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The conformational composition of ipsenol (1) and ipsdienol (2) has been investi-
gated by 'H NMR and IR spectroscopy of solutions in CCl,, CFCl, and MeOH. The
relative energies of the stable conformations have been estimated by molecular
mechanics calculations (MMPMI). In CCl, and CFCl; (to mimic the gas phase) the
dominant conformations are those with an anti conformation of the carbon—carbon
chain. For both compounds, the hydroxy group hydrogen is partly hydrogen bonded
to the butadiene fragment of the molecules. In methanol, a conformation with a
gauche rotamer around the C*~C® bond is important in addition to the anti conforma-
tion. The conformational change takes place in a region of the molecule which has

been shown to be important for the effect of the pheromone.

Insect pheromones are of great interest and importance
both from an applied and a scientific point of view. Charac-
teristically, pheromone molecules trigger biological re-
sponses at very low concentrations. A single molecule or a
few molecules interacting with a receptor cell may result in
nerve impulse responses.! The precise mechanism for the
interaction between the pheromone molecule and the re-
ceptor cell is still unknown. Combined chemical and bi-
ological efforts have been applied to the elucidation of this
mechanism, chemically by studying the effect of often sub-
tle changes in the pheromone molecule, biologically by
electrophysiological and biochemical studies.>® The gen-
eral opinion today is that the pheromone molecule interacts
with a membrane-bound receptor protein. It is further be-
lieved that the active site in the protein is specific for one
type of pheromone.

On interaction with the pheromone molecule, the recep-
tor protein undergoes a conformational change which trig-
gers the chain of events leading to the nerve impulse.” If
this is the case, the stereochemistry of the pheromone
molecule must be one of the important factors for its mode
of action. The structure of the protein is unknown and the
shape of the active site is therefore inaccessible.

The pheromone molecules reach the receptor cell
through pores in the cuticle wall of the sensory organ, the
sensilla.® They may then pass either through microtubules
in the sensilla liquor or directly through the sensilla liquor
to the cell membrane. Thus, before a pheromone molecule
reaches the receptor protein it has changed medium from
the non-polar gas-phase to the highly polar hydrogen-bond-
ing aqueous phase in the insect. As the conformational
composition of the pheromone in the protein is unknown,

*To whom correspondence should be addressed.

51 Acta Chemica Scandinavica 43 (1989) 777-782

we envisaged that a study of the conformation of phero-
mones in different media might give an insight into the
importance of the medium for the conformational composi-
tion. The shape of the molecules might also give a clue as to
the shape of the active site in the receptor protein. Further-
more, one would observe which parts of the pheromone
molecule are subject to changes in the conformation. These
changes might then be correlated with the results from
chemical modifications of the molecule in which the impor-
tant structural details have been mapped.

We have studied two bark beetle pheromones, ipsenol
(1) and ipsdienol (2) from this point of view. The structure—
activity correlations have been studied for ipsdienol by
comparison with a series of analogous compounds. The
important structural details appear to be the hydroxy group
and the two double bond systems (C>-C*® and C:-C’-
C*~C®).° Furthermore, the conformational composition of
these molecules is accessible by IR and NMR spectroscopy
and we have complemented the spectroscopic investigation
with molecular mechanics calculations.

The spectroscopic studies were carried out in CFCl, or
CCl, (to mimic the gas-phase) or in MeOH-d, (to simulate
the aqueous phase inside the insect).

Results

The investigations were carried out on the racemic mix-
tures of ipsenol and ipsdienol. In Fig. 1, (R)-1 and (S5)-2 are
shown. The '"H NMR parameters for 1 and 2 are given in
Tables 14 and the IR data in the Experimental part. The
molecular mechanics calculations were performed in the
default dipole—dipole electrostatic mode (program
MMPMI)." For ipsdienol (2) the calculations were per-
formed for nine low-energy conformations (three staggered
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Fig. 1. Ipsenol (1) and ipsdienol (2) with annotations used in text
and Tables.

rotamers around the C*-O" bond and three around the
C*—C?® bond). For all nine conformations the minimum
energy for the rotamers around the C~C-C*~C’ and C*~
C*-C°(C’ dihedral angles were found by driving these two
angles. The angles, energies and dipole moments for the
totally relaxed minimum energy conformations are given in
Table 5.

