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Abstract: There is a discrepancy between the observed and calculated stability of trans-cycloheptene (t-
CHP). Generation of t-CHP has always led to its low-temperature (-40 °C) isomerization to cis-cycloheptene
(c-CHP). However, force field and semiempirical calculations on the energy difference between the two
isomers have suggested that t-CHP should be stable at room temperature. We performed a series of ab
initio calculations, which predicted that the simple process of double bond rotation leading from t-CHP to
c-CHP would have an activation barrier too high to permit isomerization below 100 °C (35 kcal/mol). The
validity of our calculation method on this very strained system was supported by the agreement between
the calculation and the dynamics of the ring flip of the unsymmetrical t-CHP ring and the observed NMR
shifts and coupling constants for the system. This incompatibility between the experimental behavior of
t-CHP and our calculations led to our reexamining the decay kinetics of t-CHP. We find that this decay is
second order and represents an “interrupted” dimerization, where an initially formed 1,4-biradical rapidly
changes its geometry and cleaves back to produce two c-CHP molecules. This mechanism was supported
by calculations of the 1,4-biradical potential energy surface.

Introduction

The existence of geometric isomers about double bonds has
been known since the beginnings of organic chemistry. How-
ever, when the double bond is part of a medium-sized ring
system, ring strain destabilizes the trans isomers and only the
cis isomers are known.trans-Cyclooctene, which is stable at
room temperature, is currently the smallesttrans-cycloalkene
that has been fully characterized.trans-Cycloheptene (t-CHP)
is much more strained thantrans-cyclooctene and has been
shown to be unstable at room temperature. The strain in t-CHP
is caused by a twisting force rather than the more usual bending
force on the double bond present in other very strained double
bonds,1 so the structural response to this strain is of considerable
interest.

t-CHP was first generated via elimination of a thiocarbamate
and revealed as an intermediate when trapped with 2,5-
diphenylisobenzofuran.2 Inoue has generated it photochemically
from cis-cycloheptene (c-CHP) first by short wavelength
irradiation3 and later by singlet sensitization using methyl-
benzoate (Figure 1).4 In both instances, he utilized Kropp’s
acidic methanol trapping technique5 to prove the existence of
the t-CHP, which he found to be stable only at low temperatures.
Michl and co-workers generated t-CHP by photolyzing a copper

complex of the cis isomer and releasing t-CHP oxidatively.6

These workers were the first to obtain spectroscopic evidence
of t-CHP by cleaving the t-CHP copper complex at low
temperatures in an NMR spectrometer. We later used Inoue’s
method to generate t-CHP and were able to obtain its complete
carbon and proton NMR spectra as well as its UV, again all at
low temperature.7 We also showed that t-CHP, like its copper
complex, has an unsymmetrical ring structure and shows
dynamic NMR due to a ring flip process at temperatures below
-40 °C.

Using molecular mechanics (MOLBD III) and semiempirical
quantum mechanical calculations (MNDO), Michl et. al. found
energy differences betweentrans- andcis-cycloheptene of 29.3
and 23.3 kcal/mol, respectively. The barrier for rotation of the
double bond in ethene is 65 kcal/mol,8 and, as seen by Gano,9

unrelieved strain in the transition states of the rotational event
in sterically hindered alkenes can raise the energy of the
transition state further. By this approach, using the t-CHP strain(1) (a) Greenberg, A.; Liebman, J. F.Strained Organic Molecules; Academic

Press: New York, 1978. (b) Shea, K. J.; Lease, T. G.; Ziller, J. W.J. Am.
Chem. Soc.1990, 112, 8627.

(2) Corey, E. J.; Carey, F. A.; Winter, R. A. E.J. Am. Chem. Soc.1965, 87,
934.

(3) Inoue, Y.; Takamuku, S.; Sakurai, H.J. Chem. Soc., Perkin Trans. 21977,
1635.

(4) (a) Inoue, Y.; Ueoka, T.; Kuroda, T.; Hakushi, T.J. Chem. Soc., Chem.
Commun. 1981, 1031. (b) Inoue, Y.; Ueoka, T.; Kuroda, T.; Hakushi, T.J.
Chem. Soc., Perkin Trans. 21983, 983.

