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Abstract: Ab initio HF-SCF calculations of the equilibrium geometries, energies,'8dANMR shifts of various
monomeric, dimeric, and tetrameric aggregates of the lithium ester enolate of methyl isobutyrate (MIB-Li) were
performed. It is shown that an enolate-like nonplanar structure of the MIB-Li monomer, in whidhtaraction
between the Li atom and=€C double bond is realized, is more stable than the planar enolate-like structure. The
energies of the two MIB-Li dimers consisting of the planar and nonplanar MIB-Li monomers, respectively, were
found to be nearly the same. However, the experiméd@NMR shifts for the MIB-Li dimer in THF agree with

those calculated for the planar stereocisomer. For the MIB-Li tetramer, two structures were found, namely, a cubic
and a nearly flat eight-membered-ring structure. The calculB@d\NMR shifts for the two tetramers are very
similar, but the cubic tetramer is considerably more stable than the flat one at the highest level of theory. Semiempirical
MNDO and PM-3 calculations of both specific and nonspecific solvation energies of MIB-Li aggregates solvated by
THF were carried out. It was found that the solvation effects decrease in the series mendiner > tetramer.

The calculated total solvation energies for MIB-Li aggregates are used to estimate the solvent effectbonitive

relative energies of the aggregates.

Introduction more stable than the tetramer, and the tetramer prevailing at
room temperature is due to its higher entropy compared to the
dimer. It seems obvious that the only reason for this entropic
relationship between the tetramer and the dimer could be a
higher degree of specific solvation of the dimer by THF
molecules, as compared to the tetramer, causing the decrease
in the solvent entropy.

Experimental data for ester enolates in nonpolar solvents like
toluene are more scarce than those for THF solution. Only ethyl
o-lithioisobutyrate (EIB-Li) shows a good solubility in toluene.
However, there are clear indications that the aggregation degree
is higher in this solvent than in THF. The suggestion that the
lack of the specific solvation by toluene is responsible for this,
seems to be reasonable. Thus, a value of degree of aggregation
higher than 6 has been obtained by vapor phase osmometry
measurements of EIB-I4. Therefore, one should expect the
tetramer to be considerably more stable than the dimer in toluene
solution and even the formation of hexamers and octamers
should be possible.

In order to interpret the NMR dat@n aggregation of MIB-

Li in THF, MNDO* calculations of several possible dimeric,
trimeric, and tetrameric MIB-Li structures, both nonsolvated
and solvated specifically by dimethyl ether (a model for THF),
were carried out by Dybal and’Kx® In that paper the dimeric
and trimeric MIB-Li structures with ester-like MIB-Li units:

Ester enolates are important models of the active centers in
the anionic polymerization of acrylates and methacrylates. Thus,
the knowledge of the structure of these models in polar and
nonpolar solvents is important for the understanding of the
corresponding polymerizationst3C and’Li NMR studies by
Wang et al. of the ester enolate of methyl isobutyrate (methyl
o-lithioisobutyrate, MIB-Li) in THF solution have revealed an
equilibrium between two species, one of them being the dimer
of the othet As vapor phase osmometry data have shown that
the aggregation degree of MIB-Li in THF at room temperature
is about 3.5, it has been concludédhat this equilibrium is
between the tetramer (MIB-Lj)and the dimer (MIB-Li). It
has been found that at room temperature the tetramer (MIB-
Li) 4 prevails, whereas at low temperature/@ °C) the tetramer
(MIB-Li) 4 and the dimer (MIB-Li} coexistt The AH andAS
values for the reaction of tetramer dissociation into two dimers
have been measuréddAH = —8.8 kJ/mol andAS = —55
J/(mokK).

