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Dimerization of phenolic compounds can potentially enhance their biological (antioxidant) activity. We 

present here the selective oxidative dimerization of several flavonolignans from Silybum marianum seed 

extract, namely, silybin A (1a), silybin B (1b), silychristin (3), and silydianin (4) catalyzed by a laccase 

from Trametes versicolor. Selective benzylation of C-7 OH group of both silybins ensured the priority 

of the dimerization reaction, avoiding thus polymerization. C C homodimers connected via E-rings of 

silybin A and B and silydianin dimers were successfully isolated after respective debenzylation. On the 

contrary, dimerization of 7-O-benzyl silychristin afforded a complex, inseparable mixture of the products. 

All isolated flavonolignan dimers exhibited significantly improved 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

radical scavenging activity compared to their monomers and, therefore, seem to be promising for further 

biological studies. 

 

 
 

 
1. Introduction 

 
The discovery of entirely new biologically active compounds is 

expensive and time-consuming, whereas modifications of known 

(lead) structures can be more rewarding and moreover it can 

bring important SAR (structure–activity relationships) data. Bio- 

catalysis has numerous advantages for modification of biologically 

active natural compounds mainly due to stereoselectivity and mild 

reaction conditions. This is highly important in the complex multi- 

functional natural products. 

Silymarin [1] is industrially manufactured as a crude extract of 

the milk thistle (Silybum marianum L. Gaertn., Asteraceae) seeds. 

This complex contains mainly flavonolignans and other polyphe- 

nols. Major silymarin components (Fig. 1) comprise [2] silybin A 

(1a), silybin B (1b), isosilybin A (2a), isosilybin B (2b), silychristin A 

(3), silydianin (4), taxifolin, and ca 30% of undefined polymeric frac- 

tion. Silybin (as ca equimolar diasteromeric mixture of 1a and 1b) is 

easily available due to its highest proportion in silymarin (ca 30%) 

and also due to its easy isolation (precipitation from MeOH). Isola- 

tion of both pure diastereomers 1a and 1b in multigram quantities 

[3,4] can be accomplished by advanced chemo-enzymatic proto- 

cols. The remaining flavonolignans (2–4) were not so easy to isolate 
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until recently when new preparatory methods based on a combi- 

nation of enzymatic, chromatographic and gel filtration procedures 

have been developed by us. These new methods afford respective 

compounds in multigram amounts and in a high optical purity [5,6]. 

So far, only relatively simple silybin modifications aimed mostly at 

bioavailability improvements have been accomplished: e.g., 

bishemisuccinate synthesis, phosphorylation [7], glycosylations [8] 

and introduction of the carboxy-group [9]. Recently, more complex 

and versatile silybin modifications via 23-phosphodiester linkage 

appeared [10]. Silybin has already been covalently conjugated with 

other molecules, leading to hybrid drugs. This has recently been 

exemplified by the preparation of a tacrine–silybin co-drug aiming 

at lowering tacrine hepatotoxicity while maintaining its acetyl- 

cholinesterase inhibitory effects for A z ’  disease treatment 

[11]. 

Silybin dimerization has been achieved as well: Theodosiou et 

al. [12] detected (only by mass spectrometry) silybin diester 

dimers linked via dicarboxylic acids to the 23-OH as byproducts of 

the synthesis of silybin acylated derivatives using lipase-catalyzed 

esterification. Recently, silybin and 2,3-dehydrosilybin dimers 

were prepared enzymatically using divinyl dodecandioate as a 

linker between 23-OH groups of silybin or 2,3-dehydrosilybin units 

[13]. 

Different laccases were used for the dimerization, trimeriza- 

tion and polymerization of rutin [14], and oligomerization  of 

esculin and rutin was achieved using a laccase from Trametes 
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Fig. 1.  Structures of major flavonolignans of silymarin. 

