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ABSTRACT

Neolaxiflorin A (1), an unprecedented ent-kaurane diterpenoid with a bicyclo[3.1.0]hexane unit, and its seco-derivative, neolaxiflorin B (2), along
with two known compounds 3 and 4 were isolated from the leaves of Isodon eriocalyx var. laxiflora. The absolute configuration of 1 was
determined by spectral methods and single crystal X-ray diffraction analysis. Compound 4 and the synthesized compound 5 exhibited significant
cytotoxicity.

The molecules containing bicyclo[3.1.0]hexane and its
heteroanalogues including nitrogen, oxygen, or sulfur
atoms in the five-membered ring unit have been recognized
as interesting core structures with diverse biological acti-

vities.1 Someof themhave been prepared bymetal-catalyzed
synthesis,2 atom-economic synthesis,3 cross metathesis,4 a
chemicoenzymatic approach,5 and other methods.1c,6

As an important group of terpenoids, the structural
scaffold diversity of ent-kaurane-type diterpenoids is just
as much a characteristic as their biological diversity.7 For
example, bisrubescensins A�C,8 maoecrystal Z,9 and
maoecrystal V10 have been reported as unique structures.
Meanwhile, maoecrystal V has been repeatedly synthesized
due to the challenge posed by the unusual skeleton.11 Some
compounds such as pharicins A12 and B,13 eriocalyxin B,14

oridonin,15 and ponicidin,16 have brought great attention
to their potential application in antitumors.7
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In thousands of new ent-kaurane diterpenoids identified
previously, compounds containing thebicyclo[3.1.0]hexane
unit in this type of diterpenoids have not been reported.
Recently, two new ent-kaurane-type of diterpenoid deri-
vatives, neolaxiflorinsA andB (1 and 2), togetherwith two
known 6,7-seco-ent-kaurane diterpenoids, laxiflorins A
and B (3 and 4),7 have been isolated from I. eriocalyx
var. laxiflora which are distributed in southwest China
(Figure 1). Compound 1 is an ent-kaurane diterpenoid
which bears an infrequent bicyclo[3.1.0]hexane unit, and
2 has anR,β-unsaturated ketone in its five-membered ringA
which is biogenetically related to 1.Meanwhile, compound
5, a significant cytotoxic diterpenoid,was synthesized from
1 to investigate the structure�activity relationship of these
compounds. Here, we report their isolation, structure
elucidation including absolute stereochemistry, derivatiza-
tion, and cytotoxic activities.

Neolaxiflorin A (1) was obtained as colorless needles.
The molecular formula, C20H26O5, with eight unsatura-
tions,wasestablishedbyHR-ESI-MS([MþNa]þ, 369.1685,
calcd 369.1677) andNMRspectral features (Tables 1 and 2).

The IR spectrum demonstrated absorptions at 1709 and
1680 cm�1, indicating the existenceof a carbonyl groupanda
carbon�carbondouble bond respectively. In the 1HNMR
spectrum (Table 2), there were two tertiary methyl groups
at δH 0.89 (3H, s) and 1.12 (3H, s), an olefinic methylene
(exocyclic double bond) group at δH 5.46 (1H, s) and 5.22
(1H, s), and anoxygenatedmethine groupatδH4.98 (1H, s).
In addition, it showed resonances due to an ABX group at
[δH 4.15 (1H, dd, J= 9.8, 5.8 Hz), 4.05 (1H, dd, J= 9.8,
6.6 Hz), and 2.51 (1H, br d, J= 6.6 Hz)] together with an
ABmethylene group at [δH 5.20 (1H, d, J=11.2 Hz) and
4.70 (1H, d, J = 11.2 Hz)].
Analyses of the 13C NMR and DEPT spectra (Table 1)

of 1 revealed the presence of 20 carbons, ascribed to two
methyls, six methylenes (two oxygenated ones, one exo-
cyclic double bond), sixmethines (one oxygenated), and six
quaternary carbons (one olefinic group, one ester, and one
ketone group), which suggested a pentacyclic diterpenoid
with a C20 nucleus different from the ent-kaurane or
6,7-seco-ent-kaurane skeletons reported before.
Interpretation of the HMBC spectrum of 1 showed

obvious correlations from the geminal methyls Me-18
(δH 1.12, s) and Me-19 (δH 0.89, s) to C-2, C-3, and C-4.
Furthermore, the ABX methylene H2-6 displayed HMBC

Figure 1. Chemical structures of compounds 1�5. *1:1:3K2Cr2O7�
H2SO4�H2O.

