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Abstract

Eleven compounds isolated from the extract of the Central Asian lichens comprised eight new glycosides having murolic,
protoconstipatic and allo-murolic acids, as the aglycones and a saccharide moiety linked at C-18 made up of one or two sugars
(glucose and apiose or rhamnose or xylose or arabinose). The structures were elucidated by using extensive spectroscopic
analysis (1D and 2D NMR, MS;, IR, UV and CD) and chemical methods. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Protolichesterinic acid was first isolated at the begin-
ning of this century by Zopf from various species of
the lichen Cetraria (Zopf, 1907) and was structurally
elucidated some 30 years later by Asahina and Asano
(1932). Interestingly, both the dextro- and levorotatory
forms of protolichesterinic acid have been isolated
from different sources of Cetraria (Asahina and Yana-
gita, 1937).

Dextrorotatory protolichesterinic acid has, addition-
ally, been found by several groups in Parmelia species
(Shah, 1954) indigenous to India. Today’s protoliches-
terinic acid is probably the best-known member of this
class of lactone fatty acids, which includes murolic,
alloprotolichesterinic and  protoconstipatic  acids
(Huneck and Yoshimura, 1986).

Although tens of thousands of plant glycosides were
discovered in nature (Ikan, 1999), only a few of them
have been identified from lichens. These include, 1-(O-
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a-D-glucopyranosyl)-3S,25 R-hexacosanediol from
Solorina crocea (Huneck and Yoshimura, 1986), gala-
pagin, lobodirin, mollin and roccellin (Huneck et al.,
1992).

In our continuing search for unusual bioactive com-
pounds from Central Asian lichens (Rezanka and
Dembitsky, 1998, 1999; Rezanka and Guschina, 1999),
we have examined Acarospora gobiensis, Cladonia fur-
cata, Lecanora fructulosa, Leptogium saturninum, Pelti-
gera canina, Xanthoparmelia camtschadalis, X. tinctina
and Xanthoria elegans. The eleven compounds isolated
from the extract of the thallus comprised eight new
glycosides (4-11) having murolic 1, protoconstipatic 2
and allo-murolic 3 acids as the aglycones and an oligo-
saccharide moiety linked at C-18 made up of one or
two sugars (glucose and apiose or rhamnose or xylose
or arabinose).

2. Results and discussion

The aqueous-MeOH (upper) layer after extraction
(Blight and Dyer, 1959) of lipids from the thallus of
lichens (Table 1) was chromatographed on a Sephadex
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Table 1
Occurrence of acids and their glycosides from lichens of Tian—Shan mountains

Name of compounds; mg/100 g of dry weight

Name of lichen 1 2 3 4a 4b 5 6 7 8 9 10 11
Acarospora gobiensis 22.5 -2 - 8.7 - - - - - - - 32
Cladonia furcata - 24.3 - - 0.5 - - 2.9 0.8 - 7.8 -
Lecanora fructulosa - 13.5 - - 3.8 - - 34 1.9 - 1.5 -
Leptogium saturninum - - 19.8 - - 6.8 7.1 - - 3.9 - -
Peltigera canina - - 25.4 - - 0.9 0.9 - - 1.4 - -
Xanthoparmelia camtschadalis - 19.1 - - 4.2 - - 6.3 1.4 - 43

X. tinctina - 22.7 - - 0.2 - - 5.7 3.1 - 0.7 -
Xanthoria elegans 13.8 - - 1.8 - - - - - - - 6.1

% Less than 0.1 mg/100 g of dry weight.

LH-20 column and reverse-phase HPLC to give com- data, i.e. UV, IR, °C and '"H NMR and CD (Chester
pounds 1-11 (Figs. 1 and 2). and Elix, 1979; David et al.,, 1990; Ghogomu and

The compounds were identified as murolic acid 1,
protoconstipatic acid 2 and allo-murolic or allo-proto-
constipatic acid 3, (the term allo-murolic acid is better
because it is shorter; moreover, this acid has an identi-
cal configuration at C-18, i.e. on the secondary alco-
holic group), respectively, in agreement with spectral

R=H or R=MTPA

Fig. 1. The structures of murolic, protoconstipatic and allo-murolic
acids from lichens.

OH ORs

4a R;=R,=R;=H 3S,4R, 18R

4b R, =R,=Ry=H  3S,48S, 18

5 R,= HO"(xy R,=R;=H 38,4S, 18R

OH OH

R2 =R3 =H 3S, 4S, 18R

OH OH

7 R,= Rha R;=R;=H 3R, 48, 18S

R,=R;=H 3S,4S, 18R

10 R,= Api R,=Ry=H 3R, 45, 18S

11 R3;=Api R;=R,=H 3§,4R, 18R

Fig. 2. The structures of glycosides (4-11) from lichens.
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"H and "3C NMR of murolic 1, protoconstipatic 2 and allo-murolic 3 acids

