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Since its discovery by Wittig[1] and Gilman,[2] the halogen ±
metal exchange reaction has been the focus of mechanistic
speculations:[3] Four-center transition states,[4] free radical
chain reactions,[5] or reaction via a halogen ± ate complex[6]

have been discussed. Kinetic evidence for the formation of an
intermediateÐpossibly the iodine ± ate complex 1Ðin the
iodine ± lithium exchange reaction [Eq. (a)] was reported by

R1 – I   +   Li – R2 [R1 – I – R2 ]–  Li+
k1 k2

R1 – Li   +   I – R2

1

(a)

Reich.[7] He was subsequently able to observe spectroscopi-
cally the iodine ± ate complex 1 (R1�R2�Ph).[8] In parallel,
Calabrese successfully crystallized an ate complex (1, R1�
R2�C6F5) in which the lithium cation is shielded by two
TMEDA ligands.[9] We report here the direct observation of
an iodine ± ate complex (5) in the iodine ± magnesium ex-
change reaction[10] of 1,1-diiodoalkanes 2 (Scheme 1).
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Scheme 1. Formation of the iodine ± ate complex in the iodine ± magnesi-
um exchange reaction of 1,1-diiodoalkane 2.

Treatment of 2 with isopropylmagnesium bromide for two
hours at ÿ 78 8C in THF provided the carbenoid 3 quantita-
tively, as evidenced by the formation the iodoalkane 6 upon
quenching with CH3OH. When isopropylmagnesium bromide
or diisopropylmagnesium was mixed with 2, an intense yellow
color formed immediately[11] and faded over about two hours.
We surmised that the color could be caused by the ate
complex 5. Hints as to the nature of the species responsible for
the color can be attained by comparing the kinetics of the

decay in color with the time dependence of other observables
of the system: Low-temperature UV/Vis spectroscopy of a
0.007m solution of 2 showed an absorption at lmax� 409 nm
after addition of one equivalent of diisopropylmagnesium.
The absorption disappeared at ÿ 78 8C with a pseudo-first-
order rate constant of 1.2� 10ÿ4 sÿ1 (Figure 1); when two
equivalents of diisopropylmagnesium were added the rate
constant increased to 3.8� 10ÿ4 sÿ1.

Figure 1. Time dependence of the UV/Vis spectra of the a-iodoalkyl ±
iodine ± ate complex 5.

Since the chromophore is the ªfingerprintº of the species
formed, we carried out calculations on the UV absorption
expected for a model compound, the a-iodomethyl ± iodine ±
ate anion 8. CAS/MP2 calculations[12] reproduced the absorp-
tion characteristics of diiodomethane reasonably well. When
applied to 8, the same calculations resulted in a predicted
absorption maximum at 431 nm, which is in qualitative
agreement with our findings.

Still, the question remains whether the colored species is
formed stoichiometrically as an intermediate en route from 2
to 3, or whether it is formed in substoichiometric amounts in
an unrelated side reaction. No clue was obtained by quench-
ing the yellow solution after two minutes with methanol,
which resulted again in the formation of the iodoalkane 6
(97 %).

A short-lived intermediate may be characterized by a
competition constant by which it selects between two reaction
pathways.[13] We therefore quenched the reaction mixture with
a 1:1 mixture of CH3OH and CH3OD. Quenching of the
colorless solution after two hours showed that 3 is ªproto-
natedº with an apparent isotope effect of kH/kD� 1.1. How-
ever, quenching of the yellow solution two minutes after
mixing of 2 with isopropylmagnesium bromide resulted in an
apparent isotope effect of kH/kD� 2.6. This suggests that
substantial amounts of a species different from 3 must be
present in the yellow solution. Data for quenching at various
time intervals (Figure 2) indicate that a species is initially
formed which protonates with an isotope effect of about 2.8.
The change in the isotope effect with time shows that that this
species decays with a rate constant of 4.8� 10ÿ4 sÿ1, which
matches the rate of decrease in the intensity of the yellow
color.

At this point we tried to characterize the intermediate by
low-temperature rapid-injection 1H NMR spectroscopy. To
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Figure 2. Proton content (%) in product 6 as a function of the time upon
quenching with CH3OH/CH3OD. Conditions: 1.0 equiv of 2, 0.8 equiv of
iPrMgBr, THF, ÿ 78 8C, c� 0.4m.

this end, a solution of the diiodoalkane 2 in [D8]THF was
injected into a solution of diisopropylmagnesium in [D8]THF
at ÿ 75 8C. The 1H NMR signals of the starting material 2
disappeared with a rate constant of 5� 10ÿ2 L molÿ1 sÿ1,
whereas the signals of the (easier to observe) product 4
increased in intensity with a rate constant of 5� 10ÿ4 sÿ1. This
roughly 100-fold difference in rate requires the formation of
an intermediate. The following 1H NMR signals could be
assigned to the intermediate: d� 2.98 (dd, J� 12.7, 7.9 Hz,
1 H), 3.24 (t, J� 11.9 Hz, 1 H), 3.45 (dd, J� 10.4 and 8.0 Hz,
1 H).

The intensity of the signal at d� 2.98 decreased with a rate
constant of 4� 10ÿ4 sÿ1, which is again in line with the time
dependence of the isotope effect upon quenching with
methanol and with the time dependence of the decoloration.
In view of the precedent set by Calabrese[9] and Reich[8] we
feel confident that the intermediate observed is the iodine ±
ate complex 5.

