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Halogen-bonded complexes are utilized across a myriad of synthetic chemistry fields, with halogen(i)
complexes such as Barluenga's reagent being ubiquitous in halogenation reactions. The preparation of
Barluenga's reagent requires the use of heavy metal salts and vast amounts of chlorinated solvents. In line
with a more modern, environmentally conscious ethos, halogen-bonded adducts and a halogen()
complex similar to Barluenga's reagent based on N-iodosaccharin were prepared by mechanochemical
processes for the first time. The general absence of solvents or the use of vanishingly small amounts of
ethyl acetate in a liquid-assisted grinding approach during mechanochemical preparations enabled the
homoleptic [(DMAP)-1-(DMAP)]I* iodine(l) complex to be synthesized. The as prepared mechanochemical
materials were used in the iodination of antipyrine, demonstrating their potential use as surrogates for
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Introduction

Noncovalent interactions are an unambiguously important
aspect in nature, as strikingly demonstrated by proteins and
the double helix structure of DNA.' Hence, noncovalent
interactions are extensively studied in the field of natural and
materials sciences.>"® Out of the plethora of these inter-
actions, the concept of 6-hole bonding has attracted vast inter-
est in the last few decades,®™® halogen bonding being the
most prominent ambassador. Discovered in the 19" century,
albeit not named so,"" halogen bonding was the main aspect
of the Nobel prize awarded to the works of Mulliken on the
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Barluenga's reagent in both solution and solid-state syntheses.

chemical bond (1966) and fundamental to the conformational
studies of Hassel (1969)."'2° Since then, the concept of
halogen bonding made its way into various fields,"" e.g., supra-
molecular chemistry,>’>® crystal engineering,>’>° liquid
crystals,> > polymers,>**™°  gels,****  biomolecular
systems,*>™*° or organocatalysis.>*">°

Nowadays, a halogen bond (XB) is defined as the net attrac-
tive interaction between the electrophilic region of a halogen,
the halogen bond donor, and a Lewis base, the halogen bond
acceptor.”” The nature of this attraction is discussed to be
mostly based on dispersion,”®®® charge transfer,®*® and
electrostatic interactions.®®””® Spanning a broad range of inter-
action energies,"" it ranges from weak but distinctive inter-
actions between quinuclidine and iodobenzene [or (iodoethy-
nyl)benzenes (ca. —1.1 k] mol™")]"*”® to strong interactions
found in N-halosaccharin pyridine N-oxide complexes (up to
—120.3 kJ mol™).”® Additionally, XBs offer distinct character-
istics, such as high directionality (interaction angle of ~180°),
short contacts between donor and acceptor [shorter than the
sum of the van der Waals (vdW) radii], and tuneability.""*” As
it presents comparable features, XB is often referred to as the
“(long lost) brother” of hydrogen bonding (HB),”” endowing it
with the potential to become as widely applicable.'**~>®

Considering these similarities, Fourmigué, Espinosa, and
coworkers posed the question: Are halogen-bonded adducts
based on a 1:1 stoichiometry between XB donor and acceptor
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co-crystals or salts (Fig. 1a)?”® As a matter of fact, so far, salt
formation was only observed when dihalogens were reacted
with pyridines (and thiones), leading to N-iodopyridinium
salts, bonded to the halide anion by a XB.”®%?

In Fourmigué’s study, it was reasoned that the position of
the iodine atom in these systems (D-I---A = [D] ---[I-A]")
would define the degree of ionicity. To favor strong halogen
bonds, electron-donating substituents were attached to the C4-
position of the pyridines increasing the electron density on the
sp> nitrogen making it a stronger XB acceptor.”*** A “close-to-
neutral” co-crystal for halogen-bonded complexes between
N-iodosuccinimide and pyridine derivatives was found,
whereas a “close-to-ionic” nature was observed when
N-iodosaccharin (NISac), a much stronger XB donor,”®
used. The predominant ionic character is well-founded by a
much shorter distance between iodine and the sp> nitrogen
atom of the pyridine derivative than the nitrogen atom of the
saccharin. Compared to the “close-to-ionic” nature, a genuine
ionic form based on charge conservation is found in symmetri-
cal trihalide anions and in bis(pyridine)iodine(i) cations.®*™*
One of the most prominent examples is bis(pyridine)iodine(i)
tetrafluoroborate, Barluenga’s reagent (Fig. 1b).”*°" Since its
re-emergence in 1985,°* it (and analogous complexes) has
found a myriad of applications in organic synthesis for oxi-
dations, or as a versatile -electrophilic halogenation
reagent,”* %! e.g., with alkenes, alkynes, and aromatics.'*>"**°
Due to the three-center four-electron bond, the [N-I-N]" iodine
(1) complexes differ from the “classical XB” by manifesting a
strong simultaneous interaction (>—100 kJ mol *)7*!"!
between two electron donor moieties and the electrophilic
iodine atom. This three-center-four-electron halogen bond
should not be referred to as a “coordinative halogen bond”

was
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Fig.1 (a) Schematic representation of the co-crystal and “close-to-
jonic” coordination mode in NIS/NISac based XB complexes. (b)
Molecular structure of Barluenga's reagent (CCDC 202334;} thermal
ellipsoids shown at the 50% probability level; distances are given in
A).947101 (c) Possible asymmetric and symmetric coordination modes of
a three-center-four-electron halogen bond.
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Scheme 1 Schematic representation of the intended exchange reaction

in XB complexes with a “close-to-ionic” halogen bond to prepare sym-
metric and asymmetric iodine()) complexes.

