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Self Cycloaddition of o-Naphthoquinone Nitrosomethide to
(�) Spiro{naphthalene(naphthopyranofurazan)}-one Oxide:
An Insight into its Formation
Demeter Tzeli,*[a, b] Ioannis E. Gerontitis,[c] Ioannis D. Petsalakis,[b] Petros G. Tsoungas,*[d] and
George Varvounis[c]

2-Hydroxy-1-naphthaldehyde oxime was oxidized by AgO (or
Ag2O), in presence of N-methyl morpholine N-oxide (NMMO), to
the title spiro adduct-dimer (�)-Spiro{naphthalene-1(2H),4’-
(naphtho[2’,1’:2,3]pyrano[4,5-c]furazan)}-2-one-11’-oxide by a
Diels-Alder(D� A) type self-cycloaddition, through the agency of
an o-naphthoquinone nitrosomethide (o-NQM). Moreover, 2-
hydroxy-8-methoxy-1-naphthaldehyde oxime was prepared and
subjected to the same oxidation conditions. Its sterically guided
result, 9-methoxynaphtho[1,2-d]isoxazole, was isolated, instead
of the expected spiro adduct. The peri intramolecular H bonding
in the oxime is considered to have a key contribution to the
outcome. Geometry and energy features of the oxidant- and

stereo-guided selectivity of both oxidation outcomes have been
explored by DFT, perturbation theory and coupled cluster
calculations. The reaction free energy of the D� A intermolecular
cycloaddition is calculated at � 82.0 kcal/mol, indicating its
predominance over the intramolecular cyclization of ca.
� 37.6 kcal/mol. The cycloaddition is facilitated by NMMO
through dipolar interactions and hydrogen bonding with both
metal complexes and o-NQM. The 8(peri)-OMe substitution of
the reactant oxime sterically impedes formation of the spiro
adduct, instead it undergoes a more facile cyclodehydration to
the isoxazole structure by ca. 4.9 kcal/mol.

Introduction

Suitably functionalized privileged structures,[1] used as pharma-
cophoric scaffolds,[2] are major players in the quest for effective
drug leads. ortho-Quinone methides (o-QMs) are well-known[3]

transient reactive intermediates of a dearomatised structure,

featuring an α,β-unsaturated enone and an exocyclic alkene
(Scheme 1, A).

Their generation from suitable precursors by numerous
methods and their structure and chemistry have been covered
in many reviews over the years.[3–5] Commonly used methods
for their in situ generation are thermolysis, photolysis, tautome-
rization, acid- or base-triggered transformations, 6π-electro-
cyclisation, oxidation by heavy or transition metal reagents or
by hypohalites.[3] Their high reactivity rests upon their tendency
to rearomatise (“revert to type”), mainly through Michael
additions onto the enone segment. Diels-Alder (D� A) type
cycloadditions, on the other hand, build up spiro adducts
(spirocycles),[4,5] core units in natural products, many of which
are important in therapeutics, including antibiotics and anti-
tumour drugs.[3] The fate of o-QMs in a reaction medium often
depends on their concentration. Thus, at a relatively high
concentration, in the absence of an external stimulus (a
nucleophile or an electron-rich diene/dienophile), o-QMs are
known[5] to undergo dimerization or trimerization (Scheme 1,
spiro adducts dimer B and trimer C).

The nitroso variant of o-QMs, o-quinone nitrosomethide (o-
NQMs), generated and described in our early reports,[6,7]

encompasses a β-nitrosoalkene and the o-quinone methide
entity (Scheme 1, D). In those reports, o-NQMs, by analogy to
their parent structure, have been proposed as transiently
generated during the oxidation of o-hydroxyaryl acyloximes.[6,7]

Features of their geometry, reflected on their reactivity profile,
have been detailed in our recent reports.[8,9]

The nitroso (NO) group is a well-documented[10] component
of cycloadditions. The nitrosoalkene arm of o-NQM, on the
other hand, is an effective heterodiene in D� A cycloadditions,
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in which the NO group, in its E/Z conformations,[8,9] is an active
participant.[10,11] Useful structures can be and have been
prepared from o-NQMs, such as fused 1,2-oxazoles (isoxazoles)
6[6–8] and 1,2-oxazines 4[7–9] (Scheme 3). The isoxazole ring, fused
to other rings, 3-substituted or 3,4-disubstituted with pharma-
cophores, is an established privileged structure and an area of
active research with diverse applications. For instance, isoxa-
zole-based marketed drugs, such as penicillin antibiotics
(cloxacillin, dicloxacillin, flucloxacillin),[12] antipsychotics (risper-
idone, paliperidone),[13] COX2 inhibitors (e.g. parecoxib),[14] to
name a few, are known. The profile of the long known,[15]

structure 4, on the other hand, has only recently started to be
unveiled by our reports.[16]

The pyran ring, attached to arenes, either in a fused[17–19] or
in a spiro[20] arrangement, is a known privileged structure.[21] It is
a core unit in many natural products (e.g., eleutherins,
kalafungins or nanaomycins) or natural product-like small
molecules of biological and medicinal significance.[22] Spiro
pyrans are used as optical probes in diagnostic imaging
technology due to their chemilumin(fluor)escence properties[23]

(Scheme 2). Their naphthalene analogues are also fundamental
components in photochromic materials.[24,25]

The broad range of applications of arene-fused pyrans[26]

and spiro pyrans[27] in materials technology and pharmaceutical
industry[24,25] portrays their importance and the demand for
efficient syntheses of new useful derivatives.

