JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by FENG CHIA UNIV

Dissociative and Associative Mechanisms of Cope Rearrangements

of Fluorinated 1,5-Hexadienes and 2,2-Bis-methylenecyclopentanes
Kersey A. Black, Sarah Wilsey, and K. N. Houk
J. Am. Chem. Soc., 2003, 125 (22), 6715-6724+ DOI: 10.1021/ja021330h « Publication Date (Web): 09 May 2003
Downloaded from http://pubs.acs.org on March 29, 2009

=
N T AN
£ A boat Van
n
P4
'\/ \\\E N\I’:“~.7 /
n _—--_
chair

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 1 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja021330h

A\C\S

ARTICLES

Published on Web 05/09/2003

Dissociative and Associative Mechanisms of Cope
Rearrangements of Fluorinated 1,5-Hexadienes and
2,2'-Bis-methylenecyclopentanes

Kersey A. Black,” Sarah Wilsey,*$ and K. N. Houk*#$

Contribution from the Joint Science Department, Claremont Colleges,
Claremont, California 91711-5916, King's College London,
London WC2R 2LS, United Kingdom, and Department of Chemistry
and Biochemistry, Unersity of California, Los Angeles, California 90095-1569

Received November 4, 2002; Revised Manuscript Received March 31, 2003; E-mail: houk@chem.ucla.edu

Abstract: The effects of fluorine substitution on the Cope rearrangements of 1,5-hexadiene and 2,2'-bis-
methylenecyclopentane have been examined computationally using (U)B3LYP/6-31+G(d,p) and CASPT2/
6-31G(d) methodology. The calculations indicate that fluorine substituents at the hexadiene termini generally
stabilize the transition states relative to the ground states of the chair conformations and destabilize pathways
that occur via boat conformations, in accord with the experimental observations of Dolbier. With meso-
2,2'-bis(difluoromethylene)cyclopentane, this destabilization is sufficient to favor a relatively dissociative
concerted transition state resembling weakly interacting allyl radicals over a normal aromatic concerted
boat transition state. This preference is due partly to an increase in the activation enthalpy for the concerted
rearrangement coupled with the more favorable entropy for dissociation. In octafluoro- and decafluoro-
hexadienes, the situation is reversed, and reaction through a cyclohexane-1,4-diyl is favored. Even in the
octafluoro system with no radical stabilizing substituents at C(2) and C(5), the preference of fluorine for
sp® centers causes reaction via the cyclohexane-1,4-diyl. In establishing methodology for this study, the
conformations of 1,2-difluoroethane and 1,1,2,2-tetrafluoroethane were also examined thoroughly by the
B3LYP method using three basis sets.

Introduction

Fluorine substitution significantly influences the rates of many
pericyclic reactions. A careful examination of these effects in

+ other
the case of the 4 electron, conrotatory electrocyclic reaction Q isomers
of cyclobutené inspired studies that led to the concept of O Q 3%
torquoselectivity? In the case of thesb electron system, 9,10- 38 %
bis(trifluorovinyl)phenanthrene, fluorine substitution inhibits the . CF
rate of electrocyclic ring closure to such an extent that this FsC F R CFR F
product (13% vyield) is a relatively minor component relative F VN F —— ; Cjicz':?
to isomeric materials resulting from an alternate normally high- FiC  CFs eq%?.izbfum ¥ CF3

energy pathway (Figure £)Similarly, electrocyclic closure of 37.8%
perfluoro-3,4-dimethyl-1,5-hexadiene did not occur at temper- Figure 1. Fluorine effects in electrocyclic ring openings.
atures up to 200C,* while the analogous hydrocarbon system
cyclizes at 160°C >

Fluorine substitution also influences the energetics of 3,3-

rearrangement has attracted considerable experimental and
theoretical attention because subtle variations of the reaction
free-energy surface can lead to major changes in structures

sigmatropic shifts such as the Cope rearrangeféertis
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associated with the high-energy transition st&teshe parent
hydrocarbon is known to react in a concerted manner through
a delocalized, aromatic transition structure with a chair con-
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Figure 2. Canonical mechanistic descriptions of the Cope rearrangement. Figure 3. Fluorine derivatives of 1,5-hexadiene.

. . . 250°C 300°C
formation with an activation enthalppA{*) of 33.5+ 0.5 kcal/ me — ~n =2 F1o;’&
mol (Figure 2)° An alternate two-step process through a 1,4- 4 K=09
cyclohexanediyl intermediate, long thought to be close energeti- : )
cally, actually occurs only in cases with strong radical stabilizing Fw—‘O Fi _é

substituents at C(2) and C(5) such as 2,5-diphenyl-1,5-hexadi-
enel For this diphenyl derivative, the diradical pathway was
calculated using density functional theory (DFT) at the cl :

o Cl
(U)B3LYP/6-31G(d) level to be 0.3 kcal/mol below the transi- T\ i \CI - c'm/j
tion structure for the concerted pathway. A commonly consid- Fﬁ\/ F§~ \’\Fg
ered third reaction pathway, dissociation into a pair of resonance P
stabilized allyl radicals followed by reclosure, is typically not time %conv 1 : 2
competitive. For the prototypical case of 1,5-hexadiene, experi- cn,m\& @d @ ﬁ

mental work sets the enthalpy change for this dissociation at

61.4 kcal/mol, well above the observed enthalpy of activation F9ure 4. Thermal reactions of perfluorohexadiene.

of 27.9 kcal/mol for the Cope reaction for the deuterium labeled
derivativel! Recent elegant work by Doering, Kteer, and co- [\4 S
workers provides an interesting case for a dissociation process C = boat @
in the reaction of 1,3,4,6-tetraphenyl-1,5-hexadiene stereoiso- ¥z X

. . . = -
mers!2 Aside from a positive entropy of reaction, and stereo- s / 7 Z

chemistry requiring a nonpericyclic process, evidence for the chair

competing formation of diphenylallyl radicals was obtairtéd. ) _ , o

] . o o Figure 5. Chair and boat conformations of transition structures of the

Geminal fluorine substitution at Oné)(or both G) termini concerted Cope rearrangement.
of 1,5-hexadiene (Figure 3) lowers the activation enthalpy for
the Cope process by 1.5 and 3.6 kcal/mol, respectively, andanediyl intermediate. The C(3) monochloro derivative of
renders the reaction exothermftin contrast to this activating  perfluorohexadiene rearranges to the bicyclo[2.2.0]hexane iso-
effect of limited fluorine substitution, perfluoro-1,5-hexadiene mer at 210°C, with the “Cope” product appearing as a minor
derivatives appear to “Cope” only reluctantly, with other avenues process after long reaction times (Figure 4). The reverse reaction
of thermal rearrangement proceeding more rapidly (Figufé 4). from 3-chloroperfluoro-1,5-hexadiene at higher temperature
Heating perfluorobicyclo[2.2.0]hexand)(to 250°C allows it produced only the bicyclo[2.2.0]hexane isomer. Here too a 1,4-
to equilibrate with perfluoro-1,5-hexadiene, while further heating diyl is the likely intermediate common to both the Cope process
to 300°C results in irreversible conversion to the perfluorobicyclo- and the formation of the bicyclic isomer. However, the experi-
[3.1.0]cyclohexane. These results implicate a 1,4-cyclohex- ments do not distinguish a completely radical pathway from
one in which the diyl always forms the bicyclic isomer, and

