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A modeling study at the B3LYP/6-31G(d) level was per-
formed on a group of natural odorants. These included a-, -,
and y-ionones, B-irone, cis- and trans-a- and -y-irones, and
three synthetic o-ionone analogues, all containing an iden-
tical E-enone moiety and differing in the endo or exo posi-
tions of another double bond and an additional alkyl group
at C(2) or at C(13). Data showed a shift of the conformational
preference of the butenone chain from an axial or pseudoax-
ial orientation, as favored in a-ionone and in trans-a- and -y-
irones, to an equatorial or pseudoequatorial orientation, as
favored in y-ionone and in cis-a- and -y-irones. These
changes have been correlated with the enhanced olfactory

potencies of the latter set of compounds. In the synthetic a-
ionone analogues, bearing an ethyl, propyl, or isobutyl group
at C(9) instead of the methyl group present in a-ionone, the
hindrance due to this alkyl group does not affect the overall
conformational behavior of the molecules. The odor proper-
ties seem to be modulated by specific hydrophobic interac-
tions of each carbon of this C(5) alkyl chain with some olfac-
tory receptors rather than by different distributions of the
conformational populations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

With the increasing launch rates of perfumes, there is an
increasing demand for new odorants. A slight structural
modification of a known odorant can meet this need be-
cause it often results in a significant change in the olfactory
properties. However, the de novo rational design of more
efficient odorants based on the concept of molecular com-
plementarity to a receptor surface is still considered to be
virtually hopeless, contrarily to the case of most drug—re-
ceptor interactions.'] In fact, the human olfactory system,
being made up of about 350 G protein-coupled receptors,?!
uses combinatorial coding schemes to encode odor enti-
ties.’1 The total pattern of receptor signaling reaching the
higher brain is eventually interpreted in terms of odor notes
and facets, threshold, and/or perceived intensity. With an
array of many different receptors stimulated by odorant
molecules, the construction of a static olfactophore model
(a special case of a pharmacophore model) — that is, a rep-
resentation of generalized molecular features that are re-
sponsible for a given odor — is therefore considered to have
limited value for the prediction of all the subtle odorant
characteristics. Consequently, the design of a new odorant
relies heavily on structural similarities to a reference com-
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pound.™ In this context, knowledge of the 3D geometries
of odorants with well established odor properties can pro-
vide some insight into the molecular features associated
with a given odor, at least with regard to the predominant
note(s) at the threshold level, at which only the receptor(s)
of highest affinity are presumably stimulated.[! Such struc-
ture—odor relationships can be more firmly established by
examination of the structural features of components of the
same family, in which the contributions of different elec-
tronic, stereoelectronic, steric, and conformational proper-
ties of strictly related molecules can be more easily com-
pared and distinguished.[®] Moreover, knowledge of the
conformational space of structurally related odorants is a
requisite for studies of the interactions of these compounds
with an olfactory receptor model. Indeed, although no qua-
ternary structure of a human olfactory receptor site is
known so far, modeling on the crystal structure of bovine
rhodopsin, which has a high homology to certain human
receptors, has in some cases allowed quite accurate predic-
tion of the odor threshold.!

Many odorants share pleasant woody-floral, violet
ionone-like scent characteristics. They include well known
natural fragrance components, such as o-, -, and y-ionones
(1-3), irones 4-8, and different synthetic derivatives such as,
among others, dihydro and tetrahydro analogues,”-81 bi-
cyclo[6.4.0]dodecene ketone 9,°) the seven-membered ring
compound 10,'% the octahydrodecaline Georgywood®
(11),1%*! and seco-ionones Koavone® (12)14®) and 13.I'!] Such
a large variety of different structures clearly makes it diffi-
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cult to define an “ionone olfactophore”, based on molecu-
lar parameters common to the entire group, even if the ex-
cellent superposition of the 3D skeletons of compound 9
and B-ionone 2,1?! as well of 12 and 10-methylionone,!'?!
provided explanations for their similar odor profiles. Any-
how, these findings clearly indicate the need to refine the
early assertion by Jitkow and Bogert!'* relating to the criti-
cal dependence of the ionone violet odor on the presence
of a cyclohexene nucleus carrying at least three methyl
groups, two of them adjacent to the 3-oxobut-1-enyl chain.

