaction alone is therefore not particularly
attractive for the preparation of stable supramolecular
ensembles. Nonetheless, it has been successfully used
by Osuka and co-workers for the construction of well-
defined macrocyclic supramolecular assemblies from
triazole-appended Zn(II)-porphyrin derivatives [6-7].
They have for example shown that Zn(II)-porphyrin 1
can form a cofacial dimer by mutual coordination of the
triazole substituents of one porphyrin to the Zn(II) center
of the other one (Fig. 1). In this case, multiple interac-
tions and cooperative effects ensure the stability of the
macrocyclic ensemble. The X-ray crystal structure of the
supramolecular dimer revealed coordination through the
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Fig. 1. Zn(II)-porphyrin 1 and X-ray crystal structure of the cofacial dimer (the rBu substituents have been omitted for clarity) [6].

N3 nitrogen of the triazole ring [6]. Coordination of the
N2 nitrogen would not allow for the concerted formation
of a dimer in this particular case and to the best of our
knowledge, the preferential intermolecular coordination
of metalloporphyrins with triazole ligands through the
N3 nitrogen in solution has not been demonstrated so far.

On the other hand, intramolecular triazole-metallo-
porphyrin interactions have been also observed in sev-
eral systems [8—13]. This is for example the case of [2]
rotaxanes in which a triazole group of the axle is coordi-
nating the metal center of a metalloporphyrin-containing
macrocyclic component [8-10]. Beer and co-workers
have shown that this intramolecular coordination pre-
organizes the rotaxane binding cavity and thus dramati-
cally enhances its anion binding affinities [8]. In other
examples, the intramolecular coordination interactions

have been used to control the position of the metallo-
porphyrinic macrocycle onto the molecular axle of the
rotaxane [9] or to modulate the excited state deactiva-
tion of porphyrin-fullerene conjugates [10]. As part of
this research, our group has shown that intramolecular
triazole-Zn(Il)porphyrin interactions can be used to con-
trol the conformation of multiporphyrinic arrays 2 and 3
constructed on a pillar[5]arene scaffold (Fig. 2) [12].
For both 2 and 3, intramolecular coordination inter-
actions between some 1,2,3-triazole linkers and metal
centers of neighboring Zn(Il)-porphyrin moieties are
responsible for their partial folding at room temperature.
At high temperatures, the weak intramolecular coordina-
tion interactions are disrupted and both 2 and 3 adopt a
fully open structure. In contrast, lowering the temperature
favors the association thus leading to the folding of 2 and 3.
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Fig. 2. Multi-Zn(II)-porphyrin arrays 2 and 3. The inset shows a schematic representation of the dynamic conformational equilib-
rium resulting from the intramolecular coordination of a 1,2,3-triazole moiety to a neighboring Zn(II)-porphyrin subunit in 2.
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Chart 1. Structure of the compounds used for the theoretical
investigations.

Moreover, we have also shown that the degree of fold-
ing can be fully controlled by an electrochemical input.
Upon reduction of their ten peripheral Zn(II)-porphyrin
subunits, total decoordination occurs thus leading to fully
unfolded decaanions. In contrast, oxidation of the periph-
eral porphyrins generates folded decacations in which all
the metal centers of the peripheral Zn(II)porphyrin radi-
cal cations are coordinated with a triazole unit. In this
paper, we now report density functional theory (DFT)
studies to fully understand the coordination interac-
tions between 1,4-disubstituted 1,2,3-triazole deriva-
tives and the metal center of Zn(II)-porphyrins. For this
purpose, 1,4-dimethyl-1,2,3-triazole (L.1) and Zinc(Il)
5,10,15,20-(tetraphenyl)porphyrin (ZnTPP) have been
selected for the theoretical calculations (Chart 1). For
comparison purposes, calculations have been also per-
formed with pyridine (L2) and 1-phenylimidazole (L3)
as their coordination with metalloporphyrin is well doc-
umented and understood [14]. Additionally, reference
ligands L.4-6 have been also computed.

