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Hexylitaconic acid (1) is an intriguing natural product possessing a chiral carbon, and both its enantio-
mers have been found in nature. Enantiomeric pure (+)-(1) and (�)-(1) were successfully prepared by
racemic synthesis followed by enantiomeric separation in a chiral HPLC system. Their absolute configu-
rations were clarified by the vibrational circular dichroism technique using their methyl esters 2 and lac-
tones 3. Their inhibitory activities against the interaction of p53–HDM2 were also examined.

� 2009 Elsevier Ltd. All rights reserved.
Itaconic acid is a structurally unique methylenesuccinic acid
and frequently exists as its derivatives, which possess an a-hydro-
carbon chain, resulting a tertiary alkyl chiral carbon center. In gen-
eral, optically active natural products have usually been found as a
single enantiomer.1 Interestingly, hexylitaconic acid (1) has been
found in nature as either enantiomer. (+)-1 was isolated as a root
growth stimulator of lettuce seedlings from Aspergilus niger culti-
vated in field soil.2 (�)-1, on the other hand, was isolated as a
metabolite produced by marine endophytic fungus Apiospora mon-
tagnei.3 Recently, Tsukamoto et al. succeeded in discovering that
(�)-1, which is derived from the culture broth of marine fungus,
Arthrinium sp., functioned as an inhibitor of the p53–HDM2
interaction.4

Although a variety of origins and significant bioactivities of 1
have been reported, the absolute stereochemistry of 1 remains
ambiguous. In 1987, Isogai et al. reported its absolute configura-
tion, which was determined on the basis of the Cotton effect in
the CD spectrum of a-methylene-c-lactone derived from (+)-1 by
partial esterification and reduction.5 However, the crucial intensity
of the observed electronic circular dichroism was too small
(De < 1) to clearly assign its absolute configuration. No other reli-
able investigation concerning its absolute configuration has been
performed. Moreover, since many biologically important a-alkyl
carboxylic acids, such as ceriporic acid6 and tensyuic acid,7 have
ll rights reserved.
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recently been found in nature, more reliable and applicable meth-
ods to determine the stereochemistry of such derivatives would be
desirable.

In this study, both enantiomers of 1 were prepared by chemical
synthesis, and their inhibitory activities against the interaction of
p53–HDM2 were investigated for the first time. Also, we applied
the vibrational circular dichroism (VCD) technique to hexylitaconic
acid derivatives to determine its absolute configuration as well as
to attempt to establish a general chiroptical methodology for a-al-
kyl carboxylic acid derivatives. VCD is an emerging technique used
to determine the absolute configurations of various types of natu-
ral products8,9 by the direct comparison of observed VCD spectra
with reliable density functional theory (DFT) calculations.
Racemic 1 was prepared by a three-step procedure from com-
mercially available citraconic acid dimethyl ester.10 Racemic (±)-

1 was then subjected to chiral HPLC on a CHIRALPAK� IA column
(0.46 cm / � 25 cm, t0 = 7.0, t1 = 24.8, t2 = 26.3 min, a = 1.1 in hex-
ane/2-propanol = 24:1, 0.3% acetic acid, 0.5 mL/min) to afford the
first-eluted enantiomer ((�)-1) and the second-eluted one ((+)-
1).11 In solution, 1 has a possible form for complex aggregates
through the intramolecular and/or intermolecular hydrogen bonds
between the two carbonyl groups of 1. These aggregates could give
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complex VCD and IR spectra. Although there have been several
profound studies simulating such self-associating molecules,12

theoretical predictions on these compounds remain complicated.
We therefore decided to prepare the corresponding dimethyl ester
(2) and performed VCD analysis on it in order to determine the
absolute configuration of 1. The following methylation reactions
of (�)-1 and (+)-1 were carried out at neutral pH, since racemiza-
tion is predicted to occur via keto-enol tautomerism under acidic
or basic conditions, affording (�)-2 and (+)-2, respectively, without
racemization.13

The IR and VCD spectra of each enantiomer were measured on a
commercial Fourier transform spectrometer in CDCl3 solution
through a 100 lm path length cell with CaF2 windows. The IR spec-
tra of (�)-2 and (+)-2 were identical each other, while their VCD
spectra were obtained in the almost complete mirror images each
other ( Fig. 1). Both enantiomers showed the characteristic VCD
band around 1730 cm�1 (C@O stretch) with several complex bands
in the fingerprint region (1300–1000 cm�1).