In a more recentH, 6Li, 7Li, and 13C NMR study of MIB-Li
in THF 2 it has been claimed that two different trimers (MIB-
Li)s exist in the system in an equilibrium with the tetramer
(MIB-Li) 4 and the dimer (MIB-Li}. For the tetramer to dimer
dissociation, the values &H = —9.2 kJ/mol andAS = —52
J/(motK) have been fourdin good agreement with Wang's
data! These values mean that the dimer is thermodynamically (CH,),C(Li)—COOCH,
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known MNDO tendency to considerably overestimate the same DZ basis set as for the structure optimizations has been used.
strength of the €Li bond® However, they are unlikely from This basis set is referred to as TZD. The contraction patterns were for

the point of view of known crystal structures of similar Li(10s1p)/[6slp]and for Cand O (10s6pld)/[6s3pld]. Typically, the
compounds? accuracy of 13C-SCF-NMR shift calculations in simple organic

o . . . molecules is in the range of-13 ppm, but deviations up to-710 ppm
Ab initio calculations of different MIB-Li aggregates should may occur in more complicated cadés.

be helpful in this context. TheY allow the calculation of the To improve the energetics, single point MP2 calculations with the
structures and energies of possible aggegrates very accuratelygyp pasis set were performed. Since this basis set is rather small for

Due to computational costs, so far only Hartré®ck Self- correlated calculations, the quality of the energetics has been checked
Consistent Field (HF-SCF or simply SCF) calculations for the by MP2/TZD calculations on the dimers. It is found that the results
monomer have been publishedTwo slightly different struc- do not differ significantly as discussed below.

tures of the monomer MIB-Li were found at the 6-31G** level. Atomic charges are calculated through the Mulliken population
In one of these structures, the Li atom is situated almost in the analysis of the HF-SCF wave function.

plane formed by the carbonyl bond and thg &om. In the Semiempirical Calculations. All semiempirical calculations were

other one, the Li atom lies above this plane forming a kind of carried out on an IBM RS-6000 workstation employing a version of
7-complex with the enolate fragment. The latter structure is the MOPAC 6.0 program specially modified for the inclusion of the
more stable by ca. 3.6 kcal/mol than the former at the 6-31G** nonspecific solvation effects by the solvent continltdmin this
level. Both structL.Jre.s have to be considered as enolate-like, ag, o2 o & solute molecule is placed into a cavity of complex shape in

- he solvent continuum. This cavity is formed by the intersecting van
they are characterized by an almost doubte@bond (the bond  ger waals spheres surrounding the solute atoms. An algorithm for the

lengths are 1.35 and 1.38 A for these structures) and by aseif-consistent determination of a solvent polarization by a solute charge

considerably shorter distance between the Li atom and thedistribution and reverse polarization of the solute by the polarized

carbonyl oxygen atom as compared to that between the Li atomsolvent is realized?

and the G atom. The MNDC* and PM-32 parameters were used. Recently published
No calculations for higher aggregates have been publishedPM-3 parameters for Ef have been shown to be much better in

so far. Recent advances in computational chemistry and describing Li~C interactions than MNDO ones. It seemed interesting

computer hardware allow for theb initio treatment of systems to compare the MNDO results and PM-3 results for the systems with

with 60—100 atoms without symmetry and even more in cases strong O-Li interactions. .
where symmetry may be exploited. The geometries of all structures studied, both nonsolvated and

) . solvated specifically, were completely optimized in vacuum using the
In this study, we present the results of HF-SCF calculations gg (eigenvector following) procedure. These vacuum-optimized

of the structures, energies, and NMR chemical shifts of the MIB- geometries were used further for the calculation of the nonspecific
Li monomer, dimer, and tetramer. The energetics has then beersolvation energyE.ss as the difference between the values of heat of
improved through single-point second-order Mot&lesset formation, AHs, calculated in the solvent continuum and in vacuum.
perturbation theory (MP2Xxalculations. These gas phase results ~ For the calculations of.ss the following values of a solvent
should be compared to the data on the MIB-Li or EIB-Li state dielectric, ¢, constant were used: 7.42 for THF at room temperature
of aggregation in nonpolar solvents like toluene. To assess theand 12.13 for THF at-78 °C.1°

influence of polar solvents like THF, semiempirical calculations

which incorporate solvent effects have been performed. Both Results and Discussion

specific solvation (i.e., the formation of (MIB-LiXTHF » .

