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The mechanisms of the cascade reactions of amino-substituted imidazoles, pyrroles, and pyrazoles
with 1,3,5-triazines have been studied using first principle MP2/6-311++G**//B3LYP/6-31G*
calculations in both the gas phase and solution. Calculations indicate that these cascade reactions
start with stepwise inverse-electron demand Diels-Alder (IDA) reactions, followed by elimination
of ammonia from the IDA adducts, and retro Diels-Alder (RDA) reactions (referred as to the IER
path). An alternative IRE path involving a reaction sequence of IDA, RDA, and elimination of
ammonia is ruled out since the RDA transition states in this pathway are higher in energy than
the reactants by as much as 50 kcal/mol. The preference of the IER over the IRE path is discussed.

1. Introduction

1,3,5-Triazines (unless otherwise mentioned, triazine
is used to represent 1,3,5-triazine) serve as electron-
deficient aza-dienes in various inverse-electron demand
Diels-Alder (IDA) reactions, which are useful tools for
the synthesis of numerous heterocycles.1-3 For example,
Boger and co-workers reported the development and
applications of triazine IDA reactions generating pyri-
midines and related natural products.4 Recently, Dang
and co-workers expanded this methodology by introduc-
ing aromatic heterocycles as dienophiles in the triazine
IDA reactions.5 The newly developed IDA cascade reac-
tions efficiently produce purine and its analogues and
other heterocycles, which are sometimes tedious to
synthesize by traditional methods (Scheme 1). Two
reaction pathways were proposed to describe these

cascade reactions (Scheme 2). The first pathway, termed
the IER pathway in Scheme 2, entails the initial IDA
reaction between 1,3,5-triazines and amino-substituted,
five-membered heteroaromatics, followed by elimination
of ammonia to form the intermediate IER-INs, and final
retro Diels-Alder (RDA) reaction to generate products
8A-C. An alternative pathway, referred to as the IRE
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(1) For recent reviews on Diels-Alder reactions, see: (a) Carruthers,
W. Cycloaddition Reactions in Organic Synthesis; Pergamon: Oxford,
1990. (b) Fringuelli, F.; Taticchi, A. Dienes in the Diels-Alder Reaction;
John Willey & Sons, Inc.: New York, 1990. (c) Boger, D. L.; Weinreb,
S. N. Hetero Diels-Alder Methodology in Organic Synthesis. In
Organic Chemistry, A Series of Monographs; Academic Press: New
York, 1987; No. 47. (d) Oppolzer, W. In Comprehensive Organic
Synthesis; Paquette, L. A., Ed.; Pergamon: Oxford, 1991; Vol. 5, p 315.
(e) Roush, W. R. In Comprehensive Organic Synthesis; Paquette, L.
A., Ed.; Pergamon: Oxford, 1991; Vol. 5, p 513. (f) Coxon, J. M.;
McDonald, D. Q.; Steel, P. J. In Advances in Detailed Reaction
Mechanisms; Coxon, J. M., Ed.; JAI Press: Greenwich, 1994. (g) Houk,
K. N.; Li, Yi.; Evanseck, J. D. Angew. Chem., Int. Ed. Engl. 1992, 31,
682. (h) Sustmann, R. Tetrahedron Lett. 1971, 2721. (i) Sauer J.;
Sustmann, R. Angew. Chem., Int. Ed. Engl. 1980, 19, 779. (j) Corey,
E. J. Angew. Chem., Int. Ed. 2002, 41, 1650. (k) Nicolaou, K. C.; Snyder,
S. A.; Montagnon, T.; Vassilikogiannakis, G. Angew. Chem., Int. Ed.
2002, 41, 1668.
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pathway in Scheme 2, consists of initial IDA reactions,
subsequent RDA reactions, and a final step involving
elimination of ammonia. The potential intermediates
shown in Scheme 2 are probably too reactive to be
isolated experimentally, and therefore there is no evi-
dence to support one or the other pathways. Conse-
quently, this study was undertaken, using theoretical
calculations to delineate the energetically favored mech-
anism of these IDA cascade reactions.

