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The structure of periplanone-A was established by X-ray crystallographic analysis. In comparison of
the X-ray and *H NMR data with those of periplanone-B, it was shown that periphanone-A and -B
adopt essentially the same conformation. The epoxy epimer of periplanone-A has 10*-times lower
biological activity than periplanone-A, and NMR analysis indicated that the molecule exists in a
mixture of different conformers. The conformation of the regioisomer, in which the carbonyl and
epoxy groups are transposed, was analysed by X-ray crystallography and 'H NMR spectroscopy. It
is highly biologically active, and the conformation of the germacranoid skeleton was shown to be
almost identical with that of periplanone-A. Simplified analogues and germacrene-D had relatively
lower activity. NOE Experiments on these compounds suggested the conformational resemblance of
their germacranoid skeletons with those of periplanone-A and -B.

Periplanone-A (P-A) and -B (P-B) are the extremely potent sex
pheromones of the American cockroach (Periplaneta americana
L.). Since the isolation of these pheromone components by
Persoons et al.''} in 1974, much attention has been focussed
on the structural determination of the natural pheromones.
Although the structure of P-B was established ? as (1) earlier,
the structure of P-A has long been a matter of discussion among
several groups.3—® Very recently, through the chiral syntheses of
the candidates and their X-ray crystallographic analyses,” the
structure of P-A was shown to be (2), a structure proposed by

Hauptmann et al.*

: G‘@
Periplanone-A (2)

Periplanone-B (1)

Being interested in the unique structural features and
biological activity of these pheromones, we started to
investigate the molecular shapes and structural requirements
for the pheromonal activity. Few studies on substances
pheromonally active toward the American cockroach,!®!!
however, have appeared until now, and no highly active
compound with an activity threshold >10-% that of natural
pheromones was known. Furthermore, because of the well
known flexibility of 10-membered-ring systems of the germa-
crane skeleton,'? it was important to consider the molecular
shapes of the analogues compared with those of the leading
natural pheromones.

In this report, we describe the structural elucidation of P-A
(2) and its epoxy epimer (3), and discuss the conformational
properties and biological activity of periplanones and some
germacranoid analogues} by means of their X-ray crystal-
lographic data and high-field 'H NMR analyses.

t Recently, new pheromone components, periplanone-D, and -D,,
with an activity threshold of 5 x 1072 pug were isolated and identified
from the female American cockroach (M. Biendl, H. Hauptmann, and
H. Sass, Tetrahedron Lett., 1989, 30, 2367).

Results and Discussion

Materials—Natural (—)-enantiomer of P-B (1) was a pure
crystalline solid.?2 P-A (2)* and the epoxy epimer (3)° were
obtained in optically active form by synthesis.® Since our initial
interest in periplanones was the contribution of oxygen-
containing functionalities on the biological activity and con-
formational properties, we employed the compounds (4)+(7)
which were analogues altered at the epoxy and carbonyl groups
of periplanones (1) and (2). Compounds (4){6) were obtained
in chemically and optically pure forms.2,§ The simplest molecule
(7, (—)-germacrene-D,'® was known as a pheromonally active
natural product. All of the compounds possess a common
conjugated diene and isopropyl group in their 10-membered-
ring skeletons as shown by structure (7).

(6) Germacrene-D (7)

Biological Tests.—For the biological evaluations of the
compounds, behavioural 3 and electroantennographic (EAG)

1 The same numbering scheme for the C atoms is employed in this
paper as has been used for P-B by Persoons et al.!

§ The structure of compound (4) was first presented at the 16th
International Symposium on the Chemistry of Natural Products,
IUPAC, Kyoto, May, 1988, (Abstracts, p. 649).
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assays '* were performed. The results are summarized in Table
1. The threshold values of (1), (2), and (7) in behav-
ioural assay were in agreement with those reported in the
literatures.!-16

Conformational Analysis.—Since the conformational proper-
ties of compounds (3)(7) are discussed largely on the basis of
'H NMR analyses in this work, the NMR characterizations of
the leading compound (1) and (2) were prerequisite for these
studies. The 'H NMR data for compounds (1) and (2) and the
analogues (3)—(5) are listed in Tables 2 and 3, respectively.

Periplanone-B (1). The conformational properties of (1) have
been described by Still in his first synthesis of the compound.!?2
Recently, Hauptmann et al. reported the X-ray crystal structure
of (1).'® In an examination of the 500 MHz 'H NMR spectrum
of compound (1) in [2Hg]benzene solution, the coupling-
constant data provided rather poor information on the
conformational properties in solution, except that the large
couplings between 2-H/3-H® (10.2 Hz) and 7-H/8-H® (11.0 Hz)

Figure 1. Stereostructure of periplanone-B (1) and intramolecular 'H
NOE interactions observed in C¢Dg solution.

Table 1. Bioassay data of periplanones and the analogues.

Behavioural test
threshold (ug) EAG response*
P-B(1) 1077 100
P-A(2) 10-5 85
A3 10! 32
@) 10+ 25
Q) 10! 18
6) 1 13
@ 10 11
Control® 8

° Relative intensities at 10-! pg doses to that of P-B (1) (= 100).® Hexane
(1 ub).

