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Odorous molecules, cis- and trans-4-methylcyclohexyl tetrahydrofuran-2-yl or pyranyl ethers, have been studied from
the points of view of conformation and dynamics with the aim of extracting information on the relationships
between white flower odour and structure. Both NMR and molecular dynamics analyses showed that cis derivatives,
endowed with a main white flower note, have a bent structure corresponding to an oval molecular shape; the trans
derivatives, exhibiting different odours, possess an extended structure corresponding to a cylindrical molecular shape.
This comparison was also applied to two aromatic ethers both with a main floral note, 4-fert-butylphenyl
tetrahydropyran-2-yl ether and 4-isopropylphenyl tetrahydrofuran-2-yl ether. These molecules also have similar
conformations. All conformations for all molecules are independent of the solvent used, CDCl, or [’ H,]DMSO

(NMR) or vacuum, CHCI; or DMSO (molecular dynamics).

Introduction

The characteristic odour of the lily of the valley (muguet)
has been the subject of great interest and research work for a
long time.* The essential oil contains a great number of
compounds, but none of them reproduces the typical note of
muguet.® Despite the great interest in perfumery for this
odour, natural lily of the valley oil is not commercially avail-
able; therefore, synthetic substitutes have been sought and
employed with some success.

Although many compounds have been synthesised, the
molecular parameters related to the odour of white flowers
have not yet been clearly defined. Some results seem to indicate
strict requirements in the stereochemistry of the odorants,
within certain classes of compounds, such as hydroxy ketones
and hydroxy aldehydes, derivatives of p-menthane and iridane,
where cis/trans isomers or diastereoisomers differ dramatically
in their odour potency.* However, the presence of two func-
tional groups does not seem to be a requisite for the odour of
muguet, which is well reproduced in compounds containing
an aldehyde carbonyl as the sole functional group.

To provide more information on the relationships between
chemical structure and the odour of white flower, epitomised
by the note of muguet, we synthesised a series of tetrahydro-
pyranyl and tetrahydrofuranyl ethers, bearing some similarity
in molecular shape to the structures already known.>* Among
the compounds synthesised, we found molecules endowed with
an intense white flower odour like cis-4-methylcyclohexyl
tetrahydrofuran-2-yl ether (1-cis) and cis-4-methylcyclohexyl
tetrahydropyran-2-yl ether (2-cis), whereas the structurally
related trans-4-methylcyclohexyl tetrahydrofuran-2-yl ether
(1-trans) and trans-4-methylcyclohexyl tetrahydropyran-2-yl
ether (2-trans) do not possess this odour (cis and trans refer to
relative orientations of H-6 and H-9 or H-7 and H-10 for 1
and 2 respectively; see Fig. 1). These molecules, differing in
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stereochemistry and in odour, were chosen for an NMR and
molecular dynamics study with the aim of completely defining
their molecular shape.

The results of this investigation could suggest strategies for
designing new odorants with a white flower note. In order to
achieve clearer insight into the relationships between molecular
shape and white flower odour, we also chose for this study
compounds 3, 4-isopropylphenyl tetrahydrofuran-2-yl ether,
and 4, 4-(tert-butyl)phenyl tetrahydropyran-2-yl ether (see
Fig. 1), where the cycloalkyl moiety was substituted by an
aromatic ring (both molecules have an intense white flower
odour).

The NMR study was performed in two solvents of different
polarity, CDCl, and [*Hg]DMSO, while the molecular dynamics
analysis was done in vacuo, CHCl; and DMSO to mimic the
different environments that the odorant molecules could meet
on their way to the olfactory receptors.

Results and discussion

2.1 NMR: relaxation rate analysis

'"H and ®C NMR assignments were made on the basis of
decoupling and 2D (COSY and HETCOR; INADEQUATE
for compounds 1 and 2) NMR experiments. The numbering
system for the compounds investigated is shown in Fig. 1.

