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An NMR and Computational Study of a Lithium Amide and

Ethereal Ligand Exchange

Goran Hilmersson*!2]

Abstract: The activation parameters for the exchange of an ethereal ligand in a chiral
lithium amide was determined from full bandshape analysis of the dynamic NMR
spectra. For diethyl ether, the activation parameters were AH*=11.0 kcalmol~! and

AS*=12.0 cal K-'mol~!. The exchange of the tetrahydrofuran ligand proceeds with a
similar activation enthalpy AH*=11.2 kcalmol~!; however, the entropy is close to
zero, AS* =1.6 calK'mol~L The dissociation of the ethereal ligand was also modeled
by means of semiempirical (PM3) and density functional (DFT) methods. The
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experimental *C NMR chemical shifts for the carbons of uncoordinated and
coordinated ethers were calculated with the GIAO-DFT (B3PW91/6-31G(d))

computational method.

Introduction

Organolithium reagents constitute one of the most widely
employed class of reagents in synthetic organic chemistry.
Organolithium compounds are strong dipoles that aggregate
to various extents in solution.[!! In coordinating solvents, such
as ethers, these reagents are often dimeric or tetrameric. The
use of Lewis bases is known to affect the reactivity and allows
noncovalently bonded auxiliaries to be used for asymmetric
reactions.” To be able to design such chiral additives, a
detailed understanding of the thermodynamics and kinetics of
ligand exchange is necessary. However, the details of this
important process have not yet been investigated. For
example, is the ligand exchange process driven by entropy
or by enthalpy ? A few years ago, some reports regarding slow
ethereal ligand exchange rates appeared in the literature.! It
was suggested that many lithiation reactions might proceed
with the ethereal ligand exchange as the rate-limiting step.
Computational chemistry is now becoming an available
technique for the evaluation of the structure of organic
compounds. The semiempirical PM3 method, with Anders’
parameters for lithium,* has been shown to adequately
reproduce the geometries of organolithium compounds from
experimental, density functional theory (DFT), and ab initio
computational methods. However, the energies calculated
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with the PM3 method are usually poor.P’! Recently, Abbotto
et al. showed that energies calculated with the density func-
tional theory and a B3LYP hybrid functional with standard
basis sets (6-31G(d) on the PM3-optimized geometries
(B3LYP/6-31G(d)//PM3) reproduced higher level results
(B3LYP/6-31G+(d)//B3LYP/6-31G+(d)) with high accura-
cylol

Despite their high utility, computational studies of this type
only provide information regarding the standard molar
enthalpic contribution to the free energy, and should be
thoughtfully interpreted since the entropy term is left out.
This report demonstrates the fruitful combination of exper-
imental and computational methods to yield detailed mech-
anistic information on the important ethereal ligand ex-
change. Furthermore, since '*C chemical shifts provide a key
to structure determination of organolithium compounds, we
have explored the potential of theoretically calculated
isotropic shielding constants as an additional source for the
correct assignment of NMR signals.

The NMR calculation of the isotropic shielding constants of
13C nuclei can provide additional support for structures, and
also provide help in the choice between otherwise closely
related structures. GIAO-DFT calculations of the isotropic
shielding constants of the C nuclei of various compounds
have been reported. There are many accurate calculations of
13C NMR chemical shifts.”) The chemical shift calculations are
sensitive and can provide an additional source for the correct
assignment of NMR signals.

We have previously reported several studies on a chiral
lithium amide, Li-1, and its solvates and mixed complexes with
nBuLi by various NMR spectroscopic methods. This makes
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this system particularly inter-
esting since the structures and
some of their dynamics are well

