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ABSTRACT: The reactivities of butadiene, cyclopentadiene,
furan, thiophene, pyrrole, and their 1-aza- and 2-aza-derivatives
in Diels—Alder reactions with ethylene and fumaronitrile were
investigated with density functional theory (M06-2X/6-311G-
(dp)). The activation free energies for the Diels—Alder
reactions of cyclic 1-azadienes are 10—14 kcal mol™" higher
than those of cyclic 2-azadienes, and the reaction free energies
are 17—20 kcal mol™! more endergonic. The distortion/
interaction model shows that the increased activation energies
of cyclic 1-azadienes originate from increased transition state
distortion energies and unfavorable interaction energies, arising
from addition to the nitrogen terminus of the C=N bond.

B INTRODUCTION

The hetero-Diels—Alder (DA) reaction is a [4 + 2]
cycloaddition in which one or more heteroatoms are integrated
into the diene or dienophile. These reactions are efficient
methods for the synthesis of functionalized heterocycles.
Common subclasses of the hetero-DA reaction are the imino-
DA involving an aza-dienophile, oxa-DA, and aza-DA reactions,
which are shown in Scheme 1."

Scheme 1. Common Subclasses of the Hetero-DA Reactions:
Aza-DA, Imino-DA, and Oxa-DA Reactions
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The aza-DA reaction has significant synthetic utility in
producing nitrogen-containing heterocycles such as piper-
idines® and tetrahydroquinones,3 which are valuable inter-
mediates for the synthesis of natural products.”” The Povarov
reaction involves reactions of 2-azadienes with electron-rich
alkenes in the presence of a Lewis acid catalyst (Scheme 2a),’
and the formation of benzoquinolines (Scheme 2b),’
tetrahydroquinolines,” '° and hexahydropyrroloquinolines.'*
The aza-DA reaction has applications in biorthogonal click
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chemistry such as tetrazine-alkyne'” cycloadditions (Scheme
2¢) and the Kondrat'eva ligation'”'* (Scheme 2d). Several
recent examples in the literature highlight 2-azadienes in aza-
DA reactions to efficiently produce quinolines."*™>’

While 2-azadienes and oxazoles readily react with numerous
dienophiles, DA reactions of 1-azadienes and isoxazoles require
high temperatures and catalysts.”" The 1-aza-DA reactions are
much less common than all-carbon DA reactions.””** Scheme 3
highlights earlier experimental aza-DA reactions that attempted
to utilize cyclic 1-azadienes but rather isomerized to 2-azadienes
before the subsequent cycloaddition reaction could occur.

Jung and Shapiro attempted the aza-DA reaction of 2,3,4,5,5-
pentachloro-1-azacyclopentadiene with styrene (Scheme 3a),
but discovered that the 1-azadiene rearran§ed to the 2-azadiene,
which then undergoes the cycloaddition.”* They proposed that
there is a lower thermodynamic driving force in reactions of 1-
azadienes versus 2-azadienes. Vogel et al. studied intramolecular
DA reactions of the butenyl pyrroles shown in Scheme 3b.
They were only able to isolate the 2-azadiene product and
computed this to be favored as well.”> A theoretical study from
our group showed that the reaction of oxazole with ethylene is
exergonic while that of isoxazole is endergonic.”' The
unfavorable thermodynamics and lower reactivity of isoxazole
were thought to involve the loss of conjugation of the enamine
in the bicyclic product from the isoxazole reaction.

Boger et al. reported the first asymmetric aza-DA reaction of
N-sulfonyl-1-azabutadiene with enol ethers.”® This reaction of a
1-azadiene occurs at room temperature and without a catalyst;
however, this DA reaction is made favorable by the diene being
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Scheme 2. Examples of Azadienes Utilized in Various Cycloaddition Reactions
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Scheme 3. Two 1-Azadienes That Rearrange before Entering into DA Reactions
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Scheme 4. Dienes and Dienophiles Studied Here
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activated and acyclic and utilizing electron-rich dienophiles.
There are recent examples in the literature of unactivated
acyclic 1-azadienes that require high temperatures and Lewis
acid catalysts to react in cycloaddition reactions.”’

