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Abstract: The molecular geometries of 1-alky 1-1,4-dihydrobenzenes, 1-alkyl-1,4-dihydronaphthalenes, and 9-alkyl-9,l O-di-
hydroanthracenes have been evaluated by empirical force-field calculations. Unlike the parent dihydroaromatics, the al-
kyl-substituted hydrocarbons all exhibit optimum geometries that are nonplanar, and the distortion from planarity increases 
with the steric bulk of the substituent. In contrast to earlier suggestions of a boat-to-boat equilibrium, all of the 1,4-dihydrobenzenes 
studied have a single energy minimum in which the substituent occupies a pseudoaxial position. Several of the dihydronaphthalene 
and dihydroanthracene derivatives exhibit two distinct nonpolar energy minima, but the pseudoaxial conformation is much 
more stable than the pseudoequatorial form in each case. Consequently, even these compounds can be considered to exist 
in a single conformation. 

The preferred conformations of 1,4-cyclohexadienes (1,4-di
hydrobenzenes) (1), 1,4-dihydronaphthalenes (2), and 9,10-di-
hydroanthracenes (3) have been the subject of considerable 
controversy, and a consistent interpretation of the many conflicting 
reports in the literature has only recently begun to emerge.1'2 In 

<> r^X~^ r ^ ^ V ^ ^ ^ ^ b, R = CH, 

O KXJ kxJO *"•<* 
^ - ^ ^ - ^ ^~^ ^ - ^ ^ - ^ ^ " ^ d, R = L-C3H7 

e, R = t-C,H„ 

I I I ~ 
addition to resolving fundamental questions about molecular 
structure, the biological importance of heterocyclic3 and quinone4 

analogues of 1-3 demands a thorough understanding of the 
conformational behavior of these dihyroaromatic systems. We 
have previously reported a computational study of the parent 
hydrocarbons (la-3a).2a We found that a planar geometry is 
preferred for all three compounds, although the energy required 
for distortion is small, particularly for 3a, the nonplanar form of 
which is slightly more stable according to some of the computa
tional methods. We now turn our attention to alkyl-substituted 
derivatives which are expected23 to behave somewhat differently. 

In view of the flexible nature of these hydrocarbons (as illus
trated for a substituted 1,4-cyclohexadiene in eq 1), we pose the 

following fundamental questions: Is the planar conformation an 
energy minimum? If the planar (or near-planar) conformation 
is instead a maximum on the multidimensional potential surface 
and represents a transition state between two equilibrating boat 
conformers, which boat is more stable? 

Our previous study2" demonstrated that empirical force-field 
calculations5 accurately describe the conformational behavior of 
these systems, and we have consequently utilized this computa
tional technique to evaluate a series of alkyl-substituted derivatives 
of 1-3. 

Methods 
Empirical force-field calculations were carried out using Al-

linger's MMI and MMPI programs.515 For derivatives of 1 and 

f University of South Florida. 
'Indiana-Purdue University. 

2 the C(2)-C(3)-C(4)-C(5) torsional angle was varied system
atically, and all other geometric parameters were optimized for 
each torsional angle. In the case of the 9,10-dihydroanthracene 
and derivatives, the corresponding torsional angle of the dihydro 
ring is C(9a)-C(4a)-C(l O)-C(I Oa) and this was varied accord
ingly. 

Derivatives of 2 and 3 possess aromatic rings for which MMI 
does not include all of the necessary parameters. Calculations 
on these compounds were carried out in two ways: (1) with 
MMPI, and (2) following Allinger's5b suggestion and defining a 
new "aromatic" sp2 carbon atom. All parameters for this atom 
type are identical with those of olefinic sp2 carbons except the 
optimum C = C bond length (1.397 A) and the C = C force con
stant (8.0667 mdyn/A). The two methods of calculation gave 
energy profiles which were virtually identical. 

