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Abstract 1,1’-Dinaphthyl ketone (15), 1,2’-dinaphthyl
ketone (18), 2,2’-dinaphthyl ketone (19), 1,1’-dinaphthyl
thioketone (16), 1,2’-dinaphthyl thioketone (20), 2,2'-di-
naphthyl thioketone (21), 1,1’-dinaphthyldiazomethane
(17), 1,2’-dinaphthyldiazomethane (22), and 2,2’-dinaph-
thyldiazomethane (23) have been synthesized. Ketone 15
has been prepared from di(1-naphthyl)methanol; ketone 18
has been prepared by a Friedel-Crafts acylation of naph-
thalene with 2-naphthoyl chloride; ketone 19 has been
prepared by a Grignard reaction of 2-naphthylmagnesium
bromide with 2-naphthoyl chloride. Thioketones 16, 20,
and 21 have been prepared by reactions of the corre-
sponding ketones 15, 18, and 19 with Lawesson’s reagent.
The diazomethane derivatives 17, 22, and 23 have been
prepared by the HgO oxidation of the respective hydra-
zones 25, 27, and 28 (prepared from the respective thiok-
etones 16, 20, and 21). The crystal and molecular structures
of ketones 15, 18, and 19 and of thioketone 16 have been
determined. A variety of conformations in the crystal
structures is noted: 1Z,1'Z (15), 1E,1'Z (16), 1E,2’E (18),
27,2'Z (19). The NMR experiments have demonstrated the
downfield shifts of the protons peri to the carbonyl and the
thiocarbonyl groups in 15, 16, and 18, but not in 20. A
systematic DFT study (B3LYP/6-31G(d)) of the confor-
mational spaces of 15-23 and their '"H and '*C NMR
chemical shifts has been performed. In each series
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of constitutional isomers, the order of stabilities is
2,2/-(NA),C=X > 1,2'-(NA),C=X > 1,1’-(NA),C=X. The
decrease in the stabilities of 1-naphthyl derivatives relative
to 2-naphthyl derivatives is attributed to the increased
overcrowding and the increased twist angles in 1-naphthyl
derivatives. The increased stabilization of E-conformations
with the increase of the radius of a heteroatom at C° due to
the steric reasons is noted. The DFT calculations satisfac-
torily describe the X-ray conformations of 15, 16, 18, and
19.
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Introduction

Naphthalene (1) is the simplest polycyclic aromatic
hydrocarbon (PAH) [1]. One of the features that distinguish
naphthalene from benzene (2) is the peri relationship
between the neighboring positions 1 and 8 (and between
the neighboring positions 4 and 5), which is characteristic
of naphthalene and is absent in benzene [2]. The peri
relationship differs significantly from the ortho relationship
between the neighboring positions in benzene, e.g., 1 and 2
and 1 and 6. The C'=H' and C*~H® bonds in naphthalene
are parallel, while the C'-H' and C*>~H? bonds in benzene
and in naphthalene form an angle of 60°. The geometrical
constraint in naphthalene affects the non-bonding distances
r(X---X) in 1,8-di-X-naphthalene (3) versus 1,2-di-X-
naphthalene (4) and 2,3-di-X-naphthalene (5). In unsub-
stituted naphthalene (1) (when X =H in 3 and 4),
r(H'--H®) = 245 pm while r(H'---H*) = 249 pm [3]. In 3,
r(X'--X®) is much more sensitive to the nature of the
substituent X than r(X'--X?), rX*-X%), rX'--H?,
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HX%-HY, and n(X*--H’) in 4 and 5. For example, a
comparison of the C-Cl bond lengths of 1,8-dichloro-
naphthalene (6) with those of 1,2-dichloronaphthalene (7)
and 2,3-dichloronaphthalene (8) shows that at B3LYP/6-
31G(d), Ar(peri) = rCl'---C1®) = 3109 pm in 6, while
Ar(ortho) = r(C1'---CI?) = 318.6 pm in 7 and Ar(ortho) =
HCI>--CI*) = 3217 pm in 8. These differences are
reflected in the corresponding relative Gibbs free energies
AGsog = 29.19 (6), 1.74 (7), 0.00 kJ/mol (8). The impli-
cations of the peri versus ortho relationships are also
expressed in 1-substituted naphthalenes, as compared with
2-substituted naphthalenes. The effect of interactions
between substituents at the peri positions in naphthalenes
has been reviewed [4]. A recent relevant illustration is a
series of glass-forming materials based on the 1,3,5-
tris(naphthyl)benzene motif [5, 6]. The study revealed a
conformational-behavior dependence on the site of substi-
tution (1 vs. 2) at the naphthalene rings [5, 6].
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In the course of our studies of overcrowded bistricyclic

aromatic enes (BAEs) (Fig. 1) [7, 8], we have recently
devoted our attention to naphthologous analogues of BAEs
[9]. The BAEs are overcrowded in their fjord regions [8] on
both sides of the central double bond (C9=C9’). The bridges
X and Y in BAEs have a profound effect on the over-
crowding, dynamic stereochemistry and thermochromism
of these fascinating systems [7, 8, 10-12]. The degree of
overcrowding in BAEs may be reduced by removing the
bridges X and/or Y. Such removals, which cancel the fjord
region(s), may be realized by the following two variations
leading to open-BAEs; (i) removal of one bridge (X or Y)
of BAE to give BAE-1, i.e., mono-bridged tetraarylene,
e.g., 9-(diphenylmethylene)-9H-fluorene (9); (ii) removal
of the two bridges of BAE to give BAE-2, i.e., tetraarylene,
e.g., tetraphenylethene (10). In BAE-1 and BAE-2, in
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contrast to BAE, there are prima facea essentially “free”
rotations around the single C—C bonds between the ene
carbon atoms (C° and/or C*') and the aryl groups bonded to
C° and/or C°. This effect confers a conformational flexi-
bility, which may result in a reduction in the degree of
overcrowding. We have recently reported the syntheses,
molecular and crystal structures and NMR spectroscopic
study of the following naphthologous analogues BAEs-1:
9-(di-1-naphthalenylmethylene)-9H-fluorene (11) and 9-(di-
I-naphthalenylmethylene)-9H-xanthene (12) [9]. The syn-
theses of 11 and 12 started from 1,1’-dinaphthyl ketone (15),
1,1’-dinaphthyl thioketone (16), and bis(1-naphthyl)diazo-
methane (17). The DFT computational study of the con-
formational spaces of 11 and 12 and their constitutional
isomers, 9-(di-2-naphthalenylmethylene)-9H-fluorene (13)
and 9-(di-2-naphthalenylmethylene)-9H-xanthene (14) were
also reported [9].

O?O OO
CQ OO CQ OO

11 12

In view of the differences between 1-substituted naph-
thalenes and 2-substituted naphthalenes (vide supra), it
seemed worthwhile to compare the effect of the substitu-
tion site of naphthalene (1) on the conformational spaces of
dinaphthyl ketones, dinaphthyl thioketone, and dinaphthyl
diazomethanes. We report here the synthesis, a DFT

Fig. 1 Overcrowded BAE:s.
X = Y: homomerous;
X # Y: heteromerous
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computational study, an X-ray study and an 'H-NMR and
C-NMR spectroscopic study of the following naphthalene
derivatives: 1,1’-dinaphthyl ketone (15), 1,2’-dinaphthyl
ketone (18), 2,2’-dinaphthyl ketone (19), 1,1’-dinaphthyl
thioketone (16), 1,2’-dinaphthyl thioketone (20), 2,2'-di-
naphthyl thioketone (21), 1,1’-dinaphthyldiazomethane
(17), 1,2'-dinaphthyldiazomethane (22), and 2,2’-dinaph-
thyldiazomethane (23).
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Experimental

Melting points are uncorrected. All NMR spectra were
recorded with a Bruker DRX 500 spectrometer; 'H-NMR
spectra were recorded at 500.2 MHz using CDClj; as sol-
vent and as internal standard (A(CHCl;) = 7.26 ppm).
C-NMR spectra were recorded at 125.78 MHz using
CDCl; as solvent and as internal standard (6(CDCl3) =
77.00 ppm). Complete assignments were made through
2-dimensional correlation spectroscopy (DQF-COSY,
HSQC, and HMBC). IR spectra were recorded with a
Bruker ALPHA spectrometer, using CHCl; as a solvent.
Petroleum ether (PE, b.p. 40-60 °C), benzene, and diethyl
ether for the Grignard reaction were dried on sodium and
freshly distilled. In the rest of the experimental part ben-
zene and toluene were dried on sodium, CH,Cl, was dried
on CaCl,.

The X-ray study was carried on a Bruker SMART
APEX CCD X-ray diffractometer equipped with a graphite
monochromator. Single crystals of ketones 15 and 16 were
attached to glass fibers, with epoxy glue, while these of 18
and 19 were attached with a mineral oil. The temperature
of the crystals of 18 and 19 was maintained at —100 °C
with a Bruker KRYOFLEX nitrogen cryostat. The system

was controlled by a Pentium-based PC running the
SMART software package [13]. Data were collected for
each crystal using MoKo radiation (4 = 0.71073 A).
Immediately after collection, the raw data frames were
transferred to a second PC computer for integration and
reduction by the SAINT program package [14]. The
structures were solved and refined by the SHELXTL
software package [15]. Crystallographic data are summa-
rized in Table 1.

1,1’-Dinaphthyl ketone (15)

Ketone 15 was prepared from di(1-naphthyl)methanol (24),
as previously described [9]. A single crystal of 15 was
obtained from CH,Cl,.

'"H-NMR 4(CDCl;), ppm: 7.440 (t, °J =8.0 Hz,
3] = 7.5 Hz, 2H, H?, HY), 7.575-7.600 (m, 4H, H®, H,
H’, H"), 7.616 (dd, >J = 7.0 Hz, 2H, H2, H?), 7.954 (ddd,
3] = 6.5 Hz, °J = 7.0 Hz, 2H, H>, H”), 8.033 (d, °J = 8.0
Hz, 2H, H*, HY), 8.576 (ddd, 3J = 9.0 Hz, 2H, H®, H®).

3C-NMR 8(CDCls), ppm: 124.34 (C3, C¥), 125.89 (C®,
C%), 126.53 (C°, C%), 127.83 (C’, C7), 128.46 (C°, C°),
130.42 (C2, C%), 131.16 (C®, C%), 132.47 (C* C¥),
133.85 (C*, C*), 137.14 (C', CY), 199.74 (C°).

1,1’-Dinaphthyl thioketone (16)

Thioketone 16 was prepared from 15, as previously
described [9]. A single crystal of 16 was obtained from
CH,CL.

'"H-NMR §(CDCl3), ppm: 7.381 (td, *J = 8.0 Hz,
3] = 7.5 Hz, 2H, H®, H®), 7.422 (td, ] = 8.0Hz,*J = 7.5
Hz, 2H, H?, H), 7.484 (td, >J = 8.0 Hz, °J = 7.0 Hz, 2H,
H’, H"), 7.688 (dd, *J = 7.0 Hz, 2H, H?, H?), 7.880 (d,
3] = 8.0 Hz, 2H, H, H”), 7.969 (d, °J = 8.0 Hz, 2H, H*,
HY), 8.222 (d, >J = 8.5 Hz, 2H, H®, HY).

