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ABSTRACT: The hydroxide-mediated cleavage of ketones into alkanes and carboxylic acids has been reinvestigated and the
substrate scope extended to benzyl carbonyl compounds. The transformation is performed with a 0.05 M ketone solution in
refluxing xylene in the presence of 10 equiv of potassium hydroxide. The reaction constitutes a straightforward protocol for the
synthesis of certain phenyl-substituted carboxylic acids from 2-phenylcycloalkanones. The mechanism was investigated by kinetic
experiments which indicated a first order reaction in hydroxide and a full negative charge in the rate-determining step. The
studies were complemented by a theoretical investigation where two possible pathways were characterized by DFT/M06-2X.
The calculations showed that the scission takes place by nucleophilic attack of hydroxide on the ketone followed by
fragmentation of the resulting oxyanion into the carboxylic acid and a benzyl anion.

■ INTRODUCTION

The cleavage of carbon−carbon bonds in aldehydes and ketones
by hydroxide has been known for more than a century.1 The
most prominent example is the haloform reaction where a
trihalomethyl anion is released from the carbonyl compound.2 In
this case, the reaction occurs readily due to the relatively low pKa
of the corresponding acid (pKa for CHX3 = 18−21).3 However,
the transformation is not limited to relatively acidic carbon
moieties and a variety of anions have been cleaved from
aldehydes and ketones in hydroxide solution. This includes the
anions of methyl ketones,4 acetylenes,5 triphenylmethanes,6 2,6-
dihalobenzenes,7 cumenes,8 and benzenes,9 where the pKa values
of the acids varies between 20 and 43. The rate of the reactions
correlates very well with the stability of the released carbanions.1

The scissions are either performed in aqueous hydroxide
solution,4,5,7 with potassium hydroxide in an inert solvent6,9a or
with a special mixture of water (3 equiv) and potassium tert-
butoxide (10 equiv) in an ether solvent.8,9b,c

The mechanism of the cleavage reaction has been investigated
by kinetic measurements in aqueous solution where two general
pathways have been identified (Scheme 1).2,4,5,7 After addition of
hydroxide the resulting oxyanion 1 can either decompose to the
products or undergo a second reaction with hydroxide to form
dioxyanion 2. The latter decomposes rapidly to the products and
this dioxyanion route has been determined as the main reaction
pathway in water. The direct decomposition of oxyanion 1 has
only been detected experimentally when rather stable carbanions
are released such as the anion of chloroform, methyl ketones, and
phenylacetylene.2,4,5 It is, however, not a trivial task to distinguish
between the two pathways and the kinetic profile can in both
cases be described as pseudo first order in hydroxide when the

base is used in excess.10 Except for the haloform reaction, the
transformation has so far only gained moderate attention in
synthesis.11,12 This is mainly due to the narrow substrate scope
and the occurrence of competing reactions such as the
Cannizzaro reaction for benzaldehydes and the aldol reaction
for enolizable carbonyl compounds. A variation of the reaction
involves formation of carboxamides by cleavage of ketones with
alkali metal amides.11,13 This transformation was originally
termed the Haller−Bauer reaction,14 but the name is today often
used to describe the splitting with both amide and hydroxide
ions.
Toluene has a pKa of 41 and the anion should be able to serve

as a departing group in the cleavage reaction which would
broaden the substrate scope of this very simple transformation.
In addition, it would be interesting to further investigate the
mechanism by modern computational methods which may
provide a more clear distinction between the two reaction
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Scheme 1. Two Mechanistic Pathways for Hydroxide-
Mediated Cleavage
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pathways. Therefore, we herein describe the hydroxide-mediated
cleavage of benzyl carbonyl compounds and experimental
investigations of the mechanism complemented by a density
functional theory study.

