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The tetrapyrrolic ªpigments of lifeº fulfill many different
functions and therefore have a special position among natural
pigments.[1] The structures of the intermediates (d-amino-
levulinic acid (ALA, 1) and porphobilinogen (PBG, 2))
leading to uroporphyrinogen (Uro) III (3), the precursor of
all tetrapyrroles, were determined in the early 1950s
(Scheme 1).[2] Even early on, the second and third steps of
this elegant and convergent biosynthesis could be mimicked
chemically.[3]
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Scheme 1. Biosynthesis of uroporphyrinogen III (3). PBGS porphobi-
linogen synthetase.
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In this context the question arose whether the biosynthesis
of porphobilinogen (2), which formally corresponds to a
Knorr synthesis, could be imitated in the test tube.[4] Despite
efforts in different laboratories the process could not be
imitated satisfactorily so far. We are examining whether one
can imitate the mechanism for the biosynthesis of 2 proposed
by Shemin and Nandi[5] and use it for the synthesis of
pyrroles.[6] We report here on the synthesis of an N-protected
derivative of PBG, which relies on the Mukaiyama aldol
reaction.[7] Since the structure determination of 2 40 years ago,
six different synthetic strategies have been developed.[2a, 8]

Despite the simplicity of the structure, the synthesis of this
natural product in large quantities has remained difficult. In
recent years several groups have developed novel approaches
to porphobilinogen (2).[9]

The starting point for our synthesis was the preparation of
alkyl-substituted pyrroles using the two-step procedure con-
sisting of a Mukaiyama aldol reaction followed by the
reduction of the azido function to give the amino group.[6]

The silyl enol ether 4, obtained from 5-phthalimidomethyl-
levulinate in 93 % yield, was required as starting material for
our synthesis.[10] Because 4 is not very nucleophilic, we were
unable to couple it under standard conditions with the acetal
of 5-azidomethyllevulinate.[6] At temperatures below ÿ408C
TiCl4 was not active enough to catalyze the aldol reaction. At
temperatures above ÿ408C we only could observe decom-
position of the starting materials. When we used Lewis acids
like TMSOTf[11] or the ªsuper-Lewis acidº (TMS)B(OTf)4

described by Davis[12] we could induce the aldol reaction with
the dimethyl acetal of methyllevulinate (5). We applied the
conditions described by Noyori et al.[11a] with 0.11 equiv
TMSOTf as catalyst and were able to isolate 30 % of the pure
diastereoisomer rac-6 (Scheme 2).

Even with these Lewis acids the crucial C ± C bond
formation could not be achieved when protected precursors
of 5-aminolevulinate were employed. Increasing the reactivity
of the carbonyl component seemed the most promising way to
solve the problem. When 4 was allowed to react with
acylcyanide 7, the cyanohydrin could be detected in the crude
reaction product. However, after aqueous extraction and
purification by column chromatography the hydrolysis prod-
uct rac-8 was obtained in 35 % yield (Scheme 2).
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Scheme 2. Aldol reaction with silyl enol ether 4.
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Under optimized conditions at ÿ208C and with TiCl4,
which had been freed from HCl by distillation over poly-
vinylpyridine, the aldol product rac-9 was obtained in 60 to
87 % yield (Scheme 3). One diastereoisomer of the aldol
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Scheme 3. Synthesis of the protected porphobilinogen 11.

product rac-9 could be obtained in 47 % yield in analytically
pure form after crystallization. Attempts to reduce the
cyanohydrin rac-9 directly met with limited success. For the
synthesis we protected crude rac-9 by reaction with 2-
propenol acetate; the acetylated aldol product rac-10 was
obtained in 56 % yield. Even the reduction of rac-10 proved to
be difficult, but finally we were able to reduce rac-10 smoothly
at 658C under 120 atm H2 in the presence of Raney nickel.
After column chromatography we obtained the protected
porphobilinogen 11[13] in 54 % yield and in analytically pure
form. Removal of the protecting groups in two steps has been
described previously.[14]

We were able to obtain the protected porphobilinogen 11 in
a convergent way starting from two easily obtainable starting
materials. The central step of the synthesis is the Mukaiyama
aldol reaction between the regioselectively formed silyl enol
ether 4 as the nucleophile and acylcyanide 7 as the electro-
phile. Reducing the acetylated cyanohydrin rac-10 yields
directly the protected porphobilinogen 11. This synthesis
follows the proposal for the biosynthesis made by Nandi and
Shemin almost 30 years ago. In contrast to the published
syntheses of 11, the correctly functionalized side chains are
introduced with the two starting materials used for the
synthesis of the pyrrole ring; subsequent functionalization is

therefore not necessary. The bonds formed in this synthetic
scheme are the same as those formed in the biosynthesis
catalyzed by porphobilinogen synthase. The overall yield
starting from 5-phthalimidomethyllevulinate is 25 %. The
synthesis can be used to obtain selectively labeled porphobi-
linogen.

Keywords: aldol reactions ´ biomimetic synthesis ´ bioor-
ganic chemistry ´ porphobilinogen ´ porphyrinoids

[1] B. Franck, A. Nonn, Angew. Chem. 1995, 107, 1941 ± 1957; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1795 ± 1811.