The relative stereochemistry of compounds 2-4 was deter-
mined from the proton coupling constants (J,3,) of the
protons bonded to the bridgehead carbon atom(s). The
presence of an axial-axial coupling constant (11-12 Hz) in 2
and 4 defines the geometry. Moreover, it has been demon-
strated” that in 2-alkoxytetrahydropyranyl ethers the chemical
shift (J) of C-2 is also determined by the position of the alkoxy
substituent: if this substituent is in an axial position the ¢
range of C-2 is 96.9-99.2 ppm, whereas if it is in an equatorial
position the same range is 101.5-103.6 ppm. The conclusions
that can be drawn from the 3C NMR data (see Tables 1-4)
indicate that the substituents on the tetrahydropyranyl rings are
always in an axial position (anomeric effect®). According to the
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Table 1 Chemical shifts (§) and spin-lattice relaxation rates,” R, (1/T,), of the carbons of compounds 1-trans and 1-cis (0.1 mol dm ™ solutions in
CDCI, and [*HDMSO, T =298 K)

Compound 1-trans Compound 1-cis

CDCl, [*HJDMSO CDCl, [’HDMSO

6 (ppm) R/s7! 6 (ppm) R/s™! d (ppm) R/s7! 6 (ppm) R/s7!
C-2 101.8 0.19 £0.01 101.1 0.30 £ 0.02 101.9 0.16 £ 0.01 101.3 0.26 £ 0.02
C-6 75.2 0.18 £0.01 74.3 0.31 £0.02 71.4 0.16 £0.01 70.2 0.26 £0.02
C-5 66.5 0.30 £0.02 65.7 0.51 £0.02 66.5 0.26 £0.02 65.7 0.35+£0.02
C-7or C-11 33.9 0.30 £0.02 335 0.52 £0.02 32.6 0.30 £ 0.02 322 0.54 £0.02
C-8 or C-10 33.5 0.32 £0.02 33.0 0.51 £0.02 31.1 0.30 £0.02 30.6 0.52 £0.02
C-10 or C-8 334 0.30 £0.02 329 0.52 £0.02 29.7 0.31 £0.02 29.0 0.54 £0.02
C-3 32.6 0.32 £0.02 31.6 0.53£0.02 29.5 0.25£0.02 29.2 0.33£0.02
C-9 32.0 0.19 £0.01 31.5 0.31 £0.02 31.1 0.17 £ 0.01 30.7 0.27 £0.02
C-11 or C-7 32.0 0.31 £0.02 32.1 0.50 £ 0.02 28.9 0.32 £0.02 28.6 0.51 £0.02
C-4 23.6 0.29 £0.02 23.1 0.50 £0.02 23.7 0.26 £0.02 23.2 0.34 £0.02
C-12 22.0 0.34 £0.02 21.9 0.52£0.02 21.5 0.27 £0.02 21.7 0.40 £0.02

“ (%) Figures denote approximate 95% confidence limits of the exponential regression analysis.
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above rationale, we can also infer from the chemical shifts of It is known that *C NMR relaxation rates (R, = 1/T,) are
the C-2 carbon atoms in tetrahydrofuranyl rings (compounds almost exclusively determined by dipolar interactions with
1 and 3) that the substituents on this atom are in a pseudo- directly bonded or nearby protons, thus allowing suitable
equatorial position (see Tables 1-3). Thus deductions from *C determination of the molecular dynamics.”'® Analysis of the R,
NMR chemical shifts are in complete agreement with those values of the carbons in compound 1-cis (Table 1) reveals that
made from proton—proton coupling constants. 1) the methine carbons, C-2, C-6 and C-9, have almost equal
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Table 2 Chemical shifts (5) and spin-lattice relaxation rates,” R, (1/T,), of the carbons of compounds 2-trans and 2-cis (0.1 mol dm~* in CDCl,; and

[2HDMSO, T =298 K)

Compound 2-trans

Compound 2-cis

CDCl, [*H,JDMSO CDCl, [’Hs]DMSO

J (ppm) R/s7! 6 (ppm) R/s7! é (ppm) R/s7! J (ppm) R/s7!
C-2 96.7 0.22 £0.01 95.9 0.42 £0.02 96.7 0.18 £ 0.01 95.8 0.31 £0.02
C-7 75.1 0.21 £0.01 74.3 0.43 £0.02 71.0 0.19 £ 0.01 69.8 0.31 £0.02
C-6 62.7 0.46 £0.02 61.6 0.85+0.03 62.7 0.36 £ 0.02 61.5 0.65£0.03
C-10 32.0 0.21 £0.01 31.5 0.42 £0.02 314 0.19 £ 0.01 30.7 0.32+£0.02
C-3 31.3 0.45£0.02 30.8 0.85+0.03 31.2 0.35+0.02 30.9 0.63 £0.03
C-8 or C-12 33.7 0.36 £0.02 333 0.70 £ 0.03 31.1 0.38 £0.02 30.5 0.61 £0.03
C-9 or C-11 33.7 0.36 £0.02 33.1 0.68 £0.03 29.7 0.35%+0.02 29.2 0.64 £0.03
C-11 or C-9 334 0.38 £0.02 32.8 0.68 £0.03 29.4 0.36 £ 0.02 28.9 0.62 +£0.03
C-12 or C-8 31.8 0.36 £0.02 31.4 0.70 £0.03 28.6 0.35%+0.02 28.1 0.62 £0.03
C-5 25.6 0.43+0.02 25.1 0.82+0.03 25.6 0.39+£0.02 25.1 0.61 £0.03
C-13 22.0 0.41 £0.02 21.8 0.61 £0.03 21.6 0.32£0.02 21.7 0.48 £0.02
C-4 20.0 0.44 +0.02 19.4 0.86 +£0.03 20.0 0.37 £0.02 194 0.64 £0.03

