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A new mechanism for the Favorskii rearrangement
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The title reaction was investigated by the use of ONIOM-RB3LYP calculations. A reaction system
composed of a-chlorocyclohexanone, a methoxide ion and 8§ MeOH solvent molecules was adopted.
Two reaction channels, the semibenzilic acid mechanism (A) and cyclopropanone mechanism (B), were
compared. B is found to be more favorable than A. The rate-determining step of B is the (MeOH);
addition transition state (TS3B) to the cyclopropanone intermediate. While TS3B involves a concerted
function of MeO~ addition and proton relays, it has a large activation energy. A new route was found,
where the chloride ion evolved at the cyclopropane formation step (TS2B) works as a nucleophile to the
cyclopropanone intermediate. Thus, a cyclopentane-carbonyl chloride intermediate is formed with a
small activation energy. A new cyclopropanone mechanism is proposed.

1 Introduction

The base-catalyzed conversion of a-haloketones to carboxylic acid
derivatives is known as the Favorskii reaction.' Tt is widely used
for the synthesis of highly branched carboxylic acid* and cage
compounds.® The reaction has been subjected to extensive mech-
anistic studies.®® There is strong evidence that the rearrangement
involves the open 1,3-dipolar form of cyclopropanone and/or the
cyclopropanone as a reaction intermediate (Scheme 1).* There
is also a related mechanism that can operate in the absence of an
acidic a-hydrogen; it is known as the “semibenzilic” rearrangement
(Scheme 2).
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Scheme 1 A Favorskii rearrangement of an aliphatic ketone. R"O™ is an
alkoxide, and X~ is a halide ion. The cyclopropane intermediate is involved.

The net structural change is the same for both mechanisms.
The energy requirements of the cyclopropanone and semibenzilic
mechanisms may be fairly closely balanced. Examples of the
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Scheme 2 Semibenzilic rearrangement.

semibenzilic mechanism have been reported, even for compounds
with hydrogen available for enolization.” The cyclopropanone
mechanism usually works, in preference to the semibenzilic
mechanism. In several examples, a symmetrical intermediate is
involved. The occurrence of a symmetrical intermediate has
also been demonstrated by “C labeling in the case of o-chloro-
cyclohexanone,? as shown in Scheme 3. The reaction in Scheme 3
may occur either via the semibenzilic acid mechanism (route
A, Scheme 4) or via the cyclopropanone mechanism (route B,
Scheme 5).
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Scheme 3 A representative Favorskii rearrangement and the result of the
isotope labeled compound. Asterisks are attached to '*C labeled atoms.?

Five theoretical studies of the Favorskii rearrangement
have been reported.” Among them, reaction paths of the two
competitive mechanisms (A and B) were investigated first by the
use of a-chlorobutanone and a hydroxide ion.* ts3B (after the
bicyclobutanone intermediate, on the left in Scheme 6) has a
high energy, and route A was reported to be more likely than
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Scheme 4 The semibenzilic acid mechanism for Scheme 3 proposed by
Tchoubar and Sackur.”
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Scheme 5 The cyclopropanone mechanism for Scheme 3 proposed by
Loftfield.?
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Scheme 6 Transition state (TS) structures of the H,O (or 2H,0) addition
to bicyclopropanone, which was obtained in this work. AE* is the energy
difference between ts3B (or ts3B + H,0) and the preceding intermediate,
12B (or I2B + H,0). The calculated TS geometries are shown in Fig. S1
(ESIf). The dissociated C1- was omitted in TS calculations.

route B. Paths A and B for a model (a-chlorocyclohexanone
and OH™) were also reported,” where ts3B has a similar
four-centered geometry. In general, the four-centered addition
path is energetically unfavorable. In our previous studies,’ the
four-centered path was computed to be much less favorable than
the water dimer or trimer participating path. The hydrogen-bond
circuit promoting proton relays in the dimer or trimer may lower
the activation energy considerably. The generality is checked by
the use of ts3B. The activation energy, AE* = 37.47 kcal mol™!,
of ts3B is larger than AE* = +31.77 kcal mol™' of ts3B + H,O
(Scheme 6). In ts3B + H,O, the water dimer is involved in the
addition, and the ring strain in the TS structure is relaxed through
proton relays and the nucleophilic addition (HO~ — C=0).
Thus, the cyclopropanation mechanism needs to be investigated
in explicit consideration of proton relays along hydrogen bonds.

