
synthesis, whereas the biosynthesis of uro-
porphyrinogen III represents a more com-
plex reaction sequence [18]. Arguments
based on biological observations and chem-
ical experiments conveyed the idea that vi-
tamin B12 or at least a molecule containing
the chromophore of vitamin B12 had been
present in the prebiotic phase. Based on this
hypothesis a systematic search for poten-
tially prebiotic syntheses was undertaken
[19]. In a series of impressive and very ele-
gant experiments a synthesis of des(amino
methyl)porphobilinogen dinitrile using glu-
tamine nitrile as starting material was de-
veloped (Scheme 3) [20]. The postulated
prebiotic reaction differs considerably from
the mechanism of today’s biosynthesis. In
this context our group studies transforma-
tions imitating the mechanism for the bio-
synthesis of PBG, suggested by Shemin
[21]. It is the goal of our studies to develop
a high-yielding synthesis of analogues to
porphobilinogen and if possible of porpho-
bilinogen itself, imitating nature’s retrosyn-
thetic approach [22–24].

In an earlier short communication we
presented the successful application of our
approach to obtain a protected form of por-
phobilinogen [23]. We report here on our
attempts to form regioselectively the silyl
enol ether of protected derivatives of 
5-aminolaevulinate and on its use in the
Mukaiyama aldol reaction [25] for the syn-
thesis of a pyrazol analogon of porpho-
bilinogen. Pyrazols are structurally similar
to pyrroles. Based on sterics only, a pyrazol
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The tetrapyrrolic pigments assume impor-
tant roles in many vital processes of life [1].
Therefore the tetrapyrroles have been
called the ‘pigments of life’ [2]. In the
fifties the structures of the biosynthetic in-
termediates leading to the first tetrapyrrole,
uroporphyrinogen III, was determined
(Scheme 1) [3][4]. Once the biosynthetic
formation of the tetrapyrrole skeleton was
known, the interest focused on the steps
from this common intermediate to the indi-
vidual representatives of the ‘pigments of
life’ especially heme and the chlorophylls
[5]. In the early seventies it was shown that
the first steps of the biosynthesis of vitamin
B12 follow the same pathway as the other
‘pigments of life’ [6–9]. For the following
two decades intensive efforts were dedicat-
ed to the elucidation of the final steps in the
biosynthesis of vitamin B12 using classical
methods [3][4][10]. Intensive efforts were
dedicated to this problem during this peri-
od, but the progress was rather slow. Only
three out of nine intermediates could be iso-
lated and characterized.
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Université de Neuchâtel
Case postale 2
CH–2007 Neuchâtel
Tel.: +41 32 718 24 28
Fax: +41 32 718 25 11
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www.unine.ch/chim/neier/welcome.htm

The elucidation of the biosynthesis of
vitamin B12 was finally achieved in the ear-
ly nineties using the power of molecular
biology [11][12]. Once the genes of the
biosynthetic pathway to vitamin B12 had
been identified and cloned, the elusive in-
termediates between uroporphyrinogen III
and the corrin chromophore could be iso-
lated. As sufficient quantities of these inter-
mediates became available their structures
could be determined in a relatively short
time using the methods of modern NMR-
spectroscopy. 

The start of the tetrapyrrol biosynthesis
synthesizing uroporphyrinogen III from
eight molecules of δ-aminolevulinate in
three efficient steps still attracted the atten-
tion of many scientists (Scheme 1). The
biosynthesis of uroporphyrinogen III is
highly convergent. None of the published
chemical syntheses can be compared with
the biosynthesis as far as efficiency and
convergency is concerned (Scheme 2) [13]
[14]. The second and third enzymatic step
leading from porphobilinogen (PBG) to uro-
porphyrinogen III could be imitated in the
test tube just three years after the structure
determination of porphobilinogen [15][16].

