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ABSTRACT: The physical factors governing the Diels−Alder reactivity of (2,7)pyrenophanes have been computationally
explored using state-of-the-art Density Functional Theory calculations. It is found that the [4 + 2]-cycloaddition reactions
between these cyclophanes and tetracyanoethylene, which occur concertedly through highly asynchronous transition states,
proceed with lower activation barriers and are more exothermic than the analogous process involving the parent planar pyrene.
The influence of the bent equilibrium geometry of the pyrenophane as a function of the length of the bridge as well as the nature
of the tether on the transformation are analyzed in detail. By means of the Activation Strain Model of reactivity and the Energy
Decomposition Analysis methods, a detailed quantitative understanding of the reactivity of this particular family of cyclophanes is
presented.

■ INTRODUCTION

Cyclophanes are characterized by having an aliphatic chain that
bridges two nonadjacent positions of an aromatic ring. Since the
isolation of the first cyclophane, the archetypical [2.2]para-
cyclophane, by Brown and Farthing in 1949,1 the chemistry of
this family of compounds has experienced tremendous develop-
ment.2 Indeed, cyclophanes are nowadays ubiquitous species in
different fields of organic and organometallic chemistry such as,
for instance, asymmetric catalysis,3 supramolecular chemistry,4

or materials science.5

Among the vast number of cyclophanes prepared so far,
pyrene-based cyclophanes, also known as pyrenophanes, have
attracted much attention recently.6 This is due to not only the
extraordinary photophysical and photochemical properties of
this particular polycyclic aromatic hydrocarbon7 but also its
importance as a key structural unit for the preparation of large
curved π-organic materials.6,8 For these reasons, a good number
of pyrenophanes having (1,3), (1,6), (1,7), (1,8), (2,4), (2,7),
and (4,9) bridging motifs have been prepared and fully
characterized.6 However, although considerable efforts toward
the synthesis and structural analyses of these compound have
been made,6,9 their chemistry remains comparatively under-
developed. Thus, only a few reactions including Diels−Alder
cycloadditions,9b,10 and some unusual processes involving t-BuLi
and alkali metals,11 have been reported so far. This is somewhat
surprising if we take into account that the synthesis of
pyrenophane derivatives may provide access to novel species

with significant potential applications in the above commented
fields.
Herein, we have focused on the Diels−Alder reactivity of

(2,7)pyrenophanes. Bodwell and co-workers reported that
[n](2,7)pyrenophanes 1 and 1,n-dioxa[n](2,7)pyrenophanes 2
undergo [4 + 2]-cycloaddition reactions with reactive
dienophiles such as tetracyanoethylene (TCNE) or 4-phenyl-
1,2,4-triazoline-3,5-dione (PTAD) at room temperature
(Scheme 1).9b,10 Interestingly, whereas pyrenophanes with n =
7 (1-m5 and 2-m5) easily react with TCNE, the next-higher
counterparts (n = 8, for instance, 2-m6 in Scheme 1a) are both
unreactive even when heating at 80 °C. A similar reactivity trend
was observed in the reactions with PTAD (see Scheme 1b).
Although it was suggested that the strain relief in the
transformation is likely responsible for this behavior, the physical
factors behind the observed different Diels−Alder reactivities are
so far not fully understood.
Fortunately, the introduction of the so-called Activation Strain

Model (ASM)12 of reactivity in combination with the Energy
Decomposition Analysis (EDA)13 method has allowed us to
quantitatively understand the factors governing different
fundamental processes in organic chemistry14,15 as well as
metal-mediated transformations.16 This approach has been
particularly useful to our current understanding of the Diels−
Alder reactions involving fullerenes17 as well as planar and bowl-
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shaped polycyclic aromatic hydrocarbons, species which are
strongly related to the (2,7)pyrenophanes considered herein.18

Therefore, in this study we report the application of the ASM
method to gain a deeper, quantitative insight into the Diels−
Alder reactivity of this particular family of cyclophanes. Issues
such as the influence of the length of the aliphatic bridge
connecting the positions 2 and 7 of the pyrene nucleus as well as
the nature of the tether on the transformation will be also
analyzed in detail.

