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Abstract: The mechanism for the acid-
mediated substitution of a phenolic hy-
droxyl group with a sulfur nucleophile
has been investigated by a combination
of experimental and theoretical meth-
ods. We conclude that the mechanism
is distinctively different in nonpolar
solvents (i.e., toluene) compared with
polar solvents. The cationic mechanism,
proposed for the reaction in polar sol-
vents, is not feasible and the reaction

mechanism in which the acid (pTsOH)
mediates the proton shuffling. From
DFT calculations, we found a rate-de-
termining transition state with protona-
tion of the hydroxyl group to generate
free water and a tight ion pair between
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a cationic protonated naphthalene spe-
cies and a tosylate anion. Kinetic ex-
periments support this mechanism and
show that, at moderate concentrations,
the reaction is first order with respect
to 2-naphthol, n-propanethiol, and p-
toluenesulfonic acid (pTsOH). Experi-
mentally determined activation param-
eters are similar to the calculated
values (AH,, =1054+9, AH,, =
118 kI mol ™ ; AG,, =112+18,

exp

instead proceeds through a multistep

Introduction

Aryl thiols and disulfides are important compounds in or-
ganic, bioorganic, and medicinal chemistry, with applications
such as strong nucleophiles, ! molecular switches,” chemi-
sorption onto metal surfaces,”! and resin-bound scavengers
for electrophiles.! Disulfides have also been used as the
active bond in dynamic combinatorial chemistry,®! and
sulfur-substituted aromatics are common in medicinal
chemistry.
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AG e =142 kT mol ).

Aryl thiols can be synthesized in a variety of ways, for ex-
ample, through the Newman-Karnes procedure!® or by
cleavage of an aryl-alkyl thioether bond by dissolving a
metal reductant in liquid ammonia.”’ The necessary aryl thi-
oethers can in turn be synthesized by the coupling of halides
with thiols® or by acid-mediated substitution of a phenolic
hydroxyl group with a thiol.”” While the synthetic routes
from aryl halides and aryl thiols are straightforward, they
are hampered by the availability of the necessary aryl sub-
strates. As part of an ongoing project aimed at hydroxy-
naphthyl disulfides,”” we explored a general synthetic route
in which the first step is the synthesis of an intermediate thi-
oether from the corresponding dihydroxynaphthalenes by
acid-mediated substitution in a nonpolar solvent (i.e., tolu-
ene).

Despite the importance of thioethers, little appears to be
known about nucleophilic aromatic substitution in nonpolar
environments. This is an attractive route due to the availa-
bility of phenolic starting materials, and in our initial studies
we decided to use the reaction of n-propanethiol (PrSH)
and 2-naphthol (1) under acidic conditions (p-toluenesulfon-
ic acid, pTsOH) as a model system (Scheme 1).

From the literature, we found that the mechanism for this
reaction had not been properly investigated. In the first pub-
lished work regarding the reaction, Furman et al.’¥ state
that the mechanism is analogous to that of the Bucherer re-
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Scheme 1. The model system used in this study. a) PrSH, pTsOH, tolu-
ene.

action!"”! (i.e., the formation of aromatic amines from phe-
nols) and therefore formally proceeds by the formation of a
hemithioketal (Scheme 2). An alternative mechanism in-
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Scheme 2. Formation of a thioether from 1 as proposed by Furman et al."!

3

volving attack by the thiol on a carbonium ion formed by
the loss of water from the protonated naphthol was also dis-
cussed but rejected by the authors. The formation of the
tautomeric keto form of naphthols under acid catalysis is
well known and has been investigated both experimentally
and theoretically."

The mechanism for the origi-
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Results and Discussion

Initial kinetic experiments: Due to the similar spectra of 1
and of the known 2-naphthylpropyl thioether”! (2) over the
entire UV region, the use of stopped-flow techniques or
other methods based merely on differences in the UV spec-
tra was not feasible. We therefore turned to chromatograph-
ic separation of starting material and product. The starting
concentrations of the reactants (1, PrSH, and pTsOH) were
varied in three separate series of experiments, all performed
at 100°C. Analytical samples of
the reactions were taken at dif-
ferent times and quenched by
the addition of saturated aque-
ous NaHCO;. Samples of the
organic phases were then dilut-
ed and analyzed by high-perfor-
mance liquid chromatography
(HPLC) with an internal stan-
dard.