Currently available diagnostic imaging techniques are
limited by sensitivity and specificity.[28] Reference standards in
use are tedious and expensive (use of in vitro microsome series
is often undesirable as it requires material from animal or
human origin). The techniques are based on optical sensors
probing biological events and their degradation pathways
(metabolites) and transformed into a detectable signal. Com-

monly used techniques in oxidative (and/or nitrosative) stress
(RONS) pathologies, detect extra (intra) cellular reactive oxygen
species (ROS) but not reactive nitrogen species (RNS).

Our objective, the 1st stage of which is described in the
present report, is (a) a simple, efficient, and cost-effective route
to the title spiro structure and features that secure its reaction
course, (b) explore its reactivity profile (regioselective and
diverse functionalization) and (c) based on its reactivity results,
use the structure for reactions with RONS-triggered chemical
events, identifiable by spectroscopic techniques. The title
structure will eventually be introduced as a candidate probe,
evaluating its potential for the detection/measurement of
(RONS) in oxidative stress conditions.[29]

Results and Discussion

D-A self cycloaddition-formation of spiro adduct

Oxidants, such as the one-electron lead(IV) acetate (LTA) or the
two-electron, I(III) reagents phenyliodine diacetate (PIDA) and
phenyliodine bis(trifluoroacetate) (PIFA) or I(V) reagent Dess-
Martin periodinane (DMP), operating by the ligand coupling
mechanism,[30] are commonly used in ring cyclizations.[31,32] On
the other hand, the use of transition metal (TM) oxides, like
AgO (or Ag2O), has certain advantages over non-TMs, such as
multiple oxidation states, coordination potential and some d
with s and p orbital hybridization.[33] Their oxidant profile,
depends on the structure to be oxidized and the relative M� O
(M: Ag, Pb) bond dissociation enthalpy (BDE) of the transiently
generated organoelement complex.

Oxidative cyclisation of aldoxime 2 (R=H) to o-NQM
intermediate 3, followed by a D� A type self-cycloaddition

Scheme 1. o-QM A, its spiro adducts dimer B and trimer C and o-NQM D (in its E/Z conformations).

Scheme 2. Some spirocycles a-c used for the detection of small molecules.
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(Scheme 3) furnishes the title spiro compound 5. Of the
oxidants previously used on 2, Pb(OAc)4 was found to be
nonselective, giving all reaction products naphth[1,8-de]-1,2-
oxazine 4, spiro adduct 5 and naphth[1,2-d]isoxazole 2-oxide 6
(Scheme 3).[7] PhI(OAc)2 and AgO (or Ag2O), on the other hand,
proved to be selective, furnishing 4 and 5 (Scheme 3),
respectively.[6,7,34] Ketoximes 2(R¼6 H), upon oxidative cyclisation
with any of these oxidants, furnish the isolable C-3 substituted
6.[6,7,35] In this redox economy-guided[36] sequence (Scheme 3), it
is the geometry constraints in 3,[8] mainly those of the exocyclic
alkene, β- substituted or not and the oxidant profile that set the
reaction course. 3 is common to these oxidations and
eventually suffers an o- or peri-cyclisation[9] or the herein
described cycloaddition (Scheme 3). Pertinent to its generation
is the energy demanding, synthetically important oxidative
dearomatization[37] of 2, through an organoelement complex.
The structure and reactivity profile of 3[8,9] and its nitrosoalkene
arm[6,7,38] have been detailed in our earlier reports.

Efficiently prepared 5 has been achieved by the use of AgO
(or Ag2O), in presence of N-methyl morpholine N-oxide (NMMO)

(Scheme 4), by adapting an earlier method.[39] Without NMMO,
the reaction led to a mixture of low yield unidentified products
in aprotic solvents of varying polarity (e.g. THF, CH2Cl2 or
MeCN). A commonly obtained yield of 40%, raised up to 46%,
in a couple of attempts, was noted for 5 in CH2Cl2 and lower
ones in the other solvents.

