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The previously reported gas-phase lithium cation basicity (LCB) scale (Taft Buat. Appl. Chem199Q

62, 17) was revised on the basis of recent experimental and theoretical (G2 calculations) results. A new
anchoring based on the experimental LCA value fg©Hs suggested (all earlier reported values of LCB
should be reduced by 2.6 kcal/mol). New LCBs for 28 compounds were measured using FT-ICR, and a
revised LCB scale now extended to 205 compounds is given. Correlations between gas-phase basicities toward
lithium cation and proton were examined. Though a general trend is discernible, fair correlations are obtained
provided that separate lines are drawn for homogeneous families. The differences in slopes are traced back
to the different sensitivities to structural effects. Large deviations are explained by either a different attachment
center for Li* and H' or a chelation effect toward ti G2 and G2(MP2) calculations of LCBs for a wide
selection of 37 compounds and density functional theory (B3LYP/6+&*t) calculations of LCBs of 63
compounds of different classes were carried out. In most cases the performed calculations adequately describe
the gas-phase lithium cation basicities of a wide variety of bases of different chemical origin and LCB range.
The results of the calculations were also used for explaining the largest deviations from correlation lines
between gas-phase lithium cation and proton basicities.

Introduction catalysis, lithium battery electrochemistand cation transport
in living systems ion channe®8 A recent book edited by Sapse

The interactions of acids and bases are of great importancey,q Schleyéf presents various aspects of the chemistry of
in chemistry. Quantitative studies in the gas phase provide the|ithium. the most special alkali metal.

intrinsic acidities and basicities free from interference from The gas-phase lithium cation basicity (LCB) is defined as

solvent molecules and counterions. The most widespread studyine Gibbs free energy associated with the thermodynamic
concerns different gas-phase proton-transfer equilibria. equilibrium

Alkali metal ions were the first metal cations to be studied
in the gas phase for their coordination properties. This can be
understood by considering their relatively easy production under
vacuum. In contrast with transition metal ions, their reactivity \yhereAG,;+ = —RTIn K; and LCB= —AGy;*. In a similar
toward ligands is quite simple: in general, they form adducts, manner, the gas-phase lithium cation affinity (LCA) is defined
or clusters, that can be considered as ions “solvated” by one orgg the negative value of the enthalpy change of the reaction 1,
several ligands. Moreover, the possibility of measuring accurate | cpA = —AH,;-.
alkali metal cation affinities with high accuracy, by means of  The two Lewis acids Fand Li* present a significant contrast
different experimental techniques (equilibrium constant deter- i the nature of the bond formed with the ligaHdThe proton
mination by high-pressure mass spectronfetPMS) orion  aqds to the base, giving a polar covalenbond with a very
cyclotron resonancé (ICR), unimolecular dissociation (the  extensive charge transfer (the positive charge on the hydrogen
Cook’s kinetic methodj, energy-resolved collision-induced  atom is usually 0.4 or less electronic units whereas the base
dissociatiofi (CID), photodissociation and radiative association molecule carries the rest of the positive chafyeThe large
kinetics), has stimulated a growing interest in the study of these degree of charge transfer results from the fact thatsa bare
interactions’ Such measurements generate a collection of data ncleus, with a very low energy unfilled 1s orbital. On the
that helps the understanding of the fundamental interactions contrary, the bond formed by ti(with its filled 1s shell) and
implied in analytical mass spectrometry, organic synthesis, gther alkali metal cations is largely ionic and the alkali metal
cation retains 0.80.9 units of the positive charge in the

K
B+ Lit=[B-Li"] (1)

TUniversity of Tartu. o complextt

zggl\/grsnede Nice-Sophia Antipolis. Therefore, one of our goals in this work was to make a general
Il University of California. comparison of the gas-phase lithium cation basicities for the
U Deceased. widely differing families of Lewis baseslone pair donors B
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(ethers, alcohols, carbonyl compounds, amines, nitriles, sulfides, TABLE 1: New Absolute LCB (at 373 K, in kcal/mol)
mercaptans, sulfuryl and phosphoryl compounds, etc.) with the Values Obtained from Directly Measured AAG,;+ Values (in

gas-phase basicities (GB) defined as the Gibbs free energy.

