ORGANIC
LETTERS

Structural Manifestations of the Retro T

Diels—Alder Reaction 35053507

Brett R. Pool and Jonathan M. White*

School of Chemistry, The University of Melbourne, Parkville, VIC 3010, Australia

j-white@chemistry.unimelb.edu.au

Received September 6, 2000

ABSTRACT
o} H e} H
o} H e} H

6 7

Examination of selected cyclohexene derivatives which are fixed into the boat conformation reveals structural deviations from “normal” C-C
bond distances consistent with the early stages of the retro Diels—Alder reaction.

According to the structure-correlation princiglstructural We were interested in investigating whether the retro
changes which occur along a reaction coordinate canDiels—Alder reaction would be manifest in the ground-state
sometimes manifest in the ground state of the reactant asstructure of crystalline cyclohexene derivatives. The retro
measurable deviations of bond distances and angles fromDiels—Alder reaction is unimolecular, and because it involves
“normal values” along the reaction coordinate. This is the breaking of two €C single bonds, there was the strong
especially true if the molecule in question is highly reacti¥e.  possibility that lengthening these-C bonds distances would
For examplef-trimethylsilyl esters1) undergo unimolecular  be observable in the ground state. The structural changes
solvolyses at rates as much aslfimes faster than those  which occur along the rDA reaction coordinate (Scheme 2)
of the corresponding silicon-free analogd&¥e have found

that crystal structures of a number@trimethylsilyl esters _

and ethers reveal significant lengthening of the@ester)

bond distance compared with silicon-free model compounds Scheme#z

with concommitent lengthening (but to a lesser extent) of 1 TS

the C—Si(Me) distanceé~’ 2@ 6 _ (] . (
The lengthening of the €O(ester) bond represents the 3 " 5 N x

early stages of heterolysis of the labile C—O(ester) bond,
while lengthening of the €Si(Me); represents the begin-
nings of hyperconjugatiorv{sr) between the €Si bond and
the developing carbenium ion p orbital (Scheme 1).

which might manifest in the ground-state structure are
lengthening of the C2C6, C4—C5, and C2C3 bonds and
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shortening of the CtC2, C3—-C4, and C5C6 bonds bond distances for the saturated fragmehtnd5. There
compared to standard values for singleCand double C=  were, however, no other significant structural features evident
C bonds. in the structures o2 and3.

Because the Diels—Alder reaction must give rise to  To further examine the structural features apparent in these
cyclohexene derivatives initially in the boat conformation derivatives, we decided to determine the X-ray crystal
(Scheme 3), the retro Diels—Alder reaction should manifest structures of the benzoquinone cyclopentadiene adlact

its saturated analogugat low temperaturé® Compound6

Scheme 3 % o

N

undergoes a particularly facile retro Dielalder reaction;

itself only in the structures of cyclohexene derivatives which ndeed crystals o6 become tacky upon standing for a day

are in the boat conformation rather than the preferred half- or two at room temperature aqd develop the distinct odor of
cyclopentadiene. Hydrogenation 6funder ca. 3 atm of

hydrogen and Pd—C gave the saturated analagimelow
yield. The crystal structures @& and7 were determined at
200 and 130 K, respectively. Selected structural parameters
for 6 and7 are summarized in Table 2 while a numbering
scheme for both structures is presented in Figure 1.

chair conformation. Thus, we narrowed our study to those
cyclohexenes which were constrained to adopt the boat
conformation.

Initially we carried out a systematic search of the
Cambridge Crystallographic Datab&gar organic molecules
containing the bicyclic cyclohexene fragmetand3, which
are formally Diels-Alder cycloadducts between ethylene and

various substituted cyclopentadienes and cyclohexadiene_

Table 2. Selected Structural Parameters and 7

H H H H compound 6 compound 7
Rv£|” "CH: R-2|” "CH, R—c|"CH, R_z|” “CHs
H CH 0 "CH, 7 ~CH, CH, uncorr.  corr.  uncorr.  COIT.

~
H

C(1)—-C(10) 1571(2) 1581 1.537(2) 1.542

@ ® @ ® c(6)-C(7) 1575(2) 1576 1553(2) 1558

C(1)—C(6) 1.551(2)  1.556 1.563(2)  1.569

For comparison purposes, the saturated bicyclic fragments C(8)—C(9) 1.327(3)  1.330 1.553(2) 1559
4 and5 which cannot undergo the retro Dieldlder reaction C)-Cc()—C(6) 117.03(12) 117.7 (1)
were also extracted from the CSD. Only those structures with g%_ggi_gggg ig;;ggg iéggg;
Rfactors< 5% and v'gnth esd's of the €C distances between  _ (1)-C(6)—C(7) 102.61(11) 102.7(1)
0.001 and 0.005 were _retamed. The results of thesg C(9)-C(10)—C(1) 105.68(12) 109.4(1)
searches are summarized in Table 1. The structural data inc(g)—c(7)-c(e) 106.26(12 109.1(1)

