6325

Dynamical Study of Mechanistic Details in Organic
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Abstract: A dynamical study of optical and geometrical isomerizations of cyclopropane, including all the main degrees of
freedom (ring opening and rotations of the terminal groups), is performed. First, the ab initio potential energy surface for
these reactions and the fitting analytical formula used in the dynamical equations are presented. A wide range of initial con-
ditions is studied. Three conclusions emerge: (i) All the dynamical trajectories are closely connected to the general reaction
path generated by the static quantum mechanical calculations. (i) The initial methylene “rotational” (actually vibrational)
energy required for a trajectory to be reactive is much greater than generally expected. Furthermore, two distinct “reactive
bands” appear, corresponding to values of the initial “rotational” energy of about 18 and 36 kcal/mol, respectively. An inter-
pretation is given for this alternation between “reactive” and “nonreactive” ranges of initial conditions. (iii) For most reac-
tive trajectories, a single rotation of 180° of one or both terminal CHj groups occurs within the diradical species before ring
closure. The connection of the present study with experiment is briefly discussed.

In a previous article,? preliminary dynamical results on
geometrical and optical isomerizations of cyclopropane-type
molecules were reported. The conditions of this study were
somewhat restrictive; the isomerization reactions were not
considered as overall reactions, but rather as a sequence of
three elementary steps: (i) motion of ring opening of the cy-
clopropane while all vibrations of both terminal methylene
groups are artificially frozen; as a result of this step, the
face-to-face (FF) trimethylene is formed; (ii) rotations of
the terminal groups within the diradical; this step leads to
an isomeric diradical after passage over one or several tran-
sition states; (iii) ring reclosure of the isomeric diradical
into the reaction product (isomeric cyclopropane molecule).
This reaction mechanism is illustrated in Figure 1.

In other terms, the coupling between the motion of the
methylene groups (either vibrations or rotations) and the
ring-opening or ring-closure motion was neglected. Thus,
two partial potential energy surfaces were used separately.
From the first one derived the forces which drove the mo-
tion of ring opening from cyclopropane to the diradical FF
(or the reverse), i.e., steps (i) and (iii). This partial surface
included the other molecular geometry parameter which
appeared to vary significantly during these steps, i.e., the
symmetric change of pyramidalization of the methylene
groups between the cyclopropane and the diradical FF (see
Figure 9 in ref 2). The second partial potential energy sur-
face was used to study the coupled rotations of the terminal
groups within the diradical at constant ring angle 2CCC,
i.e., step (ii). There was no coupling to allow passage from
one surface to the other.

From a static point of view, this reaction scheme is justi-
fied since quantum-mechanical calculations have shown
that the terminal groups are energetically forbidden from
rotating as long as the carbon ring is not sufficiently
opened.

The present article aims at studying the overall reaction
of isomerization of cyclopropane by means of a complete
potential energy surface, including simultaneously all the
important geometrical degrees of freedom of the molecule.
We must first adequately select these degrees of freedom.

The Static Surface

Dimensions of the Problem and Nature of the Potential
Energy Surface. Ideally, we would like to retain and treat
simultaneously all the degrees of freedom which intervened

in the two separate parts of the previous study. Two such di-
mensions were associated with the ring opening: the carbon
ring angle (/CCC = 2a) and an angle (8o) specifying the
state of pyramidalization of the terminal methylene groups.
In fact two different angles 8, and 8, should have been
taken into account but they were reduced to one angle 8
such that 8) = 8, = B, which means that the pyramidaliza-
tion was artificially held symmetric throughout the motion.
For the rotation of FF, two other degrees of freedom ap-
peared: 6, and 8, the angles of rotation of the terminal
methylene groups around the adjacent carbon-carbon
bonds.

However, bringing together these two surfaces is not a
straightforward matter. A five- (and not four-) dimensional
potential energy surface must indeed be considered. The an-
gles 8, and B> will not remain equal as soon as rotations
occur in the meantime. Thus, if five were not too large a
number for the dimensions of a problem in organic chemi-
cal dynamics, we should look for a five-dimensional poten-
tial energy surface:

V(a.81.61,82.82) (1)

Moreover our previous dynamical experience (and our
chemical intuition) shows that 8 and 8, are dynamically
much less important coordinates than 8, and §,. We will
therefore consider 8, and 8> not as independent dynamical
variables, but as adiabatic functions 8(«,8;) and B82(a.92),
respectively. Such an artifact was already used in the previ-
ous article? for the rotational motion, where 8, and 8, were
considered as adiabatic functions of 8, and 6,, respectively.

Thus the simplification consists in finding a unique adia-
batic function 8'(a,). From the previous potential energy
surface for ring opening in a,80 at 8, = 8; = 0 (cf. Figure
10 in ref 2), we keep only the minimum energy path: 8o =
Bo(a) (all the dynamical trajectories deviated little from it).
An important requirement must be fulfilled (cf. Figure 2):
at constant value of «, the pyramidalization function
B’(a,0) must invert algebraically between § = 0 and 180°
(through a nonpyramidalized state at 8 = 90°), in order to
have the correct physical behavior. The pyramidalization
angle, which is the only physically meaningful quantity, is
181 (cf. Figure 2), so that:

Bi(e;) =8 (.8) (i=12) (2)

Practically, the values of 3’ used in order to compute the
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potential energy function V are linearly interpolated be-
tween the only values which are reliable, i.e., Bo(a) at 8§ = 0,
Oatf=7/2and —Po(a) at § = =

B'(e.6) = Bo(a)(1 — [26/7]) (3)

Consequently, the three-dimensional potential energy
function which will be used throughout the present study is:

V(,01,02) = V(a.B81(e,01).81.82(e.62).82) (4)

Analytical Expression of the Three-Dimensional Potential
Energy Function. The potential energy function V(«.9,.62)
can be rewritten as a sum of two terms:

V(a81,82) = V(a,0,0) + [V(a,0).02) — V(a,0.0)] (5)

The first term corresponds to the potential energy of a cy-
clopropane molecule in the FF configuration, with the ring
angle ZCCC = 2« (Figure 3a). The second term denotes the
amount of energy required for rotations of the terminal
CH;, with angular amplitudes of 6, and 8, at constant a.
For this last term, we use the same type of analytical ex-
pression which described the rotation potential energy sur-
face at 2o = 113° in the previous study.? However, the con-
stant parameters a, b, ¢, and d which appeared in this for-
mula now become functions of a:

V(a,01,02) = Vo(a) + a(a) sin? 6, + 85) sin? (6; —86>) +
b(a) sin? (8, — 63) cos? (6, +6,) +
c(a) sin? (8, + 62) cos? (8 — 62) + d(a) sin? 8, sin? 62 (6)

where
Vo(a) = V(a,0,0) @)

The function a(a) denotes the potential energy of the
molecule in the configuration EF(«) (Figure 3b) minus the
potential energy of FF(a) (Figure 3a). Similarly, d(a) is
the potential energy of the molecule in the configuration
EE(a) (Figure 3c). b(a) and c(a) are simple functions of
the potential energy barriers to the synchronous disrotatory
motion [hp(a)] and the synchronous conrotatory motion
{hc(a)] respectively (see Figure 4):

b(a) = [hp(a) + (hb(e) — hp(a)d())'/?]/2  (8)
c(a) = [hc(a) + (hE(a) = hc(a)d(a))'/?]/2 (9)

The functions Vo(e), a(a), b(a), c(a), and d(«a) are analyt-
ically approximated by means of one-dimensional cubic
spline functions.

