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Iridoids represent a large group of natural
monoterpenoid compounds; they have been found to occur
in a variety of animal species and to be constituents of a
number of orders and plant families within the dicotyle-
dons.

The name iridoid has been derived from
iridodial (1), iridomyrmecin (3), and related compounds
isolated from the defence secretion of Iridomyrrnex species,
a genus of ants, constituting a generic term for monoter-
pene derivatives characterised by a cyclopentaEclpyran
skeleton in the narrow sense of the term. In order to
simplify the nomenclature of iridoids, this skeleton has
been denoted as "iridane" (1, 2) (cis-2-oxabicyclo[4.3.O1-
nonane), a non-systematic name, common in literature up
to now hut first proposed for 1,2-dimethyl-3-(2-propyl)-cy-
clopentane (3).

Classification of naturally occurring
iridoid compounds

Naturally occurring iridoid compounds
have been classified by several authors into different sub-
groups on the basis of their demonstrated or postulated
biosynthesis as well as on the basis of chemical properties
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® secoiridoid glucosides

p-skytanthine (9)

® pseudoalkaLoids

Scheme A Classification of natural iridoid compounds (accordingto Ref. 11)
including compounds of a) volatile oils and b) defensive secretions.
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Naturally occurring iridoid compounds
are widely distributed in sympetalous plants and they
serve as important taxonomic markers. In this survey
their classification is given from the biosynthetic point of
view. The recent literature concerning isolation and
structure elucidation is reviewed, data on chromatog-
raphy and spectroscopy, new types of iridoids and seco-
iridoids as well as new sugar moieties as constituents of
iridoid glycosides are presented.
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(4— 12). According to Hegnauer's classification (11), natural
iridoid compounds in the broadest sense are represented
by nine structural groups, consisting of cyclopentanoid
monoterpenes and secoiridoids, in general characterised
by the structural feature of a 7,8-seco ring, including
pseudalkaloids as well as complex indole- and isochinoline-
type alka'oids (Scheme A). Therefore, the assumed extent of
naturally occurring iridoids should consist of far more than
1000 compounds.

Other authors like El-Naggar and Beal (9)
have summarised only iridoid glycosides, usually but not
necessarily containing glucose and secoiridoid glucosides
and non-glycosidic compounds, and omitting all nitrogen-
containing iridoids. Simple pseudoalkaloids like gentianine
(8) and others have been considered as artefacts formed by
replacement of oxygen by nitrogen in genuine iridoids upon
ammonia treatment during extraction. The important com-
plex alkaloids of the ajmalicine-, catharanthine-, and
ibogamine-types, however, containing a secoiridoid moiety
in the molecule are taken to constitute a clear and well de-
fined group by themselves.

In the above-mentioned survey (9), 258
compounds are listed together with all physical data availa-
ble at that time. They were divided into ten subgroups ac-
cording to different numbers of carbons in the iridane-
skeleton and increasing state of oxidation as well as diffe-
rent substitution patterns.

The carbon skeleton of iridoids in general
consists often or nine and rarely (unedoside; 10) eight car-
bons, but also compounds containing thirteen (fulvop-
lumierin; 11), fourteen (plumericin; 12) and nineteen car-
bons (oruwacin; 13) are known.
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Recently, Inouye and Uesato (12) have sur-
veyed the biosynthesis of iridoids and secoiridoids and pre-
sented another classification from the biogenetic point of
view and hence dividing the compounds conventionally into
non-glycosidic iridoids (including pseudoalkaloids of the
skytanthine-type), iridoid glycosides, and secoiridoid
glucosides, while obviously excluding non-glucosidic seco-
iridoids and gentianine-type pseudoalkaloids. Whereas

the first two groups are not subdivided any further, the
third group has been subdivided into four subgroups from
the view of biosynthetic pathways and structural
similarities.

At that time (1986), approximately 300
iridoid glycosides, 60 secoiridoid glucosides, and 90 non-
glycosidic iridoids as well as about 40 alkaloidal glucosides
(13) with close relationships to the secoiridoid group were
known.

Up to now, while retaining a similar classifi-
cation but omitting the glucosidic alkaloids of the vincosid e-
and ipecoside-types, the number of known compounds has
increased to about 650 according to a computer-aided re-
search through Chemical Abstracts. Thus, the rapid expan-
sion in the fields of isolation and structure elucidation of
new natural iridoid compounds is conspicously de-
monstrated.

It should be noted that pseudoalkaloids
have been included in this number because, in the mean-
time, several of these compounds have been isolated from
natural sources without ammonia treatment. Thus, the for-
mation of artefacts can be excluded. In this connection,
studies on constituents of Bignoniaceae and
Scrophulariaceae plants should be mentioned, since these
clearly indicate that compounds like boshniakine (14) (14,
15) and rhexifoline (15) (16, 17) are natural constituents.
On the other hand, rhexifoline could be formed as an ar-
tefact by treatment of the intact iridoid glucoside
penstemonoside (16) with 3-glucosidase and ammonia
(18).

HO COOCH3 HO COOCH3

H3C H3C OGlu

boschniakine (14) rhexifoline (15) penstemonoside (16)

Branches of iridoid research

The rapid progress already mentioned can
be observed in all fields of iridoid research in the widest
sense. in this connection, the following branches may be
considered as essential and important: isolation and sep-
aration, structure elucidation, biosynthesis, taxonomical
significance, and biological activities. All these branches of
research are closely connected and complement each other
with regard to our actual knowledge of naturally occurring
iridoid compounds. A sharp distinction between iridoids on
one side and secoiridoids in the broader sense on the other
side seems to be useful just in order to make working on this
comprehensive group of natural compounds easier.

