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a b s t r a c t

In the present work, we have synthesized new porphyrin conjugates bearing thiourea, thiocarbamate
and carbamate linkers using conventional and ultrasound-assisted methods. These molecules were
synthesized by addition reactions using isothiocyanate derivates and amino- or hydroxyl-functionalized
meso-tetra(aryl)porphyrins to give porphyrin analogs linked to glycosyl or benzyl moieties. Glyco-
porphyrin derivates could be obtained with better yields than their respective benzyl analogs. Thiourea
and carbamate glycoporphyrins were also successfully synthesized through an ultrasound protocol with
a remarkable decreasing of the reaction time. By NMR experiments we were able to evaluated the linker
conformations which showed a preferred Z,Z conformation for the thiourea and carbamate derivatives. In
addition, porphyrins were evaluated in terms of their UVeVis spectra, singlet oxygen production, pho-
tostability and aggregation properties. Correlations between the linker type and the corresponding
photophysical properties were observed. Carbamate porphyrins seem to be the most promising photo-
sensitizers among the studied molecules due to their high singlet oxygen production, photostability and
absence of self-assembling behavior in aqueous media.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Since porphyrins have become part of the therapeutic arsenal
for cancer treatment through photodynamic therapy (PDT),
numerous studies have been dedicated to the synthesis of new and
more efficient macrocyclic photosensitizers (PS). The first genera-
tion of PS is represented by hematoporphyrin derivates (e.g. Pho-
tofrin�), which gave place to a second generation that presented
improved chemical homogeneity and radiation absorptivity at
higher wavelengths of the visible spectrum [1e3]. However, both
first and second generations of PS typically act as unspecific cyto-
toxic drugs. In this case, PDT selectivity towards the tumor tissue
depends on the spatial focusing of the light source, as well as on the
more active metabolism presented by malignant cells, which am-
plifies the photodamage promoted by the PS [4,5]. On the other
hand, the lack of PS intrinsic selectivity can compromise the
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surrounding healthy tissue during PDT course. In this way, conju-
gation of PS to molecular moieties that can be selectively recog-
nized by tumor cells have become of interest. Conjugated PS are
then referred as the third generation of PS and their study currently
represents an active research area [3,6].

A number of structural motifs based on biomolecules, such as
proteins [7], immunoglobulins [8], cholesterol [9] and carbohy-
drates [10,11], have been chemically associated to macrocyclic rings
in order to enhance the selectivity of PS uptake by the target cell. In
this field, PS conceived through the attachment of glycosyl moieties
to the porphyrin ring have proved to be promising candidates when
targeted systems are desired [12]. This is related to the fact that
cancer cells present higher amounts of lectins (carbohydrate
binding proteins) on their surfaces than do regular cells [13,14].
Many porphyrin glycoconjugates have already been synthesized
with ether [15,16], ester [17] or triazole [18,19] groups as linkers for
binding the porphyrin to carbohydrate moieties. Nevertheless,
these linkers could not be considered ideal because the deglyco-
sylation process [20] as well as decreasing of biological activity [21]
have already been reported as result of in vitro assays employing
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those PS glycoconjugates. Thus, it is considered important to syn-
thesize PS conjugates having different kinds of linkers in order to
evaluate their chemical stability and their influence on photody-
namic properties.

The formation of thiourea bridges is awell-known approach for
binding different types of molecules through convergent synthe-
sis. This kind of linkage was first utilized for the attachment of
fluorescent probes to sensitive substrates, which could be per-
formed under verymild conditions in the absence of catalysts [22].
Because of the versatility and robustness of this functional group,
thiourea bridges became a common linker for binding carriers to
biologically active molecules. However, there are only a few ex-
amples of the synthesis of porphyrins bearing thiourea linkers.
Clark and Boyle (1999) [23] synthesized thiourea-containing
porphyrins by using isothiocyanate-functionalized porphyrins
and a series of amino compounds, including amino acids, aliphatic
and aromatic amines as starting materials. Other related studies
made use of reactions employing amino porphyrins and isothio-
cyanate compounds [24]. Thiourea-related linkers, such as thio-
carbamate and carbamate groups, have also facile synthesis
methodologies; nevertheless they are poorly explored for the
synthesis of conjugated porphyrins. Although the thiocarbamate
linker can be promptly obtained from reactions of hydroxyl
compounds with isothiocyanate derivates, to the best of our
knowledge there is no example of this kind of linkage involving
porphyrin synthesis. This fact could be related to the previously
noted instability of the thiocarbamate bridge [25,26]. There are
two reported examples of carbamate-linked porphyrins where
hydroxy-porphyrins and isocyanate-functionalized compounds
were utilized as starting materials [27,28]. The above cited linkers
have never been previously used for functionalizing porphyrins
with carbohydrate moieties. Also, a comparative evaluation of the
influence of such linkers on porphyrin photophysical properties is
yet to be performed. PS photophysical evaluation is considered key
in order to understand, or even predict, porphyrin photodynamic
potentialities [29].

Here, we have investigated the synthesis of porphyrin conju-
gates bearing thiourea, thiocarbamate and carbamate linkers. For
this purpose, we utilized amino- or hydroxy-functionalized meso-
tetra(aryl)porphyrins and per-O-acetyl-b-D-glucopyranosyl iso-
thiocyanate as starting materials. We have also employed benzyl
isothiocyanate in order to obtain non-glycosyl porphyrin conjugate
analogs for intercomparison of their properties. The linker confor-
mation of the porphyrin conjugates was evaluated by NMR spec-
troscopy. Due to the potential interest in this class of compounds in
PDT, photophysical and physicochemical properties of those con-
jugates were studied, including determination of singlet oxygen
production and photostability, evaluation of the electronic spectra
and aggregation studies.