 

versicolor [15–19]. The resulting water-soluble poly(rutin) showed 

an enhanced superoxide scavenging activity and inhibition of 

human LDL oxidation [14]. Superoxide scavenging activity of rutin 

dimers or trimers was 2.5–3 times higher than that which was dis- 

played by rutin [20]. On the contrary, oligomerization of esculin 

did not affect the antiradical activity [15]. However, oligomers of 

esculin and rutin reduced the mutagenicity of methyl methanesul- 

fonate and showed higher inhibitory effect of 2-aminoanthracene 

mutagenicity than the corresponding monomers [16]. 

Laccase-mediated oxidative attack on (unprotected) silybin gave 

a complex mixture of oligomers and polymers, whilst par- tially 

protected (C-7 methyl) silybin yielded the C C and C O dimers 

[21,22]. As the methoxy group is virtually irremovable from the 

products, the use of alternative protecting groups was neces- 

sary to enable deprotection without compromising flavonolignan 

structure. Moreover, our previous study [21] did not include the 

oxidative dimerization of optically pure silybin A (1a) and B (1b), 

as well as further flavonolignans, namely silychristin (3) and sily- 

dianin (4). We present here the enzymatic synthesis of dimers of 

silybin A (1a), silybin B (1b), and silydianin (4), obtained in their 

intact (deprotected) form. The basic antioxidant properties of these 

new compounds were determined to enable their further applica- 

tion in more complex biological studies. 

 

 

2. Materials and method 

 
2.1. Chemicals and reagents 

 

Silymarin was purchased from Liaoning Senrong Pharmaceu- 

tical Co., Ltd. (Liaoning, China). Silybin A (1a) and silybin B (1b) 

were prepared by the enzymatic methods [3,4], silychristin A (3) 

and silydianin (4) were isolated from silymarin by gel filtration [6]. 

Silydianin occurs in silymarin only in a single diastereomeric form. 

Typically, only silychristin A occurs in silymarin (silychristin B was 

described as a minority in silymarin from New Zealand [23]). Other 

chemicals were obtained from Sigma–Aldrich. Laccase from T. ver- 

sicolor (EC 1.10.3.2, 5.5 U/mg) was purchased from Sigma–Aldrich. 

2.2. General methods 

 

NMR spectra were recorded on Bruker AC400, AC500 spec- 

trometers (400 and 500 MHz, respectively) and Bruker AVANCE 

III 600 MHz spectrometer (600.23 MHz for 1H, and 150.93 MHz for 
13C) in DMSO-d6, 30 ◦C. The residual signal of the solvent was used 

as an internal standard (ıH  2.500, ıC  39.60). 1H NMR, 13C NMR, 

COSY, HSQC, and HMBC spectra were measured using the standard 

a a ’  software. Chemical shifts are given in ı-scale [ppm], 

and coupling constants in Hz. The digital resolution enabled us 

to report chemical shifts of protons to three and carbon chemical 

shifts to two decimal places. Some hydrogen chemical shifts were 

interpreted from the HSQC and are reported to two decimal places. 

Mass  spectra  were  recorded  on  a  Bruker  Esquire  3000  Plus 

spectrometer. Optical rotations were measured on a Jasco P-2000 

polarimeter (Cremella, IT). 

 

 
2.3. Chemistry 

 
2.3.1. Preparation of 7-O-benzyl silybin A (5a) and B (5b) 

K2CO3   (4.20 g;  30.4 mmol)  and  benzyl  bromide  (1.0 mL; 

8.42 mmol) were added to the solution of silybin A or B (1a or 1b, 

2.10 g; 4.36 mmol; for 1a 100% d.e.; for 1b 91.2% d.e.) in dry acetone 

(120 mL). The mixture was stirred at reflux for 4 h under nitrogen 

and monitored by TLC (CHCl3/acetone/HCO2H 9:2:0.1). The reac- 

tion was quenched by addition of conc. HCl (4 mL) and after short 

stirring the reaction mixture was diluted with water (200 mL) and 

extracted with EtOAc (3 × 100 mL). The combined organic layers 

were dried (Na2SO4), filtered and evaporated. The residue was puri- 

fied by flash chromatography (CHCl3/acetone from 9:1 to 9:2) to 

afford the following compounds, respectively: 

