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Abstract

Isosilybin A (1) is one of the major flavonolignans that constitute silymarin, an extract of the fruits
(achenes) of milk thistle [Slybum marianum (L.) Gaertn. (Asteraceae)]. The chemistry of the
Slybum flavonolignans has been studied for over four decades, and the absolute configuration of 1
has been determined previously by electronic circular dichroism (ECD) and X-ray crystallography
via correlating the relative configuration of the phenylpropanoid moiety to the established absolute
configuration of the 3-hydroxyflavanone portion of the molecule. Herein we report the X-ray
crystallographic structure of the product of the reaction of 1 with 4-bromobenzoyl chloride, and,
thus, the absolute configuration of 1 was established as (2R, 3R, 7”R, 8”R) directly via X-ray
crystallography of an analogue that incorporated a heavy atom. The results were consistent with
previously reported assignments and verified the absolute configuration of the diastereoisomer of
1, isosilybin B, and the related diastereoisomeric regioisomers, silybin A and silybin B.

We have been studying the chemistry of flavonolignans from milk thistle extract for nearly a
decade. This includes isolating gram-scale quantities of individual flavonolignans?! that
enabled exploration of milk thistle's prostate cancer chemopreventive activities, 28
hepatoprotective activities,?"12 and metabolism via cytochrome P450 2C9.13 Continued
interest in Slybum flavanolignans and recent discussions with collaborators has prompted us
to review the absolute configuration of these constituents. While a wealth of spectroscopic
and spectrometric evidence has been amassed, primarily using ECD, MS, NMR and X-ray
crystallography data, direct X-ray crystallographic analyses involving a heavy atom to
confirm the absolute configuration conclusively has yet to be reported.

To chronicle milk thistle briefly, Slybum marianum (L.) Gaertn. (Asteraceae) has been
utilized for centuries for hepatoprotective properties, and several reviews should be
examined to learn more about the history and medicinal properties of this plant}4-19 or the
nomenclature of compounds isolated therefrom.20 Silymarin is the most commonly
examined crude extract of the fruits (technically, achenes), and the bioactive constituents in
silymarin have been the subject of more than 100 chemistry manuscripts over the past 40
plus years, largely because their biological activities continue to be studied and the
technology to isolate, analyze, and characterize them has evolved progressively. A
breakthrough in the chemistry of silymarin was reported in 1974, when Wagner and
colleagues?! demonstrated that silymarin was a mixture of flavonolignans, and what was
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initially referred to as silymarin corresponded to silybin, likely formed from the flavonoid
taxifolin and the phenylpropanoid coniferyl alcohol. Indeed, the term ‘flavonolignan’ was
first coined by Pelter and Hansel?2 when they characterized the scaffold of these compounds
and proposed that the phenylpropanoid could react with taxifolin in two different fashions,
thus leading to what would later become the silybin vs isosilybin regioisomers.23 The silybin
and isosilybin regioisomers were each shown to be a mixture of the corresponding
diastereoisomers at C-7” and C-8” of the D-ring, with anti relative configuration across all
four compounds (1-4). The purification and structure elucidation of seven of the major
flavonolignans in silymarin was first reported in 2003, thereby establishing the absolute
configuration of isosilybin A (1), isosilybin B (2), silybin A (3), and silybin B (4) using
ECD;2425 |ater that same year Lee and Liu?%:27 reported the isolation and configuration of
1-4, together with the X-ray crystallographic data for 1. Gram-scale quantities of these
compounds, principally 1-4, were made possible through the initial work of Graf et al.1 Kren
and colleagues have also made significant progress in the gram-scale isolation and
characterization of 3 and 4 via a semi-synthetic approach.28:29
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There have been two reports of X-ray crystallographic data for flavonolignans from
silymarin, both of which only established relative configurations. Besides the
aforementioned report on 1 in 2003,26 a 1983 study by Lotter and Wagner3? examined a
crystal of the 1:1 mixture of the diastereoisomers, 3 and 4 (often referred to as silibinin).20
In fact, the tendency for 3 and 4 to co-crystallize can be utilized as a key step toward
purification of the individual flavonolignans on a multi-gram scale.!