Earlier use of NMMO[40,41] targeted the extended lifetime of
transient o-QM through a dipole-dipole stabilization. However,
some o-QMs have been formed without the need of
NMMO.[3,42,43]

The intramolecular H bond (IMHB)-driven pseudo ring
conformation in oxime 2 (with a contribution from non-
aromatic strained keto tautomer 2’) triggers a redox relay by
proton shuttling [Hydrogen AtomTransfer (HAT) or Proton
Coupled Electron Transfer (PCET)][44–47] at the oxime and phenol
OH sites (Scheme 5). This IMHB steers a metal coordination
binding mode (Scheme 4, 7 or 7’).[48] The dearomatizing
tautomerization 2 to 2’ facilitates the development of a Ag
complex[49] like 7 or its chelate 7’ (Scheme 4, routes (a) or (b),
respectively). Indeed, 2, acting as a monodentate or a bidentate

Scheme 3. (a) AgO (or Ag2O), NMMO, NEt3, CH2Cl 2, r.t. (route a); (b) Pb(OAc)4, CH2Cl 2 or THF, 0 °C-r.t. (route b);(c) PhI(OAc)2, t-BuOH, N2, 0°-r.t. (route c).

Scheme 4. A rationale for the selective AgO-NMMO oxidation of oxime 2.
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ligand (Scheme 5, types I, II or V), coordinates with Ag, through
a resonance-assisted IMHB chelate (Scheme 5, type IV)[50,51] or
through a metal chelate (Scheme 5, type V). Their collapse,
aided by NEt3 (pKa=10.75), generates 3 (Scheme 4). Intercep-
tion of 3 by NMMO (Scheme 5, type ΙΙΙ), probably extends its
lifetime and renders self-D� A reaction to 5 as a viable outcome.
Whether an endo or an exo approach, the stereochemistry of
the D� A cycloaddition of 3 to 5 is of no significance.
Furthermore, it is the E-conformer of 3 that effects the cyclo-
addition (the Z-conformer is in equilibrium with its isomeric N-
oxide 6 R=H[9]).

DFT(B3LYP), MP2, MP4SDQ and CCSD calculations show that
the 3!5 cycloaddition is an exoenergetic reaction in the

presence of either Ag or Pb, see Tables 1 and 2. B3LYP data on
the intramolecular 3!4 reaction and 3!5 intermolecular
cycloaddition are in agreement with MP4SDQ and CCSD results.
B3LYP and MP2, on the other hand, overestimate the reaction
energy for the 3!6 intramolecular reaction compared with the
CCSD data. Our previous studies on intramolecular cyclization
of o-NQM 3 have shown that B3LYP, Μ06-2Χ and MP2 using
the 6-311+G(d,p) and aug-cc-pVTZ[9] sets predict similar results.
It should be noted that the objective of the present inves-
tigation is the features governing the intermolecular cyclo-
addition, and this is satisfactorily predicted by the B3LYP/6-311
+G(d,p) methodology compared to the other ones, see Table 1.

The reaction free(Gibbs) energies are almost the same using
both THF and CH2Cl2 solvents, see Table 2. It is found that the
reaction free energy of the intramolecular 3!4 cyclization is
� 37.6 kcal/mol, while the intermolecular 3!5 reaction is a
more exothermic one. Its reaction free energy is up to
� 82.0 kcal/mol depending on the reaction method, see Table 2.
Thus, the intermolecular cyclization is apparently more favored,
in agreement with the experimental findings.

The alternative peri cyclization to 4, a result of free rotation
of the Ag complex 7 (Scheme 4) is not an option as in the case
of Pb(OAc)4.

[7,9] This is due to the M� O bonding (M: Ag or Pb) of
the transient organometal complexes and their interaction with
NMMO (Scheme 5 and Table 3). NMMO forms H bonds with Ag
and Pb-complexes (Scheme 5, I, II, IV and V) and dipolar
interactions with 3 and 3’ conformers (Scheme 5, III). It also
facilitates their collapse and cycloaddition of 3 to the spiro
structure 5.

The O� Ag and O� Pb bond distances are found shorter by
ca. 0.03 Å, when Ag or Pb are attached to the phenol O site
(Scheme 5 and Table 3) than if attached to the oxime NO group.
A BDE value of 5.7 kcal/mol (in 7 or 7’) for Ag� O and BDE values
of 26.2 kcal/mol (for 7) and 34.4 kcal/mol (for 7’) for the Pb� O
complexes were found, respectively (Figure 1), regardless of the
site of attachment. It is noted that positive BDE values means
that the system is stable. It should be mentioned that Pb forms
stronger bonds than Ag because it has half-filled d orbitals
while Ag has all its d orbitals occupied.

NMMO appears to interact preferably with the metal
complex of 7 at the phenol site (O� M…NMMO) (see Scheme 5).
The BDE between NMMO and Pb and Ag complexes are ca.
28.3 kcal/mol and ca. 10.7 kcal/mol, respectively, indicating that
the latter, i. e., Ag-complex…NMMO, is more prone to collapse.
The Pb complexes with NMMO seem to be more stable because
of multiple interactions, including H bonding, see Figure 1,

Scheme 5. Plausible interactions through Ag or Pb complexes.

Table 1. Reaction energies ΔΕ for cyclization structures of 3 to 6(o-(1,5)-
intramolecular cyclization), 4 (peri-(1,6)-intramolecular cyclization), and
5(intermolecular D� A type cycloaddition) in the gas phase at B3LYP, MP2,
MP4SDQ and CCSD/6-311+G(d,p).

