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The results of the prognostic computer synthesis of meso-phenylporphyrins H,P(Ph), sulfo derivatives, which demon-
strate the supramolecular nature of the porphyrins sulfonation regioselectivity in concentrated sulfuric acid and oleum,
are presented. By means of DFT calculation it has been shown that regioselectivity of meso-phenylporphyrins sulfo-
nation is due to host-guest complex formation of the diprotonated porphyrin platform with two hydrosulfate anions,
[H P**(Ph) J(HSO,), The guest anions control the reactivity of H P**(Ph) . First, they activate H P**(Ph), for elec-
trophilic substitution by partial negative charge transfer to the diprotonated porphyrin. Second, the guest anions are
the cause of a total charges redistribution on the carbon atoms of H P** and the phenyl rings, thereby providing
the regioselectivity of H P**(Ph), sulfonation. The data from prognostic stage calculations and method of organic
synthesis were used to obtain the new 5,10,15-tris(4 -sulfophenyl)porphine. The obtained results are comprehensive
and applicable to other S Ar reactions of porphyrins.

Keywords: meso-Phenylporphyrins, protonation, host-guest complexes, electrophilic substitution, supramolecular
regioselectivity, sulfonation, sulfophenyl porphyrins.
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Ilpusedenvl pe3ynbmamsl NPOSHOCMUYECKO20 KOMNLIOMEPHO20 CUHME3A CYIbPONPOUEOOHBIX Me30-(heHunnoppupu-
noe H,P(Ph) , komopbie 0eMoncmpupyiom CynpamorekyisapHyio npupooy pesuocenekmusHocm Cylbuposans nop-
Dupunos 6 KOHYeHMpUpOBaHHOU ceproll kuciome u 6 oneyme. Memooom DFT nokasano, umo pecuoceiekmugHocb
cynbghuposanus meso-genunnoppupunos obycnoenena obpasosanuem komniexcos [H P**(Ph) |(HSO,), muna «xossun-
20Cmby OUNPOMOHUPOBAHHOU NOPHUPUHOBOT NIampopmbl ¢ 08YML UOPOCYIbPAMHBIMU AHUOHAMU. AHUOHBI-«20CMUY
KoHmponupyom peaxyuonyio cnocoonocmo H P**(Ph) . Bo-nepevix, onu axmueupyiom H P>*(Ph) , k onexmpogunvromy
3amMewjeHuio nymem YacmuiHo20 nepenocda OMmpUyamenbHo2o 3apaod Ha OUNPOMOHUPOBANHbIIL nopgupun. Bo-emopuix,
AHUOHDBL-(20CIUY AGTAIOMCS NPULUHOL MOMATbHO2O nepepacnpedenerus 3apsoog Ha amomax yenepooa H P** u (pernune-
HbIX KOTel, 00ecneuueas mem camblm pecuocerekmusnocms cytoguposanus H P**(Ph) IIpoenocmuyeckutl sman u opea-
HUYeCKutl cunmes ObLIU UCNONIB3068aHbL Ol noaydeHus: Ho6oeo 3,10, 15-mpuc(4’-cynogpodpenun)nopguna. Ionyuennvie
pesybmamvl umelom oowull Xapakmep u Mo2ym Ovims pacnpocmpanensl na opyaue S, Ar peaxyuu noppupunos.

KaloueBbie ciaoBa: mezo-OeHUNnopUpUHbL, MPOTOHUPOBAHHE, KOMIUIEKCHI «XO3SIMH-TOCTBY», JIIEKTPO(UILHOE
3aMelleHne, CyIpaMoJIeKyJsipHast PernoCeIeKTHBHOCTD, CylIb(UpOBaHHE, CYIIb(O(ESHUITOPPUPHHBL.
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Supramolecular-directed Sulfonation Selectivity for meso-Phenylporphyrins

Introduction

Sulfonated derivatives of meso-phenylporphyrins

generally are obtained by direct sulfonation in concen-
trated sulfuric acid (CSA), using the original Menotti pro-
cedure for 5,10,15,20-tetraphenylporphyrin (H,P(Ph),),"
or its variations. The only sulfonated derivatives currently
described are these of 5,15-diphenylporphyrins (H,P(Ph),)
and H,P(Ph),.>%!