For ipsenol (1) a less extensive calculation scheme was
performed. The purpose was to probe the energetics on
rotating the single bonds of the carbon skeleton and
thereby identify the low-energy rotamers. This was neces-
sary in order to analyse the '"H NMR spectra. Rotation of
the C*~C’~C*~C’ angle with the carbon—carbon single
bond chain in the all-anti conformation and the angle
C8—C7—C5—C’ set at 180° indicated a flat energy minimum
for rotation around the C*~C® bond, ca. 5 kcal mol~! lower
than the maximum at 0°. This angle was therefore relaxed
in the subsequent calculations. The angle C:-C'-C*-C® was
kept at 180°. The results from the subsequent calculations
of nine conformers are summarised in Table 6. The results
in Table 6 do not represent all possible combinations of
staggered conformations around C>-C3, C>~C*, C*-C® and
C*-O" (81 conformations) but only those necessary for
analyses of the NMR spectra.

Discussion

The conformational composition of ipsdienol (2, Table 5) is
defined by the rotamer composition around five single
bonds (C>-C*, C*-C°, C-C®, C°~C’ and C*-O'", not in-
cluding the CH; groups) and for ipsenol (1) around six
single bonds (C-C?, C-C* C'-C5, C-C5, C°~C’ and
C*-O"). The vicinal coupling constants in the 'H NMR

Table 1. Proton chemical shifts for ipsenol (1) (6 ppm from SiMe,), see Fig. 1 for proton assignments.

Solvent  H, Hg He Ho He He He; Hu H, H, Hy H, CH,(C',C')
CECl, 1.858 1420 1.200 3730 2143 2443 5106;5.052 6325 5226 5069 1217 0.948;0.919
MeOH-d, 1.819 1.353 1.255 3.809 2361 2332 5090;5054 6.398 5251 5066 - 0.921; 0.876

Table 2. Proton—proton coupling constants (Hz) for ipsenol (1), see Fig. 1 for the proton assignments.

Solvent  Jyme  Jas Jac Jac Jeo Jeo Jo Joe Jor Jer Jen Ju Jik J
CFCl, 6.65 517 885 —-13.86 9.19 3.80 2.89 9.13 3.32 -1357 1.31 1755 10.86 ca.0
MeOH-d, 6.72 4.79 9.25 -13.87 9.32 3.61 - 6.79 591 -1385 - 1766 1077 O

6.57 (unknown)
Table 3. Proton chemical shifts for ipsdienol (2) (6/ppm from SiMe,), see Fig. 1 for the proton assignments.
Solvent Ha Hg Hc Hp He, He He Hy H, H, CH,4(C',C"9)
CFCl, 5.140 4.408 2.353 2.334 5.053 5.256 6.327 5.023 1.062 1.659, 1.715
MeOH-d, 5.136 4.508 2.500 2.290 5.052, 5.014 5.279 6.384 5.066 - 1.633, 1.535
Table 4. Proton—proton coupling constants (Hz) for ipsdienol (2). See Fig. 1 for the proton assignments.
Solvent Jas Jame Jac Jeo Jay Jeo Jan Jai Jox i
CFCl, 8.48 1.1 4.88 8.16 2.51 -13.85 17.69 - - 10.70
MeOH-d, 8.85 1.45; 1.43 6.42 711 - -13.71 17.64 1.11 0.57(t) 10.82
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Table 5. Relative energies and dipole moments of stable conformations of ipsdienol (2) as calculated by MMPML.'® All geometry
parameters were relaxed during the calculations. See Fig. 1 for notation of atoms.

Angles as defined by atom No.

E/kcal mol™’
Conformer 2-3-4-5 3—4-5-6 3-4-11-H 4-56-7 8-7-6-9 (relative) Mol fraction (%) Dipole moment/D
1 -152.9 61.6 519 65.8 -161.3 1.63 24 1.374
2 -152.8 61.5 —-173.7 65.0 —160.6 2.02 1.2 1.741
3 -152.0 60.5 - 53.0 67.1 —-163.0 0.93 7.7 1.796
4 -162.8 -178.2 50.0 - 855 —-172.4 0 36.2 1.680
5 -162.7 175.3 —169.3 - 86.0 -17141 0.05 33.3 1.572
6 -159.4 174.9 — 507 — 943 137.9 0.45 17.1 1.997
7 -164.2 - 624 48.1 — 745 156.3 2.31 0.8 1.254
8 -171.2 — 633 —-173.3 - 724 151.6 3.10 0.2 1.961
9 —165.0 — 64.0 — 543 - 713 154.1 2.08 1.1 2.033
-160.4 175.5 —158.2 — 733 177.2 0
b -165.7 177.3 -158.1 +105.1 164.5 2.81

aMNDO caiculation, using coordinates for conformer 5 as input coordinates. "MNDO calculations. Start geometry as for
conformation 5 but C*—C%—C®—C7 at 90°. MMPMI used to generate start coordinates for MNDO. All geometry parameters relaxed for

the MNDO calculations.

