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ABSTRACT: Transition structures for the conrotatory
electrocyclic ring-opening reactions of N-substituted 2-azetines
were computed with the density functional M06-2X/6-
31+G(d,p). A wide range of substituents from π acceptors
(e.g., CHO, CN) to π donors (NMe2, OMe) was explored.
Acceptor substituents delocalize the nitrogen lone pair and
stabilize the reactant state of 2-azetines, while donors
destabilize the 2-azetine reactant state. The conrotatory ring-
opening is torquoselective, and the transition state for the outward rotation of the N-substituent and inward rotation of the
nitrogen lone pair is preferred. This transition structure is stabilized by an interaction between the nitrogen lone pair and the
vacant π* orbital. The activation free energies are linearly related to the reaction free energies and the Taft σR

0 parameter.

■ INTRODUCTION

Cyclobutenes undergo thermal conrotatory 4π electrocyclic ring-
opening reactions to afford 1,3-butadienes.1 Substituents may
rotate “inward’ or “outward” in their reactions. A preference for
one diastereomeric transition state is called torquoselectivity.2

The term was coined in the 1980s because ring-opening involves
twisting or torque of the breaking single bond. This selectivity
has been shown to arise from interactions between the
substituent orbitals and those of the breaking bond. Donors
rotate outward to avoid repulsive filled−filled interactions with
the HOMO of cyclobutene upon inward rotation. Acceptors
have low-lying vacant orbitals, and the best acceptors (CHO,
−SiR3, GeR3) preferentially rotate inward.
Our group published DFT calculations on the torquoselectiv-

ities of 2-azetines (also known as 1,2-dihydroazete) and carbo-
cyclic derivatives. The N−H greatly prefers to rotate outward,
while the nitrogen lone pair rotates inward (Scheme 1).3 This
preference results from an interaction of the nitrogen lone pair
with the azetine π* (LUMO) orbital in the transition state upon
inward rotation of the nitrogen lone pair. The other mode of
conrotatory ring-opening has the N-substituent rotating inward
and nitrogen lone pair rotating outward. This diminishes
interaction of the lone pair with the π* orbital. Chattaraj et al.
published DFT calculations on the electrocyclic ring-opening
reaction rates of related heterocyclic unsaturated four-membered
rings, including unsubstituted 2-azetines.4 They also report a
strong preference for the outward rotation of heteroatom
substituents and inward rotation of the heteroatom lone pair.
This was explained using activation hardness theory5 (Δn⧧),
which analyzes reactivity based on the energy change of frontier
molecular orbitals from reactant to transition state. De Kimpe
et al. studied the ring-opening reaction of various 3-chloro-2-
azetines experimentally and with DFT calculations. They
established that aryl groups at the 4-position stabilize the

transition states and result in significantly more facile ring-
opening reactions.6 Scheme 1 shows the possible products upon
ring-opening and a diagram of the frontier molecular orbital
interactions for both modes of conrotatory ring-opening
transition structures.
We have explored how N-substituents affect the conversion

rate of 2-azetines to 1-azadienes. The 1-azadienes are electron-
deficient and can participate in hetero-Diels−Alder cyclo-
additions with inverse-electron-demand. This cycloaddition is
the key step in the synthesis of many heterocyclic targets7 such
as δ-coniceine8 and piericidin A1 and B19 (Scheme 2). The
1-azadienes have been shown to react regio- and chemoselectively
in asymmetric (4 + 2), (3 + 2), and (2 + 2) cycloadditions as 2π or
4π components.10 Relatively stable 2-azetines haveN-substituents
that are strong π acceptors. Jung8 and Bott11 report syntheses for
an N-acyl-2-azetine and N-nitro-2-azetine, respectively. Barluenga
and co-workers have recently reported the synthesis of anN-nosyl-
2-azetine utilizing Cu catalysis.12 After this paper was accepted
and was undergoing review, N-acyl-2-azetines were reported to
participate in a bioorthogonal reaction13 with tetrazines.14