The present study used first principle calculations to
clarify which pathway is preferred.6 Three model reac-

tions, which include reactions I (1A + triazine), II (1B +
triazine), and III (1C + triazine), as shown in Scheme 2,
were chosen for the current investigation. Herein, results
of the theoretical studies regarding the reaction pathways
for these IDA cascade reactions are detailed.

2. Computational Methodology

All calculations were carried out with the GAUSSIAN 98
program.7 The stationary points were fully optimized with the
B3LYP/6-31G* method8 except for 3A-C, which were opti-
mized with the B3LYP/6-31+G* method. Frequency calcula-
tions at the same level were performed to characterize each
species as a minimum or transition structure. The energy of
each species was reevaluated by the MP2/6-311++G** method9

on the DFT structure. The reported gas-phase relative energies
with respect to the reactants are all referred to as ∆E0(MP2/
6-311++G**), which include unscaled zero-point energy (ZPE)
corrections computed by the DFT method.

Nonspecific solute-solvent interactions were simulated
using a polarization continuum model (PCM)10 in DMSO
(ε ) 46.7). To save computation time without sacrificing
accuracy, we calculated the solvent stabilization energies (SSE)
at the MP2/6-31G* level, and these SSEs then were used to
correct the MP2/6-311++G** energy as follows:

It has been demonstrated previously that this method gives
solvent effect corrections that are very similar to those
obtained by the MP2(PCM)/6-311++G**.11 The calculated
Cartesian coordinates (B3LYP/6-31G*), total energies, and
entropy and enthalpy corrections of the structures involved
in the discussion are given in Supporting Information.

3. Results and Discussion

DFT geometries of the key species involved in the IDA
and RDA reactions of both the IRE and IER paths are
given in Figures 1-3. Absolute energies and other
thermodynamic parameters for all stationary species
involved are summarized in Table S1 (Supporting Infor-
mation).

3.1. IDA Reactions. To better understand the nature
of the IDA reactions, the [4 + 2] cycloaddition step was
investigated by frontier molecular orbital theory, and the
reaction profiles are shown in Figure 4. The HOMO and
LUMO energies for 1A-C and triazine indicate that the
Diels-Alder reactions leading to IDA-IN 5A-C can be
classified as IDA reactions according to Sustmman’s

(2) For recent investigations of IDA reactions, see: (a) Liu, J.;
Niwayama, S.; You, Y.; Houk, K. N. J. Org. Chem. 1998, 63, 1064. (b)
Thorhauge, J.; Johannsen, M.; Jorgensen, K. A. Angew. Chem., Int.
Ed. 1998, 37, 2404. (c) Evans, A. D.; Olhava, E. J.; Johnson, J. S.;
Janey, J. M. Angew. Chem., Int. Ed. 1998, 37, 3372. (d) Wijnen, J. W.;
Zavarise, S.; Engberts, B. F. N.; Charton, M. J. Org. Chem. 1996, 61,
2001. (e) Boger, D. L.; Corbett, W. L.; Curran, T. T.; Kasper, A. M. J.
Am. Chem. Soc. 1991, 113, 1713. (f) Markó, I. E.; Evans, G. R.
Tetrahedron Lett. 1994, 35, 2767. (g) Zhou, J.-C.; Wyler, H. Helv. Chim.
Acta 1999, 82, 1122.

