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Structure investigations of group 13 organometallic
carboxylates†

Iwona Justyniak,a Daniel Prochowicz,a Adam Tulewicz,b Wojciech Bury,b,c Piotr Gośd

and Janusz Lewiński*a,b

The octet-compliant group 13 organometallics with highly polarized bonds in the metal coordination

sphere exhibit a significant tendency to maximize their coordination number through the formation of

adducts with a wide range of neutral donor ligands or by self-association to give aggregates containing

tetrahedral and higher coordinated aluminium centres, and even in some cases molecular complexes

equilibrate with ionic species of different coordination numbers of the metal centre. This work provides a

comprehensive overview of the structural chemistry landscape of the group 13 carboxylates. Aside from a

more systematic approach to the general structural chemistry of the title compounds, the struc-

ture investigations of [R2M(μ-O2CPh)]2-type benzoate complexes (where M = B, Al and Ga) and their

Lewis acid–base adducts [(R2M)(μ-O2CPh)(py-Me)] are reported. DFT calculations were also performed to

obtain a more in-depth understanding of both the changes in the bonding of group 13 organometallic

carboxylate adducts with a pyridine ligand.

Introduction

Many efforts have been made in developing convenient,
efficient, and useful transformations taking advantage of the
electron deficiency caused by the Lewis acidity on the co-
ordination centre of group 13 organometallics.1,2 This concerns
not only compounds with a low three-coordinate metal centre2

and the inherent Lewis acidity of electron-deficient metal
centres but also a vast number of organometallics obeying the
octet rule, for which the relative Lewis acidity of a metal centre
is essentially not obvious.1 The latter compounds with a four-
coordinate metal centre may rearrange to lower-coordinated
species, and the ability of an electron precise molecule with
intramolecular constraints to undergo cage opening via hetero-
leptic bond cleavage to generate a Lewis acidic site was termed
“latent Lewis acidity”.3 On the other side, countless four-coordi-
nate group 13 complexes obeying the octet rule are stable in
solution and exhibit a tendency to maximize their coordination
number under certain conditions by either self-association to

give aggregates containing higher coordinate aluminium
centres or by the formation of Lewis acid–base adducts with
donor ligands.1a,c We term this feature as “dormant Lewis
acidity”. The relative magnitude of the dormant Lewis acidity is
related to the relative Lewis acidity of electron-deficient metal
centres in the electron-precise group 13 organometallics.

An intriguing case of the dormant Lewis acidity is associ-
ated with the chemistry of dichloroaluminium4 and dichloro-
gallium5 carboxylates. These compounds react with Lewis
bases to form a large structural variety of adducts ranging
from molecular complexes to ionic species exhibiting different
coordination numbers of the metal centres and various co-
ordination modes of carboxylate ligands (Scheme 1). For
example, upon dissolution of a dimeric dichloroaluminium
carboxylate [Cl2Al(μ-O2CR′)]2 followed by the addition of
4-methylpyridine (py-Me) a six-coordinate Lewis acid–base
adduct [Cl2Al(μ-O2CR′)(py-Me)2] with a chelating carboxylate
ligand was formed, whereas the dimer [Cl2Al(μ-O2CR′)]2 equili-
brated with an ion-pair [(RCO2)2Al(THF)2

+][AlCl4
−] in the pres-

ence of THF (Scheme 1a).4 Thus, we were specifically curious
about the reactivity of related four-coordinate [R2M(μ-O2CR′)]2-
type complexes (M = B,6 Al7 or Ga8) towards Lewis bases, i.e.,
the group 13 organometallic carboxylate complexes with
reduced Lewis acidity metal centres when compared to their
inorganic homologues. It is also worth noting that despite
unceasing investigations on [R2M(μ-O2CR′)]2 complexes, there
are only a few structurally well-defined examples to date as
well as essentially a lack of literature data on their reactivity
with Lewis bases. Moreover, our previous study on the group
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13 organometallic derivatives of dicarboxylic acids, i.e., tetra-
nuclear molecular complexes [(Me2M)2(μ-O2C)2-1,2-C6H4]2
(where M = Al or In), demonstrated that the dormant Lewis
acidity opened a route to the formation of coordination poly-
mers in the presence of Lewis bases (Scheme 1b).9

In the course of our systematic studies on organometallic
carboxylates,1a we report on the structural investigations of a
family of the group 13 [Me2M(μ-O2CPh)]2-type benzoates (where
M = B, Al and Ga) to obtain a more in-depth understanding of
both the changes in the bonding of group 13 organometallic
carboxylate adducts with a pyridine ligand and the mode of
dormant Lewis acidity realized for these complexes upon
moving from the tetrahedral to higher coordinated moieties.

