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Abstract

The structural features of the group 13 element complexes of general forpMiEORN) and RMO,N), (R =alkyl, M=B, Al, Ga, In),
supported by bidentate and multidentate Schiff base ligands are discussed and considered in relation to the hydrogen-bond networks. Detailec
structural analysis was performed for crystal structures of complexes retrieved from the Cambridge Structural Database (CSD) (version 5.25)
and compounds recently characterized by our group. It was demonstrated that the intra- and intermolecular non-covalent interactions like the
C—Hinino* - -O, C—Hapyi- - -0, C—Hajipn- - -O, and G-H- - -w hydrogen bonds, andl-stacking appear very frequently. Various structural motifs
for the group 13 Schiff base complexes were delineated ranging from monomeric species, hydrogen bond dimers, linear polymers, helicates,
layers to 3D network architectures. Such diversity in the supramolecular architecture arises from the ligands identity and both the coordination
geometry and the nature of the metal center.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tailed structural analysis of crystal structures retrieved from
the Cambridge Structural Database (CSD) and recently pub-
In Schiff base metal complexes, the environment at the lished by our group. In particular, our crystal structure analy-
coordination center can be modified by attaching different ses focus on the identification of the hydrogen bond preferred
substituents to the ligand, which provides a useful range of modes for Schiff base metal complexes as well as an under-
steric and electronic properties essential for the fine-tuning standing their relative importance on the supramolecular ar-
of structure and reactivity. Therefore, Schiff base ligands are chitecture. It is also pertinent to note that a significant part of
among the most fundamental chelating systems in coordi- the revealed structural motifs and supramolecular structures
nation chemistry1,2] and complexes of both transition and had been not considered by the original authors.
p-block metals based on this type ligands have been shown
to catalyze a wide variety of reactiofi3,4]. For instance,
the aluminum complexes, which are of particular relevance
to this paper, have been used as catalysts in polymeriza-
tion of ethyleng[5], methacrylatg6], lactidd7] and other

1.1. Method of database analysis

The Cambridge Structural Database (CSD, version 5.25,
h i H h ity of April 2004) [15] was interrogated to extract all reliable
eterocyclic monomert8]. However, the vast majority of gy ot res of the group 13 element Schiff base complexes.

investigations focus on the metal first-coordination sphere, +1o saarches were performed for four-coordinate and five-
while the ligand frameworks have various donor and accep- coordinate complexes containing theM{O,N) (1) and

tor sites.capable to participa'ge in an internal hydrogen bond CM(O,N), (1) central core, respectively (where M =B, Al,
to an adjacent metal-bound ligand or an incoming substrate,Ga or In, andD,N denotes the skeleton of a salicylideneimi-
and the fundamental structural consequences exhibited by'[henate ligand). The basic structural tydeandIl were further
§ec0nd-sphere_ hydrogen bonding interactions on the reaCtiv'classified into distinct categorieS¢heme L The category

ity and properties of t_hese type complexes are not_a well- la contains mononuclear tetrahedraiNR O,N) molecules.
Qevgloped area. The |mportar1ce of hydrogen bonding MaYB;_ and tri-nuclear compounds with two or three tetrahedral
lies in the numerous support|r_19 roles f_or processes taklng R2M(O,N) units joined by an aliphatic backbone were cate-
place at metql S|te§ as well as |n.the rap@ly developmg f!eld gorized separately dis due to the distinguished supramolec-
of crystal engineering and material Chemlstry. In our opinion ular structure. Mononuclear derivatives of potentially tri-
the C(_)opgranon_betvx_/een the coordination center_ and NON-gentate salicylideneiminate ligands with the terminal Lewis
coordinating active-site residues pIays very often important base termini attached to the imine nitrogen constitutes a
(thought often yet unrevealed) role in the molecular recog- particular case and were categorizedi@sOn the other
nition and activation processes involving catalysts supported hand, the monomeric five-coordinate monoalkyl RWN)2

by Schiﬁ bases as well as it may i_Je of fur_mdamental imp_or- or RM(O2Nz) complexes, i.e., derivatives @,N-bidentate
tance in the design of well-organized solid-state materials salicylideneiminate 06,0,N,N-tetradentate Salen-type lig-
with desired properties involving Schiff base ligands. The ands, are denoted #a andllb , respectively Scheme L

latter expectation is supported by recent studies, which have Th’e CSD searches were r'estricted to non-charged com-
highlighted the po.tential importance of hydrogep bonding in pounds and entries with tHe-factor greater than 0.08 and
tning the properties of materials based on ,SCh'ﬁ bgse .metalthose with an unresolved error were rejected (with one ex-
compl_exe:{9,10]. Undoubtedly, apart from \_N'de apphcatl_on ception for NIXTOD because of its structural importance).
of Schiff base metal complexes in various fields of chemistry, pyaaji concerning the data retrieval from the CSD file, and

explqltatlon ofnon—covalent|nteractlons |.nherentlyexh|b|ted the list of CSD ref. codes with references and selected geo-
by this group of compounds is an emerging area of research.

In the past few years, we have been engaged in an investi-
gation of relationships between intra- and intermolecular sec-
ondary donor—acceptor interactions and hydrogen bonding (@
| R
N O
AN

using the group 13 alkoxid¢$1] and carboxylates as model |

) i ) R? | R
complexe$12]. These studies revealed that minor differences N_ O N_ O
in the subunit structure could have a profound effect on the R /M\ /M\ ( /M\
molecular and crystal structure. An integral part of this work n X

has been a study of the structure of group 13 organometal- n=2or3 Ic
lic chelate complexes (M=B, Al, Ga and In) with the sal-

Ia Ib

icylideneiminate anion as th®,N-bidentate ligand13,14] _N/ o:@ _m_

The latter compounds were found to be a good basic modelr AV R “u” R
system for exploiting the role of hydrogen bonding on the €§:o/ = R @o/ | \;:@
supramolecular structure of Schiff base metal complexes. The /

purpose of this contribution is to present extended studies on Tta b

the id_entiﬁlcation and charact_erization of supramolecular in- scheme 1. Schematic representation of the structural types of the group 13
teractions in the group 13 Schiff base complexes based on deelement Schiff base complexes analyzed in this work.

