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ABSTRACT: The first experimental examples of Diels−Alder
(DA) reactions of diazo compounds as heterodienophiles with
dienes have been studied with density functional theory
(DFT) using the M06-2X functional. For comparison, the
reactivities of diazo esters as dienophiles or 1,3-dipoles with
1,3-dienes in intermolecular model systems have been
analyzed by the distortion/interaction model. The 1,3-dipolar
cycloaddition is strongly favored for the intermolecular system.
The intramolecular example is unique because the tether
strongly favors the (4 + 2) cycloaddition.

■ INTRODUCTION
The Diels−Alder (DA) reaction is one of the most important
ring-forming reactions in organic synthesis.1 While DA
reactions between dienes and azo compounds are common,
reactions of diazo compounds as dienophiles have not been
reported until recently.2 In contrast, the 1,3-dipolar cyclo-
additions of diazo compounds to alkenes resulting in the
formation of pyrazolines (Scheme 1, left) were discovered by

Curtius3 and Buchner4 in the 1880s, and identification of this as
one of many 1,3-dipolar cycloaddition reactions was made by
Huisgen more than 50 years ago.5 In the ensuing time, 1,3-
dipolar cycloaddition reactions of diazo compounds with
alkenes or alkynes have been well developed6 and subjected
to wide utilization for heterocycle syntheses7 with tautomeriza-
tion or dinitrogen extrusion being potential subsequent
processes.8 Diazonium ions have been reported as dienophiles,9

but diazo esters are well-known to react as dipoles in 1,3-
dipolar cycloadditions. This stands in contrast to the cumulenic
ketene and allene counterparts, which generally react as
dienophiles or dipolarophiles in (4 + 2) and (2 + 2)
cycloaddition reactions.10−12

Recently, Doyle et al. reported the first (4 + 2) cycloaddition
of a diazoalkane in which the NN bond acts as the

dienophile.13 Treatment of propargylphenyldiazoacetates 4
with 5 mol % AuCl(Me2S) in toluene at 20 °C and pyridine-
N-oxide resulted in the formation of (Z)-1 and products 2
anticipated from the diene-diazo cycloaddition. The (E)-1-(1,3-
dienyl) aryldiazoacetates (E)-1 (depicted in Scheme 2)
undergo intramolecular (4 + 2) cycloadditions to form the
azomethine imine 1,3-dipole structures 2, in moderate to high
yields. Cycloaddition is first order in (E)-1, and both the
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Scheme 1. Potential Cycloadditions of Dienes with Diazo
Compounds

Scheme 2. Intramolecular (4 + 2) Cycloaddition Reactions
of Dienes with Diazo Compounds
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activation parameters and their Hammett relationships are
consistent with those for other intramolecular Diels−Alder
reactions.14 We have undertaken a theoretical study of this
reaction and report the factors that lead to this anomalous
reaction.
We have employed quantum mechanical calculations to

characterize the reaction mechanism and transition states for
cycloadditions between 1,3-dienes and diazo esters. We have
also applied the distortion/interaction model and FMO analysis
to investigate the analogous intermolecular cycloadditions
between 1,3-dienes and diazo esters.

■ COMPUTATIONAL METHODS
All the calculations were performed with Gaussian 09.15 Geometry
optimizations and frequency calculations of reactants, transition states,
and products were carried out with the M06-2X density functional16,17

with the 6-31G(d) basis set, which has been found to give relatively
accurate geometries for cycloadditions.18 Single-point energies were
computed at the more accurate M06-2X/6-311+G(d,p) level using the
M06-2X/6-31G(d) geometries. The FMO energy gaps of diazo ester
and 1,3-diene were calculated with the Hartree−Fock (HF)19−21

method with the 6-31G(d) basis set using the M06-2X/6-31G(d)
geometries. Fragment distortion and interaction energies were
computed at the M06-2X/6-311+G(d,p) level. Chloroform (ε =
4.71, Rsolv = 2.48 Å) was used in the SMD22 continuum solvation
model single-point calculations on gas-phase optimized geometries. All
stationary points were verified as minima or first-order saddle points
by a vibrational frequency analysis. Optimized structures are illustrated
using CYLview.23

