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The nucleophilic 5-endo-trigonal cyclization of 1,1-difluoro-1-alkenes has been studied at the B3LYP/
6-31+G(d) level in an Onsager continuum model for DMF. The reaction takes an addition—
elimination path. Both the transition-state structures and the IRC analyses suggest the delocal-
ization of the negative charge to highly electronegative two fluorine atoms during the addition
reaction is the origin of the high reactivity of 1,1-difluoro-1-alkenes. Judging from the activation
energies, both dichloro and dibromo counterparts are much less reactive for 5-endo-trigonal
cyclization. In these substrates, the cyclization reaction is promoted by chlorine or bromine atom
with their good leaving-group ability, and the addition of oxyanion to the w-bond occurs along with
the simultaneous elimination of halogen atom. The study on the cyclizations of s-monofluoro-o-
hydroxystyrenes and -bromo-S-fluoro counterparts shows that one fluorine atom is not enough to
delocalize the negative charge in the addition step.

Introduction

The 5-endo-trigonal cyclization is considered to be a
disfavored process for the construction of five-membered-
rings because of severe distortions in the reaction geom-
etry (Baldwin'’s rule).r Although efficient radical-initiated
cyclizations have been devised for the construction of
heterocyclic compounds,? the corresponding nucleophilic
cyclizations are still rarely observed.® Taking advantage
of the unusual reactivity of 1,1-difluoro-1-alkenes and the
leaving-group ability of the fluoride ion, nucleophilic
5-endo-trigonal cyclizations were recently realized by
Ichikawa and co-workers (Schemes 1 and 2).#°> When
hydroxystyrene 1 was treated with sodium hydride in
dimethylformamide (DMF), the 5-endo-trigonal cycliza-
tion occurred leading to 2-fluorobenzo[b]furan 2 in 80%
yield. The cyclization of homoallyl alcohols 3 also afforded
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5-fluoro-2,3-dihydrofurans 4 in good yields. On the other
hand, the corresponding monofluoro compounds 5 gave
low yields of the cyclization product 6 after prolonged
reaction time. These results revealed that two vinylic
fluorine atoms are essential to activate the alkene
sufficiently for the nucleophilic 5-endo-trigonal cycliza-
tion. Both dichloro- and dibromo-o-hydroxystyrenes 7a
and 7b gave poor results even though chloride and
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bromide ions are better leaving groups compared to
fluoride ion.

To better understand these 5-endo-trigonal cyclizations
and the origin of the high reactivity of 1,1-difluoro-1-
alkenes, we decided to study the reaction mechanism
computationally. Recently, we reported a theoretical
study on the intramolecular amination of chiral bromoal-
lenes on treatment with sodium hydride in DMF and
showed that the experimental results have been well
rationalized by DFT calculations [B3LYP/6-31+G(d)] and
the Onsager solvation model.® Furthermore, as our
calculations predicted, the improvement of cis-selectivi-
ties up to 99:1 has been realized by changing the sol-
vent from DMF to THF. Since the method [B3LYP/
6-31+G(d),SCRF(Dipole,solvent = DMF)] can explain the
nucleophilic reaction on treatment with sodium hydride
in DMF well, we applied this method to the above 5-endo-
trigonal cyclizations. Here, we report the results of
density functional study using the Onsager solvation
model.

Calculation Methods

All calculations were performed using the Gaussian 98
program.” Gibbs free energies are the values at 298.15 K and
1.00 atm obtained from the frequency calculations. The
thermal energy corrections are not scaled.® Vibrational fre-
quency calculations gave only one imaginary frequency?® for
all transition structures and confirmed that those structures
are authentic transition structures. The transition state
structures were located by the B3LYP hybrid functional®
together with the 6-31+G(d) basis and the Onsager continuum
model*! for DMF (e = 37.06). After rough potential energy
surfaces were drawn by using opt = addredun keyword, the
transition structures were obtained starting from the struc-
tures near the saddle points by using opt = ts keyword.
Starting from the transition-state structures, the reaction
paths were followed by an intrinsic reaction coordinate (IRC)
analysis.'? The structures of the reactants, products, and
intermediates were obtained by the optimization of the last
structures on both sides of the IRC calculations. The frequency
jobs on their structures gave only harmonic frequencies and
confirmed that they are minima.
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Results and Discussion

