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2,8-Dioxabicyclo[5.1.0]octa-3,5-diene (“2,3-epoxyoxepin”) has been postulated as an intermediate in
ring-opening metabolism of benzene. Density functional theory (B3LYP/6-31G*) is employed to
study the activation and reaction energies for ring-opening isomerization of 2,3-epoxyoxepin, its 4,5-
benzo derivative, and its 3,6-hexamethylene derivative. The results are compared with published
experimental data. The markedly different fates of these three molecules suggest a means for testing

the postulated metabolic pathway.

Introduction

Only a very few derivatives of the 2,8-dioxabicyclo[5.1.0]octa-
3,5-diene system (1) (herein referred to as “2,3-epoxyoxepin”
for the sake of simplicity) have ever been isolated or char-
acterized spectroscopically.! Yet 2,3-epoxyoxepin may well
be the intermediate in ring-opening metabolism of benzene
to muconaldehyde via cytochrome P450 monooxygenase.
Our interest in 2,3-epoxyoxepin was inspired by the study by
Davies and Whitham,” who recognized a potential route
through epoxidation of benzene to benzene oxide (2), follo-
wed by epoxidation of its oxepin valence tautomer (3) to

(1) (a) Rosner, P.; Wolff, C.; Tochtermann, W. Chem. Ber. 1982, 115,
1162-1169. (b) Tochtermann, W.; Luttmann, K.; Sdunnus, N.; Peters, E.-M ,;
Peters, K.; von Schnering, H. G. Chem. Ber. 1992, 125, 1485-1494.
(¢) Tochtermann, W.; Luttmann, K.; Wolff, C.; Peters, K.; Peters, E.-M.;
von Schnering, H. G. Chem. Ber. 1989, 122, 1653-1660. Tochtermann, W.;
Popp, B.; Ott, F.; Peters, E.-M.; Peters, K.; von Schnering, H. G. Tetrahedron
1993, 49, 4581-4588. (e) Glaser, R.; Neumann, M.; Ott, F.; Peters, E. M.; Peters,
K.; von Schnering, H. G.; Tochtermann, W. Tetrahedron 2001, 57, 3927-3937.
(f) Greenberg, A.; Ozari, A.; Carlin, C. M. Struct. Chem. 1998, 9, 223-236.
(g) Nauduri, D.; Greenberg, A. Tetrahedron Lett. 2004, 45, 4789-4793.

(2) Davies, S. G.; Whitham, G. H. J. Chem. Soc., Perkin Trans. 1 1977,
1346-1347.
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produce 1, and then ring-opening to (Z,Z)-muconaldehyde
(4) (Scheme 1). Benzene oxide and oxepin are nearly equi-
energetic, and the position of equilibrium is strongly sol-
vent dependent.® Almost two decades earlier, Tomida and
Nakajima®* had suggested that 4 is a key intermediate en route
to the benzene metabolite (£, E)-muconic acid (5) (Scheme 1).
Convincing experimental evidence was provided by Goldstein,
Witz and co-workers.® (E,E)-Muconic acid excreted in urine
is commonly used to assess environmental exposure to benzene®

(3) Vogel, E.; Glinther, H. Angew. Chem., Int. Ed. 1967, 6, 385-401.

(4) Tomida, I.; Nakajima, M. Z. Physiol. Chem. 1960, 318, 171-178.

(5) (a) Goldstein, B. D.; Witz, G.; Javid, J.; Amoruso, M. A.; Rossman,
T.; Wolder, B. Adv. Exp. Med. Biol. 1982, 136, 331-339. (b) Latriano, L.;
Goldstein, B. D.; Witz, G. Proc. Natl. Acad. Sci. U.S.A4.1986, 83, 8356-8360.
(¢) Grotz, V. L.; Ji, S. C.; Kline, S. A.; Goldstein, B. D.; Witz, G. Toxicol.
Lett. 1994, 70, 281-290.

(6) (a) Weaver, V. M.; Buckley, T.; Groopman, J. D. Cancer Epidem.,
Biomarkers Prev. 2000, 9, 749-755. (b) Yu, R.; Weisel, C. P. J. Toxicol.
Environ. Health 1996, 48, 453-477. (c) Rothman, N.; Bechtold, W. E.; Yin,
S. N.; Dosemeci, M.; Li, G. L.; Wang, Y. Z.; Griffith, W. C.; Smith, M. T.;
Hayes, R. B. Occup. Environ. Med. 1998, 55, 705-711. Rappaport, S. M.;
Kim, S.; Lan, Q.; Vermeulen, R.; Waidyanatha, S.; Zhang, L. P.; Li, G. L,;
Yin, S. N.; Hayes, R. B.; Rothman, N.; Smith, M. T. Environ. Health Persp.
2009, 117, 946-952. (e) Weisel, C. P. Chem. Biol. Interact. 2010, 184, 58-66.
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as part of the broader context of benzene metabolism.” (E,E)-
Muconic acid typically comprises 10—20% of the benzene
metabolites®® ¢ [the remainder being phenol (6) and meta-
bolites derived from phenol]. Muconaldehyde is a very potent
inhibitor of hematopoeisis (normal generation of blood cells).”
It reacts with glutathione, can cross-link proteins as well as
DNA, and induces inhibition of gap junction intracellular
communication through cross-linking of the protein con-
nexin43.®> Muconaldehyde is also a secondary air pollutant
derived from ambient oxidation of benzene, and this aspect
will be briefly addressed below.

