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Herein we describe the discovery of the in situ synthesis of pyrazolylborate ligands and their coordination
behaviours towards Al(i) ions. The in situ synthesis of pyrazolylborate is facile, inexpensive and the resist-
ant ligands of varying steric demand are readily accessible. The occurrence of such an in situ synthesis is
related to the presence of Al(OPr)z Lewis acids. Compared with the classical N,N’,N" tridentate cis-chelat-
ing pyrazolylborate scorpionate ligands, the in situ version herein having two pyrazolyls located at the
opposite sides of the phenylboronic acid plane forms N,O,N’ trans-chelating ligands. We then studied the
advantageous and coordination behaviours of the trans-coordinating ligands with Al(i) ions. The substitu-
ents on pyrazolyl and benzoyl rings have an important effect on the size of molecular clusters. The struc-
tures obtained by changing the functional groups (e.g. 3-F, 4-F, and 3-Cl) on the benzene ring are all
dimeric molecules as shown in the AlOC-126 series. When changing both the substituents on pyrazole
and benzene rings, higher nuclearity tetrahedral AlOC-127 and hexanuclear AlOC-128 were isolated. The
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Introduction

Boron is a metalloid element with unique properties, and its
unique electron-deficient structure has potential applications
in assembling functionalized ligands." These include phenyl-
boronic acid derivatives, boronenes, diborenes, diborynes, and
boron-containing heterocycles with potential applications in
the biomedical field and light-harvesting fluorescent dyes.*?
Boron-centered ligands form metal complexes through mul-
tiple binding modes, which endow the resulting complexes
with unique and unexpected properties. In inorganic chem-
istry, the planar [BO;]*~ anionic group is the most suitable
basic structural unit of nonlinear optical crystals for ultraviolet
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and deep-UV light generation.® On the organic aspect, the first
covalent organic frameworks (COF-1) have been successfully
synthesized by condensation reactions of phenyl diboronic
acid and hexahydroxytriphenylene.” As common bridging
ligands, pyrazole and its derivatives not only can be used as
electron donors to covalently bond with the B center, but also
have a wide range of applications in cluster science.®™**

As the oldest and most classic examples of scorpionate
ligand systems, poly(pyrazol-1-yl)borates (“scorpionates”) with
the general formula [R'R"B(®pz),] were first reported by
Trofimenko in 1967 during the early origin of the scorpion
ligand class.”*** Such ligands are widely used in coordination
chemistry, from bioinorganic chemistry, homogeneous cataly-
sis to materials science, and their complexes with most metals
or metalloids in the periodic table have been prepared.” In
order to stabilize the metal complexes and influence the angle
of coordination to the metal, “second-generation scorpionates”
that have a substituent with large steric hindrance (e.g. Ph and
‘Bu) on the 3-position of the pyrazole ring have been developed
and widely used.'® “The third generation” of scorpion ligands
have full F substitution on the benzene ring, and through com-
parison it has been found that there are great differences
between the crystal packing and electrical properties of the
complexes of perfluorinated and non-fluorinated species.'”
Then, to further expand the range of scorpion ligands, Wagner
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and coworkers developed “the fourth generation” of scorpion
ligands, controlled their space requirements, and designed
more flexible (N,N,N) and (N,O,N) types in the conformation of
two mixed donors, making the structure more flexible and
stable.’® The above-mentioned scorpion ligands not only are
rich in coordination sites, but also have adjustable steric hin-
drance, which has potential application value in synthetic
structures.'> However, from the development to the chelation
of metals, the reaction process of this kind of ligand is
complex and lengthy, and it is easy to form a single configur-
ation, such as the [ML,] mode of forming a double ligand to
chelate a single metal.*®

