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Nitrile oxide−azaheptafulvene adducts consist of rapidly
equilibrating mixtures of fused (1) and spiro (2) isomers, the
relative stabilities of which are nicely reproduced by B3LYP/
6-31G* calculations. The reaction between these compounds
and MTAD affords only two diastereomeric adducts [9 (dom-
inant) and 10], both deriving from the reaction of MTAD with
1 even in cases in which that isomer could not be detected
by NMR spectroscopy. These adducts are formal Diels−Alder

Introduction

We have shown[1,2] that the attack by aromatic and ali-
phatic nitrile oxides on azaheptafulvenes (cycloheptatriene-
1-imines) always takes place either exclusively or preferen-
tially at the C5N double bond moiety, to afford a rapidly
equilibrating mixture (NMR analysis) of the 1,7-disubsti-
tuted cycloheptatriene isomers (the 4,9a-dihydrocyclohepta-
1,2,4-oxadiazine derivatives 1cht[3]) and the 7,7-disubsti-
tuted derivatives (the 1,2,4-oxadiazaspiro[4.6]undeca-
2,6,8,10-tetraene derivatives 2cht), the ratio of which
strongly depends on R1 (Scheme 1, Table 1).
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adducts deriving from attacks on the two diastereotopic faces
of the triene moiety of 1 and involving only the diene system
adjacent to the amino substituent (N4−C4a=C5−C6=C7). The
structures of the adducts are firmly supported by spectro-
scopic data and X-ray analysis, and so previous incorrect as-
signments are revised. The mechanism of the reaction be-
tween MTAD and 1 is briefly discussed.

Table 1. Ratios (%) between the ‘‘fused’’ (1cht) and the ‘‘spiro’’
(2cht) isomers in C6D6 and CD3CN at 20 °C

Compd.[a] R1 R2 C6D6 CD3CN
1/2 1/2

a tBu p-tolyl 0:100
b Ph p-tolyl 8:92
c Me p-tolyl 70:30 42:58
d Me Me 90:10 53:47
e 2,6-Cl2C6H3 Me 94:6 88:12
f MeCO p-tolyl 41:59[b]

g PhCO p-tolyl 52:48[c]

h 2,4,6-Me3C6H2 p-tolyl 46:54 31:69
i 2,4,6-Me3-3,5-Cl2C6 p-tolyl 76:24 48:52
j 2,6-Cl2C6H3 p-tolyl 92:8 75:25

[a] Ratios in CDCl3 are, as a rule, similar to those in C6D6. [b] In
C7D8 at 2 40 °C. [c] In CD2Cl2 at 2 50 °C.

Saito et al. also investigated the same reaction (using p-
substituted benzonitrile oxides), but only the dominant
spiro isomer 2 was detected by them.[4,5] Moreover, they
discussed[5] the (possible) equilibrium between the cyclo-
heptatriene derivatives 2cht and their norcaradiene isomers
2ncd while overlooking the possible 1,7-sigmatropic shift of
oxygen or nitrogen to give a condensed isomer of type 1cht
(and consequently also its norcaradiene isomer 1ncd). Actu-
ally, only the 1,7-oxygen shift occurs, to give 1cht from 2cht
and vice versa, most probably through a dipolar interme-
diate (see Scheme 2, in which the equilibria for compounds
d are reported).
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Scheme 2

As for chemical reactions of nitrile
oxide2azaheptafulvene adducts, catalytic hydrogenation af-
forded only products derived from the spiro form 2cht no
matter which side the 1cht/2cht equilibrium was shifted to-
wards. Thermal decomposition of 1cht/2cht produced ben-
zene, R1CN, and R2NCO, strongly suggesting that the un-
detectable (by spectroscopic techniques) isomer 2ncd
(Scheme 2) was an intermediate on the pathway to these
products.[1,2]

The most obvious way to trap norcaradiene isomers
(1ncd and 2ncd) consists of a Diels2Alder reaction with a
reactive dienophile such as a 1,2,4-triazoline-3,5-dione
[TAD, N-methylTAD (MTAD), or N-phenylTAD
(PTAD)].[6212] In fact, in their reaction with TADs, not
only the parent cycloheptatriene 3acht but also, for ex-
ample, the spiro compound 3echt[9] (Scheme 3) and a deriv-
ative of 4cht (Scheme 4) (7; Scheme 5)[10] have been reported
to produce only the Diels2Alder adducts (6a, 6e, and 8;
Scheme 5) derived from the undetectable norcaradiene iso-
mer.

In the case of nitrile oxide2azaheptafulvene adducts 1/
2, there are several equilibrating isomers (see Scheme 2 for
compounds d) that can compete with each other to give
Diels2Alder adducts (see Scheme 6, bottom).[13] The react-
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ivity of norcaradiene isomers should be enhanced by
planarity in their diene moieties, while the triene system in
1cht (i.e., both C4a2C52C62C7 and C62C72C82C9 di-
enes) is certainly activated by the electron-donating effect
of the amino substituent.

Saito et al. reported that the reaction (in dichlorome-
thane at room temperature) between arylnitrile
oxide2azaheptafulvene adducts (such as 1b/2b, R1 5 Ph
and R2 5 p-tolyl) and N-phenyltriazolinedione (PTAD) was
completely chemo- and diastereoselective.[5] They claimed
the isolation, in fair to good yields, exclusively of adducts
derived from the attack of PTAD on the spiro isomer 2cht,
at the face syn to the oxadiazoline ring oxygen atom
(namely adducts of type 13, such as 13k in Scheme 6). This
result must be revised. In fact, we have shown that triazoli-
nediones react very readily with nitrile oxide2
azaheptafulvene adducts to afford high yields of mixtures
of two facial diastereoisomeric adducts [namely, 9 and 10
(Scheme 6), with 9 strongly predominating] derived from
the reaction between TAD and the C4a2C52C62C7 diene
moiety of the fused isomer 1cht.