In this paper we have limited our modeling study, at the
B3LYP/6-31G(d) level, to a restricted group of woody flo-
ral odorants: namely ionones 1-3, irones 4-8, and synthetic
ionone derivatives 14-16, all containing the same (E)-but-
2-enone moiety but differing in the position of another
double bond and an additional alkyl group at C(2) or at
C(13). Modeling of more diversified structures, such as 9-
13, will be considered in further studies.
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Regioisomeric ionones 1-3, occurring in the headspace
of different flowers in bloom, constitute one of the most
important group of perfumery raw materials,'*l and are of
great economic value in the creation of violet and many
other odor notes. Moreover, they are used as starting mate-
rials in several industrial processes, and have also served as
valuable building blocks in the synthesis of different other
natural products.'”] Irones, isolated from the rhizomes of
4756
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different Iris species,®! can be considered the most pleasant
and precious naturally occurring 2-alkyl-substituted
ionones used in the perfume industry. Synthetic 13-alkyl-
substituted ionones 14 and 16 first appeared in patents
some time agol'® and, along with 15, have recently been
synthesized by us in enantiomerically pure forms as a part
of a program directed towards the synthesis of ionone ana-
logues and their olfactory evaluation.!!”]

The relationship between molecular structure and odor
characteristics in this group has not yet been examined sys-
tematically, although scattered studies on the preferred con-
formations of a-ionone (1),['818< and cis- (4) and trans-a-
ironel!8&-18%1 (5) have appeared in the literature. Recently,
the dramatic dependence of olfactory properties of ionones
and irones on their chiralities has been clearly demon-
strated.®! Therefore, in this paper we have assumed the ab-
solute configuration at C(6) of compounds 1, 3-5, 7, 8, and
14-16 to be the same as in (S)-a-ionone (1), which corre-
sponds to the more powerful antipode both in the ionone
and in the irone series.®! Odor properties discussed in this
paper are, therefore, of these stereoisomers.

Results and Discussion

The conformational space of compounds 1-8 and 14-16
was explored by optimization of all the possible starting
geometries by the DFT approach at the B3LYP level with
the 6-31G(d) basis set.['] All the degrees of conformational
freedom were considered, in particular the possible exis-
tence of different chair or half-chair conformations of the
hexacyclic ring, as well as the orientation of the butenone
chain at C(6) and the alkyl substituent at C(5).

Several conformations were located for each compound;
Table 1, Table 2, Table 3, and Table 4 summarize the main
geometrical data, together with the relative energy of each
conformation and its percentage contribution to the overall
population determined through the Boltzmann equation.
The geometry of the ring is described through two descrip-
tors: a significant torsion angle — g [C(3)-C(2)-C(1)-
C(6)] — and the ring puckering coordinates determined as
described by Cremer and Pople.*”] The orientation of the
butenone chain is described through the torsion angles 7,
[C()-C(6)-C(T)-C(8)] and 7 [C(7)-C(8)-C(9)-C(10)],
whereas the orientation of the alkyl group at C(5) in com-
pounds 14-16 is described through appropriate torsion
angles. The most representative conformations of each com-
pound are shown as three-dimensional plots in Figures I,
2, and 4-7.

Eight conformations of a-ionone (1) were located
(Table 1); the global minimum 1A, which accounts for more
than 50% of the overall population, shows a ?HC; half-
chair geometry (see the ring puckering coordinates in
Table 1), a pseudoaxial orientation of the butenone chain,
and a cisoid arrangement of the o,B-unsaturated ketone
(Figure 1). In 1A, the plane of the unsaturated ketone is
almost perpendicular to the mean plane of the hexacyclic
ring, with an angle @ of 96° between the two planes. Con-
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Table 1. Geometrical features, relative energies, and equilibrium percentages of the conformations of ionones 1-3 (the bold characters
highlight the data for the global minimum conformations).