kcal/mol) for the Lithium Complexation Equilibria

AGy+, which refers to the thermodynamic equilibrium base BI absolute LCB experimentaAGy;+
SO, 18.2 2.1 weaker than (GRCOH
K CRO 18.4 0.7 weaker than (GzCO
+ <2 +
B+H =[B-H'] 7)) much stronger than (GJz0
(no signal from (CE).OLi™)
whereAGy+ = —RTIn K, and GB= —AGy+. A similar attempt (CR)LCO 191 00-97 S”Ol?gerh‘har’aGgH
was made by some of us almost 10 years ‘@lgolight of new 17 aggkg: :hgﬂ (C;COH
experimental data, _the availabilit)_/ of the results of high-Ieve_I (CFS) 19.2 1.1 weaker than (GRCOH
theoretical calculations, and revised scale of the LCB, this much weaker than CHICN),
problem is now revisited. (CFs)sCOH 20.3 2.1 stronger than 30
The widest consistent scale of gas-phase lithium cation 1.1 stronger than GSSCh
basicities, published by Taft et dlconsists of 110 typical bases CRCN 213 1.4 weaker thaRPrSH
asiciues, p Yy G yp 1.8 weaker than M&S
and covers a 22.7 kcal/mol (1 kcal/mmsl4.184 kJ/mol) range 0.4 weaker than EtSH
of relative LCBs. This scale has been widely used for converting 2.5 weaker than (Gf,CHOH
relative basicities to absolute ones as well as for obtaining the EEBFC)HSF] o %i-g 8-; xgg:zg: :Eggrrssﬁ
< 5 3)2 2 . .
effective temperature of CID-F_T_-I_CR experiments. The s_cale 253 0.8 stronger than EtSH
of gas-phase lithium cation basicities of simple monofunctional 0.1 weaker thairPrSH
compounds has been further extended by Gal and co-wéfkers (CFs),CHOH 23.8 1.4 stronger tharPrSH
to sulfuryl and phosphoryl derivatives. 2.5 stronger than GEN
Rodgers and Armentrout pointed out that there was a flaw (CF)CNH: 238 3'4 Strolr(‘gerhtha” Mi H
i i $8¢ The relative LCBs determined in O weaker than G0
in the anchoring process: . . (CHR),.CO 24.6 1.9 weaker than QEH,OH
Taft's laboratory corresponded to experiments carried out at 373 CRCO,CH,CF; 25.7 3.2 weaker than GEOOMe
K but erroneously anchored (reference compotnid,CO) to MeOCH(CR), 26.2 0.3 weaker than GEH,OH
the value evaluated by Woodin and Beauch&hpt 298 K. (CRCOXCH, 273 gf;’;’s;zeerrt{]hz“n%eoHogﬁ
A - . 2
theworthy, j[he Woodin and Beauphamp LCBs were obtained CHCLCN 277 1.2 weaker than GEOOMe
using entropies calculated by statistical mechanics procedurescico,Me 28.9 equal with CEEOOMe
involving various simplifying assumptions. Furthermore, Woo- 1.8 weaker than GFEOOEt
din and Beauchamp based their LCB scale on th®/Hi* (CRCH2)20 29.2 2055 Sttfongertthha”ggﬁ%MHe
. . .5 stronger than >
bpnqllng energy, wh|ch.i:an be traced papk to the value of CRCH,OMe 29.6 0.7 stronger than GEOOMe
bln_dlng energy in HO—Li* reported by_DZ|d|c and Kebarfé. CFCOSMe 20.9 2.0 stronger than M@
This bond energy was, however, not directly measured but was 0.7 weaker than GEOOEt
extrapolated from measurements made for larger(H,0), 0.2 weaker than 1,4-dioxane
clusters. Recently, the #—Li* bond energy was directly ~ CH:COOH 32.7 Ooé“s‘;‘:(e)ﬁgzrr ttrr‘]";rr‘] %}Iz'g{'rg'”e
measured by Rodgers and Armentr&ut/ho report that the ; g giiuoropyridine 332 0.8stronger than HCOOMe
H,O—Li" binding energy estimated by Dzidic and Kebé&tle 1.2 weaker than 2-methyl-
was too high. These considerations and other results of o :EtrahdeOfrl]"anCﬁOOH
_ c .4 stronger than
Arme”trgm aEd co-workers on M@ and ?|C';)EO’§J Pt;O”?Pt_ed (CF2):CCOsEY 345 2.0 stronger than EtCHO
us to undertake a systematic revision of alf tation basicities 0.1 weaker than 2-methyl-
that have been derived using Taft's LCBs as references. tetrahydrofuran
In the current work, the anchoring of the absolute LCB scale MesSiOMe 34.6 0064 Weikef;ham@é%
. . . . .6 weaker than
by Taft et al. is recc_)nS|dered, taking into account the need for (CRCORNH 35.2 0.06 weaker than MEO
temperature correction, most recent experimental results by other 0.3 weaker than-Pr,O
groups as well as those measured by us in the present work,crRCcoCcHCOMe 35.3 equal with Mg
and the results of ab initio calculations at the G2 level. The t-BuCO;Et 38.9 0.1 weaker than MECN
LCB values for 28 new bases are reported. As already MeC(OH=CHCOMe 43.1 1.7 stronger than DMF

mentioned, the correlation between experimental LCB and the

0.3 stronger than DMA

gas-phase basicity (toward proton) is thoroughly examined. The
newly developed scale of LCBs is compared with the extensive
guantum chemical calculations of LCB up to very high levels
of theory (including DFT B3LYP/6-31tG** and G2). Com-
pounds of widely variable chemical origin and LCB ranges are
included.

are mostly the same as those previously descride@nly
significant changes and/or additional procedures will be given
here.

All equilibrium measurements were performet a1l T
uniform magnetic field strength. Alg in. diameter lithium ion
source, manufactured by Spectra-Mat Inc., Watsonville, CA,
was attached on one of the 22 x 2 in.) trapping plates of
the cell. A trapping voltage of about 1.0 V and a filament current

Experimental Details. The gas-phase LCB measurements of the Li* ion source of ca. $1.4 A were applied. The ion
reported in this paper were performed at the Chemistry source was biased at a slightly negative voltage during the
Department of the University of California, Irvine, with a pulsed trapping time (no LT emission) and a short (10 ms) pulse of
Fourier transform (FT) ICR mass spectrometer manufactured positive voltage was applied to the source to inject ldns.
by the lonSpec Corp. (Irvine, CA). The major details of the The typical operating pressures were in the range of Torr.
experimental techniques used for the measurements of thelsopropyl chloride was used in small amounts (ca.’10orr)
equilibrium constantXs, of the reversible Li-transfer reaction  to form the monomeric lithium complexes that transfer the Li
3 and experimental LCB= RTIn K3 values (given in Table 1)  cation to B and B.32P Reaction times in the range of several

Methodology
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TABLE 2: G2 Enthalpies (H, in au), Free Energies (G, in
au), Lithium Cation Affinities (LCA, in kcal/mol), and
Lithium Cation Basicities (LCB, in kcal/mol), Experimental
LCA and LCB Values (Numbers in Parentheses Indicate
Experimental Uncertainty), and Differences between
Experimental and Calculated LCA or LCB (dLCA or
OLCB) Values for Some Reference Compounds

298 K

H G LCA LCB LCAeyp OLCA
Li* —7.23348 —7.24859
H0 —76.32828 —76.34965 32.7 26.4 32.7(3.3) 0.02
Ho0—Li* —83.61383 —83.64026
Me;O —154.74133-154.77213 37.0 30.2 39.9(2.4) 2.9
Me,O—Li*  —162.03375—-162.06886
MeOH —115.53061-115.55762 35.9 29.1 37.0(2.1) 1.1
MeOH-Li*  —122.82131-122.85262
H.CO —114.33511-114.35988 34.1 28.0
H,CO-Li*  —121.62290—121.65302
CH:CN —132.51846—132.54705 42.4 355
CH,CN-Li* —139.81943-139.85216
HCONH, —169.64077 —169.67078 47.7 40.0
HCONH,—Li* —176.95029—176.98311

373K

H G LCA LCB LCBexp OLCB
Li* —7.23289 —7.25245
H.0 ~76.32731 —76.35512 32.7 248 247 —0.1
H,O—Li* —83.61236 —83.64706
Me;O —154.73938 —154.78009 36.9 285 295 1.0
MeO-Li*  —162.03114 —162.07797
MeOH —115.52923 —115.56456 35.9 27.4 285 1.1
MeOH-Lit  —122.81932 —122.86071
H.CO —114.33407 —114.36622 34.1 26.4 254 —1.0
H.CO-Li*  —121.62124 —121.66077
CHLCN —132.51688 —132.55441 42.3 33.7 34 0.3
CH,CN-Li*  —139.81722 —139.86062
HCONH, —169.63911 —169.67850 47.8 38.1 36.4 —1.7

HCONH,—Li* —176.94813 —176.99160

Burk et al.

