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Introduction

o-Acetylphenyl naphthoates are intermediates in the preparation

of arylchromones, an important class of oxygen-containing
heterocyclic compounds that are widespread in nature.[1]

Structurally, these compounds are composed of two rigid aro-
matic rings connected by a relatively flexible ester fragment

(�O–C(O)�). The o-acetyl pendant is also likely to move
around the C(sp2)–C(O) single bond. Looking at the whole
molecule, the mobility on four chemical bonds is important to

consider: (1) the aforementioned bond connecting the methyl
carbonyl group with the phenyl ring; (2) the bond between
the phenyl and the oxygen bridge C(sp2)–O(sp3); (3) the ester

linkage C(O)–O, and (4) the bond between the carbonyl
group and the naphthyl moiety (1-C10H7 or 2-C10H7).
The conformation of esters of the type�C(O)–O–R (case 3) has
been the subject of essential investigation since a very long

time, revealing that the Z conformation is favoured over the
E counterpart[2–6] (Chart 1). One of the reasons is the steric

repulsion between the R groups in the E conformation. Also, the
large rotational barrier about the C–O ester bond is attributed to

resonance delocalization of the lone pair electrons of the ester
oxygen.[5,6]

In this paper, we report the X-ray structures and solid-state
conformations of the acetylphenyl naphthoates 2–13 (Chart 2).

The X-ray data of o-acetylphenyl 1-naphthoate (1)[7] was
incorporated into this study for comparison. Apart from the
structures reported in this study, no other X-ray diffraction

data of acetylphenyl naphthoates was found. Therefore,
only one X-ray-related structure, o-acetyl-4-methylphenyl
4-methylbenzoate, was reported in literature.[8] In order to

clarify some questions about the structural properties and
preferred conformations of the acetylphenyl naphthoate series,
we have used o-acetylphenyl 1-naphthoate (1) and its constitu-
tional isomer, o-acetylphenyl 2-naphthoate, as models, and

used the density functional theory (DFT) for conformational
searching and geometry optimization of the most stable con-
formers. The 1H, 13C, and 17O NMR spectra were reported in

our previous study.[9]

Results and Discussion

Theoretical Calculations

Due to the structural flexibility of the title molecules, the

potential energy (Ep) curves around four torsion angles were
obtained. Chart 2 shows the angles A–D and bonds investigated
(in blue colour). The Ep curve of torsion A (C1–C10 bond)
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Chart 1. Conformations in the ester linkage.
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delivered two conformers at 08 (s-cis configuration) and 1808
(s-trans configuration), with the latter conformer being 1 kcal

mol�1 more stable than the former conformer. Torsion B angle
(C20–O bond) shows two equivalent minima at,�908. Torsion
C angle refers to the preferred conformation around the C(O)–

O–R ester function. As described above, the Z conformation of
esters is expected to be more stable than the E conformation[2–4]

(Chart 1). In a previous work, phenyl esters of cinnamic acid

showed that theZ conformationwas 4.91 kcalmol�1more stable
than its E counterpart.[10] The Ep curve around torsion C angle
shows only one minimum at 08 as the E conformer forces both
aromatic rings to get close to each other (repulsive effect). The

Ep difference between the two conformers, i.e. Ep(E) – Ep(Z), is
greater than 8 kcalmol�1. Torsion D involves the rotation of
naphthyl ring around the carbonyl group of the ester function.

As expected, the isomer containing the 2-naphthyl ring shows
a conjugative stabilization, with the s-trans (O3C3–C200C100 ¼
1808) being only 0.06 kcalmol�1 more stable than the s-cis

conformer (08). The molecule of 1 has a differential behaviour.
The angle O3C3–C100C200 has two minima at �1508 and 308.
The s-trans conformer is 1.05 kcalmol�1 more stable than the
s-cis conformer. The conjugative stabilization is not enough to

absorb the repulsive, very short interactionC¼O3���H800, and the
carbonyl moiety deviates by � 308 on the naphthyl ring plane.

After the conformational searching, the following energy

minima were found for each of the four torsion angles investi-
gated: 08 and 1808 (A), 908 (B), 08 (C), and 308 and�1508 for 1
and 08 and 1808 for o-acetylphenyl 2-naphthoate (D). According
to these results, four conformations were considered as starting
points for further optimization at the B3LYP/6–311G(d,p) level
of theory. This procedure was repeated for molecules 4 and 10

(with chlorine as an electron-accepting atom) and for 6 and 12

(with methyl as an electron-donating group). For better compar-
ison between the results of the X-ray diffraction analysis and
theoretical calculations, the energy of the conformation found

in the crystal, with andwithout optimization, was also calculated
at the same level of theory. The results are shown in Table 1.