E, [kcalmol '] % r [ 7, [°] 7, [°]¢  [°] Ring puckering coordinates
0> 0
1A 0.00 51.5 59 124 179 96 0.48 -161 132
1B 0.68 16.4 58 124 0 95 0.47 -162 132
1C 0.73 15.1 60 -105 180 83 0.49 -162 131
1D 1.61 34 60 -104 1 83 0.49 -162 131
1E 0.94 10.5 61 109 180 76 0.49 29 50
1F 1.68 3.0 61 110 0 76 0.49 30 50
1G 3.70 0.1 61 -96 -179 57 0.50 35 51
1H 4.56 0.0 -61 -94 1 59 0.50 32 50
2A 0.00 18.2 42 137 178 140 0.49 -95 127
2B 0.95 3.7 43 134 0 138 0.49 -86 127
2C 0.06 16.6 46 -137 -178 48 0.47 -93 132
2D 1.12 2.7 46 ~135 1 50 0.47 -93 132
21 0.47 8.2 44 10 -179 16 0.50 88 126
2J 1.97 0.6 45 12 1 18 0.50 -90 126
2E 0.06 16.6 -46 137 178 132 0.47 93 48
2F 1.12 2.7 -46 135 -1 130 0.47 93 48
2G 0.00 18.2 42 -137 -178 40 0.49 95 53
2H 0.95 3.7 43 -134 0 42 0.49 86 53
2K 0.47 8.2 44 -10 179 164 0.50 88 54
2L 1.97 0.6 45 —-12 -1 162 0.50 90 54
3A 0.18 32.8 54 122 -179 88 0.54 —141 178
3B 1.13 6.6 54 120 -1 87 0.54 -139 178
3C 1.37 4.4 55 —-143 178 75 0.55 —158 177
3D 2.39 0.8 56 —141 0 75 0.55 —155 177
3E 0.00 44.5 56 119 -179 92 0.56 —4 3
3F 0.84 10.8 -56 119 0 90 0.56 -1 3
3G 3.70 0.1 -56 =75 180 80 0.56 -3 3
3H 4.55 0.0 -56 ~74 1 82 0.56 -1 3

[a] T: C3-C2-C1-C6. [b] 7;: C1-C6-C7-C8. [¢] 72: CT-C8-C9-C10.

Table 3. Relative energies and equilibrium percentages of the con-
formations of compound 14.

E.q [kcal mol*'] % 3 lal T3 [0][b]
Table 2. Relative energies and equilibrium percentages of the con- 14A 0.00 % P
formations of irones 4-8 (the bold characters highlight the data for 14 Aﬁ 1' by 3 3;7 510 7 99
the global minimum conformations). 14Ac 0.14 310 177
1 0 1 0,
Ey [kealmol '] % Era [kealmol™] % 14Ba  0.63 9.2 77

4A 1.65 4.5 TA 2.81 0.7 14Bb 1.96 1.0 16.9 -98
4B 2.34 14 7B 373 0.1 14Bc 0.82 6.7 -176
4C 3.04 0.4 7C 2.89 0.6 14Ca 071 8.0 77
4D  4.00 0.1 7D 4.02 0.1

14Cb 2.12 0.7 14.6 -63
4E  0.00 72.7 TE 0.00 80.1 14C. 0.89 59 177
4F 076 203 TF 088 18.2 ¢ : :
4G 293 0.5 7G 3.71 0.2 14Da 1.62 1.7 77
4H 379 0.1 7H 4.55 0.0 14Db 3.02 0.2 3.4 -62
54 0.00 56.7 8A 0.0 630 14Dc 172 15 -176
5B 0.67 18.2 8B 0.95 12.6 14Ea 0.84 6.4 66
5C  0.68 17.9 8C 0.85 14.9 14Eb 1.92 1.0 10.9 -92
5D 1.56 4.1 8D 1.92 2.5 14Ec 1.21 35 173
SE 1.87 24 SE 1.43 5.6 14Fa 1.56 19 66
S5F 2.61 0.7 8F 225 14

14Fb 2.80 0.2 3.1 -96
5G 449 0.0 8G 5.19 0.0 14Fc 198 1.0 174
SH 539 0.0 SH 6.07 0.0 ’ ’
6A  0.00 31.2 6E 0.83 7.7 i:gz ig; gé 0.1 ?28
6B 0.94 6.3 6oF 1.88 13 ’ ’
6C 0.04 29.0 6G 0.82 7.7 14Ha 4.52 0.0 0.0 58
6D 1.10 4.8 6H 1.76 1.6 14Hc 5.09 0.0 168
6l 080 8.0 6K 176 1.6 — — . :
6 233 0.6 6L 319 01 [a] £%: overall percentage contribution of each family. [b] 75: C6—

C5-C13-Cl4.
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Table 4. Relative energies and equilibrium percentages of the se-
lected conformations of compounds 15-16.