2. Material and methods

2.1. General procedures

The 1H NMR, 13C NMR and 2D experiments (HMBC-1H/13,
NOESY 1H/1H) were obtained with a Bruker AVANCE III 400
spectrometer with the indicated solvents operating at 400.15 MHz
and 100.62 MHz respectively. Chemical shifts (d) are expressed in
parts per million (ppm) and coupling constants (J) in Hertz (Hz)
using residual solvent peaks as internal standards. Low resolution
mass spectra were obtained with a Bruker MALDI-TOF spec-
trometer with HCCA matrix. The high resolution mass spectra
(HRMS) were recorded with two different spectrometers: (a) a
Bruker MicroTOF-Q II XL operating in the positive-ion mode with
porphyrins at 100 mg mL�1 in methanol using sodium formate
solution as reference or (b) a Bruker LTQ Orbitrap operating in the
positive-ion mode with porphyrins at 10 mg mL�1 in methanol
using Ultramark 1621 as reference. Optical rotation values were
obtained with a Jasco P-200 polarimeter equipped with a sodium
light source from 1% (g 100 mL�1) porphyrin solutions in DMSO.
UVeVis spectra were recorded with a Shimadzu UV-1800 spec-
trometer using porphyrin concentration at 12 mmol L�1 in chlo-
roform. Fluorescence emission spectra were recorded with an
RF-5301PC Shimadzu spectrofluorometer using porphyrin con-
centrations as indicated in Fig. 8 and chloroform as solvent.
Infrared (IR) experiments were performed with KBr in an FTIR
Bomen/MB analyzer. The light source used for the photophysical
assays was a Lumacare LC 122A with a halogen/quartz 250 W
lamp. All compounds were stored at 5 �C in a 1 mmol L�1 DMSO
solution (stock solutions) before the photophysical assays. These
experiments were conducted at room temperature in a dark room
to avoid any impact of ambient light over the main light source.
Compounds 9 and 11 were analyzed just after purification with
less than 24 h storing.

2.2. Synthesis and purification

Reagents and solvents were of reagent grade. For anhydrous
reactions, the solvents were dried according to statedmethods [30].
Acetonitrile was dried by soaking it with silica gel for 24 h followed
by distillation. DMFwas dried by soaking it for 24 hwith anhydrous
MgSO4. The dried solvents were then stored in flasks containing
molecular sieves 4 �A under nitrogen atmosphere. Column chro-
matography was performed with the indicated solvents using
Sigma silica gel 60 (particle size 220e440 mesh). Yields refer to
chromatographically and spectroscopically pure compounds.
Compounds 1 [31], 2 [32], 3 [31], 4 [33], 5 [34] and 6 [35] are known
compounds and their spectroscopic data coincided to those re-
ported previously (for spectroscopy data see Supplementary
Information).

2.2.1. Synthesis of 5-[4-((20,30,40,60-tetra-O-acetyl-b-D-
glucopyranosyl)thioureido)-phenyl]-10,15,20-triphenylporphyrin (7)

Method A: 5-(4-aminophenyl)-10,15,20-triphenylporphyrin 3
(63 mg 0.1 mmol) and per-O-acetyl-b-D-glucosyl isothiocyanate 5
(78 mg, 0.2 mmol) were dissolved in chloroform (4 mL) and stirred
under reflux for 24 h. The resulting mixture was concentrated
under vacuum and the residue was purified by silica gel column
using chloroform/methanol (99:1) as mobile phase to give 7 as a
purple solid (73 mg, 72% yield). Method B: 3 (63 mg 0.1 mmol) and
5 (78 mg, 0.2 mmol) were dissolved in chloroform (4 mL) and
placed in an ultrasonic bath (42 MHz) for 1 h at room temperature.
The resulting mixture was concentrated under reduced pressure
and the residue was chromatographed as outlined for Method A,
giving 7 with 69% yield (70 mg).

½a�25D þ 6.25 (c 1.0, DMSO); 1H NMR (400 MHz, DMSO-d6)
d (ppm) 10.35 (s, 1H, NeH linker); 8.92 (d, J¼ 4.3 Hz, 2H, b-pyrrole),
8.83 (m, 6H, b-pyrrole); 8.50 (d, JHN-H10 ¼ 8.5 Hz, 1H, N0-H linker),
8.21 (d, J ¼ 5.6 Hz, 6H, o-phenyl); 8.18 (d, J ¼ 8.4 Hz; 2H, o-phenyl
linker); 7.96 (d, J ¼ 8.4 Hz; 2H, m-phenyl linker); 7.84 (m, 9H, m-
and p-phenyl); 6.04 (t, JH10-HN ¼ 8.5 Hz, 1H, H-10); 5.45 (t, 1H, JH20-
H30 ¼ 9.5 Hz, 1H, H-30); 5.15 (t, JH20-H30 ¼ 9.5 Hz, 1H, H-20); 5.03 (t,
JH40-H50 ¼ 9.7 Hz, 1H, H-40); 4.27e4.13 (m, 2H, H-50 e H-6a0); 4.07 (m,
J6a-6b ¼ 12.0 Hz, H-6b0); 2.09e1.99 (4s, 12H, CH3); �2.89 (s, NH-
pyrrole). 13C NMR (101 MHz, DMSO-d6) d (ppm)181.9 (C]S);
170.1; 169.9; 169.6; 169.4 (4C, C]O); 141.2; 138.7; 137.5; 135.2;
134.5; 131.4; 128.1; 127.0; 121.5; 120.0; 119.6 (44C, tetraar-
ylporphyrin); 81.4; 72.9; 72.3, 70.6; 68.0; 61.8 (6C, sugar moiety);
20.6; 20.5; 20.4; 20.3 (4C, CH3).UVeVis (CHCl3) lmax (log ε) 419
(5.38), 516 (4.04), 551 (3.70), 590 (3.52), 646 (3.38) nm. IR (KBr):
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nmax 3315,1751, 1704,1515,1222 cm�1. HRMS:m/z calc. for [MþH]þ,
C59H51N6O9Sþ: 1019.3433; found: 1019.3433.

2.2.2. Synthesis of 5-[4-((methylbenzene)thioureido)-phenyl]-
10,15,20-triphenylporphyrin (8)

5-(4-Aminophenyl)-10,15,20-triphenylporphyrin 3 (63 mg
0.1 mmol) and benzyl isothiocyanate 6 (150 mg, 1.0 mmol) were
dissolved in chloroform (4 mL) and stirred under reflux for 24 h.
The resulting mixture was dried under vacuum and the resulting
residue was chromatographed on a silica gel column with ethyl
acetate/hexanes (1:1) as mobile phase (40 mg, 52% yield).

1HNMR (400MHz, DMSO-d6) d (ppm) 10.06 (s, 1H, NeH linker);
8.93 (d, J ¼ 4.3 Hz, 2H, b-pyrrole), 8.83 (m, 6H, b-pyrrole); 8.53 (t,
JNH-CH2 ¼ 5.3 Hz, 1H, N0eH linker), 8.20 (m, 6H, o-phenyl); 8.17 (d,
J ¼ 8.3 Hz; 2H, o-phenyl linker); 7.97 (d, J ¼ 8.3 Hz; 2H, m-phenyl
linker); 7.81 (m, 9H, m- and p-phenyl); 7.46 (d, Jo-m ¼ 7.3 Hz, 2H, o-
benzyl); 7.40 (t, Jm-p ¼ 7.5 Hz, 2H, m-benzyl); 7.30 (t, Jm-p ¼ 7.5 Hz,
1H, p-benzyl); 4.90 (d, JNH-CH2 ¼ 5.3 Hz, 2H, CH2); �2.87 (s, NH-
pyrrole). 13C NMR (101 MHz, DMSO-d6) d (ppm) 181.0 (C]S);
141.2; 139.4; 139.0; 136.7; 134.6; 131.4; 128.4; 128.1; 127.5; 127.0;
121.0; 120.0; 119.96; 119.90 (50C, tetraarylporphyrin and aromatic
benzyl); 47.3 (CH2). UVeVis (CHCl3) lmax (log ε) 420 (5.24), 516
(3.84), 551 (3.51), 590 (3.51), 646 (3.18), 710 (2.62) nm. IR (KBr):
nmax 3315, 1701, 1517 cm�1. HRMS: m/z calc. for [MþH]þ,
C52H39N6Sþ: 779.2951 found: 779.2952.