Results and discussion
Synthesis and structural characterization of [R2M(μ-O2CR′)]2
complexes

The group 13 organometallic benzoates were synthesized
using a previously reported procedure.7,8 The reaction of Et3B
and Me3M (M = Al, Ga) with an equimolar amount of benzoic
acid resulted in a quantitative formation of [R2M(μ-O2CPh)]2-
type complexes (Scheme 2). The resulting compounds
[Et2B(μ-O2CPh)]2 (1), [Me2Al(μ-O2CPh)]2 (2) and [Me2Ga(μ-O2CPh)]2
(3) were characterized spectroscopically, and the molecular struc-

ture of 1 and 2 was determined by single crystal X-ray diffraction
studies (due to the low quality of crystals of 3, we were unable to
obtain a proper data set to perform a reliable X-ray analysis).

The 1H NMR spectra are relatively simple and consistent
with the formulation (see the Experimental section). The
11B NMR spectrum of 1 consists of a single resonance at
7.68 ppm corresponding to a four-coordinate boron centre.10

The 27Al NMR spectrum of 2 shows a single resonance at
151 ppm, typical of the four-coordinate aluminium centre.11

The IR spectrum of 1 shows bands at 1682 cm−1 [νasymm(CO2)]
and 1453 cm−1 [νsymm(CO2)] indicating the presence of bridg-
ing carboxylate units. Similar characteristic patterns indicating
the presence of bridging carboxylate groups can be observed in
the IR spectra of 2 and 3 (see the Experimental section). The
molecular structures of 1 and 2 consist of centrosymmetric
dimers of two R2M units bridged by two carboxylate groups, as
is shown in Fig. 1 (selected bond lengths and angles for 1 and 2
are given in Table 1). The central eight-membered M2O4C2

ring adopts a chair-like conformation (for an extended discus-
sion on the dependence of the puckering of the chair-like con-
formation in this type group 13 carboxylates upon the steric

Scheme 2 The formation of [R2M(μ-O2CPh)]2-type complexes.

Fig. 1 (a) Molecular structure of 1. (b) View of the chair-like confor-
mation of 1. (c) Molecular structure of 2. (d) View of the chair-like con-
formation of 2. Hydrogen atoms have been omitted for clarity.

Scheme 1 Effect of the character of a Lewis base on the molecular
structure of (a) a dichloroaluminium carboxylate and (b) an organo-
aluminium phthalate.
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bulk of the substituents on both the metal and the carboxylate,
see ref. 6a). The observed M–O bond lengths are within the
range expected for this type of boron6 and aluminium7

carboxylates.

Reactions of [R2M(μ-O2CR′)]2 complexes with Lewis bases

The dimeric compounds 1, 2 and 3 were used as basic model
complexes to probe their dormant Lewis acidity in the presence
of 4-methylpyridine (py-Me) or THF. The addition of 1 equiv. of

py-Me to 1 dissolved in CH2Cl2 resulted in the quantitative iso-
lation of a mononuclear Lewis-acid–base adduct [Et2B(μ-O2CPh)
(py-Me)] (4). A similar synthetic procedure involving Me3M
(M = Al, Ga) resulted in the formation of analogue adducts
[Me2M(μ-O2CPh)(py-Me)] (M = Al (5), Ga (6)) (Scheme 3).

Novel complexes 4, 5 and 6 were characterized spectroscopi-
cally and their molecular structures were determined by single
crystal X-ray diffraction studies. The IR spectrum of 4 shows
bands at 1672 cm−1 [νasymm(CO2)] and 1448 cm−1 [νsymm(CO2)]
characteristic for a monodentate carboxylate unit and are red-
shifted compared to that in the parent complex 1. In the IR spec-
trum of 5 and 6 similar characteristic patterns of the carboxylate
bands can be observed (see the Experimental section). In turn,
after the addition of THF to [R2M(μ-O2CPh)]2 complexes at
ambient temperature, the IR spectra of the resulting mixtures
exhibited a pattern characteristic for the parent dimeric struc-
tures. This data indicates that THF does not induce any trans-
formations of the central eight-membered M2O4C2 ring.

