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Summary: The potential energy surfaces for intramo-
lecular hetero Diels—Alder cycloaddition reactions have
been characterized in detail using the B3LYP density
functional method, including zero-point corrections.
Fifteen isoelectronic species (YCH=X(CH;)4,CH=CHCH=
CHy) were selected as model systems to investigate both
the energetics of the reactions and the geometric struc-
tures of the species involved. The systems can be divided
into three groups as follows: (I) X = N and Y = CN,
OH, H, CHj3, Li; (Il) Y =CB and X = N, P, As, Sbh, Bi;
(1) Y = CN and X = CH, SiH, GeH, SnH, PbH. The
main findings are as follows. (1) The intramolecular
hetero Diels—Alder reactions are predicted to take place
through concerted but highly asynchronous transition
structures in a fashion similar to some intermolecular
hetero Diels—Alder reactions. (2) Our theoretical results
for the geometries of the cycloadducts are in accordance
with the experimental observations of Danheiser et al.
(3) The substitution of a heavy heteroatom (i.e., X = SiH,
GeH, SnH, PbH, P, As, Sb, Bi) for a nitrogen in the
iminoacetonitrile exerts an important influence on both
the activation energies of the transition structures and
the reaction enthalpies of the cycloadducts.

The hetero Diels—Alder (DA) reactions are well-
known?! and have attracted much attention, especially
in the past few years, because of the noticeable im-
provement in these reactions achieved by use of various
heteroatoms.23 Recently, Danheiser and co-workers
reported some novel intramolecular hetero DA reac-
tions.? In these [4 + 2] cycloadditions, iminoacetonitriles
have been used as starting materials for the synthesis
of nitrogen heterocycles (see Scheme 1). It is this
fascinating experimental progress that has inspired this
study. If iminoacetonitriles can successfully undergo
such reactions, would it be possible to extend this to
other analogues? Besides this, what are the structures
and energetics of the transition states involved in the
reaction? What effect does substitution have on the
intramolecular DA reactions of iminoacetonitriles? What
is the key factor in predicting the chemical reactivity
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Scheme 1

of such hetero cycloaddition reactions? No quantum-
chemical calculations for intramolecular hetero cycload-
dition reactions have yet been carried out, let alone a
systematic theoretical study performed of substituent
effects on the reactivities of intramolecular [4 + 2]
species. To elucidate the mechanism of the hetero DA
reactions, 15 isoelectronic species (YCH=X(CH,),CH=
CHCH=CH,) were selected as model systems to inves-
tigate both the energetics of the reaction and the
geometric structures of the species involved. These
systems can be divided into three groups as follows: (I)
X =NandY =CN, OH, H, CHs, Li; (II) Y = CN and X
=N, P, As, Sb, Bi; (I11) Y =CN and X = CH, SiH, GeH,
SnH, PbH. Our calculations strongly suggest that
further development of intramolecular hetero DA reac-
tions should soon be forthcoming and will open up new
synthetic areas.

Three regions on the potential energy surfaces are
considered in this work: reactant, transition state, and
cycloaddition product (see eq 1 in Table 1). For the group
I systems, their geometries and energetics have been
calculated using the hybrid density functional method
B3LYP/6-311G(d).* For the group Il and Il systems,
for reasons of consistency, B3LYP calculations were
carried out with relativistic effective core potentials on
group 14 and 15 elements modeled using the double-¢
(DZ) basis sets® augmented by a set of d-type polariza-
tion functions.® All these calculations are therefore
denoted by B3LYP/LANL2DZdp. As a result, each model
compound for group Il and Il systems contains 287
basis functions and 86 electrons. Vibrational frequencies
at stationary points were calculated at the B3LYP level
of theory to identify them as minima (zero imaginary
frequencies) or transition states (one imaginary fre-
guency). The relative energies are thus corrected for
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Table 1. Relative Energies (kcal/mol) for the

Process Reactant YCH=X(CH,),CH=CHCH=CH, —
Transition State — Product

Y Y
O—CO—C0
x . Y

(Rea) (TS) (Pro) )
group system AE*d AHe
1ac X=N,Y=CN +22.80 —19.24
X=N,Y=0H +28.15 —15.18
X=N,Y=H +25.67 —20.56
X=N,Y=CHjs +30.04 —13.86
X=N,Y=Li +11.45 —3.215
IIbe X=N,Y=CN +21.49 —18.92
X=P,Y=CN +8.136 —31.71
X=As, Y=CN +7.376 —32.27
X =S8b,Y=CN +6.299 —33.34
X =Bi,Y=CN +6.384 —31.98
I11Pc X=CH,Y=CN +20.89 —27.83
X =SiH, Y=CN +1.628 —49.09
X =GeH,Y=CN +2.143 —45.71
X=8nH,Y =CN +2.138 —43.70
X =PbH, Y=CN +2.050 —39.43

a At the B3LYP/6-311G(d) level. b At the B3LYP/LANL2DZdp
level. ¢ All optimized geometries can be found in Figures 1-15
(Supporting Information). 9 Activation energy at 0 K. ¢ Reaction
enthalpy at 0 K.

vibrational zero-point energies (ZPE, not scaled). All
calculations were performed using the GAUSSIAN 98
package.”