2.2.3. Synthesis of 5-[phenoxy-4-thiocarbonyl-(10-deoxyamino-
20,30,40,60-tetra-O-acetyl-b-D-glucopyranosyl)]-10,15,20-
triphenylporphyrin (9)

5-(4-Hydroxyphenyl)-10,15,20-triphenylporphyrin 4 (63 mg
0.1 mmol), glucosyl isothiocyanate 5 (78 mg, 0.2 mmol) and trie-
thylamine (3 mL, 0.02 mmol) were dissolved in chloroform (4 mL)
and stirred under reflux for 48 h. The resulting mixture was dried
under reduced pressure and the residuewas chromatographed on a
column of silica gel (10 � 500 mm) with chloroform/ethyl acetate
(40:1) as mobile phase. The first fraction eluted (Rf ¼ 0.44) was the
desired product (9, 23 mg, 23% yield).

½a�25D þ 4.31 (c 1.0, DMSO); 1HNMR (600MHz, DMSO-d6) d (ppm)
10.82 and 10.59 (2d, JHN-H1 ¼ 9.0 and 8.6 Hz, respectively, 1H, NeH
linker), 8.83 (m, 8H, b-pyrrole); 8.24 (d, J ¼ 8.2 Hz; 2H, o-phenyl
linker), 8.21 (d, 6H, o-phenyl); 7.82 (d, 9H, m- and p-phenyl); 7.51
(d, Jo-m ¼ 8.2 Hz; 2H, m-phenyl linker); 5.97 and 5.93 (2t, JHN-
H1 ¼9.0 and 8.6 Hz, respectively, 1H, H-10); 5.51 (t, 1H, H-30); 5.16 (t,
1H, H-20); 5.01 (t, 1H, H-40); 4.26 (m, 2H, H-50 and H-6a’), 4.11 (m,
1H, H-6b0); 2.09; 2.06; 2.04; 2.00 (4s, 12H, CH3); �2.87 (s, NH-
pyrrole). 13C NMR (101 MHz, DMSO-d6) d (ppm) 183.1 (C]S);
170.5; 169.9; 169.6; 169.5 (4C, C]O); 153.3; 141.6; 141.5; 135.4;
134.7; 131.9; 128.6; 127.4; 121.8; 120.6; 119.5 (44C, tetraar-
ylporphyrin); 82.7; 73.2; 72.0, 71.8; 68.0; 62.0 (6C, sugar moiety);
20.9; 20.8; 20.7; 20.67 (4C, CH3). UVeVis (CHCl3) lmax (log ε) 419
(5.34), 516 (3.93), 552 (3.65), 591 (3.41), 646 (3.26) nm. HRMS: m/z
calc. for [MþH]þ, C59H50N5O10Sþ: 1020.3273; found: 1020.3292.

2.2.4. Synthesis of 5-[phenoxy-4-carbonyl-(10-deoxyamino-
20,30,40,60-tetra-O-acetyl-b-D-glucopyranosyl)]-10,15,20-
triphenylporphyrin (10)

Method A: 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin 4
(63 mg 0.1 mmol), glucosyl isothiocyanate 5 (78 mg, 0.2 mmol) and
triethylamine (3 mL, 0.02 mmol) were dissolved in chloroform
(4mL) and stirred under reflux for 24 h. NaOH (4mg, 0.1mmol) was
then added to the reaction flask and the resulting mixture was kept
for additional 24 h under stirring at room temperature. Reaction
was concentrated under vacuum and the residue was chromato-
graphed on a silica gel columnwith chloroform/ethyl acetate (40:1)
as mobile phase. The second chromatographic fraction eluted was
the desired product 10 (Rf ¼ 0.37) with 49% yield (49 mg). Method
B: 4 (63mg 0.1 mmol), 5 (78 mg, 0.2mmol) and triethylamine (3 mL,
0.02 mmol) were dissolved in chloroform (4 mL) and placed in an
ultrasonic bath (42MHz) for 1 h at room temperature. The resulting
mixture was dried under reduced pressure and the residue chro-
matographed as described for Method A (10, 40 mg, 40% yield).

½a�25D þ 5.85 (c 1.0, DMSO); 1H NMR (400 MHz, DMSO-d6)
d (ppm) 9.97 (br, 1H, NeH linker); 8.92 (d, J¼ 4.6 Hz, 2H, b-pyrrole),
8.82 (m, 6H, b-pyrrole); 8.22 (d, 6H, o-phenyl); 8.02 (d, Jo-
m ¼ 8.4 Hz; 2H, o-phenyl linker); 7.84 (m, 9H, m- and p-phenyl);
7.22 (d, J¼ 8.4 Hz; 2H,m-phenyl linker); 5.61 (d, JH1-H2¼ 8.7 Hz,1H,
H-10); 5.34 (t, 1H, JH2-H3¼ 9.6 Hz,1H, H-30); 5.01 (m, 2H, H-20 and H-
40); 4.13 (m, 2H, H-50 e H-6a’); 4.05 (d, J6a-6b¼ 11.8 Hz, H-6b0), 2.08e
1.97 (4s, 12H, CH3); �2.87 (s, NH-pyrrole). 13C NMR (101 MHz,
DMSO-d6) d (ppm) 166.9; 166.4; 166.1; 165.9 (4C, C]O); 154.4 (C]
O, linker) 138.2; 137.9; 132.5; 131.1; 128.4; 125.0; 123.9; 117.6;
116.8; 116.6; 110.9 (44C, tetraarylporphyrin); 79.2; 69.8; 68.5; 68.3;
64.5; 58.5 (6C, sugar moiety); 17.4; 17.36; 17.31; 17.2 (4C, CH3). UVe
Vis (CHCl3) lmax (log ε) 419 (5.37), 516 (3.98), 552 (3.67), 590 (3.45),
646 (3.34) nm. IR (KBr): nmax 3315,1751,1222 cm�1. HRMS:m/z calc.
for [MþH]þ, C59H50N5O11

þ : 1004.3501; found: 1004.3457.