Quantum-Mechanical Calculation of the Potential Energy
Surface. The need for a unique three-dimensional potential
required the quantum-mechanical calculation of many new
points on the potential energy surface. Essentially it was
necessary to calculate several new rotational energy sur-
faces, for values of « different from the single value 113°
used previously.2 Calculations were performed with a 3 X 3
Cl version of GAUSSIAN 70, at the STO-3G level, which
has now been described many times elsewhere.?

In a first step, the new program was used to recalculate
the potential energy obtained by means of the previous
(STEVENS) program.* At 2a = 113°, both calculations are

Table 1. SCF Values of EF(a), EE(a), hc(a), and 2p(a)?
ala) d(a)
20, deg (EF(a)) (EE(a)) hcla) hp(a)
136.1 -2.6 —-6.4 0.0 0.0
130.3 -1.8 -5.5 0.0 0.2
124.6 -0.5 -3.4 0.0 0.9
118.9 2.0 -0.4 0.7 2.6
113.2 5.2 3.2 34 5.5
107.4 9.3 7.9 8.1 9.2
101.7 15.4 14.8 15.1 15.4
96.0 24.2 25.0 25.9 25.6
90.2 37.1 40.6 41.2 40.6
84.5 55.7 64.4 65.1 64.4
78.8 84.4 104.2 104.8 104.2
73.1 125.0 169.4 170.0 169.4

a The numerical values are in kcal/mol and correspond to the en-
ergy difference between the actual conformation and that of FF(a).

in very good agreement for the properties of the rotation po-
tential energy surface. EE(a) is energetically 3.2 kcal /mol
(3.7 keal/mol)> above FF(a) taken as origin of the ener-
gies, and EF(a) is 5.2 kcal/mol (5.1 kcal/mol); the new ro-
tational barriers are: Ac = 3.4 kcal/mol (3.9 ..cal/mol) and
hp = 5.5 kcal/mol (5.5 kcal/mol). Consequently, the bar-
riers for conrotatory and disrotatory closures of EE(«a) are
respectively 0.2 and 2.3 kcal/mol. They are located at 58°
(65°) and 50° (53.5°) from FF(a), respectively. Moreover,
the diradical FF(a) lies 50.9 kcal/mol (48.4 kcal/mol)
above cyclopropane if the 3 X 3 CI is performed only on the
diradical, and 56.4 kcal/mol (53.0 kcal/mol) if the CI is
performed also for cyclopropane. For the ring-opening (or
closure) motion, the energy curve Vy(«) has also been re-
calculated. It exhibits the same properties as the previous
one (see Figure 5): first, there appears no barrier to the re-
closure motion of the diradical FF(«); second, the potential
energy varies very smoothly in the diradical region (2a >
90°), except for very great values of &« where strong strains
are imposed to the hybridization of the central carbon atom
and result in a steeper variation of the potential energy.

We now turn to the new points. For 16 values of 2a, reg-
ularly spaced from 50.1° = 0.875 rad to 136.1° = 2.375
rad, the potential energy curves which drive (i) the synchro-
nous conrotatory motion of both terminal methylene

groups, (ii) the synchronous disrotatory motion, and (iii)

the rotation of a single methylene group (the other being
held fixed) were computed. The boundaries of 2« are cho-
sen in order to include in our computed potential energy
surface all the regions which are energetically attainable if
the molecule has enough internal energy to go through any
of the transition states, with a maximum excess energy of
10 kcal /mol.

The computed values of a(a), d(«), hc(e), and Ap(a) for
2a > 1.275 rad are reported in Table I. For smaller values
of 2a, there appears a computational convergence difficulty
to obtain the potential energies of the configurations EE(«)
and EF(a). This difficulty is put in order in details later.

Comparison of the Potential Energies of FF(a) with that
of the Halfway Points EE(a) and EF(a). For values of 2«
less or equal to 1.975 rad (113°), both a(«) and d(«a) are
positive; this means that FF(a) is then the most stable con-
formation of the diradical. When 2a = 2.075 rad (119°),
d(a) becomes negative; now EE(«) is the most stable con-
formation. Lastly, at 2a = 2.175 rad (125°), both EE(«)
and EF(a) are more stable than FF(a).

Comparison of the Rotational Barriers hc(«) and hplc).
Within the diradical region (2a > 100°), the highest occu-
pied molecular orbital of the planar diradical is antisymme-
tric with respect to the bisecting plane of symmetry which is
perpendicular to the plane of the carbon ring.” Consequent-
ly, going from FF(a) to EE(a) occurs preferentially in a
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Figure 2. Pyramidalization inversion of a terminal methylene group. when rotating around the adjacent carbon-carbon bond. The true geometries
used in computing the potential energy surface at different stages of the motion are illustrated in: (a) # = 0; (b) 4 = w/2:and (c) 8 = =. (bo) and
(co) are just given as construction intermediates: they show how the angle 3’ (cf. eq 2 and 3) determines the state of pyramidalization before rota-

tion.
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Figure 3. Definition of the geometries of the three diradicals face-to-
face (FF(a)). edge-to-face (EF(a)) and edge-to-edge (EE(a)).
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conrotatory way. The energy gap between hc(a) and hp(a)
is maximal when 2o = 1.975 rad (113°); then it equals 2.1
kcal/mol. For values of 2« smaller than 1.775 rad (102°),
the opposite situation is observed. This is due to the cross-
ing, close to 2a ~ 100°, of the frontier molecular orbitals
in the planar diradical.” The symmetric molecular orbital
becomes more stable than the antisymmetric one, so that
the synchronous disrotatory motion is now preferred to the