E, [kcalmol '] % T gy e
15Aa 0.00 29.4 50.7 78
15Ba 0.61 10.5 16.9 77
15Ca 0.70 9.1 14.7 80
15Da 1.63 1.9 32 78
15Ea 0.85 7.0 11.2 67
15Fa 1.57 2.1 32 67
15Ga 3.58 0.1 0.1 59
15Ha 4.52 0.0 0.0 59
16Aa 0.00 32.5 52.3 76
16Ba 0.66 10.7 15.5 76
16Ca 0.70 10.0 13.5 76
16Da 1.65 2.0 2.8 76
16Ea 0.74 9.4 12.3 67
16Fa 1.46 2.8 3.6 102
16Ga 3.56 0.1 0.1 59
16Ha 4.46 0.0 0.0 58

[a] £%: overall percentage contribution of each family. [b] 73: C6—
C5-C13-Cl4.

1A 1B 1C
1D 1E 1F

Figure 1. 3D plot of the most representative conformations of a-
ionone (1).

formers 1B-D, all showing the same pseudoaxial orienta-
tion of the butenone moiety, present similar values of this
angle (w = 83-95°). The four conformers differ instead in
the orientation of the butenone substituent: the preferred
ones (1A and 1B) are characterized by an anti arrangement
of 6-H and 7-H (7; = 120°), whereas the other two (1C
and 1D) show a syn arrangement (7; = —100°). The a,B-
unsaturated ketone unit prefers the cisoid arrangement (7,
=~ 180°, 1A and 1C) over the transoid one (z, = 0°, 1B and
1D). The remaining populated conformations 1E-H, which
account for an overall percentage of 13.6%, arise from ring
inversion to the 'HC, half-chair geometry. In these confor-
mations the butenone moiety is pseudoequatorial, the angle
w 1s smaller (57-76°) than in 1A-D, whereas 7, and 7, main-
tain the same preference as shown in 1A-D. The anti ar-
rangement of 6-H and 7-H, observed in 1A, 1B, 1E, and
1F, is thus favored for 81.4% of cases and the cisoid ar-
rangement of the o,B-unsaturated ketone, observed in 1A,
4758
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Figure 2. 3D plot of the most representative conformations of f3-
ionone (2).

1C, 1E, and 1G, accounts for 77.2%. Our calculations thus
confirm the preference of the side chain for a pseudoaxial
orientation, also deduced from the CD spectrum of com-
pound 1,I'80] a5 well as the anti arrangement of 6-H and 7-
H, supported by the value of the corresponding observed
'H NMR coupling constant.'®! Both the cisoid and
transoid arrangements of the o,B-unsaturated ketone are
predicted to be populated by our calculations (77% and
23%, respectively), in agreement with the enhancement of
both the 7-H and 8-H NMR signals upon irradiation of the
acetyl methyl group of 118 and with a NOESY experiment
(see Supporting Information) performed by us on a com-
mercial sample of 1. Notably, the B3LYP/6-31G(d) model-
ing predicted a higher stability for the cisoid arrangement,
contrary to empirical calculations, which predicted a prefer-
ence for the transoid one.'%

The different location of the double bond in B-ionone
2, in relation to the a-isomer 1, affects its conformational
behavior significantly. In fact, in 2 the butenone chain is
linked to a planar trigonal carbon atom instead of a tetra-
hedral stereogenic carbon atom, and conjugation of the car-
bonyl group extends further to the y and & positions repre-
sented by the C(6) and C(5) carbon atoms, respectively.
These structural elements force the butenone chain of 2 to
protrude from the hexacyclic ring with an orientation re-
sembling the equatorial arrangement assumed in conforma-
tions 1E-G (Figure 2). Moreover, in spite of the extended
conjugation, the plane of the unsaturated ketone and the
mean plane of the hexacyclic ring are not coplanar, because
of the steric interactions of the three methyl groups at C(5)
and C(1) with the butenone chain, so the w angle is signifi-
cantly different from 0° or 180°, assuming values indicating
a deviation from coplanarity of as much as 50° (Table 1).
Moreover, the cyclohexene ring in 2 assumes, as in 1, only
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half-chair geometries: namely the 2HC; and *HC, confor-
mations. The 2HC; conformations are reported in Table 1
as 2A-D and 2I-J, while the *HC, conformations, which
are enantiomeric to them, are reported as 2E-H and 2K-L.
Superimposition of conformations 2A and 2E with 1A and
1E, respectively, obtained through root mean square fitting
of the atoms of the ring (Figure 3), shows the close resem-
blance of the E geometries, contrarily to the A geometries,
where the orientations of the butenone chains are quite dif-
ferent.

