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ABSTRACT: We describe the first crystallographically characterized example of a
nonconjugated olefin bound in a simple dihapto fashion to a lithium center, as part of a
study of two alkyllithium compounds that contain CC double bonds at the alkyl chain
terminus: (2,2-dimethylbut-3-en-1-yl)lithium (1) and the related pentenyl compound (2,2-
dimethylpent-4-en-1-yl)lithium (2). The Li−olefin interactions in the crystal structure of 2
serve as a model for those proposed to be present in the [RLi···olefin] intermediate in olefin
carbolithiation reactions. As seen in other systems, the Li−olefin interaction is correlated
with deshielding of the 1H NMR resonances of the olefinic hydrogen atoms. DOSY and
NOE measurements show that 1 and 2 remain tetrameric in cyclohexane and that the
lithium−olefin interactions persist in solution. Addition of a Lewis base such as THF to these
ω-alkenyllithium species has two effects: the THF displaces the lithium−olefin interactions
while accelerating the rate of carbolithiation. A deuteration experiment shows that
compound 2 undergoes reversible carbolithiation to the corresponding cyclobutyl-
methyllithium species in the presence of Lewis bases, but this transformation is thermodynamically uphill owing to ring
strain. In comparison, the longer chain hexenyl species (2,2-dimethylhex-5-en-1-yl)lithium is thermodynamically unstable with
respect to the intramolecular carbolithiation product [(3,3-dimethylcyclopentyl)methyl]lithium (3). We suggest that rate-
determining step in carbolithiation reactions may not always be formation of the C−C bond, as is often assumed, but in some
cases may be formation of the lithium−olefin complex; the coordination of the olefin to lithium may occur in a concerted
fashion with disaggregation of lithium clusters. Finally, we point out that activation enthalpies can be obtained solely from NMR
line shapes above the coalescence point.

■ INTRODUCTION
Carbolithiation reactions, in which an organolithium reagent
adds across a carbon−carbon double or triple bond to form a
new organolithium species, have many uses in synthetic
organic chemistry.1−5 In such carbolithiation reactions, the
addition step is immediately preceded by formation of an
intermediate in which there is a direct lithium−olefin
interaction;4,6−17 the structure of this intermediate is thought
to be principally responsible for the chemo-, regio-, and
stereoselectivity of the addition step.8,10,13−15,17,18 Computa-
tional studies support this view: the intermolecular reaction
between methyllithium and ethylene occurs through initial
formation of a Li−ethylene π-complex, followed by syn-
addition of methyllithium across the carbon−carbon double
bond.19 Theoretical studies have shown that intermediates
with similar lithium−olefin interactions are also crucial for the
steric control of intramolecular carbolithiation reactions.15,20

The experimental study of lithium−olefin interactions
involving alkyllithium reagents is challenging:1,13 in ether
solvents, simple olefins such as ethylene insert rapidly into the
Li−C bond of alkyllithium reagents even at −50 °C.21 One
approach is to study such interactions at low temperatures by
techniques such as 1H−6Li HOSEY22 and resonance Raman14

spectroscopy. Another approach is to disfavor insertion of the
olefin into the Li−C bond, for example, by employing ω-
alkenyl lithium species with five or fewer carbon atoms in the
chain (for which the open-ring form is thermodynamically
more stable owing to the ring strain of the cyclized reaction
product),23 or by carrying out the studies in hydrocarbon
rather than ether solvents.24 Thus, IR and 1H NMR studies of
3-butenyllithium in hydrocarbon solvents found that Li−olefin
interactions cause the CC stretching frequency to decrease
by 6 cm−1, and the olefinic protons to be deshielded with
respect to the corresponding hydrocarbon 1-butene.25,26 In
contrast, in diethyl ether, the olefinic protons are shielded
compared to 1-butene as expected from inductive effects.
Crystallographically characterized compounds in which

lithium interacts with conjugated olefins are well-
known,11,27−29 but there are remarkably few examples of
crystal structures in which a lithium cation is coordinated to a
nonconjugated olefin. In the few reported examples of such
species, the lithium−olefin interactions are almost always
accompanied by other types of interactions. For example, the
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olefin is often π-bonded to an anionic transition metal
center,11,28,30 so that the Li−olefin interaction is enhanced
by attractive electrostatic forces. There are two crystal
structures of compounds that exhibit short lithium−carbon
contacts to a nonconjugated and otherwise noncoordinated
olefin.31,32 In both compounds, the lithium cations are
principally interacting with negative charges (allyl or carborane
anions) located adjacent to the olefins. Because the linkages
between the olefins and the anions in these compounds are
conformationally inflexible, the olefins are close to the lithium
cations for a simple reason: they have to be.
We now describe the synthesis and characterization of two

ω-alkenyllithium compounds that contain lithium−olefin π-
interactions. To the best of our knowledge, our crystal
structure of (2,2-dimethylpent-4-en-1-yl)lithium is the first in
which lithium is coordinated to a nonconjugated olefin in the
absence of other complicating interactions or conformational
constraints. This crystal structure serves as an informative
structural model of the key intermediate in carbolithiation
reactions. We also report NMR studies that suggest that the
solid state structure, including the Li−olefin interactions, is
maintained in hydrocarbon solution. Finally, we assess the
strength of this interaction and discuss the possible relevance
of these results to the mechanism of carbolithiation reactions.

■ RESULTS AND DISCUSSION
Synthesis of the ω-Alkenyllithium Species

LiCH2CMe2CHCH2 and LiCH2CMe2CH2CHCH2. Treat-
ment of 4-bromo-3,3-dimethyl-1-butene with excess lithium in
pentane/diethyl ether affords the new ω-alkenyllithium species
(2,2-dimethylbut-3-en-1-yl)lithium (1), which can be isolated
as a light yellow oil with a melting point of below −20 °C.

Similar treatment of 5-bromo-4,4-dimethyl-1-pentene with
excess lithium in 1:1 (v/v) pentane/diethyl ether, followed by
evaporation of the solvent and crystallization from pentane,
affords colorless crystals of (2,2-dimethylpent-4-en-1-yl)lith-
ium (2). These crystals can be stored indefinitely under argon
at −20 °C, and pentane solutions of both 1 and 2 can be
stored under argon at −20 °C for months without
decomposition.
Attempts to make the analogous compound with six carbon

atoms in the alkyl backbone (instead of four or five) by
lithiation of 6-bromo-5,5-dimethyl-1-hexene under similar
conditions do not afford (2,2-dimethylhex-5-en-1-yl)lithium,
but instead lead to an organolithium product that shows no
olefinic signals in its 1H NMR spectrum. This product has
been identified as [(3,3-dimethylcyclopentyl)methyl]lithium
(3), which is the result of an intramolecular carbolithiation
reaction. The formation of this compound is consistent with
previous reports that hex-5-en-1-yllithium compounds cyclize

