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bstract

The free energy changes (�G, copper cation basicity) for the reaction L2Cu+ = Cu+ + 2L were obtained in the gas phase for m- and p-substituted
cetophenones based on the measurement of ligand-exchange equilibria using an FT-ICR spectrometer. A plot of the relative copper cation basicities
�CCB[L2Cu+]) against the �GBs (proton basicities) showed a limited linear relationship for meta substituents and para electron-withdrawing
roups with a slope of 1.24. Negative deviations observed for strong �-donor substituents suggested that the resonance effect of these substituents is
educed in the Cu+ complex compared to that in the protonated acetophenone. Based on the correlation analysis using the Yukawa–Tsuno equation,
G = ρ(σ◦ + r �σ̄+

R ), the substituent effect on �CCB[L2Cu+] was characterized by a ρ value (kJ mol−1σ̄−1 unit) of −56.2 and an r value of 0.60.
he ρ value of −37.5 for monomeric complex (LCu+) could be evaluated from a ρ value for L2Cu+ by using a correction coefficient of 1.5 given by

he theoretical calculations. In comparison with the corresponding results for other Lewis cation basicity of the acetophenone system, it has been
+ + + + +
hown that the ρ value decreases in the order of H (−48.5) > Me3Si (−46.0) > Me3Ge (−40.6) > Cu (−37.5) > Li (−34.7). The decrease in

he ρ value indicates that the positive charges at the Lewis cation moiety of the adduct ion increases in this order. This is consistent with increasing
onic (ion–dipole interaction) nature of the bonding interaction between Lewis cations and the carbonyl oxygen atom. The r value that is a measure
f the degree of charge-delocalization into the aromatic �-system decreases also in the same order.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metal ion complexes have been intensively studied in the con-
ensed phase because the interactions between metal ions and
rganic ligands are important chemical and biological processes
ccurring in solution, such as ion solvation, molecular recogni-
ion, ion transport through membranes, and affinity of active

ompounds toward receptors [1–3]. An alternate approach is to
tudy the thermochemistry of the complexes in the gas phase
here solvent molecules and counter ions are absent. Under

∗ Corresponding author. Tel.: +81 92 642 2727; fax: +81 92 642 2715.
E-mail address: mishima@ms.ifoc.kyushu-u.ac.jp (M. Mishima).
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ubstitutent effect

hese conditions, the intrinsic bonding characteristics are most
irectly revealed. In addition, the differences in complexation
nergies between gas phase and solution elucidate the role of
he solvent. However, the thermochemical data of the transition

etal ion complexes are limited compared to alkali metal ions,
articularly lithium ion. Among transition metal ions copper ion
omplexes have been studied relatively in detail and the thermo-
hemical quantities such as copper cation basicity and/or affinity
ere determined for a variety of organic compounds by using
ifferent experimental techniques, such as equilibrium constant

etermination by pulsed high pressure mass spectrometry [4]
nd ion cyclotron resonance spectrometry [5], unimolecular
issociation [6], and energy-resolved collision-induced disso-
iation [7–10].

mailto:mishima@ms.ifoc.kyushu-u.ac.jp
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Gas phase copper cation basicity (CCB) is defined as the
ibbs free energy associated with the thermodynamic equilib-

ium (Eq. (1), analogously to gas phase basicity toward a proton
GB):

-Cu+ = L + Cu+ (1)

here �G1 = −RT ln K1 and CCB = �G1. In a similar manner,
he gas phase copper cation affinity (CCA) is defined as the
nthalpy change of the reaction (Eq. (1)), CCA = �H1. Jones and
taley have first provided the extensive experimental gas phase
tudy of the bond energies of L2Cu+ complexes [5]. These data
ere based on the determination of ligand-exchange equilibria:

here 1L and 2L are two different ligands. Recently, Deng and
ebarle determined more strongly bonding complexes than the

igands used by Jones and Staley [4]. In these studies, the L2Cu+

omplexes rather than LCu+ were choosen owing to experimen-
al convenience. Since the first two bond energies Cu+ L and
uL+ L are approximately equal and much higher than those
bserved with additional ligands [7–15], the special stability of
2Cu+ enables the measurements of the exchange equilibria.
lthough these results may provide somewhat restricted infor-
ation, they are very valuable because they deal with the first

wo strongest bonding interactions.
The nature of the binding interactions between M+ and

rganic ligands was often discussed from comparisons with
asicity scales for other Lewis acids and a proton [4,5,16–19].
ones and Staley found that there is a considerably fair linear
elationship between �H(L2Cu+) and �H(LMn+) for the oxy-
en bases with large deviations of R2S, NH3, and HCN [5].
eng and Kebarle observed also similar deviations in plots of
inding energies for L2Cu+ versus LLi+ and L2Ag+ [4]. These
eviations from the limited linear correlation for the oxygen
ases were in part interpreted by the hard and soft acids and
ases principle. In addition, the slopes of the correlation plots of
he other reference acids versus Cu+ were discussed in relation
ith the metal–ligand bond distance. However the actual bond

