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Abstract. 1,2,3,4,9,9-hexachloro- 1a,4a,4a0,8aB-tetrahydro- 1,4-methanonaphthalene (1) and 1,2,3,4,9,9-
hexachloro-1q,4a,6,7-tetrahydro- 1 ,4-methanonaphthalene (2) undergo =-facially diastereoselective

Diels-Alder reactions with 4-methyl- and 4-phenyl-1,2,4-triazoline-3,5-dione [MTAD and PTAD, re-
spectively] and with N-methylmaleimide (NMM). In contrast with the results of AM1 calculations, those
obtained via ab initio calculations performed at the HF/3-21G* level of theory predict that the computed
Diels-Alder transition states are synchronous in all cases studied. Furthermore, these computational re-
suits account quantitatively for: (i) the observed n-facial selectivities of the various Diels-Alder reactions
studied, (ii) the observed relative lack of dienophilic reactivity of NMM vis-a-vis MTAD and PTAD,

and (ii) the observed enhanced diene rea(‘nvnv of 1 vs. 2 in the reactions studied.
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tions between two isomeric tricyclic compounds, i.e., 1 and 2 (see Schemes 1 and 2, respectively), each o

which contains a facially dissymmetric conjugated diene system, and such highly reactive dienophiles as 4-
methyl- and 4-phenyl-1,2,4-triazoline-3,5-dione (MTAD and PTAD, respectively) and N-mcthylmaleimide
(NMM).1 Not surprisingly, the differing steric and electronic enviroments presented by the dicne systems in 1
and 2 toward an approaching dienophile were found to exert a dramatic influence on the stereoselectivity of
their respective Diels-Alder reactions. We now report the results of our attempts to provide a theoretical basis
for our experimental results via application of molecular orbital computational methods.

Experimental Results. The syntheses of dicnes 1 and 2 have been reported previously. 1 In each case
either (or both) of two [4 + 2] cyc!oadducts can possib!y result via Diels-Alder cycloadditions of diene 1 to
MTAD, PTAD, and/or NMM (Scheme 1). In our hands, cycloadd1t10 n of 1 to all three reactive dienophiles oc
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curred with exclusive attack of the dienophile upon the exo face of the diene, ther
adduct in each case (i. e., 3b, 4b, and 5b, respectively, Scheme 1). The regiochemistry of each of these Diels-
Alder cycloadditions was established unequivocally via subsequent facile intramolecular [2 + 2] photocycliza-
tion of 3b, 4b, and 5b to the corresponding polycarbocyclic “cage” structure. !
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Thermal Diels-Alder cycloadditions of 2 to MTAD and to PTAD both occurred significantly more slow-
ly than the corresponding reactions of diene 1 with these same two dienophiles. Thus, [4 + 2] cycloaddition of 2
to MTAD afforded two isomeric cycloadducts, 6a and 6b (product ratio: 4.3 : 1, Scheme 2). Similarly, [4 + 2]

cycloaddition of 2 to PTAD again afforded two isomeric cycloadducts, 7a and 7b (product ratio: 4.8 : 1).1
Scheme 2
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Diels-Alder cycloaddition of 1 to NMM occured much more slowly than did the corresponding [4 + 2]
cycloadditions of 1 to MTAD and/or PTAD. Interestingly, 2 could not be induced to undergo Diels-Alder cyclo-

addition to NMM, even when a solution of the two reactants was refluxed for 60 h.1
ThL < tal I+ ; i . . i
The experimental results indicate that diene 1 leads exclusively to the formation of exo cycloadducts
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with ali dienophiles studied. By way of conirast, dienc 2 affords primarily the en
reaction with MTAD and with PTAD. However, the Diels-Alder reactions involving 2 were found generally to
be considerably slower than the corresponding reactions involving diene 1. In addition, our results suggest that
NMM is a considerably less reactive dicnophile toward 1 and 2 when compared with MTAD and PTAD. In or-
der to account for these observations, semi-empirical (AM1)22 and ab initio calculations2P were undertaken.
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The transition state geometries were optimized at
the HF/3-21G* level of theory. In addition, the Becke3LYP hybrid HF-DFT method with 6-31G* basis set was
used to calculate the activation barriers by using 3-21G*-optimized geometries.4 Complete vibrational analyses

CT‘

while Gaussian 94 was used for the ab initio calculations.3

were performed at the same level of theory to characterize the transitions states.