After an initial lag phase (5-
10 min), the reactions closely
followed first order in each of
the reactants (naphthol and
thiol). Due to the lag phase, the rate constants were not de-
termined from the initial rate analysis, but rather by fitting
to the linear parts (range optimized by F-tests) of plots of
the integrated form of pseudo-second-order analysis versus
time. The results are summarized in Table 1.

Table 1. Concentrations of reactants and observed pseudo-second-order rate constants."!

nal Bucherer reaction has been

. .. Reactant Rat tant
much debated. Since the origi- [Reactant], e constan

[M] (x10°)

Rate constant
(x10%)

[Reactant], Rate constant [Reactant],
[M] (x107) [M]

nal observation of the sulfite- —
a) Variation of [1],

catalyzed interconversion of

naphthol derivatives and naph- (1 14.8
thylamines by Lepetit in 1896['71 0.2 159
and further work by Bucher- 04 151
er,l%B several structures for 06 142

b) Variation of [PrSH], ¢) Variation of [pTsOH],

0.4 15.9 0.02 0.6
0.8 11.5 0.1 15.9
12 9.6 0.2 38.2
2.4 9.2 0.4 47.2

the intermediates have been
proposed.' Rieche and See-
both studied the Bucherer reac-
tion extensively, and proposed what is now seen as the es-
tablished mechanism with addition of a bisulfite anion to C3
of the keto tautomer of the naphthol.™ Interestingly, See-
both reports that the sodium sulfonate of 1 (sodium 3-tetra-
lone-1-sulfonate) can be converted into B-naphthyl sul-
fides.""]

However, all these studies were performed in polar
media, in which the accepted ionic mechanism is clearly fea-
sible. As our synthetic scheme is carried out under nonpolar
conditions, we were concerned that this mechanism might
not be valid. Indeed, preliminary calculations on the cationic
mechanism for this reaction showed that the energies of the
corresponding cations are all >200 kJmol ™" in the nonpolar
solvent used. Herein, we report a combined experimental
and theoretical study of this mechanism.
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[a] When held constant [1],=0.2m, [PrSH],=0.4M, and [pTsOH],=0.1M.

The observed rate constants show some variation in reac-
tion order at high concentrations, but the linearity of the
plots indicates that the reaction order is pure at moderate
concentrations (up to approximately 0.5m). The acid shows
the expected behavior for a catalyst; the reaction rate is lin-
early dependent on the concentration up to at least one
equivalent of acid (0.2m). In summary, under the standard
conditions (0.1-0.4Mm of all reagents), the reaction is first
order in all three components.

Density functional calculations: To shed further light on the
mechanism for this reaction, we turned to DFT calculations.
The procedure suggested in the literature for a related
mechanism involves the protonation of the naphthol by the
acid (Scheme 3), generating a conjugated cation (3). This
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Scheme 3. Least likely cationic mechanism in nonpolar media. All energies are given in kJmol~' and are rela-

tive to the starting materials.

cation would then be attacked by the sulfur nucleophile,
thus eliminating water and regenerating the acid. An alter-
native to this mechanism would be the protonation of the
more basic OH group (to form 6), which after elimination of
H,0 would lead to a highly unlikely aryl cation (7). This
would also undergo attack by PrSH (to give 8) followed by
regeneration of the acid (to give 2).

However, our calculations show that none of the proton-
ated species 3, 6, or 7 is energetically accessible in nonpolar
media, with AH (AG)=214 (215)kJmol™ for 3, 294
(294) kJmol™ for 6, and 478 (438) kJmol™" for 7. Control
calculations on these species in water lead to much more ac-
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cessible energies, which sug-
gests that this mechanism is
viable in polar media, but not
under the current conditions.
We also explored other possible
protonated  isomers  (9-11,
Scheme 4) but, as expected, all
were found to be even higher in
energy than 3 (9 and 10) or un-
stable (11 rearranged to 6 upon
optimization).