Each experiment was performed at several ratios of partial
pressures and at different overall pressures of the reagents.
Arithmetic mean values oKz were obtained and used to
calculateAG,;+ values at 373 K. The latter are in most cases
characterized by an average uncertainty (standard deviation) that
does not exceeft0.2 kcal/mol. With a few exceptions, multiple
overlaps were performed to ensure internal consistency of the
data.

In the case of some relatively weak base$eBg., HS, Ph,
CRCOCI, CS, etc.) the signal from the Llicomplex of these
bases was not monitored. Evidently, the LCBs of those
molecules are too low to compete witPrCl and its conversion
product$® (MeCH=CH, and HCI) for the Li cation. Indeed,
the calculated (DFT, B3LYP/6-3#1G**) LCB and LCA values
(at 298 K) for BS are 17.2 and 23.5 kcal/mol, and for £H
18.6 and 25.4 kcal/mol, respectively, whereas the corresponding
predicted values for MeCHCH, are 17.8 and 24.5 kcal/mol,
and for HCI 10.7 and 16.2 kcal/mol, respectively.

The obtained relative values were converted into absolute
values using the absolute LCB of,8 (24.7 kcal/mol). For
justification of such anchoring see the Discussion.

Computational Details. Standard ab initio calculatioffavere
carried out at the G2 and G2(MP2) le¥®lising the Gaussian
94 and Gaussian 98 program packatfeSibbs free energies
and enthalpies at 298 and 373 K were evaluated using the HF/
6-31G* frequencies scaled by factor 0.8929.

Density functional theory (DFT) calculations at the B3LYP/
6-311+G** level were performed using the Gaussian 98
program packag¥? Here, the Gibbs free energies and enthalpies
at 298 K were evaluated using the unscaled frequencies
calculated at the same level of theory.

No corrections for basis set superposition error (BSSE) were
made. The magnitude of BSSE was evaluated at the B3LYP/
6-311+G** level for a small test set of molecules using

hundred milliseconds were usually necessary to reach thecounterpoise correctidéhand found to be small (generally 0.5

equilibrium. All experiments reported here were carried out at
a cell temperature of 10TC. While the experiments were being

kcal/mol or less). In the case of G2 results the BSSE should
thus be even smaller.

run, the inlet system and the ICR analyzer were warmed to 100  Also, the lower level calculations (HF/6-31G*, HF/6-8G*,

°C with resistance heating tapes. Temperatures were measure@iF/6-311G*) of LCAs for a large number of molecules were
with copper-constantan thermocouples attached to the ICR cell performed for comparison. As a rule, the results of these
and to the walls of the analyzer. Normally, there was a calculations did not lead to LCA values in close quantitative
temperature gradient of only a few degrees, and for the purposecorrespondence with the experimentally measured values or with

of calculating free-energy changes the average of the two those calculated at G2 and B3LYP/6-31G** levels of theory.
temperatures was taken. The mass spectra and the time plots

for Li*-transfer equilibria were acquired and processed in a FT Results
mode. The lonSpec Omega program (version 3.1) was used for
these purposes. The equilibrium constants for anydation-
transfer reaction 3 whel€; refers to the transfer of [Libetween

The directly measuredAGy;+ values (at 373 K) are reported
in Table 1. The G2 energies, enthalpies and Gibbs free energies,
and lithium cation basicities and lithium cation affinities (at 298
and 373 K) for some reference compounds used for anchoring
of the absolute LCB scale are given in Table 2. The relative
OAG,;+ values are converted into absolute LCB values and
reported together with values from the other sources in Table 3
simultaneously with proton gas-phase basicities. Results of the
regression analysis of the correlation between lithium cation
basicity (LCB) and proton basicity are given in Table 4. The
G2, G2(MP2), and B3LYP/6-3HG** energies, enthalpies, and
Gibbs free energies of calculated bases and their lithium cation
complexes (at 298 K) are available in the Supporting Informa-
tion. Calculated LCBs are given in Table 5.

K
BLi"+B,==B,+BLi" 0AG,.=-RTInK; (3)

a given (B) and a reference basBg were calculated by using
the expression

g Li+Pg,

(4)

.=
I Li+Ps,

wherelgyi+ and lg.i+ are the equilibrium abundances (mass
spectrometric integrated intensities) oftLcomplexes of B
(reference) and B(sample) as measured by the FT-ICR
technique angg, andpg, are the partial pressures of the neutral
bases B and B with appropriate correction factors applied to
the direct ion gauge readings for the different ionization cross
sections of various compounéfs.

Discussion

Anchoring of the Absolute LCB Scale.Experiments con-
stituting the relative LCB scale of Taft et al. were carried out
at 373 K4 Unfortunately, relativé AG,;+ values were converted
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TABLE 3: Experimental Gas-Phase Lithium Cation Basicities (LCB, in kcal/mol, 373 K) and Proton Basicities (GB, in kcal/
mol, 298 K)

