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ABSTRACT: Kadcoccinin A (1), a cage-like sesquiterpenoid possessing a tricyclo[4.4.0.0%'°]decane scaffold, and the
biosynthetically related kadcoccinin B (2) were isolated from the stems of Kadsura coccinea. Their structures and absolute
configurations were determined from extensive spectroscopic analysis and quantum chemical calculations. Additionally, their
cytotoxic and antifungal effects were initially evaluated, and a plausible biosynthetic pathway was proposed.

ecently, the Schisandraceae family, which is subdivided into distributed in a W correlation in a bicyclo ring system is an
two genera, Schisandra and Kadsura, has been a hot research intriguing phenomenon reported in typical cases.” Because of the
topic not only because of the numerous pharmaceutical cage-like architecture and deceptive NMR data of 1, quantum
advantages,' such as antitumor activity,” anti-HIV-1 activity,’ chemical calculations were used to verify the final structure and
antifeedant effect,”” antiplatelet aggregation activity,' and absolute configuration. This paper elaborates on the isolation,
protective activity against H,0O,-induced oxidative damage on structural characterization, biological activities, and postulated
Caco-2 cells,” but also because of the huge challenges associated biogenetic pathway of 1 and 2.
with synthesizing the Schisandraceae triterpenoids characterized Kadcoccinin A (1) was determined to be C,sH,,0; from an
by the intricate ring systems and multiple chiral centers.’ HRESIMS at m/z 247.1341 ([M — H]", calculated as 247.1340).
Previously, we reported six new lanostane-related triterpe- The IR spectrum displayed absorptions that were attributed to
noids possessing diverse skeletons from the stems of Kadsura carboxyl (1778 cm™), ketone (1690 cm™), and olefinic double
coccinea collected from the region of the Menglun, Yunnan bond (1632 cm™') functionalities. The 'H NMR spectrum

. > . . 7 .
Province, People’s Republic of China.” As a part of our ongoing (Table 1) of 1 showed signals for one singlet methyl at & 1.26

program to discover more structurally intriguing and bioactive (Hy-14), two doublet methyls at 5 0.88 (d, J = 6.6 Hz, Hy-12)
natural products, we performed a chemical investigation on the ‘ _ > !

o i and 0.90 (d, ] = 6.6 Hz, H;-13), and one olefinic proton at 5 6.81
et.h yl acetate e3x1’%ract to afford kadcoccmlp A (1) beal.‘lng d (brs, H-5). The *C NMR and DEPT spectra (Table 1) revealed
tricyclo[4.4.0.0%'%]decane scaffold, along with a rare cadinane- 15 c’arbon signals that were assigned to three methyls, two

1 i id, k inin B (2) (Fi 1). ’
rlted sesquterpenid lnkocann B 0) (e 1) e nd o iy
&Y P 4 oot P ’ carbons (two carbonyl and one olefinic). The molecular formula

in which a cyclobutane unit gives rise to a large, long-range spin— ; A .
spin coupling (¥], ; & 7.0 Hz) between the bridge-head protons. required six indices of hydrogen deficiency, but only one ketone
! at §¢ 203.1 (C-2), one carboxyl at 5 169.9 (C-15), and two

To our knowledge, a long-range coupling between two protons
olefinic carbons resonating at 6¢ 132.2 (C-4) and 145.3 (C-S)

14 were detected, illustrating that 1 had a tricyclic structure.2

1 Despite the fact that both H-5 and H-6 appeared to be broad

singlets with no recognizable vicinal coupling signals, the obvious
g '"H-'H COSY cross-peaks of H-5/H-6/H-1 established the

e presence of the —C1—C6—CS— subunit. Additionally, the

kadcoccinin A (1) kadcoccinin B (2)

Figure 1. Structures of compounds 1 and 2. Received: March 31, 2016
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Table 1. "H and "*C NMR Spectroscopic Data for Compound
1 and Its Calculated '*C NMR Data (6 in ppm, J in Hz)