(5) Kropp, P. J.J. Am. Chem. Soc.1969, 91, 5783.

(6) Wallraff, G. M.; Boyd, R. H.; Michl, J.J. Am. Chem. Soc. 1983, 105,
4550.

(7) Squillacote, M.; Bergman, A.; DeFelippis, J.Tetrahedron Lett. 1989, 30,
6805.

(8) Saltiel, J.; Charlton, J. L. InRearrangements in the Ground and Excited
States; DeMayo, P., Ed.; Academic Press: New York, 1980; p 25.

(9) Gano, J. E.; Lenoir, D.; Park, B. S.; Roesner, R. A.J. Org. Chem.1987,
52, 5636.

Figure 1. Production of t-CHP via singlet sensitization.
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energies found by Michl, the trans to cis rotational barrier of
t-CHP should be at least 35 kcal/mol. In other words, t-CHP
should be stable at temperatures well above room temperature!
However, Inoue4 found this barrier to be only about 17 kcal/
mol, which is in accordance with Michl’s6 and our7 observations
of -30 °C as the upper temperature limit of t-CHP stability.
Given this discrepancy, we felt further calculations and a
reexamination of the decay of t-CHP were in order.

Results and Discussion

We calculated the energy difference of the trans and cis
isomers of cycloheptene at various computational levels (Table
1). As seen, there is a consistent confirmation of Michl’s
computations,6 in that t-CHP showed roughly 30 kcal/mol
additional strain as compared to c-CHP. We were also able to
locate the transition state for the double bond rotation. The result
is pictured in Figure 2. At the CASSCF (2,2)/6-31G(d)-MP2//
CASSCF (2,2)/6-31G(d) level, we found a trans to cis rotational
barrier of 33.8 kcal/mol. So these calculations do not relieve
the mystery surrounding the stability of t-CHP. They, in fact,
confirm the prediction that this molecule should be stable at
room temperature given the calculated trans to cis rotational
barrier.

The reliability of this result can be determined by examining
other aspects of the calculation. The calculated geometry of
t-CHP shows the expected deformations caused by the ring strain
and agrees with our experimental result, which showed 12
different protons in the1H NMR spectrum of t-CHP.7

The geometry oftrans-CHP calculated using the CASSCF(2,2)/
6-31G(d) method shows the unsymmetrical ring structure and
has a very small “trans” C-CdC-C torsional angle of 113.8°.
The two allylic C-CdC angles (116.8° and 118.1°) also adapt
to the ring strain by “closing down” as compared to the 126°
allylic angle of the cis isomer. The calculated length of the CdC
double bond (1.352 Å) is increased by about 0.01 Å as

compared to that of c-CHP. The geometry calculated at the
B3LYP/6-31G(d) level is almost identical to the CASSCF(2,2)/
6-31G(d) geometry, differing at most by 2° in the ring torsional
angles.

The ring strain is accommodated by a combination of
pyramidalization and twisting of the carbons of the double
bond.10 The CASSCF(2,2)/6-31G(d) geometry shows similar
pyramidalization angles (ø) of 37.0° and 35.4° for the two vinyl
carbons and a p-orbital twist angle (τ) of 30.1°. The sum of the
twist angle and the average of the pyramidalization angles (ê)
has been used as a measure of the strain in double bonds, while
the difference of these two angles (η) was looked on as a
measure of the relative importance of twisting and pyramidal-
ization. Table 2 reports these values for t-CHP as well as those
of a trans-cyclooctene11 (1) and a tri-12 (2) and a monosila13

(3) trans-cycloheptene (Figure 3) for comparison. As can be
seen from the table, theê value for t-CHP is much larger than
those of the other cyclic trans alkenes implying considerably
more strain in this compound. Except for the highly substituted
2,10 the η values are all negative, suggesting that pyramidal-
ization is more important than twisting for relieving the strain
in these cyclic trans alkenes.

