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Abstract

Two diarylbutane derivatives of dihydroguaiaretic acid have been isolated from emergent portions of the southeastern United
States freshwater angiosperm Saururus cernuus L. (Saururaceae). Bioassay-guided fractionation of organic extracts of S. cernuus
led to the compounds, sauriols A and B, in addition to five previously known lignoids. These metabolites deter feeding by the
omnivorous crayfish Procambarus clarkii. The two lignans were identified by analysis of nuclear magnetic resonance and mass
spectral data, and by comparison with spectral data of dihydroguaiaretic acid. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Few freshwater plants have been shown to possess
chemical defenses against herbivores; only a small
number of studies have reported the isolation of dis-
crete molecules proven to play a defensive role (New-
man et al., 1990, 1992, 1996; Bolser et al., 1998;
Kubanek et al., 1999). However, freshwater herbivores
are numerous, important in affecting macrophyte
abundance and distribution (Lodge, 1991; Newman,
1991; Cyr and Pace, 1993), and they show distinct
feeding preferences that are affected by secondary
metabolites in freshwater plants (Lodge, 1991; Bolser
et al. 1998, Cronin, 1998, Hay et al., unpublished).

Saururus cernuus (Saururaceae) is an emergent fresh-
water angiosperm commonly found throughout the
southeastern United States. Also known as lizard’s tail

* Corresponding author. Tel.: + 1-858-534-3953; fax: + 1-858-558-
3702.
E-mail address: jkubanek@ucsd.edu (J. Kubanek).

and breast weed, it has long been used as a folk
remedy for inflammation of breasts, kidneys, and blad-
der (Phares, 1867), as a poultice for tumors (Hartwell,
1971), and as a sedative (Phares, 1867). The chemical
constituents responsible for these properties have never
been identified, although natural products with some
notable biological activities have been isolated from
this plant. To date, more than 20 lignans and neo-
lignans, derivatives of cinnamic acid dimers, have been
identified from S. cernuus (Rao and Alvarez, 1982,
1983; Rao and Chattopadhyay, 1990; Rao and Reddy,
1990; Rao and Rao, 1990; Rao and Oruganty, 1997).
The most significant pharmacologic property reported
from these compounds has been the murine neuro-
leptic activity of the dilignans, manassantins A and B
(Rao et al.,, 1987). No ecological functions of the
metabolites in S. cernuus have been postulated or
tested.

In a survey of relative palatabilities of freshwater
plants to the generalist omnivorous crayfish Procam-
barus clarkii, S. cernuus from North Carolina ranked
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low relative to other local freshwater macrophytes in
overall plant palatability (Bolser et al., 1998, Hay et
al., unpublished). Its chemical extracts, both lipophilic
and water-soluble, were found to significantly deter
crayfish feeding as compared with controls. We
recently conducted a study in which we used bioassay-
guided fractionation to search for antifeedant constitu-
ents from lipophilic extracts of this freshwater macro-
phyte (Kubanek et al., 1999). In the course of this
work, we identified seven lignoids that, at natural or
close to natural plant concentrations, each significantly
deterred feeding by the omnivorous crayfish P. clarkii.
In this paper, we describe the isolation and structural
elucidation of two of these compounds, the previously
undescribed lignans sauriols A (1) and B (2). Extracts
of S. cernuus collected in North Carolina contained
five other deterrent lignoids (Kubanek et al., 2000)
that have been previously identified from this plant:
(—)-dihydroguaiaretic acid (3), (—)-licarin A (4), (+)-
saucernetin (5), (—)-saucerneol (6), and (—)-saucerneol
methyl ether (7) (Rao and Alvarez, 1982, 1983; Rao
and Chattopadhyay, 1990; Rao and Oruganty, 1997).

2. Results and discussion

Saururus cernuus was collected from a pond at the
entrance to White Sands subdivision in Newport, NC,
frozen at —70°C, and then freeze-dried and ground.
Because emergent and submerged leaves of Saururus
are morphologically similar, and the water level in
local lakes varies as a function of recent weather con-
ditions, it is difficult to distinguish between tissues that
have grown mostly submerged and those that have
grown mostly emergent. Plant material collected was
estimated as 70% emergent at the time of collection.
Plant dry weights were recorded before repetitive
extraction with methanol/dichloromethane (1:1). Sep-
aration of extract constituents was followed by an
aquarium crayfish choice feeding assay described in
Kubanek et al. (2000) and Bolser et al. (1998). Chro-
matographic separation of deterrent fractions by size-
exclusion chromatography, silica gel flash column
chromatography, and then reversed phase HPLC led
to the isolation of sauriol A (1) (0.010% by dry
weight), sauriol B (2) (0.038%), (—)-dihydroguaiaretic
acid (3) (0.11%), (—)-licarin A (4) (0.55%), (+)-sau-
cernetin (5) (0.84%), (—)-saucerneol (6) (0.020%), and
(—)-saucerneol methyl ether (7) (0.01%). Each of these
compounds significantly deterred crayfish feeding at
approximated natural concentrations by plant dry
weight (Kubanek et al., 2000). The structures of com-
pounds 3—7 were elucidated by comparison of spectral
data ("H- and ">*C-NMR, mass spectra, and optical ro-
tation) with published values for these compounds

