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Treatment of the germacrane ketone 8-dehydro-12-O-
methyl-deacylhallerin (2) with bases under conditions of
thermodynamic enolization resulted in complete epimeriz-
ation at the adjacent carbon atom C-7, with formation of 3.
The conformational features of the epimeric ketones 2 and 3
were investigated by X-ray crystal structure analysis, NMR
spectroscopy, molecular mechanics and dynamics simula-
tions and ab initio calculations. While 2 showed temperature-

insensitive sharp 'H NMR signals, its epimer 3 showed only
broad lines. These spectral features suggest that 2 is monoro-
tameric, while 3 is a mixture of different conformers, as was
verified by molecular mechanics and dynamics calculations.
Upon UV irradiation, 2 underwent isomerization at the C1-
C10 double bond, while 3 was unreactive.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Germacranes are a group of sesquiterpenoids charac-
terized by cyclodecane rings. Over 800 different compounds
of this type have been isolated from plants, liverworts, in-
sects and marine organisms, testifying to the relevance of
this skeleton in natural products.! The biogenesis of germ-
acranes is in principle simple, involving only the head-to-
tail cyclization of farnesyl pyrophosphate. Nevertheless,
germacrane derivatives are the precursors of a multitude
of polycyclic terpenoid skeletons, formed through different
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[1] And it seems to me you lived your life
Like a candle in the wind
(“Candle in the wind”, Elton John)
We dedicate this paper to the memory of Anna, whose recent
death at the tragically early age of 33 came as a profound shock
to her friends and colleagues. Anna was a lively and engaging
young woman, dynamic, generous and life-loving. She was a
committed, hard-working student, when she undertook the re-
search described in this paper, which constitutes the substance
of her master’s thesis.
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rearrangements of their medium-sized rings.[”! These re-
arrangements are mediated by the formation of cationic in-
termediates, readily generated by treatment of germacrane
olefins with acidic and/or electrophilic reagents.>* Much
less is known about the anionic rearrangements of this type
of compounds,P! as well as about their photochemical be-
haviour.[”] To complement previous studies on the cationic
rearrangements of medium-sized terpenoids,®°- 111 we have
now investigated the behaviour of the enone 2 toward bases
and light, supporting the experimental results with X-ray
crystal structure data and theoretical molecular dynamics
(MD) and quantum chemical calculations.

Results and Discussion

The presence of a ketone carbonyl group was viewed as
critical for induction of anionic and photochemical behav-
iour. Ketone 2 emerged as a suitable substrate because of
its availability in multigram amounts by modification of the
natural product hallerin (1)1 and the presence of the re-
active 1,4-diene system.

OCH,

Enolization of 2 with LDA at —-80 °C and subsequent
protonation resulted in the recovery of the starting material,
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presumably as the product of enolization at the less substi-
tuted C-9 carbon atom and formation of a dienolate that
was reprotonated without any rearrangement (Scheme 1).
Conversely, treatment with sodium methoxide at room
temp., afforded the C-7-epimeric derivative 3, as the result
of enolization at the more substituted carbon atom (C-7)!!%!
(Scheme 1). This suggests that the 7p-H configuration of 3
is preferred over that of 2, as was backed up by ab initio
calculations of the ground-state energies of the two stereo-
isomers (vide infra).

Remarkably, a C-8 carbonyl group is present in the very
few 7B-H germacrane derivatives reported so far (8-oxocos-
tunolidel'*! and kurdionel'¥), suggesting that they might be
isolation artefacts.

Both 2 and 3 gave crystals suitable for X-ray diffraction
analysis, and their X-ray molecular structures are shown in
Figures 1 and 2, together with their labelling scheme.

Figure 1. ORTEP plot of the crystal structure of epimer 2 with the
atom labelling scheme and anisotropic thermal ellipsoids drawn at
the 20% probability level.

Figure 2. ORTEP plot of the crystal structure of epimer 3 with the
atom labelling scheme and anisotropic thermal ellipsoids drawn at
the 20% probability level.