From the biosynthetic point of view (12),
there exists a close relationship between these subgroups,
as indicated by the co-occurrence of iridoid and secoiridoid
glucosides like loganin (5) and sweroside (17) in Cornaceae,
Dipsacaceae, and Loganiaceae (19—21) or loganin (5) and
secologaniri [loniceroside (7)1 in Caprifoliaceae plants (22).
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This connection is formally confirmed by the occurrence of
dimeric monoterpene glucosides such as cantleyoside (18)
in Dipsacaceae (20) and Caprifoliaceae plants (23), contain-
ing each an iridoid and secoiridoid moiety linked by esterifi-
cation. The biosynthetic interrelation between open-chain
monoterpenes like geraniol/nerol and iridoids (loganin) as
well as secoiridoids such as foliamenthin (19)hadbeen rec-
ognised earlier by Battersby et al. (24) as well as Loew et al.
(25, 26) in the course of their studies by feeding experi-
ments on Menyanthes trfo1iata.

CH3

L OH
H3CJO 0 0

H2C OGLu

The intention of this survey is to point out
developments in the fields of isolation and structure eluci-
dation of iridoid compounds, giving only a selection from
the huge amount of results recently reported.

Isolation and Separation of
Iridoids and Secoiridoids

Iridoid glycosides as well as secoiridoid
glucosides in general must be considered as potentially un-
stable natural compounds. If the sugar moiety is removed
by enzymatic or acidic cleavage of glycosidic bonds the re-
sulting aglycone often decomposes.

Iridoids belonging to the subgroup of the
chromogenic glycosides, which mostly give blue-shaded
colours under acidic conditions, were named "pseudoindi-
cans" or "aucubin glucosides" (11). Considering the sen-
sitivity of iridoids in the broader sense, isolation techniques
must be as gentle as possible, omitting procedures which
may modify or destroy genuine compounds. The various
methods for the isolation of iridoid glycosides have been re-
viewed previously (5, 6). Among them are the charcoal
method and the use of lead acetate as clarifying agent in
order to preclean alcoholic extracts prior to separation by
column chromatography on silica gel. Since polar com-
pounds like iridoid glycosides might undergo irreversible
adsorption to a greater or lesser degree during the course of
these procedures, several new techniques have been
evolved.

Reversed-phase and
countercurrent techniques

For the large-scale, semi-preparative and
analytical separations of polar compounds, various
methods involving high-performance liquid chromatog-
raphy (HPLC) have been developed which exclude the ir-
reversible adsorption by the use of reversed-phase col-
umns. Iridoid and secoiridoid glucosides have been sepa-
rated on RP-8 and RP-18 columns in the analytical mode

(2 7—29) using a variable wave-length detector. In order to
examine the homogeneity of the peaks, field desorption
mass spectrometry and photodiode array detection have
been applied (30, 31).

As alternatives to and modifications of the
well-known countercurrent distribution technique accord-
ing to Craig (32), RLCC (rotation locular countercurrent
chromatography) (33) and DCCC (droplet countercurrent
chromatography) (34) have been applied; these methods in-
volve replacement of solid stationary phases by liquid
mediums. In both cases, samples can be recovered quan-
titatively, since no solid packing material is present which
might cause irreversible adsorption. RLCC and DCCC,
therefore, have been used in the preparative separations of
both secoiridoids and iridoids. The application of these
techniques has not replaced the common chromatographic
separation methods but, in general, they have been used as
complements either alone or in combination with other
methods as part of a complex isolation concept. The capa-
bility of DCCC, especially, in the separation of iridoids and
secoiridoids was demonstrated by Chaudhuri et al. (35) for
the separation of diastereoisomeric iridoid glucosides.
Also, Hostettmann et a!. (36) provided further evidence for
the quality of DCCC separation when using it to isolate the
bitter principles of some Gentiana species.

As a part of a combined application of gen-
tle isolation techniques, however, DCCC has also been
employed in order to prefractionate crude plant extracts.
Then, final purification of the resulting fractions can be
achieved by preparative or semi-preparative reversed-
phase HPLC using RP-8 or RP-18 columns (37). In order to
separate aliphatic glycosides such as iridoids and seco-
iridoids from aromatic and/or phenolic compounds, a CC
stage on Sephadex LH 20 may be inserted, thus providing a
"gentle isolation concept" as elaborated by Gross (38), by
replacing preparative HPLC with LPC (low pressure
chromatography).

Preparative separations have also been car-
ried out in order to separate typical Gentianaceae seco-
iridoids in the medium-pressure mode (MPLC) (39) using
RP-8 material and giving rise to high resolutions in one step,
comparable to those of analytical HPLC. Additionally, an
HPLC method has been developed for the separation of a
wide range of water-soluble glycosides using normal but
slightly modified silica gel columns and water-containing
solvent systems (40).

Forced-flow chromatographic techniques

Furthermore, the application of various
planar chromatographic techniques for the separation of
iridoid glycosides as well as secoiridoid glucosides has re-
cently been described. Among these, forced-flow
techniques like overpressure layer chromatography (OPLC)
and ultra-micro-chamber centrifugal layer chromatog-
raphy (UCLC) have been employed. Both methods have
been used for the qualitative and quantitative analysis of
eight iridoid glucosides from Veronica officinalis; best sep-
arations were obtained by linear OPLC onTLC and HPTLC
plates. The circular UCLC technique may be preferred in
case of chemotaxonomical studies if a large number of sam-
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pies must be analysed (41, and Refs. cited therein). Prepara-
tive on-line OPLC has been appiied as a new and rapid isola-
tion procedure for natural products (42) using the
"PRISMA"-optimisation model (43) to optimise the mobiie
phase e.g. for separation of the four main bitter constituents
of Gentiana purpurea. Using this procedure, scraping and
eluting ofbands is avoided, since the separated components
are drained from the plate and collected. The methodology
of preparative on-iine OPLC may be simpiified using on-
plate injection as a novel and rapid sample application
technique (44).