to (cyclopentylmethyl)lithium derivatives in pentane−diethyl
ether solvents.4

The 1H NMR spectrum of the substituted butenyllithium
compound 1 contains a singlet at δ −0.80 assigned to the
anionic α-CH2 group; such shielded chemical shifts are
typically seen for protons attached to the anionic center in
organolithium reagents.33 More interestingly, the chemical
shift of the methine proton attached to the CC double bond
is deshielded by ∼0.3 ppm compared to the chemical shift of
the analogous proton in the conjugate acid of this anion, 3,3-
dimethyl-1-butene. Similar deshielding of olefinic protons is
also seen in 3-butenyllithium25,26 and several alkenylaluminum
reagents.34,35 This deshielding is the opposite of what would be
expected based on inductive effects; consistent with these
earlier studies, we believe that it reflects the proximity of the
olefin to the Lewis acidic lithium center. The 13C NMR and
7Li NMR spectra of 1 are similar to those of 2, which will be
discussed in detail next.
The 1H NMR spectrum of the substituted pentenyllithium

compound 2 at 20 °C in cyclohexane-d12 (C6D12) shows a
broad singlet (fwhm = 6.45 Hz) at δ −0.83 assigned to the
anionic α-CH2 group (the large line width is likely due to
unresolved coupling to 6Li or 7Li). The methine proton
attached to the CC double bond appears as a multiplet at δ
6.19; again, its chemical shift is deshielded by 0.4 ppm
compared to that of the methine proton in the corresponding
conjugate acid, 4,4-dimethyl-1-pentene (δ 5.78 in C6D12). The
olefinic CH2, γ-CH2, and β-methyl proton signals are also
deshielded with respect to the unlithiated alkene, but to a
lesser extent: the olefinic CH2 protons are at δ 5.11 and 5.17
(vs δ 4.95), the γ-CH2 protons are at δ 2.04 (vs δ 1.92), and
the β-methyl protons are at δ 1.06 (vs δ 0.89). Similar
deshielding of these protons is also seen for solutions of 2 in
the aromatic solvent C6D6 (see SI).
The IR spectrum of 2 features a CC stretch at 1628 cm−1

that is 13 cm−1 lower than the 1641 cm−1 frequency seen for its
conjugate acid 4,4-dimethyl-1-pentene.36 This observation is
consistent with previous infrared and resonance Raman studies
of lithium−olefin complexes.14,25,26 However, the lowered C
C stretching frequency is not definitive evidence of the
presence of a Li−olefin interaction because this mode can be
affected by other factors such as coupling to other vibrations,
strain, and inductive effects.37

The 7Li NMR spectrum of 2 in cyclohexane-d12 consists of a
singlet at δ 2.01. The 13C signal of the α-CH2 group appears as
a broad peak at δ 32.8; unresolved 13C−6,7Li coupling may be
present. These 7Li NMR38 and 13C NMR39 shifts are similar to
those seen in other alkyllithium compounds.

Crystal Structure of LiCH2CMe2CH2CHCH2 (2).
Crystal data for the 2,2-dimethylpentenyl compound 2 are
presented in Table 1, and selected bond length and angles are
collected in Table 2. In the solid state, this compound exists as
an unsolvated tetramer in which the four lithium atoms form a
distorted tetrahedron (Figure 1). As usual, each face of the
tetrahedron is capped by one of the anionic α-CH2 groups.

40

Interestingly, of the five largest peaks in the final difference
map for 2, four were located just under 1 Å away from the four
α-carbon atoms, along lines that connect those carbon atoms
with the center of the Li4 tetrahedron. These four electron
density features are assigned to the lone pairs on each of the
anionic α-carbon atoms.
Overall, the (2,2-dimethylpent-4-en-1-yl)lithium tetramer

has idealized (but not crystallographic) 4̅ symmetry, in which
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each of the ω-alkenyl chains is approximately perpendicular to
the 4̅ axis. The structure of 2 is analogous to that of the 3-
lithio-1-methoxybutane tetramer,41 but is different from those
of the 1-dimethylamino-3-lithiopropane42 and 1-lithio-3-
methoxypropane43 tetramers, in which the bidentate chains
lie approximately parallel to the 4̅ axis.
The most interesting structural feature in 2 is the η2

coordination of each of the CC double bonds at the ends

of the ω-alkenyl chains to a different lithium atom in the
tetramer. The average Li−C distances to the olefinic methine
and methylene carbons of 2.46(2) and 2.55(3) Å, respectively,
are longer than the 2.01 Å sum of the covalent radii of lithium
(1.28 Å) and an sp2 carbon (0.73 Å),44 but are considerably
shorter than the 3.51 Å sum of the van der Waals radii for
lithium (1.81 Å) and an sp2 carbon (1.70 Å).45 The Li−
C(olefin) distances in 2 can be compared with those in the
conformationally constrained compounds mentioned earlier:
they are shorter than the Li−C distances of 2.60 Å in
[Li4(THF)5[1,2-(CH2CHCHCH2)-1,2-C2B10H10]]2, but
longer than those of 2.40 and 2.43 Å in bicyclo[3.2.1]octa-
2,6-dienyllithium.31,32

The average CC double bond length of 1.322(2) Å in 2 is
very close to those of 1.32 Å seen in free olefins,46 and those of
1.32 to 1.36 Å in olefins bound to calcium,47 barium,47

aluminum,48 and d0 zirconium centers.49 In addition, we were
able to locate all the olefinic hydrogens in the difference map
and to refine their locations without constraints. The olefinic
carbon atoms in 2 are planar within error, and are not
pyramidalized as seen in olefin complexes of d1−d10 transition
metal centers in which there is metal to ligand π-backbonding.
The 2.46(2)−2.55(3) Å Li−C(olefin) distances and the

1.322(2) Å CC distance in 2 are in good agreement with
those computed for of an ethylene−methyllithium complex in
which the ethylene binds to lithium in an η2 mode.19 The
optimized Li−C(olefin) distance in the computational study
was 2.544 Å, and the optimized CC double bond length was
1.325 Å. The Li−olefin interaction energy was calculated to be
∼12 kcal/mol. The experimental Li−C bond length in 2 is
slightly longer than those in another computational study,
which found Li−C distances of 2.407 and 2.380 Å in the
chairlike ground state structure of 5-hexen-1-yllithium.15 We
point out, however, that both of these computations were
carried out on monomeric alkyllithium species, not a
tetrameric structure as we see for 2.

Table 1. Crystallographic Data for (2,2-Dimethylpent-4-en-
1-yl)lithium (2)

space gp, P1̅ formula, C28H52Li4

T = 100 K FW = 416.45 g/mol
λ = 0.71073 Å V = 1501.94(9) Å3

a = 9.5665(3) Å Z = 2
b = 11.7202(4) Å ρcalc = 0.921 g/cm3

c = 13.9363(5) Å μ = 0.048 mm−1

α = 88.0409(10)° Rint = 0.036
β = 74.6859(10)° GOF on F2 = 1.038
γ = 85.3298(10)°
absorption correction: face-indexed
max, min transm. factors: 1.00, 0.97
data, parameters, restraints: 5504, 0, 358
R1 [I > 2σ(I)]a = 0.0558; wR2 (all data)

b = 0.1434
max, min Δρelectron = 0.77, −0.21 e/Å3

aR1 = ∑ ||F0| − |Fc||/∑|F0|.
bwR2 = [∑w(F0

2 − Fc
2)2/∑(F0

2)2]1/2.