As logical and “economical” (two consecutive mono-
oxygenations) as the Davies and Whitham pathway appears,
the mechanism for ring-opening metabolism of benzene
remains uncertain. Benzene is metabolized by cytochromes
P450 in the liver (primarily by CYP2EI1). Evidence for the
existence of benzene oxide (2), and its intermediacy en route
to phenol is now quite strong.” However, pathways for ring-
opening to muconaldehyde not involving the intermediacy
of 2 have been suggested. One hypothesis is reaction of ben-
zene with hydroxyl radical followed by oxygen involving Fenton-
type chemistry.'® Vapor-phase benzene does react with hydroxyl
radical in the presence of oxygen to form muconaldehyde.'!
While benzene oxide/oxepin also reacts with hydroxyl radi-
cal to form muconaldehyde, it is unlikely that benzene oxide/

(7) (a) Witz, G.; Latriano, L.; Goldstein, B. D. Environ. Health Persp.
1989, 82, 19-22. (b) Snyder, R.; Witz, G.; Goldstein, B. D. Environ. Health
Persp. 1993, 100, 293-306. (c) Snyder, R.; Hedli, C. C. Environ. Health Persp.
1996, 104, 1165-1171. Snyder, R. Hum. Exp. Toxicol. 2007, 26, 687-696.

(8) (a) Amin, D. P.; Witz, G. Int. J. Toxicol. 2001, 20, 69-80. (b) Rivedal,
E.; Leithe, E. Toxicol. Appl. Pharmacol. 2008, 232, 463-468. (c) Rivedal, E.;
Witz, G.; Leithe, E. Chem. Biol. Interact. 2010, 184, 229-232.

(9) (a) Lovern, M. R.; Turner, M. J.; Meyer, M.; Kedderis, G. L.;
Bechtold, W. E.; Schlosser, P. M. Carcinogenesis 1997, 18, 1695-1700.
(b) Henderson, A. P.; Barnes, M. L.; Bleasdale, C.; Cameron, R.; Clegg, W.;
Heath, S. L.; Lindstrom, A. B.; Rappaport, S. M.; Waidyanatha, S.; Watson,
W. P.; Golding, B. T. Chem. Res. Toxicol. 2005, 18, 265-270. (c) Monks, T. J.;
Butterworth, M.; Lau, S. S. Chem. Biol. Interact. 2010, 184, 196-200.

(10) Zhang, Z. H.; Goldstein, B. D.; Witz, G. Biochem. Pharmacol. 1995,
50, 1607-1617.

(11) Klotz, B.; Volkamer, R.; Hurley, M. D.; Andersen, M. P. S.; Nielsen,
0. J.; Barnes, I.; Imamura, T.; Wirtz, K.; Becker, K. H.; Platt, U.; Wallington,
T. J.; Washida, N. Phys. Chem. Chem. Phys. 2002, 4, 4399-4411.

(12) (a) Klotz, B.; Barnes, I.; Becker, K. H.; Golding, B. T. J. Chem. Soc.,
Faraday Trans. 1997, 93, 1507-1516. (b) Berndt, T.; Boge, O.; Herrmann, H.
Chem. Phys. Lett. 1999, 314, 435-442. (c) Berndt, T.; Boge, O. Phys. Chem.
Chem. Phys. 2006, 8,1205-1214. Ghigo, G.; Tonachini, G. J. Am. Chem. Soc.
1999, /21, 8366-8372.

4762 J. Org. Chem. Vol. 75, No. 14, 2010

Morgan and Greenberg

oxepin is itself produced in the atmospheric chemistry of
benzene.'? If the hydroxyl radical was critical to the in vivo
conversion of benzene to muconaldehyde, then a similar ring-
opened byproduct of naphthalene might be present in the
urine of mammals (including humans) exposed to naphtha-
lene, since hydroxyl radical and oxygen also produce ring-
opened products of naphthalene."® Naphthalene is about
20 times more reactive toward gas-phase hydroxyl radical
than is benzene.'* No ring-opened byproducts of naphtha-
lene have been reported for mammals.'> Metabolism occurs
through 1,2-naphthalene oxide,'> and the improbability
of a 2,3-epoxyoxepin-type pathway for naphthalene has
been discussed elsewhere.'® Another suggested mechanism
involves enzyme-catalyzed one-electron oxidation of the
oxepin isomer to its radical cation en route to formation of
muconaldehyde.'”