6
H understood. The dimer of Li-1
7 ; only coordinates one ethereal

ligand, even at higher concen-
trations of ether. Therefore, this
is a key compound for studies of
ligand exchange reactions.
From the C NMR experi-
ments we have observed that the signals for the a-carbon
atom of coordinated diethyl ether (DEE) in (Li-1),- DEE
appear about 5 ppm upfield of the signal for uncoordinated
DEE (0 =60.6 compared to 65.6 for free DEE).P¢¢l Interest-
ingly, Lucht and Collum reported almost identical upfield
shifts for the carbon atoms in the DEE solvate of lithium
hexamethyldisilazide, LIHMDS, (6 = 60.4) (Figure 1).13"]
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6=151 Figure 1. Structures and experi-
NN mental *C NMR shifts of the a-
5=65.6 and f-carbon atoms in the DEE
solvates of (Li-1), and lithium
hexamethyldisilazide, as well as
uncoordinated DEE.
DEE

In contrast, the a-carbon signals of tetrahydrofuran (THF)
are shifted downfield by 0.7 ppm upon coordination to a
lithium amide dimer. Again we reported almost identical shift
changes for the a carbon of THF upon coordination to (Li-1),
to those reported by Lucht and Collum for the LiHMDS -
THF solvate. Since Li-1 and LIHMDS are structurally quite
different lithium amides it is clear that the observed chemical
shift changes result from the coordination of the lithium
cation and not from specific interactions between the
particular amide and the coordinating solvent. But what
could be the reason for these changes in the chemical shifts?
Clearly it could not be solely
caused by coordination to the

DEE. We have investigated these differences by means of a
computational approach based on GIAO-DFT chemical shift
anisotropic calculations.

Experimental Section

General: All glassware was dried overnight in a 120 °C oven (syringes were
dried at 50°Cin a vacuum oven) before transfer into a glove box (Mecaplex
GB 80 equipped with a gas purification system that removes oxygen and
moisture) under an atmosphere of nitrogen. The typical moisture content
was <2 ppm. All manipulations of the lithium compounds were carried out
in the glove box by means of gas-tight syringes. Ethereal solvents were
stored and freshly distilled from Deporex (FLUKA AG) prior to use. The
in-situ preparation of (2-methoxy-(R)-1-phenyl-ethyl)-(2-[°Li]-lithium-(S)-
1-phenylethyl)amide and characterization has been reported previously.!
NMR spectroscopy: All NMR spectra were recorded with a Varian
Unity 500 spectrometer equipped with three channels and a 5 mm 'H, 1*C,
°Li triple-resonance probe head, built by the Nalorac company. Measuring
frequencies were 500 MHz ("H) and 125 MHz (3C). The 'H and "*C spectra
were referenced to the solvent [Djy]diethyl ether signals at 6=1.06
("H—CHj;) and 6 =15.2 (3C—CH,;), respectively. Probe temperatures were
measured after more than 1h of temperature equilibrium with both a
calibrated methanol-Freon NMR thermometer and the standard meth-
anol thermometer supplied by Varian instruments.)

Computational methods: Because of the considerable size of the aggre-
gates under investigation, we restricted our geometry optimizations to
semiempirical PM3 calculations.) The structures were reoptimized with
the keyword HHon,!'" to eliminate the too positive HH attraction of the
PM3 method. All geometries were characterized as either minimum or
transition states by calculation of their frequencies at this level. Single-
point calculations were performed at the B3LYP/6-31G(d) level of theory
with the PM3-optimized structures. Geometry optimizations and frequency
calculations were also performed for the DEE and THF structures at the
B3LYP/6-31G(d) level of theory. The calculations were performed either
with the Spartan program package!'!l on a Silicon Graphics INDY
workstation or with the Titan program package!'”l on a PC (Pentium III,
600 MHz).

All the GIAO-DFT C NMR chemical shift calculations were performed
at the B3PW91/6-31G(d)!*¥! level of theory with the Gaussian 981"l suite of
programs on a Silicon Graphics Origin200 computer.