(8) For reviews of the computational results, see: (a) Wiest, O.; Montiel, D. the Cope process is accounted for by an energetically close

C.; Houk, K. N.J. Phys. Chem. A997, 101, 8378-8388. (b) Houk, K. concerted pathway
N.; Beno, B. R.; Nendel, M.; Black, K.; Yoo, H. Y.; Wilsey, S.; Lee, J. K. L . . .
J. Mol. Struct.(THEOCHEM) 1997, 398-399, 169-179. A second level of mechanistic complexity arises with
© g;;g‘géa’g- v. E.; Toscano, V. G.; Beasley, G. Fetrahedronl 971, 27, recognition that the concerted Cope process could occur through
(10) Hrovat, D. A.; Chen, J.: Houk, K. N.; Borden, W. . Am. Chem. Soc.  more than one transition structure conformation (Figuré®5).
2004 122, 74567460 Whereas the chair conformation is strongly preferred (estimated

(11) (a) Fang, W.; Rogers, D. W.. Org. Chem.1992 57, 2294-2297. (b)
Tsang, W. InEnergetics of Organic Free Radicalsartinho Simoes, J.
A., Greenberg, A., Liebman, J. F., Eds.; Blackie Academic and Profes- (14) (a) Correa, R. A.; Jing, N.; Lemal, D. M. Org. Chem1993 58, 6406~

sional: London, 1996; pp 2258. 6409. (b) Jing, N.; Lemal, D. MJ. Am. Chem. Sod.993 115 8481~
(12) Doering, W. v. E.; Birladeanu, L.; Sarma, K.; Blaschke, G.; Scheidemantel, 8482.

U.; Boese, R.; Benet-Bucholz, J.; Kier, F.-G.; Gehrke, J.-S.; Zimmy, (15) (a) Doering, W.; von, E.; Roth, W. Retrahedron1962 18, 67—74. (b)

B. U.; Sustmann, R.; Korth, H.-Gl. Am. Chem. So@00Q 122 193— Hill, R. K.; Gilman, N. W.J. Chem. So¢cChem. Commurl967, 619. (c)

203. Goldstein, J. J.; Benzon, J. $. Am. Chem. Sod.972 94, 7147-7149.
(13) (a) Dolbier, W. R., Jr.; Alty, A. C.; Phanstiel, O., IN. Am. Chem. Soc. (d) Roth, W. R.; Lennartz, H.-W.; Doering, W. v. E.; Birladeanu, L.;

1987, 109, 3046-3050. (b) Dolbier, W. R., Jr.; Palmer, K. W. Am. Chem. Guyton, C. A,; Kitagawa, TJ. Am. Chem. Sod.99Q 112, 1722-1732.

So0c.1993 115 9349-9350. (e) Tantillo, D. J.; Hoffmann, RJ. Org. Chem2002 67, 1419-1426.
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5, 6, and 1,1,3,3,4,4,6,6-octafluoro-1,5-hexadiere I choos-

ing the methodology appropriate for these goals, we were
cognizant of two particular challenges which come together in
these systems. The first is the ever present challenge of modeling
realistically the delicate potential energy hypersurface of the
Cope rearrangement. We are guided by previous work in which
we and others have demonstrated that density functional theory
using the hybrid functional Becke3LYP(B3LYP) reproduces

Eo X 7 _— X2
) o

x @GN
ﬂ X — >><( CX2 experimental activation parameters and transition-state geom-
CXz X O/CXZ etries for pericyclic reactions, and particularly the Cope reaction,

remarkably well® This is particularly true when one can

gmi:;‘ reasonably expect that the electronic state can be represented
) well by a single electron configuration with added correlation

corrections. For the exploration of pathways involving regions

. f the h rf ing to singlet diradical int i-
AAH* ~ 11.2 kcal/mol for 1,5-hexadiet), reaction via either of the hypersurface corresponding to sing c diradical intermed
the chair or the boat can be coerced using the two d'astereomersa tes, UB3LYP has proven to be an effective method, and we
of 2,2 t;is methylenecyclopentang. Ir?tlhigclev;/\rlly dlesigned employ it here. Whether or not there are more effective
e . ’ ) functionals for handling singlet diradical systems remains an
system of Shea and Phillips, the concerted Cope reaction of Hnet g sing traci Y :

. ) . active area of investigatio}. However, there is theoretical
the chiral diastereomebc, can only proceed by way of a chair . . - .
. ) support for the use of this functional for the description of singlet
conformation, while thenesacompound5m, must pass through

a boat transition-state conformation (Figuré&The enthal diradicals?® On the other hand, a fully balanced treatment of
. . 9 . Py dissociation, association, and concerted pathways requires a
of activation for the reaction dic through the chair conforma-

. . balanced treatment of dynamical and nondynamical correlation,
EOHW'Z 1;%'::(?;{:22;;2?;2{; \;orable than the reactiorbof as provided by CASPT2 calculatichr by the recent MR-
y y B o o CISD and MR-AQCC calculations with large basis sets that
Dolbier and co-workers exploited the specificity of this bis-

- - ] ) establish the geometry of the parent to Cope transition state to
cyclopentyl system to test their prediction that fluorine substitu- | oo partial single bond lengths of 1.90 A in the chair and 2.19

tion at the alkene termini would affect very differently the = & i, he poa®2 both about 0.1 A shorter than that found here
energetics of the chair and boat reaction pathways, furtherusing B3LYP.

favoring the chair conformation while slowing rearrangement
via the boat conformatiof® This was verified using fluorine
derivatives6c and6m. Fluorine substitution irc led to a 5.6

Figure 6. Cope rearrangement of 2;Bis-methylenecyclopentane.

Fluorine substitution itself provides the second challenge. This
substituent has at least three influences on reactivity that are
: R ’ . relevant to this study and which must be handled well by the
_kcal/mol decreas_eln gctlvatlon enthalpy, consistent with the calculation. First, substitution of fluorine at3spenters is known
influence of fluorine in2 and 3. All of these are expected 10 14 g thermodynamically preferable to substitution Atcemters.
react by way of a concerted process through a chair transition ;s strongly affects the enthalpy of the Cope process in
structure, and the preference of F fof senters is reflected in - 1oy 4 jienes with fluorine substitution at carbons 1, 3, 4, o 6,
the lowered activation barriers. because these positions involve a change in carbon hybridization

The effect of fluorine substitution i6m was also as predicted,  fom sP to sp or vice vers&3 Fluorine substitution also
increasingthe activation enthalpy by 7.9 kcal/mol relative o stapjlizes adjacent carbon radicals, as would be found in the
the analogous hydrocarbobm. Here F-F repulsion must  pathway involving dissociation of hexadiene into allyl radicals
override the sppreference. Equally dramatic were the unan- anq in the mechanism involving closure to a cyclohexane-1,4-
ticipated effects on the activation entropy in these reactions. diyl specie€2b The final impact of fluorine relevant to this study
Stereotypical Cope rearrangements have large negative entropieg; ihe “gauche effect”, the unusual enthalpic preference for the
of activation (-10 to —18 eu), consistent with well-ordered,  gayche over anti conformation in structures as simple as 1,2-
cyclic transition structure®: For the chiral isomer reacting  gjfiuoroethane?® This last influence is particularly important

through a chair transition structure, the effect of fluorine a5 the putative transition structures and intermediates to be
substitution was to rendexS" more negative by 6.2 eu11.3

eu for5cand—17.5 eu for6c). However, fluorine substitution  (17) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Becke, A. D.

