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Riccardin C, a nuclear receptor LXRa selective agonist, is an 18-membered macrocyclic bisbibenzyl iso-
lated from several liverworts. Synthesis of riccardin C and its seven O-methylated derivatives was accom-
plished. The synthetic sequence highlights an intramolecular Suzuki–Miyaura coupling in the formation
of the 18-membered biaryl linkage present in riccardin C. The structure–activity relationship of these
compounds suggests that all of the phenolic hydroxy groups present in riccardin C are essential for the
activation of LXRa.

� 2008 Elsevier Ltd. All rights reserved.
O
OH

OHHO

path b

path c

path a
Macrocyclic bisbibenzyls such as marchantins, riccardins and
plagiochins are phenolic constituents that are characteristic of liv-
erworts and exhibit a variety of biological activities.1 Riccardin C
(1) was originally isolated from Reboulia hemisphaerica (L.) Raddi2a

and was later found in several liverworts.2 Recently riccardin C was
discovered to bind directly to liver X receptor a (LXRa), a member
of the nuclear receptor superfamily, leading to the activation of
LXRa/RXR-dependent reporter gene transcription.3 Interestingly,
riccardin C functions as an antagonist but not an agonist of LXRb.
In addition, it has no ability to activate other nuclear receptors,
such as PPARc, RARa, RARb, RARc, FXR, and RXRa, and increases
LXR-target gene expression in macrophages. From these results
riccardin C was expected to be a lead compound for the treatment
of cardiovascular-related diseases such as arteriosclerosis because
LXRs are thought to regulate cholesterol metabolites.4 In this
paper, we report our independent synthesis of riccardin C and its
seven O-methylated analogues and their selective manner of bind-
ing to LXRs, a and b, and discuss the role of three hydroxy groups
related to the activation of LXRs through structure–activity rela-
tionship of the synthesized compounds.
All rights reserved.
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kuyama).
Four groups have reported the synthesis of riccardin C (1). The
key step in the synthesis of 1 is the construction of the 18-mem-
bered macrocyclic ring. All of their formations of the corresponding
18-membered ring were employed at the benzilic position (paths a
and b in Fig. 1) by Wurtz,5a Wittig-type5b,d, and McMurry reac-
tion.5c Previously we reported the synthesis of plagiochin A and
D,6a,b and isoplagiochin D,6c which are variant members of the
16-membered macrocyclic bisbibenzyls with a biaryl linkage, by
applying intramolecular Stille–Kelly or Suzuki–Miyaura reaction
as the key step to form the biaryl linkage. Our approach aiming
riccardin C (1)

Figure 1. Riccardin C (1), a LXRa receptor agonist. Paths a and b: macrocyclization
points to synthesize 1 by other groups. Path c: a macrocyclization point in this
study.
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Scheme 1. Preparation of all building blocks 4, 6 and 8 for the synthesis of riccardin
C. Reagents and conditions: (a) K2CO3, DMSO, 140 �C, 4 h, 68%; (b) P(OMe)3, 90 �C,
2 h, 98%; (c) MOMCl, NaH, THF, 1.5 h, 84%.
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at synthesis of the biaryl-type macrocyclic bibenzyls is most likely
to follow the biosynthetic pathway involved in the series of macro-
cyclic bisbibenzyls.7 Thus we have applied the same strategy (path
c in Fig. 1) for the synthesis of riccardin C as part of our studies on
natural product synthesis utilizing transition metal catalysts.8

The synthesis commenced with preparation of segments A (4), B
(6), and C (8) from commercially available chemicals in one step,
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Scheme 2. Preparation of cyclization precursor 15. Reagents and conditions: (a) NaH, T
Me2S, CH2Cl2; 2 h –10 �C to rt; (d) P(OMe)3, 100 �C, 1 h, 98% (2 steps); (e) NaH, THF, 10 m
bis(trifluoromethanesulfonimide), Cs2CO3, MeCN/DMF (9/1), 8.5 h, 96%; (h) 10 mol % Pd
respectively, according to the literature precedents shown in
Scheme 1. Segment A was prepared by nucleophilic ipso substitu-
tion at the C-4 position of 4-bromobenzaldehyde (2) with methyl
3-hydroxy-4-methoxybenzoate (3).9 Michaelis–Arbuzov reaction
of 2-bromo-5-methoxybenzyl bromide (5) afforded segment (6)6a

in good yield. Protection of the phenolic hydroxy group in vanilin
(7) as a methoxymethyl (MOM) ether provided segment C (8).10