While Davies and Whitham made a convincing case for
the intermediacies of 2,3-epoxyoxepins, the acidic conditions
characteristic of epoxidation reactions prior to the 1980s caused
immediate rearrangements, and these investigators could neither
isolate nor spectroscopically observe these intermediates.”
Our early collaborative computational study, optimized at
the 6-31G* level and including electron correlation (MP-2/6-
31G*//HF6-31G*), predicted that ring-opening of the trans-
oid conformer of 1 to (Z,Z)-muconaldehyde is exothermic by
17.0 kcal/mol with an energy of activation of only 16.5 kcal/
mol."® Taking into account a calculated entropy of activa-
tion of —1.5 eu, the lifetime of 1 for (uncatalyzed) thermal
(gas-phase) rearrangement was estimated at only 50 s at 0 °C."8

The development of dioxiranes as useful reagents during
the 1980s'? offered the opportunity to conduct epoxidations
at low temperatures under neutral conditions. Reaction of
2,7-dimethyloxepin with dimethyldioxirane in an NMR tube
at low temperature (ca. —40 °C) produced a very small
quantity of the 2,7-dimethyl derivative of 2,3-epoxyoxepin
(7), which rearranges to octa-3,5-diene-2,7-dione (8) starting
at —10 °C (Scheme 2).'"? A nearly simultaneous attempt to
observe the parent molecule 1 was unsuccessful.”® Clearly,
muconaldehyde was formed via 1, but only a small quan-
tity of the isomeric “sym-oxepin oxide” (4,8-dioxabicyclo-
[5.1.0]octa-2,5-diene) was observed via NMR starting around
—40 °C, and this molecule rearranged to 4 H-pyran-4-carbalde-
hyde starting at +10 °C.?° sym-Oxepin oxide had previously
been reported by Klein and Grimme?®! as well as Rastetter, >

(13) (a) Nishino, N.; Arey, J.; Atkinson, R. Environ. Sci. Technol. 2009,
43, 1349-1353. (b) Nishino, N.; Arey, J.; Atkinson, R. Environ. Sci. Technol.
2009, 43, 8554-8560.

(14) Biermann, H. W.; Macleod, H.; Atkinson, R.; Winer, A. M.; Pitts,
J. N. Environ. Sci. Technol. 1985, 19, 244-248.

(15) Waidyanatha, S.; Rappaport, S. M. Chem. Biol. Interact. 2008, 172,
105-114.

(16) (a) Greenberg, A.; Bock, C. W.; George, P.; Glusker, J. P. Polycyclic
Aromat. Compd. 1994, 7, 123-128. (b) Boyd, D. R.; Sharma, N. D. Chem.
Soc. Rev. 1996, 25, 289-296.

(17) Golding, B. T.; Barnes, M. L.; Bleasdale, C.; Henderson, A. P.; Jiang,
D.; Li, X.; Mutlu, E.; Petty, H. J.; Sadeghi, M. M. Chem. Biol. Interact. 2010,
184, 196-200.

(18) Greenberg, A.; Bock, C. W.; George, P.; Glusker, J. P. Chem. Res.
Toxicol. 1993, 6, 701-710.

(19) Adam, W.; Zhao, C.-G.; Saha -Moller, C. R.; Jakka, K. Oxidation of
Organic Compounds by Dioxiranes; John Wiley & Sons: New York, 2009.

(20) Bleasdale, C.; Cameron, R.; Edwards, C.; Golding, B. T. Chem. Res.
Toxicol. 1997, 10, 1314-1318.

(21) Klein, H.; Grimme, W. Angew. Chem., Int. Ed. Engl. 1974, 13, 672—
673.

(22) Rastetter, W. H. J. Am. Chem. Soc. 1976, 98, 6350-6353.
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who subsequently investigated the relative mutagenicities of
benzene oxides and oxepins.”® Reasoning that the epoxida-
tion of 4,5-benzoxepin should yield 4,5-benzo-2,3-epoxy-
oxepin (9), a molecule that might manifest an increased bar-
rier to concerted ring-opening to the o-xylylene derivative 10,
this compound was synthesized in high yield using dimethyl-
dioxirane-acetone at —50 °C."# To our considerable surprise,
9 rearranged above —10 °C to yield 11 (Scheme 2). At the
time, we were unaware of the series of bridged 2,3-epoxy-
oxepins (12—14, E = CO,CH; or CO,C,Hs) reported by
Tochtermann and co-workers (Scheme 3).'*"¢ Most strik-
ingly, these compounds are thermally stable (melting points
ranging from ca. 80 °C to ca. 100 °C) and, since they are
synthesized using m-chloroperbenzoic acid, resist the very
rapid acid-catalyzed rearrangements characteristic of species
such as 7.