Instead, we explored mecha-
nisms that do not involve ex-
plicit protonation of the starting
material (Figure 1). For reasons

OH OH R __oH
@

10 AH=247
AG =249

pTsOH

OO

pTsO

pTsO”

9 AH=264 11 not stable

AG =265

Scheme 4. Structures of 9-11 and calculated energies for 9 and 10. All
values are given in kJmol ™.

of consistency, we elected to keep the catalytic acid associat-
ed with the starting material throughout the calculated
mechanism. In the real system, the neutral acid is expected

H.O

Figure 1. Calculated reaction profile: enthalpies in black, free energies in red. All energies are given in kJmol™" and are relative to the starting materials.

3956 ——

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2008, 14, 3954 -3960


www.chemeurj.org

Acid-Catalyzed Nucleophilic Aromatic Substitution

to rapidly dissociate and reassociate, as the energy of associ-
ation is at best a few kJmol~'. We performed control calcu-
lations on the infinitely separated species for every stable
neutral intermediate, and in no case was the relative energy
difference between the associated and dissociated complexes
more than 20 kJ mol™". In addition, many of these intermedi-
ates are flexible, and as we did not undertake an exhaustive
sampling of the conformational space, it is possible that
lower-energy rotamers exist other than the ones optimized.
However, as all intermediates of the reaction are higher in
energy than the starting materials (1, pTsOH, and PrSH),
the probability of a new global ground state being intro-
duced through rotation around bonds is small and should
not influence the conclusions of this study.

As a direct nucleophilic attack on the relatively electron-
rich  system in 1 is unlikely, we reasoned that the first step
of the reaction should be the acid-catalyzed tautomerization
of 1 to 2(1H)naphthone (14). Before the tautomerization, 1
and pTsOH should form a complex (12) which, with a rela-
tive energy of AH (AG)=1 (15) kImol™', is roughly thermo-
neutral with the separated reagents. From 12, a concerted
transition state, 13¥, was found for the tautomerization, with
AH" 1 (AGT 10d) =42, (64) kImol ™ (Figure 2a). In 13*, the
hydrogen from pTsOH is transferred to the arene, whereas
the hydrogen from the OH group is transferred to one of
the S=O moieties in pTsOH. The result of the tautomeriza-
tion is 14, which is AH (AG)=8 (18) kImol™' higher in
energy than 1+ pTsOH + PrSH.

From 14, PrSH can conduct a nucleophilic attack on the
relatively positive C=0O carbon atom, but only if assisted by
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pTsOH in a fairly complicated eight-centered transition
state, 15° (Figure 2b). In 15¥, one hydrogen atom is trans-
ferred from pTsOH to the carbonyl oxygen (r(O—H)=1.10,
r(H-0)=1.64 A), whereas another hydrogen atom is trans-
ferred from the S—H to pTsOH (»(S—H)=1.53, r(H-O)=
1.36 A). The C—S bond is formed (r(S—C)=2.25 A), whereas
the C=0 bond is broken (#(C—0)=1.34 A). The two S—O
bond lengths are similar (1.53 and 1.50 A) and should be
compared to the third (spectator) S=O bond length, which is
1.47 A. The S—OH bond length in free pTsOH is 1.65 A and
the two S—O bonds in 15* are thus clearly conjugated bonds
with approximately 3/2 bond orders.

The energy of 15% is calculated to be AH® (AG")=79
(116) kImol™". The origin of the high-entropy contribution
should be the requirement for three separate species to
come together into an organized ring structure, of a type
seldom observed for organic reactions. Only the relatively
low enthalpy of the transition state allows this structure to
form, and the total AG will rapidly increase with increasing
temperature. The product of 15" is structure 16, which now
has one C—OH and one C—S—nPr group, and a relative
energy of AH (AG)=62 (95) kImol™".

Product formation occurs through a three-step mechanism
that forms a very short-lived ion pair. Initially, it was expect-
ed that product formation would occur through a concerted
mechanism analogous to 15¥, but all attempts at identifying
such a transition state failed and 16, 2, or transition-state
17* resulted. It is possible that a more exhaustive scan of
the reaction space could eventually lead to a concerted tran-
sition state, but considering that several attempts yielded

Figure 2. Structures of the transition-states 13*, 15*, 17%, and 19% and the tight ion-pair 18. All bond lengths are in A.
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177, this suggests that 17" is the more favorable of the two
on the AE surface.