“ (%) Figures denote approximate 95% confidence limits of the exponential regression analysis.

Table 3 Chemical shifts (5) and spin-lattice relaxation rates,” R,

(1/T,), of the protonated carbons of compound 3 (0.1 mol dm™' in

CDCl, and [*HJDMSO, T =298 K)

cDCl, [*HJDMSO

3 6 (ppm) R/s7! 6 (ppm) R/s7!

C-6 155.2 154.8

C-9 141.9 141.2

C-7,7 116.4 0.24 +£0.01 116.3 0.54 £0.02
C-8,8' 127.2 0.24 = 0.01 126.9 0.54 £0.02
C-2 102.4 0.21 £0.01 101.9 0.40 £0.02
C-5 67.9 0.26 £ 0.01 67.2 0.51 £0.02
C-10 333 0.15%0.01 32.6 0.37 £0.02
C-3 32.7 0.31 £0.01 32.1 0.69 £0.03
C-11,11" 24.1 0.47 £0.02 24.0 0.83 £0.03
C-4 23.5 0.27 £ 0.01 23.0 0.58 £0.03

(%) Figures denote approximate 95% confidence limits of the exponen-
tial regression analysis.

Table 4 Chemical shifts (J) and spin-lattice relaxation rates,” R,

(1/T,), of the protonated carbons of compound 4 (0.1 mol dm™" in

CDCl, and [PH,J]DMSO, T =298 K)

CDCl, [*HDMSO

4 J (ppm) Rys™! J (ppm) Rys™!
C-7 154.8 154.2

C-10 144.3 143.6

C-9,9 126.1 0.27 £0.01 125.8 0.48 0.02
C-8,8' 115.9 0.27 £0.01 115.9 0.48 0.02
C-2 96.5 0.24 £0.01 95.8 0.42 0.02
C-6 62.0 0.52 £0.02 61.4 0.920.03
C-11 34.1 33.7

3 x CH; 31.5 0.56 = 0.02 31.2 1.00 0.04
C-3 30.4 0.48 £0.02 29.8 0.920.03
C-5 25.3 0.67 £ 0.02 24.6 1.250.04
C-4 18.9 0.51 £0.02 18.6 0.86 0.03

“ (%) Figures denote approximate 95% confidence limits of the exponen-
tial regression analysis.

relaxation rates; 2) the relaxation rates of the methylene
carbons of the cyclohexyl moiety are close to one another and
their values are double those of the methine carbons, while
those of the tetrahydrofuranyl moiety are somewhat lower, but
still close to one another; 3) motions are slower in [*Hg]DMSO
than in CDCl,.

These experimental observations suggest that internal
motions are very restricted, hence this molecule should have a

well-defined main mean conformation in both solvents. The
correlation time (z;) of the molecule can be evaluated from
the relaxation rates of methine carbons considering that they
are almost equal regardless of the relative orientations of the
corresponding C—H vectors. As all protonated carbons exhibit
maximum C {'H} nuclear Overhauser effects (NOEs), by
applying eqn. (1), where rcy is the length of the C-H bond and
n is the number of protons attached to the carbon under con-
sideration, it is possible to evaluate 7. (see Table 5) in both
solvents:

hzlez
L _T7hre, ()

c

3
nl| Ten

Application of this analysis to compound 1-trans reveals
some features that we also found for its cis isomer, ie the
relaxation rates of the methine carbons are almost equal and
motions are slower in [*Hg]DMSO than in CDCIl,;. However,
there is one important difference: the relaxation rates of the
methylene carbons are close to one another not only within
each ring but also among themselves, and they are not twice the
values of the relaxation rates for C-2, C-6 and C-9 (see Table 1).
This fact may well reflect a change in the main rotational axis
with respect to 1-cis, and, hence, very probably a change in the
main mean conformation. Internal motions are very restricted
in both solvents. The main correlation time, 7, (1-trans), can be
evaluated from eqn. (1) and its values in both solvents are
reported in Table 5.

