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Introduction

Hydrogen bond enhanced coordination of
hydrogen peroxide to indium trichloride
@ Alexander G. Medvedey, (2@
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Evgeny S. Belyaev, 2 ° Oleg A. Filippov,
Alexey A. Mikhaylov, 12/ % Maxim N. Sokolov,
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Coordination of hydrogen peroxide by a metal center is the first step in the enzymatic cycle of peroxi-
dases and catalases. Although this process occurs readily in living cells, synthesizing molecular complexes
with the H,O, ligand remains challenging due to hydrogen peroxide's weaker coordinating ability com-
pared to other polar solvents. To date, structural information on coordination compounds with hydrogen
peroxide as a ligand is represented by the crystal structures of a zinc complex and two tin complexes. This
work demonstrates that hydrogen peroxide complexes can be prepared from coordinatively saturated com-
pounds, such as indium(in) chloride. Ether compounds like 18-crown-6 or diethyl ether dissolve InClz, enabling
its interaction with H,O,. Three InCls complexes with hydrogen peroxide ligand, [InClz(H,O),(H,0,)]-18-
crown-6, [INCl(18-crown-6)][(H,0,)InClyl and [fac-InClz(H,05)q 5(H,O)g 5(18-crown-6)], were isolated under
different conditions, presenting a valuable addition to a very small family of structurally characterized H,O,
complexes. The crystal structures of these complexes were characterized by single-crystal X-ray diffraction
analysis. DFT calculations unveiled the key role of the hydrogen bonding of the H,O, ligand with ether mole-
cules enhancing hydrogen peroxide coordination to In(in) center. Variable-temperature *H NMR data support
the k'-coordination of H,O, with InClz in ethereal solution.

like activity for selective catalytic oxidation processes involving
hydrogen peroxide."™™ Coordination with aluminum(m),"**
gallium(m), and indium(m)" has been proposed as a stage of

Hydrogen peroxide is a vital natural metabolite produced
during cellular respiration."”” The primary mechanism for reg-
ulating intracellular hydrogen peroxide concentration involves
enzymatic reduction. In this process, hydrogen peroxide coor-
dinates with the enzyme’s active site to form a H,O, molecular
complex known as compound 0.>* Similar to these biochemi-
cal processes, peroxidase-catalyzed hydrogen peroxide
finds widespread application in analytical
chemistry>® and various technologies.”'® Recent develop-

ments have focused on creating nanozymes with peroxidase-

reduction
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hydrogen peroxide activation for the oxidation of hydro-
carbons. Although hydrogen peroxide coordination to metal
ions is often assumed to be straightforward in biochemical
activation pathways, the isolation and characterization of true
H,0, complexes (as opposed to OOH™ or 0,>” complexes)
remains a significant challenge in synthetic chemistry. Williams
et al. observed hydrogen peroxide’s relatively weak affinity for Co
(m) compared to aqua and OOH™ ligands, attributing this to the
low basicity of H,0,."® The proton affinity of hydrogen peroxide
is indeed 4.2 kcal mol™ lower than that of water."” Mayer
demonstrated that hydrogen peroxide cannot displace even the
weakly bound perchlorate ligand in gallium porphyrinate com-
plexes, suggesting that poor coordination ability is a general
characteristic of peroxide chemistry unless deprotonation
occurs.'® This was further supported by '°F, **Sc, "'Ga, "*’In
NMR studies that failed to detect hydrogen peroxide coordination
to scandium(m), gallium(m), or indium(m) in 95-97 wt% H,O,
solutions of K;[ScF], K5[GaFg], and K[InFg]."

Until recently, the absence of isolated, structurally charac-
terized hydrogen peroxide complexes prevented explanation of
their formation in aqueous solutions at the ultralow concen-
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trations found in biological systems. The first crystal structure
of a zinc-hydrogen peroxide complex revealed two hydrogen
bonds between coordinated H,0, and tosyl groups of adjacent
ligands, suggesting the second coordination sphere plays a
crucial role in the stabilization of hydrogen peroxide
complex.”® Subsequent NMR studies confirmed hydrogen per-
oxide coordination in analogous Co(m) complexes in non-
aqueous solutions.*' Recently, a new synthetic approach using
coordinatively unsaturated p-block elements and neat hydro-
gen peroxide has been developed.”” These H,0, complexes
were obtained in tin tetrachloride solutions (verified by NMR
spectroscopy) and crystallized using 18-crown-6 as a second-
sphere stabilizer. X-ray studies combined with DFT calcu-
lations demonstrated how primary and secondary interactions
synergistically stabilize hydrogen peroxide ligands. In the
present work, we successfully extended this approach to coor-
dinatively saturated indium(i) chloride - a Lewis acid isoelec-
tronic with tin(v) chloride - chosen because In(m) better
mimics peroxidase’s Fe(u) center in size, charge, and polariz-
ing ability.>® Being formally tricoordinated, this compound is
coordinatively saturated in the solid state that affects its solu-
bility. A kaleidoscope of crystallized adducts provides new
insights into InCl; dissolution and hydrogen peroxide coordi-
nation. NMR studies in diethyl ether solution support H,O,
coordination to indium despite the presence of competitive
CLIn---OEt, interactions. X-ray and DFT results highlight the
importance of secondary H,0, interactions, leading to a new
concept of hydrogen bond-activated hydrogen peroxide
coordination.