(Aiba et al., 1973; Rao and Alvarez, 1982, 1983; Rao
and Chattopadhyay, 1990; Rao and Oruganty, 1997).

Sauriol A (1) had 'C- and 'H-NMR spectral
characteristics very similar to those of 3, indicating a
close derivative that shared the C, symmetry of their
planar structures. The molecular formula supported by
mass spectral data,C,oH,cOg, suggested that 1 con-
tained two more hydroxyl groups than 3. Differences
in the NMR spectra were apparent only in the aro-
matic portions, indicating that the 1,4-(2,3-dimethyl)-
butyl bridge between aromatic groups remained intact.
The '"H-NMR spectrum of 1 differed from that of 3 by
the presence of two phenolic hydrogen signals (6 5.17
and 5.20) instead of one; one fewer phenyl hydrogen
resonance; and the collapse of a doublet of doublets
aromatic resonance to a doublet (1.5 Hz) at 6 6.32.
Two aromatic methine signals in the '*C-NMR spec-
trum of 1 were shifted slightly upfield relative to those
in 3. Additionally, one methine carbon signal was
missing and instead an additional quaternary phenolic
carbon signal was observed at 130.0 ppm, its relatively
upfield chemical shift indicating that it was flanked by
two other phenolic carbons. These data suggested that
compound 1 possessed the structure as shown for saur-
iol A. HMBC correlations confirmed this structure:
correlations were observed between the methylene pro-
tons at 6 2.32 and ¢ 2.46 (2H-7) and three aromatic
carbons at 6 103.7 (CH, C-2), 109.1 (CH, C-6), and
133.5 (quaternary C, C-1), establishing that the aro-
matic methines were ortho to the 2,3-dimethylbutane
linkage. This forced the three oxygenated aromatic
carbons (C-3,4,5) to the meta and para positions rela-
tive to the 2,3-dimethylbutane group, as in pyrogallol.
The position of the methoxy functionality on each aro-
matic ring was established as being adjacent to one
aromatic CH (‘"H 6 6.15; '*C 6 103.7; C-2) based on
observed HMBC correlations (methoxy and phenyl H-
2 each to phenolic C-3 at 146.5 ppm). Other HMBC
correlations and the small couplings (1.5 Hz) of both
aromatic methines (H-2,6) supported this substitution
pattern in 1. Although the absolute stereochemistry of
1 was not conclusively established, the optical activity
of 1 predicted a non-meso form for 1. The negative
optical rotation for 1, being the same as that of 3,
hinted that 1 probably shares the [R, R] configuration
of 3, and therefore, we propose the structure of 1 as
shown.

With the structure of 1 established, the structural
elucidation of sauriol B (2) was relatively straight-
forward. Mass spectral analysis supported a molecu-
lar formula of C, H,30s, representing the addition of
one CH, group relative to 1. No major differences
existed in the aliphatic portion of the NMR spectrum
(neither between 2 and 3, nor between 2 and 1), except
that 2 possessed two methoxy signals instead of one,
and that one of these signals (6 3.81) was of twice the
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intensity of the other (6 3.77). Close examination of
splitting patterns of the 'H resonances at & 2.3-2.6
and 0 1.71 revealed some signal overlap not observed
with 1 or 3. The *C-NMR spectrum of 2 was con-
siderably more complex than that of 1 or 3, suggesting
that the element of symmetry of the two latter com-
pounds was not present in 2. Differences between the

resonance frequencies of carbons with similar shifts
were more intense in the aromatic than aliphatic por-
tion of the '*C spectrum, and in the "H-NMR spec-
trum, the aromatic region was crowded with signals
integrating to either two or one hydrogens. These two
facts indicated that the difference between the two
sides of the molecule lay in the aromatic rings.

