
Theoret. chim. Acta (Bed.) 3l, 261--268 (1973) 
�9 by Springer-Verlag 1973 

Modes of Interconversion in the Cycloheptene Ring 
Giorgio Favini and Alberto Nava  

Istituto di Chimica Fisica dell'Universitfi, Via Saldini 50, Milano, Italy 

Received April 9, 1973 

The possible modes of interconversion for cycloheptene have been studied by carrying out calcula- 
tions in the CNDO/2 and MINDO/2 approximations. 

The transition state of lower energy is found along an asymmetrical pathway from the chair form, 
which is the most stable conformation, to the twist-boat form; the calculated activation energy agrees 
with the experimental data obtained from DNMR measures. The possibility of a change in the inver- 
sion mechanism for benzocycloheptene is also discussed. 
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1. Introduction 

In cycloheptene there are two families of conformations. The chair family 
contains the regular symmetrical chair (C) which is relatively rigid and cannot 
undergo pseudorotation [1]. The boat family contains the regular symmetrical 
boat (B), the twist-boat (TB) having a C 2 axis, and the biplanar form (II) in which 
carbon atoms C 1, C2, C3, C6, and C 7 are coplanar (Fig. 1); the forms (II) and 
(TB) are intermediate in the pseudorotat ion itinerary between the pair of equiv- 
alent boat conformations (B and B*). 

Several modes of interconversion can be considered with different transition 
states (Fig. 1). 

Our  earlier calculations by Hendrickson's  treatment [2] found the chair form 
favoured over the boat by 1.19kcal/mole and over the twist-boat by 1.71kcal/ 
mole [-3], while previously Pauncz and Ginsburg [-4] using only a potential func- 
tion for nonbonded H. . .  H interactions calculated the boat to be more stable than 
the chair by 0.67 kcal/mole, and Allinger et al. [5] found the boat preferred by 
0.94 kcal/mole. 

[m] [~.] 

Fig. 1. Interconversion pathways between various forms of cycloheptene 
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Direct evidence for the structure of cycloheptene was obtained from a study 
of its Raman and infrared spectra [6]; it was concluded that the cycloheptene 
exists in the chair conformation in the crystal, while additional bands observed 
in the liquid at room temperature were attributed to the boat form. Dynamic 
nuclear magnetic resonance (DNMR) spectroscopy [7] has proven to be a power- 
ful tool for the study of the ring inversion in cyclic molecules; St-Jacques and 
Vaziri [-8] indicate that in 4,4,5,6,6-pentadeuteriocycloheptene there are two equiv- 
alent chair forms in equilibrium, separated by an energy barrier of 5.0 -4- 0.3 kcal/ 
mole; the free energy profiles corresponding to the interconversion pathway are 
qualitatively discussed by the same authors. 

In a more recent work Allinger and Sprague [9] with an extension of the force 
field method previously applied to saturated hydrocarbons, calculate the chair 
favoured by 0.57kcal/mole over the twist form and by 3.37 kcal/mole over the 
boat form. Three interconversion pathways are also studied in detail; a symme- 
trical mode involves wagging of the C7C1C2C 3 plane through the form (I) having 
six coplanar carbon atoms (1, 2, 3, 4, 6, 7) and an energy barrier of 5.16kcal/mole 
was calculated; a second symmetrical mode involves wagging of the C4CsC6 plane 
through the form (III) having five coplanar carbon atoms (3, 4, 5, 6, 7); the energy 
of this form was estimated to be of 10.26 kcal/mole; therefore it is an higher energy 
pathway contrary to suggestions of Kabuss et al. [10] and of Glazer et al. [-11]. 
A third asymmetrical mode involves a direct interconversion between the chair 
and the twist-boat forms through an asymmetrical intermediate (IV) having six 
coplanar atoms (1, 2, 3, 4, 5, 7), for which an energy of 8.87 kcal/mole was evaluat- 
ed [-9]. 

Since the force field method requires a great amount of parameters and is 
founded on a classical basis, we will consider energetical and geometrical aspects 
of the possible modes of interconversion for cycloheptene within the framework 
of the molecular orbital method by carrying out all-valence electron SCF calcula- 
tions in the CNDO/2 and MINDO/2 approximations. 