■ RESULTS AND DISCUSSION
Experimentally, the (E)-1-(1,3-dienyl)aryldiazoacetates (E)-1
were found to undergo intramolecular (4 + 2) cycloadditions to
form the azomethine imine products 2. The reaction only
occurs with the (E)-1 isomer, not the (Z)-1 isomer.
E-Isomer Intramolecular Cycloadditions. Intramolecular

(4 + 2) and (3 + 2) cycloadditions of diazo esters with (E)-
alkenes are depicted in Figure 1. The observed product from
the (4 + 2) cycloaddition reaction is formed with a barrier of

only 24.1 kcal/mol in chloroform. The (3 + 2) cycloaddition
reaction has a much higher barrier of 39.6 kcal/mol in
chloroform. The (3 + 2) cycloaddition at the other double
bond was not computed, because it would generate a six-
membered ring that contains a trans double bond. The product
2b is predicted to be less stable compared to the (4 + 2)
cycloaddition product 2a. The dihedral angle highlighted in
green of TS-(4 + 2)-E is 174.0°, close to −177° as in the
reactant. The same dihedral angle of TS-(3 + 2)-E is −104.9°.
This dramatically reduces the conjugation between the ester
carbonyl and the diazo group. In fact, when this dihedral angle
was constrained to −105° in the reactant, the energy increases
by ∼12 kcal/mol (Figure S2). The dihedral angle of the ester
linkage structure of TS-(4 + 2)-E is 178.6°, close to the stable s-
trans conformation (180°) of esters in general. This angle is
−164.0° in TS-(3 + 2)-E, and it is less stable than TS-(4 + 2)-E.
The forming five-membered ring of TS-(4 + 2)-E is more stable
than the forming four-membered ring of TS-(3 + 2)-E. This
result agrees with the exclusive formation of the (4 + 2)
product from the (E)-alkene observed in experiment.

(E)-Alkene versus (Z)-Alkene. Figure 2 shows the most
stable structure of (E)-alkene and (Z)-alkene. The s-cis

conformation of (E)-1 is less stable than the s-trans
conformation of (Z)-1, because the (E)-1 structure has steric
repulsion between the phenyl group and the neighboring
cyclopentenyl.
Nevertheless, no products from the (Z)-alkenes are observed.

We explored the possible cycloadditions of the (Z)-alkene to
understand their lack of reactivity. Figure 3 shows the
energetics and transition states of the intramolecular (4 + 2)
and (3 + 2) cycloadditions of diazo esters with (Z)-alkenes.
The transition state of the (3 + 2) cycloaddition in reaction (c)
has the lowest energy of 38.5 kcal/mol in chloroform, much too
high to be observed under the reaction conditions. The
dihedral angles (C4−C1−N2−C3) involving the two forming
bonds are −0.6° and 7.4° in reaction (b) and (c), but −49.3° in
reaction (a). In a prototypical Diels−Alder transition state,
these forming bonds are approximately coplanar (dihedral angle
near 0°), to maximize overlap at both termini of the diene. This
is not possible in reaction (a), and the TS-(4 + 2)-Z dihedral
angle is very distorted, and the forming bonds are
asynchronous.

Figure 1. Relative free energies (ΔG298) (in kcal/mol) of intra-
molecular (4 + 2) and (3 + 2) cycloadditions of diazo ester with (E)-
alkenes calculated at the M06-2X/6-311+G(d,p)/SMD(chloroform)//
M06-2X/6-31G(d) level. Bond lengths in Å and dihedral angle in
degree.