■ THEORETICAL METHODS
Computational Details. All the calculations reported in this paper

were obtained with the GAUSSIAN 09 suite of programs.19 All
reactants, transition structures, and cycloadducts were optimized using
the B3LYP functional20 in conjunction with the D3 dispersion
correction suggested by Grimme et al.21 using the double-ζ quality
def2-SVP basis sets22 for all atoms. All stationary points were
characterized by frequency calculations.23 Reactants and cycloadducts
have positive definite Hessian matrices, whereas transition structures
(TSs) show only one negative eigenvalue in their diagonalized force
constant matrices, and their associated eigenvectors were confirmed to
correspond to the motion along the reaction coordinate under
consideration using the Intrinsic Reaction Coordinate (IRC) method.24

Single-point calculations at the M06-2X25 level using the triple-ζ quality
plus polarization def2-TZVPP basis set22 for all atoms were performed
on the optimized geometries to refine the computed energies. Solvent
effects (solvent = benzene) were taken into account during the single-
point calculations using the Polarizable Continuum Model (PCM).26

This level is denoted PCM(benzene)-M06-2X/def2-TZVPP//B3LYP-
D3/def2-SVP.

Activation Strain Analyses of Reaction Profiles. The activation
strain model,12 also known as distortion/interaction model,27 is a fragment
approach to understanding chemical reactions, in which the height of
reaction barriers is described and understood in terms of the original
reactants. Within this approach, the potential energy surface ΔE(ζ) is
decomposed, along the reaction coordinate ζ, into two contributions,
namely the strain ΔEstrain(ζ) associated with deforming the individual
reactants plus the actual interaction ΔEint(ζ) between the deformed
reactants (eq 1):

ζ ζ ζΔ = Δ + ΔE E E( ) ( ) ( )strain int (1)

The strain ΔEstrain(ζ) is typically determined by the rigidity of the
reactants and to the extent at which groups must reorganize in a
particular reaction mechanism, whereas the interaction ΔEint(ζ)
between the reactants depends on their electronic structure and on
how they are mutually oriented as they approach each other. It is the
interplay between ΔEstrain(ζ) and ΔEint(ζ) that determines if and at
which point along ζ a barrier arises (i.e., at the point where dΔEstrain(ζ)/

Scheme 1. Diels−Alder Reactions Involving
(2,7)Pyrenophanes 1 and 2 (TCNE = Tetracyanoethylene,
PTAD = 4-Phenyl-1,2,4-triazoline-3,5-dione)

Figure 1. Computed reaction profiles for the Diels−Alder reactions between (2,7)pyrenophane 2-m5 and 2,7-dimethoxypyrene (DMP) with TCNE.
Relative energies and bond distances are given in kcal/mol and angstroms, respectively. All data have been computed at the PCM(benzene)-M06-2X/
def2-TZVPP//B3LYP-D3/def2-SVP level.
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dζ = −dΔEint(ζ)/dζ). The activation energy of a reaction ΔE‡ =
ΔE(ζTS) consists therefore of the activation strain ΔEstrain

‡ =
ΔEstrain(ζTS) plus the TS interaction ΔEint‡ = ΔEint(ζTS):

Δ = Δ + Δ‡ ‡ ‡E E Estrain int (2)

Herein, the reaction coordinate is defined as the projection of the IRC
on the shortest forming C···C distance between the carbon atom of the
pyrenophane and the carbon atom of TCNE. This reaction coordinate ζ
undergoes a well-defined change in the course of the reaction from∞ to
the equilibrium C···C distance in the corresponding transition
structures.

