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ABSTRACT: The activation of C−F bonds figures largely in both fundamental
and applied chemical processes. Herein the activation of benzyl C−F bonds by silyl
cations is examined both computationally and experimentally in the gas phase. The
experimental rate constant values obtained herein have not heretofore been
measured and provide insight into the intrinsic ability of silyl cations to activate
C−F bonds. Trends in reactivity and correlations between theoretical and
experimental data are discussed in the context of C−F bond cleavage.

■ INTRODUCTION
The carbon−fluorine bond is the strongest covalent single
bond that carbon forms with any element.1−6 The C−F bond’s
singular nature is attributed to fluorine’s small size and high
electronegativity, which result in a short, highly polar bond that
has low polarizability.3 The unique nature of the C−F bond
has both advantages and disadvantages. The high stability of
the bond makes it feature prominently in many areas of
synthetic chemistry, including in the design of new materials,
polymers, drugs, and pesticides.7−13 However, the reverse side
of such stability is the persistence in the environment of
compounds containing C−F bonds. Hydrofluorocarbons are
potent greenhouse gases, and fluorochlorocarbons are known
to deplete the ozone layer.14−16 Furthermore, the prevalence of
poly- and perfluoroalkyl substances (PFAS) has also raised
concerns about the environmental and human health impact of
PFAS exposure.17−19 Thus, the activation of C−F bonds is of
interest from both fundamental and practical points of view.
The simplest transformation to remove a C−F bond would

be to convert it to a C−H bond, in a hydrodefluorination
reaction (HDF, eq 1). However, the use of hydrogen gas yields
hydrogen fluoride as a product, which is highly toxic and
difficult to handle.

+ +R F H R H HF2 (1)

One way around this was discovered by Aizenberg and
Milstein, who used rhodium catalysts and organosilicon
compounds, which led to a more thermodynamically favorable
reaction, as well as a less toxic byproduct (eq 2, X = alkyl,
aryl).20

+ +R F X Si H R H X Si F3
catalyst

3 (2)

Subsequent early HDF work focused on catalysis with
transition metals; more recently, a novel approach using
Lewis acids was developed independently by Ozerov and
Müller.21,22 These groups proposed utilizing Lewis acid

abstraction of fluoride instead of a redox reaction to effect
the challenging C−F cleavage. They successfully carried out
nonredox C−F activation under ambient conditions using a
silylium Lewis acid catalyst (eq 3). Ozerov and co-workers

have noted, “It is a matter of some debate what should be
considered a “free” X3Si+ cation in the condensed phase”;
finding a counterion that is both weakly coordinating yet stable
enough not to decompose in the presence of the strong
silylium Lewis acid proved challenging.21 Ozerov and co-
workers ultimately utilized [B(C6F5)4]− and halogenated
monocarboranes as weakly coordinating anions that could
support silyl cation C−F activation.21,23,24 Thus, with
condensed phase HDF, the generation of a stabilized cationic
silicon catalyst with a suitable counteranion was key.5,25−28

Because of the challenges associated with generating a stable
silyl cation and a weakly coordinating counteranion in solution,
we became intrigued with the prospect of generating a true
“free” silyl cation in the gas phase and utilizing it for C−F
activation. Prior gas phase work is limited to a study by Krause
and Lampe in the 1970s, wherein the reactions of CF4 and
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SiH3
+, as well as CF3+ and SiH4 were examined in vacuo,

establishing that silicon has a higher affinity than carbon for the
fluorine in this system.29 This result lends support to the idea
that C−F activation by silyl cations should be possible in the
gas phase. Furthermore, in the absence of solvent or
counterion, the intrinsic reactivity of the free silyl cation as
an effective C−F activator could be examined.
As a first step toward understanding intrinsic C−F

activation, we examine herein the reactions of a series of
(trifluoromethyl)benzene substrates with various silyl cations,
to assess the facility of gas phase C−F activation, using both
calculations and experiments.

