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Abstract-Abinirio RHFcalculationswith the3-21G basisset havebeencarriedout oncycloadditionsofCF, 
and Ccl, with ethylene. Although n-complexintermediates are predicted for both reactions at this level, MP2/3- 
21G calculations imply that there are no complexes in reactions of Ccl, or more reactive carbenes with 
ethylene or substituted alkenes. Nevertheless, negative activation energies can be observed, since AC reaches a 
maximum due to the increase in - TAS for these bimolecular reactions. The apparent “entropy control” for 
reactive carbenes results from the rapid decrease in AH. As the reactivity of the alkeneincreases, the transition 
state shifts to an earlier point on the free energy surface, where - TAS* is lower, but AH* is higher than 
for less reactive alkenes. Model ootentials are develooed for AH and - TAS which reproduce experimental 
behavior, without the assumption of intermediates. a 

Carbe.ne reactions have experienced intense scrutiny 
beginning even before the christening of methylenes as 
“carbenes” in the famous nocturnal taxi. These small, 
but potent, species are highly reactive electrophiles. 
Because they are both relatively small and interesting, 
carbenes have been the subject of many theoretical 
investigations. l-4 The relationship between sub- 
stituents, singlet-triplet gaps,4 and singlet reactivities 
and selectivitia’ have been investigated in detail. The 
non-linear approach of singlet carbenes to alkenes has 
been reaffirmed numerous times.’ Elsewhere in this 
Symposium-in-Print, a variety of interesting experi- 
mental phenomena recently discovered for carbene 
cycloadditions are described. In this article, we describe 
the details’ of our most recent theoretical investiga- 
tions of carbene cycloadditions, which have led us to 
propose new postulates about the origin of anomalous 
selectivities, “entropy control”, and negative activation 
energies observed for some of these reactions. 

It has long been known that most carbenes are 
electrophilic species which react faster with electron- 
rich alkenes than with electron-deficient alkenes.5-7 
Thus, halocarbenes and most substituted carbenes 
have negative Hammett ps in reactions with substituted 
styrenes, and more highly alkylated alkenes react faster 
than less alkylated alkenes with most carbenes. Only 
potent electron-donor substituents on a carbene can 
render it ambiphilic or even nucleophilic.2*8 

For dichlorocarbene, Skell showed that alkenes 
react in the order: tetralkyl > trialkyl > dialkyl > 
monoalkyl. 5*6 Moss has systematized this reactivity 
order for a variety of carbenes,**’ and has proposed a 
selectivity index, m.-xv, which is the slope of the plot of 
log 4% versus log && towards a series of 
alkylethylenes.’ We recently showed that these room 
temperature selectivities of carbenes toward a series of 
alkylethylenes (Moss’ %v values) are correlated with 
carbene stabilities.* Thus, whereas CH, is unselective, 
donor substituents stabilize carbenes and increase their 
selectivities. Presumably, the rate of reaction of the 
carbene is decreased, as well, although this has not been 
determined experimentally. This normal reactivity- 

. 

selectivity relationship implies that activation enthalpy 
variations control selectivity. 

This treatment seemed to elucidate the details of 
carbene selectivity satisfactorily, but in making these 
conclusions we had conveniently overlooked experi- 
mental data which indicated that enthalpic variations 
do not always control reactivity and selectivity. For 
example, in 1969, Skell and Cholod reported that the 
relative rates of Ccl, cycloadditions to alkylethylenes 
were paralleled by the differences in entropies, not 
enthalpies, of activation.6 Representative data are 
listed in Table 1. Although no regular pattern is seen in 
the enthalpies of activation, the entropies correlate 
roughly with rates. Skell proposed that more reactive 
alkenes have earlier transition states. The earlier 
transition states have lower vibrational frequencies and 
thus have less negative entropies than late transition 
states. It was assumed that all alkenes had similar small 
positive enthalpies of activation with CC12.6 

Giese et al. undertook a systematic investigation of 
the temperature dependence of the selectivities of the 
halocarbenes, CF,, CFCl, CCl,, CClBr and CBr,.‘-‘* 
Figure 1 is a qualitative plot of the temperature 
dependence of the selectivities observed for a 
representative pair of alkenes. Other alkene pairs show 

Table 1. Relative rates and activation parameters for reactions 
of CCll with alkenes (Skell and Chok@ 

Alkene k&OT) AAH’ MS’ 