ΔΕ
B3LYP MP2 MP4SDQ CCSD

3!6 � 14.0 � 16.8 � 4.3 � 6.0
3!4 � 39.4 � 41.7 � 36.6 � 38.0
3!5[a] � 46.5 � 61.0 � 42.6
3!5[b] � 71.9 � 85.4 � 75.9

[a] In the presence of AgO(or Ag2O) 3! 5; 3+3+Ag2O! 5+AgOH
+AgH. [b] In the presence of Pb(OAc)4 3! 5; 3+3+Pb(OAc)4! 5
+Pb(OAc)2 +2AcOH.

Table 2. Reaction enthalpies ΔH and free energies ΔG for cyclization
structures of 3 to 6 (o-(1,5)-intramolecular cyclization), 3 to 4 (peri-(1,6)-
intramolecular cyclization) and 3 to 5 (intermolecular D� A type cyclo-
addition) in the gas phase, THF (1) and CH2Cl2 (2) solvents.[a]

ΔΗ ΔG ΔH1 ΔG1 ΔH2 ΔG2

3!6 � 13.3 � 11.3 � 13.2 � 11.2 � 13.2 � 11.2
3!4 � 38.6 � 36.9 � 39.3 � 37.6 � 39.3 � 37.6
3!5[b] � 48.0 � 41.1 � 54.2 � 47.3 � 54.3 � 47.4
3!5[c] � 70.4 � 78.0 � 74.2 � 81.0 � 74.3 � 82.0

[a] At the B3LYP/6-311G+ (d,p) level of theory, in kcal/mol; ΔΗ and ΔG
values are calculated at T=298.15 K and P =1 Atm. [b] In the presence of
AgO(or Ag2O) 3! 5; 3+3+Ag2O! 5+AgOH+AgH. [c] In the presence
of Pb(OAc)4 3! 5; 3+3+Pb(OAc)4! 5+Pb(OAc)2 +2AcOH.

Table 3. M� O bond lengths [a] (Å) and M� O Bond dissociation energies
BDE (kcal/mol)[a] of the complexes.

Metal complexes M-O BDE

7’-Ag 2.05 [2.03–2.5][b] 5.7
7-Ag 2.06 5.7
7’-Pb 2.08 [2.1–2.3][c] 34.4
7-Pb 2.05 26.2

[a] B3LYP/6-311+G(d,p) level of theory. [b] Typical O…Ag bond distances,
Ref. [52]. [c] Typical O…Pb(IV) bond distances, Ref. [53].
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resulting to stronger bonding in Pb complexes compared to the
Ag ones, see Table 4.

Compound 5 is a spiro 6-ring structure[7–9] around a C-sp3

centre of a distorted planar tetrahedron bonded to a
naphthalene-2-one (Scheme 6)[7–9] A 1,2,5-oxadiazole N-oxide
(furoxan) ring is fused onto the pyran component of the
naphtho[2,1-b]pyran. The alkene of 1.325 Å and the C� C of
1.462 Å bond lengths for the quinone domain (experimentally
measured of 1.455 Å,[7–9] cf., with a single sp2-sp2 of ca.1.480 Å),
indicate some weak conjugation between the two unsaturation
sites. Worth noting is that the exocyclic alkene bond of 3
(1.363 Å and 1.369 Å for its two E-conformations)[8] compares
well with the quinonoid alkene bond in 5. A 1.395 Å length,
notably shorter than a common C� O bond, is observed for the
bond shared by naphthalene fused to the pyran ring. A double
bond character of 1.330 Å is also clearly indicated for the
furoxan-pyran fusion C� C bond, expectedly a result of an

enhanced N-oxide dipole-induced π-electron delocalization
within the heteroring.

Sterically-impeded formation of spiro compound

With the AgO (or Ag2O)� NMMO oxidation of 2 to 5 established,
attention was focused on repeating this reaction having the
8(peri)-position of 2 blocked by a OMe group, that is, using 8
(Scheme 6) as starting material. In this case, the reaction
succumbs to steric gearing.

Accordingly, 1-naphthaldehyde 11 was o- and peri-meth-
oxylated to 12 and subsequently selectively demethylated by
aluminium chloride to 2-hydroxy-8-methoxy-1-naphthaldehyde
13 and 2-methoxy-8-hydroxy-1-naphthaldehyde 14 isomers, the
latter as the major component[54] (Scheme 7, route (a)).
Apparently, peri congestion flanks and exposes the 8-OMe
group, facilitating its demethylation against its o-counterpart. A
Gattermann formylation of 1,7-dihydroxynaphthalene 15 to 2,8-
dihydroxy-1-naphthaldehyde 16, the only known alternative
route,[55] is clearly not recommended due to (a) the reagents
used (HCN generation), (b) its low (ca. 20%) yield, (c) formation
of regioisomers and (d) laborious isolation of 16 by steam
distillation. Furthermore, methylation of 16 furnishes 12 instead
of the desired 13 (Scheme 7, route (b)).

A chelation control-selective[56] peri-methylation of 16 was
also attempted in CH2Cl2 to avert any solvent-driven H bonding

Figure 1. Calculated Ag and Pb complexes and their interaction with NMMO.

