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Formyl-ring conjugation has been examined in benzaldehyde, 2,4,6-trimethyl- and 2,4,6-tri-
t-butyl-benzaldehyde, and the ab initio STO-3G =n-electron distribution in benzaldehyde has been
analysed in terms of the mesomeric and #-inductive effect of the formyl group. The electric dipole
moment determined in benzene solution at 30.0 °C, and formyl-carbon n.m.r. chemical shift,
recorded in deuterochloroform, of 2,4,6-tri---butylbenzaldehyde indicate a nonplanar conformation
with a formyl-group rotational angle (¢) of about 65°. The dipole moment of 2,4,6-tri-
t-butylthiobenzaldehyde, also in benzene solution at 30.0 °C, is consistent with a nearly orthogonal
model (p ~ 90°), in agreement with the X-ray structure in the crystalline phase giving ¢ = 89.1°.

Introduction

Unlike 2.4,6-trimethylbenzaldehyde, which has
been examined by ultraviolet spectroscopy [l],
dipole moment and electric birefringence techniques
[2], dielectric dispersion methods [3], and 'H and '3C
spin-lattice relaxation techniques [4], more over-
crowded 2.4,6-tri-z-butylbenzaldehyde has only
been examined by 'H n.m.r. spectroscopy [5].
2.4,6-Tri-z-butylthiobenzaldehyde, the first example
of a stable thiobenzaldehyde isolated without resort
to stabilization by heteroatoms, has been recently
prepared by Okazaki and co-workers [6], and its X-
ray structure has been determined in the crystalline
phase [7].

In the present work, the electric dipole moments of
2,46-tri-t-butyl-benzaldehyde and -thiobenzaldehyde
have been determined in benzene at 30.0 °C, with
the aim of elucidating their conformations in solu-
tion.

Experimental

Synthetic

2,4,6-Tri-t-butylbenzaldehyde. — 2,4,6-Tri-t-butyl-
bromobenzene (8.12 g, 25.0 mmol) in 100 ml of tetra-
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hydrofuran was allowed to react with »-butyllithium
(30 mmol) in hexane at — 78 °C for ten minutes, and
to this solution was added dropwise ethyl formate
(5.6 ml, 69 mmol). Then the temperature was
gradually raised to room temperature, and after
stirring for an additional hour the solution was
quenched with aqueous ammonium chloride, the
solvent evaporated and the residue extracted with
dichloromethane. The extract was dried with an-
hydrous magnesium sulphate and the residue
obtained after evaporation of the solvent was
chromatographed on silica-gel (hexane-ether 30:1)
to give 2.4,6-tri-t-butylbenzaldehyde (3.23 g, yield
47%), m.p. 197.5-198.5°C (from methanol); 'H
n.m.r. spectrum (CDCl;): 6 (p.p.m.) 1.32 (9 H, s),
1.36 (18 H, s), 7.37 (2 H, s), and 11.11 (1 H, s); BC
n.m.r. spectrum (CDCl3): 6 (p.p.m.) 31.3, 32.6, 35.1,
36.6, 121.4, 137.2, 147.4, 150.8, and 202.7, from TMS
as internal reference.
2,4,6-Tri-t-butylthiobenzaldehyde. — The thiobenz-
aldehyde was synthesized in a similar way from
2.4,6-tri-t-butylbromobenzene (8.15 g, 25.1 mmol),
n-butyllithium (30.1 mmol), and O-ethylthioformate
(2.70 g, 30.0 mmol). In this case the crude product
was purified by recrystallization from ethanol under
nitrogen atmosphere to give purple crystals (4.0 g,
yield 56%), m.p. 146—147°C, giving satisfactory
elemental analyses for C, H and S; 'H nm.r.
spectrum (CCly): é(p.p-m.) 1.30 (9 H, s), 1.32 (18 H,
s), 7.22 (2H, s), and 13.02 (1H, s); “C nmur.
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spectrum (CDCl;): d(p.p.m.) 31.3, 32.9, 34.8, 37.0,
121.8, 145.1, 145.6, 149.5, and 250.4, from TMS as
internal reference.

Physical Measurements

The electric dipole moments were determined in
benzene solution at 30.00 £0.02°C by using the
well-known Debye refractivity method. The total
polarization of the solute, extrapolated to infinite
dilution, was calculated from the experimental
ratios [8].

D
e

where w is the weight fraction of the solute, ¢ and ¢
are the dielectric permittivity and specific volume of
the solutions, respectively, and subscript one refers
to the pure solvent as used, i.e. made up in the same
way as the solutions. The 2, value was calculated
from the linear function, x = %y + 2’ w, obtained by
least-squares analysis of the e&(w) polynomial
(quadratic) function.