nergies are affected also by other important interactions such
s electrostatic contributions due to ion–ligand dipole attractive
orces. Furthermore, it is frequently found that there are family-
ependent linear relationships between Lewis cation affinity
basicity) and proton affinity (basicity) with a difference slope
or each family. A choice of a reference ligand series is obvi-
usly important to discuss the linear relationship between two
ystems and/or the deviations from their correlations. Indeed,
detailed comparison of lithium cation basicities with proton

asicities showed that ethers, alcohols, and carbonyl compounds

ave the linear relationships for respective sub-families although
he binding site of all these compounds is oxygen [17,18]. These
esults reveal that the deviations from the linear relationship
esult from the differences in many factors that contribute to the
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inding interaction of Lewis cations with organic bases. Accord-
ngly, in order to understand the nature of the bond formed by
u+ it is necessary to separate quantitatively the overall bind-

ng energy into respective interaction terms. First of all, it is
mportant to elucidate the electronic effect of ligands having a
ingle binding site under constant geometrical environment at
he binding site. For this purpose, a particular interesting sub-
et of ligands is aromatic compounds with a single basic site
f which the electronic properties can be varied by the remote
ing-substituent. Recently, we applied this approach to the study
f the binding interaction of the lithium cation as well as other
ewis cation such as Me3Si+ and Me3Ge+ with neutral organic
olecules [19–21]. The same approach will be applied to the

nteraction between copper cation and organic ligands. In this
tudy, we therefore determined the copper cation basicity for
- and p-substituted acetophenones of which thermodynamic
ata such as gas phase basicities and Lewis cation basicities are
vailable for comparison [19–22].

. Experimental

.1. ICR measurements

Equilibrium-constant measurements were performed on an
xtrel FTMS 2001 spectrometer. An IonSpec Data Station was
lso used for several measurements. Details of the experimen-
al techniques used for measuring the equilibrium constants
K) for the ligand-transfer reactions (3) and (4) were simi-
ar to those used for the lithium cation basicity measurements
escribed previously [19,23]. Only significant changes and/or
dditional procedures are given here. All measurements were
erformed in the temperature range of 50–70 ◦C at a constant
agnetic field strength of 3.0 T. The pressures of the neutral

eactants were measured by means of a Bayard-Alpert type ion-
zation gauge with appropriate correction factors being applied
o correct the gauge readings for the different ionization cross-
ections of various compounds [24]. The overall pressures of
he neutrals were maintained at (4–13) × 10−5 Pa by controlled
ates through leak valves (Anelva) from a parallel inlet man-
fold into the reaction cell in the vacuum chamber. Cu+ was
enerated by laser irradiation with an Nd:YAG (Continuum,
inilite II) at 532 nm (10 mJ or less) of pure copper pieces
ounted at the end-face of a solid probe rod. After an appro-

riate reaction period of 6–20 s, depending upon the reactant
nd pressures, equilibrium was attained and the relative abun-
ances of (1L2Cu)+, (1L2LCu)+, and (2L2Cu)+ were measured
ased on the signal intensities in the ICR spectra. For cooling
xcited metal ions helium or argon gas was added by using a
ulsed valve; however, significant differences were not observed
n the ligand-transfer equilibrium. Therefore, most of measure-

ents were carried out without buffer gas. Each experiment was
erformed at several ratios of partial pressures and at different
verall pressures. The arithmetic-mean values of equilibrium

onstants were used to calculate �G at 343 K with an aver-
ge uncertainty of ±1 kJ mol−1 in most of these cases. The
ccurrence of the ligand-transfer reaction was examined by an
on-eject experiment using the SWIFT technique [25].
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.2. Chemicals

Acetophenone derivatives used in this study were available
rom our previous studies [22]. All the materials were degassed
rior to use by several freeze–pump–thaw cycles on the sample-
nlet system of the ICR. Their purities were checked using an
T-ICR mass spectrometer.

.3. Computational details

Theoretical calculations were carried out using the Gaussian
3 program suite [26]. The geometries were fully optimized
t the DFT-B3LYP level of theory using several basis sets.
ibrational normal mode analyses were performed at the

ame level to ensure that each optimized structure was a true
inimum on the potential energy surface. Single point cal-

ulations were performed at the B3LYP/6-311+G(2d,2p) with
3LYP/6-311+G(3df) for Cu and MP2/6-311+G(2d,2p) lev-
ls of theory using the B3LYP/6-311G and B3LYP/6-31+G*
ptimized geometries. To obtain thermochemical quantities, the
nthalpy and free energy corrections were applied. No correc-
ions for the basis set superposition error (BSSE) were made
27], because the magnitude of BSSE was found to be small.

. Results

.1. Measurements of gas phase copper cation basicity

Gas phase copper cation basicities (CCB) were determined
y measuring the equilibrium constants of the reversible ligand-
ransfer reactions on an FT-ICR mass spectrometer. When two
cetophenone derivatives 1L and 2L were present in the ICR
ell, initial reactions forming 1LCu+ and 2LCu+ were followed

y further addition of ligands to produce the dimeric adducts,
1L2Cu)+, (1L2LCu)+, and (2L2Cu)+ within a second as shown
ig. 1(a). The reactions forming the dimer complexes stopped
ithout further addition of ligands. These reactions were fol-

e
(
o
t

ig. 1. Time profile of copper complexes formed from a binary mixture of m-methylac
.6 × 10−5 Pa). (Closed triangles) m/z 63: Cu+, (closed squares) m/z 183: (C6H5COM
03: (C6H5COMe)2Cu+, (closed circles) m/z 317: (C6H5COMe)Cu+(m-MeC6H4CO
ss Spectrometry 267 (2007) 205–214 207

owed by ligand-exchange reaction (Eqs. (2) and (3)). The free
nergy change (�G4) for two ligands exchange reaction (4) is
iven by Eq. (5).