Special attention was paid to the carbonyl group conforma-

tion. As stated before, when torsion angle A approaches 08 and

1808, the disposition of the carbonyl in the acetyl group is s-cis
and s-trans, respectively. The carbonyl belonging to the ester is
s-trans and s-cis when the torsion angle D is 08 and 1808,
respectively. In all the molecules investigated, the most stable

conformation for the acetyl and ester carbonyl is s-trans and
s-cis, respectively. In the 1-naphthoyl series (compounds 1, 4,
and 6), the difference between the higher and lower potential
energies, DEp, of the conformation is up to 2.2 kcalmol�1,

whereas in the 2-naphthoyl series (o-acetylphenyl 2-naphthoate,
10 and 12), DEp is only 1.05 kcalmol�1.

Looking at the results of population analysis, they show

that the 1-naphthoyl series has 92–94% of the population
concentrated between the only two conformations with DEp,
1 kcalmol�1. For the 2-naphthoyl series, all the considered

conformations (four of the four) are below 1 kcalmol�1, and
therefore each of them has a significant population distribution
(above 8%; see Table 1).

Considering the stability of different conformations in the

gas phase, it is expected that in the crystal lattice, the molecule
preferably acquires any of the conformations having DEp,
1 kcalmol�1. Because theoretical calculations do not take into

account intermolecular interactions that may be involved in the
crystal lattice, the differences between the conformations result-
ing in crystal formation, and the most stable, predicted by

theoretical calculation, should be due to the effects of crystal
packing.

Single-Crystal X-Ray Diffraction and Infrared Carbonyl
Frequencies

Table 2 shows the crystal data of all new compounds investi-
gated, whereas the selected interatomic distances, bond angles,

and torsion angles are represented in Tables 3, 4, and 5,
respectively. It is interesting to look at the co-planarity within
the two parts of the molecules, the naphthoate and the acet-

ylphenoxy residues, as well as the spatial orientation of both
with respect to each other.

1-Naphthoates 1–7

Though substitution in the 40- or in the 40- and 60-positions of the
acetophenone ring does not significantly change any bond dis-
tances and bond angles (Tables 3 and 4), there are variations in

the torsion angle (j) behaviour, i.e. changes in the conforma-
tions (see Table 5). If the acetylphenoxy residues are mono-
substituted (2–6), they display divergence from co-planarity

between the aromatic ring and the acetyl carbonyl group. The
absolute deviations forj(O1–C1–C10–C20) are between 148 and
308. Both orientations of C¼O are represented, that towards the

ester function or s-cis configuration (1, 5–7) and that towards
C60 or s-trans configuration (2–4, Table 5). In the dimethoxy
derivative 7, however, the j-value is slightly larger (338),
probably as a consequence of steric interference between the
acetyl and the ortho-methoxy group.

The conformation of the ester group, linking the two aromatic
systems, is anti-periplanar with torsion angles c(C20–O2–C3–
C10) between 1718 and 1768. These results are in agreement with
the preferred Z conformation found in the ester group
O3C3O2C20[2–6] and also predicted by theoretical calculations

(see above). However, there is a strong twist in the ester part with
respect to the C–O single bond (Fig. 1). As can be observed in
Table 5, this bend produces high distortion between aromatic

rings (diedral angles between ring planes d are between �428
and �818). Theoretical calculations also predicted a minimum
near 908 for the torsion angle connecting this C–O single bond
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R1 R3 Ar

1 H H 1-naphthyl
2 NO2 H 1-naphthyl
3 Br H 1-naphthyl
4 Cl H 1-naphthyl
5 F H 1-naphthyl
6 CH3 H 1-naphthyl
7 OCH3 OCH3 1-naphthyl
8 NO2 H 2-naphthyl
9 Br H 2-naphthyl
10 Cl H 2-naphthyl
11 F H 2-naphthyl
12 CH3 H 2-naphthyl
13 OCH3 OCH3 2-naphthyl

Chart 2. Structures of the aryl naphthoates 1–13.
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(torsion angle B in Chart 2). On the other hand, the ester
carbonyl group is somewhat out of co-planarity with respect
to the naphthyl residue as well. Here, also two orientations of

C¼Ocan be represented, that towardsH800 or s-cis configuration
and that towardsH200 or s-trans configuration. All compounds of
this series show the s-cis configuration, the torsion angles

c(O3–C3–C10–C90) are between 18 and 448 for 1–6 but again
larger for 7 (448). Although the s-cis configuration is probable, it
is poorly populated (DEp. 1 kcalmol�1), as discussed above. In

compound 7, the change in the acetyl orientation, caused by
steric interference with the ortho-methoxy group, affects the
conformation of the remaining naphthoate as well. This is
reasonable as O3 and H80 are rather close to each other.