The unsymmetrical structure of t-CHP allows for a ring flip
through a C2-symmetric transition state as was evidenced by
the dynamic NMR we saw for the system.7 We were able to
calculate the transition state for this process and found it to be
10.8 kcal/mol higher in energy than t-CHP itself. Again, the
calculation compares very well to our experimental value of
10.0 kcal/mol.7

The13C chemical shifts of both the cis and the trans isomers
of cycloheptene were calculated and are compared to the
experimental data in Table 3. We were initially surprised that
the vinyl shifts of t-CHP were only slightly downfield from
that of the cis isomer and perhaps even more surprised when
the calculated shifts for this very strained double bond matched
the experimental. Carbon chemical shifts are determined
primarily by the paramagnetic shielding term, which in turn
depends on the mixing of excited state with the ground-state

(10) Wijsman, G. W.; Iglesias, G. A.; Beekman, M. C.; Willem, H. W.;
Bickelhaupt, F.; Kooijman, H. K.; Spek, A. L.J. Org. Chem.2001, 66,
1216.

(11) (a) Ermer, O.Angew. Chem. 1974, 86, 672. (b) Ermer, O.AspekteVon
Kraftfeldrechnungen; Wolfgang Bauer Verlag: Munchen, 1981.

(12) Shimizu, T.; Shimizu, K.; Ando, W.J. Am. Chem. Soc. 1991, 113, 354.
(13) Krebs, A.; Pforr, K. I.; Raffay, W.; Tholke, B.; Konig, W. A.; Hardt, I.;

Boese, R.Angew. Chem., Int. Ed. Engl. 1997, 36, 412.

Table 1. Calculated Difference in Strain Energy at Various Levels

methods
∆Hcht

(kcal/mol)

PCMODEL (MMX) 33.2
AM1 30.9
HF/6-31G(d) 35.4
B3LYP/6-31G(d) 29.8
CASSCF(2,2)/6-31(G)d 30.9
CASSCF(2,2)/6-31G(d) MP2 30.0

Figure 2. Calculated potential energy profile for double bond rotation of
cycloheptene.

Table 2. Distortion Angles (deg) of Some trans-Cycloalkenes

t-CHP 1 2 3

τ 30.0 18.0 19.6 23.1
øav 36.2 24.0 13.2 26.1
ê 66.2 42.3 32.8 49.2
η -6.2 -6.0 6.4 -3.0

Figure 3. trans-Cycloalkenes.

A R T I C L E S Squillacote et al.

15984 J. AM. CHEM. SOC. 9 VOL. 127, NO. 45, 2005



wave function.14 Pyramidalized alkenes, as a consequence of
the rehybridization, show a decrease of the LUMO and a small
increase of the HOMO energies on increasing pyramidaliza-
tion,15 and indeed highly pyramidalized double bonds show13C
chemical shifts with values of 150 ppm and higher.14 Our smaller
downfield shift raised the question of whether twisting had an
inherently smaller effect on vinyl carbon shifts than pyrami-
dalization.

To examine this further, we performed a series of chemical
shift calculations at the MPW1PW91/6-31G(d)//B3LYP/6-
31G(d) level for twisted and pyramidalized ethene. A matrix
of chemical shifts was calculated for combinations of twist and
pyramidalization angles both in 9° increments, and the results
are pictured in Figure 4. As seen, twisting and pyramidalization
appear to have approximately the same effect on vinyl carbon
shifts, and further this effect is relatively small for any
combination of twist and pyramidalization angles where both
angles are below 36° as is the case for t-CHP. Finally, it is also
interesting to point out that, because of the combined twist and
pyramidalization of the vinyl carbons, the vinyl hydrogens of
t-CHP are predicted to have a near normal trans dihedral angle
of 173.8°. Experimentally, this is confirmed by the 18 Hz
coupling between these two hydrogens.