What is so special about the ate complex 5 that its lifetime
becomes long enough to be observed under the ordinary
conditions of the halogen ± metal exchange reaction? The
substantial stabilization has to be associated with the second
iodine atom present, which helps to delocalize the negative
charge. This is suggested by the results of ab initio calculations
(Figure 3).[14, 15] They indicate that the negative charge in the
ate complex 7 does not reside on the hypervalent iodine atom.
Instead, it is evenly distributed to the carbon atoms in 7 and
unevenly distributed to the two sides in the ate complex 8.
Preliminary information on the reactivity of such ate com-
plexes shows that electrophiles (MgX�, H�) attack the ate
complex 5 at the side carrying the larger part of the negative
charge or, in other words, at the weaker and longer carbon ±
iodine bond.

The finding that iodine ± ate complexes are readily proto-
nated led us to the following experiment: When isopropyl-
magnesium chloride was added at ÿ 78 8C to a solution
containing 2 and 20 equivalents of CH3OH/CH3OD, the
iodoalkane 6 was again obtained in 15 % yield. Its isotope
content revealed that protonation had occured at the stage of
the ate complex 5 and not at that of the carbenoid 3. This
result challenges the notion[20] that halogen ± metal exchange
reactions can be carried out to completion in the presence of

Figure 3. Calculated sructures of iodine ± ate complexes.

proton donors. Our findings rather suggest that completion of
the halogen ± metal exchange reaction is foiled under these
conditions, since protonation takes place at the stage of the
intermediate ate complexes.[21] It may therefore be prudent to
check which of the in situ trapping reactions or intramolecular
reactions hitherto ascribed to organolithium compounds
generated by halogen ± metal exchange reactions are actually
reactions of organolithium compounds and which are rather
caused by halogen ± ate complexes.[22]
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It is generally accepted that optimal preorganization for
molecular recognition requires an optimal geometric fit
between convergent binding sites A(H), A'(G), B(G),
B'(G), etc. of host and guest molecules H and G.[1] If binding
sites within host and/or guest are connected by single bonds,
this can give rise to enthalpy or strain penalties if a transoid
fragment must convert into a gauche conformation for an
optimal orientation of binding sites. At the same time the
presence of freely rotatable single bonds can lead to a loss of
rotational freedom on complexation, which is generally
regarded as a major drawback of, for instance, open-chain
versus macrocyclic receptors. However, systematic analyses of
complexes with crown and open-chain poly(ethylene glycol)

ethers show that the formation of macrocyclic hosts is based to
a large degree on enthalpy advantages (macrocyclic effect).[2]

Entropic contributions to the formation of noncovalent
bonds are one of the most often invoked problems in
molecular recognition, and until now they were among the
least predictable factors. Systematic analyses of free energies
of association DGcplx of many supramolecular associations
show little dependence of DGcplx on the presence of single
bonds in either host or guest molecule, and DDGcplx contri-
butions from the different binding sites are generally addi-
tive.[3] However, most of the investigated complexes were
constructed so as to avoid the presence of many freely
rotatable bonds. This also holds for the few studies of
noncovalent intramolecular interactions, which also show
little strengthening upon rigidification of the underlying
frameworks.[4] In the gas phase one expects rotational entropy
contributions DSrot of 13 ± 21 J molÿ1 Kÿ1 per single bond.[5, 6] If
the rotations were completely frozen upon complex forma-
tion, which is expected only if rigid covalent bonds are
formed,[6] the corresponding loss of free energy DDGrot would
be 3.9 ± 6.4 kJ molÿ1 at room temperature. For noncovalent
interactions Williams et al. assume a value between 2 and
6 kJmolÿ1 per restricted bond.[7]

Unfortunately these numbers translate into a large un-
certainty of prediction. The presence of only two nonrestrict-
ed bonds[8] in host and guest would correspond to differences
in the association constant K of between 2 and 11mÿ1.
Therefore, it seems to be essential to obtain experimental
values for the change of free energy DGcplx associated with the
presence of single bonds in host ± guest complexes. Surpris-
ingly, there were no studies till now in which the number of
single bonds in supramolecular complexes was systematically
varied. We chose a series of a,w-diamides as hydrogen-bond
donors[9] and a,w-dicarboxylates as acceptors.[10] The tetrabu-
tylammonium salts of the latter are soluble in chloroform. The
functional groups were connected by spacers of different
length and flexibility (Scheme 1). The advantage of these
chloroform-soluble compounds is that interactions other than
hydrogen bonds are suppressed, and problems in the mea-
surements, such as self-association and salt effects, are
minimized.

The initially prepared amides of long-chain fatty acids were
only sparingly soluble in chloroform, probably owing to strong
dispersive interactions between the alkyl chains in the solid
state. Therefore, derivatives with the bulky and more
spherical adamantyl group were prepared from the corre-
sponding adamantyl acid chloride and, as expected, were
sufficiently soluble in chloroform. Dilution experiments with
these amides in CDCl3 in which the chemical shift of the NH
protons was monitored gave dimerization constants K<

30mÿ1, so that at least 85 % of the monomer was present in
the observed concentration range (� 5� 10ÿ3m). Equilibrium
constants were determined according to ref. [11] and gave a
satisfactory fit to a 1:1 model for the association between host
and guest monomers (e.g., Figure 1). The spacers were chosen
to allow contact between the corresponding binding sites
without buildup of substantial strain; this was checked by
computer-aided molecular modeling (Figure 2). All amide
groups and the alkyl chains can retain their transoid
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