■ RESULTS AND DISCUSSION
We first compared the [4 + 2]-cycloaddition reactions of the 1,7-
dioxa[7](2,7)pyrenophane 2-m5 and the parent 2,7-dimethoxy-
pyrene (DMP) with TCNE to understand the influence of the
curvature imposed in the cyclophane on the transformation. As
readily seen in Figure 1, our calculations indicate that in both
cases the reaction proceeds via the exothermic formation of an
initial reactant complex which is transformed into the
corresponding cycloadduct in a concerted manner through the
transition states TS-2m5 and TS-DMP, respectively. These
saddle points are associated with the simultaneous, albeit highly
asynchronous, formation of both C−C bonds, a feature also
shared by related planar and bowl-shaped polycyclic aromatic
hydrocarbons.18 From the data in Figure 1, it becomes clear that
the cycloaddition reaction involving the pyrenophane is both
kinetically (ΔΔE‡ = 8.3 kcal/mol) and thermodynamically
(ΔΔER = 15.9 kcal/mol) favored over the analogous process
involving the parent planar DMP. This can be initially ascribed to
the bent equilibrium geometry of 2-m5 which (i) is greatly
relieved in the corresponding cycloadduct and (ii) better fits into
the transition state structure as compared to the planar DMP. As
a result, the transition state TS-2m5 is reached much earlier than
the analogous TS-DMP (see Figure 1).
Further quantitative insight into the reasons behind the much

lower activation barrier associated with the process involving the
cyclophanes can be gained by means of the Activation Strain
Model (ASM) of reactivity. Figure 2 shows the computed

activation strain diagrams (ASD) for the above cycloaddition
reactions from the corresponding initial reactant complexes up to
the respective transition states. Not surprisingly, it is found that
the strain energy computed for the process involving 2-m5 is
clearly lower (i.e., less destabilizing) than that for the reaction
involving the parent DMP along the entire reaction coordinate.
For instance, at the transition state structures, a value ofΔEstrain =
49.4 kcal/mol was computed for the reaction involving the
pyrenophane whereas a much higher (i.e., more destabilizing)
value of ΔEstrain = 103.9 kcal/mol was computed for the parent
process involving DMP (Figure 2). This is of course a direct
consequence of the bent equilibrium geometry of 2-m5 which
requires less deformation to adopt the transition state geometry
as compared to the planar DMP. Therefore, although the
interaction energy is even slightly stronger for the DMP reaction
(see Figure 2), it can be concluded that the strain energy is the
main factor controlling the lower activation barrier computed for
the [4 + 2]-cycloaddition reaction involving (2,7)pyrenophane
2-m5. A similar finding was also observed not only in the related
[4 + 2]-cycloadditions between bowl-shaped polycyclic aromatic
hydrocarbons and cyclopentadiene18a but also in the [3 + 2]-
cycloaddition reactions involving group 14 heteroallenes and
triple bonds.28

Influence of the Length of the Bridge. In order to
investigate the effect of the length of the tether on the Diels−
Alder reactivity of (2,7)pyrenophanes, we considered the [4 + 2]-
cycloaddition reactions between TCNE and 1,n-dioxa[n](2,7)-
pyrenophanes 2 (n = 5 to 10; see Table 1).
Table 1 gathers the activation barriers, reaction energies, and

activation strain data of the considered Diels−Alder cyclo-
addition reactions at the PCM(benzene)M06-2X/def2-
TZVPP//B3LYP-D3/def2-SVP level. In all cases, it is found
that the transformation begins with an initial reactant complex
(located at ca.−10 kcal/mol below the separate reactants) which
is transformed into the respective cycloadducts through the
concerted and asynchronous transition states TS2 (see also
Figure 3). Regardless of the length of the bridge, the process
involving pyrenophanes 2 is systematically easier from a kinetic
point of view (ΔE‡ in the range of 16.9 to 24.3 kcal/mol) and
more exothermic (ΔE‡ in the range of −3.7 to −32.9 kcal/mol)
than the analogous cycloaddition involving the parent DMP.
Despite that, there is a smooth convergence to the DMP barrier
and reaction energies if the length of the tether is increased. Thus,
the activation barrier energy becomes higher and the cyclo-
addition becomes less exothermic as the length of the aliphatic
bridge becomes longer. This effect can be once again ascribed to
the equilibrium geometry of the pyrenophane reactant, which
steadily becomes increasingly more bent as the length of the
tether becomes shorter. Indeed, good linear relationships
between the activation barriers as well as the reaction energies
and the curvature of the pyrenophane (measured by the
geometrical parameter h, see Figure 4 for a definition) were
found (correlation coefficients of 0.95 and 0.96, respectively,
Figure 4), which confirms the crucial role of the bent geometry of
the pyrenophane on the process. Please note that the computed
barrier and reaction energies computed for 2-m6, the next-higher
homologue of 2-m5, are not that unfavorable as compared to the
data computed for 2-m5. Therefore, the experimentally observed
lack of reactivity of this species should be attributed to an
experimental issue rather than to the intrinsic reactivity of 2-m6
(indeed, this species is able to undergo the analogous Diels−
Alder reaction with PTAD; see Scheme 1).10