The solid-state structures of 4, 5 and 6 are shown in Fig. 2
and the selected bond lengths and angles are given in Table 2.
The molecular structures of these compounds consist of dis-

Table 1 Selected bond lengths (Å) and angles (°) for compounds 1 and 2

1 2

B(1)–O(1) 1.557(2) C(1)–B(1)–O(1) 104.85(10) Al(1)–O(1) 1.807(1) C(1)–Al(1)–O(1) 105.84(7)
B(1)–O(2) 1.558(2) C(1)–B(1)–O(2) 104.92(10) Al(1)–O(2) 1.811(1) C(1)–Al(1)–O(2) 105.96(7)
B(1)–C(1) 1.597(2) B(1)–O(1)–C(5) 130.29(10) Al(1)–C(1) 1.946(2) Al(1)–O(1)–C(3) 151.93(11)
B(1)–C(3) 1.600(2) C(3)–B(1)–O(2) 109.43(10) Al(1)–C(2) 1.949(2) O(1)–Al(1)–O(2) 108.70(6)

Scheme 3 The formation of Lewis acid–base adducts between the
group 13 benzoates [R2M(μ-O2CPh)]2 and 4-methylpyridine.

Fig. 2 Molecular structures of 4–6 with the elected geometric parameters.

Table 2 Selected bond lengths (Å) and angles (°) for compounds 4–6

4 5 6 4 5 6

M–O(1) 1.514(2) 1.821(2) 1.912(6) C–M–C 114.7(2) 119.0(1) 127.1(6)
M–O(2) 2.847(2) 2.616(2) 2.748(6) O(1)–M–C(1) 113.76 116.15(10) 110.5(3)
M–N(1) 1.649(2) 2.015(2) 2.078(7) O(1)–M–N(1) 99.89(13) 92.31(8) 90.4(3)
M–C(1) 1.613(3) 1.956(3) 1.959(7) O(1)–C–O(2) 125.1(2) 120.8(2) 123.1(2)
C(5)–O(1) 1.313(2) — —
C(3)–O(1) — 1.312(3) 1.297(9)
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crete mononuclear Lewis acid–base adducts with the pyridine
ligand and the carboxylate group acting as an unsymmetrical
chelate ligand with a relatively weak M⋯O interaction on
the fifth coordination site. Compound 4 crystallizes in the
monoclinic P21/c space group. The primary coordination
sphere of a diethylboron unit is completed by one carboxylate
oxygen atom and the pyridine ligand (Fig. 2a). The C(1)–B–C(3)
angle is 114.7(2)° and the pyridine ring is coplanar with the
B–O1 bond (with the O(1)–B–N angle of 99.89(13)°; the O(1)–
C(5)–O(2) angle of the unsymmetrically coordinated carboxylate
group is equal to 125.1(2)°). The B–C bond lengths (Table 1)
are comparable to that observed for the parent four-coordinate
dimer 1, and the B–N distance is 1.649(2) Å. The B–O(1) bond
is slightly longer than the corresponding B–O bonds observed
for 1, and the B–O(2) distance of 2.847(2) Å is shorter than the
sum of the B and O van der Waals radii (3.44 Å).12 In addition,
the carboxylate oxygen O(1) is involved in an intramolecular
C–Hpyr⋯O1 hydrogen bonding interaction with the pyridine
ligand (with the Hpyr⋯O distance of 2.310 Å), whereas the
carboxylate oxygen O(2) and the pyridine hydrogen forms
intermolecular C–Hpyr⋯O(2) interactions (vide infra). Thus, the
addition of py-Me to the four-coordinate organoboron benzo-
ate 1 leads to the disruption of the central B2O4C2 ring and the
formation of a unique mononuclear Lewis-acid–base adduct
featuring a relatively weak B⋯O interaction on the fifth coordi-
nation site.13