■ RESULTS AND DISCUSSION
The reaction was discovered during our work on the oxidation of
primary alcohols into carboxylic acids with the liberation of
molecular hydrogen.15 This transformation is catalyzed by the
ruthenium complex [RuCl2IiPr(p-cymene)] (IiPr = 1,3-
diisopropylimidazol-2-ylidene) and proceeds by dehydrogen-
ation to the aldehyde followed by addition of hydroxide ion and
dehydrogenation to the acid. The optimized conditions employ
1% of [RuCl2IiPr(p-cymene)], 1% of PCy3·HBF4, and a slight
excess of potassium hydroxide in refluxing toluene.15 In this way,
the potassium salt of phenylacetic acid was obtained by
dehydrogenation of 2-phenylethanol which after workup with
hydrochloric acid gave the carboxylic acid (Scheme 2).15

However, it was never possible to isolate the acid in more than
75% yield. The byproduct became evident when the solvent was
replaced with refluxing xylene which now gave a 76% GC yield of
toluene. Apparently, the hydroxymethyl group is cleaved from
the starting alcohol, and NMR analysis of the heterogeneous
mixture revealed that potassium formate was also formed. No
fragmentation occurred when 2-phenylethanol or 2-phenylacetic
acid were heated with KOH in the absence of the ruthenium
catalyst.
These observations made us consider the reaction in Scheme 1

as a possible explanation for the cleavage. Supposedly, the
ruthenium catalyst dehydrogenates 2-phenylethanol to the
aldehyde which is formed in amounts too low for an aldol
condensation to occur. Instead, attack of hydroxide takes place to
furnish toluene and formate.16 This was confirmed by the
addition of 2-phenylacetaldehyde by syringe pump over 2 h to a
refluxing mixture of KOH (10 equiv) in xylene which gave
toluene in 89% yield as determined by GC (Table 1, entry 1). On
the contrary, only 11% of toluene was obtained when a 0.5 M
solution of 2-phenylacetaldehyde in xylene was heated with
KOH (entry 2). These results clearly illustrate the importance of
a low concentration of the aldehyde in order to achieve the
carbon−carbon cleavage product in good yield. Notably, when
the reaction was diluted 10-fold and performed with a 0.05 M
solution of 2-phenylacetaldehyde, the yield of toluene increased
to 85% (entry 3). This is almost the same result as obtained by
slow addition of the aldehyde, but using more convenient
reaction conditions. When the base was replaced by NaOH
under the same conditions the yield dropped to 20% (entry 4).
The yield also decreased with lower amounts of KOH where the

competing aldol condensation occurred to a larger extend. No
cleavage took place when lowering the temperature to 80 °C or
by changing the solvent to refluxing water or DMSO which in all
cases led to poor conversion and several side-products. Thus, the
optimized conditions for the fragmentation involve reflux of a
0.05 M solution of the carbonyl compound in xylene with 10
equiv of KOH.
With these conditions in hand a number of carbonyl

compounds with benzyl moieties were subjected to the cleavage
reaction in order to investigate the substrate scope and
limitations (Table 2). The scission proceeded smoothly with

Scheme 2. Oxidation and Cleavage of 2-Phenylethanol

Table 1. Cleavage of 2-Phenylacetaldehyde

entry [PhCH2CHO] (M) yield (%)a

1b 0.5 89
2 0.5 11
3 0.05 85
4c 0.05 20

aGC yield. bPhCH2CHO added over 2 h. cNaOH used instead of
KOH.

Table 2. Hydroxide-Mediated Cleavage of Carbonyl
Compoundsa

aConditions: Carbonyl compound (2.5 mmol) and KOH (25 mmol)
in refluxing xylene for 1 h. bIsolated yield. cGC yield.
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phenylacetone where toluene was obtained in 91% yield (entry
1). Diphenylacetaldehyde, however, gave diphenylmethane in
only 21% yield together with several high molecular products
which were not further identified (entry 2). The fragmentation
was also amenable to cyclic ketones where useful procedures for
preparation of several carboxylic acids could be obtained. The
cleavage of 2-phenylcyclohexanone gave 6-phenylhexanoic acid
in 78% isolated yield (entry 3). A slightly lower yield was
achieved when an additional 2-substituent was present in the
cyclohexanone which is presumably due to the increased steric
hindrance (entries 4−6). Essentially no cleavage was observed
with the parent cyclohexanone which illustrates the importance
of the stabilization from the 2-phenyl substituent (result not
shown). The fragmentation of β-tetralone was completely
regioselective although the product was only produced in a low
yield (entry 7). Five-membered ketones could also undergo the
cleavage as shown with 2-phenylpentanone and 2-indanone
which afforded the carboxylic acids in 64 and 90% yield,
respectively (entries 8 and 9). 2,2,5,5-Tetramethylcyclopenta-
none, on the contrary, did not react which confirms the
importance of the benzyl moiety for the scission to occur.
In addition to the synthetic utility we were also interested in a