complexes with variousn and x values) and nonspecific Ab Initio Results (Gas Phase).In order to find the most
solvation (i.e., the effect caused by the solvent as a dielectric StaPle structures of the MIB-Li monomer, dimer, and tetramer,
continuum) have been considered. It should be noted that theHF-SCF geometry optimizations were performed. No symmetry

difference in the nonspecific solvation energies for the tetramer ©F Other constraints were applied in the calculations of the
and the dimer may affect the equilibrium between them. monomer and the tetramer. For the dim@,symmetry was
assumed. The nature of the minimum was checked by a

calculation of the second derivatives of total energy. No
negative eigenvalues were found which shows that the dimer
Ab Initio Calculations. All ab initio SCF geometry optimizations reaI_Iy hasC, Syrr_lmetry. To allow for direct Qompar!son with
and GIAO-SCF-NMR shielding calculations were performed using the ~ available experimental data, NMR chemical shifts of all
Karlsruhe TURBOMOLE quantum chemistry package on a 6-processor Optimized structures were calculated by means of the GIAO
SGI Power Challenge system. For the geometry optimizations, we used(gauge including atomic orbitals)-SCF-ansatz.
the TURBOMOLE split valence (SV) (7s3p)/[3s2p] basis ¥ets In all systems considered here, we found at least two stable
augmented with one d-polarization function for carbon (d exponent: structures for each aggregate. For the monomer and the dimer,
0.8) and oxygen (d exponent: 1.2), a SV (7s)/[3s] basis set for lithium the two structures differ by a planar and a nonplanar arrangement
augmented with one p-polarization function with exponent 0.17, and a of the C=C double bond and the £O bond. In the nonplanar
doublet (6s)/[2s] basis set for hydrogen. We refer to this basis set structures, there is a direct interaction between stheystem

(which is comparable to a 6-31G* basis set) as SVD. and one lithium atom, whereas this direct (attractive) interaction
The computation of NMR shifts requires more extended basis sets . Ithiu W IS d ( Ive) | I

than structure optimizations. F&IC-SCF-NMR shifts, basis sets of S Missing in the planar systems. However, these structures are
TZP quality are sufficient. In the present calculations, the Karlsruhe VETY close in energy Wh'_Ch ShOW?’ thgt the system does not gain
TZP basis setéfor Li, O, and C have been used. For hydrogen, the Much energy through this attractive interaction. All calculated

energies (as well as bond distances and angles) are collected in

Methods of Computation
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Table 1. Stabilization Energies per MonomeXE, of MIB-Li Table 3. Comparison of Calculated (SCF/TZD//SCF/SVD Level
Aggregates at Various Levels of Theory of Theory) and ExperimentadfC NMR Chemical Shifts (in ppm
AE, kJ/mol with Respect to TMS) of MIB-Li Aggregates
monomer dimer monomer
non- non- tetramer planar nonplanar
planar planar planar planar planar cubic —0 169.6 176.7
SCF/SVD//SCF/SVD 2.1 0 —121.1 —117.3 —168.4 —174.1 Co 50.8 44.5
SCF/TZDI//SCF/SVD 1.6 0 —115.3 —110.2 —159.8 —161.5 dimer
MP2/SVD//SCF/ISVD 12.5 0 —-117.1 —120.4 —176.3 —186.2
EIB-Li,2 planar expt:

planar  for comparison  nonplanar —80°C, THF

Table 2. Comparison of Important Bond Lengths (A) for the

SCF/SVD Optimized Geometries of MIB-Li Aggregates C=0 164.1 163.9 164.5 158.9

- Cq 66.8 67.2 58.3 65.8

monomer dimer tetramer
. tetramer
planar nonplanar planar nonplanar planar cubic

— expt: EIB-Li2 expt:
C=C 1.356 1.387  1.342 1.362 1.335 1.335 : _Aano 9 _ano
C=0 1279 1262 1298 1284 1297  1.312 planar __ cubic 60°C, toluené® —80°C, THF
Li-O 1.721 1.802 1.804 1.943 1.80/1.90 1.91/1.94 C=0O 1619 162.3/162.4 158.5/159.2 160.5
L-C* 2964 2246 3.119 2458 3.606 3.241 Cq 78.8 77.9/78.1 76.5/78.5 72.5/73.5

a Ethyl o-lithioisobutyrate.

