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ABSTRACT: The importance of fluoro and trifluoromethyl substituents in
drug effectiveness prompted the computational exploration of fluorine-
containing substituents in valuable synthetic cycloadditions. Diels−Alder or
1,3-dipolar cycloaddition reactions of typical reactants, cyclopentadiene, N-
phenyldiazoacetamide, tetrazine, and N-phenylsydnone involving fluorine-
containing substituents (F, CF3, and COCF3) were studied with M06-2X
density functional theory. Inductive and conjugative effects influence normal
and inverse electron-demand reactions differently. These results provide a
guide to the design and use of cycloadditions for the introduction of fluoro
and trifluoromethyl substituents in synthetic processes.

■ INTRODUCTION

Fluorine-containing substituents often have significant effects on
biological and chemical properties of a substrate. About 20% of
prescribed and 30% of blockbuster drugs contain fluorine.1 The
insecticide Tef lubenzuron,2Celecoxib that treats arthritis,3 and
the antibiotic Jadomycin N-trif luoroacetyl-L-lysine (Scheme 1)4

are prominent examples of these. Fluorine-functionalized
materials have been applied in medical and agrochemical
practice as well, and there are applications in optical and
electronic technologies.5
While fluoro substitution may primarily influence physical

properties and binding affinities for pharmaceuticals, studies on
fluorine-containing substituents show that they have significant
electronic effects on cycloaddition reactivities. In 2014, we
studied the substituent effects on inverse electron-demand
Diels−Alder reactions of 1,2,4,5-tetrazine.6 Trifluoromethyl
destabilizes tetrazines, which leads to smaller distortion energies
in the Diels−Alder transition states and therefore smaller
activation barriers (Scheme 2a). In 2016, the Raines group
studied the 1,3-dipolar cycloaddition of diazomethane deriva-
tives with substituted alkynes and showed that a trifluoromethyl-
alkyne reacts 100 times faster than its ester counterpart.7 This
was attributed to favorable noncovalent interactions (Scheme
2b). In 2016, Taran and co-workers reported ultrafast click
chemistry of fluorosydnone, which reacts rapidly and selectively
with bicyclo[6.1.0]nonyne (BCN) (Scheme 2c).8 We and
Murphy and co-workers studied the origins of halogen effects in
the bioorthogonal cycloadditions of sydnones and discovered
that fluorine substitution increases the reactivity of sydnone
mainly by lowering its distortion energy.9 In 2019, Blanchard,
Houk, and Liu reported a general strategy for the synthesis of 7-

aza-indazoles from 2-hydrazonylpyrimidines via intramolecular
Diels−Alder reactions.10 Computations showed that the
activation of the pyrimidine is due to the pre-distortion
introduced by trifluoroacetylation (Scheme 2d).
These experimental and computational observations show

that fluorine-containing substituents may change cycloaddition
reactivities through a variety of mechanisms, by influencing the
conformations, distortion energies of reactants, or interaction
energies between the reactants. We now present a systematic
study of representative cycloadditions, the Diels−Alder reaction
of cyclopentadiene with acrylonitrile, the 1,3-dipolar cyclo-
addition of diazoacetamide with ethyl propiolate, the inverse
electron-demand Diels−Alder reaction of tetrazine with ethyl-
ene, and the 1,3-dipolar cycloaddition ofN-phenylsydnone with
BCN. We analyze how fluoride, trifluoromethyl, and trifluor-
oacetyl substituents affect cycloaddition reactivities and provide
general guidelines for future developments.

Computational Methods. All calculations were performed
with Gaussian 09.11 Geometry optimizations of the minima and
transition states were carried out at the M06-2X level of theory
with the 6-31+G(d) basis set and the CPCM model for
solvents.12,13 Vibrational frequencies were computed at the
same level to verify that optimized structures are energy minima
or transition structures and to evaluate zero-point vibrational
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energies and thermal corrections at 298 K. Previous studies
showed that this method gives relatively accurate energetics for
cycloaddition reactions.14 Energies were evaluated on optimized
structures using the same functional with a larger basis set 6-
311+G(d,p) and the same solvent model. Frontier molecular
orbitals (FMOs) and their energies were computed at theHF/6-
311+G(d,p) level on optimized geometries.15 Distortion/
interaction analysis was done at the M06-2X/6-311+G(d,p)
level. Optimized structures are illustrated using CYLview.16

Computational details are provided in the Supporting
Information (S10).
Distortion/interaction-activation strain (D/I-AS) analyses on

the transition states were carried out to understand the
activation or deactivation effects of fluorine-containing sub-
stituents.17−19 In D/I-AS analysis, the transition state structure
is separated into two fragments (distorted reactants), followed
by single-point energy calculations on each fragment. The
energy differences between the distorted fragments and the

corresponding separate reactant structures are defined as the
distortion energies or activation strains. The difference between
the activation energy and the total distortion energy is the
interaction energy.

