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Effect of benzannelation on the eonformational flexibility of the rings 
in oxo, imino, and methylene derivatives of cyclohexa-l,4-diene 
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The effect of benzannelation on the equilibrium conformation and flexibility of the 
dihydrocycle in cyelohexa-l,4-dienone, para-quinone, and their imino and methylene 
analogs was studied by the semiempirical quantum-chemical AM1 method. The equilibrium 
conformations of the carbonyl derivatives are planar. In the imino- and methylene- 
substituted analogs, the dihydrocycle adopts a boat conformation due to repulsions between 
the hydrogen atoms at the exocyclic double bond and in the peri positions of the benzene 
rings. Annelation of cyclohexa-2,5-dien-l-one and para-quinone with benzene rings at the 
C=C double bonds causes an increase in the conformational flexibility of the partially 
hydrogenated ring owing to an increase in the bending strain in the first compound and a 
decrease in the conjugation between the carbonyl groups and the remaining part of the 
molecule in the second compound. 
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Previously, 1,2 it has been demonstrated that annela- 
tion of cyclohexa-l ,4-diene with benzene rings at the 
C=C double bonds leads to a substantial increase in the 
conformational flexibility of the dihydrocycle. This effect 
is attributable to an increase in the bending strain in 
the benzene  analogs of cyc lohexa- l ,4 -d iene  as a 
result of replacement of the C(sp3)--C(sp2)--H bond 
angles, which can be rather readily deformed, by the 
C(sp3)--C(Ar)--C(Ar) angles in going to the structures 
that contain rigid aromatic rings. According to ab initio 
calculations, 3 the conformational flexibility of the par- 
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tially hydrogenated ring decreases somewhat when the 
methylene groups in cyclohexa- l ,4-diene are replaced 
by the exocyclic double bonds. However, on the whole, 
this characteristic feature is retained. 

The conformational flexibility of  the dihydrocycle in 
the benzannelated derivatives of these compounds is still 
poorly studied. Only the contradictory data of IH N M R  
spectroscopy of substituted 9-methylene-9,10-dihydro-  
anthracenes are available. 4,5 For this reason, in this 
work we carried out a theoretical study of the effect of 
benzannelation on the conformational  flexibility of the 
dihydrocycles in molecules 1--6. 

Calculation procedure 

The spatial structures of compounds 1--6 were calculated 
by the semiempirical quantum-chemical AMI method. 6 
The conformational flexibility of the dihydrocycles was 
studied by scanning the C=C--C(sp3)--C -- (molecules 1--3) 
or C--C--C(=X)--C= (molecules 4--6) torsion angle in the 
range of _.+30 ~ with optimization of the other geometric param- 
eters in each point. The results of calculations are given in 
Tables 1 and 2. 

Results and Discuss ion 

The equi l ib r ium c o n f o r m a t i o n s  of cyclohexa-  
2 ,5-dien- l -one and its imino and  methylene analogs 
( la - -e )  are governed by two groups of opposite factors 
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Table I. Torsion angles (T) and puckering parameters of the 
dihydrocycle in molecules 2b,e, 3b,e, 5b,c, and 6b,e* 

Com- qo/deg Puckering 
po- parameters 

und Car--Csp3--C=C** Car--C(--X)--C=C S | "P 

2b 17.3 -19.5 0.3 85.3 0.9 
2c l l .3 -12.3 0.2 86.6 1.1 
3b 28.3 -29.8 0.5 89.2 1.1 
3e 26.9 -27.3 0.5 89.8 0.1 
5b 22.7 -22.6 0.4 89.9 0.I 
5e 15.5 -15.4 0.3 89.9 0.2 
6b 31.6 -31.5 0.5 89.9 0.1 
6e 27.8 -27.7 0.5 89.9 0.0 

* Equilibrium conformations of the other molecules are pla- 
nar. ** The values of the second Car--C(=X)--C-C torsion 
angle are given for strtlctures 5b.e and 6b,e. 

that affect the geometry of the ring. 1,3 The first group 
involves the bending strain occurring owing to the defor- 
mation of the endocyclic bond angles at the saturated C 
atom; this strain is maximum in the planar conforma- 
tion. The second group of  the factors involves the conju- 
gation between the ,x systems of  the double bonds, which 
stabilize the p lanar  conformation of  the ring, and the 
1,2-attylic strain occurring through nonbonded interac- 
tions between the methylene hydrogen atoms and the 
double bonds. 