Results and discussion
Crystallization from InCl;-H,0,-crown ether system

Indium(ur) chloride is a solid under ambient conditions, with
a layered structure formed by a roughly cubic close-packed
arrangement of chloride ions and indium cations occupying
octahedral voids between alternate pairs of anionic layers. The
indium(ur) coordination octahedra are linked into sheets paral-
lel to the (001) plane.** InCl; dissolves readily in water but not
in neat hydrogen peroxide. When placed in 99.9 wt% H,0,,
InCl; crystals remained unchanged at the bottom of the vial,
with only occasional gas bubbles released from their surface.
Thus, we employed macrocyclic crown ethers not only as
second-sphere stabilizers for the putative peroxide complex (a
strategy successful for SnCl, complexes®*) but also as ligands
to solubilize coordinatively saturated InCl; in non-coordinat-
ing H,0,, given known precedents for crown ether-indium
halide complexes.>®*” To achieve this, liquid 15-crown-5 or a
solution of 18-crown-6 in hydrogen peroxide was added to a
dispersion of InCl; in H,0,, resulting in partial dissolution.
The mixtures were kept overnight at —20 °C for crystallization.
The resulting prismatic crystals were coated in perfluorinated
oil and subjected to scXRD analysis. In addition, the obtained
polycrystalline sample was analyzed by powder X-ray diffrac-
tion, recorded on a single-crystal diffractometer.
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Surprisingly, scXRD revealed that the use of 15-crown-5
yields a disproportionation product: [InCl,(15-crown-5)][InCl,]
(1; Fig. 1 and Fig. S1). The obtained diffraction pattern corres-
ponds to the pattern simulated based on scXRD data for
complex 1 (Fig. S2). Such ionic complexes are known for Group
13 M(m) halides with macrocyclic ethers,>***?° but [InCl,(15-
crown-5)|[InCl,] had only been spectroscopically characterized
in anhydrous SOCIL,.>” Thus, in our system the anhydrous
hydrogen peroxide merely acted as a high-polarity solvent pro-
moting InCl; disproportionation. Similar disproportionation
was reported for Et,0-MI; (M = Ga, In) reacting with 18-crown-
6.>> However, InCl; dissolves sluggishly in diethyl ether
despite high ultimate solubility, consistent with the energy
required to reorganize the coordination polymer into a mole-
cular monomer.* Given the rapid formation of 1, we hypoth-
esized that 15-crown-5 coordination accelerates InCl; dis-
solution in anhydrous H,0,. Attempts to replicate this with
18-crown-6, however, yielded an octahedral adduct,
[InCl;3(H,0,)(H,0),]-18-crown-6 (2) (Fig. 2), rather than the
expected ionic product (Scheme 1).

Fig. 1 The asymmetric unit in the crystal structure of 1. Displacement
ellipsoids are shown at 50% probability level. H-atoms of macrocyclic
ether and disordered fragment of 15-crown-5 ether are omitted for
clarity.

Fig. 2 Fragment of the crystal structure of 2. Displacement ellipsoids
are shown at 50% probability level. H-bonds are shown by dotted line.
H-atoms of macrocyclic ether are omitted for clarity. Symmetry oper-
ations: (i): —x + 1, =y + 2, —z + 1; (ii): —=x + 1; =y + 1, —z. The asymmetric
unit contains one InCls(H,O,)(H,0), moiety and two crystallographically
independent 18-crown-6 molecules lying on an inversion centre.

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Complexation of indium trichloride and hydrogen peroxide as confirmed by scXRD.