Table 2. 'H NMR data (500 MHz) of periplanone-B (1) and -A (2) in C4Dg.
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were due to their anti orientations. However, NOE enhance-
ments were observed among a number of non-coupled pro-
tons on the molecule in the NOESY spectrum as depicted in
Figure 1. The olefinic 6-H signal interacts with those of 3-HP, 8-
H®, and 11-H, and that of 5-H interacts with that of 7-H. As a
relatively large NOE enhancement (6.0%) was observed at 3-H®
on irradiation of the 6-H signal, it reflects their close
intramolecular distance (2.13 A from X-ray data). These results
for the solution conformation of P-B (1) were essentially
consistent with that in the solid state.

Periplanone-A (2) and the epoxy epimer (3). Owing to the
ambiguity of the stereochemistry of the quaternary centre at the
spiro-epoxy group, two structures (2)* and (3),° which are
epimeric at C-10, have been proposed for P-A. To clarify this
point, both of these isomers were synthesized in their optically
active form,* and subjected to precise stereochemical analyses.
The biologically active epimer, of which the NMR spectrum
is identical with that reported by Hauptmann er al,* is a
crystalline compound and the X-ray analysis established the
structure to be (2). Compound (2) crystallized with three
molecules, the shapes of which are essentially identical, in the
asymmetric crystallographic unit-cell. The ORTEP stereo
projections of the three molecules and unit-cell contents are
shown in Figures 2 and 3, respectively.

A computer-aided superimposition of the X-ray structures
(Figure 4) showed that the molecular shape of P-A (2) (molecule
A) apparently overlaps that of P-B (1) except for the absence of
the endo epoxy group at C-1 and -2. A 'H NMR inspection of
compound (2) also shows similar coupling and NOE patterns
with those of P-B (1) (Figure 5). Lack of NOE interactions of
6-H with the 8-H® and 11-H signals is a distinction from the
situation with P-B (1), and indicates the differences in the solu-
tion conformation.

On the other hand, the epoxy epimer (3) exhibits 10*-times
lower biological activity than does P-A (2). In contrast to
compound (2), the NOESY spectrum (Figure 6) was so
complicated that we could not define the conformation of
compound (3). Namely, the signal for 6-H shows cross peaks
to those of 2-, 3-, 3’-, 7-, and 11-, and 5-H interacts with 7-H
and 11-. This spectral feature suggested that the molecule
compound (3) may exist in a mixture of conformers different
from those of P-A (2).

As seen in the crystal structure of P-A (2), the epoxy oxygen
atom is positioned in close contact with 3-H®, 6-H, and 8-H®
ring hydrogens; replacement of the oxygen with a bulky
methylene group as in isomer (3) may cause a severe steric

m (0]
5 Multt. J (Hz) ) Mult. J (Hz)
1 3.84 d 4.0 6.03 d 118
2 2.74 dt 10.2,4.0 5.53 ddd 11.8,11.0,74
38 2.86 dd 12.2,10.2 3.95 brt 11.0
3 2.56 dd 12.2,40 245 dd 11.0,74
5 5.96 d 16.0 6.00 d 16.2
6 5.91 dd 16.0,9.0 6.18 dd 162,110
7 2.05 m 2.11 m
88 235 dd 11.0,9.8 244 dd 11.8,9.6
8* 1.94 dd 9.8,5.7 193 dd 9.6,5.2
11 1.30 m 1.36 m
12 0.72 d 6.9 0.77 d 74
13 0.70 d 6.8 0.73 d 6.6
14 2.63 d 5.7 2.30 d 5.6
14 2.02 d 5.7 2.16 d 5.6
15 4.81 brs 484 brs
15 4.78 brs 4.75 brs
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Table 3. '"H NMR data (500 MHz) of periplanone analogues (3), (4), and (5) in C¢Ds.
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3 @ ®)
& J (Hz) ) Mulit. J (Hz) S Mulit. J (Hz)
1 595 11.2 5.82 12.0 3.03 d 47
2 5.44 11.2,8.6 5.54 12,0, 10,3, 6.6 2.79 ddd 9.9,4.7,3.5
3= 3.16° 12.2,8.6 3.77 12.0, 10.3 2.52 dd 12.7,3.5
38 2.66° 12.2,8.6 248 12.0, 6.6 2.35 dd 12.7,99
S 591 16.5 6.04 16.2 5.66 d 16.2
6 5.59 16.5,8.3 543 16.2,10.5 5.10 dd 16.2,10.3
7 2.06 2.11 1.29 m
8* 2.35¢ 10.0,5.1 2.82 13.6,11.9 2.09 m
88 2.09° 100, 7.4 1.15 13.6,4.8 1.94 brq -12
9 1.85 ddd 16.1,12.5,1.1
9’ 1.64 ddd 16.1,6.5,1.2
11 1.50 1.35 1.29 m
12 0.81 6.6 0.79 73 0.78 d 6.2
13 0.77 6.7 0.77 6.5 0.75 d 6.2
14 2.61 58 227 4.7
14 240 5.8 2.17 47
15 4.80 481 4.76 brs
15 4.76 4.72 4.74 brs

Figure 2. ORTEP drawing of the three independent molecules of periplanone-A (2).
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repulsion. Furthermore, the chiroptical properties® of com-
pound (3) (+ 182°) were quite different from those of P-A (2)

e

st

Figure 3. Crystal-packing diagram of periplanone-A (2) viewed along

Molecule C

Figure 4. Superimposition of the crystal structures of periplanone-A (2)
(filled) and -B (1). Oxygen atoms are shown by large circles.