Based on the above considerations and our team’s research
focus on boronimidazole (BIF) ligands and our recently devel-
oped pyrazole-thermal synthesis,>*>* we are hence interested
in the exploration of scorpionate ligands. In addition to chelat-
ing monometallic compounds, such ligands should also be
applicable in the cluster field. Considering the current struc-
tural type of scorpionates, we planned to design ligands with
mixed sites for a wide range of metal ion chelation and cluster
generation. By reacting phenylboronic acid, pyrazole and
aluminum isopropanol, we found that phenylboronic acid
reacts with pyrazole in situ to form tridentate scorpionates con-
taining mixed N,O,N sites (Scheme 1). Although phenylboronic
acid has been shown to be dehydrated and condensed in situ
in solvothermal synthesis,>®* the in situ formation of such
scorpionates is unprecedented. This in situ reaction is ubiqui-
tous and can occur regardless of whether the substituents
change on pyrazole or phenylboronic acid (Scheme 1). They
present a mixed N, O, N donor set to the metal ion and the
angle between the two pyrazolyls is sufficiently large for the
metal binding. Therefore, the in situ ligands play an important
role in inducing the aggregation of cluster compounds.
Compared with the reported monomers and dimers bridged
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Scheme 1 Reaction herein involving both in situ generated covalent
bond and coordinate bond with Al**. Although these ligands cannot be
isolated, we have listed them in detail in order to give a clearer picture
of the ligands on each compound and the universality of the in situ
reaction.
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by classically prepared scorpionates,'***>” we successfully iso-
lated a series of aluminum oxo clusters (AlOCs) via the in situ
generation method. These ligands chelate two Al ions at the
same time, acting as “edge” ligands and constructing dimeric,
tetrahedral and belt-like hexanuclear clusters (Fig. S1t). The
formation of these compounds includes typical reactions invol-
ving both covalent bonds and coordinate bonds.

Results and discussion

In our previous work, pyrazole-thermal synthesis is an effective
way to prepare aluminum oxo clusters (AIOCs).>"** In this
system, low melting point pyrazole (melting point: 66-70 °C)
and 4-methyl-1H-pyrazole with a lower melting point (13 °C)
are used not only as a reaction medium but also as the source
of the in situ generation of scorpionates and the auxiliary
ligand. Acetonitrile was selected as the auxiliary solvent to help
promote dissolution and crystallization. Aluminum isopropox-
ide was added and it not only served as the source of metal Al
ions but also promoted the dehydration reaction of phenyl-
boronic acid.*® Treatment of aluminum isopropoxide with
phenylboronic acid and pyrazole in acetonitrile at 100 °C gives
block colourless crystals of compound [Al,(L"),(HL"),-MeCN]
(AlOC-126, L' = PhB(p-O)(pz),) (Fig. 1a and Scheme 1). The
analogous reaction by changing different functional groups on
the benzene ring resulted in the formation of the corres-
ponding compounds [ALy(L"),(HL"),-MeCN] (AlOC-126-1, L" =
(3-F-PhB(p-0)(pz),), [AL(L'),(HL'),] (AlOC-126-2, L' =
(4-F-PhB(u-0)(pz),) and [AlL(L'"),(HL'"),] (AlOC-126-3, L' =
(3-Cl-Ph(B(p-O)(pz),) (Fig. 1a and Scheme 1). When different
functional groups of phenylboronic acid are introduced
through 4-methyl-1H-pyrazoles as the solvent, we obtained
higher nuclearity (Fig. 1b, S3 and S47). [Al(L*)4(j5-O)(pz-
CH,3);)-MeCN] (AlOC-127, L? = (3,5-bis-CF;-PhB(j1-0)( pz-CH,),)
is obtained when 3,5-bis(trifluoromethyl)phenylboronic acid is
introduced and [Alg(L)s(113-0)a(pz-CH;),] (AlOC-128, 1° =
(3-F-PhB(p-O)(pz-CHy),) is obtained when 3-F phenylboronic
acid is introduced. Attempts to isolate related pyrazolylborate
ligands using larger hindered ligands such as naphthalene
boric acid and 3,5-dimethylpyrazole failed due to their differ-
ences in steric hindrance, melting point, and solubility.

