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The reaction mechanisms for the cyclizations of N-methyl-2-(2-chloropyridin-3-yloxy)acetamide to 1-methyl-

pyrido[3,2-b][1,4]oxazin-2-one and 1-methyl-pyrido[2,3-b][1,4]oxazin-2-one were investigated using ab initio

Hartree-Fock, second-order Möller-Plesset perturbation, single point coupled cluster with both single and

double substitution, and density functional theory methods. The 5-membered spiro intermediate (2) is

optimized from the cyclization of the acyclic reactants through the proton-transfer reaction, and this

intermediate proceeds continuously to the 6-membered intermediate through either a stepwise or a concerted

reaction. In the stepwise reaction, an N-bridge-type intermediate as a stable structure is optimized, whereas, in

the concerted reaction, the O-bridge-type intermediate is not optimized.
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Introduction

Significant and valuable synthetic methods based on the

Smiles rearrangement have been developed and widely

applied for the synthesis of cyclic and acyclic systems.1-20

Because benzo-fused and heterocyclic products were recog-

nized as potential bioactive, pharmaceutical, and medicinal

materials, many studies focused on their synthesis. Parti-

cularly, benzo[1,4]oxazines,1 pyrido[3,2-b][1,4]oxazines,2-8

and pyrimido[5,4-b][1,4]oxazines9 were produced using the

synthetic methods based on the Smiles rearrangement.

Although effective synthetic methods for cyclic and acyclic

systems have been developed using the Smiles rearrange-

ment,10-12 the reaction mechanisms for these syntheses have

been experimentally explained by two or three stepwise

mechanisms including the Smiles rearrangement and the

cyclizations.

Recently, in the cyclization reactions,7,8 benzo- and

pyrido[1,4]oxazines were directly synthesized from alkyl 2-

halopropionates with 2-amino-3-hydroxypyridine using

rearrangement. However, the pyrido[2,3-b][1,4]oxazines

were not directly synthesized from the reactants. The reac-

tion mechanisms for these syntheses were explained using a

three-step process (alkylation, Smiles rearrangement, and

rapid cyclization). Recently, in the experiment carried out by

Bonini et al.
11 and Mizuno and Yamano,12 the conversions of

phenols to anilines were also explained using a three-step

process. In the experiments of Balko and Brinkmeyer,13

Heilmann and Sicker,14 Erickson and McKennon,15 Kimbaris

et al.,16,17 and Guillaumet et al.,3-5 the Smiles rearrangement

did not take place under mild conditions (weak acid and low

temperature). However, under strong conditions (strong acid

and high temperature), the products of the rearrangement

were observed in low yields. In the radical mechanism

suggested by the Zard group,18 the transition state of the

Smiles rearrangement was explained on the basis of three

separate transition steps including an electron. The middle

transition state was represented through a structure with a 4-

Scheme 1. Possible cyclization reactions: stepwise (Path A) and concerted (Path B) mechanisms.
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membered ring.
Although the various synthetic methods based on the

Smiles rearrangement have been extensively developed and
applied, the reaction mechanisms for the cyclization reac-
tions of heterocycle-fused[1,4]oxazine derivatives have not
been cleared so far. In the present work, we have studied the
the reaction mechanisms for the cyclization reactions based
on the Smiles rearrangement. Firstly, the geometrical struc-
tures and relative energies for the cyclization reactions of
heterocycle-fused[1,4]oxazine derivatives were investigated.
Secondly, the potential energy curves for the angular vari-
ations from the 5-membered intermediates to the 6-
membered rings were examined to clarify the reaction mech-
anisms for the cyclization reactions. Lastly, the potential
energy curves from the acyclic reactants to their cyclic
intermediates were calculated to elucidate the cyclization
reaction paths and to examine the intermediate species for
the previously suggested synthetic routes.