Compounds 5 and 6 crystallize in space groups P1̄ and
P21/c, respectively. In both structures, the central MMe2 moiety
is chelated by the carboxylate group of the benzoate ligand,
and its coordination sphere is completed by the pyridine
ligand (Fig. 2b and c). The carboxylate group acts as an
asymmetric chelate ligand (with the O(1)–C(3)–O(2) angle of
120.8(2)° and 123.1(2)°, respectively), and the coordinated pyri-
dine ligand exhibits different spatial orientation in each
complex; in 5 the pyridine ring is coplanar with the Al–O1 bond
and involved in the intramolecular C–Hpyr⋯O (2.911(3) Å) with
the Hpyr⋯O distance of 2.390 Å, and a perpendicular orientation
of py-Me molecule in 6 is likely dictated by an intermolecular
C–Hpyr⋯O interaction (vide infra). The C(1)–M–C(2) angle is
119.0(1)° and 127.1(6)° for 5 and 6, respectively. The observed
M⋯O(2) distances 2.616(2) Å and 2.748(6) Å remain significantly
below the sum of the van der Waals radii (3.36 Å and 3.39 Å for
5 and 6, respectively).12 Undoubtedly, the strength of the rela-
tively weak M⋯O(2) interaction between the chelating carboxy-
late oxygen atom and the metal centre in [Me2M(μ-O2CPh)
(py-Me)] adducts is controlled by the trans-influence of the axial
substituents (this type of effect has previously been well docu-
mented for other group 13 hypercoordinate organometallic
chelate complexes14) as well as intra- and intermolecular
C–Hpyr⋯O hydrogen bond interactions.

A detailed inspection of the crystal structures of 4, 5 and 6
revealed that the intermolecular hydrogen bond systems play a
substantial role in the molecular assembly of these com-
plexes.15 As we noted earlier, for 4 and 5 the pyridine ligand,
due to the appropriate orientation, is engaged in the intra-
molecular C–Hpyr⋯O interaction, and this type of interaction

is not present for 6. Analysis of intermolecular contacts
showed that adjacent monomeric moieties of 4 are held
together in a 1D chain by C–Hpyr⋯O hydrogen bonds formed
by the pyridine hydrogen and one carboxylate-oxygen (with the
distances of Hpyr⋯O 2.50 Å and 2.31 Å), as illustrated in
Fig. 3a. Further arrangement of molecules in the crystal struc-
ture is achieved by the complementary noncovalent
C–Haliph⋯O interactions between the parallel H-bonded 1D
chains leading to a 2D network (Fig. 3b). However, in the case
of 5 the adjacent molecules are interconnected by a pair of
intermolecular C–Har⋯O hydrogen bonds (C–H⋯O distance of
3.298(3) Å where the Har⋯O distance of 2.49 Å and the
C–Har⋯O angle of 145.3°) leading to a H-bonded dimer, as
depicted in Fig. 3c. In addition, the dimeric moieties are
further linked by π⋯π interactions (with the shortest C⋯C
distance of 3.519(3) Å) to form infinite layers parallel to the
bc plane (Fig. 3d). The completely different supramolecular
structure was found for the gallium analogue 6 where the
monomeric moieties self-assemble via C–Har⋯O interactions
to produce 1D zigzag chains (Fig. 3e). These H-bonded chains
are further assembled by intermolecular C–Hpyr⋯O inter-
actions into extended 2D layers featuring close packing of
empty spaces in the crystal lattice (Fig. 3f). Thus, it seems
likely that in the case of 6 the intermolecular C–Hpyr⋯O inter-
action is favored over the intramolecular C–Hpyr⋯O interaction
and determines the spatial arrangement of the coordinated
pyridine ligand.

Density functional theory calculations for [Me2M(μ-O2CPh)
(py)] adducts

To provide a better basis for discussion concerning relative
stability of the [R2M(μ-O2CPh)(py-Me)] adducts, density func-
tional theory (DFT) calculations for [Me2M(μ-O2CPh)(py)]
(where py = pyridine and M = B(4′), Al(5′) and Ga(6′)) as model
systems were carried out. The optimized structures of 4′, 5′
and 6′ at the PBE0-D3/6-31G++(2d,2p) level of theory are pre-
sented in Fig. 4. An inspection of the geometry of 4′ reveals the
semi-chelated Lewis acid–base adduct with a relatively weak
B⋯O interaction on the fifth coordination site, which corres-
ponds well to the molecular structure of 4. Substantial differ-
ences between the geometric parameters of 4′ and 4 are only
observed for the value of the dihedral angle (27.5° for 4′ and
13.1° for 4), that is defined within the C–N–B–O atoms, and, as
a result, for the value of the intramolecular C–Har⋯O(1) hydro-
gen bond distance.16 Conversely, a comparison between the
structures 5 and 5′ or 6 and 6′ reveals more changes between
the experimental and theoretically predicted geometries. For
the aluminium and gallium complexes, the metal centres
become five-coordinate due to the bidentate character of the
carboxylate ligand in these complexes. The calculated theore-
tical values of Al–O(2) and Ga–O(2) bonds are 2.12 Å and
2.26 Å (Fig. 4), while the X-ray data point the distances around
2.62 Å and 2.75 Å, respectively. We attribute these discrepan-
cies to the presence of different configurations of hydrogen
bonds around O(2) atoms in both periodic networks of 5 and
6, which is depicted in Fig. 3.
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In an effort to ascertain the magnitude of intramolecular
C–Hpyr⋯O hydrogen bonding, we have estimated the energy
barriers for the rotation of py around the M–N bonds for each
of the three [(MMe2)(μ-O2CMe)(py)] carboxylates: B, Al and Ga
(where 4″ refers to [(BMe2)(μ-O2CMe)(py)]). Strikingly, the
barrier of rotation obtained for 6′ represents the lowest value
among all of the three studied systems (around +9.8 kJ mol−1