Table 1. 13C NMR Spectroscopic Data (δ in ppm) of Neolaxi-
florins A�C (1, 2, and 5) (Pyridine-d5, δ in ppm)a

no. 1 2 5

1 212.7 s 208.8 s 212.5 s

2 39.0 d 127.6 d 39.3 d

3 33.2 d 186.5 s 32.8 d

4 29.0 s 29.7 d 29.5 s

5 40.3 d 52.9 d 39.4 d

6 60.5 t 58.4 t 61.5 t

7 175.6 s 175.6 s 170.8 s

8 52.3 s 52.2 s 58.8 s

9 35.2 d 38.7 d 42.6 d

10 62.3 s 53.1 s 62.4 s

11 18.7 t 19.1 t 19.9 t

12 31.3 t 33.0 t 30.7 t

13 36.5 d 36.9 d 35.7 d

14 33.3 t 32.0 t 30.7 t

15 82.9 d 81.4 d 203.5 s

16 160.1 s 159.9 s 151.6 s

17 109.2 t 108.9 t 119.1 t

18 17.7 q 21.6 q 18.0 q

19 27.6 q 20.3 q 27.8 q

20 69.4 t 68.9 t 70.1 t

aData of compounds 1 and 2 were recorded at 125 MHz, 5 was
recorded at 150 MHz, and the assignments were based on DEPT,
HSQC, COSY, HMBC, and ROESY experiments.
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correlations with C-3, C-5 and C-10, H-5 with C-4, C-9,
C-10, andC-20.OtherHMBCcorrelationswerenoted from
H-2 andH-3 (δH1.82, br s) toC-1,C-5,C-10, andC-18.The
observedHMBCcorrelations above, coupledwith a proton
spin system, H-3/H-5/H2-6, established by 1H�1H COSY
correlations, gave partial structure 1a (Figure 2).

Detailed analyses of the 1H�1H COSY and HSQC
spectra starting from the protonH-9 (δH 3.07, dd) revealed
the presence of a spin system (CHCH2CH2CHCH2, H-9/
H2-11/H2-12/H-13/H2-14) (Figure 2). This information
coupled with the key HMBC correlations from H-11β
(δH 1.54, m) to C-8 and C-13; H-13 (δH 2.67, dd) to C-8,
C-11,C-14,C-15, andC-16; andH-17a (δH5.46, s) toC-13,
C-15, and C-16 further corroborated the structure of

fragment 1b (Figure 2). TheHMBC spectrum also showed
the following correlations: H-9 with C-1, C-5, C-7, C-8,
C-10, C-11, C-12, C-14, C-15, and C-20; the ABmethylene
groupH2-20 with C-1, C-9, and C-10; andH-20b (δH 4.20,
d) with C-7. This information permitted 1a and 1b to be
jointed through a C�C connection between C-9 and C-10
and an ester bond betweenC-7 and C-20. Accordingly, the
planar structure of compound 1 could be established.
In the ROESY spectrum of 1, the cross-peaks observed

between H-5/H-9 and H-5/Me-18 demonstrated that H-5,
H-9, and Me-18 all possessed the same β-orientations, so
Me-19 and hydromethyl at C-5 should be R-orientations
(Figure 3). TheNOE correlations fromH-9/H-11β, H-12R/
H-11R, H-13/H-12R, and H-13/H-15 suggested that H-13
and H-15 have the same R-orientations. The structure of 1
was finally confirmed by a single-crystal X-ray diffraction
using anomalous scattering of Cu KR radiation (CCDC
853442),17which indicated the absolute stereochemistry of 1
to be 2S, 3R, 5R, 8S, 9S, 10S, 13R, 15R (Figure 4).

Neolaxiflorin B (2) had the same molecular formula
C20H26O5 as 1, on the basis of HR-ESI-MS (m/z 369.1673
for [M þ Na]þ), indicating eight degrees of unsaturation.
Its 1H (Table 2) and 13C NMR data (Table 1) indicated
that it was very similar to 1. The most notable difference
was that the geminalmethyl group [(δH1.12, 3H, s;δC17.7, q)

Table 2. 1H NMR Assignments of Neolaxiflorins A�C (1, 2,
and 5) (Pyridine-d5, δ in ppm, J in Hz)a

no. 1 2 5

2 1.82 br s 6.14 s 1.82 d (6.2)
3 1.82 br s � 1.48 dd

(6.2, 2.8)
4 � 2.73 q (6.8) �
5β 2.51 br d

(6.6)

3.23 br s 2.51 ddd

(9.1, 6.0, 2.8)

6a 4.15 dd

(9.8, 5.8)

4.14 d

(11.2)

4.03 dd

(10.8, 6.0)

6b 4.05 dd

(9.8, 6.6)

4.02 dd

(11.2, 3.8)

3.97 dd

(10.8, 9.1)
9β 3.07 dd

(13.3, 4.8)

2.93 dd (13.0, 4.8) 2.90 dd

(11.9, 6.2)
11R 1.62 m 1.56 m 1.65 m
11β 1.54 m 1.36 m 1.65 m
12R 2.36 d (12.2) 1.43 m 1.22 m

12β 2.41 dd (12.2, 5.0) 1.98 m 1.96 m

13R 2.67 dd

(8.0, 5.0)

2.69 m 2.85 dd

(9.4, 4.5)

14R 1.97 m 2.22 br s 2.71 d (12.5)

14β 1.40 m 2.22 br s 2.67 dd

(12.5, 4.5)

15R 4.98 s 5.21 s �
17a 5.46 s 5.51 s 5.96 s

17b 5.22 s 5.20 s 5.31 s

18β 1.12 s 1.11 d (6.8) 1.08 s
19R 0.89 s 1.06 d (6.8) 0.88 s

20a 5.20 d (11.2) 5.27 d (11.1) 5.09 d (11.5)
20b 4.70 d (11.2) 5.01 d (11.1) 4.80 d (11.5)

aData of compounds 1 and 2 were recorded at 500 MHz, 5 was
recorded at 600 MHz, and the assignments were based on DEPT,
HSQC, COSY, HMBC, and ROESY experiments.