The agreement between the calculation and the overall ring
symmetry, the dynamics of the ring flip, and the NMR shifts
and coupling constants points to the trustworthiness of this level
of ab initio calculation and suggests that the discrepancy between
the experimental and predicted barriers for this process must
be due to a problem with the experimental values. Two possible

explanations for an error in the experimental decay values are:
(a) the experimental values are due to an impurity-catalyzed
process, although the fact that three different groups all see low-
temperature decay of t-CHP speaks against this, or (b) the
process is not first order as assumed.

To check for the presence of impurities that might catalyze
the decay process, we rigorously purified the reagents and
glassware and used plastic ware whenever possible. Of special
concern was the presence of any acidic impurities because, upon
addition of a trace ofp-toluenesulfonic acid, t-CHP isomerized
immediately even at low temperatures. We used Inoue’s method4

to produce t-CHP under rigorously acid-free conditions and used
base-washed or silanized NMR tubes to remove any active sites
on the glass surface. From the decay data collected by warming
the sample of t-CHP to-50 °C and recooling to-90°, it is
evident that, while some wall-based acid-catalyzed decay
occurred, there was no significant change in t-CHP lifetime with
these treatments (Table 4). Thus, we concluded that the low-
temperature decay is not due to an adventitious impurity.

This leaves the possibility that this isomerization was not a
first-order process. A reexamination of our decay data showed
a slightly better fit to second-order rather than first-order
kinetics. Unfortunately, due to the detection limits of NMR,
even the best data could be collected only to 2.5 half-lives, which
is insufficient to unambiguously determine the order of the
reaction. Therefore, rate studies at-60°C of the decay of t-CHP
at different concentrations were undertaken (Figure 5). The ratio
of the half-lives depended inversely on the initial concentrations
in these experiments and so represents a second-order process.
A fit of the data gave a rate constant of 0.030 M-1 s-1, which
corresponds to a free energy of activation of 13.8 kcal/mol at
-60 °C for the isomerization of t-CHP to c-CHP.

Isomerizations of strainedtrans-cyclcoalkenes have been
discovered to occur by a variety of mechanisms. In the gas-
phase thermolysis ofcis,trans-1,5-cyclooctadiene, dimers are
produced via 1,4-biradical intermediates, while, concurrently,
double bond isomerization is thought to proceed through

(14) Vazquez, S.J. Chem. Soc., Perkin Trans. 22002, 2100.
(15) Borden, W. T.Chem. ReV. 1989, 89, 1095.

Table 3. Experimental and Calculated 13C Chemical Shifts of Both
c- and t-CHP

c-CHP t-CHP

carbon expa calcb expa calcb

1 130.2 130.6 135.5 134.8
2 130.2 130.6 131.8 130.6
3 29.4 28.5 36.2 35.2
4 29.4 28.5 25.3 23.8
5 27.9 27.0 31.7 30.6
6 27.9 27.0 33.9 32.6
7 33.4 32.8 26.2 24.8

a Observed13C chemical shifts in acetone-d6. b Method used was MP2/
6-311+G(2d,p)//B3LYP/6-31G(d).

Figure 4. Dependence of13C NMR chemical shift of ethylene on twist
and pyramidalization angles.

Table 4. 1H NMR Integrations for t-CHP and c-CHP for Decay
Study in Untreated, Base-Washed, and Silanized NMR Tubes

NMR tube
preparation untreated base-washed silanized

T1/2 (s) 643 668 722

Figure 5. Second-order decay plots of t-CHP at different concentrations.
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successive cope reactions. The first Cope producescis-1,2-
divinylcylcobutane, which quickly rearranges tocis,cis-1,5-
cyclooctadiene.16 It is not clear if this mechanism also pertains
in solution. The situation withcis,trans-1,3-cyclooctadiene is a
bit more confused. Upon heatingcis,trans-1,3-cyclooctadiene,
an equilibrium is established via electrocyclic closure with
bicyclo[4.2.0]oct-7-ene.17 cis,cis-1,3-Cyclooctadiene is also pro-
duced along with three dimers, which again have been shown
to be derived from 1,4-biradical intermediates.18 The source of
the cis,cis isomer was initially postulated to be produced from
the cis,trans by a 1,5 hydrogen shift.17c This has been disproved
with labeling studies19 and kinetic isotope effect experiments,20

so the ultimate source of the cis,cis isomer is still unresolved.
Finally, at 290°C in the gas phase a “simple twist” about the
double bond isomerizestrans-cyclooctene to its cis isomer,21

while in solution at 150°C dimerization predominates, but
isomerization also occurs by an undetermined mechanism.22