Structure Elucidation of Iridoid
Glycosides and Secoiridoid Glucosides

Up to 1978 (8), structural information on
naturaily occurring iridoid compounds was stili obtained
mainly by chemical correlation of new compounds with al-
ready known constituents and/or by using spectroscopic
means such as UV, IR, arid 'H-NMR spectroscopy as well as
mass and 13C-NMR spectroscopy (45 —47) to a lesser extent.
Chemical correlation implies the modification of com-
pounds like iridoids and secoiridoids, due to their instability
toward acids, ensuring successful degradation. In order to
establish structural features such as the relative and actual
positions of functional groups or stereochemistry following
the classical strategies of structure elucidation, a sufficient
quantity of each compound must be available.

If complex isolation techniques have been
used, the real content of isolated constituents can be given
only as an average. However, contents of main constituents
have been found in a scale up to 3% of the dried plant mate-
rial. In the course of biosynthetic or chemotaxonomic
studies, minor compounds often are of great significance.
Hence, more sensitive spectroscopic techniques are essen-
tial when only small amounts of plant material are availa-
ble.

The rapid progress in NMR spectroscopy
within the last ten years has resulted in the employment of
several novel puls-sequences in accordance with the high
resolution of modern spectrometers. Therefore, recent de-
velopments have made 13C-NMR spectroscopy, in particu-
lar, a most reliable tool for the structure elucidation of both
iridoids and secoiridoids.

The exceptional variability of iridoid
glycosides in contrast to secoiridoid glucosides is caused
mainly by the intact cyclopenta[c]pyran skeleton in cis-
junction, and also by substitution with functional groups at
the carbon atoms of the cyclopentane ring. Moreover, con-
figurational changes and esterification of hydroxy group by
various aliphatic and aromatic acids as well as the occa-
sional occurrence of sugar moieties other than glucose con-
tribute to the complexity of iridoid glycosides.

In secoiridoid glucosides, however, up to
now only glucose has been found as the sugar moiety. The
variability of the 7,8-seco-skeleton only increases if, e.g.,
lactone ring formation to compounds like sweroside (17)
and foliamenthin (19) has taken place.

Investigation of iridoid glycosides

Several systematic studies on structure
elucidation of iridoid glycosides have been presented on the
basis of the 1H- and 13C-NMR spectra, utilising especially
the striking sensitivity of 13C-NMR chemical shifts to steric
effects for distinguishing stereoisomers (48—54). In gen-
eral, the access to 1H- and 13C-NMR data of iridoid
glycosides allows the determination of the substitution pat-
tern, but establishing the relative configuration, e.g. at the
cyclopentane ring centres (carbons 6, 7, and 8), was at first
difficult. This difficulty is caused by pseudorotation due to
the flexibility of the ring. Therefore, coupling patterns of 1H-
NMR spectra may only be useful when all coupling con-
stants are available.

'3C-NMR Spectroscopy as a reliable tool
in the examination of epimerism

The examination of epimeric pairs of
iridoid glycosides by 13C-NMR spectroscopy gave clear evi-
dence that significant differences exist in the spectra of 6-
hydroxy and 8-hydroxy epimers such as ajugol/
myoporoside (20)/(21) (50—52) and monotropein methyl
ester/gardenoside (22)/(23) (48, 50), respectively. A com-
parison of the available pairs of C-6, C-7, and C-8 epimers
in light of 13C-1H coupling constants from fully proton-
coupled spectra and attendent examination of effects due to
substitution at C-4 (51, 52) allows the assignment of the re-
lative configurations at carbons 6 and 8 by spectroscopic
means.

R COOCH3

HO'I R1°
CH3 OGLu R OGlu

Effects of epimerism at carbon 6

13C-NMR spectra of 6-0-substituted
epimeric pairs gave clear evidence that epimerisation at
carbon 6 influences the 13C chemical shifts of the 3- and 'y-
carbons 3 and 4. When going from 3- to a-hydroxy substitu-
tion, significant downfield (C-3) and upfield shifts (C-4) have
been noted. Calculation of the shift difference between C-3
and C-4 led to the conclusion that this difference is consis-
tently larger in all cases for 6-a-epimers than for the corres-
ponding -epimers. A systematic difference in coupling
constants (J.6 H-6' 6-a-OH > 6-13-OH) has also been noticed
and may be a reliable criterion if spectra were obtained on
high frequency spectrometers. Moreover, consistent
downfield shifts of C-i of the iridene skeleton have been ob-
served, a feature which may be useful in determining the
configuration just for such compounds substituted at C-4.

In further studies on C-6 epimers, Bianco et
al. (54, 55) have considered close relationships between 1H-
and 13C-NMR spectroscopy in the structure analysis of
iridoids. Epimerism at C-6 has been shown to result in shift

ajugot (20); R
myoporoside (21); R r a-OH

monotropein methyL ester (22)
R1 CH2OH, R2 OH

gardenoside (23); R1 OH, R2 CH2OH
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changes for C-i and H-i. When going from 6-a-OH to 6-13-
OH substitution, a shielding of C-i and a corresponding de-
shielding of H-i as well as a simultaneous change of the
coupling constant Hl, 9 has been observed. On the basis of
available NMH data, a direct proportionality between varia-
tions of Hl9 and A ô C-i as well as a direct relationship be-
tween A J111 and A ô H-i has been demonstrated (55). Two
different equations were given for C-6 epimers charac-
tensed by a rigid cyclopentane ring (double bond or epoxy
group) (24, 25) on one side and a second for such com-
pounds having a saturated cyclopentane ring (26,27) on the
other side. Taking into account that JHI is larger for 6-a
hydroxy epimers in all available pairs, the resulting two for-
mulae may also be useful in the structure elucidation of
iridoidic compounds.

