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Abstract Macrocycle acidity and Zn** ion coordination
are reported for three porphyrin derivatives which differ in
both steric and electronic substitution effects on the macro-
cycle n-conjugated system. The role of the electronic sub-
stitution effects in the macrocycle deprotonation and metal
ion chelating was found to be dominating whereas the mac-
rocycle nonplanar distortions contribute to the acidity and
metal chelation rate of the studied porphyrins in less extent.
The contributions of both resonance and inductive electronic
substitution effects have been distinguished based on the
relationship between the weighted sum of resonance and
inductive Hammett constants and the acidity and metal ion
chelation rate.
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Introduction

Development of new macroheterocyclic compounds with
definite optical properties and/or chemical reactivity to be
used in the design of new advanced materials is a interdis-
ciplinary problem of high priority. Molecular structure of
tetrapyrrolic macrocycles allows suggesting the diversity of
new compounds by means of fine tuning of their proper-
ties with modification of the peripheral substitution pattern,
formation of chelated complexes with metal ions and axial
ligation of the latter [1, 2]. In most of cases electronic effects
arising upon peripheral substitution on the n-conjugated
system of macrocycle interfere with concomitant sterical
effects. Therefore the discrimination between these two
contributions needs the detailed consideration in the each
particular case to establish properly the structure—property
relationship.

Tetrapyrrolic macrocycles are known to be amphotheric
compounds, possessing both basic properties, involving
the protonation of the pyrrolenic (—N=) nitrogens and
acidic ones, involving the proton removing from pyr-
rolic (-NH-) nitrogen atoms [2-5]. Depending the acid-
ity (basicity) of the microenvironment both mono- and
doubly (de)protonated species are formed, which are in
equilibrium. The ionic (i.e. protonated and deprotonated)
species are chemically stable, and their stabilization is due
to the electronic, solvation and steric factors [5]. Elec-
tronic factors of stabilization arise from the redistribution
of the electron density over n-conjugated system of macro-
cycle, as well as between the macrocycle and peripherical
substituents, upon attachment/release of the protons to/
from the macrocycle core. Solvation effects on stabiliza-
tion are due to the rearrangement of the solvation shell
which includes the specific interactions of the polar molec-
ular fragments with the solvent molecules. These weak
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interactions include also the associative interactions with
acid counter ions, which are of particular importance in
the case of low polar and poorly solvating solvents [5, 6].
The steric factors of stabilization are, in fact, the structural
relaxations of macrocycle itself or between the macrocycle
and the substituents attached via spacers, allowing to lat-
ters some degree of freedom. These structural rearrange-
ments are coupled with solvent shell reorganization and
are aimed to adopt the minimum potential energy of the
molecule.

Recently, we have started the studies in the direction
of exploitation of unique physico-chemical properties of
deprotonated tetrapyrrolic macrocycles for the develop-
ment of the new efficient approach to the synthesis of
metallocomplexes and design of new sensing devices for
the detection of the substrates bearing positive charge
[7-9]. The 1,8-diazabicyclo-[5,4,0]-undec-7-en (DBU)
has been applied as deprotonating agent. The formation
of metallocomplexes when metal salts react with doubly
deprotonated macrocycle after the addition of DBU has
been documented and the advantages of such an approach
have been discussed [7-9]. In these studies the main atten-
tion was paid to the identification and assignment of the
species formed under the reactions of deprotonation and
metal chelating, and comparison of the reaction rate for
the metallocomplexes formation in cases of molecular
mechanism of the reaction (i.e., when metal salts react
with the porphyrin free base) and the ionic one, where
a ion interacts with deprotonated macrocycle. The prob-
lem of the structure—property relationship received much
less attention there [7-9]. The case under consideration is
quite complicated, since all the three listed above factors
stabilizing the deprotonated forms are able to contribute
to the reactions rate. The solvation effects may be quite
easily isolated by conducting the reaction in different
solvents, followed with correlation of the reaction rates
with physico-chemical properties of solvents. To separate
the electronic and steric contributions to the rate of the
deprotonation and metal ion chelating, a special series of
compounds need to be used.