(4
Lo)

L

Figure 2. Optimized geometry of the nonplanar MiBLi monomer at
the SCF level.

More pronounced differences can be found in the calculated
Figure 1. Optimized geqmetry of th_e pla_nar MiBLi monomer at the 13C-NMR shifts (Table 3). We find a high-field shift of the
oo ot o o e et A s g CAEO1 (60,8 ppr) ith  Mllken charge o 49 for e
ag sugporting information Y- 9 9 planar structure compared to 44.5 ppm and a charge0o66
' for the nonplanar one. It should be noted that the MIB-Li
the supporting information. For all considered structures the Monomer itself is rather hypothetical and perhaps only stable
stabilization energies per monomer, in the gas phase. However, its structure may serve as a model
for the structure of the living ends of non-aggregated PMMA-
AE = E[(MIB-Li) ,J/n — E(MIB-Li) Li chains, the existence of the latter ones during the polymer-
ization of MMA being very probable on the basis of kinetic
reflecting the relative stabilities of the structures, are presentedand viscosity studie¥. This may be due to the steric hindrance
in Table 1. exerted by the polymer chain. Moreover, the results obtained
In the tetrameric aggregates, the coordination number of the here for the MIB-Li monomer may be transferred to the higher
Li atoms is enlarged. Consequently, no interaction between anyadgregates. It is shown by these results thatotrwarbon of
C=C bond and Li atoms is found. The bond distances-(C the nonplanar monomer has a stronger carbanion character than

and G=0, Table 2) found in all structures are more typical of that of the planar one and is thus assumed to have a higher

enolate-like rather than of ester-like compounds. activity in anionic polymerization. This carbanion character is
We now discuss the various kinds of aggregates in more 'eflected in both the charges and the calculated NMR shifts.
detail. To make this point clear, we consider the shifts of an olefinic

(a) Monomer. Dybal and Ki75 already presented HF-SCF  double bond. The olefinic carbons are electrophilic and usually
calculations for the planar (Figure 1) and the nonplanar (Figure Show shifts at ~ 130140 ppm. The closer to the olefinic
2) monomer. Since our results are very similar, we refer to region the shift is, the less carbanion characterdhegarbon
their work for a discussion of structural details etc. In addition has. Here, in the case of the planar structure, we find shifts of
to their work, we performed MP2/SVD/MP2/SVD (MP2 thea-carbon a® ~ 50.8 ppm and, for the nonplanar structure,
energies at the completely MP2 optimized geometries with SVD 44.5 ppm (less olefinic than the planar one). This means that
basis) and single point MP2 energy calculations at the SCF the nonplanar structure has more carbanion character than the
geometry (MP2/SVD//SCF/SVD) to improve the assessment of Planar one, it is more nucleophilic. o
the relative stability of the structures. It turned out that the ~ (0) Dimer. The SCF geometry optimizations of the dimeric
nonplanar structure is the more stable one (by 13.6 kJ/mol) atSystems yield similar results: Two dimer structures were fognd,
the MP2/SVD//MP2/SVD level. This energy gap is too small namely a planar structure (Figure 3) and a nonplanar one (Figure
to allow for prediqtions concerning the stability at ambient (16) Kunkel, D.; Muler, A. H. E.; Lochmann, L.; Janata, Nakromol.
temperatures and in polar solvents. Chem., Macromol. Symp992 60, 315.
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Figure 3. Optimized geometry of the planar MiBLi dimer at the SCF
level.
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Q;\ . @\68\ Figure 5. Optimized geometry of the cubic MiBLi tetramer at the
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Figure 4. Optimized geometry of the nonplanar MiBLi dimer at the
SCF level.

