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[ABSTRACT] Chemical  fractionation  of  the n-BuOH partition,  which  was  generated  from the  EtOH extract  of  the  flower  buds  of
Tussilago farfara, afforded a series of polar constituents including four new sesquiterpenoids (1–4), one new sesquiterpenoid glucos-
ide (5) and one known analogue (6) of the eudesmane type, as well as five known quinic acid derivatives (7–11). Structures of the new
compounds were unambiguously characterized by detailed spectroscopic analyses, with their absolute configurations being established
by X-ray crystallography, electronic circular dichroism (ECD) calculation and induced ECD experiments. The inhibitory effect of all
the  isolates  against  LPS-induced  NO production  in  murine  RAW264.7  macrophages  was  evaluated,  with  isochlorogenic  acid  A  (7)
showing significant inhibitory activity.
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Introduction

Tussilago  farfara (trivial name:  coltsfoot)  is  a  herb-
aceous plant and the only species of genus Tussilago L. (fam-
ily Compositae) that occurs in most temperate regions of the
world [1]. In addition to serving as an ornamental honey plant
that  is  widely  cultivated  in  many  gardens [1], T.  farfara has
been well known as a medicinal species and used in tradition-
al Chinese medicine since 2000 years ago [2]. Its dried flower
buds, known as “Farfarae Flos” in Latin and “Kuandonghua”
in Chinese,  are  collected by all  editions  of  Chinese Pharma-
copoeia  under  the  entry  of  commonly  used  herbs  and  have
been mainly applied in the treatment of respiratory disorders
such as cough and asthma [2, 3]. In a very recent review, Liu et
al. presented  a  comprehensive  summary  on  the  traditional
uses,  phytochemical  and  pharmacological  studies  of T.  far-
fara, and the major constituents were shown to be terpenoids,
organic acids, flavonoids, steroids and chromones [2]. Among
these molecules,  sesquiterpenoids  especially  of  the  bis-
abolane and  oplopane  types  are  the  characteristic  constitu-

ents of T. farfara and have also been mostly investigated [2].
As part  of  our  continuing  efforts  to  pursue  small  mo-

lecule  natural  products  with  interesting  bioactivities [4-8],  the
previous  studies  on  the  EtOAc  partition  from  the  ethanolic
extract of T. farfara have yielded an array of diverse isolates
including  chromane  enantiomers [9],  indole  alkaloids [10] and
sesquiterpenoids [11]. As many respiratory diseases are closely
related with inflammatory responses, these isolates have been
primarily screened in an in vitro inhibitory assay against NO
(nitric oxide) release in murine RAW264.7 cells, but none of
them  showed  obvious  activities.  Considering  the  fact  that
most  traditional  medications  containing T.  farfara are  in  the
form of  decoction  from water  boiling,  we have  guessed that
the  active  ingredients  equivalent  to  the  traditional  medicinal
effect of  this  herb  might  exist  in  the  polar  fractions.  There-
fore, the chemical constituents in the n-BuOH partition were
further  intensively  investigated.  As  a  result,  six  eudesmane-
type sesquiterpenoids (1−6) including a glucoside (5) (Fig. 1),
as  well  as  five  chlorogenic  acid  analogues  (7−11)  (Fig.  S1,
Supporting  Information),  were  obtained  and  identified,  with
compounds 1−5 being  described  for  the  first  time.  The α-
glucosidase and NO production inhibitory activities of all the
isolates  were assessed,  while  only the known isochlorogenic
acid  A  (7)  showed  inhibition  against  NO  release.  Details  of
the isolation,  structure  characterization  and  bioactivity  test-
ing of these compounds are described below. 

Results and Discussion

Compound 1 was  assigned  the  molecular  formula  of
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C15H22O4 by (+)-HR-ESIMS analysis at m/z 267.1593 ([M +
H]+, Calcd.  267.1591),  indicating  five  degrees  of  unsatura-
tion. The 1H NMR data (Table 1) of 1 revealed characteristic
resonances for an olefinic [δH 6.81 (dd, J = 2.4, 0.9 Hz)], an
oxygenated methine [δH 3.73 (dd, J = 12.5, 5.7 Hz)], an oxy-
methylene [δH 3.60 and 3.52 (both d, J = 11.1 Hz)] and three
tertiary  methyl  [δH 1.84,  1.32,  1.05]  protons,  while  the 13C
NMR  data  (Table  2)  showed  15  signals  corresponding  to  a
conjugated ketone (δC 200.3),  four olefinic (δC 120.5, 128.7,
156.2, 157.6), two sp3 quaternary [δC 76.8 (O-bonded), 39.8],
an oxygenated methine (δC 74.0), four methylene [δC 69.8 (O-
bonded),  43.2,  39.8,  33.6]  and  three  methyl  (δC 23.8,  15.3,
10.4) carbons.  These  observations  accounted  for  three  de-
grees of unsaturation and the remaining two required a bicyc-
lic scaffold for 1.  Analysis of 1H–1H COSY data (Fig. 2) af-