(2R,3R)-7-(Benzyloxy)-3,5-dihydroxy-2-((2R,3R)-3-(4-hydro- 

xy-3-methoxyphenyl)-2-(hydroxymethyl)-2,3-dihydrobenzo[b] 

[1,4]dioxin-6-yl)chroman-4-one (7-O-benzyl silybin A, 5a). White 

amorphous solid (yield 71.1%, 1.77 g, 3.10 mmol). For 1H and 13C 

NMR data, see Table S1, S2 and Fig. S3 in the Supplementary Data. 

MS-ESI m/z: [M+Na]+ Calcd. for C32H28O10Na 595.2; found 595.1. 
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(2R,3R)-7-(Benzyloxy)-3,5-dihydroxy-2-((2S,3S)-3-(4-hydro- HRMS-ESI  m/z:  [M+Na]+  Calcd.  for  C50H42O20Na985.2;  found 

xy-3-methoxyphenyl)-2-(hydroxymethyl)-2,3-dihydrobenzo[b] 

[1,4]dioxin-6-yl)chroman-4-one (7-O-benzyl silybin B, 5b). White 

amorphous solid (yield 79.5%, 1.98 g, 3.46 mmol). For 1H and 13C 

985.2; [˛]
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 − 5.714 (c 0.28, MeOH). 

NMR data, see Table S1, S2 and Fig. S4 in the Supplementary Data. 

MS-ESI m/z: [M+Na]+ Calcd. for C32H28O10Na 595.2; found 595.1. 

 
2.3.2. Oxidative dimerization of 7-O-benzyl silybin A and B 

7-O-Benzyl silybin A or B (5a or 5b, 1 g, 1.748 mmol) was dis- 

solved in a mixture of acetone (120 mL) and DMF (30 mL). To 

this solution 20 mM Na-acetate buffer (pH 4.5, 150 mL) contain- 

ing 100 mg (550 U) of laccase from T. versicolor was added. The 

mixture (after homogenization)  was  distributed  into  5  aliquots 

in 50 mL conical tubes to ensure  proper  aeration.  The  reac- 

tion  was  performed  at  30 ◦C  under  gentle  horizontal  shaking 

2.3.4. Oxidative dimerization of silydianin 

Silydianin (4, 233 mg, 0.483 mmol) was dissolved in a mix- 

ture of acetone (16 mL) and DMF (4 mL). To this solution 20 mM 

Na-acetate buffer (pH 4.5, 150 mL) containing 2 mg (9.6 U) of 

laccase from T. versicolor was added. The reaction was performed 

for 135 min at 30 ◦C with gentle horizontal shaking (80 rpm), 

monitored every 30 min by TLC and stopped after complete 

conversion of the substrate: acetone was evaporated under vac- 

uum and the residual water solution was extracted with EtOAc 

(3 × 40 mL). The organic phase was dried (Na2SO4), filtered and 

evaporated to give a yellow oily residue that was purified with 

flash chromatography using CHCl /MeOH/HCO H 9:1:0.05 as 3 2 
(80 rpm), monitored hourly by TLC and stopped after 6 h (boil- 

ing): the pooled aliquots were  evaporated  to  remove  acetone 

and the residual  aqueous  solution  was  extracted  with  EtOAc 

(3 × 150 mL), dried with Na2SO4 and evaporated to yield a yellow 

oily residue. Fractions containing the product from the flash chro- 

matography (EtOAc/petroleum ether/HCO2H 8.5:1.5:0.05) were 

pooled and evaporated and the residue was co-evaporated with 

acetone, MeOH and then acetone again to remove residual 

HCO2H. 

eluent. The pure fractions were evaporated and residues were co- 

evaporated with acetone, MeOH and then acetone again to remove 

HCO2H. 

