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Oligomers of methyllithium andert-butyllithium (R.Lin, n = 1—4; R = Me, t-Bu) as well as phenyllithium
(PhiLin, n = 1,4) have been studied by using density functional theory (DFT). Possible conformers of
methyllithium andtert-butyllithium oligomers were optimized at the B3LYP/6-BG* level, and relative
energies were evaluated at the B3LYP/6-3T(2d,p}+-ZPC//B3LYP/6-31#G* level. Optimized geometric
parameters of MeLi anttBuLi tetramers are in good agreement with available experimental and previous
computational results. Atomic charges from natural population analysis (NPA) indicate th@t hdnds

show dominant ionic character for methygrt-butyl, and phenyllithium oligomers. Comparison of atomic
charges among the oligomers indicates that lithium charges are almost independent of the size of the oligomer
or the identity of the ligand. NBO second-order perturbation energy analyses forytheometries of
methyllithium andtert-butyllithium tetramers indicate that the hyperconjugative interacid@H) — o*-

(Li)) favors the eclipsed conformer relative to the staggered conformer. In partieBlag, i, sShows significant
contribution to the hyperconjugative interaction frorp—&1 bonds as well as £&-Cg bonds. On the other
hand, the phenyllithium tetramer prefers a staggered orientation of the phenyl ring te-thdahd due to
similar hyperconjugative interactions in both orientations. Aggregation energies, computed at the B3LYP/
6-311+G(2d,p}+ZPC//IB3LYP/6-31-G* level, for the tetramers of methyllithiumt-butyllithium, and
phenyllithium are—124.4,—108.6, and—117.2 kcal/mol, respectively.

Introduction groups are eclipsed with respect to-O bonds int-BugLis,

o ) ] ) whereas the orientations of methyl groups are staggered jn Me
Alkyllithium compounds are particularly important in pre- |, 5
pﬁra}tl\t{e organic ?nd morglianlc chterlnlsttry as sltrong'b:]tsgs and In the solid state, phenyllithium is known to be a tetramer
alkylation reagents as well as catalysts in polymerization. with diethyl ether or a dimer with TMEDA, anéfC NMR

Th? large electronegativi_ty di_fferenc_e petween Ca”_oo_“ and spectra suggest that the nature of aggregation of phenyllithium
lithium generally results in oligomerization of alkyllithium 5 gy tion is expected to be similar to thatteft-butyllithium

species via multicenter bondi.ng. Formation .of alkyllithium depending on the solvent and the experimental conditiéhs.
oligomers depends on the choice of the organic group, solventgever, there is no known structural characterization on
molecule, and the other secondary ligahds. phenyllithium oligomers.

The simplest alkyllithium, methyliithium (Cti), is known Many theoretical calculations have been reported for meth-
to be a tetrahedral tetramefq(symmetry) in both the solid  yjjithium oligomers!8-27 Interactions within methyllithium
staté:® and the gas pha&¢ without solvent interaction. The  gligomers are found to be due mainly to electrostatic interactions
methyllithium tetramers also exist in solution with electron- petween lithium cations and carbanions. Using ab initio methods,

donor solvents, such as tetrahydrofuran (THF) and diethyl
etherl or chelating ligands (e.g., tetramethylethylenediamine,
TMEDA).!! In addition, aggregates of different size can exist
in equilibrium in solution. For example, the tetramelimer
equilibrium has been observed in ether solution.

tert-Butyllithium (t-C4HoLi), which is a structural analogue
of methyllithium, has been found to be tetrameric in the gas
phas&!?13and in hydrocarbon solventd!4whereas monomeric
and dimeric forms ofert-butyllithium are in equilibrium in THF
and diethyl ethet>16 The structure of-butyllithium tetramer
in the solid state ha$y symmetry where each face of theyLi
tetrahedron is capped bytart-butyl group!” It is interesting
to note that in the solid state the orientations of tie-butyl
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Schleyer and co-worke¥s determined the aggregation of
methyllithium dimer, trimer, and tetramer to be44.3 kcal/
mol, —79.0 kcal/mol, and-122.9 kcal/mol, respectively. They
also modeled solvation effects on the equilibrium between
different methyllithium oligomers by including secondary
ligands such as NHand HO. Bickelhaupt et al. refined
oligomerization energies of methyllithium dimer and tetramer
at the MP4SDQ level using MP2 geometries (dime42.8 kcal/
mol; tetramer;—131.5 kcal/mol}®>

