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Alkali-metal counterion interactions influence the enolate and phenolate anions consider-
ably. Like the acetaldehyde enolate anion, the stabilization energies of the phenolate anion
(vs OH™) are very much reduced in the corresponding alkali-metal ion pairs. The stabilization
energies (relative to OH™) of 34.9 kcal/mol for the free enolate anion and 40.9 kcal/mol for
the phenolate ion (computed with the Becke3LYP density functional on the MP2(full)/6-
31+G* optimized structures) reproduce the experimental gas-phase data well. The metal
gegenion induced negative charge localization on the enolate and phenolate oxygens varies
only somewhat along the Li—Cs series but reduces the stabilization energies enormously:
for the enolates to 8—14 kcal/mol and to 9—15 kcal/mol for the phenolates (vs MOH). These
ion pair interactions influence the geometries, the charge distributions, the *C chemical
shifts, and the reaction energies of alkali-metal enolates and phenolates but do so to similar
extents in both systems. Charge localization is still effective at long metal—oxygen distances,
since electrostatic interaction energies decrease only with the inverse of the distance. The
phenolate anion has considerable quinoid character, and judging from the geometry and
the magnetic criteria (NICS and A, the magnetic susceptibility exaltation) its aromaticity

is reduced to about 60% of that of phenol and the alkali-metal ion-paired phenolates.

Introduction

The structures, energies, reactivities, and the mech-
anisms of polar organometallic compounds are strongly
influenced by the metal gegenion.»2 While sz-delocal-
ization, negative hyperconjugation, polarization, and
inductive effects are greatest in free carbanions,? the
electrostatic stabilization of the anion by the metal
counterion, as well as solvation and the degree of
aggregation, may determine the structure and stability
of polar organometallic compounds in condensed phases.
The largely electrostatic interactions with the cation
compete with other modes of stabilization of the anion,
e.g. - and o-delocalization. The charge localization due
to the electrostatic interaction with the counterion
influences the structure, energy, and behavior of this
ion pair relative to the free anion considerably.?—6

The charge localizing effect of the alkali-metal gege-
nion was first demonstrated computationally by Schley-
er and co-workers.® An intriguing example is the
unsymmetrical X-ray structure of 3-[bis(tetramethyl-
ethylendiamino)sodio]-2,2,5,8,8-pentamethyl-nona-3,4-

® Abstract published in Advance ACS Abstracts, January 15, 1997.
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symmetrical, the off-center sodium ion placement in 1
results in an unsymmetrical carbon skeleton topology.*
Consequently the resonance stabilization of the free
anion 2 (which has two essentially equal-energy isomers
with Cs and C, symmetry) is reduced considerably in
the ion pair. The electrostatic interaction with the
cation results in a more localized charge distribution
in the anion.

Another early example of charge localizaion was
provided by comparisons of the X-ray structures of two
differently-substituted dilithiated ortho-xylenes (3a,b).2¢5

R

CHLi

CHLI

Y
SiMe, N \ Ph
\Nl

CH | __“cH
@E /' \
CH o
¢
7 Ph
Me;Si / /
Lime Li
N TSN
\N/\) \N/\)
/ /
3a, R = SiMe, 3b, R = GgHs

The parent dianions of both are symmetrical. While
both lithium atoms in 3a (R = SiMe3)% bridge the two
benzylic carbon atoms, 3b (R = CgHs)®® is unsym-
metrical; only one lithium bridges the benzylic carbons,
and the other one bridges a benzylic carbon and the C(3)
ring carbon. The differences in the bridging modes were
interpreted electrostatically: trimethylsilyl groups sta-
bilize carbanions very effectively,® predominantly by
polarization and negative hyperconjugation,® and tend
to localize the negative charge of 3a at the benzylic
carbons. The positive charged lithium atoms bridge
symmetrically between these centers of highest negative
charge. The phenyl substituents in 3b delocalize the
negative charge away from the benzylic carbons. Hence,
the second lithium cation does not bridge as in 3a but
interacts with another region of high electron density,
namely the benzylically delocalized negative charge in
the ortho-xylene ring.

Enolates and phenolates of the alkali metals provide
additional demonstrations of the localizing effect of ion
pairing. Lambert, Wu, and Schleyer’s pseudopotential
study found that the stabilization of the free enolate
anion (ca. 33 kcal/mol vs OH™) is drastically reduced to
9—14 kcal/mol (vs MOH) in the ion paired alkali
enolates.” Enolates or phenolates with different alkali-
metal counterions show varying reactivity, which has
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been attributed to the structural changes (also the
extent of aggregation) due to the metal.® The Kolbe—
Schmitt reaction is a textbook example: sodium phe-
noxide is carboxylated by carbon dioxide mostly in the
ortho position, whereas carboxylation of potassium
phenoxide gives the para product predominantly.®

Polar organometallic compounds are studied inter alia
by NMR spectroscopy® and by colligative measurements
in solution.1! For carbon-bound organometallics, 6Li,13C
coupling can reveal the degree of aggregation; the same
is true for the 5Li,’N coupling in lithium amides.1?
Jackman et al. used “Li quadrupole splitting constants
(QSC), which are a function of the electronical environ-
ment of the Li nucleus (and hence of the aggregation
size), to elucidate the structure of organolithium deriva-
tives in solution.’® Jackman also employed lithium
phenolates as model enolates.!?
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Alkali-Metal Enolates and Phenolates

enolates® have been reported, different degrees of
aggregation and solvation prevent direct comparisons
of the gegenion influences. Ab initio calculations!’
obviate such experimental complications and can be
expected to give reliable results.’® We now compare the
ability of alkali-metal counterions to localize charge in
enolates with the behavior in phenolates, e.g. with
regard to the geometries and the charge distributions
in both sets of species. We also have included bridged
alkali enolates™ in our study. To what extent do
phenolates model enolates? Our prior work’ on the
charge-localizing effect in alkali enolates has been
refined at more sophisticated levels of ab initio theory
(HF, MP2, and Becke3LYP DFT), including electron
correlation, for comparison with the new phenolate data.