The indium center in the cation [InCl,(15-crown-5)]" adopts
a slightly distorted pentagonal bipyramidal geometry (Fig. 1),
with In-O distances ranging from 2.216(9) to 2. 300(9) A and
In-Cl distances of 2.390(2) and 2.399(2) A (Table S2). The
crown ether is disordered over two positions with a 50/50 occu-
pancy ratio. In contrast to the relatively symmetric cation in 1,
its iodide analogue [InI,(18-crown-6)]" exhibits longer In-O
distances (2.43-2.96 A) within a flat oxygen belt.>® Notably,
when 18-crown-6 coordinates to the more acidic InCl,", several
oxygen atoms become even more loosely bound, potentially
forming hydrogen bonds with H,0, (or H,O produced by per-
oxide decomposition). This likely facilitates system reorganiz-
ation, leading to a different complex upon substituting
15-crown-5 with 18-crown-6. In 2, the coordinated hydrogen
peroxide adopts a skew geometry (Fig. 2), with a torsional
angle of 108(4)° and an O-O distance of 1.457(2) A (Table 1
and Table S2), consistent with those in crystalline H,0,*' and

peroxosolvates.*** The In-OpP (OpP - proximal oxygen atom
of H,0, coordinated to In) distance (2.469(1) A) is significantly
longer than the In-Ow (Ow — oxygen atom of H,O coordinated
to In) distances (2.215(1) and 2.184(1) A). For comparison, the
In-Oy distances in the crystal structure of the previously
described aqua complex [mer-In(H,0);Cl;]-18-crown-6 are
2.220(3) and 2.235(4) A, while in the reported crystal structure
of [fac-In(H,0);Cl;]-18-crown-6-2H,0 the In-Oy distances are
2.2098(18) A, 2.219(2) A and 2.197(2) A.*® For the crystalline
complex [In(H,0),Cl;]-15-crown-5 In-Oy, distances of 2.196 A
and 2.213 A are reported.*® Both aqua ligands in 2 form mod-
erately short H-bonds with crown ether oxygens (Oc), with
Ow-+-Oc distances of 2.779(2)-2.841(2) A (Table S3), typical for
non-acidic hydrates. This results in infinite chains of alternat-
ing InCl3(H,0,)(H,0), and 18-crown-6 moieties (Fig. 2 and
Fig. S3). Coordinated hydrogen peroxide molecule in complex
2 forms two hydrogen bonds: the proximal O-H group is

Table 1 Selected geometric parameters (distances in A, angles in °) obtained by scXRD analysis characterizing geometry of indium-bound hydrogen

peroxide and its hydrogen bonding

d(Op---base)
Complex d(In-Op) d(0-0) Torsion angle H-O-O-H Proximal Distal
2 2.469(1) 1.457(2) 108(4) 0(1)---0(7) 2.792(2) 0(2)--Cl(2) 3.128(2)
4 2.328(3) 1.464(4) 92(5) 0(7)--0(6) 2.557(4) 0(8)-+-Cl(6) 3.033(3)
5 2.17(2) 1.470(13) 102(8) 0(1)---0(9) 2.78(2) 0(2)-0(7) 2.602(7)

This journal is © The Royal Society of Chemistry 2026
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hydrogen bonded to the crown ether oxygen with an OpP---O¢
distance of 2.792(2) A, while the distal O-H group interacts
with the chloride ligand (d(0p---Cl) = 3.128(2) A, where Op" -
distal oxygen atom of H,0, ligand).

A polycrystalline sample of complex 2 was analyzed by
powder X-ray diffraction (pXRD) in perfluorinated oil at room
temperature. The resulting pXRD pattern (Fig. S4a) contains
reflections that match the crystal structure of complex 2
(marked with asterisks). In addition, the obtained diffracto-
gram contains reflections that presumably correspond to the
crystal structure of [mer-InCl3(H,0)3]-18-crown-6.>°*¢ However,
the X-ray diffraction pattern recorded from a polycrystalline
sample of complex 2 at 100 K on a single-crystal diffractometer
is matches the simulated pattern obtained from scXRD data
(Fig. S5).

The IR spectrum of complex 2 was virtually identical to that
of the previously described triaqua-indium(u) complex [mer-
InCl(H,0);]-18-crown-6>® (Fig. S6), which was additionally syn-
thesized according to the procedure described in the SI and
identified by pXRD (Fig. S7). Thus, as with the previously
described zinc complex,®® despite our best efforts, we were
unable to detect IR bands that could be attributed to hydrogen
peroxide ligands.

The polycrystalline sample of complex 2 was additionally
explored by differential thermal analysis (DTA) and thermogra-
vimetry analysis (TGA) (Fig. S8).

