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Density functional theory (DFT) calculations have been performed to calculate the optimized ge-
ometries of stepwise fluorinated methylenecyclopropanes and 1-methylcyclopropenes. Increasing the
number of fluorine atoms caused a destabilization of methylenecycopropane. Perfluorinated 1-meth-
ylcyclopropene was found to be present in substantial concentration. This is supported by calculations
of the Gibbs free energy, isodesmic reactions and orbital energies (HOMO-LUMO). These results are
compared with the fluorinated cyclopropanes keto-enol system. Enthalpies, entropies and dipole mo-
ments are reported.
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1. Introduction

Recently [1] we have studied cyclopropanone and
cyclopropenol-(1) (Scheme 1) and have shown that
cyclopropanone is by 17.684 kcal/mol more stable
than cyclopropenol-(1). This was confirmed by a pos-
itive Gibbs free energy, ∆G (∆G = 17.509 kcal/mol),
which indicates that the keto-enol tautomerism is non-
spontaneous, and cyclopropanone is more stable than
cyclopropenol-(1).

Also, it was found [1] that an increase in the number
of substituting fluorine atoms causes a destabilization
of cyclopropanone.

In this paper we study the effect of the methylene
group on the three-membered ring and also of the
stepwise fluorination of this methylenecyclopropanes/
1-methylcyclopropene system in order to compare this
effect with the previous work on the keto-enol sys-
tem [1].

Much work has been done on the rearrangement
of methylenecyclopropane [2 – 4], ring opening iso-
merization [5], decomposition [6], reactive intermedi-
ates [7] and single electron oxidation of methylenecy-
clopropene [8]. But no work was found on the stepwise
fluorination of methylenecyclopropane.

DFT/B3LYP (G 03, Revision B.03) [9] is ap-
plied to examine first the methylenecyclopropane/
1-methylcyclopropene system (Scheme 2) and then the
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Cyclopropanone Cyclopropenol-(1)

Scheme 1.

Methylenecyclopropane (1) 1-Methylcyclopropene (2)

Scheme 2.

stepwise fluorinated methylenecyclopropane/1-meth-
ylcyclopropene system. All calculations are done in the
gas phase at 298.15 K.

2. Results and Discussion

Density functional theory (DFT) calculations [9] are
used to calculate fully the optimized geometries of flu-
orinated methylenecyclopropanes and 1-methylcyclo-
propenes. The molecular structure of the fluorinated
methylenecyclopropane (1)/1-methylcyclopropene (2)
system and Mulliken atomic charges are given in Fig-
ure 1. The calculated entropies, enthalpies and dipole
moments of 11 compounds are listed in Table 1. The
calculated Gibbs free energies, isodesmic reactions and
orbital energies are given in Tables 2, 3 and 4.



S. M. Khalil · A DFT Study on the Stepwise Fluorinated Methylenecyclopropane � 1-Methylcyclopropene System 43

(+0.171)

(+0.179)

(+0.143)

C4

H4 H6

H5 (+0.156)(+0.156) H3

H1 H2 (+0.156)

1

1
3 2

(+0.067)
(-0.368)

(-0.292)

C4

F2 F1 (-0.307)

H5 (+0.156)H3

H1 H2 (+0.159)

4

1
3 2

(+0.051)
(-0.323)

(+0.127)

C4

H4 F1 (-0.326)

H5 (+0.154)H3

H1 H2 (+0.184)

3

1
3 2

(-0.067)
(-0.350)

(-0.316)

C4

H4
H6 (+0.159)

H3

H1
H2

H5 (+0.121)

H2 H2

2

1

3 2

(+0.072)
(-0.483)

(-0.308)

3 2

(-0.126)

(+0.156)
(+0.089)

(-0.134)

C4

H4 F1

F2 ( -0.294)(+0.157)
(-0.326)

H3

H1 H2 (+0.189)

5

F1 ( -0.299)

F2 ( -0.287) (+0.166)
1

3 2
1

3 2

(+0.076)
(-0.341)

(+0.494)

C4

F1 (-0.352)

H5 (+0.161)

H4

H1 H3 (+0.131)

8

(+0.076)

(-0.484)C4

H4 F1 (-0.280)

H3

H1 H5 (+0.166)

7

1 1

3 2

(+0.141)

(-0.481)C4

F3

H3

H1 H2 (+0.168)

6

(+0.062)
(-0.316)