Figure 2. Comparative activation-strain diagrams of the [4 + 2]-
cycloaddition reactions between TCNE and 2,7-dimethoxypyrene
(solid lines) and (2,7)pyrenophane 2-m5 (dashed lines) along the
reaction coordinate projected onto the forming C···C bond distance. All
data have been computed at the PCM(benzene)-M06-2X/def2-
TZVPP//B3LYP-D3/def2-SVP level.
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Not surprisingly, the ASM of reactivity indicates that the
activation strain energy, ΔEstrain‡, follows the same trend as the

activation barrier; i.e., processes with higher barriers are
associated with higher deformation energies (see Table 1).

Table 1. Computed Energies (in kcal/mol, PCM(Benzene)-M06-2X/def2-TZVPP//B3LYP-D3/def2-SVP Level) for the Diels−
Alder Cycloaddition Reactions between TCNE and (2,7)Pyrenophanes 2

compd m ΔERCa ΔE‡b ΔERc ΔEstrain,TCNE‡d ΔEstrain,2‑mx
‡e ΔEstrain

‡f ΔEint
‡g hh

2-m3 3 −9.5 16.9 −32.9 20.7 23.2 43.9 −36.5 2.125
2-m4 4 −9.8 17.6 −30.0 21.6 23.0 44.6 −36.8 1.922
2-m5 5 −10.0 18.8 −22.3 23.5 25.9 49.4 −40.6 1.659
2-m6 6 −10.1 19.2 −14.2 30.0 30.3 60.3 −51.2 1.332
2-m7 7 −10.5 21.4 −7.1 37.9 42.1 80.0 −69.1 1.086
2-m8 8 −10.7 24.3 −3.7 38.2 43.9 82.1 −68.6 0.800
DMP − −13.7 27.1 6.4 51.3 52.6 103.9 −90.5 0.000

aReactant complex (RC) energy: ΔERC = ERC − E(pyrenophane/DMP) − E(TCNE). bActivation energy: ΔE‡ = E(TS) − E(RC). cReaction
energy: ΔER = E(cycloadduct) − E(pyrenophane/DMP) − E(TCNE). dΔEstrain,TCNE‡ = ETCNE(TS) − ETCNE.

eΔEstrain,2‑mx
‡ = E2‑mx(TS) − E2‑mx.

fΔE‡strain = ΔEstrain,TCNE‡ + ΔEstrain,2‑mx‡.
gΔEint‡ = E(TS) − ETCNE(TS) − E2‑mx(TS).

hh values (in Å, for a definition see Figure 4).