R COOH R COOCH

HOiU
scandoside (24); R P-OH
lO-deacetyLasperulosidic acid (25)
R a-OH

Finally, it should be noticed that the cause
of variations in chemical shifts and coupling constants in-
volving C-i have been discussed by Damtoft et al. (51) as
well as Bianco et al. (55) from different points of view. Thus,
the large shift difference observed for C-i, when comparing
a- and 3-series, combined with the change in the coupling
constant J19 indicates fundamental changes in the confor-
mation of the whole molecule. The change seen for J1 9 may
be explained by a "flip-over" of the dihydropyran ring, in
agreement with the large differences for carbons i, 3, and 4
in the 13C-NMR spectra of C-6 epimers, but inconsistent
with the minimal changes observed for carbons 5 and 9.
The changes of the 13C chemical shifts of the C-6 epimers
may be explained further by cis/trans-interactions using
cis/trans disubstituted cyclopentanes as model com-
pounds, taken into account that the C-5 shifts do not con-
form to this view (5i). In contrast to iridoids having a satu-
rated cyclopentane ring and lacking C-5 substituents, C-6
epimerism effects on C-5 are present in couples having a
A7-double bond. Therefore, it is concluded that a greater
conformational mobility, present in constituents with a
saturated cyclopentane ring, counteracts the effects of the
interaction between the hydroxy group at C-6 and the C-4/
C-5 bond (55).

Effects of epilnerisin at carbon 7

Pairs of C-7 epimers are very rare and,
therefore, only few NMR data are available up to now. As
the centre of epimerism is far removed from the carbons in-
volved in ring junction, the use of methylcyclopentanols as
model compounds is undisputed (5i, 55). According to the
trans-relationship between 7-a-OH and 8-[3-CH3 of 7-
epiloganin (28) in comparison with loganin (5) deshielding
has been observed for resonances of carbons analogous to
those of the pair of trans/cis-methylcyclopentanols (56).

Effects of epimerisin at carbon 8

The effects of epimerism on carbon 8 of the
iridene skeleton are completely pointed out and discussed
in Refs. (5i, 52, and 55). On the basis of different substitu-
tion patterns, C-8 epimers have been subdivided into three
groups. Epimerism effects observed in the 13C-NMR spectra
are similar in all available epimers as far as carbons 9 and
iO are concerned. However, shifts of carbons 1 and 8 re-
mained almost unchanged and therefore the usefulness of
methylcyclopentanols as models needs to be considered
again. In contrast to cyclopentanols composed of different
amounts of conformational isomers, the situation in the
iridene skeleton must be different when considering the
presence of the bicyclic system and the influence of the
sugar moiety (55).

In C-8 epimers not 0-substituted at C-7 or
C-8 [e.g. stansio side (29)/plantarenaloside (30)1(57) as well
as those 0-substituted at C-7, but not at C-8 [e.g. loganin (5)1
8-epiloganin (31)1, significant upfield shifts are observed for
C-9 and C-b when going from 813- to 8a-epimers. For this
reason, a distinction between the 8a- (b C-iO < i7 ppm) and
813-series (b C-iO> 18 ppm) can be made, as was pointed
out by Damtoft et al. (5i).

CH 0

R OGlu

stansioside (29); R
pLantarenaLo5ide (30); R a-CH3

C0OCH3

H0-K
H3C OGlu

8—epiLoganin (31)

The large downfield shift of C-9 in C-8 epi-
mers 0-substituted at C-8, first observed by Chaudhuri et al.
(50) in the spectra of monotropein methyl ester (22) and
gardenoside (23) when going from 22 to 23, has been
shown to be a general effect. However, this effect is opposite
to the one in epimeric pairs not substituted by an 8-hydroxy
group.

On the basis of the numerical dependency of
the chemical shift for C-9 of the iridoid skeleton on the
stereochemistry at C-8, determination of the configuration
at this centre by using shift increments for each substituent
in a shift calculation of C-9 is possible in a wide range of
iridoidic compounds. In order to allow an extensive applica-
tion of the shift calculation, solvent effects were omitted on
comparing spectra of iridoids recorded in D20 and d4-
MeOH with regard to the 13C chemical shift of C-9 (51).

In addition to the determination of the
stereochemistry at C-8 by increments, further uses of incre-
ment sets in the structure elucidation of iridoids have been

COOCH3

H3C OGlu

7-epiLoganin (28)

dihydrohastatosides
26 CR "a-OH) and 27 CR" a-OH)
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reported. Sets of increments are obtained if the effect of one
single substituent is determined by subtracting the shift val-
ues of two known compounds which are identical in all
structural features except for the respective substituent
[e.g., values of dihydrocornin (32) and deoxyloganin (33)1.
The resulting increment set for the 6-3-hydroxy group can
be inserted by addition to the 13C-NMR spectrum of, e.g., the
known compound splendoside (34) to obtain a "synthetic
spectrum" of 6-13-hydroxysplendoside (35) in sufficient
agreement with the recorded spectrum of this compound.
This procedure is limited by cis/trans-interactions of vici-
nal substituents which override the effects of single sub-
stituents (51, 58).

R COaCH3 R COOCH3

H3C OGu OH OGlu

Assignment of the configuration at
carbon I of sugar moieties

In order to assign the configuration at C-I',
that means the anomeric carbon of the sugar moiety of
iridoid glycosides and secoiridoid glucosides, proton-
coupled 13C-NMR spectra of a number of hexopyranoses are
available. When going from the ct-anomers to the 3-ano-
mers, a decrease in the magnitude of the 13C,H coupling con-
stant is observed. The difference of approx. 10Hz in all in-
vestigated anomeric pairs is a general value, thus allowing
one to determine the configuration at the anomeric centre
(59).

Acylation patterns of valepotriates

A very special problem arises from a struc-
tural feature of the non-glycosidic valepotriates such as val-
trate (6) in so far as the locations of different acyloxy sub-
stituents must be determined. The characteristic depen-
dence of the 13C-NMR shifts on the type and the position of
the substituents allows unequivocal assignments (60).