With all segments in hand, a precursor for macrocyclization was
prepared by successive Horner–Wadsworth–Emmons (HWE) reac-
tions shown in Scheme 2. Segment A was coupled with segment B
by the first HWE reaction to give 9 in 98% yield. The ester group in
9 was reduced by LiAlH4 and the resulting hydroxy group in 10 was
converted to phosphonate 11 by consecutive bromination and
phosphorylation. The second HWE reaction of 11 with segment C
also proceeded smoothly to give 12 which have all carbon atoms
required for the synthesis of riccardin C. Two double bonds in 12
have to be reduced with keeping a bromine atom on an aromatic
group intact. After several unsuccessful attempts of the selective
hydrogenation under H2 atmosphere by using Pd or Pt catalyst,
the olefins in 12 were selectively reduced by using triethylsilane
in trifluoroacetic acid11 at 60 �C. A MOM group was also removed
during the reaction. The resulting phenolic hydroxy group in 13
was converted to trifluoromethanesulfonate 14 in 96% yield. Selec-
tive halogen-boronate exchange is required in order to prepare the
cyclization precursor 15 even in the presence of aryl-
trifluoromethanesulfonyl group. The reaction selectively pro-
ceeded by treatment of 14 with bis(pinacolato)diboron and
10 mol % of Pd(PPh3)4 affording the desired product 15 in 95%
yield.

The crucial macrocyclization Suzuki–Miyaura coupling to
form the 18-membered macrocyclic ring was examined. The em-
ployed reaction conditions are shown in Table 1. Pd(PPh3)4

(10 mol %)–K3PO4–DMF system, which was effective for the syn-
thesis of isoplagiochin D,6c was employed for this cyclization at
first. The desired product 16, however, was obtained in only
OMe
O

OMe
OTf

B
O

O

MeO

OMe

CO2Me

OMe
O

Br

MeO OH

OMe
O

OMe
OMOM

OMe
O

OMe
OH

Br

MeO

10

b

2 13

15

c, d

f

HF,10 min, 0 �C then segment B (6), 20 h, 99%; (b) LiAlH4, THF, 0.5 h, 90%; (c) NBS,
in, 0 �C, then segment B, 3 h 87%; (f) Et3SiH, TFA, 60 �C, 25 min, 74%; (g) N-phenyl-

(PPh3)4, bis(pinacolato)diboron, K3PO4, dioxane, 100 �C, 4.5 h, 95%.



Table 1
Macrocyclization by Suzuki–Miyaura coupling
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Pd cat (10 mol %)
additive (20 mol %)

100˚C, 12h

Entry Pd cat. Additive Base Solvent Isolated yield (%)

16 17

1 Pd(PPh3)4 K3PO4 DMF 9
2 Pd2(dba)3 SPhos (18)a K3PO4 DMF 16
3 Pd2(dba)3 SPhos (18)a Na2CO3

b DMF 37 27
4 Pd2(dba)3 SPhos (18)a Na2CO3

b THF 34 24
5 Pd2(dba)3 SPhos (18)a Na2CO3

b DMSO 3
6c Pd2(dba)3 SPhos (18)a Na2CO3

b DMF 39 33
7d Pd2(dba)3 SPhos (18)a Na2CO3

b DMF 15 4

a

OMeMeO
PCy2

SPhos (18)
b 3 equiv of 2 M aqueous Na2CO3 solution were added.
c 20 mol % of Pd2(dba)3 and 40 mol % of SPhos were used.
d Higher diluted conditions were applied (2.5 � 10�3 M) and the reaction period was 24 h.
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Scheme 3. Synthesis of riccardin C (1) and its six analogues. Reagents and conditions: (a) 12 equiv of BBr3, CH2Cl2, 0 �C to rt, 7 h, 97%; (b) 5 equiv of BBr3, CH2Cl2, 0 �C to rt,
20 min, yields are shown in Table 2; (c) 12 equiv of trimethylsilyldiazomethane, Et2O, 20 h, yields are shown in Table 2.
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9% yield (entry 1 in Table 1). The yield was improved when
SPhos (18), a highly effective phosphine ligand for the prepara-
tion of extremely hindered biaryls in Suzuki–Miyaura coupling
developed by Buchwald et al.,12 was applied to our reaction (en-
try 2). This macrocyclization was highly dependent on the base.
Na2CO3 enhanced reactivity to give desired product 16 in 37%
Table 2
Isolated yields of 19a–f