Moreover, across this series, this relatively short intramolecular
interatomic distance O3���H8 is in the range of 2.22–236 Å, but
is somewhat longer for compound 7 (2.46 Å, Fig. 2 and Table 3).

2-Naphthoates 8–13

All conformational features of the naphthoates 8–13 are similar
to those of 1–7, except for the fact that the through-space
interaction between the acetyl and the naphthoate residues noted

for 1–7 does not exist in the 2-naphthoates 8–13, at least not in
the samemagnitude (Fig. 3). There is no significant difference in
the c(O3–C3–C20–C10) for 13 as compared with those of
8–12 (absolute c-values are between 68 and 228). Looking
at the conformations determined by the X-ray diffraction

measurements, it becomes clear that in the 2-naphthoates, steric
interaction across the molecule – as noted for the 1-naphthoates
– is much less severe. All these compounds show the same

naphthyl group disposition with respect to the carbonyl group
(C100 anti-periplanar to O3, s-trans configuration, Table 5), with
the angle C3C200C100 (121–1238) greater than C3C200C300 (1188),
except for compound 12 where C100 approaches O3 (s-cis con-
figuration, see Table 5). In this case, an opposite trend in the
angles is observed (1188 and 1228, respectively). Again, as
stated above, the arrangement of themolecule of 12 in the crystal
approaches the calculated highest energy conformer (Table 1),
but it is only 0.95 kcalmol�1 higher than the most stable con-
formation. The observed contacts around the acetyl and ester

oxygen atoms formed with different proton donor atoms for
compounds 8–13 are listed in Table 6. From these results, it
follows that the structure where the largest number of contacts

on the ester group are established is precisely compound 12;
hence, this might explain their distinctive molecular con-
formations observed in the crystal. Fig. 4 shows contacts in the

structures of 11 and 12. This comparison is illustrative to show
the effect of these interactions in stabilizing the carbonyl s-cis
configuration of 12. Note that such contacts are absent in the s-

trans configuration of compound 11.
Another way to investigate the effect of substituents on the

structural parameters is by vibrational spectroscopy.[11] There is a
direct correlation between the strength of the chemical bond

(force constant) and the corresponding stretching frequencies.

Table 1. Carbonyl configuration determined by theoretical calculationsA

Values in brackets are torsion angles A and D (in degrees)

1 o-Acetylphenyl 2-naphthoate

C¼O C¼O

Conformation Acetyl Ester DEp
C Pop.D Acetyl Ester DEp

C Pop.D

I s-Trans (166.0) s-Cis (166.2) 0.00 76.6 s-Trans (164.6) s-Cis (174.0) 0.00 44.3

II s-Cis (7.4) s-Cis (�160.6) 0.92 15.8 s-Cis (�4.0) s-Cis (�175.3) 0.97 8.4

III s-Trans (166.3) s-Trans (�20.7) 1.58 5.1 s-Trans (164.6) s-Trans (�4.2) 0.06 40.0

IV s-Cis (38.3) s-Trans (30.5) 2.00 2.5 s-Cis (�4.2) s-Trans (3.9) 1.05 7.3

ExperimentalB s-Cis (�24.2) s-Cis (165.1) 4.15 – – – – –

VE s-Cis (7.5) s-Cis (–60.6) 0.92 – – – – –

4 10

I s-Trans (167.6) s-Cis (166.3) 0.00 68.7 s-Trans (166.3) s-Cis (173.9) 0.00 45.4

II s-Cis (4.4) s-Cis (�159.3) 0.90 25.1 s-Cis (�0.6) s-Cis (�175.5) 0.96 8.2

III s-Trans (168.8) s-Trans (�20.9) 1.59 4.5 s-Trans (166.2) s-Trans (�4.5) 0.09 38.9

IV s-Cis (26.5) s-Trans (29.2) 2.16 1.7 s-Cis (�3.6) s-Trans (4.7) 1.05 7.5

ExperimentalB s-Trans (�159.4) s-Cis (�152.5) 4.47 – s-Cis (3.3) s-Cis(�171.2) 6.30 –

