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Abstract. The free energies of activation for bond shift in fluoro-, chloro-, bromo- ad
iodocyclocxtatetraencin THF-d8weredeterminedby 13CNMR spectroscopyto lx 12.7, 15.0, 15.4 sad
16.1 kcal/mol, respectively, at 298 K. Anafysis of HF/6-31G*-op!imizedgeomcuies and natural
atomicchargesfor the groundstate and ring inversion trarzsitionstate for cyclooctatctraene(COT) ml
its monoftuoroand monochloroderivativesindicatczthat the bond shift transition state for COT-F is
stabilized (relative to COT) by electrostatic interactions between the fluorine and the flanking
hydrogens,whereasthose of the largeshalogensare destabilizedby steric interactionswith the vicinal
CH groups. G 1997Elsevier ScienceLtd.

The bond shift process in cyclooctatetraene (COT) (eq. 1) is of considerable theoretical interest owing to

the strained geomen-yand 4n n-electron (“antiaromatic”) cyclic array of its transition state.l Other than alkyl and

awl ~oup5,1-4 only a limited number of substittrents

cyclooctatetraenes.$10
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LJnsubstitutedcyclooctatetmene (la) has been shown to have a free energy of activation for bond shift

(AG~.J of 12.7 kcal/mol at 248 K.11 AUsubstituents studied to date except fluoro cause AG#bs to increase

by at least several kcal/mol. Two estimates are available for the latter substituent, one of cu. 12 kcal/mol at 240
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K from 19FNMR spectroscopy and one of cu. 13 kcal/mol at 248 K from IH and 19FNMR spectroscopy.7 In

addition, compounds 3 and 4 have been shown to have AG%.s. values of 32.7 and 33.4 kca~mol, respectively,

at 438 K, whereas heptafluorocyclooctatetraene has a value of 24.6 kcal/mol at 389 K.1O
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The present study was motivated by a desire to clarify the factors behind the apparent rate-enhancing effect

of the monofluoro substituent as well as to determine the effect of the larger halogens. Both attractive and

repulsive steric effects are shown to play a significant role in the bond shift reaction in this series of compounds.

EXPERIMENTAL SECTION

Materials.

Monohalocyclooctatetraenes lb,7 1c,12 ld,12 and le12 were synthesized by literature procedures. 13C

NMR spec~ (75 ~z) are as follows; lb (THF-d8, -81 OC, J13C19Fin parentheses): 6 156.8 (245.4 Hz),

137.8 (1 1.0 Hz), 134.1 (3.3 Hz), 132.4 (1.6 Hz), 132.0 (1.6 Hz), 128.6 (9.2 Hz), 125.8 (35.2 Hz), 109.9

(28.3 Hz); IC (THF-d8, -80 oC): 8134.2, 133.4, 132.9,131.8, 131.6, 131.6,130.6, 130.2; ld (THF-c43,25

OC): 8134.1, 133.8, 133.5, 133.3, 132.8, 131.6, 131.5, 122.1; le (THF-d8, 25 oC): 8 142.4, 138.1,

133.6, 132.8,132.7, 131.4, 131.3, 98.1. The italicized values are those for C2 and C8, C3 and C7, and C4 and

C6, which undergo pairwise exchange during bond shift. The signal for C5 appears between 133.4 and 134.1 in

every case whereas the remaining signal is that of Cl.

NklR Measurements.

NMR samples were prepared by dissolving ca. 0.2 mmol of monohalocyclooctatetraene and 10 VL of

cyclohexane in 0.75 mL of THF-d8. The sample was degassed with six freeze-pump-thaw cycles and sealed

under vacuum. Temperatures above and below 313 K were calibrated with an ethylene glycolls and a

methano114chemical shift thermometer, respectively, and are reliable to ~ 1 oC.

The rate constants for bond shift (~,s,) in lb-e were determined by measurement of the line widths of the

13c signals mat undergo pairwise exchange (C2 and C8, C3 and CT, C4 and C6). Measurements were made
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over ranges of 20-40 oC after the onset of line broadening at temperatures just above the low temperature

regime.15 Rate constants, averaged for at least two samples and extrapolated to 298 K by plotting in (k/I’) vs.

In, are reported in Table I along with the corresponding values of AG~.~. calculated from the Eyring equation.