Using molecular mechanics (MM) with MMFF94S force fields
from the CONFLEX program, conformational analysis of (R)-2 was car-
ried out using the DFT calculations with the C–C–C–C angles in the
alkyl chain being fixed to 180�. To obtain accurate energies and IR
and VCD spectra of these conformers, geometrical optimizations
and harmonic frequency analyses were performed using the DFT
calculations at the B3PW91/6-311++G(d,p) level of theory for the
32 low-lying conformers. The total IR and VCD spectra were ob-
tained by averaging with a Boltzmann weighted population de-
rived from free energy with respect to the vibrational motion of
the molecule. Fourteen conformers, whose cumulative sum of the
Boltzmann weighted population is over 95%, were used in the aver-
Figure 1. Comparison of IR (lower frame) and VCD (upper frame) spectra observed for (
follows. First, by comparing the observed and the theoretical IR spectra, each IR peaks wa
that they correspond to each IR peak position.
age. The frequencies of the spectra were scaled with a factor of
0.97.

Figure 1 shows the comparison of IR and VCD spectra observed
for (�)-2 with those calculated for (R)-2. Between the observed and
calculated spectra, the signs of the major VCD bands showed rea-
sonable agreement. In particular, the characteristic VCD absorption
around 1730 cm�1 (C@O stretch) was in a good agreement with the
most stable conformer of (R)-2, which reliably verified that the
absolute configuration of 2 is R-(�)/S-(+). Consequently, the abso-
lute configuration of hexylitaconic acid (1) was concluded to be R-
(�)/S-(+), since the conversion of 1 into 2 proceeds without inver-
sion of the stereochemistry. The difference between the observed
and theoretical VCD in the fingerprint region can be attributed to
the contribution of the alkyl chain structure that was fixed to the
zigzag conformation during the calculation.

To reduce the number of the possible conformations in the parts
of the alkyl side chain on the DFT calculation for the VCD study,
acyclic compound 1 was converted into a cyclic compound 3 as a
more rigid structure. Dicarboxylic acid 1 was selectively esterified
to a racemic monomethylester 4 in acidic methanol.2 The ester
group in 4 was subjected to treatment with diisobutylaluminium
hydride in dichloromethane followed by heating a resulting hydro-
xyl acid to be converted a lactone 3.14 The racemic 3 was efficiently
separated into each enantiomer in the chiral HPLC system on a
CHIRALCEL� OB-H column. Each enantiomer of 3 showed com-
pletely mirror-imaged VCD spectra (Fig. 2).15,16 The DFT calculation
of (R)-3 was performed by the almost same method as that for 2.16

Figure 2 indicates an obvious identity in observed and calculated
IR and VCD spectra of (+)-3 and (R)-3. Thus, it was undoubtedly
confirmed that (+)-3 had an R configuration. To verify stereochem-
�)-2 with those calculated for (R)-2. The number of the peak position is assigned as
s assigned. Then, the peak positions of the VCD from each method were assigned so



Figure 2. Comparison of IR (lower frame) and VCD (upper frame) spectra observed for (+)-3 with those calculated for (R)-3.
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ical relationships of these chiral compounds, their derivatizations
were performed. On the other hand, optically pure (�)-415 was effi-
ciently converted to (R)-(+)-3 by lactonization and to (R)-(�)-2 by
methylation, respectively (Scheme 1).16 This showed the chiral
center of (�)-4 was deduced to be an R configuration, supporting
the result of the VCD study of the diester 2.

Finally, the p53–HDM2 binding assay was carried out. Inhibi-
tion of p53–HDM2 binding activity was examined by ELISA accord-
ing to the standard procedure using purified recombinant p53 and
HDM2 proteins and primary anti-MDM2 antibody (Santa Cruz,
SMP14). (+)-1 inhibited the p53–HDM2 interaction in a dose-
dependent manner and showed an IC50 of 50 lg/mL comparable
to that of the (�)-enantiomer.
Scheme 1. Reagents and conditions: (a) TMS–diazomethane, CH2Cl2/MeOH (3/1),
rt, 0.5 h, 17%; (b) TMS–diazomethane, CH2Cl2/MeOH (3/1), rt, 10 min, 59%; (c)
DIBAH, CH2Cl2, �78 �C, 1 h then CHCl3, reflux, 16 h, two steps, 35%.
In conclusion, we have successfully determined the absolute
stereochemistry of hexylitaconic acid (1) using its dimethyl ester
(2) and its lactone derivative (3) to be R-(�)/S-(+) by the VCD tech-
nique. This revealed the reliable stereochemical consequence for 1
as (R)-(�) for the first time, which was opposite to the results pre-
viously assigned.5 This VCD study also suggests that the methodol-
ogy described here can be applied to chiral analysis of other a-alkyl
carboxylic acids. In addition, (+)-hexylitaconic acid ((+)-1) was
shown to have an inhibitory activity against the p53–HDM2 inter-
action, which was comparable to the reported value for the (�)-
enantiomer ((�)-1).
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