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The lithium±metalloid exchange reaction is widely used to
prepare synthetically valuable organolithium reagents. The
full synthetic potential of one of the most important of these
reactions, the Li/I exchange, was not realized (e.g., in the
synthesis of alkyllithium reagents) until mechanistic studies
showed that it was a well-behaved polar process without a
significant radical component.[1a,b,2] Ate complexes, first
proposed by Wittig and Schˆllkopf,[3] are presumptive inter-
mediates in these reactions [Eq. (1)]. Ate complexes of

iodine,[1a,b,4] tellurium,[1b,5] selenium,[1c,5] tin,[1d,6] and silicon[7]

having only alkyl and aryl ligands have been characterized in
solution and in the solid state, and probed by high-level
calculations.[8] Their presence, however, is not proof that they
are intermediates in the exchange. No direct evidence has
been reported for any Li/M exchange which shows that all of
the exchange proceeds along path kate, and none by the direct
exchange path kd, which bypasses the ate complex [Eq. (1)].
To perform such an experiment with dynamic NMR (DNMR)
spectroscopy, the three reactants (monomeric ArLi, ArM, and
Ar2MLi) in the triangular equilibrium of Equation (1) must be
present in detectable concentrations under conditions for
which the rates kd, kate, and k0

ate can each be measured.
A number of Li/I and Li/Te exchanges we investigated

failed to provide a clear answer. Exchanges of PhI and Ph2Te
with PhLi could not be analyzed because no solvent of
appropriate polarity was found such that all species were
detectable. In THF both monomer and dimer were observ-
able, but the equilibrium constant Keq [Eq. (1)] for the ate
complex was so high that insufficient PhLi and/or PhI/Ph2Te
(whichever was stoichiometrically limiting) was present.[1b] In
less polar, mixed solvents, the concentration of PhLi mono-
mer was too low for proper line-shape analysis[1e,9] (the dimer
of PhLi is not active in the exchange process[1b]). A problem
which prevents kinetic analysis of Li/I exchanges is the fast
reaction between ArI and the ate complex, in which the latter

COMMUNICATIONS

3436 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0044-8249/02/4118-3436 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 18

lected, 9658 independent reflections, GOF¼ 1.049, R¼ 0.0526, wR2¼
0.1196. 2 : C96H156N8O13K3U2, Mr¼ 2223.65, triclinic, space group P�11, a¼
17.325(1), b¼ 18.258(1), c¼ 19.616(2) ä, a¼ 108.527(2), b¼ 90.998(2), g¼
105.658(2)8, V¼ 5628.9(8) ä3, Z¼ 2, 1calcd¼ 1.312 Mgm�3, m¼ 3.039 mm�1,
F(000)¼ 2266, 44317 reflections collected, 16076 independent reflections,
GOF¼ 1.021, R¼ 0.0723, wR2¼ 0.1947. 3 : C94H102N8O12K4SiU2, Mr¼
2196.34, monoclinic, space group P21/m, a¼ 16.322(1), b¼ 17.691(2), c¼
19.772(2) ä, b¼ 98.956(2)8, V¼ 5643.4(9) ä3, Z¼ 2, 1calcd¼ 1.293 Mgm�3,
m¼ 3.076 mm�1, F(000)¼ 2184, 44186 reflections collected, 6134 independ-
ent reflections, GOF¼ 1.058, R¼ 0.0529, wR2¼ 0.1737. 4 : C96H156N10O12-

K5U2, Mr¼ 2313.87, monoclinic, space group P21/n, a¼ 13.111(1), b¼
22.953(3), c¼ 17.976(2) ä, b¼ 91.634(2)8, V¼ 5407(1) ä3, Z¼ 2, 1calcd¼
1.421 Mgm�3. m¼ 3.241 mm�1, F(000)¼ 2354, 12592 reflections collected,
6924 independent reflections, GOF¼ 1.002, R¼ 0.0383, wR2¼ 0.0908.
CCDC-177345, -177346, -177347, -177348 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: (þ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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acts as an anion donor [kM, Eq. (2)], which causes the ArI and
Ar2I�Liþ signals to coalesce at temperatures down to
�130 8C.[1a]

We now report that a high-quality test of this mechanism
can be performed on the exchange of 5-(diphenylphosphan-
yl)-2-lithiothiophene (1) with the telluride 2, provided that the

somewhat unusual solvent mixture 1,3-dioxolane/2-methyl-
tetrahydrofuran (4/1) is used.[10] In this solvent the lithium
reagent is completely monomeric, and the equilibrium con-
stant Keq [Eq. (1)] is ideal in the temperature range in which
rates can be measured. A major advantage is the availability
of 31P NMR spectroscopy for the DNMR analysis, which
provides excellent signal-to-noise ratio and dispersion of
signals.