■ RESULTS AND DISCUSSION
Our C−F activation studies started serendipitously, while
examining gas phase hydricity.30,31 In these studies, we
followed the reaction of trifluoromethyl benzhydryl cation
with triethylsilane, in order to track abstraction of hydride from
the silane by the benzhydryl cation (path a, Figure 1).30,31

However, in addition to this hydride transfer, we also observed
the mass-to-charge ratio (m/z) 217, which corresponds to
cations formed by F/H exchange from the cation to the silane
(path b, Figure 1). Evidence of subsequent hydrodefluorina-
tions was also found.
This result piqued our interest greatly, especially in light of

the prior condensed phase work utilizing silyl cations to
catalyze HDF.21,22 In the condensed phase, one can never
generate a free silyl cation; there must always be a
counteranion, which will decrease how “cationic” the silylium
is.21 We were intrigued by the tantalizing possibility of
generating the bare silyl cation in the gas phase and assessing
its inherent reactivity.29,32

To this end, we designed a study that would probe the first
step of HDF, whereby the silyl cation enables C−F bond
breakage (Figure 2). In choosing substrates to show proof-of-

concept, we focused on a series of (trifluoromethyl)benzenes
(Figure 3), which would allow us to track trends in reactivity
through 3- and 4-aryl substitution. The silyl cations in Figure 4
were chosen as probable reactive species that could help us
understand alkyl substitution effects.

Calculations. We first calculated the enthalpy of reaction
to assess whether the thermochemistry of these reactions
would be favorable. These results are compiled in Table 1.

4-Substituted (Trifluoromethyl)benzenes. The 4-sub-
stituted (trifluoromethyl)benzenes 1 have the same trend in
ΔH regardless of which silylium is used; that is, the
exothermicity of 1 with any of the silyl cations 3 follows the
trend 1b (−NH2) > 1d (−OMe) > 1c (−OH) > 1e (−Me) >
A (−H) > 1 f,g,h (−Cl, − F, − Br) > 1i (−CN) > 1j (−NO2),
where 1b produces the most exothermic reaction and 1j is the
least exothermic (Table 1). This trend is commensurate with
expectations based on electron-withdrawing versus electron-
donating ability; as the product of the reaction is a
(difluoromethyl)benzyl cation (Figure 2), one would expect
electron donating groups to favor reaction. Indeed, the
(trifluoromethyl)benzenes with more electron donating groups
(e.g., −NH2, −OMe) yield reactions that are more favorable
enthalpically, while those with more electron withdrawing
groups (e.g., halides, −NO2) are less favorable enthalpically.
Plots of the ΔH values versus Hammett σ+ constants are
generally linear, as would be expected; one example, with
Et3Si+ (3a) is shown in Figure 5.33,34

3-Substituted (Trifluoromethyl)benzenes. We also
calculated the enthalpy of reaction for the 3-substituted

Figure 1. Reactivity of trifluoromethylbenzhydryl cation with triethylsilane.

Figure 2. Reactions studied herein.

Figure 3. Substituted (trifluoromethyl)benzenes studied herein.

Figure 4. Silyl cations studied herein.
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(trifluoromethyl)benzenes. We find that the ΔH trend from
most to least exothermic is 2b (−NH2) > 2e (−Me) > 2d
(−OMe) > A, 2c (−H, − OH) > 2f, 2h (−Cl,−Br) > 2g (−F)
> 2i (−CN) > 2j (−NO2) (Table 1). These trends also make
sense in that the more electron donating groups lead to
reactions that are generally more exothermic.
One other overall trend to discuss is that of the reactions of

silyliums 3 with 4-substituted (trifluoromethyl)benzenes 1
versus with their 3-substituted counterparts 2 (Table 1). For
substitution with −NH2 (1b, 2b), −OH (1c, 2c), and −OMe
(1d, 2d), the reactions with the 4-substituted benzenes 1 are
more exothermic than those with the 3-substituted series 2.

This makes sense, as the reaction of the (trifluoromethyl)-
benzenes with the silyl cation yields a (trifluromethyl)benzyl
cation (Figure 2). The ArCF2+ product is inductively stabilized
by the −NH2 substituent, whether this moiety is on the 3- or
4-position. However, the 4-substituted cation will have the
added benefit of resonance stabilization by −NH2, rendering
this reaction even more favorable than its 3-substituted
counterpart. For −OH and −OMe 3-substitution, the oxygen
is inductively electron withdrawing, disfavoring the
(trifluoromethyl)benzyl cation product. However, in the 4-
position, the alcohol and alkoxy moieties can resonate into the
cation, thus favoring these reactions over their 3-substituted
counterparts. Substitution by methyl (1e, 2e) also stabilizes the
cation, but resonance plays a smaller role, since there is no free
lone pair on the substituent, so the reaction is still more
favorable with 4-substitution, though by a smaller amount. For
halide substitution (1e,f,g and 2e,f,g), the moieties are
inductively electron withdrawing but can still stabilize the 4-
ArCF2+ ions via resonance, thus favoring the reactions of 1, as
reflected by the more exothermic ΔH values for 1e,f,g as
compared to 2e,f,g. The C−F activation to form ArCF2+ is not
favored by highly electron withdrawing groups; therefore, all
reactions of 3- and 4- substituted (trifluoromethyl)benzenes
with −CN or −NO2 (1i,j and 2i,j) have fairly comparable ΔH
values that are relatively low in absolute magnitude.
In terms of the reactivity of the silyl cations, the trend for