Nucleus-independent chemical shifts (NICS),!° the
negative of the absolute magnetic shieldings computed
at ring centers (nonweighted mean of the heavy atom
coordinates), have been introduced by Schleyer and co-
workers as a simple aromaticity probe.’®2° To demon-
strate the effect of charge localization on aromaticity
as well as on chemical shifts, we have employed GIAO2!
-NMR NICS calculations, as well as evaluations of the
magnetic susceptibility exaltations?? and anisotropies??
(additional criteria of aromaticity),?® on the MP2-
optimized geometries.
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Computational Methods

The use of pseudopotentials to replace core electrons dimin-
ishes the computational costs, compared to all-electron calcu-
lations, for compounds of the heavier elements K, Rb, and Cs
considerably.?4#2> In contrast to the lighter alkali metals, core
polarizability is significant for the heavier alkali metals K—Cs.
Hence, nine-valence electron (valence plus n - 1 shell) effective
core potentials (ECP) were employed for K, Rb, and Cs, as the
implicit frozen-core approximation leads to large errors in one-
valence electron ECP treatments.?® General basis sets 6-31+G*
(basis A) were used for Li, Na, H, C, and O. More flexible
(21111/21111/11) valence basis sets, optimized with effective
core potentials, including a double set of uncontracted d
functions from Huzinaga et al. were used for the heavier alkali
metals (K, Rb, Cs).?” All geometries were optimized within
the given symmetry at Hartree—Fock (RHF/basis A), cor-
related (MP2(full)/basis A), and density functional theory
(DFT)?® (Becke3LYP/basis A) levels using the gradient opti-
mization techniques implemented in the Gaussian 92/DFT and
Gaussian 94 program packages.?® All stationary points were
characterized to be true minima by frequency computations
at the RHF/(basis A) level. Atomic charges and bond orders
were calculated using the natural population (NPA) and
natural bond orbital (NBO) analysis methods developed by
Reed and Weinhold.?® DFT single point calculations on the
MP2(full)/basis A optimized structures, using the general
6-311++G** basis set for Li, Na, H, C, and O (basis B) and
the (21111/21111/11) basis sets together with the pseudopo-
tentials for K—Cs provide our highest level data; these are the
energies discussed in the text (see Table 1 for details). The
corrections for differences in zero point vibrational energy (at
RHF/basis A) were scaled by 0.89.%7 Total energies and zero
point energies are given in Table 1. Diamagnetic susceptibili-
ties and diamagnetic susceptibility anisotropies (Becke3LYP/
6-31G*, using the CSGT (continuous set in gauge transfor-
mations) method)3! and nucleus-independent chemical shifts
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W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J.
P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian, Inc.,
Pittsburgh, PA, 1995.

(30) (&) NBO analysis: Reed, A. E.; Curtiss, L. A.; Weinhold, F.
Chem. Rev. 1988, 88, 899 and references cited therein. (b) NLMO bond
orders: Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. Soc. 1990, 112,
1434. (c) NPA charges: Reed, A. E.; Weinstock, R. B.; Weinhold, F. J.
Chem. Phys. 1985, 83, 735.
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Table 1. Total Energies (au) and Zero Point Energies ZPE (kcal/mol)2

MP2(full)/ Becke3LYP/ Becke3LYP/basis B//
PG RHF/basis A ZPE basis A basis A MP2(full)/basis A
CH,CHOH Cs —152.894 69 38.2 —153.334 36 —153.814 34 —153.865 26
CH,CHO~ Cs —152.311 15 28.4 —152.766 29 —153.244 06 —153.289 36
CsHsOH Cs —305.564 68 69.8 —306.518 73 —307.474 87 —307.558 22
CsHs0~ Cov —304.991 81 61.0 —305.962 54 —306.915 47 —306.993 26
CH,CHOLIi Cs —159.806 45 311 —160.264 71 —160.785 83 —160.835 31
CH,CHOL.i C; —159.807 50 311 —160.265 23 —160.790 00 —160.837 16
CH,CHONa Cs —314.185 99 30.2 —314.644 05 —315.540 22 —315.592 77
CH,CHONa Cy —314.189 43 30.2 —314.648 22 —315.546 08 —315.597 07
CH,CHOK Cs —180.390 97 28.9 —181.029 42 —181.583 14 —181.628 09
CH,CHOK Cy —180.393 07 29.9 —181.034 53 —181.587 49 —181.632 16
CH,CHORDb Cs —176.146 93 29.7 —176.729 02 —177.356 26 —177.402 55
CH>CHORDb Cy —176.149 30 29.8 —176.734 70 —177.360 43 —177.405 69
CH,CHOCs Cs —172.207 22 29.7 —172.786 05 —173.428 83 —173.474 43
CH,CHOCs Cy —172.209 38 29.8 —172.791 64 —173.432 76 —173.477 33
CsHsOLi Cov —312.481 70 63.4 —313.452 97 —314.448 75 —314.529 90
CsHsONa Cov —466.859 53 62.5 —467.832 68 —469.203 28 —469.287 78
CsHsOK Cov —333.067 03 62.3 —334.218 14 —335.246 72 —335.324 35
CsHsORb Cov —328.823 11 62.1 —329.918 00 —331.020 06 —331.097 88
CsHs0Cs Cov —324.883 29 62.1 —325.975 11 —327.093 09 —327.171 63
H>0 Cov —76.015 44 14.3 —76.206 94 —76.421 22 —76.458 35
OH~ Coov —75.375 07 2.9 —75.587 55 —75.795 37 —75.827 39
EtOH Cs —154.080 57 53.8 —154.531 47 —155.043 25 —155.094 88
EtO~ Cs —153.454 54 43.6 —153.924 25 —154.435 21 —154.482 64
LiOH Cov —82.913 36 8.4 —83.126 02 —83.380 90 —83.417 12
NaOH Coov —237.287 60 7.8 —237.500 93 —238.130 37 —238.168 59
KOH Coov —103.491 59 7.8 —103.886 05 —104.173 14 —104.203 70
RbOH Cov —99.246 54 7.7 —99.584 56 —99.945 00 —99.975 60
CsOH Coov —95.307 91 7.6 —95.642 29 —96.019 63 —96.052 08

a Total energy in atomic units (au) (1 au = 627.5095 kcal/mol). Basis A: Li, Na, H, C, N, O, F (6-31+G*), K, Rb, Cs; 9VE-ECP MWB
6s6p2d/5s5p2d. Basis B: Li, Na, H, C, N, O, F (6-311++G**), K, Rb, Cs, 9VE-ECP MWB 6s6p2d/5s5p2d. b ZPE: zero point energy

(kcal/mol) at the RHF/basis A level.