However, theoretical studies aért-butyllithium and phen-
yllithium oligomers have not yet been reported. Although the
nature of bonding and aggregation tfrt-butyllithium and
phenyllithium systems may be expected to be similar to that of
methyllithium, questions concerning conformer preference
remain. Therefore, we provide theoretical calculationseof
butyllithium oligomers from dimers to tetramers and the
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C1 (Cap) C2 (Cyy) C3(Cav) C4 (Can)
Figure 1. Optimized geometries at the B3LYP/6-8G* level for methyllithium oligomers.

s i ; TABLE 1: Comparison of DFT Zero-Point Energy (ZPE)
phenyllithium tetramer as well as methyllithium oligomers. (hartrees) and Approximated ZPE for tert-Butyllithium

Structures, relative stabilities, and aggregation energies of Dimers and Trimers?
oligomers of RLi, R= Me, t-Bu, Ph are determined and

discussed oligomers P.G. approximated ZPE DFT ZPE
dimers F1 Con 0.2395 0.2394
. . F2 Ca 0.2395 0.2393
Computational Details F3 Co 0.2394 0.2392
The Gaussian 98 progr&fwas used for density functional tri Ei 82“ 8'5283 8'223%

9 calculations. It has been shown that DFT predicts fimers o ' '

theory (DFTJ® calculations. \ predic E2  GCs 0.3608 0.3612
more accurate geometries and energetics for organolithium E3 Cs 0.3608 0.3615

Compqunds than do Conventlonal ab initio methb”ﬁ?é;3ﬁ.*32 aThe ZPE is calculated at the B3LYP/6-8G* level. The “ap-

In partlcular, Hobza et al. pointed out that DFT calculations on proximated ZPE” is determined by taking the appropriate humber of
electrostatic molecular clusters compare well with MP2 resgilts. AZPE(-BuLi — MeLi) increments and adding to the ZPE of Mée

In the study reported below, geometries of methyllithium and or MesLis. The reference Mgi, dimer or MeLis trimer is taken to
tert-butyllithium oligomers have been optimized at the BSLYP/ have the same point group as thBu.Li> dimer ort-BusLis trimer to
6-31-+G* level* within the indicated symmetry constraints. Which_ ZPE is being approximated. The calculatgd ZPE for MeLi and

Vibrational frequencies have been calculated for methyl- t-Buliare 0.0334 and 0.1188 hartrees, respectively.

lithium oligomers up to tetramer at the B3LYP/6-BG* level. vibrational frequencies could not be calculated because the
However, fortert-butyllithium and phenyllithium tetramers, required resources exceeded our computer’s capacity. To obtain
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E1 (C3zp) F4 (Cyp)

Figure 2. Optimized geometries at the B3LYP/6-8G* level for tert-butyllithium oligomers. Only the lowest energy conformers are shown.

the zero-point energy (ZPE) of-BusLi, and PhLis, the Results and Discussions

incrementAZPE({-BuLi — MeLi) and AZPE(PhLi — MeLi) o ) o

was calculated at the DFT level, multiplied by four, and added _ Optimized geometries of all methyllithium structures at the
to the ZPE of MaLi, (where the structure of Mgi, was chosen BSLYP/6.-31+G*. level are shown in Figure 1., whlle the Iqwest-
to be the same as theBuaLis or Phii, structure). To validate ~ €M€r9Y dimer, trimer, and tetramerteft-butyllithium are given

this approximation, we compared the calculated and ap- in Figure 2 as well as the three tetramers of phenyllithium in
proximated ZPE fotert-butyllithium dimers and trimers, and fi;?‘g:; Sl‘i*"o”r‘neérr'caf:rair\r/‘s;eirﬁ "Tf;[‘)ﬁa")zw(erigteh”?;tgﬁ’"f%‘f‘;rnrger
found the comparison satisfactory (Table 1). The aggregation _g rareg e yHir o
. e e e Table 3 tert-butyllithium and phenyllithium) along with avalil

energies of methyllithiurtert-butyllithium, and phenyllithium " el (for methyllithium aributyllithium) and
oligomers were*computed atthe BS.LYP/G'I‘Jﬂ(Zd,p}FZPC” previous calculated data (for methyllithium). In agreement with
B?’.LYP/G'?’HG Ievel._ When ato_mlc chargt_as were computed Schleyer and co-workef3, the most stable methyllithium
using na_tural populatlpn a_naIyS|s (NPR)diffuse fun(_:tlons tetramer A1) hasTy symmetry with an eclipsed conformation
\(/jvere omlttsld from .“rt]hl'_um n dthe BS’L:%D/&:?G baS|sf Sﬁt (each methyl group is eclipsed with respect to theLCbond)

ue to problems wit inear depende yin the case o the  \which is in disagreement with the staggered orientation found
phenyllithium tetramer, diffuse functions were omitted from