The relative energies of the stationary points for eq
1 are collected in Table 1. Their calculated geometrical
parameters are given in Figures 1—15 in the Supporting
Information. The major conclusions drawn from the
current study can be summarized as follows.8

(1) As seen in Table 1, our B3LYP/6-311G(d) calcula-
tions suggest that the barrier height for the intra-
molecular reactions of group | systems increases in the
order (kcal/mol) CN (23) < H (26) < OH (28) < CHj3 (30).
Moreover, the order of exothermicity of the cycloaddi-
tions follows a similar trend, namely (kcal/mol) H (—21)
< CN (—19) < OH (—15) < CH3 (—14). That is to say,
the presence of electron-withdrawing substituents (such
as CN) in the intramolecular dienophile can accelerate
the process, whereas electron-donating substituents
(such as OH) and alkyl groups (such as CH3) give a
higher barrier as well as a lower exothermicity for the
intramolecular DA reaction. The reason for this can be
easily understood in terms of the frontier molecular
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orbital (FMO) theory,® assuming a frontier interaction
between the HOMO of the diene and the LUMO of the
dienophile and taking into account the size of the
frontier orbitals involved. As one can see in Chart 1,
only the CN substituent strongly polarizes the z* orbital
toward C, (namely, the doubly bonded nitrogen position
in iminoacetonitrile).® Thus, the simple FMO model
presented here predicts high reactivity for iminoaceto-
nitrile in an intramolecular DA reaction. Nevertheless,
the exothermicity of the [%s + 72s] cycloaddition of the
iminoacetonitrile molecule (X = N, Y = CN; see last
column in Table 1) is relatively low when compared with
those of other DA reactions,!° which can be related to
the difficulties associated with carrying out those types
of additions.?

On the other hand, the energy data (Table 1) show
that the DA reaction for the Li substituent is only
slightly exothermic (—3.2 kcal/mol). However, its transi-
tion state barrier is 11 kcal/mol, smaller than those of
above substituted azadienophiles by 7.2—19 kcal/mol.
Consequently, if thermodynamics controls the process,
our theoretical evidence indicates that the intramolecu-
lar DA reaction should not occur with a strongly
electropositively substituted azadienophile.

(2) Considering the group Il systems (group 15
elements) in Figures 6—10 (Supporting Information) and
Table 1, it is apparent that the transition structures of
the intramolecular DA reaction with Y = P, As, Sb, Bi
substituents are highly asynchronous and are predicted
to have very low activation energies (6.2—8.1 kcal/mol).
Nevertheless, the B3LYP activation energy for the
N-substituted system is about 14 kcal/mol higher than
for reactions of pnicogen-substituted systems. Besides
this, the reaction enthalpies for reactions with P, As,
Sb, and Bi substituents are very close: approximately
—32 kcal/mol. However, the reaction enthalpy for the
DA reaction involving the N atom is less exothermic
(—19 kcal/mol) than the others. This can be easily
rationalized in terms of the bond changes that occur in
these reactions. Taking a simple bond energy approach,
the net bond change (kcal/mol) in the N-substituent
reaction is the formation of a new C—N (69) and C—C
(81) ¢ bond, while the C—N (79) bond and C—-C (67) &
bond are broken.! As a result, the formation of the
relatively weak C—N o bond at the expense of breaking
the relatively strong C—N & bond leads to a less
exothermic reaction. Furthermore, the intramolecular
DA reactions for P, As, Sb, and Bi substituents are more
exothermic than for the N substituent, a result of the
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well-known much weaker C—Y =z bond relative to the
C—N x bond.12

(3) Considering the group Il systems (group 14
elements) in Table 1, it is obvious that the predicted
activation barriers for the intramolecular DA reactions
with X = SiH, GeH, SnH, and PbH substituents (~2.0
kcal/mol) are significantly lower than the reaction with
the CH substituent (21 kcal/mol). This strongly implies
that the former species should undergo rapid intramo-
lecular DA reactions at or below room temperature.
Likewise, their intramolecular DA reactions are pre-
dicted to be much more exothermic (—39 to —49 kcal/
mol) than that of the all-carbon dienophile (—28 kcal/
mol). Again, as shown above, the weakness of the Y=C
o bond, compared to the HC=C x bond, contributes to
their reactivities as well as their thermodynamics.?
Moreover, the large X=C bond lengths (see Figures 11—
15 in the Supporting Information) probably also con-
tribute to their low barrier heights. Namely, intramo-
lecular butadiene must be strained to achieve simul-
taneous overlap at the two ends of a hetero dienophile.
The strain is apparently larger in a short HC=C bond
than in a long X=C bond.

(4) Comparing substituents in the same row in Table
1, it is evident that those in group IlIl have lower
activation barriers as well as higher exothermicity than
those in group Il. This strongly implies that the in-
tramolecular hetero DA reactions should be more highly
favored for a reactant containing a group 14 substituent

(12) Lide, D. R. and Frederikse, H. P. R. CRC Handbook of
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than for one containing a pnicogen substituent from the
same row. Again, this reflects the extremely weak x
bond of the former compared to that of the latter.12

(5) Finally, as found by Danheiser and co-workers, in
most experimental cases the cycloadduct with an exo-
oriented cyano group is obtained as the major or
exclusive product of the reaction.? Our computational
results are in accordance with experimental observa-
tions.

In brief, our theoretical findings demonstrate that the
activation energy is lowered and the reaction enthalpy
becomes more exothermic for reactions involving a
dienophile containing an electron-withdrawing group.
Also, the substitution of a heavy heteroatom (i.e., X =
SiH, GeH, SnH, PbH, P, As, Sh, Bi) for a nitrogen in
the iminoacetonitriles exerts a significant influence on
both the activation energy of the transition structure
and reaction enthalpy of the cycloadduct.

It is hoped that this study can stimulate further
research into the subject.
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