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ABSTRACT

Three original hexavanadate-based materials (DIEA),[VgO013{(OCH; )3 CNHCOCgH4X—p)}2] (X=Cl, Br, I) have
been synthesized via the amidation of H,[VgO013{(OCH,);CNH,},] and p-halogenated benzoic acid. The
components and structures of the products were determined by FT-IR, 'H NMR, ESI-MS, XPS and
single-crystal X-ray diffraction. The molecular structures of three compounds are similar: a Lindqvist-
type cluster {VgOq9} covalently links to two halogenated benzoyl trialkoxyl ligands. However, they ex-
hibit diverse packing manners because of their difference in hydrogen-bonding interactions. The anions
[V6013{(OCH,)3CNHCOCgH,Cl—p)},]* are arranged in a 1D chain structure by intermolecular hydrogen-
bonding interactions, while the other two compounds show a 2D “sandwich biscuit” layered packing
structure without hydrogen bonds between the anions. Moreover, when choosing a condensing agent to
increase the yield, PyBOP has an overwhelming advantage over common EDCI/HOBLt. This article also dis-
cusses the reaction mechanism in detail, and provides experimental guidance for the rational design of

POM-based organic-inorganic hybrids.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Polyoxometalates (POMs) are nanoclusters with basic structural
unit [XxMyO;]"~ (M = Mo, W, V, Nb, or Ta; X = P, Ti, Fe, Co,
etc.) [1,2]. POMs have abundant structures and unique properties,
which can be widely applied in catalysis, pharmacy, and material
science [3-6]. Today, the research of POMs has expanded from pure
inorganic chemistry to hybrid material chemistry [7]. The struc-
tural diversity and modifiable property make POM a perfect inor-
ganic module for constructing inorganic-organic hybrid materials.
By grafting appropriate organic groups, POMs can not only expand
their structures and functions, but also adjust their properties and
improve their performance in various applications, such as photo-
electric materials, photocatalysts, and antitumor drugs [8,9]. In ad-
dition, POMs with active functional groups (such as amino or car-
boxylic group) can also be used as the basic reaction templates to
build oligomers or network materials by further reacting with or-
ganic moieties.

Among various POMs, tris(hydroxymethyl)aminomethane
(Tris—NH;) functionalized POMs are regarded as a kind of impor-
tant building blocks for the construction of complicated hybrid
materials due to their accessibility and relatively high reactivity
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with organic ligands. To date, Tris—NH, has been successfully
incorporated with Anderson-type polyoxomolybdate, Dawson-type
heteropolytungstate and Lindqvist-type hexavanadate [10-13]. A
number of hybrid materials with various structures and functions
have been prepared through the post-functionalized POM platform
[14-18]. Amidation is one of the most common reactions to
connect the POM building blocks and the organic ligands [19-21].
Nevertheless, performing classical organic reactions on POMs is
not an easy task. The complex chemical properties of POMs and
the reduced activity of functional groups usually lead to low
yields. The organic modification of Tris-functionalized POMs still
needs further exploration and optimization.

In this article, we selected H;[VgO0q3{(OCH,)3CNH,};]
(NH,—Vg—NH;) as the basic structural unit to construct three
hexavanadate hybrids (DIEA);[Vg013{(OCH;)3CNHCOCgH4X—p)}>]
(X=Cl, Br, I corresponding to compounds 1, 2 and 3, respectively)
through amidation. The structures of the products were fully char-
acterized by FT-IR, 1H NMR, HR-ESI-MS, XPS, and single-crystal
X-ray diffraction. Interestingly, we found that different reaction
auxiliaries greatly affected the yields. When using PyBOP as the
condensing agent and DIEA as the auxiliary base, the reaction
yield can be significantly improved. The synthetic mechanisms of
the two condensing agents were also discussed in detail.
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2. Experimental section

NH,—-Vg—NH, was firstly prepared according to previous liter-
ature [22]. Compounds 1-3 were obtained by dissolving a mix-
ture of 0.5 mmol NH,-Vg—NH,, 1.2 mmol p-halogenated ben-
zoic acid (4-chlorine benzoic acid, 4-bromine benzoic acid, and 4-
iodine benzoic acid, respectively) and 1.2 mmol benzotriazole-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) in
50 mL anhydrous dimethylacetamide (DMAc). DIEA was added
dropwisely to adjust the pH value to 7-8, and then the solution
was heated at 55 °C and stirred for 24 h. After the reaction, the
mixture was cooled down to room temperature and the insoluble
solids were removed by the filtration. The crude products of com-
pounds 1-3 were obtained as brown powder after the removal of
the solvent by rotary evaporation. The powder was washed with
ether several times and redissolved in acetonitrile. The insoluble
impurities were removed by filtration and the crystals of the prod-
ucts were acquired by slow diffusion of n-butyl ether into the fil-
trate.