(3) For IDA reactions in natural product synthesis, see: (a) Boger,
D. L.; Honda, T.; Menezes, R. F.; Colletti, S. L. J. Am. Chem. Soc. 1994,
116, 5631. (b) Boger, D. L.; Honda, T.; Dang, Q. J. Am. Chem. Soc.
1994, 116, 5619. (c) Boger, D. L.; Colletti, S. L.; Honda, T.; Menezes,
R. F. J. Am. Chem. Soc. 1994, 116, 5607. (d) Boger, D. L.; Menezes, R.
F.; Honda, T. Angew. Chem., Int. Ed. Engl. 1993, 32, 273. (e) Boger,
D. L.; Menezes, R. F.; Dang, Q. J. Org. Chem. 1992, 57, 4333. (f) Boger,
D. L.; Menezes, R. F.; Dang, Q.; Yang, W. BioMed. Chem. Lett. 1992,
2, 261. (g) For related studies, see: Boger, D. L.; Kochanny, M. J. Org.
Chem. 1994, 59, 4950. (h) Desimoni, G.; Tacconi, G.; Barco, A.; Pollini,
G. P. Natural Product Synthesis through Pericyclic Reactions; ACS
Monograph 180; American Chemical Society: Washington, DC, 1983.
(i) Davies, D. E.; Gilchrist, T. L.; Roberts, T. G. J. Chem. Soc., Perkin
Trans. 1 1983, 1275. (j) Schmidt R. R.; Maier, M. Tetrahedron Lett.
1982, 23, 1789. (k) Desimoni, G.; Tacconi, G. Chem. Rev. 1975, 75,
651. (l) Bodwell, G. J.; Li, J. Org. Lett. 2002, 4, 127. (m) Bodwell, G.
J.; Li, J. Angew. Chem., Int. Ed. 2002, 41, 3261. (n) Benson, S. C.;
Lee, L.; Snyder, J. K. Tetrahedron Lett. 1996, 37, 5061. (o) Benson, S.
C.; Lee, L.; Yang, L.; Snyder, J. K. Tetrahedron 2000, 65, 1165.

(4) (a) Boger, D. L.; Dang, Q. Tetrahedron 1989, 44, 3379. (b) Boger,
D. L.; Dang, Q. J. Org. Chem. 1992, 57, 1631. (c) Boger, D. L.;
Kochanny, M. J. J. Org. Chem. 1994, 59, 4950.

(5) (a) Dang, Q.; Brown, B. S.; Erion, M. D. J. Org. Chem. 1996, 61,
5204. (b) Dang, Q.; Liu, Y.; Erion, M. D. J. Am. Chem. Soc. 1999, 121,
5833. (c) Dang, Q.; Gomez-Galeno, J. E. J. Org. Chem. 2002, 67, 8703.
(d) Dang, Q.; Liu, Y.; Sun, Z. Tetrahedron Lett. 2001, 42, 8419. (e) Seitz
and Kampchen reported DA reactions between five-membered-ring
aromatic dienophiles and 1,2,4,5-tetrazine derivatives: Seitz, G.;
Kampchen, T. Arch. Pharm. 1978, 311, 728.

(6) Yu, Z.-X. Ph.D. Thesis, The Hong Kong University of Science &
Technology, Kowloon, Hong Kong, 2001.

(7) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.1; Gaussian, Inc.: Pittsburgh, PA,
1998.

(8) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. Phys. Rev. B 1988, 37, 785.

(9) Møller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.
(10) Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027.
(11) Yu, Z.-X.; Dang, Q.; Wu, Y.-D. J. Org. Chem. 2001, 66, 6029.

SCHEME 1

SSE ) ∆Eele(MP2(PCM)/6-31G*) - ∆Eele(MP2/6-31G*)

∆E0(DMSO) ) ∆E0(MP2/6-311++G**) + SSE
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definition.12,13 Early theoretical studies of the IDA reac-
tion step between 1A and triazine indicate that they
are stepwise processes,11 and current investigations of
reactions II and III reveal that the IDA step is also
stepwise.14 Therefore, the IDA reactions between 1B,1C
and triazine entail the nucleophilic attack on the triazine
carbon by the C1 atom of 1B,1C leading to zwitterionic
intermediates 3B,3C, which are subsequently cyclized to
furnish IDA adduct 5B,5C (Figure 1). The computed
charge transfer (CHELPG15 charge) from dienophiles to

triazine is 0.55, 0.52, and 0.48 e in 3A-C, respectively.
The stepwise mechanism can be attributed to the nu-
cleophilic character of C1 of 1A-C (see the CHELPG
charge distribution of the aromatic dienophiles in Scheme
3). On the other hand, hydrogen-bonding interactions of
N11‚‚‚H13 in NA-TSs and ZW-INs, as evidenced by the

(12) (a) Sustmann, R. Tetrahedron Lett. 1971, 2721. (b) Sauer, J.;
Sustmann, R. Angew. Chem., Int. Ed. Engl. 1980, 19, 779.

