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Organolithium compounds and their aggregates are reactive
reagents in organic and inorganic chemistry; simple alkyl-
lithium compounds such as nBuLi are generally used in
deprotonation reactions.[1] These deprotonation reactions are
usually assumed to occur in two steps, in the first of which
precoordination forms a reactive intermediate that brings the
reacting groups into close contact. This reaction mechanism
involving precoordination is referred to as a complex-induced
proximity effect (CIPE).[2] Because of their reactivity, such
intermediates cannot usually be isolated and structurally
characterized. To obtain organolithium species that can form
such intermediates through precoordination, organolithium
aggregates (e.g. hexameric nBuLi[3]) are broken up by
coordinating additives such as N,N,N’,N’-tetramethylethyle-
nediamine (TMEDA) or N,N,N’,N’’,N’’-pentamethyldiethyle-
netriamine (PMDTA, 1). Whereas the bidentate ligand
TMEDA usually forms dimers (e.g. with nBuLi[4]) or bridged
tetramers (e.g. with MeLi,[5] or nBuLi[4,6]), the tridentate
ligand PMDTA (1), also gives monomers (e.g. with
PhLi[7,8]).[1] Compound 1 also distinguishes itself through
slow metallation of its central methyl group or one of its
terminal methyl groups; the regioselectivity of this metal-
lation reaction is influenced by the concentration of the
alkyllithium compound.[9] NMR spectroscopy studies by
Klumpp and co-workers indicate the presence of a mono-
meric species of N-lithiomethyl-N,N’,N’’,N’’-tetramethyldie-
thylenetriamine (2) in solution (Scheme 1).[9] With a triden-

tate ligand, such as PMDTA, it is easy to believe that
monomeric systems exist in which the lithium center interacts
with the three ligand nitrogen centers and with one negative
charge. We thus wanted to try to characterize any such
monomeric alkyllithium reagents in their crystalline form to
gain an insight into the deprotonation reaction of PMDTA.[10]

In the course of this pursuit, we were able to isolate the
unusual aggregate [{(nBuLi)2·PMDTA}2] (42)—a potential
intermediate in the deprotonation of PMDTA—as well as
product 2.

Compound 42 crystallizes out of a solution of two
equivalents of nBuLi and one equivalent of PMDTA in n-
pentane/n-hexane at�45 8C in the form of colorless needles in
the triclinic crystal system in the space group P1̄.[11] The
molecular structure consists of a centrosymmetric dimer with
a central Li-C-Li-C ring comprising two nBuLi molecules

(Figure 1). The complete molecular structure can be formally
understood as the coordination of two monomeric nBu-
Li·PMDTA units to the lithium centers of this central four-
membered ring through short Li�C contacts. This arrange-
ment is illustrated by the different Li�C distances within the
crystal. Whereas the Li�C distances in the Li2C2 ring (2.207(5)
and 2.225(6) C) are within the range of typical bond lengths in
dimeric organolithium aggregates with a central four-mem-
bered ring (2.20–2.32 C), the Li�C distances within the outer
nBuLi·PMDTA units and between them and the central ring
are much smaller (2.121(6) and 2.146(5) C), resembling the
Li�C distance of 2.114(4) C in monomeric tBuLi·(�)-spar-
teine.[1, 10d] These are the shortest nBuLi Li�C distances

Scheme 1. Lithiation of the central and terminal methyl groups of
PMDTA with n-butyllithium.[9]

Figure 1. Molecular structure of 42 (Schakal representation).
[14a]

Selected interatomic distances [.] and angles [8]: C1-Li1 2.207(5), C1-
Li1’ 2.225(6), C5-Li1 2.121(6), C5-Li2 2.146(5), C1-C2 1.492(5), C2-C3
1.500(4), C5-C6 1.536(4), C6-C7 1.539(4), Li1-Li1’ 2.371(10), Li1-Li2
2.848(7); C2-C1-Li1 129.8(3), Li1-C5-Li2 83.7(2), C1-Li1-C1’ 115.3(2).
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known to us, and such short contacts would be expected on
the basis of an electrostatic bonding model of the nBu-
Li·PMDTA units.[1,12,13] The Li�Cb distance of the outer
nBuLi units is short (2.498(6) C), while the corresponding C�
C distances are slightly lengthened.[1]

The a-lithiated PMDTA 2 crystallizes in the monoclinic
crystal system in the space groupP21/c as the centrosymmetric
dimer 22. The central unit consists of a six-membered N-C-Li-

N-C-Li ring in the chair conformation (Figure 2). The
metallated C centers only interact with one Li center each,
while the Li centers enter into three Li�N bonds and one Li�
C bond. The short C�Li distance of 2.122(6) C is at the low
end of the range for comparable crystal structures of a-
lithiated amines (2.101–2.375 C) and stems from the highly
directional electrostatic C�Li interactions.[15]