Figure 2. Structural fragments of 1 (f HMBC).

Figure 3. Key ROESY correlations of 1 (blue T, ROESY).

Figure 4. X-ray crystallographic structure of 1.
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(Me-18), (δH 0.89, 3H, s; δC 27.6, q) (Me-19)] at C-4
(δC29.0, s) in1changed intoan isopropylgroup in2 [(δH2.73,
1H, q, J=6.8Hz; δC 29.7, d), (δH 1.11, 3H, d, J=6.8Hz;
δC 21.6, q), (δH 1.06, 3H, d, J= 6.8 Hz; δC 20.3, q)] (C-4,
Me-18, and Me-19). Then, the other important difference
was that the two methines C-2 (δC 39.0, d) and C-3
(δC 33.2, d) in 1were placed by aC�Cdouble bondbetween
C-2 (δC 127.6, d) and C-3 (δC 186.5, s) in 2. Therefore, 2
might be derived from 1 because the bicyclo[3.1.0]hexane
structure in1wasoxidatively cleavedbetweenC-2 andC-4,
followedby formation of aC�Cdouble bond betweenC-2
and C-3. This conjecture was supported by the HMBC
correlations from Me-18 to C-3, C-4, and C-19; Me-19 to
C-3, C-4, and C-18; and H-2 (δH 6.14, 1H, s) to C-1, C-3,
C-4, C-5, and C-10. In addition, other 2D NMR data
including 1H�1H COSY, HSQC, HMBC, and ROESY
further established the structure of 2 (Figure 1).
NeolaxiflorinC (5) had amolecular formula ofC20H24O5,

as determined by its HR-ESI-MS data (m/z 367.1254 for
[M þ Na]þ), indicating 9 degrees of unsaturation. Compar-
isonof itsNMRdata (Tables1and3)with thoseof1 revealed
similarities except for the lack of the signal of H-15 in
1 insteadof a carboxygroup in 5 atC-15 (δC203.5 s),which
was supported by the HMBC correlation from H2-17
[δH (5.96, s), (5.31, s)] toC-13,C-15, andC-16.This evidence,
along with other comprehensive NMR and MS spectro-
scopic analyses, confirmed the structure of compound 5.

In natural products, compounds hybiding a bicyclo-
[3.1.0]hexane unit were very rare. 1 was the first example
of ent-kaurane diterpene bearing a rare 3/5/6/6/5 ring
system, and 2 had an R,β-unsaturated ketone unit in its
five-membered ring A and represented a new group of ent-
kaurane diterpene with a 5/6/6/5 ring system. The new
skeletons of 1 and 2 were quiet different from the pre-
viously reported 6/6/6/5 ring system of 6,7-seco-ent-kaur-
ane diterpene. The possible biogenetic route of 1 and 2

(Scheme 1) could be plausibly traced back to laxiflorin A
(3). The formation of intermediate B from intermediate A
by rearrangement involving the carbocation route is the
key step to forming the two compounds.
Using the MTT method, 1�5 were tested for cytotoxi-

city in human cancer cell lines: A-549, HL-60, MCF-7,
SMMC-7721, and SW-480.18 The successful synthesis of 5

gave us the opportunity to further confirm the structure�
activity relationship reported previously.19 First, 4 and
5 showed cytotoxicity with an IC50 value in the range of
0.61�6.76 μM for the above-mentioned tumor cell lines,
while noneof compounds1, 2, and 3 showedany inhibitory
activity with IC50 > 40 μM. The results were consistent
with the previous conclusion that the presence of the
OdC;CdCH2 system seems to be critical for cytotoxic
activity.7,20 Second, 4 had a higher cytotoxicity than 5,
suggesting that the presence of a second R,β-unsaturated
ketone might increase the potency for antitumor activity.7

Finally, changes in ring A of 5 did not reduce its cytotoxi-
city, probably because of the presence of the cyclopenta-
none conjugated with an exomethylene group.7
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Scheme 1. Hypothetical Biogenetic Pathway of 1 and 2

Table 3. Cytotoxic Activity of Compounds 1�5a

compd A-549 HL-60 MCF-7 SMMC-7721 SW-480

1 >40 >40 >40 >40 >40

2 >40 >40 >40 >40 >40

3 >40 >40 >40 >40 >40

4 2.02 0.76 1.26 1.03 0.61

5 6.76 4.04 3.24 4.96 2.79

cis-platin 16.02 1.25 16.95 16.18 18.05

aResults were expressed as IC50 values in μM, data were obtained
from triplicate experiments, and cis-platin was used as positive control.
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