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This work deals with the synthesis, characterization, and optical properties of 12-membered tellurium
macrocycles functionalized with an allyl group. These are synthesized by the reaction of bis-p-methoxy-
phenyl tellurium dihalide with phenyl allyl phosphinic acid at room temperature. SCXRD reveals that the
cationic macrocycle is capped by two halide ions giving an overall composition of [((p-OMePh),Te),(O)
(PhC3H5PO,)(us-X)]2, where X = CL (Cl-TAM) and Br (Br-TAM). On reacting Cl-TAM with Kl, we were able
to isolate the iodo-capped macrocycle [((p-OMePh),Te),(O)(PhC3HsPO,)(p4-1)], (I-TAM). The presence of
allyl groups at the periphery would allow these macrocycles to act as potential building blocks. Optical
absorption studies show that the bandgap can be tuned by exchanging the capping halides. These
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Introduction

Over previous decades, macrocycles have been a focal subject
in both synthetic and materials chemistry due to their numer-
ous applications in host-guest chemistry,"”” gas storage,® and
the modeling of biological systems,” and as anion trapping
devices for improving conductivity.’® In recent decades, the
interest in organotellurium(u/iv) based chemistry has been
steadily growing."’ These systems have the potential to trap
anions using secondary interactions which were first demon-
strated by Beckmann et al. by treating organotellurium with
organotin under an atmosphere of CO, at room
temperature.’>"* Diorganotellurium/oxide/halides have the
ability to form macrocycles'*™"” with various protic acids'®>*
resulting in the isolation of new telluroxane frameworks.
Recently, 2D and 3D covalent organic polymers have been
assembled via Te-O-P linkages.>* Telluronium ions have also
been found to act as active sites for Lewis acid receptors which
work as catalysts.>® The same group has also explored the oxi-
dative alkylation of diaryl tellurides [Mes(C¢F5)TeMe]" and
[(C6Fs),TeMe]" from Mes(C¢F5)Te and (C4Fs),Te, respectively.”®
These telluronium salts can form complexes and transport
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systems were also found to act as catalysts for the detoxification of CEES, a mustard gas simulant.

chloride ions across phospholipid bilayers, thus finding appli-
cation in ion transport. Also, the catalytic properties of a tetra-
fluoroborate salt of bis-telluronium dications have been
studied.>” Many research groups have diligently utilized orga-
notellurium(i) compounds as catalysts,>®° while organotel-
lurium systems in the +IV oxidation state remain less explored.
Our research group synthesized analogs of 12-membered orga-
notellurium(iv) macrocycles functioning as building blocks for
organometallic-inorganic hybrid materials, which were found
to act as electrocatalysts for the reduction of nitrate to
ammonia.>’ Also, we have utilized weak anions like BF,~ and
ClOo,” as bridging ligands to assemble organotellurium(iv)
macrocycles, wherein the BF,” analogue has shown to act as
an electrocatalyst for the hydrogen evolution reaction (HER).**

Previously, we have explored the reactivity of diorganotellur-
ium dihalides with benzene seleninic acid, resulting in 12-mem-
bered macrocycles [(p-MeO-CgH,),Te(p-O)(p-PhSeO,)(1,X)], [X =
Cl, Br, and I] where the halide ions, stabilized by Te---X inter-
actions, cap the dicationic macrocycles on both sides.**
Furthermore, we have exchanged the chloride anion with anions
of varying geometries like trigonal planar (NO;~) and tetrahedral
(Clo,”, BF,) by reacting the chloro-macrocycle [((p-
MeO-CgH,),Te),(p-O)(u-PhSeO,)(14-Cl)], with AgNO;, AgClO,, and
AgBF,.** Recently, we have synthesized heterometallic systems
wherein the change in the metal ion influences the optical
bandgap.®>*® In this work, we present three isostructural,
12-membered tellurium macrocycles capped with different
halides of the formula [((p-MeO-CgH,),Te),(p-O)(u-PhC;H5PO,)
(4X)], where X = Cl, Br, or I. The Chloro-capped Tellurium Allyl
Macrocycle (CI-TAM) and the Bromo-capped Tellurium Allyl
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Macrocycle (Br-TAM) were prepared by reacting the diorganotel-
lurium halide with phenyl allyl phosphinic acid while the Iodo-
capped Tellurium Allyl Macrocycle (I-TAM) was synthesized by
reacting CI-TAM with Nal in acetone. We have investigated the
change in optical bandgaps by varying the halides. Moreover, the
catalytic scope of these systems for detoxifying a mustard gas
simulant under mild oxidizing conditions has been investigated.

