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Barrier to Diradical Ring Closure '

Christine Isborn, David A. Hrovat, and Weston Thatcher Borden*
Department of Chemistry, Usrsity of Washington, Box 351700, Seattle, Washington 98195-1700

Receied: September 25, 2003; In Final Form: December 3, 2003

CISD/cc-pVTZ/ICISD/6-31G* calculations have been performed in order to compute the difference between
the bond dissociation enthalpies (BDESs) of al€bond at C-3 of the 1-propyl radical and a primary-&

bond in propane. The implications of the computational finding that these two BDEs are almost the same are
discussed with reference to both the amount of through-bond interaction between the radical centers at the
(0,0) geometry of propane-1,3-diyl)(and thermochemical estimates®H?° of 1. To compareAH;*® of 1

with AHf7 15 of the transition structure for cigrans isomerization of cyclopropane, the difference between the
heat capacities of and cyclopropane, integrated between 298 and 715 K, has also been calculated. This
difference is computed to increase the calculated heat of formation of the diradical, relative to that of the
transition structure, by ca. 1 kcal/mol. The results of our calculations, when combined with experimental
values for the heats of formation of cyclopropane and propyl radical at 298 K and with the literature value
for the enthalpy of activation for cistrans isomerization of cyclopropane at 715 K, place the enthalpy of
diradical 1 ca. 2 kcal/mol below that of the activated molecules which undergo this reaction. This result,
which is at odds with our finding that the (0,0) geometryldé the transition structure for conrotatory ring
opening and ring closure of cyclopropane, is discussed in terms of contributions to the activation enthalpy
from higher energy pathways for this reaction.

If there is no interaction between the radical centers in a 1 would mean that two different CHgroups are better than
diradical, the enthalpy change in forming the diradical from a one common Ckigroup at hyperconjugatively stabilizing two
closed-shell molecule is equal to the sum of the enthalpy changesradical centers. A negativBEA would mean that interaction
for breaking the same two bonds in two closed-shell molecules of both radical centers ith with the bonds of the adjacent GH
to form two monoradicals. The heat of formation of the diradical group provides greater hyperconjugative stabilization of the
is then said to be given by bond enthalpy additivity (BEA). singlet diradical than that which is available in two propyl
Because BEA holds only when the presence of one radical centermonoradicals.
does not affect the bond dissociation enthalpy (BDE) for forming  The question of the sign and size ABEA is especially
the second radical center, deviations from BEA provide a way jnnortant for1, because Benson’s thermochemical estimates
of assessing the energy that is_ asso_ciated with interactionsyf the heats of formation of diradicals, such Bgely on the
between the two radical centers in a diradical. _. . assumption thaABEA = 0.2 For example, Benson calculated

For example,. the deviation frqm bond enthalpy.ad('j|t|V|ty the heat of formation ofl at 298 K usingAHfzgs of propane
(ABEA) for forming propane-_l,S-_dlyll() from propane Is given and twice the value for the BDE of a primary-Ei bond in
gi);fg;gnigtl?;%ezfnt?ﬁer%icggéri]neg 1’3 V;E:;:helsH GSSEI itr? the ethane at this temperature. The resulting value of 67.0 kcal/
eq 2 q mol for the heat of formation df placed it 54.3 kcal/mol above

q< AHZ*® for cyclopropane but ca. 9 kcal/mol below the heat of
. . . formation of the transition structure (TS) for eigans isomer-
2CHCH,CHy = CHCH,CHy +'CH,CH,CH, - (1) ization of cyclopropaneb.2 The enthalpy of the TS was
obtained by adding\H* for this reaction, measured by Rabino-
vitch and co-worker8,to AH?%® for cyclopropane.