In both compounds the two allylic methyl groups C14
and CI15 are syn on the a-face of the diterpene system.
Bond lengths and angles do not have abnormal values, but
some angles show rather large differences between 2 and 3:
the 6° difference in the C8-C7-C11 bond angle may thus
be a consequence of the different arrangement around C7,
while the even larger difference (6.9°) in the C8-C9-C10
angle is probably due to the opposite orientation (on the 3-
face in 2 and on the a-face in 3) of the ketone oxygen atom
O3 with respect to the mean plane through the 10-mem-
bered ring. Table 1 lists the values of the torsion angles of
the 10-membered rings of 2 and 3 and compares them with
those of methylhallerin, in which C-8 is tetrahedral.l'” The
conformation in 2 is quite similar to that of methylhallerin.
As would be expected, the largest differences relate to the
torsion angles involving C7. The fairly large variability of
the geometrical parameters indicates that these compounds
are endowed with a certain degree of flexibility, as is sup-
ported by the size of the thermal ellipsoids in Figures 1 and
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2. In Figure 1 we may note that all three oxygen atoms in
2 are directed towards the B-face of the cyclic core, with
relatively short O-O nonbonded distances, while in 3 the
oxygen atoms point in opposite directions and are rather
distant (Table 2). This might be one of the factors contrib-
uting to the greater stability of 3 with respect to 2.

Table 1. Comparison of the torsion angles of the 10-membered
rings in 2, 3 and in methylhallerin.['%!

Torsion angle [°] 2 3 Methylhallerin
C9-C10-C1-C2 -161.2 -162.1 -162.4
C10-C1-C2-C3 99.0 110.2 92.8
Cl1-C2-C3-C4 -54.3 —41.0 -56.1
C2-C3-C4-C5 87.5 97.0 84.9
C3-C4-C5-C6 -162.9 -153.1 -163.4
C2-C3-C4-Cl4 -84.6 ~73.7 -88.0
C4-C5-C6-C7 104.3 100.5 114.9
C5-C6-C7-C8 30.0 -88.4 25.7
C6-C7-C8-C9 ~-111.4 122.6 -97.7
C7-C8-C9-C10 62.4 -92.0 55.8
C8-C9-Cl10-Cl 72.5 87.8 81.7
C8-C9-C10-C15 -104.3 -85.6 -95.1

Table 2. Comparison of the O++O nonbonded distances in the crys-
tal structures of 2 and 3.

Distance [A] 2 3

01--02 2.29 2.31
0103 3.23 4.08
0203 3.89 5.17

UV irradiation of 2 afforded a complete (E) — (Z) isom-
erization of the C1-C10 double bond, with formation of 4.
Comparison of the NMR spectra of 2 and 4 shows large
differences in the chemical shift of the allylic methyl group
Cl4: in the (Z) isomer the carbon atom resonates at lower
fields (0 = 25.66 ppm) than in the (E) isomer (0 =
16.90 ppm). Since methylhallerin!!?! was stable upon UV ir-
radiation, the C=0 group must be involved in the reaction.

o)

Scheme 2.
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Apart from antenna effects, two mechanisms may be pro-
posed for the isomerization (Scheme 2): a Norrish I frag-
mentation or a di-t-methane rearrangement. Remarkably,
no isomerization to 5 took place (Scheme 1) when 3 was
irradiated with UV light.

Compounds 2 and 3 show very different 'H NMR fea-
tures. While the signals of 2 are sharp and unaffected by
temperature changes, those of 3 show temperature-depend-
ent broadening, suggesting that 2 is monorotameric in solu-
tion, while 3 has a greater conformational mobility and is
a mixture of rotamers.