Results and Discussion

Diethyl ether ethereal ligand exchange: The chiral lithium
amide Li-1 [0.70M], was prepared in situ in [Dg]toluene. To
the lithium amide was added one equivalent of diethyl ether
(DEE), that is one DEE molecule per lithium amide molecule
(Scheme 1). At —90°C, the “C NMR spectra show a
resonance at  =65.8 for uncoordinated DEE and another
at 0=60.0 for coordinated DEE. Therefore, the a-carbon
atom of DEE is shifted upfield by 6 ppm upon coordination in
(Li-1),- DEE (Figure 2a). Only signals from (Li-1),- DEE
and free DEE are observed; no signals are observed for
unsolvated (Li-1), at any temperature. At very low [DEE]:[Li-
1] ratios only (Li-1),- DEE is observed. Signals for free DEE,
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Scheme 1. Ligand exchange equilibrium of (Li-1),- DEE.
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Figure 2. a) Selected region of the C NMR spectrum (125 MHz) of
(Li-1),-DEE [0.35M] and DEE [0.35M] in [Dg]toluene at —90°C.
b) Selected region of the C NMR spectrum (125 MHz) of (Li-1),- THF
[0.30M] and THF [0.30M] in [D,;]DEE at —95°C.

identical to those from pure DEE in toluene, are only
observed for [DEE]:[Li-1] >0.5. This indicates a very large
equilibrium constant for the complexation of DEE by (Li-1),.
At —90°C, the DEE exchange rate is slow on the NMR
timescale, whereas at higher temperatures the rate of
exchange increases and the signals coalesce at —71°C.B4 At
even higher temperatures, fast exchange yields the averaged
signals for DEE (a- and f-carbon atoms).

An NMR tube with a 1:1 mixture of (Li-1), - DEE and DEE
was prepared and a series of ?*C NMR spectra were obtained
between —87 and —29°C. The experiments were repeated
with an independent sample with identical results.

The temperature-dependent NMR spectra were subjected
to full bandshape analysis by means of the program gNMR.[3]
The full bandshape analysis gives kg, and the resulting
calculated spectra for this degenerate two-site exchange. The
observed *C NMR spectra are shown in Figure 3 along with
the calculated spectra. The ligand exchange may, in principle,
proceed with or without an intermediate, which could be
either a disolvated or an unsolvated dimer. Our previous data
indicates a dissociative mechanism. The rate-limiting step of
such a two-step process must be the first step, the dissociation
of the ether, since no intermediates are observed by NMR.
The observed rate constant is the sum of the forward and the
backward process according to Equation (1).

kons =2k, (k1=k71) (1)

The activation energies AG* are calculated with the Eyring
equation [Eq. (2)].

AG*=—RTIn(k,h/ksT) where ky = ko2 V)

The rate constants were determined at different temper-
atures and are given in Table 1. The Eyring plot (Figure 4) of
the resulting kinetic data gives a straight line, and the
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Figure 3. Experimental (left) and calculated (right) *C NMR spectra
(125 MHz) of the a carbons of DEE. The differences in the temperature-
dependent chemical shifts which were used in the calculation at fast
exchange rates were extrapolated from the temperature dependence at
slow exchange rates. Because of the difference in the relaxation times of
free and complexed DEE at temperatures below —80°C, these signals
appear with different linewidths. This has been included in the calculations
by the use of a slightly larger value for the linewidth of complexed DEE
than for free DEE.

Table 1. Simulated rate constants for the exchange of diethyl ether with
full lineshape analysis.

T[K] Simulated rate constantl® [s~!]
244 250000
239 150000
234 105000
229 65000
223 36000
217 20000
212 8000
201 1800
196 750
191 350
185 200

[a] Full lineshape analyses were performed with the program gNMR, a
product of CSC.I'"! Estimated errors are less than £7% based on full
lineshape curve-fitting.
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Figure 4. Eyring plot for the DEE ethereal ligand exchange between free
DEE and coordinated DEE in (Li-1),- DEE in [Dg]toluene.

activation parameters were interpolated: AG3, =83+
0.2 kcalmol™!, AH*=11.0 £0.3 kcalmol~' and AS*=12.0+
6 calmol "K' (T ASZ,« =2.7 kcalmol™!), respectively.['s]
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The entropy term is significantly smaller than the enthalpy
term.

The positive entropy of activation supports the previous
indication that the ligand exchange proceeds by a dissociative
mechanism.4 In the transition state, the dissociating ethereal
ligand gains some of its entropy which was lost upon
coordination. The ether molecule enjoys less restricted
motion by steric interaction in the transition state than in
the initial state (coordinated). This could be the result of
increased vibrational or internal rotational entropy.