forded  two  proton-bearing  fragments  (CH-1  to  CH2-2  and
CH2-8  to  CH2-9) which  were  further  connected  by  the  HM-
BC  correlations  from  H3-14  to  C-1,  C-5,  C-9  and  C-10
(Fig.  2).  Other  key  HMBC correlations  included  those  from
H2-2 to C-3, H3-15 to C-3, C-4 and C-5, and H-6 to C-5, C-7
and C-8, which returned the bicyclic skeleton of 1 as shown.
Finally,  the HMBC signals  from H3-13 to  C-7,  C-11 and C-
12  confirmed  the  location  of  the  oxygenated  isopropyl  side
chain  (C-11 to  C-13)  at  C-7.  The  presence  of  1-OH,  11-OH
and  12-OH  was  indicated  by  the  molecular  constitution  and
the chemical shifts for C-1 (δC 74.0), C-11 (δC 76.8) and C-12
(δC 69.8).  The  planar  structure  of 1 was  thus  established  to
possess  a  eudesmane  sesquiterpenoid  skeleton  as  drawn
(Fig. 2).

The  relative  configuration  of 1 was determined  by  ana-
lysis of the NOESY spectrum (Fig. 3). The correlations of H3-
14 with H-2 at δH 2.65 and H-8 at δH 2.34 indicated that the
two  protons  and  Me-14  were  all  axially  bonded  (1,3-diaxial
relationship)  in  the  two  six-membered  rings,  and  they  were
assigned to be β-orientated. Thus H-9 at δH 2.16 also took a β-
orientation  based  on  its  NOESY correlation  with  H3-14  and
coupling  patterns  with  H2-8  (J =  4.8,  2.2  Hz),  while  the
strong  NOESY correlation  of  H-1  with  H-9α (δH 1.38) sup-
ported  the α-  and β-orientations for  H-1  and  1-OH,  respect-
ively.  Owing  to  the  rotary  nature  of  the  C-11  to  C-13  side
chain  around C-7–C-11 single  bond,  special  cautions  should
be  taken  when  determining  the  configuration  at  C-11,  and  a
11R* relative configuration was tentatively assigned by care-
ful conformational  analyses  as  well  as  the  NOESY  correla-
tions of H3-13 with both H-8α and H-8β (Fig. 3). Finally, the
structure of 1 was corroborated by single-crystal X-ray crys-
tallography  with  Cu-Kα radiation  (λ =  1.54184  Å)  [Flack

 
Table 1    1H NMR data for compounds 1–4 (600 MHz, δ in ppm and J in Hz)

No. 1a 2a 3a 4a 4b

1 3.73, dd (12.5, 5.7) 3.73, dd (12.5, 5.7) 3.79, dd (12.7, 5.5) 3.75, dd (12.8, 5.6) 4.18, dd (12.8, 5.4)

2α 2.58, dd (17.2, 5.7) 2.58, dd (17.2, 5.7) 2.56, dd (17.2, 5.5) 2.58, dd (17.1, 5.6) 3.02, dd (16.8, 5.4)

2β 2.65, dd (17.2, 12.5) 2.65, dd (17.2, 12.5) 2.64, dd (17.2, 12.7) 2.65, dd (17.1, 12.8) 3.10, dd (16.8, 12.8)

6 6.81, dd (2.4, 0.9) 6.81, t (1.6) 6.77, d (1.8) 4.87c 5.45, d (1.5)

8α 2.39, m 2.37, m (2H) 1.62d 1.91, m

8β 2.34, m 4.67, ddd (10.5, 5.6, 1.8) 1.78, ddd (14.0, 13.3, 3.4) 1.98, m

9α 1.38, ddd (13.1, 11.5, 6.1) 1.36, m 1.41, dd (12.6, 10.5) 1.64d 2.23, ddd (13.7, 13.2, 3.7)

9β 2.16, ddd (13.1, 4.8, 2.2) 2.18, m 2.47, dd (12.6, 5.6) 1.95, m 2.45, dt (13.2, 3.6)

12 3.60, d (11.1) 3.62, d (11.1) 3.63, d (10.9) α 3.84, d (9.6) α 4.33, d (9.3)

3.52, d (11.1) 3.51, d (11.1) 3.72, d (10.9) β 3.97, d (9.6) β 4.19, d (9.3)

13 1.32, s 1.32, s 1.47, s 1.23, s 1.48, s

14 1.05, s 1.05, s 1.09, s 1.19, s 1.62, s

15 1.84, s 1.84, s 1.84, s 1.85, s 2.00, s
a Measured in methanol-d4; 

b Measured in pyridine-d5; 
c Signals overlapped by solvent peak; d Overlapping signals within the same column
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Fig. 1    Chemical structures of 1–6
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parameter 0.19 (12)] (Fig. 4), with the assigned absolute con-
figuration being also consistent with that established by com-
parison between  the  experimental  and  calculated  ECD spec-
tra (Fig. 5). Moreover, the absolute configuration at C-11 was
further confirmed by an in situ dimolybdenum-induced ECD
experiment developed by Snatzke and Frelek [12], with a neg-
ative  Cotton  effect  at  305 nm in  the  induced ECD spectrum
(Fig. S2, Supporting Information). Compound 1 was thus un-
ambiguously characterized.