EXPERIMENTAL

All DFT calculations were performed with Spartan 20
[15—16] on a Mac Pro with 8 cores and 3 GHz Intel Xeon
ES processors. For the pK, calculations of the ligands,
geometry optimization as well as subsequent frequency
analysis at 298.15 K were performed at the B3LYP/6-
311+G(2df,2p) level using the CPCM model [17] with
the dielectric constant of water (78.30). As revealed by the
frequency analysis, imaginary frequencies were absent in
all ground states. For ligands L.1-6, the following equi-
librium was considered to calculate the pK,(LH") values:

The pK, of LH* was calculated from
AGa.q = G(L)aq + G(HJr)aq - G(LHJr)aq (2)
pK,(LH") = AG,,/2.303RT 3)

where R is the gas constant, T'is the temperature, and AG,,
is the free energy of the reaction. For the calculations,

Copyright © 2023 World Scientific Publishing Company

the Gibbs free energy of the solvated proton (G(H"),, =
-1130.85 kJ/mol) reported by Coe and co-workers has
been used [18]. An error of at least 8 kJ/mol is usually
assumed to correspond to ca. 1.5 pK, units. To avoid the
uncertainties related to the proton-free energy, the pK,
values were also computed by using isodesmic reactions
and the experimental pK, data of a reference system
(pyridine, pK, (pyridine),,, = 5.23):

(LH"),, + (pyridine),, — (L),, + (pyridineH"),, (4)

AG, = G(L),, + G(pyridineH"),,
- G(LH"),, — G(pyridine),, 5)

/2.303RT) + pK,(pyridine).,, (6)

exchange/

exchange

pK,(LH) = (AG

For the coordination of ZnTPP with the various
N-ligands, geometry optimization of all the compounds
was first performed in the gas phase with the B3LYP
functional using the 6-31G(d) basis set. The structures
were further optimized at the same level using the CPCM
model in solvents of different polarities, namely CH,CI,
(dielectric constant of 8.82) and DMF (dielectric constant
of 37.22). In all the cases, the frequencies were com-
puted at the same level to confirm that each optimized
structure is an energy minimum and to evaluate its zero-
point vibration energy (ZPVE) and thermal corrections
at 298.15 K. The UV/vis spectra of ZnTPP and ZnTPP-
L1-3 were also calculated in the gas phase at the TD-
B3LYP/6-31G(d) level of theory. Single-point energy
calculations were performed at the B3LYP/6-311+G**
level to evaluate the distortion and interaction energies.
For this purpose, the electronic energies of the ZnTPP
and L1-3 fragments from the ZnTPP-L1-3 structures
were also computed.

The Boltzmann distribution was calculated from:

N/N = exp(-E/KT)/2; exp(-E/KT) (7)
where N, is the number of molecules in conformation i, N
is the total number of molecules in the system, E; is the
energy of state i, T is the equilibrium temperature of the
system, and k is the Boltzmann constant.

The coordinates of all the B3LYP/6-31G(d) optimized
structures are reported in the electronic supplemen-
tary information together with the corresponding DFT
computed energies, the pK, calculations, the distortion/
interaction analysis, and the frontier molecular orbitals
(FMO).

RESULTS AND DISCUSSION

As a preliminary step, the pK, values of ligands L.1-3
were calculated in an aqueous solution. For this pur-
pose, the neutral and the protonated form of L.1-3 were
calculated in water using the CPCM (conductor-like
polarizable continuum model) approach [17]. CPCM
does not account for explicit solvent-solute interactions
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such as H-bonds or hydrophobic effects. However, such
simple continuum calculations typically provide good
qualitative trends for the investigated systems [19-20].
To further evaluate the calculated pK, values, calcula-
tions were also performed on related systems for which
experimental pK, values are available, namely imidazole
(L4), 1-methyl-1,2,3-triazole (LS), and 1-methyl-4-phe-
nyl-1,2,3-triazole (I.6). Whereas only one protonable N
atom is present in pyridines and imidazoles, the situa-
tion is more complex for 1-substituted 1,2,3-triazoles.
Effectively, the 1,2,3-triazole ring contains two basic
sp*hybridized N atoms, namely N2 and N3, and two
protonated forms are possible (Fig. 3). Close inspection
of the atomic charge in the calculated triazole derivatives
revealed more negative values for N3 when compared
to N2 in all the cases. Protonation should be favored on
the more electron-rich N atom and, effectively, in all the
cases, the triazoliums protonated in the N3 positions
were found more stable than the corresponding cations
protonated in the N2 position (Fig. 3). This is in per-
fect agreement with related experimental and theoreti-
cal results reported in the literature [20a]. The difference
in free energy between the two triazolium isomers of
L1, LS, and L6 is rather large (32.5 to 36.9 kJ/mol, see
Fig. 3), thus the Boltzman population of the less stable
cation at 298.15 K is negligible (0.00020 to 0.00012%).
Therefore, for the pK, calculation of the triazolium
derivatives, only the most stable protonated forms were
considered. As anticipated, the triazole ligands are all
significantly less basic when compared to pyridines