(7aR)-8-(2′,6-Dihydroxy-3′,5-dimethoxy-5′-methyl-[1,1′-bi- 

phenyl]-3-yl)-7a-hydroxy-4-((2R,3R)-3,5,7-trihydroxy-4-oxo- 

chroman-2-yl)-3,3a,6,7a-tetrahydro-3,6-methanobenzofuran- 

7(2H)-one (silydianin dimer, 8). Yellow solid (yield 21.5%, 50 mg, 

0.052 mmol) For 1H and 13C NMR data, see Table S13, S14 and Fig. 

S15 in the Supplementary Data. HRMS-ESI m/z: [M+H]+ Calcd. for 
(2R,3R)-7-(Benzyloxy)-2-((2R,3R)-3-(5′-((2S,3S)-7-((2S,3S)-7- 

(benzyloxy)-3,5-dihydroxy-4-oxochroman-2-yl)-3-(hydroxyme- 

thyl)-2,3-dihydrobenzo[b][1,4]dioxin-2-yl)-2′,6-dihydroxy-3′,5- 

C50 H42 O20 Na 985.2; found 985.2. [˛]
26   

+ 192.3 (c 0.41, MeOH). 

dimethoxy-[1,1′-biphenyl]-3-yl)-2-(hydroxymethyl)-2,3-dihy- 

drobenzo[b][1,4]dioxin-6-yl)-3,5-dihydroxychroman-4-one      (7-O- 

benzyl  silybin  A  dimer,  6a).  Brownish  solid  (yield:  123 mg, 

0.108 mmol, 12.4%). For 1H and 13C NMR data, see Table S5, S6 and 

Fig. S7 in the Supplementary Data. MS-ESI m/z: [M+H]+ Calcd. for 

C64H54O20 1142.3; found 1141.2. 

(2S,3S)-7-(Benzyloxy)-2-((2R,3R)-3-(5′-((2S,3S)-7-((2R,3R)-7- 

(benzyloxy)-3,5-dihydroxy-4-oxochroman-2-yl)-3-(hydroxyme- 

thyl)-2,3-dihydrobenzo[b][1,4]dioxin-2-yl)-2′,6-dihydroxy-3′,5- 

dimethoxy-[1,1′-biphenyl]-3-yl)-2-(hydroxymethyl)-2,3-dihy- 

drobenzo[b][1,4]dioxin-6-yl)-3,5-dihydroxychroman-4-one      (7-O- 

benzyl  silybin  B  dimer,  6b).  Brownish  solid  (yield:  79 mg, 

0.069 mmol, 7.9%). For 1H and 13C NMR data, see Table S5, S6 

and Fig. S8 in the Supplementary Data. MS-ESI m/z: [M+H]+ Calcd. 

2.3.5. Preparation of 7-O-benzyl silychristin A 

K2CO3  (600 mg;  4.34 mmol)  and  benzyl  bromide  (148  L; 

1.24 mmol) were added to a solution of silychristin A (3, 300 mg; 

0.62 mmol) in dry acetone (90 mL). The mixture was refluxed for 

7 h under nitrogen and monitored by TLC (CHCl3/MeOH/HCO2H 

9:1:0.05). 

The reaction was quenched by the addition of 2 mL conc. HCl and 

after short stirring, the mixture was diluted with water (100 mL) 

and extracted with EtOAc (3 × 100 mL). The combined organic lay- 

ers were dried (Na2SO4), filtered and then evaporated; the residue 

was purified by flash chromatography (CHCl3/MeOH 9:1). 

(2R,3R)-7-(Benzyloxy)-3,5-dihydroxy-2-((2R,3S)-7-hydroxy- 2-

(4-hydroxy-3-methoxyphenyl)-3-(hydroxymethyl)-2,3- 

dihydrobenzofuran-5-yl)chroman-4-one  (7-O-benzyl  silychristin 
1 

for C64H54O20 1142.3; found 1141.2. A, 9). Brownish solid (yield 47.7%, 170 mg, 0.296 mmol); for H and 

 
2.3.3.  Deprotection of 7-O-benzyl dimer 6a and 6b 

Pd/C  (50 mg)  was  added  to  the  solution  of  6a (95 mg, 

0.083 mmol) or 6b (79 mg, 0.069 mmol) in EtOAc (25 mL) and the 

mixture was stirred at r.t. for 18 h under H2 atmosphere (TLC – 

CHCl3/MeOH/HCO2H 9.6:0.8:0.05). Pd/C was filtered off and after 

solvent evaporation the pure product was obtained. 