All the compounds under investigation were structurally
characterised by X-ray crystallography (Table S1t). Since the
AlOC-126 series of compounds are isostructural compounds
that possess the same molecular cluster structures, only the
structure of AIOC-126 is discussed in detail here (Fig. 2 and
S2t). As shown in Fig. 2a and b, compound AlOC-126 is a but-
terfly-shaped dimer molecule. Four pyrazolylborate ligands on
this molecule exhibit two coordination patterns, including
wo-n":n*n' bridges and a terminal coordination mode (Fig. 2c).
Two tridentate ligands participate in binding with two AI**
through three sites (N, O, N), while the other two hang on
them to complete the octahedral coordination environment of
Al ions. Bond valence sum (BVS) calculations (Table S21) and
charge balance indicate that the two terminal ligands are par-

This journal is © the Partner Organisations 2023
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Fig. 1 A display of all compounds isolated herein showing the association of structure type and ligand regulation. (a) The alternation of functional
groups on the benzene ring results in the AlOC-126 series. (b) The change on both the benzene ring and pyrazole brings the nuclearity increment,

see compounds AlOC-127 and AlOC-128.
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Fig. 2 The molecular structures of the dimers of AlOC-126 series. (a) Molecular structures of AlLOC-126 and coordination environment of Al(i).
(b) Simplified structure of AlOC-126. (c) Coordination mode of [Ph(pz)B(u-O)(pz)]. (d) Lattice arrangements of AlLOC-126 series (color code: Al green;

B yellow; O red; N blue; C black).

tially deprotonated and the position of the proton was found
to be on the B atoms. It is worth noting that there are abun-
dant weak interactions within the molecule, containing hydro-
gen bonds (O-H--N, 2.6 A) and n---n interactions (3.624 A)
(Fig. 2a). Therefore, such a molecular configuration is very
stable, and isomorphic compounds can be obtained by chan-
ging the functional groups on the benzene ring (Fig. 1a). But
the presence of these functional groups affects the inter-
molecular interactions, lattice arrangements and supramolecu-
lar structures (Fig. 2d).

The X-ray crystal structure analysis reveals that compound
AlOC-127 is a tetranuclear compound crystallizing in the tri-
clinic space group Pi (Fig. 3a). The four AI** atoms of
AlOC-127 are at the apex of a tetrahedron with the base fused
by a p3-O. Four of the six edges of the tetrahedron were

This journal is © the Partner Organisations 2023

bridged by four tridentate L> pyrazolylborates (Fig. S31). And
the other two edges were linked by two pyrazoles (Fig. 3b). The
octahedral coordination environment of the Al ion between
these two 4-methylpyrazoles was further completed by a third
terminal 4-methylpyrazole. We can see a significant difference
in the four L* ligands. It is worth noting that although these
ligands share the same chelation pattern, the spatial arrange-
ment of the ligands is not the same. The benzene and pyrazole
on the ligand exhibit two types of torsions and arrangements
(Fig. 3c). One type has a benzene ring pointing to the paper
surface (defined as a vertical pattern), and the other has a
benzene ring approximately parallel to the paper surface
(defined as a parallel pattern). The three ligands located on
the waist of the tetrahedron are arranged in the vertical
pattern, while the L* on the base adopts the parallel arrange-

Inorg. Chem. Front,, 2023, 10, 1887-1893 | 1889
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Fig. 3 (a) Molecular structures of AlOC-127 and the coordination
environment of Al(m); (b) core structure of AlOC-127. The vertical mode
and parallel mode of L2 ligands are presented as blue and yellow lines
for clarity. (c) The presentation of the vertical mode and parallel mode
of L2 ligands (color code: Al, green; B, yellow; O, red; N, blue; C, black).