Results

Reactant Structures

The equilibrium ratios for derivatives 1/2, the reactions
of which with MTAD are described in this paper, are re-
ported in Table 1. These derivatives were chosen because
they span the range from complete or pronounced domin-
ance of the ‘‘spiro’’ form 2cht (Entries a and b in Table 1)
to strong prevalence of the ‘‘fused’’ form 1cht (Entries d, e,
and j). Moreover, in this series there are derivatives in which
the 1/2 equilibrium is fast enough to give rise to averaged
1H NMR spectra even at room temperature (Entries f and
g, R1 5 MeCO and PhCO, R2 5 p-tolyl) and derivatives
(a2e and h2j) the equilibria of which are slow on the
NMR timescale, so that well-resolved signals for both com-
ponents are seen in spectra recorded at room temper-
ature.[1,2]

As far as we know, derivatives 1/2 represent the only ex-
amples in which a 7,7-cycloheptatriene derivative equilib-
rates rapidly with its 1,7-counterpart with both isomers pre-
sent in significant amounts (that is, both are detectable by
NMR spectroscopy).[14219]

In order to find out whether there is some relationship
between the product outcome of the reaction with TADs
and the relative energies and geometrical structures of iso-
mers of nitrile oxide2azaheptafulvene adducts, we carried
out DFT calculations with the hybrid B3LYP/6-31G*
method for derivatives 1d/2d (R1 5 R2 5 Me). The relative
potential energies {both at the B3LYP/6-31G* [Erel, kcal/
mol] and B3LYP/6-3111G**//B3LYP/6-31G* levels (Erel,
kcal/mol)} and free energies {at the B3LYP/6-31G* level
[Grel, kcal/mol]} for all the possible equilibrating isomers
[and some of the transition structures (TSs) involved in
their interconversion] are reported in Scheme 2. Schemes 3
and 4 give collected computational data for related cyclo-
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Scheme 3

Scheme 4

heptatriene derivatives, the reactions of which with TADs
(Scheme 5) have already been studied.[8,9]

It is well known that cycloheptatriene and its 7,7-derivat-
ives (such as 3acht23echt, Scheme 3) adopt boat
conformations[6,20222] and that the α, β, and γ angle values
(Figure 1; quite different from 0°; Table 2) for these com-
pounds provide support for this view. However, the poten-
tial energy surface related to the ring inversion is, as a rule,
quite flat, and the planar TS can reside less than 0.5 kcal
higher than the two equivalent interconverting boat struc-
tures, as in the cases of the 7,7-difluorocycloheptatriene
3bcht and the 7,7-ethylenedioxycycloheptatriene 3dcht
(Scheme 3).

These last two examples demonstrate that the energy
necessary to planarize the cycloheptatriene ring can be very
low even when the ground-state structure features a pro-
nounced concave array of atoms (Table 2). Recently, an ex-
ample of planarization of the seven-membered ring in the
ground state has been reported; the cycloheptatriene ring in
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Scheme 5

spiro ozonide 3fcht in Scheme 4 has been found to be
planar (B3LYP/6-31G* calculations) in its ground state and
this observation has been explained in terms of ‘‘the forma-
tion of a structure with partial tropylium ion character’’.[23]
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Scheme 6

Figure 1. Dihedral angles (α, β, and γ used to describe nonplanarity
of the cycloheptatriene moiety in compounds 1cht24cht

Table 2. Geometrical data (angles α, β, and γ in °; Figure 1) for
cycloheptatriene derivatives 1cht24cht

α β γ[a]

1dcht 59.5 24.5 29.0
(o)-2dcht 30.5 13.0 16.5
3acht 53.0 25.0 30.5
3bcht 39.7 16.2 20.3
3ccht 50.5 23.5 29.2
3dcht 39.6 16.8 21.1
3echt 47.9 20.7 25.6
(i)-3fcht 33.5 14.1 17.9
(o)-3fcht 6.9 2.8 3.6
4cht 51.4 24.1 29.3

[a] The torsional angles γ for the two diene systems of the cyclohep-
tatriene moiety are either equal or very similar to each other (the
average absolute value is reported).

We could not fully reproduce this result, as we found two
minima [(i)-3fcht and (o)-3fcht],[24] which were, however,
very similar to each other as far as energy was concerned,
and in which the cycloheptatriene moiety of the more stable
structure [(o)-3fcht] was actually very close to planarity,
thus substantially confirming previous calculations and the
flatness of the ring-inversion potential-energy surface for
these systems. In fact, the behavior of 3fcht is not an excep-
tion, but it is similar to that of 3bcht and 3dcht and all these
derivatives exhibit high planar-boat flexibility.
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We feel that a planar structure is also favored for 3bcht,
3dcht, and 3fcht, as well as by a possible tropylium ion char-
acter,[25] by the fact that it minimizes the repulsion between
the high electron density on the oxygen or fluorine atoms
at position 7 and the cycloheptatriene π-bond system. This
observation is consistent with the finding that, in the case
of compound 2dcht, the NMe moiety prefers to reside in-
side the cycloheptatriene ‘‘tub’’ (Scheme 2) despite its larger
steric demand in comparison to the oxygen atom. In fact,
(o)-2dcht (R1 5 R2 5 Me) is more stable than (i)-2dcht (the
latter structure[26] does not in fact correspond to an energy
minimum at the B3LYP/6-31G* level); the positively
charged methyl group shields the negative nitrogen atom in
the former structure, making electrostatic interactions of
the NMe group with the π-system more favorable than
those involving the oxygen atom.[26]

It is important to underline the fact that the energy neces-
sary to force compound 2dcht from the (o) conformation to
a planar form is low (0.6 kcal/mol evaluated from a con-
strained optimization), which is consistent with what has
been observed for 3bcht and 3dcht. All these compounds
can easily adopt a planar conformation if this is required
by the reaction they are involved in.

Finally, it is interesting to note that the planarizing effect
of oxygen atoms at position 7 is definitely higher when they
are incorporated in a five-membered ring (as in 3dcht) than
it is when they are part of a six-membered ring (as in 3echt),
as can clearly be inferred from geometrical parameters
(Table 2) and from activation energies for ring-inversion
(Scheme 3).

In 1,7-fused cycloheptatrienes 1cht and 4cht, the seven-
membered ring inversion is no longer an easy process, and
calculations indicate that only conformers with the bridge-
head hydrogen atom pointing inside [such as 1dcht
(Scheme 2) and 4cht (Scheme 4)] are energy minima. The
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energies necessary to force the triene systems of 1cht and
4cht into planar structures are relatively large, 8.3 and 7.0
kcal/mol, respectively.