3. Results and discussions
3.1. Synthesis

Compounds 1-3 were all synthesized via the amidation of
NH,—-Vg—NH, and p-halogenated benzoic acid. The condensing
agent is the key to this reaction, which can activate carboxylic acid
and significantly promote reaction efficiency. The frequently-used
condensing agents for amidation are Dicyclohexylcarbodiimide
(DCC), 1-ethyl-3(3-dimethylpropylamine) carbodiimide (EDCI) and
PyBOP [23-25]. When the carbodiimide compounds (DCC or EDCI)
were used as the condensing agent, the intermediates of the re-
action are unstable and will transform to urea quickly. So con-
densing active agents, such as 1-hydroxybenzotriazole (HOBt) or
4-Dimethylaminopyridine (DMAP), are often used to produce more
stable ester intermediates. DCC/HOBt condensing agent is not suit-
able for this reaction because it will generate insoluble urea by-
products, which are hard to wipe off. In this paper, we used two
different condensing agents for comparison: EDCI/HOBt and PyBOP.
The experiment results showed that the reaction with PyBOP had
an overwhelming advantage in yield which was up to 80%, while
that of EDCI/HOBt was only about 50%. This can be explained by
the reaction mechanisms with the two different condensing agents.
The plausible mechanisms of the reaction with EDCI/HOBt and Py-
BOP are shown in Figs. 1 and 2, respectively [26]. In both of the
two mechanisms, the carboxylic acid is transformed into a benzo-
triazole ester, which is an active intermediate in the coupling re-
action. When EDCI/HOBt is used as the condensing agent, EDCI is
first protonated and then attacked by a carboxylic acid to form an
acylisourea. The isourea group is then replaced by the HOBt an-
ion, leading to a benzotriazole ester. When using PyBOP as the
condensing agent [27], PyBOP first reacts with a carboxylic acid
to form an acyloxyphosphonium salt, and then attacked by pro-
ducing HOBt to form a benzotriazole ester. It is believed that the
acyloxyphosphonium salt is less stable than acylisourea, and more
active in the reaction with HOBt. Therefore, PyBOP shows higher
efficiency than EDCI/HOBt in the amidation reaction.

Considering that the amidation reaction should be carried out
under weakly alkaline conditions, we employed triethylamine and
DIEA as an auxiliary base respectively. Finally, the DIEA was se-
lected because it has weaker nucleophilicity and is less likely to at-
tack carboxylic compounds. Thus there are fewer side reactions in
the amidation process. Furthermore, DIEA can be easily protonated,
so when EDCI/HOBL is used as the condensing agent, it may snatch
the protons with EDCI, resulting in lower reaction efficiency. How-
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ever, when PyBOP acted as the condensing agent, DIEA can directly
involve in the reaction, avoiding the proton contention problem.

3.2. Spectroscopic characteristic

FT-IR, 1H NMR, HR-ESI-MS, and XPS were used to character-
ize the molecular structure of the products. Fourier Transform In-
frared spectroscopy (FT-IR) is a very essential structure specifica-
tion technique that arises from radiation interactions and molec-
ular vibrations. As shown in Figs. S1 and S2, all three com-
pounds show strong absorption bands near 960 cm~!, 806 cm~!,
and 711 cm~! originating from the stretching vibration between
vanadium-oxygen bonds, (vas (V-0t), vas (V-0b), and vas (V-0
alkoxy), respectively), which can also be seen in the IR spec-
trum of NH,—Vg—NH,. It illustrates that the derived hexavana-
date hybrids still maintain their parent structure after the re-
action. The vibration bands of DIEA cations are located near
2956 cm~! (vas (CH3)), 2873 cm~! (vas (CH3)) and the wide
peak around 3450 cm~! is the stretching vibration of N—H.
The absorption peaks from 1600 cm~! to 1400 cm~! are at-
tributed to the benzene rings, while the strong peak around
1680 cm~! corresponds to the stretching vibration of the amidic
C=0 bond. These emerging peaks demonstrate that the amino
groups in NH,—Vg—NH, have been acylated successfully. The HR-
ESI-MS of compounds 1-3 only show m/z peaks at 1026.68431,
1116.58115 and 1210.55749, corresponding to the theory of
the anions H[Vg03{(OCH,);CNHCOCsH,Cl—p)}»]?~ (theoretical
value 102667299), [V6013{(0CH2)3CNHCOC6H4Br—p)}2]27 (theo—
retical value 1116.56992) and [V0;3{(OCH;)3;CNHCOCgH4I-p)}, |2~
(theoretical value 1210.54422) respectively. These results also sup-
port the assumed structures.