Therefore the question was asked if also
step one, the biosynthesis of porphobilino-
gen, might be reproduced in the absence of
an enzyme. So far no simple solution for
this problem has been found despite con-
siderable efforts [17]. This is all the more
amazing as the biosynthesis of porpho-
bilinogen corresponds to a simple Knorr
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analogue of PBG should be easily recog-
nized by the enzymes of the tetrapyrrol
biosynthetic pathway. The second pyridine-
like nitrogen in the pyrazole reduces the re-
activity of this heterocycle towards elec-
trophiles substantially, leading to higher
stability [26]. Adequately substituted pyra-
zols represent interesting product ana-
logues for the enzyme porphobilinogen
synthase (PBGS or δ-aminolaevulinic acid
dehydratase or EC 4.2.1.24) and they
should be substrate analogues for the hy-
droxymethylbilane synthase (HMBS or
porphobilinogen deaminase, EC 4.3.1.8),
the enzyme catalyzing the next step in the
biosynthesis of tetrapyrroles.

We intended to apply our two-step
synthesis of alkyl-substituted pyrroles to
obtain structural analogues to PBG. The
sequence consists of a Mukaiyama aldol
reaction followed by the reduction of the
azido function, leading directly to the ap-
propriate pyrrole (Scheme 4) [22–24]. To
apply our strategy, a protected derivative of
the 5-aminolevulinate has to be transfor-
med regioselectively into the appropriate
silyl enol ether. Applying the Miller condi-
tions [27] to convert 1a or the ethyl 5-tert.-
butyldimethylsilyloxy-levulinate 1b into
the corresponding silyl enol ether 2a and 2b
(Table) lead primarily or exclusively to
the unwanted regioisomers. Silyation of
methyl 5-chlorolevulinate 1c preceded with
an improved but still unsatisfactory regio-
selectivity (2c/3c 59:41). Methyl 5-bromle-
vulinate 1d was not stable under the Miller
conditions. Also under house conditions
[28] no silyl enol ether could be isolated.
Replacing DMF as a solvent by CH2Cl2 and
adding DMAP, the silyl enol ether could be
isolated in 60% total yield from 1d. Under
these modified house conditions 40% of the
elimination product and only 20% of the
undesired regioisomer 3d were isolated.
Applying TMS-triflate in slight excess in
presence of TEA a product mixture con-
taining the regioisomeric silyl enol ether 2d
and 3d was obtained. If a 20 mol% surplus
of TMS-triflat was added after a short reac-
tion time, equilibration of the mixture could
be achieved over a period of 15 d. Under
these conditions 73% yield of a mixture
could be isolated, containing the two
diastereoisomers of the silyl enol ether 3d
the silyl enol ether 2d and the starting
material 1d (37%:13%:23%).

A solution to the synthetic problem
could be finally found. Treating methyl 
5-phthalimidolevulinate 1e with TMSI and
HMDS in chloroform, in analogy to Mil-
ler’s conditions, the silyl enol ether could
be obtained (Scheme 5). Addition of dry
hexane led to the precipitation of the salt
formed as side product. The desired regioi-



H3COOC

X

O

H3COOC

X

OSi(CH3)3

H3COOC

X

OSi(CH3)3

1a-1e 2a-2e 3a-3e

+

a:  X = -N3
b:  X = -O-Si(CH3)2(C(CH3)3)
c:  X = -Cl
d:  X = -Br
e:  X = -NPhth

Run Reactant Reaction conditions Time, Temperature Yield [%] (Ratio 3/2)

1 1a TMS-I, HMDS, Pentane 24 h, r.t. 66 (90:10) 
2 1b TMS-I, HMDS, Pentane 6 h, r.t. 46 (99:1) 
3 1c TMS-I, HMDS, CDCl3

a 1 h, r.t.       (41:59) 
4 1d TMS-Cl, TEA, DMAP, CH2Cl2

b 3 d, r.t. 20 (> 99:1) 
5 1d TMS-Tf, TEA, Etherc 1 h, r.t. 30 (88:12) 
6 1d TMS-Tf, TEA, Etherd 15 d, r.t. 50 (26:74) 
7 1e TMS-I, HMDS, CHCl3

e 17 h, r.t. 92 (4:96)

aExperiment performed in an NMR-tube; b1.1 Equiv. TMS-Cl, 1.1 Equiv. TEA, 0.4 Equiv.
DMAP; c1.1 Equiv. TMS-Tf, 1.1 Equiv. TEA; d1.2 Equiv. 1d, 1 Equiv. TEA, 1.3 Equiv. 
TMS-Tf; e13.8 g (48 mmol) 1e in 130 ml of CHCl3, followed by the addition of 18.9 ml 
(91 mmol = 1.8 Equiv.) HMDS and 12.3 ml (90 mmol = 1.8 Equiv.) TMS-I.