- : ; in the solid stat&:f This may be due to the interaction of methyl
lt'rt]h"f_m_and falso from carbon atoms not directly coordinated to groups of neighboring methyllithium tetramers giving rise to a
e lithium face.

crystal packing effect which favors a staggered conforma#on.
Semiempirical calculations using MNDOjmplemented in  Nevertheless, the geometrical parameters of methyllithium
the MOPAC prograni? were applied to methyllithium artert- tetramer are in good agreement with experiment. Calculated
butyllithium oligomers since MNDO is known to give reason- bond distances of the methyllithium tetramer at the DFT level
able results for alkyllithium compound®#°The results are in ~ (Table 2; Li-Li; 2.400 A, Li-C; 2.195 A) are in good agreement
good agreement except for tetramerstfutyllithium where with MP2/6-31G* values (Li-Li; 2.363 A, Li—C; 2.188 A)%
differences of about 18 kcal/mol were found in relative energies but somewhat shorter than previous HF/3-21G results [(L;i
between tetrahedraDQ) and planar P10) structures. 2.420 A, Li—C; 2.236 A)22 It is noted that the HCH bond angles
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SR K(C-Li)=2.233A

G1 (D2q)

G3 (Cqn)
Figure 3. Optimized geometries at the B3LYP/6-8G* level for phenyllithium tetramers.

TABLE 2: Optimized Geometrical Parameters for Methyllithium Oligomers at B3LYP/6-31+G* Level

monomer dimerC4) trimer B1) tetramer Al)
r(Li—Li) 2.170[2.147} 2.621 2.400 [2.363](2.560¥
r(Li—C) 1.986 [2.005]1.96F 2.114[2.128} 2.063/2.087 2.195[2.188](2.279¥
r(C-C) 3.629 [3.649 4.096 3.579 [3.582](3.687Y
O(HCH) 106.4 [107.3]1107.2 104.4 [103.74 102.7 102.8[102.9F

2Values in brackets are MP2(full)/6-31G* optimization. ref 25° Values in parentheses are solid structural parameters Tipstaggered
conformer (refs 5 and 6Y.From gas-phase mm-wave experiment (ref 42)here are two different L+ C distances in the trimef.For staggered
conformer A2), calculated value ofl(HCH) is 103.2.

TABLE 3: Optimized Geometrical Parameters for tert-Butyllithium and Phenyllithium Oligomers at B3LYP/6-31 +G* Level

t-buthyllithium phenyllithium
monomer dimerk4) trimer (E1) tetramer D1) monomer tetrameiG1) tetramer G2)
r(Li—Li) 2.191 2.611 2.418 (2.412) 2.469 2.421/2.448
r(Li—C,) 2.034 2.119 2.064/2.1%6 2.291 (2.248) 1.970 2.196 2.162/2.233
r(Co-Cy) 3.628 4.132 3.773 3.539/3.592 3.568/3.656
O(CsCuCs) 108.2 108.5 108.3 106.1 (10529)

2Values in parentheses are solid-state values in the eclipsednformer (ref 17)° There are two different L+C distances in the trimer.

in methyl groups become smaller from monomer to tetramer, for A2), which is due to reduced repulsion among methyl groups
which suggests the pyramidality of methyl groups increases duein the staggered formAR) relative to the eclipsed formA().

to steric repulsion. The calculated HCH bond angle for the  Relative energies of methyllithium oligomers in different
eclipsed conformerAl) (OHCH = 102.3 for Al) is smaller conformations at various levels of theory are listed in Table 4
than that of the staggered conforméj (JHCH = 103.T (tetramers A1-Al1; trimers, B1-B3; and dimers,C1-C4). In



Effect of Hyperconjugation on Conformation

J. Phys. Chem. A, Vol. 105, No. 5, 200917

TABLE 4: Relative Energies (in kcal/mol) of Methyllithium Oligomers at Various Theoretical Levels

B3LYP/6-31+G*

B3LYP/6-311-G(2d,p)