The presence of dimers and the proven existence of 1,4-
biradical intermediates in these strained cyclic double bond
isomerizations suggests a bimolecular mechanism that explains
our observed second-order isomerization of t-CHP and might
also explain the solution-phase isomerizations occurring for the
above-mentioned eight-membered ring trans alkenes. As shown
in Scheme 1, two t-CHP molecules can combine to form a 1,4-
biradical, which can have a gauche or transoid form.23 The rings
of this biradical will untwist as it forms to give stable twist-
chair or chair conformations for the two seven-membered cyclic

radicals. The biradical then quickly cleaves to become two
c-CHP molecules.

The problem with this mechanism is that there is no dimer
formation observed in the NMR spectrum. However, small
amounts of dimer were apparent in a GC/MS of a warmed
solution that had contained a 1:13 ratio oftrans- to cis-
cycloheptene. Integration of the GC peaks indicated that∼1%
of the trans isomer does indeed dimerize. This is still much
less dimer than is formed upon heatingtrans-cyclooctene,22

cis,trans-1,5-cyclooctadiene,16 or cis,trans-1,3-cyclooctadiene,18

but the amount of dimer formed will be dependent on the relative
rates of the steps indicated in Scheme 1. In particular, because
the dimer forms from the gauche biradical, the relative rates of
formation of the transoid and gauche forms (kt vs kg) as well as
the ratio of cleavage and rotation rates of the biradicals will
determine the relative amount of dimer formation.

The complexity of this system mirrors that found for 1,3-
cyclooctadiene.18b There are two possible transoid biradicals
(Scheme 1) that differ by the relationship between the hydrogens
of the bridging bond (syn or anti). These transoid biradicals
can twist about their central bonds to form two different gauche
biradicals (Scheme 1), and both rotomeric pairs of biradicals
have multi conformations. A conformational search of the four
biradicals using the GMMX subroutine of the PCMODEL24

force-field program results in 22 distinct geometries for the anti
gauche dimer within 3 kcal/mol of each other and 13 conforma-
tions of its rotational partner, the syn transoid biradical, again
within the same 3 kcal/mol range. The energy difference be-
tween the lowest energy conformations of this rotomeric pair
of biradicals was only 0.84 kcal/mol. Similarly, the GMMX
program gave four syn gauche biradical conformations within
3 kcal/mol of each other and 24 geometries for anti transoid
biradical.

The conformations calculated are chair and twist-chair
conformations of the seven-membered rings. Dihedral angle
driving using the MMX force-field can obtain the sterically
derived rotational barriers between the gauche and transoid
biradical pairs, but these barriers are highly dependent on the
particular ring geometries of the biradicals, as might be expected.
The lowest barrier from the syn-transoid to the anti-gauche
biradical calculated by dihedral angle driving was found to be
4.09 kcal/mol, while the lowest rotational barrier found in this
manner for the anti-transoid to syn-gauche biradical was 3.97
kcal/mol.

Ab initio calculations on these biradicals were more prob-
lematic with cleavage often occurring spontaneously depending
on the ring conformation of the biradical. For instance, at the
UB3LYP/6-31G(d) level (the highest practical level available
to us for molecules of this size), no minimum for the syn-gauche
biradical could be found with closure occurring spontaneously.
We calculated [UB3LYP/6-31G(d)] the anti-transoid, the syn-
transoid, and the anti-gauche biradicals to be 8.62, 9.76, and
12.74 kcal/mol, respectively, higher in energy that two t-CHP
molecules with cleavage barriers of only 1.86, 1.54, and 2.66
kcal/mol, respectively.