The use of the dihedral driver option of the MMI program 
precludes imposition of rigorous symmetry on the structures being 
evaluated. Consequently, a description of 1-3 and their derivatives 
in terms of two intersecting planes is only an approximation, since 
the two "halves" of the molecule are not strictly planar. We have 
therefore defined a "folding angle", a, which accurately describes 
the geometries of the structures we reported here. The folding 
angle is defined as the arithmetic mean of two dihedral angles 
about a line joining the saturated carbon atoms as illustrated for 
1,4-cyclohexadiene (I).6 Thus a planar structure would have a 

3 '• = [ ( 5 ) - ( 4 ) - ( l ) - ( 3 ! + ( 6 ) - ! 4 ) - { l ) - ( 2 ) ] / 2 

= 180°. The deviations from C2̂  symmetry are most pronounced 
for small values of a, i.e., for highly puckered rings, but even then 

(1) For a review, see P. W. Rabideau, Ace. Chem. Res., 11, 141 (1978). 
(2) (a) K. B. Lipkowitz, P. W. Rabideau, D. J. Raber, L. E. Hardee, P. 

v. R. Schleyer, A. J. Kos, and R. A. Kahn, J. Org. Chem., 47, 1002 (1982); 
(b) S. Saeb0 and J. E. Boggs, J. MoI. Struct., 73, 137 (1981); (c) A. J. Birch, 
A. L. Hinde, and L. Random, J. Am. Chem. Soc, 103, 284 (1981). 

(3) (a) T. J. van Bergan, D. M. Hedstrand, W. H. Kruizinga, and R. M. 
Kellog, J. Org. Chem., 44, 4953 (1979); (b) Y. Tamura, C. Mukai, Y. 
Nishikawa, and M. Ikeda, ibid., 44, 3296 (1979); (c) M. Sikirica, I. Vickovic, 
V. Caplar, A. Sega, A. Lisini, F. Kajfez, and V. Sunjic, ibid., 44, 4423 (1979). 

(4) (a) J. Yadav, P. Corey, C-T. Hsu, K. Perlman, and C. J. Sih, Tetra
hedron Lett., 22, 811 (1981); (b) K. A. Parker and J. Kallmerten, J. Am. 
Chem. Soc, 102, 5881 (1980). 

(5) (a) N. L. Allinger, Adv. Phys. Org. Chem., 13, 1-82 (1976); (b) N. 
L. Allinger, QCPE, 11, 318 (1976). 

(6) Such dihedral angles are usually referred to as "improper" torsion 
angles. See O. Ermer, Struct. Bonding, 27, 164 (1976). 
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Table I. Optimized Structures of 1-Substituted 
1,4-Dihydro benzenes"'b 

compd 

la 
lb 
Ic 
Id 
Ie 
If 

R 

H 
CH3 

C2H5 

'-C3H7 

f-C4H, 
C6 Hs 

folding 
angle, 
a (deg) 

180 
174 
173 
169 
160 
176 

strain energy 
(kcal/mol) 

-1 .6 
-0 .7 
-0 .7 

0.1 
1.8 
C 

a Complete geometry optimizations with MMI.6 b The preferred 
orientation of the substituent is axial in each case. c Not calcu
lated; MMI does not contain the necessary heat of formation 
parameters for aromatic compounds. 

the individual dihedral angles are all within ±5° of the average 
of the two. 

Results and Discussion 
1,4-Dihydrobenzenes. The 1,4-cyclohexadiene ring was for 

many years generally considered to be boat-shaped7 despite a 
vibrational spectral analysis in 1949 suggesting a planar structure.8 

Although subsequent reports involving Raman and infrared 
analysis,9"11 electron diffraction,12 NMR,13 and force-field and 
molecular orbital calculations14 also supported a planar confor
mation, there were conflicting reports involving electron dif
fraction15 and NMR,16 as well as semiempirical molecular orbital 
calculations,17 that supported a boat-shaped geometry. The use 
of lanthanide shift reagents ultimately provided a complete NMR 
analysis of simple 1,4-cyclohexadiene derivatives,18,19 indicating 
planar or nearly planar structures. Moreover, it appears that all 
existing NMR data can now be rationalized1 without discrepancies, 
including interpretation of the homoallylic coupling constants 
which has been a matter of debate.19-21 The report by Ober-
hammer and Bauer15 constituted the major evidence against a 
planar structure, but their conclusion was based on an erroneous 
interpretation of the experimental data.2b'5a The conformation 
of 1,4-cyclohexadiene itself must closely correspond to the par
abolic potential energy curve involving wide amplitude vibrations 
around the planar form as described by Laane and Lord11 and 
supported by the force-field calculations of Allinger and 
Sprague.143 