Table 2. Relative Energies of Bridged vs Linear Enolates (kcal/mol)2

Becke3LYP/ Becke3LYP/basis B// Becke3LYP/basis B//
M RHF/basis A MP2(full)/basis A basis A MP2(full)/basis A MP2(full)/basis A +AZPE
Li -0.7 -0.3 —2.6 -1.2 -1.2
Na —2.2 —-2.6 —4.2 —2.7 -2.7
K —-1.3 -3.2 —2.7 —-2.6 —-2.6
Rb —-1.2 —-3.6 —2.6 -2.0 -1.9
Cs -0.9 -35 -2.5 -1.8 -1.7

a See footnotes in Table 1.

(GIAO-SCF/6-31+G*, NICS) were calculated with the MP2-
(full)/basis A geometries, with Gaussian 94.

Results and Discussion

The allyl anion is the isoelectronic carbon equivalent
of the enolate anion. The prefered ab initio geometries
of the alkali allyl metals are bridged;8 such structures
also have been shown by isotopic perturbation,®? NMR,33
and X-ray3 studies. At MP2(full)/6-31G*//MP2(full)/
6-31G*, the monomeric bridged lithium enolate struc-
ture is 5.1 kcal/mol more stable than the “linear”
alternative.” The preference for bridging in alkali eno-
lates at more sophisticated levels of theory (see Table
2) is very small for lithium (1.2 kcal/mol)3® and only
modest for the other alkali metals (ranging from 2.7

(31) (a) Keith, T. A.; Bader, R. F. Chem. Phys. Lett. 1992, 194, 1.
(b) Bader, R. F.; Keith, T. A. J. Chem. Phys. 1993, 99, 3683.

(32) (a) Saunders, M.; Telkowski; L.; Kates, K. R. 3. Am. Chem. Soc.
1977, 99, 8070. (b) Faller, J. W.; Murray, H. H.; Saunders, M. J. Am.
Chem. Soc. 1980, 102, 2306.

(33) (a) Winchester, W. R.; Bauer, W.; Schleyer, P. v. R. J. Chem.
Soc., Chem. Commun. 1987, 177. (b) Fraenkel, G.; Qiu, F. 3. Am. Chem.
Soc. 1996, 118, 5828.

(34) (a) Schimann, U.; Weiss, E.; Dietrich, H.; Mahdi, W. J.
Organomet. Chem. 1987, 229, 332. (b) Boche, G.; Etzrodt, H.; Marsch,
M.; Massa, W.; Baum, G.; Dietrich, H.; Mahdi, W. Angew. Chem., Int.
Ed. Engl. 1986, 25, 104.

Table 3. Natural Charges of Vinyl Alcohol, the
Nonbridged Alkali-Metal Acetaldehyde Enolates,
and the Acetaldehyde Enolate Anion

M Ci C2 O M
H 0.239 —0.439 —0.598 0.371
Li 0.273 —0.656 —1.157 0.977
Na 0.292 —0.700 —1.120 0.990
K 0.301 -0.716 —1.108 0.994
Rb 0.304 —0.723 —1.100 0.995
Cs 0.302 —0.715 —1.106 0.991
anion 0.354 —0.865 —0.933

Table 4. Natural Charges of the Bridged
Alkali-Metal Acetaldehyde Enolates

M Cy C, (0] M

Li 0.286 —0.839 —0.998 0.944
Na 0.322 —0.867 —0.982 0.963
K 0.315 —0.856 —0.987 0.979
Rb 0.316 —0.853 —0.987 0.982
Cs 0.303 —0.827 —0.995 0.974

kcal/mol for Na to 1.7 kcal/mol for Cs). Solvation and
aggregation can easily overcome such small energy
differences. Indeed, bridged alkali-metal enolate struc-

(35) The larger 5.1 kcal/mol energy difference between the bridged
and linear form of the lithium acetaldehyde enolate at MP2(full)/
6-31G*//MP2(full)/6-31G* reported earlier’ stems from basis set
superposition error (BSSE); diffuse function augmented basis sets are
essential for the refined descriptions of polar organometallic systems.
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Table 5. Geometries (A, deg) of Vinyl Alcohol, the Nonbridged Alkali-Metal Acetaldehyde Enolates, and
the Acetaldehyde Enolate Anion2

M CiCy C,0 oM MOC; 0C,C,

H RHFb 1.321 (1.318) 1.347 (1.340) 0.949 111.1 126.8 (126.9)
RMP2 1.340 1.372 0.976 109.1 126.6
B3LYP 1.337 1.366 0.972 109.8 127.0

Li RHFP 1.337,1.332 1.302, 1.296 1.618, 1.613 173.5(175.2) 127.2 (127.2)
RMP2 1.352 1.331 1.617 177.1 126.2
B3LYP 1.351 1.321 1.623 176.8 126.9

Na RHFb 1.344 (1.340) 1.293 (1.286) 1.983 (1.977) 168.9 (179.1) 127.9 (128.0)
RMP2 1.357 1.323 1.981 173.6 127.0
B3LYP 1.357 1.313 1.983 166.1 127.8

K RHF? 1.347 (1.342) 1.290 (1.284) 2.300 (2.289) 168.0 (171.0) 128.1 (128.1)
RMP2 1.360 1.321 2.284 172.2 127.3
B3LYP 1.360 1.311 2.270 172.0 127.9

Rb RHFb 1.348 (1.343) 1.288 (1.282) 2.456 (2.447) 167.1 (170.1) 128.2 (128.2)
RMP2 1.362 1.320 2.441 171.2 127.4
B3LYP 1.361 1.310 2.435 170.9 127.9

Cs RHFb 1.347 (1.342) 1.290 (1.284) 2.561 (2.547) 165.4 (170.0) 128.1 (128.1)
RMP2 1.360 1.323 2.535 170.9 127.2
B3LYP 1.360 1.314 2.521 170.6 127.7

anion RHF® 1.377 (1.372) 1.251 (1.244) 130.4 (130.4)
RMP2 1.387 1.285 129.7
B3LYP 1.389 1.274 130.2

a See footnotes in Table 1. P Data from ref 7a are given in parentheses.