2.2.5. Synthesis of 5-(phenoxy-4-thiocarbonyl-
aminomethylbenzene)-10,15,20-triphenylporphyrin (11)

5-(4-Hydroxyphenyl)-10,15,20-triphenylporphyrin 4 (63 mg
0.1 mmol), benzyl isothiocyanate 6 (150 mg, 1.0 mmol) and trie-
thylamine (3 mL, 0.02 mmol) were dissolved in chloroform (4 mL)
and stirred under reflux for 48 h. The resulting mixture was dried
under reduced pressure and the residue was chromatographed on
silica gel column with chloroform as mobile phase. The first chro-
matographic fraction eluted (Rf ¼ 0.70) gave 11 with 20% yield
(16 mg).

1H NMR (400 MHz, DMSO-d6) d (ppm) 10.55 and 10.34 (2t, JHN-
CH2 ¼ 5.9 and 6.2 Hz, respectively, 1H, NeH linker); 8.84 (m, 8H, b-
pyrrole); 8.21 (m, 8H, o-phenyl); 7.82 (m, 9H, m- and p-phenyl);
7.52 (d, Jo-m ¼ 8.4 Hz); 7.46 (m, 2H, o-benzyl); 7.41 (t, Jm-p ¼ 7.7 Hz,
2H, m-benzyl); 7.33 (t, Jm-p ¼ 7.7 Hz, 1H, p-benzyl); 4.87 and 4.71
(2d, JHN-CH2 ¼ 5.9 and 6.2 Hz, respectively, 2H, CH2); �2.89 (s, 2H,
NH-pyrrole). 13C NMR (101 MHz, DMSO-d6) d (ppm) 189.3 (C]S);
153.3; 141.2; 138.5; 137.6; 134.9; 134.2; 131.6; 128.5; 128.1; 127.6;
127.4; 127.0; 121.4; 120.1; 119.2; (50C, tetraarylporphyrin and ar-
omatic benzyl); 48.7 (CH2). UVeVis (CHCl3) lmax (log ε) 419 (5.40),
515 (4.08), 551 (3.73), 590 (3.56), 645 (3.43) nm. HRMS:m/z calc. for
[MþH]þ, C52H38N5OSþ: 780.2792; found: 780.2841.

2.2.6. Synthesis of 5-(phenoxy-4-carbonyl-aminomethylbenzene)-
10,15,20-triphenylporphyrin (12)

5-(4-Hydroxyphenyl)-10,15,20-triphenylporphyrin 4 (63 mg
0.1 mmol) benzyl isothiocyanate 6 (150 mg, 1.0 mmol) and trie-
thylamine (3 mL, 0.02 mmol) were dissolved in chloroform (4 mL)
and stirred under reflux for 24 h. NaOH (4 mg, 0.1 mmol) was then
added to the reaction flask and resulting mixture was kept for
additional 24 h under stirring at room temperature. The resulting
mixture was dried under reduced pressure and the residue was
applied to a silica gel column with chloroform as mobile phase.
Chromatography gave only one fraction (Rf ¼ 0.59), which was the
desired product (12) with 32% yield (24 mg).

1H NMR (600 MHz, DMSO-d6) d (ppm) 8.83 (m, 8H, b-pyrrole);
8.57 (t, JNH-CH2 ¼ 6.1 Hz, 1H, NeH linker); 8.20 (m, 8H, o-phenyl);
7.82 (m, 9H, m- e p-phenyl); 7.56 (d, Jo-m ¼ 8.4 Hz, 2H, m-phenyl
linker); 7.43 (m, 4H, m- and o-benzyl); 7.31 (t, Jm-p ¼ 7.0 Hz, 1H, p-
benzyl); 4.41 (d, JHN-CH2 ¼ 6.1 Hz, 2H, CH2); �2.91 (s, NH-pyrrole).
13C NMR (101 MHz, DMSO-d6) d (ppm) 154.8 (C]O); 151.2; 141.2;
139.3; 137.8; 135.0; 134.2; 128.5; 128.1; 127.3; 127.0; 120.2; 120.1;
119.3; (50C, tetraarylporphyrin and aromatic benzyl); 44.3 (CH2).



Table 1
Optimizationof the reaction conditions for the synthesisof thioureaglycoporphyrin7.
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UVeVis (CHCl3) lmax (log ε) 419 (5.40), 515 (4.06), 550 (3.68), 590
(3.52), 645 (3.35) nm. IR (KBr): nmax 3317, 1730, 1207 cm�1. HRMS:
m/z calc. for [MþH]þ, C52H38N5O2

þ: 764.3020 found: 764.3033.
Entry 5 (equiv) Time (h) T (�C) Et3N (equiv) Yield (%) 7b

1a 2 4 r.t. e 10
2a 10 4 r.t. e 15
3a 2 24 r.t. e 54
4a 2 24 Reflux e 72
5a 2 48 Reflux e 70
6a 2 48 Reflux 0.2 60c

7d 2 1 Reflux e 69

a Reactions performed with 3 (0.1 mmol), in 2 mL of CHCl3.
b Yields estimated from flash chromatography.
c Traces of glycoporphyrin bearing an urea group were detected.
d Reaction performed with 3 (0.1 mmol), in 2 mL of CHCl3, ultrasound (42 MHz).
2.3. Singlet oxygen measurements

Singlet oxygen production was estimated through the indirect
method described by Roitman and co-workers [36] with modifi-
cations. Freshly prepared solutions of 1,3-diphenylisobenzofuran
(DPBF) (50 mmol L�1) and the tested porphyrin (0.5 mmol L�1, pre-
pared from the stock solutions) in DMF:H2O (9:1) were irradiated
with 9.0 mW/cm2 with a Lumacare light source using a yellow filter
(550e800 nm) at room temperature, under stirring for different
periods of time (from 0 to 30 min; see Fig. 4). The same procedure
was performed for the standard photosensitizer, methylene blue
(MB). The reaction of DPBF with 1O2 was monitored by the reduc-
tion of intensity of the absorption band at 415 nm over time. The
absorbance values were measured twice in independent experi-
ments and the results were expressed in percentage with the cor-
responding standard deviation. The singlet oxygen quantum yields
were obtained from Equation (1) using just the first eight minutes,
which corresponded to range of time that presented a linear rela-
tionship with the natural logarithm (ln) of the DPBF absorbance.