THF ethereal ligand exchange: The chiral lithium amide Li-1
[0.60M] was also prepared in situ in [D,]DEE. To the DEE
solution of (Li-1),- DEE was added one equivalent of THF,
namely one THF molecule per lithium amide molecule. The
13C NMR spectrum shows one set of signals for uncoordinated
THF and another set for THF coordinated to (Li-1),, that is
(Li-1),- THF (Figure 2b). Thus slow ligand exchange is also
observed for THF as with DEE. The *C NMR spectra shows a
resonance at 0 = 68.5 for the free THF and another at 6 = 69.2
for the coordinated THF at —95°C (Figure 2b). The signal of
the a-carbon atom of THF is shifted downfield by 0.7 ppm
upon coordination in (Li-1),- THF. This is the opposite effect
of that observed with DEE upon
coordination to the same lithium
amide dimer. Clearly, the equili-
brium between DEE and THF é |
solvated dimers strongly favors . \:,Li::
the THF solvate because no LN, NS
signals for (Li-1),- DEE are ob- d I
served.

Full bandshape analysis of the
a-carbon signals was conducted (Li-1)
on a series of *C NMR spectra
of two samples collected at tem-
peratures between —30 and
—77°C. The activation param-

eters, AG;sx =10.9+0.2 keal
mol !, AH*=11.2+0.3 kcal
mol~!, and AStT=1.6%+6cal

mol~'K~! for the THF ethereal
ligand exchange were obtained
from the Eyring equation.['® The
activation enthalpy for THF li-
gand exchange was the same,
within experimental errors, as
that for DEE exchange, whereas
the entropy of activation was
significantly less for THF com-
pared to that of DEE.

These results of the DEE and
THF exchanges are interpreted
in detail in the following section
by means of computational Li
methods. Uk

Scheme 2.

Computational studies

The PM3 geometry-optimized
structures of (Li-1),-DEE and

Scheme 3.
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(Li-1), - THF: The semiempirical PM3 method was employed
to obtain the geometries of the structures of (Li-1),- DEE and
(Li-1),- THF. The PM3 geometry-optimized structure of
(Li-1),- THF has already been discussed.'”l The distances
between the lithium and the coordinating oxygen of the
ethereal ligands were 2.06 A (DEE) and 2.02 A (THF).
Single-point energy calculations of the relative solvation
energies for the PM3-optimized geometries were performed
at the B3LYP/6-31G(d) level of theory [Eq. (3)].

(Li-1), +S=(Li-1),-S  AE, ®

Solvation energies for the equilibrium thus calculated
give AE.,(DEE)=-9.15kcalmol™ and AE,,(THF)=
—10.94 kcalmol~' (Scheme 2).

Transition-state modeling of the ethereal ligand dissociation:
The dissociation of DEE from (Li-1),- DEE was modeled at
the PM3 level. In the calculated structure of (Li-1),- DEE, the
Li—Opgg distance is 2.05 A. In the calculated transition state
for the dissociation of the DEE from (Li-1), the Li—Opgg
distance is 3.119 A (Scheme 3). Single-point DFT energy
calculations at B3PW91/6-31G(d)//PM3 and B3LYP/6-
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31G(d)//PM3 levels of theory gave activation energies of 7.2
and 7.3 kcalmol !, respectively. Considering the approxima-
tion introduced with the PM3 structures, these calculated
activation energies are fairly close to the experimentally
determined activation enthalpy of 11.0 kcal mol~".

Similarly, the activated complex for the THF dissociation
transition state was found on the PM3 potential energy
surface. Single-point DFT calculations were conducted to
obtain the barrier for dissociation. From the B3LYP/6-
31G(d)//PM3 calculations, we calculated the activation bar-
rier for THF dissociation to be 9.5 kcalmol~!. This value is
close to the 11.2 kcalmol™' obtained by full bandshape
analysis of the dynamic NMR spectra.