Thus, in the given study we make the comparison between
three porphyrins which differ in both the electronic commu-
nication between the macrocycle and substituents and the
steric interactions. The substitution with groups possess-
ing both the inductive and mesomeric (resonance) effects
of different sign has been applied. Relative importance of
the electronic communication of peripheral substituents via
the m-conjugated system of macrocycle or the macrocycle
c-bonds polarization will be analyzed. Moreover, substitu-
tion at the 2,3,7,8,12,13,17,18 f-positions of pyrroles and
5,10,15,20-meso-positions may bring nonequivalent contri-
butions due to the different electronic density of correspond-
ing molecular orbitals on the macrocycle atoms. Beside this,
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the dodecasubstitution pattern enables us to modulate the
steric interactions due to the close proximity of the neigh-
boring substituents with moderate bulkiness.

Experimental
Equipment

NMR spectra were acquired on the commercial instru-
ment Bruker Avance 500 MHz and chemical shifts (3) are
reported in parts per million (ppm) referenced to tetra-
methylsilane (TMS) or the internal (NMR) solvent signals.
Mass spectra were run using a HPS989A apparatus (CI and
EIl, 70 eV ionisation energy) with Apollo 300 data system or
a Thermo Finnigan LCQ Advantage apparatus. Ground state
absorption spectra, spectrophotometric titration experiments
and kinetic measurements were carried out with spectropho-
tometer Shimadzu UV-1800. The methods of the titration
procedure and protocols of experimental data analysis were
described in our previous papers [7-10]. The relative uncer-
tainty in determined acidity constants did not exceeded 5%.

Reagents

Zn(OAc), “for analysis” was purified by recrystalliza-
tion from acetic acid followed by dehydration at 380-390
K according to methods described [11]. Dry acetonitrile
(water content no more than 0.03%) was used in the titra-
tion experiment. The deprotonating agent 1,8-diazabicyclo-
[5.4,0]-undec-7-en (DBU) was used as received (pK,=13.2
in acetonitrile) [12]. The concentration of working solutions
of DBU in CH;CN was 0.01 M in all the cases. The titrant
concentration was chosen so that the total change in the solu-
tion volume by the end of titration did not exceed 1%.

Synthesis

2,3,7,8,12,13,17,18-octabromo-5,10,15,20-
tetrakis(trifluoromethyl)porphine (I) was prepared accord-
ing to procedure described in Ref. [10]. The compound
was isolated by column chromatography (silica gel, eluted
with cyclohexane) followed with recrystallization (from
CH,Cl, with slow diffusion of MeOH). Elem.anal.: calcd.
for C,,H,N,BrgF,: C, 23.75; H, 0.16; N, 4.61; found: C,
23.69; H, 0.17; N, 4.63. "H NMR (500 MHz, CDCl,, TMS)
d(ppm): —1.63 (s, 2H, NH); Abs.: (CHCl;), A,,x» nm (log
€): 433 (4.87); 636 (4.09). MALDI-TOF-MS (m/z): found
1213.18 [M+H]+, calcd. 1213.56.
2,3,7,8,12,13,17,18-octabromo-5,10,15,20-
tetrakis(phenyl)porphine (II) was prepared by a bromina-
tion reaction of 5,10,15,20-tetrakis-tetraphenylporphyri-
nato copper(Il) complex followed by an acid demetalation
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reaction according to Ref. [11]. Compound was isolated by
column chromatography (Al,O;, type III by Brockman, elu-
ent chloroform:benzene 1:1). '"H NMR (500 MHz, CDCl,,
TMS) 8(ppm): 8.21 (m, 8H, phenyl o-H), 7.79 (m, 12H, phe-
nyl m- and p-H), -1.65 (bs, 2H, NH). Elem.anal.: calcd for
CyH,,NBrg: C, 42.42; H, 1.78; N, 4.49; Br, 51.30; found:
C, 42.35; H, 1.90; N, 4.40; Br, 51.32. Abs.: (toluene) A,
nm (log €): 470 (5.25); 622 (4.10); 738 (3.85). MALDI-
TOF-MS (m/z): found 1245.51 [M+H]+, calcd. 1245.96.

