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FLAVOLIGNANS AND OTHER NATURAL LIGNOIDS: PROBLEMS OF STRUCTURAL ANALYSIS

V. A. Kurkin and G. G. Zapesochnaya UDC 547.9

In this review, literature information on natural lignoids ~ flavolignans, xantho-
nolignans, coumarinolignans, and neolignans — is systematized. Questions of the
structural analysis of this group of natural compounds are discussed.

At the present time, a fairly large amount of factual material on the class of natural
lignoids has accumulated, and therefore the necessity for its generalization has arisen. There
are reviews in the literature on flavolignans, but, as a rule, they relate to structural inves-
tigations and the pharmacological properties of compounds from milk thistle [1-5]. It must
be mentioned that recently information has begun to appear ever more frequently in the litera-
ture not only on flavolignans but also on other lignoids — coumarinolignans, xanthonolignans,
and neolignans. As a result of this, even today in structural investigations of these com-
pounds certain methodological approaches have arisen which are applicable to the whole class
of lignoids.

A feature of the structural investigations of natural lignoids is the fact that the com-
plete proof of their structure requires not only traditional spectral methods but also chem-
ical transformations (cleavage, synthesis, the preparation of various derivatives). The dif-
ficulties up against which workers have come in determining the structures of such compounds
are clearly demonstrated by the history of the first representative of the class of flavano-
lignins — silybin — the complete structure and absolute configuration of which were established
only as the result of synthetic studies. This required the efforts of many scientists of vari-
ous countries for more than 20 years [6-12].

In the present review, an attempt has been made to generalize information on all groups
of lignoids in the light of the problems that scientists solve in the course of structural
studies of compounds of this class.
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CLASSIFICATION AND NOMENCLATURE. DISTRIBUTION IN NATURE

In the study of the literature on lignoids, workers come up against such difficulties
as the absence of a single nomenclature. All natural lignoids can be divided into four large
groups: I — flavolignans (flavano- and flavonolignans); II — xanthonolignans; III — coumarino-
lignans; and IV — neolignans.

Since in all four groups of compounds a common structural element is a coniferyl alcohol
residue or another similar fragment, for convenience we may consider a classification and
nomenclature that clearly show the component parts of the molecules and distinctly single out
the side chain of the coniferyl alcohol residue [13] (see Table 2). Furthermore, each of
these groups can be distinguished by the type of attachment of the coniferyl residue with the
formation of various systems: a) l,4-dioxanes; b) benzofurans; c) tricyclic ketones; d) cyclo-
hexanoids; and e) ethers.

Table 1 gives the structures of natural lignoids, their physicochemical charactersitics,
and their plant sources on the basis of this classification.

Table 1 shows that flavelignans are found in six families, the greater number of them
(12 compounds) have been isolated from the fruit of milk thistle ~ Silybwn marianum (L) Gaertn.
(Asteraceae). The flavonoid moiety of the compounds of this group is represented by flavo--
nones (eriodictyol), flavmonols (taxifolin), flavones (luteolin, scutellarein, isoscutellarein,
tricetin, tricin), and flavonols (herbacetin).

All the xanthonolignans were isolated from plants of the family Hypericaceae, while cou-
marinolignans have been found in four families (Table 1). It is interesting that all the com-
pounds of these two groups contain a 1l,4-dioxane ring in their structure.

The bulk of the-neclignans has been isolated from plants of the family Lauraceae, com-
pounds both with 1,4-benzodioxane and with dihydrobenzofuran structures having been found
(Table 1).

FLAVOLIGNANS

Flavolignans — flavonoids containing in their molecule an additional C¢—Cs; fragment
(mainly from coniferyl alcohol) — form a comparatively small new group of natural compounds.
The first representative of the flavanolignans, silybin (1) was isolated by a number of au-
thors fromthe fruit of the milk thistle [14, 26, 47].

The unusual nature of this compound initially led workers to incorrect structures. At
first, Wagner et al. [47], on the basis of the results of the fusion of the substance with
bromosuccinimide and pyridine hydrobromide, and alsc of the NMR spectra of silybin, its pen-
taacetate, and its trimethyl ether, proposed the structure of 3'-methyltaxifolin containing a
Ci0H110, residue in position 7 for this compound. Then Hiénsel et al. [8] and Wagner et al.
{48] proposed a chromandiol structure for silybin. The difference between the proposed struc-
tures consisted only in the fact that Hinsel et al. assigned a chromandiol residue to the &4'-
OH group, while Wagner et al. considered the substition of the 7-OH or 4'-OH group by this
residue to be equally probable.

ocH Hansel et al.(1967): "

3 0
ROUO Wagner et al.(1968): HOH
| YTOH R =H; R=C

OH 0
b) R =&J; R,=H

Pelter and Hinsel [12] continued the study of the structure of silybin, and on the basis
of the NMR and mass spectra of the initial compound and its pentaacetate and pentamethyl ether
established that silybin belonged to a new class of flavoglycans. The analysis of the sig-
nals of the aliphatic protons in the NMR spectra presented the greatest difficulty; these were
distinguishable onlyin the pentamethyl ether and clearly showed the presence of the following
system in the (1) molecule:



TABLE 1. Natural Lignoids and Their Distribution in Plants

Structure of the compound

Name, constants, plant source

1

2

O~ CHyOH
oo 0oy
1:;EETII‘OH OH

o 0 OCHS

OCH,

HOHZ c W,
0~ CH,0H
ﬁO U W 0
OH
OH O oo,
0CH,
OH

1.Flavolignans
a) 1,4~dioxanes
1. Silybin
25 105
mp 164—168°,
[a]p +108Facetone) ,
Silybum marianum Gaertn.
(Asteraceae), fruit [14)

2. Isosilybin

CasHzo010,

‘mp,  239—241°,

[a] o +16,9° (acetone),
S. marianum, fruit [6, 15]

3.2,3-Dehydrosityibin
CosH20010,

mp. 254—255°

S. marianum, fruit [16)

4. Hhodiolin

mp, 235—237°,

[aﬁjp +0° (acetone)

Rhodiola rosea L. (Crassulace-
ae), rhizomes [17]