2-Methoxy-3- 
methyl-i- 
butene 7.8 +0.30 + 5.72 

23-Dimethyl- 
2-butene 

Z-Methyl-Z 
butene 

Isobutene 
cis-2-Butene 
Propene 

4.65.6* 0.X3-0.89* 5.97-7.9s 

3.0-3.3’ 0.07-0.26. 2.43-3.81. 
co.;1 lo.001 

-1.25 
1.19 -2.16 

l Dependent upon the method of generation of CC&. 
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Fig. 1. Behavior observed by Giese et aL9-” for reactions of 
various carbenes with a pair of alkylethylcnes. 

very similar plots, with the more highly alkylated 
species always reacting faster than the less alkylated 
alkene. All halocarbenes are found to be equally 
selective at 360 K, the “isoselective temperature”. 
Below 360 K, the “normal” selectivity is observed, but a 
reversal in selectivity occurs above 360 K.9-1’ The 
selectivity of CF, is “normal”, controlled by enthalpies 
ofactivation. CF, is more selective at low temperatures 
than at high, and the entropy works against enthalpy, 
favoring the less substituted alkene (Table 2). This plot 
implies that the less substituted alkene would become 
more reactive toward CF, at very high temperatures, 
where entropy would control reactivity. 

The selectivity of CCl, is temperature independent, 
indicating that the relative rates of reaction are 
controlled by entropies of activation, since AH* is 
essentially identical for both alkenes. The selectivity of 
CBr, shows an inverse temperature dependence. Here, 
entropy favors the more alkylated alkene, while 
enthalpy has a small influence in the opposite direction. 
Thus, one would predict higher reactivity for the less 
alkylated alkene at sufficiently low temperature, if this 
plot remains linear. 

CFCI and CBrCl are intermediate cases. Thus, as 
summarized in Table 2, enthalpic variations control 
selectivities of CF,, while entropy controls the 
selectivities of CCll and CBr,.” 

Table 2. Relative activation parameters for cycloadditions of 
carbines with isobutcne, 2-methyl-tbutcne and 2,3dimethyl- 

2-butene (Gie-se)“’ * 

AH’(DME)t dS’(DME)t 
Carbene -AH’(TriME)t -AS*(TriME)t 

CFz 1.9 3.1 
CFCI 1.2 1.2 
CCI, -0.1 -2.6 
CClBr -0.61 -4.1 
CBr, - 1.4 -6.2 

AH’(DME)t AS*(DME)t 
- AH’(TME)t - AS’(TME)t 

CFz 3.4 5.0 

CCL -0.3 -5.3 
CBr, -2.4 -11.2 

l W. B. Lee, Dr. rer. nat. Dissertation, Technische 
Hochschule Darmstadt, 1981; C. Stiehl (nez Neumann), Dr.- 
Ing. Dissertation, Tcchnische Hochschule Darmstadt, 1983. 

t DME = isobutene, TriME = 2-methyl-Zbutene, TME 
= Z3dimethyL2-butene. AAH' in kcal/mol. MS* in e.u. 
&al/“-mol). 

Table 3. Activation parameters for phenylchlorocarbene 
cycloadditions to alkenes” 

Alkene 

2,3-Dimethyl-2-butene 
2-Methyl-2-butene 
truns-2-Pentcne 
I-Hexene 

AH’ Ass’ 

-4.4 -23 
-3.1 -22 
- 1.6 -20 
- 1.5 -21 

In the last few years, there have been experimental 
measurements of absolute rates of cycloadditions of 
some carbenes. Zero or negative activation energies 
were measured for processes initially believed to be 
cycloaddition reactions of singlet fluorenylidene, and 
triplet fluorenylidene, 13’ but these processes were 
shown by Griller et al. to involve the triplet carbene 
reactions, which may be a complicated function of 
intersystem crossing and reactions of both the singlet 
and triplet. ” Negative activation energies have been 
measured for the reactions of singlet phenylchlorocar- 
bene and various phenyl-substituted derivatives.” 
Some of these data are summarized in Table 3. It has 
been concluded that an intermediate (n-complex) is 
formed in these reactions. Conversion of this complex 
to products involves asecond barrier which is below the 
energy of the reactants.10*13-‘5 This postulate is 
represented by the energy diagram in Fig. 2. The higher 
reactivity at lower temperature is said to result in such a 
case from the fact that thedissociation ofthecomplex to 
reactants is accelerated more than the formation of 
products as the temperature is raised. This arises 
because complex dissociation has a higher activation 
energy than cycloaddition. Giese also postulated that 
the reactive halocarbenes, whose reactions are entropy 
controlled, would have negative activation energies.” 
He proposed that the conversion of complex to 
products was more difficult for the more substituted 
alkene, since this is the nucleophilic phase of the 
cycloaddition.” This hypothesis is represented by the 
dashed line in Fig. 2. No explanation of the relatively 
favorable effect of entropy on the reaction of the more 
substituted alkene was offered. 