4). On the best level of theory (MP2/TZD//SCF/SVP), the two
structures are almost isoenergetic; the difference is about 4 kJ/
mol (Table 1), the nonplanar structure being more stable at the
correlated level. This difference is smaller than our expected
errors (roughly 10 kJ/mol). It should be noted also that the
solvent effects, which cannot be accounted foraim initio
calculations, may readily change the sign of the difference. The
stabilization energy for the dimer SE ~ —120 kJ/mol in the

gas phase. This estimate has to be corrected by taking into
account solvent effects which we consider in the next section
by means of semiempirical techniques.

Similarly to the monomeric structures, the carbanionic
character of the-carbon is stronger in the nonplanar structure
(charge: —0.57) than in the planar one (charge0.47). The
corresponding calculated shifts lie at 66.8 (planar) and 58.3 ppm
(nonplanar) (see Table 3).

The agreement between the calculated shift for the planar
structure and the experimental one (65.8 ppm) found by Wang
etallis cor_1vincing. Thgs, it appears that the shift of the dimer or in nonpolar solvents, like toluene, the tetramers are more
measured in THF solution belongs to the planar structure.  gyahe than the dimers and the monomers. This stabilization of

(c) Tetramer. In the case of the possible tetrameric pigher aggregates is in accord with experimental data obtained
structures, the concept of filling up the coordination sphere of through vapor phase osmometrwhere higher degrees of
the electron-deficient L.i through electrpn-richer parts of MIB- aggregation (e.g. hexamers) have been shown to be possible in
Li becomes more flexible. We now find as the most stable (5 ene. In THF, however, the dimer has been found to be the

aggregates a cubic structure (Figure 5) and a nearly flat eight- 4t stable aggregate due to solvent effects which are discussed
membered-ring structure (Figure 6). below.

At the best level of theory (MP2/SVD//SCF/SVD), the cubic
structure is significantly (ca. 40 kJ/mol) more stable than the
planar one. This finding is in agreement with the X-ray data

Figure 6. Optimized geometry of the cyclic MiBLi tetramer at the
SCF level.

stabilization energies for the tetramers &€ ~ —180/-190
kJ/mol (see Table 1), which means that at least in the gas phase

The tetramers have shifts @ ~ 78 ppm and Mulliken
charges 0f-0.41 and—0.42, respectively. It is quite interesting
to note that the cubic structure and the eight-membered-ring

i niti i 3
for crystal\)llllne etster e'ﬂf)";(tg_s%‘g a't__) |n|tr|]o CaICLt‘)l_""t'otné tOf structure of the tetramer have the same shifts and charges. The
comparable systems (LiXX = " ).’W ere cubic Sructures o \cylated NMR ' shifts agree well with those measured by
were found to be most stable. It is interesting to note that the Schiaad et af? for EIB-Li in toluene. The effect of the alkyl

(17) Seebach, D.; Amstutz, R.; Laube, T.; Schweizer, W. B.; Dunitz, J. group of the ester on the calculated shifts of the planar MIB-Li
D. J. Am. Chem. Sod 985 107, 5403.