If the Benson analysis were correct, singlet diradicalould
be an energy minimum, and its cyclization to cyclopropane
would require passage over a TS that is 9 kcal/mol higher in
enthalpy tharl. However, neither the extended ¢kel (EH)
calculations of Hoffmanf,nor the first ab initio calculations
on the ring opening of cyclopropane by Salem and co-workers,
nor many subsequent ab initio calculations on this reattiame
found a significant energy minimum correspondindL.fanuch
less an energy minimum with a ca. 9 kcal/mol barrier to ring

* Part of the special issue “Fritz Schaefer Festschrift’. Dedicated to ClOSUre. The apparent disagreement between the results of
Professor H. F. Schaefer on the occasion of his 60th birthday. thermochemical and quantum chemical calculations has been

CH,CH,CH, — CH,CH,CH, + H’ )
CH,CH,CH," — 'CH,CH,CH," + H 3)

The value ofABEA in forming 1 from propane provides a
measure of the extent to which hyperconjugation of the radical
centers with the adjacent Glgroups in two 1-propyl radicals
provides more (or less) stabilization than hyperconjugation of
the pair of radical centers itk with the CH group that is
adjacent to both of them. A positiveBEA for forming singlet
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discussed in several reviews published by Bersdine as- contribute 1.7 kcal/mol toward increasing the heat of formation
sumption of ABEA = 0 for the formation ofl from propane of 1, relative to that of the TS for cistrans isomerization of
was mentioned as one possible source of the apparent disagreesyclopropanes,.22 A correction for the greater heat capacity of

ment. 1 was not included in Doering’s comparison of the two estimated
In 1981, Doeringidentified the major source of the apparent heats of formatiof.
disagreement as being the value for the primarfHBDE used Because cyclopropane is more rigid than diradicdhere is

by Benson. An upward revision by 2.6 kcal/mol in the accepted little doubt thatl does have the higher heat capacity. However,
value for the CG-H BDE in ethane led to an increase in the Benson’s estimate of the heat capacityladt 298 K required
estimated heat of formation dfto AH?*® = 72.2 kcal/mol and ~ Some assumptions about the methylene rotational barriers in the
to the disappearance of5 kcal/mol of the 9 kcal/mol Benson  diradical, and it is highly unlikely that the difference between
barrier to ring closure. the heat capacities dfand of cyclopropane really is temperature
Doering claimed a further reduction of about 4 kcal/mol in independent over a range of more than 4000 establish
the size of the Benson barrier by arguing foiH* = 60 kcal/ whether there really is a difference between the heat of formation
mol for cis—trans isomerization of cyclopropane-H2in place ~ Of 1 and that of the TS for cistrans isomerization of
of the higher value ofAH* = 63. 6+ 0.5 kcal/mol, derived ~ Cyclopropane-1,2k, it is necessary to know whether Benson’s
direcﬂy from the rate data of Sch|ag and Rabinovitepp value for the integrated difference between the heat CapaCities
Doering concluded, “The Benson activation energy [for ring IS accurate. . . .
closure] bids to be disappearing in response to revisions in the The calculations described here were carried out in order to

Arrhenius parameters for geometrical isomerization of cyclo- obtain two quantitities, both of which are necessary for an
propane and in the heat of formation of the ethyl radiéal.” accurate comparison of the heats of formatiod ahd the TS.

Because Doering’s value for the heat of formationlofs First, we have addressed the question of the siz&BEA for

based on the assumption of bond enthalpy additivity, the good formation of 1. Not only is knowing the difference between
agreement, claimed by Doering, between the estimated valuesthe BDEs for breaking the first and second primarykCbonds
of AH; = 72.2 kcal/mol forl andAH; = 72.8 kcal/mol for the  in propane essential for obtainingH?*® of 1, but the answer
TS for cis-trans isomerization of cyclopropane-ij2-might to the 40-year old question of wheth&BEA ~ O is of
suggest thahBEA for formation of1 from propane actually is ~ significant interest in its own right.
zero, or very close to it. However, the two heats of formation =~ We have previously computed the energy of the reaction in
may actually be farther apart than comparison of Doering’s €4 1, which define?ABEA for formation of 1 from propane,
values would suggest. with (2/2)CASSCF/6-31G* calculations. We obtaink = 1.6