Table 4. Bond dissociation energies BDE (kcal/mol)[a] of complexes and 3
with NMMO.

Interacting Complexes BDE
Ag Pb

7-M….NMMO! 7-M+NMMO 5.31 10.7
7’-M….NMMO! 7’-M+NMMO 10.40 28.3
7-M….NMMO…3! 7-M+NMMO+3 15.34 25.3

[a] B3LYP/6-311+G(d,p) level of theory.
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interference and disruption of the o-IMHB. 2,8-Dimethoxylated
12 was the only major isolated product, suggesting that both
peri 7-membered and ortho 6-membered IMHB in 16 are
probably of comparable strength.

Aldehyde 13 was converted into oxime 8 (E/Z isomers),
which, in turn, was subjected to oxidation with AgO, in the
presence (or not) of NMMO and a catalytic amount of trimethyl
-amine, to produce, after column chromatography, 9-meth-
oxynaphtho[1,2-d] isoxazole 10, in 65% yield.10 was identified
from its NMR and HRMS spectra as well as its independent
synthesis from the tosyl chloride and triethylamine cyclo-
dehydration of oxime 8.[57]

The inherent constraints of the reaction can be demon-
strated by the stronger N…HO IMHB of 8 (1.680 Å) compared to
the corresponding H bonding in 2 (Scheme 9). This is probably
the result of the notable peri IMHB-triggered (2.006 Å) deforma-
tion in 8, also indicative by their peri H� H distances of 2.430 Å
and 2.359 Å, respectively. The resonance-assisted[58] N··HO IMHB
and its peri MeO··HC=N counterpart, “lock” the reacting
conformation of 8 into coplanarity (Scheme 8).

NMMO may facilitate, through 17, formation and then
collapse of Ag complexes like 18 or 20 and 21 to isoxazole 10
(Scheme 10). An in plane intramolecular nucleophilic substitu-
tion at the imine N atom as in 18[59] or chelation as in 20 and
further rearrangement to 21,[60] trigger ultimate cyclodehydra-
tion to 10.

A direct dehydration of 18 (path (b)), on the other hand, or
isoxazole ring-opening in 10 (path (a)), by the well-known
Kemp elimination,[61] to nitrile 19 was not detected. Indeed, an
NMR C-1 H signal at δ=9.6 ppm, indicative of an IMHB, usually
found at δ=9.1 ppm,[62] remained unaltered on deuteration.

The peri IMHB (2.520 Å, Scheme 8), engaging the C-1 H
atom in 10, inhibits ring rupture. A peri IMHB (2.198 Å)-driven
deformation in 23 (peri H� H distance of 2.400 Å (Scheme 9) and
a comparable deformation in 10 (peri IHB 2.520 Å, H� H 2.431 Å,
Scheme 9), probably encourage the lower energy demanding
cyclodehydration of oxime 8 to isoxazole 10.

Scheme 6. A general representation of the effect of 8-(peri) substitution on the oxidation of 2 and 8.

Scheme 7. (i) Pb(OAc)4, MeOH, 3-CF3C6H4NH2, K2S2O8, CH2Cl2, 60 °C, 24 h; (ii)
(a)AlCl3, CH2Cl2, 0 °C, (b) reflux, 2 h; (iii) (a)NH2OH.HCl, MeOH, 0 °C, (b) Na2CO3

(sat.aq.) to pH 8, r.t.,1 h, (c)AcOH, 0 °C to pH 5; (iv) AgO, NMMO, NEt3, CH2Cl2,
r.t., 1 h (route (a)); (v) Zn(CN)2, HCl(g), N2, r.t.; (vi) MeI, K2CO3, DMF, r.t. or MeI,
K2CO3,CH2Cl2, 30 min., r.t (route (b)).
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The relative energies of the reactants, intermediates,
transition states, and products of the oxidation of 2 and 8 are
shown in Figure 2. 3 and 23 are depicted as their Z and E
conformers with respect to the NO orientation (Figure 2). The
presence of MeOH or EtOH[9] in solution can stabilize the
transition states up to 4 kcalmol due to H bond interactions,
see Figure 2. 8-methoxy substitution gives rise to more stable Z
and E1 conformers of 23, compared to those of 3 by ca.4.9 kcal/
mol. Note that the energy gap for the E2!Z change is about
30 kcal/mol, lowered by about 4 kcal/mol, upon interaction of
the transition state with MeOH.

1,2-benzisoxazole is known[63] to act as an N- or O-
nucleophile in annulation reactions furnishing quinolones or
isoquinolines. Thus, if treated with a protic solvent, an
intermolecular H bonding[64] to any of the three available N or O
sites of 10 (A, Scheme 9), might trigger its ring-opening to

nitrile 19. When 10 was stirred in MeOH or in MeOH-AcOH for
12 h remained intact. Worth noting, however, is that the peri
IMHB of 10 is disrupted by K ion,[65] when treated with K2CO3 in
DMSO, followed by a Kemp elimination[61] to 19 (B, Scheme 10).