3C-NMR §(CDCly), ppm: 124.79 (C3, C*), 125.77 (C®,
C¥), 126.28 (C°, C%), 127.34 (C7, C7), 127.99 (C%, C?),
12834 (C°, C¥), 130.02 (C%, C®), 131.68 (C*, C*),
133.98 (C*, C*), 148.57 (C!, CV), 241.58 (C°).

Di(1-naphthyl)hydrazone methanone (25)

Hydrazone 25 was prepared from 16, as previously
described [9].

"H-.NMR §(CDCl5), ppm: 5.589 (s, 2H), 7.215 (dd,
3] =7.5Hz,*J = 1.5 Hz, 1H), 7.281 (t, °J = 7.0 Hz, 1H)
7.753 (dd, °J = 7.0 Hz, *J = 1.0 Hz, 1H), 7.522-7.588 (m,
2H), 7.594 (t, °J = 8.0 Hz, °J = 7.5 Hz, 3H), 7.786 (d,
3] = 8.0 Hz, 1H), 7.895 (d, *J = 7.5 Hz, 1H), 7.918 (d,
3] = 8.0 Hz, 1H), 7.975 (t, *J =9.0 Hz, *J = 2.0 Hz,
4] = 1.6 Hz, 2H), 9.058 (d, °J = 8.0 Hz, 1H).

@ Springer



774

Struct Chem (2012) 23:771-790

Table 1 Crystallographic data for dinaphthyl ketones 15, 18, and 19 and for thioketone 16

15 16 18 19
Empirical formula C,H 4,0 Cy1H4S C,;H,,0 C,H, 4,0
Formula weight 282.32 298.38 282.32 282.32
Temperature (K) 295(1) 295(1) 173(1) 173(1)
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic
Space group Pbcn P2y/n P2, C2/c
a A) 10.8530(8) 12.2044(8) 8.336(1) 31.416(5)
b (A) 12.1389(9) 7.3744(5) 6.0093(9) 6.1050(9)
¢ (A) 33.894(2) 17.632(1) 17.784(2) 7.388(1)
o (°) 90 90 90 90
p(© 90 105.257(1) 103.198(3) 96.986(3)
v (®) 90 90 90 90
Volume (A%) 4465.3(6) 1530.9(2) 721.02) 1406.4(4)
z 12 4 2 4
Density (calculated) (Mg/m3) 1.260 1.295 1.300 1.333
Absorption coefficient (mm™Y) 0.076 0.204 0.078 0.080
F(000) 1,776 624 296 592

Crystal size (mm3)

Crystal color and shape

0 range for data collection (°)

Reflections collected
Independent reflections
Absorption correction

0.23 x 0.21 x 0.14
colorless plates
2.23-27.99

49,412

5,325 [Rin, = 0.0861]
None

0.22 x 0.20 x 0.14
blue plates
1.83-28.00

17,254

3,644 [Ri, = 0.0316]
None

0.27 x 0.23 x 0.24
colorless plates
2.51-26.99

8,061

3,137 [Rine = 0.0432]
None

0.23 x 0.20 x 0.05
pale brown plates
2.61-27.98

7,695

1,668 [Rin = 0.0377]
None

Data/restraints/parameters 5325/0/299 3644/0/199 3137/1/199 1668/0/101

Goodness-of-fit on F> 1.034 1.036 1.044 1.168

Final R indices [/ > 20y] R, = 0.0709 Ry = 0.0593 R, = 0.0580 Ry = 0.0763
wR, = 0.1191 wR, = 0.1484 wR, = 0.1103 wR, = 0.1667

R indices (all data) R, = 0.1647 R, = 0.0878 R, = 0.0775 R, = 0.0960
wR, = 0.1508 wR, = 0.1650 wR, = 0.1169 wR, = 0.1783

3C-NMR §(CDCl3), ppm: 124.84 (C—H), 125.58 (C-H),
125.74 (C-H), 126.02 (C-H), 126.57 (C-H), 126.58 (C—H),
126.63 (C-H), 126.97 (C-H), 127.27 (C-H), 127.70
(C—H), 128.32 (C-H), 128.69 (C-H), 128.73 (C-H), 129.28
(C-H), 130.10 (C), 131.19 (C), 132.83 (C), 133.95 (C),
134.39 (C), 136.05 (C), 148.29 (C).

1,1’-(Diazomethylene)bisnaphthylene (17)

It was prepared from 25, as previously described [9].

IR: v = 2,035 cm™ .

"H-NMR §(CDCls), ppm: 7.355 (dd, *J = 7.0Hz,*J = 1.5
Hz,2H,H? H?),7.393(td,>J = 7.5Hz,°J = 7.0Hz,*J = 1.5
Hz, 2H, H’, H"), 7.420 (td, °J = 9.0 Hz, >J = 7.0 Hz, *J =
1.5 Hz, 2H, H>, H*), 7.497 (d, 3/ = 8.0 Hz *J = 7.5 Hz,
4] = 1.5 Hz, 2H, H®, HY), 7.779 (dd, *J = 8.0 Hz, *7 = 1.5
Hz, 2H, H*, H*), 7.875 (dd,*J = 7.5Hz,*J = 1.0 Hz, 2H, H®,
H®), 7.892 (dd, *J = 7.0 Hz, *J = 1.0 Hz, 2H, H>, H).
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3C-NMR 6(CDCls), ppm: 58.31 (C=N), 124.78 (C?,
Cc%), 125.81 (C3, ), 126.12 (C°, C%), 126.33 (C7, C7),
126.39 (C2, C%), 127.74 (C*, C*), 128.67 (C', C"), 128.93
(C°, C%), 130.53 (C%, C¥), 134.50 (C*, C*).

2-Naphthalenecarbonyl chloride (26)

2-Naphthanoic acid (Acros, 2 g, 11.6 mmol) was dis-
solved in freshly distilled SOCl, (15 mL) in a round-
bottomed flask equipped with a magnetic stirrer and
under argon. The reaction mixture was refluxed for 2 h,
then cooled to RT and evaporated under reduced
pressure to give 26 as an oily compound, 2.13 g, yield
96%.

'"H-NMR 6(CDCls), ppm: 7.599 (t, °J = 7.2 Hz, 1H),
7.673 (t, °J = 7.2 Hz, °J = 6.8 Hz, 1H), 7.866-7.894 (m,
2H), 7.974 (d, *J = 8.4 Hz, 1H), 8.023 (dd, °J = 8.8 Hz,
1H), 8.656 (s, 1H).
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1-Naphthyl-2'-naphthyl ketone (18)

Ketone 18 was prepared according to a literature procedure
with some modifications [16]. Compound 26 (5 g, 26.2
mmol) was added to a stirred solution of anhydrous AICl;
(3.5 g, 26.2 mmol) in dry CH,Cl, (50 mL). The reaction
mixture was stirred for 5 min, then cooled to 0 °C and
naphthalene in one portion (3.35 g, 26.2 mmol) was added.
The color turned deep red. After stirring for 2 h, the
reaction mixture was poured on the mixture of ice and HCI,
extracted with CH,Cl,, washed with an aqueous solution of
NaHCOs;, dried on MgSQ,, filtered, and evaporated under
reduced pressure. The brown crude product was purified by
column chromatography on silica gel; the crude product
was dissolved in CHCI;, evaporated on silica gel, and
eluted with PE/CH,Cl, 98:2. The target product 18 was
isolated and obtained as a yellow powder, 3.60 g, yield
49%, mp 134 °C (lit. [17] 135-136 °C). A single crystal of
18 was obtained from CH,Cl,.

'H-NMR §(CDCls), ppm: 7.492-7.536 (m, 2H, H, H'),
7.558 (2t, °J = 7.5 Hz, 2H, H>, H®), 7.615 (td, °J = 7.5
Hz, 1H, H®), 7.657 (dd, °J = 7.5 Hz, 1H, H?), 7.833 (d,
3] = 8.5 Hz, 1H, HY), 7911 (d, 3J = 8.0 Hz, 1H, H’),
7.948 (d,J = 8.5 Hz, 1H, H), 7.963 (d, *J = 6.5 Hz, 1H,
H), 8.052 (d, °J = 8.5 Hz, 1H, H%), 8.095 (dd, *J = 8.7
Hz, 1H, HY), 8.136 (d, >/ = 9.0 Hz, 1H, H®), 8.264 (s, 1H,
H").

BC-NMR §(CDCly), ppm: 124.39 (C%), 125.36 (C¥),
125.74 (C%), 126.47 (C®), 126.76 (C7), 127.24 (C7), 127.65
(C?), 127.79 (C%), 128.40 (C¥), 128.41 (C°), 128.63 (C%),
129.65 (C¥), 131.06 (C), 131.17 (C*), 132.37 (C*),
132.84 (C"), 133.77 (C"), 135.68 (C**), 135.70 (C?),
136.56 (C*), 197.95 (C).

1-Naphthyl-2'-naphthyl thioketone (20)

In a round-bottomed flask equipped with reflux condenser
protected with CaCl, tube and a magnetic stirrer, ketone 18
(2.50 g, 8.80 mmol) was dissolved in dry toluene (40 ).
Lawesson’s reagent (LR) (Acros) (1.79 g, 4.40 mmol) was
added. The reaction mixture was stirred with reflux for 4 h.
The color of the reaction mixture turned from yellow to
green. After cooling to RT, the solvent was evaporated
under reduced pressure. The crude product was purified by
column chromatography on dry silica gel; the product was
dissolved in benzene and eluted with PE/CH,Cl, 95:5. The
first fraction was collected and evaporated. A blue powder
of the 20 was obtained, 1.95 g, yield 74%, mp 104 °C.
"H-NMR §(CDCls), ppm: 7.318 (td, 1H, H’), 7.449 (td,
3] =175 Hz, 1H, H"), 7.456 (1d, °J = 7.5 Hz, 1H, H°),
7.558 (t, °J = 6.5 Hz, 1H, H’), 7.569-7.602 (m, 2H, H’,
H), 7.691 (d, *J = 8.5 Hz, 1H, H®), 7.759 (d, *J = 8.0
Hz, 1H, H*), 7.811 (d, *J = 9.0 Hz, 1H, H), 7.835 (d,

3] = 8.0 Hz, 1H, H”), 7914 (d, °J = 8.5 Hz, 1H, H’),
7.978 (d, >J = 7.5 Hz, 1H, H*), 8.154 (s, 1H, H"), 8.190
(dd, 3J = 9.0 Hz, 1H, H”).

BC-NMR §(CDCls), ppm: 125.04 (C%), 125.50 (C¥),
126.02 (C?), 126.14 (C°, C¥), 126.61 (C7), 126.90 (C7),
127.77 (C%), 12820 (C°), 128.30 (C*), 128.90 (C®),
129.60 (C*, 130.05 (C®), 130.27 (C"), 130.37 (C®),
132.53 (C¥), 133.50 (C*), 135.59 (C*), 143.45 (C?),
147.52 (CY, 239.41 (C°).

Di-1,2-naphthlenylmethanone hydrazone (27)

To thioketone 20 (3.9 g, 13.17 mmol) dissolved in ethanol
(28 mL), benzene (12 mL) and hydrazine hydrate (Fluka)
(3.1 mL, 64.32 mmol) were added. The blue color of the
solution changed immediately to yellow. The reaction
mixture was refluxed for 2 h. The solvent was evaporated
under reduced pressure, the crude product treated several
times with ethanol and the solvent evaporated. A yellow
powder of 27 was obtained, 3.2 g, yield 83%, mp
135-137 °C.