Results of Semi-empirical and Ab Initio Molecular Orbital (MO) Calculations. The results of semi-
empirical AM1 calculations22 for Diels-Alder cycloadditions of dienes 1 and 2 with MTAD, PTAD, and NMM
are shown in Table 1. The activation barriers have been calculated by determining the transition states for all
three reactions. The computational > that approach of MTAD, PTAD and NMM should be fa-

Alhough the calculated activation barriers appear to be somewhat hi gh the computational (AM1) results
generally are in accord with experiment for Dieis-Aider reactions of 1 and 2 with MTAD and with PTAD. How-
ever, the results obtained for the corresponding reactions of 1 and 2 with NMM do not provide a basis for un-
derstanding the experimentally observed sluggishness of both of these Diels-Alder reactions (sec data in Table
1). The activation barriers to both reactions are either comparable to or less than the energy barriers associated
with the corresponding reactions of 1 and 2 with MTAD and PTAD.

An analysis of the AM1 transition state geometries suggests that the computed transition structures ob-
tained for MTAD and PTAD with dicnc 1 and 2 differ from those obtained for the corresponding reactions of

these dienes with NMM. Importantly, we find that [4 + 2] cycloaddition of 1 with NMM proceeds via a con-

certed, synchronous transition state, while the corresponding reactions of 1 with MTAD and PTAD both pro-
ceed via highly asynchronous transition states. It appears that one of the newly-forming C-~-N bonds is nearly
completely formed at a C-N distance of ca. 1.53 A. However, the remaining C-N bond distance in this calcu-

fated (AM1) transition state is ca. 2.63 Al

OthersS have reported that, in transition states for hetero-Diels-Alder reactions, interactions of nitrogen
and oxygen lone-electron pairs with n-systems could lead to the development of concerted, asynchronous tran-
sition states. However, the controversy that surrounds synchronous vs. asynchronous concerted transition states
has not yet been settled.¢ Nevertheless, it should be noted that synchronous transition structures are predicted
for [4 + 2] cycloadditions between symmetrically substituted dienes and dienophiles.” Experimentally observed
kinetic isotope effects (KIEs) provide the strongest evidence for synchronicity in such symmetrical Diels-Alder
reactions.8.9

1
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§ a next step toward 1 understandin 1g these cycloaddition reactions, a serics of ab initio calculations was
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performed. For purposes of initial comparison, we have modeled Dicls-Alder cycloaddition of 1,3-butadienc to
MTAD at both semi-empirical (AM1 Hamiltonian) and ab initio 3-21G* levels of theory. The results of these
calculations indicate that the AM1 transition state is asynchronous, as was computed previously for the corres-
ponding Diels-Alder reactions with dienes 1 and 2. However, at the HF/3-21G* level of theory, a highly syn-
chronous transition state is obtained for each of these Diels-Alder reactions that possesses an activation barricr
of 11 kcal-mol-1. The corresponding AM1-calculated activation barrier is 20 kcal/mol higher than calculated at
the HF/3-21G* level of theory. These highly disparate computational results, together with available reports of
states for Diels-Alder reactions between sysmmetrical dienes and symmet-

rical dienophiles, prompted us to examine our systems at ab initio levels of theory.
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The computed activation barriers obtained for diene 1 and 2 with MTAD and NMM by using an HF/3-
21G* basis set are summarized in Table 2. It can be seen (Figure 1) that the transition states thus formed are
synchronous in nature.

The computed HF/3-21G* transition state structural parameters of interest are shown in Figure 1. Thus,
the newly-formed C:--N bonds are developing to an cqual extent in all cases studied; the C-N bond distances in
the calculated transition states range between 2.12-2.27 A,
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Figure 1. Transition state geometries {distances in A) for Dicls-Alder cycloadditions of 1 and 2 to MTAD and
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reaction of 2 with MTAD suggests that this dienophile is expected to approach diene 2 preferentially via its
endo facce. Here, the rclative cnergy difference for approach of MTAD via the exo vs. the endo face of 2 is 5
kcal-mol-1 (see data in Table 2).