Table 6. Geometries (A, deg) of the Bridged Lo o exp. 331 £ 4 kealmol (12)

Acetaldehyde Enolates? HC==C_ + OH® ——= HO=C_ =+ HO
H H calc. -35.5 kcal/mol
M CiC. €0 oM MOC,  OCC, oo om- o . og O 197 £ 4 kealimol (1b)
Li RHF 1.365 1.281 1.750 87.0 124.4 TN TN ’

RMP2 1.379 1.313 1.755 84.4 124.0
B3LYP 1.381 1.302 1.767 83.6 124.2
Na RHF 1.370 1.271 2.124 91.4 126.5
RMP2 1.383 1.303 2.156 88.3 126.4
B3LYP 1.386 1.292 2.140 88.0 126.5
K RHF 1.367 1.271 2.433 97.5 127.3
RMP2 1.382 1.301 2.433 92.0 126.7
B3LYP 1.382 1.292 2.425 92.8 127.0
Rb RHF 1.367 1.270 2.588 99.2 127.6
RMP2 1.382 1.300 2.586 93.5 127.0
B3LYP 1.383 1.291 2.594 93.5 127.1
Cs RHF 1.364 1.273 2.680 102.6 127.4
RMP2 1.378 1.304 2.666 96.9 126.7
B3LYP 1.377 1.296 2.648 98.6 127.1

a See footnotes in Table 1.

tures have not yet been observed experimentally, due
to the strong tendency toward aggregation. The smaller
tendency for bridging in alkali-metal enolates compared
with allyl alkali-metal derivatives is a consequence of
the much larger electronegativity of oxygen. In the
bridged enolates, the negative charge on oxygen is
smaller, and on C; larger, than in the linear isomers.
In the allyl anions, in contrast, the negative charge is
equally shared between C; and Cs.

As in our earlier study,’> we have choosen the
unbridged MOCH=CH, minima for our discussion on
the charge localization due to the gegenion, as these
model the M—O interactions found in the crystal
structures as well as those expected in solution (lithium
acetaldehyde enolate forms a tetrameric aggregate in
THF solution).®® The experimental stabilization ener-
gies of the enolate anion (eq 1) and of the phenoxide
anion (eq 2) are very large.®” Our ab initio Becke3LYP/
basis B//MP2(full)/basis A energies, corrected to 298 K,
are within the experimental error limits.

The negative charges are delocalized both in the
enolate (4) and the phenolate (5) anions. The conven-

(36) Wen, J. Q.; Grutzner, J. B. J. Org. Chem. 1986, 51, 4220.

(37) Lias, S. G.; Bartmess, J. E.; Liebmann, J. F.; Holmes, J. L.;
Levin, R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl.
1.

calc. -23.6 kcal/mol

OH

. -282. + 3 kcal/mol (2b)
+ OBt — +  HOEt calc. -28.5 kcal/mol

tional representations employ resonance structures 4a,b
and 5a—d, but ionic contributions 4c and 5e also are

o
OH exp. -41.6. + 3 keal/mol (2a)
@ v OoH- . H,0 calc. -41.9 kcal/mol
o]
exp.

o~ 0 o]
/ = 7 .
H,C==C_ — HC—C7 —-— HC—C
H H H
4a 4b 4c
o- o] o] fo) o~
5a 5b 5c 5d Se
o] o~
+
5f 59

important. In fact, considering the geometry, 5f or 5g
(rather than 5a) may be the best single depiction of the
phenolate anion (this conclusion is reinforced in the
later discussion). In a very recent ab initio study on
the origin of the acidity in enols and carbocyclic acids,
Wiberg, Ochterski, and Streitwieser analyzed the changes
in electron population resulting from deprotonation of
vinyl alcohol.®® On formation of the anion, not only is
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Table 7. Energies of Eq 3 (kcal/mol)2

OH

/OM

H,(‘=C\/ + MOH ————H;(‘=c\ + H,0 Q3)
H H

Becke3LYP/basis B// Becke3LYP/basis B//

M RHF/basis A MP2(full)/basis A Becke3LYP/basis A MP2(full)/basis A MP2(full)/basis A +AZPE exptl®
Li - 8.7 -7.1 - 7.4 -7.1 - 8.2
Na -12.0 —-99 —10.5 —10.8 —-12.2
K -12.6 —10.0 —10.6 —11.0 —13.5
Rb —13.3 —10.7 —-11.4 —12.6 —14.3
Cs —-12.6 —10.3 —10.1 —-9.7 —-11.3
anion —35.7 —32.2 —34.9 —34.6 —34.9 (—35.5)° —331+4

a See footnotes in Table 1. ? Reference 37 (298 K). ¢ Corrected to 298 K.

Table 8. Energies of Eq 4 (kcal/mol)?
OH oM
+ MOH + H,0 @

M RHF/basis A MP2(full)/basis A

Becke3LYP/basis A

Becke3LYP/basis B//
MP2(full)/basis A

Becke3LYP/basis B//
MP2(full)/basis A +AZPE exptl®

Li -12.0 - 95 - 8.9
Na —-14.2 —-125 -12.1
K -16.4 —-12.7 -12.5
Rb -17.2 —-13.6 —-13.4
Cs -16.4 —-13.2 -12.4
anion —42.4 —-39.7 —-41.7

a See footnotes in Table 1. b Reference 37 (298 K). ¢ Corrected to 298 K.

the o electron density formerly associated with the
proton donated to the oxygen but the & density at the
oxygen also is transferred to the C—C double bond. The
negative charge on oxygen repels both the o and the =
electrons of the adjacent carbon and polarizes the double
bond. These results emphasize the importance of
resonance contribution 4c to the stabilization of the
enolate anion. The more extensive delocalization of the
negative charge in phenoxides accompanied with the
greater polarizability of the larger phenyl group results
in the greater acidity of phenol than vinyl alcohol (the
experimental gas-phase acidities AHgcig (298 K) are
350.2 + 2.5 kcal/mol for phenol and 357.7 + 3 kcal/mol
for vinyl alcohol).?” The corresponding ab initio
Becke3LYP/basis B//MP2(full)/basis A acidities (cor-
rected to 298 K: phenol, 345.0 kcal/mol; vinyl alcohol,
351.5 kcal/mol) are just outside the experimental error
limits, but the experimental and computed energy
differences agree well.