(13) Fleming, I. Frontier Orbitals and Organic Chemical Reactions;
Wiley: London, 1982.

(14) For other calculated stepwise reactions involving zwitterionic
intermediates, see: (a) Sustmann, R.; Tappanchai, S.; Randmann, H.
J. Am. Chem. Soc. 1996, 118, 12555. (b) Arrieta, A.; Cossio, F. P.; Lecea,
B. J. Org. Chem. 2000, 65, 8458. (c) Zhou, C.; Birney, D. M. J. Am.
Chem. Soc. 2002, 124, 5231. (d) Yu, Z.-X.; Wu, Y.-D. J. Org. Chem.
2003, 68, 412. (e) Yu, Z.-X.; Wu, Y.-D. J. Org. Chem. 2003, 68,
421.

(15) (a) Breneman, C. M.; Wiberg, K. B. J. Comput. Chem. 1990,
11, 361. (b) Chirlian, L. E.; Francl, M. M. J. Comput. Chem. 1987, 8,
894. (c) Cox, S. R.; Williams, D. E. J. Comput. Chem. 1981, 2, 304.

FIGURE 1. B3LYP/6-31G* geometries of NA-TSs (2A-C), ZW-INs (3A-C, B3LYP/6-31+G*), RC-TSs (4A-C), and IDA-INs
(5A-C). Distances in Å.

SCHEME 2

Yu et al.
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short N11...H13 distances, are reasonably expected to be
important to stabilize these two kinds of zwitterionic
species (Figure 1).

3.2. IRE Pathway. The calculated potential energy
surfaces for the IRE paths of reactions I-III are shown
in Figure 5. For the IRE pathway, there are two possible
RDA reaction transition states via either RDA-TS 6A-C
or 6′A-C, which differ from each other by the relative
orientation of the H-CtN moiety with respect to the
amino group (cis or trans, Figure 2). It is found that RDA-
TSs 6′A-C are higher in energy than RDA-TSs 6A-C
by 1.9, 2.0, and 1.8 kcal/mol, respectively. These differ-
ences in energies are most likely attributable to the larger
steric repulsion between the H-CtN moiety and the five-
membered ring (C1-C2-X3-Y4-C5) in 6′A-C compared
to that in 6A-C. It becomes more clear to understand
this steric effect if we consider the reverse reactions, 7
+ HCNf 5, where the [4 + 2] addition transition
structure 6′ is more crowed than transition structure 6,
as shown by the larger dihedral angle (between the five-
membered ring and the plane of C1-C2-N7-C10) in 6′
than in 6.

In the gas phase, the RDA reactions converting 5A-C
to 7A-C are endothermic by 4.2, 8.3, and 6.9 kcal/mol,
respectively. These transformations are not easy, requir-
ing activation energies of 29.3, 30.1, and 28.8 kcal/mol,
respectively.16 Compared to the reactants, 6A-C are
higher in energy by 48.0, 45.5, and 53.2 kcal/mol,
respectively. Even when solvation effects are taken into
account, 6A-C are still higher in energy than their

corresponding reactants by about 50 kcal/mol, which is
an activation barrier that is too high for the mild
experimental conditions (25-100 °C, Scheme 1). There-
fore, the IRE pathway is ruled out for the cascade
reactions developed by Dang.5