The distortion polarization of the solute, EX + 47,
was assumed to equal the molecular refraction
for the sodium D line (Rp), calculated from
> (n*—n})/>w and B defined as above. The
techniques used to determine the dielectric per-
mittivity, specific volume and refraction index of
the solutions (and solvent) are described elsewhere
[9, 10].

For each solute, wp,,, (here reported to only three
decimal places, although it is known to five or six
decimal places). %y, f (in cm®g~"), P, and Rp
(both in cm®mol™'), and x in Debye units
(1 D=3.3356x 1073 C m) are given in Table 1.

w—0 w

_61] and f

2 (4
g = lim l:

Results and Discussion

First let us consider 2.4,6-tri--butylbenzaldehyde,
then 2.4,6-tri-z-butylthiobenzaldehyde.

(I) 2.4,6-Tri-t-butylbenzaldehyde exhibits a di-
pole moment in benzene markedly inferior to that
of benzaldehyde and 2.4,6-trimethylbenzaldehyde,
but close to. the values of 2.4,6-tribromobenz-
aldehyde and aliphatic aldehydes (see Table 2).

In the overcrowded 2.4.6-tri-z-butylbenzaldehyde
and 2.4.6-tribromobenzaldehyde, where a consider-
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able formyl-group rotation (¢) is likely to occur,
the mesomeric moment is much reduced compared
to the value in benzaldehyde known to exist
as coplanar [18], and 2.4,6-trimethylbenzaldehyde
existing in a near-coplanar conformation [19, 2] with
a g-angle of only 22° [1]. In addition, the n-induc-
tive effect of the formyl-group in aromatic benz-
aldehydes, which does not require coplanarity of
the molecular skeleton, is to be rather small.

The n-electron diagram of benzaldehyde reflects
both the mesomeric and n-inductive effect of the
formyl group (Figurel). The first effect brings
about an additional negative m-charge of 0.115 —
(1.000 — 0.918) = 0.033 ¢ at the oxygen atom, and
the second effect a negative n-charge of 0.018 e at
the substituted ring-carbon atom [20]. With the
molecular structures of benzaldehyde [18] and

Table 1. Physical data from dipole moment determinations
at 30.0 °C with benzene as solvent.

Compound Wmax %0 -f Py, Rp wnu
2.4,6-Tri-t-butyl-  0.025 2.72 0.129 224.6 87.5% 2.61
benzaldehyde

2,4,6-Tri-t-butyl-  0.016 1.78 0.104 188.4 96.0° 2.14

thiobenzaldehyde

* From experiment; 87.78 cm? mol~! as calculated from
the experimental refractions of tri--butylbenzene
(83.16 [11]) and refraction increments of C—C and C=0
bonds (1.296 and 3.32 [12]), and 89.12 cm® mol~! from
the experimental refractions of tri-z-butylbenzene
(83.16), benzaldehyde (32.14) and benzene (26.18).

From experiment; 96.37 cm®mol~! calculated from
2.4,6-tri-t-butylbenzaldehyde (87.78) and the refraction
increments of C=S and C=0O bonds (11.91 and 3.32 [12]).

Table 2. Experimental dipole moments of aldehydes and
thioaldehydes in benzene (Debye units).

Aldehyde u Thioaldehyde u
Alcanal 2,582 Methanethial 2.19
2.4,6-Tri-z-bromo-  2.53[14]

benzaldehyde

2,4.6-Tri-z-butyl-  2.61 2,4,6-Tri-t-butyl-  2.14
benzaldehyde thiobenzaldehyde
2.4.6-Trimethyl- 296 [15]

benzaldehyde

Benzaldehyde 2.99[16]  Thiobenzaldehyde 2.8°¢

4 Average value from acetaldehyde (2.51), propion-
aldehyde (2.56 or 2.58). n-butyraldehyde (2.57), i-butyr-
aldehyde (2.58), n-valeraldehyde (2.57), i-valeraldehyde
(2.60) and a-ethylcaproaldehyde (2.64) [13].

® Calculated from the value in the gaseous phase (2.33,
[17]), see text.

¢ Estimated, see text.
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Fig. 1. Ab initio STO-3G nr-electron densities in benz-
aldehyde.

acetophenone [21], and putting the positive poles of
the mesomeric and 7-inductive moments (m, and ;)
at the ring centre, calculation yields my=0.59 D
and y;=0.12 D.