ment. Correspondingly, the Al---Al distances also have a
certain difference, where the Al---Al distances of 3.31 A, 3.35 A
and 3.37 A are bridged by the vertical pattern, and the Al---Al
distance of 2.79 A is significantly smaller and linked by the
parallel pattern. The reason for this could be the overall com-
bination of a free-rotating benzene ring, steric hindrance, a
flexible B tetrahedral center and an Al octahedral center.
Compound AlOC-128 possesses a ribbon-like hexanuclear
structure (Fig. 4a). Its core structure is shown in Fig. 4b. The 4

Fig. 4 (a) Molecular structures of AlOC-128 and the coordination
environment of Al(1) and (b) the core structure of AlLOC-128. The vertical
mode and parallel mode of L? ligands are presented as blue and yellow
lines for clarity. (c) The intramolecular and intermolecular interactions
(color code: Al, green; B, yellow; O, red; N, blue; C, black).
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aluminum atoms in the center are connected by two oxygen
bridges and 4-methylpyrazole. The aluminum ions at both
ends are further connected to it by 6 L* ligands (Fig. S47).
Within the six L? ligands, four are in parallel mode and two
are in vertical mode. The parallel : vertical mode ratio of 2: 1 is
significantly large than that of 1:3 in AIOC-127. This may be
due to a change in the spatial arrangement of the ligand,
depending on the type of structure, a cage-like or ribbon-like
structure. We found obvious intramolecular n---n conjugation
(3.318 A) between 4-methylpyrazole in this structure (Fig. 4c).
In addition, intermolecular hydrogen bonds are also observed.
The lattice arrangements of AIOC-126 to AlIOC-128 are shown
in Fig. S5-S7.1

The phase purity and stability of these compounds were ver-
ified by powder X-ray diffraction (PXRD) analysis (Fig. S9-
S14%). In infrared spectrum analysis (Fig. S15-S177), the infra-
red spectrum of AIOC-126 shows an obvious absorption band
corresponding to the unprotonated -OH unique to AlIOC-126
at about 1400 cm™" (8oy). AlIOC-127 and AlOC-128 also showed
the methyl groups and the fluorination groups on benzene
rings at about 2933 ecm™ (vc_y) and 1107 em™" (vcg). The
presence of elements (Al, C, N, O and F) in AlOC-126 to
AlOC-128 has been validated using EDS spectra (Fig. S18-
S207t). In addition, with the increase of the number of F func-
tional groups introduced into the benzene ring, the relative
peak area of the F element also increased, and the relative
peak area of the F element reached the maximum when 3,5-bis
(trifluoromethyl)phenylboric acid was introduced (Fig. S19%).
The solid-state UV-vis absorption spectra of AlOC-126 to
AlOC-128 are obtained from the data of the diffuse-reflectance
spectra (Fig. 5). They show no absorption above 300 nm, which
is in accordance with their colorless crystals. The crystal mor-
phology of AIOC-126 is a colorless flat-angled rhombic cube,
the crystal morphology of AIOC-127 is a colorless parallele-

AlOC-126 AlOC-127

AlOC-128

Absorption

— AlOC-126
— AlOC-127
—— AlOC-128

T T T T T
300 400 500 600 700 800
Wavelength(nm)

Fig. 5 Solid-state UV-vis absorption spectra. The inset shows their
crystal pictures observed under a microscope.
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piped, and the crystal morphology of AIOC-128 is a colorless
brick (Fig. 5). According to the Kubelka-Munk function, the
optical band gap of AIOC-126 to AIOC-128 is about 4.2-4.4 eV
(Fig. S21-S23t). The thermal stability of AIOC-126 to AIOC-128
was characterized by thermogravimetric analysis (TGA)
(Fig. S247).