3.3. IER Pathway. Alternatively, the cascade reac-
tions can avoid the insurmountable RDA reactions of
6A-C by adopting the IER path, which entails the
elimination of ammonia from the IDA adducts 5A-C
before the RDA reactions (see Scheme 2 and Figure 6).
Even though it is hard to model the details of stepwise
elimination reactions in solution,17,18 elimination of am-
monia to form an aromatic pyrrole moiety in 9A-C is
expected to occur readily and irreversibly under thermal
reaction conditions. In fact, this kind of aromatization
reaction is common. One prominent example is the
Fischer indole synthesis, in which the loss of ammonia
in the last step is not regarded as a very difficult reaction
(Scheme 4).19,20

It is critical to emphasize that, even though loss of
ammonia in the IER path is endothermic by 10.0, 18.5,
and 8.0 kcal/mol for reactions I-III, respectively, these
processes are favorable in terms of free energy: at the

(16) No stepwise retro-Diels-Alder transition states in both IRE
and IER pathways can be located using both RB3LYP and UB3LYP
methods.

(17) Usually, the two leaving groups in the elimination reactions
are trans to each other (see: Pross, A.; Shaik, S. J. Am. Chem. Soc.
1982, 104, 187). We think that the reaction solvents (or added acid in
some cases) play an important role in facilitating the elimination
processes.

(18) For discussions of theoretical studies of elimination reactions,
see: (a) Ensing, B.; Laio, A.; Gervasio, F.; Parrinello, M.; Klein, M. J.
Am. Chem. Soc. 2004, 126, 9492. (b) Minato, T.; Yamabe, S. J. Am.
Chem. Soc. 1988, 110, 4586. (c) Bickelhaupt, F. M.; Baerends, E. J.;
Nibbering, N. M. M.; Ziegler, T. J. Am. Chem. Soc. 1993, 115, 9160.
(d) Merril, G. N.; Gronert, S.; Kass, S. R. J. Phys. Chem. A 1997, 101,
208. (e) Glad, S. S.; Jensen, F. J. Org. Chem. 1997, 62, 253. (f) Mugnai,
M.; Cardini, G.; Schettino, V. J. Phys. Chem. A 2003, 107, 2540. (g)
Mertell, J. M.; Beaton, P. T.; Holmes, B. E. J. Phys. Chem. A 2002,
106, 8471. (h) Kato, S.; Morokuma, K. J. Chem. Phys. 1980, 73, 3900.
(i) Hu, W.-P.; Truhlar, D. G. J. Am. Chem. Soc. 1996, 118, 860. (j)
Hiberty, P. C. J. Am. Chem. Soc. 1975, 97, 5975.

(19) (a) Fischer, E.; Jourdan, F. Chem. Ber. 1883, 16, 6. (b) Fischer,
E.; Hess, O. Chem. Ber. 1884, 17, 559. (c) Robinson, B. The Fischer
Indole Synthesis; John Wiley and Sons: Chichester, 1982. (d) Robinson,
G. M.; Robinson, R. J. Chem. Soc. 1924, 125, 827.

(20) Raw and Taylor recently developed a novel method for aroma-
tization via Cope elimination of the in situ-generated N-oxide when
they applied inverse-electron demand Diels-Alder reactions for the
synthesis of pyridines. See: Raw, S. A.; Taylor, J. K. Chem. Comm.
2004, 508.

FIGURE 2. B3LYP/6-31G* geometries of RDA-TSs (6A-C and 6′A-C) and 7A-C. Distances in Å.

FIGURE 3. B3LYP/6-31G* geometries of IRE-INs 9A-C and
RDA-TSs 10A-C. Distances in Å.
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B3LYP/6-31G* level, the computed free energy changes
for the reaction of 5f9 + NH3 in reactions I-III are
reduced to 0.4, 7.4, and -2.0 kcal/mol, respectively. If
we further consider the solvation effects on ammonia or
ammonium ion (if the elimination is acid-catalyzed), it
is expected that the entropy-driven process of elimination
is irreversible and becomes more favorable in terms of
free energy.