\ \ . . J. Chem. Phys1993 98, 1372-1377. (c) Lee, C.; Yang, W.; Parr, R. G.
in the mesoisomer led to arincreasein AS' by 9.4 eu (0.7 Phys. Re. B 1988 37, 785-789.

eu for5m and+8.7 eu forém). Dolbier attributed this result ~ (18) (&) Wiest, O.; Black, K. A; Houk, K. NJ. Am. Chem. S0d.994 116
. . . . 10336-10337. (b) Black, K.; Wilsey, S.; Houk, K. Nl. Am. Chem. Soc.
to steric repulsions between eclipsed fluorines at the C(1) and 1998 129 5622-5627. (c) Wiest, O.; Montiel, D. C.; Houk, K. N.. Phys.

C(6) positions, while at the same time recognizing that fluorine Chem. A1997 101, 8378-8388.

. . . . . . (19) (a) Staroverov, V. N.; Davidson, E. R.Am. Chem. So200Q 122 7377
is widely known to have little steric impact in most reactions. 7385. (b) Lynch, B. J.; Truhlar, D. G. Phys. Chem. 2001, 105, 2936~
In light of the very significant influence of fluorine i6m, he 2941.

— . (20) (a) Grafenstein, J.; Kraka, E.; Filatov, M.; Cremer, IBt. J. Mol. Sci.
concluded that, “This is a Cope rearrangement which does not 2002, 3, 360-394. (b) Cremer, DMol. Phys.2001, 99, 1899-1940. (c)

; icl” Kraka, E.; Cremer, DJ. Comput. Chen200Q 22, 216—-229.
want tO. be perlcycllc.. . . (21) Hrovat, D. A.; Morokuma, K.; Borden, W. T. Am. Chem. Sod.994
In this work, density functional theory is used to better 116 1072-1076.

understand the origin of both the accelerating and the inhibiting 2 X‘;fg}gga'lgy ﬁ;’gﬁ‘ﬁggl“ﬂf’“w' S.; Dallos, M.; LischkaJHhys. Chem.
effects of fluorine substitution on the Cope procesg,iB, 4, (23) (a) Dolbier, W. R., Jr.; Medinger, K. S.; Greenberg, A.; Liebman, J. F.
Tetrahedron1982 2415-2420. (b) Dolbier, W. R., J)IChem. Re. 1996

96, 15571584. (c) Durig, J. R.; Liu, J.; Little, T. S.; Kalasinsky, V. F.
(16) Shea, K. J.; Phillips, R. Bl. Am. Chem. S0d.98Q 102, 3156-3162. Phys. Chem1992 96, 8224-8233.
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compared in this study have a mix of gauche, anti, and eclipsed Table 1. Energy? and Geometric Data for the Conformers of
: : ; 1,2-Difluoroethane (B3LYP)
fluorine substituents along one or both partially formed@©

bonds. Handling these interactions well is important in predicting 6-31G(d)  6-311G(dp)  6-31+G(d,p)
the proper relative energetics of different reaction pathways. anti conformer 0.00 0.00 0.00
However, even establishing the magnitude of the gauche anti—gaucheTS 2.03 1.65 121
conformation energy preference in 1,2-difluoroethane has proven ggﬂgﬂgﬁ%ﬁgéﬂg% 70'65.27 70'8878 70'8;66
a challenge to both experimental and computational methods. gauche dipole (D) 2.45 2.69 3.01
Experimental investigations of 1,2-difluoroethane have relied gauche FC—C—F tor. (deg) 69.9 717 72.5

on electron diffractio? microwave?® fluorine and proton
NMR,26 and high-resolution Raman and far2fRanalyses to
gg;?g?&n:r;h?rﬁ:ggnztarl;fﬁ:tirebsezgdsthrirtne;?.tl\;ede;ﬁégg_gé b:StZZﬁite of programs (G98.A7 and G98.A9)The reactants, chair and
3;: 28 - . v u 1z ! u_ at transition structures, radical intermediates, and products were fully

elsewheré?*?% While estimates of the gas-phase energy dif- optimized using the (U)B3LYP functional. Normal-mode analysis was
ferencg vary from 0.6 to 2.0 kcal/mol, recgnt results from hlgh' used to establish all stationary points, to distinguish ground and
resolution NMR, Raman, and IR studies seem to be in transition structures, to provide zero-point energy (ZPE) corrections
reasonable agreement with the value converged on by high level(based on a frequency scaling of 0.9884and to calculate enthalpies
ab initio molecular orbital calculations, about 0.8 kcal/ and entropies of formation (calculated at 298.15 K unless otherwise
mol 260.27¢2829The many calculations on this system have noted). The focus of discussion will be the results from the density
demonstrated that to reproduce this value requires both post_fun(?tlonal c_alculatmn;. Howgver, selected struct_ures were subjected
Hartree-Fock corrections for electron correlation and large basis to smgle-pomt_calcu_latlons using a 6-electron/6-orbital CASSCF/§-3lG-
sets which include added polarization and diffuse functions (d) wave function with second-order MoltePlesset (MP2) corrections

Muir and Baker provided a systematic study of Sever;’:ll to handle dynamic correlation as implemented through the CASPT2

. method in the MOLCAS program (V5¥.

fluoroethanes using DFT methods to calculate structures, prog (vsy
potential energy surfaces, and vibrational frequencies for Results and Discussion
comparison to experimental data and to the results of other 1 5_pifluoroethane and 1.1.2.2-Tetrafluoroethane Con-
theoretical method¥. They concluded that the hybrid B3LYP  omations. To assess the effectiveness of three different basis
functional was the best of the functionals examined and also ges jn handling fluorine substituents, the B3LYP functional was
that it provided results which compared very favorably to those ;seq to calculate all conformational stationary points for two
of the MP2 method. When comparing 6-31G(d) to a triple-  compounds, 1,2-difluoroethane and 1,1,2,2-tetrafluoroethane, for
double-polarization basis set, they concluded that, as with abyyhich experimental data and other theoretical studies are
initio methods, the larger basis set was beneficial in the 5iiaple for comparison. In contrast to previous theoretical work
application of DFT methods to fluorinated systems. (The ging this functional? these results are based on the full
gauche-anti energy gap was calculated to be 0.5 kcal/mol using o imization and frequency calculation within the given basis
the 6-31G(d) basis set and 1.0 kcal/mol using the TZ2P basis et The relative energies are reported in Table 1. Key structural
set retlymg bon nglethpomz energ); Cat|.CU|6;t'°n5 with ZPE information using the 6-3:G(d,p) basis set is provided in
corrections based on the HF wave function. Figure 7.