In compounds 2-cis and 2-trans the same analysis gives
results close to those of 1-cis and 1-trans respectively (see
Table 5). The main difference in the motional features in these
compounds is thus determined by the relationship between the
relaxation rates of the methylene carbons (Rcy,) and those of
the methine carbons (Rcy). In molecules 1-cis and 2-cis the
ratio Rey/Rcy is close or equal to 2, hence suggesting a more
or less isotropic motion, whereas in 1-trans and 2-trans this
conclusion does not hold true and there is probably a main
rotational axis. On the basis of these facts a change in the main
conformation is to be expected on passing from compounds
1-cis and 2-cis to compounds 1-trans and 2-trans.

Inspection of the structures of these compounds reveals that
the distance between the protons bonded to the bridgehead
carbon atoms is the key parameter to be evaluated in order to
gain knowledge of their main conformations. A measure of the
distances H-2-H-6 (r,), in 1-cis and 1-trans, and H-2-H-7
(r57), in 2-cis and 2-trans, can be obtained through analysis of
non-selective (R',), mono-selective (R), and double-selective
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Table 5 Correlation times (z./s) of compounds 1 and 2

CDCl, [2HDMSO

1(THP) 1(THF) 7(Cy) 1(THP) 1(THF) 7(Cy)
1-trans 0.82x 10" 0.82x 107" 0.14x 107 0.15% 107
1-cis 0.74 x 107" 0.79 x 107" 0.12x 107 0.13% 107
2-trans 1.07 x 107" 0.98 x 10" 0.19x 1071 0.20 x 1071
2-cis 0.84 x 107" 0.93x 107" 0.14x 107 0.15% 107

Table 6 Non-selective (R,,), selective (R,) and double-selective (Ry,) proton relaxation rates“ (in s ') of selected protons of compounds 1-4 (0.1 mol

dm~ in CDCI; and [*Hg]DMSO, T =298 K)

CDCl, [*H,]DMSO

Compound Proton R R Ry R, R, Ry,
1-trans H-2 0.33 0.26 R%,40.29 0.55 0.38 R?,40.50
H-6 0.32 0.24 R%,60.27 0.61 0.43 R%,60.51
1-cis H-2 0.26 0.22 R%,40.23 0.33 0.26 R*40.28
H-6 0.28 0.24 R%,0.25 0.39 0.32 R, 0.34
2-trans H-2 0.41 0.33 R',,0.36 0.68 0.49 R',,0.53
H-7 0.36 0.45 R%,,0.48 0.68 0.48 R%,,0.52
2-cis H-2 0.38 0.29 R',,0.30 0.53 0.39 R',,0.41
H-7 0.36 0.23 R%,,0.24 0.75 0.54 R%,,0.56
3 H-2 0.30 0.24 R,,027 0.48 0.35 R?,0.38
H-7,7' 0.28 0.23 R’,,0.26 0.45 0.37 R’,,0.40
R,40.25 R7;50.41
H-8,8’ 0.31 0.26 R, 40.28 0.55 0.43 R?,40.47
4 H-2 0.39 0.32 R',50.34 0.79 0.58 R',50.62
H-8,8’ 0.33 0.26 R’,50.28 0.62 0.47 R,40.51
R4, 0.31 R34 0.58
H-9,9’ 0.35 0.28 R%,0.33 0.64 0.47 R%,0.59

“ Errors were evaluated within 2.3 and £2% (all experiments were performed three times).

Table 7 Proton—proton distances (A) in compounds 1-4 estimated from relaxation rates (a) and "H{'H} NOEs (b)

Compound CDCI; (a) CDCI; (b) [*H,JDMSO (a) [*H,JDMSO (b)
1-trans Fa6=2.1%0.15 rye=1.810.05

1-cis — rye=2.451 0.2

2-trans Fa7=22%0.2 Fy7=23510.25

2-cis — —

3 F27=2.3%0.15 ry,=24 r,=2.6102 ryp=2.4

4 F28=2.90% 0.2 r,=29 r5=3.0%0.3; r8=3.1

(R4 proton spin-lattice relaxation rates. The use of proton
relaxation rates as an aid to conformational studies in solution
is a well-recognised method.!* If the only contribution to the
relaxation comes from the 'H-'H dipole-dipole relaxation
mechanism, according to theory'*'* and within the limits of
the extreme narrowing region, eqn. (2) can be derived, where o,
is the cross-relaxation rate for any proton pair,'® r, is the
interproton distance and 7, is the motional correlation time.

o LI
m 2 r()

in

z @

The various values of g, can be estimated from the differ-
ences between corresponding biselective (R,,) and selective (R')
proton relaxation rate (Ry, — R = ¢;,). Hence, proton—proton
distances can be obtained from double-selective and mono-
selective spin—lattice relaxation rates if 7. is known from other
sources.