Based on the results of the solvation energies and the
activation energies, a standard free-enthalpy diagram can be
constructed showing the relative energies. The standard
enthalpic energy of uncoordinated (Li-1), plus an ethereal
ligand is too high (too little negative) compared to the solvate
and transition states of, for example, (Li-1),-DEE and
[(Li-1),--DEE]*. This is compensated for by the entropy
term, which is calculated to be =25 calK~'mol~!, in agree-
ment with other experimental data.['®]

Geometry optimizations of DEE and THF: There are several
local energy minima or conformations for DEE (Scheme 4
and Table 2). The lowest DFT energy conformations at the

/\O/\ /\OJ -—\O/um--w

trans-trans-DEE trans-gauche-DEE gauche-gauche-DEE

Scheme 4. Three conformations with local energy minima in the geometry
optimization of DEE.

Table 2. Dihedral angles [°] and energies [Hartree] for the different DEE
conformations. Energies in Hartrees and kcalmol~! are also given for the
different conformations of DEE obtained at the B3LYP/6-31G(d)//B3LYP/
6-31G(d) level of theory.[?!

DEE conformer b, b, E[Hartree] Rel. energy
[kcalmol™!]

trans —trans 180.0  180.0 —233.66341 0

trans — gauche 174.4 76.1 —233.66127 1.34

gauch-gauche 60.0 60.0  —233.65663 4.25

coordinated DEE 65.0 65.2 - -

(close to gauche-gauche)

DEE in the transition 76.6 78.1 - -

state

[a] The conformations of the coordinated DEE and the DEE in the
transition state are those obtained from the PM3 calculations.

B3LYP/6-31(d)//B3LYP/6-31(d) level were calculated to be
the planar trans-trans and the trans-gauche minima. The trans-
gauche minimum is 1.34 kcalmol~! higher in DFT energy than
the planar trans-trans minimum. The estimated difference
from IR studies is 1.4 kcalmol~.['"]

The conformation of the coordinated DEE is close to the
gauche-gauche maximum. The two dihedral angles in the
PM3-optimized geometry are 65.17 and 65.03°, respectively.

Chem. Eur. J. 2000, 6, No. 16
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This is fairly close to 60° which corresponds to a gauche-
gauche-DEE. A DEE with a dihedral angle of 65° does not
represent an energy minimum on the B3LYP/6-31G(d)
potential energy surface. We can conclude that there is a
substantial loss (more than 4 kcalmol™') of enthalpy because
of the disfavored conformer that DEE must attain in order to
coordinate to the lithium amide.

GIAO-DFT NMR chemical shift calculations: (Li-1),- DEE:
The isotropic shielding values were calculated with the GIAO
method at the B3PW91/6-31G(d)//PM3 level of theory. The
corresponding chemical shifts were calculated for the CH,
carbon (C2) of Li-1 in (Li-1),- DEE as the internal reference
and its chemical shift was set to 0 =77.8. There is a satisfying
agreement between the experimental and the GIAO-DFT
computational result (Table 3).

Table 3. Experimental (—90°C) and DFT-GIAO calculated *C NMR
chemical shifts at B3PW91/6-31G(d)//PM3 level of theory for selected
carbon atoms in (Li-1), - DEE and (Li-1), - THF with the C2 carbon of Li-1
as the reference (6 =77.8 for (Li-1),- DEE and 78.4 for (Li-1),- THF).

(Li-1),- DEE (Li-1),- THF
Carbon atom!? Oexp Ol Oexp Ocale
2 (internal reference) 77.8 78.4
6 271 29.4 272 29.7
3 57.6 55.4 575 55.9
5 61.8 64.4 61.0 64.9
1 64.4 67.7 64.8 68.1
4 147.4 142.0 147.3 143.0
7 153.7 148.0 1534 147.1
coordinated DEE (a-carbon) 60.0 60.5
coordinated DEE (f-carbon) 11.9 13.1
coordinated THF (a-carbon) 68.4 69.2
coordinated THF (S-carbon) 24.5 25.9

[a] The *C NMR signals of the aromatic carbon atoms have not been fully
assigned and are therefore excluded.