Figure 1. Nucleophilic centers in H,P(Ph), and H,P(Ph), molecules.

There are a total of 28 nucleophilic centers (NCs)
in the molecule of H,P(Ph),, considering the porphyrin plat-
form as well as all phenyl rings (Figure 1). However, when
H,P(Ph), reacts with CSA, only 4’-sulfophenyl-derivatives
are formed (Figure 2).

The fractional yields of H,P(Ph), 4’-sulfophenyl-
derivatives depend on the reaction conditions (Table S1).
It should be noted that no yield optimizations have been
reported in the literature. The use of CSA allows to introduce
only four sulfo groups into H,P(Ph),. The product of its

exhaustive sulfonation with CSA — 5,10,15,20-tetrakis(4’-
sulfophenyl)porphine (H,P(PhSO,H),) is the major product
at 100 °C if the reaction time does not exceed 4 h. Lower
temperatures and/or shorter reaction times results in greater
fractional yields of lower sulfonated derivatives. Further sul-
fonation of H,P(PhSO,H), is possible only in oleum. Treat-
ment of H,P(Ph), with fuming sulfuric acid (2 h at ambient
temperature) results in cross-linking of the adjacent respec-
tive 2 and 2’-positions of the porphyrin platform and a phenyl
ring and affords a sulfone compound (Figure 2).[

Compared to H,P(Ph),, the molecule of H,P(Ph),
contains more reaction centers in the porphyrin platform,
namely at 2, 8, 10, 12, 18, and 20 positions. One could expect
H,P(Ph), to have a greater variety of sulfonated derivatives.
In 1998 R. Rubires et al. performed sulfonation of H,P(Ph),
in CSA for 3 h at 100 °C and obtained 5,15-bis(4’-sulfophe-
nyl)porphine (H,P(PhSO,H),) as the only product.! Later,
H. Garcia-Ortega and J.M. Ribo!""" sulfonated H,P(Ph),
in 96 % sulfuric acid at 0 °C, ambient temperature, 50, 80,
and 100 °C, as well as in slightly dilute (90 % and 81 %)
sulfuric acid. A thorough HPLC monitoring of the product
yields was carried out.

The authors determined that sulfonation of H,P(Ph),
in CSA occurs in positions 4’ and 2 (Figure 3). All possible
products are formed. Addition of water and using higher por-
phyrin concentrations decrease the overall yield but do not
influence the regioselectivity. When an anhydrous medium
(30 % oleum —methanol, 9:1) is used, sulfonation of H,P(Ph),
proceeds via a different pathway and results in the formation
of 10,20-sulfo-5,15-bis(4’-sulfophenyl)porphine.

In this communication we report computed predictions
for sulfonation of H,P(Ph), and 5,10,15-tris(4’-sulfophenyl)
porphine (H,P(Ph),), which demonstrate a supramolecular
influence on the regioselectivity of the reaction in concen-
trated sulfuric acid and in oleum. In addition, a preliminary

So.H SOzH

Figure 2. Products of H,P(Ph), sulfonation in concentrated sulfuric acid and of H,P(PhSO,H), sulfonation in oleum (sulfone).
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Figure 3. Products of intermediate (upper row) and exhaustive (middle row) sulfonation of H,P(Ph), in 96 % sulfuric acid and in a 30 %
oleum — methanol mixture (9:1) (lower row).['”? Optimized yields are given in brackets.

prognostic stage and organic synthesis were used to obtain
anovel 5,10,15-tris(4’-sulfophenyl)porphine.

Experimental

All solvents and other chemicals were obtained from com-
mercial sources and used as received without further purification.
5,10,15-triphenylporphine and 5,10,15,20-tetraphenylporphine
were purchased from PorphyChem. A fiber-optic spectrofluorim-
eter Avantes AvaSpec-2048-2 was used to obtain spectral data. A
Bruker Avance III 500 instrument was used for 'H NMR spectra
(500.17 MHz operating frequency for 'H at 294 K). Mass spectra
were obtained on a MALDI-TOF Shimadzu Biotech AXIMA Con-
fidence mass-spectrometer. Geometry optimization was performed
at the B3LYP/3-21G(d,p) level of density functional theory using
Gaussian software package.!!!!