X-ray photoelectron spectroscopy (XPS) can not only verify the
elementary composition of a compound, but also judge the va-
lence states of atoms according to the binding energies. The XPS
spectra of compounds 1-3 are shown in Figs. S6-S8. The elaborate
vanadium spectra of all the three compounds can be fitted into
two peaks with the binding energies around 524.0 eV (Vy);) and
517.0 eV (Vyp3p), respectively. According to the correlation spec-
tra of vanadium atoms reported in the literature, it can be con-
cluded that all vanadium atoms in the products are in the highest
valence state (+5) [28]. These results are consistent with the va-
lence state of vanadium in NH,—Vg—NH,, indicating that the metal
valence state remains the same after being covalently attached to
halogenated benzoic acids. The existence of halogen atoms in com-
pounds 1-3 can also be confirmed by the XPS spectra. For com-
pound 1, the peaks of the chlorine atoms is located at 202.0eV
(Clypij2) and 200.4eV (Clypzpp). The peaks of bromine and iodine
atoms can be found at 70.6 eV (Br3d5/2) for compound 2 and
620.5 eV (I3gs5p,) for compound 3, respectively. These peaks are
all consistent with the standard spectrogram, indicating that 4-
chlorobenzoic acid, 4-bromobenzoic acid, and 4-iodobenzoic acid
have been successfully introduced into the hexavanadate.

3.3. Molecular structure

The molecular structures of the three derivatives were further
confirmed by single-crystal X-ray diffraction. All these structures
are composed of one [Vg0;3{(OCH);CNHOCCgH4X}, 1%~ (X = Cl, Br,
I) anion and two DIEA cations. Compounds 2 and 3 both crystal-
lize in a monoclinic system, space group P21/c with similar cell pa-
rameters, while compound 1 crystallizes in a triclinic system with
space group symmetry P-1 (Table 1). As shown in Fig. 3, the an-
ions of all the compounds represent a rod-like architecture which
consisted of a Lindqvist-type hexavanadate cluster {VgOq9} with
two rigid Tris ligands occupying the opposite sides of the octahe-
dron. The p-halobenzoyl groups in compounds 1-3 are covalently



Journal of Molecular Structure 1248 (2022) 131451

Z. Chen, Y. Wang, X. Wang et al.
NM92

X—@—(I?—OH _-H X—O—E—o- _ —

X=Cl, Br, | -
@
NMe |
’ e HO/N© d
. HN* K
L HOBT
N +
| _+H ®
; H,cnl; B d \Nc
N e
\ M O Yo /
) {
ERci EDCIH,?* O/N
P Y é‘o
X~ H—C—HN-—<rov ~NH—04©—X XN
I H,N—< POV »— NH,

X=Cl, Br, | D
. o N N
| L N
x—~{ Y—C—o-§-N I+ 0 —
OH

N\ ’
Va N N
N‘O\; 4 \ / HOBT I
X—O_C_ O-n
i

0
I
x—{_)—c—Hn—<pov —NH—C—QX ,
C") H,N—< POV »— NH,

Fig. 2. The synthesis mechanism using PyBOP as the condensing agent
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Fig. 3. Anion structures with atomic labels of compounds 1 (a). 2 (b) and 3 (c). The total distances of compound 1 (e); compound 2 (f) and compound 3 (g). Red spheres:
O atoms; orange sphere: V atoms; white sphere: C atoms; blue sphere: H atoms; green spheres: Cl atoms; brown spheres: Br atoms; purple sphere: I atoms; light blue

spheres: H atoms.
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Table 1

single-crystal diffraction data of compounds 1-3.
Compound 1 2 3
Empirical formula C42HeoCl3Ng021 Ve C46HgoBryNgO,3Vs C46HgolaNgO23Ve
Formula weight 1361.5 1550.62 1644.60
T/K 296.15 273.15 100(2)
Crystal system triclinic monoclinic monoclinic
Space group P-1 P2:/c P2;/c
a/A 10.1866(10) 15.608(2) 15.7035(15)
b/A 12.0553(10) 10.4961(15) 10.5511(10)
c/A 12.4333(12) 19.455(3) 19.3560(18)
af° 108.712(2) 90 90
Bl° 102.984(3) 105.794(5) 106.2920(10)
yl° 90.914(3) 90 90
Volume/A3 1402.7(2) 3066.8(8) 3078.3(5)
zZ 1 2 2
p calc g/cm? 1.612 1.679 1.774
p/mm! 1.132 2.259 1.956
F(000) 694 1580 1652