■ COMPUTATIONAL METHODS
All computations were carried out with GAUSSIAN 09.15 Reactants,
transition states, and products were optimized with the density
functional M06-2X16 using the 6-31G+(d,p) basis set with an ultrafine
grid.17 M06-2X has been found to give more reliable energetics than
B3LYP18 for cycloadditions involving main group atoms.19 Vibrational
analysis confirmed all stationary points to be minima (no imaginary
frequencies) or transition structures (one imaginary frequency).
Thermal corrections were computed from unscaled frequencies for
the standard state of 1 atm and 298.15 K. Truhlar’s quasiharmonic
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correction was applied for entropy calculations by setting all frequencies
to 100 cm−1 when they are less than 100 cm−1.20,21

■ RESULTS AND DISCUSSION

We first describe the effects of N-substituents on the geometries
of 2-azetines. The structures of the following 2-azetines were
computed for the following N-substituents: dimethylamino,
methoxy, fluoro, chloro, trifluoromethyl, methyl, vinyl, cyano,
acetyl, nitro, sulfonyl, and formyl. Figure 1 shows the optimized
geometries for the series of 2-azetines studied here. The
pyramidalization angle, defined as 180°minus the C3C2NRdihedral
angle, is shown below each structure (Figure 1). This angle is
55° (half of 109.5°) in a perfect tetrahedral geometry. The
substituents are divided into three classes C, X, and Z as first
defined byHouk.22 These refer to conjugating groups (C), donors
(X), and acceptors (Z), respectively.
The pyramidalization angle ranges from 0−61°. With the

exception of acyl groups, which prefer planar or almost planar
geometries, other substituents do not differ substantially in the
reactant geometry. Conjugating and strong π acceptors are able
to delocalize the nitrogen lone pair, promoting planarization
(e.g., 1-CHO).

■ TRANSITION STRUCTURES

Both conrotatory transition structures were located for each of
the N-substituted 2-azetines. Figures 2 and 3 show the lone-pair-
in, substituent-out and lone-pair-out, substituent-in transition
structures for the 2-azetines, respectively. These will be referred
to as “out” and “in” transition structures, respectively, in the text.

The cyclobutene ring-opening transition structure can be found
in both figures for comparison.
The breaking CN bond lengths are quite similar for these

transition structures (1.96−2.05 Å). As expected, CN bond
lengths are shorter than the breaking CC bond length in the
cyclobutene ring-opening reaction (2.14 Å). In the “out”
transition states, N-substituents that can conjugate with the
nitrogen lone pair retain planarity from reactant to transition
state (e.g., TS-out-CHO, TS-out-NO2, TS-out-CN, TS-out-
COMe). All of the transition structures are planarized relative
to the reactant, with the exception of the N-acyl-2-azetines.
1-COMe and 1-CHO become more pyramidalized in the
transition state because the nitrogen lone pair can delocalize into
the CC π* orbital. We did a Natural BondOrbital analysis, (NBO
version 323) which indicated that the nN−π*CC orbital
interaction is the major donor (filled orbital) - acceptor (vacant
orbital) interaction occurring. The nN−π*CC orbital interaction
is significantly higher for the “out” transition states than for the
“in” transition states, because the nitrogen lone pair does not
overlap with the π* orbital in the “in” transition states. (Table S1,
Supporting Information).
The transition structures where the N-substituent rotates

inward are shown in Figure 3. These transition structures show
the N-substitutent rotated inward. The pyramidalization angles
range from 102 to 122°. Overall, the transition structures with
N-substituents that are donors have larger pyramidalization
angles to minimize filled−filled orbital interactions with the
breaking CN σ bond of the 2-azetines. The “in” transition struc-
tures also have similar σ bond-breaking distances (2.05−2.12 Å),

Scheme 1. Inward Rotation of the Lone Pair (n) on Nitrogen (Left). Outward Rotation of the Lone Pair on Nitrogen (Right)

Scheme 2. Natural Products Synthesized Using 1-Azadienes in Inverse-Electron-Demand Diels−Alder Reactions
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which are slightly longer than the “out” transition structures. The
preference for the “out” transition structure (ΔΔG⧧) shown in
Figure 3 is largest for donor substituents and smallest for
acceptors. This is related to the well-studied orbital interactions
in electrocyclic ring-opening reactions of 3-substituted cyclo-
butenes.24

Three “out” transition structures for azetine ring-openings are
overlaid with the transition structures of identically substituted
3-substituted-cyclobutenes and three “in” transition structures of
N-substituted-2-azetines and 3-substituted cyclobutenes with the
same substituents are overlaid in Figure 4.
Figure 4 demonstrates that the transition structures for

N-substituted 2-azetines are nearly identical to the analogous
3-substituted cyclobutenes, except for a slight rotation of the
acetyl group. This shows that the interaction of the substituent
orbitals with the breaking σ bond (HOMO) are important for
2-azetines as well as cyclobutenes.