for 6′ compared with ca. +13.8 kJ mol−1 for 5′ and ca. +20.3
kJ mol−1 for 4″ as shown in Fig. 6S†). The latter result may
thus, at least partially, explain some discrepancies found

Fig. 3 (a) View of the supramolecular arrangement in a 2D network of 4 along the b axis. (b) Crystal packing structure for 4 along the c axis. (c)
View of the supramolecular arrangement of 5 in a H-bonded dimer. (d) Crystal packing structure for of 5 along the c axis. (e) View of the supramole-
cular arrangement in a 1D zig-zag chain of 6 along the b axis. (f ) Crystal packing structure for 6 along the c axis. The purple lines represent coopera-
tive noncovalent interactions. Hydrogen atoms are omitted, excluding those involved in the noncovalent interactions.

Fig. 4 The optimized geometries of 4’, 5’ and 6’ obtained at the PBE0-
D3/6-31G++(2d,2p) level of theory.
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between the experimental and theoretical values of the
C–N–M–O dihedral angles. In addition, the calculated rotation
barriers may serve as a quick assessment of the intramolecular
C–Hpyr⋯O1 contact strength.

In the next step, the NBO analysis was provided for 4″, 5′
and 6′ to get an insight into the nature of the M–N bonding.
We have found that the B–N bond order has the highest value
(0.55) among the studied M–N bonds and is more than twice
higher compared with the values obtained for 5′ and 6′ (0.21
and 0.22, respectively). Note that the analysis of the M–N bond
strengths shows a similar profile as the M–N bond energy was
found to rise in the following order: 4″ (−71.4 kJ mol−1) < 5′
(−67.8 kJ mol−1) < 6′ (−62.8 kJ mol−1). Finally, the NBO
analysis was employed to estimate how the presence of the
pyridine ligand affects the charge distribution in the Lewis
acidity centre. We have found that for the boron derivative the
charge decreases by 0.22 while for the remaining complexes
this effect is almost negligible showing different character of
the B–N bonding compared with the related Al–N and Ga–N
connections.

Conclusions

In conclusion, aside from the discussion of the structural
chemistry landscape of the group 13 carboxylates, we focused
on the structure investigations of [R2M(μ-O2CPh)]2-type benzo-
ate complexes (where M = B, Al and Ga) and their reactivity
towards monodentate Lewis bases. We show for the first time
that [R2M(μ-O2CPh)]2 complexes (where M = B, Al and Ga)
readily form stable discrete mononuclear Lewis acid–base
adducts with 4-methylpyridine, [R2M(μ-O2CPh)(py-Me)], in
which the carboxylate group acts as an unsymmetrical chelate
ligand with a relatively weak M⋯O interaction on the fifth
coordination site. We also revealed that dichloroaluminium
carboxylates [Cl2Al(μ-O2CR′)]2 and analogous [R2M(μ-O2CPh)]2-
type complexes nicely serve as a model system to demonstrate
their dormant Lewis acidity in the presence of a Lewis base.
Finally, the provided qualitative and convenient rationalization
for various chemical phenomena concerning the group 13 car-
boxylates incorporating highly polarized bonds can be
extended to look at a vast number of organometallic com-
pounds with a metal centre in octet-compliant structures and
these investigations are in progress.