The (i) and (o)[3] conformers of 2cht can cyclotauto-
merize to give the spiro norcaradiene derivatives (i)-2ncd
and (o)-2ncd, respectively, the energies of which are much
higher (by . 13 kcal/mol) than those of their cycloheptatri-
ene counterparts (Scheme 2). This behavior is consistent
with the well-known observation that cycloheptatriene sub-
stituents, that can act as σ-acceptor and π-donor (as the
oxygen and NMe group in compounds 2) at position 7,
heavily shift the cycloheptatriene/norcaradiene equilibrium
to the left by destabilizing the norcaradiene isomer.[20] This
observation is also clearly borne out by the computational
results obtained for the 7,7-difluoro (3b) and 7,7-ethylen-
edioxy (3d) derivatives (Scheme 3), with the ncd isomers res-
iding at higher energies (by . 12 kcal/mol) than the corres-
ponding cht derivative. Also interesting is the observation
that the strongly destabilized norcaradiene isomers (1ncd,
3bncd, 3dncd) reside in very flat potential energy wells and
that 3dncd no longer seems to be a minimum if free energy
is considered. Here, again, the effect of oxygen atoms in
enhancing the energies of the ncd isomers almost com-
pletely disappears in the case of a six-membered ring; 3encd
is 7 kcal/mol higher in energy than 3echt, a gap not signific-
antly different from the 6.5 kcal/mol difference calculated
for the parent system (3acht/3ancd).

Finally, it should be observed that the presence of a 1,7-
fused ring does not particularly disfavor the norcaradiene
structure. In fact, fused 1dncd has a stability similar to that
of spiro 2dncd (Scheme 2) and the increase in energy on
going from 4cht to 4ncd (Scheme 4) is similar to that on
passing from 3acht to 3ancd (Scheme 3).

As to the reliability of the method used, the B3LYP/6-
31G* calculations[27] acceptably reproduce the experiment-
ally observed dominance of 1dcht over 2dcht [∆G(ben-
zene) 5 1.30 kcal/mol; Table 1][28] and of cycloheptatriene
(3acht) over norcaradiene (3ancd) (∆G ø 4 kcal/mol),[29] the
reversal of stability of the two valence tautomers in the case
of 7,7-dicyano substitution (3cncd more stable than 3acht;
∆G . 4 kcal/mol),[30] the activation energy of ring inversion
of cycloheptatriene (6.3 kcal/mol)[31] and the activation free
energy of cyclization of cycloheptatriene to norcaradiene
(ca. 11 kcal/mol).[32]

It is noteworthy that energy refinement (in parentheses in
Schemes 3 and 4) by single-point calculations with a signi-
ficantly larger basis set (i.e., on passing from B3LYP/6-
31G* to B3LYP/6-3111G**//B3LYP/6-31G*) substantially
confirms all the observations based on B3LYP/6-31G*
data. Actually, the larger basis set data seem to be poorer
with respect to experimental data, apparently as a con-
sequence of overestimation of angle strain destabilization of
norcaradiene derivatives. It might be that also B3LYP/6-
31G* data are slightly flawed by this drawback.

Reactions between 1/2 and MTAD

The reactions between compounds 1/2 and MTAD took
place so readily at room temperature that they looked like
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titrations. In fact, when a red benzene solution of freshly
sublimed MTAD was added dropwise to a benzene solution
of 1/2, the red color disappeared rapidly (from a few se-
conds to a few minutes) and the end of the reaction was
clearly indicated by color persistence. Evaporation of the
solvent gave almost quantitative yields of a product that
consisted (NMR and TLC analysis) either of a pure
Diels2Alder adduct or of a mixture of two Diels2Alder
adducts. When benzene was used as solvent, the minor iso-
mer accounted only for # 2% of the isomer mixture, while
in the more polar acetonitrile higher amounts of this adduct
were isolated, with a maximum of 14% for the reaction of
the i derivative (R1 5 2,4,6-Me3-3,5-Cl2C6; Table 3).

Table 3. Ratios (%) between the facial diastereoisomers 9 and 10
for the reactions between 1/2 (actually only isomer 1 is involved)
and MTAD in C6H6 and CH3CN at ca. 21 °C

Compd.[a] R1 R2 C6H6 CH3CN
9/10 9/10

a tBu p-tolyl . 99:1[b] . 99:1[b]

b Ph p-tolyl . 99:1[b] . 99:1[b]

c Me p-tolyl 98:2 89:11
d Me Me . 99:1[b]

e[c] 2,6-Cl2C6H3 Me 94:6 88:12
f MeCO p-tolyl 98:2 95:5
g PhCO p-tolyl 98:2
h[d] 2,4,6-Me3C6H2 p-tolyl 99:1 88:12
i 2,4,6-Me3-3,5-Cl2C6 p-tolyl 99:1 86:14
j 2,6-Cl2C6H3 p-tolyl 98:2 87:13
k[e] Ph p-tolyl .99:1[b]

[a] Total yields . 93%. [b] Compound 10 could not be detected
either by TLC or NMR analysis of the crude reaction product.
[c] In CH2Cl2 and MeOH the 9e/10e ratios were 91:9 and 86:14,
respectively. [d] In CH2Cl2, 9h/10h 5 95:5. [e] From the reaction
with PTAD.

We also reinvestigated the reaction between 1b/2b (R1 5
Ph, R2 5 p-tolyl) and PTAD in dichloromethane. The reac-
tion was very fast and gave high yields of a single
Diels2Alder adduct, which was identical to that isolated by
Saito et al. and the NMR spectroscopic data of which were
very similar to those of the adduct from the corresponding
reaction of 1b/2b with MTAD. Thus, as expected, there is
no difference in the reactivity of 1b/2b with PTAD from
that of the same derivative with MTAD.

As for structure assignment, Diels2Alder adducts of
type 11 and 14 (Scheme 6) could be easily and safely ruled
out because the high-field signals of cyclopropyl protons
were absent in the 1H NMR spectra of both the major and
the minor adducts. Moreover, the NMR spectroscopic data
did not reveal the presence, in either the major or the minor
adducts, of a high-field vinyl proton and carbon character-
istic of an enamine system, as represented by the
N62C72C8 moiety in 12, nor that of two bridgehead pro-
tons coupled, with very similar J values, to vinyl protons
(C1H12C15H152C16H162C9H9 in 12), and structure 12
consequently also had to be discarded.