VE s-Trans (�167.7) s-Cis (�166.2) 0.00 – s-Cis(-0.6) s-Cis (�175.5) 0.96 –

6 12

I s-Trans (168.8) s-Cis (165.9) 0 74.9 s-Trans (167.3) s-Cis (174.0) 0 44.3

II s-Cis (3.4) s-Cis (�161.5) 0.83 18.0 s-Cis (�3.6) s-Cis (�175.1) 0.92 9.1

III s-Trans (170.3) s-Trans (�20.6) 1.59 4.9 s-Trans (167.4) s-Trans (�4.2) 0.09 37.9

IV s-Cis (19.2) s-Trans (27.9) 2.05 2.2 s-Cis (�3.8) s-Trans (4.3) 0.95 8.7

ExperimentalB s-Cis (30.1) s-Cis (�150.0) 5.84 – s-Cis (�19.1) s-Trans (22.5) 6.29 –

VE s-Cis (�3.0) s-Cis (161.8) 0.83 – s-Cis (3.8) s-Trans (�4.3) 0.95 –

ACalculated at the B3LYP/6–311G(d, p) level of theory.
BFrom X-ray diffraction data.
CDEp (¼Ep(i) – Ep(I) kcalmol�1) represents the potential energy difference between the conformer (i) and the most stable conformer (I).
D‘Pop.’ (in %) represents population based on energies and Maxwell–Boltzmann statistics.
EFrom X-ray diffraction data after optimization [B3LYP/6–311G(d,p)].
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The intense stretching carbonyl band in infrared spectroscopy is
particularlyvaluable tomonitor the strengthof the chemical bond.

It is well known that C¼O stretching frequencies of esters
(–C(¼O)–O–R) are higher than ketones due to their electron
acceptor oxygen atom (–O–R). This inductive effect that rein-

forces the force constant (and the bond order) is more important
than the weakening produced by resonance with the electron
pair on the oxygen (–C(–O–)¼Oþ–R).[11]

The values found for the nCO frequencies of the acetyl group

are between 1680 and 1696 cm�1 for all naphthoyl esters except
for compounds 7 and 13, wherein respective values of 1663 and
1668 cm�1 are observed. This shifting to lower frequencies,

observed in the latter two compounds, is consistent with a
weakening of the C¼O bond caused by steric interference of
the methoxy group at position 6 (dC1O1¼ 1.217 and 1.221 Å for

7 and 13, respectively; d¼ interactomic distance). Finally, as
above stated, dC3O3 values are shorter than dC1O1 values for all
compounds studied because the force constant of the C¼O bond

in the ester moiety is enhanced by the electron-withdrawing

nature of the adjacent oxygen atom.[11] As expected, the
frequency of the ester carbonyl stretching is shifted to higher

values (1724–1742 cm�1).
With help of computational analysis, it is clear that the

1-naphthotate series has a distinctive behaviour: the carbonyl

of acetyl and ester functions (ArCOCH3/ArOCONaph) concen-
trates up to 92–94% of the population in gas phase in the two
most stable conformations (s-trans/s-cis and s-cis/s-cis). In
these two conformations, the naphthoyl has a s-cis configura-

tion. This finding is in agreement with the X-ray diffraction
results for the 1-naphthoyl series, 1–7, as they all have this
conformation. In 4, the most stable calculated molecular con-

formation in the gas phase agrees with that obtained from X-ray
diffraction data. Compounds 1 and 6 have an arrangement
similar to the second most stable predicted conformation

(DEp, 1 kcalmol�1). Although the fluorine derivative (com-
pound 5) was not analyzed by theoretical calculations, compa-
rable results should be expected. The intermolecular interaction

seems to be responsible for this particular preference in the

Table 3. Selected interatomic distances (d) (in Å) and infrared carbonyl (nC5O) stretching frequencies of 1–13 (in cm21)

1-Naphthoates

C1–O1 nC¼O C1–C10 C10–C20 C20–O2 O2–C3 C3–O3 nC¼O C3–C100 O3���H800 O2���H800 O1–O3

1 (H) 1.210(2) 1685 1.499(2) 1.394(2) 1.404(1) 1.360(2) 1.195(2) 1726 1.491(2) 2.22 4.02 3.20

2 (NO2) 1.16(2) 1686 1.52(2) 1.35(2) 1.42(2) 1.37(2) 1.25(2) 1742 1.43(2) 2.29 3.93 5.35

3 (Br) 1.206(4) 1683 1.504(5) 1.382(4) 1.402(4) 1.363(4) 1.201(4) 1732 1.469(4) 2.32 3.94 5.38

4 (Cl) 1.214(3) 1683 1.493(4) 1.385(3) 1.403(3) 1.372(3) 1.195(3) 1734 1.485(3) 2.32 3.94 5.35