Table 1. Experimental and calculated pK,(LH*) values of
1,4-dimethyl-1,2,3-triazole (L1), pyridine (L2),
1-phenylimidazole (L3) imidazole (L4), 1-methyl-1,2,3-
triazole (LS) and 1-methyl-4-phenyl-1,2,3-triazole (L6). The
Gibbs free energy values calculated at the B3LYP/6-
311+G(2df,2p) level in water have been used for the pK (LH")
calculations.

Compound pK, (LH") pK, (LH") pK,(LH")
Calculated  Calculated from  Experimental
from Eq. 3) Eq. (6) with L2 value
as reference
L1 1.14 2.05
L2 4.32 5.23*
L3 5.02 5.93
L4 5.97 6.88 6.95*
L5 -0.61 0.30 1.25*
L6 -0.86 0.05 0.05*

“From ref. [20].

and imidazoles. Overall, direct calculations of the pK,
values with Eq. (3) at the B3LYP/6-311+G(2df,2p) level
in water gave a correct trend but comparison with the
experimental values reveals errors up to almost 2 pK,
units. In contrast, the difference between the calculated
and the experimental pK, values are less important by
using isodesmic reactions with pyridine as a reference
system. The relative basicity of L1-6 can also be simply
evaluated by the difference in the natural atomic charge

H3C'N/\¥’CH3 Hac-N% Hsc-N/\w/Ph
QN:N @(NzN ®’N=N
H H H
0= 0= 0
AGY=36.8 kJImoII H:;C-N’%/CH:; AGY= 336 kJImoII HSC'N N AGY=32.8 kJImoII H30~N’~§,Ph
— N=N\@ N=N\® — N=N\@
L1H* H L5H* H L6H* ¥
(@)
L1 L2
N2:-0.115 N: -0.497 N: -0.546
N3:-0.324
L4 L5 L6 N3: -0.307
: N2:-0.103
N2: -0.116
N:-0.552
N3: -0.320

(b)

Fig. 3. (a) Relative Gibbs free energy at 298.15 K (AG®) calculated at the B3LYP/6-311+G(2df,2p) level for the isomeric protonated
forms of L1, L5, and L6. (b) Electrostatic potential map of L.1-6 and natural atomic charge of their unsubstituted sp*-hybridized N

atoms.

Copyright © 2023 World Scientific Publishing Company
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of the N atom involved in the protonation. Increased
basicity is systematically associated with an increased
natural atomic charge of the N atom. This first series
of calculations revealed that triazoles are only poorly
basic and as such, they should be only weak ligands
for ZnTPP. This has been already experimentally con-
firmed by the difference in the binding constant (K,)
values obtained for the association of 1H-1,2,3-triazole
(480 M") and pyridine (5800 M™") with ZnTPP in tolu-
ene at room temperature [5].

The geometries of the ZnTPP-L1-3 complexes,
ZnTPP and LL1-3 were optimized at the B3LYP/6-31G(d)
level in both the gas phase and in solvents of different
polarities (CH,Cl, and DMF) using the CPCM model.
The B3LYP functional combined with 6-31G* or higher
basis set has proven its ability to display and predict the
physicochemical properties of porphyrin derivatives and
large metalloporphyrin supramolecular ensembles [21—
23]. Relevant thermodynamic and structural parameters
of the optimized ZnTPP-L1-3 complexes are summa-
rized in Table. 2.