Developments in NMR spectroscopy
employed in structure elucidation

In order to assign '3C chemical shifts, be-
sides PND (proton noise decoupled) and full coupled
spectra, frequently SFORD (single frequency off-resonance
proton decoupled) spectra have been employed. Thus, part
of the coupling information can be retrieved for the assign-
ment of resonances to methyl, methylene, methine, and
quaternary carbon sites. However, the off-resonance ex-
periment is not completely satisfactory if signals appear as
ill-defined multiplets. Overlapping of resonance lines and
changes of 13C shieldings due to temperature effects may
also limit the value of off-resonance spectra, especially ifthe
region of interest contains a number of resonances. Finally,
this technique is time-consuming and less sensitive when
compared with the PND techniques. In the course of studies
on iridoids and other constituents from Penstemon species

(61, 62), the SEFT (spin echo fourier transform) experiment
(63, 64) has been applied, allowing one to distinguish and
to assign carbons with a sensitivity similar to that of PND
spectra.

In addition, 2D, C,H correlation techniques
were developed which facilitate the immediate correlation
of 13C- and 'H-NMR spectra displaying cross peaks for pro-
ton-carbon connectivities in a contour-plot diagram. These
methods are well documented by several reviews (65—67).
A serious disadvantage of these methods is the relative in-
sensitivity. Therefore, series of typically 128 13C-NMR
spectra must be recorded to obtain the required informa-
tion. Thus, recording spectra of rare compounds available
only in small quantities is extremely time-consuming or
even impossible. To resolve these problems, the inverse 2D
C,H correlation maybe employed; this was reported by Bax
et al. (68) as well as Berger et al. (69) using a novel sensitive
puls sequence to obtain complete C,H correlations of only a
few milligrams of sample and consuming only a few hours
of spectrometer time. This technique was recently applied
to the elucidation of some unsolved structural features of di-
hydrofoliamenthin (41) (70).

It should be mentioned that developments
in 1H-NMR spectroscopy are no less impressive than in 13C-
NMR since superconducting magnets have made proton re-
sonance frequencies of 300 and 400 MHz commonplace.
The greater field strength increases chemical shifts,
thereby reducing the chance of overlap of spectral multi-
plets. In addition, the 2D NMR experiment, called homonu-
clear correlation spectroscopy (COSY or HOMCOR), can re-
place a large number of homonuclear decoupling experi-
ments by displaying all of the proton-proton spin couplings
on one 2D plot.

Proton homonuclear 2D-J-correlated NMR
spectra in the field of iridoid glycosides have been used to
give more unequivocal results in the interpretation of pro-
ton spectra of constituents like 10-methylixoside (36) (71)
or valeriana-type ester iridoid glycosides like ebulo side (37)
or 6'-O-apiosylebuloside (38) (72, 73).

dihydrocornin (32); R OH
deoxyoganin (33); R H

splendoside (34); R H
6--hydroxysplendoside (35); R OH

OGluCOOH

H3COOC OGlu H3C Olval

1O—rnethylixoside (36) ebuloside (37)

OH

OH HO,...OH

6-apiosyLebutoside (38)
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Moreover, in order to verify assumed struc-
tures in several instances, NOE (nuclear Overhauser en-
hancement) spectroscopy has been applied in different
modes (74—76). NOE is a powerful tool for structure and
conformation determinaiton as the enhancements are in-
versely related to the sixth power of the interproton dis-
tance. Using NUE spectroscopy, it is possible to determine
the relative configurations of C-8 epimeric pairs of iridoid
glycosides such as pulchello side I and 11(39/40) (77) when a
fixed conformation of the cyclopentane ring is assured by
acetonide formation. In some other studies, proposed struc-
tures of iridoid glycosides without fixed conformations of
the cyclopentane ring were confirmed by using NOE differ-
ence spectroscopy as well as 2D NOESY and selective hetero
1H, l3 NOE difference NMR spectroscopy (38, 61, 71, 78—
82).

H 3C

ILOH
ci 0

H3C

H2C OGu
dihydrololiamenthin (41)

The problem already mentioned concern-
ing the pattern of acyloxy substituents in the field of non-
glycosidic iridoids of valeriana-type (see above) can also
been resolved with the help of 1H-lanthanide-induced shifts
(83) or chemical ionisation mass spectrometry (CI-MS) (84).

Mass spectrometry of iridoids and
secoiridoids

Mass spectrometry has always been used in
iridoid as well as secoiridoid investigations up to now. How-
ever, the structural properties and the sensitivity of these
constituents frequently led to thermal decomposition
caused by the higher temperatures needed for evaporation
when using the El technique. The mass spectrometry of
iridoids has been reviewed by Popov et al. (85) discussing
the usefulness of several other ionisation techniques such
as CI (chemical ionisation), FD (field desorption), and NI
(negative ionisation). In general, structural information ac-
cording to substitution of the aglycone moiety pattern, pres-
ence of double bonds, type and location of acyloxy sub-
stituents —but no molecular ion peak — can be obtained by
El-MS of underivatised iridoids. Molecular ions may only be
detected if derivatisation, e.g. acetylation, has been
employed.

The new ionisation techniques mentioned
above are capable of providing spectra of non-volatile and/
or thermolabile compounds without derivatisation. Thus,
they represent an important development for the identifica-
tion of polar natural constituents. A soft ionisation method
like FD-MS is a well established technique for the analysis
of iridoid glycosides and secoiridoid glucosides and gener-
ally provides molecular or pseudomolecular ions but with
only few other significant fragments such as the aglycone
and the sugar moiety. This technique in general is applied if

structures derived by NMR data need to be confirmed by
mass spectral data. Therefore, the published data mostly
consist of only pseudomolecular ions like EM + H] or [M +
Na]t

CI and desorption/chemical ionisation (D-
CI) are soft techniques and allow one to obtain molecular or
pseudomolecular ions as well as typical fragmentation pat-
terns. When compared with FD-MS, the employed CI tech-
niques show better reproducibility (86).