Experimental section
Experimental details. General remarks

All manipulations were conducted under a nitrogen atmo-
sphere by using standard Schlenk techniques. All reagents
were purchased from commercial vendors. Solvents were dried
and distilled prior to use. NMR spectra were recorded on a
Varian Mercury 400 Spectrometer. IR spectra were recorded on
an FTIR Bruker-Tensor II System. Elemental analyses were per-

formed on Vario EL apparatus (Elementar Analysensysteme
GmbH).

Synthesis of 1. Et3B (0.411 g, 4.20 mmol) was added to a sus-
pension of benzoic acid (0.512 g, 4.20 mmol) in CH2Cl2
(20 mL) at −78 °C and then the reaction mixture was warmed
to room temperature and stirred for 2 h. Colourless crystals
were obtained after crystallization from a CH2Cl2/hexane
mixture at 0 °C; isolated yield 81%. Elemental analysis (%)
calcd for C9H10O2B: C 67.08, H 6.21; found: C 67.32, H 6.11;
1H NMR (C6D6, 400.10 MHz, 298 K): δ = 0.9 (q, 2H; BCH2CH3),
1.2 (t, 3H; BCH2CH3), 7.01 (m, 2H; Ar), 7.15 (m, 1H; Ar),
8.12 ppm (m, 2H; Ar). 11B NMR (C6D6, 400.10 MHz, 298 K): δ =
7.68; IR (cm−1): 1682 (s), 1601 (m), 1583 (m), 1496 (m), 1453
(s), 1417 (w), 1324 (m), 1289 (m), 1026 (w), 932 (w), 802 (m),
704 (m).

Synthesis of 2. Me3Al (0.273 g, 3.80 mmol) was added to a
suspension of benzoic acid (0.463 g, 3.80 mmol) in CH2Cl2
(20 mL) at −78 °C and then the reaction mixture was warmed
to room temperature and stirred for 2 h. Colourless crystals of
2 were obtained after crystallization from a CH2Cl2/hexane
mixture at 0 °C; isolated yield 89%. Elemental analysis (%)
calcd for C8H8O2Al: C 58.85, H 4.90; found: C 58.88, H 4.91;
1H NMR (C6D6, 400.10 MHz, 298 K): δ = −0.18 (s, 12H; Al-CH3),
6.91 (m, 2H; CHAr), 7.08 (m, 1H; CHAr), 7.95 (m, 2H; CHAr).
27Al NMR (C6D6, 400.10 MHz, 298 K): δ = 151; IR (cm−1): 1601
(s), 1572 (s), 1497 (m), 1440 (s), 1313 (w), 1262 (w), 1188 (m),
1068 (w), 1025 (w), 935 (w), 676 (m), 567 (w).

Synthesis of 3. Me3Ga (0.228 g, 2.00 mmol) was added to a
suspension of benzoic acid (0.244 g, 2.00 mmol) in CH2Cl2
(20 mL) at −78 °C and then the reaction mixture was warmed
to room temperature and stirred for 2 h. Crystals of 3 were
isolated from a CH2Cl2/hexane mixture at 0 °C; isolated yield
ca. 82%. Elemental analysis (%) calcd for C8H8O2Ga: C 49.11,
H 4.54; found: C 49.22, H 4.57; 1H NMR (C6D6, 400.10 MHz,
298 K): δ = 0.29 (s, 3H; Ga-CH3), 7.15 (m, 2H; CHAr), 7.25 (m,
1H; CHAr), 8.22 (m, 2H; CHAr); IR = 1599 (s), 1547 (s), 1492 (m),
1398 (s), 1315 (w), 1261 (w), 1174 (m), 1069 (w), 1025 (w),
942 (w), 716 (m), 602 (w).

Synthesis of 4. Into 0.250 g of 1 (0.65 mmol) dissolved in
CH2Cl2, 4-methylpyridine (0.060 g, 0.65 mmol) was syringed
dropwise at room temperature. Colourless plate crystals were
obtained after crystallization from a CH2Cl2/hexane mixture at
−20 °C; isolated yield ca. 89%. Elemental analysis (%) calcd
for C17H22O2NB: C 72.04, H 7.77; found: C 72.11, H 7.74;
1H NMR (CDCl3, 400.10 MHz, 298 K): δ = 0.68 (q, 2H;
BCH2CH3), 0.85 (t, 3H; BCH2CH3), 2.50 (s, 3H, py-Me), 7.40 (m,
2H, CHar), 7.48 (m, 1H, CHar), 8.09 (m, 2H, CHar), 8.11 (d, 2H,
CHar), 8.53 (d, 2H, CHar).

