4932 J. Am. Chem. So@001,123,4932-4937

DFT Study of the Effect ob-Ligands on the Structure of Ester
Enolates in THF, as Models of the Active Center in the Anionic
Polymerization of Methyl Methacrylate

Alexander V. Yakimansky' and Axel H. E. Muller*

Contribution from the Makromolekulare Chemie Il and Bayreuther InstitutvfakromoleKkiforschung,
Universita Bayreuth, D-95440 Bayreuth, Germany

Receied August 2, 2000

Abstract: A Density Functional Theory (DFT) study was carried out on structures of the lithium ester enolate
of methyl isobutyrate (MIB-Li) in THF solution, in the presence of TMEDA, dimethoxyethane (DME), crown
ether 12-crown-4, and cryptand-2,1,1, as electron donor ligartigands). Both specific solvation with THF
and/or ligand molecules and nonspecific solvation by the solvent continuum were taken into account. The
possibility of ligand-separated ion pair formation was analyzed for each of the ligands, including THF alone.
In most cases peripherally solvated dimers are the most stable species. Only in the presence of cryptand-2,1,1
was a ligand-separated triple ion pair, (MIB-Li-MIB)THF),,Li(2,1,1)", shown to be comparable in stability

to the THF-solvated dimer, (MIB-L}){THF)s. These results are in agreement with experimental NMR data on
the structure of MIB-Li in the presence of DME, 12-crown-4, and cryptand-2,1,1. An upfield shift d#Ghe

NMR signal of thea-carbon of MIB-Li observed in the presence of cryptand-2,1,1, originally attributed to a
ligand-separated monomer, MiR.i(2,1,1)", was well reproduced by Hartre&ock calculated NMR shifts

for the predicted ligand-separated triple ion pair.

Introduction which exchange only slowly on the polymerization time scale.
According to a recent DFT study on the aggregation of methyl
a-lithio isobutyrate (MIB-Li) in nonpolar medi& the hexamer
(MIB-Li)s is the most stable among such aggregates, in
agreement with high aggregation degrees observed by vapor-
phase osmometfyand NMRX2 Moreover, an intramolecular

. . A . Claisen condensation is an important terminating (“back-biting”)
|sobutyrat_es and propionates have been e_xtenswe!y_ StUd'eq 3¥eaction, especially remarkable in nonpolar solvents due to
monomeric models stl_ruct_urally correspondlng to a living chain the solvation of terminal counterions by ester groups of
end in these polymerization processes. Their strong tendencypenultimate monomer unit§. Therefore, polar solvents, like
to aggregate in both crystalline sth¥end solutiofi” has been ' | :

idel ized as th ‘i want w determini THF, with strong affinity to the counterion are necessary to
widely recognized as thé most important property determining cpieve a control in the polymerization of MM&:19 Vapor-
the polymerization rate and molecular weight distribufion.

pressure osmomefrghows that lithiated isobutyrates are less

Enolate ions and ion pairs are ubiquitous intermediates in
many organic reactionsAmong them, lithiated ester enolates
are most important in polymer chemistry as initiators and active
centers of the anionic polymerization of (meth)acrylic mono-
mers, e.g., methyl methacrylate (MMA§. Thus, lithiated

In nonpolar solvents, polymerization of MMA by-lithio aggregated in polar solvents, the average degree of aggregation
esters does not have controlled character as indicated by VeNheingn = 2—4 in THF. These findings were confirmed B{C
broad and multimodal molecular weight distributichd? In and ’Li NMR studies of Wang and Teyssiewho found a

addition to side reactions, this may be attributed to the dynamic equilibrium between MIB-Li dimers and tetramers in
coexistence of various aggregated species of different reactivity THE the tetramer being more stable at higher temperatures.