"H-.NMR 6(CDCly), ppm: 5.483 (s, 2H), 7.356 (td,
3] = 8.5 Hz, *J = 1.5 Hz, 1H), 7411 (td, °J = 7.5 Hz,
°J =70 Hz, *J =15 Hz, 1H), 7435 (dd, *J = 8.0
Hz, *J = 1.5 Hz, 1H), 7.473 (dd, °J = 7.0 Hz, 7 = 1.0
Hz, 1H), 7.486 (s, 1H), 7.533 (dd, *J = 8.5 Hz, >J = 8.0
Hz, *J = 1.0 Hz, 1H), 7.574 (d, >J = 8.5 Hz, 1H), 7.665
(td, 3J = 8.5 Hz, °J = 7.5 Hz, *J = 1.5 Hz, 1H), 7.707 (d,
’J = 8.0 Hz, 1H), 7.793 (d, *J = 8.0 Hz, 1H), 7.825
(d,*J = 8.5 Hz, 1H), 7.982 (d, *J = 8.5 Hz, 1H), 8.022 (d,
3] = 8.5 Hz, 1H), 8.119 (dd, *J = 8.5 Hz, *J = 1.5 Hz,
1H).

BC-NMR §(CDCls), ppm: 123.39 (C-H), 125.42 (C-H),
126.03 (C-H), 126.05 (C-H), 126.09 (C-H), 126.26 (C-H),
126.71 (C-H), 127.15 (C-H), 127.18 (C-H), 127.58
(C-H), 127.94 (C-H), 128.35 (C-H), 128.66 (C-H), 129.40
(C-H), 130.47 (C), 131.11 (C), 133.25 (C), 133.33 (O),
134.04 (C), 136.13 (C), 147.97 (C).

1,2-(Diazomethylene)bisnaphthylene (22)

To a stirred solution of hydrazone 27 (2.94 g, 10.0 mmol)
in Et;0O (60 mL) protected by CaCl, tube, anhydrous
Na,SO,; (4.79 g, 34.0 mmol) was added. The reaction
mixture was cooled to 0 °C, then freshly prepared saturated
solution of KOH (Acros, pellets) in ethanol (4 mL), and
yellow HgO (14.8 g, 69.0 mmol) were added. The color of
the solution changed gradually from yellow to red. After
3 h of stirring at 0 °C the reaction was complete. After
filtration the residue was washed with dry Et,O. The
combined organic fractions were evaporated under reduced
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presser to give 2.5 g of 22 as a red powder, yield 96%, mp
118-120 °C.

IR: v = 2,036 cm™ ..

'"H-NMR §(CDCl5), ppm: 7.225 (dd, *J =9.0 Hz,
4] =20 Hz, 1H, HY), 7.354 (s, 1H, H"), 7.402 (i,
3] =75Hz 3] =7.0Hz, *J =15 Hz, *J = 1.0 Hz 1H,
H®), 7.438 (td, °J = 8.0 Hz, *J = 6.0 Hz, *J = 1.5 Hz, 1H,
H), 7.504 (td, 3J = 8.0 Hz, 3/ = 7.5 Hz, *J = 1.5 Hz,
1H, H"), 7.576 (td, °J = 8.0 Hz, °J = 7.5 Hz, *J = 1.0 Hz,
1H, H®), 7.625 (d, 3J = 8.5 Hz, 1H, H) 7.635 (t, 1H, H>),
7.785 (dd, *J = 7.5 Hz, *J = 1.0 Hz, 1H, H?), 7.806 (d,
IH, 3J = 7.0 Hz, H), 7.822 (d, 1H, *J = 9.0 Hz, H*),
7.963 (d, °J = 8.5 Hz, 1H, H®), 7.995 (2d, °J = 8.5 Hz,
2H, HY, H).

3C-NMR 4(CDCls), ppm: 59.88 (C=N), 120.06 (C'),
121.53 (C*), 124.86 (C%), 125.28 (C®), 125.46 (C1), 125.92
(C3), 126.36 (C%), 126.53 (C7), 126.75 (C7), 126.98 (C¥),
127.67 (C*), 128.74 (C*), 128.78 (C°), 129.16 (C?),
129.26 (C%, 129.41 (C?), 130.84 (C*), 132.07 (C*),
133.98 (C), 134.37 (C*).

2,2’-Dinaphthyl ketone (19)

Ketone 19 was prepared according to a literature procedure
with some modifications [18]. A solution of 2-bromo-
naphthalene (Merck) (1.2 g, 5.79 mmol) in ether (10 mL)
under argon was added dropwise to Mg (Acros) (0.97 g,
40.59 mmol) in ether (15 mL) with 2-3 drops of 1,2-
dibromoethane and then heated gradually to 60 °C while
benzene (15 mL) and ether (27 mL) were added. After 1 h
the reaction mixture was decanted to a round-bottomed
three-necked flask. 2-Naphthalenecarbonyl chloride 26
(2.20 g, 11.59 mmol) was dissolved in Et,O (5 mL) and
added dropwise while cooling the reaction flask in ice bath.
The reaction mixture was stirred at O °C for 10 min, at RT
for 10 min and then warmed gradually to 80 °C and
refluxed for 1 h. The reaction mixture was quenched with
saturated NH,Cl solution, extracted with Et,O, dried on
MgSQO,, filtered, and the solvent evaporated under reduced
pressure. The brown crude product was purified by column
chromatography on silica gel; the crude product was dis-
solved in CHCI; and evaporated on silica gel, eluted with
PE/CH,Cl, 98:2. Ketone 19 was isolated as a yellow
powder, 3.60 g, yield 49%, mp 166 °C (lit. [17]
164-165 °C, lit. [18] 163-164 °C). A single crystal of 19
was obtained from EtOAc.

"H-NMR §(CDCls), ppm: 7.571 (td, *J = 7.5 Hz, 2H,
H’, H"), 7.635 (id, °J = 8.5 Hz, 2H, H®, H), 7.931 (d,
3] = 7.0 Hz, 2H, H®, H*), 7.945 (d, 3J = 7.5 Hz, 2H, H,
HY), 7.993-8.00 (m, 4H, H>, H¥, H*, H*), 8.330 (s, 2H,
H', H").

3C-NMR 6(CDCls), ppm: 125.88 (C3, C¥), 126.83 (C’,
C”), 127.85 (C°, C7), 128.31 (C°, C*), 12835 (C*, C¥),
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129.43 (C%, C%), 131.82 (C', C"), 132.30 (C%, C®),
135.17 (C*, C*), 135.27 (C2, C?), 196.82 (C°).

2,2’-Dinaphthyl thioketone (21)

In a round-bottomed flask equipped with reflux con-
denser protected with CaCl, tube and a magnetic stirrer,
ketone 19 (0.5 g, 1.7 mmol) was dissolved in benzene
(30 mL). LR [19] (Acros) (0.35 g, 0.88 mmol) was
added. The reaction mixture was stirred with reflux for
4 h. The color of the reaction mixture turned from yel-
low to greenish-blue. After cooling to RT, the solvent
was evaporated almost to dryness and the crude product
was purified by column chromatography on dry silica gel
using PE/CH,Cl, 95:5 as eluent. The first fraction was
collected and evaporated under reduced pressure. Blue
crystals of 21 were obtained 0.21 g, yield 41%, mp
136 °C.

"H-NMR §(CDCls), ppm: 7.532 (td, *J = 7.5 Hz, 2H,
H’, H"), 7.613 (td, °J = 8.0 Hz, °J = 7.5 Hz, 2H, H®,
H®), 7.873 (d, *J = 8.5 Hz, 2H, H* HY), 7.889 (,
3J = 7.0 Hz, 2H, H®, H*), 7.899 (d, *J = 7.5 Hz, 2H, H’,
H>), 7.991 (dd, >J = 8.5 Hz, 2H, H>, HY), 8.184 (s, 2H,
H', HY).

3C-NMR §(CDCls), ppm: 126.96 (C7, C7), 127.15 (C?,
C?), 127.79 (C°, ), 127.83 (C*, C¥), 128.26 (C°, C®),
129.77 (C%, C%), 129.96 (C!, C'), 132.31 (C%, C®),
135.05 (C*, C*), 144.91 (C2, C?), 237.31 (C°).

Di-2-naphthlenylmethanone hydrazone (28)

Thioketone 21 (0.2 g, 0.67 mmol) was dissolved in ethanol
(12 mL); benzene (8 mL) and hydrazine hydrate (Fluka)
(0.16 mL, 3.35 mmol) were added. The blue color of the
solution changed immediately to yellow. The reaction
mixture was refluxed for 2 h. The solvent was evaporated
under reduced pressure, the crude product treated several
times with ethanol and the solvent evaporated. A yellow
powder of 28 was obtained, 0.17 g, yield 85%, mp
135-136 °C (lit. [20] 138-141 °C).

'"H-NMR 6(CDCly), ppm: 5.574 (s, 2H), 7.388 (td,
3] =175 Hz, *J = 1.5 Hz, 1H), 7.410 (dd, *J = 7.0 Hz,
47 = 1.5 Hz, 1H), 7.439 (dd, *J = 8.5 Hz, *J = 1.5 Hz,
1H), 7.560 (s, 1H), 7.584 (td, °J = 8.5 Hz, 1H), 7.603 (td,
3] = 7.5 Hz, *J = 1.5 Hz, 1H), 7.637 (dd, °J = 8.0 Hz,
*J = 1.0 Hz, 1H), 7.809 (d, *J = 8.0 Hz, 1H), 7.819 (d,
3] = 8.5 Hz, 1H), 7.887 (s, 1H), 7.914 (d, *J = 8.0 Hz,
1H), 7.962 (d, *J = 8.0 Hz, 1H), 8.049 (d, °J = 8.5 Hz,
1H), 8.053 (d, *J = 9.0 Hz, 1H).

3C-NMR 6(CDCls), ppm: 123.73 (C-H), 126.08 (C—H),
126.11 (C-H), 126.29 (C-H), 126.67 (2(C-H)), 126.93
(C-H), 127.53 (C-H), 127.86 (C-H), 127.95 (C-H), 128.27
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(C-H), 128.32 (C-H), 128.49 (C-H), 129.42 (C-H), 130.38
(C), 133.16 (C), 133.30 (C), 133.38 (C), 133.58 (C), 136.09
(C), 149.10 (C).

2,2'-(Diazomethylene)bisnaphthylene (23)

To a stirred solution of hydrazone 28 (0.35 g, 1.18 mmol)
in Et;0 (15 mL) protected by CaCl, tube, anhydrous
Na,SO,4 (0.56 g, 4.02 mmol) was added. The reaction
mixture was cooled to 0 °C, then freshly prepared saturated
solution of KOH (Acros, pellets) in ethanol (1 mL), and
yellow HgO (1.76 g, 8.15 mmol) were added. The color of
the solution changed gradually from yellow to red. After
3 h of stirring at 0 °C the reaction was complete. After
filtration the residue was washed with dry Et,O. The
combined organic fractions were evaporated under reduced
presser to give 23, 0.341 g, as a red powder, yield 98%, mp
121-122 °C (lit. [20] 125.8-127.3 °C).