637

No.of 1 2 3 1(H) 2 ('H) 3('H)
atom @y Bo) oy
1 173.5 1742 173.8 - - -
133.1 1337 1329 - - -
3 49.7  49.6  50.1  3.61 (1H, ddd, J5 4 = 6; 3.59 (IH, dt, J3,4 =5.7; J3,0=3)  3.61 (IH, dt, J3 4 = 71.5; J3, 20 = 2.3)
J3,20=3)
4 793 810 80.5 483(1H,dt, Jy3="6;Js5=8 480 (IH,dt, Jy3=57J55="7) 4.63 (1H, dt, Jy 3 =17.5; Jy 5 =4
and 11.5) and 8.2)
5 358 341 348  1.74 2H, m) 1.74 (2H, m) 1.70 (2H, m)
6 247 240 245 128 (I18H, br.s) 1.27 (18H, br s) 1.26 (18H, br s)
7-15 28.1- 284~ 28.1- 1.28 (I18H, br.s) 1.27 (18H, br s) 1.26 (18H, br s)
294 289 288
16 256 259 251  1.28 (I18H, br.s) 1.27 (18H, br s) 1.26 (18H, br s)
17 39.0 389 385  1.46 2H, m) 1.45 (2H, m) 1.46 (2H, m)
18 682 684  68.8  3.74 (1H, sextet) 3.88 (1H, m) 3.74 (1H, m)
19 233 238 230 115(1H,d, Jig 19 =6) 1.18 (1H, d, Jig, 19 = 6) 1.15 (1H, d, Ji3, 19 = 6)
20 125.6  126.1 1254 6.02 (1H,, d, Jx, 3 = 3) 6.37 591 (1H,, d, Jy, 3 =2.7) and 6.40 5.83 (1H,, d, Jy, 3 = 2) and 6.41
(1Hb, d, Ja3 = 3) (1Hb, d, Jx9 3 = 3) (1Hy, d, J29. 3 = 2)
21 168.5 169.0 1689 - - -

Bodo, 1982; Huneck and Takeda, 1992; Huneck et al.,
1979, 1986).

The spectroscopic properties of 1 showed similarities
to both murolic acid and (+)-protolichesterinic acid
(Huneck et al., 1979; Huneck and Takeda, 1992). The
'"H NMR spectrum of 1 exhibited a three-proton
doublet at oy 1.15 (J = 6 Hz) and one-proton sextet at
oy 3.74 indicative of the terminal 1-hydroxyethyl
group. Two further one-proton multiplets at oy 6.02
and 6.37 were assigned to the 20-methylene protons,
while the one-proton signals at dy 3.61 and 4.83 were
assigned to H-3 and H-4, respectively (Table 2).

In a similar manner, the spectroscopic properties of
2 showed remarkable similarities to protolichesterinic
acid and protoconstipatic acid (Chester and Elix,
1979). The '"H NMR spectrum of 2 exhibited two one-
proton doublets at oy 5.91 and 6.40 assigned to the
20-methylene protons, while one-proton signals at Jy
3.59 and 4.80 were assigned to H-3 and H-4, respect-
ively. A comparison of the '"H NMR spectrum of 2
with those of (—)-protolichesterinic acid and protocon-
stipatic acid confirmed the latter assignments. The 'H
NMR spectrum of 2 also established the relative
stereochemistry shown in formula 2. The coupling con-
stant J34 of 5.7 Hz corresponds exactly with that
observed in (—)-protolichesterinic acid and protocon-
stipatic acid (Chester and Elix, 1979; Huneck and
Takeda, 1992) thus establishing the trans stereochemis-
try for the hydrogen atoms bonded to C-3 and C-4.

The absolute configurations of 1 and 2 as shown in
Fig. 3 followed from a comparison of the CD spectral
data with those reported for murolic and protoliches-
terinic acids (Huneck et al., 1979, 1986).

Compound 3 had the molecular formula C,;H3¢05
according to its high-resolution mass spectrometry and

showed a maximum at 209 nm (log ¢ 3.92) in the UV
spectrum, indicative of an a-methylene-y-lactone. The
"H NMR spectrum (Table 2) of 3 gave the structure
and relative stereochemistry shown in formula 3
(Fig. 1). Inspection of a model shows that in the most
stable conformation of the molecule, the protons at C-
3 and C-4 include an angle of ca. 15° which, according
to the Karplus relation, corresponds to a coupling con-
stant of ca. 8 Hz, in good agreement with the observed
value of 7.5 Hz. Furthermore, the NMR data are in
excellent agreement with the corresponding data of
(—)-allo-protolichesterinic acid (Huneck and Takeda,

CD of lichen’s acids

------- murolic acid

protoconstipatic acid

— — — - allo-murolic acid

-10

Fig. 3. The CD spectra of lichen’s acids (murolic, protoconstipatic
and allo-murolic).



638 T. Rezanka, I.A. Guschina | Phytochemistry 54 (2000) 635-645

1992). The absolute configuration of allo-murolic acid
as shown in formula 3 follows from the nearly identi-
cal CD spectra (Fig. 3) of 3 and (—)-allo-protoliches-
terinic acid.

The absolute configuration at C-18 of all three
acids, i.e. 1, 2 and 3 was determined by the modified
Mosher method (Ohtani et al., 1991a, 1991b; Rieser et
al., 1992).

Treatment of each hydroxy acid with (R)-(—)-
MTPACI or (S)-(+)-MTPACI converted them into
the (S)- and (R)-2-methoxy-2-trifluoromethylphenyla-
cetic acid (MTPA) esters (1s, 2s, and 3s and 1r, 2r and
3r, respectively). The values of Ad=1[0(S—
MTPA ester) — 6(R — MTPA ester)] in the 'H NMR
spectra suggested that the absolute configuration at C-
18 of 1 and 3 was (R) while that of 2 was (S) (Ohtani
et al., 1991b). The data are showed in Table 6.

Compounds 4a and 4b were obtained as colorless
powders, [¢]3—187° (c 0.14, MeOH), [¢]3+180° (c
0.15, MeOH), respectively. The molecular formulae of
4a and 4b were determined to be C,7;H4c0;¢ on the
basis of HRFABMS. The UV spectra of both 4 deriva-
tives had a maximum band at 218 nm (log ¢ 3.84).
Their IR spectra showed absorption bands due to a
hydroxy (3500 cm™'), a y-lactone (1740 cm™') and a
carboxy (1708 cm™') groups. An absorption band at
1665 cm ™! was attributed to an olefinic group.