further clarification of the reaction mechanism especially the
differences and the analogies to the already established pathways.
We started with a kinetic analysis where phenylacetone was
selected as the substrate since it gave the highest yield in Table 2.
As displayed in Scheme 1 two main pathways have been
identified for the cleavage of carbonyl compounds. When the
oxyanion 1 is formed, the nature of the leaving group R′
determines the subsequent reaction where stabilized residues
may be expelled directly while strongly basic moieties require a
larger activation energy giving rise to the extremely reactive
dioxyanion 2. The latter can only be formed with bases
containing extractable hydrogen such as the hydroxide and the
amide anions. This was confirmed by treating phenylacetone
with stoichiometric amounts of sodium methoxide and
potassium tert-butoxide which in both cases only led to poor
conversion and small amounts of toluene (14% and 5%,
respectively). However, the addition of 3 equiv of water to the
reaction with potassium tert-butoxide increased the yield to 77%
which supports the fact that hydroxide ions are responsible for
the cleavage.
The reaction order with respect to the base was also

determined for phenylacetone (Figure 1). A linear dependence
was observed, but only until a [OH¯] of around 0.4M after which

a minor decrease in the rate of cleavage was detected. This may
illustrate the point of saturation since the base is not fully soluble
under these conditions.17 The initial linear relationship suggests
that the reaction is first order in hydroxide.
In an attempt to locate the rate-determining step, a Hammett

study was carried out with different para-substituted aryl
acetones. The reactions were conducted as competition
experiments in which the parent phenylacetone was allowed to
compete with the other para-substituted aryl acetones in the
presence of potassium hydroxide (Scheme 3).18 The formation
of the different toluene derivatives was quantified by GC as a
function of the reaction time and the results are displayed in
Figure 2 and Table 3.19

Clearly, no linear correlation was observed which is most likely
due to the dual reactivity of the ketones since the base can
mediate both the cleavage reaction and a deprotonation. These
two factors can be isolated by determining the acid dissociation
constant by DFT calculations for the aryl acetones. The pKa
values in DMSO for the structures minimized in xylene are also
displayed in Table 3. The dissociation constants for both the
nonsubstituted and the substituted ketone are used to correct the

Figure 1. Dependence between the rate of cleavage and the amount of the base.

Scheme 3. Substrates for Hammett Study

Figure 2. Distribution of relative reactivities in Hammett experiment.
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relative reactivities from the competition experiments according
to eq 1.20

σ ρ− + = −k K Klog( ) p prel a
X

a
H

(1)

The corrected values are also listed in Table 3 and from the
new plot in Figure 3 a straight line is now obtained with a slope of
approximately 6.7 which shows that almost a full negative charge
is developed in the rate-determining step.

To increase our understanding of the reaction pathways the
investigation was extended with a computational study which has
not been performed before for this cleavage reaction.21 2,6-
Dichlorobenzaldehyde 3 was selected as a reference substrate
since the mechanism for the cleavage of this compound has
previously been studied in detail by kinetic measurements in
aqueous solution and all the necessary activation parameters
were established (Scheme 4).7b Moreover, molecule 3 is
relatively small and does not have many conformational degrees
of freedom, which should facilitate the optimization and the
search for the transition states. Finally, 3 as well as 2-
phenylacetaldehyde do not contain any heavy atoms and
therefore the same basis sets can be used in both cases. It was
shown experimentally that the cleavage occurs via the dioxyanion
5 with the deformylation of this dioxyanion as the rate-
determining step.7b The following activation parameters were
measured at 58.4 °C: ΔH‡ = 121.2 kJ·mol−1 and ΔS‡ = 37.6 J·
mol−1·K−1 from which the activation Gibbs free energy can be
calculated asΔG‡ =ΔH‡ − TΔS‡ = 108.8 kJ·mol−1.7b This value

was used as a reference for selecting the proper computational
method.
The initial calculations were performed by using the B3LYP-