Figure 3. Fully optimized geometries (B3LYP-D3/def2-SVP level) of the transition states involved in the Diels−Alder cycloaddition reactions between
TCNE and (2,7)pyrenophanes 2 (m = 3 to 8). Bond distances are given in angstroms.
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This finding provides further support to the above conclusion
about the crucial role of the initial curvature of the pyrenophane
on the cycloaddition. Therefore, cyclophanes with high h values
(i.e., having shorter tethers) already possess a bent equilibrium
geometry which better fits into the corresponding transition state
structure. As a consequence, these species require less
deformation and, as a result, lower activation barriers. As
expected, a good linear correlation was found when plotting the
computedΔEstrain‡ vsΔE‡ (correlation coefficient of 0.93, Figure
5), which confirms that the [4 + 2]-cycloaddition reactions

involving (2,7)pyrenophanes are mainly controlled by the energy
required by the cyclophane to adopt the geometry of the
corresponding transition state. In this sense, it is not surprising
either that the transition states associated with lower barriers
(with higher h values and shorter bridges) are reached earlier
than those associated with higher barriers (having lower h values
and longer bridges; see Figure 3).

Influence of the Nature of the Tether. We finally were
curious to analyze the effect of the presence of an aryl group in
the bridge of (2,7)pyrenophanes on the [4 + 2]-cycloaddition
reaction with TCNE. Although compound 6-H (Table 2) was
also prepared by Bodwell and co-workers,29 nothing is known
about its reactivity.

The computed curvature value h for 6-H is 1.358 Å (Table 2).
This value is higher than that computed for the analogous all-
carbon tethered (2,7)pyrenophane, i.e. having eight CH2
moieties connecting the positions 2 and 7 of the pyrene (h =
1.207 Å), and as a consequence, the computed activation barrier
is lower (ΔE‡ = 18.9 vs 19.5 kcal/mol). Moreover, the h value of
6-H is rather similar to that computed for the 1,6-dioxa[6](2,7)-
pyrenophanes 2-m6 (h = 1.332 Å, see Table 1). However, the
computed activation barrier for the cycloaddition involving 6-H
does not resemble that for 2-m6 but for the next-lower
homologue 2-m5 (ΔE‡ = 18.9 vs 18.8 kcal/mol)30 despite the
latter species possessing a more bent equilibrium geometry (h =
1.659 Å). This suggests that, in addition to the curvature, there
should be another factor which enhances the Diels−Alder
reactivity of this particular pyrenophane. Indeed, application of
the NCIPLOT method31 reveals the occurrence of a strong
noncovalent π−π attractive interaction between the aryl
fragment and the pyrene moiety (Figure 6). We hypothesize
that this intramolecular interaction makes the pyrene fragment a
better diene and, consequently, enhances the interaction
between the pyrenophane and the dienophile TCNE.
To support this hypothesis, we modified the electronic nature

of the aryl fragment by introducing substituents at the adjacent
positions to the carbon atoms involved in the aromatic bridge.
Clearly, the presence of good π-donor substituents such as NH2
groups (compound 6-NH2) further enhances the Diels−Alder
reactivity of the system in view of the lower computed activation
barrier of 17.6 kcal/mol (Table 2). Note that this species
presents a curvature h value of 1.348 Å, which is even lower (i.e.,
less bent) than that for 6-H, which highlights the importance of
the π−π intramolecular interaction (Figure 6). A similar
reactivity enhancement is found for the dimethoxy-substituted

Figure 4. Plot of the activation barriers (ΔE‡) and reaction energies
(ΔER) versus the curvature parameter h. Inset: geometrical definition of
parameter h (defined as the distance between the center of the bond
connecting the central C3a1 and C5a1 atoms and the center of the line
connecting C2 and C7 atoms).

Figure 5. Plot of the barrier energies (ΔE‡) versus activation strain
energies (ΔEstrain‡) for the Diels−Alder cycloaddition reactions between
TCNE and pyrenophanes 2 and 2,7-dimethoxypyrene. Energy values
were computed a t the PCM(benzene) -M06 -2X/de f2 -
TZVPP//B3LYP-D3/def2-SVP level.