■ RESULTS AND DISCUSSION

Figure 1 summarizes the activation free energies of all 16
reactions studied here (cyclopentadiene with acrylonitrile,
diazoacetamide with ethyl propiolate, tetrazine with ethylene,
and N-phenylsydnone with cyclooctyne, with F, CF3, and
COCF3 substituents). The substituents were attached to the
expected electrophilic species in each series as specified by R in
Figure 1.
The majority of the cycloaddition reactions follow concerted

mechanisms. The reactions of diazoacetamide with fluoro- and
trifluoroacetyl-ethyl propiolate have concerted and stepwise
barriers (see Supporting Information, Figures S3 and S4), but
we used the concerted TSs in our analyses. The following

Scheme 1. Some Bioactive Molecules Containing Fluorine

Scheme 2. Previous Experimental/Computational Studies of Fluorine-Containing Substituent Effects on Diels−Alder and 1,3-
Dipolar Cycloadditionsa

aIn each case, activation barriers and/or second-order rate constants are compared for H- and the corresponding F-containing group, except for
Scheme 2b, where CO2Me and CF3 are compared.
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sections include detailed analyses of the reactivity trends, but
certain observations can be made at the outset.
The reaction of cyclopentadiene with acrylonitrile is a classic

“normal electron-demand” Diels−Alder cycloaddition. Elec-
tron-withdrawing CF3 and COCF3 lower the barriers by 5.8 and
8.0 kcal/mol, respectively, consistent with the electron-with-
drawing nature of the substituents (σR_CF3 = 0.16 and
σR_COCF3 = 0.26).20 F is inductively electron-withdrawing
(σR_ F = −0.32),21 but due to its resonance electron-donating
nature, the reaction barrier is increased by 1.4 kcal/mol.
The diazoacetamide reaction also involves an electron-rich

1,3-dipole and electron-deficient dipolarophiles, and the
behavior of CF3 and COCF3 is similar to that in the previous
Diels−Alder reactions. Again, fluorine deactivates ethyl
propiolate, and this is discussed in detail later.
The tetrazine cycloaddition with ethylene is an “inverse-

electron demand” Diels−Alder reaction. Electron-withdrawing
CF3 and COCF3 lower the barrier by 4.8 and 4.2 kcal/mol,
respectively, while F has little effect on the cycloaddition
reactivity of tetrazine.
In the cycloaddition of N-phenylsydnone with BCN, fluorine

has an extraordinary accelerating effect,9 while electron-
withdrawing CF3 and COCF3 deactivate N-phenylsydnone by
increasing the barriers by 0.9 and 4.3 kcal/mol, respectively.
Figure 2a shows the D/I-AS analysis of the transition state

structures of cyclopentadiene cycloaddition with acrylonitrile.
Both endo- and exo-cycloadditions were studied (Figure S1), but
only the favored exo-cyano pathways are shown here. The TS
structures are all asynchronous. COCF3-acrylonitrile has an
earlier transition state and a longer forming C−C bond distance
than other substituent groups (F, CF3) (Figure S7).
The change in cyclopentadiene distortion is small across the

series (blue arrows, 13.6−14.7 kcal/mol). Dienophile distortion
varies more (green arrows, 8.2−12.0 kcal/mol), but the change
in interaction energies is most significant (red arrows, −11.8 to
−22.9 kcal/mol). For the fluoro substitution, the greater
distortion energy, lead to the alkene causes a slight increase in
barrier, even though the interaction energy increases. For CF3

and COCF3, large increases in interaction energy lower the
overall free energy barriers by 5.8 and 8.0 kcal/mol, respectively.
To better understand that the interaction energies are

significant to lower the free energy barriers, an energy
decomposition analysis (EDA) was performed by the cyclo-
addition of cyclopentadiene with acrylonitrile (Figure 2b). EDA
was carried out using the ADF.2018.106 program at the M06-
2X/6-311+G(d,p) level of geometries optimized at Gaussian
09.22 An EDA involves the decomposition of ΔEint into
electrostatic (ΔEelstat), Pauli repulsive (ΔEPauli), dispersion
(ΔEdisp), polarization energy (ΔEpol), and charge transfer
(ΔEct), as shown in eq 1. The contributions of polarization
energy and dispersion are less significant; the electrostatic and
charge transfer are systematically more favorable for the
cycloaddition of cyclopentadiene with F-containing acryloni-
trile, accompanied by more positive Pauli repulsions though. An
overall effect is achieved with electrostatics and charge transfer
overcoming the Pauli repulsion, which gives rise to a net
stabilizing interaction.