In the particular case of ZnTPP-L1, the two possible
isomers resulting from the coordination of the metal cen-
ter through N2 or N3 of the 1,2,3-triazole ligand have
been calculated. As shown in Fig. 4, the coordination
of L1 with the more electronegative N atom is favored.
However, the free energy difference between the N2- and
N3-coordinated isomers is less important when compared
to the one calculated for the two isomeric protonated
forms of L1. In the case of ZnTPP-L1, the Boltzmann
population of the less stable N2-coordinated isomer
is not negligible anymore. In the gas phase, the N3/N2
isomer distribution was found to be 96/4. In CH,Cl, and
DMF, the difference in Gibbs free energy was slightly
increased when compared to the gas phase. Accordingly,
the Boltzmann population of the N2 isomer was esti-
mated lower in solution than in the gas phase (2.3-2.4%

- ZnTPP-L1

N3 coordination

Table 2. Calculated Zn-N distance in ZnTPP-L1-3, AH’ for
the binding of L1-3 to ZnTPP and HOMO-LUMO gap.

Compound Zn-N (A) AH" HOMO-LUMO
(kJ/mol) gap (eV)

B3LYP/6-31G* (Gas phase)

ZnTPP 2.82

ZnTPP-L1

(N2 coordination) 2.256 -42.8 2.71

(N3 coordination) 2.215 -50.9 2.69

ZnTPP-L2 2.201 -57.5 2.68

ZnTPP-L3 2.152 -63.7 2.67

B3LYP/6-31G* (CPCM model in CH,Cl,)

ZnTPP 2.86

ZnTPP-L1-3

(N2 coordination) 2.234 -30.1 2.71

(N3 coordination) 2.182 -39.6 2.68

ZnTPP-L2 2.164 -44.8 2.73

ZnTPP-L3 2.131 -51.2 2.67

B3LYP/6-31G* (CPCM model in DMF)

ZnTPP 2.86

ZnTPP-L1-3

(N2 coordination) 2.227 -294 2.70

(N3 coordination) 2.182 -38.9 2.68

ZnTPP-L2 2.161 -44.2 2.74

ZnTPP-L3 2.131 -50.8 2.67

vs. 4%). Solvation effects on the coordination prefer-
ence through the N3 atom are however limited as the
Boltzmann distribution of the N3- and N2-coordinated
isomers of ZnTPP-L1 is similar in CH,Cl, and DMF
despite the large difference in dielectric constants.

ZnTPP-L1 -

N2 coordination

AG® = 7.9 kJ/mol (gas phase)
AG? = 9.2 kd/mol (CH,Cl,)
AG° = 9.3 kJ/mol (DMF)

Fig. 4. DFT optimized structures and relative Gibbs free energy at 298.15 K (AG®) for the two isomeric ZnTPP-L1 complexes.
Boltzmann distribution at 298.15 K for the N3-/N2-coordinated ZnTPP-L1 complexes: 96/4 (gas phase), 97.6/2.4 (CH,Cl,) and

97.7/2.3 (DMF).

Copyright © 2023 World Scientific Publishing Company
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Analysis of the enthalpy difference (AH®) for the coor-
dination of ligand L1 through N2 or N3 to the Zn(II)
center of ZnTPP is also consistent for the preferential
interaction of the metal with the more electronegative N
atom of the triazole heterocycle. Comparison of the AH’
values for the binding of L.1-3 to ZnTPP reflects well the
affinity of the different ligands for ZnTPP. The strongest
ligand is imidazole L3 followed by pyridine L.2 and the
weakest one is triazole 1. These relative affinities follow
perfectly experimental trends reported for the binding of
imidazole, pyridine, and 1,2,3-triazole ligands to ZnTPP
[5, 23]. The red-shifted absorption of both the Soret and
the Q bands of the porphyrin chromophore upon bind-
ing of N-ligands to ZnTPP is a diagnostic spectroscopic
signature for the complexation [24]. The lower HOMO-
LUMO gap found for ZnTPP-Ln (n = 1, 2 or 3) when
compared to ZnTPP is thus in perfect agreement with the
experimental data. The absorption spectra of ZnTPP and
ZnTPP-Ln (n = 1, 2 or 3) were also calculated. What-
ever the ligand, the calculated UV/vis allowed transitions
were all significantly red-shifted in the complexes when
compared to ZnTPP in good agreement with experimen-
tal observations.