Negative activation energies and entropy control of 
reactivity have also been observed for singlet oxygen 
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Fig. 2. Proposed energy versus reaction coordinate diagram to 
explain negative activation energies. For CBr,, the full and 
dashed lines represent less and more substituted alkenes, 

respectively. 
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Table 4. Energies of reactants, intermediates, transition structures and products (au.). Relative energies (kcal/mol) are given 
in parentheses. All calculations were carried out at 3-21G geometries 

3-21G 

CF, 

6-3lW MP2,‘3-21G 

ccl, 

3-21G MP2/3-21G 

CX,-ethylene 

Intermediate 

Transition structure 

Dihalocyclopropane+ 

-312.97580 
(0) 

- 3 12.97892 
(-2.0) 

-312.93294 
( + 26.9) 

-313.04534 
( - 43.6) 

-314.68954 
(0) 

- 314.69098 
(-0.9) 

-314.64033 
( + 30.9) 

-314.76289 
(-46.0) 

-313.46901 
(0) 

-313.47207 
(- 1.9) 

-313.44725 
(+ 13.7) 

- 3 13.54232 
( - 46.0) 

- 1029.70479 
(0) 

- 1029.70831 
(-2.2) 

- 1029.70680 
(- 1.3) 

- 1029.82059 
(-72.7) 

- 1030.0635 1 
(0) 

- 1030.07033 
(-4.3) 

- 1030.07913 
(-9.8) 

- 1030.18324 
(-75.1) 

l Heats of reaction have been estimated as -46 for CF, and -70 for Ccl,.* 

reactions with reactive afkenes,’ ‘j and in the quenching We have also developed anew hypothesis to explain the 
of ketone triplet excited states by alkenes.” In both of entropic control and negative activation energies 
these cases, intermediates have been postulated. In fact, described above for some halocarbene cyclo- 
it seems an inviolable tenet of organic chemistry that a additions.17E In order to show that this hypothesis is 
negative activation energy is proof of the reversible capable of explaining the data quantitatively, we have 
formation of complexes and an energy profile such as devised model functions for enthalpies and entropies of 
those shown in Fig 2. halocarbene cycloadditions. 

In this paper, we report new theoretical investi- 
gations of dihalocarbene cycloadditions to simple 
alkenes3 Both energies and vibrational frequencies for 
stationary points have been calculated in order to 
obtain H, S and G, and to acquire some insights into 
the phenomena described above. Unfortunately, the 
systems studied have 5-7 heavy atoms, so that the 
calculations were carried out with rather small basis 
sets, and correlation energy corrections could lx. made 
in only a few cases and at a primitive level. In spite of 
these limitations, the calculations do lead to several 
reasonable conclusions about the magnitudes of 
enthalpic and entropic effects in these cycloadditions. 

Ab initio calculations on halocarbene cycloadditions 
In order to explore these aspects of potential energy 

surfaces for carbenes and related reactive species, we 
undertook ab initio calculations on the structures, 
energies and entropies of possible intermediates and 
transition structures involved in the cycloadditions of 
Ccl, and CF, to ethylene. Structures of stationary 
points obtained using the 3-21G basis set’* and 
gradient optimizationsL9 are given in Fig 3, while 
energies at 3-21G, 6-31G*,20 and MP2/3-21G2’ levels 
are given in Table 4. 

The 3-21G gradient optimized transition structures 
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Fig. 3. 3-21G Structures of reactants, complexes, transition structures and products in CC13 and CF, 
cycloadditions to ethylene. 
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Fig.4.3-2lGstructuresoftransitionstructuresforreactionofCF,withpropene.Theencrgiesare23.6and23.7 
kcal/mol above the energies of isolated reactants. 

are quite similar to those reported in our earlier work 
with the STO-3G basis set and serial optimixations.2 
Using gradient techniques, intermediates are now 
found for both reactions. These intermediates either do 
not exist at the STO-3G level, or were missed due to 
incomplete searching at the large values of the reaction 
coordinate where their minima occur.’ 