Our group has recently explored the reactivity of benzene
and six-membered azabenzenes with ethylene in DA
reactions.”” The activation barriers decrease with each
replacement of CH with N, and the reaction becomes highly
regioselective to form C—C bonds than C—N bonds. The
formation of two C—C bonds is favored by 15 kcal mol™ over
reactions where one C—C and one C—N bond are formed, and
the formation of two C—N bonds is least favored. The diene
becomes less aromatic with each nitrogen replacement, which
consequently reduces the energy to distort the diene and

1913

increases the interaction energy between the diene and
dienophile. Our general interest in understanding cycloaddition
chemistry has prompted us to further investigate the effect of
introducing a nitrogen atom within five-membered hetero-
cycles.

We have employed density functional theory (DFT)
calculations to predict the activation and reaction enthalpies
and free energies of the DA reactions involving acyclic and
heterocyclic dienes shown in Scheme 4 with ethylene (a) and
fumaronitrile (trans-1,2-dicyanoethylene (b)). We have utilized
the distortion/interaction (D/I) or Activation Strain
model” ™ to analyze the differences in activation energies
between the 1-aza- and 2-azadiene cycloadditions. We report a
detailed analysis of the differences in activation and reaction
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energies of DA reactions of unactivated cyclic all-carbon
containing dienes, 1-aza- and 2-azadienes.

B COMPUTATIONAL METHODS

All calculations were performed with Gaussian 09.*” Gas-phase ground
state and transition state geometries were optimized with Truhlar’s
M06-2X functional®® and the 6-311G(d,p) basis set. These have been
found by our group to give relatively accurate energies for
cycloaddition reactions.*"** Vibrational frequencies were computed
to determine if the optimized structures are minima or saddle points
on the potential energy surface corresponding to ground state and
transition state geometries, respectively. Free energies were calculated
for 1 atm at 298.15 K. Truhlar’s quasiharmonic correction was applied
in order to reduce error in estimation of entropies arising from the
treatment of low frequency vibrational modes as harmonic oscillations
by setting all frequencies less than 100 cm™ to 100 cm™.***
Molecular structures are displayed with CYLview.*

B RESULTS

We first compared our calculated MO06-2X/6-311G(d,p)
enthalpies to measured experimental enthalpies of formation.
We compared the differences in experimental and calculated
enthalpies of formation (AAH;°) of oxazole (2), isoxazole (3),
imidazole (11), and pyrazole (12), which are shown in Figure
1.

(o] N-O S N-S
NS LD NS D
3

11 12
AH°(Exp.) -3.71+0.13 18.78 £ 0.13 306+ 1.8 403+2.1
AAH® (Exp.) 22.49+0.13 12.7+28
AAH®/(Calc.) 25.6 11.8

Figure 1. Experimental and calculated heats of formation, in units of
kcal mol™.

The calculated AAH;® for 2 and 3 is 25.6 kcal mol™}, and the
calculated AAH;® for 11 and 12 is 11.8 kcal mol™. The
experimental AAH;® for 2 and 3 are 22.49 + 0.13 kcal mol ™}, *
and the experimental AAH® for 11 and 12 are 12.7 + 1.4 kcal

mol™.*” Our M06-2X/6-311G(d,p) calculated enthalpies are in
good agreement with the experimentally measured enthalpies.
Note the less reactive 3 and 12 are much less stable than the
more reactive 2 and 11!

Figure 2 shows the computed transition structures of the DA
reaction of ethylene with dienes 1 thru 15. The activation free
energies and enthalpies are provided below the corresponding
transition structure. The top, middle, and bottom rows display
the carbadienes, 2-azadienes, and 1-azadienes, respectively.

The activation free energies of the DA reactions of ethylene
(a) with the carbadienes (1, 4, 7, 10, and 13) range from 30 to
43 kcal mol™". The introduction of a nitrogen atom at the 2-
position within the diene (dienes 2, S, 8, 11, and 14) decreases
the barrier by only 1 to 3 kcal mol™". However, a nitrogen atom
at the 1-position of the diene portion (dienes 3, 6, 9, 12, and
15) increases the barrier by 9 to 11 kcal mol™ in all five cases.