II
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metrical parameters can be found in the supporting informa- lar architectures by means of intermolecular non-covalent
tion. Essentially, there is more than one intermolecular non- forces. The crystal structure analysis of these compounds pro-
covalent interaction per molecule for many of these struc- vides interesting data concerning the effect of the nature of
tures. The applied atom-numbering scheme is consistent withcoordination center and both the M-alkyl and Mwalkyl sub-
labeling used in the CSD records. stituents on the molecular assembly of the tetrahedral Schiff
base complexed 3,14]
Two structurally characterized complexes of typ&ased

2. Supramolecular structure of Schiff base on N-methyl-salicylideneimine (HsaldMe) have been de-
derivatives with the C;M(O,N) core: scribed, namely EB(saldMe) [14] and MeGa(saldMe)
four-coordinate complexes of type | [13,16] Both compounds crystallize as the four-coordinate
species; however, the crystal structures exhibit an exten-
2.1. Typda complexes sive network of hydrogen bonds. The boron compound

crystallizes in the orthorhombic space groBpcawith a

For a simple monometallic Schiff base derivatives of for- simple 1D secondary chain structure. Adjacent monomeric
mula RM(O,N) (la) (M=B, Al, Ga, and In), total of 12 moieties of EiB(saldMe) are held together in chains by
crystal structures are available. These compounds exist inthe double €H---O hydrogen bridgesHig. 1). Both the
the solid state as monomeric tetrahedral chelate complexesimine hydrogen atom H(7) and the hydrogen atom H(12a)
The exception is the only one structurally characterized in- of the methyl group are involved in hydrogen bond in-
dium compound which forms dimers through the(li-O), teractions with the aryIOX|de oxygen O)Jof an adjacent
bridges, and therefore contains the five-coordinate metal cen-molecule [H(7)--O(): 257A C(7y-H(7)---O(1): 152
ter (vide infra). Mononuclear complexes containing Schiff and H(12A)--O(1): 2. 50A; C(12)-H(12A). - -O(1): 160
base ligands can be assembled into various supramolecuThe infinite H-bonded chain is propagated by taglide

Fig. 1. A view of the 2D hydrogen bonding in the crystal structure gBEtaldMe). The dashed and the dotted lines represetit-C-O and C-H- - -w(Ph)
hydrogen bonds, respectively. Hydrogen atoms are omitted excluding those involved in the H-bond formation. Adapted[frén ref.
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Fig. 2. A view of the crystal packing oN-methyl-salicylideneiminato-
dimethylgallium (MSCGAA), alongb-axis showing the intermolecular
C—H. - -O (dashed lines) and-€H- - -w(Ph) (dotted lines) hydrogen bonds.
Only hydrogen atoms involved in the H-bond formation are depicted.
Adapted from ref[13].

plane with the glide vector equal to 6.1205/36)Further
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Me,Al(saldPh) (OKUJIN) and MgGa(saldPh) (OKUJOT)
[13]. The latter two complexes are isostructural, except for
the different ionic radii of aluminum and gallium, and crys-
tallize in the tetragonal space grolfy/a as solvates with
disordered molecules ofhexane. Adjacent monomeric moi-
eties are linked by the EHimino- - -O hydrogen bonds with
the aryloxide oxygen acting as the hydrogen acceptor. This
leads to the formation of infinite helices as depicteHim 3a

for MepAl(saldPh). Parallel alternating left- and right-handed
helical chains are thus further joined by-8- - -w(Ph) inter-
actions to form a tetragonal negif). 3b). In both structures
the intermolecular €H- - -meentroid SEParations are equal
~3.03A and lie in the accepted distance range for this type
of contactd17]. The examination of the space-filling model
indicates the existence of oblate spheroidal cavities (about
200A3in volume) into which the disordered guest molecules
(n-hexane) are included 3].

Surprisingly, the completely different supramolecular
structure was found for diethylboron derivativeNsphenyl-
salicylideneimine, which crystallizes in the monoclinic space
group C2/c [14]. The adjacent tetrahedral JB{(saldPh)
species are interconnected by the pair of intermolecular
C—Haronr - -O hydrogen bonds between the aryloxy-oxygen
atom and theortho-positioned hydrogen of the salicyli-
deneimine aromatic ring (H-O: 2.54A; C—H. --O: 177)

analysis of intermolecular contacts showed that the tertiary leading to the H-bonded dimer as depicted Rig. 4.

structure of EfB(saldMe) is achieved through-&l- - -w(Ph)
interactions (dotted lines iRig. 1) between parallel chains
leading to grid-like 2D network lying on the (00 1) crystal-
lographic plane.