(2S,3S)-2-((2S,3S)-3-(2′,6-Dihydroxy-5′-((2R,3R)-3-(hydroxy- 

methyl)-7-((2R,3R)-3,5,7-trihydroxy-4-oxochroman-2-yl)-2,3- 

dihydrobenzo[b][1,4]dioxin-2-yl)-3′,5-dimethoxy-[1,1′-biphe- nyl]-

3-yl)-2-(hydroxymethyl)-2,3-dihydrobenzo[b][1,4]dioxin-6- yl)-

3,5,7-trihydroxychroman-4-one  (silybin  A  dimer,  7a).  White 

solid (yield: 70 mg, 0.073 mmol, 87.5%). For 1H and 13C NMR 

data, see Table S9, S10 and Fig. S11 in the Supplementary Data. 

MS-ESI m/z: [M+H]+  Calcd. for C50H42O20  962.2; found 961.5; 

13C NMR data, see Table S17, S18 and Fig. S19 in the Supplementary 

Data. MS-ESI m/z: [M+Na]+ Calcd. for C32H28O10Na 595.2; found 

595.5. 

 

2.3.6.  Oxidative dimerization of 7-O-benzyl silychristin A 

7-O-Benzyl silychristin A (9, 170 mg; 0.296 mmol) was dissolved in 

the mixture of acetone (26 mL) and DMF (4 mL). To this solution 

20 mM Na-acetate buffer (pH 4.5, 30 mL) containing 2 mg (9.60 U) 

of laccase from T. versicolor was added. The reaction was per- 

formed for 7 h at 30 ◦C with gentle horizontal shaking (90 rpm) 

(TLC – CHCl3/MeOH/HCO2H 9:1:0.05). After acetone evaporation 

in vacuo the residual aqueous solution was extracted with ethyl 

acetate (3 × 50 mL). The organic phase was dried (Na2SO4), filtered 

and evaporated giving a yellow oily residue, which was purified by 

flash chromatography (CHCl3/MeOH 9.5:0.5). 
26 
589 + 16.816 (c 0.28, MeOH). (2R,2′R,3R,3′R)-2,2′-((2R,2′R,3S,3′S)-2,2′-(6,6′-Dihydroxy-5,5′- 

(2R,3R)-2-((2S,3S)-3-(2′,6-Dihydroxy-5′-((2R,3R)-3-(hydroxy- 

methyl)-7-((2S,3S)-3,5,7-trihydroxy-4-oxochroman-2-yl)-2,3- 

dihydrobenzo[b][1,4]dioxin-2-yl)-3′,5-dimethoxy-[1,1′-biphe- nyl]-

3-yl)-2-(hydroxymethyl)-2,3-dihydrobenzo[b][1,4]dioxin-6- yl)-

3,5,7-trihydroxychroman-4-one  (silybin  B  dimer,  7b).  White 

solid (yield: 58 mg, 0.060 mmol, 87.2%). For 1H and 13C NMR 

data, see Table S9, S10 and Fig. S12 in the Supplementary Data. 

dimethoxy-[1,1′-biphenyl]-3,3′-diyl)bis(7-hydroxy-3-(hydroxy- 

methyl)-2,3-dihydrobenzofuran-5,2-diyl))bis(7-(benzyloxy)-3,5- 

dihydroxychroman-4-one) (7-O-benzyl silychristin A dimer, 10). 