anymore,**»'* simply because halogen(1) complexes and

coordinative metal complexes behave differently. Being a
three-center complex, an asymmetric or symmetric coordi-
nation mode for iodine(:) is possible (Fig. 1c). Therefore, such
complexes have been analyzed in detail by the groups of
Rissanen et al. and Erdélyi et al. in the solid state, as well as in
solution. In these studies, a highly symmetric coordination
mode was found, regardless of the counteranion, substituent
effects, or the solvent.*> "™ Only when two different pyri-
dines, covalently bonded by an aryldiyne linker, viz. a clamp
ligand, are used is an asymmetric halogen bond formed with
iodine(1) located closer to the more electron-rich pyridine.'*?
Then, in 2020, the first unrestrained, asymmetric halogen-
bonded iodine(r) complexes were reported in the solid-state by
Ward et al."™* However, scrambling between asymmetric and
symmetric complexes in solution occurred, demonstrating the
lability and reactivity of these complexes in solution."*>'*®
Usually, bis(pyridine)halogen(i) complexes like Barluenga’s
reagent are prepared in a two-step Ag(i) to I(1) cation exchange
reaction."””""** Initially, the corresponding Ag(i) complex is
formed, which then reacts with molecular iodine to form the
desired iodine(r) complex in a metathesis reaction. Not only
does this approach involve the use of heavy and expensive
metal salts (originally, even HgO was applied)® but also gener-
ates a tremendous amount of by-products (i.e., precipitated Agl
or AgBr) while using an extensive volume of chlorinated
solvent."'” Motivated by the description of a “close-to-ionic”
coordination mode in NISac-based XB complexes,”® the prepa-
ration of bis(pyridine)iodine(i) complexes by an exchange reac-
tion of the saccharinato anion with another pyridine-based XB
acceptor (Scheme 1) was targeted."® Not only would this
approach avoid the use of heavy metals but hopefully lead to a
straightforward synthesis of symmetric iodine() complexes
making use of the entatic iodine atom in the XB complex.

Results and discussion
Preparation of NISac-based XB complexes in solution

The investigation began via the preparation of four complexes
with halogen bonds between NISac (1) and pyridine derivatives
2. 4-Dimethylaminopyrdine (2a, DMAP), 4-pyrrolidinopyridine
(2b, PPY), 4-morpholinopyrdine (2¢, MPY), and 4-piperidino-
pyridine (2d, PiPY) were selected for the preparation of the
corresponding XB complexes 3a-3d that would offer a “close-

This journal is © the Partner Organisations 2024
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to ionic” XB based on the results of Fourmigué’s study. After
slowly evaporating solutions containing equal amounts of XB
donor 1 and the selected pyridine derivative 2, crystals suitable
for single crystal X-ray diffraction (SCXRD) analysis were
obtained and compared to structures reported in the literature
where available.'! The corresponding X-ray crystal structures
of desired XB complexes 3a-3d are shown in Fig. 2.

In all cases XB complexes with a 1:1 stoichiometry and
close to linear coordination geometry were formed with a very
short N-I--:N' halogen bond. Even though the distance
between donor and acceptor does not linearly correlate with
the interaction strength, the normalized contact distance, Rxg,
of the prepared XB complexes are calculated to compare them
with each other as these systems have very similar scaffolds.
The Ryg is defined as the distance between the donor and the
acceptor, dxg [ ], and is divided by the sum of vdW radii [ ] of
the donor (X) and the acceptor (B) [Rxg = dxp/(Xeaw +
Byaw)].**"2°"*® Using 1.55 A for N and 1.98 A for 1,'**™*® com-
plexes 3a and 3d gave a value of 0.63, and a value of 0.64 for 3b
and 3c. A more detailed analysis of the crystal structures
revealed possible secondary interactions (see ESI, Fig. S3-
S10t). For 3a m-stacking is present, with centroid-to-centroid
distances of ca. 3.71 A (between the aromatic rings of DMAP
and the N-iodosaccharin). The secondary interactions are
present in each complex and their Rxg value variation is negli-
gible, indicating that crystal packing of very strong
N-iodosaccharin-pyridine XB complexes does not have an
impact on the N-I---N" halogen bond itself. These observations
are in accordance with the work of Fourmigué and Espinosa,
who observed the same secondary interactions for a different
polymorph of XB complex 3a as well.”® Due to iodine transfer
from N-iodosaccharin to the base occurring in 3a-3d, the