In the "H NMR spectrum of 4a the signals of five
oxymethine protons in diaxial conformation (J =
7.0 — 9.0 Hz) and one oxymethylene group indicated
the presence of a B-glucopyranosyl group. The glucosyl

Table 3

residue was located at the 18-O-position of the agly-
cone skeleton according to long-range HMBC corre-
lations between C-18 at d¢ 60.5 and the anomeric H-1'
at oy 4.80, as well as H-19 and H-17 protons at dy
1.24, and at g 1.69, respectively. Subsequently, gluco-
side 4a was hydrolyzed by B-glucosidase, furnishing an
aglycone and D-glucose.

To determine the absolute configuration of carbo-
hydrates in the glycosides, the acetylated-2-butyl de-
rivatives prepared from glycosides were analyzed by
gas chromatography using a glass-capillary column
(Supelco SPB-1) (Gerwig et al., 1978). The (acetylated
(+)-2-butyl) derivatives were eluted as a peak with
retention time of 12.55 min, which was identical with
that of tetraacetyl (+)-2-butyl-D-glucose. These results
revealed that 4 contain D-glucose. The carbohydrates
from glycosides 5-11 were transformed to butyl glyco-
sides and analyzed by GC. The appropriate carbo-
hydrates were identified as shown below.

In the '"H NMR spectrum of 4a, the unusual 18-O-
glycosylation was indicated by downfield shifts of H-
19 (+0.09 ppm) and H-17 (+0.23 ppm) with respect
to murolic acid as a model compound. Similarly, in
the '>*C NMR spectra of 4a (Table 3) 18-O-glycosyla-
tion was confirmed by the diagnostic downfield shift of
C-18 (+7.7 ppm) and by upfield shift of the related C-
19 (—4.1 ppm) and C-17 (—3.2 ppm) carbons with
respect to murolic acid.

The absolute configuration of 4a was established by
13C NMR spectroscopy. Comparison of the '*C NMR
chemical shifts of glycoside 4a with those of 1 (Tables

'H and '*C NMR of 18-0-B-glycopyranoside of murolic (4a) and protoconstipatic acids (4b)

No. of 4a (’C) 4b (’C) 4a (‘H) 4b (‘"H)
atom
1 173.5 1742 - -
2 133.1 1337 - -
3 49.7 49.6 3.59 (1H, dt, J3 4 = 5.7; J3.20 = 3) 3.61 (1H, ddd, Js, 4 = 6; J3, 2 = 3)
4 79.3 81.0 4.80 (1H, dt, Jy 3 =57, Ja s =T) 4.83 (1H, dr, J4 3 = 6; J4, s =8 and 11.5)
5 35.8 34.1 1.74 m (2H) 1.74 m (2H)
6 24.7 24.0 ~1.27 (2H, br s) ~1.28 (2H, br s)
7-15 28.1- 284 ~1.27 (18H, br 5) ~1.28 (18H, br s)
29.4 28.9
16 26.6 26.5 ~1.27 H, br 5) ~1.28 QH, br 5)
17 35.8 413 1.69 (2H, m) 1.66 (2H, m)
18 75.9 75.8 3.98 (1H, m) 3.87 (1H, sextet)
19 19.2 20.7 1.24 (1H, d, Ji3, 10 = 6) 1.22 (1H, d, Ji5, 19 = 6)
20 125.6 126.1 5.91 (1Ha, d, Jy 3 = 2.7) and 6.40 (1Hy, d, Jy.3 =3)  6.02 (1Ha, d, Jy9 3 = 3) and 6.37 (1Hy, d, Jy, 3 = 3)
21 168.5 1690 - -
1 105.2 105.0  4.80 (1H,d, J=17.1) 4.80 (1H, d, J = 7.3)
2 74.2 74.7 3.52 (1H, dd, J = 8.9, 7.1) 3.54 (1H, dd, J = 9.0, 7.3)
3 76.9 772 3.58 (1H, 1, J =8.9) 3.56 (1H, 1, J = 9.0)
4 71.0 71.4 3.41 (1H, 1, J = 8.9) 3.42 (1H, 1, J = 9.0)
5 78.9 78.6 3.45 (1H, m) 3.47 (1H, m)
6’ 62.3 62.6 3.72 (1H, dd, J = 12.1, 5.2) and 3.93 (1H, dd, J = 11.8, 3.74 (1H, dd J = 12.0, 5.0) and 3.93 (1H, dd, J = 12.0,

2.3)

2.0)
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2 and 3) revealed that a larger glycosidation shift at C-
19 (4.1 ppm) than that at C-17 (3.2 ppm) was observed
in pyridine-(Ds) as solvent. Application of the glycosi-
dation shift rule (Seo et al., 1978; Tori et al., 1977;
Kasai et al., 1977) to these shifts indicated the con-
figuration at C-18 of the glycoside 4a to be R and thus
the glycoside 4a was confirmed to be (18R)-18-O-B-D-
glucopyranoside of murolic acid. In the spectrum of
4b, the glycosidation shift is the opposite (3.1 and 2.4
ppm), and the configuration in 4b thus must be .S and
this glycoside is derived from (—)-protoconstipatic acid
2. These results were confirmed on isolating 1 and/or 2
after enzymatic hydrolysis.

The FABMS (negative mode) spectrum of 5 showed
a molecular anion peak at m/z 662 and fragment ions
at m/z 529 (M—H-132)" and 367
(M—H-132—-162)", corresponding to sequential losses
of pentosyl and hexosyl units, respectively.