PG MNDC* (+zPCy NIFe (+zPCy
tetramer Al T 0(0) 0(0) 0 0(0)
A2 T 7.7(4i) 5.2(3.2) 4 7.8 (5.7)
A3 Co, 3.8(2i) 2.0 (1.4) 2 3.3(2.7)
A4 Cs, 1.9(1i) 1.0(0.4) 1 1.6(1.1)
A5 Csy 5.7((3i) 3.5(2.3) 3 5.5(4.2)
A6 Cin 35.5(1i) 11.1 (9.5) 0 12.5(10.9)
A7 Dan 35.7(1i) 11.1(9.5) 0 12.6 (11.0)
A8 Cs 35.6(1i) 11.1 (9.5) 0 12.5(10.9)
A9 Cu» 36.1(5i) 11.5(9.7) 4 12.8 (11.0)
Al0 Dag 35.5(4i) 11.4 (9.6) 4 12.7 (10.9)
Al1l Cs 35.7(2i) 11.5(9.6) 4 12.8 (10.9)
trimer B1 Can 0(0) 0(0) 0 0(0)
B2 Cs, 0.2(3i) 0.1 (0.02) 3 0.01<0.05)
B3 Cs 0.1(1i) 0.02 0.03) 1 —0.01 (~0.06)
dimer C1 Con 0(0) 0(0) 0 0(0)
Cc2 Cy, 0.03(2i) 0.0001 (0.03) 0 0.3(0.1)
C3 Cy, 0.03(2i) 0.002 £0.03) 1 —0.02 (-0.1)
C4 Con 0.03(2i) 0.001 £0.004) 0 —0.02(-0.02)

2 The number of imaginary frequency is given in parenthesAszero-point correction, calculated at the B3LYP/6+33* level and applied to
the relative energies, is given in parentheSésumber of imaginary frequency at B3LYP/6-8G* level.

the discussion below, energy comparisons will be made at theyllithium monomer ha€s, symmetry with structural parameters

B3LYP/6-31HG(2d,p}+ZPC//B3LYP/6-31G* level. TheTy
staggered tetramerAR) is less stable in energy than the
corresponding eclipsed form by 5.7 kcal/mol, which is in good
agreement with the estimation by Schleyer (6.9 kcal/i#dlhis
staggered formA?2) has four imaginary frequencies correspond-
ing to rotations of each methyl group. A transition state (1
imaginary frequency) for methyl rotation ¥l was located in
Cs, symmetry A4) where one methyl group is staggered and

in good agreement with the previous MP2/6+33* result$®
and available gas-phase défa.

Our lowest-energyt-BualLi4 tetramer D1) is in agreement
with the X-ray structur¥ which is a tetrahedral cluster with
eclipsedtert-butyl groups relative to the €Li bonds (Table
3). The optimized Li-Li distances and gC,Cg" bond angles
at the DFT level are in excellent agreement with experidfent
while the Li—C bond distances deviate slightly more from

the other three are eclipsed. The small barrier for this processexperiment (Table 3) which may be due to disorder oftére

(A1l—A4(TS)—A1) of 1.1 kcal/mol indicates that methyl
rotation will be very rapid. Also, the methyl rotational barriers
are additive in that the difference in energy betwéegnand

A2 (5.7 kcal/mol) is approximately four times the methyl
rotational barrier (4.4 kcal/mol). When three methyl groups are
staggered and one is eclipsekb], the energy is 4.2 kcal/mol
aboveAl.

The C4n, symmetry tetramerAB), which has a planar eight-
membered ring, was determined by Schleyer and co-w&rker
to be 12.4 kcal/mol abovAl at the MP2/6-31G*//3-21G level.
Our DFT results predict th€4, structure A6) to be a minimum
(no imaginary frequencies) 10.9 kcal/mol abok#. Several
other stationary point&\7—A11 with planar Liy frameworks
but different methyl group orientations have been found that
are less than 0.1 kcal/mol higher thAf, suggesting very low
barriers for methyl group rotation. Known examples of tetramers
with a planar Li framework (such aA6—A11) are the lithium
amide derivative$!

Methyllithium trimers 81—B3) show planar six-membered

butyl groups in the solid state. Relative energies teift-
butyllithium oligomers at various levels of theory are given in
Table 5. We note that the substitutionteft-butyl groups for
methyl groups in Mgli4 substantially stabilizes thB,y sym-
metry structuré10relative to thely geometryD1. (See Figure
2.) Thus, the energy difference betwePg; and T4 (D10 —

D1) is computed to be 2.8 kcal/mol, which is a much smaller
than 10.9 kcal/mol difference betweé10 and A1. MNDO
exaggerates the preference of the planar eight-membered rings
(D10) over the tetrahedral geomet®1) to the point thaD10

is the global minimum. This overestimation B0 overD1 is
probably due to the known tendency of MNDO to overestimate
steric repulsion® and to prefer planar cyclic fornds.

