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Porphyrin Synthesis by the “3+1”° Approach:
New Applications for an Old Methodology

Timothy D. Lash*

ﬁAbstract: Acid-catalyzed condensation of tripyrranes wit?
pyrrole-2,5-dicarboxaldehydes, followed by oxidation with
an electron-deficient quinone, affords porphyrin products
in excellent yields. This previously little used methodology
has now been exploited in the synthesis of novel porphyrin
structures, including tetrapyrrolic compounds with fused
aromatic rings. By utilizing other aromatic or unsaturated
dialdehydes, the *“3+1" approach also allows the syn-
thesis of new aromatic porphyrinoid systems, including
benzene- and pyridine-containing macrocycles and carba-
porphyrins.
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Although it has been more than seventy years since the first
porphyrin syntheses were published,!"! new methodologies for
the preparation of porphyrinoid systems continue to be devel-
oped. This is due to the unparalleled significance of porphyrins
in diverse areas, including biology, biochemistry, medicine,
catalysis, and material science, and in burgeoning new arenas
such as molecular recognition and nanotechnology. Fischer’s
early synthetic studies utilized pyrromethene intermediates,!*: 2!
and it was only in the late 1950’s that alternative strategies for
the synthesis of asymmetrically substituted porphyrins were in-
troduced. In particular, MacDonald"®! and Woodward!! inde-
pendently demonstrated that 5,5-diunsubstituted dipyrryl-
methanes 1a, or the related dicarboxylic acids 1b, condensed
with diformyldipyrrylmethanes 2 in the presence of an acid cat-
alyst to generate porphodimethenes 3 and subsequent oxidation
afforded the corresponding porphyrins 4 in good yields
(Scheme 1).13 This “2+2” methodology!®! continues to be
widely used in the synthesis of both porphyrins!® and related
conjugated macrocycles.[”! The principal limitation to this
method is that one of the two condensing dipyrrolic units must
be symmetrical or mixtures of isomeric porphyrin products will
result. Other **2+ 2" syntheses have been introduced using inter-
mediates at different oxidation levels. In particular, dipyrryl-
methanes 5 have been shown to condense with aldehydes in the
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Scheme 1. S. F. MacDonald’s “*2+ 2" porphyrin synthesis.

presence of an acid catalyst to give the related porphyrinogens
6, and oxidation, generally with an electron deficient quinone,
affords the porphyrins 4 (Scheme 2).18] A number of methods
have been introduced that involve the intermediacy of open-
chain tetrapyrrolic structures,!®: !®1 and these allow the synthesis
of totally asymmetrical porphyrin systems. However, these
methods tend to involve a significantly larger number of steps,
and this leads to lower overall yields.
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Scheme 2. Porphyrin formation from dipyrrylmethanes and aldehydes.
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In their pioneering studies on the synthesis of porphyrinoid
systems (including expanded porphyrins), Woodward!*!! and
Johnson!'?! made use of tripyrrolic intermediates known as
tripyrranes (7; Scheme 3). Johnson also introduced the concept
of carrying out the synthesis of porphyrinoids by a “3+1” vari-
ation on the MacDonald condensation (Scheme 3).1'3! This

X=0o0rS
Y=NH,OorS

Scheme 3. A. W. Johnson’s **3+ 1" synthesis of oxa- and thiaporphyrins.

methodology was very successfully employed in the synthesis of
porphyrin analogues with one or two furan or thiophene sub-
units. During the 1960’s and 1970’s, many alternative routes for
porphyrin synthesis were reported, and the “3+1" approach
was not further pursued. However, in the last two years this
situation has radically altered, so much so that some authors
have claimed this approach to be a new type of porphyrin syn-
thesis.!4~ 21!

The original disinterest in the “3+1’" methodology was no
doubt due in part to the difficulties involved in obtaining the
required tripyrrane intermediates. However, a direct route to
tripyrranes has now been developed where two equivalents of an
acetoxymethylpyrrole 8 are condensed with a 2,5-diunsubstitut-
ed pyrrole 9 in the presence of refluxing hydrochloric acid and
ethanol (Scheme 4).123! A variety of alternative acid catalysts
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Scheme 4. J. L. Sessler’s tripyrrane synthesis.

have been employed in this chemistry, including Montmoril-
lonite clay,!**! p-toluenesulfonic acid,'**! and acetic acid.['3~ '
In the latter case, the conditions are sufficiently mild for ters-
butyl ester moicties to be employed as protective group-
ings.t}5~17-241 Although tripyrranes have been widely used in
the synthesis of expanded porphyrins such as sapphyrins,!*!- 121
pentaphyrins,'?*! and hexaphyrins,[26-27) the first synthesis of a
tetrapyrrolic porphyrin structure by the “3+1” approach was
only reported in 1994.1'#) In this case, Boudif and Momenteau
obtained a bisacrylate-substituted porphyrin 10 by condensing
pyrroledialdehyde 11 with tripyrrane dicarboxylic acid 12, ob-
tained by hydrogenolysis of the corresponding dibenzyl ester, in
the presence of trifluoroacetic acid in dichloromethane
(Scheme 5). Following neutralization of the reaction mixture
and oxidation with DDQ, the new porphyrinoid chromophore
10 was isolated in 33 % yield. The primary impediment in this
synthesis was the unacceptably low yields obtained in the prepa-
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Scheme 5. Boudif and Momenteau’s **3 + 1" synthesis of a bisacrylate-substituted
porphyrin.

ration of pyrroledialdehyde 11. However, much more efficient
routes are available for the synthesis of pyrroledialdehydes 13a
and 13b,128 and this approach has been extended to the synthe-
sis of the related polycyclic pyrroles 13¢c—e (Scheme 6).1157 17
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Scheme 6. Synthesis of 2,5-pyrroledialdehydes. i) POCl,-DMF, 0°C, then
NaOAc, H,0, reflux: ii) NCCH,CO,Et, EtOH, cat. piperidine, reflux 2h;
iii) POCl;-DMF, 0°C; iv) NaOH, H,O0, reflux.

