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The free energy changes (∆G, boron cation basicity; BCB) for the reaction [(MeO)2B]L+ ) (MeO)2B+ + L
(L ) acetophenones) were determined in the gas phase by measuring ligand exchange equilibria using an
FT-ICR mass spectrometer. On the basis of the correlation analysis by the Yukawa-Tsuno equation, ∆G )
F(σ° + r+∆σjR

+), the substituent effect on ∆BCB of acetophenone was characterized by a F value (in kJ
mol-1 σj-1 unit) of -43.2 and an r+ value of 0.89. Both the F and r+ values were found to be similar to the
corresponding values for protonation, indicating that the bond between (MeO)2B+ and the oxygen atom of
the carbonyl group has a high covalent character similar to the H+-OdC bond. This conclusion was consistent
with the geometrical features and the charge distribution calculated at DFT-B3LYP/6-311+G(d,p) level of
theory. A comparison with the results for a series of Lewis cation basicity of the acetophenone system showed
that the r+ value decreases in the order of H+ ) (MeO)2B+ > Me3Si+ > Me3Ge+ > Cu+ > Li+. This decreasing
order is related to increasing ionic (ion-dipole interaction) nature of the bonding interaction between Lewis
cations and the carbonyl oxygen atom. This was also supported by the theoretical calculations.

Introduction

Disubstituted boron cations 1 are of particular interest as
possible intermediates in the reactions of substituted boranes
in solution.1-7 In the condensed phase, studies of boron cations
have been limited to species with strongly π-back bonding and
bulky substituents that provide electronic stabilization through
π-interaction and steric inhibition of nucleophilic attack at the
boron cation center 2.8-10 Contrary to solution phase studies,
in the gas phase it is relatively easy to generate and to examine
the highly reactive ionic species which are unknown in solution.
Hence, the reactivity of disubstituted boron cations has been
studied by means of mass spectrometry.11-21

Simple disubstituted boron cations have been found to be highly
reactive toward oxygen-containing organic molecules. For example,
CH3BCH3

+ and CH3OBOCH3
+ rapidly abstract water from alco-

hols and ethers and also attack carbonyl compounds to result in
CdO and C-C bond cleavages.19,20 Besides these results, the
reactions of CH3OBOCH3

+ with ketones such as acetone and
ethylmethyl ketone were found to form exclusively the corresponding
adduct ions, (MeO)2B:OdC(Me)2

+ and (MeO)2B:OdC(Me)Et+,
instead of their CdO and C-C bond cleavage reactions.21 This result
allows us to study the nature of the binding interaction between
disubstituted boron cations and neutral ligands. Recently, we have
investigated the gas-phase basicity of organic molecules toward metal
ions such as Me3Si+,22 Me3Ge+,23 Li+,24 and Cu+.25,26 The structural
effects on these cation basicities were found to change significantly

with a Lewis cation, and these results were interpreted in relation to
the nature of the binding interaction between a Lewis cation and a
neutral ligand. In particular, the analysis of the substituent effect on
the acetophenone system in which the binding site can be kept constant
without the change in the steric environment has been proved to give
valuable information on the nature of the metal ion-ligand bond. In
this paper, we report the substituent effect on the bond strength of
(MeO)2B+ with acetophenone.

Results

Measurements of Gas-Phase (MeO)2B Cation Basicity.
Gas-phase boron cation basicities (BCB) were determined by
measuring the equilibrium constants of the reversible ligand-transfer
reactions on an FT-ICR spectrometer. When two acetophenone
derivatives L1 and L2 were present in the ICR cell, L1B(OMe)2

+

and L2B(OMe)2
+ formed as initial reaction products (eqs 2 and

3), being consistent with the literature data.21 These reactions were
followed by ligand-exchange reaction (eq 4). The free energy
change (∆G4) for the equilibrium is given by eq 5.

Figure 1 shows a typical time profile for the ligand exchange
reaction. From the free energy changes, ∆G4, for the respective
ligand-exchange equilibria indicated by arrows, a ladder of the
BCB was constructed as shown in Table 1.
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Theoretical Calculations. Since the present experimental
method can determine only relative BCB values between two
compounds, it is needed to convert these relative values to

absolute scales for a comparison with gas-phase basicities
toward a proton and other Lewis cations. The (MeO)2B+ cation
affinity (BCA) of 165.2 kJ mol-1 was estimated for methanol
based on a thermochemical cycle using heats of formation for
(MeO)2B+ and MeO(H)B(OMe)2

+ which were determined by
means of collision-induced dissociation threshold measurements
in combination with proton affinity bracketing.17 However, a
direct measurement of (MeO)2B+ transfer equilibrium between
methanol and acetophenone is not possible because of no
formation of an adduct ion of MeOHB(OMe)2