In light of the basis set dependence in the above results, we e gaycheanti energy difference is most relevant to the
g‘;‘igg‘i to t('exanl]'mi mglr_e cf.larefglly ths tﬁffec:wenesfs oft_the structural situation present in the chair transition structures and

unctional in handiing fluorine subsutuents as a flunclion j, seyera| reactants and products. The larger $3(d,p) basis

of three dbaS|s sgts poten;ally useful in th;‘S studyl, 6'3;1(;’((’)' set is most effective at predicting this energy difference, giving
6-311G(d,p), and 6-3¢G(d,p). We report the results of that 5 \a1ye of 0.83 kcal/mol. The need for added polarization and
exploration below along with our work on the Cope reaction it se functions to handle the electrostatics of the fluorine
of the polyfluorinated hexadiene systems. substitution is consistent with the results of ab initio w82
Computational Methods The inclusion of ZPE and thermal corrections is important to
correctly predicting the energy gap, as relying only on single-

aEnergies given in kcal/mol.

All DFT calculations were carried out using methods and basis sets

(6-31G(d), 6-311G(d,p), and 6-315(d,p)) implemented in the Gaussian (31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

(24) (a) Fernholt, L.; Kveseth, KActa Chem. Scand., Ser.188Q A34, 163. R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
(b) Friesen, D.; Hedberg, KI. Am. Chem. Sod.98Q 102, 3987-3994. K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

(25) Takeo, H.; Matsumuira, C.; Morino, Y. Chem. Phys1986 84, 4205~ R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

. Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;

(26) (a) Abraham, R. J.; Kemp, R. H. Chem. Soc. B971, 1240. (b) Hirano, Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
T.; Nonayama, S.; Miyajima, T.; Kurita, Y.; Kawamura, T.; Safo, H. J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Chem. Soc., Chem. Commur286 606—607. Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

(27) (a) Huber-Walchli, P. |.; Gunthard, H. I3pectrochim. Acta, Part A981, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
37A 285. (b) Durig, J. R.; Liu, J; Little, T. S.; Kalasinsky, V. ¥.Phys. Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Chem.1992 96, 8224-8233. (c) Craig, N. C.; Chen, A.; Suh, K. H.; Klee, Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.9;

S.; Mellau, G. C.; Winnewisser, B. P.; Winnewisser, MPhys. Chem. A Gaussian, Inc.: Pittsburgh, PA, 1998.
1997 101, 9302-9308. (d) Harris, W. C.; Holtzclaw, J. R.; Kalasinsky, (32) Foresman, J. B.; Frisch, M.Bxploring Chemistry with Elecronic Structure
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(28) (a) Wiberg, K. B.; Murko, M. AJ. Phys. Chem1987, 91, 3616-3620. (33) Andersson, K.; Barysz, M.; Bernhardsson, A.; Blomberg, M. R. A;
(b) Dixon, D. A.; Smart, B. EJ. Phys. Chem1988 92, 2729-2733. (c) Carissan, Y.; Cooper, D. L.; Cossi, M.; Fleig, T:}I§cher, M. P.; Gagliardi,
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8 Table 2. Energy? Data for the Conformers of
7 L5454, 1,1,2,2-Tetrafluoroethane (B3LYP)
S6 6-31G(d) 6-311G(d,p) 6-31+G(d,p)
Es5¢ gauche conformer 1.67 1.89 1.62
Sal anti conformer 0.00 0.00 0.00
Za3l anti— gauche TS 2.92 2.75 2.69
g gauche— gauche TS 5.70 6.00 6.12
c 2 .
L Y
é’ 1 ---'-,-‘f N aEnergies given in kcal/mol.
& oy
@ o
20 S 72N 7 8
2 — — 71
-180 -120 -60 0 60 120 180 56l
F-C-C-F Dihedral ()  [+B3LYPis-316(d) ‘ =
[@B3LYPIE-31+G(d.p) | £5
Figure 7. Conformational energetics of 1,2-difluoroethane as calculated B4
with B3LYP. g
w3
. . . . @
point electronic energies predicts a smaller energy gap by-0.15 =
0.20 kcal/mol for all basis sets. The torsional angle and dipole 2 ]
moment are included for comparison to experimental values of
N . 0 . . .
71° and 2.76 D, respectively. 480 120 60 0 60 120 180

A model compound even more analogous to our structural
situation would be 1,1,2,2-tetrafluoroethane. All experimental
studies show the conformer with anti-E1 bonds to be lowest  Figure 8. Conformational energetics of 1,1,2,2-tetrafluoroethane as
in energy. Three studies relying on IR, Raman, and electron calculated with B3LYP.
diffraction data found the gauch@nti energy difference to be
between 1.16 and 1.18 kcal/ndlOne NMR study estimates
this gap at 2.4 kcal/md® A recent ab initio study places this
energy difference at 1.65 kcal/mol (MP2/6-31G(d 35)) good
agreement with a previous calculation (1.73 kcal/mol at the
MP4/6-311G(d,p)//HF/6-31G(d) levely.Our results (Table 2)
place this energy gap at 1.62 kcal/mol using the 6-G1d,p)
basis set. Geometric data at the B3LYP/6+&(d,p) level are
provided in Figure 8.

H-C-C-H Dihedral ¢) | *B3LYPB31G(d) 1!

| @BILYP/B-31+G(d.p) |

evaluation of eclipsed €F bonds. Experimental values for this
barrier to rotation in 1,2-difluoroethane have been assessed by
electron diffractioR* (4.52 kcal/mol), by microwave analy3ts
(6.3 kcal/mol), and most recently by IR and Raman spectroscopy
(5.72)27¢ The significant variation in the experimental values
gives pause when using them as a benchmark for theoretical
work. However, it is notable that all of these are lower than the
consensus of-#8 kcal/mol based on ab initio calculations using
While the theoretical work is internally consistent, if the MP2-MP4 methods with large basis sets. The data in Table 1
experimental value of-1.17 kcal/mol from three studies were Set the gauche-to-gauche energy barrier at 7.49 kcal/mol at the
correct for the conformational enthalpy difference, then even B3LYP/6-31+G(d,p) level (6.66+ 0.83 kcal/mol). Unfortu-
at this level the calculations could be underestimating the hately, no comparable experimental data for conformational
entha|pic preference for the gauche over anti conformation of barriers in 1,1,2,2-tetraf|uoroethane are available. On the basis
vicinyl C—F bonds. This could result from a slight error in of the results above, we have chosen to use the-63d,p)
calculating the interaction energy of anti or gaucheRbonds. ~ basis set for calculations discussed in this paper.
However, the FC—C—F dihedrals in the “gauche” structure Concerted Cope Rearrangement Pathways: Chair Tran-
(50.0° and 68.7) are significantly reduced from that found in  Sition Structures of Hexadiene, Bis-methylenecyclopentane,
the less crowded 1,2-difluoroethane (73.5\ny overestimate ~ and Fluorinated Analogues.The B3LYP/6-3}G(d,p) calcu-
of the destabilizing interactions betweerE bonds would also lated activation enthalpies and entropies for the rearrangements
creep in as destabilization of the gauche conformation relative of 1, 2, 3, 5, and6 by way of both chair and boat transition

to the anti conformation.