Table 6. Relative energies of stable conformations of ipsenol (1) as calculated by MMPML.'® The angle C®—C7—C®—C® kept at 180°.

See Fig. 1 for notation of atoms.

Angles as defined by atom No.

E/kcal mol~*
Conformer 1-2-3+4 2-3-4-5 3-4-5-6 3-4-11-H* 4-5-6-7 (relative)
1 —-176 170 60 -173 94 0.95
2 -177 174 180 -172 92 0.00
3 -177 176 — 60 —-176 92 1.14
4 -172 60 177 —161 95 1.41
5 —143 —. 60 -178 -168 93 240
6 -178 180 176 60 94 0.92
7 —-178 180 176 -~ 60 96 0.32
8 60 —-175 178 173 92 1.63
9 - 60 -172 176 -173 91 1.30

spectra contain information on the rotational compositions
around all these bonds except for C~C¢ and C*-C’.

We will assume the dihedral angle C3~C'-C%-C’ to be
close to 180°. This is supported by both theoretical and
experimental investigations on isoprene, which show the
anti conformer to be ca. 2.5 kcal mol™! more stable than a
gauche form.""'? The composition around the C°-C® bond
was estimated from calculations. For both compounds, mo-
lecular mechanics calculations indicated flat energy minima
for the C*~C-C*~C’ angle around ca. 70° or ca. —80°
(Tables 5 and 6). However, the molecular mechanics pro-
gram does not always give reliable results for the sub-
stituted butadiene system represented by C*-C-C°-
C°-C5." Therefore, we also carried out a semiempirical
molecular-orbital calculation (MNDO)! for conformer 5
(Table 5). The result from this (Table 5) gave almost the
same geometric parameters as the MMPMI calculation.
However, if the dihedral angle C*~C°~C°~C’ used as input
was ca. +100°, the MNDO calculation gave a heat of for-
mation of 2.81 kcal mol™! above that of conformer 5 (Table
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5). From inspection of space-filling models it is, further-
more, evident that the butadiene fragment must be at an-
gles close to those of Table 5. We will therefore, with the
uncertainties of the calculations, assume the results for this
fragment to be reasonable.

The rotational compositions around the other bonds
were determined from the vicinal coupling constants. The
coupling constants for each rotamer were obtained by the
use of Haasnoot’s treatment of the angular and polar de-
pendence of these constants.’ From Tables 5 and 6 it is
evident that the proton-proton dihedral angles may not be
exactly 60 or 180°. Around 60°, the change in vicinal cou-
pling constant is ca. 0.15 Hz/ (from the Karplus equa-
tion).'® It should therefore be stressed that the present
method only gives an estimate of the rotamer composition.
However, for non-crystalline molecules as complex as
those studied here, we know of no other method that will
give even an estimate, especially for molecules in solution.

The rotamers of 1 (around C?-C?, C>-C* C*C® and
C*-0") and 2 (around C*-C° and C*~O") are shown in
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Fig. 2. Rotamers of ipsenol (1) around C2—C?, C3—C*, C*—C® and C*-O''. Numbers are rotamer compositions (%) obtained from
'H NMR data on CFCl, and MeOH-d, solutions and from molecular mechanics calculations. MMPMI results are shown for the
molecules in the all-anti conformation except for the depicted angles (and C*—C5-C%-C7).

C6 HC HD
HE OH HB OH HE OH
HC HP  HE c6 6 HC
Ca CS C3
M N o}
C4_CS
InCFCI, 64 19 17
In MeOH 49 15 37
MMPM| 87 3 11
|_I{J
HE cs HE ca  HR c3
H HY
cs cSs cSs
P Q R
C4_o11
InCFCl, 97 3
MMPMI 35 26 39

Fig. 3. Rotamers of ipsdienol (2) around C*—C® and C*-O"'.
Numbers are rotamer compositions (%) from 'H NMR data on
CFCl; and MeOH-d, solutions and from molecular mechanics
calculations.
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Figs. 2 and 3, respectively. From the observed and calcu-
lated vicinal coupling constants,' the rotamer compositions
were calculated and these are also shown.

