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’ INTRODUCTION

Deprotonative metalation, the breaking of a relatively inert
carbon�hydrogen bond by a metal-based reagent followed by the
making of a more reactive (and thus more chemically useful)
carbon�metal bond, is a classical reaction which is practiced in all
disciplines of synthetic chemistry.1 Typically achieved by utilizing
polar organo alkali-metal reagents such as amido [R2N�Li, e.g.
(Me3Si)2NLi] or alkyl [R-Li, e.g.

nBuLi] lithium reagents or, when
the hydrogen to be abstracted is not sufficiently acidic, LiCKOR
superbases.2 However, these reagents, which exist only under inert
atmospheres, can suffer from a variety of significant limitations, for
example, an intolerance of certain functional groups is often
encountered, while subambient temperatures are routinely required
to suppress the highly reactive alkali-metal reagents. The metalated
products themselves are often too reactive to be useful, displaying
poor kinetic stability.

Overcoming such drawbacks in organolithium/alkali-metal
chemistry, an aspiration shared by many research groups world-
wide, would be of enormous benefit to both fundamental
chemical synthesis and process chemistry.3 Substantial progress
toward this goal has recently been made through the design and
application of “ate” modifications of organo alkali-metal bases.

Superficially simple,4 this improved approach capitalizes on the
juxtaposition of an alkali-metal with another softer metal (e.g.,
MgII,5 MnII,6 ZnII 7) within a basic ligand environment. Combin-
ing them either within a single molecular framework or a charge-
separated variant can export the reactivity of the alkali-metal base
to the softer metal which, though reactivity enhanced, retains the
superior selectivity and functional group tolerance of a softer
metal compound. By definition alkali-metal ate compounds (e.g.,
LiþMR3

�, whereM is a divalent metal or NaþMR4
�whereM is

a trivalent metal) have their negative charge located on the
molecular fragment containing the softer, less electropositive
metal M, but while this is clearly a contributory factor for the
observed reactivity transfer (historically Wittig8 noted this as
“anionic activation”) the full explanation must be significantly
more complicated as many formulations labeled as ates do not
exhibit reactivity enhancement. As most chemists would associ-
ate ate formulations with solvent separated ion pairs, we suggest
it is more fitting to discuss this chemistry in terms of hetero-
bimetallics or mixed-metal systems as the structures involved can
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ABSTRACT: Recent times have witnessed many notable advances in
metalation chemistry with halide salt supported strategies and alkali-
metal mediated metalation being particularly prominent. This article
begins with a brief account of both of these avant garde metalation
methods focusing on selected recent examples not covered previously
in a review. New results in the area of Alkali-Metal Mediated
Alumination (AMMAl) are also presented. Thus, the putative lithium
aluminate base THF 3 Li(μ-TMP)2Al(

iBu)2 (4) is shown to act via
TMP basicity to efficiently ortho deprotonate a variety of functiona-
lized aromatic molecules at room temperature, tolerating carboxamide
and halide functionalities. Thesemetalated species are electrophilically
quenched with elemental iodine. Crystal structure determinations of
the metalated intermediates confirm unequivocally that direct alumi-
nation of the substrates has occurred. Since the homometallic lithium or aluminum reagents are unable to effect such deprotonations
these reactions are synergic in nature and can be considered examples of AMMAl. Drawing together previously published work in
the field of AMMAl, together with other pertinent experimental observations and new density functional theory (DFT)
computational studies, we propose a potential rationale for the “unusual” reactivity patterns witnessed in this branch of
heterometallic synthetic chemistry with respect to other Alkali Metal Mediated Metalations which appear to behave in a more
conventional manner.
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often bemolecular and charge neutral contact ion pairs, though the
bonding within them is usually highly polarized.9

At the vanguard of these heterometallic advances in deproto-
native metalation lies two distinct approaches: the metal halide
salt supported method (type A), elaborated by Knochel and co-
workers; and themixed organic anion strategy (typeB), popularized
by Kondo, Uchiyama and co-workers,10 Mongin and co-workers,11

Hevia and co-workers,7,12 and our own group. The beating heart of
all these approaches is the anion of 2,2,6,6-tetramethylpiperidine,
TMP (Figure 1), and the veins through which it communicates are
the bonds it forms with the different metal centers.