Calculating correctly the energetics etlipsedC—F bonds
impinges directly on our ability to compute the energetics of
the boat transition structures for the rearrangemeng 4f 6,
and 7 (discussed later), in which fluorine substituents are
eclipsed along one or both partially formed-C bonds. A

structures are reported along with experimental values in Table
3. While discussion will focus on the energetic and geometric
predictions of the larger basis set, the results from the 6-31G-
(d) basis set are very similar. For the chair conformations, the
computed enthalpies of activation are remarkably close to the
experimental values where they exist for comparison. For the

comparison of calculated and experimental barriers to rotation parent hydrocarboi, the experimental and theoretical values
from one gauche conformation to another through the fully agree within 0.5 kcal/mol (the estimated experimental error);
eclipsed conformation provides a test of DFT methods for the the largest discrepancy between calculated and experimental
results is 2.2 kcal/mol, and this case has an unusually large
negative entropy of activation. Experimentally, the addition of
the two fluorines at C(1) i2 lowers the activation enthalpy by
1.5 kcal/mol, while calculations slightly overestimate this
reduction at 2.8 kcal/mol. This stabilization of the transition

(34) (a) Klaboe, P.; Nielsen, J. R. Chem. Phys196Q 32, 899-907. (b)
Kalasinsky, V. F.; Anjaria, H. V.; Little, T. SJ. Phys. Chem1982 86,
1351-1357. (c) Brown, D. E.; Beagley, B. Mol. Struct.1977, 38, 167—
176.

(35) Cavalli, L.; Abraham, R. 1. Mol. Phys.197Q 19, 265-274.

(36) Papasavva, S.; lllinger, K. H.; Kenny, J. E.Phys. Chem1996 100,

@) 0000, con. S, 3. Tschuikow-RouxJEPhys. Chem004 98 structure results from the conversion of the site of fluorine
1100-1108. substitution from an sgto s carbon during the reaction. This
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Table 3. Energy? Data for the Chair and Boat Transition Structures, Dissociation to Two Allyl Radicals, and the Cope Product
((U)B3LYP/6-31+G(d,p))

experimental chair TS boat TS dissociation

cmpd. AHF AS* AHyn AHgiss AH* AS* AH¥ AS* AHgiss ASgiss AHpy,

1 33.54+0.5 —13.8+£1.0 0 61.4+1.8 34.0 —-8.1 41.2 —6.1 49.3 40.8 0.0
2 32.0+0.7 —12.1+1.4 —5.1+0.2 31.2 —10.8 40.6 —-8.0 50.0 41.1 7.1
3 29.9+0.2 —18.5+ 0.5 32.1 —14.0 43.9 —8.8 50.6 43.1 —-7.2
5c 28.0+1.1 —11.3+2.6 27.0 —5.6 38.3 47.4 —9.2
6¢c 22.44+0.2 —17.5+04 24.2 -85 40.9 52.6 —-17.8
5m 41.6+0.5 -0.7+ 1.0 35.3 —-4.3 38.6 45.5 —-8.9
6m 495+ 1.0 8.1+ 1.7 39.8 —-3.6 41.7 50.9 -17.0

aEnergies given in kcal/mol relative to starting material; entropies in eu (cal/deg h®&dp the Dissociative Pathway section for a discussion of these
values, especially the underestimation of the dissociation energies by these calculations.

60.6°

51.4°

Figure 9. Calculated chair transition structures for the Cope rearrangemen{s2p8B, 5c, and6c (B3LYP/6-31+G(d,p)).

preference is reflected more strongly iWH.n, which is the computed transition-state enthalpy 1.8 kcal above the
experimentally determined to be5.1 kcal/mol. Calculation at ~ experimental value. While no experimental value is available
this level sets the reaction enthalpy-af.1 kcal/mol, consistent  for the enthalpy of reaction for eithéic or 6¢, the computed
with the slight overestimation of the transition-state stability. values are-9.2 and—17.8 kcal/mol, respectively. Exothermicity
Adding a second pair of fluorines at C(6) to genergte attributable to the conversion of four fluorine-bearing carbons
experimentally lowers the energy barrier by another 2.1 kcal/ from s to sp’ is about 8.6 kcal/mol, very similar to that found
mol. While the effect is additive in the experimental results, for hexadiene3 (7.2 kcal/mol).
calculation predicts that the second pair of fluorines slightly ~ Calculated entropies of activation (Table 3) for the chair
increases (0.9 kcal/mol) the reaction barrier, leaving it just 1.8 transition structures in systenis 2, 3, 5¢, and6c are not as
kcal/mol below that calculated for the hydrocarbon. Calculation negative as the experimental values. This is primarily due to
also predicts a nonadditive effect on the reaction enthalpy for an incomplete assessment of entropy in the ground-state
3, with the calculated value<7.2 kcal/mol) just 0.1 kcal/mol  structure, due to inadequate treatment of hindered internal
more exothermic than that calculated for the difluoro system  rotations as harmonic oscillators and effectively considering only
There is no experimental value for comparison, but this small @ single conformation in the ground stateHowever, this
net effect is likely the result of destabilization in the product, Systematic error in the absolute values does not obscure the
3,3,4,4-tetrafluoro-1,5-hexadiene, due to two anti and two trends as a function of the degree of substitution, which clearly
gauche fluorine interactions in the energetically favo@d reflect the geometric variations in the cyclic transition structures
symmetric conformer. The rise itH* with no change imM\Hx, (Figure 9). The presence of two fluorines at C(1) results in a
from the addition of the second pair of fluorines suggests a small tightening of the transition structure. Both the forming and the
but selective destabilization of the transition structure due to breaking bonds are shorter than those in hydrocatbéwlding
fluorine—fluorine interactions. fluorine to an sp center in a typical ground-state structure
The chair transition structure for the Shea hydrocarbois shortens neighboring bonds as the orbitals involved in those
also well calculated at this level of theory, with the computed bonds take on more s character. In the transition structure, the
enthalpy relative to the reactant (27.0 kcal/mol) just 1.0 kcal/

(38) (a) Ayala, P. Y.; Schlegel, H. Bl. Chem. Phys1998 108 2314-2325.

mol less than the experimental value. The Dolbier tetrafluoro To more properly estimate the activation entropies would require a much
derivative6cis again handled well, with computations capturing more complete exploration of the conformational space for both ground
. ! K N and transition structures in these relatively large molecules. In addition,
correctly the stabilizing effect of the fluorine substitution. the free-energy maximum may be substantially displaced from the enthalpic
; f ; maximum: Houk, K. N.; Rondan, N. Gl. Am. Chem. Sod 984 106,
However, as with tetrafluorohexadierg; the computations 4293-4294. (b) Houk, K. N.; Rondan, N. G.; MaredaTétrahedrori 985
underestimate slightly the magnitude of that stabilization, with 41, 1555-1563.
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Figure 10. Calculated boat transition structures for the Cope rearrangemeff208, 5m, andém (B3LYP/6-31+G(d,p)).