Table I. Kinetic Data for Bond Shift in Monohalocyclooctatetraenes

Cmpd Substituent Temp. Range (K)” k,,,, (298 K)b AG~s. (298 K)c

la H 248-443 13.3d

lb F 222.5-241.5 2860 12.7

IC cl 281-251 62.8 15.0

ld Br 258-300 30.3 15.4

le I 281-311 10.2 16.1

a f I Oc.

b + 2090.

C k o.1 kC,a]/mOl.

d c~cd fromda~inRef.9. Tfterakconstantwas correctedto the unidirectionalvatue,as discussedin Ref. 10

Computational Methods.

Ab initio optimized geometies were calculated with the GAUSSIAN 92 series of pro=ams16 at the

Hwtree Fock (HF) level of theory with 3-21G17 and 6-31G*18 basis sets. Optimized ground states and ring

inversion transition states were shown to have zero and one imaginary frequency, respectively, by analytical

frequency analysis. Atomic charges were crdculated by a natural population analysis (NPA).19

RESULTS AND DISCUSSION

We have determined AG~.s. for lb at 241.5 K to be 12.8 kcal/mol, a value that lies between the two

previous estimates of 12 kcal/mol (240 K)6 and 13 kcal/mol (248 K).7 Thus studies based on IH, 19Fand 13C

Iineshapes all agree for this compound and confkm that fluorine is the only nonannulated substituent so far

known not to increase the barrier to bond shift in COT.

As seen in Table I, AG~,~.(298 K) increases monotonically on going down the halogen group of the

periodic table. Interestingly, the AG~.,, (298 K) values for lb-e correlate with Pauling (xP) or Mulliken (ZM)
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electronegativity values (r2 =0.991 and 0.987, respectively) (Figure 1). XPvalues are based on an analysis of
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Figure 1. Plots of the free energy of activation for bond shift at 298 K vs. the Pauling (~) and Mulliken (@)

electronegativities.

bond energies whereas XMis based on the average value of the ionization energy and the electron affinitYof the

atom.20 Interestingly, the 13C chemical shift of the halogen-substituted carbon (CI) also gives a good

correlation (r2 = 0.91) when plotted against AGn.s..

In order to determine the factor or factors responsible for the correlation in Figure 1, we have performed

geometry optimizations on the ground states of la-e and la-c at the HF/3-21G and HF/6-31G*, respectively,

levels of theory. Because of the large contribution of configuration interaction requiring a multiconfiguration

wave function, we did not calculate the bond shift transition states (2a-e). However, since the CASSCF/6-

31G//HF/6-3lG* correlation energy for the planar transition state for ring inversion in COT is only 3% greater

than that for the DU ground state, compared with a 131% increase calculated for the Dgh bond shift transition

state,21 we concluded that the corresponding ring inversion transition states (5a-e), can be reliably compared

with ground states la-e at the HF level of theory. It is also expected that 5a-e will serve as good stenc models

for the structurally similar bond shift transition states, with the caveat that, as previously discussed for methyl-

substituted cyclooctatetraenes,22 steric effects might be slightly larger in the former species. Accordingly, HF/3-

21G and HF/6-31G* optimizations of 5a-e and 5a-c, respectively, were also performed. Total and relative

ground and transition state energies for la-e are listed in Table II and key structural parameters are listed in

Table III.

The halogen substituents might influence the ground and bond shift transition states in at least three ways:

1) by steric effects (both attractive and repulsive), 2) through changes in the hybridization of the bonding orbitals
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Table II. Total and Relative Energies for Optimized Ground States and Ring Inversion Transition States of

Cyclooctatetraene and its Monohalogen Derivatives

Ground SG& Transition S~

Total Total Relative

Cmpd Calculation Energya Energya Energyb

la HF/3-21G + ZPE 16.66
HF/6-31G* -307.52422 -307.50308 13.27
HF/6-31G*+ ZPE 13.88

lb HF/3-21G + ZPE 14.75
HF/6-31G* -406.37758 -406.35749 12,61
HF/6-31G*+ ZPE 13.05

IC HF/3-21G + ZPE 18.01
HF/6-31G* -766.42584 -766.40096 15.62
HF/6-31G*+ ZPE 16.16

ld HF/3-21G + ZPE 18.85

le HF/3-21G + ZPE 20.56

a In hamees.

b Energyrelative to the groundstate in kcal/mol.

of the substituted carbon (Cl), and 3) by wdelocalization. While the above calculations

quantitative answer to the contributions of these factors, they can give some qualitative guidance.