The measured relaxation rates are reported in Table 6.
However, not all the important distances can be evaluated once
the experimental errors have been taken into consideration (see
footnote in Table 6). The differences Ry, — R, of the relevant
protons in compounds 1-¢is (CDCl,) and 2-¢is (both solvents)
do not allow a meaningful evaluation of the distances r,¢ and
1,5 respectively. The same distances can be evaluated for com-
pounds 1-trans and 2-trans in both solvents and 1-cis in
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[*H,]DMSO. These distances, r,4 and r, 5, calculated using the
appropriate correlation times (see Table 5) are reported in Table
7. Their values show that within each molecule these distances
are independent of the nature of the solvent (i.e. CDCI; and
[*H,JDMSO). The main mean conformations deriving from
these distances are shown in Fig. 2 and are representative since
the carbon R, analysis showed that internal motions are very
restricted. Thus, on the basis of the conformations determined
by stereochemistry and rotations around the C-O bonds of
the oxygen bridge, compounds 1-frans and 2-trans can be said
to have an extended structure corresponding to an overall
cylindrical molecular shape, a picture that is consistent with
the dynamics suggested for these molecules.

For compounds 1-cis and 2-cis the carbon relaxation rate
analysis suggests a different overall molecular shape for these
molecules. This observation cannot be supported by data related
to distances r,¢ and r,,. However, the only distance calculated
for 1-cis (r,4 in "Hg]DMSO) corresponds to main mean con-
formations with an oval shape, in agreement with the carbon
relaxation rate analysis. Thus, evaluation of the molecular
shape of the molecules of 1-cis and 2-cis requires a different
approach (see later).

We have also studied compounds 3 and 4 (see Fig. 1),
both having a white flower odour. Compounds 3 and 4 still
maintain a certain resemblance to compounds 1 and 2,
respectively, but in both the cyclohexyl moiety has been
substituted by aromatic units; in tetrahydrofuranyl ether 3



Table 8 Correlation times (z./s) of compounds 3 and 4

CDCl, [2HDMSO

.(B) 7,(B) 1(THP) t(THF) 7.(B) 7,(B) t(THP) t(THF)
3 015x107°  0.12x107° 0.83x 107" 0.30 x 107" 0.10 x 107" 0.19% 107"
4 038x1070  048x 107" 0.11 x 107 0.83% 107" 0.82 % 107" 0.18x 107"

1-¢is: 12 6=2.48 A (2.20-2.67)

1-trans; I26=2.31 A (2.12-2.72)

2-cis: 12,7=2.32 A (2.21-2.50)

2-trams: I27=2.39 A (2.19-2.68)

3:127=2.46 A (2.36-2.79) \'}_

4:125=2.72 A (1.82-3.92)

Fig. 2 Minimum energy conformation (right) and conformer bundle (left) within 3 kcal mol™' from molecular dynamics in DMSO. Conformers
were superposed using carbon atoms from the cyclohexane ring (compounds 1 and 2) or aromatic ring (compounds 3 and 4). The key distance for the
minimum energy conformation of each compound is reported together with the upper and lower limits found in each bundle (in parentheses). The
values of these distances show good agreement with those evaluated from the NMR analysis (see text).

there is a p-isopropylphenyl group and in the tetrahydropyranyl
ether 4 there is a p-tert-butylphenyl group.