Oy ¢
no. exptl” exptl” exptl” caled”
1 2.52.dd (3.9, 6.7) 612 CH 61.8 62.8
2 - 203.1C 203.5 203.0
3 3.55d(6.7) 62.8 CH 64.3 65.3
4 - 1322 C 134.6 130.0
S 6.81brs 145.3 CH 142.8 147.6
6 3.02brs 429 CH 433 473
7 1.37 m 44.1 CH 44.5 47.0
8 0.9 overlapped; 1.69 m 23.8 CH, 244 25.7
9 1.44 m; 1.67 m 25.1 CH, 254 27.1
10 - 321C 324 36.9
11 145 m 32.1 CH 324 35.8
12 0.88 d (6.6) 20.1 CH, 204 19.0
13 0.90 d (6.6) 20.5 CH, 20.8 213
14 126s 252 CH; 25.5 24.5
15 - 169.9 C 168.5 163.6

“Recorded in CDCI; at 600 MHz. “Recorded in CDCI, at 150 MHz.
“Recorded in C;DiN at 150 MHz. “Calculated '*C NMR data of 1 in
CDCL,

o g
link ﬁ.JLK (i) 14
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Figure 2. Structural characterization of 1 based on its NMR spectra data
and the corresponding three possible structures.

'H—'H COSY correlations of H-12/H-11, H-13/H-11, and H-
11/H-7/H-8/H-9, coupled with the HMBC correlations of Hs-
14 with C-1, C-9, and C-10; H-9 with C-10; H-8 with C-6; H-7
with C-1, C-5, and C-6; H-6 with C-4; and H-S with C-15,
ascertained the planar structure of subunit part A (Figure 2).

Based on the molecular formula of compound 1, we were
uncertain regarding how the remaining two partial subunits
(parts B and C) constructed the tricyclic framework, and three
possible structures (1a, 1b, and 1c) were proposed (Figure 2).
First, a strong '"H—'H COSY correlation between the two
methines (5 3.55 and 2.52) indicated that part C might be
linked to C-1, thus, a —CH—CH(1)— unit existed, and the
corresponding structures la and 1b were constructed.

In structure 1a (Figure 3), the HMBC correlations of H-3 with
C-4, C-5, and C-15 seemed to clearly indicate that the planar
structure was correct. However, the apparent four-bond HMBC
correlations from H-9 and H;-14 to C-3 puzzled us.4

The nuclear Overhauser effect (NOE) is normally recognized
as one of the most effective approaches for structural
characterization and conformational analysis. However, when
the internuclear distance was less than 3 A, the NOE correlations
could be observed even when the two spin systems were in
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Figure 3. Selected '"H—'H COSY, HMBC, and ROESY correlations of
la.
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Figure 4. Comparison of calculated '*C chemical shifts for three
possible structures, 1a (green), 1b (cyan), and 1c [red, at the B3LYP/6-
31++G(2d,2p) level; blue, at the MPW1PW91/6-31G(d,p) level], with
experimentally observed shifts.

opposite directions. First, H-1 was randomly assigned to be f-
oriented (Figure 3), and the distances of H-3/H;-14f and H-
3f/H-1§ were 3.08 and 2.47 A, respectively. However, the
obvious ROESY correlation of H-3/3/H;-14f and no correlation
of H-3$/H-1p did not support the above-mentioned results even
if the other ROESY correlations (recorded in C;DsN) were
compatible. Hence, we had to review the accuracy of the
structure. To further verify the structure, a calculation of the *C
NMR chemical shifts of structure 1a from the density-functional
theory (DFT) calculation at the MPW1PW91/6-31G(d,p) level
with the PCM in CDCl; was performed. Particularly, the
calculated chemical shifts in the cyclobutane motif introduced
more errors compared to those in the experimental data, with
deviations of 23.1 ppm for C-1 and 31.3 ppm for C-10 (Figure 4).
The correlation coefficient (R*) was 0.9645, and the mean
absolute error (MAE) and the corrected mean absolute error
(CMAE) were 7.1 and 7.3 ppm (Figure SA; Table S4),
respectively. Accordingly, it did not suggest that structure la
was the right one.