The 'H and '>C NMR spectra of compound 5 dis-
played the signals of two sugar residues in oy 3.5-5.5
and oc 65-105 regions, in addition to aglycone reson-
ances. The hexose and the pentose, as revealed by
'"H-'"H and '"H-'°C COSY, were glucose and xylose,
respectively, in view of the diaxial 'H-'H coupling
constants (7-10 Hz). HMBC experiments provided evi-
dence for a connection of the 1”-B-xylosyl residue to
C-6" of glucose, while 1’-B-glucosyl group was bonded
to C-18 of the aglycone as shown by cross-peaks
between H-1” and C-6’; H-1" and C-18, respectively.
The glycosides could be hydrolyzed by HCI and gave
rise to glucose, xylose and allo-murolic acid. The struc-
ture of 5 was identified as (18R)-18-O- 1-B-xylopyra-
nosyl-(1-6)-B-D-glucopyranoside of allo-murolic acid.

The negative ion FABMS spectrum of 6 showed a
molecular anion peak at m/z 675 and fragment ions at
mjz (M—H-146)" and (M—-H-146—162)" corre-
sponding to the loss of a deoxyhexosyl or a hexosyl
unit.

Table 4
13C NMR spectra of glycosides (5-11)

No. of atom 5 6 7 8 9 10 11
1’ 105.4 101.3 100.6 1044 1046 1053 979
2’ 74.8 73.8 73.7 751 75.3 75.1 75.7
3’ 715 776 752 780 782 763 76.6
4’ 71.1 71.1 76.5 720 71.7  79.3 70.1
5’ 774 7712 754 76.7 776 765  73.8
6’ 70.0 673 60.1 68.1 689 614 634
1" 105.8 101.9 1004 109.9 111.3 111.1 1089
2" 74.8 722 70.7 859 78.1 717 76.2
3” 78.0 71.8 70.5 78.9 80.7 80.2 794
4" 709 745 71.8 832 75.1 749 741
5" 669 69.6 686 63.1 658 646 643
6" 17.7 17.6

The exact disposition of the two monosaccharide
units and the position of the interglycosidic linkages in
compound 6 were determined using 2D NMR spec-
troscopy. HOHAHA experiments allowed the resol-
ution of the overlapping spectral region of the
disaccharide moiety of 6 into a subset of individual
monosaccharide spectra. 2D-COSY experiments estab-
lished the proton sequence within each sugar fragment
starting from the well-resolved anomeric proton signals
of a B-D-glucopyranose (dy 5.10, d, J = 7.5 Hz), and
one a-L-rhamnopyranose unit (oyg 5.00, d, J = 1.5 Hz)
in compound 6. HETCOR correlated all proton signals
with those of each corresponding carbon leading to
the assignments (Tables 4 and 5). Chemical shifts, mul-
tiplicity of the proton signals, values of coupling con-
stants, and chemical shifts of carbons indicated that
the sugars must be in the B-D-glucopyranosyl and in
the a-L-rhamnopyranosyl forms.

In compound 6, a glycosidation shift at C-6" (i.e. 5.0
ppm) and the chemical shifts of H-1" (6y 5.10) and C-
1" (og 101.3) of glucose indicates these monosacchar-
ides to be glycosidated at C-6 and linked at the agly-
con. The one signal due to anomeric proton of
rhamnose (dyg 5.00 d, J = 1.5 Hz), correlating to the C-
1” resonance at oc 101.9 by HETCOR, indicated that
the rhamnose unit was linked to a primary alcoholic
group (C-6' of the glucose). Rhamnose was determined
to be terminal by the absence of any glycosylation
shift. These deductions were confirmed by a COLOC
spectrum, which showed some diagnostic long-range
correlations between H-1" of glucose (dy 5.10) and C-
18 (¢ 60.5) of the aglycon, between H-1"(dy 5.00) of
the rhamnose unit and C-6' (6c 67.3) of glucose,
between H-5"(dy 4.12) and C-3" (0c71.8). The sugar
moieties were shown to be rutinose, and the glycoside
would be (18R)-18-0-a-L-rhamnopyranosyl-(1-6)-p-D-
glucopyranoside of murolic acid.

The FABMS of compound 7 displayed a [M+H]"
peak at m/z 677.8075, consistent with a molecular for-
mula of C33H56014.

The majority of resonances for this glycoside (7)
were found in the 60-105 ppm range in the "*C
NMR and 3-5 ppm in the '"H NMR. In compound 7,
the key resonance is peak at dc 17.6, which represents
the C-6" signal of 6-deoxy sugar. This signal was ident-
ified as a methyl carbon from the DEPT spectrum and
the corresponding "H NMR chemical shift was deter-
mined for this signal from an HMQC spectrum, which
was at oy 1.41. This was used as a starting point in the
homonuclear correlated spectra (COSY, TOCSY, and
DQF-COSY) to determine all the protons on the same
sugar ring. Thus, the methyl protons were correlated
to H-5" at oy 3.82, which was further coupled to H-4"
and so on. With the help of the HMQC data the cor-
responding carbon chemical shifts were assigned for
the 6-deoxy-hexose unit. The DEPT spectrum showed
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the presence of a methylene carbon at éc 60.1 (C-6")
not associated with the aglycon portion of the com-
pound. Then, using the '*C-'H correlations from the
HMQC data, the corresponding proton chemical shifts
were determined to be oy 4.58 and oy 4.42 (H-6), re-
spectively. By using these methylene proton signals
and their counterparts as the starting points, the sugar
intra-residue connectivity was deciphered for the
remaining sugar in the same manner as for the deoxy-
hexose. Chemical shifts for the glycosidic moieties are
listed in Tables 4 and 5.