Table 2. Selected Bond Distances and Angles for (2,2-
Dimethylpent-4-en-1-yl)lithium (2)

bond distances (Å)

Li1−C1 2.221(3) Li3−C1 2.268(3)
Li1−C11 2.272(3) Li3−C11 2.244(3)
Li1−C21 2.246(3) Li3−C31 2.274(3)
Li1−C26 2.491(3) Li3−C16 2.425(3)
Li1−C27 2.536(3) Li3−C17 2.593(3)
Li2−C1 2.245(3) Li4−C11 2.260(3)
Li2−C21 2.233(3) Li4−C21 2.268(3)
Li2−C31 2.257(3) Li4−C31 2.236(3)
Li2−C6 2.494(3) Li4−C36 2.425(3)
Li2−C7 2.490(3) Li4−C37 2.599(3)
C6−C7 1.323(3) C26−C27 1.324(3)
C16−C17 1.318(3) C36−C37 1.322(3)

bond angles (deg)

C26−Li1−C27 30.53(8) C16−Li3−C17 30.22(7)
C27−C26−Li1 76.60(13) C17−C16−Li3 81.99(12)
C26−C27−Li1 72.87(13) C16−C17−Li3 67.80(11)
C7−Li2−C6 30.79(7) C36−Li4−C37 30.24(6)
C7−C6−Li2 74.45(12) C37−C36−Li4 82.19(12)
C6−C7−Li2 74.76(12) C36−C37−Li4 67.57(11)
C7−C6−C5 125.87(17) C27−C26−C25 126.0(2)
C7−C6−H6 119.4(12) C27−C26−H26 117.7(13)
C5−C6−H6 114.7(12) C25−C26−H26 116.2(13)
C6−C7−H7A 121.1(13) C26−C27−H27B 118.6(14)
C6−C7−H7B 121.8(12) C26−C27−H27A 118.3(13)
H7A−C7−H7B 117.0(18) H27B−C27−H27A 123.1(19)
C17−C16−C15 125.12(17) C37−C36−C35 125.38(16)
C17−C16−H16 119.5(12) C37−C36−H36 117.1(11)
C15−C16−H16 115.4(11) C35−C36−H36 117.5(11)
C16−C17−H17A 120.9(13) C36−C37−H37A 121.1(12)
C16−C17−H17B 122.7(12) C36−C37−H37B 121.8(12)
H17A−C17−H17B 116.4(17) H37A−C37−H37B 117.1(17)

Figure 1. Crystal structure of (2,2-dimethylpent-4-en-1-yl)lithium
(2), viewed down the noncrystallographic molecular 4̅ axis. Ellipsoids
are drawn at the 35% probability level.
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DOSY and 1D NOE Studies of 1 and 2 in Solution. In
this section, we describe NMR studies to address two
questions: (1) Is the tetrameric structure seen in the solid-
state preserved in solution? (2) Are the Li−olefin interactions
seen in the solid-state preserved in solution?
To determine the degree of oligomerization of 1 and 2 in

solution, we carried out 1H diffusion-ordered spectroscopy
(DOSY) experiments in C6D12 at 25 °C using adamantane as
the internal standard (Figure 2).50,51

For the dimethylbutenyl compound 1, the 1H NMR
diffusivity is (4.54 ± 0.05) × 10−10 m2/s (essentially identical
diffusivities were deduced from each of the different proton
environments); this diffusivity corresponds to a molecular
weight of 410 ± 60 vs a calculated value of 360 for tetrameric
1. Similarly, for the dimethylpentenyl compound 2, all five 1H
NMR resonances exhibit the same diffusivity (averaging (4.3 ±
0.1) × 10−10 m2/s). This value corresponds to a molecular
weight of 450 ± 65 (see Experimental Section), which is
consistent with the calculated molecular weight of 416 for
tetrameric 2.
Diffusion coefficients are sensitive to the shape and the

hydrodynamic radius of the particle, and the latter is related to
the volume of the molecule.50 Because our organolithium
compounds are somewhat less dense (as judged from the
crystal structure) than the calibration standard adamantane
(e.g., 0.92 g/cm3 for 2 vs 1.08 g/cm3 for adamantane52), the
DOSY measurements are likely to give slight overestimates of
the molecular weights of the organolithium compounds. As a
result, our measurements are consistent with the conclusion
that, for 1 and 2, the dominant species in C6D12 solution are
tetramers, and not hexamers as seen for certain alkyllithium
species such as n-butyllithium,53,54 isopropyllithium,53,54 cyclo-
hexyllithium,53,54 and cyclopentyllithium.55

To determine whether the lithium−olefin contacts observed
in the crystal structure of 2 persist in solution, we measured the
heteronuclear 1H{7Li} nuclear Overhauser enhancements
(NOEs) at 25 °C in C6D12. Absolute heteronuclear NOEs
are difficult to measure directly because they are small. The
largest NOE is expected for the α-CH2 protons (which are
certainly in proximity to the Li centers); we find that the
absolute NOE for these protons is 3 ± 1%. By subtracting the
normal 1H NMR spectrum from one in which the 7Li
resonance is saturated, the relative NOEs for different protons

can be measured fairly accurately. If the intensity of the α-CH2
protons in this difference spectrum is set arbitrarily to 1.00, the
relative intensities of the NOE difference peaks for the protons
in the chain are Li−CH2(1.0)−CMe2−CH2(0.03)−CH-
(0.17)CH2(0.16) (Figure 3). These intensities correspond
to absolute NOEs (after correcting for the site populations) of
Li−CH2(3%)−CMe2−CH2(0.1%)−CH(1.0%)CH2(0.5%).

Thus, the olefinic protons have 1H{7Li} NOEs that are 5 to
10 times larger than seen for the γ-CH2 protons (although
smaller than those seen for the lithium-bound α-CH2 protons).
These 1H{7Li} NOEs suggest that, in hydrocarbon solution,
the olefinic protons of 2 are closer than the γ-CH2 protons to
the lithium atom, despite being at the end of the ω-alkenyl
chain. The relative sizes of these NOEs are consistent with the
crystal structure of 2, in which the shortest Li−H distances are
to the α-CH2 protons (∼2.1 Å), the next shortest are to the
olefinic methine and methylene protons (∼2.7 and 2.8 Å,
respectively), and all other Li−H distances are longer than 3.1
Å.
Lithium−olefin interactions also persist in solutions of the

dimethylbutenyl compound 1, as shown by its 1H{7Li}
difference NOE spectrum at 25 °C (see Supporting
Information (SI)). The absolute NOEs for the olefinic
methylene and methine protons (0.3 ± 0.1% and 1 ± 0.5%,
respectively) are very similar to those in 2; these results again
indicate that the olefin group is in close proximity to lithium.
Finally, a homonuclear 1H{1H} NOE NMR study in C6D12

at 25 °C provides additional evidence that the olefinic
methylene protons of 2 are close to the α-CH2 protons
(Figure 3): when the α-CH2 peak at δ −0.83 is irradiated for 2
s, the NOE of the terminal olefinic methylene protons (2.0%)
is similar in size to that of the γ-CH2 protons (2.2%). This
result is consistent with the conformation of the 2,2-
dimethylpent-4-en-1-yl ligand observed in the crystal structure
of 2, in which the γ-CH2 protons and the olefinic methylene
protons are approximately equidistant from the α-CH2
protons.
All these findings strongly suggest that, when 1 and 2 are

dissolved in cyclohexane, they exist as tetramers in which the

Figure 2. 1H DOSY spectrum of 2 in cyclohexane-d12 at 25 °C.