G4 = �G2 + �G3 (5)

Fig. 1(b) shows a typical time profile for dimeric adduct ions
f acetophenones with Cu+. On the basis of ligand-exchange
quilibria measurements involving 16 different acetophenones
ree energy changes �G4 for the reaction (Eq. (4)) were
btained. The obtained �G2, �G3, and �G4 values for respec-
ive equilibria are given in Table 1. From these results a ladder
f the CCB[L2Cu+] was constructed as shown in Table 2. These
elative scales were converted to absolute values for CCB by
alibrating to the known value for MeCN, of which value was
ecently revised on the basis of threshold collision-induced
issociation measurements [8]. The �G values measured for
espective ligand-transfer equilibria (Eq. (4)) and the copper
ation basicities (CCB[L2Cu+]) are summarized in Table 1 along
ith the corresponding relative gas phase basicities (�GB[H+])

oward a proton determined previously in our laboratory [22].

.2. Theoretical calculations

.2.1. Geometries of L2Cu+ and LCu+ complexes, and
CBs and CCAs

The geometries of the neutral acetophenone and the corre-
ponding monomeric and dimeric complexes with Cu+ were
ptimized at several levels of theory. The selected geometrical
arameters, CCAs, and CCBs are given in Table 2.

The optimized structures of (acetophenone)nCu+ (n = 1 and
) are illustrated in Fig. 2 along with values for selected bond
istances and bond angles. The bond angle of CuO8C7 is
33–136◦ in the monomeric and dimeric complexes, while Chu

t al. reported that Cu+ aligns with the axis of the C O bond
CuOC = 179.9◦) in the (acetone)nCu+ (n = 1 and 2) complexes
n the basis of the B3LYP/6-31G* optimization [10]. However,
he optimized structures of (acetone)2Cu+ obtained at the levels

etophenone and acetophenone (m-MeC6H4COMe: 2.0 × 10−5 Pa, C6H5COMe:
e)Cu+, (open triangles) m/z 197: (m-MeC6H4COMe)Cu+, (open circles) m/z

Me), (squares) m/z 331: (m-MeC6H4COMe)2Cu+.
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Fig. 2. (a) Optimized geometries of (acetophenone)Cu+ and (acetophenone)2Cu+. Values are bond distances (Å) and bond angles (degree) calculated at B3LYP/6-
311G, no parentheses, B3LYP/6-31+G* (round parentheses), and B3LYP/6-311+G** [square parentheses]. (b) The side views of (acetophenone)2Cu+ optimized at
t 7C7′
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he indicated levels of theory. Values are dihedral angles (C2C1C1′C2′ and C8C

f theory, B3LYP/6-311G, B3LYP/6-31+G*, and B3LYP/6-
11+G**, indicated the CuOC bond angles of 138.0◦, 136.8◦,
nd 138.2◦, respectively, being consistent with the bond angles
f the (acetophenone)nCu+ complexes (n = 1 and 2). These val-
es of the bond angle of CuOC are intermediate between the
orresponding angles in the protonated species, in which the
ovalent bond is formed between a base and a proton, and in the
i+ complexes, suggesting the some covalent character in the
u+ interaction.

The two phenyl groups in the dimeric complex were found to
ie in a plane as a larger basis set was used as shown in Fig. 2(b).
he planar structures were also found at B3LYP/LanL2DZ and
3LYP/6-31+G* as a local minimum but they are only 0.08 and
.13 kJ mol−1, respectively, less stable than the twisted struc-
ure, suggesting that the potential surface is nearly flat with
espect to the deviation from the planar structure. The bond
istances also vary slightly with the basis set used for the calcu-

ations. In particular, the CuO8 distance in the dimeric complex
ncreases from 1.800 Å (B3LYP/6-31G*) to 1.873 Å (B3LYP/6-
11+G**) while the change in other bond distances is relatively
mall. The same trend was observed for the monomeric com-

l
f
e
(

C8′) in degree.

lex. Although the geometrical features of the Cu+ complexes
epend on the level of theory and basis sets, the calculated
inding energies at the B3LYP/6-311+G(2d,2p) level of the-
ry with an extended basis set of B3LYP/6-311+G(3df) for Cu
re nearly identical regardless of optimized structures except for
he B3LYP/6-31G* geometries. We therefore used the B3LYP/6-
11G and B3LYP/6-31+G* optimized geometries for the energy
alculations of a series of (acetophenone)nCu+ (n = 1 and 2)
omplexes because of convenient computing time although there
s no experimental data to judge the best level of theory and
asis set for the present system. The binding energies obtained
t the MP2/6-311+G(2d,2p) also show a similar trend on the
hange of the geometries. However, while the B3LYP calculated
CB[L2Cu+] values of 381–385 kJ mol−1 for acetophenone is

n good agreement with the experimental value (685.5 kJ mol−1)
ithin so-called chemical accuracy (8 kJ mol−1) in absolute

cale, the CCB and CCA values obtained at the MP2 calcu-

ations are consistently smaller than the corresponding values
rom the B3LYP calculations by 22 kJ mol−1. Similar differ-
nces between B3LYP and MP2 calculations were observed for
acetone)nCu+ complexes [9].
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Table 1
Free energy changes (�G) for ligand-exchange equilibira: 1L2Cu+ + 2L =
1L2LCu+ + 1L (2), 1L2LCu+ + 2L = 2L2Cu+ + 1L (3), and 1L2Cu+ + 21L =
2L2Cu+ + 21L (4)