The crystallization of [InCl;(H,0),(H,0,)]-18-crown-6 (2)
from an InCl3/H,0,/18-crown-6 dispersion might suggest
insufficiently dry reagents. However, we used the same batch
of 99.9 wt% H,0, to prepare 1 with 15-crown-5. Also, an anhy-
drous H,O, complex has been isolated previously from a
similar SnCl, system.”> Thus, water formation likely stems
from H,0, decomposition catalyzed by InCl;, consistent with
the observed O, bubbling. Since InCl; dissolution in H,O, is
apparently initiated by crown ether addition (yielding either
anhydrous 1 or aqua-peroxide 2), we hypothesized that macro-
cycle coordination accelerates dissolution. However, aqua
ligand binding to In(ur) may also promote solubility. To accel-
erate InCl; dissolution and minimize H,0, decomposition, we
decoupled InCl; monomerization from dissolution in hydro-
gen peroxide by first synthesizing an anhydrous 18-crown-6
adduct for subsequent H,0, reaction.

Adding an 18-crown-6/Et,O solution to InCl;/Et,O one
yielded to formation of complex [fac-InCl;(18-crown-6)] (3)
(Fig. 3). In 3 indium adopts a distorted octahedral geometry,
being coordinated by three oxygen atoms of 18-crown-6
(Fig. 3). The In-Oc distances span 2.255(7)-2.321(9) A, while
In-Cl distances are in the range 2.385(3)-2.396 A (Table S2).
Coordination to In(im) severely distorts the macrocycle (Fig. 3).
The powder X-ray diffractogram of the obtained polycrystalline
sample (Fig. S10) corresponds to the pattern simulated from
the scXRD data for complex 3.

Complex 3 dissolves readily in 99.9 wt% H,0,, yielding
colorless crystals of the disproportionation product [InCl,(18-
crown-6)] [InCl,(H,0,)]” (4; Fig. 4) upon storage at —20 °C
overnight. The X-ray diffraction pattern recorded from a poly-
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C(20) 0(25) C(23) ce)
Fig. 3 Fragment of the crystal structures of InClz; complex with 18-crown-
6 ligand (3). Displacement ellipsoids are shown at 50% probability level.
H-atoms of macrocyclic ether are omitted for clarity. Symmetry operation:
(i): =x + 1, —=y + 1, —z + 1. The asymmetric unit of 3 is represented by three
molecules of [fac-(InCls)(18-crown-6)] complex (Fig. S9). The crown ether
ligand of one of coordination units is partially disordered between two posi-

tions with the 0.626(8)/0.374(8) occupancy ratio.

Fig. 4 Asymmetric unit of the crystal structure of 4. Displacement ellip-
soids are shown at 50% probability level.

crystalline sample of complex 4 at 100 K on a single-crystal
diffractometer is matches the simulated pattern obtained from
scXRD data (Fig. S11). Unlike the related 15-crown-5 complex
1, the InCl,™ anion in the crystal structure of complex 4 coordi-
nates a hydrogen peroxide molecule (Fig. 4 and Fig. S12). In
contrast to its iodide analogue, [Inl,(18-crown-6)]",>®> which
features a flat macrocycle, the 18-crown-6 molecule in complex
4 adopts a bent conformation, with one oxygen atom not coor-
dinating the indium(m) center. Instead, this oxygen forms a
short hydrogen bond (with the OpP---Oc separation 2.557(4) A,
Table S3) with the proximal OH group of the H,0, molecule
coordinated to the InCl,~ counterion. This distance is slightly
longer than the shortest OpP---O¢ contact in H,0,-SnCl, com-
plexes (2.542(5) A),?* indicating enhanced hydrogen bonding

This journal is © The Royal Society of Chemistry 2026
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due to H,0, coordination to the Lewis acid, which stabilizes
the peroxide adduct. The distal OH group of the H,0, ligand
further engages in a hydrogen bond (3.033(3) A) with the
apical Cl atom of an adjacent [InCl4(H,0,)]” anion, forming a
zig-zag chain (Fig. 5). This Op?---Cl distance is ~0.1 A shorter
than in complex 2 and in H,0,-SnCl, systems (3.114(4) A).>
Concurrently, the [InCl,(18-crown-6)]" cations assemble into a
separate chain via short C-H---Cl interactions between adja-
cent cations and [InCl,(H,0,)]” anions (Fig. S12). The dispro-
portionation of indium trichloride in both complexes 1 and 4
appears to be driven by the use of polar hydrogen peroxide as
the solvent. The crystal structure of 4 confirms the absence of
water, demonstrating that the strategy of employing crystalline
adduct 3 as a precursor for the synthesis of an anhydrous
indium(m) hydrogen peroxide complex was successful. When
water is introduced into the reaction system - for example, by
using 95 wt% H,0, instead of anhydrous hydrogen peroxide —
the same adduct 3 yields the diaqua hydrogen peroxide
complex 2 (Scheme 1). Complex 2 can also be prepared by
adding water (10 equivalents per In(m) as 95% hydrogen per-
oxide) to crystals of complex 4 in the mother liquor (Fig. S13
and Scheme 1). In contrast, adding water (5 equivalents per In
(m) as a 0.2 M solution in diethyl ether) to crystals of complex
4 results in the formation of the previously described [mer-
InCl;(H,0);] 18-crown-6 (Fig. $14).>>