y

1A vs 2A 1E vs 2E

1A vs 3A

1E vs 3E

Figure 3. Overlaps of conformations A and E of a-ionone (1, gray
shading) and B-ionone or y-ionone (2 or 3, respectively, black shad-
ing), obtained through rms fitting of the atoms of the ring.

v-Ionone (3) showed conformational behavior similar to
that of its regioisomer 1; however, appreciable differences
were observed. As in the case of 1, eight conformations
were located (Table 1, Figure 4) and each of them resembled
the corresponding conformation of 1; see, for example, the
overlaps of 3A to 1A and of 3E to 1E (Figure 3). However,
the energy ranking changed quite considerably, with the
global minimum energy conformation 3E showing a chair
geometry occupying the opposite region of the conforma-
tional space with respect to 1A (6 = 3° in 3E, in comparison
with 6 = 132° in 1A). Actually, conformations 3E-H, char-
acterized by this inverted chair conformation, account for
55.4% of the overall population, thus making the equatorial
orientation of the butenone moiety preferred over the axial
one. The other conformational preferences of the butenone
unit of y-ionone (3) were maintained as in the a-isomer 1:
a 94.7% preference for the anti arrangement of 6-H and 7-
H and an 81.8% preference of the unsaturated ketone sys-
tem for the cisoid arrangement. As in 1, the angle w as-
sumes values close to 90°, in particular in the most popu-
lated conformations.

Eur. J. Org. Chem. 2008, 4755-4762
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Figure 4. 3D plot of the most representative conformations of y-
ionone (3).

3E 3F

Tonones (S)-1, 2, and (S)-3 each possess a pleasant floral-
woody odor with a pronounced violet tonality; however, 2
and 3 are about 20 and 40 times more powerful than 1,
respectively.®! The increased potency of 2 and 3 relative to
1 would thus seem to be linked to a shift in the conforma-
tional equilibrium towards geometries leading to a pseudo-
equatorial orientation of the butenone chain.

Relative to ionones 1-3, a-, B-, and y-irones each present
an additional methyl group, which creates a stereogenic cen-
ter, at C(2). In a- and y-irones this methyl group may be
oriented cis or trans to the butenone chain, giving rise to
the two pairs of diastereoisomers: 4/5 and 7/8, respectively.
Notably, odor potency and tonalities vary within the group
and with respect to 1 and 3.8) The odor of the two cis-
irones 4 and 7 thus shows a warm floral-woody tonality; in
addition, the smell of the a-isomer 4 has a distinct “orris
butter” character, while that of the y-isomer 7 possesses
some fruity nuances and green aspects. Interestingly, 7 and
the B-irone enantiomer 6 show a similar B-ionone-type
odor.®l In contrast, trans-a-irone (5) shows a weak violet-
woody character devoid of the characteristic soft “orris”
tone, whereas the odor of trans-y-irone (8) has only a weak
woody tonality.®] Moreover, cis isomers are considerably
more potent than the corresponding trans isomers. It is thus
clear that the increased steric hindrance near C(2), due to
the methyl substituent, could not account entirely for such
odor differences with respect to ionones. Actually, molecu-
lar modeling shows different molecular topologies for the
structures 4, 5, 7, and 8 (Figure 5). As is the case of 1, a
group of eight different conformations could be located for
each of the compounds 4, 5, 7, and 8; however, the energy
rankings of the conformations relative to 1 were different,
in a way that could easily be interpreted. As expected, con-
formations in which the C(2) methyl group is pseudoaxially
oriented — namely the 2HC, conformations of 4 and the
'THC, conformations of 5 — are destabilized, so in 4 the
°HC, conformations 4A-D became much less favored
(6.4%) than the 'HC, conformations 4E-H (93.6%),
whereas in the case of 5 the preference for the 2HC, geome-
try was further enhanced (SA-D, 96.9%). The other confor-
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mational preferences for the a-irones 4 and 5 remained al-
most the same as in a-ionone (1): the anti 6-H/7-H prefer-
ence was 98.9 and 78.0%, respectively, whereas the cisoid
arrangement of the a,fB-unsaturated ketone was 78.1 and
77.0%, respectively.