! 20 S
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(Hartree-Fock) and semiempirical studies of (MIB-Ligg-
gregates f = 1, 2, and 43! have shown that aggregation
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DFT calculations of MIB-Li in the presence of LiCl in THF
have shown that LiCl forms stable mixed aggregates with ester

stabilizes the structures but reduces the electron densities orenolates which model the PMMA living chain ends, thus

the G, atoms of the enolates, leading to (calculated) downfield

preventing them from self-aggregating. It was also found that

13C NMR shifts for these atoms, in reasonable agreement with mixed dimers of MIB-Li with LiCl may adopt (without high

the observed shifts. However, specific solvation of (MIBpLi)

aggregates with THF molecules was studied only semiempiri-

cally in that paper. Recently performed DFT calculations of
different MIB-Li aggregates with explicit inclusion of THF
solvatiorf? have confirmed the experimental findifg&23that
the MIB-Li dimer, solvated with 4 THF molecules;(MIB-
Li)2(THF),, is enthalpically the most stable aggregate in THF
solution.

energy losses) a rather reactive zwitterionic form.

The main focus of the present paper is on the quantum-
chemical DFT study of the structures and relative stabilities of
MIB-Li ion pairs in the presence of variousligands. Correla-
tion of results obtained with kinetic and spectroscopic data for
THF solutions of ester enolates in the presence of cryptands,
crown ethers, glymes, or diamines is established.

Methods

Aggregation of ester enolates results in a drastic decrease of

their reactivity as initiators of anionic polymerization. In
particular, in the anionic polymerization of MMA, initiated by
MIB-Li in THF, aggregates of the active chain ends have been

All guantum-chemical calculations were carried out employing the
TURBOMOLE packag® of ab initio quantum chemical programs
within the framework of the DFT approa¢hThe geometries of all
studied structures of the type (MIB-kfligand)(THF), were completely

shown to be some orders of magnitude less reactive thanogptimized.

nonaggregated ion paif$zurthermore, a rather slow exchange

For the DFT geometry optimizations, Becke’s exchange poténtial

between aggregated and nonaggregated chain ends has beend Perdew's correlation potentialwere used. This set of DFT
shown to lead to a considerable broadening of the molecular Potentials, hereafter referred to as BP86, was used in the RI

weight distributior24 There are a number of successful attempts
to cope with these problems with ligand additives of gheype
(e.g., Li or Na alkoxided,102526 |iCl,827.28 iC|(04,2930 Al
alkyls?1=33), o-type (electron donors, e.g., linear and cyclic
oligoetherd®3+36 and oligoamined!3° cryptand3*49, ando,u-

type (e.g., alkoxyalkoxidés43. As indicated by kinetit® and
NMRZ2 data, some of the-ligands, especially cryptands, seem
to promote the formation of ligand-separated MIB-Li ion pairs
as the only type of active site, thus enhancing both reactivity
of the initiator and control of the polymerization.
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formalism#’~4° TURBOMOLE split valence plus polarization (SVP)
basis set¥ of 6-31G* quality were employed. For the fitting of the
Coulomb potential within the RI formalism, Ahlrichs’ auxiliary basis
setd®51 have been used. No frequency calculations were made. The
details about contraction schemes and polarization function exponents
for each element are described in a recently published paper.

For all the structures optimized at the SVP/BP86 level, single-point
energy calculations at the TZVP/B3-LYP level were performed with
Karlsruhe TZVP basis sets, consisting of TZV basis%etktriple-¢
quality augmented with polarization functions for all non-hydrogen
atoms!? and Becke’s 3-parameter functioffalvith the correlation
potential by Lee, Yang, and P&frFor some of the considered systems
emphasized in the discussion, the effect of inclusion of diffuse
s-functions into the TZVP basis on the stability of ligand-separated
ion pairs was checked. This level of calculation will be referred to as
TZVP+/B3LYP. The diffuse s-functions added had the exponents of
0.024, 0.046, 0.034, and 0.026 for carbon, oxygen, nitrogen, and
hydrogen atoms, respectively, correspondingtp of the lowest
s-exponent in the TZVP basis sets for these atoms. As the TZVP basis
set for lithium contains a rather diffuse s-function with the exponent
of 0.029, no other diffuse functions for lithium atoms were added.