Calculational Methods 

The equilibrium geometrical structures of N-methyl-2-(2-
chloropyridin-3-yloxy)acetamide, 1-methyl-pyrido[3,2-b]-
[1,4]oxazin-2-one, 1-methyl-pyrido[2,3-b][1,4]oxazin-2-
one, and their intermediates were fully optimized with the ab
initio Hartree-Fock (HF), second-order Möller-Plesset
perturbation (MP2), single-point coupled cluster with both
single and double substitution [CCSD(t)], and density
functional theory (DFT) methods with standard basis sets (6-
31G*, 6-31+G**) using the Gaussian 03.21,22 The density
functional theory (B3P86) uses Becke’s 3 parameter-hybrid
functional in conjunction with the nonlocal correlation
provided by the Perdew 86 expression.23-27 To confirm the
existence of stable and unstable structures (ground, inter-
mediate, and transition states), the harmonic vibrational
frequencies of the species were analyzed at the MP2/6-31G*
level. The optimized geometrical structures and the relative
energies for the cyclization reactions from the acyclic
reactant to the cyclic product at the single-point CCSD(t)/6-
31+G** level (after MP2/6-31+G**) were optimized and
evaluated, respectively (Figures 1, 3). The potential energy
curves from the reactant to the product are calculated using
the total energies as a function of the N7C3C2 (O4C3C2)
angles, in the range from 15.0 to 130.0 degrees, using the
MP2/6-31+G** level (Figure 2). To investigate the position
of the proton-transfer and the energy barrier of the Smiles
rearrangement, the potential curves for the cyclization from
the anionic reactant to the product were calculated for RN7-C3

values ranging from 4.0 to 1.2 Å using the MP2/6-31+G**
level (Figure 4). After the rearrangement, the potential
energy curves for the recyclizations were also calculated for
RO4-C3) values ranging from 1.3 to 2.9 Å using the B3P86/6-
31+G** level (Figure 5).

Results and Discussion

The geometrical structures and the relative energies for the

cyclization reactions from N-methyl-2(2-chloropyridin-3-
yloxy)acetamide to 1-methyl-pyrido[3,2-b][1,4]oxazin-2-
one (Path A) and 1-methyl-pyrido[2,3-b][1,4]oxazin-2-one
(Path B) are shown in Figure 1. Firstly, the spiro compound
(2) as a stable intermediate is optimized with ring closure
between N7 of the amide group and C3 on the pyridine
group. In the intermediate (2), a 6-membered ring perpendi-
cularly binds to a 5-membered ring. The intermediate of (2)
changes to an N-bridge-type intermediate (A) along the
potential energy surface. The triangle formed by the sand-
wich in (A) is vertically located between the 5- and 6-
membered rings. Meanwhile, a transition state exists bet-
ween (2) and (A). To form this transition state, a novel ring
closure occurs by (N7…C2) bond formation in (2) and
simultaneously a chloride disconnects from the C2 carbon.
After passing through the transition state, a stable inter-
mediate (A) without the chloride is optimized. The inter-
mediate (A) is relatively stable and the relative energy
between it and the product is 67.75 kcal/mol. To reduce the
ring strain, the 5-membered ring of (A) changes into a 6-
membered ring, and then the structure of (B) is optimized.
By the deprotonation of (B), the intermediate finally evolves
to become the product (C). The aromaticity of the 6-
membered ring in (C) is reformed and the product becomes
more stable. Because of the aromaticity of (C), the energy
gap (53.46 kcal/mol) between (B) and (C) is relatively large.
The relative energy between the reactant and the product is
nearly isoenergetic within 1.84 kcal/mol. 

Due to the intramolecular addition of the O4 oxygen to the
C2 carbon in (2), the compound converts to an O-bridge-type
transition intermediate (3). Then, a chloride in (3) is also
disconnected from the C2 carbon and bound to two hydrogen
atoms. The rearrangement and the cyclization reactions in
(3) simultaneously proceed through the O-bridge-type inter-
mediate. The angle between the 6-membered and the 5-
membered rings is about 100 degrees. Without the chloride,
the intermediate (3) is not optimized as a stable structure. In
(4), the two nitrogen atoms are oriented in opposite direc-
tions. The product (5) is formed from the deprotonation of
(4), and then a double bond is formed in the ring. The
relative energies of the product and the reactant are nearly
the same. The energy gap of (3) with respect to (5) is 84.81
kcal/mol. In both Paths A and B, the relative gap between
the two product isomers (1-methyl-pyrido[3,2-b][1,4]oxa-
zin-2-one and 1-methyl-pyrido[2,3-b][1,4]oxazin-2-one) is
1.61 kcal/mol. Both products are more stable than the
reactants. The reaction mechanism with Path A is more
energetically stable than that with Path B by 18.67 kcal/mol.