In contrast to the RDA reactions via 6A-C in the IRE
path, the RDA reactions of 9A-C in the IER pathway
via RDA-TS 10A-C are not only exothermic but also
facile (the activation/reaction energies in the gas phase
for the transformation of 9A-C to 8A-C are 9.1/-40.9,

7.7/-43.9, and 10.6/-37.3 kcal/mol for reactions I-III,
respectively, see Figure 6). The exothermic nature of the
RDA reactions of 9A-C is a result of the formation of
aromatic species 8A-C, which requires the cascade
reactions to adopt the IER path instead of the IRE path.
Although the overall cascade reactions are only slightly
exothermic (-9.7, -9.3, and -3.9 kcal/mol for reactions
I-III in the gas phase, see Figure 6), these transforma-
tions are favored entropically by converting two reactants
(1A-C + triazine) to three products (8A-C + HCN +
NH3).

To compare the reactivity of 1A-C, the rate-determin-
ing steps for these reactions need to be identified. Since

FIGURE 4. Frontier molecular orbitals of 1A-C (Cs symmetry) and triazine. The orbital coefficients refer to the 2p part of each
heavy atom. Atom numbering refers to that in Figure 1.

SCHEME 3

Yu et al.

1002 J. Org. Chem., Vol. 70, No. 3, 2005



the activation barriers for the ammonia elimination
reactions cannot be calculated, it is not possible to define
which step, the IDA reaction or the elimination of
ammonia, is rate-determining.21 However, if one assumes
that the irreversible loss of ammonia is facile, then the
IDA reactions should be rate-determining steps for
reactions I-III (as indicated in Figure 6), and therefore
the order of reactivities for these dienophiles is 1A ≈ 1B

> 1C, which is consistent with experimental observa-
tions.5,21 It is important to point out that when substit-
uents are introduced in either the diene or the dienophile,
the barriers for IDA and ammonia elimination reactions
may change and possibly become lower than that of the
subsequent RDA reaction. Consequently, the RDA step
could become rate-determining.

3.4. Origin of the Preference for the IER Path
instead of the IRE Path. The above analysis clearly
demonstrates that the IRE pathway can be ruled out due
to the higher activation energies of the RDA steps in
reactions I-III. Another topic that warrants more discus-
sion is why the difference in activation energies for the

(21) We prefer the IDA reaction to be the rate-determining step on
the basis of the following arguments: The elimination of ammonia
could be accelerated by acidic reaction conditions. Experimentally,5 it
has been found that addition of acids in some reactions has little effect
on the reaction rate, suggesting that the elimination of ammonia is
not rate-determining.

FIGURE 5. Potential energy surface of the IRE pathway for reactions I-III. The values are ∆E0 (DMSO) and ∆E0 (MP2/6-
311++G**) (in parentheses). The dashed line represents the elimination process.

FIGURE 6. Potential energy surface of the IER pathway for reactions I-III. The values are ∆E0 (DMSO) and ∆E0 (MP2/6-
311++G**) (in parentheses). The dashed line represents the elimination process.
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RDA reactions between 5A-C and 9A-C is as high as
20 kcal/mol.

One reason for the different activation energies is
attributed to their reaction energies: the RDA reactions
in IER path are exothermic due to conversion of nonaro-
matic intermediates 9A-C to aromatic products 8A-C;
in contrast, the RDA reactions in the IRE path are
endothermic since the products obtained, 7A-C, are
nonaromatic. For similar reactions, the more exothermic
process should have the lower activation energy according
to the Bell-Evans-Polanyi principle.22 Therefore, RDA
reactions in the IER path require lesser activation
energies because these processes are exothermic.