base LCB GB base LCB GB base LCB GB base LCB GB
CRCCH 17.9 150.0 CRCH,OMe 29.6 171.7 1l-methylpyrazole 3413 210.3' imidazole 38.1 217.3
SO, 18.2 153.8" pyrimidine (1,3) 29.8 204.3 NCCONMe 34.3% 190.83 1,3,5-trimethylpyrazole 383 219.3
CR0 18.4 152.2 CRCOSMe 29.9 1758 (CR3);CCOEt 345 177.2 c-PrCO 38.4 203.3
(CR3).CO 19.F 152.90 PhOMe 30.2 192.9 Me;SiOMe 34.6 194.7 3-(dimethylamino)pyridine 38% 225.4
(CRsS) 19.% 162.6 NH;3 30.2 1957 C¢HisCHO 34.6 187.0 3,4,5-trimethylpyrazole 387 218.9'
(CF;)sCOH 20.3 154.6 1,4-dioxane 303 184.00 CIPO 34.7 t-BuCO,Et 38.% 197.F
MeSH 20.3 177.0 CCkLCH,OH 304 167.00 n-PrO 34.8 193.7 tetramethylene sulfone 39.0 189.7
CRCN 21.3 157.20 EtOH 30.4 178.0' 2,5-dimethyl- 35.0 199.68° Me,NCN 39.0 196.3
EtSH 21.4 1813 CRCOEt 30.86 174.00 tetrahydrofuran 1,3,4,5-tetramethylpyrazole  89.@220.3"
CRCHO 21.8 156.2 n-Bu,S 30.6 201.3" pyridine 35.0 2147 (CH,)s0SO 39.2 198.1
[(CF3).CF,CO 21.9 t-Bu,S 31.1 206.3' PhCHCN 351 1852 PhSQ(Me) 39.3 186.5"
CsFsN 22.3 175.2 MeNH; 31.3 206.68 2-fluoropyridine 35.2 203.8 HCONHMe 39.6 196.¢
i-PrSH 22.4 184.6 n-PrOH 31.4 180.7 3(5)-methylpyrazole 35" 208.7 MeCONH, 39.9 199.0
n-PrSH 225 1828 3-chloro-pyridine 316 208.3 MeCOMe 35.2 189.00 CRCONMe 39.2 1959
Me,S 23.4 191.3 MeCHO 31.8 176.0'/ (CRCO)NH 35.2 172.3 MeOCONMe 39.9 2028
i-BuSH 23.7 184.4 MesN 32.0 219.4 EtCN 35.3 1824 4-MeGH4SO)(Me) 40.% 194.5
(CR;),.CHOH 23.8 156.8 1,2 3-triazole 324 202.3 CRCOCHCOMe 35.3 186.8 1-methylimidazole 402 221.7
(CF3)sCNH, 23.8 179.90 Me,NH 32.1 2143 Me,CO 353 186.9 PhSO, 40.6¢ 197.7™
t-BuSH 23.8 187.68' i-PrOH 32.3 182.3 n-PrCN 35.4 183.8' pyridazine (1,2) 414 209.6
n-BuSH 24.0 184.2 HCOMe 324 179.6 t-BuOEt 35.4 197.8 MeCONHMe 418 205.00
(CHFR,),.CO 24.6 159.9 i-BuOH 32.5 182.2 PhCN 35.5 186.6 dimethylformamide 415 204.7
H,O 248 157.7 tetrahydrofuran 32f7 189.9" i-PrO 35.8 197.9" isophorone 415 205.9
EtSMe 25.0 194.9 1,2 4-triazole 3217 204.6 glycol sulfite 35.6 185.8 dimethyl sulfoxide 418 204.0!
H,CO 25.4 163.3 MeCOOH 32.7 179.9 i-PrCN 35.7 184.7 1,2-dimethylimidazole 4118 227.®
CR;CO,CH,CF3 25,7 173.8 MeOCHCN 32.8 173.9 4-methylpyrazole 35f7 208.7 4-(dimethylamino)pyridine 420 232.¢
(CHy)4S 25.8 195.8 EtCHO 32.8 180.2 PhCHOH 35.8 178.8 tetramehylguanidine 424 238.4
HCN 25.9 162.9" n-BuOH 32.8 181.4 valeronitrile 35.8 184.4 (MeO)LPO(H) 42.5 206.¢
(CHy)sS 25.9 197.4' isooxazole 328 195.2 4-NO,CeHsSO(Me) 36.C¢ 184.6 MeOCH,CH,OH 4286 174.4
(CRs),CHOMe 26.2 163.3 glycol sulfate 33.0 177.6 MeCOEt 36.0 190.¥ 2,4,5-trimethylimidazole 426 225.3
CH,FCN 26.2 169.3 neo-GH,OH 33.F 182.9 MeCOEt 36.0 192.3' dimethylacetamide 428 209.6
CH,(CN), 26.3 165.9' 2 6-difluoropyridine 33.2 194.0 MeOSQ(Me) 36.3 183.9 PhSO(Me) 4219 207.1
Et,S 26.4 197.7 n-PrCHO 33.83 181.8 EtCOMe 36.3 191.0' tetramethylene sulfoxide 43.1 206.8
CRCH,OH 26.8 160.¥ t-BuOH 33.3 184.6 (MeS)SQ(Me) 36.4 185.8 MeC(OH=CHCOMe 43.5 200.0'
CCLCN 26.8 165.3' sBuOH 33.3 187.3 t-BuCN 36.4 186.3 1,8-naphthyridine 4314 219.4
CeHs 26.9 173.4 tetrazole 338 190.2" n-Bu,0O 36.5 195.8 (MeOxPO 43.7 205"
CFRCOMe 27.0 165.4 EO 33.3 191.0' 3-methylpyridine 36.5 217.90 PhSO 43.9 2111
CCLCHO 27.2 165.0 thiazole 334 208.4 (CHp)s0SQ, 367 184.0 (MeO)RPO(Me) 44.0
(CFsCOYCH 27.3 173.8 pyrazole 33.6 2057 EtCO 36.7 193.0 (i-PrOYPO(H) 44.1
CRCH,OCH=CH, 27.4# 188.6 MeCOSMe 33.8 190.7 n-heptyl cyanide 368 186.6 CH,CIPO(Oet) 44.1  204.0
i-BuSMe 27.4 n-BuCHO 33.8 182.8 (MeO)CO 37.0 191.00 4-CRPhOPO(Ph) 44.3
CHCLCN 27.F CRCONH; 33.9 181.F 1,4-dimethylpyrazole 37f0 214.3' (CH,OMe), 44.% 196.0¢
MeOH 28.5 173.2 HCO.Et 339 183.7 MeSO 37.% 186.5 (EtO)LPO(Me) 45.0
pyrazine(1,4) 28%6 202.4 (MeOY,SO; 34.0 180.1 CFs(CHy)sNH, 37.1 207.8 (EtO)PO 451 210.2
CRCOMe 28.9 169.680 MeCN 34.0 179.00 c-PrCOMe 37.4 197.00 (MeO)MePO(Ph) 451
n-Pr,S 28.9 199.5 t-BuOMe 342 194.2 n-octylcyanide 375 184.4 (CgHsO)PO 45.2
i-PRS 28.9 202.3 MeSCHCN 34.3 180.2 i-PrLCO 37.%5 196.¥ (4-FGH,0)PO(Ph) 45.6
CICOMe 28.9 c-C¢H1,CH,OH 34.3 184.4 HCONH, 37.8 189.¥ MesPO 457 210.3
(CRCH,),0 29.2 161.3 HCOxn-Pr 34.3 185.00 1,5-dimethylpyrazole 37(6 215.8 Et$PO 46.7 216.7
CH,CICN 29.4 170.90 HCO,-n-Bu 34.3 185.00 CgHsSOy(Me) 37.% 1859 C¢HsOPO(Ph) 46.9
BrCN 29.4 171.9 CsH1;.CHO 34.4 PhCHO 37.7 1917 (Me:N)sPO 475 222.0
Me,O 29.8 1827 2-methyl- 34.8 194.00 1l-adamantyl cyanide 38.1 192.1 PhPO 47.5 209.58
4-(triﬂl_1(§)_romethyl)- 29.5 206.0 tetrahydrofuran p-MeCgH4,COMe 38.1 2016