The in situ generated pyrazolylborates possess abundant
aromatic five-membered and six-membered rings. In addition,
their intramolecular n---x conjugation also encourages us to
investigate their third-order NLO properties. The convenient
Z-scan technique is widely used to measure the nonlinear
absorption coefficient of materials. The experimental results of
open aperture (OA) Z-scan measurement at a pulse energy of
4 pJ are recorded using a picosecond laser with a wavelength
of 532 nm and a repetition rate of 10 Hz. In order to compare
the NLO effect and adjust the sample concentration, a similar
linear transmittance of 65% was obtained at 532 nm in 1 mm
thick cells. The NLO and optical limit (OL) properties of the
samples are analyzed, and the results are shown in Fig. 6a. All
OA Z-scan curves show a decrease in transmittance at the focal
point of the laser beam where the input flux is maximum.
Under the same test conditions, the minimum normalized
transmittance (Ty,;,) of the measured samples at the focal
point (Z = 0) showed the following order: AlOC-128 > AIOC-127
> AlOC-126 (Fig. 6a). The three compounds exhibit remarkable
nonlinear optical response and reverse saturated absorption
(RSA). We believe that the clear RSA response of these crystal-
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line materials is mainly attributable to the conjugation of aro-
matic rings between benzene rings and pyrazoles, pyrazoles
and pyrazoles on two adjacent ligands. Comparison of the
nonlinear optical parameter values among the three samples
is provided in Table S3.} In order to quantitatively evaluate the
NLO response, the nonlinear absorption coefficients (f) of
AlOC-126, AlOC-127, and AlOC-128 were calculated by fitting
nonlinear correlation equations, which were 0.41, 0.58, and
0.87 cm GW ™', respectively, and are comparable to those of
gold nanoparticle-doped GeO,-Bi,O; glasses, phthalocyanine
compounds, and some traditional crystal materials.>* The
curve shows the change of the normalized transmittance and
the input flux. As the input luminous flux increases, the trans-
mittances of the three samples decrease to 72%, 65% and
52%, respectively (Fig. 6a and b).

Further structural analysis revealed that the OL effect is not
only related to the generally reported =---m interaction, but also
related to the hydrogen bond interaction, atomic polarizability,
and molecular band gap. Although both AlOC-126 and
AlOC-127 have three pairs of =n---n interactions, the three pairs
of n---m interactions of AIOC-127 are stronger than those of
AlOC-126, and AlOC-128 has the most n---1 interaction pairs,
and its corresponding RSA response is also the largest
(Fig. 6¢). In our study, the band gaps of the three sample com-
pounds are all around 4.2 eV, which is higher than the single-
photon energy (2.33 eV) at 532 nm, which is favorable for two-
photon absorption. In addition, AIOC-127 and AlIOC-128 also

1.1
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Fig. 6 (a) OA Z-scan curves and (b) OL curves of the samples at picosecond laser excitation (input energy: 4 pJ). The linear transmittance of the
samples was adjusted to be 65%. Colored scattered balls indicate experimental data with the solid line representing the curve of best fit. (c) n---n
interactions between adjacent L in AlLOC-126, AlOC-127, and AlOC-128. Color code: Al, green; B, yellow.
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show abundant hydrogen bond interactions (C-H--F)
(Fig. S8t). Fluorine is the most electronegative element, and
the push—pull electron effect has a positive effect on the elec-
tron transport density and polarizability, thereby promoting
non-linear absorption.*® Therefore, in general, AIOC-127 and
AlOC-128 with F substituents introduced on the benzene ring
have better nonlinear absorption.

Conclusions

In summary, we developed a facile synthetic strategy for the
isolation of pyrazolylborate ligands. The in situ generation
method provides a very stable platform for the development of
trans-chelating scorpionate analogues. Such kinds of ligands
exhibit great adaptive coordination behaviors and have great
potential in cluster science. The metal ions could be extended
to a broad range of other Lewis acid metal ions such as tita-
nium ions. Related work on exploiting the coordination behav-
ior with other metal ions is underway.
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