R R iv

R R
/m\ AN
N~ “CH=C
H
e.
R.R =

The easily prepared dialdehyde 13b was found to condense with
tripyrrane 14 in the presence of TFA—CH,Cl,; oxidation with
DDQ then gave the hexaethylporphyrin 15 in 60% yield
(Scheme 7).'3) This chemistry has also been applied to the syn-
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Scheme 7. 341" Synthesis of an etioporphyrin.

thesis of porphyrins with fused ring systems. The readily avail-
able c-annelated pyrroles 16!!% 17291 were shown to condense
with two equivalents of the acetoxymethylpyrroles 17 to give the
tripyrrane di-tert-butyl esters 18 in excellent yields (Scheme 8).
In a one-pot sequence, the rert-butyl esters were cleaved with
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TFA, the mixture was diluted with dichloromethane, a pyrrole-
dialdehyde was added, and after two hours the solution was
neutralized with triethylamine and oxidized with DDQ. By this
approach, the synthesis of acenaphtho-, thiadiazolobenzo-,
phenanthro-, and phenanthrolinoporphyrins was accomplished
(Scheme 8).1'>~171 The latter system, which could not be ob-
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Scheme 8. **3+ 17 Synthesis of porphyrins with fused aromatic ring systems.i) 7%
AcOH-EtOH, N,, 16 h, reflux; ii) TFA, 10 min, N,; iii) CH,Cl,.2h, 25°C, N,;
iv) Et;N, 1 equiv DDQ, 1 h.
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tained by the “2+2” MacDonald synthesis, was prepared in
exceptionally high yields (72-83%) by the “3+ 1" protocol.
Phenanthrolinoporphyrins have great potential in the area of
molecular recognition, and have been mooted as suitable ‘alli-
gator clips”’ in the development of molecular wires.[*!

Concurrent with these developments, the **3 + 1 strategy has
been applied to the synthesis of porphyrin analogues with pyri-
dine or benzene subunits. Berlin and Breitmaier demonstrated
that 2,6-pyridinedicarboxaldehyde condensed with tripyrrane
14 in the presence of HBr to give the dihydropyriporphyrin 19a,
and that isophthalaldehyde similarly afforded benziporphyrin
20a.1*°! Subsequently, we reported the synthesis of the related
fully aromatic systems oxybenziporphyrin 21al2% and
oxypyriporphyrin 21b,">!! again by the “3+1” approach. In
these cases, a hydroxyl substituent was introduced (as in struc-
tures 19b and 20b), and this underwent a facile keto—enol tau-
tomerization to afford the novel aromatic macrocycles 21 a and
21b, both of which have pathways for 18 n electron delocaliza-
tion. The first syntheses of carbaporphyrins (e.g., 22), albeit in
low yields, have also recently been accomplished by this
methodology.[3!! These exciting developments suggest that
many fundamentally new porphyrinoid ring systems can be ob-
tained using the “3+1” strategy.

As was the case for “2+ 2" porphyrin syntheses, the “3 41
approach can also be carried out at a lower oxidation level. This
methodology has been used in the synthesis of heterocyclic ana-
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logues of meso-tetraarylporphyrins,!32! although it appears to
be of little value in the stepwise synthesis of asymmetrically
substituted meso-tetraarylporphyrins.'>! More significantly, in
a recent disclosure Smith et al. have reported “3+1” syntheses
of porphyrins using 2,5-bis(dimethylaminomethyl)pyrroles 23
in place of pyrroledialdehydes (Scheme 9).12%) These functional-
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Scheme 9. K. M. Smith’s “3+1" synthesis of porphyrins from tripyrranes and
2,5-bis(dimethylaminomethyl)pyrroles.

ized pyrroles were prepared in good yields by treating 2,5-diun-
substituted pyrroles with an excess of Eschenmoser’s salt. Con-
densation of pyrroles 23 with tripyrranes in refluxing methanol
containing potassium ferricyanide as an oxidant gave porphyrin
products in moderate to good yields.!?3 The use of nonacidic
conditions was critical if the fragmentation-recombination re-
actions were to be avoided.'**! In addition, rapid oxidation of
the putative porphyrinogen intermediate was necessary so that
degradation or isomerization processes could be minimized. Al-
though some minor porphyrin by-products were generated us-
ing this protocol (separated by column chromatography), and
there were some indications that the chemistry was not entirely
general, this report provides a valuable complementary method-
ology to the previously discussed pyrroledialdehyde “3+1”
porphyrin synthesis.

After more than two decades of lying fallow, the “3+1”
approach has been revived and shown to be a valuable and
versatile route for porphyrin synthesis. Although one of the two
condensing units (tripyrrane or pyrroledialdehyde) must be
symmetrical to avoid the formation of isomeric products, the
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symmetry constraints differ from those associated with the
MacDonald *“2+2” approach, and this allows the synthesis of
structures that would be difficult to obtain by other synthetic
procedures. The rapid acceptance of the “3+1" methodology
over the last two years suggests that this chemistry will be widely
utilized in the future, and the approach is likely to allow access
to novel porphyrinoid structures of both theoretical and practi-
cal significance.
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