Figure 3. (a) Difference spectrum showing relative heteronuclear
1H{7Li} nuclear Overhauser enhancements (NOEs) of 2 in
cyclohexane-d12 at 25 °C. (b) 1D homonuclear 1H{1H} NOE NMR
spectrum of 2 in cyclohexane-d12 at 25 °C. The α-CH2 resonance (A)
is irradiated for 2 s.
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CC double bond is coordinated to the lithium center, as
seen in the solid state.
Strength of the Li−Olefin Interaction. In the crystal

structure of 2, the coordination of the lithium to one side of
the CC double bond lowers the symmetry in such a way that
the two β-methyl groups in each ω-alkenyl chain are in
chemically inequivalent environments (as are the two protons
of the allylic γ-methylene group).56 The 1H NMR spectrum of
2 at room temperature, however, shows that the two
diastereotopic β-methyl groups are equivalent on the NMR
time scale; exchange of the two β-methyl environments can
occur only if the olefin dissociates and then reassociates via the
other face of the CC double bond.49 Other processes, such
as intramolecular isomerization between the two types of 4̅
structures,42 do not exchange these sites.
A variable temperature 1H NMR study of 2 in C7D8 showed

that when the sample is cooled from −10 to −80 °C the
methyl resonance broadens by ∼6 Hz (from 4.3 to 10.7 Hz)
and the α-CH2 resonance broadens by a similar amount, ∼5
Hz. In contrast, when the sample is cooled from −10 to −80
°C the peaks due to the olefinic protons of 2, and those due to
the methyl groups of the hydrolysis product 4,4-dimethyl-1-
pentene, broaden by only ∼1.6 Hz; this small broadening
probably reflects decreases in relaxation times due to increased
solvent viscosity and/or instrumental effects such as changes in
shimming. Therefore, the much more pronounced broadening
of the methyl resonance in 2 at −80 °C is most likely a sign of
incipient decoalescence due to slowing of the exchange
process. From the amount of line broadening, we can estimate
the enthalpy of activation for the dissociation of the CC
bond in 2 to be ∼3 kcal/mol (see Experimental Section). This
value provides a lower limit for the strength of the Li−olefin
interaction; the bond strength will be higher if solvent
participates in the dissociation process57,58 or some ring strain
is relieved upon dissociation.
Another way to evaluate the strength of the Li−olefin

interaction is to determine how easily this interaction can be
disrupted by addition of ethers. A solution of 2 in
methylcyclohexane-d14 (C7D14) was treated with 2.5 equiv
per tetramer of diethyl ether at −38.1 °C. For this solution, we
find the following: (1) The chemical shifts of the olefinic
protons are still deshielded compared to those in the
corresponding conjugate acid; (2) in the difference 1H{7Li}
NOE spectrum, the relative NOEs (scaled by setting the NOE
for the α-CH2 protons to 1.00) are essentially identical to
those seen for an ether-free sample (see SI); (3) in the 1H{1H}
NOE spectrum obtained upon irradiation of the α-CH2
protons, the NOEs for the olefinic methylene protons
(1.0%) are about the same size as the NOE for the γ-CH2
protons (1.2%) (Figure 4); and (4) in the 7Li NMR spectrum
at room temperature, the chemical shift of 2 in the presence of
diethyl ether (δ 1.67) is similar to the chemical shift of 2 (δ
2.01) in the absence of diethyl ether. All this evidence strongly
suggests that the CC double bond in 2 remains coordinated
to lithium even in the presence of small amounts of diethyl
ether.
In contrast, addition of 16 equiv of THF per tetramer to a

C7D14 solution of 2 at −38.1 °C results in significant
disruption of the Li−olefin interactions, as shown by the
following evidence: (1) the deshielding of the olefinic protons
that signals the presence of Li−olefin interactions is
significantly smaller. Relative to the 1H NMR chemical shifts
of the conjugate acid 4,4-dimethyl-1-pentene, addition of THF

causes the deshielding of the olefinic methine proton to
decrease from 0.41 to 0.25 ppm; furthermore, the olefinic
methylene protons are no longer deshielded relative to the
conjugate acid but instead are shielded by ∼0.1 ppm; (2) in the
difference 1H{7Li} NOE spectrum, the NOEs for the olefinic
protons decrease by about a factor of 4 so that they are
approximately the same as the NOE for the γ-CH2 protons, vs
5 to 10 times larger in the absence of THF; (3) irradiation of
the α-CH2 peak for 2 s gives a 1H{1H} NOE of only 0.2% for
the terminal olefinic CH2 protons and 1.4% for the γ-CH2
protons (Figure 4), whereas in the absence of THF these
NOEs are approximately equal; (4) the 7Li NMR spectrum of
2 in the presence of 16 equiv of THF per tetramer shows a
singlet at δ 2.71, which differs from the 7Li NMR chemical shift
of δ 1.67 seen for 2 in the presence of diethyl ether; and (5) in
the difference 1H{7Li} NOE spectrum, the 2-CH2 resonances
of THF show a significant NOE (for comparison, upon
addition of 2.5 equiv of diethyl ether per tetramer, the 1-CH2
resonance of diethyl ether shows a negligible NOE). All these
findings are consistent with the conclusion that, upon addition
of 16 equiv of THF per tetramer, more than half of the Li−
olefin interactions have been replaced by Li−THF interactions.
The Li−THF bond enthalpy of sterically hindered

alkyllithium compounds in benzene is ∼10 kcal/mol.56,59

This value, which places an upper limit on the strength of the
Li−olefin interaction in 2, is consistent with our estimation
from the NMR line broadening analysis that ΔH for the Li−
olefin interaction is not less than ∼3 ± 1 kcal/mol.
We will not discuss the results in detail here, but dissolving 2

in THF-d8 causes changes in the chemical shifts and NOEs
that are consistent with complete loss of the Li−olefin
interactions (Figure 4).