5-Endo-Trigonal Cyclization of g,-Difluoro-a-
methyl-o-hydroxystyrene. Since DMF is a polar apro-
tic solvent, it is able to dissolve many salts and tends to
surround metal cations rather than nucleophilic anions.
Therefore, the cyclization reaction of the anion 9 de-
rived from f,5-difluoro-a-methyl-o-hydroxystyrene was
chosen as a model system for the reaction of 1 on
treatment with sodium hydride in DMF. The transition
state structure 9-tsl for the nucleophilic 5-endo-
trigonal cyclization of 9 was located in the gas phase
(Figure 1). The distance of the forming O—C bond is 1.94
A, while the distance of the C1—C2 bond increases by
0.05 A. The activation energy is 19.9 kcal/mol, and the
resulting adduct anion 9-int has a completely flat ring
structure. The distances of C—F and C1—C2 bonds are
1.44 and 1.45 A, respectively, which suggest the delocal-
ization of the negative charge of a carbanion to highly
electronegative fluorine atoms. From 9-int, a cleavage
of the C—F bond occurs and a loose complex 9-pr
(2-furobenzo[b]furan and F~) forms. The transition struc-
tures for the cyclization of 9 were also located in a self-
consistent reaction field (SCRF) for DMF (see italic
numbers in Figure 1). The activation energy is 21.3 kcal/
mol, and the distance of the forming C—0O bond is 1.93
A. Both the energies and the structures of 9, 9-ts1, and
9-int are almost the same as those in the gas phase. The
largest changes are found in 9-ts2, where the distance
of the breaking C—F bond is 1.97 A (shorter than that in
the gas phase by 0.57 A) and the activation energy is 7
kcal/mol less than that in the gas phase. These values
show the cleavage of the C—F bond is a much easier
process in a polar solvent. Since two separate species,
2-furobenzo[b]furan and F~, form in SCRF, the energy
of 9-pr was calculated by combining the energies of
2-furobenzo[b]furan and F~. For comparison, the gas-
phase transition structure for the reaction of 9 was
located by RHF/6-31+G(d) (Figure 2).

To see the effect of two fluorine atoms on the reactivity
in the 5-endo-trigonal cyclization, the reactions of the
anions 10a,b derived from the dichloro and dibromo
counterparts were studied computationally (Figure 1).
The activation energies for the cyclization of the dichloro
and dibromo anions 10a and 10b are 27.0 and 26.7 kcal/
mol in SCRF, respectively, which are much higher than
that of 9. These energy differences are good agreement
with the experimental results (0 and 15% yields for 8 vs
80% for 2).4d At the transition structure 10a-ts1 for the
cyclization of the dichloro anion 10a, the distance of the
C1—C2 bond is 1.37 A, which is only 0.02 A longer than
that of 10a, while the distance of one of the C—CI bonds
increases by 0.15 A. These data suggest the cyclization
is promoted by chlorine atom with its leaving-group
ability rather than its electronegativity. This tendency
is also distinguished for the dibromo compound 10b. One
of the C—Br bonds in 10b-ts1 is 2.08 A in length, which
is longer than that of 10b by 0.17 A. While the order of
electronegativity of the halide atoms is F > CI > Br, the
order of the leaving group ability of the halide atoms is
Br > Cl > F. Although fluorine atoms can stabilize the
negative charge well when the oxyanion attacks the
m-bond, chlorine and bromine atoms can stabilize it much
less effectively. Therefore chlorine and bromine atoms
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FIGURE 1. Transition structures for the nucleophilic 5-endo-trigonal cyclization of 1,1-dihalo-1-alkene anions 9, 10a, and 10b
[B3LYP/6-31+G(d)]. The italic numbers are the values in [B3LYP/6-31+G(d),SCRF(Dipole,solvent = DMF)]. AG is the relative
Gibbs free energy at 298.15 K. The numbers in the structures are the bond lengths (A).
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FIGURE 2. Transition structure for the cylization reaction
of 9 [RHF/6-31+G(d)].