In some cases®*C NMR shifts on atoms of interest (mostly
a-carbons of MIB-Li moieties) were calculated by the GIAO-SCF
method® implemented into the TURBOMOLE prografrand compared
with relevant experimental data. For the NMR shift calculations of all
structures studied, Hartre€&ock molecular orbitals were calculated
at the SVP/BP86-optimized geometries with the TZVP basis sets.

For all considered structures of the type (MIB-+|(ilgand)(THF)y,
the values of the averaged energy per one MIB-Li moleé&i{#11B-
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Table 1. Calculated Nonspecific Solvation Energi&sgs for
Isolated Ligand Molecules

ligand symmetry Enss kJ/mol
THF C —6.4
TMEDA C, -2.9
DME C —-9.7
12-crown-4 Ci —18.1
cryptand-2,1,1 Ci —18.0

Li) n(ligand)(THF),], were calculated as a comparable stability param-
eter:

E = (Un){E[(MIB-Li) ,(ligand)(THF),] — x-E(ligand)—
y-E(THF)} (1)

whereE[(MIB-Li) (ligand)(THF),] denotes the minimized total energy
of the particular structure ang(ligand) andE(THF) are minimized
total energies of the isolated molecules of the given ligand and THF,
respectively.

In addition to the specific solvation, taken into account by the explicit
inclusion of THF molecules into the considered complexes, their
nonspecific solvation by the solvent continuum is of importance, as
far as the stability of solvent- or ligand-separated ion pairs is concerned.
Nonspecific solvation energiek,ss of all structures were calculated
semiempirically at the SVP/BP86-optimized geometries by using the
solvent-continuum model implemented into the modified MOPAC
6.0 program. MNDO parametrizatighwas used. The solvent polarity
was characterized by its dielectric constanfThe results presented in
this paper were obtained fer= 12.13, corresponding to the dielectric
constant of THF at low temperature, abot70 °C, at which MMA
anionic polymerization typically proceeds. Average values of non-
specific solvation energies per MIB-Li moleculg,ss were calculated
analogously to eq 1:

Enos= (L) E, J(MIB-Li) n(ligand)(THF),] — x-E¢{ligand)—

Y'Ens{THF)} (2)

The Enss values for isolated THF and other ligand molecules are
presented in Table 1.

Results and Discussion

As mentioned in the Introduction, our recent DFT studies of
the aggregation behavior of MIB-Li in THF soluti&hhave
shown that the MIB-Li dimer solvated with 4 THF molecules,
(MIB-Li) o(THF),, is enthalpically the most stable structure of
contact ion pair type, in agreement with the experimental
data’2%23Qur calculations showed that addition of one more
THF molecule to this aggregate leads to breakage of or®Li
bond and formation of a zwitterionic complex, (MIB-k(J HF)s.

The latter was calculated to be less stable than (MIBELHIF),

by ca. 5 kJ/mol per MIB-Li molecule, but had a higher electron
density on thex-carbon atoms. The calculaté¥C NMR shifts

for the a-carbon atoms are by 2:8.5 ppm to higher field
compared to (MIB-Li}(THF)4.22 These data are reproduced in
Table 2 for the sake of comparison with corresponding data for
solvent- and ligand-separated ion pairs of MIB-Li discussed
below.

Stabilities of Solvent-Separated lon Pairs in Ligand-Free
THF Solution of MIB-Li. It is clear that any structure of a
solvent-separated ion pair should include the [Li(THFxation.
Approximate semiempirical estimations have shefwthat
solvent-separated ion pairs with the monomeric Mi&un-

(57) Chudinov, G. E.; Napolov, D. V.; Basilevsky, M. €hem. Phys.
1992 160, 41.

(58) Dewar, M. J. S.; Thiel, WJ. Am. Chem. S0d.977, 99, 4899.

(59) Yakimansky, A. V.; Mller, A. H. E. Unpublished results. publica-
tion.