1 1 1 n

00°  10° 120°  130° WO0° 2a

1

W w

w o
Figure 5. Potential energy curve for the ring opening from cyclopro-
pane to the face-to-face diradical. The energies are in kcal /mol.

conrotatory motion. However, the energy gap between
hc(a) and hp(a) remains small; the preference for the dis-
rotatory motion appears noticeably only at small values of
the rotation angles 6, and 6,. In addition, it is worthwhile to
note that, for 2« = 2.175 rad, FF(a) is the least stable con-
formation of the diradical. Then, only the synchronous dis-
rotatory motion requires an activation energy (which is
small); the other basic motions occur with a continuous de-
crease of the potential energy. When 2.175 rad > 2a 2
1.775 rad, the synchronous conrotatory motion is the one
requiring the least amount of activation energy. Last of all,
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Figure 6. Two-dimensional potential energy surface and static reaction
path for the synchronous conrotatory motion of the terminal methylene
groups. 2a represents the value of the carbon ring angle. The abcissa
gives the common value of both rotational angles: 8 = 6, = 6,. TS de-
notes the position of a transition state. The energies are in kcal/mol.
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Figure 7. Two-dimensional potential energy surface and static reaction
path for the synchronous disrotatory motion of the terminal methylene
groups. 2a represents the value of the carbon ring angle. The abcissa
gives the common absolute value of both rotational angles: 8 = 6, = —
62. TS denotes the position of a transition state. The energies are in
kcal/mol.

for 2a < 1.775S rad, the rotation of a single terminal meth-
ylene group is the easiest motion; at the same time, Ap(a)
becomes smaller than hc(a).

Two-Dimensional Cuts Through V(a,0;,8;). In Figures 6,
7. and 8 are drawn in two dimensions (2« and 6) the poten-
tial isoenergetic curves obtained in the following three lim-
iting cases: (i) synchronous conrotatory motion (6 = §; =
8; cf. Figure 6); (ii) synchronous disrotatory motion (8, =
—6, = 6; cf. Figure 7); (iii) rotation of a single methylene
group (8, = 6, 8, = 0; cf. Figure 8). These figures are just
for guidance; they rely on arbitrary relationships between 6,
and 8,, in order to reduce the number of dimensions from
three to two for clarity of the physical analysis. As a conse-
quence, the minimum energy paths drawn in Figures 6, 7,
and 8 are not necessarily absolute minimum energy paths.

However, the main feature of the overall surface appears
clearly in these two-dimensional cuts: in a first step, the re-
action coordinate is almost identical with a pure ring-open-
ing motion; the rotation of the terminal groups occurs at al-
most constant angle ZCCC, and finally the ring recloses and
the isomer molecule is formed. The optical isomer is most
easily formed via a purely conrotatory process (see Figure
6). The transition state is close to EE(a) with 2a = 1.975
rad and is energetically located at 59.8 kcal/mol above cy-

130270 18 70}-130°
1
85 :ss 85
12080 | §01.120°

1 110

[-100*

( -
0 300 500 90t 120° 1500 B°  1ROTATION

Figure 8, Two-dimensional potential energy surface and static reaction
path for the rotational motion of a single terminal methylene group. 2«
represents the value of the carbon ring angle. The abcissa gives the
value of the rotational angle: § = 6, along with 6, = 0. TS denotes the
position of a transition state. The energies are in kcal/mol.

clopropane. In ref 2, Figure 6, it was shown that the best
way to go through the transition state was the conrotatory
concerted motion of both terminal groups. Consequently, in
this particular case, the relationship 6, = 6,, by means of
which the two-dimensional surface can be visualized, does
not alter at all the shape of the true reaction coordinate in
the neighborhood of the transition state, tn three-dimen-
sional space.

In Figure 7, the diradical EE(«) with 2a = 1,975 rad ap-
pears to be also a secondary minimum along the synchro-
nous disrotatory reaction path. In fact, it is not a true mini-
mum, since a conrotatory distorsion (here, the hidden third
coordinate) requires practically no activation energy. The
optical isomerization via a synchronous disrotatory process
requires an activation energy of 61.9 kcal/mol.

At last, the transition state for geometrical isomerization
(cf. Figure 8) is the diradical EF(«) with 2a = 1,975 rad
whose potential energy is 61.6 kcal/mol above that of cyclo-
propane. In this case, the restrictive condition §; = 0 im-
posed in drawing the two-dimensional surface causes the re-
action coordinate drawn in Figure 8 to be rather different
from the true reaction coordinate in three-dimensional
space. This true path has indeed a noticeable component
along the hidden third dimension 65.

It is important to remark that the potential energy valley
associated with the ring-opening motion is the most narrow
and the bend between this valley and the upper rotational
valley is the sharpest in the case of synchronous conrotatory
motion, The widening of the entrance valley and the soften-
ing of the corner is already noticeable in the case of syn-
chronous disrotatory motion but yet more in the case of
rotation of a single group. This is due to the fact that, when
2a < 100°, the three basic motions require more and more
excitation energy in the order: rotation of a single group,
synchronous disrotatory motion, and, last, synchronous con-
rotatory motion.

Numerical Fit of the Potential Energy Function. No diffi-
culty arises for the first term of eq 6 (Vo(«)). The SCF
values are interpolated by a one-dimensional cubic spline
function. For the other terms, a reparametrization is neces-
sary for a(a), b(a), ¢(a), and d(a) when 2a <°1.775 rad.
In this region, the fitting of eq 6, using the SCF values in
Table I, does not fit closely the potential energy curves. The
reparametrization is done in the following manner. First,
the boundary of the attainable region is arbitrarily fixed at
70 keal/mol above cyclopropane. The new values of the pa-
rameters are determined for the parametized curves to in-
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Figure 10. Definition of the dynamical variables «, 6. and ;. Particular molecular conformations are explicitly indicated.

tersect the SCF curves at V' = 70 kcal/mol, for the three
basic motions, conrotatory, disrotatory, and single rotation,
respectively. The improvement is quite sensible for small
values of 2a (see Figure 9). The strong energy stabilization
of half-way points has no consequence for our dynamical
study, since these points will never be reached. Finally, the
difficulty which arose for 2a < 1.275 rad can now be ruled
out. It is no longer necessary to know the energy of half-way
points. Only the first part of the curves (V' < 70 kcal/mol)
need be known to get the corrected values of the parame-
ters.

In Table II, the corrected values of a(«), d(a). hc(a),
and hp(a) to interpolate and to insert in the fitting eq 6 are
reported.

Generalities for the Dynamical Study

The atomic motion driven by forces derived from the po-
tential described in the previous section is now studied with-
in the framework of classical mechanics.® A wide range of
initial conditions will be covered in order to vary contin-
uously the amount of internal energy in the molecule at the
starting point of the reaction and the distribution of this en-
ergy among the different allowed motions of the molecule.