Compound 2 possessed  the  same  molecular  formula
(C15H22O4)  as 1 based  on  (+)-HR-ESIMS  analysis  at m/z
267.1593 ([M + H]+, Calcd. 267.1591), suggestive of an iso-
mer of the latter. The 1H and 13C NMR data (Tables 1 and 2)

of 2 were highly similar to those of 1, with only the chemic-
als  shifts  for  C-7,  C-9,  C-12  and  C-13  (≥  0.3  ppm)  varying
obviously.  Examination  of  2D 1H–1H  COSY  and  HMBC
NMR data  (Figs.  S13  and  S15,  Supporting  Information)  re-
turned  an  identical  constitution  structure  with 1,  and  further
analysis of NOESY spectrum (Fig. S16, Supporting Informa-
tion) suggested that the relative configurations of their bicyc-
lic  cores  were  also  the  same.  However,  unlike  compound 1
whose  H3-13  showed  remarkable  NOESY  correlations  with
both H-8α and H-8β, such correlations were not observed for
2, implying that  the  two co-metabolites  should  be  C-11 epi-
mers.  As shown in Fig.  5,  the ECD spectra  of 1 and 2 were
very similar with consistent curve trend, supporting that they
had identical  absolute  configuration  for  the  bicyclic  frame-

 
Table 2    13C NMR data for compounds 1–5 and 5a (150 MHz, δ in ppm)

No. 1a 2a 3a 4a 4b 5a,d 5aa 5ac

1 74.0 74.0 73.4 74.6 74.2 159.9 160.0 157.4

2 43.2 43.2 42.7 43.4 44.3 126.4 126.4 125.3

3 200.3 200.3 200.1 200.3 198.8 188.6 188.6 185.1

4 128.7 128.5 130.2 137.7 136.8 130.0 129.8 127.6

5 157.6 157.7 156.3 157.1 156.8 164.4 164.6 161.7

6 120.5 120.2 123.1 78.7 79.0 29.9 29.8 28.3

7 156.2 156.7 155.2 80.2 80.3 48.1 47.4 45.8

8 23.6 23.6 67.0 26.0 26.4 22.2 22.1 20.6

9 33.6 33.9 43.9 32.4 32.9 39.1 39.1 37.8

10 39.8 39.9 42.3 41.2 41.4 42.1 42.1 40.2

11 76.8 76.9 77.8 80.0 79.6 74.6 74.9 72.8

12 69.8 69.4 71.0 78.5 78.7 76.7 68.9 67.7

13 23.8 24.3 24.5 18.0 19.0 22.0 22.1 22.3

14 15.3 15.3 16.3 17.8 18.6 23.6 23.6 22.9

15 10.4 10.4 10.6 10.7 11.3 10.6 10.5 10.1
a Measured in methanol-d4; 

b Measured in pyridine-d5; 
c Measured in DMSO-d6; 

d Data for sugar moiety: δC 105.0 (C-1′), 75.2 (C-2′), 78.0 (C-3′),
78.1 (C-4′), 71.7 (C-5′), 62.8 (C-6′)
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work.  The  C-11  configuration  of 2 was eventually  estab-
lished  to  be S also via  the dimolybdenum-induced  ECD ex-
periment,  with  a  positive  Cotton  effect  at  315  nm  (Fig.  S2,
Supporting Information).

Compound 3 was  assigned  the  molecular  formula  of
C15H22O5 by (+)-HR-ESIMS analysis at m/z 283.1538 ([M +
H]+, Calcd. 283.1540), with 16 mass units more than that of 1
indicative of an oxygenated analogue. Analysis of the 1H and
13C  NMR  data  (Tables  1 and 2)  for 3 confirmed this  hypo-
thesis, with diagnostic signals for an oxymethine (δH 4.67, δC

67.0, CH-8) in 3 replacing those for a methylene (δH 2.39 and
2.34,  δC 23.6,  CH2-8)  in 1.  Further  inspection  of  2D 1H–1H
COSY and HMBC NMR data  (Figs.  S20 and S22,  Support-
ing Information) revealed key correlations of H2-9/H-8 and H-
8/C-6  & C-7,  which  located  the  new hydroxy  group  at  C-8.
Furthermore, the NOESY data (Fig. 3) showed NOE interac-

tions of H3-14 with H-2β, H-8 and H-9β, as well as H-1α with
H-9α, suggesting that the relative configurations at C-1 and C-
10 in 3 were identical with those in 1 and 8-OH was α-direc-
ted. The absolute configuration of the bicyclic core of 3 was
established  as  shown  on  the  basis  of  its  similar  ECD  curve
with that of 1 (Fig. 5), while the C-11 configuration was as-
signed to be R (same as 1) based on the negative Cotton ef-
fect at  304 nm in  the  induced ECD spectrum (Fig.  S2,  Sup-
porting Information).