Yakimansky arlémiu

Figure 1. Optimized structure of a THF-separated ion pair (MIB-Li-
MIB) ~(THF),/Li(THF)s* (hydrogens are not shown).

teranion are far less stable than the dimeric contact ion pair
(MIB-Li) 2(THF)4, while those with the (MIB-Li-MIB) triple
anion may have a comparable and (as will be shown later) even
higher stability than that of the contact ion pairs. The crucial
role of similar triple anions, (CtLi—CI)~ for the ionogenic
equilibria of LiCl in polar solvents has been found experimen-
tally®® and confirmed by DFT calculatior#3.Triple ions have
also been observed in the anionic polymerizations of st§téhe
and vinyl pyridine®3 Triple anions of organolithium compounds
were found by X-ray structural analysis for some of their ate
complexes with electron donor ligan®s®®> Thus, tris(trimeth-
ylsilyl)methyllithium forms with THF4 and TMEDASS-
separated ion pair adducts of the form (SH4E—Li—
C(SiMey)s~,Li(THF)4t  and (SiMe)sC—Li—C(SiMe3)s™,-
Li(TMEDA) ;*, respectively.

The optimized structure of a THF-separated ion pair (MIB-
Li-MIB) ~(THF),,Li(THF)4* is shown in Figure 1. The Li atom
in the triple anion is specifically solvated with 2 THF molecules
as has also been found energetically favorable for the l(Ct+
CI)~ triple anion?2 The structure is characterized by tfe
symmetry axis passing through the two Li atoms, which is also
a structural feature for all ion pairs discussed below. The
calculated relative energies for this and other ion pairs are
collected in Table 2.

It is seen from Table 2 that even at= 12.13, the solvent-
separated ion pair (MIB-Li-MIB)(THF),Li(THF)4" is by ca.
20 kJ/mol (at the TZVP/B3LYP level of theory) per one MIB-
Li molecule less stable than the contact ion pair (MIBzLi)
(THF),.

Stabilities of Ligand-Separated lon Pairs in THF Solution
of MIB-Li in the Presence of TMEDA. The dimeric contact
ion pair (MIB-Li)2(TMEDA), (Figure 2a) and two structures
of TMEDA-separated ion pairs of MIB-Li (Figure 2b,c) were
calculated. In one of the latter two, the Li atom in the triple
anion is solvated with two THF molecules (Figure 2b) and in
the other one with one TMEDA molecule (Figure 2c). As seen
from Table 2, the former of these two TMEDA-separated ion
pairs, (MIB-Li-MIB) ~(THF),/Li(TMEDA) ", is more stable
than the latter, but it is of almost the same stability as the

(60) Van Beylen, M.; Van Lierde, P.; Zimm, B. H.; Szwarc, M.
Macromol. Rapid Commurl997 18, 113.

(61) Bhattacharyya, D. N.; Lee, C. L.; Smid, J.; Szwarc, MPhys.
Chem.1965 69, 624.

(62) Bhattacharyya, D. N.; Smid, J.; Szwarc, MAm. Chem. So2964
86, 5024.
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Table 2. Relative DFT Energies for the lon Pairs of MIB-Li Calculated at the SVP/BA&3/P/B3LYP (in bold), andTZVP+/B3LYP (in