At first sight, the 1H NMR spectra of the isolated ad-
ducts seemed consistent with structures of type 13 as as-
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signed to them by Saito et al.[5] However, there were several
disturbing features that could not be reconciled with 13.
Firstly, Ja,c (ø 3.9 Hz) differed strongly from Jb,e (ø
7.0 Hz), while the rigid structure of 13 should dictate very
similar dihedral angles (ca. 16° for an optimized PM3 geo-
metry of 13d) to the two pairs of protons involved in these
couplings. Moreover, the chemical shifts of the signals at-
tributable to C-a [at δ (CDCl3) 5 73280] and C-b [at δ
(CDCl3) 5 48251] in 13 differed from each other by .
22 ppm, an unreasonably high difference for this type of
structure. Moreover, the expected[1,2,5] typical singlet of the
diheterosubstituted ‘‘spiro’’ carbon atom (C-g in 13) at δ ø
100 was missing in the 13C NMR spectra of all adducts
isolated by us. Actually, the previous researchers had re-
ported the presence of a signal at δ 5 114 in the 13C NMR
spectra of all of the adducts [which, according to their as-
signment, should have structure 13 (R3 5 Ph)] isolated from
reactions between PTAD and aryl-substituted compounds
1/2. However, we were not able to detect that signal (neither
for the adducts from all the reactions between MTAD and
1/2, nor for the adduct from the reaction between 1b/2b and
PTAD), while a singlet at δ ø 72279, present in the 13C
NMR spectra of all of the products isolated by us, was not
reported by the previous authors.

Spectroscopic data (1H NMR in Tables 4 and 5 and 13C
NMR in Table 6) of the adducts were fully consistent with
structures 9 and 10 and were all very similar to one another,
not only within the series of adducts 9 and 10, respectively,
but also if data for compounds 9 were compared with those
for compounds 10. The typical strong absorption of the
CONCO system, two bands at about 1705 and 1765 cm21,
was present in the IR spectra. As for 1H NMR spectra [here
exemplified by the data for adduct 9c (R1 5 R3 5 Me; R2 5
p-tolyl)], the allylic proton H-6 [δ (CDCl3) 5 4.63] was het-
erocorrelated with C-6 [doublet at δ (CDCl3) 5 72.3] and
coupled with the two vinylic protons H-7 (δ 5 5.85, J6,7 5
3.8 Hz) and H-8 (δ 5 6.28, J6,8 5 2.0 Hz) with coupling
constants fully compatible with a vicinal and an allylic rela-
tionship, respectively. Interestingly, H-6 also showed a small
long-range coupling with H-15 (δ 5 6.19, J6,15 5 1.2 Hz)
as a result of a W (although distorted) coupling path. Pro-
ton H-8 exhibited the required cis-vicinal vinyl coupling to
H-7 (J7,8 5 11.2 Hz), while its coupling to H-9 [δ 5 4.90,
heterocorrelated with C-9 (doublet at δ 5 50.2), J8,9 5 7.1
Hz] was also completely reasonable. Proton H-9 was in turn
also coupled to H-16 (δ 5 6.73, J9,16 5 7.2 Hz) and to H-
15 (J9,15 5 0.8 Hz and J15,16 5 9.3 Hz). Other diagnostic
signals supporting structure 9 (and 10), were the singlets
attributable to C-1 [at δ 5 74.2 for 9c (CDCl3)] and to C-3
(at δ 5 152.8 for 9c).

The only significant difference, which was also diagnost-
ically useful, between the 1H NMR spectra of the minor
isomers 10 and those of their counterparts 9 was the ab-
sence in the former compounds of the long-range coupling
constant between H-6 and H-15, as these two protons do
not have a W relationship in 10.

Irradiation of the methyl groups at position 2 in 9e and
10e (R1 5 2,6-Cl2-C6H3, R2 5 Me) brought about NOE
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Table 4. Representative 1H NMR chemical shifts (δ, in CDCl3) for
adducts 9a2h, 10a2h (R1 and R2 as in Table 1 and 3, R3 5 Me),
and 9k (R1 5 Ph, R2 5 p-tolyl and R3 5 Ph)

Compd.[a] H-6 H-7 H-8 H-9 H-15 H-16 NMe[b]

9a 4.46 5.83 6.31 4.87 6.12 6.61 3.11
9b 4.78 5.92 6.39 4.96 6.09 6.69 3.17
9c[c] 4.63 5.85 6.28 4.90 6.19 6.73 3.05

10c[c] 4.63 5.76 6.21 4.94 6.02 6.65 3.14
9e[d] 4.68 5.89 6.35 5.06 6.11 6.91 3.09

10e[d] 4.68 5.83 6.19 5.08 6.17 6.91 3.13
9f[e] 4.63 5.88 6.35 4.97 6.04 6.74 3.09

10f[f] 4.60 5.79 6.24 5.00 6.14 6.76 3.15
9h[g] 4.91 5.95 6.28 4.98 6.46 6.89 2.99

10h[h] 4.79 5.88 6.19 4.98 6.09 6.69 3.20
9k 4.92 5.98 6.47 5.07 6.12 6.72 NPh

[a] The Me group of the p-tolyl group absorbs at δ ø 2.21 in 9b,
9h, and 9k and in the range δ 5 2.3222.38 in all the other com-
pounds. [b] Me group of the triazolidinedione. [c] Me at position 3
absorbs at δ 5 1.80 and 1.73 in 9c and 10c, respectively. [d] NMe
at position 2 resonates at δ 5 2.88 and 2.78 in 9e and 10e, respect-
ively. [e] MeCO absorbs at δ 5 2.32. [f] The CMe and MeCO signals
are buried under the corresponding signals of 9f. [g] δ 5 2.11, 2.17
and 2.67 (three Me). [h] δ 5 2.13, 2.21 and 2.51 (three Me).