-
TV,S(

4E SA

=

S pd 4

7E 8A

6A 6E

-1

Figure 5. 3D plot of the most representative conformations of
irones 4-8.

In the case of y-irones 7 and 8, the C(2) methyl group
exerts the same effects as shown for the a-isomers 4 and 5,
respectively, destabilizing the conformations in which it is
axially oriented (Figure 5). The cis isomer 7 largely prefers
the chair conformations 7E-H (98.4%), in which both the
substituents at C(2) and C(6) are equatorially oriented. On
the other hand, the 7rans isomer 8 prefers the opposite chair
conformations 8A-D (93.0%) in which the methyl group at
C(2) is equatorial and the butenone chain is forced into an
axial orientation. The usual conformational preferences
were also maintained for compounds 7 and 8: the anti 6-H/
7-H preferences were 99.1 and 82.6%, respectively, whereas
the cisoid arrangements of the a,B-unsaturated ketone were
81.6 and 83.5%, respectively. In conclusion, within the two
pairs of a- and y-irones (4, 5 and 7, 8, respectively) the
better olfactory properties are shown in each case by the
diastereoisomer presenting a greater preference of the but-
enone chain for the pseudoequatorial or equatorial orienta-
tion: namely by the cis stereoisomers 4 and 7. Moreover,
odor potency increases for irones (4, 7 vs. 5, 8) with the
C(1)-BCHj; axially oriented in the most populated confor-
mations (4E, 7E vs. 5A, 8A), in a fashion similar to that
seen with y-ionone (3) relative to a-ionone (1). On the other
hand, hardly identifiable is a single structural factor clearly
related to the lack of the “orris-butter” tonality among the
characters of trans-o-irone (5). Presumably, this characteris-
tic note is linked to a cooperative effect of various structural
motifs.
4760
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With respect to the conformational behavior, B-irone 6
showed a great similarity to B-ionone (2), nicely paralleling
the odor properties.®l However, the presence of the ste-
reocenter at C(2) and the consequent equatorial or axial
orientations assumable by the C(2) methyl groups, differen-
tiate, on energetic grounds, the A-D/I-J, and the E-H/K-L
groups of conformations, though they maintain the same
geometry of the ring and of the butenone chain as assumed
in the corresponding conformation of 2. As would be ex-
pected, the latter group of conformations are destabilized,
although, with the exception of 6L, their percentage contri-
butions are not negligible.

The three synthetic compounds 14-16,1'"! which can be
considered a-ionone homologues with increased steric hin-
drance around C(13), were then modeled. Eight conforma-
tions, as found for 1, were located for 14; however, the sub-
stitution of the olefinic methyl with an ethyl group intro-
duces an additional degree of freedom, giving rise to three
possible orientations, described by the torsion angle 73
[C(6)-C(5)-C(13)-C14]. The eight geometries, labeled as A—
H, thus give rise in the case of 14 to conformational fami-
lies, each containing three members. In Table 3 every indi-
vidual conformation is described and the overall percentage
contribution of each family is also reported. The family per-
centages of compound 14 closely parallel the corresponding
individual percentages of the conformations of compound
1. This clearly indicates that substitution of the methyl
group at C(5) by an ethyl moiety does not influence the
overall conformational behavior of the molecule to any ex-
tent, so the 2HC,; conformations 14A-D are preferred as in
the natural compound 1. The 'HC, half-chair conforma-
tions 14E-H account for a percentage of 14.1%. The ethyl
group prefers the g* gauche and the trans orientations,
whereas the g~ gauche orientation is less stable by more than
1 kcalmol™!. Figure 6 shows 3D plots of the three members
of the 14A family, together with the members of the 14E
family.

e ol

14Ab 14Ac

14Aa

14Ea

14Eb

14Ec

Figure 6. 3D plot of the three members of the A and E families of
compound 14.

The ionone analogues 15 and 16 were modeled iden-
tically to 14. For these compounds, possessing bulkier
groups at C(5) than 14, the members of every families in-
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creased numerically because of the higher number of de-
grees of freedom associated with the alkyl groups. However,
only the most populated member of each family is reported
in Table 4; its individual percentage contribution to the
overall population is accompanied by the value correspond-
ing to the entire family. Once again, the family percentage
values proved to be very similar to those of 1. Figure 7
shows the most populated 2HC, and 'HC, conformations
of 15 and 16.