In this work, the representative Favorskii rearrangement, o-
chlorocyclohexanone and MeO~ in methanol (MeOH) solvent,
was studied computationally. Since the hydrogen bonds have a
crucial role on the rearrangement, eight MeOH molecules were
included explicitly in the reacting system. Scheme 7 illustrates
how they are coordinated with lone-pairs of the substrate (o-
chlorocyclohexanone) and the nucleophilic reagent (MeO™). It will
be shown that the cyclopropanone mechanism has a surprising
new elementary process.

H3C_e = =H=——0Me

Scheme 7 A present model simulating the reaction in Scheme 3, which is
composed of a-chlorocyclohexanone, a methoxide ion and eight methanol
molecules. Each MeOH molecule is linked with a lone-pair orbital in the
hydrogen bond.
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2 Methods of calculation

The geometries of the reactants were determined by density
functional theory calculations. The B3LYP method" was used.
B3LYP is a suitable method, because it includes the elec-
tron correlation effect to some extent.”? The basis set em-
ployed is 6-31G*. Since the size of the reacting system in
Scheme 7 is very large, methyl groups were approximated by
the semiempirical method, PM3, and the ONIOM (RB3LYP/6-
31G*:PM3)" calculations were carried out. Thus, nine methyl
groups were treated by PM3 and other parts were treated
by RB3LYP/6-31G* for the reacting systems. Furthermore,
RB3LYP/6-31(++)G(d,p) geometry optimization of TS2A, TS2B
and TS4B were made for a model of a-chlorocyclohexanone and
MeO~ (MeOH);.

Transition states (TSs) were characterized by vibrational anal-
ysis, which checked whether the obtained geometries have single
imaginary frequencies (v's). The geometries and the Hessian force
constants at the TSs were used for the subsequent geometry
optimizations of precursors and products.

Single-point RB3LYP/6-311+G(d,p) SCRF=dipole!* (solvent
MeOH, dielectric constant = 32.63) energy calculations were
made, and internal energies (77 = 0 K) were estimated by
the sum of the ONIOM zero point vibrational energy correc-
tion and the single-point energy. The RB3LYP/6-311+G(d,p)
SCRF=dipole//RBLYP/6-31G*-ONIOM method is reliable in
view of computational results of related studies. The splicing
way is recommended to gain energies close to experimental
ones.”” The B3LYP method has been applied to hydrogen-
bonded systems. The HOH-OH, hydrogen-bond energy was
calculated to be 3.02 kcal mol~' by RB3LYP/cc-pVDZ,"” which
is in good agreement with the experimental energy, 3.59 kcal
mol~"."* The FH-FH energy was calculated to be 2.68 kcal
mol~' by RB3LYP/6-311+G(2df,p),"” while the experimental
value was 3.02 £ 0.02 kcal mol™"'."® The HCN-HF energy was
6.35 kcal mol ., and the experimental value was 6.9 kcal
mol~".? Thus, the computational method is applicable to react-
ing systems including hydrogen bonds. RB3LYP/6-311++G(d,p)
SCRF=dipole and MP2/6-311++G(d,p) single-point calcula-
tions were also carried out for four key TSs: TS2A, TS2B, TS3B
and TS4B. All the calculations were carried out using the GAUS-
STAN 03* program package. The computations were performed
using the Research Center for Computational Science, Okazaki,
Japan.

