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The highly strainedH,E)-1,3-cycloheptadiene was shown to be a minimum on the potential energy surface;
two structural isomers were found at the MP2 level, but multiconfiguration self-consistent field calculations
show that only one is a true minimum. The isomerization BEJ-1,3-cycloheptadiene was investigated
through double bond rotation, and electrocyclic ring closure. The first pathway g&sl(,3-cycloheptadiene,

with a barrier of 7.2 kcamol™, and the second pathway gives the trans isomer of bicyclo[3.2.0]hept-6-ene
with a barrier of 13.0 kcaimol™X. The strain energy ofFE)-1,3-cycloheptadiene was calculated using
homodesmotic reactions and found to be about 96-kuai* whereas that forK,2)-1,3-cycloheptadiene

was only 38 kcalmol™, implying that the second trans double bond imparts an additional 5&kaial in

strain energy. The trans isomer of bicyclo[3.2.0]hept-6-ene was calculated to have a strain energy of 69
kcakmol™! and a barrier of 27 kcahol™! for isomerization to Z,Z2)-1,3-cycloheptadiene. Although many of

the structures reported here could be described using a single determinant wave function, several could not,
making a multireference method necessary for a complete description of the potential energy surface.

Introduction SCHEME 1

Small cyclic hydrocarbons with trans double bonds have been
of interest for their strained geometries and as possible
intermediates in isomerization reactioris)-Cyclooctene is the
smallest cyclic structure with a trans double bond that is stable
at room temperatureSeveral observations oE)-cycloheptene
have been reported at low temperature using techniques such
as NMR, UV, and Raman spectrosccpy. The activation
energy for thermal isomerization ¢fans to cis-cycloheptene
was measured to be 18.7 kcal/midaThe activation barrier for
the smallertrans-cyclohexene has been determined using ab
initio methods to be about 10 kcal/mol (TCSCF) and 9.1 kcal/
mol (DFT)87 As the ring becomes smaller, the activation barrier
for double bond rotation decreases in harmony with the

increased strain of the smaller ring. This is even more apparentis jnjected into the ring? (2) How is the barrier to double bond
in moving to the 1,3-cycloalkadiene& £)-1,3-Cyclohexadiene  (qiation affected? (3) Is the channel to form bicyclo[3.2.0]hept-
has been shown to be in a shallow minimum on the potential g_ane through electrocyclic ring closure still feasible, and what
energy surface with an isomerization barrier of only 2.8 kcall g the relative barrier compared to double bond rotation? The

mol for trans double bond rotation to givEZ)-1,3-cyclohexa-  gyerall reaction scheme addressed in this paper is given in
diene® The seven-carbon analogug,Z)-1,3-cycloheptadiene, Scheme 1.

has a 20 kcal/mol calculated barrier for trans double bond
rotation, which is higher due to a decrease in ring stfain. Computational Methods

The conjugated double bonds ik,Z)-1,3-cycloheptadiene L o L
provide another isomerization channel besides double bond " considering the possible isomerization pathways, we chose
rotation: electrocyclic ring closure to forgis-bicyclo[3.2.0]- t0 use @ multiconfiguration wave function because some of the

hept-6-ene. The barrier for this pathway is only 12.7 oal 1, transition states are expected to have substantial biradical
just half that of double bond rotation. BecausgZ)-1,3- character. To ensure an active space that is consistent between
cycloheptadiene has a much larger barrier for double bond €ach species, a 10 electron, 10 orbital (MCSCF(10,10)) subset
rotation than the analogous six-carbon ring, could the seven-Was used comprising the €C2 and C3-C4 x orbitals and
carbon ring accommodate two conjugated trans double bondsC1~C2, €2-C3, and C3-C4 o orbitals of €E)-1,3-cyclo-

in the form of €,E)-1,3-cycloheptadiene? If so, there are several Neptadiene (seain Figure 1) and the C1C2, C2-C3, C3-

interesting questions: (1) How much additional strain energy ¢4 and C+C4 o orbitals, and C2C3 z orbital of trans
bicyclo[3.2.0]hept-6-ene (s&kin Scheme 3). The calculations