bold italic) Leveld

sym/ AE, Enss Enss” A(E + Enss
structure figure no. or ref o, ppnf) kJ/mol kJ/mol kJ/mol kJ/mol
(MIB-Li) o(THF)4) ref 22 C, 0 —44.2 -9.4 0
74.2 0 0
0 0
(MIB-Li) o(THF):?) ref 22 C 5.7 -52.6 -10.4 47
70.6; 71.6 10.7 9.7
(MIB-Li-MIB) ~(THF)/(THF)4Li * 1 C, 26.9 —-81.9 -21.8 145
32.2 19.8
(MIB-Li) (TMEDA), 2a C, 17.0 —36.7 —15.5 10.9
7.0 0.9
(MIB-Li-MIB) ~(THF),/Li(TMEDA) ;* 2b C, 36.3 —75.1 —28.3 17.4
36.6 17.7
(MIB-Li-MIB) ~(TMEDA)4/Li(TMEDA) ,* 2c C, 47.7 —66.0 —28.7 28.4
42.0 22.7
(MIB-Li) ,(DME)2 3a C, 22.3 —59.5 —20.0 11.7
18.8 8.2
(MIB-Li-MIB) ~(THF),/Li(DME) ;" 3b C, 33.9 —97.6 -32.7 10.6
38.0 14.7
(MIB-Li-MIB) ~(DME)/Li(DME) ;" 3c C, 36.9 —78.0 —24.5 21.8
40.1 25.0
(MIB-Li) »(12-crown-4), 4a C, 25.7 —60.3 -12.0 23.1
35.8 33.2
(MIB-Li-MIB) ~(THF),/Li(12-crown—4)," 4b C, 155 —89.0 —20.0 4.9
30.4 19.8
(MIB-Li-MIB) ~(12-crown-4), Li(12-crown-4)* 4c C 31.3 —86.1 -15.9 24.8
50.6 44.1
(MIB-Li-MIB) ~(THF),/Li(2,1,1)* 5a C, 155 -83.1 —26.2 -1.3
66.4 20.0 3.2
20.7 3.9
MIB ~/Li(2,1,1),* (ligand-separated ion pair) 5b C 78.9 —99.9 —81.9 6.4
59.9 81.2 8.7
82.2 9.7
(MIB-Li)(2,1,1): (contact ion pair) 5c Cy 38.8 —47.4 —29.4 18.8
68.3 49.7 28.7
51.1 30.1

aTaken from ref 22b Calculated via eq 2 Calculated’*C NMR shift ata-carbon atoms? The absolute energies and absolute valueg of

(according to eq 1) in hartrees are given as Supporting Information.

(a)

ﬁgﬂ-‘

b (<)

Figure 2. Optimized structures of MIB-Li complexes with TMEDA
(hydrogens are not shown): (a) contact ion pair (MIB:MEDA)-,
(b) TMEDA-separated ion pair (MIB-Li-MIB)(THF)/Li(TMEDA) 2+,
and (c) TMEDA-separated ion pair (MIB-Li-MIBYTMEDA),Li-
(TMEDA),".

solvent-separated ion pair, (MIB-Li-MIBYTHF),,Li(THF) 4"
(at the TZVP/B3LYP level of theoryA(E + Ensd values are
ca. 18 and 23 kJ/mol, respectively). This result is in obvious
agreement with the experimental data revealing no accelerating
effect of TMEDA addition on the rate of MMA polymerization
in THF solution3® The MIB-Li dimer, solvated with two
TMEDA molecules, (MIB-Lip)(TMEDA),, was found (at the
SVP/BP86 level of calculations) to be less stable than the THF-
solvated dimer, (MIBLI) 2(THF)s. At the TZVP/B3LYP level,
the stabilities of the two contact ion pairs are comparable.
Stabilities of Ligand-Separated lon Pairs in THF Solution
of MIB-Li in the Presence of DME. The two most stable
structures of DME-separated ion pairs of MIB-Li are shown in
Figure 3b,c. In one of them, which could be denoted as (MIB-
Li-MIB) ~(THF),,Li(DME) ™, the Li atom in the triple anion is
solvated with two THF molecules (Figure 3b) and in the other
one with one DME molecule (Figure 3c). At both levels of
theory, the former is by more than 10 kJ/mol and the latter by
more than 20 kJ/mol per one MIB-Li molecule less stable than
the dimeric contact ion pair (MIB-L}THF), (Table 2). The
dimeric contact ion pair solvated with two DME molecules,
(MIB-Li) 2(DME), (Figure 3a), is also by almost 10 kJ/mol less
stable than the THF-solvated contact ion pair. Generally, the
stabilities of DME-separated ion pairs are similar to those of
the corresponding TMEDA-separated ion pairs, at least at the
TZVP/B3LYP level of calculations (Table 2). This coincides
with the lower reactivity of PMMA-Li in pure DMBS

(66) Mller, A. H. E. In Recent Adances in Anionic Polymerizatipn
Hogen-Esch, T., Smid, J., Eds.; Elsevier: New York, 1987; p 205.
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(a)

by,

(b) ©

Figure 3. Optimized structures of MIB-Li complexes with DME
(hydrogens are not shown): (a) contact ion pair (MIBADME),, (b)
DME-separated ion pair (MIB-Li-MIB)(THF),/Li(DME).", and (c)
DME-separated ion pair (MIB-Li-MIB)(DME),,Li(DME),".