3 Results and discussion

Fig. 1 shows the route of the semibenzilic acid mechanism (A). The
first step is a nucleophilic MeO~ addition to the carbonyl carbon
of the substrate (TS1A). Noteworthy is that TS1A involves a one-
center addition (O18— C6) and a concomitant proton relay (O18-
H19-.-020 — O18---H19-H20). Without the relay, transition
state structures could not be found. After TS1A, a Meisenheimer
complex (IntA) is afforded, which is slightly more stable than
the precursor (AE = —1.07 kcal mol™"). From IntA, the second
TS, TS2A, could be successfully obtained. In TS2A, cleavage of
C(1)-CI(9) and C(6)-C(5) covalent bonds and formation of C(1)-
C(5) occur simultaneously. After TS2A, the product geometry was

obtained. In Fig. 1, the MeOH solvent molecule has an active role
(i.e., proton relay) on TS1A.

Fig. 2 shows route B (cyclopropanone mechanism). The first
step is o proton removal (TS1B) with a small activation energy,
AE* = +1.85 kcal mol™', in spite of the C-H bond cleavage. A
carbanion intermediate, Intl1B, is formed. The intermediate is
susceptible to intramolecular nucleophilic displacement, TS2B,
which leads to the cyclopropanone intermediate, Int2B. The
intermediate Int2B undergoes MeOH addition accompanied by
proton relays, TS3B. While the reactivities of n =2 and n = 3 are
competitive in Scheme 8, the TS geometry optimization for TS3B
in Fig. 2 gave uniquely the (MeOH); participation. After TS3B, the
cyclopentane product (product’) is yielded. The primes attached
to the precursor (precursor’) and the product (product’) represent
a hydrogen-bonded complex of (MeOH)y slightly different from
that in Fig. 1.

Fig. 3 exhibits energy changes along routes A (Fig. 1) and B
(Fig. 2). The rate-determining step of route A is TS2A, and that
of route B is TS3B. Their activation energies are 33.79 kcal mol™'
(TS2A) and 31.29 kcal mol™" (TS3B), respectively, which are too
large for the Favorskii rearrangement to occur readily. Alternative
paths of the smaller activation energies need to be sought.

One possibility of an alternative path is nucleophilic attack
of the cyclopropanone intermediate by the evolved chloride ion,
which has not been considered so far. The second MeO~ attack
(Scheme 9) described in the textbook? would be improbable for
the following three reasons: the first is that the Cl~ ion released at
TS2B (Fig. 2) would remain at the reacting region surrounded by
MeOH clusters via hydrogen bonds. The large-sized anion would
block approach of the second MeO~ ion. The second is that the
Favorskii rearrangement is known to follow a second-order rate
equation (ie., the first order with respect to the concentration of
MeO").% Since TS3B (or an alternative path) is obviously rate-
determining, the second MeO~ participation shown in Scheme 9
would give the third-order rate equation. The third is a rule in Sy
reactions, and states that the nucleophile with the most freedom
has the larger nucleophilicity.?? In polar protic solvents, e.g. water
and methanol, the nucleophilicity order is I~ > Br~ > ClI~ > F~,
whereas in the gas phase, the order is [ < Br~ < ClI” < F~. In this
respect, the order between MeO~ and CI~ in the present reaction
is also solvation controlled, and the CI~ ion would be a good
nucleophile.