CMe CMe

<
el

U}

gm

MeO

K

F i OMe
|

\ Ohie



284 J. Kubanek et al. | Phytochemistry 54 (2000) 281-287

One aromatic ring of 2 had identical spectral 'H-
and "*C-NMR spectral data to that of 1, confirming
the 3-O-methylgallol substitution pattern for one side
of 2. The remaining '*C and '"H aromatic signals were
apportioned to the other ring, which was concluded to
possess mirror plane symmetry, because of the double
intensity of its signals in the '"H-NMR spectrum, and
because of the low number of carbon resonances.
Thus, we tentatively assigned the molecule as structure
2, and turned to the two-dimensional NMR data for
further proof. The methylene hydrogens at 6 2.37 and
2.51 (2H-7) and the strong methoxy signal at ¢ 3.81
(6H) all showed HMBC correlations to an intense aro-
matic methine carbon signal at ¢ 105.4 (C-2,6). In
turn, this methine resonance (lH 0 6.26, H-2, 6) was
correlated to a phenolic carbon at § 132.8 (C-4) and
147.0 (C-3, 5) and to its mirror image methine carbon
at 0 105.4 (C-2, 6). A phenolic hydrogen singlet at o
5.33 (OH on C-4) was also correlated to the phenolic
carbons at 6 132.8 (C-4) and 147.0 (C-3, 5), but not to
the methine carbon at 6 105.4 (C-2, 6). This placed the
hydroxyl group para to the 2,3-dimethylbutane link-
age, and confirmed the structure of 2 as that shown.
We possess no firm evidence for absolute stereochemis-
try. However, the clear structural similarities between
1 and 2 isolated from the same plant material
suggested that these compounds share the biosynthetic
pathways leading to them, and therefore there was no
compelling reason to suggest that the stereochemistry
of 2 might be different from that of 1. Indeed, the
negative sign of the optical rotation supported the
hesitant statement that a [R, R] stereochemistry,
shared with that of 1 and 3, was likely for 2.

These natural products were isolated in the pursuit
of ecologically important metabolites from a chemi-
cally defended freshwater plant, S. cernuus (Kubanek
et al., 2000). Feeding deterrence in the crude lipophilic
extract was followed through several chromatographic
steps, yielding seven identified deterrent molecules and
a number of deterrent unidentified complex mixtures.
All identified antifeedant compounds fall into the lig-
noid family of natural products, although they rep-
resent several structural types within that category.

Sauriols A (1), B (2), dihydroguaiaretic acid (3), and
saucernetin (5) are classical lignans, being oxygenated
products of the B,B-coupling of two cinnamic acid resi-
dues (Ayres and Loike, 1990; Lewis and Davin, 1999).
Compounds 1 and 2 were isolated from S. cernuus in
minor quantities (0.010 and 0.038%, respectively, by
plant dry weight) compared to 3 and 5 (0.11 and
0.84%), and were therefore assayed at close to these
concentrations in order to approximate natural plant
concentrations. When tested separately for feeding
deterrence effects, 1 and 2 (at three and one times
natural concentration, respectively) exerted similar
effects on crayfish feeding at 0.030 and 0.038% to the

effects of 3 and 5 at 0.11 and 0.84% (Kubanek et al.,
2000). Thus, when comparing these four lignans to
each other, it can be concluded that the order of anti-
feedant potency is approximately 1 ~ 2 > 3 > 5,
Unfortunately, the small quantities of isolated metab-
olites prevented the determination of MIC (minimum
inhibitory concentration) values for each compound.
Amongst this small group of structurally related
metabolites, antifeedant potency appears to be corre-
lated with degree of aromatic oxidation and/or number
of free phenolic hydroxyl groups. Saucernetin (5),
which was the least potent lignan, possesses no free hy-
droxyls, while dihydroguaiaretic acid (3) possesses two,
and its highly potent analogs, 2 and 1, possess three
and four, respectively. Because the only structural
differences among 1, 2, and 3 are the degrees of hy-
droxylation and subsequent methylation, it seems
likely that feeding deterrence activity amongst the
Saururus lignans is related to the presence of phenolic
hydroxyl groups.