5,10,15-Tris(4-sulfophenyl)porphine triple ammonium salt. A
mixture of 100 mg (1.86-10* mol) H,P(Ph), and 3 mL concentrat-
ed sulfuric acid was sealed in a glass tube and subjected to sonica-
tion for 1.5 h at 50 °C. The tube was then heated in a boiling water
bath for 6 h. The contents of the tube was cooled, poured onto ice
and neutralized with concentrated aqueous ammonia. The obtained
solution was evaporated to dryness on a water bath, the crude product
was extracted with ethanol. The solvent was distilled off and the resi-
due subjected to chromatographic purification on alumina (Brock-
mann grade II), eluting with ammonia-saturated butanol. The purified
product was extracted with a minimal amount of water, the aque-
ous solution separated by decantation. An equal volume of butanol
was then added and the mixture evaporated to dryness on a water
bath. Anhydrous ammonia salt H,P(PhSO,NH,), was obtained as
the only product with a 69 % (127.3 mg) yield. 'H NMR (500 MHz,
[D6]DMSO) H,P(PhSO,), & ppm: 10.60 (s, 1H, 20-H); 9.65 (d,
2H, 3*J=4.6 Hz, 2,18-H); 9.01 (d, 2H,*/=4.6 Hz, 3,17-H); 8.89 (m,
7,8,12,13-H); 8.22 (m, 6H, 2',6'-H); 8.05 (m, 6H, 3’,5'-H); -3.16
(brs, 2H, 21,23-H). MS (MALDI-TOF, MeOH), C,H, N O S,
(H,P(PhSO,H),): calculated m/z 778.82; found 778.95

The Supporting Information is available free of charge on
the www.macroheterocycles.isuct.ru website at DOI 10.6060/
mhc170833s.
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Results and Discussion

DFT study of meso-phenylporphyrin sulfonation
regioselectiviy in sulfuric acid

Reaction regioselectivity and pathways of meso-
phenylporphyrin sulfonation were analysed using DFT/
B3LYP/3-21G(d,p) theory level calculated charges of NCs
(kinetic control) and total formation energies of sulfonated
derivatives £, (thermodynamic control), based on four pos-
tulates:

1. The driving force of meso-phenylporphyrins dis-
solution in sulphuric acid is the formation of supramolecu-
lar complexes of doubly protonated porphyrinic platform
H_ P> which is an anion receptor''>"* with two hydrosulfate
anions (1).

H,P(Ph) +2H,SO, — [H,P*(Ph) ](HSO,), (soleny (1)

n(solid)

2. Porphyrinic sulfoacids are non-electrolytes in CSA.[%

3. Sulfonation of meso-phenylporphyrins in CSA
proceeds via the S Ar mechanism and is reversible due
to acidic hydrolysis of the formed sulfoacids with residual
water (2). The yields of sulfonation products are determined
by the charges of nucleophilic centers (3,- and ,-) and the rel-
ative thermodynamic stability (AZ) of competing isomers. If
the reaction is carried out in oleum, it is irreversible.

2 2
\\\ or \k 8 .
C— H + H;SO," =—= ;C — SOz;H + H;0 (2)
K J

4. When CSA is used as the reaction medium, NCs
with 8 ->-0.108 are active. This value corresponds
to the maximal charge of NC in nitrobenzene, which does
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H,P(Ph),

planar

*) guest anions are localized in the vicinity of pyrrole rings B and C

H,P>(Ph),

1,3-alternate

BC* isomer of
[H,P>*(Ph),](HSO,),

A “double roost” complex

Figure 4. Optimized molecular geometry of H,P(Ph),, H,P**(Ph),, and [H,P**(Ph),]J(HSO,),. Numbers denote the values of 5 - for NCs
that are active in CSA. For the two latter compounds, orthogonal phenyl rings are not shown for clarity.

not react with CSA. Nucleophilic centers with 6 -<-0.108
undergo sulfonation in oleum.

Regioselectivity of 5,10,15,20-tetraphenylporphine
sulfonation

We initially performed regioselectivity DFT model-
ling for H,P(Ph), which has the simplest molecular structure
with no NCs in meso-positions of the porphyrinic platform
(Figure 4).