Truly “free” anions only exist in the gas phase.
Syntheses with polar organometallics generally are
carried out in ether solvents like THF or in hexane in
the presence of ligands like TMEDA.3® Under these
conditions, dimeric, tetrameric or even hexameric ag-
gregates are formed,'2-1¢ and the role of the metal is
important.~7 As pointed out in the Introduction, charge
localizing due to the gegenion reduces the stabilization
energies both of enolates (eq 3)72 and of phenolates (eq
4) dramatically.

While the metalation energies for egs 3 and 4 (see
Tables 7 and 8) are much less exothermic than egs la

(38) Wiberg, K. B.; Ochterski, J.; Streitwieser, A. J. Am. Chem. Soc.
1996, 118, 8291.

(39) (a) Brandsma, L.; Verkruijsse, H. Preparative Polar Organo-
metallic Chemistry 1; Springer: Berlin, 1987. (b) Brandsma, L.
Preparative Polar Organometallic Chemistry 2; Springer: Berlin, 1990.

—-81 — 8.6
—12.1 —-12.9
—13.0 —14.0
—14.1 —-15.1
—-12.4 —-13.3
—41.4 —40.9 (—41.9)¢ —416+4
OH oM
H2(=C\/ + MOH — = H,c=c< T )
H
OH oM
+ MOH + B0 @

and 2a, the difference between enolates and phenolates
with the same alkali metal is rather small. The
energies of egs 3 and 4 are smallest for the lithium
compounds (—8.2 kcal/mol for enolate and —8.6 kcal/
mol for the phenolate); the increases for the other alkali
metals (to 14 or 15 kcal/mol) are only modest. The
considerably larger stabilization energies for the free
anions emphasizes that the presence of the metal cation
in a contact ion pair counteracts the stabilization of the
free anion.®

All the metal ions (compare Tables 3, 4, and 9) have
near unit natural charges®® (+0.977 to +0.995); these
are nearly the same for each metal in both the pheno-
lates and the enolates. The lithium charge is only
slightly less that of the other alkali metals. Thus, all
the M—0O bonds are essentially completely ionic. The
electrostatic charge localizing effect of the metals is
responsible for the higher oxygen charges in the ion-
paired species compared to the free anions.”

Geometries. The geometries of the optimized mol-
ecules are given in Tables 5, 6, and 10. The influence
of the metal gegenion is evident, as is the effect of
electron correlation (MP2 and B3LYP vs HF). The C;C,
bond is shortest in vinyl alcohol and longest in the free
enolate anion. The values for the metalated compounds
are intermediate.” The same is true for the C;C,
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Table 9. NPA Charges of Phenol, the Phenolate Anion, and the Alkali-Metal Phenolates

M Cl CZ CS C4 C5 Ce O M
H 0.375 —0.299 —0.195 —0.284 —0.195 —0.333 —0.767 0.508
Li 0.434 —0.340 —0.201 —0.321 —0.201 —0.340 —1.137 0.978
Na 0.449 —0.355 —0.199 —0.337 —0.199 —0.335 —1.100 0.992
K 0.457 —0.360 —0.199 —0.343 —0.199 —0.360 —1.087 0.995
Rb 0.460 —0.363 —0.199 —0.346 —0.199 —0.363 —1.080 0.996
Cs 0.458 —0.360 —0.199 —0.343 —0.199 —0.360 —1.087 0.992
anion 0.499 —0.401 —0.204 —0.418 —0.204 —0.401 —0.904

Table 10. Geometries (A, deg) of the Phenolates?

M PG CiC, CyC3 C3Cs C4Cs CsCs CeCi C1O OM CiCyCs CyC3Cs C3CsCs CuCsCs CsCsCi CsCiCr OCCo
H Cs RHF  1.389 1.384 1.391 1.385 1.389 1.387 1.353 0.948 119.6 120.8 119.1 120.6 119.7 1202 117.4
RMP2 1.398 1.396 1.400 1.397 1.399 1.398 1.379 0.975 1195 120.6 119.4 1205 119.6 1204 116.8
B3LYP 1.399 1.395 1.400 1.397 1.398 1.399 1.373 0.970 119.5 120.7 119.4 1205 119.7 1203 117.2
Li Coy RHF 1404 1.385 1.389 1.389 1.385 1.404 1.305 1.617 121.0 121.1 1184 1211 121.0 1174 1213
RMP2 1.411 1.397 1.399 1.399 1.397 1.411 1.334 1.620 121.0 120.7 1189 120.7 121.0 117.8 121.1
B3LYP 1.415 1.396 1.400 1.400 1.396 1.415 1.325 1.620 121.0 120.8 1187 1208 121.0 1176 121.2
Na Cy RHF 1410 1.384 1.390 1.390 1.384 1.410 1.296 1.982 1214 1212 1181 1212 1214 116.6 1217
RMP2 1.416 1.397 1.400 1.400 1.397 1.416 1.326 1.984 1215 120.7 1187 120.7 1215 1169 121.6
B3LYP 1.420 1.396 1.401 1.401 1.396 1.420 1.317 1.975 121.4 121.0 1185 121.0 1214 1168 121.6
K Coy RHF  1.412 1.384 1.391 1.391 1.384 1.412 1.296 1.982 1215 121.3 1180 121.3 1215 1163 121.8
RMP2 1.418 1.397 1.400 1.400 1.397 1.418 1.325 2.286 121.7 120.8 1186 120.8 121.7 1165 121.7
B3LYP 1.423 1.395 1.401 1.401 1.395 1.423 1.315 2.256 121.6 121.0 1184 1210 1216 1164 121.8
Rb  C, RHF  1.413 1.384 1.391 1.391 1.384 1.413 1.292 2.456 121.6 121.3 1180 1213 1216 116.2 1219
RMP2 1.419 1.397 1.400 1.400 1.397 1.419 1.324 2.442 121.7 120.8 1186 120.8 121.7 1164 121.8
B3LYP 1.424 1.395 1.402 1.402 1.395 1.424 1.313 2.427 1217 121.0 1184 1210 121.7 1162 121.9
Cs Coy RHF  1.412 1.384 1.391 1.391 1.384 1.412 1.294 2563 1215 121.3 1180 1213 1215 1163 1219
RMP2 1.418 1.397 1.400 1.400 1.397 1.418 1.327 2.536 121.6 120.8 118.6 120.8 121.6 1165 121.7
B3LYP 1.422 1.395 1.401 1.401 1.395 1.422 1.317 2518 1215 121.0 1184 121.0 1215 1165 121.8
anion Cp RHF  1.439 1.379 1.397 1.397 1.379 1.439 1.252 1223 1221 1171 1221 1223 1141 123.0
2 See footnotes in Table 1.
distances in the corresponding phenolates, although the T&?L‘? ulr% P’\:%t#gl""altggg?fzsuﬁgg;gsgf'i‘ﬁg IEiSCI)n
C1C, distance is longer than in the enolates. Electron Distance
correlation, both at MP2 and Becke3LYP density func- -
tional levels, results in longer C—C and C—O distances d (Li-0) (&) 0 M o
compared to the HF results. The M—0O bond distances 1.617 —1.137 0.978 117.4
in Li and Na compounds are nearly unaffected by %-8 :i-gig g-ggi ﬁg?
electron corr_elatlon. For the heaw_er alkali m_etals (K- 40 _0968 0.997 115.1
Cs), correlation reduces the M—0O distances slightly (see 5.0 ~0.942 0.999 114.7
Tables 5, 6, and 10). Since the potential energy sur- 6.0 —0.926 0.999 114.6
faces, especially for the heavier alkali metals, are very ;'8 *8-3(1)8 1-888 ﬁi-i
flat and the distances are large, the differences are e 0904 1.000 1141