effect is more dramatic, as the shortening of the partial bond in transition structure with a more positive (favorable) entropy than
the transition structure increases® sfharacter at the reacting that produced by calculation of the transition structure, based
carbon center. Interestingly, adding a second pair of fluorines on the electronic energy saddle point.
at C(6) results in less structural change. The breaking bond is Addition of the two fluorines in hexadien2 lowers the
shortened, consistent with a further tightening of the earlier enthalpy of activation for the boat pathway by 0.6 kcal/mol at
transition structure; however, the forming bond between the two the B3LYP/6-33-G(d,p) level, and the transition-state structure
carbons bearing the fluorine substituents actually lengthens by (Figure 10) shows a shortening of the breaking and forming
0.01 A. The calculated entropy of activation becomes a bit more C—C bonds as was evident in the analogous chair transition
negative as is consistent with the overall tightening of the structures. However, addition of a second pair of fluorine3 in
transition state. The distances between the staggered fluorinesignificantly destabilizest3.3 kcal/mol) the boat conformation,
atoms (2.798 and 2.822 A) in the chair transition structurg of ~ with the enthalpy barrier now 2.7 kcal/mol higher than that
are actually shorter than the fluorinéuorine distance in gauche  calculated for the hydrocarbon. The geometric changes induced
1,2-difluoroethane (2.938 A) and very similar to those found by this second pair of fluorines are more pronounced in the
in 1,1,2,2-tetrafluoroethane (2.703 and 2.836 A) calculated at boat transition structure than the chair; both the breaking and
the same level of theory. This close fluorine proximity is due the forming bonds lengthen, clearly reflecting repulsion between
to the more planar geometry at the reacting carbon centersthe two pairs of eclipsed vicinal fluorines. The pseudoaxial
offsetting the relatively long partial€€C bond. The same close  fluorines are only 2.522 A apart, a distance which is even shorter
fluorine—fluorine proximity is found in the chair transition than that found between eclipsed fluorines in syn 1,2-difluo-
structure for tetrafluoro-bis-methylenecyclopentane derivative roethane (2.545 A). The predicted entropies of activation for
6¢C. these boat transition structures are all slightly more positive than
In trying to understand the small, but seemingly systematic, those for the corresponding chair pathways, in agreement with
failure of calculation to capture the full stabilizing effect of looser transition structures in which breaking/forming bond
fluorine in the chair transition structures for tetrafluoro deriva- distances are longer by 6:.3 A. This result provides clear
tives3 and6c, we note that the torsional angles between vicinyl support for the prediction of Dolbier that fluorinéluorine
fluorine substituents are significantly less than those found in interactions across the reacting bonds would be significantly
gauche 1,2-difluoroethane. I8 for example, they are 51°4 destabilizing to the boat transition structures.
and 60.8 versus 72.5in gauche 1,2-difluoroethane. Compress- The mesel,2-bis-methylenecyclopentane systésmyj pro-
ing the angle in 1,2-difluoroethane to the same values increasesvides a rare experimental opportunity for one to determine
the energy by 0.4 and 1.3 kcal/mol at the B3LYP/6+&(d,p) directly the reaction parameters for a Cope process proceeding
level of calculation. If the theoretical methods are overempha- by way of a boat transition structure. The experimental work
sizing the repulsive interaction between eclipsed fluorines, as of Shea and co-workers places this transition structure 41.6 kcal/
might be indicated in the 1,2-difluoroethane calculations, this mol above the ground state and, therefore, 13.6 kcal/mol higher
could account for the small added destabilization of the than for the reaction dcthrough the chair transition structure.
tetrafluoro transition structures. The boat transition structure calculated for the concerted reaction
Concerted Boat Transition Structures. Concerted rear- of 5m at the B3LYP/6-3%G(d,p) level is 35.3 kcal/mol above
rangement via a boat conformation is calculated to be of the ground state, 6.3 kcal/mol lower than the experimental
significantly higher energy for all systems (Table 3). For the enthalpy of activation. In this putative transition structure (Figure
parent system, the calculated activation enthalpy is placed at10), steric repulsion between the cyclopentyl rings lengthens
41.2 kcal/mol, 7.2 kcal/mol higher than that for the chair the breaking and forming bonds by 0-67.14 A relative to
pathway. Studies by Goldstein and Benzon place this enthalpythe boat transition state for 1,5-hexadiene. This loosening of
difference at 11.2 kcal/mdP¢ The reason for this underestimate the structure is captured in the more positive entropy of
in the activation enthalpy by RB3LYP methods is not entirely activation 4.3 eu) relative to that calculated for the chair
clear. The higher experimental values may reflect a looser transition structure<{5.6 eu). However, this small difference
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of +1.3 eu does not mirror well the much larger difference
observed experimentally+10.6 eu) between the chair and boat
activation entropies fosc and5m. This deviation makes clear
that5m rearranges by a pathway which is significantly different
from that involving the transition structure calculated by the
restricted DFT calculation.

The situation with themesetetrafluoro derivativeém is
similar but more dramatic. The experimental enthalpy of
activation for the boat pathway, 49.5 kcal/mol, is 27.1 kcal/
mol higher than that for the analogous chair pathway6gf
reflecting the strong disfavoring of the boat transition structure.
Calculation at the B3LYP/6-31G(d,p) level provides a transi-
tion structure for the hypothetical concerted pathway which is
quite high energyAH* = 39.7 kcal/mol), but which is 9.7 kcal/
mol lower than the experimental value. In this transition
structure, the pseudoaxial fluorirfluorine distance is only
2.504 A, and this along with the proximity of the cyclopentyl
rings prevents significant tightening along the partial bonds. The
breaking bond shortens by 0.06 A, and the forming bond
lengthens by 0.02 A relative to hydrocarbbm. Not surpris-
ingly, the calculated\S of —3.6 eu for this concerted pathway
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Figure 11. Energetics of dissociation for tetrafluoro-bis-methylenecyclo-
pentanesm ((U)B3LYP/6-31G(d)).

is 4.9 eu more positive than that calculated for the chair pathway. 14 pe 46 and 51 eu at 298 K f&m and 6m respectively. A
However_, this calculated_ difference of 4.9 eu dramgtically constrained optimization for the singlet diradical & was
underestimates the experimentally observed 25.6 eu differencecyyried out at the UB3LYP/6-31G(d) level; the bond connecting

) - the two methylenecyclopentane fragments was stretched in 0.25
for 6m and6c, respectively. Clearly, the restricted DFT method R increments from the equilibrium bond length to 3.50 A, in a
provides transition structures for a concerted process which arepatiike geometry similar to that shown in Figure 10. A

in AS values for the boat8.1 eu) and chair pathways17.5)

not adequate representations of the rearrangement of Bither
or 6m.

Concerted Pathway with Dissociative Character. The

tetrafluoromesocompoundsm suggests that the transition state

involves a greater degree of dissociation than is predicted by ature, 557 K.