The process of H,P(Ph), dissolution in CSA (1) can be
divided into two steps: double protonation of the porphyrin
platform with the formation of an H P*>*(Ph), anionic recep-
tor, followed by the formation of dihydrosulfate host-guest
complex (3).

H,P(Ph),+2H,SO, 5 H P> (Ph),+2HSO, 5
S[H,P*(Ph),J(HSO,), 3)

The starting molecule of H,P(Ph), has active NCs in 7,
8, 17, 18 positions of the main conjugation circuit of H,P
and in 4' positions of the phenyl rings. Double protonation
of H,P(Ph), leads H P**(Ph), to be completely inert in CSA
due to a dramatic fall of 3 - charges on all NCs of the formed
dication. Diprotonated H,P** platform is an elastic 1,3-alter-
nate with two pairs of opposite NH groups that are hydrogen
bond donors. This, together with a circuit-delocalized positive
charge, leading to the formation of twin bidentate coordina-
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tion sites, pre-organized for a synergetic hydrogen and elec-
trostatic bonding with contacting atoms of guest anions.
An axial complex of the “double roost” type is formed as
the result.!'” The H,P**(Ph), receptor possesses high comple-
mentarity towards the contacting atoms of HSO,” anions. The
mean value of hydrogen bond angles in [H P**(Ph),](HSO,),
complex is 174.3°, which is close to the ideal value of 180°.
Guest anions exhibit a strong and determining influence on
the reactivity of H,P*(Ph),. First, they activate H,P**(Ph),
for electrophilic substitution by transferring a total of —0.733
unit charge to the macrocycle. The §,- charges of NCs in 4’
positions of phenyl rings of [H P**(Ph),](HSO,), are -0.111,
that is equal to the value for benzene, which easily under-
goes sulfonation in CSA even at 40 °C with a 90 % yield.
Second, guest anions cause a total charge redistribution on
carbon atoms of H,P** which provides supramolecular-driv-
en regioselectivity of sulfonation of H,P**(Ph), in its dihy-
drosulfate complex. Meanwhile, positions 4’ remain the only
active NCs of the complexes during all stages of sulfonation
in CSA, which is in complete accord with experimental data
(Figure 5, Table P1).

All the formed 4’-sulfoacids H P*(Ph), afford dihy-
drosulfate complexes, which can exist in different isomeric
forms with different positions of the two guest anions, namely
AB, BC, CD, and AD types. The letter notation shows near
which pyrrole rings the guest anions are localized (Figure 4).
The isomeric complexes have different thermodynamic sta-
bility (Figure P1). Only the most stable isomers are shown

Maxkpozemepoyuxnvt / Macroheterocycles 2017 10(4-5) 487-495
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Figure 5. Prognostic scheme of sulfonation of H,P(Ph), in sulfuric acid and oleum, including DFT calculated data. Numbers denote the § -
values of the nucleophilic centers related to sulfonation. Numbers in brackets denote the §,- values of the nucleophilic centers related

to acidic hydrolysis.

in Figure 5, as intramolecular rearrangements of the isomers
occur more rapidly than intermolecular sulfonation reaction
steps. All 4-position NCs are equal and independent until
[H,P*(PhSO,H),(Ph)](HSO,), is formed. The most stable
isomer AB [H,P*(PhSO,H),(Ph)](HSO,’), does not react
with CSA, because it contains no NCs with -5 ->-0.108. In
order to perform further sulfonation, an energy-demanding
AB—AD rearrangement is required. Moreover, the d - value
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of the active phenyl ring’s NC is lowered to —0.110. In prac-
tice, the above data should manifest in a quick build-up
of AB isomer of [H,P**(PhSO,H),(Ph)](HSO,), followed
by its slow sulfonation into [H,P*(PhSO,H),]J(HSO,),.
A paper by J. Winkelman et al”! describes a slowdown
effect for the step of [H,P*(PhSO,H),(Ph)](HSO,), forma-
tion. The authors subjected H,P(Ph), to sulfonation is CSA
at ambient temperature for 36 h and obtained a mixture
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Figure 6. On the left — relative yields of products of H,P(Ph), sulfonation in CSA at 100 °C. On the right — results of mathematical
modelling of stepwise H,P(Ph), sulfonation with a kinetic constants ratio of 1:(0.1;0.06;0.00014). The numerals correspond to the amount