* University of Mississippi. were performed using either GAME®Sr the Gaussian 98
* Mississippi College. and Gaussian G3suite of programs. Geometry optimizations,
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Figure 1. Two possible structures oE(E)-1,3-cycloheptadiene.
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Results and Discussion

The smallestE,E)-1,3-cycloalkadiene that is a minimum on
the potential energy surface i€ E)-1,3-cycloheptadient.
There are two possible orientations for the hydrogen atoms
across the €-Cz single bond ofl, staggered or eclipsed.
Picking a view such that C1 is above the-d56—C7 plane,
the staggered arrangement {tgpwn-up-down) was found to
belong to point group £(1ain Figure 1) whereas the eclipsed
arrangement (updown—down—up) 1b was found to have&s
symmetry. Although we were able to locate minima for both
the staggered and eclipsed isomers using a single-determinant
wave function, only the staggered isome&a)was as minimum
at the MCSCEF level. Determination of the wave function for
the eclipsed isomer at the MCSCF(10,10) level using the MP2
optimized geometry resulted in significant configuration mixing;
it was dominated by two coefficients in the multireference
expansion of absolute magnitudes 0.817 and 0.468, making that
minimum found using a single-reference wave function unreli-
able?* Therefore we will only consider isomerizations starting
from the staggered geometiy