For example, the current experimental value for the BDE of kcal/mol, but without corrections for differences in zero-point
a primary G-H bond in propane is ca. 0.5 kcal/mol higher than €nergies or heat capaciti&Here we report the results of
the value used by Doerir§, and the higher BDE raises Calculations ofAE, performed with a much better basis set and
Doering’s value for the heat of formation daf by about 1.0 with inclusion of dynamic electron correlatidhWe also repOI’t
kcal/mol. In addition, Berson has argued that the valualdf the calculated zero-point and thermal corrections that are
= 60 kcal/mol for cis-trans isomerization of cyclopropane- Necessary to obtaiABEA at 298 K fromAE.
1,2-d,, used by Doering, is also too low, but possibly by as ~ Second, we have calculated the difference between the heat

much as 34 kcal/mol’e® Consequently, the difference capacities ofL and cyclopropane, integrated from 298 to 715
between the values ofHs for 1 and for the TS for cistrans K. As discussed above, this integrated difference between the
isomerization of cyclopropane-1¢&-could easily be as large heat capacities is necessary to make the comparison between
as 3 kcal/mol. Therefore, comparison of the two heats of the estimated\H;* for 1 and the sum ofAH?*® for cyclopro-

formation does not show thaABEA =~ 0 for formation of1; it pane and\H* for cis—trans isomerization of cyclopropane-1,2-
only suggests thaABEA is probably not larger than 3 kcal/  dzat 715 K. Here we report the calculated size of this integrated
mol. difference.

An additional uncertainty in the comparison of the heats of ~ Finally, we discuss how the results of both sets of calculations
formation is introduced by the need to compare them at a affect the size of the “Benson barrier”; i.e., the difference
common temperature. To obtain the heat of formation of the between AH{*® of 1 and AH/* of the TS for cis-trans
TS at 715 K, the middle of the temperature range in which isomerization of cyclopropane-1@- We conclude that the
Rabinovitch’s kinetic measurements were made, the heatenthalpy of the diradical really is slightly lower than the average
capacity of cyclopropane has to be integrated from 298 to 715 enthalpy of the activated molecules that undergo-tians
K. Using the NIST Chemistry WebBook values for the heat isomerization, and we discuss the reason for the existence of
capacity in this temperature ranethe size of this correction  this enthalpy difference.
to the heat of formation of the TS at 715 K is not trivial; it

amounts to 8.8 kcal/mol. Computational Methodology

T7?5compare4HZ ¥ for the TS with the estimated value of  Geometries were optimized and vibrational analyses per-
AH;for diradicall, the heat capacity of diradicaimustalso  formed with configuration interaction calculations that included
be integrated from 298 to 715 K and added/Abl?®® for 1. all single and double excitations (CISD). The CISD calculations

Unfortunately, the heat capacity bhas not been, and probably were carried out using RHF reference wave functions for
cannot be measured. Nevertheless, Benson has estimated it tpropane and cyclopropane, an ROHF wave function for propyl
be 17.6 cal/(mol K) at 298 K, 4.3 cal/(mol K) greater than that radical, and (2/2)CASSCF calculations for diradidal The
of cyclopropane at this temperatufe. 6-31G* basis séf was employed for all of these calculations.
Assuming that the 4.3 cal/(mol K) difference in heat capacities The CISD/6-31G* vibrational frequencies were used, without
is temperature independent and integrating this difference from scaling, to compute the zero-point energies and heat capacities
298 to 715 K, Benson calculated that at 715 K the difference that were necessary to convert energy differences into enthalpy
between the heat capacities &f and cyclopropane would differences. Gaussian $8vas used to perform the calculations
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Figure 1. Depiction of the highest occupied (HO)MO in the con-
rotatory opening of cyclopropane to the (0,0) geometries of propane-
1,3-diyl (2).

on propane and cyclopropane, and MOLCGA®as used for
the calculations on 1-propyl radical and propane-1,3-diyl.