■ REACTIVITY

The activation barriers for the transition structures shown in
Figures 2 and 3 and the experimentally determined Taft σR

0

parameters are shown in Table 1. The Taft σR
0 parameter is an

experimentally determined substituent constant that measures
the resonance effect of the substituent.25 The π donors have σR

0 <
0 and π acceptors have σR

0 > 0. Table 1 is arranged from best
donor to best acceptor according to σR

0.
The N-substituent prefers to rotate outward, while the

nitrogen lone pair rotates inward, regardless of theN-substituent
(ΔG⧧

out ≪ ΔG⧧
in). The activation free energies for outward

rotation of the substituent strongly depend on the nature of the
N-substituent: donors result in low activation barriers, while
acceptors result in high barriers.ΔG⧧

out values range from 15.3 to
36.3 kcal mol−1, while the range of ΔG⧧

in values is more
compressed: 38.7−48.7 kcal mol−1.

The large range of ΔG⧧
out is the result of reactant state

stabilization of the 2-azetines. Delocalization of the lone pair with
an acceptor (e.g., 1-CHO) stabilizes the reactant, whereas
donors destabilize the reactants because of a filled−filled orbital
interaction between the nitrogen lone pair and the substituent
(e.g., 1-F). Destabilized reactants require the least amount of
energy to reach the transition state, where the nitrogen lone pair
is delocalized into the π* orbital of the alkene. Stabilized
reactants require more energy to reach the transition state;
because the nitrogen lone pair can be delocalized into the
acceptor orbital and the πCC*. This is demonstrated by plotting
ΔG⧧

out with respect to σR
0 (Figure 5).

Figure 5 shows a reasonably good (R2 = 0.79) linear
relationship between ΔG⧧

out and σR
0. On the other hand, the

correlation is poorer between ΔG⧧
in and σR

0; the activation
energy is high and only gradually decreases as the π acceptor
character of the substituent increases. The data in Figure 5 were
used to compute ρ values were computed from log(kR/kH) vs σR

0

plots (Figures S1 and S2, Supporting Information). The ρ value
for the “out” transition structures is −16.1. The very large
magnitude and sign of ρmeans that the reactivity is very sensitive
to the character of the N-substituent. There is no significant
charge difference from reactant to transition state, but in
reactants, the substituents interact strongly with the lone pair on
nitrogen and in the transition state mainly with the σCN* acceptor
orbital of the breaking bond. The ρ value for the “in” transition
structures is 3.6, which indicates low sensitivity to the N-
substituent and a small increase in the interaction with the
nitrogen lone pair in the transition state.
The relationship of reactivity and σR

0 was compared to that of
the frequently studied ring-opening reaction of 3-substituted-
cyclobutenes.19 We computed the activation free energies for the
ring-opening reaction (geometries and energies in the
Supporting Information) with the same methods used for the
azetines. A plot ofΔG⧧

out orΔG⧧
in vs σR

0 is shown in Figure 6 to

Figure 1. Optimized geometries of N-substituted 2-azetines (1-R). The pyramidalization angle is reported in degrees.
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evaluate the sensitivity of the reactivity of 3-substituted
cyclobutenes to the nature of the substituent.
Previous calculations established that ΔG⧧

in − ΔG⧧
out

correlates well with σR
0. In Figure 6, the ΔG⧧

in and ΔG⧧
out are

plotted individually for cyclobutenes. The ρ values were
computed for the 3-substituted cyclobutene cases shown in
Figure 6 (Figures S3 and S4, Supporting Information). The
magnitude of ρ is lower for the carbocyclic ring-opening than for
that the “out” transition structures of 2-azetines (ρ = −9.1 vs
−16.1, respectively). The ρ value for the “in” transition states is
6.1, but the correlation is very poor. The difference in ρ is due to
the direct resonance interaction between the substituent and
the nitrogen lone pair. This interaction is not possible in the
carbocyclic cases and only the substituent stabilization of the
breaking σ bond remains. Donors favor outward rotation
substantially by interaction with the σ*CC orbital of the breaking
bond, while there is no clear trend for inward rotation due to
substantial closed shell repulsion for donors that is overridden by
acceptor stabilization upon inward rotation.
Inward rotation of the N-substituent causes the lone pair to