The glycosidic linkages between H-1" (dy 4.68)
and H-4' (6y 4.30) were clearly observed in the
NOESY spectrum. In addition, cross-peaks between
H-1" (0g 5.25) and H-18 of the aglycone were
observed, revealing the point of attachment of the
glycoside to the aglycone. The absolute stereochem-
istry at C-18 carbon of aglycone was determined by
means of the Mosher’s method after enzymatic hy-
drolysis and also by glycosidation shifts, which are
in accordance with the above mentioned data for
4b. Thus, 7 was found to have the linkage (18S)-
18-0-a-L-rhamnopyranosyl-(1-4)-B-D-glucopyranoside
to protoconstipatic acid.

Compound 8 was obtained as a colorless wax-like
semisolid, [a]%3—75.0°. Its positive ion HRFABMS
exhibited a peak at m/z 685.7623 [M + H] ", compatible
with the molecular formula C3,Hs4O,4. Its '"H NMR
spectrum (Table 5) revealed the presence of two
anomeric protons at oy 5.24 and dy 4.95. Acid hy-
drolysis of 8 yielded D-glucose and D-arabinose (ident-
ified by [¢]p and GLC).

The sequence of the sugar part could be determined
by the MS fragmentation peak at m/z 529
(M—H-132)", which indicated that the D-arabinose
moiety was the terminal sugar. The '*C NMR chemi-
cal shift of C-6" in glucose at dc 68.1 indicated glyco-
sylation at this position, and the long-range
correlation between oy 4.95 (1H, d, J=1.3 Hz,
anomeric proton of D-arabinose) and Jc 68.1 (C-6" of
glucose) in the HMBC spectrum of 8 confirmed the
interglycosidic linkage to be arabinose-(1-6)-glucose.
The coupling constants of the anomeric protons in ara-
binose (J/ = 1.3 Hz) and glucose (J = 7.9 Hz) showed
these sugars to have the o and f configurations, re-
spectively, and the '*C NMR shifts of the arabinose
carbons indicated that arabinose was in the furanose
ring form. The absolute stereochemistry at C-18 car-
bon was S, as determined by hydrolysis and converting
of aglycone to Mosher’s method and also by glycosida-
tion shifts (see compound 4b and 7, respectively).
Based on these data, 8 is (185)-18-0O-a-D-arabinofura-
nosyl-(1-6)-B-p-glucopyranoside of protoconstipatic
acid.

Glycoside 9, an amorphous powder, was obtained
from the MeOH extract by chromatography. The UV

spectrum showed an absorbtion maximum at 209 nm
(log ¢ 3.87). The IR spectrum showed absorptions for
a hydroxy group at 3426 cm™".

In the negative-ion FABMS spectrum of 9, the
expected molecular ion peak (C3,Hs4014) was observed
at mjz 661 (M—H)". In addition, the peaks at m/z 499
(M—-H-162)" and 367 (M—H—-162—132)" indicated
that the sugar chain, which consisted of hexose and
pentose, was linked to the C-18 hydroxyl group of the
aglycone and that the sequence is aglycone—hexose—
pentose.

The subtraction of the carbon signals corresponding
to this aglycone from the total number of signals
observed in the '*C NMR spectra of 9 allowed the
assignment of the resonances due to two saccharide
moieties [(C-0O); (CH-0O);; (CH, — —0); = C11H 309
(two ether functions)], corresponding to one pentose
and one hexose moiety. A B-D-apiofuranoside moiety
was recognized by a chemical shift at dc 111.3 attribu-
ted to an anomeric dioxymethine carbon —-O—CH-O-
(C-1") in a furanoside ring observed in the *C NMR
spectrum of 9, along with the alcoholic signals of one
quaternary at dc 80.7 (C-3"), two oxymethylenes at ¢
75.1 (C-4") and d¢ 65.8 (C-5"), and one oxymethine at
oc 78.1 (C-2") (Table 4). This deduction was confirmed
by *C-'H COSY spectrum of 9 through cross-peaks
revealing heteronuclear coupling of quaternary C-3”
(0c 80.7) and methine C-1" (6¢c 111.3), and hydrogens
H-4" 6y 4.37 and Jy 4.74, as shown in Table 5. Ad-
ditional confirmation was obtained from the HMBC
spectrum of 9, which showed coupling of the carbons
C-4" (6¢c 75.1) and C-3” (oc 80.7) with hydrogens H-1"
(0y 5.61) and H,-4" (oy 4.37), respectively.

The remaining '*C signals correlated to alcoholic
carbon atoms and were used to establish a B-D-gluco-
pyranoside moiety: one anomeric dioxymethine [dc
104.6 (C-1")], four monooxymethine [oc 75.3 (C-2'),
78.2 (C-37), 71.7 (C-4"), and 77.6 (C-5")], and one oxy-
methylene [oc 68.9 (C-6")] carbons (Table 4). The
chemical shift of the oxymethylene carbon C-6" (¢
68.9) was used to define the disaccharide linkage as
apiofuranosyl (1”-6")—glucopyranoside, because the
chemical shift of a monosaccharide oxymethylene
group appears at about dc 62 (Table 3). The HMBC
spectrum of 9 was used to confirm this deduction,
which revealed cross-peaks corresponding to long-
range coupling of carbon C-6" (J¢c 68.9) and hydrogen
H-1" (8y 5.61, *Jcp), along with the coupling of the C-
1”7 (111.3) and 2H-6" [éy 4.28 (H,-5") and oy 4.71 (Hy-
5M).

The location of the 6-O-D-B-apiofuranosyl-B-D-glu-
copyranosyl moiety attached to the oxygenated carbon
18 of the aglycon was suggested by the slight modifi-
cation observed in the '*C signals of the tertiary C-18
and methylene CH,-17 and methyl CH;-19 carbon
atoms revealed by comparative analysis of the '*C
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NMR spectra of 9 ¢ 60.5 (C-18) and ¢ 27.4 and Ic
42.2 (C-19 and C-17), respectively. On the above evi-
dences the structure of 9 was established to be (18R)-
18-0-B-D-apiofuranosyl-(1-6)-B-D-glucopyranoside  of
allo-murolic acid.