The calculated equilibrium conformations of the rings 
ill molecules l a - - e  are planar, which agrees with the 
theoretical 3,7 and experimental  8,9 data. Annelation of 
the d ihydrocyc le  with benzene  rings at the C=C 
double bonds leads to an increase in the bending strain 
in the molecule owing to the higher rigidity of the bond 
angles of the rigid aromatic rings compared to the 
C(sp3)--C(sp2)--H and C(sp3)--C(sp2)--C(sp 2) angles 
in nonannelated form 1. However, the equilibrium 
structures of  carbonyl derivatives 2a and 3a are planar, 
which is also suggested by the theoretical 1~ and experi- 
mental u data. 

In imino and methylene derivatives 2b,c and 3b,c, an 
additional factor affects the geometry of  the dihydrocycle, 
namely, repulsions between the H atoms at the exocy- 
clic double bond and in the peri positions of  the benzene 
tings. The strength of these unfavorable nonbonded 
interactions is governed by the C=X bond length. The 
shortening of  the exoeyclic C = N  double bond (com- 
pared to C = C )  leads to a shortening of the H.. .H 
distance and, as a consequence, to an increase in repul- 
sion. As a result, the dihydrocycle in compounds 2b,e 
and 3b,e adopts a boat conformation. The degree of 
puckering of  the  ring in the imino derivatives is larger 
than that in the methylene-substi tuted derivatives (see 
Table 1). It should be noted that an increase in the 
bending strain in the series 1 - -2 - -3  causes an even more 
substantial distort ion of  the equilibrium conformation of  
the dihydroeycle from planarity. 

Table 2. Changes in the energy (keal tool -1) upon 
bending of the dihydrocyele in molecules 1--6 

Com- 
pound 

Torsion angle/deg 
0 I0 20 30 

la  0 0.2 0.9 2.1 
lb 0 0.2 0.7 1.7 
le 0 0.2 0.9 2.0 
2a 0 0. l 0.6 1.5 
2b 0.3 0.1 0 0.4 
2e 0.I 0 0.1 0.7 
3a 0 0 0.1 0.4 
3b 1.5 0.8 0.2 0 
3e 1.4 0.6 0. l 0 
4a 0 0.2 0.7 1.8 
4b 0 0.1 0.5 1.4 
4e 0 0.3 1.2 2.8 
5a 0 0.2 0.6 1.7 
5b 0.5 0.3 0 0.2 
5e 0.3 0.1 0.1 0.3 
6a 0 0 0.3 0.9 
6b 3.6 2.0 0.7 0 
6e 3.2 1.5 0.3 0 

The  high confo rma t iona l  f lexibi l i ty  o f  the  
dihydrocycle in compounds 1--3 is attributable to the 
presence of two opposite factors that determine the 
geometry of  the ring. 1.3,12 Thus, a transition from a 
planar  equilibrium conformation of  the dihydrocycle in 
cyc lohexa-2 ,5-d ien- l -one  to a boat  conformation with 
the C=C--C(sp3) - -C  torsion angle of __.20 ~ leads to an 
increase in the energy of the molecules by no more than 
1 kcal mol - t  (see Table 2). 

The conformational flexibility of  the ring increases 
somewhat as the polarity of the exocyclic double bond 
in compounds l a - - e  changes. The energy of  deforma-  
tion of  the ring in imino derivative lb  is lower than that 
in methyl-substituted compound le.  As demonstra ted 
previously 3,13 this is because of  the fact that the confor- 
mational  flexibility of the ring in molecule lb  calculated 
by the AMI method is overestimated. 

An increase in the bending strain in the series 
l a - - 2 a - - 3 a  leads to an increase in the flexibility of the 
dihydrocycle (see Table 2) owing to destabilization of 
the planar  conformation.  An increase in repuls ion 
between H atoms in derivatives of 1,4-dihydronaphtha-  
lene 2a- -c  also exerts an analogous effect. The inversion 
barriers of the rings in these compounds are insignificant 
(see Table 2). In going to derivatives of  9 ,10-d i -  
hydroanthracene 3b,c, the planar geometry is s e v e r e l y  
des tab i l ized ,  which is caused by an increase  in 
the number of unfavorable nonbonded H. . .H inter-  
actions. As a consequence, the conformational  flexibility 
of  the partially dihydrogenated ring is substantially de- 
creased. 

