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Allyl-lithium: A Rapidly Equilibrating, Unsymmetrical Dimer in Tetrahydrofuran

William R. Winchester, Walter Bauer, and Paul von Ragué Schleyer*
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Cryoscopic measurements and variable temperature 13C n.m.r. studies on isotopically perturbed samples show
allyl-sodium and allyl-potassium to have symmetrical structures, but allyi-lithium to be an unsymmetrical dimer in
tetrahydrofuran; this association explains the discrepancy between the observed rotational barrier (10.7 kcal/mol)
and that calculated for the isolated allyl-lithium monomer (17.7 kcal/mol) (1 cal = 4.184 J).

Even though the structures of allyl-metal compounds! are
central to the question of metal-r bonding, the nature of
allyl-lithium in solution is still not clear.2—5 The results of 1H
and 13C n.m.r. studies in tetrahydrofuran (THF) are consis-
tent with a symmetrical or rapidly equilibrating species,? but
isotopic perturbation experiments have not decided conclus-
ively between these possibilities.3

The structure of allyl-lithium usually is discussed in terms of
the symmetrical monomer (1) (the geometry favoured by
theoretical calculations, with or without solvation),5 or a pair
of rapidly equilibrating alternatives (2). However, allyl-
lithium is known to be associated in ether solvents?2 and an
X-ray structure shows the tetramethylethylenediamine com-
plex to be an endless polymer.41 Discussions of allyl-lithium in
solution have not considered the effect of aggregation
adequately. In particular the suggested role of aggregationStin
the discrepancy between the calculated (17.7 kcal/mol)5t and
observed (AG#*10.7 £ 0.2 kcal/mol,2d E, 10.5 % 2 kcal/mol 22)
rotational barriers has not been accepted? (1 cal = 4.184 J).

Saunders’ isotopic perturbation method® has been applied
by three research groups to allyl-lithium.3 The results were the
same but the interpretations differed. The observed 0.3 £ 0.1
p.p.m. separation per deuterium between the C(1) and C(3)
13C signals of terminally deuteriated allyl-lithium is less than
that expected if there is an equilibrium between two highly
unsymmetrical structures. Consequently, two groups con-
cluded that allyl-lithium was symmetrical.3b.c However,
Schlosser and Stdhle32 noted that the behaviour was interme-
diate between that of the rapidly equilibrating allyl-magnes-
ium bromide and symmetrical allyl-potassium, and favoured
rapidly equilibrating, slightly unsymmetrical structures (2).

To distinguish conclusively between symmetrical and un-

T A recent X-ray structure shows allyl-lithium to be a monomer when
complexed by the tridentate ligand, pentamethyldiethylenediamine
(U. Schumann, E. Weiss, H. Dietrich, and W. Mahdi, J. Organomet.
Chem., in the press).

symmetrical possibilitiecs we have repeated the isotopic
perturbation experiments on [1-2H,]allyl-lithium,3® [1-
2H, Jallyl-sodium,2¢ and [1-2H, ]allyl-potassium,2d using high-
field n.m.r. spectroscopy (400 MHz) and variable temperature
13C n.m.r. measurements in tetrahydrofuran (THF). If such
an allyl species were symmetrical, the chemical shift difference
{A8[C(1) - C(3)]} for the 1-deuterio-derivative would be
expected to be temperature independent because there would
be only one minimum. Indeed, A3[C(1) — C(3)], as well as the
chemical shift difference between C(3) of the deuteriated and
undeuteriated [1-2H,]allyl-sodium and [1-2H,]allyl-potassium
(ca. 0.2 p.p.m., Table 1) did not vary significantly with
temperature. Furthermore, the signal for the deuteriated
carbon, C(1), always appeared upfield from that for C(3),
consistent with a single minimum.

In contrast, if the allyl derivative were unsymmetrical and
rapidly equilibrating, AS[C(1) — C(3)] of the deuteriated
species would be temperature dependent since the two minima
would no longer be of equal energy. This behaviour is
exhibited by allyl-lithium (Table 1). The A3[C(1) — C(3)]
values vary from 0.08 to 0.60 p.p.m. In addition, the C(1)
chemical shift of [1-2H,]allyl-lithium at 298 K is 0.18 p.p.m.
upfield relative to the value for C(1) of undeuteriated
allyl-lithium. On cooling to 176 K, this Ad[(1a),C(1) -
(1b),C(1)] order is reversed; the C(1) signal of the deuteriated
compound is 0.07 p.p.m. downfield relative to the C(1) signal
of the undeuteriated reference. The C(3) chemical shifts show
the opposite behaviour, at room temperature the signal for the
deuteriated compound is 0.26 p.p.m. upfield of that for the
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Table 1. Temperature effects on the chemical shifts of allyl- and [1-2H,]allyl-lithium contrasted with -sodium and -potassium derivatives.?