pyridine

aValues calculated using the absolute LCB value of water (24.7 kcal/mol, this work) and relative LCB values from unpublished work of R. W.
Taft and F. Anvia®? Our G2(MP2) results (to be published)Values calculated using the absolute LCB value of water (24.7 kcal/mol, this work)
and relative LCB values from this workKFrom ref 1.¢ Koppel, I. A.; Anvia, F.; Taft, R. WJ. Phys. Org. Chenil994 7, 717.f Values calculated
using the absolute LCB value of water (24.7 kcal/mol, this work) and relative LCB values from %@&in¢hor point for absolute LCB scale (see
Discussion)" Values calculated using the absolute LCB value of water (24.7 kcal/mol, this work) and relative LCB values from refallids
calculated using the absolute LCB value of water (24.7 kcal/mol, this work) and relative LCB values from rfefaf2oR. W.; Anvia, F. Unpublished
results.k Values calculated using the absolute LCB value of water (24.7 kcal/mol, this work) and relative LCB values from f&fra@aref 12a.
™ From ref 11f." LCB values (reanchored from unpublished data of J.-F. Gal and P.-C. Maria obtained using the kinetic method and the calibration
equation of ref 12a): MeOS{Me) more basic than-PrCN by 0.67 kcal/mol, more basic thasrCN by 0.46 kcal/mol, less basic than MeCOEt
by 0.18 kcal/mol; MeSSgMe) more basic than MeCOEt by 0.15 kcal/mol, more basic fRRrCN by 0.92 kcal/mol, less basic than Et@
by 0.07 kcal/mol. GB values (unpublished data of Gal and Maria; measured by the equilibrium method): é&S0ore basic than-PrCHO
by 0.34 kcal/mol, less basic than M&by 0.46 kcal/mol; MeSS&Me) more basic than M@ by 1.07 kcal/mol, more basic than HGEY by 0.32
kcal/mol, same basicity asPrCN.° Herreros, M.; Gal, J.-F.; Maria, P.-C.; Decouzon, M. To be publish&lues calculated using the absolute
LCB value of water (24.7 kcal/mol, this work) and relative LCB values from ref 3Ejom ref 11g." Values calculated using the absolute LCB
value of water (24.7 kcal/mol, this work) and relative LCB values from ref 12c.

into absolute ones using the LCB value (at 298 K), reported that this value is somewhat overestimated and several alternative
for H,CO by Woodin and BeauchamipFurthermore, the value  possibilities (HO, MeOH, and MgO) for anchoring of the

of Woodin and Beauchamp can be traced back t@+H.i™ absolute LCB scale have been put fdith.
bond dissociation energy from Dzidic and Keb&Aghich was As no directly measured absolute LCBs are available, one
estimated from the measurements made for large+H,0), has to start with measured LCA and to convert it into LCB

clusters. Recent CID measurements by Armengfdnticate using some approximation to calculate thAS term. LCA
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TABLE 4: Results of the Regression Analysis of the TABLE 5: Experimental (LCB g,,) and Calculated (at G2,
Correlation between Lithium Cation Basicity (LCB) and G2(MP2), and B3LYP/6-31H1G** Levels: LCB g,
Gas-Phase Basicity (toward proton, GB) According to LCB gamp2), and LCBgsayyp) Lithium Cation Basicities (in
Formula LCB = aGB + b (with Uncertainties)? kcal/mol, at 298 K) and the Calculated Difference of LCBs

at 373 and 298 K ALCB 37320 in kcal/mol, Calculated

bases a —b R_N Using Scaled 6-31G* Frequencies)

" o pases "03740017 30632 0800 114  __OMPOUNd  LCBy LCBe LCBawn ALCBersma LCBawe
O-base’ 0.380+ 0.016 36.2£2.9 0.844 87 CRCCH 17.9 17.6
alcohols 0.348: 0.079 29.74+ 14.0 0.559 17 (CRsS), 19.2 15.8
nonchelating alcohots ~ 0.3994 0.021 40.4+3.2 0.860 10 CRO 18.4 20.3
ethers 0.243- 0.088 13.0+ 16.9 0.446 18 MeSH 203 208 20.8 —-14 22.5
ether 0.420+0.022 46.9:4.2 0936 9 (CR3)sCOH 20.3 231
carbonyl compounds 0.3870.018 37.6£3.3 0.906 52 CHRCN 213 23.5
carbonyl compounds ~ 0.395+0.016 39.2:2.9 0.930 51 (CF3).CHOH 238 24.8
carbonyl compounds ~ 0.396+ 0.015 39.4:2.7 0.940 49 .ELSE'H g-j ggg gg‘; j-j gg-g
S=0 and P=O compounds 0.39% 0.026 37.7£5.0 0.909 25 - - : : : :

Me,S 23.4 246 24.6 -1.3 26.5

N-bases 0.185-0.024 2.6-4.9 0.504 57 HO 507 26.4 261 13 207

2 . B . . .
cyano compounds 0.4580.023 49.0+4.3 0.951 20 EtSMe 25 0 26.0 26.0 14 27.9
amines (cyclic and acyclic) 0.3240.034 33.2t7.4 0.711 37 H.CO 25 '4 28.0 28 .O _1'3 30'6

2 . . . . .
cycles 0.34H0.040 36.14+8.5 0.720 30 HCN 259 954 255 o3 277
monodentate cyclés 0.436+ 0.037 57.4+7.9 0.865 24 CHy(CN), 26.3 30.0
monodentate six-member 0.453+ 0.021 62.9+-4.6 0.987 8 CCLCN 26.8 29.9
cycled CeHo 26.9 30.3
monodentate five-member0.413+ 0.022 51.6+4.8 0.961 16 (CRCORCH, 273 30.8
cycles CRCH,OCH=CH, 27.4 29.5
S-_base‘s 0.34440.031 40.8-6.2 0.890 16 Me,O 295 30.2 30.1 —1.2 35.6
th!ols _ 0.361+ 0.084 43.5+15.5 0.785 7 PhOMe 30.2 34.0
thioethers 0.563+ 0.071 84.5+14.3 0.898 9 NH, 30.2 30.2 29.9 -13 34.2
aR? is the square of correlation coefficient aNds the number of ,\EAISNHHZ gf'g 333'3 52'88 jg gi'g

data pOintS.b Wlthout CF{SOCHZCHZOFJ ¢ Without F, CI, Ph,Pth" MeCHO 318 330 330 ,1:4 365

and MeO substituted species aqgﬂﬂ Me:O, E£O, n-Pr0, i-Pr0, MesN 320 324 32.2 -16 34.1

n-BuO, t-BuOMe, t-BuOEt, 1,4-dioxane, and tetrahydrofur&with- Me,NH 32.1 325 323 -15 34.8

out (CRCO)NH. fWithout (CRCO)NH, (CFs)sCCOCHs, and i-PrOH 323 335 33.4 -15 36.8

MeC(OH=CHCOMe.? Without 1,8-naphthyridine, 1,2-pyridazine, = HCOMe 324 332 33.2 -14 36.3

tetrazole, 2-fluoropyridine, 2,6-difluoropyridine, angFeN. " Without tetrahydrofuran 327 37.8

1,2-pyridazine, 2-fluoropyridine, 2,6-difluoropyridine, andsFgN. ’E"&%%H ?%22-% 333;21 3;?121 _1-3 g;g

i H i H . . . —1. .