{b)

(c)

Figure 4. Optimized structures of MIB-Li complexes with 12-
crown-4 (hydrogens are not shown): (a) contact ion pair (MIB-Li)
(12-crown-4), (b) 12-crown-4-separated ion pair (MIB-Li-MIB)
(THF)/Li(12-crown-4}", and (c) 12-crown-4-separated ion pair (MIB-
Li-MIB) ~(12-crown-4),Li(12-crown-4}".

Stability of Ligand-Separated lon Pairs in THF Solution
of MIB-Li in the Presence of 12-Crown-4.Figure 4 presents
the completely DFT-optimized structures of the MIB-Li dimeric
contact ion pair solvated with two 12-crown-4 molecules (Figure
4a) and 12-crown-4-separated ion pairs, (MIB-Li-MIBYHF),,-
Li(12-crown-4)* (Figure 4b) and (MIB-Li-MIB) (12-crown
4),Li(12-crown-4)* (Figure 4c). As seen from Table 2, the
ligand-separated ion pair with two 12-crown-4 and two THF
molecules, (MIB-Li-MIB) (THF),,Li(12-crown-4}™, is the most

Yakimansky arlémiu

& &
TR

Figure 5. Optimized structures of MIB-Li complexes with cryptand-
2,1,1 (hydrogens are not shown): (a) contact ion pair (MIB-Li)(2;1,1)
(b) (2,1,1)-separated ion pair MiA.i(2,1,1x", and (c) (2,1,1)-separated
triple ion pair (MIB-Li-MIB) ~(THF),,Li(2,1,1)+.

stable among the three structures, the other two being strongly
sterically destabilized due to bulkiness of the ligand molecules.
At the SVP/BP86 level of theory, the (MIB-Li-MIBYTHF),/
Li(12-crown-4)* structure is of slightly lower (although
comparable) stability than the contact ion pair (MIBATHF),

(A(E + Ensd, = 4.9 kd/mol). However, at the TZVP/B3LYP
level, it is much less stable&(l_E + I_Ensé, = 19.8 kJ/mol, Table

2). It should be noted that this ligand-separated ion pair could
also be disfavored by entropic contributions due to two fixed
ligand molecules. The combination of enthalpic and entropic
reasons can explain whHyC and’Li NMR studies of MIB-Li
aggregates in THF solution in the presence oti@vn-423 have
revealed only contact ion pairs with degrees of aggregation 2
and 4. No kinetic data for MMA polymerization in the presence
of crown ethers have been reported. Our results suggest that
the effect of crown ethers on the kinetics should not be very
pronounced.

Stability of Ligand-Separated lon Pairs in THF Solution
of MIB-Li in the Presence of Cryptand-2,1,1.Figure 5 shows
the completely optimized geometries of the three structures:
(MIB-Li)(2,1,1); contact ion pair (Figure 5a) and cryptand-2,1,1-
separated ion pairs, including the monomeric anion, MiB
Li(2,1,1)" (Figure 5b), and triple anion, (MIB-Li-MIB)-
(THF),,Li(2,1,1%™" (Figure 5c).

As seen from Table 2, at both levels of theory the triple ion
pair shown in Figure 5c is the most stable among these three
structures. It is also very close in stability to the THF-solvated
contact ion pair, (MIBLi) 2(THF); (A(E + Epsd = —1.3 and
3.2 kd/mol at the SVP/BP86 and TZVP/B3LYP levels of
calculations, respectively). A rather similar structure with a
caged Li cation was determined by X-ray structural analysis
of the complex of 2,1,1 with Lif’ A virtually complete
dissociation of the L1 bond was found, the distance between
these atoms exceeding 6.5 A. The distance of inter-ion separation
in the (MIB-Li-MIB) ~(THF),,Li(2,1,1)% " ion pair, which could