Crystallization from InCl;-Et,0-H,0,-18-crown-6 ether system

Since the preliminary monomerization of indium(m) chloride
as complex 3 proved to be a successful strategy for preparing
In(m) hydrogen peroxide complexes from coordinatively satu-
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rated crystalline indium(ur) chloride, the next step to make was
to use a solution of InCl; in diethyl ether for H,O, complexa-
tion, bypassing the crystallization of intermediate 3. When the
solution of 18-crown-6 and 99.9 wt% hydrogen peroxide in
ether was added to an ethereal InCl; solution, the hydrogen
peroxide complex [fac-InCly(H,0,)0.5(H20)0.5]-18-crown-6 (5,
Fig. 6 and Fig. S15) precipitated. The water content in complex
5 may be attributed to partial decomposition of hydrogen per-
oxide during the synthesis. The X-ray diffraction pattern
obtained from a polycrystalline sample of complex 5 at 100 K
on a single crystal diffractometer contains reflections (marked

Fig. 6 The asymmetric unit in the crystal structure of 5. Displacement
ellipsoids are shown at 50% probability level. H,O,/H,O occupancy ratio
is 50/50. H-atoms of macrocyclic ether are omitted for clarity.

Fig. 5 Supramolecular organization of [INCl,(18-crown-6)][InCl4(H,O,)] (4) in the solid state. H-atoms of macrocyclic ether are omitted for clarity.

This journal is © The Royal Society of Chemistry 2026
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with an asterisks) that match the simulated pattern obtained
from the scXRD data of complex 5 (Fig. S16).

The scXRD analysis of 5 revealed the H,0,/H,O occupancy
ratio of 50/50. The isomorphous substitution of H,O, by H,O
has been well studied in crystalline peroxosolvates®*** and was
also observed in the zinc-H,0, complex, where the peroxide/
water ligand occupancy ratio was 52/48.%° The In-O distances
in 5 are 2.283(3) and 2.331(3) A, similar to those in 3. The final
refinement of the crystal structure of 5 results in the O-O dis-
tance in the hydrogen peroxide molecule of 1.470(13), while
the In-Op and In-Oyy distances are 2.17(2) and 2.284(19) A,
respectively (Table 1; Table S2). The longer In-Oyy distance, as
compared to In-Op, is apparently explained by the O-H:--Oc¢
hydrogen bonding of both ligands with the non-disordered
crown ether (Fig. 6). In the zinc(un) complex with hydrogen per-
oxide,?® the Zn-Oy, distance corresponding to the coordination
bond of the aqua ligand was also found to be slightly longer
compared to that for the hydrogen peroxide ligand, Zn-Op
(2.185(10) and 2.171(10) A, respectively), despite the disorder-
ing of one tosyl group of the second coordination sphere,
adapting to the isomorphic substitution of H,O,/H,0.

In 5, both H,O and H,O, ligands act as proton donors,
forming intramolecular hydrogen bonds with the oxygen
atoms of 18-crown-6. As previously established, hydrogen
bonds of H,0, possess shorter OH---base distances than those
of H,O in isostructural adducts due to H,0, greater
acidity.***” This is also true for the crystal structure of 5,
where the Ow(H)---O¢ distances for water are 2.83(2) and 2.97
(2) A, whereas for hydrogen peroxide the donor-acceptor dis-
tances Op(H)--Oc are 2.78(2) A (proximal OH) and 2.602(7) A
(distal OH) (Table S3). The shorter distal OH hydrogen bond in
5 (vs. the proximal one) contrasts with the trends observed in
2, 4, and SnCl,-H,0, complexes,>* likely due to H,0,/H,O iso-
morphic substitution. This agrees with findings in a zinc(u)
complex, where the distal H,O, oxygen formed a shorter
hydrogen bond (d(O---O) = 2.552(9) A) than the proximal one
(2.723(15) A).”° Thus, the isomorphic substitution of water and
hydrogen peroxide ligands results in a discrepancy between
their acid-base properties and the geometric parameters of
these ligands within the complex - specifically, the distances
associated with coordination and hydrogen bonds. This point
warrants attention in future analyses of hydrogen peroxide-
containing crystal structures.