Bond lengths and angles fdm are listed in Table 1. The

harmonic frequencies, and energy calculations were done withtwo double bonds are slightly longer than average due to the
the 6-31G(d,p) basis s&t,and the single point energies strain introduced by the trans configuration. The-% and
determined using quasi-degenerate perturbation theory to second6—C7 lengths are quite a bit longer than average; the trans
order (MCQDPT2)4.15Intrinsic reaction coordinaté&!’ were nature of the double bonds makes the-@R2—C3—-C4 moiety
computed and followed from the transition states to each reactantmuch more constrained whereas these two single bonds can
and product to confirm their connection. more easily absorb some of the ring strain. The ring is highly
Strain energies were calculated using a homodesmotic puckered, as witnessed by the 82G1-C2-C3—-C4 and the
model!8-21 The environment of each carbon atom in the strained 79.% C6—-C7—-C1-C2 dihedral angles. The trans nature of the
ring is compared to a similar environment in an unstrained double bonds is readily apparent from the-H11—-C2—-H2 and
analogue; the reactions used to calculate the strain energies ar&l4—C4—C3—-H3 dihedral angles of 1746 The staggered
shown in Scheme 2. For example,lip, 2 and4, C1, C2, C3, nature of the two double bonds is shown through the-82—
and C4 are-CH= groups that have a double bond to one carbon C3—H3 dihedral angle of 178°6 The value for the C+C2—
and a single bond to another; they are compared te-1BE= C3—C4 dihedral is indicative of reduced conjugation between
group in propene, whereas C5, C6, and C7-a@H,— groups the two double bonds because they are nearly orthogonal to
with two carbon-carbon single bonds and so are compared to €ach other.
the —CH,— group in propane. For structurésand 5 (see Strain energies for the various species discussed here are
Scheme 4), C1 and C4 are bonded to three other carbon atomgjiven in Table 2 in the form of enthalpies of the reactions in
so they are compared to the central carbon in isobutane, whereaScheme 2. The strain energy for t6g point group minimum
C2 and C3 are-CH= groups and are compared to that in of 4is calculated to be 6.4 keahol~ %, which is in line for the
propene. C5, C6, and C7 aréCH,— groups that are compared relatively unstrained ring? Adding one trans double bond
to their analogue in propane. The ethane and ethene used orincreases the strain energy by 31.5 keadl™ 1; the addition of
the left side of the equations are for mass balance. The actuala second trans double bond (at the 3-position) adds another 58
energies of each species in the homodesmotic reactions werekcal-mol~ 1, almost double that for the first trans double bond.
computed using the G3 methéd. As mentioned above, this additional strain shows up in the
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TABLE 1: Selected Geometrical Parameters
parameter 1 TS1 2 TS2 3 TS3 4a
Bond Lengths (A)
Cl1-C2 1.3980 1.5216 1.3716 1.4323 1.5714 1.3627 1.3642
Cl-C4 2.8962 2.9274 2.7622 2.2400 1.5486 2.1248 3.0534
C2-C3 1.5203 1.5173 1.5024 1.5270 1.3692 1.5081 1.4982
C3—-C4 1.3980 1.3750 1.3737 1.4323 1.5714 1.5105 1.3642
C4-C5 1.5101 1.5049 1.4989 1.5051 1.5205 1.5652 1.5136
C5-C6 1.5958 1.5709 1.5610 1.5947 1.5835 1.5652 1.5389
C6—C7 1.5958 1.5683 1.5597 1.5847 1.5835 1.5105 1.5389
Cc7—-C1 1.5101 1.5260 1.5368 1.5051 1.5205 1.5081 1.5136
Bond Angles (deg)
Cl-C2-C3 106.0 101.9 114.4 . 92.1 104.4 122.1
C2—-C3-C4 106.0 112.6 112.7 99.0 92.1 104.4 122.1
C3—C4-C5 115.2 118.6 119.7 137.0 144.0 138.8 122.7
C4—-C5-C6 110.1 106.4 101.7 104.8 98.8 103.9 115.6
C5-C6—-C7 124.4 117.7 117.2 117.1 109.2 107.4 113.7
C6—C7-C1 110.1 115.7 1215 104.8 98.8 103.9 115.6
C7—-C1-C2 115.2 118.6 129.0 137.0 144.0 138.8 122.7
Dihedral Angles (deg)
H1-C1-C2—H2 174.6 —143.0 3.9 159.5 79.6 56.9 1.7
H1-C1-C4—H4 175.2 —176.2 —20.4 —163.2 —165.9 —153.4 162.7
H2—-C2—C3—H3 178.6 165.0 68.4 —99.9 25 16.8 39.9
H3—C3—C4—H4 174.6 1741 179.2 159.5 79.6 56.9 1.7
Cl-C2-C3-C4 82.5 77.4 43.7 —43.8 —16.0 —-9.0 40.2
C2—C3—-C4-C5 —-92.9 —111.0 —109.7 101.4 119.9 71.2 55
C3—C4-C5-C6 79.9 58.8 59.8 —104.1 —141.5 —114.3 —69.0
C4—-C5-C6—C7 —28.1 20.7 31.6 21.7 16.5 28.8 39.3
C5-C6—-C7-C1 —28.8 —73.9 —67.7 21.7 16.5 28.8 39.3
C6—C7—-C1-C2 79.9 77.2 24.6 —104.1 —141.5 —114.3 —69.0
C7—C1-C2-C3 —92.9 —59.7 -1.7 101.4 119.9 71.2 55
TABLE 2: Calculated Strain Energies? TABLE 3: Calculated Activation Barriers 2and Imaginary
molecule AE(OK) AH(298) Frequencies$ for Transition States
1a 940 96.1 reaction Ea (kcalmol™) frequency (cm?)
2 36.2 37.9 1—2 7.2 687i
3 67.3 69.1 1—3 13.0 708i
4a 4.5 6.3 3—4 27.4 699i

a Calculated at the G3 level using the reactions in Scheme 2.

relatively long G=C double bond lengths and the long-©56

and C6-C7 single bond lengths. One of the largest differences
in bond angles betweela and4 is the Ct-C2—C3 and C2-
C3—C4 angle, which is much smaller ita than4 due to the
ring constraints.

Structure3 is a strained isomer in that the HC1—-C4—H4
dihedral angle approaches 8The strain energy is calculated
to be a relative 33.5 kcahol~ ! higher than incis-bicyclo-
[3.2.0]hept-6-ene, being almost twice that of the more stable

aMCQDPT2/6-31G(d,p)//MCSCF#631G(d,p) including zero point
energy.? MCSCF/6-31G(d,p).

corresponding to bothaand2, confirming the correct location
of the transition state. The activation barrier (Table 3) was only
7.2 kcalmol~ 1, which is extremely small for rotation about a
C—C double bond. This can be explained by the concomitant
release of strain energy during the process; this was also
observed for E,2)-1,3-cyclohexadiene, which has a barrier of
only 2.8 kcaimol™ 1 for rotation about the trans double bohd.
There are actually two minima on the potential energy surface

cis structure. One of the major differences in the two structures for structure2, which are separated by 1.5 kgabl~ * at both
is that the cis isomer has a pronounced boat and chairthe CCSD(T) and MCQDPT2 levels; these were reported earlier

conformatio® whereas we only found one conformation 8r
which is more planar.