Our own extensive molecular mechanics and molecular orbital 
calculations22 as well as molecualr orbital calculations by Boggs2b 

and Radom2c have confirmed this behavior for the parent com
pound, la, but what of substituted dihydrobenzenes, lb-*? The 
introduction of a single substituent at the 1 position of a 1,4-
dihydrobenzene reduces the symmetry of the molecule, and a 
planar conformation with a = 180° is no longer expected to be 
an energy minimum. This expectation is confirmed by the em
pirical force-field calculations (Table I), where the distortion from 
planarity increases with the steric bulk of the substituent. While 

(7) E. L. EUeI, N. L. Allinger, S. J. Angyal, and G. A. Morrison, 
"Conformational Analysis", Interscience, New York, 1965, p 125. 

(8) H. Gerding and F. A. Haak, Reel. Trav. Chim. Pays-Bas, 68, 293 
(1949). 

(9) B. J. Monostori and A. Weber, J. MoI. Spectrosc., 12, 129 (1964). 
(10) H. D. Stidham, Spectrochim. Acta, 21 (1965). 
(11) J. Laane and R. C. Lord, / . MoI. Spectrosc, 39, 340 (1971). 
(12) G. Dallinga and L. H. Toneman, J. MoI. Struct., 1, 117 (1967). 
(13) E. W. Garbisch, Jr., and M. G. Griffith, J. Am. Chem. Soc., 90, 3590 

(1968). 
(14) (a) N. L. Allinger and J. T. Sprague, J. Am. Chem. Soc., 94, 5734 

(1972); (b) G. Ahlgren, G. Akermark, and J. E. backvall, Tetrahedron Lett., 
3501 (1975); (c) J. L. Marshall and L. Hall, Tetrahedron, 37, 1271 (1981). 

(15) H. Oberhammer and S. H. Bauer, / . Am. Chem. Soc, 91, 10 (1969). 
(16) (a) L. J. Durham, J. Studebaker, and M. J. Perkins, Chem. Commun., 

456 (1965); (b) D. J. Atkinson and M. J. Perkins, Tetrahedron Lett., 2335 
(1969). 

(17) F. Herbsein, J. Chem. Soc, 2292 (1959). 
(18) J. W. Paschal and P. W. Rabideau, J. Am. Chem. Soc, 96, 272 

(1974). 
(19) P. W. Rabideau, J. W. Paschal, and J. L. Marshall, J. Chem. Soc, 

Perkin Trans. 2, 842 (1977). 
(20) M. C. Grossel and M. J. Perkins, Nouv. J. Chim., 3, 285 (1979). 
(21) F. Johnson, Chem. Rev., 68, 375 (1968). 
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Figure 1. Energy vs. folding angle for 1,4-dihydrobenzene (la, circles) 
and 1-methyl-1,4-dihydrobenzene (lb, triangles). 

the optimum geometry for lb-e is nonplanar in each case, we are 
reluctant to describe these structures as "boats" because the 
distortions are small. Even the rer/-butyl derivative (a = 160°) 
is bent by only 20° whereas Dreiding models of the dihydro-
aromatics exhibit distortions about twice as large (a = 145°). 
Moreover, la-e each exhibit a single energy minimum. Hence 
the boat-boat equilibrium of eq 1 does not describe the behavior 
of this system. The energy profile for strain energy vs. folding 
angle of 1-methyl-1,4-dihydrobenzene is typical and is shown in 
Figure 1 together with the energy profile for the parent compound 
la. Figure 1 clearly shows that the major effect of substitution 
at the 1 position is to skew the energy profile slightly relative to 
that of la. The energy minimum for lb is at 174° rather than 
180°, but the curves are very similar in other respects. 