5. Siflandrin
CasHpOs,
mp. 234—236°,
[a)p —42,7°
Silybum marianum (white-flower~
ed variety), fruit [14]

6. Hydnocarpin

Ca2sH20,

mp 262-264°

Hydnocarpus wightiana (B u-
me), Flacourticaceae,

fruit (187

Cassia absus L. (Fabaceae),
fruit [19]
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TABLE 1 (Continued)

Structure of the compound

Name, constants, plant source

1

2

J

HO \
Oy CH, OH
OH

7. Methoxyhydnocarpin
C?GHZZOIO‘

Hydnocarpus wightiana,
fruit [20]

8. Hydnowightin

CasHagO1o,
mp . 236-2.1°

[a] p +40° (methanol)
H.wightiana, fruit[21}

b) Benzofurans
9. Silychristin
CasHzO10,
mp, 174-176°
[a] p +81,4° (pyridin),
Silybum marianum, fruit ;21

10, 2,3-Dehydrositychristin
C45H200l0,
mp, . 275—277°,
Sil};bum marianum,
fruit [23]

11, Isosilylchristin
CasH22010,
mp 155-157°
[a]lp +245° (pyridiney
Silybum marianum,
fruit [24]

12, Sityhermin
CasH220s;
isolated from the form of the
entaacetaie from the fruit:
Silybum marianum (white-
flowered variety):
CysHy, Oy, mp, 93-05°

{alp +29,49* (chloroform)

13, Neosilyhermin A
CasH20s,
[a]lp —99,0° (methanol)
Silybum marianum
(while-flowered variety
fruit [13]




TABLE 1 (Continued)

Structure of the compound Name, constants, ptant source

1 2

14, Neosilyhermin B

CasH220s;

isolated from the form of the pen-
wacetate from the frujt of
Silybum marianum (white-flowered
variety):

CysHya Ogy, mp. 98-100°

(alp +24,8° (chloroform)

15, Isohydnocarpin
C25H20091

mp,. 238—240°,
Hydnocarpus wightiana,
fruit [25]1

Cassia absus, fruit [19]

¢) Tricyclic ketones
16. Sitydianin
CasHznO10,

mp, 189-191°*
[(l]D +-218°
Silybum marianum,
fruit [267

17, Silymonin

C25H2209-

mp. 258—260°, [a]p +127°,
Silybum marianum
(white-flawered variety)

fruit [14]

d) Cyclohexanol

18. Neohydnocarpin
CasHzoOs,

mp, 235-237°

[a] p —20,3° (methanol)
Hydnocarpus wightiana,
fruit [207

e) Ethers

19, Aegicin

C26H24010v

mp, 235—236° [a]p —%
Aegilops ovata L. (Gramineae).
whole plant {27]
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TABLE 1 (Continued)

Structure of the compound

Name, constants, plant source

1

2

G g My CH,OH
u O\QH
S CHo 0 O CHOH
{ a
0
HOHO\\/ 0 O ]
O oH 0 OCH;
OH
0§G/CH3

0
: ‘ OCH,
0 o)
OY@
i
HOH,,C 0H

OCH,8 OH
(232) (231)
OH 0
X U;‘ N
0. 3 9%
0CH,
M 0
2 OCH
| 5
NS
0 0
Oy 0CH,
HOH,C OH
OCH,

20, Lignoside

CaqH36056,

mp, 245-247°

[alp —91.6° DMF

Gratiola officinalis L. (Scrophu-
lariaceae)

herbage [28, 29)

21. Isolignoside
C‘“HgsOu.
mp, 230-232°
la]p —147,3° DMEF

Gratiola officinalis L.
herbage [28, 29]

I, Xanthonolignans
a) 1,4-Dioxanes
22, Kielcorin.
Caz4H200s,
mp 250-251°
[a]p +0°
Kielmeyera coriacea,
Caraipa densiflora  (Hyperica-
ceae), roots [30];
Hypericum calyctnum, H. andro-
saeum, H. maculatum, H. perfo-
ratum (Hypericaceae),
roots [311;
H. ericoides, herbage [32}

23, Cadensin A
CasHaO-

mp. 264-267°
Caraipa densiflora
T00ts [30]

24, Cadensin B
Ca¢H22010,
mp, 236-238°
Caraipa densiflora
roots [30]

25, Cadensin C

Ca4H2010;
Vismia guaramirangae (Hyperi-
caceae),

CaoH20,3, mp, 210-214°

roots [33] 3
isolated in the form of the triacetate:



TABLE 1 (Continued)

Structure of the compound

Name, constants, plant source

1

2

: A
0 0-~0
Hac\““zo
OCHS
- OH

imo

HOH, G O

CH0™N~"~ e,
OH

Huuzcrkf

Q OHy3 vy
OH 5 0 OCH:,', Ho : H

OCH,

OH
(28 a

OH OCH
(3Ca) (30b)
OH
B OH
- ' 0 =
"E5 N
CH,0H

T, Coumarinolignans

a) 1,4-Dioxanes

26, Compound B
CxH1505,
mp, . 245—248° [a], —56°,
Jatropha glandulifera (Euphor-

biaceae),
roots [34]

27, Daphneticin

C20H 504,

mp, 235-238°

[a]p =0 (pyridin)

Daphne tangutica (Thymelaeaceae),
stems and roots [35]

28, Aquiilochin

C21H2009,

mp, 220°,

Aquillaria agallocha (Thymelae-
aceae),

herbage [36]

29, Cleomiscosin A

C20H 508,

mp, 247—249°,

Cleome viscosa (Capparidaceae),
fruit [37]

30, Propacin

C20H1307.

mp, 226—228°,

Protivm npacum (Burseraceae),
bark [38]

IV, Neolignans
a) 1,4-Dioxanes

21, Americanin A

C18H16061

mp. 246—247°, [a]lp +23,7°,
Phytolacca americana (Phytolac-
cuceen),

fruit [39, 407

32. Americanin B

C27H2409,

mp, 258—260°,

[a] p +1,7° (pyridin)

Ph. americana, fruit [39]
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TABLE 1 (Continued)

Structure of the compound

Name, constants, ptant source

1

2

0CH,
0CH,

0 OCH,
07 ™mgH,

0CH,

CHd 0 i

33. Eusiderin

Cs2H260s.