(67) Moras, D.; Weiss, RActa Crystallogr., Sect. B973 29, 400.
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be approximately characterized by the distance between the Liresult agrees with the experimental data for both TMEDshd

atoms, slightly exceeddé A (Figure 5). Moreover, it should be

oligoether ligand3? In contrast, the formation of the cryptand-

stressed that the Li and | atoms in the crystal structure of the 2,1,1-separated triple ion pair of MIB-Li (Figure 5c) was shown

ion pair I7,Li(2,1,1y" lie on the C, symmetry axis of the

to be energetically quite favorable in THF solution at all

complex, exactly as the two Li atoms do in the calculated considered levels of theory, including calculations at the

structure of the (MIB-Li-MIB) (THF),,Li(2,1,1)* ion pair.
The calculated comparable stability of the (MIB-Li-MIB)
(THF),,Li(2,1,1)* ion pair with respect to that of (MIB-Lj)

TZVP+/B3LYP level with diffuse s-functions. These data are
in general agreement with the experimerif&l and’Li NMR
data by Wang et aB It is important to emphasize that the

(THF)4 agrees with the experimental evidence for a much more structural features of the ion pai€{-symmetry and interionic

polar complex found by*C and’Li NMR studies of THF
solutions of MIB-Li in the presence of 2,122 The 13C NMR
signal for thea-carbon found for this very polar structure was
shifted by 5.5 ppm to higher field with respect to the signal of

the MIB-Li dimer in the absence of the additive. As presented

in Table 2, the difference\d, in the calculated3C NMR shifts
of thea-carbon atoms between the (MIB-k{JHF), and (MIB-
Li-MIB) ~(THF),,Li(2,1,1x" structures is ca. 8 ppm. The

separation) are in excellent agreement with those found experi-
mentally for 2,1,1-cryptated lithium iodid&. A tremendous
increase in rate was also observed in the polymerization of
MMA in the presence of N&2,2,2) countercatioff

Wang et af® have postulated that the counteranion within
the ion pair formed in the presence of cryptand-2,1,1 is the
monomeric MIB™ anion. However, our data on the calculated
stabilities and'3C NMR chemical shifts ofx-carbons for the

agreement with the experimental result mentioned above is2 1 1-cryptated complexes of MIB-Li point to the (MIB-Li-
excellent, taking into account the reported accuracy of the M|B)~(THF),,Li(2,1,1x" triple ion pair as the most probable

theoretical approach (710 ppm)&8

In the (MIB-Li)(2,1,1) contact ion pair (Figure 5a) the
calculated3C NMR shift of thea-carbon atom is rather similar
to that of the (MIB-Li-MIB)~(THF),,Li(2,1,1)* triple ion pair.
However, this contact ion pair is of rather low stability(€ +
Ens9 = 18.8 and 28.7 kJ/mol at the SVP/BP86 and TZVP/
B3LYP levels of theory, respectively). In contrast, the
MIB ~,Li(2,1,1x* ion pair (Figure 5b) is of comparable stability
(A(E + Ens9 = 6.4 and 8.7 kd/mol at the SVP/BP86 and TZVP/
B3LYP levels of theory, respectively) with respect to the (MIB-
Li-MIB) ~(THF),,Li(2,1,1)™ triple ion pair, but its calculated
Ao ~ 14 ppm (Table 2) is unrealistically large compared to
the experimental valueAy ~ 5.5 ppm)?3

one. Moreover, experimental X-ray data confirm the ability of
organolithium compounds to form THF-separated ion pairs
containing triple counteranions with respect to the Li(THHF)
cation%465 As further arguments for triple anions, it could also
be added that solutions of phenyllithium have been postulated
to contain Lir,Ph-Li-Ph ion pairs®® and those of 1:1 PhM

PhLi adducts to contain ion pairsPh-Li-Phr (M = Na, K,
Cs)/%"and a crystalline complex with the suggesteddructure

of NaOEt",Ph-Li-Ph is known?0.71
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Conclusions

The data of DFT calculations presented above clearly
demonstrate that TMEDA-, DME- and 12-crown-4-separated

ion pairs of MIB-Li are not sufficiently stable in THF solution

.hin), containing the atomic coordinates (in A) of the structures
in Figures 5 (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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