The '*C and "H NMR spectra of 10 displayed sig-
nals for two sugar residues (Tables 4 and 5). One of
these was easily identified from its quaternary carbon
at dc 80.2 as a B-D-apiose moiety (Jy_g» = 3.6 Hz).
The other sugar residue was identified as a B-D-glucose
unit. The anomeric proton of this glucose residue
appeared as a doublet at oy 5.26 (J = 7.3 Hz), indicat-
ing that this glucose was substituted at the C-4 pos-
ition d¢ 79.3. Analysis of the '>C NMR chemical shifts
of this glucose moiety, conducted by a combination of
homo- and heteronuclear COSY spectra, indicated its
substituted nature. Thus, 10 was found to have the
(185)-18-0-B-p-apiofuranosyl-(1-4)-B-D-glucopyrano-
side linkage to protoconstipatic acid.

The presence of three methylenes at dc 63.4, 64.3,
and 74.1 among the remaining 8 carbons indicated
that the aglycon was linked to a hexose and a pentose,
and that the pentose was most probably apiose. The
apiosyl anomeric carbon C-1" showed a signal at Jc
108.9, along with the signals of one quaternary carbon
at oc 79.4 (C-3"), an oxymethine at éc 76.2 (C-2"), and
two oxymethylenes at dc 74.1 (C-4") and oc 64.3 (C-
5"). For the inner sugar, *C chemical shifts were in
accord with those reported for glucoside, mentioned
earlies. 3-Bond correlations between the apiosyl
anomeric proton H-1” dy 5.36 and the glucosyl carbon
C-2" 6c 75.7, as well as correlations between the gluco-
syl proton H-2" (dy 4.35) and the apiosyl anomeric
carbon C-1" (6c 108.9), established the linked position
between the two sugar moieties. The large coupling
constant between H-1" and H-2' (J/ = 7.1 Hz) was typi-
cal of a B-glucosidic linkage to the aglycone. The gly-
cosidation position was unambiguously determined by
a 3-bond correlation between the glucosyl anomeric
proton H-1" (dy 5.22) and secondary alcohol of muro-
lic acid, using gradient-selected HMBC. Finally, acid
hydrolysis of the glycoside followed by GLC analysis
showed that D-glucose was one of the two sugars, in
addition to D-apiose. The structure of 11 was thus
established as (18 R)-18-O-B-D-apiofuranosyl-(1-2)-p-D-
glucopyranoside of murolic acid.

To summarize the present study, the chemical struc-
tures and structural relationships among the 11 com-
ponent lichen acids produced by lichens from Central
Asia are shown in Figs. 1 and 2.

We have isolated three hydroxy substituted vy-lac-
tonic carboxylic acids of which only murolic acid has
previously been described. The absolute configuration
of the hydroxyl group of protoconstipatic and allo-
murolic acids was determined and allo-murolic acid
was described for the first time in nature. The discov-

ery of glycosides containing apiose, rhamnose, xylose
and arabinose is most recent. The above-mentioned
saccharides were identified in lichens for the first time.

In contrast to glycosidic compounds from higher
(flower) plants, the first glycosides identified from
lichens with different carbohydrates exhibit both a
higher variability of aglycone and disaccharides. This
may be caused by the adverse climate of the environ-
ment in which lichens grow, namely temperatures as
high as 80°C, exposure to wind (lack of moisture fol-
lows from this) and salinated soil.

3. Experimental
3.1. General experimental procedures

UV spectra were recorded on a Cary 118 (Varian)
apparatus in heptane within the range of 200-350 nm.
Circular dichroism (CD) measurement was carried out
on a Jasco-500A spectropolarimeter at 24°C, under
dry N,. A Perkin—Elmer Model 1310 (Perkin—Elmer,
Norwalk, CT, USA) IR spectrophotometer was used
for scanning IR spectroscopy of acids and glycosides
as neat films. NMR spectra were recorded on a Bruker
AMX 500 spectrometer (Bruker Analytik, Karlsruhe,
Germany) at 500.1 MHz ('H), 125.7 MHz ('*C). High-
and also low-resolution MS were recorded using a VG
7070E - HF spectrometer (70 eV). HRFABMS (posi-
tive and/or negative ion mode) were obtained with a
PEG-400 as a matrix.

3.2. Plant material

The specimens of Acarospora gobiensis, Cladonia fur-
cata, Lecanora fructulosa, Leptogium saturninum, Pelti-
gera canina, Xanthoparmelia camtschadalis, X. tinctina
and Xanthoria elegans were collected in July 1996
along the shore of lake Issyk Kul, Tian—Shan moun-
tain, Uzbekistan.

3.3. Extraction and isolation

Samples of 100 g of air-dried lichen were extracted
by the method of the Blight and Dyer (1959). The aqu-
eous-MeOH (upper) layer after extraction of lipids
from lichens was used for further work. Concentration
of the HO-MeOH layer gave an organic fraction (8
g). Chromatography of this fraction on a Sephadex
LH-20 column, with elution of MeOH (100 x 5 cm)
gave organic fractions (8 ml) checked by TLC [silica-
gel plates, n-BuOH-AcOH-H,0 (12:3:5) and CHCI5—
MeOH-H,O (40:9:1)] and combined in three main
fractions. Fraction A was further fractionated by RP-
HPLC on a Cl18-Bondapak column (30 cm x 7.8 mm,
flow rate 2.0 ml/min) with MeOH-H,O (1:1) to yield
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compounds 1-3. Fraction B was separated by RP-
HPLC with MeOH-H,O (9:11) to yield only the com-
pounds 4a and 4b. Fraction C separated by using
MeOH-H,0 (2:3) yielded compounds 5-11.