E E E E E Eint elec ct disp pol pau= + + + + (1)

The reaction of cyclopentadiene with acrylonitrile involves
significant orbital interaction between the HOMO of cyclo-
pentadiene and the LUMO of acrylonitrile. Figure 3 shows the
LUMOs of acrylonitrile and the substituted acrylonitriles. There
is a correlation between the LUMO energies and interaction
energies/activation barriers.23 The lower the LUMO energy, the
greater the interaction energy.
Figure 4 shows the transition structures for 1,3-dipolar

cycloaddition of the relatively electron-rich N-phenyldiazoace-
tamide with ethyl propiolates, along with the D/I-AS analysis on
each. Both stepwise and concerted pathways were studied for
syn- and anti-cycloadditions (Figures S2−S4), and the TSs of the
concerted pathways are shown here. The pattern of reactivity
here is very much like that of the cyclopentadiene/acrylonitrile
cycloaddition, although the energy changes are slightly different.
Fluoro once again increases distortion energies, now for both
dipole and dipolarophiles, and the interaction energy also

Figure 1. Activation free energies for the cycloaddition reaction of cyclopentadiene, diazoacetamide, tetrazine, andN-phenylsydnone (activation-free
energies are shown in kcal/mol).
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increases. The net result is a slower reaction and an early
transition state with a reversal of regioselectivity (Figure S8).

CF3 once again increases reactivity through a larger interaction
energy, and the original regioselectivity is restored, uniting the
diazo nucleophile carbon β to ester rather than the CF3
terminus. The COCF3 group increases the reactivity most,
with a free energy barrier of 10 kcal/mol lower (k2 at RT 107
larger!). The lower interaction and dipole distortion energy is
due to the considerably more asynchronous and earlier
transition state for this reaction.
Figure 5 shows the FMOs of 1,3-dipole and various

substituted ethyl propiolates with coefficients at reacting sites
labeled. There is a correlation between the LUMO energies and
the interaction energies/activation barriers. Note the large
disparity in orbital coefficients on ethyl propiolate with F and
COCF3 substituents, in which the ester dominates over F and
COCF3 over the ester, respectively. These lead to very
unsymmetrical TSs and even competition for stepwise processes
(see Supporting Information). The regioselectivity of reactions
of the parent propriolate and the CF3 and COCF3 derivatives are
such that the largest diazo HOMO − 2 coefficient is united with
the largest dienophile LUMO coefficient. The consistency is the
fluoro-substituted case, where the regioselectivity is the result of
interaction of the diazo HOMO − 2 (largest coefficient at the
terminal C) with the alkyne LUMO, largest coefficient at the
fluoro-substituted terminus; this is stepwise but is most
favorable. For better comparison, the fluoro-substituted case
of the concerted pathways is shown here.
Tetrazine cycloadditions with simple alkenes are inverse-

electron-demand Diels−Alder reactions. D/I-AS analyses were
carried out on the transition states (Figure 6). Two substituents
were placed on the tetrazine for the computations to maintain
symmetry and simplicity.
The distortion energies of ethylene only change subtly (green

arrows, 3.7−5.2 kcal/mol), while distortion of tetrazine varies
according to substitution (blue arrows, 14.0−18.8 kcal/mol).
Consistent with our earlier studies,6 the resonance electron-
donating F increases the activation energy, while the two strong
acceptors lower the distortion energy and has an early transition
state (Figure S9). There are more significant variations in
interaction energies (red arrows, −12.1 to −17.9 kcal/mol)
which dictate the order of electron withdrawal and LUMO + 1
energy lowering (Figure 7): H < F < CF3 < COCF3.
Figure 7 shows the LUMO + 1 (p orbital interacting with

ethylene HOMO) of substituted tetrazines. There is a
correlation between LUMO + 1 energies and interaction

Figure 2. Distortion/interaction analysis on the transition state
structures of cyclopentadiene cycloaddition with acrylonitrile (forming
bond lengths are shown in Angstroms and activation free energy in
kcal/mol). The blue distortion arrow is for cyclopentadiene; green
stands for dienophile distortion energy; red stands for interaction
energy; black stands for activation electronic energy; baby blue stands
for electrostatics; baby green stands for polarization energy; golden
stands for charge transfer; yellow stands for dispersion; purple stands
for Pauli repulsion.