insignificant.
Substituents result in small, characteristic changes
of the benzene geometry.*0-44 The C¢C;C, angle (o)

at the ipso position is most sensitive, varying, e.g. from
about 112° for CgHsLi to about 125° for CeHsN,™.44 For
the phenolates, o is smallest in the free phenolate anion

(40) Domenicano, A. In Accurate Molecular Structures; Domenicano,
A., Hargittai, 1., Eds.; Oxford University Press: New York, 1992; pp
482—488 and references cited.

(41) Keidel, F. A.; Bauer, S. H. J. Chem. Phys. 1956, 25, 1218.

(42) (a) Nygaard, L.; Bojesen, I.; Pedersen, T.; Rastrup-Andersen,
J. J. Mol. Struct. 1968, 2, 209. (b) Casado, J.; Nygaard, L.; Sgrensen,
G. 0. J. Mol. Struct. 1971, 8, 211. (c) Lister, D. G.; Tyler, J. K.; Hag,
J. H.; Larsen, N. W. J. Mol. Struct. 1974, 23, 253. (d) Cox, A. P.; Ewart,
I. C.; Stigliani, W. M.; J. Chem. Soc., Faraday Trans. 2 1975, 71, 504.
(e) Michel, F.; Nery, H.; Nosberger, P.; Roussy, G. J. Mol. Struct. 1976,
30, 409. (f) Larsen, N. W. J. Mol. Struct. 1979, 51, 175. (g) Amir-
Ebrahimi, V.; Choplin, A.; Demaison, J.; Roussy, G. J. Mol. Struct.
1981, 89, 42.

(43) (a) Bock, C. W.; Trachtman, M.; George, P. J. Mol. Struct.
(Theochem) 1985, 122, 155. (b) Bock, C. W.; Trachtman, M.; George,
P. J. Comput. Chem. 1985, 6, 592.

(114.0°, Q(Cy) = 0.499) and largest for phenol (120.3;
Q(Cy) = 0.375). The angles of metalated compounds are
intermediate, ranging from 117.6° (M = Li, Q(Cy) =
0.434) to 116.2° (M = Rb, Q(C;) = 0.460). Indeed, the
bond angle «a is related to the charge on C; (see Tables
9 and 10).

The charge localizing influence is still very effective
for long M—O distances, since electrostatic interaction
energies decrease with the inverse of the distance, r—1.
As a demonstration, we optimized lithium phenolate
with Li—O distances fixed from 2—8 A using RHF basis
A and compared the lithium and oxygen charges as well
as a with the free phenolate anion and also with the
completely optimized lithium phenolate (d(Li—O) =
1.617 A, see Table 11). Even at a Li—O separation of 4
A, the charge on oxygen is increased (—0.968 vs —0.904)
and the bond angle o widened (115.1 vs 114.1) with
respect to the free phenolate anion. This suggests that

(44) (a) Domenicano, A.; Vaciago, A.; Coulson, C. A. Acta Crystallogr.
1975, B31, 221. (b) Domenicano, A.; Vaciago, A.; Coulson, C. A. Acta
Crystallogr. 1975, B31, 1630. (c) Domenicano, A.; Vaciago, A. Acta
Crystallogr. 1979, B35, 1382. (d) Domenicano, A.; Murray-Rust, P.;
Vaciago, A. Acta Crystallogr. 1983, B39, 457. (e) Dunitz, J. D.; Wallis,
J. D. Helv. Chim. Acta 1984, 67, 1374.
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Figure 1. Becke3YLP/6-311+G**.

counterion effects also are important in solvent-sepa-
rated ion pairs.

Structure of the Phenolate Anion and Its Aro-
maticity. The structures of the phenolate anion (5),
phenol (6), and lithium phenolate (7), as well as the
comparison molecules, the benzyl anion (8) and p-
benzoquinone (9), optimized at Becke3LYP/6-311+G**
are depicted in Figure 1. Bond length equalization due
to cyclic delocalization is the geometric criterion of
aromaticity.2045=47 The C—C bond lengths in aromatic
hydrocarbons are compared with one another and with
the benzene value (ca. 1.40 A). The bond lengths reveal
the extent of electron delocalization in molecules.20:45-47
Whereas the C—C bond lengths are within 0.005 A in
phenol (6), the C—C lengths differ by 0.019A in the ion-
paired lithium phenolate structure (7). In contrast, the
p-7 delocalization of the free phenolate ion (5) causes a
much more substantial bond alternation (0.059 A) in the
benzene ring. The variation in the CC lengths of para-
benzoquinone (9, Ar = 0.145 A) is much larger. Hence,
the phenolate anion (5) has about 63% of the aromatic
character of phenol (6) on this basis. The C—O distance
in 5 (1.269 A, computed at Becke3LYP/6-311+G**) is
closer to that in para-benzoquinone (9, 1.220 A) than
in phenol (6, 1.370 A). However, the C—O~ distance in
alcoholates (e.g. 1.335 A in CH30™) are generally shorter
than in alcohols (e.g. 1.423 A in CH3OH). Hence, the
depiction of the phenolate ion, considering the geometry,
might well be the “quinoid” structure 5f. Since the
charges on oxygen (—0.90) and on the ipso carbon

(45) Schleyer, P. v. R.; Freeman, P. K.; Jiao, H.; Goldfuss, B. Angew.
Chem., Int. Ed. Engl. 1995, 34, 237.