Nature of the Dynamical Model. The equations of motion
in the next paragraph are established within an additional
simplification, already used in ref 2. The kinetic energy of
the system is written for a model in which the terminal

methylene groups remain trigonal throughout the reaction
(see Figure 10).

Table Il Values of EF(a), EE(«), A (@), and Ap(e) Used in
Fitting eq 64

a(c) d(a)
2q, deg (EF (o)) (EE(a)) hele) hp(a)
136.1 0.25 -4.0 0 0.4
130.3 -0.3 -4.0 0 0.7
124.6 -0.5 -3.4 0 0.9
118.9 1.0 -0.4 0.7 2.6
113.2 5.2 3.2 3.4 5.5
107.4 9.3 7.9 8.1 9.2
101.7 15.4 14.8 15.1 15.4
96.0 23.6 22.9 23.7 23.4
90.2 33.3 336 34.6 33.6
84.5 445 435 459 43.5
78.8 60.3 57.8 62.9 57.8
73.1 84.0 77.8 85.9 77.8
67.3 108.1 102.5 112.2 102.5
61.6 116.8 129.5 140.7 129.5
55.9 123.4 144.1 150.8 144.1
50.1 129.4 153.1 154.6 153.1

4The numerical values are in kcal/mol and correspond to the en-
ergy difference between the actual conformation and that of FF(a).

In a previous paragraph, we explained how the changes
of pyramidalization of the terminal methyleng groups were
taken into account at the static level of the potential energy
function, by means of the adiabatic function §'(«,8) in eq 3.
Now, the very same model could be retained for the dynam-
ical study; it would lead to terms in 8,2 and 3,2 in the ex-
pression of the kinetic energy, and also to cross terms in
&B1, 618, &B>, and 8,83,, for coupling with other modes of
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distorsion of the molecule. This additional complexity
makes such a model presently intractable. For this reason,
we neglect the variation of 8 in the kinetic energy. Hence
our model does not treat the changes of pyramidalization
adiabatically, at the dynamical level, since the only adiabat-
ic corrections are on the forces, not on the positions, and
only indirectly on the velocities.

Equations of Motion and Initial Conditions. The present
model is a simple application of the theory of constrained
systems'? in which the 3 X 3 4 matrix is diagonal. This is
due to the fact that the planes of rotation of the hydrogen
atoms of the terminal CH; are always perpendicular to the
adjacent carbon-carbon bonds, the instantaneous rotation
axis. Consequently the expression of the kinetic energy is a
diagonal quadratic form of the angular velocities:

T=%Aaad2+%](9,2+922) (10)
The theory of constrained system readily provides the ex-
pression of the matrix element A,, which represents the
“variable mass” associated with the dynamical variable o

Age = Ssin? o + Ccos? a + I(sin? 6; +sin? 8y) (11)

where
S~ i
T+ 2, [L(M + 2my) + 2m A2+ M2m 220 (12)
C=2[ML2+ 2m (L + \)?] (13)
1= 2mu? (14)
and
p=(M+2m)/(M+ 2m3) (15)
A=1lcosvy/2and u=1Isiny/2 (16)

L is the CC length, / the CH length, and v the ZHCH angle
in the terminal groups, M the mass of a carbon atom, m
and m> the masses of the substituents on C(C>) and Cj, re-
spectively. In the present study m; =my = landp = 1;/is
the moment of inertia of the rotor which is formed of the
two hydrogen atoms in a terminal methylene group. Equa-
tion 11 leads to the partial derivatives:

0Auaf/da = (S — C) sin 2«
8Auaa/38; = I sin (26;) (i=1,2)

Finally, the three Lagrangian equations of motion are:

(17a)
(17b)

o= - ! [l.ai’_“_aa2+
Ape L2 da
& <6A““ 6, + $4aa ('92) + éK] (18a)
a8 30, o

o _1[16Aaa ., aV] ,

== =2 = — =1,2 18b

6 1[2 30, « 36; g ) ( )
where
o _dVo , da

= da + I sin2 (8; + 8,) sin2 (6, — 62) +

%sin2 (8, — 65) cos? (8, + 63) +
da

E‘sinz (8, + 62) cos? (6; — 62) + -(Esin2 8,sin28, (19a)
da da

14

7 = 2 sin (26;){xa(a) sin (6; + 62) sin (6, — §;) £

b(a) sin (6 — 83) cos (8, + 6,) +
c(e) sin (8, + 62) cos (8) — 6,) + hd(«) sin? 6;-]

(i=1,2)and (i/ # i)

The + alternative should be used for i = 1 and the — alter-
native for / = 2, respectively.

The numerical integration of the three coupled second-
order differential eq 18a and 18b requires six initial condi-
tions. These are: (i, ii, iii) the three values 240, 8,°, and 8,°,
which determine the molecular geometry at the starting
point (all the trajectories in the present study start with the
cyclopropane molecule in its equilibrium geometry, i.e., 2a°
= 60°, 6,° = 6,0 = 0); (iv) the total internal energy in the
molecule, E; (v) the fraction E,o of initial energy attrib-
uted to the “‘rotations” (at starting point, this is actually vi-
bration energy); (vi) the manner in which E 4 is distribut-
ed among the two “rotors”. This is defined by an angle (&%)
such that:

(19b)

150 = §,9/8,° (20)

where 8,0 and 8,0 are the initial rotational velocities of the
two groups. Then the relationship:

8,0 = cos 80[21 1 Eo0}!/2 (21)

is used. It is not restrictive to have 8,0 > 0 since #,0 can be
either positive or negative. A third relationship:

&° = £{2[Eiot — Ero® = V(a0,81°,8,°)]/ Aaal®,6,%,8,0)}1/2
(22)

is necessary to define the initial ZCCC angular velocity.
The present study has been arbitrarily limited to &° > 0,
i.e., to initial extensions of the CC bond.

Five different values of E, have been studied, namely
61, 62, 63, 64, and 65 kcal/mol. For E, = 61 kcal/mol,
the only available channel is the synchronous conrotatory
motion (transition state at 59.8 kcal/mol). For E = 62
kcal/mol, the rotation of a single group (transition state at
61.6 kcal/mol) and the concerted disrotatory motion (tran-
sition state at 61.9 kcal/mol) both become feasible motions,
at least in principle. For each value of E, E o has been
varied stepwisely from 2 to 50 kcal/mol, with a step of 2
kcal/mol. In addition, for given values of Eio and E o0, &°
has been varied from 45° (conrotatory motion, i.e., an-
tisymmetric vibration of the methylene groups) to —45°
(disrotatory motion, i.e., symmetric vibration), with a step
of 10°. All things considered, about 1500 trajectories have
been run.!?