The transition structures of the DA reactions of ethylene
with the symmetrical carbadienes, (1, 4, 7, 10 and 13)a-TS, are
all concerted and synchronous. The transition structures of the
1-aza- and 2-azadienes are also concerted but asynchronous.
The asynchronicities of bond formation for (2, 5, 8, 11, and
14)a-TS are 0.09 to 0.12 A, with the shortest forming bond at
positions 4 and S. Transition structures (3, 6, 9, and 12)a-TS
have an asynchronicity of 0.08 to 0.11 A, with the shortest
forming bond at positions 1 and 6; with the exception of 15a-
TS this is synchronous. The forming bonds in the 1-azadiene
transition structures are 0.03 to 0.15 A shorter compared to
forming bonds in the transition structures of the carbadienes,
which is an indication of later transition states with increased
activation energies for those endothermic reactions, in accord
with the Hammond Postulate.*®

We also investigated the free energies and enthalpies of
reaction for the DA reaction of ethylene with the dienes. The
cycloadducts for each reaction are displayed in Figure 3 with
the associated reaction free energy and enthalpy. The top,
middle, and bottom rows display the cycloadducts of the DA
reaction of ethylene (a) with the carbadienes, 2-azadienes, and
1-azadienes, respectively.

X= (o] S NH H,H
ey aﬂ-(;- aﬁh»- —EE P = S
L— i212 i2z2 216} i216  209% i209 225 225

[ R L Lo L
Carbadienes 1}29-&) w = ﬁ)_‘;; \"‘* \*f:
1a-TS 4a-TS 7a-TS 10a-TS 13a-TS
AGE(AHY) | 35.0(21.6) 29.9 (16.4) 42.7 (29.3) 40.9 (27.4) 33.3 (20.2)
N= , =
ho, [mBwte _phe g% pes . S
\ ! p 2 15 " i
\ 208 ; 218 218 io27 209 ; 223 203 2.22..“.‘ ; 2.31
2-azadienes ’t)—% ;,z)-;ﬁ; 3!)—%, rf"'ﬁ =
2a-TS 5a-TS 8a-TS 11a-TS 14a-TS
AGF(AHY) | 33.8(204) 28.3 (14.8) 40.3 (26.9) 40.2 (26.7) 309 (17.4) |
) )
WaaN w > 6&’55— 6'&{9- w@o- — %,
o 1 {109 216 i 208 213% 2,06} {194 5461 i2.16
1-azadienes x)—u\» ﬂ)—‘\; W "’ \‘* PI—Cy
3a-TS 6a-TS 9a-TS 12a-TS 15a-TS
AGE (AHY) 45.6 (32.1) 39.3 (25.7) 54.1 (40.7) 53.8 (40.2) 34.2 (20.7)

Figure 2. DA transition states of ethylene with each diene in this study displayed with the associated free energies and enthalpies of activation.

Energies and distances are in units of kcal mol™' and A, respectively.
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Figure 3. Cycloadducts of the DA reaction of ethylene with each diene in this study displayed with the associated free energies and enthalpies of
reaction. Energies and distances are in units of kcal mol™" and A, respectively.
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Figure 4. Computed activation and reaction free energies for DA reactions of several N,O-heterocycles with ethylene.

Cyclopentadiene (4), butadiene (13), 2H-pyrrole (§), 2-
azabutadiene (14), and 1-azabutadiene (15) are the only dienes
in the study with exergonic free energies of reaction. The DA
reactions of the 2-azadienes with ethylene have reaction free
energies 1 to 3 kcal mol™" more exergonic than the reactions
with the carbadienes, while the DA reactions of the 1-azadienes
with ethylene are 16 to 20 kcal mol™" more endergonic.

We have also calculated the same free energies using the
more realistic dienophile, fumaronitrile (b). The results of these
calculations are tabulated in the Supporting Information. With
fumaronitrile the activation free energy changes range from
+1.6 to —11.8 kcal mol ™, while the reaction free energy change
between —2.0 to +5.8 kcal mol™". Although the cyano groups
usually increase reactivity as expected, these groups also make
the reaction thermodynamics less favorable because the cyanos
are removed from conjugation during the reaction.

Nitrogen substitution at either the 1- or 2-position within a
diene has a remarkable influence on the activation and reaction
free energies for DA reactions. We also studied the influence of
multiple nitrogen substitution within a diene. We compared the
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activation and reaction energies of furan (1), oxazole (2),
isoxazole (3), and oxadiazoles (16, 17, 18, and 19); Figure 4
shows the respective transition structures and cycloadducts.