Single-point CISD calculations were performed at the CISD/
6-31G* optimized geometries using Dunning’s cc-pVTZ basis
setl” The effects of quadruple excitations were approximated
by the Davidson correctiof. These single-point calculations
were carried out with MOLCAS.

Results and Discussion

Geometry of Diradical 1. Hoffmann’s landmark EH study
found singlet propane-1,3-diylL) to prefer the so-called (0,0)
geometry? which is shown in Figure 1. The (0,0) geometry of
1 maximizes hyperconjugative interaction of the weakly electron-
donating C-H bonds at C-2 with the in-phase combination of
the 2psr AOs at C-1 and C-3. This through-bond interactfon
favors occupancy of the out-of-phase combination ofi2pOs

Isborn et al.

TABLE 1: Energy (kcal/mol) of the Reaction in Eq 1,
Computed at the CISD Level of Theory, with the 6-31G*
and cc-pVTZ Basis Sets at CISD/6-31G* Optimized
Geometries and with CISD/6-31G* Vibrational Corrections

basis set AE(CISD) AE(CISD+Q)* ABEA(O K)® ABEA(298 K

6-31G* 11 1.0 0.6 0.4
cc-pvVTZ 1.0 0.8 0.4 0.2

aIncluding the Davidson correction for quadruple excitations.
b AE(CISD + Q) plus the correction for zero-point energy differences.
¢ ABEA(O K) plus the correction for heat capacity differences, integrated
from 0 to 298 K.

and which corresponds to conrotation. Thestbrational mode
for disrotation was computed to have a small but positive
frequency of 61 cm!.

The very small size of the frequency computed for disrotation
leaves open the possibility that the force constant could easily
change sign upon expansion of the basis set from 6-31G* to
cc-pVTZ. Unfortunately, carrying out a CISD vibrational
analysis with the larger basis set was beyond our computational
capabilities.

Nevertheless, we did check the effect of basis set on the size
of the energy increase for rigid disrotation of the terminal
methylene groups by*sand 10 at the CISD/6-31G* optimized
(0,0) geometry ofl.. With the 6-31G* basis set the CISD energy
increased by, respectively 8.3 and 32.1.0°° hartrees, whereas
with the cc-pVTZ basis set the energy increases were 9.0 and

at C-1 and C-3 by the pair of nonbonding electrons, because36.0x 107° hartrees. Therefore, it would appear that with both

this AO combination does not interact with the-8 orbitals
at C-2. This led Hoffmann to predict that, as depicted in Figure
1, ring opening to the (0,0) geometry dfwould occur in a
conrotatory fashioA?%-22

In contrast to Hoffmann’s EH resulfsab initio calculations,
which correlated the pair of electrons in the breakirgdbond,
found (0,0)4 to be a mountaintop on the potential energy surface
for cyclopropane ring opening, with negative force constants
for both conrotation and disrotatiéi¥.The reaction path around
the C,, mountain top for (0,0}t involves sequential, rather than

basis sets the (0,0) geometry has a small positive force constant
for disrotation and is, therefore, the lowest energy TS for ring
opening of cyclopropane.

ABEA for Formation of Singlet 1 from Propane. To obtain
the sign and size oABEA for formation of the (0,0) geometry
of 1 from propane, we computed the energy of the dispropor-
tionation reaction in eq 1 with both the 6-31G* and cc-pVTZ
basis sets, using CISD wave functions, and performing calcula-
tions at geometries optimized at the CISD/6-31G* level. The
energies for the reaction in eq 1, with and without the Davidson

simultaneous, passage of the terminal methylene groups througtcorrection for quadruple excitations and before and after

the C-C—C plane, and this circuitous reaction path passes
throughC; and Cs intermediates and over pairs Gt and C;
TSs. All of these stationary points lie within 1 kcal/mol of each
other in energy,but which of them should be identified as being
diradical 1?