Steric Effects.

cannot give a

These effects can be assessed through structural changes in the vicinity of the substituent, especially

through changes in the bond angles involving tbe bydrogens flanking the substituent (ZC1C2H2 and

ZCICgHg). As seen in Table III, these angles are calculated to decrease by cu. 0.60 on going from the ground

state of la to that of lb and by a slightly greater amount in the sterically more congested transition state. In

contrast, all of these angles except ZCICSH8 in the sterically uncrowded ground state increase by at least 0.4°

on going from la to Ic. The latter behavior can be attributed to steric repulsion by the chlorine atom. Similar

increases (slightly smaller for bromo, slightly larger for iodo) are calculated for ld and le when la-e are

optimized at the HF/3-21G level.

Interestingly, the &crease of these angles in lb is greater in the more crowded transition state than in the

ground state. This is consistent with coulombic affraction between F and the flanking hydrogens or,

alternatively, between the C+F dipole and the vicinal C-H dipoles. An increased interaction in the transition

state relative to the ground state is consistent with increased C-F and C-H bond dipoles in the transition state as

calculated from a natural population analysis19 of atomic charges (Figure 2), as well as with a decrease in tie
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FC1C8H8 dihedral angle from 45.40 in the ground state to W in the transition state. Related interactions have

been suggested by Houk and coworkers for the inwwd rotation of fluorine in the disrotatory electrocyclization of

l-fluoro-l,3,5-hexatriene.23

Table III. Selected Structural Parameters for HF/6-31G*-Gptimized Ground States (la-c) and Ring Inversion
Transition States (5a-c) of Cyclooctatetraene and its Monofluoro and Monochloro Denvativesa

substituent (X)b state ZC1C2H2 ~t21CL7H8~C2ClCt7 r(clcz) r(clcg) r(cx)b

H la 117.7 114.8 127.3 1.3237 1.4780 1.0790
5a 114.0 111.1 135.0 1.3261 1.4792 1.0772

F 116.9 114.3 130.5 1.3167 1.4713 1.3402
:: 112.9 110.3 137.2 1.3190 1.4745 1.3443

cl IC 118.4 114.9 128.4 1.3195 1.4763 1.7599
5C 114.4 111.5 135.1 1.3233 1.4840 1.7687

a Anglesindegrees;distancesinangstroms.

b x is H,F andCl in la-c, respectively.

Hybridization Changes at CI.

Extensive structural studies of substituted benzenes have shown that ZCCC at the position of substitution

increases as the electmnegativity of the substituent increases.M It has been found by electron diffraction

measurements, for example, that LC2CIC6 in para-disubstituted benzenes varies from 115.7 f 0.60 for p-

trimethylsilyl substituents to 123.5 * O.1o for p-difluorobenzene. The corresponding angles were found to be

121.6 &0.20 and 121.8& 0.20 forp-dichloro andp-dibromobenzene, respectively .24

These and related x-ray diffraction results and optimized ab initio geometries have been explained on the

basis of hybridization effects.25 In order to maximize the total bond strength, the p character of the substituted

carbon is expected to concentrate in the hybrid orbital directed towards the most electronegative substituent.26

According to this model, a highly electronegative substituent would cause an increase in thes character of the Cl

hybrid orbitals in the CIC2 and C1C6 bonds, resulting in a shortening of these bonds while increasing

~C2ClC.5.

Alternatively, geomernc changes caused by substituents may be analyzed27 in tetms of a valence-shell

electron-pair repulsion (VSEPR) model.28 In this model, withdrawal of electron density in the C-F bond by the

electmtegative fluorine atom in lb reduces the repulsion between the C-F bond and the CI-C2 and Cl-cg
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bonds. This causes the latter two bonds to shorten and ~C2ClCg to increase. The opposite changes occur for

an electropositive substituent such as SiMe3 owing to polarization of the C-Si bond towardr CI.Z’29