exothermicity is 3a > 3b ∼ 3c > 3d > 3e, meaning the reaction
of any given (trifluoromethyl)benzene with 3a is more
exothermic than the reaction of the same (trifluoromethyl)-
benzene with 3b or 3c, with 3e yielding the lowest
exothermicities (Table 1). Exothermicity thus tracks inversely
with larger alkyl group substitution on 3. For example, the
fluoride abstraction reactions for triethylsilylium 3a, Et3Si+, are
more exothermic than those of the tributylsilylium 3e.
Presumably, this is due to the larger alkyl groups providing
increased polarizability, which would stabilize the positive
charge; therefore, 3e is a less reactive silyl cation than 3a.35

These results are also consistent with prior studies by Gusev
and Ozerov, who calculated the fluoride affinity of various silyl
cations.36 They found that the trimethylsilyl cation Me3Si+ has
a higher fluoride affinity than Et3Si+ (3a). That is, the longer
chain alkyl group decreased the silylium affinity for fluoride.
This is consistent with our results showing that the
exothermicity of the reaction of silyl cations with our
(trifluoromethyl)benzenes follows the trend Et3Si+ (3a) >
Pr3Si+ (3b, 3c) > nBu3Si+ (3e). Ozerov also compared the
fluoride affinity of H3Si+ with PhH2Si+ and found that the
addition of the phenyl group decreases the silylium fluoride
affinity. We likewise find that the phenyl ring diminishes
reactivity; although two of the alkyl groups are methyl, we still
find that in our fluoride exchange reactions, PhMe2Si+ (3d) is
less favorable than both Et3Si+ (3a) and Pr3Si+ (3b, 3c).

Experiments. The experimental gas phase rate constants
are compiled in Table 2. Missing data either reflect
(trifluoromethyl)benzenes that are not easily vaporized, or,
in the case of the methoxy(trifluoromethyl)benzenes (1d and
2d) and the propylsilanes (3b, c), the reactant and product m/
z ratios are by coincidence too close to differentiate; this is
indicated by (N/A) in the Table.
For the 4-substituted (trifluoromethyl)benzenes 1, the

reactions with the silyl cations follow the trends predicted by
our ΔHrxn calculations. The more electron donating groups
(1b, 1d, 1e) yield higher rate constants than the more electron

Table 1. Calculated Enthalpies of Reaction between
Substituted (Trifluoromethyl)benzenes and Silyl Cationsa

ΔHcalc (kcal/mol)b

reactants 3a 3b 3c 3d 3e

A −19.1 −15.5 −15.7 −13.9 −10.3
1b (−NH2) −39.8 −36.1 −36.3 −34.6 −31.0
1c (−OH) −28.7 −25.0 −25.2 −23.5 −19.9
1d (−OMe) −32.2 −28.5 −28.7 −27.0 −23.4
1e (−Me) −25.0 −21.3 −21.5 −19.8 −16.2
1f (−Cl) −18.3 −14.7 −14.9 −13.2 −9.6
1g (−F) −18.6 −14.9 −15.1 −13.4 −9.8
1h (−Br) −18.6 −14.9 −15.2 −13.4 −9.8
1i (−CN) −8.0 −4.3 −4.5 −2.8 0.8
1j (−NO2) −5.2 −1.5 −1.8 0.0 3.6
2b (−NH2) −23.8 −20.2 −20.4 −18.6 −15.0
2c (−OH) −19.0 −15.4 −15.6 −13.9 −10.3
2d (−OMe) −21.3 −17.7 −17.9 −16.1 −12.6
2e (−Me) −21.9 −18.3 −18.5 −16.7 −13.1
2f (−Cl) −14.2 −10.6 −10.8 −9.1 −5.5
2g (−F) −13.6 −10.0 −10.2 −8.4 −4.8
2h (−Br) −14.7 −11.0 −11.2 −9.5 −5.9
2i (−CN) −7.4 −3.7 −4.0 −2.2 1.4
2j (−NO2) −6.8 −3.2 −3.4 −1.7 1.9

aωB97X-D/6−311++G(2d,p). bAt 298 K.