Without tetrazole! Without (CRS). soxazole 42.9 371

. ) Et,0 33.3 37.5

values are experimentally available fog® MeOH, and MgO ¢ pyrazole 336 353 35.2 -15 385

We have carried out ab initio calculations at the G2 level to gﬂac't\‘h | gjg 35.5 35.5 -13 gg%

differentiate between these alternatives. tetranydrofuran '

Noteworthy, our calculated LCA and LCB values fop® 2,2-dimethyl- 35.0 40.7
differ somewhat from those calculated by Remko aardésky?%a Metcet(;zal\%dmf“ra” 352 a1

at the G2 Ieyel and by Siu et %ﬂt.’_at the G2(MP2) level. The (CFsCO)NH 35:2 48:6

G2 enthalpies and free energies reported by Remko andMe,CO 353 367 36.7 -15 40.9

Sarissky* are exactly the same as ours reported in Table 2, 51 D S S ey e

while the LCA and LCB values _dlffer by 0.6 kcal/mol. 5N 357 377 377 15 41.0

Apparently they have corrected their LCA (and LCB) values, 4-methylpyrazole 357 375 37.4 -1.4 41.0

calculated as differences between enthalpies (or free energiesiCONH, 36.4  40.0 39.9 -16 437

for LCB) of products and reactants (LCA Hyi+ + Higand — ng&g gg'g 3377 '61 ??77 é :1'2 2;.(13

Heompley, for the work termA(pV). However, the work term  grcome 363 377 376 ~14 40.9

(pV) is by definition already included in enthalpy and thus t-BuCN 36.4 386 38.6 -15 42.0

should not be correctéd The G2(MP2) energies 8 K reported F;:‘_SHOI g;z 420 o 15 445266

by Siu et ak% are the same as ours, while the LCA and LCB ',\Ae'z,?lzcc,’\,e 39.0 ’ : : 481

values for HO differ by up to 1.5 kcal/mol. Unfortunately, Siu  mMeCONH, 393 435 435 -17 47.0

et al2% do not provide details on how they calculated thermo- HCONHMe 396 440 44.0 -1.6 47.4

chemical parameters at different temperatures. Therefore, weM&SO 402 470 471 —1a 3.6

. h HCONMe, 415  46.0 46.0 -15 49.2

were not able to find the source of the differences. MeCONMe 426 50.9

From the Table 2 one can see that the best correspondenceteOCHCH,0H 42.6 54.8
between experimental and calculated LCAs is observedfor H =~ (MeOxPO 43.7 52.1
) X (MeOCH), 44.9 55.7

It should be noted that also in the other cases the differences,q, 10.7

between experiment and calculations are in the range of cH,CH=CH, 17.8

experimental errors. So, in principle, all three LCAs can be used HzS 17.2

to build the absolute LCB scale. We have used the values for P 18.6

H,O for anchoring of our absolute LCB scale because it has hand, several indirect comparis&tsupport the reported value,
the smallest discrepancy with calculated (at G2 level) LCA, and while no such information is available about the other alterna-
because it has traditionally been used as an anchoring pointtives.

One can argue that from the three proposed alternativgs, H We have used HF/6-31G* frequencies (scaled by 0.8929
has the largest experimental uncertafiitfiowever, on the other  to evaluate th&ASterm and adjust the calculated LCB value
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for experimental temperature (373 K). As a result, we obtain
LCB for H,O at 373 K, which is 24.7 kcal/mol, 2.6 kcal/mol
lower than the value used by TdfThis result agrees well with
adjustment suggested by Armentrout (2372 kcal/mol)éb.c
Application of the similar procedure to MeOH and dleads
to the increments of 2.3 and 0.9 kcal/mol, respectively. The
increment, corresponding to anchoring at the LCB of®les
apparently too low, while the value corresponding to MeOH is
close to that of HO. Now an adjusted LCB scale for 205
compounds is presented in Table 3.

Correlation between Gas-Phase Basicity (GB) and LCB.
As described in the Introduction, the two Lewis acid$ &hd
Li™ present a significant contrast in the nature of the bond

J. Phys. Chem. A, Vol. 104, No. 12, 2008829

cation will bind to the carbonyl group, and the proton will
migrate from carbonyl to nitrogen (Figure 2). Exclusion of this
point from regression results in some improvement of correlation
(R? = 0.930). Exclusion of the two other strongly deviating
points, corresponding to (GRECCO,C,Hs (deviation from
correlation line 3.6 kcal/mol, probably also forming bidentate
chelate complex with the lithium cation) and MeC(GH)
CHCOMe (deviation 3.3 kcal/mol, probably acting as an oxygen
base toward the lithium cation and carbon base toward the
protor—similar to (CRCO)NH) further improves the correla-
tion (R2 = 0.940). It should be noted that there exist also
significant deviations toward decreased stabilities of Li
complexes from a linear relationship between LCB and GB

formed with the ligand. The proton adds to the base, giving a values for several other fluorine substituted compounds;- CF

polar covalents bond with a very extensive charge transfer,
while the bonds formed by [iare largely due to iondipole
(electrostatic) interaction. As a result, the LCBs are much

COOCHCF; (3.9 kcal/mol), (CE)2CO (4.0 kcal/mol), and (G
CO),CH> (2.4 kcal/mol).

Reasonably good correlatioR{ = 0.909) is observed for

smaller than GBs and cover a much narrower range in the energythe S=O (sulfoxides and sulfones) ane=® bases. Noteworthy,

scale!* The widely different bonding types in Hand Li"
adducts should lead to widely varying basicity ordetdlha
matter needing clarification and analysis of the effects of
molecular structure that are involved.

Earlier comparisorfsof experimental basicities toward*H
and Li" have led to the conclusion that there is no precise

the slope and intercept of the correlation line for those bases is
very close to that of carbonyl bases (slopes are 0-8%5026

and 0.396+ 0.015, respectively, and intercepts are 3%.8.0

and 39.4+ 2.7, respectively, for the=8O and P=O bases and
carbonyl bases).