Our geometzy optimization for la-e are generally consistent with previous results for substituted

benzenes.~ In order to gain an idea of the energy changes caused by ring substitution, we investigated the

changes that occur in the bond lengths of la-c on going from the ground state to the ring inversion mmsition
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Figure 2. HF/6-31G* natural charges for selected atoms in the ground state (left) and ring inversion transition

state (right) of fluorocyclooctatetraene.

state (Table IV). First, note that the relative lengthening of the C-F bond (AAr(C-X))on flattening lb is twice

the sum of the corresponding decreases for the eight CC and seven CH bonds. These changes are exactly those

expected on the basis of the above hybridization and VSEPR models (see Table III), but the large increase of

&-(C-F) ~so suggests an increase in AG*b.~.relative to COT rather than the essentially no change that is

observed.

Table IV. Changes in HF/6-31G*-Optimized Bond Lengths on Flattening the Ground State to the Ring

Inversion Transition State (Relative to Cyclooctate@aene)a

Cmpd Mr(C-X)b Mr(C=C)cmt AAr(c-c)’bt Mr(C-H)cmt

lb +0.59 o -0.16 -0.14
IC +1.06 +0.04 +0.28 -0.35

a Ar(COT-X)- Ar(COT);inpm.

b x ~ Forcl.

c Total changefor atl bonds of this type.



10100 S. W. STALEYet al.

Similarly, the calculated changes for IC in Table IV are dominated by an increase in AAr(C-Cl). This

increase is twice as large as that calculated for AAr(C-F) even though chlorine is less electronegative than

fluorine. In addition, we note that a) an increase of 1.1o in ZC2CICg calculated for the ground state of IC

relative to la completely disappears in the transition state, and b) r(C1C8) is 0.17 pm shorter in the ground state

of IC compared to that of la, but is 0.48 pm longer when comparing the corresponding transitionstates.

Each of thesechanges is inconsistentwith expectationsbased on the hybridizationand VSEPR models but

can readily be explained by an increased stenc repulsion between chlorine and C2H2 and C8H8 on going from

the ground state to the more crowded transition state. The effect shows up primarily in the CIC8 single bond

rather than the CIC2 double bond, presumably because of the smaller force. constant for stretching the latter.

Similar steric effects are evident for ld and le based on HF/3-21G optimizations of la-e.

n-Donation.

As previously noted, we were unable to calculate the bond shift transition states and therefore cannot fully

assess the role of mdelocalization in the COT bond shift reaction. However, we have attempted to address this

issue in an indirect manner.

*
‘GtLs.

16

15

I
(kcal/mol)14

13

Y F

14 15 16 17 18 19 20 21

AEr i+ AZPE. .

Figure 3. Plot of the free energy of activation for bond shift at 298 K vs. the difference in the HF/3-21G total

plus zero point energies between the ground and ring inversion transition states of the

monohalocyclooctatetraenes (lb-e).

AS shown in Figure 3, AG*b.~.gives a good linear correlation (r2=0.979) with AEr,j,+ AZPE calculated at

the HF/3-21G level. Since the NPA z charges on the halogen atoms are nearly unchanged between the ground
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states and ring inversion transition states, we conclude that the overall trend in &.i. + AZPE, and therefore in

AG*b.~.,is largely independent of x-donation by the halogen.

The fact that the correlation in Figure 3 is not perfect could be due to differential steric effects in 2 vs. 5, to

inadequacies of the relatively small basis set employed, or to the lack of incorporation of electron correlation in

our calculations. In any case, we cannot fully exclude the possibility that n-donation contributes to a reduction

in the barxier to bond shift in fluorocyclooctatetraene.

Conclusions.

The energetic effect of halogen substituents on the bond shift process in cyclooctatetraenes is highly

linearly correlated with the Pauling and Mulliken electronegativities of the halogens. Analysis of structural and

electronic data from HF/6-31G*-geometry optimization of the ground states and ring inversion transition states

suggests that bond shift in lb is promoted (relative to la) by stabilizing interactions between the fluorine and the

flanking hydrogens, and particularly between the vicinal C-F and C-H bond dipoles, in the transition state. For

the larger chloro, bromo and iodo substituents, steric repulsions destabilize the more sterically congested

transition state relative to the ground state. Donation of n electrons into the ring is probably small in most of the

transition states, but the possibility still exists that this effect measurably enhances the rate of bond shift in lb.
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