Four flanking methyl groups provide steric protection for its N
reactive center, which, since it bonds only to saturated sp3-C
atoms, retains most of the negative charge associated with its
anionic status. This combination of steric and electronic features
gives TMP its key synthetically exploitable qualities of low
reluctant nucleophilicity and high enthusiastic Brønsted basicity.
In the vast majority of its synthetic applications, TMP has been
used in the form of its lithium derivative LiTMP.13,14 What is
evident, especially from the rapidly accumulating pages of literature
on heterometallic systems, is that the reactivity profile of TMP is
profoundly sensitive to the form in which it is dispensed. Multi-
component systems containing TMP as in the two distinct
heterometallic approaches A and B introduced above can have
markedly different reactivity profiles. Each component in the
system (e.g., alkali-metal, softer metal, supporting anions, neutral
solvent ligands) to a smaller or larger extent, can influence
reactivity and selectivity and therefore must be taken explicitly
into consideration along with the usual discriminatory experi-
mental factors (such as stoichiometry, solubility, bulk solvent,
concentration, and temperature) when rationalizing a TMP
reaction. Fleming and O’Shea recently provided a pertinent
example15 observing that the Schlosser-Lochmann superbase
nBuLi-KOtBu executed ortho-metalation of OMOM-substituted/
activated toluenes but switched to selective benzylic metalation on
the addition of stoichiometric or catalytic quantitities of TMP(H)
(implying a metal or more likely a mixed-metal TMP species, not
identified, is essential for the selectivity switch).

The background and development of the mixed organic anion
strategy for deprotonative metalation has been detailed in some
recent reviews.4,9 For brevity this is not repeated here, instead
this article focuses on material not covered previously in these
reviews as well as on new unpublished results in the area of
lithium-mediated ortho alumination which stimulates new
thoughts on the structural and mechanistic roots of this synergic
chemistry. The article begins with a brief summary of the alter-
native metal halide salt supported deprotonative metalation.
Turbo-Grignard and Related Reagents. Originally profi-

cient in halogen-metal exchange, the halide salt supported mixed
metal reagent mixtures (typeA, for a typical example see Figure 2)

are now at the cutting edge of deprotonative metalation.16 The
seminal research of Knochel and co-workers has yielded a prodigious
amount of examples whereby such reagents directly metalate sub-
stituted aromatics in an efficient manner according to the well
established principles of directed ortho-metalation (DoM).17 Gen-
erally utilized in polar (tetrahydrofuran, THF) solvent, the intro-
duction of LiCl (or MgCl2

18 or ZnCl2
19) to the amido metal

chloride or bis(amido) metal reagent is credited with boosting
reactivity at least in part by increasing solubility. What makes
these mixed metal reagent mixtures particularly attractive is their
excellent tolerance of sensitive functional groups, as well as their
improved kinetic basicity, regioselectivity, and chemoselectivity
with respect to the parent softer metal homometallic reagent.
While the most common subordinate metals are magnesium and
zinc in the form of (TMP)MCl 3 LiCl (M = Mg,20 Zn21),
(TMP)2Mg 3 2LiCl

22 or (TMP)2Zn 3 2MgCl2 3 2LiCl,
23 Knochel

and co-workers have recently and expeditiously extended this concept
further to successfully initiate direct manganation,24 alumination,25

ferration,26 lanthanation,27 and even zirconation28 of functionalized
aromatic molecules, while incorporation of Lewis acidic BF3 into a
halide salt supported mixed metal magnesiate was shown to activate
previously unreactive C�H bonds in polyfunctional pyridines and
related heterocycles.29 The versatility of this class of reagent has been
elaborated further by a recent report of the selective metalation of
alkenes.30 This is ongoing work which will undoubtedly produce
other major advances in due course.
While the ability of these reagent mixtures to induce regiose-

lective or chemoselective direct metalations is undoubted, the
mechanisms by which these reactions occur remain ambiguous
since no metalated intermediates are isolated or otherwise
characterized. Typically, a bi- (or even tri- or tetra-) metallic
melange is prepared in THF, reacted with a substrate, and
subsequently quenched with an electrophile or is cross coupled.
Recently, we unveiled the solid state structures of a classical
Knochel magnesiate base, THF solvated (TMP)MgCl 3 LiCl
(1),31 and its (dimeric) diisopropylamide [iPr2N