To investigate the mechanisms for the Smiles rearrange-
ment and the cyclization in more detail, we selected the 5-
membered spiro cation (2') without a chloride as a model.
The potential energy curves for the angular variations (ϕ)
from the 5-membered spiro rings of (2') to the 6-membered
rings [(B), (4)] at the MP2/6-31+G** level are shown in
Figure 2. The intermediate (2') is a cationic compound with
a singlet spin state which is a stable state with a shallow and
broad well (energy barrier = 1.38 kcal/mol) to (A). The
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structure of (2') is similar to that of (2) without a chloride.

First, to examine the synthetic mechanism of 1-methyl-

pyrido[3,2-b][1,4]oxazin-2-one, the geometrical structures

of (2') are calculated for the angle (ϕ, ∠N7-C3-C2) in the

range from 130.0 to 25.0 degrees. The lone pair electron of

the nitrogen atom (N7) in (2') interacts with the cationic

carbon atom (C2) on the 6-membered ring and then the N-

bridge-type intermediate associated with the novel (N7…C2)

bond formation is optimized. Around ϕ = 62.5 degrees, the

structure of (A) having a potential barrier of 0.92 kcal/mol is

optimized. Along the potential curve, the 5-membered ring

of (A) changes to a 6-membered ring. The transition states

between (A) and (B) and between (2') and (A) are formed at

ϕ = 55.1 and 101.8 degrees, respectively. Finally, the geo-

metrical structure of (B) is optimized. The reaction from (2')

to (B) proceeds through a stepwise mechanism. Experi-

mentally, the Smiles rearrangement for the 1-methyl-

pyrido[3,2-b][1,4]oxazin-2-one takes place under mild

conditions (weak acid and low temperature). The reaction

mechanisms for the reaction have been explained by three

stepwise mechanisms including the Smiles rearrangement

and the cyclizations. These suggested three stepwise pro-

cesses are in good agreement with above calculated result

including the three intermediates of (2), (A), and (B).

Meanwhile, with an angular variation (ϕ, ∠N7-C3-O4) rang-

ing from 70 to 15 degrees, the N-bridge-type structure of (A)

changes into the intermediate (c) with a 7-membered ring.

That is, the (C3…C2) bond in (A) becomes disconnected.

The potential energy surface has an energy barrier of 29.96

kcal/mol and the energy gap from (A) to (c) is 17.51 kcal/

mol.

Second, to study the mechanism for the formation of 1-

methyl-pyrido[2,3-b][1,4]oxazin-2-one, the geometrical

structures of (2) are also optimized for angles (∠O4-C3-C2)

ranging from 130.0 to 25.0 degrees. Around ϕ = 62.5

degrees, the potential curve has a shoulder. However, it does

not have a potential barrier. Although the structure of (3) in

Figure 1 is optimized, the structure of (3') as a stable state is

Figure 1. The optimized structures and relative energies for the cyclization reactions from N-methyl-2(2-chloropyridin-3-yloxy) acetamide
to 1-methyl-pyrido[3,2-b][1,4]oxazin-2-one (Path A) and 1-methyl-pyrido[2,3-b][1,4]oxazin-2-one (Path B) at the single point [CCSD(t)]/
6-31+G** level (after MP2/6-31+G**). The relative energies of [(B), (4)] and [(C), (5)] are evaluated as the total energy including the
potential energies of Cl− and HCl, respectively. ( )
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not optimized. The represented structure of (3') is drawn