The arrangement of molecules in the crystal struc-
ture of N-methyl-salicylideneiminato-dimethylgallium,
MeoxGa(saldMe) (MSCGAA)[13] is also achieved by the
C—Himino- - -O and G-H- - . interactions Fig. 2). The imine
hydrogen atom is close to the aryloxide oxygen atom'YO(1
[H(1)- - -O(Y) = 2.44A] of a second molecule related by a
glide plane (the length of the glide vector=6.03435)
and this type of interaction results in the formation of
an infinite H-bonded chain, like in the boron analogue.
The tertiary structure of Mgsa(saldMe) is different than
that in EpB(saldMe), and parallel H-bonded chains are
further assembled by -éH--.w(Ph) interactions (dotted
lines inFig. 2) into the 2D double layers lying on the (10 0)
crystallographic plane; the appropriate H(5¥centroid
separation is equalv2.60,3\. Thus, in the presence of the
N-Me substituent, non-covalent interactions lead to the
formation of the 2D framework of closely packed slabs

In addition, the dimeric species are further linked by
C—Haronr - -w(Ph) interactions to form infinite layers parallel
to thebc plane, and both aromatic rings are engaged in the
latter interaction Fig. 5). Thus, in the case of the group 13
N-phenyl-salicylideneimine derivatives, the nature of the co-
ordination center significantly affects the molecular assembly
of the group 13 tetrahedral,RI(O,N) complexes. As men-
tioned above, the observed intermolecular hydrogen bond
motifs for R:M(saldPh) are entirely different from that found
for R,M(saldMe) analogues; however, this issue is discussed
more detail in the next part of this report.

In contrast to the four-coordinate hydrogen bonded struc-
tures of the group 13 lower element complexes, the in-
dium analogue Mgn(saldPh) (OKUJUZ) forms dimeric
molecules without any notable intermolecular contacts in the
solid structurefig. 6) [13]. The indium center In(1) strongly
interacts with the aryloxide oxygen O)Jon the fifth coor-
dination site forming hypercoordinate dimeric complex with
In(1)-O(2) bridging bond of distance 2.477(@) and with
the imine nitrogen N(1) atom and the bridging oxygen®(1
atom occupying the axial sites Thus, in the indium complex

without guest molecules, and the nature of the metal centerthe secondary metal-ligand interactions preclude the forma-
does not affect the hydrogen-bond supramolecular structuretion of potentially G-H- - -O hydrogen bonds. Nevertheless,

of the tetrahedral EM(O,N) chelate complexes.
Interestingly, the replacement of tHé-methyl to the
N-phenyl group in the bidentate salicylideneiminate lig-

the higher coordination of indium is fully consistent with our
earlier reported conclusion regarding the Lewis acidity of
the group 13 metal centers in the four-coordinate complexes

and leads to significant changes in the molecular assem-[11a]

bly of R,M(O,N) complexes, which have revealed detailed

Among typela complexes is a humber of mononuclear

structural analyses of the complete series of organometal-molecules with a bulky substituent in the vicinity of the ary-

lic derivatives of the group 13 elementsyBfsaldPh)[14]

loxide oxygen atom. Detailed examination of the structural
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(b)

Fig. 3. (a) A view of the helical chain structure of W(saldPh) and (b) along-axis. The dashed and the dotted lines represetiC-O and C-H- - -w(Ph)
hydrogen bonds, respectively. Disordered solvent molecules are omitted. Hydrogen atoms are omitted excluding those involved in the H-lwond formati

data retrieved from CSD (seAppendix A) showed thatin ~ association of monomeric species via hydrogen bonding or
this case there is not any notable intermolecular hydrogendonor—acceptor bonds does not occur. However, for com-
bonding interactions. The bulky group effectively shields plexes withtert-Bu substituent, the short distances between
the aryloxy-oxygen atom and essentially prevents any in- two hydrogen atoms dert-Bu groups and the oxygen atom
termolecular contacts either to the hydrogen donor groups (~2.35,5\) are observed in all the analyzed structures (cf. the
or the Lewis-acid metal centers. This is the reason why the structure of RAJYUW18] presented irfrig. 7). Taking into

Fig. 4. An ORTEP diagram of hydrogen bonded dimer gBsaldPh) in the solid state showing a 30% probability of thermal ellipsoids. Adapted from ref.
[14].
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Fig. 5. A view of the 2D hydrogen bonding network in the crystal structure gBgaldPh). The dashed and the dotted lines represet-CO and
C-H- - -w(Ph) hydrogen bonds, respectively. Hydrogen atoms are omitted excluding those involved in the H-bond formation. Adapted fdm ref.

account the €H. - -O angles of about 124and the orienta-
tion of thetert-Bu group there is evidence that monomers are
stabilized by a pair of EHgjiph- - -O intramolecular hydrogen
bonds.

Similar intramolecular EHgjiph- - -O contacts, and addi-
tional intramolecular €Hajiph- - -Nimine(P™) interactions due
to the bulky 2,6-dialkylphenyl pendant group at the imine
nitrogen, exist in two aluminum complexes, QOLDIE and
QOLDOK [19]. In both cases, the five-membered HCCCN

Fig. 6. The molecular structure of biéphenyl-salicylideneiminato-
dimethylindium), Meln(saldPh). Hydrogen atoms are omitted for clarity.
Adapted from ref[13].

Fig. 7. Aview of the molecular structure of (4,6-hist-butyl)-N-tert-butyl-
salicylideneiminato)-diethyl-aluminum with short intramoleculaft® - -O
contacts designated by dashed lines.
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Fig. 8. Aview of the hydrogen-bonded molecular chain in (aminoMbisopylene-salicylideneiminato))-tetramethyl-dialuminum (LOGYEL) showing (a) the
intermolecular €-H- - -O (dashed and dotted lines) hydrogen bonds ana{b)r-stacking. For clarity, hydrogen atoms are omitted excluding those involved

in the H-bond formation.

rings are formed with short H-N distances (v2.4,&) and
C—H- - -N angles about 110

Another one boron Schiff base derivative of typse
has also been encountered, namé&ymethyl-2-oxy-1-
naphthaldiminato-diphenylboron, MONALRO0]. Analy-

of adjacent molecules (the distance-HTcemroid:2.71,&).
Molecules are organized in 1D chains along the crystallo-
graphica-axis.