The introduction of a second nitrogen atom at the 3-position
of oxazole (corresponding to the 2-position of the diene unit,
diene 16) has only a small influence on the energetics.
However, introducing a nitrogen at the 2-position of furan
(corresponding to the 1-position of the diene unit, dienes 18
and 19) raises the barrier by 9—11 kcal mol™" and the free
energy of reaction by 17—21 kcal mol™' compared to that of
dienes 1, 2, and 16. When a second nitrogen is introduced at
the 4-position of isoxazole (corresponding to the 1-position of
the diene unit, diene 17), the free energy barrier increase 22
kcal mol™" and the reaction energy is 30 kcal mol™ more
endergonic than that of furan.

B DISCUSSION

To understand these general reactivity trends, we have explored
the origins of the low reactivity of 1-azadienes compared to 2-
azadienes using the distortion/interaction model.”> We follow
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this discussion with an explanation of the reactivity trends
observed for different heterocycles based upon reaction free
energies and diene aromaticities. We first compare the
activation free energy with the reaction free energies for the
cyclic dienes. The results are given in Figure S.
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Figure 5. Plot of AG* vs AG,y, for the reaction of ethylene with all of
the dienes.

There is a modest correlation (R* = 0.77) between the
activation and reaction free energies. The slope is near 0.5,
expected by Dimroth, Evan-Polanyi, Hammond, and Marcus
models.”” The DA reactions of furan (1), oxazole (2),
cyclopentadiene (4), 3H-pyrrole (S5), butadiene (13), 2-
azabutadiene (14), and 1-azabutadiene (15) with ethylene are
predicted to have similar reactivity. 2H-Pyrrole (6), thiophene
(7), thiazole (8), pyrrole (9), and imidazole (11) are predicted
to have DA reactions that are endergonic and reaction rates 3
to 5 orders of magnitude slower than the previous group of
dienes. The 1-azadienes isoxazole (3), isothiazole (9), and
pyrazole (12) (the three black triangles furthest right in Figure
S) are predicted to have DA reactions that are highly
endergonic as well as reaction rates 7 to 13 orders of magnitude
slower than the first group.

The reaction free energies for the different heterocycles can
be correlated with the heterocycle aromaticity. Aromaticity can
be quantified in many ways. The aromatic stabilization energy
(ASE) is the energy of stabilization arising from cyclic
delocalization of 7 electrons.’®' For five-membered hetero-
cycles, Schleyer et al. devised a homodesmotic scheme for
calculating the ASE shown in Scheme 5.°!

Scheme S. Schleyer’s Homodesmotic Scheme for Calculating
the Aromatic Stabilization Energy ASE of Heterocycles
Xq4 + X1 Xa

O+
Xz X3
\\1 4+X\/> { ,X4+

Y =CH,, NH, O or S
X=CHorN

—ASE (AH)

The equation balances the number of single and double
bonds on each side of the equation, as well as conjugation, so
only the enthalpy (AH) gain from cyclic conjugation is
measured. The M06-2X/6-311G(d,p) calculated ASE of the
cyclic dienes are listed in Table 1 as AH.

Figure 6 shows a plot of the AG,,, for the DA reactions of
the cyclic dienes (1—12) with ethylene versus the aromaticity
(ASE) of the diene.
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Table 1. Calculated ASE (AH) of the Cyclic Dienes Using
Schleyer’s Homodesmotic Scheme®
X =

o CH,

X
W

Carbadienes
ASE (AH)
X
i
W
2-Azadienes
ASE (AH)

X.
o

1-Azadienes

ASE (AH) 15.7 175

“The method for calculating energies was M06-2X/ 6—311G(d,p). The
bond distances and energies are reported in units of Angstroms and
keal mol™, respectively.

23.9
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Figure 6. Correlations of AG,,, versus cyclic diene aromaticity (ASE)
of the carbadienes (blue diamonds), 1-azadienes (black triangles), and
2-azadienes (orange squares).

There is a good correlation between diene aromaticities and
the free energies of reactions of each set of dienes. The reaction
free energies of 1-azadienes (black triangles) are nearly 16 kcal
mol™" higher than the 2-azadienes (orange squares) and the
carbadienes (blue diamonds). As each diene becomes more
aromatic, the energy of reaction becomes more endergonic.