D3 functional and the 6-31G* basis set. However, it was quickly
discovered that this level of theory was insufficient as
optimization of some of the charged molecules either in gas
phase or in solution (without adding explicit solvent molecules)
did not converge. Even with a different functional (M06-2X) or
larger basis sets it was impossible to locate molecule 5 on the
potential energy surface and all attempts to optimize it led to the
two separate species 6 and 7. As a possible solution it was decided
to add explicit water molecules around the oxygen atoms to
better distribute the negative charge and thus stabilize the
intermediate 5. It has previously been shown that addition of
three water molecules around an oxygen anion could greatly
improve the precision of the calculated energy for the reactions
involving this anion.22 The same approach was employed in our
recent work on the dehydrogenation of alcohols to carboxylic
acids in the presence of hydroxide.15

Indeed, adding explicit water molecules stabilized intermediate
5 when optimizing its structure at the B3LYP-D3/6-31+G* level
of theory. Three water molecules around each oxygen anion
formed a small hydrogen-bonded cluster with an average
intermolecular O···H bond distance of 2.180 Å for the two
clusters and an average O···H bond distance of 1.836 Å between
the negatively charged oxygen atoms of 5 and the hydrogen
atoms of the water molecules. For consistency three water
molecules were similarly added to the other oxygen anions apart
from formate anion 7. Moreover, to take into account hydrogen
bonding, a water molecule was also optimized with three added
water molecules. For all further calculations the water
coordinated species in Figure 4 were used instead of the
structures in Scheme 4.

Table 3. Data from Hammett Experiment

X pKa
a σ− log(krel) log(krel) − pKa

X + pKa
H

OMe 22.5 −0.26 −0.395 −2.195
Et 21.5 −0.19 −0.646 −1.446
H 20.7 0 0 0
F 20.7 −0.03 −0.382 −0.382
Cl 19.6 0.19 −0.266 0.834

apKa in DMSO calculated: Jaguar, version 7.8. Schrodinger, LLC, New
York, NY, 2010.

Figure 3. Hammett plot modulated with the dissociation constants Ka.

Scheme 4. Pathway for Cleavage of 2,6-Dichlorobenzaldehyde

Figure 4. Species with explicit water molecules used in the calculations.
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According to the previous experimental studies the cleavage of
the CC bond in 2,6-dichlorobenzaldehyde proceeds through
the formation of dianion 5 with its fragmentation as the rate-
determining step. For this reason, the finding of transition state
TS1 is crucial for the study. Unfortunately, all attempts to locate
transition state TS1·6H2O at the B3LYP-D3/6-31+G* level of
theory were unsuccessful which made it impossible to use the
calculated energies for comparison with the experimental values.
Larger basis sets were tried instead, and it was found that only
with the 6-31++G** basis set and the M06-2X functional was it
possible to locate all species. After a brief screening of the basis

sets it was found that an acceptable difference between the
calculated and the measured Gibbs free energy of activation
could be obtained when optimizing the species with the 6-311+
+G** basis set in water (Table 4).
The complete energy profile for the cleavage of 2,6-

dichlorobenzaldehyde is shown in Figure 5. The overall
transformation is exergonic by 178.9 kJ·mol−1. In the first step,
aldehyde 3 is attacked by a hydroxide ion (i.e., OH−·3H2O) to
give intermediate 4·3H2O which resulted in an energy decrease
of 15 kJ·mol−1. The deprotonation of this species leads to the
formation of a key intermediate−dioxyanion 5·6H2O which
undergoes deformylation through the transition state TS1·
6H2O. The Gibbs free energy for this step is 113.7 kJ·mol−1

which is only 4.9 kJ·mol−1 higher than the experimental value.
The resulting dichlorophenyl anion 6 abstracts a proton from a
water molecule resulting in a further energy decrease of almost 90
kJ·mol−1. Thus, the selected combination of the 6-311++G**
basis set and the M06-2X functional made it possible to obtain
activation parameters for the cleavage of 2,6-dichlorobenzalde-
hyde that are very close to the experimental values.
With this method available, the computational study could