IR: v = 2,038 cm™"

'H-NMR 6(CDCl5), ppm: 7.437-7.478 (m, 4H, H>, H”,
H® H®),7.487 (td, *J = 7.5 Hz,*J = 1.5Hz,*J = 1.0 Hz,
2H, H’, H"), 7.758 (d, *J = 7.5 Hz, 2H, H®, H®), 7.497 (s,
2H, H', H"), 7.837 (d, °J = 8.0 Hz, 2H, H>, H), 7.892 (d,
3] = 8.5 Hz, 2H, H*, HY).

3C-NMR 6(CDCls), ppm: 58.39 (C=N), 123.37 (C',
ch), 123.69 (C3, ¢¥), 125.61 (C°, C%), 126.64 (C7, C7),
126.96 (C2, C%), 127.31 (C%, C¥), 127.73 (C°, C), 128.92
(C*, %), 131.73 (C*, C*), 133.91 (C%, C®).

Method of calculations

The quantum mechanical calculations were performed
using the Gaussian03 [21] package. Becke’s three-
parameter hybrid density functional B3LYP [22], with the
non-local correlation functional of Lee et al. [23] was
used. The split valence 6-31G(d) basis set was employed.
All structures were fully optimized using the symmetry
constraints as indicated. Vibrational frequencies were
calculated to verify the nature of the stationary points.
Non-scaled thermal corrections to Gibbs’ free energy
were used.

Results and discussion

Synthesis

The syntheses of the 1,1’-dinaphthyl derivatives 15-17
have previously been described [9]. Ketone 18 was pre-

pared by a Friedel-Crafts acylation of naphthalene (1)
with 2-naphthoyl chloride (26) and AICl; at 0 °C

according to a literature procedure [16] with some mod-
ifications. The low temperature favored the acylation at
the 1-position of naphthalene, yielding the kinetically
controlled product 18 but not the thermodynamically
controlled 19. Ketone 19 was prepared by a Grignard
reaction of 2-naphthylmagnesium bromide and 2-naph-
thalenecarbonyl chloride (26) according to a literature
procedure [18] with some modifications. Thioketones 20
and 21 were prepared by a reaction of the corresponding
ketones 18 and 19 with LR [19]. The diazomethane
derivatives 22 and 23 were prepared by reactions the
thioketones 20 and 21 with hydrazine hydrate to give the
hydrazones 27 and 28, respectively, followed by oxida-
tion of the hydrazones with HgO/KOH/Na,SO,4. All the
structures were verified by 'H-NMR and *C-NMR
spectroscopy. Only one diastereomer of hydrazone 27,
with E-configuration of the C=N bond, was formed. Its
stereochemistry was assigned on the basis of a compari-
son of the H® chemical shifts in the "H-NMR spectra of
the hydrazones of the three dinaphthyl ketones. In
hydrazone 25, the derivative of 1,1’-dinaphthyl ketone
(15), H® is considerably deshielded appearing at & =
9.06 ppm. By contrast, the corresponding H® in the
hydrazones 27 and 28, the derivatives of 1,2’-dinaphthyl
ketone (18) and of 2,2'-dinaphthyl ketone (19), respec-
tively, appear in the aromatic region at J < 8.2 ppm.
Thus, H® of I-naphthyl moiety is in proximity to the
N=NH, functional group only in 25. The diazomethanes
17, 22, and 23 showed the characteristic IR absorptions at
ca. 2,035 cm™'. Scheme 1 describes the synthesis of the
1,1’-dinaphthyl derivatives 15, 16, and 17. Scheme 2
describes the synthesis of the 1,2'-dinaphthyl derivatives
18, 20, and 22. Scheme 3 describes the synthesis of the
2,2’-dinaphthyl derivatives 19, 21, and 23.

Molecular and crystal structure

The crystallographic data for the three dinaphthyl ketones
15, 18, and 19 and for the thioketone 16 are given in
Table 1 (CCDC-711659, 711660, 835295 and 835296
contain the supplementary crystallographic data for com-
pounds 15, 16, 18 and 19. These data can be obtained free
of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Centre
(CCDC), 12 Union Road, Cambridge CB2 1EZ, UK; fax:
+44(0)1223-336033; email: deposit@ccdc.cam.ac.uk]).
The ORTEP diagrams of 15, 16, 18, and 19 as determined
by X-ray crystallography are presented in Figs. 2, 3, 4, and
5. Ketone 15 crystallizes in the orthorhombic space group
Pbcn. Ketones 18 and 19 and thioketone 16 crystallize
in the monoclinic space groups P2, C2/c, and P2,/n,
respectively.
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Scheme 1 Synthesis of the
1,1’-dinaphthyl derivatives 15,
16, and 17
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Scheme 3 Synthesis of the 2,2'-dinaphthyl derivatives 19, 21, and 23
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Table 2 gives selected geometrical parameters derived
from the crystal structures of 15, 16, 18, and 19 and from
the DFT study (vide infra). The following geometrical
parameters were considered: the twist angles 7; and 7,
around the naphthyl-carbonyl bond; the bond angle /3 at the
C® carbon atom; the dihedral angle 0 between the least-
square planes of the naphthyl systems; the pyramidaliza-
tion angles x at C', C?, and C°. The unit cell of 15 contains
12 molecules of two crystallographic conformations 15a
and 15b. Conformation 15b contains a C,-axis passing
through the carbonyl group. The conformations 15a and
15b differ in their dihedral angles between the two naph-
thyl group, 0 = 84.0° and 77.9°, respectively, and in the
twist angles of the carbonyl group relative to the naphthyl
groups: 1,(0'°-C°-C'-C%) = —36.5° and 7,(0'-C°-C"
—C%) = —46.7° in 15a and 7,(0'"-C”-C"-C*") =
—37.1° in 15b. The thiocarbonyl group of 16 is signifi-
cantly more twisted than the carbonyl group of
15a: 1,(S'°-C°-C'-C%) = —40.3° and 1x(S'°-C’-C"
~C%') = —54.3°, The folding angle between the naphthyl
groups of 16 is nearly orthogonal, § = 88.7°. The devia-
tions from planarity of the carbonyl groups of 15a, 15b,
and of the thiocarbonyl group of 16 are probably due to the
short non-bonding distances between the peri-hydrogens
H®--H® in the respective (hypothetical) planar conforma-
tions. Several non-bonding distances in 15 and 16 are
shorter than the sum of the respective van der Waals radii
of hydrogen (115 ppm), oxygen (129 ppm), carbon
(171 ppm), and sulfur (184 ppm) [24]. They are
C°-H? = 257.2 pm and C°---H? = 257.8 pm (15a, 10%
penetration); c”..H* = 2603 (15b, 9% penetration);
Cc”"..H* = 266.0 (15b, 7% penetration); C°---H> = 260.9
(16, 9% penetration); C°..H? = 2553 (16, 11% penetra-
tion); C°---H® = 265.3 (16, 7% penetration).
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In 2,2'-dinaphthyl ketone (19), the twist angles of the car-
bonyl group relative to the naphthyl groups are significantly
smaller, than in 15a and 15b: 7,(0'°-C°-C*-C') = —25.0°,
indicating less overcrowding in the former. Indeed, the only
short non-bonding distance in 19 is C*---H' = 259.3 pm (9%
penetration) Nevertheless, the non-negligible deviation from
planarity in 19 (the naphthyl folding angle = 51.0°), in spite
of the 2,2'-substitution pattern, is noted. In 1,2-substituted
ketone 18, the twist angles of the two naphthyl groups relative
to the C=0 bond differ sharply: 7,(C'°—C°-C'-C®**) = 51.6°

Fig. 3 ORTEP drawing of 1,1’-dinaphthyl thioketone (16), scaled to
enclose 50% probability

Fig. 4 ORTEP drawing of 1,2'-dinaphthyl ketone (18), scaled to
enclose 50% probability

versus 7,(0'°-C°-C%-C") = 21.1°, highlighting the effect
of the site of substitution (1 vs. 2). Ketone 18, like 15 and 16,
is overcrowded with the short non-bonding distances of
C°-H? = 257.0 pm, C°--H" = 264.0 pm, and C°--H> =
266.1 pm.
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Fig. 5 ORTEP drawing of 2,2'-
dinaphthyl ketone (19), scaled
to enclose 50% probability
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Table 2 Selected geometrical parameters of the X-ray molecular structures and of the respective DFT calculated structures of 15, 16, 18, and 19

X Conformations 7 (©) ) O w(CHE) wCHCEH ) ) X' pm) C-clc?
c-c'ic? (pm)

O Xoay 152 -36.5 1391 1176  —0.5 4.4 84.0 121.9 148.9
—46.7 1278 5.6 149.9
15b G —37.1 137.6 1194 0.0 52 779 121.8 1493
o 1z1Z 15 C, —344 1411 1185 0.0 45 67.6 122.8 150.4
S  Xoay 16 C —403 1342 1171 —8.0 5.5 88.7 162.6 148.8
1264  —543 0.7 149.2
S 1ZVE 16 C —454 1313 1172 6.1 33 83.6 165.8 148.7
1325  —473 —0.1 149.1
O Xeray 18 ¢, —1270 516 1208 3.6 1.4 72.1 122.7 150.1
—1545 21.1 44 148.4
O 1E2E 18 c, —1250 522 1205 4.0 2.8 68.1 1225 151.0
—161.7 145 3.8 149.7
O Xoray 19 —250 1514 1206 0.0 3.7 51.0 120.9 150.0
o 2727 19 C, —26.8 1499 1203 0.0 34 51.1 122.7 150.1

2 For 15 and 16, X'°-C°-C!'-C® and X'_CO—c'-C® torsion angles; for 18, X'_C%—C'-C® and X'°-C°-C?-C" torsion angles; for 19,

X'_C°-C2-C! and X'°-C°-C*-C" torsion angles

® For 15 and 16, X'°-C°-C!'-C? and X'"_c°-c"-C? torsion angles; for 18, X'_C’-C'-C? and X'"-C°-C?-C¥ torsion angles; for 19,

X'0-C°-C2-C? and X'°-C°-C?-C¥ torsion angles

¢ For 15 and 16, C'-C°-C" bond angle; for 18, C'-C°~C? bond angle; for 19, C>-C°-C? bond angle

4 5(C%—the improper torsion angle C'-C°-X'-C"/C!-C*-X''-C?/C2-C-X'°-C? —180° (mod 360°); %(C')/%(C*—the improper torsion
angles C¥*-C'-C°-C? and C'-C*-C°-C?, respectively, —180° (mod 360°)

¢ The dihedral angle between the least-square planes of the carbon atoms of the naphthyl moieties

The most interesting feature in the molecular structures
of 15, 16, 18, and 19 is the variety of conformations in the
solid state. Each dinaphthyl derivative may adopt four
major conformations defined by the twist angles around the
carbon—carbon bonds connecting C° and the two naphthyl
groups, e.g., 12,2'Z,1Z,2'E, 1E,2'Z, and 1E,2'E for the 1,2'-
dinaphthyl derivatives. E and Z are stereodescriptors
applied to the structures with fractional bond order of the
bond, e.g., between the carbonyl carbon (Cg) and the
naphthalene carbons (Cl, CZ, Cl/, Cz/) [25]. Ketones 15
(15a, 15b) and 19 adopt 1Z,1'Z- and 2Z,2' Z-conformations,
respectively; ketone 18 adopts a 1E,2'E-conformation;
thioketone 16 adopts a 1E,1’Z-conformation. Furthermore,
in the homo-substituted 1,1’- and 2,2’-dinaphthyl ketones
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15 and 19, Z,Z is the preferred conformation, in contrast to
the homo-substituted 1,1’-dinaphthyl thioketone (16) which
prefers the E,Z-conformation. The hetero-substituted 1,2’-
dinaphthyl ketone prefers the 1FE,2'E-conformation. It is
not unexpected that in the 1,1’-dinaphthyl derivative 15, the
1Z,1'Z-conformation would be more stable than the 1E,1’E-
and 1E,1'Z-conformations. The differences in stabilities
probably stems from the unfavorable non-bonding peri-
hydrogen interactions H®--H* and H®--H? in the 1E,1'E-
and 1E,1'Z-conformations, respectively, as compared with
the non-bonding ortho-hydrogens interaction H>-H? in
the 1Z,1'Z-conformation. The 1E,2’Z-conformation of 16 is
unexpected and may be ascribed to intermolecular inter-
actions in the crystal. In the 2,2’-dinaphthyl derivative 19,
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there are only non-bonding ortho-hydrogens interactions
and no non-bonding peri-hydrogen interactions: H3...H,
H'--H", and H'---H” in the 22,2'Z-, 2E,2'E-, and 2E,2'Z-
conformations, respectively. It appears that the non-bond-
ing interactions of ortho-H' are less favored than those of
ortho-H3, resulting in the preferred 1Z,1'Z-conformation
of 19.