The  r ep l acemen t  of  the  me thy lene  group  in 
cyc lohexa-2 ,5-d ien- l -one  by the exocyclic double bond 
results in the disappearance of  the bending strain that  
destabilizes the planar conformation. However, as dem-  
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onstrated previously, 3,t3 the dihydrocycle in the quinone 
molecule remains conformat ional lu  flexible. In this case, 
destabilization of  the planar structure of the ring is 
determined by a part ial  disruption of  aromatici ty of  the 
cyclic conjugated system. 

According to the results of  calculations, the equilib- 
rium conformations o f  the partially hydrogenated rings 
in molecules 4 a - - e  are planar, which agrees well with 
the results of  theoretical  14"is and experimental 16,17 stud- 
ies. Annelat ion with benzene rings at the C = C  bonds 
and the change in the nature o f  the exocyclic double 
bonds exert an effect on the equilibrium structure of the 
dihydrocycle analogous to that considered above for 
compounds 1--3. The molecules of  naphthoquinone 5a 
and anthraquinone 6a remain planar,  which is in agree- 
ment with the experimental  is,19 and theoretical 2~ data. 
In quinoneimines and quinonemethides 5b,c and 6b,c, 
the dihydrocycle adopts a boat conformation owing to 
repulsions between H atoms. The degree of  puckering in 
the imino derivatives is higher than that in the methyl- 
ene-substi tuted analogs (see Table I). 

As demonstrated previously, 3 the dihydrocycle in 
compounds 4 a - - c  remains conformational ly flexible. 
According to the results of  AM1 calculations (see 
Table 2), in the case of  para-quinone 4a, a transition 
from a planar equil ibrium conformation to a boat  con- 
formation with the C = C - - C ( = O ) - - C  torsion angle of 
20 ~ requires 0.7 kcal mol -~. A decrease in the polarity 
of the exocyclic double bond leads to an increase in the 
degree of aromatici ty of the cyclic ,~ system and, as a 
consequence, to a decrease in the flexibility of  the 
dihydrocycle. 

The bending strain in molecules 4- -6  is absent. 
Therefore, benzannelat ion would be expected to have no 
effect on the flexibility of the ring. However, calcula- 
tions of compounds 4a, 5a, and 6a demonstrated that in 
this series, the conformational  flexibility of  the partially 
hydrogenated ring also increases. These compounds do 
not contain a saturated C atom, and therefore this 
behavior is, apparently,  determined by electronic effects. 

A detailed analysis of  the vibrational characteristics 
and the geometr ies  of  benzoquinone and naphtho-  
quinone, which was carried out in Ref. 20 with the use 
of ab initio quantum-chemical  methods,  suggested that 
benzannelation leads to a decrease in the conjugation 
between the carbonyl groups and the n system of  the 
remaining part of  the molecule. This agrees also with 
the change in the reactivity of  the C = O  group in the 
series 4a - -5a - -6a .  In anthraquinone and benzophenone,  
the reactivities differ only stightlyfl t Therefore, it can be 
suggested that it is a decrease in conjugation interactions 
between these fragments that is responsible for an in- 
crease in the conformational flexibility of  the dihydrocycle 
upon successive benzannelat ion ofpara-quinone.  

A comparison of  the inversion barriers of  the rings in 
molecules 2b,c, 3b,e, 5b,c, and 6b,c demonstrated that  
when the methylene group is replaced by the second 
exocyclic double bond, these values are doubled. This 
confirms the suggestion made previously that repulsions 
between the H atoms at the exocyclic double bond and 
in the per~ positions of the benzene rings is the major  
factor that destabilizes the planar  conformation of  the 
dihydrocycle in these compounds. Therefore,  according 
to calculations, annelation of  the dihydrocycle with the 
benzene rings at the C=C double bonds  in ylidene 
derivatives of  cyclohexa-1,4-diene results in an increase 
in its conformational  flexibility. In the irnino- and me-  
thylene-substi tuted derivatives, the dihydrocycle adopts 
a nonplanar  conformation. 
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