(+0.472)

(+0.113) (-0.306)

F1 (-0.266)

H2H2

3 2
(+0.166)

(+0.415)
(-0.114) (+0.185)

C4

F1

F2 (-0.310)

H4

H1 H3 (+0.168)

9

(+0.093)

(-0.486) C4

F2(-0.335)

H3

H1 H5 (+0.172)

10

11

H2

3 2

(+0.096)

(+0.428)

C4

F1

F2 (-0.297)

F3(-0.245)

H1 H3 (+0.179)

11

(+0.168)

(+0.177)

(-0.482)

1

3 2

(+0.149)

(-0.482)

(-0.299)

Fig. 1. Molecular structure of fluorinated methylenecyclopropanes and 1-methylcyclopropenes with Mulliken atomic charges
in parenthesis.

Table 1. Calculated entropy S, enthalpy H and dipole mo-
ment µ of fluorinated methylenecyclopropanes and 1-meth-
ylcyclopropenes (see Fig. 1 for numbering).

Compound S (cal mol−1K−1) H (Hartrees) µ (D)

1 66.077 −153.960025 0.382
2 65.809 −153.941643 0.916
3 71.595 −251.736708 2.078
4 77.298 −349.511797 3.429
5 76.400 −349.529591 2.910
6 82.745 −447.304853 3.316
7 71.136 −251.732551 2.136
8 70.942 −251.726023 2.926
9 75.496 −349.523916 3.928

10 76.130 −349.519106 3.101
11 80.829 −447.318392 3.632
1 Hartree = 627.5095 kcal/mol.

2.1. Parent Compounds

DFT calculations have shown that the difference
in energy between compound 2 and compound 1 is
0.018382 Hartrees (11.535 kcal/mol), Table 1, sug-
gesting that 1 is more stable than 2 by 11.535 kcal
/mol.

CH2

H

H H

H

1 2

CH3

G  = 11.615 kcal/mol

H
H

Scheme 3.

This is confirmed by thermodynamic calculations
(Table 2) which show a positive Gibbs free energy
(∆G = 11.615 kcal/mol) indicating a nonspontaneous
reaction and that methylenecyclopropane (1) is more
stable (Scheme 3). Comparing this energy with that
of the keto-enol system (∆G = 17.509 kcal/mol) [1]
suggests that the carbonyl group stabilizes the three-
membered ring more than the methylene group. It was
found that in all alkene isomerizations [10], the for-
ward reaction is favoured far more than in their ketone-
to-enol counterparts, which agrees with the present
work. This ∆G value (11.615 kcal/mol) will be taken as
reference for determining the relative stability of flu-
orinated methylenecyclopropanes and 1-methylcyclo-
propenes.
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Table 2. Gibbs free energy (∆G) of fluorinated methylenecy-
clopropanes and 1-methylcyclopropenes.

No. ∆G (kcal/mol)

1 11.615

2 2.746

3 6.899

4 3.831

5 −4.243

6 −7.924

∆G = ∆H −T∆S.

2.2. Relative Stability of the Fluorinated
Methylenecyclopropane � 1-Methylcyclopropene
System

Introduction of fluorine causes a change in the
atomic charges of the methylenecyclopropane �
1-methylcyclopropene system, mainly where the flu-
orine atom is attached (Fig. 1).

Effect of One F Atom

Fluoromethylenecyclopropane (3) (Fig. 1) is an un-
symmetrical compound and has two possibilities of
forming 7 and 8 (Scheme 4).

Compound 7 is formed from a H5 shift from C2
(compound 3), while compound 8 is formed by a H3
shift from C3.
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The H5 in compound 3 is more acidic (+0.154) than
H3 (+0.139). So compound 7 formed from the H5 shift
may be favourable. This is indicated by No. 2 in Ta-
ble 2, where ∆G = 2.746 kcal/mol is smaller than that
of compound 8 (∆G = 6.899 kcal/mol, No. 3 in Ta-
ble 2). This suggests that the transformation from 3
to 7 is more likely to occur than from 3 to 8, i. e.
compound 7 is more stable than 8. The stabilization
effect is also supported by using the isodesmic reac-
tions [11 – 18]. A negative value for the reaction indi-
cates a less stable, and a positive value a more stable
product. It can be seen that ∆Hrxn = 2.435 kcal/mol of
compound 7 (No. 2 in Table 3) is more positive than
that of compound 8 (∆Hrxn = −0.368 kcal/mol, No. 3
in Table 3), suggesting that 7 is stable relative to 8.