[1-2H,]Allyl (1b)

Allyl (1a) Ad Ad
Temp./K Metal C(1) C(2) c3) [CcH)-CB)] <) {(1a), C(1) — (1b), C(1)] [(1a), C(1) — (1b), C(3)]
298 Li 51.04 146.98 50.96 0.08 51.22 0.18 0.26
258 Li 51.19 146.95 51.03 0.16 51.33 0.14 0.30
218 Li 51.37 147.05 51.05 0.32 51.44 0.07 0.39
202 Li 51.47 147.19 51.03 0.44 51.47 0.00 0.44

. [147.45 51.08 0.601 _

176 Li 51.68 1147.35 51.01 0.67( 51.61 0.07 0.56
288 Na 48.40 145.28 48.45 -0.05 48.65 0.25 0.20
176 Na 48.32 143.57 48.32 0.00 48.57 0.25 0.25
263 K 52.27 143.91 52.42 -0.15 52.57 0.30 0.15
212 K 52.28 143.36 52.44 -0.16 52.62 0.34 0.18

a All values are in p.p.m. from SiMe,. Spectra were recorded at 100.5 MHz in [2Hg] THF. When two values are reported, these correspond to the
syn- and anti-conformers which interconvert slowly on the n.m.r. time-scale.

Figure 1. MNDO Lowest energy structure (3) for allyl-lithium dimer,
with distances in A.

undeuteriated compound {Ad[(1a),C(1) — (1b),C(3)]}; on
cooling to 176 K this difference increases to 0.56 p.p.m.
Hence, we conclude that allyl-lithium possesses an unsymmet-
rical structure with a low barrier to interconversion, whereas
allyl-sodium and allyl-potassium are symmetrically bridged.

Since aggregation is important not only for the structures?
but also for reactivities of organolithium compounds,8 we
determined the degree of association cryoscopically.® The
measurements show conclusively that allyl-lithium is a dimer
in THF at 165 K: n = 2.1 = 0.1, in a relatively low
concentration, Ciorma = 97 mmol dm—3. West, et al. found
from colligative property measurements that allyl-lithium has
an apparent degree of aggregation of about 1.3 in THF from
0.1t0 0.7 mol dm—3 at 25°C.2a

The aggregation of organolithium compounds in THF tends
to increase at higher temperatures (because of the entropy
gain due to solvent loss).10 Furthermore, equilibria between
different aggregates are frozen out at low temperatures;8:10
e.g., distinct n.m.r. peaks for butyl-lithium dimer and
tetramer are seen. In contrast, we observe only a single
allyl-lithium species at 176 K. The concentration dependence
of allyl-lithium has been studied extensively by Thompson and
Ford.2d Variations of 0.2 to 2 mol dm—3 in concentration and
189 to 336 K in temperature as well as addition of tetramethyl-
ethylenediamine to the THF solution produced no alterations
of the 13C chemical shifts within a narrow range. Our
measurements agree with these values. McDonald and

Bywater2i have measured the rotational barrier of neopentyl-
allyl-lithium in dilute (0.01 mol dm—3) concentration in THF
by observing changes in u.v. intensities. The estimated n.m.r.
coalescence temperature (about 228 K) is very close to that
(ca. 223 K) reported for allyl-lithium at much higher concen-
trations (ca. 1 mol dm—3).2a.d

All this evidence shows rather conclusively that allyl-lithium
is a dimer in THF over a wide range of conditions. Higher
aggregation is possible (although we find no evidence for this),
but monomers (which should have been favoured under our
cryoscopy conditions) can be excluded. This contradicts
earlier conclusions.2a.d

Calculations on organometallic compounds usually are in
good agreement with experimental results.!! Thus, the ab
initio rotational barrier computed for isolated allyl-sodium
(11.5 kcal/mol)st is the same as the experimentally observed
value,3c even though the latter must refer to a solvated species.
Our MNDO calculations on allyl-lithium structures indicate
that little change in the barrier due to solvation is to be
expected.i Hence, we attribute the discrepancy between the
ab initio calculated barrier for isolated allyl-lithium (17.7
kcal/mol) and the experimental value in THF solution (10.7
kcal/mol) to dimerization.

While ab initio methods will be necessary to compute the
rotational barrier of the associated species accurately, we have
used model MNDO calculations to study many possible
symmetrical and unsymmetrical dimer structures, both unsol-
vated and solvated with two water molecules per lithium.$12
Of the various geometries examined for the allyl dimers,
structure (3) (Figure 1; the unsolvated structure is similar),
which has a favourable charge distribution and bridging
lithiums [but closer to C(1) than C(3)}], was lowest in energy.1
This unsymmetrical structure is consistent with the n.m.r.
results. The C-C bond lengths in (3) differ significantly, 1.492
and 1.359 A, but their average value is identical to that
calculated for (1) (1.426 A). Rather similar dimeric structures
have been found for two allenyl-lithium derivatives.”

In summary, while allyl-sodium and allyl-potassium favour
symmetrical (presumably monomeric)!3 structures (1), allyl-
lithium is an unsymmetrical rapidly equilibrating dimer in
THF. The dimer has a lower rotational barrier than that
expected for the monomer.
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t Further computational details are available from the authors on
request and will be presented in the full report. Structure (3) has C;
symmetry; the C, form is only slightly less stable.
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