In our model, no fraction of the total energy in the mole-
cule can be transferred to nonreactive intramolecular
modes, nor can any fraction be exchanged with the medium.
Under this assumption, the computed trajectories are end-
less; a given set of initial conditions leads to an infinite se-
quence of ring openings, rotations, and ring closures. The
integration of a trajectory is stopped the first time the rep-
resentative point of the molecule moving on the surface en-
ters a prescribed narrow region around the absolute mini-
mum, i.e., the representative point of cyclopropane in its
equilibrum geometry. This is consistent with the analysis of
the reaction given by Doering and Sachdev within the RRK
model.'# Their conclusion was that “the best trap for a di-
radical is its own reclosure to a covalent bond”, because
there the energy “is rapidly dissipated by distribution
among other, nonreactive modes. The larger the number of
atoms . .. in the molecule, the more nearly truc this state-
ment is”’.

Dynamical Results
We first treat separately the trajectories corresponding to
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the particular values 6° = 45 and —45°. Indeed the total
symmetry of the problem is such that, whenever the motion
of both rotors at the starting point is either purely conrota-
tory or purely disrotatory, it keeps this particularity
throughout the trajectory. Then, the trajectory can be
drawn on a two-dimensional potential energy surface such
as that pictured in Figures 6 and 7.

Synchronous Conrotatory Moetion (8° = 45°). For a very
weak amount of excess energy (1.2 kcal/mol) with respect
to the conrotatory transition state (59.8 kcal/mol), a rather
striking phenomenon occurs: reactive trajectories are ob-
served only when E° (initial “rotational’ energy here ex-
clusively in the antisymmetric twisting vibration of the
methylene groups) lies between 30.4 and 32.4 kcal/mol (see
Figure 11). Thus, in order to observe the optical isomer
formed in a purely conrotatory fashion, one half of the total
molecular internal energy must be placed in the methylene
groups. The other half of the total energy (28.6 to 30.6
kcal/mol) remains in the stretching vibrational mode of the
carbon-carbon bond. At first sight, this would seem insuffi-
cient to bring about the opening of the carbon ring. How-
ever, during the first part of the reaction (from point A to
point B in Figure 11), the ring-opening motion and a com-
plete oscillation of both terminal groups (with an amplitude
of 20°) go on simultaneously. Hence an important energy
transfer occurs from the methylene groups to the carbon-
carbon bond. Then only, the carbon ring can open. After-
wards, the methylene groups rotate by 180° (from B to C in
Figure 11); in the mean time, the value of the ZCCC angle
oscillates weakly around the optimum value 113°. The re-
action ends with a motion of ring closure (from C to D in
Figure 11).

When the total intramolecular energy increases (Eio =
62 kcal/mol), the reactive trajectories are more numerous.
Below, we analyze in detail the set of trajectories for E o =
62 kcal/mol (see Figure 12). Depending on the value of
E.o, several distinguishable motions are observed.

Eo® < 10 kecal/mol. The trajectories are nonreactive. As
shown in Figure 12a, the carbon ring opens and recloses
without reaching the transition state. This is simply due to a
lack of twisting energy in the methylene groups at the start-
ing point.

12 keal/mol € E,,° < 20 keal/mol. Within these limits
the trajectories are reactive (see Figures 12b-d). They are
quite different from the trajectory in Figure 11; only one-
half of an oscillation of the methylene groups occurs during
the ring-opening phase. In Figure 12b the first reactive tra-
jectory of this type is pictured; during the rotation of the
methylene groups, the carbon ring angle oscillates many
times around the optimum value 113° and, consequently,
the duration of the phase of rotation is long (3.3 X 10713
sec). This means that the way in which the representative
point reaches the upper valley is far from being ideal. The
ideal situatica occurs when E.,© = 16 kcal/mol (see Figure
12¢); then, the methylene groups rotate very easily in 2.2 X
10713 sec. Finally, for E;° = 20 kcal/mol (see Figure 12d)
the rotational process is again difficult and lengthy (4.4 X
10713 sec). It is quite important to note that all these trajec-
tories include only a single rotation of 180° by each termi-
nal group. This result is all the more surprising since the en-
ergy in the rotational motion can only be transferred, in our
model, to the vibration of the carbon-carbon bond, and not
to a nonreactive mode.

22 keal/mol < Eo® < 32 kcal/mol. The trajectories are
nonreactive, as pictured in Figures 12e and 12f. When the
ring opens, the energy is badly distributed among the differ-
ent possible modes and the transition state cannot be
reached. In Figure 12e, the representative point, after a half
oscillation of the methylene groups, bounces off the edge of
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Figure 11, A low total energy (61 kcal/mol) reactive trajectory leading
from cyclopropane to the optical isomer via a purely conrotatory pro-
cess (8% = 45°),

the lower potential energy bump toward the upper part of
the figure. In Figure 12f, the same thing occurs, but after a
complete oscillation.

32.4 kcal/mol < E,° < 35.2 kcal/mol. Within these
limits, the trajectories are again reactive (see Figure 12g)
and of the same type as that pictured in Figure 11. As pre-
viously, each terminal group rotates by only 180°. It should
be emphasized that this second “reactive band” of initial ro-
tational energies is much more narrow than the first one.
This can be explained as follows: the rotations occur after a
complete oscillation of the methylene groups. This first part
of the reaction (ring opening) lasts longer in the trajectories
of the second band (32.4 to 35.2 kcal/mol) than in the tra-
jectories of the first “reactive band™ (12 to 20 kcal/mol).
Therefore the reactive trajectories are much more “fo-
cused” around the ideal trajectory; a slight modification
can lead to large deviations and rapidly to nonreactive tra-
jectories.

Eo® 2 36 kcal/mol. These trajectories are nonreactive
(see Figure 12h). The energy initially concentrated into the
stretching mode of the carbon-carbon bond is too small
(<26 kcal/mol) to allow a sufficient opening of the carbon
ring.