Because the six-carboB,Z)-1,3-cyclohexadiene sits in a very
shallow minimum with respect to double bond rotation and
electrocyclic ring closuréwe investigated these isomerization
pathways from the seven-carbon rifig. Rotation about one

in a study of the isomerization of tricyclo[4.1.8:Qheptané
The geometry shown &is the lower energy isomer and is the
one lying on the intrinsic reaction coordinate connecfiagind

2 throughTS1 Structure2 can rearrange to the global minimum
(Z,2)-1—3-cycloheptadiened] by rotation of the other trans
double bond as reported earlfefhe activation barrier is 19.6

double bond to go from a trans to a cis arrangement, producingkcakmol=?, significantly higher than the 7.2 keatol™* for

(E,2)-1,3-cycloheptadien€?), is shown in Scheme 3. Rotation
about the C+C2 bond starts with a H1C1=C2—H2 dihedral
angle of 178in laand reduces te-143 in the transition state-
(TS1). The CEC2 bond length increases from 1.3979 A to
1.522 A inTS1 indicative of single bond character. Cleavage
of the double bond should mean thaS1l should have
substantial biradical character, which is born out by the natural
orbital occupation numbers of 1.105 and 0.8937 for the singly
occupied orbitals. The intrinsic reaction coordinate was followed
from TS1, in both directions, which resulted in minima

rotation of the first trans double bond ira

The second isomerization pathway considered is electrocyclic
ring closure in which the two double bonds are cleaved and a
new bond forms between C1 and C4 produdirans-bicyclo-
[3.2.0]hept-6-end), shown in Figure 27 The structure of the
product stands out due to the trans nature of the hydrogens
across the CxC4 bond. The transition state for this pathway
(TS2) was found to belong to point grou@, linking laand3
on theC, potential energy surface. The €C2 distance ilmS2
is 1.432 A, up from 1.3979 A i, still closer to a double bond
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10— with ;7 bond breaking as the orbitals are rotated from the trans

to cis orientation. The wave function f@iS2 on the other hand

00 o i; domina‘geq by the ground state configuration with an expan-
T sion coefficient of 0.9133; the two NOON’s that most differ
= 12 " from two or zero are 1.8595 and 0.1407, showing just a fairly
E 80— small amount of configuration mixing. The transition state for
g S the reaction of the strained isonto the produc# has a little
B0l ‘v,‘ S 27.-3/, . 572 more mixing with the highest two coefficients in the expansion
2 \ 510, / N being +0.9132 and—0.2955, and NOON’s of 1.7941 and
B L 18 440 Tvyg S A 0.2065. It is possible thatS2 andTS3 could be described using
%40— Vo e N 3T ( \ a single-determinant wave function with a high degree of
@ % /’ correlation, bufTS1 evidently could not.

3
|

A Summary and Conclusions

0] 00 The potential existence oE(E)-1,3-cycloheptadiene is sug-
) ) ) ) o 4 gested by the locatation of its minimum on the potential energy
Figure 2. Relative Energies for the isomerization b4 and related surface. Although two minima were found using a single
species AE + ZPE).