�, DA] con-
gener (2)32 (Figure 3), allowing the proposal of a structural
rationale for the contrasting reactivities displayed by each.
NMR spectroscopic evidence, including DOSY experiments,33

suggested these LiCl supported complexes do not retain their
structural integrity in solution with the presence of solvent
separated ion pairs a strong possibility. These “ates” are predis-
posed to metalating ortho to directing groups which in certain
cases is in contrast to contacted-ion (type B � for a typical
example see Figure 4a) structures which can anchor a substrate
within a premetalation framework, opening up the possibility of
less conventional metalation patterns occurring via a potentially
intramolecular pathway.
Recent Developments in Alkali-Metal Mediated Metala-

tion. Coupled with their ability to effect conventional ortho
metalation of functionalized aromatic molecules containing a
directing group, mixed organic anion (type B) heterometallic
bases also have the capability of carrying out “unusual” deproto-
nations. This can take the form of metalation at nonactivated
(less acidic) sites or through polymetalation of substrates which
are not typically prone to experiencing more than a single
deprotonation. A simple example of the former is the special meta
deprotonation of toluene with the mixed alkyl-amido sodium mag-
nesiate base TMEDA 3Na(μ-TMP)(μ-Bu)Mg(TMP)34 or themeta
deprotonation of N,N-dimethylaniline with the related zin-
cate base TMEDA 3Na(μ-tBu)(μ-TMP)Zn(tBu),35 while the
latter is witnessed spectacularly via the regioselective 1,10,3,30

Figure 1. Side on (left) and front on (right) representation of the chair-
shapedTMP anion showing how its anionic nitrogen (shaded) is sterically
protected.
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tetra-deprotonation of ferrocene,36 ruthenocene,37 and osmocene37

with NaMg(NiPr2)3. Novel host�guest ring compounds, labeled
inverse crowns because of the antithetical location of the Lewis

acidic/basic atoms with respect to a traditional crown ether complex,
are often the result of such bimetallic-induced single or multiple
deprotonations38 although inverse crowns can also be prepared via
co-complexation.39 The contacted ion pair nature of these inter-
mediate complexes plays a dominant role in their unconventional
behavior, as mentioned above.
Judicious selection of the subordinate metal, the anions, and

the donor are clearly paramount if the desired reactivity toward any
given substrate is to be achieved. With regards to the metal, this is
eloquently demonstrated by the deprotonation of THF—when
themixedmetal sodium�zincate base [TMEDA 3Na(μ-TMP)(μ-
CH2SiMe3)Zn(CH2SiMe3)]

40 is employed, the deprotonated
highly sensitive cyclic ether molecule is captured with its OC4

ring intact within the molecular framework, while changing to the
magnesiate or manganate [TMEDA 3Na(μ-TMP)(μ-CH2SiMe3)
M(TMP)] (M = Mg, Mn)41 results in cleavage of THF with the
fragments being sequestered by residues of the base,42 the oxygen
containing fragment forming anoxo inverse crown.43The importance
of anion selection is emphasized by two similar aluminate systems:
THF 3Li(μ-TMP)(μ-iBu)Al(iBu)2 (3) can be isolated in crystalline
form and is stable in THF solution;44 while its putative amide
enriched counterpart THF 3Li(μ-TMP)2Al(

iBu)2 (4) can be pre-
pared in situ but not isolated, with deprotonation of a THFmolecule
to yield THF 3Li(μ-TMP)(μ-C4H7O)Al(

iBu)2 (5) being favored
(Figure 4).45 Lewis donor identity is also important, as articulated by
Stalke and co-workers, who demonstrated that the MeLi/Me2Zn
combination yields a contact ion pair in the presence of PMDETA
but a solvent separated ion pair in the presence of diglyme.46 The
reasons for the current prominenceof aluminumchemistry are 2-fold;
first aluminummetal is cheap, abundant, and relatively nontoxic—all
important considerations for today’s synthetic chemist;47 and
second preliminary work in the dominion of mixedmetal aluminum
chemistry has exposed several unusual metalation patterns including

Figure 2. Some representative examples of metalation and electrophilic quenching of functionalized aromatics utilizing halide salt supported mixed-
metal reagent (type A) mixtures showing magnesiation (top), lanthanation (middle), and zirconation (bottom).

Figure 3. Representation of the experimentally determined crystal
structures of the Turbo-Grignard reagents 1 and 2.

Figure 4. Some representative examples of the structural diversity
available in alkali-metal mediated alumination (AMMAl).