5,10,15,20-tetrakis(trifluoromethyl)porphine (III) was
prepared as described in Ref. [9] and was purified by column
chromatography (silica gel, eluent hexane—benzene 10:1)
followed with recrystallization from the methylene chlo-
ride—methanol mixture. Elem.anal.: calcd. for C,,H,,N,F,:
C, 49.50; H, 1.73; N, 9.62; found: C, 49.53; H, 1.64; N,
9.33. 'H NMR d(ppm): 9.60 (s, 8H), —2.08 (s, 2H, NH);
Abs.: (CH,Cl,), A, nm (log €): 403 (5.08), 510 (3.97),
545 (3.97), 593 (3.67), 649 (4.00). MALDI-TOF-MS (m/z):
found 582.01 [M+H]+, calcd. 582.35.

Molecular structures of studied porphyrins are shown on
the Scheme 1.

Results and discussion

Conformation, electronic structure and absorption
spectra

All the studied porphyrins can be divided into two groups
according to the molecular structure: the first one con-
sist of porphyrins I and II. These compounds are heavily
substituted at 12 peripheral positions and, as many other
known dodecasubstituted porphyrins, [13 and Refs. 2b, 5-13
therein, 14] must have the saddle-type distorted macrocycle
with moderate magnitude of distortion. On the contrary, the
porphyrin III has four meso-trifluoromethyl groups, and the
sterical interactions of fluorine atoms with adjacent pyrrole

I R=-CF,
R,=-Br

II R=-CH,
R,=-Br

I R =-CF,
R,=-H

1

Scheme 1 Molecular structures of studied porphyrins

protons are rather weak to induce pronounced nonplanar
distortions. This porphyrin has barely visible macrocycle
ruffling and is considered to be nearly planar. The electronic
structures of all these compounds bear similar features.
According to Gouterman four-orbital model mutual posi-
tioning of two highest occupied molecular orbitals (HOMO)
depends on the substitution pattern: introducing the elec-
tron donating/withdrawing substituents at any position leads
to the increase/decrease in the energy of molecular orbital
having non-zero electron density at these atom positions.
Substitution at the meso-positions mainly affects the energy
of b,, orbital (D, point symmetry group notation) since
it has the maxima of electronic density at meso-carbons.
The energy of this orbital is also affected with metal ion
chelating since this orbital has also the maxima of electronic
density at the pyrrolic nitrogens. The energy of a, orbital
is not affected upon meso-substitution, since this orbital
has nodes at meso-carbons. On the contrary, the a, orbital
has maxima at pyrrolic rings; therefore its energy can be
selectively tuned by pyrrole substitution. The architecture
of substitution, we have used for the studied compounds,
led to the changes in energy gap between HOMO orbitals,
but their order remained unchanged in all three cases, i.e.
E(a,) > E(b;).

Ground state absorption spectra (Table 1) reflect both
the pure electronic effects and the effects originating from
the nonplanar macrocycle distortions. Now it is accepted,
that nonplanar distortions themselves do not induce directly
the changes in the electronic spectra, but their influence is
mediated by the induced perturbations in the n-conjugated
system of macrocycle [15, 16]. In other words, the spectral
changes do not depend on the magnitude of the distortions as
they are, but on the influence of the distortions on the elec-
tronic structure of molecule. Therefore, the spectral shifts
values do not exactly correlate with the trends derived for
the HOMO orbitals.

Table 1 Spectral features and overall acidity constants pK,; , of all
the studied porphyrins

Compound Amaxe 1M (1g€) PK,i2

H,PI 435 (5.0), 639 (4.1) 6.78

H,PII 470 (5.25), 568 (3.95) 10.77
622 (4.10), 738 (3.85)

H,PIII 400 (5.23), 509 (4.14) 9.69
544 (4.13), 591 (3.84), 647 (4.11)

PI*- 483 (4.6)

PIT* 497 (5.30), 774 (4.80)

PIII*- 431 (4.96), 598 (4.00), 717 (3.89)

Spectra for the free bases and the doubly deprotonated species are
measured in acetonitrile and in the acetonitrile-DBU system, respec-
tively

@ Springer



328

J Incl Phenom Macrocycl Chem (2017) 89:325-332

Acidity and formation of deprotonated species

Acidity constants (Table 1) have been obtained from the
spectrophotometric titration curves measured at 298 K as
described in the “Experimental” section. During the titra-
tion the formation of two families of spectral curves has
been observed, and each of them had its own set of isobestic
points. Increase of the DBU concentration on the solution
led to the sequential formation of mono-and doubly depro-
tonated forms of studied porphyrins with acidity constants
K, and K}, respectively. The spectral evolution in the Soret
band region is presented on Fig. 1, and the corresponding
titration curves are shown on Fig. 2.