The relaxation rates (R, = 1/T;) of protonated aromatic
carbons are the same within each compound (see Tables 3 and
4), thus suggesting that C-6-C-9 and C-7-C-10 are the main
rotational axes in 3 and 4, respectively (as is to be expected for
p-disubstituted benzenes). The dynamics of the aromatic rings
can thus be described using an anisotropic model based on
rotational reorientation around the main rotational axis with
some degree of internal motion'® [eqn. (3)] with 4 = 0.25(3
cos?a — 1), B = 3(sin*acos®a) and C = 0.75(sin*a), where 7.(B) is
the main rotation correlation time, 7,(B) the correlation time for
vibrational motions of the aromatic ring, rcy the length of the
C-H bond, n the number of protons attached to the carbon

under consideration and « the angle between the main rotation
axis and the C-H vector. We could not evaluate the main
correlation times of the aromatic moieties by applying eqn. (1)
since none of the aromatic C—H vectors lies on or is parallel to
the main rotational axes C-6-C-9 or C-7-C-10 [once known
7(B) allows the calculation of 7,(B) from eqn. (3)].

w2y 67,(B ©
LR gypas 5200
67,(B)+7,(B)

3
nT Ten

37,(B)
37,(B)+7.(B)

This problem can, however, be overcome by using proton
relaxation rates; in fact, in compound 3 the H-7-H-8 vector is
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parallel to the main axis C-6—C-9 and by using double-selective
and selective relaxation rates we can write eqn. (4):

1wy
R;,x_REZGIx:E 1£/H
r'is

z.(B) @)

where 1,4 is the H-7-H-8 interproton distance. This distance
was determined from neutron scattering data, r = 2.45 A.
Hence, by introducing into eqn. (4) the appropriate values of
the proton relaxation rates (see Table 5) it was possible to calcu-
late the 7(B) value and, consequently, to know the 7,(B) value
from eqn. (3). A similar analysis holds for compound 4. All the
7(B) and 7,(B) values are reported in Table 8. In compound 3
internal motions within the aromatic ring are restricted in both
solvents but especially in CDCI; where 7.(B) and 7,(B) have very
close values (0.15 x 107" and 0.12 x 107" s respectively). In
compound 4 there is a certain degree of internal motion for the
aromatic ring in both solvents.

In CDCI, the relaxation rates of the methylene carbons (see
Table 8) of the tetrahydrofuranyl moiety of compound 3 are
very close to each other but their values are less than twice
the value of the methine ring carbon (R, =0.31-0.28 s~ for C-3,
C-4 and C-5 and R, = 0.21 s' for C-2), thus suggesting the
presence of a preferential rotational axis. It is interesting to
note that the other methine carbon, C-10, belonging to the
isopropyl group has a relaxation rate which is close to that of
C-2 [R,(C-10) = 0.19]. These observations suggest a dynamic
situation with restricted internal motions and in fact the main
correlation time of the THF moiety [z (THF)], calculated from
eqn. (1) using the C-2 relaxation rate, does not differ greatly
from the correlation time of the benzene ring [t (THF) = 0.83 x
107", 7(B) = 0.15 X 107", 7,(B) = 0.12 x 10™'%; see Table 8). In
[*'H,]DMSO the only important difference is that motions are
slower than in CDCI,, whereas all other observations are in
line with the former analysis in CDCl; [t(THF) evaluated
from eqn. (1) and using the relaxation rate of C-2is 0.19 x 1071
s while 7,(B) = 0.30 x 107'* and 7(B) = 0.10 x 107" s; see
Table 8].

The relaxation rates of the methylene carbons within the
tetrahydropyranyl (THP) ring of compound 4 have values that
are not only close to each other, but are also double that of the
methine carbon C-2, and this holds good for both solvents as
shown in Table 4. The correlation time of this moiety [t (THP)]
was calculated from eqn. (1) using the R, value of C-2 and its
value in both solvents is reported in Table 7. As can be seen, this
value is midway between the corresponding z(B) and 7,(B)
values rendering an overall dynamic picture of restricted
internal motions.

The motional features of compounds 3 and 4 are thus
consistent with the presence of a well-defined main mean con-
formation, as for compounds 1-2. The relevant interproton
distances that can give access to these conformations are those
between H-2 and H-7, r,;, and between H-2 and H-8, r,4, for
molecules 3 and 4, respectively.

These distances can be evaluated from an analysis of the
proton relaxation rates as already applied for compounds 1 and
2. Indeed, eqns. (5) and (6),

1 W%y}

Ry Ry=0y = Zi 7 (B) )
ryq
1 h2 4

Ry~ Ry=0y=2 Zi 7 (B) (6)

2.8

where the correlation times are those of the corresponding
benzene rings (the slowest correlation times for 3 and 4,
respectively), allow calculation of r,, and r,5 Their values in
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both solvents are shown in Table 6 and are almost independent
of the solvent nature for both molecules.