Figure 2. Relative free energies (ΔG298) (in kcal/mol) of (E)- and
(Z)-alkenes calculated at the M06-2X/6-311+G(d,p)/SMD-
(chloroform)//M06-2X/6-31G(d) level. Dihedral angles in degree.
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The dihedral angle of the ester linkage (C4−O5−C6−O7) for
TS-(3 + 2)-Z1 in reaction (b) is −173.0°, close to the stable s-
trans conformation (180°), but that of TS-(4 + 2)-Z in reaction
(a) is 137.0°, and in reaction (c) the dihedral angle (C5−O6−
C7−O8) is 101.9°, close to the least stable conformation (90°).
Each of these has some unfavorable strains due to the tether,
and none occurs under the reaction conditions.
Intermolecular (4 + 2) vs (3 + 2) Cycloadditions for

(E)-1. To assess the intrinsic barriers of the (4 + 2) and (3 + 2)
cycloadditions, we have computed the intermolecular versions
of the two reactions. All possible (3 + 2) and (4 + 2)
cycloaddition reactions between the truncated reactants were
considered (summarized in the Supporting Information).
Figure 4 shows the two most stable transition structures for
each reaction. The free energy of activation for the (4 + 2)
cycloaddition in chloroform is 39.3 kcal/mol, and the (3 + 2)
cycloaddition has a barrier of 33.4 kcal/mol. The free energy
barrier of the (4 + 2) cycloaddition is now 6 kcal/mol higher
than that of the (3 + 2) cycloaddition. That is, the (3 + 2)
cycloaddition is strongly favored for the intermolecular
reaction, when there are no constraints from the tether. Both
of these bimolecular reactions have unfavorable entropies, and
their −TΔS‡ values are ∼12 kcal/mol.
D/I Analysis of Intermolecular (4 + 2) and (3 + 2)

Cycloadditions. To understand the intrinsic preference for

the (3 + 2) cycloaddition, we analyzed the two transition
structures using the distortion/interaction model. The
distortion/interaction model,24a or the activation strain
model,24b has recently been used to explain the reactivities
and selectivities of cycloadditions in bioorthogonal chemistry,25

materials chemistry,26 and organic synthesis.27,28 For each
reaction, the transition state is separated into two distorted
fragments (diazo compound and diene) followed by single-
point energy calculations on each fragment. The difference in
energy between the distorted fragments and optimized ground-
state geometries is the distortion energy of the diazo compound
(ΔEd‡_diazo) and the diene (ΔEd

‡_diene). The TS interaction
energy (ΔEint

‡) is the difference between the activation energy
and the distortion energy (ΔEint‡ = ΔE‡ − ΔEd

‡). The results
in Figure 5 show that the distortion energy of TS-(3 + 2) is

similar to that of TS-(4 + 2). However, the interaction energy
(−18.8 kcal/mol) is more favorable for TS-(3 + 2) compared
to that of TS-(4 + 2) (−11.9 kcal/mol). In order to understand
the difference, we have analyzed the interaction energies by
FMO theory.

Frontier Molecular Orbital (FMO) Analysis. The
energies of relevant frontier orbitals were calculated with HF/
6-31G(d) based on M06-2X/6-31G(d)-optimized transition

Figure 3. Relative free energies (ΔG298) (in kcal/mol) of intra-
molecular (4 + 2) cycloaddition for (Z)-alkenes and (3 + 2)
cycloaddition across the diazoalkenes 1,3-dipole for different double
bonds of (Z)-alkenes calculated at the M06-2X/6-311+G(d,p)/
SMD(chloroform)//M06-2X/6-31G(d) level. Bond lengths in Å and
relevant dihedral angles are shown in Table 1.

Table 1. Relevant Dihedral Angles of Intramolecular (4 + 2)
and (3 + 2) Cycloadditions for (Z)-Alkenes

Dihedral Angles (deg)

TSs C4−C1−N2−C3 C4−O5−C6−O7

TS-(4 + 2)-Z −49.3 (C4−N1−N2−C3) 137.0
TS-(3 + 2)-Z1 −0.6 −173.0
TS-(3 + 2)-Z2 7.4 101.9 (C5−O6-C7−O8)

Figure 4. Transition structures and free energies of activation (ΔG298)
(in kcal/mol) for the intermolecular (4 + 2) and (3 + 2) cycloaddition
reactions of truncated reactants calculated at the M06-2X/6-311+G-
(d,p)/SMD(chloroform)//M06-2X/6-31G(d) level. Bond lengths in
Å.