The low-temperature 31P NMR spectrum of roughly
equimolar ArLi and Ar2Te showed well-resolved ArLi and
Ar2Te signals, as well as the characteristic 2:1 ratio of signals
for apical and equatorial groups in the T-shaped ate complex 3
(Figure 1).[1b,5] On warming, all four signals coalesced to a
single peak at about �40 8C.

Analysis of these spectra is potentially complicated by
several exchange processes: 1) The ate-complex mechanism,
which averages all of the signals [kate in Eq. (1)]; 2) the ate
complex as an aryl-anion donor[1a] [kM in Eq. (2)], which

would average the signals of 2 and 3 ; 3) pseudorotation of 3,[1f]

which would average the signals of the ate complex 3
[Eq. (3)]; 4) reversible formation of a square-planar inter-

mediate 4, which would average the signals of 1 and 3 [kdian in
Eq. (4)];[11] and 5) direct exchange between telluride and
lithium reagent, which would average the signals of 1 and 2 [kd

in Eq. (1)].

Experiments on solutions containing hexamethylphosphor-
amide (HMPA), in which the formation constant of the ate
complex is very high,[12] allowed us to address interference
from processes 3 and 4. In the presence of excess ArLi and
8 equiv of HMPA, the 31P NMR signals of the ate complex
remained sharp, and the signal of ArLi broadened only
slightly up to�50 8C. Thus, neither the normal Li/Te exchange
(process 1) or the pseudorotation (process 3), nor exchange
via 4 (process 4) proceed at a significant rate, even at
temperatures more than 40 K higher than those used in the
experiment of Figure 1. Solutions containing HMPA also
allowed process 2, mutual exchange between the ate complex
and telluride signals, to be detected and quantified (e.g., at
�95 8C with 10 equiv of HMPA and excess telluride: kM¼
2900 s�1

m
�1, DG�

�95¼ 7.4 kcalmol�1, DH�¼ 6.6 kcalmol�1,
DS�¼�4.6 calK�1mol�1).[13]

Accurate simulations for the spectra in Figure 1 were
achieved[14] in using only process 1 (kate) and a small (20±35%)
contribution to the total rate from process 2 (kM), which
manifests itself as a line broadening of the ArLi signal, slightly
smaller than expected, when only kate is allowed.[1h] No
contribution from non-ate-complex exchange by process 5
(kd) was detected. Hence, the ate complex is a kinetic
intermediate in this Li/Te exchange, and there is no significant
exchange between ArLi and Ar2Te by any mechanism other
than via the ate complex.

While characterizing a selenium ate complex[1c] we found
that 5 also met the requirements for testing the ate-complex
mechanism for an Li/Se exchange. Here 77Se NMR spectro-
scopy could be used to detect the interconversion of 5a, 5b,
and 6. In dimethyl ether/diethyl ether the intramolecular Li/
Se exchange was fast on the NMR timescale down to �100 8C
(Figure 2a). At lower temperatures the 77Se NMR signals of
lithium reagents 5a and 5b decoalesced in a 1:3 ratio.

The addition of 12% THF to this sample caused the
appearance of a new signal at d¼ 403 ppm (Figure 2b) which
we assigned to the ate complex 6.[15] At �149 8C kate (k6 5) is
slow on the NMR timescale, but no decoalescence of the two
lithium reagents can be detected. Thus, Li/Se exchange
(5aÐ5b) is still fast under conditions for which exchange
with the ate complex 6 is slow on the NMR timescale (we
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Figure 1. Variable-temperature 145.8 MHz 31P NMR study of the exchange
of 1 (0.033m) and 2 (0.039m) with 3 in 1,3-dioxolane/2-methyltetrahydro-
furan (4/1) solution (Ar¼ 5-diphenylphosphanyl-2-thienyl). Temperatures
were measured with the (Me3Si)3CH 13C chemical-shift thermometer.[1j]

The thermodynamics and kinetics of Equation (1) at �99 8C are: for kate,
DG�¼ 8.3 kcalmol�1, DH�¼ 11.5 kcalmol�1, DS�¼ 18 calK�1mol�1; for
Keq, DH0¼�6.5 kcalmol�1, DS0¼�30.2 calK�1mol�1.



assume that addition of 12% THF will appreciably affect
neither the 77Se chemical shifts of 5a and 5b nor their ratio).