Each complex consists of an essentially undistorted 
ethylene arranged in a plane nearly parallel to that of 
the slightly distorted singlet carbene. A very small 
amount of charge transfer from ethylene to the carbene 
occurs in the complexes, but charge transfer from 
alkene to carbene is increased in the transition 
structures. Even though the carbene tilts in the 
transition state, the direction of charge transfer still 
indicates that the transition state is predominantly an 
electrophilic phase. The complexes are very flexible, 
with several vibrational frequencies near zero, so that 
little energy is required to move the carbene with 
respect to the ethylene. 

We were concerned that these complexes might be 
artifacts of basis set superposition error. For this 
reason, we also carried out calculations with the 6-21G 
basis set, which has a more flexible inner shell, so that 
the superposition error should be smaller. In fact, the 
stability of the complexes does decrease at this level, but 

they still exist as energy minima (however, see below). 
At the 3-21G level, the transition structure for CCl, 

cycloaddition is lower in energy than the energy of the 
reactants. Thus, a negative activation energy is 
predicted at this level, apparently in good accord with 
the experimental results summarized in Table 3 for 
related carbenes. However, with inclusion of corre- 
lation energy, even at the MP2/3-21G level, the 
complex disappears and no barrier at all to 
cycloaddition is predicted! We believe that better 
calculations would show that complexes are not energy 
minima.22 

We also studied the reactions of CCl, with propene 
and isobutene. Even at the 3-21G level, no stable 
complexes and no activation barriers to cycloaddition 
are found. That is, attempted optimization of 
complexes gives the cyclopropanes. When r, the 
distance from the carbene carbon to the midpoint of the 
alkene double bond, is gradually decreased, the energy 
steadily decreases, and no barrier to reaction is found. 
When geometries were optimized at a carbene-alkene 
distance corresponding to that of the (artifactual) 
3-21G transition state for the CCl,&hylene reaction 
(r = 2.013 A), CCl,-propene and Ccl,-iso- 
butene supermolecules are 4.0 and 6.6 kcal/mol more 
stable than the isolated reactants. Thus, no stable com- 

Table 5. AH, AS and AC from 3-21G calculations for CX,-ethylene reactions* 

AE Z.P.E.7 AH$ Ss=ll - TASz9sK AC 

CCI, + ethylene 0.0 36.8 0.0 116.1 0.0 0.0 
x-complex7 -22 38.0 -1.6 83.0 10.1 8.6 
Transition state - 1.3 39.0 0.3 79.3 11.0 11.3 

CFs +ethylene 0.0 39.2 0.0 109.6 0.0 0.0 
z-complex -2.0 39.8 -0.9 87.3 6.7 5.6 
Transition state 26.9 41.4 28.2 71.7 11.4 39.6 

l Energies, geometries and vibrational frequencies (vJ from 3-21G calculations ; cmrgics 
and enthalpies in kcal/mol ; entropies in e.u. (Gibbs/mol). 

tZ.P.E. = 1/2hx, v,. The imaginary frequency is neglected in the transition state 
calculation. 

$AHz9s = AE+A(Z.P.E.)+4RT+x,hvJ(e s’*~ - 1). Values of the last term range from 
3.4 to 4.7 kcal/mol at 298 K. 

1) Evaluated from mass, moments of inertia, and vibrational frequencies according to ref. 
24. Electronic entropies were neglected. For comparison, experimental entropies are 116.1 
e.u. for CCl,+ethylene and 109.9 e.u. for CF,+eU~ylene.~~ Estimated entropies for 
difluorocyclopropane and dichlorocyclopropane are 68.7 and 73.3 e.u., respectively, using 
Iknson’s tables.z4g 

1 v, were estimated for this species AS for this species is not included in Fig 5. 
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plexes are predicted at reasonable levels of theory, 
and we believe that this conclusion will survive at 
more respectable levels of theory.22*23 

The relatively large activation energy for the reaction 
of CF, with ethylene, which is approximately correct2 
at the MP2/3-21G level, is a result of the large 
stabilization ofthe carbene by the fluoro substituents.2 
A very weakly bound complex is predicted for CF2. The 
slight stability of this species relative to the isolated 
reactants may well be an artifact of the use of small basis 
sets and neglect of adequate correlation energy 
corrections.22 

We have also located two transition states for the 
reaction of CF, with propene. These are shown in Fig. 
4. The carbene shows an insignificant preference for 
attack in one of the regiochemically possible ways. 
Both of these lead to the same product. The pre- 
dicted activation energies for these processes are 3.3 
and 3.4 kcal/mol less than for the reaction of ethy- 
lene. The position of these transition structures 
along the reaction coordinate are similar for both 
ethylene (r = 1.832 A) and propene (r = 1.794 or 
1.839 A). 

