996

Stereochemistry of the Thermal Retro-Diels-Alder
Reactions ofcis,exo-5,6-d,-Bicyclo[2.2.1]hept-2-ene,
cis-4,5-d,-Cyclohexene, and
cis,exo-5,6-d-Bicyclo[2.2.2]oct-2-ene

David K. Lewis,* David A. Glenar,* Steven Hughes,
Bansi L. Kalral$ Jessica Schlier! Rajesh Shuklé,and
John E. Baldwin*

Department of Chemistry, Connecticut College
New London, Connecticut 06320

Department of Chemistry, Syracuse barisity
Syracuse, New York 13244

Receied October 30, 2000

J. Am. Chem. So@001,123,996—997

by 1,1011212133nd 3,814 one may deriveAH; estimates for the
respective transition structures leading to fragmentations. Theory-
based estimations afH; for the corresponding diradicals 5,
and6 show that the transition structures of the “concerted” retro-
Diels—Alder reactions are of lower energy than the alternative
diradical structures: the difference between them, the “transition
state resonance energy”, is invariably negatfve.

These energy gaps between the alternatives availaldleZo
and 3 have been estimated by using force-field MM2ERW
calculations for the diradicaly 5, and6: —13.7,—5.7, and—5.1
kcal/mol, respectively>1® The same comparisons derived from
calculations at the B3LYP/6-31G(d) level of theory lead to a
similar but more compressed sequence of energy differences:
—7.4,-4.1, and—1.1 kcal/moP? The difference is large fot,
modest for2, and small (maybe too close to call) f8r Thus,

Recent femtosecond dynamics experiments and theoreticalwere these energy differences the dominant consideration, retro-

studies on retro-DietsAlder fragmentations of bicyclo[2.2.1]hept-
2-ene (), cyclohexeneZ), and bicyclo[2.2.2]oct-2-ene3) have
addressed fundamental mechanistic and conceptual issus®
two carbon-carbon single bonds broken simultaneously or

sequentially? What evidence might respond to this question? What

Diels—Alder substratel should beleastlikely to react by way
of a diradical intermediate, and bicycloocte®ishould bemost
likely to have diradical mediated reaction channels in serious
competition with a concerted fragmentation.

Gas-phase static-reactor studies have shown that norbor-

factors determine the relative importance of concerted versusnene () fragments in a stereochemically conservative fashion:
stepwise reaction channels? Are the concepts associated witrcis,exe5,6-d,-bicyclo[2.2.1]hept-2-enelfd,) gives @)-d-ethyl-

“concert”, “concerted”, and “concertedness” fully understood?

LI

1 2 3

Under the gas-phase pumprobe reaction conditions of
femtosecond-resolved dynamic studies?, and3 give transients

characterized by low ionization energies, masses equal to those
of the starting materials (94, 82, and 108 amu), and decay times

of about 200 fs. These species are thought to be the diradicals

enel”8Cyclohexene-d,, however, when heated in a shock tube
at 821 or 907°C, gives rise to both isomers &f2-d-ethylene,
evidence implicating diradical and vinylcyclobutane intermedi-
atest®20

1-d,

From this experimental evidence on the stereochemistry of

5, and6; stepwise processes as well as concerted fragmentationsgetro-Diels-Alder reactions ofl-d, and 2-d, and the thermo-

appear to be involvet? Under the high-energy photochemical
reaction conditions, rapid conversions'¢fz*) to ground-state
surfaces may lead directly to diradicals not easily accessible

chemical trends noted above one might anticipate3ttwould
fragment with an even greater loss of stereochemistry, indicative
of a more dominant role played by a diradical intermediate. This

through thermal experiments, which begs the question: Are theseanticipation has now been tested experimentally.

diradicals accessible thermally?

H2C\/b - HZCI\O . Hzé\/& .
4 5 6

From gas-phase\H; data for 1,>¢ 2,7 and 3,%° and from
experimentalH* data for the retro-DielsAlder reactions shown

T Connecticut College.

*Permanent address: Code 693, NASA Goddard Space Flight Center,
Greenbelt, MD 20771.

§ Permanent address:
Roanoke, VA 24020.

Y Visiting student from Wesleyan University, Middletown, CT 06459.

'Syracuse University.

(1) Horn, B. A.; Herek, J. L.; Zewail, A. HJ. Am. Chem. S0d.996 118
8755-8756.

(2) Diau, E. W.-G.; De Feyter, S.; Zewail, A. &hem. Phys. Let1999
304, 134-144.

(3) (a) Houk, K. N.; Wilsey, S. L.; Beno, B. R.; Kless, A.; Nendel, M.;
Tian, J.Pure Appl. Chem1998 70, 1947-1952. (b) Wilsey, S.; Houk, K.

N.; Zewail, A. H.J. Am. Chem. S0d.999 121, 5772-5786.

