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ABSTRACT: The Diels—Alder reactions of cyclopentadiene,

cyclohexadiene, and cycloheptadiene with a series of dien- 18° 35°

ophiles were studied with quantum mechanical calculations ¢ >

(M06-2X density functional theory) and analyzed with the i ! e !
N . 2.23 2.23 227 % 1 225
distortion/interaction model. The poor reactivities of cyclo- ' ! Voo
hexadiene and cycloheptadiene with dienophiles that give f@-k%“ MJ
relatively synchronous transition states result from the

substantial distortion required to achieve a transition state

involving the formation of two bonds of the diene simultaneously. However, highly asynchronous or stepwise reactions result in
less distortion of the diene and less differences in reactivities of different dienes. The transition state geometry of cyclopentadiene
is less distorted in the asynchronous reaction with 1,1-dicyanoethylene compared to that with cis- and trans-1,2-dicyanoethylenes,
which react through synchronous transition states.
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Bl INTRODUCTION Scheme 1. Diels—Alder Reactions of Cyclobutenone with the

. L . . . Three Cyclic Dienes®
The high reactivities of cyclopentadienes in the Diels—Alder

reaction have led to applications including organic synthesis,' @ H

. . g .2 o 3 fo) o)
biomolecule immobilization,” thermally sensitive polymers,
and the functionalization® of materials. Cyclohexadiene and h m
cycloheptadiene are less reactive and less useful in such 1 hr, 77% H
applications. A SciFinder” search for Diels—Alder reactions of
cyclopentadiene, cyclohexadiene, and cycloheptadiene gave
~5000 reactions involving cyclopentadiene, ~1500 with 0 © o~
cyclohexadiene, and only ~70 with cycloheptadiene. n —— w

The poor reactivity of cyclohexadiene and cycloheptadiene AT, CDCl

1 hr, <0.7% H

relative to that of cyclopentadiene with cyclobutenone was
recently reported by Danishefsky and computationally
investigated by our lab (Scheme 1).8 o Q o H

The experimentally determined HOMO energies of the h
cyclic dienes range only from —8.6 to —8.3 €V.”® If the frontier RT, CDCl,
molecular orbitals governed the reactivity, then similar 1hr, 0.0% H
reactivities would be expected for all three cyclic dienes. The
computed transition state barriers, however, show that, with
cyclobutenone, cyclopentadiene is about 100 times more The Diels—Alder reactions of cyclopentadiene with PTAD
reactive than cyclohexadiene and about 15000 times more and nitrosobenzene occur at 0 °C (Scheme 2a,d). Cyclo-
reactive than cycloheptadiene, at 298 K.° We have shown that hexadiene reacts with nitrosobenzene (Scheme 2e) and a
the reactivity is controlled by distortion energies: cyclo- cyclohexadiene derivative reacts with PTAD (Scheme 2b) at 0
pentadiene requires only 15.0 kcal/mol to distort into the °C with comparable yields to the corresponding reactions with
transition state geometry, which is 4.2 kcal/mol less than that cyclopentadiene. At room temperature, a cycloheptadiene
for cyclohexadiene and 7.1 kcal/mol less than that for derivative is reactive with both PTAD and nitrosobenzene
cycloheptadiene. (Scheme 2c,f). Unlike the reactions with cyclobutenone, the

The hetero-Diels—Alder reactions of both N-phenyl-1,2,4- reactions of the cyclic dienes with PTAD and nitrosobenzene
triazolin-3,5-dione (PTAD) and nitrosobenzene with all three
cyclic dienes, however, occur readily under mild conditions, as Received: January 23, 2015
shown in Scheme 2.°713 Published: March S, 2015
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Scheme 2. Diels—Alder Reactions of PTAD and
Nitrosobenzene with the Three Cyclic Dienes
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occur under similar conditions, with a cycloheptadiene
derivative being only modestly less reactive.