use their leaving group ability and they depart with the
pair of electrons of its covalent bond. Electrostatic
potential-derived charges using the CHelpG scheme of
Breneman are shown in Table 1. The data for 9 in Table

1 show the C1—C2 double bond is highly polarized with
the C1 positive by two fluorine atoms. On the other hand,
both the C1 and C2 in 10a are slightly positively charged.
Both the reactions of 10a and 10b directly give two
separate species, 2-halobenzo[b]furan and X~, without
any intermediates. It should be mentioned that both the
energies and the structures of 10 and 10-tsl in SCRF
are almost the same as those in the gas phase.

We performed IRC analyses of the cyclization of 9 and
10 for deeper understanding. The IRC analyses were
carried out at the B3LYP/6-31+G(d),SCRF(Dipole,DMF)
level. Several representative intermediates on the IRC
of 9 and 10b are shown together with those relative
energies in Figure 3. In the reaction of 9, both the
distances of the C—F bonds and C1—C2 bond increase
from 9-ts1 to A, while the distance of the forming C—0O
bond decreases. Optimization starting from A, the last
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TABLE 1. Electrostatic Potential-Derived Charges Using the CHelpG Scheme of Breneman?2
C1 Cc2 3 4 C5 C6 Cc7 08

9 0.43 —0.15 F —0.25 F —0.24 0.03 0.01 0.48 —0.79
9-tsl 0.71 —0.69 F —0.34 F —0.27 0.14 0.25 0.34 —0.59
9-int 0.74 —0.64 F —0.37 F —0.37 0.13 0.24 0.18 -0.41
10a 0.09 0.12 Cl-0.17 Cl-0.19 -0.02 -0.12 0.52 -0.78
10a-tsl 0.38 —0.40 Cl-0.33 Cl-0.24 0.08 0.15 0.36 —0.53
E-12 —0.06 —0.02 HO0.21 F —0.28 0.04 —0.15 0.55 —0.81
E-12-ts1 0.60 —0.63 H-0.06 F—0.43 0.14 0.19 0.33 -0.61
Z-12 —0.02 0.03 F —0.25 HO0.11 —0.05 0.02 0.51 —0.80
Z-12-tsl 0.22 —0.54 F —0.35 H 0.09 0.07 0.29 0.36 —0.55
13 0.35 —0.06 F—-0.24 F —0.23 0.00 -0.13 0.38 —1.08
13-tsl 0.74 -0.82 F-0.31 F —0.27 0.14 0.09 0.26 —0.83
13-int 1.05 —-1.22 F —0.44 F —0.42 0.22 0.29 0.00 —-0.47

aMP2/6-31+G(d). Atomic charges with hydrogens summed into heavy atoms.
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FIGURE 3. Representative intermediates on the IRC of the nucleophilic 5-endo-trigonal cyclization of 1,1-difluoro-1-alkene 9
and 10b in [B3LYP/6-31+G(d),SCRF(Dipole,DMF)] together with those relative energies. The numbers in the structures are the

bond lengths (A).

structure of the IRC analysis, gave 9-int. During the
optimization, the conformational change occurs with
charge re-distribution. On the other hand, the IRC
analyses of the reactions of 10a and 10b show that only
the distances of C—X (X = CI and Br) bonds increases
without changing the C1—-C2 bond length when the dis-
tance of the forming C—0O bond decreases (see 10b-tsl
to B in Figure 3). That is, the addition of oxyanion to
the w-bond occurs along with the simultaneous elimina-
tion of halogen atom. Optimization starting from B, the
last structure of the IRC analysis, gave 10b-pr with the
cleavage of the longer C—Br bond. The reaction looks like
a nucleophilic substitution with retention rather than an
addition—elimination one.

