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Abstract: Experimental activation parameters for the intramolecular Bialder reactions of 1,3,8-nonatriene, 1,3,9-
decatriene, and 1,3,10-undecatriene have been measured, and the Monte Carlo-Jumping between Wells/Stochastic
Dynamics [MC(JBW)/SD] method, which gives relative free energies of activation, was tested as a means to predict
stereoselectivities. The predictions are compared to experimental results, and to predictions from quantum and
molecular mechanics methods.

Introduction The new Monte Carlo-Jumping Between Wells/Stochastic
. . o Dynamics [MC(JBW)/SD] methddhas been applied to the

The intramolecular DielsAlder reaction is not only a  jqestigation of the intramolecular Dietélder (IDA)2 reactions
fﬁbulous_ly succesdsf]:JI reaction f(_)r sylnthesﬁls,dbut hha;, becg_meof 1,3,8-nonatrienel), 1,3,9-decatriene2}, and 1,3,10-unde-
tte testng tgr_c;un Tﬁ'r computatlonat m?ht of_s EN IC ?{et_'Ct catriene B) (Scheme 1). In the present study, this method was
‘rsng;esoigrﬁgr:\t/é %f the ;it'pjtp:r: raer[;(r)T:esters?or 'the 'r?tl::géliévfarused to sample the accessible transition states of the reactions,

easu . vation pa . el Y'afand thus provided an extension of previous transition state
Diels—Alder reactions of three trienes which give 5-, 6-, and .

! . L modeling methods.

7-membered rings fixed to cyclohexene upon cyclization. A i .
new dynamics method that makes it possible to average over NeW experimental measurements’dfi* andAS' for the IDA
all accessible transition states has been tested for the first time®actions ofl—3 are also reported. In contrast to a previous
for modeling organic stereoselectivity. By comparison to study* that measured only relative activation parameters for the

previous “one-state” models, the robustness of the new methodCis andtransreaction pathways df and2, activation parameters

has been demonstrated. for each of the two pathways for the reactions 16f3 are
reported here.
lgg:zsg:m gjf%gl?f?)?r?i'a Los Angeles Subtle conformational effectsvhich result in low to modest
gcmumbgumversity_ ' geles. stereoselectivities makie-3 stringent test systems for compu-

® Abstract published irAdvance ACS AbstractSeptember 15, 1997.  tational methods directed toward prediction of stereoselectivity,
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Scheme 1. IDA Reactions of 1,3)-Trienes vinyl halides as a key step.Mesylation of the alcoholg and
13 and subsequent reaction with lithium acetylide led to the
. (CHahn (CHaln (CHan alkenynesl5 and16 which underwent reaction with DIBAL in
S If - + a highly specificcis-addition leading tok)-vinylalanesl7 and

188 The coupling of17 and 18 with vinyl bromide in the
presence of catalytic amounts of tetrakis(triphenylphosphine)-
n=2: 2 cis-5 trans - 5 palladium(0) proceeded with retention of configuratiafford-

ing the dienesK)-2 and E)-3.

n=1: 1 cis-4 trans - 4

n=3 3 cis-6 trans - 6 ) ] .
cis- andtrans-bicyclo[5.4.0]Jundec-8-enesié- andtrans-6),
Scheme 2. Synthesis of )-Nonatriene 1) the products expected from the intramolecular Digdder
PCC PHgP=CH-CO,Et reaction of E)-3, were independently prepared according to
Z""0H /\/8\/*0 E—— procedures reported by Christol, Moussereh,al1® and by
7 McKennaet all! (Scheme 4).
T e TN Co,E Upon gas-phase thermolysis at temperatures between 200 and
E-9 Z-9 280 °C under carefully controlled conditions excluding acid
DIBAL CH.oH  PCC catalysis, nonatriend) and decatriene2j underwent clean IDA
E-9 ———— AN —— reactions leading to mixtures afs- and trans-bicyclononene
10 (4) and cis- and trans-bicyclodecene ), respectively, which
Oy HPEOHs o~ could be separated by preparative GC in each case. The
11 E-1 corresponding rearrangement of undecatri@nesquired higher