Figure 5. Calculated ΔH versus Hammett σ+ constants for reaction of
silyl cation 3a with 4-substituted (trifluoromethyl)benzenes 1b−1g.
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withdrawing groups (1f, 1g). For example, for the reaction of
the 4-substituted (trifluoromethyl)benzenes 1 with 3a (first
column, Table 2), the rate constants for 1b (−NH2), 1d (−
OMe) and 1e (−Me) are higher (1.47, 1.43 and 1.17 × 10−9

cm3/(molecule·s)) than those for 1f (−Cl) and 1g (−F) (0.97
and 0.47 × 10−9 cm3/(molecule·s)). This is consistent with the
larger calculated exothermicity of 1b, 1d, and 1e (16−31 kcal/
mol exothermic) versus that of 1f and 1g (∼9−10 kcal/mol
exothermic). Although we calculated thermochemical values,
yet measured rate constants, the correlation still holds, as
would be expected by the Hammond Postulate, where more
exothermic reactions would have lower activation barriers,
leading to higher rate constants.37,38 The result also makes
sense mechanistically as electron donating groups will stabilize
the ArCF2+ cationic product (Figure 2). The Hammett plots
do show this expected trend (example plot for reactions with
3a shown in Figure 6). The one point that appears to be an
outlier is that for reaction of 4-fluoro-(trifluoromethyl)-
benzene. For our plots, we utilized the well-known and robust

σ+ values obtained in 90% acetone/water; the unexpectedly
slow reaction with fluorine substitution may be due to fluorine
being an unusually small and electronegative element that may
behave differently in nonaqueous environs.39,40 Our gas phase
rate constants thus provide data that are consistent in trends
with the computed thermochemistry.
The 3-substituted ((trifluoromethyl)benzenes also react

faster with the silyl cations when the aryl substituents are
electron donating versus electron withdrawing; again, the
experiments benchmark the computational prediction. Thus,
for 2b, 2d, and 2e (−NH2, −OCH3 and −CH3), the
experimental rate constants are higher with a given silyl cation
than the reactions of 2f and 2g (−Cl, −F) (Table 2).
Last, how do these reactions overall compare to their

condensed phase counterparts? In terms of the reactivity of the
3- versus 4-substituted (trifluoromethyl)benzenes, and the
reactivity of the various silyl cations 3, in general, the reactions
herein are all quite fast, and differentiating, for example, across
a row (Table 2) is difficult, especially as many of the rate
constants overlap, within experimental error. The rate
constants range from 0.33 × 10−9 to 1.90 × 10−9 cm3/
(molecule·s); the gas phase collisional rate constants are
around 1 to 3 × 10−9 cm3/(molecule·s), making these quite
fast gas phase reactions.41−44 These experimental results thus
indicate that C−F activation is favorable with a “naked”
reactive silyl cation, across a wide range of (trifluoromethyl)-
benzenes.29

■ CONCLUSIONS
Calculations and experiments were used to examine the
reaction of a series of substituted (trifluoromethyl)benzenes
with silyl cations. The rate constants reported herein were
heretofore unknown. Trends in reactivity of meta− versus
para−substituted (trifluoromethyl)benzenes, in terms of both
the nature and the position of the substituent are discussed.
Overall, the reactions are quite fast, indicating the continued
promise of cationic silyliums for C−F activation. These data
establish the ability of “bare” silyl cations (without solvent or
counterion) to activate a wide range of benzyl C−F bonds.

■ EXPERIMENTAL SECTION
The (trifluoromethyl)benzenes A, 1b−j, 2b−j and silanes (precursors
for the silyl cations 3a−e) are all commercially available and were
used as received.