Scheme 1
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alumination48 of R-C-H units of the polyamines TMEDA (6)49 or
PMDETA,50 fragmentation of 1,4-dioxane,51 or methyl deprotona-
tion of the TMP anion to give 752 (Figure 4).
Toward gaining a greater understanding of the bisamido/

bisalkyl lithium aluminate 4, and by implication of alkali-metal
mediated metalation in general, the current paper documents a
detailed investigation of the reactivity of this in situ generated
base toward a variety of substituted aromatic substrates (8a�8e,
Table 2) resulting in a series of extensively characterized mixed-
metal complexes of general formula iBu2Al(μ-TMP)(μ-R)Li 3
THF (9a�9e, where R is the deprotonated substrate) and the
products of such metalated intermediates upon electrophilic
quenching with elemental iodine (10a�10e). Adding to the
knowledge already acquired on AMMAl, we then re-examine some
of themore unusual results obtained thus far and provide theoretical
and mechanistic insight into some of the potential reasons why
ligand/metal choice is so fundamentally important in these intri-
guing heterometallic systems.

’RESULTS AND DISCUSSION

The ability of “iBu2Al(μ-TMP)2Li 3THF” (4) to effect the
room temperature deprotonation of some representative func-
tionalized aromatic molecules according to the reactions in
Scheme 1 was studied. Specifically, anisole (8a), 1,3-dimethoxy-
benzene (8b), 1-methoxynaphthalene (8c), and N,N-diisopro-
pylbenzamide (8d) were chosen as representative substituted
aromatic substrates for this task.

Given that Uchiyama and co-workers10f and Knochel and co-
workers25 have previously observed that Al/Li bases favor
deprotonative metalation over metal halogen exchange, 2-iodo-
anisole (8e) was also considered in the study. The outcomes of
these reactions were monitored by both the identification of the
crystalline intermediates (9a�9e) and also the identification of
their subsequent metal-free organic products obtained via electro-
philic quenching with iodine (10a�10e). For complete synthesis
and characterization of 9a�9e and 10a�10e see Supporting

Figure 5. Molecular structures of complexes 9a�9e with thermal ellipsoids displayed at the 50% probability level. Hydrogen atoms and any minor
disorder components are omitted for clarity.
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Information. In each case, the site of alumination was shown to be
ortho to the functional group (for 8b, the metalation occurred at
the site mutually ortho to both OMe groups). As anticipated, the
base 4 tolerated the carboxamide functionality of 8d and the iodo

functionality of 8e. Such ortho deprotonations have transpired via
directed ortho metalation (DoM), that is the heteroatomic func-
tional group can play a dual purpose by both acidifying the ortho
proton inductively and providing a lone pair of electrons on which
to anchor the incoming metal. Of principal importance in these
reactions was that they were all achieved in nonpolar hexane solution
at room temperature, obviating the need for more expensive polar
solvents or nonambient temperature regimes which are generally
required for homometallic, organolithiumbasedDoM.Thecrystalline
products could be isolated in decent yields (44�71%), but in fact
the metalation was nearly quantitative as shown by electrophilic
quenching (vide infra).

While mixed-metal bases have routinely been employed to
deprotonate a plethora of organic substrates, the identity of the

Table 1. Selected Bond Parameters of Complexes 9a�9e (in
Å and deg)

9a 9b 9c 9d 9e

Al1�N1 1.981(1) 1.985(1) 1.975(1) 1.985(1) 1.974(3)

N1�Li1 2.036(3) 2.032(3) 2.039(2) 2.064(2) 2.015(6)

Li1�O1 1.929(3) 1.940(2) 1.943(2) 1.941(2) 1.906(7)

Li1�O2 1.922(3) 1.991(4) 1.909(2) 1.905(2) 1.904(6)

O2�C40 1.415(2) 1.409(2) 1.422(1) 1.402(4)

O2�C46 1.250(1)

C46�C40 1.500(1)

C40�C41 1.391(2) 1.394(2) 1.367(2) 1.418(1) 1.384(4)

C41�Al1 2.049(1) 2.082(2) 2.057(1) 2.088(1) 2.047(3)

O1�Li1�O2 103.5(1) 102.5(1) 99.8(1) 102.8(1) 102.0(3)

O1�Li1�N1 142.7(1) 145.1(1) 142.5(1) 133.4(1) 140.2(3)

N1�Li1�O2 113.8(1) 112.3(1) 117.6(1) 121.4(1) 117.7(3)

Li1�N1�Al1 97.1(1) 88.9(1) 98.7(1) 87.7(1) 98.7(2)

Table 2. Substrates and Products upon Electrophilic
Quenching of Aluminated Aromatic Intermediates with
Iodine

aThe identity of these iodated compounds was confirmed by compar-
ison of their 1HNMR spectra with those previously published by Kondo
and Uchiyama; see ref 10e for full spectroscopic details. b See Supporting
Information for complete characterization.