5 (F) 1.214(3) 1680 1.496(4) 1.390(3) 1.385(3) 1.394(3) 1.197(3) 1732 1.458(3) 2.22 4.08 3.04

6 (CH3) 1.215(2) 1680 1.500(2) 1.383(2) 1.400(2) 1.3494(19) 1.203(2) 1732 1.486(2) 2.36 3.93 3.28

7 (bis-CH3O) 1.217(2) 1663 1.477(3) 1.394(2) 1.405(2) 1.364(2) 1.206(2) 1738 1.467(3) 2.46 3.78 3.03

2-Naphthoates

C1–O1 nC¼O C1–C10 C10–C20 C20–O2 O2–C3 C3–O3 nC¼O C3–C200 O1–O3

8 (NO2) 1.207(4) 1696 1.517(4) 1.373(4) 1.404(3) 1.365(4) 1.195(4) 1740 1.490(4) 3.62

9 (Br) 1.205(5) 1690 1.500(5) 1.374(5) 1.403(4) 1.366(5) 1.201(5) 1738 1.475(5) 3.44

10 (Cl) 1.205(3) 1690 1.487(4) 1.374(4) 1.390(3) 1.366(4) 1.192(4) 1738 1.469(4) 3.29

11 (F) 1.216(5) 1696 1.482(6) 1.403(6) 1.396(5) 1.365(5) 1.206(6) 1724 1.460(6) 3.75

12 (CH3) 1.202(2) 1680 1.492(3) 1.399(3) 1.406(2) 1.361(2) 1.204(2) 1728 1.473(3) 3.15

13 (bis-CH3O) 1.221(2) 1668 1.480(3) 1.400(3) 1.406(2) 1.365(2) 1.210(2) 1731 1.476(3) 3.24

Table 4. Selected interatomic angles of 1–14 (in degrees)

1-Naphthoates

R O1C1C2 C10C1C2 C10C1O1 C20C10C1 C10C20O2 C30C20O2 C20O2C3 O2C3C100 O3C3C100 C3C100C200 C3C100C900

1 (H) 120.37(17) 118.65(16) 120.98(16) 122.29(12) 120.00(12) 117.87(15) 117.54(11) 110.94(12) 127.36(16) 118.82(13) 121.04(12)

2 (NO2) 119.4(19) 117.9 (18) 122.7(17) 129.3(16) 118.4(15) 116.1(15) 119.8(12) 114.3(14) 125.8(15) 116.3(14) 124.7(14)

3 (Br) 119.3(3) 121.4(3) 119.3(3) 125.5(3) 119.4(3) 117.5(3) 119.0(2) 110.6(3) 127.8(3) 118.3(3) 121.7(3)

4 (Cl) 119.8(3) 121.1(3) 119.2(3) 126.4(3) 119.1(3) 117.4(3) 118.1(2) 109.5(2) 128.1(3) 118.7(3) 121.0(2)

5 (F) 119.1(3) 118.8(2) 122.1(2) 121.8(2) 122.5(2) 115.9(2) 116.57(18) 111.3(2) 129.5(2) 119.9(2) 120.8(2)

6 (CH3) 121.08(18) 119.16(19) 119.74(17) 121.98(17) 119.42(15) 118.16(17) 119.51(14) 110.09(16) 127.21(17) 118.58(16) 121.41(17)

7 (bis-CH3O) 117.94(18) 120.78(17) 121.23(16) 121.32(17) 119.30(16) 116.20(16) 118.27(14) 110.38(16) 127.49(16) 119.15(18) 120.71(17)

2-Naphthoates

R O1C1C2 C10C1C2 C10C1O1 C20C10C1 C10C20O2 C30C20O2 C20O2C3 O2C3C200 O3C3C200 C3C200C100 C3C200C300

8 (NO2) 122.8(3) 117.6(3) 119.6(4) 121.9(3) 118.9(3) 117.8(3) 117.7(3) 111.4(3) 125.9(4) 120.9(3) 118.4(3)

9 (Br) 121.2(4) 117.2(4) 121.5(4) 121.6(4) 119.6(3) 117.4(4) 117.3(3) 111.7(4) 126.3(5) 121.8(4) 117.8(4)

10 (Cl) 118.5(3) 119.8(3) 121.7(3) 123.5(3) 121.4(3) 116.0(3) 117.9(2) 112.1(3) 126.7(3) 121.6(3) 118.1(3)

11 (F) 118.0(5) 118.8(5) 123.2(5) 122.2(5) 119.0(5) 119.1(6) 117.8(4) 112.4(5) 126.8(6) 122.8(5) 117.8(5)

12 (CH3) 118.9(2) 120.2(2) 120.8(2) 123.07(18) 122.06(18) 115.87(18) 117.92(16) 112.1(2) 125.9(2) 117.9(2) 122.4(2)

13 (bis-CH3O) 118.9(2) 120.8(2) 120.2(2) 121.3(2) 117.0(2) 118.6(2) 118.73(18) 111.6(2) 126.1(2) 121.6(2) 118.5(2)
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crystal packing. In addition, around the acetyl and ester oxygen
atoms of compounds 1–7, short contacts are formed with

different proton donor atoms, but the results are not as conclu-
sive as those observed for the 2-naphthoyl series.