temperatures and proceeded with comparable rates of reaction

and they have been used as test cases in several previou§nly atigve 250C. In this case the bicyclic productss- and
studies?®56 The stereoselectivities predicted by the MC(JBW)/ trans6' formed at 294°C were assigned by GC comparison
SD calculations are compared to the new experimental resultsWith authentic samples prepared by the procedure depicted in

as well as to stereoselectivities predicted by previtsnitio Scheme 4. The temperature dependence of the rates of
and molecular mechanics methods. formation ofcis andtrans cycloadducts was determined from

the disappearance of trieng2, or 3, and thecis/transproduct
ratios. Arrhenius parameters antH* andASF values for each
system at 250C are given in Table 1.

Experimental Results. Most of the IDA reactions studied The IDA reactions of triene$ and2 have activation barriers
close to that of the intermolecular Dielélder reaction of

experimentally involve substituted systems. Only one experi- . . X .

mental stereochemical study of IDA reactions of unsubstituted buta(flhenel:(_land Iethyleﬁéwhnel thﬁ. bﬁrner_lfﬁr the_ reacﬂopf Gft ;

trienes has been reported. Lin and Houk determined relative !sta evxll |(?ca_1tor!est per mo'e tlr?zeSe*rb lf_qullmary (T fc °

activation parameters for the formation of tieandtransfused intramolecuanty 1S to increase y o eu refative
. . to the reaction of butadiene with ethylene; this changA$h

unsaturated hydrindand)(and decaling) systems from 1,3,8- lowers AG* by 6 to 9 keal/mol

nonatrienel) and 1,3,9-decatrien€,(Scheme 1}. Preferences y ’

. ; At 250 °C, the IDA reaction of 1,3,8-nonatriend)(is
of 1.0 gnd 0.3 keal/mol for the formation @is-4 andcis5, moderatelycis stereoselective with AAG(cis—trans) of —0.82
respectively, were found.

: ] kcal/mol. This corresponds toa@s:trans product ratio of 69:
We have synthesized trieneE){1—-3, and have measured 31, Increasing the length of the methylene chain connecting

Results and Discussion

the activation parameters for intramolecular Diefdder reac- the diene to the dienophile results in a decreasecim
tions of these structures to give batts andtrans adducts in stereoselectivity. The 1,3,9-decatrier® &nd 1,3,10-undec-
the gas phase. atriene 8) IDA reactions are essentially unstereoselective, with

(E)-Nonatriene {) was synthesized in five steps by a Cistransproduct ratios of 51:49 and 53:47, respectively. The
procedure adapted from Lin and Hduz—11, Scheme 2). To results presented here are similar to those of Lin and Houk,
avoid the tedious separation of isomers, an alternative route toWho obtainedcis:itrans product ratios (252C) of 73:27 and
prepare E)-2 and E)-3 was developed (Scheme 3). This 92:48 for the IDA reactions of and2, respectively.

approach utilized palladium-catalyzed coupling of alkynes with ~ Theoretical Results. Several theoretical models including
ab initio,36 molecular mechanics,and combinedab initio/

(1) (@) Senderowitz, H.; Guarnieri, F.; Still, W. G. Am. Chem. Soc. ~ molecular mechanics calculatiénsave been used to predict

1995 117, 8211. (b) Senderowitz, H.; Parish, C.; Still, W.LL Am. Chem.

Soc.1996 118 2078. (7) (a) Ratoveloma, V.; Linstrumelle, Gynth.Commuri981 11, 917.

(2) (a) Oppolzer, WAngew. Chem.Int. Ed. Engl.1977 16, 10. (b) (b) Crombie, L.; Horsham, M. A.; Blade, R. Jetrahedron Lett1987, 28,

Oppolzer, W.Synthesisl978 793. (c) Funk, R. L.; Vollhardt, K. P. C. 4879. (c) Just, G.; O'Connor, Bletrahedron Lett.1988 29, 753. (d)

Chem. Soc. Re 198Q 9, 41. (d) Brieger, G.; Bennett, J. \Chem. Re. Guillerm, D.; Linstrumelle, GTetrahedron Lett1986 27, 5857.