Effect of Two F Atoms

There are two possibilities, case a and case b:
a. 2,3-Difluoromethylenecyclopropane (4) is a sym-

metrical compound (Fig. 1). The possible compound
formed is compound 10, resulting from a H5 shift on
C2 or from a H3 shift on C3 (Scheme 5).

The ∆G value is calculated to be −4.243 kcal/mol
(No. 5 in Table 2), which is less than the one for the
parent compound (No. 1 in Table 2) indicating an in-
crease in the stability of compound 10.

This is also supported by the isodesmic reaction,
where ∆Hrxn = 2.433 kcal/mol of 10 (No. 7 in Table 3)
is more positive than that of 4 (∆Hrxn = 0.794 kcal/mol,
No. 6 in Table 3), indicating that 10 is relatively more
stable than 4, i. e. the two fluorine atoms destabilize the
methylenecyclopropane.

b. 2,2-Difluoromethylenecyclopropane (5) (Fig. 1)
is unsymmetrical. The compound that might be formed
is 9 resulting from a H3 shift on C3 (Scheme 6).
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Table 3. Evaluation of substituent effects on methylenecyclopropanes and 1-methylcyclopropenes via isodesmic reactions.

No. ∆Hrxm (kcal/mol)

1 0.474

2 2.435

3 −0.368

4 0.096

5 −0.885

6 0.794

7 2.433

8 0.543

9 2.136

∆Hrxn = Σ∆Hproduct −Σ∆Hreactant.
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The ∆G value of 5 is calculated to be 3.831 kcal/mol
(No. 4 in Table 2), which is less than that of the parent
compound (∆G = 11.615 kcal/mol). This suggests that
the two fluorine atoms destabilize the methylenecy-
clopropane (1), i. e. increase the stability of 1-methyl-
cyclopropene (2), but still 5 is more stable than 9 be-
cause of its positive ∆G value 3.831 kcal/mol.

This is also supported by the isodesmic reaction,
where ∆Hrxn = 0.096 kcal/mol of compound 5 (No. 4
in Table 3) is more positive than that of 9 (∆Hrxn =
−0.885 kcal/mol, No. 5 in Table 3) indicating that 5 is
relatively more stable than 9.

It can be seen from Table 2, that the ∆G value of
compound 4 to compound 10 (No. 5 in Table 2) is
smaller than that of compound 5 to compound 9 (No. 4
in Table 2), suggesting the greater effect of the two flu-
orine atoms in the case of a (two F atoms not on the
same C atom) compared to that of case b (two F atoms
on the same C atom).

Effect of Three F Atoms

2,2,3-Trifluoromethylenecyclopropane (6) (Fig. 1)
has one possibility of compound formation. The com-
pound formed is compound 11 resulting from a H3
shift on C3. The positive charge of H3 in compound 6
is +0.171 (Scheme 7), which is more acidic than
the parent methylenecyclopropane proton (+0.156, 1,
Fig. 1).

So the product formation may be favoured by a rel-
atively higher stability compared to the parent com-
pound. This is indicated by No. 6 in Table 2, where
∆G = −7.924 kcal/mol is less than the one of the
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parent compound (∆G = 11.615 kcal/mol). This re-
sult is also supported by isodesmic reactions, where
∆Hrxn = 2.136 kcal/mol of 11 (No. 9 in Table 3) is
more positive than that of 6 (∆Hrxn = 0.543 kcal/mol,
No. 8 in Table 3). This suggests a relative stability
of compound 11. Thus 11 is favoured over 6, which
agrees with the previous work on the keto-enol sys-
tem [1, 19] where the enol form is favoured over the
ketone form.

The calculated Mulliken charge distribution in com-
pound 6 (Fig. 1) may give a plausible explanation
for its destabilization. The calculated charges at car-
bon atoms 2 and 3 are more positive in 6 than
in 1 (Scheme 8). The positive charge adjacent to
methylene group is destabilizing due to the electro-
static repulsion between the two carbon atoms C2
and C3, and C1. Therefore this repulsion might be
responsible for the destabilization of 6. The hydro-
gen atom H3 becomes more acidic (+0.171) in com-
pound 6 than in compound 1 (+0.156). Increasing the
acidity of hydrogen atom H3 is likely to be important
for the easy formation of compound 11 (Scheme 7).
Thus compound 11 is favoured over compound 6
in a similar explanation to that given in previous
works on 2H-perfluorocyclobutanone [20] and 2H-
perfluorocyclopentanone [11, 21, 22].

