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Abstract

Lindner and Lemal showed that perfluorination of keto—enol systems significantly shifts the
equilibrium toward the enol tautomer. Quantum mechanical calculations now reveal that the shift
in equilibrium is the result of the stabilization of the enol tautomer by hyperconjugative = —
o*cr interactions and the destabilization of the keto tautomer by the electron withdrawal induced
by the neighboring fluorine atoms. The preference for the enol tautomer further increases in
smaller perfluorinated cyclic keto—enol systems. This trend is in contrast to the nonfluorinated
compounds, where the enol is strongly disfavored in the smaller rings. The fluoro effect overrides
the effect of the ring size that controls the equilibria in nonfluorinated compounds. The increased
overlap of the enol 7 bond with the o*cf orbitals of the allylic C—F bonds results in the increased
preference for the enol tautomer in smaller perfluorinated keto—enol systems. We show here why
the effect is much greater than in 3,3-difluorocyclooctyne.
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INTRODUCTION

The enol content of simple ketones and aldehydes containing an a-hydrogen is often
negligible. The equilibrium can be shifted to favor the enol tautomer if the enol is part of an
aromatic system or involved in hydrogen bonding. A less conventional way to shift the
equilibrium toward the enol tautomer was discovered by Lemal and Lindner when they
measured the equilibrium constants for the tautomerization of the perfluorinated keto—enol
systems 1-4 shown in Scheme 1.1-3 The perfluorination shifts the equilibrium toward the
enol tautomer relative to their respective hydrogen counterparts* and is especially large for
smaller rings. This shift in the equilibrium has been attributed to the destabilization of the
ketone through the electron withdrawal induced by the neighboring fluoro groups.® Lemal
and Lindner studied computationally the optimized structures of 2—4 to understand why the
propensity for the enol tautomer increases as the ring size of the perfluorinated cyclic keto—
enol systems decreases.® They noted that the distance between the vinyl and allylic fluorine
atoms increases as the ring size of the perfluorinated cyclic enol systems becomes smaller,
and they attributed the increased presence of the enol tautomer to the weaker fluorine—
fluorine steric repulsions in smaller cyclic systems.

We have studied computationally the perfluorinated cyclic keto—enol systems and find that
the hyperconjugative interactions between the 7 and o*cr orbitals stabilize the
perfluorinated enols and increase significantly as the ring size decreases. We predict that this
hyperconjugative effect and the preference for the enol tautomer become even larger in
three-membered rings.

COMPUTATIONAL METHODS

The geometries were optimized with an M06-2X" functional and a 6-31G(d) basis set in
Gaussian 09, Revision D.01.8 The single-point energies were calculated with a larger 6-311+
+G(d,p) basis set and an implicit SMD? solvation model with carbon tetrachloride (CCly) as
the solvent. The Natural Bond Orbital (NBO 3.1)10 analysis at an M06-2X/6-31G(d) level
of theory was used to quantify the strength of the donor—acceptor orbital interactions.
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RESULTS AND DISCUSSION

The computed reaction energies (AG) for the tautomerizations of 1-10 from the keto to the
enol form are reported in Figure 1. In agreement with the experimental work of Lemal and
Lindner,13 the perfluorinated acyclic keto—enol system has the lowest preference for the
enol tautomer, and the thermodynamic preference for the enol form in the perfluorinated
cyclic systems (2-5) increases with decreasing ring size. The hydrogen counterparts (7—10)
show the opposite trend, where the formation of the enol tautomer becomes increasingly
unfavorable with decreasing ring size. This trend has been attributed to the differences in the
ring strain of the exocylic and endocylic double bonds.1! The perfluorination of the acylic
keto—enol system shifts the equilibrium by 5 kcal/mol. This shift in equilibrium toward the
enol tautomer upon fluorination increases as the ring size of the perfluorinated cyclic keto—
enol systems decreases and is largest for the three-membered cyclic keto—enol system with a
shift of 24 kcal/mol.

Figure 2 shows a plot of the calculated free energies against the free energies from the
experimentally measured equilibrium constants. The trend in the experimental free energies
is qualitatively reproduced in the computated free energies, although the stability of the enol
form is systematically underestimated by about 2 kcal/mol for each system.