That the mesomeric effect outweighs the n-induc-
tive effect in benzaldehyde (0.033/0.018 =1.8) is
supported by what follows. As referred to benzene
128.5 p.p.m., the para-carbon chemical shift of
acetophenone (known to exist as coplanar in the
crystalline phase [21]) is 4.4 p.p.m. [22], and it
originates from acetyl mesomeric and n-inductive
effects. For twisted 2,6-dimethylacetophenone,
characterized by an acetyl-group rotational angle of
55° [10], the para-carbon chemical shift (128.65
p.p-m. [23]) differs only by 0.55 p.p.m. from the
value (128.10 p.p.m. [24]) of the para-carbon of
meta-xylene and should mainly be ascribed to the z-
inductive effect of acetyl, which does not require
coplanarity of the molecular system. Accordingly, in
coplanar acetophenone the mesomeric effect is re-
sponsible for ca. 4.0 p.p.m. and the =n-inductive
effect for only 0.4 p.p.m.

To obtain a significant value for the mesomeric
moment in coplanar benzaldehyde (m,) and ¢-
twisted 2.,4,6-tri--butylbenzaldehyde (m), knowl-
edge of the so-called benzaldehyde primary
moment (M), which refers to a hypothetic mole-
cule with no mesomeric moment, is needed. Clearly
the dipole moment of 2.4,6-trimethylbenzaldehyde
(2.96 D) can not serve as a measure of M since the
molecule exists in a near-coplanar conformation
(vide supra). That of 24.6-tribromobenzaldehyde
fits much better because of the following. Its dipole
moment (2.53 D) is somewhat inferior to that of
aliphatic aldehydes (Table 2). Strong repulsion
between the C—Br and C=0O dipoles compels the
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formyl-group to rotate considerably: 2-bromobenz-
aldehyde exists in a coplanar s-trans conformation
[25-27]. The bromine atoms, in causing a positive
n-charge at the formyl-substituted ring-carbon atom
(the g, bromine Hammett substitution constant of
bromobenzene is + 0.232 [28]), tend to reduce the
formyl mesomeric effect (if any). It then follows
that an orthogonal model can be retained for 2,4,6-
tribromobenzaldehyde.

Assuming the benzaldehyde mesomeric moment
(mg) directed from the ring geometric centre to the
oxygen atom, that is at 16° to the C,,—C bond axis
(from the actual structures of benzaldehyde [18] and
acetophenone [21]), vector triangulation of M, in
terms of u(Ph—CHO) (2.99 D at 34° to the Ph—C
bond axis [16]) and m, yields my(Ph—CHO)=0.49 D
(see [10] for details of calculations)*. Similarly,
vector triangulation of the dipole moment of 2,4,6-
tri-t-butylbenzaldehyde (2.61 D) in terms of
#(Ph—CHO) and Adm=my—m leads to Am=
0.405 D, and to m = 0.085 D only in twisted 2,4,6-tri-
t-butylbenzaldehyde.

Assuming m = m,. cos? ¢ (see [29] and [30]) leads
to a g-angle of 65° in 2,4,6-tri-z-butylbenzaldehyde,
a value which compares well with that (68°) drawn
from 'H n.m.r. spectroscopy [5]. Because of the
large formyl-group rotation in 2,4,6-tri-z-butylbenz-
aldehyde (¢ = 68° [5]), the increase in the m-value
due to the m-negative charge induced at the formyl-
substituted ring-carbon atom (g, (#-Bu) =—0.197 in
-butylbenzene [28]) can be ignored, the more so as
the formyl-group rotational barriers in coplanar p-
methylbenzaldehyde and benzaldehyde (34.3 and
32kJmol™" [31]) are close. Note also that r-butyl
and bromine substituents have a reverse effect on
the dipole moments of both orthogonal 2,4,6-tri-z-
butyl- and 2,4,6-tribromo-acetophenone (2.52 [32]
and 2.58 D [14]), and on those of twisted 2.4,6-tri-
t-butylbenzaldehyde and orthogonal 2,4,6-tribromo-
benzaldehyde (2.61 and 2.53 D), showing that the
twisting factor plays a major role for benzaldehydes.

It has been observed that the carbonyl-carbon
n.m.r. chemical shift of acetophenone, 2,4,6-tri-
methyl- and 2,4,6-tri-i-propylacetophenone gradu-
ally augments with the twisting angle increasing
[33], and such can be extended to the more crowded

* In [10], p. 174, line 16 should read “where 7 is the
angle that the vector m, makes with the C,—C bond
axis”.
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Table 3. Carbon-13 carbonyl-carbon chemical shifts of ar-
omatic aldehydes and ketones, in CDCl;.