Cyclic dienes are more reactive than acyclic dienes in Diels—
Alder reactions, in part because they are locked into the s-cis
conformation required of concerted Diels—Alder transition
states.'* To rationalize the poor reactivities of cyclohexadiene
and cycloheptadiene relative to that of cyclopentadiene in the
Diels—Alder reaction, it has been proposed that the steric
interactions between the bridges of cyclohexadiene and
cycloheptadiene result in repulsive steric interactions with the
dienophile and inhibit the double bonds from adoptlng the
necessary planar geometry in the transition state."> Correlations
between the diene 1,4-distance and the reactivity of dienes
identify an additional factor controlling the high reactivity of
cyclopentadlene and poor reactivity of cycloheptatriene with
dienophiles.'® That is, the termini of cyclopentadiene are closer
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together than termini of acyclic dienes, whereas in cyclo-
heptatriene the termini are fixed further apart. These models
explain why dienophiles such as maleic anhydride readily react
with anthracene and show no reactivity with 1,3-cyclo-
octadiene.'” Nitrosobenzene, however, reacts with 1,3-cyclo-
octadiene and fails to react with anthracene even after
prolonged reflux in chloroform."”

We have studied the origins of reactivity differences between
cyclic dienes of different ring sizes and show why dienophiles
like N-phenyl-1,2,4-triazolin-3,5-dione and nitrosobenzene have
similar reactivities toward the three cyclic dienes. We
theoretically investigated the reactivities of cyclic dienes (1—
3) with dienophiles, ethylene (A), methyl vinyl ketone (MVK,
B), N-phenyl-1,2,4-triazolin-3,5-dione (PTAD, C), and nitro-
sobenzene (D). We also included the cyanoethylenes (E—J)
previously studied experimentally by Sauer'® (Chart 1) as well
as used in a number of theoretical studies.'**

Chart 1. Dienes 1—3 and Dienophiles A—]J
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B COMPUTATIONAL METHODS

Computations were carried out with Gaussian 09, Revision D.01.*
Geometry optimizations and frequency calculations were performed
using the M06- 2X** density functional with the 6-31+G(d) basis set.
The M06-2X functional is known to reproduce the free energies of
cycloadditions better than other functionals.”® Single-point energies
were evaluated using the 6-311++G(d,p) basis set. Solvation effects of
dichloromethane (DCM) for the reactions of A—D and 1,4-dioxane
for the reactions of E—J with cyclic dienes 1—3 were included in the
optimizations and single-point energies by the self-consistent reaction
field (SCRF) using the CPCM model.**** Normal mode analysis of
each structure verified that each stationary point is either a first-order
saddle point or a minimum. The thermal corrections were computed
from unscaled M06-2X/6-31+G(d) frequencies for a standard state of
1 M and 298.15 K.

B RESULTS AND DISCUSSION

The transition structures of the cycloadditions involving dienes
1-3 and dienophiles A—D are shown in Figure 1.

In the reactions of ethylene, MVK, and PTAD with the three
cyclic dienes, the activation free energies increase from
cyclopentadiene to cycloheptadiene. The activation free

DOI: 10.1021/acs.joc.5b00174
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Figure 1. M06-2X/6-31+G(d) transition structures for the reactions of
dienes 1—3 with dienophiles A—D. The forming bond lengths are
reported in angstroms (red, activation free energy (AG¥, keal/mol);
blue, reaction free energy (AG, kcal/mol); black, asynchronicity (Ar¥,
angstroms)).

energies for the reactions of cyclopentadiene with ethylene and
MVK are 29.1 and 22.4 kcal/mol, respectively. The barriers
increase to 32.9 and 26.5 kcal/mol with cyclohexadiene and to
37.9 and 31.8 kcal/mol with cycloheptadiene. With PTAD, the
reactivity differences are smaller. The activation free energy of
cyclopentadiene with PTAD is 9.6 kcal/mol. With cyclo-
hexadiene and cycloheptadiene, the barriers with PTAD are
109 and 13.7 kcal/mol, respectively. The activation free
energies for the reactions of nitrosobenzene with the three
cyclic dienes are comparable, ranging from 22.1 to 23.5 kcal/
mol. The computed rate constants for the reactions of the three
cyclic dienes span 6 orders of magnitude with ethylene and
MVK, 3 orders of magnitude with PTAD, and 1 order of
magnitude with nitrosobenzene.