Reversible Carbolithiation of 2. As noted above, efforts
to prepare the hexenyllithium compound (2,2-dimethylhex-5-
en-1-yl)lithium led instead to the carbolithiated product [(3,3-
dimethylcyclopentyl)methyl]lithium (3). This result prompted
us to examine whether 2 can undergo reversible carbolithia-
tion, as has been seen previously for other pentenyllithium and
Grignard reagents, including LiCH(Me)CH2CH2CHCH2

23

and ClMgCH2CH2CH2CHCH2.
60 According to Baldwin’s

rules, such exo-trig cyclization reactions should have relatively

Figure 4. 1H{1H} NMR spectra at −38.1 °C showing NOEs of the
olefinic CH2 protons (E) and γ-CH2 protons (C) of 2, obtained upon
irradiation of the α-CH2 protons (A) under the following conditions:
(a) in C7D14 with ∼2.5 equiv per tetramer of diethyl ether; (b) in
C7D14 with ∼16 equiv per tetramer of THF; (c) in neat THF-d8.
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low barriers (although they may still be uphill thermodynami-
cally) for 3-butenyl, 4-pentenyl, and 5-hexenyllithium
reagents.61,62

An excellent way to determine whether reversible
carbolithiation is taking place is to deuterate the α-CH2
protons. If reversible intramolecular carbolithiation occurs,
these deuterium labels should scramble into the allylic γ-CH2
groups:

We found that treatment of BrCD2CMe2CH2CHCH2
(>95% deuterated at the indicated site) with lithium in 1:1
diethyl ether/pentane at −20 °C for 5 h gives an organolithium
reagent that consists of ∼87% 2-α-d2 and ∼13% of
LiCH2CMe2CD2CHCH2 (2-γ-d2) as judged from the 1H
NMR spectrum. This result shows that some scrambling has
occurred. If the ∼87% 2-α-d2 and ∼13% 2-γ-d2 mixture is
purified and then dissolved in pentane, no further change in
the α-d2 vs γ-d2 ratio takes place at −20 °C even after 7 days. If,
however, the mixture is dissolved in 1:1 diethyl ether/pentane
and kept at −20 °C for 7 days, the exchange reaction reaches
equilibrium to afford a 50%/50% mixture of the 2-α-d2 and 2-
γ-d2 isotopologs.
This evidence shows four things: (1) In the presence of

ether, 2 can undergo reversible carbolithiation. (2) The
cyclobutylmethyl intermediate responsible for the exchange
process in 2 is not directly observable because the strain energy
associated with its cyclobutane ring disfavors it thermodynami-
cally (by about 6.4 kcal/mol)63 with respect to the open-chain
pentenyl structure. (3) The presence of a lithium−olefin
interaction is not sufficient for carbolithiation to occur because
in hydrocarbon solvents (where this interaction is present) the
rate is very slow. (4) Carbolithiation is accelerated in
coordinating solvents, which suggests that a Lewis base is
coordinated to the intermediate responsible for carbolithiation.
The last of these conclusions is consistent with previous
observations of inter- and intramolecular carbolithiation
reactions.15,19,24,64,65

Solvation of the lithium centers by a Lewis base can have
several chemical consequences, one of which is disaggregation
of the organolithium cluster.1,5,40,66−68 In fact, Mattalia et al.
have proposed that disaggregation is largely responsible for the
increased rate of carbolithiation in the presence of Lewis
bases.9 We comment here that it makes sense that solvation-
induced disaggregation should increase the nucleophilicity of
the anionic carbon center, for two reasons. First, disaggregation
will result in the anionic carbon being bound to fewer
positively charged lithium ions. Second, the crystal structure of
2 shows that the lone pairs on the α carbon are pointing to the
center of the Li4 cluster, which is not a favored geometry for
the exo-trig cyclization reaction according to Baldwin’s
rules.61,62 Thus, the acceleration of carbolithiation reactions
by Lewis bases may reflect a solvation-prompted change in
how the anionic carbon binds to lithium, so that the
carbanionic lone pair adopts a geometry more favorable for
forming a C−C bond with the olefin.19

Mechanism of Carbolithiation. We briefly consider here
the question of the rate-determining step in carbolithiation
reactions.4,6−17 Carbolithiation reactions are thought to
proceed through a monomeric (i.e., Lewis-base-coordinated)

lithium species in which the anionic carbon and the olefin are
simultaneously bound to lithium.9,20 Although ab initio studies
of gas phase carbolithiation reactions have suggested that
coordination of the olefin to lithium is downhill thermody-
namically by 12 kcal/mol,15,19 these calculations involved
unsolvated organolithium monomers, which are quite different
from the species actually present in solution. Our studies
suggest that, in THF, which is a common solvent for
carbolithiation reactions, the dominant species in solution
before carbolithiation occurs are ones in which no Li−olefin
interactions are present. As a result, the formation of lithium−
olefin interactions in the presence of excess THF must be
uphill thermodynamically. This conclusion is consistent with
our finding that the Li−olefin bond strength in 2 is slightly
larger than 3 kcal/mol, vs the Li−THF bond strength of about
10 kcal/mol seen for a representative organolithium species, 3-
lithio-1-methoxybutane.56

Thus, the mechanism of carbolithiation must involve at least
two energy barriers: one for formation of the monomeric
lithium−olefin complex, and one for the C−C bond formation
step (Figure 5). Although it has often been assumed that C−C

bond formation has the higher energy barrier, we wish to
suggest that coordination of olefin to the solvated lithium
center (which may also promote disaggregation of lithium
clusters) may have the higher barrier in some systems.
Coordination of substrate is known to be rate-determining in
other reactions that involve highly reactive metal centers and
low-reactivity substrates, such as the activation of C−H bonds
in hydrocarbons by some platinum complexes.69−71

Several computational studies (mostly by ab initio methods)
have been carried out to estimate the activation energy for the
C−C bond forming step in carbolithiation reactions.9,15,19,20

The most chemically relevant of these calculations, which
involved a THF-solvated organolithium monomer with the
olefin already coordinated to the lithium center, gave activation
energies for the C−C bond forming step of only 5−15 kcal/
mol.9,20 Such low barriers suggest that the C−C bond forming
step may not be rate determining, particularly if the formation

Figure 5. Reaction coordinate for intramolecular carbolithiation
reactions. Solid line: reaction coordinate when C−C bond formation
step is rate determining, characterized by fast cluster disaggregation
promoted by a Lewis base. Dashed line: reaction coordinate when
olefin coordination is rate determining, characterized by slow cluster
disaggregation induced by olefin coordination.
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of a monomeric lithium−olefin complex intermediate is
sufficiently inhibited.
Additional evidence that C−C bond formation is not rate

determining in some carbolithiation reactions comes from a
study of 2-(N-allyl-N-benzylamino)phenyllithium vs its N-3-
phenallyl analog in toluene with (−)-sparteine as a chiral
auxiliary: calculations suggested that the 3-phenallyl compound
should have a much lower barrier for the C−C bond forming
step,9 whereas experimentally the 3-phenallyl compound
requires a significantly higher temperature for the carbolithia-
tion reaction to proceed.72 A reasonable way to explain this
discrepancy is that olefin coordination is rate determining
(being hindered by the increased steric bulk of 3-phenallyl vs
allyl) instead of C−C bond formation.
The coordination of olefin may occur in a concerted fashion

with cluster disaggregation to form monomeric species (i.e.,
coordination may actually induce disaggregation): even bases
that interact weakly with lithium can markedly accelerate
cluster disaggregation processes.73 Thus, olefin coordination is
likely to be rate determining for carbolithiation reactions in
which the only Lewis bases present are either weakly donating
(such as diethyl ether) or sufficiently sterically hindered (such
as sparteine)72 that they are unable to cleave the alkyllithium
clusters to monomers.67,68