Scheme 9 might have been suggested in the sense that the
cyclopropanone ring needs to be cleaved by a strong and anionic
nucleophile. In fact, the concerted path, TS3B, by the neutral
(MeOH); cluster has a large activation energy (AE* = 31.29 kcal
mol~" in Fig. 3). Then, the CI- attack model shown in Scheme 10
is a candidate for an alternative path. The nucleophile CI- attack
and the proton attack would occur either at the same time (TS4B
in Scheme 10) or in a stepwise mode similar to that of Scheme 9.
An acetyl chloride intermediate, Int3B, would be formed. Int3B
contains the MeO~ ion, and an instantaneous nucleophilic
displacement (TS5B) would occur. The product (product”) is
afforded. Reaction paths that followed Scheme 10 were traced,
and they are exhibited in Fig. 4. TS4B was computed to have the
simultaneous occurrence of Cl(16)-C(6) and C(5)-H(17) bond
formation and C(5)-C(6) bond cleavage. The operation of CI~
expected in Scheme 10 was obtained successfully in Fig. 4.
Fig. 5 shows the energy change, including our new mechanism
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precursor *=.2.54 keal/mol
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Fig.1 The reaction route of the semibenzilic acid mechanism, which is composed of a-chlorocyclohexanone, a methoxide ion and eight MeOH molecules.
For TS1A and TS2A, larger scale figures are shown in the boxes. In the precursor, IntA and product, broken lines denote that weak attractive interactions
are involved. AE is the energy difference relative to that of the precursor (AE > 0, less stable). v* is the sole imaginary frequency, which verifies that the
obtained geometry is correctly located at the saddle point. Geometries of precursor, IntA and product are exhibited in Fig. S2 in the ESI.T The bond
distances in TS2A in parentheses are those calculated by RB3LYP/6-31(++)G(d,p) by the use of a model TS2A’ composed of a-chlorocyclohexanone and
MeO~(MeOH),, where “(++)” means that diffuse orbitals were added to oxygen, chlorine and hydroxyl hydrogens. Geometries of TS2A’ are exhibited in
Fig. S8 in the ESI.
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precﬁ)rsor‘ . TSIB
E=0 kcal/mol E*=+1.85 kcal/mol
v*=1004.73i cm™
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E=-4.38 kcal/mol

. Ts2B
E*=+14.15 kcal/mol
v =231.25; cm™
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Fig. 2a The route of the cyclopropanone mechanism. Int2B is the cyclopropanone intermediate. Precursor’ and product’ in Fig. 2 are isomers of the
precursor and product in Fig. 1, respectively; the difference is in the hydrogen-bond pattern. Geometries of precursor’, Int1B, Int2B and product’ are
exhibited in Fig. S3 in the ESI.T The bond distances in TS2B in parentheses are those calculated by RB3LYP/6-31(++)G(d,p) by the use of a model
TS2B' composed of a-chlorocyclohexanone and MeO~(MeOH),. Geometries of TS2B’ are exhibited in Fig. S8 in the ESI.
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of Scheme 10, and Fig. 4 at the latter stage of the Favorskii
rearrangement. The energy change of the former stage is taken
from Fig. 3. TS4B (Cl- attack on cyclopropanone) is found to
be the rate-determining step by RB3LYP SCRF=dipole single-
point energies.* TS4B has a much smaller activation energy (=
+17.75 kcal mol™') than that in Fig. 3 (= +31.29 kcal mol™! of
TS3B). Our CI™ recovery paths starting from the cyclopropanone
intermediate are found to be likely.

The salt effect is considered, because the standard reactant is
Na*OMe~ in MeOH as shown in Scheme 3. Scheme 11 shows the
geometry of NaOMe(MeOH),,. The sodium ion is tetrahedrally
coordinated, and the three lone-pair orbitals of the methoxide
ion are hydrogen bonded with O-H distances of 1.479, 1.512 and
1.525 A. These in MeO~(MeOH),, are 1.488, 1.519 and 1.523 A,
as shown in Fig. S6 of the ESI.T The similar distances demonstrate
that the counter ion Na* is strongly solvated and the ion does not
strengthen hydrogen bonds around MeO~. Thus, the present Na*-

free model seems to give a similar result to the Na* containing
models.

4 Concluding remarks

This work has dealt with the representative Favorskii
rearrangement, a-chlorocyclohexanone and MeO~/MeOH by
ONIOM-DFT calculations. Eight MeOH molecules linked with
lone-pair orbitals of heteroatoms contained in the substrate were
included explicitly in the geometry optimizations. The semibenzilic
acid mechanism (A) is energetically unlikely. The cyclopropanone
mechanism (B) is more favorable than A, but B has a rate-
determining step, TS3B, of a large activation energy. TS3B consists
of a concerted MeO~, and proton addition to a cyclopropanone
intermediate by an MeOH trimer. An alternative route from the
intermediate has been proposed in Scheme 10. In the route, the
chloride ion evolved at TS2B works as a nucleophile toward