Table 2. Experimental Gas Phase Rate Constants for the Reactions of Substituted (Trifluoromethyl)benzenes with Silyl
Cationsa,b,c

3a 3b 3c 3d 3e

A 0.95 ± 0.03 1.06 ± 0.02 0.90 ± 0.02 0.82 ± 0.07 0.59 ± 0.10
1b 1.47 ± 0.13 1.51 ± 0.14 1.50 ± 0.12 1.64 ± 0.17 1.43 ± 0.11
1d 1.43 ± 0.08 N/A N/A 1.60 ± 0.01 1.67 ± 0.06
1e 1.17 ± 0.04 1.43 ± 0.04 1.13 ± 0.04 1.90 ± 0.13 1.77 ± 0.07
1f 0.97 ± 0.01 1.19 ± 0.15 0.68 ± 0.03 0.75 ± 0.003 0.71 ± 0.01
1g 0.47 ± 0.04 0.46 ± 0.07 0.33 ± 0.06 0.55 ± 0.10 0.43 ± 0.07
2b 1.59 ± 0.17 1.32 ± 0.15 1.55 ± 0.22 1.23 ± 0.14 0.91 ± 0.18
2d 1.02 ± 0.13 N/A N/A 1.13 ± 0.22 1.11 ± 0.18
2e 1.06 ± 0.14 1.35 ± 0.13 1.49 ± 0.02 1.71 ± 0.11 0.91 ± 0.13
2f 0.82 ± 0.13 0.89 ± 0.04 1.04 ± 0.10 0.77 ± 0.06 0.82 ± 0.07
2g 0.51 ± 0.05 0.63 ± 0.03 0.55 ± 0.10 0.75 ± 0.05 0.54 ± 0.03

aRate constant units are × 10−9 cm3/(molecule·s). bTheoretical collisional rate constants are all between 1 to 3 × 10−9 cm3/(molecule·s).41−43

cDetails on experimental protocol are in Experimental section.

Figure 6. Hammett plot of log (kexpt/kH) for the reaction of silyl
cation 3a with 4-substituted (trifluoromethyl)benzenes 1b-1g.
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A Fourier transform ion cyclotron resonance mass spectrometer
(FTMS) equipped with a dual cell setup was used to measure rate
constants, as described previously.31,45,46 The magnetic field is 3.3 T,
with a baseline pressure of 1 × 10−9 Torr within the cells. Neutral
substances can be added to either cell independently, via heatable
batch inlets. Hydronium ions were formed by pulsing water into the
cell and ionizing it using an electron beam (ranging from 20−30 eV,
4−6 μA, 0.5 s). Under our conditions, hydronium ions react with
silanes to produce silyl cations (Figure 7).

To run the reaction, silyl cations were generated in one cell then
transferred to the other, through a 2 mm-wide hole in the middle
trapping plate, by briefly dropping the central trapping plate voltage to
0 V. Transferred ions were cooled with argon.47,48 Then, gas-phase
rate constants were measured using pseudo-first order conditions,
where the concentration of the neutral substituted (trifluoromethyl)-
benzene in the second cell was kept in excess relative to the
concentration of the silyl cations; this has also been described
previously.31,45,46 The concentration, or pressure, of the neutral
substituted (trifluoromethyl)benzene in the analyzer cell was
measured by using a fast control reaction (hydronium with the
(trifluoromethyl)benzenes), since the pressure measurement from the
ion gauges were not always accurate; this has also been described
previously.31,41,42,45 The rate constant was measured a minimum of
three times; the errors listed in Table 2 represent the standard
deviation of the multiple measurements. Theoretical collision rates
were calculated using the parametrized trajectory method of Su and
Chesnavich.41

All density functional calculations were conducted using Gaussian
1649 utilizing the ωB97X-D/6−311++G(2d,p) level of theory.50,51