Scheme 8. A rationale for the oxidation of oxime 8.

Scheme 9. Geometry data of reactants, intermediates and products in the
oxidation of 2 and 8 (two isomers have been calculated for 3 and 23) at
B3LYP/6-311+G(d,p).

Figure 2. Relative energies of the reactants and intermediates for oxidation
of 2 and 8 at B3LYP/6-311+G(d,p) level of theory (black color for 3, red color
for 3 in the presence of MeOH, blue color for 23 and green color for 23 in
the presence of MeOH).

Scheme 10. A rationale for isoxazole opening to nitrile 19.
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Conclusion

2-Hydroxy-1-naphthaldehyde oxime can be selectively oxidized
to a spiro adduct-dimer, encasing a pyranonaphthalenone
structure, through the agency of an o-NQM by its D� A type self-
cycloaddition. A peri OMe-substituted naphthaldoxime deriva-
tive, on the other hand, under the same oxidation conditions,
fails to give the corresponding spiro adduct, owing to geometry
constraints introduced by the peri substituent. Instead, the
sterically geared reaction succumbs to a cyclodehydration
leading to 9-methoxynaphtho[1,2-d]isoxazole. The peri intra-
molecular H bonding in the oxime does contribute to the
outcome.

DFT, MPn and CCSD calculations show that the intermolecu-
lar cycloaddition is an exoenergetic reaction. The reaction Gibbs
energy of this cycloaddition of ca. � 82.0 kcal/mol is more
favoured than the intramolecular reaction of ca. � 37.6 kcal/mol.
NMMO facilitates the cycloaddition through H bonding and
dipolar interactions with both the metal complexes and o-NQM.
The 8(peri)-OMe substituted reactant oxime undergoes a more
facile cyclodehydration to the isoxazole structure by ca.
4.9 kcal/mol.

The α,β-unsaturated enone and the nitrosoalkene parts of
the target spiro structure makes it susceptible to attack by
nucleophiles (or electrophiles) and by analogy to reactive
oxygen and nitrogen species (ROS, RNS).[66] It can, thus, serve as
a candidate probe for the detection and measurement of these
species in oxidative stress conditions. The susceptibility of spiro
pyran to opening, on the other hand, makes the spiro structure
a precursor to (a)symmetrically substituted 3,4-diarylfuroxans,
known nitric oxide (NO) modulators in vascular endothelium
pathology, related to the development of oxidative stress.

Experimental Details
Melting points were taken on a Büchi 510 apparatus and are
uncorrected. 1H and 13C NMR spectra were measured in CDCl3 or
DMSO-d6 on a 400 MHz Bruker spectrometer. 1H chemical shifts are
reported in ppm from an internal standard TMS, residual chloro-
form (7.26 ppm) or DMSO-d6 (2.50 ppm). 13C NMR chemical shifts
are reported in ppm from an internal standard TMS, residual
chloroform (77.16 ppm) or DMSO-d6 (39.43 ppm). High resolution
ESI mass spectra were measured on a ThermoFisher Scientific
Orbitrap XL system. Low resolution ESI spectra were measured with
an Agilent 1100 Series LC–MSD-Trap-SL spectrometer, using MeOH
or MeCN as eluant. Analytical thin layer chromatography was
performed with Merck 70–230 mesh silica gel TLC plates. Purifica-
tion of reaction products was generally done by dry-column flash
chromatography using Μerck silica gel 60 and/or flash chromatog-
raphy using Carlo Erba Reactifs-SDS silica gel 60. All reactions were
carried out under a N2 atmosphere. Solvents and reagents were
used as received from the manufacturers (Acros, Alfa Aesar and
Merck) except for THF, DCM, MeOH, EtOAc, hexane and toluene
that were purified and dried according to recommended proce-
dures. Organic solutions were concentrated by rotary evaporation
at 23–40 °C under 15 Torr.

2,8-Dimethoxy-1-naphthaldehyde (12): A closed vessel with a
magnetic stir bar was charged with 1-naphthaldehyde (6.4 mmol,
1 g, 1 equiv.), Pd(OAc)2 (0.64 mmol, 143 mg, 0.1 equiv.), K2S2O8

(12.8 mmol, 6.46 g, 2 equiv.) in air followed by DCM (10 mL), MeOH
(128 mmol, 5 mL, 20 equiv.) and 3-(trifluoromethyl)aniline
(2.56 mmol, 317 μL, 0.4 equiv.). The reaction mixture was then
stirred at 60 °C for 24 h. Upon completion of the reaction
(monitored by TLC), the reaction mixture was cooled to room
temperature, filtered, quenched by a saturated solution of NaHCO3

(25 mL) and extracted with DCM (3×25 mL). The combined organic
extracts were washed with brine (25 mL), dried over anhydrous
Na2SO4 and concentrated in vacuo. The crude residue was purified
by flash column chromatography (EtOAc:hexane: 1 : 10) to give the
title compound (415 mg, 30%) as a red oil; Rf=0.32 (EtOAc:hexane:
1 :4); spectroscopic data are in agreement with those reported in
the literature;[54] 1H NMR (CDCl3, 400 MHz,): δ 10.74 (s, 1H), 7.86 (d,
J=9.1 Hz, 1H), 7.40 (d, J=8.1 Hz, 1H), 7.31-7.29 (t, 1H), 6.86 (d, J=

7.7 Hz, 1H), 3.93 (s, 3H), 3.93 (s, 3H); 13C NMR (CDCl3, 100.6 MHz,): δ
195.07, 154.95, 154.69, 131.93, 130.15, 124.53, 122.00, 121.34,
121.12, 114.24, 57.12, 56.01.