(4) For a comprehensive review of earlier work, see: Wiest, O.; Montiel,
I?]. C.; Houk, K. N.J. Phys. Chem. A997 101, 8378-8388 and references
therein.

(5) Roth, W. R.; Adamczak, O.; Breuckmann, R.; Lennartz, H.-W.; Boese,
R. Chem. Ber1991], 124, 2499-2521.

Department of Chemistry, Hollins University,

10.1021/ja003805f CCC: $20.00

Retro-Diels-Alder fragmentations at temperatures of 526
744 °C and at total gas pressures under reaction conditions
exceeding 2 atm of 2.00%, 2.00% 1-d,, 1.93%3, or 1.96%

(6) Steele, W. V.; Chirico, R. D.; Knipmeyer, S. E.; Nguyen, A.; Smith,
N. K. J. Chem. Eng. Datd996 41, 1285-1302.

(7) Steele, W. V.; Chirico, R. D.; Knipmeyer, S. E.; Nguyen, A.; Smith,
N. K.; Tasker, I. RJ. Chem. Eng. Datd996 41, 1269-1284.

(8) Huybrechts, G.; Rigaux, D.; Vankeerberghen, J.; Van MeldnB8.J.
Chem. Kinet198Q 12, 253-259.

(9) Wong, S. S.; Westrum, E. B. Am. Chem. S0d971, 93, 5317-5321.

(10) Herndon, W. C.; Cooper, W. B.; Chambers, MJJ.Phys. Chem.
1964 68, 2016-2018.

(11) Roquitte, B. CJ. Phys. Cheml1965 69, 1351-1354.

(12) Uchiyama, M.; Tomioka, T.; Amano, Al. Phys. Chem1964 68,
1878-1881.

(13) (a) Tsang, WJ. Chem. Phys1965 42, 1805-1809. (b) Tsang, W.
Int. J. Chem. Kinet1973 5, 651-662.

(14) Cocks, A. T.; Frey, H. MJ. Chem. Soc. A971, 1661-1663.

(15) Doering, W. von E.; Roth, W. R.; Breuckmann, R.; Figge, L.; Lennartz,
H. W.; Fessner, W. D.; Prinzbach, &hem. Ber1988 121, 1-9.

(16) See also: (a) Hochstrate, D.; Kiar, F.-G Liebigs Ann1995 745—
754. (b) Tian, J.; Houk, K. N.; Klaer, F.-G.J. Phys. Chem. A998 102
7662-7667.

(17) Baldwin, J. E.; Belfield, K. DJ. Am. Chem. S0od.988 110, 296~

297.
(18) Baldwin, J. E.; Belfield, K. DJ. Phys. Org. Cheml989, 2, 455~
6

IN

66.
(19) Lewis, D. K.; Brandt, B.; Crockford, L.; Glenar, D. A.; Rauscher, G.;
Rodriquez, J.; Baldwin, J. El. Am. Chem. S0d.993 115 11728-11734.
(20) Lewis, D. K.; Hutchinson, A.; Lever, S. J.; Spaulding, E. L.; Bonacorsi,
S. J.; Baldwin, J. Elsr. J. Chem.1996 36, 233-238.

© 2001 American Chemical Society

Published on Web 01/11/2001



Communications to the Editor J. Am. Chem. Soc., Vol. 123, No. 5, 2091

3-d; in argon were conducted with a 2.54 cm i.d. single-pulse the process of heating a larger molecule (larger heat capacity) to
shock tube’! the reaction temperatures were calculated from the a higher temperature necessitated starting with a smaller reactant
extent of decomposition of the reactant and the previously sample pressure in the shock tube. Second, the experiment with

established Arrhenius parameters for decompositiah fafg (A,
s 1) = 14.63 ands, = 45.39 kcal/moP? and of3, log (A, s71) =
15.12 andg, = 57.3 kcal/moB Under these reaction conditions,

both reactions may be treated as irreversible first-order reactions

at the high-pressure limit.

The stereochemical characteristics of th@-d,-ethylenes
formed were determined by tunable diode laser (TDL) infrared
absorption spectroscop$232*a precise and accurate technique
appropriate for examining the very small ethylene samples

3-d, converted only 25% of the reactant to products, whereas the
1-d, experiment achieved 32% conversion. Third, and most
important,3-d, can undergo retro-DielsAlder decomposition in
either of two ways, to give CH#=CH, or CHD=CHD; <6.3%

of CHD=CHD isomers is equivalent t63.2% of all ethylenes

in the product mixture. These limitations notwithstanding, the
maximum amount of undetecteB)¢d,-ethylene fron-d, could

not have been comparable to, let alone greater than, that produced

produced through the shock tube conversions free from surface-and easily seen and quantified in the earlier experimengsd

catalyzed processes. It provides a hugel@> wavenumber)
resolution and zero-baseline separation of rotatigbration
absorption features characteristic of individual components in
mixtures of @)- and €)-d-ethylenes in the presence of other
deuterium-labeled ethylenes and S+CH..