B3LYP. With hydrocarborbm, the experimental data are also

computationally. The dissociations 6 and6m were calcu-
lated at the UB3LYP/6-3tG(d,p) level (Table 3). The calcu-
lated enthalpies of dissociatiot\flgs9 are 41.7 kcal/mol for
tetrafluoro derivativem and 38.6 kcal/mol for hydrocarbon

current experimental value (614 1.8 kcal/mol)!! A correction
of this magnitude applied to the calculatdétiss for 6m and
5m leads to a prediction thakHgise would be 53.8 kcal/mol
for 6m and 50.7 kcal/mol fobm. (We will use a prime symbol

6m and 41.6 kcal/mol fobm). While B3LYP underestimates

of 5m and6ém.
The calculation of allyl fragments at the UB3LYP/6-8G-
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frequency calculation at each point was used to assess the
enthalpy and entropy change as a function of the bond distance.
This allowed an approximate evaluation of the free-energy
positive entropy of activation determined experimentally for the changes along this enthalpic coordinate. These data are plotted
in Figure 11 for systeném calculated at the reaction temper-

The free-energy maximum was located at a@ bond
consistent with a looser transition state than that predicted preaking distance of about 2.75 A. The calculatdd at this
approximate variational transition structure fim is 1.7 kcal/

mol lower than the calculated dissociation enthalpy. Subtracting
this value from our earlier estimate @Hgss gives us an
estimatedAH* = 52.1 kcal/mol for the variational transition
5m. These values are certainly too low. The calculated enthalpy state on the dissociation pathway, which is not too far from
change for the dissociation of 1,5-hexadiene to two allyl radicals with the experimental value of 49.5 kcal/mol. The transition
is 49.3 kcal/mol, a value which is 12.1 kcal/mol lower than the structure bond length of 2.75 A represents an estimate of the
true transition-state bond length. The calculatst at a bond
length of 2.75 A ¢6.8 eu) is low as compared to the
experimental value of-8.7 eu forém, suggesting the actual
transition state is even looser than that obtained from this
to label energy values with this correction.) These estimated estimate. This relatively dissociative path still occurs at a
enthalpies of dissociation are higher than the experimental distance 2.8 A) where some interaction between the termini
enthalpies of activation for the same process (49.5 kcal/mol for of the two allyls occurs, worth about 4 kcal/mol relative to the
fully dissociated species. It is interesting to note the less positive
the dissociation energies substantially, CASPT2 methods haveentropy @2 eu) of activation in the 1,3,4,6-tetraphenyl-1,5-
been found to give dissociation energies much closer to hexadiene rearrangement that involves a nonpericyclic process
experimental value&. This method has not been applied here, likely through a radical pai?
because the size of these compounds would make the computa- Associative Pathways via Cyclohexane-1,4-diyls for Per-
tions very difficult to accomplish. We have, however, explored flyorohexadiene and Octafluorohexadiene.We have also
how the large entropy increase that occurs for dissociation might explored the reaction hypersurface of perfluoro-1,5-hexadiene
alter the position of the transition states for the rearrangements(4) because experimental evidence from the thermolysis of it
and a monochloro derivative suggests an associative mechanism
on the opposite end of the mechanistic spectrum from the
(d,p) level provides an estimate of the entropy of dissociation dissociative pathway just discussed (see Figure 4). To separate
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Table 4. Energy? Data for the Reaction of Perfluoro- and
1,1,3,3,4,4,6,6-Octafluoro-1,5-hexadiene (4 and 7, Respectively)
((U)B3LYP/6-31+G(d,p))

chair D2 TSto
cmpd. chair TS boat TS diradical diradical chair dirad.
4 AH* 39.2 51.6 23.8 23.9 37.2
AS —-9.4 —-8.7 —-9.8 —-9.1 —-11.7
7 AH* 44.7 58.0 35.8 36.5 42.8
AS —-12.0 -7.8 —10.4 —-11.2 —13.0

aEnergies given in kcal/mol relative to starting material; entropies in
cal/deg mol.

2.765

o l2l2lal2I ?
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chair TS

Figure 12. Calculated transition structures and diradical intermediates for
the rearrangement af ((U)B3LYP/6-31+G(d,p)).

40.5"

75.9%

chair TS3¢

Figure 13. Calculated transition structures and diradical intermediates for
the rearrangement ef (U)B3LYP/6-31+G(d,p)).

of the concerted chair transition structure for octafluorohexa-
diene7 is calculated to be higher thakH* for 1,5-hexadiene

by 5.7 kcal/mol. The rate accelerating effect of fluorine
substitution at C(1) and C(6), as evident?rand3, is present
but now overwhelmed by the inhibitory influence of fluorine
substitution at C(3) and C(4), carbons which are changing from
sp® to sp hybridization in the transition state. The structural
response is a further tightening of the calculated transition
structure with a breaking/forming bond distance of 1.894 A.
The concerted boat transition structure is characterized by four
pairs of eclipsed €F bonds, and the close proximity of the
eclipsed fluorines (2.553 A for the pseudoaxial F) prevents
collapse of the transition structure to a more diyl-like structure
which would have greater ggharacter at the reacting carbon
centers. This results in long breaking/forming bonds (2.282 A)
and very high enthalpies of activation (16.8 kcal/mol higher
than the boat transition structure for the parent hydrocarbon).

To investigate a possible stepwise mechanism, two cyclo-
hexane-1,4-diyl diradical intermediates and a transition structure
leading to the lower energy one were located on the reaction
enthalpy surface. &£, chair diradical intermediate is calculated
to be 8.9 kcal/mol below the concerted chair transition state,
and the transition structure leading to this diradical is 1.9 kcal/
mol lower than the concerted pathway. This places the diyl in
a deep potential well of 7.0 kcal/mol.

That the cyclohexane-1,4-diyl would prefer a chair conforma-
tion could not be taken as given. Hrovat and Borden have shown
that, for the parent hydrocarbonCa, symmetric chair diradical
is not a stationary point on the potential energy hypersurface at
the CASPT2/6-31G(d)//CASSCF/6-31G(d) le¥&lAt this level
of theory, the most stable conformation of cyclohexane-1,4-
diyl is aD, symmetric “twist-boat”, and this intermediate resides
in a shallow well with barriers of just 1.4 and 2.2 kcal/mol for
its transformation to bicyclo[2.2.0]hexane and 1,5-hexadiene,
respectively. This computational result agrees very well with
the experimental work of Goldstein and Benzon for the
thermolysis of deuterium labeled bicyclo[2.2.0]hex&feror
the octafluoro-1,5-hexadiene systeiy the D, symmetric
cyclohexane-1,4-diyl was also located as a stationary point.
However, in this case, it is found to be 0.7 kcal/mol higher
than the chair confomation of the diyl at the UB3LYP/6+33-

(d,p) level.