■ CONCLUDING REMARKS

In the solid state, the ω-alkenyllithium compound (2,2-
dimethylpent-4-en-1-yl)lithium (2) is tetrameric and exhibits
lithium−olefin π interactions, with average Li−C distances of
2.46(2) and 2.55(3) Å for the olefinic methine and methylene
carbon atoms, respectively. In hydrocarbon solvents, 2 and its
butenyl analog (2,2-dimethylbut-3-en-1-yl)lithium (1) remain
tetrameric, and the lithium−olefin interactions are still present,
as judged by DOSY and NOE measurements. VT-NMR and
NOE studies in hydrocarbon solvents show that the lithium−
olefin interactions persist in the presence of small amounts of
diethyl ether, but are largely displaced by THF.
Deuterium labeling experiments reveal that the α-CH2 and

γ-CH2 groups in the pentenyl compound 2 can exchange with
one another, showing that this compound can undergo
reversible intramolecular carbolithiation via a higher energy
(and unobservable) cyclobutylmethyl intermediate. Interest-
ingly, however, the rate of this exchange process is highly
solvent dependent. At −20 °C in hydrocarbon solvents, the
process is very slow (no detectable exchange after 7 days), but
in 1:1 pentane/diethyl ether, the deuterium labels become fully
equilibrated over the two sites after several days.
Addition of a Lewis base such as THF to these ω-

alkenyllithium species has two effects: the THF displaces the
lithium−olefin interactions while accelerating the rate of
carbolithiation. This situation is interesting, because coordina-
tion of the olefin to the lithium is needed for carbolithiation to
occur. It has generally been assumed that the C−C bond
formation step in carbolithiation reactions is rate determining,
but we suggest that coordination of the olefin to lithium
(perhaps also inducing disaggregation of the lithium clusters to
form monomeric species) may be rate determining in some
systems. We propose that this will be the case when the only
Lewis bases present are either weakly donating (such as diethyl
ether) or sterically hindered (such as sparteine).

■ EXPERIMENTAL SECTION
All experiments were carried out in a vacuum or under argon using
standard Schlenk techniques. All glassware was oven-dried before use.
Solvents (pentane, diethyl ether) were distilled under nitrogen from
sodium/benzophenone immediately before use. Lithium granules (4−
10 mesh, trace metals grade, Sigma-Aldrich) were used as received.
Cyclohexane-d12, benzene-d6, methylcyclohexane-d14, and chloroform-
d1 were purchased from Sigma-Aldrich or Cambridge Isotope
Laboratories in 1 mL ampules and used without purification. The
compounds 5-bromo-4,4-dimethyl-1-pentene74 and 6-bromo-5,5-
dimethyl-1-hexene75,76 were prepared by slightly modified literature
routes as described in the SI. The syntheses of 4-bromo-3,3-dimethyl-
1-butene and 5,5-d2-5-bromo-4,4-dimethyl-1-pentene are reported in
detail in the SI.

Elemental analyses were performed by the University of Illinois
Microanalytical Laboratory. In order to obtain satisfactory CHN
combustion analyses, it was necessary to add a combustion aid (a
mixture of silver vanadate, silver tungstate, and cobaltic oxide), so as
to avoid formation of Li2CO3, which is known to retain CO2
tenaciously.77 FTIR spectra were acquired on a Thermo Nicolet
IR200 spectrometer as mineral oil mulls between KBr plates, and
processed using the OMNIC software package with automatic
baseline corrections. Melting points were acquired on a Thomas-
Hoover Uni-Melt apparatus in sealed capillaries under argon. The 1D
1H and 13C NMR data were recorded on a Varian Inova 400
spectrometer at 9.39 T or Varian Inova 500 spectrometer at 11.74 T.
The 1H−1H NOE data were recorded on a Varian Inova 500
spectrometer at 11.74 T or Varian Inova 600 spectrometer at 14.09 T.
1H DOSY data were recorded on an Agilent VNMRS NMR 750
spectrometer at 17.61 T. The 7Li NMR and 7Li−1H 1D NOE data
were recorded on a Varian Inova 600 spectrometer at 14.09 T.
Chemical shifts are reported in δ units (positive shifts to higher
frequency) relative to TMS (1H, 13C), set by assigning appropriate
shifts to residual solvent signals, or to an external standard of aqueous
1.0 M LiCl (7Li) by sample replacement. Because the alkyllithium
compounds are pyrophoric, PTFE liners (Wilmad) were placed inside
the NMR tubes to prevent escape of the material in case of breakage.
X-ray crystallographic data were collected by staff at the G. L. Clark X-
ray Laboratory at the University of Illinois.

Caution: The following organolithium reagents are pyrophoric in
air and react violently with water. Use proper safety precautions.

(2,2-Dimethylbut-3-en-1-yl)lithium (1). Krytox grease was used
to lubricate all glass joints (see below). Lithium granules (4−10 mesh,
trace metals grade, 3.0 g, 430 mmol) were dispersed in pentane (20
mL) with a glass-coated stirring bar; 4-bromo-3,3-dimethyl-1-butene
(6.0 g, 37 mmol) was added, and the mixture was left stirring at room
temperature for 12 h. Diethyl ether (20 mL) was then added at −20
°C, and the mixture was stirred at this temperature for 12 h. The
solvent was removed at −20 °C, and the resulting solid was extracted
with pentane (2 × 20 mL) to give a light yellow solution of product
(40 mL of a 0.22 M solution, 29%). Evaporation of the solvent gives
the title compound as a light yellow oil. 1H NMR (500 MHz, C6D12,
20 °C): δ 6.07 (dd, 1 H, 3JHH = 17.9, 10.6 Hz, −CH), 4.95 (dd, 1
H, 3JHH = 17.9 Hz, 2JHH = 1.7 Hz, CH2), 4.84 (dd, 1 H,

3JHH = 10.6
Hz, 2JHH = 1.7 Hz, CH2), 1.07 (s, 6 H, Me), −0.80 (br, 2 H, Li−
CH2).

13C{1H} NMR (126 MHz, C6D6, 20 °C): 155.01 (s, −CH),
106.61 (s, CH2), 39.23 (s, 2-C), 33.87 (s, Me), 26.51 (br, Li−
CH2).

7Li NMR (233 MHz, C6D12, 20 °C): 2.01 (s).
Note: (2,2-Dimethylbut-3-en-1-yl)lithium reacts with silicone

grease to form a dark oil that contains (2,2-dimethylbut-3-en-1-
yl)dimethylsilanol, which has the following NMR properties. 1H
NMR (400 MHz, C6D6, 20 °C): δ 5.87 (dd, 1 H, JHH = 8.8, 17.6 Hz,
−CH), 4.91 (dd, 1 H, 3JHH = 17.6 Hz, 2JHH = 1.4 Hz, CH2), 4.82
(dd, 1 H, 3JHH = 8.8 Hz, 2JHH = 1.4 Hz, CH2), 1.08 (s, 6 H, CMe2),
0.70 (s, 2 H, SiCH2), 0.10 (s, 6 H, SiMe2). MS (EI, m/e) calcd, 158.1;
found, 158.1.