In recent times FAB (fast-atom bombard-
ment) mass spectrometry has been developed and attained
widespread use because of several important advantages:
Ions can be generated from samples at room temperature;
the spectra contain both molecular mass and fragmentation
information. Data are usually obtained from FM + H1 ions
and [M — H]- ions in positive and negative ion spectra, re-
spectively (87). The application of FAB mass spectrometry
in the course of structure elucidation of iridoids was re-
ported for several different compounds (38, 71, 88—93).
The negative ion mass spectroscopy has been reported to be
useful in the structure elucidation of iridoids from Verbas-
cum species (94).

Permethylated iridoids have been analysed
by GC/MS in order to investigate a great number of plant
species in the course of chemotaxonomic studies (81).

Investigation of secoiridoid glucosides

The structures of simple secoiridoids of the
secologanin-type can easily be derived from NMR data.
Clear 13C-NMR spectra and characteristic signal patterns of
substituents of the dihydropyran ring, e.g. vinylic groups,
are obtained from 1H-NMR spectra. But, as mentioned
above, a more demanding situation arises if additional ring
formation has taken place in the molecule.

The variability of secoiridoid glucosides
therefore increases if lactone ring or tetrahydropyran ring
as well as tetrahydropyrone ring formation has occurred.
These structural features have been observed in several
compounds, e.g. sweroside (17)/dihydrofoliamenthin (41),
secogalioside (42Vmorroniside (43), and hydrangenosides
like (44). Further variability is caused by asymmetric cen-
tres always involving C-7 and occasionally C-8 of the seco-
iridoid skeleton.

COOCH3

H0y)5
H3C OGLu

secogalioside (42) morroniside (43)

H0,

H2C OGLu

hydrangenoside B (44)

HO COOCH3

HOJO
R OGlu

pulchelloside I (39); R1 H, R2 CH3
pulchelloside II (40); R' CH3, R2 H

COO CH3

OxO
OGLu

OH
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As a result of the always different structural
features, no general strategy for the structure elucidation
can be given like that available for iridoid glycosides. How-
ever, early systematic studies were reported by Cornelis et
al. (95) and Bock et al. (96). The structure of secogalioside
(42), for example, was assigned by chemical correlation
with sweroside (17) using 1H- and 13C-NMR data as well as
NOB experiments, thus allowing the full structure determi-
nation including conformation as well as the absolute con-
figuration (96). Furthermore, it has been shown that com-
pounds like morroniside (43) exist as a mixture of C-7
anomers in solution leading to mutarotational equilibrium.
The lactone ring of dihydrofoliamenthin (41) exists in the
chair conformation, as was confirmed by NMR data. There-
fore, the 3-position of the acyl group at C-7 can be deduced
from by a complete set of coupling constants (70).

The structures of the hydrangenosides such
as 44 (97), characterized by increased complexity, were es-
tablished by spectroscopic means including NOE experi-
ments. Comparison with similar synthetic model com-
pounds allowed the determination of the configuration at all
asymmetric centres.

New Types of Iridoids and Secoiridoids

Developments in the fields of isolation and
structure elucidation referred to above led to the identifica-
tion of several novel types of iridoids as well as secoiridoids.
The range of naturally occurring iridoid compounds there-
fore may be expanded by the following types.

Iridoids with a 9 carbon atom basic
skeleton

Cistanin (45) and cistachlorin (46) are non-
glycosidic constituents of Cistanche salsa (Orobanchaceae)
(98), lacking the enol ether bond but possessing an ether
structure linking carbons 1 and 10. A remarkable structural
feature of 46 is a 7-chloro substituent. The non-glycosidic
iridoids rehmaglutin B (47) and C (48) were isolated from
Rehmannia glutinosa (Scrophulariaceae) (99), the former

lacking the enol ether double bond but bQing tricyclic and
with a 7-chloro substituent and two acetal functions, the lat-
ter unusually linked by formation of a five-membered lac-
tone ring. The glucoside glutinoside (49) from the same
source shows similar features as 47 and again has two
acetal moieties. Nishindaside (50), isolated from Vitex
negundo (Verbenaceae) (100), is a bicyclic compound with
again two acetal groups. In addition, the cyclopentanoid tet-
rol derivatives eucommioside I (2"-13-i-gluco-
pyranosyleucommiol; 51) and eucommioside II (1-0-I3--
glucopyranosyleucommiol; 52) have been isolated from
Eucommia ulmoides (Eucommiaceae) andAucubajaponica
(Cornaceae) (101, 102), respectively.

Iridoids with a 10 carbon atom basic
skeleton

Monocyclic iridodial-type constituents like
iridodial-gentiobioside (53) and nepetariaside (54) have
been recognised inActinidia polygama (Actinidiaceae) and
Nepeta cataria (Lamiaceae) (103, 104). Cerbinal (55) is a
pseudoazulene-type iridoid and constituent of Gardenia
jasminoides (Rubiaceae) (105). Non-glycosidic iridane-type
lactones have been isolated from the volatile oil of Actinidia
polygama (106), among them the new saturated five-mem-
bered actinidialactones a (56) and b (57). Further lactone-
type compounds are gibboside (58) and nepetaside (59),
constituents of Patrinia gibbosa (Valerianaceae) and
Nepeta cataria (107, 108), having a D-glucopyranosyloxy
group at C-7 of the iridane skeleton. Villosolside, a similar
constituent of Patrinia villosa bears a D-glucose moiety in a
glycosidic linkage to a hydroxy group at C-8 (109).