(18) Sapse, A.-M.; Raghavachari, K.; Schleyer, P. v. R.; Kaufmann, E. (19) Schlaad, H.; Kolshorn, H.; Mier, A. H. E. Macromol. Rapid
J. Am. Chem. S0d 985 107, 6483. Commun1994 15, 517.
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Table 4. Correlation between ENMR Shifts, Mulliken Charges, Table 6. PM-3 Calculated Values of Heats of Formatidxkls,
and the G=C Bond Lengths Calculated for the SCF/SVD//SCF/SVD Energies of Nonspecific and Specific Solvatidss and Ess and
Geometries of MIB-Li Aggregates Averaged Energies per MIB-Li moleculg, for the complexes
- (MIB-Li) n*XTHF
monomer dimer tetramer _
H Any Enss Ess E,
planar nonplanar planar nonplanar planar cubic complex c k3/mol  kJ/mol kd/mol k3/mol
shift (opm) ~ 50.8 ~ 44.5 668 583  ~78 ~78 MIB-Li, enolate-like 1  —3768 00 00 —3768
charge —0.49 —0.66 —0.47 —-0.57 —0.41 —0.42 742 —4165 —39.7 0.0 —416.5
bon/g length 1.356 1.387 1342 1.36 1.335 1.335 1213 —4211 —443 0.0 —421.1
A (MIB-Li) -2THF 1 -8715 00 —65.7 —4425
7.42 —912.1 —-40.6 —55.6 —472.1
Table 5. MNDO Calculated Values of Heats of Formatiaht, 12,13 —916.3 —44.8 —53.6 —474.7
Energies of Nonspecific and Specific Solvatidiss and Ess and (MIB-Li) -3THF 1 —-1101.1 0.0 —80.8 —457.6
Averaged Energies per MIB-Li Moleculd, for the Complexes 7.42 —1145.4 —44.3 —68.9 —485.4
(MIB-Li) n"XTHF 12.13 —1150.9 —49.8 —67.4 —488.5
= (MIB-Li) » 1 —-925.5 0.0 0.0 —462.8
Any Enss Ess E,
complex € kJd/mol kJ/mol kJ/mol kJ/mol 1;1% _gigg _ﬂg 88 _3;2‘71
MIB-Li, enolate-like 1 —460.9 0.0 0.0 —460.9 (MIB-Li) 2*2THF 1 —1373.8 0.0 —9.6 —472.4
7.42 —502.7 —41.8 0.0 —502.7 7.42 —1409.8 —18.0 —11.5 —484.9
12.13 -506.9 —46.0 0.0 —506.9 12.13 —14139 —20.1 —11.5 —486.2
MIB-Li, ester-like 1 —472.6 0.0 0.0 —472.6 (MIB-Li) 2*4THF 1 —1800.4 0.0 —84 —471.2
7.42 —498.1 —-255 0.0 —498.1 7.42 —1849.7 —24.7 —115 —484.9
12.13 -500.6 —28.0 0.0 —500.6 12.13 —1858.9 —29.3 —13.2 -—487.9
(MIB-Li) -2THF 1 —1051.8 0.0 —949 —-555.8 (MIB-Li) 4, cubic 1 —-17439 0.0 0.0 —436.0
7.42 —1098.2 —46.4 —89.5 —592.2 7.42 —17744 -7.6 0.0 —443.6
12.13 —-1102.4 -50.6 —88.7 —595.6 12.13 —-1777.8 -84 0.0 —444.4
(MIB-Li) -3THF 1 —1282.6 0.0 —77.7 —-538.6 (MIB-Li) 4, planar 1 —1982.7 0.0 0.0 —495.7
7.42 —1338.2 —55.6 —76.5 —579.2 7.42 —2012.4 -74 0.0 —503.1
12.13 —-1343.7 —61.1 -76.6 —583.5 12.13 —2016.6 —-8.4 0.0 —504.1
(MIB-Li) , 1 —1095.7 0.0 0.0 —547.9 (MIB-Li) #4THF, cubic 1  —2559.0 0.0 10.7 —425.3
742 —1126.2 —15.3 0.0 —563.1 7.42 —2602.9 —11.0 12.9 —430.7
12.13 —-1130.0 —17.2 0.0 —565.0 12.13 —2609.1 —12.5 129 —-4315
(MIB-Li) 2 2THF 1 —1628.5 0.0 —18.4 —566.3 (MIB-Li) #4THF, planar 1 —2764.3 0.0 19.1 —476.6
7.42 —1672.8 —22.2 —20.3 —583.4 7.42 —2835.8 —17.9 14.1 —489.0
12.13 —-1677.0 —24.3 —20.1 —585.1 12.13 —2851.7 —21.9 12.0 —492.1
(MIB-Li) 4THF 1 —2078.9 0.0 4.4 —543.5 THF 1 —2145 0.0
7.42 —2129.9 —-255 4.1 -559.0 7.42 —-220.0 -55
12.13 —2135.7 —28.4 3.9 -561.1 12.13 -220.8 -6.3
(MIB-Li) 4, cubic 1 -21705 0.0 0.0 —542.6
7.42 —2206.8 —9.1 0.0 —551.7 — .
1213 —22106 —10.1 0.0 —552.7 E = {AH{(MIB-Li) ,-XTHF] — xAH{(THF)}/n
(MIB-Li) 4, planar 1 —2311.0 0.0 0.0 -577.8