determinant wave function, only one was confirmed using a
length; it is 1.5714 A in the produ& The CC4 bond length multiconfiguration wave function using a 10 electron, 10 orbital
in TSé is 2 2'40 A down from 2.896 A in the reactahtThe active space, and has an anti arrangement of the hydrogens
short Cl—éz C3’—C4 and Iong. C1C4 bonds inTS2 are across the single bond connecting the two double bonds. The
indicative of an early transition state, which is consistent with Seven cargon rmgd IS gl‘e smzzllest rt]har: \.N'” accommodatg two
the release of a significant amount of strain energy from the cr?nju%ate ftggnks al‘?1u I‘? Eon S’hW ICh |hmpart 3 r";)? sl;raw& on
two trans double bonds. Produgtis still a rather high local the (f)r erﬁ € Od ) hven t Ioubg the twg ou eb onas
minimum on the potential energy surface compared to the global arﬁ ﬁrma );dconjugfl;\te é € an% e between them IS a oyt 83
minimum forcis-bicyclo[3.2.0]hept-6-ene. The activation barrier Wi Wou greatly reduce the conjugation energy. Two
for the former pathway is 13.0 keahol™%, almost double that Isomerization pathways were |nvest|ga_ted; One IS dou_ble_bond
for formation of2, making trans double bond rotation through rotation to producef,2)-1,3-cycloheptadiene with an activation
TS1 more favorable. barrier of 7.2 kcamol™, and the other is electrocyclic ring

Because3 is sitting at a high local minimum, we were closure ff givgtransbicyclq[3.2.0]hept-6-ene with a .13'0
interested in its isomerization: due to the trans nature of the KCaFmol* barrier. The transition state for tebond rotation
hydrogens across the EC4 bond, the conversion tZ,2)- pathwayTS1 has substantial biradical character as witnessed
1,3-cyclohexadiene should be an orbital symmetry-allowed by NOO.N values Very close to one (1.105 and 0.894) for two
pathway. A transition state was located with the pathway orbitals in the actlvg space. On' the other'hand, NOON values
illustrated in Scheme 4. The transition stafi&8) also hasC, for TS2, corresponding to formz_atlo_n d}fansblcyclo[3.2.0]hept-
symmetry and following the intrinsic reaction coordinate gives 6-ene3,_are 1:805 anql 0'1497’ indicative of on_Iy a small amount
the C, symmetric isome#.2> The C1-C4 bond, which cleaves of configurational mixing in the wave function. Subsequent
during the reaction, is lengthened from 1.5486 to 2.1247 A isomerization of structur8 to give .2)-1,3-cycloheptadiene
whereas the C—lCZ'and C3-C4 bonds. which will become requires of 27.4 kcamol~! of energy. Relative energies for these
double bonds, shorten slightly from ’1 5714 to 1.5082 A reactions are shown schematically in Figure 2; inspection of
However. the (':2(:3 bond length immS3 is.actually 0 0'025 A " the figure shows there are three direct routes to the minimum

, . ) . S vt
shorter than the C2C3 double bond in reactaBt even though 4 the pathway with the lowest barr_|eEa(—19.6 kcalmol )
this becomes a single bond in prodyctThis shows that the is through trans double bond rotat|on_fr02n trans-Bicyclo-
reaction is highly asynchronous with the €C4 bond cleaving [3;.2.0]hep':.-6-e.né§ can undergo an orl:_n;al s;l/)mmetry-fagowed
first whereas the CG2C3 double bond does not start cleaving Ee(itrocl)f 1€ r:lng op.ent;'ng tlo g'\f(’) r\:\"t g arrier Of I 74
until after the saddle point is reached, consistent with an early ca-rE_o e w ereas:]is- b'(g:jc ol o ] ept-l_ -end can follow h
transition state. The activation barrier for the isomerization is &" Oroital symmetry-forbidden electrocyclic ””910'06“'”9' wit
calculated to be 27.4 kecahol™ L. It is interesting to compare the concomitant higher barrier of 48.2 keabl™ (reported

this activation barrier with that for the boat structure aié- earlief).
bicyclo[3.2.0]hept-6-ene5 to give 4, which has a barrier . . . . .
caI?:/uIaEed to] bep48.2 koahol—?at the same level of theofy. Supporting Information Available: Atomic Cartesian

The 20.8 kcaimol~? difference in activation barriers between coordinates and intrinsic reaction coordinate plots. This material
the cis- andtrans-bicyclo[3.2.0]hept-6-ene can be attibuted to is available free of charge via the Internet at http://pubs.acs.org.
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