In order to obtain estimates of the relative stabilities of
the four isomers 2, 3, 4 and 5, we performed some DFT
calculations at the B3LYP/6-31G(d,p) level, and their re-
sults are given in Table 3. For isomers 2 and 3 the confor-
mations found in the X-ray structures were indicated as the
most stable ones by conformational searching (vide infra)
and were used for the quantum chemical calculations. We
then also employed the most stable conformers found by a
molecular mechanics search for the ab initio calculations on
isomers 4 and 5, for which no crystal structures were avail-
able. The reported values of the energy differences clearly
indicate that the 7o epimer 3 is more stable than the 7
epimer 2, thus implying that the complete epimerization re-
action by treatment of the natural 7§ epimer 2 with strong
bases gives a significantly more stable compound. The pho-
toisomerization reactions — 2 — 4 and 3 — 5 — do not
produce appreciable energy changes and Kkinetic factors
must play a role: the less stable epimer 2, when irradiated
with UV light, undergoes the isomerization reaction to 4,
while the more stable epimer 3 would require too high an
activation energy for the photoisomerization to occur.

We next carried out a systematic conformational search
on the two epimers 2 and 3 in an attempt to explain the
differences in their NMR spectra. The search was per-
formed with use of the SYBIL force-field!"*! and the Osawa
method,['® as implemented in the molecular mechanics
module of Spartan,['” and the most stable conformers (rela-

OCH,
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Table 3. Energies of the four isomers computed at the B3LYP/6-
31G(d,p) level and relevant energy differences (1 Hartree =
2625.5 kJmol™).

Isomer Energy [Hartree] AE [kJmol ]
2 -849.801025 E;— E,=-153
3 -849.806863 -

4 -849.801140 E,— E,=-03
5 -849.808207 Es— E3;=-35

tive energy < 8 kJ-mol '['®)) were analysed for both epimers.
The values of the four most flexible torsion angles — w; =
C1-C2-C3-C4, m, = C2-C3-C4-Cl14, w; = C15-C10-C9—
C8 and w4 = C6-C7-C8-03 — were considered and they

8 kJ-mol™! threshold) conformers of the 7a epimer 3 (conf-
3a, conf-3b, conf-3c, conf-3d), w, does not change signifi-
cantly, while the three other torsion angles w;, w, and w3
all assume two possible values (—48° < w; < +45°, -94° <
wy, < +93° -79° < w3 < +117° see bold characters in
Table 4). The two methyl groups in 3 can therefore reside

Table 4. Results of the conformational search carried out with the
SYBIL forcefield!">! on epimers 2 and 3 in terms of relative stability
and relevant torsion angles (w; = C1-C2-C3-C4, w, = C2-C3-
C4-Cl14, w3 = CI15-C10-C9-C8 and w4 = C6-C7-C8-03). Bold
figures represent variations from the X-ray structures (conf-2a and
conf-3a, respectively). Only the conformers with a relative stability
within 8 kJ-mol! are reported.

are reported in Table 4. It turns out that in the case of the Conformer AE ol 02 o3 o4
7B epimer 2 the three low-energy conformers show similar [kImol '] [°] [°] [°] [°]
values of the tprsion angles @, and m,, while @3 and wscan  Epimer  conf-2a 0.0 50 -93 _108 88
assume two different values (bold characters in Table 4). It 2
may therefore be deduced that this epimer can assume three conf-2b 4.2 =26 82 79 71
geometrically distinct stable conformations (conf-2a, conf- conf-2¢ 6.7 -0 95 =50 110
o L o
.Zb, c0nf-2.c). within the 8 kJ-mol ' threshold, differing only Epimer  conf-3a 0.0 48 94 56 936
in the positions of the methyl group C15 or of the carbonyl 3
group (Table 4), with a dominant population of the most conf-3b 4.2 22 8 79 673
stable conformer conf-3a, very similar to the X-ray struc- conf-3¢ 6.3 25  -79 17 662
ture. On the other hand, in all four stable (again within the conf-3d 71 45 9 12 6l
@)
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Figure 3. Molecular dynamics simulations: (1) scan of w; (defining the C14 methyl group orientation) for epimer 2; (2) scan of w; for
epimer 3; (3) scan of w4 (defining the carbonyl group orientation) for epimer 2; (4) scan of w, for epimer 3.
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either on the a- or on the B-face, while the carbonyl group
is always on the o-face. Also in this case the most stable
conformer conf-3a (very similar to the X-ray structure) has
a prevailing population, but all other conformers together
account for one fourth of the total population. These other
conformers are significantly different from conf-3a, in par-
ticular in the positions of the two methyl groups. We may
therefore conclude that, in keeping with the NMR results,
epimer 3 has a greater conformational variability than 2.