The overall acidity constant for complete deprotonation
of macrocycle pK,, , (Table 1) was calculated with Eq. 1:

PK,12 = nx1gCppy — —lgind, (1)

where, Ind is the indicator of concentration ratio [P>7)/
[H,P], Cpgy is analytic value of the DBU in solu-
tion (mole L™!), n=2 is the total number of the protons
attached. The calculations of the current concentrations of
mono- and doubly deprotonated forms and free base spe-
cies, taking into account the material balance equation
Cy=C(H,P)+C(HP™)+ C(P*"), show that all the porphyrins
reached the doubly deprotonated form at the end of titration
procedure. The measured pK,; , values (Table 1) reveal the
substantial difference depending the type of substitution.
The acidity values must correlate with the electronic den-
sity on the pyrrole nitrogens. The way how the peripherical
substituents influence it remain unclear. It was demonstrated
that both resonance and inductive effects bring the contri-
butions to the given basicity constant of macrocycle [17].
From general point of view the same should be valid for the
acidity constant. The complication arises that in the above
cited case the only substitution type contributes, whereas in
the case under consideration both meso- and pyrrole ring
pf-substitutions are involved. Therefore, the overall substitu-
tion effect (for both meso- and f-positions) was calculated
as a weighted sum of the resonance Xoy and inductive Zo;
Hammett constants over all the substituents. The least-
square fitting procedure was applied to evaluate the relative
weights of these two terms assuming the linear dependence
of the acidity constant on the value a, oy +a,Xcy, according
to the linear free energy relationship. The resonance Ham-
mett constants 6 were calculated by subtraction of inductive
Hammett constants o; from the Hammett para-constant 6,
according to definition, with both taken from literature [18].

The dependence shown on Fig. 3 clearly demonstrates
that the acidity constant value correlates perfectly with the
weighted sum a, oy + a,20y, with the weight coefficients a,
and a, are 0.59 and 0.41, respectively. Neither resonance nor
inductive effects alone can provide the satisfactory correla-
tion with the measured acidity values. It is evident that both
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400 500
Wavelength, nm

400 500
Wavelength, nm

Fig.1 Ground state absorption spectra changes in the Soret
band region in the course of the titration of porphyrins I-III
(from top to bottom) with the DBU in acetonitrile at 298 K: I
C,=12x107 mole L7 Cpgy=0-14x10" mole L' II
C,=24x10"° mole L7 Cpgy=0-5.0x10"" mole L7 III
C,=1.9%107° mole L™"; Cppyy=0-7.9% 107> mole L™". Arrows indi-

cate the direction of spectral changes upon DBU addition

resonance and inductive effects strongly contribute to the
acidity constant pK, , with slightly larger part is due to the
propagation of electronic communication via n-conjugated
system. To achieve the more generalized correlation the plot
shown on Fig. 3 consists of an additional data point for the
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Fig. 2 Titration curves for porphyrins I-III (for conditions see Fig. 1
caption). Titration wavelengths are: I 435 nm; IT 469 nm; IIT 400 nm.
DBU concentration is in mole L™! units. Deprotonation of porphyrins
is in going from left to right. Lines represent the calculated theoreti-
cal curves

5,10,15,20-tetranitro-2,3,7,8,12,13,17,18-octaethylporphy-
rin (denoted on the figure as H,PIV) which has been taken
from our recently published paper [19]. We need to stress
once again that all the data in plot are measured for either
nearly planar or having moderately distorted macrocycle
derivatives. Strong nonplanar distortions of macrocycle
cause the deviations from this relationship (see below).