based on the result of a single point calculation at ϕ = 62.5

degrees. At this angle, a concerted reaction occurs corre-

sponding to the represented structure. That is, the O-bridge-

type intermediate is instantaneously formed with two oxy-

gen-carbon interactions and then immediately changes into

(4). As a result, the reaction from (2') to (4) proceeds

through the concerted mechanism. In these potential curves,

the energy barrier (1.38 kcal/mol) from (2') to (A) is lower

than that (2.54 kcal/mol) from (2') to (3'). By the some

experimental results,3-5,13-17 the some products of the Smiles

rearrangement were observed in low yields under strong

conditions (strong acid and high temperature) or the Smiles

rearrangement did not take place under mild conditions. The

reaction mechanisms for these reactions have not been

explained in detail. The relative energy of (3') that is formed

through the concerted reaction is higher than that of (A)

which is formed through the stepwise mechanism. The

relative energy gap (28.35 kcal/mol) between (3') and (4) is

similar to that (37.56 kcal/mol) between (3) and (4) in Figure

1. The characteristic trends in Figure 2 are in good agree-

ment with those in Figure 1.

The geometrical structures including the molecular orbi-

tals and the relative energies for the cyclization reactions [(1)

Figure 3. The optimized structures including the molecular orbitals for the cyclization reactions of N-methyl-2(2-chloropyridin-3-yloxy)
acetamide [(1)↔(2)] at the single point CCSD(t)/6-31+G** level. The structure of (2) is a proton-transferred structure from (N-Hδ+) to (Cδ−-Cl).

Figure 2. The potential energy curves for the angular variations from 5-membered spiro rings [(2)] to 6-membered rings [(B), (4)] through
the states of (A) and (3), respectively. The angular values (x-axis) of the curves from (2) to (B)[ from (2) to (4)] are obtained from the
variations of (∠N7-C3-C2) [(∠O4-C3-C2)]. The angular value (x-axis) of the curve from (A) to (c) is obtained from the variation of (∠N7-C3-C4).
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→ (2), RN7-C3 = 3.174, 2.50, 2.00, 1.879, 1.446 Å] are
represented in Figure 3. To optimize the structure of the
intermediate (2), the nitrogen atom (N7) of the acetamide
group is forced to approach the carbon atom (C3) of the
pyridine ring. As the internuclear (N7…C3) distance de-
creases, the relative energies continuously increase. At
R(N7-C3) = 1.879 Å, the transition state is formed. And the
proton transfer takes place from (N-Hδ+) to (Cδ−-Cl), after
which the intermediate (2) is optimized at R(N-C) = 1.446 Å.
In the acyclic structure of (1), the atomic charges of the N7

nitrogen and C3 carbon are −0.764 and 0.286 au, respec-
tively. As the internuclear (N7…C3) distance decreases, the
overlap density of the π-HOMO on the pyridine decreases
and the aromaticity caused by the overlap between the p-
orbitals on the pyridine ring is broken. However, in the
HOMO from (1) to (1-c), the lobes of carbon and nitrogen
are enlarged. Finally, a (N7…C3) bond is formed between the
carbon and the nitrogen at (2), and the atomic charges of N7

and C3 changes to −0.632 and 0.480 au, respectively. With
the novel (N7…C3) bond formation, the atomic charges on
the nitrogen and the carbon atoms become more positive. In
(2), the p-orbitals on the pyridine ring overlap again with the
neighboring p-orbitals.

In the Smiles rearrangement, the cyclization reaction pro-
ceeds from the anionic acyclic reactant deprotonated by the
base. To clarify the cyclization reaction paths, the potential
energy curves from the neutral and the anionic acyclic
reactants to their cyclic intermediates are shown in Figure 4.
The potential curve from (E) to (F) corresponds to the
cyclization caused by the (N−

…C3) bond formation of the
anionic reactant. The relative energy between the acyclic
and the cyclic forms is nearly the same (0.92 kcal/mol). The
energy gap (10.37 kcal/mol) between the acyclic form and
the transition state is relatively low. Meanwhile, the two
potential curves from (1) to (2) correspond to the cycli-
zations required for the (N7-C3) bond formation from the

neutral reactant. As the internuclear (N7…C3) distance
decreases, the potential energy increases from (1) to (P).
Around R(N-C) = 1.88 Å, the potential energy curve from (1)
to (P) crosses with the curve from (Q) to (2). A transition
state is formed and the proton transfer takes place from the
nitrogen to the carbon (N-Hδ+ → Cδ−-Cl). After the proton
transfer, the potential curve descends from (Q) to (2). 