Aldehyde o2 Ketone 04
Benzaldehyde 192.1[4] Acetophenone 198.2 [23]
2,4.6-Trimethyl- 192.5[4] 2,4,6-Trimethyl- 208.5[23]
benzaldehyde acetophenone
2.4,6-Triethyl- 192.3 [4]

benzaldehyde

2,4,6-Tri-i-propyl- 194.7[4] 2,4.6-Tri-i-propyl- 208.8 [33]®
benzaldehyde acetophenone
2.4.6-Trineopentyl- 194.4 [4]

benzaldehyde

2,4,6-Tri-t-butyl- 202.7[6] 2,4,6-Tri--butyl- 211.6 [32]
benzaldehyde acetophenone

2 In p.p.m., from TMS. — ® In 1,4-Dioxane.
2,4.6-tri-z-butylacetophenone (Table 3). Also for

benzaldehydes, the chemical shift increment aug-
ments on passing from benzaldehyde (4= 0.0), to
2.4.6-trimethylbenzaldehyde (40=2.4), 2.4.6-tri-i-
propylbenzaldehyde (46=2.6), 2.4,6-trineopentyl-
benzaldehyde (40=2.3) and 2,4,6-tri-t-butylbenz-
aldehyde (40=10.6). Interestingly, for 2.4,6-tri-
t-butylbenzaldehyde the 40 value (10.6) is close to
that observed for 2.4,6-trimethylacetophenone
(46=10.3) characterized by a twisting angle of
about 55° [10]. Note that the effect of alkyls on
ring-carbonyl conjugation in the quoted 2.4,6-tri-
alkyl-benzaldehydes and -acetophenones, which is
certainly much reduced by acyl-group rotation,
should be similar since the para-carbon shifts (relat-
ed to the m-electron density [34]), as referred to
benzene 128.5 p.p.m., are close for toluene, ethyl-
and 7-butyl-benzene (- 2.9, — 2.6 and — 2.9 p.p.m. in
benzene [22]), and neopentylbenzene (— 2.7 p.p.m.
in cyclohexane [22]).

(2) The electric dipole moment of 2.4.6-tri-
-butylthiobenzaldehyde in  benzene solution
(2.14 D) can not be compared to that of aromatic
thiobenzaldehyde and aliphatic thioacetaldehyde
(Table 2). Thiobenzaldehyde is too unstable for its
dipole moment being measured even in the gaseous
phase [35], and thioacetaldehyde was only examined
as vapour: i, = 2.33 D by microwave spectroscopy
[17].

H. Lumbroso er al. - Conformations of 2,4,6-Tri-r-butyl-benzaldehyde and -thiobenzaldehyde

The dipole moment of thiobenzaldehyde can be
predicted to be 2.8 D as-follows. First, benzaldehyde
and acetophenone possess close dipole moments in
benzene (2.99 [16] and 2.95 D [36]); second, ring-
closed 2,2-dimethylindan-1-thione and 2,2-dimethyl-
indan-1-one exhibit values of 3.19 and 3.35 D in the
same solvent [37].

As a benzene solute, the thioacetaldehyde dipole
moment can be calculated from the gaseous value
(2.33D) by means of Miiller’s equation for the
solvent effect [3§],

1y =g (1= 0.038 (25— 1)?], (1)

where ¢, =2.2642 is the benzene dielectric permit-
tivity. This leads to up=0.94 x uy,=2.19 D. Note
that the experimental (u,/py) ratios are close to
0.94 for acetaldehyde (2.51/2.68 =0.94 [13]), pro-
pionaldehyde (2.56/2.75 = 0.93 [13]), and also benz-
aldehyde (2.99[16]/3.21 [18] = 0.93).

As compared to thioacetaldehyde in benzene
(2.19 D), the low value found for 2.4,6-tri-z-butyl-
thiobenzaldehyde (2.14 D) clearly supports a strong-
ly twisted conformation in solution, with a twisting
angle much greater than that of 2.4,6-tri-z-butyl-
benzaldehyde (65°) since the sulphur molecule is
more overcrowded (when coplanar) than the oxygen
analogue *. An orthogonal structure, with a p-angle
of 89.1°, is observed for 2.4,6-tri-z-butylthiobenz-
aldehyde in the crystalline phase [7].

Thus, greater hindrance in the sulphur compound
outweighs the conjugation effect of thioformyl to be
more pronounced. The thiocarbonyl mesomeric
effect 1s known to be much greater than that of
carbonyl in coplanar thiocarbonyl unsaturated com-
pounds [40] and N,N’-dimethylimidazolidin-2-
thione [41]. A comparison of the dipole moments of
thiobenzaldehyde (2.8 D) and 2.,4,6-tri-z-butylthio-
benzaldehyde (taken as M) suggests m ~ 0.8 D in
the former, to be compared with the value for benz-
aldehyde (0.49 D).

* The sulphur and oxygen van der Waals radii are 1.85
and 1.40 A, respectively [39], and the C=S and C=0
distances 1.596 [7] and 1.216 A [21], while the C,,CS and
C,.CO angles differ little (127.1 [7] and 123.4° [18]).
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