(—574°). Therefore, we suppose that compound (3) could not

exist in a conformation like that of compound (2).

Compound (4). Compound (4)* was prepared in the course

* The structure of compound (4) was first presented at the 16th
International Symposium on the Chemistry of Natural Products,
IUPAC, Kyoto, May 1988, {Abstracts, p. 649).
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of our synthetic study? of (—)-periplanone-B (1). When the
synthetic intermediate (8) was treated with the sulphonium
ylide prepared from trimethylsulphonium iodide and dimsyl
sodium [MeS(O)CH, Na*], a remarkable side-reaction
occurred to give some abnormal products. Use of butyl-lithium
as base gave an expected bisepoxide (9) in good yield (Scheme).
From the former reaction mixture, we isolated two products,
both of which exhibited significant biological activity. Sur-
prisingly, the minor product was spectroscopically identical
with periplanone-A (2). The structure of the major product,
the biological activity of which is one order of magnitude lower
than that of P-A (2), was established by X-ray analysis to be (4),
a regioisomer of P-A (2) (Figure 7).

As seen in Figure 8, the skeletal conformation of compound
(4) overlaps well with that of P-A (2). An NOE experiment
indicated the conformation of compound (4) in solution (Figure

Figure 5. Stereostructure of periplanone-A (2) and intramolecular 'H
NOE interactions observed in C;Dg solution.
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9). It is noteworthy that a transposition of carbonyl and spiro-
epoxy group did not affect the placements of each oxygen atom
in the molecules.

Compound (5). Compound (5)%!” is a simplified analogue of
P-B (1), which lacks the carbonyl group at C-9 and possesses a
carbonyl group instead of the spiro-epoxy group at C-10, but
still generates activity (threshold 10! pg). In contrast to the
above mentioned compounds, much information concerning
the conformation of this compound was obtained in the NMR
analysis. The assigned alignments of spin-couplings along 2-H
to 3-H, and 7-H to 9-H, and the results of NOE experiments
(Figure 10) clearly showed that compound (5) lay in a similar
conformation to P-B (1) in solution. As an NOE interaction was
observed between 1-H and 9-H*, the carbonyl function at C-10
may be vertical with respect to the ring plane.

Compound (6)>'7 and Germacrene-D (7).'° Each of the
more simplified analogues exhibited a lower activity than did
compound (5). On the elucidation of the "H NMR spectra of
compounds (6) and (7), the multiplicity of signals for the ring
protons is complicated by considerable overlapping and AB-
fusions [NMR data for compounds (6) and (7) are given in
Experimental section]. However, in the spectrum of compound
(6), the signals of the geminal methylenes at C-3 and -8 are well
resolved from other signals. From an analogy with the spectral
features of compound (5), one of the 3-H signals at § 2.55, which
has a large coupling constant with 2-H, was tentatively assigned
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Figure 6. Phase-sensitive 2D NOESY spectrum of compound (3) recorded at 500 MHz in C¢Ds solution, and partial assignments of the cross-peaks;

dispersed cross-peaks between 5-H and 6-H are due to their direct coupling.
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c. o ™S
—_— - @ o+
(8) (4)
\
o OTBS

9

TBS = Bu'Me,Si

Scheme. Reagents: i, Me,SI, MeS(O)CH, Na*, Me,SO-THF; ii,
Me,SI, BuLi, THF.

Figure 7. ORTEP drawing of compound (4).

to that of a P-orientation proton. The signal at & 2.09 was
likewise assignable to 8-H®. On irradiation of the signal due to
6-H, a significant NOE enhancement (5.8%;) was observed for
3-H®, along with weak interactions at the 8-H? (1.4%) and
11-H (1.7%) signals (Figure 10). These spectral features are
characteristic of a conformation like that of compounds (1) and
(5).

Similarly, no coupling data for sp* protons of compound (7)
were obtained because of the more complex multiplicity of the
signals. However, NOE interactions were observed among
some signals of olefinic and methyl protons of compound (7),
as depicted in Figure 11. A transannular NOE interaction
between the methyl at C-10 and the 6-H proton indicated that
the methyl group may be located on the B side of the ring. This
evidence suggested that the molecule (7) may also adopt a
similar conformation to that of the other compounds examined
in this study.

Conclusions

On analysis of the biological activity and structural features
of the periplanones and their analogues, it was seen that the
conformational analogy of the germacranoid skeleton and the
oxygen-containing functionalities must play an important role
in the exhibition of biological activity. The characteristic three-
dimensional locations of the oxygen atoms in the carbonyl and
spiro-epoxy groups on the ten-membered-ring planes may also
be necessary in order to exhibit higher activity. As seen in the
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Figure 8. Superimposition of the crystal structures of periplanone-A
(2) (filled) and compound (4). Oxygen atoms are shown by large circles.