Compound 4 possessed  the  same  molecular  formula
(C15H22O5)  as 3 based  on  (+)-HR-ESIMS  analysis  at m/z
283.1537  ([M +  H]+,  Calcd.  283.1540),  being  isomeric  with
the  latter  and  bearing  five  degrees  of  unsaturation.  Analysis
of the NMR data (Tables 1 and 2) for 4 revealed the presence
of an α, β-unsaturated ketone group (δC 200.3, 157.1, 137.7)
occupying  two  degrees  of  unsaturation,  and  the  remaining
three  suggested  a  tricyclic  skeleton  for 4. Further  examina-
tion of  2D 1H–1H COSY and HMBC NMR data (Fig.  2) re-
turned  identical  spin  coupling  systems  with  those  (CH-1  to
CH2-2  and  CH2-8  to  CH2-9)  in 1,  as  well  as  crucial  HMBC
correlations from H2-2 to C-3, H-6 to C-5, C-7 and C-8, H3-
14 to C-1, C-5, C-9 and C-10, and H3-15 to C-3, C-4 and C-5.
In addition,  the chemical shift  for C-6 (δC 78.7) and the key
HMBC signal from H-6 to C-12 (δC 78.5) indicated the con-
nection  between  C-6  and  C-12 via an ether  bond.  Consider-
ing  the  molecular  constitution  and  the  chemical  shift  (δC
80.2) for  C-7,  an  extra  hydroxy  group  at  C-7  was  also  as-
signed.  The  planar  structure  of 4 was  hence  established  as
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Fig. 4    X-ray crystallographic structure for 1
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drawn (Fig. 2).
The  relative  configuration  of 4 was determined  by  ana-

lysis of NOESY data (Fig. 3) as described below. Similar to
1, Me-14 and 1-OH in 4 were assigned to be β-directed by the
NOESY  correlation  of  H-1  with  H-9α and  those  of  H3-14
with H-2β,  H-8β and H-9β.  Then the cross-peak between H-
8β and H-12 at δH 3.97 suggested the close steric relationship
for  CH2-8  and  CH2-12  groups,  which  required  ring-B  and
ring  C  to  possess  a cis-conjunction  and  thus  H-6  and  7-OH
was both α-positioned. Lastly, H3-13 showed strong NOESY
correlations with both H-8α and H-8β, indicating a β-orienta-
tion  for  Me-13 as  in 1.  The  absolute  configuration  of 4 was
finally determined by comparing its experimental ECD curve
with the computed ones for the two possible isomers (Fig. 5),
which  revealed  an  excellent  match  with  the  (1R,  6S,  7S,
10R, 11R)-enantiomer.

Compound 5 was  assigned  the  molecular  formula  of
C21H32O8 by (+)-HR-ESIMS analysis at m/z 413.2165 ([M +
H]+,  calcd  413.2170).  The 1H  NMR  data  (Table  3)  of 5
showed a diagnostic signal at δH 4.30 (d, J = 7.8 Hz) for the
anomeric proton of a sugar moiety, which along with the car-
bon resonances  (Table  2)  at  δC 105.0,  78.1,  78.0,  75.2,  71.7
and  62.8  suggested  the  presence  of  a β-glucopyranoside.
Apart from the sugar unit, the NMR data for 5 also displayed
typical signals for a conjugated carbonyl (δC 188.6) and four
olefinic  carbons  (δC 164.4,  159.9,  130.0,  126.4),  as  well  as
three  tertiary  methyl  groups  (δH 1.91,  1.27,  1.26;  δC 23.6,
22.0,  10.6).  Further  analysis  of 1H–1H  COSY  data  (Fig.  2)
constructed  two  structural  fragments, i.e. Δ1 and  CH2-6  to
CH2-9, which together with the key HMBC correlations from
H-2 to C-3, H2-6 to C-5, H3-14 to C-1, C-5, C-9 and C-10, H3-
13  to  C-7,  C-11  and  C-12,  and  H3-15  to  C-3,  C-4  and  C-5,
constructed  the  planar  structure  of  the  aglycone  moiety  as
shown, incorporating a dienone functionality. Lastly, the sug-
ar unit  was attached to C-12 by the HMBC correlation from
H-1′ to  C-12  to  finalize  the  constitution  structure  of 5 as
shown.