Authentic samples of ethylene;ethylene, ¥)-d,-ethylene,
(E)-d.-ethylene, and,1-d,-ethylene were scanned over the range
1025-1035 cm* to identify a small wavenumber range (typically
0.1 cmY) at which all species of interest have strong but

5—6% at 821°C and 8-9% at 907°C, involving smaller extents
of retro-Diels-Alder reaction.

The stereochemical aspects of the retro-Diéi&ler reactions
of 1-d,, 2-d,, and3-d, do not follow the thermochemical trends.
The bicyclic hydrocarbons-d, and3-d, give only @)-d,-ethylene,
to within current detection limits, whil@-d, fragments to give
both the Z)-isomer and an easily seen and quantified fraction of
the E)-isomer?®

nonoverlapping absorption features and to determine the intensities Geometrical constraints may account for these striking differ-
of those features. Then ethylene products from the shock tubeences in reaction stereochemistry. Were one of the twdCC
runs were isolated by distillation from a pentane slush bath and honds to be broken i8-d, to become longer, the other would
analyzed over the same spectral region. Each recorded TDLpecome weaker, for the second bond would be kept well aligned
spectrum consisted of 50 overlayed scans collected over 1's, aryy interaction with both the developing allylie-system and the

optimal scan time for maximizing the signal-to-noise ratio while
minimizing drift-induced broadening of absorption features.
From a sample of-d,, heated to 578C, (2)-d,-ethylene was
observed but ndH)-d,-ethylene was detected, a finding anticipated
from the thermochemical situation and earlier wdrké From a
sample of3-d,?® heated to 744C, the product ethylene sample
contained unlabeled ethylene arg)-(,-ethylene, as expected,
but no absorption bands characteristic d&){d.-ethylene were

detected, an outcome not at all consistent with the thermochemi-

adjacent C+C6 bond. Unless selective elongation of -€16

were to proceed so substantially that rotation about C6 could
complete the act of bond breaking and simultaneously increase
the strength of the C4C5 bond, the stereochemical outcome
could be conservative, even though the two bond cleavages were
highly asynchronous or stepwise.2rd,, however, vibrationally
excited molecules have access to conformations in which one
C—C bond can break while the second destined to cleave is

cal-based trends outlined above and the presumption that theyapproximately coplanar with the allylic carbons, thus permitting
would correlate with the relative importance of concerted versus formation of the diradical and further reaction to give butadiene

stepwise paths and with reaction stereochemistry.

Cautious interpretation of the TDL data requires less absolute

conclusions on reaction stereochemistry. How muEh-d;-

ethylene could have been present and yet undetected in produc

mixtures from1-d, or 3-d,? To establish the definite presence of
(E)-do-ethylene would require an absorbance value of 0.005 for
a feature characteristic of this ethylene, twice the noise level in
a recorded spectrum. This would correspond toEgrdg-ethylene

pressure in the spectrometer cell of 0.010 Torr. In comparison,

the observed intensity of th&)-d,-ethylene features in the product
sample froml-d, corresponds to a sample pressure of 0.74 Torr,
establishing aninimum Z:E ratio of 74:1. Thus, E)-d,-ethylene
could not have exceeded 1.3% of tiheethylene produced from
1-d; at 576°C. Performing the same analysis on the absorption
data from the3-d, product produced aninimum Z:E ratio of
16:1, or a maximun{E) isomer percentage of 6.3% of the 1,2-
d>-ethylene produced at 744€.

The less definitive Z)/(E) ratio in thed,-ethylenes fron8-d,
is due to the smaller measured amount®figomer in the sample,
0.16 Torr. This results from three experimental limitations. First,

and ethylene in a stereochemically nonconservative fashion.

Dynamics and timing issues sensitive to geometrical constraints
ersus conformational freedoms rather than only orbital symmetry
actors or thermochemical considerations could be responsible

for overall reaction stereochemistry. The greater overall stability
of 2vs3 and the considerably higher temperature needed to induce
retro-Diels-Alder decomposition o2 may also contribute to the
difference in reaction stereochemistry. At higher temperatures,
more of the vibrations o2 are highly excited, possibly leading

to more rapid loss of stereochemistry in diradical intermedsate

Whatever the full explanation, it seems likely that thermal
Diels—Alder and retro-Diels Alder reactions involve families of
trajectories over the transition region of the potential energy
surface, permitting nonconcerted, stereochemically nonconser-
vative processes, as in the cyclohexene to butadiene plus ethylene
fragmentatiort??°whenever geometrical constraints do not impose
preemptive limits on conformational options. Conformational
opportunities and entropic factors, not only orbital symmetry and
enthalpic considerations, may well control reaction stereochem-
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