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MINDO/3 method predicts abnormally short C-F bonds and
planar geometries for radicals known to be pyramidal. The
latter trend may be an indirect consequence of the former. We
conclude that the ab initio methods used in this work are more
reliable for studying open-shell systems such as organic radi-
cals.

It should be pointed out that ZDO methods may be inap-
propriate for studying problems where overlap repulsion plays
a key role 26:27
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Abstract: The rate constants (k4s0) of 22 H™ transfer reactions between C5-C5 carbonium ions and C;-C¢ cyclic and acyclic
hydrocarbons were measured. The values of k450 range between 2.2 X 1079 and 3 X 10~!3 cm3/mol.s, corresponding to colli-
sion efficiencies of approximately | to 1074, The rate constants exhibit large negative temperature coefficients of the form k
= AT~" n = 1.5-6.8. A direct relation between k450 and exothermicity is observed. An inverse linear correlation between In
ka4so and the magnitude of the negative temperature coefficient (#) is also noted.

Introduction

The kinetics of slow hydride ion transfer reactions between
carbonium ions and hydrocarbons were investigated in our
laboratory in the past 3 years.!2 In the course of our studies
we observed that exothermic H~ transfer reactions exhibit
unusually large negative temperature coefficients of the
functional form k = CT~", n = 1.5-5.4. It was demonstrated
that activation energy is absent in one of the reactions, and it
is plausibly absent in the remainder of these exothermic ion-
molecule processes. In the present paper we shall discuss new
observations concerning a correlation between the rate con-
stants and the exothermicities of the transfer reactions. An-
other correlation of interest which we observed in H™ transfer
reactions is the relation between the rate constants and their
temperature coefficients. The present correlations are based
on the kinetic data concerning 22 H™ transfer reactions. These
data were obtained in part in previous work? and in part as the

0002-7863 /78 /1500-1356801.00/0

result of new measurements which were executed in order to
enlarge the data set which is the basis for the present correla-
tions.

Experimental Section

The present work was carried out by pulsed, high-pressure mass
spectrometry on The Rockefeller University Chemical Physics Mass
Spectrometer. The experimental techniques used were identical with
those described in previous publications.!? The hydrocarbons used
were obtained from Chemical Samples Co., were of purity >98%, and
were used without further purification.

Results

In this paper we present relations between rates, temperature
coefficients, exothermicities, and structure for reactions be-
tween CoHs*, sec-C3H;*, and t-C4Hg* and C,-C5 hydro-
carbons, for which kinetic data were obtained in the course of
previous studies.” In addition, we performed measurements

© 1978 American Chemical Society
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Table I. Rate Constants, Temperature Dependences, and
Exothermicities of H- Transfer Reactions: R,"+ R,H—~R," + R H

—AHa k450vb
kcal/ 10°em?® n(ink
R/ R,H mol mol-s =AT™

I.C,H, * 40 12 1.6
2.CH,' )\/ 42 15 0e
3.C,H, )\)\ 45 2 0e
4 A )\ 8 25 2.0
5.4 /k/ 20 4.1 2.0
6. X M 23 9.5 2.5
A A 22 10 23
8 A A - 12 =
9. J- /k/ 3.4 0.050 3.2
10. /K /H/ 5.4 0.11 4.5
.k JUN 4.7 0.056 4.4
12.* é 6.9 0.27 2.7
13.){ @ 22 0.065 15
14./k/ )\)\ 1.3 0.011 5.4
'5'*/ JV N 0.086 4.1
16. /k/\ /Y\/\ 0.0059 6.0
17 A/\ /H/ 0.0016 6.8
18. /k/\ /2/\ 1.5 0.0070 6.0
T SN PN 0.0067 6.0
20.)+v\ /2/2/ 0.0030 45
21.@ & 1.8 0.011 3.7

2.2 0.20 4.2

B
S

@ AH® for reactions | -5 is from data obtained by F. Lossing (pri-
vate communication); for reactions 6— 18 from data in ref 12—14;
for reactions 21 and 22 from previously unpublished equilibrium
data obtained in this laboratory. & Data for &, ,, were mostly mea-
sured directly; in some cases, they were extrapolated from plots of
In % vs. In T. Data are from ref 2 and from the present work.
¢These reactions proceed at about collision rate at 450 K, i.e.,