Results and discussion

CI-TAM and Br-TAM were synthesized by reacting phenyl allyl
phosphinic acid with R,TeX, [R = p-methoxyphenyl, X = Cl (for
CI-TAM) and Br (for Br-TAM)] in benzene at room temperature
using triethylamine as a base (Scheme 1). The formation of an
oxo-bridge in the ditelluroxane moiety might have probably
arisen from adventitious water present in the solvent. I-TAM
was synthesized by reacting CI-TAM with KI in acetone, which
led to a simple halide exchange. Colourless crystals of CI-TAM
were obtained by slow evaporation of the mother liquor, while
crystals of Br-TAM were grown from a benzene/chloroform
mixture. The diffusion of hexane to benzene solution yielded
yellow colour crystals of I-TAM. Spectroscopic and analytical
data of CI-TAM were reported in previous work in which the
macrocycle was used as a building block for hybrid
materials.*" The IR spectra of Br-TAM and I-TAM show charac-
teristic P-O-M stretching frequencies at 1059 cm ™' and
1060 cm ™" (Fig. S1 and S21) The "H NMR spectrum of Br-TAM
exhibits two peaks at § 4.5 ppm and 6 4.7 ppm, while a multi-
plet was observed at § 5.5 ppm (Fig. S31). Similarly, for I-TAM,
two peaks and a multiplet were observed at § 4.8 ppm,
4.9 ppm, and 5.5 ppm, respectively (Fig. S41). These peaks,
though of low intensity due to low abundance of allylic hydro-
gens, are distinct, thereby confirming the presence of allyl
groups in both these compounds. The *'P{"H} NMR spectrum
of Br-TAM exhibits a singlet at § 26.9 ppm, while that of I-TAM
shows a peak at § 29.1 ppm (Fig. S5 and S6t). The ESI-MS
spectra of Br-TAM and I-TAM show mj/z peaks at 1828.8461
(Fig. S71) and 1888.9815 (Fig. S81) which correspond to [{((p-
OMeCgH,),Te),0(Ph(C3H;5)PO,)},{X}]" formed by the loss of
one halide ion. The phase purity of crystalline Br-TAM and
I-TAM was confirmed using PXRD, which correlates well with

4 Et3N \/\ /0_ "t\xj,
(C3H5)PhPO,H

Benzene
r.t, 24h

X= Cl (for CI-TAM),
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the simulated pattern obtained from SCXRD data (Fig. S9 and
S10t). The thermal stability of the systems was analysed using
TGA which showed that Br-TAM and I-TAM were fairly stable
up to 250 °C, after which they decomposed (Fig. S11 and
S127). The elemental mapping corroborated the presence of Br
and I in these systems (Fig. S15 and S187).

Br-TAM crystallizes in the space group P2,/n, while I-TAM
crystallizes in P1. The asymmetric unit of Br-TAM contains half
a macrocycle while I-TAM contains two half macrocycles. The
crystallographic information can be found in Table S1.f Br-
TAM and I-TAM are isostructural with just a change in the
capping halide; Br-TAM will be taken as the representative
structure for structural description. Br-TAM comprises two
ditelluroxane units bridged by a phosphinate on either side
with a bromide ion above and below the macrocycle (Fig. 1).
The macrocycle core is dicationic, and the bromides are held
by secondary interactions, balancing the charge. The 12-mem-
bered macrocycle is nearly planar. The tetravalent Te atoms
show the characteristic disphenoidal geometry with O-Te-O
angles of 168.68(16)° at Tel and 169.24(16)° at Te2, while the
C-Te-C angles are 97.4(2)° at Tel and 96.9(2)° at Te2. The
angle at the O-atom bridging the two Te atoms measures 125.1
(2)° with Te-O distances of 1.972(4) A to Te1 and 1.983(4) A to
Te2. The Te-O distances to the phosphinate units are some-
what longer, measuring 2.368(4) A for Te1-02 and 2.353(4) A
for Te2-03. The phosphinates carry phenyl and allyl groups at
the periphery of the macrocycle. As demonstrated in our pre-
vious work, functionalization with allyl groups could facilitate
the generation of extended systems for hybrid materials.** The
bromide is held by a secondary interaction with Te and has a
distance to Tel and Te2 of 3.543 A and 3.357 A, respectively.
Overall, the structure resembles a reverse-crown ether, where
the macrocycle has a cationic core instead of an anionic core.