(46) Minkin, V. J.; Glukhovtsev, M. N.; Simkin, B. Y. Aromaticity
and Antiaromaticity; Electronic and Structural Aspects; Wiley: New
York, 1994.

(47) (a) Julg, A.; Francois, P. Theor. Chim. Acta 1967, 7, 249. (b)
van der Kerk, M. S. J. Organomet. Chem. 1981, 215, 315.
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(+0.50) are both large, 5g contributes substantially.
Similar bond alternation in the benzyl anion (8), the
isoelectronic carbon equivalent to the phenolate anion,
has been described by Dorigo, Li, and Houk.*® Remark-
ably, the ring geometries of the benzyl and the pheno-
late anions are nearly identical (see Figure 1).

Magnetic Properties. The experimental® 13C chemi-
cal shifts are in good agreement with the calculated 13C
chemical shifts of the linear lithium enoclates but are
completely different from the calculated shifts for the
bridged enolates (Tables 12 and 13). This (and other
evidence) suggests that bridged alkali-metal enolates do
not exist in THF solution. lon-pairing changes the
charge distribution and the shieldings of all the atoms
in enolates, especially for C,. Whereas C; is relatively
shielded in the free enolate anion (6(*3C) = 51.3 ppm),
ion pairing results in deshielding (for M = Li, §(13C) =
80.0 ppm) even at longer M—O distances (6(13C) = 71.8
ppm for M = Cs). The 6(*3C) differences at C; are less
pronounced but still are significant (see Table 13).

In the phenolates, C; and C,4 are the most affected by
ion pairing. The calculated shifts (Table 12) on C; vary
from 166.5 ppm for lithium to 182.3 ppm for the free
anion. The deshielding of C4 in the ion-paired struc-
tures is also evident: 6(*3C) = 110.6 ppm with Li but
91.5 ppm for the free anion. In contrast, the C, and C3
shifts in phenol, the alkali phenolates, and the free
phenolate anion are nearly the same, varying less than
2 ppm.

There is a renewed interest in using magnetic proper-
ties as aromaticity criteria.’®2%4% The proton chemical
shifts of benzenoid aromatics have long been employed

(48) Dorigo, A. E.; Li, Y.; Houk, K. N. 3. Am. Chem. Soc. 1989, 111,
6942.
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Table 12. GIAO-SCF (Basis A) Calculated 'H and 3C Chemical Shifts (6, ppm Relative to TMS = 0.0 ppm)
on the MP2(Full)/Basis A Optimized Geometries?

molecule Cy Cz Cs Cs Cs Ce H(Cy) H(Cs) H(Cys) H(Cs) H(Ce) H(OH)
5 6 calc 1557 1105 1313 1181 1328 1152 6.7 7.6 7.1 7.8 7.4 4.2
\

3 2 H

5 6 exptl> 1551 1157 130.1 1214 130.1 115.7 6.7 7.1 6.8 7.1 6.8
O

3 2
M =Li 166.5 116.7 131.7 1106 131.7 116.7 6.9 7.5 6.5 7.5 6.9

exptl® 167.8 119.9 1284 1145 1284 1199

M = Na 171.0 116.0 1321 107.7 1321 116.0 6.7 7.4 6.3 7.4 6.7
M=K 179.7 1151 1322 1064 1322 1151 6.6 7.2 6.1 7.2 6.6
M =Rb 179.9 1159 1325 106.2 1325 1159 7.2 7.5 6.3 7.5 7.2
M =Cs 1789 116.0 1321 1069 1321 116.0 7.4 7.6 6.4 7.6 6.4
M=- 182.3 1154 1317 915 1317 1154 6.3 7.0 5.1 7.0 6.3

a See Table 1 for details. ® Reference 51. ¢ Reference 13h (THF, —80 °C).

Table 13. GIAO-SCF (Basis A) Calculated 'H and
13C Chemical Shifts (4, ppm Relative to TMS = 0.0
ppm) on the MP2(full)/Basis A Optimized
Geometries?

molecule Ci C, H(Ci) H(Cy) H(C;) H(OH)
P 1 OH calc 151.0 84.6 6.9 4.2 4.0 4.1
H,C=C{_
M
/O/
HZC_C\H
M = Li calc 160.0 80.0 7.4 3.9 3.2
exptl® 158.0 81.0
M = Na 1639 73.8 75 3.5 2.9
M=K 166.2 716 7.6 3.5 2.8
M = Rb 166.9 706 7.6 34 2.7
M =Cs 166.8 71.8 7.7 3.5 2.8
M= - 176.5 51.3 84 2.7 1.5
M
SN
HZC/=‘C<O
H

M = Li 179.6 649 8.6 3.1 3.2
M = Na 183.9 58.6 8.7 2.6 2.9
M=K 180.0 62.1 8.1 2.6 2.7
M =Rb 179.3 62.8 8.1 2.5 2.5
M = Cs 1755 67.3 8.0 2.6 2.8

a See Table 1 for details. ? Reference 36 (1.2 M, —86 °C, THF).

for this purpose,*® although the paratropic ring current
effects on the outside of rings are relatively small.5° The
capability of the newer quantum chemical programs?®
to compute various magnetic properties facilities their
wider application.