Infrared spectroscopywas used as a second spectroscopic tool

tomonitor some structural parameters in solid state. The carbonyl
stretching frequency nC¼O was valuable to confirm the weaken-
ing of the chemical bond as a consequence of steric interference

in the 2,6-dimetoxy-substituted compounds 7 and 13.

Conclusion

Phenyl aroates are well-known aromatic molecules containing
two planes connected by the ester functionality (–C(¼O)–O–),
which gives some flexibility to the molecular structure. Theo-
retical calculations were useful for evaluating the stability of

different conformations and determining which of the possible

Fig. 1. Capped-sticks plot of 6. The ring atoms C10–C60 are in the drawing
plane.

Fig. 2. Capped-sticks plot of 7. The ring atoms C10–C60 are in the drawing
plane.

Table 5. Selected experimental torsion angles of 1–13 (in degrees)

Space group dA jB jC cD Conf. C¼OE

Acetyl Ester

1-Naphthoates

1 (H) P21/n �77 63.1(2) �24.2(2) 65.3(2) s-Cis s-Cis

2 (NO2) P21/c 68.8(5) �57(2) �154(2) 68(2) s-Trans s-Cis

3 (Br) P21/c 69.8(1) �66.1(4) �159.9(3) 64.8(5) s-Trans s-Cis

4 (Cl) P21/c 67.49(6) �64.4(4) �159.5(3) 64.9(4) s-Trans s-Cis

5 (F) P21/c 60.86(6) �72.0(3) 64.2(4) 6.8(4) s-Cis s-Cis

6 (CH3) P21/c 68.00(4) �50.6(2) 60.1(3) 60.5(3) s-Cis s-Cis

7 (bis-CH3O) P-1 �41.80(6) �23.5(3) 62.9(4) 64.2(3) s-Cis s-Cis

2-Naphthoates

8 (NO2) Pcab 66.04(7) �62.8(3) �31.3(5) �165.2(4) s-Cis s-Trans

9 (Br) Pcab 69.93(9) �67.2(4) �30.6(7) �161.1(5) s-Cis s-Trans

10 (Cl) P21 66.57(9) �91.8(4) 6.3(8) �171.2(5) s-Cis s-Trans

11 (F) F2dd 66.2(1) �72.3(6) �15(1) �173.5(6) s-Cis s-Trans

12 (CH3) P21/c 62.00(7) �28.0(3) �19.1(3) 62.5(4) s-Cis s-Cis

13 (bis-CH3O) P21/a 63.84(4) �77.2(2) �41.0(3) �174.0(2) s-Cis s-Trans

Ad: diedral angle between ring planes.
Bj: +(C10C20C100C900) in 1-naphthyl derivatives. j: +(C10C20C200C100) in 2-naphthyl derivatives.
Cj: +(O1C1C10C20).
Dc: +(O3C3C100C900) in 1-naphthyl derivatives. c: +(O3C3C200C100) in 2-naphthyl derivatives.
EConfiguration: acetyl: Ar–C(¼O)–CH3; ester: Ar–O–C(¼O)–naph.

Fig. 3. Capped-sticks plot of 13. The ring atomsC10–C60 are in the drawing
plane.
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Table 6. Observed contacts formed by the acetyl and ester oxygen atoms: bond length (in Å) and bond angle (in degrees)A

8 D . . .A H . ..A D–H . ..A 11 D . . .A H . . .A D–H . ..A

C10–H10���O2 2.710(4) 2.377(2) 100.8(2) C10–H7���O2 2.721(7) 2.387(4) 101.0(4)

C30–H30���O3 2.882(4) 2.620(2) 96.7(2) C30–H8���O3 2.864(7) 2.597(4) 97.1(3)

C10–H10���O1(i) 3.621(4) 2.757(3) 154.9(2) C2–H3���O3(viii) 3.471(7) 2.563(4) 157.7(4)

