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Carbon Monoxide Activation by a Molecular Aluminium Imide:
C-O Bond Cleavage and C-C Bond Formation

Andreas Heilmann,®® Jamie Hicks,"? Petra Vasko, #* Jose M. Goicoechea*® and Simon Aldridge*®

Abstract: Anionic molecular imide complexes of aluminium are
accessible via a rational synthetic approach involving the reactions of
organo azides with a potassium aluminyl reagent. In the case of
K2[(NON)AI(NDipp)]2 (NON = 4,5-bis(2,6-diisopropylanilido)-2,7-di-
tert-butyl-9,9-dimethyl-xanthene; Dipp = 2,6-diisopropylphenyl)
structural characterization by X-ray crystallography reveals a short Al-
N distance, which is thought to be due primarily to the low coordinate
nature of the nitrogen centre. The AI-N unit is highly polar, and
capable of the activation of relatively inert chemical bonds, such as
those found in dihydrogen and carbon monoxide. In the case of CO,
uptake of two molecules of the substrate leads to C-C coupling and
C=0 bond cleavage. Thermodynamically, this is driven — at least in
part — by Al-O bond formation. Mechanistically, a combination of
quantum chemical and experimental observations suggest that the
reaction proceeds via exchange of the NR and O substituents through
intermediates featuring an aluminium-bound isocyanate fragment.

C-C coupling and C-O bond cleavage of carbon monoxide are
processes of great interest both from a fundamental perspective
and because of their relevance to the formation of C-C homogated
products via Fischer-Tropsch chemistry.[! Reductive coupling of
CO molecules to give systems of the type [(CO)q]* via C-C bond
formation has been accomplished by a range of metal systems
from across the Periodic Table, including a number of p-block
compounds.?®l These include reactive low-valent systems
featuring boron,®@ silicon® or germanium centres.®™ The
accomplishment of CO bond cleavage by p-block systems is also
very rare, although recent examples have been reported
exploiting a frustrated Lewis pair (FLP) approach.®® Main group
systems which can accomplish both C-O cleavage and C-C
coupling are almost unknown — with prominent recent examples
from the groups of Scheschekitz and Driess utilising low valent
silicon to generate alkyne/oxide or ketene/oxide fragments from
two equivalents of CO.I"

We have recently been interested in the development of
highly reactive aluminium species for the activation of kinetically
challenging substrates, such as those containing H-H, C-H and
C-C bonds.® Within this sphere, the development of well-defined
molecular species containing highly polar Al-E bonds has been
shown to offer a route to the activation of small molecules in 1,2-
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fashion. Thus, a well-defined molecular aluminium oxide system
(I, Figure 1) has been shown to activate Hz in a co-operative (FLP-
like) manner exploiting the Lewis acidic nature of the aluminium
centre and the Lewis basic oxide ligand, to give the corresponding
aluminium hydroxide hydride.® This oxide species is highly
reactive and we therefore sought to target related imide species
containing a discrete [AINR] function, which (on the basis of a less
polarized and more sterically protected Al-E bond) might be
expected to offer greater control of reactivity. Structurally
characterized terminal aluminium imides of this type are rare (e.g.
1), and we therefore sought a versatile synthetic approach to
such compounds in order to explore their patterns of reactivity
with Hzand CO (as examples of small molecules which are known
to react with FLPs).["% These studies are reported here.

A potential strategy for the synthesis of discrete molecular
imide species involves the reaction of an organo azide with an
Al(l) complex via elimination of N2. This strategy has previously
been employed by Power, Roesky and co-workers (e.g. for IV and
V, Scheme 1),[' and a related approach has been reported by
Coles and co-workers for the synthesis of an indium imide
complex (V1).['? Similar chemistry has also been employed both
by ourselves and by Anker and Coles for the synthesis of
molecular aluminium oxide species via the reaction of anionic Al(l)
precursors with N2O (I and 1),

Me .
Dipp, Dipp
ve, |/ N ] e
‘Si—N K N—Si
/ NS
o} A—0  0—Al o}
/ N \
Si—N W N—Si.,
O R A
M Dipp Dipp Me
1
K@.2.2-crypt] ©
Me Dipp Me Dipp
/ ve, |/
N Ar Si—N Mes
74 N
Ga=N o In—N
/ €]
— Si—N
\ Me" l \
Mé Dipp i Dipp
n w v vi

Figure 1. Group 13 metal imide, oxide and related species of relevance to the
current study.

With the idea of extending this approach to anionic aluminium
imide species, we therefore probed the reactivity of the potassium
aluminyl complex 1 towards trimethylsilylazide, Me3sSiNa.
However, the reaction of 1 with excess azide in toluene results
instead in the formation of the (crystallographically characterized)
tetrazene complex, 2, in similar fashion to the formation of a cis-
hyponitrite complex from 1 and excess N20 in the same solvent
(Scheme 2 and ESI).’9 Reasoning that such a transformation
proceeds via transient formation of the corresponding
trimethylsilyl-substituted imide complex (which then traps a
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second equivalent of MesSiNs via cycloaddition),['"® we examined
the analogous reaction with stoichiometric azide. In this case, the
product isolated from toluene (3, Scheme 1 and ESI) is derived
from activation of the benzylic C-H bond of the solvent across the
Al-N bond of the target imide. Attempts to use less acidic solvents
(e.g. benzene) resulted in the formation of alternative products

thought to result from C-H activation of a pendant Dipp substituent.