CHO OH
H3C

actinidiatactone a (56) gibboside (58) nepetaside (59)
R1 H, R2 CH3
actinidiaLactone b (57)
R1 CH3, R2 H

The iridoid glucoside pinifolin (60), isolated
from Penstemon pinfolius (Scrophulariaceae) (110), is
characterised by two acetal groups and an unusual A3-dou-
ble bond. Semperoside (61) and gelsemide 7-gluco side (62)
from Gelsemium sempervirens (Loganiaceae) (111) show

HO
OH

HO HO'"(—6
cistanin (45), R OH rehmaglutin B (47) rebmagtutin C (48)
cistachtorin (46), R CL

iridodiatgentiobioside (53)

OH
H3CH-i-7HOH

OH
H3 C

COOCH3-
CHO

OGlu

HO

-..OCH3

0 OGLu
0

OH

nepetariaside (54) cerbinaL (55)

H3?

gtutinoside (49) nishindaside (50)

R1 0

HO-

eucommioside 1 (51)
R' H, R2 Glu

eucommioside II (52)
R' Glu, R2 H
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structural features similar to asperuloside but lack either
the enol ether double bond or the acetal function. The glu-
cose moiety is linked to C-3 and C-7, respectively. In addi-
tion, 62 is one of the first regular iridoids hydroxylated at C-
9. Verbraside is a highly hydroxylated compound from Ver-
bena brasiliensis (Verbenaceae), resembling semperoside
in all characteristic structural features (112).

O-
G Lu

H3C

A non-glycosidic secoridoid-type com-
pound called methyl syramuraldehydate (63)was isolated
from Syringa amurensis (Oleaceae) (113). The first two seco-
iridoid glucosides of the valeriana-type (that means glu-
cose attached to C-i 1), isosweroside (64) and secoebuloside
(65) were isolated from Sambucus ebulus (Caprifoliaceae-
Sambucaceae) (114, 38).

Dimeric iridoids

Compounds like urceolatoside B (66),
linked by esterification (C-7 to C-li") are constituents of
Viburnum urceolatum (Caprifoliaceae-Viburnaceae) (115).
Argylioside (67) and radiatosides are constituents of Ar-
gylia radiata (Bignoniaceae) (116—118), linked by esterifi-
cation (C-6 to C-il").

OH

o oR
(HO 4—-..OH

OH

OH

Bisglycosidic iridoids and secoiridoids

Iridoid-secoiridoid congeners like
abeliosides a (68) and b are constituents of Abelia grandi-
flora (Caprifoliaceae). These compounds each consist ofone
secoiridoid unit and an iridoid lactone with a C-9 skeleton
linked by esterification (119).

Dimeric secoiridoids

Centauroside (69), isolated from Erythraea
centaurium (Gentianaceae) (120) is the first pure bis-seco-
iridoid linked by a C-C bond.

Iridoids conjugated
with monoterpene units

Amareloside (70) is the first constituent of
this type, isolated from Tecoma chrysantha (Bignoniaceae)
(121), consisting of a 6-epiaucubin unit linked to a geraniol-
type monoterpene acid by esterification. Nemoroside and
nemorososide from Penstemon nemorosus (Scrophularia-
ceae) (122) as well as 8-O-foliamethoyleuphroside from
Clerodendron incisum (Verbenaceae) (82) are similar com-
pounds. Kickxioside from Kickxia spuria (Scrophularia-
ceae) (123) is a very similar congener of menthiafolic acid
and antirrhinoside.

CH3

(OH
o OGlu

Complex iridoids and secoiridoids

2' -O,8-O-Dihydrofoliamenthoyleuphroside
(71) (82) consists of an iridoid moiety and two geraniol-type
acids. Jasmoside (72), isolated from Jasminum mesnyi
(Oleaceae) (124), contains two secoiridoid glucoside
moieties linked together by a cyclopentanoid monoterpene
unit in esterification. Sambacolignoside (73), a constituent
of Jasminuin sambac (Oleaceae) (125), is composed of a seco-
iridoid part and a lignane glucoside moiety. Desfontainic
acid (74) and its acyl glucoside are the first secoiridoid-
triterpenoid congeners, isolated from Desfontainia spinosa
(21). Finally, complex secoiridoid glucosides like
oleonuzhenide (75) have been observed to occur in Ligus-
trumjaponicum (Oleaceae). These compounds may be con-
sidered as dimeric secoiridoids, linked to a p-hydroxy-
phenylethyl-glucosyl unit by esterification (126).

OH

'T1 CH3
0

H2C OGLu

CHO

KOCH3
H3C OGLu

H2C CHO COOCH3
G

0
COOCH3

\ OGLu
H2C

abeLioside a (68) centauroside (69)

pinifolin (60) semperoside (61) geLsemide 7-gLucoside (62)

Secoiridoids

COOH

H3CO 0 C(L]
0 HC#"r

OH3 H2C

methyl syramuraldehyde (63) isosweroside (64) secoebutoside (65)

amaretosicLe (70)

urceoLatoside B (66) argyLioside (67)
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00CH3

HOC
H3COOC o,Ti0 0

COOCH3

H3Cjt0.2CH3 OGlu
ÔGu

oLeonuezhenide (75)

New Carbohydrate Moieties
of Iridoid Glycosides

Apiose has been confirmed to be the outer
sugar moiety of the disaccharide unit of 6'-O-
apiosylebuloside (38) (73), linked to C-6 of the inner glucose
unit. 3-Keto-glucose was found to occur as the sole sugar
moiety of serruloside (76) and dihydroserruloside, both
constituents of Penstemon species (Scrophulariaceae) (90,
127). Moreover, the two further iridoids serrulatoside (77)
and penstemideaglucone-i i-O-3-4'-deoxymannopyran-
osido-6'-O-D-glucopyranoside (78) were confirmed to
contain disaccharide units consisting of 4-deoxyaltrose-
glucose and 4-deoxymannose-glucose, respectively. In both
cases the outer glucose moiety is linked to C-6 of the inner
4-deoxyhexose (62, 90, 127). From Odontites verna ssp.
serotina (Scrophulariaceae) aucubigenin-i-O-3-serotin-
oside (79) has been recognised to contain a disaccharide
consisting of an a-D-xylopyranose moiety attached to C-6 of
the inner glucose unit (128). Moreover, aucubigenin-1-O-3-
cellobioside has been isolated from the same source (129).
The disaccharide cellobioside is also present as the sugar
moiety of penstebioside, a constituent of Pensteinon
richardsonii (90).