The computed activation barriers for Diels-Alder cycloadditions of dienes 1 and 2 with NMM clearly
reveal that these reactions are expected to be much slower vis-a-vis the corresponding reactions of these dienes
with MTAD and PTAD (see Table 2). The predicted high activation energy for diene 2 with NMM, computed at

the HF/3-21G* level of theory, provides a cogent rationalization for the observed failure of this reaction.

activation barriers for these reactions (see Table 2). The results therebv obtained nermit us to rationalize the
cluvalion pammers 10r thesSe reaciions (8€C€ 1abDIC £). 1 1€ TESUILS 1NCTCDY ODIAINCA PCrmil Us 10 TallC 7

Ahonciad srietiiallyy jnotantanang saantinm A AMATATY untlh diana 1 ginra tha astivatinn harrar far thic raastinn ic
UUDCI VU, VIILUALILY 1IDWAICHUUD 1Caluull Ul IVI I /AL WL UIUIIv B, SITILL UIC aL il Vauuil vdiiivi v ulig 1vaviivil 19



. Marchand et al. / Tetrahedron 54 (1998) 44774484 4481

=
"=

. e 1: cis a grea 1o cndiimnd Amncasr maem
1usS llllh dlldl blb 2aiCls a greally reduced ener d
)

by MT P

between exo and endo modes of facial attack by M
tained at the HF/3-21G* level of theory.
The observed preferential approach of dienophiles in the case of diene 1 and 2 can be rationalized in

:

AD upon diene 1 and 2 when compared to the resul

terms of a combination of steric and electrostatic effects. Approach of MTAD toward the endo face of diene 1
leads to electrostatic repulsions between the chlorine atom lone-pairs in the Cl-C=C-Cl moiety located in the
diene and the N-Me nitrogen atom lone-electron pair in the dienophile. Here, the relevant interatomic distances
arc 3.09 A. In addition, the same C=C r-orbitals in the diene can also exert electrostatic repulsion toward the N-

hiile; here, the relevant interatomic distances are only 2.70 A.

Me nitrogen atom lone-pair in the diencop ; here, th vant interatom 1

Approach of MTAD toward the endo face of diene 1 is expected to result in deleterious steric inter-
netrmee bhatesrnnm thio dinnmnhila amnmAd Ahlamna atameo that cacida A tha nAachaceinn ™ Aashla hrwd e Ainas 1
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In the case of approach by MTAD toward the exo face of 1, the N=N nitrogen atoms in MTAD are removed
from the syn-Cl atom in the apical dichioromethylene group in the norbornene moiety by 4.96 A. Hence, de-
structive steric (and electorstatic) interactions are likely to be minimized when MTAD approaches toward the
exo face of diene 1.

The influence of steric and electrostatic effects exerted by Cl atoms has been studied. 10 In the case of
diene 2, approach of MTAD toward the exo face of 2 would lead to a transition structure in which the inter-
atomic distance between the N-Me nitrogen atom in the dienophile and the syn-Cl atom in the apical CCl, group
in the norbornene moiety is only 3.06 A. This is expected to result in severe steric and electrostatic diene-dieno-

phile repulsions that should result in destabilization of this transition state. For the corresponding approach of
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transition siructure, i.e., ca. 3.5 A. Thus, destabilizing steric and eiectrostatic effects are likely io be iess severe
in the case of endo approach, which, accordingly, should be favored vis-a-vis the corresponding exo approach
mode. NMM would also be expected to experience similar steric and electrostatic interactions with dienes 1 and
2, respectively. Finally, the high activation barriers obtained for Diels-Alder reaction between MTAD and dicne
2 via either exo or endo approaches is consistent with the observed sluggishness of this Diels-Alder reaction.
Frontier Molecular Orbital (FMO) Analysis. Additionally, FMO analysis was performed by using an
ab initio HF/3-21G* basis set; the results thereby obtained appear in Table 3. The smaller the difference be-

tween HOMO-LUMO energies, the greater will be the stability of the forming filled MOs.11 The data in Table

(W3]
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the transition state, is consistent with expectations for a normai (rather than inverse) electron demand Diels-
Alder reaction.12

Comparison of the energy differences (AE = E ymo - Edomo) for Diels-Alder reactions of dienes 1 and
2 with the various dienophiles (Table 4) reveals a clear difference between them. The energy difference ob-
tained for Diels-Alder reactions that involve NMM as dienophile is ca. 1eV higher than the corresponding reac-
tions that involve MTAD and PTAD. This result is consistent with our experimental observation that NMM is
less reactive than either MTAD or PTAD toward undergoing Diels-Alder cycloadddition to either dienes 1 or 2.
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Conclusions. AM1

and ab initio molecular orbit:
rationalize the observed experimentai resuits obtained for Diels-Aider reactions of dienes i and 2 with a vanety
of dienophiles (i. e., MTAD, PTAD, and NMM). The observed n—facial selectivities of these reactions are con-
sistent with the results of AM1 calculations (see Table 1). However, the AM1-computed activation barriers ap-
pear generally to be high when compared with the corresponding activation energies that have been calculated
at the HF/3-21G* and B3LYP/6-31G* levels of theory.