[2] a) R. Neier in Advances in Nitrogen Heterocycles, Vol. 2 (Ed.: C. J.
Moody), JAI Press, Greenwich, 1996, pp. 35 ± 146; b) P. M. Jordan in
Biosynthesis of Tetrapyrroles (Ed.: P. M. Jordan), Elsevier, Amster-
dam, 1991, pp. 1 ± 66; c) F. J. Leeper in Chlorophylls (Ed.: H. Scheer),
CRC Press, Boca Raton, 1991, pp. 407 ± 464; d) A. R. Battersby, F. J.
Leeper, Chem. Rev. 1990, 90, 1261 ± 1274.

[3] a) D. Mauzerall, J. Am. Chem. Soc. 1960, 82, 2605 ± 2609; b) ibid. 1960,
82, 2601 ± 2605; c) L. F. Tietze, H. Geissler, Angew. Chem. 1993, 105,
1087 ± 1090; Angew. Chem. Int. Ed. Engl. 1993, 32, 1038 ± 1040.

[4] a) E. K. Jaffe, J. S. Rajagopalan, Bioorg. Chem. 1990, 18, 381 ± 394; b)
B. Franck, H. Stratman, Heterocycles 1981, 15, 919 ± 923; c) A. I. Scott,
C. A. Townsend, K. Okada, M. Kajiwara, Trans. N. Y. Acad. Sci. 1973,
35, 72 ± 79.

[5] a) D. Shemin in The Enzymes (Ed.: P. D. Boyer), Academic Press,
New York, 1972, pp. 323 ± 337; b) D. L. Nandi, D. Shemin, J. Biol.
Chem. 1968, 243, 1236 ± 1242.

[6] a) H. Bertschy, A. Meunier, R. Neier, Angew. Chem. 1990, 102, 828 ±
830; Angew. Chem. Int. Ed. Engl. 1990, 29, 777 ± 778; b) A. Meunier,
R. Neier, Synthesis 1988, 381 ± 383; c) H. Bertschy, Dissertation,
Universität Freiburg im Uechtland, 1991; d) A. Meunier, Dissertation,
Universität Freiburg im Uechtland, 1989.

[7] a) T. Mukaiyama, Org. React. 1982, 28, 203 ± 331; b) Angew. Chem.
1977, 89, 858 ± 866; Angew. Chem. Int. Ed. Engl. 1977, 16, 817 ± 825; c)
K. Banno, T. Mukaiyama, Chem. Lett. 1975, 741.

[8] R. B. Frydman, B. Frydman, A. Valasinas in The Porphyrins, Vol. VI
(Ed.: D. Dolphin), Academic Press, New York, 1979, pp. 1 ± 123.

[9] a) C. Y. De Leon, B. Ganem, Tetrahedron 1997, 53, 7731 ± 7752; b) J.
Org. Chem. 1996, 61, 8730 ± 8731; c) M. Adamczyk, R. E. Reddy,
Tetrahedron 1996, 52, 14689 ± 14 700; d) Tetrahedron Lett. 1995, 36,
9121 ± 9124.

[10] R. D. Miller, D. R. McKean, Synthesis 1979, 730 ± 732.
[11] a) S. Murata, R. Suzuki, R. Noyori, J. Am. Chem. Soc. 1980, 102, 3248;

b) C. Mukai, S. Hashizume, K. Nagami, M. Hanaoka, Chem. Pharm.
Bull. 1990, 38, 1509 ± 1512.

[12] A. P. Davis, M. Jaspars, Angew. Chem. 1992, 104, 475 ± 477; Angew.
Chem. Int. Ed. Engl. 1992, 31, 470 ± 471.

[13] NMR data of the protected porphobilinogen 11: 1H NMR (200 MHz,
CDCl3): d� 8.56 (br. s, 1H, NH), 7.83 ± 7.76 (m, 2 H, HC54, HC54'),
7.73 ± 7.67 (m, 2 H, HC55, HC55'), 6.49 (d, J� 2.7 Hz, 1H, HC2), 4.80 (s,
2H, H2C51), 3.67 (s, 3 H, H3C34), 3.65 (s, 3 H, H3C43), 3.64 (s, 2H,
H2C41), 2.72 (pseudo t, J� 7.6 Hz, 2H, H2C31), 2.53 (pseudo triplet,
J� 7.3 Hz, 1 H, H2C32); 13C NMR (100 MHz, CDCl3): d� 174.4 (s,
C33), 173.1 (s, C42), 169.0 (s, C52, C52'), 134.7 (d, C55, C55'), 132.7 (s,
C53, C53'), 125.3 (s, C5), 124.0 (s, C54, 54'), 122.2 (s, C4), 116.0 (d, C2),
113.7 (s, C3), 52.6 (q, C34), 52.1 (q, C43), 35.3 (t, C32), 33.0 (t, C51), 30.3
(t, C41), 21.2 (t, C31).

[14] G. W. Kenner, J. Rimmer, K. M. Smith, J. F. Unsworth, J. Chem. Soc.
Perkin Trans. 1 1977, 332 ± 340.

2