The factors controlling the coordination trends of L.1-3
with ZnTPP were further elucidated using the interaction
energy decomposition method [25]. This analysis decom-
poses the electronic energy of the ZnTPP-L complexes
into two terms: the distortion energy (AE,) which cor-
responds to the energy required for the deformation of the
individual components (ZnTPP and L1-3) to form the
complex and the interaction energy (AE,,) which corre-
sponds to the difference between the electronic energies of
the two distorted components and the complex. The energy
gain for the complexation of the N-ligand to the metal cen-
ter of ZnTPP was then evaluated by adding the positive
distortion energy to the negative interaction energy. The
calculated energy values are summarized in Table 3.

The interaction energy and the energy gain are
increased when the basicity of the ligand is increased. In
the gas phase, the Zn-N distances in the DFT-optimized
structures of ZnTPP-Ln (n = 1, 2, or 3) are shortened
when the binding interaction of the N-ligand to the metal
center is increased. This is also the case in CH,Cl, and
DMEF. Interestingly, the Zn-N distances are however sig-
nificantly affected by the solvation. They are effectively
shorter when going from the gas phase to the solution. At
the same time, their enthalpy differences and their inter-
action energies are decreased suggesting weaker binding
interactions in solution. This observation is counterin-
tuitive. However, for dative bonds, the widely accepted
assumption that stronger bonds are shorter than weaker
ones is not generally correct as the bond distances are
very sensitive to the environment [24]. In coordination
compounds, the strength of dative bonds in which the two
electrons shared in the bond are provided by the ligand
donor to the metal acceptor is typically destabilized by
the solvent [26].

Copyright © 2023 World Scientific Publishing Company

Table 3. Distortion/interaction analysis.

Compound AEg AE,* AEg, + AE,,
(kJ/mol) (kJ/mol) (kJ/mol)
B3LYP/6-311+G** (Gas phase)
ZnTPP-L1
(N2 coordination) 27.2 -47.1 -19.9
(N3 coordination) 294 -57.8 -28.4
ZnTPP-L.2 26.2 -64.3 -38.1
ZnTPP-L3 31.7 -71.6 -39.9
B3LYP/6-311+G** (CPCM model in CH,Cl,)
ZnTPP-L1-3
(N2 coordination) 25.9 -30.3 -4.4
(N3 coordination) 29.7 -43.9 -14.2
ZnTPP-L2 24.5 -46.9 -22.4
ZnTPP-L3 30.6 -55.2 -24.6
B3LYP/6-311+G** (CPCM model in DMF)
ZnTPP-L1-3
(N2 coordination) 25.9 -29.4 -3.5
(N3 coordination) 25.9 -39.2 -13.3
ZnTPP-L2 23.9 -45.5 -21.6
ZnTPP-L3 29.0 -52.6 -23.6
‘ABgiq = (Bprpe™ + EpeD) - (E™ + EY), where Ep,,,” is the elec-

tronic energy of the Zn(Il)porphyrin fragment, Eg,," is the
electronic energy of the ligand fragment, E”" is the electronic
energies of ZnTPP and E" is the electronic energy of the
ligand.

*AE,, = E — (B,
of the complex.

“ + Eg,."), where E is the electronic energy

Finally, we were also interested in fully rationaliz-
ing the electrochemical properties of Zn(II)porphyrins
coordinated to 1,2,3-trazole ligands. As mentioned in the
introduction, electrochemistry has been used to control
the folding/unfolding of multi-Zn(II)-porphyrinic arrays
2 and 3. As a typical example, the experimental observa-
tions done for compound 3 are summarized in Fig. 5.