somer of the silyl enol ether 3e could be iso-
lated in 93% yield as 1:1 mixture of the two
diastereoisomers contaminated with 4% of
the unwanted regioisomer 2e. The silyl enol
ether 3e could be stored in the freezer at
–20 °C over months. The regioselectivity of
this reaction is surprising, since the protons
in the α-position of the phthalimido group
should be more acidic than the protons at
C3. The preferred formation of the regioi-
somer 3e may be attributed to steric hin-
drance present in both diastereoisomers of
the silyl enol ethers 2e. The X-ray crystal
structure of the starting material 1e gives
hints favoring this argument (Fig. 1). The
phthalimido group is arranged in a plane
which is perpendicular to the keto group.
Thus the two oxygen atoms of the phthal-
imido group avoid the unfavorable steric
and electronic contacts with the carbonyl
oxygen atom. Arranging the phthalimido
group in such a way allows a favorable
intramolecular π-π-stacking as well. It is
therefore difficult to judge the importance
of the π-stacking and/or the lone pair repul-
sion for the presence of the observed con-
former in the crystal structure.

The first attempt to react the silyl enol
ether 3e with the acetal of the methyl 
5-azidolevulinate under standard conditions
failed [22][23]. Varying the reaction condi-
tions in order to obtain the crucial C–C
bond did not lead to success. In order to ex-
amine the reactivity of α-phthalimido silyl
enol ethers we synthesized and studied sim-
ple model compounds. Reacting phthalimi-
doacetone (4) with 2 equiv. of TMSI and
HMDS in CHCl3 during 3 h leads to a mix-
ture which contained 90% of the desired
silyl enol ether 5 contaminated with 7% of
the regioisomeric silyl enol ether and 3%
starting material (Scheme 6). Work-up in
the absence of water allows the product to
be obtained in almost quantitative yield and
in good purity. The silyl enol ether 5 was
stable in the freezer.

Already the first trial of the Mukaiyama
aldol coupling led to positive results. The
reaction using dimethyl acetal of methyl le-
vulinate (6) as nucleophile under standard
conditions led in 31% to the aldol product
7. Reacting the acetals of azido acetone (8a)
and the methyl 5-azidolevulinate (8b)
yielded aldol products in 53% and 68%
yield, respectively. These two aldol prod-
ucts 9a and 9b could be reduced in 46% and
41% yield, respectively, to the correspon-
ding pyrroles 10a and 10b (Scheme 6). As
catalyst, Pd on charcoal was used in
methanol as a solvent. The 1H- and 13C-
NMR of samples taken after a short time
(less than 3 h) indicated the presence of an
intermediate, whose spectral data agree
well with the ∆1-pyrrolenine structure
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(Scheme 7). The pyrrol 10b could be crys-
tallized and its X-ray structure could be
determined (Fig. 2). In the crystal the pro-
pionic acid side chain is lying in the plane
of the pyrrol ring, while the phthalimido
group is arranged at an angle to the pyrrol
ring. In this arrangement the phthalimido
group avoids the allylic A1,3 strain with the
pyrrole.

After these successful model studies,
we tried to react the silyl enol ether 2e un-
der our optimized conditions. In order to
test the reactivity of the silyl enol ether we
tried the crossed aldol coupling using
benzaldehyde dimethyl acetal (12) first
(Scheme 8). After 3.25 h reaction time
using 1.1 equiv. of TiCl4 as catalyst, the
product 13 could be isolated as crystals in
63% yield as a 7:3 mixture of the two
diastereoisomers. Careful recrystallisation
allowed the main diastereoisomer to be ob-
tained in a suitable form to be analyzed by
X-ray (Fig. 3). The relative configuration of
the main diastereoisomer is unlike. Despite
intensive attempts to achieve the Mukai-
yama aldol coupling also with derivatives
of the protected 5-aminolevulinate we were
unable to observe product formation under
our conditions. TiCl4 as a catalyst did not
induce the aldol reaction using the silyl enol
ether 2e at temperatures below –40 °C. As
soon as the temperature was increased, de-
composition occurred. Changing the cata-
lyst using either TMSOTf [29][30] or the
‘super Lewis acid’ B(OTf)4TMS according
to Davis [31] the aldol reaction with the di-
methyl acetal of methyl levulinate (6) could
be induced. Under Noyori conditions [29]
using 0.11 equiv. of TMSOTf as catalyst,
30% of the pure diastereoisomers 14 could
be isolated. Even using this Lewis acid we
could not achieve the crucial C–C bond
formation with protected precursors of the
5-aminolevulinate. Applying the more re-
active and also more aggressive catalyst
TMSI [32] led at –80 °C to decomposition
of the silyl enol ether 2e as well as the ac-
etals.