3114 | Org. Biomol. Chem., 2008, 6, 3109-3117
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Fig. 3 Energy changes (energies relative to those of precursor and
precursor’) along the routes in Fig. 1 and 2, which were obtained by differ-
ences of the sum of RB3LYP/6-311+G(d,p) SCRF=dipole electronic en-
ergy and ONIOM(RB3LYP/6-31G*:PM3) ZPE. The sum total energies of
precursor and precursors’ are —1810.40644480 a.u. and —1810.40010097
a.u., respectively. Its difference comes from hydrogen-bond patterns as
shown in Fig. S2-1 and S3-1 (ESI¥). Since the difference is apart from
the reactivity, those total energies are taken to be zero commonly as
the starting point. The activation energy —2.54 kcal mol™' of TS1A was
calculated. The negative value arises from the way of evaluating relative
energies, i.e., differences of RB3LYP/6-311+G(d,p) single-point electronic
and OINOM zero-point vibrational energies. In the ONIOM electronic
energy, the activation value of TS1A is +2.17 kcal mol~'. The values
of TSs (TS2A, TS2B and TS3B) in parentheses and in square brackets
are from single-point energy calculations by RB3LYP/6-311++G(d,p)
SCRF=dipole and MP2/6-311++G(d,p) methods, respectively.
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Scheme 8 Concerted proton relays in MeOH addition to the cyclo-
propanone intermediate. The n = 4 addition path could not be obtained,
probably owing to the narrow C—C bond region. The detailed geometries
are shown in Fig. S5 in the ESL.}
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Scheme 9 A stepwise path, (i) MeO~ addition and (ii) the consequent H*
addition, illustrated in a textbook of organic reactions.?
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Scheme 10 An alternative path from the cyclopropanone intermediate,
Int2B, to the cyclopentane product, product”. TS4B and TS5B are of the
nucleophilic displacement.
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Scheme 11 An ion pair model of Na*(MeOH), MeO~. The optimized
geometry is given in Fig. S7 of the ESIL.¥

the intermediate. Our new mechanism involves an acyl chloride
intermediate being susceptible to subsequent MeO~ attack,
leading to the product. In Fig. 5, the Favorskii rearrangement has
three intermediates, and the rate-determining step is TS4B. The
rearrangement route is summarized in Scheme 12. In the modified
cyclopropanone mechanism, the chloride ion is a leaving group,
and at the same time a nucleophile. Although the semibenzilic
mechanism is unfavorable at TS2A (Fig. 3), IntA with a small
activation energy (= +2.77 kcal mol™) is yielded readily. IntA
is a Meisenheimer complex and may coexist in equilibrium
with the precursor. The coexistence disappears eventually by
the non-equilibrium cyclopropanone route according to Le
Chatelier’s law. The rearrangement is thought to be described
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Fig. 4 An alternative route of Scheme 10. Int2B’" and product” are isomers of Int2B and product’ in Fig. 2, respectively; differences are in the
hydrogen-bond pattern. Geometries of Int2B’, Int3B and product” are exhibited in Fig. S4 in the ESI.¥ The bond distances in TS4B in parentheses are
those calculated by RB3LYP/6-31(++)G(d,p) by the use of a model TS4B’ composed of a-chlorocyclohexanone and MeO~ (MeOH);. Geometries of
TS4B' are exhibited in Fig. S8 in the ESI.
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Fig. 5 Energy changes along the route of Fig. 1, 2a and 4. The values of
TS2B and TS4B in parentheses and in square brackets are from single—
point energy calculations by RB3LYP/6-311++G(d,p) SCRF=dipole and
MP2/6-311++G(d,p) methods, respectively.
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Scheme 12 A new mechanism of the Favorskii rearrangement, which
involves an acyl chloride intermediate.

correctly in terms of proton attack or removal via hydrogen bonds
by the present (MeOH );-containing model.

In the present work, an innovative pattern of ionic reactions is
presented; in the early stage, the leaving group becomes a negative
ion, and it becomes a nucleophilic reagent at the later stage.
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