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Abstract

Improved asymmetric syntheses of the title compounds are reported. Both products are produced
through diastereoselective alkylation of malic acid; (R)-homocitrate synthesis uses the self-regeneration of
stereocenters approach. Both procedures represent an improvement in yield over existing methods without
loss of stereoselectivity. © 2000 Elsevier Science Ltd. All rights reserved.

(R)-(−)-Homocitrate and (2R,3S)-homoisocitrate are natural products known to be intermedi-
ates in the a-aminoadipate pathway of lysine biosynthesis.1 This pathway is found primarily in
fungi, although it has recently been shown to be present in some archaea. Because this pathway
is absent from plants and animals, it is considered a promising target for anti-fungal therapy.2

Fungal infections are a severe medical problem, especially among immunocompromised patients
such as AIDS sufferers, organ transplant recipients, and patients undergoing chemotherapy. The
need for novel anti-fungal therapies has been expounded upon in recent reviews.3 (R)-Homo-
citrate is also a compound of interest because it is a required component of the active site of the
iron-molybdenum protein of nitrogenase.4

One aspect of the a-aminoadipate pathway is poorly understood.1,5 Homocitrate is converted
to homoisocitrate in a series of reactions apparently in simile with the conversion of citrate to
isocitrate by the enzyme aconitase (Fig. 1). While the intermediates homocitrate, homoaconitate
and homoisocitrate have been isolated from Saccharomyces cerevisiae mutants, which have been
impaired in their ability to produce lysine, the process by which homocitrate is converted to
homoisocitrate has been characterized so poorly that it is not clear whether one enzyme or two
are involved. Our laboratory is currently investigating this portion of the pathway to resolve this
issue. One of the factors which has confounded the study of this process is the lack of
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availability of the compounds shown in Fig. 1: only racemic homocitric lactone is available
commercially (at >US$1000/g). Nitrogenase research has been similarly affected. While models
of the FeMo protein active site continue to be investigated,6 (R)-homocitrate, a required
component of the enzyme’s reaction center, has not been incorporated into any such models.

Figure 1. Initial steps of the a-aminoadipate pathway. Lys20=homocitrate synthase, Lys4=‘homoaconitate
hydratase’. The enzyme catalysing the second step, perhaps Lys4, has not been identified experimentally.

Only one asymmetric synthesis of homocitric lactone has been published.7,8 The initial steps
of this synthesis were based on the work of Seebach,9 using trimethylacetaldehyde as a
protecting group to convert L-lactic acid to an asymmetrically hindered chiral alkene. This
compound was then converted to (R)-(−)-homocitric lactone in four steps with a reported yield
of 7.5% (3% from L-lactic acid). The key step in this scheme is a Diels–Alder addition which
results in 92% ee.

We felt that the Seebach strategy might be more effective using a diastereoselective alkylation
rather than cycloaddition. To this end, we pursued the procedure shown in Scheme 1.
Trimethylacetal-protected D-malic acid (1) was synthesized and alkylated with allyl bromide.9

The planar a-carbon of the dilithium enolate can be alkylated stereofacially (>95% diastereo-
selectivity) by virtue of the bulky protecting group. This is referred to as the self-regeneration of
stereocenters (SRS) approach.10 Esterification of the carboxylic acid, followed by hydroboration
of the alkene with oxidative workup gave 3 in 25% yield from 2. Deprotection gave the
trisodium salt of (R)-homocitrate.11 The overall yield from D-malic acid was 12%.

Scheme 1. (a) 2 equiv. of LiHMDS/THF, −78°C. (b) Allyl bromide. (c) AcCl, reflux 1 h; MeOH, reflux 4 h. (d)
BH3·SMe2/CH2Cl2, 25°C, 4 h. (e) Pyridinium dichromate/DMF, 25°C, 16 h. (f) 50% trifluoroacetic acid, 95°C, 2 h.
(g) 3% NaOH, 1 equiv., 25°C, 2 h.

This method, using the SRS approach, represents a substantial improvement over the
literature procedure. Considering the potential of SRS it is surprising how rarely this method
has been reported by researchers other than Seebach himself.12 Our results reinforce how
practical the SRS approach can be for the synthesis of carboxyl-containing compounds. If low
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cost is a dominant criterion to enantiomeric purity, the cost of starting material can be defrayed
by preparing D-malic acid from D-aspartic acid (about US$1.50/g).13 Reaction of D-aspartic acid
with HNO2 proceeds with retention of configuration, an ee of >95%, and is purified from the
side product 2-chlorosuccinic acid by separation of the dimethyl ester. We can isolate D-malic
acid in 80% yield by this method.

It should be noted that the alkylation procedure is only suitable for active electrophiles.
Seebach’s procedure reports alkylations with methyl iodide, allyl bromide and benzyl bromide,9

and these reactions have been successfully repeated in our laboratory. A more direct route to (R)-
homocitrate was sought using less activated electrophiles 3-bromopropionitrile and 2-(2-bromo-
ethyl)-1,3-dioxolane, but in our hands these electrophiles did not react with 1.

(2R,3S)-Homoisocitrate is no longer commercially available.14 The previously reported asym-
metric synthesis of this compound15 used a diastereoselective alkylation of dimethyl D-malate
using trimethylsilylpropargyl bromide, resulting in a 51% yield of a 9:1 mixture of diastereomers,
which were separated after acetylation by column chromatography. The alkyne was then treated
with benzenesulfenyl chloride to give a vinylic addition product from which chlorotrimethyl-
silane was eliminated using fluoride ion. The resulting alkynyl thioether was cleaved in the
presence of Hg2+ to give the carboxylic acid. Deprotection gave the desired product in an overall
yield from dimethyl D-malate of 21%. In our hands, however, hydrolysis of the alkynyl thioether
resulted in a complex mixture.

We have adapted this procedure by substituting allyl bromide for trimethylsilylpropargyl
bromide in the alkylation step, as shown in Scheme 2. Note that allyl bromide is less than 1/50
the cost of the trimethylsilylpropargyl bromide, and reacts with the dianion of dimethyl malate
with improved diastereoselectivity (19:1) and comparable yield (80%). This 3-allylmalic dimethyl
ester was then acetylated in 91% yield to give 4. Hydroboration of the alkene 4, followed by
deprotection gave the desired compound in an overall yield of 30% from dimethyl D-malate.16

In conclusion, we have synthesized two important natural products with high stereoselectivity
and improved yields over literature methods. We have purposefully sought a unified approach
to minimize the method development time for laboratories wishing to repeat both these
preparations. We hope that improved syntheses of these compounds can have an immediate
impact on research into the a-aminoadipate pathway of fungi and on the investigation of
nitrogenase and nitrogenase models.

Scheme 2. (a) LDA/THF, −78°C; allyl bromide. (b) Ac2O, Et3N, DMAP. (c) BH3·SMe2/CH2Cl2, 25°C, 2 h. (d)
Pyridinium dichromate/DMF, 25°C, 16 h. (e) 2.5% KOH, 1 h; Dowex 50X8-100(H+).
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