Subsequent  enzymatic  hydrolysis  of 5 with snailase  af-
forded the  free  aglycone (5a) and sugar,  the  latter  being de-
termined to be d-glucose by comparing the HPLC chromato-
grams of the acetylated derivative with those from the stand-
ard D-  and L-glucoses  (Fig.  S41,  Supporting  Information).
The relative configuration of the bicyclic core of 5a was es-
tablished  by  analysis  of  NOESY  data  and 1H–1H  couplings
(in DMSO-d6, Fig. 3 and Table 3). The correlations of H3-14
with both H-6 at δH 2.05 and H-8 at δH 1.62 implied that the
right-side ring took a chair form conformation and Me-14 and
the two protons were all axially bonded (1, 3-diaxial relation-
ship),  and  they  were  randomly  assigned  to  be β-orientated.
Then  H-7  was  also  established  to  be  axially  bonded  and
thereby α-directed on the basis of the magnitude of J6β,7 (12.8
Hz, 1,2-diaxial  relationship).  The  absolute  configuration  as-
signment  for 5a first  started  from C-11 that  was  determined
to be S-configured based on the positive Cotton effect at 312
nm in  the  induced  ECD  spectrum  (Fig.  S2,  Supporting  In-

formation),  while  the  bicyclic  moiety  was  assigned  a  (7R,
10S)-configuration by  comparing  the  measured  ECD  spec-
trum with the calculated ones (Fig. 5). The structure with ab-
solute configuration of 5 was hence unequivocally character-
ized.

Apart  from  the  aforementioned  five  new  compounds,  a
known eudesmane sesquiterpenoid (6) was also separated and
identified to be (1R,  7R,  10R,  11R)-12-hydroxyl anhuienosol
that had been reported from Silybum marianum as a signific-
ant NO suppressant in BV-2 cells [13]. In addition, five chloro-
genic  acid  analogues,  namely,  isochlorogenic  acid  A (7) [14],
isochlorogenic acid A methyl ester (8) [15], methyl chlorogen-
ate  (9) [16],  neochlorogenic  acid  methyl  ester  (10) [17] and
cryptochlorogenic  acid  methyl  ester  (11) [18] (Fig. S1,  Sup-
porting Information), were also obtained in the present work,
and they  were  identified  on  the  basis  of  spectroscopic  ana-
lyses and comparison with reported data in the literature.

Compounds 1–11 were tested in an in  vitro anti-inflam-
matory assay by evaluating their inhibitory capability against
LPS-induced  NO  production  in  RAW264.7  cells.  While  all
other compounds showed only weak to no inhibition against
NO  release  or  displayed  some  cytotoxicity  in  the  screening
concentration  range  (Fig.  S3,  Supporting  Information),  the
known isochlorogenic acid A (7) exerted a much better inhib-
itory  effect  (Fig.  6).  The  antihyperglycemic  potential  of  all

 
Table 3    1H NMR data for compounds 5 and 5a (600 MHz, δ
in ppm and J in Hz)

No. 5a,f 5aa 5ab

1 6.96, d (9.8) 6.97, d (9.8) 6.92, d (9.8)

2 6.19, d (9.8) 6.19, d (9.8) 6.11, d (9.8)

6α
3.00, ddd

(13.4, 3.5, 1.9)
2.95, ddd

(13.4, 3.5, 1.8)
2.79, ddd

(13.4, 3.6, 1.7)

6β
2.17, ddd

(13.4, 12.8, 1.3)
2.16, ddd

(13.4, 12.8, 1.3)
2.05, ddd

(13.4, 12.8, 1.3)
7 1.62, tt (12.7, 3.6) 1.58, tt (12.5, 3.8) 1.43, tt (12.5, 3.8)

8α 1.83, m 1.80, m 1.68, m

8β 1.75, qd (13.1, 3.8) 1.75, qd (13.1, 3.9) 1.62, m

9α 1.27c, m 1.26d, m 1.11, td (13.1, 4.8)

9β 1.96, m 1.97, dt (13.2, 3.3) 1.89, dt (13.0, 3.2)

12 3.59, d (10.1) 3.49, d (11.0) 3.27, dd (10.8, 3.7)

3.91, d (10.1) 3.53, d (11.0) 3.34e, m

13 1.26, s 1.22, s 1.08, s

14 1.27c, s 1.26d, s 1.18, br s

15 1.91, br s 1.90, br s 1.79, s

11-OH 4.18, s

12-OH 4.54, br s
aMeasured in methanol-d4; 

bMeasured in DMSO-d6; 
c,dOverlapping

signals; eSignals overlapped by solvent peak; fData for sugar moiety:
δH 4.30 (d, J = 7.8, H-1′), 3.88 (dd, J = 11.8, 2.0, H-6′a), 3.65 (dd, J =
11.8, 5.5, H-6′b), 3.36 (m, H-3′), 3.30 (m, H-4′), 3.27 (m, H-5′)
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the isolates was also assessed in vitro by testing their α-gluc-
osidase  inhibitory  activity,  but  unfortunately,  none  of  them
exhibited significant activity (< 50% inhibition) at the initial
testing concentration of 80 μmol·L−1. 