Tuning of the optical bandgap has great implications in the
field of optoelectronics. Over the years, various strategies have
been employed to produce molecular structures and materials
with varying bandgaps.®” *° It was observed that the bandgap
of perovskites could be tuned by simple halide exchange.*'™*?
We wanted to investigate if the optical bandgap can be tuned
by changing the halide capping. The solid-state UV-visible
absorption spectra were recorded for compounds CI-TAM, Br-
TAM, and I-TAM (Fig. S20-S221). The optical bandgaps for

\ @ 0~ ) @Q 0~
(MeOCeHs)y TeX; OQ@"’* /g PO SN ,‘@L - /_@ b

oL | P NS
ezl VTN Acetone ©/ No—1E ezl VY
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X= Br (for Br-TAM)

Scheme 1 Synthesis of macrocycles.
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a)

b)

Fig. 1 (a) Molecular structure of Br-TAM. (b) Top view. Color code:
orange — Te, brown — |, purple — P, red — O, and grey — C. Hydrogens
and the chloroform solvate are omitted for clarity.

these chloro-capped, bromo-capped and iodo-capped macro-
cycles were calculated using the Tauc equation.

(ahw)*'" = A(hv — Ey)

where 7w is the photon energy, « is the absorption coefficient,
E, is the bandgap energy, and A is a constant. n represents the
type of electron transition and its value is 1 for a direct
bandgap and 2 for an indirect bandgap. We calculated the
direct bandgap, so the graph was plotted between (ahv)* and
hv. The E, value was calculated using the linear fit of the fun-
damental peak. Additionally, a linear fit used as an abscissa is
applied for the slope below the fundamental absorption. An
intersection of the two fitting lines gives the bandgap energy
estimation.** Using this method, a bandgap of 3.17 eV was
observed for CI-TAM (Fig. 2a), while for Br-TAM, a slightly
lower bandgap of 3.09 eV was observed (Fig. 2b). Finally, for
I-TAM a bandgap of 2.25 eV was detected (Fig. 2c), showing
that the bandgap could be tuned in these tellurium macro-
cycles by simple halide exchange. As stated before, this kind of
tuning achieved through halide exchange is witnessed in in-
organic lead perovskite systems but it has to be noted that the
nature of Te-X bonds in the macrocycles is quite different
from the bonds seen in perovskites. The halides are held to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Tauc plots of (a) CI-TAM, (b) Br-TAM, and (c) I-TAM.

the tellurium by weak secondary interactions, so as we move
towards bigger anions, the interactions become stronger,
which results in a smaller HOMO-LUMO gap.

Furthermore, the catalytic activity of the diorganotellurium
macrocycle was investigated. The oxidation of 2-chloroethyl
ethyl sulfide (CEES), an organosulfide compound that is a
chemical simulant for the toxic chemical warfare agent,
mustard gas, is performed. It is important to selectively
oxidize it to the non-toxic 2-chloroethyl ethyl sulfoxide
(CEESO) but not to 2-chloroethyl ethyl sulfone (CEESO,).*>>°

Dalton Trans., 2025, 54, 5747-5752 | 5749
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Fig. 3 (a) Scheme for the oxidation of CEES, (b) H,O, concentration vs.
conversion plot, (c) catalyst dosage vs. conversion plot and (d) catalysts
vs. conversion plot.