In the parent 1,4-biradical, tetramethylene, rotation, cleavage,
and closure are calculated to be nearly barrierless25 in agreement

(16) (a) Leitich, J.Int. J. Chem. Kinet.1979, 11, 1249. (b) Martin, H.-D.;
Eisenmann, E.Tetrahedron Lett.1979, 3069. (c) Rencken, I.; Orchard, S.
W. S. Afr. J. Chem.1988, 41, 22.

(17) (a) Shumate, K. M.; Neuman, P. M.; Fonken, G. J.J. Am. Chem. Soc.
1965, 87, 3996. (b) McMonaghy, J. S.; Bloomfield, J. J.Tetrahedron Lett.
1969, 3719. (c) Bloomfield, J. J.; McMonaghy, J. S.; Hortmann, A. G.
Tetrahedron Lett. 1969, 3723.

(18) (a) Padwa, A.; Koehn, W.; Masaracchia, J.; Osborn, C. L.; Trecker, D. J.
J. Am. Chem. Soc.1971, 93, 3633. (b) Leitich, J.; Heise, I.; Angermund,
K.; Rust, J.Eur. J. Org. Chem. 2002, 1803.

(19) Bramham, J.; Samuel, C. J.J. Chem. Soc., Chem. Commun.1989, 29.
(20) Baldwin, J. E.; Gallagher, S. S.; Leber, P. A.; Raghavan, A.Org. Lett.

2004, 6, 1457.
(21) Andrews, U. H.; Baldwin, J. E.; Grayston, M. W.J. Org. Chem. 1982, 47,

287.
(22) Leitich, J.Tetrahedron1982, 38, 1303.

(23) (a) Berson, J. A.Science1994, 266, 1338. (b) Dervan, P. B.; Uyehara, T.;
Santilli, D. S.J. Am. Chem. Soc.1979, 101, 2069. (c) Dervan, P. B.; Santilli,
D. S. J. Am. Chem. Soc.1980, 102, 3863.

(24) PCMODEL v6.00 Serena Software: Bloomington, IN.

Scheme 1. Bimolecular Mechanism for Trans to Cis Isomerization
of CHP (ka . kg and kc . krg)
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with the minuscule observed lifetime.26 In this case, however,
rotation about the central bond of our biradicals will induce a
substantial steric interaction between the seven-membered rings
as shown by the steric barriers calculated with MMX, and in
neither the transoid nor the gauche biradical will rotation
compete with cleavage.

To compare our experimental value for the decay of t-CHP
to the cis isomer, we calculated the pathway of two t-CHPs
approaching each other in an anti and syn transoid geometry.
An enthalpic barrier of 11.3 kcal/mol at the UB3LYP/6-31G(d)
level was found for the pathway leading to the syn transoid
biradical, while the pathway that would form the anti transoid
biradical was calculated to have a 9.5 kcal/mol barrier. These
values compare well with the free energy of activation of 13.8
kcal/mol we found for the t-CHP decay considering there will
be a substantial entropic contribution to the free energy barrier
for this bimolecular reaction. When calculated without con-
straints, approaches of two t-CHP in a syn gauche or an anti
gauche initial geometry both rotated to a transoid approach
geometry, showing that, due to steric interactions, two t-CHPs
will come together to form a transoid biradical to a much greater
extent than a gauche biradical as has been seen during the
dimerization of 1,3-cyclooctadiene.18b In fact, in our case, the
anti-gauche biradical was calculated to have an energy above
the cleavage transition states of the transoid biradicals, soka .
kg (Scheme 1).

The bisallylic biradical produced during the dimerization of
cis,trans-1,3-cyclooctadiene has been trapped with nitroxyls.18b

In our case, however, no trapping products were observed with
either 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) or SeH2.27

The lack of any trapping is not in fact surprising, as the biradical
produced in this case is not stabilized by the delocalization
present in the bisallylic 1,4-biradical of thecis,trans-1,3-
cyclooctadiene dimerization. The lifetimes of the biradicals
present in our system will therefore be considerably shorter and
trapping would be unlikely.