The transition states 6A-C and 10A-C are aromatic,
and therefore their relative aromaticities can be used to
compare relative reactivities. To compare the aromatici-
ties of these transition states, we chose to calculate their
“nuclear-independent chemical shifts” (NICSs)23 at the
center (nonweighted mean of the heavy-atom coordinates)

of the ring composed of C1, C2, N7, C8, N9, and C10 in 10A
and 6A. NICS was developed by Schleyer and co-workers
to evaluate the aromaticity of different species, including
transition states. The calculated NICS values are -7.27
and -4.44 ppm for 10A and 6A, respectively, which
indicates a stronger aromaticity contribution in stabiliz-
ing 10A in the IER path compared to the IRE path (the
NICS value of -7.27 ppm for 10A is comparable to -10.2
ppm for benzene).24

It is well documented that many RDA reactions benefit
from aromatization energy when nonaromatic Diels-
Alder adducts are converted to aromatic species. For
example, Jacobi and Lee successfully applied an intramo-
lecular Diels-Alder reaction in the synthesis of stemo-
amide,25 in which an intramolecular DA reaction was
followed immediately by an RDA reaction that generated
an aromatic intermediate (Scheme 5).

Other factors may also lead to the alteration of reaction
pathways for these cascade reactions. For example, in
hypothetical reactions between amino-substituted, five-
membered aromatics and 1,2,4,5-tetrazine derivatives,
the RDA reaction of the IRE path may result in the
elimination of NtN instead of RCtN for triazines. This
kind of RDA reaction is now significantly exothermic, and
the activation energy is only 7.9 kcal/mol as shown in

(22) The different reactivity of the aromatic heterocycles is at-
tributed to their different aromaticity (unpublished results). For
discussions of aromaticity in different heterocycles, see: (a) Katritzky,
A. R.; Karelson, M.; Sild, S.; Krygowski, T. M.; Jug, K. J. Org. Chem.
1998, 63, 5228. (b) Cyranski, M.; Krygowski, T. M.; Katritzky, A. R.;
Schleyer, P. v. R. J. Org. Chem. 2002, 67, 1333. For discussions of
effects of product aromaticity on the lowering of barrier heights, see:
(c) Birney, D, M.; Berson, J. A. Tetrahedron 1986, 42, 1561. (d) Braun,
R.; Kummer, M.; Martin, H.-D.; Rubin, M. B. Angew. Chem., Int. Ed.
Engl. 1985, 24, 1059. (e) Bertsch, A.; Grimme, W.; Reinhardt, G.
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FIGURE 7. Potential surface for the RDA step of the reaction of 2-aminopyrrole and 1,2,4,5-tetrazine computed at the B3LYP/
6-31G* level. Distances in Å.
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Figure 7. The reason for the higher exothermicity in the
loss of NtN than in the loss of RCtN is due to the fact
that the NtN bond exists as a stronger bond than the
CtN bond (the bond enthalpies are 226.3 and 212.9 kcal/
mol, respectively).12 On the basis of the Bell-Evans-
Polanyi principle, the RDA reaction losing NtN is
predicted to be easier than RDA reaction losing
R-CtN. In fact, the RDA reaction without aromatization

has been observed previously by Seitz and Kampchen
(Scheme 6).5e,26 On the basis of these findings, we expect
that both IER and IRE are competitive in the cascade
reaction between amino-substituted heterodienophiles
and 1,2,4,5-tetrazines. The adoption of the IER or the
IRE pathways depends on whether the rate of ammonia
eliminations in the IER path is faster or slower than the
RDA steps of the IRE path, and therefore the substitution
of the amino group may alter the reaction pathways.

4. Conclusion

Theoretical studies of three cascade reactions between
triazine and 1A-C at the MP2/6-311++G**//B3LYP/6-
31G* level in both the gas phase and solution reveal that
these reactions occur via the IER pathway, in which a
stepwise IDA reaction is followed by elimination of
ammonia and then RDA reactions. The alternative IRE
path is ruled out because the RDA reactions require a
very high activation energy that is insurmountable under
the mild thermal experimental conditions. The preference
of the IER pathway over the IRE pathway is attributed
to the presence of the amine substituent in the aromatic
dienophiles that is critical in driving the cascade reac-
tions to completion.
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