In A10, the methyl groups are staggered around thelanar
with a dihedral angle of 39(at the B3LYP/6-3%+G* level)
which can be compared to the much larger dihedral angle of
35.2 in the case of the corresponding structure wiBu groups
(D10). The energy differences between ttegt-butyllithium
tetramers with a planar Lring (D6-D11) show a large spread

ring structures where each methyl group is coordinated to two in relative energies (Table 5, 2.8 to 17.6 kcal/mol less stable

lithium atoms. The minimum energy structure of methyllithium
trimer is theCs, symmetry conformerg1) where each methyl
group is eclipsed with respect to the-Ci bond. However, the
structure with all three methyl groups stagger€e, 6ymmetry,
B2) is 0.01 kcal/mol higher tharB1l without zero-point
correction and 0.05 kcal/mol lower thail with zero-point
correction (Table 4).

All of the Me,Li, dimers are close in energy. While the
eclipsedC,, symmetry structure@l) has the lowest energy at
the B3LYP/6-31-G* level, zero-point correction raises it above
the Cy, symmetry staggered structur€4). In fact, all of the
methyllithium dimers C1—C4) are within 0.2 kcal/mol at the
B3LYP/6-31H-G(2d,p}+ZPC//B3LYP/6-3%+G* level. The meth-

thanD1), unlike the very narrow range of relative energies found
in the methyllithium tetramers (10.9 to 11.0 kcal/mol less stable
thanAl).

The lowest energyert-butyllithium trimer is the structure
with eclipsedt-Bu groups E1), whereas the staggered orienta-
tion of the dimer F4) is slightly preferred (Table 5). However,
similar to the trimers and dimers of methyllithium, energy
differences among the structures studied were very small.

NPA atomic charges and dipole moments are given in Table
6. The calculated dipole moment (5.51 D) of methyllithium
monomer is in the experimental range of 5610 D**>whereas
the calculated dipole moment tért-butyllithium (6.23 D) is
similar to that of methyllithium. The dimers, trimers, and
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TABLE 5: Relative Energies (in kcal/mol) of tert-Butyllithium Oligomers and Phenyllithium Tetramer at Various Theoretical

Levels

MNDO B3LYP/6-31+G* B3LYP/6-311G(2d,p)
PG [NIF]2 (+ZPCYy [NIF]2 (+zPCy
t-BuLi tetramer D1 Ta 0 [41] 0(0) 0(0)
D2 Ty 47.7 [71] 29.8(27.8) 30.0(28.0)
D3 Co 16.9 [4i] 10.3(9.7) 10.3(9.6)
D4 Cs, 6.9 [4i] 4.4(3.9) 4.4(3.9)
D5 Ca, 30.4 [6i] 18.9(17.6) 18.9(17.6)
D6 Can 3.3[6i] 10.0(8.4) 9.8(8.2)
D7 Dan 10.3 [6i] 15.5(13.8) 15.8(14.1)
D8 Cs 6.8 [6i] 12.6(11.0) 12.6(11.0)
D9 Cu, 8.6 [4i] 19.5(17.6) 19.5(17.6)
D10 Dag —8.6 [0] 4.6(2.7) 4.6(2.8)
D11 Cs —7.7 [1i] 4.9(3.1) 4.9(3.1)
t-BulLi trimer El Can 01[0] 0(0) [0] 0(0)
E2 Ca 1.8 [3i] 1.8(1.6) [3i] 1.8(1.5)
E3 Cs 0.8[1i] 0.5(0.5) [1i] 0.4(0.4)
t-BuLi dimer F1 Con 01[0] 0(0) [2i] 0(0)
F2 Co 0.5[0] 0.4(0.3) [11] 0.3(0.3)
F3 Co, 0.9 [2i] 0.3(0.2) [1i] 0.2(0.1)
F4 Con 0.6 [1i] —0.2(—0.5) [OF —0.7(=0.9)
PhLi tetramer Gl Don 0.0[0] 0.0(0.0) 0.0(0.0
G2 D2n 6.5 [4i] 4.9(4.9) 3.9(3.9)
G3 Cun —0.7[0] 2.3(2.3) 1.9(1.9)

2The number of imaginary frequency is given in bracket.zero-point correction, calculated at the B3LYP/6+33* level and applied to the
relative energies, is given in parentheses. The ZPC for tetramers was estimated (See the Computationat Betailayinary frequency was
produced when the default integration grid (Int(grdfine) in G98) was applied. When the smaller integration grid (Int(gridltrafine) in G98)

was used, no imaginary frequency was found.