For ipsdienol (2) the conformation around the C*-C*
bond must also be considered. This fragment is similar to
allyl alcohol in which only three conformations are impor-
tant: the two (energetically equivalent) gauche and the cis
(looking at the OH group/C=C bond). In ipsdienol, the
allylic fragment C>-C-C*-O" is substituted with two
methyl groups, creating a situation different from that of
allyl alcohol. Estimation of the energy on rotation of the
C*-C* bond by molecular mechanics!® showed two low-
energy rotamers, one at C~C>~C*~C® ca. —170° and one at
—80°, separated by a low maximum at —120° (0.5 kcal
mol~! over the minima). Major maxima were at 0 and 120°
(5.5 and 4.5 kcal mol™’, respectively). The angle C>-C3-
C*~C° at —170 and —80° corresponds to angles HA-C*-
C*-HE of 136 and —143°, respectively. The vicinal coupling
constants J,, will be approximately the same for these two
rotamers from a slightly modified Garbisch equation: J,, =
12 cos’g + 2.6sin’@!"*8 giving J .5 = 7.5 and 8.6 Hz, respec-
tively. The observed coupling constants were 8.48 Hz
(CFCl,) and 8.85 Hz (MeOH-d,). It should be noted that
from the equation above, J increases from 7.5 Hz for
@ =136° to 8.9 Hz for ¢ = 145°. The only conclusion pos-
sible for the rotamer composition around C~C-C*-C® is
therefore that this is either ca. —170° or ca. —80° and that
the observed vicinal coupling constant was not sensitive to
the solvent used.



The only rotamer compositions left are those around
C*-O". For the molecules in CFCl, solution, information
on this point is obtained from the coupling constants Jp,;
(for ipsenol 1) and Jg; (for ipsdienol 2). The rotamers are
shown in Figs. 2 and 3 with two gauche rotamers (J, K for 1;
P, Q for 2) and one anti (L for 1; R for 2) rotamer. We will
use the coupling constants J,,; = 12.0 Hz and Jgy4 =
2.2 Hz to estimate these compositions.”® This, together
with the data in Tables 2 and 4 show the rotamer composi-
tion for C*~-O" to consist of 93% gauche (J and K) for
ipsenol and 97 % gauche (P and Q) for ipsdienol. The
NMR spectra do not contain further information on this
point and attempts to differentiate between the two gauche
rotamers by NOE experiments failed.

However, the OH-stretch region of the IR spectra con-
tains some further information. For 2, two bands are ob-
served at 3617 cm™! (60 %) and 3583 cm™! (40 %), 34 cm™!
apart. This shift is large enough to indicate the presence of
an internal hydrogen bond to the n-electron system.'” We
have earlier shown that intramolecular hydrogen bonds are
not formed in allylic alcohols.™® For both 1 and 2 the hydro-
gen bonding must therefore be towards the butadiene sys-
tem. From OKki’s studies of unsaturated alcohols, the C*—C°
double bond appears the most likely receptor for such a
bond (being part of a 4-butenol system.? For the gauche
C-OH rotamers of 2, only P has the correct geometry for a
hydrogen bond to the butadiene system. If we assume this
rotamer to be completely hydrogen bonded, the areas of
the two OH bands observed for 2 give an indication of the
relative populations of the two gauche rotamers (ca. 60/40,
ignoring the small amounts of anti rotamer for the mo-
ment).

The IR spectrum of ipsenol showed three overlapping
OH bands: 3627 (15%), 3606 (10%) and 3592 cm™!
(75%). The areas are approximate only, owing to the
overlap of the bands. From comparison of the IR and NMR
results the 3727 cm™ band is assigned to the free gauche
rotamer (K), the one at 3606 cm™! to to anti (L) and that at
3592 cm™! to the hydrogen-bonded rotamer J (Fig. 2). The
ratio of the hydrogen-bonded to the free gauche rotamers is
thus ca. 75/15 (J/K). For ipsdienol this ratio was only 40/60.
The explanation of this large difference may be that in 2
there exists a repulsion between the lone pair electrons of
the OH group and the m-electrons of the C>—C® double
bond in the hydrogen bonded rotamer P.*!

Only two rotamers around C*—C have the correct geom-
etry for intramolecular hydrogen bonds, G and H for ipse-
nol and M and N for ipsdienol. However, the rotamers H
and N require the rotamer to be anti around the C*—O"
bond. From the NMR data we know that this rotamer has a
low population for both compounds. The major intramo-
lecular hydrogen-bonded conformers will therefore be con-
former 5 for ipsdienol (Table 5, Fig. 4) and conformer 2 for
ipsenol (Table 6).

If we now compare the results from the NMR and IR
investigations of ipsdienol with those from the molecular
mechanics calculations (Tables 5 and 6) we find a reason-
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N

Fig. 4. The three stable conformationsof the carbon—carbon
chain of ipsdienol (2). The numbers refers to the conformations
of Table 5.

able agreement. However, the calculations underestimate
the proportion of the gauche rotamers H and N (around
C*—C®) and overestimate the proportions of the rotamers L
and R (around C*—O", Figs. 2 and 3). For the composition
around the C>*—C* bond, the calculations and the NMR
results are in good agreement (see above). We therefore
conclude that calculations on molecules as complex as
those discussed here give only an estimate of the conforma-
tional composition.