For total intramolecular energies greater than 62 kcal/
mol (E = 63, 64, 65 kcal/mol), the two “reactive bands”
of initial E,,,° values still exist (see Figure 13a) and even
become larger and larger with increasing E . This is due to
the fact that, the greater the excess energy, the easier it is
for the representative point of the molecule to step over the
transition state, even if the approach coordinate is not fa-
vorable. Moreover, the second reactive band shifts slightly
toward higher values of £, so that the first phase of the
reaction (ring opening along with a complete oscillation of
the methylene groups) always results in a face-to-face di-
radical with a ZCCC angle close to 105°.'5

At this stage, we can formulate three statements. (1)
There exist two well-defined bands in E.°, within which
reactive trajectories obtain.'é!7 (ii) The great majority of
reactive trajectories (40 out of 44) lead to only a single con-
certed rotation by 180° of the terminal groups. This is in
good agreement with the analysis of the reaction given, on
the basis of the RRK model, in ref 14, as well as with exper-
imental works on the deactivation of the rotational modes.!8
(iii) The initial “rotational” (vibrational) energy required
for reaction is much larger than what was estimated on the
basis of static information.

We now turn to an interpretation of these results by look-
ing back at the two-dimensional potential energy surface
for synchronous conrotatory motion. This surface has a
symmetry axis (§ = 90°) (Figure 6). The transition states
correspond to rotation angles of 58 and 122°, respectively,
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Figure 12. Typical conrotatory trajectories at E1o = 62 kcal/mol for different initial “rotational® (vibrational) energies.

the ring angle being then close to the value 113°. It is inter-
esting to compare this surface with the two different types
of parametrized surfaces that were used to study the dy-
namical properties of the exchange reactions A + BC —
AB + C.!° These two surfaces differed by the position of
the potential energy barriers, located either in the entrance
valley or in the exit valley. Considered as a whole, the po-
tential energy surface driving the conrotatory isomeriza-
tions involves in fact three valleys: the first valley drives the
ring-opening motion; in the second valley, the rotations of
the terminal groups occur; the third valley is that of the ring

reclosure. Strictly speaking, it is therefore improper to dis-
criminate, in the present case, between the two possibilities
of the transition state being located either in the entrance
valley or in the exit valley, because everything is symmetric.
However, since reaching the edge-to-edge half-way point
EE most often brings completion of the reaction, we consid-
er the valley of ring opening as the “entrance” valley and
the upper valley of rotation (FF — EE) as the “exit” valley.
which therefore includes the transition state. Qualitatively.
the partial energy helping initially to break the carbon- car-
bon bond and the initial ‘“‘conrotatory rotation™ (antisym-
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metric vibration) energy in the methylene groups play the
same roles as respectively the translation and vibration
energies in those exchange reactions A + BC — AB + C
for which the transition state lies in the exit valley. Thus,
similar effects can be invoked in both cases to explain why a
rather large amount of ‘“‘vibrational’ energy is required for
the trajectories to be reactive: (i) the valley corner must be
cut close by the representative point to avoid bouncing off
on the lateral potential energy walls, and this is possible
only when vibration (here methylene oscillation) transforms
into translation (here CC stretch); (ii) centrifugal effects
forbid a proper energy transfer from translation (CC
stretch) to vibration (methylene oscillation) when the initial
translation energy (CC stretch energy) is too great. It
should be kept in mind that the first “‘reactive band’’ to ap-
pear as the total energy increases is that for very high
“rotation” (vibration) energies (E;o® =~ 32 kcal/mol). The
exact threshold is Ey = 60.4 kcal/mol. The threshold for
the other reactive band (E;o° = 12 to 20 kcal/mol) is E\o
= 61.4 kcal/mol (see Figure 13a).

The results presented in this section all depend strongly
on the assumption which allowed us to terminate the trajec-
tories. For instance, certain “‘reactive” trajectories, if they
were free to go on, could come back to the starting point of
the reaction. Conversely, certain “nonreactive’ trajectories,
after the first process of ring opening and closure, could
yield a cyclopropane molecule possessing a more suitable
amount of CH, vibration energy and the isomerization re-
action could now be possible (Figure 12a). Furthermore,
the treatment of the dynamical problem in its full dimen-
sionality might well make the unreactive region between
the two reactive bands disappear. )

Synchronous Disrotatory Motion (6° = —45°), The main
results of the previous section for conrotatory trajectories
remain true in the case of disrotatory trajectories. Accord-
ing to the value of E.,° (here the initial CH; symmetric vi-
bration energy), two reactive bands are still observed and
exhibit the same characteristics as above: the first band cor-
responds to values of E.° of the order of 20 kcal/mol and
the second band to values of E,«° of the order of 40 kcal/
mol. Most of the reactive trajectories involve a single con-
certed rotation of the terminal groups.

The only noticeable difference concerns the nature of the
reactive trajectories when the total energy is only weakly in
excess of that of the transition state. For the lowest total in-
tramolecular energy studied (E = 63 kcal/mol, i.e., Eiq
— E1s = 1.1 kcal/mol), we observe reactive trajectories in
the first band only, i.e., for E.° lying between 16 and 26
kcal/mol. This is exactly opposite to what happens in the
case of a synchronous conrotatory motion at E o, = 61 kcal/
mol (Ew — E1s = 1.2 kcal/mol) where reactive trajec-
tories are observed in the second band only. The difference
is probably due to the disrotatory transition state lying clos-
er to the entrance valley than the conrotatory transition
state (the top of the rotational barrier is at §; = —8, = 50°
presently, instead of 8, = 8, = 58° before). Moreover, the
entrance valley which drives the ring opening is wider in the
disrotatory case than in the conrotatory case because disro-
tatory distorsions require a smaller amount of energy than
conrotatory distorsion, as long as 2« < 95°,

More precise calculations indicate that the first reactive
band appears at E = 62.1 kcal/mol and the second reac-
tive band at E, = 63.1 kcal/mol. The evolution of the re-
active band widths versus the total energy is represented in
Figure 13b.

The small secondary minimum (well depth: 2.3 kcal/
mol) at the edge-to-edge half-way point does not affect the
trajectories very much even for the lowest total energy.
However. there are some rare exceptions where the repre-
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Figure 13. Evolution of the “reactive bands”™ versus E; and E,4° for
(a) a conrotatory motion of the terminal groups and (b) a disrotatory
motion.

sentative point of the molecule spends a rather long time in
this region of the potential energy surface (for certain tra-
jectories, the integration was stopped after 1.5 1072 sec
and the molecule was still trapped into the well). Then, the
final outcome of the reaction is quite a random phenome-
non.

General Motion (General 8°). When 8° differs from £45°,
the coupling between the rotations of both methylene
groups results, at anytime, in an energy transfer from one to
the other. Then the first question arises: for a given value of
89 characterizing the distribution of the initial methylene
“rotation” (vibration?°) energy, what is the actual value of
6 = 1g7"(61/8,) after the ring-opening phase of the reaction
is terminated?