EGR+ZGI

Fig. 3 The correlation plot of porphyrin pK,,, and the weighted
sum of the resonance Y .oy and inductive Y .6; Hammett constants of
macrocycle substituents according to equation 0.59(8cP+46™°),
+ 0.41(80"+40™°),. The open circle (H,PIV) relates to the
5,10,15,20-tetranitro-2,3,7,8,12,13,17,18-octaethylporphyrin ~ whose
pK,,=10.44

It is worthwhile to note that phenyl ring and bromine in
porphyrin II contribute to the achieved balance in the com-
plicated manner, since their resonance Hammett constants
are negative (i.e. have resonance electron donating charac-
ter), whereas inductive Hammett constants are positive (i.e.
have inductive electron withdrawing properties). It is the
derivative that demonstrates the highest complexation rate
for both the free bases and doubly protonated molecules.

Acidity and complexation of Zn* jon

As was indicated above, the molecular structure of the por-
phyrin macrocycle is crucial for the rate of the metal ion
chelating in the macrocycle core. Formation of nonplanar
conformers is expected to bring for increase in the compl-
exation rate and enhancement of both acidic and basic prop-
erties of molecule [13, 14, 20, 21]. The results of the meas-
urements of the kinetic parameters of Zn>" ion complexation
with studied porphyrins meet this expectation (Table 2).
However, as we have stressed above, the driving force
for the spectral changes as well as for the changes in the
reactivity of tetrapyrrolic compounds originates from the
electronic effects, both direct and indirect (i.e. electronic
effects induced by structural changes). To verify this sug-
gestion we have analyzed the second-order rate constant
k, for the Zn** ion complexation by free base porphyrins
as a function of the acidity (pK,; ,). The obtained cor-
relation plot is shown on Fig. 4 (the data point for the
5,10,15,20-tetranitro-2,3,7,8,12,13,17,18-octaethylpor-
phyrin included). One can see that the excellent agree-
ment exists between two sets of data. This means that the
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Table 22+ Kinetic parameters of Compound ¢z, 0acp cppy X10%, &y x10°, L mole™" 57! E, kImole™  AS* Jmole™ K™
the Zn“" ion complexation for 3 -1
. . %107, mole L.

all the studies porphyrins mole L~!
H,PI 4.5 - 0.005+0.0005 123 +£2 58+1
H,PII 4.5 - 69+1 56+1 —88+2
H,PIII 114 - 6.1+0.1 52+2 —-175+2
PI*- 4.5 15 28.0+0.2 27+1 —190+2
PII*- 4.5 0.05 Completed immediately
PIIT~ 0.28 1 4006 +5 241 —143x2

1k J
2k i
3t J
«C\l
20
4+ 4
Sk 4
_6 1 1 1 1 1
7 8 9 10 11
pK

Fig. 4 The dependence of second-order rate constant k, (in
L mole™! s7!) for the Zn** ion complexation by the free base por-
phyrins on pK,, value. The open circle (H,PIV) relates to the
5,10,15,20-tetranitro-2,3,7,8,12,13,17,18-octaethylporphyrin  (k, =
81x 1073 L mole™!s71)

increase in the acidity value is able to explain completely
increase in the Zn?* ion complexation rate by these free
base porphyrins for pK,; , values ranging within four
orders of magnitude.

Recently reported Zn>* ion complexation rate k, =
18 L mole™' s~ and the value of pK,1,=11.65 for the highly
distorted 5,10,15,20-tetraphenyl-2,3,7,8,12,13,17,18-octa-
methylporphyrin follow the observed trends too [20]. How-
ever the data points deviate from the strict linear depend-
ences revealed on Figs. 3 and 4. Most likely, it could be due
to the high pyrrole tilting angles for this derivative, since the
highly tilted pyrroles lead to decrease in the strength of the
resonance electronic communication between the periph-
ery and m-conjugated macrocycle system, which leads to
alterations in the proportion (changing weigths) between the
resonance and inductive contributions to the pK,; , value.
As a result, the pK, , value will be lower than it could be
expected according to proportionality with the weighted sum
a;Xog + a,Xop.
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An increase in the complexation rate is also observed for
the doubly deprotonated species. The activation energy value
in case of deprotonated species decreases compared to that
measured for the complexation of the free base porphyrins,
which is followed with entropy decrease (Table 2). These
features are likely to be due to absence of the energy losses
required for deformation and rupture of the N-H bonds in
the porphyrin core, as well as due to nonuniform charge
distribution over the macrocycle, leading to polarization of
the electronic cloud. As a result, the doubly deprotonated
porphyrins may have higher solvation in the transition state
which facilitates the metal ion chelation.