FD ¼ FStd
D

R$IStdabs

RStd$Iabs
(1)

In Equation (1), FD represents the oxygen singlet yield of the
sample, with FStd

D being the standard quantum yield (for MB, 0.52).
Scheme 1. Synthesis of mono-substituted amino and hydroxyl meso-tetra(aryl)
porphyrins 3 and 4.
R and RStd are the rate constants of DPBF consumption in the
presence of porphyrins and MB, respectively. Since it is a first order
reaction, these parameters were obtained from a plot of the ln of
DPBF consumption. Iabs and IStdabs are the rates of light absorption for
the sample and the standard, respectively [29].

2.4. Photostability studies

The photostability evaluation was performed by Gomes and co-
workers method [37]. Aqueous solutions of porphyrin (10 mmol L�1,
prepared from the stock solutions) were irradiated with 100 mW/
cm2 using Lumacare light source at room temperature under stir-
ring for different periods of time (from 0 to 30 min, see Fig. 6). To
avoid porphyrin aggregation, 7 and 9 were dissolved in an SDS
solution (0.1 mg %). The results were monitored in terms of the
Scheme 2. Synthesis of thiourea benzyl-porphyrin 8.
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reduction of Soret band absorption intensity over time. The
extinction of Soret band was measured twice with independent
experiments and the results were expressed in percentage with the
correspondent standard deviation.
2.5. Aggregation studies

Aqueous solutions of the porphyrins in different concentrations
were prepared from the stock solutions, as indicated in Figs. 7 and
8. Solutions were then measured by means of UVeVis absorption
and fluorescence emission. As previously described [38], porphyrin
self-assembling behavior was evaluated through the observation
maximum absorbance or emission shifting in function of the
porphyrin concentration.
Table 2
Reaction conditions for the synthesis of thiocarbamate 9 and carbamate 10 glyco-
porphyrins.

Entry 5 (equiv) Time (h) T (�C) Et3N (equiv) Yield (%) 9/10b

1a 2 48 Reflux e 19/e
2a 2 48 Reflux 0.2 23/33
3c 2 1 r.t. 0.2 8/40
4d 2 48 Reflux 0.2 e/49

a Reactions performed with 4 (0.1 mmol), in 2 mL of CHCl3.
b Yields estimated from flash chromatography.
c Reaction performed with 4 (0.1 mmol), in 2 mL of CHCl3, ultrasound (42 MHz).
d Reactions performed with 4 (0.1 mmol), in 2 mL of CHCl3. Then NaOH (1 equiv)

was added for 24 h under room temperature.
3. Results and discussion

3.1. Chemistry

In the present work, the synthesis of porphyrin conjugates was
planned based on the use of isothiocyanate derivatives and asym-
metric meso-tetra(aryl)porphyrins containing one amino or hy-
droxyl group. To synthesize the mono-substituted porphyrins, we
decided to make a brief study on different synthetic routes aiming
to better overall yields. This study was performed by reproducing
some literature porphyrin synthesis [39e42] and by slightly
modifying established methodologies [31,40,43] (for details see
Supplementary Information). The best overall yield for amino-
tetra(aryl)porphyrin 3 synthesis was achieved via the correspond-
ing nitro-tetra(aryl)porphyrin 1 route. For this purpose, we first
performed a cyclocondensation reaction of pyrrole, benzaldehyde
and p-nitrobenzaldehyde followed by porphyrinogen oxidation
with SeO2, an oxidizing agent that has been recently introduced by
us for porphyrin synthesis [40]. Nitro compound 1 was then
reduced to amine 3 using Sn0 as reducing agent under acid con-
ditions (Scheme 1). The route selected for the synthesis of hydroxy-
tetra(aryl)porphyrin 4 involved aqueous acid hydrolysis of acetoxy-
tetra(aryl)porphyrin 2. In contrast to porphyrin 1 synthesis, com-
pound 2 best yield was achieved in conditions having DDQ (2,3-
dichloro-5,6-dicyano-1,4-benzoquinone), instead of SeO2, as
oxidizing agent (Scheme 1).

Diverse approaches have been reported for the preparation of
glycosyl isothiocyanate building blocks [44e46]. Here, compound 5
was synthesized from acetobromoglucose through bromide
nucleophilic displacement with KSCN [34]. Having both glycosyl
isothiocyanate and porphyrin starting materials, we initiated an
optimization study with 5 and porphyrin 3 to prepare the thiourea
glycoporphyrin 7 (Table 1). Product (7) structure was confirmed
unambiguously by the expected spectral features, including the
deshielded position of C]S signal in the 13C NMR spectra at
181.9 ppm. Reaction conditions using room temperature for four
hours (Table 1, entry 1) gave 7 in low yield (10%). Even utilizing
increased amounts of the isothyocyanate 5, no important yield
enhancement was achieved (entry 2). We then decided to use
longer reactions times, as well as a higher temperature (entries 3e
5). The resulting conditions improved the reaction outcome and
glycoporphyrin 7 was obtained with 72% yield by using 24 h re-
action under reflux (entry 4). A condition attempting the using of
Et3N as catalyst showed an acceptable yield (entry 6); however,
traces of a porphyrin glycoconjugate bearing a urea group was
identified by mass spectroscopy analysis (see Supplementary
Information). With the objective of reducing the reaction time,
we submitted a reaction mixture identical as that outlined for entry
4 to ultrasound irradiation under room temperature (entry 7). To
our delight, the reaction time was reduced to 1 h with no sub-
stantial decreasing in reaction yield.

As one of ourmain objectives was to understand the effect of the
linker on the physicochemical and photophysical properties of the
resulting porphyrin conjugates, we attempted to discriminate the
influence of the carbohydrate moiety on such properties. For this
purpose, we also synthesized a non-glycosyl thiourea porphyrin
conjugate. Specifically, we prepared benzyl isothiocyanate 6 from
benzyl bromide [47], which was in turn submitted to the optimized
protocol with amino-tetra(aryl)porphyrin 3 (conditions identical as
indicated in entry 4 of Table 1, except for the addition of 10 equiv. of
benzyl isothiocyanate 6) for the synthesis of hitherto unreported
porphyrin 8 (Scheme 2). Attempts to reduce the reaction time using
ultrasound were unsuccessful, and just traces of target porphyrin 8
were detected.