now be extended to 2-phenylacetaldehyde in order to determine
which of the two cleavage pathways are applicable in this case. 2-
Phenylacetaldehyde was selected as the substrate for the
calculations since the cleavage reaction was originally discovered
with this molecule. Although, water is not explicitly added to the
reaction, solid KOH contains 0.35−0.55 equiv of H2O per equiv
of hydroxide depending on the quality of the base and KOH is
used in excess in this transformation. The two pathways are
illustrated in Scheme 5 with the formation of the dioxyanion as
pathway A and the direct fragmentation of the monooxy anion as
pathway B. The energy profiles for both pathways are shown in
Figure 6. It can be seen that pathway B is more favorable than
pathway A by almost 100 kJ·mol−1 starting from the common
intermediate 10a·3H2O. Even though the barrier for the
fragmentation step is lower for pathway A (ΔG‡ (A) = 40.5 kJ·
mol−1, ΔG‡ (B) = 117.1 kJ·mol−1), the preceding deprotonation
step leads to a high lying dianion 10b·6H2O (ΔG(10b·6H2O) −
ΔG(10a·3H2O) = 173.3 kJ·mol

−1) which renders pathway A less
favorable overall. With the monooxy anion pathway as the
preferred route, the DFT calculations confirm the results from
the Hammett study where a full charge is revealed in the rate-
determining step.

Table 4. Gibbs Free Energy of Activation Calculated with
Different Basis Setsa

entry basis set ΔGa, kJ·mol
−1 ΔΔGa,

b kJ·mol−1

1 6-31++G** 150.0 41.2
2 6-311++G** 139.3 30.5
3c 6-311++G** 113.7 4.9
4 cc-pVDZ-PP 140.1 31.3

aOptimized using M06-2X functional and Gibbs free energy calculated
at 58 °C. bDifference between the calculated and experimental values.
cGeometry optimized in water.

Figure 5. Energy profile for the cleavage of 2,6-dichlorobenzaldehyde.

Scheme 5. Two Possible Pathways for Cleavage of 2-Phenylacetaldehyde
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The solvent is most likely responsible for the monooxy anion
pathway being favored in this case. The previous kinetic studies
on the cleavage of ketones and aldehydes have all been carried
out in water where the dianion pathway was shown to be the
preferred cleavage route.2,4,7 However, xylene is poor at solvating
oxygen anions (even with added water molecules) and as a result
the dioxyanion becomes more unfavorable in this case and leads
to the fragmentation through the monooxy anion.
In conclusion, the substrate scope of the potassium hydroxide-

mediated carbon−carbon cleavage reaction was extended to
benzyl carbonyl compounds and the mechanism for the reaction
was investigated with both experimental and theoretical
methods. The reaction was found to proceed through a monooxy
anion intermediate in xylene solution in contrast to what has
previously been reported in the literature for the scission of
aldehydes and ketones in aqueous media. The results show that
DFT calculations can be employed to distinguish between the
two reaction pathways and the good agreement between
experiment and theory opens up for the possibility of in silico
substrate screening.

■ EXPERIMENTAL SECTION
General Information. All solvents were of HPLC grade and were

not further purified. Column chromatography separations were
performed on silica gel (220−440 mesh). NMR chemical shifts were
measured relative to the signals of residual CHCl3 (δH 7.26 ppm) and
CDCl3 (δC 77.16 ppm). HRMS measurements were made using ESI
with TOF detection. Phenylacetones,23 2-phenylcyclopentanone24

and−cyclohexanone25 were prepared according to literature procedures.
2-Methyl-2-phenylcyclohexanone (Table 2, Entry 4):26 Following a

literature procedure26 2-phenylcyclohexanone (1.0 g, 5.74 mmol) in
tert-butanol (10 mL) was treated with potassium tert-butoxide (673 mg,
6.00 mmol) for 45 min followed by addition of methyl iodide (0.7 mL,
11.2 mmol). The mixture was stirred at room temperature for 2.5 h and
worked up by addition of water and extraction with EtOAc. Purification
by flash chromatography (heptane/EtOAc 95/5) gave 950 mg (88%) of
the product as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.35 (t, J =
7.6 Hz, 2H), 7.24 (t, J = 7.4 Hz, 1H), 7.20−7.18 (m, 2H), 2.71−2.68 (m,
1H), 2.45−2.25 (m, 2H), 1.76−1.65 (m, 4H), 2.02−1.92 (m, 1H), 1.27

(s, 3H). 13C NMR (100 MHz, CDCl3) δ 214.3, 143.4, 129.1, 126.7,
126.2, 54.5, 40.1, 38.3, 28.6, 28.6, 22.0.