mp. 94°, [a]p —25.4°,
Eusideroxylon zwageri (Laura-
ceae), bark [411

b} Benzofurans

34, Americanin D
CISHIGOG-

mp, 197—200°,
Phytolacca americana,
fruit [39]

35, Herpetotriol

CaoHg00,

mp, 175—-176° {a]p —20°,
Herpetospermum caudigerum
(Cucurbitaceae) [42]

36, Licarin A
CaoHayOs,
lIjlp. I14—116°,
icari it
bati“[z‘;n u (Lauraceae),

37, Licarin B
C20H200;,
mp, 91—92°,

Licaria aritu (Laura
bark [43] (Lauraceae),

38. Burchellin
CaoH200s,
mp, 154—156°,

Aniba burchelli (Lauraceae),
bark [44]

39, Porosin

Ca21H260s,

mp;  133-135°,

Ocotea porosa (Lauraceae),
bark {45]




TABLE 1 (Continued)

Structure of the compound Name, constants, plant source
1 2
GH30 40, Lariciresinol 4'~methy! ether
0 |
HO Y Cz1Hz250s,
qu £ mp. . 125—127°,
HO [a] p +12,9° (chlorofornt)
UGH3 Turrea nilotica (Meliaceae),
OH leaves |-161
H
lot\\CHlo-
~0 z Al‘
H

Mass spectra showed the preseuce of fragments with m/z 180, 162, 137, and 124, which are
characteristic for coniferyl alcohol. All this permitted these authors [12] to propose for
silybin two possible structures (1l and 2) and to express the opinion that it was formed as the
result of the oxidative coupling of taxifolin and coniferyl alcohol.

In the course of the synthesis of the cis and trans isomers of 1,4-benzodioxane (41) and
of chroman-3,4-diol (42), the presence in a silybin of a 1,4-benzodioxane ring with substitu-
ents in the transoid position was confirmed [10].

U, woA
= OCHs A OH

s He Q H

SV e—0H 04N

Hy by Hy
(1) (42)

At the same time, it was shown that compounds (41) and (42) differed considerably with respect
to their PMR spectra. Thus, the signal of the most descreened proton (H,) appeared in the
spectrum of (42) and of its diacetate in the form of a doublet (SSCC for the cis isomer 4 Hz,
and for the trans isomer 3 Hz), and the signals of the Hg, H., and HD protons formed a broad
multiplet at 4.2-4.8 ppm, while for the model benzodioxane (41) and silybin (1), the H, signal
(trans form) appeared in the form of a doublet with J = 8 Hz (4.9 ppm), and the Hp and Hg/H
protons formed two groups of signals in the stronger field (Table 2); the benzyl proton (HA9
of the cis isomer (41) resonated in the form of a doublet with a constant of 2-3 Hz.

Thus, a detailed analysis of the signals of the aliphatic protons in the PMR spectra of
the above-mentioned compounds led to the unambiguous conclusion of the transoid configuration
of the substituents in the 1,4-benzodioxane part of the silybin molecule.

However, two more questions had to be answered: the positions of the substituents in
the benzodioxane part of the molecule (i.e., structure 1 or 2) and the absolute configurations
of the chiral centers C-a and C-8. The results of experiments on the cleavage of silybin [11]
did not permit a choice to be made between the two possible structures. Only in the course
of synthetic studies {[7-9) was structure (1) shown reliably for silybin.

4
O 0, GH, 04 O~ CH,OH Io CH,OMe
HO O 05 0 Meo 0
2 CH OH OMe OMe
OH 0 CMe OMe

OMe
(1) (43) . (44)
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OMe OMe
CMe Me OMe
CH
/| 0’*15 mg
CH,0Me
HO O N0 oH,0n 2
3K OH T

00 (46)

In this work, the tetra- and pentamethyl ethers of dehydrosilybin (43 and 44) and the analo-
gous derivatives of its regio-isomer (45 and 46) were synthesized, and the corresponding de-
rivatives werealso obtained from natural silybin. These derivatives were not selected at
random. On the one hand, the pentamethyl ether (44) is a well crystallizing and stable com-
pound readily soluble in chloroform, and its signals are easily interpreted on comparative
NMR spectroscopy. From another aspect. the endeavor to synthesize dehydro derivatives of
silybin was due to the fact that this eliminated the stereochemical difficulties that were
connected with the presence of two chiral centers in the flavanonol molecule (C-2 and C-3).
The comparison showed that the natural tetra- and pentamethyl ethers of dehydrosilybin were
identical, according to their PMR and IR spectra, with synthetic derivatives (43) and (44),
respectively. So far as concerns their mass spectra, the fragmentations of the corresponding
derivatives were very similar; however, when the spectra were recorded under the same temper-
ature conditions the natural and synthetic derivative (44) had not only identical fragmenta-
tions but also identical relative peak intensities.

A study of the absolute configuration of silybin by comparing its circular dichroism (CD)
spectra with the CD spectra of other flavanonols showed the 2R,3R configuration only for the
flavanonol moiety: a negative Cotton effect in the short-wave region (295 nm) and a positive
effect at 330 nm [3, 39]. Since the C-a and C-B asymmetric centers are not adjacent to a
carbanol group, their contribution to the CD gpectrum is insignificant, and the curve of the
CD spectra is very similar to the curves of the 3R-flavanonols which did not permit Wagner
[3] to draw any conclusions whatever.

On the basis of literature information, the hypothesis was put forward [7] that the pen-
tamethyl ether (44), which is characterized by a considerable specific levorotation, had the
oR,BR configuration. This conclusion was also applied to silybin.

However, its erroneousness was shown subsequently. Experiments on the mild dehydrogena-
tion of silybin [6, 50}, led to the optically inactive 2,3-dehydrosilybin. This investiga-
tion showed that natural silybin is a diastereoisomeric mixture of compounds with the same
configuration at C-2 and C-3 and the opposite configurations at C-a and C-B: «u-R,B-R and a-S,
B-S. These conclusions were later confirmed by a brilliant l-stage biomimetic synthesis of
silybin (1) from taxifolin and coniferyl alcohol [6, 15, 31]. This gave a mixture of silybin
and isosilybin (2) in a ratio of 57:43 (determined by the HPLC method). The isosilybin ob-
tained was identical with the isosilybin isolated by preparative TLC from the fruit of the
milk thistle [6]. On this basis, the authors concluded that the racemic silybin synthesized
by Mishima et al., {51] was actually isosilybin.