The present investigation employs density functional the-
ory to compare calculated thermochemical and kinetic data
with selected experimental properties of the three structu-
rally diverse 2,3-epoxyoxepins 1, 9, and 12 (E = H). In turn,
another goal of this investigation is to help establish a
framework for investigation of the metabolic ring-opening
of benzene to muconaldehyde.

Computational Methods

All geometries were optimized at the B3LYP/6-31G* level of
theory as implemented in the Spartan 08>* or in the Gaussian
03 suite of programs. All optimized structures, unless other-
wise noted, were confirmed to be minima (zero imaginary fre-
quencies) or transition states (one imaginary frequency) through
their calculated energy second derivatives. The transition states
were further characterized from intrinsic reaction coordinate
(IRC) calculations and visualizing the imaginary normal mode.
Relative energies and energies of activation refer to comparisons
of calculated total energies. Zero-point energies and thermal
corrections are available in the Supporting Information for this

paper.

(23) Stark, A. A.; Rastetter, W. H. Environ. Mol. Mutagen. 1996, 28,
284-293.
(24) Spartan 08, 1.2.0; Wavefunction, Inc.: Irvine, CA, 2008.
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The search for the ring-opening transition state for 2,3-epoxy-
oxepin (1) started with the calculated transition state for rin%
closure of 1,3Z7,5Z,7-octatetraene file in the Spartan Database’
and converting the terminal methylene groups to carbonyl
oxygens and optimizing at the B3LYP/6-31G* level. The transi-
tion states for the benzo-substituted system (9 — 10) and the
analogous ring-opening of the bridged system (12, E = H) were
similarly located by initially building on to the transition-state
structure obtained for the 2,3-epoxyoxepin system. Correspond-
ing optimized calculations of 2,3-epoxyoxepin (1), its thermal
ring-opening transition state, as well as the active conformer of
(Z,Z)-muconaldehyde and the most stable conformers of (Z,Z)-
muconaldehyde were performed using the PCM (polarizable
continuum model) solvation by acetone. The analogous calcula-
tions were also performed for 4,5-benzo-2,3-epoxyoxepin (9).
Searches for zwitterionic as well as singlet diradical intermedi-
ates for the ring-opening rearrangements of 2,3-epoxyoxepin (1)
and its benzo derivative 9 were attempted employing UB3LYP/
6-31G* calculations using Gaussian 03.2

The most stable cations derived from protonation of 2,3-
epoxyoxepin were found in two ways: (a) the bond between C2
and the epoxy oxygen was broken and the proton attached to
that oxygen, and (b) alternatively, the bond between C3 and the
epoxy oxygen was broken, a proton attached to that oxygen.
These species were optimized as above. The same procedure was
performed on the most stable conformers of the 4,5-benzo-2,3-
epoxyoxepin and 3,6-(CH»)s-2,3-epoxyoxepin. Single-point en-
ergy calculations, using the CCSD(T)/6-31G* level of theory,
were performed on the two cations derived from protonation of
2,3-epoxyoxepin that had been optimized at the B3LYP/6-31G*
level.

The search for the transition state corresponding to reaction
of the 3,6-(CH,)s-bridged oxepin with dioxirane leading to 12
(E = H) started from the calculated transition state for reaction
of dimethyldioxirane with 2-methyl-2-butene obtained from the
Spartan Database.> B3LYP/6-31G* calculations of transition states
involving epoxidation by dioxiranes reproduce quite well struc-
tures and energies achieved using higher levels of calculation.?’

Results and Discussion

A. Relative Energetics of Corresponding 2,3-Epoxyoxepins
and Ring-Opened Isomers. Figure 1 depicts the activation
and reaction energies for (gas-phase) isomerization of 2,3-
epoxyoxepin (1) to (Z,Z)-muconaldehyde (4). The calculated
transition state for this concerted electrocyclization reaction
is depicted in Figure 2. The transition-state structure is
virtually identical to that calculated previously using MP2/
6-31G*//6-31G*."® It may be considered to be an 87-MJbius-
type aromatic transition state. The initially formed conformer

(25) Spartan Molecular Database; Wavefunction, Inc.: Irvine, CA, 2008.

(26) Frisch, M. J.; G. W. T, Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant,
J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi,
M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara,
M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda,
Y .;Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross,
J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y ;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G;
Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; M. A. Al-Laham, Peng,
C.Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; , Pople, J. A. Gaussian 03, Revision E.Ol;
Gaussian Inc.: Wallingford, CT, 2004.

(27) Bach, R. D.; Dmitrenko, O.; Adam, W.; Schambony, S. J. Am.
Chem. Soc. 2003, 125, 924-934.
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FIGURE 1. Calculated relative energies for isomerization of 2,3-epoxyoxepin (1) to (Z,Z)-muconaldehyde (4), setting the “active” confor-
mation of 2,3-epoxyoxepin (1’) at 0.0 kcal/mol. Structure 4’ is the “active” conformation of (Z,Z)-muconaldehyde.