Within the class of oxygen bases the ethers (both acyclic and

general correlation between LCBs and GBs, especially when cyclic) give the worst correlation between basicities toward

diverse families of compounds with different functional groups

lithium cation and protonR? is only 0.446 for all 18 ethers

are included. Our results presented in Figure 1A and in Table considered). There the lithium adducts are much more prone to

4 agree with such conclusioR{ = 0.497,R is the correlation
coefficient).

However, closer examination of data (Table 4 and Figure 1)
reveals that the correlations for the families with the same

bidentate chelate formation than in the case of the other oxygen
bases, as evidenced by the strong deviations (enhanced stabilities
of Li™ complexes) of methoxy- and fluorine-substituted ethers
their LCBs are greater than predicted from the linear relationship

basicity center are sometimes fairly precise and even more sobetween LCB and GB values for unsubstituted alky! ethers (for
for subfamilies where the basicity center is the same functional (MeOCH,), by 9.3 kcal/mol, for (CBCH,),0 by 8.3 kcal/mol,

group (i.e., nitrogen in cyano group, oxygen in carbonyl group,
etc.).

for CRsCH,OMe by 4.4 kcal/mol, and for (GCHOMe by
4.3 kcal/mol). Similar to the situation for the carbonyl com-

So, the investigated 108 oxygen bases exhibit fair correlation pounds, in several cases the LCB values are smaller than

between GB and LCB with the slope 0.3724 0.017 and
intercept—35.0 £ 3.2, R? = 0.809. Exclusion of the strongly
deviating point, corresponding to MeO@EH,OH, improves
the correlation considerabl§Rf = 0.844). Considering data on

expected from the linear relationship between LCB and GB
values for unsubstituted alkyl ethers (for PhOMe by 3.8 kcal/
mol, for CRCH,OCH=CH, by 4.8 kcal/mol, for isoxazole by

2.1 kcal/mol, for 2-methyltetrahydrofuran by 2.4 kcal/mol, and

the basis of functional classes provides even better correlationsfor 2,5-dimethyltetrahydrofuran by 1.8 kcal/mol). If one excludes

between LCB and GB.

For all investigated alcohoR? is 0.559. Significant deviations
(enhanced stabilities of ticomplexes) from a linear relationship
between LCB and GB values for alkyl-substituted alcohols are
evident for methoxy-, fluorine-, chlorine-, and phenyl-subtituted
compounds such as MeOGEH,OH (LCB deviates from the
correlation line by 11.7 kcal/mol), GEH,OH (2.4 kcal/mol),
CCI3CH,OH (2.1 kcal/mol), and PhCH¥DH (3.4 kcal/mol),
which, according to the literatuté®®and our DFT calculations,
form bidentate ring structures with the'L¢ation, but not with
a proton (no signs of appreciable “coiling effedtivere found

from the correlation the 9 above-mentioned bases (fluorine-
substituted ethers, (MeOGH, PhOMe, isoxazole, 2-methyl-
and 2,5-dimethyltetrahydrofuran), the remaining alkyl ethers
have also a reasonable correlatié? & 0.936).

The N bases have the worst correlati&8 £ 0.504). This is
caused by the fact that we have mixed two very different
subfamilies-cyanides with the nitrogen in the sp hybrid state
and amines (both acyclic and cyclic) with an?s@r sp)
nitrogen. Within the subfamilies the correlations between LCB
and GB are at least fair. So, the 20 cyanides exhibit good
correlation RZ = 0.958). In the case of amines the correlation

for those compounds). When one excludes from the regressionis worse R = 0.711 for all amines and 0.720 for cyclic amines).
all methoxy-, halogen-, and phenyl-substituted alcohols, the However, when the 6 bidentate bases (1,8-naphthyridine,

correlation between LCB and GB is much better with slope
0.3994 0.021, intercept-40.44+ 3.2, andR? = 0.860.

Reasonably satisfactory correlatid®? (= 0.906) is observed

2-fluoropyridine, etc.; see ref 11f,g) are excluded, the correlation
for cyclic amines improves considerablig?(= 0.865). Closer
inspection of data for the above cyclic amines indicates that

for all carbonyl compounds (including aldehydes, ketones, esters,We have, in fact, two distinct families of bases: one formed by
amides, carboxylic acids, etc.). Here one point, corresponding monodentate six-membered heterocycles and the second formed

to (CRCO)NH, deviated strongly from the regression line (by DYy monodentate five-membergd heterocycles. Both of these
6.2 kcal/mol). As this compound is assumed to exist in the gas families have excellent correlations between LCBs and GBs (

phase in enol form (our B3LYP/6-3%#1G** calculations, to

= 0.987 and 0.961, respectively).

be published), it should be expected to be a nitrogen base toward The sulfur bases (thiols and thioethers) have correlation

the proton. However, according to our calculations the lithium

between GB and LCB with slope 0.2890.029 and=? = 0.864.
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Figure 1. Correlation between experimental lithium cation basicities (LCB) and gas-phase basicities toward proton (GB): (A) all investigated
compounds; (B ) alcohols (1, bidentate alchols; 2, alkyl alcohols; 3, RBEIH4, HO); (C ) ethers; (D) carbonyl (1) and=% bases (2); (E)
amines; (F) nitrogen heterocycles (1, polydentate bases; 2, pyridines, pyrazines, pyrimidine; 3, pyrazoles, triazoles, imidazolesGh@zoiges;

(H) sulfur bases (1, sulfides; 2, thioles; 3, {S5CHR).
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H H «formation of nonclassical chelates with the*Ltation
o o + O o) involving fluorine or chlorine atoms in ring formatié#9(see
F%\\ &F H F*\\ &F Figure 3B)
N - N odifferent basicity centers used by the proton and lithium
F = ¢ F F E r'* F F cation to form an adduct ((GEO)%NH; see Figure 2).
Theoretical Calculations of LCB. Numerous theoretical
studied!20-22at different levels (ab initio and density functional
theory, DFT) have been used to study the structure and
thermodynamic properties (including lithium cation affinity) of
the interaction between thet.tation and different neutral and
anionic bases.

As a rule, such studies have been limited to a fairly small
number of similar bases, and limited relationships have been
established between experimental and theoretically calculated
LCA values!th.22d

However, the major finding is that only the inclusion of
electron correlation effects and the use of sufficiently large and
flexible polarized diffuse split-valence basis sets can provide
the quantitative theoretical reproduction of the experimentally
measured LCA value®® Recent papers by Rem#22efand
Alcami et al!h indicate that for a limited set of small bases
G1, G2(MP2), G2, and CBS-Q methd#$yield LCAs within

H L
(0] O Li+ (0] (0]
F ~ F F ~+ F
N N
F F F | F
F F F H F
Figure 2. Differences in the mechanism of protonation and lithium
cation addition to (CFCO)NH as seen by our DFT calculations: proton
adds directly to the nitrogen atom in the enol form of {CB),NH

(a), while Li* displaces H at oxygen, and the displaced proton moves
to the nitrogen (b).