rotate outward, where it cannot interact with the π* LUMO of
the azetine. Reactivity gradually increases as the substituent

changes from a strong donor to a strong acceptor. The poor
correlation betweenΔG⧧

in and σR
0 for cyclobutenes is consistent

with a previous study where we established that even strong
acceptors (e.g., NO2) prefer to rotate outward for 3-substituted
cyclobutenes.24h Competing steric and electronic effects in the
transition states erodes the preference for “in” transition struc-
tures for cyclobutenes and 2-azetines substituted with acceptors.
A plot ofΔG⧧

in−ΔG⧧
out for cyclobutene ring-opening and σR

0 is
shown in Figure 7.
Although the correlation of ΔG⧧

in − ΔG⧧
out with σR

0 is
relatively good for the 3-substituted cyclobutenes, the correlation
of individual values of ΔG⧧

in and ΔG⧧
out with σR

0 is poor. This
was previously shown by our group,24h and we now find a nearly
identical relationship between ΔG⧧

in − ΔG⧧
out and σR

0 for N-
substituted 2-azetines. Figure 7 shows a larger R2 value for the 2-
azetines, likely due to the increased resonance interaction
between the substitutent and nitrogen lone pair, relative to the
cyclobutene cases. The role of reactant stabilization on reactivity
was further assessed by calculating the reaction free energies for
the conversion of 2-azetines to 1-azadienes. Table 2 shows the
reaction energies corresponding to 2-out-(a-m) and 2-in-(a-m).

Figure 2. Electrocyclic conrotatory ring-opening lone-pair-in, substituent-out transition structures. Breaking CC or CN bond lengths are reported in
angstroms. The pyramidalization angle is reported in degrees.
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Table 2 shows that the reaction free energies corresponding to
2-out-(a-m) and 2-in-(a-m) are all exergonic [(−9.5 to −28.3
kcal mol−1) and (−7.0 to −27.7 kcal mol−1)], respectively. The
trans-1-azadienes resulting from outward rotation are all more
stable than the cis cases. When the N-substituent is a π acceptor,
the reactant is stabilized and the reaction free energies are least
exergonic for the formation of 2-out-(a-m) and 2-in-(a-m)
[(−9.5 to −19.1 kcal mol−1) and (−7.0 to −17.4 kcal mol−1)]. π

Donor substituents result in more exergonic reactions for 2-out-
(a-m) and 2-in-(a-m) [(−17.5 to −28.3 kcal mol−1) and (−17.5
to −27.7 kcal mol−1)]. Figure 8 shows plots of ΔG⧧

out vs ΔGout
and ΔG⧧

in vs ΔGin for the ring-opening reactions of
N-substituted-2-azetines to evaluate the relationship between
reactivity and reaction energies for both modes of conrotatory
ring-opening reactions.
Figure 8 shows that for outward rotation, the reaction energy

varies significantly as the N-substituent are changed. The

Figure 3. Electrocyclic conrotatory ring-opening lone-pair-out,
substituent-in transition structures. Breaking CC or CN bond lengths
are reported in angstroms. The pyramidalization angle is reported in
degrees. The energies of these transition structures to that of the
outward rotation (Figure 2) are given in kcal mol−1 and are shown below
each structure.

Figure 4. Overlaid “out” and “in” transition structures are shown in the
top and bottom rows, respectively, for selected N-substituted 2-azetines
(red) and 3-substituted cyclobutenes (green).

Table 1. Activation Free Energies for Both Diastereomeric
Transition Structures of the Electrocyclic Ring-Opening
Reactions of Azetinesa

N-R ΔG⧧
out ΔG⧧

in σR
0 N-R ΔG⧧

out ΔG⧧
in σR

0

NMe2 18.3 46.9 −0.56 CF3 32.2 42.7 0.10
OMe 15.3 41.8 −0.43 CN 27.5 40.1 0.13
F 20.9 46.3 −0.34 COMe 35.4 44.0 0.16
Cl 21.5 48.7 −0.23 NO2 30.0 44.8 0.16
CH3 29.5 45.7 −0.13 SO2Me 27.9 41.3 0.19
C2H3 29.2 43.2 −0.01 CHO 36.3 44.1 0.23
H 30.4 38.7 0

a The activation barriers are given in kcal mol−1. ΔG⧧
out and ΔG⧧

in
refer to the activation barriers corresponding to transition structures
where the N-substituent rotates outward or inward.