? .
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Fig. 2 X-ray crystal structures of XB complexes between NISac and (a)
DMAP (3a), (b) PPY (3b), (c) MPY (3c), (d) PiPY (3d), and corresponding
average reduction ratios, Ryg (thermal ellipsoids shown at the 50% prob-
ability level; distances are given in A).
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binding constants cannot be determined.”® However, iodine
transfer does not occur when the XB acceptor is a less nucleo-
philic pyridine™® or pyridine N-oxide'*° instead of 4-dimethyl-
aminopyrdine (2a, DMAP), 4-pyrrolidinopyridine (2b, PPY),
4-morpholinopyrdine (2¢, MPY), or 4-piperidinopyridine (2d,
PiPY), making binding constant determination possible. The
binding constants for N-iodosaccharin-pyridine’*® and
N-iodosaccharin-pyridine N-oxide”®'*° XB complexes are high,
varying from 236 to 1.44 x 10° and 1180 to 10® M, respectively.
As the XB complexes 3a-3d constituted the foundation of
further studies, a robust and scalable synthesis protocol for
their preparation was devised. During initial crystallization
attempts, colorless precipitates were always found when EtOAc
was used as a solvent. Additional analysis by SCXRD (single
crystal X-ray diffraction) identified them as the desired XB com-
plexes 3a-3d. Therefore, the synthesis of these XB complexes
was attempted by a precipitation procedure (Scheme 2). First,
equimolar amounts of XB donor 1 and the chosen acceptor 2
were dissolved separately in EtOAc, then combined and the
desired XB complex precipitated immediately. Through use of
this protocol, the desired complexes were obtained in high
yields ranging from 81% for 3b to 91% for 3c. Being first per-
formed on a scale of a few milligrams, the protocol was effort-
lessly scaled up to a quantity of 100 mg NISac for complexes 3a,
3¢, and 3d. In addition, a 1 mmol batch gave XB complex 3a in
87% yield demonstrating the robustness of the developed proto-
col. Only in the case of PPY might solubility problems interfere
with the standard protocol. Potential water contamination of
the pyridine derivative results in protonation and therefore in
lower solubility. In this case, pyridine 2b was dissolved in DCM,
combined with a solution of 1 in EtOAc, and kept overnight for
precipitation. If freshly prepared pyridine 2b was used, the solu-
bility increased, and the standard protocol was applied.

Preparation of the symmetric and asymmetric iodine(i)
complexes by crystallization

After obtaining sufficient quantities of 3a-3d, the hypothesis
that a strongly polarized “entatic” iodine atom enabled an

Q.0 Q.0
S\ prempltatnon S\
EtOAc rt
10
e M ¥
e
CryOnl CLpe OO
O 3a,89% O 3b,81%
87% (1 mmol)
éo
/ \ \
@N —-eN] ) ©:\<N I--- @ N
O 3¢,91% O 3d,85%

Scheme 2 Synthesis of XB complexes 3 in the reaction between NiSac (1)
and 4-substituted pyridine derivatives 2 by precipitation. All reactions were
performed on a 0.32 mmol scale. NISac (1, 100 mg, 0.32 mmol, 1.0 equiv.),
pyridine derivative 2 (0.32 mmol, 1.0 equiv.), both dissolved in 1.5 mL EtOAc,
then combined. The XB complexes 3a—3d were isolated by filtration.
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exchange reaction to proceed (Scheme 3) was tested. The
exchange reaction of the N-saccharinato part of complexes 3a-
3d with another XB acceptor 2 would lead to a metal-free syn-
thesis of symmetric or asymmetric iodine(1) complexes 4a-4cd,
similar to Barluenga’s reagent (Scheme 3).

First, as a proof-of-concept, the crystallization of bis(4-di-
methylaminopyridine)iodine(i) complex 4a was performed.
Equal amounts of DMAP and 3a were dissolved in different sol-
vents and kept at ambient temperature for co-crystallization by
slow evaporation. After a few days, crystals suitable for SCXRD
analysis were formed in acetonitrile. The crystal structure con-
firmed the desired iodine(i) complex 4a (4a_1, Fig. 3a) with
symmetric N-I bond lengths, 2.25(1) and 2.25(1) A, of the [N-
I-N]" moiety and a N-I-N angle of 178.0(5)°, very similar to
those reported for Barluenga’s reagent (Fig. 1b). The
N-saccharinato anion does not manifest any interactions with
the iodine(r) cation. When the same reaction was done in
DCM, a slow evaporation of the DCM solution resulted in a
different polymorph of 4a, namely, 4a_2. The geometry of the
three-center-four-electron halogen bond in 4a_2 is very

Oy , [oN; ,
] 2 1 ¥ 2 9 S
Symmetric: Asymmetric:
4a: R' = R? = -NMe, 4ab: R'= -NMe,, R? = —-N(CH,),
4b: R' =R2=_N(CHy)4 4ac: R'= -NMe,, R? = -N(CHy),0
4c: R' = R? = -N(CH,),0 4ad: R'= -NMe,, R? = -N(CH,)s
4d: R' = R% = —N(CHy)s 4bc: R'= —-N(CHy)4, R? = -N(CH,),0

4bd: R'= -N(CH,),, R? = -N(CHy)s
4cd: R'= -N(CH,)40, R? = -N(CHy)s

Scheme 3 Preparation of symmetric and asymmetric iodine() com-
plexes 4a—4cd by an exchange reaction between XB complexes 3 and
the corresponding pyridines 2.