In ref 2, we noted that the process of ring opening is
much faster than the rotations of the terminal groups what-
ever the type of cyclopropane molecules, either substituted
or not. Consequently, energy transfer between the two oscil-
lating terminal groups does not have time to operate signifi-
cantly while the carbon ring opens. The opened molecule is
rather similar to FF-type diradical whose CH>» rotational
energy, which is possibly very different from E_°, is never-
theless distributed among both rotors in almost the same
way as that defined by é° at the starting point. A careful
study of the relative variations with time of 8; and 85 leads
to the following conclusion. Whatever the value of &9, the
corresponding trajectory, when reactive, closely resembles
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sented. The time unit is here 10~ '3 sec.

the reactive trajectory obtained for the same value of 6% on
the rotational potential energy surface at constant /CCC
angle (see ref 2, Figure 7). Thus, if 8% > 0, the rotation of
the terminal groups most often leads, via a conrotatory pro-
cess, to a molecular configuration close to that of an edge-
to-edge diradical (EEc). If §° < 0, we observe either the

rotation of a single terminal group (EF), or within a narrow
range close to —45°, the formation via a disrotatory process
of an edge-to-edge diradical (EEp). It should be empha-
sized that, whatever the value of 6, both reactive bands
(corresponding to values of E,,? of the order of 20 and 40
kcal/mol, respectively) are still observed.
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(a) Typical Trajectories at Eir = 63 keal/mol (E,,* = 18
and 36 kcal/mol). The particular value 63 kcal/mol of the
total energy has been selected because it should allow pas-
sage over any of the transition states. We also select initial
“rotation” (vibration) energy values of 18 and 36 kcal/mol
because, whatever 8°, they fall into the first and second “re-
active bands”, respectively. In Figure 14, the variation of 6,
and 6, on the one hand, and that of the ring angle ZCCC
with time on the other hand, are pictured side by side for
different values of 8°. Particular points (A, B, ...) are indi-
cated on both curves which show clearly that rotation of the
terminal groups leading to formation of isomer molecules
occurs when the ring angle is opened and keeps an almost
constant value close to 113°,

The following discussion on the nature of the reaction
product is valid only under the assumption that in the reac-
tant cyclopropane molecule, only one carbon-carbon bond
can break. Then, a concerted rotation of 180° (either conro-
tatory or disrotatory) of both terminal groups leads to the
optical isomer whereas the rotation of a single group leads
to the geometrical isomer.?!

Reactive Trajectories of the First Type (E;o’ = 18 keal/
mol). For 3% = 45°, there is no possible energy transfer be-
tween the two rotating groups. In the referential (8,,6,), the
trajectory is therefore linear (see Figure 14a) and goes ex-
actly through the representative point of the molecular con-
figuration EEc. The optical isomer is obviously formed.

When 80 is different from 45°, the trajectory deviates
more or less with respect to this optimal path (see Figures
14b and 14c). It is observed that, as mentioned previously,
(i) the distribution of energy among the two rotors once the
ring is opened (point A) is hardly different from the initial
distribution defined by &° and (ii) the greatest part of the
rotational motion (from A to B in Figure 14b, and A to C in
Figure 14c) occurs when the ring is opened. In the rotation-
al phase of the reaction, which is crucial for the result of the
reaction, the molecule is therefore sensitive to the disrotato-
ry potential energy barriers, and tends to fall back into the
conrotatory valley. In the part of the trajectory close to
EEc, a single group rotates significantly (locally § = 85°)
when initially 6° = 25° (see Figure 14b), whereas both
groups rotate almost disrotatorily (locally § = —63°) when
initially §° = 5° (see Figure 14c). This trajectory is precise-
ly the last one, as é° tends toward negative values, to pro-
duce the optical isomer as product of the reaction, The poor
initial distribution of “‘rotation” (vibration) energy causes
an important lengthening of the time required for the rota-
tions to take place. Three and a half full vibrations of the
carbon ring angle around its local equilibrium value (113°)
have time to occur. Finally, it is important to remark that
the part in 8,8, of this trajectory has quite the same shape
as the two-dimensional trajectory presented in ref 2, Figure
7b, for a very similar value of 6° (4°).

Within the range —5° > 3% > —35°, the trajectories lead
to formation of the geometrical isomer (see Figures 14d-f).
The trajectory corresponding to 8° = —5° (Figure 14d) goes
exactly through the representative point of the configura-
tion EF, along with a rather conrotatory local motion (6 =
17°). When &° becomes more and more negative, the point
B at which the trajectories cut the axis §, = —90° becomes
progressively closer and closer to the half-way point of the
synchronous disrotatory motion (molecular configuration
EEp).

When §° is close to —45°, the optical isomer is formed via
a disrotatory process (see Figures 14g and 14h).

Reactive Trajectories of the Second Type (E.® = 36
keal/mol), Figures 14i and 14;j illustrate two particular re-
active trajectories of the second type. The first one leads to
optical isomerization (6° = 25°, cf. Figure 14i) and the sec-
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ond one leads to geometrical isomerization (6% = 15°, cf.
Figure 14j). The complete vibration of both methylene
groups during the ring-opening phase of the reaction is
readily observed in relative variations with time of the an-
gles 8; and 6. Moreover, in the second diagrams of each
figure, showing how the carbon ring angle varies in the
course of the reaction, it is observed that the phase of ring
opening is longer in the reactive trajectories of this second
type than in those of the first type.

(b) Nature of the Reaction Product as a Function of Eo,
E;o®, and 8°. Tables III, IV, and V recapitulate the results
of the trajectaries for the following values of the total ener-
gies: 62, 63, and 64 kcal/mol.?? For reactive trajectories,
the nature of the half-way point is specified. In most cases,
a maximum of one rotation occurs for either CH3 group in
the opened diradical so that the nature of the product of the
reaction is easily deducible from the nature of the half-way
point, according to the following correspondence scheme:

EEc and EEp — optical isomer (i)
EF — geometrical isomer (ii)

When several rotations follow one another before the car-
bon ring recloses, the nature of the isomer formed depends
on the particular case; it is specified in Tables III, IV, and
V.

Eior = 62 kecal/mol (cf. Table III). The optical isomer is
exclusively formed (via EEc). The amount of excess energy
above the potential energy of transition state is weak (2.2
kcal/mol), so that it is only within the range 8% 2 25°, i.e.,
close to the optimal value 8% = 45°, that the reaction is pos-
sible. In all the reactive trajectories studied, the ring reclo-
sure occurs after only a single concerted 180° rotation of
the terminal groups.