Conclusion

The seeming discrepancy between the observed and calculated
stability of t-CHP has been resolved by showing that the
observed decay of t-CHP to c-CHP is not represented by a direct
twisting of the double bond. Rather, it is a second-order process,
an “interrupted” dimerization, where an initially formed 1,4-
biradical rapidly changes its geometry and cleaves back to
produce two c-CHP molecules. Blocking this bimolecular
process may allow for the synthesis of thermally stabletrans-
cycloheptenes.

Experimental Section

Methods. cis-Cycloheptene (c-CHP) was GC purified on a 32 ft,
30% SE-30 on chromsorb P column operating at 140°C. Toluene-d8

99.8%D was purified by distillation from LiAlH4.

Figure 6 shows the low-temperature photolysis apparatus. The quartz
dewar has two 90° turns and two open ends. One end is fitted into a
rubber stopper, which seals the top of a liquid nitrogen dewar. The
other end holds a 25 mm ID quartz test tube. A 1 kΩ ceramic resistor
was connected through the rubber stopper and placed into the liquid
nitrogen dewar. A variac attached to the resistor controlled the boiling
rate of the liquid nitrogen and thus the flow rate of the cold nitrogen
gas through the apparatus. Pentane (HPLC grade) was used as the
solvent in the test tube and served as the low-temperature bath for the
reaction vessel, usually a 5 mmquartz NMR tube. The temperature
was measured using a copper-constantan thermocouple (Omega sensor
type T Chip) immersed in the bath, and the temperature gradient was
held to less than 1°C over the length of the sample by stirring using
a magnetic stir bar.

Base-Washed Tube Samples.All NMR tubes, glass pipets, and
disposable glass pipet tips used were soaked in ethanolic KOH for 4
h, rinsed with distilled deionized water, and vacuum-dried prior to use.
The toluene-d8 was measured out by using an auto-pipet with a
disposable polypropylene tip. The c-CHP and methyl benzoate were
measured out by adjustable auto-pipets with disposable glass tips.

Silanized Tube Samples.A base-washed NMR tube was soaked in
1,1,1,3,3,3-hexamethyldisilazene for 3 h. The silazene was distilled from
the tube, and the tube was vacuum-dried prior to use.

trans-Cycloheptene.In a standard experiment, c-CHP (17.5µL, 0.15
mmol) and methyl benzoate (0.75µL, 0.006 mmol) were dissolved in
600µL of toluene-d8 in a 5 mmquartz NMR. The sample was capped
with a no-air septum and deoxygenated with a nitrogen gas flow for
10 m. The solution was photolyzed at-90 °C for 30 min. The sample
was then placed into a precooled NMR probe to obtain initial1H NMR
spectra. Rates of decay were measured by warming the NMR probe to
-50 or-60 °C for a set amount of time, quickly recooling the sample
to -90 °C, and integrating.

Other concentrations of t-CHP were obtained in an identical manner
by changing the initial concentration of c-CHP with the ratio of c-CHP
and methylbenzoate held constant. All photolyses were carried out at
-90 °C with 254 nm irradiation in quartz NMR tubes.
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Figure 6. Low-temperature solution-phase photolysis apparatus.
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Determination of the Amount of Dimerization and Trapping with
2,2,6,6-Tetramethylpiperidin-1-oxyl Radical (TEMPO). A solution
of GC purified c-CHP (17.5µL, 0.15 mmol), methyl benzoate (0.75
µL, 0.006 mmol), and an internal standard decane (3.9µL, 0.002 mmol)
in 600µL of acid-free toluene-d8 (distilled from CaH2) was irradiated
with 254 nm at-90 °C for 30 min in an acid-free quartz NMR tube.
The solution was divided into three equal portions in three acid-free
NMR tubes at-90 °C by rapid cannulation through flexible Teflon
tubing.

A solution of 1,3-diphenylisobenzofuran (0.012 g, 0.044 mmol) in
100 µL of acid-free toluene-d8 was precooled to-90 °C and quickly
cannulated in the first NMR tube at-90 °C. After the solution was
warmed to room temperature, NMR integration showed that 11.3% of
the original c-CHP had been converted to the Diels-Alder adduct so
that this was the amount of trans isomer produced in the photolysis.