FIGURE 2. Transition-state model for ring-opening of 2,3-epoxy-
oxepin.

of (Z,Z)-muconaldehyde is less stable than the lowest energy
conformer by 7.5 kcal/mol. Since the lowest energy confor-
mer of 2,3-epoxyoxepin (1) is ca. 0.2 kcal/mol lower in energy
than the “active” conformer (1’), the energy of activation
is 11.3 kcal/mol. The overall reaction to form the most sta-
ble conformer of (Z,Z)-muconaldehyde is exoenergetic by
22.4 kcal/mol.

B3LYP/6-31G* calculations predict that the total energy
of oxepin (uncorrected for zero-point energy and thermal
energy) is 0.66 kcal/mol lower than that of benzene oxide.
Experimental data (in CF;Br/pentane, 2:1) indicate that
oxepin is 1.7 & 0.4 kcal/mol higher in enthalpy than benzene
oxide, but 1.3 kcal/mol lower in free energy at room tem-
perature due to its more positive entropy.® Higher order ab
initio calculations with configuration interaction actually
predict a very slightly higher total energy for oxepin.”® 4,5-
Benzoxepin is calculated to be 21.4 kcal/mol lower in energy
than its benzene oxide tautomer, a value that far exceeds any
computational uncertainties. Figure 3 depicts the relative
energies for isomerization of 4,5-benzo-2,3-epoxyoxepin 9 to
form 10 and then 11. Figure 3 also depicts the relative energy

(28) (a) Bock, C. W.; George, P.; Stezowski, J. J.; Glusker, J. P. Struct.
Chem. 1990, 1,33-39. (b) Pye, C. C.; Xidos, J. D.; Poirier, R. A.; Burnell, D.J.
J. Phys. Chem. A 1997, 101, 3371-3376.
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of the transition state for ring-opening of 9 to o-xylylene
derivative 10. The calculated structure of the transition state
is very similar to that of the parent (Figure 2) but with a shorter
incipient carbonyl bond (1.265 A) and other small changes
reflecting a somewhat later transition state as expected in this
endothermic reaction. Formation of 10 requires loss of the aro-
matic stabilization of 9. The formation of “active” confor-
mer 10’ is endoenergetic by 12.2 kcal/mol relative to “active”
conformer 9" and has a calculated energy of activation of
21.6 kcal/mol. The conversion of the most stable conformer
of 9 to the most stable conformer of 10 is endoenergetic by
5.5 kcal/mol with an activation energy of 21.8 kcal/mol.
However, the most stable conformer of o-xylylene derivative
10 is ca. 25 kcal/mol less stable than 3,4-benzo-2 H-pyran-2-
carbaldehyde (11), formed via subsequent Cope rearrange-
ment.'® o-Xylylene derivative 10 furnishes an interesting
contrast with muconaldehyde. The (Z,2)- and (E,Z)-muco-
naldehydes are more stable than the 2 H-pyran-2-carbalde-
hyde isomer that can interconvert with them.?’ Although the
pyran isomer is a reasonable intermediate for this isomeriza-
tion, catalyzed rearrangement is also a possibility for Z,Z- to
E,Z-isomerization and seemingly a necessity for E,Z- to E, E-
isomerization.?*° In contrast, closure of the o-xylylene deri-
vative regenerates a benzene ring and produces 3,4-benzo-
2 H-pyran-2-carbaldehyde (11) as the global minimum. Although
a (gas-phase) barrier to ring-opening rearrangement of 9 is
predicted to be 21—22 kcal/mol, this 2,3-epoxyoxepin also
ring opened in solution at a low temperature (—10 °C) similar
to that for the parent compound.'® PCM solvation by
acetone lowered the calculated barrier to thermal rearrange-
ment of 1 (by 1.3 kcal/mol) to 9.8 kcal/mol and rearrange-
ment of 9 (by 1.6 kcal/mol) to 20.2 kcal/mol. Attempts to
locate discrete epoxy-ring-opened zwitterion intermediates
or singlet diradical intermediates computationally were un-
successful. The parent optimizes to 4 and the benzo deriva-
tive to 9'. It is conceivable that the inner wall of the NMR
tube employed in the study of 9'¢ might have been slightly

(29) (a) Golding, B. T.; Kennedy, G.; Watson, W. P. Tetrahedron Lett.
1988, 29, 5991-5994. (b) Bock, C. W.; George, P.; Greenberg, A.; Glusker,
J. P. Chem. Res. Toxicol. 1994, 7, 534-543.