178.0(5)°

A

2.25(1)  2.25(1)

179.4(3)°
[

2.26(1) 2.26(1)

177.7(1)°

{ 2.241(3) 2.248(4) §

i v bt

Fig. 3 X-ray crystal structures of symmetric iodine() complexes 4: (a) [l
(DMAP),I* (4a_1), (b) [I(MPY),]* (4c_1), (c) [I(PiPY) l* (4d) (thermal ellip-
soids shown at the 50% probability level; anions, minor disordered posi-
tions, and solvates omitted for clarity; distances are given in A).
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similar, with a N-I-N angle of 177.67(11)° and N-I bond
lengths of 2.248(3) and 2.250(3) A. Despite the success in the
crystallization of the desired complex 4a, it was realized that
co-crystallization under even slightly altered conditions can
lead to a different composition."*>'® For instance, using DCM
as solvent, the desired bis(2a)iodine(i) cation was formed.
However, the counter anion is not the expected NSac™. Instead,
the linear triiodide was found resulting from a decomposition
of the in situ formed 4a (ESI, Fig. S30-S31}). Besides the
desired complexes, the used starting materials 2a (in proto-
nated form) or 3a tend to crystallize out from the solution,
yielding a complex mixture (ESI, Fig. S23-5297).

Motivated by the presence of crystals of symmetric iodine(i)
complex 4a through the co-crystallization method, the crystalli-
zation of the symmetric iodine(l) complexes 4b-d was
attempted. Unfortunately, the crystallization of complex 4b
from 3b proved to be difficult. In all attempts, only decompo-
sition products, the 2bH-saccharinato salt, or the XB complex
3b was found (ESI, Fig. S27-S29t). Therefore, the crystal struc-
ture of 4b remains unknown. The desired symmetric [2¢-I-2¢]"
complex 4c was successfully crystallized at —20 °C (Fig. 3b)
using pyridine 2c and XB complex 3c as the starting materials
in acetone. The N-1 bond lengths of 2.26(1) and 2.26(1) A, and
the N-I-N angle of 179.4(4)° were found for 4c_1 (acetone
solvate, ESI Fig. S171). Two additional structures for 4c were
obtained, 4c_2 (non-solvated, ESI Fig. S18t) and 4c_3 (chloro-
form solvate, ESI Fig. S19%), with similar XB geometries to
4c_1, with N-I bond lengths of 2.26(1) A (4c_2) and 2.256(7)/
2.251(7) A (4c_3), and N-I-N angles of 180° (4c_2) and 179.4
(3)° (4c_3). Similar behavior was found for complex 4d (Fig. 3c)
which crystallized from DCM at 4 °C using pyridine 2d and XB
adduct 3d as starting materials. It shows N-I bond lengths of
2.241(3) and 2.248(4) A, with a N-I-N angle of 177.7(1)° and
crystallizes as a DCM solvate (ESI, Fig. S21t). In the three pre-
pared symmetric complexes of 4c no secondary interaction on
the [N-I-N]" cation was observed. The slight asymmetry in the
XB bond length for complexes 4c and 4d is very likely caused
by crystal packing, especially as two of these compounds crys-
tallize as solvates. The preparation of asymmetric iodine(i)
complexes 4ab-4cd was then attempted, knowing about the
existence of similar complexes."'*'® As the preparation of the
symmetric iodine(1) complexes 4a, 4c, and 4d was possible by
the exchange reaction between the N-saccharinato anion and
pyridine derivative 2, the same procedure for the preparation
of the asymmetric complexes was used. Equal amounts of the
chosen XB complex 3 and pyridine derivative 2 were used in
the crystallization. Out of the six possible asymmetric iodine(1)
complexes 4ab-4cd, the presence of four complexes (Fig. 4)
was demonstrated by the analysis of the corresponding crystal-
line materials that were formed by co-crystallization. Slow
cooling at 4 °C of a DCM solution over 15 hours resulted in
single crystals of 4ab (Fig. 4a, ESI, Fig. S141). The asymmetric
iodine(1) complex 4ab exhibits a N-I-N angle of 178.6(3)° and
asymmetric N-I bond lengths. The distance for N(2a)-I is
2.258(9) A and for I-N(2b) 2.240(9) A. This result was expected
as the pyrrolidino group was slightly more electron-donating

This journal is © the Partner Organisations 2024
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Fig. 4 X-ray crystal structures of asymmetric iodine()) complexes 4: (a)
[IDMAP)(PPY)I* (4ab). (b) [(DMAP)MPY)I* (4ac), (c) [I(PPY)(PiPY)]* (4bd),
(d) [IIMPY)(PiPY)]* (4cd) (thermal ellipsoids shown at the 50% probability

level; anions, minor disordered positions, and solvates omitted for
clarity; distances are given in A).