TABLE 6: Carbon and Lithium NPA Charges and Dipole
Moments (in Debye) for Methyllithium, tert-Butyllithium,
and Phenyllithium Oligomers?

NPA chargé
ﬁ dipole momerit
MeLi (monomer) 0.83 —1.48 5.51
MesLi, (C4) 0.87 —1.53 0
MesLis (B1) 0.84 —-1.51 0
MeqLis (AL) 0.86 —-1.51 0
t-BuLi (monomer) 0.81 —-0.59 6.23
t-BugLi, (F4) 0.87 -0.71 0
t-BusLis (E1) 0.82 —0.69 0
t-BusLis (D1) 0.85 —0.74 0
PhLi (monomer) 0.87 —0.64 6.61
Phlis (G1) 0.8% —0.69 0

a At the B3LYP/6-314+G* level where diffuse functions have been
omitted from lithium atoms®? At the B3LYP/6-3H-G* level. ¢ At the
B3LYP/6-31+G* level where diffuse functions have been omitted from
lithium atoms and carbon atoms not coordinated to the lithium face.

tetramers of methyllithium angrt-butyllithium have no dipole

presented in Table 7. The NBO analysis was performed at the
B3LYP/6-31+G* level where diffuse functions were omitted
from lithium atoms due to a linear dependency probférror
MeyLig4, the difference in hyperconjugative interactions favors
the eclipsed formA1) by 8.9 kcal/mol over the staggered form
(A2) (Table 7), which is similar to a previously estimated effect
of 12 kcal/mol due to hyperconjugatidh.

A simple molecular orbital interaction picture of the interac-
tion of the Liy?" dication with the symmetry-adapted group
orbitals of Mg?~ dianion can also serve to illustrate the
conformational preference. The & dication is bound by a
4-center 2-electron ¢42e) bond’” which gives an occupied;a
orbital and an emptyset of orbitals (Figure 4). The symmetry-
adapted set of orbitals of four methyl groups arranged in a
tetrahedral orientation is shown in Figure 4. The extra two
electrons in Mg?~ together with the four unpaired inwardly
directed electrons gives enough electrons to fill theet of
orbitals, leaving anseorbital empty. The mutual doneracceptor
interaction leads to the large calculated aggregation energies in
the tetrahedral R.i4 structures. The two tangential p orbitals

moment due to symmetry elements in their geometries. NPA on each carbon are used for formin@C—H) bonds. A total of

charges are consistent with dominant ionic character of th€Li

sixteen electrons occupy the t;, and e orbitals. The orientation

bonds. Comparison of atomic charges among oligomers of of the methyl group will be determined by a secondary

methyllithium, tert-butyllithium, and phenyllithium suggests that

interaction that is controlled by the overlap between the second

lithium and carbon charges are almost independent of the sizeoccupied 1 orbital of Me?~ and the empty,torbital of Lis2 .

of the oligomers, which has also been shown in previous #ork.
While the predominant bonding interaction for intra-aggrega-
tion in MeLi oligomers involves the lone pairs of carbon and
lithium 2s orbitals, the hyperconjugative interactidfrom the
C—H bond into lithium atomic orbitals is also important and

In the eclipsed conformation, the overlap of the occupied and
empty b orbitals is much greater (than in the staggered
conformation), which leads to a stronger interaction. When R
= t-Bu, the energy of the(C—C) orbitals is raised (relative to
the o(C—H) orbitals in R= Me), which increases the strength

cannot be ignored. Previous studies have shown that theof the b-t; interaction.

“agostic” delocalization fromo(C—H) into o*(Li) orbitals
stabilizes the eclipsed formA() of MeylLi4 rather than the
staggered formA2).2225 The contribution of this hyperconju-

An additional factor that also increases the preference of the
eclipsed conformation over the staggered conformatidBiny-
Li4 is the interaction of the(C—H) bonds of the methyl groups

gative interaction can be estimated by second-order perturbationattached to thet-carbon. As shown in Table 7, this interaction

theory based on specific Fock matrix elemeig) in an NBO
analysis®® The stabilization energy from the possible hyper-
conjugative interaction in MeLi;BuLi, and PhLi tetramers are

leads to an eclipsed preference of 3.3 kcal/mol. Figure 5
illustrates the hyperconjugative interactions betweerHCor
C—C bonds and Li for MglLis and t-BusLis. The distance
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TABLE 7: Hyperconjugative Stabilization Energies (kcal/mol) Estimated by NBO Second-Order Perturbation Theory for
Methyllithium and tert-Butyllithium Tetramers

