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The electronic structure of 15 model 5-bromoporphyrins was investigated by means of DFT B3LYP method. The com-
parison of the relative energy and the frontier molecular orbitals localization allowed the elucidation of the influence 
of the β-substituents electronic origin onto the electronic structure of the molecule. The obtained data is valuable for 
the evaluation of the relative reactivity of the 5-bromoporphyrins in the nucleophilic substitution reactions.
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В работе методом DFT B3LYP изучено электронное строение 15 модельных 5-бромпорфиринов. Сравнение 
энергии, симметрии и локализации вакантных орбиталей позволило оценить влияние β-замеcтителей 
на электронное строение молекул. На основе анализа результатов расчетов предложен подход, позволяющий 
предсказывать относительную реакционную способность 5-бромпорфиринов при взаимодействии 
с нуклеофилами.
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Introduction

Porphyrins and their metal complexes attract the  
interest of researchers as precursors of polyfunctional 
molecular blocks. Tremendous efforts were made by now 
for the development of methodologies for the targeted prep-
aration of the substituted porphyrin derivatives.[1] These 
approaches could be reasonably divided into two major 
groups, namely the preparation of the target porphyrins from 
functionalized building blocks and the post-functionalization 
of the available porphyrin macrocycle. The latter approach 

can be mentioned as more efficient one since the symmet-
rical porphyrins are readily available on the gram scale. 
Moreover, the substituted porphyrin precursors, namely 
β-substituted pyrroles, possess low stability. 

Metal-promoted cross-coupling reactions have revealed 
the outstanding potential for the post-functionalization 
of porphyrins[2] since the corresponding halo-substituted 
substrates are easily accessible by halogenation of the porphyrin 
macrocycle. Despite the versatility of this approach, 
the expenses of the noble-metal catalysts and phosphine 
ligands can be mentioned as its considerable drawbacks. Note-
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worthy, the preparation of compounds for further medicinal 
or biological investigations disfavors the use of noble metals 
in the synthesis because of their toxicity and requirements for 
their further removal. In this respect the application of common 
organic transformations in the chemistry of porphyrins repre-
sents an attractive route to avoid the contamination of the final 
products with toxic metal ions. Thus, the experimental imple-
mentations of the nucleophilic reactions in the porphyrin 
chemistry are reported by now for the introduction of meso- 
and β-substituents.[3–5] These transformation include addition 
and substitution reactions with various substrates and reagents. 

A set of efficient transformations was reported by Senge, 
consisting in nucleophilic addition of organometallic reagents 
to the porphyrin core, followed by oxidation, quenching or 
interaction of the formed anion with electrophiles.[3,4,6–12] 
The interaction of meso- and β-nitroporphyrins with various 
nucleophiles was reported by Crossley and developed into 
an efficient synthetic tool.[5,13,14] In the course of that research 
the authors have revealed and reported the unexpected 
significant influence of the substrate structure and reaction 
conditions onto the path and selectivity of the interaction.
[13] Thus, the nucleophilic substitution reactions were also 
used as an alternative to the Buchwald-Hartwig amination 
for the preparation of the amino-substituted porphyrins 
providing the yields of the products ca. 50–95 %.[15–19] While 
the presence of electron-withdrawing groups in the substrate 
molecule facilitates the transformation, the inactivated 
bromo-substituted porphyrins were also successfully intro-
duced into the reaction. The interaction of porphyrins with 
O-, S- and N-nucleophiles allowed preparation of the corre-
sponding substituted derivatives with high yields.[20–22] 