of sulfo-groups.
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of di-, tri-, and tetrasulfoacids with the respective yields
of 19.6 %, 76.0 %, and 3.9 %. When we performed sulfo-
nation of H,P(Ph), in CSA at 100 °C (using the procedure
of C.A. Busby et al),’! we confirmed our DFT calcula-
tions data (Figure 6). Under such conditions, a mixture
of mono- and disulfonated products is already formed after
a 5 min heating of the reaction mixture (preliminary thor-
oughly ground in a mortar). After a 15 min period, most
of the porphyrin was converted into the tri-sulfoacid, which
then undergoes a relatively slow conversion into the final
tetrasulfoacid. The tri-acid H,P(PhSO,H),(Ph) was isolated
with a 60 % yield when the reaction was interrupted after
a 15 min period. The result is in accord with the mathemati-
cal model of H,P(Ph), sulfonation, the kinetic constants
ratio is 1:(0.1;0.06;0.00014).

Sulfonation of meso-phenylporhyrins in CSA is revers-
ible due to acidic hydrolysis of the formed sulfoacids (3),
which leads to lowered yields.'"” The values of §,- charg-
es for all 4’-sulfoderivatives of [H,P*(Ph),J(HSO,),
and [H,P**(Ph),](HSO,), are in the range of —0.390+-0.393,
which is almost equal to the value of —0.393 for benzenesul-
foacid. Such 8,- values correspond to low hydrolysis rates,
thus, the fractional yields of the products of exhaustive
sulfonation of H,P(Ph), and H,P(Ph),in CSA are always
the highest (Table P1). The experimental data shown in Fig-
ure 5 also demonstrate that sulfonation steps should be
the same for H,P(Ph), in sulfuric acid and in oleum, until
[H,P**(PhSO,H),](HSO,), is formed, which can be subject-
ed to further sulfonation with oleum into a sulfone.”

Using DFT calculations to predict the results
of 5,10,15-triphenylporphine sulfonation

The prognostic scheme of H,P(Ph), dissolution and sul-
fonation in CSA, including the calculated data, is shown
in Figure 7.

A distinctive parameter of H,P(Ph), is a relatively
high 6 - charge (-0.150) on C-20 atom, which is signifi-
cantly higher than the charges of other NCs of this molecule
and H,P(Ph),. The charge value for C-20 remains elevated
on all steps of dissolution and sulfonation of H,P(Ph)..
The dihydrosulfate complex [H, P**(Ph),J(HSO,’),, which
is formed as the result of dissolution of H,P(Ph), in sulfu-
ric acid, has three isomers: AB, BC, and AD (Figure P2).
The most stable isomer BC exhibits a transfer of —0.742
charge from guest anions onto the macrocycle and an aver-
aged > N-H--~O-SO,H" hydrogen bond angle of 173.6°. The
guest anions direct the electrophilic attack to position 20
of the porphyrin platform and positions 4' of the phenyl
rings on all steps of [H,P**(Ph),]J(HSO,), sulfonation. These
competing NCs have different reactivity which is deter-
mined by a combination of kinetic activity parameters (3 -
, 8,-) and relative thermodynamic stability of the isomeric
sulfoacids (AE)). Position 20 has significantly higher values
of 8- (-0.132+-0.135) and 3,- (-0.492+-0.474) charges
compared to the corresponding values of positions 4’: 6, -
(-0.110+-0.111) and §,- (-0.392+-0.393). Thus, position 20
exhibits greater kinetic activity in both the direct sulfonation
reaction and the reverse acidic hydrolysis reaction (2). Fur-
thermore, the isomeric 20-sulfoacids possess lower thermo-
dynamic stability compared to the 4’-sulfoacids. At substan-
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tially high hydrolysis rates of 20-sulfoacids, the correspond-
ing 4’-sulfoacids should be the major products of H,P(Ph),
sulfonation in CSA. Analysis of the calculated data shows
that -, 8,-, and AE, parameters of these two competing NCs
depend on the number of meso-phenyl substituents connected
to the porphyrinic platform. Therefore, sulfonation of posi-
tions 20 and 4’ in [H, P**(Ph),](HSO,), should proceed in CSA
and oleum in a similar way it does for [H,P**(Ph),](HSO,’),
and [H P**(Ph),](HSO,),. High hydrolysis rates of porphy-
rinic meso-sulfoacids were reported by H. Garcia-Ortega
and JM. Ribo,'" the authors demonstrated that vacant
meso-positions in H,P(Ph), indeed undergo sulfonation only
in oleum, while in CSA only 4’-sulfoacids are formed. We
conclude that for 3,->-0.474 hydrolysis completely suppress-
es sulfonation of vacant meso-positions in phenylporphyrins
and the final product, if the reaction of H,P(Ph), is carried out
in CSA is only H,P(PhSO,H).. If oleum is used as the reaction
medium, only direct sulfonation reaction dominates, which
leads to a very rapid sulfonation of position 20 of the por-
phyrinic platform followed by a subsequent sulfonation of 4’
positions of three phenyl rings.