On the basis of the results of a few (2/2)CISD calculations,
it was conjectured inclusion of dynamic electron correldfion
might provide enough stabilization for the (0,0) geometryl of
to make the force constant for disrotation posii¥&Vith a
negative force constant only for conrotation, the (0,0) geometry
would then become the TS for conrotatory ring opening and
ring closure of cyclopropane. The only other stationary points
on the potential surface fot would then be the TS for

inclusion of zero-point and heat capacity differences, are given
in Table 1. The CISD energies of the three molecules in eq 1,
which were used to compute the reaction energies in Table 1,
are available as Supporting Information.

Comparisons of the CISD/6-31G* results in Table 1 with the
previous RHF-ROHF-(2/2)CASSCF/6-31G* value®E = 1.6
kcal/mol shows that inclusion of dynamic electron correlation
lowers the value ofAE by 0.5 kcal/mol. Inclusion of the
Davidson correction, expansion of the basis set and correction
for zero-point energy and heat capacity differences all result in
further small reductions. On the basis of our best set of
calculations (CISD+ Q/cc-pVTZ/ICISD/6-31G*), it appears
that ABEA(298 K) is within a few tenths of a kcal/mol of being

disrotatory cyclopropane ring opening and closure and the (0,90)zero.

TS for rotation of just one methylene group of cyclopro-

Our finding thatABEA(298 K) ~ 0 for formation of propane-

pane*~® Because both of these TSs are higher in energy than 1,3-diyl (1) from propane means that the presence of the radical
the TS for conrotatory ring opening and ring closure of centerat C-1in 1-propyl radical is computed to have a negligible
cyclopropane, it would then be proper to use the (0,0) geometry effect on the BDE of a hydrogen at the other terminal carbon
of 1 for computing the size oABEA in the formation ofl atom. This result might be construed as indicating that there is
from cyclopropane. no interaction between the radical centers in the (0,0) geometry.

To test the hypothesis that the (0,0) geometry really is the However, evidence for through-bond interaction between the
TS for conrotation on the (2/2)CISD/6-31G* potential energy radical centers at this geometry comes from the2 kcal/mol
surface, we optimized th€;, geometry ofl at this level of preference, computed at many different levels of théofyor
theory and carried out a (2/2)CISD/6-31G* vibrational analysis. conrotatory ring opening of cyclopropane to the (0,0) geometry
The vibrational analysis confirmed that this geometry has a of 1, rather than disrotatory opening to the (0,0) geometry or
single imaginary mode of 139i cm, which has a symmetry monorotatory opening to the (0,90) geometty
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The resolution of the apparent paradox thatA®EA ~ 0
for formation of (0,0)1 from propane but (b) there is significant
through-bond interaction between the radical centelsathis
geometry comes from the finding that different types of
substituents, attached to C-2 of propane, gh&EA values of
opposite sign for formation of the corresponding singlet propane-
1,3-diyls1? For example, ar bond, formed between C-2 of
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because our (2/2)CISD calculations also find the (0,0) geometry
of singlet1 to be the lowest energy TS for eigrans isomer-
ization of cyclopropane-1,8,,25 thermochemical estimates of
AH/*of 1 and AH/"** of the TS might be expected, within the
limits of experimental error, to be the same.

However, as discussed in the Introduction, comparison of
thermochemical estimates of these two heats of formation must

propane and a methylene group attached to it, is neither a netinclude a correction for the difference between the heat

electron donor or acceptor, because thand * orbitals of

the double bond both interact to the same extent with the in-
phase combination of the 2p-AOs at C-1 and C-3 in the
trimethylenemethane diradical. Although formation of the triplet

ground state of trimethylenemethane from isobutylene has

ABEA ~ 0,2 formation of the singlet has a large, positive
ABEA 12

In contrast, attachment of a pair of fluorine substituents to
C-2 provides a low-lying, €F antibonding orbital that can
accept a pair of electrons from the in-phase combination of 2p-
AOs at C-1 and C-3 in 2,2-difluoropropane-1,3-digfia
Hyperconjugation of the in-phase combination of2p0s at
C-1 and C-3 with the €F bonds at C-2 is calculated to provide
more than twice as much stabilization for the pair of nonbonding

capacities ofl. and of cyclopropane, integrated from 298 to 715
K. To establish how large this integrated heat capacity correction
is, we computed it using the vibrational analyses from our CISD
calculations ol and on cyclopropane.