Additional calculations were also conducted using M06−2X and
B3LYP-D3(BJ), with the 6−311++G(2d,p) basis set, to ensure
consistency of results.51−57 For reactant geometry optimization of
structures that could have multiple low-lying conformers, bonds were
manually rotated for conformational searching, to find the lowest
energy structure. All ground state geometries were fully optimized and
the resulting structures had no negative frequencies. No scaling factor
was applied. Reported values are at 298 K.
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(21) Scott, V. J.; Çelenligil-Çetin, R.; Ozerov, O. V. Room-
Temperature Catalytic Hydrodefluorination of C(sp3)-F Bonds. J.
Am. Chem. Soc. 2005, 127, 2852−2853.
(22) Panisch, R.; Bolte, M.; Müller, T. Hydrogen- and Fluorine-
Bridged Disilyl Cations and Their Use in Catalytic C-F Activation. J.
Am. Chem. Soc. 2006, 128, 9676−9682.
(23) Silicenium Ions-Experimental Aspects; Lickiss, P. D., Ed.; John
Wiley & Sons Ltd: Chichester, 1998; Vol. 2.
(24) Douvris, C.; Ozerov, O. V. Hydrodefluorination of Perfluor-
oalkyl Groups Using Silylium-Carborane Catalysts. Science 2008, 321,
1188−1190.
(25) Reed, C. A. Carborane Acids. New ‘Strong yet Gentle’’ Acids
for Organic and Inorganic Chemistry. Chem. Commun. 2005, 1669−
1677.
(26) Hoffmann, S. P.; Kato, T.; Tham, F. S.; Reed, C. A. Novel
Weak Coordination to Silylium Ions: Formation of Nearly Linear Si-
H-Si Bonds. Chem. Commun. 2006, 767−769.
(27) Reed, C. A. The Silylium Ion Problem, R3Si+ Bridging Organic
and Inorganic Chemistry. Acc. Chem. Res. 1998, 31, 325−332.
(28) Mallov, I.; Ruddy, A. J.; Zhu, H.; Grimme, S.; Stephan, D. W.
C−F Bond Activation by Silylium Cation/Phosphine Frustrated
Lewis Pairs: Mono-Hydrodefluorination of PhCF3, PhCF2H and
Ph2CF2. Chem. - Eur. J. 2017, 23, 17692−17696.
(29) Krause, J. R.; Lampe, F. W. Ion−Molecule Reactions in SiH4-
CF4 Mixtures. J. Phys. Chem. A 1977, 81, 281−286.
(30) Xu, J.; Krajewski, A. E.; Niu, Y.; Kiruba, G. S. M.; Lee, J. K.
Kinetic Hydricity of Silane Hydrides in the Gas Phase. Chem. Sci.
2019, 10, 8002−8008.
(31) Krajewski, A. E.; Lee, J. K. Nucleophilicity and Electrophilicity
in the Gas Phase: Silane Hydricity. J. Org. Chem. 2022, 87, 1840−
1849.
(32) Krause, J. R.; Lampe, F. W. Extensive Redistribution of Fluorine
and Hydrogen in the Reaction of CF3+ with SiH4. J. Am. Chem. Soc.
1976, 98, 7826−7827.
(33) Hansch, C.; Leo, A.; Taft, R. W. A survey of Hammett
substituent constants and resonance and field parameters. Chem. Rev.
1991, 91, 165−195.
(34) Hammett, L. P. The Effect of Structure on the Reactivity of
Organic Compounds. Benzene Derivatives. J. Am. Chem. Soc. 1937,
59, 96−103.
(35) Olmstead, W. N.; Brauman, J. I. Gas-phase Nucleophilic
Displacement Reactions. J. Am. Chem. Soc. 1977, 99, 4219−4228.
(36) Gusev, D. G.; Ozerov, O. V. Calculated Hydride and Fluoride
Affinities of a Series of Carbenium and Silylium Cations in the Gas
Phase and in C6H5Cl Solution. Chem. - Eur. J. 2011, 17, 634−640.
(37) Hammond, G. S. A Correlation of Reaction Rates. J. Am. Chem.
Soc. 1955, 77, 334−338.
(38) Transition state searches were conducted, but the reactions that
we are able to see experimentally are for the most part exothermic
enough that, as the Hammond Postulate would predict, the
calculations indicate that the reaction is barrierless.
(39) Ritchie, C. D.; Sager, W. F. An Examination of Structure-
Reactivity Relationships. Prog. Phys. Org. Chem. 1964, 2, 323−400.
(40) One reviewer astutely noted that 1f reacts faster with 3b and 3e
than does parent compound A. This is of interest since chlorine is
typically a deactivating substituent for electrophilic aromatic
substitution. We hypothesize that when compared to H, the Cl may
provide stability of the product cation through polarizability, which
plays a larger role in the gas phase than in solution.
(41) Su, T.; Chesnavich, W. J. Parametrization of the Ion-Polar
Molecule Collision Rate Constant by Trajectory Calculations. J.
Chem. Phys. 1982, 76, 5183−5185.
(42) Chesnavich, W. J.; Su, T.; Bowers, M. T. Collisions in a
Noncentral Field: A Variational and Trajectory Investigation of Ion-
Dipole Capture. J. Chem. Phys. 1980, 72, 2641−2655.

