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Conformational Behaviour of Organic Carbonyl Compounds. Par& 2.' 
Aldehydes and AcetyI Derivatives of Condensed Aromatic Hydrocarbons 

By Rois Benassi, Dario larossi, Ugo Folli, Luisa Schenetti, and Ferdinand0 Taddei,' lstituto di Chimica 
Organica, Universita', Via Campi 183,41100 Modena, Italy 

The relative conformer stability in a number of acetyl and formyl derivatives of condensed hydrocarbons has been 
determined by the lanthanide induced shift (LIS) method and by simulating the experimental chemical shifts. 
For the aldehydes of naphthalene the conformational results were confirmed by examining the n.m.r. spectra of 
model compounds with known probable conformation. In condensed hydrocarbons containing carbonyl sub- 
stituents the behaviour found may be substantially related to three distinct situations, those comparable to the a- 
and P-positions of naphthalene and overcrowded positions comparable to position 4 in phenanthrene. Calcu- 
lation of the conformation behaviour by the semi-empirical methods provide qualitative correct results only for 
systems where steric interactions are smalt. 

THE barriers preventing rotation around carbon-carbon 
bonds in aromatic aldehydes and ketones have been the 
subject of several studies on both the experimental deter- 
mination of energy barriers and relative conformer 
stability and the theoretical interpretation of the 
physical findings. 

We have already reported a survey 1 of the practical 
applicability and the relative criticism of MO semi- 
empirical and ab initio methods in the prediction of 
energy barriers and relative isomer stability in con- 
jugated aldehydes and acetyl derivatives. 

Experimental results can be obtained from different 
techniques such as Kerr molecular  constant^,^^^ IH and 
l3t: n . ~ n . r . , ~ - ~  U.V. ~pectroscopy,~ and dipole moment mea- 
surement~ .~9~ N.m.r. variable temperature studies may 
provide the energy barriers and the relative isomer popu- 
lations, while this latter information is often obtained in 
aldehydes by also examining the long-range proton- 
proton coupling constant between the aldehyde proton 
and one of the protons of the attached ring, provided that 
the value for a t  least one isomer is known. 

The lanthanide induced shift (US) has also been 
widely employed lo*ll for the conformational analysis of 
several organic compounds I2-l6 and the relative isomer 
population determined is comparable with those ob- 
tained from other te~hniques.1~ The application of LIS 
is a reliable method in several cases for determining the 
relative isomer population in conditions of fast rotation, 
relative to the n.m.r. time scale, and affords information 
for variable temperature studies in order to determine 
energy barriers, since in the case of very unequally 
populated sites the dynamic n.1n.r. technique requires 
special handling.ls The use of lanthanide ions for con- 
formational analysis is based on the assumption that com- 
plexation does not change the relative population of in- 
terchanging isomers and their molecular conformation 
remains unchanged: this point can be cleared up by a 
preliminary investigation carried out on a given sub- 
strate and by following a known experimental pro- 
cedure.lg 

The present investigation reports the conformational 
results relative to a number of aldehydes and acetyl 

derivatives of condensed hydrocarbons by employing 
the LIS method. The results are compared with other 
conclaisions drawn from the analysis of n.m.r. parameters, 
long-range proton -proton coupling const ants, or chemical 
sliifts. Tests of predictions based on the semi-empirical 
MO method YCILO to are also carried out. The 
reliability of this method in the analysis of the conform- 
ational behaviour of carbonyl compounds was previously 
testcd : qualitatively correct results were obtained for 
large classes of compounds, while it is applicable to large 
molecules where the employment of ab i d i o  procedures 
is rather problematical. 

EXPERIMENTAL 

The I1-I n.m.r. spectra of the compounds in tleuterio- 
chloroform ( 0 . 3 ~ )  with tetramethylsilane a s  internal 
standard were recorded a t  60 MHz on a JEOL C60 HL 
spectrometer. The reagent shift employed is Eu(fod), 
added in known amounts to  the solutions of the substrate 
examined. The experimental results were elaborated 
according to the procedures reported by Montaudo and his 
co-workers. l5 

The compounds (1)-(6) and (8)--( 13) were commercial 
products purified according t o  known procetl ures. Phenan- 
threne-4-carbaldehyde (7) ,21 4-acetylphenanthrene (14) ,22 

2-hydroxynaphtlialene- 1-carbaldehyde ( 15) ,23 l-hydroxy- 
naphthalene-2-carbaldehyde (1  6) ,23 and 3,4-dihydrophenan- 
thren- 1 (2H)one ( 17) 24 were prepared according to literature 
methods. 