C2–H2C���O3(i) 3.541(5) 2.656(3) 153.5(2) C10–H7���O1(ix) 3.376(7) 2.513(4) 154.6(3)

C50–H50���O3(ii) 3.353(4) 2.464(2) 160.0(2)

C60–H6 0���O1(iii) 3.598(4) 2.973(2) 125.8(2)

9 12

C10–H7���O2 2.729(4) 2.404(2) 100.3(2) C30–H11 ���O2 2.776(3) 2.494(2) 97.7(1)

C30–H8���O3 2.877(5) 2.623(3) 96.3(3) C10–H10���O3 2.858(3) 2.580(2) 97.8(1)

C10–H7���O1(i) 3.588(5) 2.716(4) 156.5(2) C4–H6���O1(x) 3.655(4) 2.819(2) 146.0(2)

C2–H3���O3(i) 3.487(6) 2.619(3) 150.5(3) C50–H8���O1(x) 3.484(3) 2.735(2) 138.3(1)

C50–H5���O3(ii) 3.387(5) 2.482(3) 164.4(3) C60–H9���O3(xi) 3.550(3) 2.643(2) 165.4(1)

C60–H11���O1(iv) 3.762(5) 2.991(3) 141.3(3) C10–H10���O3(xii) 3.520(2) 2.681(1) 150.5(1)

C80–H16���O3(xii) 3.554(3) 2.721(2) 149.4(2)

C60–H14 ���O1(xiii) 3.509(4) 2.903(2) 124.0(2)

C50–H13���O1(xiii) 3.465(4) 2.811(3) 128.3(2)

10 13

C10–H7���O2 2.705(4) 2.370(2) 100.9(3) C10–H12���O2 2.702(3) 2.359(2) 101.4(1)

C30–H8���O3 2.860(6) 2.598(3) 96.7(3) C30–H13���O3 2.872(3) 2.599(2) 97.4(2)

C60–H6���O3(v) 3.155(6) 2.362(3) 143.1(3) C70–H7���O3(xiv) 3.520(3) 2.564(1) 174.2(1)

C10–H7���O1(vi) 3.503(6) 2.650(4) 152.9(3) C70–H8���O1(xv) 3.452(3) 2.843(2) 122.3(1)

C50–H10���O1(vii) 3.602(7) 2.940(3) 129.3(4) C70–H8���O3(xv) 3.509(3) 2.653(2) 148.7(1)

C80–H9���O1(xvi) 3.838(3) 2.912(2) 162.6(1)

C60–H16���O1(xvii) 3.453(4) 2.730(2) 135.3(2)

ASymmetry codes: (i) x� 1/2,�yþ 1/2, z; (ii)�xþ 1/2, yþ 1/2,�zþ 1; (iii) x, y� 1/2,�zþ 1/2; (iv) x� 1/2,�y,�zþ 1/2; (v)�xþ 2, yþ 1/2,�zþ 1; (vi) x

� 1, y, z; (vii)�xþ 1, y� 1/2,�z; (viii) x� 1/4, yþ 1/4,�zþ 3/4; (ix) x� 1, y, z; (x) x,�yþ 1/2, zþ 1/2; (xi)�x, yþ 1/2,�zþ 1/2; (xii)�x,�y,�z; (xiii)�x

þ 1, �y, �z; (xiv) x � 1/2, �y þ 1/2, z; (xv) �x, �y þ 1,�z þ 1; (xvi) x � 1/2, �y þ 3/2, z; (xvii) �x þ 1/2, y � 1/2, �z.
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Fig. 4. Wireframe representations of (a) 11 and (b) 12 showing contacts formed by the acetyl and ester oxygen atoms. Oxygen

atom notations as explained in Table 6.
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conformations was significantly populated and therefore could

exist in the crystal. The data obtained by X-ray diffraction were
valuable to show the relative spatial orientation between planes.
The distinctive configuration adopted for 12 in the crystal could

be explained in terms of the higher number of contacts around
the oxygen atom in the ester function.

Infrared spectroscopy was used as a second spectroscopic
tool to monitor some structural parameters in solid state.

The carbonyl stretching frequency nC¼O was valuable to
confirm the weakening of the chemical bond as a consequence
of steric interference in the 2,6-dimetoxy-substituted com-

pounds 7 and 13. The inverse relationship between bond
length and stretching frequency C¼O was noted throughout
the studied series.

Experimental

The preparation procedures of compounds 2–13,[12] melting
points, yields, and results of elemental analysis have been
reported previously (Chart 2).[9,13] The X-ray data of 1 were

published previously.[7] The infrared spectra were recorded in
KBr pellets in the range of 4000–400 cm�1 on a Thermo Sci-
entific Nicolet IR200 Fourier transform infrared spectrometer

(2 cm�1 resolution).