These results were also confirmed by the hypothesis [11] that silybin is formed in the
plant by the free~radical oxidative interaction of dihydroquercetin and coniferyl alcohol
which may lead to a mixture of regio- and diasterecisomers.

The IR, UV, and ‘H and '°C NMR spectra of silybin and of isosilybin are very similar and
do not permit the type of isomerism to be determined. The structure of isosilybin was estab-
lished definitively with the aid of the mild dehydrogenation of this compound in boiling pyri-
dine [6], which gave dehydroisosilybin quantitatively. Dehydroisosilybin and dehydrosilybin
were well separated by TLC, and thus excluded the possibility of diastereoisomerism at C-o
and C-8 between (1) and (2) which would have led to identical dehydroderivatives.

The same authors [6] report that in the measurement of the 'H NMR spectra of the 2,3-
dehydro derivatives (1) and (2) in benzene containing the minimum amount of pyridine to im-
prove solubility, the signals of the H-a atom and of the methoxy group were split into two
peaks of equal intensity with Av 1-2 Hz (100 MHz). On this basis, the authors [6] concluded
that natural silybin and isosilybin formed a diastereoisomeric mixture with the 1:1 composi-
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TABLE 2.

Details of the PMR Spectra of Lignoids and Their
Acetates (4§, ppm; J, Hz)

Protons Litera-
Compound| Solvent Ar—cH— | —cH—cH,— —CH,0— —cH, ture
(H-a) (H-B) (3H-7) (3H-7)
1 | 2 | 3 4 | 5 6 7
Silybin (1) | DMSO 4,88 4,00—4,10 | 3,1-3,7 - 11
d, 8Hg) (m (2H,m)
Pentaace- CDCl, 4,88 4,25 3.96(q :. SandlO; — 11
tate of (1) (d, 7 Hz) () H-7,); 4,36 (q,
3Hz, H-12)
The model | CDC, 4,94 4({,3)1 3,53)@%..;(;1% d13:3 - 10
10X (d, 9Hz H-y,); 3,80(dd,
ane (41) ) andlé; H-713)
Dehydrosily{  C,D;N 5,36 4,36 3.7—4,1 - 1
bn (3) (d8Hz) | (br.d) |(2H,m)
Pentaaceta-| CDCl, 4,97 4,2—-4,5 | 3,8—4 15 and — 1
te of (3) , 7.5) (m) 4,2-4,52H, m)
Rhodiolin (CD,),CO 5,27 4,23 3,66 (dd 4andl2, — 17
4 (d, 8Hz) m) H-1,); 400(dd, 3
andl?, H-yy)
Pentaacetatd CDCl, 5,10 4,60 - 17
of (4) (d.8Hz) (3H, m)
Siladrin (5) [(CD,),CO+- 5,03 4,20 3,67(1H, 4, 6 Hy - 57
+CF,CO,D (d.8 H2 () 3.62(1H, d,
4,5Hz)
Tetraace- CDCly 4,98 3.82—-4,50 - 57
tate of (5 (d 8H2 (3H,br, m)
Hgdnocarpin CDCl, 4,97 4,18--4,50 - 8
(6) tetraace- . 7.5 Hz) (3H, my
tate
Sitychristin |[(CD,),CO+ 5,60 3,50—4,00 - 22
(9 +CFCO,D |(d, 6,2Hz) (3H, m)
Pentaacetate| CDCl, 5,61 ] 3.60—3,95 4,38 - 2
(9 (d.6 Hz) (m (2H, d. 6,5Hz)
Isosilychris- CD,CN 5.62 - 24
tin (11) (d, 2Hz)
Hexaacetate CD;CN 5,82 3.81-3,88 | 4,28—4,43 - 24
of (11) ., 2.5) (m) (9, a.58
andl1,7Hz)
Silyhermin CDCl, 5,60 3.8 4.36(dd. 7.5and - 13
(12) penta- (d, 6 Hz) m) 11,H-7,); 4,45
acetate (dd,5.5andll,H-13)
Neosilyher~ CDCl, 5,66 3,9 4.35(dd ,7andll, - 13
min A'(13) (d. 3,5Hz) ) H-7,); 4,40 (dd.5
pentaacetate andll, H'T?)
E]e.gs}isl)((lllig- 4+ CDCly 5,72 3.8 4,28 (dd,8,5and11, - 13
i Y
pentaacetate (d, 3Hz) ) :I’]Ji)l :l‘f(g;dd 4,5
Isoh fél)ocar- CDCl, 5,65 3,78 4,38 q - 28
in en-
acetard | Ad, 6Hz) (m) (2H, d, 6,5Hz)
Sitydianin ‘| (CD;),CO 3,40 2,97 3,88 (1H, d, 8Hz - 22
(1 m (m) 43219, 3,5
pnds Hz,
Silymonin CD;3),CO 3.39 2,87 3,87(d. 8 Hz — 57
an (P . 2.5) i) Hev: 4.29(d,
3Hz, H-1)
Neohydno- CDCl, 4,70 3,61 404 45 - 21
carpih (18). (s) () (2H, m)
hexaacetate
Aegicin(19) DMSO + 4.82 4,2 3,4 — 27
+D,0 d,5 Hz) (dt) (m)
Pentaace- cDel, 6,1 4,64 391 (dd4andi12Hz) - 27
tate ot (19) (d. 6 5) | (dt, 6andd)| 4.3(dd, 4and
12Hz)
Kielcorin | DMSO 5,06 4,37 3,85 (1H, m) - 30
(22) (d. 8Hz) | (dm, 8ang 11325§ &dc% 3 and
.5Hz
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TABLE 2 (Continued)