It should not be overlooked that the variety in the con-
formations is a consequence not only of the molecular
structures but also of the intermolecular interactions dic-
tated by the crystal structures.

NMR spectroscopy

'H- and '>C-NMR spectroscopic studies of 15-23 were
carried out. Complete assignments were made through
2-dimensional correlation spectroscopy (DQF-COSY,
HSQC, and HMBC). Tables 3, 4, and 5 give the 'H-NMR
chemical shifts (5(1H), ppm) of the dinaphthyl ketones 15,
18, and 19, of the dinaphthyl thioketones 16, 20, and 21,
and of the dinaphthyl diazomethanes 17, 22, and 23,
respectively. Tables 3, 4, and 5 also contain the corre-
sponding AS('H) values: AS((NA),C=0), AS((NA),C=S),
and AJ((NA),=CN,), where AJ((NA),C=0) = 6(18)—
0(15) and 6(18)-5(19); AS((NA),C=S) = (20)-5(16) and
0(20)-0(21); AJ((NA),C=N,) = 6(22)-0(17) and 6(22)-
0(23); NA = naphthyl. The A values express the differ-
ences of chemical shifts between the 1,2'-dinaphthyl
derivatives and the respective 1,1’-dinaphthyl and

Table 3 'H-NMR chemical shifts (5(1H), ppm) and chemical shift
differences (AS('H), ppm) of the dinaphthyl ketones 15, 18, and 19

15, (‘H) 18, 6(‘H) 19, 5(‘H) AS (‘H)
H' - - 8.330s -
H>  7.616dd 7.657dd - 0.041%
H® 7440t 7.558t 7.993-8.00m  0.118"
H*  8.033d 8.052d 7.993-8.00m  0.019°
H>  7.954ddd 7.963d 7.945d 0.009*
H®  7.575-7.600m  7.558t 7.635td —0.030*
H'  7.575-7.600m  7.492-7.536m  7.571td —0.074*
H®  8.576ddd 8.136d 7.931d —0.440°
H' - 8.264s 8.033s 0.231°
H?  7.616dd - - -
HY  7.440t 8.095dd 7.993-8.000m  0.099°
HY  8.033d 7.948d 7.993-8.000m  —0.048"
HY  7.954ddd 7.911d 7.946d —0.035°
HY  7.575-7.600m  7.615td 7.635td —0.020°
H” 7.575-7.600m  7.492-7.536m  7.571td —0.057°
HY  8.576ddd 7.833d 7.931d —0.098°

2 A5(18)—(15)(‘H)
> A8(18)-(19)('H)

Table 4 'H-NMR chemical shifts ((3(1H), ppm) and chemical shift
differences (AS('H), ppm) of the dinaphthyl thioketones 16, 20, and
21

16, 6('H) 20, 6('H) 21, 6('H) AS ("H)
H' - - 8.184 -
H? 7.688dd 7.569-7.602 - —0.102*
H? 7.422td 7.558t 7.991dd 0.136°
H* 7.969d 7.978d 7.873d 0.009*
H’ 7.880d 7.914d 7.889d 0.034%
H® 7.381td 7.456td 7.613td 0.075*
H’ 7.484td 7.318td 7.532td —0.166%
H® 8.222d 7.691d 7.899d —0.531*
H" - 8.154s 8.184s —0.030°
H? 7.688dd - - -
568 7.422td 8.190dd 7.991dd 0.199°
H¥ 7.969d 7.811d 7.873d 0.062°
H 7.880d 7.835d 7.889d —0.054°
HY 7.381td 7.596-7.602m 7.613td —0.028"
H” 7.484td 7.449td 7.532td —0.083°
H* 8.222d 7.759d 7.899d —0.140°

1 AS(20)-(16)("H)
® A8(20)-(21)('H)

Table 5 'H-NMR chemical shifts (5('H), ppm) and chemical shift
differences (AS('H), ppm) of the dinaphthyl diazomethanes 17, 22,
and 23

17, 6(‘*H) 22, 5('*H) 23, 5('H) AS (‘H)
H' - - 7.497 -
H? 7.335 7.785 - —0.450*
H? 7.420 7.635 7.437-7.478 —0.215%
H* 7.779 7.995 7.892 —0.216*
H’ 7.892 7.995 7.837 —0.103?
H¢ 7.497 7.576 7.437-7.478 —0.079°
H’ 7393 7.504 7.487 —0.111*
H® 7.875 7.963 7.758 —0.088*
H" - 7.354 7.497 —0.143°
H? 7.335 - - -
v 7.420 7.225 7.437-7.478 —0.232°
HY 7.779 7.822 7.892 —0.070°
H 7.892 7.806 7.837 —0.031°
HY 7.497 7.402 7.437-7.478 —0.055"
H” 7.393 7.438 7.487 —0.049°
H* 7.875 7.625 7.758 —0.133°

2 A8(22)-(17)(‘H)
> AS(22)—~(23)('H)

2,2’-dinaphthyl derivatives. Tables 6, 7, and 8 give the
I3C_NMR chemical shifts (3(*>C), ppm) of the compounds
15-23 and the corresponding AJd('*C) values (defined
analogously to the AS('H) values above).
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Table 6 '*C-NMR chemical shifts (5('C), ppm) and chemical shift
differences (AS('C), ppm) of the dinaphthyl ketones 15, 18, and 19

15, 6("3C) 18, 5("3C) 19, 5('3C) AS(13C)
C! 137.14 133.77 131.82 —3.37°
c? 130.42 127.65 135.27 —2.77°
c 124.34 124.39 125.88 0.05*
ct 132.47 131.17 128.35 —1.30°
cH 133.85 136.56 135.17 2.71°
c’ 128.47 128.41 127.85 —0.06
c® 126.53 126.47 128.31 —0.06
c’ 127.83 127.24 126.83 —0.59*
ct 125.89 125.74 129.43 —0.15%
c 131.18 131.06 132.30 —0.12°
c 137.14 132.84 131.82 1.02°
c? 130.42 135.70 135.27 0.43°
c” 124.34 125.36 125.88 —0.52°
c* 132.47 128.40 128.31 0.09°
c* 133.85 135.65 135.17 0.48°
c 128.46 127.79 127.85 —0.06°
c’ 126.53 128.63 128.31 0.32°
c” 127.83 126.76 126.83 —0.07°
c¥ 125.89 129.65 129.43 0.22°
cs 131.18 132.37 132.30 0.07°
C=0 199.74 197.95 196.82 —1.79°

+1.13°

2 A5(18)-(15)(1*C)
> AS(18)-(19)(*3C)

Of particular interest is the effect of the functional
groups (C=0, C=S, C=N,) on the I3C_NMR chemical shifts
5(C°) and the differential chemical shifts A(C®) between
the 1,2’-dinaphthyl derivatives and the corresponding 1,1'-
dinaphthyl and 2,2'-dinaphthyl derivatives: for (NA),C=0,
3(C%)(18)-5(C*)(15) = —1.79 ppm and S(C”)(18)-5(C?)
(19) = +1.13 ppm; for (NA),C=S, §(C”)(20)-5(C°)(16) =
—2.17 ppm and 8(C%)(20)-5(C”)(21) = +2.10 ppm; for
(NA),C=N,, 5(C%)(22)-6(C”)(17) = +1.57 ppm and 5(C?)
(22)-6(C*)(23) = +1.49 ppm. The changes in  (C°)
primarily reflect the changes in the partial positive
charge at C°. In the dinaphthyl ketones and thioketones,
the 1-naphthyl substituents(s) are more effective than
the 2-naphthyl substituents(s) in stabilizing the dipolar
structure (NA),CT—O~ and (NA),C"—S~, which leads to
the decreased shielding of C°. The effect is reversed in the
dinaphthyl diazomethane derivatives, due to the contribu-
tion of the dipolar structure (NA),C -N* =N, in which c’
bears a negative charge. As expected, the naphthalene
carbon atoms bonded to the functional group (Cl, C2, Cl/,
CZ’) in the ketones and thioketones are shifted downfield
due to the partial positive charge at C° (Tables 6, 7).
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Table 7 '*C-NMR chemical shifts (3(**C), ppm) and chemical shift
differences (AS('*C), ppm) of the dinaphthyl thioketones 16, 20, and
21

16, 5(*C) 20, 6("*C) 21, 6("C) AS(3C)
C! 148.57 147.52 129.96 —1.05°
C? 127.99 126.02 144.91 —1.97*
c? 124.79 125.04 127.15 0.25°
ct 131.68 129.60 127.83 —2.08"
ch 133.98 133.50 135.05 —0.48*
C’ 128.34 128.20 127.79 —0.14°
cs 126.28 126.14 128.26 —0.14°
c’ 127.34 126.61 126.96 —0.73°
c? 125.77 126.14 129.77 0.37°
ct 130.02 132.30 132.31 2.28°
c 148.57 130.27 129.96 0.31°
c? 127.99 143.45 144.91 —1.46°
c” 124.79 125.50 127.15 —1.65°
c¥ 131.68 128.30 127.83 0.47°
c 133.98 135.59 135.05 0.54°
c 128.34 127.77 127.79 —0.02°
c’ 126.28 128.90 128.26 0.64°
c” 127.34 126.90 126.96 —0.06°
c® 125.77 130.37 129.77 0.60°
s 130.02 130.05 132.31 —2.26°
C=S 241.58 239.41 237.31 —2.17%