(30) Bleasdale, C.; Golding, B. T.; Kennedy, G.; Macgregor, J. O.;
Watson, W. P. Chem. Res. Toxicol. 1993, 6, 407-412.
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FIGURE 3. Relative activation energy and energy change for isomerization of 4,5-benzo-2,3-epoxyoxepin (9) to o-xylylene derivative 10 (via
the corresponding “active” conformers 9’ and 10’), subsequent rearrangement to the 2 H-pyran-2-carbaldehyde derivative 11, and the relative

energy of the transition state for conversion of 9 to 10.
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FIGURE 4. Depictions of the relative energies of the most stable conformer of the 3,6-(CH,)4-bridged-2,3-epoxyoxepin system, the “active”
conformer leading to the ring-opening transition state, the transition state, the initial conformer of the product, and the most stable conformer
of the product. [Due to steric constraints by the —(CH,)s— bridge, the ring inversion required to convert the most stable conformer (syn-12) to

the “active” conformer (anti-12’) cannot occur.]

acidic since a similar unanticipated glassware surface effect
was reported for sym-oxepin oxide.”!

The 3,6-bridged compounds 12 and 14 could, in principle,
be metabolic products via consecutive mono-oxygenations
of the highly strained [6]paracyclophane®! and [7]paracyclo-
phane,* respectively. Due to steric constraints introduced by
the bridge, the oxepin tautomer is calculated to be 28.5 kcal/
mol more stable than the benzene oxide. What is the source
of the thermal stabilities of 12—14? Figure 4 depicts relative

(31) Kane, V. V.; Wolf, A. D.; Jones, M., Ir. J. Am. Chem. Soc. 1974, 96,
2643-2644.

(32) Wolf, A. D.; Kane, V. V.; Levin, R. H.; Jones, M., Jr. J. Am. Chem.
Soc. 1973, 95, 1680.

energetics of the transition state for the ring-opening rear-
rangement of 12 to the cyclodeca-1,3-diene-1,4-dicarbalde-
hyde 15. Starting from the “active” conformer 12, the energy
of activation (13.4 kcal/mol) is not much different from that
of 2,3-epoxyoxepin (1) itself, and the reaction is exothermic.
The transition state is similar to that depicted in Figure 2.
The hexamethylene bridge in this molecule prevents the
epoxyoxepin ring from inverting; hence, we term the more
stable structure the syn-stereoisomer. There are 14 low energy
conformations for syn-12. The anti-stereoisomer is identical
with the active conformer (anti-12'). The most stable syn-
conformer is 25.7 kcal/mol lower in energy than the “active”
conformer (anti-12) (see Figure 4). This might at first suggest
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SCHEME 4

endo-approach

o)

Xo-approach

an activation energy for ring-opening rearrangement of 12 of
ca. 39 kcal/mol or a bit higher. However, as noted above, the
syn-12 conformer cannot ring invert to form anti-12. syn-12
is not only much more stable than the active conformer
anti-12', it is also formed much more rapidly via epoxidation
(see below). In summary, once the most stable conformer
(oxygens syn) is formed via kinetically favored epoxidation
of 3,6-(CH,)s-oxepin, the hexamethylene bridge sterically
prohibits inversion of the oxepin ring to form the active
(oxygens anti) conformer. Therefore, the most stable con-
former simply cannot transform to the favored transition
state for thermal ring-opening isomerization. This accounts
for the thermal stability of 12 despite its ring-opening being
exoenergetic by 33—34 kcal/mol. Despite attempts to com-
putationally “force” syn-12 toward ring-opening rearrange-
ment by stretching the appropriate bonds, no success was
achieved with this approach.

The calculated transition state for endo-attack by dioxi-
rane (CH,0,) is 7.8 kcal/mol lower in energy than that for
the exo-attack. The hexamethylene bridge introduces steric
hindrance to exo-attack on the boatlike oxepin ring in 12
(Scheme 4). Since the reactions are highly exothermic (—56.8
kcal/mol for endo-attack; —31.0 kcal/mol for exo-attack),
involving early transition states, and dioxirane is sterically
undemanding, less exothermic reactions involving more steri-
cally demanding larger oxidizing agents should increase this
bias. The sterically favored endo-attack forms the syn-oxygens
stereoisomer (syn-12) which cannot conformationally inter-
convert to the anti-oxygen stereoisomer (anti-12), the one favo-
red for facile thermal ring-opening.

B. Structures of Protonated 2,3-Epoxyoxepins. The experi-
mentally observed stabilities of bridged 2,3-epoxyoxepins
12—14 to acid are in marked contrast to those of simpler sys-
tems such as 7. In order to understand this property in some
detail, investigations were initiated on protonated structures
derived from 1,9, and 12 (see 16, 17, and 20—23 in Scheme 5).
The proton affinities of these three 2,3-epoxyoxepins to form
the corresponding 2- and 3-hydroxy cations are listed in
Table 1. These include zero-point energy and thermal correc-
tions. Attempts to calculate the energy of the structure hav-
ing the epoxy ring of 1 protonated and intact were unsuccess-
ful since the ion spontaneously converges to structure 16
(hydroxyl group on C2). The isomer 17, in which the hydro-
xyl group is attached to C3, is 11.12 kcal/mol less stable than
16. However, it is clearly homoaromatic judging by its
calculated structure (Figure 5). Specifically, the calculated
C2 and C4 distance is only 1.590 A. This is reminiscent of the
homoaromatic cation 18 postulated by Klein and Grimme?'
to explain the exceedingly facile rearrangement of “sym-oxepin
oxide” to 4H-pyran-4-carbaldehyde on contact with glass
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surfaces not pretreated with alkali. However, the calculated
structure for the ion derived from protonation of “sym-
oxepin oxide” appears to resemble 19 (calculated C3—C5
distance 2.49 A) and thus not be the homoaromatlc structure
18 postulated by Klein and Grimme.?' The energy difference
between 16 and 17 was also compared using single-point
CCSD(T)/6-31G* calculations. The results favor 16 over 17
by 12.2 kcal/mol.