15Aa 15Ea

16Aa

16Ea

Figure 7. 3D plot of the most populated 2HC, and '"HC, conforma-
tions of compounds 15 and 16.

Olfactory evaluation of compounds 14-16 (Givaudan
Schweiz AG, Fragrance Research) showed that enhanced ste-
ric hindrance around the cyclohexene double bond does not
significantly affect the predominant ionone-like tonalities
of the series, while it introduces additional distinct notes,
such as the orris facets displayed by the propyl derivative
15.'71 The 5-ethyl ionone homologue 14 was the most
powerful of the three compounds on blotter; indeed, its
odor threshold — 0.085 ng per L of airl'”! — was more than
thirty times lower than the parent a-ionone (1, 2.7 ng per
L of air), and of the same order of magnitude as y-ionone
(3, 0.07 ng per L of air), which is regarded as the most
powerful and pleasant isomer.8! In contrast, the isobutyl
derivative 16 was the weakest odorant of these three syn-
thetic ionones on blotter.l'”! The progressive decrease in the
potency of 15 and 16 in relation to 14 indicates that the
potential for accommodation of a group larger than methyl
is limited to the size of an ethyl group. Groups as large
as propyl or isobutyl hinder positive interaction with some
olfactory receptors (ORs). The better olfactory properties
of compound 14 in relation to 1 seem to be due to specific
interactions of C(14) rather than to a different distribution
of the conformational population. The preference for the
trans and the g* orientations suggests one of these two ori-
entations as responsible for the activity of compound 14.
Conformationally constrained analogues, in which the ethyl
group is frozen in a precise orientation, could allow the
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active orientation to be established and might even lead to
more potent odorants. Apparently, specific hydrophobic in-
teractions of each carbon of the C(5)-alkyl chain with ORs
modulate the individual additional notes accompanying the
predominant ionone-like odors of compounds 1 and 14-16.

Conclusions

In this paper we have described a complete B3LYP/6-
31G(d) modeling study of a-, B-, and y-ionones and irones
1-8 and their synthetic analogues 14-16, each containing
an identical E-enone moiety, and differing in the endo or
exo position of the other double bond and the additional
presence of an alkyl group at C(2) or at C(13).

The modeling study showed a shift of the conformational
preferences of the butenone chain from a pseudoaxial ori-
entation, favored in 1, to a pseudoequatorial one, favored
in 2 and 3, suggesting this steric factor to be related to the
increased olfactory potency of 2 and 3 in relation to 1.
Analogously, the better odor properties of the cis-irones 4
and 7 in relation to the frans stereoisomers 5 and 8 seem to
be linked to a greater preference of the butenone chain for
assuming a pseudoequatorial or an equatorial orientation.

In contrast, the hindrance of the alkyl group at C(5) does
not significantly affect the overall conformational behavior
of synthetic a-ionone analogues 14-16; however, it seems
to be the main factor affecting the odor potency of these
compounds. Moreover, conformational analysis of com-
pound 14 suggests that rigid analogues, in which the two-
carbon moiety at C(5), being incorporated in a cyclic struc-
ture, would be frozen in a precise orientation, could enable
us to establish the active orientation and might even lead
to more potent odorants. This stimulates the design of new
derivatives of ionones 1 and 14, the syntheses of which will
be pursued in our laboratories. Their preparations and the
determined odor properties, in relation to those of parent
compounds 1 and 14, should be reported in the near future.

Computational Methods

All the calculations were carried out by use of the GAUSSIANO03
program package.”!! The conformational space of compounds 1-
8, 14-16 was explored through optimization of all the possible
starting geometries, which were optimized by the DFT approach
at the B3LYP level with the 6-31G(d) basis set. All the degrees of
conformational freedom were considered. Vibrational frequencies
were computed at the same level of theory to verify that the opti-
mized structures were minima.

Supporting Information (see footnote on the first page of this arti-
cle): Torsion angles x, 7;, and 75, @ angle, and ring puckering
coordinates of compounds 4-8, 14-16; energies in Hartrees and
Cartesian coordinates of all reported conformations of compounds
1-8, 14-16; NOESY spectrum of compound 1.
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