7.42 —23386 —-69 0.0 —5847 Also, the energies of specific solvatioBss and nonspecific

(MIB-Li) +-4THF, cubic 121'13 :éggég _7670 20:;,03 :g?g'g solvation,Esss per one MIB-Li molecule were determined:

7.42 —3116.0 —11.7 257 —526.0 _ _
12.13 —3121.0 —13.0  25.9 —526.9 Ess= {AH{[(MIB-Li) ,"XTHF] — AH{[(MIB-Li) ] —
(MIB-Li) #+4THF, planar 1 —3256.9 0.0 11.6 —566.2
) 7.42 —-3319.7 —157 7.8 —576.9 XAH{(THF)}/n

1213 —3326.8 —175 7.2 —578.3 .
THF 1 —2480 00 Enss= { AH{[(MIB-LIi) xTHF, solvent]—

742 —2530 —50 AH{[(MIB-Li) ,-XTHF, vacuum}/n
12.13 —253.4 -54

The results obtained by using the MNDO and PM-3 methods
and EIB-Li dimers is shown to be negligible. The charges on are compared in Tables 5 and 6. Generally, it can be seen that
the a-carbon and the NMR shifts (Table 4) clearly show that nonspecific solvation has a significant stabilizing effect on the
the carbanion (or nucleophilic) character of tlecarbon energies of all structures, whereas the effect of changing the
decreases due to aggregation. This trend, which is consistentemperature from 20(= 7.42) to—78°C (¢ = 12.13) is small.
going from the monomer through the dimer to the tetramer, is Therefore, in the following we will only discuss the data for
also reflected in the reactivity in anionic polymerization. —78°C (e = 12.13).

Semiempirical Results: Effect of Specific and Nonspecific (a) Monomer. Two monomeric structures of MIB-Li were
Solvations by THF. In order to estimate the solvent effect on calculated by the MNDO method, namely, an enolate-like and
the stability of the dimer with respect to both monomer and an ester-like one, the latter being more stable by ca. 12 kJ/mol
tetramer, complete geometry optimizations for several mono- in vacuum than the former (see Table 5). However, only an
meric, dimeric, and tetrameric structures, both nonsolvated andenolate-like structure corresponds to a local energy minimum
solvated specifically with different numbers of THF molecules, on the PM-3 potential surface, in agreement wa initio
were carried out. For all considered structures, the values of aresults. It already has been mentioned in the Introduction that
single stability parameter were calculated, which makes an easythis difference between the MNDO and PM-3 potential surfaces
direct estimation of their relative stabilities possible. It is an is due to an overestimation of the relative strength of theQ.i
averaged energy of one MIB-Li molecule in a complex (MIB- bond with respect to the HO bond by the MNDO method.

Li) n*XTHF (the systems witlm = 1, 2, 4 andx = 2, 3, 4 were For example, the difference between the; values of methyl
calculated): lithium and lithium methoxide is ca. 113 and 46 kJ/mol, in



8902 J. Am. Chem. Soc., Vol. 118, No. 37, 1996

@

@

C2

c 0
~ (5 €

&
5
Figure 7. (a) Completely optimized MNDO geometry of the (MIB-
Li)-2THF complex. (b) Completely optimized PM-3 geometry of the
(MIB-Li) -3THF complex.

Weiss et al.

Figure 8. (a) Completely optimized MNDO geometry of the (MIB-
Li)2:2THF complex. (b) Completely optimized PM-3 geometry of the
(MIB-Li) 2*4THF complex.