than the dimethylamino group. As a result, the electron
density on the sp® nitrogen atom of 2b is higher, making it a
stronger XB acceptor. Starting from XB complex 3¢ and 2a or
vice versa (XB complex 3a and pyridine 2¢), the asymmetric
complex 4ac was crystallized from acetone, or MeCN respect-
ively, at 4 °C (Fig. 4b). Consequently, successful crystallization
cannot be attributed solely to a difference in the relative
(already alike) Lewis base characteristic of the pyridines used,
since otherwise only the symmetrical complex of the stronger
Lewis basic pyridine is to be expected. Therefore, it is reasoned
that the association constants play an important role, too. In a
similar way, complex 4bd was prepared from 3d and 2b using
DCM as a solvent at 4 °C (Fig. 4c). For both iodine(i) com-
plexes, N-I-N angles of 178.4(3)° (4ac) and 177.4(2)° (4bd)
were found. On the other hand, an unexpected symmetric [N-
I-N|" moiety was found with N-I bond lengths of 2.234(5) A
and 2.254(5) A for 4ac and 4bd, respectively. It should be noted
that both 4ac and 4bd demonstrated symmetry-based disorder
of 2a/2¢ (in 4ac) and 2b/2d (in 4bd), and therefore their indi-
vidual N-I bond lengths were indistinguishable from one
another. The fourth asymmetric iodine(i) complex 4cd was pre-
pared by crystallization at —20 °C from 3c and 2d in chloro-
form. It showed the expected asymmetric [N-I-N]" moiety with
a N-I-N angle of 178.9(6)° and N-I lengths of 2.25(1) A
towards 2c and 2.28(2) A for 2d. The implementation of oxygen
in the six-membered ring in the morpholino group makes it a
slightly stronger electron-donating group than the piperidino
group resulting in the distinct difference in bond length
towards the iodine. Complexes 4ad and 4bc were not obtained
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upon crystallization in any of the methods attempted, as the
starting materials or decomposition products crystallized pre-
ferentially. Other products, such as [2bH]I and the [3cH]sac-
charinato salts crystallized out in attempts to prepare complex
4bc, and the [2dH]I; salt for 4ad. As an undesired product, the
symmetric iodine(i) complex 4c was observed in attempts to
prepare the asymmetric complex 4cd from 2c¢ and 3d. Similar
results were obtained in an attempt to crystallize complex 4bc
from 2b and 3c. As asymmetric iodine(r) complexes are also
highly reactive and only a few examples have been
crystallized,"**™"'° the presence of undesired side products was
expected (ESI, Fig. S23-S327). This is underlined by the fact
that all obtained crystal structures of complexes 4ab, 4ac, 4db
and 4cd were obtained at lowered temperatures and [2H]sac-
charinato salts were detected as side products. The combi-
nation of their structural instability in solution and the
described co-occurrence with side products made further
characterization, e.g., by NMR, difficult, and SCXRD remained
the only characterization method for the asymmetric
complexes.

Mechanochemical synthesis of the NISac XB complexes

The crystallization of iodine(r) complexes 4 in solution was suc-
cessful but proved to be difficult due to the observation of
numerous side products. Therefore, a solid-state synthesis
approach was considered to be a promising alternative. Due to
the absence of solvent, the solid-state properties of NISac com-
plexes 3 are unaltered and would enable the direct synthesis of
Barluenga-type iodine() complexes 4. When successful, the
solid-state synthesis could be used for the preparation of
larger quantities of the desired complexes and promote their
application as electrophilic iodinating agents, whilst also pro-
moting an environmentally friendly methodology. For this
purpose, a mechanochemical approach using a mortar and
pestle for triturating the starting materials was adapted.'?*"*3?
The concept of mechanochemistry is defined as the induction
of a chemical reaction by the direct absorption of mechanical
energy.”*® Due to the absence of solvent, shorter reaction
times, cleaner reactions,"®'?*13>11 and access to products
that are inaccessible by other means,"****® mechanochemistry
enjoys increasing popularity in numerous
fields’ISI,136,137,139,141 e'g', Organic Synthesis’132,135,140,142,147
supramolecular chemistry,’*® materials science,
catalysis,*®'*! crystal engineering,">>"*® or coordination
chemistry, just to name a few. Due to the high popularity
and numerous advantages, IUPAC has nominated it as one of
ten innovations with the potential to change the world,**® and
it has already been successfully applied in the contexts of co-
crystallization and halogen bonding.'>®1>27158:161,162

Co-crystal formation between XB donor 1 and acceptor 2a
as a model reaction was selected (Scheme 4). To avoid any
influence of the solvent, a focus was made on ex situ analysis
using IR spectroscopy and PXRD (powder X-ray diffraction) for
optimization and a comparison of spectra to the complexes
obtained from solution. As a first attempt, equal amounts of
NISac and DMAP were mixed in a vial using a spatula. Just by

143,144,146,148

145,159
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Scheme 4 Mechanochemical synthesis of XB complexes 3 from NISac
(1) and pyridine derivatives 2 using EtOAc for a liquid-assisted grinding
(LAG) approach.

this gentle mixing, the desired XB complex, 3a, was not
formed according to IR analysis (ESI, Fig. S447). As a next try,
equal amounts of DMAP and NISac were ground in a mortar.
After 1 minute of grinding, the formation of complex 3a could
already be detected, together with unreacted starting
materials, by IR (ESI, Fig. S45%). A total grinding time of
15 min was necessary to quantitively convert the starting
materials to the desired product according to IR (Fig. 5),
however, the sample was amorphous and could not be ana-
lyzed by PXRD.