Protonation of 4,5-benzo-2,3-epoxyoxepin also favors the
2-hydroxy cation (20), calculated to be 8.2 kcal/mol more
stable than the 3-hydroxy cation (21). The torsional angle in
16 between the C2—C3 bond and the C4—CS5 bond is
calculated at 3.3°. For the benzo derivative (20), the corres-
ponding angle is 1.9°. Thus, ions 16 and 20 have extended,
virtually coplanar conjugated s systems. Although cation 17
is calculated to be homoaromatic, twisted overlaps mitigate
the expected stabilization. The torsional angle between the
C4—C5 and C6—C7 bonds in the protonated 2,3-epoxy-
oxepin cation 17 is calculated at 18.72°. Unlike the parent
system, the corresponding ion (21) derived from the 4,5-
benzo derivative, in which hydroxyl is on C3, has no signi-
ficant homoaromaticity since the C2—C4 distance is calcu-
lated at 2.10 A. This is reflected in the lower calculated
proton affinity to form 21 (relative to 17 and 23). This ion has
a calculated 28.75° torsional angle, some 10° higher than in
17, between the C4—C5 and C6—C7 bonds. The prediction
that the proton affinity of 9 (to form 20) is 6.3 kcal/mol less
than the proton affinity of 1 (to form 16) is readily under-
stood through analogy furnished by eq 1:

CH, C2H5 CH3 Hy 2H5 CH2
Csz

AEgs1ypre-316() = -10 keal/mol

The 3,6-(CH,)4-bridged derivative synthesized by Toch-
termann’s group was obtained using meta-chloroperbenzoic
acid. It is thus relatively stable to acid unlike the parent
system. The proton affinity for formation of the 2-hydroxy
cation (22) is calculated to be nearly 18 kcal/mol less than
that for the parent system and over 11 kcal/mol less than that
for the 4,5-benzo derivative to form the corresponding
2-hydroxy cations (Table 1). Although 22 is a bridgehead
carbocation, it is planar (sum of angles = 359.4°). However,
the torsional angle between the C2—C3 bond and the C4—C5
sr-system is 138.19° and between the C4—C5 and C6—C7
sr-systems is 33.51°. We predict from the calculational results
preferential formation of the 3-hydroxy cation (23) in con-
trast to the predictions for 1 and 9. While this is mostly due to
reduced conjugation in 22, the additional a-alkyl substitu-
tion in 23 adds an additional stabilization (e.g., [(CH3),CH-
(CH3),]" is 2 kcal/mol more stable than [(CH3CH,CH,)-
C(CH;),]").*® The calculated difference in (gas-phase) proton
affinities between 1 and 12 is 6.6 kcal/mol, and this differ-
ence, albeit not very large, is consistent with the difference in
stabilities in acidic medium although one might expect
differences in solution to play a role as well. The 3-hydroxy

(33) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, 1-861. The same
2.0 kcal/mol difference is also reproduced by B3LYP/6-31G* calculations.
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SCHEME 5

20 21

TABLE 1. Calculated (B3LYP/6-31G*) Proton Affinities (PA)
of Three 2,3-Epoxyoxepin Molecules To Form the 2-Hydroxy- and
3-Hydroxy-Type Cations (e.g., 16 and 17, Respectively)*

proton affinity (kcal/mol)

2-hydroxy 3-hydroxy

cation cation
2,3-epoxyoxepin (1) 231.2(16) 220.6 (17)
4,5-benzo-2,3-epoxyoxepin (9) 224.9(20) 216.7(21)
3,6-(CH»)¢-2,3-epoxyoxepin (12, E = H)  213.5(22) 224.6(23)

“The total energies are corrected for zero-point vibrational energies
and thermal energies. For each compound, the higher proton affinity corres-
ponds to the more stable cation.

FIGURE 5. Structure of the homoaromatic cation (17) that could
arise from protonation of 1. This stabilized ion is calculated to be
less stable than 16.

cation (23) strongly resembles 17, and its calculated C2—C4
distance is only 1.57 A. Unlike 17, the homoaromatic cation
derived from the 3,6-(CH,)s-bridged species (23) may be
accessible, since it is the more stable of the two isomeric ions.