Interestingly, all attempts to synthesize the hydrogen per-
oxide complex 4 by altering the reagent ratios in a solution of
InCl; in diethyl ether were unsuccessful - likely due to the low
polarity of the reaction system, in which diethyl ether is the
predominant solvent. This supports the above hypothesis that
the disproportionation of In(m) chloride into [InCl,]"[InCl,]™ is
driven by the high polarity of hydrogen peroxide, as observed
with other polar solvents (EtOH, CH;CN, THF) in the presence
of auxiliary ligands.*®*°

In summary, while diethyl ether dissolves crystalline InCl;
(unlike pure anhydrous hydrogen peroxide), the addition of
H,0, to the solution causes the ether to lose the competition
for In(m) coordination to the weaker ligand, hydrogen per-
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oxide. To investigate this phenomenon we performed 'H NMR
experiments and DFT calculations, assuming that hydrogen
bonding between H,0, and diethyl ether modifies the pro-
perties of H,O,. Curiously, nearly a century ago, the formation
of an ether-H,0, adduct was proposed based on non-linear
density changes and exothermic mixing.*!

'H NMR spectroscopy

To confirm the formation of ether-H,0O, adduct in solution,
'H NMR spectra of 0.03 M solutions of hydrogen peroxide in
ether were recorded at different temperatures (Fig. S17). The
signal of hydrogen peroxide proton at 25 °C and 0 °C is asym-
metric and broadened (Fig. S17a and b), becoming even more
complex upon further cooling to —20 °C and —40 °C (Fig. S17c
and d). This is probably a result of H,0, self-association and/
or its hydrogen bonding with diethyl ether. Cooling the solu-
tion shifts the hydrogen peroxide signal downfield from
9.73 ppm at 25 °C to 10.04 ppm at —40 °C (Fig. S17). This is
explained by the increased abundance of hydrogen-bonded
species, which experience greater deshielding, and a decreased
exchange rate.*>*3

The "H NMR spectroscopy was used by Wallen and co-
workers to study coordination of hydrogen peroxide to a metal
center of zinc(u) and cobalt(i) complexes supported by tris(2-
tosylamidoethyl)amine (Tsstren) ligand.?®?! It was shown that
the addition of 1 equiv. of H,0, solution to a solution of
[nBuyN][(Tsstren)Zn"] in dg-THF results in a 0.45 ppm down-
field shift of the H,O, proton resonance (9.85 ppm) relative to
free H,0, (9.40 ppm) in dg-THF, which increases with the
temperature decrease. These NMR spectral data indicate the
H,0, coordination and strong intramolecular hydrogen
bonding in its complex with zinc.”?® Similar experiments for
[nBu,N][(Tsstren)Co™] complex revealed the appearance of a
broad signal at 5.9 ppm, which shifted downfield to 8.8 ppm
(closer to that of free H,O, at 9.4 ppm) over time due to the
decomposition of H,0,. The authors concluded that this
shifted H,O, resonance is the first direct evidence that H,0, is
binding to Co™.*

To find out whether H,0, forms complex with InCl; in
diethyl ether we performed "H NMR studies in analogous
manner by adding 1 equiv. H,O, to InCl; solution (0.03 M) at
0 °C. "H NMR spectrum of this solution revealed 0.1 ppm
downfield shift of H,O, proton resonance compared to free
H,0, in diethyl ether (Fig. 7; see Fig. S18 for full spectra). This
can be attributed to the coordination of the hydrogen peroxide
molecule to indium(m), which alters the effective deshielding
of H,0, protons. Moreover, the addition of indium trichloride
to the system induces more than tenfold broadening of the
H,0, signal, with the line shape becoming symmetric (Fig. 7).
At —40 °C, the full width at half-maximum (FWHM) increases
from 3.9 Hz for H,0, alone to 41.9 Hz in presence of the InCl;
(molar ratio 1:1); at 0 °C, it rises from 1.6 to 12.7 Hz. This is
consistent with chemical exchange of hydrogen peroxide
protons that became non-equivalent due to the k'-coordi-
nation of H,0, with In(m). The enhancement of the proton

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Fragments of !H NMR spectra of H,0; in Et,O (0.03 M) at 0 °C
(@), =40 °C (b) and its equimolar mixture with InCls in Et,O at 0 °C (c)
and —40 °C (d).

exchange process can be caused by an increase in the acidity
of H,0, due to coordination with indium(u).