The GIAO-DFT calculations of the shielding of the
13C NMR shifts were performed with the B3PW91/6-31G(d)
basis set on fully geometry-optimized DEE at B3LYP/6-
31G(d). The calculated 3C NMR chemical shifts of the a-
carbon atom and the f-carbon atom of diethyl ether in its
different conformations are given in Table 4. The calculated
chemical shifts for the carbons of trans-trans-DEE are 0 =
66.0 and 16.3, which are close to those obtained experimen-
tally, namely 6 =65.8 and 15.2. The shifts of DEE are rather
sensitive to its conformation as deduced from the calculations.

Table 4. GIAO-DFT calculated chemical shiftsi®! for DEE (B3PW91/6-31G(d)).

Oexp CH; 0oy CH,  Ocue CH3  Oqe CH,
DEE in {(Li-1),- DEE}"I 11.9 60.0 13.1 60.5
Uncoordinated DEE (trans—trans)ll ~ 15.2 65.8 16.3 66.0
(trans — gauche)l 15.08! 63.51¢l
(gauche - gauche)! 14.3 60.2
DEE (extracted from (Li-1),- DEE) 12.6 58.9

[a] C2 carbon atom of (Li-1),- DEE was used as the reference (0 =77.8). [b] The
geometry of (Li-1), - DEE was optimized at the PM3 level. [c] The geometry of DEE
was optimized at the B3LYP/6-31G(d) level. [d] Extracted from the PM3 geometry-
optimized (Li-1),- DEE and used for the GIAO-DFT calculations as such. [e] The

average of the shifts for the two magnetically nonequal set of carbon atoms.

0947-6539/00/0616-3073 $ 17.50+.50/0 3073



FULL PAPER

G. Hilmersson

The shifts for the carbons of DEE in the PM3-optimized
structure of (Li-1),- DEE were calculated to be 6 =60.5 and
13.1. This should be compared to the experimental shifts of
0=60.0 and 11.9, respectively. Thus, there is a small
(£0.5 ppm) difference between the experimental and the
calculated shifts for the a carbons of DEE (both free DEE
and (Li-1),- DEE).

The conformation of DEE complexed in (Li-1),- DEE was
used without geometry optimization to exclude the effects
that proximate atoms in (Li-1) have on the *C NMR chemical
shifts on coordinated DEE. The calculation of the chemical
shifts on this conformer of DEE resulted in an even larger
upfield shift of 5.7 ppm. Based on these calculations, we
conclude that the large upfield chemical shift observed by
NMR is mainly the result of conformational change of DEE
upon coordination. The DEE becomes ”locked” in a disfa-
vored conformation, the carbon signals for such a conforma-
tion are calculated to be shifted largely upfield, Ad =71,
compared to that of trans-trans DEE. Thus if we only consider
the effect of coordinating DEE to an electron-poor lithium
cation and exclude any conformational changes, we obtain a
calculated downfield shift of 1.6 ppm for the a-carbon atoms
of DEE.

THF: THF molecules have much more restricted internal
motions than does DEE because the oxygen and carbon
atoms in THF are constrained in a five-membered ring with
mainly ring-puckering.

Three different minima which result from ring puckering
were found on the energy potential surface of THF at B3LYP/
6-31G(d) level of theory (SchemeS5). The relative DFT
energies are given in Table 5. The b-THF conformer is the
most stable followed by the a-THF conformer.

O, O @)

ORRAW

aTHF  bTHF  cTHF

Scheme 5. The three different minima which result from ring puckering
that were found on the energy potential surface of THF at B3LYP/6-31G(d)
level of theory.

Table 5. Calculated data for the THF conformers.

Rel. energy [kcal mol '] Ocaie @-carbon Ocarc B-carbon

a-THF 0.0661 66.7 26.4
b-THF 0.0698 66.4 26.7
c-THF 0.0000 66.8 28.1

The GIAO-DFT BC NMR chemical shifts were also
calculated for the conformers at the B3PW91/6-31G(d) level
of theory. The THF ligand does not show the same large
variation in *C NMR chemical shifts as did DEE.