Figure 5. Distortion, interaction, and activation energies for the TS-(4
+ 2) and TS-(3 + 2) (green: distortion energy of diene, blue:
distortion energy of diazo compound, red: interaction energy, black:
activation energy, in kcal/mol).
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state geometries, because Kohn−Sham orbitals sometimes
provide poor estimates of ionization potentials of simple
organic molecules.29 Figure 6 shows the HOMO and LUMO of

each reactant distorted into its transition state geometry, for the
(4 + 2) cycloaddition and the (3 + 2) cycloaddition. In each
case, the LUMO_diazo 1 or 1′, HOMO_diene 2 or 2′ has the
smaller HOMO−LUMO gap. While diazoalkanes are normally
nucleophilic, the electron-withdrawing carbonyl group makes
the diazo compound more electrophilic. Interestingly, in spite
of the smaller FMO gap for the (4 + 2) cycloaddition, the (3 +
2) cycloaddition has a lower energy barrier and greater
interaction energy (see Figures 4 and 5). We hypothesize this
is due to the superior dipole LUMO−alkene HOMO orbital
overlap.
Figure 7 shows qualitatively that there is very large overlap of

the 1,3-dipole LUMO (B1′) with the HOMO (A2′) of the
diene for the (3 + 2) cycloaddition. This is mainly due to the
absence of a node in the alkene part of the HOMO, and the fact
that the middle orbital of the dipole LUMO is small and does

not interfere with orbital overlap. By contrast, the NN
LUMO of the dipole and the HOMO of the diene contain
nodes, and while primary interactions are positive, the
secondary overlap represented by the dashed lines is negative,
leading to reduced overlap.

Origin of the Preference for the Intramolecular (4 + 2)
Cycloaddition to the Diazo Group. We have explained why
the (3 + 2) cycloaddition will be favored in the intermolecular
analog of the reaction studied here. This preference is
overcome in the intramolecular reaction where the diene and
diazo units are tethered by an ester linkage. This tether is highly
distorted in the transition state, leading to the (3 + 2) reaction,
and the (4 + 2) reaction is consequently preferred. As we
showed in Figure 1, the stabilizing conjugation of the ester with
the diazoalkane is destroyed in TS-(3 + 2)-E and the normally
planar ester is also distorted significantly from planarity. These
distortions are absent in the (4 + 2) pathway, which is
consequently preferred in the intramolecular reaction.