While formation of 2 and 3 provides evidence for the in situ
generation of an aluminium imide species from 1 and an azide
reagent, alternative organo substituents were sought in order to
allow structural authentication of such a complex.

NoE
(E = Me3SiN, O)
(> 2 equiv. per Al)
toluene
room temp

_N2

E = NSiMeg, 2

Me3SiNg
(1 equiv. per Al)
toluene
room temp

® =Nz

DippN3
(0.85 equiv. per Al)
pentane
room temp

_N2

Scheme 1. Reactivity of potassium aluminyl complex 1 towards MesSiNs,
DippNs and N20 (Dipp = 2,6-Pr2CsHs).

In order to generate an isolable imide complex, we turned to
azide reagents bearing more sterically bulky (and less s-donating)
substituents. Accordingly, the reaction of 1 with 2,6-diisopropyl-
phenylazide (DippNs) proceeds smoothly to afford imide complex
4 in good isolated yields (up to 90%). 4 has been characterized
by standard spectroscopic and analytical techniques and by X-ray
crystallography (Figure 2). The solid-state structure comprises
two anionic [(NON)AI(NDipp)] units bridged by K* counter ions,
yielding a centrosymmetric dimer. The Al(1)-N(3) and N(3)-C(48)
bond lengths [1.723(2) and 1.346(4) A, respectively] are both very
short, a finding which might indicate some degree of multiple bond
character. DFT calculations, however, imply that this is unlikely to
be the case for the Al-N bond (see below) and that the short Al-N
separation is primarily a function of the low coordination number
at N(3). Consistently, the Al(1)-N(3)-C(48) angle is found to be
relatively wide [146.4(2)°] and the N(3)K(1) contact [2.740(2) A]
is only just within the sum of the respective covalent radii (2.74
A).n4a
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Figure 2. Molecular structures of 4 (top) and 6 (bottom) as determined by X-ray
crystallography. Thermal ellipsoids set at the 35% probability level. Most solvate
molecules and most hydrogen atoms omitted, and selected groups shown in
wireframe format for clarity. Selected bond lengths (A) and angles (°) for 4: Al(1)-
O(1) 2.043(2), AI(1)-N(1) 1.896(2), Al(1)-N(2) 1.892(3), Al(1)-N(3) 1.723(2),
N(3)-C(48) 1.346(4), N(3)-K(1) 2.740(2); for 6: Al2-O5 1.306(4), Al2-C109
2.034(3), N6-C109 1.279(4), C109-C110 1.535(3), C110-0O5 1.306(4), C110-06
1.233(5), K1-05 2.914(2), K1-06 2.714(3).

To gain a better understanding of the electronic structure of 4,
the isolated [(NON)AINDipp]" ion was investigated by DFT
calculations at the PBE1PBE/Def-TZVP level. The calculated and
experimentally determined structural metrics are in very good
agreement. The HOMO and HOMO-1 (at -1.27 and -2.25 eV)
represent a pair of orthogonal nitrogen-centred p orbitals with very
little contribution from aluminium. The Wiberg Bond Index (WBI)
for the AI-N bond is calculated to be 0.705, and the associated
Mulliken charges +0.67 (Al) and -0.16 (N), consistent with a
description as a highly polarised sigma bond. The negative
charge at N is partially mitigated by delocalisation into the
adjacent phenyl & system, as supported by a WBI of 1.356 for the
N-C bond.

Given the high level of reactivity implied for silyl-substituted
imide species by facile onward conversion to 2 and 3 (Scheme 1),
and the fact that other highly polarised M-E bonds (such as those
found in early transition metal imides,['>'® Cui’s neutral aluminium
imide,®® and our recently reported aluminium oxide®®) are known
to be reactive towards small molecules and E-H bonds, we set out
to probe the corresponding reactivity of 4. While 4 is indefinitely
stable in toluene solution at room temperature and does not
undergo further reaction with MesSiNs or DippNs, it activates
dihydrogen in 1,2-fashion. Thus, heating a solution of 4 under an
atmosphere of H2 for 14 h at 80 °C, leads to the formation of
(amido)aluminium hydride complex 5 via addition of H2 across the
Al-N bond (Scheme 2, Figure 2 and ESI). Unlike the reaction with
the corresponding aluminium oxide, the reaction in the case of
imide 4 requires heating,® presumably due to the increased
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steric shielding of the basic N centre, and partial deocalization of
negative charge into the aryl = system of the Dipp substituent.