Protons Litera-
Compound{ Solvent Ar-CH— | —CH—CH,— —CH,0— —CH, ture
(H-a) (H-8) (@H-1) (3H-7)
1 2 | 3 | 4 | 5 ) |
— -
Diacetate CDCl; 5.05 4 05—4,60 (3H, my - 30
of (22) (br. d, 7.5)
CadensinC|{ CDCl, 5.0 4,05—4,60(3H, m) - 33
(25) triace- (br, d. 7Hz)
tate
Compound DMSO 4,70 4,30 ( - 1,20 34
B(2 d.7Hz; m) \ (3H,d ., 7)
Monoacetatd CDCI; 4,70 4,20 — 1,30 34
of (28) (d,7Hz) ) (d4,7Hz)
Daphneticin| DMSO 5,10 4,34 3.59 — 35
(2 (d, 7,5Hz, (m (ed, m)
Diacetate DMSO 5,25 4,79 4,22 — 35
of (27) d, 7,5 m) (2H, m)
Aquillochin DMSO 5 05 4.1 3,5 - 36
(28) (4, 8Hz) (my (2H, m)
Piacetate off DMSO 4,88 4,31 4.03 - 36
28) (d.8H2) (m, (2H, m)
Pros:acin CDCl,4 4,70 4,3 - 1,33 |38
(30 (d, 7,5) (m) (d. 6, 5Hz)
Americanin ? 4,97 4,15 3.5(2H, m — 40
A (31) (d,8Hz) (m,
Eusiderin - CDCly 4,58 4,10 — 1,26 |68
(33) @. 7Hz) (m @, 6Hz)
Americanin ? 5,69 3,85 4,43 (2H, m, 7Hz) — 39
D (34) (d 6Hz) () )
Herpetotriol CDCl, 6.14 4,00 4,22(2H, m 42
35 (d, 6,5 (m)
Licarin A CDCly 5,14 3,48(dq), | — 1,43 (43
(36) @, 9.2 |6,7and9,2) (d. 6. 7Hz,
Licarin B CDCl, 5,04 3,39 - 1,35 |43
(37N (d 8,9) [(min, 8Hz) (d, 7Hz)
Burchellin CDCY, 5.17 2,88 - 1,16 |44
(38) ‘ (d. 9,5) (dqé 2.9 d, 6, 9Hz)
Porosin (39) | €DCI, 5,89 2,6 - 0,52 |45
(d' 5'4) (m) (dv T‘SHZ’
!‘:ariciresinol. CDCl4 4 81 32.?1 - 16
’=mono-
methyl ether @. étiz) (2H, m)
(40)
Diacetate of | CDCl4 d4,7% 2,5—3,0 ?(.11{8 ()IH4. gg(,md — 46
40 , 6Hz z); 4, .
(40 ¢ ! (@ dd . 7andio Hz)

Symbols: s — singlet; d — doublet; t — triplet; q — quartet;
quin — quintet; m — multiplet - br. — broad signal; ? — solvent
not given,

tion, which agrees with the zero specific rotation for the 2,3-dehydro derivatives of both
regio isomers.

In recent years, liquid chromatography has been used successfully for studying the struc-
ture of the flavolignans [6, 15, 52-55]. On analysis by the HPLC method, silybin (sharp melt-
ing point, one TLC spot) issued in the form of a single peak if acidified mixtures of dioxane
or acetonitrile were used as the mobile phase [6, 15, 52]. When mixtures containing methanol
were used, silybin was separated into two peaks (A and B) [52) as in the case of another fla-
vanolignin — isossilybin [6] but under these conditions the flavonolignan hydnocarpin gave
only one peak [52]. On the basis of these results, the authors came to the conclusion that
the flavanolignans silybin and isosilybin, unlike the flavonolignase, formed diastereoisomeric
pairs that could be separated by the HPLC method only under the conditions of a reversed-phase
process on C-18 with the mixture methanol-water—acetic acid (40:60:5) [52].

The flavolignans 3-21 belong to one of the five types of attachment of the aryl residue
to the flavonoid molecule.
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Among the l,4-dioxanes, interest is presented by rhodiolin (4) and hydnowightin (8).
Rhodiolin, isolated from the rhizomes of roseroot stonecrop, was the first example of the
attachment of the coniferyl alcohol residue to ring A of a flavonoid (herbacetin). The rela-
tive configuration of the substituents in the dioxane fragment of (4) is transoid (Table 2),
but the question of regio-isomerism in this part of the molecule remains open. In view of
its zero specific rotation, it may be assumed by analogy with information in the literature
for kielcorin (22) [50] and for the 2,3-dehydro derivatives of silybin and isosilybin [6] that
rhodiolin is a mixture of enantiomers with the structure (4a) or (4b) [17].

In hydnowightin (8), one coniferyl alcohol residue is attached to luteolin with the forma-
tion of a benzodioxane fragment, and a second in position 5 of the guaiacyl residue with the
formation of a hydroxymethylstilbene structure. Sharma et al. {21] have proposed an unambigu-
ous structure for compound (8), but here again two regio-isomers are possible. For example,
in the course of synthetic studies [56, 57], the structure of hydnocarpin (6) was refined as
3-deoxydehydroiscsilybin and not 3-deoxydehydrosilybin as was assumed previously [18].

Silychristin (9) and silydianin (16) are isomers of silybin and are among the main compo-
nents of milk thistle [22]. The two compounds have the same molecular weight (M+ 482) and their
mass spectra contain fragments of coniferyl alcohol (Table 4) which are similar to the frag-
ments of cinnamyl alcohol [58-60]. However, silydianin (16) differs from silybin and sily-
christin by the presence of an additional nonconjugated carbonyl group (IR spectrum). With
the aid of x-ray structural analysis, and also of double resonance, an unambiguous structure
has been proposed for silydianin [22 61]. The stereochemistry of this compound is simplified
because of the presence of a rigid structure of the chiral tricyclic system. In addition to
enantiomers of the cyclic system, only two stereoisomers relative to the o-C atom are possi-
ble. On the basis of the results of x-ray structural analysis the 2'R,oR absolute configura-
tion is proposed for the tricyclic system in view of the 2R,3R configuration of the flavanonol
series established with the aid of CD spectra.

Two structures were initially proposed for silychristin: 9a and 9b {62, 63].