OH

OHHOTH
OH

HOva
serrulatoside (77)

OH(i OH

HO vaI
penstemideaglucone-11-O-p-4-deoxy-
mannopyranosido-6-0-/3-D-glucopyranoside (78)

Besides the remarkable variability of the
iridane skeleton referred to before, it should be pointed out
that in addition to sugar moieties already known to be con-
stituents of iridoid glycosides, some further mono- and dis-
accharides have been encountered. Surprisingly, some of
the rare monosaccharides were observed to occur only in
valeriana-type iridoid glycosides up to now, characterised
by linkage of carbohydrate moieties to C-li and an
isovaleroyl group attached to C-i of the corresponding
aglycone.

HO

yYHO

HOO-OHOH HO OH

aucubigenin-1-j3-serotinoside (79)

H3

2-0, 8-0-difoliamenthoyleuphroside (71) jasmoside (72)

GLu

IC H3

sambacolignoside (73)

H3

-OH

serrutoside (76)

deaf ontainic acid (74)
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COON

OO"
H3C OGlu

aOH

Further novel iridoid glycosides containing
mono- and disaccharides were identified from Rehmannia
glutinosa (Scrophulariaceae) (130). Rehmannioside C (80)
was identified as 8-O-a-D-galactopyranosylleonuride, the
structures of rehmannioside A and D were established to be
6' -O-a-D-galactopyranosylcatalpol (81; = catalpo1genin-3-
melibioside) and sophorosyl-monomelittoside (82), respec-
tively.

COO CH3

HO

HO

attaneroside (88)

COOH
H3COOC—.

C6H50
OGLu

jasminoside (89)
Novel Acylation Patterns

The huge number of naturally occurring
iridoid compounds is further caused by the variability of the
acylation pattern. When considering that hydroxy groups
either linked to the basic skeleton or to the carbohydrate
moiety may be involved in esterification, a subdivision into
these two groups seems to be reasonable.

Acylation of hydroxy groups linked
to the basic skeleton

From Linaria clementei (Scrophulariaceae)
(131) the two ester iridoid glucosides 6-senecioylantir-
rhinoside (83) and 6-angeloylantirrhinoside (84) were iso-
lated. 6-Isovanillylcatalpol (85) has been detected in Castil-
leja liniarifolia (Scrophulariaceae) (132). The acyl sub-
stituents have been encountered for the first time as con-
stituents of ester iridoids. Senburiside 11(86), a constituent
ofSwertiajaponica (Gentianaceae), was elucidated to be 7-
epi-(di-m-hydroxybenzoyl)-loganic acid (133), whereas
periclymenoside (87) was shown to consist of loganin and
4-O-(-D-glucopyranosyl)-trans-ferulic acid (134).

Allaneroside (88) is a plumieride-type com-
pound, isolated from Allamanda neritfolia (Apocynaceae),
and has been characterised as 13-O-(3-hydroxyphenyl)-3-
hydroxypropionyl plumieride (135). Jasminoside (89), iso-
lated from Jasminwn humile, is the first example of seco-
iridoid glucosides belonging to the lO-hydroxyoleoside
series, in which the C-b hydroxy group is esterified by
trans-cinnamic acid (136).

Acylation of hydroxy groups linked
to the carbohydrate moiety

Iridoid glycosides and secoiridoid
glucosides are known to be esterified via involvement of the
hydroxy groups attached to C-2/3 and C-6 and to C-2 as well
as C-2/3/4/6 of the carbohydrate moieties (137—140), re-
spectively. Novel iridoid glycosides esterified at C-2 of the
carbohydrate unit have been isolated from several sources.
Senburiside I (90) from Swertia japonica (Gentianaceae)
was elucidated to be 7-epi-(m-hydroxybenzoyl)-2'-
sinapoylloganic acid, containing a novel sinapoyl moiety
linked by esterification (141). From Gentiana pedicellata,
e.g., 2'-cis/trans-feruloylloganin was isolated (88). Nig-
rosides 1(91) and 2 (92), constituents of Verbascum nigrum
(Scrophulariaceae), were shown to be 6-O-a-L-rham-
nopyranosyl-3"-cinnamoylaucubin and 6-O-u-L-rham-
nopyranosyl-2"-cinnamoylaucubin (142), respectively. Un-
dulatin from Tecomella undulata (Bignoniaceae) (143) and
4'-p-coumaroylloganin (93), isolated from Gentiana
pedicellata (144), are simple iridoid glucosides both acy-
lated at C-4 of the glucose moiety. Decentapicrin A (94) and
B (95) have been shown to be secoiridoid glucosides from
Centaurium littorale (Gentianaceae), singly acylated at
hydroxy groups at C-3' and C-4' of the sweroside unit (145).
Finally, the ester iridoid glucoside depressoside (96), a con-
stituent of Gentiana depressa, is characterised as 7-[6-(2,3-
dihydroxybenzoyl)- 1 -O-3-D-glucosyl]- 11 -(1 -O-pyrogallyl)-
loganate (146).

-OH

HO OH
OH

HOhHO o''g
H3C OGLu

rehmannioside C (80)

HO-

rehmannioside A (81)

RO OH

CH3 OGIu

6—senecioytantirrhinoside (83)

6-angetoyLantirrhinoside (84)

OH

0

H3CO
HO o

HO" OGLu
6- isovaniUytcatapot (85)

COO C H3
0

o

G1uO—(—-11 H3c OGLu
OCH3

perictymenoside (87)
)Glu

rehmannioside D (82)
senburiside U (86)
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OR' OR2
HO

H6Z
0

H

nigroside 1 (91)
(El-cinnamoyl, R2 H

nigroside 2 (92)
H, R2 r IEI-cinnamoyl
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