Hy
(1 atm)
toluene
353K, 15h

CO
(1 atm.)
benzene
room temp
<5 min

Scheme 2. Reactivity of aluminium imide complex 4 with H2 and CO.

Most interestingly, 4 is found to react with CO via a
transformation which proceeds via C=0 bond cleavage and C-C
bond formation. Thus, exposure of a benzene solution 4 to an
atmosphere of CO leads to an immediate colour change from
colourless to orange and quantitative conversion (by in situ 'H and
3C NMR monitoring) to a single new species which can then be
isolated in ca. 50% vyield. The identity of the product (6) is
unambiguously revealed through single crystal X-ray diffraction
studies, to be derived from assimilation of two molecules of CO,
and to feature an unprecedented [(DippN)CCO2]* fragment
bound in ¥?(O,C) fashion to aluminium (Scheme 2 and Figure 2).
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The asymmetric unit is comprised of two crystallographically
independent [(NON)AI{(DippN)CCOz2}]" units bridged by K*
counter ions to form a dinuclear aggregate, which also features a
benzene molecule coordinated to K1. The C-O bond lengths
within the [(DippN)CCO2]* fragment [e.g. d(C110-05) = 1.306(4)
A; d(C110-06) = 1.233(5) A] are indicative of a carboxylate group
bound through O5 at Al2, and via predominantly electrostatic
interactions at K1. The exocyclic C-N bond length [d(C109-N6) =
1.279(4) Al, is consistent with a formulation incorporating a C=N
double bond, while the C109-C110 distance [1.535(3) A] is indica-
tive of a C-C single bond formed by coupling two molecules of
co.m

The conversion of 4 to 6 via the uptake of two molecules of
CO has been investigated by quantum chemical and experimental
methods (Figure 3 and Scheme 3). A mechanism is proposed
involving initial end-on approach of the first CO molecule leading
to the formation of an intermediate (Int-1) featuring an AINC three-
membered ring.l'! Alternatively, this species could be viewed as
involving side-on binding of a DippNCO isocyanate moiety at
aluminium via the CN = bond. Isomerization via the rate-
determining transition state (lying 98.9 kJ mol”" above Int-1)
generates a second intermediate, Int-2, which is stabilized by
42.1 kJ mol! (relative to Int-1), and which can be viewed as an
alternative isomeric form in which the DippNCO moiety is now
bound via the CO = bond. Sequential lengthening of the C-O
distance is observed on going from free CO (1.128 A) to Int-1
(1.223A) to Int-2 (1.365 A), reflecting decreased bond order on
the pathway (ultimately) to CO bond breakage. Crucially, given
the presence of the DippNCO moiety with both proposed
intermediates Int-1 and Int-2, we find that the reaction of aluminyl
complex 1 with DippNCO in the presence of CO leads to the
formation of the same final product (6) in good yield.
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Dipp + TN +81.2
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\ © fd
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Figure 3. Proposed mechanism based on DFT calculations for the assimilation of two molecules of CO by 4' to give 6' via C-O bond cleavage and C-C bond
formation. For computational efficiency the backbone ‘Bu groups of the NON ligand were replaced by methyl groups in all calculations. The ‘cut-down’ versions of

compounds 4 and 6 so modeled are labeled 4' and 6'.
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From Int-2 C-O bond cleavage proceeds (via a transition state
91.2 kJ mol” higher in energy) to generate a highly reactive
intermediate species Int-3 which can be regarded as a DippNC
adduct of the aluminium oxide [(NON")AIO]". Assimilation of CO
then occurs to yield 6' via an essentially barrierless process which
relies on the nucleophilic nature of the oxide moiety and the
electrophilic nature of the Al-bound isonitrile carbon atom. Given
the experimental availability of the related aluminium oxide thf
adduct, K2[(NON)AIO(thf)]2 (7),B9 further evidence for the viability
of this last mechanistic step could be obtained from the reaction
of 7 with excess xylyl isonitrile, XyINC. This process leads to the
uptake of two molecules of XyINC to generate compound 8
(Scheme 3 and ESI) which has a structure analogous to 6 in which

the C=0 unit has formally been replaced by C=NXyl.

CNXyl
(excess)
thf

“K® | 195K to room temp
- 12h

Scheme 3. Experimental reactivity relevant to the proposed mechanism for the
formation of 6 from 4: reaction of aluminium oxide complex 7 with xylyl isonitrile.

In summary, we find that anionic imide complexes of
aluminium are accessible via a logical synthetic approach
involving the reactions of organo azides with an aluminyl
precursor. The resulting highly polar Al-N unit is capable of the
activation of very strong chemical bonds, such as those found in
H2 and CO, leading in the latter case to C-C coupling in addition
to C=0 bond cleavage. This process appears to be driven (at least
in part) by the thermodynamic incentive of Al-O bond formation,
and to proceed via a mechanism which involves exchange of the
NR and O substituents via intermediates featuring an aluminium-

bound isocyanate fragment.
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