(43) Miller, K. J.; Savchik, J. A. A New Empirical Method to
Calculate Average Molecular Polarizabilities. J. Am. Chem. Soc. 1979,
101, 7206−7213.
(44) Theoretical collisional rate constants can be found in the
Supporting Information.
(45) Kurinovich, M. A.; Lee, J. K. The Acidity of Uracil from the Gas
Phase to Solution: The Coalescence of the N1 and N3 Sites and
Implications for Biological Glycosylation. J. Am. Chem. Soc. 2000, 122,
6258−6262.
(46) Sun, X.; Lee, J. K. The Acidity and Proton Affinity of
Hypoxanthine in the Gas Phase versus in Solution: Intrinsic Reactivity
and Biological Implications. J. Org. Chem. 2007, 72, 6548−6555.
(47) Marshall, A. G.; Grosshans, P. B. Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry: The Teenage Years. Anal.
Chem. 1991, 63, 215A−229A.
(48) Amster, I. J. Fourier Transform Mass Spectrometry. J. Mass
Spectrom. 1996, 31, 1325−1337.
(49) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K.
N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi,
J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman,
J. B.; Fox, D. J. Gaussian16, rev. B; Gaussian, Inc.: Wallingford CT,
2016.
(50) Chai, J.-D.; Head-Gordon, M. Long-Range Corrected Hybrid
Density Functionals with Damped Atom−atom Dispersion Correc-
tion. Phys. Chem. Chem. Phys. 2008, 10, 6615−6620.
(51) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-
Consistent Molecular Orbital Methods. XX. A Basis Set for
Correlated Wave Functions. J. Chem. Phys. 1980, 72, 650−654.
(52) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four M06
Functionals and Twelve Other Functionals. Theor. Chem. Acc. 2008,
120, 215−241.
(53) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B 1988, 37, No. 785.
(54) Becke, A. D. Density-Functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(55) Becke, A. D. A New Mixing of Hartree-Fock and Local Density-
Functional Theories. J. Chem. Phys. 1993, 98, 1372−1377.
(56) Grimme, S. Seemingly Simple Stereoelectronic Effects in
Alkane Isomers and the Implications for Kohn-Sham Density
Functional Theory. Angew. Chem., Int. Ed. 2006, 45, 4460−4464.
(57) Grimme, S. Semiempirical GGA-type Density Functional
Constructed with a Long-range Dispersion Correction. J. Comput.
Chem. 2006, 27, 1787−1799.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.4c01775
J. Org. Chem. 2024, 89, 13595−13600

13600

https://doi.org/10.1126/science.265.5170.359
https://doi.org/10.1126/science.265.5170.359
https://doi.org/10.1021/ja0426138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0426138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061800y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061800y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1159979
https://doi.org/10.1126/science.1159979
https://doi.org/10.1039/B415425H
https://doi.org/10.1039/B415425H
https://doi.org/10.1039/b511344j
https://doi.org/10.1039/b511344j
https://doi.org/10.1039/b511344j
https://doi.org/10.1021/ar960132q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar960132q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201705276
https://doi.org/10.1002/chem.201705276
https://doi.org/10.1002/chem.201705276
https://doi.org/10.1021/j100519a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100519a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC02118C
https://doi.org/10.1021/acs.joc.1c02763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00440a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00440a065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00002a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00002a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01280a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01280a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00455a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00455a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201000696
https://doi.org/10.1002/chem.201000696
https://doi.org/10.1002/chem.201000696
https://doi.org/10.1021/ja01607a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9780470171813.ch6
https://doi.org/10.1002/9780470171813.ch6
https://doi.org/10.1063/1.442828
https://doi.org/10.1063/1.442828
https://doi.org/10.1063/1.439409
https://doi.org/10.1063/1.439409
https://doi.org/10.1063/1.439409
https://doi.org/10.1021/ja00518a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00518a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c01775/suppl_file/jo4c01775_si_001.pdf
https://doi.org/10.1021/ja000549y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000549y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000549y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo070996x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo070996x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo070996x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00004a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00004a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1063/1.438955
https://doi.org/10.1063/1.438955
https://doi.org/10.1063/1.438955
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1002/anie.200600448
https://doi.org/10.1002/anie.200600448
https://doi.org/10.1002/anie.200600448
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.20495
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c01775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