To understand the origin of the reactivity differences
between 1-aza- and 2-azadienes, the activation ene §1es have
been analyzed with the D/I (or activation strain®**") model.
The D/I model dissects the activation energy (AE?) into two
components: the distortion (AEs*) and interaction (AE")
energies.””>>> E is the electronic energy. The AE4' is the
energy required to dlstort the reactants into their respective
TS* geometries. The AE is a consequence of closed shell
repulsions (steric effects), occupied-vacant orbital interactions
(charge-transfer), and electrostatic and polarization effects. The
D/I model has been used to explain the reactivity of DA
cycloadditions.”>™*” Recently we have shown that the poor
reactivity of cyclohexadiene and cycloheptadiene relative to that
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of cyclopentadiene is related to the differences in distortion
energies.38

Figure 7 shows a plot of the electronic energies of activation
versus the distortion energies.
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Figure 7. AE* vs AE,* for the DA reaction of ethylene with the dienes.

There is a reasonably good correlation between the activation
energies and the distortion energies. It is significantly more
difficult to distort 1-azadienes as opposed to 2-azadienes or the
carbadienes. This was found in studies of DA reactions of
benzene and six-membered poly-aza-heterocycles in previous
studies by our group.”””* It is due to the unfavorable energetics
of addition to C=N 7z bonds and the poorer overlap of orbitals
involving N and C in forming a new ¢ bond.”> With the
exception of the acyclic dienes (13, 14, and 15), the energy
required to distort the cyclic 1-azadienes is 31 to 50 kcal mol ™,
while the cyclic 2-azadienes, cyclopentadienes, and mono-
heterocycles require 23 to 40 kcal mol™ to distort.

In addition to the single-point analysis at the transition state,
we have also carried out the D/I analysis along the reaction
coordinate for oxazole (2) and isoxazole (3). The total
electronic energy (AE), distortion energy (AE_dist), and
interaction energy (AE _int) are plotted versus the average
dihedral angle (wy,.) of the bending oxygen atom for oxazole
(black) and isoxazole (orange) which are displayed in Figure 8.

The transition state of 2 with ethylene occurs earlier than
that of 3, consistent with the greater exothermicity of the
reaction of 2. The total energies for 2 are always lower along
the reaction coordinate than 3. The change in distortion energy
over the reaction coordinate is slightly elevated for 2 compared
to 3 until the transition state is reached, where the difference in
distortion energies is 7.8 kcal mol™" in favor of oxazole (2).
Along the reaction coordinate the interaction energy is always
more favorable for 2 due to the greater orbital overlap of
carbon than of nitrogen and the ethylene p-orbital.”>~*° The
interacting p-orbital of nitrogen in 3 is more contracted,
resulting in less favorable interaction energy. As we have
previously reported in the aza-DA reaction of azabenzenes with
ethylene, the replacement of CH with N increases the reactivity
of the diene primarily due to more favorable interaction energy
along the reaction coordinate.”® We showed earlier that
reaction barriers correlate very closely with distortion energies,
but the calculations in Figure 8 showed that the interaction
energies influence the position of the transition state.

Another way to look at this focuses on the thermodynamic
contribution to the activation barriers. The difference in
reaction energies shifts the transition states to favor the oxazole
reaction all along the reaction path. To explain the difference in
reaction energies for addition to C=C and C=N bonds, we
evaluated what bonds are being broken and formed in each DA
reaction. A set of isodesmic reactions for each aza-substituted
diene are shown in Figure 9.

a | e I | | aW=-349keaimor
b) HH I A ,L‘H || anH=-349Keaimor
o by Il A, ,LHz || aH=-27.5kcal mor
d) b — ,LHZ I AH = 7.4 kcal mol™"

Figure 9. (a) Expressions for bond changes in the DA reaction of
ethylene with furan (1) and cyclopentadiene (4), (b) oxazole (2) and
3H-pyrrole (5), and (c) isoxazole (3) and 2H-pyrrole (6). (d) The
energy differences between these reactions can be expressed
isodesmically. Computations were performed using M06-2X/6-311G-