Table 5. Representative 1H coupling constants (J in Hz) for adducts
9a2h, 10a2h (R1 and R2 as in Table 1 and 3, R3 5 Me), and 9k
(R1 5 Ph, R2 5 p-tolyl and R3 5 Ph)

Compd.[a] J6,7 J6,8 J6,15 J7,8 J8,9 J9,15 J9,16 J15,16

9a 3.7 2.0 1.2 11.0 7.0 1.0 7.0 9.5
9b 3.6 2.0 1.2 11.0 7.0 1.0 7.0 9.4
9c 3.8 2.0 1.2 11.2 7.1 0.8 7.2 9.3

10c 3.9 1.6 2 11.0 7.0 0.8 7.4 9.6
9e 3.8 1.8 1.1 11.1 7.0 1.1 7.1 9.1

10e 2.6 2.0 - 11.0 7.0 0.7 7.2 9.2
9f 3.7 1.9 1.2 11.0 7.0 1.0 7.0 9.3

10f 2.8 1.9 - 11.0 7.0 0.7 7.0 9.5
9h 4.0 1.8 1.2 11.1 7.0 0.5 7.2 9.2

10h 2.5 2.0 - 11.0 7.0 0.7 7.0 9.5
9k 3.7 2.1 1.4 11.2 7.0 0.8 7.0 9.5

[a] H-7 and H-9 are involved, in all compounds, in a very small
coupling (J ø 0.8 Hz).

Table 6. Representative 13C NMR chemical shifts (δ, in CDCl3) for
compounds 9 and 10

Compd.[a] C-1 C-3 C-6 C-7 C-8 C-9 C-15 C-16 NMe

9a 77.3 164.2 73.5 128.6 129.2 49.3 129.7 133.6 25.3
9b 75.9 157.7 73.9 128.2 129.7 49.2 129.2 134.0 25.3
9c 74.2 152.8 72.3 128.5 128.6 50.2 130.0 134.2 25.3

10c 73.5 152.1 78.2 125.8 128.7 48.0 130.2 135.4 25.3
9e 72.5 150.0 71.6 128.3 128.8 49.9 130.3 135.4 25.4

10e 76.3 153.5 79.3 128.7 127.3 48.4 126.4 136.4 25.3
9h 73.1 151.6 71.0 128.6 127.7 50.9 131.3 133.4 25.2

10h 76.2 154.7 79.6 126.4 127.5 48.8 127.6 135.3 25.6
9k 76.3 157.9 74.1 127.9 129.8 49.4 129.2 134.0 NPh

[a]C-1 and C-3 give singlets, while C-6, C-7, C-8, C-9, C-15, and C-
16 give doublets, and NMe gives a quadruplet. Carbon atoms of
the two carbonyl groups of the triazolidinedione moiety resonate
as singlets in the δ 5 1502156 range.
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enhancements (by 4.5% and 12.4%, respectively) of the sig-
nals of H-15, thus confirming that the NMe group of the
six-membered heterocyclic ring is close to this proton in
both compounds.

Unambiguous and definitive confirmation of structures
9 was obtained by single-crystal (obtained by slow evapora-
tion of a CDCl3 solution) X-ray analysis of the hydrated
adduct 9h2H2O (Figures 2 and 3).[33] The nitrogen centers
(N10 and N14) of the triazolidinedione moiety were, as ex-
pected,[34,35] significantly pyramidal, with the five-mem-
bered ring syn with respect to the C62C72C8 bridge (Fig-
ure 2). The dihedral angle between the triazolidine ring
plane and the C12N142N102C9 plane was 140.8°.

Figure 2. ORTEP plot of 9h2H2O with atom labelling (ellipsoids
at 25% probability); for clarity, only the hydrogen atom attached
to C6 has been depicted

Figure 3. ORTEP plot of the water dimer that connects the two
enantiomers of 9h2H2O present in the centrosymmetric triclinic
cell

The sums of the angles at N10 [337.2(2)°] and at N14

[350.1(2)°] indicated that both centers were slightly less pyr-
amidal than in trimethylamine (333°; B3LYP/6-31G* and
MM2 calculations) and that the former center was more
pyramidal than the latter. This observation was also at-
tested to by the heights of the pyramids with the nitrogen
atom at the apex and the three atoms connected to it at the
base [0.403(2) Å for N10 and 0.261(2) Å for N14]. The tri-
clinic unit cell was centrosymmetric and contained the two
enantiomers of 9h, linked to each other by a water dimer
through hydrogen bonding at the N4 centers (Figure 3). The
1H NMR spectrum of the material of the crystal used for
the X-ray analysis was equal in all respects to that of the
crude major adduct 9h.
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The structures of compounds 9 and 10 in solution should
look very like that shown in Figure 2, in particular as far as
conformational choice between invertomers at the nitrogen
centers (N10 and N14) is concerned. In fact, geometry op-
timization with the PM3 method revealed that the more
stable invertomers of compounds 9 and 10 exhibited the
same structure as that in the solid state 9h2H2O.

To conclude, reactions between nitrile
oxide2azaheptafulvene adducts (i.e., 1/2) and TADs are al-
ways fast and very clean and involve only the fused isomer
1 no matter towards which side the 1/2 equilibrium is
shifted. They exhibit complete regioselectivity (only the
C4a2C52C62C7 diene moiety of 1 is involved) and high
facial selectivity (with strongly dominant attack on the top
face of 1, syn to the hydrogen atom at position 9a). The
position of the equilibrium is certainly reflected, to some
extent, in the reaction rate; competition experiments (in
benzene) demonstrated that 1a/2a (1a/2a , 1:99) reacts
eight times more slowly than 1c/2c (1c/2c 5 70:30).

Some Mechanistic Considerations

Literature data (some results are reported in Scheme 5)
clearly indicate that there are examples of formal
Diels2Alder cycloadditions of TADs involving either only
the cycloheptatriene form or only the norcaradiene isomer,
in systems in which only the former isomer can be detected
by spectroscopic techniques. The reaction outcome obvi-
ously reflects both the energy difference between the rapidly
equilibrating valence tautomers and the activation energy
difference of their reaction with TAD. The computational
data in Schemes 3 and 4 and the experimental data in
Scheme 5 demonstrate that the norcaradiene isomer, owing
to its intrinsic high reactivity with TAD, can favorably
counteract a large (more than 5 kcal/mol) ground state en-
ergy gap with respect to its cycloheptatriene counterpart (as
in the case of 3a, 3e, and a derivative of 4, that is, 7). How-
ever, when the bicyclic isomer is considerably less stable
than the monocyclic isomer (i.e., by more than 10 kcal/mol)
the latter enters into cycloaddition in preference of the for-
mer, as shown by the reactions between 3b and 3d and
PTAD (Scheme 5).