An interesting supramolecular linear assembly
has been perceived in the structure of (aminoMbis(

sis of the structural data for this compound demonstrates propylenesalicylideneiminato))-tetramethyl-dialuminum
that the presence of phenyl groups bonded to the boron(LOGYEL) [22]. We note that the original authors
center prevents the association of molecular complexesindicated only the presence of —&.--O interactions

through intermolecular €H- - -O interactions. Instead of,

both boron bonded phenyl rings, adopting appropriate ori-

entations, are engaged in the intramoleculaiHgher - -O
and G-Hpher - -N interactions. The observed pkéy - -O

and Hpherr - -N contacts are 2.48 and 2.!5\2 respectively.

The molecules are arranged into a 2D sheet in the (10 0)observed

plane, which are sustained by several-ony - -7 interac-
tions involving both the Schiff base ligand and the phenyl
rings.

2.2. Typdb complexes

Diversified types of intermolecular contacts are ob-
served in bi- and tri-nuclear complexes of a series
of bis- and tris-salicylideneimine derivatives with the
C2M(O,N) central core, i.e., the SaleaHor SaltrenH
derivatives, where two or three tetrahedrapM{O,N)
moieties are joined by an aliphatic backbone (type
Ib complexes, Scheme )1 So far only one boron
compound of this type has been structurally char-
acterized, namely N,N-ethylene-bis(salicylideneiminato)-
bis(diphenylboron), REVQUI21]. Owing to the presence

between two neighboring bimetallic molecules leading
to hydrogen bonded dimeric units interconnected via the
eight-membered ring with the H(1)O(1) distance of
2.52A and C(2)-H(1)- -O(Y) angle~175 (Fig. 9).

This association mode corresponds exactly to that
for diethylboron derivative ofN-phenyl-
salicylideneimine, EB(saldPh) (vide suprd}l4]. However,
our detailed analysis of intermolecular contacts for LOGYEL
revealed a more complex supramolecular structure. The two
molecules related by symmetry center are held together
by two G-H---O bonds formed by the imino hydrogen
and aryloxy-oxygen atoms [H(5)-O(2"): 2.68A and
C(7)-H(5)- - -O(2’): 144], which results in the formation
of the hydrogen-bonded molecular chain as is illustrated
in Fig. 8 In addition, themw—m-stacking interactions of
the salicylideneiminate ligand of neighboring molecules
(distance of about SE) play a substantial role in the
molecular organization in LOGYELHg. ).

In the case of the group 13 trimetallic Saltrenéeriva-
tives, the analysis of intermolecular contacts showed that
the attachment of the third ligating arm to the ligand does
not change significantly the molecular assembling modes.

of two phenyl groups bonded to the boron center, the aryloxy For example, molecules of Saltren(Ga)gt [(s-tris(((2-

oxygen atom is engaged only in the formation of intramolec-

oxybenzylidene)amino)ethyl)amine)-tris(diethyl-gallium),

ular hydrogen bonds. However, the molecular assembly in QILDOE] [23] form centrosymmetric dimers joined by

REVQUE is attained through-@Harony - -7 interactions be-

the C—Hgmino--o hydrogen bonds with H-O contacts

tween ligand aromatic hydrogen atoms and phenyl rings of 2.60A and G-H-.-O angle ~164. Much weaker
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Fig.9. Aview of aportion of the 2D hydrogen bonding network in the crystal
structure of Saltren(GaBg (QILDOE) showing a centrosymmetric dimer
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tive of N-phenylsalicylideneimine, it is the hydrogen-bonded
dimer formed by a pair of intermolecularElgony - -O In-
teractions between the aryloxide oxygen atom anattteo-
positioned hydrogen of the salicylideneimine aromatic ring
(Scheme B).

Thus, a common feature of the observed hydrogen bond
motifs is the aryloxide oxygen acting as the hydrogen ac-
ceptor and the difference concerns a competition between
the G-Himino and the G-Haom hydrogen donor sites (these
interactions are absent in the case of steric hindrances in
the vicinity of the aryloxide oxygen atom). The latter ob-
servation rises the question: why is there a change in the
hydrogen bond donor sites in the homologous serieN-of
phenylsalicylideneimine derivatives passing from boron to
the heavier group 13 derivatives? In order to ascertain whether
the observed hydrogen bond motifs are determined by the
molecular shape, molecular size or other factors, we have
considered the silent features of the molecular structures of

and its contacts with adjacent molecules. H-atoms are omitted excluding RoM(saldR) complexe$14]. The analysis of the correspond-

those involved in H-bond formation.

ing structural parameters have indicated that the steric con-
gestion atthe hydrogen bond donor and acceptor sites, as are-

interactions between aryl protons and oxygen atoms of two gt of changes in the coordination center environment or the
remaining chelating groups lead to an extended 2D network N-alkyl substituents, affect the strength of thet - -Oaryloxy

lying parallel to the (00 1) crystallographic plareid. 9).

hydrogen bond and may leads to the self-assembly switch-

Interestingly, the central nitrogen atom, N(4), potentially @ jng of the bidentate Schiff base metal complexes. For in-
strong hydrogen bond acceptor, is not engaged in the H-bondstance, the radius of boron is significantly smaller than that

formation.