One major consequence of these calculations is the demon
stration that a bulky substituent in a nonplanar conformation 
preferentially occupies the pseudoaxial position. There is no 
energy minimum for conformations in which the substituent is 
pseudoequatorial even though it has long been assumed that the 
equatorial position would be the favored location for substituents. 
This original suggestion was made on the basis of space-filling 
models,16b and appears to have been accepted without serious 
question for almost 10 years. This erroneous interpretation was 
almost certainly aided by the behavior of Dreiding models (which 
exhibit a clear preference for nonplanar geometries for 1-3) and 
by analogy with cyclohexane derivatives. Unfortunately such 
comparisons are invalid and misleading. Dreiding models reflect 
only angle strain, whereas the conformations of the di-
hyroaromatics are determined by the interplay of angle strain, 
torsional effects, and nonbonded interactions.2 The preferred 
equatorial conformations of substituted cyclohexane reflect a 
decrease in the unfavorable 1,3-diaxial interactions of the axial 
conformer. In contrast, nonbonded interactions in the dihydro-
aromatic series are minimized in the axial conformation and 
maximized in the equatorial conformation, where the substituent 
is eclipsed with the adjacent vinyl hydrogen. 

The calculations of la-f fully support our interpretation. In 
each instance the preference for a nonplanar conformation can 
be viewed as a destabilization of the planar form resulting from 
steric interactions between the substituent and the adjacent vinyl 
groups. These nonbonded interactions are alleviated by distortion 
from planarity, and this in turn causes an increase in angle strain. 
Increasing steric bulk of the substituent results in a monotonic 
change in folding angle along the series la-e and a corresponding 
change in strain energy (Table I). Introduction of an alkyl 
substituent at the 1 position of 1,4-dihydrobenzene therefore leads 
to several changes in the energy profile (Figure 1). The optimum 
structure is no longer planar, and the strain energy of this structure 
is greater than for the unsubstituted compound (la). An even 
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Table II. Optimized Structures of 1-Substituted 
M-Dihydronaphthalenes0'b 

compd 

2a 
2b 
2e 

R 

H 
CH3 

f-C3H9 

folding 
angle, 

a (deg) 

180 
164 
149 
132d 

rel strain energy0 

(kcal/mol) 

0 
1.3 
4.3 

13.6d 

a Complete geometry optimizations with MMI.6 b Preferred 
orientation of the substituent is axial in each case. c Relative to 
the planar form of 2a. The absolute strain energy is not calcu
lated because MMI does not contain the necessary heat of 
formation parameters for aromatic compounds. d The 
substituent is equatorial. 

greater increase in strain energy is seen for those geometries in 
which the methyl group has an equatorial orientation. For ge
ometries which are distorted from the optimum geometry but with 
an axial methyl group, the curve for lb becomes nearly super-
imposable on that for la. 

The ethyl and isopropyl derivatives Ic and Id provide further 
evidence that the major structural feature governing the nonplanar 
distortion is the interaction of the alkyl substituent with the ad
jacent vinyl groups (allylic strain21). Both of these compounds 
have two nonequivalent rotamers of the alkyl substituent, each 
of which is an energy minimum. The more stable rotamer for 

strain energy 
(kcal/mol) 

0.2 

170' 

-0.7 

173° 

1 .7 

160 = 

each compound (which is entered in Table I) is that in which 
interactions with the vinyl CH are minimized. Both the strain 
energy and the folding angle appear to be determined almost 
entirely by the groups which are gauche to vinyl CH. For example, 
the less stable (C1 symmetry) rotamer of Id is folded to the same 
extent as the tert-buty\ derivative, Ie, and also has nearly the same 
strain energy. The same comparison can be made between the 
more stable rotamer of Ic and the methyl derivative la, and 
between the two unsymmetrical rotamers of Ic and Id. Finally, 
the small distortion from planarity of the phenyl derivative re
inforces these arguments. Although the phenyl group has a greater 
steric bulk than an isopropyl group in cyclohexyl systems,22 the 
phenyl derivative If exhibits a smaller distortion than any of the 
alkyl derivatives lb-e. By adopting a perpendicular geometry it 
is possible for If to minimize the unfavorable interactions between 
the phenyl ring and vinyl CH groups. 