198Q 80, 63. (e) Fallis, A. GCan. J. Chem1984 62, 183. (f) Ciganek, E. (8) Wilke, G.; Mtler, H. Chem. Ber1956 89, 444.

Org. React1984 32, 1. (g) Taber, D. FIntramolecular Diels-Alder and (9) Negishi, E.; Takahashi, T.; Baba, S.; van Horn, D. E.; Okukado, N.
Alder Ene ReactionsSpringer-Verlag: Berlin, 1984. (h) Craig, @hem. J. Am. Chem. S0d.987, 109, 2393.

Soc. Re. 1987, 16, 187. (i) Roush, W. R. IrAdvances in Cycloaddition; (10) (a) Mousseron, M.; Jacquier, R.; Christol, BUll. Soc. Chim. Fr.

Curran, D. P., Ed.; JAI Press: Greenwich, 1990; Vol. 2, p 91. (j) Okamura, 1957, 346. (b) Christol, H.; Jacquier, R.; Mousseron, Bull. Soc. Chim.
W. H.; Curtin, M. L. Synlett199Q 1, 1. (k) Thomas, E. JAcc. Chem. Res. Fr. 1957, 1027.

1991, 24, 229. () Martin, S. FJ. Heterocyclic Cheml1994 31, 679. (11) McKenna, J.; Norymberski, J. K.; Stubbs, RJDChem. Socl959
(3) (@) Raimondi, L.; Brown, F. K.; Gonzalez, J.; Houk, K. l.Am. 2502.
Chem. Socl992 114, 4796. (b) For a review of transition state modeling (12) A conclusive stereochemical assignment of the two prodiiss
with empirical force fields see: Eksterowicz, J. E.; Houk, K. Ghem. andtrans-6 could not be achieved from the spectroscopic data and relies
Rev. 1993 93, 2439. on the comparison of GC retention times with thosecisf4/trans4 and
(4) Lin, Y.-T.; Houk, K. N. Tetrahedron Lett1985 26, 2269. cis-5/trans5. In agreement with this assignment, the retention time of each
(5) Brown, F. K.; Houk, K. N.Tetrahedron Lett1985 26, 2297. cisbicyclic compound is larger than that of the correspondiiagsisomer.
(6) Brown, F. K.; Singh, U. C.; Kollman, P. A.; Raimondi, L.; Houk, K. (13) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. S04.996 118

N.; Bock, C. W.J. Org. Chem1992 57, 4862. 6036 and references therein.
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Scheme 3. Synthesis of E)-Decatriene Z) and €)-Undecatriene3)

MsCI 1) NaCN OH _MsCI
7 oyridine ~ OMs 2)KOH Z pyridine . 14
12 3) LiAIH, 13
LIC==CH DIBAL
ACH """ 0OMs ACH N > ACHofa > YAl - Bu),
H
n=1:12 =1:15 =1:17
n=2:14 =2:16 =2:18
“Br
= W
Pd° /(CHZ)n Z
n=1:(5-2
n=2(6-3

Scheme 4. Synthesis oftis- andtrans-6

0 1)H,C=0, (CHg)oNH,CI
2) CHl
3) CH4(CO)CO,EL

19
Table 1. Activation Parameters for the Intramolecular
Diels—Alder Reactions of E)-1,3n-Trienes1—3?2
AE, AH*
reaction (kcal/mol) logA (kcal/mol) AS (eu)

1—cis4 26.32+ 0.10 7.964+0.04 25.28+ 0.10 —25.21+ 0.19
1—trans4 27.794+0.09 8.23+-0.04 26.75t 0.09 —23.97+ 0.19
2—cisb 25.41+ 0.33 7.06+ 0.14 24.37+ 0.33 —29.32+ 0.65
2—transb 25.56+0.33 7.11+0.15 24.52+ 0.33 —29.10+ 0.66
3—cis6® 30.95+0.61 7.1740.23 29.914+0.61 —28.82+ 1.07
3—trans6? 31.014+0.52 7.15+0.20 29.970.52 —28.91+ 0.92

a Enthalpies and entropies of activation given for reaction at 250
°C. P Extrapolated from an Arrhenius plot for the temperature range
267.2-325.5°C.