Calculations were performed on a Cyber 76 CDC coni- 
puter equipped w-ith a plotting unit. 

C HO OH moH acHo 
(15) ( 16) 

RESULTS AND DISCUSSION 

For the LIS analysis the McConnell and Kobertson 
equation25 was employed, by assuming that the inter- 
action between lanthanide and substrate is entirely or 
predominantly of a pseudocontact nature. This has 
been verified 26 for lH n.m.r. spectra and the contact in- 
teraction was found to be significant only for protons 
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directly bonded to the protonation site. Further, 
according to a previous report ,I5 equimolecular lant han- 
ide-substrate complexes (1 : 1) were considered to have 
axial symmetry and a constant geometry, as regards bond 
distances and bond angles, was maintained in the dif- 
ferent conformers. 

For determining the population ratio expression (1) 
was employed, where G,i and G,i are, according to 

Montaudo and his co-workei-~,~~ the geometrical factors 
corresponding to two conformers, X their molar fractions, 
and ASi the LIS corresponding to the i th  spectral signal, 
The geometry of the complex is simulated by assuming 
that the lanthanide atom is located at  the oxygen atom 
of the carbonyl group, which is thus defined by the three 
geometrical factors,15 R, a, and +. Following a com- 
mon a s ~ u m p t i o n , ~ ~  to the R parameter for the Eu atom 
is constantly assigned a value of 3 A. For solving the 
probleni of determining conformer populations, in the 
case of a two-site exchange, four parameters have to be 
determined, i.e. a, +, K ,  and one of the values; thus at 
least four different A8L values have to be employed. 

In the computer simulation of the LIS proton spectra l5 

for the best geometry of the complex the Hamilton agree- 
ment factor (AF) never exceeded 0.05. Molecular geo- 
metries were constructed from those of the parent 
hydrocarbons: 28,29 for the aldehyde and acetyl group 
the following bond distances were taken, G O  1.22, C-H 
1.085, C-CH,, 1.515, Ar-C 1.485 A; the bond angles were 
chosen to be perfectly trigonal. The aldehyde proton 
was not included in the simulation of LIS spectra since, 
being very close to the complexation site, it undergoes a 
contact shift which may introduce an error in the deter- 
mination of conformer populations. The experimental 
LIS values may be simulated, either by introducing only 
the two rapidly equilibrating planar forms, or by taking 
into account the conformation obtained by rotating the 
aldehyde or acetyl group around the Ar-C bond of an 
angle 8 which gives the best agreement between calcu- 
lated and experimental values. I t  is thus often found 
that a predominant non-planar form reproduces better 
or to the same extent the experimental LIS values with 
respect to the situation of two planar forms both popu- 
lated at  the equilibrium: this fact may correspond to an 
artefact in the calculation of the A F  values, but the 
presence of a non-planar highly populated conformation 
may well represent in certain molecules a physical 
identity.15 The relative conformer populations for the 
derivatives investigated are reported in the Table. 
Discrimination between one single highly populated non- 
planar conformation and two planar forms both popu- 
lated at equilibrium is rather problematical on the basis 
of the LIS technique, if not supported by supplementary 
experimental information. For example, in the case of 
o-methylbenzaldehyde the low temperature measure- 
ments allow us to discard the hypothesis of a single dis- 
torted conformer: LIS simulation for the situation of two 
planar conformers a t  equilibrium gives a E:2 ratio of 

1.33 very close to the value which can be extrapolated 
from the low temperature determination recently 
r e p ~ r t e d . ~ O - ~ ~  