In particular, magnetic shieldings can be computed,
e.g. at the center of rings, where the diatropic effects
are quite large.’® Our NICS aromaticity criterion® is
based on such computed absolute shieldings, with the
sign reversed to confirm to the experimental NMR
chemical shift conventions (minus = upfield). The
NICS(0) for benzene, —9.72 (Table 14), may be thought
of as the chemical shift of a hypothetical noninteracting
atom in the center of the ring. Table 13 also includes
NICS(n) data, i.e. computed at arbitrary points n A
above the ring centers. These NICS (n) values are
typically larger than NICS(0) (due to the paratropic local

(49) (a) Pople, J. A. J. Chem. Phys. 1956, 24, 1111. (b) Jackman, L.
M.; Sondheimer, F.; Amiel, Y.; Ben-Efraim, D. A.; Gaoni, Y.; Wolovsky,R.;
Bother-By, A. A. J. Am. Chem. Soc. 1962, 84, 4307. (c) Oth, J. F. M.;
Woo, E. P.; Sondheimer, F. 3. Am. Chem. Soc. 1973, 95, 7337. (d)
Sorensen, T. S.; Whitworth, S. M. J. Am. Chem. Soc. 1990, 112, 8135.

(50) (a) Pople, J. A.; Untch, K. G. J. Am. Chem. Soc. 1966, 88, 4811.
(b) Sondheimer, F. Acc. Chem. Res. 1972, 5, 81.

shielding effects of the 0 CC and CH bonds in the ring
plane)5! but generally are parallel in behavior. Conse-
guently, only the NICS(0) values, simply called “NICS”
are discussed.

To what extent does ion pairing influence the aroma-
ticity of phenolates? The results of our NICS?® calcula-
tions are summarized in Table 14. The phenol NICS
(—10.83) is greater than the benzene NICS (—9.72). The
free phenolate anion NICS is much less (—6.25, or about
58% of the phenol value), which can be rationalized by
the reduction of aromaticity due to the predominance
of the quinonoid structures 5f or 5g. lon pairing due
to the gegenion reduces such charge distribution; reso-
nance structures 5b—e are less important in the meta-
lated phenolates. The NICS values of the alkali phe-
nolates increase down the group from Li to Cs as the
O—M distance increases; nevertheless, the charge lo-
calization effect is still very effective for cesium.

In addition to NICS, we also evaluated other magnetic
criteria of aromaticity,?° e.g. the diamagnetic suscepti-
bility exaltation (A, ppm cgs)®?? and the diamagnetic
susceptibility anisotropy (xanis, Ppm cgs)?? to assess the
aromaticity of phenol, the phenolate anion, and lithium
phenolate. A, the only measurable property which is
uniquely associated with aromaticity,?! is defined as the
difference between the bulk magnetic susceptibility (ym)
of a compound and the susceptibility (ym) estimated
from an increment system for the same structure
without cyclic delocalization (A = ym - xw).2%° In this
paper, A is derived from the homodesmotic eq 6 using
the CSGT data.®!

oM oM
A
= /I/ /:/ +2
| 1

The reduced aromaticity of the free phenolate anion
also is demonstrated by the smaller magnetic suscep-
tibility exaltation of A = —9.1, only 59% of A = —15.5
for phenol (see Table 15). lon pairing increases the
magnetic susceptibility exaltation for lithium phenolate
(A = —14.4) relative to the free anion. Hence, phenol
and the ion-paired alkali-metal phenolates have more

N F

3z e

(51) Waugh, J. S.; Fessenden, R. W. J. Am. Chem. Soc. 1957, 79,
846.

(52) Hesse, M.; Meier, H.; Zeeh, B. Spektroskopische Methoden in
der organischen Chemie; Thieme Verlag: Stuttgart, Germany, 1984.
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Table 14. GIAO-SCF (Basis A) Calculated Nucleus-Independent Chemical Shifts (NICS)2 on the MP2(full)/
Basis A Optimized GeometriesP

molecule NICS(0) NICS(0.5) NICS(1) NICS(1.5) NICS(2) NICS(2.5) NICS(3)
CoHs -9.72 —11.54 —11.54 -8.39 -5.33 —3.36 —2.18
CeHsOH -10.83 —-11.99 -11.26 -7.97 —4.99 -3.11 —2.01
CeHsOLi -9.91 -10.80 -10.31 -7.36 —4.64 -2.90 -1.88
CeHsONa -9.15 -10.38 -9.98 -7.15 —451 -2.83 -1.84
CeHsOK -8.80 -10.19 -10.05 -7.31 —4.67 -2.98 -1.97
CeHsORD -7.95 -9.32 -9.19 —6.52 -3.98 -2.38 -1.46
CeHsOCs -7.53 -8.90 -8.76 —-6.11 —3.61 —2.06 -1.18
CoHsO~ -6.25 —751 ~7.60 -5.53 —2.24 —1.48 -1.01

a See ref 19. ® See Table 1 for details. ¢ NICS(n): NICS computed n A above the ring center.

Table 15. Becke3LYP/6-31G* Computed Magnetic
Susceptibilities Exaltations (A) and Anisotropies

(Xanis) (PPM cgs)

molecule Ktot A Xanis
CeHsOH —-52.5 —15.5 —62.0
CeHsO~ —47.5 —9.1 —45.7
CeHsOLi —52.5 —-14.4 —58.8
CsHs —46.1 —16.7 —69.6

OH —-30.4 -13.1
/)\/

oM —315 —15.3
N

o -31.8 -13.5
/)v
o~ —22.8 —-17.4
= —-13.0 -9.6

aromatic character than the phenolate anion. The
computed anisotropies yanis for the molecules 5—7 (see
Table 15) follow the same trend as the other criteria of
aromaticity (A, NICS) which indicate that the phenolate
anion has only about 60% of the aromaticity of phenol.

Conclusion

lon-pair interactions influence the geometries, the
charge distributions, the 13C chemical shifts, and other

magnetic properties, as well as the reaction energies of
alkali-metal enolates and phenolates, but do so to
similar extents. Hence, phenolates are suitable as
models for enolates. The presence of an alkali-metal
cation counteracts much of the stabilization of the free
anion. The charge-localizing effect is still effective at
long M—O distances, since electrostatic interaction
energies decrease only with the inverse of the distance.
The geometry and electronic structure of the free
phenolate anion indicate the importance of quinoid
resonance structure 5f or 5g. The conventional repre-
sentation 5a is misleading in this sense. The p-7
delocalization in the free anion reduces the aromatic
character to about 60% of that of phenol (based on
geometrical and magnetic criteria), but the aromaticity
is largely restored in the alkali-metal ion pairs due to
the charge-localizing effect of the positive counterions.
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