Table 2. Relative Activation Parameters for the Intramolecular
Diels—Alder Reactions of Triene$—3 at 250°C

AH¥ AAS AAG* product

(cis—trang)  (cis—trang)  (cis—trans) ratio
reaction  (kcal/mol) (eu) (kcal/mol)  cisitrans
1—4 —1.47 —1.24 —0.82 69:31
2—5 —0.15 —0.22 —0.03 51:49
3—6 —0.06 0.09 -0.11 53:47

stereoselectivities of IDA reactions. All of these studies have
utilized 1,3,8-nonatrienelj and 1,3,9-decatriene,( Scheme

1) as test systems. Using the MM2 force fiéfd,in and Houk
determined that relative product stabilities could not account
for the observed stereoselectivities in the IDA reactions of the
unactivated triene$.0n the basis of simple model calculations,
Brown and Houk later attributed thoés selectivity in the reaction

of 1 to unfavorable steric interactions and rationalized the low
stereoselectivity of the IDA reaction @° Raimondi and co-

O zn/AcOH
_ZACOH .

cis-6 trans - 6

of sampling minima separated by substantial barriers. We used
this method to calculatA AG*(cis—trans) values for the IDA
reactions ofLl—3 for comparison with experimental results and
with previous computational results.

Monte Carlo searches predict that each triene has multiple
cis andtrans transition structure conformations within 5 kcal/
mol of the lowest energy one. Each corresponds to a minimum
on its respective MM244.15 potential surface and is separated
from the other minima by large energy barriers. Such PES
features often result in slow convergence during standard
molecular dynamics (MD) or stochastic dynamics (SD) simula-
tions, since transitions between minima occur infrequently, or
not at all’® To address convergence difficulties of the type
described above, Still and Guarnieri developed the hybrid MC/
SD method which alternates between MC and SD steps during
a simulationt” The MC steps increase the probability of
transition between conformational wells, while SD provides
good sampling of each individual well. This method was found
to converge several orders of magnitude more rapidly than SD
for n-pentane.

The additional problem of small acceptance rates in Monte
Carlo simulations, and consequently slow convergence, was later
addressed by Senderowitz and co-workers. Their approach,
termed Jumping Between Wells (JBWises a conformational
search to locate all low-energy conformers for a system. A
series of transformations based on bond and dihedral angles
which allows the interconversion of all pairs is then defined.
The actual MC(JBW) simulation starts by determining which
conformation the initial structure most closely resembles. The
initial structure is then transformed to a new conformation which
is randomly chosen from the conformer list. After random

workers deVelOped molecular mechanics transition state modelalariations in the geometry of this new structure, its energy is

for activated and unactivated Dielé\lder reactions based on
ab initio transition structures of intermolecular Dielalder
reactions’® and Brown and co-workers have studied the IDA
reactions of 1,3,8-nonatrieng)(and 1,3,9-decatrien@) using
both ab initio methods and a hybridab initio/force-field
approach that is implemented in the program QUESAI of

compared to that of the initial structure, and it is then accepted
or rejected based on the Metropolis criterion. This procedure
results in a much higher step acceptance rate. The combination
of this MC(JBW) method with the hybrid MC/SD technique of
Guarnieri and Still results in a rapidly convergent dynamics
technique that works efficiently for systems with conformations

these previous models predicted stereoselectivities in goodseparated by large energy barriers.

agreement with available experimental results.
We have studied the IDA reactions f-3 with transition

state dynamics using the force field based Monte Carlo-Jumping

Between Wells/Stochastic Dynamics methodhis approach
has the advantage of including contributions of all conforma-
tionally distinct transition structures to the calculated relative

This method holds considerable promise for the study of
relative rates using transition state modeling techniques since

(15) MacroModel V5.0: Mohamadi, F.; Richards, N. G. J.; Guida, W.
C.; Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.;
Still, W. C. J. Comput. Cheni99Q 11, 440.