In naphthalene-1-carbaldehyde (2) , 4-methoxynaph- 
thalene-l-carbaldehyde (3), and 1-acetylnaphthalene (9) 
the results show that the Z-conformer is predominant as 
has been reported before.6 This finding is explained both 
on the basis of rnesomeric effects related to the particular 
trans-a.rrangenient of the G O  and C(l)-C(2) bond and 
to the fact 33 that the conformation with the carbonyl 
group pointing toward the neighbouring ring may be 
stabilized by a hydrogen-bond type interaction with the 
peri-hydrogen. Apart from the cause of the stability of 
this conformer, the same situation is found in the deri- 
vatives of phenanthrene substituted in position 9 with a 
formyl or acetyl group. This position may be com- 
pared, in fact, with position 1 of naphthalene [even the 
bond distance C(9)-C(10) of phenanthrene compares with 
C(l)-C(2) of naphthalene] and the same effects should 
operate in stabilizing the conformers of both compounds. 
In the case of the derivatives of phenanthrene sub- 
stituted at the 2- or 3-position, the conformation of the 
acetyl group indicates that the ratio of E- and 2-isomers 
is close to unity: this fact is expected on the basis of the 
C-C bond distances 29 of the ring which, in this part of 
the phenanthrene molecule, are very close to each other. 
In 4-formyl- and 4-acetyl-phenanthrene the E-con- 
former is predominant, nearly loo%, and this is in 
agreement with the steric hindrance to which substituents 
in this position are subjected. For the formyl group it 
is the hydrogen atom that points towards the neighbour- 
ing rings, while in the acetyl derivative the oxygen atom 
occupies this position and the conformation is probably 
distorted by 30" from the molecular plane. 

Finally for anthracene-9-caxbaldehyde the results are 
not conclusive in distinguishing between the situation 
represented by equal amounts of two identical planar 
conformers a t  equilibrium and that of one 90" distorted 
conformation : from chemical shift values the first 
situation seems to be the most probable. 

In  a number of derivatives investigated here inform- 
ation on the conformer situation of the formyl group may 
be also obtained by examining the long-range proton- 
proton coupling constants over five bonds, 5JH-cr10, i .e. 
between the formyl proton and the meta-proton of the 
ring. Calculations of rotamer populations from long- 
range coupling constants should be treated only from a 
qualitative point of view, since the experimental error 
which affects these values (h0.1 Hz in our measure- 
ments) is large compared with their values. In  2- 
hydroxynaphthalene-1-carbaldehyde the preferred con- 
formation of the carbonyl group should be that cor- 
responding to the E-conformer, owing to the intra- 
molecular hydrogen bond, and 5JH+ao is 0.46 Hz, while 
in 1-hydroxynaphthalene-2-carbaldehyde where the 
2-conformer should be predominant, 5JH-cH0 was 
not observed. In  naphthalene-1-carbaldehyde, its 4- 
met h ox y-derivat ive, and phenant hrene-9-carbaldeh yde 
this coupling constant is not observed and it is probably 
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very near to zero : this is in agreement with the result of 
LIS measurements which indicates the 2-conformer as 
predominant, whereas it is not proved whether the 
conformation is completely planar. In naphthalene-2- 
carbaldehyde 5J51-cR0 amounts to 0.37 Hz, which, 
compared with the value of 0.46 Hz taken as the coupling 

E Z 

constant for the E-conformer, shows that this should be 
the predominant conformer, as obtained from LIS 
measurements. Examination of long-range coupling 
constants in phenant hrene-karbaldehyde also con- 
firms the results obtained from LIS measurements, since 
the experimental value of 0.54 Hz for 5JH-CIro indicates 
that the conformer having the carbonyl group pointing 
toward the rieighbouring ring is predominant. 

Even from the analysis of chemical shifts, information 
may be derived concerning the conformer population of 
carbonyl compounds, and this is especially so for l-acetyl- 
or 1 -formyl-naplit halenes by comparing the chemical 
shift of 8-M, which at 6 8.33 in 2-hydroxynaphthalene- 
1-carbaldehyde should correspond to the E-conformer, 
with the analogous position, 5-H, in compound (17) which 

should correspond to the shift of the Feri-proton in the 
2-conformer and is 6 9.51. From the chemical shift of 
8-H in napht halene-2-carbaldehyde, corresponding to 6 
9.221, the E-conformer in this molecule should amount to 
25%; assuming that the most stable situation of the 
molecule is represented by the two rapidly equilibrating 
planar conformations, in agreement with the results from 
LIS measurements. If one assumes that only one con- 
formation is present, of the 2-type, but with the carbonyl 
group slightly distorted from the molecular plane, by 
approximate  calculation^,^^ considering the ratio between 
the shift of 5-H produced in compound (17) and that for 
naphthalene-1 -carbaldehyde, the angle of twist may be 
estimated as 22". Accordingly, one may look for the best 
fit in LIS simulation for a non-planar conformation and 
this is found to be of Z-type with a twist angle of 45". 
The agreement among the two estimates for a non-planar 
conformation is not satisfactory and we believe that the 
equilibrium between the two planar forms better describes 
the real molecular situation. 