Thus, the absence of Diels2Alder-type adducts derived
from 1ncd and 2ncd in the reaction between nitrile
oxide2azaheptafulvene adducts and TAD can mostly be at-
tributed to the high energy of these isomers ($ 13 kcal/mol
higher than the corresponding triene derivatives, Scheme 2).

As for competition between the ‘‘fused’’ 1cht and ‘‘spiro’’
2cht cycloheptatriene isomers, it is noteworthy that com-
pound a, which on the basis of NMR spectroscopic data
exists only (Table 1) in the ‘‘spiro’’ form 2acht, affords prod-
ucts derived only from the ‘‘fused’’ cycloheptatriene form
1acht. Attempts to document the presence of norcaradiene
isomers by using MTAD failed but, as a by-product, this
allowed us to demonstrate that the ‘‘spiro’’/‘‘fused’’ isomer
equilibrium is actually operative for all of the nitrile
oxide2azaheptafulvene adducts even when only one isomer
is detectable by spectroscopic techniques.
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This finding also demonstrates that the activation energy

of the reaction between 1acht with MTAD is lower than
that of its 2acht counterpart by . 5 kcal/mol and suggests
that the difference in reactivity between the 1cht and 2cht
forms in favor of the former is large for all of the nitrile
oxide2azaheptafulvene adducts.

Triazolinediones are among the most reactive dienophiles
known and have strong electrophilic character.[36238] Con-
sequently, their higher reactivity with 1cht than with 2cht
strongly suggests that the polyene system of the former is
more electron-rich than that of the latter. However, in order
to convincingly explain the higher reactivity of 1cht relative
to 2cht and the facial selectivity observed for 1cht, one must
confidently know the reaction mechanism. And this is not
the case for TAD reaction with dienes.

Recent DFT calculations by Houk et al.[39] on the reac-
tion between the parent triazolinedione (R3 5 H) and buta-
diene demonstrated that the TS of the concerted (e.g., 15;
Scheme 7) Diels2Alder-type attack is highly asynchronous
and ca. 326 kcal/mol lower in energy (gas phase) than the
TS giving rise to aziridinium imide (AI, e.g. 16) interme-
diates. These authors were not able to locate an AI on the
pathway to adducts in the case of the s-cis-butadiene reac-
tion, but they stated that ‘‘for substituted dienes ... the ener-
getics of a stepwise mechanism via AI intermediates would
be even more favorable than for butadiene’’.

Scheme 7

That is, it is not possible to choose definitely between a
concerted and stepwise mechanism for the reaction between
cycloheptatrienes and TADs and this problem must be ad-
dressed by locating transition structures with good-level
calculations, possibly with inclusion of solvent effects. We
are now undertaking such a study.

Conclusions

The nitrile oxide2azaheptafulvene adducts consist of
mixtures of rapidly equilibrating fused (1cht) and spiro
(2cht) cycloheptatriene isomers, the ratios of which can be
evaluated by 1H NMR and correctly predicted by B3LYP/
6-31G* calculations. The norcaradiene isomers (1ncd) and
(2ncd), undetectable by spectroscopic methods, are pre-
dicted by calculations to be much less stable (by $ 13 kcal/
mol) than the cycloheptatriene isomers and they do not ac-
tually compete with them in intermolecular reactions. The
nitrile oxide2azaheptafulvene adducts enter into a very fast
reaction with triazolinediones to afford two facial adducts,
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9 (strongly dominant) and 10, both derived from TAD at-
tack on the enaminic diene system of the fused form (1cht)
even when this form is not detectable by NMR spectro-
scopy. Our results revise the previous wrong structure as-
signment to these adducts, which were described as deriving
from 2cht.

Experimental Section

General Remarks: Melting points are uncorrected and were meas-
ured with a Büchi 535 apparatus. Elemental analyses were per-
formed with a Carlo Erba CHN analyzer, model 1106. IR spectra
were recorded either as Nujol suspensions or as films, with a
Perkin2Elmer 881 spectrophotometer. 1H and 13C NMR spectra
were recorded with a Bruker AE 300 spectrometer (operating at
300.3 and 75.5 MHz, respectively) with tetramethylsilane as in-
ternal standard at 20° C for CDCl3 solutions (unless otherwise
stated). Protons were correlated by decoupling and COSY experi-
ments, while carbon atoms were correlated to protons by 1H-13C
heterocorrelated spectra. 1H NMR spectra were analyzed as first-
order spectra. Thin layer chromatograms were performed on plates
precoated with 60 GF254 silica gel (Merck). Spots were viewed
either by spraying with 3% chromic oxide in sulfuric acid (50%)
followed by heating at 120 °C or under UV light. Column chroma-
tography was performed with 60 silica gel (702230 mesh) Merck.
MTAD and PTAD[40] were purified by sublimation before use.

General Procedure for Reactions between TADs and 1/2: A solution
of freshly sublimed MTAD or PTAD (0.40 mmol, 46 mg for
MTAD and 70 mg for PTAD)[40] in anhydrous benzene (5 mL) was
added dropwise to a solution of freshly purified 1/2[1,2] (0.40 mmol)
[a, 118 mg; b, 126 mg; c, 101 mg; d, 71 mg; e, 123 mg; f, 112 mg; g,
137 mg; h, 143 mg; i, 170 mg; j, 153 mg] in anhydrous benzene
(5 mL). The reaction was allowed to proceed at room temperature
(20223 °C) whilst stirring. The red-violet color of MTAD faded
rapidly (from a few seconds to some minutes), leaving a colorless
solution with a colorless precipitate. TLC analysis (eluent: ethyl
acetate/benzene/dichloromethane 5 40:40:20) of the crude reaction
mixture revealed the complete disappearance of 1/2 and the pres-
ence (as a rule) of two adducts, with the minor component exhibit-
ing a lower Rf than the major one. The reaction mixture was left
at room temperature for 15 min and the solvent was evaporated
under reduced pressure to afford an almost quantitative yield of a
colorless solid. The isomer ratio was evaluated by 1H NMR ana-
lysis of the crude product and the two isomers were separated by
column chromatography, eluting with a benzene/ethyl acetate/
dichloromethane (40:40:20) mixture. The products obtained by
chromatography [9a, 153 mg (94%); 9b, 164 mg (96%); 9c, 139 mg
(95%); 10c, 3 mg (2%); 9d, 108 mg (93%); 9e, 155 mg (92%); 10e,
10 mg (6%); 9f, 145 mg (92%); 10f, 3 mg (2%); 9g, 166 mg (91%);
10g, 3 mg (1.5%); 9h, 176 mg (94%); 10h, 2 mg (1%); 9i, 200 mg
(93%); 10i, 2 mg (1%); 9j, 181 mg (91%); 10j, 4 mg (2%); 9k, 183 mg
(93%)] proved to be homogeneous by 1H NMR analysis and were
used as such for elemental analysis. Further purification was
achieved by crystallization from benzene in the case of 9a and from
ethyl acetate or ethyl acetate/dichloromethane for other adducts.
All of the adducts produced colorless crystals that melted with de-
composition. The reaction was also carried out in acetonitrile un-
der otherwise similar conditions and the color disappearance
seemed to be slightly slower than in benzene. The results were sim-
ilar to those obtained in benzene and the only significant difference
was a decrease in the 9/10 ratio. The IR spectra of all compounds
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9 and 10 displayed two bands at about 1765 (m) and 1705 (vs)
cm21, attributable to the CONRCO group. The NMR spectro-
scopic data of several adducts are reported in Tables 426.The
1HNMR spectra of 9d, 9g, 10g, 9i, 10i, 9j, and 10j and the 13C
NMR spectra of 9d and 9j are similar in all respects to the spectra
collected in Tables 426.