Compound R1 R2 R3 Isolated yield (%)

From 16 From 1

19a (riccardin A) H H Me 14 8
19b H Me H 21 7
19c (riccardin F) Me H H — 10
19d H Me Me 22 —
19e Me H Me — 10
19f Me Me H — 5
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Figure 2. Activation of LXRa and LXRb by natural and synthetic riccardin C. COS-1
cells were transfected with a reporter plasmid (pLXREX4-tk-Luc) and expression
plasmids for LXRa (or LXRb) and RXRa together with a plasmid for b-galactosidase
as an internal control, and were treated for 24 h with various concentrations of
natural riccardin C (RC) or synthetic riccardin C (S1) in the presence of compactin
which depletes endogenous LXR ligands. The luciferase activity in the cell extracts
was normalized using b-galactosidase and expressed as the fold induction relative
to the vehicle-treated cells.
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Figure 3. Agonistic activities on LXRa and LXRb by natural (RC) and synthetic riccardin C (S1) and seven analogues (16 and 19a–f). TO901317 was used as a positive control.
Experimental procedure is same as that described in the captions for Figure 1.
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yield along with 27% of cyclic dimer 17 (entry 3). The yield was
reduced in THF or DMSO (entries 4 and 5). Larger amounts of Pd
catalyst (20 mol %) and SPhos (40 mol %) gave slightly improved
yields (entry 6). Higher diluted conditions were not effective for
suppressing the dimerization (entry 7).

Finally, treatment of 16 with BBr3 removed three O-methyl
groups giving rise to riccardin C in 97% yield (Scheme 3). The spec-
troscopic data of synthetic compound 1 were in agreement with
those of the natural riccardin C.

In our previous study, riccardin F (19c), a 14-methoxy derivative
of riccardin C, activated neither LXRa nor LXRb.3 This drastic differ-
ence in the activity between riccardin C and F prompted us to synthe-
size partially O-methylated analogues to explore the structure–
activity relationship of three hydroxy groups. Treatment of perme-
thylated riccardin C (16) with 5 equiv of BBr3 led to three partially
O-methylated compounds 19a, 19b, and 19d. On the other hand,
reaction of riccardin C with 12 equiv of trimethylsilyldiazomethane
provided five compounds 19a, 19b, 19c, 19e, and 19f. The isolated
yields of these analogues are shown in Table 2. Their structures were
carefully determined by NOESY spectroscopic analyses and compar-
ison with the spectroscopic data of natural riccardins C and F. Prep-
aration of all possible partially O-methylated analogues were
completed by these reactions.

We first confirmed the LXRs agonistic activity of synthetic ric-
cardin C by comparing it with that of natural riccardin C. Upon
cotransfection with LXRa/RXR, 30 mmol L�1 of synthetic riccardin
C raised the transactivation of an LXR-response element-driven re-
porter gene by approximately 15-fold. The dose–response curve
was in good accordance with that of natural riccardin C shown in
Figure 2. In addition, neither of them activated LXRb. Synthetic ana-
logues of riccardin C were also screened by the transient transfec-
tion assay shown in Figure 3. Unexpectedly, none of them activated
LXRa or LXRb. These results clearly indicate that all hydroxy
groups in riccardin C are essential for its binding to LXRa.13

In conclusion, riccardin C and seven analogues were synthe-
sized, via the intramolecular Suzuki–Miyaura coupling to construct
the necessary 18-membered biaryl linkage. Three phenolic hydro-
xy groups in riccardin C were clarified to be indispensable for bind-
ing to LXRa according to structure–activity relationship studies.
The present structure–activity relationship studies on riccardin C
provide beneficial information for the design and synthesis of more
potent and selective LXRa agonists.
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