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The selective synthesis of [26]hexaphyrin(1.1.1.1.1.1) has been achieved by the reaction of meso-substi-
tuted tripyrrane and N-sulfonyl aldimine. The protocol is simple and requires only a catalytic amount of
copper(II) triflate under mild reaction conditions.

� 2013 Elsevier Ltd. All rights reserved.
Expanded porphyrins as a class of macrocyclic molecules have
attracted much attention because of their unique optical, electro-
chemical, and coordination properties.1 The number of pyrrolic
units and their linkages designate the structures of expanded por-
phyrins, the ring size of which and number of p electrons influence
their properties. Their complexing ability with transition metals
also makes them important precursors in the field of biomedical
applications such as photodynamic therapy (PDT) and magnetic
resonance imaging (MRI).2 Among expanded porphyrins, hexapyrr-
olic systems have drawn attention due to their structural stability,
flexibility, high molecular symmetry, and variable metallation
behavior. The first meso-hexaphenylhexaphyrin was reported by
Dolphin et al., but the poor stability of this compound prevented
spectroscopic characterization.3 Cavaleiro et al. obtained stable
meso-hexa(pentafluorophenyl)hexaphyrin during Rothemund syn-
thesis of meso-tetra(pentafluorophenyl)porphyrin.4 They charac-
terized the structure by using spectroscopic techniques and
reported the X-ray structure. Osuka and co-workers have made sig-
nificant contributions, especially on the synthesis and characteriza-
tion of hexaphyrin and higher analogues.5 Their pioneering work on
the ring size selective synthesis of expanded porphyrins indicated
that dipyrromethane or tripyrromethane in place of pyrrole was
suitable starting material. The reaction conditions and catalyst are
also very important in the synthesis of the target molecules.6 It is
still challenging for organic chemists to develop more convenient
synthetic routes for ring size selective hexaphyrin synthesis. In this
context, we have successfully developed the ring size selective syn-
thesis of hexaphyrin by copper(II) triflate catalyzed [3+3] condensa-
tion of meso-pentafluorophenyl substituted tripyrrane 1 and N-
sulfonyl aldimine 2. Herein, we report our results in detail.

The reactivity of pyrroles with N-sulfonyl aldimines in the pres-
ence of metal triflate catalysts was first discovered during our
previous studies on the synthesis of 2-substituted pyrrole sulfona-
mides, meso-substituted dipyrromethanes, and porphyrins.6 These
results prompted us to investigate further the synthesis of ex-
panded porphyrins, especially meso-substituted hexaphyrins from
meso-pentafluorophenyl substituted tripyrrane 1 and N-sulfonyl
aldimine 2. In initial experiments, we compared the reactivity of tri-
pyrrane 1 toward aldehyde 3 and N-sulfonyl aldimine 2 (Scheme 1).
Condensation reactions were carried out in the presence of
10 mol % of copper(II) triflate as the catalyst at room temperature
in dichloromethane for two hours, and the condensation products
were oxidized by adding DDQ. N-Sulfonyl aldimine 2 afforded
meso-pentafluorophenyl substituted [26]hexaphyrin(1.1.1.1.1.1) 5
in a promising 19% yield and in 14% yield with pentafluorobenzal-
dehyde. The spectroscopic data of hexaphyrin were in agreement
with the literature values. Both reactions gave porphyrin and some
expanded porphyrins (heptaphyrin, octaphyrin, and nonaphyrin) as
side products, and scrambling of expanded porphyrinogen precur-
sors, which is typically encountered in porphyrin synthesis could
be the main reason for the formation of these side products.7 These
compounds were separated by column chromatography and identi-
fied by MALDI-TOF-MS.

In order to optimize this procedure, a variety of catalysts were
screened (Table 1). Among the triflates, only Cu(OTf)2 showed cat-
alytic activity by producing hexaphyrin 5 with high selectivity
(19% yield) (Table 1, entries 1–4). BF3�OEt2 and TfOH gave porphyrin
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Table 1
Effect of the catalyst on the reaction of tripyrrane 1 and N-sulfonyl aldimine 2
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HN

C6F5

C6F5 C6F5

C6F5

n

1. Cu(OTf)2, rt, CH2Cl2, 2 h

2. DDQ, rt , 1 h
+

n=1 porphyrin (4)
n=3 hexaphyrin (5)
n=4 heptaphyrin (6)
n=5 octaphyrin (7)
n=6 nonaphyrin (8)1 2

Ts

Entryb Catalyst Yielda (%)

4 5 6 7 8

1 Y(OTf)3 — — — — —
2 Yb(OTf)3 — — — — —
3 Sc(OTf)3 — — — — —
4 Cu(OTf)2 12 19 1 5 4
5 TFA 8 15 5 — —
6 BF3�OEt2 21 — — — —
7 TfOH 35 — — — —

a Isolated yield after column chromatography.
b Reactions were carried out at 45 mM concentration.
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Scheme 1. Synthesis of expanded porphyrins.
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4 as the sole product in 21% and 35% yields, respectively (Table 1,
entries 5 and 6). Only TFA which is a commonly used catalyst in
the synthesis of porphyrins and expanded porphyrins afforded hex-
aphyrin (5) (15%) in a comparable yield to Cu(OTf)2.