2.3. Factors affecting supramolecular structure of Schiff
base complexes with the&(O,N) core

The analysis of the crystal structure of tetrahedral

of aluminum and gallium which result in a concomitant de-
crease in the BO and B-N bond length in EiB(saldPh).
One consequence of this difference is the increase of steric
congestion at the aryloxide oxygen in the boron complexes,
and since as the formation of the-Bimino: - -Oaryloxy hydro-

gen bond chains requires a relatively close approach of the

R2M(O,N) complexes presented above should suffice to il- —(Ph)N=C—Himino hydrogen to the metal bonded aryloxide

lustrate not only the variety of structures that exist, but

oxygen, this causes a more significant repulsion between the

also allows for a discussion on the factors controlling the phenyl ring and the sterically congested D tetrahedron
self-assembly process. Although the molecular structure of fgce. In turn, a Considerab|y greater Congestion in the pu-

RoM(saldR) (where M =B, Al or Ga) complexes consists of

isostructural monomeric species irrespectively of the char-

tative structure based on the-Bimino: - -Oaryloxy hydrogen
bond promotes the formation of the hydrogen-bonded dimer,

acter of the coordination center, their crystal structures dif- where the cooperative-Garony - -O interactions sufficiently
fer significantly. In all cases, the supramolecular structure is compete with the potential chain array of-8- - -O bonds
determined by intermolecular hydrogen bonds, but the re- inyolving the stronger hydrogen bond donor site. For the
sulting hydrogen bond motifs are distinct. Depending on the assembly of MgAl(saldPh) and MeGa(saldPh), this steric

N-alkyl substituent, the formation of H-bonded 2D double
layer network that is build from 1D chains, or H-bonded
3D framework structure that is assembled from 1D helical
chains is observedscheme 2). Only for the boron deriva-

R
R R’ R\ h{‘/R
R LR L8 N—M
N7 Y 0----H
0----H~/ o 0---H

H---- o\ /
/?A/N\
(a) (b) R R

Scheme 2. Hydrogen bond motifs in tyfgecomplexes: (a) 1D array and
(b) H-bonded dimer.

congestion at the hydrogen acceptor site is relieved due to
the larger radius of aluminum and gallium, and the formation
of 1D chainlike structures is promoted. The substitution of
theN-phenyl group with thé\-methyl group in RM(saldR)
complexes gives similar effect, i.e., relives steric crowd-
ing at the hydrogen donor site and promotes 1D H-bonded
chains. Furthermore, the observed differences in the crystal
structure of the boron and gallium derivativesNsfnethyl-
salicylideneimine, and aluminum and gallium derivatives of
N-phenyl-salicylideneimine indicate that small differences in
the molecular shape ofdR(saldMe) and RM(saldPh) com-
plexes alter additionally the mode of the molecular assembly.
To compare, th&l-Me complexes possess a relatively uncon-
gested environment at thef€—H hydrogen which promotes
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H
l

H
/N |
72 \ //\ H ,O
\ ,NMe,
_N ,' _N
Ga Me / M /Ph
O

Me,M(NsaldPh) QAMBIP BONBAH
M=Al Ga

P
/ Phe P/

- N AI Me
AI Me - Me
'Bu

t
Bu  paqruw DAQFOQ 'Bu YONJEQ

Scheme 3. The selected complexes comprising salicylideneiminate ligands with the pendant neutral donor group.

the formation of infinite helices, whileinthe¥Ph complexes  served distances and the directionality of these contacts in-
aconsiderably greater steric congestion imposed by the iminedicates that these are secondary interactions, which is in
ligand leads to hydrogen bonded molecular chains. Thus,conformity with our recently published results for alkyla-
again changes in the steric congestion at theCNH hy- luminum alkoxideg[11d]. Based on the above analysis, it
drogen appear to greatly affect the spatial arrangement of theis a reasonable assumption that the observed intermolec-
component molecules and change the hydrogen-bonding patular secondary metal-ligand coordination effectively com-
tern. For the related Salealdr SaltrenH derivatives, where  petes with the feasible-H- - -O(1) hydrogen bond (cf. struc-
two or three tetrahedraldR1(O,N) moieties are joined by an  tures of MeAl(saldPh) and MeGa(saldPh)). In this regard
aliphatic backbone, the inherent encumbers lead additionally (N-salicylidene-2-aminopyridine)-dimethyl-gallium (GUH-

to significant changes in the molecular assembly, and exceptPAA) is closely related to the analyzed above the indium
the dominant €Himino- - -O interaction, the €Hary- - -O, complex, Meln(saldPh).

C—Hajiph- - -O and G-H. - . hydrogen bonds, ang-stacking The replacement of theéN-pyridyl group to the N-

play a substantial role in the molecular assembly. dimethylaminoethyl functionality in the tridentate sali-
cylideneiminate ligand leads to significant changes in
the molecular assembly of ;RI(O,N,N) complexes. For
dimethylaluminum and dimethylgallium derivatives of
N-(dimethylaminoethyl)salicylideneimine, Mal(NsaldPh)

and MeGa(NsaldPh) $cheme B the metal centers adopt
distorted trigonal bipyramidal geometry with two methyl
groups and the imine-nitrogen atom in the equatorial posi-
tion, and the aryloxide oxygen and the pendant amino moi-
ety in the axial positionf25]. The observed AtNgmino and

2.4. Typdc complexes

A patrticularly interesting case constitutes the group
13 complexes derived from potentially tridentate salicyli-
deneiminate ligands bearing a pendant O, N, or P donor arm
attached to the imine nitrogen, which are schematically de-
picted inScheme 3

These complexes exhibit a relatively large diversity
of structural motifs, which are interesting in the context
of both the hydrogen-bond networks and the secondary
donor—acceptor interactions. For instance, a consideration of
the extended structure fax{salicylidene-2-aminopyridine)-
dimethyl-gallium (GUHPAA) indicates that there is no no-
table intermolecular hydrogen bonding interactions in the
presence of a pyridyl group bonded to thenhk atom
(Fig. 10 [24]. However, an analysis of the gallium coor-
dination sphere shows that the metal center interacts with
both the nitrogen atom of the pyridyl group [Ga(1)-N(2):
2.875(3)A] (the considered interaction by the original au-
thors) and with the aryloxy-oxygen atom of the adjacent
mOIeCUIe related by the center of symmetry [Ga(1)}"1(1 Fig. 10. A view of the structure ofN-salicylidene-2-aminopyridine)-

3. 362(3)A] (the not considered contact, the dotted line in dimethylgallium (GUHPAA). Dashed and dotted lines indicate the secondary
Fig. 10. Although both contacts are relatively long, the ob-  donor—acceptor interactions. H-atoms are omitted for clarity.
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(a) : : (b)

Fig. 11. A view of the 2D hydrogen bonding network in the crystal structure ofA{&lsaldPh). The dashed and the dotted lines represeii-C-O and
C—H- - -w(Ph) hydrogen bonds, respectively. Hydrogen atoms are omitted excluding those involved in the H-bond formation.