2.3. Dipole Moment of Fluorinated
Methylenecyclopropane and
1-Methylcyclopropene

Stepwise fluorination affects the dipole moment of
all compounds, as shown in Table 1.

Introduction of a fluorine atom into methylenecy-
clopropane increases the dipole moment from 0.382
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Table 4. Calculated orbital energies (HOMO and LUMO,
in eV) of fluorinated methylenecyclopropanes and 1-meth-
ylcyclopropenes (see Fig. 1 for numbering).

Compound HOMO LUMO Eg = LUMO−HOMO

1 −6.913 0.459 7.372
2 −6.418 0.714 7.132
3 −7.482 −0.424 7.058
4 −7.852 −1.346 6.506
5 −8.015 −0.971 7.044
6 −8.403 −1.887 6.516
7 −6.629 0.771 7.400
8 −7.564 0.060 7.624
9 −8.095 −0.517 7.578

10 −7.694 −0.097 7.597
11 −8.385 −0.462 7.923

Debye (1 without fluorination) to 2.078 Debye (3 with
fluorination). This is due to the presence of the fluorine
atom with a constructive resultant with a –CH2 group.
It is shown from compound 4 that the two fluorine
atoms increase the dipole moment to 3.429 Debye.
This is because the resultant of the two fluorine atoms
and the –CH2 group are in the same direction. In the
case of the keto-enol system [1], introducing two flu-
orine atoms at the two carbon atoms decreases the
dipole moment due to the presence of the two fluorine
atoms in opposite direction with the carbonyl group.
But when the two fluorine atoms are at the same car-
bon atom (compound 5, Fig. 1), the dipole moment is
less than that of 4, because the resultant of the two flu-
orine atoms and the –CH2 group are not in the same
direction. Compound 6 shows that the dipole moment
is greater than that in compound 5, since the resultant
of the fluorine atoms has a constructive direction with
the –CH2 group. Similarly, the changes in the dipole
moments of fluorinated 1-methylcyclopropenes can be
explained (compounds 7 – 11).

2.4. Orbital Energies (HOMO and LUMO) of
Fluorinated Methylenecyclopropanes and
1-Methylcyclopropenes

The introduction of fluorine atoms into methylene-
cyclopropane and 1-methylcyclopropene affects their

orbital energies (HOMO and LUMO) compared with
their parent compounds.

In the case of fluorinated methylenecyclopropanes
(compounds 3 – 6, Table 4), an increase in the number
of fluorine atoms causes a decrease in the energy gaps
(Eg), but not steadily. It depends on the geometry of
the compound. This suggests a decrease in the stability
of compounds 3 – 6. In the case of fluorinated 1-meth-
ylcyclopropene compounds 7 – 11, Table 4, shows an
increase in Eg suggesting a stabilization of these com-
pounds. This agrees with the present isodesmic reac-
tions and thermodynamic calculations, where fluori-
nation destabilizes compound 1 and stabilizes com-
pound 2.

In the case of perfluorination of methylenecy-
clopropane (1) (Table 4), the energy gap decreases
from 7.372 eV (compound 1, without perfluorination)
to 6.516 eV (compound 6, with perfluorination), sug-
gesting a destabilization of 1.

In the case of perfluorination of 1-methylcyclo-
propene (2), Eg increases from 7.132 eV (compound 2,
without perfluorination) to 7.923 eV (compound 11,
with perfluorination), suggesting a stabilization of
compound 11. This agrees with the present thermody-
namic and isodesmic calculations. Thus perfluorinated
1-methylcyclopropene 11 is present in substantial con-
centration.

3. Conclusion

It can be concluded that methylenecyclopropane
is more stable than 1-methylcyclopropene by
11.535 kcal/mol. The methylene group less stabi-
lizes the three-membered ring relative to the carbonyl
group. The stability of methylenecyclopropane was
found to decrease on fluorination, similar to that in
the case of cyclopropanone. Perfluorinated 1-methyl-
cyclopropene was found to be present in substantial
concentration. These results were confirmed by Gibbs
free energy calculations, isodesmic reactions and
orbital energies.
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