In the course of supplementary investigations by the double resonance method of sily-
christin hexaacetate, the structure of the lateral phenyl residue and the position of attach-
ment of the coniferyl alcohol residue in compound 9a were shown strictly [22]. A comparison
of the chemical shifts of the C-a, C-B, and C-y signals in the '°C NMR spectra of silychristin,
and anhydrosilychristin with the chemical shifts of the corresponding signals dihydrodiconif-
eryl alcohol and its anhydro derivative confirmed the correctness of structure (%a) [2, 62].
These conclusions were also confirmed by the *H NMR and mass spectra of anhydrosilychristin
[64]. According to Wagner et al. [22], the relative configuration of the dihydrofuran ring
of (9) is transoid. In the opinion of these authors, the absolute configuration of this part
of the molecule can be decided only by comparing a number of derivatives with similar frag-
ments in their molecules.

Definite interest is presented by silandrin (5) and silymonin (17), which are the main
components of the white-flowered variety of milk thistle [14, 57, 65]. It has been shown on
the basis of 'H and *®C NMR spectra that silymonin is 3-deoxysilydianin, and silandrin is 3-
deoxysilybin or 3-deoxyisosilybin [54, 64]. The choice between the alternative structures for
silandrin was made as the result of the synthesis of the trimethylether of silandrin chalcone
from the neolignan americanin A (31) [54 65]. A comparison of this synthetic derivative with
the trimethylether of silandrin chalcone obtained by the methylation of silandrin demonstrated
their identity, which showed the structure of 3-deoxyisosilybin for (5). In the intermediate
stages of the synthesis of the silandrin derivative from americanin A, an alcohol was formed
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that had been obtained in the synthesis of isosilybin [9], and this permitted the authors [56,
57] to determine more accurately the assignment of the aryl and hydroxymethyl substituents

in the structure of americanin A [40]. The CD spectra of dehydrosilandrin (positive bands at
319 and 245 nm) indicates that the benzodioxane ring of (5) has the Ca-R,CB-R or the Ca-S,
CB-S absolute configuration [57].

Recently, three new flavanolignins have been described for the white-flowered variety of
milk thistle: silyhermin (12), neosilyhermin A& (13) and neosilyhermin B (14), it having been
possible to separate compounds (12) and (14) only in the form of their acetates, while (13)
was obtained by preparative HPLC {13]. The absolute configuration only of the flavanonol moi-
ety of compounds (12-14) has been established. It is interesting that (13) and (14) are
diastereoisomers with, respectively, the 2R and 2S configuration at C-2, which has been con-
firmed by HPLC results and specific rotations [13].

Neohydrocarpin (18) is the only representative of the flavolignans in which the coniferyl
alcohol is attached by two bonds to C 3 and C-6' of a flavonoid. The conclusion of the cis
configuration of neohydrocarpin was made on the basis that the H-a signal appears in the PMR
spectra of (18) and of its acetyl derivative in the form of a singlet (4.70 ppm) [21]. The
question of the isomerism of the position of the substituents was solved with the aid of the
'3C NMR spectrum of (18), where (because of the influence of the carbonyl group in the peri
position) the signal of the carbon atom of the hydroxymethyl group (C-vy) appeared in a weaker
field than the analogous signals of other lignoids (Table 3).

An unusual type of attachment of the aryl residue has been found in aegicin (19) {27],
lignoside (20), and isolignoside (21) [28, 29].. In all these compounds, the E-hydroxyls of
the aryl residues are attached to the 4'-0H groups of the flavonoids with the formation of
ether bonds, while lignoside and isolignoside each contains a 6-acetylglucose residue. The
presence of an ether bond at CR-OH in aegicin (19) has been shown by a comparison of the NMR
spectrum of the substance and its acetate (Table 3) with those of model compounds. The eryth-
ro configuration of aegicin follows from an analysis of the chemical shifts and the SSCCs
of the signals of the aliphatic protons in the PMR spectra of the acetate (19) and of model
threo- and erythro-l-phenylpropane-1,2,3-triols [27].

In concluding this section, we may note that the proposed mechanism [12] for the free-
radical combination of a flavonoid and coniferyl alcohol has been confirmed not only in the
course of a biomimetic synthesis of silybin and isosilybin [7, 8] but also in the biosynthesis
of silybin (from taxifolin and coniferyl alcohol and of hydnocarpin (from luteolin and conifer-
yl alcohol) under the influence of horseradish peroxidase or a suspension of a milk thistle
culture [66],

TABLE 3. Chemical Shifts of the Signals of Some Carbon Atoms
in the *°C NMR Spectra of Lignoids (8, ppm)

Carbon atoms
~—| Liter=-
Compound Coa | C-8 I Cy ature
(Ar=CH )| (—CH-CH,0—) | (=CH-) | (—cHy

Silybin (1) 75,72 77,89 60.09 — 15
Isosilybin (2) 75 70 78,01 60,05 —_ 15
Silandrin (5) 77.8 75,7 60,2 57
Hydnocarpin (6) ! 78.1 76 .4 59.6 - 74

ethoxyhydnocarpin (7) 78.3 75.7 59,9 — 74
Hydnowightin (8) 77.8 76,1 59,8 — 74
Silychristin(9) 87 3 53,7 3.2 - 75
Iso ydnocargin(lS), 87,9 52 8 52,9 — 14
Silydianin (16) 53,3 46.0 12,7 — 75
Sitymonin (17) 53,1 46 1 72,7 - 57
Neohydnocarpin (18) 40,9 35,2 69,2 — 74
Aegicin (19) 73,1 86,9 60,8 - 27
Kielcorin (22) 76,4 77.8 59,8 - 30
Compound B (26) 80,6 73.7 — 17,3 34
Daphneticin (27) 77.8 79.9 60 7 — 75
Diacetate of (27) 77,2 75,5 62,7 — 35
Aquilochin (28) diacetate 73,03 75,02 62,34 - 36
Cleomiscoside A (29) 79.9 77.5 60,7 — 37
Diacetate of (29) 76.7 75,1 62 4 — 37
Americanin A (31) 76,1 78,1 60,1 — 39
Americanin B (32) 76,2 78.2 60,0 — 39
Eusiderin (33) 80,6 73,7 — 17,0 76
Americanin D (34) 87.5 52,9 63.0 — 39
Licarin A (36) 93.3 45,2 —_ 17,2 76
Burchellin s38) 90.9 49,5 — 8,3 76
Porosin (39 87,2 42,5 — 11.6 76
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PROBLEMS OF THE STRUCTURAL ANALYSIS OF NATURAL LIGNOIDS