2-Ethyl-2-phenylcyclohexanone (Table 2, Entry 5):27 Prepared in
81% yield (940 mg) as a colorless oil from 2-phenylcyclohexanone and
ethyl iodide as described above for 2-methyl-2-phenylcyclohexanone.
1H NMR (400 MHz, CDCl3) δ 7.34 (t, J = 7.6 Hz, 2H), 7.23 (t, J = 7.3
Hz, 1H), 7.15 (d, J = 7.3 Hz, 2H), 2.74−2.70 (m, 1H), 2.40−2.10 (m,
2H), 1.94 (ddd, J = 2.9, 5.9, 12.0 Hz, 1H), 1.88−1.59 (m, 6H), 0.61 (t, J
= 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 214.1, 140.9, 128.8,
127.2, 126.7, 57.7, 40.4, 34.5, 32.6, 28.5, 21.8, 8.2.

2-Benzyl-2-phenylcyclohexanone (Table 2, Entry 6):28 Prepared in
90% yield (1.4 g) as a white solid from 2-phenylcyclohexanone and
benzyl bromide as described above for 2-methyl-2-phenylcyclohex-
anone. 1H NMR (400 MHz, CDCl3) δ 7.32−7.21 (m, 3H), 7.13−7.02
(m, 3H), 6.96−6.94 (m, 2H), 6.57−6.54 (m, 2H), 3.12 (d, J = 13.5 Hz,
1H), 2.98 (d, J = 13.5 Hz, 1H), 2.48−2.46 (m, 1H), 2.36−2.33 (m, 2H),
1.96−1.92 (m, 1H), 1.74−1.64 (m, 4H). 13C NMR (100 MHz, CDCl3)
δ 213.4, 140.0, 137.4, 130.9, 128.8, 127.5, 127.4, 126.9, 126.1, 58.1, 46.4,
40.3, 34.8, 28.4, 21.5.

General Procedure for Cleavage of Ketones. A suspension of
KOH (1.4 g, 25 mmol) in xylene (50 mL) was heated to reflux followed
by dropwise addition of a solution of the ketone (2.5 mmol) in xylene (1
mL) over 10 min (for reactions where the GC yield was determined 150
mg of nonane was also added as an internal standard). The reaction was
stirred at reflux for an additional 1 h. The mixture was cooled to room
temperature and extracted with water (3 × 50 mL). The combined
aqueous phases were carefully acidified with 6 M hydrochloric acid to
pH 2 and then extracted with ethyl acetate (3 × 60 mL). The combined
organic layers were washed with brine, dried over Na2SO4 and
concentrated in vacuo. The residue was purified by flash column
chromatography (pentane/ethyl acetate 95/5 → 80/20) to afford the
carboxylic acid.

6-Phenylhexanoic Acid (Table 2, Entry 3):29 Isolated as a colorless
oil in 78% yield (374 mg). 1H NMR (400 MHz, CDCl3) δ 11.04 (bs,
1H), 7.26−7.30 (m, 2H), 7.16−7.20 (m, 3H), 2.62 (t, J = 7.7 Hz, 2H),
2.36 (t, J = 7.5 Hz, 2H), 1.61−1.72 (m, 4H), 1.36−1.44 (m, 2H). 13C
NMR (100MHz, CDCl3) δ 179.8, 142.6, 128.5, 128.4, 125.8, 35.8, 34.0,
31.2, 28.8, 24.7.