Yellow solid (yield: 16.7 mg, 0.015 mmol, 9.9%). For 1H and 13C 

NMR data, see Table S20, S21 and Fig. S22 in the Supplementary 

Data. MS-ESI m/z: [M−H]+  Calcd. for C64H53O20  1141.3; found 

1141.6. 
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2.4. DPPH assay 

 
Antiradical  activity  was   evaluated   spectrophotometrically as 

the ability of the substances to reduce 1,1-diphenyl-2- 

picrylhydrazyl (DPPH) radical as described previously [24] with 

minor modifications. 10–100 L of a solution of the tested 

substance (final concentration 0–700 M) were mixed with 

200–290 L of a freshly prepared methanolic DPPH solution (final 

concentration 20 M) in a microtiter plate well (total volume 

300 l). After 30 min, the absorbance at 517 nm was measured, the 

percentages of inhibition were calculated using the negative con- 

trol and the IC50 values were obtained from the inhibition curves. 

 
2.5. Statistical analysis 

shown in Fig. 2: the disappearance of the doublet at 6.81 ppm (due 

to H-21 in 5a) and the transformation of the dd at 6.87 ppm (due to 

H-22 in 5a) in a small doublet (J = 2.0 Hz). The symmetric structure 

of 6a was confirmed by its 13C NMR spectrum, which showed the 

same number of signals as the spectrum of the parent 5a, the vast 

majority of them resonating at the same ppm values. The main and 

the only difference was related to the signal due to C-21 and C-21′ 

that was recorded at 125.50 ppm instead than at 115.29 ppm and, 

more significantly, this was due to a couple of quaternary carbons 

(whereas in 5a the C-21 signal was due to a C  H signal). 

Debenzylation of 6a was accomplished by a standard catalytic 

hydrogenation and the symmetric dimer of silybin A (7a) was iso- 

lated in 87% yield. MS confirmed its expected mass of 961 Da. 1H 

NMR showed the disappearance of the signals due to benzyl moi- 

eties (multiplet at 7.42–7.31 ppm and singlet at 5.16 ppm – see 
13 

All data were analyzed with one-way ANOVA using the sta- Supplementary Data) and so did the C NMR. 

tistical  package  Statext  ver.  2.1.  Differences  were  considered 

statistically significant when p < 0.05. 

 

3. Results and discussion 

 
3.1. Synthesis of silybin dimers 

 

The synthesis of divalent or multivalent molecules is one of the 

approaches that can be exploited to modulate the biological activity 

of a given compound relying upon the same lead structure [25]. For 

instance, the dimerization of labdane diterpenes increased their 

antiproliferative effects [26]. The multivalency amends not only 

the biological activity (multi-ligand binding) but also the phar- 

macokinetic parameters, as demonstrated recently in a study on 

the antimalarial activity of artemisinin dimers [27]. Sometimes 

an entirely new biological entity can be created. For instance, the 

oligomerization of ergot alkaloids led to an entirely new antiplas- 

modial activity [28]. Aiming at the preparation of more effective 

P-glycoprotein inhibitors, the dimerization of flavonoids was inves- 

tigated. Apigenin homodimers linked with polyethylene glycol 

spacers were synthesized and the length of the spacer was a critical 

parameter for the binding of the dimers to the target proteins [29]. 

Previously, we reported the laccase-catalyzed dimerization of 

the C-7-O-methylated silybin diastereomeric mixture [21]. As 

expected, the oxidation of nonprotected silybin led to oligo- or 

polymerization. In fact, radical attack at the C-7 OH of silybin forms 

rather stable radicals [30,31] that can react with other moieties of 

the molecule(s). The biocatalyzed oxidation of 7-O-methyl silybins 

allowed the isolation of diastereomeric mixtures of the C21  C21′ 
dimer and of the C21  O20′ dimer in a 2.5:1 ratio [21]. 

In the present study the biocatalyzed dimerizations of pure sily- 

bin A (1a) and silybin B (1b) as well as of silydianin (4) were pursued, 

with the hope to obtain new compounds with enhanced antioxi- 

dant properties. 