In the matter of structural studies, great interest is presented not only by the flavolig-
nans but also by other lignoids — xanthonolignans, coumarinolignans, and neclignans. All these
compounds have a common structural element — a 1,4-dioxane or dihydrofuran system which is
that part of the molecule the structural investigation of which presents the greatest diffi-
culty. In synthetic investigations of flavolignans successful use has been made of model sam-
ples of neolignans (americanin A, eusiderin), which has enabled structures of silybin, iso-
silybin, and silandrin to be determined and the structures not only of hydnocarpin but also
of the model compound itself, americanin A, to be determined more accurately. Furthermore,
in the course of the systematic structural investigations of various lignoids, regular features
appeared which are applicable to all this class of natural compounds. This relates, inpartic-
ular, to such modern spectral methods as 'H and *®C NMR spectroscopy and mass spectrometry.

The details of the ‘H NMR spectra given in Table 2 for the aliphatic moieties of the 1,4-
dioxanes indicate that a transoid position of the substituents in this part of the molecule
for the compounds of all the groups (neolignans, and derivatives of flavonoids, xanthones, and
coumarins) is clearly determined by the signal of the benzyl proton (H-a) with a constant of
6~-8 Hz at ~5.0 ppm. A comparative investigation of model 1,4-benzodioxanes has shown that
in their cis isomers the signal of the benzyl proton appears in the form of a doublet with a
constant of 2-3 Hz [10, 67].

It was mentioned above that the answer to the question of regio-isomerism in the 1,4-
dioxane ring is the greatest problem and it can be solved with the aid of additional synthetic
studies. In an investigation of lignoids with the dihydrobenzofuran structure (compounds 9-
15 and 34-39), the determination of the positions of the substituents in this part of the mol-
ecule does not present great difficulty since spectral characteristics ('H and '*C NMR) permit
unambiguous conclusions to be drawn concerning regio-isomerism (Tables 2 and 3). However, in
this case the determination of the relative configuration of the substituents in the dihydro-
furan fragment is a matter of great complexity. c¢is and trans isomers have been described in
the PMR spectrum of which the H-a doublet signals have SSCCs of from 2 to 9.5 Hz [69, 70].

A comparative investigation of model samples and natural neolignans has shown that in the
NMR gpectra of the cis isomers the signals of the H-8 and CHy~y protons are present in a
stronger field, while the H-a signal is in a weaker field [45, 71-73]. It follows from this
that the values of the chemical shifts of the signals of the aliphatic protons have diagnostic
_ value for determining the relative configurations of such systems. These results have also
begun to be taken into account in the study of dihydrobenzofurans with hydroxymethyl groups,
and, in particular, americanin D (34) [39] and the flavolignans of milk thistle [13]. For
example, on the basis of the CS of the signal of the H-a proton the transoid configuration of
the dihydrobenzofuran fragments has been established for americanin D, silychristin (9), iso-
silychristin (11), silyhermin (12), neosilyhermin A (13), and neosilyhermin B (14), although
the compounds mentioned have considerably differing SSCCs for the H-a protons (from 2 to 6 Hz)
(Table 2). However, no clear system for determining the relative configurations of such sys-
tems has yet arisen, all the more because contradictory results are not infrequently taken as
starting points.

In our opinion, only a comparative study of model samples and natural dihydrofuran lig-
noids with hydroxymethyl groups will permit us to find parameters of PMR spectra for the un-
ambiguous determination of a particular configuration.

Systematic investigations of lignoids by '*C NMR spectroscopy [30, 74-76] have shown that
compounds with 1,4-dioxane and 2,3-dihydrofuran structures are readily distinguished by this
method. In particular, in all l,4-dioxanes the chemical shifts of the C-a, C-8, and C-y sig-
nals differ considerably from those of the corresponding signals of dihydrobenzofurans, in the
spectra of which the C-a and C-y (—CH,O0H) signals appear in the weaker field (+10-15 ppm and
+2-3 ppm, respectively) and the C-B signal in the stronger field (—30 ppm) (Table 3). The
signals of the CHs (y) group appear at -17 ppm in both systems. At the same time, it has
been observed that the CS of this group has particular diagnostic value in the determination
of the configuration and conformation of the molecule [76].

It is important to note that the first attempts have also been made at determining the
isomerism of the position of the substituents in a 1,4-dioxane fragment with the aid of double
'3C-!'H heteronuclear magnetic resonance. Thus, the structure of cleomiscoside A (29) has been
solved by a study of the spectrum of its diacetate: '®C-'H-spin coupling between the C-7 sig-
nal (136.9 ppm) and the H-B8 signal (4.1 ppm), and also between the C-8 (135.5 ppm) and H-a
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TABLE 4. Some Characteristics of Fragments in the Mass Spec-
tra of Lignoids

c d Mo |momo| m-x oy | v |)’-H;0| nco |arcH, | am I%&gra-
ompount m/z (intensity, %)
Silybin (1) 482 | 464 | — 302 180 [162 | — | 137 | 124 | N
(70) | (26) Gy | ©6) | (28) acoy | 7
Dehydrosilybin (3) | 480 | 462 1302 | — | 180 | 162 | 151 | 137 |124 | 1
(60) | (18) | (50) (70) | (30) | (28) {(100) | (50)
Rhodiotin (4) 480 | 462 302 | — |180 | — |[151 137 |104 | 17
(6) | (1" 11100) (56) (17) | (88) | (48)
Sitandrin (5) 466 — | 288 — {180 | 162 — | 137 | 124 57
(67) (8) (100) | (30) (S1) | (55)
Methoxyhydnocar-| 49t | 476 | 316 | 314 | 180 | 162 — 137 | 124 20
pin ()
Sitychristin (9) 482 | 464 — - - — - | 137 - 22
(19) | ¢7) (45)
Isositycristin (11) | 482 | 464 — - — — — | 137 124 22
(2.7)] 3.9 (13) (15, 1)
Neosilyhermin A | 466 | 448 | — ( — | — | — — | 137 | 124 13
(13) 3y | U8 (35) | (23)
Isohydnocarpin 61 | — — | 284 [ 180 | 162 | — | 137 |124 | 25
(15)
Silydianin (16) 482 ' 464 | — |02 180 | — | — | 137 124 | 22
@G @ (14) (44) (54) | (28)
Silymonin (17) 466 | _ log8 | — 180 | — | — |37 | — | 57
o ) @ (n @)