In structure 1b (Figure 6), the HMBC correlations of H-9 and
H;-14 with C-2; H-1 with C-3; and H-2 with C-4 also seemed to
support the structure. However, the obvious four-bond HMBC
correlations of H-2 with C-5 and C-15 made us doubtful again.
After careful analysis of the ROESY spectrum (recorded in
C;D;N), we could not find direct evidence to prove the fault of
the structure because of the clear ROESY correlations of H-2/
H,-14, H,-14/H-1/H-6, H-5/H-7, and H-1/H-11, and no
correlation of H-1/H-2 was observed despite a distance of 2.58
A. Thus, it became more difficult to draw any convincing
conclusions based on this data, so it was necessary to perform a
calculation of the *C NMR chemical shifts at the MPW1PW91/
6-31G(d,p) level with the PCM in CDCl;. The calculated
chemical shifts at C-1, C-2, C-3, and C-5 showed large errors
compared to those in the experimental data, and the
corresponding deviations were 34.8, 27.4, 16.6, and 21.4 ppm
(Figure 4), respectively. The correlation coefficient (R,) was
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Figure 5. Regression analysis of experimental versus calculated *C
NMR chemical shifts of 1a [A, at the MPW1PW91/6-31G(d,p) level],
1b [B, at the MPW1PW91/6-31G(d,p) level], and 1c [C and D, at the
B3LYP/6-31++G(2d,2p) and MPW1PW91/6-31G(d,p) levels, respec-
tively]; linear fitting was shown as a line.
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Figure 6. Selected "H—'"H COSY, HMBC, and ROESY correlations of
1b.
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Figure 7. Selected HMBC and ROESY correlations of 1c.

0.9550, and the MAE and CMAE data were 8.8 and 14.0 ppm
(Figure SB; Table S4), respectively, indicating that structure 1b
was not suitable either.

Because structures 1a and 1b were unreliable, we considered
1c, which contained a bicyclo[3.1.1]heptane moiety and a special
long-range spin—spin coupling of H-1/H-3 (*], ; & 7.0 Hz) that
subsequently occurred in the cyclobutane unit. In structure 1c
(Figure 7), including the corresponding 'H—'"H COSY and
HMBC correlations of the subunit part A as mentioned above,
the additional HMBC correlations of H-9 and H;-14 with C-3;
H-1 with C-2 and C-3; and H-3 with C-2, C-4, C-§, and C-15
fully ascertained the planar structure of 1c.

The relative configuration of structure 1c was determined by
the 600 MHz ROESY spectrum in C;D;N (Figure 7). By
randomly assigning H-1 to be f-oriented, the key ROESY cross-
peaks of H-3/H;-14/H-1/H-6/H-11 revealed that H-1, H-3, H-
6, and H;-14 were cofacial and f-directional, and H-7 should be
a-oriented. In addition, the C-4/C-5 olefin of structure 1c had E-
geometry based on a key ROESY correlation between H-5 and
H-7. Remarkably, the distance between H-1 and H-3 was 4.08 A,
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which corresponds to there being no H-1/H-3 correlation in the
ROESY spectrum. Consequently, the relative configuration of
structure 1c was established.

The predominant conformer (39%, Figure 7) was generated at
the B3LYP/6-31G(d) level, supporting the above-mentioned
results. To further verify the structure, a calculation of the 3¢
NMR chemical shifts of structure lc at the B3LYP/6-31+
+G(2d,2p) (Figure SC) and MPW1PW91/6-31G(d,p) (Figure
SD) levels with the PCM in CDCl; was obtained, and the
calculated chemical shifts agreed well with the experimental data,
of which the B3LYP/6-31++G(2d,2p) method showed a
correlation coefficient (R,) of 0.9983, and the MAE and
CMAE data were 2.3 and 3.8 ppm (Table SS) respectively.
The MPW1PW91/6-31G(d,p) method showed a correlation
coefficient (R,) of 0.9983, and the MAE and CMAE data were
2.5 and 3.8 ppm (Table SS) respectively, indicating that structure
1c was the most suitable. Overall, the structure and relative
configuration of 1 were established to be the same as those for
structure lc.

Finally, the calculated ECD spectrum at the CAM-B3LYP/6-
31++G(d,p) level with PCM in MeOH agreed with the
experimental ECD spectrum (Figure 8), allowing an obvious
assignment of the absolute structure to be 1S,3S,6R,7S,10R.