1L 2L �G2 �G3 �G4

p-MeO MeCN −9.8 2.9 −6.9
p-MeO 3,4-Me2 −6.3 −2.6 −8.9
MeCN 3,4-Me2 −5.6 4.0 −1.6
MeCN p-MeS −7.2 5.0 −2.2
MeCN 3,5-Me2 −6.2 2.4 −3.8
3,4-Me2 p-MeS −2.6 1.2 −1.4
3,4-Me2 3-Cl-4-MeO −5.6 −1.1 −6.7
p-MeS 3,5-Me2 −2.1 1.0 −1.1
3,5-Me2 p-Me −5.0 0.8 −4.2
3,5-Me2 3-Cl-4-MeO −3.9 0.3 −3.6
p-Me 3-Cl-4-MeO −2.5 2.0 −0.5
p-Me m-MeO −5.1 −1.1 −6.2
3-Cl-4-MeO m-Me −5.5 −1.8 −7.3
m-MeO m-Me −2.6 1.9 −0.7
m-MeO H −6.9 −1.7 −8.6
m-Me H −6.1 −2.2 −8.3
H n-Pr2CO −2.6 1.5 −1.1
H p-COMe −6.9 −2.4 −9.3
H p-F −8.1 −3.1 −11.2
n-Pr2CO p-F −6.4 −2.6 −9.0
n-Pr2CO p-Cl −7.7 −3.6 −11.3
p-COMe p-Cl −3.4 −0.1 −3.5
p-COMe p-F −3.4 0.4 −3.0
p-F p-Cl −3.3 1.5 −1.8
p-F m-Cl −4.1 −0.9 −5.0
p-Cl m-F −5.3 −1.3 −6.6
m-Cl m-F −3.3 0.3 −3.0
m-Cl m-CF3 −8.1 −4.1 −12.2
m-Cl p-CF3 −9.0 −5.6 −14.6
m-F m-CF3 −7.8 −1.5 −9.3
m-F p-CF3 −8.1 −4.4 −12.5
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theory [9]. The results given in Table 4 indeed show that the
MP2 calculations gave relatively similar first and second binding
energies compared to the DFT calculations; however, the second
binding energies obtained by MP2 calculations are still smaller

Table 2
Measured free energy changes (�G4) for ligand-exchange equilibira; 1L2Cu+

+ 22L = 2L2Cu+ + 21L, copper cation basicities (CCB[L2Cu+]), and the corre-
sponding gas phase basicities (�GB)
ll values in kJ mol−1. Ligands indicated are substituted acetophenones except
or acetonitrile and dipropylketone.

.2.2. Comparison of binding energies of Cu+ between the
rst and second ligands

It is well known that Cu+ forms very strongly bonded dico-
rdinated linear complexes and that the first two bond energies
u+ L and LCu+ L are approximately equal and much higher

han those with additional ligands as mentioned above [7–15].
ndeed, recent experimental data for H2O, NH3, (Me)2O, MeCN,
nd acetone indicate that the second binding energy is identical
o the first one [7–10]. This result was also consistent with theo-
etical calculations. However, it is found that, although there is
good linear relationship between the first binding energy and

he sum of the first and second binding energies, a slope of the
inear relationship is not 2.00 but 1.91 (Eq. (6)).

H[L2Cu+]exp = 1.91 �H[LCu+]exp + 27.1 (R2 = 0.997)

(6)

The slope of 1.91 indicates that the binding energy for the

econd ligand is slightly reduced compared to that for the first
igand as the ligand is more basic. This suggests that the first
inding energy cannot simply be predicted by dividing that
or two ligands by a statistical factor of 2. If this relation-

A
a

b

c
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hip (Eq. (6)) is held for the present acetophenone system, it
s possible to predict the free energy change for the first lig-
nd, CCB[LCu+], from the experimental CCB[L2Cu+] values.
ince the ligands of which the first and second binding energies
ere determined experimentally are limited and considerably

mall in size compared to the acetophenone derivatives, it is
ecessary to examine whether the correlation given by Eq. (6)
s also held for the present system. This is another aim for the
resent theoretical calculations because the copper cation basici-
ies, CCB[LCu+], for monomeric complex, (acetophenone)Cu+,
ould not be determined in the present measurements based on
he ligand-exchange equilibrium method. The calculated CCBs
nd CCAs for acetophenone given in Table 3 indicate that the
inding energy with the first ligand is clearly larger than the
econd one regardless of the levels of theory used for calcu-
ations. Koizumi et al. reported that MP2 rather than B3LYP
alculations for (acetone)nCu+ (n = 1 and 2) complexes yield
imilar first and second binding energies, being consistent with
he experimental results, and noted that 4s–3d � hybridization
s not as effectively described in DFT calculations as in MP2
ll values in kJ mol−1.
Absolute scales of CCB[L2Cu+].
Ref. [22].
CCB of acetonitrile obtained from Ref. [8].
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Table 3
Selected bond lengths and angles of (acetophenone)nCu+ complex (n = 1 and 2), and calculated copper cation affinities (CCA) and basicities (CCB)

