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Structural Investigation of a Dilithiated
Phosphonate in the Solid State
Jürgen F. K. Müller,* Markus Neuburger, and
Bernhard Spingler

The structural determination of reaction intermediates in
organophosphonate anion chemistry has been stimulated by
the extraordinary synthetic utility of these reagents.[1] A great
body of information about the solid-state and solution
structures of phosphorus-stabilized anions has been collected
during recent years, and include lithiated phosphonates,[2]

phosphinoxides,[3] phosphonamides, and thiophosphon-
amides.[4] Even though a more detailed picture of the
characteristics was achieved, and important conclusions about
the related reactivity were drawn, there some open questions
still remain. For example, a general problem in the reactions
of such monolithiated reagents with electrophiles occurs when
more acidic products are formed. This usually leads to the
formation of unwanted side products. To overcome this
limitation, an attractive strategy that takes advantage of a
dianionic intermediate has been developed.[5] Dicarbanions
have already been used in several cases as supernucleophiles,
and even in asymmetric reactions.[6] Despite the synthetic
value of these reagents, there is still a demand for more
information about the structures.[6l, 7] Our interest in the study
of such dilithiophosphonates is an extension of our work in
the development and application of chiral substituted di-
anions.[6l] Here we present the first solid-state structure of a
geminal dilithiated phosphonate.

These flash/quench methods provide a wide time window to
study highly reactive forms of the enzyme. Both
[PCysFeII(OH2)]ÿ and [P.�

CysFeIII(OH2)]� are formed in about
0.1 ms and persist for approximately 100 ms. Improved design
of sensitizers, quenchers, linkers, and substrates may lead to
even faster electron and hole injection into P450 and other
redox-active enzymes.
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Treatment of a clear solution of 1 in tmeda (N,N,N',N'-
tetramethyl-1,2-ethane diamine) at ÿ78 8C with 2.5 equiva-
lents of nBuLi in hexane gave a yellow ± green solution from

which yellow crystals were obtained after 24 h at room
temperature. These crystals decomposed during storage for
longer periods and were pyrophoric upon exposure to moist
air. The lithium cluster 2 crystallizes in the space group P1Å as a
hexameric aggregate, which consists of six dilithiated phos-
phonate units and two molecules of dimethylamide.[8] In
addition, two Li� ions are coordinated by four tmeda ligands
in a distorted tetrahedral fashion, which balances the remain-
ing two negative charges (Figure 1). The core of the aggregate
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Figure 1. Molecular structure of 2 in the crystal. All hydrogen atoms, two
tmeda molecules, and two [Li(tmeda)2]� complexes are omitted for clarity.
The thermal ellipsoids are drawn at the 30 % probability level.

is characterized by a Li-O-Li-O four-membered ring that
contains the crystallographic inversion center. Such a struc-
tural motif has been found to be an essential feature in such
monolithiated phosphonates that do not contain C ± Li
bonds.[2] Up to six six-membered rings (Li4-O11-Li1-C1-P1-

O1, Li4-O11-Li2-C1-P1-O1, O1-Li2-
C21-P21-O21-Li4, Li1-O11-Li4-
O21-Li3-N27, Li4-O21-Li11-O2-P1-
O1, and Li2-O11-P11-O12-Li21-
C21) are fused to opposite sides of
the central four-membered ring
(Scheme 1), to form an overall puck-
ered-ladder structure, which is
known for certain lithium siloxides.[9]

There are three different dilithia-
ted carbon atoms in the asymmetric
unit, each connected to two Li� ions
and distinctly pyramidalized. These
geminal bound Li� ions coordinate
in a similar fashion to a neighboring
phosphonate oxygen atom to form
C-Li-O-Li four-membered ring mo-
tifs. However, they differ in their
detailed coordination mode: Li3 and Li21 show heteroatom
coordination (N,O versus O,O), whereas the others have one
additional C ± Li bond and a Li ± N or Li ± O contact. In the
second case, one Li� ion bridges two different dimetalated
carbon atoms and leads to a O1-Li21-C21-Li2-C1-Li1-N27
zig-zag chain. The Li� ion in the bridging position comple-
ments its three-coordination by complexation to a phospho-
nate oxygen atom. A similar three-coordination is found for
Li1 and Li3. Another unusual coordination mode is found for
Li21, which is surrounded by an array of four oxygen atoms
and one dianionic carbon atom, which leads to a distorted
trigonal bipyramidal geometry. The incorporation of lithium
dimethylamide into the aggregate arises from the use of an
excess of nBuLi in tmeda, which leads to the decomposition
products N,N-dimethylvinylamine and lithium dimethylamide
at elevated temperatures.[10] However, lithium dimethylamide
is essential for the formation of the aggregate, because it acts
as a bridge between the trigonal coordinated Li1 and Li3
atoms. The Li ± C bond lengths (2.13(1) ± 2.28(1) �) are
similar to those in monolithiated phosphonates, which have
Li ± C bond lengths of 2.21 ± 2.26 �.[2] The Li ± O bond lengths
within each C-Li-O-Li chelate (1.95(1) ± 2.85(1) �) are sig-
nificantly longer than those within the (Li ± O)2 core (1.895(9)
and 1.903(9) �, respectively). A striking feature is the
extremely short P ± C bonds (1.587(6), 1.604(5), and
1.619(6) �) compared to neutral (1.80 �) and monolithiated
phosphonates (ca. 1.68 �).[2] This additional contraction can
be explained with the threefold and/or fourfold Li� ion
coordination of each phosphonate oxygen atom and the
additional complexation of the methoxy groups to one Li�

ion, which leads to an increased coulombic attraction of the
negatively charged C(a) atom.[6, 7] A closer look along the C ± P
bonds demonstrates that the phosphonate oxygen atoms
adopt a gauche conformation between the geminal Li� ions,
which clearly indicates a significant degree of pyramidaliza-
tion (Scheme 2). This view is supported by the examination of
the dihedral angles (Li21-C21-P21-O21 25.78, Li2-C21-P21-
O21 65.28, Li2-C1-P1-O1 27.48, Li1-C1-P1-O1 48.88, Li11-
C11-P11-O11 58.18, and Li3-C11-P11-O11 19.78).

The question remains, how does the organization of such a
highly aggregated species occur? The foundation of this

Scheme 1. Schematic
representation of the
central Li-O-Li-O four-
membered ring in 2.
Tmeda, methyl, methoxy,
and trimethylsilyl groups
have been omitted for
clarity; only selected con-
nectivities are shown.
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aggregate seems to be the central (Li ± O)2 core, which is
related to the fundamental structural unit that is derived from
several monolithiophosphonates. Based on this, we conclude
that after the formation of the typical four-membered
rhomboid motif, the incorporation of the second lithium ion
affects only the aggregation sphere outside of the (Li ± O)2

core. This is supported by the fact that nearly every available
coordination partner is linked to at least one lithium ion,
except the phosphonate oxygen atoms in the center, which
leads finally to this hexameric aggregate. However, it is
interesting to note in this context that, despite the large excess
of tmeda no such ligand has been incorporated within the
aggregate as a coordination partner.[11]

Experimental Section

2 : A solution of 1 (236 mg, 1.2 mmol) in tmeda (2 mL) was treated with
nBuLi in hexane (1.2 mL, 2.48m, 3 mmol) at ÿ78 8C. After 24 h at room
temperature yellow crystals of 2 formed, which were suitable for X-ray
analysis (211 mg, 63%).
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