Me4Li 42
eclipsed Al) staggeredA2) AE (eclipsed-staggered)
o(C—H) — o*(Li) 46.7 37.8 8.9
t-BU4Li 4a
eclipsed D1) staggered?) AE (eclipsed-staggered)
0(Cy-Cp) — o*(Li) 60.0 49.2 10.8
0(Cp-H) — o*(Li) 66.8 63.5 3.3
total 126.8 112.7 14.1
PhyLi
staggered@1l) eclipsed G2) AE (staggered-eclipsed)
o(C—C) — o*(Li) 52.7(22.7¥ 48.2(23.4) 4.5(-0.7F
(C—C) — o*(Li) 11.5 12.2 -0.7
o(C—H) — o*(Li) 24.5 21.8 2.7
total 88.7 82.2 6.5

2NBO analysis at the B3LYP/6-31G* level where diffuse functions have been omitted from lithium atoh¢BO analysis at the B3LYP/6-
31+G* level where diffuse functions have been omitted from lithium atoms and carbon atoms not coordinated to the lithiGnm faaeentheses
the NBO contribution from donation of only one CC bond (the-C; bond eclipsing the €Li bond in G2) into theo*(Li) orbital is considered.
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Figure 4. Molecular orbital interaction picture for the interaction ofdi with the symmetry adapted valence orbitals of,fen a tetrahedral
arrangement.

between the H atom and Li is short enough (2.39 A) for found in three atom bonded systems; however the present study
interaction in addition to the interaction between fliearbon shows that significant hyperconjugative interactions can extend
and Li (2.41 A). Typical hyperconjugative interactions can be over four atoms (“secondary hyperconjugation”).
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6 (CH)— o*(Li)

(a)

o (CyCp)— o*(Li)
(b) primary
hyperconjugation
6 (CgH)—= o*(Li)
secondary

hyperconjugation

Figure 5. Hyperconjugative interaction diagram for WM&, (a) andt-BugLi, (b) fragments. The other MeBu groups are omitted for clarity.

TABLE 8: Methyl or tert-Butyl Rotational Barrier (kcal/mol) in Tetramer Averaged over Number of Staggered R Groupg

RyLis, R=Me RyLi4, R=1t-Bu
no. staggered avg rot. avg rot. interhydrogeh
groups barrier avg G-Li (A) barrier contacts (A) average-€Li (A)
0 (AL/DY) 2.195 2.233 2.291
1 (A4/D4) 1.1 2.197 3.9 2.214 2.296
2 (A3/D3) 1.4 2.197 4.8 2.101 2.312
3 (A5/D5) 1.4 2.199 5.9 2.191 2.337
4 (A2/D2) 14 2.204 7.0 2.206 2.379

2 Geometries optimized at the B3LYP/6-8G* level. ® Averaged over the 12 closestHH contacts between differetert-butyl groups.

For the MaLi,4 tetramer, the hyperconjugative interaction is between different-Bu groups and an increase in the average
the dominant effect in stabilizing the eclipsed conformer over C—Li distances (Table 8), both of which are suggestive of
the staggered conformer. Thus, the 5.7 kcal/mol difference increased steric repulsion in going frddi (fully eclipsed) to
betweenAl and A2 can be attributed to hyperconjugation. D2 (fully staggered).

However, in the case of theBuali4, the difference between In analogy with the Mgli, tetramer, we might assume that
the eclipsed form@1) and the staggered fornDR) is much the effect of hyperconjugation iBuslL.i, is four times the first
larger (28.0 kcal/mol). Can the increased preference for the barrier (4 x 3.9 = 15.6 kcal/mol). This estimate would be in
eclipsed form be attributed to primary and secondary hyper- agreement with Table 7 where the total hyperconjugative
conjugation? In Table 8, we give a progression of structures in stabilization energy was determined to be 14.1 kcal/mol from
which the number of staggered R groups (methyteotrbutyl) an NBO analysis in favor of the eclipsed form. The difference
increases from 0O to 4. If we take the relative energy (with respect between this estimated hyperconjugative effect (15.6 kcal/mol)
to Al or D1) and divide by the number of staggered groups, and the calculated difference betwe®1 and D2 can be

we get the average rotational barrier. For the;Mgtetramers, attributed to extra steric repulsion between tH&u groups in
the methyl rotational barriers are fairly additive (1.1 to 1.4 kcal/ the staggered conformation (28:05.6 = 12.4 kcal/mol).
mol, see Table 8). However, f&iBuylLi, tetramers, there is a In the PhLi4 tetramer, the lowest energy structuflj has