Next, we investigated the effect of the solvent on the reaction
(Table 2, entries 1–5). Among the examined solvents, the best
result was obtained in dichloromethane. While porphyrins were
formed in chloroform with comparable yields to dichloromethane,
no products were obtained in acetonitrile or toluene. The effect of
catalyst loading on the reaction was also tested (Table 2, entries
6–8). When 1% of the catalyst was used, no products were ob-
tained; 5% and 20% catalyst loadings led to a decrease in the yield
of hexaphyrin (5). However, there was a significant increase in the
yield of heptaphyrin (6) (9%) with a high Cu(OTf)2 loading (Table 2,
entry 6).

Using our optimized conditions, we further examined the effect
of concentration, temperature and time on the reaction. The
substrate concentration has a profound effect on the formation of
porphyrins.7a For this reason, the reaction was performed at differ-
ent concentrations (Table 3, entries 1–4). The highest yield of hex-
aphyrin 5 was obtained at 45 mM. When the concentration was
decreased to 30 mM, or increased to 60 mM or 90 mM, formation
of hexaphyrin 5 in high yields was no longer selective. Porphyrin
4, hexaphyrin 5, heptaphyrin 6, and nonaphyrin 8 products were
obtained in almost the same yields (�2–5%) at 30 mM. The
reaction showed similar behavior at 60 mM and 90 mM for all
the products and the yield of hexaphyrin 5 was reduced to 9%.
The tendency for the polymerization of oligopyrroles at higher con-
centrations caused a decrease in the yield of hexaphyrin.

Temperature is known to be an important parameter in the
synthesis of expanded porphyrins and reactions in the literature
are generally carried out at low temperatures such as 0 �C.5b,8 Tak-
ing into account this importance, the reaction was repeated at 0
and 50 �C (Table 3, entries 5 and 6). The reaction at 0 �C gave hex-
aphyrin 5 in 7% yield with the same yield of porphyrin 4. At 50 �C,
the amount of hexaphyrin 5 was reduced dramatically to 5% and a
large increase in the amount of porphyrin 4 resulted (20% yield).
Interestingly, no other expanded products (heptaphyrin, octaphy-
rin, or nonaphyrin) were observed at lower or higher temperatures.
We finally examined the effect of the reaction time before DDQ
addition using the optimized conditions (Table 3, entries 7–11).
When the reaction time was reduced to one hour, the yield of
hexaphyrin 5 decreased to 10%. However, when the reaction time
was extended to eight hours, size selective hexaphyrin formation
was successfully achieved raising the yield to 25%. In the literature,
hexaphyrin is known to be synthesized in up to 30% yield along



Table 2
Effect of the solvent and catalyst loading on the reaction of tripyrrane 1 and N-sulfonyl aldimine 2
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C6F5 C6F5

C6F5

n

1. Cu(OTf)2, rt, 2 h

2. DDQ, rt, 1 h
+

1 2

n=1 porphyrin (4)
n=3 hexaphyrin (5)
n=4 heptaphyrin (6)
n=5 octaphyrin (7)
n=6 nonaphyrin (8)

Ts

Entryb Solvent Catalyst (%) Yielda (%)

4 5 6 7 8

1 CH2Cl2 10 12 19 1 5 4
2 CHCl3 10 12 18 5 6 2
3 THF 10 2 9 14 2 3
4 Toluene 10 — — — — —
5 CH3CN 10 — — — — —
6 CH2Cl2 20 7 14 9 — —
7 CH2Cl2 5 4 4 1 5 —
8 CH2Cl2 1 — — — — —

a Isolated yield after column chromatography.
b Reactions were carried out at 45 mM concentration.

Table 3
Effect of the concentration, temperature and reaction time on the Cu(OTf)2-catalyzed
reaction of tripyrrane 1 and N-sulfonyl aldimine 2 in CH2Cl2

Entry 1 (mM) Temp (�C) Timeb (h) Yielda (%)

4 5 6 7 8

1 30 rt 2 4 4 2 4 5
2 45 rt 2 12 19 1 5 4
3 60 rt 2 5 9 3 5 4
4 90 rt 2 3 9 3 5 5
5 45 0 2 7 7 — — —
6 45 50 2 20 5 — — —
7 45 rt 1 8 10 14 — —
8 45 rt 4 9 21 11 2 5
9 45 rt 8 11 25 1 3 7

10 45 rt 16 12 22 4 5 5
11 45 rt 24 12 22 5 7 4

a Isolated yield after column chromatography.
b The reaction time before addition of DDQ.
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with high yields of other expanded porphyrins.9 A suggested reac-
tion pathway for hexaphyrin synthesis is shown in Scheme 2.
NH
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Scheme 2. Suggested
In summary, we have developed an efficient reaction protocol
for the synthesis of hexaphyrin based on the Cu(OTf)2-catalyzed
reaction of tripyrrane with N-sulfonyl aldimine. The reaction
conditions were optimized to give the highest yield of hexaphyrin
with high selectivity. The method requires a catalytic amount of
Cu(OTf)2 as a water-stable catalyst, which is reusable and
inexpensive.
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reaction pathway.
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