+2.10°

2 A8(20)—(16)('3C)
® A8(20)-21)(*3C)

The most pronounced effect in the "H-NMR spectra is
the downfield shifts of the protons peri to the carbonyl and
the thiocarbonyl groups in 1,1’-dinaphthyl ketone (15) and
1,1’-dinaphthyl thioketone (16): 5(H8)(15) = 8.576 ppm
and S(H®)(16) = 8.222 ppm. This effect is ascribed to the
diamagnetic anisotropy of the carbonyl and the thiocar-
bonyl groups [26]. A smaller effect is noted in 1,2’-
dinaphthyl ketone (18), S(H®)(18) = 8.136 ppm, but is
absent in 1,2’-dinaphthyl thioketone (20), S(H®(20) =
7.691 ppm. For comparison, the respective chemical shifts
in the 2-naphthyl moieties are d(H/H®) = 7.759-7.931.
The downfield shifts of the protons peri to the carbonyl and
the thiocarbonyl groups in 15, 16, and 18 together with the
absence of the downfield shifts of the protons ortho to
the carbonyl and the thiocarbonyl groups (HY/H%) suggest
the dominance of 1Z-conformation at the equilibrium in
these dinaphthyl derivatives. In contrast, 20 adopts pre-
dominantly a 1E-conformation. The corresponding effects
on the protons ortho to the carbonyl and the thiocarbonyl
group in 2-naphthyl moieties are less pronounced. In 2,2-
dinaphthyl ketone (19) and 2,2’-dinaphthyl thioketone (21),
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Table 8 '*C-NMR chemical shifts (3(**C), ppm) and chemical shift
differences (Ad('*C), ppm) of the dinaphthyl diazomethanes 17, 22,
and 23

S(H")(19) = 8.330 ppm and S(H')(21) = 8.184 ppm,
S(H*)(19) = 7.996 ppm, and S(H?)(21) = 7.991 ppm. It
should be borne in mind that these downfield shifts of the
peri protons (Hs, H8/) and ortho-protons Hl, Hll, H3, and
H* are only effective in the Z-conformations. In solution,
in each case, there is an equilibrium of the three (or four)
diastereomeric conformations, which undergo fast E,Z
diastereoisomerization (vide infra, “DFT study”). The
relative populations of these conformations should be
considered. In the dinaphthyl diazomethanes 17, 22, and
23, the analogous downfield shifts of the protons peri and
ortho to the diazomethane group were absent, irrespective
of the site of the substitution in the naphthyl group. In these
derivatives, due to the contributions of the dipolar struc-
tures (NA),C —NT=N; the effect of diamagnetic anisot-
ropy of the diazomethane group does not come into play.
The pronounced downfield shift of H?in 22, relative to H?
in 17, AS(H?) = —0.450 may be due to the contribution of
the 1E,2'E-conformation in 22. For the comparison
between the experimental and the DFT calculated chemical
shifts, see the next section.

DFT study

DFT methods are capable of generating a variety of iso-
lated molecular properties quite accurately, especially via
the hybrid functional, and in a cost-effective way [27, 28].
The B3LYP hybrid functional was successfully employed
to treat overcrowded BAEs [29, 30] and overcrowded

AEty (KJ/mol)  AGsog (kJ/mol)  AAGseg (kJ/mol)  Isomer (%)

17, 5(*C) 22, 6("*C) 23, 6("%C) AS(3C)
C! 128.67 125.46 123.37 —3.21°
C? 126.39 129.41 126.96 3.02°
c? 125.81 125.92 123.69 0.11°
ct 127.74 129.29 128.92 1.55°
ch 134.50 134.37 131.73 —0.13*
c’ 128.93 128.78 127.73 —0.15°
c® 126.12 126.36 125.61 0.24°
c’ 126.33 126.75 126.64 0.42°
c? 124.78 125.28 127.31 0.50°
ct 130.53 132.07 133.91 1.54°
c 128.67 120.06 123.37 3.31°
c? 126.39 129.16 126.96 2.20°
c” 125.81 121.53 123.69 -2.16°
c¥ 127.74 128.74 128.92 —0.18°
c 134.50 130.84 131.73 —0.89°
c 128.93 127.67 127.73 —0.06°
c’ 126.12 124.28 125.61 —1.33°
c” 126.33 126.73 126.64 0.09°
c¥ 124.78 126.98 127.31 —0.33"
cs 130.53 133.98 133.91 0.07°
C=N 58.31 59.88 58.39 +1.57°
+1.49°
2 A8(22)-(17)(13C)
® A8(22)-(23)("*C)
Table 9 The relative total and X Conformations
Gibbs’ free energies of
dinaphthyl keto.n‘es.ls, 18, and O 1zZI'Z 15 C, M
19 and the equilibrium
population of their conformers O 1zZI'E 15 G M
O 1EI'E 15 C, M
o 1z9% 15 ¢, TS
O 9,VE 15 ¢, TS
o 1z1'z 15 ¢, TS
O 1Z2E 18 ¢, M
O 1z2z 18 ¢ M
O 1E2E 18 ¢ M
O 1E2Z 18 C, M
O 222E 19 C, M
O 2Z2E 19 ¢, M
0O 2z2Z 19 ¢ M
O 2E2E 19 C, TS
0O 2z2Z 19 C, TS

M minimum, 7S transition state

23.37 23.95 0.00 82.2
29.64 27.71 3.83 17.5
37.71 37.92 13.97 0.3
33.60 34.39 10.44 -
49.59 51.13 27.18 -
60.11 61.51 37.57 -
10.97 9.39 0.00 59.0
13.27 11.27 1.88 27.7
17.39 13.99 4.59 9.2
18.94 16.03 6.64 4.1
0.00 0.00 0.00 45.2
222 0.04 0.04 44.4
4.13 3.65 3.65 10.4
25.61 25.68 25.68 -
28.32 28.75 28.75 -
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naphthologous analogues of BAEs-1, i.e., mono-bridged
tetraarylenes [9]. Dinaphthyl ketones 15, 18, and 19,
dinaphthyl thioketones 16, 20, and 21, dinaphthyl dia-
zomethanes 17, 22, and 23 were subjected to a systematic
computational DFT study of their conformational spaces
and of their relative stabilities. The relative B3LYP/6-
31G(d) energies (AETo) and Gibbs free energies (AGoog
and AAG,og) of 15-23 are presented in Tables 9, 10, and
11. Selected calculated geometrical parameters of these
species are given in Tables 12, 13, and 14. The following
geometrical parameters were considered: the twist angles
7; and 7, around C'-C® and C?>-C° naphthyl bonds; the
bond angle f at a heteroatom; the dihedral angle v between
the naphthalene systems; the pyramidalization angles y at
C', C* and C°.

Conformational spaces

As noted above, the dinaphthyl derivatives 15-23 may
adopt four major conformations defined by the twist angles
around the C'-C” and C>-C° naphthyl bonds. For each
molecule, the Z,Z-, Z,E-, E,Z-, and E,E-conformations were
calculated, using the symmetry constraints as indicated in
Tables 9, 10, and 11. The nature of the resulting stationary
points was verified by calculations of the vibrational fre-
quencies. The C,-conformations of 15-17, 19, 21, and 23
were minima, whereas the C,-conformations were found to
be transition states for diastercomerizations, with short
H'-H" (E,E-conformations) or SRS (Z,Z-conforma-
tions) contact distances. The Z,E and E,Z calculated con-
formations of 15, 16, 17, 19, 20, and 23 are mutually
equivalent.

Table 10 The relative total and Gibbs’ free energies of dinaphthyl
thioketones 16, 20, and 21 and the equilibrium population of their
conformers

X Conformations AEr1q, AGjog AAGyog  Isomer

(kJ/mol)  (kJ/mol) (kJ/mol) (%)
S 1Z1E 16 C; M 39.00 37.50 0.00 65.8
S 1E1E 16 C, M 39.12 40.10 2.60 23.0
S 1z1'Z 16 C, M 4258 41.88 4.38 11.2
S 1z1Z 16 C, TS 7278 73.88 36.38 -
S 1E2E 20 C; M 16.07 13.38 0.00 52.7
S 1Z2E 20 ¢, M 1877 15.46 2.08 22.7
S 1E2Z 20 C; M 18.11 16.15 2.77 17.2
S 1z2'Z7 20 C; M 21.80 18.24 4.87 7.4
S 2E2E 21 C, M  0.00 0.00 0.00 50.4
S 2Z2E 21 C; M 2.22 0.56 0.56 40.2
S 2227 21 C, M 4.10 4.15 4.15 94
S 2E2E 21 C, TS 3591 37.17 37.17 -
S 2z27 21 C, TS 3717 37.81 37.81 -
M

minimum, 7S transition state
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Table 11 The relative total and Gibbs’ free energies of dinaphthyl
diazomethanes 17, 22, and 23

X  Conformations AETy AGjog AAG,og

(kJ/mol)  (kJ/mol)  (kJ/mol)
N 1ZV'E 17 C, M 24.60 25.64 0.00
N 1zli'z 171 C, M 26.53 28.74 3.10
N 1EVE 171 C, M 27.78 30.63 4.99
N 1z1'z 17 C, TS 47.04 52.77 27.14
N IE2E 22 C; M 9.40 8.51 0.00
N 1Z2E 22 C; M 10.06 9.65 1.14
N 1E2Z 22 C, M 10.35 9.82 1.31
N 1z2z 22 C, M 10.93 10.72 2.21
N 2Z2E 23 C, M 0.00 0.00 0.00
N 2z2z7 23 C, M 0.35 2.03 2.03
N 2E2E 23 C, M 0.18 2.19 2.19
N 2z2z 23 C, TS 23.05 27.07 27.07
N 2E2E 23 C, TS 2013 24.73 24.73
M minimum, 7S transition state

Ketones 15, 18, and 19 adopt 1Z,1'Z-, 1Z,2'E-, and
2E,2' E-conformations, respectively, as their global minima
(Table 9). Ketone 1Z,1’Z-15 is the most overcrowded
among these three ketones. The source of the overcrowding
is the non-bonding peri-hydrogens interactions O'°--.-H®
and C°--H® and the ortho-hydrogen interaction C°---H?
(6-7% penetration). Ketone 1Z,1'Z-15 is also the least
stable among these ketones, 24.0 kJ/mol higher in energy
than 2E,2'E-19. The geometry of the 1Z,1’Z-conformation
of 15 corresponds to its X-ray geometry; however, the twist
angle 7,(0'°-C°-C'-C®) = —34.4° and the naphthyl
dihedral angle 6 = 67.6° in 1Z,1’Z-15 are somewhat
smaller than the respective angles in the X-ray geometry of
15 (Table 2). Ketone 1Z,2'E-18 is less overcrowded than
1Z,1’Z-15 and is only 9.4 kJ/mol less stable than 2E,2'E-
19. The 1E,2'E-conformation of 18, which is 4.6 kJ/mol
higher in energy than the global minimum 1Z,2'E-18,
corresponds well with its X-ray geometry. The twist angles
7,(01-C°-C'-C®) = 52.2°, 1,(0'-C°-C?-C") = 14.5°
and the naphthyl dihedral angle 0 = 68.1° in 1E,2’'E-18 are
close to the geometry of its X-ray structure (Table 2).
Ketone 2E,2'E-19 lacks peri-hydrogen interactions and is
devoid of overcrowding. The X-ray geometry of 19 is
described by the 2Z,2'Z-19 conformations. It is 3.7 kJ/mol
higher in energy than the global minimum 2E,2’'E-19. The
twist angle 7,(0'°—C°-C?>-C") = —26.8° and the naphthyl
dihedral angle 0 = 51.1° in 2Z,2'Z-19 are very close to the
respective angles in the X-ray structure of 19 (Table 2).