Compound 9a: M.p. 198 °C with decomposition. C22H25N5O3

(407.5): calcd. C 64.85, H 6.18, N 17.19; found C 65.08, 6.31, N
16.96.

Compound 9b: M.p. 181 °C with decomposition. C24H21N5O3

(427.5): calcd. C 67.43, H 4.95, N 16.39; found C 67.18, H 4.82,
N 16.22.

Compound 9c: M.p. 186 °C with decomposition. C19H19N5O3

(365.4): calcd. C 62.45, H 5.24, N 19.17; found C 62.40, H 5.47,
N 19.06.

Compound 10c: Glassy solid. C19H19N5O3 (365.4): calcd. C 62.45,
H 5.24, N 19.17; found C 62.31, H 5.43, N 19.02.

Compound 9d, M.p. 170 °C with decomposition. C13H15N5O3

(289.3): calcd. C 53.97, H 5.23, N 24.21; found C 53.75, H 5.32,
N 24.04.

Compound 9e: M.p. 201 °C with decomposition. C18H15Cl2N5O3

(420.3): calcd. C 51.44, H 3.60, N 16.66; found C 51.33, H 3.45,
N 16.57.

Compound 10e: M.p. 197 °C with decomposition. C18H15Cl2N5O3

(420.3): calcd. C 51.44, H 3.60, N 16.66; found C 51.42, H 3.56,
N 16.58.

Compound 9f: M.p. 205 °C with decomposition. C20H19N5O4

(393.4): calcd. C 61.06, H 4.87, N 17.80; found C 60.86, H 4.87,
N 17.67.

Compound 10f: This was not isolated but its presence was reliably
detected by 1HNMR spectroscopy (see Tables 4 and 5).

Compound 9g: M.p. 185 °C with decomposition. C25H21N5O4

(455.5): calcd. C 65.92, H 4.65, N 15.38; found C 65.88, H 4.79,
N 15.29.

Compound 10g: This was not isolated but its presence was detected
by 1HNMR analysis.

Compound 9h: Colorless powder from ethyl acetate. M.p. 170 °C
with decomposition. C27H27N5O3 (469.5): calcd. C 69.06, H 5.80,
N 14.92; found C 68.88, H 5.95, N 14.81.

Compound 10h: Glassy solid. C27H27N5O3 (469.5): calcd. C 69.06,
H 5.80, N 14.92; found C 69.07, H 5.91, N 14.98.

Compound 9i: M.p. 195 °C with decomposition. C27H25Cl2N5O3

(538.4): calcd. C 60.23, H 4.68, N 13.01; found C 60.38, H 4.55,
N 13.01.

Compound 10i: M.p. 177 °C with decomposition. C27H25Cl2N5O3

(538.4): calcd. C 60.23, H 4.68, N 13.01; found C 60.03, H 4.84,
N 12.86.

Compound 9j: M.p. 169 °C with decomposition. C24H19Cl2N5O3

(496.4): calcd. C 58.07, H 3.86, N 14.11; found C 57.97, H 3.94,
N 14.10.

Compound 10j: M.p. 163 °C with decomposition. C24H19Cl2N5O3

(496.4): calcd. C 58.07, H 3.86, N 14.11; found C 57.93, H 3.91,
N 13.98.
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Compound 9k: From the reaction between 1b/2b and PTAD. M.p.
209 °C with decomposition (ref.[5] 2102212 °C with decomposi-
tion). C29H23N5O3 (489.5): calcd. C 71.15, H 4.74, N 14.31; found
C 70.92, H 4.85, N 14.21.

Competition Reactions: A solution of MTAD (38 mg, 0.34 mmol)
in benzene (5 mL) was added dropwise with stirring at 21 °C to a
solution of 1a/2a (166 mg, 0.56 mmol) and 1c/2c (132 mg,
0.36 mmol) in anhydrous benzene (10 mL). Color disappearance
took place at once. After 15 min at room temperature, the solvent
was evaporated and the crude residue was analyzed by 1H NMR
to determine the ratio between adducts 9a and 9c (16:84). The rate
constant ratio for compounds a and c (kc/ka 5 7.8) was evaluated
according to Huisgen et al.[41] on the basis of the reasonable as-
sumption of a quantitative yield of adducts. The competition reac-
tion was repeated by using similar amounts of reactants to give kc/
ka 5 8.5. A similar reaction was also carried out for 1c/2c (100 mg,
0.27 mmol) in competition with 1j/2j (150 mg, 0.30 mmol) toward
MTAD (31 mg), under the same conditions as described above, to
give a 9c/9j ratio of 83:17 (1H NMR analysis). The obtained rate
constant ratio (5.1) was substantially confirmed in a second experi-
ment (4.6) and indicated a rate-retarding effect by the 2,6-Cl2-C6H3

group with respect to the methyl group.