Stationary points on the reaction surface calculated for the
concerted and diradical rearrangement of perfluorohexadiene
(4) have features quite similar to those found for octafluoro
derivative7. The stepwise pathway through a chair diradical is
again favored over the concerted pathway (by 2.0 kcal/mol),
and theD, symmetric diyl is just 0.1 kcal/mol higher than the
chair diradicaf® The perfluoro system differs from the oc-
tafluoro system due to the added radical stabilization at C(2)

the effects of fluorine substitution at carbons 2 and 5 from those and C(5). The 1,4-diyl is now in a very deep potential well,
of substitution at the reacting carbons 1, 3, 4, and 6, calculations15.4 kcal/mol below the concerted pathway. Interestingly, the
were also performed on the rearrangement of 1,1,3,3,4,4,6,6-perfluoroCz, 1,4-diyl adopts a distinctly flatter chair than that

octafluoro-1,5-hexadien@). Reaction parameters calculated at
the (U)B3LYP/6-31-G(d,p) level for putative transition struc-
tures and reaction intermediates for the rearrangemenantl

found in the octafluoro system (Figures 12 and 13), even though
this change exacerbates the vicinyl fluorirfeiorine repulsions
by reducing some +C—C—F dihedrals to just 40% The

4 are reported in Table 4, and the associated geometric data aréompensating factor may be a movement of the radical centers

presented in Figures 12 and 13.

Adding fluorine substituents to carbons C(3) and C(4) changes
completely the behavior of the system. The activation enthalpy

(39) (a) Hrovat, D. A.; Borden, W. TJ. Am. Chem. So@001, 123 4069-
4072. (b) Goldstein, M. J.; Benzon, M. $. Am. Chem. Sod 972 94,
5119-5121.
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away from the fluorine nonbonding electron pairs. Carbons C(2) Table 5. Enthalpy of Activation? Data for the Reaction of

; Al ; ; ; 1,1,3,3,4,4,6,6-Octafluoro-1,5-hexadiene (7) ((U)B3LYP/6-31G(d)
and C_:(S) are slightly pyramldahzed as is typical of fluorine -4 CASPT2/6-31G(d)//B3LYP/6-31G(d))
substituted carbon radicals.

. chair D2 TSto
The computational results reported here are completely o char TS boatTS  diadical  diadical  chairdirad.
consistent with the experimental work of Jing and Lemal, which BILYP 132 6.2 372 38.7 122
suggests that the thermal rearrangement of perfluoro-1,5- caspt 43.0 60.8 311 34.2 36.7
hexadienel preferentially produces a 1,4-cyclohexane-1,4-diyl
intermediate, which then partitions between the more favorable ®Energies given in kcal/mol relative to starting mate?aCASPT2 data
process of closure to perfluorobicyclo[2.2.0]hexane (see Figure gr?f’l_ig%%fg'(gt)scggﬂé%%’g_emes’ ZPE, and thermal corrections from

9) and a slower “Cope” process. This partitioning of a 1,4-diyl

between the two processes is very similar to the result found gne-step process. This provides further corroboration of the DFT
by Goldstein and Benzon for the thermolysis of deuterium methodology and supports our assertion above that battd
labeled bicyclo[2.2.0]hexar€#* Our result does not entirely 4 react through cyclohexane-1,4-diyl intermediates which parti-
preclude the Cope process of perfluoro-1,5-hexadiene going bytion between the Cope process and closure to a bicyclo[2.2.0]-
way of a concerted process, although the strong implication is hexane.
that it occurs as a two-step process through a cyclohexane-1,4- )
diyl. Conclusions

The interesting prediction of this work is that octafluoro- The effects of fluorine substitution on the Cope rearrangement
hexadiene7 also preferentially reacts by a diradical pathway. depend on the position and degree of substitution. With modest
The strong preference of fluorine to be at bgbridized carbons  levels of fluorination, such as those found in the di- and
drives ring closure to the 1,4-diyl despite a lack of radical tetrafluoro derivative® and3, the substituents serve to stabilize
stabilization at C(2) and C(5). The same phenomenon effectively and favor the concerted chair transition state. However, in at
destabilizes the transition structure for the concerted process inleast two situations, fluorination can alter the pathway toward
which carbons 1, 3, 4, and 6 all have significant sparacter. an associative two-step process involving a singlet cyclohex-

The ability of the B3LYP functional, and DFT methods in anediyl diradical intermediate or, alternatively, to a loose
general, to reasonably assess the relative energetics of closedfansition state resembling two allyl radicals. In the caseedo
shell and singlet diradical species remains an area of concerntetrafluoro-bis-methylenecyclopentane, both the experimental
and active research. In that light, we sought to verify the relative fesults and the calculations reported here make clear that a
stabilities of key intermediates using completely different Pathway tipped toward dissociative character is preferred.
theoretical methods very well disposed to the calculation of open However, with the perfluoro and octafluoro derivatives of 1,5-
shell species. Single-point energy calculations at the 6 electron/shexadiene, the penchant of the fluorines attached to the reacting
orbital CASPT2/6-31G(d) level were performed on the B3LYP/ centers for sphybridization is sufficient to also force reaction
6-31G(d) geometries for all stationary points in the rearrange- through a diradical pathway, now involving ring closure to a
ment of the most interesting case, octafluoro derivativEhese ~ 1.4-cyclohexanediyl intermediate. Notably, this pathway be-
results are presented in Table 5 along with those of (U)B3LYP/ comes the favored route even without any radical Stab|l|2|ng
6-31G(d) calculations for comparison. The relative ordering of Substituents at C(2) and C(5). Like phenyl substituéhts,
all intermediates and transition structures remains as calculatedluorine substitution is able to direct the Cope rearrangement
by (U)B3LYP. The most significant difference at the CASPT2 in the direction of all three canonical mechanistic possibilities
level is that the diradical path is of somewhat lower energy Shown in Figure 2, with a 1.2 A variation in the length of the
and as a consequence more strongly favored over the concerteddartial single bonds formed and broken on the reaction

pathway: the concerted aromatic (1.9 A), the bis-allyl dissocia-

(40) A Cay chair transition state for the rearrangement of perfluroro-1,5-hexadiene tive (2.8 R), or the associative cyclohexane-1,4-diyl pathways
can be found with the 6-31G(d) basis set. This very fight transition structure (1.6 A)
has a breaking/forming bond distance of 1.741 A. However, with the larger
6-31+G(d,p) basis set, thi€;,, transition structure collapses to a “diyl” . .
structure with reacting bond distances of just 1.564 A, even with a RB3LYP Acknowledgment. We are grateful to the National Science
fﬁlculattri]o?- ThisfstaticgpharyI pointt ifs actually a vzeéy ;]Qa%)]w miinimum on Foundation for financial support of this research, and to the

e enthalpy surface (the lowest frequency is 26.8%gniThe changing . .

character of this stationary point was the most significant difference in Camille and Henry Dreyfus Foundation (Claremont) and the

structure as a function of the basis set. ) y National Science Foundation (UCLA) for the computer re-
(41) This hydrocarbon opens to a 1,4-diyl species which partitions between

reclosure to the bicyclic system and opening to a 1,5-hexadiene; reclosure SOUrces used in this work.
to bicyclo[2.2.0]hexane is slightly favored over opening to 1,5-hexadiene
(AAH* by 1.6 kcal/mol from the diradical). JA021330H
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