The transition states are all concerted but with varying
degrees of asynchronicity. The transition states involving
ethylene TS(1—3)A are all nearly synchronous, with Ar*t =
0.02 A at most. The reactions of PTAD with cyclopentadiene
TS1C and cyclohexadiene TS2C proceed through approx-
imately synchronous transition structures, whereas the reaction
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with cycloheptadiene TS3C occurs through a highly asynchro-
nous transition structure. The transition structures for the
reactions of the cyclic dienes with unsymmetrical dienophiles,
MVK TS(1-3)B and nitrosobenzene TS(1—3)D, are all
asynchronous. The asynchronicity of the transition structures
increases from cyclopentadiene to cycloheptadiene for the
reactions of MVK (Ar* = 0.46—0.51 A), PTAD (Ar* = 0.01—
0.55 A), and nitrosobenzene (Arf = 0.14—0.54 A). The
reactions of cyclohexadiene and cycloheptadiene are 7—15
kcal/mol more exothermic than the reactions of cyclo-
pentadiene. Consistent with the Hammond postulate, the
transition structures of cyclohexadiene and cycloheptadiene are
earlier than with cyclopentadiene.

The distortion/interaction (or activation strain) model was
applied in order to determine the origins of these differences in
reactivity.”® When applied to the intermolecular Diels—Alder
reactions studied here, this model dissects the activation energy
into the energies required to distort the diene (AE*;_giene) and
the dienophile (AE:*:d_dienophi]e) into the transition state
geometry without allowing them to interact and the interaction
energy (AEY), which is the difference between the total
distortion energy (AE¥; = AEFy_gene + AE*d_dienophﬂe) and the
activation energy (AEY).

Trends in activation enthalpies (AHT) are often described in
terms of the relative heat of reactions (AH,,). Such
correlations are known as BEMA HAPOTHLE relationships
developed from insight by Bell, Marcus, Hammond, Polanyi,
Thornton, and Leftler to explain and rationalize linear free
energy relationships.”” As shown in Figure 2, the activation
enthalpies for the cycloadditions involving cyclic dienes do not
correlate with the reaction enthalpies, whereas there is a better,
if still rough, correlation between the activation energies and
distortion energies. This modest correlation is a result of a wide
range of interaction energies, from —5.5 to —20.9 kcal/mol,
associated with the very different electronic properties of the
dienophiles studied.

Figure 3 shows the distortion/interaction analysis for the
Diels—Alder reactions of the cyclic dienes 1—3 with dienophiles
A-D.

For a given dienophile, the distortion energies of the
dienophile are nearly constant to within 1—2 kcal/mol. The
distortion energies of the dienes increase from 15.9 to 22.6
kcal/mol as the diene changes from cyclopentadiene to
cycloheptadiene with ethylene TS(1—3)A and from 13.5 to
19.5 kcal/mol with MVK TS(1—3)B. The increases in the
diene distortion energies parallel the increases in the activation
energies among the cyclic dienes with ethylene and MVK.
MVK is a more reactive dienophile than ethylene because it has
stronger interaction energies and smaller diene distortion
energies, the latter being a result of the asynchronous transition
structures that we will discuss later.