Similar behavior was found for the formation of complexes
3b-3d, of which 3d required a longer grinding time due to the
slower conversion reaction (ESI, Fig. S46-S507). The slower
conversion to 3d compared to the fast reaction in solution was
probed by analyzing the XB donor NISac more deeply. The IR
spectrum of NISac (ESI, Fig. S331) showed broad bands in the
region from 3600 to 3200 cm ™' which could be attributed to
OH vibrations. This observation agrees well with an NISac
hydrate, which was indeed confirmed by elemental analysis
and a comparison to the self-prepared sample of 1. Moreover,
a search of the CSD revealed that the reported crystal struc-
tures of NISac occurred either as a halogen bonded hydrate or
a solvate (THF).'” In addition, attempts to prepare non-
hydrated or non-solvated NISac crystals failed. Based on these
findings, it was assumed that the hydrate was hampering the
reactivity of NISac in the solid state. Therefore, an investigation
of the positive influence of small quantities of solvent with the
hope of enhancing the reactivity of NISac by liquid-assisted
grinding (LAG) was done.'>"'>*1637166 By adding a single drop
of EtOAc prior to grinding of NISac and DMAP for 1 min, con-
version to complex 3a was observed, and IR (Fig. 5) indicated
its quantitative formation after 5 cycles of adding 1 drop of

Fig. 5 Comparison of IR spectra around 1800-400 cm™" obtained in
the mechanochemical synthesis of XB complex 3a. Black: XB complex
3a from solution. Red: Neat grinding of equal amounts of DMAP and
NISac for 15 min. Blue: LAG (EtOAc) of equal amounts of DMAP and
NISac for 5 min.
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EtOAc and grinding the mixture for 1 min (Scheme 4).
Moreover, freshly prepared XB complex 3a was analyzed by
PXRD. Even though mechanochemically prepared 3a had an
amorphous character, the PXRD pattern was in good agree-
ment with a simulated pattern obtained from the SCXRD ana-
lysis of a solution-prepared pure sample of 3a (ESI, Fig. S747).
Altering the procedure by adding 3 drops at the beginning and
grinding the mixture for 3 min or reducing the amount of
solvent by just adding one drop of solvent did not prove to be
as efficient (ESI, Fig. S51-S53t). Subsequently, the protocol
was extended to the preparation of 3b-3d and successfully con-
firmed by IR and PXRD analysis (ESI, Fig. S54-S57 and S75-
S77%). The milling time for 3¢ and 3d had to be extended to
6 min as traces of starting materials could still be detected in
the IR spectra after shorter grinding times. PXRD analysis of
the mechanochemically prepared complexes 3a-3d confirmed
them to be pure as they perfectly fit with the simulated PXRD
pattern based on SCXRD structures of solution prepared pure
3a-3d (ESI, Fig.S75-S77%). The successful mechanochemical
preparation of NISac complexes 3 was further verified by their
successful subsequent crystallization and confirmation of
their identities from SCXRD studies. In addition to EtOAc as
the LAG solvent, MeCN was also tested as an alternative.
However, the decomposition reaction was visually observed for
2d after only 2 min, as the reaction mixture turned from the
usual colorless powder to a brown slurry. Decomposition
could also be seen by IR analysis (ESI, Fig. S577).

As a proof-of-concept, the developed protocol was trans-
ferred to a planetary ball mill, which would simplify scaling up
of the synthesis, making it more reproducible as it could be
performed under well-controlled conditions. The experiment
was executed for 3a on a 0.2 mmol scale. An agate vessel, 3
agate balls (10 mm in @), and 400 rpm frequency were used.
After ball-milling of equal amounts of 1 and 2a in an agate
vessel for 5 cycles of 1 min and with the addition of one drop
of EtOAc prior to each cycle, 3a was quantitatively obtained
according to IR. Even though the solution approach is quite
straightforward to scale up, the benefits of the mechanochem-
ical protocol are substantial as only minute amounts of the
LAG solvent is used.

Mechanochemical preparation of the iodine(r) complexes

Having demonstrated the successful utilization of a mechano-
chemical protocol for the synthesis of NISac complexes 3, we
attempted to prepare symmetric and asymmetric iodine(r)
complexes 4. The preparation of symmetric iodine(r) complex
4a was selected as the model target. Equal amounts of DMAP
and pure, solution-prepared solid 3a were ground under neat
conditions using an agate mortar. IR analysis of the product
indicated the formation of 4a after 10 min grinding. The
desired complex 4a could already be detected after 2 min
grinding (ESI, Fig. S59 and S6071). LAG using EtOAc was then
applied to probe the possibility of reducing the reaction time.
The LAG experiment consisted of 5 cycles by adding a drop of
solvent and grinding equal amounts of starting materials 2a
and 3a in an agate mortar (Scheme 5, route A). Not only did

This journal is © the Partner Organisations 2024
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Scheme 5 Investigated mechanochemical routes towards iodine()

complex 4a.

the reaction quantitatively produce desired 4a after 5 min grind-
ing, but it also allowed us to use other solvents such as DCM,
CHCI3, acetone, or MeCN (ESI, Fig. S61 and S62t). To further
utilize the mechanochemistry in two subsequent reactions, the
above LAG protocol was first applied to the synthesis of 3a, and
then continued by adding an equivalent amount of DMAP to as-
obtained 3a to convert it into symmetric iodine(i) complex 4a.
IR and PXRD analysis confirmed (ESI, Fig. S63-S65 and S78-
S817) the quantitative conversion (Scheme 5, route B).