(2,2-Dimethylpent-4-en-1-yl)lithium (2). A 100 mL Schlenk
flask was charged with a glass-coated stirring bar, lithium granules (4−
10 mesh, trace metals grade, 3.0 g, 432 mmol), pentane (30 mL), and
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5-bromo-4,4-dimethyl-1-pentene (6.0 g, 34 mmol); the latter was
added in one portion. The mixture was stirred for 24 h at room
temperature and then was cooled to −20 °C and diluted by slow
addition of diethyl ether (30 mL). The mixture was stirred at −20 °C
for 10 h, and then the solvent was removed at −20 °C. The residue
was extracted with pentane (2 × 25 mL). The yellow extract was
filtered, concentrated to ca. 3 mL, and cooled to −78 °C. The off-
white solid was collected and washed with cold pentane (2 × 2 mL).
A second crop can be obtained by concentrating the mother liquor
and cooling to −78 °C. Combined yield: 2.28 g (65%). Anal. Calcd
for C7H13Li: C, 80.7; H, 12.8. Found: C, 80.6; H, 12.4. Mp. 60−61
°C. IR (cm−1): 1628 (m, CC stretch). 1H NMR (500 MHz, C6D12,
20 °C): δ 6.19 (m, 1 H, −CH), 5.17 (d, 1 H, 3JHH = 17.4 Hz, 
CH2), 5.11 (d, 1 H,

3JHH = 10.0 Hz, CH2), 2.04 (d, 2 H,
3JHH = 7.4

Hz, 3-CH2), 1.06 (s, 6 H, Me), −0.83 (br s, 2 H, Li-CH2).
13C{1H}

NMR (126 MHz, C6D12, 20 °C): δ 142.92 (s, −CH), 116.87 (s,
CH2), 52.80 (s, 3-CH2), 38.81 (s, 2-C), 36.17 (s, Me), 32.71 (br s,
Li−CH2).

7Li NMR (233 MHz, C6D12, 20 °C): 2.01 (s).
1H NMR (500 MHz, C6D6, 20 °C): δ 6.20 (m, 1 H, −CH), 5.20

(d, 1 H, 3JHH = 17.4 Hz, CH2), 5.11 (d, 1 H, 3JHH = 10.0 Hz, 
CH2), 2.09 (d, 2 H, 3JHH = 7.4 Hz, 3-CH2), 1.19 (s, 6 H, Me), −0.71
(br s, 2 H, Li-CH2). Small amounts of the hydrolysis product 4,4-
dimethyl-1-pentene are present in the NMR sample: 1H NMR (500
MHz, C6D6, 20 °C): δ 5.79 (m, 1 H, −CH), 4.97−5.06 (m, 2 H,
CH2), 1.87 (d, 2 H, 3JHH = 7.5 Hz, 3-CH2), 0.85 (s, 9 H, Me).
Compound 2 has previously been generated in situ from tert-butyl

lithium and 5-iodo-4,4-dimethyl-1-pentene,78 but was not isolated or
characterized.
[(3,3-Dimethylcyclopentyl)methyl]lithium (3). The reaction of

6-bromo-5,5-dimethyl-1-hexene with lithium under the same
conditions as those for the synthesis of 1 and 2 leads to a light-
yellow product that shows no olefinic signals in the 1H NMR
spectrum. This product was identified as [(3,3-dimethylcyclopentyl)-
methyl]lithium. The product is an oil, which prevented us from
determining an accurate yield by weighing; NMR studies suggest that
the yield is approximately 80%. 1H NMR (500 MHz, C6D6, 20 °C): δ
2.27 (m, 1 H), 2.09 (m, 1 H), 2.01 (dd, 2JHH = 11.8 Hz, 3JHH = 10.2
Hz, 1 H, CH2), 1.66 (m, 1 H), 1.42 (m, 1 H), 1.53 (m, 1 H), 1.19
(dd, 2JHH = 11.8 Hz, 3JHH = 6.8 Hz, 1 H, CH2), 1.15 (s, 3 H, Me),
1.11 (s, 3 H, Me), −0.60 (br, 2 H, Li−CH2).
(1,1-d2-2,2-Dimethylpent-4-en-1-yl)lithium (2-α-d2). This

compound was prepared from methyl 5,5-d2-5-bromo-4,4-dimethyl-
1-pentene (1.0 g, 5.6 mmol) by the same procedure for synthesizing
the undeuterated analog. The product was obtained as a light yellow
solution in pentane (27 mL of a 0.18 M solution, 88%). Evaporation
of the solvent gives the title compound as a light yellow oil. 1H NMR
(500 MHz, C6D12, 20 °C): δ 6.18 (m, 1 H, −CH), 5.16 (d, 1 H,
3JHH = 10.0 Hz, CH2), 5.10 (d, 1 H, 3JHH = 17.3 Hz, CH2), 2.04
(d, 1.7 H, 3JHH = 7.4 Hz, 3-CH2), 1.05 (s, 6 H, Me), −0.83 (br s, 0.3
H, Li−CH2).

2H{1H} NMR (77 MHz, C6H12, 20 °C): 1.95 (s, 3,3-
d2), −0.91 (s, 1,1-d2); integration ratio 4.7:1, corresponding to a
83:17 mixture of the 1,1-d2 and 3,3-d2 isotopologs, respectively.
Crystallographic Studies. Single crystals of (2,2-dimethylpent-4-

en-1-yl)lithium (2), grown from pentane at −78 °C, were difficult to
mount because they are highly air and moisture sensitive and they
quickly redissolve in the mother liquor when warmed to room
temperature. With the crystallization solution kept at −78 °C, most of
the mother liquor was removed by cannula, and then the crystals were
covered with Krytox 100 oil (DuPont) that had previously been
degassed and cooled to −20 °C. A suitable crystal was identified,
transferred to a glass fiber, and immediately cooled to −173 °C in a
cold nitrogen gas stream on the diffractometer. Standard peak search
and indexing procedures gave rough cell dimensions, and least-squares
refinement using 22 137 reflections yielded the cell dimensions given
in Table 1.
Data were collected with an area detector by using the

measurement parameters listed in Table 1. The triclinic lattice and
the average values of the normalized structure factors suggested the
space group P1̅, which was confirmed by the success of the
subsequent refinement. The measured intensities were reduced to

structure factor amplitudes and their estimated standard deviations by
correction for background, scan speed, and Lorentz and polarization
effects. No corrections for crystal decay were necessary, but a face-
indexed absorption correction was applied, the minimum and
maximum transmission factors being 0.9706 and 1.0000. Systemati-
cally absent reflections were deleted, and symmetry equivalent
reflections were averaged to yield the set of unique data. Two
reflections, 0 2 2 and −1 0 2, were obscured by the beam stop and
were deleted; the remaining 5504 unique data were used in the least-
squares refinement.