To examine the intermediate species [deprotonation by the
base, the (N−

…C3) bond formation and (O…C) bond
disconnection, and novel (O…C) bond formation] for the
previously suggested synthetic routes using the Smiles
rearrangement in more detail,1-18 the potential energy curves
for various (O4…C3) bond distances (R = 1.3-2.9 Å) at the
B3P86/6-31+G** level are presented in Figure 5. In the
cationic system, the potential curve for the variation of the
(O4-C3) bond distance is denoted as (s)↔(S). One of the 6-
membered rings of the cationic molecule [(s)] is broken at
[bond (O4-C2)] resulting in its conversion to the 5-spiro
molecule (S) through the formation of the [bond (O4-C3)]. In
the conversion from (s) to (S), a transition state appears at R
= 1.851 Å. The energy barrier from (s) to the transition state
is 30.88 kcal/mol. The 6-membered structure of (s) is more
energetically stable than the 5-membered structure of (S). In
neutral reactants, the potential curve for the dissociation
(ring opening) of the (O4-C3) bond distance is denoted as
(t)↔(T). With increasing internuclear (O4…C3) distance,
the potential energy curve from the neutral 5-spiro molecule
[(t)] to the acyclic (T) structure dramatically increases.
Meanwhile, the neutral potential curve for the (O4-C3) bond
formation is denoted as (u)↔(U). One of the 6-membered
rings of (u) is broken at the [(O4-C2) bond] resulting in its
conversion to the 5-spiro molecule (U) through the for-
mation of the [(O4-C3) bond] and a Cl− anion simultaneously
moves from (C3-Cl) to (C2-Cl). Around R(O4-C3) = 1.898 Å,
an energy barrier of 30.19 kcal/mol appears. The 5-member-
ed spiro structure of (U) is more energetically stable than the

Figure 4. Potential energy curves for the bond formation from the acyclic molecule to the cyclic one at the MP2/6-31+G** level. The
potential curves from (1) to (2) correspond to a cyclization reaction process with the (N…C3) bond formation of the neutral reactant. From
(P) to (Q), the proton transfer occurs around R = 1.875 Å. The curve from (E) to (F) also corresponds to a cyclization process by the (N−

…

C3) bond formation from the anionic reactant (Smiles rearrangement).
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6-membered structure of (u). In the case of the anionic

reactants proceeding through the Smiles rearrangement, the

potential curve for the variation of the (O4-C3) bond distance

in the anionic 5-spiro molecule is denoted as (v)↔(V). With

increasing internuclear (O4…C3) distance, the potential

energy curve from (v) to (V) slowly increases.

The geometrical structures for the acyclic reactants lead-

ing to the conversion to their products were optimized with

the some methods/6-31+G** (6-31G*) basis set. The

relative energies between these geometrical structures of the

reactants, intermediates, transition states, and products are

listed in Table 1. The relative energies calculated at the

Table 1. Relative energies (kcal/mol) for the acyclic reactants leading to the conversion to their products at the some methods/6-31+G** (6-
31G*) basis set