Basis seta n Bond distance (Å) Bond angle (degree) B3LYPb,c (kJ mol−1) MP2c,d (kJ mol−1)

CuO7 C7O8 C1C7 CuOC OCuO CCA CCB CCA CCB

6-31G* 1 1.764 1.271 1.445 124.0 234.7 201.7 211.3 178.2
6-311G 1 1.810 1.286 1.451 133.6 251.0 219.7 224.1 192.7
6-31+G* 1 1.867 1.267 1.455 133.7 251.0 220.1 225.1 194.5
6-311+G** 1 1.886 1.260 1.455 134.6 250.6 219.7 225.5 194.6
6-31G* 2 1.800 1.262 1.455 126.9 177.4 441.4 362.7 429.7 350.6
6-311G 2 1.832 1.278 1.457 135.6 180.0 456.9 381.2 435.7 359.7
6-31+G* 2 1.857 1.258 1.464 135.0 178.0 457.3 383.7 436.3 362.7
6-311+G** 2 1.873 1.252 1.464 136.3 180.0 456.9 384.5 338.9 362.8

a Basis sets used for the B3LYP optimization of geometries.
P/6-3
ted le

t
s
c
c
l
f
s
c
u
f
a
f
t
d
f
t
i
r
c
i

d
i

�

�

F
3
r

�

T
C

S

p
p
p
p
m
H
p
p
m
m
m
p

B

b B3LYP/6-311+G(2d,2p) level of theory with an extended basis set of B3LY
c Thermal corrections were applied using the frequency analysis at the indica
d MP2/6-311+G(2d,2p).

han the first binding one. The differences between the first and
econd binding energies seem not to result from the method of
alculations. This result may indicate that in the dicoordinated
omplex of acetophenone the repulsive interaction between two
igands reduce the second binding energy. If the binding energy
or the second ligand is reduced consistently throughout in a
eries of acetophenones, the binding energy of the first ligand
an be estimate from the free energy changes for L2Cu+ by
sing a correction coefficient. Therefore, the CCAs and CCBs
or the first and second ligands were calculated for a series of
cetophenones. These results are summarized in Table 4. The
(CCA) and f(CCB) values that are the ratios of CCA[L2Cu+]
o CCA[LCu+] and CCB[L2Cu+] to CCB[LCu+], respectively,
ecrease with increasing basicity of a ligand from 1.97 and 1.88
or p-CF3 to 1.85 and 1.80 for p-NMe2, respectively, indicating
hat the stronger base has the appreciably weaker second bind-

ng energy compared to the first one. In addition, the plot of the
elative calculated binding energies with two ligands against the
orresponding values for the first ligand (Fig. 3) shows that there
s an excellent linear relationship with a slope 1.56 including all

�

able 4
alculated CCA and CCB values of substituted acetophenonesa

ubstituents in acetophenone LCu+ L

CCA CCB C

-NMe2 270.1 (267.8) 235.7 (238.4) 4
-NH2 255.7 (254.6) 223.5 (228.6) 4
-MeO 240.9 (241.7) 212.8 (212.9) 4
-Me 231.6 (232.8) 201.7 (203.2) 4
-Me 229.7 (230.8) 198.0 (198.8) 4

224.1 (225.1) 192.7 (194.5) 4
-F 217.3 (218.4) 187.1 (188.5) 4
-Cl 217.1 (217.4) 186.7 (187.0) 4
-F 211.8 (213.5) 180.8 (182.6) 4
-Cl 212.4 (213.1) 181.2 (182.1) 4
-CF3 203.2 (204.8) 172.7 (173.7) 4
-CF3 202.3 (203.7) 170.9 (172.5) 3

a Energies are calculated at MP2/6-311+G(2d,2p) using the optimized geometries a
SSE corrections. The values in the parentheses are based on the B3LYP/6-31+G* o
b f(CCA) = CCA[L2Cu+]/CCA[LCu+].
c f(CCB) = CCB[L2Cu+]/CCB[LCu+].
11+G(3df) for Cu.
vel of theory. No BSSE corrections.

erivatives (Eq. (7)). A linear relationship having a similar slope
s also obtained for CCAs (Eq. (8)).

CCB[L2Cu+]calc

= 1.56 �CCB[LCu+]calc − 2.6 (R2 = 0.994) (7)

CCA[L2Cu+]calc

= 1.51 �CCA[LCu+]calc − 1.6 (R2 = 0.996) (8)

or the calculated �CCBs and �CCAs using the B3LYP/6-
1+G* optimized geometries, there are also excellent linear
elationships with similar slopes.