pronounced increase in the average barrier as one progressea capping phenyl ring perpendicular to a plane including two
from the fully eclipsed form[@1) to the fully staggered form  Li atoms (staggered conformation, Figure 3). In a second
(D2). The increase in the averageBu rotational barrier is structure G2), 3.9 kcal/mol less stable (Table 5), the capping
accompanied by a decrease in the close interhydrogen contactphenyl ring is in the same plane as two lithium atoms (eclipsed
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TABLE 9: Calculated Reaction Energies (in kcal/mol) for Methyllithium, t-Butyllithium, and Phenyllithium at the B3LYP/

6-311+G(2d,p)+ZPC//IB3LYP/6-31+G* Level

reaction energy (per unit)

R=Me R = t-Butyl R=Ph

2(RLi) — Rl —43.5 (-21.8) —41.7 (-20.9)

3(RLi) — RaLis —82.1 (-27.4) —78.3 (-26.1)

4(RLi) — RyLis —124.4 (-31.1) —108.6 (-27.2) —117.2 (-29.3)
RzLiz + RLi — R3Li3 —38.6 —36.5

3(RoLiz) — 2(RaLis) -33.7 -314

2(RoLiz) — Rulis —-37.4 —25.2

A(RsLiz) — 3(RaLis) —44.9 ~12.9

RoLiz + 2(RaLis) —2(RuLis) —41.2 -19.0

aValues in parentheses are stabilization energies per monomer unit.

conformation). In contrast to Mki4 andt-BugaLi4 in which the
eclipsed conformer is preferred, the,Ph tetramer prefers the
staggered conformer. An NBO analysis was performe@&an

geometry of tert-butyllithium tetramer shows an eclipsed
structure ofTy symmetry which is in good agreement with the
solid-state structure. At our highest level of theorfa planar

and G2 to determine the nature of the hyperconjugative
interactions (Table 7). The(C—C) — o*(Li) interaction favors
the staggered conformer by 4.5 kcal/mol. However, if the
(C—C) bond on just one side of the phenyl ring (the—Cs independent of the size of the oligomers and that theQ.i
bond nearest to lithium i®2) is considered, then the eclipsed bonds are predominantly ionic in character for methyllithium,
form is favored. This interaction may be taken as analogous to tert-butyllithum, and phenyllithium oligomers. An NBO second-
the o(C—C) — o*(Li) donation in the t-BusLi, tetramer. order perturbation energy analysis show that hyperconjugative
Secondary hyperconjugation(C—H) — o*(Li)) is significant interaction fromo(C—H) into o*(Li) orbitals stabilize the
and favors the staggered conformation by 2.7 kcal/mol. The eclipsed form for Mgli4, and the secondary hyperconjugative

eight-membered ring tetramdd{0) is predicted to be only 2.8
kcal/mol less stable than the lowekt conformer D1). It is
seen that the lithium and carbon NPA charges are almost

donation from the phenyt bonds into thes*(Li) is about one-
half of the ¢(C—H) — o*(Li) interaction and slightly favors
the eclipsed conformation.

For phenyllithium, a tetramer not based on a?ticore is

interaction fromo(Cs-H) contributes significantly compared to
the primary hyperconjugative interaction frosm(C,—Cpg) for
the eclipsed form fot-BugLi4. In contrast to MglLi, andt-Bug-
Lis where the eclipsed conformer is preferred, theliPh

possible where the four lithium atoms have a planar arrangementtetramer prefers the staggered conformer, which is supported
and each lithium iso-bonded §') to one phenyl ring and by o(C—C) — o¢*(Li) primary hyperconjugation and(C—H)
m-complexed to another phenyl rings8, Figure 3). The — o*(Li) secondary hyperconjugation. Computed aggregation
calculated L+-C 7' bond is 2.048 A while the L C 78 distances energies of MgLi, oligomers are slightly larger than fe:Bu,-

are 2.422 A, which compare well with the solid-state structural Li, oligomers.

data (Li-C o-bond 2.12 A; Li-C z-complex, 2.28-2.37 A)

of tetrakis(®-2,4,6-isopropylphenyl)tetralithiurf?. It is interest-
ing to note that the energy @3 is only 1.9 kcal/mol less stable
thanG1. The NPA charge for the lithium atoms-0.85) of G3

is the same as those &1 (+0.85), whereas the NPA charge
for the carbon atoms—0.53) o-bonded to lithium are less
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