3.4. Acid hydrolysis of 4

The glycoside (~1 mg) was refluxed in 2 N HCI (0.5
ml) for 2 h. The aglycone was extracted three times
with EtOAc (10 ml). After separating the organic
layer, the aqueous phase was neutralized with
NaHCO; and lyophilized.

3.5. Identification of glycoside’s component

A solution of 5-11 (each ~1 mg) was carried out in
the same way as described for 4. The aglycone parts of
glycosides were transformed by Mosher’s method to
appropriate esters according to the process described
later. The data of esters are described in Table 6. The
identification was done and the D or L configuration of
the sugar was determined using gas chromatography
according to the method of Gerwig (Gerwig et al.,
1978) with some modifications. Nitrogen was bubbled
through a solution of the lyophilized sample (0.5 mg)
after methanolysis of 4 in (+)-2-butanol (300 pl) and
acetyl chloride (50 pl), and the ampoule was then
sealed. After butanolysis at 80°C for 8 h, the solution
was neutralized with Ag,COj. After centrifugation at
2000 rpm for 10 min the supernatant solution was con-
centrated under reduced pressure at 45°C. The residue
was treated with acetic anhydride (100 pl) in pyridine
(200 pl). Heating at 70°C for 30 min brought about
acetylation. The resultant compounds were sub-
sequently analyzed by gas chromatography using a
fused silica column (30 m x 0.25 mm ID, Supelco
SPB-1). The column temperature was programmed to
rise 5°C/min from 170 to 260°C. The flow rate of the
helium carrier gas through the column was 1.5 ml/min.
The temperature of the injector and the detector was
300°C. Authentic 1-((+)-2-butyl)-2,3,4,6-tetraacetyl-D-
and Lr-glucose, and 1-methyl-2,3,4,6-tetraacetyl-D-glu-
cose were eluted as peaks with retention times of
12.55, 13.06 and 8.36 min, respectively.

Table 6

3.6. Enzymatic hydrolysis and determination of
glycosides

A solution of 4a and/or 4b (2 mg) in acetate buffer
(pH 4.4, 10 ml) was treated with B-glucosidase (20
mg), and the solution was left at 37°C for 48 h. The
reaction solution was evaporated to dryness, and the
residue was chromatographed on a column of silica gel
(10 g), using CH,Cl,-MeOH-H,0 (90:10:1) to afford
1 or 2 (1 mg), "H NMR data (Table 2).

3.7. (S )-MTPA esters

To a CH,Cl, solution (100 pl) of aglycone (0.3 mg),
DMAP (1.0 mg), and Et;N (2 ul) was added (R)-(—)-
MTPACI (2.0 mg) at room temperature, and stirring
was continued for 3 h. After evaporation of the sol-
vent, the residue was purified by Si gel TLC (hexane—
AcOEt, 2:1) to afford the (S)-MTPA ester (4s—11s) as
colorless oil. The esters of the aglycones from above
mentioned glycosides (4-11) are identical with one of 1
or 2 or 3. The data of esters (see above) are described
in Table 6.

3.8. (R)-MTPA ester

Aglycone (0.3 mg) was treated with (S)-(+)-
MTPACI (2.0 mg) using the same procedure as
described above to afford the (R)-MTPA ester (4r—
11r) as colorless oil. The esters of the aglycones from
above mentioned glycosides (4-11) are identical with
one of 1 or 2 or 3. The data of esters (see above) are
described in Table 6.

Murolic acid (1) colorless plates, m.p. 112.5°C, [oc]]%4
+11.2 (¢ 0.14, CHCI3), UV Zpnx (MeOH, nm) 217 (log
¢ 3.80); CD Aeygp = +3.50 sh, Ae220 = —8.21, Ag260 =
+0.29 (Fig. 3); IR (KBr) (cm™'): 3500 (OH), 2950,
2900, 1740 (lactone), 1702 (acid), 1650 (C=—CH,);
HRFABMS m/z:  369.5213 (MH", caled for
[C51H3¢Os+H]" 369.5218; LREIMS m/z (%), 368
[IM]* (3), 353 [M—Me]"™ (45), 350 [M—H,0]" (37),
332 [M —2 x H,0]" (61), 324 [M—CO,]" (100), 306
[M—CO,—H>0]" (80); 'H and '>C-NMR spectra
(Table 2).

Stereochemical analysis of compounds 1, 2 and 3 with (R)- and (S)-MTPA (Mosher) derivatives®

Ad = Os_cster — OR—ester (HZ)

MTPA esters of compound no. H-19 H-17 Carbinol configuration
1 +14.5 —38.0 R
2 —12.5 +22.5 S
3 +15.5 —42.0 R

% The aglycones from glycosides 4-11 are identical with one of 1 or 2 or 3.
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Protoconstipatic acid (2) white flakes, m.p. 103.5°C,
[«]3* —12.3 (¢ 0.15, CHCl3), UV Jpna (MeOH, nm) 218
(log ¢ 3.91); CD Ag200 = +3.69 sh, Ag220 = —9.62,
Ae260 = +0.32 (Fig. 3); IR (KBr) 3500 (OH), 2945,
2905, 1743 (lactone), 1710 (acid), 1470, 1436, 1404, 828
(C=CH,) cm™'; HRFABMS m/z 369.5221 (MH",
caled for [Co H360s+H] " 369.5218; LREIMS m/z 368
M]" (4), 353 [M—Me]" (51), 350 [M—H,0]" (23),
332 [M —2 x H,0]" (54), 324 [M—CO,]" (100), 306
[M—CO,—H,0]" (65). 'H and "C-NMR spectra
(Table 2).