This result suggested that 4a could be obtained mechano-
chemically through a one-step (concerted or domino-type)
reaction, by simply grinding 2 equivalents of DMAP and 1
equivalent of NISac using a LAG approach with EtOAc in a
mortar (Scheme 5, route C). IR and PXRD results (Fig. 6) were
very satisfying by revealing the quantitative formation of 4a in
just 5 min. Dissolving 4a, from the above reaction, in DCM
and leaving it to slowly evaporate led to single crystals suitable
for SCXRD analysis, which confirmed the identity of 4a.

After establishing the above, fast and robust, one-step pro-
tocol, the preparation of other symmetric iodine(i) complexes

Fig. 6 Comparison of PXRD patterns obtained in the mechanochemical
preparation of symmetric iodine()) complex 4a.>® Black: Simulated PXRD
pattern of symmetric iodine() complex 4a. Red: route A (3a and DMAP
for 5 min under LAG (EtOAc) conditions). Blue: route B (two step syn-
thesis under LAG (EtOAc) conditions). Green: route C (grinding one
equivalent of NISac and two equivalents of DMAP for 5 min under LAG
(EtOAc) conditions).
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4c-d was carried out using the two above-mentioned LAG pro-
tocols. The first is based on grinding equal amounts of solu-
tion-prepared 3c and 3d and matching pyridines 2¢ and 2d
(Scheme 5, route A), whereas the second protocol uses the one-
pot synthesis method by grinding NISac and 2 equivalents of
the chosen pyridines 2¢ and 2d (Scheme 5, route C). For the
reactions of both 2c-3c and 2d-4d, IR and PXRD analysis
revealed the presence of desired products 4c and 4d. As
expected, the products were partially amorphous. Nonetheless
a good match for the simulated PXRD patterns and those from
as-prepared 4c and 4d was found (ESI, Fig. S66-S70 and S82-
S837t). Moreover, the products prepared by two-step or one-step
LAG methods showed almost identical spectra. The same
observations were made for the attempted synthesis of
complex 4b. However, as any crystallization attempt was not
successful at this stage and the molecular structure remains
unknown so far, the extension of the protocols to the synthesis
of product 4b is still to be confirmed. Only the comparison
between the IR spectra of used starting materials and the pre-
pared sample differs, indicating the presence of a new species
(ESI, Fig. S71-S72 and S84%).

As with the mortar-based mechanochemical preparation of
XB complex 3a, subsequent transfer of the protocol to a plane-
tary ball mill, with a focus on the preparation of symmetric
iodine(1) complex 4a as a proof-of-concept target, took place.
The same mechanochemical conditions to those implemented
for the proof-of-concept preparation of 3a in the planetary ball
mill were utilized. Only the molar ratios were changed, with 1
equivalent of NISac and 2 equivalents of DMAP being milled
under the aforementioned LAG conditions using EtOAc. The
effective preparation was shown by IR analysis, and it could
effortlessly be scaled up to a 1 mmol approach.

Attempts were made to extend the mechanochemical meth-
odology to the synthesis of asymmetric iodine(i) complexes
4ab-4cd by grinding equal amounts of XB complex 3 and
another pyridine 2, however, the systems seemed to undergo
scrambling, which made their analysis difficult. Thus, the syn-
thesis of asymmetric iodine(r) complexes under mechano-
chemical conditions was not investigated further.

Iodination of antipyrine

Being able to prepare sufficiently large quantities of the
materials 3a and 4a, an attempt was made to use them as sur-
rogates for Barluenga’s reagent in a proof-of-concept electro-
philic iodination reaction. A report in the literature indicates
that the iodination of tertiary enaminones using Barluenga’s
reagent is feasible,'®” whereas other methods are described as
being difficult.’®"'”" Motivated by these reports, the
a-iodination of antipyrine (5) to 4-iodoantipyrine (6) was
selected as the model reaction (Scheme 6).'*”'”> Antipyrine
derivatives are known to be biologically active as they exhibit
antipyretic, analgesic and anti-inflammatory properties'®” """
and are used for medicinal screening processes as well.'”7'8°
Therefore, iodo-derivative 6 could be a useful building block
for other biologically active antipyrine derivatives since iodina-
tion opens the door for further structural diversity.'®”*5°
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Initially, the reported solution iodination protocol was fol-
lowed as a baseline reaction.'®’"'”> Equimolar amounts of anti-
pyrine and the chosen iodination reagent were stirred in DCM
for 1 h at ambient temperature. A parallel mechanochemical
protocol was devised, which used a planetary ball mill operat-
ing at 400 rpm. Freshly prepared Barluenga reagent bis(pyri-
dine)iodine(i) tetrafluoroborate was used as a benchmark solu-
tion reaction (Table 1, entry 1), which gave 6 in an excellent
91% yield. Using 10 agate balls (5 mm in @) the same yield
(Table 1, entry 1) was obtained for the mechanochemical pro-
tocol; instead, when using 3 agate balls of 10 mm in diameter,
the yield was increased to 96% (Table 1, entry 1). Using NISac-
based 3a, a very good yield of 87% for both the solution and
mechanochemical protocols (Table 1, entry 2) was achieved.
Symmetric iodine(r) complex 4a resulted in a good yield of
80% in solution and 76% from ball milling (Table 1, entry 3).
However, when the mechanochemical reaction was performed
on a 1 mmol scale, product 6 was obtained in a very good yield
of 89% (Table 1, entry 3). The SCXRD determined unit cell con-
firmed the product to be 6."”> The above results confirm that
both the charge-neutral NISac and cationic iodine(1) complexes
can be used for iodination reactions and achieve yields similar
to those with Barluenga’s reagent. Even though the yield is
slightly lower when made mechanochemically, the advantage
of using 3a and 4a is clearly based on their very simple and
metal-free synthesis compared to preparations that utilize
Barluenga’s reagent. In addition, 59% of DMAP and 11% of
saccharin could be recovered under unoptimized conditions in