■ CONCLUSION
We have explored diazoester-diene cycloadditions, and found
there is an intrinsic preference for diazoesters and dienes to
give the 1,3-dipolar cycloaddition. The Diels−Alder reaction of
a diene across the NN bond of a diazoalkene is unfavorable
and endergonic. However, the reaction of (E)-1 favors the
intramolecular (4 + 2) across the diazo NN bond, because of
the lack of strain in the tether and the strong orbital
interactions. The Z-isomer of the diene is inert to both (3 +
2) and (4 + 2) cycloadditions due to the distortion of the tether
required to achieve the transition state geometry. The
reactivities of intermolecular cycloadditions are controlled by
interaction energies. The intramolecular cycloaddition favors
the hetero-DA reactions to the diazo NN bond because of
the high distortion energy of the tethering ester in the (3 + 2)
cycloaddition.
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2381. (g) Loṕez, F.; Mascareñas, J. L. Chem. Soc. Rev. 2014, 43, 2904.
(13) Qiu, H.; Srinivas, H.; Zavalij, P.; Doyle, M. P. J. Am. Chem. Soc.
2016, 138, 1808.
(14) (a) Liu, F.; Paton, R. S.; Kim, S.; Liang, Y.; Houk, K. N. J. Am.
Chem. Soc. 2013, 135, 15642. (b) Limanto, J.; Khuong, K. S.; Houk, K.
N.; Snapper, M. L. J. Am. Chem. Soc. 2003, 125, 16310. (c) Tantillo, D.
J.; Houk, K. N.; Jung, M. E. J. Org. Chem. 2001, 66, 1938. (d) Jung, M.
E.; Gervay, J. J. Am. Chem. Soc. 1991, 113, 224.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr.,
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.;
Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador,
P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
Revision D.01; Gaussian, Inc.: Wallingford, CT, 2013.
(16) Zhao, Y.; Truhlar, D. G. Theor. Chem. Acc. 2008, 120, 215.
(17) Zhao, Y.; Truhlar, D. G. Acc. Chem. Res. 2008, 41, 157.
(18) (a) Pieniazek, S.; Houk, K. N. Angew. Chem. 2006, 118, 1470.
(b) Pieniazek, S.; Clemente, F. R.; Houk, K. N. Angew. Chem., Int. Ed.
2008, 47, 7746.
(19) Roothaan, C. C. Rev. Mod. Phys. 1951, 23, 69.
(20) Pople, J. A.; Nesbet, R. K. J. Chem. Phys. 1954, 22, 571.
(21) McWeeny, R.; Dierksen, G. J. Chem. Phys. 1968, 49, 4852.
(22) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B
2009, 113, 6378.
(23) Legault, C. Y. CYLview, 1.0b; Universite ́ de Sherbrooke: Canada,
2009; http://www.cylview.org.
(24) (a) Ess, D. H.; Houk, K. N. J. Am. Chem. Soc. 2007, 129, 10646.
See also: (b) van Zeist, W.-J.; Bickelhaupt, F. M. Org. Biomol. Chem.
2010, 8, 3118.
(25) (a) Gordon, C. G.; Mackey, J. L.; Jewett, J. C.; Sletten, E.; Houk,
K. N.; Bertozzi, C. R. J. Am. Chem. Soc. 2012, 134, 9199. (b) Liang, Y.;
Mackey, J. L.; Lopez, S. A.; Liu, F.; Houk, K. N. J. Am. Chem. Soc.
2012, 134, 17904. (c) Kamber, D. N.; Liang, Y.; Blizzard, R. J.; Liu, F.;
Mehl, R. A.; Houk, K. N.; Prescher, J. A. J. Am. Chem. Soc. 2015, 137,
8388.
(26) Cao, Y.; Houk, K. N. J. Mater. Chem. 2011, 21, 1503.
(27) (a) Paton, R. S.; Kim, S.; Ross, A. G.; Danishefsky, S. J.; Houk,
K. N. Angew. Chem., Int. Ed. 2011, 50, 10366. (b) Yang, Y.-F.; Liang,
Y.; Liu, F.; Houk, K. N. J. Am. Chem. Soc. 2016, 138, 1660. (c) Yu, P.;
Yang, Z.; Liang, Y.; Hong, X.; Li, Y.; Houk, K. N. J. Am. Chem. Soc.
2016, 138, 8247.
(28) (a) Sustmann, R. Tetrahedron Lett. 1971, 12, 2717.
(b) Sustmann, R.; Trill, H. Angew. Chem., Int. Ed. Engl. 1972, 11,
838. (c) Houk, K. N.; Sims, J.; Duke, R. E., Jr.; Strozier, R. W.; George,
J. K. J. Am. Chem. Soc. 1973, 95, 7287. (d) Houk, K. N.; Sims, J.; Watts,
C. R.; Luskus, L. J. J. Am. Chem. Soc. 1973, 95, 7301. (e) Houk, K. N.
Acc. Chem. Res. 1975, 8, 361 (Also see Supporting Information.).
(29) (a) Politzer, P.; Abu-Awwad, F. Theor. Chem. Acc. 1998, 99, 83.
(b) Kar, T.; Angyan, J. G.; Sannigrahi, A. B. J. Phys. Chem. A 2000, 104,
9953. (c) Zhang, G.; Musgrave, C. B. J. Phys. Chem. A 2007, 111, 1554.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b12371
J. Am. Chem. Soc. 2017, 139, 2766−2770

2770

http://www.cylview.org
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b12371/suppl_file/ja6b12371_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b12371