Figure 9. Stereostructure of compound (4) and intramolecular 'H NOE
interactions observed in C4Dyg solution.

case of compound (3), stereochemical restrictions are essential
in the conformational properties of the ten-membered ring.
These findings on biological activity and structural factors
could provide a guideline towards designing useful analogues
for the control of the cockroach insect pest. For molecular
recognition not only the size but also the shape of the
electropotential surface of the molecule is critical. We think that
the conformational assignments of the compounds described in
this study are valuable for possible future studies of the elec-
tronic aspects of periplanones.

Recent electrophysiological studies !® suggested the presence
of two distinct receptor cells for P-A and P-B on an antenna of
the American cockroach. Such a high specificity which can
strictly distinguish these closely analogous molecular shapes
may be a striking character of the receptor cells.

Experimental

General Methods—M.p.s were measured on a Yanagimoto
micro-melting-point apparatus and are uncorrected. IR spectra
were recorded on a JASCO FT/IR-5000 spectrometer. GLC-
MS spectra (70 eV) were run on a JEOL DX-300 spectrometer.
!H NMR (500 MHz) spectra were recorded at 27°C on a
Bruker AM-500 instrument, and were measured in CzDg solu-
tions with Me,Si as internal standard unless otherwise stated.
CDCl; was not used so as to avoid decomposition of the acid-
sensitive substrates during measurement of two-dimensional
(2D) spectra. For the 2D-NOESY and NOE difference spectra
(NOEMULT),!'® Bruker standard software was employed. The
NOESY spectra were obtained in the phase-sensitive mode with
1K x 1K data points. PLC separations were performed on
JASCO 880-PU system equipped with a JASCO 875-UV
detector. Computer-aided superimpositions of X-ray crystallo-
graphic data were performed using the QUANTA™ program.*
Detailed procedures of the biological test and electroantenno-
graphic assay were described in the literature.!3-14

* Copyright Polygen Corporation, 1987, USA.



1774

Table 4. Crystallographic data for P-A (2) and compound (4).

2 (C))
Empirical formula C,sH,,0, C,sH,,0,
Formula weight 23232 232.32
Crystal system monoclinic orthorhombic
Space group P2, P2,2,2,
Cell dimensions
a(A) 14.650(2) 12.3186(8)
b(A) 6.469(2) 16.044(1)
c(A) 21.361(1) 6.8292(5)
B 90.702(8)°
Cell volume (A?%) 2024.5(6) 1349.7Q2)
z 6 4
D, (g cm™) 1.143 1.14
Number of reflections
Measured 3459 (3 313 unique) 1149
Observed [7 > 30(7)] 3005 897
R Ry 0.038, 0.047 0.034, 0.041
125 Hz

!

6.5Hz

10 H
125 29 He’

H
c-7 x_ _1.3Hz

Figure 10. Stereostructure of compound (5) and its 'H NMR spectral
properties (right: coupling constants; left: NOE interactions).

Figure 11. Proposed stereostructures of compound (6) and germa-
crene-D (7), and their NOE interactions.

Materials—Optically pure crystalline (—)-P-B (1) (99.95%
e.e) was obtained by our previous procedure.? A mixture of
P-A (2) and the epoxy epimer (3) was synthesized from (R)-(+)-
cyclohex-3-enecarboxylic acid ([«]h’ +98°) by the procedure
reported by Kuwahara and Mori,® and were separated on
preparative TLC (PLC) (twice). Three recrystallizations gave
pure crystalline compound (2). The oily compound (3) was
further purified on HPLC [column, YMC A-024 SIL (10 x
300 mm); solvent hexane—ethyl acetate (98:2), flow rate 4
ml/min; 7z 25.2 min for (2), 38.2 min for (3)].

Compounds (5) and (6) were the synthetic intermediates in the
synthesis2 of (—)-P-B (1). Compounds (5) and (6) have also
been described by Schreiber and Santini!” in their synthesis of
(+)-(1). Each of these two samples was chromatographically
pure and the optical purity was >98% e.e. However, capillary
GLC-MS analysis of compound (5) showed contamination of a
stereoisomer at the epoxy group. A pure crystalline sample, m.p.
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Table 5. Non-hydrogen atom co-ordinates for compound (2) (e.s.d.s
in parentheses).