450 K is below the transition temperature from “slow’ to “*fast”
kinetics for these reactions.

on the reactions of the -CsH;;+ and -CgH;3* with C1-Cq
hydrocarbons and for reactions of the methylcyclopentyl ion
with ethylcyclopentane and 1,2-dimethylcyclopentane. These
measurements provide data on reactions with small exother-
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Figure 1. Correlation between exothermicities and rate constants in H~
transfer reactions. Note logarithmic scale of the ordinate. Circles represent
reactions with cyclic reactants. Numbers indicate reactions as listed in
Table 1.

micity involving both highly branched and cyclic reactants. All
the H~ transfer reactions for which kinetic data were obtained
in our laboratory are listed in Table I. The table also shows the
exothermicities of these reactions, the rate constant at 450 K,
which is about the middle of the temperature range in most
studies, and the magnitude of the negative temperature coef-
ficient of k, i.e. n in the expression k = AT~

Inspection of the data in Table I shows the great kinetic
variability of H™ transfer reactions between carbonium ions
and tertiary hydrocarbons. The reaction rate constants at 450
K span a range of about four orders of magnitude; i.e., collision
efficiencies vary from 1 to about 1 X 107*. The temperature
coefficients are also seen to vary widely from 7715 to 7768,
The latter is by far the largest negative temperature depen-
dence observed to date for a bimolecular exchange reaction in
the gas phase. Inspection of the data also reveals these trends:
As one proceeds from the highly exothermic reactions of the
C,H;st ion through the reactions of sec-C3H7* to the slightly
exothermic reactions of tertiary ions with more complex
structures, the rate constant is seen to decrease and the tem-
perature dependence is observed to become increasingly more
negative.

The increase in rate constant with increasing exothermicity
is clearly shown in Figure | throughout the entire set of reac-
tions. In addition to this qualitative relationship, the data
suggest that a more quantitative relationship might exist.
Specifically, the plot of In k450 vs. —AH®° divides the reactions
into three groups according to the nature of the reactant ion:
C,H;s* (primary), sec-C3H7 (secondary), and 1-C4Ho*, etc.
(tertiary). Within each group, the correlation between k450 and
AH® may be expressed by the equation

k= Ce BAH® (N

where C and g are constants which depend upon the nature of
the reaction. A number of reservations are in order concerning
the application of eq 1 to our data. We note that the number
of points within each group of reactions is small. Also, the
temperature coefficients of the reactions in Figure 1 vary from
reaction to reaction (Table I). Since the rate constant in gen-
eral correlates inversely with temperature coefficient, the slow
reactions with lower exothermicities will get increasingly
slower with increasing temperature. As a result, the plots in
Figure | will get increasingly steeper with increasing T, i.e.,
Bineq 1 will increase with 7. The degree of correlation in the
plots of Figure 1 will also vary with temperature.
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Figure 2. Correlation between temperature coefficients, ie., n in k =
AT~ and the rate constants. Circles represent reactions with cyclic
reactants. Numbers indicate reactions as listed in Table 1.

The other correlation of interest, one that is observed be-
tween In k4so and the exponent of the temperature coefficient,
is presented in Figure 2. Although a scattering of points is seen,
a correlaton is clearly noted. Statistical analysis shows a cor-
relation coefficient!é of —0.79 between In k and # for reactions
which do not involve cyclic reactants. The case of cyclic reac-
tants, which deviate from the correlation line, will be discussed
separately.

Discussion

A correlation between exothermicities and activation
energies was first reported by Polanyi for the reaction of the
sodium atom with series of homologous alkyl halides.?-5 A
linear relationship between the activation energy and exo-
thermicity was found by Semenov® to apply to an extensive set
of substitution and addition reactions between radicals and
molecules. Semenov expressed the Polanyi relation in the
form

Ey=A—-aq (2)

where A is a constant for a series of homologous hydrocarbons,
E is the activation energy, and q is the exothermicity of the
reaction. Cvetanovic’ found that a linear relation between
activation energies and reaction exothermicities also applies
in the reactions of oxygen atoms with olefins.