Scheme 3. Synthesis of thiocarbamate (11) and carbamate (12) benzyl-porphyrins.
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Addition reactions of hydroxyl compounds to O-protected
glycosyl isothiocyanates have been often reported for the synthesis
of thiocarbamate glycoconjugates [48,49]. Due to the lower nucle-
ophilicity of hydroxyl in relation to amino groups, some protocols
have been optimized with bases as catalysts to perform such re-
actions [50]. However, carbamatederivatives have beenproduced as
byproducts under those conditions [51]. Notwithstanding this
observation, the sulfureoxygen exchange related to thiocarbamates
can be synthetically useful. This is based on the fact that the obvious
starting materials for carbamate synthesis (isocyanates) rapidly
subside to hydrolysis upon exposure to moisture. Because isothio-
cyanate compounds are easier to handle [23], their employment as
startingmaterials for the synthesis of carbamateshavebeen recently
explored [52]. In the present work, we exercised reaction versatility
by synthesizing both porphyrin thiocarbamate 9 and porphyrin
carbamate 10 from hydroxy-tetra(aryl)porphyrin 4 and glycoside 5
(Table 2). We first applied the protocol that proved to be the most
efficient based on the synthesis of the thiourea compounds 7 and 8
to give thiocarbamate 9 with 19% yield (Table 2, entry 1). The base
catalyzed reaction shown in entry 2 (Table 2) also produced 9,
although in lower yield in relation to carbamate porphyrin 10. The
linker structure could be discriminated for both products by 13C
NMR spectroscopy. In agreementwith literature data [28,53,54], the
C]S carbon of 9was assigned at 183.1 ppm and the C]O carbon of
10 at 154.4 ppm. Reaction using ultrasound irradiation under room
temperature (entry 3) gave mainly the carbamate porphyrin 10 at a
reduced reaction time (1 h). At this stage, we planned a protocol to
exclusively obtain the carbamate derivative 10, which was devel-
opedbyaddingNaOHandkeeping the resulting reactionmixture for
24 h at room temperature (entry 4).

With the above information to hand, the synthesis of benzyl
thiocarbamate and carbamate porphyrins 11 and 12 were per-
formed as shown in the Scheme 3. Attempts to reduce reaction time
using ultrasound were unsuccessful, and just traces of target por-
phyrins 11 and 12 were found. Considering the fact that the
ultrasound-assisted reactions only gave good results for the syn-
thesis of the glycoporphyrins, we concluded that the type of the
isothycianate utilized as starting material seemed to have a pivotal
importance for the success of the ultrasound protocol.
Evaluation of the 1H NMR spectra of compounds 7e12 was
conducted considering the fact that thiuorea, thiocarbamate and
carbamate units are not rigid linkers, but they can experience a
reduction of the rotation of the CeN pseudo-amide bond [55e57].
For this reason, these compounds could generate NMR spectra
consistent with the presence of distinct populations of conformers.
According to the literature [26] due to the greater bulk and polar-
izability of sulfur in comparison to oxygen, the rotational energetic
barrier is typically higher for N-thiocarbonyls than for the carbonyl
analogs. When comparing the N-thiocarbonyl counterparts, the
energy related to the rotation of the N-group out of the plane is
usually higher for thiocarbamate than for thiourea. Here, 1H NMR
spectra of each of the thiourea compounds 7 and 8 gave only one
signal pattern, indicating the absence of detectable additional
conformers. This behavior could be either related to (a) a fast
interconversion among the possible conformers under NMR con-
ditions herein utilized or (b) the presence of a highly predominant
more stable conformation. It is also important to mention that the
H1 NMR temperature of coalescence for thiourea conformers
ranges from 0 to 40 �C [26], with our NMR experiments being
conducted at 30 �C. Despite of those facts, per-O-acylated glyco-
sylthioureas tend to adopt Z configuration at the sugar NHeC(]S)
bond. Thiourea glycoporphyrin 7 gave a coupling constant of 8.5 Hz,
which is in agreement with the expected anti relationship for NeH
and sugar H-1. This is also in accordance with the relatively shiel-
ded anomeric hydrogen (6.04 ppm) presented by 7. For compound
8, the coupling constant related to NeH and benzylic hydrogens
was 5.3 Hz, this value being more consistent with a gauche relative
disposition involving the three mentioned hydrogens. Compounds
7 and 8 were then submitted to NOESY 1He1H NMR experiments.
These experiments gave no interactions involving m-phenyl hy-
drogens of the tetra(aryl)pophyrin moiety and the HeN closer to
the sugar ring, which excludes the possibility of an E conformation.
A NOESY cross peak between the two HeN of the thiourea bridge
could also be observed. These findings, together with the above-
cited literature data, indicated the thiourea bridge as having a Z,Z
conformation for both 7 and 8.

Differently, for each of the thiocarbamate derivates (9 and 11),
two different conformer populations could be observed. Compound



Fig. 1. Selected H1 NMR signals of HeN and glycosyl-H-1 or benzyl-CH2 of compounds 9 (a) and 11 (b).
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9 had two doublets at 10.82 and 10.59 ppm (integration ratio of
3.9:1, respectively), which were assigned to HeN of the thio-
carbamate bridge of the two distinct conformers. These signals had
matching coupling constants of 9.0 and 8.6 Hz related to amultiplet
(which corresponded to two partially overlapped triplets) attrib-
uted to the anomeric hydrogen (H-1) of the glycosyl moiety at
5.97e5.90 ppm (see Fig. 1a). Selective irradiation of HeN of 9major
conformer, at 10.82 ppm, gave NOE peaks at 5.16 and 5.97 ppm (H-2
and H-1 of the sugar moiety, respectively). Together with the
characteristic coupling constants, this data suggested that the NHe
C(]S) bond had Z configuration. The appearance of another NOE
signal at 7.51 ppm (m-phenyl hydrogens of the tetra(aryl)pophyrin
moiety) defined the thiocarbamate bridge of 9 major conformer as
Z,E. In turn, 9 minor conformer had only one HeN NOE signal
attributed to H-2 of the sugar moiety. The lack of further NOE peaks
could be a result of the low abundance of the conformer, which
compromised NMR signal gain. Considering chemical shifts and
coupling constant values, a minor conformer of 9 should present a
Z,Z configuration.
1H NMR spectrum of thiocarbamate 11 presented two triplets
from HeN (10.55 and 10.34 ppm) and two doublets from benzylic
CH2 (4.86 and 4.71 ppm), also having matching coupling constants
of 5.9 and 6.2 Hz, respectively. The ratio between the conformers
was higher for thiocarbamate benzyl-porphyrin (5.6:1) than for
glycoporphyrin analog (Fig. 1b). The evaluation of the coupling
constants allowed us to assign a Z conformation between C]S and
CH2 for both conformers. Considering the absence of NOE at
7.52 ppm (m-phenyl hydrogens of the tetra(aryl)pophyrin moiety)
we could propose a Z,Z conformation for the major population of
compound 11. Assuming that compound 11 major and minor con-
formers should present distinct conformations from each other, we
could speculate a Z,E conformation for the minor conformer. The
lack of an NOE signal involving the m-phenyl hydrogens of the
tetra(aryl)porphyrin moiety could also be explained by low NMR
signal gain, as noticed for compound 9 minor conformer.