Computational Details

The density functional theory[14–16] was used to perform the
conformational analysis of 1 and its constitutional isomer
(o-acetylphenyl 2-naphthoate) in order to determine its more
stable conformers. The calculations were accomplished using

Becke’s three-parameters hybrid density functional[17] with the
gradient-corrected correlation functional according toLee,Yang,
and Parr,[18] a combination that gives rise to the well-known

B3LYP method. Potential energy curves of 1 were obtained by
performing a relaxed scan aroundc(O1C1–C10C20) torsion angle
A, c(C10C20–O2C3) torsion angle B, c(C20O2–C3O3) torsion
angleC, andc(O3C3–C100C200) (orO3C3–C200C100) torsion angle
D, at a B3LYP/6–31 g(d) level of theory, see Chart 2 for labels
(capital letters for torsion angles and bonds in blue colour).

The geometry of those conformers that became a minimum

on the potential energy curves mentioned in the previous
paragraph was further optimized at a B3LYP/6–311 g(d,p) level
of theory. The Hessian matrix of the energy with respect to the

nuclear coordinates was constructed and diagonalized for
the most stable conformers to confirm whether they are true
minima or saddle points on the potential energy surface of

the molecule. The eigenvalues of the Hessian matrix of the
stable conformers were further used in a statistical analysis to
obtain total energies. All calculations were carried out with the

Gaussian 03 package.[19]

X-Ray Crystallography

Suitable crystals were obtained by slow evaporation from sat-

urated solutions of acetonitrile (2, 4–7, 9, and 11) ormethanol (3,
8, 10, 12, and 13). Single-crystal X-ray diffraction experiments
were carried out with a Stoe IPDS (area detector) diffractometer

using graphite monochromated MoKa radiation at room tem-
perature. The data collection in each case covered almost a full
sphere of reciprocal space within 2ymax of,42–488. Due to the
fact that each crystal was rotated only about one axis, the
reflections of a small part of the reciprocal lattice were not
accessible. A second measurement using another rotation axis

was thought to be unnecessary. A few reflections with very low

2y (,3.68) could not be measured due to collision with the
primary beam stop. In some cases, the strongest reflections
exceeded the intensity range of the imaging plate. The repetition

of the measurement using a shorter exposure time, likewise, was
thought to be unnecessary. The completeness of the unique
dataset was ,93% for the triclinic crystal (compound 7) and
95–100% for the monoclinic and orthorhombic ones (com-

pounds 2–6, 8–13). The completeness of the datasets was suf-
ficient in all cases to solve the structures using SHELXS.[20] The
number of measured reflections exceeded the number of unique

reflections by factors in the range of 2.3–7.7 depending on
symmetry. Intensity integration and data reduction were per-
formed using the Stoe IPDS software.[21] The structures were

solved by direct methods (SHELXS)[20] and refined by full
matrix least-squares against F2 of all data (SHELXL).[22] The
ratio of the number of unique reflections to the number of
refined parameters varied from 4.43 to 13.07.

Non-hydrogen atoms were refined using anisotropic
displacement parameters with one exception concerning
compound 2. The low quality of the reflection dataset and final

R-values of compound 2 resulted from a twin problem which
could not be resolved satisfactorily. Hydrogen atom positions
were calculated geometrically and included in the refinement as

riding on the corresponding bound atom. Details of the individ-
ual measurements, data reductions, and structure refinements
are reported in the CIFs. The most important crystallographic

data and refinement parameters of compounds 2–13 are listed in
Table 2, whereas selected interatomic distances, bond angles,
and torsion angles in 1–13 are presented in Tables 3–5.

The program PLATON[23] was used for checks, and Figs 1–4

were created withMercury.[24] Full crystallographic data (with-
out structure factors) were deposited using the CIF format
at the Cambridge Crystallographic Data Centre (12 Union

Road, Cambridge CB2 1EZ, UK; fax: þ44�1223/336�033;
email: deposit@ccdc.cam.ac.uk) and can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html: CCDC no.

1030763 for 6, CCDC no. 1030764 for 5, CCDC no. 1030765 for
2, CCDC no. 1030766 for 13, CCDC no. 1030767 for 11, CCDC
no. 1030768 for 8, CCDCno. 1030769 for 12, CCDCno. 1030770
for 4, CCDCno. 1030771 for10, CCDCno. 1030772 for 9, CCDC

no. 1030773 for 7, and CCDC no. 1030774 for 3.
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