The CISD/6-31G* heat capacity of cyclopropane, integrated
from 298 to 715 K, was computed to be 8.6 kcal/mol. This
calculated value is in very good agreement with the value of
8.8 kcal/mol, obtained by integrating the heat capacities
published by NIST!

As expected, the CISD/6-31G* heat capacitylpintegrated
over the same temperature range is larger, amounting to 9.7
kcal/mol?” Thus, the difference between the integrated heat
capacities ofl and of cyclopropane amounts to 1.1 kcal/mol.
This difference is about 70% of the size of that estimated by

electrons in the singlet diradical as the analogous interaction Bensorga

provides for the unpaired electron in the monoradical. Therefore,
formation of this singlet diradical from 2,2-difluoropropane is
predicted to have a negativeBEA .12

Similarly, hyperconjugative electron donation from a high-

lying, filled C—Si bonding orbital into the in-phase combination
of 2psr AOs at C-1 and C-3 is calculated to stabilize singlet
2,2-disilylpropane-1,3-diyl by more than twice as much as the
analogous interaction stabilizes the monoradiealn this
diradical the MO formed from the out-of-phase combination
of 2pwr AOs at C-1 and C-3 has a node at C-2; therefore,
occupancy of this MO allows the pair of nonbonding electrons
to avoid being destabilized by the electron donatirgSCbonds.
It is the occupancy of this MO by the pair of nonbonding
electrons in 2,2-disilylpropane-1,3-diyl that results in formation
of this diradical from 2,2-silylpropane being calculated to have
a negativeABEA.12

The C-H bonds at C-2 inl are much weaker hyperconju-
gative electron donors than the-Si bonds in 2,2-disilylpro-
pane-1,3-diyl, and the electronic structurelo intermediate
in type between that of 2,2-disilylpropane-1,3-diyl and that of

Comparison of AH/* for (0,0)-1 and for the Transition
Structure. To obtain the difference betweexH;™ for (0,0)-1
and AH/** for the TS for cis-trans isomerization of cyclopro-
pane-1,2d,, the difference of 1.1 kcal/mol between the inte-
grated heat capacities of the diradical and cyclopropane must
be added to the difference between the estimated™ of 1
and the sum ofAH?%® of cyclopropane and\H* for the cis-
trans isomerization of cyclopropane-1d2- Using Doering’s
thermochemical estimate @H?® = 72.2 kcal/mol forl and
his value of AH; = 72.8 kcal/mol for the sum ofAHZ%® of
cyclopropane andAH*8 the difference between thaH/™
values is 72.2- 72.8+ 1.1 = 0.5 kcal/mol. This difference
has almost exactly the same magnitude but the opposite sign
as Doering’s uncorrected difference ©0.6 kcal/mol.

On the other handA\H?® = 73.0+ 1.0 kcal/mol is probably
a more realistic value fat.1? Also, if Schlag and Rabinovitch’s
value® of AH* = 63.6 4+ 0.5 kcal/mol for cis-trans isomer-
ization of cyclopropane-1,8,, rather than Doering’s preferred
value of AH* = 60 kcal/mol is added toAH?*® = 12.8 kcall

trimethylenemethane. Because formation of the lowest singlet Mol for cyclopropane, the sum is 76.4 kcal/midrhen, even

state of 2,2-disilylpropane-1,3-diyl from 2,2-disilylpropane has
a negativeABEA, whereas formation of the lowest singlet state
of trimethylenemethane from isobutylene has a postNiaEA,
ABEA for formation of1 from propane could be either positive
or negative, but it should be much smaller in magnitude than
ABEA for formation of either 2,2-disilylpropane-1,3-diyl or