Thus, the picture given by the calculations fits well 
with expectation. (1) Alkyl groups on the alkene lead to 
a more stabilizing alkene-carbene interaction; (2) the 
relatively unreactive carbene, CF2, has a substantial 
barrier which is lowered by alkyl groups on the alkene ; 
(3) there is no barrier for the reaction of Ccl, with 
alkenes. 

However, these calculations are for vibrationless 
species at 0 K. In order to make zero point energy 
corrections, as well as determinations ofenthalpies and 
entropies, we carried out calculations ofenthalpies and 
entropies ofthe 3-21G stationary points using standard 
formulae,24 and the masses, 3-21G moments of inertia, 
and 3-21G vibrational frequencies. The harmonic 
vibrational frequencies of reactants, complexes, and 
transition structures were computed from analytical 
secondderivativesanddiagonalizationsoftheresulting 
force constant matrices. These quantities, and the AC” 
for each species at 298 K are listed in Table 5. 

In each case, the largest portion of the negative AS is 
caused by the decrease in translational entropy (- 35 
e.u.), which is essentially constant for bimolecular 
reactions. The smaller differences in entropies for weak 
complexes and tighter transition states are due to 
increases in vibrational frequencies, which lower 
vibrational entropies. 

We also discovered that thedifferences in entropies of 
reactants and different stationary points are re- 
markablyindependent ofthecarbene. For example, the 
experimental entropies of reaction of CH,, CF, and 
Ccl, with ethylene are -41.9, -41.2, and -42.8 e.u., 
respectively.24” Using these values, and our computed 
values for complexes and transition states, we find that 
s” = 10.3% - 56.67, where r is the reaction coordinate, 
which is the distance from the carbene carbon to the 
midpoint of the alkene C=C bond. The straight line in 
Fig. 5 shows the corresponding correlation for - TAS. 
This should only be an accurate linear relationship for 
relatively late geometries. This linear function seems a 
reasonable approximation for r between 4 A and the 
product cyclopropanes, but - TAS should drop off to 
zero at moderate distances. We used the curved 
function shown to treat more reactive carbenes (see 
later). 

lo 

-TAS 

t 

+--T-r+ 1 
R 

Fig. 5. Linear correlation of - 7X versus r. between I .2 and 
4A.Thepointsussdinderivingthiscorrelationareshown.The 
curved line represents the function used for - TAS at r > 4 A, 

assuming a smooth decrease in -TAStozeroatr>7A. 

A perusal ofTable 5 shows that even using the 3-21G 
values to obtain AH and AS, the complexes are not 
likely to be free energy minima at room temperature. 
Even ifthere were small depressions (and minima) in the 
free energy surfaces at 298 K, these would probably 
disappear in solution, since the solvents ordinarily used 
for carbene reactions (ethers or halocarbons) should be 
better Lewis base carbene-complexers than alkenes. 
For example, we optimized the structures ofcomplexes 
of Ccl, or CF, with H20. The resulting species, shown 
in Fig. 6, are 23.6 and 9.7 kcal/mol, respectively, more 
stable than the separated species at the MP2/3-21G 
level. These calculations probably overestimate the 
stabilities of these complexes, but the conclusion that 
the interaction of ethers with carbenes are more 
stabilizing than interaction ofalkenes with carbenes at 
long distances should survive at better computational 
levels. Indeed, such complexes have been established 
experimentally.25 

Our calculations suggest that no stable complexes, 
other than possible solvent “cage” complexes, areformed 
between alkenes and Ccl, or more reactive carbenes. 

If there are no complexes and no enthalpic barriers to 

Fig. 6. 3-21G geometries of carbene-water compkxes. 
Complexes optimixai with d&rent symmetries are very 

similar in energy. 
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reaction for the cycloadditions of Ccl,, CClBr and 
CBr, to alkenes, how can entropy control and negative 
activation energies be observed experimentally? We 
seem to have replaced a marvelous hypothesis with 
stupefying confusion! However, we have developed a 
new hypothesis to explain all of these mysteries, as well 
as a mathematical model which reproduces semi- 
quantitatively the effects observed by G&e. For the 
moment, we offer this hypothesis couched in the 
familiar fabric of transition state theory,26 but 
anticipate re-upholstering this argument in terms of 
modern dynamical theory in future publications. 