E,o. = 63 kcal/mol (cf. Table IV). The total energy is now
sufficient for the three distinct rotational processes within
the diradical species to be possible. When &° varies from
45° to —45°, we observe successively the formation of the
optical isomer via conrotatory process, then the geometrical
isomer, and last the optical isomer via disrotatory process.
Reactive trajectories involving several rotations of the ter-
minal groups within the diradical appear. They correspond,
most often, either to limits (on the reactive side) between
“reactive” and ‘“‘nonreactive” bands, or, within a reactive
band, to limiting values of 8° and E.° beyond which there
is a change in the nature of the isomer formed.

Eot = 64 kcal/mol (cf. Table V). The excess energy over
and above the potential energy of the transition states in-
creases and, thus, the reactive bands become wider.

Concluding Remarks

The dynamical study of the coupling between the modes
of ring opening (and closure) and the modes of rotation of
the methylene groups of a cyclopropane molecule in the
course of isomerization reactions confirms essentially the
conclusions of the static study.® An isomerization involves,
at least approximately, three sequential steps: ring opening,
methylene rotation (s), and ring closure. Moreover, one of
the results of our previous simplified dynamical study is
also corroborated; the relative motion of the terminal
groups, during the phase of rotation within the diradical,
depends strongly on the initial conditions.

The main conclusions of the present dynamical study are:
(i) the amount of initial methylene ‘“‘rotation™ (vibration)
energy required for the reaction to be possible is much larg-
er than was previously estimated; two reactive bands (12-
24 kcal/mol and 34-36 kcal/mol approximately) always
appear which correspond to two different reaction mecha-
nisms; (ii) in general, a single rotation of 180° of one or
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Table III, Nature of the Half-Way Point for Reactive Trajectories, Depending on the Values of §° and E1q(°, when E¢,¢ = 62 kcal/mol?

Eroto
5% deg 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
—45
-35
=25
-15
-5
5
15
25 EE¢ EE¢ EEc EEc
35 EEc EEc EE¢ EE¢  EEc EEc EEc
45 EEc EEC  EEc  EEc  EE¢ EEc
aThe blank terms of the array correspond to nonreactive trajectories.
Table IV, Nature of the Half-Way Point, Depending on the Values of 8° and Eq,°. when E¢g¢ = 63 kcal/mol«
Er()t0
5% deg 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
—45 EEp EEp EEp EEp EEp EEp
-35 EEp EEp  EEp EEp EEp EEp
-25 EF EF EF()  EEp(Y  EEp  EEp EF EF
~15 EF EF EF EF EF EEp EF(d
-5 Er(®  EF EV EF EF EEp  EF(Y
S EE¢ EE¢ EF EF EF EEp
15 EE¢«("  EE¢  EE¢c EE¢  EE¢ EF EF
25 EE¢ EE¢ EEC FEc EE¢ EE¢ EEc
35 EE¢ EEc EEc EE¢ EEc EE¢ EEC
45 EE¢  EEc  EEc¢ EE¢ EE¢ EEq EE¢ FEc
a@The blank terins of the array correspond to nonrcactive trajectories. Several rotations within the diradical lead cither to the starting molecule (1) or to the geometrical isomer (2).
Table V. Naturc of the Half-Way Point, Depending on the Values of §° and £r(°, when E¢gy = 64 kcal/mol4
S e N o el - L _
5% deg 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
-45 EEp EEp EEp EEp EEp EEnp EEp  EEp FEp
35 EEp EEp EEp EEp EEp EEp EEp  EEp EEp
25 Er EF EF() EFD EER(D  EEp EEp  EEp EEp  EI
15 EF EF  EF  EF(® EEp EEp EER(®  EEp EEp
5 El EF EF EF EF EF EF() EF EF(D  EEp
5 EEc  EEc EF Er(®  EF EF  EF El EF EF(Y)  EF EF
15 EE¢ EEC EE¢: FEE¢ FE¢ EEp EF EF EF
25 EE¢ EE¢ EE¢c EE¢ Ekc EE(¢ EE¢ EEC EEc
35 EE¢(D  EE¢ FEC(Y)  EE¢ EE¢ EE¢  EE¢  EE¢ FE¢ EE¢ EEc  EE¢
45 EL¢ EF,C( D) EE(: EE¢ EE¢  EE¢ EEC EEC EEC EEc EEc FEE¢

@ The blank terms of the array correspond to nonreactive trajectorics. Several rotations within the diradical lead either to the starting molecule (1), or the geometrical isomer (2), or to the optical isomer

13).
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both terminal groups occurs within the diradical species;
(iii) the majority of the reactive trajectories lead, especially
at low total intramolecular energies, to formation of the op-
tical isomer, via the half-way point EE. This result can be
simply explained on the basis of the static potential energy
surface; the activation energy required to reach the copla-
nar diradical (EE) is lower than that required to reach the
orthogonal diradical (EF). No dynamical factor tends to in-
verse the preference for the minimum energy path over any
other path. This conclusion is in good agreement with re-
cent experimental tests of the relative rates of optical and
geometrical isomerizations in optically active trans-cyclo-
propane-1,2-d, and 1-phenylcyclopropane-2-d.23 The ki-
netic analysis of these reactions is consistent with a mecha-
nism involving exclusive synchronous rotation of two meth-
ylene groups.

In connection with the experimental estimates of the rel-
ative rates of rotations and C-C cleavage in three- and
four-membered rings,2* we are presently studying the influ-
ence of heavy substituent groups on the dynamical coupling
between the ring opening (or closure) and the rotations of
the terminal groups.
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Abstract: The protonation of cyclobutane has been studied theoretically using ab initio methods. The protonation energy is
found to be quite large, 126 kcal/mol, but is significantly lower than obtained for the protonation of cyclopropane by similar
theoretical calculations. The protonation energies for edge and corner protonation of cyclobutane were found to be essential.

ly identical.

The relative stabilities of protonated cycloalkanes have
been a subject of recent experimental and theoretical stud-
ies.!-7 These compounds have been postulated to be inter-
mediates in acid-catalyzed reactions. The structure of pro-
tonated cyclopropane has been discussed thoroughly in sev-
eral studies'-* but the evidence for the structure, formation,
and even the existence of protonated cyclobutane is much
less convincing.3-!0 In the present work, the protonation of

cyclobutane is studied theoretically by ab initio SCF meth-
ods using a flexible basis set of atomic orbitals. The level of
accuracy of the treatment is such as to provide a good as-
sessment of the energy of protonation. In previous experi-
mental work, Cacace et al.” have reported on the gas-phase
protonation of cyclobutane using the helium tritide,
He3H*, molecular ion which is an extremely strong acid.
They interpret their results as direct evidence for the forma-
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