Intensity data were collected on a Bruker D8 Venture kappa
diffractometer equipped with a Photon 100 CMOS detector. An Iμs
microfocus source provided the Mo Kα radiation (λ = 0.71073 Å)
that was monochromated with multilayer mirrors. The collection, cell
refinement, and integration of intensity data were carried out with the
APEX3 software.79 Face-indexed absorption corrections were
performed numerically with SADABS.80 The initial structure solution
was solved with direct methods SHELXS81 and refined with the full-
matrix least-squares SHELXL81program. The structure was solved by
direct methods. Correct positions for all the non-hydrogen atoms
were deduced from an E-map. Subsequent least-squares refinement
and difference Fourier calculations revealed the positions of the
hydrogen atoms. The quantity minimized by the least-squares
program was ∑w(F0

2 − Fc
2)2, where w = {[σ(F0

2)]2 + (0.0543P)2

+ 1.181P}−1 and P = (F0
2 + 2Fc

2)/3. The analytical approximations to
the scattering factors were used, and all structure factors were
corrected for both real and imaginary components of anomalous
dispersion. In the final cycle of least-squares, independent anisotropic
displacement factors were refined for the non-hydrogen atoms.
Methyl hydrogen atoms were placed in idealized positions; the rest of
hydrogen atoms were located in the difference maps. The methyl
groups were allowed to rotate about the C−C axis to find the best
least-squares positions. The displacement parameters for methylene
and methine hydrogens were set equal to 1.2 times Ueq for the
attached carbon; those for methyl hydrogens were set to 1.5 times
Ueq. An isotropic extinction parameter was refined to a final value of x
= 1.17(6) × 10−4 where Fc is multiplied by the factor k[1 + Fc

2xλ3/sin
2θ]−1/4 with k being the overall scale factor. Successful convergence
was indicated by the maximum shift/error of 0.001 for the last cycle.
Final refinement parameters are given in Table 1. The largest peak in
the final Fourier difference map (0.77 e/Å3) was located 0.93 Å from
C31 (lone pair electrons). A final analysis of variance between
observed and calculated structure factors showed no apparent errors.

DOSY Experiments. DOSY experiments were performed on an
Agilent VNMRS 750 spectrometer capable of performing pulsed field
gradient (PFG) spin−echo diffusion measurements. Solutions of 1 or
2 (∼15 mM) in C6D12 were prepared in oven-dried NMR tubes,
which were then flame-sealed. The sample of 2 also contained
adamantane (∼15 mM) as a diffusion standard. The solutions were
thermally equilibrated for ∼30 min in the probe at 25 °C before data
collection. Diffusion experiments were performed by means of a
DOSY gradient compensated stimulated echo with a spin lock and
convection compensation sequence (DgsteSL_cc)82 with a 2 ms trim
pulse, a spectral width of 7485 Hz, a diffusion gradient time of 2 ms, a
diffusion delay of 50.0 ms, and 16 gradient levels in the range 2.79−
60.03 G/cm. The data were processed with the VNMR J4.2A
software. The baselines of all spectra were corrected before data
processing.

Molecular weights were determined from reported external
calibration curves using adamantane as the internal standard:51 the
NMR-measured diffusivity, Dx, is first converted to a normalized
diffusivity, Dx,norm, that corrects for various factors (such as
temperature, convective motion, solvent viscosity, solute concen-
trations, and NMR parameters such as gradient strength and pulse
durations) that are known to influence measured diffusivities. We
performed this correction by making use of the equation log Dx,norm =
−9.0204 − log Dadam + log Dx, where Dadam is the measured diffusion
coefficient of a calibration standard, adamantane, under our
experimental conditions ((7.53 ± 0.02) × 10−10 m2/s).50,51 The
normalized diffusion coefficient was then used to estimate the
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molecular weights of our organolithium compounds in solution by
means of the equation log Dx,norm = log K + αMW, where the values
log K = −7.62 and α = −0.620, respectively, are obtained from
reported calibrations of different solutes in C6D12 at 25 °C; the
estimated accuracy of the resulting molecular weight is typically
±15%.51

NOE NMR Experiments. NOE experiments were performed at
room temperature (25 °C) on solutions of 1 and 2 (0.24 M) in C6D12
placed in flame-sealed NMR tubes. The 7Li−1H NOE difference
spectrum was obtained by subtracting a standard 1H spectrum from
the 1H spectrum collected after saturating the 7Li resonance for 5 s,
with a recycle delay of 2.0 s. The 1H 1D NOE NMR spectrum was
measured by means of a Cyclenoe experiment with a 2.0 s saturation
time. NOE experiments on 2 in the presence of diethyl ether and
THF were performed using the same parameters at −38.1 °C to avoid
deprotonation of the ether molecules.83

Estimation of ΔH‡ for a Two-Site Exchange Process from
NMR Line Shape Analysis above the Coalescence Temper-
ature. The line width of the 2-Me resonance in the pentenyllithium
compound 2 increases as the temperature is lowered (see SI), owing
to the onset of a decoalescence process in which the rate of
dissociation of the CC bond from the Li center is changing from
fast to slow on the NMR time scale. For an exchange process between
two sites of equal population, as in the present case, the line width of
the coalesced peak in the fast exchange regime (i.e., above the
coalescence temperature) is approximately related to the rate of
exchange by the equation:

k
2( )

AB
2

ref

π ν
ν ν

=
Δ

Δ − Δ

where ΔνAB is the chemical shift difference between the two
exchanging sites, Δν is the full width at half-maximum (fwhm) of
the coalesced singlet, and Δνref is the fwhm of a nonexchanging
reference singlet.84 If ΔνAB is unknown (which is true for dissociation
of the CC bond from lithium in 2 because even the lowest
temperature examined was above the coalescence point for the 2-Me
groups), the absolute exchange rate cannot be calculated from the line
widths in the fast exchange regime. We point out, however, that the
relative rates of exchange as a function of temperature can be
determined from the line widths, and from this information we can
deduce the enthalpy of activation for the exchange process. The
analysis proceeds as follows.
Let us define 1/2 π Δν2AB as the constant A, and let 1/(Δν −

Δνref) be represented by D, so that k = AD. Now, D can be measured,
but A is unknown so we do not know the absolute rate. But changes in
D as the sample is warmed or cooled will give us information about
the relative rates as a function of temperature.
The Eyring equation, expressed in logarithmic form, is

k T k h H RT S Rln( / ) ln( / ) / /B= − Δ + Δ‡ ‡

Substituting k = AD and rearranging gives

D T k h S R A H RTln( / ) ln( / ) / ln /B= [ + Δ − ] − Δ‡ ‡

Because A is a constant, the quantity in the brackets is also a
constant, and ΔH‡ can be derived from the slope of a plot ln(D/T)
versus 1/T. If line shape data are available only above the coalescence
temperature (as in the present case), then A is unknown and the value
of ΔS‡ cannot be determined.
The line width of the 4-methyl resonance of the hydrolysis product

4,4-dimethyl-1-pentene broadens slightly as the temperature is
lowered, probably due to instrumental or solvent viscosity effects. If
we use the line width at this peak at each temperature as Δνref, then a
plot ln(D/T) versus 1/T for the 2-Me resonance of 2 gives a value for
the activation enthalpy for CC bond dissociation, ΔH‡, of 2.1 kcal/
mol. Alternatively, because the line width of the 2-Me resonance of 2
changes very little between −10 to −30 °C, we can assume that at
−10 °C the 2-Me resonance of 2 is in the fast-exchange limit; at this
temperature, the line width of this resonance is 1.15 Hz larger than
the line width of the Me resonance of the hydrolysis product. If we

assume that the natural line width of the 2-Me resonance of 2 is 1.15
Hz larger than the line width of the Me resonance of the hydrolysis
product at all temperatures, then a plot ln(D/T) versus 1/T for the 2-
Me resonance of 2 gives a value for the activation enthalpy for CC
bond dissociation, ΔH‡, of 3.6 kcal/mol.
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