2-Hydroxy-8-methoxy-1-naphthaldehyde (13): To a stirred solution
of 2,8-dimethoxy-1-naphthaldehyde (0.33 mmol, 70 mg, 1 equiv.) in
anhydrous DCM (10 mL) was added AlCl3 (0.97 mmol, 130 mg,
3 equiv.) at 0 °C. The reaction mixture was then heated to reflux for
2 h after which TLC analysis had shown complete conversion of the
starting material. The reaction mixture was then left to cool to
room temperature, water (20 mL) was added, the organic layer was
separated and the aqueous layer was extracted with DCM (3×
10 mL). The combined organic extracts were washed with brine
(25 mL), dried over anhydrous Na2SO4 and concentrated in vacuo.
The acquired crude residue was purified by flash column
chromatography (EtOAc:hexane: 1 : 10) to give the title compound
(20 mg, 15%) as a yellow solid; m.p. 68–70 °C; Rf=0.54 (EtOAc:
hexane: 1 : 4); 1H NMR (CDCl3, 400 MHz): δ 14.15 (s, 1H), 12.26 (s, 1H),
7.91 (dd, J=8.1, 1.2 Hz, 1H), 7.34 (t, J=7.9 Hz, 1H), 7.14 (d, J=

9.0 Hz, 1H), 7.08 (dd, J=7.8, 1.2 Hz, 1H), 4.02 (s, 3H); 13C NMR (CDCl3,
100.6 MHz): δ 199.55, 166.07, 155.86, 138.69, 129.86, 124.16, 123.29,
122. 45, 120.06, 113.52, 109.43, 55.62; HRMS (ESI) m/z [M+H]+

calcd. for C12H10O3 203.0708, found 203.0711.

(E)-2-hydroxy-8-methoxy-1-naphthaldehyde oxime (8): To a
stirred solution of 2-hydroxy-8-methoxy-1-naphthaldehyde (20 mg,
0.099 mmol) in MeOH (5 mL), NH2OH.HCl (14 mg, 0.198 mmol) was
added, and the resulting mixture was cooled to 0 °C, followed by
the dropwise addition of a saturated Na2CO3 solution until pH=8
and the reaction mixture was left stirring at room temperature for
1 h. TLC analysis had shown complete conversion of the starting
material, so the solution was cooled to 0 °C, followed by the
dropwise addition of acetic acid until pH=5. After that the solvent
was evaporated and water (15 mL) was added, and the mixture was
extracted with EtOAc (3×10 mL). The combined organic extracts
were washed with brine (10 mL), dried over anhydrous Na2SO4 and
concentrated in vacuo. The acquired crude residue was purified by
flash column chromatography (EtOAc:hexane: 1 : 4); to give the title
compound (17 mg, 80%) as a yellow solid; m.p. 141–143 °C; Rf=

0.32 (EtOAc:hexane: 1 : 4); 1H NMR (DMSO-d6, 400 MHz): δ 12.06 (s,
1H), 11.45 (s, 1H), 9.65 (s, 1H), 7.83 (d, J=9.0 Hz, 1H), 7.46 (dd, J=

8.1, 1.2 Hz, 1H), 7.29 (t, J=7.9 Hz, 1H), 7.18 (d, J=8.9 Hz, 1H), 7.08
(dd, J=7.9, 1.2 Hz, 1H), 3.94 (s, 3H); 13C NMR (DMSO-d6, 100.6 MHz):
δ 157.92, 155.83, 153.30, 132.39, 130.41, 123.95, 123.02, 122.27,
119.41, 108.85, 108.07, 56.27; HRMS (ESI) m/z [M+H]+ calcd. for
C12H11NO3 218.0817, found 218.0824.