Computational Methods: The geometry optimizations for all the
stationary points were performed by use of the hybrid density func-
tional B3LYP method, as implemented in the TITAN (version
1.0.5) suite of programs, using the 6231G* basis set. Several min-
ima were also optimized with Gaussian 94.[42] The results obtained
by the two packages of programs were consistent with each other.
The data reported here are those obtained with Titan programs.
The harmonic vibrational frequencies were also calculated for all
stationary points to identify transition structures (one imaginary
frequency) and minima (all positive frequencies) and were used un-
scaled[43] to obtain zero point vibrational energies (ZPEs) as well
as contributions of molecular motion to the enthalpy and free en-
ergy for T 5 298.15 K. In most cases the total energy was also
evaluated by single-point calculations with a larger basis set
(B3LYP/6-3111G**//B3LYP/6-31G*) at the lower level geometries.
Titan [Gaussian 94] absolute B3LYP/6-31G* energies (Hartree) 1

VZPE (Hartree) for some stationary points are as follows: 1cht,
2572.908980 1 0.206805; (o)-2cht, 2572.905310 [2572.905476] 1

0.205135; 3acht, 2271.509448 [2271.509593] 1 0.128444; 3bcht,
2469.987030 [2469.987192] 1 0.112565; 3ccht, 2455.966127
[2455.965948} 1 0.124699; 3dcht, 2499.349990 [2499.349752] 1

0.172826; 3echt, 2538.665437 [2538.665621] 1 0.202371; 4cht,
2387.015767 1 0.168592. In the case of compounds 3e, the ener-
gies refer to the most stable conformer as far as the six-membered
ring is concerned (i.e., the chair conformer). The most stable con-
formation of the dioxolane ring of compounds 3d is a twist-like
conformation (with the spiro carbon atom and the two oxygen
atoms in a plane and the other two carbon atoms out of plane; an
envelope conformation is 1.0 kcal/mol higher in energy) while in
the case of derivatives 3e the trioxolane ring adopts a distorted
envelope conformation (with the distal oxygen atom of the peroxy
system as the out-of-plane atom). A relatively flat envelope con-
formation, with the spiro carbon atom as the out-of-plane atom,
is also exhibited by the oxadiazoline ring in compounds 2. The
heterocyclic six-membered ring of 1cht is conformationally flexible
and we located two conformations 1cht and 19cht. The second one,
19cht, resides at a slightly higher energy (Titan, 2572.905866
Hartree; Gaussian, 2572.905970 Hartree) than the former one (see
above). Animation of vibrations showed that those corresponding
to planarization of the seven-membered ring have low frequencies:
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(o)-2cht, ν 5 65 cm21, 3acht, ν 5 216 cm21; 3bcht, ν 5 75 cm21,
3ccht, ν 5 102 cm21, 3dcht, ν 5 64 cm21, 3echt, ν 5 94 cm21. The
imaginary frequencies for the ring inversion TSs are very low
(3acht, νi 5 293 cm21; 3bcht, νi 5 245 cm21; 3ccht, νi 5 232
cm21; 3dcht, νi 5 223 cm21; 3echt, νi 5 216 cm21) while those
for TSscht,ncd are about 2400 cm21 (1d, 2337 cm21; (o)-2d, 2406
cm21; 3a, νi 5 2435 cm21; 3b, νi 5 2359 cm21; 3c, νi 5 2465
cm21; 3d, νi 5 2395 cm21; 3e, νi 5 2406 cm21; 4, νi 5 2412
cm21). Absolute energies, geometry data, and Cartesian coordin-
ates for all stationary points are available on request.

X-ray Crystallographic Study: The crystals were colorless prisms
obtained by crystallization induced by slow concentration of a
chloroform solution of 9h. ORTEP[44] views of the molecular struc-
ture of 9h2H2O and the numbering scheme are shown in Figures 2
and 3. Accurate unit cell parameters were obtained from least-
squares fit of 2θ values for 25 reflections; the triclinic nature of the
unit cell was confirmed by use of the TRACER program.[45] The
structure was solved by direct methods and the E map correctly
found all non-hydrogen atoms in the molecule. The hydrogen atoms
were located by a three-dimensional difference Fourier synthesis
and compared with those calculated from the geometry of the mo-
lecule, and refined isotropically in the subsequent least-squares
cycles. In all refinement stages the observed reflections were given
unit weight, since the use of weights obtained from counting statist-
ics did not give better results. A summary of crystal data, data
collection, and structure refinement is given in Table 7.[46]

Table 7. Crystal data, data collection, and structure refinement
for 9h2H2O

Empirical formula C27H29N5O4

Color/shape colorless/prisms
Molecular mass 487.6
Temperature 293 K
Crystal system triclinic
Space group P1̄
a [Å] 10.847(2)
b [Å] 12.551(1)
c [Å] 10.750(2)
α [°] 91.46(1)
β [°] 110.36(1)
γ [°] 89.11(1)
V [Å3] 1371.7(4)
Z 2
Dcalcd. [g·cm23] 1.18
µ [cm21] 6.7
Diffractometer, scan Enraf2Nonius CAD-4, ω/2θ
Radiation/wave length Cu-Kα (graphite monochrom.)/1.5418 Å
F(000) 516
Crystal size 0.77 3 0.49 3 0.42 mm
Range for data collect. [°] 2 # θ # 35°
Index ranges 0 # h #13, 215 # k # 15, 213 # l # 13
Reflections collected 5183
Independent/observed refls. 4591 [Rint 5 0.014)/4182 (I $ 2 σ (I)]
Corrections applied Lorentz polarization
Absorption factors[47] 0.9785, 0.9995
Refinement method Full-matrix, least-squares on F2

Computing[48] Enraf2Nonius SDP
Parameters varied 441
Goodness-of-fit on F2 [a] 0.680
Weights σ22 (|Fo|)
Final R indexes R[b] 5 0.041, Rw[c] 5 0.057
Largest diff.peak/hole [e/Å3] ∆ρ 5 0.559/20.183

[a] GOF 5 [w(k21||Fo| 2 |Fc||)2/(No 2 Nv)1/2; No 5 4182, Nv 5 441.
[b] R 5 (||Fo| 2 k|Fc||)/|Fo|. [c] Rw 5 [w(||Fo| 2 k|Fc||)2/w|Fo|2]1/2.
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