A new hypothesis for negatiue actiuation energies and 
entropy control of reactivity 

Our hypothesis is based upon several results of the 
calculations described earlier. First, the entropy 
changes in the cycloadditions ofcarbenes to alkenes are 
assumed to be a function of the reaction coordinate, r, 
separating the carbine carbon from the alkene 
midpoint, but are essentially independent of the 
carbene or alkene. Thus, in our model, we used the 
functions described earlier (Fig. 5) to approximate 
the entropy as a function of r. 

Secondly, for AH, we have used information from our 
calculations, or judicious guesses described below, to 
establish potential energy surfaces. However, the 
remaining features ofour model are not a direct result of 
the quantum mechanical calculations. Instead, it is a 
speculative proposal which we feel gives a good 
explanation of the data, is different from the s-complex 
model, and gives different, experimentally varifiable, 
predictions. 

The key to the argument is that fast bimolecular 
reactions may have significant free energy barriers even 
in the absence of enthalpic barriers, due to the decrease 
in entrody occurring as two molecules unite to form 
one. In the absence of an enthalpic barrier, as for CC& 
and CBr, reactions, the position of the transition state, 
and thus the rate of reaction, is determined by the point 
where favorable enthalpic factors overcome un- 
favorable entropic factors. 

This idea is related to the recent suggestion, by 
Doubleday et 01. that the tetramethylene diradical is an 
entropy-bound minimum.” Thus, conversion of 
tetramethylene to cyclobutane. or to two ethylenes 
occurs with no enthalpic barrier, but with an entropic 
barrier. Doubleday also pointed out the possible 
relevance of this idea to carbene reactions at the 
Structure-Energy Conference in Asimolar in March, 
1983. 

Our models for theenthalpy, entropy and free energy 
changes for reactions of CF2, Ccl, and CBr, with 
isobutene and tetramethylethylene are shown in Figs 
7-9. 

For each carbene, we have used an “‘inverted Morse 
function” to simulate the behavior of AH along the 
reaction coordinate : 

Here, AH is the enthalpy, relative to the reactants, at 
298 K. Except for the small variations in AH with 
temperature, the maxima in these functions would 
correspond to the position ofthe transition state AH: at 
0 K. The quantity r’ is the value of the reaction 
coordinate at the enthalpy maximum. r’ is adjusted 
both to be reasonable, and to make the model work. /3 

\ 
d 

I 

\ 

I 
I.25 

Fig. 7. AH, TAS and AG protiles for reaction of CF, with 
isobutene (---) and tetramethylethylene (-) at 298 K. 
Vertical lines represent positions of the critical points for the 
two reactions, and intersect the curves at values of AG*, AH* 

and -TASr. 

controls the curvature of the AH curves, and is an 
adjustable parameter in our model. The various 
parameters used to derive the curves shown in Figs 7-9 
aresummarizedinTable6.ThevaluesofAH,forCF2 
are those estimated from the experimental value of the 
activation energy for the CF,+thylene reaction, and 
our calculations of the influence of methyl substituents 
on this activation energy. For Ccl, and CBr,, the 
values of AH_ are chosen to be essentially zero. The 
small value of AH,,, and the position of the maximum, 
control the point from which AH decreases below the 
energy of the. reactants. These “inverted Morse 
functions” are only good approximations to H in the 
region of the transition state. In order to model the full 
H surface, a different function would have to be used in 
the region of products, or a more complicated function 
would be necessary in order to produce a proper energy 
minimum at the product geometry.29 While we 
anticipate the eventual development of such a model, 
we adopt the mathematically simpler model here. 

For CF2, we have performed a transition state 

Table 6. Parameters derived for the “inverted Morse 
functions” used to model H* 

Reaction* f AH, B 

CF2+DME 4 8.0 0.25 
CFI+TME 4 4.1 0.25 
CC& + DME 5.5 0.001 1.2 
CCI, + TME 5.5 0.001 1.4 
CBr, + DME 15 O.oool 0.432 
CBr, +TME 15 0.0001 0.45 1 

* DME = isobutene (1,ldimethylethylene or 2-meth- 
ylpropene); TME = 2,3_dimethyl-2-butene. 
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Table7.Summaryofthequantitiorobtainedfrommodelpotcntialsplotttdin 
Figs l-9 