9-Methoxynaphtho[1,2-d]isoxazole (10): To a solution of 2-
hydroxy-8-methoxy-1-naphthaldehyde oxime (10 mg, 0.046 mmol,
1 equiv.) in anhydrous DCM (1 mL), was added AgO (6.3 mg,
0.051 mmol, 1.1 equiv.), N-methylmorpholine-N-oxide (5.4 mg,
0.046 mmol, 1 equiv.) and a catalytic amount of Et3N (20 μL). The
reaction mixture was left stirring at room temperature for 0.5 h
when TLC had shown complete conversion of the starting material.
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The reaction mixture was filtered, quenched with water (5 mL) and
extracted with DCM (3×5 mL). The combined extracts were washed
with brine (5 mL), dried over anhydrous Na2SO4 and concentrated
in vacuo. The acquired crude residue was purified by flash column
chromatography (EtOAc:hexane: 1 : 8) to give the title compound
(7 mg, 65%) as a yellow solid; m.p. 99–101 °C; Rf=0.54 (EtOAc:
hexane: 1 : 4); 1H NMR (DMSO-d6, 400 MHz): δ 9.37 (d, J=1.0 Hz, 1H),
7.97 (d, J=9.0 Hz, 1H), 7.77 (dd, J=9.0, 1.0 Hz, 1H), 7.62 (dd, J=8.2,
1.0 Hz, 1H), 7.52 (t, J=8.0 Hz, 1H), 7.12 (dd, J=7.8, 1.0 Hz, 1H), 4.16
(s, 3H); 13C NMR (DMSO-d6, 100.6 MHz): δ 162.09, 155.30, 148.13,
131.80, 131.32, 125.76, 120.99, 118.55, 114.21, 110.76, 107.08, 55.69;
HRMS (ESI) m/z [M+H]+ calcd. for C12H10NO2 200.0712, found
200.0712.

(�)-Spiro{naphthalene-1(2H),4’-(naphtho[2’,1’:2,3]pyrano[4,5-
c]furazan)}-2-one-11’-oxide (5): To a solution of (E)-2-hydroxy-1-
naphthaldehyde oxime (0.2 g, 1.1 mmol), in anhydrous DCM (5 mL),
was added AgO (1.30 g, 5.6 mmol), N-methylmorpholine-N-oxide
(0.125 g, 1.1 mmol) and a catalytic amount of Et3N (20 μL). The
reaction mixture was left stirring at room temperature for 1 h after
which TLC had shown complete conversion of the starting material.
The reaction mixture was then filtered, quenched with water
(20 mL) and extracted with DCM (3×15 mL). The combined extracts
were washed with brine (15 mL), dried over anhydrous Na2SO4 and
concentrated in vacuo. The acquired crude residue was purified by
flash column chromatography (EtOAc:hexane: 1 :8) to give the title
compound (0.16 g, 40%) as a yellow solid; m.p. 212–214 °C (lit. [7]
211–214 °C); Rf=0.39 (EtOAc:hexane: 1 : 4); identical in all respects
to an authentic sample prepared by Varvounis and co-workers;[7] 1H
NMR (DMSO-d6, 400 MHz): δ 8.83 (d, J=8.5 Hz, 1H), 8.19 (d, J=

9.0 Hz, 1H), 8.06 (d, J=8.2 Hz, 1H), 7.96 (d, J= 0.0 Hz, 1H), 7.85–7.75
(m, 2H), 7.71 (d, J=7.6 Hz, 1H), 7.66–7.58 (m, 2H), 7.54 (t, J=7.6 Hz,
1H), 7.34 (d, J=9.0 Hz, 1H); 13 C NMR (DMSO-d6, 100.6 MHz): δ
190.69, 154.45, 149.29, 148.28, 135.45, 132.91, 131.42, 131.33,
130.57, 130.47, 129.90, 129.53, 129.43, 129.14, 128.61, 125.68,
124.66, 122.39, 118.17, 108.67, 103.34, 76.51.

Computational Details

All structures involved in the intermolecular self-cyclization of o-
naphthoquinone nitrosomethide 3 with the Ag2O, AgO and
Pb(OAc)4 oxidants were fully geometry-optimized by DFT
calculations in the gas phase and in THF and CH2Cl2 solvents.
The B3LYP functional[67,68] was employed in conjunction with
the 6-311G+ (d,p)[69] basis set for the C, N, O and H atoms, i. e., a
valence triple zeta+polarization on all atoms+diffuse on
nonhydrogen atoms, and the Hay-Wadt LANL2DZ ECP[70] basis
set for the Pb atoms, i. e., a pseudopotential for the core
electrons (up to 5d electrons) and a double-quality basis set for
the four outer electrons (6s26p2). The effectiveness of the
adopted method has been checked and proved adequate for
the intramolecular cyclization of o-naphthoquinone β-
nitrosomethides.[9] Frequencies were calculated for all structures
to check if they are true minima or not and thermochemical
data were also obtained. Moreover, to check the reliability of
DFT calculations, single points 2nd order Møller� Plesset pertur-
bation theory (MP2), truncated 4th order perturbation theory
(MP4SDQ) and coupled cluster+ single+double (CCSD) calcu-
lations were carried out in the DFT optimized geometries.
Finally, MP2 geometry optimization were carried, showing

almost the same geometries and energetics with DFT (B3LYP)
methodology.

For the calculations in THF and CH2Cl2 solvents, the polar-
izable continuum model was employed.[71] This model is divided
into a solute part, the dye, lying inside a cavity, surrounded by
the solvent part. This method reproduces solvent effects quite
well.[71]

All calculations were performed using the Gaussian 16
program package.[72] Absolute energies and geometries of the
calculated structures are given in SI.
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