Experimental
 

General experimental procedures
Optical rotations were measured on a Rudolph VI polari-

meter  (Rudolph  Research  Analytical,  Hackettstown,  NJ,
USA) with a 10 cm length cell. ECD and UV spectra were re-
corded  on  a  Chirascan  Spectrometer  (Applied  Photophysics
Ltd., Leatherhead, UK) with a 0.1 cm pathway cell. NMR ex-
periments  were  conducted  on  a  Bruker  Avance  DRX600
spectrometer  (Bruker  BioSpin  AG,  Fallanden,  Switzerland)
and  referenced  to  residual  solvent  peaks  (methanol-d4:  δH
3.31, δC 49.00; pyridine-d5: δH 8.74, δC 150.35; DMSO-d6: δH
2.50, δC 39.52). ESIMS analyses were carried out on an Agi-
lent  1260-6460  Triple  Quad  LC-MS  instrument  (Agilent
Technologies Inc.,  Waldbronn,  Germany).  HR-ESIMS spec-
tra were  obtained  on  an  Agilent  6545  Q-TOF mass  spectro-
meter (Agilent Technologies Inc., Waldbronn, Germany). X-
ray crystallographic analysis was performed on Gemini E X-
ray  single  crystal  diffractometer  (Agilent  Technologies  Inc.,
Waldbronn, Germany). HPLC separations were performed on
an Agilent 1260 series LC instrument (Agilent Technologies
Inc., Waldbronn, Germany) coupled with a YMC-Pack ODS-
A column (5 μm, 10 mm × 250 mm, YMC Co., Ltd., Tokyo,
Japan)  at  an  elution  rate  of  3.0  mL·min−1 unless  otherwise
specified.  Chiral  HPLC  analyses  were  carried  out  using  a
Chiral MZ(2)-RH (4.6 mm × 250 mm) column (Phenomenex,
Washington D.C., USA). Column chromatography (CC) was
performed  on  D101-macroporous  absorption  resin  (Sino-
pharm  Chemical  Reagent  Co.,  Ltd.,  Shanghai,  China),  MCI
gel (CHP20P,  Mitsubishi  Chemical  Corporation,  Tokyo,  Ja-
pan),  reversed  phase  (RP)  C18 silica  gel  (Merck  KGaA,
Darmstadt, Germany), Sephadex LH-20 (GE Healthcare Bio-
Sciences  AB,  Uppsala,  Sweden)  and  silica  gel  (300−400

mesh, Qingdao Marine Chemical Co., Ltd., Qingdao, China).
All  solvents  used  for  CC  were  of  analytical  grade  (Tianjin
Fuyu  Fine  Chemical  Co.,  Ltd.,  Tianjin,  China)  and  solvents
used  for  HPLC  were  of  HPLC  grade  (Oceanpak  Alexative
Chemical  Ltd.,  Goteborg,  Sweden).  Pre-coated  silica  gel
GF254 plates (Qingdao Haiyang Chemical Co., Ltd., Qingdao,
China) were used for thin-layer chromatography (TLC) mon-
itoring. 

Plant material
The  flower  buds  of Tussilago  farfara L.  were  collected

in Dec. 2016 in Xiangyang, Hubei Province, China) and were
authenticated  by  Prof.  YE Guo-Hua from Shandong  College
of  Traditional  Chinese  Medicine.  A  voucher  specimen  has
been deposited at  School of Biological  Science and Techno-
logy, University of Jinan (Accession number: npmc-004). 

Extraction and isolation
The dried flower buds of T. farfara (30 kg) were extrac-