Table 1 Results of the iodination of antipyrine using different iodinating
reagents?

Entry Reagent Solution” Ball milling®
1 Barluenga’s reagent 91 91 (96)”

2 3a 87 87

3 4a 80 76 (89)°

4 [(DMAP),1]BF, 85 83

5 NISac 85 93

6 L 89 49

“All reactions were performed on a 0.2 mmol scale. 5 (37.6 mg,
0.2 mmol), “I"”” source (0.2 mmol). Yields after column chromato-
graphy. >DCM (3 mL), 1 h at RT. ® Agate vessel, 12 mL, 10 agate balls
(5 mm in @), 400 rpm, 4 x 15 min, reversing rotation every cycle. ¢3
balls (10 mm in @). ¢ Performed on a 1 mmol scale.
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a 1 mmol approach. This enables saccharin to be recovered and
converted back into NISac, which would provide an avenue for
the continuous recovery and usage of the starting materials.
Consequently, the as-prepared mechanochemical materials 3a
and 4a represent suitable surrogates for Barluenga’s reagent.
The influence of ligand modulation of the Barluenga reagent
was studied by using the DMAP derivative of Barluenga’s
reagent. Good yields of 85% and 83% for both protocols
(Table 1, entry 4) were achieved for the solution and mechano-
chemical strategies, respectively. As these results are similar to
the ones using reagents 3a and 4a, it was reasoned that the
influence and nature of the ligand of the cationic iodine(r)
complex was negligible. Finally, NISac and elemental iodine
were tested (Table 1, entries 5 and 6). In contrast to results
reported in the literature (vide supra), we found that iodination
did take place. However, as this puts the use of Barluenga’s
reagent for the iodination of antipyrine into question, it does
not interfere with the fact that the mechanochemically NISac
based materials 3a and 4a are potential substitutes for
Barluenga’s reagent. Not only is the performance similar but
they also evade the disadvantages of preparing Barluenga’s
reagent such as chlorinated solvents and heavy metals.

Conclusions

In summary, the current study reports the synthesis of NISac-
based XB complexes 3a-3d and the presence of symmetric and
asymmetric cationic iodine(i) complexes 4a-4d, both in solu-
tion and under mechanochemical conditions. The studied
systems were based on NISac (1) as a strong halogen bond
donor, and electron-rich pyridine derivatives 2 as halogen
bond acceptors. The molecular structures of XB complexes 3
manifested very strong halogen bonds. An innovative solution
protocol enabled us to prepare symmetric iodine(r) complexes
4 by a substitution of the saccharinato part of the XB complex
for a stronger neutral XB acceptor. Seven complexes were suc-
cessfully identified by exchanging the NSac anion for another
pyridine derivative 2, and were analyzed by SCXRD. However,
the preparation proved to be difficult due to the reactivity of
the produced Barluenga-type complexes, as manifested by the
observation of several decomposition products and ligand
scrambling events. As mechanochemistry had not previously
been applied in the synthesis of these types of XB complexes,
mechanochemical protocols for the synthesis of XB complexes
3 and 4 were developed, with the liquid assisted grinding
(LAG) method proving to be highly successful. In the prepa-
ration of symmetric iodine(r) complexes 4, the LAG method
proved to be superior in the synthesis of large quantities of the
desired complex 4a, endearing itself to future commercial
uses. Access to large quantities allowed us to survey 3a and 4a
as electrophilic iodination reagents for comparison with
Barluenga’s reagent. Comparable good yields to those found
with Barluenga’s reagent were obtained both in solution and
under mechanochemical conditions, such that materials 3a
and 4a proved to be suitable alternatives to Barluenga’s
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reagent. The developed mechanochemical protocols do not
involve heavy metal salts and use only minute amounts of
environmentally benign solvents, allowing recovery and reuse
of the starting materials. Overall, this makes the mechano-
chemical methodology developed herein a highly attractive
novel strategy for the large-scale synthesis and implementation
of iodinating reagents.
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