Our attempts to apply the **In NMR method to character-
ize the complexation of indium chloride were unsuccessful
due to the high quadrupole moment of the '*In nucleus.
Details are presented in the SI—in Fig. S19 and in characteriz-
ation section.

DFT calculations

DFT calculations at the ©-B97xD/Def2-TZVPP theory were per-
formed using dimethyl ether (Me,O) and diethyl ether (Et,O)
as model ethers (see SI for more details). All the computed
complexation energies (AE), enthalpies (AH) and Gibbs free
energies (AG) are gathered in Table S4. Herein we mainly
discuss the complexes formation enthalpies, which are less
sensitive to the entropic contribution, together with the o-
lumps (i.e., molecular electrostatic potential (MEP) minima),
serving as a measure of atomic basicity.** For instance, the
MEP minima for ether oxygen in Me,O and Et,O are —35.5 and
—36.6 kcal mol™, respectively, while those for H,O and H,0,
are of comparable magnitude but differ by several units
(Table 2). Hydrogen peroxide exhibits lower basicity than water,
with MEP minima of —33.4 and —39.5 kcal mol™, respectively,
making H,O the preferred base for binding acidic sites.
Conversely, both water and hydrogen peroxide can act as proton
donors in hydrogen bonds, with H,O, dominating such inter-
actions due to its more acidic protons. This is consistent with
the identical dimerization enthalpies (AH® = —2.8 keal mol™")
for H,O and H,0, dimers featuring a single O-H---O bond,

This journal is © The Royal Society of Chemistry 2026
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Table 2 MEP minima values (Vs, min, in kcal mol™) on oxygen atoms of

water, hydrogen peroxide and their hydrogen bonded complexes.
Complex formation enthalpies (AH, in kcal mol™)?

Vs, min AH

H,O -39.5

(H,0), -48.5 2.8
H,0, -33.4

Linear (H,0,), -43.4 -2.8
Cyclic (H,0,), -29.0 -4.5
H-O-H---O,H, -48.9 -1.8
HO-O-H---OH, —44.6 —4.2
H,O0-im” -59.5 -5.1
H,0,-im? —54.5 -7.5
Et,O -36.6

Me,O -35.5

HO-O-H---OEt, -45.6 —-5.7
HO-0-H---OMe, -45.8 -4.9
0,H,--2(0Me,) -56.1 -10.5
H-O-H---OMe, —-50.6 -3.5
OH,--2(OMe,) -58.7 7.4

“Calculated at the ®B97XD/def2-TZVPP level relative to the isolated
reactants in water.  im = imidazole.

whereas the hydrogen bond from water to peroxide, O-Hyy---Op,
is less favorable than the reverse O-Hp-+-Oy, (Table 2).*>*°

Hydrogen bonding through an OH group proton increases
the basicity of the participating oxygen. For example, the o-
lump on H,0, oxygen becomes 21.1 kcal mol~" more negative
upon hydrogen bonding with imidazole (a model base used to
study H,0, coordination to Sn(iv)*?) surpassing the basicity of
free H,O by as much as 15 kcal mol™'. In the H,0,-H,0O
complex where hydrogen peroxide is a proton donor, O-
Hp---Ow, the enhanced peroxide oxygen’s o-lump (—44.6 kcal
mol™") exceeds that of both free H,O and linear H,0, dimer
(—43.4 kcal mol™; Fig. 8, left). Thus, trace water in neat H,0,
should enhance its basicity and ability to coordinate the Lewis
acids. A similar effect occurs with ethers, though their intrin-
sic basicity is only 2-3 kcal mol™" higher than free H,0, (but
lower than H,0). Coordination to one Me,O molecule raises
the H,0, oxygen o-lump to —45.8 kcal mol™" (Table 2), while a
second Me,O nearly doubles this effect (—56.1 kcal mol™;
Fig. 8, right). Consequently, H,0, activated by O-Hp---O hydro-
gen bonds with ethers becomes a superior Lewis base com-
pared to isolated H,O, or its dimer. We leveraged this
phenomenon when synthesizing InCl;-H,0, complexes from
diethyl ether solutions (vide supra). However, ether solutions
must exclude water, as ether activates H,O in a similar manner
as H,0,, rendering H,0 an even stronger base (Table 2).