To provide information on the energy barriers separating
the different conformers in Table 4 we carried out two 5 ns
MD runs at 800 K on 2 and 3. These unusually high tem-
peratures (at which 2 and 3 would certainly decompose)
were chosen to obtain an exhaustive sampling of their con-
formational space in a reasonable CPU time (see Exp. Sect.
for more details). The results were analysed by representing
the distributions of the values of the torsion angles w;, w,,
w3z and w, during the simulations (Figure 3). These four
torsion angles uniquely define the conformation of the ger-
macrane 10-membered ring.

During the 5ns simulation on epimer 2, mobility was
observed only around torsion angles w4 (Figure 3, plot 3),
resulting in a flip-flop motion of the carbonyl group. The
remaining larger part of the 10-membered ring proved
rather stiff, with the methyl groups C14 and C15 always on
the B-face (Figure 3, plot 1 for w,), as in the X-ray struc-
ture. In the MD simulation on epimer 3, the carbonyl group
does not show a significant mobility (Figure 3, plot 4 for
w4), probably because it is in the most stable position, far
away from the other two oxygen atoms, as indicated by the
ab initio calculations. Conversely, the remaining section of
the 10-membered ring is flexible and the two methyl groups
C14 and CI15 can also move to the a-face (Figure 3, plot 2
for w,).

Because of the constraints imposed by the ring closure,
the motions of all torsion angles in the larger part [C6-C5-
C4(C14)-C3-C2-C1-C10(C15)-C(9)] of the 10-membered
ring of 3 are mutually dependent. As a result, this moiety
is flexible and can assume different conformations. In con-
trast, as seen earlier, the 10-membered ring of 2 is rather
stiff, and only a limited flip-flop motion of the carbonyl
group is permitted. These conclusions are in keeping with
the results of the conformational search, and can explain
the differences in peak widths observed in the NMR spectra
of 2 and 3. It is worth noting that the greater mobility of
the 10-membered ring of 3 is also consistent with the large
and highly anisotropic atomic displacement parameters in
the crystal structure shown in Figure 2.

Conclusions

Germacrane derivatives are endowed with a remarkable
capacity for generating chemical diversity. Thus, provided
that an enolizable carbonyl group is present, their well-es-
tablished cationic chemistry can be complemented by reac-
tions involving anionic and photochemical transformations,
setting the stage for the preparation of structurally diverse
libraries of unnatural natural products.[']
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X-ray diffraction, NMR spectroscopy and theoretical
calculations allowed an exhaustive analysis of the confor-
mational and dynamical features of these medium-sized
ring molecules.

Experimental Section

General Conditions: Gravity column chromatography was carried
out on Merck silica gel (70-230 mesh); reactions were monitored
by TLC on Merck 60 F254 plates, with viewing under UV light at
254 nm, or with 5% H,SO, and heating on a hot surface. Melting
points were determined with a Biichi SMP 20 apparatus, and are
uncorrected. Optical rotations were determined with a Perkin—El-
mer 141 polarimeter. IR spectra were obtained with a Perkin—El-
mer 257 spectrometer; mass spectrometric data were obtained with
a Finnigan LCQ Advantage MS 1.4 spectrometer, fitted with the
Xcalibur 1.4 software. 'H and '3C NMR spectra were recorded
with a 400 MHz JEOL spectrophotometer; the spectra were re-
corded in CDCl; solutions with use of the chloroform signals at &
= 17.26 and 77.1 ppm, respectively, as reference; coupling constants
are given in Hz.