In the neutral state, compound 3 is partially folded.
The coordinated and uncoordinated Zn(II)-porphyrin
moieties of 3 gave rise to different oxidation and reduc-
tion waves (E,* and E,** - E;* and E,**%) [12]. In both
cases, the dynamic interconversion process between
coordinated and uncoordinated redox centers does not
occur within the voltammetric timescale. Upon complete
oxidation of the ten peripheral Zn(II)-porphyrin subunits
of 3, a single wave (E;°*) has been observed for the ten
peripheral radical cations suggesting that they are all
coordinated in 3'"*. When compared to a model Zn(II)
porphyrin, this third oxidation is effectively more diffi-
cult. In agreement with literature data [22, 24], this is
a diagnostic signature for a coordinated Zn(II)-porphy-
rin radical cation. Therefore, the complete oxidation of

J. Porphyrins Phthalocyanines 2023; 27: 1258-1262



DENSITY FUNCTIONAL THEORY INVESTIGATION OF THE COORDINATION OF Zn(Il)-TETRAPHENYLPORPHYRIN

1259

Decacation

Ean

EwRed _ N
Ar Ar— NI N2
EoRed (o™ 0N o

Uncoordinated

E3R8d

Coordinated

0.5

0
= J
(&3]
o

0 05 1 15

E/V vs. SCE

Fig. 5. Top: schematic representation of the electrochemically triggered conformational changes of compound 3. Bottom: Ostery-

oung square wave voltammograms (anodic and cathodic scans) recorded for compound 3 on a Pt electrode in CH,Cl, + 0.1 M

nBu,N.BF, at room temperature [12].

the ten peripheral Zn(Il)porphyrins triggers a complete
folding of the compound. In contrast, total decoordina-
tion occurs upon complete reduction of the ten periph-
eral Zn(Il)-porphyrins thus leading to a fully unfolded
deca-anion. A single wave (E;**) is effectively observed
for the reduction of the ten peripheral anionic residues
at a redox potential typical for a second reduction of an
uncomplexed Zn(II)-porphyrin system. All these experi-
mental observations revealed dramatic changes in the
binding ability of the 1,2,3-triazole ligand to the metal
center depending on the redox state of the Zn(II)-porphy-
rin moiety. On the other hand, the redox properties of the
Zn(II)-porphyrin unit are also modulated by the coordi-
nation of the triazole ligand. This prompted us to evaluate
the binding interactions and the electronic properties of
L1 with oxidized and reduced ZnTPP. For this purpose,
the geometries of ZnTPP and ZnTPP-L1 were optimized
at the B3LYP/6-31G* level for the different redox states.
Both N2- and N3-coordinated isomers of ZnTPP-L1
were analyzed. Further calculations were also performed
with L3 (see ESI). For the sake of clarity, only the most
stable N3-coordinated isomer of ZnTPP-L1 is discussed
in the present section, the general trend is the same for
all the systems. The calculated electron affinity (EA) and
ionization potential (IP) of ZnTPP and N3-coordinated
ZnTPP-L1 are listed in Table 4. Relevant energetic and
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Table 4. Calculated first and second electron affinities (EA, and
AE,), and first and second ionization potentials (IP, and IP,).

Compound EA, (eV) EA, (V) 1P, (eV) 1P, (eV)
ZnTPP 1.1 1.7 5.9 8.8
ZnTPP-L1 0.8 2.1 5.4 8.5

structural parameters of the complexes obtained by asso-
ciation of L1 with ZnTPP*, ZnTPP**, ZnTPP*, and
ZnTPP?* are reported in Table 5.

Table 5. Calculated Zn-N distance in the B3LYP/6—
31G(d) optimized N3-coordinated ZnTPP-L1 complexes

ZnTPP

ZnTPP-L, (N3 coordination)

Fig. 6. Electrostatic potential map of ZnTPP and ZnTPP-L1.
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ZnTPPZ*

ZnTPPZ*.L1

N3 coordination

Fig. 7. DFT optimized structures of dications ZnTPP** and ZnTPP*-L1.

at different redox states (gas phase), AHC for the binding
of L1 to the metal center of the Zn(II)-porphyrin, and dis-
tortion/interaction analysis from the energies calculated
at the BALYP/6-311+G** level. An AE, and AE,,, were
calculated assuming that the charge is localized on the
porphyrin moiety.