CCB[L2Cu+]calc

= 1.46 �CCB[LCu+] − 4.0 (R2 = 0.990) (9)
calc

CCA[L2Cu+]calc

= 1.54 �CCA[LCu+]calc − 1.6 (R2 = 0.998) (10)

2Cu+ f[CCA] b f[CCB] c

CA CCB

99.4 (498.6) 424.8 (420.6) 1.85 (1.86) 1.80 (1.76)
83.6 (479.3) 405.2 (407.1) 1.89 (1.88) 1.81 (1.78)
60.8 (461.1) 383.0 (383.6) 1.91 (1.91) 1.80 (1.80)
47.4 (448.0) 373.4 (373.2) 1.93 (1.92) 1.85 (1.84)
44.5 (445.1) 367.8 (371.6) 1.94 (1.93) 1.86 (1.87)
35.7 (436.3) 359.7 (362.7) 1.94 (1.94) 1.87 (1.86)
23.9 (424.5) 346.5 (351.8) 1.95 (1.94) 1.85 (1.87)
23.2 (422.4) 347.2 (344.6) 1.95 (1.94) 1.86 (1.84)
15.3 (416.8) 339.1 (339.8) 1.96 (1.95) 1.88 (1.86)
16.5 (416.1) 341.0 (339.7) 1.96 (1.95) 1.88 (1.87)
00.7 (402.0) 324.5 (324.6) 1.97 (1.96) 1.88 (1.87)
99.3 (400.3) 321.6 (325.6) 1.97 (1.97) 1.88 (1.89)

t the B3LYP/6-311G. Thermal corrections obtained at the B3LYP/6-311G. No
ptimized geometries.
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level of theory, MP2/6-311+G(2d,2p)//B3LYP/6-311G, does not
perfectly reproduce the experimental values, it is possible to
compare �CCBcalc[L2Cu+] with �GBcalc calculated at the same

Table 5
Selected bond distances (Å) and bond angles (degree) of acetophenone-M+

complexes calculated at B3LYP/6-311G and group natural chargesa

Lewis acids M+O8 C7O8 C1C7 M+OC �q(Ph)b �q(M+)c

Cu+ 1.810 1.286 1.451 133.6 0.205 0.905
Cu+d 1.832 1.278 1.457 135.6 0.157 0.805
Li+ 1.708 1.278 1.457 171.4 0.169 0.984
Li+d 1.763 1.270 1.465 170.5 0.131 0.957
Me3Si+ 1.847 1.295 1.442 144.2 0.242 0.744
Me3Ge+ 1.955 1.292 1.446 142.3 0.220 0.748
H+ 0.976 1.330 1.419 116.8 0.337 0.522
None – 1.247 1.492 – 0.001 –
Fig. 3. Plot of �CCB[L2Cu+]calc vs. �CCB[LCu+]calc.

The slope of 1.5 is significantly smaller than the experimental
alue (1.9) for H2O, NH3, (Me)2O, MeCN, and acetone noted
bove (Eq. (6)). This may indicate that the binding energy for the
econd ligand is reduced by the repulsive interaction between
wo ligands in the acetophenone system.

.2.3. Natural charges and geometries for Lewis cation
omplexes

The group natural charges of the Cu+ complexes derived
sing the natural population analysis (NPA) scheme at
3LYP/6-311G//B3LYP/6-311G are summarized in Table 4. For
omparison the relevant complexes were also calculated at the
ame level of theory.

. Discussion

.1. Comparison between �CCB[L2Cu+] and �GB[LH+]

The relative �CCB[L2Cu+] values of acetophenones are
lotted against the �GB values in Fig. 4. When the correlation
s limited to meta substituents and para electron-withdrawing
roups, there is an excellent linear correlation (Eq. (11)).

CCB[L2Cu+] = 1.24 �GB − 0.4 (R2 = 0.999) (11)

sing a linear relationship between the �CCB[L2Cu+]calc and
CCB[LCu+]calc, it is expected that there should be a linear

elationship between �CCB for the monomeric adduct (LCu+)
nd �GB with a slope of 0.83 (=1.24/1.5). The magnitude of
.83 indicates that the substituent effect is considerably reduced
n the copper adduct cation compared to that in the protonated

ystem.

Fig. 4 shows another important fact that strong �-donor sub-
tituents have smaller stabilization effect in the Cu+ adduct
ompared to the expected values from the linear relationship

3

Fig. 4. Correlation between experimental �CCB[L2Cu+] and �GB.

btained for meta substituents and para electron-withdrawing
roups. Closer examination of these deviations indicates that
he stronger �-donor substituent shows the larger negative devi-
tion and vice versa except for p-F and p-Cl. Such deviations
f strong �-donor substituents have been observed whenever
here is difference in the contribution of the resonance effect
f �-donor substituent between two systems of interest [19,28].
ccordingly, the negative deviations suggest that the resonance

ffect of �-donor substituent is reduced in the Cu+ adduct com-
ared to that in the protonated ion. This is not unexpected result
ecause the charge transfer from copper cation to acetophenone
hould be small (Table 5). It is interesting to examine whether
he theoretical calculations reproduce such unique behavior of
-donor substituents in the stability of the Cu+ adduct. Although

he theoretical calculation of CCBs and CCAs at the present
a Natural population analysis at B3LYP/6-311+G(2d,2p) using the B3LYP/6-
11G optimized geometries.
b Summed natural charge of the phenyl moiety.
c Summed natural charge of the Lewis acid moiety.
d Dimeric complex, [C6H5COCH3]2M+.
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developed at the benzylic carbon and/or of distance between the
substituent and the reaction (charge) center. Since the ρ values
obtained are not correlated with the size of Lewis cation, the
calculated bond distance between Lewis cation and the oxygen