(16) (a) Mitchell, M. J.; McCammon, J. Al. Comput. Chenml991, 12,

free energy. The technique provides a solution to the problem 271. (b) Straatsma, T. P.; McCammon, JJAChem. Physl989 91, 3631.

(14) Allinger, N. L.J. Am. Chem. Sod.977, 99, 8127.

(c) Straatsma, T. P.; McCammon, A.J.Chem. Phys1989 90, 3300.
(17) Guarnieri, F.; Still, W. CJ. Comput. Chenil994 15, 1302.
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Table 3. Relative Energetics of th€is and Trans Pathways of the
IDA Reactions of(E)-1,3n-Trienes1—3?

exptlb QMpe MM MC(JBW)/SD?
triene AAHYAAGH AAHHAASIAAGH AE? AAG
1—4 —1.47/~0.82 —0.96/-0.74/~0.57 —1.20 (-0.83)  —0.96
2—5 —0.15~0.03 0.05+0.80/0.47  0.33(0.25) 0.51
3—6 —0.060.11 —0.12/ 0.68+0.48 —0.04 (0.25) 0.57

a All differences areE(cis) — E(trans) and are in kcal/mol. Entropy
differences are in eW.Determined at 523 K¢RHF/3-21G with
vibrational frequencies scaled by 0.8929. [Pople, J. A.; Schlegel, H.
B.; Krishnan, R.; DeFrees, D. J.; Binkley, J. S.; Frisch, M. J.; Whiteside,
R. A;; Hout, R. F.Int. J. Quantum Chem. Sym081, 15, 269.] ¢ AE
values based on Boltzmann averages for all conformationally distinct
transition structures for each triene are in parentheses.

it incorporates entropic effects. However, since transition state

parameters are determined, in Houk’s metRérm the lowest
energy transition state, there was no guaraatpeori that this
method would be able to deal with conformational flexibility

in transition states. This study was undertaken on a relatively

well-understood system to determine how it behaved.

We explored the use of the MC(JBW)/SD method to calculate
the AAG*(cis—trang) (523 K) for the IDA reactiond—3. The
Diels—Alder force field of Houk and Raimon#iwas used in

Diedrich et al.

Figure 1. Transition structures sampled during the first 500 ps (10-ps
intervals) of the MC(JBW)/SD simulation of the Dielélder reaction
of 1.

Table 4. AAG* (cis—trans) Values for the IDA Reactions df—3
from MC(JBW)/SD Simulatior’s

simulation
time (ns) 1 2 3
1 —0.96 0.60 0.54
5 —0.96 0.50 0.54
10 —0.96+ 0.04 0.51+ 0.07 0.57+ 0.05

@ Energies are in kcal/mol. Standard deviations were calculated by
the method of block averages.

The largest deviation between experiment and prediction was

all cases. Relative free energies of activation were determined!€ss than 0.7 kcal/mol. A MC(JBW)/SD simulation of another

from:

-RTInK

whereK is thecigtranspopulation ratio. This ratio was found
by monitoring the H-C4—C8—H, H—C4—C9-H, and H-C4—
C10—H torsional anglesajs 0 &+ 90°; trans 1804+ 90°) in 1, 2,
and 3, respectively, during the simulations.

PN / AN
5—6 5 5 8
D
=z v =z / = /
S S A R I
2 2 2
NS
x 9 \\1 10 \\1 11
1 2 3

Monte Carlo conformational searches using the Didlkler
force field were carried out first to determine all low-energy
transition structures for each triene. Thus, the input for the MC-
(JBW)/SD simulations ofl, 2, and 3 included 5, 8, and 16
conformations, respectively.