As it is virtually impossible to deprotect methoxy group from the 

resulting dimers, the selective C-7 benzylation was accomplished 

to give 5a and 5b, so that the benzyl group can be deprotected by 

the hydrogenolysis from the dimeric products. 

Optimization of the reaction conditions showed that a solvent 

system of acetone/DMF/acetate buffer pH 4.5 in a 0.75:0.25:1 ratio 

was the best for the synthesis of 5a (Scheme 1). The laccase from T. 

versicolor was added and after 6 h at 30 ◦C two major products were 

isolated in a 1:4 ratio. Some other inseparable reaction products 

were formed as well. 

The minor and less polar product was identified as the sym- 

metric C21 C21′ dimer 6a, obtained in 12.4% yield (Scheme 1). The 

mass spectrum, recorded in the negative mode, gave the expected 

value of 1141 Da. The 1H NMR spectrum was superimposable to 

that one of the starting substrate 5a but with two main differences, 

Unfortunately the main and more polar fraction isolated from 

the laccase-catalyzed oxidation of 5a, despite appearing as a sin- 

gle TLC spot and a single HPLC peak in several elution systems, 

resulted to a mixture of several products as found by NMR and mass 

spectrum analysis. Despite our attempts, the isolation of the sin- 

gle components was unsuccessful, even by preparative HPLC. The 

same negative result was obtained  with  the  debenzylated  mate- 

rial, obtained after catalytic hydrogenation. As a consequence, these 

compounds were not further investigated. C O dimer, as expected 

based on previously published data [21], could not be isolated. 

The same results were obtained with the benzylated substrate 

5b and the dimeric silybin B (7b) was isolated and fully character- 

ized (for full details see Section 2 and the Supplementary Data). 

 

3.2. Synthesis of silydianin dimer (8) 
 

Unprotected silydianin (4) was oxidized by the laccase from 

T. versicolor in the usual monophasic solvent mixture (ace- 

tone/DMF/acetate buffer pH 4.5, 0.75:0.25:1). To our surprise, we 

did not observe significant degradation and/or polymerization of 

the product(s) and silica chromatography allowed the isolation of a 

single compound in 21.5% yield, whose structure could be assigned 

to the symmetric C  C dimer 8 (Scheme 2). 

The mass spectrum, recorded in the positive mode, gave the 

expected value of 985.21681 Da. The 1H NMR spectrum was super- 

imposable to the one of the starting substrate 4 with two main 

differences, shown in Fig. 3: the disappearance of the doublet at 

6.64 ppm (due to H-5′′ in 4) and the transformation of the dd at 

6.56 ppm (due to H-6′′ in 4) into a doublet (J = 2.1 Hz). The symmet- 

ric structure of 8 was confirmed by the 13C NMR spectrum, which 

showed the same number of signals as the parent 4, the vast major- 

ity signals resonating at the same ppm values. The only difference 

was related to the signal due to C-5′′ and C-5V, which was shifted to 

125.60 ppm instead of at 114.90 ppm and, more significantly, this 

was due to the couple of quaternary carbons (whereas in the parent 

4 the C-5′′ signal was due to a C H signal). 

To the best of our knowledge, this is the first silydianin deriva- 

tive reported. Quite remarkable was the fact that preliminary 

protection of the 7-OH group was not necessary in this case. This 

indicates that the C-7 OH in silydianin has somehow lower pro- 

oxidant activity than that of silybin. The antioxidant and antiradical 

mechanism of silydianin should be thus investigated in detail. 

 

3.3. Synthesis of silychristin dimer 

 

The laccase-catalyzed oxidation of silychristin (3) resulted in 

extensive polymer formation. Following the previously described 

protocols, the 7-O-benzyl derivative (9) was synthesized in 47.7% 

yield and then was treated with the laccase. All the experiments 

always gave complex mixtures. The expected symmetrical dimer 
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Scheme 1. Synthesis of silybin dimers catalyzed by laccase from Trametes versicolor. 