Despite the wide potential of experimental imple-
mentations the nucleophilic reactions remain virtually 
unstudied from the mechanistic point. The polarizability 
of the porphyrin polyaromatic system is the key factor 
for the versatility of these substrates. Thus, the prediction 
of the selectivity and the influence of the peripheral substitu-
ents are difficult from the general positions, e.g. the theory 
of resonant structures. The density functional theory (DFT) 
calculations may allow to fill the voids in several cases 
and rationalize the structural peculiarities and reaction paths 
in these transformations.[23,24] While the precise analysis 
of the energy characteristics, transition states and the reac-
tion paths are significantly time-consuming procedures, 
our research was targeted in the different direction, namely 
the application of the relatively easy and available level 
of theory for the analysis of the tendencies in the porphyrin 
nucleophilic substitution reactions.[23]

Our current research is focused on the development 
of approaches for the transformation of the periphery 
of the porphyrin macrocycle by means of metal-promoted 
methods[25] as well as condensation and substitution trans-
formations.[26–29] Thus, we have developed approaches for 
the preparation of meso-alkoxy- and meso-aryloxyporphyrins 
by means of nucleophilic substitution reaction[26] and performed 
the quantum-chemical investigation of its selectivity.[23] Thus, 
in mentioned work we have shown that the application 
of B3LYP 6-31G* level of theory for the analysis of the char-
acteristics of frontier orbitals allows to estimate the reaction 
path of the nucleophilic reaction. The analysis of the influence 
of the electronic nature of the substituents in the opposite posi-

tion of the macrocycle with respect to the leaving group allowed 
the prediction and explanation of the synthetic peculiarities. 
The obtained results were in consistency with the published 
data and were proved experimentally.[26] In present work we 
have undertaken further investigation of the mutual influence 
of the substituents onto the energy and localization of the fron-
tier orbitals of the 5-bromoporphyrin macrocycle and thus its 
reactivity in the nucleophilic substitution reactions.

Experimental

Quantum-chemical calculations were performed with 
Spartan’10 program package (build 1.1.0, Wavefunction Inc.) 
under Windows 7 operating system. The structures were found 
by convergence to equilibrium geometry at an energy minimum 
with default values of gradient tolerance (4.5∙10-4 hartree.bohr-1) 
and distance tolerance (1.8∙10-3 Å). The DFT calculations were 
performed at B3LYP level of theory with 6-31G(d) basis set. The 
starting structures for calculation were prepared by minimization 
with semi-empirical PM6 method. The vibrational frequencies 
were calculated for all minimized structures to prove the absence 
of the imaginary frequencies.

Results and Discussion

In order to reveal the influence of the electronic nature 
of the substituents at the 7, 8, 12 and 13 positions of the porphy-
rin macrocycle onto the reactivity of the meso-bromo-fragment 
the frontier orbitals of a set of model molecules were calculated 
(Figure 1). The introduction of methoxy- and cyano-groups 
to the mentioned positions was considered. β-Substituted 
5,15-dibromoporphyrins were used in the calculation as well as 
the β-derivatives of the inactivated 5-bromo-15-methoxypor- 
phyrin. The evaluation of the relative reactivity of the model 
compounds was performed by comparing the characteris-
tics of their frontier orbitals with the previously reported 
theoretical[23] and experimental[26] data. Thus, we have previ-
ously reported, that the introduction of the donor substituents 
to 15-position of the porphyrin core significantly decreases 
the reactivity of the 5-bromo-substituent towards nucleo-
philic attack. In this respect similar influence of the donor 
substituents at β-positions could be expected. On the other 
hand it is known that the conjugation core of the porphyrin 
macrocycle may not include β-positions of the two opposite 
pyrrolic rings and thus diminish the influence of substituents 
in these positions. In this respect the straightforward predic-
tion of the influence of β-substitution is impossible. Never-
theless the comparison of the energy levels of the molecules 
under consideration with the ones of the reference molecules 
may allow determination of the activation or inactivation 
of the substrate.