(b) Dimer. The completely optimized geometries of the
dimeric structure with enolate-like MIB-Li moieties (similar to

MNDO and PM-3 methods, respectively. Thus, PM-3 reduces theab initio planar dimeric structure), specifically solvated with

the difference between the strengths of-0 and Li—O bonds

two and four THF molecules, were found. The former, (MIB-

by ca. 67 kJ/mol, which results in the disappearance of the ester-|j),-2THF shown in Figure 8a, is predicted by the MNDO

like local minimum. However, it is worthwhile to note that
taking into account nonspecific solvation effect makesen
in the MNDO methoe-the enolate-like structure more stable

method as the most stable form (&ealues in Table 5), while
the two structures are almost equally stable according to the
PM-3 data (see Table 6). The MNDO data are in agreement

than the ester-like one (see Table 5). Therefore, the ester-likewith the results by Dybal and &5 obtained for the complexes

structure was not used in all subsequent calculations.

According to MNDO data (Table 5), the most preferable
structure of the monomer in THF solution is the enolate-like
structure specifically solvated by two THF molecules (Figure
7a). In this structure, the Li atom is coordinated with the
carbonyl oxygen, two THF oxygens, and one of the two methyl
carbons attached to the= double bond. This result is
consistent with the MNDO data by Dybal andiKrusing
dimethyl ether as the solveht.The most favorable PM-3
monomeric structure (see Table 6) is a (MIB-Bi)HF complex
(Figure 7Db), in which the Li atom is situated almost on the line
of the carbonyl bond and is coordinated with the carbonyl
oxygen and the three THF oxygens. Again, this difference

of (MIB-Li) » with dimethyl ether.

As seen from Tables 5 and 6, both the MNDO and PM-3
methods erroneously predict that the monomeric MIB-Li
structure is more stable in THF solution than the dimeric one
(compare the lowesE values for the monomer and dimer in
Table 5). However, the differendgg(dimer) — E(monomer)
between the total solvation energy values per monoiegr:
Ess+ Enss for the most stable monomeric and dimeric structures
characterizes the solvent effect on the dirfer monomer
equilibrium. As the data in Tables 5 and 6 show, the monomer
is much more stabilized by the solvent than the dimer, according
to both MNDO and PM-3 predictions. However, the difference
Ei(dimer) — Ei(monomer) for the most stable dimeric and

between the MNDO and PM-3 most stable monomeric structuresmonomeric structures is ca. 105 and 75 kJ/mol, according to

is due to overestimation of the +C attraction by the MNDO
method.

MNDO and PM-3 data, respectively. Thus, the specific and
nonspecific solvation effects lead to an increase itkevalue
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for the dimer (ca—120 kJ/mol, Table 1) by 75/105 kJ/mol. = Conclusions
The resultanAE value for the dimer is, however, still negative  ap initio calculations, carried out in the present study, made
(=15/-45 kJ/mol), which is in agreement with the absence of jt possible to determine the preferrable geometries of different
the monomer among experimentally found MIB-Li structurés.  \M|B-Lj aggregates. The chemical shifts found for these
(c) Tetramer. Two different tetrameric structures of MIB-  structures are in very good agreement with the experimental
Li were found by both MNDO and PM-3 methods, namely, a data*31° Semiempirical calculations were found to be helpful
slightly distorted cubic and an eight-membered ring structure, for estimating the polar solvent effect on the relative stability
which are analogous to the corresponding structures found byof the aggregates. Comparing the MNDO and PM-3 calculated
ab initio calculations. Both MNDO and PM-3 methods predict nonspecific and specific solvation energies (Tables 5 and 6),
the eight-membered-ring structure to be much more stable thanone can see that for the MIB-Li aggregates the results are very
the cubic one, which contradicad initio results. As seen from  Similar (the differences are ca. 10 kJ/mol). For the nonaggre-
a comparison of theE values for the bare and specifi- gated and thus highly charged MIB-Li monomer, the differences
cally solvated tetramers (see Tables 5 and 6), the specific P€tween the MNDO and PM-3 results are more pronounced,
solvation of both tetrameric structures is unfavorable, both in UP t0 ca. 35 kJ/mol. This value may be considered as an
the MNDO and PM-3 methods, which agrees with experimental @PProximate estimation for the error bar which has to be
findings that the entropy of the dimer is lower than that of the €XPected from these semiempirical calculations.
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