All MC(JBW)/SD simulations were run for 10 ns with time

test system, 3,9-dimethyl-1,3,9-decatriene, predictad\&*-
(cis—trang) (463 K) of 2.4 + 0.1 kcal/mol, in excellent
agreement with the experimental result of 2.7 kcal/&ol.

For comparison, bottab initio and molecular mechanics
methods were also used to predict the stereoselectivities of the
IDA reactions ofl—3. Monte Carlo conformational searchgs
using the MM2* force field and the DielsAlder transition state
force field parameters of Raimondi et &.as implemented in
the MacroModel/BatchMin 5.0 software packa§evere carried
out to obtain all possible transition structures for the IDA
reactions of triened—3. The Monte Carlo searches far 2,
and 3 were carried out for 10 000, 20 000, and 20 000 steps,
respectively. For each system, all min#hfound were within
5 kcal/mol of the lowest energy structure.

The differences in steric energies between the lowest energy
cisandtranstransition structures are given in Table 3. For the
IDA reactions ofl and 3, the transition state models predict
cis preferences of 1.20 and 0.04 kcal/mol, respectively, while a
0.33 kcal/moltrans preference is predicted f& Boltzmann
averaged energies over all conformers at the experimental
temperature (523 K) give @is preference of 0.83 kcal/mol for

steps of 0.5 fs at the experimental temperature of 523 K. To 1, and predict slightrans preferences of 0.25 kcal/mol for both
prevent isomerization of the double bonds and to maintain the 2 and3.

s-cisconformation of the butadiene moieties, appropriate flat-
bottom constraining potentials were used.

The AAG¥(cis—trang) values for each system are listed in
Table 3. For the IDA reaction df, the predictedA AG¥(cis—
trang) is —0.96 kcal/mol, in excellent agreement with the
experimental result 0f-0.82 kcal/mol. For this system, 10-ns
simulations with either SD or MC/SD were also performed. Each
simulation was initiated from ais conformer, and no transitions
to trans conformers were observed during either simulation.
During the MC(JBW)/SD simulation, all conformationally

distinct transition structures were sampled, and 2.6% of the
interconversion attempts were successful (Figure 1). Thus MC-

The stereoselectivities predicted by MC(JBW)/SD are very
similar to those predicted by either simple energy minimization
or by Boltzmann averaged energies, the largest deviation
between the methods being 0.6 and 0.3 kcal/mol, respectively.
Transition structures for the concerteid (endo) andrans(exo)
pathways of the IDA reactions df—3 were also located with
quantum mechanics at the RHF/3-2t&vel. Endo 20) and
exo 1) transition structures for the reaction®fre shown in
Figure 2. Geometries of the lowest energy endo and exo

(18) Wilson, S. R.; Mao, D. TJ. Am. Chem. Sod.978 100, 6289.
(19) (a) Saunders, M.; Houk, K. N.; Wu, Y.-D.; Still, W. C.; Lipton,
M.; Chang, G.; Guida, W. C1. Am. Chem. So@99Q 112 1419. (b) Chang,

(JBW)/SD samples the conformational spaces for these systemss.; Guida, W. C.; Still, W. CJ. Am. Chem. Sod.989 111, 4379.

far more effectively than either SD or MC/SD. In fact, the MC-
(JBW)/SD simulations for each triene were essentially converge
within 1 ns (Table 4).

Transpreferences of approximately 0.5 kcal/mol are predicted
for 2 and3. Experimentally, the two reactions are practically
unstereoselective, withis preferences of less than 0.2 kcal/
mol.

(20) While true transition states are defined as first order saddle points

don potential energy surfaces, they are most often parametrized as minima

with empirical force field models: see ref 3b. Tweis and threetrans
minima were found for nonatriendl)( Eight minima, fourcis and four
trans, were found for the decatrieng)(system. A total of 16 minima were
located for undecatrieng); Of these, eight correspondeddis, and eight
to trans transition structures.