The transition state we repeatedly found instead, 17* (Fig-
ure 2¢), is conceptually much simpler and can be described
as a protonation of the ROH group to generate free water
and a tight ion pair between a cationic protonated naphtha-
lene species and a tosylate anion (18). 17° features the
transfer of the proton from pTsOH to the OH group
(r(O,rs—H)=1.71 and r(Opi—H)=1.00 A), which causes the
C-O bond to rupture (r(C—0)=1.86A), leading to an
anion on the pTsOH and a cation at the 2-position on the
naphthalene ring. The calculated energy of 17° is AH
(AG)=118 (142) kJmol™'. While within the margin of error,
we believe the calculated vibrational entropy S.;, is some-
what high due to an overly rigid transition state in the gas-
phase optimization. In solvent,
we believe that this transition
state should be less rigid (as the
forming charge is more effi-
ciently stabilized), and the
actual S, should consequently
be somewhat higher.

The product tight ion pair
(18, Figure 2d) features the
H,O group as a bridge between
the relatively positive naphthiol
proton and the tosylate anion.
The energy of 18 is only AH
(AG)=65 (89) kImol™', which
indicates a large amount of
charge stabilization. The sepa-
rated  ions (treated  as
[pTsO:H,0] + [naphthiol]*,
[pTsO] +[naphthiol:H,O]*, and [pTsO] + [naphthiol]* +
H,O showed that separating the ions costs AH (AG)=173
(183) kJmol™, 176 (176) kJmol™', and 196 (177) kJmol™',
respectively, that is, significantly higher energy relative to
18. The cation in 18 is stabilized by both conjugation in the
naphthalene ring and conjugation from the sulfur lone pair.
Indeed, the C—S bond length in 18 is only 1.70 A, which
should be compared with 1.94 A in 16 and 1.78 A in the
naphthyl thiol product. Consequently, this bond should most
likely be considered a C=S double bond, with most of the
charge localized on the sulfur atom.

From 18, a last transition state (197, Figure 2¢) leads to
the products 2, H,O, and pTsOH. Transition-state 19% is
formed by a proton-shuffling mechanism, in which the naph-
tholic proton that coordinated to the H,O in 18 is trans-
ferred to the oxygen (H(C—H)=1.26 A, r(H-O¢y)=1.44 A),
whereas one of the protons on H,O is transferred to the
pTsO~ anion (r(Ogy—H)=0.99 A, r(H=O,1,) =1.85 A). The
energy of 197 is only AH (AG)=66 (97) kJmol™!, that is,
only marginally higher than the energy of the tight ion pair
18. Transition-state 19% produces the final products, with a
relative energy of AH (AG)=-7 (—27)kImol . This
energy is consistent with the experimentally observed near-
quantitative conversion of starting materials into product.

OH =
—_—
I "

S O

~232 kJmol .
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Scheme 5. Explored concerted substitution mechanism. The energy for the first transition state was
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The complexity of this mechanism suggests that it might
only work under very select conditions. A more polar sol-
vent might stabilize 18 sufficiently so that the ions can sepa-
rate in solution, which might lead to other products. Also,
157 requires a chelating acid to transfer the proton efficient-
ly, and it is thus predicted that an acid, such as HCI, must
react either through an analogous six-membered transition
state, a stepwise mechanism, or another tight ion pair. Any
of these mechanisms might allow for unwanted side reac-
tions, which is consistent with the experimentally observed
results and indicates that HCl does give a product but the
reaction does not proceed as cleanly as with pTsOH.

Other explored mechanisms include a concerted substitu-
tion of the OH group with pTsOH (Scheme 5) to generate a
naphthyl-tosylate complex, which could then undergo the

H,

HO o

(0}
-H,0 O~ s// nPrSH
_— o// \AI’ —_

+

-pTsOH

—_

senalClve

reverse substitution with PrSH. We hypothesized that the
energy of this six-membered transition state could compare
favorably to those of the eight-membered transition states
shown above. However, calculations for a model system sug-
gested a barrier for the first step of ~232 kJmol ™, and this
mechanism was not further explored.