If the stabilization of the -anion by fluorine atom can
cooperate with a good leaving group such as bromine
atom, the reaction may occur at much milder reaction
conditions. We studied the cyclization reaction of the
anions derived from pJ-bromo-g-fluoro-a-methyl-o-hy-
droxystyrenes (Figure 4). Disappointingly, the activation
energies are 23.6 and 24.6 kcal/mol, close to the mean
value of 9-ts1l and 10b-tsl. This suggests the fluorine
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FIGURE 4. Transition structures for the nucleophilic 5-endo-
trigonal cyclization of the anions derived from f-bromo-g-
fluoro-a-methyl-o-hydroxystyrenes [B3LYP/6-31+G(d),SCRF-
(Dipole,solvent = DMF)]. AG is the activation Gibbs free
energy at 298.15 K base on their starting structures.

and the bromine atoms contribute to the reaction,
separately. Also, there is not much difference between
E- and Z-11-ts. Both the two transition structures
directly gave the 2-fluorobenzo[b]furan and Br—, irrespec-
tive of the olefinic stereochemistry.

The cyclization of the anions 12 derived from g-monof-
luoro-a-methyl-o-hydroxystyrenes was studied. Both the
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FIGURE 5. Transition structures for the nucleophilic 5-endo-trigonal cyclization of 1-monofluoro-1-alkenes E-12 and Z-12 [B3LYP/
6-31+G(d)]. The italic numbers are the values in [B3LYP/6-31+G(d),SCRF(Dipole,solvent = DMF)]. AG is the relative Gibbs free
energy at 298.15 K. The numbers in the structures are the bond lengths (A).

transition structures E-12-tsl and Z-12-tsl lead to a
loose complex 12-pr in the gas phase and the two sep-
arate species 12-pr (benzo[b]furan and F~) in SCRF (Fig-
ure 5). In the gas-phase transition structure E-12-ts1-
(gas), the distance of the forming O—C bond is 1.83 A,
while the C—F and the C1—-C2 bonds lengthen by 0.08
and 0.05 A, respectively. The data suggests some delo-
calization of the negative charge to the carbon atom and
the electronegative fluorine atom in E-12-ts1(gas). Sur-
prisingly, the reaction takes an Sy2 pathway with inver-
sion at the sp? carbon!® in SCRF (the dihedral angle
O—C—H-F = 179.9°). A hydrogen bonding of the oxy-
anion with the vinylic hydrogen makes E-12 a planar
molecule. When the oxyanion approaches to the sp?
carbon from a direction 180° away from the departing
fluoride ion with keeping this hydrogen bonding, spon-
taneous dissociation of C—F bond occurs in polar solvent
such as DMF. The distance of the forming O—C bond is
2.01 A and the distance of the breaking C—F bond is 1.90
A, while the distance of the C1—C2 bond does not change
(1.35 A). The activation energy is 25.8 kcal/mol. On the
other hand, both the gas phase and the SCRF transition
structures for the cyclization of Z-12 are almost the same
out-of-plane m-pathway with the activation energies, 26.4

(13) For a theoretical study on the CI- + CH,=CHCI reaction, a
similar transition structure was reported: Glukhovtsev, M. N.; Pross,
A.; Radom, L. J. Am. Chem. Soc. 1994, 116, 5961.

and 27.5 kcal/mol. Since the hydrogen bonding is not
possible for Z-12, the reaction takes an addition—
elimination path. All the activation energies of E-12 and
Z-12 are larger than that for 9 and correspondent with
the experimental low yields.*® Thus, one vinylic fluorine
atom is not sufficient to activate the alkenes for 5-endo-
trigonal cyclization.

5-Endo-Trigonal Cyclization of 1,1-Difluoro-1-
butenols. The above ring-formation reactions contain a
benzene ring as a sp? carbon linker between the nucleo-
philic OH group and the difluoroalkene part. To see the
difference between the above reaction and the cyclization
of homoallyl alcohols such as 3, the cyclization reaction
of the anion 13 was studied (Figure 6). In the transition
state structure 13-ts1, the distance of the forming O—C
bond is 2.06 A in the gas phase and 1.99 A in SCRF.
While the gas-phase structures 13 and 13-ts1 are almost
the same as those in SCRF, the activation energy in
SCRF is bigger than that in the gas phase by 7 kcal/mol.
This difference seems to come from the big stabilization
of the unstable oxyanion 13 in a polar solvent compared
with highly charge-delocalized 13-tsl. In 13-tsl, the
C1—C2 bond lengthens by 0.04 A, while C—F bonds are
not much different from those in 13. The IRC analysis
was carried out at the B3LYP/6-31+G(d) level. Several
representative intermediates on the IRC are shown
together with those relative energies in Figure 7. From
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at 298.15 K. The numbers in the structures are the bond lengths (A).
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FIGURE 7. Representative intermediates on the IRC of the nucleophilic 5-endo-trigonal cyclization of 1,1-difluoro-1-alkene 13
[B3LYP/6-31+G(d)] together with those relative energies. The data from 13-tsl to 13-pr in [B3LYP/6-31+G(d),SCRF(Dipole,-
DMF)] were shown in the bottom. The numbers in the structures are the bond lengths (A).