Equations 2-5 in Figure 3 for the analogous hydrocarbon systems measure the strain of the
endocyclic double bond relative to the exocyclic double bond. Equation 1 serves to show
that there is a 2 kcal/mol bias for the endocyclic double bond when the strain is not
important, because the endocyclic alkene is more substituted and more stabilized by
hyperconjugation relative to the exocyclic alkene. There is a 2—3 kcal/mol preference for the
endocyclic double bond in the five- and six-membered rings. For the four-membered ring,
the endocyclic and exocyclic double bonds are similar in energy. The significant strain of the
endocyclic double bond in the three-membered ring results in a preference of 11 kcal/mol
for the exocyclic double bond.

The isodesmic equations 610 in Figure 4 measure the effect of fluorine substitution on the
stability of the ketones relative to fluorinated alkanes. These isodesmic equations show that
fluorine substitution destabilizes the ketones. The three-membered ketone is the least
destabilized by the fluorine substitution, with a value of 19 kcal/mol in the isodesmic
equation. The other perfluorinated cyclic ketones 2—4 and the perfluorinated acyclic ketone 1
are destabilized to a larger extent with destabilization energies ranging from 29 to 27 kcal/
mol. Although the simple conclusion is that an electron-withdrawing carbonyl is destabilized
by electron-withdrawing CF bonds, this does not rationalize the general trend of the
increasing enol preference as the ring sizes decrease.

The isodesmic equations 11-15 in Figure 5 measure the strength of the hyperconjugative
interactions between the sz bond and the allylic o*cg acceptors. The & — o*cr
hyperconjugative interactions are least stabilizing for the acyclic system and become more
stabilizing as the cyclic systems become smaller. The trend in the strength of the = — o*¢f
hyperconjugative interactions parallels the trend in the computed thermodynamic stabilities
of the perfluorinated enols in Figure 1. This correlation suggests that the increase in the
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preference for the enol tautomer in smaller perfluorinated cyclic keto—enol systems is related
to the increase in the strength of the = — o*cg hyperconjugative interactions in smaller
perfluorinated cyclic enols. The absence of the vinyl fluorine atom in isodesmic equations
11-15 also shows that the trend in the keto—enol equilibrium of the perfluorinated keto—enol
systems is not related to steric effects between the vinyl and allylic fluorine atoms.

The strength of each = — o*cg hyperconjugative interaction in the perfluorinated enol
systems was quantified by the NBO calculations and is listed in Table 1. The trend in the
thermodynamic stability of the perfluorinated enols relative to the keto tautomer parallels the
strength of the T — o*cg hyperconjugative interactions, which are weakest in the
perfluorinated acyclic enol and become increasingly stabilizing as the perfluorinated cyclic
enol ring becomes smaller. The individual = — o*cg hyperconjugative interactions range
from 1 to 8 kcal/mol in the perfluorinated acyclic enol. For the four- to six-membered
perfluorinated cyclic enols 2E to 4E, the hyperconjugative interactions are generally
stronger and range from 4 to 10 kcal/mol. The = — o™ hyperconjugative interactions are
significantly stronger for the three-membered perfluorinated cyclic enol 5E at 33 kcal/mol
per interaction. In addition to the factors that will be mentioned later, this system gains a
significant stabilization from the hyperconjugative aromaticity.13.14

The analysis of the preorthogonalized NBO overlap integrals of the z and o*cg orbitals
reveals that the increase in the strengths of the = — o*cg hyperconjugative interactions in
smaller perfluorinated cyclic enols is a result of the better orbital overlap between the rr and
o*cr orbitals (Table 2). To show how the orbital overlap increases across the perfluorinated
enol series, a T — o*cg hyperconjugative interaction for each of the perfluorinated enols is
depicted in Figure 6. The allylic C—F bonds rotate increasingly inward, closer to the remote
end of the double bond, as the ring size of the perfluorinated enol decreases. This inward
movement increases the overlap of the o*cf orbitals with the 7 orbital region of highest
electron density. In turn, this greater overlap results in more stabilizing = — o*cf
hyperconjugative interactions.