Calculations on a four-center mechanism for the process
14—16, in which the S—H bond transfers a hydrogen atom
directly to the C=0O oxygen atom without the help of
pTsOH, failed to find a feasible transition state. Intriguingly,
several of the attempts ended up identifying a transition
state for the process 12—14 instead, but with a calculated
barrier of 133 kJmol ™. As this process has a barrier of
42 kJmol~! when using pTsOH as the proton-transfer agent,
and since the desired pathway has a barrier of 79 kJmol™!
when using pTsOH, one could assume that the analogous
PrSH pathway has a prohibitively high barrier. Finally, sev-
eral radical intermediates (analogous to the cationic inter-
mediates 3, 9, 10, and 1), in which either pTsOH or PrSH
acted as the hydrogen-radical donor, were calculated but all
were found to have relative energies of >200 kJmol .

Kinetic determination of activation parameters: To support
the proposed mechanism, we decided to determine the acti-

Chem. Eur. J. 2008, 14, 3954 —3960
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vation parameters from an Eyring plot. The model reaction
was performed at 5°C intervals from 70 to 110°C and the
rate constants (corrected for the initial concentration of
pTsOH) were calculated as described for the initial kinetic
experiments. An Eyring plot was constructed and a linear
model was fitted to the data (Figure 3). The activation pa-
rameters were then calculated from the data (Table 2).

36 |-
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UT/K!

Figure 3. Eyring plot for the formation of 2.

Table 2. Activation parameters for the formation of 2.1

Parameter Value from Eyring plot  Value from DFT calculations

with standard error

AH* [kKImol™] 10549 118
AS* [Tmol'K] —18426 66!
AG* [KJmol™']  112+18 142

[a] AG™ is calculated from AH™, and AS™ at 363 K. [b] Corrected value,
see the Experimental Section.

Conclusion

The mechanism for the acid-catalyzed substitution of phe-
nolic hydroxyl groups with sulfur nucleophiles is distinctive-
ly different in nonpolar solvents (i.e., toluene) compared to
polar solvents. The cationic mechanism, proposed for the re-
action in polar solvents, is clearly not feasible under nonpo-
lar conditions. Instead, the reaction proceeds through a mul-
tistep mechanism in which the acid (pTsOH) mediates the
proton shuffling. From DFT calculations we found a rate-de-
termining transition state, with protonation of the hydroxyl
group to generate free water and a tight ion pair between a
cationic protonated naphthalene species and a tosylate
anion. The kinetic experiments support this mechanism and
show that the reaction, at moderate concentrations, is first
order with respect to 1, PrSH, and pTsOH. The activation
parameters, extracted from an Eyring plot, back up the pro-
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posed mechanism. The AH* values are similar (10549 vs.
118 kImol™!), whereas the AG™ values are somewhat more
disparate (112418 vs. 142 kJmol ™), which can be explained
by a somewhat overestimated AS* value in the gas-phase
calculations compared to solvent conditions. The reaction
goes to near completion, which is in accordance with the
overall thermodynamics from the calculations.

Experimental Section

General: Toluene was dried by passing it through a column of Al,O;
(neutral, activity grade I). pTsOH was recrystallized from EtOAc. Prepa-
rative chromatography was performed by using silica gel (35-70 mm,
60 A). Analytical HPLC was performed by using a HICHROM Kromasil
100-5 sil column on a Varian ProStar system running the Varian Star
chromatography workstation v.5 software.
Naphthalene-2-yl(propyl)sulfane (2):'” 2-Napthol (1) (144 mg, 1 mmol),
pTsOH (86 mg, 0.5 mmol), and PrSH (1.1 mL, 12 mmol) were suspended
in toluene (5 mL) and stirred under reflux at 110°C for 22 h. The solution
was allowed to reach room temperature, washed (saturated aqueous
NaHCO:;), dried (MgSO,), filtered, and concentrated. Chromatography
(silica gel, heptane/EtOAc 4:1) gave 2 as a light-yellow oil (184 mg,
91%). The compound purity, determined by "H NMR spectroscopy and
analytical HPLC, was >99% and all spectral data were consistent with
published results.