the starting point of the reactant 13, the energy increases
with the decrease in the distance of the forming C—O
bond. At the transition state (13-tsl), the distances of
the C—0O and the C1—C2 bonds are 2.06 and 1.37 A,
respectively, while other bond distances are not much
different from those in 13. After going beyond 13-ts1, the
energy decreases with both the decrease of the C—0O bond
length and the increase of the C1-C2 and C—F bond
lengths. In the last structure A of the IRC analysis, the
methyl group and the longer C—F bond are on oppo-
site sides of the ring. Optimization starting from A gave
13-int, in which the stereochemistry at the carbon having
methyl group is inverted and the distance of the C1—-C2
bond is decreased by 0.04 A. Since the methyl group in
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A is axial and the axially substituted conformer is less
stable than the equatorial one because of steric interfer-
ence, the stereochemistry of the carbanion is inverted
after the C—0 bond formation. These data suggest the
cyclization takes place by three steps, that is, the addition
reaction to the z-bond, the following inversion of the
carbanion stereochemistry, and the delocalization of the
negative charge. Since extra stabilization of the anion
intermediate by the phenyl group can be expected for
9-int, a cleavage of the longer C—Fa bond from 13-int
occurs much easier than that from 9-int. In fact, the
activation energy is only 1.74 kcal/mol in the gas phase.
In SCRF calculations, the reaction occurs in the same
way. The IRC analysis in SCRF from 13-ts1 to 13-pr is
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shown in the bottom of Figure 7. The last structure B is
almost the same as A in the gas phase. Optimization
starting from B gave 13-pr (5-fluoro-2,3-diydrofuran and
F~) without any intermediate. Interestingly, the cleavage
of the shorter C—Fb bond occurs in SCRF. Careful
investigation on the optimization process shows that the
cleavage of the C—Fb bond occurs when the carbon
having methyl group flattens after the C—0O bond forma-
tion. Thus, the cyclization reaction of 13 occurs in a
similar manner with 9.

Conclusion

In conclusion, the nucleophilic 5-endo-trigonal cycliza-
tion of 1,1-difluoro-1-alkenes have been studied at the
B3LYP/6-31+G(d) level in an Onsager continuum model
for DMF. The transition structures and the IRC analysis
suggest the delocalization of the negative charge in the
addition intermediate to highly electronegative two fluo-
rine atoms is the origin of the high reactivity for both 9
and 13. Both dichloro and dibromo counterparts are
much less reactive for 5-endo-trigonal cyclization. In
these substrates, the cyclization reaction was promoted
by chlorine or bromine atom with their good leaving-
group ability rather than the delocalization of the nega-
tive charge. The study on the cyclization of 5-monofluoro-
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o-hydroxystyrenes shows that a fluorine atom is not
enough to delocalize the negative charge in the addition
step. Since hydrogen bonding of the oxyanion with the
vinylic hydrogen makes E-12 a planar molecule, the
reaction of E-12 in SCRF takes a concerted in-plane
o-type S\2 pathway with inversion at the sp? carbon.
Further studies on Sy2 pathway with inversion at a sp?
carbon are in progress in our laboratory.

Since beneficial effects of fluorine substitution on
organic molecules are well-known, tremendous efforts to
develop new methodologies for construction of fluorinated
organic molecules have been made for these two decades.
We believe an understanding on the reactivity of fluori-
nated compounds will be useful for the development of
new reactions.
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