2.2 NMR: NOE analysis

It is also possible to calculate these distances from a nuclear
Overhauser effect (NOE) analysis."” The relevant NOEs are
reported in Table 9 for 0.1 M solutions in both solvents (the
NOEs were also estimated in 0.01 M solutions and their
values did not show any significant change). These NOEs allow
evaluation of r, ; and r, 4 since, by assuming the cross-saturation
terms to be negligible, we can write eqns. (7) and (8):

fH-7 (H'S) — "I?l-z,HJ (7)
Jua (H-2) "51-7.}{-8
fH-x (H'9) — r:l-z_H-S (8)
fH-X (H-2) rl(:l-x_H-‘)

The distances thus calculated are shown in Table 7 and they are
in good to very good agreement with the corresponding dis-
tances evaluated from the proton relaxation rates.

This quantitative NOE study could not be carried out for
compounds 1 and 2 since it was impossible to have access to the
relevant parameters required for the application of equations
like (7) or (8).

The main mean conformations of molecules 3 and 4 are
shown in Fig. 2. Their molecular shapes are similar.

This NMR analysis allows the evaluation of important
features of these molecules. However, the main mean conform-
ations of compounds 1-trans, 2-trans, 1-cis (in [*'Hg]DMSO) 3
and 4 are based on dynamical parameters and one key distance,
whereas for compounds 1-cis (CDCIl,;) and 2-cis even these key
distances are lacking.

2.3 Molecular dynamics analysis

In order to acquire deeper knowledge of the conformations of
these molecules and the possibility of comparing their molecu-
lar shapes, we decided to support the NMR study with a
molecular dynamics analysis. This analysis was done on all the
compounds without introducing restraints based on the NMR
results. As for the NMR study the dynamics was simulated
in several environments: vacuum, CHCI; and DMSO. The
molecular dynamics protocol reported in the Experimental
section was applied to all molecules and environments.

The final 75 ps molecular dynamics trajectory was analysed
in the search for conformers within 3 kcal mol™' from the
minimum energy value, and the relative structures were
superimposed to show the molecular flexibility around the
energy minimum more clearly. All the compounds showed
very similar behaviour in the three environments, so only super-
impositions in DMSO are reported. For molecules 1-trans and
2-trans it is shown that the conformers are close to those
derived from NMR observations, while compounds 3 and 4
span a larger conformational space. For compounds 1-¢is and
2-cis the conformers suggest an oval shape that fits the corre-
sponding carbon relaxation rate analyses. The key distances, 7,
(2-trans and 2-cis), 1,5 (1-trans and 1-cis), r,; (3) and r,5 (4)
evaluated for conformational minima and the range of values
for these distances in the conformational bundle together
with their corresponding conformers are reported in Fig. 2.
The values of these distances can be compared with those
determined from the NMR analysis (see Table 7). The two
series of values are in good agreement.

2.4 Conformational space analysis

To further support the evaluation of the molecular shape an
extensive conformational energy search was carried out on each



Table 9 Selected NOEs in compounds 3 and 4 (0.1 mol dm™* in CDCl, and [*Hg]DMSO, T =298 K)

CDCl, [*H,)DMSO
Compound Irradiated Observed NOE (%) Observed NOE (%)
3 H-8.,8’ H-7,7 10.3 H-7,7 16.3
H-10 3.9 H-2 -2.0
H-11,11" 5.2 H-10 5.9
H-7,7 H-8,8' 10.3 H-8,8’ 18.8
H-2 5.2 H-2 7.7
H-2 H-7,7 10.7 H-8,8’ -39
H-7,7 17.4
H-10 H-8,8' 5.0 H-8,8’ 8.5
H-7,7 —-34
4 H-9,9’ H-8,8' 17.3 H-8,8’ 26.4
H-2 -1.1
H-8,8' H-9,9 11.2 H-9,9 23.6
H-2 4.6 H-2 5.0
H-2 H-8,8' 6.3 H-8,8’ 6.9
H-9,9 -1.8

compound by rotating stepwise both dihedral angles connect-
ing rings according to the protocol reported in the Experi-
mental section. The dihedrals of interest were C3-C2-O-C6
and C2-O-C6-C7 for 1-cis, 1-trans and 3, C3—-C2-O-C7 and
C2-0O-C7-CS8 for 2-cis, 2-trans and 4. An isoenergetic contour
plot chart of the conformational analysis is shown in Fig. 3 for
compound 1-¢is in DMSO as an example.
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Fig. 3 Isoenergetic contour plot from the conformational search for
compound 1-cis. The dihedral angles C3—-C2-O-C6 and C2-O-C6-C7
are reported on the x and y axis, respectively. Isoenergetic contours are
drawn in steps of 5 kcal mol ™' (larger than the range used for clustering
molecular dynamics results to achieve clearer representation) and define
greyscale areas from low (white) to high (black) energy. Filled and open
circles represents respectively dihedral values for conformation bundle
and minimum energy structures derived by molecular dynamics and
reported in Fig. 2. All the conformations lie in the lowest energy area,
showing good agreement between the two methods.