PTAD and nitrosobenzene show similar reactivities toward
the three cyclic dienes because the differences in diene
distortion are small. In the highly asynchronous transition
state TS3C (0.54 A), the diene distortion energy of
cycloheptadiene is 12.5 kcal/mol, only 1.4 kcal/mol higher
than that for cyclopentadiene TS1C and 1.9 kcal/mol lower
than that for cyclohexadiene TS2C. For nitrosobenzene, the
distortion energy of cycloheptadiene TS3D is 14.9 kcal/mol,
1.3 kcal/mol lower than that for cyclopentadiene TS1D and 1.7
kcal/mol lower than that for cyclohexadiene TS2D.

The interaction energies are nearly constant in reactions of
the cyclic dienes with ethylene and MVK. However, the

DOI: 10.1021/acs.joc.5b00174
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Figure 2. Plots of activation enthalpy (AH¥) versus enthalpy of reaction (AH,,,) (left, ¥ = 0.21, AH* = 0.42AH,, + 25.0) and the activation energy
(AE¥) versus distortion energy (AE*) (right, * = 0.73, AE¥ = 1.50AE¥; — 23.2) for the reactions of cyclic dienes 1—-3 with dienophiles A—D.
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Figure 3. Plots of the distortion, interaction, and activation energies for the transition states involving dienophiles A—D and cyclic dienes 1-3
(green, distortion energy of dienophile; blue, distortion energy of diene; red, interaction energy; black, activation energy; in kcal/mol).

interaction energies decrease in the reactions involving PTAD
and nitrosobenzene as the asynchronicity of the reaction
increases. The interaction energy for the asynchronous
transition structure of TS3C is lower than that of the
synchronous transition states TS1C and TS2C by 2.1 and 2.7
kcal/mol, respectively. For the nitrosobenzene series, the
interaction energies decreases from —10.8 kcal/mol with
cyclopentadiene to —9.7 and —7.6 kcal/mol with cyclo-
hexadiene and cycloheptadiene, respectively. This trend
corresponds with the increase in asynchronicity, which results
in similar diene distortion energies and decreasing interaction

energies.
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The distortion of each diene is associated with the
pyramidalization of the diene termini required in order to
form both new bonds simultaneously. Pyramidalization enables
overlap of the hybrid orbitals at the diene termini with the &
orbitals at the termini of the dienophile. As the dienophile
approaches, the diene distorts from planarity at the termini of
the C,C, and C;C, double bonds of the diene. This distortion
unfavorably reduces the C,C, and C;C, 7 overlap. The dihedral
angles 6, and 6,, across the C,C, and C;C, diene double bonds,
measure the out-of-plane distortion of the carbon atoms in the
diene bridge directly attached to the double bond. Figure 4
shows 6, in the transition structures for the reactions of
ethylene with the cyclic dienes.

DOI: 10.1021/acs.joc.5b00174
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TS3A

TS1A

Figure 4. Nearly synchronous Diels—Alder transition structures of
cyclic dienes, 1-3, with ethylene, showing dihedral angle 6, that
measures the out-of-plane distortion along the C,C, double bond of
the diene. The highlighted atoms define 6,.

The increase in diene distortion energy from cyclopentadiene
to cycloheptadiene in the nearly synchronous transition
structures, TS1A to TS3A, results from the increase in the
out-of-plane distortion across the C,C, and C;C, double bonds
in the transition structures. The difference in the transition state
structures is reflected in the geometry of the Diels—Alder
adducts (Figure 5). With a longer diene bridge, 6, and 6,
increase to minimize ring strain in the tether connecting C, to
C,

1A

2A

Figure S. Diels—Alder adducts from the reactions of ethylene with
cyclic dienes, 1—3, showing dihedral angle 6,.

Figure 6 shows for the nearly synchronous transition
structures with ethylene TS(1—-3)A that the out-of-plane
distortion is the same on each side of the diene such that 6,

= 6,. For asynchronous transition structures TS(1—3)D, the
dihedral angle associated with the lesser-formed C—O bond is
less distorted from the plane of the diene than the dihedral
angle associated with the forming C—N bond.