1,4-Dihydronaphthalenes. We have previously shown that the 
optimum geometry of the unsubstituted dihydronaphthalene, 2a, 
is planar.23 However, the results obtained with 1,4-dihydrobenzene 
derivatives strongly suggested that similar results would be ob
tained in the dihydronaphthalene series. Moreover, the unfa
vorable nonbonded interactions of the alkyl substituent in 2 are 
expected to be even more severe than in 1. When an alkyl sub
stituent is in a pseudoequatorial arrangement,, the nonbonded 
interactions involve the vinyl hydrogen on one side and the aro
matic ring with its peri hydrogen on the other side. The calcu

lations for 2a, 2b, and 2e (Table II) substantiate these expectations. 

(22) (a) J. A. Hirsch, Top. Stereochem., 1, 199-222 (1967); (b) F. R. 
Jensen, C. H. Bushweller, and B. H. Beck, J. Am. Chem. Soc., 91, 344 (1969). 

mo 180 
FOLDING ANGLE, DEG, 

Figure 2. Energy vs. folding angle for 1,4-dihydronaphthalene (2a, cir
cles) and 1-methyl-1,4-dihydronaphthalene (2b, triangles). 
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Figure 3. Energy vs. folding angle for l-tert-b\ity\- 1,4-dihydro
naphthalene (2e). 

The change in strain energy along the series 2a-e is greater than 
for la-e, and the distortions from planarity are also greater for 
derivatives of 2. 

The energy profile of the methyl derivative, 2b, is shown in 
Figure 2 together with that of the parent compound, 2a. As in 
the case of the dihydrobenzenes, the major effect of methyl 
substitution is to increase the energy of those geometries where 
the substituent is pseudoequatorial. Thus the portion of the curve 
for 2b where the methyl group is axial is nearly superimposed on 
the curve for 2a. Only when the substituent becomes equatorial 
does the relative strain energy differ substantially from that of 
2a. 
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Table III. Optimized Structures of 9-Substifuted 
9, 10-Dihydroanthracenes0'b 

compd 

3a 
3b 

3c 

R 

H 
CH3 

'-C4H9 

folding 
angle, 
o (deg) 

180 
148 
131 d 

143 
126d 

rel strain energy0 

(kcal/mol) 

0 
0.9 
4.6d 

5.2 
15.0d 

a Complete geometry optimizations with MMI.6 b Preferred 
orientation of the substituent is axial in each case. c Relative to 
the planar form of 3a. The absolute strain energy is not calcu
lated because MMI does not contain the necessary heat of 
formation parameters for aromatic compounds. d The 
substituent is equatorial. 

The /ert-butyl derivative, 2e, exhibits a new feature in its energy 
profile (Figure 3). Unlike the dihydrobenzenes, la-f, and the 
other dihydronaphthalenes, 2a and 2b, this compound has two 
distinct energy minima. From a theoretical point of view this is 
a boat-to-boat equilibrium, but in practice it is a moot point 
because the energy minima differ by more than 9 kcal/mol and 
fewer than one out of 106 molecules would exist in the pseudoe-
quatorial conformation at room temperature. As in the case of 
the dihydrobenzenes, the dihydronaphthalenes 2b and 2e can be 
effectively described as existing in a single conformation with the 
substituent in the psuedoxial orientation. Our results are also in 
agreement with previous experimental conclusions that many 
derivatives of 2 exist as a "flattened boat",23 and that greater 
distortions from planarity are found for dihydronaphthalenes with 
a single large substituent.24 