after including the 1.1 kcal/mol for the integrated difference
between the heat capacities bnd cyclopropane, thaH;"
value for the diradical is 2.3 kcal/mol below that for the TS.
Any combination of errors (including the deviation from bond
enthalpy additivity for formation of diradicall not being

completely negligible, our calculated difference between the

singlet trimethylenemethane. Thus, the reason that our calcula-integrated heat capacities being too low, and Schlag and

tions find ABEA for formation of1 from propane to be nearly
zero isnot because through-bond interaction between ther 2p-
AOs at C-1 and C-3 is absent in the (0,0) geometry. dhstead,
ABEA ~ 0 for formation of 1 because the nature of this
interaction of the 2pz AOs at C-1 and C-3 with the-€H bonds

at C-2 is intermediate in type between the through-bond
interaction in 2,2-disilylpropane-1,3-diyl and that in singlet
trimethylenemethane.

Size of the Integrated Difference between the Heat
Capacities of 1 and of CyclopropaneBecause our calculations
find the enthalpy of the reaction in eq 1 to be nearly zero, the
assumption thaABEA ~ 0 for formation of the (0,0) geometry
of singlet 1 from propane appears to be valid. In addition,

Rabinovitch’s activation enthalpy being too high) that totaled
2.3 kcal/mol would bring the estimate &M, ** for 1 into near
perfect agreement withH/™ for the TS. However, it seems
quite likely that the enthalpy df really is lower than the average
enthalpy of the thermally activated molecules of cyclopropane-
1,2-d, that undergo cistrans isomerization, because at 715 K
many of the molecules that react do so by passage through TSs
that are higher in energy than the (0,0) TS for conrotation.

It is possible to effect cistrans isomerization of cyclopro-
pane-1,2d, by cleavage of either the G1C3 or C2-C3 bond
and by passage through not only a conrotatory but also a
disrotatory or (0,90) monorotaory TS. However, cleavage of
the C1-C2 bond can only effect cistrans isomerization by a
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(0,90) monorotaory T% Two (0,90) TSs are possible, because
either of the two CHD groups can rotate. Therefore, statistically,
cis—trans isomerization is twice as likely to occur via a (0,90)
TS as via either the conrotatory or the disrotatory TSs.

The (0,0) conrotatory TS is 1.6 kcal/mol lower in energy than

Isborn et al.

do not interact. The calculated preference of cyclopropane for
conrotatory ring opening to the (0,0) geometrylofather than
either disrotatory ring opening to the same geometry or
monorotatory ring opening to the (0,90) geomeétr§23 clearly
shows that the radical centers at C-1 and C-3 do interact through

the disrotatory TS and 2.3 kcal/mol lower than the monorotatory the C-H bonds at C-2. It is the fact that the nature of this

TSs23 A 1.6 kcal/mol lower energy at 715 K corresponds to a

interaction is of a type that is intermediate between the through-

factor of 3 advantage in rate, and 2.3 kcal/mol corresponds to bond interactions in singlet trimethylenemethanBEA > 0)?
a factor of 5 advantage. Combining the statistical and energeticand in 2,2-disilylpropane-1,3-diylABEA < 0)?* that makes

factors, the fraction of cistrans isomerization occurring via

ABEA =~ 0 for formation ofl from propane.

passage through the (0,0) conrotatory TS would be equal to A comparison ofAH/*® of 1 with AH/*® of the TS for cis-

1/(1 + 1/3+ 2/5) = 1/1.73= 58%. Another 0.4/1.73= 23%

trans isomerization of cyclopropane-k2requires that\H>%®

of the reaction would occur via passage through the (0,90) for 1 be corrected by the heat capacitylpintegrated between

monorotatory TSs, and another 0.33/1739% would occur
via passage over the disrotatory TS.