Kinetic studies: Kinetic studies were performed by adding 1, p-nitroto-
luene (internal standard), pTsOH, and PrSH (in that order) to toluene.
The suspension was quickly heated to the required temperature. Samples
(0.250 mL) were extracted at 0, 5, 10, 15, 30, 60, 120, 180, and 240 min
and washed with saturated aqueous NaHCOj; (1.5 mL). A sample of the
organic phase (0.050 mL) was diluted with heptane/EtOAc (9:1, 0.90 mL)
and analyzed by HPLC. For higher concentrations of product, the solu-
tion was diluted ten times before analysis. Calibration curves were ac-
quired by analysis of the pure compounds and all integrals were normal-
ized according to the integral of the internal standard. The stability of
the internal standard to the reaction conditions was ascertained by treat-
ing it to the reaction conditions at 80°C for 20 h followed by another
24 h at 110°C.

Data handling and kinetic calculations: All data handling, curve fitting,
and statistical analysis was performed in Microsoft Excel 2004 for Mac.

Computational chemistry: All calculations were performed by using the
hybrid DFT functional B3LYP, as implemented by the Jaguar 6.5 pro-
gram package.™ This DFT functional utilizes the Becke three-parameter
functional"” (B3) combined with the correlation functional of Lee, Yang,
and Parr®! (LYP). Pople’s 6-311G** 4+ basis set”?! was used for all gas-
phase calculations and the same basis set without diffuse functions (6-
311G**) for solvation calculations. Implicit solvent effects of the experi-
mental toluene medium were calculated with the Poisson-Boltzmann
(PBF) continuum approximation by using the parameters X=2.379
and r,,,=2.76174 A. Solvation effects were calculated by adding single-
point solvation energies (free energies) to the energy of the gas-phase ge-
ometries. The solvation energy includes both electrostatic and nonelec-
trostatic interactions and can be thought of as a vertical Gibbs free
energy of solvation. Whereas the solvation energies are technically AG
terms, the AS component is very minor and the entire term can thus also
be used to approximate AE and AH.

Consequently, all enthalpies are reported as AH(0 K)=AE + zero-point
energy (ZPE) correction + solvation correction. Free energies are calcu-
lated as AG(363 K)=AH(363 K)—TAS(363 K), in which AH=AE(gas
phase) + AE(solvation correction) +ZPE + AH(vib) +3kT*A(n). The last
term, 3kT, is a fixed value for the sum of the rotational and translational
contributions to the enthalpy at 363 K, calculated to be 9.0598 kJ mol .
The AS terms were calculated by the sum AS(vib)+ AS(trans/rot)+
AS(concn). AS(vib) is calculated from a modified Jaguar gas-phase ana-
lytical frequency calculation (see below) by using the harmonic oscillator

— 3959

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

U. Ellervik, J. Oxgaard, P. Norrby et al.

A EUROPEAN JOURNAL

approximation, whereas AS(trans/rot) is given a fixed value of
125.4 Jmol ! K. The use of 3kT and 125.4 Jmol ' K for the AH(trans/rot)
and AS(trans/rot) terms, respectively, was made to avoid the values ob-
tained in the gas-phase calculations of thermodynamic properties. For a
solvated reaction, these gas-phase values are substantially inflated, and
accurate values most likely require a full dynamic simulation. As this is
outside the scope of this paper, we elected to use a fixed value reflecting
the experimental value for a pure liquid. For AS(vib), we assumed no fre-
quencies below 50 cm™!, as the inertia of a solvent should prevent these
modes from being sufficiently flexible. Consequently, frequency modes
below 50 cm™ were assigned as S=50 cm™', and the total AS(vib) was
calculated according to the harmonic oscillator approximation. Notably,
even though the treatment of AH(trans/rot), AS(trans/rot), and AS(vib)
contains empirical terms, the fixed parameters were assigned before anal-
ysis of the results. Thus, no fitting of parameters was performed to allow
the results to correspond to experimental values. That said, we do expect
the AG errors with this methodology to be quite large, and the actual
values are most likely only qualitatively correct.

All geometries were optimized and evaluated for the correct number of
imaginary frequencies through vibrational frequency calculations by
using the analytic Hessian. Zero imaginary frequencies correspond to a
local minimum, whereas one imaginary frequency corresponds to a tran-
sition structure.
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