2. Method of Calculation 

The numbering system adopted is shown in Fig. 2. Bond lengths were assumed 
invariant as in the previous work [-3]. Carbon atoms C 7, C 1, C z, and C3 were 
considered always coplanar. 
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Fig. 2. Numbering system for cycloheptene 
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The following independently variable parameters were selected for the energy 
calculations: 
- -  in the conformations with a plane of symmetry (C, B, I, III), the trigonal angle 

61 (= 62) , the tetrahedral angle 05 and the dihedral angles (p and 4o' (between 
the plane C3C4C6C7 and the planes C7C1C2C 3 and C,C5C6 respectively). 

- -  in the TB form, the angles 61(=62), 04(= 06) and the dihedral angle between 
the planes C7C1C2C3C 5 and C3C4C 5 (or CsC6Cv). 

- -  in the biplanar form II, the angles 61 (= 62), 03 and 05 (= 06) and the dihedral 
angle between the two planes. With 05 v a 06 and 61 # 32 the energy variation 
calculated are irrelevant. 

- -  in the other asymmetrical forms, the angles 61(=62), 03, oa4, 05, and the tor- 
sional angles co23 and co34. 
The hydrogen atom positions were determined as functions of internal angles 

0 by imposition of orthogonality between the hybrid orbitals on the carbon atom. 
The convention defined by Hendrickson [2] was used for the torsional angle signs. 

The total energy was minimized with respect to couples of variables interpolat- 
ing the function with an elliptical paraboloid. The CNDO/2 calculations were 
performed by emploing the program QCPE 91 with usual parametrization; the 
MINDO calculations by modifying the program QCPE 137 (MINDO/1) in a 
MINDO/2 version with the parametrization indicated in Ref. [12]. 

3 .  R e s u l t s  

Interconversion pathway a. Symmetrical mode from the chair (C) to the boat 
(B) through the form (I) having six coplanar atoms and the transition state (TS)a, 
followed from pseudorotation to the twist-boat (TB) form. The potential function 
for this pathway is shown in schematic Fig. 3, and detailed in Fig. 4A for the rate 
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Fig. 3A and  B. Schemat ic  in te rconvers ion  pa thways .  (A) C N D O / 2  method,  (B) M I N D O / 2  method.  
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Fig. 4. (A), Symmet r ica l  m o d e  in p a t h w a y  a;  (B) Pseudoro t a t i on  in p a t h w a y  a. 
C N D O / 2  m e t h o d , � 9  �9 - e  M I N D O / 2  m e t h o d  

Table  1. G e o m e t r y  (angles in degrees) and  energies (in kcal /mole)  in the symmetr ica l  mode  of inter-  

convers ion  pa thway  a ( C N D O / 2  method)  

F o r m  (C) (I) a l  a2 a 3 (TS)a a4 (B) 

61 =~2 127.3 134.8 134.8 133.4 132.7 131.9 t29.5 124.8 
03=07 113.0 118.5 118.0 118.0 117.5 117.0 116.0 113.0 

~ , , = 0 6  115.5 115.5 1t6.0 116.0 116.0 116.0 115.5 116.5 
0s 115.5 113.0 113.0 113.0 1t2.5 113.5 114.5 116.0 

~o23=-co71  -- 55.0 0.0 + 11.0 + 22.0 + 27.5 + 33.0 + 44.0 + 60.5 
(2)34=-6067 Jr 71.5 + 35.0 + 26.5 + 18.0 + 14.0 + 9.0 - 1.5 - 19.0 
c o 4 s = - o 9 5 6  - 68.5 -- 82.0 - 81.5 - 79.5 - 79.0 - 76.5 - 72.5 - 60.0 

E 0.0 3.3 4.1 4.7 4.9 4.9 4.4 3.1 

determining step (symmetrical mode) as function of the torsional angle o934 and 
in Fig. 4B for the pseudorotation step as function of the torsional angle 0967. 
Geometrical data and energies relative to the form (C), which is the most stable 
conformation, are reported in Tables 1-3. Angle values are rounded off to 0.5 
degrees since smaller angular variations do not affect the energy significantly. 