The AM1-calculated transition structures obtained for MTAD and PTAD with dienes 1 and 2 are both

asynchoronous; however, AM1 calculations predict that the corresponding Diels-Alder reactions of 1 and 2 with

NMM proceed via synchronous transition states. The results of AM1 calculations correctly predict that activa-
tion barriers for the preferred modes of MTAD and PTAD cycloadditions 1 arc lower than those for the corres-
ponding cycloadditions of these dienophiles to 2. However, AM1 incoirectly predicts that the Diels-Alder reac-
tion of 1 with NMM to afford 5b shouid relatively facile process vis-d-vis the corresponding cycioadditions
of 1 to MTAD and PTAD (Table 1)
Tﬂl\lﬂ 1 n')][‘ll‘ﬂtl‘f‘ ’A 1\28 Dﬂ' nlr\‘lnc 1\f anﬁvnﬁr\n nr rA J_”-I f“!ﬂ]l\ﬂf‘f‘;t;n“l‘ nr Alﬂ"ﬂ(‘ ‘ an‘ " (ll;‘ \’Qrin]]l‘
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dienophiles.
Diene Dienophile  Diek-Alder  AH* (AM1)” ii Diene Dienophile  Diels-Alder  AH* (AM)?
Cycloadduet . = _4 Cycloadduct S
7 (keal-mol™) “ (kcal-mol™)
1 MTAD 3a 49.50 || 2 MTAD 6a 47.83
1 MTAD 3b 43.12 || 2 MTAD 6b 49.07
1 PTAD 4a 49.10 Il 2 PTAD 7a 4741
1 PTAD 4b 42.59 Il 2 PTAD 7b 48.59
1 NMM 5a 45.40 “ 2 NMM b 492
1 NMM 5b 32.50 !! 2 NMM b 41.27
“Reference 2;*No reaction.

The foregoing experimental observations can be accounted for by the results of ab initio calculations
performed at the HF/3-21G* level of theory. The activation barriers thus obtained are significantly lower in all
the cases than those predicted on the basis of semi-empirical (AM1) calculations. The observed =-facial selec-
tivities of these Diels-Alder reactions are in good agreement with the corresponding calculated results. The re-
lative lack of diene reactlwty of 2 vis-a-vis 1 is also evident upon inspection of the HF/3-21G*- and Becke

reaction of each of these dienes with MTAD. Ab
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MTAD and PTAD. rmauy, FMO analyses also reveal the reduced uwnopmuh rEacivity o1 INIVIVI vis-a-vis that
of MTAD and PTAD. The computational results indicate that a combination of steric and electrostatic inter-
actions appear to be the primary factors that control n-facial selectivities in the Diels-Alder cycloadditions stud-

1ed herein .
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Table 2. Activation barriers of transition states for dienes 1 and 2 with MTAD and NMM computed at HF/3-
21G* and B3LYP/6-31G* levels of theory.
Diene Dienophile Diels-Alder HF/3-21G* B3LYP/6-31G*//
Cycloadduct (kcal-mol ™) HF/3-21G*
(kcai-moi'!)

1 MTAD 3a 27.2 16.5

1 MTAD 3b 123 6.1

2 MTAD 6a 24.2 12.6

2 MTAD 6b 29.6 17.4

1 NMM Sa 47.1 34.7

1 NMM 5b 275 194

2 NMM b 41.4 288

2 NMM b 483 344

“MTAD = 4-mcthyl-1,2,4-triazoline-3,5-dione; NMM = N-methylmaleimide

®No reaction

Tabie 3. Energy differences (AE = EL umo - EHOMO), in eV, of the HOMO and LUMO orbitais of dicnes 1 and
2 with respect to various dienophiles calculated at the HF/3-21G* level of theory
Dienophile\Diene 1 (HOMO) 2 (HOMO) 1 (LUMO) 2 (LUMO)

MTAD (LUMO) 9.44 35.48

MTAD (HOMO) 13.91 14.14

PTAD (LUMO) 9.23 9.27

PTAD (HOMO) 12.15 12.38

NMM (LUMO) 10.43 10.48

NMM (HOMO) 13.57 13.80
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