The prognostic capabilities of scheme shown in Figure 7
was demonstrated in this work by a synthesis of a novel water-
soluble 5,10,15-¢ris(4-sulfophenyl)porphine, which was iso-
lated as the only product of H,P(Ph), sulfonation in CSA.

Synthesis of 5,10, 15-tris(4-sulfophenyl)porphine triple
ammonium salt

A modified procedure of C.A. Busby et al.%) was used
to carry out sulfonation, purification and isolation of H,P(Ph),
(see Experimental). was obtained as the only product with
a 69 % (127.3 mg) yield. 'H NMR spectrum of the sulfo-
nated product is presented in Figure 8. In [D6]DMSO, which
is a polar and basic solvent (¢=46.68; DN, , =29.8), the am-
monium salt of porphyrin sulfoacid dissociates with the for-
mation of H,P(PhSO,), trianion, which is not prone to ag-
gregation in concentrated solutions used for NMR studies.
This was further proved by recording an electronic absorp-
tion spectrum of a thin film of the solution on the inner sur-
face of the NMR tube and a spectrum of the same solution
diluted to about 10* M (Figure P3).

MS  spectrum of H,P(PhSOH), is shown
in Figure 9. Under spectrum registration conditions the salt
H,P(PhSO,NH,), loses ammonia and transforms into tri-
sulfonic acid H,P(PhSO,H), with corresponding signal
of main product. Two supplementary signals (m/z: 800.96
and 816.88) correspond to impurities of monosodium
(+22.01) and monopotassium (+37.93) salts, which were
obtained as a result of H,P(PhSO,H), interaction with glass
vessel.

Optical spectroscopy

A H,P(PhSO,), trianion is  formed  when
H,P(PhSO,NH,), is dissolved in water. The absorption
and fluorescence spectra of an aqueous pH-neutral solu-
tion of H,P(PhSO,), are shown with key parameters in Fig-
ure 10. Aqueous solutions of H,P(PhSO,),, diluted to about
10+ M and below, obey the Beer law 4=¢/C with a linearity
coefficient not less than 0.999 (Figure 11).

Maxkpozemepoyuxnvt / Macroheterocycles 2017 10(4-5) 487-495
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Figure 7. A prognostic scheme of H,P(Ph), sulfonation in sulfuric acid and oleum, including the DFT calculated data. Numbers denote
the values of § - for the nucleophilic centers of sulfonation. Numbers in brackets denote the values of 6,- for the nucleophilic centers
of acidic hydrolysis.
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Figure 8. '"H NMR spectrum of H,P(PhSO;’), solution in [D6]DMSO.
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Figure 9. MALDI-TOF spectrum of H,P(PhSO,H), (without using matrix).
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Figure 10. Optical spectra of H,P(PhSO,), aqueous solutions
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Conclusion

Regioselectivity of meso-phenylporphyrin sulfonation
is supramolecular-directed. Understanding of the mechanism
of this phenomenon allows the use of modern computa-
tional chemistry methods to explain the already accumulated
experimental material on the synthesis of the correspond-
ing sulfo-derivatives and for the purposeful preparation
of 10,15-tris(4’-sulfophenyl)porphine. Since this regi-
oselectivity is due to the properties of the diprotonated
porphyrin platform anion complexes, this approach can be
extended to other numerous electrophilic substitution reac-
tions of porphyrins in acidic media (for example, nitration
in the NaNO, — CF,COOH system).!"”
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