Thioketones 16, 20, and 21 adopt 1Z,1'E-, 1E,2'E-, and
2E,2' E-conformations, respectively, as their global minima
(Table 10). Like 1Z,1'Z-15, thioketone 1Z,1’E-16 is the
most overcrowded among these thioketones due to the
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Table 12 Selected geometrical parameters of 1,1’-dinaphthyl derivatives 15, 16, and 17

X  Conformation AGaos (kI/mol)  AAGaog (kKJ/mol) 1, (°) ,° (°) e pCH ) qchH? 6° (°)

1CH )

o 1z1'z 15 ¢, M 23.95 0.00 —34.4 141.1 1185 0.0 4.5 67.6

O 1ZI'E 15 ¢, M 27.77 3.83 —29.4 1469 1196 —44 3.7 72.4
130.7 —46.3 -3.0

O 1EVE 15 C, M 37.92 13.97 138.2 -394 1226 0.0 —24 71.5

O 1790 15 ¢, TS 3439 10.44 1.6 —1786 1187 —04 0.2 88.7
—89.7 85.7 4.6

O 9,J1E 15 ¢, TS 51.13 27.18 88.4 —85.7 1239 0.8 —6.0 88.5

—-1794 0.6 0.1

o 1zl'z 15 ¢, TS 6151 37.57 —49.5 1279 1210 5.0 2.6 47.0

S 1IZI'E 16 C;, M 37.50 0.00 —45.4 1313 117.2 6.1 33 83.6
132.5 —47.3 —0.1

S IETE 16 C, M 40.10 2.60 1352 —44.0 120.6 0.0 -0.9 75.4

S 1Z1'Z 16 C, M 41.88 438 —45.7 1315 1156 0.0 2.8 87.1

S 1z1'Z7 16 C, TS 73.88 36.38 702 —1089 1177 2.1 1.0 58.5

N 1ZI'E 17 ¢ M 25.64 0.00 —47.1 1329 1249 11.8 0.0 81.8
135.8 —43.2 -1.0

N 1z1'Z 17 C, M 28.74 3.10 —45.3 1346 123.7 0.0 0.1 82.5

N 1EV'E 17 C, M 30.63 4.99 135.1 —433  129.0 0.0 —-1.5 77.2

N 1z1'Z 17 ¢, TS 5277 27.14 —58.7 121.5 1267 —0.1 —0.2 44.8

M minimum, 7S transition state

@ X100 -CBX1O_CO—CV-C* torsion angles
b X1_C_Cl-c¥X-C°-C"-C? torsion angles
¢ C'-C°-C" bond angle

4" 4(C®—the improper torsion angle C'-C°-X"—C" —180° (mod 360°); X(C')/;{(Cl/)—the improper torsion angles ctcl-c'-cct V-’

CZ’, respectively, —180° (mod 360°)

¢ The dihedral angle between the least-square planes of the carbon atoms of the naphthyl moieties

short non-bonding distances (9-11% penetration) to peri-
hydrogens S'°--H®, C°.--H®, and C°---H>. Its twist angles
7,($'0-CO—C'-C*) = —45.4° and 1,(S"-C°-C"-C*) =
132.5° and the naphthyl folding angle 0 = 83.6° corre-
spond well with the X-ray structure of 16 (Table 2). The
local minimum 1Z,1’Z-16 conformation is 4.4 kJ/mol less
stable than 1Z,1'E-16, and it features the small bond angle
ﬂ(Cl—C9—C]/) = 115.6° due to the need to accommodate a
larger sulfur atom, as compared to oxygen. Thioketone
1Z,1'E-16 is the least stable among 16, 20, and 21, 37.5 kJ/
mol higher in energy than 2E,2'E-21. Thioketones 1E,2'E-
20 and 2E,2'’E-21 are less overcrowded than 1Z,1'E-16;
LE,2'E-20 is 13.4 kJ/mol higher in energy than 2E,2'E-21.

Dinaphthyl diazomethanes 17, 22, and 23 adopt 1Z,1'E-,
1E,2'E-, and 2Z,2'E-conformations, respectively, as their
global minima (Table 11). The least stable 1Z,1'E-17 is
25.6 kJ/mol higher in energy than 2E,2'E-23 and the most
overcrowded of the three constitutional isomers (6—8%
penetration due to the short non-bonding distances N'%-..H®
and C°---H*/C®.--H*). Dinaphthyl diazomethane 1E,2'E-22

is 8.5 kJ/mol higher in energy than 2E,2' E-23, both are not
overcrowded.

The interconversion of the conformations in the di-
naphthyl derivatives 15-23 may be illustrated by ketone
15. The global minimum C,-1Z,1'Z-conformation under-
goes diastereomerization to the C;-1Z,1'E conformation by
rotating the 1’-naphthyl moiety around C"-C° bond via the
17,90 transition state, with energy barrier of 10.4 kJ/mol.
The naphthyl moieties in this transition state are nearly
orthogonal (6 = 88.7°), and the carbonyl group is aligned
with one 1-naphthyl moiety (t; = 1.6°) and is perpendic-
ular to the other (t; = 89.7°). The local minimum C;-
1Z,I'E conformation, which is 3.8 kJ/mol higher in energy
than the global minimum, undergoes diastereomerization
into the second local minimum C,-1E,1’E conformation
(14.0 kJ/mol higher in energy than the global minimum) by
rotating the 1-naphthyl moiety around C'-C® bond via the
90,1'E transition state, with a higher energy barrier of
23.4 kJ/mol. The naphthyl moieties in this transition
state are also nearly orthogonal (6 = 88.5°). The
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Table 13 Selected geometrical parameters of 1,2'-dinaphthyl derivatives 18, 20, and 22

X  Conformations AGsog (KJ/mol)  AAGagg (kI/mol)  7,* (°) ) O () chH? 6° ©)
2C )

O 1Z2E 18 ¢ M 939 0.00 —39.7 1359 1198 07 4.4 59.4
1562  —19.4 —44

o 1z2z 18 ¢ M 1127 1.88 —383 1374 1195 1.2 4.4 58.4
—217 155.1 3.2

O 1E2E 18 ¢, M 1399 459 —125.0 522 1205 40 2.8 68.1
—161.7 145 3.8

O 1E2Z 18 ¢ M 1603 6.64 —127.0 504 1204 37 26 66.2
160  —160.9 -3.0

S 1E2E 20 C; M 1338 0.00 —119.8 592 1182 23 0.9 745
—157.7 19.9 2.4

S 1Z2E 20 C, M 1546 2.08 —583 1190 1173 26 2.8 74.6
1587  —189 -26

S 1E2Z 20 ¢, M 1615 2.77 —123.8 557 1181 26 0.5 725
236 —154.8 -16

S 1z2Z 20 ¢, M 1824 4.87 —56.0 1213 1169 3.0 2.7 74.1
—234 155.4 1.2

N 1E2E 22 ¢, M 851 0.00 —114.8 642 1257 39 1.0 728
—169.6 10.1 0.3

N 1Z2E 22 C, M 965 1.14 —59.2 1202 1255 29 0.6 66.1
169.1 —102 —0.7

N 1E2Z 22 ¢, M 982 1.31 —119.1 596 1261 2.8 1.2 718
151 —164.0 —0.9

N 1z2Z 22 ¢, M 1072 221 —55.5 1240 1256 47 0.5 66.0
—145 164.0 1.4

M minimum, 7S transition state

@ X10_C_c'-c¥yx'-C°-C?—C" torsion angles
b X1O_CO_Cl-C¥X-C°-C*-C? torsion angles
¢ C'-C°-C? bond angle

d )/{(C())—the improper torsion angle Cl-C-X""-C? —180° (mod 360°); X(C')/x(Cz/)—the improper torsion angles ctcl-c’-cyc'-c? -

C?¥, respectively, —180° (mod 360°)

¢ Dihedral angle between the least-square planes of the carbon atoms of the naphthyl moieties

diastereomerization in the reverse direction leads from
Cy-1E,1'E-15 to C,-1E,1'Z-15 with the energy barrier of
13.2 kJ/mol, and from C;-1E,1'Z-15 to C,-1Z,1'Z-15 with
the energy barrier of 6.6 kJ/mol. The achiral Cy-1Z,1'Z-15
conformation serves as a transition state for enantiomer-
ization of chiral C,-1Z,1’Z-15. The simultaneous rotation
of two naphthyl moieties toward each other requires a short
contact H>---H” distance, which leads to a high energy
barrier, 37.6 kJ/mol.

Relative stabilities
The relative thermodynamic stabilities of 1- and 2-substi-
tuted naphthalenes are governed by both steric and

electronic effects. Based on elementary resonance consid-
erations, there are seven dipolar resonance structures for

@ Springer

1-substituted naphthalene derivatives 1-(NA),C=X (X =
O, N, S), of which four preserve the aromatic sextet, while
there are only six dipolar resonance structures for
2-substituted naphthalene derivatives 2-(NA),C=X, of
which only two preserve the aromatic sextet. The positive
charge in the dipolar resonance structures is more effi-
ciently delocalized in 1-(NA),C=X than in 2-(NA),C=X.
On the other hand, the 1-substituted naphthalenes are
destabilized by the repulsive interactions between the
substituent and the hydrogen at the peri position. In each
series of constitutional isomers of dinaphthyl derivatives
15-23, the order of stabilities is 2,2’-(NA),C=X > 1,2'-
(NA),C=X > 1,1’-(NA),C=X. Moreover, in each series the
energy difference AAG,og between 1,1-(NA),C=X and
1,2’-(NA),C=X is two-three times larger than AAG,og
between 1,2'-(NA),C=X and 2,2’-(NA),C=X (Tables 9, 10,
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Table 14 Selected geometrical parameters of 2,2'-dinaphthyl derivatives 19, 21, and 23

X  Conformations AGaog (KJ/mol)  AAGaog (KI/mol) 7,2 (°)  ° () ) 2CH )  wCH? 6 ©)

HCHT )

O 2E2FE 19 C, M 0.00 0.00 149.8 =254 1210 0.0 —4.8 51.7

O 2Z2E 19 ¢, M 0.04 0.04 —27.4 149.2  120.7 0.6 34 51.3
150.7 —24.4 —-4.9

o 222z 19 C, M 3.65 3.65 —26.8 1499 1203 0.0 3.4 51.1

O 222E 19 C, TS 2568 25.68 —159.6 187 1259 4.5 1.7 20.3

o 2z2Zz 19 ¢, TS 2875 28.75 225 —157.0 1247 59 0.5 27.1

S 222E 21 C;, M 0.00 0.00 144.6 315 1184 0.0 -39 61.4

S 2Z2E 21 C; M 0.56 0.56 —35.6 1423 118.1 -0.3 2.1 61.4
146.5 -30.0 -35

S 2z2Zz 21 C, M 4.15 4.15 —33.8 1444 117.8 0.0 1.9 60.9

S 2E2E 21 C, TS 3717 37.17 136.1 —-424 1217 5.0 1.5 41.0

S 2z2Z 21 C, TS 3781 37.81 460 —1344 1203 5.6 0.4 48.1

N 2Z2E 23 C; M 0.00 0.00 —33.0 1448 1265 -1.0 2.3 53.6
154.1 —25.0 -0.9

N 2227 23 C, M 2.03 2.03 -30.0 148.1 1262 0.0 1.9 55.6

N 2E2E 23 C, M 2.19 2.19 151.4 —274 1270 0.0 1.2 50.1

N 2z2'7z 23 C, TS 27107 27.07 —-320 —-1468 1296 —103 1.2 334

N 2E2E 23 C, TS 2473 24.73 153.0 -272 1306 6.9 0.2 29.0

M minimum, 7S transition state

@ X10_C0_C2_¢l7X'"-C°-Cc?—C" torsion angles
b X1O_C_C2-C¥X-C°-C*-C? torsion angles
¢ C?%-C°-C? bond angle

4 (C®)—the improper torsion angle C2-C°-X'—C? —180° (mod 360°); ;((Cz)/x(Cz/)—the improper torsion angles c'-c2-c°-c¥c'-c? -

C?, respectively, —180° (mod 360°)

¢ The dihedral angle between the least-square planes of the carbon atoms of the naphthyl moieties

11). The destabilization of the 1,1’-dinaphthyl derivatives
relative to their 1,2'- and 2,2’-constitutional isomers stems
probably from the overcrowding due to repulsive non-
bonding interactions X'0~--H8/X10---H8/, C9~--H2/C9---H2/,
and C°--H%/C°---H¥ . These repulsive interactions cause the
carbonyl group to tilt out of the aromatic plane, thus
decreasing its conjugation with the naphthyl moiety.
Indeed, the mean values of the 7, twist angles in all the
conformations of dinaphthyl ketones decrease in the
1,1 > 1,2 > 2,2 series: 39° (15), 33° (18), and 28° (19).
The same order of the decrease of the twist angles is
observed in dinaphthyl thioketones, 46° (16), 40° (20), 35°
(21), and in dinaphthyl diazomethanes, 45° (17), 37° (22),
29° (23).