A related overlap effect has been reported in Diels—Alder reactions of cycloalkenes, where
the inward motion of the cycloalkene allylic C—H bonds results in an increased overlap of
the highest occupied molecular orbital (HOMO) of the cycloalkene with the lowest
unoccupied molecular orbital (LUMO) of the diene.® This increased overlap contributes to
cyclopropene being over a million times more reactive than cyclohexene in the inverse
electron-demand Diels—Alder reaction with 3,6-(bistrifluoro)-tetrazine8 and to the
unusually large endo preference.14

The “negative” hyperconjugative effect of CF bonds is well known.1” A computational
investigation by Alabugin et al. showed that = — o*cg hyperconjugative interactions of the
in-plane (rz;,) and out-of-plane (o) -systems with the propargylic fluorine atoms not
only stabilize the ground state of difluorocyclooctyne (DIFO) but also increase the reactivity
of this molecule in cycloadditions by stabilizing the transition state even more.18 The
hyperconjugative interactions of the in-plane and out-of-plane r orbitals with the o*cg
orbitals of DIFO are shown in Figure 7, with the strength of the hyperconjugative
interactions in kcal/mol and the preorthogonalized NBO overlap integral listed below each
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interaction. The = — o™cF interactions in DIFO with overlap integrals of 0.1 to 0.2 are
weaker than the = — o*¢ interactions in the perfluorinated cyclic enols studied by Lemal
and Lindner with overlap integrals of 0.2 to 0.3. The strength of the = — o*cf interactions
in cyclic systems is determined by the ring size, and the overlap integrals of the = and o*cg
orbitals in the eight-membered ring of DIFO are less favorable than in smaller six- to three-
membered rings. The increased overlap of the = — o*cF interactions in smaller cyclic
systems results in stronger = — o*cp interactions and consequently greater chemical
effects.

Hyperconjugative interactions of the Cg cyclopropene substituents with the alkene r orbitals
have been shown to induce aromatic or antiaromatic properties depending on the electronic
nature of the substituents.3:14 Hyperconjugative acceptors stabilize the cyclopropene
through aromatic 2-electron cyclic delocalization, whereas donors like alkyl or silyl
substituents destabilize the cyclopropene with antiaromatic 4-electron delocalization. The
unusually high strength of the = — o*cg hyperconjugative interactions in the three-
membered perfluorinated enol results from the increased overlap of the = and o*cf orbitals
that leads to a 2 electron hyperconjugative aromaticity.

CONCLUSIONS

The shift of keto—enol equilibrium in perfluorinated systems toward the enol tautomer arises
from the hyperconjugative = — o*cf interactions of the enol = bond with the allylic C-F
bonds and the destabilization of the keto tautomer through electron withdrawal by the
electronegative fluorine atoms. The equilibrium increasingly favors the enol tautomer for
smaller rings, because the increased overlap of the z and o*cg orbitals in smaller
perfluorinated cyclic keto—enol systems results in an increased negative hyperconjugative
stabilization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Computed reaction energies (AG) for the keto—enol tautomerizations of keto—enol systems
1-10.
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Comparison of the calculated (AGcaic) and experimental (AGeyp) free energies for the
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Isodesmic equations 2-5 measure the stability of an endocyclic double bond relative to an

exocyclic double bond. Equation 1 compares the stability of a trisubstituted alkene relative
to a disubstituted alkene. @From the experimental heats of formation.12
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Figure 6.
Top view of a T — o*cF interaction in the enol forms of 1-5.
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Strength in kcal/mol and overlap in parenthesis for the = — o*cg hyperconjugative

interactions in DIFO.
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Table 1.

Computed Strengths of the = — o*cf Interaction (kcal/mol) for Enols 1-5

OH OH
F p,-.A
4E S5E
T o*cr 1E 2E 3E 4E 5E
-0F1* 0.9 7.5 5.3 8.6 334
- OFp* 6.2 3.9 8.4 8.6 334
- O™ 2.3 9.5 10.1 9.7
- Opg* 2.6 4.9 6.5 9.7
7T-Opg™ 8.1
- Opg™ 15
total 216 25.8 30.3 36.6 66.8
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Preorthogonalized NBO Overlap Integrals in Atomic Units for the 7 — o*cF Interactions

Table

2.

OH OH OH
NAF i A
For )y Fy ¢ F F—
J " F
F5 F.q‘ FFS F3 F4 2
5
1E 4E 5E
T—> o*cp 1E 2E 3E 4E 5E
T-0F 1 * 0.08 0.22 0.19 0.25 0.34
7T- O * 0.21 0.16 0.23 0.25 0.34
7T- Op3™ 0.14 0.23 0.24 0.25
- Op4 ™ 0.13 0.17 0.19 0.25
II-U'FS* 0.22
- O™ 0.10
average 0.15 0.20 0.21 0.25 0.34
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