Ga-Namino distances differ significantly and are equal to zigzag chains are then linked via-8- - -w(Ph) interactions
2.297(4) and 2.806(203, respectively, which clearly shows formed by the H(7) hydrogen atom of the amine methyl group
that the four-coordinate gallium center demonstrates aweaker(H- - -1r: 2.88A; C—H- - -m: 143). In contrast, molecules of
Lewis acidity than the aluminum center. One consequencethe gallium complex are assembled by-Hequatoriat - -O

of this difference is an increase steric interaction between bonds [H(8b)- -O(1): 2.62A, C(8)-H(8b) - -O(1): 138] to

the substituents on the aluminum and the methyl groups onyield a linear chain along tHeaxis. The 2D framework arises
the amine. Hence, the five-membered AINCCN chelate ring from linking qf these linear chains by-@&i- - - interactions
adopts an open-envelope conformation on N(2) atom in or- (H. . .qr: 2.72A; C—H- - .m: 174). Thus, the comparison of
der to achieve the staggered positions of alkyl substituentsMe,Al(NsaldPh) and MgGa(NsaldPh) as well as GUHPAA
bonded to the nitrogen and the metal cerfiéy(11), whereas  crystal structures demonstrates that subtle changes of the co-
the GaNCCN ring is twisted on the C(8}(9) bond withthe  ordination center properties and consequently an alteration of
eclipsed conformation (the elongation of the-®&bond re- aweakest donor—acceptor bonds may lead to different molec-
duces steric repulsionfig. 12. For MeAl(NsaldPh) and ular assemblies.

Me,Ga(NsaldPh) unlike for GUHPAA, the supramolecular ~ There are also a number of mononuclear molecules of
arrangementis dictated by the Bajiph- - -Oand G-H- - -win- type Ic with a bulky substituent in the vicinity of the ary-
teractions leading to 2D lamellar structuregys. 11 and 12 loxide oxygen atom. Analogously to type complexes, the
Interestingly, the observed supramolecular hydrogen bondpulky group effectively shields the aryloxy-oxygen atom and
structures are different which is probably due to the men- essentially prevents any intermolecular contacts either to hy-
tioned small conformational changes of the five-membered drogen donor groups or the Lewis-acid metal centers. Good
MNCCN chelate rings in both compounds. In the aluminum examples are provided by the aluminum compounds DAQ-
complex, adjacent molecules relateddglide plane aredou- ~ FOQ and DAQFUW $cheme B[26], where the pendant
ble bridged by H-bonds to form a corrugated chain along the amino or pyridyl groups act as weakly coordinated fifth lig-
c-axis. As depicted ofrig. 11, the hydrogen atom H(8a) of  ands with Al-N distances equal to 2.413(5) and 2.25A(2)
the aliphatic backbone interacts with the oxygen O(1) atom respectively. For both compounds, the geometry at aluminum
(H---O: 2.65A; C—H---O: 16T) and the hydrogen atom  atomsis bestdescribed as a trigonal bipyramidal. The interac-
H(7) of the imine group is engaged in the-B- - -m(Ph) in- tion of the additional nitrogen donor site with the aluminum
teraction (H- -m: 2.96A; C—H- . .m: 144). The adjacent 1D center leads to appreciable weakening of the primary bonds,
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@ 5 : : : ()

Fig. 12. A view of the 2D hydrogen bonding network in the crystal structure gfi®4€¢NsaldPh). The dashed and the dotted lines represert CO and
C—H. - -w(Ph) hydrogen bonds, respectively. Hydrogen atoms are omitted excluding those involved in the H-bond formation.

mainlytranslocated AFO ones, which is in accord withthe  QAMBIP are closely related to the discussed tylze
structuraltrans-effect[27,28] The AFO bond distances in  complexes with a bulky substituent in the vicinity of the
both structures are equal 1.884and are about 0.08 longer aryloxide oxygen atom.

than their counterparts in simple four coordinate analogues Complexes comprising salicylideneiminate ligands with
(an average value of 1.7636. For DAQFOQ, therearenono- the non-coordinated pendant group are able also to generate
table intermolecular contacts observed, while for DAQFUW supramolecular organizations with quest organic molecules.
is observed a pair of short-Elgjipn: - -7 contacts between  For example, the crystallization oN{(2-hydroxyphenyl)-

one of the methylene hydrogen atoms and the phenyl ring salicylideneiminato)-diphenylboron in the presence of the
of the adjacent molecule related by the center of symmetry methanol (strong hydrogen bond donor and acceptor) gives