Atom x ¥y z
Molecule (A)
o) 0.936 7(2) 0.7917 0.996 0(1)
0(2) 0.8320(2) 0.540 5(6) 1.098 3(1)
C(1) 0.8420(2) 0.920 3(7) 1.075 5(1)
C(2) 0.757 9(2) 0.981 4(7) 1.086 8(1)
C@3) 0.672 3(2) 0.853 8(7) 1.086 4(1)
C4 0.627 2(2) 0.866 3(7) 1.021 6(1)
C(5) 0.675 3(2) 0.7529(7) 0.972 0(1)
C(6) 0.714 6(2) 0.568 9(7) 0.978 4(1)
C(7) 0.778 9(2) 0.471 8(7) 0.933 1(1)
C(8) 0.872 8(2) 0453 9(7) 0.966 8(1)
C©9) 0.898 3(2) 0.659 5(7) 0.995 4(1)
C(10) 0.873 7(2) 0.705 1(7) 1.062 8(1)
C(11) 0.7453(2) 0.261 0(7) 0.908 2(1)
C(12) 0.654 1(2) 0.289 3(8) 0.873 9(2)
C(13) 0.813 7(3) 0.156 8(8) 0.865 6(2)
C(14) 09257(2) 0.588 7(8) 1.1109(1)
C(15) 0.556 3(2) 0.986 3(8) 1.009 8(2)
Molecule (B)
0Q3) 0.642 3(1) 0.925 3(6) 0.603 5(1)
0@4) 0.568 5(1) 1.411 7(6) 0.668 4(1)
C(21) 0.571 4(2) 1.302 2(7) 0.555 6(1)
C(22) 0.488 0(2) 1.343 1(7) 0.634 4(1)
C(23) 0.401 4(2) 1.369 4(7) 0.570 9(1)
C(24) 0.3522(2) 1.163 9(7) 0.576 3(1)
C(25) 0.392 7(2) 1.013 7(7) 0.620 1(1)
C(26) 0.4359(2) 1.060 7(7) 0.673 7(1)
C(27) 0.492 5(2) 0.916 6(7) 0.712 0(1)
C(28) 0.593 7(2) 0.989 6(7) 0.708 O(1)
C(29) 0.6153(2) 1.050 2(7) 0.641 8(1)
C(30) 0.602 5(2) 1.2739(7) 0.621 5(1)
C(@31) 0462 1(2) 0.902 9(8) 0.780 5(1)
C(32) 0.5209(3) 0.752(1) 0.818 1(2)
C(33) 0.362 5(3) 0.841(1) 0.784 3(2)
C(34) 0.662 9(2) 1.427 8(7) 0.652 0(2)
C(35) 0.282 3(2) 1.1159(7) 0.5397(2)
Molecule (C)
0o(5) —0.044 5(1) 0.441 3(6) 0.460 8(1)
O(6) 0.147 1(1) 0.677 0(5) 0.383 7(1)
C(41) 0.113 3(2) 0.298 5(7) 0.396 9(1)
C(42) 0.129 4(2) 0.2259(7) 0.339 9(1)
C(43) 0.1328(2) 0.343 1(7) 0.279 0(1)
C(44) 0.039 3(2) 0.327 1(7) 0.246 8(1)
C(45) —0.034 6(2) 0.446 7(7) 0.276 4(1)
C(46) —0.0249(2) 0.629 7(7) 0.303 6(1)
C(47) —0.091 6(2) 0.736 3(7) 0.345 4(1)
C(48) —0.043 9(2) 0.767 9%(7) 0.409 8(1)
C(49) —0.001 8(2) 0.567 2(7) 0431 1(1)
C(50) 0.096 6(2) 0.516 9(7) 0.415 6(1)
C(51) —0.127 5(2) 0.941 1(7) 0.317 7(1)
C(52) —0.187 1(3) 0.895 6(9) 0.260 1(2)
C(53) —0.179 6(2) 1.071 8(7) 0.364 1(2)
C(54) 0.167 5(2) 0.638 2(7) 0.449 0(1)
C(55) 0.024 7(2) 0.197 9(7) 0.200 1(2)

52-53°C, [«]3° —378° (c 0.533, hexane), was obtained on
HPLC purification [column, YMC A-012 SIL; solvent hexane—
ethyl acetate (96:4), flow rate 1.0 ml/min; 7z 27.4 min for (5); 7,
32.3 min for the isomer of (5)].

Germacrene-D (7), isolated from ylang-ylang essential oil,
was a gift from Dr. Y. Takagi of T. Hasegawa Inc.; the chemical
purity was 98%; as judged by GLC.

The Formation of P-A (2) and of Compound (4)—A solution
of sodium methylsulphinyl carbanion (1.0m; 0.1 ml) in dry di-
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Table 6. Bond lengths (A) involving the non-hydrogen atoms for
compound (2) (e.s.d.s in parentheses).
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Table 7. Bond angles (°) involving the non-hydrogen atoms for com-
pound (2) (e.s.d.s in parentheses).