Allo-murolic acid (3) white plates, m.p. 89°C, [oc]é4
—15.7 (¢ 0.10, CHCl3), UV Zpnx (MeOH, nm) 209 (log
¢ 3.92); CD Ae200=40.57 sh, Ae20=+1.44,
Ae260 = +0.97 (Fig. 3); IR (KBr) 3510 (OH), 2955,
2900, 1738 (lactone), 1705 (acid), 1655 (C=CH,),
1475, 830 (C=CH,) cm~'; HRFABMS m/z 369.5217
(MH ™, caled for [Cy;H3¢0s+H]™ 369.5218; LREIMS
m/z 368 [M]" (5), 353 [M—Me] " (47), 350 [M—H,0] "
(51), 332 [M —2 x H,0]" (49), 324 [M—CO>] " (100),
306 [M—CO,—H,0]" (66); 'H and "*C-NMR spectra
(Table 2).

(18 R)-18-0-B-D-Glucopyranoside of murolic acid
(4a) colorless powder, m.p. 147°C, [05]34 —187° (¢ 0.14,
MeOH); UV 218 nm (log ¢ 3.84); IR 3500 (OH), 1740
(y-lactone), 1708 (carboxyl) 1665 (C=C) cm™';
HRFABMS m/z 531.6645 [MH]", caled for
[Cy7H46010+H] ™ 531.6642; negative LRFABMS m/z
529 (M—H)~, 367 (M—H—162)"; 'H and *C-NMR
spectra, (Table 3).

(185)-18-0O-B-D-Glucopyranoside of protoconstipatic
acid (4b) colorless powder, m.p. 157°C, [oc]1%4—1800 (c
0.15, MeOH); UV 217 nm (log ¢ 3.80); IR 3500 (OH),
1740 (y-lactone), 1708 (carboxyl) 1665 (C=C) cm™';
HRFABMS m/z 531.6648 (MH)", caled for
[Cy7H46010+H] " 531.6642; negative LRFABMS m)/z
529 (M—H)~, 367 (M—H—162)"; 'H and '"*C-NMR
spectra, (Table 3).

(18R)-18-0-1-B-Xylopyranosyl-(1-6)-B-D-glucopyra-
noside of allo-murolic acid (5) colorless powder, m.p.
211°C; [¢)3* —63°; HRFABMS m/z 663.7800 (MH) ",
caled for [C3;Hs4O4+H]"  663.7803; negative
FABMS m/z 662 (M—H)™, 529 (M—H—132)" and 367
(M—H-132—-162)"; 'H and '"*C-NMR spectra (Tables
4 and 5).

(18 R)-18-0-a-L-Rhamnopyranosyl-(1-6)-p-D-gluco-
pyranoside of murolic acid (6) colorless powder, m.p.
205°C; [o]2* —51°; HRFABMS m/z 677.8075 (MH) ",
caled for [Ciy3HsqOs+H]"  677.8072; negative
FABMS m/z 675 (M—H)™, 529 (M—H-146)", 367
M—-H-146—162)"; 'H and 'C-NMR spectra (Tables
4 and 5).

(185)-18-0-a-L-Rhamnopyranosyl-(1-4)-B-D-gluco-
pyranoside of protoconstipatic acid (7) colorless pow-
der, m.p. 234°C; [o]2* —28.0°, HRFABMS myjz
677.8079 (MH)", caled for [C33Hs¢014+H]"

677.8072; negative FABMS m/z 675 (M—H)~, 529
(M—H-146)", 367 M—H—146—162)"; 'H and "C-
NMR spectra (Tables 4 and 5).

(185)-18-0O-a-D-Arabinofuranosyl-(1-6)-B-D-gluco-
pyranoside of protoconstipatic acid (8) colorless wax-
like semisolid, m.p. 134°C; [¢]2* —75.0°; HRFABMS
m/z 663.7812 (MH)", caled for [C3Hs4014+H]"
663.7803; negative FABMS m/z 661 (M-H)™, 529
(M—H-132)" and 367 (M—H—132—162)"; 'H and
13C-NMR spectra (Tables 4 and 5).

(18 R)-18-0-B-D-Apiofuranosyl-(1-6)-p-D-glucopyra-
noside of allo-murolic acid (9) colorless powder, m.p.
278°C; [a]3? —63.0°; HRFABMS m/z 663.7804
(MH) ", caled for [C5,Hs40,4+H] ™ 663.7803; negative
FABMS m/z 661 (M-H)™, 529 (M—H-132)" and 367
(M—H-132—162)"; 'H and '>*C-NMR spectra (Tables
4 and 5).

(185)-18-0O-B-D-Apiofuranosyl-(1-4)-B-D-glucopyra-
noside of protoconstipatic acid (10) colorless powder,
m.p. 257°C; [«]3* —41.0°; HRFABMS m/z 663.7806
(MH) ", caled for [C35,Hs,014+H] " 663.7803; negative
FABMS m/z 661 (M-H)™, 529 (M—H—132)" and 367
(M—H-132—-162)"; 'H and '*C-NMR spectra (Tables
4 and 5).

(18 R)-18-0-B-D-Apiofuranosyl-(1-2)-B-D-glucopyra-
noside of murolic acid (11) colorless powder, m.p.
212°C; [o]g' —56.0°; HRFABMS m/z 663.7814
(MH) ", caled for [C3,Hs4014+H]" 663.7803; negative
FABMS m/z 661 (M-H)™, 529 (M—H—132)" and 367
(M—H—132-162)"; 'H and *C-NMR spectra (Tables
4 and 5).
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