Interconversion pathway b. Symmetrical mode from the chair (C) to the form 
(I), followed by asymmetrical mode to the TB form through the transition state 
(TS)b (Fig. 3). The potential energies for this pathway are detailed in Fig. 5 as a 
function of o934 as the reaction coordinate. Geometrical data and energies of some 
conformations are reported in Table 4. 
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T a b l e  4. G e o m e t r y  a n d  energ ies  in the  i n t e r c o n v e r s i o n  p a t h w a y  b 

F o r m  C N D O / 2  m e t h o d  M I N D O / 2  m e t h o d  

ba b2 b3 b4 b5 bl bz b3 b4 b5 

61 = 6 2  133.8 133.6 133.0 132.2 130.8 131.7 131.6 130.8 130.5 130.0 
03 121.0 .121.5 122.5 122.0 115.5 125.0 125.5 127.0 124.5 122.0 
04 116.5 117.5 117.0 119.0 118.0 120.0 119.5 119.0 120.5 121.5 
05 112.5 112.5 113.0 116.5 120.5 113.5 113.5 114.5 120.5 119.5 
0~ 115.5 115.5 114.0 115.5 115.0 1t9 .0  119.0 118.5 119.0 119.0 

07 118.0 116.5 116.5 116.5 116.5 122.0 121.5 121.5 121.0 121.0 

~o23 + 7.5 + 13.5 + 20.0 + 33.0 + 48.0 + 7.0 + 11.0 + 17.0 + 33.5 + 39.0 
0)34 q- 24.0 + 15.5 -- 5.5 --  19.5 --  49.5 + 22.0 + 15.5 -- 5.5 -- 26.5 -- 37.5 

~o45 - 74.5 - 69.0 - 63.5 - 41.0 - 13.0 - 65.0 - 62.0 - 56.0 - 28.5 - 18.5 
~056 + 85.5 + 88.0 + 90.5 + 84.0 + 74.0 + 74.5 + 77.0 + 78.0 + 69.0 + 66.5 
O967 - -  40.0 - 43.5 - 46.5 - 49.5 - 53.0 - 37.0 - 39.5 - 42.0 - 44.5 - 47.0 

097 , 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

E 3.8 4.1 4.2 4.0 2.0 3.7 4.0 4.6 4.7 4.4 

1( 

ILl 

2 

111" 1( 

B* 
2 

- 5 0  0 +50  ('045 

[A] 

IK 

~~B 
+60 0 - 6 0  (x)34 

[B] 
Fig. 6. (A) p a t h w a y  e; (B) p a t h w a y  d. ~ C N D O / 2  m e t h o d ; e - - - e -  - e  M I N D O / 2  m e t h o d  

Other lnterconversion Pathways. The symmetrical mode which involves wagg- 
ing of the C4C5C6 plane through the form (III) having five coplanar carbon atoms 
(pathway c) and the asymmetrical mode with direct interconversion between the 
chair and the twist-boat forms through an intermediate (IV) having six coplanar 
atoms (atom 6 out of plane) (pathway d) are higher energy processes; the partial 
data obtained are shown in Fig. 6 and reported in Table 5. 

4. Discussion 

The transition state of lower energy is found along the pathway b with both 
methods of calculation (Fig. 3). The calculated values of A H * for the chair in-  
version (4.25kcal/mole by the CNDO/2 method and 4.75kcal/mole by the 
MINDO/2 method) are slightly lower than the experimental value of A G * = 5.0 



M o d e s  o f  I n t e r c o n v e r s i o n  in the  C y c l o h e p t e n e  R i n g  

T a b l e  5. G e o m e t r y  a n d  energies  in the  i n t e r c o n v e r s i o n  p a t h w a y s  e a n d  d 

267 

F o r m  C N D O / 2  m e t h o d  M I N D O / 2  m e t h o d  

cl (III) c2 (Iv) (III) (IV) 

61 = 6z 121.9 121.5 121.1 133.3 121.5 133.5 
03 112.0 112.0 1 I2.0 124.0 118.0 124.5 

04 120.5 120.5 120.5 121.0 122.0 121.0 
,9 s 125.0 125.5 124.5 121.0 123.5 125.5 

~96 = 04 112.5 = 04 114.5 

~97 = 03 110.5 = 03 114.5 

c%3 - 70.5 - 71.0 - 71.5 0.0 - 65.5 0.0 

0934 + 58.5 + 54.0 = +  49.0 0.0 + 51.0 0.0 
e~45 - 11.5 0.0 + 11.5 --  35.5 0.0 - 33.0 