It was noteworthy that porphyrin conjugates 9 and 11 were
unstable in terms of their thiocarbamate linkages. For example,
even storing a DMSO solution of 9 in freezer for only three days, it



Fig. 2. Most likely conformations of compounds 7, 8, 9 (major conformer), 11 (major conformer) and 12. Key 1H NMR chemical shifts (d) and coupling constant values (Hz) are
shown. One-headed arrows ( ) represent observed 1D 1H NMR NOE peaks; two-headed arrows ( ) represent observed 2D 1He1H NMR NOESY cross peaks and dashed lines
( ) represent non-observed NOE peaks or NOESY cross peaks.
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could be noted the appearing of small amounts of porphyrins 4 and
10. The hydrolysis of the thiocarbamate derivates was somewhat
expected because previously studies have already reported this
type of behavior under both acid or basic conditions [25]. For this
reason, attempts of prolonged or temperature-based NMR experi-
ments, such as NOESY 2D and dynamic 1H NMR, gave disappoint-
ingly results due to decomposition during experiment course. In
this way, the following physicochemical and photophysical assays
were performed using freshly purified 9 and 11 samples.

The carbamate benzyl-porphyrin 12 HeN signal appeared as a
triplet (8.57 ppm, J¼ 6.1 Hz) with matching coupling constant with
a doublet that corresponded to the benzylic hydrogens (4.41 ppm).
The close J value to those observed for the other benzyl-porphyrins
(8 and 11) indicated that HNebenzyl as having Z conformation. The
lack of an NOESY cross peak involving HeN and m-phenyl hydro-
gens of the tetra(aryl)pophyrin moiety defined the 12 carbamate
bridge with Z,Z conformation.

Although carbamate derivative 10 presented mass and 13C NMR
spectra compatible to the expected structure, the 1H NMR signals
related to the carbamate bridge showed an unexpected multiplic-
ity. Specifically, HeN appeared as a broad signal, while anomeric
hydrogen of the glycosyl moiety gave a doublet (it was expected a
doublet and a triplet, respectively). All the NMR experiments
above-discussed were conducted in deuterated DMSO because this
Fig. 3. UVeVis spectra of Q-bands of porphyrins 7e12 at 12 mmol L�1 in CHCl3.
Inset:Soret band.
solvent provided proper solubilization for all porphyrin conjugates.
We anticipated that specifically for the carbamate bridge of the
glycoporphyrin 10, a substantial HeN hydrogen exchange with the
water present in the deuterated solvent could have occurred. This
supposition was supported by a presat 1H NMR experiment (water
signal suppression using presaturation), which concomitantly
eliminated the HeN signal. The expected position and configura-
tion of the OeC(]O)eNH group was confirmed by HMBC 1He13C
NMR that displayed correlations at 5.61/154.4 ppm (H-1/C]O) and
9.97/69.8 ppm (HeN/C-2). Because of the absence of coupling
constants, as well as the lack of any NOESY cross peak involving
carbamate bridge of 10, we could not propose any possible
conformation for this compound. Fig. 2 present the most likely
conformations expected for compounds 7e9, 11 and 12 based on
literature data, 1H NMR chemical shifts, coupling constant values
and NOE or NOESY experiments (see spectra in Supplementary
Information).

3.2. Evaluation of the photophysical and physicochemical
properties of porphyrins 7e12

The evaluation of photophysical and physicochemical properties
of a PS is current utilized to identify promising molecules for PDT
Fig. 4. Singlet oxygen production of 7e12.



Fig. 5. DPBF consumption in the presence of MB in DMF:H2O 9:1 at 9 mW/cm2 (inset:
ln (DPBF absorbance) vs irradiation time).

Fig. 6. Photostability study. Porphyrin concentration 10 mM on aqueous media; (a)
Soret band extinction in the absence of light on aqueous media. (b) Soret band
extinction under irradiation at 100 mW/cm2; Obs: for graphic (b) 7 and 8 were dis-
solved in a 0.1 mg% SDS aqueous solution.
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[29,58]. In order to identify whether there was any effect related to
the thiourea, thiocarbamate and carbamate bridges on porphyrin
electronic spectra, the UVeVis spectral profile of porphyrins 7e12
and synthetic precursors 3 and 4 were recorded. Fig. 3 shows the
UVeVis data for all porphyrins studied. Except for porphyrin 8, the
UVeVis spectra were very similar for all compounds. For porphyrin
8, it was found an additional Q-band at a higher wavelength
(710 nm). This could be explained by the fact that NeC(]S)eN
group shows a preference for polar resonance structures, with the
sulfur atom being able to bear a negative charge by making a
transitory single bond to the central carbon [26]. In this case,
benzylic hydrogens could become more acidic, thus creating the
opportunity to extend the aryl-porphyrin group resonance to the
benzene ring of the deprotonated benzyl group.

Even though the new band in compound 8 UVeVis spectrum
presented low intensity, we considered this finding important.
Meso-tetra(aryl)porphyrins havemultiple potential sites for placing
amino groups, allowing the introduction of additional thiourea
bridges. This strategy could be used in the future in order to amplify
the absorptivity in the spectral range of 700e850 nm. In such
wavelength region, the light shows deeper tissue penetration,
which makes possible an increased singlet oxygen production in
those tissues and, consequently, increasing PDT efficacy [3,26].

One of the characteristics that are expected from an efficient PS
is the ability of generating high amounts of singlet oxygen (1O2).We
estimated 1O2 production for porphyrins 7e12 and their synthetic
precursors, compounds 3 and 4, by a previously stated methodol-
ogy. In this indirect method we measured the decreasing of the
absorption of DPBF (1,3-diphenylisobenzofuran) at 415 nm in the
presence of the studied porphyrins. We reported the UVeVis ab-
sorption decreasing in terms of percentage from the initial values;
thus lower percentages reflect a higher 1O2 production.

Results outlined in Fig. 4 indicated that there was a perceptible
correlation between the linker type and the 1O2 production.
Table 3
Singlet oxygen quantum yield (FD).