(dp).
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5 o} 0.
430 34y S 1—2 .
~ 21 437
35.0
@1 =0-1-2-3 o, =0-4-3-2 g A—
oave. = (o) + )2 uy
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Figure 8. Plots of total energy, distortion energy and interaction
energy versus the average dihedral angle of the bending oxygen atom
of oxazole (black lines) and isoxazole (orange lines) in the DA
reaction with ethylene. The last points to the right are the respective
transition states.
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In the DA reactions with carbadienes three double bonds are
converted into two single bonds and one double bond (Figure
9a); calculations on this transformation give a calculated
enthalpy of —34.9 kcal mol™'. When 2-azadienes react (i.e.,
oxazole, 2, and 3H-pyrrole, 5), one C=N and two C=C
bonds are converted to one C=N and two C—C (Figure 9b),
which of course has the same enthalpy as the reaction with
carbadienes. The reactions of 1-azadienes (i.e., isoxazole, 3, and
2H-pyrrole, 6) differ in that one C=N and one C=C bond are
converted to one C—N and one C—C (Figure 9¢); this has an
overall reaction enthalpy of —27.5 kcal mol™". The difference
between these reactions can be written as the conversion of one
C=N and one C—C to one C—N and one C=C bond (Figure
9d), which has an enthalpy of +7.4 kcal mol™'. The
experimental enthalpies of hydrogenation of methanimine and
ethylene are —32.5 + 0.1 and —21.62 + 0.1 kcal mol™,
re}sI)etctivel)r.56_58 The M06-2X energetics (Figure 10) are in
agreement with experiment. These two measurements indicate
that it is thermodynamically more favorable to convert a C=C
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Figure 10. Calculated M06-2X/6-311G(d,p) enthalpies of hydro-
genation of simple dienes.

7 bond to a C—C single bond as compared to the C=N to C—
N transformation.

Bond strength energy is related to the difference in
electronegativity of the two atoms involved. This is the basis
of Pauling’s definition of electronegativity.”” Pauling, Sander-
son, and others have shown that bond energy is proportional to
the differences in electronegativity between the constituent
atoms in the bond.””® In the cycloadditions, the C(sp*)—
X(sp?) double bond is being converted to a C(sp*)—X(sp?)
single bond. Conversion to the more saturated system becomes
more difficult as X becomes more electronegative, and as two
polar bonds (the double bond) are converted to one polar
bond.

An additional contributing factor involves the change in
hybridization that occurs upon addition to the N of a C=N
double bond. In this process, the sp2 lone pair on N becomes
an sp’ lone pair: the decrease in s-character is destabilizing as
well. This has been discussed previously by Borden et al. in
comparin§ electronic structures and reactions of nitrenes and
carbenes.”’

These energetic trends nicely rationalize why the cyclic 1-
azadienes are less reactive than the nonaza- or 2-azadienes.
However, we find only small differences for the acyclic cases.
This intrinsic difference is counteracted by the stabilizing
enamine resonance in the product of the DA reactions of 1-
azadienes. We have calculated the enthalpic cost of loss of
conjugation in an allylic amine, shown in Figure 11.

0

H, < .NH,

3

H H

0,

AH = 5.6 kcal mol™

H H
H DN,
H W

—_—

Figure 11. Enthalpy of rotation and deconjugation of nitrogen in
acetaldehyde enamine, calculated using M06-2X/6-311G(d,p).

We find there is a 5.6 kcal mol™ enthalpy cost to disrupt the
nitrogen conjugation by rotation. This enthalpy cost is present
in the product of reaction of all of the cyclic 1-azadienes. In the
reaction of 15 and a, the enthalpic cost of addition to a C=N
bond is mostly counteracted by the nitrogen lone pair
conjugation in the nonplanar enamine product. We noted
earlier the importance of this factor in causing isoxazole to be
far less reactive than oxazole.”'

B CONCLUSIONS

The Diels—Alder reactions of a variety of acyclic and
substituted heterocyclic dienes with ethylene and fumaronitrile
have been investigated using DFT. Activation and reaction
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energies increase with respective diene aromaticity. The
significant difference between the reactivities of 1-aza- and 2-
azadienes is related to the thermodynamics of these reactions.
Addition to a C=N bond is intrinsically less favorable than
addition to a C=C bond, and the former requires more energy
to distort in the transition states for 1-azadienes in these DA
reactions. In acyclic 1-azadienes there is a compensation due to
the conjugation of the developing sp® nitrogen lone pair with
the double bond, which is not possible in the adducts from
cyclic 1-azadienes.
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