Crystal size/mm?3
20 range for data collection/°®

0.28x 0.26 x 0.24
4.122 to 55.344°

0.26 x 0.24 x 0.15
4.352 to 53.424°

0.33 x 0.30 x 0.15
4.384 to 57.998°

Index ranges -13<h <13 -19 <h <18 21 <h <21
-15 <k <15 13 <k <12 -14<k<14
9<I1<16 19 <1<22 22 <1<26

Reflections collected 12441 16610 28608

Independent reflections Rine = 0.0405 Rine = 0.0492 Rine = 0.0473
Rgigma = 0.0759 Rigma = 0.0719 Ryigma = 0.0416

Data/restraints/parameters 6512/0/355 5709/46/382 8148/0/384

GOF on F? 1.043 1.046 1.06

Final R indexes [I > = 20 (I)]  R; = 0.0528 R; = 0.0604 R; = 0.0512
WwR; = 0.1226 WR; = 0.1421 wR; = 0.1333

Final R indexes [all data] R; = 0.0873 R; = 0.1080 R; = 0.0630
WR, = 0.1356 wR, = 0.1635 WR, = 0.1417

Largest diff. peak/hole /e A3 0.80/-0.43 1.04/-0.59 2.87/-2.41

attached to the Tris ligands via amidic C-N bond with an approx-
imate distance of 1.34 A. The total lengths of the three anions are
24.584 A, 24.735 A, and 25.184 A, respectively. The main reason for
this difference is the atomic radius of halogen atoms as well as the
atom electronegativity. Among the three halogen atoms, the chlo-
rine atom has the smallest atomic radius and greatest electroneg-
ativity which results in the shortest C—X bond length. The bond
distances and angles of the three compounds were shown in Table
S2-S7.

In the crystal structures of compounds 1-3, there are hydrogen-
bonding interactions originated from the ammonium hydrogen
of the cation and the bridging oxygen of the {VgOi9} cluster
(N3—H--03*, 3.013 A in compound 1; N1—H---03#, 2.847 A in com-
pound 2; N2—H.-08%, 2.825 A in compound 3). However, com-
pound 1 also shows hydrogen bonds between the amidic hydrogen
and the terminal oxygen of the adjacent polyanion (N1—H-.-08*,
3.193 A), while compounds 2 and 3 have no hydrogen-bonding in-
teraction between the anions. The difference in hydrogen bonding
also affects the crystal packing behavior. As shown in Fig. 4, com-
pound 1 presents a 1D chain arrangement in the crystal structure,
and all the anions in the crystal cell are parallel. viewed from the
a axis, compounds 2 and 3 show a 2D layered packing structure
similar to “sandwich biscuit”, and the polyanions from the neigh-
boring layers are almost perpendicular.

In our previous report, we discovered that the
Lindqvist-type hexavanadate with halogen organic ligands
[V6013{(OCH,)3CCH,00CCH,CH,CONHCgH4X—p)}, 1%~ (X=Cl,
Br, I) formed strong halogen-bonding interactions between the
halogen atom and the terminal oxygen of the hexavanadate cluster
[29]. However, in this work, compounds 1-3 do not form any
halogen-bonding interactions. The plausible reason may lie in the
rigid organic ligands in these compounds. Since the formation of
halogen bonds has a strict directional requirement, the short and
rigid organic ligands in compounds 1-3 are adverse to adjust-

ing the relative position of halogen and oxygen atoms, thereby
hindering the formation of halogen bonds.

4. Conclusion

In this article, three organic-inorganic hybrids of Lindqvist-type
hexavanadate with p-halogenated benzoyl ligands have been suc-
cessfully prepared, and their structures have been fully character-
ized by FI-IR, 1H NMR, ESI-MS, XPS, and single-crystal XRD. We
employed different condensing agents in the synthesis and found
that PyBOP showed a higher yield than EDCI/HOBt. This result is
explained by the reaction mechanism, and indicates that PyBOP
is a better condensing agent than carbodiimides in the scheme of
amidation and functionalization of POMs. These three compounds
show different packing manners, which are properly originated
from their differences in hydrogen-bonding interactions. Moreover,
unlike our previous reported hexavanadates with halogenated or-
ganic ligands, there is no halogen-bonding interaction in com-
pounds 1-3, indicating that it is difficult for POMs with rigid or-
ganic ligands to form intermolecular halogen bonds. These results
provide a reference case for the design of the novel POM-based
supramolecular materials.

Supplementary data

The experimental details, spectroscopic data (FT-IR, ESI-MS and
XPS) and tables of bond lengths and angles are given in Support-
ing Information. Crystallographic data for compounds 1-3 have
been deposited with the Cambridge Crystallographic Data Centre
(CCDC number 2095753, 2095754 and 1870179, respectively). The
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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