Bond Distance Bond Distance Angle Angle
0O(1)-C9) 1.205(4) C(26)-C(27)  1.486(5) C(10)-0(2)-C(14)  62.0(2) C(30)-C4)-C(34)  62.0(2)
0(2)-C(10) 1.437(4) C(27-C(28)  1.559(4) O(2)-C(10}-C(14)  58.9(2) O(4)-C(30)-C(34)  59.0(2)
0(2)-C(14) 1.435(4) C(27-C(31)  1.538(4) O(2)-C(14)-C(10)  59.0(2) O(4)-C(34)-C(30)  59.02)
C(1)-C(2) 1.319(5) C(28)-C(29)  1.506(4) O(1)-C(9}-C(8) 122.03) 0(3)-C(29)-C(28) 122.1(3)
C(2}-C(3) 1.501(5) C(29)-C(30)  1.522(5) O(1)-C(9}-C(10)  118.3(3) 0(3)-C(39}-C(30) 118.7(3)
C(3)-C(4) 1.529(4) C(30)-C(21)  1.485(4) C(2)-C(1)-C(10)  127.3(3) C(22)-C(21)-C(30) 128.3(3)
C(4)-C(5) 1.475(4) C(30)-C(34)  1.479(5) C(1)-C(2-C(3) 128.1(3) C(21)-C(22)-C(23) 128.6(3)
C(4)-C(15) 1.319(5) C(31)-C(32)  1.527(6) C(2-C(3}-C(4) 109.1(3) C(22)-C(23)-C(24) 110.1(3)
C(5)-C(6) 1.329(5) C(31)-C(33)  1517(5 C(3)-C@)-C(15)  122.3(3) C(23)-C(24)-C(35) 121.9(3)
C(6)-C(7) 1.497(4) O(5)-C(49) 1.211(4) C(5)-C(4}-C(15)  122.5(3) C(25)-C(24)-C(35) 121.8(3)
C(7C(8) 1.550(4) O(6)-C(50) 1.435(4) C(3)-C4)-C(5 1149(3) C(23)-C(24)C(25) 116.1(3)
C(1-C(11) 1.541(5) O(6)-C(54)  1.445(4) C(4)-C(5)-C(6) 125.5(3) C(24)-C(25)-C(26) 125.4(3)
C(8)-C(9) 1.509(5) C@a1)-C(42)  1329(4) C(5)-C(6)-C(7) 125.8(3) C(25)-C(26)-C(27) 125.1(3)
C(9)-C(10) 1.516(4) C(42)-C(43)  1.506(4) C(6-C(T-C(11)  113.2(3) C(26)-C(27)-C(31) 113.2(3)
C(10}-C(1) 1.494(5) C(43)-C(44)  1.529(4) C(8)-C(T-C(11)  111.8(3) C(28)-C(27)-C(31) 110.8(3)
C(10)-C(14)  1.479(5) C(44)-C(45)  1478(4) C(6)-C(7)-C(8) 107.0(2) C(26)-C(27)-C(28) 107.8(3)
CO1)-C(12)  1.528(5) C(44)-C(55)  1318(5) C(7)-C(8)-C(9) 109.6(3) C(27)-C(28)-C(29) 109.9(2)
C(11}-C(13)  1.520(5) C(45)-C(46)  1.325(5) C(8)-C(9}-C(10)  119.7(3) C(28)-C(29)-C(30) 119.2(3)
0(3)-C(29) 1.218(4) C(46)-C(47)  1.500(4) OQ)-C(10}-C(1)  117.6(3) 0O(4)-C(30)-C(21)  118.7(3)
0O(4)-C(30) 1.435(4) C(47)-C(48)  1.548(4) O(2)-C(10)-C(9)  116.8(3) C(4)-C(30)-C(29) 115.8(3)
0(4)-C(34) 1.436(4) C@Ty-C(51)  1.541(5) C(1)-C(10)-C(9)  1156(3) C(21)-C(30)~-C(29) 115.0(3)
C(21)-C(22)  1.325(4) C(48)-C(49)  1.506(5) C(1)-C(10)-C(14)  120.5(3) C(21)-C(30)-C(34) 120.7(3)
C(22)-C(23)  1.507(4) C(49)-C(50)  1.519(4) C(9)-C(10)-C(14)  1158(3) C(29)-C(30)-C(34) 116.3(3)
C(23)-C(24)  1.517(5) C(50)-C(41)  1.490(5) C(T-C(11)-C(12)  109.4(3) C@QT-C31)-C(32) 111.7(3)
C(24)-C(25)  1.470(5) C(50)-C(54)  1.478(4) C(T)-C(11)-C(13)  1129(3) C(27»-C(31)-C(33) 110.9(3)
C(24)-C(35)  1318(5) C(51)-C(52) 152905 C(12)-C(11)~C(13) 1102(3) C(32)-C(31)-C(33) 109.8(4)
C(25)-C(26)  1.336(4) C(51)-C(53)  1.516(5) C(50)-O(6)-C(54)  61.4(2) C(46)-C(47)-C(51) 112.9(2)
O(6)-C(50)-C(54)  59.2(2) C(48)-C(4T)-C(51) 112.0(3)
O(6)-C(54)-C(50)  59.4(2) C(46)-C(47)-C(48) 107.4(2)
. . . 121.8(3 C4 .53
mett!yl sulphoxide (_DMSO)_ was added toa stirred suspension 85%83%88 1 17_98 CE4Z§8§§8(9); i(2)(9)§8
furan (THF) (1:1; 2 ml) at 0 °C under Ar, and the mixture was  C(41)-C(42)-C(43) 128.4(3) 0(6)-C(50)-C(49) 116.2(3)
stirred for 5 min. Then a solution of compound (8) (17.0 mg) in C(42)-C(43)-C(44) 108.5(3) C(41)-C(50)-C(49) 114.9(3)
dry THF (0.3 ml) was added to the mixture at —10°C. After  C(43)-C(44)-C(55) 121.2(3) C(41)-C(50)-C(54) 121.1(3)
being stirred at between — 10 and 0 °C for 15 min, the reaction C(45)-C(44)-C(55) 122.9(3) C(49)-C(50)-C(54) 116.4(3)
mixture was quenched with saturated aq. NH,Cl and extracted gzﬁgs‘;ggﬁg i ggg; gg;ggiggg; }(328;
twice with hexane. The organic phase was washed successively C(45)-C(46)C(4T) 127203) CiSH-CBI-C(3) 110303