ted with 95% EtOH at  room temperature (3 × 7 days) to af-
ford  a  crude  extract  (3.0  kg).  The  extract  was  suspended  in
3.5 L water and partitioned successively with EtOAc (4 × 4.0
L)  and n-BuOH (4  ×  4.0  L)  to  afford  the  corresponding  or-
ganic layers. The n-BuOH partition was dried in vacuum (531
g) and  then  subject  to  CC  over  D101-macroporous  absorp-
tion  resin  (EtOH-H2O,  30%,  50% and  95%)  to  afford  three
fractions (A, B and C). Fraction A (106.3 g) was fractionated
on silica gel CC (EtOAc−MeOH−H2O, 30 : 1 : 0.1 to 2 : 1 :
0.1) to produce four elutions (A1–A4). The elution A1 (4.9 g)
was  first  separated  by  Sephadex  LH-20  CC  (in  MeOH)  to
give four subfractions (A1-1–A1-4), and A1-1 was then chro-
matographed on an RP-C18 silica gel  CC (MeOH-H2O, 10%
to  30%)  to  give  another  four  subfractions  (A1-1-1–A1-1-4).
The  subfraction  A1-1-3  was  fractionated  by  HPLC  (30%
MeCN−H2O,  respectively)  to  afford 1 (10.6  mg, tR =  24.0
min)  and 2 (9.8  mg, tR =  25.1  min),  while  A1-1-4  yielded
compound 6 (2.5 mg, tR = 34.1 min) also by HPLC purifica-
tion (35% MeCN−H2O). Subfraction A1-2 (1.7 g) was separ-
ated by silica gel CC (CH2Cl2−MeOH-H2O, 15 : 1 : 0.1 to 5 :
1  :  0.1)  to  produce another  four  subfractions  (A1-2-1–A1-2-
4),  among  which  A1-2-3  was  first  processed  with  Sephadex
LH-20  CC  (in  MeOH)  and  then  purified  by  HPLC  (30%
MeCN−H2O) to  furnish 4 (1.0  mg, tR = 17.0  min).  Subfrac-
tion A2-2-4 was fractionated by HPLC (28% MeCN−H2O) to
yield 9 (20.0  mg, tR =  10.1  min), 10 (2.5  mg, tR =  6.7  min)
and 11 (16.2 mg, −tR = 8.6 min).  Fraction A1-4 (410.0 mg)
was  chromatographed  on  an  RP-C18 silica  gel  CC
(MeOH−H2O, 10% to 30%) to give three subfractions (A1-4-
1−A1-4-3),  and  then  A1-4-1  was  purified  by  HPLC  (30%
MeCN−H2O) to yield 7 (9.8 mg, tR = 7.0 min).  Fraction A2
(5.2  g)  was  subject  to  Sephadex  LH-20  CC  (in  MeOH)  to
give  four  subfractions  (A2-1–A2-4).  Subfraction  A2-2  was
chromatographed  on  an  RP-C18 silica  gel  CC (MeOH−H2O,
10% to  35%)  to  return  three  subfractions  (A2-2-1–A2-2-3),
and  subfraction  A2-2-2  was  then  separated  by  silica  gel  CC
(CH2Cl2−MeOH−H2O, 15 : 1 : 0.1 to 5 : 1 : 0.1) to give three
further subfractions (A2-2-2-1–A2-2-2-3). Subfraction A2-2-
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Fig.  6    Inhibitory effect of  isochlorogenic acid A (7) on NO
production in RAW 264.7 cells. Cells were treated with indic-
ated  concentrations  of  tested  compounds  along  with  LPS  (1
μg·mL−1) for 24 h, and then the accumulation of nitrite from
the supernatants was evaluated by Griess reagent. Didox was
used  as  a  positive  control.  Column:  relative  NO level;  Line:
cell viability; C: Blank control
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2-2 was purified by HPLC (15% MeCN−H2O) to afford 3 (1.4 mg, tR =
9.8 min). Fraction A2-3 was separated by an RP-C18 silica gel
CC (MeOH−H2O, 5% to 45%) to give four subfractions (A2-
3-1−A2-3-4).  Subfraction  A2-3-4  was  further  purified  by
HPLC (28% MeCN−H2O) to afford 8 (1.9 mg, tR = 7.6 min).
Fraction A4 (4.3 g) was first fractionated by Sephadex LH-20
CC (in  MeOH)  to  give  three  subfractions  (A4-1–A4-3),  and
A4-2  (1.5  g)  was  subject  to  silica  gel  CC  (EtOAc-MeOH-
H2O, 30 :  1 :  0.1 to 10 :  1 :  0.1) to give two major subfrac-
tions  (A4-2-1–A4-2-2),  and  A4-2-2  was  further  purified  by
HPLC  (18% MeCN−H2O)  to  afford 5 (10.0  mg, tR =  11.9
min). 

Identification of new compounds
[α]27

DCompound 1:  Colorless  gum;  +327.6  (c 0.51,
MeOH);  UV (MeOH) λmax (log ε)  298  (3.98);  ECD (c 0.06,
MeOH) λmax (Δε)  295  (+9.3)  nm; 1H  and 13C  NMR  data  in
methanol-d4 see Tables  1 and 2;  (+)-HR-ESIMS m/z
267.1593 [M + H]+ (Calcd. for C15H23O4, 267.1591).

[α]27
DCompound 2:  Colorless  gum;  +275.0  (c 0.47,

MeOH);  UV (MeOH) λmax (log ε)  298  (3.70);  ECD (c 0.05,
MeOH) λmax (Δε)  297  (+6.0)  nm. 1H  and 13C  NMR  data  in
methanol-d4 see Tables  1 and 2;  (+)-HR-ESIMS m/z
267.1593 [M + H]+ (Calcd. for C15H23O4, 267.1591).

[α]27
DCompound 3:  Colorless  gum;  +120.2  (c 0.10,

MeOH);  UV (MeOH) λmax (log ε)  295  (4.02);  ECD (c 0.06,
MeOH) λmax (Δε)  291  (+7.6),  345  (+2.4)  nm. 1H  and 13C
NMR  data  in  methanol-d4 see Tables  1 and 2;  (+)-HR-ES-
IMS m/z 283.1538  [M  +  H]+ (Calcd.  for  C15H23O5,
283.1540).

[α]27
DCompound 4:  Colorless  gum;  −24.1  (c 0.10,

MeOH);  UV (MeOH) λmax (log ε)  245  (4.02);  ECD (c 0.08,
MeOH) λmax (Δε)  204  (+5.9),  238  (+13.9),  268  (−2.0),  331
(−2.9) nm. 1H and 13C NMR data in methanol-d4 and pyridine-
d5 see Tables 1 and 2; (+)-HR-ESIMS m/z 283.1537 [M + H]+

(Calcd. for C15H23O5, 283.1540).
[α]27

DCompound 5:  Colorless  gum;  −56.6  (c 0.20,
MeOH);  UV (MeOH) λmax (log ε)  239  (4.11);  ECD (c 0.06,
MeOH) λmax (Δε) 212 (+5.6), 264 (−17.6), 323 (−1.1) nm. 1H
and 13C NMR data in methanol-d4 see Tables 2 and 3; (+)-HR-
ESIMS m/z 413.2165  [M  +  H]+ (Calcd.  for  C21H33O8,
413.2170). 