Figure 6. Molecular structure of complex 11 with thermal ellipsoids
displayed at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond parameters (in Å and deg): Al1�N1 1.935(1),
Al1�N2 1.936(1), Li1�N1 2.075(3), Li1�N2 2.086(3), Li1�O1
1.969(3); N1�Al1�N2 100.67(5), Al1�N1�Li1 84.10(8), Al1�N2�
Li1 83.78(8), N1�Li1�N2 91.45(10), N1�Li1�O1 132.8(1), N2�
Li1�O1 135.7(1).

Figure 7. Potential structures of complex 4 studied via DFT
calculations.

Figure 8. Molecular structure of complex 12a with thermal ellipsoids
displayed at the 50%probability level.Hydrogen atoms are omitted for clarity.
Selected bond parameters (in Å and deg): Al1�N1 2.009(2), Al1�N2
2.021(2), Al2�N1 2.020(2), Al2�N2 2.003(2); N1�Al1�N2 86.34(8),
N1�Al2�N2 86.51(8), Al1�N1�Al2 87.76(8), Al1�N2�Al2 87.89(8).
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metal which actually displaces the proton is often assumed since
themetalated intermediate is not in itself characterized but rather
used in situ and quenched with an electrophile. Although this
assumption is not necessarily incorrect, the solid state structures
of complexes 9a�9e (Figure 5) unambiguously confirm in these
cases that it is direct alumination of the substrate that is occurring.
The presence of lithium is however of paramount importance
since the parent homometallic reagent, iBu2Al(TMP) does not
deprotonate 8a�8e by itself [in confirmation of this, samples of
8a�8e with iBu2Al(TMP) in C6D12 solution were found not to
react by 1H NMR spectroscopy after 2 h at room temperature
followed by 1 h at 70 �C] and thus these alumination reactions
can be considered synergic in origin, operating via Li 3 3 3Al
communication through a TMP linker.

The molecular structures of complexes 9a�9e share many
features: for example they are all bimetallic (Li/Al) molecular
contacted ion pair arrangements incorporating two iBu groups
terminal on aluminum, a TMP ligand bridge (with the substituted
piperidide ring leaning toward lithium in the chair formation), a
bridging C�H deprotonated aromatic molecule, and a solitary
molecule of THF solvating the lithium. This motif results in a
distorted tetrahedral (C3N) aluminum center, and a trigonal
planar lithium atom. The substrate has clearly been aluminated
ortho to the functional group, with the heteroatom donating via its
lone pair of electrons to the electropositive lithium resulting in a
six-membered LiNAlC2O ring (or, in the case of carboxamide 9d, a
seven-membered LiNAlC3O ring). That notwithstanding, the
features of these structures are unspectacular and require no
further discussion (see Table 1 for pertinent bond parameters).

Multinuclear NMR data confirms that such structures maintain
their integrity in the solution state (see Experimental Section for full
details), while purity of the bulk sample was evidenced via satisfactory
elemental analyses.

Of course, while a crystallographic determination gives a clear
snapshot of the salient intermediates, it is perilous to assume this
to be representative of the entire solution. Consequently, the
reactions were repeated and the in situ generated intermediates
9a�9e were subjected to electrophilic quenching using elemen-
tal iodine to give 10a�10e in good to excellent (70�96%) yield.
The iodated products were purified via column chromatography
to give the final products whose identity was confirmed by 1H
NMR spectroscopy.10e

Meanwhile, the structure of the active base 4 remains elusive.
However, its in situ generation and reaction with two molar
equivalents of diisopropylamine [iPr2NH, DA(H)] yielded its
diisopropylamide derivative iBu2Al(μ-DA)2Li 3THF (11),