The sum of 8, and 6, (D.(6, + 6,)) and the diene distortion
energies for the synchronous reaction TS1A and the
asynchronous reaction TS1D are nearly identical at 36° and
15.9 keal/mol and 35° and 16.2 kcal/mol, respectively. For the
reactions with cyclohexadiene, the Y.(6, + 6,) is 70° for TS2A
and the diene distortion energy is 20.8 kcal/mol compared to
that of TS2D, where the Y.(6, + 6,) is only 58° and the diene
distortion energy is only 16.6 kcal/mol. For the reactions with
cycloheptadiene, the Y (6, + 6,) is 94° and the diene distortion
energy is 22.6 kcal/mol in the synchronous reaction TS3A
compared to that for the highly asynchronous TS3D, where the
>(6, + 6,) is only 74° and the diene distortion energy is only
14.9 kcal/mol.

Figure 7 shows the energetic cost for the out-of-plane
distortion about the double bond of dienes 1—3, 1,3-butadiene,
and 1,3-cyclooctadiene.

The shorter rigid bridges of cyclopentadiene and cyclo-
hexadiene restrict the out-of-plane motion, resulting in a
substantial increase in the force constants associated with the
out-of-plane distortion. The 3- and 4-atom bridges of
cycloheptadiene and cyclooctadiene are flexible enough that
the force constants for the out-of-plane motion are similar to
the model acyclic diene, 1,3-butadiene.

Having established the role of asynchronicity in the reactivity
of cyclic dienes, we revisited the classic Sauer'® rate constants
for the reactivities of cyclopentadiene with cyanoethylenes E—J.
The nature of the transition states of these and other Diels—
Alder reactions have been explored in many prominent
studies,'” most recently by Politzer, Murray, and co-workers.”’
They analyzed the asynchronicity of transition states of
unsymmetrically substituted dienophiles, using the force
constants along the reaction pathway, and found that highly
asynchronous processes have two minima of the second
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Figure 6. Transition structures for the reactions of dienes 1—3 with dienophiles A and D showing dihedral angle 8, across the C,C, diene double

bond and dihedral angle 8, across the C;C, diene double bond.
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Figure 7. M06-2X/6-31+G(d)/CPCM(DCM) deformation energy
(relative to fully optimized cyclic diene) for the out-of-plane motion
(AB,) across the C,C, double bond of dienes 1—3, 1,3-butadiene, and
1,3-cyclooctadiene from 0° to 45° in 5° increments.

derivative in the transition region, indicative of a stepwise
formation of bonds even in the absence of an energetic
intermediate.””* They also analyzed these reactions in terms of
. . 20b . . 1. 20c
an electron density analysis™ and electrostatic potentials.
The experimental rate constants for the reactions of
cyclopentadiene with the cyanoethylenes are summarized in
Table 1 along with the computed activation free energies.

Table 1. Experimental Rate Constants and Calculated
Activation Energies for the Reactions of Cyclopentadiene
with Ethylene and Cyanoethylenes E—J

log ke AGF . (kcal/mol,
dienophile M's7'] 298 K)
ethylene (TS1A) 1.9% 29.1
acrylonitrile (TS1E-endo) 5.0° 21.8
fumaronitrile (TS1F) 5.9° 16.8
maleonitrile (TS1G-endo) 6.0° 162
vinylidene cyanide (TS1H) 9.7% 12.5
tricyanoethylene (TS1I-endo) 10.7% 9.6
tetracyanoethylene (TS1J) 12.6° 59

“Adjusted to 293 K from ref 28. YDioxane, 293 K; see ref 18.

Figure 8 shows a comparison of the M06-2X computed
activation free energies (AG¥.,.) and the log of the
experimental rate constants. Previous studies have shown that
the B3LYP functional poorly predicts the substituent effects for
the reactions of tricyanoethylene and tetracyanoethylene with
cyclopentadiene.’”™ The MO06-2X functional predicts the
correct reactivity pattern for the differently substituted
cyanoethylenes.