The second portion of solution containing t-CHP was warmed to
room temperature. Nothing butc-CHP and methylbenzoate were
observed in the NMR spectrum. However, GC/MS using a HP-1
capillary column (conditions: carrier gas helium, injection temperature
200°C, detector temperature 250°C, with a temperature program of 5
min at 60°C, 3°C/min ramp up to 250°C, and hold for 30 min) showed
a peak with a retention time of 8.83 min for c-CHP, a peak with a
retention time of 17.52 min for the internal standard decane, and a
methylbenzoate peak with a retention time of 20.80 min. Two GC/MS
peaks with retention times of 40.42 and 41.79 min show a mass peak
of 192. These peaks represent cycloheptene dimers and integrate to
0.102% of the c-CHP peak. Thus, 1.2% of the t-CHP produced
dimerized. Four small peaks with retention times of 47.85, 50.63, and
50.84 min showed parent ions of mass 232 corresponding to 1:1 cross-
adducts of cycloheptene with MeBz and integrated to 0.04% of the
c-CHP. An unphotolyzed solution of c-CHP and MeBz showed no peaks
with m/z of 192 (CHP dimers) or 232 (cross-adducts of CHP and
MeBz).

A solution of TEMPO (0.0025 g, 0.016 mmol) in 100µL of acid-
free toluene-d8 was precooled at-90 °C and cannulated into one of
the three NMR tubes. The mixture was maintained at-90 °C for 20
min, warmed to-60 °C, and maintained at that temperature for 2 h.
The solution was then warmed to room temperature slowly, but the
resulting GC/MS spectra showed no trapping products. Rather, it was
identical to that of the untrapped photolyzed sample after it had been
warmed and showed the same amount of cycloheptene dimers present.

Trapping with SeH2. The extremely toxic hydrogen selenide was
prepared27aby using a syringe pump to slowly add water to 0.15 mmol

(43 mg) of powdered aluminum selenide under nitrogen. The H2Se
released was trapped in 200µL of toluene-d8 kept at-78 °C. This
solution was cooled to-90 °C and quickly cannulated through flexible
Teflon tubing into a previously prepared solution of a mixture ofcis-
andtrans-cycloheptene also kept at-90 °C. A low-temperature NMR
of the resulting solution showed a 5:1 ratio of H2Se to t-CHP. Warming
the solution resulted in isomerization of t-CHP to c-CHP with no other
products observed.

Calculations. All quantum chemical calculations were carried out
on the Cray SV1 supercomputer operated in Huntsville, AL, by the
Alabama Supercomputer Authority. The Gaussian 03 quantum chem-
istry software package28 was used for all ab initio calculations in this
study. Force-field calculations used the MMX force-field implemented
in the program PCMODEL version 6.0.24

The potential surface of the cycloheptene system was examined at
four points, the cis minimum, the trans minimum, the transition state
for transh trans ring-flip, and the transf cis transition state. All
geometries were optimized at the CASSCF(2,2)/6-31G(d) level, and
MP2-CASSCF(2,2)/6-31G(d) energies were evaluated at these geom-
etries.

13C chemical shifts were calculated using the GIAO approach at the
MP2/6-311+(2d,p) level with geometries optimized at the B3LYP/6-
31G(d) level. These geometries were nearly identical to those calculated
for the potential energy surface calculations. The chemical shifts
predictions (δc) with respect to tetramethylsilane were determined using
the calculated shielding of tetramethylsilane (σTMS) at the same level
(δc ) σTMS - σc).

The dependence of the13C chemical shift of ethene with twist and
pyramidalization angle was investigated by varying both angles by 9°
increments while optimizing the other geometric parameters at the
B3LYP/6-31G(d) level. The NMR shift was then determined for each
geometry at the MPW1PW91/6-31G(d) level by comparing the isotropic
shift to that calculated for tetramethylsilane at the same level.
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