Obviously, the energy of LUMO is a key factor for 
the prediction of reactivity of the molecule in the nucleo-
philic reactions under orbital control. As we have already 
reported, the increase of the energy of the unoccupied orbital 
corresponds to decrease of reactivity of the substrate as 
concluded by the comparison with published experimental 
data.[23] With this consideration we have analyzed the rela-
tive energy levels of the model compounds. Figure 2 shows 
the dependence of the energy levels of LUMO and LUMO+1 
of the 5,15-dibromoporphyrins 4 and 5, bearing β-methoxy 
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group in varied positions in comparison with reference mole-
cules 1-3. It can be easily observed that decrease of electron-
withdrawing properties of the 15-substituent in the 1-3 series 
gradually increases the energy of the unoccupied orbitals, 
reaching the maximum value with compound 3. The levels 
of LUMO in the case of 4 and 5 gradually decrease compared 
to 3, that reflects the diminished influence of the β-substituent 
onto the reactivity compared to meso-ones. The comparison 
between models bearing MeO-group in 7 and 8 posi-
tions reveals its lower influence onto the level of LUMO 
in the latter case. Considering the distribution of LUMO it 
can be easily found that position 8 possesses no increment 
into the orbital and thus the influence of the corresponding 
substituent is reduced. Nevertheless, the level of LUMO 
does not reach the corresponding energy level of 2, which 
does not contain any inactivating groups. 

Next, we have analyzed the influence of the electron-
withdrawing cyano-group in β-positions of porphyrin core 
of molecules 6 and 7 (Figure 3). The presence of electron-
withdrawing group expectedly results in decrease of the energy 
of LUMO. It could be noted, that the levels of unoccupied 
orbitals are virtually unchanged upon changing the position 
of CN-group from 7 to 8. Moreover, the level of LUMO 
in both cases is slightly lower than the one in the case 
of 1, that indicates efficient activation of the substrate. The 
analysis of the distributions of LUMO of 6 and 7 reveals 
the difference in its localization comparing to the case 4 and 5. 
First, both positions 7 and 8 possess considerable increments 

Figure 1. The designation of the substituents in the model 
compounds and the numbering of the porphyrin core.

Figure 2. The relative energy of LUMO and LUMO+1 of porphyrins 1-5 and the localization of LUMO in 4 and 5.

Figure 3. The relative energy of LUMO and LUMO+1 of porphyrins 1-3 and 6-7 and the localization of LUMO in 6 and 7.
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to LUMO despite the position of CN-group. Next, in both 
cases the localization of LUMO includes the CN-group, 
testifying its conjugation and influence onto the orbital level. 

Comparison of the orbital structure and energy levels 
of 4, 5 and 6, 7 pairs of model molecules allows an unex-
pected conclusion. The introduction of the donor and acceptor 
fragments to β-positions of the porphyrin macrocycle results 
in increase and decrease of the energy levels of unoccupied 
orbitals, respectively. In terms of the previously found 
relationships it can be attributed to inactivation or activa-
tion of the corresponding substrate towards nucleophilic 
attack. However, the influence of these β-substituents could 
not be interpreted in a straightforward manner. It should 
be noted, that the introduction of the substituents with the 
opposite characteristics results in change of symmetry 
and distribution of the unoccupied orbitals. This polariz-
ability of the porphyrin macrocycle leads unexpectedly 
to partial compensation of the inactivating influence 
of the electron-donor methoxy substituent, comparing 
to model molecule 3, bearing methoxy-group at 15-position. 
In contrast, in the presence of electron-withdrawing β-cyano-
group the decrease of the orbital level and, consequently, 
the activation of the substrate could be considered higher 
than in the case of meso-substituted analogue 1.

In order to evaluate the additivity of the influence 
of the inactivating electron-donor groups and to probe 
the difference in LUMO level upon introduction of methoxy-
groups to different β-positions we have analyzed the series 
of 5-bromo-15-methoxyporphyrins, containing additional 

methoxy-group at 7, 8, 12 or 13 positions of the core (porphy-
rins 8-11). In this series further increase of the energy levels 
of unoccupied orbitals is expected compared to inactivated 
model porphyrin 3. The energy levels of unoccupied orbitals 
are represented at Figure 4.