Knowing the potential of the telluroxane system to act as a cata-
lyst, we decided to evaluate its ability to detoxify CEES. First, the
reaction was optimized using CI-TAM. Under homogeneous con-
ditions, using methanol as a solvent and H,0, as an oxidant at
room temperature, a good conversion was established. After
varying the H,0, concentration, 1.5 eq. was found to give com-
plete conversion with 100% selectivity to CEESO (Fig. 3b). The
catalyst dosage was also varied with 0.5 mol% and 1 mol% giving
100% conversion (Fig. 3c). 0.5 mol% was applied as the optimum
dosage. In the same manner, Br-TAM and I-TAM were evaluated
and they showed similar activity with 100% conversion and 100%
selectivity to CEESO (Fig. 3d). This shows that the change in
halide capping does not visibly influence the catalytic activity.
The same reaction in the absence of the catalysts showed only
11% conversion. After the reaction, the solvent was removed and
CI-TAM was separated, washed, and dried. The IR spectra of Cl-
TAM matched the IR spectra taken before catalysis, proving that
the catalyst was stable (Fig. S237). Finally, to deduce the mecha-
nism, the reaction was performed in the presence of TEMPO, but
no change in the conversion was observed. This ruled out the
possibility of radical formation. So, based on that, it was con-
cluded that the reaction plausibly proceeds via the peroxidase
pathway (Fig. S241). Initially, the tellurium active site interacts
with H,0, to form Te-OOH species.”>> This, in turn, oxidizes
CEES to CEESO, and the catalyst is regenerated.

Conclusions

In summary, we present three isostructural 12-membered tell-
urium macrocycles capped with different halides, CI-TAM, Br-
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TAM, and I-TAM. We further investigated the effect of halide
exchange on the optical bandgap and found that the bandgap
decreases in the order Cl to Br to I. The iodo-capped macro-
cycle shows the lowest bandgap, probably due to the size of
the anion. This approach can potentially generate hybrid
materials with a wide range of bandgap energies which will
have interesting applications in the field of optoelectronics.
We also utilized these systems as catalysts for the detoxifica-
tion of CEES, a mustard gas simulant. All three macrocycles
showed excellent conversion with high selectivity.

Experimental section
General information

Phenyl allyl phosphinic acid®® and bis(p-methoxyphenyl) tell-
urium dichloride®® were synthesized according to literature
reports. Phenyl phosphinic acid and TeCl, were purchased
from Sigma-Aldrich, benzene and acetone were purchased
from Finar, and allyl bromide, KI, and anisole were purchased
from Avra. All solvents and reagents were purified before use
by adopting standard methods.

Instrumentation

Infrared spectra were recorded using a Nicolet iS5 FTIR
spectrometer. ESI-MS spectra were recorded using Bruker
MaXis HRMS (ESI-TOF analyzer) equipment. NMR spectra
were recorded using Bruker Avance-400 and 500 MHz FT NMR
spectrometers at room temperature. Single crystal X-ray diffrac-
tion (SCXRD) data collection for Br-TAM and I-TAM was
carried out at room temperature with an XtaLAB Synergy, a
single source at offset/far, HyPix3000 diffractometer, and a
Rigaku Oxford HyPix3000 CCD plate detector system [A(Mo Ka)
= 0.71073 A] with a mirror monochromator. The data were
reduced using CrysAlisPro 1.171.40.35a (Rigaku OD, 2018).
The structures were solved using SHELXT and refined using
SHELXL-2018/3 in Olex2 1.3-ac4 software.>>">” All non-hydro-
gen atoms were refined anisotropically except for disordered
phenyl and allyl groups in I-TAM. Powder X-ray diffraction pat-
terns were collected over the 26 range of 5-50° at a scan rate of
3.9° min~'. TGA was recorded with a PerkinElmer STA 8000
thermogravimetric analyzer at a nitrogen gas flow rate of 20 ml
min~" and a heating rate of 10 °C min~". Field Emission-
Scanning Electron Microscopy (FE-SEM) imaging, energy-dis-
persive spectroscopy (EDS) and elemental mapping were
studied using an Ultra 55 Carl Zeiss instrument. Solid-state
UV-vis absorption spectra were recorded with a JASCO-V-770
spectrophotometer. GC-MS was recorded with a Shimadzu
GCMS-QP2020 NX. Graphics of the crystal structures have been
generated using Mercury.