Reaction r(A) at G, AH’(298 K)’ @(298 K)t ACT298 K)t 

CFI+DME 2.35 5.91 - 32.4 15.6 
CF,+TME 1.75 2.02 - 38.6 13.5 
CC& + DME 2.50 - 1.27 - 30.8 7.9 
CC& +TME 3.00 -1.03 -25.6 6.6 
CBr, + DME 3.05 -3.01 - 24.0 4.2 
CBr, +TME 4.28 - 1.56 - 15.9 3.2 

l In kcal/mol. 
t In e.u. 

calculation on the reaction with propene which 
indicates that the position of r’ is the same for both 
alkenes. We estimate that .AH, for tetramethylet- 
hylene is 3.3 kcal/mol less than that for isobutene. 
Figure 7 shows the plot of AH, - TAS and AC at 298 K 
for the reactions of CF, with DME and TME. This plot 
is representative of expected behavior of a relatively 
unreactive, “enthalpy controlled”, carbene. Since 
- TAS increases regularly along the reaction path, the 
transition state will shift to a later, tighter geometry as 
the alkene reactivity is increased, and the - TAS term 
will disfavor the reaction of the more substituted 
alkene, in opposition to AH. This arises due to the fact 
that the maximum in AC occurs at that value of r 
where the positive slope of the - TAS curve equals the 
negative slope of the AH curve. Table 7 summarizes the 
values of AH’, AS’ and AC* obtained from this plot. 

Of course, the position of the transition state will be 
temperature dependent, shifting to smaller values of r 
(later along the reaction coordinate)as the temperature 
is raised. Even if AH and AS were temperature 
independent, a plot of log K versus l/T should give a 
slope and intercept indicative of some average value of 
AH* and AS*, or values which deviate systematically 
from those obtained at a single temperature. When we 
plot the values of -AG*/RT calculated for each 
temperature by finding AC, as in Fig. 7, we find the 
“pseudo-experimental” values of AAH’ and AAS’ given 
in Table 8. These values agree satisfactorily with Giese’s 
experimental values. 

For Ccl,, AH, was assumed to be negligible (Table 
6). The resulting AH, -TAS and AC functions are 
shown in Fig. 8. The /?s for DME and TME were 
adjusted so that AC* at 298 K was close to the 
experimental value of 1.3 kcal/mol. Variations of Bs 
over a wide range give AAH’ near zero, with the 
position of AC, and the value of AC*, determined 
mainly by the - TS and - TAS values. This agrees well 
with experimental results on alkylethylenes and 

styrenes, where AAH* is always near zero, and 
reactivity is controlled by entropy.‘-” Numerical 
values obtained from Fig. 8, or the corresponding plot 
of -AG*/RT versus l/T, are summarized in Tables 7 
and 8. We predict small negative activation energies for 
these reactions, in spite of the absence of complexes in 
our model. Small variations in AH* and entropy 
control are expected to be observed for reactions 
without barriers, and for which the position of AC,, 
occurs in regions where - TAS is increasing linear. 

For a very reactive carbene like CBr,, the 
relationship of AC, AH and - TAS is sketched in Fig. 9. 
Here, we assume a very small barrier ofO.0001 kcal/mol 
and set r’ to 15 A for both isobutene and 
tetramethylethylene. This corresponds to the assump 
tion that the attractive interaction between carbene and 
alkene begins earlier than for CC12. Electron transfer 
may even be involved in such cases, where the electron- 
afiinity of the electrophile is very high. Now there is a 
decided shift to an earlier transition state as the carbene 
becomes more electron-rich. Because of the relative 
slopes of - TAS and AH curves, the AH’ will be less 
favorable for the more electron-rich alkenes, but 
-TAS* will be more favorable. Negative activation 
energies will be observed, and will increase (be- 
come less negative) as the alkene becomes more 
electron-rich. The - TAS term controls reactivity, but 
the origin of this behavior is the more favorable 
enthalpy of interaction for electron-rich alkenes at 
any given distance. Only when the decreasing 
AH term overcomes the -TAS term is the AC 
barrier reached. Such behavior should be quite general 
for very reactive electrophiles, when the AC, occurs 
in a region where - TAS is increasing in a non-linear 
fashion with r. 

