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Unusual Alkylation Reactions in the Biosynthesis of Natural Products and
Elucidation of Their Reaction Mechanisms

Martina Glasenapp-Breiling and Franz-Peter Montforts*

The vitamin B12 derivative methylcobalamin (1 a) mediates
numerous enzymatic methylation reactions in the biosynthesis
of various classes of natural products. The reactions proceed
with inversion of configuration with respect to the transferred
methyl groups.[1] The mechanism of a SN2 reaction was
established by investigation of the stereochemical course
using chiral methyl groups (CHDT), which were exclusively
transferred to reactive nucleophilic centers .

Recently, there have been an increasing number of
examples of unusual methylation reactions in which methyl
groups originating from methionine 2 were transmitted intact,
with overall retention of configuration, to saturated non-
activated carbon atoms. At first Floss et al. observed such
methylation processes in biosynthetic studies related to
thienamycin 3 and thiostrepton. The 6'' methyl group of 3 as

well as the 4'' methyl group of the quinaldine subunit 4 of
thiostrepton were transferred from methionine with retention
of configuration.[2] Also the methyl groups of the unusual
amino acids tert-butylglycine (5) and b-methylphenylalanine
(7) of the peptide antibiotic bottromycin occurring in
streptomyces bottropensis originate from methionine .[3]

The stereochemical analysis demonstrates that the methyl
groups themselves were transferred to valine and phenyl-
alanine with overall retention of configuration and that the
methylated carbon atoms experienced inversion. A similar
methylation process that occurs with retention at the trans-
mitted methyl group and with inversion at the methylated
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carbon center was observed in biosynthetic investigations of
the lipid ethers caldarcheol and isocaldarcheol, which are
found in the lipid membrane of archae bacteria.[4] In the case
that the microorganisms were cultivated under stress con-
ditions the normal lipid ethers form homocaldarcheol and
homoisocaldarcheol by methylation. The additional methyl
groups are located in the 13-position of the bisphytanol 6
which is the non-glyceridic alcohol component of the mem-
brane forming lipids.

Dimerization of palmitic acid 8 leading to diabolic acid 9 in
the eubacterium butyrivibrio fibrisolvens is closely related to
these methylation processes (Scheme 1).[4] Diabolic acid 9,

Scheme 1. Dimerization of palmitic acid 8 to diabolic acid 9.

which acts as the key component of the bacterial lipids, is
formed from 8 with inversion of configuration at both reacting
carbon centers which are non-activated. Investigations using
isotopically labeled compounds demonstrate that neither
neighboring methyl or methylene groups participate in the
formation of the central carbon ± carbon bond. A common
feature of the bond-forming reactions observed by Arigoni
et al. is that they proceed under strictly anaerobic conditions a
fact which excludes the participation of oxgygen-dependent
cofactors related to cytochrome P450.

Arigoni et al. proposed a radical reaction mechanism for
the formation of diabolic acid 9, in which, for instance, the
coenzyme B12 (1 d) could be involved. The participation of
B12-like coenzymes appears plausible in view of the occur-
rence of corrinoids in corresponding microorganisms
(Scheme 2).[4] According to the proposed mechanism a radical
intermediate is generated by homolysis of a CoÿX bond in an
alkylated cobalamin followed by hydrogen abstraction from
the substrate 8. The radical intermediate reacts with retention
of configuration with the cobalt(ii) complex to yield the
corresponding alkylcobalamin. Two palmityl cobal amins
could then dimerize in an enzymatically controlled stereo-
selective reaction giving diabolic acid 9. The evidence of this
mechanistic course is supported by a model reaction in which
the biscobalamin derivative 10 bridged by a chain of five CH2

units between the central metal atoms forms cyclopentane 11
on heating or on irradiation (Scheme 3).[5]

Normally, methylcobalamin (1 a) methylates nucleophiles
according to a SN2 mechanism. The binding pair of electrons
of the cobalt ± carbon bond of 1 a is transferred to the central
metal ion thus giving the cobalt(i) complex 13 (Scheme 4).[1, 6]

Quite recently Kräutler et al. demonstrated in a thus far
unprecedented model reaction the methylation of alkyl
radicals by means of methylcobalamin (1 a) according to a
SH2 reaction. The central cobalt ion is thereby reduced with
bond fission to the CoII complex 12.[7]

Scheme 2. Proposed mechanism for the formation of 9.

Scheme 3. Model reaction for the reaction process shown in Scheme 2.

Scheme 4. Reaction of methylcobalamin 1 a with radicals and nucleo-
philes.

To confirm the methylation of a carbon radical experimen-
tally a mixture of methylcobalamin (1 a) or its tris(deuter-
iomethyl) derivative and 2',2'-bis(ethoxycarbonyl)propylco-
balamin (1 b) was heated with exclusion of oxygen and light
for about 5 h at 70 8C.
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Scheme 5. Experimental proof of the methylation of carbon radicals.

Diethyl 2-ethylmalonate (15) or the corresponding deuter-
ated derivative and diethyl 2,2-dimethylmalonate were ob-
tained as reaction products in a 4.7:1 ratio with 70 % total
yield (Scheme 5). The thermolabile cobalamin 1 b decom-
poses homolytically even at room temperature to yield
cobalamin 12 and the bis(ethoxycarbonyl)propyl radical 14
with a half-life of about 50 min, whereas methylcobalamin
(1 a) decomposes at 130 8C with a half-life of about 4 h.
Accordingly, the formation of 15 from 1 a and 1 b can be
attributed to a substitution of the cobalt corrin part of 1 a by
the alkyl radical 14 generated from 1 b. The estimated
homolytic dissociation energy (DH8�ÿ 48 kcal molÿ1)[8] for
the abstraction of the cobalt-bound methyl group from 1 a by
the primary alkyl radical 14 reveals that this reaction step can

be characterized as very exothermic. The reaction can
successfully compete with the recombination of radical 14
with the CoII corrin 12 to give 1 b. The enzymatic methyl
transfer from 1 a to a carbon radical should proceed with
inversion of configuration of the methyl groups when a chiral
methyl group is applied. The transfer should show net-
retention with regard to the configuration of methionine
because prior to this methionine transmits its methyl group to
the central metal atom with inversion.
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