The introduction of the additional electron-donor 
methoxy group to the β-positions of 3 providing model 
compounds 8-11 expectedly results in increase of the energy 
of unoccupied orbitals. Surprisingly, the energy levels 
of LUMO are virtually independent from the position 
of β-methoxy-group. Moreover, the energy gap between 
LUMO of 3 and 8-11 is smaller than the one between LUMO 
of 2 and 3, that could indicate the decreased influence 
of the β-substituents onto the reactivity of the substrates. 
The analysis of the distribution of LUMO of porphyrins 
8-11 reveals the changes in its localization upon variation 
of the position of methoxy-group. Interestingly, the change 
of the position of β-methoxy-group leads to redistribu-
tion of LUMO and in each case the β-carbon atom bound 
to methoxy-group possesses no increment to the orbital. 
Moreover, the unoccupied orbital is not localized at 
the methoxy-fragment. Together these peculiarities explain 
the similar and low influence of the peripheral electron-donor 
group onto the characteristics of LUMO. 

Furthermore, we have compared the contrary influence 
of meso- and β-substituents. The series of model compounds 
12-15 is represented by inactivated 5-bromo-15-methoxy-
porphyrins bearing electron-withdrawing cyano-group at 
β-positions. The energy levels of the unoccupied orbitals are 

Figure 4. The relative energy of LUMO and LUMO+1 of porphyrins 1-3 and 8-11 and the localization of LUMO in 8-11.

Figure 5. The relative energy of LUMO and LUMO+1 of porphyrins 1-3 and 12-15 and the localization of LUMO in 12-15. 
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shown at Figure 5. In this respect the introduction of β-cyano-
substituent reasonably results in decrease of LUMO energy 
level that corresponds to activation of the substrate. Simi-
larly to discussed above methoxy-substituted compounds 
8-11 the levels of unoccupied orbitals are virtually inde-
pendent from the position of the β-acceptor fragment. The 
comparison of distribution of LUMO allows to rationalize 
this peculiarity. Thus, in all cases the orbital is redistributed 
depending on the position of β-substituent and in all cases 
the cyano-group and the corresponding β-carbon atom 
possess considerable increments to the orbital. Thus, it can 
be concluded that despite the position of the β-acceptor 
moiety its influence onto the energy and symmetry of LUMO 
is valuable and remain virtually unchanged.

The performed calculations reveal that the polariz-
able polyaromatic system of the porphyrin core cannot be 
a subject of traditional prediction and rationalization of reac-
tivity and selectivity in terms of resonant structures. In all 
cases despite the presence and position of electron-donor or 
withdrawing groups the reaction site carbon atom possesses 
the considerable increment to the unoccupied orbitals, while 
the energy level of LUMO is changed revealing the increase 
or loss of reactivity of the molecule. The introduction 
of β-substituents with different electronic properties leads 
to polarization and redistribution of the orbital and the influ-
ence of electron-reach and electron-deficient fragments 
is found to be significantly different. The experimental 
implementations of the developed prediction approach 
would be the topic of further research.

Conclusion

In the present work we have evaluated the respective 
reactivity of a series of 5-bromoporphyrins bearing peri- 
pheral substituents with different electronic properties 
towards the nucleophilic attack using the widely available 
level of DFT calculations. Our objective was to expand 
the applicability of the tested rapid and reliable B3LYP 6-31G* 
method for the estimation of the reactivity of 5-bromopor-
phyrins towards nucleophiles. The analysis of the energy 
and localization of the unoccupied orbitals of the substrates 
allows estimation of the reactivity of the molecule without 
carrying out the complete DFT calculation of the reaction 
paths. We have demonstrated that B3LYP 6-31G* calcula-
tion of the relative energy and localization of frontier orbitals 
of the substrate molecule could be used as a method for 
the reliable prediction of the reactivity.
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