(Li-1),- THF: We also calculated the '*C NMR isotropic shifts
of (Li-1),- THF and THF with GIAO-DFT at B3PW91/6-
31G(d) level of theory. Again we used the CH, carbon atom of
(Li-1), - THF as the internal reference. The *C NMR chemical
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shifts for the carbons for (Li-1),- THF are almost identical to
those of (Li-1),- DEE (Table 3).

However, here the effect of ethereal coordination to
lithium is opposite to that on the chemical shifts for the
carbon atoms of DEE. The a-carbon atoms of THF were
calculated to shift ~2 ppm downfield upon coordination. This
must be caused by the coordination of the oxygen in THF, a
Lewis base, to the electron-poor lithium cation. THF can not
undergo a similar large conformational change as in DEE
upon coordination. Hence only a small downfield shift is
expected for THF upon coordination to (Li-1),- THF. This is
also observed experimentally with a 0.7 ppm downfield shift
of the a-carbon atoms of THF upon coordination to (Li-1),-
THF.

Conclusions

The results of this study provide a possible explanation to why
THF is a better ligand for lithium than DEE. The common
belief has been that THF is a better ligand for cations because
of its known larger dipole moment. We have shown that the
enthalpic contributions to the ethereal ligand-exchange
processes are equal for DEE and THF. However, the THF-
solvated dimer is significantly more favored than that solvated
by DEE.

There is a loss in enthalpy for DEE when it coordinates to
lithium as it adopts a conformation which is higher in energy,
although this loss in enthalpy is smaller than the solvation
enthalpy. The difference in the ability of lithium to coordinate
DEE and THEF is, in part, caused by the greater loss in
vibrational entropy (mainly internal rotational entropy) for
DEE than THF. The vibrational entropy of DEE is calculated
at B3LYP/6-31G(d) level of theory to be 6.7 calmol~'K~!
higher than in THF (AS,;,(DEE)=15.1 calmol-'K~! and
AS,i,(THF) =8.3 calmol'K1).

The experimental results (the exchange rate is independent
of the concentration with a positive entropy of activation)
indicate a dissociative mechanism for the ethereal ligand
exchange, a type of Syl reaction that proceeds through an
intermediate unsolvated lithium amide dimer. The positive
entropy term also indicates that there is an increased disorder
in the transition state compared to the initial state. This is
interpreted as a result of dissociation of a solvent molecule in
the transition state.

The entropy associated with the dissociation of THF from
its coordinated form to the transition state, [ (Li-1),-- THF]*
is significantly smaller compared to the entropy of activation
observed with DEE. This difference is best explained if we
compare the entropy loss upon coordination of the ethereal
ligands to (Li-1),. Clearly, the coordination of DEE results in
a substantial loss of vibrational and internal rotational
entropy when the flexible DEE molecule becomes locked in
a single conformation. In the case of THF, a much smaller loss
of entropy is expected since THF is a five-membered cyclic
compound with mainly ring-puckering vibrations. Some of
this entropy will be released on transformation from the
coordinating initial state to the transition state. The entropy of
activation is thus larger for the DEE than for THF.
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A possible associative mechanism (an Syl type with an
intermediate disolvated lithium amide dimer) was also inves-
tigated; however, the energy for such an intermediate was
found to be less favorable than that of the dissociative
mechanism. Furthermore, an interchange mechanism of an
Sn2-type reaction results in much higher activation energy.
The possibility of an associative mechanism was not consid-
ered further.

The GIAO-DFT calculations have also been used to
rationalize the large upfield shift observed for the a-carbon
atoms of DEE upon coordination to be largely associated with
a conformational change rather than coordination to a cation.

Furthermore, GIAO-DFT chemical shift calculations at the
B3LYP level on the PM3 geometry-optimized structures
reproduces the experimentally observed shifts very well. The
largest differences between experimental and calculated shifts
were +2 ppm. We may, therefore, propose that the GIAO-
DFT method could become invaluable as an independent
parameter for resonance assignments for complicated struc-
tures and aggregates that involve organolithium compounds.
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