 

(10) could be isolated in low yield (9.9%), and due to its paucity 

it was not further deprotected. This indicates that silychristin has 

rather different behavior upon the radical oxidative attack com- 

pared to silybin, this is plausibly due to the presence of additional 

phenolic OH at C-3′. This phenomenon, taking into account rel- 

atively high proportion of silychristin in silymarin, deserves a 

detailed investigation. 

 
3.4. DPPH scavenging 

 

The compounds 1a, 1b, 7a, 7b, 4 and 8 were all able to scavenge 

the stable model 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical 

with various efficiencies (Table 1). Silybin A (1a, 416.2 ± 8.7) 

and silybin B (1b, 372.4 ± 7.9) were the least active from all the 

compounds tested. To our  best  knowledge  we  present  here  for 

the first time DPPH scavenging data of pure silybins A (1a) and B 

(1b). A significant (p < 0.05) improvement in scavenging activity 

was  observed  for  the  respective  dimers  7a and  7b with  IC50 

77.1 ± 3.0 and 83.4 ± 4.1 M. This improvement was significant 

even after multiplying the value by a factor of 2 (taking  into 

account two silybin moieties for each dimer) and it was more 

pronounced when compared to the values obtained with the 

silybin A dimer with diester aliphatic linker (IC50 137 ± 8 M), 

prepared by us previously [13]. Silydianin 4 was ca 8× more 

efficient DPPH-scavenger – having IC50 27.4 ± 0.69 M – than 

both silybin A and B. Silydianin DPPH-scavenging activity is in a 

 

 

 
 

Fig. 2. Comparison of 1 H NMR spectra of compounds 5a and 6a. 
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Scheme 2. Laccase-catalyzed synthesis of the silydianin dimer 8. 

 

good agreement with recently published IC50 (115 ± 3.5   M) using 

2.5 times higher DPPH concentration [32]. After dimerization a 

Table 1 

DPPH scavenging of flavonolignans and their respective dimers compared with 

trolox. 
significantly (p < 0.05) higher activity was observed for respective    

silydianin dimer 8; IC50 7.92 ± 0.50   M. Again, more than double 

 
 

 

Fig. 3. Comparison of 1 H NMR spectra of compounds 4 and 8. 

    Compound  IC50   ( M)   

1a 416.2 ± 8.7 

1b 372.4 ± 7.9 

7a 77.1 ± 3.0a
 

7b 83.4 ± 4.1a
 

4 27.4 ± 0.7 

8 7.92 ± 0.5 

Trolox 4.18 ± 0.1 
 

 

a  These values are not significantly different (p < 0.05). 

 

 

improvement of the activity was noted. Nevertheless, none of the 

compounds tested achieved the activity of trolox (IC50 4.18 ± 0.11). 

Supra-additive effects of DPPH scavenging activity (being more 

than twice that of monomer) may be possibly explained by the 

blocking of the prooxidant moiety in the site of the dimerization 

and/or creation of higher conjugated system by direct linking two 

aromatic systems that eventually leads to higher electron delocal- 

ization, thereby increasing antiradical activity (probably at C-20, 

which is the major antiradical scavenger in the monomers [30,31]). 

 

4. Conclusion 

 

Dimers of silymarin  components  –  diastereomers  A  and  B of 

silybin and silydianin – were prepared  and  their  structures were 

confirmed. Selective benzylation of C-7 OH group of both 

silybins ensured the priority of dimerization from polymerization. 

C C dimers connected through E-rings of pure optic silybin A 

and B (after de-protection) or silydianin diastereomers were 

successfully isolated and characterized by MS and NMR spectra. 

On the contrary, dimerization of 7-O-benzyl silychristin  under 

these conditions furnished the expected C  C dimer only  as  a 

minor (isolated) by-product that indicates different oxidative 

mechanisms in this type of compound. All isolated dimers showed 
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significantly improved  DPPH (1,1-diphenyl-2-picrylhydrazyl) 

scavenging activity compared to their monomers and are therefore 

promising for further biological testing. 
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