Turro and Moss er al. found that the reactions of 
phenylchlorocarbene with a series of alkenes have 
approximately constant negative activation entropies, 
and activation energies ranging from small positive 

Table 8. Comparisons of activation parameters obtained from model potentials and from experiment* 

Carkne 

CF, 
CCk 
CBr, 

Theoretical (298 K) 

AAH' AASs’ MC’ 

3.9 6.2 2.0 
-0.2 - 5.2 1.3 
-1.5 -8.1 0.98 

Theoretical Eyring 
plott 

AAH' AAS 

3.8 6.0 
-0.2 - 5.0 
- 1.3 - 7.7 

Experimental 

MH' MS’ MC’ 

3.4 5.0 1.9 
-0.3 - 5.3 1.3 
-24 -11.2 0.96 

l AAQ’ = AQ* (isobutene) - AQ*(tetramethylethylcne), wbtn Q = H, S or G. 
7 These plots predict isoselcctive temperatures of 400 K for CCl,-CBr,, 370 K for CBr,-CF2, and 364 K 

for Ccl,-CF,. The experimental value is 360 K.%ll 
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Fig. 8. AH, TAS and AC profiles for reaction of CClz with 
isobutene (- - -) and tetramethylethylene (-). See caption 

to Fig. 7. 

values with trans-2-pe.ntene and 1-hexene to small 
negative activation energies with trimethylethylene 
and tetramethylethylene. I5 This is the behavior 
expected for a carbene intermediate in reactivity 
between difluorocarbene and dichlorocarbene. 
Phenylchlorocarbene is expected to be this type of 
carbine. Our model potentials, however, appear to give 
activation entropies which are too negative when 
compared to the experimental results. 

Thus, we can model the experimental behavior of the 
different types of carbenes making reasonable 
assumptions about the shapes of entropy and enthalpy 
functions with respect to the reaction coordinate. No 

Fig. 9. AH, TAS and AC profiles for reaction of CBr, with 
isobuteue (---) and tetramethylethylene (-). See caption 

to Fig. 7. 

complexes are required to explain negative activation 
energies or “entropy control” of reactivity. Our model 
does not conclusively exclude n-complexes as 
intermediates, but they are not necessary to explain the 
data, nor do we believe that they are formed. 

The Giese model implies that carbene selectivities 
will reverse at low temperature, and that alkyl 
substituents will diminish the rate of reaction of an 
alkene with CC& and CBr,. By contrast, we predict that 
reactions of Ccl,, CBrCl and CBr, will be unselective 
and diffusion controlled at low temperature, and that 
no complexes will be observed. These contrasting 
predictions are subject to experimental tests! 

We offer a similar hypothesis to explain the negative 
activation energies and entropy control found in singlet 
oxygen reactions with electron-rich alkenes in 
solution.‘6 Related descriptions have been given for the 
third-body mediated recombination of radicals in the 
gas phase.30 

Our model can be rephrased in dynamical 
terminology. We have noted that the dividing surfa&’ 
separating reactants from products in all of these 
reactions is different from the maximum in the potential 
energy surface. For the relatively unreactive CF2, the 
enthalpic barriers are high, and the dividing surface 
occurs at similar values of r for different alkenes. 
However, for carbenes which react with no potential 
energy barrier, there is a dynamical barrier arising from 
the fact that the low-frequency translations and 
rotations of reactants are converted into relatively 
high-frequency vibrations of the product. This 
produces a dynamical bottleneck, corresponding in 
simple physical models to a narrowing of the pass 
through which the reactants must pass in order to reach 
the product valley. For Ccl, and CBr,, this dynamical 
bottleneck is overcome earlier for more alkylated 
carbenes, since the floor of the potential energy pass 
drops faster. 

Negative activation energies are likely to be. a general 
feature of the reactions of very energetic species. In such 
cases, there are no enthalpic barriers, only entropy 
imposed barriers. Nevertheless, selectivity can still 
arise, due to the substantial free energy barriers to such 
processes. 

Why are these reactions not just diffusion controlled 
and unselective? When there are no enthalpic barriers 
to reaction, it is usually assumed that reactions are 
diffusion controlled, with barriers to reaction of the 
order of l-2 kcal/mol, decreasing at higher temperature 
due to decreases in solvent viscosity. The behavior we 
describe will only occur when the free energy barrier to 
diffusion is lower than that for reaction ofthe molecules 
within the solvent cage. The entropy of diffusion at 298 
K is likely to be near zero, so that the behavior we 
describe will occur only for reactions which have - TAS’ 
greater than z 2 kcal/mol. At room temperature, this 
means that AS* for the reaction must be greater than 
-6.7 e.u., in order to give a AG* of 2 kcal/mol. 
Reactions which are diffusion controlled at low 
temperatures may become entropycontrolled at 
higher temperatures. 

We plan to develop dynamic models of these 
reactions, based upon more accurate potential surfaces, 
in the future. 
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