11B NMR (CDCl3, 400.10 MHz,
298 K): δ = 9.8 ppm. IR (cm−1) = 1672 (s), 1630 (m), 1583 (m),
1507 (m), 1448 (m), 1337 (s), 1278 (w), 1252 (w), 1136 (m), 1060
(m), 1025 (m), 901 (w), 819 (m), 710 (s).

Synthesis of 5. Into 0.325 g of 2 (0.91 mmol) dissolved in
CH2Cl2, 4-methylpyridine (0.084 g, 0.91 mmol) was syringed
dropwise at room temperature. Colourless cubic crystals were
isolated from a CH2Cl2 solution at −20 °C; isolated yield 85%.
Elemental analysis (%) calcd for C15H18O2NAl: C 66.34, H 6.63;
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found: C 66.39, H 6.61; 1H NMR (CDCl3, 400.10 MHz, 298 K):
δ = −0.68 (s, 3H; Al-CH3), 2.48 (s, 3H, py-Me), 7.38 (m, 2H,
CHar), 7.45 (m, 1H, CHar), 8.11 (m, 2H, CHar), 8.15 (d, 2H,
CHar), 8.57 (d, 2H, CHar). IR (cm−1) = 1601 (s), 1560 (m), 1496
(m), 1429 (s), 1349 (w), 1261 (m), 1181 (m), 1025 (m), 799 (m),
719 (s), 673 (s).

Synthesis of 6. Into 0.530 g of 3 (1.20 mmol) dissolved in
CH2Cl2, 4-methylpyridine (0.111 g, 1.20 mmol) was syringed
dropwise at room temperature. Colourless cubic crystals were
isolated upon recrystallization from a CH2Cl2/hexane solution
at −20 °C; isolated yield 89%. Elemental analysis (%) calcd
for C15H18O2NGa: C 57.31, H 5.73; found: C 57.38, H 5.69;
1H NMR (CDCl3, 400.10 MHz, 298 K): δ = −0.07 (s, 3H; Ga-
CH3), 2.46 (s, 3H, py-Me), 7.36 (m, 2H, CHar), 7.45 (m, 1H,
CHar), 8.05 (m, 2H, CHar), 8.07 (d, 2H, CHar), 8.55 (d, 2H,
CHar). IR (cm−1) = 1626 (s), 1574 (m), 1508 (m), 1447 (m), 1356
(s), 1201 (m), 1067 (w), 1034 (m), 811 (m), 720 (m), 685 (s).

Crystallographic data

The crystals of all complexes were selected under Paratone-N
oil, mounted on the nylon loops and positioned in the cold
stream on the diffractometer. The X-ray data for complexes 1
and 2 were collected at 100(2) K on a SuperNova Agilent dif-
fractometer using MoKα radiation (λ = 0.71073 Å). The data
were processed with CrysAlisPro.17 The X-ray data for com-
plexes 4, 5, and 6 were collected at 100(2) K on a Nonius
KappaCCD diffractometer18 using graphite monochromated
MoKα radiation (λ = 0.71073 Å). The unit cell parameters were
determined from ten frames, then refined on all data. The
data were processed with DENZO and SCALEPACK (HKL2000
package).19 The structures were solved by direct methods and
refined using the SHELXL 97.20 All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydro-
gen atoms were introduced at geometrically idealized coordi-
nates with a fixed isotropic displacement parameter equal to
1.5 (methyl groups) times the value of the equivalent isotropic
displacement parameter of the parent carbon. Crystallographic
data (excluding structure factors) for the structures reported
in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC 1477242 (1), 1477243 (2), 1477244 (4), 1477245 (5) and
1477246 (6).

Crystal data for 1. C22H30B2O4: M = 380.08. Crystal dimen-
sions 0.34 × 0.28 × 0.18 mm3, monoclinic, space group P21/c
(no. 14), a = 9.5530(3) Å, b = 11.3416(3) Å, c = 10.3481(4) Å, β =
107.428(4)°, U = 1069.71(6) Å3, Z = 2, F(000) = 408, Dc = 1.180
g cm−3, μ(Mo-Kα) = 0.616 mm−1, θmax = 61.29°, 1625 unique
reflections. Refinement converged at R1 = 0.0400, wR2 = 0.0968
for all data and 129 parameters (R1 = 0.0356, wR2 = 0.0939
for 1464 reflections with Io > 2σ(Io)). The goodness-of-fit
on F2 was equal to 1.062. The residual electron density =
+0.15/−0.27 e Å−3.