General synthetic procedures

In a 50 mL round bottom flask, phenyl allyl phosphinic acid
was dissolved in 10 mL of benzene, followed by the addition of
triethylamine. After stirring for 5 minutes, bis(p-methoxyphe-
nyl) tellurium dihalide was added, and the mixture was stirred

This journal is © The Royal Society of Chemistry 2025
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at room temperature for 24 hours. Afterward, the mixture was
filtered, and crystals of Br-TAM were grown in a benzene/
chloroform mixture. The isolated crystals were powdered and
subjected to a high vacuum for 1 hour before being analyzed
by standard spectroscopic and analytical techniques.

Compound Br-TAM. Phenyl allyl phosphinic acid (0.04 g,
0.2242 mmol), bis(p-methoxyphenyl) tellurium dibromide
(0.22 g, 0.4485 mmol), and triethylamine (0.07 mL, 0.4932 mmol)
were used. Yield: 0.15 g (70%). Formula: C,4H;¢Br,0.,P,Te,.
ESI-MS: 1828.8461 for [M-CH,Br]". "H NMR (500 MHz, DMSO-dg,
ppm): § 7.9-6.8 (m), § 5.5 (m), § 4.7 (d), 6 4.5 (d), § 3.7 (s). >'P{"H}
NMR (158 MHz, DMSO-ds, ppm): § 27.7 (s). IR: 3049.96 (w),
3005.47 (w), 2989.59 (w), 2836.49 (w), 1582.18 (s), 1488.89 (s),
1456.35 (s), 1437.63 (s), 1399.70 (m), 1291.54 (s), 1246.50 (s),
1173.65 (s), 1113.27 (s), 1059.93 (m), 1004.90 (s), 915.83 (m),
820.22 (s), 787.23 (s), 749.91 (m), 715.10 (m), 658.69 (s), 609.70
(m), 568.26 (m), 553.20 (s), 509.55 (s).

The general synthetic procedure for I-TAM is that in a
50 mL round bottom flask, CI-TAM was dissolved in 15 mL of
acetone, followed by the addition of KI. The mixture was
stirred at room temperature for 12 hours and filtered, and the
solvent was removed in vacuo. The crystals of I-TAM were iso-
lated from benzene by diffusing hexane. The isolated crystals
were powdered and subjected to a high vacuum for 1 hour
before being analyzed by standard spectroscopic and analytical
techniques.

Compound I-TAM. CI-TAM (0.100 g, 0.054 mmol) and KI
(0.018 g, 0.109 mmol) were used. Yield: 0.05 g (90%). Formula:
C,4H761,0,4P,Te,. ESI-MS: 1888.9815 for [M — IJ'. 'H NMR
(500 MHz, DMSO-dg, ppm): § 7.7-6.9 (m), 5.5 (m), 4.9 (d), 4.8
(d), 3.7 (s). *'P{"H} NMR (158 MHz, DMSO-d¢, ppm): § 29.1 (s).
IR: 3065.84 (w), 3005.47 (w), 2935.07 (w), 2835.16 (w), 1582.31
(s), 1489.03 (s), 1457.42 (s), 1437.96 (s), 1398.71 (m), 1291.51
(s), 1246.78 (s), 1173.93 (s), 1111.81 (s), 1060.85 (m), 1005.21
(s), 917.20 (m), 820.46 (s), 786.87 (s), 747.34 (m), 698.09 (m),
664.87 (s), 611.97 (m), 590.21 (m).

General procedure for the selective oxidation of CEES

In a typical experiment, CEES (1 mmol), H,O, (30 wt%,
1.5 mmol), and the catalyst (5 pmol) were added into a 50 mL
round-bottom flask. The reaction mixture was charged at room
temperature and stirred vigorously for a set time of 10 min.
The resulting products were extracted with ethyl acetate, and
analyzed by GC to determine the conversion and selectivity
with mesitylene as an internal standard.

Caution! CEES is a valid simulant of HD and has a certain
toxicity. Goggles, masks, and gloves are required for use, and the
reaction should be carried out in a fume hood.
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