Compound R FD

Methylene blue 0.0333 0.52
Porphyrin 3 0.0093 0.15 � 0.051
Porphyrin 4 0.0242 0.38 � 0.062
Porphyrin 7 0.0234 0.37 � 0.046
Porphyrin 8 0.0132 0.21 � 0.053
Porphyrin 9 0.0175 0.27 � 0.056
Porphyrin 10 0.0295 0.46 � 0.072
Porphyrin 11 0.0156 0.24 � 0.067
Porphyrin 12 0.0297 0.46 � 0.065
Photofrina e 0.32

a Data obtained from Ref. [28].
Compounds 10 and 12, both carbamate porphyrin derivates (green
lines e Fig. 4), were the best 1O2 producers. Thiourea compounds 7
and 8 gave higher amounts of 1O2 than compound 3 (their synthetic
precursor). In turn, thiocarbamate derivates 9 and 11 had close
results in comparison to their synthetic precursor (porphyrin 4).
Fig. 7. UVeVis spectra with different porphyrins concentration. (a)7 (1) 5 � 10�7; (2)
5 � 10�6; (3) 2 � 10�6; (4) 10�6; (5) 1.5 � 10�5; (6) 10�5 mol L�1; (b) 8 (1)1 �10�6; (2)
5 � 10�6; (3) 2 � 10�6; (4) 2.5 � 10�5; (5) 1.5 � 10�5; (6) 10�5 mol L�1.



Fig. 8. (a) Changes in fluorescence emission spectra. Plot of relative intensity area from
660 to 750 nm over concentration of 7 and 8 in aqueous solution. Circles and triangles
represent the experimental data points. (b) The proposed H- and J-aggregation
structure of the porphyrins 7 and 8. Squares ¼ porphyrin ring; lines ¼ linker;
circles ¼ benzyl or glycosyl moiety.
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Porphyrin 1O2 quantum yields (FD), were determined with MB
as standard photosensitizer, as previously stated [29]. By plotting ln
of DPBF absorbance during irradiation time in the presence of MB,
we were able to extract the angular coefficient, which was named
as the standard rate constant of DPBF consumption (RStd) (Fig. 5).
The same procedure was also performed for each of the studied
porphyrins to give their individual rate constant of DPBF con-
sumption (R). From Equation (1), we then calculated the singlet
oxygen quantumyields, as shown in Table 3. These results indicated
that the carbamate derivates 10 and 12 gave the highest 1O2 pro-
duction (FD ¼ 0.46) among the tested porphyrins, which confirmed
the experiments outlined in Fig. 4. The comparison of the data
found in the present study and the value of FD for Photofrin�

(FD ¼ 0.32) [28] make compounds 10 and 12 good candidates as
photosensitizer for PDT treatments.

The photodynamic action of porphyrins also depends on the
integrity of the macrocyclic ring during light irradiation. The pho-
tostability study of porphyrins 7e12 and compounds 3 and 4 was
performed by measuring the Soret band extinction in aqueous
media. Because many factors could influence the decrease of the
Soret band, such as aggregation and chemical degradation, we first
evaluated the behavior of the porphyrins in the absence of light. As
shown in Fig. 6a, in a preliminary studywe could observe that 7 and
8 had an intense decreasing of the Soret band absorption in the first
3 min. This behavior was compatible with events of molecular
aggregation. To avoid the impact of aggregation during photo-
stability studies, we first developed a surfactant system that did not
cause a significant interference on Soret band absorption. This
consisted of a diluted solution of SDS 0.1 mg/100 mL. In this way,
compounds 7 and 9were submitted to the photostability test being
dissolved in the SDS solution instead of water. As observed for the
1O2 production study, we found an important correlation between
the linkage and the photostability results. Thiocarbamate porphy-
rins derivates 9 and 11 were the less photostable compounds,
presenting a Soret band extinction profile very similar to their
synthetic precursor (compound 4). Thiourea derivatives 7 and 8
were more photostable than their synthetic precursor (porphyrin
3), with the carbamates 10 and 12 being the most photostable
compounds in the study (Fig. 6b).

Both 7 and 8 thiourea porphyrin conjugates aggregated in
aqueous media. We then wondered if their self-assembling prop-
erties were equal, as they were closely related compounds. So, we
evaluated them by UVeVis (Fig. 7) and fluorescence spectroscopy
(Fig. 8a) through a previously stated method based on the exciton
theory established by Kasha and coworkers [38,59,60]. According to
this theory, the shifts in UVeVis spectra and the changes in fluo-
rescence emission intensity can indicate the geometry achieved
after self-assembling events. Surprisingly, the aggregation proper-
ties were not the same for the thiourea conjugates. Whilst
increasing the concentration of porphyrin 7 resulted in a blue-shift
of the Soret band, porphyrin 8 showed a red-shifting behavior. In
agreement with the UVeVis experiment, concentration increase
produced a decrease in the fluorescence intensity for 7 and a
fluorescence enhancement for 8. This is consistent with the for-
mation of H-aggregates for porphyrin 7 and J-type aggregates for
porphyrin 8, respectively. The appearance of a shoulder band and a
relatively broad profile at half-height indicated that only part of the
porphyrins in the solution became H- or J-aggregates and, thereby,
porphyrin monomers are still present, even under high porphyrin
concentration. With these results we were able to propose a ge-
ometry arrangement for the aggregates of glycoporphyrin 7 and
benzyl-porphyrin 8, as shown on Fig. 8b.

4. Conclusions

Here, we described the synthesis of glyco- and benzyl-
tetra(aryl)porphyrin conjugates (7e12) bearing thiourea, thio-
carbamate or carbamate linkers from monosubstituted amino- (3)
or hydroxy- (4) meso-tetra(aryl)porphyrins and per-O-acetyl-b-D-
glucopyranosyl 5 or benzyl isothiocyanates 6. Glycoporphyrins
could be obtained in better yields than their respective non-
glycosyl analogs. Thiourea conjugates were obtained in higher
yields in comparison to the thiocarbamate and carbamate com-
pounds. An ultrasound-assisted method was successfully executed
for the preparation of those glycoporphyrins having thiourea and
carbamate bridges with a drastic reduction of the reaction time.
Benzyl-porphyrins could not be prepared by the ultrasound pro-
tocol. Attempts to define bridge conformation suggested that
thiourea and carbamate linkers tend to appear as Z,Z conformers.
Thiocarbamate derivatives presented distinct populations of
detectable rotamers, which were detected by using NMR spec-
troscopy. Major conformer of the glycoporphyrin thiocarbamate
was assigned as Z,E. We also observed a high correlation between
the type of linker and photophysical properties that allowed us to
identify the carbamate porphyrin derivates as the most promising
photosensitizers among the studied molecules. Carbamate
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derivatives showed a high singlet oxygen production and good
photostability, with no self-assembling behavior in aqueous media.
Based on these results, the synthesis of new porphyrin conjugates
that combine the best structural features herein determined can be
performed. The investigation of the photodynamic biological ac-
tivity of these compounds is currently under investigation in our
laboratories.
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