Enzymatic hydrolysis of 5 and absolute configuration determ-
ination of the sugar

[α]27
D

To  a  2.0  mL  buffer  solution  (NaOAc  +  HOAc,  pH ca.
5.7)  containing  6.0  mg  compound 5 was  added  6.0  mg
snailase.  The  reaction  mixture  was  kept  at  37  °C  in  a  water
bath for 36 h and monitored by TLC. After the reaction, the
aglycone  was  extracted  with n-BuOH,  and  the  water  phase
was dried and the acquired sugar was acetylated with excess
acetic anhydride in 1.0 mL pyridine. The acetylation product
and  those  prepared  from  standard D and L glucoses  in  the
same way were then analyzed on a chiral MZ(2)-RH column.
The n-BuOH  partition  was  finally  purified  by  HPLC  (15%
MeCN−H2O) to afford the pure aglycone (5a, tR = 10.0 min).
Colorless gum;  −22.5 (c 0.10, MeOH); UV (MeOH) λmax

(log ε) 240 (4.01); ECD (c 0.06, MeOH) λmax (Δε) 214 (+3.9),
264 (−13.5), 329 (−1.4) nm. 1H and 13C NMR data in methan-
ol-d4 and DMSO-d6 see Tables 2 and 3;  (+)-HR-ESIMS m/z
251.1640 [M + H]+ (Calcd. for C15H22O3, 251.1642). 

ECD calculations
The  conformational  analyses  for  the  target  isomers  of

compounds 1, 4 and 5a were performed by using the OPLS3
molecular  mechanics  force  field via the  Macro  Model  panel
of Maestro 10.2. The conformers were further optimized with
the  software  package  Gaussian  09  at  the  B3LYP/6-311++G
(2d,p)  level,  and  the  harmonic  vibrational  frequencies  were
also calculated to confirm their stability. The stable conform-
ers  were  submitted  to  ECD  calculation  by  time-dependent
density functional theory (TD-DFT) method at the B3LYP/6-
311++G (2d,p) level (solvent mode, MeOH). The ECD spec-
tra  of  different  conformers  were  simulated  using a  Gaussian
function with a half-band width of 0.23 eV for all calculated
compounds, and the final ECD spectra were obtained accord-
ing to the Boltzmann distribution of each conformer. The cal-
culated ECD  spectra  were  then  compared  with  the  experi-
mental ones. 

X-ray crystallographic analysis for 1
C15H22O4, M = 266.15, a = 9.4351(4) Å, b = 17.3241(7)

Å, c =9.6734(5)  Å, α =  90, β =  112.249(6), γ =  90, V =
1463.44(13) Å3, T = 293(2) K, space group P21, Z = 2, μ (Cu
Kα)  =  0.747  mm−1, 5257  reflections  collected,  3837  inde-
pendent reflections (Rint = 0.0173, Rsigma = 0.0290). The final
R1 value  was  0.0354  (I ≥  2σ (I)).  The  final wR2 value  was
0.0975 (I ≥ 2σ (I)). The final R1 values were 0.0363 (all data).
The final wR2 value was 0.0988 (all data). The goodness-of-
fit on F2 was 1.038. Flack parameter = 0.19 (12).

The  crystallographic  data  (excluding  structure  factor
tables)  for  the  reported  structure  (1)  have  been  deposited  at
the Cambridge Crystallographic Data Center (CCDC) as sup-
plementary publication (No. CCDC 2081028).  Copies of the
data can be obtained free of charge from the CCDC, 12 Uni-
on Road, Cambridge CB2 1EZ, UK (fax: Int. + 44(0) (1223)
336 033; e-mail: deposit@ccdc.cam.ac.uk). Details of the X-
ray  diffraction  analysis  data  are  described  in  the  Supporting
information (Table S5). 

Bioassays
The  NO  production inhibitory assay  was  performed  as

we  previously  reported [18],  and  the α-glucosidase  inhibitory
assay was conducted according to a  modified method in our
recent work [9].  

Supporting Information

Supporting  information  file  contains  the  NMR  and  MS
spectra for compounds 1–5 and 5a, induced ECD spectra for
1, 2, 3 and 5a,  chiral  HPLC  analyses  of  sugar  derivatives,
structures  of  known chlorogenic  acid  analogues  (7−11),  NO
inhibitory assays results for compounds 1−6 and 8−11, re-op-
timized  conformers,  energies  and  proportions  for  isomers  of
compounds 1, 4 and 5a, and crystallographic data and struc-
ture refinement for 1.
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