In earlier experiments, Klumpp and co-workers observed
only one C–Li coupling in the 13C NMR spectrum and thus
postulated a monomer in solution, which was shown to have
two isomers when the dynamic processes were frozen.
However, a dimeric molecular structure analogous to 22

should also show only one C–Li coupling in its 13C NMR
spectrum, meaning that this coupling cannot be relied on to
differentiate between the monomer and dimer. The dynamic
processes in solution can also be explained by the presence of
Ci- (22, see molecular structure) andC2-symmetric dimers that
can interconvert at higher temperatures.[9] An energy mini-
mization carried out at the B3LYP/6-31+G(d) level calcu-
lates energetic preferences of 103.9 kJmol�1 for the C2-
symmetric dimer and 101.5 kJmol�1 for the Ci-symmetric
dimer relative to two monomers in the gas phase, which
supports the preferred formation of the two dimers.[16]

Experimentally, metallation of PMDTA at 25 8C with
formation of 2 and 3 in an 80:20 ratio with one equivalent of
nBuLi and 63:37 with two equivalents of nBuLi was
observed.[9a,c] This result raises the following questions:
which transition states does the deprotonation of PMDTA
with nBuLi pass through (central and terminal), and how big
are the corresponding barriers?

Monomer: Assuming that the metallations are intramo-
lecular and start from monomeric nBuLi·PMDTA, a reason-
able transition state for the metallation could be localized on
either the terminal methyl group (TS-1; Figure 3) or the
central methyl group (TS-2 ; Figure 4). TS-1 is favored over

TS-2 by 23.2 kJmol�1. Together with the energy difference of
93.0 kJmol�1 between the minimum Min-1 and the transition
state TS-1, this result would lead us to expect selective
metallation of the terminal methyl group (Figure 3).

Dimer: When excess nBuLi is present, the formation of
[{(nBuLi)2·PMDTA}2] is favored over two nBuLi·PMDTA
and 1=3 (nBuLi)6 by 46.5 kJmol�1. Assuming an intramolecular
metallation starting from the Ci-symmetric aggregate [{(nBu-
Li)2·PMDTA}2], a Ci-symmetric transition state TS-3 for
metallation of the terminal methyl group can be found (two
simultaneous metallations).[17] Metallation of the terminal
methyl group has a barrier of 124.8 kJmol�1 (half the value of
the two simultaneously occurring metallations, see the
Supplementary Information). This barrier is higher than
that of 93.0 kJmol�1 for the reaction mechanism involving a
monomer (Figure 3); however, formation of the monomer
from 1=2 [{(nBuLi)2·PMDTA}2] requires an additional energy
contribution of 23.2 kJmol�1. We thus expect both reaction
mechanisms (via the monomer and the aggregate) to compete
with each other.

But why does formation of the aggregate make the
metallation to form regioisomers 2 and 3 less selective? In the
transition states of the aggregate (TS-3 : terminal methyl
group and TS-4 : central methyl group), the anionic center of

Figure 2. Molecular structure of 22 (Schakal representation).
[14a]

Selected interatomic distances [.] and angles [8]: Li-C8’ 2.122(6), Li-N1
2.243(6), Li-N2 2.170(5), Li-N3 2.078(6); N3-C8-Li’ 119.3(3), N3-Li-C8’
121.3(3).

Figure 3. Relative energies of the stationary points for the deprotona-
tion of the terminal methyl group of PMDTA with nBuLi (monomer)
with formation of 2 ; B3LYP/6-31+G(d) (Molekel representation[14b]).

Figure 4. Transition states TS-2 and TS-4 and their relevant C�Li
distances for the deprotonation of the central methyl group of PMDTA
with nBuLi; B3LYP/6-31+G (Molekel-representation[14b]).
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the reacting nBuLi group is stabilized relative to those of the
transition states of the monomer (TS-1 and TS-2) by a second
C�Li contact (Figure 4). This contact results in an increase of
the Li�C distance relative to the corresponding distance in
the monomer and thus to a more energetically favorable, less
deformed geometry, especially for the deprotonation of the
central methyl group (TS-4). This situation reduces the
energy difference between the two relevant transition states
for metallation starting with [{(nBuLi)2·PMDTA}2] from
23.2 kJmol�1 (monomer; TS-1, TS-2) to 15.6 kJmol�1 (aggre-
gate; TS-3, TS-4). The experimentally observed tendency to
form an increasing proportion of regioisomer 3 when the
proportion of nBuLi is increased is thus supported by these
calculations.[18]

[{(nBuLi)·PMDTA}2] can be regarded as a transition to an
nBuLi·PMDTA monomer (only one Li�C contact for Li2).
The regioselectivity of the metallation of PMDTA is critically
influenced by the formation of [{(nBuLi)2·PMDTA}2],
because steric interactions in the corresponding transition
states are decreased by these additional Li contacts. We are
now working to determine the molecular structures of other
simple alkyllithium compounds (coordinated by multidentate
and, in part, chiral ligands) to gain insights into the relation-
ships between structure and reactivity in these widely used
alkyllithium reagents.
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