+ under the
present ICR experimental conditions. Hence, the theoretical
calculation would be a practical method to convert the relative
BCB values to absolute scales. At first, the BCB value has been
calculated for methanol to examine reliability of the calculated
value. The calculations at B3LYP/6-311+G(d,p), mPW1K/6-
311+G(d,p), and MP2/6-311+G(d,p) using the optimized
structure at the respective levels of theory provided BCA of
180.6, 208.8, and 204.5 kJ mol-1 for methanol, respectively.
Since the B3LYP/6-311+G(d,p) seems to be somewhat better
fit for the estimated value of 165.2 kJ mol-1 from a thermo-
chemical cycle, the BCB of 180.7 kJ mol-1 for acetophenone
calculated at this level of theory was used as an anchor to
convert the relative experimental values to absolute scales.22

These converted values are given in Table 1. The BCB value
of 180.7 kJ mol-1 for acetophenone was found to be similar to
the corresponding values for Li+ and Cu+ rather than the GB value

Figure 1. Time profile of (MeO)2B+ complexes formed from a
binary mixture of p-chloroacetophenone (3.7 × 10-7 Torr) and
acetophenone (0.96 × 10-7 Torr). Closed squares, m/z 73 (MeO)2B+;
open circles, m/z 193 C6H5C(Me)OB(OMe)2

+; closed circles, m/z
227 p-ClC6H4C(Me)OB(OMe)2

+.

TABLE 1: Measured Free-Energy Changes for Ligand-Exchange Equilibira and (MeO)2B+ Cation Basicities [BCB] in kJ mol-1

a Ref 27. b Calculated value at B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p), used as an anchor to convert relative values to absolute scales.
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of 829.3 kJ mol-1, indicating that (MeO)2B+ binds with the oxygen
of the carbonyl group with an energy similar to other Lewis cations.
Although the accuracy of the absolute scales is insufficient, there
is a good linear relationship between experimental relative basicity
(∆BCB) values and the calculated ones with a slope of unity.

Hence, the calculation at the present level of theory will be used for
discussions about the substituent effect on BCB and optimized
structures of the complex ions. The calculated BCBs, selected bond
distances, and the group natural charges of the complexes derived
using the natural population analysis (NPA) scheme are sum-
marized in Tables S1, S2, S4, and S5 in the Supporting Information.

Discussion

Correlation of ∆BCB with ∆GB. Figure 2 shows a plot of
∆BCBs of substituted acetophenones against the corresponding
∆GBs. There is a good linear relationship with a slope of 0.98,
indicating that the polar effect of the substituent contributes to
the stability of the (MeO)2B+ complex in a manner similar to
the protonated species.

To analyze more quantitatively the substituent effect, the
Yukawa-Tsuno (Y-T) equation (eq 7)29 is useful.23-26 Indeed,
it has been applied successfully not only to GB28 but also to
Me3Si+,23 Me3Ge+,24 Li+,25 and Cu+ 26 basicities of acetophe-
nones in the gas phase, and the correlation results obtained for
these Lewis cations have helped our understanding of the nature
of the bond between Lewis acids and neutral ligands.

where σ° and ∆σjR
+ are the normal substituent constant and the

resonance substituent constant, respectively, and r+ is the reso-
nance demand parameter representing a degree of the π-delo-
calization of the positive charge into the aryl π-system.
Application of the Y-T equation (eq 7) to ∆BCB provides a F
value of -43.2 (in kJ mol-1 σj-1unit) and an r+ value of 0.89

with satisfactory precision (R2 ) 0.998) as shown in Figure 3.30

The results of the Y-T analysis for a series of Lewis cation
basicities of acetophenones (H+, Me3Si+, Me3Ge+, Cu+, and
Li+) are summarized in Table 2.

Both F and r+ values for ∆BCB were found to be similar to
the corresponding values for protonation as expected from a
good linear relationship in Figure 2, indicating similarities in
the nature of the bond between CdO-B+ and CdO-H+. The
optimized geometries of the (MeO)2B+-acetophenone complex,
the protonated acetophenone, and the neutral are shown in Figure
4 along with the selected bond distances. The C7O9 distance
lengthens by 0.073 Å upon the binding with (MeO)2B+, and
contrary to this, the C1C7 shortens by 0.067 Å. The C2C3
and C5C6 shorten, and the C1C2 and C1C6 lengthen. Similar
changes in bond distance upon protonation are observed.
These changes in bond distance are consistent with the
concept of the π-delocalization of a positive charge developed
at C7 by binding with (MeO)2B+ or H+ into the phenyl group.
Indeed, the group natural charge of the phenyl moiety of
0.281 was obtained for the (MeO)2B+-acetophenone complex
based on the natural population analysis at B3LYP/6-
311+G(d,p), indicating the existence of a large charge
transfer from boron cation to an acetophenone molecule
though its magnitude is somewhat smaller than Σq[Ph] of 0.327
for protonation.