The average enthalpy of the molecules of cyclopropane-1,2-

d, that undergo cistrans isomerization would then be 23%
2.3 kcal/mol+ 19% x 1.6 kcal/mol= 0.8 kcal/mol higher than
that of the (0,0) TS, which we identify with diradichl At 715

K the rate constant would be larger by a factor of 1.73 than

298 and 715 K and that the sum &H?%® for cyclopropane
andAH? for cis—trans isomerization of cyclopropane-ij2be
corrected by the heat capacity of cyclopropane, integrated
between the same temperature limits. Our CISD calculations
give a value of 1.1 kcal/mol for the integrated difference between
these two heat capacities.

It is possible that some combination of errors, which make

that for pure conrotation, because, although the disrotatory andhe estimated\H/® of 1 too low andAH?*® of the TS too high

f

monorotatory pathways would increase the apparent activationjs responsible for the 2.3 kcal/mol difference between the

enthalpy by 0.8 kcal/mol, they would also increase the pre-
exponential term by a factor of 1.73 exp(0.8/1.98715) =
3.0.

A contribution to the rate constant for eifrans isomerization
of cyclopropaned, from transition structures with higher
enthalpies than that for pure conrotation would explain quali-
tatively why the effective enthalpy of those activated molecules
that go onto product is slightly higher than that which we
estimate forl. In addition, such a contribution would explain
qualitatively why the difference between the energy of activation
(Ea) and the threshold energy for reactidgy) is much larger
for cis—trans isomerization than for rearrangement of cyclo-

estimatedAH/ ™ values of the diradical and the TS. However,

there is good reason to believe th&* = 63.6 + 0.5 kcal/

mol, measured by Schlag and Rabinovitmeally is greater
than the difference in enthalpy between cyclopropane and the
TS for conrotation, because passage of molecules through the
disrotatory and monorotatory TSs is calculated to contribute to
the activation enthalpy measured for this reaction.

Although the contributions from these latter two reaction
pathways raise the average activation enthalpy, they also
increase the preexponential factor over the value that it would
have if the only reaction pathway were passage through the (0,0)

eometry of the conrotatatory TS. At the elevated temperatures

propane to propene and why the preexponential factor associate@hat gre necessary to observe —disins isomerization of

with E, for cis—trans isomerization is considerably larger than
that associated witBo.3¢ Finally, if pathways that pass through
higher energy TSs contribute to the enthalpy of activation for
cis—trans isomerization, measured by Schlag and Rabinogitch,
this would explain why the 5.6 kcal/mol difference between
their value of AH* = 63.64 0.5 kcal/mol and that oAH* =
58.0 kcal/mol, computed by us at the CI$RQ/cc-pVTZ//CISD/
6-31G* level of theory for conrotatory opening of cyclopropane
to (0,0)4, is surprisingly largé8

Conclusions

Our CISD calculations have confirmed the conjecttitieat,
with the inclusion of dynamic electron correlation, the (0,0)
geometry of propane-1,3-diyl) would be calculated to be the
TS for conrotatory ring opening of cyclopropane. The (0,0)
geometry is both the lowest energy conformatiori@ind the
lowest energy TS for cistrans isomerization of cyclopropane-
1,2,-d,.2% Therefore, thermochemical estimates of the heat of
formation of 1 and of the TS might be expected to give the
same value.

A crucial assumption in the thermochemical estimate of the
heat of formation ofl is that the BDE of a €H bond at C-3
in 1-propyl radical is the same as the BDE of &l& bond at
C-1 in propane. Our CISBQ/cc-pVTZ calculations find that
the assumption of bond enthalpy additivity in estimating the
heat of formation ofl is valid to within a few tenths of a kcal/
mol.

However, the finding thaABEA ~ 0 for formation ofl from

cyclopropaned,, the effect on the rate constant of the greater
activation entropy, associated with multiple reaction pathways,
more than compensates for the contributions of the higher energy
reaction paths to raising the average activation enthalpy for this
reaction.
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