Relative Energy HF MP2
single point 

CCSD(t)
B3P86

6-31G* 6-31+G** 6-31G* 6-31+G** 6-31+G** 6-31G* 6-31+G**

ΔE(C)-(1) 3.68 3.00 2.54 1.96 1.84 2.77 2.07

ΔE(C)-(2) 26.96 26.27 21.89 20.05 19.82 22.58 20.51

ΔE(C)-(A) 109.00 106.24 72.59 68.21 67.75 73.74 68.91

ΔE(C)-(B) 65.45 61.53 57.38 53.70 53.46 56.00 54.39

ΔE(C)-(3) 95.88 94.25 90.34 87.34 86.42 91.72 88.26

ΔE(C)-(4) 57.84 56.23 52.31 49.32 48.86 53.70 50.24

ΔE(C)-(5) 3.46 3.00 2.07 1.61 1.61 2.31 1.61

ΔE(4)-(2’) 32.95 32.03 30.88 29.27 29.04 31.34 29.50

ΔE(4)-(b) 36.87 35.95 34.11 33.18 32.95 34.57 33.42

ΔE(4)-(3’) 34.11 32.95 30.42 29.50 29.27 30.65 29.73

ΔE(B)-(A) 43.55 44.71 15.21 14.51 14.52 17.74 14.52

ΔE(B)-(a) 29.50 27.65 27.42 25.81 25.58 27.88 26.04

ΔE(4)-(B) 7.61 5.30 5.07 4.38 4.60 2.30 4.15

ΔE(A)-(c) 21.43 20.74 18.67 17.98 17.98 19.13 18.21

ΔE(1)-(2) 23.28 23.27 19.35 18.09 17.98 19.81 18.44

ΔE(E)-(F) 2.54 2.07 1.38 0.92 0.92 1.61 0.92

ΔE(E)-(G) 14.29 13.60 11.75 10.37 10.37 12.21 10.83

ΔE(u)-(U) 5.07 4.38 3.00 2.31 2.31 3.00 2.31

ΔE(s)-(S) 27.42 25.58 23.51 21.89 21.66 23.97 22.35

Figure 5. Potential energy curves for the variations of the (O4-C3) bond distances after the Smiles rearrangement at the B3P86/6-31+G**
level. (s)↔(S): variation of the (O4-C3) bond distance in the cationic system. (t)↔(T): variation of the bond distance of (O4-C3) in the
neutral system. (u)↔(U): variation of the bond distance of (O4-C3) in the neutral system. (v)↔(V): variation of the (O4-C3) bond distance in
the anionic system.
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single point CCSD(t)/6-31+G** level are the smallest. The

relative energies evaluated at the MP2/6-31+G** (6-31G*)

level are similar to those at the B3P86/6-31+G** (6-31G*)

level, respectively. The relative energies investigated at the

6-31+G** basis set including the polarization and diffuse

basis functions are smaller than those at the 6-31G* basis

set. These relative values are sensitive to the level of electron

correlation and the size of the basis sets. As the correlation

level and basis set enlarge, the energies decrease stepwise.

Conclusions

In conclusion, the reaction mechanisms for the cycli-

zations from N-methyl-2-(2-chloropyridin-3-yloxy)acet-

amide to 1-methyl-pyrido[3,2-b][1,4]oxazin-2-one and 1-

methyl-pyrido[2,3-b][1,4]oxazin-2-one were investigated

using various theoretical methods. During the cyclization

reactions, an important 5-membered spiro intermediate is

first optimized from the acyclic reactant, and then proceeds

to the 6-membered product through either the stepwise or

concerted mechanism. In the stepwise mechanism (Path A),

the N-bridge-type intermediate as a stable structure is

optimized from the 5-membered intermediate and then

proceeds step by step to 1-methyl-pyrido[3,2-b][1,4]oxazin-

2-one. However, in the concerted mechanism (Path B), 1-

methyl-pyrido[2,3-b][1,4]oxazin-2-one is finally optimized

from the 5-membered intermediate through the transient O-

bridge-type structure. The O-bridge-type intermediate is not

optimized on the potential curves. The relative potential

energy curve of the stepwise mechanism is energetically

lower than the corresponding curve of the concerted

mechanism. The two cyclization reactions for the acyclic

reactants proceed simultaneously through the bridge-type

intermediate, (A) or (3), to form the heterocyclic product,

(C) or (5), through the stepwise or concerted mechanism,

respectively. Our suggested two mechanism paths (stepwise

and concerted) for the cyclization reactions of the hetero-

cycle-fused[1,4]oxazine derivatives are in good agreement

with the previous experimental results produced with the

synthetic routes (including Smiles rearrangement).
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