9,10-Dihydroanthracenes. The energy of the parent dihydro-
anthracene, 3a, is extremely insensitive to the folding angle.23 The 
calculated energy minimum with MMI is a planar structure, 
although a folding angle of 145° is found in the solid state.25 We 
anticipated that alkyl substitution would substantially alter the 
situation because nonbonded interactions involve two aromatic 
rings. Indeed these nonbonded effects strongly destabilize the 
planar form, resulting in folded structures that are preferred for 
both 3b and 3e (Table III). As was observed with 2e, both of 
these substituted dihydroanthracenes show two energy minima 
(Figure 3). Once again the energy difference between the two 
forms is quite large; e.g., the minima for 3b differ by 3.7 kcal/mol. 
At room temperature the pseudoequatorial form would not be 
experimentally detectable by NMR. Consequently these molecules 
are still best described as existing in a single conformation, where 
substituents can cause large distortions from planarity. 

How do these computational results compare with the sub
stantial body of experimental work that has been carried out for 
9,10-dihydroanthracenes? Most of the experimental work has 
been interpreted in terms of a boat-to-boat equilibrium corre
sponding to eq 1, and the evidence for this interpretation is 
threefold.1 First, the X-ray crystallographic structure of the parent 
compound, 3a, is nonplanar, and this would strongly suggest an 
equilibrium between two equivalent structures in solution. The 
failure to detect the individual confomers by low-temperature 
NMR26 was interpreted to indicate a very small energy barrier 
for conformational interconversion. Second, the observation of 
a nuclear Overhauser effect (NOE) for substituted derivatives 

(23) J. L. Marshall, L. G. Faehl, C. R. McDaniel, Jr., and N. D. Ledford, 
/. Am. Chem. Soc, 99, 321 (1977). 

(24) P. W. Rabideau, E. G. Burkholder, M. J. Yates, and J. W. Paschal, 
J. Am. Chem. Soc, 99, 3596 (1977). 

(25) W. G. Ferrier and J. Iball, Chem. Ind. (London), 1296 (1954). 
(26) W. B. Smith and B. A. Shoulders, /. Phys. Chem., 69, 2022 (1965). 
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Figure 4. Energy vs. folding angle for 9,10-dihydroanthracene (3a, cir
cles) and 9-methyl-9,10-dihydroanthracene (3e, triangles). 

such as 3e demonstrated the presence of at least some of the 
nonplanar conformer in which the alkyl group is pseudoaxial.27 

In view of other evidence that pseudoequatorial conformer would 
be more stable,1 this pseudoaxial form was considered to be part 
of a conformational equilibrium. Third, evaluation of homoallylic 
coupling constants (i.e., between the protons on the 9 and 10 
positions)27,28 was judged to indicate a mixture of two conformers 
for several derivatives of 3. 

None of these experimental results are in conflict with our 
calculations. The extremely flat potential energy surface found2" 
for 3a indicates that even rather small crystal packing forces could 
result in the nonpolar structure observed in the solid state. This 
in no way argues against an optimum planar geometry in solution. 
The NMR measurements26"28 of 3 and its derivatives are also 
consistent with a single conformation where a substituent is 
pseudoaxial. Quantitative correlation between molecular geometry 
and NOE or coupling constants is difficult, particularly in the 
absence of a reliable structure model. Changes in NOE or cou
pling constants for different derivatives of 3 were previously in
terpreted in terms of shifts in a boat-to-boat equilibrium. Our 
calculations demonstrate that no single "boat" geometry exists 
for different derivatives of 9,10-dihydroanthracene. The changes 
in NOE and homoallylic coupling constants therefore reflect a 
systematic variation in the molecular structure of a single con
former in which the substituent has a pseudoaxial orientation. 