We probed also hydrogen peroxide’s ability to form com-
plexes with [InCl,]”, which serves as an excellent model for
studying base coordination. This anion features a single
primary coordination site (the quadruply degenerate ¢-hole of
the tetrahedral structure), whose occupation stabilizes a trigo-
nal bipyramidal geometry. As an anionic Lewis acid (formally
an electrophile), [InCl,]” exhibits high sensitivity to base
strength. Although the electrostatic potential at the 0.001 a.u.
van der Waals surface of this compact anion is uniformly nega-
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Fig. 8 The molecular electrostatic potential (MEP) surface at 0.001 a.u. for linear H,O, dimer (left) and hydrogen bonded complex of H,O, with
two Me,O molecules (right). MEP minima (Vs min, in kcal mol™?) are shown as red dots, blue dots correspond to the MEP maxima.

tive due to its overall charge, we still could identify a local MEP  these c-holes serve as binding sites for bases, as illustrated by
maximum (Vs, max) positioned along the In-Cl bond axis on complexes with H,O, (Fig. 9). A single H,O, molecule forms
the tetrahedron’s opposite face coinciding with the o*;,q an exceptionally weak complex (AH = —0.6 kcal mol_l) that
orbital location (Fig. S20). Despite its negative Vs max value, barely perturbs [InCl,]” tetrahedral geometry (Fig. 9).

Fig. 9 Structures of [INCl,]~ Lewis adducts with H,O, with principal distances (A). Deviations of In atom from Clz plane are in italic.
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Intriguingly, “self-activation” via hydrogen bonding to a
second [InCl,]” anion only marginally strengthens the complex
(AH = -1.8 keal mol™). This limited enhancement reflects
indium tetrachloride poor hydrogen-bond affinity for H,O,
(AH = —4.1 kecal mol™" for two O-Hp---Cl bonds), yielding negli-
gible basicity amplification. In contrast, H,O, activated by
H-bonding to one or two Me,O molecules forms significantly
more stable complexes (AH = —4.0 and —4.8 kcal mol™,
respectively, relative to solvated species), featuring shorter In-
Op distances and a pronounced shift toward a bipyramidal
geometry (Fig. 9 and Fig. S21).

Conclusions

This work demonstrates that the synthetic approach using
neat hydrogen peroxide and crown ethers for preparing and
crystallizing H,O, complexes of compounds soluble in hydro-
gen peroxide can be extended to reactions with coordinatively
saturated compounds, such as solid indium(u) chloride. The
diaqua hydrogen peroxide complex [InCl3(H,0),(H,0,)]-18-
crown-6 (2) was crystallized from a dispersion of solid InCl; in
H,0, after adding 18-crown-6. Since crystalline InCl; is in-
soluble in H,0,, we propose that 18-crown-6 coordination
facilitates its dissolution. Indeed, the pre-synthesized InCl;-
18-crown-6 adduct (3) readily dissolves in H,0, and
reassembles, yielding the complex [InCl,(18-crown-6)][(H,0,)
InCl,] (4), where H,O, coordinates to the anionic Lewis acid
[InCl,]". Anhydrous H,0, acts as a high-polarity solvent, pro-
moting InCl; disproportionation into [InCl,]'[InCl,]”. This is
corroborated by the crystallization of [InCl,(15-crown-5)][InCl,]
(1) from neat H,0,. The absence of H,0, ligands in 1 stems
from the reduced basicity of all 15-crown-5 oxygens upon In(u)
coordination, whereas in 4, one uncoordinated 18-crown-6
oxygen forms a hydrogen bond with H,0,. This interaction
activates H,0,, enhancing its oxygen’s coordination to [InCl,]~
as supported by DFT calculations.

Diethyl ether (Et,0) emerged as a unique solvent for dissol-
ving coordinatively saturated precursors and synthesizing
H,0, complexes. Although Et,O typically outcompetes H,O, in
coordination to Lewis acids, their mixture reverses this trend
due to O-Hp:--O hydrogen bonding, which amplifies H,0,
basicity. A similar mechanism likely applies to crown ethers.
This principle enabled the crystallization of [fac-
InCl3(H,0,)0.5(H20)0.5(18-crown-6)] (5) from Et,O. Notably,
complex 2 was also prepared by reacting InCl;/Et,O with
95 wt% aqueous H,0,, eliminating the need for pure H,0, as
a solvent. This Et,O-based route significantly improves the
accessibility and safety of H,0, complexes synthesis.
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