(H-- - 2.56A; C—H. - -m: 174). a 1:1 H-bonded solvate, BONBAFB1]. The crystal struc-
Another structural motif has been observed for (3,5-di- ture of BONBAH features molecular chains along a crys-
tert-butyl-N-(2-(diphenylphosphino)phenyl)-salicylidene- tallographic b-axis with molecules of organoboron com-

iminato)-dimethyl-aluminum (YONJEQ|26] and (3,5-di- pound interconnected through bridging methanol hydroxyl
tert-butyl-N-(2-aminophenyl)salicylideneiminato)-dimeth-  groups [O(3}H(21)] (Fig. 14. Strong G-H.--O hydro-
yl-gallium (QAMBIP) [29], where potentially tridentate gen bonds are formed by both the aryloxy-oxygen atom
ligands are coordinated to the metal centers in a bidentateO1 [H(21)---O(1): 2.008; O(3)-H(21)---O(1): 163]
fashion. For YONJEQ, the pendant phosphine group is notand the pendant hydroxy group attached to kphenyl
coordinated to the aluminum center and acts as an acceptoring [H(10) - -O(3): 1.97A; O(2)-H(10) - -O(3): 172]. The

in intramolecular hydrogen bonding with the Cmido C—Himino group is engaged in the formation of intramolec-
group. The H. -P distance is equal 2.?32(C—H- --P:100)

and is much less than the sum of the van der Waals radii

(3.00,& [30]). The distinctive behavior of the phosphine (})_Q

functionality results probably from steric factors brought
about by aryl substituents and from relatively weak and soft
basic properties. Similarly for QAMBIP, the noncoordinated
pendant aminophenyl group is oriented away from the
gallium atom and acts as a donor in the intramolecular
hydrogen bond with the imino nitrogen atom -(HN:
2.45A; N—H. - -N: 104) (seeFig. 13. Thus, the comparison
of QAMBIP and MeGa(NsaldPh) structures demonstrates
that the intramolecular NH- - -Nijmino hydrogen bond can
effectively compete with the intramolecular secondary
metal-ligand coordination. Consequently, YONJEQ and

Fig. 13. A view of the molecular structure of (3,54@ir-butyl-N-(2-
aminophenyl)-salicylideneiminato)-dimethyl-gallium (QAMBIP) with in-
tramolecular N-H- - -N and C-H- - -O contacts.
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Fig. 14. Structure of the 1D hydrogen bonding array formed in the solid ﬁ@
state byN-(2-hydroxyphenyl)-salicylideneiminato-diphenylboron methanol (),
solvate (BONBAH).

ular hydrogen bond with the pendant hydroxy OXYGen alom (G icacy in te soid sute. The dashed lines represent e and -

[H(5)- - -O(2): 2.35A; C(7)-H(5)- - -O(2): 102]. In addition, termolecular &-H- - -O hydrogen bonds. Hydrogen atoms are omitted ex-

the intramolecular €Hpherr - -N interactions are also ob-  cluding those involved in the H-bond formation.

served in this structure, like in other diphenylboron deriva-

tives (vide supra). uated in a nearly planar array. Depending on the nature of
the ligand “backbone” (the connection between both nitro-
gen atoms) the resulting complexes contain a trigonal bipyra-

3. Supramolecular structure of Schiff base midal or square pyramidal metal coordination sphere, dis-

derivatives with the CM(O,N), central core: torted to a different degref@2]. The analysis of the avail-

five-coordinate complexes of type Il able structure data has proved that the association of molec-
ular complexes is mainly attained throughl!& - -O interac-

3.1. Typdla complexes tions between aryloxy-oxygen atoms and hydrogen atoms

of the aromatic or aliphatic ligand backbone. The incor-

The CSD search revealed that the five-coordinate com- poration of bulkytert-Bu groups around the phenol sub-
pounds of typdla, i.e., the monomeric salicylideneimine unit causes appreciable shielding of oxygen atoms. How-
derivatives with the CMQ,N), core, are lacking, and the alu-  ever, in several cases these oxygen atoms do not fully con-
minum complex MeAl(saldPh) OKUKAG, described re-  fine the capabilities of H-bond formation from the side of
cently by our group is the first examp]&€3]. The geometry  the basal plane of the square pyramidal coordination sphere.
at aluminum atom in OKUKAG is best described as trigo- Forinstance, Saletgrt-Bu) and Salomphetgrt-Bu) gallium
nal bipyramidal with the aryloxy-oxygen atoms and carbon derivatives (NIXTOD, NIXVAR and NIXVIZ) [33] show
atom occupying the equatorial positions. For tRiphenyl- a propensity to the formation of hydrogen-bonded dimers
salicylideneiminate derivative the weaker interactionsrof by the G-Hgjip- - -O interactions, and the relevant8. - -O
stacking type mediate the assembly of molecules via strongerdistances range from 2.50 to 2 85Such weakly bonded
C—Haryi- - -O hydrogen bondsHg. 15. These interactionsor-  dimer of Salertert-Bu)GaEt (NIXTOD) formed through a
ganize molecules into the H-bonded dimers in the solid state. pair of G-Hajipn- - -O interactions is displayed ofig. 16
As may be seen frorfig. 15 the phenyl group bonded to  As a matter of fact, the original authors suggested that the
the N(1) nitrogen atom is oriented in such a way that the dimerisation of compounds occurs due to GH interactions
C—Haryi - -O hydrogen bonds are formed with both aryloxy- (Ga - -H distance of~3.15A) [33]. However, the observed
oxygen atoms of the neighboring molecule, related by the M...H contacts exceed the sum of the van der Waals radii

center of symmetry. (3.07A) [30] and this type interactions are not observed in
analogous aluminum complexes with the more acidic metal
3.2. Typdlb complexes center (RURPAV, RURPEZB4]. Therefore, it seems likely

that the G-Hajiph- - -O hydrogen bonds have a predominant
The CSD search revealed that so far the group 13 five-impact on the molecular arrangement. The revealed mode
coordinate compounds of typkb, i.e., the monomeric  of crystal packing for NIXTOD is not unique to gallium
complexes with the CMJ;Ny) core, are all derived from  derivatives. A similar situation was found in the crystal struc-
O,0,N,N-tetradentate Salen-type ligan&chbieme R These ture of Salentert-Bu)inMe, where a methylene hydrogen
ligands feature two nitrogen and two oxygen donor sites sit- makes short contact with the oxygen atom (© distance
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Fig. 16. Structure of the hydrogen bonded dimers of SaderBu)GaEt
(NIXTOD) showing the intermolecular-€Hgjiph- - -O bonds (dotted lines).