200

250 350 400

300
wavelength (nm)

Figure 8. Experimental (black line) and calculated (red line) ECD
spectra of 1c in MeOH.

The molecular orbital (MO) analysis (Figure S35) of the
predominant conformer gave us a good understanding of the
experimental ECD spectrum. The experimental curve exhibited a
negative Cotton effect at 281 nm, which was attributed to the
electronic transitions from MO67 to MO70 involving an n — *
transition of the ketone group in the cyclobutane unit, and the
negative Cotton effect at 249 nm was attributed to the electronic
transitions from MOG67 to MO68 involving a 7 — #* transition
of the a,f-unsaturated carboxyl.

Kadcoccinin B (2) was assigned to have a molecular formula of
C,¢H,0, by the HRESIMS at m/z 303.1572 ([M + Nal*,
calculated as 303.1567), indicating five indices of hydrogen
deficiency. Careful examination of the 'H and *C NMR
spectroscopic data (Tables S2 and S3) disclosed the character-
istic of a rare 1,2-seco-cadinane sesquiterpenoid. The proposed
structure of compound 2 was finally ascertained by the detailed
interpretation of the HSQC, 'H—'H COSY, HMBC, and
ROESY spectra analyses (Figure S4). In view of the misdiagnosis
of gliocladic acid as 5SS and 10R,” here we corrected the
misrepresentation of gliocladic acid to be SR and 10R. When the
ECD spectrum of compound 2 (Figure S33) was compared to
that of gliocladic acid,” the nearly opposite Cotton absorptions at
approximately 227 and 260 nm indicated that the absolute
configuration of compound 2 was undisputedly 6S and 78.

Remarkably, when the crystallography was improbable or
impractical, determining the absolute configuration of the cage-
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like architecture of kadcoccinin A (1) creates a significant
challenge. To our delight, a quantum-chemical calculation of
chemical shifts was a very reliable tool in the structural
characterization of complex natural products, and previously,
several typical examples have been reported.*®'? Particularly, the
structural characterization of 1 was difficult because analysis of
1D and 2D NMR spectroscopic data resulted in three possible
structures. Interestingly, these pitfalls can be avoided by utilizing
computational methods, especially in conjunction with the
scrupulous implementation of state-of-the-art NMR experiments
resulting in a final determination of the absolute configuration of
1. Structurally, 1 belongs to a tricyclo[4.4.0.0'°]decane scaffold
characterized by a special bicyclo[3.1.1]heptane moiety, in which
a cyclobutane unit could give rise to a large, long-range spin—spin
coupling (*, 3 & 7 Hz).

The plausible biosynthetic pathway for compounds 1 and 2
was proposed as follows (Scheme 1). Starting from the farnesyl

Scheme 1. Hypothetical Biogenetic Pathway for Compounds
1and2
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pyrophosphate (FPP) by the enzymatic cyclization reactions, the
key intermediate a was generated. Ultimately, the key redox
reactions led to 2, and the vital steps of the Favorskii-like
rearrangement led to C-3—C-10 carbon—carbon bond for-
mation, which created 1.

The cage-like architecture of kadcoccinin A (1) was of great
interest; thus the question of whether 1 was a natural product or
artificial product emerged. By the UPLC-MS/MS analyses
(Figures S1—S3), 1 could be clearly detected from the total crude
extract, suggesting the natural occurrence of 1.

Compounds 1 and 2 were initially tested for cytotoxicity
against HL-60, SMMC-7721, A-549, MCF-7, SW-480, and HeLa
human cancer cell lines with the MTS method as previously
reported.” Unfortunately, neither compound displayed signifi-
cant inhibitory effects against those cells with ICsy > 40 uM.
Additionally, 1 and 2 exhibited weak antifungal effects against F.
oxysporum, G. graminis, and V. cinnabarium (Table S1) with
MIC;y, values ranging from 66.4 to 119.9 ug/mL.

In summary, the research involving the Schisandraceae
sesquiterpenoids is limited, and the most representative example
of this type was (+)-schisanwilsonene A,"" which was completed
by the first enantioselective synthesis. Predictably, the discovery
of the cage-like architecture of 1 will provide new insight into the
Schisandraceae family. Moreover, it is likely to become an
attractive target for synthetic organic chemists in the future.
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