Figure 5. Computed ΔG⧧
out (black circles) and ΔG⧧

in (blue squares)
plotted against the Taft σR

0 parameter. ΔG⧧
out = 21.9σR

0 + 28.4; R2 =
0.79. ΔG⧧

out corresponds to lone-pair-in, substituent-out. ΔG⧧
in =

−4.9σR0 + 43.4; R2 = 0.20. ΔG⧧
in refers to lone-pair-out, substituent-in.
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activation free energies corresponding to the “in” transition
structures do not depend on the reaction energies because the
substituent influences the reactant and transition state energies
similarly.
Donors destabilize N-substituted 2-azetines, effectively

decreasing the energy required to reach the transition state.

The reaction energies are more negative when the substituent is a
π donors. Acceptors stabilize 2-azetines by delocalizing the
nitrogen lone pair, which corresponds to higher activation free
energies and reduced exergonicities.

■ CONCLUSION
The origins of the torquoselectivities and reactivities of the
electrocyclic ring-opening reactions of 2-azetines were deter-
mined. The lone-pair-in, substituent-out transition structures are
always lower in energy than the lone-pair-in, substituent-out
transition structures. The torquoselectivities for these reactions
result from the interaction of the nitrogen lone pair with the π*
orbital of the 2-azetine (nN−π*CC) upon outward rotation of the
substituent. The energies of 2-azetines are strongly affected by
the nature of theN-substituent. A linear correlation was found to
exist between ΔG⧧ and ΔGrxn for the “out” transition structures.
Acceptors stabilize the reactant state by delocalizing the nitrogen
lone pair, while donors destabilize the reactant state due to
unfavorable filled−filled orbital interactions. The transition
structures are much less sensitive to the nature of the
N-substituent and the large range of activation free energies
depends on the reactant state energies of the 2-azetines. Further
computational studies regarding the utility of substituted
2-azetines as chemical reporters in bioorthogonal reactions are
ongoing.
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Figure 6. Computed ΔG⧧
out (black circles) and ΔG⧧

in (blue squares)
plotted against Taft σR

0 for the ring-opening reaction of 3-substituted
cyclobutenes. ΔG⧧

out = 12.6σR
0 + 32.6; R2 = 0.64. ΔG⧧

out is for outward
rotation of the substituent. ΔG⧧

in = −8.3σR0 + 37.2; R2 = 0.21. ΔG⧧
in is

for inward rotation of the substituent.

Figure 7. Activation barrier difference plotted against Taft σR
0 values

for the electrocyclic ring-opening of 3-substituted cyclobutenes (red
squares) and N-substituted-2-azetines (black circles). The linear
regression equations are ΔG⧧

in − ΔG⧧
out = −20.7σR0 + 4.9; R2 = 0.73

and ΔG⧧
in − ΔG⧧

out = −26.9σR0 + 15.0; R2 = 0.82, respectively.

Table 2. Reaction Energies for the Ring-Opening Reactions of
2-Azetinesa

N-R ΔGout ΔGin N-R ΔGout ΔGin

NMe2 −24.4 −18.7 CF3 −16.2 −10.0
OMe −28.3 −27.7 CN −19.1 −17.4
F −21.6 −17.5 COMe −10.9 −8.1
Cl −19.8 −16.9 NO2 −13.8 −10.9
CH3 −19.4 −14.8 SO2Me −17.4 −7.4
C2H3 −19.3 −14.5 CHO −9.5 −7.0
H −18.8 −17.5

aEnergy values reported in kcal mol−1.

Figure 8. Computed ΔG⧧
out (black circles) and ΔG⧧

in (blue squares)
plotted against ΔGout or ΔGin for the ring-opening of 2-azetines.
ΔG⧧

out = 1.17ΔGout + 48.6; R2 = 0.86. ΔG⧧
out corresponds to the sub-

stituent rotating outward. ΔG⧧
in = 0.01ΔGin + 43.9; R2 = 0.00. ΔG⧧

in
refers to the substituent rotating inward.
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