Conclusions

The thermal ring-opening isomerization of 2,3-epoxyox-
epin to (Z,Z)-muconaldehyde is calculated to be exothermic
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OH 1.57 A

with a low energy of activation (ca. 11 kcal/mol). The tran-
sition state is an aromatic Mobius 8 7 system in which the
two oxygen atoms have an anti orientation. The ring-opening
rearrangement of 4,5-benzo-2,3-epoxyoxepin to its o-xylylene-
like isomer (“3,4-benzomuconaldehyde”) is endothermic due
to loss of aromaticity and has a considerably higher (21—
22 kcal/mol) calculated energy of activation. The o-xylylene
derivative 10 isomerizes to 3,4-benzo-2 H-pyran-2-carbaldehyde
(11), which is 25 kcal/mol more stable than 10 and 20 kcal/
mol more stable than 4,5-benzo-2,3-epoxyoxepin (9). This
relationship is in contrast to that in muconaldehyde where
2 H-pyran-2-carbaldehyde is higher in energy than the ring-
opened isomers and is a reasonable intermediate for isomer-
ization of (Z,Z)-muconaldehyde to (E,Z)-muconaldehyde.
In spite of the prediction of a significantly higher barrier to
thermal ring-opening of 4,5-benzo-2,3-epoxyoxepin, in acetone
solution the molecule ring opened rapidly at about —10 °C,
remarkably close to the temperature at which the parent ring
opened, en route to forming 11. Calculations involving PCM
solvation by acetone only slightly lower the concerted ring-
opening barriers of 1 and 9. Attempts to locate discrete zwitter-
ionic and singlet diradical intermediates for these ring-opening
isomerizations were unsuccessful. It is possible that the inner
surface of the glass NMR tube employed in the generation of
9 had acidic sites. This will be investigated further using an
NMR tube prewashed with base.

Derivatives of 2,3-epoxyoxepin in which the 3- and 6-
positions are bridged by hexamethylene or heptamethylene
groups have very different reaction patterns relative to the
parent compound. The 3,6-bridged species do not rapidly
rearrange under acidic conditions. They are thermally quite
stable, with melting points in the 80— 100 °C range. The bridge
forces the seven-membered oxepin ring to adopt a fairly
rigid boat-like structure with the bridge covering part of the
exo-surface of the ring. Epoxidation (e.g., by dioxirane) is
strongly favored from the endo-surface which has the effect
of fixing the oxygens in the resulting 2,3-epoxyoxepin deri-
vative into a rigid syn relationship. Since the transition state
for concerted ring-opening isomerization requires the oxy-
gens to be anti- the molecule resists thermal ring-opening.
The kinetically disfavored isomer of the 3,6-bridged mole-
cule, in which the two oxygens are anti, is calculated to be
25—26 kcal/mol higher in energy than the synisomer. Its acti-
vation barrier (13—14 kcal/mol) is similar to that of the parent
(11 kcal/mol). However, since the syn-isomer is ca. 26 kcal/
mol more stable, the activation barrier for ring-opening
would probably be in excess of 40 kcal/mol, if the molecule

J. Org. Chem. Vol. 75, No. 14, 2010 4767



JOC Article

was in fact capable of inverting. The —(CH,)s— as well as the
—(CH,);— bridges sterically prohibit this inversion.

Attempts to protonate the epoxy ring computationally in
the three epoxyoxepins led to the ring-opened hydroxyl car-
bocations. The highest proton affinity was calculated for the
parent molecule 1. Protonation of 1 and the 4,5-benzo deri-
vative 9 led to the corresponding 2-hydroxy carbocations 16
and 20, respectively. However, formation of the 2-hydroxy
carbocation (22) derived from the 3,6-bridged compound 12
is nearly 18 kcal/mol less favorable than the corresponding
ion for 1 and over 11 kcal/mol less stable than that derived
from 9. Protonation of 12 favors formation of the 3-hydroxy
carbocation (23), and its formation corresponds to a proton
affinity 6—7 kcal/mol lower than that of 1. This is consistent
with the stability of 12 to acid.

It is worth noting that this calculational study suggests
a means for further investigation of the epoxyoxepin hypo-
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thesis for cytochrome P-450-mediated ring-opening of ben-
zene. If this mechanism is operative and all three substra-
tes metabolized, then one would expect 2,7-dimethyloxepin
to yield octa-3,5-diene-2,7-dione (8), 4,5-benzoxepin to
yield 3,4-benzo-2H-pyran-2-carbaldehyde (11), and 3,6-hexa-
methylene oxepin to yield the bridged 2,3-epoxyoxepin 12
(E=H).

Acknowledgment. We gratefully acknowledge preliminary
studies by Dr. Dhananjaya Nauduri and helpful discussions
and advice from Professor Richard Johnson, University of
New Hampshire.

Supporting Information Available: Total energies, full
geometries, zero point energies, and thermal corrections
for all structures. This material is available free of charge
via the Internet at http://pubs.acs.org.