~o56 = - 0 9 4 5  + 80.0 = - c o 4 5  + 71.0 
6067 = - - ( D 3 4  -- 72.0 = - - 0 9 3 4  --  63.5 
O971 = - - 0 9 2 3  + 32.0 = - - r  + 29.0 

E 8.8 9.4 8.9 7.9 8.2 6.8 

_+ 0.3kcal/mole found in pentadeuteriocycloheptene [8]. Since A G ~ and A H ~ 

are expected to be essentially equgl, probably within experimental errors [-8] (and 
indeed AS*=0.2eu.  in 5,5-difluorocycloheptene [11]), the agreement is very 
satisfactory. It is noteworthy that in proximity of the transition state (TS)b one 
observes a change in the sign of the dihedral angle COa4 (Fig. 5); it means that there 
is a biplanar conformation with the atoms C2CAC4C5 and C6C7C1C2C3 in two 
planes intersecting across the straight line C2C3. 

The transition state (TS)a suggested by Allinger [-9] is found only by the CNDO/ 
2 method with energy somewhat higher (5 kcal/mole); its structure is about bi- 
planar with atoms C2C3C4C5 and CsC6C7C1 in two planes with the atom C5 
alone in common; also in the lower-energy pseudorotation process, the coforma- 
tion with the highest energy value is characterized by a change in the sign of the 
torsional angle 6067 (Fig. 4B). The MINDO/2 method, on the contrary, along the 
pathway a suggests that the boat form is the transition state, but it is reasonable 
to suppose that the inversion, after the form I is reached advances along the prev- 
iously mentioned pathway h which is energetically preferred. 

Also the biplanar intermediates (III) and (IV) are higher energy conformations 
and probably coincide with the transition states of the pathways e and d respec- 
tively. 

As for the geometrical data, the small differences in the values calculated by 
the two methods are a consequence of the intrinsic properties of methods; really, 
higher bending constants are to be expected from CNDO/2 than from MINDO/2 
and consequently the angles calculated for the minimum energy forms by the for- 
mer method are generally smaller than those obtained from the latter method. 
A comparison with experimental data is not possible because they are not known, 
but the MINDO values should be the more reliable. 

A recent proton magnetic resonance study of benzocycloheptene 1-12] showed 
unambiguously that the seven-membered ring exists as a chair conformation and 
a value of 74-76 ~ was obtained for the torsional angle co34 from the coupling 
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constants. In the chair form of cycloheptene we calculate a value of 71.5 ~ by the 
C N D O / 2  method and of 62.5 ~ by the M I N D O / 2  method; the agreement is fair 
when one takes into account that the trigonal angles in cycloheptene should be 
larger than in benzocycloheptene and consequently a diminution of torsional 
angles coa4 and o967 is necessary for the ring closing. 

The higher A G* value observed in the inversion of benzocycloheptene (10.9 
kcal/mole [8]) was qualitatively interpreted previously [8, 9] on a different basis. 
We think that the replacement of the double bond by the benzene ring should 
stretch the bond CIC2 and decrease the internal angles Ct~2C 3 and C2~1C 7. By 
going from the chair (C) to the transition states (TS)a, (TS)b, and (IV), a remarkable 
increase in the value of trigonal angles in the seven-membered ring occurs, whilst 
a decrease is observed in the transition state (III). Then in benzocycloheptene an 
increase in the inversion barrier along the pathways a, b, and d is very likely; the 
pathway c might become the most probable. 

The possibility of this change in the inversion pathway would be able to account 
for the different values of A G ~ in some disubstituted benzocycloheptenes (10.3 
kcal/mole in 3,3-dimethyl-, 11.3 kcal/mole in 4,4-dimethyl-, and 11.8 kcal/mole in 
5,5-dimethyl-l,2-benzocycloheptene [10]). An increase of the internal tetrahedral 
angle on the carbon a tom with geminal methyl groups brings an energetically 
unfavoured approaching of the substituents; in the transition state (TS)b we re- 
mark (Table 4) that 0 3 > 0  4 >05 ;  on the contrary, in the intermediate (III) the 
magnitude order (Table 5) 0 5 > 0 4 >  03 is in agreement with the observed free 
activation enthalpies. 

We are planning to test if the same calculation methods can confirm this change 
of inversion mechanism in benzocycloheptene, in spite of the bigger molecular 
entity and of the higher energy values; preliminary results agree with our previ- 
sions. 
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