(21) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARInitio
Molecular Orbital Theory Wiley: New York, 1986.
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20 21

Figure 2. Cis and trans transition structures for the intramolecular
Diels—Alder reaction of3. RHF/3-21G bond lengths are in plain text,
and MM2* bond lengths are in square brackets. All bond lengths are
in A

transition structures for each triene obtained from the Monte

J. Am. Chem. Soc., Vol. 119, No. 43109299

slight trans stereoselectivity of about 0.5 kcal/mol. F8ra

0.6 kcal/mol preference farans products is predicted. For
this system, simple molecular mechanics provides the best
agreement with experiment.

The transition state dynamics method performed well.
converged rapidly, and predictad\G¥(cis—trans) values within
40.7 kcal/mol of experimental values. In addition, it success-
fully sampled all conformationally distinct transition structures
while both SD and MC/SD simulations failed to interconvert
cis and trans transition structures. This technique should be
particularly effective for systems with large entropy differences
between transition structures or substantial differences in the
shapes of their potential energy surfaces.

It

. P xperimental Section
Carlo conformational searches were used as initial guesses foJE P

ab initio transition structure searches using Gaussiaf?94.
RHF/3-21G relative free energies (25C) for the IDA
reactions ofL—3 are listed in Table 3. Fdrand2, the predicted
AAG* values fall within 0.5 kcal/mol of the MC(JBW)/SD
results, while the difference is larger{ kcal/mol) for3.

Conclusions

Activation parameters for the formation afs and trans
products in the intramolecular Diel#lder reactions of non-
atriene (), decatriene Z), and undecatriene3) have been
determined. The activation enthalpies for the reactiong of
and2 are similar to that of the butadiene/ethylene intermolecular
Diels—Alder reaction, while the barrier f@is a few kilocalories
per mole higher. These IDA reactions are favored entropically
by 11-17 eu over the parent Dietlder reaction. At 250
°C, the IDA reaction ofl is moderatelycis selective, forming
a 69:31 ratio otisitransproducts. The IDA reactions of trienes

2 and3 are essentially unstereoselective, with only a few percent

excesgis product formed in each case.

The stereoselectivity of each reaction was predicted by using

transition state dynamics which givas\G*(cis—trans) values
including contributions from all low-energgis and trans
transition structures. The predicted\G*(cis—trans) for the
IDA reaction of 1 is within 0.2 kcal/mol of the experimental
value. Experimentally, almost no stereoselectivity is observed
for the decatriene?) reaction, while MC(JBW)/SD predicted

(22) Gaussian 94Revision D.2), Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-
Latham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski,
J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
J. J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.; Gaussian, Inc.:
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Kinetic Measurements. Thermolyses of +3. Portions (256
300 mL each) of the solution df 2, and3, respectively, and-nonane,
n-decane, and-undecane as internal standards-nexane on-heptane
were injected into a thermostated and evacuated 20 | Pyrex flask. At
each temperature the specific rate constants (Tables 1, 2, and 3,
Supporting Information) were calculated from the time dependence of
the disappearance of the triene versus the internal standard and the
ratio of the forming bicyclic products by the use of the kinetic law for
first-order irreversible reactions.

1. 1 (50 mg) andn-nonane (50 mg) in 5 mL of-hexane: GC
(column A, 50°C); tr(n-nonane)= 6.1 min,tz(1) = 9.3 min,tx(trans
4) = 12.1 min,tr(cis-4) = 12.6 min).

2. 2 (50 mg) andn-decane (50 mg) in 5 mL ofi-heptane: GC
(column A, 120°C); tr(n-decane)= 4.4 min,tg(2) = 5.7 min,tr(trans
5) = 8.5 min, tg(cis-5) = 10.0 min).

3. 3 (15 mg) andn-undecane (15 mg) in 5 mL af-heptane: GC
(column A, 120°C); tr(n-undecane)= 5.1 min,tr(3) = 6.7 min, tr-
(trans-6) = 13.2 min,tr(cis-6) = 14.2 min).
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