with water and brine, and concentrated. The concentrate was
chromatographed over silica gel (Mallinckrodt SilicAR CC-
7™ 2 g) to remove polar products and the fractions eluted with
hexane—ethyl acetate (95:5-9:1) were combined. TLC analysis
showed several components along with the unchanged com-
pound (8) and traces of compound (9). The two major
components were isolated from the crude products on HPLC
[column YMC A-012 SIL; solvent hexane-THF (99:1), flow
rate 3.0 ml/min; #g 3.6 min for (2) (1.4 mg); tx 5.8 min for (4)
(5.2 mg)]. Upon evaporation of the solvents, both of these
two products crystallized readily, and recrystallizations from
pentane—di-isopropyl ether gave pure samples.

Compound (4). This showed m.p. 110-110.5 °C; [«]3® —97.9°
(c 0.034, hexane). The full assignment of 500 MHz 'H NMR
data in [?Hg]benzene solution are listed in Table 3; v,,,,(KBr,
film) 3 070w, 2 975m, 2 920m, 2 869m, 1 679s, 1 653m, 1 622s,
1612s, 1460m, 1391m, 1082m, 982s, 920s, 905s, 781s, and
761s cm™; m/z 232 (M*, 0.5%), 203 (0.8), 201 (1.4), 189 (7),
171 (11), 159 (16), 143 (31), 131 (32), 105 (74), and 91 (100).

'H NMR Data for Compound (6) and Germacrene-D (7).—
Compound (6) 8 2.28 (2 H, AB-m, 1-H), 1.86 (1 H, m*, 2-H), 1.20
(1H,m,2-H’),2.55(1 H,dt,J4.6, ~ 12.6 Hz, 3-H),2.00(1 H,ddd,J
12.6,5.7,1.8 Hz,3-H’),5.90(1 H,d, /159 Hz,5-H),5.24(1 H,dd,J
15.9,10.4 Hz,6-H), 1.46 (1 H,m,7-H),2.09 (1 H,m, 8-H), 1.57 (1 H,
m, 8-H’),1.91 (1 H,m*,9-H),1.88 (1H,m*,9-H"),1.32(1 H,m, 11-
H),0.80(3H,d,J6.7Hz,12-H;),0.78 3H,d,J6.7Hz, 13-H;),4.85
(1H,brs,15-H),and 4.82 (1 H, brs, 15-H") (* overlapped signals).

Compound (7). 8 5.17 (1 H, m, 1-H), ~2.3 (2 H, m, 2-H,),

~20(2H, m, 3-H,), 5.75 (1 H, d, J 15.8 Hz, 5-H), 5.25 (1 H, dd,
J 158,99 Hz, 6-H), ~1.9 (1 H, m, 7-H), ~1.25 (2 H, m, 8-H,),
~22 (2 H, m,9-H,), ~1.3 (1 H,m, 11-H),0.88 3 H, d, J 6.7 Hz,
12-H,), 0.84 (3 H, d, J 6.8 Hz, 13-H,), 1.45 (3 H, br s, 14-H,),
493 (1 H, brs, 15-H), and 4.79 (1 H, br s, 15-H’).

X-Ray Crystal Structure Analysis of Compound (2)—A
colourless, needle-shaped crystal of compound (2) having
dimensions of 0.60 x 0.12 x 0.05 mm was mounted on a glass
fibre at a temperature of —120 + 1°C. An experiment at
room temperature resulted in sublimation of the crystal. Data
collection was made on a Rigaku AFCSR diffractometer with
graphite-monochromated Cu-K, radiation and a 12 kW
rotating anode generator. The crystallographic data for
compound (2) are summarized in Table 4. The structure of
compound (2) was solved by direct methods using SHELX-86 2°
and DIRDIF?! programs. The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included in the
structure factor calculations in idealized positions (dc_y; 0.95 A),
and were assigned isotopic thermal parameters which were 209/
greater than the B, ,;,-value of the atom to which they were
bonded. The final cycle of full-matrix least-squares refinement
converged with unweighted and weighted agreement factors
of R = E||F,) — |FJ[/EIF); Ry = {[Ew(F.] — |F)*/EwF, 2]},
The standard deviation of unit weight was 1.48. The weighting
scheme was based on counting statistics and included a factor
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Table 8. Non-hydrogen atom co-ordinates for compound (4) (es.d.s
in parentheses).