6-Phenylheptanoic Acid (Table 2, Entry 4):30 Isolated as a colorless
oil in 40% yield (206 mg). 1H NMR (400 MHz, CDCl3) δ 11.57 (bs,
1H), 7.52 (t, J = 7.5 Hz, 2H), 7.27−7.24 (m, 3H), 2.79−2.74 (m, 1H),
2.38 (t, J = 7.6 Hz, 2H), 1.75−1.63 (m, 4H), 1.38−1.19 (m, 5H). 13C

Figure 6. Energy profile for pathways A and B.
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NMR (100MHz, CDCl3) δ 180.5, 147.6, 128.5, 127.1, 126.0, 39.9, 38.1,
34.1, 27.3, 24.8, 22.5.
6-Phenyloctanoic Acid (Table 2, Entry 5). Isolated as a colorless oil

in 65% yield (374 mg). 1H NMR (400 MHz, CDCl3) δ 10.66 (bs, 1H),
7.27 (t, J = 7.6 Hz, 2H), 7.18 (t, J = 7.5 Hz, 1H), 7.13 (d, J = 7.5 Hz, 2H),
2.44−2.36 (m, 1H), 2.30−2.26 (m, 2H), 1.72−1.42 (m, 6H), 1.29−1.13
(m, 2H), 0.76 (t, J = 7.4 Hz, 3H). 13C NMR (100MHz, CDCl3) δ 180.2,
145.7, 128.4, 127.8, 126.0, 47.8, 36.2, 34.1, 29.9, 27.2, 24.9, 12.3. HRMS:
m/z calcd. for C14H20O2Na 243.1356 [M + Na]+, found 243.1348.
6,7-Diphenylheptanoic Acid (Table 2, Entry 6). Isolated as a

yellowish solid in 76% yield (534 mg). Mp: 77−80 °C (ethanol). 1H
NMR (400 MHz, CDCl3) δ 10.94 (bs, 1H), 7.28−7.21 (m, 2H), 7.21−
7.12 (m, 4H), 7.10 (d, J = 6.9 Hz, 2H), 7.01 (d, J = 7.0 Hz, 2H), 2.89−
2.87 (m, 2H), 2.84−2.77 (m, 1H), 2.26−2.21 (m, 2H), 1.74−1.46 (m,
4H), 1.22−1.15 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 180.3, 145.0,
140.7, 129.3, 128.4, 128.2, 127.8, 126.2, 125.9, 48.0, 44.0, 35.2, 33.9,
27.1, 24.8. HRMS: m/z calcd. for C19H22O2Na 305.1512 [M + Na]+,
found 305.1512.
3-(o-Tolyl)propanoic Acid (Table 2, Entry 7):31 Isolated as a

colorless oil in 18% yield (74mg). 1HNMR (400MHz, CDCl3) δ 7.18−
7.12 (m, 4H), 2.98−2.94 (m, 2H), 2.67−2.63 (m, 2H), 2.33 (s, 3H). 13C
NMR (100 MHz, CDCl3) δ 178.8, 138.3, 136.1, 130.5, 128.5, 126.6,
126.3, 34.4, 28.1, 19.4.
5-Phenylpentanoic Acid (Table 2, Entry 8):29 Isolated as a colorless

oil in 64% yield (285 mg). 1HNMR (400MHz, CDCl3) δ 11.8 (bs, 1H),
7.30−7.26 (m, 2H), 7.20−7.17 (m, 3H), 2.66−2.62 (m, 2H), 2.40−2.36
(m, 2H), 1.70−1.67 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 179.5,
142.1, 128.5, 128.5, 126.0, 35.7, 33.9, 30.9, 24.4.
2-(o-Tolyl)acetic Acid (Table 2, Entry 9):32 Isolated as a white solid in

90% yield (338 mg). 1H NMR (400 MHz, CDCl3) δ 7.21−7.17 (m,
4H), 3.67 (s, 3H), 2.33 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 177.3,
137.0, 132.0, 130.4, 130.3, 127.7, 126.2, 38.8, 19.6.
Computational Details. All calculations were performed in

Jaguar33 using the Maestro graphical interface.34 All the structures
were optimized in the gas phase, and the single-point solvation energy
was calculated for the optimized structures by using a standard Poisson−
Boltzmann solver with suitable parameters for water or xylene as the
solvent. Default dielectric constant and probe radius were used for
solvation with water while for xylene the following parameters were
employed: dielectric constant ε = 2.2, probe radius r = 2.9 Å. Gibbs free
energies were obtained from the vibrational-frequency calculations for
the gas-phase geometries at 298 and 311 K (for structures from Figure
5) or 411 K (for structures from Figure 6). All the transition states were
characterized by the presence of one negative vibrational frequency.
Graphical representation of the calculated structures was made in
CYLview.35
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