The absolute configuration of the flavonolignans from milk thistle has been determined
largely via comparison to standards using ECD. For example, the absolute configuration at
C-2 and C-3 in 14 (all with R configurations) were established by comparing ECD spectra
with those of known dihydroflavonols31-33 and by chemical synthesis of various
isomers.34-36 In a similar manner, the ECD spectra for the phenypropanoid portion of
compounds 1-4 were compared with model compounds to determine the configuration at
C-7” and C-8”, thus establishing the absolute configuration of compounds 1-4.24
Complementing that finding, the X-ray crystallographic data for isosilybin A (1) together
with the established absolute configurations at C-2 and C-3 through prior ECD studies, and
in conjunction with comparison of specific rotations, permitted an independent
determination of the absolute configuration of 1-4.26 Given that the configurations at C-2
and C-3 are well established based on comparisons to flavonoids, one could consider
deriving the relative configurations at C-7” and C-8” via NOESY experiments. However,
those pairs of stereogenic centers were too distant to observe appropriate NOESY
correlations (data not shown). In summary, the absolute configuration of the four
stereogenic centers in 1-4 has been pieced together using different types of data, with
particular emphasis on ECD.
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To define the absolute configuration of the stereogenic centers of the four main
flavonolignans directly, we first crystallized isosilybin A (1), and the preliminary X-ray
crystallography data (not shown) matched that of Lee and Liu.26 Then, by reacting 1 with 4-
bromobenzoyl chloride3” and crystallizing the purified product (5; 8 mg) by slow
evaporation in MeOH, suitable crystals were isolated for X-ray crystallographic analysis
with the presence of a heavy atom, permitting the determination of the absolute
configuration of 1 (Figure 1) and confirming the earlier results using ECD2425 or a
combination of ECD, X-ray crystallography, and specific rotation.26-27 The HRMS data for
5 showed nvz = 687.0463, corresponding to C3oH,5"°BrO;;Na (calcd 687.0472), and myz =
689.0444, corresponding to C3,H»581BrO11Na (calcd 689.0452). The 'H NMR data of 5
supported incorporation of a C-7 monobromobenzoyl group into 1, based on the chemical
shifts and integration (see Supporting Information). The hypothesis for the reaction was that
the 4-bromobenzoyl chloride would react with the C-9” primary hydroxy group; however,
there was literature precedence using similar reagents for esterification at one of the
phenolic moieties in the flavonolignans, particularly the 7-OH group.38:39

Colorless single crystals of the bromobenzoyl product (5) were, at 193(2) K, orthorhombic,
space group P212121, with a=4.7129(6) A, b= 16.470(2) A, ¢=38.853(5) A, V =
3015.8(6) A3 and Z = 4. Data were collected with a Bruker APEX CCD diffractometer
(MoK radiation, graphite monochromator) at 193(2) K (cold N3 gas stream) using standard
CCD techniques, yielding 31 437 integrated reflection intensities of which 5515 were
unique, [R(int) = 0.0814]. The structure was solved with the Bruker SHELXTL software
using direct methods techniques. All non-solvent non-hydrogen atoms were refined with
anisotropic thermal parameters; non-solvent hydrogen atoms were included as idealized
isotropic atoms “riding” on their respective carbon or oxygen atoms. The structure contained
a region of disordered electron density that was modeled as disordered methanol of
crystallization. A total of six partially occupied (1/3 normal occupancy) sites were refined as
oxygen or carbon atoms. These atoms were refined isotropically, and no solvent hydrogen
atoms were included in the refinement model. The resulting structural parameters were to
convergence (Ry = 0.0484 for 4225 1>20(1) data, wR, = 0.1037 for all 5515 reflections, GOF
= 1.046, absolute structure (Flack) parameter = 0.02(1)). Crystallographic data were
deposited with the Cambridge Crystallographic Data Centre (deposition code: CCDC
893140). Copies of the data can be obtained, free of charge, on application to the Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (deposit @ccdc.cam.ac.uk).

In conclusion, the absolute configuration of isosilybin A (1) has been established as (2R, 3R,
7"R, 8”R) via X-ray crystallographic analysis of the heavy atom analogue, 7-(4-
bromobenzoyl)isosilybin A (5), supporting the validity of earlier findings.24-27 Moreover,
these data, in conjunction with the well-established ECD data?* (see Supporting
Information) confirm the absolute configuration of the diastereoisomer of 1, isosilybin B (2)
and the diastereoisomeric regioisomers of 1, silybin A (3) and silybin B (4).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
X-ray crystallographic structure of 7-(4-bromobenzoyl)isosilybin A (5).40
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