In the case of anthracene-9-carbaldehyde the chemical 
shift of 1-H measured in O.~M-CDC~, solution is 6 8.87: 
on the basis of comparison of this value with the chemical 

shifts of the corresponding proton in the 2- and E-forms 
of naphthalene according to the estimates above reported, 
the two planar forms should be present in nearly the 
same amounts. Conversely, for 9-acetylanthracene, the 
chemical shift of 1-H is 6 7.93, close to that of the un- 
substituted hydrocarbon, which should better cor- 
respond to a conformation largely distorted from 
planar it y . 

Energy CaZcuLations.-When employing the semi- 
empirical MO method PCIE0,20 which we have pre- 
viously tested in the conformational analysis of car- 
bony1 compounds, the energy minima for naphthalene-l- 
carbaldehyde do not correspond to planar conformations, 
even if a 2-type Conformation distorted 30" from planar- 
ity is indicated as most populated. For naphthalene-2- 
carbaldehyde the energy behaviour reproduces quali- 
tatively the experimental findings, even if the value 
derived, 9.10 kJ mol-l, is rather smaller than that found 
experimentally,6 34.3 k J mol-l ( E  --c 2). This should 
reflect the fact that semi-empirical methods under- 
estimate bonding contributions between orbitals with 
respect to repulsive terms, thus steric effects are 
enhanced: this was shown l in the case of the CNDO/2 
method and is probably also true for the PCILO 
method, even if to a smaller extent. For l-acetyl- 
and 2-acetyl-naphthalene the minimum calculated by 
PCILO corresponds to the perpendicular and planar 
forms respectively, determined in the minimum energy 

I I I 

0 9 0  
9 ("1 

Total energy calculated by the ab i.1.titio STO-3G MO approach 
for o-methylbenzaldehyde as a function of the angle 0 and 4 
of rotation of the methyl and carbonyl groups around the 
exocyclic C-C bonds 

conformation for the methyl group. For S-acetylnaph- 
thalene the E-conformer is estimated as more stable (ca. 
80%) as in naphthalene-2-carbaldehyde, while the energy 
barrier turns out to be smaller. 

To check the performances of the PCILO method for 
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analysing the conformational behaviour of carbonyl 
compounds with respect to the presence of relevant steric 
effects, in certain molecules, we have compared the 
results of energy calculations by the PCILO and ab 
initio STO-3G 36 methods for o-methylbenzaldehyde : ab 
in& methods were shown to provide 1 the best estimates 
of conformational behaviour of carbonyl compounds 
with respect to semi-empirical methods, even when 
employed in the minimal basis set. Both methods show 
that the planar forms correspond to minima in the two 
dimensional energy diagram as a function of + and 8 
angles. The PCILO method indicates the Z-conformer 
as more stable with an energy barrier of 9.18 kJ mol-l, 
while from ab irtitio STO-3G the E-conformer is found to 
be the more stable and the energy barrier is 20.81 kJ 
mol-l: experimentally 3o the E-conformer is more stable 
and the free energy of activation is 28.62 k J mol-I. The 
energy profile for the STO-3G calculation is reproduced 
in the Figure. 

=0* 

e = o *  

From these calculations, therefore, we find that in 
carbonyl derivatives where steric effects are small, as in 
derivatives of single-ring aromatic compounds not 
bearing ortlzo-substituents or in the positions of con- 
densed hydrocarbons not equivalent to the a-sites of 
naphthalene, the PCILO method can correctly predict 
the energy of the conformational path and the relative 
energy of conformers, while for molecules containing 
groups or particular positions hindering the rotation of 
carbonyl substituents only by ab initio methods can a 
correct description of the conformational behaviour be 
obtained. This is a serious limitation for the analysis of 
large molecules where the application of ab initio methods 
becomes rather problematical. 
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