When one excludes from the correlation ¢S); (LCB deviating
from that expected from the linear relationship between LCB
and GB values by 2.2 kcal/mol), which is according to our
calculations a strongly chelating in lithium cation complex, the
correlation is reinforcedR2 = 0.890). so-called chemical accuracy (about 2 kcal/mol).

From the above one can conclude that the existence of In the present work the gas-phase lithium cation affinities
different families within correlations between GBs and LCBs Wwere calculated for 37 compounds at G2 and G2(MP2) levels
is caused by the differences in basicity centers of bases (bothof theory and for 63 compounds at the DFT B3LYP/6-3G*
differences in electron pair donor atom and donor group), which level of theory. The results are summarized in Table 5 and in
cause different routes and extents of charge transfer from cationFigure 4.
to base. It should also be noted that different subclasses have Comparison of experimentally determined and calculated
different sensitivities toward the substituent effects for proton LCBs (both at 373 K) reveals that G2 and G2(MP2) methods
and lithium cation affinity, as attributed by the different slopes predict LCBs with a reasonable accuracy (average absolute error
in Table 4. was in both cases 0.9 kcal/mol). The LCBs, calculated by both

Other causes of the weak correlation between GBs and LCBsof these methods (G2 and G2(MP2)) were within 0.3 kcal/mol
are the significant deviation of some particular bases from the (generally within 0.1 kcal/mol), in accordance with earlier
family correlations, as some special systems present enhancedesultst'"2%2So, there is no need to calculate LCBs at more
Li*™ binding energies with respect to what should be expected expensive G2 level as the improvement of the results compared
from their protonation energies. The origins of such deviations to G2(MP2) is negligible.
can be classified on the basis of the different types of specific  The correlation analysis of G2 (or G2(MP2)) versus experi-

effects, as revealed by our B3LYP/6-3tG** calculations:
otrue chelation with the Li catiorf-119 as in polyfunctional
compounds such as MeO@EH,OH or 1,8-naphthyridine

mental LCB values for all available data (37 compounds) reveals
that although the correlation is gode?(= 0.975), there is some
systematic deviation of the calculated LCBs (the slope of the

(formation of five, six, etc. membered ring structures; see Figure correlation line was 1.14- 0.03 and the intercept was4.58

3A)

+ 1.02, instead of regression coefficients 1 and O for the ideal

Figure 3. Different types of chelation in Li cation complexes: (A) true chelation with polyfunctional compund (Me@CHBOH—Li*); (B)
formation of nonclassical chelates involving fluorine or chlorine atoms in ring formations{CIHOH—Li *); (C) unexpected “chelate structures”
(PhOMe-Li).
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53 o o1 were found for families with the similar basicity center. The
02 lack of overall correlation is attributed to the widely variable
sensitivities in different series to the changes in substituents,
as well as to the effects of chelation in somé kidducts and

in some cases to the changes in basicity center for different
cations.

G2 and G2(MP2) calculations of LCBs for 37 compounds
and B3LYP/6-313%G** calculations for LCBs of 63 compounds
were carried out. It was found that levels of theory used (G2
and DFT) adequately (but with some systematic error) describe
lithium cation binding energies. The results of G2 and G2(MP2)
20 o5 30 35 40 45 calculations were practically identical, so that there is no need

of using a computationally more demanding G2 method for
LCB(exp.), kealimol predicting LCBs. Calculated structures reveal the origin of the

Figure 4. Correlation between experimental lithium cation basicities deviations from the correlation line between gas-phase proton
and lithium cation basicities, calculated at G2 and B3LYP/6-3G1* and lithium cation basicities.

levels of theory (1, LCBs calculted at G2 level; 2, LCBs calculated at
B3LYP/6-31H-G** level).

48 -
43 -
38 -
33 |
28 -

LCB(calc), kcal/mol

23 A

18
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fit of experimental and calculated data) from their experimentally
determined counterparts. The standard deviation was 1.05 kcal
mol.

However, one notes that in the region of bases with LGB
< 36 kcal/mol the statistical characteristics of the fit are
significantly better: the slope (1.G880.03) and intercept{1.43
+ 0.90) are now appreciably closer to their ideal values (1.0
and 0.0). It is currently impossible to say what is the cause of
the somewhat nonideal behavior of points with L&B> 36.
Absolute measurements of high LCB 36 kcal/mol) should
be useful for deciding if experiments or calculations are at the
origin of the “curvature”.

LCBs calculated at the B3LYP/6-331** level of theory
had a larger average unsigned error (3.5 kcal/mol). The
systematic error of calculated LCBs was also more significant pofarences and Notes
(the slope of the correlation line was 1.24 0.04, and the ‘
intercept was-4.44 & 1.35) than for the G2 calculated ones. 3(1&))(%'8"}”\‘}\/9&8565(-? h't?ﬁ-‘//?v'eféopcﬂyﬁis tcgg\’/“- Ref. Dat998§ 27,
However, the standard dewaqon of points from the correlation '(2) (a) Dzidic, I.; Kebarle, PJ. Phyé_ Chem197Q 74, 1466. (b)
line (calculated versus experimental LCBs, Figure 4) was 1.4 Kebarle, PAnnu. Re. Phys. Cheml977, 28, 445. (c) Sunner, J.; Kebarle,
kcal/mol, quite close to that of the G2 results, and the correlation P.J. Am. Chem. So¢984 106 6135, and references therein. (d) Tissandier,

;i ; ; ; M. D.; Cowen, K. A.; Feng, W. Y.; Gundlach, E.; Cohen, M. H.; Earhart,
coefficient was only slightly lower than in the previous case A.D.: Coe, J. V.. Tuttle. T. R, Jd. Phys. Chem. A998 102, 7787. (e)

Supporting Information Available: G2, G2(MP2), and
B3LYP/6-31HG** energies, enthalpies, and free energies. This
material is available free of charge via the Internet at http://
pubs.acs.org.

(R? = 0.962). So, one can use th.e .DFT B3LYP/_6'3'ﬂ** Castleman, A. W.; Keesee, R. Ghem. Re. 1986 86, 589.
level of theory for quantitative prediction of LCBs, if the above (3) (a) Wieting, R. D.; Staley, R. H.; Beauchamp, JJLAmM. Chem.
g|ven Systemanc error |S taken |nt0 account. So0c.1975 97, 924. (b) Staley, R. H.; Beauchamp, J.JLAm. Chem. Soc.
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