Table 6
Correlation results of Y–T analysis for Lewis cation basicities of acetophenones

Lewis cation −ρa r

H+b 48.5 0.82
Me3Si+c 46.0 0.75
Me3Ge+d 40.6 0.71
Cu+ 37.5e 0.60
Li+f 34.7g 0.49

a In kJ mol−1 σ̄−1 unit.
b Ref. [22].
ig. 5. Correlation between calculated �CCB[L2Cu+]calc and the correspond-
ng �GBcalc.

evel of theory because factors resulting in differences between
alculated and observed basicities may be canceled out.

Fig. 5 shows a plot of the calculated �CCB[L2Cu+]calc values
f acetophenones against the corresponding �GBcalc. It is found
hat non-conjugating substituents give a linear relationship with
slope of 1.24 similar to the experimental value and that para

trong �-donor substituents clearly deviate downward from this
ine. This trend is in complete agreement with the experimental
esults as shown in Fig. 4. These negative deviations experimen-
ally observed for strong �-donors should be intrinsic nature of
he binding interaction between Cu+ and ligands. In conclusion,
hese negative deviations indicate the reduced resonance effect
n the Cu+ adduct ions.

.2. Analysis of the substituent effect by Yukawa–Tsuno
quation

To describe quantitatively the contribution of the resonance
ffect involved in the stability of the Cu+ adduct, the correlation
nalysis using the Yukawa–Tsuno (Y–T) equation (Eq. (12)) is
seful [28]. Indeed, it has been applied successfully not only to
B but also to Li+ [19], Me3Si+ [20], and Me3Ge+ basicities
f acetophenones [21], and the obtained results have helped our
nderstanding of the nature of the bond between Lewis acids
nd neutral ligands.

G = ρ(σ◦ + r �σ̄+
R ) (12)

here σ◦ and �σ̄+
R are the normal substituent constant and

he resonance substituent constant, respectively, and r is the

esonance demand parameter representing a degree of the �-
elocalization of the positive charge into the aryl �-system.
pplication of the Y–T equation (Eq. (12)) to �CCB[L2Cu+]
rovides a ρ value of −56.2 (kJ mol−1 σ̄−1 unit) and an
ig. 6. The Y–T plot for �CCB[L2Cu+]. (Closed circles) σo, (open circles) σ+,
squares) apparent σ̄ at r = 0.60.

value of 0.60 with satisfactory precision (R2 = 0.992) as
hown in Fig. 6 [29]. An excellent linear relationship between
CCB[L2Cu+]calc and �CCB[LCu+]calc shown in Fig. 3 sug-

ests that the magnitude of the r value is the same as in both
omplexes. Only difference in both substituent effects is the
agnitude of ρ value. Therefore, the ρ of –37.5 can be assumed

or the �CCB[LCu+] for the first ligands by dividing a ρ of
56.2 by a factor of 1.5 as discussed above. The results of the
–T analysis for Lewis cation basicities of acetophenones (Cu+,
i+, H+, Me3Si+, and Me3Ge+) are summarized in Table 6. A
omparison of the ρ values for a series of Lewis cation basicities
n the acetophenone system shows that a ρ value decreases in
he order for H+ > Me3Si+ > Me3Ge+ > Cu+ > Li+. The ρ value is
enerally considered a measure of the magnitude of the charge
c Ref. [20].
d Ref. [21].
e The estimated value for �CCB[LCu+], see text.
f Ref. [19].
g The estimated value for �LCB[LLi+], Ref. [19].
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tom of the carbonyl group in the complex, the decreasing ρ

alue seems to indicate that the charge at the benzylic carbon
ecreases along this series, i.e., more positive charge is local-
zed at the Lewis cation moiety of the adduct ions compared
ith that for protonation. The small ρ value for the Cu+ com-
lex would result from the ionic nature of the bond formed with
u+ compared to the protonation.

Similarly, the r value decreases in the same order as the
value. Since the r value represents the degree of charge-

elocalization into the aromatic �-system [28], the moderate
value of 0.60 for the �CCB[LCu+] reveals the existence of

he �-delocalization of the positive charge into the aryl group,
lthough charge transfer from copper cation to an acetophenone
igand must be much smaller than that in the protonated ace-
ophenone. The group natural charges of the complexes given
n Table 5 show that the natural charge of the phenyl moiety
n the Cu+ adduct is only 0.205 and 0.157 unit for monomeric
nd dimeric complexes, respectively, while that of the proto-
ated ion is 0.337 unit. Supporting the change in the charge, the
ond distance of C1C7 shortens by 0.041 Å on formation of the
onomeric Cu+ adduct and by 0.073 Å on protonation. On the

ontrary, the C7O8 bond lengthens by 0.039 Å on formation of
he Cu+ adduct and by 0.083 Å on protonation. Including other
ewis acid adducts and neutral acetophenone, there is a good lin-
ar relationship between the natural charge of the phenyl moiety
nd the C1C7 bond distance as shown in Fig. 7. A similar rela-
ionship is also observed for the C7O8 bond distance with the
atural charge of the phenyl moiety (Eq. (14)). In addition, it
s shown that the natural charge of the phenyl moiety decreases
inearly with the increasing natural charge of the Lewis acid
oiety (Eq. (15)).