Even with the aforementioned reservations concerning the
application of eq 1 in mind, it is interesting to compare our
results with the Polanyi relation. For reactions with an Ar-
rhenius behavior, ie., k = C exp(—Eo/RT), the Polanyi
relation (eq 2) yields k = C exp((—4 + q)/RT) = C’
exp(ag/RT). At a given temperature this expression has the
same functional form as eq 1, with 8 = a/ RT. However, the
Polanyi coefficient, a/RT, will decrease with increasing
temperature, while the coefficient 8 should increase with in-
creasing temperature, as noted above. We wish to suggest a
possible, though speculative, rationalization of the similarity
between the Polanyi relation (eq 2) for reactions with activa-
tion energies and our findings (eq 1) for reactions without
activation energies. Farneth and Brauman® suggested that slow
ion-molecule reactions may involve internal barriers, which
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are, however, lower than the energy of the separated reactants.
Specifically, the following mechanism may apply:

b

[ )

[Ri-H--RJ* = (R~ HRJ" = R-HR]' g

kcukb l

RH + R* R* + RH

Owing to ion-induced dipole interactions, and possibly also
more specific bonding, the energy of all the intermediates is
lower than the energy of R{H + R,*. However, it is suggested
that the energy of [R;-«H«-R;]* is higher than that of [R;-
H.«R,]* and of [R;--H-R]*. Thus a barrier to the forward
reaction exists and RRK considerations suggest that this en-
ergy barrier will affect the magnitude of k. If this energy
barrier decreases with increasing exothermicity in a set of
homologous reactants, in a manner similar to the Polanyi
relation, then k, will increase correspondingly and the observed
relation between k and —AH?® is accounted for.

In their work on the kinetics of slow ion-molecule reactions,
Ausloos and Lias noted several instances of direct relation
between exothermicity and rate constant for charge transfer
reactions,>!® four-center reactions between CX3* and al-
dehydes and ketones,!! as well as H™ transfer reactions in-
volving CX3* and series of homologous alkanes.!2 It thus ap-
pears that a relation between rate and exothermicity may be
of some generality in ion-molecule kinetics.

The second relation of interest in the present data is that
between rate constants and temperature coefficients (Figure
2). In previous publications!-2 we interpreted the negative
temperature coefficients of H™ transfer reactions on the basis
of transition state theory (TST) considerations, which led to
the equation

k= CT-(2+r/2) (4)

Here r is the number of internal rotors in the reactants which
become hindered upon the formation of the bimolecular re-
action complex. We note that the TST considerations imply
that the rate constant and its temperature coefficient should
be correlated as follows. The functional form of our tempera-
ture coefficients is k = 47 ~". Comparing this result with eq
4, we observe that n = (2 + r) /2. As r increases, n increases,
the magnitude of T-" decreases, and k (eq 4) decreases. Thus
we observe that for a series of reactions, other factors affecting
the rate constant being comparable, TST considerations pre-
dict an inverse linear relation between In & and r, such as is
found in Figure 2.

For the reactions of acyclic reactants in Figure 2 we note
that progressively slower reactions and higher values of n also
involve progressively more complex reactants; i.e., the hin-
drance of an increasing number of internal rotors at the reac-
tion center is becoming possible upon the formation of the re-
action complex. Thus the relation observed in Figure 2 is
consistent both with the functional form of the relation between
In k and n and with the qualitative relation between temper-
ature coefficients, rate constants, and reactant structure, as
predicted by TST.