Both the experimental rates and computed activation barriers
show that the reactivity increases with the number of electron-
withdrawing cyano substituents. The reason why 1,1-dicyano-
ethylene is 500 times more reactive than the cis- and trans-1,2-
dicyanoethylene, as well as a theoretical explanation of all of
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Figure 8. Plot of computed activation free energies (298 K) vs log k.,
(** = 095, AG* . = —2.0 log ky, + 31.0).

these data, has been the focus of numerous computational
studies."”

Figure 9 shows the distortion/interaction analysis of these
reactions. The difference in the reactivity between the
unsymmetrically and symmetrically substituted dienophiles is
related to both the energy required to distort cyclopentadiene
and the interaction energy that has been discussed previously in
terms of FMO interactions between the reactants.

For the reactions of cyclopentadiene with ethylene A and
cyanoethylenes E—J, the activation free energies range from
29.1 to 5.9 kcal/mol. The different reactivities along the series
of dienophiles with cyclopentadiene results from increases in
interaction energies as the number of cyano substituents on the
dienophile increases. Figure 10 shows an excellent linear
correlation of the transition state interaction energies with the
number of cyano substituents.

The interaction energies range from —5.9 to —30.0 kcal/mol
and become 1—11 kcal/mol stronger with each additional
cyano substituent.

The diene distortion energy for the reactions of cyclo-
pentadiene with A and cyanoethylenes E—J ranges from 11.7 to
15.9 kecal/mol. Figure 11 shows an excellent linear relation
between the diene distortion energy and the Y.(6, + 6,),
discussed earlier.

The diene distortion energies increase as the out-of-plane
distortion from the C,C, and C;C, double bonds increases.
The range, however, is small in the context of the interaction
energies, with only a 4.2 kcal/mol difference at most. The high
reactivity of dicyanoethylenes is mainly due to the interaction
energies, but the 500-fold increase in reactivity of 1,1-
dicyanoethylene relative to that of the cis- and trans-1,2-
dicyanoethylenes is a result of the asynchronous transition state
with the former. The 2.4—3.0 kcal/mol lower cyclopentadiene
distortion energy of the transition state with 1,1-dicyano-
ethylene is because only one terminus of the diene is distorted
appreciably. This is a result of a less fully formed C—C bond
(2.65 A) in TS1H and less distortion about the double bonds
than that in the synchronous transitions states TS1F and
TS1G.

DOI: 10.1021/acs.joc.5b00174
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Figure 9. Optimized transition structures for reactions of cyclo-
pentadiene with dienophiles A and E—J. The forming bond lengths are
reported in angstroms, and dihedral angles for 6, and 6, are reported
in degrees. Distortion, interaction, and activation energies for the
transition structures are shown below each structure (green, distortion
energy of dienophile; blue, distortion energy of diene; red, interaction
energy; black, activation energy; in kcal/mol).
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Figure 10. Plot of the interaction energy for the reactions of

cyclopentadiene with dlenoghlles A and E—]J vs the number of cyano
substituents (r* = 0.94, AE¥, = 6.0x — 7.3).

B CONCLUSIONS

The out-of-plane distortion across the C,C, and C;C, diene
double bonds has a significant impact on the Diels—Alder
reactivities of cyclic dienes. Cyclopentadiene is highly reactive
in Diels—Alder reactions because only minimal out-of-plane
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Figure 11. Plot of the diene distortion energy for the reactions of
cyclopentadiene with dienophiles A and E—J against Y.(0, + 6,) (* =
0.95, AEFi_giene = 0.55 20, + 6,) — 4.4).

distortion is required to achieve the transition state geometry
compared with that of other cyclic and acyclic dienes.
Asynchronous transition states have significant out-of-plane
distortion about only one double bond. With heterodieno-
philes, such as nitrosobenzene and PTAD, the asynchronicity of
the transition states results in similar reactivities for all three
cyclic dienes.
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