Table 2. Computed Energies (in kcal/mol, PCM(Benzene)-
M06-2X/def2-TZVPP//B3LYP-D3/def2-SVP level) for the
Diels−Alder Cycloaddition Reactions between TCNE and
(2,7)Pyrenophanes 6

compd ΔERC
a ΔE‡b ΔERc hd

6-H −11.4 18.9 −15.3 1.358
6-NH2 −12.3 17.6 −14.8 1.348
6-OMe −11.9 18.3 −14.8 1.357
6-CN −10.4 20.2 −12.0 1.327
6-F −10.8 20.3 −13.4 1.328

aReactant complex (RC) energy: ΔERC = ERC − E(pyrenophane) −
E(TCNE). bActivation energy: ΔE‡ = E(TS) − E(RC). cReaction
energy: ΔER = E(cycloadduct) − E(pyrenophane) − E(TCNE). dh
values (in Å, for a definition see Figure 4).
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cyclophane 6-OMe (ΔE‡ = 18.3 kcal/mol). In contrast, the
introduction of electron-withdrawing substituents such as CN
groups (6-CN) leads to the opposite effect and a higher reaction
barrier is computed for this species (ΔE‡ = 20.2 kcal/mol, Table
2). A similar effect is found for 6-F, possessing four fluorine
atoms in the aryl fragment (see Table 2). Therefore, it can be
concluded that the reactivity of pyrenophanes having an aryl
fragment in their bridges is not exclusively governed by the extent
of the curvature of their equilibrium geometries, as it occurs in
their aliphatic counterparts. Intramolecular π−π interactions
must be also taken into account as they tune the electronic
properties of the pyrene moiety.
Although the computed HOMO(pyrenophane)−LUMO-

(TCNE) gap qualitatively agrees with the computed reactivity
trend: 0.64 eV (6-F) > 0.34 eV (6-H) > 0.08 eV (6-NH2), we
finally applied the NOCV (Natural Orbital for the Chemical
Valence)32 extension of the EDA method13 to quantitatively
assess the strength of the π(diene)−π*(dienophile) orbital
interaction in the cycloaddition.33 From the data in Figure 7,
which depicts the corresponding deformation densities (Δρ) of
the pairwise orbital interactions at the corresponding transition
states, it becomes clear that this π → π* interaction follows the
same trend as that followed by the corresponding activation
barriers: −104.6 kcal/mol (6-NH2) > −101.1 kcal/mol (6-H) >
−98.4 kcal/mol (6-CN). Therefore, it is quantitatively confirmed
that the π−π intramolecular interaction in these species does
modify the electronic nature of the pyrene moiety and,
consequently, the reactivity of the system. Thus, whereas
electron-rich aryl groups in the tether make the pyrene−
TCNE interaction stronger and, as a result, lead to lower
activation barriers, the presence of electron-withdrawing groups
provokes the opposite effect.

■ CONCLUSIONS
From the computational study reported herein, the following
conclusions can be drawn: (i) similar to the process involving the
parent 2,7-dimethoxypyrene, the Diels−Alder reactions between

tetracyanoethylene and (2,7)pyrenophanes proceed concertedly
through highly asynchronous transition states. (ii) Despite that,
the processes involving pyrenophanes occur systematically with
lower activation barriers and are more exothermic than the
analogous cycloaddition reaction involving the parent DMP. (iii)
This is mainly due to the fact that these cyclophanes already
possess a bent geometry which better fits into the corresponding
transition state geometry therefore requiring significant less
deformation. (iv) Interestingly, there is a smooth convergence to
the DMP barrier and reaction energies if the length of the tether
of the cyclophane is increased. Thus, the barrier energy becomes
higher and the cycloaddition becomes less exothermic as the
length of the aliphatic bridge becomes longer. This is a direct
consequence of the curvature of the pyrenophane, which
becomes lower also when the length of the aliphatic bridge
becomes longer. (v) Finally, in those species having an aromatic
fragment in the tether, the Diels−Alder reactivity is not
exclusively controlled by the curvature of the system. In these
cases, there exists a remarkable intramolecular π−π interaction
between the aryl fragment and the pyrene moiety which does
modify the electronic nature of the pyrene moiety and,
consequently, the interaction between the pyrenophane and
the dienophile TCNE and, ultimately, the activation barrier of
the process.
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