Treatment of 2 with LDA: A solution of 2 (100 mg, 0.38 mmol) in
dry THF (1 mL) was slowly added dropwise to a THF solution of
lithium diisopropylamide (0.62 mmol, 1.6:1 molar ratio), and the
mixture was stirred in a dry CO,/acetone bath (=78 °C) for 45 min.
The reaction was next quenched by the addition of water and al-
lowed to warm to room temp. After extraction with CH,Cl,, drying
(Na,SO,) and concentration, 2 (89 mg) was recovered as the only
reaction product.

Treatment of 2 with Sodium Methoxide: Ketone 2 (201 mg,
0.76 mmol) was dissolved in sodium methoxide (2N, 10 mL), and
the mixture was stirred at room temp. for 12 h. The reaction was
then quenched with satd. aq. NH,4Cl and worked up by extraction
with CH,Cl,, drying (Na,SO,) and concentration. Purification by
column chromatography (eluent: hexane/ethyl acetate, 3:1), af-
forded crude 3, which was recrystallized from acetone at 0 °C to
afford crystals (80 mg, 40%).

7-epi-8-Deacyl-8-dehydro-methylhallerin (3): M.p. 42 °C (acetone).
[a]¥) = +58 (¢ = 0.83, CH,Cl,). 'H NMR (CDCl;): § = 5.15 (br. d,
J=11.5Hz, 1 H, 1-H), 4.96 (br. d, J = 9.8 Hz, 1 H, 5-H), 4.79 (t,
J=9.8Hz, 1 H, 6-H), 4.62 (s, | H, 12-H), 3.53 (br. t, J = 9.8 Hz,
1 H, 7-H), 3.36 (s, 3 H, OCHs;), 3.36 (d, J = 9.4 Hz, 1 H, 9a-H),
2.70 (d, J = 9.4 Hz, 1 H, 9b-H), 2.05-1.98 (m, 4 H, 2-H and 3-H),
1.58 (s, 3 H, 14-H), 1.42 (s, 3 H, 15-H), 1.36 (d, J = 7.7, 3 H, 13-
H) ppm. 3C NMR (CDCls): § = 205.1 (s, C-8), 138.5 (s, C-4),
131.2 (d, C-1), 131.0 (d, C-5), 125.8 (s, C-14), 111.7 (d, C-12), 79.8
(d, C-6), 58.7 (g, OCH3), 57.1 (t, C-9), 54.3 (d, C-7), 43.9 (d, C-
11), 37.1 (t, C-3), 23.6 (t, C-2), 16.0 (q, C-14), 15.7 (q, C-15), 13.0
(q, C-13) ppm. IR (KBr): v = 1695, 1440, 1200, 1080, 1010,
950 cm™!. MS (APCI): m/z = 265.4 [M + H]*.

UV Irradiation of 2: A degassed solution of 2 (100 mg) in ethanol
(10 mL) was irradiated in a Rayonet-type photoreactor with a low-
pressure mercury lamp. The course of the reaction was monitored
by 'H NMR spectroscopy; after 16 h, the isomerization was quanti-
tative. Concentration of the solution afforded 4 in quantitative
yield.