The three other deterrent metabolites isolated from
S. cernuus were the neolignan licarin A (4) and the ses-
quineolignans saucerneol (6) and saucerneol methyl
ether (7). Compounds 4 and 6 also possess at least one
free phenolic OH, in addition to several methylated
ones. It is interesting to note that none of the deterrent
compounds identified from this collection of S. cernuus
possess the methylenedioxy functional group, seen in
many lignoids of S. cernuus and terrestrial plants (Rao
and Rao, 1990; Rao and Oruganty, 1997; Ward, 1999
and references cited therein). Because we pursued deter-
rent fractions only, and did not characterize non-active
components of S. cernuus, it is uncertain whether the
collected specimens did not contain other lignoid
metabolites, whether they were in fact present but
failed to deter crayfish feeding, or whether they were
present and deterrent, but present in such small quan-
tities that they were not detected. In an analytical study
of the constituents of S. cernuus, Rao and Oruganty
(1997) report the relative yields of metabolites and
found that the major compound was austrobailignan-5,
a methylenedioxy containing metabolite, present at 5—
100 times the concentration of other lignoids. If this
compound was present in our collections in similar
quantities and deterred crayfish feeding, we would have
detected it. For this reason, and because we accounted
for the bulk of the feeding deterrence with seven non-
methylenedioxy containing lignoids, it appears unlikely
that the methylenedioxy functional group plays an im-
portant role in the antiherbivory properties of this
plant. This is interesting because the methylenedioxy
functional group has been identified as crucial to the
biological activities of many lignoids, particularly as
insecticide synergists. This is due to the action of
methylenedioxy bearing molecules as blockers of
insects’ detoxicifying enzymes (polysubstrate monooxy-
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genases) (Casida, 1970; MacRae and Towers, 1984;
Bernard et al., 1989).

This work represents the first report of the existence
of sauriols A (1) and B (2), perhydroxylated deriva-
tives of dihydroguaiaretic acid (3) which together with
several other lignoids protect S. cernuus from herbiv-
ory. It is expected that future efforts to understand the
chemical ecology of freshwater plant—herbivore inter-
actions will also reveal novel chemistry. Certainly, eco-
logical studies bring to our attention compounds that
may not be otherwise discovered by pharmacologically
or agriculturally motivated research.

3. Experimental

3.1. General chemical methods

Solvents for extractions and open column chroma-
tography were reagent grade and used without further
purification. Solvents used for HPLC were analytical
grade. HPLC was performed on Waters systems with
refractive index and ultraviolet absorption detection.
'H, 13C, DEPT, and two-dimensional inverse-detected
NMR experiments (COSY, HMQC, HMBC) were per-
formed on Varian Inova 300 and Gemini 400 MHz
spectrometers. NMR spectra were run in CDCl; and
referenced to CHCl; (7.24 ppm). Infrared spectra were
run as thin films on a Perkin-Elmer 1600 Series FTIR
system. UV measurements were made on a Perkin-
Elmer Lambda 3B UV/Vis spectrophotometer in
chloroform. Low resolution electron impact mass spec-
tra were run on a Hewlett-Packard 5988A mass spec-
trometer. Compounds were also submitted to The
Scripps Research Institute for low and high resolution
positive ion FAB, ESI, or MALDI mass spectral
analysis. Optical rotations were measured on a
Rudolph Research Autopol III polarimeter in chloro-
form at 20°C with a path length of 10 cm recorded on
the sodium D line.

3.2. Feeding assays

Bioassay-guided fractionation was used to identify
compounds of S. cernuus that deterred feeding by the
crayfish P. clarkii. Details of bioassay design and data
analysis are found in Bolser et al. (1998) and Kubanek
et al. (2000). Artificial foods used in assays were pre-
pared according to the methods in Bolser et al. (1998)
and generalized in Hay et al. (1994, 1998). The treat-
ment assay food consisted of chemical extracts or puri-
fied fractions of S. cernuus impregnated in agar-based
food (agar plus freeze-dried broccoli and lettuce) with
concentrations of both chemical and food materials
matching those found in fresh Saururus. Control foods
were made in the same manner as treatment foods but

without the addition of extracts or purified com-
pounds. For each assay, each of 30 individual adult
crayfish was housed separately and offered a window
screening strip embedded with a control and a treat-
ment food square. Feeding was evaluated every 30 min
and assays were terminated when approximately 50%
of one choice had been eaten, or three hours had
passed, whichever was sooner. Replicates in which
greater than 90% or less than 10% of total food was
consumed were discarded. Consumption was measured
by counting the exposed grids of window screening,
and feeding differences on control and treatment foods
were analyzed using two-tailed paired z-tests.