Atom x y z

o(1) 0.721 0(2) 0.5950(2) 0.754 4(5)
0(2) 0.500 9(2) 0474 1(1) 0.526 1(4)
C(1) 0.643 8(2) 0.587 1(2) 0.417 8(6)
C(2) 0.642 4(3) 0.663 6(2) 0.347 5(7)
C@3) 0.439 6(3) 0.741 1(2) 0.462 7(7)
C@4) 0.518 5(3) 0.7577(2) 0.463 7(5)
C(5) 0.452 9(3) 0.697 6(2) 0.575 7(5)
C(6) 0.476 2(3) 0.668 0(2) 0.751 3(5)
C() 0.420 8(3) 0.5959(2) 0.850 6(5)
C(8) 0.503 9(3) 0.5237(2) 0.871 5(6)
C9) 0.565 3(3) 0.505 7(2) 0.686 9(5)
C(10) 0.653 0(3) 0.565 8(2) 0.628 2(6)
C(11) 0.370 9(3) 0.619 9(2) 1.048 9(5)
C(12) 0.321 5(4) 0546 7(3) 1.156 8(7)
C(13) 0.287 8(4) 0.689 2(2) 1.020 4(8)
C(14) 0.579 8(4) 0419 1(2) 0.614 8(7)
C(15) 0.474 6(4) 0.817 8(2) 0.357 9(6)

Table 9. Bond lengths (A) and angles (°) involving the non-hydrogen
atoms for compound (4) (e.s.d.s in parentheses).

Bond length
O(1)-C(10) 1.221(4) C(5)-C(6) 1.322(5)
0(2)-C(14) 1.445(5) C(6)-C(D 1.505(4)
0(2)-C(9) 1.446(4) C(7-C(11) 1.537(5)
C(1)-C(2) 1.317(5) C(7)-C(8) 1.551(5)
C(1)-C(10) 1.483(5) C(8)-C(9) 1.498(5)
C(2-C(3) 1.498(5) C(9)-C(14) 1.485(5)
C(3)C4) 1.516(5) C(9)-C(10) 1.503(5)
C(4)-C(15) 1.320(5) C(11)-C(12) 1.513(5)
C(4)-C(5) 1.473(4) C(11)-C(13) 1.524(6)
Bond angle
C(14)-0(2)-C(9) 61.8(2) C11D-C(T)-C(8) 111.7(3)
O(2)-C(9-C(14) 59.1(2) C(T-C(8C(9) 113.5(3)
0O(2)-C(14-C(9) 59.1Q2) O(2)-C(9-C(8) 115.53)
C(2}-C(1)-C(10) 124.5(4) O(2)-C(9-C(10)  114.6(3)
C(1)-C(2C3) 125.7(4) C(14)-C(9)>C(8) 121.4(3)
C(2}C(3C4 109.5(3) C(14)-C(9-C(10) 115.2(3)
C(15)-C(4)-C(5) 122.5(3) C(8)-C(9)-C(10) 117.6(3)
C(15)-C(4)-C(3) 122.0(4) O(1)-C(10)-C(1)  122.8(4)
C(3)-C(4)»-C(5) 115.33) O(1)-C(10-C(9)  119.0(3)
C(4)-C(5-C(6) 126.0(3) C(1)-C(10)-C(9) 118.1(4)
C(5)-C(6)}-C(7) 125.9(3) C(12)-C(11)-C(13) 111.0(4)
C(6)y-C(7-C(11) 112.7(3) C(12-C(11)-C(7) 113.3(3)
C(6)-C(7-C(8) 108.4(3) C(13-C(11)-C(7) 109.8(3)

(p = 0.03) to downweight the intense reflections. Non-hydrogen
atomic co-ordinates are listed in Table 5, and bond lengths
and angles of the non-hydrogen atoms in Tables 6 and 7,*
respectively.

X-Ray Molecular Structure Analysis of Compound (4)—A
colourless parallelepiped crystal of compound (4) having
dimensions of 0.15 x 0.20 x 040 mm was mounted on a

* Non-hydrogen atom thermal parameters and hydrogen atomic co-
ordinates calculated assuming ideal geometries have been deposited at
the Cambridge Crystallographic Data Centre. For details see section
5.6.3 of the Instructions for Authors, J. Chem. Soc., Perkin Trans. 1, in
the January issue.

+ Non-hydrogen atom thermal parameters and hydrogen atomic
co-ordinates have been deposited at the Cambridge Crystallographic
Data Centre.

J. CHEM. SOC. PERKIN TRANS. 1 1990

glass fibre. The data were collected at 23 + 1 °C on a Rigaku
AFCS5R diffractometer with graphite-monochromated Cu-K,
radiation and a 12 kW rotating anode generator. The
crystallographic data for compound (4) are summarized in
Table 4. The structure of compound (4) was solved by direct
methods using DIRDIF and MITHRIL 22 programs. The non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were refined with assigned isotropic thermal parameters which
were greater than the B,,,,-value of the atom to which they
were bonded. The final cycle of full-matrix least-squares refine-
ment converged with unweighted and weighted agreement
factors of R =Z||F| — |FJ/ZIF); R, = {[Ew(F,| —
IF)?/ZwF,2]}%. The standard deviation of unit weight was
1.18. The weighting scheme was based on counting statistics
and included a factor (p = 0.05) to downweight the intense
reflections. Non-hydrogen atomic co-ordinates were given in
Table 8, and bond lengths and angles of the non-hydrogen
atoms are in Table 9.}
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