53 pro-
duced in a crystalline yield of 55%. The molecular structure of 11
(Figure 6) shows that the electron rich amide groups occupy the
bridging positions between the two metals, with the alkyl groups
residing in the terminal positions.
Theoretical and Mechanistic Examination of AMMAl. On

considering the preceding results in the field of Alkali Metal
Mediated Alumination (vide supra) we feel that two important
questions are worth asking: (a) why can the THF solvated bis-
DA bis-alkyl lithium aluminate complex 11 be isolated yet its
TMP analogue complex 4 is only a putative intermediate?; and
(b) why is Uchiyama’s lithium aluminate THF 3 Li(μ-TMP)-
(μ-iBu)Al(iBu)2 (3) stable indefinitely in THF solution yet a

Figure 9. (top) 1H DOSY NMR spectrum of iBu2Al(DMP) (12a), TPhN, PhN and TMS at 25 �C in C6D6 and (bottom) log D � log FW
representation from the 1H DOSY data obtained for the mixture of iBu2Al(DMP) (12a), TPhN, PhN and TMS at 25 �C in C6D6.
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hexane solution of 4will deprotonate a stoichiometric amount of
THF to yield THF 3 Li(μ-TMP)(μ-OC4H7)Al(

iBu)2 (5)?
To try and elucidate possible answers we next carried out a

series of density functional theory (DFT) calculations, which
coupled with other experimental observations, allow us to propose
a potential rationale for the witnessed reactivity described above.
DFT calculations were performed using the Gaussian 03

package54 with geometry optimization using the B3LYP density
functionals55 and the 6-311(d,p) basis set56 with a frequency
analysis being performed after each geometry optimization. The
energy values quoted include the zero point energy contribution.
We investigated the relative energies of three potential struc-

tural manifestations of 4, that is, with the bridging positions
occupied by either (a) both TMP anions; (b) both iBu anions; or
(c) a mixture of one TMP and one iBu anion (4a-4c, Figure 7).
Hypothetical mixed bridge complex 4c was also studied for

two alternative conformations, namely, with the bridging TMP
group having its γ-C apex pointing toward the Al (4c0) or toward

the Li center (4c00). Unsurprisingly, given that complexes 9a�9e
all have terminal iBu groups, complex 4a is the most energetically

Figure 10. (top) 1H DOSY NMR spectrum of iBu2Al(TMP) (12b), TPhN, PhN, and TMS at 25 �C in C6D6 and (bottom) log D � log FW
representation from the 1H DOSY data obtained for the mixture of iBu2Al(TMP) (12b), TPhN, PhN, and TMS at 25 �C in C6D6.

Figure 11. Known solid state structures of some pertinent DMP/TMP
complexes (12a, 13a, 13b) and the proposed structure of 12b as
predicted on the basis of DOSY NMR spectroscopy.
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favorable by 14.75, 4.85, and 10.06 kcal mol�1 compared to 4b,
4c0, and 4c00 respectively. However, perhaps surprisingly, this
study also reveals that the product is energetically unfavorable
with respect to the homometallic starting materials of which it is
composed (a combination of THF solvated and unsolvated
starting materials were computed, eqs 1a�1c).

1
4
½LiðTMPÞ�4 þ THF 3AlðTMPÞiBu2

f THF 3 Liðμ -TMPÞ2AliBu2 ΔE ¼ þ 14:16 kcal mol�1

ð1aÞ

1
2
½LiTMP 3THF�2 þ AlðTMPÞiBu2

f THF 3 Liðμ -TMPÞ2AliBu2 ΔE ¼ þ 14:19 kcal mol�1

ð1bÞ

1
2
½LiTMP 3THF�2 þ THF 3AlðTMPÞiBu2
f THF 3 Liðμ-TMPÞ2AliBu2 þ THF

ΔE ¼ þ 20:60 kcal mol�1 ð1cÞ

1
2
½LiTMP 3THF�2 þ THF 3AlðTMPÞiBu2

f THF 3 Liðμ-TMPÞðμ-C4H7OÞAliBu2ð5Þ þ TMPðHÞ
ΔE ¼ � 5:30 kcal mol�1 ð1dÞ

Despite the preparation of 4 from its component homome-
tallic parts being energetically unfavorable, a calculation of the
same starting materials to give the THF deprotonated species 5
was also carried out (eq 1d). This confirms that the preparation
of this complex is favorable and can perhaps be attributed to the
formation of a five-membered LiNAlCO ring which would
alleviate the ring strain felt in the four membered ring of the
hypothetical species 4. For full geometrical details of the