Analysis of the results reveals that the protons H-2 and H-6
in compounds 1-cis and 1-trans and protons H-2 and H-7 in
compounds 2-cis and 2-trans face each other for conformations
lying in the low energy area within 5 kcal mol™! of the absolute
minimum. It should be noted that such an area is rather large,
so a small “twist” around the dihedrals is allowed and a con-
formational equilibrium can be hypothesised.

Similar behaviour can be predicted for compound 3, with H-
2 oriented toward H-7 (or H-7’), while an unfavourable energy
is obtained when an oxygen atom from the tetrahydrofuran ring

faces H-7. The energy barriers are rather lower than for the
other compounds, so a larger equilibrium could be predicted
than for 1 and 2. For compound 4 the same observations are
made as for 3.

Thus, in closely correlated structures the stereochemistry and
main mean conformation can be important in determining
the odour. Indeed, the facts emerging from both the NMR
and molecular dynamics studies suggest the following: i)
compounds 1-c¢is and 2-cis have a very similar oval molecular
shape that is clearly different from that of 1-trans and 2-trans
(cylindrical shape); correspondingly 3 and 4 have similar
molecular shapes; ii) conformation and also molecular shapes
are independent of solvent or environment.

The reported study underlines, indeed, the importance of the
molecular shape as one of the key parameters in determining
the odour of molecules.'®"

Experimental
3.1 Nuclear magnetic resonance

The compounds under investigation were synthesised as
previously described.>® Solutions were made in 99.85%
[PHJDMSO (Merck) and CDCl; (Merck) and were carefully
deoxygenated. NMR measurements were carried out with a
Bruker AC-200 Fourier transform spectrometer. Chemical
shifts were referred to internal TMS. Spin-lattice relaxation
rates were measured using the inversion-recovery pulse
sequence, 32 and 196 FIDs were collected for 'H and “*C T,
measurements, respectively. Selective and double-selective
relaxation rates were measured using inversion—recovery
pulse sequences where the m pulse was given by the proton
decoupler at selected frequencies at low power for relatively
long times'® (the typical experimental setting for a 180° pulse
was 20-30 ms with 12-18 db attenuation). The selective
rate was measured? in the initial slope approximation by
considering only the first part of the recovery curve; "H{'H}
NOEs were measured with gated decoupling techniques using
NOE difference pulse sequences. 'H Homonuclear (COSY)
(spectral width 2000 Hz, 1024 data points, 128 increments of 32
scans each, 4 dummy scans), *C—"H heteronuclear (HETCOR)
(*H spectral width 2000 Hz, "*C spectral width 4500 Hz, 4096
data points, 256 increments of 128 scans each, 4 dummy scans)
and 2D-INADEQUATE (spectral width 4500 Hz, 2048 data
points, 256 increments of 128 scans each, 4 dummy scans) experi-
ments were performed according to standard sequences.?'"*

3.2 Molecular dynamics
The conformational study was carried out in vacuo, CHCI; and
DMSO using the AMBER force field and the AMBER soft-
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ware.”® The structures of the compounds were built from
scratch, then a constant temperature dynamics with periodic
temperature jumps® was employed: 8 ps MD at 300 K,
temperature jumps at 600 K for 4 ps to provide enough energy
to pass conformational barriers, four repetitions of this cycle.
A 75 ps MD run at 300 K followed.

3.3 Conformational space evaluation

Molecular structures were built with standard angle and bond
values, while previously described dihedrals were initially set to
0° and a force constraint of 40 kcal mol™! deg™' was applied;
minimisation in the AMBER force field* followed until an
energy gradient of 0.01 kcal mol™' was reached and the total
energy of the system recorded. In the subsequent steps the same
procedure was repeated from scratch, the structure was built
again with standard values and same constraints but by incre-
menting one dihedral by 10° each step while keeping the other
fixed, until a complete rotation was performed for the former.
At this point the latter dihedral was incremented by 10° and
another complete rotation in 10° steps experienced by the other
and so on. This gave a 36 X 36 matrix representing energies for
each pair of dihedral angles values ranging from —180° to
+180° in 10° steps.
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