All these results lead to a conclusion that the bond of
(MeO)2B+ with the oxygen atom of the carbonyl group has
a high covalent character similar to the CdO-H+ bond. This

Figure 2. Correlation of ∆BCB with ∆GB for substituted acetophenones.

∆BCBcalc ) 1.08∆BCBexp (R2 ) 0.987) (6)

∆G ) F(σo + r+∆σ̄R
+) (7)

Figure 3. Y-T analysis of ∆BCB of acetophenone. Closed circles,
σ°; open circles, σ+; open squares, σj (r+ ) 0.89).

TABLE 2: Correlation Results of Y-T Analysis for Lewis
Cation Basicities of Acetophenones

Lewis cation -Fa r+ gas-phase bascityb

H+c 46.6 0.87 829.3 (838.8)
(MeO)2B+ 43.2 0.89 (180.7)
Me3Si+d 46.0 0.75 158.2 (159.9)
Me3Ge+e 40.6 0.71 (122.0)
Cu+f 37.5 0.60 205.6 (216.5)
Li+g 34.7 0.49 (185.0)

a In kJ mol-1 σj-1 unit. b Lewis cation basicity of unsubstituted
acetophenone in kJ mol-1. The values in parentheses are calculated
at B3LYP/6-311+G(d,p)//B3LYP/6-311+G(d,p). c Refs 27, 31. d Ref
23. e Ref 24. f Ref 25. g Ref 26.
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is further supported by the similarities of substituent effects
on the geometrical features and the charges between the
(MeO)2B+ complex and the protonated one. For example,
when the substituent changes from p-CF3 to p-NMe2, the
C1C7 distance shortens by 0.040 Å for the (MeO)2B+

complex and 0.035 Å for the protonated species, respectively,
and C7O9 lengthens by 0.032 Å for the former and 0.028 Å
for the latter. These substituent effects on the bond distance
are identical for both complexes.

It is also found that the group natural charge of the phenyl
moiety increases with the change of the substituent from
p-CF3 to p-NMe2 in the same manner for both systems.

A comparison of the F values for a series of Lewis cation
basicities in the acetophenone system shows that a F value
decreases in the order of H+ g Me3Si+ > (MeO)2B+ >
Me3Ge+ > Cu+ > Li+. A F value is generally considered a
measure of the magnitude of the charge developed at the
benzylic carbon and/or of distance between the charge center
and the substituent. Accordingly, the decrease of the F value
suggests that the charge at the benzylic carbon decreases
along this series, i.e., more positive charge is localized at
the Lewis cation moiety of the adduct ions compared with
that for protonation because an adduct complex bears unity
charge in the species. This order seems to be qualitatively
consistent with the decreasing covalent character of the
CdO-M+ bond. Contrary to a F value, the r+ value may
represent more directly the degree of π-delocalization of the
charge into the aromatic π-system.29 The r+ value varies with
the Lewis cation in a similar manner to the F value, and the
r+ value of 0.89 for the B(OMe)2

+ is practically identical to
that for protonation. The large r+ value for the ∆BCB reveals
clearly the existence of a large π-delocalization of the positive
charge into the aryl group, being consistent with a large group
natural charge of the phenyl moiety mentioned above.

The selected bond distances and the natural group charges
for a series of Lewis cation-acetophenone complexes are
given in Table S5 (Supporting Information). The natural
charge of the phenyl moiety (Σq[Ph]) decreases in the order
of H+ > (MeO)2B+ > Me3Si+ > Me3Ge+ > Cu+ > Li+, and

that of the Lewis cation moiety (Σq[M+]) increases in this
order. That is, both natural charges change inversely with
the change of a Lewis cation, Σq[M+] ) 1.383 - 2.74Σq[Ph]

(R2 ) 0.927). In addition, the C1C7 and C7O9 bond distances
also change inversely, and both distances are linearly
correlated with the Σq[Ph] (Figure S1, Supporting Information),
RC1C7 ) 1.499 - 0.23Σq[Ph] (R2 ) 0.994), and RC7O9 ) 1.201
+ 0.31Σq[Ph] (R2 ) 0.989). These changes in bond distance
and in the group charges with the variation of the Lewis acid
are consistent with the change of the π-delocalization of the
positive charge described by an r+ value. Indeed, it is found
that the change in r+ value is roughly related to these changes
in the bond distance and the group natural charge (eqs 11
and 12). In conclusion, a covalent bond character of the
CdO-M+ bond decreases, and an ionic character increases
in this order when a Lewis cation changes.