Kielcorin (22) 436 | 418 | 258 | — |180 | 162 | 161 | 137 | 124 | 30
‘ @ 1@ |8 (86) | (37) | (15) [(100) [(100)
Cadensin A (23) 43?9? 43¢ (2714 | — 180 |162 |151 | 137 | 124 | 30
, @9 1y 100y ©) [ [® | |32
CadensinB (24) | 482 | 464 |9274 | — |210 | — | — |167 | 154 | 30

® | @ |00 (48) (12) | (19)
Daphneticin (27) | 386 . 178 — 1210 . - 167 . 35

(6) (100) (50) (60)
_Aquittochin (28) | 416 | 308 908 | — |210 | — | — | 167 |154 | 36

25 1(5) |52 (100) (66) | (26)
Cleomiscoside A | 386 _ _ - — — — 37
o 208 180
Lariciresinol 4'- | 374 — _ — |194 — |165 | 151 — 45
(rzg;mmethyl ether (100) (17) (51) (34)

Note: X=Ar—C=C~CH,—OH; Y=Ar—CH=CH—CH,OH.

(5.03 ppm) signals [37]. The structure of another coumarinolignan — daphneticin (27) — has
been solved similarly [35].

The structure of the xanthonolignan kielcorin (22) has been established by an original
method [50]. 1In their investigation of this compound, Nielsen and Arends [50] succeeded in
opening the 1l,4~dioxane ring in the course of alkaline hydrolysis. The product so obtained
differed strongly with respect to the chemical shift of the signal of the H-o proton (§ 5.46,
d, J = 4 Hz) from its ethyl derivative (§ 4.98, d, J = 4 Hz — H-a), which was in agreement
with the chemical shifts of the analogous signal for butane-1,3-diol and its methyl ether [50].

Mass spectrometry is also fairly informative in the structural analysis of the lignoids.
The mass spectra of the substances (Table 4) show great similarities in the fragmentation of
the lignoids. Thus, in the majority of mass spectra of these compounds there are peaks of
ions with m/z 180, 162, 151, 137, and 124 which show the presence in the molecule of a conif-
eryl alcohol residue or of one of its derivatives. Analysis of the spectral information
given in Table 4 permits the conclusions that the fragmentation of the flavonol derivative
(4), the xanthone derivatives (22-24), and the coumarin derivatives (27-29) takes place with
the formation of strong peaks of the (M — X) ions; similar peaks of ions with a low intensity
are also given by the flavanones (5, 17), while in the case of the flavanols (1, 16) and the
flavones (7, 15), the (M — Y) fragments — the quinoid forms of taxifolin and luteolin — appear.
But flavones apparently occupy an intermediate position, since in one compound (7) the peak
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of the (M — X) ion has also been recorded. All this clearly shows that mass spectroscopy
will supplement other spectral methods used in structural studies.

A consideration of questions of the structural analysis of the lignoids also indicates
that in the solution of the structures of such substances and, in particular, those compounds
the molecules of which contain a 1,4-dioxane ring, not only spectral methods but also chemi~
cal transformations, including experiments on the synthesis and cleavage of the initial com-
pounds and of model samples, are necessary.

THE BIOLOGICAL ACTIVITY OF THE NATURAL LIGNOIDS

The significance and the necessity for progress in the field of structural investiga-
tions of this class of compounds are due to the fact that many substances of this group and,
in particular, the flavanolignans of milk thistle (silybin, silvdianin, silychristin) possess
antihepatotoxic activity [l1, 3, 77], and preparations based on them (legalon, silibor, etc.)
are being used successfully in medical practice for the treatment of diseases of the liver
[78-81].

The use of the fruit of the milk thistle as a raw material in the pharmaceutical chemicals
industry has initiated additional investigations on its composition. Hungarian scientists
have studied the chemical composition of the flavanolignans of about 100 populations of milk
thistle growing in various geographic zones of Europe [82]. It was found that the white-flow-
ered variety differed comnsiderably in its chemical composition from the lilac-flowered variety
that is used in the preparation of drugs. Furthermore, differences were also found within
the lilac-colored variety: "silybin'" and "silydianin" races have been found [82-86]. Sily-
dianin is the main component of the raw material from milk thistle grown in an experimental
field of VNIIKhTLS [All-Union Scientific-Research Institute of the Chemical Technology of Me~-
dicinal Substances] (Kharkov) [84, 85], and it is used as the standard (VFS 42-1146-81) for the
quality control of the raw material and the drug silibor. Silybin is the predominating com-
ponent in milk thistle grown in the Moscow experimental base and the Kuibyshev and North Cau-
casus Zonal Experimental Stations of VILR [All-Union Scientific-Reserach Institute of Medicin-
al Plants] [86], and also of that cultivated in Bulgaria [87] and in Yugoslavia [88].

Reports have recently appeared of six new hepatoprotective components of milk thistle,
and it has been shown that the 3~deoxy analogs of silybin, silydianiin and silychristin have
the most pronounced biological activity [89]. In view of this, it is of interest to study the
possibility of creating drugs on the basis of the raw material from the white-flowered variety
of this plant, as well. It is interesting that other lignoids possessing antihepatotoxic ac-
tivity have also been found — these are the neolignan americanin A [40] and the lignins of
the Chinese magnolia vine [90)}. Furthermore, an anticancer activity has been found for the
neolignan 4'-methyllariciresinol [46] and for the coumarinolignan daphneticin {35]. All this
indicates the promising nature of further investigations of natural lignoids.
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