Figure 3. LUMO of acrylonitriles involved in the Diels−Alder reaction with cyclopentadiene. Orbital energies computed at the HF/6-311+G(d,p)
level are shown below the orbitals.
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energies. Because of the role of distortion, the net reactivity
order is H = F < CF3 = COCF3.
Transition structures and D/I-AS analyses on the N-

phenylsydnone cycloadditions with the especially reactive
cyclooctyne are shown in Figure 8.24 Both endo- and exo-
cycloadditions were studied (Figure S5), but only the favored
exo-N-phenylsydnone pathways are shown here.
5-Fluoro-N-phenylsydnone has the longest forming bond

distances and therefore early transition state with small
distortion, leading to substantial activation, which has been
reported in our previous work.9 On the other hand, CF3

Figure 4.Distortion/interaction analysis on the transition state ofN-phenyldiazoacetamide cycloaddition with substituted ethyl propiolates (forming
bond lengths are shown in Angstroms and activation free energy in kcal/mol). The blue distortion arrow is forN-phenyldiazoacetamide; green stands
for ethyl propiolate distortion energy; red stands for interaction energy; black stands for activation electronic energy.

Figure 5. FMOs for the N-phenyldiazoacetamide cycloaddition with
ethyl propiolates. Numbers in parentheses are sums of squares of the
HOMO − 2 or LUMO coefficients at the corresponding atoms.

Figure 6. Distortion/interaction analysis on the transition state
structures of tetrazine cycloaddition with ethylene (forming bond
lengths are shown in Angstroms and activation free energy in kcal/
mol). Blue stands for tetrazine distortion, green stands for ethylene
distortion energy, red stands for interaction energy, and black stands for
activation electronic energy.
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substitution on N-phenylsydnone lowers its reactivity by
increased distortion energy. The forming bond distances are
almost identical compared to the parent reaction. COCF3 is the
most deactivated, and the forming bond distances suggest high
asynchronicity but has an early transition state, presumably due
to the carbonyl group into a less favorable conformation of N-
phenylsydnone (Figure S10). To test our hypothesis, we studied
other carbonyl substituents (COCH3, CHO). Consistent with
our prediction, there is significant deactivation with both cases
due to the large distortion energies.
The distortion energies of cyclooctyne are very small across

the series (green arrows, 2.4−4.8 kcal/mol), while the distortion
energies of N-phenylsydnone vary according to the substituent
(blue arrows, 12.6−21.2 kcal/mol) and aremore significant than

the change in interaction energies (red arrows, −13.0 to −16.6
kcal/mol). The resonance electron-donating F lowers the
distortion energy; the electron acceptors (CF3, COCF3,
COMe, CHO)makeN-phenylsydnone harder to distort (Figure
8).
F-substitution activates N-phenylsydnone because its reso-

nance electron-donating nature makes sydnone easier to distort.
CF3 is a strong electron acceptor that decreases the reactivity of
N- phenylsydnone by increasing the distortion energy. COCF3
deactivates N-phenylsydnone not only as an electron acceptor
but also makes N-phenylsydnone harder to distort by the
rotation of the carbonyl group into less favorable conformation
in the transition state. The change in dihedral angle from the
reactant structure to transition state raises theN-phenylsydnone
distortion energy (Figure S6). CHO and COCH3 have a less
significant deactivation effect than COCF3 of N-phenylsydnone
due to their weaker electron-withdrawing nature. The overall
reactivity trend is largely influenced by distortion: F <H <CF3 <
CHO = COMe = COCF3.
The LUMOs of substituted N-phenylsydnones are shown in

Figure 9. As the LUMO lowers, the interaction energy increases,
but that trend is overwhelmed by the distortion energies that
ultimately dominate the reactivity trends.

■ CONCLUSIONS

We studied the fluorine-containing substituent effect on
reactivity in cyclopentadiene, N-phenyldiazoacetamide, tetra-
zine, and N-phenylsydnone cycloaddition. Trifluoromethyl and
trifluoroacetyl have similar activation/deactivation effects in the
four types of cycloadditions. They both lower the LUMO of
acrylonitrile or LUMO+ 1 of tetrazine in DA or inverse-electron

Figure 7. LUMO + 1 of tetrazine involved in the Diels−Alder reaction.
Orbital energies are shown below the orbitals.

Figure 8.Distortion/interaction model and transition structures ofN-phenylsydnone cycloaddition with reactive bicyclic cyclooctyne (forming bond
lengths are shown in Angstroms and activation free energy in kcal/mol). Blue stands for N-phenylsydnone distortion, green stands for cyclooctyne
distortion energy, red stands for interaction energy, and black stands for activation electronic energy.
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demand DA reactions, and the increase in stabilizing interaction
correlates with high reactivities. Fluorine, on the other hand, has
a significant activation effect on N-phenylsydnone, where
distortion is the determining factor. An in-depth understanding
of how fluorine-containing substituents affect reactivities
provides helpful guide to future development of new reactions.
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