The dynamics can be quantified by performing three-spin
DNMR simulations,[1h] as shown in Figure 3.[14] Simulation 1
fits the spectrum of the sample containing no THF and no
detectable ate complex. If we attempt to fit the spectrum in
the solution containing 12% THF (bottom spectrum in
Figure 3) and allow exchange only via the ate complex
(k5a 5b¼ kd¼ 0), then the lithium reagent isomers 5a and 5b
are predicted to be well below coalescence when the signal of
the ate complex has the correct line shape (Figure 3,
simulation 2). Increasing the rate of exchange broadens this
signal (simulation 3). Only when a substantial rate of direct
exchange between the two lithium reagents is included can a
successful simulation be performed (simulation 4, k5a 5b�
45k5a 6). There is thus an alternate pathway for exchange of

5a and 5b [kd in Eq. (1)] which is at least 45 times as fast as
that involving 6.

How can we explain the different behavior of systems 1/2/3
and 5/6? We considered single-electron transfer (SET)
mechanisms, but the absence of decomposition in solutions
in which tens of millions of Li/Te, Li/Se, or Li/I exchanges
have occurred argues strongly against radical intermediates.
A more satisfactory explanation is as follows: Since organo-
metalloid ate complexes in THF and more polar solvents are
separated ion pairs (SIPs),[1b,e] and ArLi reagents are strong
contact ion pairs (CIPs),[1e,i] a mechanism for ArLi/ArM
exchange which involves the observable ate complex requires
ion-pair separation of either ArLi or the ate complex (vertical
arrows in Scheme 1). We propose that the Li/Se exchange of
5a/5b proceeds along the top row of Scheme 1 much faster
than dissociation of the CIP ate complex 7 to the more stable

SIP ate complex 8. The observable ate complex 8 (¼ 6) is then
just a parasitic equilibrium on the actual exchange pathway,
which has more the character of an SN2 substitution. The Li/Te
exchange of 1 probably involves the same pathway as for 5,
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Figure 3. 77Se NMR spectra of solutions of 5/6 with simulations (dotted
lines).[1h]

Scheme 1. CIP and SIP intermediates in the Li/M exchange (M¼Te, Se).
Species in brackets are not observable for either the 1/2/3 or 5a/5b/6
systems.

Figure 2. Variable-temperature 68.68 MHz 77Se NMR spectra of 5a/5b/6.
a) In Me2O/Et2O (54/46). b) With addition of THF (Me2O/Et2O/THF 48/
40/12). Line-shape simulation of the spectra on the left gave DG�

�136 oC¼
6.2 kcalmol�1, DH�¼ 6.4� 0.6 kcalmol�1, DS�¼�0.7� 4 calK�1mol�1 for
k5b 5a. The small impurity signals at d¼ 439 and d¼ 447 ppm are due to
compounds formed by protonation of 5a and 5b.
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Allenylidene (propadienylidene) complexes [MLn]¼C¼C¼
CR1R2, which belong to the series of unsaturated carbenes
[MLn]¼C(¼C)i¼CR1R2 (i> 0) have received increasing inter-
est during the last few years.[1] These derivatives have a great
potential to promote novel carbon±carbon and carbon±heter-
oatom coupling reactions, because of the electrophilic (Ca and
Cg) and nucleophilic (Cb) character of the carbon nuclei of the
allenylidene chain. While simple nucleophilic and electro-
philic additions are well-studied, cycloaddition processes are
scarce, in particular those involving C�C dipolar substrates.[2]

In 1998 Fischer and co-workers reported the synthesis of
cyclobutenylidene and alkenylallenylidene Group 6 metal
complexes which are formed as a mixture by the cycloaddition
of ynamines to both the Ca

¼Cb and Cb
¼Cg bonds of an
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except that the rates to and from CIP 7 are slow enough that
dissociation of 7 to 8 is faster than the exchange process (5a/
5b exchange is faster than the dissociation of 3 by about a
factor of 103).

In summary, DNMR studies have shown that the Li/Te
exchange of the lithiothiophene 1 with the telluride 2
proceeds exclusively through the ate complex 3. The very
fast intramolecular Li/Se exchange of 5a and 5b, on the other
hand, does not proceed appreciably through the observable
SIP ate complex 6. We propose that here the SIP/CIP
interconversion is slower than the Li/Se exchange rate, and
this allows the intramolecular substitution to bypass the SIP of
6.
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