The reactions involving cyclic reactants that were investi-
gated in this work are slightly exothermic and correspondingly
slow. However, in Figure 2 we note that these reactions exhibit
significantly smaller temperature coefficients than reactions
of acyclic reactants. These less negative temperature coeffi-
cients can be expected on the basis of TST arguments. Thus
reactions of cyclic compounds, such as reactions 12, 21, and
22 (Table I), start with reactants with a total of only four,
three, and three free internal rotors, respectively. This is, of
course, the maximum number of rotors that can be hindered
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upon the formation of the reaction complex. Thus the largest
negative temperature coefficients that can be justified on the
basis of the relation n = (2 + r)/2 for these reactions are 774,
T35, and T7373, respectively. On the other hand, the total
numbers of internal rotors in reactions 10, 11, 14, and 18 are
8,9, 10and 11 (some of these may already be hindered in the
neutral reactants). Temperature coefficients as as large as
T-5-T-75 could therefore be explained for these reactions,
although it may be difficult, for example, to hinder seven rotors
upon the formation of the transition complex from the reac-
tants of reaction 14. The small temperature coefficient of 771+
for reaction 13 can be justified on the basis that there are no
free rotors in norbornane; in fact, TST requires that r = —1
in this case, i.e., a new rotor has to be formed in the complex
in this reaction. Indeed, a new internal rotation can be seen
around the bond (CH3)3C*- - -H-C(Cg¢H,,) in the reaction
complex. The simple TST relation of eq 4 is therefore consis-
tent with the temperature dependences that we observe in the
present set of reactions. We note that none of the 22 reactions
examined shows a temperature coefficient large enough to rule
out its rationalization on the basis of TST, i.e., eq 4. This is
encouraging, since some reactions were studied specifically to
test for this possibility. Thus a temperature coefficient of 7710
in any of the open-chain reactant cases, or as high as 772 in
the cyclic reactants, would have required the postulation of
more hindered rotors in the reaction complexes than could
possibly be accounted for in these reactions.

In summary, increasing exothermicity is observed to cor-
relate with increasing rate constant throughout the set of 22
H~ transfer reactions that we observed. We also observe a
trend of increasingly large negative temperature coefficients
associated with decreasing rate constants and with increasing
complexity of the reactants. The latter relations are justified
by TST consideration. However, the relation between ex-
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othermicities and rate constants cannot be justified by the
simple TST relation of eq 4. This relation may reflect the
variation of internal energy barriers with the variation of ex-
othermicities in a Polanyi-type relationship. In turn, the effect
of the variation of internal energy barriers on the rate constants
can be justified by the application of unimolecular dissociation
theory to the reactions of the reaction complex, along the line
suggested by Farneth and Brauman.8 We note that the appli-
cation of TST and unimolecular dissociation theory concepts
to slow ion-molecule reactions is not incompatible, since both
the entropy of the reaction complex and internal energy bar-
riers associated with this complex will affect the rate constant
and its temperature dependence.
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Theoretical Studies of Thermal Rearrangements.
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Abstract: The surface for the degenerate thermal rearrangement of methylenecyclopropane has been investigated by a molecu-
lar orbital method (PRDDO). Optimized geometries are presented for methylenecyclopropane and for three forms of trimeth-
ylenemethane: D3, triplet, Cy perpendicular singlet, and Cy, planar singlet. The Cy, perpendicular singlet is stable by 1.8
kcal/mol over the planar C, singlet state. The maximum calculated activation energy, 47.7 kcal/mol is in reasonable agree-
ment with the experimental activation energy of 40.1 kcal/mol for a similar rearrangement. The barrier to ring closure is ap-
proximately <3.3 kcal/mol. A low-energy path was found having a barrier of 2.8 kcal/mol for permutation of the unique
methylene group. The barriers to internal rotation in the singlet states of two isomeric bisallyl molecules (2,2’ and 2,4) are 2,1
and 2.6 kcal/mol, respectively. These low barriers to rotation are important in explaining the racemization observed in the
thermal rearrangements of optically active, substituted methylenecyclopropanes and 1,2-dimethylenecyclobutanes.

Introduction

The interaction of radical centers on the same molecule
is important in understanding the potential energy surfaces for
thermal rearrangements of small organic molecules. A suitably

* Junior Fellow, Society of Fellows, Harvard University.
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simple system is methylenecyclopropane. Rearrangements of
substituted methylenecyclopropanes have been the focus of
numerous experimental studies and some theoretical work.
Ullman! found that some chirality was retained in the thermal
rearrangement of Feist’s ester, 1. Doering and Roth? showed
that the rearrangement of 1 proceeded with inversion of con-
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