calculated structures of 5 and the bisamido bisalkyl species 11
see Supporting Information.
The inability to isolate a stable derivative of composition 4 is

perhaps attributable to the steric protection of the nitrogen in the
TMP being too much to allow the necessary AlNTMPLiNTMP

closed ring to form since clearly, as the molecular structure of 11
shows, an AlNLiN ring can be obtained with a slightly less bulky
secondary amide. This is further supported by our comparative
study of homometallic iBu2AlNR2 (NR2 = DMP, cis-2,6-di-
methylpiperidide, 12a; TMP, 12b) which were prepared by
mixing an equimolar amount of iBu2AlCl with LiNR2 in hexane.
DMP has only 2 of TMP’s 4 methyl substituents, so its anionic N
center is marginally less sterically protected.57 In these reactions
after filtering the mixture to remove LiCl, the product was
obtained in excellent yield as a crystalline solid (12a) or yellow
oil (12b) respectively. Ascertained via a single crystal X-ray
diffraction study, the molecular structure of 12a (Figure 8) exists
as a cyclodimer with the alkyl groups in the terminal positions
and the DMP ligands bridging the two trivalent metal atoms.
Since the molecular structure of complex 12b could not be

determined, we turned to a DOSY NMR study in an attempt to
harvest further information on the aggregation of these two
species in solution. Here, different components present in
solution can be separated according to their molecular weight.
Such component(s) can then have their molecular weights
estimated provided inert samples of known molecular weight
are also present in the solution for calibration purposes since the
log ofmolecular weight can be linearly correlated to logD (diffusion
coefficient). The 1H DOSY NMR spectra and plots of log D� log
FW for 12a and 12b are shown in Figures 9 and 10 (see Supporting
Information for full experimental details).
The results gave a predicted molecular weight (MWDOSY) of

395 and 243 g mol�1 for 12a and 12b, respectively. Clearly, 12a
seems to have a higher solution molecular weight than 12b
despite having a smaller empirical molecular weight. The value of
MWDOSY is intermediate between that of iBu2Al(DMP) and
[iBu2Al(DMP)]2 [253 and 507 g mol�1 respectively and is
consistent with a monomer�dimer equilibrium. The value for
12b is within 13% error of the molecular weight for a monomeric
species (MW= 281) and as it is on the lower side of the predicted
value it is likely to in fact exist as a monomer in solution.
We thus appear to have discerned a point at which steric bulk

around the anion will prevent dimerization from occurring.
Indeed, the Al2N2 ring of 12a is extremely strained, as evidenced
by the movement of the ring away from planarity. For compar-
ison, a search of the Cambridge Crystallographic database58 for
dialkylamidoaluminum structures which have dimerized through
their amido ligands reveals 124 positive matches. While the
N�Al�N angles [86.34(8) and 86.51(8)�] of 12a are consistent
with those previously reported [mean = 86.634�, median =
87.557�], the Al�N�Al angles [87.76(8) and 87.89(8)�] are
considerably tighter than expected [mean = 91.908�, median =
91.820�], resulting in a butterflymotif [hinge angle = 36.23(6)�].
Likewise, the Al�Nbond lengths are relatively long, falling in the
range 2.003(2)�2.021(2)Å (average 2.013 Å�) when compared
with those reported in the literature [1.883�2.045 Å, with a
mean value of 1.974 Å and a median value of 1.977 Å]. Clearly, the
presence of simply two more methyl groups (that is substituting
DMP by TMP) close to the bridging point is sufficient to inhibit
dimerization. The inability of 12b to dimerize is consistent with the
accomplished work of N€oth who has crystallographically character-
ized a series of solvated and unsolvated TMP containing aluminum

Figure 12. Proposed open structure of the putative bisamido bisalkyl
lithium aluminate 4 with a possible mechanism giving complex 5.
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complexes of general formula (TMP)2AlX (X includes halides,59

phosphides,60 amides,60a alkoxides,60a thiolates,60a borazinyl61) which
are primarily monomeric. Of the dimers known, such as [(TMP)2
AlF]2 or [(TMP)AlCl(OEt)]2,

59a none dimerize through bridg-
ing TMP groups. Dimeric species with a dianionic [(CH2)

2� 62

or (PPh)2� 60b] bridge or trimeric species with aNdNdNorCtN
bridge have also been divulged.63 N€oth also reported pre-
viously that [(TMP)AlH2]3 is a trimer with hydride bridges
while [(DMP)AlH2]2 is a dimer with DMP bridges.64