C(10)—C(1)—C(6)—C(7) 1.23(14) -3.53(12)

I CO-C0)-COCO) 17309 7500

Table 1. C—C Bond Distances for Bicyclic Cylcohexen2s5
from the Cambridge Crystallographic Database

Corrections to the bond distances for rigid body thermal

structure hits av. C1-C6; C4-C5 (A) motion were made to both structures using the program
2 17 1.555(1) THMA14.1! In both molecules the conformations about the
3 24 1.540(1) C(6)—C(7) and C(1)—C(10) bonds are essentially identical.
4 74 1.535(1) However, the bond distances differ significantly. The G(6)
5 16 1.531(1) C(7) and C(1)-C(10) bonds ir6 are both clearly longer than

Table 1 clearly show that the-&C bonds of fragmentg
and 3 which are broken in the retro DietdAlder reaction
are indeed significantly longer than the correspondirgC

(8) Fleming, I.Frontier Orbitals and Organic Chemical Reactigri®hn 4 8
Wiley and Sons: New York, 1989. 6 5

(9) Allen, F. H.; Bellard, S.; Brice, M. D.; Cartwright, B. A.; Doubleday, O
A.; Higgs, H.; Hummelink, T.; Hummelink-Peters, T.; Kennard, O.; . .
Motherwell, W. D. S.; Rogers, J. R.; Watson, D./&ta Crystallogr 1979 Figure 1. Numbering scheme fd and7.
B35, 2331.
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the corresponding distancesin The lengthening of these
bonds in6 is consistent with the expected structural effects
arising from the interaction between theorbital of the
double bond C(8)yC(9) and theo* orbitals of both the
C(1)—C(10) and C(6) C(7) bonds and between therbitals
of both the C(1)-C(10) and C(6)—C(7) bonds with the*
orbital of the C(8)—C(9) bond. These are the orbitals which
are involved in the early stages of the retro Diefdder
reactiont12

The observation of significant structural effects along the
retro Diels—Alder reaction coordinate in the cyclohexene

(10) Crystal data fob. C11H1002, M = 174.19, orthorhombidPbca,a
= 11.7130(10)b = 12.4643(10)c = 11.9420(10) AV = 1743.5(3) &,
Z = 8, Dcalc = 1.327 g cm3, u(Cu Ka)) = 0.736 mn1?, 2686 reflections
measured (26ax = 75°), 1777 uniqueRi: = 0.0346), 1425 having >
20(1), full matrix least squares of?, R; = 0.0406, wR = 0.1022, GOF=
1.023, maximum shift/esd 0.001, maximum and minimum difference peak
and hole 0.239:-0.241 e &, respectively. Crystal data far. Ci1H1202, M
= 176.21, orthorhombicPbca, a = 10.863(3),b = 10.452(2),c =
15.973(5)V = 1813.6(8) B Z = 8, Dcarc = 1.29 g cnT3, u(Mo Ka) 0.088
mm~1, 2854 reflections measured measureéh{z = 27.5°), 2074 unique
(Rint = 0.022), 1655 having > 20(l), full matrix least squares oR?, Ry
= 0.0396, wR = 0.0938, GOF= 1.033, maximum shift/esd 0.000,
maximum and minimum difference peak and hole 0.24).18 e &,
respectively.

(11) Trueblood, K. N.; Maverick, E. FHMA14¢ A TLS thermal motion

derivatives studied in this paper opens up many interesting
possibilities: (i) that the rate of the retro Dielélder
reaction might be correlated with the-© bond distances

in the ground state and (ii) that other unimolecular pericyclic
fragmentations (e.g., cheleotropic reactions) might also show
significant effects in the ground state.
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(12) Enraf Nonius CAD-4Machs single-crystal diffractometer (Nickel
filtered, 1 = 1.5418 A) for6 and (graphite monochromatdr,= 0.71069)
for 7. At 130 K for 6and 200 K for7 (using an Oxford Cryostream cooling
device) in thew—26 scan mode, @qax = 75°. Solution by direct methods
(SHELXS8683) and refinement using SHELXL9?.Thermal ellipsoid plots
were drawn using the program ZORTEP.

(13) SHELXS-86: Sheldrick, G. MCrystallographic Computing 3;
Sheldrick, G. M.

(14) SHELXL-97: Sheldrick, G. M.Program for Crystal Structure

analysis based on experimentally measured anisotropic displacementRefinement; University of Géttingen, Germany, 1997.

parameters available from the WEB site www.chem.gla.acakfis/
thmal4/.
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(15) ZORTEP: Zsolnai, LAn Interactive ORTEP Program; University
of Heidelberg, Germany, 1994.
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