Finally, it should be noted that the F value for (MeO)2B+ is
similar to that for protonation despite a significantly small
binding energy. With respect to this, we found previously the
constant F values of -50 for the GBs of a series of benzoyl
compounds, ArCOR, of which the GB varies significantly with
R, e.g., an increase in GB by 134.3 kJ mol-1 from R,R,R-
trifluoroacetophenone to N,N-dimethylbenzamide.26 Thus, the
F value is less sensitive to the change in thermodynamic stability
of the adduct ion as far as a covalent bond is formed with an
extensive charge transfer.

Conclusion

The free energy changes (∆G, boron cation basicity; BCB)
for the reaction [(MeO)2B]L+ ) (MeO)2B+ + L (L ) acetophe-
nones) were determined in the gas phase by measuring ligand
exchange equilibria using an FT-ICR mass spectrometer. The
substituent effect on ∆BCB of acetophenone which was
determined in the gas phase by measuring ligand exchange
equilibria using an FT-ICR mass spectrometer was characterized
by a F value (in kJ mol-1 σj-1unit) of -43.2 and an r+ value of
0.89 based on the correlation analysis by the Yukawa-Tsuno
equation. Both the F and r+ values were found to be similar to
the corresponding values for protonation, indicating that the
bond between (MeO)2B+ and the oxygen atom of the carbonyl
group has a high covalent character similar to the H+-OdC
bond. This conclusion was consistent with the geometrical

Figure 4. Optimized geometries of acetophenone complexes, (a) (MeO)2B+ and (b) H+, and neutral acetophenone (c) at B3LYP/6-311+G(d,p).
Values given are bond distances in Å.

RC1C7(B
+) ) 1.10RC1C7(H

+) - 0.13 (R2 ) 0.995) (8)

RC7O9(B
+) ) 1.07RC71O9(H

+) - 0.10 (R2 ) 0.995) (9)

Σq[Ph](B
+) ) 1.01Σq[Ph](H

+) - 0.05 (R2 ) 0.997) (10)

RC1C7 ) -0.0866r+ + 1.507 (R2 ) 0.830) (11)

Σq[Ph] ) 0.384r+ - 0.043 (R2 ) 0.877) (12)
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features and the charge distribution calculated at the DFT-
B3LYP/6-311+G(d,p) level of theory. A comparison with the
results for a series of Lewis cation basicity of the acetophenone
system showed that the r+ value decreases in the order of H+

) (MeO)2B+ > Me3Si+ > Me3Ge+ > Cu+ > Li+. This indicates
that a covalent bond character of the CdO-M+ bond decreases
and an ionic character increases in this order when a Lewis
cation changes.

Experimental Section

ICR Measurements. Ligand-exchange equilibrium mea-
surements in the gas phase were performed on an Extrel
FTMS 2001 spectrometer. Most of the experimental tech-
niques used for these measurements are the same as the
procedures reported previously.23,26 Only significant changes
and/or additional procedures are given here. All measure-
ments were performed in the temperature range of 50-70
°C at a constant magnetic field strength of 3.0 T. The
pressures of the neutral reactants were measured by means
of a Bayard-Alpert type ionization gauge with appropriate
correction factors being applied to correct the gauge readings
for the different ionization cross sections of various com-
pounds.32 The overall pressures of the neutrals were main-
tained at 3 to 10 × 10-7 Torr (1 Torr ) 133.3 Pa) by
controlled rates through leak valves (Anelva) from a parallel
inlet manifold into the reaction cell in the vacuum chamber.
(MeO)2B+ was generated by electron ionization of (MeO)3B.
The desired reactant ions were isolated by ejecting all the
unwanted ions from the ICR cell. The isolated ions were
allowed to react with a neutral reagent for a variable period
of time. After an appropriate reaction period of 6-20 s,
depending upon the reactant and pressures, equilibrium was
attained, and the relative abundances of (MeO)2BL+ were
measured based on the signal intensities in the ICR spectra.
Each experiment was performed at several ratios of partial
pressures and at different overall pressures. The arithmetic-
mean values of equilibrium constants were used to calculate
∆G at 343 K with an average uncertainty of ( 1 kJ mol-1 in
most of these cases. The reversibility of the ligand-transfer
reaction was confirmed by an ion-eject experiment.

Substituted acetophenones used in this study were available
from commercial sources and/or our previous studies. Tri-
methyl borate was purchased from Aldrich (>99.999%). All
the materials were degassed prior to use by several
freeze-pump-thaw cycles on the sample-inlet system of the
ICR. Their purities were verified by GC and/or an FT-ICR
mass spectrometer.

Calculations. Theoretical calculations were carried out
using the Gaussian 03 program suite.33 The geometries were
fully optimized at the DFT-B3LYP/6-311+G(d,p) level of
theory. Vibrational normal-mode analyses were performed
at the same level to ensure that each optimized structure was
a true minimum on the potential energy surface. Unscaled
B3LYP/6-311+G(d,p) frequencies were used to obtain ther-
mochemical quantities, the thermal enthalpy, and free energy
corrections.
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