At this juncture, it is pertinent to note that thus far there have
been no reported examples of a LiNTMPLiNTMP closed ring in
the literature containing a four coordinate lithium center. While
such a ring can be formed, each lithium cation is only mono-
solvated (trigonal planar, 13a),14f while an attempt to use a
bidentate donor (namely TMEDA) resulted in an open, hemi-
solvated dinuclear structure (13b, Figure 11) with a mixture of
two and three coordinate lithium centers.14d TMEDA solvated
Li(DMP) forms a central four membered ring, but TMEDA
binds in a unidentate fashion, bridging between adjacent Li2N2

rings to give a polymeric motif.65

Given that Al-bridging amide bonds are shorter than Li-
bridging amide bonds (see Table 1), coupled with the fact that
a [LiNTMP]2 ring cannot be formed with four-coordinate lithium
for presumably steric reasons, it is unlikely that the Li�NTMP�
Al�NTMP ring is obtainable, and any species with the empirical
formula of4 should therefore exist in an open form.This suggestion is
further supported by the change fromdimeric (four-coordinateAl) to
monomeric (three-coordinate Al) on slightly increasing the amide
bulk from DMP to TMP in the homometallic complexes 12 (vide
supra).
With this increasing body of indirect evidence supporting an

open structure, we are now in a position to propose a hypothe-
tical mechanism for the synthesis of 5. If 4 prevails in an open
form such as displayed in Figure 12, a vacant coordination site on
lithium would exist on which a second molecule of THF could
attach via its Lewis donating oxygen center. Consequently, the
close proximity of this second THF molecule to the pseudo-
terminal TMP anion could result in attack at the R-C-H unit by
the amido base, giving the energetically favorable complex 5 as
the thermodynamic product with elimination of TMP(H).
The same principle can be applied to the deprotonation of the

NCH3unit ofTMEDA to yield complex6 (Figure 13), again anopen
intermediate is proposed which brings the TMEDA molecule into
partial proximity allowing one of itsR-Me groups to be deprotonated
by the reactive pseudoterminal TMP anion. In both cases, formation
of amore stable fivemembered [AlNTMPLiXC] ring (X=O,5;N,6)
would provide a driving force for the reaction.
This accumulated evidence allows us to propose a plausible

hypothesis to answer questions a and b: the combined bulk of two
TMP molecules with their tetrasubstituted R-carbon atoms is just
sufficient to prevent the formation of a stable four-membered ring;

whereas with less bulky iBu orNiPr2 groups such a ring is feasible in
either 3 or 11. It is this open structure, with a “pseudoterminal”
TMP ligand, which may confer increased reactivity on heterome-
tallic bases of this type, consequently leading to the deprotonation
of a donor molecule at a relatively nonacidic site normally
considered resistant toward metalation.

’CONCLUSION

The synthetic utility of the lithium aluminate base “THF 3
Li(μ-TMP)2Al(

iBu)2” has been extended toward ortho alumination
of substituted aromatic molecules and shows excellent regio- and
chemo-selectivity. Operating at room temperature, this bimetallic
complex directly aluminates the substrate in an efficient manner
and is tolerant of sensitive functionality on the aromatic substrate
(e.g., carboxamide and halide functionalities), as proven by the
isolation and identification of a series of aluminated aryl inter-
mediates. The presence of a second TMP anion in this bis-alkyl
bis-amido base with respect to its more alkyl rich counterpart
THF 3 Li(μ-TMP)(μ-iBu)Al(iBu)2 clearly plays an important
role in reactivity since this seemingly innocent alteration to the
composition of the base has previously induced less conventional
metalation patterns. DFT calculations, in conjunction with some
new observations in the domain of aluminum and lithium alkyl/
amide chemistry, have allowed us to propose a potential hypothesis
for this increased reactivity. The steric bulk of the TMP anionwhen
considered against less bulky iBumight inhibit formation of a stable
four-membered ring, leaving an open intermediate structure with
greater reactivity imparted via easier access of the organic substrate
possibly involving a pseudoterminal TMP anion. As research into
alkali-metal mediated alumination progresses, more examples of
unorthodox metalation patterns should become apparent, which in
time should lead to an even greater understanding of the coopera-
tive (metal�ligand�metal0) effects which influence this intriguing
topical branch of chemistry.
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