qph = −4.63RC1C7 + 6.905 (R2 = 0.997) (13)

ig. 7. Correlation between the group natural charge of the phenyl moiety and
he C1C7 distance of the Lewis cation bound acetophenone. Closed circles
ndicate dimeric complexes.
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qph = 3.98RC7O8 − 4.935 (R2 = 0.963) (14)

qph = −0.364
∑

qM + 0.513 (R2 = 0.966) (15)

These changes in bond distance and in the group charges with
he variation of the Lewis acid are consistent with the change
f the �-delocalization of the positive charge described by the r
alue.

Finally, it should be noted that the moderate �-delocalization
escribed by r = 0.60 is observed for the Cu+ complex, despite
etaining the positive charge at Cu+ (natural charge of Cu+

f 0.91 and 0.81 unit in the monomeric and dimeric com-
lexes, respectively). The apparent �-delocalization in the Cu+

omplex results from the polarization of the carbonyl bond
aused by ionic interaction between Cu+ and O C. Since the
-orbitals of the double bond of the carbonyl group and the �-
rbital of the benzene ring lie on the same plane, the positive
harge at the carbonyl carbon atom can be stabilized by posi-
ive charge transfer to the benzene ring through �-interaction.
n other words, the apparent �-delocalization in the Cu+ com-
lex results from the redistribution of the positive charge in
he acetophenone moiety. Thus, the r value reflects the change
n charge-redistribution in the ligand molecule as well as the
harge transfer from a Lewis acid to a ligand. All these results
how that Cu+ complex has intermediate character between Li+

nd H+. Accordingly, the smaller ρ value for the �CCB[LCu+]
han that for the �GB reflects intrinsic nature of the ionic
ond forming with Cu+. Considering the redistribution of the
harge, the magnitude of the ρ value reveals a precise sus-
eptibility of the substituent effect rather than the slope of an
pparent linear relationship between CCBs and GBs, in which
here are differences in factor contributing to their basicities.
herefore, a ρ value is a good measure of the ionic properties
f the bond formed by Lewis cation as far as the substituent
ffect is properly analyzed. This is consistent with our previ-
us results that the constant ρ values of −50 were observed for
he GBs of a series of benzoyl compounds, ArCOR, in which
he r value as well as the basicity of the parent compounds
aries significantly with the polar effect of the R group, i.e., the
value decreases from 1.29 for �,�,�-trifluoroacetophenones

GB[Ar = C6H5] = 767.3 kJ mol−1) [30], to 0.50 for methylben-
oates (819.6) [22], and to 0.23 for N,N-dimethylbenzamides
901.7) [31]. That is, the ρ value is less sensitive to the change
n thermodynamic stability of the adduct ion as far as a covalent
ond is formed with a very extensive positive charge transfer. In
onclusion, the present analysis suggests that the use of the slope
f a linear relationship between Lewis cation basicities and GBs
or the study of the nature of the bond formed by Lewis acid
ust be limited within compounds having a similar framework.
therwise, the apparent slopes will lead us to erroneous con-

lusions because of the different nature of Lewis cation–ligand
nteractions.
. Conclusions

The copper cation basicities (CCB[L2Cu+]) were obtained
or m- and p-substituted acetophenones in the gas phase based
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n the measurement of ligand-exchange equilibria of the type
L2Cu+ + 22L = 2L2Cu+ + 21L using an FT-ICR spectrometer.
he substituent effects on CCB[L2Cu+] of acetophenone are
haracterized by a ρ value of −56.2 and an r value of 0.60
ased on the analysis using the Yukawa–Tsuno equation. The
value of −37.5 for monomeric complex (LCu+) could be

valuated from a ρ value for L2Cu+ by using a correction coeffi-
ient of 1.5 given by the theoretical calculations. In comparison
ith the corresponding results for other Lewis cation basici-

ies it has been shown that the ρ value decreases in the order
f H+ (−48.5) > Me3Si+ (−46.0) > Me3Ge+ (−40.6) > Cu+

−37.5) > Li+ (−34.7). The decrease in the ρ value indicates
hat the positive charge localized at the Lewis cation moiety
f the adduct ion increases in this order, being in agreement
ith the change in the calculated natural charge. The smaller
value for the CCB than that for the protonation is consistent
ith ionic (ion–dipole interaction) nature of the bonding inter-

ction between Cu+ and the carbonyl oxygen atom. The ρ value
f the Cu+ complex larger than that for Li+ complex suggests
hat the Cu+ interaction involves somewhat covalent character
ompared to the Li+ interaction. The r value also decreases in
he same order. The moderate r value of 0.60 observed for the
u+ adduct ions may be due to the redistribution of the positive
harge in the acetophenone moiety.
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