3.3. Isolation of plant antifeedants

Emergent portions of S. cernuus were collected from
a pond at the entrance to White Sands subdivision in
Newport, North Carolina. Plants were returned to the
laboratory at the Institute of Marine Sciences, UNC-
CH and frozen at —70°C until ready for processing.
Frozen plants were freeze-dried, ground to a powder,
weighed, and then extracted with methanol/dichloro-
methane (1:2) six times (600 ml extraction solvent for
40 g freeze-dried plant). Extracts were filtered, concen-
trated in vacuo, and then suspended in deionized
water and repeatedly extracted with dichloromethane.
The dichloromethane extract (7.544 g green oil from
40 g dry plant) was fractionated using Sephadex LH-
20 with methanol/dichloromethane (1:1) as ecluent.
Fractions with similar normal phase TLC character-
istics were combined and assayed, leading to two
deterrent fractions that were subjected to further frac-
tionation. This was achieved using silica gel flash col-
umn chromatography employing a gradient eluent
system from hexanes to diethyl ether and then to
diethyl ether/methanol (1:1). Again, TLC properties
were used to pool fractions, and all fractions were
assayed. Deterrent fractions were purified by HPLC
using a C-18 semi-preparative column with eluent sys-
tems methanol/water (9:1) or acetonitrile/water (7:3).
Fractions approaching purity and pure compounds
were protected from oxidation by the addition of 0.1—
1.0 mg of ascorbic acid (vitamin C). Five known com-
pounds, (—)-dihydroguaiaretic acid (3), (—)-licarin A
(4), (+)-saucernetin (5), (—)-saucerneol (6), and (—)-
saucerneol methyl ether (7) were isolated and identified
by spectroscopic analysis and by comparison with lit-
erature data (Aiba et al., 1973; Rao and Alvarez 1982,
1983; Rao and Chattopadhyay, 1990; Rao and Oru-
ganty, 1997). The lignans, sauriols A (1) and B (2),
were purified and identified by spectroscopic analysis.

3.4. Characterization of novel plant antifeedants

Sauriol A (1). Isolated as a white amorphous solid
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(0.5 mg from 5.0 g dry plant [0.01% by dry weight]);
UV Jmax (loge): 242 (3.7), 275 (3.4); IR Vi cm™
3378 (br), 2919, 2849, 1607, 1514, 1455, 1202, 1091;
[2]p (¢ = 0.03, CHCl3) —240°; '"H-NMR spectral data
(300 MHz, CDCl;): 6 0.79 (d, 6H-9/9', J = 6.6), 1.72
(br m, 2H-8/8"), 2.32 (dd, 2H-7/7', J = 14.0, 7.7), 2.46
(dd, 2H-7/7', J = 13.7, 7.1), 3.79 (s, 6H-OMe on C-3/
3"), 5.17 (s, 2H-OH on C-4/4"), 5.20 (s, 2H-OH on C-
5/5"), 6.15 (d, 2H-2/2", J = 1.5), 6.32 (6, 2H-6/6', J =
1.5); BC-NMR spectral data(100 MHz, CDCl;) 6 13.9
(C-9/9", 37.2 C-8/8"), 41.3 (C-7/7'), 56.0 (OMe on C-
3/3), 103.7 (C-2/27), 109.1 (C-6/6"), 130.0 (C-4/4"),
133.5 (C-1/17), 143.5 (C-5/5"), 146.5 (C-3/3"); HR-
FABMS (m/z): [M + Na™] caled. for C,0H,cO¢Na,
385.1627; found 385.1640.

Sauriol B (2). Isolated as a white amorphous solid
(1.9 mg from 5.0 g dry plant [0.038 % by dry weight]);
UV Jmax (loge): 241 (3.8), 272 (3.4); IR Vi cm™
3401 (br), 2931, 2849, 1614, 1519, 1455, 1326, 1214,
1108; [«]p (¢ = 0.13, CHCl;) —92°C; 'H-NMR spec-
tral data (300 MHz, CDCl3), ¢ 0.80 (d, 6H-9/9', J =
6.6), 1.71 (br m, 2H-8/8"), 2.34 (dd, 1H-7"), 2.37 (dd,
1H-7), 2.48 (dd, 1H-7"), 2.51 (dd, 1H-7"), 3.77 (s, 3H-
OMe on C-3'), 3.81 (s, 3H-OMe on C-3/5), 5.19 (s,
IH-OH on C-4' or 5'), 5.21 (s, IH-OH on C-4’ or 5’),
5.33 (s, IH-OH on C-4), 6.12 (d, 1H-2', J = 1.7), 6.26
(s, 2H-2/6), 6.33 (d, 1H-6, J = 1.8); >*C-NMR spectral
data (100 MHz, CDCl;): 6 13.9 (C-9/9"), 37.2 (C-8/8"),
41.3 (C-7), 41.5 (C-7), 56.0 (OMe on C-3’), 56.2
(OMe’s on C-3/5), 103.6 (C-2'), 105.4 (C-2/6), 109.1
(C-6"), 130.0 (C-4"), 132.5 (C-1), 132.8 (C-4), 133.5 (C-
1), 143.5 (C-5'), 146.5 (C-3"), 147.0 (C-3/5); HR-
FABMS (m/z): [M + Na™] caled. for C,;H,3O¢Na,
399.1784; found 399.1796.
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