~3.4A) of the adjacent Salen ligand to form a dinfig2,35]

In the complexes of typdb without steric hindrances in
the vicinity of the oxygen atom, the association of molec-
ular units proceeds also through interactions of the oxy-
gen with hydrogen atoms of the ligand backbone. It usually
leads to OD dimeric or 1D chainlike structures. For exam-
ple, in the structure ofN,N’-bis(salicylidene)cyclohexane-
1,2-diamine)-methylaluminum (KIQBIV|B6], the axial hy-
drogen atoms of the cyclohexane ring interact with the oxy-
gen atoms forming a dimer and the appropriateHC. -O
distances are equal 2.48 and 286 1The structure is addi-
tionally stabilized bym-stacking interactions between sal-
icylideneiminate ligands of both molecules (themw con-
tacts of~3.4,&). Furthermore, in crystalline (Salen)AIEt,
DUCLIW [37] the hydrogen bonds between the methylene
hydrogen and oxygen atom (HO: 2.67A and G-H.- .0
angle 148) act jointly with the G-H- - - interactions (the

H- - ‘“meentroigdistance of2.6§\) forming chains of molecules
related by the crystallographic two-fold screw axis. An inter-
esting arrangement is observed in (Salophen)inMe (QUB-
JAY) [38]. The crystal structure features molecular chains
linked via hydrogen-bonded seven-memberedain@,Cp
rings in which both oxygen atoms are engaged in the H-bond

Fig. 17. A view of the structure of (Salophen)inMe (QUBJAY) illustrating
the hydrogen-bonded chain running alaagxis.
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Scheme 4. The observed intra- and intermolecular hydrogen bonding inter-
actions in the group 13 metal Schiff base derivatives.

formation. The €. -O contacts are relatively short and equal
3.43 and 3.4A (Fig. 17).

4. Conclusion

This contribution deals with the molecular and crystal
structure of the group 13 complexes supported by biden-
tate and multidentate Schiff base ligands. The results pre-
sented show that the group 13 metal Schiff base complexes
provide a means to study intramolecular and intermolecu-
lar non-covalent interactions. The observed most common
non-covalent forces for the group 13 Schiff base complexes
are depicted orscheme 4and involved the E€Hinino: - -O,
C—Haryi- - -O, CG-Hajiph- - -O and G-H- - .m hydrogen bonds
andm-stacking.

The molecular assembly of tetrahedraMR O,N) (M =B,

Al or Ga) complexes derived from bidentate Schiff bases is
mediated by the intermolecular hydrogen bond systems es-
tablished by the imine- and phenyl-hydrogen atoms. Depend-
ing on theN-alkyl substituent, the formation of H-bonded
3D framework structure that is assembled from 1D helical
chains, H-bonded 2D double layer network that is build from
1D chains, or 0D H-bonded dimers is observed. The analy-
sis of the structural parameters ofN¥(saldR’) complexes
indicates that the steric congestion at the hydrogen bond
donor and acceptor sites, as a result of changes iNthe
alkyl substituents or the coordination centre environment,
affect the strength of the intermolecularB- - -O hydro-

gen bond and may leads to the self-assembly switching of
the bidentate Schiff base metal complexes. For the related
Salenh or SaltrenH derivatives, where two or three tetrahe-
dral RM(O,N) moieties are joined by an aliphatic backbone,
the inherent encumbers lead to significant changes in the
molecular assembly, and except the dominant(ine- - -O
interaction, the EHary- - -O, C-Hajiph- - -O, G-H- - -whydro-

gen bonds and-stacking play a substantial role in the self-
assembly. The five-coordinate monomeric salicylideneimine
derivatives with the CMD,N), core adopt a hydrogen-
bonded dimeric structure where the weakestacking inter-
actions interplay with stronger-@&aryi- - -O hydrogen bonds

in the self-assembly process. For five-coordinate monoalkyl-
aluminum, -gallium and -indium Schiff base derivatives of
O,0,N,N-tetradentate Salen-type ligands, the molecular as-
sembly is mainly attained through-€l- - -O interactions be-
tween the aryloxy-oxygen atoms and hydrogen atoms of the
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aromatic or aliphatic ligand backbone and these interactions  (b) J. Lewiski, P. Horeglad, M. Dranka, 1. Justyniak, Inorg. Chem.

usually lead to dimeric or 1D chainlike structures. Interest-

43 (2004) 5789.

ingly in many cases steric hindrances close to the aryloxide [9] The weak intermolecular interactions are important factors determin-

oxygen atom do not fully confine the capabilities of H-bond
formation from the side of the basal plane.
Finally, our observation represents an important im-

ing the physical properties of Schiff base complexes, e.g., remark-
able bathochromic shift effect in the fluorescence: S. Mizukami,
H. Houjou, Y. Nagawa, M. Kanesato, Chem. Commun. (2003)
1148.

pact that should be considered in the intentional design of [10] It has been found for azide bridged dicopper(ll) Schiff base com-

inorganic-organic materials (with Schiff base ligands as the
organic tecton) with specific function and properties. It seems
likely that the non-covalent interactions which have been
identified play a substantial role in the molecular assembly of

Schiff base metal complexes and are also significant forces

in the molecular recognition processes involving catalysts
supported by Schiff base ligands.
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