Crystal data for 2. C18H22Al2O4: M = 356.32. Crystal dimen-
sions 0.38 × 0.24 × 0.14 mm3, triclinic, space group P1̄ (no. 2),
a = 7.4170(3) Å, b = 8.6964(8) Å, c = 9.1984(8) Å, α = 117.254
(9)°, β = 109.439(6)°, γ = 94.798(6)°, U = 477.25(7) Å3, Z = 1,

F(000) = 188, Dc = 1.240 g cm−3, μ(Mo-Kα) = 0.169 mm−1,
θmax = 26.37°, 1948 unique reflections. Refinement converged
at R1 = 0.0425, wR2 = 0.1097 for all data and 111 parameters
(R2 = 0.0386, wR2 = 0.1060 for 1769 reflections with Io > 2σ(Io)).
The goodness-of-fit on F2 was equal to 1.051. The residual elec-
tron density = +0.64/−0.18 e Å−3.

Crystal data for 4. C17H22BNO2: M = 283.16. Crystal dimen-
sions 0.32 × 0.28 × 0.20 mm3, monoclinic, space group P21/c
(no. 14), a = 13.2950(3) Å, b = 14.3120(3) Å, c = 17.2530(3) Å, β =
104.2280(10)°, U = 3182.17(11) Å3, Z = 8, F(000) = 1216, Dc =
1.182 g cm−3, μ(Mo-Kα) = 0.076 mm−1, θmax = 25.03°, 5498
unique reflections. Refinement converged at R1 = 0.0634, wR2 =
0.1652 for all data and 385 parameters (R1 = 0.0580, wR2 =
0.1411 for 5015 reflections with Io > 2σ(Io)). The goodness-of-fit
on F2 was equal to 1.108. The residual electron density =
+0.61/−0.34 e Å−3.

Crystal data for 5. C15H18AlNO2: M = 271.28. Crystal dimen-
sions 0.34 × 0.20 × 0.12 mm3, triclinic, space group P1̄ (no. 2),
a = 7.2140(5) Å, b = 10.3400(6) Å, c = 10.9050(7) Å, α =
81.727(3)°, β = 77.086(2)°, γ = 71.565(3)°, U = 749.81(8) Å3, Z =
2, F(000) = 288, Dc = 1.202 g cm−3, μ(Mo-Kα) = 0.133 mm−1,
θmax = 25.68°, 2741 unique reflections. Refinement converged
at R1 = 0.0678, wR2 = 0.1620 for all data and 175 parameters
(R1 = 0.0612, wR2 = 0.1573 for 2456 reflections with Io > 2σ(Io)).
The goodness-of-fit on F2 was equal to 1.086. The residual elec-
tron density = +0.60/−0.57 e Å−3.

Crystal data for 6. C15H18GaNO2: M = 314.02. Crystal dimen-
sions 0.28 × 0.18 × 0.09 mm3, monoclinic, space group P21/c
(no. 14), a = 17.1050(17) Å, b = 9.7120(7) Å, c = 11.5220(10) Å,
β = 129.322(4)°, U = 1480.7(2) Å3, Z = 2, F(000) = 648, Dc =
1.409 g cm−3, μ(Mo-Kα) = 1.855 mm−1, θmax = 27.47°, 3004
unique reflections. Refinement converged at R1 = 0.0698, wR2 =
0.1318 for all data and 176 parameters (R1 = 0.0612, wR2 =
0.1261 for 2760 reflections with Io > 2σ(Io)). The goodness-of-fit
on F2 was equal to 1.060. The residual electron density =
+0.49/−0.62 e Å−3.

Computational details

The geometries of 4′, 5′ and 6′ were optimized (in a vacuum)
with the empirical dispersion corrected PBE0-D3 21,22 functional
in the 6-31G++(2p,2d) basis set. The nature of minima, obtained
after the optimization process, was confirmed by the frequency
analysis. A rigid PES scan of the [(MMe2)(μ-O2CMe)(py)] systems
was run for the C–N–M–O dihedral angle. The NBO analysis was
used to determine the origins of the bonding.23 All calculations
were performed with the Gaussian24 suite of codes. Figures were
prepared with the CYLview25 visualization software.
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