It needs to be stressed that in case of the free base por-
phyrins an increase in the rate in going form porphyrin I
to porphyrin III is 1210 times, and for the doubly depro-
tonated species increase is almost ten times less (Table 2).
This difference can be accounted, probably, with changes
in the electronic structure between the free base and cor-
responding deprotonated species. Thus, its known that two
singlet one electron configurations 1(blueg) and 1(aueg) mix
efficiently via configuration interaction [22]. The amount of
mixing can be subtly tuned with relatively small structural
alterations, like changes in the dihedral angles between the
macrocycle plane and those of the aromatic substituents,
or pyrrole tilting in the nonplanar macrocycle conformers
due to concomitant electronic density redistribution over the
molecule [22, 23]. The changes in the configuration interac-
tion can be estimated based on the wavefunction superposi-
tion principle. This approach (see “Appendix” for detail)
was first applied for the porphyrin metallocomplexes [24],
and was extended recently by us for the free bases and the
doubly protonated species [23].

Thus, the treatment of the spectral data for the porphy-
rin III with this approach results in the A% value (weight
squared) for 1(aueg) configuration of 0.80 in the free base
form, whereas it slightly increases up to 0.84 for the dou-
bly deprotonated molecules. These estimations indicate that
the changes in the electronic communication between the
macrocycle and periphery take place indeed upon proton
removal and may influence the metal ion complexation rate
for the doubly deprotonated porphyrins. To make more
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conclusive suggestion, additional studies need to be under-
taken which need to involve an extended series of porphyrin
derivatives.

Conclusion

Doubly deprotonated forms of three porphyrin derivatives
have been obtained with DBU titration in acetonitrile solu-
tions at room temperature. The reaction of both free bases
and doubly deprotonated forms with zinc diacetate was
investigated. The formation of Zn>* metallocomplexes in
both cases was found to occur. The second-order reaction
rate constant of metallocomplexes formation was shown to
increase by three to four orders of magnitude for deproto-
nated form of porphyrins compared to their free bases. The
linear relationship between this reaction rate constant meas-
ured for the free bases and the overall acidity constant pK,; ,
for porphyrin macrocycle deprotonation was demonstrated.
The pK,; , value was found to depend on both resonance
and inductive electronic communication between macrocy-
cle and its peripheral substituents. The adjustment of the
electronic communication between macrocycle and periph-
ery in going from the free bases to the doubly deprotonated
species is reported based on the configuration interaction
estimations from the Gouterman four-orbital model.

Considering the doubly deprotonated species as the prom-
ising candidate compounds to design the sensitive metal ion
sensors, the obtained results allow suggesting the guidelines
for the enhancement of their sensitivity.

Appendix
Estimation of one electron configuration mixing weights

Using the superposition principle one can write the wave
function of two (doubly degenerated) excited states S; ,(Q)
and S5 4(B) as:

w(S ) =Aly, - BlyyA*+ B> = 1),
w(Ss4) =By, +Alyy,
where A u B are the weights of the former and latter one

electron configurations, respectively. The absorptivity of
corresponding electronic transitions is given as:

1(S,5) = c|(w(S)) |er| w(sl)>|2 = c{A’®,, — 2ABD,; + B> Dy},

1(S5.4) = c|(w(Sy) |er| w(Sy))|” = c{A’®,, + 24BD, 5 + B>Dy ),

where

O,y = <1WA|er|1V/A>’
Dyp = <1WA|er|1W3>,
O, = <1WB|€”|IWB>~

Assuming the dipole moments of two one electron transi-
tions are of the same order of magnitude,

Mae = <1(blueg)|er|1(b1ueg)> ~ <1(aueg)|er|1(aueg)>

and assigning y, =(b,,e,) and yz=(q,e,), the simple rela-
tionship for the intensities of these two electronic transitions
can be written. It is given with the weights of two one elec-
tron configurations:

1(S1,) A2 -24B+ B> _1-2AB
1(S34) A2+2AB+B?> 1+2AB’

After solving the system of algebraic equations (taking
into account the normalization: A%+ B?=1) one can find the
squared configuration weights A% and B2,
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