8-Deacyl-8-dehydro-methylisohallerin (4): M.p. 45 °C. [a]® = +98 (¢
= 0.80, CH,Cl,). '"H NMR (CDCl;): 6 = 5.44 (d, J = 9.2 Hz, 1 H,
5-H), 531 (t, J=79Hz 1 H, 1-H), 5.08 (dd, /=9.2,7.5Hz | H,
6-H), 4.46 (d, J = 43 Hz, 1 H, 12-H), 3.46 (s, 3 H, OCH3), 3.45
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(d, J = 15.1 Hz, 1 H, 9a-H), 2.75 (m, 2 H, 11-H and 7-H), 2.60 (d,
J=15.1Hz, 1 H, 9b-H), 2.03-1.97 (m, 4 H, 2-H and 3-H), 1.96 (s,
3 H, 14-H), 1.55 (br. s, 3 H, 15-H), 1.13 (d, J = 6.7, 3 H, 13-H)
ppm. 3C NMR (CDCl): 6 = 207.2 (s, C-8), 138.1 (s, C-10), 132.6
(s, C-4), 124.7 (d, C-1), 124.1 (d, C-5), 112.7 (d, C-12), 76.6 (d, C-
6), 62.9 (d, C-7), 56.5 (q, OCH;), 43.7 (t, C-9), 41.0 (d, C-11), 36.7
(t, C-3), 28.5 (1, C-2), 25.7 (q, C-14), 19.5 (q, C-15), 16.5 (q, C-13)
ppm. IR (KBr): v = 1690, 1460, 1380, 1200, 1140, 1010 cm™'. MS
(APCI): mlz = 265.3 [M+H]".

X-ray Crystal Structure Analyses: Crystals of 2 and 3 suitable for
X-ray analysis were obtained by concentration of acetone solutions.
Crystallographic data and details of data collection and refine-
ments have been deposited. CCDC-294952 and -294953 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Data re-
duction was carried out by use of the Bruker P3/PC program[*”]
and Lorentz and polarization corrections were performed. A semi-
empirical absorption correction was only applied to the larger crys-
tal of 2. The structures were solved by direct methods by use of the
SIR92 program!! and refined with the SHELXL-972! program.
The refinement was by the least-squares, full-matrix method, with
anisotropic displacement parameters for all non-hydrogen atoms.
The hydrogen atoms were located in calculated positions and
treated as riding atoms during the refinement.

Theoretical Calculations: The conformational search was per-
formed by molecular mechanics according to the Osawa method!!¢]
as implemented in SPARTAN 5.0,1171 which is capable of handling
cyclic molecules, where the torsion degrees of freedom are not inde-
pendent; the SYBIL force-field!!>! was employed. Ab initio DFT
calculation based on Becke’s!>3] three-parameter hybrid functional
and the Lee-Yang—Parr®¥ gradient-corrected correlation func-
tional (B3LYP) were performed with the Jaguar®>s program. The
calculations were carried out on the minimum-energy conforma-
tions indicated by the SYBIL conformational search for all four
isomers 2, 3, 4 and 5. Accurate estimates of the relative energies
were derived by geometry optimization of the four molecules, car-
ried out by ab initio calculations at the B3LYP/6-31G(d,p)!*®! level.
The graphic analysis was performed with the MOLDRAW pro-
gram.?7] Finally, the energy barriers between the different conform-
ers were analysed by molecular dynamics (MD) simulations at dif-
ferent temperatures with software from MSI. MD simulations were
performed on the isolated molecules 2 and 3, with use of Dis-
cover 3,8 and graphical display was performed with Insight-I11.2]
The equations of motion were integrated with the Verlet leapfrog
algorithm®®-3%-311 with a time step of 1 fs; the force field used was
CFF91,28 which employs a quartic polynomial for bond stretching
and all the cross-terms up to third order, which have been found
to be important.?! In order to observe significant conformational
changes in a computationally feasible time, the MD simulations
had to be carried out at a sufficiently high temperature to overcome
the relatively high energy barriers between possible conformers of
the germacrane system. Some MD simulations were therefore first
run for 1 ns (after equilibration for 0.01 ns) at different tempera-
tures (300, 400, 500, 600, 700, 800, 900, 1000 K), in order to esti-
mate the temperature needed to explore the conformational spaces
of 2 and 3 exhaustively in a reasonable CPU time. These prelimi-
nary MD calculations indicated that, during the 800 K MD runs,
the conformational changes occur at the ps timescale. Then MD
simulations at 800 K (the lowest temperature at which motions
cause significant conformational changes) were run for 5 ns (after
equilibration for 0.05 ns) on 2 and 3, in order to obtain an exhaus-
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tive description of their conformational motions. Only the results
of these 5 ns MD simulations are presented.
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