When triazole ligand L1 is interacting with ZnTPP,
the Zn(II)-porphyrin unit is more electron-rich when
compared to uncoordinated ZnTPP. This can be con-
veniently visualized by comparing the electrostatic
potential map of ZnTPP and ZnTPP-L1 (Fig. 6). Intui-
tively, the first reduction is expected more difficult in the
complex. This was confirmed by the difference in the
first electron affinity (EA,) calculated for ZnTPP and
ZnTPP-L1. Based on the AH? values, the complexation
of L1 to radical-anion ZnTPP* is less favorable when
compared to ZnTPP. The interaction energy is also con-
siderably reduced and considering the distortion energy,
the overall energy gain for the complexation is almost
non-existent. This is in full agreement with the observed
decoordination upon the first reduction of the ten periph-
eral Zn(II)-porphyrin moieties of compound 3. Upon the
second reduction, the enthalpy difference for the asso-
ciation of L1 with ZnTPP* is positive. The interaction
energy between ZnTPP> and L1 is also extremely low
and unable to compensate for the distortion energy. The
formation of ZnTPP*-L1 is thus thermodynamically
unfavorable.

Upon oxidation of ZnTPP, an opposite trend is
observed. The binding of L1 to radical-cation ZnTPP**
and dication ZnTPP*" is enthalpically more favorable
when compared to neutral ZnTPP. The binding interac-
tions of L1 with the oxidized forms of ZnTPP are also
considerably increased. This is fully consistent with the
complete folding observed for compound 3 upon oxi-
dation of the ten peripheral Zn(II)-porphyrin moieties.
As far as the redox potential of the first oxidation is
concerned, the complexation of L1 to ZnTPP leads to
a smaller first ionization potential (IP,) value meaning
that less energy is required to oxidize the Zn(II)-porphy-
rin subunit in the complex. This is fully consistent with
electrochemical data and DFT calculations reported
for related imidazole-Zn(II)porphyrin complexes [22]
and supports the assignment for E,* and E,” in the
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voltammograms obtained for compound 3. However, the
second ionization potential (IP,) is not in agreement with
the experimental findings which revealed that the second
oxidation is more difficult for complexed Zn(II)-por-
phyrins. The complexation of L1 to dication ZnTPP*
is associated with a particularly large distortion energy.
Indeed, the dicationic porphyrin moiety of ZnTPP*-
L1 is unable to adopt the saddle-shaped conforma-
tion observed for the uncomplexed ZnTPP?** dication
because of the steric hindrance resulting from the pres-
ence of the N-ligand bound to the Zn(II) center (Fig. 7).
Moreover, the dihedral angles between the porphyrin
and the meso-phenyl substituents are significantly larger
in ZnTPP?*-L1 when compared to ZnTPP* thus reduc-
ing possible m-conjugation that may play a role in the
stabilization of the dicationic Zn(II)-porphyrin moiety
[22]. The positive shift observed for the second oxida-
tion of the complexed Zn(II)porphyrin subunit must
therefore result from a destabilization of the dication and
not from a substantial stabilization of the intermediate
radical cation.

CONCLUSION

DFT studies of the binding interactions between
1,4-disubstituted 1,2,3-triazole ligands and the metal
center of Zn(Il)-porphyrins revealed preferential coor-
dination through the most electron-rich N3 atom.
However, the energy difference between the N2- and
N3-coordinated isomers is moderate and the less stable
is likely also present in the solution. When compared to
imidazole and pyridine ligands, the binding energy of
1,4-disubstituted 1,2,3-triazole derivatives to the metal
center of Zn(Il)-porphyrins is substantially weaker. This
is related to a reduced atomic charge of the unsubstituted
sp*-hybridized N atom in the triazole heterocycle lead-
ing to a weaker basicity when compared to imidazoles
and pyridines. Finally, the binding of 1,4-disubstituted
1,2,3-triazole ligands to oxidized and reduced Zn(II)-
porphyrins has been also investigated. Upon reduction,
the binding interactions are extremely weak and the for-
mation of the complex is not favorable anymore. In con-
trast, the binding energy is considerably increased upon
oxidation of the Zn(II)-porphyrin moiety thus leading to
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more stable complexes. The calculations fully support
the experimental observations reported for multipor-
phyrin arrays 2 and 3 and support the proposed confor-
mational changes upon oxidation or reduction of their
peripheral Zn(Il)-porphyrin subunits. They also explain
the differences in redox potentials observed for the coor-
dinated and uncoordinated Zn(II)-porphyrin residues in
compounds 2 and 3.
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