The preference for a substituent to occupy a pseudoaxial position 
is dramatically illustrated by the recent report of Miller and 
Marhevka29 who found that the acid-catalyzed ionization of the 
secondary alcohol 4a proceeds nearly twice as fast as reaction of 

the tertiary alcohol 4b. As suggested by these authors29 this highly 
unusual reactivity pattern (secondary faster than tertiary) un
doubtedly reflects different conformations for 4a (hydroxyl 
pseudoaxial) and 4b (methyl pseudoaxial). The pseudoaxial 
methyl group in 4b requires a pseudoequatorial hydroxyl group, 
and this precludes effective orbital overlap in the developing cation. 
The normally large rate enhancement (ca. 106) expected for methyl 
substitution at a cationic center30 is therefore overwhelmed by 

(27) A. W. Brinkman, M. Gordon, R. G. Harvey, P. W. Rabideau, J. B. 
Stothers, and A. L. Ternay, J. Am. Chem. Soc, 92, 5912 (1970). 

(28) R. Lapouyade and P. Labandibar, Tetrahedron Lett., 19, 1589 
(1970). 

(29) B. Miller and V. C. Marhevka, Tetrahedron Lett., 22, 895 (1981). 
(30) J. L. Fry, J. M. Harris, R. C. Bingham, and P. v.R. Schleyer, /. Am. 

Chem. Soc, 92, 2540 (1970). 
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Figure 5. Energy vs. folding angle for 9-«e«-butyl-9,10-dihydro-
anthracene (3e). 

removal of the benzylic character at the transition state for ion
ization of 4b. 

Conclusions 
The conformational behavior of the dihydroaromatic compounds 

1-3 is unusual. All of the compounds we have studied can be 
classified as effectively existing in a single conformation, despite 
previous suggestions that an equilibrium analogous to eq 1 might 
be expected. Very little energy is required to substantially distort 
these structures from their minimum energy conformations, 
however, and rather large vibrational amplitudes should be ex
pected. The parent compounds la-3a have optimum geometries 
which are planar, and distortion becomes progressively easier 
proceeding from la to 3a.2" Indeed the energy of 3a is virtually 
unchanged for folding angles in the range of 135-180°. 

The ease of distortion is not greatly affected by 1-alkyl sub-

J. Am. Chem. Soc, Vol. 104, No. 10, 1982 2847 

stitution for the dihydrobenzenes, and the cost of a 15° folding 
distortion from the optimum structure is about 0.6 kcal/mol for 
both la and lb. Alkyl substitution has an increasingly large effect 
on the benzannulated derivatives, 2 and 3, however. A 15° dis
tortion requires only 0.5 kcal/mol for 2a, and comparable folding 
for the methyl derivative requires 0.5 and 0.7 kcal depending on 
the direction. The energy for 15° distortion of the parent di-
hydroanthracene (3a) is further decreased to less than 0.4 
kcal/mol, but the methyl derivative requires 0.9 or 2.5 kcal de
pending on the direction of the distortion. These effects can be 
seen graphically by comparison of the steepness of the various 
curves in Figures 1-5. Clearly alkyl substitution in the di-
hydroanthracenes, and to a lesser extent in the dihydro-
naphthalenes and dihydrobenzenes, results in a much steeper 
energy well. This in turn should greatly reduce the vibrational 
amplitudes and result in experimental behavior which is much 
more consistent with a single, well-defined molecular geometry. 

In all three of the dihydroaromatic systems, substitution at one 
of the reduced positions distorts the optimum geometry from a 
planar conformation to one in which the substituent occupies an 
axial position. The preferred axial orientation results largely from 
minimizing nonbonded interactions between the substituent and 
the adjacent vinyl or peri hydrogens. These steric interactions 
are greater in the derivatives of 2 and 3. Hence the energy profiles 
are much steeper for derivatives of 2 and 3 than for 1. Similarly, 
the nonplanar distortion of the optimum geometry increases from 
1 to 2 to 3 with any particular alkyl substituent. For any one of 
the dihydroaromatics 1-3 an increase in steric bulk of the sub
stituent results in greater distortion from planarity. The calcu
lations we report here provide a uniform and consistent explanation 
for the structures and conformational behavior of dihydroaromatics 
compounds. Moreover, this explanation is in agreement with all 
of the available experimental information for monosubstituted 
derivatives of 1-3. 
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