In considering the global minimum for each constitu-
tional isomer, the emerging picture is not uniform. In the
dinaphthyl ketone series, the most stable conformations are
1Z,1'Z, 1Z2'E, and 2E2'E ~ 2Z2'E. In the dinaphthyl
thioketone series, the most stable conformations are 1Z,1'E,
1E,2'E, and 2E,2'E. In the dinaphthyl diazomethane series,
the most stable conformations are 1Z,1’'E, 1E,2’E, and
27Z2'E. Thus, with the increase of the radius of a

Table 15 Experimental and calculated "H-NMR chemical shifts of
the conformations of dinaphthyl ketone 15 and their equilibrium
percentages

Exp. Calculated
1Z1'Z 1Z,1'E 1E1'E At equilibrium
82.2% 17.5% 0.3%
H? 7616 744 7.22 8.14 7.47
H? 7.440 7.30 7.13 7.60 7.31
H* 8.033 777 7.73 7.81 7.7
H’ 7.954 7.70 7.68 7.61 7.69
H¢ 7.588 7.51 7.52 7.19 7.49
H’ 7.588 7.60 7.67 6.86 7.56
H® 8576  8.92 9.27 7.22 8.81
H? 7.92
v 7.54
H¥ 7.79
H 7.68
HY 7.31
H” 7.07
H* 7.39
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Table 16 Experimental and calculated "H-NMR chemical shifts of
the conformations of dinaphthyl ketone 18 and their equilibrium
percentages

Exp.  Calculated

1Z2'E
59.0%

122'7
27.7%

1E2'E
9.2%

1E2'Z
4.1%

At equilibrium

H> 7.657 7.63 757 775 7.78 7.63
H® 7558 7.38 7.36 7.53 7.54 7.40
H* 8052 7.80 7.78 7.82 7.80 7.79
H 7963 771 769 7172 7.71 7.70
H® 7558 7.49 750 737 7.37 7.48
H' 7514 755 757 1718 7.19 751
H® 8.136 8.69 8.73 7.62 7.55 8.56
HY 8264 7.89 876 1751 8.80 8.13
HY 8.095 840 7.59 8.45 7.18 8.13
HY 7948 7.79 758  1.77 7.38 7.71
H 7911 7.69 7.68 7.66 7.59 7.68
HY 7615 750 752 747 7.52 7.50
H" 7514 741 750  7.29 7.49 7.43
HY 7833 7.63 796 733 7.96 771

Table 17 Experimental and calculated "H-NMR chemical shifts of
the conformations of dinaphthyl ketone 19 and their equilibrium
percentages

Exp. Calculated
2E2'E 2Z2'E 27.2'7 At equilibrium
45.2% 44.4% 10.4%
H! 8330  8.05 8.59 8.59 8.21
H3 7997 824 7.79 7.71 8.09
H* 7997 7.8 7.63 7.63 7.73
H® 7945 771 7.69 7.69 7.70
H® 7.635 7.54 7.53 7.54 7.53
H’ 7.571 7.45 7.51 7.48 7.46
H® 7.931 7.69 7.92 7.91 7.76
H" 7.99
564 8.26
u¥ 7.77
H 7.70
HY 751
H” 7.43
H® 7.69

heteroatom at C°, ro < ry <rs, the E-conformations
become more favorable. The reason for this trend is the
increase in overcrowding of the Z-conformations due to the
short non-bonding X'°---H® distances, e.g., 225.7 pm (7.5%
penetration) for 1Z,1'Z-15, 242.6 pm (8.5% penetration)
for 1Z,1'Z-17, and 266.9 pm (10.7% penetration) for
1Z,1'Z-16. In addition, the absolute values of the twist
angles of the Z-conformations increase more than those of

@ Springer

the E-conformations, e.g., It;l = 34.4° (1Z,1'Z-15) versus
It,l = 39.4° (1E,1'E-15) for a ketone, and It = 45.7°
(1Z,1'Z-16) versus |1, = 44.0° (1E,1’E-16) for a thioke-
tone. For 2,2’-substituted naphthalenes the effect is less
pronounced: It l = 26.8° (2Z,2'Z-19) versus lt,l = 25.4°
(2E2’E-19) for a ketone, and It;| = 33.8° (2Z,2'Z-21)
versus It,l = 31.5° (2E,2'E-21) for a thioketone. However,
the energy differences (AAG,9g) within the three/four
conformations of each constitutional isomer are relatively
small, 0.04-6.6 kJ/mol.

The comparison between the X-ray structures of di-
naphthyl ketones and thioketones and their respective
calculated geometries deserves attention. B3LYP/6-
31(d) calculations satisfactorily describe the X-ray geom-
etries of 15 and 19 (1Z,1’Z-conformation), 16 (1Z,1’
E-conformation), and 18 (1E,1’ E-conformation). 1Z,1'Z-15
and 1Z,1'E-16 are indeed the global minima. 1E,2'E-18 and
27,2'7Z-19 are, however, local minima, being less stable
than the respective global minima (1Z,2'E-18 and 2E,2'E-
19) by 4.6 and 3.7 kJ/mol, respectively. The stabilization
of 1E,2'E-18 and 2Z,2'Z-19 in their respective crystal
structures stems from the intermolecular interactions in
crystals, which can readily dominate and suppress any
preference any other conformation, especially in the cases
of low energy differences between them.

Calculated NMR chemical shifts

The dinaphthyl derivatives 15-23 may adopt various con-
formations with relatively low energy differences
(0.04-6.6 kJ/mol, excluding 1E,1’E-15). The calculated
energy barriers (Tables 9, 10, 11) do not exceed 38 kJ/mol,
suggesting swift diastereomerizations on the NMR time
scale (at room temperature). In order to predict correctly
the experimental chemical shifts of 15-23, the equilibrium
population of each of the conformers should be taken into
account. Tables 9 and 10 show the equilibrium population
of the conformers of dinaphthyl ketones and thioketones,
respectively, calculated from their relative energies using
the Boltzmann distribution values. The nuclear magnetic
shielding tensors for 'H and '*C of each of the conformers
of the dinaphthyl ketones and thioketones under study were
calculated at the B3LYP/6-31G(d)//GIAO level. The cal-
culated chemical shifts were then multiplied by the per-
centages of the respective conformers at equilibrium (at
room temperature) and summed.

In 15, 16, and 18, 1Z-conformations dominate in the
equilibrium in a good agreement with the downfield shifts
of H® protons peri to the carbonyl and the thiocarbonyl
groups. In 20, the 1E,2'E-conformation is the global min-
imum, which is supported by the absence of the down-
field shifts of H® in 20. Tables 15, 16, and 17 show the
comparison between the experimental and the calculated
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"H-NMR chemical shifts of dinaphthyl ketones 15, 18, and
19, respectively. The calculated 'H- and ">C-NMR chem-
ical shifts are in a satisfactory agreement with the respective
experimental chemical shifts. The calculations correctly
predict the downfield shift of the H® protons peri- to the
carbonyl and the thiocarbonyl groups in 15, 16, and 18. As
expected, in 1,2-dinaphthyl ketone (18) and 1,2-dinaphthyl
thioketone (20) only 1Z,2'Z- and 1Z,2'E-conformations
exhibit the downfield shift of H® protons. The combined
equilibrium populations of these conformers are 86.7% in
18, but only 30.1% in 20, which explains the absence of the
experimentally observed downfield shift of H® in the latter.
The calculations give the following differential chemical
shifts AS(C®) between the 1,2'-dinaphthyl derivatives
and the corresponding 1,1’-dinaphthyl and 2,2’-dinaph-
thyl derivatives: for (NA),C=0, §(C’)(18)-6(C°)(15) =
—2.75 ppm and §(C’)(18)-5(C”)(19) = +1.95 ppm; for
(NA),C=S, dC”)(20)-5(C*)(16) = —2.74 ppm and 5(C?)
(20)—5(C9)(21) = +4.37 ppm. These values are in line
with the measured differential chemical shifts (vide supra).
The B3LYP/6-31G(d) calculations do not, however, cor-
rectly reflect the expected change in the partial positive
charge at C° of 1,1’-dinaphthyl, 1,2'-dinaphthyl and 2,2'-
dinaphthyl derivatives. The NBO natural charges at C° of
15, 18, and 19 are 0.55, 0.56, and 0.55, respectively. The
NBO natural charges at C° of 16, 20, and 22 are —0.11,
—0.09, and —0.11, respectively (the Mulliken charges are
identical, 0.32).

Conclusions

The crystal structures of 1,1’-dinaphthyl ketone (15), 1,2'-
dinaphthyl ketone (18), 2,2'-dinaphthyl ketone (19), and
1,1’-dinaphthyl thioketone (16) feature conformations with
naphthyl moieties twisted around C'-C°/C*-C° bonds. The
twist angles t,/t, are notably larger for 1Z/1E-conforma-
tions (34°-52°) than for 2E/2Z-conformation (15°-27°).
The B3LYP/6-31G* calculated structures of 15, 16, 18, and
19 are in a good agreement with the crystal structures. The
NMR experiments demonstrate the downfield shifts of the
protons peri to the carbonyl and the thiocarbonyl groups in
15, 16, and 18, but not in 20, suggesting the predominance
of 1Z-conformations in the former and of 1E-conforma-
tions in the latter. The B3LYP/6-31G* relative stabilities of
dinaphthyl ketones and thioketones and calculated chemi-
cal shifts are in agreement with the NMR experimental
results. In each series of constitutional isomers of dinaph-
thyl ketones, thioketones and diazomethanes, the order
of stabilities is 2,2’-(NA),C=X > 1,2’-(NA),C=X > 1,1'-
(NA),C=X. The presence of a 2-naphthyl moiety confers
an E-conformation, while two 1-naphthyl moieties are

needed for a Z,Z-conformation. The preference of E-con-
formations is also dependant on the heteroatom X in each
(NA),C=X series, raising with the increase of the radius of
an heteroatom: O < N < S.
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