Increasing the electrophilicity of the
carbonyl component seemed to be the most
promising way to achieve the aldol reaction
anyway. Therefore we reacted the silyl enol
ether 2e with the succinic acid monochlo-
ride and obtained in 35% yield the desired
β-diketone 15 (Scheme 9). Reacting this
diketone with hydrazine hydrate during 1 h
in methanol led in 83% yield to the pyrazol
16. The protecting groups could be re-
moved by refluxing 16 in 1N HCl during
24 h. Separation of the pyrazole analogon
17 of PBG from phthalic acid could be
achieved filtering the raw material over an
Amberlite XAD-2 ion exchange column.
An 87% yield of 17 could be isolated. The

Fig. 1. Perspective view of 1e showing the crystallographic numbering
scheme. The thermal ellipsoids are drawn at the 30% probability level.
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Fig. 2. Perspective view of 10b showing the crystallographic number-
ing scheme. The thermal ellipsoids are drawn at the 50% probability
level.

Fig. 3. Perspective view of rac-13 showing the crystallographic num-
bering scheme. The thermal ellipsoids are drawn at the 30% probabil-
ity level.
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analytic sample was obtained by crystal-
lization from acetone/H2O. The pyrazol 17
is structurally very similar to the PBG
whereas the reactivity of the pyrazol 17 dif-
fers from the reactivity of PBG. The pyra-
zol is an electron-poor heterocycle. To de-
protect the precursor 16 to obtain the pyra-
zol 17, heating over 24 h in 1N HCl can be
applied without visible destruction of the
final product. PBG and similar pyrrolic de-
rivatives would not resist such drastic con-
ditions. Heating PBG in the presence of an
acid inevitably leads to the formation of
porphyrins, pyrrol-oligomers, and pyrrolic
polymers like the pyrrol black. Pyrazols are
often present in the two possible tautomer-
ic forms [26][33]. The X-ray structure of
the protected pyrazol showed that in the
crystal only one of the tautomeric forms is
present. To obtain information on the pres-
ence and distribution of the two tautomeric
forms in solution, a 15N, 1H HMQC-exper-
iment was performed. The signal resonat-
ing at –170.7 ppm, which can be attributed
to the NH of the pyrazols, correlates with
the H2C(31)-group of the propionic acid
side chain. This observation is a clear indi-
cation that also in solution the same tau-
tomeric form is preferred as observed in the
crystal structure. 

In summary we have developed a
method for the synthesis of protected silyl
enol ethers of the 5-aminolevulinlevulinate
2e with good regioselectivity. This silyl
enol ether reacts with activated carbonyl
compounds under carefully controlled Mu-
kaiyama aldol reaction conditions. Starting
with the monoester of succinic acid mono-
chloride the diketone 15 could be obtained.
From 15 the pyrazol 17, an aza-analogon of
PBG, could be synthesized in two simple
steps with high yields. The structural in-
vestigations of the protected pyrazol 16
showed that this compound is preferential-
ly present in one tautomeric form. The
pyrazoles 16 and 17 are considerably more
acid-stable than the PBG itself and they are
therefore potentially interesting inhibitors
for the investigation of the tetrapyrrol
biosynthesis.

Supplementary Data

Crystallographic data (excluding struc-
ture factors) for the four structures de-
scribed here are deposited with the Cam-
bridge Crystallographic Data Centre as
supplementary publication nos. CCDC
211426 (1e), CCDC 211427 (10b), CCDC
211428 (rac-13), CCDC 211429 (16).
Copies of the data can be obtained free of
charge on application to the Cambridge
Crystallographic Data Centre, 12 Union
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Fig. 4. Perspective view of 16 showing the crystallographic numbering
scheme. The thermal ellipsoids are drawn at the 50% probability level.
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