These results are all concerned with the molecules in a
non-polar gas-like medium: the molecular mechanics calcu-
lations ignore interactions with the medium and CFCl, or
CCl, are non-polar non-hydrogen bonding solvents. Inside
the insects, the medium will be polar and hydrogen bond-
ing. The results from the investigations in methanol are
therefore relevant to this situation. The most striking dif-
ference between the results from the two solvents is the
change in the compositions around the C*—C® bond: from a
dominance of the anti rotamers in CFCl; to important
contributions from rotamers I and O in methanol (Figs. 2
and 3, respectively). Together with this there will also be a
change in the rotamer compositions around the C*-O!"
bonds as the intramolecular hydrogen bonds are broken
and the pheromones become hydrogen bonded to the polar
solvent. This change is not observable in MeOH and the
complete conformational compositions of the pheromones
in the polar medium are therefore not obtainable from our
data.

There may be several reasons for the variation in the
composition around C*—C®. Changing the medium from a
non-polar to a polar one will favour conformations with a
higher dipole moment. From Table 5, the conformations
with rotamer O (conformers 7, 8 and 9) do have higher
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dipole moments than those with rotamer M (conformers 4,
5, 6) and are therefore stabilised by an increase in the
polarity of the medium. The differences in dipole moments
are, however, rather small and we believe the change in
intra- and inter-molecular hydrogen bonding to the more
important. Going from CFCl, to MeOH, the internal hy-
drogen bonds stabilising rotamers G (for 1)? and M (for 2)
are broken. Instead, new intermolecular hydrogen bonds
are formed between the hydroxy groups of the pheromones
and methanol. Furthermore, hydrogen bonds will also be
formed from the hydroxy groups of methanol to the n-
electrons of the pheromones. Intermolecular hydrogen
bonds with n-electrons as acceptor groups are not strong,
typical shifts as for the hydroxy-stretch frequency being
from 70 to 100 cm™" corresponding to a AH of ca. 2 kcal
mol ™! for such a bond. " These interactions are nevertheless
sufficient to explain the observed changes in the molecular
compositions. The three conformations of the carbon chain
of ipsdienol are presented in Fig. 4, represented by config-
urations 3, 5 and 9 (Table 5). The conformers of ipsenol are
analogous to these.

Conclusions

From the results of the investigations in CFCl; and metha-
nol, the anti conformations of ipsenol (1) and ipsdienol (2)
appear to be the dominant ones in the gas phase. Inside the
insects with a polar, hydrogen-bonding environment, the
conformations with a gauche rotamer around C*-C’ (ro-
tamer / for ipsenol, Fig. 2, O for ipsdienol, Fig. 3) are
important. These changes take place around the part of the
pheromones that earlier investigations have shown to be
central for the effect on the insect.’ The results may there-
fore be of consequence for considerations on the shape of
the receptor site in the insect.

Experimental

The NMR spectra were recorded on a Bruker 500 MHz
spectrometer with a numerical resolution of 0.1 Hz. The
NMR assignments were based on a series of double reso-
nance experiments. The IR spectrometer used was Nicolet
20SXC FT-IR. The overlapping bands were resolved

graphically. The procedure for obtaining the spectra has:

been reported.” Ipsenol and ipsdienol (racemic mixtures)
from Borregaard Industries Ltd. were used as obtained, 95
and 97 % pure, respectively.

Ipsenol. IR [4.5.mM in CCl, v,,,, Vix(A°)]: 3627, 16.9
(830 M~! cm™2); 3606, 20 (estm.) (500 M~! ecm™?); 3593,
37.7 (3921 M~' cm™?).

Ipsdienol. 1R [3.9 mM in CCl,, v,,,, Vin(A®)]: 3617, 14.0
(2320 M™! cm™?); 3583, 35.5 (1549 M~! cm™?).

Theoretical investigations. Calculations were performed on
an Olivetti M24 computer. Molecular mechanics calcula-
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tions utilised the MMPMI program. This consists of MM2
(AHinger, N. L. QCPE Program No. 395) and MMP1 (All-
inger, N. L. QCPE Program No. 318) molecular mechanics
program® implemented by Serena Software, Bloomington,
Indiana, USA. PCMODEL from Serena Software was
used for input files for the MMPMI program and for ob-
taining the '"H NMR coupling constants by the Haasnoot
method.”
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